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SUMMARY

A cornerstone in the theory of optimal stopping for the maximum process is a result
known as Peskir’s maximality principle. It has proved to be a powerful tool to solve
optimal stopping problems involving the maximum process under the assumption that
the driving process X is a time-homogeneous diffusion. In this thesis we adapt Peskir’s
maximality principle to allow for X a spectrally negative Lévy processes, thereby pro-
viding a general method to approach optimal stopping problems for the maximum
process driven by spectrally negative Lévy processes. We showcase this by explicitly
solving three optimal stopping problems and the capped versions thereof. Here capped
version means a modification of the original optimal stopping problem in the sense that
the payoff is bounded from above by some constant. Moreover, we discuss applications
of the aforementioned optimal stopping problems in option pricing in financial mar-
kets whose price process is driven by an exponential spectrally negative Lévy process.
Finally, to further highlight the applicability of our general method, we present the
solution to the problem of predicting the time at which a positive self-similar Markov

process with one-sided jumps attains its maximum or minimum.
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CHAPTER 1

INTRODUCTION

This thesis is concerned with optimal stopping problems for the maximum process
driven by spectrally negative Lévy processes or positive self-similar Markov processes
with one-sided jumps. Generally, the area of optimal stopping considers problems of
the following form. One observes a random evolution whose future cannot be predicted
and the aim is to stop it in a certain “optimal” way. For instance, imagine an in-
vestor holding a financial product which, when sold, pays a certain monetary amount
depending on the performance of a stock. It is then their goal to choose the optimal
moment to sell it in order to maximise the expected profit. This type of problem and
similar ones are usually found in the area of mathematical finance [13, 33, 41]. Another
example arises in mathematical statistics and goes by the name of quickest detection
problem [33]. A system with potentially hazardous outcome (for instance seismic waves
which indicate when an earthquake is about to occur) is observed and a decision when
to send out an alarm has to be made. In this case the task is to minimise the ex-
pectation of a function of the decision error and/or observation time. Other areas of
application include financial engineering or stochastic analysis [33].

The mathematical theory of optimal stopping is vast and has been developed by
many people. Some of the major contributions/ideas to form the theory can be found
in [12, 28, 31, 32, 33, 42, 43, 44] to name but a few. For a recent and excellent account
of the general theory of optimal stopping and for applications in the aforementioned
areas we recommend [33]. The latter (see at the end of Section 2) also contains a more

detailed historic account of the different contributions over the past seventy years.

1.1 Outline of thesis and main results

This thesis consists of four self-contained chapters (excluding the introduction) and as

a result there is some overlap between the different chapters. The second chapter has
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been accepted for publication in the Annals of Applied Probability as [29] and the third
one, which is joint work with A. E. Kyprianou, has been accepted for publication in
Acta Applicandae Mathematicae as [23]. The fourth chapter has been submitted and
the fifth, which is joint work with A. E. Kyprianou and E. Baurdoux, presents some
recent work.

As indicated above, this thesis consists of four chapters each of which deals with a
different optimal stopping problem. Although they seem to be different, they are all
connected in the sense that the same approach (except for Chapter 5) was used to solve
them. It is a “guess and verify” approach, that is, one guesses a candidate solution
and then verifies that it is indeed a solution. Typically, the verification part is quite
long and involves a careful analysis of an ordinary differential equation as well as some
tools from stochastic calculus. The tools from stochastic analysis are readily available,
whereas the ordinary differential equations we will encounter have to be treated sepa-
rately from case to case. A common feature, however, is that they all involve so-called
scale functions, a special family of functions associated with spectrally negative Lévy
processes [6, 20, 21]. This might seem unpleasant at a first glance as most scale func-
tions are not known explicitly. Nevertheless, in recent years, enough of their analytical
properties have been established (see [20] for an excellent summary) so that we can
actually analyse ordinary differential equations involving them with the help of some
phase plane analysis. Moreover, on the positive side, the use of scale functions allows
us to formulate most of our results in a very neat and compact way.

The main contribution of this thesis lies in the “guess” part which is based on a
good understanding of the problem at an intuitive level as well as results from the gen-
eral theory of optimal stopping [33]. More precisely, we will provide a general method
which allows us to derive candidate solutions for a certain class of optimal stopping
problems. It is essentially an adaptation of Peskir’s famous maximality principle [31]
to our setting; see Subsection 1.2.1.

Let us spend some time describing the content of each of the chapters in more detail.
To this end, let X = {X; : ¢t > 0} be a spectrally negative Lévy process adapted to a
filtration IF; that is to say, a one-dimensional process which has stationary and indepen-
dent increments, and cadlag paths with only negative discontinuities, but which does
not have monotone paths. Associate with X the maximum process X = {X; : t > 0},
where X; := SUPg<y<t Xus t > 0. Denote by E; s the expectation given that the two-
dimensional strong Markov process (X, X) starts at < s. Furthermore, introduce
the constant € € R U {oo} which will be referred to as “cap”. The special role it plays
throughout this thesis should become clear in due course. Finally, let ¢ > 0 be a dis-
count factor and M the set of (possibly infinite) F-stopping times. We are now in a

position to describe the content of each chapter.
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Chapter 2
In this chapter we solve the optimal stopping problem

V(z,s) = sup ELs[e_qﬂ'Y”\e]. (1.1)
TEM

This problem was introduced and studied in [38, 39] under the assumption that € = oo
and X is a linear Brownian motion. Their results were then extended to allow for
X a spectrally negative Lévy process in [2]. Due to its connection to pricing Russian
options, problem (1.1) is sometimes referred to as “Russian” optimal stopping prob-
lem [33, 41]. Here, we generalise the aforementioned results by additionally introducing
a cap € € RU {oco} which bounds the payoff from above, and hence the name “cap”.
At least when € = oo, one possible technique to solve (1.1) is a reduction to a one-
dimensional problem for the process X — X via an exponential change of measure;
see [2, 39]. This is not possible when € € R and therefore (1.1) has to be treated as a
genuine two-dimensional optimal stopping problem for the pair (X, X).

Moreover, we are interested in a “barrier version” of (1.1), that is, (1.1) but
with M replaced by the set of all stopping times 7 € M such that 7 < 77, where
7 = inf{t > 0: Xy < €} for some €. This means that the decision to stop has to be
made before X drops below level € — in some sense this captures the idea of a “lower”
cap. This problem was proposed and solved in [40] again assuming that ¢ = oo and
X is a linear Brownian motion. We extend this to allow for an “upper” cap ¢ € R
and X a spectrally negative Lévy process. Our main contribution here is an excursion

theoretic calculation to obtain the solution in closed form.

Chapter 3
The focus of this chapter is on the optimal stopping problem

V(z,s) = sup B, [e 9 (eX" - K)*], (1.2)

TEM
where K > 0 and € > log(K). For € = oo and X a linear Brownian motion, the problem
was solved in [17, 30] and for € = oo and X a jump-diffusion it was solved in [14]. Our
contribution here is an extension of these results to allow for X a spectrally negative
Lévy process X and a cap e. Furthermore, (1.2) constitutes a specific example of an
optimal stopping problem for the maximum process where the analogue of Peskir’s

maximality principle is verified in a spectrally negative Lévy setting.
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Chapter 4
In this chapter we study the optimal stopping problem

V(x,s) = sup B, [e 7 (X7 — KeX) 1), (1.3)
TEM

where K > 0. Again, provided e = oo, it has been considered in [5] when X is a linear
Brownian motion and in [14] when X is a jump-diffusion. We extend these results to
allow for X a spectrally negative Lévy process as well as a cap €. Note that in contrast
to (1.1) and (1.2), the payoff in (1.3) does not only depend on the maximum process X,
but also on X itself. Similarly to (1.1), one may reduce (1.3) to a one-dimensional prob-
lem for the process X — X via an exponential change of measure provided that € = oo.

If € € R this is not possible and one has to treat it as a two-dimensional problem for
the pair (X, X).

At this point it is worth mentioning that all the stopping problems (1.1)—(1.3) have
applications in mathematical finance in the area of pricing American type options in
financial markets where the underlying price process is an exponential spectrally nega-
tive Lévy process. In particular, the cap € can be interpreted as a means of moderating
the payoff of such an option. We will not go into details here, this connection is dis-
cussed at the beginning of Chapters 2—4.

Finally, let us summarise the content of the last chapter which treats an optimal
stopping problem for the class of positive self-similar Markov processes with one-sided

jumps.

Chapter 5
Imagine a transient diffusion process X in (0,00) such that X; — oo as ¢ — oo and
denote by 0 the time at which X attains its pathwise global infimum. Can we stop “as
close as possible” to 6, that is, can we find a stopping time 7 that minimises E[|é—7'| —é]
amongst all X-stopping times? This problem, which belongs to the class of prediction
problems within optimal stopping, was recently solved in [15], and in the special case
when X is a d-dimensional Bessel process for d > 2, the optimal stopping time is given
by

" =inf{t > 0: X; > \"X,}, (1.4)

where A* > 0 is a solution of some polynomial and X, := info<y<¢ Xy, t > 0. The
family of d-dimensional Bessel processes for d > 2 also belongs to the class of positive
self-similar Markov processes, and hence (1.4) can (up to a time-change) be expressed
as the first upcrossing time above a certain level of the Lamperti representation & (a
Lévy process) of X reflected at its infimum. This suggests that the prediction problem

can be solved for the class of positive self-similar Markov processes drifting to infinity
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and that its solution can be reduced to a one-dimensional optimal stopping problem
for a reflected Lévy process via the Lamperti transformation. The aim of this chapter
is to show that this is indeed possible. Moreover, we will formulate and solve the ana-
logue of the prediction problem above for positive self-similar Markov processes which
continuously approach zero or jump onto zero. All of this is done under the assumption
that the positive self-similar Markov process only has one-sided jumps, but we discuss

at the end how one might get rid of this assumption.

The remainder of this introductory chapter is devoted to explaining the common
technique used to solve (1.1)—(1.3). When doing so, we try to be as general as we
can, since we believe that the computations presented below might be useful in the
future to solve optimal stopping problems that are similar to the ones considered in
this thesis. In addition, we will clarify the special role of the cap e. At this point we
should also say that at the time of writing the paper that constitutes Chapter 2, most
of the connections explained in Subsections 1.2.1 and 1.2.2 were not known to us. One
may therefore see Subsections 1.2.1 and 1.2.2 as a complement to Chapters 24 as well
as a summary of the method applied in Chapters 2-4. We recommend to read the

remainder of this chapter after Chapters 2—4.

1.2 The guessing method

The goal of this section is to present an adaptation of Peskir’s maximality principle [31]

to our setting. Consider the optimal stopping problem

V(z,s) = sup Eg s[e 7 f(X;) — /T e e(Xy, Xy) dt]. (1.5)
TEM 0
Here f : R — (0,00) is a continuously differentiable and strictly increasing func-
tion such that lims_, f(s) = 0o and lims o f(s) = 0 (the “payoff” function) and
c:R? — [0,00) is a continuous function (the “cost” function). Moreover, we will tem-
porarily abuse the notation and use M for the set of all F-stopping times such that
Easl [y € (X, X) dt] < oo. Originally the maximality principle [31] was established
for (1.5) under the assumption that X is a time-homogeneous diffusion, f(s) = s and
c(xz,s) = c(x). The key observation in this thesis is that the steps that led to the
maximality principle can be carried over to our setting when X is a spectrally negative
Lévy process. The reason why this is possible becomes apparent when looking at [31]
more closely. The two crucial facts used in [31] were continuity of the paths of the
maximum process X and the solvability of the two-sided exit problem in terms of scale
functions (for diffusions); cf. Chapter VII in [37]. Now for a spectrally negative Lévy

process it is still true that the process X is continuous and the two-sided exit problem
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is also solvable in terms of scale functions (for spectrally negative Lévy processes);
cf. [6, 20, 21].

1.2.1 An adaptation of Peskir’s maximality principle

The aim is to derive a candidate solution for (1.5) by adapting the method described
in [31] to our setting. We will make use of the general theory of optimal stopping and
the notion of scale functions for spectrally negative Lévy processes. For background
reading on the former we refer to [33], for the latter we suggest [6, 20, 21].

We begin by heuristically motivating a class of stopping times in which we will look
for the optimal stopping time. To this end, note that the process (X, X) can only
move upwards by climbing up the diagonal in the (x,s)-plane; see Figure 1.1. The
dynamics of (X, X) are such that X remains constant at times when X is undertaking
an excursion below X. During such periods the discounting in the payoff as well as the
penalisation by the cost function (if ¢(z,s) > 0) is detrimental. One should therefore
not allow X to drop too far below X in value as otherwise the time it will take X to
recover to the value of its previous maximum will prove to be costly in terms of the
gain. More specifically, given a current value s of X, there should be a point g(s) > 0
such that if the process (X, X) reaches or jumps over the point (s — g(s), s) we should
stop instantly; see Figure 1.1. In more mathematical terms, we expect an optimal

stopping time of the form
Tg=inf{t > 0: X, — X > g(X4)} (1.6)

for some function g : R — (0,00). This qualitative guess can be turned into a quan-

Fig. 1.1 An illustration of a potential optimal stopping boundary s — s — g(s) (dashed line).
The horizontal lines (and the dot) are meant to schematically indicate the trace of an excursion
of X away from the running mazimum. The candidate optimal strategy T, then consists of
continuing if the height of the excursion away from the running maximum s does not exceed
g(s); otherwise we stop.
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titative guess. To this end, assume that X is of unbounded variation. We will deal
with the bounded variation case later; see page 8. From the general theory of optimal

stopping (cf. Section 13 in [33]) we informally expect the value function
— Tg —
Vo(z,s) =Eqpsle % f(X,,) — / e (X, Xy) dt] (1.7)
0
to satisfy the system

I'Vy(z,s) = qVy(x,s) + c(z,s) for s —g(s) <z < s with s fixed,

%(% 3)‘36:8_ =0 (normal reflection), (1.8)

Vy(2, 8)|o=(s—g(s))+ = f(s)  (instantaneous stopping),

where I is the infinitesimal generator of the process X under Py. Moreover, the principle

of smooth fit [28, 33| suggests that this system should be complemented by

Vy

%(x, s)|x:(s—g(s))+ =0 (smooth fit). (1.9)

Note that, although the smooth fit condition is not necessarily part of the general
theory, it is imposed since by the “rule of thumb” outlined in Section 7 in [1] it should
hold in this setting because of path regularity. Applying the strong Markov property
at 7,7 := inf{¢t > 0: X; > s} and using that (XTJ’YTS*) = (s,s) due to the spectral
negativity of X yields

_ Tg —
Vo(z,s) = f(s)E$7s[e_qTS—9<s)1 - ent ] - Exs[/ e 9te(Xy, Xy) dil -
° 0

.
e o<

gt - —
ez s[e™ 1{Ts__q(s)>7_s+}]Es,s[6 0 f (X))

Tg o
| / e e(Xy, Xy) dil
0

{Ts_—g<s)>73+}]

—aqT _ =+
= f(s)Eas[e? Sig(s)l{Ts__ge<s)<Ts+}} + Eps[e™ ™ 1{T§_g(s>>75r}]vg(8’5)

T g N
—IE;,;[/ e 'e(Xy, s) dt].
0

Denoting by W@ and Z(@ the g-scale functions associated with X (cf. [6, 20, 21]), it
is possible to rewrite the previous equation. Specifically, using (iii) of Theorem 8.1 and

Theorem 8.7 in [21] gives

(D(g(s
Vo(z,s) = f(s) <Z(q) (z—s5+g(s)—WD(z—s+ g(s))lf/(q)(é((s))))>

WD (z — s+ g(s))

W)

Vy(s,s)
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g(s)
- / ey + 5 — g(s),)u@ (@ — 5+ g(s), ) dy,
0

where u(9(-,-) is the g-resolvent density of X upon leaving [0, g(s)] so that

W@ (z — s+ g(s)W9(g(s) —y)
W@ (g(s))

uD(z— s+ g(s),y) = ~ WD (z — s+ g(s) — ).

Now using the principle of smooth fit (1.9) and the fact that W@ (0+) = 0 (cf. Lemma
3.1 in [20]) gives

oV, W@ (z — 5+ g(s))
0= lim —Z(z,5)= lim I(s), 1.10
zls—g(s) ox ( ) xls—g(s) W(Q)(g(s)) ( ) ( )

g(s)
I(s) = Vy(s, ) — F()Z9(g(s)) — /0 ey + 5 — 9(5), WD (g(s) — ) dy.

It is known from Lemma 3.2 in [20] that the first factor on the right-hand side of (1.10)
tends to a strictly positive value or infinity which shows that

a(s)

Vy(s.5) = F(5)Z9(g(s)) + /0 ey + 5 — g(s), )W (g(s) — ) dy.

This would mean that s — g(s) < z < s we have
Vy(z,8) = f(5)ZD(x — 54 g(s)) + / cly, )W (z — ) dy. (1.11)
5=9(s)

Note that in order to obtain the previous equality we have used that W(q)(z) =0 for
z < 0. Having derived the form of a candidate optimal value function for (1.5), we still
need to do the same for g. Using the normal reflection condition in (1.8) shows that

our candidate function g should satisfy the first order non-linear differential equation

F1($)Z29(g(5)) + [I9) ca(s — y, s) WD () dy

(7 P (55) LT T

(1.12)

where the subscript two in co(+,-) means the derivative with respect to the second
argument.

If X is of bounded variation, we informally expect from the general theory that
V, satisfies the first two equations of (1.8). Additionally, the principle of continuous
fit [1, 32] suggests that the system should be complemented by

Vy(2, 8)|a=(s—g(s))+ = f(s) (continuous fit).
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So far we have derived a candidate solution of (1.5) up to choosing a solution
of (1.12). Note that equation (1.12) comes with no initial or boundary condition and
hence might have many solutions. Thus, a-priori it is not clear which solution to choose.
In order to resolve this issue, one may first perform a phase plane analysis of (1.12) to
obtain an overview of the different solutions of (1.12) and then apply Peskir’s famous
maximality principle [31] which tells us which solution is the “right” one to choose.
Note that Peskir’s result was established in a different setting, however, an inspection
of the arguments in [31] reveals that, at least formally, an analogue of the maximality
principle should hold here too. We say that a solution s +— ¢g*(s) of (1.12) is the opti-
mal stopping boundary for (1.5) if the stopping time 7, associated with it [see (1.6)] is
optimal for (1.5).

Minimality principle: The optimal stopping boundary s +— ¢g*(s) for (1.5) is the mini-
mal solution of (1.12) satisfying g*(s) > 0 for all s € R.

Remark 1.1. Note that the functions g here would correspond to s —g(s) in [31]. This
is the reason why we obtain a minimality principle rather than a maximality principle
as in [31].

Remark 1.2. In Chapter 3 we explicitly verify that the minimality principle holds in
a specific example, and, although we do not prove it, it is clear that it also holds for

the optimal stopping problems considered in Chapters 2 and 4.

Remark 1.3. In Chapters 2 and 4 we do not carry out a phase plane analysis as the
ordinary differential equation turns out to be autonomous and we are able to construct
the desired solutions explicitly. However, in Chapter 3 the ordinary differential equation
is not autonomous anymore and the phase plane analysis is an essential tool on the

way to the solution of the optimal stopping problem.

Remark 1.4. From an analytical point of view the procedure above is nothing else
than a probabilistic method to derive a candidate solution of the free-boundary prob-
lem (1.8). It seems reasonable to ask why one does not try to solve (1.8) directly. In
some cases this is possible and, for instance, done in [17, 30, 38]. The reason why this
works in the latter is the fact that they consider problems of the form (1.5) under the
assumption that X is a linear Brownian motion and ¢ = 0. In this case I' is a well known
second-order differential operator and it is possible to make an ansatz for the general
solution of the first equation in (1.8). However, when X is a spectrally negative Lévy
process I' becomes a nonlocal integro-differential operator and it is difficult to make an
ansatz, especially if additionally ¢(z,s) > 0. In some sense the probabilistic approach

above avoids pre-knowledge of the general solution of the first equation of (1.8).

Summing up, we have derived a candidate value function of the form (1.11) and

a candidate optimal stopping time of the form (1.6), where g should be the minimal
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solution of (1.12) that never hits zero. Now if one wants to solve (1.1) explicitly (at
least in some specific cases) it is important to construct the minimal solution of (1.12).
This is possible via a limiting procedure and leads us to the special role of the cap e

which is discussed in the next subsection.

1.2.2 The special role of the cap ¢

In this subsection we investigate the role of the cap € and the capped version of (1.5),
that is,

Ve(z,8) = sup Ey 5[e (X Ae) — / e (X, Xy) dt], (1.13)
TEM 0

where € € RU {oo}. This is nothing else than (1.5) with f(s) replaced by f(sA€) and
for € = 0o they coincide. At a first glance, guessing the solution for (1.13) seems more
difficult due to the additional cap ¢, but a moment of thought reveals that this is not
true. The only difference to (1.5) is that once the process X has reached level e, it is
necessary to stop immediately because of the exponential discounting (¢ > 0) and the
penalisation due the cost function (if ¢(z,s) > 0). However, the rest of the argument
in Subsection 1.6 still goes through and hence one expects a candidate optimal value
function Vj_(z, s) of the form (1.11) and the candidate optimal stopping time 7,_of the
form (1.6), where g. : (—o0,€) — (0,00) is solution to (1.12) with limgye ge(s) = 0 and
ge(s) = 0 for s > e. This last requirement, which reflects the fact that once the process
X has reached level € it is necessary to stop, is a boundary condition which tells us
which solution of (1.5) to choose. In this case the minimality principle is not necessary.

It seems that (1.5) can be obtained by letting € 1 oo in (1.13). This raises the
following question: Can we obtain the solution of (1.5) from the solutions of (1.13)
by some kind of limiting procedure? The answer is affirmative and in order to explain
this, assume temporarily that we have solved (1.13) for every ¢ € R. These solutions
are denoted (as in the previous paragraph) by V;_and 7,.. Now, informally, one would
expect that the solution of (1.5) is given by V,_(z,s) = limeoo V. (2, s) for z < s and
Tgoo Of the form (1.6) with goo(s) := limge ge(s) for s € R. But if g is indeed the so-
lution of (1.5), does it coincide with the minimal solution mentioned in the minimality
principle above? We show in Chapter 3 that the limiting procedure can be made rigor-
ous and that the resulting solution g, is indeed the minimal one as in the minimality
principle. Moreover, although we do not prove it, these observations should generally
be true for (1.5) and (1.13). Hence, the capped problems (1.13) can be interpreted as
“building blocks” for the uncapped problem (1.5).

This idea of obtaining the minimal solution of (1.12) by approximating it with so-
lutions g, that hit zero was already implicitly contained in part (II) of the proof of
Theorem 3.1 in [31], but the difference is that in [31] the sequence of solutions of (1.12)

was chosen differently (they used an initial condition instead of a boundary condition).

10



Chapter 1. Introduction

In Peskir’s language, our solutions g, correspond in [31] to the so-called “bad-good”
solutions, “bad” because they are not the optimal boundary for the uncapped prob-
lem (1.5), “good” as they can be used to approximate the optimal boundary of the lat-
ter. The advantage of choosing the solution of (1.12) according to a boundary condition
is that it gives a probabilistic interpretation of the “bad-good” solutions, namely that
they correspond to an optimal stopping boundary, not for the uncapped problem (1.5),
but the capped version of it. Finally, it is worth noting that this was already observed

in [10] in a slightly different context; see the remark just after Proposition 3.1 in [10].

1.2.3 Limitations of the method

A natural question is to ask how important it was to work with a spectrally negative
Lévy process. Replacing the spectrally negative Lévy processes with a general Lévy
process should, in principle, not change the solutions qualitatively. For instance, it still
seems reasonable that the optimal stopping time is of the form (1.6). However, when
it comes down to computing things more explicitly it seems unclear how to proceed.
Naively, one could assume that the optimal stopping time is of the form (1.6) and define
V, as in (1.7) and try to replicate the argument in Subsection 1.2.1. Unfortunately,
this does not go very far and stops with the expression

Vo(x,s) = f(5)Ezs [equ;g(S)l{ - <Ts+}] +Em7s[e_qTS+1{

Ts—ge(s)

> 1 VoK Xl

To—g( )/\TS+
s—g(s
—Em[/ e 9te(Xy, s) dt].
0

Unless one can now express the quantities on the right-hand side more explicitly for
a general Lévy process it seems not possible to continue with the method in Subsec-
tion 1.2.1. Of course, this should by no means imply that it cannot be done using a

different approach.
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CHAPTER 2

RUSSIAN OPTION

This paper concerns optimal stopping problems driven by the running
maximum of a spectrally negative Lévy process X. More precisely, we
are interested in modifications of the Shepp—Shiryaev optimal stopping
problem [2, 38, 39]. First, we consider a capped version of the Shepp—
Shiryaev optimal stopping problem and provide the solution explicitly
in terms of scale functions. In particular, the optimal stopping bound-
ary is characterised by an ordinary differential equation involving scale
functions and changes according to the path variation of X. Secondly,
in the spirit of [40], we consider a modification of the capped version
of the Shepp—Shiryaev optimal stopping problem in the sense that the
decision to stop has to be made before the process X falls below a given

level.
2.1 Introduction

Let X = {X; : t > 0} be a spectrally negative Lévy process defined on a filtered
probability space (Q, F,F = {F; : t > 0},P) satisfying the natural conditions; cf. [7],
Section 1.3, page 39. For x € R, denote by P, the probability measure under which X
starts at x and for simplicity write Py = IP. We associate with X the maximum process
X = {X;:t >0} given by X; := sV supyc,<; Xy for t > 0,s > z. The law under
which (X, X) starts at (z, s) is denoted by P, s.

In this paper we are mainly interested in the following optimal stopping problem:

VX (x,s) = sup E, g [e*qTJrYT/\e], (2.1)
TEM

where e € R, ¢ > 0, (7,s) € E := {(x1,51) € R?| 21 < 51}, and M is the set of all finite

F-stopping times. Since the constant € bounds the process X from above, we refer to it

12



Chapter 2. Russian Option

as the upper cap. Due to the fact that the pair (X, X) is a strong Markov process, (2.1)
has also a Markovian structure and hence the general theory of optimal stopping [33]
suggests that the optimal stopping time is the first entry time of the process (X, X)
into some subset of E. Indeed, it turns out that under some assumptions on ¢ and
(1), where 1 is the Laplace exponent of X (see (x), page 16, for a formal definition),
the solution of (2.1) is given by

T =inf{t >0: X; — X; > g.(X¢)}

for some function g. which is characterised as a solution to a certain ordinary differential
equation involving scale functions. The function s — s — g.(s) is sometimes referred to
as the optimal stopping boundary. We will show that the shape of the optimal boundary
has different characteristics according to the path variation of X. The solution of
problem (2.1) is closely related to the solution of the Shepp—Shiryaev optimal stopping
problem

V*(z,s) = sup E; ¢ [e*qTJrYT], (2.2)
TEM

which was first studied by Shepp and Shiryaev [38, 39] for the case when X is a linear
Brownian motion and later by Avram, Kyprianou and Pistorius [2] for the case when X
is a spectrally negative Lévy process. Shepp and Shiryaev [38] introduced the problem
as a means to pricing Russian options. In the latter context the solution of (2.2) can
be viewed as the fair price of such an option. If we introduce a cap €, an analogous in-
terpretation of the solution of (2.1) applies, but for a Russian option whose payoff was
moderated by capping it at a certain level (a fuller description is given in Section 2.2).

Our method for solving (2.1) consists of a verification technique, that is, we heuris-
tically derive a candidate solution and then verify that it is indeed a solution. In
particular, we will make use of the principle of smooth or continuous fit [1, 28, 32, 33|
in a similar way to [31, 38].

It is also natural to ask for a modification of (2.1) with a lower cap. Whilst this is
already included in the starting point of the maximum process X, there is a stopping
problem that captures this idea of lower cap in the sense that the decision to exercise

has to be made before X drops below a certain level. Specifically, consider

Vi e(T,8) = sup Eg [equJrYTA”}, (2.3)

reMe,
where €1, €2 € R such that €1 < €2, ¢ > 0, M, := {7 € M |7 < T} and T, is given by
T., :=inf{t > 0: X; < e;}. In the special case of no cap (e; = 00), this problem was
considered by Shepp, Shiryaev and Sulem [40] for the case where X is a linear Brownian
motion. Inspired by their result we expect the optimal stopping time to be of the form

T, NT

o, where 77 is the optimal stopping time in (2.1). Our main contribution here is

13



Chapter 2. Russian Option

that, with the help of excursion theory (cf. [6, 21]), we find a closed form expression for

the value function associated with the strategy T¢, A 77, thereby allowing us to verify

€2
that it is indeed an optimal strategy.

This paper is organised as follows. In Section 2.2 we provide some motivation for
studying (2.1) and (2.3). Then we introduce some more notation and collect some
auxiliary results in Section 2.3. Our main results are presented in Section 2.4, followed
by their proofs in Sections 2.5 and 2.6. Finally, some numerical examples are given in

Section 2.7.

2.2 Application to pricing capped Russian options

The aim of this section is to give some motivation for studying (2.1) and (2.3).
Consider a financial market consisting of a riskless bond and a risky asset. The
value of the bond B = {B; : t > 0} evolves deterministically such that

B, = Bype™, By >0,r>0,t>0. (2.4)

The price of the risky asset is modelled as the exponential spectrally negative Lévy
process
Sy = SpeXt, Sy >0,t>0. (2.5)

In order to guarantee that our model is free of arbitrage we will assume that ¢ (1) = r.
If X; = put+ oW, where W = {W, : t > 0} is a standard Brownian motion, we get the
standard Black—Scholes model for the price of the asset. Extensive empirical research
has shown that this (Gaussian) model is not capable of capturing certain features (such
as skewness and heavy tails) which are commonly encountered in financial data, for
example, returns on stocks. To accommodate for these problems, an idea, going back
to [27], is to replace the Brownian motion as the model for the log-price by a general
Lévy process X; cf. [9]. Here we will restrict ourselves to the model where X is given by
a spectrally negative Lévy process. This restriction is mainly motivated by analytical
tractability. It is worth mentioning, however, that Carr and Wu [8] as well as Madan
and Schoutens [25] have offered empirical evidence to support the case of a model in
which the risky asset is driven by a spectrally negative Lévy process for appropriate
market scenarios.

A capped Russian option is an option which gives the holder the right to exercise

at any almost surely finite stopping time 7 yielding payouts

eaT<MO\/ sup Su/\C’>7 C > My > Sy, > 0.

0<u<r
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The constant My can be viewed as representing the “starting” maximum of the stock
price (say, over some previous period (—tg,0]). The constant C' can be interpreted
as cap and moderates the payoff of the option. The value C' = oo is also allowed and
corresponds to no moderation at all. In this case we just get the normal Russian option.
Finally, when C' = oo it is necessary to choose « strictly positive to guarantee that it
is optimal to stop in finite time and that the value is finite; cf. Proposition 2.1.
Standard theory of pricing American-type options [41] directs one to solving the

optimal stopping problem

V. (Mo, So,C) = BysupE [B;le_m (Mo Vo osup Sy A C)] (2.6)

T 0<u<rt
where the supremum is taken over all [0, oo0)-valued F-stopping times. In other words,
we want to find a stopping time which optimises the expected discounted claim. The

right-hand side of (2.6) may be rewritten as

V. (Mo, So,C) = V(x,s) = sup Eac’s[e*qﬂry%e],
TEM
where ¢ = + o,z = log(Sp), s = log(M)y) and € = log(C).

In (2.6) one might only allow stopping times that are smaller or equal than the
first time the risky asset S drops below a certain barrier. From a financial point
of view this corresponds to a default time after which all economic activity stops;
cf. [40]. Including this additional feature leads in an analogous way to the above

optimal stopping problem (2.3).

