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Abstract

In recent years the study of Lévy processes has received considerable attention in the litera-
ture. In particular, spectrally negative Lévy processes have applications in insurance, finance,
reliability and risk theory. For instance, in risk theory, the capital of an insurance company
over time is studied. A key quantity of interest is the moment of ruin, which is classically
defined as the first passage time below zero. Consider instead the situation where after the
moment of ruin the company may have funds to endure a negative capital for some time. In
that case, the last time below zero becomes an important quantity to be studied.

An important characteristic of last passage times is that they are random times which
are not stopping times. This means that the information available at any time is not enough
to determine its value and only with the whole realisation of the process that it can be
determined. On the other hand, stopping times are random times such that its realisation
can be derived only with the past information. Suppose that at any time period there is a
need to know the value of a last passage time for some appropriate actions to be taken. It is
then clear that an alternative to this problem is to approximate the last passage time with a
stopping time such that they are close in some sense.

In this work, we consider the optimal prediction to the last zero of a spectrally negative
Lévy process. This is equivalent to find a stopping time that minimises its distance with
respect to the last time the process goes below zero. In order to fulfil this goal, we also study
the last zero before at any fixed time and its dynamics as a process. Moreover, having in
mind some applications in the insurance sector, we study the joint distribution of the number

of downcrossings by jump and the local time before an exponential time.
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Introduction

Every decision we make in daily life has a certain degree of risk associated with it. Since
taking on risk is an integral part of our lives, it is therefore indisputable that selecting the
best time to stop and act is essential. A decision-maker who observes a process evolving
in time that involves some randomness, arrives at a strategy to either maximise reward or
minimise cost based only on what is known.

The optimal stopping theory is concerned with the problem of choosing a time to take
a given action based on sequentially observed random variables in order to maximise an ex-
pected pay-off or to minimise an expected cost. Problems of this type have many applications,

particularly in the following areas:

1. Statistics: The action to test a hypothesis or to find a parameter as quickly and accu-

rately as possible.

2. Quickest detection problem: When a natural phenomenon threatens to destroy a town,
one needs to decide when to send out an alarm to avoid disaster based on observable

data.

3. Operation research: One has to decide when it is optimal to replace a machine, hire a

secretary, or reorder stock.

4. Finance: The non-arbitrage price of an American option has to be established.

For an overview of the general theory of optimal stopping, the reader can refer to Peskir
and Shiryaev (2006) and Shiryaev (2007) or Hill (2009) for recreational reading. In this
work, we deal with optimal prediction problems. These problems can be described as opti-
mal stopping problems for which the gain process depends on the future (hence, standard

techniques of the optimal stopping theory cannot be applied directly). Problems of this kind



are becoming of increasing interest to many sectors, especially financial engineering. Indeed,
suppose that we have a random variable that depends on the realisation of the whole process
X, up to some time T" > 0, and that we are interested to know its value at any time t < T
so some decisions can be taken with that information. Hence, given that stopping times are
random times such that their realisation is determined with the present and past information,
it becomes natural to approximate random times by stopping times in some sense. In the
present literature, we can find two main ways of doing that, the first being in space and the
second in time. That is, optimal prediction problems are of the form:

V = inf E(p(H, X, d  V*= inf E(d(O,71)),
inf B(p(H,X,)  an inf E(d(6,7))

where ¢ and d are functions to be determined and H and © are random variables determined
by the information at time 7" taking values in R and [0, 00), respectively.

In what follows, we give a short review of some optimal prediction problems studied in the
literature together with a short description of the methodology used to find their solutions.
We denote X as a stochastic process, X; = Supp<s<t Xs and X, = info<s<; X5 its running
supremum and its running infimum, respectively. We also denote T; as the set of stopping

times bounded by ¢ > 0 and the random times

Or =inf{0<t<T:X;=Xr}

§r=sup{0 <t <T:X; =0}

Graversen et al. (2001) predicted the value of the ultimate maximum of a standard Brow-
nian motion at a time 1, where the prediction is made by using a mean-square distance, that
is,

inf E((X, — X1)?),
T€ETL (( T 1> )
where X is a standard Brownian motion. They solved this problem by relying on a stochastic

integral representation of the ultimate maximum so that the optimal prediction problem is

equivalent to an optimal stopping problem. The latter is then solved by using time-change



arguments and finding the solution to a free boundary problem. Lastly, this aforementioned
solution is formally verified to be the value function and the optimal stopping time of the

optimal stopping problem

Pedersen (2003) generalises the problem above by predicting the position of the ultimate
maximum by a ¢g-mean distance and a probability distance. That is, for fixed ¢ > 0 and
e >0,

i —XY.)4
Inf E ((Xr = X1)7),

Tlg%IP(Xl—XTge),

where X is a standard Brownian motion. It is shown that both optimal prediction problems
are equivalent to optimal stopping problems. The former is further simplified by using the
fact that the Brownian motion reflected in its maximum has the same law as the reflected
Brownian motion. This optimal stopping problem is then solved by using a deterministic
change of time, solving a free boundary problem and a verification approach. The optimal
stopping problem associated with the probability distance problem is solved by guessing the

solution by heuristic arguments based on the smooth fit property and the verification theorem.

Shiryaev (2002) proposed that instead of using the closeness of X; with X, the closeness

of 7 with 6 could be used. For example,

inf E(|7 — 6,|P
ot (|7 —61]7)

or more generally,

inf E[G1((T — 01)") + G2((1 — 61)7)],

for some risk functions G; and Gs.
Urusov (2005) showed that the optimal prediction problem in Graversen et al. (2001)

is equivalent to predicting the time of the ultimate maximum of the Brownian motion by



stopping times using a L distance. That is,

inf E((X, — X{)?) = inf E(|r — 0 1/2.
Jof E({ 1)?) = inf E(lr=01) +1/

Moreover, two additional optimal prediction problems were solved:

. _7 + . _7 —
Té};lvflaE((T 61)") and TIEI}\f;aE((T 01)7),

where M, and N, are subclasses of 771 such that the penalty of stopping too late and
stopping prematurely, respectively, are bounded by «. The methods of solution rely on using
a “Lagrange multiplier method” and finding equivalent optimal stopping problems which are
solved by a deterministic time-change and the solution of a free boundary problem followed
by a verification method argument.

du Toit and Peskir (2007) predicted the position of the ultimate maximum with drift in

a mean-square sense for a Brownian motion with drift and in a finite horizon setting, that is,

inf E((X, — X1)?
Anf (( 7)7)

where X is a Brownian motion with drift u. This problem generalised the work of Graversen
et al. (2001), but the method of time change cannot be extended to the case p # 0. The
optimal prediction problem is reduced to an equivalent optimal stopping problem in terms
of time and the process reflected at its maximum. Hence, by deriving some properties of the
value function, the shape of the stopping set D is deduced (being in terms of two boundaries
dependent on time) and, with that, a parabolic free boundary problem for the value function
is stated. Thus, by using local time-space calculus, a coupled system of nonlinear Volterra
integral equations is derived, a system that characterises uniquely the two boundaries and
determines an optimal stopping time.

In du Toit and Peskir (2008) and du Toit et al. (2008), the time of the ultimate maximum

at a time 1 and the time of the last zero before time 1, respectively, were predicted (in a L;
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sense) for a Brownian motion with drift p # 0, that is,

inf E(]6; — d inf E —T7).
inf BB —f)  and inf E(g )

The first problem is equivalent to an optimal stopping problem in terms of time and the
Brownian motion (with drift) reflected at its maximum whereas the second is equivalent to
an optimal stopping problem in terms of time and the Brownian motion with drift. The
method of solution of both problems is similar to the one described above for du Toit and
Peskir (2007).

Shiryaev et al. (2008) predicted the ultimate supremum of a geometric Brownian motion

X using an approach different from the most of existing literature at the moment. That is,

sup E <XT> .

T€TT X7
After finding an equivalent optimal stopping problem dependent on the reflected Brownian
motion at its maximum, a trivial solution was found by using a direct probability approach
for some cases depending on the parameters of the process, while the rest of the cases were
tackled by du Toit and Peskir (2009).

Shiryaev (2009) focused on the last time of the attainment of the ultimate maximum of a
(driftless) Brownian motion and proceeded to show that it is equivalent to predicting the last
zero of the process in this setting. Moreover, the optimal predicting problems were focused
on minimising the positive part of the difference of the ultimate maximum within the class
of stopping times for which the probability of early stopping is below a fixed value « , i.e.

inf E((r —6,)" d inf E((r—¢&)"
inf ((r—061)") and _inf, (r=&)"),

where M,, and M/, are sub-family of stopping times bounded by 1 such that the probability
of stopping early is bounded by a. The method of solution is based on finding and equiv-
alent optimal stopping problem, by using a “Lagrange multipliers method”, performing a
deterministic time-change and finding the solution of a free boundary problem.

In du Toit and Peskir (2009), a similar approach as the one in Shiryaev et al. (2008) was

used to predict the ultimate maximum of a geometric Brownian motion X, with drift ;4 and

11



volatility ¢ > 0. That is, the proposed optimal prediction problem is

25 (5),

Using standard arguments, they find an equivalent optimal stopping problem in terms of a
Brownian motion with drift reflected at its maximum. Then the optimal stopping problem
is solved by deducing the shape of D. It is found that the optimal stopping time is trivial
for some choices of the parameters whereas, in the remaining cases, it is shown that the
optimal stopping is in terms of a moving boundary. The latter case is solved, with the help
of the local-time space calculus, by characterising the boundary as the unique solution to a
nonlinear Volterra integral equation.

Bernyk et al. (2011) predicted the ultimate supremum of a stable spectrally positive Lévy

process of index « € (1,2) in an L, sense, that is,

inf (X, — X7)P),
nf (( 7)?)

where p € (1, ). Using standard arguments, they find an equivalent two-dimensional optimal
stopping problem driven by time and the process reflected at its maximum. The problem is
then solved by using a deterministic time-change thus reducing (and solving explicitly) the
problem to a free boundary problem given in terms of an integro-diferential equation.

Glover et al. (2013) predicted the time of the ultimate minimum (in an infinite horizon
setting) of a mean reverting diffusion that drifts to infinity, that is,

inf E(|0 — 7] = 0).

The method of the solution relies on guessing the shape of the stopping set, restricting the
analysis to a subclass of stopping times. Hence, together with the free boundary problem,
they are able to generate a set of candidate solutions to the value function for which a
condition of optimality can be extracted by invoking the subharmonic characterization of the
value function.

Baurdoux and van Schaik (2014) predicted the time of the ultimate maximum (in an

12



infinite horizon setting) for a general Lévy process drifting to infinity, that is
inf E(|6 — 7]).
inf E(9 — 7))

Using standard methods, they show that the optimal prediction problem is equivalent to
an infinite horizon optimal stopping problem driven by the Lévy process reflected at its
maximum. Then the problems were solved by using a direct probability approach where the
shape of the stopping set is deduced from properties of the value function. Moreover, an
explicit characterisation is given in the spectrally negative case and the smooth (continuous)
pasting property of V' when the process is of infinite (finite) variation.

Glover and Hulley (2014) predicted the last time a transient diffusion hits a level z > 0. By
using standard arguments, the optimal prediction problem is reduced to an optimal stopping
problem. By analysing the value function, a solution of a restricted optimal stopping problem
is first solved (by using a semi-explicit expression in terms of the scale function and speed
measure so the problem can be easily minimised). Finally, by using a verification argument,
it is shown that the solution of the restricted problem is also the solution of the original
optimal stopping problem.

Baurdoux et al. (2016) predicted the time of the ultimate maximum and the time of the
ultimate minimum of a positive self-similar Markov process in a infinite horizon setting. That

is, they solved the problems
inf (| — 7| — )  and inf E(|6 — 7| — 0).
TET TET

Using standard arguments, both problems are found to be equivalent to optimal stopping
problems which are further reduced, via a time change, to optimal stopping problems in
terms of spectrally negative Lévy processes reflected on its maximum. These optimal stopping
problems are then solved by finding optimal stopping times that minimise a restricted problem
within a subfamily of stopping times. Then, by using a verification argument, they showed
that the solution of the restricted problem is also the solution of the unrestricted problem.
Finally, Baurdoux and Pedraza (2020b) predicted the last zero of a spectrally negative
Lévy process in an infinite horizon setting. Using standard arguments, it is shown that the

optimal prediction problem is equivalent to an optimal stopping problem. This is then solved

13



by deducing the shape of the stopping set D (from properties of the value function) and hence
restricting the minimisation problem to a subclass of stopping times. The restricted optimal
stopping problem is then solved by obtaining a semi-explicit form of the value function
in terms of the scale functions for spectrally negative Lévy processes and using standard
techniques of calculus to solve the problem.

Note that, as mentioned above, every optimal prediction problem is equivalent to an op-
timal stopping problem, in other words, optimal prediction problems and optimal stopping

problems are intimately related.

On the other hand, Lévy processes are stochastic processes with independent and station-
ary increments. They can be seen as the continuous-time version of random walks and they
form a wide class of stochastic processes that includes some known processes such as Brown-
ian motion, Poisson processes and stable processes. Their applications appear in many areas
of classical and modern stochastic processes, including storage models, renewal processes,
insurance risk models, optimal stopping problems and mathematical finance. For a detailed
overview of Lévy processes, the reader can refer to Bertoin (1998), Sato (1999), Doney (2007),
Applebaum (2009) or Kyprianou (2014).

In particular, a special class of Lévy processes called the spectrally negative Lévy pro-
cesses, which is a subclass of Lévy processes with only negative jumps and non-monotone
paths, plays a central role in applied probability such as risk theory, degradation models,
queuing theory, finance, etc. This is fundamentally due to the existence of the so-called scale
functions and the fact that many fluctuation identities are derived in terms of them since

spectrally negative processes can only move upwards in a continuous way.

For instance, the classical risk process (also known as the Cramér—Lundberg process)
which consists of a deterministic, positive drift plus a compound Poisson process with only
negative jumps, is used to model the capital of an insurance company. The drift can be
viewed as a premium rate that is continuously collected and the compound Poisson process
represents the claims made to the insurance company. A quantity of interest is the moment
of ruin, i.e. the first time that the company has negative capital. Instead of going bankrupt

when the risk process becomes negative, suppose that the company has funds to support

14



the negative capital for a while. Then another quantity of interest is the last time that the
process is below level zero, that is, the final recovery time in which after the company will
have only a positive capital. Indeed Chiu and Yin (2005) proposes the following situation:
suppose that the insurance company has many portfolios, so then, when any of them has a
negative capital, the others will allow the insurance company to avoid bankruptcy with the
hope that, in the long term, such portfolio will have a positive capital. In their work, Chiu
and Yin (2005), find (among other things) the Laplace transform of the last time a spectrally
negative Lévy process is below any level z. Moreover, as an application to risk theory, they
find the joint Laplace transform of the difference of the first and last passage time and their
difference for the classical risk process perturbed by a Brownian motion. This approach can

be extended to include a general spectrally negative Lévy process.

For the past several decades, degradation data have been used to understand the ageing
of a device alongside failure data. Lévy processes turn out to be useful tools for degradation
models (see Figure 1). In particular, three models are mainly used: Brownian motion with
positive drift, gamma process and compound Poisson process (see Park and Padgett (2005)).
More generally, we can consider a spectrally positive Lévy process. The failure time of a
component or system can traditionally be derived from a degradation model by considering
the first hitting time of a critical level. Recent findings see a new approach being considered
as a failure time (see Barker and Newby (2009) and Paroissin and Rabehasaina (2013)) by

taking the last passage time below a pre-determined critical level.

The examples mentioned above suggest that the last passage time plays an important role
in the applications of spectrally negative Lévy processes. It is however a challenging task to
determine the value of the last passage time as it is necessary to be able to observe the whole
process. In contrast, stopping times are random times such that the decision of whether to
stop or not depends only on the past and present information. It is therefore of interest to
predict the last passage times using stopping times. This can be done by finding a stopping

time that is as close as possible (in some sense) to the last passage time.

Let us define g; as the last time a spectrally negative Lévy process X is below the level

15



10
|

critical value

‘JM.

. W” Wmv

< last passage time

Time

Figure 1: Aging of a Device.

zero before time ¢t > 0, i.e.

ge =sup{0 < s <t: X, <0},

where we understand that sup(® = 0. There are some work in the literature related to this
last passage time. For example, to mention a few: Chiu and Yin (2005) found the Laplace
transform of go, when X drifts to infinity; Baurdoux (2009) generalised the latter result by
finding the Laplace transform of the last exit time before an independent exponential time;
Li et al. (2017) found the joint Laplace transforms involving the last exit time (from a semi-
infinite interval), the value of the process at the last exit time, and the associated occupation
time; Cai and Li (2018) derived the Laplace transform of occupation times of intervals until
last passage times for spectrally negative Lévy processes. A similar version of g; is studied in
Revuz and Yor (1999) (see Chapter XII.3), namely the last hitting time at zero of a Brownian
motion, before any time ¢t > 0, to describe excursions straddling at a given time. It is also
shown that this random time at time ¢ = 1 follows the arcsine distribution. The last-hitting

time to zero has some applications in the study of Azéma’s martingale (see Azéma and Yor
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(1989)). In Salminen (1988) the distribution of the last hitting time of a moving boundary
is found.

But, what can we say about the dynamics of the process {g;,t > 0}7 It turns out (see
Chapter 3) that the three dimensional process (¢, g;, X;) preserves the Markovian structure
of X and it is a semi-martingale. Hence, there is a known (general) expression for the It6
formula (see e.g. Protter (2005), Theorem 33) and its infinitesimal generator (see Dynkin
(1965)). However, given the strong dependence between the processes {g;,t > 0} and X,
more explicit formulas can be obtained in terms of the dynamics of X. Moreover, it is also of
mathematical interest and in applications to find formulas involving U; = t — ¢¢, the length
of the current positive excursion, such as the joint Laplace transform of (U, X) (before an

exponential time) and the joint ¢g-potential measure.

Let ey be an independent exponential random variable with parameter § > 0 (here we
understand that ey is infinity when 6 = 0). It is of interest to know the value of ge, at
any given time ¢t > 0, so some early decisions can be taken with that information. However,
to know the value of the random variable ge,, we need to know the entire trajectory of
the stochastic process X. Hence, there is a need to approximate or predict ge, with the
information available at any moment in time. On the other hand, stopping times are random
times such that their realisation can be determined with past and present information. Hence,
it becomes natural to predict ge, with stopping times in some sense. Indeed, for any p > 1,
we can predict the random variable ge, in an L, sense with stopping times, that is, we aim

[/* — ‘Ilf E ge T 5 1

where 7 is the set of all stopping times of X. In Baurdoux and Pedraza (2020b), where the
case for p = 1 and 6 = 0 when X drifts to infinity is solved. It is shown that the stopping
time that minimises the L1 distance with respect to the last zero is the first time the process
crosses above a fixed level a* > 0. This value is characterised as a solution to a non-linear
equation involving the cumulative distribution function of the overall infimum of the process.
The aim of this study is to solve two more particular cases of this general optimal prediction

problem. It is important to note that, to the best of our knowledge, the case p > 1 or 8 >0
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was never studied before. In Chapters 2 and 4, we dedicate our attention to solve the cases
when p =1 and 8 > 0; and p > 1 and 6 = 0, respectively. The main methods of proofs are
based on the work of du Toit et al. (2008) and du Toit et al. (2008) (where the underlying
process is a Brownian motion with drift) in which the shape of the stopping set is deduced by
deriving properties of the value function and then the optimal boundaries are characterised
by a system of Volterra integral equations. However, it is important to mention that adding
jumps to the underlying process adds an important level of difficulty. For example, in our
study, the system of integral equations incorporates a term in which the value function itself
is included.

This thesis is divided into 5 chapters. We give a short description of each below:

Chapter 1: In this chapter we list known results related to Spectrally negative Lévy
process and Optimal stopping that are needed throughout the thesis. This chapter does not

contain any new result and is included to make this a self-contained work.

Chapter 2: In this Chapter, we solve the optimal prediction problem (1) for the case
p = 1 where we predict the last time, before an exponential time, a spectrally negative Lévy
process is below level zero. We show that the optimal prediction problem is equivalent to an
optimal stopping problem driven by the two-dimensional process {(¢, X;),t > 0}. We then
show that the optimal stopping time is the first time the process crosses above a non-negative,
continuous and non-decreasing curve that depends on time. We show that there is smooth
pasting on the points for which the curve is strictly positive. Moreover, the aforementioned
curve and the value function of the optimal stopping problem are then characterised as the
only solutions to a system of non-linear integral equations within a certain family of functions

(see Theorem 2.3.13).

Chapter 3: The study in this chapter is mainly aimed at developing the necessary tools
to solve the optimal prediction problem in Chapter 4. We derive some important properties
of the three-dimensional process {(¢, g:, X¢),t > 0}. In particular, we derive a version of Itd
formula and its infinitesimal generator. Moreover, considering the length of the current pos-
itive excursion, U; =t — g¢, we obtain a formula for a functional that depends on the whole

path of the two dimensional process (U, X) = {(Uy, X¢),t > 0}. As a direct consequence,
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we find the Laplace transform of (Us,, Xe,), Where e, is an independent exponential random
variable and a formula for the density of the g-potential measure of (U, X). The method of
proof of the aforementioned results relies on a perturbation method for Lévy process (inspired
by the work of Dassios and Wu (2011)) which makes the set of zeros of the perturbed Lévy

process a countable set.

Chapter 4: The main contribution of this thesis is presented in this Chapter. We
solve the optimal prediction problem (1) for the case in which § = 0 and p > 1 where X
drifts to infinity, i.e, we find the stopping time that minimises the L, distance with the
last zero of a spectrally negative Lévy process. We show that the optimal prediction prob-
lem is equivalent to an optimal stopping problem driven by the two-dimensional process
(U, X) ={(U, Xt),t > 0} (see Lemma 4.3.1), where U; = t — g, is the length of the current
positive excursion away from zero at time ¢ > 0. We show that there exists a continuous,
non-increasing and non-negative function b such that the optimal stopping time is given by
p = inf{t > 0: Xy > b(Uy)}. The function b is such that it is infinity at zero and tends to
zero at infinity. Thus, it is optimal to stop when we have a sufficiently large positive excursion
and the “clock” restarts when the process visits the negative half-line. This feature tells us
that it is also important to characterise the value function at the origin, V' (0,0). We show
that there is a smooth fit at the boundary for those values where the function b is strictly
positive. Moreover, in Theorem 4.4.23 we uniquely characterise the value function V', the
curve b and the value function at the origin as the solution of a system of non-linear integral
equations within a special class of functions. It is worth mentioning that, to the best of our

knowledge, this optimal prediction problem has never been studied before.

Chapter 5: In this Chapter, we use the same perturbation method as in Chapter 3 to
find the joint distribution of the number of downcrossings below level zero by a jump from
the positive half-line and the local time at zero before an independent exponential time (see
Theorem 5.2.1). As a direct result, we are able to calculate the joint Laplace transform of
the time of the i-th downcrossing by jump and its overshot. Considering a Lévy insurance
risk process, we use these results to calculate the expected present value of all the economic

costs from all the downcrossing by jump before an exponential time.
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Chapter 1

Preliminaries

1.1 Spectrally negative Lévy processes

A Lévy process X = {X;,t > 0} is an almost surely cadlag process that has independent
and stationary increments such that P(Xy = 0) = 1. We take it to be defined on a filtered
probability space (2, F,IF,P) where F = {F;,t > 0} is the filtration generated by X which
is naturally enlarged (see Definition 1.3.38 of Bichteler (2002)) From the stationary and
independent increments property the law of X is characterised by the distribution of Xj.
We hence define the characteristic exponent of X, ¥(#) := —log(E(e?*1)), § € R. The
Lévy—Khintchine formula guarantees the existence of constants, u € R, ¢ > 0 and a measure
IT concentrated in R\ {0} with the property that [(1 A z?)II(dz) < oo (called the Lévy
measure) such that for any 6 € R,

U(0) =iub + %(7292 - /(eiay — 1 — 0yl <1y)H(dy).
R

Moreover, from the Lévy—Ito decomposition we can write

X, =0B, — pt + / / xN(ds x dx) +/ / x(N(ds x dz) — dsII(dz)), (1.1)
[0,t] J(—o0,—1) [0,¢] J(—1,0)

where B is a standard Brownian motion and NV is an independent Poisson random measure
on RT x R with intensity d¢ x II(dz). We state now some properties and facts about Lévy
processes. The reader can refer, for example, to Bertoin (1998), Sato (1999) and Kyprianou

(2014) for more details. Every Lévy process X is also a strong Markov F-adapted process.
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For all z € R, denote P, as the law of X when started at the point = € R, that is, E,(-) =
E(:|Xo = z). Due to the spatial homogeneity of Lévy processes, the law of X under P, is the
same as that of X + x under P.

The process X is a spectrally negative Lévy process if it has no negative jumps (I1(0, c0) =
0) with no monotone paths. We state now some important properties and fluctuation iden-
tities of spectrally negative Lévy processes which will be of use to us later in this paper. We

refer to Chapter 8 in Kyprianou (2014) or Chapter VII in Bertoin (1998) for details.

Due to the absence of positive jumps, we can define the Laplace transform of X;. We
denote (/) as the Laplace exponent of the process, that is, (3) = log(E(e®X1)) for 5 > 0.

For such 8 we have that

Y(B) = —up + %0%2 +/ (€7 — 1 — Byl 1)) TI(dy).

(_0070)

The function 1 is infinitely often differentiable and strictly convex function on (0, 00) with
(o0) = oo. In particular, ¥/(0+) = E(X;) € [—00,00) determines the behaviour of X
at infinity. When ¢/(0+) > 0 the process X drifts to infinity, i.e., lim; o X; = 00; when
Y’ (0+) < 0, X drifts to minus infinity and the condition ¢’ (0+) = 0 implies that X oscillates,

that is, limsup;_, . Xy = —liminf, ,.o Xy = co. We denote by ® the right-inverse of v, i.e.

O(q) =sup{B>0:9(B)=q}, q¢=>0.

In the particular case that X drifts to infinity, we have that ¢'(04+) > 0 which implies that
1 is strictly increasing and then @ is the usual inverse with ®(0) = 0.

The path variation of any Lévy process can be determined by ¢ and the Lévy measure II.
Indeed, the process X has paths of finite variation if and only if ¢ = 0 and |, (1,0 |z|II(dx) <
00, otherwise X has paths of infinite variation. If X is of finite variation we can rewrite (1.1)

as

Xt:6t+/ / xN(ds x dx),
[0,t] J(—o0,0)
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where

§:=—p— /(_1,0) xII(dz) (1.2)

Note that processes with monotone paths are excluded from the definition of spectrally neg-

ative Lévy processes, so we assume that 6 > 0 when X is of finite variation.

Denote by 7, the first passage time above the level a > 0,
Th=inf{t >0:X; > a}.
The Laplace transform of 7, is given by
E(e ) = 2@ 4. (1.3)

An important family of functions for spectrally negative Lévy processes consists of the scale
functions, usually denoted by W@ and Z(@. There are many fluctuation identities in terms of
these functions. The reader can refer for example to Bertoin (1998) (Chapter VII), Kuznetsov
et al. (2013),Kyprianou (2014) (Chapter 8) and Avram et al. (2019) for an extensive review
of them. We mention those identities which will be useful in forthcoming chapters.

For all ¢ > 0, the scale function W@ : R +— R is such that W (z) = 0 for all < 0 and
it is characterised on the interval (0, 00) as the strictly and continuous function with Laplace

transform given by

o 1
=Bz (a) -
e W\ (z)dx = , for 8 > ®(q). 14
/ (@) = S (@) (14)
The function Z@ is defined for all ¢ > 0 by
Z9D(x) =1+ q/ W (y)dy, for x € R.
0

For the case ¢ = 0 we simply denote W = W), The behaviour of W@ at infinity is the
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following. For ¢ > 0, we have

lim e~ *@TW @ (2) = &' (q).

T—00

For all ¢ > 0, the function W@ has left and right derivatives. Moreover, from Kuznetsov
et al. (2013) (Theorem 3.10) we know that if o2 > 0, W@ e C2(0,00). When X is of finite
variation W@ € C1(0,00) when IT has no atoms. For all ¢ > 0, the values of W (9 in the

neighbourhood of zero can be deduced from (1.4):

if X is of finite variation

S|

w(@ (0) =
0 if X is of infinite variation

The equation above implies that W@ is continuous on R when X has paths of infinite

variation. The right derivative at the origin is

/ W if X is of finite variation
W@ (0+) = : (1.5)
% if X is of infinite variation

where we understand 1/00 = 0 when o = 0. Moreover, the second right-derivative at zero of

W@ can be found (see e.g. Avram et al. (2019)). In particular, when o > 0, we have that

W@ (0+) = —6 (;)2 (1.6)

where 0 is defined in (1.2) and we understand that 6 = co when the jumps of X are of infinite

variation.

For each 2 > 0 and ¢ > 0, W(@ has the following alternative representation

W(@) =Y WD (a), (1.7)
k=0

where W**+1) is the (k + 1)-th convolution of W with itself. Various fluctuation identities
for spectrally negative Lévy processes have been found in terms of the scale functions. Here

we list some that will be useful in later chapters. Denote by 7, the first passage time below
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the level x <0, i.e.,
7, =inf{t > 0: Xy < x}.

Then for any ¢ > 0 and z < a we have

W@ (z)

E. (e*qr‘jﬂ{n; >ra+}> W@ (a)

For any x € R and ¢ > 0,

Eo(e™0 I - o)) = 79(x) - (I)L

@ (4
@@

where we understand ¢/®(g) in the limiting sense when ¢ = 0 so that

P.(1y < o0) = 1= ¢(0+)W(z) if ¢'(0+) 20

More generally, the joint Laplace transform of 7, and XT(; is

—qT(;—&—ﬁXT,

E.(e ol ) = P70 ()

{rg <o}

for all z € R and ¢ > () V 0, where the function Z(@?) is given by

O] o 14 (g — (A /Ox e P (@ () dy — ?{)@7_[3

1 it /(04) <0

(1.8)

(1.10)

(1.11)

(1.12)

In particular, for any p > 0, taking § = ®(p) and ¢ = p + h and letting h | 0 (here we use

that ¥(®(p)) = p), we obtain that for any = € R,

—p1, +P(p)X —
Ex(e pTy + (p) TO]I

{7y <o}

Since X has only negative jumps we have that the process X creeps upwards, that is

P(X .+ = x|t <o0)=1.
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Moreover, X creeps downwards if and only if ¢ > 0. The latter fact can be easily deduced
from the Laplace transform of 7, (see Theorem 2.6 in Kuznetsov et al. (2013)) in the event

of creeping;:
B, (e Iix ) = CP(a), (1.14)
7o
where for all p > 0 the function C) is given by
0'2 ’
C)(z) = 7{W<P> (z) —2(p)WP(z)}, z€R. (1.15)

In particular we have that for any z € R,

0.2
mmfzqq<aﬁzgpwm—¢@wuﬁ (1.16)

To

Denote by X, = info<s<; X and X; = SUpp<s<; Xs the running infimum and running
maximum of the process X up to time ¢ > 0, respectively. For ¢ > 0, let e, be an exponential
random variable with mean 1/¢ independent of X, where we understand that e, = oo almost
surely when ¢ = 0. Then qu is exponentially distributed with parameter ®(¢) and the

Laplace transform of X, is given by (see e.g. equation (8.4) in Kyprianou (2014), pp 233)
B> 0. (1.17)

Moreover, it turns out that the density of the random variable —X , can be written in terms

e

of the scale function W@ (see e.g. equation (8.24) in Kyprianou (2014), pp 239). Indeed,

for all z > 0,

P(-Xe, € do) = 55 W (de) — qW Vd.

Then, given the continuity of W on (0, c0), we have that the cumulative distribution function
of the random variable —Keq is continuous on (0, 00); with a possible discontinuity at 0 when

X is of finite variation (due to the discontinuity of W% at zero in this case).
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Denote by o, the first time the process X is below or equal to the level z, i.e.

o, =inf{t >0:X; <z}

T

It is easy to show that the mapping = — o, is non-increasing, right-continuous with left
limits. The left limit is given by limy oo, _, = 7, for all x € R. Moreover, it is easy to show
that o, and 7, have the same distribution for all z < 0. Indeed, for any ¢ > 0 and z < 0 we
have that

E(e™" Iy o)) = Poy <) =P(-Xe, > —2) = P(-X, > —a) =E(e ™ I},

where we used the fact that the distribution function of —X,_is continuous on (0, 00). When
X is of infinite variation, X enters instantly to the set (—oo,0) whilst in the finite variation
case there is a positive time before the process enters it. That implies that in the infinite

variation case 7, = o, = 0 a.s. whereas in the finite variation case, o, = 0 and 7, > 0.

Let ¢ > 0 and a € R. The g-potential measure of X killed on exiting [0, a] is absolutely

continuous with respect to Lebesgue measure and it has a density given by

—W(Q)(l'—y) T,y € [0,(1]-

oo
/ e Py (Xy €dy,t < T ATy )dt =
0

(1.18)

The g-potential measure of X killed on exiting [0, 00) is absolutely continuous with respect

to Lebesgue measure and it has a density given by
/ e MP,(X; € dy,t < 75 )dt = e @y @ () — WD (2 —y) x,y > 0. (1.19)
0

Similarly, the g-potential measure of X killed on exiting (—oo, a] and the g-potential measure

of X are absolutely continuous with respect to Lebesgue measure with a density given by

/ e P (X € dy, t < 1.0)dt = e_(b(Q)(a’_g”)W(Q)(a —y) — W@ (x —vy), z,y < a,
0

(1.20)
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and
/ e P, (X, € dy)dt = &/ (q)e 2DV _ W@ (5 — ), x,y € R, (1.21)
0

respectively. In the case when X drifts to infinity these expression are also valid for ¢ = 0.

