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DELAYED SWITCHING IDENTITIES AND MULTI-MARGINAL
SOLUTIONS TO THE SKOROKHOD EMBEDDING PROBLEM

ALEXANDER M. G. COX AND ANNEMARIE M. GRASS

ABsTrRACT. In this article, we consider a generalisation of the Skorokhod embedding problem
(SEP) with a delayed starting time. In the delayed SEP, we look for stopping times which
embed a given measure in a stochastic process, which occur after a given delay time. Our first
contribution is to show that the switching identities introduced in a recent paper of Backhoff,
Cox, Grass and Huesmann extend to the case with a delay.

We then show that the delayed switching identities can be used to establish an optimal
stopping representation of Root and Rost solutions to the multi-marginal Skorokhod embed-
ding problem. We achieve this by rephrasing the multi-period problem into a one-period
framework with delay. This not only recovers the known multi-marginal representation of
Root, but also establishes a previously unknown optimal stopping representation associated
to the multi-marginal Rost solution. The Rost case is more complex than the Root case since
it naturally requires randomisation for general initial measures, and we develop the necessary
tools to develop these solutions. Our work also provides a comprehensive and complete treat-
ment of discrete Root and Rost solutions, embedding discrete measures into simple symmetric
random walks.

Key words. Skorokhod embedding problem; Root barrier; Rost barrier; optimal stopping;
switching identities.
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1. INTRODUCTION

We consider the Skorokhod embedding problem, that is given a Brownian motion (W;);>0
started according to an initial distribution Wy ~ A, and a probability distribution p on R, the
question is to find a stopping time 7 such that

W, ~ p and (Winr)i>0 is uniformly integrable. (SEP)

While this problem was originally posed and solved by Skorokhod [38, 37] in the early 60s, it
remains an active field of research to the present day. The 2004 survey paper [32] features more
than 20 distinct solution to (SEP) and more recent contributions include [12, 16, 15, 19, 20, 25,
31, 4, 6, 23, 14, 2, 22, 3, 21, 8, 13] among others.

Of primary interest in this article will be an extension of the classical (SEP) to multiple

marginals. Given a sequence of measures ji1, . . ., tn, on the real line, the multi-marginal Skorokhod
embedding problem is to find an increasing sequence of stopping times 7, < --- < 7, such that
We, ~pk, k=1,...,n and (Wiar, )e>0 is uniformly integrable. (MMSEP)

It is an application of Strassen’s Theorem [39] and a well know fact that (MMSEP) will admit a
solution if and only if the measures are in increasing convex order, that is A <. p; <. -+ <¢ ln.
Throughout the paper we will assume this condition satisfied.
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(A) Root (left) and Rost (right) bar- (B) Root (left) and Rost (right) bar-
riers solving (SEP) for A = §p and riers solving (MMSEP) for A = 4o,
w=U[-2,2]. p = 2(6-1 4 61) and po = U[-2,2].

FIGURE 1. Single-marginal (a) and multi-marginal (b) Root and Rost
solutions embedding the measure U[—2, 2], one of the examples specif-
ically mentioned [34] for its previously unknown barrier structure.

This extension to (MMSEP) is particularly motivated by applications in robust mathematical
finance given the connections between the (SEP) and robust option pricing first proposed in
Hobson’s paper [26]; see also [27] for an extensive survey. These connections enable the compu-
tation of robust bounds on option prices while considering a market-given marginal distribution
at the time of expiration. Extending this theory to multiple marginals would allow the incorpo-
ration of additional market data into the robust pricing problem. We develop this approach in
a companion paper, [11].

The focal point of this paper are two fundamental and influential solutions to (SEP) known
as Root [34] and Rost [36] barrier solutions. These stopping times can be represented as hitting
times of subsets R C R, x R, which are subject to some type of barrier structure, precisely:

< If (t,z) € RT°°! then (s,2) € R for all s > t.

1.1
- If (t,x) € R®*! then (s,x) € R for all s < t. (1)

See Figure 1 for an illustration.

Our interest in Root and Rost solutions is twofold. First, there is a substantial interest in
the probability literature on these solutions, see for example [29, 36, 16, 15, 19, 20, 7, 18, 14, 21,
33, 2, 9]. Second, such solutions are related to robust bounds on variance options considering
multiple market-given marginal distributions. In [11] we carry out an empirical exploration of
such robust bounds based on the results presented here. See [30, 10, 16, 15, 28] for related work
in the financial context.

While existence results of Root and Rost barriers were shown by their originators and also
an extension to multiple marginals was given in [6], as was noted in Root’s original work [34],
concrete barriers are only known in the most trivial of situations. To actually construct a concrete
barrier R given a probability measure p or even more so a sequence barriers given a sequence of
probability measures 1, ..., i, is a highly non trivial task.

Prior research in [16, 15, 19, 20, 18, 21] established that Root and Rost barriers which solve
the (single-marginal) (SEP) can be recovered via solutions to a respective associated PDE in
variational form. Solutions to such PDEs, in turn, are known to have a representation by means of
an optimal stopping problem. While for a long time this optimal stopping representation of Root
and Rost solutions was exclusively accessible through this detour over PDEs in variational form,



a direct proof utilizing time-reversal arguments was given in [14], notably for the multi-marginal
Root case. It was furthermore the aim of the article [1] to give a simple probabilistic argument
connecting Root and Rost solutions to their respective optimal stopping representations in the
single marginal case by establishing a specific switching identity. To the best of our knowledge,
an optimal stopping representation associated to the multi-marginal Rost problem remained
unknown to this day.

In order to establish such a multi-marginal representation, a crucial first step is to reduce
the multi-step viewpoint to a single-marginal perspective where the initial marginal is now a
space-time law instead of a spatial law at zero. This approach builds on an approach implicit
in [14], and which we make explicit in our approach. Our solution is computed in terms of
a delay stopping time inducing an initial space-time law after which we embed with a Root or
Rost barrier respectively. Given such a representation it becomes apparent how a multi-marginal
solution can be recovered inductively.

An initial step in our process is to extend the results established in [6] as well as [1] to allow
for such a delay. The implications of this extension are twofold: First, it enables a more concise
and intuitive recovery of the multi-marginal optimal stopping problem given in [14]. Second,
we can provide a novel characterisation of the multi-marginal Rost embedding in terms of the
solution to a given optimal stopping (or multiple stopping) problem. This lays the foundation
for constructing Rost barriers such that their hitting times solve the (MMSEP) computable as
demonstrated in Figure 1.

We briefly review the known results for the single marginal problem and then proceed to state
its multi-marginal extension.

Summary of Single Marginal Results. Simple probabilistic arguments justifying the optimal stop-
ping characterization of the single marginal Root and Rost (SEP) were given in [1]. Let us denote
by pfioot (vesp. pfist) the law of the Brownian motion started with distribution A at the time it
hits Rt (resp. RF°st). By pftoot (vesp. pkost) we denote the time this Brownian motion hits
the barrier R°°* U ([T, 00) x R) (resp. RTs* U ([T, 00) x R)). Recall the potential of a measure
m, denoted by

Unny) = — / ly — | m(dz).

The single-marginal relations of interest, as provided in [16, 15, 1, 21] among others are

U#¥oot (y) = Ey [UHRDUt (WT*) 1+ Uy (WT*) ]]..,—*:T] (12)
= sup Ey [U,root (W) Lr<r + Ux(Wy) 17|, (1.3)
where the optimizer is 7* := inf {t >0:(T—t, W) € RRO"t} AT,
and
U“Rost (y) - U#?,ost (y) = ]Ey I:(UMRost - U)\) (WT* )} (14)
= sgg Ey [(U,rose — Ux) (W5)] (1.5)

where the optimizer is 7% :=inf {t > 0: (T —t,W;) € RF***} AT.

Multi-Marginal Extensions. We are interested in Equations (1.2) - (1.5) in a multi marginal
setting. While the multi marginal extension of the Root case (1.2) - (1.3) is known due to [14],
the Rost equivalent appears to be novel. The results can be stated as follows.



Let Ry, Ra, ..., R, denote a sequence of Root (resp. Rost) barriers as defined in (1.1). Then
consider the associated Root (resp. Rost) stopping times

p1:=inf{t>0:(t,W;) € Ry},
Pk = 1nf{t > Pk—1: (t,Wt) € Rk}, for k € {2,,7’1}

Define the respective laws p; := L*(W,,) and p; 1 := L>(W,,a1). More precisely, u; will be the
law of the Brownian motion starting with distribution A\ at the time it consecutively hit all of
the barrier sets Iy, ..., R; respectively, and p; 7 will be the time it consecutively hit the barrier
sets Ry U ([T,00) xR),...,R; U ([T,00) x R). Then these measures are in convex order, i.e.
1 e pro Ze oo e pin as well as p 1 <e pa,r < - Ze pn,7- Moreover define the function,

Upor(x) :=Upyy(x) := Ux(x) forall T > 0. (1.6)
The multi-marginal extension of our relations of interest are given as follows.

Theorem 1.1. If (Ry) denotes a sequence of Root barriers, then

U.Uk,T (y) = Ey |:U/Lk—1,T—7—: (WT,:) + (U/Ak - U/Lk71)(WT,:)]l{T,:<T}:| (17)
- Sgl;]Ey [Uy’k:fl,TfT(WT) + (Uﬂk - U#k71)(WT)]l{T<T}] ) (1'8)
where the optimizer is 7 :=inf{t > 0: (T —t,W;) € Ri,} A T.

Moreover, given the interpolating potentials Uy, . (y) for all (T,y) € [0,00) x R we can recover
the Root barriers Ry, ..., R, embedding the measures 1, ..., ity in the following way

Ry = {(T7 y) : (Ultk,T - U,uk—l,T) (y) = (Ultk - U/Jk,—l) (y)}7 ke {1, cee 777’}'

Theorem 1.2. If (Ry) denotes a sequence of Rost barriers, then

Uﬂk (y) - U/Jk,T (y) = Ey |:U/1«k (WT;:) - U/”'k—l,T—‘r,’: (WT,: )} (19)
= Sl<1'11)" Ey [Uﬂ«k (WT) - Uukfl,Tfﬂ— (WT)] (1'10)

where the optimizer is 1;; := inf {t >0:(T—t, W) € Rk} AT.
Moreover, given the interpolating potentials Uy, . (y) for all (T,y) € [0,00) x R we can recover
the Rost barriers Ry, ..., R, embedding the measures i1, ...,y in the following way

Ry ={(T,y) : Uz (¥) = Upp_s 2 ()}, k€ {1,...,m}.

Outline of the Paper. In Section 2 we introduce the notion of delayed Skorokhod embeddings,
which contain the multi-marginal Skorokhod embedding as a special case. We will establish a
general existence of such solution following the approach in [6] and present an optimal stopping
representation theorem:.

Inspired by the framework proposed in [1], we first provide a analogous statements for simple
symmetric random walks in Section 3. First we show general existence of delayed Root and Rost
solution in this context, subsequently we state and prove the corresponding respective optimal
stopping representation.

Section 4 is dedicated to providing a suitable discretization of the continuous-time framework
and of the respective optimal stopping representations such that the results of Section 3 apply.
We then take a Donsker-type limit back to a Brownian motion, recovering the continuous times
results stated in Section 2.



2. DELAYED ROOT AND ROST EMBEDDINGS

For a more convenient and comprehensive treatment of (MMSEP), but also present results
in greater generality we introduce a relatively recent extension of the classical (SEP) known as
delayed embeddings. Although the concept of delayed embeddings has been implicitly explored
in [14], to best of our knowledge the specific name was first mentioned in [9].

We consider a delay stopping time n and require our solution to (SEP) to wait for this delay
before embedding the measure pu.

Formally, given a measure x4, a Brownian motion (W;);>0) started according to an initial
distribution Wy ~ A and a (possibly randomized) delay stopping time 7 the delayed Skorokhod
embedding problem is to find a stopping time 7 such that

W, ~ 1 where 7 > n and (W;a¢)e>0 is uniformly integrable. (dSEP)

We will denote a (dSEP) by the triple (A, 7, ) and assume throughout the paper that n is an
integrable stopping time and that y dominates £*(W,)) in the convex order. Trivially, the (dSEP)
has no solution if either of these conditions are violated.

2.1. Root and Rost solutions to (dSEP). We are interested in Root and Rost solutions to
(dSEP), that is solutions of the form

p:=inf{t >n: (t,W;) € R}

where R is a Root or Rost barrier as defined in (1.1).

In [5] the necessary theory and tools were given to identify specific solutions to (SEP) as
stopping times that are optimisers over appropriate additional optimisation criteria. Such (SEP)
with additional optimisation criteria are denoted by (OptSEP). In [6] this concept was extended
to multiple marginals and denoted by (OptMSEP). Especially multi-marginal Root and Rost
solutions were recovered as solutions to appropriate (OptMSEP).

We can further ask whether we can recover the delayed Root and Rost embeddings as optimis-
ers over an appropriate optimisation criteria. The answer to this is positive, and is a relatively
simple application of the results of [6]. We work in the class of randomised multi-stopping
times introduced in [6], RMST3, which we understand to be probability measures on the space
R x Co(Ry4) x =2, where 22 = {(s1,52) € R%,s1 < s2}, and where the measure projected on
its first two coordinates is equal to the measure A x W, with W the Brownian path measure
on Cg(Ry). The =2 variables represent the first and second stopping times respectively. The
measure has further constraints on its structure (see [6], Definition 3.9), which ensure that the
stopping time properties are respected.

We are interested in optimising a functional of the form E[F(W,,, 72)] over the class of ran-
domised stopping times (71, 72) which satisfy the embedding constraint, W, ~ u, and for which
71 = 1 is the given (randomised) delay stopping time embedding ax = L>(W,)).

Note that 1 can be understood in the sense of randomised multi-stopping times, see Lemma
3.11 of [6].

Moreover, we argue that for the specific form of F(x,t) = h(t) for a convex/concave function
h, then the stopping time recovered as the optimiser is exactly the delayed Root/Rost stopping
time. We can do this using a slight modification of the arguments in [6].