2.3 Notation and auxiliary results

The purpose of this section is to introduce some notation and collect some known
results about spectrally negative Lévy processes. Moreover, we state the solution of
the Shepp—Shiryaev optimal stopping problem (2.2) which will play an important role
throughout this paper.

2.3.1 Spectrally negative Lévy processes

It is well known that a spectrally negative Lévy process X is characterised by its Lévy
triplet (v, 0,II), where o > 0,7 € R and II is a measure on (—o00,0) satisfying the
condition f(—oqo)(l A 22)TI(dxr) < oo. By the Lévy-Ito decomposition, X may be
represented in the form

Xy =0B —yt+ XV + X&), (2.7)

where {B; : t > 0} is a standard Brownian motion, {Xt(l) :t > 0} is a compound Poisson

process with discontinuities of magnitude bigger than or equal to one and {Xt@) :t >0}
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is a square integrable martingale with discontinuities of magnitude strictly smaller than
one and the three processes are mutually independent. In particular, if X is of bounded

variation, the decomposition reduces to

whered > 0, and {n; : t > 0} is a driftless subordinator. Further, the spectral negativity
of X ensures existence of the Laplace exponent 1) of X, that is, E[e/%X1] = e?) for
f > 0, which is known to take the form

1
P(0) = —~0 + 50292 + /( ) (eem —1— 0zl qy) (dx). (%)

Its right-inverse is defined by

®(q) :=sup{A > 0:¥(\) = ¢}

for ¢ > 0.
For any spectrally negative Lévy process having Xy = 0 we introduce the family of

martingales

exp(cXy —Y(c)t),

defined for any ¢ € R for which ¥(c) = logE[exp(cX1)] < oo, and further the corre-

sponding family of measures {P} with Radon—Nikodym derivatives

dP*
dP | -

= exp(cXy — ¢¥(c)t). (2.9)

For all such ¢ the measure P§ will denote the translation of P¢ under which Xy = .
In particular, under P the process X is still a spectrally negative Lévy process; cf.
Theorem 3.9 in [21].

2.3.2 Scale functions

A special family of functions associated with spectrally negative Lévy processes is that
of scale functions (cf. [21]) which are defined as follows. For ¢ > 0, the g-scale function
W@ : R — [0,00) is the unique function whose restriction to (0,00) is continuous
and has Laplace transform

1

o ayy(a) dr = ——— 0
| et @ = e 0> 0(0)
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and is defined to be identically zero for x < 0. Equally important is the scale function
Z@ : R — [1,00) defined by

ZW(z) =1+ q/ W@ (2)dz.
0
The passage times of X below and above k € R are denoted by
7, =inf{t >0:X; <k} and 7 =inf{t >0:X; > k}.

We will make use of the following four identities. For ¢ > 0 and z € (a, b) it holds that

WD (z — a)

_grt _
Eo[e™™ 1+ o] = W6 _a)’ (2.10)
_ Z(Q)(b —a)
—q7q — 7D (e — ) - WD (g —
E,[e 1{T,f>ra_}] Z\(x—a) - W (x a)W(‘J)(b —)’ (2.11)
for ¢ > 0 and = € R it holds that
e q
E; [6 o 1{TJ<OO}] = Z(q)(x) - @W(q) (x)a (212)
and finally for ¢ > 0 we have
(9)
lim 2@ 4 (2.13)

Identities (2.10)—(2.12) can be found in Theorem 8.1 of [21] and identity (2.13) is
Lemma 3.3 of [20]. For each ¢ > 0 we denote by W the g-scale function with respect
to the measure P¢. A useful formula (cf. Lemma 8.4 of [21]) linking scale functions

under different measures is given by
W@ (z) = e D" Wy, (2) (2.14)

for ¢ > 0 and z > 0.

We conclude this subsection by stating some known regularity properties of scale
functions; cf. Lemma 2.4, Corollary 2.5, Theorem 3.10, Lemma 3.1 and Lemma 3.2
of [20].

Smoothness: For all ¢ > 0,

C'(0,00), if X is of bounded variation and II has no atoms,
W(q)|(0,oo) € 4 C1(0,00), if X is of unbounded variation and o = 0,
C%(0,00), o> 0.
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Continuity at the origin: For all ¢ > 0,

d~!, if X is of bounded variation,

W(Q)(CH_) — (2.15)
0, if X is of unbounded variation.
Right-derivative at the origin: For all ¢ > 0,
eHlCC000) - i 5 = 0 and TI(—00,0) < 0o
wiron - {25 ROy
%, if 0 > 0 or II(—o00,0) = oo,

where we understand the second case to be +0o0 when o = 0.
For technical reasons, we require for the rest of the paper that W@ is in C* (0, 00)
[and hence Z(9 € C?(0,00)]. This is ensured by henceforth assuming that IT is atomless

whenever X has paths of bounded variation.

2.3.3 Solution to the Shepp—Shiryaev optimal stopping problem

In order to state the solution of the Shepp—Shiryaev optimal stopping problem, we
introduce the function f : [0,00) — R which is defined as

1(2) = 29(z) = W ().

It can be shown (cf. page 6 of [3]) that, when ¢ > (1), the function f is strictly

decreasing to —oo and hence within this regime
E* :=inf{z > 0: ZD(z) < qW D (2)} € [0, 0).

In particular, when ¢ > (1), then k* = 0 if and only if W(q)(O—i—) > ¢~ Also,
note that the requirement W9 (0+) > ¢~! implies ¢ > d > 9(1). We now give a

reformulation of a part of Theorem 1 in [3].
Proposition 2.1.

(a) Suppose that ¢ > (1) and W D(0+) < ¢~*. Then the solution of (2.2) is given

by
Vi, s) = e ZD(x — s+ k)

with optimal strategy

™ i=inf{t >0: X; — X; > k*}.

(b) If WD(0+) > g1 (and hence q¢ > (1)), then the solution of (2.2) is given by

V*(x,s) = e® and optimal strategy 7 = 0.
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(c) If ¢ < (1), then V*(x,s) = co.

The result in part (b) of Proposition 2.1 is not surprising. If W@ (0+) > ¢~!, then
X is necessarily of bounded variation with d < ¢ which implies that the process

e‘qHYt, t > 0, is pathwise decreasing. As a result we have for 7 € M the inequal-

ity E$7S[e*qT+YT] < €® and hence (b) follows. An analogous argument shows that
VX (z,s) = e for (z,s) € E with optimal strategy 7 = 0 and V.* _ (x,s) = %2 for

€1,€2

(z,s) € E with optimal strategy 7.*

1,€2

W@(04) > ¢~ in what follows. Note, however, that the parameter regime ¢ < (1)
will not be degenerate for (2.1) and (2.3) due to the upper cap which prevents the value

= 0. Therefore, we will not consider the regime

function from exploding.

2.4 Main results

2.4.1 Maximum process with upper cap

The first result ensures existence of a function g. which, as will follow in due course,

describes the optimal stopping boundary in (2.1).
Lemma 2.2. Let € € R be given.
a) If ¢ > (1) and WD (04) < ¢~*, then k* € (0,00).
b) If ¢ < (1), then k* = co.

¢) Under the assumptions in (a) or (b) stated above, there exists a unique solution

ge : (—00,€) = (0,k*) of the ordinary differential equation

Z'9(ge(s))

95) = 1= @ (gu(s))

on (—oo,€) (2.17)

satisfying limgpe ge(s) = 0 and limg)— o ge(s) = k*.

Next, extend g, to the whole real line by setting g.(s) = 0 for s > . We now present
the solution of (2.1).

Theorem 2.3. Let € € R be given and suppose that g > (1) and W@ (0+) < ¢~ ' or
q < (1). Then the solution of (2.1) is given by

Vi (2, s) = 2D (z — s+ ge(s))
with corresponding optimal strategy
T =inf{t >0 Xy — Xy > g.(Xy)},

€

where g s given in Lemma 2.2.
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Define the continuation region
Cr=C":={(z,8) e E|s<e,s—ge(s) <z < s}

and the stopping region D} = D* := E'\ C*. The shape of the boundary separating
them, that is, the optimal stopping boundary, is of particular interest. Theorem 2.3
together with (2.15) and (2.17) shows that

o —00, if X is of unbounded variation,
lim g (s) =
ste 1—4d/q, if X is of bounded variation.
Also, using (2.13) we see that
o 0, if ¢ > (1) and W@ (0+) < ¢~ 1,
lim ¢l(s) =
a 1= d(g) !, ifq < (1),

This (qualitative) behaviour of g. and the resulting shape of the continuation and
stopping region are illustrated in Figure 2.1. Note in particular that the shape of g,
at € (and consequently the optimal boundary) changes according to the path variation

of X. The horizontal and vertical lines in Figure 2.1 are meant to schematically indicate

gé(s)“ ge(s)“
K"
e —
‘ m A
||||||I - L1l -
€ s e\ s
\
S S
,,,,,,,,,,,,,,,,,,, el L &
B*
D* //// ] D*
c* ‘ c* ‘

Fig. 2.1 For the two pictures on the left it is assumed that ¢ > (1) and W@ (0+) = 0, whereas
on the right it is assumed that ¢ < 1(1).

the trace of the excursions of X away from the running maximum. We thus see that
the optimal strategy consists of continuing if the height of the excursion away from the

running supremum s does not exceed g.(s); otherwise we stop.
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2.4.2 Maximum process with upper and lower cap

Inspired by the result in [40], we expect the strategy T, A 7}, to be optimal, where 7,
is given in Theorem 2.3 and 7., = inf{t > 0 : X; < €;}. This means that the
optimal boundary is expected to be a vertical line at ¢; combined with the curve
described by g, characterised in Lemma 2.2. Before we can proceed, we need to
introduce an auxiliary quantity, namely the point on the s-axis where the vertical
line at €; and the optimal boundary corresponding to g., intersect; see Figure 2.2. If
q > (1) and W@D(0+) < ¢! or ¢ < (1) define the map a, : (—o0,€e3) — (0,k*)
by ae,(s) := s — ge,(s). It follows by definition of g, that a., is continuous, strictly
increasing and satisfies limgye, ae, ($) = €2 and limg)_o ae,(s) = —oo. Therefore the
intermediate value theorem guarantees existence of a unique A, ., = A € (—00,€2)
such that A — g.,(A) = €;. Our candidate optimal strategy Te, A 7, splits the set £

into the continuation regions

Clae=Cr = {(z,s) e e <r<sea<s<A}

C}kl,el,eg = C}(I = {(CE,S) €E:s— 962(5) <z < S’A <s< 62}

and the stopping region E\ (C7UCT;). Additionally, define E,, := {(x,s) € E: x > €1 }.

Fig. 2.2 A qualitative picture of the continuation and stopping region under the assumption
that ¢ > (1) and W 9 (04) = 0; cf. Theorem 2.5.

Clearly, if (z,s) € E\ E,, then the only stopping time in M., is 7 = 0 and hence
the optimal value function is given by e*2. Furthermore, when (x,s) € E such that
s > Aand x > €, we have 77, < T¢, so that the optimality of 7, in (2.1) implies
Vi e, (x,8) = Vi (x,s). Consequently, the interesting case is really (z,s) € C7. The key

to verifying that T, A 77, is optimal, is to find the value function associated with it.

Lemma 2.4. Let €; < e be given, and suppose that ¢ > (1) and WD (0+) < ¢~ ' or
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q < (1). Define
Vi (x,s), (z,s) € Cyy,
‘/61762(:6’5) = Uel,eg(xys)’ (x,s) € C}k’

S/N\€g
)

e otherwise,

where V. is given in Theorem 2.3,

92(A) 7 (¢)
Uy oo (,8) := e ZD(x — 1) + WD (2 — ) /361 etW(q) 0
and A € (—o0, €2) is the unique constant such that A — ge,(A) = €1. We then have, for
(x,8) € E,

—q(Te, ATE)+X « Aea
Ex,s |:€ ( €1 62) Tey A7e, — ‘/51762 (.%', S).

Our main contribution here is the expression for U, ,, thereby allowing us to verify

that the strategy T¢, A 77, is still optimal. In fact, this is the content of the next result.

Theorem 2.5. Let €] < €3 be given and suppose that ¢ > (1) and W@ (0+) < ¢!
or ¢ < (1). Then the solution to (2.3) is given by V* . = Vi, ., with corresponding

€1,€2
_ *
=T N7,

optimal strategqy where 77, is given in Theorem 2.3.

*
7—61762

It is also possible to obtain the solution of (2.3) with lower cap only. To this end,
define when ¢ > (1) and W@ (04+) < ¢! the constant function geo(s) := k* and
Ac o = €1 + K.

Corollary 2.6. Let €; € R and suppose that e = 00, that is, there is no upper cap.

(a) Assume that ¢ > (1) and that WD(0+) < ¢q~'. Then the solution to (2.3) is
given by
V*(CC,S), (x,s) € C}kl,el,oo’

Ve oo(@,8) = S Uy oo, 8),  (x,5) € Cf (2.18)

€1,007

e’, otherwise,

where V* is given in Proposition 2.1 and

29
w (@) (t)

k
Ue, oo(,5) = e ZD(z —e) + e TWD (1 — 61)/
sS—e€1

The corresponding optimal strategy is given by 77

0o = Loy NTY, where TF is given
)

in Proposition 2.1.

(b) If g < (1), then V2 _(x,s) = oo for (z,s) € B¢, and VX _(z,s) = e® otherwise.

€1,00 €1,00

Remark 2.7. In Theorem 2.3 there is no lower cap, and hence it seems natural to

obtain Theorem 2.3 as a corollary to Theorem 2.5. This would be possible if one

22



Chapter 2. Russian Option

merged the proofs of Theorem 2.3 and Theorem 2.5 appropriately. However, a merged
proof would still contain the main arguments of both the proof of Theorem 2.3 and the
proof of Theorem 2.5 (note that the proof of Theorem 2.5 makes use of Theorem 2.3).

Therefore, and also for presentation purposes, we choose to present them separately.

Finally, if X; = (u — %UQ)t + oWy, t >0, where p € Rjo > 0 and Wy, t >0, is a
standard Brownian motion, then Corollary 2.6 is nothing else than Theorem 3.1 in [40].
However, this is not immediately clear and requires a simple but lengthy computation

which is provided in Section 2.7.

2.5 Guess and verify via principle of smooth or continuous
fit

Let us consider the solution to (2.1) from an intuitive point of view. We shall restrict
ourselves to the case where ¢ > (1) and W@ (0+) < ¢~ 1. Tt follows from what was
said at the beginning of Subsection 2.3.3 that k* € (0, 00).

It is clear that if (x,s) € E such that x > ¢, then it is optimal to stop immediately
since one cannot obtain a higher payoff than €, and waiting is penalised by exponential
discounting. If z is much smaller than e, then the cap € should not have too much
influence, and one expects that the optimal value function V* and the corresponding
optimal strategy 7" look similar to the optimal value function V* and optimal strategy
7* of problem (2.2). On the other hand, if x is close to the cap, then the process X
should be stopped “before” it is a distance k* away from its running maximum. This
can be explained as follows: The constant £* in the solution to problem (2.2) quantifies
the acceptable “waiting time” for a possibly much higher running supremum at a later
point in time. But if we impose a cap, there is no hope for a much higher supremum
and therefore “waiting the acceptable time” for problem (2.2) does not pay off in the
situation with cap. With exponential discounting we would therefore expect to exercise

earlier. In other words, we expect an optimal strategy of the form
To. =inf{t >0 : X; — X; > g.(X)}

for some function g, satisfying lims_, o gc(s) = k* and lim,_, g.(s) = 0.

This qualitative guess can be turned into a quantitative guess by an adaptation
of the argument in Section 3 of [31] to our setting. To this end, assume that X is of
unbounded variation (W@ (04) = 0). We will deal with the bounded variation case
later. From the general theory of optimal stopping (cf. [33], Section 13) we informally

expect the value function

Vo(x,s) =Eg 6 [equgﬁ +Y796]
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to satisfy the system

'V (z,8) = qVy (x,s) for s — ge(s) < & < s with s fixed,

Nac (2,5)|._,_ =0  (normal reflection), (2.19)

Vo (%, 8)|lz—(s—gc(s))+ = €° (instantaneous stopping),

where I is the infinitesimal generator of the process X under Py. Moreover, the principle

of smooth fit [28, 33| suggests that this system should be complemented by

v,

%(Cﬂ, 5)|x=(s—g€(s))+ =0 (smooth fit). (2.20)

Note that, although the smooth fit condition is not necessarily part of the general
theory, it is imposed since by the “rule of thumb” outlined in Section 7 in [1] it should
hold in this setting because of path regularity. This belief will be vindicated when we
show that system (2.19) with (2.20) leads to the solution of problem (2.1). Applying
the strong Markov property at 7,7 and using (2.10) and (2.11) shows that

Vo(a,s) = e'Eysle qTHdS)l{T{-ge(s><Ts+}]

. TS+ —QTge 77’
+Ex,s [6 q 1{Tsig€(s)>7—s+}]ES7s [6 qTge+X 96]
79 (ge(s))
— (7@, W@y — Lo
e (Z (x S‘|‘ge(8)) W (:C S+g€(8))W(q)(ge(5))>

W(q)(x —s+ gs(s))

W@ (g (s))

Vg (8, 8).
Furthermore, the smooth fit condition implies

@ (p —
0= lim Je (x, s)= lim W@ — s + gg(s))
xls—ge(s) ox xls—ge(s) W(q) (gE(S))

(Ve (5,8) = 2D (ge(s))).-

By (2.16) the first factor tends to a strictly positive value or infinity which shows that
V,.(s,8) = eZ@(g.(s)). This means that for (z,s) € E such that s — g.(s) <z < s
we have

Voo (2, 8) = 29D (x — 5 + gc(s)). (2.21)

Having derived the form of a candidate optimal value function Vj,_, we still need to
do the same for g.. Using the normal reflection condition in (2.19) shows that our

candidate function g. should satisfy the ordinary differential equation

Z9D(ge(s)) + aW' D (ge(5))(gi(s) = 1) = 0.

If X is of bounded variation [W (9 (0+) € (0,¢1)], we informally expect from the

24



Chapter 2. Russian Option

general theory that V,_ satisfies the first two equations of (2.19). Additionally, the
principle of continuous fit [1, 32] suggests that the system should be complemented by

Vo (@, 8)|lz—(s—ge(s)+ = € (continuous fit).

A very similar argument as above produces the same candidate value function and the

same ordinary differential equation for g..

2.6 Proofs of main results

Proof of Lemma 2.2. The idea is to define a suitable bijection H from (0, k*) to (—oo, €)
whose inverse satisfies the differential equation and the boundary conditions.
First consider the case ¢ > (1) and W@ (0+) < ¢~L. Tt follows from the discussion
at the beginning of Subsection 2.3.3 that k* € (0,00) and that the function
7@
s h(s):=1- 7(8)
gW@(s)
is negative on (0,k*). Moreover, limgjoh(s) € [—00,0) and limgyy= h(s) = 0. These
properties imply that the function H : (0,k*) — (—o00, €) defined by

e Zom T v
H@”‘E+ﬂ;<“‘wwwm0 ‘m‘€+ﬂ;mv@m>—2@m>“ (2.22)

is strictly decreasing. If we can also show that the integral tends to —co as s approa-
ches k*, we could deduce that H is a bijection from (0, £*) to (—oo, €). Indeed, appealing
to 'Hopital’s rule and using (2.14) we obtain

qw(q)(z) — Z(Q)(z)

) T (@ (5 — (@)
e ) St
= lim g™ (1 - @(0))Wagy (2) ~ Wigy(2))

= qeq)(q)k* ((1 - ‘I)(Q))ch(q)(k*) - W&)(q)(k*))'

Denote the term on the right-hand side by ¢, and note that ¢ < 0 due to the fact that
Wa(q) is strictly positive and increasing on (0,00) and since ®(q) > 1 for ¢ > (1).
Hence there exists a § > 0 and 0 < zp < k* such that ¢ — 6 < % for all
zo < z < k*. Thus

1

WD (2) — 2@ () <0 forzg < z<k".

S =0k —2)
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This shows that

s (9)
lim H(s) < e+ lim W)

2V iy = —.
stk sth* [, (¢ —0)(k* —n) 1

The discussion above permits us to define g. := H~! € C'((—o0,€);(0,k*)). In

particular, differentiating g. gives

L 29
9e(s) = H(o(s)  qW@(ge(s))

for s € (—00,¢€), and g, satisfies lim,_,_ o ge(s) = k* and limgp ge(s) = 0 by construc-
tion.
As for the case ¢ < 1(1), note that by (2.12) we have

2@ (z) — qWD(z) > 2@ (z) — %W@ (z) >0 (2.23)
q
for z > 0 which shows that k* = co. Moreover, (2.23) together with (2.13) implies that
the map s — h(s) is negative on (0, 00), satisfies limspoo h(s) =1 — ®@(¢)~! < 0 and

) —oo, if X is of unbounded variation,
lim h(s) =
510 1-— %, if X is of bounded variation.

Since ¢ < (1) implies that ¢ < d whenever X is of bounded variation, we conclude
that limgjg h(s) € [—00,0). Defining H : (0,00) — (—00,€) as in (2.22), one deduces
similarly as above that H is a continuously differentiable bijection whose inverse satisfies
the requirements.

We finish the proof by addressing the question of uniqueness. To this end, assume

that there is another solution §. In particular, §'(s) = h(g(s)) for s € (s1,€) C (—00,€)

and hence
s / dn +/ TN g = et /g(sl) L 4= H((s1)
1=¢€— =c — =¢ = 1
(51,6) (s1,0) P(9(8)) o Nh(s)
which implies that § = H~! = g.. O

Proof of Theorem 2.3. Define the function
Ve(z,s) = e ZD(z — s+ g(s))

for (x,s) € E and let 7, := inf{t > 0: X;— X; > g.(X¢)}, where g is as in Lemma 2.2.
Because of the infinite horizon and Markovian claim structure of problem (2.1) it is

enough to check the following conditions:
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(i) Ve(z,s) > e5€ for all (z,s) € E;

(i) the process e~V (X;, X;), t > 0, is a right-continuous P, s-supermartingale
for (z,s) € E;

(iii) Ve(z,s) =E; ¢ [equgﬁJrYTge ] for all (z,s) € E.

To see why these are sufficient conditions, note that (i) and (ii) together with Fatou’s
lemma in the second inequality and Doob’s stopping theorem in the third inequality
show that for 7 € M,

E%S [equ—JrXT/\e] < Ex,s [eiqTVE(Xﬁ 77)]
< liminfE, [e_Q(t/\T)Ve(Xt/\r, 7t/\r)]
t—00 ’
< Ve, s),

which in view of (iii) implies V* =V, and 7} = 7,.
The remainder of this proof is devoted to checking conditions (i)—(iii). Condition (i)

is clearly satisfied since Z(@ is bigger or equal to one by definition.

Supermartingale property (ii): Given the inequality
E.s[e”"Ve(Xe, X)) < Vel,s), (z,5) € B, (2.24)

the supermartingale property is a consequence of the Markov property of the process
(X, X). Indeed, for u < t we have

Epsle V(X Xo)|[Fu] = e By, x, [67 T IVe(Ximu, Xi-u)]
< e_qu‘/e(XuaYu)-

We now prove (2.24), first under the assumption that W@ (04) = 0, that is, X is
of unbounded variation. Let ' be the infinitesimal generator of X and formally define
the function TZ(@ : R\ {0} — R by

2
TZ@(z) = —yZ@(z)+ %Z(q)”(x)
+[ (29 y) - 20— g2 (@)1 ) )
(—O0,0)
For z < 0 the quantity I'Z(9)(z) is well defined and T'Z(@(z) = 0. However, for z > 0

one needs to check whether the integral part of T'Z(9)(z) is well defined. This is done

in Lemma 2.9 (see Section 2.8) which shows that this is indeed the case. Moreover, as
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shown in Section 3.2 of [34], it holds that
rZ9(z) = qZ9(z), ze(0,00).

Now fix (x,s) € E and define the semimartingale Y; := X; — X; + g.(Xy), t > 0.
Applying an appropriate version of the Ito6—-Meyer formula (cf. Theorem 71, Chapter IV
of [36]) to ZW(V;) yields P, s-a.s.

t
Z9OY,) = Z9D(x—s+g(s)) +m+ / rZ9(y,) du (2.25)
0

* /t Z(q),(YU)(Qg(YU) -1 dyw
0

where

t t
m; = / o Z\ (Y, )dB, + / Z9@'y, )dx®
0

+ 0+
+ Z (AZ(Q)(YU) - AXUZ(q),(Yu—)l{AXuZ—l})
O<u<t

t

and AX, = X, — X,_, AZW(Y,) = Z9D(Y,) — Z(D(Y,_). The fact that TZ(9 is not
defined at zero is not a problem as the time Y spends at zero has Lebesgue measure zero
anyway. By the boundedness of Z(9’ on (—oco, g(s)] the first two stochastic integrals
in the expression for m; are zero-mean martingales and by the compensation formula
(cf. Corollary 4.6 of [21]) the third and fourth term constitute a zero-mean martingale.
Next, recall that V,(z,s) = e¥\*Z(@(z — s + g.(s)) and use stochastic integration by
parts for semimartingales (cf. Corollary 2 of Theorem 22, Chapter II of [36]) to deduce
that

t _
V(X Xy) = Vil(z,s)+ M, + / e~ XN 7@ (y,) — qZD (V) du  (2.26)
0

t ~ pE— [R—
+ /0 e RN ZD (V) g, g + 29 (V) (gh(X) — 1)) dX,

where M; = fg 4 e_q“+y“/\edmu is a zero-mean martingale. The first integral is non-
positive since I'Z@(y) — ¢Z@(y) < 0 for all y € R\ {0}. The last integral vanishes
since the process X, only increments when X, = X, and by definition of g.. Thus,

taking expectations on both sides yields

Eus|e "Ve(Xy, Xt)| < Vi(z, 5).
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If W@(0+) € (0,¢~!) (X has bounded variation), then the It6-Meyer formula is
nothing more than an appropriate version of the change of variable formula for Stieltjes
integrals and the rest of the proof follows the same line of reasoning as above. The only
change worth mentioning is that the generator of X takes a different form. Specifically,

one has to work with

rZ9(z) =az9(z) + / (2D (z +y) — 29 (2))T1(dy)
(—O0,0)

which satisfies all the required properties by Lemma 2.9 (see Section 2.8) and Section 3.2

in [34].

This completes the proof of the supermartingale property.

Verification of condition (iii): The assertion is clear for (z,s) € D*. Hence, suppose
that (z,s) € C*. The assertion now follows from the proof of the supermartingale
property (ii). More precisely, replacing ¢ by ¢t A 7,4, in (2.26) and recalling that we have
(T — q)Z@(y) = 0 for y > 0 shows that

Eus[e 1OV Xipry s Xinry, )] = Ve(z, ).

Using that 7,, < oo a.s. and dominated convergence, one obtains the desired equality.
O

Proof of Lemma 2.4. For (z,s) € C}, write

B o1 v

2 /\7'2‘2 1

= E,sle

)

—q(Te, M)+ X
{Te, >751

—q(Tey ATE)+X
+Em7s[e 1(Ter ey )+,

AT:
2 1{T61 <T:{}]

and denote the first expectation on the right by I; and the second expectation by Is.
An application of the strong Markov property at TX and the definition of V% (see
Theorem 2.3) give

—qre, +Y76*2] W@ (z —e)

—art
L =FEqs [e 74 1{T€1>r:}}EA,A [6 = ﬁeAZ(q)(gf2(A))'

Recalling that s < A and using the strong Markov property at 7 yields

—grt - X
+E:L‘,s |:€ q7s 1{T€1 >7_S+}:| E&S |:€ qTel+XT61 1{T€1 <TX}:|

ZWD (s — )
— 7D —e) WD (g — ) 22— 1)
e <Z (x—€) — W\ (x el)W(‘J)(s — 61)>
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W(q) (1‘ - 61) —qTe, + X1,
+7W(q)(s — 61) 5,8 {e 1 1]
ZD (s —€)
— 7D N WD (LT
e <Z (x—€) —WW(x el)W(‘J)(s — 61)>
WD (z—¢) | —ar X
+ W(Q)(S — 61) € E070 |:e ! 1{T€Z—S<TX—5}:| ’ (227)

{Te, <Tj{}]

Next, we compute the expectation on the right-hand side of (2.27) by excursion
theory. To be more precise, we are going to make use of the compensation formula
of excursion theory, and hence we shall spend a moment setting up some necessary
notation. In doing so, we closely follow pages 221-223 in [2] and refer the reader to
Chapters 6 and 7 in [6] for background reading. The process L; := X, serves as local
time at 0 for the Markov process X — X under Pgg. Write L™! := {L;':t >0} for
the right-continuous inverse of L. The Poisson point process of excursions indexed by
local time shall be denoted by {(¢,e¢) : t > 0}, where

e ={evls) =X = X0, s 0<s <Lyt = L)
whenever L, - L;l > 0. Accordingly, we refer to a generic excursion as () (or just €
for short as appropriate) belonging to the space £ of canonical excursions. The intensity
measure of the process {(¢,e¢) : ¢ > 0} is given by dt x dn, where n is a measure on the
space of excursions (the excursion measure). A functional of the canonical excursion
that will be of interest is € = sup,.. £(s), where ((¢) = ( is the length of an excursion.
A useful formula for this functional that we shall make use of is the following [cf. [21],

equation (8.26)]:
W'(z)

n(E>z) = W)

(2.28)

provided that z is not a discontinuity point in the derivative of W [which is only a
concern when X is of bounded variation, but we have assumed that in this case II is
atomless and hence W is continuously differentiable on (0,00)]. Another functional
that we will also use is p, := inf{s > 0 : e(s) > a}, the first passage time above a
of the canonical excursion €. We now proceed with the promised calculation involving
excursion theory. Specifically, an application of the compensation formula in the second
equality and using Fubini’s theorem in the third equality gives

7q7—€1_s+LT€_l_s 1

E[e

{T;_s<rz_s}}

=E

—qL7 4t —qpt— €
E e =T e cum e rsVu<i) e st—e 4516 7 utel t)]
0<t<oo t<A-s

A—s I B
:]E|:/O dt e qL, +t1{€u§u61+sVu<t}/gl{€>t61+S}6 (IPt—e1+s(€)n(d€):|
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A—s
71 A~
_ / o omar @ Ve s,
0

where in the first equality the time index runs over local times and the sum is the usual

shorthand for integration with respect to the Poisson counting measure of excursions,
A (9) () . . .

and f(u) = %W — ¢W@(u) is an expression taken from Theorem 1 in [2].

Next, note that L, lis a stopping time and hence a change of measure according

to (2.9) shows that the expectation inside the integral can be written as
Pq)(q)[gu <u—e€+sforall u< t].

Using the properties of the Poisson point process of excursions (indexed by local time)
and with the help of (2.28) and (2.14) we may deduce

t
Pcb(q)[gugu—el+3forallu<t] = exp(—/nq>(q)(5>u—el+s)du>
0

s W9(s—e)
OG0 e+ 3)

where ngg) denotes the excursion measure associated with X under P®@. By a change
of variables and the fact that A — €; = g¢,(A) we further obtain

EQQ e Ta—s]

T R — (@) €1—5 gea (4) t f(t)
}] = W —ee /8_51 ‘W

gea (A) 7(@) \'
= —_w@ €1—s t
W\W(s —e€)e /S_61 e < (q)> (t)dt.