Let 8 > 0, the process given by {e#X¢—¥(®)* t > 0} is a martingale. Then for each such

B, we can define a change of measure given by

dp”?
— BXi—v(B)t (1.22)
e . .
dP |,

Under the measure P, X is a Lévy process with Laplace exponent given by 15(\) = ¥(\ +

B) —¢(B) for X > —f and hence ®g(q) := sup{A > —f : Y3(\) = ¢} = ®(¢ +¥(B)) — B for
q > —(B). In other words, under P?, X has Lévy triplet

(M — 0?8 - / y(e? — DII(dy), 0%, eﬁyﬂ(dy)> :
(_170)

In the particular case when 3 = ®(q) for ¢ > 0 we have that ¢g(5)(\) = Y(A + @(q)) — ¢.
That implies that for any ¢ > 0, @Z)&)(q)(0+) = 9)/(®(q)) > 0 and then the process X drifts
to infinity under the measure P®@. Moreover, denote Wa(q) the O-scale function under the
measure P*(@ | we have that W@ (z) = e‘b(Q)xW¢(q) (x) for all z € R and ¢ > 0.

Note that by a change of measure we can show that for all z < 0, the vector (7,7, X -)

has the same distribution as (o, X _-) under the measure P. Indeed take ¢ > () V 0, then

Ox

we have that

E (6—qa;+ﬁX%H > _ s (ef(qfw(ﬁ))a;]l

_ 8 (e—m—w(ﬁ))n;]l

{a;<00})

{os <oo}

{T;<00}>

—qT;—&—BXT,

The assertion then follows. Another important family of martingales is the following. Let
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q > 0, then the process

{e~ 1o )y @) (X t>0}

t/\T()_)’ =

is a P,-martingale for all x € R. Having the above martingale in mind, we are able to define
the process conditioned to stay positive (see Bertoin (1998), Section VIL.3). For any x > 0,
we can define the probability measure Pl by
T 1
P.(4) = WEI (W(Xt)HAﬂ{t<TO_}) (1.23)
for any A € F; and t > 0. It is shown that, for any x > 0, X is a Markov process under Pl
and that

W _
IP’E(Xt edy) = WEz;]Pz(Xt edy,t<1y)

for any y € R and ¢t > 0. Moreover, it is shown that (see Bertoin (1998), Proposition VII.3.14)
that the probability P! converges as x | 0 in the sense of finite-dimensional to distribution
to a limit which is defined as ]P’g = P! and that X is a Markov process under PT. Moreover,

we have the following formula

P (X, € dy) = yvz(y)P(Xt € dy) (1.24)

for any x,t > 0. Furthermore, (see Corollary VII.4.19) in Bertoin (1998)) we have that for

any x > 0, the process {Xg(x)+t —z,t > 0} has law PT, where
g@) =sup{t >0: X; <0}.

Next, we state the compensation formula for Poisson random measures which is valid for any
Lévy process X with Poisson random measure N with intensity d¢ x II(dz). Suppose that
¢ :[0,00) x RxQ +— [0, 00) is a function such that (¢, z,w) — ¢(t,x)(w) is B([0, 00)) x B(R) x F
measurable, for each fixed ¢ > 0, the function (z,w) — ¢(t,z)(w) is B(R) x F; measurable

and for any = € R, the process {¢(t,x),t > 0} is almost surely a left-continuous process.
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Then for any ¢ > 0 holds that

E </Ot/R<Z>(s,x)N(ds,d3:)> _E </Ot/R¢(s,x)dsH(dx)>. (1.25)

In particular, if the right hand side of the equation above is finite we have that the process

{M;,t > 0} is martingale, where

_E (/Ot/Rqs(s,x)N(ds,de _E (/Ot/R¢(s,x)dsn(dx)> .

It can be easily seen from the Lévy It6 decomposition that Lévy processes are semimartingales
and hence the It6 formula is well known (see e.g. Protter (2005), Theorem 32 pp 78). In
particular, for the spectrally negative case, takes the form

rorf

o 5 (8, Xs)ds

5 Xe 4y) - f(s,Xs»—ﬂ(s,Xs» N(ds, dy)
//oo()|: Ox

for any f € C12(R; x R). The infinitesimal generator of the process X (see e.g. Applebaum
(2009), Theorem 3.3.3) takes the form

0
+ /(OO’O) <f(t, z+y)— ft,x) - yﬂ{y>,1}8—xf(t, x)) 1(dy). (1.26)

where f € 02’2(R+ x R), the set of all bounded CY?(R; x R) functions with bounded
derivatives. It is also well known that a continuous version of the local time can be defined
(see Protter (2005), Section IV.7). Specifically, there exists an adapted, right continuous and

increasing process {A¢,¢ > 0} such that the following equation is satisfied:
t
| X —a|l =1Xo—al + / sign(Xs— —a)dXs + A}
0
for all t > 0, where the sign function is given by

) 1 ifz>0
sign(z) = L eco
-1 ifzx<
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The local time at the level a, {L{,¢ > 0}, is defined as the continuous part of {A¢,¢ > 0}, i.e.

Ly =Af = > {IX.—a] - [Xeo —a] —sign(X,- — a)AX,}.
0<s<t
The measure dL{ is carried by the set {t > 0 : X;— = X; = a}. Moreover, we have the

occupation time density formula given by

| sstaraa=o [ gxoas

—0o0

for all t > 0. Then it can be shown (see Bertoin (1998) Proposition V.2) that

1t
Li = o 15{&)126/0 I x,—al<e}ds

uniformly on compact intervals of time in L?. Furthermore, for each stopping time 7 such
that X, = 0 a.s. on {7 < oo}, the process (X;4¢, Lr4¢ — L;) is independent of F, and has
the same law as (X, L). For ease of notation, we simply denote L = {L;,t > 0} as the local

time at zero, i.e., Ly = L? for all t > 0.

1.2 Optimal stopping

The theory of optimal stopping is concerned with the problem of choosing a time to take
a given action based on sequentially observed random variables in order to maximise an
expected payoff or to minimise an expected cost. Problems of this type are found in the area
of statistics, where the action taken may be to test a hypothesis or to estimate a parameter,
in the area of operations research, where the action may be to replace a machine, hire a
secretary, or reorder stock and in applications to finance, valuation of American options.
The aim of the present section is to introduce basic results of general theory of optimal
stopping. First we study the martingale approach in continuous time and then the Markovian
approach, both only in an infinite horizon of time. This section is mainly based on Peskir

and Shiryaev (2006).
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1.2.1 Essential Supremum

Recall that if we take the supremum over an uncountable set of random variables then this
does not necessarily defines a measurable function. To overcome this difficulty the concept of
essential supremum proves to be useful. Let {Z,, a € I} be a collection of real-valued random
variables in a probability space (2, F,P), with I an arbitrary index set. Then there exists a

countable subset J C I such that the random variable Z* : 2 — R U {—00, 00} defined by

Z* =sup Zg, (1.27)
acJ

satisfies
i) P(Zo < Z*)=1foralla € 1.

it) Y : Q+— RU{—00,00} is another random variable satisfying i) then,
P(Z* <Y)=1.
We call Z* the essential supremum of {Z,,« € I}, and write

* = esssup Zg,.
ael

It is defined uniquely P-almost surely.
Moreover, if the family {Z,,« € I'} is upwards directed, that is, for any «, 3 € I there exists
~ € I such that
Lo N Zg < 2y P-a.s.

Then there exists a countable set J = {ay,,,n > 1} such that Z,, < Z,,,, for any n > 1 and

Z* = lim Z,, P-a.s.

n—o0

1.2.2 Martingale Approach

Let G = {G¢,t > 0} a stochastic process defined on a filtered probability space (2, F,F,P)
where F = {F;,t > 0} is a filtration of F. Suppose that the filtration F satisfies the natural
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conditions (see Definition 1.3.38 of Bichteler (2002)), also assume that G is adapted to the
filtration F. We interpret G; as the gain if the observation of G is stopped at time t.

We will assume that the process G is right-continuous and left-continuous over stopping
times (if 7, and 7 are stopping times such that 7, — 7 as n — oo then G,, — G, P-a.s. as

n — 00). We will also assume that the following condition is satisfied,

E (Sup |Gt|> < 00. (1.28)
0

>

Define for all ¢ > 0,
T = {7 >t : 7 is stopping time},

the set of all stopping times greater or equal to ¢t. For simplicity we only write 7 instead of
To, i.e. we denote by T the set of all stopping times.

Consider the optimal stopping problem

Vi = sup E(G). (1.29)
TET:

To solve the problem (1.29), consider the process S = {S;,t > 0} defined as follows:
Sy = esssup E(G-|Fy), (1.30)

TET:

the process S is often called the Snell envelope of G. Note that by the definition of S; we
have that if we take 7 = ¢ then S; > Gy P-a.s. Consider the following stopping time for t > 0

7, =inf{s > t: Sy = Gs},

where we define inf ) = co. It turns out that the process {S¢, ¢t > 0} defined in (1.30) is a

supermartingale and admits a cadlag modification. Moreover, the following relation holds,

E(S;) = V;. (1.31)
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If P(1; < 00) =1 for all £ > 0 we have,

Sy > E(G-|F) for each stopping time 7 € T; (1.32)

Sy = E(G,,|F). (1.33)

Moreover, if t > 0 is given and fixed, we have:
i) The stopping time 7; is optimal in (1.29).
i1) If 7, is an optimal stopping time in (1.29) then 7 < 7, P-a.s.

ii1) The process {Ss,s > t} is the smallest right-continuous supermartingale which domi-

nates {Gs,s >t} .

iv) The stopped process {Ssar, s > t} is a right-continuous martingale.

1.2.3 Markovian Approach

In this subsection we will consider a strong Markov process X = {X;,t > 0} defined on a
filtered probability space (€2, F,F,P,) and taking values in (E, B) = (R, B(R)). It is assumed
that the process X starts at  under the probability measure P, for z € R and the sample
paths of X are right-continuous and left-continuous over stopping times. It is also assumed
that the filtration F = {F;, ¢ > 0} satisfies the natural conditions. In addition, it is assumed
that the mapping x +— P, (F) is measurable for each F' € F. Finally, without loss of generality
we will assume that (€2, F) is equal to the canonical space (E22°)), Bl%:%)) 5o that the shift op-
erator 6; : Q2 — Q is well defined by 0;(w)(s) = w(t+s) for w = {w(s),s > 0} € Q and s,¢ > 0.

Suppose that G : E +— R is a measurable function which satisfies the condition

E, <sug|a(xt)|> < o0, (1.34)

>

where E, is the expectation under the measure P, and x € E. We consider the optimal

stopping problem

V($) = Eg};Ez(G(XT))a (1'35)
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where x € E and T is the set of all stopping times of F. The function V is called the value
function and G is called the gain function. Solving the optimal stopping problem (1.35)
means two things. Firstly, we need to find an optimal stopping time, i.e. a stopping time 7,
at which the supremum is attained. Secondly, we need to compute the value V() for z € E

as explicitly as possible.

Note that if we take 7 = 0 we have that from definition of V' given in (1.35),

V(z) 2 E.(G(Xo)) = G(x) (1.36)

The Markovian structure of X means that the process always starts afresh. Then for a fixed
sample path we shall be able to decide whether to continue with the observation or to stop
it. Thinking in this way we split the set F into two disjoint subsets, the continuation set C
and the stopping set D = E \ C. It follows that as soon as the process enters into D, the
observation should be stopped and an optimal stopping time is obtained. It turns out that

the continuation set is given by

C={zxeFE:V(z)>Gx)} (1.37)

and the stopping set

D={zeE:V(z)=C) (1.38)

Formally, we define the process {Gy,t > 0} where

G, =G(X), t>0.

Then the Snell envelope process of {Gy,t > 0} under the measure P, for x € E is given by
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{S¢,t > 0} where

Sy = esssup E,(G(X;)|F)
TETE

= esssup E,(G(X 1) | F)
TET

_ csssupEx, (G(X,))
TET

= V(Xy).

Hence an optimal stopping time is given by

75 = inf{t >0: 5 = G}
=inf{t > 0:V(X}) = G(X})}

:mf{tz 0:X; ED}

Proving that we have to stop when the process enters for the first time into the set D and
continue otherwise. Let f : E +— R be a function and take ¢ € E. The function f is said to

be upper semi-continuous at a point ¢ when

f(e) > limsup f ().

Tr—rC
It is said to be upper semi-continuous (usc) on E if it is upper semi-continuous at every point
of E. In a similar way, f is said to be lower semi-continuous at a point ¢ when

fle) <liminf f(z).

r—C

It is said to be lower semi-continuous (Isc) on E if it is lower semi-continuous at every point
of E. When F = R upper semi-continuity in ¢ € E can be written in the following way. For
all € > 0 there exists § > 0 such that for all « such that |x —¢| < ¢ then f(z) < f(c) +e.
Lower semi-continuity can be written, for all € > 0 exists § > 0 such that for all x such that
|x — ¢| < 0 then f(z) > f(c) —e. It can be shown that if V' is lower semi-continuous and G

upper semi-continuous then C' is open and D is closed. Introduce the first entry time 7p of
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X into D by setting

mp =inf{t > 0: X; € D}. (1.39)

Let us assume that there exists an optimal stopping time 7, in (1.35), i.e.,

for all x € E. Then we have that if V is Isc and G is usc, then
i1) The process {V(X¢),t > 0} is a right-continuous supermartingale.
ii1) The stopping time 7p satisfies 7p < 7, Pp-a.s. for all z € E and is optimal in (1.35).

iv) The stopped process {V(Xinrp),t > 0} is a right-continuous martingale under P, for

every ¢ € E.

The following result (extracted from Peskir and Shiryaev (2006), Corollary 2.9) is a very

useful result when we are able to prove directly that V is Isc.

Consider the optimal stopping problem (1.35) upon assuming that the condi-
tion (1.34) is satisfied. Suppose that V is lsc and G is usc. If P, (7p < 00) = 1

for all z € E, then 7p is optimal in (1.35).

In this thesis we consider optimal stopping problems of the form

Vi = inf E(G;).
¢ = lnf E(Gr)

The theory studied in this chapter also applies for these problems. We only have to consider
the process G' = {G},t > 0} where G} = —G for all t > 0.
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Chapter 2

Predicting the Last Zero before an
exponential time of a Spectrally

Negative Lévy Process

Abstract

Given a spectrally negative Lévy process, we predict, in a L sense, the last
passage time of the process below zero before an independent exponential time.
Using a similar argument as that in Urusov (2005), we show that this optimal
prediction problem is equivalent to solving an optimal prediction problem in a
finite horizon setting. The optimal stopping time is the first time the process
crosses above a non-negative, continuous and non-increasing curve depending
on time. This curve and the value function are characterised as a solution
of a system of non-linear integral equations which can be understood as a
generalisation of the free boundary equations (see e.g. Peskir and Shiryaev

(2006) Chapter IV.14.1) in the presence of jumps.

2.1 Introduction

The study of last exit times has received much attention in several areas of applied probability,
e.g. risk theory, finance and reliability in the past few years. Consider the Cramér—Lundberg
process, a process consisting of a deterministic drift and a compound Poisson process with
only negative jumps (see Figure 2.1), which is typically used to model the capital of an

insurance company. Of particular interest is the moment of ruin, 79 which is defined to
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refer to the first moment when the process becomes negative. Within the framework of the
insurance company having sufficient funds to endure negative capital for a considerale amount
of time, another quantity of interest is the last time, g that the process is below zero. In
a more general setting, we can consider a spectrally negative Lévy process instead of the
classical risk process. Several studies, for example Baurdoux (2009) and Chiu and Yin (2005)
studied the Laplace transform of the last time before an exponential time that a spectrally

negative Lévy process is below some given level.

Xt

Figure 2.1: Cramér—Lundberg process with 7y, the moment of ruin and g, the last zero.

Last passage time is increasingly becoming a vital factor in financial modeling as shown
in Madan et al. (2008a) and Madan et al. (2008b) where the authors concludes that the price
of a European put and call options, modelled by non-negative and continuous martingales
that vanish at infinity, can be expressed in terms of the probability distributions of some last
passage times.

Another application of last passage times is in degradation models. Paroissin and Rabeha-
saina (2013) propose a spectrally positive Lévy process to model the ageing of a device in
which they consider a subordinator perturbed by an independent Brownian motion. A moti-
vation for considering this model is that the presence of a Brownian motion can model small
repairs of the device and the jumps represent major deterioration. In the literature, the
failure time of a device is defined as the first hitting time of a critical level b. An alternative
approach is to consider instead, the last time that the process is under the level b since the
paths of this process are not necessarily monotone and this allows the process to return below

the level b after it goes above b.
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The aim of this work is to predict the last time a spectrally negative Lévy process is below
zero before an independent exponential time where the terms ”to predict” are understood to
mean to find a stopping time that is closest (in L' sense) to this random time. This problem
is an example of the optimal prediction problems which have been widely investigated by
many. Graversen et al. (2001) predicted the value of the ultimate maximum of a Brownian
motion in a finite horizon setting whereas Shiryaev (2009) focused on the last time of the
attainment of the ultimate maximum of a (driftless) Brownian motion and proceeded to show
that it is equivalent to predicting the last zero of the process in this setting. The work of
the latter was generalised by du Toit et al. (2008) for a linear Brownian motion. Bernyk
et al. (2011) studied the time at which a stable spectrally negative Lévy process attains its
ultimate supremum in a finite horizon of time and this was later generalised by Baurdoux
and van Schaik (2014) for any Lévy process in infinite horizon of time. Investigations on the
time of the ultimate minimum and the last zero of a transient diffusion process were carried
out by Glover et al. (2013) and Glover and Hulley (2014) respectively. More recent studies by
Baurdoux and Pedraza (2020b) predicted the last zero of a spectrally negative Lévy process
in a infinite horizon setting. It can be shown that the aforementioned problems are equiva-
lent to optimal stopping problems, in other words, optimal prediction problems and optimal

stopping problems are intimately related.

This chapter is organised as follows. In Section 2.2 we formulate the optimal prediction
problem and we prove that it is equivalent to an optimal stopping problem. Section 2.3 is
dedicated to the solution of the optimal stopping problem. The main result of this paper
is stated in Theorem 2.3.13 and its proof is detailed in Section 2.4. The last section makes
use of Theorem 2.3.13 to find numerical solution of the optimal stopping problem for the

Brownian motion with drift case.

2.2 Formulation of the Problem

Throughout this chapter we use the notation and the preliminary results presented in Sec-
tion 1.1. Let X be a spectrally negative Lévy process, that is, a Lévy process starting

from 0 with only negative jumps and non-monotone paths, defined on a filtered probability
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space (2, F,F,P) where F = {F;,t > 0} is the filtration generated by X which is naturally
enlarged (see Definition 1.3.38 in Bichteler (2002)). We suppose that X has Lévy triplet
(u,0,11) where p € R, 0 > 0 and II is a measure (Lévy measure) concentrated on (—oo,0)

satisfying f(_oo 0)(1 A zH)II(dz) < oo.

Let gg be the last passage time below zero before an exponential time, i.e.
g9 =sup{0 <t <ep:X; <0}, (2.1)

where € is an exponential random variable with parameter § > 0. Here, we use the convention
that an exponential random variable with parameter 0 is taken to be infinite with probability
1. In the case of 8 = 0, we simply denote g = go.

Note that gg < €y < oo P-a.s. for all § > 0. However, in the case where 6§ = 0, g could be
infinite. Therefore, we assume that § > 0 throughout this paper. Moreover, we have that gy

has finite moments for all 8 > 0.

Remark 2.2.1. Since X is a spectrally negative Lévy process, we can exclude the case of a
compound Poisson process and hence the only way of exiting the set (—oo,0] is by creeping
upwards. This tells us that Xg,— = X4, = 0 in the event of {gs < €9} and that gy = sup{0 <
t <ep: Xy <0} holds P-a.s.

Clearly, up to any time ¢ > 0 the value of gg is unknown (unless X is trivial), and it is
only with the realisation of the whole process that we know that the last passage time below
0 has occurred. However, this is often too late: typically, at any time ¢ > 0, we would like to
know how close we are to the time gg so we can take some actions based on this information.
We search for a stopping time 7, of X that is as “close” as possible to gg. Consider the

optimal prediction problem
Vi = inf E(|gg — 7]), (2.2)
TET

where 7T is the set of all stopping times.
We state an equivalence between the optimal prediction problem (2.2) and an optimal

stopping problem. This equivalence is mainly based on the work of Urusov (2005).

Lemma 2.2.2. Suppose that {X;,t > 0} is a spectrally negative Lévy process. Let gg be the
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last time that X 1is below the level zero before an exponential time ey with 0 > 0, as defined

n (2.1). Consider the optimal stopping problem given by

V = inf E </ GU’)(S,XS)ds) : (2.3)
TET 0

where the function G is given by G (s, x) = 1 + 27 [%W(e)(l‘) AL (:L’)] for all
x € R. Then the stopping time which minimises (2.2) is the same which minimises (2.3). In

particular,
Vi=V +E(gp)- (2.4)
Proof. Fix any stopping time 7 € 7. We have that
T
|gg — T‘ = / [QH{QGSS} — 1]d8 + ge.
0

From Fubini’s theorem and the tower property of conditional expectations, we obtain

E [/0 H{ge<s}d3} =E [/0 H{s<T}E[H{99<s}\fs]dS]

.
=E [/ P(gg < 5|]:S)ds] .
0
Note that in the event of {€y < s}, we have gy < s so that
P(gy < s|Fs) =1 —e % 4 P(gg < 5,89 > 5| F).

On the other hand for {€y > s}, as a consequence of Remark 2.2.1, the event {gy < s} is

equal to {X,, > 0 for all u € [s,€p|} (up to a P-null set). Hence, we get that for all s > 0 that

P(gg < s,€9 > 8|Fs) =P(X, >0 for all u € [s,éy], €9 > s|Fs)

—P < inf  Xyis>0,8 > s|.7-"5>

0<u<ey—s

= e Py, (Xz, > 0),

where the last equality follows from the lack of memory property of the exponential distri-
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bution and the Markov property for Lévy process. Hence, we have that
P(gg < s,€9 > s|Fs) = e—GsF(O)(Xs)’

where for all z € R, F)(z) = P.(Xz, > 0). Then, since € is independent of X, we have

that for z € R,

FO() = B(X,, > 0)
= P$(gg < TO_)

=1- IE$(6797-07]1{7'07<oo})

= — WD) - 2O () +1,
where the last equality follows from equation (1.9). Thus,

P(go < sIFy) = 1 — e~ 4 ¢ [q)fe) O(x,) - 2O(X,) + 1}

=1+e0 [(I)?e)W(e) (X,) — 20 (Xs)] .

Therefore,

. = inf E(|gp —
Vi = inf E(|go — 7])

= 500) + ing & ([ 2P0 < 172 - 1 )

=E(go) + inf E </OT <1 + 2¢7% [@?&)W(a) (X,) — 2@ (XS)D ds> .

The conclusion holds. O

2.3 Optimal stopping problem

In order to find the solution to the optimal stopping problem (2.3), we extend its definition to
Lévy process (and hence strong Markov process) {(t, X:),t > 0} in the following way. Define
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the function V : Ry x R+— R as

VO (t,z) = inf By, </ GO (s + t,Xs+t)ds) = inf E </ GO (s+1t, X, + :U)ds> . (2.5)
T€T 0 T€T 0

So that
Vi = V©(0,0) + E(gp).
Remark 2.3.1. We can see from the proof above that G can be written as,
G (s,z) =1+ 27 "[FO () — 1],
where F9) s the distribution function of the positive random variable — Xz, given by

FO(z) = WO (z) — 2O (z) + 1. (2.6)

o(0)

Moreover, evaluating 0 = 0, the function GO coincides with the gain function found in

Baurdouzr and Pedraza (2020b) (see Lemma 3.2 and Remark 3.3).

Now we give some intuitions about the function G(¥). Recall that for all 8 > 0, W? and
Z) are continuous and strictly increasing functions on [0, 00) such that W (z) = 0 and
ZO(z) =1 for x € (—00,0). From the above, equation (2.6) and from the fact that F(®) is
a distribution function, we have that for a fixed ¢t > 0, the function z — G (t,z) is strictly
increasing and continuous in [0, 00) with a possible discontinuity at 0 depending on the path
variation of X. Moreover, we have that limg_, G (t,z) = 1 for all t > 0. For z < 0 and
t > 0, we have that the function G() takes the form G@(t,z) = 1 — 2¢=%%. Similarly, from
the fact that F()(z) —1 < 0 for all z € R, we have that for a fixed z € R the function
t — GO (t,x) is continuous and strictly increasing on [0,00). Furthermore, from the fact

that 0 < F(©) (x) <1, we have that the function G is bounded by
1-27% <G (z,t) <1 (2.7)

which implies that |G()| < 1. Define the value myg as the median of the random variable &,
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in other words, my is given by

iy = 10g9(2).

Hence from (2.7) we have that G(?) (¢, z) > 0 for all z € R and t > my. The above observations
tell us that, to solve the optimal stopping problem (2.5), we are interested in a stopping time
such that before stopping, the process X spends most of its time in the region where G®) is
negative, taking into account that (¢, X) can live in the set {(s,z) € Ry xR : G (s,z) > 0}
and then return back to the set {(s,z) € Ry x R: G (s, z) < 0}. The only restriction that
applies is that if a considerable amount of time has passed, then {z € R : G (s, z) > 0} =R

for all s > my.

We then define the function 2(?) : R, — R as
1
RO@#) :=inf{z e R: GO (z,t) >0} =inf{fz e R: FO(2) > 1 — 5ef%},

for all ¢t > 0. Hence, we can see that the function h(®) is a non-increasing continuous function
on [0,myp) such that limgp,,, K9 (t) = 0 and A9 (t) = —oco for ¢ € [mg, 00). Moreover, from
the fact that GO (t,z) < 0 for (t,x) € [0,my) x (—o0,0), we have that h(®)(t) > 0 for all

t e [0, mg).
In order to characterise the stopping time that minimises (2.5), we first derive some
properties of the function V().

Lemma 2.3.2. Let 6 > 0. The function V9) is non-drecreasing in each argument. Moreover,
VO (t, x) € (—mg,0] for all z € R and t > 0. In particular, VO (t,z) < 0 for any t > 0 with
z < hO(t) and VO (t,2) =0 for all (t,z) € [my,c0) x R.

Proof. First, note that V) (¢, z) < 0 for all (t,z) € RT x R. Indeed, if we take the stopping

time 7 = 0, we obtain that
VO (t x) = inf B, ( / GO (s +t, X5+t)ds> <0.
TET 0
Now take (t,z) € [mg,c0) x R, then for any 7 > 0, we have that GO (r +t, X, + z) > 0,
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which implies that for any 7 € T

0<E (/ GO(r+1t, X, —|—:c)dr>
0

and hence V@ (t, z) = 0.

The fact that V() is non-decreasing in each argument follows from the non-decreasing
property of the functions t — G (¢, z) and x — G (¢, x) as well as the monotonicity of the
expectation. Moreover, we have that {(t,2) € Ry x R:z < ()} = {(t,2) e Ry x R :
GO(t,z) < 0} C {(t,r) € Ry x R: VO (t,2) < 0}. Indeed, let (s,y) € Ry x R such that
s < h(y) and take U C {(t,z) € Ry x R : GO (t,2) < 0} be any neighbourhood of (s,y).

Define the stopping time 7y as the first exit time from the set U, that is
v =inf{r >0: (r,X,) ¢ U}.
Then we have that 7y > 0 a.s. and
TU 9
VO < By ([ 600+ s Xar) <0,
0

where the strict inequality follows since (r, X,) € {(t,z) € Ry x R : GO (t,z) < 0} for all

r<Ty.

Next we will show that V) (¢, z) > —oo for all (t,z) € [0,mg) x R and for all § > 0. Note

that ¢ < myg if and only if 1 — 2e™% < 0. Then for all (s,z) € R} x R we have that
G(s,z) >1—2e7% > (1— 26795)]I{s<m0}.
Hence, for all z € R and t < my

Vwku@::me</'kas+axg+xxw)
0

TET
> mfE( [ (1= 2606+ d
= 7127' (/0 ( € ) {t+s<my}dS
=—supE (/ (2679(S+t) - 1)H{t+s<m9}ds> :
TET 0
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The term in the last integral is non-negative, so we obtain for all ¢ < mg and x € R that

V(e) (t,$) > — (/ (26_9(8+t) - 1)H{t+s<m9}d3>
0

meg—t
=— (/ (2e706+) 1)d8>
0

> —mg.

O]

In the next lemma we use the general theory of optimal stopping to find an optimal

stopping time for (2.3).

Lemma 2.3.3. For any 0 > 0 we have that an optimal stopping time for (2.5) is given by
mp = inf{t > 0: (¢, X;) € D}, (2.8)

where D = {(t,z) € Ry x R: VO (¢t ) = 0}.

Proof. As a consequence of the fact that V() vanishes on the set [mg,c0) x R (see Lemma

2.3.2) we have that for any (¢,z) € [0,mp) X R,

VOt z)= inf E, ( / G<9>(s+t,Xs+t)ds>,
0

TETmy—t

where T, is the set of stopping times bounded by my — t. Indeed, since Tp,,—+ C T we

have the inequality,

VO(t,z) < inf K, ( / G(e)(s+t,Xs+t)ds>.
0

TETmy—t

On the other hand, for any (¢,2) € [0, mg] x R we have that from the Markov property at
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V(G) (t,w) = inf |:Et,x <I[{T<mg—t}/ G(G) (8 + t,Xs_H)dS)
TET 0

+]Et7a: <]I{7'2m9—t} / G(e) (S + t, X5+t)d8>:|
0

TA(me—t)
= inf |E, / GO (s +t, Xepy)ds
TET 0

+E; 2 (H{‘r>met}Eme7Xme </ G(e)(s + my, Xs+m9)ds>>}
0

TA(mg—t)
> igg Et < / GO (s +t, Xeiq)ds +H{T2m9_t}V(mg,Xm9)>]
T 0
TA(mg—t) )
— inf E,, t Xoy)ds |
7%1617_ t, /0 G (S+ +t) S

where the inequality follows from the definition of V() and the last equality holds since
V) (mg,x) = 0 for all z € R. Then the assertion holds.

Hence, since |G?)| < 1 we have that for all t > 0 and z € R,

E¢q | sup < 00
s>0

Next, we show that the function V() is upper semi-continuous. Recall that the function F()

A(mg—t)
/ GO (r +t, X, e)dr
0

is strictly increasing and continuous on [0, 00) such that F(?) = 0 for 2 < 0. This implies
that F(© is upper semi-continuous and then the function G is upper semi-continuous (since
t — G (t,z) is continuous for all € R). Hence for any stopping time 7, by using Fatou’s

lemma (since G(?) is bounded), we have that for any (to, 7o) € Ry x R,

limsup E [/ GO(s+1t,X,+ x)ds] <E
) 0

(t,x)%(to,mo

/ limsup G (s +t, X, + x)ds
0 (

t,x)%(to,xo)

<E [/ G(e)(s—f—to,Xs +x0)ds] .
0

Showing that for any 7 € 7, the mapping (t,z) — E[[] GO (s +t, X, + x)ds] is upper
semi-continuous. Hence, V() is upper semi-continuous (since V() is the infimum of upper

semi-continuous functions).
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Therefore, by general results of optimal stopping (see Peskir and Shiryaev (2006) Corollary
2.9 or Section 1.2.3) we conclude that an optimal stopping time for (2.5) exists and is given

by (2.8). O

Hence, from Lemma 2.3.2, we derive that D = {(t,z) € R, x R: z > b®)(t)}, where the

function 5@ : R, — R is given by
b (t) = inf{x e R: (t,z) € D},

for each t > 0. It follows from Lemma 2.3.2 that b(®) is non-increasing and b () > (¥ (t) > 0
for all t > 0. Moreover, b(?)(t) = —oo for t € [mg, 00), since V) (¢, 2) = 0 for all t > my and
z € R, giving us 7p < my. In the case that t < mg, we have that b(?) (t) is finitely valued as

we will prove in the following Lemma.
Lemma 2.3.4. Let 6 > 0. The function b®) is finitely valued for all t [0, mg).