We proceed as follows:

Let RMST3(n, i) denote the subset of RMST} such that the projection onto R x Co(R4) x =
is exactly n. Then:

(1) RMST3(n, 1) € RMST(\, ax, ) as defined as in [6, Definition 3.18] which is a compact
set (Proposition 3.19);
(2) RMST%(U, ) is closed, as the projection map is continuous, hence it is also compact;



(3) The proof of a suitably modified version of Theorem 5.2 now goes through essentially
verbatim to give the following theorem.

Theorem 2.1. Assume that v : S®2 — R is Borel measurable. Assume that (OptMSEP) is well
posed and that € € RMST3(n, i) is an optimizer. Then there exists a (v, &)-monotone Borel set
T such that r1(&)(T") = 1.

Here, I" being (v, £)-monotone is as defined in [6, Definition 5.1] , without the constraint on
the projections of the respective sets. The final conclusion of the Theorem can be applied as in
[6, Theorem 2.7], [6, Theorem 2.10] (or more transparently, the corresponding results in [6]) to
recover the Root/Rost forms of the optimisers.

While Root barrier solutions will always be adapted to the filtration generated by the under-
lying Brownian motion, it is a well known fact that Rost barrier solutions will require some form
of external randomization in the case where the initial and the terminal distribution share some
mass. The story is similar for delayed Root and Rost embeddings and will be summed up in the
following two theorems.

Theorem 2.2. Consider a (dSEP) given by (A, n, p). Then there exists a Root barrier R such
that the stopping time p > n defined via

p=inf{t >n: (¢t,W;) € R}
embeds the measure p.

The proof of this theorem follow analogously to the proof of [6, Theorem 2.7]|, or similarly of
[5, Theorem 2.1] heeding the modifications given above. Moreover, it is an easy application of
the standard Loynes argument [29] to see that such a Root stopping time p must be unique in the
sense that for any other Root stopping time j solving the (dSEP) we would have P* [p = ] = 1.
More details on how to generalize the Loynes uniqueness argument can be found in [24, Section
4].

We proceed to Rost solutions. In order to give better insights on what will happen in the case
of delayed Rost embeddings, we quickly review the case of an undelayed (SEP) determined by the
initial measure A and terminal measure p. It is well known that all mass shared between the two
measures A and g must be stopped immediately in the following way. Let p be a Rost stopping
time solving (SEP), then P*[p =0,W, € A] = (A A u)(A) where the infimum of measures is
defined as

AAp(A) = inf ()\(B) + u(A\ B))

BCA, B measurable

On the set {p > 0} the stopping time p will be the first hitting time of a Rost barrier R.

On a set where (A A p)(A) < A(A) we will have to randomise our initial stopping rule in A
in order stop only sufficiently much mass. If (A A p)(A) < p(A) then at least in some points
in A we need to stop all mass and in fact we will need to extend the Rost barrier beyond 0 at
those points to stop more mass later on. But in this case, all mass will stop immediately in
those points independent of the choice of randomisation rule, as a consequence of the recurrence
of Brownian motion. Thus any randomisation rule will give the same stopping rule although an
obvious “maximal” rule is to stop all paths starting in A due to the randomisation. If (AAp)(A) =
u(A) = A(A), the randomisation rule that stops all mass is the only viable stopping rule since
there will be no further barrier in A beyond time 0.

In the delayed framework something similar needs to happen while it is apparent that things
are complicated by the fact that not all mass will be released at time 0 at once, but rather over
time, according to the measure £*(n). It is, however, clear that such external randomization
in only feasible in the atoms of the measure £*(n), of which there can only be countably many



{to,t1,...}. A delayed, randomized Rost solution will therefore consist of both a Rost barrier R
and some description of this randomization in the atoms of the delay stopping time. Hence, we
choose to represent such a solution as follows.

Definition 2.3. A delay stopping time 1 which distribution has atoms in {to,t1,...}, a Rost
barrier R and a family of probability densities {vg,¢1,...} determine a delayed, randomized
Rost stopping time p¥ in the following way.

p? =inf{t>n: (t,W,) ER}NZ
where
ti  with probability P> [Zk = tk|Wn,T] = tk] = o1 (W)

Z =min 2, for Z :=
ken F f k {oo otherwise.

Let
o= LN (n.Wy)) € P([0,50) x B)
denote the space-time distribution induced by the delay stopping time 7. Then we abbreviate

by
ap = a({t} x )
its spatial marginal at time ¢.

A crucial fact to note about Rost solutions is that at any time point ¢ > 0 we are able to
tell exactly how much mass was already embedded in a given measurable set A C R but more
importantly we are furthermore able to decide that no more mass will be embedded in this set
going forward in time. These properties allow us to define Rost solutions in an iterative fashion
and for this purpose, given a Rost solution p we define the following quantity

vy ::u—IP’)‘[WﬁE wp<t,
the ‘mass not embedded before time ¢’
Let 3 denote an atom of the measure £*(n), then note that the quantity a, is given while
the quantity v, is fully determined by the Rost barrier before time i, i.e. RN ([0,¢;) x R) and

the randomization densities {¢;}t, <t -

We consider d N
nla) = L) 21)

the Radon-Nikodym density of o, A vy, with respect to o, and state the following theorem.

Theorem 2.4. Consider (dSEP) given by (A, n,u). Let {to,t1,...} denote the set of (at most
countably many) atoms of L)(n). Then there exists a Rost barrier R such that the stopping time
p > 1 defined via

p=inf{t>n:(t,W,) € R} NZ
where
te  with probability P* [Zy = te|Wy,n = t] = v (W)

Z =min 27, for Z, =
ken F f § {oo otherwise

is a solution to (dSEP).

As in the Root case, the existence of a Rost barrier will follow analogously to the proof of [6,
Theorem 2.10] or similarly of [5, Theorem 2.4] heeding the modifications given above.

Outside of the atoms of the delay distribution, more precisely conditional on the event {n ¢
{to,t1,...}}, two Rost stopping times p and p solving the same (dSEP) are given as hitting times
of two Rost barriers, hence the same Loynes argument as mentioned in the Root case will provide
a.s. equality.



The density of the random variables Z;, does not necessarily need to be unique. There is,
however, a sort of maximality about the chosen densities 1g, 1, ... in Theorem 2.4 which will
be clarified with the following lemma.

Lemma 2.5. Consider a (dSEP) given by (\,n, ). Let R be a Rost barrier and {@o, 1, ...}
be a family of densities such that the delayed, randomized Rost stopping time p¥ given as in
Definition 2.3 solves the (dSEP). Then for any k € N we can replace i, by 1r given by (2.1) to
obtain the stopping time p¥ for which we will have P* [,6“’ = ﬁﬂ =1.

Proof. Let us consider an arbitrary atom t;, of the delay distribution £*(n). First of all we clarify
that in order for ¢y to be feasible we must have ¢y < 9, as for all measurable sets A C R we
have

P> [Wtk S A,’l] = tk} = Qy, (A),

PN [Wye € A, p% = t,n =t3] <
(Wpe € 4,57 = tism k]{JP’A[preA,ﬁﬂ":tk]gP’\[preA,ﬁﬂpztk]:ytk(A).

Denote by Ay :=(.oo{z : (tx +¢,2) € R} all spatial points in the barrier R at time t;. Then
clearly we have

]P)A [ﬁ@ = tk’n = tkHWtk € Atk] = 1 = ]P)A [ﬁw = tk’n = tkaWtk € Atk]

since both stopping times are hitting times of the barrier R. Hence, the specific values of ¢ and
1 are irrelevant and we might replace ¢(z) with ¢(z) for all z € Ay.
Due to the Rost barrier structure, on the set A}, no mass will be embedded at a later time
point,
P [Wye € A 0¥ > t] =0 =P [Wyu € AL ,p¥ > t;] . (2.2)

Consider now the set By := {z : pp(x) < ¢p(zx)} N Af. Let us assume that oy, (Bg) > 0 as
otherwise both ¢y (x) and ¢y (x) must be 0 for all z € By, anyway. Our claim is then proven if
we are able to establish ka o(z)dx = ka Y(x)dz.

It is a consequence of (2.2) that '

1(By) = P [Wpe € By, % < ti] + P [Wpe € By, 0¥ = ti],
or equivalently that
Vtk (Bk) = IP)\ [pr S Bk,ﬁSa = tk]
=P* [Wpe € By, p* = ti,n =ty .

Here the second equality follows from the specific structure of Rost solutions, as all mass that is
already released before time t; and stopped in By will have done so before time t; almost surely.
Then

Vi, (Bi) =P [Wpe € By, p¥ = ty,n = ti] = P [Wy, € By, p¥ = ti,n = ty]
—a (B) [ ela)ds
By

<, (Br) [ olayde = (o0, A, )(By)

In particular, this implies that

(atk A Vtk)(Bk) = Vi, (Bk)v
hence we must have [, ¢(z)de = [ ¥(z)da. O



Here we observe that if the set of atoms tg,t1,... is either finite or infinite but can be ordered
we can assume tyo < t; < --- and construct the densities 1y consecutively. When this is not
the case, meaning tg, 1, ... is infinite and cannot be ordered, while our result will still hold, we
cannot expect to derive an explicit formula for the functions v, in this scenario.

An explicit Root solution to (MMSEP) is clear given Theorem 2.2 while an explicit Rost
solution can be recovered from Theorem 2.4 in the following way.

Corollary 2.6. Consider a starting measure \ and a sequence of measures 1, ..., fb, Such that

A<cpr <¢ - Z¢ tin. Then there exists a sequence or Rost barriers Ry, ..., R, such that the

stopping times p1 < pa < --- < p, defined in the following way are a solution to (MMSEP).
po:=0 and py:=inf {t > pr_1: (t,Wy) € R} AN Zy for k>1

where

0
0 with probability P* [Z), = 0|Wo, py—1 = 0] = M (Wo)
Zy, = Hr—1

oo otherwise
for ) :=P* [pp_1 =0, Wy € .

Proof. Note that for £ = 1 this exact structure of the Rost solution p; has already been estab-
lished in [35]. Observing that p; < --- < p,, are hitting times of inverse barriers, we can establish
that £*(p1) and consequently any £*(px), k > 2, do not possess atoms beyond time 0.
Inductively recovering the multi-marginal Rost solutions from Theorem 2.4 becomes feasible
by considering the single atom ¢ty = 0. Thus, for k > 2, set n = prp_1 and p = pg, with vy = pg
and &y = pY. Subsequently, invoking Theorem 2.4, we establish the existence of a Rost barrier
R := Ry, ensuring that py > pi_1 is of the desired structure with Zj, := Zj. O

2.2. Optimal Stopping Representation of (dSE) and (MMSEP). We will derive the multi
marginal Root optimal stopping problem (1.7) - (1.8) resp. the multi marginal Rost optimal
stopping problem (1.9) - (1.10) as a special case of a delayed Root resp. Rost representation.

For this purpose we consider a starting distribution A for a Brownian motion and an integrable
delay stopping time 7. Recall the space time distribution induced by the delay

a = L(n, W) € P([0,00) x R).
We denote the P*-potential of W, .7 by
Vf(2) = =B [Wynr — 2]
and the spatial marginal of a by
ax(A) = a([0,00) x A) = L>(W,))(A) for A C R measurable.

Let now R C [0,00) X R denote a Root (resp. Rost) barrier, then we can define the (delayed)
Root (resp. Rost) stopping time

py i=1inf {t > n: (t,W;) € R}.
These stopping times induce the following measures
B = LY (W) as well as B3 := LY (Wonnr) for T >0
and the (stopped) potential
Usg () = =B [Wonar — 2]

The extension of the Root optimal stopping problem (1.2)-(1.3) will then be given in the following
theorem.



Theorem 2.7. Let R denote a Root barrier inducing the potentials Uge and Ugg. Then for
every (T, ) € [0,00) x R we have the representation

Upg (x) = E* [VF_re (W) + (Upe — Uny ) (W) Lpe <] (2.3)
= sup By [V (W) + (Use — Uax)(Wr)rcr] - (2.4)

where the optimizer is given by 7* :=inf{t > 0: (T —t,W;) € R} AT.
Moreover, given the interpolating potentials Uga (x) for all (T, x) € [0,00) x R we can recover
the Root barrier R embedding the measure 3¢ in the following way

R={(T,2): (Us — V§) (&) = (Upe — Uay) ()}

Analogously we can give an optimal stopping representation for delayed Rost embeddings
extending (1.4)-(1.5) in the following way.

Theorem 2.8. If R denotes a Rost barrier inducing the potentials Uge and Upg. Then for every
(T, z) € [0,00) x R we have the representation

Upa () — Upa () = E* [Uga (Wo.) — V&, (Wo,)] (2.5)
= sup E° [Uga (W) = Vi, (Wo)] | (2.6)

where the optimizer is given by o, :=1inf{t > 0: (T —t,W;) € D} A T.
Moreover, given the interpolating potentials Ugg (z) for all (T,z) € [0,00) x R we can recover
the Rost barrier R embedding the measure 3% in the following way

R= {(T,x) : Ug%(w) = Vj‘f‘(x)} )
First we want to observe that for the choice of = 0 the single marginal identities can easily

be recovered. Indeed,

« f* = p and BT = pr as in Section 1

s =10 X Athus axy = A

- Vi(y) = —E}[Wo — y|] = U(y) for any T >0
hence

Ky [Vﬁ_T(WT) + (Uu - Uax)(WT)L'<T] =K, [UA(WT) + (Uu - Uk)(WT)L'<T}
=E, [U.(W:)Llecr + Ux(W;) 1 =7).
in the Root case, and
E” [Upe (Wo) = Vi (Wo)] = E* [U(W,) — Ur(Wo))]

in the Rost case respectively.

Furthermore, the multi-marginal extensions now follow as an corollary as they can be deduced
inductively from the delayed optimal stopping problem (2.3)-(2.4) (resp. (2.5)-(2.6)) in the
following way.

Corollary 2.9. Let Ry, Ra, ..., R, denote a sequence of Root (resp. Rost) barriers inducing the
potentials Uy, ,...,U,, as well as Uy, r,...,U,, r. Then the optimal stopping representations
(1.7)-(1.8) (resp. (1.9)-(1.10)) hold.