Integrating by parts on the right-hand side, plugging the resulting expression into (2.27)
and finally adding I; and I, gives the result. U

Proof of Theorem 2.5. Recall that T, = inf{t > 0 : X; < €1} and from Lemma 2.4
that, for (z,s) € E,

Vq,eg (:E, S) _ Ex,s [B*Q(Tq AT:2)+XT51/\T€*2 Aez] . (2'29)

Similarly to the proof of Theorem 2.3, it is now enough to prove that:
(1) Ve en(z,8) > e for all (z,5) € Eg;

(ii) e~ TV, (Xint,, aYtATq ), t >0, is a right-continuous P, s-supermartingale
for all (z,s) € E,.

Condition (i) is clearly satisfied, so we devote the remainder of this proof to checking

condition (ii).
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Supermartingale property (ii): Throughout this proof, let

E:={(z,s) € E:x>¢ and s > A}.

Let Y; := e 9V, ,(Xt, X¢) for t > 0. Analogously to the proof of Theorem 2.3, it
suffices to show that for (z,s) € E,, we have the inequality

E:B,S [}/;f/\Tel] S ‘/61,62 (ﬂf, S)' (230)

For (z,s) € E inequality (2.30) can be extracted from the proof of Theorem 2.3 where
it is shown that the process e_the’; (X, X)), t >0, is a P, s-supermartinagle for all
(x,s) € E. In particular, the process Y;, t > 0, is a P, ;-supermartingale for (z,s) € E.
The supermartingale property is preserved when stopping at 7, and therefore we
obtain, for (z,s) € E,

Ees[Yint., ] < Ve ez, ). (2.31)

Thus, it remains to establish (2.30) for (z,s) € Cy. To this end, we first prove that the

process Y;f/\Tel AT t >0, is a P, s-martingale. The strong Markov property gives

Em,s [YTel /\7'6"2

Fi] = Y1, Ar, Y arz <ty + efntXtyt [YTel/\Té‘Q] L, arz >3- (2.32)
By definition of V¢, ., we see that

eXp ( —qTe, + YTel)’ on {T€1 < 7—6*2}?

exp(—qr, + YTZQ)’ on {1, > 1%},

which shows that the second term on the right-hand side of (2.32) equals

—qt o _Q(Tel /\7_:2)+YT€ AT,
€ EXt,Xt {6 e (1{t§’rj} + 1{t>TX})1{Te1/\Te*2 >t}

= (eithvel762 (Xt, Yt)l{tgq—;{} + efqt‘/:; (Xt, Yt)l{t>7’§}) 1{T61 ATE, >t}
= e—thq’EQ (Xt’yt)l{Tel ATE, >t}
= K&l{Tel/\rgQ >t}

Thus, Eq s [Y7., ar
gale. Again using the strong Markov property we further obtain for (z,s) € C7,

]:t] = Y;f/\Tel/\Te*Q which implies that Y;fATelAT:Qa t > 0, is a martin-

Fre

Em,s [Y;f/\Tel T€2] = Y;f/\Tel 1{t/\T61 <75}

‘|‘€_qT:2]EX . 7YT€*2 [Yv(t—u)/\Tel]

Teo

_, Henty >

u= €

IN

Y;f/\Tel 1{t/\T61 <75} +e T2 ‘/61,62 (XTZQ ’ XTZQ )1{t/\T61 >75,}

— }/;f/\Tel /\7’6"2 5
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where the inequality follows from (2.31) and the fact that (X;» X, ) € E on the set

€2 2

{t AT, > 72} Thus, By s [Viar,, | < Ueen(2,8) = Vey e (2, 5) for (z,5) € Cy. O

Proof of Corollary 2.6. Part (a) follows from the proof of Theorem 2.5 by replacing g,
with g (s) = k* and A by e; + k*. For part (b), let ¢; € R be given and recall that
due to the assumption ¢ < (1) we have limg|_ g¢, (s) = co. For an arbitrary § > €1,

the uniqueness in Lemma 2.2 implies that
95(8) =g, (s —d+€1), s€(—00,0).

It follows that limgspas g5(s) = oo for s € R and that lims g5(As) = co. Hence, for

x,s) € E.,, we have
(7) 1

—q(T. X1 nn .
Violos) = sup Boa[e 0000 ] > i (. 5) = .
T €1

On the other hand, if (x,s) € E '\ E,, then clearly V* _(x,s) = e®. This completes

€1,00

the proof. O

2.7 Examples

The solutions of (2.1) and (2.3) are given semi-explicitly in terms of scale functions and
a specific solution g, and g., respectively of the ordinary differential equation (2.17).
The aim of this section is to look at some examples where the solutions of (2.1) and (2.3)
can be computed more explicitly. For simplicity, we will assume from now on that
every spectrally negative Lévy process X considered below is such that ¢ > (1) and
W(Q)(O—i—) < ¢~ !. Also assume to begin with that there is an upper cap e only.

A first step towards more explicit solutions of (2.1) is looking at processes X where
explicit expressions for W@ and Z@ are available. In recent years various authors
have found several processes whose scale functions are explicitly known (Example 1.3,
Chapter 4 and Section 5.5 in [20], for instance). Here, however, we would additionally
like to find g, explicitly. To the best of our knowledge, we do not know of any examples
where this is possible. One might instead try to solve (2.17) numerically, but this is
not straightforward as there is no initial point to start a numerical scheme from and,
moreover, the possibility of g. having infinite gradient at ¢ might lead to inaccuracies
in the numerical scheme. Therefore, we follow a different route which avoids these

difficulties. Instead of looking at g., we rather focus on its inverse

’ Z9@m) \ .
H(s) :e—i—/o <1— W) dn, se(0,k"), (2.33)
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where k* € (0,00) is the unique root of Z(9(z) — ¢W (9 (z) = 0. In fact, passing to the
inverse is a standard trick in this setting and, for instance, used in [33]. It turns out
that in some cases (including the Black—Scholes model) H can be computed explicitly.
Since H is the inverse of g., plotting (H(y),y) for y € (0,k"), yields visualisations of
s+ ge(s) for s € (—o0,€); see Figures 2.3-2.5. Similarly, plotting (H(y) — y, H(y))
for y € (0,k*), produces graphical representations of the optimal stopping boundary
in the (z,s)-plane; see Figures 2.3-2.5. Unfortunately, it is often the case that we
cannot compute the integral in (2.33) explicitly in which case one might use numerical
integration in Matlab to obtain an approximation of the integral. The procedure just

described is carried out below for different examples of X.

2.7.1 Brownian motion with drift and compound Poisson jumps

Consider the process
Ny

Xp=oWi+put—>» & >0,
i=1
where ¢ > 0, p € R, Wy, t > 0, is a standard Brownian motion, Ny, t > 0, is a
Poisson process with intensity a > 0 and &;, ¢ € N, are i.i.d. random variables which
are exponentially distributed with parameter p > 0. The processes W and N as well
as the sequence &; are assumed to be mutually independent. The Laplace exponent of
X is given by

ab
, 68>0.
p+0 -

It is known (cf. Example 1.3 in [20] and Subsection 8.2 of [2]) that

02 2
V(b)) = -0+t

o(gq)x —GQz —Cox
W@ (z) = ° © ° x>0, (2.34)

YW Ve ) T

where —(s < —p < —(; < 0 < ®(q) are the three real solutions of the equation
) (6) = ¢, and that, for x > 0,

Z(q) (1_) — Dleq)(q)ll? + D267<11' + D367<2$7 (235)
_ q - q = 1
where Dy = QP (@)’ D, = ey eyl and D3 = =&Y/ (=)

As a first example consider 0 = 0. In this case 1¥(0) = ¢ reduces to a quadratic

equation, and one can calculate explicitly

G = i(\/(a+q—up)2+4qu—(a+q—u,0)),
®(q) = i(\/(aJrq—up)z+4qu+(a+q—up))-
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Moreover, it follows that

oL (Y @@)G )
N e < G (—C)(1— 3(q) >

Using elementary algebra and integration one finds, for s € (0, k"),

s D1<1>(q)e(q>(q>+<1)x
H = d
(=) °r /0 <D1(<I>(q) —1)e(@@+C)z — Dy((y + 1) X
y Dy(re Cte(@)e ;
_/0 Dl(‘l)(q) — 1) — DQ(CI + 1)@*(Cl+¢'((I))m v

s Ax —Ax
— 6-'—/ (I)A(q)e — Cle dx
s \BeA* —CD (O 'B— De A=

®(q) log BeAs — CD' G B — CDe™ 4

AB B-CD _Elog‘ B-CD

= €—|—

)

where A := (1 + ®(q), B := ®(¢q) — 1,C := %&qj(ﬁ? and D := (; + 1. An example

for a certain choice of parameters is given in Figure 2.3.

Solution of ODE Stopping and continuation region

12 14 16 18 2

0.4 0.6 08 1 12 14 16 18 2
S x

Fig. 2.3 An illustration of s — g.(s) and the corresponding optimal boundary for q = 1.6,

€e=2,0=0,u0=3,a=3 and p=0.1.

Next, assume o > 0 and p = oo; that is, X is a linear Brownian motion. In
particular, this includes the Black—Scholes model. Again, as explained in Example 1.3
of [20], the equation ¥ (0) = g reduces to a quadratic equation and ¢(; = § — v and
®(q) = 6 + ~y, where

1
'y::—ﬁ2 and 0 := —\/p? + 2q0?.

2

Furthermore, (2.34) and (2.35) may be rewritten on = > 0 as

2
W@ (z) = mew sinh(6z) and Z@(z) = ¢ cosh(dz) — %ew sinh(dz), (2.36)
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and one can compute
. 1 1+ ¢! )

T (W (2.37)

Using elementary algebra in the first and formula 2.447.1 of [16] in the second equality
one obtains, for s € (0, k*),
2 [ sinh(x)

H = —— d
() <t 5% o (2q/0? + 7)cosh(z) — d sinh(x) *

n 2q s 51 sinh (tanh ™ (—6F 1))

= €+ ——F—7—= s—24dlo )

025 (F? — 62) % | sinh (65 + tanh ™! (=5 F 1))

where F' := 2q/0? + 7. An example for a certain parameter choice is provided in

Figure 2.4.

In the next example we combine the first example with the second one. More
precisely, suppose that ¢ > and p € (0,00), that is, a linear Brownian motion with
exponential jumps. In this case we are unable to compute k* and H explicitly. We
therefore find k* numerically and use numerical integration to obtain an approximation

of k* and H respectively; see Figure 2.4.

Solution of ODE Stopping and continuation region

Fig. 2.4 Left: A visualisation of s — gc(s) for when ¢ =3, e =2, c =1 and up = 2 (red)
and ¢ =3, e =2,0 =1, u=2,a =3 and p = 0.1 (blue). Right: An illustration of the
corresponding optimal stopping boundaries.

2.7.2 Stable jumps

Suppose that X is an a-stable process, a € (1,2], with Laplace exponent 9(0) = <,
6 > 0. It is known (cf. Example 4.17 of [20] and Subsection 8.3 of [2]) that, for > 0,

WO(2) = 2% Boalqe®) and  29(2) = Ea1(ga®),
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where E, 5 is the two-parameter Mittag—Leffler function which is defined for o, 8 > 0

as .
xn
Faol®) = 2 Fan T By

Again, using numerical integration and a Matlab function that computes the Mittag—
Leffler function (cf. [35]) one may approximate k* and H respectively; see Figure 2.5.
Additionally, we have computed the value function for a choice of parameters (Fig-
ure 2.6).

Solution of ODE Stopping and continuation region
0.4 T T T T T T T

0.35 E 2 ——
03

0.25

ge(s)

0.15

0.1

0.05

15 16 17 18 19 2

Fig. 2.5 Left: A visualisation of s — g.(s) when ¢ = 2 and ¢ = 2 and X is either a linear
Brownian motion (blue curve, 0 = /2, u = 0) or an a-stable process (red curve, o = 1.6).

If one considers a lower cap €; and an upper cap €3, then the only thing that changes
for the optimal boundary is that one has to include an additional vertical line at the
value of the lower cap €¢;. However, introducing a lower cap will make a difference, that

is, the value functions V;(z,s) and V., (2, s) will be different for (z,s) € C} see

€1,€2 €1,€27

Theorems 2.3 and 2.5. Exploiting the fact that H is the inverse of g, in a similar way
as above, one may also obtain numerical approximations of the value functions V (z, s)
and V* _ (x,s); see Figure 2.6.

€1,€2

Value function Value function

55

45
165

s 18 17 s 15 15

Fig. 2.6 Left: A wisualisation of V*(x,s) when X is a-stable with parameter choice ¢ = 3,
€ =2 and o = 1.6. Right: An illustration of the difference between V7 (x,s) (darker surface)
and VZ (x,s) (lighter surface) on C ., for the same X and same parameters as on the

left except that e; = 1.5 and e = €. In this case A =~ 1.63, where A is formally defined in
Subsection 2.4.2.
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2.7.3 Maximum process with lower cap only

Assume the same setting as in the second example above, that is, X; = oW+ ut, t > 0.
The scale functions and k* are given by (2.36) and (2.37) respectively. If we suppose
that there is a lower cap €; € R and no upper cap (ea = o), then Corollary 2.6 can be

rewritten more explicitly as follows.

Lemma 2.8. The V* and U, o part of the optimal value function V

€1,00

z\ —¢ € Bk* u(14
Vaseles) = (S) ]2 [ ) k0w
ook et B\ Jps—er) € —1
z\ P € * w
(&) IS #m)
el 154 B(s—e1) e —1

where = ®(q) + (1 =28 and y = B~ 1.

are given by

and

The proof of this result is a lengthy computation provided in Subsection 2.8.2.
Finally, if we set €; = ¢, p = r — 02/2 for some 7 > 0 and ¢ = A + r for some A > 0 we

recover Theorem 3.1 of [40].

2.8 Appendix

2.8.1 Complementary Results on the Infinitesimal Generator of X

In this section we provide some results concerning the infinitesimal generator of X
when applied to the scale function Z@.

First assume that X is of unbounded variation, and define an operator (I',D(I"))
as follows. D(I") stands for the family of functions f € C?(0,00) such that the integral

/( ) (flz+y) = flz) = yf'(2)ly>_1y) T(dy)

is absolutely convergent for all z > 0. For any f € D(I'), we define the function
I'f:(0,00) >R by

0.2
L) = =af@) + G0 @+ [ (Ft )~ @) uf @)1z ) )

(70070)

Similarly, if X is of bounded variation, then D(T") stands for the family of f € C*(0, c0)
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such that the integral

/ (F@+y) — f(x)) TI(dy)
(—=00,0)

is absolutely convergent for all x > 0, and for f € D(I'), we define the function
I'f:(0,00) >R by

U@ =af @)+ [ ()~ o))

In the sequel it should always be clear from the context in which of the two cases we

are and therefore there should be no ambiguity when writing D(T") and T'.

Lemma 2.9. We have that Z'9 € D(T') and the function x +— T ZD(z) is continuous

on (0, 00).

Proof. We prove the unbounded and bounded variation case separately.

Unbounded variation: To show that Z(9 € D(I) it is enough to check that the
integral part of T'Z@ is absolutely convergent since Z(@) ¢ C?(0,00). Fix x > 0 and
write the integral part of I Z(@) as

/ 129z +y) = 29D (2) — yZ' D" (2) 11> 1) |TT(dy)

(—00,—9) -

+/ 12D (2 +y) — 29(x) — yZ' V' (@)1 51y [T(dy)
(7570)

where the value § = d(z) € (0,1) is chosen such that x — ¢ > 0. For y € (—o0, —9J) the

monotonicity of Z(@ implies
‘Z(q) (x+y) — AC (x) — yZ(q)'(x)l{yZ_l}‘ < 27@ (x) + Z(q)'(x) (2.38)
and for y € (—4,0), using the mean value theorem, we have

20 +y) — 29 (@) - y2 ' (a)

<qy? sup W@(z). (2.39)
Using these two estimates and defining C(§) = f(,g 0) y*1I(dy) < oo, we see that
[ 1296+ ) - 29@) - y2D @)1, 1)
(70070) -

< (QZ(q) (x) + Z(q)’(an))l_[(—oo7 —8) +qC(8) sup W@'(z) < .

z€[z—6,x]
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For continuity, let > 0 and choose = d(x) € (0,1) such that z — 2§ > 0 as well
as a sequence (Z,)pen converging to z. Moreover, let ng € N such that for all n > ng
we have |z, — x| < 0. In particular, it holds that =, — ¢ > 0 for n > ng and hence,

using the estimates in (2.38) and (2.39), we have for all n > ng

12D (2, +y) — ZD (@) — yZ D (@) 1gys 1y

< a? [su% }W(q)/(z)l{yzfé} + (229D(2y) + 29 (@) 1 {y<—sy
Z€|Tn—0,Tn

< [ S‘;(;p ; W(Q)’(z)l{yz_(s} + (QZ(q) (z+6) + 29" (z + 6))1y<—s}-
zE€[x—26,x+

Since the last term is Il-integrable, the continuity assertion follows by dominated con-
vergence and the fact that Z(@ e C?(0, 00).

Bounded variation: To show that Z(9 ¢ D(T) it is enough to show that the
integral part of ' Z(@ is absolutely convergent since Z(@ € C 1(0,00). Using the mono-
tonicity and the definition of Z(@ it is easy to see that for fixed z > 0,

| 129G+ - 20 iy
(—00,0)

<220 ()00, 1) + WD) [ lyiTI(dy) < oc.
(_170)

The continuity assertion follows in a straightforward manner from dominated conver-
gence and the fact that Z(@ e C'(0, 00). O

2.8.2 A lengthy computation

Proof of Lemma 2.8. The first part is a short calculation using the definition of ~, 9,
(1, @(g) and that cosh(z) = €= and sinh(z) = £=2—. As for the second part, recall
that, for (x,s) € C7 U D7,

LA AC)
Ue17oo(-%'7 3) = eSZ(q) (,7; — 61) + qu(‘])(x _ 61) /8_El etW(q)((tt))

It is easy to see that

¢ 29 (t) tﬁ( 1 1 > _etL‘Q

€ W@ () ¢\ T2t + e20t _ 1

which, after a change of variables, gives

k* 7@ (¢ 2 Bk~ u(1+y) Bk* uy
/ et (t) dt = J_</ eu du+/ ue du)
s—e€1 W) (t) 4 B(s—e1) € — 1 B(s—e1) € — 1

2

(e =),
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where 3 = ®(q) + (1 = 2§ and y = 8~!. Denote the first integral on the right-hand

side I; and the second integral I5. After some algebra one obtains

s e1+k*
_ Ep@a) 4 Ga—a)y _ TV a@)e—a) _ Ca—e)
Ue o0(, 5) 5 (e +e ) 5 (e e )
el el
_ = ~Ci(z—e1) c L o(g)(z—e1)
2ﬁe I + 2ﬁe I (2.40)
e p@)a-a)p, _ € —Ge-a)
+ 23 e I 256 Is.

Next, note that the last two terms on the right-hand side of (2.40) can be rewritten as

€1 €1 €1

Z_ﬂ(e‘b(q)(r*ﬂ) + 6*41(1*61))([1 — L) — ;_ﬁe*Cl(r*ﬂ)[l + Z_ﬂe@(q)(r*el)[2
_ ﬁ D(q)(z—e1) —Ci(z—e1)) (k" _ s5—e1) _ ﬁ —Ci(z—e1) ﬁ @(q)(z—e1)
= 2(6 +e ) (e e’ 256 [1‘1‘256 I

where the equality follows from evaluating I; — Io. Plugging this into (2.40) and sim-
plifying yields

UEl,OO(xa S) _ _efgl(mfel)eqﬁflll + ed)(q)(:z:fq)eqﬂfl[2 + eelJr‘i)(q)(:qu)ek*/BflCl
etk g=1g (g).

Rearranging the terms completes the proof. U
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CHAPTER 3

AMERICAN LOOKBACK OPTION

This paper concerns an optimal stopping problem driven by the run-
ning maximum of a spectrally negative Lévy process X. More precisely,
we are interested in capped versions of the American lookback optimal
stopping problem [14, 17, 30], which has its origins in mathematical fi-
nance, and provide semi-explicit solutions in terms of scale functions.
The optimal stopping boundary is characterised by an ordinary first-
order differential equation involving scale functions and, in particular,
changes according to the path variation of X. Furthermore, we will link

these capped problems to Peskir’s maximality principle [31].

3.1 Introduction

Let X = {X; : t > 0} be a spectrally negative Lévy process defined on a filtered
probability space (Q, F,F = {F; : t > 0},P) satisfying the natural conditions; cf. [7],
Section 1.3, page 39. For x € R, denote by P, the probability measure under which X
starts at x and for simplicity write Pg = IP. We associate with X the maximum process
X ={X;:t>0} where X; := sV supg<,<; Xy for t > 0,2 < s. The law under which
(X, X) starts at (z,s) is denoted by Py .

We are interested in the following optimal stopping problem:

V*(x,s) := sup I[Eac’s[e*qT(eXTAE - K)*], (3.1)

TEM
where ¢ > 0, K > 0,¢ € (log(K), ], (z,s) € E = {(z1,51) € R?| 21 < 51}, and M is
the set of all F-stopping times (not necessarily finite). In particular, on {7 = oo} we
set e~97 (XA — K)t .= limsup,_,., e %(eX*"* — K)*. This problem is, at least in the
case € = 00, classically associated with mathematical finance. It arises in the context

of pricing American lookback options [14, 17, 30] and its solution may be viewed as the
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fair price for such an option. If € € (log(K), ), an analogous interpretation applies
for an American lookback option whose payoff is moderated by capping it at a certain
level (a fuller description is given in Section 3.2).

When K =0 and € = oo, (3.1) is known as the Shepp—Shiryaev optimal stopping
problem which was first studied by Shepp and Shiryaev [38, 39] for the case when X is
a linear Brownian motion and later by Avram, Kyprianou and Pistorius [2] for the case
when X is a spectrally negative Lévy process. If K = 0 and ¢ € R then the problem is
a capped version of the Shepp—Shiryaev optimal stopping problem and was considered
by Ott [29]. Therefore, our main focus in this paper will be the case K > 0 which we
henceforth assume.

Our objective is to solve (3.1) for e = (log(K),o0) by a “guess and verify” technique
and to use this to obtain the solution to (3.1) when € = oo via a limiting procedure.
Our work extends and complements results by Conze and Viswanathan [11], Guo and
Shepp [17], Pedersen [30] and Gapeev [14] all of which solve (3.1) for € = co and X a
linear Brownian motion or a jump-diffusion.

As we shall see, the general theory of optimal stopping [33, 42] and the principle
of smooth or continuous fit [1, 28, 32, 33] (and the results in [14, 17, 29, 30]) strongly
suggest that under some assumptions on g and (1), where 1 is the Laplace exponent

of X, the optimal strategy for (3.1) is of the form
T =inf{t >0: X; — X; > g.(X;) and X; > log(K)} (3.2)

for some strictly positive solution g. of the differential equation

e*Z'9(ge(s))

9:8) = 1= T Ry @ (o)

on (log(K),e), (3.3)

where W@ and Z(@ are the so-called g-scale functions associated with X; see Sec-
tion 3.3. In particular, we will find that the optimal stopping boundary s — s — g(s)
changes shape according to the path variation of X. This has already been observed
in [29] in the case of the capped version of the Shepp—Shiryaev optimal stopping prob-
lem. It will also turn out that our solutions exhibit a pattern suggested by Peskir’s
maximality principle [31]. In fact, we will be able to give a reformulation of our main
results in terms of Peskir’s maximality principle.

We conclude this section with an overview of the paper. In Section 3.2 we give
an application of our results in the context or pricing capped American lookback op-
tions. Section 3.3 is an auxiliary section introducing some necessary notation, followed
by Section 3.4 which gives an overview of the different parameter regimes considered.
Sections 3.5 and 3.7 deal with the “guess” part of our “guess and verify” technique and

our main results, which correspond to the “verify” part, are presented in Section 3.6.
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The proofs of our main results can then be found in Section 3.9. Finally, Section 3.8

provides an explicit example where X is a linear Brownian motion.

3.2 Application to pricing capped American lookback op-

tions

The aim of this section is to give some motivation for studying (3.1).
Consider a financial market consisting of a riskless bond and a risky asset. The
value of the bond B = {B; : t > 0} evolves deterministically such that

B, = Bpe™, By >0,r>0,t>0. (3.4)

The price of the risky asset is modelled as the exponential spectrally negative Lévy
process
S; = SpeXt, Sy >0,t>0. (3.5)

In order to guarantee that our model is free of arbitrage we will assume that ¢ (1) = r.
If X; = put+ oW, where W = {W, : t > 0} is a standard Brownian motion, we get the
standard Black—Scholes model for the price of the asset. Extensive empirical research
has shown that this (Gaussian) model is not capable of capturing certain features (such
as skewness and heavy tails) which are commonly encountered in financial data, for
example, returns on stocks. To accommodate for these problems, an idea, going back
to [27], is to replace the Brownian motion as the model for the log-price by a general
Lévy process X; cf. [9]. Here we will restrict ourselves to the model where X is given by
a spectrally negative Lévy process. This restriction is mainly motivated by analytical
tractability. It is worth mentioning, however, that Carr and Wu [8] as well as Madan
and Schoutens [25] have offered empirical evidence to support the case of a model in
which the risky asset is driven by a spectrally negative Lévy process for appropriate
market scenarios.

A capped American lookback option is an option which gives the holder the right

to exercise at any stopping time 7 yielding payouts

L, := 6_0”—|:<M0\/ sup Su/\C'> —KTF, C > My > Sy, > 0.
0<u<r
The constant My can be viewed as representing the “starting” maximum of the stock
price (say, over some previous period (—tg,0]). The constant C can be interpreted as
cap and moderates the payoff of the option. The value C' = oo is also allowed and cor-
responds to no moderation at all. In this case we just get a normal American lookback
option. Finally, when C' = oo it is necessary to choose « strictly positive to guarantee

that it is optimal to stop in finite time and that the value is finite; cf. Section 3.6.
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Standard theory of pricing American-type options [41] directs one to solving the

optimal stopping problem
V,(Mo, Sy, C) := BysupE[B-'L,] (3.6)

where the supremum is taken over all F-stopping times. In other words, we want to
find a stopping time which optimises the expected discounted claim. The right-hand

side of (3.6) may be rewritten as

supE, ¢ [e*qT(eXTAE - K)'],
T
where ¢ = 7 + o,z = log(Sp), s = log(Mp) and € = log(C). Hence, we recognise (3.1)

which is the problem of interest in this article.

3.3 Preliminaries

It is well known that a spectrally negative Lévy process X is characterised by its Lévy
triplet (v,o,1II), where 0 > 0,7 € R and II is a measure on (—oc,0) satisfying the
condition f(—oo 0)(1 A x2)TI(dz) < co. By the Lévy-Ito decomposition, the latter may

be represented in the form

1)

X, =oB —yt+ XM+ x?, (3.7)

where {B; : t > 0} is a standard Brownian motion, {Xt(l) :t > 0} is a compound Poisson
process with discontinuities of magnitude bigger than or equal to one and {Xt(Q) :t >0}
is a square integrable martingale with discontinuities of magnitude strictly smaller than
one and the three processes are mutually independent. In particular, if X is of bounded

variation, the decomposition reduces to
Xy =dt —n (3.8)
where d > 0, and {7; : t > 0} is a driftless subordinator. Further let
¥(0) = E[e!*1], 6 >0,

be the Laplace exponent of X which is known to take the form

1
P(0) = —v0 + 50292 + /( ) (69m -1- 9:61{1>,1}) II(dx).

Moreover, 1 is strictly convex and infinitely differentiable and its derivative at zero

characterises the asymptotic behaviour of X. Specifically, X drifts to +co or oscillates
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according to whether +¢/(0+) > 0 or, respectively, 1/(04) = 0. The right-inverse of v
is defined by

®(q) :=sup{A > 0:9(A) = ¢}

for ¢ > 0.
For any spectrally negative Lévy process having Xy = 0 we introduce the family of

martingales

exp(cXy — ¥(o)t), (3.9)

defined for any ¢ € R for which ¥(c) = logE[exp(cX1)] < oo, and further the corre-

sponding family of measures {P} with Radon—Nikodym derivatives

dP*
dP | -

= exp(cX; — Y(o)t). (3.10)

For all such ¢ the measure P§ will denote the translation of P¢ under which Xo = z. In
particular, under PS the process X is still a spectrally negative Lévy process; cf. The-
orem 3.9 in [21].

A special family of functions associated with spectrally negative Lévy processes is
that of scale functions (cf. [21]) which are defined as follows. For g > 0, the g-scale
function W@ : R — [0,00) is the unique function whose restriction to (0,00) is

continuous and has Laplace transform

& 1
—0zyy7(9) —
e W\ (z)dx = ,
/ TR
and is defined to be identically zero for x < 0. Equally important is the scale function
Z(@) R — [1,00) defined by

0> @(q),

Z@(x) =1+ q/ W (z) dz.
0
The passage times of X below and above k € R are denoted by
Ty =inf{t >0: X; <k} and T,:':inf{t>0:Xt2k:}.

We will make use of the following two identities; cf. [2]. For ¢ > 0 and x € (a,b) it
holds that

(D (g —
—grt - WYz —a)
]E!L' [6 b I{T;<T;}] - W(q) (b _ (Z) ’ (311)
_ Z(q)(b —a)
—qTa — 7@ _ ) WD (p — )
E,[e I{T;>’Ta_}:| =Z9Y(r—a)— WY (xr—a) W@ (b= a) (3.12)

For each ¢ > 0 we denote by Wc(q) the g-scale function with respect to the measure P¢. A
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useful formula (cf. Lemma 8.4 of [21]) linking scale functions under different measures
is given by
W@ (z) = e*@D* Wy, (2) (3.13)
for ¢ > 0 and = > 0.
We conclude this section by stating some known regularity properties of scale func-
tions; cf. [20].
Smoothness: For all ¢ > 0,

C'(0,00), if X is of bounded variation and II has no atoms,
W(q)!(om) € 4 C1(0,00), if X is of unbounded variation and o = 0,
C%(0,00), o> 0.

Continuity at the origin: For all ¢ > 0,

d~!, if X is of bounded variation,
W@ (0+) = (3.14)
0, if X is of unbounded variation.

Right-derivative at the origin: For all ¢ > 0,

g+I1(~00,0) if o =0 and II(—00,0) < 0o
Wj_q)/(o—k): ] a2 ) ( )

(3.15)
=, if 0 > 0 or II(—00,0) = oo,

where we understand the second case to be +o0o when o = 0.
For technical reasons, we require for the rest of the paper that W@ is in C1(0,0)
[and hence Z(9 € C?(0,00)]. This is ensured by henceforth assuming that IT is atomless

whenever X is of bounded variation.

3.4 The different parameter regimes

Our analysis distinguishes between the following parameter regimes.

Main cases:

e ¢>0and e € (log(K),o0);
e ¢>0V1(l) and € = oc.
Special cases:

e ¢=0and € € (log(K),);

e ¢ =0 and e = oc;
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e 0<g<(l)and € = cc.

3.5 Candidate solution for the main cases

The aim of this section is to derive a candidate solution to (3.1) for the main cases via
the principle of smooth or continuous fit [1, 28, 32, 33].