Proof. For any 6 > 0 and fix ¢t > 0, consider the optimal stopping problem,

VO ()= inf E, ( / [1+42¢7 % F9(Xx,) - 1)]ds> .,  zeR,
0

Telrmgft

where T, is the set of all stopping times bounded by my — ¢. From the fact that for all
s>0and z € R, G(s+t,z) > 1+ 2 %(FO(z) —1) and that 7p € Tyn,—¢ (under Py, for all

x € R), we have that
VOt 2) >V (2) (2.9)

for all x € R. Hence it suffices to show that there exists #; (finite) sufficiently large such
that Vt(e) () = 0 for all z > &;. Since F® is a distribution function, it can be easily
shown that Vt(e) is a non-decreasing function and that for all z € R, Vt(e) (x) € (—ma,0].
Moreover, an optimal stopping time for Vt(e) is Tp,, the first entry time before mg — ¢ to the
set Dy = {z € R: Vt(e) (x) = 0}. We proceed by contradiction, assume that D; = (), then

Tp, = my — t and

V9 (z) = E, < /0 ma_tu +2¢70(FO) (x,) — 1)]ds> .
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Hence, by the dominated convergence theorem and the spatial homogeneity of Lévy processes

we have that

meg—t
0> lim V() =E ( / lim [1 4 2¢~%(FO (X, +2) — 1)]ds) =mg—1t>0
0

T—00 T—00

which is a contradiction. Therefore, we conclude that for each ¢ > 0, there exists a finite

value #; such that b (t) < . O

Remark 2.3.5. From the proof of Lemma 2.3.4, we find an upper bound of the boundary
b, Define, for each t € [0,my), u®(t) = inf{z € R : Vt(e) () = 0}. Then it follows that

u? is a non-increasing finite function such that
u@(t) > b9 ()

for all t € [0,myg).
Next we show that the function V() is continuous.

Lemma 2.3.6. The function VO s continuous. Moreover, for each x € R, t — 1740 (t,z)

is Lipschitz on Ry and for everyt € Ry, x — VO (t,z) is Lipschitz on R.

Proof. First, we are showing that, for a fixed ¢ > 0, the function = — V) (¢, z) is Lipschitz
on R. Note that if ¢ > mg, then we have that V(@ (¢,z) = 0 for all z € R. Suppose that
t <my. Let z,y € R and define 7 = 7p(;,) = inf{s > 0: Xs +x > b (s +t)}. Since 7 is
optimal in V@ (¢, ) (under P) we have that

VO@t,y) — VOt z) <E (/ "GO s+t X, + y)ds) ~E (/ TGOt X, + :L‘)dS)
0 0

=E ( / " 2e 0D EO (X, 1) — FO(X, + :c)]ds) .
0

Define the stopping time

Tho)_p = WE{t > 0: X > b (0) — z}.

Then we have that 7} < 7.7,

50 (0)—z (since b?) is a non-increasing function). From the fact that
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F®) is non-decreasing, we obtain that for 5@ (0) > y >,

*

VO(t,y) — VO (t,2) < 2E ( / e RO (X, +y) - FO(X, + x)}ds)
0
ot .
<2E ( / W eI O (X, 4 y) — FO(X, + x)]ds> ,
0

Using Fubini’s theorem and a density of the potential measure of the process killed upon

exiting (—oo, b (0)] (see equation (1.20)) we get that

V(e) (ta y) - V(Q) (ta x)

b(®)(0) 00
< 2/ [FO(z+y—z) - F(‘g)(z)]/ e PP, (X, € dz, T;(_O) > s)ds
—00 0
b0 (0)
_5 / FO(z 4y — ) - FO ()] [ O O-D 00 (0) - 2) - WO (z - 2)] a
—00
) b0
< 2e=FOOO =)y O) (40 (0) 5+ y) / FO(: 4y — 2) — FO()]dz,
T—y

where in the last inequality, we used the fact that W is strictly increasing and non-negative

and that F(®) vanishes at (—oc0,0). By an integration by parts argument, we obtain that

b (0)
|Gy - ) - FO@IE = (- ) FO0O0) +y - o).
z—y

Moreover, it can be checked that (see Kuznetsov et al. (2013) lemma 3.3) the function z —

e~ 2O WO (%) is a continuous function in the interval [0, c0) such that

1
lim e 2O () = — — 0.
Jim, C) = @)

This implies that there exist a constant M > 0 such that for every z € R, we have the
inequality 0 < e=®@E W) (2) < M. Then we obtain that for all z < y < b (0),

0<VO(t,y) — VO (t,z) <2M(y — 2)e® O < 2M(y — m)e@(e)b(a)(o).

On the other hand, since b (0) > b (¢) for all t € [0,1mg) we have that for all (t,z) €
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[0,mg) x [b(0),00), VO (t,2) = 0. Hence we obtain that for all z,y € R and ¢ > 0,
VO(t,y) = VO(t,2)| < 2M|y — 2[eOV7O), (2.10)

Therefore we conclude that for a fixed ¢ > 0, the function x +— V() (¢, 2) is Lipschitz on R.

It remains to show that ¢t — V(@) (¢, z) is Lipschitz on [0,00) for every 2 € R. We know
that for all z € R, V®(¢,2) = 0 for all t > mg so t — V(t,x) is Lipschitz on [mg, c0) for
all z € R. On the other hand, recall that the function ¢ — e~ is Lipschitz continuous on

[0, 00). Indeed, using the fact that e=% < 1 for all t > 0 we have that for all s,¢ € [0, 00),

t
/ O du,
S

Take s,t € [0,my] and suppose without loss of generality that s > t. Then, since TD(t,z) 18

‘6_08—6_0t‘ = < 0|t — s|.

optimal for V() (t,z), we have that for all x € R,

0<VO(s,z) - VO, )
TD(t,x) TD(t,x)
E </ GO+ s, X, + x)dr) —E (/ GO+, X, + x)dr)
0 0

E </TD(t’z) 2[679(r+t) _ 69(r+s)]dr>
0

20(s — t)my,

IN

IN

IN

where the second inequality follows from the fact that 0 < F(®) < 1 and the last inequality

results from 7p(; ;) < my —t < my. Therefore we conclude that
VO (s,2) = VO(t,2)] < 20mg|s — t|

and therefore t — V(9 (¢, ) is Lipschitz continuous for all z € R. O

In order to derive more properties of the boundary b, we first state some auxiliary

results. Recall that if f € C'; ’2(]R+ x R), the set of real bounded C'%? functions on Ry x R
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with bounded derivatives, the infinitesimal generator of (¢, X) is given by

A (F)E2) = S ft2) = o f0,2) + ot it

0
+ /(_0070) [F(to+y) = f(t2) = ylgys oy f(E0)I(dy). (211)

However, sometimes is not easy to show that f has continuous derivatives and then a definition
of the generator in a broader sense is needed. It turns out that the generator of a Lévy process
can be defined in the sense of distributions. Indeed, it is shown in Lamberton and Mikou
(2008) that when f is a bounded continuous function, the generator can be defined in the
sense of distributions (see Proposition 2.1 and Remark 2.2). The reader can also refer to the
Appendix A for further details on this. In particular, we show that, if f is a locally integrable
function Ry x R such that (u,z) — f(—oo,—l) |f(u, z + y)|II(dy) is locally integrable, we can
define the distribution A x)(f) by A x)(f) = Ax(f) + %f, where

:/zm/nxf(t’x) [Maax (¢ )+1C’ 8822<P( z)| dadt
- /]R+ / f(t,2)Bx (¢)(t, x)dadt

/M/fm o(t, z)dzdt,

for any ¢ € C* function with compact support on R, x R and
% 0
Bx(p)(t,z) = o) etz —y) = p(t,2) + y7(t, @)Ly 1y JT(dy).

Let C = Ry xR\ D = {(t,z) € Ry xR : z < b (t)} be the continuation region.
Then we have that the value function V() satisfies a variational inequality in the sense of
distributions. The proof is analogous to the one presented in Lamberton and Mikou (2008)

(see Proposition 2.5).

Lemma 2.3.7. Fiz 0 > 0. The distribution A(t,X)V(G) + G s non-negative on Ry x R.
Moreover, we have that .A(tyx)V(@) +G® =0 on C.

Proof. By means of Proposition A.6 the result follows since for all (¢,x2) € Ry x R that the

process {Zs,s > 0} is a Py ;-submartingale and {Zsz-,,s > 0} is P4 ,-martingale, where for
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any s > 0,
Zy=VO(t +5 X1 4) + / GO (r 4+ t, Xpyy)dr.
0

Indeed, it is a consequence of the fact that, under the measure P; ., the Snell envelope of
the process { [, GO (r +t, X, ;)dr,s > 0} is given by Z, (due to the Markovian structure of
(t, X), see Section 1.2.3 or Theorem 2.2 of Peskir and Shiryaev (2006)). O

We define a special function which is useful to prove the left-continuity of the boundary

b . For § > 0, let

(70(0) (tv .T) = [/( 0) V(e) (ta T+ y)H(dy) + G(e) (t7 $)] H{x>b(9)(t)}’ (t7 ‘T) € R-‘r x R.

(2.12)

Provided that ¢ is locally integrable, we can define the distribution ¢®) by

(09, ¢) = / / 0O (t, 2)p(t, x)dzdt
R, JR

for any ¢ € C'*° with compact support in Ry x R. The next Lemma states some properties

of (@,

Lemma 2.3.8. On the interior of D, the function 4,0(9) is strictly increasing on each argu-
ment, strictly positive and continuous whereas, on C, it vanishes. Moreover, we have that

A(mx)(V(e)) + G = ) on the interior of D in the sense of distributions.

Proof. Let t € [0,my) and 2 € R. Note that if = > b (¢), we have that for all y €
(b (t) —z,0), VO (t, 2 +1) = 0. Then from the fact that V(@ is bounded (see Lemma 2.3.2)

and |G| < 1, we obtain that

Ot 2)] = / VO (1,2 + y)TI(dy) + GO (t,x)
(—oo,b(g)(t)—:r;)

<)
(7oo,b(9) (t)—z)

< / mell(dy) + 1
(7oo,b(9)(t)f:p)

< 00,

VO (t, 2z +y)| T(dy) + |G (t,2)|
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where the last inequality follows from the fact that II is a finite measure on the interval
(—00, —¢), for all € > 0. Then @ (t,z) is finite for all t > 0 and = € R. Recall that the
function G?) is continuous and strictly increasing in each argument on the set R4+ x (0,00).
Then from the fact that 5 is non-negative, V¥ is continuous and non-decreasing in each
argument (see Lemmas 2.3.2 and 2.3.6) and the dominated convergence theorem, we conclude
that ¢(® is continuous and strictly increasing on D. Then »(?) is locally integrable and hence

©(® can be defined as a distribution.

Next, we show that .A(t’X)(V(e)) + G = »® on the interior of D in the sense of distri-

butions. Take ¢ € C'°*° with compact support on the interior of D, then
(Awx)(V / / (4, 2) B (6) (¢, z)dadt
Ry

(9)
[
_ /0 /bw)(t) 6(t, ) /<_oo,0) VO (1, 2 + y)TT(dy)dadt.

Then we conclude that A(tyx)(V(e)) + G = ¢ holds on D in the sense of distributions.

, ) /(_0070) o(t,x — y)II(dy)dzdt

Lastly, we show that ¢(@ is strictly positive on D. From Lemma 2.3.7, we have that ¢ is
a non-negative distribution. Then by continuity, we have that () (¢, z) > 0 for all (¢, z) € D.
Indeed, assume that there exists (tg, o) such that ¢ (tg,z9) < 0. By continuity we have
that there exists an open set A, such that (to,z9) € A and @ (t,2) < 0 for all (t,z) € A.

Then, if we take any non-negative function ¢ € C*° with compact support in A we have that

/ / o(t,x)dxdt <0
Ry

which contradicts the fact that L,O(G) is a non-negative distribution. Fix ¢ € [0, mg) and suppose
that there exists y > b (¢) such that @ (t,y) = 0. Let z € (b (t),y) then since ¢@ is

strictly increasing in each argument, we have

0=t y) > (t,2) >0
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which is a contradiction. Then ¢(®) is strictly positive on the interior of D. O

Now we are ready to show that the optimal boundary is continuous on the set [0, mg).
The method proof is based on Lamberton and Mikou (2008) (see Theorem 4.2) where the

continuity of the boundary is shown in the American option context.
Lemma 2.3.9. The function b\ is continuous on [0,mg).

Proof. From the continuity of V(?), we deduce that the set D is closed. Let t € [0,mg) and
let {t;}n>0 be a sequence of numbers such that ¢, | ¢, and consider the limit b (t4+) =
lim,, 00 b9 (t,) (which exists since b(?) is non-increasing). Note that from the fact that
b® is non-increasing, we have that b® () > b®(t+). On the other hand, we have that
(b (t,),t,) € D and from the fact that D is closed, lim,, o0 (tn, b (t,)) = (¢, 0@ (t+)) € D.

Hence we conclude that b (t) < b(?) (t+) and therefore b is right-continuous.

We now show that b(?) is left-continuous. For this, suppose that there exists some t4 €
(0,mg) such that limy, o 5@ (tg — h) =: b0 (t;—) > b (t4) and choose any (s,z) € [0,tq) X
(b (tq), b9 (t4—)). We then have that z < b (t;—) < b?)(s), so that V(@) (s, 2) < 0 and then
[0,t4) x (0@ (t4), b (t4—)) C C. From Lemma 2.3.7, we deduce that .A(t,X)(V(O)) +G9 =0
on (0,tg) x (b (tg),b® (t;—)). Then, if we take any non-negative function ¢ € C™ we have
that

Ax(VEO) + GO gy — /R /R V(Q)(t,x)%qb(t, )dzdt = — /]R /R VO (A, 2)(t, z)dx < 0,

where the last inequality follows from the fact for all z € R, ¢ — V(@) (t,z) is non-decreasing
and then for any z € R, the measure V() (dt, z) is well defined. Note that the equation above
means that Ay (V) + G is a non positive distribution. By continuity, we have that for
any t € (0,tq), the distribution Ax(V@)(t,-) + GU(¢,-) is a non positive distribution on
(b (tq), b (t4—)). Indeed, suppose that there exists ty € (0,t4) and a non-negative function
¢ € C* with compact support on (0¥ (t4), b (t;—)) such that
[ VOt [0t + 3o 2sote) + B (@) o+ [ 6O m)otois >0
R ox 2" 022 R

Then by the continuity of the functions ¢t — V@ (t,z) and t — GO (t,z) (for any x > 0), we
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have that there exists an open set A C (0, t4) such that for any nonnegative function ¢ € C'*

with compact support on A,

2
[ [Vt [ngotoiett) + gt so(wiele) + Bi(o- o)t )] doc
R

/ /Ga)tx Jo(t)dzdt > 0.
Ry

Note that the equation above contradicts the fact that Ax (V) + G® is a non positive
distribution on (0,t4) x (b (tq),b® (t4—)). Hence, for any t € (0,t4), the distribution
Ax (VO (t, ) + GO (t,-) non positive on (b (t4), b (t;—)). Then, once again by con-
tinuity, we have that for any non-negative function ¢ € C°° with compact support on

(b (ta), b (ta-)),

0 > lim(Ax(VO)(t,) + GO (¢, ), 6)

Tty

thtq

2
—tin{ [ V02 o) + g 000 + Br@)w)] ao+ [ 6O n)oteas
2
— [ Va0 [ufxwx) i L o)+ B;<<¢><x>] do [ GOta)ot)is

b0 (t4)
— / VO (14,2 / o(z — y)TI(dy)da + / GO (14, 2)p(x)de
(_OO’O) R

—00

= (09, ¢),

where the second last equality follows from the fact that V(9 (t4,-) vanishes on the set
(b (t4),b®(t4—)). Note that that the equation above contradicts the fact that ¢(®)(t4, ) is
a strictly positive function on (b (t4),b® (t4—)) (see Lemma 2.3.8). Therefore we conclude

that b® is also left-continuous and the proof is complete. O

Recall that we have that b(®)(t) = —oo for ¢ € [myg,c0). The next Lemma describes the

limit behaviour of b around my.
Lemma 2.3.10. We have that limy,, b(o)(t) =0.

Proof. Define %) (mg—) := limgp, b (t). We obtain b (mp—) > 0 since (@ () > h¥(t) >

0 for all ¢ € [0,mg). The proof is by contradiction so we assume that b (mg—) > 0.
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Note that for all z € R, we have that V(%) (my,0) = 0 and
GO (mg, ) = 1 + 252 [FO (z) — 1] = FO(2).
Moreover, following an analogous argument as in Lemma 2.3.9 we have that,

Ax (V) + ¢ = —9,v® <0

in the sense of distributions on (0,mg) x (0,b)(mg—)). Hence by continuity, we can derive,
for t € [0,mg), that Ax (VD) (t,-) + G (t,-) < 0 on the interval (0,5 (mg—)). Hence, for

any non-negative function ¢ € C* with compact support on (0,5 (my—)), we have that

0> lim (Ax (VO)(t,-) + GO (2, ), ¢)

tTme
— lim (O)xéxlgﬂix * | de O (t 2 b(z)da
=t { [ VO) [u o0 + 4o 000) + Brlo)(o)| ao + [ GO a)o(olac )
- [ FO@pla)ds

R
> 0,

where we used in third equality we used the continuity of V) and G(® on the first argument
and the fact that V() (mg,z) = 0 for all z € R and in the last inequality we used that
FO(z) > 0 for all z > 0. Note that we have got a contradiction and we conclude that
b (mg) = 0. O

Define the value
ty := inf{t >0 : b0 (¢) < 0}. (2.13)

Note that in the case where X is a process of infinite variation, we have that the distribution
function of — X5 , F©) is continuous in R, strictly increasing and strictly positive in the open

set (0,00) with F(®)(0) = 0. This fact implies that the inverse function of F(®) exists on
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(0,00) and then function h(?) can be written for t € [0,myg) as

RO (1) = (FO)~! (1 - ;w) .

Hence we conclude that h(®)(t) > 0 for all t € [0,mg). Therefore, when X is a process of

infinite variation, we have b (t) > 0 for all t € [0,mg) and hence t, = my. For the case of

finite variation, we have that t, € [0,mg) which implies that b (t) = 0 for all ¢ € [t,, mq)

and b@(t) > 0 for all t € [0,,). In the next lemma, we characterise its value.

Lemma 2.3.11. Let 0 > 0 and X be a process of finite variation. We have that for allt > 0

and r € R,
/ VO 2+ ) — VO, 2)TI(dy) > —oo.
(_0070)

Moreover, for any Lévy process, ty is given by
t, = inf {t € [0,mqg)] : / VO (¢, y)T(dy) + GO (t,0) > 0} ,
(_0070)

where V]ée) s given by

2 - —0(rF A(mg—
Vég)(tvy) :Ey(Tg/\(meft))—ge ‘%[1—Ey(e 0(rg A(me t)))]

for allt € [0,mp) and y € R.

Proof. Assume that X is a process of finite variation. We first show that

/ VOE 3+ 1) — VOt 2)]T(dy) > —oo
(o0.0)

(2.14)

for all t > 0 and € R. The case t > my is straightforward since V(@) (¢, ) = 0 for all z € R.

Assuming that t € [0,my), if > b?(0) > b (t), we have V) (¢, ) = 0 resulting in

/ VOt 2 +y) - VO, 2)1I(dy) = / VOt +y)T(dy)
(=00,0)

(foo,b(g) (t)—z)

> —(my — D)I(—00,b(t) — )

> —00,
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where the last equality follows since |V ()| < mg —t and II is finite on intervals away from

zero. If < b?)(0), we have by equation (2.10) that

J VOt ) = VOt
o e L L O
S QPO 0) /(1 ; yT1(dy) — (mg — )TT(—o0, —1)
> —o0,

where the last quantity is finite since X is of finite variation and then f(_l 0) yII(dy) > —oc.

Moreover, from Lemma 2.3.7, we obtain that
() (0) O ) — 0 9 10)
VO +y) - VO @ 2)T(dy) + GOt 2) = —oVO(t,2) — 6V O (t,2) < 0
(—oo,O) 8t 69@

on C' in the sense of distributions, where the last inequality follows since V(%) is non-decreasing
in each argument and § > 0. Next, we show that the set {t € [0,m) : b®)(t) = 0} is non
empty. We proceed by contradiction, assume that b(?)(t) > 0 for all t € [0,mg). Then by

continuity of the functions t — V) (t,y) for all y < 0 and t — G (¢,0), we can derive
| Oy - Voo + 600 <o (215)
(700’0)

for all t € [0,mg). Taking ¢t T my and applying dominated convergence theorem, we obtain

that

tTmeg

0> lim { / VO (t,y) — VO(t,0)](dy) + GO (t,O)} = GO (my,0) = FO(0) > 0,
(_0070)

where the strict inequality follows from F®)(0) = %W(g)(O) = ﬁ@ > 0 since X is of finite

variation. Therefore, we observe a contradiction which shows that {t € [0,myg) : b (t) =

0} # 0. Moreover, by the definition, we have that t;, = inf{t € [0,my) : b (¢) = 0}.

Next we find an expression for V@ for z € (—00,0). Take any t € (0,7m4) and z < 0.
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Since b (t) > 0 for all t € [0,mmy), we have that

To A(mg—t)
VO(ta) <. | [ (1= 27N ds | + Br (L oy VO 0+ 757,0))
0
= B (7 A (mg —t)) — fe‘et[ — E(e7%0 Amo=b)y]
+

= VéH)(t,w) +E; <]I{T+<m0 t}V (t+7 0)) (2.16)

where the first equality follows since X < 0 for all s < 7 and G(¢,z) = 1 — 2¢% for all
z < 0. Hence, in particular, we have that V(@) (¢, z) = VS) (t,x) for all t € [t,, mg) and = € R.
We show that (2.14) holds. By Lemma 2.3.8, we obtain that

/ VO (£ 2 1 y)TI(dy) + GO (t,2) > 0
(=50,0)

for all x > 0 and ¢ > t;,. Then by taking x | 0, making use of the right continuity of
z — G(t,z), continuity of V(® (see Lemma 2.3.6) and applying dominated convergence

theorem, we derive that

/ VO (1, y)T(dy) + GO (t5,0) > 0.
(—00,0)

In particular, if t, = 0, (2.14) holds since V) (¢,0) and G(?) (¢, 0) are non-decreasing functions.
If t, > 0, taking ¢ T t, in (2.15) gives us

/ VO (1, y)T(dy) + GO (t,0) < 0.
(_0070)

Hence, we have that f —00.0) V( )(tb, y)II(dy) + G (t,,0) = 0 with (2.14) becoming clear due

to the fact that ¢ — V]é )(t,a:) is non-decreasing. If X is a process of infinite variation, we
have that h(®)(t) > 0 for all t € [0,7mg) and therefore G (t,z) < 0 for all t € [0,mg) and

x < 0 which implies that

ty, = my = inf {t € [0, mg] : / V9 (t, y)T(dy) + GO (t,0) > 0} .
(70070)
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Now we prove that the partial derivatives of V are equal to zero on the curve b(?) for

those values for which b is strictly positive.

Lemma 2.3.12. For allt € [0,t), the partial derivatives of V) (t,x) at the point (t,b® (1))

exist and are equal to zero, i.e.,

0 )
O) (. 5O (1)) — ) (1. 5O (£)) —
VOO ) =0 and VO (1) =o.

Proof. First, we prove that the assertion in the first argument. Using a similar idea as in

Lemma 2.3.6, we have that for any t < t,, z € R and h > 0,

< VLN = VO~ 1)

,9 r+t— h) 9(T+t)]
< 2E ©)(t / dr
b 0 h
—0(r+t—h) _ ,—0(r+t)
< QEb(9 (/ b(0) (t—n) 6 - e ]dT>
0
6(t— h) - T+<e)
_2 —0(t=h) _ [ o OB (t—h)— b(")(t)}]
;T |

where 7 = inf{r € [0,mg —t + ] : X, > b@(r + ¢ — h)} is the optimal stopping time for
14% (t — h,z), the second inequality follows since b is non increasing and the last equality by
equation (1.3). Since b®) is continuous, we have that 5@ (t — h) | b®(¢) when h | 0. Hence,
we obtain that

VO6O(#) - VOt - h,bO(1)

1i _
nio h

Now we show that the partial derivative of the second argument exists at b(®) (t) and is equal

to zero. Fix any time ¢ € [0,1), € > 0 and z < b(®(¢) (without loss of generality, we assume
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that e < x). By a similar argument as in Lemma 2.3.6, we obtain that

VOt z) = VOt z—e)

b (¢)

<2 / [FO (2 4 ¢) — FO)] [e—®<9><b(9><t>—x+€>w<9>(b<9> ) —2) WO (z—e— z)} dz
b (¢

— 9~ 2O (01 (t)—z+e) / ( )[F(G) (z+¢) = FOWO GO (1) - 2)dz

Tr—E€

Tr—E€
+2 / [FO (2 +¢) — FO(2)] [e—‘I’W)(b“’)(ﬂ—w%)W(G)(b<9> () —2) -~ WO (z—e— z)} dz
0

0
+2 [ FO@z+¢) [e*¢<9><b”’<t>*x+s>w<9>(b<9> ) —2)—WO(z—c— z)} de.

—&
Dividing by &, we have that for ¢ € [0,;) and ¢ < = that

VOt z) = VO (t,z —e)
£

0< < RO, z) + R (t,2) + R (t, z),

where

b(®) (¢)
R (t,z) = 2ef¢><9><b<9><t>fx+a>é / [FO 1) — FORWO GO (1) — 2)dz,

—&

RO (t,2) = 2% /0 IR 4 2) — PO (2]

X [e*q)(e)(b(e)(t)*HE)W(e)(b(g) t)—2) =Wz —e— z)} dz,
0
RY(t,z) = 22 / FO (2 +¢) [e—@<e><b<6><t>_m+e)w<9>(b<9> ) —2)—WO(z—e— z)} dz.
—&

Then we show that for ¢ € [0, ), lim. o Rge) (t, b (t)) = 0 for each i = 1,2, 3. Using the fact

that W and F' are non-decreasing, we derive that

b(O) ()
0 < Tim B (£, 60 (£)) < Tim 2e~ @) (50 (1)) 1 / (FO (5 4 &) — FO(2)dz
el0 el0 € Jb0) (t)—e

< lim 2~ PO WO O N [F OO () 4+ ) — F(bO) (1) — &)]

where in the last equality, we used the fact that b () > 0 and that F®) is continuous on
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(0,00). In a similar way, we obtain that

0 < EmRY (¢, 6@ (1))
el0

0
~ lim2) / FO(z+¢) [e*‘I’(@)sW(@)(b(@ (t)—2) = WO WO () — e — z)] dz
el € J_¢

< lim 27 () (¢) [W(Q)(b(e) () +e) -~ WOBO @) - ¢)

=0.
To show that lim, Rgs) (t, b0 (t)) = 0, we first note that for all z € (0,5 (1)),

[FO (2 4 &) — FO(2)] [e2OCY OO 5O (1) — 2) - WO (g — ¢ — 2)

<WORDNFO (2 4¢) — FO(2)).
Moreover, using Fubini’s theorem, it can be shown that
b ()
/ (FO(z 4 &) — FO()]dz < e[FO GO (1) + £) — FO(0)].
0
Using the dominated convergence theorem, we get

EmRY (¢, 50 (£))
el0

11m
el0 IS

< gpbt /6(9)(t)—e i F(O)(Z +¢e) — F(O)(Z)
B 0

X [e*q)(e)gW(e) OO @) —2) = WO RO (1) —e — z)} dz

=0,

where we used the fact that W is left continuous on R and

) o
lim Z2C ) = FE) g0y ) < o0
el0 IS

where (F(Q))’+ is the right derivative of F(®) which exists since W has right and left deriva-
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tives. We can then conclude that

) (. p® — VOt pO (1) —
el0 £

proving that z — V(@ (z, ) is differentiable at b (¢) with 9/0zV @ (t,b@(t)) = 0 for t €
[0, ). O

The next theorem looks at how the value function V() and the curve b(®) can be char-
acterised as a solution of non-linear integral equations within a certain family of functions.
These equations are in fact generalisations of the free boundary equation (see e.g. Peskir and
Shiryaev (2006) Section 14.1 in a diffusion setting) in the presence of jumps. It is important
to mention that the proof of Theorem 2.3.13 is mainly inspired by the ideas of du Toit et al.

(2008) with some extensions to allow for the presence of jumps.

Theorem 2.3.13. Let X be a spectrally negative Lévy process and let ty, be as characterised

in (2.14). For allt € [0,ty) and x € R, we have that
me—1
V(@) (t, x) = Ez </ G(G) (7" + t, XT)H{XT<b(9)(T+t)}dT>
0

my—t
—E, / / V(a)r-i-t,XT—i—dey]I e dr
< 0 (=00, (r+)—X) ( AL x, 00 -0}

(2.17)

and b9 (t) solves the equation

me—1
0= Eb(")(t) (/0 G(g) (7’ —+ t, XT)H{Xr<b(9)(T+t)}dT>

mey—t
~E / / VO (r+t, X, +y)(dy)l cendr |
b6 (1) ( ; OO ( NML(AY) L x, 550 (r4t))

(2.18)
If t € [ty, mg), we have that b (t) = 0 and
2
VO(t,) = Eolry A (mg — 1) = e "'[1 - E, (¢80 Amo=1)))] (2.19)

for all x € R. Moreover, the pair (V(g),b(e)) is uniquely characterised as the solutions to

equations (2.17)-(2.19) in the class of continuous functions in Ry x R and Ry, respectively,
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such that b > 0 V) <0 and f(foo 0) VO (t, x4y)1(dy)+ GO (t,2) > 0 for allt € [0, 1)
and z > b0 (t).

2.4 Proof of Theorem 2.3.13

Since the proof of Theorem 2.3.13 is rather long, we split it into a series of Lemmas. This
section is entirely dedicated for this purpose. With the help of It6 formula and following
an analogous argument as in Lamberton and Mikou (2013) (in the infinite variation case),
we prove that V(@ and b are solutions to the integral equations listed above. The finite
variation case is proved using an argument that considers the consecutive times in which X

hits the curve b(®).
Lemma 2.4.1. The pair (VO b)) are solutions to the equations (2.17)-(2.19).

Proof. Recall from Lemma 2.3.11 that, when ¢, < myg, the value function V(@ satisfies equa-
tion (2.19). We also have that equation (2.18) follows from (2.17) by letting = = b (¢) and
using that V(@ (¢, @) (1)) = 0.

We proceed to show that (V) b)) solves equation (2.17). First, we assume that X
is a process of infinite variation. We follow an analogous argument as Lamberton and
Mikou (2013) (see Theorem 3.2). Let p be a positive C*° function with support in [0, 1] X
[0,1] and [5° [;° p(v,y)dvdy = 1. For each n > 1, define p,(v,y) = n®p(nv,ny). Then
pn is a non-negative C>°(R; x R) function with support in [0,1/n] x [0,1/n] such that
I~ Jo7 pn(s,y)dsdy = 1. For every n > 1, define the function v, by

Vé'g) (t,z) = (V(e) * pp)(t, ) = / / 1748 (t —s,x —y)pn(s,y)dsdy.
0 0

for any (t,z) € [-1/n,00) x R. Then for each n > 1, the function Vi is a CH(Ry x R)
bounded function (since V(@ is bounded) with bounded derivatives. Moreover, we have that

"D (4, 2) < Via(t,z) for all (t,2) € [L/n,00) x R and V¥ 1 V on Ry x R when n — oo.
Indeed, take (¢,z) € [1/n,00) x R, we have that
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/0°° /0°° VOt — 5,2 —y)n?p(ns, ny)dsdy
/OOO /OOO VOt —s/n,x —y/n)p(s, y)dsdy
S/oo/o VO(t—s/(n+1),2 — y/(n+1)p(s,y)dsdy

8

8

/000 VOt —s,2—y)(n+1)2p((n+1)s, (n+ 1)y)dsdy

where in the inequality we used that s, y > 0 and that V(? is non-decreasing in each argument.

The convergence of Vngg) to V@ follows from

Vi (t,2) = VIOt 2)] < / / (t =52 —y) = VOt)|pn(s,y)dsdy

sSup ’V( )(t—S L= )—V(Q)(t,ZEN,
syG[O 1/n]

where we used the fact that the integral of p, is equal to 1. Taking n — oo we obtain the
desired convergence by using the fact that V() is continuous. Furthermore, using a similar
argument as in Lamberton and Mikou (2008) (see the proof of Proposition 2.5) we have that

for a fixed n > 1,

gtvn”) (t,z) + Ax (VO (t,2) = —(GD % py)(u,z)  for all (t, ) € (1/n,00) x RN C,

(2.20)

where Ax is the infinitesimal generator of X given in (2.11) and C' = Ry x R\ D. Indeed,
take ¢ a non-negative C*° function with compact support in [(1/n,c0) x R]NC then we have
that the function ¢ * g, is C*° and has compact support in C, where p(v,y) = pp(—v, —y)
for all (v,y) € R x R. Hence, from Proposition A.5 we get that

VO 1+ Ax (VO + GO % p,, ) = 4 Ax(VO)Y + GO pxp,) =0,

<8t " <8t

where the last equality follows from Lemma 2.3.7. Therefore we have that by integration by
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parts formula and Lemma A.4 that

/R /[8t () + Ax (VD) (t,2) + GO x pu(t ) | o(t, 2)dadt = 0

for any ¢ non-negative and C*° function with compact support in [(1/n,00) X RN C. There-
fore (2.20) follows by continuity. On the other hand, note that if (¢,2) € D we have that
VO(t, z) = 0 and hence v (t,z) = 0 for n > 1 sufficiently large. Hence,

SV + AV ) = [ VO + ).
(—00,0)

Therefore, by the dominated convergence theorem we have that,

lim ;Vn(e)(t,x)+AX(V7§9))(t,x)]: / VO (t,2 + y)TI(dy).
(

n—o0 _0070)

for any (t,z) € D.