Proof. For the first marginal induced by R; the optimal stopping representation is simply the
single marginal representation (1.2)-(1.3) (resp. (1.4)-(1.5)) already known resp. recovered above.
Let now k € {2,...,n} and consider n = py and R = Rji4+1. Then
« a=LMpg, Wy, ), thus ax = g and Us (y) = Uy, (v),
° Ba = Hk+1, thus Uﬂ"‘ (y) = Uluc+1 (y) and Uﬁ% (y) = UHk+1,T (y)7
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° ng(y) = _E/\ [|ka/\T - y” = UMk,T (y)
Hence we recover the multi marginal Root (resp. Rost) optimal stopping problems (1.7)-(1.8)
(resp. (1.9)-(1.10)). O

3. A DISCRETE (DSEP) AND ITS OPTIMAL STOPPING REPRESENTATION

We take on the idea of [1] to cast our problem in a discrete setting in order to use arguments
for SSRWs to derive a discrete version of the desired result and then recover the continuous result
through a Donsker type limiting argument. In this section we define a discrete version of (dSEP).
We furthermore define discrete Root and Rost solutions and give an explicit construction.

Let X denote a SSRWs on some probability space (£2,P), started at some possibly random
initial position. Given x € Z we write P* for the conditional distribution when Xy = x. Hence
we can consider a probability measure A on Z a “starting” distribution for X by setting P :=

2een P A{2})-

3.1. A Discrete (dSEP). Consider a SSRW (X;):en started in Xg ~ X. Given a discrete
measure p the discrete Skorokhod embedding problem is to find a (discrete) stopping time p such
that

X, ~ p and Xy, is uniformly integrable. (3.1)

Given a delay stopping time 7 the delayed discrete Skorokhod embedding problem (or delayed
(dSEP)) is to find a (discrete) stopping time p > n such that (3.1) is satisfied.

Just as in the continuous case we are interested in the existence of barrier type solutions to the
discrete (dSEP). These barriers can be defined analogously to the continuous setting as subsets
R C N x Z satisfying the following respective property.

+ R will denote a (discrete) Root barrier if for (¢,2) € R and s > t we also have (s,z) € R.
+ R will denote a (discrete) Rost barrier if for (¢,2) € R and s < t we also have (s,z) € R.

While in the continuous setting it is known that no external randomization is needed in order
to give a Root solution to the (SEP) and external randomization is needed only in ¢t = 0 for the
Rost solution (and only if the initial measure A and the terminal measure p share mass) this is
no longer the case in the discrete setting. We will see that in order to give a discrete Root (resp.
Rost) solution external randomization will be necessary in both cases also beyond time ¢ = 0,
however only at the boundary of the respective barrier.

Example 3.1. Consider the simple example
A=dp
1 1 1
=-0_ —&o + = 9o.
Iz 392 + 3% + 302

First note that all paths of a SSRW X that reach +2 at any point in time will be absorbed there.
As all paths originate from (0,0), the probability of being in site x = 0 at time ¢ = 2 is given
by 3 > % = u({0}). Consequently, we cannot stop all paths in (2,0) as this would embed too
much mass in {0}. However, if we allow all paths to proceed from (2,0), then the probability of
being in site = 0 at time ¢ = 4 without having hit 42 before is given by 1 < %+ = p({0}). In
other words, this would result in an insufficient mass being embedded in 0. Hence, it becomes
necessary to stop some paths in (2,0), but not all of them. Precisely, we will need to stop % of
paths in (2,0) while allowing the remainder to reach either of {—2,0,2} at time ¢t = 4 in order to
correctly embed the distribution p. Refer to Figure 2 for an illustration on possible realizations
of such paths.
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FIGURE 2. Possible realizations of paths hitting a Root barrier that
solves the discrete (SEP) given by A = dp and p = %6,2 + %60 + %62.

We will formalize this concept of randomized stopping in the following way.
If p denotes a stopping time for the process X then we can for each point (t,z) € N x Z
consider the probability of p stopping in site z at time ¢ after n by

ri(x) =P p =t (p A t,Xpnt) = (L), < 1]. (3.2)

If now R denotes a barrier and p its hitting time then in the classic (deterministic) case we
should have ri(x) € {0,1} and r:(z) = 1 if and only if (¢,2) € R, i.e. we stop in the barrier
immediately after arrival. However, if we allow for r;(x) € (0,1) but agree on the convention
that (t,z) € R when r(x) > 0, then this can be understood as stopping inside of the barrier only
with probability r;(z). We can now give an equivalent definition of discrete Root (resp. Rost)
barriers on the basis of these stopping probabilities. A field of stopping probabilities denoted as

(7¢()) (¢,2)enxz Tepresents a

* Root barrier if for all (t,2) € N x Z such that r(z) > 0 we have ry;4(x) =1Vs > 1, (3.3)

* Rost barrier if for all (¢,2) € N x Z such that r¢(x) > 0 we have r_s(z) = 1Vs =1,...,t.
(3.4)

This definition guarantees the respective barrier structure and furthermore assures that random-
ization only happens at the boundary points of the respective barriers. We will also refer to
(1¢()) (t,2)enxz as Root and Rost field of stopping probabilities, respectively.

Let u = (ug, uy,...) denote a sequence of iid uniform random variable, i.e. u; ~ U[0, 1]. Then
our Root (resp. Rost) stopping times subject to external randomization at the endpoints can be
represented as follows

p=py=if{t >n:r (X)) >u}. (3.5)

We could think of at every time point ¢ flipping a coin with success probability r.(X;). Was
the coin flip successful the process stops, if not it moves onto the next point. Note that if
ri(z) € {0,1} for all (t,x) € N x Z, then this definition will coincide with the usual non-
randomized definition

p=inf{t >n: (¢t,X;) € R}. (3.6)
Our stopping time p is now a randomized stopping time taking the two arguments w and
u, thus p : Q x [0,1]Y — N. While this is a slightly unconventional definition of an external

randomization used for its more intuitive explanation in this context, we can also cast this
randomized stopping time into the more conventional framework of using only a single variable
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of external randomization in the following way. For each w €  we consider the sequence
(Cw(t))ten of the probability of the process X a¢(w) being ‘alive’ at time ¢ given via

CW(O) = (1 - ’I’()(X()(OJ))) vV ]I-n(w):O and

Cu(t) = Cu(t —1) - (1 = re(Xe(w))) V Ticp(w)-
Note that ({,(t))ten is a decreasing sequence and &, ({0,...,t}) := 1 — (,(¢) will define a mea-
sure on N. Given a uniformly distributed random variable u ~ U[0,1] independent of X the
(randomized) stopping time

plw,u) :=1inf{t > 0:£,({0,...,t}) > u}

now gives a more traditional representation of our randomized Root (resp. Rost) stopping time.

In the following two subsections we will give an explicit construction of the stopping probabilities
(7¢()) (¢,2)enxz solving the discrete (dSEP) both in the Root and Rost case. To guarantee uniform

integrability of all solutions constructed we will henceforth always assume p to denote a finite
sum of atoms. Let x, and x* denote the smallest and largest site respectively at which we have
an atom. Then in both the Root and the Rost case our solution should be bounded from above
by the (delayed) hitting time

Hy, o+ :=inf{t >n: X, € {z.,2"}}.
Since 7 is a stopping time with finite expectation then so is H,, -, which in turn implies uniform
integrability of (X¢a,)¢>o0-

3.1.1. Euzistence of Discrete Delayed Root Solutions. An explicit Root solution to the discrete
(dSEP) can be established with the help of expected local times. For a SSRW random walk X
the local time at site = up to time t is defined via

t—1
Li(X)=#{s:0<s<t,X,=a} =) lx,—.
s=0
We note the following discrete version of Tanaka’s Formula for local times.
Theorem 3.2. Consider a random walk X defined by X; = Xg + 22:1 &s where & are iid

Rademacher random variables. Then for x € 7 we can represent the local time LY (X) of X until
time t as

t—1
Li(X) = Xy — 2| = | Xo — 2| = ) sen(X, — 2)€opa. (3.7)
s=0
We refer to [17] for a proof.
Let "
LI (X)=#{u:s<u<tand X, =2} =Y lyx,—, = L{(X) - L¥(X)

denote the local time of the process X at site x between time s and ¢ (for s < t).

For our delay stopping time 7 write ax = £* (X;). Consider now Xy ~ X and let p > n be a
stopping time for the random walk X such that X, ~ p. Then due to (3.7) we have the following
representation of the expected local time between n and p

EM [L} (X)] = Uax () — Up(z) =t L(z). (3.8)
Conversely, for any solution p > n to (dSEP) Equation (3.8) must be satisfied.

Let (r¢())(t,2)enxz denote a field of stopping probabilities and p its corresponding stopping
time delayed by the stopping time 7.
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Then we define
&t(x) =P [Xt =z,n<tp=> t] )
the free mass available in site = at time ¢.
Define a(t, z) := P* [X,, = x,n = t], then we can compute & inductively using only informa-
tion up to time ¢ — 1 in the following way

m@ﬂ:%(ﬂ—Tpﬂx+lﬂ@,ﬂm+1%+ﬂ—Tpﬂx—ln@,ﬂm—1D+a@w)

Precisely, paths can only end up in (¢, ) from the neighboring points (t—1,241) and (t—1,z+1).
They will with probability 1 —r;—1(z+1) resp. 1 —ri_1(x — 1) leave the respective site and then
with probability % end up in (¢,z). Moreover, we only consider mass after the stopping time 7,
this is represented by a(t, z), the probability of particles appearing in site x at time t. Note that
at time 0 we thus only have ag(z) = a(0, ).

With the help of the quantities &;(x) the expected number of visits in site z up until time ¢
of the process X can then be written as

t—1
Iy = Z(l —rs(x))as(x). (3.9)
s=0
In particular we will have [§ = 0 for all x € Z.
We recall L(x) := Ua () — Uy(x) and define

Li(x) == L(z) — 7,

the ‘missing local time’ after time ¢. Note that L,(z) (resp. [¥) can be computed only using
information up to time t — 1.
We are now equipped to give a precise construction of a Root solution to the discrete (dSEP).

Theorem 3.3. Consider a field of stopping probabilities (r:(x))+,.z)enxz inductively defined via
the formula

o) -, ()@

e E) e

when & (z) >0
and chosen to comply with (3.3) otherwise.
Then this field represents a Root field of stopping probabilities and the associated stopping time

p=1nf{t >n:ry(Xs) > u}.
will be a Root solution to the discrete (dSEP).

Proof. Note the following

« As both L, and day only use information that is either given or acquired up to time ¢t —1,
it is clear that r; can be computed inductively to give a stopping time.

« When &;(x) = 0 the point (¢,z) cannot be reached by the stopped random walk after
time 7. The specific value of r¢(z) is hence irrelevant for all the respective quantities and
can be chosen to comply with the definition of a Root field of stopping probabilities.

« r¢(z) =1 < If = L(x). In other words, we must have already accrued enough local time
at site 2. Moreover we will then have If,, = If and ryys(z) = 1 for all s > 0, hence the
Root structure of our barrier is guaranteed.

« ri(x) =0 Ly(z) = L(z)—IF > & (x). So no mass will be stopped in (¢, z) since we still
need to accrue more local time and adding all available mass to I§ will make us remain
in our local time budget, i.e. If | =IF + a;(r) < L(x).
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L&l 1 As letting all mass run would add too much to our ex-

G (x)
pected local time only a fraction should be added and we have I¥, | = I + L((;i)(;)l* ay(x) =

«r(z) €(0,1) & 0<

L(z). This will imply r¢,s = 1 for all s > 1 again showing that we will recover the desired
Root barrier structure.

Thus for each time point ¢ this construction will reveal a new layer of stopping probabilities
(r¢+(x))zez which will be of Root structure. Let po, denote the stopping time corresponding to
the field of stopping probabilities (r¢(z)),z)enxz constructed as above. It remains to show that
LMNX,.) = p. As ¥ is increasing and bounded from above by L(z) the limit 2, := lim; o [f
exists and equals the expected local time of X,  after the stopping time 7, EA [thpoo (X)} =1t.
Let U, denote the potential of £* (X,_), then due to Tanaka’s formula we have

Ull«oo (x) = Uam - l:)oa
hence our stopping time will embed the right measure if and only if I{, = L(x). Consider the set
I'={zeZ: 1L <Lx)}={zecZ:U,_(z)>U,x)}.

To conclude the proof of the theorem we must show that I is empty. A first step is to show that
for every z € I we have

P} X, =x]=0. (3.10)
Note that this is equivalent to G (z) Ar¢(x) = 0 for all ¢ € N. However, we cannot have &(z) = 0
for all t € N as this would imply that site z is never reached by the process X with positive
probability after time 7, furthermore implying L(x) = 0, which is a contradiction. Thus there
must exist at least one T' € N such that G (z) > 0. Assume now that also rr(x) > 0. Then
12, > 15, =15+ (LOEZ)(;Z)”IF) ar(x) = L(x) which is, again, a contradiction, allowing us to
conclude (3.10).

Now we proceed to show that I must be empty. Consider a maximal interval J C I, i.e. either
J={..,ey—Lzy}tanday+1¢I, J={a_,z_+1,...}andae_ —1¢TorJ={ax_,z_+
1,...,z4y — 1,24} and both x_ — 1,24 + 1 ¢ I. Then we must have U,__ (z— —1) =U,(z- — 1)
resp. U, (x4 +1) =U,(z4 +1). Note that U, is bounded from above by the concave function
Uay and bounded from below by the concave function U,. Hence we cannot have that U, | is
a linear function and there must exists x € J such that

Upoa (= 1) = Ups (2) < Upe (2) = Uy (2 + 1),

However, this is equivalent to

PA (X = 2] = — 5 (U (&= 1) Uy (&4 1) + Uy (2) > 0

which contradicts Equation (3.10). Hence J = (), thus also I = () and our claim is proven. O

3.1.2. Ezistence of Discrete Delayed Rost Solutions. Given a delayed stopping time p correspond-
ing to a field of stopping probabilities (7¢(x)) »)enxz We consider the quantity

ﬂt(m) = PA [Xp =Z,p < t] )

the ‘mass embedded until time t’. Then
t
fi(x) = ds(z)rs(x)
s=0

for a; as defined in the previous section. Furthermore consider

vi(a) := p({z}) = fir—1(2),
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the ‘mass not yet embedded’ and note that it can be computed inductively using information
only up to time t — 1. We can then also write

fir(z) = p({a}) — ve(@) + du(@)re ().
Note that if the field of stopping probabilities embeds the measure p, then
Jm fiy(z) = p({z}) resp. lim vy (x) = 0.