We begin by heuristically motivating a class of stopping times in which we will look
for the optimal stopping time under the assumption that ¢ > 0 and € € (log(K), 00).
Because e~ (eXt"¢ — K)* =0 as long as (X, X) is in the set

Cir:={(z,s) € E:s <log(K)},

it is intuitively clear that it is never optimal to stop the process (X, X) in C7;. More-
over, as the process (X, X) can only move upwards by climbing up the diagonal in
the (z, s)-plane (Figure 3.1), it can only leave C7}; through the point (log(K),log(K)).
Therefore, one should not exercise until the process (X, X) has hit (log(K),log(K)).
It is possible that this never happens as X might escape to —oo before reaching level
log(K). On the other hand, if the process (X, X) is in {(z,s) € E : s > ¢}, it should

ge(s)

log(K)

Fig. 3.1 An illustration of a possible function g. and the corresponding stopping boundary
s+ s—ge(s). The vertical and horizontal lines are meant to schematically indicate the trace of
an excursion of X away from the running maximum. The candidate optimal strategy T, then
consists of continuing if the height of the excursion away from the running mazimum s does
not exceed ge(s); otherwise we stop.

be stopped immediately due to the discounting as the spatial part of the payout is
deterministic and fixed at e — K in value. The remaining case is when (X, X) is in
{(z,s) € E :log(K) < s < €} in which case we can argue in the same way as described
in [31], Section 3, page 6: The dynamics of the process (X, X) are such that X remains
constant at times when X is undertaking an excursion below X. During such periods
the discounting in the payoff is detrimental. One should therefore not allow X to drop
too far below X in value as otherwise the time it will take X to recover to the value
of its previous maximum will prove to be costly in terms of the gain on account of

exponential discounting. More specifically, given a current value s, s € (log(K),¢), of
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X, there should be a point g.(s) > 0 such that if the process X reaches or jumps below
the value s — g.(s) we should stop instantly; see Figure 3.1. In more mathematical

terms, we expect an optimal stopping time of the form
7. = inf{t > 0: X; — X; > g(X;) and X; > log(K)} (3.16)

for some function g, : (log(K),e€) — (0,00) such that limgs ge(s) = 0 and gc(s) = 0 for
s > €. This is illustrated in Figure 3.1. For (z,s) € E, we define the value function

associated with 74 by

Vo (@,5) = Eq s [e7 T (eXroche — K)*]. (3.17)

Now suppose for the moment that we have chosen a function g.. The strong Markov

property and Theorem 3.12 of [21] then imply that, for (z,s) € Cj,,

‘/;k (1-’ s) — e_q:‘(q)(10g(K)_x)ElOg(K),lOg(K) [e_nge (ey‘rge e — K)]

_ @008 Ji V(s s).
slog(K)

This means that V, is determined on C7; as soon as Vj, is known on
Ey :={(x,s) € E:s>log(K)}.

This leaves us with two key questions:
e How should one choose g7
e Given g, what does V,, (z, s) look like for (z,s) € Eq?

These questions can be answered heuristically in the spirit of the method applied in
Section 3 of [31], but adapted to the case when X is a spectrally negative Lévy processes
(rather than a diffusion). More precisely, as we shall see in more detail in Section 3.7,
the general theory of optimal stopping [33, 42] together with the principle of smooth
or continuous fit [1, 28, 32, 33] suggest that g. should be a solution to the ordinary

differential equation

e*Z\D (ge(s))
(e5 — K)gW(@(gc(s))

gi(s) =1— on (log(K),e), (3.18)
and that
Vo (xz,s) = (e = K)ZW(x — s + g(s)),  (,5) € By

Note that there might be many solutions to (3.18) without an initial/boundary condi-
tion. However, we are specifically looking for the solution satisfying limgt ge(s) = 0.

Summing up, we have suggested/found a candidate stopping time 7, and candidate
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value function V.

As for the case ¢ > 0V ¢(1) and € = oo, one might let € tend to infinity which
informally yields a candidate stopping time of the form (3.16) with g. replaced with goo,
where g, should satisfy (3.18), but on (log(K), co) instead of (log(K),€). The corre-

sponding value function V,_ is then expected to be of the form
Vpu (2,8) = (" = K)ZD(z — 5+ gus(s),  (2,5) € B,

If we are to identify g, as a solution to (3.18), we need an initial/boundary condition
which in this case can be found as follows. For s > K the payoff in (3.1) resembles the
payoff of the Shepp—Shiryaev optimal stopping problem [2, 21, 29, 38] and hence we
expect s — § — goo($) to look similar to the optimal boundary of the Shepp—Shiryaev
optimal stopping problem for s > K. Therefore, we expect that limgpes goo(s) = k¥,
where k* > 0 is the unique root of the equation Z(@(s) — ¢W (@ (s) = 0; cf. [2, 29].

These heuristic arguments are made rigorous in the next section.

3.6 Main results

3.6.1 The different solutions of the ODE

In this subsection we investigate, for ¢ > 0, the solutions of the ordinary differential

equation

(3.19)
whose graph lies in
U:={(s,H) € R?: s> log(K), H > 0}.

As already hinted in the previous section, these solutions will play an important role.
But before we analyse (3.19), recall that the requirement W (9 (0+) < ¢~ is the same
as asking that either X is of unbounded variation or X is of bounded variation with
d > ¢. Similarly, the condition W (@ (04) > ¢~! means that X is of bounded variation
with 0 < d < ¢. Also note that W@ (04) > ¢~ ! implies ¢ > d > ¥(1).

The existence of solutions to (3.19) and their behaviour under the different para-

meter regimes is summarised in the next result.
Lemma 3.1. Assume that ¢ > 0. For e € (log(K),00), we have the following.

(a) If ¢ > (1) and W D(0+) < ¢~ 1, then there exists a unique solution
ge : (log(K),€) = (0,00) to (3.19) such that limge ge(s) = 0.

(b) If W@(04) > ¢! [and hence q¢ > (1)], then there exists a unique solution
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ge = (log(K),e A B) — (0,00) to (3.19) such that limgreppg ge(s) = 0. Here, the
constant f is given by B :=log (K(1 —d/q)~") € (0, 00].

(c) If g < (1), then there exists a unique solution g. : (log(K),e) — (0,00) to (3.19)
such that limgye ge(s) = 0.

For e = oo, we have in particular:

(d) If ¢ > (1) and W D(0+) < ¢~ 1, then there exists a unique solution
Joo : (log(K),00) — (0,00) to (3.19) such that limso goo(s) = k*, where the
constant k* € (0,00) is the unique root of Z9(s) — qW @ (s) = 0.

(e) If WO(0+) >
Joo : (log(K), B) = (0,00) to (3.19) such that limgs goo(s) = 0. The constant (3

is as in (b).

g~ [and hence q¢ > (1)], then there exists a unique solution

Moreover, all the solutions mentioned in (a)—(e) tend to +o0o as s | log(K). Also
note that if 5 < e then the solutions in (b) and (e) coincide. Finally, the qualitative
behaviour of the solutions of (3.19) is displayed in Figures 3.2-3.4.

We will henceforth use the following convention: If a solution to (3.19) is not defined
for all s € (log(K),00), we extend it to (log(K), 00) by setting it equal to zero wherever
it is not defined (typically s > ¢).

log(K)

Fig. 3.2 A schematic illustration of the solutions of (3.19) when q > (1) and W@ (04) = 0.
If ¢ > (1) and W@ (04) € (0,q~"), then the solutions look the same except that they hit zero
with finite gradient (since W9 (0+) > 0).

3.6.2 Verification of the case ¢ > 0 and ¢ € (log(K), o)

We are now in a position to state our first main result.

Theorem 3.2. Suppose that ¢ > 0 and € € (log(K),o0). Then the solution to (3.1) is
given by

N — K)ZD(x — s+ ge(s)), (z,5) € By,
Vee,s) =4 & KB st ads), (ws) € B (320)
e~ ®(a)(log(F)—x) 4 (z,5) € C3p,

51



Chapter 3. American Lookback Option

goo (s)
/

ge(s)

log(K)

Fig. 3.3 A schematic illustration of the solutions of (3.19) when W@ (0+) > ¢~ ! and € < 5.

ge(s)

log(K)

Fig. 3.4 A schematic illustration of the solutions of (3.19) when ¢ < (1) and W@ (0+) = 0.
If ¢ < (1) and WD (04) € (0,7 1), then the solutions look the same except that they hit zero
with finite gradient (since W9 (0+) > 0).

with value A, € (0,00) given by

Ac = Biog(0)1og(rc) [T (77 = K)] = i, (e* — K)Z D (ge(s)),

and optimal stopping time
T =inf{t >0 : X; — X; > g.(X;) and X; > log(K)}, (3.21)
where ge is given in Lemma 3.1. Moreover,

1, if ¥'(0+) > 0,

P, s[1 < 00] =
al ] e~ ®(@)(og(K)—z) ;¢ V' (04) < 0.

Remark 3.3. With the help of excursion theory, it is possible to obtain an alternative
representation for V*(s, s) for log(K) < s < e A 3; see Subsection 3.10.2 for the relevant

computations. Specifically, under the same assumptions as in Theorem 3.2, we have

enB X t W@ (g (u
V(s,s) = / (€' — K)f(ge(t)) exp (— / % du> dt  (3.22)
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+(e™ — K)exp ( - /:AB % du>

where f(u) = %W — ¢W@(u) and we set = oo unless W@ (0+) > ¢!, in
which case we take 8 = log (K(1 — d/q)™!) as before. In particular, we can identify

the value A, as the above expression, setting s = log(K).

Remark 3.4. Assume that (z,s) € E such that log(K) < s < e A 8 and set = o0
unless W@ (04) > ¢~'. The excursion theoretic calculation that led to (3.22) contains
an additional result, namely that P, [r* = 7.} 5] € (0,1). To see this, note that it
follows from the computation in Subsection 3.10.2 that

) N WD (g (u))
g _ B W \Ge\))
Epole™ 1t ) eX"( [ o ‘“‘)'

Hence, the claim follows provided the integral on the right-hand side is strictly positive
and finite. Indeed, changing variables according to v = gc(u) and using the explicit

form of ¢, gives

eAB 117 () ge(s) y7 (@)
PRI Py TTO P
s W(q) (ge(u)) 0 y(?})
1
where y(v) = (:_%T(;)K)Z(q) (v) — W@ (v) and g- ' is the inverse of g.. Using (3.14)
q(ege " (v)—
one may then deduce that y(v) is bounded on (0, g.(s)] by a constant, say C' > 0, and
that

9¢(s) (@) ge(s)

/ W) g <c! WD (v)dv = CTHW D (g(s)) — WD(0)).
0 y(v) 0

This proves the claim. A similar phenomenon in a different context has been observed

in [22].

Let us now discuss some consequences of Theorem 3.2. Firstly, it shows that if
¥’'(04+) > 0 the stopping problem has an optimal solution in the smaller class of [0, 00)-
valued F-stopping times. On the other hand, if there is a possibility that the process
X drifts to —oo before reaching log(K), which occurs exactly when ¢/(0+) < 0, then
the probability that 77 is infinite is strictly positive and 7 is only optimal in the class
of [0, oo]-valued F-stopping times.

Secondly, when W(q)(()—l—) > ¢! or, equivalently, X is of bounded variation with
q > 4, the result shows that g.(s) hits the origin at e A 3, where 5 = log (K(l —d/q)*l);
see Figure 3.5. Intuitively speaking, if 8 < €, the discounting is so strong that it is best
to stop even before reaching level e. On the other hand, if 5 > €, it would be better to
wait longer, but as there is a cap we are forced to stop as soon as we have reached it.

As already observed in [29], it is also the case in our setting that, if W (9 (0+) < ¢~ 1,
the slope of ge at € [and hence the shape of the optimal boundary s — s—g.(s)] changes
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according to the path variation of X. Specifically, it holds that

., —00, if X is of unbounded variation,
lim g;(s) = .
ste 1 - =49 _  if X is of bounded variation.
(ec—K)q
Next, introduce the sets
Ci=Cl.:={(z,s) € E: s >log(K),z > 5~ ge(s)}, (3.23)

D*=D! :={(z,s) € E : s>log(K),z <s—gcs)}.

Two examples of g. and the corresponding continuation region C7 U C7; and stopping

region D* are pictorially displayed in Figure 3.5.

ge(s) ge(s)

log(K)

Fig. 3.5 For the two pictures on the left-hand side it is assumed that ¢ > 0 and W (9 (04) =0,
whereas on the right-hand side it is assumed that ¢ > 0, W@ (0+) > q ! and e < B.

3.6.3 Verification of the case ¢ > 0V (1) and € = o0

The analogous result to Theorem 3.2 reads as follows.

Theorem 3.5. Suppose that ¢ > 0V (1) and € = co. Then the solution to (3.1) is
given by
e — K)ZD(z — s+ goo(s , (x,8) € By,
V* (2.5) = ( )ZH( 9oo(s)), (2,8) € En (3.24)
e~ (@) (log(K)—z) 4 (z,s) € Cyy,
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with value A € (0,00) given by

Aco = Epog(i)tog(ie) [T (X% — K)] = lim_(e® — K)ZD(guo(s)),

sllog(K)
and optimal stopping time
o =inf{t >0 : X; — Xy > goo(Xy) and X; > log(K)}, (3.25)
where goo 1S given in Lemma 3.1. Moreover,
1, if ¥'(0+) > 0,

Py slmh < o0] =
! ] e~ ®@0oe(K)=2) i 4/ (0+) < 0.

Remark 3.6. As in Remark 3.3, VX (s,s) can be identified as the integral in (3.22)
with € = oo for log(K) < s < f3 in the case W(@(0+) > ¢~ . Otherwise it is identified

T - [T - mimen (- [ %du) t,

where f (u) = %W — W@ (u) as before; see again the computations in Sub-

section 3.10.2. In particular, one obtains an alternative expression for A..

Similarly to Theorem 3.2 one sees again that if ¢/(0+) > 0 there is an optimal
stopping time in the class of all [0,00)-valued F-stopping times. Furthermore, let
Cj = Cf , and D* = D7, denote the same sets as in (3.23), but with g instead of g..
The (qualitative) behaviour of g, and the resulting shape of the continuation region

C7 U CF; and stopping region D* are illustrated in Figure 3.6.

3.6.4 The special cases

In this subsection we deal with the cases that have not been considered yet, that is,

the special cases; see Section 3.4.
Lemma 3.7. Suppose that ¢ =0 and € € (log(K), o).

(a) When ' (0+) < 0 and ®(0) # 1, then the solution to (3.1) is given by

e — K, S 2 €,
‘/E*(.%',S) ={eS— K+ cgﬂ(vg’)(i)l (es(lfé(O)) _ ee(lfq)((])))7 log(K) < s <e,
¢~ 2(0)log(K) 1) 4 _ s < log(K),

e and 7 = 7. If ®(0) = 1, then the middle

term on the right-hand side in the expression for V*(x,s) has to be replaced by

where A, :=
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goo (s) goo (8)

Fig. 3.6 For the two pictures on the left it is assumed that ¢ > 0V (1) and W9 (04) < ¢~ 1,
whereas on the right it is assumed that ¢ > 0V ¥(1) and W@ (0+) > ¢~ L.

e’ — K+e*(e—s) and A. by K(e —log(K)).

(b) When ¢'(0+) > 0, then solution to (3.1) is given by V* = e — K and 7} = 7.

Note that although the optimal stopping time is the same in both parts of Lemma 3.7,
in (a) it attains the value infinity with positive probability, whereas in (b) this happens
with probability zero. Hence, in (b) there is actually an optimal stopping time in the

class of [0, c0)-valued F-stopping times.
Lemma 3.8. Suppose that € = co.

(a) Assume that ¢ = 0. If /(0+) < 0 and ®(0) > 1, we have

s (2 ®(0)+5(1—2(0))
Vi = ¢ K o szl gy
e*CI’(O)(lOg(K)*x)ﬁ, s < log(K),

and the optimal stopping time is given by 75, = 0o. On the other hand, if either
' (0+) < 0 and ®(0) <1 or ¢'(04) > 0, then Vi (x,s) = oo and 15, = 0.
(b) When 0 < ¢ < (1), we have VZ(z,s) = oo.

The second part in the Lemma 3.8 is intuitively clear. If 0 < g < 9(1), then the
average upwards motion of X (and hence X) is stronger than the discounting. On the
other hand, ¢/(04+) < 0 means that X will drift to —oo and thus X will eventually
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attain its maximum (in the pathwise sense). Of course, we do not know when this
happens, but since there is no discounting we do not mind waiting forever. The other

cases in Lemma 3.8 have a similar interpretation.

3.6.5 The maximality principle

The maximality principle was understood as a powerful tool to solve a class of stopping
problems for the maximum process associated with a one-dimensional time-homoge-
neous diffusion [31]. Although we work with a different class of processes, our main
results [Lemma 3.1, Theorem 3.2, Theorem 3.5 and Lemma 3.8(b)| can be reformulated

through the maximality principle.

Lemma 3.9. Suppose that ¢ > 0 and € € (log(K),0). Define the set
S = {glaog(r0).e) | 9 is a solution to (3.19) defined at least on (log(K),€)}.

Let g* be the minimal solution in S. Then the solution to (3.1) is given by (3.20)
and (3.21) with ge replaced by g .

In the case that there is a cap, it cannot happen that the value function becomes

infinite. This changes when there is no cap.
Lemma 3.10. Let ¢ > 0 and € = co.

1. Let g%, denote the minimal solution to (3.19) which does not hit zero (whenever
such a solution exists). Then the solution to (3.1) is given by (3.24) and (3.25)
with g replaced by g% .

2. If every solution to (3.19) hits zero, then the value function in (3.1) is given by

Vi(z,s) =oco.
Remark 3.11.

1. We select the minimal solution rather than the maximal one as in [31], since our

functions g.(s) are the analogue of s — g.(s) in [31].

2. The “right” boundary conditions which were used to select g. and g, from the
class of solutions of (3.19) (see Section 3.5) are not used in the formulation of
Lemmas 3.9 and 3.10. In fact, by choosing the minimal solution, it follows as a
consequence that ¢gF and g%, have exactly the “right” boundary conditions. Put
differently, the “minimality principle” is a means of selecting the “good” solution
from the class of all solutions of (3.19). This is a reformulation of [31] in our

specific setting.

3. A similar observation is contained in [10], but in a slightly different setting.
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4. If € = oo, the solutions to (3.19) that hit zero correspond to the so-called “bad-
good” solutions in [31]; “bad” since they do not give the optimal boundary,

“good” as they can be used to approximate the optimal boundary.

3.7 Guess via principle of smooth or continuous fit

Our proofs are essentially based on a “guess and verify” technique. Here we provide the
missing details from Section 3.5 on how to “guess” a candidate solution. The following
presentation is an adaptation of the argument of Section 3 of [31] to our setting.

Assume that ¢ > 0 and € € (log(K),€). Let g, : (log(K),e) — (0,00) be contin-
uously differentiable and define the stopping time 7, as in (3.16) and let V;, be as
in (3.17). For simplicity assume from now on that X is of unbounded variation (if
X is of bounded variation a similar argument based on the principle of continuous fit
applies, see [1, 32, 33]). From the general theory of optimal stopping, [33, 42], we would
expect that V,,_ satisfies for (z,s) € E such that log(K) < s < € the system

I'Vy (z,8) = qVy (x,s) for s — ge(s) < z < s with s fixed,
ag%(x, s)|x:8_ =0 (normal reflection), (3.27)

Ve (%, 8)lz—(s—g.(s))+ = €° — K (instantaneous stopping),

where I' is the infinitesimal generator of the process X under P. For functions h € C5°(R)

and z € R, it is given by
o2
Th(z) = —yh(z)+ 5 h"(2) (3.28)
+/( 0) (h(z +y) = h(z) = yh'(2)1gyz 1) L(dy)-
Here C§°(R) denotes the class of infinitely differentiable functions k& on R such that h

and its derivatives vanish at infinity. In addition, the principle of smooth fit (cf. [28, 33])
suggests that the system above should be complemented by

IV,
prad ) am(omguio+

=0 (smooth fit). (3.29)

Note that the smooth fit condition is not necessarily part of the general theory, it is
imposed since by the “rule of thumb” outlined in Section 7 in [1] one suspects it should
hold in this setting because of path regularity. This belief will be vindicated when we
show that system (3.27) and (3.29) leads to the desired solution. Applying the strong
Markov property at 7.7 and using (3.11) and (3.12) shows that

(D (g (s
the(m,s) = (es _ K) <Z(Q)(x — s —i—gg(s)) — W(Q)(x _ S_i_ge(s))%)
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W(q)(x — S5+ ge(s))
W@ (ge(s))

Ve (5,5).

Furthermore, the smooth fit condition (3.29) implies

xls—ge(s) ox
(D (g —
_ lim WDz — s+ ge(s))
shs—ge(s) WD (ge(s))

(Ve (5,8) = (¢* = K)ZD(ge(5))).

By (3.15) the first factor tends to a strictly positive value or infinity which shows that
Vi (s,8) = (8 — K)Z@(g.(s)). This would mean that for all (z,s) € E such that
log(K) < s < € we have

V. (z,8) = (€ — K)ZD (x — 5+ gc(s)). (3.30)

Finally, using the normal reflection condition shows that our candidate function g,

should satisfy the first-order differential equation

e*Z'9(ge(s))
(e — K)qW (D (ge(s))

gi(s) =1— on (log(K),e). (3.31)

3.8 Example

Suppose that X; = (u — %02)25 + oW, t >0, where p € R, > 0 and Wy, t > 0, is a
standard Brownian motion. It is well known that in this case the scale functions are

given by

W@ (z) = %ew sinh(6z) and Z@(z) = €' cosh(dz) — %ew sinh(dz),

on z > 0, where 6(q) = 6 = /(L5 —3)%+ % and v = § — 4. Additionally,
let 79 : =~ —9 and 9 := v+ § = ®(q) both of which are the roots of the quadratic
equation "2—292 + (p— "2—2)9 — q = 0 and satisfy 75 > 0 > ;. Using the specific form of

Z@ and W@ it is straightforward to obtain the following result.

Lemma 3.12. Let € = co and assume that q > (1) or, equivalently, ¢ > . Then the

solution to (3.1) is given by

e’ — K, (x,s) € D*,
V;;(x? S) = % (72e’y1(x—s+goo(s)) - ’71672(x_8+goo(8)))’ (CE, S) € C}k’
e—Vz(log(K)—w)ﬁAoo, (z,s) € CF,

where Ay = lim (K)(es — K)ewgw(s). The corresponding optimal strategy is given

sllog
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by 7% = inf{t > 0: X; — X; > goo(Xy) and Xy > log(K)}, where go is the unique

strictly positive solution to the differential equation

Iools) =1 = ——

es r}/;le’YQQOO(S) — 7;1671900(5)
K( e72950(8) — gV1900(S)

) on (ox().50)

such that limgoo goo(s) = k*, where the constant k* € (0,00) is given by

1 1—~;t
Kt = log< 71_1>.
72— 71 1—72

Lemma 3.12 is nothing else than Theorem 2.5 of [30] or Theorem 1 of [17] which shows

that our results are consistent with the existing literature.

3.9 Proof of main results

Proof of Lemma 3.1. Recall that ¢ > 0. We distinguish three cases:
o ¢> (1) and W@D(04) < ¢ 1;
o W@(0+) > ¢! (and hence g > 9(1), see beginning of Subsection 3.6.1);
° Y(1) > ¢

The case ¢ > (1) and W@ (0+) < ¢ ': The assumptions imply that the func-
tion H — Z9(H) — ¢qW@(H) is strictly decreasing on (0,00) and has a unique root
k* € (0,00); cf. Proposition 2.1 of [29]. In particular, ZW(H) > 1 for H < k*,

@) @) A

Z W (H) * ZW (k) ‘o :
WD (1) ()< 1 for H > k* and WD) = 1. It is also known that the mapping
H % is strictly decreasing on (0,00) (cf. first remark in Section 3 of [34])

Z(q)(H)
qW ) (H)

and that limpy_, o = ®(¢)7!; cf. Lemma 1 of [2]. We will make use of these
properties below.

The ordinary differential equation (3.19) has, at least locally, a unique solution for
every starting point (sg, Hyp) € U by the Picard—Lindel6f theorem (cf. Theorem 1.1
in [18]), on account of local Lipschitz continuity of the field. It is well known that
these unique local solutions can be extended to their maximal interval of existence;
cf. Theorem 3.1 of [18]. Hence, whenever we speak of a solution to (3.19) from now on,
we implicitly mean the unique maximal one. In order to analyse (3.19), we sketch its

direction field based on various qualitative features of the ordinary differential equa-
. . . . . . NP sz(a)
tion. The O-isocline, that is, the points (s, H) in U satisfying 1 — % =0,

is given by the graph of

F(H) = og (K(l - %)5 H & (i, 00). (3.32)
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Using the analytical properties of the map H — Z9(H)/(¢qW 9 (H)) given at the
beginning of the paragraph above, one deduces that f is strictly decreasing on (k*, 00)
and that 1 := limpg4ao f(H) = log(K(1—®(q)~!)™!) and limp .+ f(H) = oo. Moreover,
the inverse of f, which exists due to the strict monotonicity of f, will be denoted by f~!.
Using the 0-isocline and what was said in the paragraph above, we obtain qualitatively
the direction field shown in Figure 3.7.

H NH = f(H)

\
S
\

Fig. 3.7 A qualitative picture of the direction field when q > (1) and W(Q)(OJr) = 0. The case
when W@ (0+) € (0,¢q=1) is similar except that the solutions (finer line) hit zero with finite
slope instead of infinite slope (since W@ (0+) > 0).

We continue by investigating two types of solutions. Let sy > log(K) and let
g(s) be the solution such that g(sg) = k* which is defined on the maximal interval
of existence, say I, of g. From the specific form of the direction field and the fact
that solutions tend to the boundary of U (cf. Theorem 3.1 of [18]), we infer that
Iy = (log(K), 8) for some 5 > sq, limgz g(s) = 0 and lim,je(x) g(s) = co. In other
words, the solutions of (3.19) which intersect the horizontal line H = k* come from
infinity and eventually hit zero [with infinite gradient if W(@(04) = 0 and with finite
gradient if W (9 (04) € (0,¢~1)]. Next, suppose that sq > 7 and let g(s) be the solution
such that g(sg) = f~!(s0). Similarly to above, we conclude that I, = (log(K), 00),
limgpoo g(8) = 00 and limgjo(x) g(s) = co. Put differently, every solution that inter-
sects the 0-isocline comes from infinity and tends to infinity.

Let S~ be the set of solutions of (3.19) whose range contains the value k£* and
ST the set of solutions of (3.19) whose graph s — g(s) intersects the 0O-isocline; see
Figure 3.7. Both these sets are nonempty as explained in the previous paragraph. For
fixed s* > 7 define

H* :=sup{H € (0,00) | there exists g € S~ such that g(s*) = H},
H’ :=inf{H € (0,00) | there exists g € ST such that g(s*) = H}.

It follows that k* < H* < H} < f~1(s*) and we claim that H* = H*. Suppose
this was false and choose Hy, Hs such that H* < Hy < Hy < H}. Denote by g1 the
solution to (3.19) such that g1(s*) = H; and by go the solutions of (3.19) such that

g(s*) = Ha. Both these solutions must lie between the O-isocline and the horizontal
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line H = k*. In particular, it holds that I, = I,, = (log(K), c0) and

lim g;(s) = hﬁm g2(s) = k*. (3.33)

S§—00

Furthermore, set F'(s, H) := 1 — % for (s, H) € U and observe that, from

earlier remarks, for fixed s, it is an increasing function in H. Using this and the fact
that ¢1(s) < ga(s) for all s > log(K) we may write [using the equivalent integral
formulation of (3.19)]

02(5) — 01(5) = Ha — 1+ [ Fu.go(u) = Flu g1 () du > Hy — H > 0

for s > log(K). This contradicts (3.33) and hence H* = H}. Denote by g be the
solution to (3.19) such that g.(s*) = H*. By construction, g, lies above all the
solutions in S~ and below all the solutions in S*. In particular, I, = (log(K), )
and limg_ 00 goo(s) = k™.

So far we have found that there are (at least) three types of solutions of (3.19)
and, in fact, there are no more; that is, any solution to (3.19) either lies in S~ U ST
or coincides with g... To see this, note that the graph of g splits U into two disjoint
sets. If (s, H) € U lies above the graph of g, then the specific form of the field implies
that the solution, g say, through (s, H) must intersect the vertical line s = s* and
g(s*) > H7%; thus g € ST. Similarly, one may deduce that the solution through a point
lying below the graph of g, must intersect the horizontal line H = k* and therefore
lies in ™.

Finally, we claim that given € > log(K), there exists a unique solution g. of (3.19)
such that I, = (log(K),€) and limgpe ge(s) = 0. Indeed, define the sets

st = sup{s € (log(K),00)|Ig € S st. I, C (log(K),e) and g(s) = k*},
s, = inf{s € (log(K),o00)|dg € S s.t. (log(K),e) C I, and g(s) = k*}.

One can then show by a similar argument as above that s = s. The solution through
s% , denoted g, is then the desired one.

This whole discussion is summarised pictorially in Figure 3.2.

The case W(@(04) > ¢~ ': Similarly to the first case, one sees that under the current

assumptions it is still true that f is strictly decreasing on (0, 00) and

ni= lim f(H) = log(K(1-(¢)")™).
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Moreover, recalling that W@ (0+) = d~!, one deduces that limy 10 f(H) = B, where
B :=log(K(1—d/q)™") € (0,00].

Analogously to the first case, one may use this information to qualitatively draw the

direction field which is shown in Figure 3.8.

H VH o r)
AN N ~ \:-It]» ~
A
NN~ —~ }i\ —~
} \
N R
| \
VNN SN
! N
NN NN N
! 1: g(s) ™
0 i s
log(K) n B

Fig. 3.8 A qualitative picture of the direction field when W9 (0+) > g~ L. The constants n
and B are given by n = log(K(1 —1/®(q))~') and B =log(K(1—d/q)~1).

As in the first case, one may show that there are again three types of solutions;
the ones that intersect the 0-isocline [H +— f(H)] and never hit zero, the ones that
hit zero before 8 and the one which lies in between the other two types. One may
also show that for a given e € (log(K'),00) there exists a unique solution g. such that

)
I, = (log(K),eNp) and lims_,crp ge(s) = 0. This is pictorially displayed in Figure 3.3.

The case ¥(1) > ¢: Under this assumption it holds that ®(q) < 1 which together with
equation (8.9) of [21] implies that

ZD(H) — gW D (H) > 29 (H) - %W(Q)(H) >0
for H > 0. This in turn means that Z(9(H)/qW @ (H) > 1 for H > 0. One may
again draw the direction field and argue along the same line as above to deduce that all
solutions of (3.19) are strictly decreasing, escape to infinity and hit zero [with infinite
gradient if W@ (0+) = 0 and with finite gradient if W(@(0+) € (0,¢7")]. Again,
an argument as in the first case shows that for a given e > log(K) there exists a
unique solution g such that I, = (log(K),€) and lims_. ge(s) = 0. This was already
pictorially displayed in Figure 3.4. O

Proof of Theorem 3.2. The proof consists of five steps (i)—(v) which will imply the
result. Before we go through these steps, recall that

lim sup efqt(eytAE - K)=0 P,as. (3.34)

t—o0
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for (z,s) € E and let 7} be given as in (3.21). Moreover, define the function
Vi(z,s) = (e — K)ZD(z — 5+ gc(s))

for (x,s) € By = {(z,s) € E: s >log(K)}. We claim that
(1) Epsle”®Ve( Xy, X)) < Vi(z, s) for (z,8) € Ey;
(ii) Ve(z,s) =Eg 4 [e_qT:(eyT?/\e — K)] for (z,s) € E\.