Let ¢t € (0,tp], m > 0 such that ¢ > 1/m and = € R, applying It6 formula to 1A (t+

s, Xs + x), for s € [0, my — t], we obtain that for any n > m,

Vi (s +1, Xy +2) = VO (t,2) + M

+ { Vr4+t, X, +2) + Ax (VO (r + t, X, + 2) | dr,
0

where {Mg’n,t > 0} is a zero mean martingale (see Lemma A.2). Hence, taking expectations

and using (2.20), we derive that

E(V,9 (s +t, X, + z))
=V O(t,z) + E (/ [aatvrf r+t, X, +2) + Ax (V) (r +t, X, +x)] dr )
0
=Vt ) —E (/0 (GO s p)(r +t, X, + x)]I{Xr<b(9)(r+t)}dr)

510
+IE</ [atvn( r+t, X, +x)+Ax(V(9))(r+t,XT+x)] H{Xr>b(9)(r+t)}dr>,
0

where we used the fact that b(®)(s) is finite for all s > 0 and that P(X, + 2 = b(t + 5)) = 0

for all s > 0 and = € R when X is of infinite variation (see Sato (1999)). Taking s = mg — ¢,
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using the fact that V(@ (mg,z) = 0 for all z € R and letting n — oo (by the dominated
convergence theorem), we obtain that (2.17) holds for any (¢,z) € (0,%,) x R. The case when

t = 0 follows by continuity.

For the finite variation case, we define the auxiliary function
0 met
R( )(t,$) =E, </0 G )(T + taXT‘)]I{XT<b(9)(r+t)}dr)

meg—t
—E, </0 /( ) VO@r+t, X, + y)H(dy)]I{XT>b(e)(H_t)}dr)

for all (t,2) € [0,mg] x R. We then prove that R®) = V() First, note that from Lemma
2.3.8 we have that f(ioo 0) VO (t,z4y)+GO(t,z) > 0 for all (t,z) € D. Then we have that
for all (t,z) € [0, mg] X R,

mey—t
’R(Q) (t’ J,‘)| S Ex (/0 ’G(G) (T + t, XT)|]I{XT<b(9)(T+t)}dT>

me—t
— ]Em (/0 /( 0 V(Q) (T + t, Xr + y)H(dy)]I{XT>b(9)(T+t)}dr>

mey—t
gEx(/ ycﬁkr+uxgmh>
0

<'mg —t, (2.21)

where we used the triangle inequality and the fact that V(®) < 0 in the first inequality and
that |G(®)] < 1 in the last. For each (t,z) € [0,my] x R, we define the times at which the
process X hits the curve b(®). Let Tél) = inf{s € [0,mg —t] : X, > b®(s+1)} and for k > 1,

oM = inf{s € [rf,mg —t] : Xy < b (s +1)}
7D —infls € [of,mg — 1] : Xs > O (s + 1)},

where in this context, we understand that inf ) = mg — t. Taking ¢ € [0,mg] and = > b®)(¢)

gives us
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/ (r+t, X, 4 y)II (dy)dr)
00,0)

[
e
<{ D g t}/ GO (r 4, X, )dr )

me—1
0
! ) cmg—t} /T(2> GO+, XT)H{XKW)(TH)}dT)
b

R(e) t,x) = —E, (
+E;

+E,;
me—t 0)
E, H{T§2)<m97t} /(2) /(_Oo,()) V9 (r+t, X, + Z/)H(dy)ﬂ{pr(@)(rﬂ)}dr

=-F, (/% /ooO (r+t, X, 4 y)II (dy)dr)

FE(VO (40 X 0o, )

+E, (R(Q) (t+ Tb( ), XTéz))]I{Téz)<m9_t})7

where the last equality follows from the strong Markov property applied at time 0'151) and

(2)

7, , respectively, and the fact that 7p is optimal for 1428 Using the compensation formula

for Poisson random measures (see (1.25)), it can be shown that

%
</ / J(r+t, X, +y)II (dy)dr) —E(VOU+0y) X o)L o, )
50,0) o, oy mg—t}
Hence, for all (¢,z) € D, we have that

0 _ 0 (2)
R )(t’ x) = Em(R( )(t +7 XT£2))H{T§2><m97t})'

Using an induction argument, it can be shown that for all (¢,z) € D and n > 2,

RO(t,2) = B, (ROt + 1™, X o))l E.(ROt+7" X o)),  (2.22)
b b

(™ <mg— t})

where the last equality follows since R (mg,z) = 0 for all z € R. We next show that
(n)

limy, oo 7y~ = mg — t Pp-a.s. First, note that for any n > 2 and z € R, under the measure
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al(,") — b(") = inf{s € [Té"),mg —t]: Xy < bD(s+ 1)} — b(N)
=inf{s € [0,mg —t — Tb(n)] X m < b (s + T(Sn) +1)}
b
> inf{s € [0,mg — ¢t — Tb(n)] X L < b(‘g)(rb(n) +1)}
S Tb

=inf{s € [0,mg —t — Tb(n)] : X5+ngn) — XerTén) +z <z}

= ?7 /\ (mg - t - Tén)),

where 7, (due to the strong Markov property of Lévy processes) is a copy of 7., under P,

independent of F_m). Hence, we obtain that for any n > 2,
b

Px(aé ) < mg —t) = Px(aén) - Tb(n) <mg—t— Tb(n),Tb(n) < mg —t)
<P.(7, AN(mg—1t— Tb(n)) <mg—t— Tbn),Tb(n) <mg—t)
=P, (T, <mg—1t— Tb(n),rb(n) < mg—t)
<Pu(7y <mg—t, 7" < my—t)
= P(ry <mg—)Po(r\™ < mg—1)
<P(ry < mg— )P0 < my—1),
where in the last equality we used the fact that aénil) < Tb(n). Therefore, by an induction

argument we obtain that for any x € R and n > 1,
(n) — n—1 (1)
Py(oy"” <mg—1t) < [P(rg <mg—1t)]"  Py(op’ <mg—t).

Since X is of finite variation we have that P(7,” < my —t) € (0,1). Taking n — oo in the

equation above, we see that Ul()n) converges in distribution (under the measure ;) to mg — t.

Moreover, since mg — t is a constant, we have that the convergence also holds in probability.

)

Furthermore, the sequence {al()n) ,n > 1} is non decreasing implying that lim,, Uén =my—t

n+1)

P,- a.s. From the fact that for each n > 1, al()n) < TZE , the convergence for Tb(n) also holds.

Therefore, taking n — oo in (2.22), we conclude that for all (t,x) € D,

[BO(t,2)| < lim B, (JRO@+7", X )] < lim Eo(mg —t —7") =0,
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where the second inequality follows from (2.21) and the last equality from the dominated
convergence theorem. On the other hand, if we take t € [0,m4] and z < b(®)(t) we have, by

the strong Markov property applied to the filtration at time Tél) , that

e
ROt z) =K, (/ "GOt X,,)dr> +EL(ROt+ 7V, X 1) = VO, ),
0 i

where we used the fact that Tb(l) is an optimal stopping time for V(®) and that R vanishes

on D. So then (2.17) also holds in the finite variation case. O

Next we proceed to show the uniqueness result. Suppose that there exist a non-positive

)

continuous function U® : [0,7mg] x R + (—00,0] and a continuous function ¢ on [0,my)

such that ¢ > h(®) and ¢ (t) = 0 for all t € [t, mg). We assume that the pair (U®), )

solves the equations
0 "
U )(t,x) =E, </0 G )(1" + thT)H{XT<c(9)(r+t)}dr>

meg—t
—E, / / U (r +t, X, + y)I(dy)I (O (e dr
< 0 (_0076(9)(T+t)—XT) ( T ) ( ) {XT> (6)( +t)}

(2.23)

and

meg—t
0=E.0) ( /0 GO +t, X1 (X <c® +t)}dr)

meg—t
~E UD(r +t, X, + y)II(dy)I d
) (1) ( /0 /( X (r YY) x, 50 gy dr

(2.24)

when t € [0,1,) and x € R. For ¢ € [ty, mp) and = € R, we assume that

UG (t,2) = Eu(rg” A (mg —t)) — %e‘et[l — By (e70(0 Amo=0)y]. (2.25)
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In addition, we assume that

/ Utz + y)I(dy) + GO(t,2) > 0 for all t € [0,t,) and z > ¢ (¢).
(=00, (t)—x)

(2.26)

Note that (U, ¢?) solving the above equations means that U (t, ¢ (t)) = 0 for all t €
[0,m4g) and U@ (my, 2) = 0 for all 2 € R. Denote D, as the “stopping region” under the curve
A9 ie., D.={(t,z) € [0,mg] xR : 2z > ()} and recall that D = {(t,z) € [0,mg] X R :
x> b0 (1)} is the “stopping region” under the curve b®). We show that U(?) vanishes on D,

in the next Lemma.
Lemma 2.4.2. We have that U (t,z) = 0 for all (t,x) € D,.

Proof. Since the statement is clear for (¢t,z) € [ty,mp) X [0,00), we take t € [0,,) and
z > c9(t). Define o, to be the first time that the process is outside D, before time mgy — t,

ie.,
e=inf{0<s<mg—t: X, <cD(t+s)},

where in this context, we understand that inf ) = mg —t. From the fact that X, > ¢ (t4r)

for all » < 0. and the strong Markov property at time o., we obtain that
meg—t
U(Q)(t,$) =E, </ el )(r +t, X )H{Xr<c(9)(r+t)}dr)
meg—t
—E, / / U+, X, + YY) Ly x, 5 c0) (rgay A7
00,c(0) (r+t)—X7)

=E (Ut + 0., X </ / UD(r+1t, X, + y)H(dy)dr)
00 c<‘9> r+t)—X,)

— Ex(U(e) (t —|— 007 XUC)]:[{Uc<m07t7ch<c(9)(t+ac)})

—E, </ / U+, X, + y)H(dy)dr) ,
0 (—00,c® (r+t)—X,)

where the last equality follows since U®) (mg,z) = 0 for all z € R and U@ (¢, (t)) = 0
for all ¢ € [0,t,). Then, since U® < 0 and applying the compensation formula for Poisson

random measures (see equation (1.25)) we get
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Em(U(e) (t + o, XUC)H{UC<m9—t,XUC<C(8)(t+0'c)}>

me—t
By (/0 /( 0) H{XUZC(Q)(t-‘ru) for all u<r,XT_+y<c(9>(t+r)}U(9) (t + 7 X+ y)N(dT, dy))

meg—t
Ey (/0 /( 0) H{XUZC(Q)(t-‘ru) for all u<r}]I{Xr+y<c(9>(t—i—r)}U(Q) (t +7, X + y)H(dy)dT)

_E, / / UO® + 7, X, + y)II(dy)dr | .
0 (—00,¢® (t+1)— Xy tr)

Hence U@ (t,2) = 0 for all (t,z) € D, as we claimed. O

The next lemma shows that U®) can be expressed as an integral involving only the gain
function G stopped at the first time the process enters the set D.. As a consequence, U

dominates the function V).
Lemma 2.4.3. We have that U (t,2) > VO (t, ) for all (z,t) € R x [0,mg],

Proof. Note that we can assume that ¢t € [0,¢,) because for (t,z) € D., we have that
UO(t,z) =0> VO (¢t z) and for t € [ty, mg), UO(t,z) = VO(t,z) for all z € R. Consider

the stopping time
7o = inf{s € [0,mg — 1] : Xs > D (t + 5)}.

Let z < ¢ (t), using the fact that X, < ¢ (¢t + ) for all r < 7. and the strong Markov

property at time 7., we obtain that
UO (¢, 2) = E, < / "GO (r 11, Xr)dr> FELUO 470, X))
0
_E, (/ GO 1, X,,)dr> : (2.27)
0

where the second equality follows since X creeps upwards and therefore X, = ) (t+ ) for
{re < mg —t} and U@ (my, x) = 0 for all z € R. Then from the definition of V) (see (2.5)),

we have that
U, z) > inf B, ( / GO (Xppr,t + r)dr) = VOt ).
TE 0
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Therefore U@ > V) on [0,mg] x R. O

We proceed by showing that the function ¢(®) is dominated by b®. In the upcoming

lemmas, we show that equality indeed holds.
Lemma 2.4.4. We have that b (t) > ¢ (t) for all t € [0,my).

Proof. The statement is clear for t € [ty,mp). We prove the statement by contradiction.
Suppose that there exists a value to € [0,t;) such that b () < ¢®(ty) and take 2 €
(6O (ty), ¢ (tg)). Consider the stopping time

op = inf{s € [0,mg — to] : X5 < b (to + 5)}.
Applying the strong Markov property to the filtration at time o, we obtain that
oy
U (to,z) = EI(U(Q) (to + ou, XUb)) + K, </0 G (to +r, XT)]I{XT<C(9)(t0+r)}dT>

ob
_ Ex (/0 /( 0 U(e) (t + 7, Xr + y)H(dy)]I{XT>C(9)(t0+r)}d7«) ,

where we used the fact that U@ (¢, ) = 0 for all (t,) € D.. From Lemma 2.4.3 and the fact
that U®) < 0 (by assumption), we have that for all t € [0,7m) and = > b (t), UO) (¢, z) = 0.
Then,

EJ3<U(9) (to + O, XO'b)) = Ew(U(O) (tU + 0, XUb)]I{Ub<m9—t,Xob<b(9)(t0+0b)})

=E, (/ / UD(tg+r, X, + Yoy N(dr, dy))
0 (—00,0)

Hence, by the compensation formula for Poisson random measures (see equation (1.25)), we

obtain that

Ob
ECE(U(Q) (tO + oy, Xab)) = Eoc (/ / U(G) (tO + 7, Xr + y)H(dy)dT> :
0 (—00,0)
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Therefore,

0> U9 (ty, x)

=E, (/ /OOO) )(to + 7, X, + y)II (dy)dr>

1R, ( / GO (to + 7, X, )iy, <c(9)(t0+7“)}dr>

(/ / . (t+r, X, +y)II (dy>H{X7«>c<9>(to+7’)}dT)
—E, < / [ / U@ (o +r, X, + y)IL(dy) + GO (o + 1, Xr)] H{Xr<c<9><to+r>}d7"> '
0 (—00,0)

(0)

Recall from Lemma 2.3.8 that the function ;" is strictly positive on D. Hence, we obtain

that for all (t,z) € D,

/ UO(t, 2+ y)TI(dy) + GO (¢, 2) > / VO (1, x 1 y)TI(dy) + GO (t,2)
(—0,0) (

—00,0)

= o(t,x)

> 0.

The assumption that b (ty) < ¢®(ty) together with the continuity of the functions b
and ¢! mean that there exists so € (tg,mg) such that b (r) < c@(r) for all r € [to, s0).
Consequently, the P, probability of X spending a strictly positive amount of time (with

respect to Lebesgue measure) in this region is strictly positive. We can then conclude that

oy
0 > Ex (/ [/ U(e) (to +r, Xr + y)H(dy) + G(@) (to + T, XT)] ]I{XT<C<9)(t0+T)}dT) > 0.
0 (—00,0)

This is a contradiction and therefore we conclude that b (t) > ¢@)(t) for all t € [0,mg). O

Note that the definition of U®) on [ty, mg) xR (see equation (2.25)) together with condition
(2.26) imply that

/ UL,z + y)(dy) + GO (t,2) >0
(—00,0)
for all t € [0,my) and z > ¢(¥)(¢). The next Lemma shows that U® and V) coincide.
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Lemma 2.4.5. We have that b (t) = ¢\ (t) for all t > 0 and hence V© = U,

Proof. We prove that b®) = ¢(® by contradiction. Assume that there exists so such that
b (s0) > ¢ (sp). Since ¢ (t) = b (t) = 0 for all t € [ty, my), we deduce that sy € [0, ).

Let 7, be the stopping time
7 =inf{t > 0: X, > b9 (s0 4 1)}

With the Markov property applied to the filtration at time 7,, we obtain that for any z €
(@ (50), b (50))

E. (U9 (so + 7, X7,)) = U (s0, 2) (/ G+ so, X, P, <o 9)(r+80)}dr>
+E, (/ / o U (r + s0, X, + y)]I{XT>c(9>(r+so)}H(dy)dr>
(—o0
S VO (5. 2) ( / GO + 50, XY <o (T+SO)}dr>
+E, (/ / _ 0) (r+ so, Xy + y)]I{X >c<e>(r+so)}ﬂ(dy)d )
(/ GO (r + 59, X )H{XT>C(9)(T+SO)}dr>

where the second inequality follows from the fact that U > V() (see Lemma 2.4.3) and
the last equality follows as 7, is the optimal stopping time for V() (sq, z). Note that since X
creeps upwards, we have that U(G)(so +7, X5,) = U(e)(so + T, b(e)(so + 7)) = 0. Hence,

Tb
E, (/ GO(r+ 50, X )H{XT>C(@)(T+SO)}dr)

+ E, (/ / ) T+507X +y)H{X >c(0) (’r‘—i—so)}H(dy)d ) <0.
00,0

However, the continuity of the functions b(®) and ¢(®) gives the existence of s; € (sg,mg) such
that ¢ (r) < b (r) for all r € [so, s1]. Hence, together with the fact that f(_oo 0) U9 (x +
y, HIL(dy) + GO (z,t) > 0 for all (¢,z) € D, we can conclude that
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(/ G T'—i—So, )]I{X >C(8)(T’+SO)}dr>

+E (/ / ) 7’+30,X +y)H{XT>c(9)(T+SO)}H(dy)d ) > 0,
00,0

which shows a contradiction.

2.5 Examples

2.5.1 Brownian motion with drift

Suppose that X = {X;,t > 0} is a Brownian motion with drift. That is for any ¢ > 0,

X = ut + 0By, where o > 0 and p € R. In this case, we have that
L 500
Y(B) = pB+ 57 B
for all 8 > 0. Then
1
®g) = > [wﬂ +20%q — u} :

It is well known that —X3 has exponential distribution (see e.g. Borodin and Salminen

(2002) pp251 or Kyprianou (2014) pp 233) with distribution function given by

FO(z)=1—exp (—% [\/u2+2020+u]> for x > 0.

Denote ®(x;a,b?) as the distribution function of a Normal random variable with mean a € R

and variance b?, i.e., for any = € R,
®(z;a,b?) = /1‘ ! el 9 dy.
Y 27h?
For any b,s,t > 0 and = € R, define the function
K(t,2,5b) =E (G<9>(3 X+ x)ﬂ{xsﬂgb}) .
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Then it can be easily shown that

K(t’ x787 b)
a
= O(b—ayps,0%s) — 2e "CTND(—a; s, 0%s) — 2 exp (—; [\/ p2 + 2020 + u])

X [@(b —x, —s\/ 2 + 2020, 50°) — ®(—x, —s5\/p2 + 2026, 302)} .
Thus, we have that b(?) satisfies the non-linear integral equation
meg—t
/ K(t,bD(t), 5,09t +s))ds = 0
0
for all t € [0,mg) and the value function V(@ is given by
meg—t
VOt = [ K (s b0+ 5)ds
0

for all (¢,x2) € Ry x R. Note that we can approximate the integrals above by Riemann sums
so a numerical approximation can be implement. Indeed, take n € Z sufficiently large and
define h = my/n. For each k € {0,1,2,...,n}, we define ¢, = kh. Then the sequence of
times {tyx,k = 0,1,...,n} is a partition of the interval [0,my]. Then, for any = € R and

t € [tr,tpq1) for k € {0,1,...,n — 1} we approximate V) (t,z) by

n—1

0
Vh( )(tkv CC) = Z K(tkv x, ti—k—i—h bl)ha
i=k
where the sequence {by,k =0,1,...,n — 1} is a solution to
n—1
ZK(tkw,tFkH, bi) =0
i=k

for each k € {0,1,...,n — 1}. Note that the sequence {bx,k = 0,1,...,n} is a numerical
approximation to the sequence {b\?)(t;),k = 0,1,...,n — 1} (for n sufficiently large) and
can be calculated by using backwards induction. In the Figure 2.2, we show a numerical
calculation of the equations above. The parameters used are u = 2 and o = 1, whereas we

chose mg = 10.
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Figure 2.2: Brownian motion with drift 4 = 2 and ¢ = 1. Left hand side: Optimal boundary;
Right hand side: Value function fixing ¢t = 1.

2.5.2 Brownian motion with exponential jumps

Let X = {X;,t > 0} be a compound Poisson process perturbed by a Brownian motion, that
is
Ny
Xy=0B +pt— Y Y, (2.28)
i=1
where B = {By,t > 0} is a standard Brownian motion, N = {N;,¢t > 0} is Poisson process
with rate A independent of B, p € R, 0 > 0 and the sequence {Y7,Ys,...} is a sequence of
independent random variables exponentially distributed with mean 1/p > 0. Then in this
case, the Laplace exponent is derived as
2
o A3
o(8) = T8+ up — .
p
Its Lévy measure, given by II(dy) = Apef?I;, gydy is a finite measure and X is a process
of infinite variation. According to Kuznetsov et al. (2013), the scale function in this case is

given for ¢ > 0 and = > 0 by,

e®(9)z eS1(@)z e$2(9)z

T @) VGW) | vG@)

w(@ (z)
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where (2(q),¢1(q) and ®(gq) are the three real solutions to the equation ¥ (8) = ¢, which
satisfy C2(q) < —p < C1(g) < 0 < ®(g). The second scale function, Z(9), takes the form

@@z _q eS1(@zr _ q L@z _q

(@) (4) = '
2R =119 55w T a@vG@) T e@vGo)

Note that since we have exponential jumps (and hence II(dy) = Ape”’I, .y, we have that

for all ¢ € [0, mp) and x > 0,

/ VO, 6O @) + 2 4 y)(dy) = e / VO (£, 69 (1) + )II(dy).
(—o0,—x) (—00,0)

Then, for any (t,z) € [0,mg] x R, equation (2.17) reads as

meg—t
VO (t,2) = E, ( / GO +t, Xr)H{XT<b<9><r+t>}d’">
0

meg—t
—E, < / 6—p(Xr—b(€)(r+t))V(r + Ol x, sp0) +t)}dr>
0

where for any 7, s € [0,mg), b > 0 and = € R,
Vi = [ VORKOE + ).
(_0070)

Note that the equation above suggest that in order to find a numerical value of b?) using
Theorem 2.3.13 we only need to know the values of the function V and not the values of
f(_oo 0) VO (t,z 4 y)II(dy) for all t € [0,mg] and z > b?(t). Note that using Fubini’s

theorem, we can write
meg—t me—t
VO, o) = / Kyt 2,r, 60 (r + 1)) dr - / V(r + ) Ka(a,r, O (r + £))dr,
0 0
where for any 7, s € [0,mg), b > 0 and = € R,

Vo = [ VO sy

Kl 7,5,0) = E (GO (s + 1, Xy + 2)l(x, o0

Ky(z,5,b) =E (e_p(XS+x_b)H{X5>b—x}> '
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Then we have that V(@ and b(®) and satisfy the equations

VO (1 2) = /
0
meg—t meg—t
0= / K (4,60 (1), 7, 65O (5 + £))dr — / Vir + K60 1), 1,5 (r + £))dr,
0 0

meg—t meg—t

Ky(t,x,r, (@ (r+t))dr — / V(r+t)Ka(z,r, b(e)(r +t))dr,
0

for all ¢t € [0,my] and = € R. We can approximate the integrals above by Riemann sums
so a numerical approximation can be implement. Indeed, take n € Z sufficiently large and
define h = mg/n. For each k € {0,1,2,...,n}, we define ¢, = kh. Then the sequence of
times {tx,k = 0,1,...,n} is a partition of the interval [0,my]. Then, for any = € R and

t € [ty tpsr) for k € {0,1,...,n — 1} we approximate V) (¢, z) by

n—1
Vir(uk, @) = (K1 (g1, @ b, bi) — Vi) Ko (@, tiky1, b,
ik
where V(t,) = 0 and
b/ |
Va(ti) = > Valti, jh)Ape?"h
j=—N

for any 7 € {1,2,...,n — 1} and N sufficiently large. The sequence {bx,k =1,...,n — 1} is
solution to

n—1

> K (tioki1, brs trs bi) = Va(tin) Fa(bks tiogi, bi)Jh = 0 (2.29)

i=k
for each k € {0,1,...,n — 1}. The functions K; and K3 can be estimated by simulating the
process {X;,t > 0} (see e.g. Kuznetsov et al. (2011), Theorem 4 and Remark 3). Note that,
for n sufficiently large, the sequence {bx,k = 1,...,n} is a numerical approximation to the
sequence {b(t),k = 1,...,n}, provided that V;, < 0 and V(t;) + GO (t;,b;) > 0, and can
be calculated by using backwards induction. Indeed, using the condition V(t,,b,) = 0 , we
can first obtain b,_; using equation (2.29). This allows us to compute V},(¢,—1,z) which in
turn gives us Vy(t,—1). We can then finally obtain b,—92, Vi (tn—2), bp—3, Vi(tn—3),...,b1 by

repeating the aforementioned steps.
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2.6 Conclusions

In this chapter, we have managed to solve the problem of predicting the last zero of a spec-
trally negative Lévy process before an exponential time in a L; sense. It is shown that this
optimal prediction problem is equivalent to an optimal stopping problem which means that
finding an optimal stopping time that solves (2.5) also solves (2.2) (taking t = x = 0). The

rest of this chapter is focused on solving such optimal stopping problem.

The first important finding of this problem is that it is always optimal to stop when the
elapsed time (if we have not stopped) has reached the value my, the median of the exponential
random variable. This is most likely due to the fact that when Xe, < 0 we have that ge, = €,
and thus the best predictor of e, is its median. Therefore, the optimal stopping problem (2.5)
can be treated as a finite horizon problem.

In contrast to Baurdoux and Pedraza (2020b) (where the last zero in an infinite horizon
is predicted for a spectrally negative Lévy process) in which an optimal stopping is given
as the first time the process crosses below a level a* > 0. It is shown that an optimal
stopping time for (2.5) is the first time the process crosses above a non-increasing, non-
negative and continuous curve which depends on time. The curve and the value function are
characterised as in Theorem 4.4.23 as a solution of non-linear integral equations in a special
class of functions. These equations can be regarded as a generalisation of the free boundary
equations (see Peskir and Shiryaev (2006) Chapter IV.14). We have presented the proof of

the uniqueness part of Theorem 4.4.23 using the inequality
/ VOt +y)+Gt,a) >0,  (tz)€ D
(—O0,0)

However, we believe that in the presence of a Brownian component (o > 0), such an as-
sumption regarding the inequality can be removed. This conjecture will be explored in future
research.

Therefore, we conclude that the stopping time that minimises the Lq distance with respect

to ge, is given by

mp = inf{t € [0,mg] : X; > b0 (1)},
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where the curve b is as characterised in Theorem 4.4.23. That is,

Vi = E(|I7D = ge, |)-

A drawback of this solution is that, since b(® is non-negative, at the moment of stopping by
hitting the curve b® the value of the process can be away from zero which implies that 7p

and ge, can never take the same value.
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Chapter 3

On the last zero process of a

spectrally negative Lévy process

Abstract

Let X be a spectrally negative Lévy process and consider g; the last time X
is below the level zero before time ¢ > 0. We derive an It formula for the three
dimensional process {(g,t, X¢),t > 0} and its infinitesimal generator using a
perturbation method for Lévy processes. We also find an explicit formula for
calculating functionals that include the whole path of the length of current
positive excursion at time ¢ > 0, U; := t — g;. These results are applied to
optimal prediction problems for the last zero ¢ := lim;_,, ¢;, when X drifts
to infinity. Moreover, the joint Laplace transform of (Us,, Xe,), where e, is
an independent exponential time is found, and a formula for a density of the

g-potential measure of the process {(Uy, X4, ),t > 0} is derived.
3.1 Introduction

Last passage times have received considerable attention in the recent literature. For instance,
in the classic ruin theory (which describes the capital of an insurance company), the moment
of ruin is considered as the first time the process is below the level zero. However, in more
recent literature the last passage time below zero is treated as the moment of ruin and the
Cramér-Lundberg has been generalised to spectrally negative Lévy processes (see e.g. Chiu
and Yin (2005)). Moreover, in Paroissin and Rabehasaina (2013) spectrally positive Lévy

processes are considered as degradation models and the last passage time above a certain
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fixed boundary is considered as the failure time.
Let X be a spectrally negative Lévy process. For any ¢t > 0 and =z € R, we define as gt(x)

as the last time that the process is below x before time t, i.e.,

gt(x) =sup{0 < s <t: X <z},

with the convention sup ® = 0. We simply denote g; := gt(o) for all £ > 0. Note that

A similar version of this random time is studied in Revuz and Yor (1999) (see Chapter
XII.3), namely the last hitting time at zero, before any time ¢ > 0, to describe excursions
straddling at a given time. It is also shown that this random time at time ¢ = 1 follows
the arcsine distribution. The last hitting time to zero has some applications in the study of
Azéma’s martingale (see Azéma and Yor (1989)). In Salminen (1988) the distribution of the

the last hitting time of a moving boundary is found.

Note that the process {g;,t > 0} is non-decreasing and hence is a process of finite variation
implying that belongs to the class of semi-martingales. Then It6 formula for the process
{(gt,t, X¢),t > 0} is well known (see e.g. Protter (2005), Theorem 33) and is given for any

function F in CLY(Ey), where ¢ = 2 if X is of infinite variation and i = 1 otherwise, by
F(gtv t, Xt)
Lo Lo
— Flao.0.X0) + [ 5L Flg s X )dgu+ [ 5 Flgs, X.)ds
0 9Y o Ot
t 9 1, [to?
+ ; %F(gs,,s,Xs,)dXs + 2 ; WF(gs,s,Xs)ds
0

0
+ Z F(987 S, XS) - F(QS—a S7XS—) - 7F(gs—7 S7XS—)AgS - 7F(gs—7 S7Xs—)AXS .
oy ox
0<s<t
Note that the formula above is given in terms of the jumps of the process {g:,¢ > 0} and
it does not reflect the connection on its behaviour with the process X. Indeed, note that
some of the jumps of {g:,¢ > 0} occur when X jumps to (—o0,0) from the positive half
line. Moreover, when a Brownian motion component is included in the dynamics of X, the

stochastic process {g;,t > 0} has infinity many (small) number of jumps as a consequence

85



of creeping to the level zero from the positive half line. These facts imply that, in order to
obtain a more explicit version of It6 formula, a careful study of the trajectory of ¢t — g; needs

to be done in terms of the excursions of X .

On the other hand, it turns out that {(g: ¢, X;),t > 0} belongs to the family of strong
Markov processes (see Proposition 3.2.1) and then a general form of its infinitesimal generator
is known. For instance, from the general theory of Markov processes (see Dynkin (1965)),
we know that if Z is a strong Markov process in R?, with d a positive integer. Then for any
relative compact set B C R, there exist functions 0ij, b; and ¢ on B and a kernel v such

that for any function F' € C? with compact support and z € B,

d

9 d 52
AzF(2) = c(2)F(2) + Y _bi(2) 5 F(2) + 2 ij(2) F(2)

i=1 i,7=1

- )
+ /]Rd\{o} (F(y) - F(z) - ;(yz - ZZ)({)ZlF(Z)> v(z,dy).

However, in applications (for example, in optimal stopping and free boundary problems) an
explicit expression for It6 formula and the infinitesimal generator are required in terms of the
dynamics of X. In this work (see Theorem 3.2.3 and Corollary 3.2.5) we give and expression
for It6 formula and the infinitesimal generator of the process {(¢, g, X¢),t > 0} in terms of
the dynamics of X only.

We also consider, for any ¢t > 0, the random variable Uy = t — ¢, the time of the positive
current positive excursion away from zero. Having in mind the derivation of expressions for
the potential measure of (U, X)) = {(Us, X¢),t > 0} and its join Laplace transform at an
exponential time, we also derive an explicit formulae for additive functionals of the process

(U, X) of the form

Ey (/ eqTK(UT,XT)dT> ,
0

for some function K, where ¢ > 0 and P, , is the measure for which (Up, Xo) = (u,z) in
views of the Markov property of (U, X).
This Chapter is organised as follows. Section 3.2 is dedicated to the definition of the last

zero process in which basic properties of this process are shown. Moreover, a derivation of
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[t6 formula, infinitesimal generator and formula for the expectation of a functional of U; are
the main results of this section (see Theorems 3.2.3 and 3.2.6 and Corollary 3.2.5). Then
the aforementioned results are applied to find formulas for the joint Laplace transform of
(U, X) at an exponential time and the g-potential measures are found. Lastly, Section 3.3 is
exclusively dedicated to introduce a perturbated Lévy process and Theorems 3.2.3 and 3.2.6

are proven.

3.2 The last zero process

Throughout this chapter we use the notation and the preliminary results presented in Sec-
tion 1.1. Let X be a spectrally negative Lévy process, that is, a Lévy process starting
from 0 with only negative jumps and non-monotone paths, defined on a filtered probability
space (2, F,F,P) where F = {F;,t > 0} is the filtration generated by X which is naturally
enlarged (see Definition 1.3.38 in Bichteler (2002)). We suppose that X has Lévy triplet
(1, 0,11) where p € R, 0 > 0 and II is a measure (Lévy measure) concentrated on (—oc,0)

satisfying f(ioo oy (LA ) (dz) < .