With the help of these quantities we can give an explicit construction of Rost solution to the
discrete (dSEP).

Theorem 3.4. Consider a field of stopping probabilities (r+(x))t,z)enxz inductively defined via
the formula

ri(x) = vi()

Vi) (@tf\Vt)(x)
ay(x) ay ()
and chosen to comply with (3.3) otherwise.

Then this field represents a Rost field of stopping probabilities and the associated stopping time

when & (x) >0

p=inf {t > n:r (X)) > us}.
will be a Rost solution to the discrete (dSEP).

Proof. As both 1, and é; only use information that is either given or acquired up to time t — 1,
it is clear that r; can be computed iteratively through time, thus in each time step ¢ we identify
the t-layer r4(x),ez of the probability field. Let us justify that (r¢())(:,z)enxz defined this way
both embeds the right measure p and is of Rost structure.

Firstly, if u({z}) = 0 then r(z) = 0 for all ¢t € N, thus consider only those x such that
u({x}) > 0. Then consider the following cases.

t =0: Only consider those = such that &o(z) = a(0,z) > 0 as otherwise the point = cannot be
reached by the process X at time 0 after time 7.
« If ao(z) < p({z}), then all mass available in (0, ) should be stopped, hence ro(z) =
1 and fio({z}) = do(x) < p({z}).
« If ao(z) > p({z}), then some mass needs to be stopped in (0, z), precisely ro(z) =

el as then we have fio({z}) = u({z}).

t > 0: Only consider those = such that &;(x) > 0 as otherwise the point z cannot be reached
by the process X at time t after time 7.
« If v4(x) = 0 then all necessary mass has already been embedded before time ¢, hence
Tt( ) 0.
« If 0 < & (z) < v¢(z) then the available mass in site = at time ¢ does not exceed the
mass still needed at site x, hence r;(x) = 1 as all mass can be added.
« If 0 < 14(z) < & (z) then we have mass missing in site x but the available mass at
time ¢ exceeds the necessary mass, hence we should only add the fraction ri(z) =

22) a5 then we have fi ({e}) = u({e}) - vi(e) + a(2) 22 = u({a}).

It is crucial to note that the quantity v;(x) is decreasing and remains at 0 once it has reached
there, hence clearly the field of stopping probabilities (7¢(x))(¢,z)enxz defined as above is of Rost
structure.

We are left to formally show that the stopping time

Poo :=1nf {t > n: 1 (Xe) > ur}
embeds the right measure into the SSRW, i.e. PA[X, = 2] = p({z}) for all z € Z.
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We consider the measure
L A _ _ . ~ _ ~
/‘00({‘73}) =P [Xpoo = x] = tlifgo ;“t(x) = ZOQS(x)pS(x)'

Fist assume poo({x}) > p({z}). As this would be equivalent to lim;_, v4(x) < 0 there would
need to exist a first 7' € N such that vp(z) < 0. However this contradicts the construction of
r¢(x) as described above.
Hence we must have po({2}) < p({z}) for all x € Z.

Consider the set I :={x € Z : po({z}) < pn({z})}. If we assume that I is not empty then

0< Y poo(fr}) <D u({z}) = 1.

TEZL TEZ

Note that pieo({2}) = limyeo fir(x) < p({x}) is equivalent to v4(x) > 0 for every ¢ € N, which
in turn implies r¢(x) = 1 for all ¢ € N by the construction above. In particular, this implies
Poo < HI := inf{t > n: X; = x} which is a finite stopping time, hence also P*[p,, < co] = 1.
So X, is a well defined random variable and we must have ) .t ({x}) = 1 which is a
contradiction. This implies I = §) and poo ({z}) = pu({z}), hence our constructed field of stopping
probabilities and consequently the associated stopping time po, embeds the right measure. O

3.2. A Discrete Optimal Stopping Representation. In this section we will consider a sec-
ond simple symmetric second random walk Y on the probability space (Q,P), mutually inde-
pendent of the SSRW X introduced in previous section. For given z,y € Z we recall P* as the
conditional distribution given Xy = = and analogously define P, as the conditional distribution
given Yy = y. Similarly, conditioning on both events simultaneously is denoted by Pj. We recall
the starting distribution A for the process X and introduce a corresponding starting distribution
v for Y analogously, leading to P, as well as P).

From this point onward we envision the process X evolving “rightwards” from some lattice
point (0, x) (where possibly z = Xy ~ \) and the process Y evolving “leftwards” from the lattice
point (7,y) at time zero. In this context a (stopping) time 7 for the “backward” process ¥ will
be measured as T — 7 for the “forward” process X.

Let us define the discrete time equivalents of the objects introduced in Section 2. We consider
a discrete delay stopping time n € N = {0,1,...} for the process X. Then analogous to the
continuous case we define the space time measure

a:=LM(n,X,)) € P(N x Z),

its spatial marginal
ax(A) = a(Nx A) = L2(X,)(A) for A C Z measurable
and the P*-potential of Xyar by
VR (y) == —E* | Xyar — o]

For a Root (resp. Rost) Barrier R C Z x Z consider the discrete, delayed Root (resp. Rost)
stopping time

py:=inf{t >n:(t,X;) € R}.
Similarly for a Root (resp. Rost) field of stopping probabilities (r¢(x))z)enxz and a vector
U = (ug,uq,...) of iid U0, 1]-distributed random variables we consider the discrete, delayed
Root (resp. Rost) stopping time

py i=1nf {t >n:ry(X;) > ue}.

17



We will throughout this paper assume that (X,na¢) +en 18 uniformly integrable. The stopping
time p, induces the measures

B =L (X,,) as well as B¢ = L* (X, 1) for T €N
as well as the (stopped) potential

A
Usg (y) = —E* [ Xp, a7 — 9] -
Moreover, given a field (r:(2)),z)enxz of Root (resp. Rost) stopping probabilities we denote by
R, the set of all fields of Root (resp. Rost) stopping probabilities that agree with r everywhere
except on the boundary, precisely

probabilities s.t. si(x) = () given r¢(z) € {0,1}.

$¢()) (4.2 is a Root (resp. Rost) field of stoppin
R, = {(st(x))(t,z)eNXZ :( #( ))(t, )ENXZ (resp ) PP g}.

We will sometimes use the shorthand notation s € R, for s = (s¢())t,2)enxz when the context
makes it obvious. Furthermore, we define the set of all associated stopping times in the following
way

Tr = {inf {t>0: 57 4(Y:) > vi} (5¢(2))t,yenxz € Ry and Vo= (vo, ..., vr) denotes} )

a vector of iid U[0, 1]-distributed random variables.
Then we can then give the following discrete time analogue of (2.3)-(2.4),

Theorem 3.5. Let (14())(t,2)enxz denote a Root field of stopping probabilities, then we have
the representation

Usg(4) = By VAo (Yp-) + (Use — Uny ) (¥ )Ly 1] (3.11)
Sgg Ey [VT(%*T(YT) + (Uﬂa - Uax)(YT)]lT<T] ) (312)

where all optimizers will be of the form ™ := 7 AT for 7 € T,.

When p,, corresponds to a discrete delayed Rost stopping the discrete version of (2.5)-(2.6)
reads the following.

Theorem 3.6. Let (7¢(7))t,z)enxz denote a Rost field of stopping probabilities, then we have
the representation

Upa(x) — Upg () = E7 [Upe (Xo.) — Vi, (Xo.)] (3.13)
= sup B [Upe (Xo) = Vi, (Xo)] (3.14)

where all optimizers will be of the form o* := o AT for o € T,.

It will become clear in Section 3.4 why the processes X and Y appear differently in the Root
and Rost optimal stopping problem.

3.2.1. The Core Argument. We present the core argument repeatedly used in [1] and crucial for
further results, an equality in expectation for differences of independent random walks.

Ey (| Xr—s = Yil] = Ej [|Xp_(s—1) — Ys-ul] - (3.15)
The following two remarks break down the key ingredients needed for proving the core argument.
Remark 3.7. Let Z be a Rademacher random variable. Then for any a € Z we have

Efla+Z|] = la| + La=o-
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FiGUre 3. Illustrating the appearance of the indicator function in the core argu-
ment.

Remark 3.8. For a sigma algebra H let A be a H-measurable random variable taking values in
Z and let Z be a Rademacher random variable independent of H. Then by Remark 3.7 and the
Independence Lemma we can conclude

E[|A+ Z||H] = |Al + La=0.
We can now prove the core argument (3.15). On the one hand we have
B2 [|Xr_, — Yal] = BZ [B2 [|Xr_, — Ya||Xr_s, Yoi]]
- EZ [EZ [|(XT—S - s—l) - (Ys - Y’s—l)||XT—57Ys—1”
= E; [|XT—S - S—ll + ]]‘XT—s: 5—1]

where we applied Remark 3.8 for the sigma algebra H := o(Xrp_s,Ys-1), the G-measurable
random variables A := X7_, —Y,_; and the Rademacher random variable Z := Y, — Y,_1 which
is independent of H. Analogously, we can show

EZ [|XT—(s—1) - Ys—l|] = Ez [EZ [|XT—s+l - }/;—1||XT—S7YS—1]]
=K [Ey [|(Xr—s — Yio1) + (Xr_sp1 — Xo )| | X1 s, Yau]]
=By [|Xr—s = Yool + 1x,_,=v, ],

so altogether we have (3.15). See also Figure 3 for an illustration of the appearance of the
indicator function. In particular, Equation (3.15) implies an independence of s, more precisely

EZ [|Xr—, — Y] = EX | X7 — Yol) = EZ [1Xo — Vil
Note that we can replace s by a Y stopping time 7 < T to receive
Ey [[X7—7 — Y7|] = By [|[ X7 — Yol] -
Analogously, for an X stopping time o < T" we have
Ey [ Xo = Yro|] = Ey [ Xo — Y7,
collectively this leads to the identity
EZ | Xror — Yyl = EZ | X, — Yr_o| (3.16)

which will serve as a key identity for subsequent arguments.
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3.2.2. The Interpolation Function. In [1] it was crucial to define an interpolating function F(s)
which connects between the LHS of Equation (1.2) and the RHS of Equations (1.2) and (1.3).
With only slight modification of the proofs in [1] we can define a more general interpolation
function and state the following lemma.

Lemma 3.9. Let \ be a starting measure for the process X and v be a starting measure for
the process Y. For an X stopping time o, a 'Y stopping time 7 and any T > 0 we consider the
following interpolation function

FXY(s) :=E) [| Xon—rns) — Yrns|] - (3.17)
Then we have the following:

(i) The function F,7¥(s) is increasing in s, more precisely
FQTV(S) = Ei‘ HXUA(T—T/\S) — YT/\(S—l)’ + ]I‘XUA(T—S):YS—lyTZS:I (318)
> Ei\ HXJ/\(T—T/\S) - YT/\(S—l)’ + ]lXa/\(Tfs): 5_1,7—2570>T_s] = Fl,//,\”.,l_/(S — 1) (319)

(it) If o is a (possibly randomized, possibly delayed) forward Root stopping time for the process
X and 7 is a (possibly randomized) backwards Root stopping time for the process Y then
F2(s) is constant in s.

Proof. The essence of the proof of (i) is an appropriate application of the Core Argument pre-
sented above, and (i) follows in complete analogy to the proofs of [1, Lemma 3.3, Lemma 3.4].
For (4i) we have to make some modifications.

Let (r¢(2))(,z)enxz denote a Root field of stopping probabilities, then for (s:(x)) z)enxz €
R, consider the stopping times

pli=inf{t >n:r(X;) >w}, and
T i=inf {t > 0: sp_+(Yz) > v} AT.

In order to show equality in (i) for these stopping times, it suffices to show equality of the
indicator functions appearing in (3.18) and (3.19), equivalently

{p” >T — s} D{Xpoa(r—s) = Yso1,7" > s}

up to nullsets. Indeed, on {7* > s} we deduce 7* > s—1. Hence we must have sp_,_1) (Ys-1) <
1 as otherwise 7" = s — 1 almost surely. By the definition of the Root stopping probabilities we
thus have s, (Ys—1) = ry (Ys—1) = 0 for all u < T — (s — 1). Moreover, on the set {X nxr—s) =
Yo_1} we have 7y (X nar—s)) = 0 for all u < T — (s — 1). In particular, since p" A (T — s) <
T —(s—1), on the set { X npr—s) = Ys_1} we have 7,nx(7—s) (XPM(T,S)) = 0. Hence p" > T—s
needs to be satisfied as otherwise the Root properties of the stopping probabilities would be
violated. See Figure 4 for an illustration of these arguments. O

3.3. The Root Optimal Stopping Representation. Let us introduce some frequently used
notations. For the choice of v = §, we simplify the notation of the interpolation function between
the forward and backward Root stopping times to

F(s) 1= F)¥ . (s).
Here « denotes the space-time law induced by the delay stopping time 1 and ¢ is the corre-
sponding delayed Root law as defined in Section 3.2. For a given stopping time 7 consider the
function

WS (T,y) 1= By Vi, (Y;) + (Use — Uay (Vo) o] (3.20)

We also introduce

u® (Tv y) = ug* (Tv y)
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see that in this case p, A(T'—s) = T'—s must Xpoa(r—s) = Ys—1 implies that we must
hold as otherwise Y;+ would have stopped have 7" < s — 1 due to the Root barrier
earlier. structure.