Verification of (i): We first prove (i) under the assumption that X is of unbounded
variation, that is, W(q)(O—i—) = 0. To this end, let T be the infinitesimal generator of X
defined in (3.28). Although the function Z(9) is only in C*(R) N C?(R \ {0}) and it is
a-priori not clear whether T' applied to Z(@ is well defined, one may, at least formally,
define TZ@ : R\ {0} — R by

2
1Z7@(z) = —'yZ(q)/(ﬂU)—l—%Z(q)"(x)

+[ (29 y) - 20@) - g2 (@)1 ) )
(—O0,0)
For z < 0 the quantity T'Z@ (z) is well defined and T'Z(@(z) = 0. On the other hand,
for z > 0 one needs to check whether the integral part in T Z(9(z) is well defined. This

is done in Lemma A.1 of [29], which shows that this is indeed the case. Moreover, as
shown in Section 3.2 of [34], it holds that

rZ9(z) = qZ9(z), =z e (0,00).

Now fix (z,s) € F; and define the semimartingale Y; := X; — X; + g.(X¢), t > 0.
Applying an appropriate version of the Ito6—-Meyer formula (cf. Theorem 71, Chapter VI
of [36]) to ZW(V}) yields P, s-a.s.

t
ZOW,) = ZW(x— s+ gs)) +m+ / rz9y,) du
0

* /t Z(q)/(YU)(Qé(YU) -1 dyw
0

where

t t
m; = / o Z\ DY, )dB, + / Z@'(y, )dx?
0

4 0+
+ Y AZOY,) - AXZ9 (Y ) Lax,s- 1)
O<u<t

t
[ ] 2O ) - 20 - g2 Y1y T
0 J(—00,0)
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and AX, = X, — Xy, AZO(Y,) = 29D(Y,) — ZD(Y,_). The fact that T2 is
not defined at zero is not a problem as the time Y spends at zero has zero Lebesgue
measure anyway. By the boundedness of Z(9’ on (—oo, gc(s)] the first two stochastic
integrals in the expression for m; are zero-mean martingales and by the compensation
formula (cf. Corollary 4.6 of [21]) the third and fourth term constitute a zero-mean

martingale. Next, use stochastic integration by parts for semimartingales (cf. Corollary
2 of Theorem 22, Chapter II of [36]) to deduce that P, s-a.s.

t _
e V(X Xy) = Vi(w,s)+ M+ / e~ (XN — KT — @) Z9(Y,) du
0
t _
+ / e~ (XN — K ZWD' (V) (g (X)) — 1) dX, (3.35)
0

t ~N [—
+/0 e“]u-}—XuZ(Q)(Yu)l{YuSe} dX,

where M; = fg n e_q“(ey“/\e — K)dm,, is a zero-mean martingale. The first integral is
nonpositive since (I' — ¢)Z(@ (y) < 0 for all y € R\ {0}. The last two integrals vanish
since the process X, only increments when X, = X, and by definition of g.. Thus,
taking expectations on both sides of (3.35) gives (i) if X is of unbounded variation.

If W@ (0+) € (0,7 1) or W@ (0+) > ¢! (X has bounded variation), then the It6-
Meyer formula is nothing more than an appropriate version of the change of variable
formula for Stieltjes integrals and one may obtain (i) in the same way as above. The only
change worth mentioning is that the generator of X takes a different form. Specifically,
for h € Cg°(R) and z € R it is given by

Th(z) = dh/'(2) + /(_ ) (h(z + y) — h(z))I1(dy).

As above, we want to apply I' to Z(@ which is only in C'(R\ {0}). However, at least
formally, we may define I'Z(@ : R\ {0} — R by

rz@(z) =az9 (z) + / (2D (x +y) — 2@ (2))T(dy).
(—O0,0)
This expression is well defined and T'Z(@ satisfies all the properties required in the

proof by Lemma A.1 of [29]. This completes the proof of (i).

Verification of (ii): Recalling that (T' — ¢)Z(9(y) = 0 for y > 0, we sce from (3.35)
that E o [e*q(tAT:)V(XMT: ) Yt/\T:)] = Vi(z, s) and hence (ii) follows by dominated con-

vergence.
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Next, recall that A. := Eiog(k) log(K) [e—a7¢ (eXTe* "¢ _ K)] and note that

Ae: lim Esseiqq—: eX 6*/\6—}'( = lim (- K Z(q) e\S)),
iy ol )= Jim (e = K)Z0((5))

where in the second equality we have used (ii) on page 64. Now extend the definition
of the function V; to

she — K)ZD(x — s+ ge(s)), (v,5) € By,
V(. s) = (e )2V (x — 54 ge(s)), (x,s) € By (3.36)
e (@) (os(K)=2) 4 _ (z,5) € CF;.

We claim that:

(iii) Vi(z,s) > (e5" — K)T for (z,s) € F;

(iv) Egs[e”Ve(Xe, X)) < Ve(z, s) for (z,s) € E;

(v) Ve(z,s) =E; ¢ [e*qT:(eY N — K)] for (z,s) € E.
Condition (iii) is clear from the definition of Z@ and V..

Verification of condition (iv): In view of (i), it is enough to show (iv) for (z, s) € C7;.
In order to prove this, set Y; = e ®V.(X;, X;), t > 0, and observe that

E Yi|= 1 ESS Y; < li ‘/E 39)y
log(K),log(K)[ t] silég(lK) ) [ t] sil;g(lK) (8 S)

where in the inequality we have used (i). Combining this with the strong Markov

property, we obtain on {Tngg(K) < oo} for (z,s) € Cyy,

+
E {Y‘f } = Yl +e Mo E Yi- Liport
T8 |7t TlJc:g(K) t {tSTlJc:g(K)} log(K)’IOg(K)[ K uHu:TIJgg(K) {t>T‘°g(K)}
< Y1 +Y 1
- t {tSTlJc:g(K)} 7—ngg(K) {t>Tlﬁg(K)}
Y, .
t/\Tf;g(K)

Hence, taking expectations on both sides and using (3.34) shows that, for (z,s) € C7J,,

we have E; ;[V;] < E, g [Y

f |. Since Y,, _+ s a P, »-martingale for (z,s) € C};

+
/\Tlog(K) log(K)

[see (3.9)] the inequality in (iv) follows.

Verification of condition (v): By the strong Markov property, Theorem 3.12 of [21]
and the definition of A, and V. we have

E, [e—qTé‘(eX Ne _ K)*] = e~ P@loe(K)=2) 4 — V (2, 5)

for (z,s) € Cf;. This together with (iii) gives assertion (v).
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We are now in a position to prove Theorem 3.2. Inequality (iv) and the Markov
property of (X, X) imply that the process e ®V.(Xy, X;), t > 0, is a P, s-supermar-
tingale for (x,s) € E. Using (3.34), (iii), Fatou’s lemma in the second inequality and
the supermartingale property of e 9V, (X;, X;), t > 0, and Doob’s optional stopping
theorem in the third inequality shows that for 7 € M,

Ex,s [equ(eXT/\e — K)] = ]Em,s [eiqT(BXT/\E — K)l{T<Oo}:|
< Em,s[eiqT‘/e(XTaYT)l{T<oo}]
< liminf B, [e" IV (Xinr, Xenr)]
t—00
< Ve(w,s).
This together with (v) shows that V* = V. and that 7 is optimal. O

Proof of Theorem 3.5. Recall that under the current assumptions Lemma 3.14 in Sec-
tion 3.10 implies that

lim sup efqt(eyt ~-K)" =0 P,sas. (3.37)
t—»00
ELS[ sup e_qt+X‘] < 00 (3.38)
0<t<oo

for (x,s) € E, from which it follows that

sup E, ¢ [e_qT(eX* - K)"] <o

TEM
for (z,s) € E. Also, for € € (log(K),o0), let V*,A., 7 and g. be as in Theorem 3.2
and g0, 75 as stated in Theorem 3.5. An inspection of the proof of Lemma 3.1 and
Theorem 3.2 of [18] show that goo(s) = limeroo ge(s) for s > log(K) which in turn
implies that limepoo 77 = 7% Py s-a.s. for all (z,s) € E. Furthermore, recall that
Ao = Biog(k),10g(K) [e79 (X% — K)] and define

(e — K)Z(q)(m — s+ 9x(s)), (x,s) € En,

Voolz, 5) :=
(@) e—2(q)(log(K)—=z) g

005 (z,s) € CFy.
Now, using (3.37), (3.38) and dominated convergence, we see that

lim Ac = lim Eiog(i0) tog(ic) [e 7 (77 — K)] = A

and

Ao = Jim By lfe (0% - K)]
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= lim lim IE&s[e*qT: (eXTe* - K)]
sllog(K) €00

= lim (e — K)Z9D(goo(s)).
i (e = K)20(go(5)

It follows in particular that Vi (z,s) = limegoe V.*(2, s) for (z,s) € E. Next, we claim
that:

(i) Voo(m,s) > (e — K)T for (z,s) € F;
(ii) Ezsle Voo (Xt, X1)] < Vio(z, 8) for (2, s) € E;
(ili) Voo(w,s) = Ey4[e 9™ (eYTSo - K)| for (z,s) € E.

Condition (i) is clear from the definition of Z(@ and V. To prove (ii), use Fatou’s

lemma and (i) of the proof of Theorem 3.2 to show that

Eusle™ Voo (Xt, Xt)] < liminf E, s[e” "V ( Xy, X¢))]
E—00

IN

liergiorolf Vi(x,s)

Voo (2, 8)

for (x,s) € E. As for (iii), using (3.37), (3.38) and dominated convergence we deduce
that

VOO('%'7S) = Elbrgo V:(.%’,S)
. —qT1* Y * /\E
= EIE&ELS[e a7e (e N —K)]

*

= B (5% - K)]

for (z,s) € E. The proof of the theorem is now completed by using (i)—(iii) in the same
way as in the proof of Theorem 3.2 to show that V3 = V., and that 7% is optimal. [

Remark 3.13. Instead of proving Theorem 3.5 via a limiting procedure, it would
be possible to prove it analogously to Theorem 3.2 by going through the Ito-Meyer
formula. We chose to present the proof above as it emphasises that the capped version
of (3.1) [e € (log(K), 0)], is a building block for the uncapped version of (3.1) (e = c0)

rather than an isolated problem in itself.

Proof of Lemma 3.7. First assume that ¢/(0+) < 0 and fix (x,s) € E such that
log(K) < s < e. Since the supremum process X is increasing and there is no dis-

counting, it follows that

Vii(2,5) = Ea[5F | = K = BpaeX] = K = %Bo,_[e¥ N9 — K.
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The fact that ¢’(0+) < 0 implies that supg<, <o, Xu is exponentially distributed with
parameter ®(0) > 0 under Py; see equation (8.4) in [21]. Thus, if ®(0) # 1, one

calculates
et ®(0)

®(0) -1
Similarly, if ®(0) = 1, we have V*(z,s) = e* — K + e*(e — s).

On the other hand, if (z,s) € E such that s < log(K) then an application of the
strong Markov property at ng( x) and Theorem 3.12 of [21] gives

Vi (z,8) = e + (5(1-20) _ (=20 _ ¢

Vi (2,5) — EMKQYTJ_KH

e~ *Oog(K) -2 X+

(K log(K) [e i ]
The last expression on the right-hand side is known from the computations above and
hence the first part of the proof follows.

As for the second part, it is known that ¢'(0+) > 0 implies that P, s[7." < oo] =1

for (x,s) € E and since there is no discounting the claim follows. O

Proof of Lemma 3.8. The first part follows by taking limits in Lemma 3.7, since by

monotone convergence we have

Vi (2,5) = Ep o [(€¥% — K)T] = lim B, [(e” 4" = K)T] = lim V7 (2, 9).

efoo etoo
As for the second part, note that VI (z,s) > limeo V¥ (2, 5) and hence it is enough
to show that the limit equals infinity. To this end, observe that under the current
assumptions we have limeos ge(s) = oo for s > log(K); see Lemma 3.1(c). This in
conjunction with the fact that lim,_ ., Z(9(2z) = co shows that, for (z,s) € E such

that s > log(K),

lim V*(z,s) = lim (e — K)ZD (2 — s + ge(s)) = oc.

E—00 E—00

On the other hand, if (z,s) € E such that s < log(K), the claim follows provided that
lim, oo Ac = c0. Indeed, using the strong Markov property and Theorem 3.12 of [21]

one may deduce that

—grt *
Ae 2 EIOg(K)vlog(K) [6 e 1{Ts+<7'€*}:| ‘/6 (S? S)'

The second factor on the right-hand side increases to 400 as € 1 oo by the first part of
the proof and thus the proof is complete. O
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3.10 Appendix

3.10.1 An auxiliary result

Lemma 3.14. If ¢ > ¢(1) we have for (z,s) € E that

ELS[ sup equXt] < 00.
0<t<oo

In particular, limsup,_, ., g1+ Xt = Py s-a.s. for (z,s) € E.

Proof of Lemma 3.14. We want to show that

o —

/ Px,s[ sup e X > y] dy < o0. (3.39)
0 0<t<oo

First note that it is enough to consider the above integral over the interval (e, c0),

since for y < e® the probability inside the integral is equal to one. Next, for y > e®

define v = log(y) — > 0 and write

IP’LS[ sup e_qt+yt>y} = IP’[ sup << sup Xu\/(s—x)> —7—qt> >0}

0<t<o0o 0<t<o0 0<u<t
< P[X; — ¢t > ~ for some t].

The term on the right-hand side is the probability that the spectrally negative Lévy
process X; := Xy —qt, t > 0, with Laplace exponent Y (0) =(0) —qb, 6 > 0, reaches
level . Thus,

sz sup efthrYt >y < efq))—((O)'y _ eCDX(O):vyfcbj((O)
" Lo<t<oo

)

where ® ¢ is the right-inverse of 1 ¢. Hence, the integral (3.39) converges provided
® ¢(0) > 1. This is indeed satisfied because 1) is convex and ¥ ¢(1) = (1) —¢ < 0
by assumption.

As for the second assertion, let § > 0 such that ¢ — d > ¢ (1). By the first part we

may now, for (z,s) € E, infer that supg<;. e~ (@0t Xe < o0 P, s-a.s. and hence

lim sup e~ 1+ Xt = Jim sup e e (a=0HXe — g, (3.40)
t—o0 t—o0
This completes the proof. ]

3.10.2 An excursion theoretic calculation

Our aim is to compute the value E, ;[e ™9™ (eX "€ — K)] for s € [log(K),€) with the

help of excursion theory; see Remark 3.3. We shall spend a moment setting up some
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necessary notation. In doing so, we closely follow pages 221-223 in [2] and refer the
reader to Chapters 6 and 7 in [6] for background reading. The process L; := X; serves
as local time at 0 for the Markov process X — X under Py . Write L=! := {L; ' : t > 0}
for the right-continuous inverse of L. The Poisson point process of excursions indexed
by local time shall be denoted by {(¢,e;) : t > 0}, where

= f{eu(s) =X, = X1, 1 0<s < L' = L'}

whenever L, - L;l > 0. Accordingly, we refer to a generic excursion as £(+) (or just €
for short as appropriate) belonging to the space £ of canonical excursions. The intensity
measure of the process {(¢,e;) : ¢t > 0} is given by dt X dn, where n is a measure on the
space of excursions (the excursion measure). A functional of the canonical excursion
that will be of interest is € = sup,_. £(s), where ((¢) = ¢ is the length of an excursion.
A useful formula for this functional that we shall make use of is the following [cf. [21],

equation (8.26)]:
W(x)

nE>z) = W)

(3.41)

provided that x is not a discontinuity point in the derivative of W [which is only a
concern when X is of bounded variation, but we have assumed that in this case II is
atomless and hence W is continuously differentiable on (0,00)]. Another functional
that we will also use is p, := inf{s > 0 : ¢(s) > a}, the first passage time above a of
the canonical excursion e.

We now proceed with the promised calculation involving excursion theory. First,
assume that log(K) < € < oo and = oo. Note that for log(K) < s <,

Eos[e 0 (X2~ K)] = Eou[e ™ (X" — K) 1.4y (3.42)

+Es s [eiqq— (BXT: he— K) 1{7': =Te+}] :

We compute the two terms on the right-hand side separately. An application of the
compensation formula in the second equality and using Fubini’s theorem in the third

equality gives for log(K) < s <'¢,
ES,S [eiqT (eXT*/\e B K) {rr<rd }]

— -1 —
- E[ Z I Canss K)liz,<ge(uts) vu<t} Lz >g.(t+5)} € que(s+t)(€t)]

0<t<e—s

IE:|:/ dte” aki ( o _K)l{guﬁge(qus)Vth}/51{§>ge(t+s)}equE(SH)(E)n(dg)]

/ S+t ) —@(q)t]E [e_th_l—"q)(q)t1{5u§g€(u+s) Vu<t}:| f(ge (t —|— S)) dt,

71



Chapter 3. American Lookback Option

where in the first equality the time index runs over local times and the sum is the usual

shorthand for integration with respect to the Poisson counting measure of excursions,

2 (@ (YW (D (44
and f(u) = 22 W)W (u) IEVEZ)V(U) (u)

Next, note that L, lis a stopping time and hence a change of measure according

— ¢W@(u) is an expression taken from Theorem 1 in [2].

to (3.10) shows that the expectation inside the integral can be written as
p?(@ [Bu < ge(u+ s) for all u < ¢].

Using the properties of the Poisson point process of excursions (indexed by local time)
and with the help of (3.41) and (3.13) we may deduce

t
p?(@ [Eu<ge(u+s) forallu<t] = exp < / 0(q)( > ge(u + 3)) du)

)

where ng4) denotes the excursion measure associated with X under P®@. By a change

of variables we finally get for log(K) < s < ¢,

Es,s [eiqq—: (BYTE* he K) {T*<Te

:/:( K)f(ge( exp< /W e :j du>dt.

As for the second term in (3.42), similarly to the computation of the first term, we
obtain for log(K) < s <,

-1
(6 - K)E [e_qLeis1{€t§g€(t+s)Vt<e—s}]
(ef — K)e~ 2@(e=o)p2(a) Bt < ge(t+s)VE < e—s]

o WO (g, (u))
= ‘K)eXp<‘ . W@ (ge(w) d“)'

Adding the two terms up gives the expression in Remark 3.3.

In the case that ¢ = § = oo the second term on the right-hand side of (3.42) is
not needed. In the case that 8 = log (K(l - d/q)*l) < ¢, the cap € may effectively be
replaced by g in (3.42).
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CHAPTER 4

BOTTLENECK OPTION

In the spirit of [23, 29], we consider an option whose payoff corresponds
to a capped American lookback option with floating-strike and solve the
associated pricing problem (an optimal stopping problem) in a financial
market whose price process is modelled by an exponential spectrally
negative Lévy process. Despite the simple interpretation of the cap
as a moderation of the payoff, it turns out that the optimal strategy
to exercise the option looks very different compared to the situation
without a cap. In fact, we show that the continuation region has a
feature that resembles a bottleneck and hence the name “Bottleneck

option”.
4.1 Introduction

Consider a financial market consisting of a riskless bond and a risky asset whose price
is modelled by a strictly positive stochastic process S = {S; : t > 0}. A “Bottleneck
option” (the name will be justified in due course) gives the holder the right to exercise

at any finite time 7 (a stopping time) yielding payouts

eaT<MO\/ sup Su/\C—KST>+, C > My > Sy, > 0. (4.1)

0<u<r
The constant My can be viewed as representing the “starting” maximum of the stock
price (say, over some previous period (—tp,0]), K > 0 is referred to as strike, « is a
discount factor and C' is the cap. This type of payoff belongs to the class of so-called
perpetual “lookback” options — “lookback” because it involves the term supy<,<, Su
and thus the holder of such an option has to look back in time in order to determine
the payoff at time 7. The simplest example is a Russian option which was introduced

by Shepp and Shiryaev [38, 39] and corresponds to setting K = 0 and C' = oo above.
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Another example would be an American lookback option with fixed strike which is (4.1)
with C' = oo and the term K S, replaced by K; cf. [14, 17, 30].

Assuming that C' = oo and taking into account the particular form of the payoff
in (4.1), one sees that it is positive at time ¢ provided the quantity S; — Sy is sufficiently
large, where S = {S, : u > 0} is given by S, := My V supg<,<y Sv, v > 0. We will
refer to the quantity S; — S; as the depth of the excursion of S away from its running
maximum. In view of the discounting in (4.1), this suggests that it is worth exercising
the option as soon as S undertakes an excursion away from its running maximum that
is deep enough. Thus a payoff of the form (4.1) could be particularly interesting for
an investor interested in exploiting instances when S drops significantly after reaching
new maxima. Payoffs of type (4.1) with C = oo have been known before and are
sometimes called American lookback options with floating-strike, cf. [11, 14]. One
additional feature here is that we allow C' < oo which corresponds to a moderation of
the payoff in the sense that it is bounded from above by C'. We therefore refer to C as
the cap. The case when C = oo simply means no moderation at all. Alternatively, the
cap can be viewed as a means to limit the downside risk for an issuer of a payoff of the
form (4.1).

Apart from the simple economic interpretation of the cap mentioned in the previous
paragraph, we will show that its presence has a surprising effect on the optimal exercise
strategy. Here optimal is understood in the sense that the expected discounted payoff
is maximised. As informally described above, if C' = oo, it is plausible that the optimal
strategy to exercise (4.1) is to wait until S undertakes an excursion away from its
running maximum that is deep enough. In fact, this was proved rigorously for a Black—
Scholes model in [11, 30]. Their result can be visualised by drawing the trace of a
realisation of the process t — (S, S¢) in the positive quadrant; see Figure 4.1. The grey
area corresponds to the continuation region, that is, the region where one continues to
observe the evolution of (S, S) and does not exercise the option. Note that the dynamics
of (S,S) are such that it can only climb upwards along the diagonal. The horizontal
lines in Figure 4.1 are meant to schematically indicate the trace of the excursions of S

away from its running maximum.

St St St

St St St

Fig. 4.1 The expected continuation region (grey) and stopping region for the cases when C' = oo,
C<ooand K>1, and C < oo and K is small enough.
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On the other hand, if C < oo and K > 1, we will show that in a specific model,
which includes the Black-Scholes model, the optimal strategy to exercise (4.1) is of the
following form: As long as the second component of (S, S;) lies below C, one waits
until S undergoes an excursion away from its running maximum of depth at least g(.S;)
for some function g. Once the level C is reached, the strategy consists of stopping as
soon as S; drops below a fixed value. Pictorially displaying this (see Figure 4.1), one
sees that the continuation region shows a feature that resembles a bottleneck and hence
the name “Bottleneck” option. Furthermore, it turns out that as one decreases K, the
bottleneck becomes smaller and smaller and eventually vanishes once K drops below a
critical value. The resulting continuation region then consists of two disjoint regions;
see Figure 4.1.

In order to make things more rigorous, let us specify the underlying model. Suppose
that X = {X; : t > 0} is a spectrally negative Lévy process defined on a filtered
probability space (Q, F,F = {F; : t > 0},P) satisfying the natural conditions; cf. [7],
Section 1.3, page 39. For x € R, denote by P, the probability measure under which X
starts at = and for simplicity write Po = P. The value of the bond B = {B; : t > 0}

evolves deterministically such that
B, = Bpe™, By >0,r>0,t>0, (4.2)

and the price of the risky asset is modeled as the exponential spectrally negative Lévy
process
S; = SpeXt, Sy >0,t>0. (4.3)

In order to guarantee that our model is free of arbitrage we will assume that (1) = r,
where 1 is the Laplace exponent of X. If X; = ut + oWy, where W = {W; : t > 0} is
a standard Brownian motion, we get the standard Black—Scholes model for the price
of the asset. Of course, it is an important question whether this model of a financial
market is appropriate, but we will not discuss this issue here. Nevertheless, it is worth
mentioning that Carr and Wu [8] as well as Madan and Schoutens [25] offered empir-
ical evidence to support this model in which the risky asset is driven by a spectrally
negative Lévy process for appropriate market scenarios.

Finding the optimal time to exercise (4.1) and the corresponding expected pay-
off leads by the standard theory of pricing American-type options [41] to solving the
optimal stopping problem

+
V.(My, Sy, C) := BysupE [B;le_m (Mo V sup S, AC — KST> } , (4.4)

0<u<r

where the supremum is taken over all [0, c0)-valued stopping times. In other words, we

want to find a stopping time which optimises the expected discounted claim. It will be
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convenient to rewrite (4.4) in a slightly different way. Specifically, we associate with X
the maximum process X = {X; : t > 0}, where X; := sV SUPg<y<t Xu for t > 0,5 > .
The law under which (X, X) starts at (z,s) is denoted by P; . Thus, summing up,

the aim of this article is to solve the optimal stopping problem

Vi (z,s) = sup By s[e™ 9" (eXTAE - KeXT)+], (4.5)
TEM

where ¢ > 0, K > 0, ¢ € RU {0}, (z,5) € E := {(v1,51) € R*|z; < s1}
and M is the set of all [0,00)-valued F-stopping times. In particular, note that
Vi (Mo, So,C) = VF(x,s) with x = log(Sp), s = log(Mp), ¢ = log(C), ¢ = a+r
and 1(1) = r. When € = oo this problem was solved in [11, 30] for the case when X is
a linear Brownian motion and in [14] for the case when X is a jump-diffusion. In the
case when ¢ = oo and K = 0 this problem is known as the Russian optimal stopping
problem [2, 14, 38, 39].

Our method for solving (4.5) consists of a verification technique, that is, we heuristi-
cally derive a candidate solution and then verify that it is indeed a solution. In particu-
lar, we will establish a link to the so-called McKean optimal stopping problem [1, 26] as
well as make use of the principle of smooth or continuous fit [28, 32, 33] in a similar way
to [23, 29]. As one would expect from the general theory of optimal stopping [33, 42],
the optimal stopping time is the first entry time of the two-dimensional Markov process
(X, X) into a certain subset (the stopping region) of E. Interestingly, and as already
alluded to above, it turns out that depending on the different parameters, the contin-
uation region (the complement of the stopping region) is a connected set or consists
of two disjoint components. In fact, in the former case it has a feature that resembles
a bottleneck; see Theorem 4.5 and Figure 4.4. Furthermore, it will also be interesting
from a technical point of view to see how the fact that the payoff depends not only on
X but also on X (compare with [23, 29] where the payoff only depends on X) enters
the solution of the optimal stopping problem.

One of the assumptions above is that the underlying Lévy process is spectrally
negative, that is, a Lévy process whose trajectories have only negative discontinuities.
This restriction, which can be justified from a modelling point of view [8, 25|, opens
the door to the theory of scale functions for spectrally negative Lévy processes [20, 21]
and essentially allows us to obtain the results in the form in which we are going to
present them below. However, we believe that from a qualitative point of view the
results should still hold even if one allowed X to be a general Lévy process. This would
lead to an interesting phenomena where the process (S, .S) jumps from one component
of the continuation region to the other one in the case when the continuation region
consists of two parts.

We conclude this section with a brief overview of this article. In Section 4.2 we
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introduce some more notation and provide some necessary background. In Sections 4.3
and 4.6 we explain how to heuristically derive a candidate solution for (4.5). Our main
results are presented in Section 4.4 and their proofs are given in Section 4.7. Finally,

some examples are considered in Section 4.5.

4.2 Preliminaries

4.2.1 Spectrally negative Lévy processes

It is well known that a spectrally negative Lévy process X is characterised by its Lévy
triplet (v, o,II), where o > 0,7 € R and II is a measure on (—o00,0) satisfying the

condition [ (- (1 A2?)(dz) < co. By the Lévy-Ité decomposition, the latter may

00,0)
be represented in the form

Xi=0B —yt+ XV + x®, (4.6)

where {B; : t > 0} is a standard Brownian motion, {Xt(l) :t > 0} is a compound Poisson
process with discontinuities of magnitude bigger than or equal to one and {Xt(Q) :t >0}
is a square integrable martingale with discontinuities of magnitude strictly smaller than
one and the three processes are mutually independent. In particular, if X is of bounded

variation, the decomposition reduces to

where d := —fy—f(_l 0) xI(dx) > 0 and {x; : t > 0} is a driftless subordinator. Further
let

P(0) = E[e"*1]

be the Laplace exponent of X for all 8 € R such that the expectation exists. Since X
is spectrally negative this is at least the case for § > 0. It is known that ¢ takes the

form

1
Y(0) = —0 + 50292 +/( ) (" —1 =021, yy) O(dz), 6>0.

When X has bounded variation, that is, o = 0 and f(—l 0) |z| II(dz) < oo, we may

always write

W(0) = df — /(_ 0=, 020 (4.8)

The right-inverse of ¢ is defined by

®(q) :=sup{A > 0:9(A) = ¢}
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for ¢ > 0.
For any spectrally negative Lévy process having Xg = 0 we introduce the family of

martingales
exp(vXy — Y(v)t),

defined for any v € R for which ¢(v) < oo, and further the corresponding family of

measures {P"} with Radon-Nikodym derivatives

dP"
dP | -,

= exp(vXy — Y (v)t). (4.9)

For all such v the measure P? will denote the translation of PV under which Xy = z.
In particular, under PY the process X is still a spectrally negative Lévy process; cf.
Theorem 3.9 in [21].

Finally, introduce the first passage times of X below and above k € R,

o =inf{t >0: X, <k} and 7 :=inf{t >0:X; >k}

4.2.2 Scale functions

A special family of functions associated with spectrally negative Lévy processes is that
of scale functions (cf. [20, 21]) which are defined as follows. For ¢ > 0, the g-scale
function W@ : R — [0,00) is the unique function whose restriction to (0,00) is

continuous and has Laplace transform

o0y @) () oy —
[ ewoR = g

and is defined to be identically zero for x < 0. Further, we shall use the notation

0 > @(q),

Wéq) () to mean the g-scale function associated to X under PV. It is possible for fixed

x > 0 to extend the mapping ¢ — Wi (x) to the complex plane (cf. Lemma 3.6 in [20])

and we have the following relationship
WD (z) = e W) (g) (4.10)

for v € R such that ¢(v) < oo and ¢ € C; cf. Lemma 3.7 in [20]. Moreover, the fol-

lowing regularity properties of scale functions are known; cf. Sections 2.3 and 3.1 of [20].

Smoothness: For all ¢ > 0,

C1(0,00), if X is of bounded variation and IT has no atoms,
W(q)!(opo) € 4 C1(0,00), if X is of unbounded variation and o = 0,
C%(0,00), o >0.

78



Chapter 4. Bottleneck Option

Continuity at the origin: For all ¢ > 0,

d~!, if X is of bounded variation,

W@ (0+) = (4.11)
0, if X is of unbounded variation.
Right-derivative at the origin: For all ¢ > 0,
@#(-00)  if 5 = 0 and II(—00,0) < 00
WD (0+4) = @ (700, 0) <o, (4.12)
%, if 0 > 0 or II(—00,0) = oo,

where we understand the second case to be +oco when o = 0.
The second scale function is Zq(ﬂ) which is defined as follows. For v € R such that
¥(v) < oo and g > 0 we define Z{0 R — [1,00) by

Zéq) (x) =1+ q/ ngq)(z) dz. (4.13)
0

This function can also be extended to g € C for fixed > 0.
For technical reasons, we require for the rest of the paper that W@ is in C1(0,0)
[and hence Z(9) € C?(0,00)]. This is ensured by henceforth assuming that IT is atomless

whenever X is of bounded variation.