Recall that g,gx) is the last time that the process is below x before time ¢, i.e.,

gt(x) =sup{0 < s <t: X, <z},

with the convention sup () = 0. We simply denote g; := g§0) for all ¢ > 0. For any stopping

time 7, the random variable g.(rx) is Fr measurable. In particular we get that {gt(z),t >0} is
adapted to the filtration {F;, ¢ > 0}. Moroever, It is easy to show that for a fixed x € R, the
stochastic process {g;,t > 0} is non-decreasing, right-continuous with left limits. Similarly,
for a fixed t > 0 the mapping x — glgx) is non-decreasing and almost surely right-continuous

with left limits.
It turns out that for all x € R the process {gt(r), t > 0} is not a Markov process, in partic-

ular not Lévy process. However, the strong Markov property holds for the three dimensional

process {(g¢, t, X¢),t > 0}.
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Proposition 3.2.1. The process {(gt,t, X¢),t > 0} is a strong Markov process with respect
to the filtration {F,t > 0} with state space given by Eq = {(v,t,z) : 0 < v < t and x >
0} U{(n,t,z) : 0 <~y =t and x < 0}.

Proof. From the definition of ¢; it easy to note that for all £ > 0 we have that X; < 0 if
and only if g; = t from which we obtain that (g;,¢, X;) can take only values in E,. Now
we proceed to show the strong Markov property. Consider a measurable positive function

h:Ry xRy x R~ R. Then we have for any stopping time 7 and s > 0,

E(h(gr+sv T+, XT+S)|'FT)
=E(h(g; Vsup{r € [1,s+ 7] : Xy <0}, 7+ 5, Xrys)|Fr)

=E(h(g, Vsup{r € [r,s+ 7] : )NCT,T + X, <0}, 7+ s,)Nfs + X )| Fr),

where X, = Xutr — X- for any u > 0 and a Vb := max(a, b) for any a,b € R. From the strong
Markov property of Lévy processes we deduce that the process X is independent of F; and
has the same law as of X. Then, together with the fact that g, and X, are F, measurable,

we obtain that
E(h(grts, T+ 8, Xris)| Fr) = fs(gr, 7, X5),
where for any x € R and 0 < v < ¢, the function f; is given by
fs(v,t,x) =E(h(yVsup{r € [t,s+t]: X,—t + x < 0}, t + 5, X5 + x)).

Note that in the event {0, > s} we have that the set {r € [t,s+t] : X,y +2 <0} =0 so
then v Vsup{r € [t,s +t] : X;—+ +x < 0} = v, where we used the convention that sup () = 0.
Otherwise, in the event {0, < s}, we have that {r € [t,s +t] : X,—s + 2 < 0} # 0 and then
sup{r € [t,s +t] : X, +x <0} >t > . Hence,

yVsup{r € [t,s+t]: X,y +x <0} =sup{r €lt,s+1t]: X,—4 +z <0}
=t+sup{r € [0,s]: X, + = <0}

=1+ gs.

88



Therefore, for any x € R and 0 < v <t, f, takes the form
fs(fYa t7 J?) = Ew(h(’% t + S, XS)H{UO_>5}) + EI(h(gS + t7 t + S, XS)H{UO_ SS})' (31)

On the other hand, similar calculations lead us to

E(h(gT+57 T+ s, XT-{-S)‘O-(gT? T, XT)) = fs(g'm T, XT)’

Hence, for any measurable positive function A we obtain

E(h(g‘r+87 T+s, XT+5)|]:T) = E(h(gf+s, T+s, X7-+5)|0(g7., T, XT))

Therefore the process {(g,t, X¢),t > 0} is a strong Markov process. O

In the spirit of the above Proposition we define for all (v,t,2) € E; the probability

measure P, ; . in the following way: for every measurable and positive function h we define

E%t,m(h(gt—f—& t + S, Xt+s)) = E <h(gt+87 t + S, Xt+8) (gta t? Xt) = (77 ta .'13)) = fs (77 t7 $)7

where f is given in (3.1). Then we can write Py, in terms of P, by

By ta(M(Gers, t + 8, Xivs)) = B (h(y, 0 4 8, Xo)loo o ) + Ba(h(gs + 8,0+ 5, Xo)l - ).
(3.2)

Define U; = t — g; as the length of the current excursion above the level zero. As a direct
consequence we have that the process {(Uy, Xy),t > 0} is also a strong Markov process with
state space given by E = {(u,z) € Ry x Ry :u > 0and 2 > 0} U {(0,2) € R?: z < 0}. We

hence can define a probability measure PP, ;, for all (u,z) € E, by

Bue(£(U X0)) = Eu(f (£, X)L )+ Ea(F(Un X0, 2py)- (3.3)

for any positive and measurable function f.

Remark 3.2.2. We know that for any x € R, gt(z) is a non-decreasing process. That directly
(z)

implies that g, 1s a process of finite variation and then it has a countable number of jumps.

) (z)

Moreover, with a close inspection to the definition of gﬁx we notice that g, =1t on the set
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{t >0: Xy <z}, it is flat when X is in the set (x,00) and it has a jump when X enters the
set (—oo,x]. Moreover, if X is a process of infinite variation we know that the set of times
in which X wisits the level x from above is infinite. That implies that when X is of infinite

(z)

variation, t — g, ' has an infinite number of arbitrary small jumps.

Note that the process (g¢,t, X;) is a semi-martingale so its It6 formula is well known (see
e.g. Protter (2005), Theorem 33). In the next Theorem we give a more explicit expression
for the Ité formula for the process (g, t, X;) in terms of the random measure N. Note that
this formula will be useful later to derive the infinitesimal generator of (g, ¢, X;). The proof

can be found in Section 3.3.2.

Theorem 3.2.3 (Ito formula). Let X be any spectrally negative and F a CHY(E,) real-
valued function, where i = 2 if X is of infinite variation and i = 1 otherwise. In addition, in
the case that o > 0, assume that limy o F'(7,t,h) = F(t,t,0) for all v <t. Then we have the

following version of Ité formula for the three dimensional process {(g¢,t, X¢),t > 0}.

F(.gt7 ta Xt)

to to
— Fign,0.X0) + [ 8—F<gs,s,xs>ﬂ{xs§0}ds+ | 5o Xs
0

/8 (gs— 8, Xs— dX+ /82 (gs, s, Xs)ds

0
+/ / <F(98757X5 +y) - F(gs—)saXS—) - yF(gs_,S7X5_)> N(dS X dy)
0,8 /(00,0 Ox

Remark 3.2.4. When o > 0, the Brownian motion part of X implies that X can wvisit
the interval (—oo,0] by creeping. That implies that t — g has two types of jumps: those
as a consequence of X jumping from the positive half line to (—o0,0) which is finite (since
[I(—o0, —€) < o0 for all e > 0) and those as a consequence of creeping. The limit condition
imposed for F' (when o > 0) ensures that the jumps due to the Brownian component vanish,

otherwise a more careful analysis involving the local time needs to be done.

Now that we have an It6’s formula for the three dimensional process (g, t, X;) in terms
of the Poisson random measure N, we are ready to state an explicit formula for its infinites-
imal generator. Denote by 01’1’2 (E,) the set of bounded C112(E,) functions with bounded
derivatives. We have the following Corollary which proof follows directly from equation (3.16)

and using standard arguments so it is omitted.
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Corollary 3.2.5. Let X be any spectrally negative Lévy process and F' a C’;’l’Q(Eg) function
such that when o > 0, limp o F(v,t,h) = F(t,t,0) for all v < t. Then the infinitesimal
generator Az of the process Zy = (g, t, X¢) satisfies

AZF('V? t7 .’L’)

) B ) 1, o
- %F(%tﬂ)ﬂ{xgo} + EF(P%tvx) - M%F(’V’tva}) + 50— WF(’V?tax)

9
+ /( ) <F(% tx+y)— F(y,t,x) — yH{y>,1}%F(% t, :1:)) Lptys0yI(dy)
9
! /( 0) <F(t’ b t+y) = F(t,t,2) = ylys—1y 5 F(t a:)> I ooy TI(dy)

)
+ /( ) <F(t, t,x+y)— F(y,t,z) — yH{y>_1}%F(% t, x)) Tias0y Lt y<oy II(dy)

(3.4)

Recall from Remark 3.2.2 that the behaviour of g; and then U; can be determined from
the excursions of X away from zero. Then, using that fact, we are able to derive a formula for
a functional that involves the whole trajectory of the process U;. The next theorem provides
a formula to calculate an integral involving the process {(U, X;),t > 0} with respect of time

in terms of the excursions of X above and below zero.

Theorem 3.2.6. Let ¢ > 0 and X be a spectrally negative Lévy process and K : E — R a
left-continuous function in each argument. Assume that there exists a non-negative function
C : Ry x R — R such that u — C(u,x) is a monotone function for all x € R, |K(u,z)| <
C(u,x) and By gz (57 e 7 C(Ur, X, 4 y)dr) < oo for all (u,z) € E andy € R. Then we have
that for any (u,z) € E that

Ey </ e_qTK(Ur,Xr)dr>
0




In particular, when uw = x = 0 we have that

e[ errwxgar) = [ Ko [0 - wo )] ay

+ lim K*(0,¢)
0 @ W)

Remark 3.2.7. Note that from the proof of Theorem 3.2.6 we can find an alternative rep-
resentation for formula (3.5) as a limit in terms of excursions of X above and below zero

divided by a normalisation term. Indeed, for (u,x) € E,

Ey </ equ(UT,XT)dT>
0

— T : qTy IC— _
= K* (u,2) + limE, (11 KX, a))

{7y <oo}ei

Ee (I, -_ e 70 K (X - —¢)) + Kt (0,¢)
4 @z {1 _ @bl(@(q)—k)e—@(q)xW(Q) (J:)] lelﬁ)l ( {7y <oo} w,(q)(q)_i_)w/?(q) (€)> ’

(3.6)

where K~ s given by

for all x € R.

3.2.1 Applications of Theorem 3.2.6

In this section we consider applications of Theorem (3.2.6). We first calculate the joint Laplace
transform of (Ue,, Xe,) where €4 is an exponential time with parameter ¢ > 0 independent

of X.

Corollary 3.2.8. Let X be a spectrally negative Lévy process. Let ¢ > 0 and a € R, 5> 0
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such that ¢ > (B) V (¥(B) — a). We have that for all (u,x) € E,

—aUeq+BXeq | _ qel” ®(q)z g/ q _ q
G )= g @ [<I><q+a)—ﬁ <I>(q)—ﬂ]

+ e / B (y) — emovqyate) ()] dy
0

q e~ uy(ata) () — @ ()] . .
Ty CRR U ORI C] (3.7)

Proof. Consider the function K(u,z) = e~®“t#% for all (u,z) € E. We have that K is a

continuous function and K (u,z) < e~ (@\0u+B% for all (u,z) € E. Moreover we have for all

g > 0 such that ¢ > ¢(5) vV (¢(B) — o) = ¥(B) — (a A 0) that

ebx

E, /oo e_qre—(a/\O)r—l-ﬁerT) — Pz /OO 6_(q+(aA0)—zp(5))rdT _ < 00
(0 0 g+ (an0)=y(f)

for all z € R. Then for all w > 0 and x > 0 we have, by Fubini’s theorem and from equation

(1.19), that
Kt (u,z) =E, (/ ’ e_qre_a(“”)JrﬁXTdr)

= / 5y/ ~latorp (X, edy,r <7, )dr
0,00)

— - u/ By [ la+alypy ata) () W(q+a)(x_y)} dy
0

e—auw(q+a) (ZL‘) 5 /3: 5
= — e Mel* e Py (ata) () dy.
D(q+a)—p 0 W)y

Similarly, we calculate for any z € R

0
/ By [e‘P(q)(x—y)q)/(q) W@z — y)} dy

_ @’(q)e‘b(q)x /Oo e*(ﬁfﬂP(q))ydy P /OO e By (@) (y)dy
0 T

_(I)/(Q)eq)(q)gg_ el Bz ; —Byi7 ()
= G-l @ -q ° J e wa

where the last equality follows from equation (1.4) and the last integral is understood like 0
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when & < 0. Then from (3.5) we get that for all (u,x) € E,

00
Eu . </ e—qre—oaUT.-f—Berr)
0

_ W @) e / St (y)ay
0

Qg+ a)—p
(I),(Q)eq)(q)x_ e sz [ —py (@)
B OB O /o W y)dy

W lata) (e)
(g +a)—

1
()7 7(0:2(a) (1) ]
e CV e wae)

— ePe /‘E e Py lata) (y)dy
B 0

_ e—auw(q-i—oz)(x) —au Bz ‘ —B (g+a)
g e [y
N @/(q)eé(q)x B eBz

B=2(q) ¥(B)—q

+ 2@z [1 — ¢ (®(q)+)e 2@z (@ (x)}

—|—eﬂ$/0 e P (y)dy
'(q)
(g +a)—p’

where in the last equality we used the fact that ®'(q) = 1/¢'(®(¢)+), W9 (z) is non-negative

and strictly increasing on [0, 00) for all ¢ > 0 and that

(g+a)
i V()

€l0 W (a) (5)

for all @, ¢ > 0. The latter fact follows from the representation W@ (z) = S°2° | ¢*W*(k+1) (z))
and the estimate W**+1 () < 2% /kIW (2)F*! (see equations (8.28) and (8.29) in Kyprianou
(2014), pp 241-242). Rearranging the terms and using the fact that

0
]Eu,a: (e_aUeq+ﬁXeq) = un,:c </ 6_qT€_aUT+BXTd’I“>
0

for all (u,z) € E, we obtain the desired result. O

Remark 3.2.9. Note that from formula (3.7) we can recover some known expressions for

Lévy processes. If we take o = 0 we obtain for all B >0 and ¢ > () VO and x € R,

Bx
BXeq = 7(]6
Eo(e0) q—9(B)
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On the other for any 8 > 0, ¢ > 0 and x € R we have that

) )
Ex(e—egeq) = / qe—ntm(e—QQt)dt — / qe_(Q+6)tEx(€9Ut)dt _ qfquz(eGUﬁHg),
0 0

where eq1g 1s an exponential random variable with parameter q + 0. This result coincides

with the one found in Baurdouz (2009) (see Theorem 2).

Let ¢ > 0 we consider the g-potential measure of (U, X) given by
o
/ e Py (Uy € dv, X, € dy)dr
0

for (u,x),(v,y) € E. From the fact that for all ¢ > 0, Uy = 0 if and only if X; < 0 we have
that for any (u,x) € F and y <0

/ e "Py (U =0,X, € dy)dr = / e "Py(X, € dy)dr
0 0

In the next corollary we find the an expression for a density when v, x > 0.

Corollary 3.2.10. Let ¢ > 0. The g-potential measure of (U, X) has a density given by

/ e "Py .Uy € dv, X, € dy)dr = efq(vfu)IF’x(Xv_u €dy,v —u <715 )y do
0

n [eq)(q)xq)/(q) — W@ (z) ge—qvp(Xv € dy)dv

v
(3.8)
for all (u,z) € E and v,y > 0. In particular, when u = x = 0 we have that
/ e TP(U, € dv, X, € dy)dr = e? @7/ (q)LeP(X, € dy)dv (3.9)
0 v

Proof. Let 0 < u; < ug and 0 < x; < x9 and define the sets A = (uj,uz] and Y = (x1, x2].
Then the function K (u,z) = Ij,c4 ey} is left-continuous and bounded by above by C(z) =

Izeyy. Moreover, we have that for all ¢ > 0 and z € R,

Ez (/ equ{Xrey}d'f’> < 00.
0
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First we calculate for all u,xz > 0 such that u < uq,

T
K*(u,x) = Eu o (/ e_qu{UreA,XreY}dr> = / / e_q(r_“)Px(Xr,u edy,r—u <7y )dr
0 Ay

and for every x < 0 we have that

+

K~ (2) = By (/0

Hence, for all (u,z) € E we obtain that

Eue </ e "y, ea, XTGY}dr>

//eqT“)P Xy €dy,r —u < 71y )dr

—B()z eqTIPXEdy,r<T
[1 - (@(g)+)e 2(g)zyy/(a 181%1/ / W(‘I)(g) 0 )d?”.

e_qT]I{UrEA,XrEY}dT> =0

We calculate the limit on the right-hand side of the equation above. Denote ]P’z as the law of

X starting from e conditioned to stay positive (see (1.23)). We have that for all z € R and

y > 0 that
, e P (X, Edy,r <7y), W (e) , e PL(X, € dy)
i [, “aeowes -~ vemaree B L L T e

B 1 e" P X, € dy) .
RIS N W)

where the first equality follows from the definition of P! and the last equality follows since
lim.jo W (e)/W@(g) = 1 and P! converges to P! in the sense of finite-dimensional distribu-
tions (see Proposition VII.3.14 in Bertoin (1998)). Therefore from (1.24) we have that for all
(u,z) € E,

Eyz (/ e_qT]I{UTEijTEy}dT> = / / e_q(r_“)IF’x(X,«_u edy,r—u<7y)dr
0 A

+ [q> (q)e®@= / /Y Je~P(X, € dy)dr,

where we also used the fact that ®'(¢) = 1/¢'(®(q)+). Using the same arguments one can
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easily see that when X is of finite variation

/ / e IP(X,_, edy,r—u < 7 )dr = w@ (0)/ / ge_qTIP’(XT € dy)dr.
AJy Aty T
The proof is now complete. O

Remark 3.2.11. Bingham (1975) showed that the g-potential measure of X has a density
that is absolutely continuous with respect to the Lebesque measure. This can be shown moving
the killing barrier on the q-potential measure killed on entering the set (—oo,0] (see (1.19))
and taking limits. Alternatively, it can deduced taking limits on (3.5). Moreover, Corollary
3.2.10 provides an alternative method for finding the aforementioned density. For this, we

use Kendall’s identity (see e.g. Bertoin (1998), Corollary VII.3) given by
rP(r} € dr)dz = 2P(X,. € dz)dr (3.10)

for all r,z > 0. Indeed, let u,y > 0 and © € R, integrating (3.8) with respect to the variable

v, we obtain that

/ e T"P,(X, € dy)dr = / / e Py »(Uy € dv, X, € dy)dr
0 (0,00) J0O
= / e Py (X, € dy,v < 75 )dv
0
+ / [e‘P(q)%’(q) —w@ (z)} %e_q”IP(X@ e dy)dv
0

+ [e" @7/ (q) - W) )] /0 e TP(rt € dv)dy,

where the last equality follows from (1.19) and (3.10). Hence, using the formula for the

Laplace transform of 7,7 (see equation (1.3)) we have that

/ e TP, (X, € dy)dr = (€<I>(q)($—y)q)'(q) — W@ (z — y)) dy.
0
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3.3 Main proofs

Suppose that X is a spectrally negative Lévy process of finite variation. Then with positive
probability it takes a positive amount of time to cross below 0, i.e. 75" > 0 P-a.s. Hence,
stopping at the consecutive times in which X is below zero and the ideas mentioned in Re-
mark 3.2.2 we can fully describe the behaviour of g; and then derive the results mentioned in
Theorems 3.2.3 and 3.2.6. However, in the case X is of infinite variation it is well known that
the closed zero set of X is perfect and nowhere dense and the mentioned approach proves to
be no longer useful (since we have that 7,7 = 0 a.s). Therefore, in order to exploit the idea ap-
plicable for finite variation processes we make use of a perturbation method. This method is
mainly based on the work of Dassios and Wu (2011) and Revuz and Yor (1999) (see Theorem
VI1.1.10) which consists in construct a new “perturbed” process X (¢) (for e sufficiently small)
that approximates X with the property that X (©) visits the level zero a finite number of times

before any time ¢ > 0. Then we approximate g; by the corresponding last zero process of X ().

3.3.1 Perturbed Lévy process

We describe formally the construction of the “perturbed” process X (). Let & > 0, define the

stopping times o; . = 0 and for any k£ > 1,

0’2—’6 =inf{t >0, X; > ¢}

Opi1,c = inf{t > 02:6 : Xy <0}
and define the auxiliary process X () = {Xt(s),t > 0} where

: - +
O _ X —e if Oe <t< Ok e
=
. + —
X if Ok e <t< Ofi1 e

In Figure 3.1 we include a sample path of the process X (©) compared with the original process

X.

Lemma 3.3.1. We have that Xr(s) < 0 if and only if there exists k > 1 such that r €

(e)

[0k - Jlja). Moreover, for eacht > 0, X;” increases when ¢ | 0 and X converges uniformly

to X when € ] 0, that is,
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Time Time

Figure 3.1: Left: Sample path of X. Right: Sample path of the perturbed process X (). The
lightblue vertical lines correspond to the sequence of stopping times {0, _,k > 1}, whereas

the gray vertical lines correspond to {o;_,k > 1}.

lim sup \Xt(a) — Xy =0.
el0 >0

Proof. From the definition of the stopping times o, _ and O']j . we have that for some k > 1,

if r € [0, _,07_), then X9 < 0 whereas if € [alja,a,;rl .), then X > 0. Moreover. it is

easy to see that for all £ > 0
X, —e< X® < x,. (3.11)

We deduce that sup; ]Xt(a) — X¢| < € and hence

lim sup \Xt(e) — X¢| =0.
&0 >0

It is only left to show that for 0 < &7 < &9 and all ¢ > 0 that Xt(”) < Xt(El). By the
definition of Xt(s), we have to check the cases in which Xt(ei) = X; or Xt(si) = X; — ¢; for
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ier)

1 = 1,2. Thus, since €1 < g9, it suffices to prove that is not possible that ¢ € [a;al,ai7al

and t € [0I€2,0]-_+17€2) for some 7,7 > 1. Indeed, suppose that there exists j > 1 such that

+ - . R + :
t € lo],,,0;11.,) and define ¢ := max{k > 1: 0, < o;_}. Since 1 < €3, we have

> o1 which

+ +
that 0" < o] 1.1 ea

el ey Moreover, from the definition of i, we have that o

implies that X, > 0 for all » € [a;.;z, 0;11.,) and hence o,

itle1 = Uj_,ez' We conclude that if

ot

te [a;f Oji1.,) for some j > 1, there exists ¢ > 1 such that ¢ € [0, 0,14 )

€27

and the proof

is complete. ]

In addition we define the last zero process g. ; associated to the process X @) ie.
gepr =sup{0 < s <t: XS(E) <0}.

The inequality ¢; < ge; < glge) holds for all ¢ > 0. Taking € | 0 and by right continu-

ity of x + g¢gf we obtain that g.; | g; when ¢ | 0 for all £ > 0. Therefore we have that
t—U:t =:U:y T U when ¢ | 0 for all t > 0.

Recall that the local time at zero, L = {L;,t > 0}, is a continuous process defined in
terms of the It6—Tanaka formula (see Protter (2005) Chapter IV) and its measure dL; is
carried by the set {s > 0: X,_ = X, = 0}.

Denote Mt(a) as the number of downcrossings of the level zero at time ¢ > 0 of the process

Xt(s), ie.
6 _
M = Ly (3.12)
k=1

We simply denote M ) = lim¢ a0 Mt(a) for all € > 0. It turns out that Mt(e) works as an
approximation of the local time at zero in some sense. We have the following lemma; its

proof follows an analogous argument than Revuz and Yor (1999) (see Exercise VI.1.19).

Lemma 3.3.2. Suppose that X is a spectrally negative Lévy process. Then for all t > 0,

1
limEMt(a) =-I; a.s.
el0 2

Proof. Using the Meyer—It6 formula (see Protter (2005) Theorem 70), we have for any ¢t > 0
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that

X:_:Xa_—i-/ ]H{Xs>0}dXs+/(
,t

1
/ (Xs— + y)_ﬂ{xs,>0}N(d5 x dy) + §Lt’
(0 Ovt] (_0070)

where 7 and x~ are the positive and negative parts, respectively, of x defined by 27 =

max{z,0} and z~ = —min{x,0}. Hence, for all 1 <k < Mt(g),
+ oyt
Xa,ts/\t XU,;E

:/(a

1
+ 5([10;6/\15 — L

]I{Xs—>0}dXS + /

(o

[ () L g Vs < dy)
,;E,U,ia/\t] (—00,0)

- +
k,s’o-k,s/\t}

).

Uk,s

From the definition of the stopping times {0, _,k > 1}, we have that for every £ > 1, X, >0

forall r € [alja, Tht1 .) and since L is continuous and only charge points in the set of zeros of

X, wehavethat L + =L - and L,, + = L;. Hence, we have that using a telescopic
Ok,e Ok+1,e tAUM(s)

t of

sum and the fact that XT(i) < 0if and only if r € (o, _, 02_5] for some k > 1,

M -1

Xt . X" 4 §j Xt - Xt
tAo (e) o (e) Ok o o
M, e My e k=1 ’

- /(O,t] H{Xii) SO}H{X57>0}dXS

a 1
+/(0t] /(_OOO)(XS+Z/) H{Xi?SO}H{X87>O}N(dSXdy)+§Lt.

k,e

Thus, using the fact that Xak—

sE

<0 and XJ: = ¢ for all £k > 1, we obtain

XF o e -1
M(E) €

t

- /(O,t] H{Xii) SO}H{XS_>0}dX5

- 1
+ /(O ; /(OO 0)(X5— + ) H{Xéi)go}ﬂ{Xs—>0}N(d5 x dy) + iLt'

Note that 0 < X;;UJr < ¢ and then lim, o X;/F\H = 0. Moreover, from the dominated
() ()
Mt € ]Wt ,E
convergence theorem for stochastic integrals (see for example Theorem 32 Chapter IV of
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Protter (2005)), we have that the first term in the right hand side of the equation above

converges to 0 uniformly on compacts in probability, i.e. for all ¢ > 0,

sup

I o .1 ax,
0<s<t /(0,3} {Xﬁ,)SO} {X»—>0}

converges to 0 in probability. Note that for all s > 0, (Xs— + y)_H{Xgi)go}H{Xst} < (Xs— +

y)iﬂ{Xs_>0} and

/ / (Xso +9) Iix,_ 03N (ds x dy) < oo.
(0,t] J (—00,0)

Then, by the dominated convergence theorem

b /(o,ﬂ /(—oo,()) (Kom +9) Ty clix, >0y Nlds x dy) = 0.

Hence, we have that 5Mt(€) converges to L;/2 in probability when ¢ | 0. We know that there
exists a subsequence {e,,n > 1} converging to 0 such that lim,, eth(E") = L;/2 a.s. From

the fact that Mt(a) increases when e decreases, we have that for each € € [g,41, &x)]
En—l—lMt(En) < EMt(E) < Eth(5n+1)

and we conclude that lim. g 5Mt(€) = L;/2 a.s. as claimed. O

In the next Lemma we calculate explicitly the probability mass function of the random

variable M, .

Lemma 3.3.3. Let e, an independent exponential random variable with parameter p > 0.

For all € > 0 we have that the probability mass function of the random variable Méz) 18 given

by
]_ — Z(p’o) (g)e_cb(p)(e_z) n = 1
P, (M) =n) = (3.13)
7P0) (g)e=2@)(e=2) [Z(.2()) (£)]n2[1 — T 2@)(g)] n > 2
forall x < e.

Proof. We calculate the probability of the event {Méi) > n} for n > 2 which happens if and
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only if {0, . < e,}. First, for any z < ¢ we calculate

P (ME) > 2) = P,(0;, < e,)

= By (P2(0s, < €p,07, < eplFys )

—pT, —prdt
= Ec(e”P0 H{To_<oo})El’(€ o H{rj<oo})
= 7(P0)(g)e2P)(e2)

where the second last equality follows from the strong Markov property and the lack of
memory property of the exponential distribution, the last by equations (1.3) and (1.11).

Next assume that n > 3, we have that for any =z < ¢

}P’m(Méi) >n)= IP’g;(a;5 < ep)

= EZ(PCE(O—;E < €p, J:—l,s < ep‘fa+ ))

n—1,e

Cprm —pot
=Ec(e7T0 H{rg<oo})Ex(€ panfl’s]l{zﬁ <oo})

n—1,e

—poT
— I(pvo) (5)Ex(e p nfl,s]:[{oj» <oo})’ (314)

n—1,e

where the third equality follows from the strong Markov property and the lack of memory
property of the exponential distribution and the last equality by equation (1.11). Applying

the strong Markov property at the stopping time o,_; . we get

(e) _ 7(p, —pot .
P (M) > n) = IO (&), (e P7n-1 Lt | <oo})
—po_ - Ts+
:I(p’o)(E)Ex(e Pontel ;71,E<OO}EXU,;1,E (e ]I{TOJr«X)}))
_ 700 ~0() TP DX
= TP ()R, (e o <o)

where the last equality follows from equation (1.3). We apply the strong Markov property

at of_, _ and we use the fact that for all k > 2, X_+ = ¢ on the event {0 < o} _ < oo} to
k,e ;

,E
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deduce for all n > 3 that

—p1y +2(p)X_—

Bo(M&) > m) = I09) () "PIE. (e Lo BT o)

= 7020 ()P, (ME) > n — 1),

where last equality follows from equations (1.11) and (3.14). Then by an induction argument

we get that for alln > 2 and z < ¢
Px(Méi) > n) = IP0) (g)e~2P)E—2)[Z(P2(P) ()12, (3.15)

O

Remark 3.3.4. For all € > 0 we can describe the paths of the process {get,t > 0} in terms
of the stopping times {(a,;e,oza),k > 1}. When Xt(g) < 0 we have that o < t < O-/:_,E
for some k > 1 and then g.; = t. Similarly, when Xt(a) > 0 there exists k > 1 such that
O-lja <t <0y, and hence go = U;E. The reader can refer to Figure 3.1 for a graphical

representation of this fact.