FIGURE 4. An illustration of some different cases that appear when investigating
equality of the interpolation function for forward and backward Root stopping times.

for a backward Root stopping time 7* = inf {¢ > 0 : s7_¢(Y;) > v} AT. Considering this refined
notation Equations (3.11)-(3.12) can be written in the following way

Uga (y) = u*(T,y) (3.21)
= sup ug (T, y). (3.22)

Furthermore, it will be of importance that the function u& has the following alternative repre-
sentation

u(T,y) = E, [Vig—-r(y‘r) + (Uﬂ“ - Uax)(YT)]lT<T} (3.23)
=B K~ Vel (X, V- 1%, -V L] . (520

To further simplify and rewrite these expressions we observe the following lemma.
Lemma 3.10. Let n and 0 be delay stopping times for the processes X and Y respectively.
By (r¢())(t,z)enxz we denote a Root field of stopping probabilities. For mutually independent
U|0, 1]-distributed random variables ug,u1,...,vo,v1,... we consider the forward Root stopping

time p = inf{t >n:r(Xy) > u} and for s € R, the backward Root stopping time T :=
inf{t>0:s7_+(Yy) > v} €T,

Furthermore we introduce the filtration Gy = o (Xs)o<s<t, (Ys)o<s<T U1, - -, Ut, V1, ..., V7).
Then for all A € H := G,p v (r—r)) with {1 <T} C A we have
E) [|X, — Y7 14] = B} [| Xpnmvr—m)) — Y| La] - (3.25)

Proof. As X is independent of Y, we have that X is a (G;) martingale and furthermore 7, p as
well as 6 :=nV (T — 1) are (G;) stopping times. Hence, by the optional sampling theorem we
can conclude that for every A € H = G, 55 the following holds

B [X,1a] = E) [X,p514]. (3.26)

By definition of the Root stopping probabilities and the definition of 7, on the set {T < T} we
have sp_, (Y;) > 0. Furthermore sy_;14 (Y7) = rr—740 (Y7) = 1 for all w > 1. Moreover, on
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the set {p > 7, X5 < Y} we must have that X, < Y, as otherwise the Root property of the
stopping probabilities would be violated. We can argue analogously that on {p > 7, X5 > Y, }
we must have X, > Y. Then

E}[1X, — Y| 1]
- ]EA “XP - YT‘ Lap<s + ‘Xp - YT| IlA,p>5r]

= 1>/\ “Xp - YT‘ 1A,pS6 + ‘Xp - YT| 1A,p>5,Xa<YT + |Xp - YT| 1A7p>5,XaZYT]

=B} [|X, — Vs Lapcs — (Xp — Y2) Lapssx,<v, + (Xp = Vo) La pss x, v, ]
=E)[|X, — Yo Lap<s — (Xprs — Yo) Lapss.xs<v, + (Xpns — Yo) L pos X5, ]
= E} [|Xons — Yol 14].

where we use Equation (3.26) and the fact that {p > 7, X; <Y },{p>35,X5 > Y.} € H. O
Choosing v = 0y, p = p, and § = 0 in the lemma above enables us to prove the following.

Lemma 3.11. The RHS of Equation (3.11) equals the terminal value of the interpolation func-
tion, that is

—u*(T,y) = F*(T). (3.27)
Proof. Recall the representation (3.24) and consider the following decomposition
—u*(T,y) :E2 HXW\(T*T*) = Yo+ (|XP11 =Yoo | = [ Xy = Y5 ) ]]’T*<T}

=B} [|Xpn—r) = Yoo | Lysr + (|X,, =,
+E2 HXn/\(Tffr*) =Yoo | Ly<r + (|Xﬂn — Y,

We will investigate the two lines (3.28) and (3.29) separately.
Let us first consider (3.28). As p, > 1, we observe that on the event {n > T'} we have
NANT —7*)=T—1"=py, N(T — 7'*)7 hence for the first term of (3.28) we can conclude

n>1] =By [| Xp Ay — Yor | Lys1] - (3.30)

| = 1X, = Y-
- |X17 =Y

) EEp— (3.28)
Ylecrp<r] . (3.29)

Ey [ Xora—re) =
Furthermore, note the following:

+ On the event {7* < T’} the stopping time 7* equals a backward Root stopping time.
+ On the event {n > T} we have n vV (T'—7*) =n=p, AN(nV (T —1%)).
« We have {7* <T,n > T} € H (for 1 defined in Lemma 3.10).

Therefore we can apply Lemma 3.10 to the second term of (3.28) to arrive at

]EZ)!\ [(|Xpn - T )]17'*<T,n>T]
:]EZ)!\ [(|Xpn - |XP77 AMV(T—7*)) — YT* )17*<T77I>T} = 0. (331)
To summarize, line (3.28) reduces to
EZ)I\ HXPN/\(T_T*) - YT* 7]>T] . (332)

Next we consider (3.29). Let us start by examining the first term of (3.29) which can be decom-
posed further into

y HXM(T T) Yoo
=Ey [|Xyr@—r) — Yor
=Ey (| Xp,a(r—r) = Yo

nST]
P IS - P
n<T.T—n<r] + Eg [ X, — Yzu

nST,T*<T*n]
Ly<t,7<T—n]- (3.33)
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Similarly, the second term of (3.29) decomposes into
IE; [(prn — Y| - |Xn - YT*D ]lT*<T,n§T]
=]E2 mXpn =Yoo = | Xy — YT*D 1T*<T,7]§T,T*7]ST*} (3.34)
+]Ez//\ [(}Xp,, = Y| = | Xy = Yeu ) Ly<rrecr—) - (3.35)

Importantly, the second term of (3.33) cancels out the second term of (3.35).
We will proceed to conclude that the terms depicted in (3.34) will equate to 0. For this
purpose observe that:

+ On the event {7* < T} the stopping time 7* equals a backward Root stopping time.
+ On the event {T' —n <7*} we have n V(T —7*) =n=p, A(nV (T —7%)).
« We have {7* < T,)n <T,T—n<71*} €H.
Hence, we can apply Lemma 3.10 to deduce
B} (%, ~ Yoo | - 1%, - ¥

=E; [(|Xp, = Yo| = |Xp,nevr—r)) = Yo+ |) Lrecrin<r r—n<s]
=0. (3.36)
The final term left to consideration is the first term in (3.35). For this purpose, note that
- on the event {7* < T —n} we have n vV (T’ —7*) = (T — 7*), and
s {n<T,7*<T—n}teH.
Hence, application of Lemma 3.10 to the first term of (3.35) yields
A
Ey HXpn - YT*

) ]IT*<T777ST7T—?7ST*]

17]§T,T*<T—n] = ]E;\ HXpn/\(T—T*) =Y 17]§T,T*<T—n] . (337)

To summarize, (3.29) reduces to
E;/\ HXPn/\(T—T*) =Y lnST] : (3.38)
Combining the observations (3.32) and (3.38) the desired identity now becomes easy to see:

—u*(T,y) =E) [| Xp, a(r—r) — Yer|] = F4(T).

O

We are ready to prove Theorem 3.5, the optimal stopping representation of Root solutions to

(dSEP).

Proof of Theorem 3.5. We begin by proving (3.11) through consideration of the interpolation
function
o _ Ay _ A
F (S) - Fpn,T* (S) - Ey |:|Xpn/\(T—T*/\S) - YT*/\SH .

Then —F(0) = E, [|Xp,ar — Yo|] = Uga(y) which equals the LHS of (3.11), equivalently of
(3.21). It was the purpose of Lemma 3.11 to show that —F*(T) equals the RHS of (3.11),
equivalently of (3.21). The equality in (3.11) now follows by Lemma 3.9 (ii), which states that
the interpolation function F*(T) is constant given our consideration of Root stopping times.

Let us proceed to establish the optimal stopping problem (3.12). We keep the Root stopping
time p, but allow for an arbitrary Y stopping time 7 < T'. It still remains true that Flg\n’f/T(O) =
—Uga(y), and due to Lemma 3.9 (i) we have the inequality —Uga (y) < FI;\W’?T(T). Therefore, we
are left to show that

F3v(T) <ul(T,y) = =By [VE_ (Y2) + (Use = Uay)(Yr)lrer]
or equivalently

Ez)/\ HXpnA(T*T) - YTH < E; HXW\(T*T) - YT‘ + (|XP71 - YT‘ - |Xn - YTD ]17<T] : (3.39)
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We will consider a decomposition into the events {n > T — 7} and {n <T — 7}.
Due to Jensen’s inequality and optional sampling we have the following

Ez/;\ [(’Xﬂn - YT| — | Xy - YT|) ]]-T<T,7]>T77'] >0
and can conclude
Ey [|Xp,n@-r) = Yr| Lys1 -]
= Eg [| Xoar—r) = Yo | Lysr 7]
< B} [[Xyncrr) = Yol Lsrr + (1X,, = Vo] = Xy = Vo)) Lrcrupor—o]
On the other hand we have
Ez)/\ HX/JM(T*T) - YT| lngT—T]
= Eé\ HXPn/\(T*T) - YT‘ Ly<r—rr<r + [ Xo — Y7 ]lnngr;r:T]
<E; [|Xp, = Ye| Ly<r—rirer + | Xy = Yo| Ly<r—r =]
=E) [|X) = Yol Ly<r—r + (|Xp, = Yo| = Xy = Yo ) Ly<r—rrar]
=By [[Xor—r) = Yo Lyrr + (|Xp, = Ye[ = Xy = Vo) Lycrrrer]

where the inequality again follows by Jensen’s inequality and optional sampling. Together this
proves (3.39). Thus we have shown that

Upe(y) = ug (T y)
which concludes the proof of (3.12). O

3.4. The Root-Rost-Symmetry. To establish the optimal stopping representation of Rost
solution to (dSEP) we could simply repeat the appropriate analogues of the arguments in the
section above. Instead however we will derive the Rost representation from the Root one by
observing a symmetry between the two similar to the approach in [1].

We will first give a brief summary of the results in [1] which were stated in non-randomized
terms.

Recall the definition of a discrete Rost barrier R C N x Z, that is

« If (t,m) € R then for all s < t also (s,m) € R.

Now observe that for any T' € N we can transform this Rost barrier into a Root Barrier Ry in
the following way

Rr = {(T —t,2): (t,z) € R}. (3.40)

To more conveniently apply results from the sections above we will reverse the roles of X and Y
for Rost stopping times. -

Consider a non-delayed (forward) Rost stopping time p = inf {t > 0: (¢,¥;) € R}. We can
now observe as illustrated in Figure 5 that the (forward) Rost stopping time p can be represented
as a backward Root stopping time 7 :=inf{t > 0: (7' —¢,Y;) € Rr}, and that the backwards
Rost stopping time ¢ := inf {¢t > 0: (T —¢,X;) € R} can be represented as a (non-delayed,
forward) Root stopping time p := pg = inf {t > 0: (¢, X;) € Rr}, to summarize

p=inf{t>0:(t,Y;) €R}=inf{t>0: (T ~t,Y;) € Rr} =7 G
c=inf{t>0:(T—t,X;) €R} =inf{t >0:(t,X;) € Rr} = p. '

Using this symmetry, in [1] the Rost optimal stopping problem was then derived with the
methods established for the Root optimal stopping problem using the following proposition.
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FIGURE 5. An illustration of the connection between R and Ry, resp. between p
and 7 as well as ¢ and p without delay.

Proposition 3.12 (|1, Proposition 3.7|). For each z,y,T, any Y -stopping time 7 such that
E,[|Y>|] < oo, and every {0,...,T}-valued X -stopping time o, we have

By [lz = Yr| = [z = Yoar|] S By [|Xo — Yo — [Xo —yl]. (3.42)
Suppose furthermore that
T=inf{t e N: (T —t,Y;) € R}, (3.43)
for a Root barrier R and that o = p%°°* AT. Then there is equality in (3.42).
The proof given in [1] relied heavily on the interpolation function Fy . (s) = Fi¥(s) =
Ey [|XU/\(T_T/\S) - YT,\SH in the following way. To see inequality we observe
Eylle = Yr| = |2 = YVoar|] S EJ [|Xo = V2] = Fo r (T)
< ]Egyj HXU - Y'FH - FU,T(O)
=Ey [ Xo — Y7 - [Xo — 9l
Equality for Root forward and backward stopping times follows from Lemma 3.9 (ii). In the
delayed regimes however, these arguments cannot be repeated verbatim as Lemma 3.9 (ii) does
not hold for delayed backwards Root stopping times.

We will observe an analogous symmetry to (3.41) in the delayed regime and give the appro-
priate generalization of the symmetries (3.41) as well as Proposition 3.12.

A delayed randomized Root-Rost-Symmetry. Let (7¢())t,z)enxz denote a field of Rost stopping
probabilities. Then for any 7' € N we can transform these Rost stopping probabilities into a field
(rT (%)) (t,2)ezxz of Root stopping probabilities in the following way

ri () := rr_¢(2). (3.44)

Note that the definitions of Root and Rost fields of stopping probabilities naturally extend to
(t,z) € Z x Z. Consider a delayed (forward) Rost stopping time

po=1nf {t > 0 : 7 (V) > v }.

We can now observe as illustrated in Figure 5 that the (forward) Rost stopping time p can be
represented as a delayed backward Root stopping time

TH = inf {t > 0 : T%—',t(}/t) > ’Ut} )
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FIGURE 6

and that the (undelayed) backwards Rost stopping time
o:=inf{t > 0:Fp_¢(Xy) > us}
can be represented as a (undelayed, forward) Root stopping time
pi=po=inf{t>0:r](Xy)>w},

in sum

po :=1inf {t > 0 : 7:(Y;) > v¢} = inf {t >0: r%_t(Yt) > vt} =: Ty (3.45)
o=inf{t > 0:7p_¢(Xy) > w} =inf {t > 0: 0] (X3) > u} =1 p. (3.46)

See also Figure 6 for an illustration of these stopping times.

We see that Proposition 3.12 is valid for any stopping times o and 7, hence also for the
choices 0 = py and 7 = 7y. However, in this case is was already observed in Section 3.2.2 that
the interpolation function F),, -,(s) will in general no longer be constant when 7 is subject to a
non-zero delay 6. Thus we will no longer recover an equality in Equation (3.42) for a delayed
backward Root stopping time. Moreover the RHS of Equation (3.42) will in general also not
equal the RHS of Equation (3.13), thus cannot be applied to prove our desired generalization of
the delayed Rost optimal stopping representation.