4.3 First observations and candidate solution

The overall strategy to solve (4.5) is “guess and verify”, that is, we try to “guess” the
solution of (4.5) and once we have a candidate solution we verify that it is indeed a
solution. This section is concerned with the guessing part of our approach. We will
link (4.5) to the McKean optimal stopping problem (cf. [1, 26] and Section 11.2 of [21])
as well as to the general theory of optimally stopping a maximum process [31, 33|
which will provide us with a candidate solution for (4.5). Assume throughout this
section that € € R.

First of all, observe that if s > ¢, then then the process X; A € equals € for all ¢ > 0
and (4.5) becomes

VZ(z,s) = sup Eg s[e” 9" (e — KeX")*] = K sup IEJC’S[e*qT(K*Ie6 — X))t
TEM TEM
Up to the factor K in front of the supremum, this is nothing else than the McKean

optimal stopping problem with strike K ~'e€. The following result then follows directly
from Corollary 11.3 in [21].
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Proposition 4.1. Fiz € € R and assume that s > €. The solution of (4.5) is given by

Vi (x,s) = e ZD(x —a¥) — KemZY’_w(l))(m —xr),

where
-1_q (@1
¥ =+ log (K @(q) q—w(l))’ q # ¥(1),
log (K_lw/%u)’ q= (1),

and corresponding optimal stopping time T := inf{t > 0: X; < x}}.

Next, define the quantity

®(q) g—(1
log (K248, g £ p(1),

0= / (4.14)
log (KX2), a=w(),
and note that e — x* = 7. Moreover, equation (8.4) in [21] states that
_q 21
EleXe) = | T a-omy 17 V), (4.15)
¢/(%1)7 q= ¢(1)7

where e, is an exponential random variable with parameter ¢ > 0 independent of X.
In particular, the terms on the right-hand side of (4.15) are smaller or equal than one.
Now we want to investigate the solution of (4.5) for s < e. To this end, assume
temporarily that e < z7 or, equivalently, n < 0, and hence K < 1 which implies that
et (XN — KeXt)t = ¢ (¢Xthe — KeXt) as long as X; < e. We are now going to
argue in the same way as described in [31], Section 3, page 6: The dynamics of (X, X)
are such that X remains constant at times when X is undertaking an excursion away
from X. Although eXthe _ KeXt increases with the depth of the excursion, the payoff
during an excursion is bounded above by e®, where s is the current value of X during
the excursion. Due to the exponential discounting one should therefore not allow X to
drop too far below X as otherwise the time it will take X to recover and reach value s
will prove costly in terms of gain. Hence, given that X is at level s, there should be a
point g.(s) > 0 such that if the process X reaches or jumps below the value s — g(s)
we should stop. In more mathematical terms, we expect, as long as X < ¢, an optimal

strategy of the form
inf{t >0: X, — Xy > g.(Xy)} (4.16)

for some decreasing function g, : (—00,¢€) — [0,00). Once X reaches level ¢, Proposi-
tion 4.1 says that one should stop immediately as ¢ < z}. This means that g. has to

satisfy the additional requirement limg, g¢(s) = 0. Summing up, we expect an optimal
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Fig. 4.2 Left: expected continuation and stopping region when € < x%. Middle: the set Cy
which is necessarily contained in the continuation region when € > 7 and K > 1. Right: The
expected continuation and stopping region when € > % and K > 1.

stopping time of the form
pe = inf{t >0: (Xy, X¢) ¢ C1 UCs}, (4.17)

where C := {(z,s) € E : x > zf} and Cy := {(x,s) € E: s —x > g(s)}. The set
C1 U (s is usually called continuation region and it is shown in the drawing on the
left-hand side in Figure 4.2.

Now assume that ¢ > xf or, equivalently, n > 0, and that K > 1. Under
these assumptions the situation looks quite different. Because K > 1 we see that
e_qt(eyf — KeXt)T = 0 whenever (X, X) lies in in the strip

Cs:={(z,s) € E:s—log(K) < x}

and therefore it is never optimal to stop as long as the process (X, X) lies in C3.
Combining this with Proposition 4.1, we see that the continuation region must at least
contain the set Cy := C5U{(x,s) € E: x > x}}; see middle drawing in Figure 4.2. The
whole discussion in the previous paragraph applies here as well, except that one has to
take into account the strip C'5. In other words, we look again for stopping strategies of
the form (4.16) as long as X < ¢, but the boundary condition limgs ge(s) = 0 should

be replaced by limgte ge(s) = n =€ — ¥ > 0. The expected continuation region
Cs:={(z,s) e E|s<eand s —g(s) <zxoraz>uz}

is pictorially displayed on the right-hand side in Figure 4.2. Finally, if ¢ > 2} and
K <1 a similar reasoning applies except that there will be no strip Cs.

The discussion so far leaves us with two questions:
e How to choose g.?

e Given g, what is E, g [e_qpe (eyﬂe/\e — K6X06)+], where p, is either as in (4.17)
or pe =inf{t > 0: (Xy, X;) & C5}?
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These questions can be answered with the help of the so-called principle of smooth or
continuous fit [28, 32, 33] which will provide an ordinary differential equation charac-

terising g. and a candidate value function. The details are given in Section 4.6.

4.4 Main results

This section is the verification part of our “guess and verify” approach. Given the
candidate solution derived in Sections 4.3 and 4.6, we now verify that it is indeed a so-
lution. The proofs of all the results presented in this section are deferred to Section 4.7.

We begin by introducing an auxiliary function f : (0,00) — R which is defined by

f(2) = Z29D(2) — (¢ — K(q— (1) *)WD(2).

This function will play an important role throughout the remainder of this article and

hence we spend some time investigating some of its properties.
Lemma 4.2. Suppose that q¢ > ¥(1).
(a) If 0 < K < q/(q — (1)), then f is strictly decreasing on (0,00).

(b) If K > q/(q—1(1)), then f is strictly increasing on (0, Bo] and strictly decreasing
on (/80’ OO)} where 50 = log(K(q - 7/)(1))/(]) > 0.

In both cases f tends to —oo as z — oo.

Next, denote by G be the general class of spectrally negative Lévy processes and define

the subclass

Hex = {X €G: X is of unbounded variation or X is
of bounded variation with d > ¢ — K (¢ —¢(1))}.

Furthermore, define the quantity
E* :=inf{z>nVO0: f(z) <0} €[0,00], (4.18)

where 7 was defined in (4.14) and we understand inf @ = oo.
Lemma 4.3.

(a) If ¢ > (1) and X € Hy K, then k* € (nV 0,00).

(b) If ¢ > (1) and X € G\ Hy K, then k* = 0.

(c) If ¢ < (1), then k* = co.
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We are now in a position to define the function g. which will, as we will see in due

course, describe the optimal boundary of (4.5).

Lemma 4.4. Fiz e € R. Moreover, suppose that ¢ > (1) and X € Hq g or g < ¢(1).
Then there exists a unique solution g. : (—oo,€) — (nV0,k*) of the differential equation

7D (g.(s))
W@ (ge(s))(q — K(q —1(1))e9<(5))

gi(s)=1- on (—0o0,€) (4.19)
satisfying limgye ge(s) =0V 0. In particular, limg|_o ge(s) = k*.

On the other hand, when q¢ > (1) and X € G\ Hq k., we will adopt the convention
that ge(s) = k* =0 for s € (—o0,€).

It is possible to say a bit more about the function g. in the case when ¢ > (1) and
X € Hy i or g <(1). Specifically, with the help of (4.11) and Lemma 3.3 in [20] one

obtains

ZD(nv0)
limgl(s) =1—
) = 0 — K(q - w(0)e o)
and
) , 0, if ¢ > (1) and X € H, i,

lim g.(s) = ’

e 1—®(q)7, if g < 9(1).
Note in particular that limgye g.(s) = —oo whenever n < 0 and X is of unbounded

variation and that this cannot happen when X is of bounded variation as W (@ (0) > 0.
Put differently, the shape of g. at ¢ may change according to the path variation of X.
A similar observation has already been made in [29] which treats (4.5) for K = 0. The

differences in the behaviour of g. are illustrated in Figure 4.3.

gc(s)} gc(s)}

k¥ B

(0,0) € s (0,7m) € s

Fig. 4.3 In both pictures it is supposed that X is of unbounded variation. However, on the
left-hand side we additionally assume that ¢ > (1) [and hence k* € (nV 0,00)] and n < 0,
whereas on the right-hand side it is assumed that ¢ < (1) (and hence k* = o0) and n > 0.

In order to state the main result, we need some more notation. Define the continu-

ation regions

Ci=Cjy =1{(x,8) € E|s < eand s —gc(s) <z < s},
Cr1=Crpe i =A{(z,8) € Bz > a5}
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and the stopping region D* = Dy = E\ (C7 UC};). Note that if ¢ > ¢(1) and
X € G\ Hq i, then Cf = @.

Theorem 4.5. Fiz e € R. The solution of (4.5) is given by

eEZ(q)(Z’ . .%';k) - Kexzfq—lﬂ(l))(x _ 1'*), s> €,

V¥(x,s) = ‘

eSZ(q)(x — 5+ gc(s)) — KegCqu*w(l))(x —549(5), s<e

with corresponding optimal strategy p = inf{t > 0 : (X3, X;) € Dy } and ge as in
Lemma 4.4.

Remark 4.6. Let ¢ € R and suppose that ¢ > (1) and X € Hyr or ¢ < ¢(1).
Similarly to Remark 3.4 one can show that whenever n < 0 we have Py s[78 = 75] >0
for (z,s) € E such that s < e. We omit the details.

Some examples for the stopping and continuation region are pictorially displayed
in Figure 4.4. In particular, let us emphasise that the continuation region is connected
if and only if € > 2} or, equivalently, n > 0; otherwise it consists of two disjoint
components. Moreover, in the case when € > ¥, one sees that the process (X, X) has
to squeeze through a “bottleneck” to get into the region where the second component
of (X, X) is larger or equal to e. It is this “special” feature of the continuation region
that has motivated the name “Bottleneck option” for payoffs of type (4.1). Also note
that provided X € H, i it follows from the definition of 1 in (4.14) that the critical
value in order to see a bottleneck or not is given by K = % if ¢ # (1) and
K:w,i(l) if ¢ =(1).

Fig. 4.4 In both pictures it is supposed that X is of unbounded variation and q > (1). The
difference is that on the left-hand side we have € < x} which leads to a continuation region
consisting of two components, whereas on the right-hand side we have € > x} resulting in a
connected continuation region.

It is also interesting to investigate what happens if no cap is present; that is, € = oo.

In this case, problem (4.5) reads

Vi (2,5) = sup By e 7 (X — KeXm)t]. (4.20)
TEM
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By a change of measure according to (4.9) one could now reduce this problem to a one-
dimensional optimal stopping problem for the reflected process Y = {Y; : t > 0}, where
Y; = Xt — Xy; see [2] for a very similar argument in the case when K = 0 in (4.20). In
this case the general theory of optimal stopping [33] suggests that the optimal stopping
time is an upcrossing time of the process Y at a certain constant level. This is indeed
the case and one could in principle prove this by actually solving the resulting one-
dimensional optimal stopping problem for Y. Here, however, we will solve (4.20) with

the help of the work already done in Theorem 4.5 and a simple limiting procedure.
Corollary 4.7. Assume that € = co.

i) Suppose that q¢ > 1 (1). The solution of (4.5) is given by
VE(x,8) = e ZD(x — s+ k*) — KemZY’_w(l))(m — s+ k")

with corresponding optimal strategy pt., := inf{t > 0 : X; — X; > k*}, where
k* € [0,00) is defined in (4.18).

it) If ¢ < (1), then there is no solution to (4.5) and Vi (x,s) = co.

Observe that if ¢ < (1) then the value function is equal to infinity. Of course, this

is not possible in the presence of a cap € € R.

4.5 Example

The solution of (4.5) in Theorems 4.5 and 4.7 is given semi-explicitly in terms of
scale functions and a specific solution g. of the ordinary differential equation (4.19).
A first step towards more explicit solutions of (4.5) is looking at processes X where
explicit expressions for W@ and Z@ are available. In recent years various authors
have found several processes whose scale functions are explicitly known; for instance,
see Example 1.3 as well as Chapters 4 and 5 in [20]. Here we will consider one example
where X has jumps. Specifically, suppose that X is an a-stable process, where a € (1, 2]
with Laplace exponent ¢(0) = 0%,6 > 0. Moreover, suppose that ¢ > (1) which in
this case means that ¢ > 1. It is known from Example 4.17 of [20] and Subsection 8.3
of [2] that, for z > 0,

W@ (x) = xaflEa,a(qxa) and 2@ (x) = Eqn(gx®),

where E, g is the two-parameter Mittag-Leffler function which is defined for «;, 8 > 0

as

o0 xn
Fuol®) = 2 Fan v By
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By definition of qu) [see (4.13)] and (4.10) we obtain

200 (1) Z 1 4 (g — w(1)) /Ox WD (y)dy, x>0

In order to compute the boundary one might try to solve (4.19) numerically, but this
is not straightforward as there might be no initial point to start a numerical scheme
from and, moreover, the possibility of g. having infinite gradient at ¢ might lead to
inaccuracies in the numerical scheme. Therefore, we follow a different route which

avoids these difficulties. Instead of looking at g., we rather focus on its inverse

[ (¢ — K(q—¢(1)e )W D (u) W \
M0 = | T R s * Y0, 1)

where £* € (0, 00) is the unique root of
29 (2) = (q = K(q = $p(1)e )W D (z) = 0.

In fact, passing to the inverse is a standard trick in this setting and, for instance,
used in [33]. As H is the inverse of g, plotting (H(y),y) for y € (n Vv 0,k*) gives
graphical representations of s — g.(s), s € (—00, €); see Figure 4.5. Similarly, plotting
(H(y) —y,H(y)) for y € (nV 0,k*) produces visualisations of the optimal stopping
boundary in the (x, s)-plane; see Figure 4.5. Further, in order to obtain the continuation
and stopping region for the original problem involving the processes S and S, one only
needs to plot (exp(H(y) — y),exp(H(y))) for y € (nV 0,k*); see Figure 4.5. Because
we are unable to compute the integral in (4.21) explicitly, we use numerical integration
in Matlab to obtain an approximation of the integral. We also use Matlab to compute
the Mittag—Leffler function (cf. [35]) and to solve the equation for k*.

Of course, once one starts to compute things numerically there are many more
examples that could be looked at. For instance, the case Black—Scholes case when X
corresponds to a linear Brownian motion or when X is jump-diffusion. Similar results
in this direction for a slightly different problem have been considered in [29] and could

be carried over to the setting here in a straightforward way.

4.6 Guess via principle of smooth or continuous fit

The goal of this section is to answer the two questions raised at the end of Section 4.3.
The argument presented here is an adaptation of [31] to our setting. It has already been
successfully applied in [23, 29] in similar/related situations. The difference to [23, 29],
however, is that here the payoff also depends on X and not only X. As we will see
in due course, this can be dealt with by a change of measure which essentially puts

oneself back into the situation where the payoff only depends on X. Throughout this
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Fig. 4.5 Top two pictures: A wvisualisation of s — g.(s) and the resulting optimal boundary
when ¢ =3, e=1, K =0.7 and o = 1.5. It follows that z} ~ 1.11, n = —0.11 and k* =~ 0.26.
Middle two pictures: A wvisualisation of s — ge(s) and the resulting optimal boundary when
q=3,e=1, K=09 and a = 1.5. It follows that x} ~ 0.86, n =~ 0.14 and k* ~ 0.36. Bottom
two pictures: The corresponding continuation and stopping regions for the original problem for
(S, S) with C = e.
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section we will assume that s < e. Moreover, for simplicity, suppose that ¢ > (1).
To begin with assume that X is of unbounded variation. We will deal with the
bounded variation case later; see page 89. From the general theory of optimal stopping

(cf. Section 13 of [33]) we informally expect the value function
Ue(fE, S) = Ex,s [efqu (eype/\e — KGXP6)+] s

where p. was defined in Section 4.3, to satisfy the system

TU(z,s) = qU(z, s) for s — ge(s) <z < s with s fixed,
Bg; (x, s)!xzs_ =0 (normal reflection), (4.22)
Ue(2,8)lg=(s—ge(s))+ = €° — Ke*~9<()  (instantaneous stopping),

where I is the infinitesimal generator of the process X under Py. Moreover, the principle

of smooth fit [28, 33| suggests that this system should be complemented by

U,
lim —(z,s) = —Ke* %) (smooth fit). 4.23
pm 5 \L05) ( ) (4.23)

Note that, although the smooth fit condition is not necessarily part of the general
theory, it is imposed since by the “rule of thumb” outlined in Section 7 in [1] it should
hold in this setting because of path regularity. This belief will be vindicated when we
show that system (4.22) together with (4.23) leads to the solution of (4.5).

Next, splitting over the events {p. < 7,7} and {p. > 7} in the first equality and
applying the strong Markov property at 7, and a change of measure according to (4.9)

in the second equality gives

_qTSifge(S)—i_X

— 7(17—577 e(s _ 7;7 s
Udz,s) = eEyyle oo )1{T§_g€(s)<fs+}] KE, e o )1{73__96(3)@?}]

VB ot (N K T )
s—g(s

= esEx,S [e_qu—ge(s)l{T, (s)<T§L}] - KGIE;,S [e_(q_w(l))Ts_—ge(s)l

S—9Je

{r (S)<TS+}]

S—9Je

+Ex75 [e_qTS 1{7_7 >7_S+}] UE(S,S).

s—ge(s)

Furthermore, using Proposition 1 of [2] and rearranging terms in the first equality and

applying (4.10) in the second equality shows that

Ue(z,s) = e 7(9) (x — s+ ge(s)) — Kefoqfw(l))(x — 5+ gc(s))
Z9(ge(s)) | WD (z — s+ ge(s))

_esW(q) (x — S5+ 96(5)) w (@ (ge(s)) W(a) (96(8))

Uc(s,s)
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) 2= (4 (s
KW (5 s 1 g (s) Wlf q—wu))((‘(; E((s))))
_ esz(Q) (CE — s+ ge(s)) — Kefoqfw(l))(x -5+ ge(s))
ZD(ge(s) WD (w = 5+ ge(s)
W@ (g (s)) W@ (ge(s))
Zfﬁw(l))(ge(s))

W (9e(s)) .

—eS WD (2 — 54 g(s))

Uc(s,s)

+EKesW D (2 — 5 4 ge(s))

The smooth fit condition in (4.23) now implies that

W@ (z — s + g(s))
W@ (ge(s))

(€0 20(4.(5)) ~ (s, 5) - K Z0 g, (5))] =0

as x | s — ge(s). However, by (4.12) the first factor tends to a strictly positive value or
infinity which shows that

Uds,s) = e Z@(ge(s)) — Ke* 2\ "M (g.(s)).
This would mean that for (z,s) € E such that s — g.(s) < z < s we have
Uz, s) = e ZD(z — s + ge(s)) — Kefoqfw(l))(x — 5+ ge(s)). (4.24)

Having derived the form of a candidate optimal value function U, we still need to do
the same for g.. Using the normal reflection condition (4.22) shows that our candidate

function g. should satisfy the differential equation

Z9(g(s))
W@ (ge(s))(q — K (g — ¥(1))e9())

gi(s)=1- on (—oo,¢€) (4.25)

If X is of bounded variation, we informally expect from the general theory that
U, satisfies the first two equations of (4.22). Additionally, the principle of continuous
fit [1, 32] suggests that the system should be complemented by

lim Ud(z,s) = e — Ke* %) (continuous fit).
zl5—ge(s)
A very similar argument as above produces the same candidate value function and the
same ordinary differential equation for ge.
It remains to check that the heuristic argument presented above leads to the solution

of (4.5) — this is essentially the content of Theorem 4.5.
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4.7 Proofs

Proof of Lemma 4.2. Using the assumed regularity of W (% and relation (4.10) in the

second equality one sees that

P(1))e*) (W (2) = W' (2))
P(1))e?) e (Wo(g) (2) (1 — (q)) — Wi, (2))-

f'z) = (
-

Since ®(g) > 1, it holds that W) (2)(1 — ®(q)) — W&)(q)(z) < 0 for z > 0 and hence

the stated monotonicity properties of f follow from the monotonicity properties of the

K(

q—K(g—
q—K(q—

map z — ¢ — K(q —¢(1))e™?. As for the behaviour of f(z) for large z, we infer from
Lemma 3.3 in [20] that

lim f(2)/ (@ (2)) = B(g) " — 1. (4.26)
Again using (4.10), we have W@ (z) = ecp(q)zW¢(q)(z) which tends to infinity as z — oo.
As ®(q) > 1, we conclude that lim,_, f(z) = —oc. O

Proof of Lemma 4.3.

(a) First suppose that X has paths of unbounded variation. By (4.11) this neces-
sarily means that W(@(04) = 0. Thus we see that f(0+) = 1 and the existence of a
unique root £* > 0 of f(z) = 0 is guaranteed by Lemma 4.2 and the intermediate value
theorem. Moreover, one needs to check whether £* > n whenever n > 0. Since k* is a
root of f(z) = 0, we have

Z\D (k*) e
W =q—K(g—¢(1)e " . (4.27)
Since the map z — Z@(2)/W@(z),z > 0, is decreasing (cf. equation (45) of [20]) and
because of Lemma 3.3 in [20], the left-hand side of (4.27) is (strictly) bounded below
by q/®(q). Hence, after some algebra, one sees that
N ®(q) ¢ —v(1)
(v

Now suppose that X has paths of finite variation and d > ¢ — K(q — ¢(1)). In this
case we see that f(0+) > 0. Using Lemma 4.2 in conjunction with the intermediate
value theorem shows again that there exists a unique root k* > 0 of f(z) = 0. The fact
that k* > n whenever n > 0 follows as above.

(b) The fact that 0 < d < ¢ — K (g — (1)) implies on the one hand that f(0+) <0
and on the other hand that K < ¢/(¢ — ¢(1)). By Lemma 4.2 we therefore have
f(z) <0 for z > 0. To conclude that &* = 0 it remains to check that n < 0. Since

90



Chapter 4. Bottleneck Option

d<q—K(q—1(1)) we have K < (¢ —d)/(¢ —¥(1)). Combining this with (1) < d
[see (4.8)] we get

®(q) ¢ —¥(1) ®(¢g) q—4d @(q)
=log( K—*——2) <log | —>————) <log |—=
n=1og ( g @(q)—1) <o g <1>(q)—1) < los q
It now follows by (4.15) that n < 0.
(c) First assume that ¢ < (1) and assume for a contradiction that there exists a
29 > 1V 0 such that f(z) < 0. Since Z@(z)/W(@(z) is bounded below by ¢/®(q)

[as explained in (a)], it follows that

q—1 1))
®(q) -1/

q —20
w <q—K(g—v(1))e

or, after some straightforward algebra and using that ¢ < ¥(1),

D(q) g —v(1)\
o <log (KL ) =

This is a contraction to zp > 1V 0 and hence f(z) > 0 for z > 7V 0. In other words,
k* = co. Finally, if ¢ = ¥(1), we have f(z) = Z@W(z) — ¢qW@(2) > 0 for z > 0 by
equation (42) of [20] and hence again k* = co. O

Proof of Lemma 4.4. The proof is very similar to the proof of Lemma 4.1 in [29]. The
idea is to construct the solution g, by defining a suitable bijection from (n V 0,k*) to
(—00, €) whose inverse satisfies the differential equation and the boundary conditions.
We will present the case when ¢ > (1) and X € H, k. The case when ¢ < (1) follows
analogously to the proof of Lemma 4.1 in [29].

Assume that ¢ > (1) and X € H, . It follows from Lemma 4.2 and 4.3 that
k* € (nV 0,00) and that the function

Z(Q)(S)
W@ (s)(q — K(g — (1))

s+ h(s):=1-—

is strictly negative on (nVv0, k*). Moreover, limg v h(s) € [—00,0) and limg+ h(s) = 0.
These properties imply that the function H : (n VvV 0,k*) — (—o0, €) defined by

e [ g [f WO = E(g = g()e™)
Hs) "”/M ) ™€ /,Wo 7 !

is strictly decreasing. If we can show that the integral tends to oo as s approaches k*,
we could deduce that H is a bijection from (nV0, k*) to (—oo, €). Indeed, by 'Hospital’s
rule and due to the fact that f'(k*) < 0 we have

. 1
lim = =:¢c> 0.

stk f(s)  f'(k*)
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Hence there exists a § > 0 and sg > 7 V 0 such that ¢ — § > 0 and

1 c—5

[OMGET

for sp < s < k*.

Thus it follows that

(@) (u)(q — — —u
lim H(s) <e—(c— hm/ W )4 ( ¥(1))e™) du = —o0.
sTk* sTk* — U

The discussion above permits us to define g. := H~' € C'((—o0,¢€); (n Vv 0,k*)). In
particular, differentiating g. gives
1 Z (ge(s))

)= Flads) ~ T PO = Kla— (1))

for s € (—o0,€), and g. satisfies limss_oo ge(s) = k* and limgpe ge(s) = nV 0 by
construction. Finally, uniqueness follows as in the last part of the proof of Lemma 4.1
in [29]. O

Proof of Theorem 4.5. Define for (z,s) € E the function

e 2@ (z — a¥) — Ker 20V (g — o), s>

€

Ve(w,s) =
e Z9D(z — s+ ge(s)) — Keng_w(l))(x —5+9:(s)), s<e

Because of the infinite horizon and Markovian claim structure of (4.5) it is enough to

establish the following three results whose proofs are given below:
Lemma 4.8. We have V.(z,s) > (e3¢ — Ke*)" for all (x,s) € E.

Lemma 4.9. The process e~ 1V, (X;, X;), t > 0, is a right-continuous P, s-supermar-

tingale for (x,s) € E.

Lemma 4.10. We have Vi(z,s) = E, ;[e"9* (eyﬁé‘/\E - KeXP§)+] for all (x,s) € E.
To see why these three results suffice, note that Lemmas 4.8 and 4.9 together with

Fatou’s lemma in the second inequality and Doob’s stopping theorem in the third

inequality show that for 7 € M and (x,s) € E,

Ex,s [e—q’r( — Ke* )+] < Ex,s [e_qT‘/;(XTa YT)]
< liminfE, 4 [e_q(t/\T)Ve(Xmm Yzt/\r)]
t—o0
< Velw,s).
In view of Lemma 4.10 this implies V* = V, and that p} is optimal. O
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Proof of Lemma 4.8. Choosing 7 = 0 in Proposition 4.1 shows that
‘/E(x7 S) > (ee - }—(ex)Jr

for (z,s) € E such that s > e. Hence, we can restrict ourselves to proving the assertion
for x < s <e.

As for a first step, we claim that
ge(s) > nVv 0 >log(K) VO, s € (—o0,€). (4.28)

If ¢ > ¢(1) and X € Hyx or ¢ < (1) then the first inequality in (4.28) holds by
construction of g¢; see Lemma 4.4. On the other hand, if ¢ > ¢(1) and X € G\ Hy k.,
we need to show that < 0 for the first inequality to be true, and this was done in
the proof of part (b) of Lemma 4.3. The second inequality follows by definition of 7
and (4.15).

Next, using (4.10) in the first equality and a change of variables in the second

equality, we may rewrite V(z,s) as

2@~ s+ g(s) — K" 2" (@ = s + g.(5)) (4.29)

z—s5+ge(s)
=e® — Ke* + qes/ W(Q)(y) dy
0

T—5+ge(s)
~Kela— ) | eI () dy
0
ge(s)
=e° — Ke* +¢€° W(q)(y—{—x—5)(q—K(q—¢(1))6_y) dy,

S—XT

where we understand the integral on the right-hand side not to be present whenever
s —x > g(x). In order to prove the assertion, we need some more preparation. The
function y — ¢ — K(q —(1))e Y, y > 0, is strictly negative on [0, z* V 0) and positive

on [z*V 0,00), where
-1
2" =log(K) + log (—(q v v 0>.
q
Here we understand log(0) = —oo. Moreover, observe that

2*v0<nVvo. (4.30)

This is clear if ¢ < (1), and if ¢ > ¥ (1) we need to show that z* > 0 implies n > z*.
Indeed, by definition of 7, we have

q—K(g—9¢(1))e™ =q/®(q) >0
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and therefore, by definition of z*, it follows that n > z*.

We can finally prove the statement of the lemma, namely that the right-hand side
of (4.29) is greater or equal to (e¥ — Ke*)T. If V0 < s — x, we see from (4.28) that
s —x > log(K) V 0 which together with (4.30) implies that

Vi(x,s) > e — Ke* = (ef — Ke*)T.

On the other hand, if 0 < s — x < n (whenever n > 0), the situation is slightly more
complicated as the integrand on the right-hand side of (4.29) might change sign (if
0 < z* < ) and it is not clear how much the negative and positive parts contribute.
To resolve this difficulty, we reduce the problem to an estimate obtained from Propo-
sition 4.1. Specifically, it follows from Proposition 4.1 that

Vi(ie) = 293 —ar)— KetZU VW) (5 — 2%

T—x} R

= RSl [ TWOG) G- K- v(0)e vy (131)
0

> (66 _ Ke:i)+

for ¥ < & < e. Now define § := ¢ — s and z := x + §. In particular, note that

0 <s—x<n=e—x’ implies ¥ < & < e. Then, using the fact that g.(s) >n > z*V0

in the first and (4.31) with £ = Z in the second inequality we obtain

This completes the proof. ]

Proof of Lemma 4.9. We only prove the result in detail when X has paths of unbounded
variation. If it has paths of bounded variation the proof is similar and we restrict our-

selves to only pointing out major changes.

94



Chapter 4. Bottleneck Option

Unbounded variation case: As a first step we prove that

ety (x| X

tATe t/\TQL)’

t>0, (4.32)

is a right-continuous P, s-supermartingale for all (x,s) € E such that s < e. Note that
in this case Z(@ € C1(R)NC%(R \ {0}) and hence

hy(x) := e qu”l’(”)) (x)

is in CY(R) N C%(R \ {0}), where v > 0. Now let I' be the infinitesimal generator of X
under Py and formally define the function I'h, : R\ {0} — R by

2
Thy(2) = —hj () + ki)

T /(_0070) (ho(z +y) = ho(x) — yhy (2)1gy>—_13) T(dy).

The regularity of h, together with Taylor’s theorem allows one to show that the quantity
Thy(z) is well defined for z > 0. Moreover, for x < 0, we have h,(z) = e"* and hence
Thy(x) is well defined too. Applying an appropriate version of the It6-Meyer formula
(cf. Theorem 71, Chapter IV of [36]) to e™9'h,(X;), we find that

~ npt
—q(tATs AT 7o ATy —qu
e 0 Ty hv(XtArgATb*) - e T — q)hy(Xy) du
0

is a P,-martingale for x € (0,b). The martingale property of the first term (see Sec-
tion 4.8) then implies that

(T — q)hy(x) =0, x € (0,b).

Moreover, one may show that I'e" = 1)(v)e" for y € R by taking Laplace transforms
on both sides. Hence it follows for x < 0 that

(T = qhy(x) = (I' = g+ 9(v) = P(v))e™ = —(g — ¥ (v))e"™.