3.3.2 Proof of Theorem 3.2.3

Suppose that X; > 0 and choose ¢ < X;. For any function F' € C12(R, x Ry x R) we have

that
M
Flgets . X7) = Flge0 0. X) + Y (g 007 X, ) = Floyy sop X0 )
k=1 ’ - ) )
M
+ (e) + (e)
+) (9o 0o X2 ) = Fl9. (o )0k X v )]
k=1 N ’ )
M1
_ (©) + x(©)
+ Z [F(g€7(o.k7+l,s)77 O-k—‘rl,&" X(G'k_+1 5)_) - F(QE,U;SJ O-k}7€7 XG:E)]
k=1 ’ Y
M1 © )
_ I3 - €
+ [F(g€70;+175,0'k+178, ‘XVJ];*_1 5) — F(ge,(gk—ﬂye)_, O-k—i-]_,g? X(UI;+1 E)_)]
k=1 ’
+ [F(ger . X)) — F ot X9
[ (gE,t t ) (ge,oj\;ft(s),g Mt(g)’e U}t{ts)’s)]
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_ o+ _ - _ o+
Note that Iesopir)~ = Oher G = ke and Jei(of )~ = The for all £ > 1. Thus,
M
F(gs,tataXt(e)) = F(gt‘,OaOaX(gE)) + Z [F(UZE702:57XU:E - 5) - F(O-kje’o-ki,a’Xak_ - 6)]
k=1 ’ *
M
+ Y [Flof o0 X e )= Flof ol X+ —2)]
1 k,e k,e
M1
+ - + _+
+ Z [F(Uk,€7O-k+1,67X(U;+1’6)_) B F< k,e’ak,a’Xalja)]
k=1
M -1
— — + —
+ : [F(0k+1,570k+1,57Xa;+L5 —&) - F(ok,a’ak—i-l,a’X(cr;H,E)*
=1
+ + +
+ [F(O-Mt(g),s’ taXt) - F(O-Mt(g),s’ JMEE),E’XUL(E) 5)]’
),
where we also used that ng) = X, when s € [J,js,ak_ﬂ .) and Xﬁa) = X, — ¢ when s €

o) E,J,jg) for all £ > 1. Applying It6 formula on intervals of the form (o, E,O']js] for k > 1
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we have that

M

E[F(O'Ze,UZE,XJ-r —e) = F(o, 04, X, £)]

k=1
ME T ot g .9

= Z / —F(s,s,Xs—¢e)ds —i—/ —F(s,5,Xs—¢)ds
k=1 Ui;s 87 O-l;s ot

e o2 P
¢ 1 2 Uka
+> [20 /0 e F(s s Xo— )ds+/ —F(s, s, Xs_ — 5)dX3]

- (gk ’Gk ]a{E
/ N(ds x dy)
00,0)

X (F(S,S,Xs_ +y—¢)—F(s,8,Xs- —¢) — yaa:UF(s,s,XS_ — 5)>

ks’aka

Lo to
:/ a F(gE 8)8 X( ))]I{ng)go}ds_{—/o aF(gE,&SaXLgE))H{XS(E)SO}dS

0 c
/ ga,SaSqu(E))]I{XS(E)SO}dS—F 0. axF(Qgs , S, X( )) {XS(E)SO}dXS
_/ F(ges ) S, X( )) {X£?>0}H{X_§E_)+y<0}N(ds x dy)

)N (ds x dy)
/Ot/ 00,0) X_SO}

0
X <F(g€,8—7 Sva(e—) + y) - F(gE,S—y S, Xéi)) - y%F(gé‘,s—a SaXLga))> )

where the last equality follows since X s@ < 0 if and only if s € [a,; o o,j’g) for some k > 1
(and hence g. s = s), X has a jump at time s on the event {X(E_) >0}n {X(a) < 0} and there
are no jumps at time ak for all kK > 1. Similarly, applying It6 formula on intervals of the
form (O—lj,a’ak-i-l) for k > 1, there are no jumps at time Jk,s for all £ > 1 and the fact that

X > 0 if and only if s € [a,ja,a,;_l _) for some k > 1 (and hence g. s = ges— = 0} ) we
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have that

M1
. + ot
kzl [F(O-k757O—k+1787X(o'k_+17€)7) - F(Uk,s7 Uk,s’Xa,iE)]
+ _ + +
+ [F(O_Mt(e)ﬁ,t,Xt) F(O—Mt(e)7€7 O-Mt(S)76’ Xo-xft(e)’e)]
to
_/ 675 (gasas X( )) {X§5)>O}ds
1, [t o?
+ *0'2 8 (g£ 515, X( )) {X§S>>0}d5+ [0,¢] aZC (gas 'S X( )) {X§S>>O}dXS

+ ‘/[0>t] /(007(]) H{X§E)>O}N(d8 X dy)

0
X <F(ga,8—75)X§€—) + y) - F(ga,s—; Sngi)) - yaxF(gS,S—)SuXS(E_))> .
Hence, we obtain that

t
0
F(ge,t,t,Xﬁ) Fae0.0 X4 [ 2Pl Xy s+ [ 2 (g X
gssas X d5+/ 7F gz—:s S, X(E))dX

F(ge,s— ,s,X() ds x dy)

/ )1 x >O}H{X‘§E_)+y<0}N(
/( o Lx©sg N(ds x dy)

0
X (F(QE,S—a S7Xs(i) + y) - F(g€,8—737Xs(i)) - yaxF(gs’s_,S,XéE))>

I _.N(ds xdy)
/[;]t] (—00,0) {X,2<0}

(Pl s, X ) = Flgee 5. X)) Pl X))

ox

M(E)
+ Z Jke,akE,X + )_F(O—ZE’O—I—;E’XU;E_g)]

o

— — + —
+ Z [F(Uk+1,ev‘7k+1,evXa;+Ls —¢&) = Flog, Uk+1,5’X(U;+1’6)—)]'

Since X_+ = € and that X can cross below 0 either by creeping or by a jump we have that

k,e

the last two terms in the expression above become
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M(E)
t
> [F(ojf.of..e) = F(o} ., 0, 0)]
k=1
M1

— — + —
+ Z [F(Uk—l-l,s? 0k+1,e7Xa,;+1 . £) — F(Uk,s7 ak—l—l,e’X(
k=1 ’

)

Ul:'+l,s
M 1
= Z [F(J,L_La, Ulj-i-l,a’ g) — F(o,j+1,€, Ukti—l,a" 0)] + F(Jffs, Jff&_, g) — F(O’is, O'is, 0)
k=1
M -1
+ ) [F(0p 005000 8) = Flop 00100 0lix =)

0k+1,5

k=1
s R Xty =) = Flgeem s, X N(ds x dy),
[0,t] J (—00,0)

(x© >0}H{X§i> +y<0}

where we used the fact that when o > 0, limy o F'(7y,t,h) = F(t,t,0) for all 0 < v <t by

assumption, F' is continuous and that X _
(O-IH»I,&)

= 0 on the event of creeping. Without loss
of generality assume that ¢ < 1. By the mean value theorem we have that, for each k > 1,

there exist ¢ 1, € (0,¢) and ¢, € (—¢,0) such that

M -1
Z [F<O—2_+1,57U]:—+175a€) _F<O—l—ci_+1,e’alj+1,s’0)]
k=1
M 1
+ Z [F(Ul;rLa’Ul;rl,a’_g)_F(U’;+1,a’al;+17a’0)]ﬂ{xa* =0}
1 k+1,e
M -1
< 2 | F ket n) — 5 Ok T )l —oy|e
1 X €T Tk+1,e

< 2Ke(M — 1),

where we used the fact that I is at least 111 (E,) and then (s, z) — |2 F(s, s, z)| is bounded
in the set [0, ¢] x [—1, 1] by a constant, namely K; > 0. Moreover, we know that 5Mt(€) — Ly/2

a.s. when € | 0 (see Lemma 3.3.2). Hence, using the dominated convergence and the mean

value theorem we deduce that
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M -1
t
lim Z [F(U,L_La, 0'2_4_1’6,6) — F(O’;C:_LE, 0'2_4_1,6, 0)]

elo | =
M 1
+ Z [F(Jl;+1,s’01;+1,57_5) _F(gl;+l,s7alz+1,s’0)]]l{Xof =0}
k=1 s
o0
< k:11€ifg ‘F<U$+1,e70;+1,5’€) - F<02_+1,5’0:+1,5’ 0)]‘ H{k<Mt<6>}

0o
+ Z lim ‘[F(Ul;-l—l,a’ Ulz—i-l,a’ _6) - F(UI;—FLE’ 01;—&-1,57 0)]‘ ]I{X - =O}H{k<M(s)}
1 ] Thtl,e t

00
0
. + + — —

< — ]EIﬁ)IE HaxF(o—kJrl,s’ JkJrl,e’Cl:k) + ‘axF(o—k+1,s’ Jk+1,z—:’ chk) :|

00
< lime2K.

D lime2K,

k=1
=0,

almost surely. Therefore, by the dominated convergence theorem for stochastic integrals, we

deduce that

to to
F(ghtht) = F(QOaOaXO) +/ 8F(95757X8)]1{XS§0}d5+/ 7F(QS787XS)d5
0o 9 o Ot
+/taF( X, )dX +12/t62F( X,)d
0 Oz gs—y S, As— s 20' o 02 s, S, As)AS
+/ / ]I{XS>0}N<dS X dy)
[0,¢] J (—00,0)
0
X <F(gs—737Xs +y) - F(gs—787Xs*) - yF(gS—787Xs))

Ox
+/ / H{XS,SO}N(dS X dy)
[Ovt] (_0070)

0
X <F(gs—731Xs— +y) _F(gs—787Xs—) _yF(gs—vsaXs—)>

ox
t [ Teex e Nidsx dy)
[O’t] (—O0,0)
0

X <F(S,S,XS +y)— F(gs—,s, Xs—) — yaxF(gs,s,Xs)) . (3.16)
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From the fact that g; is continuous in the set {t > 0 : X; > 0 or X;— < 0} we obtain the

desired result. The case when X; < 0 is similar and proof is omitted.

3.3.3 Proof of Theorem 3.2.6

Note that, since |K (U, Xs)| < C(Us, X;) for all s > 0 and Ey, ([5° e C (U, X, 4 y)dr) <
oo for all (u,z) € E and y € R, we have that KT and K~ are finite. Moreover, since

u +— C(u, ) is monotone for all x € R and non-negative we have that for all » > 0 and € > 0,

|K(U8,r7 X7(’E))| < C(Ufﬂ"’ XT('E))

< CU, X))+ C(U, X, —e) + C(UY), X,) + C(US), X, —¢),

where Uﬁg) =7 — gt(g) =r—sup{0 < s < r: X, < e}. It follows from integrability of

e~ "C(U,, X, +y) with respect to the product measure P, , xdr for all z,y € R, by dominated

convergence theorem and left-continuity in each argument of K that for all (u,z) € E,

Eu. ( / equ(U,,,Xr)dr> = limE,, ( / eq’"K(Uar,XﬁE))dr) :
0 €40 0

Then we calculate the right-hand side of the equation above. Fix € > 0, using the fact that

(M) =n) = {on <oo}n{o, . =00} forn=1,2,..., we have for any x < 0 that

=
8
N

/ e K (U. X@)dr)
0

o0 [o¢]
= ZEx (H{M<E>:n}/ e_qu(Us,rva,(E))dr>
0

n=1
0o n cr,j
_ e (©)
=> Y E. (]I{%E@O}H{%H’E:OO}/ e K (0, X )dr>
n=1 k=1 Uk,e
oo n—1 01;_1 .
+ ZZEx (]1{055@0}]1{0_+1 —oc} /+ S e K (r — a,jE,X;a)dr)
n=2 k=1 © Uk,s 7

o0 U;—Fl,E —ar + c
+ ZlEa; (H{O';tg<00}]1{0'n+17€:00} /o-+ e q K(T — O'n’€7X7£ ))dT) 5

where the last equality follows from the fact that g., = » when r € [0, _, J,ja] and g., = U}j .

when r € [a/,j’a,ak__s_1 .) for some k& > 1. We first analyse the first double sum on the right
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hand side of the expression above. Conditioning with respect to the filtration at the stopping

time a,;tg, the strong Markov property and the fact that X creeps upwards we get

n

&=

€T ( {O’nE<OO} {Un+15—00}/ e qTK ())d )

oo n—1
- Z B (H{U:E<Oo} /—k,E e_qu(O’ XT(’E))dT ’ P(U;,a < 00, O-;+1 £ oo|‘/—-.0’;:5)>
n=2k=1 ’ Tke
> UTJLrs
+ ZEx <]I{U“<OO}]I{U+1 :OO}/ e I"K(0, X,(,E))dr>
=1 o One
oo n—1 U;j
=> ) E. (H{Uz <o} / " e K (0, X,£€>)dr> P(M® =n—k+1)
n=2 k=1 <
+Z]E <{U 5<00}]I{0'n5—oo}/ e~ K (0, X(E))d)
n=1
+ ZE <]I{U+E<oo}/ e K (0, X( ))dr . I[J>(U;+LE = ooo':;a)>

(e}
- ZEQC (H{UT <<>o}/ - e_qu(O’Xﬁa))dT) PE(M(E) =n)
n=1 . 0

U+E
+E, (]1{01+ . / : equ(O,XT(E))dT>

oo n—1
+ZZE <{0 <oo}/ e TR0 ())dT> (MO =n—k+1)
n=3 k=2
—qr (
+ZE$<{%<W} I Oo}/ QKOX@)d)
n=2
+_Eq (H{oxm} e TR0, X6 >)dr> P (M =1)
n=2 n,€
oo n—1 02‘
=K (x—e)+> Y E, (H{OZ <Oo}/ " e K (0, X, — 5)dr> Po(M® =n—k+1)
n=3 k=2 N k,

+Z]E < {on,e<oo} {Uns oo}/ _QTK 0, X, )d’l")
+Z]E <{U 5<oo}/ K (0, X, )dr> P.(M© = 1),

where the second equality follows from splitting the second summation on the cases where

ai . is finite and infinity; the first term in the last equality corresponds to the first excursion
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of X(®) below zero (case k = 1) and we also used the fact that X =X, —cforre [0} . o7 ]

for any k > 1. We define the auxiliary functions

+

K~ (2) = E, (/OTO

o+
Ky (z) :=E, (H{To*@o}/o ’ e_qTK(O,XT)dr> :

e_qTK(O,XT)dr> ,

,7_+
K (z) = E, (H{To*:oo}/o ’ e—qu(o,XT)dr>

for all z € R. Then we have that K~ (z) = K () + K, (z) for all z € R. Conditioning again

with respect to the filtration at time o, (vesp. o, .) we have

Sy

.
Uk,s Cor

- (H{U;’E<OO}H{";+1,SOO} /U— e K(O,Xﬁs))dr>
k,e

n=1 k=1
oo n—1
=K (z—¢)+ 2_23 kZQEx (H{a;s<oo}€_qgk’fo(Xa;5 — &) P(M® =n—k+1)
+ gEx (]1 oo K (X, 5))
oo n—1 B
=K (r—¢)+ Z_;ICZ;EE(H{TO<°O}GQTO Kl_(XTO* —¢))
—aot
x E, (H{U;L‘m}e “ k—m) P.(M© =n—k+1)
- —qTy —qo !
+ Z;]EE (H{TO_<OO}6 o KQ (X’TO_ - 5)) Ex (H{U:,1’€<oo}e g n—17€)
= —qTy IO —qot
3B (T cony ™™ KT (X =) Ea (T | gye 1 ) Po(M) = 1)
n=2
co n—1 (e)
- P, (Me, > k)
— K (o — —qTy 17— _ r\TTeq — () — p —
=K (z—¢)+ 2;21@8(11{70@}@ 0 K (X, —¢)) Tao &) P.(M® =n—k+1)

> e P (M) > n)
+ E:QEE (H{TJ@O}e 0 K, (XT(; — 5)) —I(qag)(g)

S . Po(Me =n)
+ ZZIEE (T <oy KT (X, =€) ot P9 =1,
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where the second equality follows from conditioning with respect to time J,;tl . (resp. 0:{_1’ 2)

and the Markov property of X and the last from equation (3.14). From Lemma 3.3.3 and

solving the corresponding series we get

0o n or

k,e

T (e)
2. E (H{an,a@o}ﬂ{%ﬂ,sm}/ TR >dr>
n=1 k=1 The

o~ 0(@)(e—)

=K (z—¢)+E; (H{T(;@o}e_q“ K™ (X = 5)> 1 2@o@) ()’

Using similar arguments we have, from the strong Markov property, the fact that X creeps

upwards, equation (1.11) and Lemma 3.3.3, that

oo n—1 o
k+1,e _ar + ( )

> ) E. (H{o;,s<oo}]1{a;+1,5—oo} / L UKol XP)dr
n=2 k=1 ak,s

o Tptl,e .

+) E. (H{a;e@o}ﬂ{anﬂﬁm} /+ e UK (r — a,ta,XT(a))dr)
n=1 On,e
~®(q)(e—x)
= K+(0,6)—<

17 (e)

Therefore, by the dominated convergence theorem we have that for all x <0

E, </ e_qTK(UT,XT)dr>
0

_ B o—2()(e—2) e .
= lgl\lﬁ)l K (.CU - 5) + TCD(Q))(@) |:E5 (H{T(;<Oo}€ o K (XT(; — 6)) + K (O,E)} .

When u, xz > 0 we have that

Eyz </ equ(Ur,Xr)dr>
0

= ECE (/ 0 e_qTK(u+T, Xﬁdr) +Ex (H{TO_<OO}/ e_qTK(Ur,XT)dT>
0 Ty

— Kt ; —qTy K— _
=K (u,w)—l—leligEx (]I e o K (ng 5))

{75 <o}

—®(q)e
+ @702 () lim e~ 2@

_q7—_ — . +
elo 1 — Z(@®(@)(¢) [EE (H{To_ <oy® 0 KT (X 5)> R (0’5)} ’

(3.17)
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where the last equality follows from conditioning at time 7;;” and the strong Markov property.

Using Fubini’s theorem and equation (1.20) we have that for all z <0,

o0
K (z)= / K(O,y)/o e UP(X, € dy,r < 7 )dr

(_OO’O)
0
= [ KO0 WO (y) - WO )y
Then for any x,e > 0 we have that by Fubini’s theorem and equation (1.11),

Ee (I ooy ™ K (X — )
0
= ®@ @) 7(0:2()) () K(0,y)W @ (—y)dy
—€
—€

+ K(0,y)

—00

% {ewq)(x—a)ﬂq,@(q))(x)w(w(_y) —E, ( e~ W@ X, —e- ?/))} dy.

]I{T(; <oo}

Let x,e > 0 and y < —¢, using a change of measure (see equation (1.22)) we obtain that

By (I —ye ™ WO(X - — 2 —y))
To

e —®(q)(X_——e—y)
_ @) <H{TO_:OO}6 W (x e y)>

= ®W@ =1 g/ (¢)p2(@ (15 = 0)

= ¢ *@E W@ (),

where in the second equality we used that fact that X drifts to infinity under the measure

P®(@) and the last follows from equation (1.11). Then from the fact that e~ 27 )7 () (Xt/\ro‘)

is a martingale and since 7___, < 7, we have that

By (T conye ™ WO(X - — 2 —y))
—F, (e—‘ﬁo’ WX, — e y)) _E, (H{To_zoo}e—%’ WX -~ y))

=WD(z —e—y) — e 2DEVY @ (g,
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Hence we obtain that for any x > 0,

Ep (T cooye™™ K (X, —2))
0
= ®@@=e)7(0:2(a)) () K(0,y)W @ (—y)dy
+ [ K0y

—00

% [6‘1)(‘1)(35—5)1(‘1@(‘1))(x)W(Q)(_y) — WD (z — e —y) + e 2@ERIW@ ()] dy.

Substituting the expression above in (3.17) and taking limits we obtain that for all u,z > 0,

Eu (/ eq”K(UT,XT)dr>
0

0
= K*(u,x) +/ K(0,y) [eq’(q)(x_y)‘b’(Q) ~ W@z —y)|dy

lim K7(0,¢)
B @ )

4 2@ [1 — P (B(q)+)e DT @ (@}

The result follows from equation (1.11). The case when z < 0 is similar and the proof is

omitted.

3.4 Conclusions

The focus of this chapter is on the study of the dynamics of the last zero before any fixed time
which is denoted by g;. We have derived some important identities of the three dimensional
process (t, g¢, X¢) which will be useful in the next Chapter. For instance, we have computed
a version of the It6 formula and its infinitesimal generator (see Theorem 3.2.3 and Corollary
3.2.5). They are particularly challenging to compute due to the infinite number of jumps of
the process {g;,t > 0} in the infinite variation case. Indeed, the jumps of ¢ — g; can occur
when X crosses below the level zero which can happen either by a jump or by creeping (when
o > 0). The latter implies that there is an infinite number of jumps since the set of zeroes of
X is perfect and nowhere dense (note that the limit condition on F' on Theorem 3.2.3 makes

these kind of jumps vanish).

The proof of Theorem 3.2.3 is based on a perturbation approach first presented by Dassios
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and Wu (2011) in which a perturbed version of X is proposed. An interesting feature of this
process is that it visits the level zero a finite number of times and then its corresponding
last zero process has only a finite number of jumps. Therefore, we can easily derive an It

formula for the perturbed process and conclude via a limit argument.

Using the same approach, we have also derived a formula to calculate a functional that
depends on the whole path of U = {U;,t > 0} (see Theorem 3.2.6), where U, is the length of
the current excursion above the level zero at time ¢ > 0. This formula is then used to find
the joint Laplace transform of (Us,, Xe,), where e, is an independent exponential time, and
to compute the g-potential measure of (U, X) without killing. Moreover, the formula (3.6) is

derived and we will learn how useful this is in the next chapter.
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Chapter 4

LP optimal prediction of the last
zero of a spectrally negative Lévy

process

Abstract

Given a spectrally negative Lévy process X drifting to infinity, we are interested
in finding a stopping time which minimises the L distance (p > 1) with g, the
last time X is negative. The solution is substantially more difficult compared
to the p = 1 case for which it was shown in Baurdoux and Pedraza (2020b)
that it is optimal to stop as soon as X exceeds a constant barrier. In the case
of p > 1 treated here, we prove that solving this optimal prediction problem is
equivalent to solving an optimal stopping problem in terms of a two-dimensional
strong Markov process which incorporates the length of the current excursion
away from 0. We show that an optimal stopping time is now given by the first
time that X exceeds a non-increasing and non-negative curve depending on the
length of the current excursion away from 0. We also show that the derivatives

of the value function exist and are zero at the boundary.

4.1 Introduction

In recent years last passage times have received a considerable attention in the literature.
For instance, in risk theory, the capital of an insurance company over time is studied. In

the classical risk theory this is modelled by the Cramér—Lundberg process, defined as a com-
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pound Poisson process with drift. In more recent literature, this process has been replaced
by a more general spectrally negative Lévy process. A key quantity of interest is the moment
of ruin, which is classically defined as the first passage time below zero. Consider instead the
situation where after the moment of ruin the company may have funds to endure a negative
capital for some time. In that case, the last passage time below zero becomes an important
quantity to be studied. In this framework, in Chiu and Yin (2005) the Laplace transform of
the last passage time is derived.

Secondly, Paroissin and Rabehasaina (2013) consider spectrally positive Lévy processes as a
degradation model. In a traditional setting, the failure time of a device is the first time the
model hits a certain critical level b. However, another approach has been considered in the
literature. For example, in Barker and Newby (2009) they considered the failure time as a
last passage time. After the last passage time the process can never go back to this level
meaning that the device is “beyond repair”.

Thirdly, Egami and Kevkhishvili (2020) studied the last passage time of a general time-
homogeneous transient diffusion with applications to credit risk management. They proposed
the leverage process (the ratio of a company asset process over its debt) as a geometric Brow-
nian motion over a process that grows at a risk free rate. It is shown there that the last
passage time of the leverage ratio is equivalent to a last passage time of a Brownian motion
with drift. In this setting the last passage represents the situation where the company cannot
recover to normal business conditions after this time has occurred.

An important feature of last passage times is that they are random times which are not
stopping times. In the recent literature the problem of finding a stopping time that approx-
imates last passage times has been solved in various. There are for example various papers
in which the approximation is in L; sense. To mention a few: du Toit et al. (2008) predicted
the last zero of a Brownian motion with drift in a finite horizon setting; du Toit and Peskir
(2008) predicted the time of the ultimate maximum at time ¢ = 1 for a Brownian motion
with drift is attained; Glover et al. (2013) predicted the time in which a transient difussion
attains its ultimate minimum; Glover and Hulley (2014) predicted the last passage time of a
level z > 0 for an arbitrary nonnegative time-homogeneous transient diffusion; Baurdoux and
van Schaik (2014) predicted the time at which a Lévy process attains its ultimate supremum
and Baurdoux et al. (2016) predicted when a positive self-similar Markov process attain its

pathwise global supremum or infimum before hitting zero for the first time and Baurdoux
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and Pedraza (2020b) predicted the last zero of a spectrally negative Lévy process.

In this paper we consider the problem in an LP sense, i.e. we are interested in solving
inf E(|r —gfP
inf E(|r — gl?)

where g = sup{t > 0: X; < 0} is the last time a spectrally negative Lévy process drifting to
infinity is below the level zero and p > 1. The case when p = 1 was solved in Baurdoux and
Pedraza (2020b) for the spectrally negative case. An optimal stopping time in this case is
the first time the process crosses above a fixed level ¢* > 0 which is characterised in terms of
the distribution function of the infimum of the process. The case p > 1 is substantially more
complex, as an optimal stopping time now depends on the length of the current excursion
above the level zero given by U; =t —sup{0 < s < t: X; < 0}. Recall that U; is the length
of the current positive excursion which implies that U; = 0 if and only if X; < 0 and U;
has linear behaviour when X; > 0. Moreover, as seen in Chapter 2, the process (U, X) is a

Markov process taking values in E = [(0,00) x (0,00)] U [{0} x (—o0,0)].

In this chapter, we show that an optimal stopping time (when p > 1) is given by
mp = inf{t > 0 : (Uy,Xy) € D} = inf{t > 0 : X; > b(U;)}, where b is a non-negative,
non-increasing and continuous curve. That is, is not optimal to stop when (U, X) is in the
(continuation) set C':= E'\ D whilst we should stop as soon as the process enters the (stop-
ping) set D (see Figure 4.1). In other words, given the strong dependence of U on X, the
latter has the following interpretation in terms of the sample paths of X: It is optimal to
stop when X is sufficiently large or has stayed for a sufficiently large period of time above

zero and we will never stop when X is in the negative half line (see Figure 4.1).
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Figure 4.1: Stopping and continuation set in the (U, X) plane

In the figure below we include a plot of a sample path of X; and b(U;), where we calcu-
lated numerically the function b for the Brownian motion with drift case (see Section 4.5.1

and Figure 4.3).

Figure 4.2: Black line: ¢ — Xy; Blue line: ¢ — b(Uy).
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This chapter is organised as follows. Section 4.2 gives a short overview of some results
obtained in Chapter 3 but applied to the process Uy = t — ¢g;. We also state and derive
some technical results related to the last zero of a Lévy processes drifting to infinite that
will be useful in later sections. In Section 4.3 we formulate the optimal prediction problem
and we show that it is equivalent to an optimal stopping problem which is solved in Section
4.4. In particular, we show an optimal stopping time is given by the first time X exceeds
a boundary b which depends on the length of the current excursion above zero. We derive
various properties of b. For example, in Lemma 4.4.20 we show that b is continuous and in
Theorem 4.4.22 we show that the derivatives of the the value function exist and vanish at
the boundary. The main result, Theorem 4.4.23, provides a characterisation of b and the
value function of the optimal stopping problem. In Section 4.5 we provide two numerical
examples: Firstly, when X is a Brownian motion with drift, and secondly when X is a
Brownian motion with exponential jumps. Finally, some of the more technical proofs are

deferred to the Appendix.

4.2 Length of the current positive excursion and the last zero

Throughout this chapter we use the notation and the preliminary results presented in Sec-
tion 1.1. Let X be a spectrally negative Lévy process, that is, a Lévy process starting
from 0 with only negative jumps and non-monotone paths, defined on a filtered probability
space (Q, F,F,P) where F = {F;,t > 0} is the filtration generated by X which is naturally
enlarged (see Definition 1.3.38 in Bichteler (2002)). We suppose that X has Lévy triplet
(p,0,11) where p € R, 0 > 0 and II is a measure (Lévy measure) concentrated on (—oo,0)
satisfying f(—oo,o)(l Az (dz) < co. We will assume that, when X is of finite variation, the
Lévy measure II has no atoms

For any ¢ > 0 and x € R, we denote by géx) the last time that the process is below x

before time ¢, i.e.,
giz) = sup{() <s<t: X< x}, (4.1)

with the convention sup ) = 0. We simply denote g; := gio) for all t > 0. We also define, for
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each t > 0, Ut(x) as the time spent by X above the level zero before time t since the last visit

to the interval (—oo, z], i.e.

U =t—g  t>o0

It turns out that in roder to solve our optimal prediction problem (see Section 4.3 below)

(0)
t

the process U; = plays a vital role so then we list a number of results from Chapter 3

applied to the process U.

Note the process U is not a Markov process. However, the strong Markov property holds
for the two dimensional process {(U;, X;),t > 0} (see Proposition 3.2.1) with respect to the
filtration {F;,t > 0} and state space given by

E={(u,z):u>0and x >0} U{(u,z):u=0and x <0}.

Then there exists a family of probability measures {P, ., (u,z) € E} such that for any
A € B(E), Borel set of E, we have that Py, ,((Urts, Xr+5) € A|F;) =Py, x, (Us, Xs) € A).

For each (u,z) € E, P, , can be written in terms of P, via

B (M(Us, X)) 1= Ba(h(u + 5, X)) + Eo(h(Us, X, <), (4.2)

for any positive measurable function h. Let F a C1?(E) real-valued function. In addition,
in the case that o > 0 assume that limp o F'(u, h) = F(0,0) for all u > 0. Then we have the

following version of Itd formula (see Theorem 3.2.3)

F(Utht) = F(U(]vXO)

t o t o 1 9 t 82
+ /O %F(US, XS)]I{XS>0}dS + /O %F(US_,XS_)C].XS + 50’ /(; @F(US, XS)dS
o (F(Us, X, +y) - F(Us Xs ) — y-2 F(Us_, Xs_>> N(ds x dy)
[07t] (_0070) 6x

(4.3)
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Moreover, if f is a C%2(E) bounded function with bounded derivatives, the infinitesimal

generator Ay x of the process (U, X) (see Corollary 3.2.5) is given by

0 0 1., 0%
Av,x (f)(u,z) = af(%x)ﬂ{mo} - H%f(uvx) + 502@]0(%95)

0
—i[wm<ﬂmx+w—ow%%Mp]%hﬂm@>mﬂwmm@n

0
+A“w<ﬂux+w—ﬂaﬂ—ﬂ@>H&jmJOM%mm@)

0
+ /(oo,o) <f(0, z+y) — flu,z) - yﬂ{y>,1}%f(u, x)) Lio<r<—yy (dy)

Note that the equation above can be simplified by introducing the following notation. For

any (u,z) € E we define,

f(u,z) w>0andx >0,
flu,) =4 f(0,2) w>0andz <0, (4.4)
f(0,0) w=0and x> 0.

Note that f extends the function f (defined only on E) to the set Ry x R and is such that

Of JOuf(u,z) =0 when x < 0. Then the generator A, x) applied to f can be written as

Avx (f) () = a%f(u,x) _ u%f(u,x} + 102% (u, 2)

_ N 5
+ /(0070) <f(u,x +y) = flu,z) - y]l{y>—1}a1:f(u,$)> II(dy)

= 2L Fua) + Ax() (4.5)

where Ax is the infinitesimal generator of the process X. Note that the representation above
tells us that the process (U, X) behaves (locally) as the process (¢, X) when X is in the set

(0,00) and as (0, X) when X is in the set (—o0,0).

We conclude this section by collecting some additional results about the last passage time

9= goo =sup{t > 0: X; <0}. (4.6)
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The Laplace transform of g was found in Chiu and Yin (2005) as
E;(e™%) = e D70/ ()¢ (0+) + ¢/ (00)(W(x) - WD(2)), ¢ >0. (4.7)

The distribution function of g under P, is found by observing that

(W (0H)W (X)), (4.8)

where we used the tower property of conditional expectation in the second equality, the
Markov property of Lévy processes in the third equality and equation (1.10) in the last. Note

that the law of ¢ under P, may have an atom at zero given by
Pr(g =0) =Pu(ry = 00) = ¢/'(0+)W ().

For our optimal prediction problem we require the p-th moment of g to be finite.The following

result is from Doney and Maller (2004) (see Theorem 1, Theorem 4, Theorem 5 and Remark
(ii)).
Lemma 4.2.1. Let X be a spectrally negative Lévy process drifting to infinity. Then for a

fixed p > 0 the following are equivalent.
1. E;(gP) < oo for some (hence every) x < 0.
2. J(—oom1) |z|1TPTI(dz) < oo.
3. E((—X)P) < 0.
4. Ex((7g")P™Y) < oo for some (hence every) x < 0.
5. Ex((Tg)pH{%—<m}) < oo for some (hence every) x > 0.

The next lemma states that when T(;r has finite p-th moment under P,, then the function
E,((157)P) has a polynomial bound in z. It will be of use later to deduce a lower bound for

our optimal prediction problem.
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Lemma 4.2.2. Let p > 0 and suppose E,((75)P™!) < oo for some x < 0. Then for each

0 < r < p there exist non-negative constants A, and C, such that
E.((r9)") < A+ Crlz[" and  Eu(g") < 2"[E(¢") + A +2°Crlz]", 2 <0.

Here |p| denotes the integer part of p.

Proof. From equation (1.3) we know that
F(0,x) := ]Ew(e_eTJ) = ?0)z x <0.

Then using Faa di Bruno’s formula (see for example Spindler (2005)) we have that for any

n>1,

kn
L N (), k n! (0)\* [ ®"(6)\* o) (9)
80nF(0,x) = e x Z i lko! - k) 1! o1 o .

k=1 k1+-+kn=k,
ki4--+nknp=n

Then evaluating at zero the above equation, using ®(0) = 0 and the fact that ®®(0) < oo
fori = 1,...,[p] + 1, we can find constants A,,C, > 0 such that E,((7y)") < A, + Cy|z|"
for any r € {1,..., |p| + 1}. For any non integer r < |p| + 1 we can use Holder’s inequality

to obtain

T

Eo((19)") < Ea ()T < (A1 + Cppyal| ) TI5T,

The result follows from the inequality (a 4+ 0)? < 29(a? + b?) which is true for any ¢ > 0 and
a,b > 0. Now we show that the second inequality holds. From the strong Markov property

we get that for any = < 0

E.(9") < 2'E(g") + 2"Ex((rg)") < 2'[E(g") + Ar] + 27Cy 2"

In the next lemma we give some properties of the function z — E,(gP).
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Lemma 4.2.3. Let p > 0 and assume that f(ioo 1) |z|PHI(dz) < oo. Then x +— Ey(gP) is

a non-increasing, non-negative and continuous function. Moreover,

lim E,(¢") = o0 and lim E;(¢”) = 0.

T——00 T—00

Proof. Tt follows from the definition of g that = — E.(g?) = E(¢(~*)) is non-negative and

non-increasing. In order to check continuity notice that by integration by parts we get

E.(g”) = p / #1P,(g > 5)ds
0

= p/oo sPTIRL (1 — o (0H) W (X,))ds
0

where the last equality follows from (4.8). Take z € R and 6 € R. Then using the equation

above we have that

Eu(e?) - Eoss(e?)] < pt/ (0H)E ( [ ) - W x>|ds) o @9)

First, suppose that X is of infinite variation and thus W is continuous on R. From the
fact that X drifts to co we know that W(oco) = 1/¢/(04) and therefore it follows that
sP~1(1 — ¢'(04+)W (X,)) is integrable with respect to the product measure P, x A([0, o)),
where A denotes Lebesgue measure. We can now invoke the dominated convergence theorem
to deduce that x — E,(gP) is continuous.

Next, in the case that X is of finite variation we have that W has a discontinuity at zero.
However, the set {s > 0: X5 = x} is almost surely countable and thus has Lebesgue measure
zero. We can again use the dominated convergence theorem to conclude that continuity also
holds in this case.

We prove now the asymptotic behaviour of E,(¢”). Note that when x tends to —oo the

random variable (=% — co. Then using Fatou’s lemma

liminf E,(¢g?) > E(lim inf(g(—x))p) —

T—r—00 T—r—00
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Therefore, lim,_, o E;(gP) = oo. In the other hand, note that for z > 0

T—00

Po(g” = 0) = Pu(g = 0) = Pa(rg = 00) = 4/ (00)W(x) 2% 1. (4.10)

Hence we deduce that the sequence {(g(~™)P},>1 converges in probability to 0 (under the
measure P) when n tends to infinity. Moreover, since the sequence {E((¢7")P)}n>1 is a

non-increasing sequence of positive numbers we get that

iinE((g‘")p) < E(¢") < o0,

where the last inequality holds due to Lemma 4.2.1 and assumption. Then {(g(=™)P},> is
an uniformly integrable family of random variables. The latter together with the convergence

in probability allows us to conclude that E,(g”) — 0 when z — oo as claimed. O

We conclude this section with a technical result extracted from Baurdoux and van Schaik

(2014) (see Lemma 5) related to optimal stopping that will be useful later.

Lemma 4.2.4. Let X be any Lévy process drifting to —oo. Denote Ty (0) = inf{t > 0: X; >

0} Consider, for a >0 and b < 0, the optimal stopping problem
P(z) = Tirelg_Ew[aT + >y (01 0] for x € R.
Then there is an xo € (—00,0) so that P(x) =0 for all z < x.