The following generalization of Proposition 3.12 is needed.
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Proposition 3.13. Let 0 < T be a stopping time for X and let T be a stopping time for Y such
that E, [|Y;|]. Then

(i)

Ey[lz — Y| = |z = Yoar|] S B [|Xo — V2| = | Xo — Yon(r—o)|] - (3.47)
(ii) For any Y -stopping time 6 such that 8 < T we have
E,[lz = Y| — |z — Yoar|] < EP [| X, — V7| — |X,7 — YQ/\(T_O-)H . (3.48)

(iii) Furthermore, let (r¢(v)) 2)ezxz denotes a field of Root stopping probabilities, consider
(5t(2))(t,0)ezxz € Ry and let 0 denote a delay stopping time for Y. Then there is equality
in (3.47) and (3.48) when considering the stopping times

o=inf{t >0:r:(Xs) >us} and
T=inf{t >0 :s7_+(Y:) >v} AT
Proof. As observed in the proof of [1, Proposition 3.7] we can conclude the following with the
help of Jensen’s inequality and optional sampling
E, [|$ - YT‘ - |$ - YT/\TH < EZ |:|XU - YT| - |X0'/\(T77/\T) - YT/\TH .

It is also a straightforward application of the Core Argument (3.15) together with optional
sampling to obtain

Eﬁ HXO‘/\(TfT/\T) - YT/\TH = E’Z HXG - YT/\(Tfa)H
which concludes the proof of (7).

Note that (i7) easily follows from (i) via Jensen’s inequality and optional sampling by observing
that when 6 < 7 we clearly also have 0 A (T — o) <7 A (T — o).

It now remains to show (ii7), the equality in the Root case. We will apply Lemma 3.10 for
the choices A = 4., p = o and n = 0. We will consider a decomposition into the events {7 < T}
and {7 > T'}. First note that on {r < T} we have nV (T'— 7) = T — 7, hence by Lemma 3.10
we obtain

E; HXG - Y‘r| ]17'<T] =EJ HXU/\(T—T) - Yr| ]Lr<T] ,

thus

]EV [(‘LE - YT| - ‘l‘ - YT/\Tl) ]Lr<T] =0= Ei [(‘XO' - YT| - ’Xa/\(Tf'r) - YT’) ]lT<T]

= Elz/ [(‘Xa - YT| - ’XU/\(Tf’T'/\T) - YT/\T’) ]lT<T] .

On the other hand, on {7 > T} we have nV (T — 7) = 0, hence by Lemma 3.10

EY [ Xo = Yo Lr>7] = EY (| Xono — Yr | Ly = EJ [|Xo — Ve [ Lr>7] = By [lz — Y[ 1r>7]
which gives

Ey [(|lz = Y7 | = |2 = Yoar]) Lrsr] = EJ [(| X6 — Yr| — [Xo — Year|) L7
= ]Elaf [(|XO' - Y‘r| - ’Xa'/\(Tf'r/\T) - YT/\T’) ]lTZT] .

Altogether equality in (3.47) follows. Note that n = 0 was essential here in order to gain this
equality.
It now remains to establish equality in (3.48), that is we need to show

E} (| Xo = Yera—o)|] = B} [|[Xo = Yora—o)|] -
On the one hand we trivially have

E} [|Xo = Yonr—o)| Lo=r] = B [|[ Xo — Yo| Loor] = E} [|Xo — Yon(r—0)| Lo=7] ,
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whereas
El [|Xo — Yorr—o)| Lo<r] = EL [| X0 = Yor(r—o)| Lo<T]

can be argued verbatim as in Lemma 3.10, switching the roles of the two stopping times therein.
O

Remark 3.14. Note that Proposition 3.12 can easily be recovered from Proposition 3.13 (i) via
the choices v = §, and 0 = 0.

Equipped with this proposition and the (delayed) Root-Rost symmetries (3.45) and (3.46) we
can now give a proof of Theorem 3.6, the optimal stopping representation of Rost solutions to

(dSEP)

Proof of Theorem 3.6. We want to apply Proposition 3.13. Consider 7 = 7y and note that for
the LHS of (3.47) respectively (3.48) with the help of the Root-Rost symmetry (3.45) we have

By [lz = Yr| = |z = Yoarl|] = Upe (z) — Upg (2).
Furthermore for any X-stopping time o we have
E? [|X0 Y| - |Xg — Y(;A(T_U)H =E" I:Uﬂa (Xo) — VT‘{U(XU)} . (3.49)

It now becomes obvious that Equation (3.13) follows by Proposition 3.13 (ii¢) by considering
o = o* and the Root-Rost symmetry (3.46), while Equation (3.14) follows from Proposition 3.13
(7i) considering general X- stopping times o < T O

4. RECOVERING THE CONTINUOUS OPTIMAL STOPPING REPRESENTATION AS A LIMIT OF
THE DISCRETE OPTIMAL STOPPING REPRESENTATION

The aim of this section is to recover Theorem 2.7 (resp. Theorem 2.8) from its discrete
counterpart, Theorem 3.5 (resp. Theorem 3.6) through taking limits of appropriately scaled
SSRWs.

This passage to continuous time essentially relies on the application of Donsker-type results,
similar to the limiting procedure carried out in [1, Section 5] which in turn heavily built on
arguments established in [13]. For this purpose it is important to point out that the results and
arguments presented in Section 3 remain invariant under appropriate scaling of the space-time
grid.

In Section 4.1 we recall the appropriate space-time grid and an associated discretization of
a Brownian motion into a scaled SSRW as proposed in [13]. We proceed to introducing a
discretization of a continuous (dSEP) to a scaled discrete delayed problem in Section 4.2 and
furthermore explain how our results of Section 3 apply in this case.

It is subject of Section 4.3 to recover continuous Root and Rost solutions to (dSEP) as limits
of solutions to a appropriately scaled and discretized (dSEP). This will give us convergence of
the LHS of 3.11 to the LHS of 2.3 (resp. convergence of the LHS of 3.13 to the LHS of 2.5).

In Section 4.4 these limiting results are furthermore applied to the recovery of the optimal
stopping problem and its value, namely establishing convergences of the RHS of 3.11 to the LHS
of 3.11 as well as 3.12 to 3.12 (analogously for Rost).

4.1. Discretization of a Brownian motion and its stopping times. We begin by recalling
the discretization of a Brownian motion (W;);>¢ into a scaled SSRW as proposed in [13]. For a

given N € N consider a discrete set of spatial points X := {z¥', ... ,ng} such that
e, — x| = ﬁ forj=1,...,LN —1.

« LN ~+/N.
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We define a random walk (Y;V)ren in the following way. Let Y,V := Wr,ﬁ" where the 7V are

given as those times when a Brownian Motion hits a new grid point in X. More precisely, let
(W1)i>0 be a Brownian motion started in Wy ~ A. Then we define

c Y =inf{t >0: W, € XN}, and

- given Wov = acév we define 70, :=inf{t > 7} : W} € {x;-\’_l,xﬁl}}.
Note, this definition implies that the random walk (YkN )ken is started according to a discretiza-

tion AN of the starting law \ given by
A= L(YY) = L2 (W),

Now let 7 be a stopping time for the Brownian Motion W;. Then we can define a stopping rule
&N for the discretized process YkN via

N =inf{teN: 7N, <7<V
For such a discretized stopping time we have the following convergence results.

Lemma 4.1 (Cf.[13, Lemma 5.2|). Let 6%V be the discretization of a stopping time T of a Brow-
nian motion Wy as defined above. Then

YN — W, almost surely, and (4.1)
5.N
N - T in probability, as N — oo. (4.2)

In particular, this implies that for u~ = £(Y&]YV) and for p := LN(W,) we have that u™ — p.
Moreover, for every T > 0 we have

Y2\ nr = Woar  almost surely, and
N ANT
N

Note that while in [13] this lemma was stated for stopping times 7 that are optimizers of
a given (OptSEP), this characterization is not essential to the proof given, thus we state the

—7AT in probability, as N — oo.

. . . =N . .y
lemma in more generality. Given the convergence of %~ — 7 in probability, the convergence

of &N/\% — 7 AT in probability is clear. Regarding the convergence of the processes, it is

important to observe that by construction of the discretization we have 78, — T a.s. by the

strong law of large numbers. Note furthermore that Y[ﬁv ANt = WeN ard hence the almost

. N :
sure convergence Yy , np — Wrar is clear.

4.2. A Suitable Discretization of Root and Rost solutions to (dSEP). Consider a con-
tinuous (dSEP) given by the triple (A, 7, ). Theorem 2.2 (resp. Theorem 2.4) gives us existence
of a Root (resp. Rost) barrier R in [0, 00) x R such that

p=pr:=inf{t >n:({t,W;) € R}
is a stopping time embedding the given measure p. We propose the following discretization
(AN, ) of (A7, p).
AV = £y,
iV i=inf{t e N: 7N, << 7N} and
= " (YZX) where

V= inf{tEN:Tgl <p§7'tN}-
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(Note that since p > 0, it is clear that we also have 6V > #V.) If the measure y is supported

also beyond the grid XV given at the discretization step N we make the boundaries of the grid,

z{ resp. 2y absorbing barriers for the Brownian motion to ensure that the random walk only

moves on the given grid.
The following convergences are now clear by the definitions in Section 4.1 and Lemma 4.1

AV =\
SN
(Cp I/ N
n =N n
wY = .
Moreover, it is important to observe that the conditions AV <. £ (Yﬁjyv> <. MN and E [ﬁN ] <

oo are satisfied. Therefore, by Theorem 3.3 (resp. Theorem 3.4) and rescaling there exists a field
of Root (resp. Rost) stopping probabilities (7 (2))(,z)enxan where XN C TlﬁZ such that

pY =inf {t >V Y (V) > w}

defines a discrete Root (resp. Rost) stopping time embedding the measure p¥ into the SSRW
YN, solving the discrete (and rescaled) (dSEP) given by (AN, 7%, u™).

By (Wt(N)) o e denote the rescaled continuous version of the random walk YV defined via
t>0
N
Wt( ) = YL]JVth + (Nt - LNH) (YLJJ\\[/tj+1 - YL]JVWJ> :

Note that we have (%, Yﬁj}’v) = (n(N ), nglvv))) almost surely.
We now want to define Root and Rost stopping times for (Wt(N)> . By definition of the
>0

discretization we have Wt(N) € XY if and only if Nt € N. Hence we can extend a Root field of

stopping probabilities (r{¥ (7)) (t,2)enxxn to [0,00) x R by setting

N (z for x € XN,

@) = {OM( | for allet when z € R\ AV,
Then we define

pN) = inf {t >N ?"fVNtJ (Wt(N)) > U[th} (4.3)
in order to have

(ﬁN,Yﬁ]yv> = (p(N),Wp(ZYV))) almost surely.
Furthermore (7 (x))(; z)enxx~ induce a Root barrier RN C N x ﬁz via
RN .= {(t,x) : v} (z) > 0},

and a corresponding Root barrier in [0,00) x R can be defined in the following way

R™ .= {(t,a:)e[O,oo)xR:(LNtJ,x)eRN}. (4.4)

We will sometimes use the notation RN =: Rf (resp. RWN) =: RSFN)) and analogously define RY
(resp. RSN)) via
RN .= {tz):r)(z)=1}.

Note that RN C Rf and R C RiN). We make the same definitions for Rost fields of stopping
probabilities replacing the floor function by a ceiling function.
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4.3. Taking Limits. The main objective of this section is to show the following convergence of
the discrete time objects defined above to their continuous conterparts. This will be carried out
individually for Root and Rost respectively.

We follow [34] for the definition of a metric on the space of barriers. Let # denote the space
of all Root and Rost barriers in [0, 00] x [—00,00]. Then a complete metric on this space can
be defined in the following way. Consider the map f : [0,00] x [—00,00] — [0,1] x [—1,1],

flt,x) = (1%_“ 1flx\ ) Let d denote the ordinary Euclidean metric on R. Then for two barriers

R, S C[0,00] x [-00,00] Root’s metric dr on the space of all barriers % is defined as follows

dR(R7 S) ‘= Imax {(tSI;Ie)Rd(f(t’x)’ f(S)) 7( Su)IéSd(f(R)v f(s’ y))} :

4.3.1. A Limit of Root Stopping Times.

Lemma 4.2. Let (p(N))neN be a sequence of discrete Root stopping times as defined in (4.3).
Then there exists a Root barrier R C [0,00) X R such that we have the following convergence
N)\ d
(™, W) % (0. W) (45)
where

p:=inf{t >n:(t,W;) € R}.

Proof. The Root barriers (R(N )) Nen converge (possibly along a subsequence) to a Root barrier
R in Root’s metric, details can be found in [34].
We define the following auxiliary hitting time

P = inf{t >n:(t,Wy) € R(N)}

and show convergence in two steps.

(i) We have p"V 2y p. This is basically a consequence of a delayed version of Root’s original
convergence lemma, [34, Lemma 2.4], which we provide in Lemma 4.3.
(ii) We furthermore have

(5. 80) ~ (5,00 20

which is a delayed version of [13, Lemma 5.6] which we give in Lemma 4.5.

We formulate a delayed version of Root’s convergence lemma, [34, Lemma 2.4]

Lemma 4.3. Let n be a delay stopping time and R be a Root barrier such that for the corre-
sponding delayed hitting time

T=inf{t >n: (t,W;) € R}
we have E[T] < co. .

Then for any € > 0 there exist 6,6 > 0 such that if for another Root barrier R we have
dr(R,R) < & and for another delay stopping time ij we have P[|n — 7| > 6] < 0, then for the
corresponding delayed hitting time T defined as

F=inf{t >7:(t,W;) € R},
it holds that
P7>r1+¢]<e.

Proof. Similar to [34] we make the following choices for ¢ > 0.
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+ Choose € > 0 such that £ < § and

- . - €
P| sup Wy >éand inf Wy < —£&| >1—-.
Ectce E<t<e 4

- Choose T > 2 then P[r > T] < § (due to Markov’s inequality).

I _
+ Choose M and ¢ > 0 such that if (t,z) € Ryt < T, |z| < M and dr(R,R) < 4, then
d((t,x),{%) <EéE.
+ Choose ¢ = &, then P[|n — 7| > €] < €.