Next, fix (z,s) € E such that z < s < € and define Y; := X; — X; + g.(X3), t > 0,
which is a semimartingale. We then have

ey (x X

tATe t/\’rj)
_ + X X —ge(X
= 10 (Ko by, ) - KK oy, )
Applying an appropriate version of the Ito6—-Meyer formula (cf. Theorem 71, Chapter IV

of [36]) to ho(Y,,,+) and hi(Y,, +) (see [23, 29] for a similar argument) and then using
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stochastic integration by parts for semimartingales (cf. Corollary 2 of Theorem 22,
Chapter II of [36]) one obtains, P, s-a.s.,

. o -
e 1NV Xyt s X yprr) = Vel 8) + My, +
t/\TQL —
—i—/ e~ 1T Xu
0

(Pho(Yu) — gho(Ya) — Ke 9K (Dhy (V,,) — th(Yu))) du  (4.33)
w [ e o)+ )R - 1)
0

K90 ( (V) 4 (Ya) (6L () — 1)} iX,.

for some martingale M whose specific form is irrelevant. We claim that the first integral
in (4.33) is a decreasing process. Indeed, for z > 0 we have I'hg(z) — gho(z) = 0 and
Thy(z) — ghi(z) = 0. Moreover, for x < 0, it holds T'hg(xz) — gho(z) = —q and
Thy(x) — qghi(xz) = —(q¢ — 1¥(1))e®. Hence the first integral is nonpositive provided that

—q+ Ke 9K (g — (1)) <0 on {V; <0}
This is clear if ¢ < ¢(1). When ¢ > (1), recall from (4.28) that g.(s) > 1V 0 and thus
—q+ Ke 90 (g —y(1))e?t < —q+ Ke OV (g — (1)),

By (4.30) the right-hand side is smaller than zero and hence the first integral in (4.33)
is a decreasing process.

The second integral in (4.33) vanishes since the process X, only increments when
X, = X, and by definition of g.. Thus, the process e_q(t/\Tj)Ve(Xt/\Tj,Yt/\Tj), t >0,
can be written as the sum of an initial value, a martingale and a decreasing process.
In other words, it is a P, s-supermartingale.

Finally, with all the preparation done, we can now prove the assertion, that is, show
that the process e 7V, (X;, X;), t > 0, is a right-continuous [P, s-supermartingale for
(z,s) € E. In view of Proposition 4.1 it suffices to assume that (x,s) € E such that
s < €. Moreover, by the Markov property (see [23, 29] for a similar argument) it is
enough to show that

Eesle” Vo (Xy, X¢)] < Vil(z, 5). (4.34)

Using the strong Markov property and Proposition 4.1 we now obtain

Eus[e” Vi (X, X3) {ij] = e "V (X, Yt)l{t<7—j}
B VX ROIF Ny
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- e*thE(XnYt)l{KT?}
T B[ VX0 X)) Lt

< efq(tmi)vﬁ(XmTj’XmTj)‘

Taking expectations on both sides and using that the process in (4.32) is a P, - super-

martingale we get
Exsle”"Ve(Xt, X1)] < Ea[e 1 OVX,, 0 X p0)] < Vila,s).

This completes the proof in the unbounded variation case.

Bounded variation case: If X has bounded variation, then the Ito—Meyer formula is
nothing more than an appropriate version of the change of variable formula for Stieltjes
integrals and the rest of the proof follows the same line of reasoning as above. The only
change worth mentioning is that the generator of X takes a different form. Specifically,

one has to work with

(x)) IL(dy)

—
=
E

I
Q.
kﬁ\]
—
8
~
—+

—

8

=
—~
=

8
+
<
~
|
g

for appropriate f. O

Proof of Lemma 4.10. The assertion is again true for (z,s) € E such that s > € by
Proposition 4.1. Thus, let (z,s) € E such that s < e. The assertion is clear if
x — s+ ge(s) < 0. Hence, suppose that s < € and  — s+ g.(s) > 0. Replacing t A7." by
t AT A pfin (4.33) and recalling that Tho(y) = qho(y) and Thy(y) = qhi(y) for y > 0
shows that

_ + * —
vas[e q(tATe /\pe)Vs(Xt/\Tj/\pg’Xt/wj/\p:)] = V(z,s)
and hence by dominated convergence
Em,s [eiq(TgL/\p:)‘/E(XTj/\p: ) YTQL/\PQ‘ )] - V;(.YJ, S)' (435)

Using the strong Markov property one may now deduce that

Eqs [e_qp:Vs(XpZ ) YPZ)

+ * pp—
— o~ (7 ApY)
‘F’rj] =€ o V’G(X’rj/\pZ’XTj/\pZ)

and thus taking expectations on both sides and using (4.35) gives the desired result. O

Proof of Corollary 4.7.
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(i) Since g > (1), Lemma A.1 of [23] implies that

Ex,s[ sup e 9 (eyt — KeXt)+] < E%S[ sup e*qHyt] < 0 (4.36)
0<t<oo 0<t<oo
for (z,s) € E.

For e € R, let V*, pf and g. be as in Theorem 4.5 and VZ and p}, as stated in
Corollary 4.7. It follows by construction of g that limeos ge(s) = k* € [0,00) for s € R
which in turn implies that limeoo pf = pk, Py s-a.s., for all (z,s) € E. Moreover, it
is clear that limeoo V' (2, 5) = V (2, s) due to the continuity of scale functions. Next,

we claim that:
(i) Vi(z,s) > (ef — Ke®)T for (x,s) € E;
(i) e VX (X, X¢), t >0, is a P, s-supermartingale for (z,s) € E;
(i) VZ(z,s) = Ey e % (67,,;0 - KeXPéo)ﬂ for (z,s) € E.

Condition (i) is satisfied since V.*(z,s) > (e® — Ke®)* for (z,s) € E by Theorem 4.5
and the inequality remains valid in the limit. To prove (ii), use Fatou’s lemma and
Lemma 4.9 to show that

Epsle™VE(Xe, X¢)] < liminfle” VX (X, Xy)]

E—00

< liminf V7 (z,s)

E—00

= V()

for (x,s) € E. By the Markov property, this inequality implies the desired Py ,-
supermartingale property (see [23, 29] for a similar argument). As for (iii), using (4.36)
and dominated convergence we deduce that
Vi(es) = lim Vi(rs)

=l B ()]

= Eu.le % (Xt — Ke¥o) ']
for (xz,s) € E. The proof of the corollary is now completed by using (i)—(iii) in the
same way as in the proof of Theorem 4.5.

(ii) For e € R, let V.*, p¥ and g, be as in Theorem 4.5. It follows by construction of

ge that limepog ge(s) = 00 and limepos V¥ (2, 5) = 0o for o < s and hence

lngno Ess [equ: (eyfe* - KeXTe*)] = lngno Ve(x,s) = 0.

This completes the proof. ]
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4.8 Appendix

The goal of this section is to prove an auxiliary result that was used in the proof of
Lemma 4.9. More precisely, for ¢,v > 0, we claim that the process

efq(t/\TO* /\T;r)hv (X

t/\TJ/\T;r)7 t Z 07

is a P,-martingale for = € (0,b). To see this, we need to recall from Section 3.3. of [20]
the identity

—qT, +UXT,

o1

file) = Egle ] = e (quq—ww»(x) _ ww(q—w(m)(@),

{rg <o}

where x € R. Applying the same technique (analytic extension) as in Section 3.3 of [20],
one may also show that, for ¢,v > 0 and z € (0,b),

—qr HuX 4 5q—w(v)>($)

folw) = Ea[e e = e g,

An application of the Markov property yields for ¢t > 0,

E, [e—qTJfl(XTo_)l{TO—@Oﬂft] = e—qm_f1(XT(;)1{rg<t}
+6_ntXt [e_qTO_fl(XTO‘)1{70_<00}]1{70_>t}
= e_qTJfl(XTg)l{rgd}

7QTO_+'UXT_

+e "Ex, [e 01

= eiq(tm—oi)fl (XMT(; ),

(s <o)l Lm0}

which shows that the process e~9(\70 ) £ (X thr

By Doob’s optional stopping theorem it then follows that e*q(tMJ/\le)fl (Xtmg/\r*)’
b

t > 0, is a Pp-martingale for x € (0,b). A similar argument as above shows that

e*Q(MTJ/\TJ)fQ(XMTJMJ), t > 0, is a P,-martingale for € (0,b) as well and hence

appropriately combining the two martingales completes the proof.

), t >0, is a P,-martingale for z > 0.
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CHAPTER b

PREDICTION OF GLOBAL EXTREMA

Motivated by the recent results in [15], we study the problem of predict-
ing the time at which a positive self-similar Markov process X attains
its pathwise global supremum or infimum. In particular, we show that
the simple solution of the prediction problem found in [15] for the case
when X is a d-dimensional Bessel process for d > 2 can be seen as a

consequence of the self-similarity of X.

5.1 Introduction

This chapter addresses the question of predicting the time when a positive self-similar
Markov process (pssMp) attains its pathwise global supremum or infimum. We shall
spend some time to set up some notation in order to formulate the problem rigorously.

A positive self-similar Markov process X = {X; : t > 0} with self-similarity index
a > 0is a [0,00)-valued standard Markov process defined on a filtered probability
space (©,G,G :={G; :t > 0},{P, : = > 0}), which has 0 as an absorbing state and

which satisfies the scaling property: for every z,c¢ > 0,
the law of {¢X .-a; : t > 0} under P, is equal to the law of X under P,,.

Here, we mean “standard” in the sense that G satisfies the natural conditions (cf. [7],
Section 1.3, page 39) and X is strong Markov with cadlag and quasi-left-continuous
paths. Lamperti [24] proved in a seminal paper that the set of pssMps splits into
three exhaustive classes which can be distinguished from each other by comparing
their hitting time of 0, that is, ¢ := inf{¢ > 0 : X; = 0}. The classification reads as

follows:

(i) Py[¢ = oo] =1 for all starting points z > 0,
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(ii) Pp[¢ < o0, Xc— =0] =1 for all starting points = > 0,
(iii) Pp[¢ < 00, X¢— > 0] =1 for all starting points = > 0.

In other words, a pssMp X starting at « > 0 either never hits zero, hits zero continu-
ously or hits zero by jumping onto it. The two subclasses of pssMps that are used here

are

Cy = {X is spectrally negative with non-monotone paths and
cither of type (ii) or (iii) },
C_ = {X is spectrally positive with non-monotone paths and

either of type (i) and drifting to oo or of type (iii)}.

By spectrally negative and spectrally positive we mean that the trajectories of X only
have downward or upward jumps respectively.

One of the aims here is to answer the following question: Given X € Cy, is it
possible to stop “as close as possible” to the time at which X “attains” its supremum?

In more mathematical terms, define
O:=sup{t>0: Xy = Xoo} =sup{0 <t < (: Xy = Xoo},

where X = {X; : t > 0} is the running maximum process X; := SUPg<y<t Xus t > 0.
By definition of C,, it follows that the set {¢t > 0 : X; = X} is a singleton; see
Subsection 5.2.3 for details. We are interested in the optimal stopping problem

inf E,[|© — 7| — O], (5.1)

where x > 0 and the infimum is taken over a certain set of G-stopping times 7 which
is specified later. The term “attains” is used in a loose sense here. Indeed, if X has
negative jumps it might happen that the supremum is never attained. However, the
above definition ensures that we have Xo = X, on the event {Xo > Xg_} while
Xo_ = YC on the event {Xg < Xo_}.

Analogously, one may try to stop “as close as possible” to the time at which a

process X € C_ “attains” its infimum before hitting zero (if at all). To this end, let

~

O:=sup{0 <t<(: X=X},

where X = {X, : t > 0} the running minimum process X, := info<,<; X, t > 0.
Again, by definition of C_, the set {0 < ¢t < ¢ : Xy = X,} a singleton; see Subsec-
tion 5.2.3 for details. If X has positive jumps, the word “attains” is used in a loose

sense analogously to above. Stopping as close as possible to O then leads to solving
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the optimal stopping problem
inf E,[|© — 7| — €], (5.2)

where x > 0 and the infimum is taken over a certain set of G-stopping times 7 which
is specified later.

Our interest in (5.1) and (5.2) was raised due to [15] in which the authors solve (5.2)
under the assumption that X is a diffusion in (0, 00) such that lim;_, o, X; = co. Their

result states that the optimal stopping time is given by
pr=inf{t > 0: X, > f1(X)} (5.3)

where f* is the minimal solution to a certain differential equation. In particular, when
X is a d-dimensional Bessel process with d > 2, it is shown that f*(z) = Ajz, z > 0,
for some constant A7 > 1, which is a root of some polynomial. Due to the fact that
the class of Bessel processes for d > 2 belongs to the class of pssMps with a = 2, it is
possible to express the optimal stopping time (5.3) (up to a time-change) in terms of
the underlying Lamperti representation & (of X) reflected at its infimum. This raises
the suspicion that the simple form of (5.3) in the Bessel case could be a consequence of
the self-similarity of X and suggests that (5.2) (or an analogue of it) can also be solved
for the class of pssMps.

In this chapter we show that the speculations in the previous paragraph are indeed
true. Specifically, we prove that the optimal stopping times in (5.1) and (5.2) are of

the simple form
™ =inf{t >0: X, > K*X;} and 7 =inf{t>0:X; < K*X,}

for some constants 0 < K* < 1 and K* > 1 respectively. As alluded to above, the
key step is to reduce (5.1) and (5.2) to a one-dimensional problem with the help of the
so-called Lamperti transformation [24] which links pssMps to Lévy processes.

Finally, to conclude we discuss two issues. Firstly, how one might get rid of the
assumption of one-sided jumps (see Section 5.8) and, secondly, we explain how the two

prediction problems fit into the general context of this thesis; see Section 5.9.

5.2 Preliminaries

5.2.1 Killed Lévy processes

A process ¢ with values in RU {—oo} is called a Lévy process killed at rate ¢ > 0 if £
starts at 0, has stationary and independent increments and k := inf{t > 0: £ = —oo}

has an exponential distribution with parameter ¢ > 0. In the case ¢ = 0 it is understood
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that Pk = oo] = 1, that is, no killing. It is well known that a Lévy process X killed
at rate ¢ is characterised by its Lévy triplet (v,0,II) and the killing rate g, where
o > 0,7 € R and II is a measure on R satisfying the condition [, (1 A 2?)II(dz) < oco.
The Laplace exponent of £ under P is defined by

¥ (8) := log(E[e"])

for any 6 € R such that 1(6) < oo. It is known that (cf. Theorem 3.6 in [21]), for 0 € R,

E[e?] < 0o for all t > 0 = P Tl (dx) < oo, (5.4)
|lz[>1

and in this case we have

1
V() = —q—~0 + 50292 + /R (" — 1 — a1y, <1y) T(dw). (5.5)

In particular, if £ is of bounded variation, (5.5) may be written as

»(0) = db — /(1 — &%) II(dx)

R

for some d € R.
Finally, for any killed Lévy process (starting at zero) and any v € R with 1(v) < oo

the process
exp(véy — Y(v)t) iy t >0,

is a P-martingale. Hence, we may further define the family of measures {P’} with

Radon-Nikodym derivatives

dP”
dP | 5.

= exp(v€ — Y(v)t) Lr<xy- (5.6)

In particular, under PV the process £ is a Lévy process and its Laplace exponent is given
by ¢, () = (v + 0) — 1(v) and infinite lifetime, that is, PY[k = oo] = 1; cf. Theorem
3.9 in [21].

5.2.2 Scale functions

Suppose throughout this subsection that £ is an unkilled spectrally negative Lévy pro-
cess (¢ = 0). Spectrally negative means that IT is concentrated on (—oo,0) and thus &
only exhibits downward jumps. Observe that in this case, the Laplace exponent (6)
exists at least for 6 > 0 by (5.4). Its right-inverse is defined by

O(A) :=sup{f > 0:¢(0) = A}, A>0.
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A special family of functions associated with unkilled spectrally negative Lévy processes
is that of scale functions (cf. [20, 21]) which are defined as follows. For n > 0, the n-
scale function W : R — [0, 00) is the unique function whose restriction to (0,00) is

continuous and has Laplace transform

) _
/Oe W' (z) dx OET

and is defined to be identically zero for x < 0. Further, we shall use the notation

0> (),

Wé") (z) to mean the n-scale function associated to X under PV. For fixed x > 0, it is
also possible to analytically extend 1 — W (z) ton € C. A useful relation that links

the different scale functions is (cf. Lemma 3.7 in [20])
W (z) = "W =) () (5.7)

for v € R such that 1(v) < oo and n € C. Moreover, the following regularity properties

of scale functions are known; cf. Sections 2.3 and 3.1 of [20].

Smoothness: For all n > 0,

C1(0,00), if X is of bounded variation and II has no atoms,
W(n)|(o,oo) € 4 C1(0,00), if X is of unbounded variation and o = 0, (5.8)
C?(0,00), o >0.

Continuity at the origin: For all n > 0,

d~!, if X is of bounded variation,

W@ (04) = (5.9)
0, if X is of unbounded variation.
Right-derivative at the origin: For all ¢ > 0,
@HlCC000) i 5 = 0 and TI(—o00,0) < 0o
wiros - {25 ROy
%, if 0 > 0 or II(—o00,0) = oo,

where we understand the second case to be +0o0 when o = 0.
) and defined as follows. For v € R such that
Y(v) < oo and n > 0 we define z{ R — [1,00) by

The second scale function is qun

ZM(z) =141 / Wi () dz. (5.11)
0

104



Chapter 5. Prediction of Global Extrema

5.2.3 The Lamperti transformation

Lamperti’s main result in [24] asserts that any pssMp X may, up to its first hitting time
of zero, be expressed as the exponential of a time-changed Lévy process. We will now
explain this in more detail. Instead of writing (X, P,) to denote the positive self-similar
Markov process starting at = > 0, we shall sometimes write X®) = {Xt(m) :t > 0}
Similarly, we write ¢(*) = inf{t >0 : Xt(x) = 0}.

For fixed x > 0 define

a

Tt
o(t) := / (X~ ds,  t <o,
0

It will be important to understand the behaviour of ¢(z~%¢—) := limy¢ p(x~*t). In
particular, note that the distribution of p(x~*¢—) does not depend on x > 0. Moreover,

the following result is known; see Lemma 13.3 in [21].

Lemma 5.1. In the case that ( = oo or that {( < oo and X._ = 0}, we have
Pplp(x=*C—) = o] = 1, for all x > 0. In the case that { < oo and X¢— > 0, we
have that, under P, p(x~“(—) is exponentially distributed with a parameter that does

not depend on the value of x > 0.

As the distribution of go(x_ag(x)—) is independent of x, we will rename it e. When
e = oo almost surely we interpret it as an exponential distribution with parameter

zero. Now define the right-inverse of ¢,
I, :=inf{0 <t <27 : o) >u}, u>0,
Moreover, define the process £ := {&; : t > 0} by setting, for x > 0,
& = log(Xyer,/2), 0<t<e

and & = —oo for t > e (in the case that e < co). The main result in [24] states that a

pssMp is nothing else than a space and time-changed killed Lévy process.
Proposition 5.2 (Lamperti transformation). If X@) x>0, is a positive self-similar
Markov process with index of self-similarity o > 0, then it can be represented as

Xt(x) = xexp(§p(a—ot)) t>0,

and either
(i) ¢ = 00 almost surely for all x > 0, in which case & is an unkilled Lévy process

satisfying lim supyo, §¢ = 00, or

(ii) (@ < oo,XéfI))_ = 0 almost surely for all x > 0, in which case & is an unkilled

Lévy process satisfying limyoo & = —o00, or
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(i) ¢ < oo,Xé(mz)L > 0 almost surely for all x > 0, in which case & is a killed Lévy

process.

Also note that we may identify
t
I, = / e (s, t<e.
0

The version of the Lamperti transformation we have just given is Theorem 13.1
in [21], where one can also find a proof of it.

We conclude this subsection by explaining why the sets {t > 0 : X; = X} and
{0 <t < (:Xy = X,} mentioned in the introduction are singletons. By definition
of C; and C_ it is clear that both sets are non-empty, but they could potentially
contain more than one element. In view of the Lamperti transformation we see that
the aforementioned sets contain only a single element provided the same is true for
the sets {t > 0 : § = supp<ycoo &u} and {0 <t < e : & = infocu<y §u}, Where € is
the underlying Lamperti representation of X in C; and C_ respectively. However, it
is known that local extrema (and hence global extrema) of Lévy processes are distinct
except for compound Poisson processes, see Proposition 4 in [6]. But for X in Cy or
C_ the Lamperti transformation can never be a compound Poisson process and thus

the assertion follows.

5.3 Reformulation of problems and main results

5.3.1 Predicting the time at which the maximum is attained

Suppose throughout this subsection that X € C; with parameter of self-similarity
a > 0 and let ¢ be its Lamperti representation which is a spectrally negative Lévy
process killed at some rate ¢ > 0 satisfying limyo, §s = —oo whenever ¢ = 0. For § > 0,
let ¥(6) be the Laplace exponent of £ and ¢(6) = g + () the Laplace exponent of &
unkilled. Denote by ® the right-inverse of ¢ and note that ®(q) > 0.

We begin our analysis with two steps that are almost identical to Lemmas 1 and 2
of [15].

Lemma 5.3. For any G-stopping time T we have

|© — 7] :@—i-/ (21{8§t}_1) dt.
0

Lemma 5.4. For x > 0 and any G-stopping time T with finite mean we have

TNAC .
B0 7| - 6] = E,| /0 F(X /X)) dt] + Eal(r — Olgsgy), (5.12)
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where F(y) =1—2y=2@ y>1.

We are interested in minimising the expectation on the left-hand side of (5.12) over
the set M of all integrable G-stopping times 7. The requirement that 7 is integrable
ensures that (5.12) is well defined. Taking into account the specific form of the right-
hand side of (5.12), one sees that for x > 0,

TE

TAC -
inf B,[|© —7/—6] = inf Ex[/o F(X,/Xy) dt].

Although the stopping time (, which corresponds to waiting until X hits zero, might
not be optimal, it is a very natural stopping strategy and should belong to M. However,
not every X € Cy is such that E,[(] < oo. To see this, use the Lamperti transformation

together with Fubini’s theorem to obtain

BN = oBl[ et a
0
= 2 / Ey[e® 1 (ycep] dt
0
= xa/ ¥ (@1 gy
0

_ e / * —atha)t gy
0

Hence X € C; satisfies F,[(] < oo if and only if the underlying Lamperti representation
¢ of X is such that ¢¥(a) < 0 or, equivalently, ¢ > ¢(«). Consequently, we need to
adapt C; and define

C_li_ := {X is spectrally negative with non-monotone paths, and

either of type (ii) or (iii) and such that ( is integrable}.

The criterion in terms of the Lamperti transformation above will be useful at a later
point when we consider examples and it is necessary to check whether a specific X

actually lies in C}F or not; see Section 5.6.

Remark 5.5. At this point one might wonder why we try to minimise E[|© — 7| — ©)]
rather than E[|© — 7|]. As our assumptions require ¢ to be integrable, it follows that
O < ( is also integrable. Hence it does not really depend which of the two quantities
above we minimise. However, in order to be consistent with what follows in Subsec-

tion 5.3.2, we chose to minimise E[|© — 7| — ©].

Summing up, for X € C}r we are led to the optimal stopping problem

v(x,s) = irTlegﬁ[/OTAC F((sV X4)/Xy) dt], 0<z<s, (5.13)
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where the infimum is taken over all G-stopping times 7. We are now in a position to

state our first main result.

Theorem 5.6. Let X € C}r with index of self-similarity o > 0, in which case its
Lamperti representation & is a spectrally negative Lévy process killed at rate ¢ > 0.
Assume that & is such that the Lévy measure associated with it has no atoms whenever
& is of bounded variation. Moreover, recall that ¢ is the Laplace exponent of & unkilled
and ® its right-inverse. Let W) (2) be the scale function associated with ¢. Then the
solution of (5.13) is given by

v(z,8) = — / ’ za1<1 - 2(3)%))W@)(log(x/z))dz

K*s S

— 1
and 7 :=1inf{t > 0: X; < K*(sV X¢)}, where K* € (0,2 *@) is the unique solution
to the equation (in K)

log(1/K)
/ (1= 2 2@ @0 () gz = WD) on (0,1).  (5.14)
0

Remark 5.7.

i) The right-hand side of (5.14) is equal to zero unless £ is of bounded variation;
see (5.9).

ii) The assumption on the Lévy measure of £ is purely technical and ensures that
the scale functions associated with ¢ are continuously differentiable on (0, c0);
see (5.8).

This result is a consequence of the analysis in Sections 5.4 and 5.5. An explicit example

is provided in Section 5.6.

5.3.2 Predicting the time at which the minimum is attained

Suppose throughout this subsection that X € C_ with parameter of self-similarity
a > 0 and let ¢ again be its Lamperti representation which is a spectrally positive
Lévy process killed at rate ¢ > 0 satisfying limsyo, & = 0o whenever ¢ = 0. Introduce
the dual £ = {&, : ¢ > 0} of £ which is defined as

s —gt, t < e,

—o0, t>e,

where e = inf{t > 0: { = —oo}. It follows that é is a spectrally negative Lévy process
killed at rate ¢ > 0 satisfying lim o ét = —oo whenever ¢ = 0. For 6 > 0, let 1& be the
Laplace exponent of ¢ and q@(@) =q+ 1/3(9) the Laplace exponent of £ unkilled. Finally,
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denote by ® the right-inverse of ¢ and note that ®(g) > 0.

Analogously to Lemma 5.3 and 5.4, one can prove the following result.

Lemma 5.8. For x > 0 and any G-stopping time T with finite mean we have
. N TAC
BO 7= 0] = Eu[ [ (XX di) + Eullr = Ol (5.15)
0

where F(y) =1- 2y_<i>(Q), y > 1.

Now assume temporarily that X is of type (iii). In this case, the specific form of
the right-hand side of (5.15) shows again that for z > 0,

N R TAG
inf B,]0 —7|— 6] = inf E, F(X,/X,)dl],
inf Bll6 — | = 8] = inf B[ [ F(X/X)

where M is the set of all integrable G-stopping times 7. As in Subsection 5.3.1, it
is natural to require that {( € M and we have a criterion in terms of the dual of
the Lamperti representation to check whether { € M. Specifically, by the Lamperti

transformation and Fubini’s theorem we have
o0 oo N
BQ =o® [ Bl 1ggldt =a® [T Bife S 1glat
0 0

It follows that X € C_ satisfies F,[¢] < oo if and only if the Laplace exponent 1& exists

at —a and 1&(—04) < 0. This in turn is equivalent to saying that (5 exists at —a and
q> o(—a).

Remark 5.9. Note that in Subsection 5.3.1 the integrability condition was used to
deduce that ¥(a) < 0, but existence of ¥(«r) was not an issue as { was spectrally
negative and « > 0. Here, however, the integrability condition implies existence of 1&
at —a and ¥(—a) < 0.

On the other hand, if X is of type (i) with limse, X¢ = 00, then ( = oo and the
integrability condition makes no sense. In this case we understand the minimisation
of (5.15) over integrable 7 € M. Further, it is necessary to impose an additional con-
dition on X, namely that it is such that Laplace exponent of é at —a exists. However,
note that in contrast to all the other cases ¢(—a) = ¢(—a) > 0.

Following the discussion in the previous two paragraphs, we need to adapt C_ and
define

Cl = {X is spectrally positive and of type (i) with liTm X; = oo such
tToo

that ¢ exists at —a or of type (iii) such that ¢ is integrable}.
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Remark 5.10. In contrast to Subsection 5.3.1, if X € C! of type (i) such that
limyyoo Xy = o0, it is not necessarily the case that O is integrable; see [15]. In that
case E[|© — 7|] = oo for all integrable G-stopping times 7 and hence in order to obtain

a sensible problem one has to consider E[|© — 7| — ©)].

For X € C!, we are led to the optimal stopping problem

A

o(x, 1) == iITlf Ex[/OTAC F(X:/(i N X)) dt], 0<i<uz, (5.16)

where the infimum is taken respectively with the two cases over all G-stopping times 7

or all integrable G-stopping times 7. We can now state the analogue of Theorem 5.6.

Theorem 5.11. Assume that X € C! with index of self-similarity o > 0, in which
case the dual é of the Lamperti representation of X is a spectrally negative Lévy process
killed at rate ¢ > 0. Assume that the Lévy measure associated with é has no atoms
wheneveré is of bounded variation. Moreover, recall that qAS is the Laplace exponent of
the dualéC unkilled and ® its right-inverse. Let W(')(z) be the scale function associated
with ¢. Then the solution of (5.16) 1is given by

o(,1) = — /x e (1 - 2(2)%)) W@ (log(2/)) d=

and 7* ;= inf{t > 0: X; > K*(i A X,)}, where K* > 21/®(0) js the unique solution to
the equation (in K )

log(K) - (o .
/ (1 —2e" 2@y oy g, = W@(0)  on (1,00). (5.17)
0

This result is again a consequence of the analysis of Sections 5.4 and 5.5 and the
analogue of Remark 5.7 applies here as well. An example including the case when X

is a d-dimensional Bessel process for d > 2 is provided in Section 5.6.

5.4 Reduction to a one-dimensional problem

5.4.1 Reduction of problem (5.13)

The aim in this subsection is to reduce (5.13) to a one-dimensional optimal stopping
problem.
We begin by reducing (5.13) to an optimal stopping problem in which X starts at

one. More precisely, the self-similarity of X implies that the process

A +@)
/ F((sVX. /XY du,  t>0, (5.18)
0
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is equal in law to the process

(z=t)n¢™ .
° / F(((s/z) VXY XxWydu,  t>0. (5.19)
0

Note that the process in (5.18) is adapted to G, whereas the process in (5.19) is adapted
to G@) = {Q&x) :u > 0}, where Gl .= G,—a,. Using the general theory of optimal
stopping [to deduce that the optimal time is the first hitting time of a closed set (we

omit the details)] and this equality in law, we conclude that for 0 < z < s,
TAC o
v(x,s) = infEm[/ F((sV X))/ Xy)dt]
T 0
(7" )AC .
— inf By [/ F(((s/x) v X0)/X0) dt],
T/ 0

where the first infimum is taken over G-stopping times 7 and the second over G(®)-
stopping times 7/. Before we can continue with the reduction of (5.13), we need to
introduce a new filtration H := {H,; : t > 0} in G. Recall that the process

t
o) =[xy edu r<c®,
0
is right-continuous and adapted to G. Then
L=mf{0<t<¢(W:plt)>u}, u>0,

is a right-continuous process which is strictly increasing on [0, ¢(¢ (1)—)). In particular,
I, is a G-stopping time for each u > 0. We now use [, u > 0, to time-change the
filtration G according to

My =G, u>0. (5.20)

By Lemma 7.3 in [19] it follows that H is right-continuous. Also observe that the
Lamperti representation ¢ is adapted to H. Finally, denote by ng) the set of all G(*)-
stopping times and by Moy the set of all H-stopping times. We can now formulate the

main result of this subsection.

Lemma 5.12. Let f(z) =1 —2e~2@% 2 >0, where ® and q are as at the beginning
of Subsection 5.53.1. Moreover, define the measure P by

dpP*
dPy |y,

= SVl (5.21)
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For 0 < x <'s, we have

(z= T )AC _
v(z,s) = z% inf El[/ F(((s/z) Vv Xy)/Xy) dt] (5.22)
T’Eng) 0
> 2% inf E°| / eV (@)U f(ylosW)y gy, (5.23)
veMs 0

()

where y = s/x, Y8 = log(y)VE, —&u and &, = supg< <, & foru > 0. In particular,

under PY the spectrally negative Lévy process & is not killed.

Despite the inequality in (5.23), it will be enough to deduce the solution of (5.13).
To see why, suppose that the optimal stopping time for (5.23) is given by

v =inf{t >0: Ytlog(y) > k*}
for some k* > 0. Additionally, setting K* := e™*", define

™ =inf{t >0: X; < K*(sV Xy)},
T =inf{t >0: X0 < K*((5/7)V Xy-0y)}.