4.3 Optimal prediction problem

Denote by V, the value of the optimal prediction problem, i.e.

Vi = inf E(I7 — g]"), 4.11
inf E(j7 - gI") (4.11)

where 7T is the set of all stopping times with respect to F, p > 1 and g is the last zero of X

given in (4.6). Since g is only F measurable standard techniques of optimal stopping times
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are not directly applicable. However, there is an equivalence between the optimal prediction
problem (4.11) and an optimal stopping problem. The next lemma, inspired in the work of

Urusov (2005), states such equivalence.

Lemma 4.3.1. Let p > 1 and let X be a spectrally negative Lévy process drifting to infinity
such that f(_oo - |z[PHI(dz) < co. Consider the optimal stopping problem

V=infE </O G(s — gS,XS)ds> , (4.12)

TET

where the function G is given by

G(u,z) = uP~ ' (0+)W (z) — Eo (¢ 1),

foruw >0 and x € R. Then we have that Vi, = pV + E(¢P) and a stopping time minimises
(4.11) if and only if it minimises (4.12).

Proof. Let 7 € T. Then the following equality holds
=g = [ ols - g)ds+ g (113)
0
where the function p is defined by

(=)

T

o(z)=p [ Lizcoy + 2 Tips0p | -

Taking expectations in equation (4.13) and then using Fubini’s theorem and the tower prop-

erty for conditional expectation we obtain
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E(r — gf?) = /O TE (ofs — 9)seryds) + E(g?)

= /OOO E [I{s<nE (o(s — g)|Fs) ds] + E(g")

5 ([ Elels - 9)lFas) +E)

To evaluate the conditional expectation inside the last integral, note that for all ¢t > 0 we can

write the the time g as

g =gt Vsup{s € (t,00) : X5 <0,}

recalling that ¢g; = gfo) defined in (4.1). Hence, using the Markov property for Lévy processes

and the fact that g5 is Fs measurable we have that

E(o(s — 9)1Fs) = E (o (s — [gs V sup{r € (s,00) : X; < 0}]) |Fs)
= 0(s — 95)E(I{x, >0 for all re(s,00)}1Fs)
E(o(s — sup{r € (s,00) : X < 0})Itx, <0 for some re(s,00)} 1 Fs)
= o(s — 95)Px, (9 = 0) + Ex, (e(=9){g>0})
)

= p(s — g5)P " (0H)W(Xs) — pEx, (¢ ).

Then we have that

Bl ol") =& ( [ 666 - 9. X)as) + E(e?)

O]

Remark 4.3.2. A close inspection of the proof of Lemma 4.5.1 tells us that the function
o corresponds to the right derivative of the function f(x) = |x|P. Therefore, using similar

arquments we can actually extend the result to any conver function d : Ry xRy — Ry. That
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is, under the assumption that E(d(0,g)) < 0o, the optimal prediction problem
Vg = inf E(d(7,9))
TET

1s equivalent to the optimal stopping problem

TE

inf E [/ Ga(gs, s, Xs)ds
T 0

where Gg(v,t,x) = 0a(s,7)V' (0+)W () +Ex(0a(s, g+ 5)Iig>0y) and oq is the right derivative

with respect the first argument of d.

4.4 Solution to the optimal stopping problem

In order to solve the optimal stopping problem (4.12) using the general theory of optimal
stopping (see e.g. Peskir and Shiryaev (2006) or Section 1.2.3) we have to extend it to an
optimal stopping problem driven by a strong Markov process. For every (u,x) € F, we define

the optimal stopping problem

V(u,z) = inf E,, » {/ G(US,XS)ds] , (4.14)
TeT 0

where the function G is given by G(u,z) = P~/ (0+)W (z) — E,(gP~1) for any u > 0 and
x € R. Therefore we have that Vi, = pV(0,0) + E(g”). Note that using the definition of E,, »
we have that (4.14) takes the form

TET

V(u,z) = inf E, </O {G(u + 5, X, g + G, XS)H{JO_SS}} ds) . (4.15)

The optimal stopping problem (4.14) is given in terms of a function G which involves
the function = +— E,(¢?"!). Recall that for a fixed p > 1, the function G is given by
G(u,r) = uP~ 2/ (0+)W (x) — E,(gP~ 1) for all (u,z) € E. Then as a consequence of Lemma
4.2.3 we have the following behaviour. For all x € R, the function v — G(u,z) is non-
decreasing. In particular when = < 0, u — G(u,z) = —E,(¢gP~!) is a strictly negative
constant. For fixed u > 0, x — G(u, z) is a non-decreasing right-continuous function which is

continuous everywhere apart from possibly at © = 0 (since W is discontinuous at zero when
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X is of finite variation) such that for all u > 0,

lim G(u,z) = —0o0 and lim G(u,z) =uP~! >0,

where we used that limg, oo Ez(¢gP"1) = 0 (see Lemma 4.2.3) and lim, oo 1 (0+)W(z) =
limy o0 Pr(7y = 00) = limg 0o P(—X o < ) = 1, where X = inf;>9 X;. Moreover, we
have that lim, .o G(u,7) = 0o and G(0,2) = —E,(¢?~!) < 0 for all z > 0. We then define

the function

h(u) = inf{x € R : G(u,x) > 0}. (4.16)

From the description of G above we have that h is a non-negative and non-increasing function
such that h(u) < oo for all u € (0,00), h(0) = 0o and lim,_o h(u) = 0. Moreover, since W

is strictly increasing on (0, 00), the function

_ E, (gp_l)
) = Fonwi)

is continuous and strictly decreasing on [0,00). Then there exists an inverse function 71

which is continuous and strictly decreasing on (0, u;] with

. E(gh
U= OO (4.17)

where we understand 1/0 = oo when X is of infinite variation. Hence we can write

T P ) u< (uf)eT
1

0 w> (uf) 7

h(u) =

Therefore, since T~ (uj—) = 0, we conclude that h is a continuous function on [0, o0). From

the definition of h we clearly have that G(u,x) > 0 if and only if x > h(u).

The latter facts about give us some intuition about the optimal stopping rule for the

optimal stopping problem (4.14). Since we are dealing with a minimisation problem, before
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stopping we want the process (U, X) to be in the set in which G is negative as much as
possible. Then the fact that G(U;, Xy) is strictly negative when X; < h(U;) suggests that it
is never optimal to stop on this region. When X; > h(U;) we have that G(U;, X;) > 0 but
with strictly positive probability (U, X) can enter the set in which G is negative. Moreover,
t — Uy is strictly increasing when X is in the positive half line and then ¢ — h(U;) gets
closer to zero when the current excursion away from (—oo,0] is sufficiently large and then
G (U, X¢) > 0 even when X, is relatively close to zero. That implies that it is optimal to
stop when the current excursion away from (—oo, 0] is large and X takes a sufficiently large
values. That suggest the existence of a non-negative curve b > h such that it is optimal to
stop when X crosses above b(U;). We will formally show in the next Lemmas the existence

of such boundary.

Note that if there exists a stopping time 7 for which the expectation of the right hand side
of (4.14) is minus infinity then V' would also be minus infinity. The next Lemma provides
the finiteness of a lower bound of V' that will ensure that V only takes finite values, its proof

is included in the Appendix.

Lemma 4.4.1. Let p > 1 and X be a spectrally negative Lévy process drifting to infinity.
Assume that f(—oo,—l) |z|PT I (dx) < co. Then

0<E, </ Ex, (gp_l)ds> < 0 for all z € R.
0

We now prove the finiteness of the function V.

Lemma 4.4.2. Letp > 1. For every (u,x) € E we have that V(u,z) € (—00,0]. In particular
V(u,z) <0 for (u,x) € B:={(u,z) € E:x < h(u)}, where h is defined in (4.16).

Proof. Taking the stopping time 7 = 0 we deduce that for all (u,z) € E, V(u,z) < 0. In

order to check that V (u,z) > —oo we use that G(u,x) > —E,(¢?~!) to get

V(u,z) = inf Ey [/ G(US,XS)ds] > —supE, [/ EXS(gpl)ds} ,
€T 0 TeT 0
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for all (u,z) € E. Hence by Lemma 4.4.1 we have that
V(u,z) > —E, [/ Ex, (gp_l)ds} > —00, (u,z) € E. (4.18)
0

Now we prove that V(u,x) < 0 when (u,x) € B. Since h is continuous we have that B is an
open set. Morever, from the definition of A we have that if (u,z) € B then G(u,z) < 0. Take

(u,z) € B and consider the stopping time
T+ = inf{t > 0: (U, Xy) € E\ B}.

Note that under the measure P, ,, 7~ > 0. Then for all s < 75+, (Us, X5) € B which implies
that G(Us, Xs) < 0. Hence, by the definition of V', we have that

TBx*
V(u,z) <E,z [/ G(Us,Xs)ds] < 0.
0

O]

Remark 4.4.3. Note that we have that h(0) = oo which implies that (0,0) € B and then,
from the Lemma above, V(0,0) < 0. Moreover, from Lemma 4.5.1 we have that pV (0,0) +
E(gP~1) = Vi > 0 which implies that

E(g")
p

< V(0,0) < 0.

Now we prove some basic properties of V.

Lemma 4.4.4. Let p > 1. We have the following monotonicity property of V. For all
(u,z), (v,y) € E such that u < v and x <y we have that V(u,z) < V(v,y).

Proof. From equation (4.15) we have that

_ ! (—2)
= ruel’frE </0 {G(u + 5, X5+ a:)]I{U:z>S} +GUY, X5+ x)]I{U:ZSS}} ds) ,

where 0_, = inf{t > 0: X; < —z} and Ug_x) =s—sup{t > 0: X; < —z}. Recall that for all

s>0,x—U %) and z — o_, are non-decreasing and that the function G is non-decreasing
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in each argument. Define the function

G*(u,2) = Glu+ 5, Xg + 2)[ - o+ GUS™, X, + o)y cqy-

o

We show by cases that the function G* is non-decreasing in each argument. Take z < y and
0 <u <. First we suppose that w € {o_, > s} C {o_, > s}. Since G is non-decreasing in

each argument we then have
G (u, ) (w) = Glu+ 5, Xs(w) +7) S G(v+ 5, Xs(w) +y) = G7(v,y)(w).

Similarly, if w € {o=, < s} N{oZ, < s} we have that

G (u,)(w) = GUT (), Xs(w) + 2) < GUT (W), Xs(w) +9) = G (v,9) ().

Lastly, take w € {0_, < s}N{o_, > s}. Then using the fact that Ul — s—g(_x) <s<wv+s

xT

and the monotonicity of G we get
G*(u, ) (w) = GUS™ (W), X(w) +2) < Gv + 5, X,(w) +y) = G*(v,y) ().

All this together implies that the function G*(u,z) is non-decreasing in each argument for

all u > 0 and z € R, in particular for all (u,z) € E and hence the claim on V holds. O

In the next Lemma we give an expression for V(0,z) when 2 < 0 in terms of V(0,0) and

we use it to give a lower bound for V.

Lemma 4.4.5. Let p > 1. For any x < 0 we have that

= g S = — - -1 u)dz
V(0,2) = E, ( /0 G(O,Xs>d>+v<o,o>— /0 /[0 el W = £ V(0,0),

(4.19)

Moreover, for all (u,z) € E we have that there exist non-negative constants A;_l and C;)_l

such that

Viu,x) > —A, 1 —C, 4|z’ +V(0,0). (4.20)
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Proof. Let z < 0 and take 7 € 7. Then we have that

7'097_++7'0+
V(0,2) < E, / T G0, X.)ds
0

TJ 700
_E, < [ coxgds s [T 60, X s
0 0

_E, </0+ G0, Xs)ds> +E </0 G(U., Xs)ds> ,

where 6, is the shift operator and the last equality follows from the strong Markov property

at time 7, . Taking infimum over all 7 € T we get that,

V(0,2) < E, < / b G(O,Xs)ds> +V(0,0).
0

Similarly, by the strong Markov property we have that for any 7 € 7 and for any = < 0,

T 7'/\7'+ T
E, </ G(O,Xs)d,s) =E, / 0 G(Q,Xs)ds+]I{T+<T}/ G(Us, Xs)ds
0 0 0 o

ATt T
E, </ ° G(Q,Xs)ds> +E, (H{T+<T}E </ G(US,XS)ds>>
0 0 0

7'/\7'6"'
E, / G0, X,)ds | +E, (]I{TO+<T}V(O,O))
0

Y

> E, ( / K G(O,ngs) +V(0,0),
0

where the second last equality follows from the definition of V' and the last follows since
G(0,z) <0 for all x <0 and V(0,0) < 0 and hence the infimum is attained for any 7 > TS_.

Taking infimum over all stopping times in the equation above we conclude that

V(0,7) = E, < /0 K G(O,Xs)ds> +V(0,0).
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Using the fact that G(0,2) = —E,(gP~!) for all 2 < 0 and Fubini’s theorem we get that

++
V(0,2) = —E, (/ ’ Exs(gpl)ds) +V(0,0)
0
= —/ Ez(gp_l)/ P, (X, € dz,s < 75 )ds + V(0,0)
(—00,0) 0

Using the 0-potential measure of X killed on exiting the interval (—oo, 0] (see equation (1.20))

and Fubini’s theorem we obtain that

V0, 2) = — /Ooo E_.( )W (2) — W(a + 2)]dz + V(0,0)
= /oo Ez(gp_l)/ W(du)dz + V(0,0)
0 (z+2,2]

- W(du)/ E_.(¢* Hdz + V(0,0)
[0,00) u

- / B / E (9"~ )W (du)dz + V(0,0).
0 [0,00)

From equation (4.19) and the fact that = + E,(gP!) is is non-increasing and bounded from

above by a polynomial (see Lemmas 4.2.2 and 4.2.3) we have the inequalities for z < 0,

V(0,z) > a:/ E,_o(gP )W (du) + V(0,0)

[0,00]
1 1
> 2p—1 E p—1 + A B 4 72[)—10 . 7E X p—1 n v 070
1
z V' (04) QP_I[E(QP_I) +A, 1+ 2p—1Cp,1]E((_loo)p—1)]x
1 _
TN {Cp-1|z? +V(0,0).

Hence (4.20) follows for x < 0. The general statement holds since V' is non-decreasing in

each argument. 0

Define the set D := {(u,z) € E : V(u,x) = 0}. From Lemma 4.4.2 we know that
V(u,z) < 0 for all (u,z) € E such that + < h(u). Hence if (u,z) € D we have that

x > h(u) > 0. We then define the function b : (0,00) — R by

b(u) =inf{z > 0: V(u,z) =0},
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where inf() = oo and inf(0,00) = 0. Then it directly follows that b(u) > h(u) > 0 for all
u > 0. Moreover, since h(0) = oo we have that lim, o b(u) = co. Furthermore, since V is
monotone in each argument we deduce that u — b(u) is non-increasing and V' (u,z) = 0 for

all x > b(u). We then have the following Lemma.

Lemma 4.4.6. The function b : Ry — R is non-increasing with 0 < h(u) < b(u). We have

that lim,, o b(u) = oo and b(u) < oo for all u > 0.

Proof. We show that for each u > 0, b(u) < co. Fix u > 0 and take z > y > 0. By using the

strong Markov property and the definition of V' we have that
V(u,z) = inf E , </ G(US,XS)ds>
TET 0
TNOy
:Tlgg_Eux /0 G(US,X)ds+H{ S} Eu 2 / GUS,X)ds]-'U
TAGy
::;E;JEU:E ]ﬁ (;(L@,)( )dS—FH{ —<T}Eh] g <J/)(g L@,)( )

TNOy
= 1o </0 G(“S’Xs)ds*H{o;o}V(Uo;’XU?))

V
=
—
=
<
8

TNO,
> inf E, / DGt s, X)ds + 1, V0,00 4L, o V(0.X, )],
0 v y SR y

where the last inequality follows since V' is non-positive and non decreasing. By the compen-
sation formula for Poisson random measures (see (1.25)) we have that for any stopping time

7 (we assume without loss of generality that 7 < co a.s.),
By (H{O’y<T,XO__ <0}V(07 Xay))
Y
o
= / / V0, X+ Z)H{Xsf+z<0}]1{s<7%cry_}N(ds’ dz)
0 (—00,0)

TACy
=E, (/ / V (0, X + Z)H{XS+Z<O}H(dZ)dS)> :
0 (—00,0)

Hence, from the equation above, since G and V' are non-decreasing in each argument, V <0

and X, > y for all s > o, we have that

0>V(u,z)> 1161%"_1&5 <(7’ Noy) |G(u,y) +/ V (0, 2)II(dz)
T (—00,—y)

+]I{Uy<T}V(0,O)> :
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Note that from equation (4.20) and Lemma 4.2.1 the integral with respect to II(dz) above is
finite so we can take y sufficiently large such that a := G(u,y) + f(foo,fy) V (0, z)II(dz) > 0.
Then from Lemma 4.2.4 we have that (since V(0,0) < 0 and —X drifts to —oo) there
exists a value xo(u) < 0 such that the right hand side of the equation above vanishes for all

y —x < zo(u). Hence, we have that V(u,x) =0 for all x > y — xo(u) and then b(u) < oo.

O
Let (u,z) € E. We define, under the measure PP, ,, the stopping times
mp =inf{t > 0: (Uy, X)) € D} = inf{t > 0: Xy > b(Uy)},
Y =inf{t>0: X, +y>blv+t)} v>0andyekR, (4.21)
and for any z € R, under the measure P,, the stopping time
Y =inf{t >0: X, +y>bU )} yeR (4.22)

Note that for any y € R and v > 0, the stopping time T: ¥ does not depend on the process
U and hence for any measurable function f, we have that E, ,(f(7,"Y)) = Eo(f(7,")). The

following lemma allows to write the stopping time 7p in terms of the measure P,.

Lemma 4.4.7. For any (u,z) € E and any measurable function f we have that
Eu,x(f(TD)) = Ex(f(leho)H{Tg‘voggg}) + Ex(f(Tlf’o)H{—r;“O>gJ})'
Proof. We have that
Eu,r(f(TD)) = EU,m(f(TD)]I{T;vOSUO*}) + Eu,m(f(TD)H{T;v0>UO*})'

Recall that under the measure P, .., for any u,z > 0, we have that if s < o, then Us = u+s.

Hence, under the measure Py, ;,

o =inf{t >0:X; >b(U)}
=inf{0 <t <og : X; 2 b(U)} Anf{t 2 05 X, > b(U)}

=70 Ainf{t > oy : X > b(U,)}.
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That implies that

Eu7x(f(TD)]I{T;L'OS0'07}) = Em(f(T;L’O)H{T:,OSUa})

and

Eu’x(f(TD)]I{T;L,%UO_}) =E,.(f(inf{t > 0, : X; > b(Ut)})]I{T;L,%UO_})

= Eo(f(inf{t > 0g : X¢ > (U)o, y)

where in the last equality we used that under the measure P, T; 0 < Tlf 0 and then {0<t<

oy : Xt > b(Uy)} = 0 on the event {T;L’O > 0g }. The result holds. O

Now we introduce a series of technical lemmas in order to show that the stopping time
Tp is optimal for V', their proof can be found in the Appendix 4.6. We first show that 7p has

moments of order p.

Lemma 4.4.8. Let p > 1 and assume that [ |z|PTT(dz). Then for all (u,x) € E,
Eu7$((TD)p) < 0.

The next lemma contains a technical result related to convergence involving the stopping

time o .

Lemma 4.4.9. Let X be any spectrally negative. Then for any x < 0 we have that

lim o

limo,, =0, as. and lim X -

=X _ a.s.
h—0 z+h T

We show that the dynamic programming principle is satisfied for the stopping time o .

That is, we give an alternative expression for V.

Lemma 4.4.10. For all (u,z) € E, we have that

TAGG
V(u,2) = inf By ( /O G(U,, X.)ds +11{00_<T}V(0,X%_)> ,

where T is the family of finite stopping times of X.
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Now we are ready to show (using the general theory of optimal stopping) that 7p is an

optimal stopping time for (4.14) in terms of the set D.

Lemma 4.4.11. For any p > 1 assume that f(—oo 0) |z|PTI(dx). Then we have that an

optimal stopping time for (4.14) is given by Tp, the first entrance of (U, X) to the closed set
D, i.e.

mp = inf{t > 0: (U, X;) € D}.
Then the function V takes the form

V(u,z) = B </OD a(u,, Xs)ds) . (wa) € E.

Proof. Note that it follows from Lemma 4.4.8 that P, ,(7p < oo) = 1 for all (u,z) € E.

Moreover, from the strong Markov property and the definition of V' we obtain that

V(u,z) = inf E, </ G(US,XS)d8>
TeT 0

TATD T
= inf E,, GUs, Xo)ds + 1, v | G(Us, X5)d
eT </o ( )3+{D<}/TD ( )5)

TATD
> inf By, < /O G(U,, X,)ds +]I{TD<T}V(UTD,XTD)>

TATD
_ inf By, < / G(US,Xs)ds) ,
TET 0

where in the last equality we used that V(u,z) = 0 on D. On the other hand we have that

TATD
V(u,z) < inf E, , </ G(US,XS)ds> ,
TeT 0

since the inequality follows since the infimum of the right hand side is taken over all the

stopping times 7 < 7p. Hence, we conclude that for any (u,z) € E that

TATD
V(u,z) = inf E,, </ G(US,XS)ds> :
TET 0

Since W (z) < 1/4/(0+) for all x € R we have that |G (u,z)| < uP~! + E,(¢?!). Then for
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any (u,z) € E we deduce that

tATD
Eu o [sup / G(Us, X5)
0

t>0

ds] <E,g [/OTD[(US)p—l +Ey, (gp—l)ds}

™ ™
Eue (/ (u+ s)plds> +E, . (/ Exs(gpl)ds>
0 0

< 2P w4 ;Eu@[(Tp)p]] +E, (/OOO Ex, (gp_l)ds>

IN

< 00,

where the last equality follows from Lemmas 4.4.1 and 4.4.8.

Next we show that the function V' is upper semi-continuous. Note that from equation (4.19)
we have that V' is continuous (and hence upper semi-continuous) on (—oo,0]. Now we show
that V' is upper semi-continuous on (0,00) x (0,00). From Lemma 4.4.10 we know that that

for any v > 0 and = > 0,

TANO_,,
V(u,z) = inf E (/ G(u+ s, Xs —|—£L‘)d8—|—]1{a— <T}V(0,XU— +x)> .
TET 0 - -

Take any stopping time 7 and v > 0 and x > 0, then by Fatou’s lemma we have that

TANO_
limsup V(v,y) < limsup E(/ yG(v+s,Xs+y)ds+]I{af <T}V(O,Xaf —l—y))
0 —-Y -y

(v,y) = (u,z) (V)= (u,z)

= E (/ hm sup G(U + S, XS + y)]I{S<O'_ }ds
0 (v,y)—(u,z) -

+ limsup I - _,V(0, X - —|—y)>
(vy)=(uz) Y -

TANO_,,
<E (/ G(u+s,Xs—|—a:)ds+]I{a— <T}V(0,XU— +:U)> ,
0 —x —x

where in the last equality we used Lemma 4.4.9, the fact that the function s — Ij,r)
is a right continuous function, that ]I{U; <7} < ]I{G; <r}p V' is non-positive and the conti-
nuity of V(0,z) on the set (—o0,0]. Since the above inequality holds for any stopping
time, we have that limsup, ) (uq) V(0,y) < V(u,z). Note that if X is of infinite vari-

ation (and hence limpo0”, = 7, = 0 a.s.) the same method used above shows that

lim SUP(v,4)1(0,0) V(”? y) < V(O, 0)
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If X is of finite variation we have that, 7,7 > 0 and ]P’(XTO— = 0) = 0 so we have (under
IP) that for any s < 7, , Us = s. Hence, using an identical argument as the one used in the

proof of Lemma 4.4.10 we obtain that

TE

TATy
V(0,0) = mg_E (/0 G(s, Xs)ds +]I{T0<T}V(O,XTO)> :

Then for any stopping time 7,

TAO_
limsup V(u,h) < limsup E / " Glu+t s, Xs+h)ds + 1 - _V(0, X - +h)
(u:)1(0,0) (u,1)1(0,0) 0 - -

TAT,
<E (/ 0 G(s, X4)ds + ]I{T<T}V(O,XT)> :
0 0 0

Since the above equality is true for any stopping time 7 we have that by the definition of
infimum that limsup, 40,0y V (4, h) < V(0,0). Therefore the function V' is upper semi-
continuous (hence D is a closed set) and from general results of optimal stopping (see Corol-
lary 2.9 in Peskir and Shiryaev (2006) or Section 1.2.3) we have that 7p is an optimal stopping

time for V' and the proof is complete. O

Using the fact that 7p is optimal, and following the ideas as in Lemma 4.4.7 we can then
give a representation of V' in terms of the measure P and the stopping times 7" and 77"

defined in (4.21) and (4.22), respectively.

™D
Viu,z) =E,, (/0 G(US,XS)ds>
g,z

U:xATmI T
=FE (/ b G(u+ s, Xs +z)ds + I, - <y b GUS™ X, + x)ds)
0 = o_

—x

U:xATuz
=FE (/ b Gu+ s, Xs +x)ds + L,- <T;,QE}V(O, X - + x)) . (4.23)
0 —x— —x

Note that in the last equation we do not longer have explicitly the process {Ut(_m),t > 0}.
So this alternative representation of V' in terms of the original measure P will be useful to
prove further properties of b and V.

The next lemma describes the limit behaviour of the function b.
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Lemma 4.4.12. We have that

lim b(u) = 0.

UuU—00

Proof. Note that, since b is non-increasing and it is bounded from below by lim,,_,~ h(u) = 0,
the limit b* := lim, ,oo b(u) exists and b* > 0. We prove by contradiction that b* = 0.

Suppose b* > 0, define the stopping time

—inf{t > 0: X, ¢ (0,6")}.

Take u > 0 and z € (0,b*). From the fact that b(u) > b* > 0 we have that o, < 7p Ao

under P, ;. Then we have that

™D
Vi, 2) = By ( / G(Us,Xs)ds>
0

_E, ( Glut s, X )ds> + Eu (V(Us., X))

— (/ Gu+s,X )d5> +E, (V(u + U*,XU*)H{X0*>O})

E. (V(0, X0,){x,. <o0}) » (4.24)
where in the last equality we used the Markov property of the two dimensional process
{(Ut, Xt),t > 0}. For a fixed x € R, the function v — V(u, z) is non-decreasing and bounded
from above by zero, thus we have that lim, o V' (u, z) exists and —oo < limy 00 V(u, x) <
0 for all x € R. By the dominated convergence theorem we also conclude that —oo <

limy, oo Eg (V(u + a*,XU*)]I{XU* >0}) < 0. Moreover, using the general version of Fatou’s

lemma and the fact that lim, . G(u,z) = co we have that

lim]Ew</ Gu—l—sX)d):
U—00

Therefore, taking v — oo in (4.24) we get that
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lim V(u,z) = co.
U—00

Which yields the desired contradiction. Therefore we conclude that b* = 0. O

Now we prove right continuity of b. The proof follows an standard argument (see e.g.
du Toit et al. (2008)) but it is included for completeness. It turns out that b is continuous,

the proof of this fact makes use of a variational inequality and will be proved later.
Lemma 4.4.13. The function b is right-continuous.

Proof. Take v > 0 and consider for any n > 1, u, =t + 1/n. Note that since the function b
is non-increasing and bounded by below by zero, we have that the limit lim,,_, b(u,,) exists

and

0 < lim b(uy) < b(u).

n—oo

On the other hand, recall from Lemma 4.4.11 that the set D is closed. Since (up,b(uy)) € D
for all n > 1, we have that (u,lim,_~ b(u,)) € D. Hence, from the definition of b(u) we have
that b(u) < limy,_yo0 b(up). Therefore we have that for any u > 0, limp, 00 b(u 4+ 1/n) = b(u)

and then b is right-continuous. O

In order to prove continuity of the value function V' we are in need of a technical result
regarding convergence of the stopping time 7,”*. The proof can be found in the Appendix

4.6.

Lemma 4.4.14. For any u > 0 and z € R we have that

Moreover, we have that

lim puthuathy _ qu a.s
(h1,h2)—(0,0)+ ° b

for allu >0 and x € R.
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Now we show the continuity of the value function V.

Lemma 4.4.15. The function V is continuous on E. Moreover, in the case that X is of

infinite variation we have that

li h
im V(u,h) =V(0,0)

for all uw > 0.

Proof. First, we show that the function u — V(u,x) is continuous for all z > 0 fixed.

Take uj,ups > 0 and & > 0, then since the stopping time 7/ =" H{ LT o +

(ul 755)

T[;]’I]I{T;‘l@za:z} is optimal for V(uy,x) (under P) we have that

ul,T

—N\Ty
VO(u,2) =K /
0

(2 SATL 0
= ECE (/ b G(Ul + 5, Xs)d8+]1{ 11.1,0> _}V(O’X _)> .
0 Ty~ =299 90

G(ui + 5, Xs +x)ds + ]I{T;WZU: }V(O, Xo- + x))

On the other hand, from (4.15) we get
V(ug,z) <E (/ (u1,2) {G(u2 +5,Xo+ @)l - o+ GUS™ X, + )L, - <s}} ds)
0 —x —x—=

=E, ( ul 0o o5} / U2 + S’XS)H{UO_>S} + G(UsaXs)H{go_Ss}} dS)
Tb
+]Eg; ( {Tul() }/ u2+S7XS)H{O'O>S}+G(U57XS)]I{UO<S}}dS>

Tbl’ Nog Tlf‘o

=E, /o G(uz2 + s, X5)ds | +E, I[{T;q,oz%_}/ G(Us, Xs)ds

%

Tul’o/\a_
b 0

_E, (/0 G(us + s,Xs)ds> +E, (]1{ o, _}V(O,Xoa)> :

where in the first equality we used the definition of 7'(*u1 2) given above, in the second equality
that T;L 10 < ) 0 and the last equality follows from the strong Markov property applied at

time o, and since for any x < 0, the stopping time f’o is optimal for V(0,z) (under P,).
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Hence, we have that for any = > 0 fixed and w1, u > 0,

0

o AT
IV (ug, 2) — Vs, )| < By (/ S Glus + 5, X)) — Gy + s,Xs)|ds>
0

7.+
<E, (/ "\ Glug + 5, X)) — Glur + S,XS)|ds>
0

7.+
<E (/ " (g 4 8)PT = (un s)p_1|ds>
0

1
=~ IB((r,) + w2)") ~ E((73

wy Fu)?) = [ — o]

where Tg(rul) =inf{t > 0: Xy > b(u1)}. Thus tending ug — w1, with the dominated conver-
gence theorem and the fact that E((7," + u)?) < oo for all u,a > 0 we get that u — V(u, )

is continuous uniformly over all x > 0.

Now we show that = — V(u,z) is continuous. From equation (4.19) we easily deduce
that  — V(0,z) is a continuous function on (—oo,0]. Next, suppose that v > 0 and = > 0.

Recall from equation (4.23) that we can write

O:xATu@
V(u,z) =E </ b Gu+s, Xs+ :U)ds) +EWV(0,X,- +)I,- <T;L,z}).
0 —x —r—=

Note that for all s < 7,°" Ao_,, it holds that 0 < X4z < b(u+ s) < b(u) and for all z € R

s
- C;/a—1|Xoo +

(see equation (4.20)), V(O,XU:I + :U)]I{U:ZST;,I} > V(0,Xoo +7) > —A,

z|P + V(0,0), where the latter expression is integrable from Lemma 4.2.1. Moreover, from

Lemmas 4.4.9 and 4.4.14 we know that for any = > 0 we have that limy_,q Opip = Oy &S

and limp_,q T;L oth Tb" " a.s. Then by the dominated convergence theorem and the fact
that V' is continuous on (—o00,0] and x — G(u,z) is continuous on (0, c0) we conclude that
x +— V(u,x) is continuous on (0, 00) for all u > 0. Note that when X is of infinite variation,

limp00”;, = 75 = 0 a.s. and the latter argument also tells us that for all u > 0,

li h) = .
,ggV(u,) V(0,0)
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Note that the limit above implies that lim,, ;) (0,0y+ V (¢, ) = V(0,0) in the infinite variation
case. Then we proceed to prove that this also holds when X is of finite variation. In this

case we know that oy, = 0 and 7,7 > 0. Due to the strong Markov property,

0,0 —
T AT,
V(0,0) = E ( /O (s, Xs)ds> FE(, 00, V(0.X,)).

where TI?’O = inf{t > 0 : X; > b(s)}. Taking limits in (4.23) we have from the dominated
convergence theorem,

o_ AT,
lim V(u,z) = lim E / '
(u,x)—(0,0)* (u,x)—(0,0)* 0

' (uvx)g%ﬂﬁ BV, Xz, + 2oz, <rpmy)

0,0 -
Ty AT
_ ( /0 G(s,Xs)ds> FE(L,om V(0 X))

Gu+ s, Xs+ x)ds)

=V(0,0),

where we used that lim, g0~ = 75 (see proof of Lemma 4.4.9) and lim,, z),(0,0)+ T = TI?’O

a.s. (see Lemma 4.4.14). Therefore V' is continuous on the set E. O

We know from Lemma 4.4.15 that the function b is a right-continuous function. In order
to show left continuity we make use of a variational inequality that is satisfied by the value

function V. The oncoming paragraphs will be dedicated on introducing that.