Then we consider the set

A={weQ: (i) sup (Wi(w) — Wr(w)) > € and
T(w)+E<t<T(w)+e

inf Wi(w) — Wy (w)) < —¢,

e rappe ) = Wrlw)) < =

(i) T(w) < T,
(@di) |Wr(w)| < M,
(vi) n<n+éE}

We then see from the definitions made above that for w € A follows 7(w) < 7(w) + &. Moreover,
these choices and the strong Markov property give us P[A] > 1 — &. O

In order to complete step (ii) in the proof of Lemma 4.2, we need to provide the following
auxiliary convergence result, which is basically a delayed version of [13, Lemma 5.7].

Lemma 4.4. Consider the stopping times
p(M’N) = inf {t > 77(N) : (t,Wt(N)) € R(M)} ,

pM .= inf {t >n:(t, W) e R(M)} )

where n\N) — 1 in probability. Then we have the following convergence
N d
(Wp((M),N) ) p(M’N)> m (Wpl\/f , pM) . (4.6)

Proof. We aim to apply Donsker’s theorem to the continuous scaled symmetric random walk

(N) . .
(Wt )te[n<N>,T]' Let (By)cp, ) denote a Brownian motion, then for each w € Q we have

(N) o
(Wt )te[nU\’),T] ,(Bt)te[n,T] € Dy where Dy := UagT C(la, T)).

We define an appropriate metric on Dp. More generally, consider the function space D :=
Ua<p C([a,b]). Thus for each f € D there exist Iy,ry € R, Iy < ry such that f € C([ly,ry]).

For f € D and t > 0 we consider f(t) := f(I; V (t Ary)) € C([0,00)) and define the following
distance on D.

dp(f,9) = ( sup [f(t) —g(t)|> Vly = lg| Vry —rgl.
t€[0,00)

Considering this, metric we can apply Donsker’s theorem to get
()

te[n™, 1] = (Bt)te[”’T]
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and we are able to use the Portmanteau Theorem in the following way

N—oc0

fim ¥ |:<Wt(N)>t€[n(N),T] < K} =P {(Bt)te[n’T] € ’C]

for all K C D Borel with P* [(B,),c(, 1) € 9K| = 0.

It is now left to consider cleverly chosen sets IC € B(D) to support our convergence claim (4.6).
For M fixed consider W;g,),,\,) and B,u as well as the spatial grid & := {aM . ,x%v,}.

Choose an arbitrary point 2 € X, t € (0, T] such that (¢,#M) lies somewhere in the interior
of RM) and some v < (t —inf {s: (s,2}) € RM)}) A (T —t) to consider the set

R(y)=[t—7yt+v]x{zM} C RM),

Since the barrier R will be a subset of [0, 00) x X we can identify a smallest z € X such that

z>aM

and ([t —7,t + 7] x {z}) € RM). Analogously, we identify a largest y € X, y < M.

Moreover, let y < wy < -+ < w, < 2z, w; € X'\ {xfw} denote all those points at which a piece
of the barrier R sticks into our area of interest, precisely ([t — 7, ¢ + 7] x {w;})NRM) £ . Tt
is clear that there can only be finitely may such points. Consider R, := ([t — 7, + 7] x {w;}) N
RM) fori=1,...,n.

We proceed to define the following subsets of Dr.

K= {FeDr:lls. £ = RN > 5 Vs € [1y, (=) v ]}

>0
F€Q

K= (1 U{feDr:l(s f(s) = Rull >4 Vs €[t —v) Vit +9]}
i:1,4..,n"zg(02

Ko={feKnK": f((t=7) V) € (@, 2)}

Kg={f€Dr:f(s)<z—eVse[(t—7)VliqgNQ}
K :={f€Dr: flg) <z} -5} NK;

5,5 R 6,5
k= J K
qE€[t—,t+7]
q€Q
K= JK*nK.
6>0¢e>0
0€QecQ

is the set of all paths which stay away from the barrier R() at any time point before
(t —~) V. Since R™M) is a finite barrier, K is a Borel set.

is the set of all paths which stay away from the barrier pieces R,,, ..., R, before time
t+ .

is the set of all paths in K N K™ that are between zM and z at time (£ —7) VIy.

is the set of all paths that stay below z — e after time (¢t — ) V [; and before time q.

is the set of all paths that are below zM — § at time ¢ and stay below z — ¢ after time
(t — ) VI and before time q.

is the set of all paths that such that there exist a ¢ € [t — 7,t + 7] N Q fulfilling the
properties of set ICZ"S.

is the set of all paths such that for all § > 0 there exists an € > 0 such that the properties
of set k=9 are fulfilled.
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Analogously, we define Y with the opposite inequalities.

Note that K£? will be a Borel set consisting of all those paths that start somewhere away from
the barrier R™) but hit the barrier for the first time in R(7y) coming from above, while ¥ will
be a Borel set of those paths that hit the barrier R for the first time in R(7) coming from
below. Altogether, K := K¥ U K? will be a Borel set consisting of exactly those paths that hit
the barrier R for the first time in R(y) after starting in some initial time /; away from the
barrier RM),

We need to identify 9K and to argue that P* [(Bt)te[n,T] € OK| = 0. The set OK will consist
of exactly those paths that start somewhere away from the boundary and either

« hit R(y) exactly at time ¢ &, or
« hit R(v) elsewhere, but also touch the barrier RM) before, without passing through the
barrier.
- are born somewhere inside the barrier R**) but immediately leave it without ever touch-
ing the barrier again.
« are born somewhere inside the barrier and remain flat.
By standard properties of a Brownian motion it is clear that these events must have zero prob-
ability.

With appropriate choices of ¢ and v it now becomes clear that we can cover the whole
barrier R with such sets R(7).

We are left to consider the possibility of appearing exactly on the barrier. As a combination
of the convergence of %V to i and Donsker’s theorem gives (should give?)

(1 W0 S (0 Ba).
Now note that similarly to the arguments given in the proof of Lemma 4.3, a Brownian motion
that is very close to a Root barrier will proceed to hit this barrier almost immediately. It is then
a consequence of this regularity of Root barriers which gives us

P [ (0™, WiN) € RO —— P [(n,B,) € RV,
concluding the proof of the convergence (4.6). O
We are now ready to finish step (ii) in the proof of Lemma 4.2.
Lemma 4.5 (Cf.[13, Lemma 5.6]). We have the following convergence
‘(p(N),W/EgX,))) — (pN,WpN)‘ 20 for N — .

Proof. Define the following hitting times for the scaled continuous random walk W)

PN = inf {2 ™) (W) € ROV, and
P i {2 g™ s (W) € RV

Then analogous to the proof of [13, Lemma 5.6], but replacing Root’s original convergence lemma
with its delayed version Lemma 4.3, we can deduce the convergence

M,N (N) N (N) P
‘(T( )’WT(M'M) B (T( )’WT(N)) M,N—o0 0.

It is a consequence of Lemma 4.4 that

d
(T(M’N), Wﬁf\ll\v/[),N)) N—> (p]\/j7 WpM) .

34



Thus it remains to show that

(0, W) = (0, w2 | L0 (4.7)

N—oc0

For this purpose recall the Root barriers RSFN) and R defined above and consider
TJ(FN) = inf {t >n: (t, Wt(N)) S RSFN)} =7V,
)= inf {t >n: (t, Wt(N)) € RSN)} .

Note that by Root’s barrier structure and the definition of the discretization we have

1
dr (RSrN),R(_N)) <+ =0 for N> o,

hence both RiN) and R converge to the same Root barrier R in Root’s metric. Moreover, it
is a consequence of Lemma 4.3 together with Donsker’s Theorem that

‘TJ(FN) — TSN)‘ — 50
N—oc0
Now since T_&_N) < pM) < T(_N) the convergence (4.7) follows, concluding the proof. (]

4.3.2. A Limit of Rost Stopping Times. We are left to show convergence of discrete Rost solutions
of (dSEP) to continuous ones. For a measurable set A and ¢ > 0 recall the following measures
defined in Section 2

v (A) = p(A) —P[W, € A,p<t] and
a(A)=a({t} x A) =P W, € A,n=1].

Lemma 4.6. Let (p(N))neN be a sequence of discrete Rost stopping times. Then there exists a
Rost barrier R C [0,00) x R such that we have the following convergence

d
(P W) & (0, W,) (48)
where
p:=inf{t>n:(t,W,)€ER}NZ
for
te  with probability P* [Z = tk|Wn,77 =t = (e nvey) (W)

Z =minZ,, Z:= d(ery,)
keN

oo else.
(Here {tg,t1,...} denote the set of (at most countably many) atoms of L (n).)

Proof. Let RY) denote the Rost barrier associated to p(™) via Definition (4.4). The the sequence
(R™)) yen of these Rost barriers converges (possibly along a subsequence) to a Rost barrier R
in Root’s metric.

Consider the following decomposition

‘ <p(N), W/E(]Yv))) - (,07 W/J)‘ < ’ (P(N)7 W/E(]Yv))) lp(N)>77(N)+s - (p, Wp) ]lp>n

N
+ ‘(p(N)’ W,E(N%) Lyov) <) e — (P, W) 1=y

b
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hence (4.8) is equivalent to both

N (N) P
‘(p( ),WP(M)]lp(NM(N) = (W) 1p>,7‘ a0 and (4.9)

(N) P
’(p(N),Wp<N>) Ly <142 = (0, W) Lpmy| 2 0. (4.10)

Let us first consider (4.9). Define the hitting time
Ti=inf{t >n: (W) € R},

thus p = 7 A Z and on {p > n} we have p = 7. Furthermore, for R?Y) consider the following
(auxiliary) hitting times

™ = inf {t >n:(t,We) € R(N)} and
7N = inf {t >N (t,Wt(N)) € R(N)} .

We will then show convergence in three steps.

(i) ™V & 7, sce Lemma 4.7,
(ii) Convergence for non-randomized hitting times, precisely

’(T(N),ng)) — (TN,WTN)‘ i> 0,

see Lemma 4.8.

(iii) Convergence for randomized Rost stopping times after n(N), precisely
N (N) N P
‘(p( )’WP(N>) ]lp(N)>n(N)+E* (T ,WTN)]].TN>,,7’ m(},

see Lemma 4.9.
It remains to show (4.10). For € > 0 define

R N
u?’ =L (W/E(]YV));p(N) > n(N) + e’:‘)

=N =l
as well as
fi:=LY(W,;p>n) and
= — fi.
Then by (4.9) we have

i = o (W;(fp);pm > ) 4 5) = [ for N — oo, then £ \, 0.

Thus recall u¥ = u for N — oo to conclude that we must have
ﬁg:ﬁ::u—ﬂ for N — oo, then € \ 0

where [t corresponds to the mass that is acquired by stopping instantly. In other words

i (W;(JX,));,O(N) <M 4+ 5) = L (Wy;p=mn) for N — oo, then £ \, 0. (4.11)
The convergence (4.11) is equivalent to
A Ty () (N) < () } A -
P {me) €A p < +e m”}p (W, € A, p=n] (412)
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for all measurable A such that P (W, € 0A,p=mn] = 0. As we have the convergence nN) - p
in probability we can furthermore conclude
P W;Eg\r)) € A, pN) <M 4, InN) —t| <& oo PMW, e A,p=n,n=1] (4.13)
€ JN—00
for all measurable A such that P* [W, € 94,p =n,n=1] = 0.
That p must now share the desired representation on {p = n} is a consequence of Lemma 2.5
and concludes the proof. ([

In order to conclude the proof above we show a delayed Version of [13, Lemma 5.5].

Lemma 4.7. The Rost barriers RW) converge (possibly along a subsequence) to another Rost
barrier R and

P = inf{tzn:(t,Wt) GR(N)} &inf{th:(t,Wt) € R®} =: p™

Proof. Note that both stopping times are subject to the same delay 7, hence we can repeat the
proof of Lemma 5.5 in [13] with minimal adaptations. The arguments used therein rely on the
existence of boundary functions b : (0,00) = RU{oo} and ¢ : (0,00) = RU{—o00} such that the
Rost hitting time can be represented as the first time the Brownian motions (W;) either rises
above b(t) or falls below c(t).

While in [13, Lemma 5.5] the Brownian motion was assumed to start in (0, W) it was possible
to give this description using only a single upper boundary function b and lower boundary
function ¢. Due to the possibly delayed starting in (n, W,) however, the processes might see
different parts of the barrier that remain unseen for other starting positions. Hence we will
no longer be able to describe the Rost hitting time with a single boundary function but as at
most countably many such areas of the boundary can exists we can instead consider a family
of boundary function {b, : (0,00) = RU {oo},n € N} and {¢, : (0,00) - RU{—o0},n € N}.
Then for each starting position (n, W,) we can identify the closest boundary functions b, and
cy. Precisely, for each realization of 77 we can define b, as the boundary function b, such that
W, < bp(n) and |(n, Wy) — (n,by(n))| is minimal. There might be several boundary functions
fulfilling these properties, however as they all have to coincide for ¢ > 7 the specific choice is
irrelevant. Analogously we define ¢, to conclude the proof. O

We now give a delayed Version of [13, Lemma 5.6].
Lemma 4.8 (Cf.[13, Lemma 5.6]). For N € N consider a Rost barrier R™) C [0, 00) x ﬁZ
and let nN) € %N and n € [0,00) be delay stopping times such that n™N) 2y n. Then for the
stopping times

W) = inf {t > ) (t,Wt(N)) c R(N)} and
V.= inf {t >n:(t, W) € R(N)}
we have the following convergence
(T(N)7Wg\]{]))) (N, W)

Proof. First we give a slight refinement of the proof in [13, Lemma 5.6] for n = 0.
As in [13, Lemma 5.6] consider the Brownian motions W*¢ = W, + et with drift. Then we
define the following stopping times

ptNES g {t >0: W, > Wy, (£, W) e R<N)},

20 for N — .

o= NEE —inf {t >0 W, < Wo, (£, WE) € R<N>},
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and
ptN = inf {t >0: W, > W, (t,W,) € R(N)} :

p~N = inf {t >0: W, < Wo, (t, W) € R

as well as
pt () = inf{t >0: W™ >w, (t,W;N)) c R(N)}7
g i= it {t > 0 W < Wi, (W) e RMY.
Furthermore for 7' > 0 and € > 0 consider the set

AME:{weQ: sup ]Wt—me‘q}

0<t<T

and note that by Donsker’s Theorem the probability of (AN ’E)C goes to zero for N — oo.
We have the following properties of the stopping times defined above.