It then holds that
E, /T F((sVXy)/Xy)dt] = :r:o‘El[/m ' F(((s/x) v X))/ X;) dt]
0 0

*

_ xaEa[/ ew(a)tf(ytlog(s/x)) dt]
0

and thus 7* is optimal for (5.13). Hence it remains to show that the optimal stopping

time for (5.23) is indeed of the assumed form. This is done in Section 5.5.

5.4.2 Reduction of problem (5.16)

Analogously to the previous subsection, we want to reduce (5.16) to a one-dimensional
optimal stopping problem.

Let ./\/lgm) be the set of all G®-stopping times and My the set of all H-stopping
times whenever X € Cl is of type (iii). On the other hand, if X € C! is of type (i),
then denote by ng) the set of all integrable G(*)-stopping times and by Mo the set
of all H-stopping times v such that

Ea[/ ed(=e)t dt] < oo,
0

where the precise definition of P~ and E~% respectively is given in Lemma 5.13

below. Following the same line of reasoning as in Subsection 5.4.1, one may obtain the

112



Chapter 5. Prediction of Global Extrema

analogue of Lemma 5.12; see Lemma 5.13 below. The only difference is that we express
all in terms of the dual process é so that we obtain a one-dimensional optimal stopping
problem in (5.26) that is of the same type as in (5.23) (a one-dimensional optimal
stopping problem for a spectrally negative Lévy process reflected at its supremum).
The advantage of this is that once the one-dimensional problem is solved, we can deduce
the solution for both (5.13) and (5.16). Moreover, the fact that (5.23) and (5.26) only
differ by switching to the dual essentially says that the problem of predicting the time
at which the maximum or minimum is attained is, at least on the level of Lamperti

representations, essentially the same.

Lemma 5.13. Let f(z) =1- 26*&’@)2, 2> 0, where ® and q are as at the beginning
of Subsection 5.3.2. Moreover, define the measure pa by

dp—

_ —ab—P(—a)t
Py [y, @ T Lit<e}- (5.24)
For 0 < v <z, we have
TN
o(z,i) = 2 inf By / F(X0/(i A X)) df (5.25)
T/Eng) 0
v ~ A~ ~
> z% inf 79 ew(fa)uf(ytlog(y)) dul, (5.26)
vEMa 0
where § = x /1, fﬁlog(y) = log(y)\/é_u—éu andé_u 1= SUPg<i<y & foru > 0. In particular,

under P~ the spectrally negative Lévy process é 1s not killed.

Analogously to Subsection 5.4.1, it follows that if the optimal stopping time for (5.26)
is given by v* = inf{t > 0: Ytlog(y) > 12:*} for some k* > 0, then

P =inf{t>0: X, > K*(i AX,)}

is optimal in (5.16), where K* := ek The remaining task is again to solve (5.26) and

show that the optimal stopping time is indeed given by v*. This is done in Section 5.5.

5.5 The one-dimensional optimal stopping problem

In this section we solve a separate optimal stopping problem which is set up in such
a way that once it is solved one can use it to deduce the solution of (5.23) and (5.26)
and hence the solution of (5.13) and (5.16) respectively. This section is self-contained
and can be read completely independently of Sections 5.3 and 5.4. Therefore, for

convenience we will reuse some of the notation — there should be no confusion.
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5.5.1 Setting and formulation of one-dimensional problem

Let us spend some time introducing the notation and formulating the problem. Suppose
that 2 = {E; : t > 0} is an (unkilled) spectrally negative Lévy process defined on a
filtered probability space (Q, F,F := {F; : t > 0}, Iﬁ’) satisfying the natural conditions;
cf. [7], Section 1.3, p.39. For convenience we will assume without loss of generality that
(Q, F) = (R0 Bl0:2)) where B is the Borel-o-field on R. The coordinate process
on (Q,F) is denoted by Y = {Y; : t > 0}. Further, let ¢ > 0 and suppose that =
under P is such that limyoo ¢ = —00 whenever ¢ = 0. Also assume that the Lévy
measure associated with = has no atoms whenever = is of bounded variation. This is
a purely technical condition which ensures that the g-scale functions W@ associated
with = are continuously differentiable on (0,00); see (5.8). Next, let 5 € R\ {0} such
that E[e’Z1] < co. This condition is automatically satisfied if 8 > 0 due to the spectral
negativity of = and hence it is only an additional assumption when $ < 0. The Laplace
exponent is given by
6(0) == log(Be™]),  0>0n4,

and its right-inverse is defined as
O(A) :=sup{f > 0: ¢(0) = A}, A>0.
In particular, note that ®(¢) > 0 and define
fly):=1-2e"%@v >0
Moreover, denote by P? the measure obtained by the change of measure

ps
dﬂi — 655t*¢>(5)t7 t>0.
dP |z,

Finally, for y > 0, let Pg be the law of

yV sup =y —Ey, t >0,
0<u<t

under PP,

We are interested in the optimal stopping problem

Vi(y) = inf ES| /0 e~ 1B £ (y,) dt] (5.27)

for y > 0 and (¢, 8) € A, where

A:={(g, 8) € [0,00) x R\ {0} : ¢ > ¢(B) or ¢ =0 and g < 0},
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and the set M denotes the set of F-stopping times such that
81 7 —atrod
E, [/0 e 1 dt] < oco. (5.28)

Note that M is the set of all F-stopping times except when ¢ = 0 and 8 < 0 in
which case (5.28) is indeed a restriction because ¢(/3) > 0 due to the assumption that
hmtToo ‘Et = —0OQ.

5.5.2 Solution of one-dimensional problem

Given the underlying Markovian structure of (5.27), it is reasonable to look for an

optimal stopping time of the form
T, =inf{t > 0:Y; >k}, k> 0.

However, when ¢ = 0 and 8 < 0, we need to check whether 7, € M.

Lemma 5.14. Let k > 0. If ¢ = 0 and 5 < 0 (and hence ¢(5) > 0), it holds that
Eg [foTk e?B)t dt] < oo for all y > 0.

The next question we address is what the value function associated with the stop-

ping times 7y looks like. To this end, introduce the quantity

Tk
Vily) ::E{;[/ BNV dl], > 0,

0

The next result gives an expression for Vj in terms of scale functions.

Lemma 5.15. For k > 0, we have

k
Vily) = — / f(Z)WB(qw(B))(Z_y) "
W(q 45(5
* W(q ww (/ fz ' )dz—W§q¢(B)’(0)>.(5.29)

Having this semi-explicit form for V%, the next step is to find the “good” threshold
k > 0. This is done using the principle of smooth or continuous fit (cf. [28, 32, 33])
which suggests to choose k such that lim, V/(y) = 0 if Z is of unbounded variation
and limq, Vi.(y) = 0 if Z is of bounded variation. Note that, although the smooth or
continuous fit condition is not necessarily part of the general theory of optimal stopping,

7

it is imposed by the “rule of thumb” outlined in Section 7 of [1].

First assume that = is of unbounded variation. Using (5.7) and (5.9), it follows
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that

k , W(q (B
Viy) = / FEWS A )iz - / f(z A (2) de.
Y

Letting y tend to k yields

W(q #(B))

0 = lim év = W / flz (2 dz. (5.30)

Now note that by (5.7) and (5.10) we have

hgcl W(q ¢(B))/(k¢ y) = hgcle Ble=9) (WD (] — ) — BW D (k —y)) € (0, 00].
y y

Similarly, W(qﬂb(ﬁ))/(k) = e PR (W@ (k) — pW (@ (k)) which is clearly positive if 5 < 0.
If B > 0, this is still true because W@’ (2) /W@ (2) > ®(q) for z > 0 and ®(¢) > £. In

view of (5.30), we are forced to conclude that

/f WO () ds = 0.

Similarly, if = is of bounded variation, we get

w0y (a—6(8))r (a—6(8))
W(q ZE k(/f W (@) dz - W (0)>

and hence, using (5.7) and (5.9), we infer
k /
/ FEWSP () dz = w@(0). (5.31)
0

Summing up, irrespective of the path variation of =, we expect the optimal k£ > 0 to

solve (5.31) and therefore we need to investigate the equation more closely.

Lemma 5.16. The equation
k /
= / FWS O () dz — WD (0) =0 (5.32)
0

has a unique solution k* on (0,00). In particular, k* > log(2)/®(q).

We are now in a position to formulate our main result of this section.
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Theorem 5.17. The solution to (5.27) is given by

k*
Vi) = — | fRePEIWOE—y)d, g0, (5.33)
Y

with optimal stopping time T+, where k* is as in Lemma 5.16.

5.6 Examples

In this section we present two examples, one of which shows that our results are con-

sistent with the existing literature.

Corollary 5.18. Let X be a pssMp with index of self-similarity o > 0 such that its
Lamperti representation is given by & = oWy — ut, t > 0, where 0 > 0, p > 0 and
Wy, t > 0, is a standard Brownian motion. In other words, X is of type (ii) such
that limyeo Xy = —00. Moreover, suppose that o < 2u/o? (this ensures that X € C_l,_)

Then we have
%\ Q@ P(0)
-3l ()20
I z a al\s

(5 - (5 )]

where ®(0) = 2u/a?, and K* is the unique solution to

2
oo 4 220) =3a .y 20 paree) _ 22(0)

« a+ ®(0) ala+®(0))

on (0,1). In particular, K* € (0,2—1/¢(0)),

Corollary 5.19. Let X be a pssMp with index of self-similarity o > 0 such that its
Lamperti representation is given by & = oWy + ut, t > 0, where 0 > 0, p > 0 and
Wy, t >0, is a standard Brownian motion. In other words, X is of type (i) such that

hmtToo Xt = Q0.

1. If a # 2p /02, we have
ok O -\ 2(0)
@<x,¢>:1[xa(<m> (2D
L x a  a\z
— _ —1) = _ —1 ,
() )G ()T )

117



Chapter 5. Prediction of Global Extrema

where ®(0) = 2u/0?, and K* is the unique solution to

3@+2<I>(0)Ka+ 2(34 Fea—b(0) _ 20(0)?

Ke0)+a _ LA
a—¢(0) ala — (0))

on (1,00). In particular, K* > 91/®(0)

2. If a = 2u/0?, we have

and K* is the unique solution to
K* 5K 4+ 2alog(K)+4=0

on (1,00). In particular, K* > 21/$(0)

Remark 5.20. Note that in contrast to Corollary 5.18, in Corollary 5.19 there is no
condition required to ensure that X € C!, since in this case X is of type (i) and then
the only requirement is that the Laplace exponent of the Lamperti transformation of

X exists. This is clearly the case in Corollary 5.19.

Remark 5.21. If X is a d-dimensional Bessel process with d > 2, then X is a pssMp
with index of self-similarity o = 2 and of type (i) with lim X; = oo. It is known that

(d—2) d—2
2

its Lamperti representation is given by & = Wy + t. Setting 0 = 1 and p = 5=

in Corollary 5.19, one recovers Theorem 4 of [15]. In particular, if d = 3 one sees that

K* is the unique solution to
K3 —4K? 4+4K —1= (K —1)(K*> -3K +1) =0

on (1,00). Solving this equation shows that K* = (3 + v/5)/2. The corresponding

optimal stopping time can then be expressed as
T =inf{t>0:X; > f(*(z ANX)=inf{t >0:(X; —(iNX,)/(ENX,) > e},

where ¢ := K* —1is the golden ratio. This was first observed and proved in [15].
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5.7 Proofs

Proof of Lemma 5.3. For any G-stopping time 7, we have
©—-7 = ©@-7)T+(r-6)"
© T
= / Lir<yy dt + / lio<s dt
0 0
© T
= / (1 — 1{7—>t}) dt + / 1{®§t} dt
0 0
- @ - / 1{@>t} dt + / 1{@§t} dt
0 0
= 06— / (1 — 1{®§t}) dt + / 1{8§t} dt
0 0
0
O

Proof of Lemma 5.4. For any G-stopping time 7 with finite mean we have by Fubini’s

theorem,

Ex[/o (21{@§t}—1)dt] = Ex[/o (2110<iy — Dljren dt]
= | Bltgen B2l 0cy — 161]
= Em[/ (2P, [© < t|Gy] — 1) dt]
0

= Em[/OT(l — 2P, [0 > t|Gi])1j1cy dt] (5.34)

+E (T — Olgrsey)-
Using the strong Markov property of X we obtain on {t < (},

P,[© >tlG] = P, [7,5 < sup X,
t<u<(

3

= Pm{s< sup Xy
t<u<(

= Px, {s< sup Xu]
0<u<(

i

S:Xt

s=Xt
Hence, using the Lamperti transformation we obtain for 0 < x < s,

Pls< swp X,| =P, [log(s/a) < sup &) = e @welc/a),
0<u<( o<u<e

Plugging this into (5.34) gives the result. O

119



Chapter 5. Prediction of Global Extrema

Proof of Lemma 5.12. Using the fact that ¢ is strictly increasing on [0,() and the

Lamperti transformation shows that for 7/ € ng),

(z=*1")NC _
Bl / Fly v X0)/Xy) dt] (5.35)
0
(z=*1")NC .
=B /O F((y v X0 /X0 grecy ]
(z=*1")NC _
=B | /0 F(log(y) V €y — €ott)) L <)} dt]-

Next, note that ¢'(t) = (Xt(l))_o‘ = ¢ % for t < (M. Hence, changing variables
according to u = ¢(t) shows that the right-hand side of (5.35) is equal to

e((z=*7")AC) ¢ _
o /0 & (log(y) V Ey — £0) 1 qucey dul.

As 7' e ./\/lgx), it follows that p((z~*7’) A () is a H-stopping time that is less or equal

than e, and hence we conclude that

v(z,s) >z uierjl\EQ Eq [/0 e f(log(y) V&, — &u) Liu<e} dul. (5.36)

In other words, we have found a lower bound for v(z, s) in terms of an optimal stopping
problem for the Lamperti representation £ reflected at its maximum. Using Fubini’s

theorem and a change of measure according to (5.21) yields for v € Ma,

o /O e f (log(y) V &y — £4) ey dul

= /0 Ey [eaiuf( log(y) Vv Eu - fu) 1{u<e}1{u<u}] du

- /0 EX[e? @ f (log(y) V &, — &u) Luey] du

— Ea[/ ew(a)ujf(yiog(y))du]_
0

Finally, note that the Laplace exponent of £ under P® is given by the expression
Ya(0) = (0 + a) — ¥(a), § > 0. In particular, 1),(0) = 0 and hence ¢ is not killed
under P¢. O

Proof of Lemma 5.14. Throughout this proof, let Z; := SUPg<y<t Zu, t > 0, and write
Ty =1inf{t >0:yV Z¢ — Z¢ > k} for y > 0. If y > k the assertion is clearly true and
hence suppose that y < k. Using the fact that 3 < 0 in the second inequality, we have

8 Tk ()t - eTk¢(B):| B 1
Ey[/o e dil Ey[ 5B |~ 90
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< () 'EL[em0)]

= $(B8) B[ k]

— (b(ﬁ)flfg[efﬁ(yv_fk fETk,y)JrB(vaTk’y)]
< gb(ﬁ)ile[eiﬁ(yvg‘fk,y*ark’y)] .

It is now shown in Theorem 1 in [2] that the expression on the right-hand side is
finite. O

Proof of Lemma 5.15. Define for nn > 0 the functions

‘@@>:4@34”e—mf@@dq

Now recall from Theorem 8.11 in [21] that the density of the n-potential measure of YV’
upon leaving [0, k) under Pg is, for y,z € [0, k], given by

W(’?)’ p
U = (W) W - )
Wﬁ(n) (k)
() (0)
+ WS (k = y)—=—do (d2)
W (k)
Using this expression, we see that for y > 0,
) k Wi (z)
W = [ WPk S W) | d:
0 Wy (k)
_ én)(k — ) ?77)’ ) (5.37)
W5 (k)

If (¢,8) € A is such that g > ¢(3) the result follows by setting n = ¢ — ¢(3). Hence,
the remaining case is when ¢ = 0 and 8 < 0 (and hence ¢(5) > 0). In this case, note
that by Lemma 5.14 we have for any w € U := {z € C : Re(2) > —¢(8)},

Tk Tk

By e < B[ ar) < o

Now define for w € U the functions
Tk
g(w) = EF| / e F(Y;)dt] and
0
Tk
() =B}l [ 0 a1 ) 020,

The functions g, are analytic in U since one can differentiate under the integral sign.
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Moreover, for w € U we have the estimate

Tk
19(w) — gnlw)| < EF| /0 OO g1, ]

which together with the fact that the right-hand side tends to zero as n 1 oo implies that
gn converges uniformly to g in U. Thus, Weierstrass’ theorem shows that ¢ is analytic
in U. Next, we deal with the right-hand side of (5.37). From the series representation
of W@ (z) provided in the proof of Lemma 3.6 in [20], it is possible to show that (after
some work) the right-hand side of (5.37) is also analytic (on the whole of C). By the
identity theorem it then follows that (5.37) holds for n € U, in particular for real n
such that n > —¢(f). Finally, to obtain the result for n = —¢(53), take limits on both
sides of (5.37) and use dominated convergence on the left-hand side and analyticity on
the right-hand side. This completes the proof. ]

Proof of Lemma 5.16. Using (5.7), it follows that
W (k) = f(k)e PF WD (k) — W (k))
for k > 0. If (¢,8) € A such that 5 > 0, then ®(¢q) > 5 and, using (5.7),

W@ (z) vvg(w(z)
W@(z) Wag) (?) + ®(q) > ®(q) > B

for z > 0. Therefore, we see that h'(k) < 0 on (0,kq), h'(kg) = 0 and h'(k) > 0 on
(kg, ), where ko = log(2)/®(q). The same is of course true if (¢,3) € A and § < 0.
Additionally, it holds that limgee R(k) > 0. Indeed, let zg > ko such that f(z) > 1/2
for z > zy and hence for k£ > zg,

h(k) = h(ko) + k FWE P (k) dz — W@ (0)
ko

1 F
> (ko) + 5 / WO () dz — w9 (0)
20

= hko) + e WO E) — B D 24)) — WO(0),

where in the last equality we have used (5.7). Again by (5.7), W@ (k) = ecb(q)qu)(q)(k‘)
which together with the fact that ®(¢q) > S implies that the right-hand side tends
to infinity as & 1 co. Combining this with the fact that limy o f(k) < 0 and the
intermediate value theorem shows that there is a unique k* > kg such that f(k*) = 0.

This completes the proof. O

Proof of Theorem 5.17. Let V' be defined as the right-hand side of (5.33). It is enough

to check the following conditions:
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(i) V(y) <0 for all y > 0;

ii) the process
(ii) p
t

e~ a0y (v;) + / @8O f (Y du, ¢ >0,
0

is a Pg—submartingale for all y > 0.

To see why these are sufficient conditions, note that (i) and (ii) together with Fatou’s
lemma in the second inequality and Doob’s stopping theorem in the third inequality
show that for 7 € M,

ES [/OT e~ @Ot F(Y,) du] > ES V(Y;) + /OT e~ @Bt £(Y,) dul

tAT
tToo 0
> V(y).

Since these inequalities are all equalities for 7 = 73« the result follows.

The remainder of this proof is devoted to checking conditions (i) and (ii).

Verification of condition (i): Recall that k* > ko = log(2)/®(¢) and that f(z) <0
on (0, ko] and f(z) > 0 on (ko, 00). It follows that 75« > 73, and hence, using the strong
Markov property, we see that

Tk

Vi) = B[ e O i an Bl e )

ko

Tko
_ Eéf[/o e~ £(v,) dt] + Ef[e” 000V (¥, )]
< 0,

where the last inequality follows from the fact that f(z) < 0 on (0, ko] and V(y) <0
on [kg,00). This completes the proof of (i).

Verification of condition (ii): The proof of this is similar to the previous chapters
when we established the supermartingale property of certain processes. Hence, we just
outline the main steps and omit the details.

As for a first step, one may use the Markov property to show that the process

TATE*
Z; = e—(q—qﬁ(ﬁ))(t/\%*)v(nmw) + / * e~ (a=BN £y du, t >0,
0
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is a ]P’g-martingale for 0 < y < k*. Indeed, for ¢ > 0, the strong Markov property gives

Ey[Zr,.

Fl = Zrnlip<any +EOZn | il per
t
= ZTk* 1{7'k* <t} + /0 ei(qi(b(ﬁ))uf(yu) dU’]‘{tSTk*}

+e_(q_¢(5))tV(Y})1{t§Tk*}
- Zt/\Tk*
from which the desired martingale property follows.

As for a second step, use Doob’s optional stopping theorem to deduce that for
0 < k < k* the process e*(q*‘i’(ﬁ)t)(MTk)V(Sﬁ/\m), t>0,isa Pg—martingale for0 <y < k.

Using this in conjunction with the appropriate version of Itd’s formula (cf. Theorem 71,
Chapter IV of [36]) implies that

CV)(y) — (a— ¢B)V(y) = —f(y),  ye0k), (5.38)

where I'? is the generator of —=Z under P¥.
Finally, applying the appropriate version of It6’s formula one more time to the
process e~ @~V (Y;), t > 0, and using (5.38) shows that

t
e~ a0y (v,) + / e~ @9V F (Y, du, ¢ >0,
0

isa Pg—submartingale for all y > 0. This finishes the sketch of the proof of (ii). U

Proof of Theorem 5.6. The result follows by Lemma 5.12 (and what was said just after
it) and Theorem 5.17. Specifically, using Theorem 5.17 with = equal to & unkilled,

B = a, y =log(s/x) and then setting K* := e~*" gives
—log(K™)
v(z,s) = —xo‘/ (1 — 2e~*@w)la=o(@) (y, —log(s/z)) du
log(s/x)
= —mo‘/ 2711 — 2e~ @ 1oels/2) )y la=e(@) (1og(2:/ 2)) dz,
K*s

where in the second equality we changed variables according to u = log(s/z). The
expression for v(z, s) in the theorem now follows after an application of (5.7). As for

the optimal constant K*, we see that K* satisfies the equation
log(1/K)
/ (1 — 2e~ 2@y la=¢) (2) dz = W@ (0) on (0,1).
0

O

Proof of Theorem 5.11. The result follows by Lemma 5.13 (and what was said just
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after it) and Theorem 5.17 with =. Specifically, using Theorem 5.17 with = equal to é
unkilled, f = —a, y = log(x/7) and then setting K*:=¢e*" gives

log(K*) . . .
0(x,i) = —xo‘/ (1-— 2e—¢(q)“)wf‘g¢(‘“”(u —log(z/1)) du
log(x /1)
= —xa/ 271 — 27 %@ log(z/l))WS{;(b(_a))(log(z/x)) dz,
where in the second equality we changed variables according to u = log(z/i). The

expression for 0(x,7) in the theorem now follows after an application of (5.7). As for

the optimal constant K *, we see that K* satisfies the equation

s b(q)2 g (a-H(-))
/ (1 — 2e~ 2@yl a=et= oy gz = W@ (0) on (1,00).
0

O

Proof of Corollary 5.18. Tt is easy to check that ¢(0) = ‘72—292 — ub, ®(0) = (27—5 and
WO (z) = &3)71. Also note that a < ®(0) by assumption. For convenience, write
k = K*. It now follows from Theorem 5.6 that

oo s) — 1o a2 a1 @20 =1
(z.5) | a=2r9%) .

S

= 1 —m(b(o)/ zalq’(o)dz—k/ 2271 dz
1% ks ks

+2(1‘/S)¢(0)/ 22l dy — 23¢(0)/

ks ks

- l [_1.‘13(0)< 2o—2(0) B (ks)a—¢(0)> N ﬁ B (ks)a
a—®0) a—2(0)

et 5) 20o+2(0) )t ®(0)
L 2(/5)?O (_ _ (ks) ) _ 23‘1’<O)<a+¢(0) - (zquo) >]

- ula—(0) x o' x
95— 2(0) a+2(0) Es\ , 940 La+®(0) ks ~20)—a :
() ) ()™ )

Adding the second and third term gives

e = 3 0-(5))6-20)7)

Za71+<1>(0) dZ]

125



Chapter 5. Prediction of Global Extrema

(e (5) ) () )

Next, let us derive the equation for K*. Using (5.7) and changing variables according

to u = e® shows that K* is the unique root of
1/K
j/ w1 = 2072 @(0)u®© — au®® fa)du=0  on (0,1).  (5.39)
1

Solving the integral and rearranging gives the claim. O

Proof of Corollary 5.19. Clearly, —§ = oW, — ut and it is straightforward to check
that ¢(0) = %292 — 1, ®(0) = (%% and WO (z) = &5)_1. We derive the result for
a # ®(0), the case when o = ®(0) is similar and we omit the details. For convenience,
write k = K*. By Theorem 5.11 we have

ki - d(0) _
o(x,i) = — (i) 20 o1 2/D)TT — 1
(z,1) L (1—2(i/2)*) p

1 . ki . ki
- = —m‘I’(O)/ La—14+6(0) dz—i—/ a1,

. ki R
+2(z’/x)¢(0)/ 2271 dz—22'q>(0)/

x x

l [_ x_é(o) ((ka)a—f—é(O) :COH‘&)(O) > N (k‘l)a B o]

dz

ki -
Zaflfq)(O) dZ]

jz a+<i>(0) _a+<i>(0) « a

i /)20 (ki) oz ;8(0) (k:z‘)a*&’(o) B 2a—®(0)
+2(i/x) <(1 a) 2 <a—@®) a—img

()T )
- — -1)+—(—) -1
a+®0)\\ 7 o x
2Z'<i>(0)xa—<i>(0) ki\ ¢ 2Z'ozkoz—<i>(0) ki b(0)—a
e (G) ) S (B )
« z ?(0) — « T
Adding the second and third term gives
1 % 120\
e = (-9 20"
7 x a  al\z
e <<ki>a+<i>(0) 1) 2Z-aka_<i>(0) ((ki><i>(0)a 1)
a+ a0 \\= 5(0) —a \\z -

Next, let us derive the equation for K*. Using (5.7) and changing variables according

1

7
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to u = e* shows that K* has to satisfy the equation
K . . ) R
/ w1 = 207 (@u®® — o + $(0)u® ) du = 0 on (1,00).
1

Solving the integral and rearranging gives the claim. O

5.8 Outlook/Future work

Making assumptions to obtain certain results leads naturally to the question whether
one could weaken or remove them. Looking at the assumptions we made to obtain our

main results in this chapter, two questions arise immediately:
e What happens if one drops the assumption on one-sided jumps?
e Can we remove the assumption on the integrability of {7

Let us begin with the first question and assume that we are given an X in C4 or C_,
but without the restriction of one-sided jumps. Provided the Lamperti representation
& of X is not a compound Poisson process and provided that the Laplace exponent
of & exists where necessary, one sees that all the arguments up to Section 5.5 still go
through and as a result one is led to solving (5.27), but with Y being the reflection
of a general Lévy process =. One special case of this, namely when ¢ = ¢(5) and =
drifts to —oco under P? (and hence § < 0), is treated in [4]. Moreover, when ¢ > ¢(8),
then (5.27) for a general Z is nothing else than a killed version of the problem studied
in [4] and therefore one should in principle be able to solve the prediction problem
under the assumption that ¢ > ¢(3) and with no restrictions on the jumps other than
that the Laplace exponent has to exist where necessary. On the other hand, when
q > ¢(B), then it is not yet clear whether the proof in [4] can be modified to also
provide a solution in this case.

As for the second question, suppose for simplicity that X € C_l‘_ of type (ii) such that
¢ is not integrable. In this case one can still formulate the corresponding prediction
problem except that one cannot allow ( as a potential stopping strategy in (5.13).
In particular, it follows that the Laplace exponent of the Lamperti representation
satisfies () > 0. As a result, one is led to (5.27), but with ¢ = 0 and ¢(5) > 0.
Analysing (5.27) carefully then suggests that it becomes degenerate in the sense that
the value function can be made arbitrarily small. There is numerical evidence for this,
but unfortunately we have so far not been able to prove this rigorously.

Finally, let us conclude this section with a further issue that could be improved.
In Section 5.6 we provide two explicitly solvable examples, but the processes X we

consider have continuous paths. Of course, it would be desirable to have explicitly
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solvable examples with discontinuous X, but, although many scale functions are known

explicitly (cf. [20]), it seems difficult to find tractable examples.

5.9 Connection to previous chapters

The aim of this section is to briefly explain how the prediction problem studied in this
chapter fits into the general context described in Chapter 1.
The reasoning in Subsection 5.4.1 up to equation (5.36) shows that solving (5.13)

essentially means solving

u(z,s) :=ax~ ¢ irl}f By [/OV eaguf( log(s/z) Vv Eu — §u)1{u<e} dul, (5.40)

where 0 < x < s and the infimum is taken over all H-stopping times. Instead of
continuing with a change of measure that reduces (5.40) to a one-dimensional prob-
lem, one could stay in this two-dimensional setting. In order to reflect this, we may
rewrite (5.40) as

u(z,s) = x® irylf E; [/OV &(&uslog(s/x) V €,) 1 fu<ey dul, (5.41)

where &(%,5) = e*®f(5 — ) for 0 < ¥ < 3. Since e is exponentially distributed with

some parameter g > 0, we may change measure according to

dq ¢
d—Pl = et 1{t<e}7

He

which allows us to write

u(z,s) = x%inf EQ[/ e 1UE(&y,log(s/x) V E,) dul.
v 0

The process ¢ under P9 is an unkilled spectrally negative Lévy process satisfying
limyoo & = oo whenever ¢ = 0. The Laplace exponent of £ (under PQ) is denoted
by ¢. Setting f =0 and ¢ = ¢ in (1.5) gives that

u(z,s) = —x*V(0,log(s/x)).

Note that here the function ¢ = ¢ is not positive as assumed in (1.5). However, it is
clear that the method in Subsection 1.2.1 still works. Hence, denoting by W@ the

g-scale function associated with & under P2, one expects

0
u(z, s) = 2 / ¢ f (log(s/z) — )W D (—y) dy,
log(s/x)—g(log(s/x))
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where ¢ is the maximal solution of

3 el pr(y) WO (y) dy
e(5=9()) f(g(s))W (@D (g(s))

g(s)=1

Making use of (5.7), the equation for ¢ may be written as

(s)
(1= g'(s)f ()WL (g(s)) = /0 W) () ay.

Further, integration by parts and rearranging gives

g(s)
' (s)f(g(s)) W) (g(s)) = —W=#)(0) + /0 Fly)Wwia=2@V (y) dy.

We are now interested in the maximal solution g of this equation. However, seeing
what the maximal solution is seems difficult. Naively, one could try a straight line
as it is a simple choice and it has proved to be the maximal solution on a couple of
occasions; see in [38] for instance. Thus, we set g(s) = k* for some 0 < k* < 1. Using

the explicit form of g and changing variables according to y = log(z/z) yields

u(z,s) = — /x N 227 f(log(s/z)) W'D (log(x/2)) dz. (5.42)
se™

Hence, we have found a candidate value function for (5.40) and a candidate optimal
stopping time of the form inf{t > 0 : & — & > k*}. One could now proceed with
a classical verification argument and prove that this is indeed the solution and hence
obtain Theorem 5.6. However, we did not do so because the reduction to one-dimension
reveals why the solutions (the optimal stopping times) are of such a simple form.

Of course, a very similar argument could also be used to obtain Theorem 5.11. In
fact, this was the original method which was used to derive Theorem 3 in [15].

To conclude, let us emphasise that problems (5.1) and (5.2) are of type (1.5) (mo-
dulo an application of the Lamperti transformation) and in this sense Chapter 5 is

related to the other chapters in this thesis.
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