- On the set AN¢ we have that [pH (V) — pHN| < |pTNote — pTN=2| a5 well as |[p— (V) —
poN < Jpm e — e,
+ As demonstrated in the proof of [13, Lemma 5.6] it follows from Girsanov’s Theorem
that |ptNFe — ptN=e| B g and [p— Nt — p= N2 B0 for e \, 0.
- Now note that p¥) = pt(N) A p= (V) and pN = pHN A p=N, thus on the set AN we
have
PN = pN| = [pPN A pT N = p P A p (V)]
< |ptN - p+,(N)| +p=N - p—7(N)|
< |p+7N,+€ _

+,N,—s| + |p—,N,+s —,N,—s|

p —-p

- Combining all these ingredients we can conclude that [p™) — pN| £ 0 just as in [13,
Lemma 5.6].

We now add a delay.
Since V) 5 5 we can for ever £, > 0 find an Ny € N such that for

e (- <o

we have P [(BN*s)C] < § for all N > Ny. Define the set CV:g := AN 0 BNe for AN:¢ defined
above, then similarly P [(CN’E)C] < 6 for any 6 > 0 in N is chosen big enough.
Define the following stopping times.

pJ“N’is = inf {t >n: Wy > Wy, (t,Wtis) € R(N)} ,
pNEe = inf {t >0 Wy < W, (L, WE) € RW)} ,
and

- N

pt N = inf{t >n: W, > W, (t,W,) € R<N)},
p ::inf{

t>n: W, < W, (t, W) eR“V)},
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as well as
p+’(N) ;= inf {t > n(N) : Wt(N) > WéN), (t, Wt(N)) c R(N)} 7

pm ™ = int {¢ > g™ W™ <™, (L wV) e RVY.

Replacing the stopping times as well as AV with C™V¢ in the arguments above resp. in [13,
Lemma 5.6] we can conclude the desired convergence. (]

We show the final convergence via a sandwiching argument.

For a given field of stopping probabilities (¥ (7)) (t,2)enx Sz define
’ N

Rf ={(t,z): V() > 0},
RN = {(t,x) :r](x) =1} = RN

and let RiN) and RYV respectively denote their (Rost) continuifications as defined in (4.4).
Note that R = R™) ¢ RS_N) and the two barriers coincide on all points (¢,x) such that

rN(x) € {0,1}. Furthermore define S—'SrN) = R&N) \ ({0} x R) as well as S .— g \ ({0} x R)
and recall dr, Roots metric on barriers. While RSFN) and R(,N) might differ substantially on

{0} x R, for S'_S_N) and S by Rost’s barrier structure and definition of the discretization we
have

_ = 1
dr (s@,si’v)) <~ =0 for N = oo (4.14)

Hence both 5’(+N) and 5'(7N) converge to the same object S in Roots metric.
Define the hitting times

7'4(_N) := inf {t > n(N) : (t, Wt(N)) € RS_N)} ,
TSN) ;= inf {t > n(N) : (t, Wt(N)) € R(,N)} .

Then both TiN) and 7V) are non-randomized hitting times and we will almost surely have

()

7_J(FN ) < o) < 7
We will also consider the hitting times
V= inf{t > (L, W,) € RLN)},
= inf{t >0 (W) € RSN)} :
These auxiliary stopping times will help us prove the following lemma.

Lemma 4.9. We have the convergence

N
‘(P(N)’ W;m))) Lyovsyge = (77, W) Lons,, ~onow (4.15)
Proof. Since T_(,'_N) < pM) < ™) almost surely it suffices to show the two convergences
(N) 7 (N) N P
‘ <T+ ,WTiN)) Il'p(N)>7](N)+E — (7' 7I/I/;-N) ]L,-N>77 m} 0 and (416)
‘ (rSN), Wfffv))) Lyonsqonse = (7 W) s | <20 (4.17)
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Lemma 4.8 gives us the following convergence

(N) (V) N
‘(7’+ ’WTJ(FN)> — (T_,’_,WTJZFV) mo (418)
as well as
‘ <T<N), W%) - (TiV, WTN) —2 0. (4.19)
T - N—oo

Note that (4.18) already implies (4.16) as 7V = 72,

To see the convergence (4.17), observe that on {p®¥) > nN) + £} we will also have M

- >
7™ + e. Furthermore, since 7% = 7% < 7% on {7V > n} we thus also have 7¥ > 7. Hence it
is a consequence of (4.14) and Lemma 4.7 that

[TV n sy — TN Ln s, | 2 0.
This together with (4.19) implies convergence (4.17), concluding the proof. O

Lemma 4.2 (resp. 4.6) now enables the first step of recovering the continuous optimal stopping
representation of Theorem 2.7 (resp. 2.8) from the discrete counterpart Theorem 3.5 (resp. 3.6).

Corollary 4.10. Let (AN, 7%, u™) denote a (rescaled) discrete (dSEP) approzimating the con-
tinuous (dSEP) given by (\,m, 1) as defined in Section 4.2. Let p™") denote a Root (resp. Rost)
solution to (AN, 7N, u™N) while p denotes a Root (resp. Rost) solution to (\,n, ). Then for every
T € [0,00) we have the convergence

N
i =2 (W), 1) = £ (Wonr) = e (4.20)

Moreoever this gives convergence of the LHS of 3.11 (resp. 3.13) to the LHS of 2.3 (resp. 2.5).

4.4. A Discretization of the Optimal Stopping Problem and its Convergence. It re-
mains to show convergence of the discrete optimal stopping problem to the continuous one.

Les us consider a continous (dSEP) determined by (A,n, u). We will first prove convergence
of the Root case, the Rost case can then be argued analogously.

To avoid heavy usage of floor functions, we will assume from now on for the cutoff time T' €
I := {% tm,n € N}. Then taking limits along the subsequence (YQn)neN (resp. (W(Q"))neN)
ensures that there exists an Ny € N such that T will always be a multiple of the step size % for
all n > Ny. For arbitrary T > 0 the results can be recovered via density arguments.

With the help of the function

Gr(x,t) == Vi_y(2) + (Un(2) = Uax (2)) Li<r

we can recall the continuous identities of interest

Uy () = B [Gp (Wee, 7] (2.3)
= sup E* [Gr (Wr, 7))

where the optimizer is given by
T =1p AT for rp :=inf{t > 0: (T —t,W;) € R}

for a Root barrier R.
Let now (AN, 7V, u") denote a (rescaled) discrete (dSEP) approximating the continuous
(dSEP) as defined in Section 4.2.
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Note that Lemma 4.1 gives us the following additional convergence results
oy ::EAN(YﬁJYV) — ax and (4.21)
" (YN nrn) = LXWoar). (4.22)
Thus we are able to define a discrete version of G in the following way
G (@,1) 1= V(@) + (U (2) = Uny (@) Lucr
where
VN (z) == ENY HYﬁJYV/\NT - xH )
Here VN (resp. V) is the potential function with respect to the LHS (resp. RHS) of (4.22),
hence we have uniform convergence of G to G due to the uniform convergence of all the
potential functions involved.
N

Theorem 3.3 gives existence of a Root field of stopping probabilities (r;" (2)) z)enxx~ such
that the corresponding discrete delayed Root stopping time 5~ embeds the measure . Let

RN = {(t,z) e Nx XY :r)¥(z) > 0}
denote a Root barrier induced by the field of stopping probabilities and let R(N) denote its

continuification as defined in (4.4).
The rescaled version of the results in Theorem 3.5 then read

~ N
U,y (z) = E° [G¥ (YI,VVTNH (3.11%)
= sup E7 [GY (YN, 2], 3.12%
sup B [GF (V7' )] (3.12)

and an optimizer is given by
N = ZNANT for 7 :=inf{t e N: (NT —t,YN) € RV}.

To conclude the proof of Theorem 2.7, it remains to establish the following two convergence
results.

Lemma 4.11.
(i) We have convergence of the RHS of (3.11%) to the RHS of 2.3, precisely
N N 7~'N* N—o0
E* |:GT (Y,;N*, N):| —— E* [GT (WT* ) T*)] .
(i) We furthermore have convergence of the RHS of (3.12%) to the RHS of 2.4, precisely

sup E° 68 (v, o) == sup B (G (Wr, 7).

Proof. So see (i), recall the continuous rescaled version W) of YN. Then due to [13], Section
5, alternatively also due to Lemma 4.6 for the trivial delay n™) = n = 0 and additionally
considering the Root-Rost symmetry we have the following Donsker type convergence

(T(N)*7 Wig\’))*) i> (T*a WT*) as N — 00, (423)

where

N g {t >0: (T 4, W§N>) e R<N>} AT
is the backwards Root stopping time of W) and
T i=inf{t>0: (T —t,W;) € R} AT

41



is the backwards Root stopping time of the Brownian motion. Furthermore, note that by the
definition of the discretization we have

(N) (N) 7 N

*

(T ’WT(N)*) = ( N 7Y‘T'N*) .

Since all other crucial properties - that G is a lower semi-continuous function and that G&
converges uniformly to G - are also given here, we can repeat the convergence proof given in

[1], Section 5 verbatim.
It is left to show (%), convergence of the optimal stopping problems. Trivially, we have

E* [GT(WT*,T*)} < SEI;EL [GT(WT7T)] .

Hence it remains to show that

sup E* [GT(W,,7)] < E* [GT(W,-,7)].
T<T

Let 7 be an optimizer of the continuous optimal stopping problem (2.4). Consider the auxiliary
functions

G5(w,1) 1= Vi (2) + (Up() = Un (2)) Li<r < and
é?’g(@t) =V (z) + (UMN (z) — Uay (x)) Li<r—e.

Then for any § > 0 we have the following

sup E* [Gr(W,,7)] — § < E* [Gp (W3, T)] (4.24)
7<T
_ . x _E . —
= ;%E [GZ (W3, 7)] (4.25)
< lim liminf E* |GN (Y Al (4.26)
~ e\0 N—oo T ot N
<1 .. z [ ANe N l .
< oyt up 7 [0 (v, ) 21
< lim lim inf E® [oN__ (vN, L 4.2
<limlpint sp B[R (V)] e
= lim liminf E* |GY__ | Y. e (4.29)
eN0 N—oo T—e rie’ N
= lim E* [GT_E (WT%_E,T;_a)} (4.30)
= lm Uyr . (2) (4.31)
=U,,(z) =E* [G(Wre,77)]. (4.32)

We justify this chain of inequalities and equalities step by step.
The inequality in (4.24) is clear as T was assumed to be an optimizer. For the difference
between G'r and G we have

|Gr(,t) = G (2, 8)] = |Up(x) = Uax ()| Ir—c<ter,

<c<oo

hence for a random variable X and stopping time 7 we have

E* [|Gr(X,7) — G3(X,7)|]] <c-Plr e (T —¢,T))].
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Now since lim 0P [ € (T'—¢,T)] = 0 we can conclude
B (1Gr (Wr,7) - G (W, 7)) =0,
which gives (4.25). The inequality in (4.26) follows from uniform convergence of é¥5 to G5

and the fact that @¥5 is lower semi-continuous. In (4.27) we simply take a supremum. To see
(4.28), let us extend the function VA (z) to T < 0 in the following way.

V¥ (2) i BN [V oy — || for 20 (439
’ Uyw (2) for T < 0.

Consider t < u, then T —u < T — ¢, thus also 7% A (T —u) < 7™ A (T —t). Due to Jensen and
Optional Sampling we then have

N N
) = [ ry o] £ [Vcr o] = L)
or equivalently
Vil (a) < Vil ().
Especially, we have for € > 0 that
VIJ“\Lt('T) S VTI“erft(xL

hence the function v(¢,z) := V¥ , () is increasing in t and convex in z. Now

z | AN, T T
sup B[ (7 )| = sop B[ W (1) o (U —Ug)) 0 Mg
N> < —_———

<V L (YN)

—"T—e—T

<(Un Uy J O

< sup [VTN_ (YN + (UHN - Uag) (VM) 1%<T_E] (4.34)

F<T
< sup E° [é?g (YTN, l)} (4.35)
F<T N

It remains to show that no optimizer of (4.34) resp. (4.35) will stop after time T'—e. By definition
(4.33) we have VN ___ (YY) = VTN_E_M(T_E) (Y;N) since we cannot do better than V¥ (YY) =
U~ (YN). Now, let (Z;)i>0 be a martingale. Then we consider ((N}']]Yfe (Zt,t)> : | =

- te[T—e, T
(Us~ (Z1))ie(r—e,r)- As Unn is a concave function, (Ux~ (Z1))ye(r—_c 7) is @ supermartingale and
for any stopping time 7 we have

E® [égi (Zong—ey ™ A (T — 5))} > E? [G”Tvi (Zonrs T A T)} :
Hence we see that no optimizer of (4.35) will stop after time 7" — e which concludes (4.28). Due
to Theorem 3.5 we know that
PN =inf{t e N: (N(T —¢) —t,YN) e RN} AN(T —¢)
is an optimizer of the optimal stopping problem
.
s B ol (V5]

which gives equality in (4.29). The convergence (i) together with Corollary 4.10 gives equality
in (4.30) and (4.31). The convergence (4.32) follows by considering the barrier R such that
the corresponding Root stopping time p embeds the measure p. Then the measure pp will
be embedded by pr := inf{t > n : (¢,W;) € RU ([T,o0) x R)}. Obviously, we have that
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RU([T, 00) xR) converges to RU([T, 00) X R) in Root’s barrier distance for £ \, 0 and convergence
of the corresponding measures follows from Lemma 4.3. O

This concludes the convergence of the discrete optimal stopping representation to the contin-
uous optimal stopping representation, hence completing the proof of Theorem 2.7.
The convergence in the Rost case now follows analogously, choosing the function Gr and G¥

as

Gr(z,t) :=Uyu(x) — Vi, (x) and
Gy (2,t) 1= Uy (z) = Vil (2),

concluding the proof of Theorem 2.8.
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