It is well known that for every optimal stopping problem there is a free boundary problem
which is stated in terms of the infinitesimal generator (see e.g. Peskir and Shiryaev (2006)
Chapter III). In this particular case, provided that the value function is smooth enough, we

have that V solves the Dirichlet/Poisson problem. That is,

O ~ -
AU’X(V):%V—F.A)((V):—G in £\ D,
where Ay x and Ax correspond to the infinitesimal generator of the process (U, X) and X,

respectively, given in (4.5) and (1.26) whereas V is the extension of V to the set Ry x R given
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V(u,z) uw>0and z >0,

V(u,2) =4 V(0,z) uw>0andz <0, (4.25)
V(0,0) w=0and z > 0.

However, in our setting turns out to be challenging to show that V is a C12? function.
Lamberton and Mikou (2008) showed that we can state an analogous (in)equality in the
sense of distributions (see in particular section 2 for its definition). The reader can also refer
to Appendix A for more details on how to define the infinitesimal generator of the process
(t,X) in the sense of the distributions. In particular, since V' is continuous on E we have
that V is a locally integrable function in Ry x R (note that 1% may be discontinuous at points
of the form (u, 0) for u > 0 when X is of finite variation) so we can define V as a distribution

in any open set O C R} x R via

<‘7,90> =/R+/R‘~/(u,x)g0(u,:x)dxdu

for any test function ¢ with compact support in O. Then the derivatives of the distribution

V are defined as

92 oy =0 [ Plue) i g, )dad
g9 = 0 [ [ Pt 5ot midadu

Moreover, provided that the function (u,z) — f(_oo 1) V(u, z+y)II(dy) is locally integrable

in Ry x R the operator By, defined for any test function ¢, with compact support in O, by
Bx(V).0) = [ [ Vwo)Bx(e)ua)dedy,
Ry JR
defines a distribution on O (see Lemma A.4), where
% 0
By (p)(u,x) = ) Lo(u @ —y) = p(u, ) + y o (u, @)l 1y 1(dy).

We have the following Lemma that ensures that the integrability conditions for V are satisfied

so then By (V) is indeed a distribution.
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Lemma 4.4.16. The function

(u, x) — /_ . XN/(u,x + y)II(dy)

15 locally integrable in Ry x R.

Proof. First note that from equation (4.20) we have that for any x <0,

| Vo) 2 -4 T -Gy [ e yPTy)
(—00,—1) (—00,—1)

)

+ V(0,0)II(—o0, —1)

> —00,

where we used the fact that II(—oo,—1) < co and Lemma 4.2.1. Moreover, since V' is non-

decreasing in each argument we have that for any u > 0 and x > 0 that
[ Ve [ v > -
(—o00,—1) (—o0,—1)

Hence we conclude that f(_oo’_l) V (u, z+y)I(dy) > —oo for any (u,z) € Ry x R. Since V is
continuous on E and the definition of V we have that the mapping (u, x) — f(_oo 1) ‘7(u, T+

y)I1(dy) is locally integrable. O
Hence, we can define the operator Ay in the sense of distributions by

~ O~ 1 ,0°%~
AX(V):—uaxVJr 08—V+BX(V)

The next lemma is an extension of Proposition 2.5 in Lamberton and Mikou (2008).

Lemma 4.4.17. The distribution 88 V+Ax(V)+G is a non-negative distribution on (0, 00) X
(0,00). Moreover, we have 2 o O 4 Ax(V)+G = 0 on the set C := {(u,z) € (0,00) % (0, 00) :
0<x<blu)} and Ax(V(0,-)) + G(0,-) =0 on (—00,0) in the sense of distributions.

Proof. From the general theory of optimal stopping we have that (see Peskir and Shiryaev
(2006), Theorem 2.4 or Section 1.2.3) for every (u,x) € E, the stochastic process {Z;,t > 0}
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is a sub-martingale under the measure P, ;, where
t
Zy =V (U, Xy) +/ G(Us, X;)ds.
0

Moreover, we have that the stopped process {Ziar,,t > 0} is a martingale under P, , for all
(u,z) € E. Then from Doob’s stopping time theorem we have that for every (u,z) € E, the
process {Zt -,t > 0} is a sub-martingale and {Z,, nogi b2 0} is a martingale under P, .
From the fact that U; = 0 if and only if X; < 0 we have that under P, ,,

tAo
Zt/\cro_ = V(Ut/\aO_’Xt/\oO_) + /0 G(U57X5)ds

thog
= Vit t, Xy + VO, X, ), <t}+/0 Glu + s, X,)ds

thoy

= V(u+t, Xt)ﬂ{t<a(;} +V(u+ g Xag)ﬂ{aggt} + /0 G(u+ s, Xs)ds

tho
:V(u+t/\00,Xt/\go—)+/ G(u+ s, Xs)ds
0

for every u > 0 and x > 0. Hence from Proposition A.6 we have that V + Ax(V) + G is
a non-negative distribution on (0,00) x (0,00). Similarly, we have that for any v > 0 and

x > 0 such that x < b(u),

~ t/\O’O /\TD
Zt/\O'O_/\TD = V(u +iA Ua NTp, Xt/\a'o_/\TD) + /0 G(U + s, Xs)dS.

Therefore, we have that (from Proposition A.6) that V + Ax(V ) +G =0on C" in the
sense of distributions. Lastly, since b is non-negative we have that 7-0 < 7p. Hence, under
the measure Py, for any = < 0, we have that {Z, /\T+,t > 0} is a martingale. Moreover, we

since X; < 0 for all t < TO we have that

tAT,
Zyps = V(0.X,, ) + / G(0, X, )ds.
0

t/\ﬂ'0

Then from Proposition A.6 we have that Ax (V(0,-))+G(0,-) = 0 in the sense of distributions
on the set (—o0,0). O

Remark 4.4.18. i) In Lamberton and Mikou (2008) the definition of the infinitesimal
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generator in the sense of distributions assumes that the value function is a bounded
Borel measurable function. In our setting such condition can be relaxed by the fact that

(u,z) — f(_oo 1 ]V(u,x + y)|II(dy) is a locally integrable function on Ry x R.

ii) We note that similar as in (4.5) the infinitesimal generator of (U, X) can be defined as
Aux (V) = 8/0uV + Ax (V) in the sense of distributions, where Ax corresponds to

the infinitesimal generator of X (seen as a distribution).

For the proof of left-continuity of b we define an auxiliary function. For (u,z) € E,

Jicoo0y Vs z +9)I(dy) + G(u,z) x> b(u)
0 x < b(u).

A(u, ) :==

The next lemma states some basic properties of the function A.

Lemma 4.4.19. The function A is a non-decreasing (in each argument) function such that
0 < Alu,z) < oo for all x > b(u). Moreover, is strictly increasing in each argument and
continuous in the interior of the set D. Furthermore, A = 8%17 + AX(V) + G on the interior

of D in the sense of distributions.

Proof. 1t follows from Lemma 4.4.16 and the fact that V vanishes in D that |A(u,z)| < oo
for all (u,x) € E. The fact that A is continuous on D follows from the continuity of V' and
G, the dominated convergence theorem and the fact that II has no atoms. Moreover, A is
strictly increasing in each argument on D since V' is non-decreasing in each argument and G
is strictly increasing in each argument on D. Then we show that 8/0uV + Ax (V) + G = A

on in the interior of D. Let ¢ be a C'*° function with compact support on the interior of D.
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Since V vanishes on D (and then also V), we have that

_ _ oo pb(u) _
oV +Ax(V) +Go) = [ [ [ ptuw - i) doda
u 0 —00 (—00,0)

+ / / G(u, z)p(u, zr)dzdu
0 b(u)

=/ / @(u,z)/ V(u, 2 + y)TI(dy)dadu
+/ / G(u, z)p(u, z)dxdu
0 b(u)

_ /0 - /b :)A(u,x)go(u, )dadu
= (A, )

Then we have that 8/0uV 4+ Ax (V) + G = A on in the interior of D.. Moreover from Lemma
4.4.17 and continuity of A we conclude that A(u,z) > 0 for all (u,z) € E. In particular is

strictly positive in the interior of D since it is strictly increasing in that set. O

Now we are ready to show that the function b is continuous, the proof is based on the

ideas of Lamberton and Mikou (2008) (Theorem 4.2). We include the proof for completeness.
Lemma 4.4.20. The function b is continuous.

Proof. From Lemma 4.4.13 we already know that b is right continuous. We then show left
continuity of b. We proceed by contradiction. Suppose there is a point u, > 0 such that
b(us—) := limp o b(us — h) > b(us). Then since b is non-decreasing we have for all (u,z) €
(0,us) X (b(uy),b(us—)) that V(u,z) < 0. Thus, (0,us) X (b(u«),b(us—)) € CT. From
Lemma 4.4.17 we obtain that 8%‘7 +Ax(V)+ G =0in (0,u,) x (b(us), b(us—)). Hence, for
any non-negative C* function ¢ with compact support in (0, u,) X (b(uy), b(us—)) we have

that

(Ax (V) + G, ) = ~(-7 )
,00)

~ 0
= V(u,x)—p(u, x)dudx
L, gt
:—// V(du,x)go(u,m)da:
R J(0,00)
<0

)
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where we used the fact that for each z > 0, u — TN/(u, x) = V(u,x) is non-decreasing. Hence,
we conclude that Ax (V) + @ is a non-positive distribution on (0, ) x (b(ts), b(usx—)). Thus,
by continuity of V =V and G on (0,00) x (0,00) we have that for any u € (0, u,) and any

non-negative test function ¢ with compact support in (b(us), b(us—))

- ) 1, 0° .
e S0t <
[T |ugvto) + 505 0 + B (@)(@)] + Gluauio) fas <o
where B (¢)(z) = f(—oo,o) (W(x—y) —¢Y(z) + y%w(x)]l{‘ygl})ﬂ(dy). Taking u T u, in the
equation above, using the fact that XN/(u*,x) = 0 for all > b(us) and since 1) has compact

support in (b(u),b(us—)) we get that

~ 2
02 tin [ {¥.0) |- o) + 30 500 + Bx(0)o)| + Gl )il | da
b(us) _ b(us—)
=[P [ vt [ G i

b(uw—) _ b(ux—)
_ / (x) / V(s + 9)TI(dy)da + / G (s, )i (z)da
b(ux) (—00,0) b

b(us—)
= / () A(uy, x)dz
b(ux)

> 0,

where the strict inequality follows from the fact that A is strictly positive in each argument
in D (see Lemma 4.4.19). Hence we have got a contradiction and b(u—) = b(u) for all u > 0.

Therefore b is a continuous function. O

From Lemma 4.4.6 we know that b and h converge at the same limit when u tends to
infinity. Moreover, from the discussion about h after Lemma 4.2.3 we know that in case that
X is of finite variation there exists a value uj < oo for which h(u) = 0 for all u > u}. That

suggests a similar behaviour for b, the next lemma addresses that conjecture.

Lemma 4.4.21. Denote as up = inf{u > 0: b(u) = 0}. If X is of infinite variation or finite
variation and infinite activity we have that upy = co. Otherwise u, = u*, where u* is the

unique solution to

Glu,0) + /( | VO =0 (4.26)
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Proof. From the fact that A(u) > 0 for all u > 0 when X is of infinite variation and inequality
b(u) > h(u) we have that assertion is true for this case. Suppose that X has finite variation
with infinite activity, that is II(—o00,0) = oo, and assume that u, < oo. Then since b is
non-increasing we have that b(u) = 0 for all u > w; and then V(u,x) = 0 for all x > 0 and

u > up. From Lemma 4.4.19 we have that
G(u,x) + / V(0,z 4+ y)II(dy) > 0 for all x > 0
(—00,—x)

for all u > wup. Taking x | 0 in the equation above and using the expression for V (0, z) for

z < 0 given in (4.19) we have that for any u > wuy,

0 < G(u,0) _hf(}/ / / E_o_. (g Y)W (du)dI1(dy) +hm V(0,0)II(—o00, —x)
z 00,0) [0,00)

which is a contradiction and then u;, = oco. Now assume that X has finite variation with
II(—00,0) < co. Assume that b(u*) > 0, then V(u*,z) < 0 for = € (0,b(u*)). Moreover,
since V' < 0 and using the compensation formula for Poisson random measures (see equation

(1.25)) we have that for all u > 0 and z < b(u),

E 7' {7'0 <TD})
=Eua < o o V0, Xs— +y)lix, soplix._ry<oylix, <o) for anl r<s3 N (ds, dy))
=Euqs < V0, Xs + 9)ix, soylix.1y<0yl{x,<b0,) for al r<s}H(dy)d5>
7'0 /\TD
~E.. ([ V0, Xo + 9)ix, o<y TI(dy)ds |
0 —00,0)
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Then from the Markov property we have that for all = < b(u*)

TDATy
V(u'2) = Eu o (/0 G(u® + SvXS)dS> +Eu*,m(v(07XTJ)]I{TJ<TD})

TDATy
= ]Eu*7x (A [G(u* -+ S, Xs) + \/(‘ 0 V(O, XS + y)H{XS+y<O}H(dy)

ds>

where the strict inequality follows from the fact that that X is of finite variation and then

> 0,

T A7y > 0, the definition of u* and the fact that G and V are non-decreasing in each
argument. Then we are contradicting the fact that V(u*,z) < 0 and we conclude that

b(u*) = 0 and up < u*. Moreover, from Lemma 4.4.19 we know that for all u > uy
G(u,x) + / V(0,z 4+ y)II(dy) > 0 for all x > 0.
(70097:”)

Taking x | 0 we get that for all u > up, G(u,0) —i—f(_oo 0) V(0,y)II(dy) > 0. The latter implies
that u* < wy (since u — G(u,0) is strictly increasing). Therefore we conclude that u* = w

and the proof is complete. O

As we mentioned before it is challenging to prove the existence of the derivatives of V.
However, it is possible to show that the derivatives of V' at the boundary exist and are equal
to zero. Recall from Lemma 4.4.21 that when X is of infinite variation or finite variation
with infinite activity we have that b(u) > 0 for all w > 0. In the case that X is of finite
variation we have that b(u) > 0 only if u < wu, where wuy, is the solution to (4.26). In such
cases we can guarantee that the derivatives of V' exist at the boundary and are equal to zero
which is proven in the following Theorem. Since the proof is rather long and technical it can

be found in the Appendix.

Theorem 4.4.22. Suppose that u > 0 is such that b(u) > 0. Then the first partial derivatives

of V(u,z) exist at the point x = b(u) and

0 0
8—V(u, b(u)) =0 and 8—V(u, b(u)) = 0.

xXr u
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Recall from equation (4.19) that when z < 0,

= — - p—1 u)dz
V(0,2) = /0 /[O’W)E_u_z(g YW (du)dz + V (0, 0).

Note that the first term on the right-hand side of the equation above does not depend on
the boundary b. Then, for x < 0, the value function V(0,x) is characterised by the value
V(0,0). Moreover, from Lemma 4.4.21 we know that when X is of finite variation with

II(—00,0) < oo, the value uy is the unique solution to

-y
— p=1 u)dz —00,0) = 0.
G(u,0) /<oo,0) /0 /[O’OO)E_U_Z@ YW (du)d=TI(dy) + V(0, 0)TI(—o00,0) = 0

Otherwise, up, = co. Then if X is of finite variation with finite activty, u is also characterised

by the value V'(0,0), where we know from Remark 4.4.3 that

E(g")
p

< V(0,0) < 0.

The next theorem gives a characterisation of the value function V' on the set (0,00) x
(0, 00), the boundary b and the values V'(0,0) and u; as unique solutions of a system of non-
linear integral equations. The method of proof is deeply inspired on the ideas of du Toit et al.
(2008). However, the presence of jumps adds an important level of difficulty. In particular,

when II # 0, the inequality

Glu, ) + / V(u,z 4 y)II(dy) > 0
(_0070)

for all (u,x) € D is a necessary condition for the process {V (U, X;) + fot G(Us, Xs)ds, t > 0}

to be a submartingale.

Theorem 4.4.23. Let p > 1 and X be a spectrally negative Lévy process drifting to infinity

such that f(—oo 1 |z|PTHI(dx) < co. For allu > 0 and x > 0, the function V can be written
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as

V(u,x)

o2

= V(0,0)?W/(a:)

_m<A%[;O

0 V(u +5,Xs + y)]I{O<X5+y<b(u+s)}H(dy)H{XS>b(u+s)}d8>

)

o
+]Ex </0 G(U+ S,Xs) +/( 0 V(O,Xs +y)]I{XS+y<O}H(dy) H{Xs<b(u+s)}d3> ,
(4.27)
the value V (0,0) satisfies
1 o0
V070=—/ E_.(¢" Y[l — ¢/ (0+)W(2)]dz
(0,0) D01) Jy (¢" )L =" (0+)W(z)]
1 o X,
+ WE (/0 G(S7X5)SH{O<XS<b(s)}dS>
E /OO/ V(s, Xs+y)l I1(d )XSH d
B Sy As s - s)1as
V' (0+) o Jiwg Y)Ho<Xoy<b(s)HHAY) =X >b(s)}
i /Oo/ V(0, X5 +y)I M(dy) 21 ds |, (4.28)
B s — aqds |, (4.
' (0+4) o Jiooo YIHX s +y<op YY) =X > b(s)}

whilst the curve b satisfies the equation

0.2
0= V(0,0) 5 W'(b(u))

To
— Epu) ( /O /( o) Vi(u+s, Xs+ y)H{0<X5+y<b(u+s)}H(dy)H{XS>b(u+s)}ds>

o
+ Eb(u) /0

Gu+s,Xs)+ /( | V(0, Xs + y)x, +y<oyll(dy)
—00,0

H{Xs<b<u+s>}d8>

(4.29)

for all w < uy, where for x < 0, the function V(0,z) depends on V(0,0) via (4.19). For
u > up we have b(u) = 0, where up = 0o in the case X is of infinite variation or finite

variation with II(—o00,0) = co. Otherwise uy, is the unique solution to

-y
_ p—1 uw)dz —00 = 0. .
G(u,0) AwmA Amgﬂ%@ YW (du)d=TI(dy) + V(0,0)TT(—00,0) = 0. (4.30)
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Moreover, in the case that there is a Brownian motion component (i.e. o > 0) we have that

(4.28) is equivalent to

0 0

where B%VAU,O) and %V,(0,0) are the right and left derivatives of v +— V(u,z) and

x+— V(0,x) at zero, respectively and B%V_,_(O, 0) = limy, o 8%V+(u, 0).

Furthermore, the quadruplet (V,b,V(0,0),up) is uniquely characterised by the equations

above, where V is considered in the class of non-positive continuous functions such that

/ V(u,b(u) + = + y)I(dy)
(—z—b(u),—x)

+ / V(0,b(u) + =z + y)II(dy) + G(u,z + b(u)) >0  (4.32)
(—00,—z—b(u)]

for all u < up and x > 0 and b is considered in the class of non-increasing functions with

b > h whereas —%E(gp) < V(0,0) < 0.

Since the proof of Theorem 4.4.23 is rather long we break it in a series of Lemmas. Next

subsection is entirely dedicated to that purpose.

4.4.1 Proof of Theorem 4.4.23

First, we show that the relevant quantities are integrable.

Lemma 4.4.24. We have that for all (u,x) € E,

Eu,x (/0 |G(USaXs)‘H{X5<b(U5)}d3> < o0, (4'33)

]Euﬂ; (/O /( 0 V(US,XS + y)H(dy)]I{XS>b(US)}> > —00. (4.34)
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Moreover, we have that

u,ginooEu’w </0 G(U37XS)H{X5<b(U5)}dS> =0, (4'35)
hgl Eyx </ / ‘7(U87 Xs + y)H(dy)]I{Xs>b(Us)}> =0. (436)
u,r—00 0 (—00,0)

Proof. Let (u,z) € E, we first show that (4.33) is satisfied. Indeed, using that |G(u,z)| <

uP~! — E,(gP~!) and that Us < s we have that

Eu,x (/0 |G(US’XS)|H{Xs<b(Us)}dS>

< By, (/0 U +Ex, (gpl)]ﬂ{xs@(Us)}dS)

< Eug (/0 Sp_lﬂ{Xs<b(Us)}dS> + By </0 Ex, (gp_l)d8> :

From Lemma 4.4.1 we know that the second integral above is finite. Now we check that
the first integral above is also finite. Consider § > 0 and consider ¢(*(®), the last time X is
below the level b(6), then g(*©®) > ¢ and Xopgtonis = b(6) for all s > 0. Hence, since b is

non-increasing we get

- g 4§
Eux < /0 splﬂ{xs<b<vs>}d8> = E, ( /O Splﬂ{xs<bws>}d8>
o0
< Eo(("® 1 6)%) + E, ( | e <gp—1>ds)
0

< 00,

where the last expectation is finite by Lemma 4.2.1. Therefore we conclude that (4.33) holds.

Moreover, from the fact that z — E,(gP) is non increasing, the fact that lim, , E;(¢?) =0
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(see Lemma 4.2.3) and the dominated convergence theorem that

lim
U, T— 00

Eu,m (/0 G(US’XS)]I{XS<b(US)}dS>‘

o
< lim Eu, ( / |G<US,XS>H{XS<b<US>}ds)

Uy T—00

< lim E,((¢g®®) + 6)) + lim E, < / Ex, (gpl)ds>
0

T—00 T—00

=P

for any d > 0. Hence we conclude that

U,T—>00

lim Eu,x (/ G(UsaXS)H{XS<b(US)}dS> =0.
0

Next we prove that (4.34) also holds. Since V' is non-decreasing in each argument we
have that is enough to show that (4.34) holds for v = 0 and = < 0. Let N > 0 any positive

number, then we have that

E; (/000 /(0070) V(Us, X5 + y)H(dy)H{X5>b(Us)}d5>
—E, ( /0 - /( o V(Us, X, + y)H(dy)]I{US<N}]I{XS>b(US)}ds>
+E,; </Ooo /(OO,O) V(Us, X5 + y)H(dy)H{Us>N}]I{Xs>b(N)}d3>
+ E, (/OOO /(oo,o) V (U, X5 + y)H(dy)H{US>N}]I{b(N)>XS>b(US)}d3> :

Hence, we next show that the three expectations above are finite. Using the fact that

f(_oo 0) V(u,z + y)II(dy) + G(u,z) > 0 for all w > 0 and = > b(u) (see Lemma 4.4.19),
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that G(u,z) < uP~! for all (u,x) € E and that b is non increasing we get that

E$ </0 /(‘ 0 V(US, XS + y)H(dy)]I{USSN}]I{XS>5(US)}ds>

o0
—Eaz (/0 G(U57XS>]I{USSN,XS>6(US)}dS)

_]\/*p*l]E$ (/ ]I{USSN}dS>
0

> —NP"'[E.(g) + N]

Y

v

> —00,

where in the second last inequality we used the fact that Us > N for all s > g+ N. In a

similar way we have that

E, (/0 / . V(Us, X4 +y)H(dy)]I{US>N}I[{b(N)2XS>b(US)}d5>
> -E </0 Sp_lﬂ{Us>N}H{b(N)2Xs>b(Us)}d5>

(b(N))
=_-F ( /0 Sp_l]I{US>N}H{b(N)>Xs>b(Us)}ds>

1
>~ E((g"y)

> —00,

where we used that Us; < s and that g®") = sup{t > 0 : X; < b(N)} has moments of
order p (see Lemma 4.2.1). Lastly, since V' is non increasing in each argument and b is non

decreasing we have that by Fubini’s theorem that

E</

|
= ([
/ V(N,z+y)II (dy)/ P, (X € dz)ds
/ /ooO) (N, z + y)II(dy)dz,

161

o V(Us, Xs + y)I(dy) L, > vy L, >b(N)}d5>

VN, X, + y)T(dy)Tix, >p(v )}d8>
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where in the last equality we used a density of the O-potential measure of X without killing
(see (1.21)) and the fact that W vanishes on (—o0,0). From Fubini’s theorem and since V' is

non-decreasing function in each argument that vanishes on D we obtain that

E, (/ / O)f/(Us,X + y)I(dy) L, > vy Lix, s pv )}d8>

N)+1
> P / /ooO) (N, z + y)(dy)dz + ®'(0 / +1/ooO) (N, z + y)II(dy)d=
(N)—y _
>w0) [ o e a0 [ s s i)
> 3/(0) / V(N B(N) + y)TI(dy) — &/(0) / (y + 1)V(0, y)TI(dy)
(—00,0) (—o00,—1)
> —00,

where the finiteness of the last integrals follow from Lemmas 4.2.1 and 4.4.19 and equation

(4.20). Moreover, from the dominated convergence theorem we have that

hin Euz (/ / v(Us,Xs +y)H(d?/)H{Xs>b(US)}>
U, T—>00 0 (—00,0)

= u%nlglooE </0 /( 0 ‘7(u + s, Xs+x+ y)H(dy)]I{Xs+a:>b(u+s)}]1{s<g:m})

: = 7 (p(-a)
+ fim E </o / (—o0.0) VU Xt y)H(dy)H{Xs+x>b(U§z>>}H{SZ”:”}>

> E (/ / lim V u + s, X +x+ y) (dy)H{XS+x>b(u+s)}>

OOO Uu,r—00

”E(/ oy B PO Xt <dy>ﬂ{xs+x>bw>>}>'

Note that b is a decreasing function and then limy, ;oo V(u, ) = 0 and lim, o V(u,z) =0

for any v > 0. Moreover, for any s > 0, = — U§‘x) is increasing and bounded so then

(—2)

limg o0 Us exists. Then we have that

hgl Euz </ / ‘N/(Us, Xs + y)H(dy)H{Xs>b(Us)}> =0
U,T—20Q 0 (70070)

as claimed. O
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Next, we show that V satisfies the alternative representation mentioned in the infinite

variation case.

Lemma 4.4.25. Suppose that X is of infinite variation. Then we have that V and b satisfy
equations (4.27) and (4.29).

Proof. We first prove that V satisfies equation (4.27) for the infinite variation case. Recall
that V is continuous on E and, in this case, (see Lemma 4.4.15) we have that for any
u > 0, limgo V(u,z) = V(0,0) implying that V is continuous on Ry x R. We follow an
analogous argument as Lamberton and Mikou (2013) (see Theorem 3.2). Let p be a positive
C* function with support in [0,1] x [0,1] and [;* [° p(v,y)dvdy = 1. For n > 1, define
pn(v,y) = n?p(nv,ny), then p, is C* and has compact support in [0,1/n] x [0,1/n] and
Vi (u, z) = (V % pp)(u, ) =I5 fo — y)pn(v,y)dvdy is a C12(R, x R) function.
Recall that since V' is non-decreasing in each argument we have that 0 > V(u,z) = V (u,z) >

V(0,—1) for all u > 0 and = > 0. Hence we have that for any v > 0 and = > 0,

ot
//’V ”wa]pnvy)‘dvdy

giti -

Guiggs ()

1) ot

— — / / uz x] (m),ny) dvdy
1 —p dod
)/0 /0 ou'dx) (%y)’ oY

for any 4,5 = {0,1,2,...}. Moreover, we have that

/ Vn(u, x4+ y)I(dy) > / V(u —1/n,x —1/n+ y)II(dy)
(—00,—1) (—00,-1)
> [ voy-via
(_007_1)
> —00
for all v > 0 and = > 0, where the last inequality follows from Lemma 4.4.16. Hence, we
conclude that the derivatives of V,, and the function (u,z) — f(_oo 1) Vo (u,  + y)TI(dy) are

bounded in the set Ry x R. Furthermore, we that Y7n T V on Ry x R when n — oo. Indeed,

for any n > 1 and (u,x) € Ry x R we have that
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Vn(u,x) = /OOO /000 Viu—v,z— y)nQp(nv, ny)dvdy
= [ [ P vna = yimoto. vy

V(u—=wv/(n+1),z—y/(n+1)p(v,y)dvdy

<

(u—v,2 —y)(n+1)*p((n+1)v, (n + 1)y)dvdy

where in the inequality we used that v,y > 0 and that V' is non-decreasing in each argument.

The convergence of ‘7n to V in R4 x R follows from the inequality

WM%@—VWJHSAmAmWw—wx—w—VWJmewww

< s [V(w—ve—y) - V(wa),
v,y€[0,1/7]
which is valid for any (u,x) € Ry x R, where we used the fact that the integral of p, is equal
to 1. Taking n — oo we obtain the desired convergence by using the fact that V is continuous
on Ry x R.
Next, we show (similar as in Lamberton and Mikou (2008), proof of Proposition 2.5) that
for all (u,x) € [(1/n,00) x (1/n,00)] N CT,

aaan(u, x) + Ax (Vo) (u,x) = —(G * pn)(u, z), (4.37)

where Ay is the infinitesimal generator of the process X. Indeed, take ¢ a non-negative
C® function with compact support in [(1/n,00) x (1/n,00)] N CT then we have that the
function ¢ * gy, is C* and has compact support in Ct, where p(v,y) = pp(—v,—y) for all

(v,y) € R x R. Hence, from Proposition A.5 we get that

0
(5t

. _ 9 ~
Vn+AX(Vn)+G*pnaQD>:<§V+AX(V)+G>SO*[)H>:O7

where the last equality follows from Lemma 4.4.17. Therefore we have that by integration
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by parts formula and Lemma A.4 that

/R+/[ (w,@) + Ax (Vi) (u, ) + G # po(u, @) | (u, @)dwdu = 0

for any ¢ non-negative and C* function with compact support in [(1/n,00) x (1/n,00)|NC™*.
Therefore (4.37) follows by continuity. On the other hand, note that if (u,z) € D we have

that V(u,z) = 0 and hence V,,(u, z) = 0 for n sufficiently large. Hence,

9 -~ .
V() + Ax (Vi) (1, 7) = /(OOO)Vn(u,:L‘+y)H(dy).

Therefore, by the dominated convergence theorem we have that,

lim ;iV (u, ) + Ax (Vi) (u, az)} :/( V(u, z + y)I(dy).

n—o0 70070)

for any (u,z) € D.

Next, let w > 0 and = > 0 fixed and take n > 0 and k£ > 0 such that v > 1/n > 0 and

x>k>1/n>0. We apply Ito6 formula to ‘N/n(u +tA Tk__x,Xt/\T; + x) to get that

Valu+t ATy, X- + 1) = Volu,2) + M,

ATy _

tATL_
+/ k [8iV(u+sX + )+ Ax (V) (u+ s, Xs + )| ds,
0

where {M;,t > 0} is a zero mean martingale (see Lemma A.2). Taking expectations we get

that

Ey

/N

Valu+t AT, X))

=V, (u,z) + Ey </0w; [ai (4 5, Xs) + Ax (Vo) (u + 5, X)]d)

tAT,
Vo(u,z) — E, (/0 (G * pp)(u + S,XS)]I{XS<b(u+S)}dS>

tAT, 8 _ ~
o </ k [au w8, Xs) +«4X<Vn><u+s,Xs>] H{Xs>b<u+s>}ds> :
0

165



where we used the fact that b is finite for all v > 0 and that P,(Xs = b(u + s)) = 0 for all
s > 0 and z € R when X is of infinite variation (see Sato (1999)). Note that, since X; > X

for all t > 0 and V is non-decreasing in each argument, we have that
0>E, (ffn(u TN T,;,XW;)) > Al — Ol By 1 (X)) + V(0,0) > —oc,

where the second inequality follows from equation (4.20) and the last quantity is finite by
Lemma 4.2.1. Therefore by the dominated convergence theorem we have that letting n,t — oo

and k | 0,
~ T
E. (V(u + 75, XTO_)> =V(u,x) — E; (/ G(u+ s,Xs)H{XS<b(u+S)}ds>
0

To .
+Em (/0 /(' 0 V(U+5;Xs +y)H(dy)H{Xs>b(u+s)}d5>

(4.38)

for all v > 0 and « > 0. Note that, since lim, o b(u) = 0, we have that lim, ;o ‘7(u, x) =
V (u,z) = 0. Hence, since V(u,z) = V(0,) for any u > 0 and < 0 and X drifts to infinity

we get that

E. (f/(u +7, XT(;)> = E, <V(0’XTJ)H{TJ<OO})

= V(O, O)Pm(XT(; = 0,7'0_ < OO) + Ez <V(O7XTO )]I{X <0})
7o

0_2 To
= V(0,0 %W (@) + E, ( | vex+ y)H{Xs_+y<0}N(dS7dy)>

0_2 Ty
=V(0, O)KW’(x) +E; (/0 V(0, Xs + y)H{X5+y<0}dsH(dy)> )

where in the second last equality we used the probability of creeping given in (1.16) (note
that ®(0) = 0 since X drifts to infinity) and in the last the compensation formula for Poisson

random measures (see equation (1.25)). Recall that for any v > 0 and = > 0,

/( | Vo o)) = /( VD)
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Then from above and equation (4.38) we see that

V(u,x)

~ o
=E, (V(u + TO_’XT(;)> + E, (/0 G(u+ S’XS)H{XS<b(u+s)}d5>

Ty »
- E,; </0 /( ) V(u+z, Xs + y)ﬂ(dy)ﬂ{xs>b(u+s)}ds>

o2 , To
= V(0,05 W'(x) + E, /

2 0
E,z’ </ /( 0 (’LL + S, Xs + y)]I{XS+y>O}H(dy)]I{XS>b(u+s)}d8>

)

V(0, Xs + y)]I{XS+y<O}d5H(dy)>

o

G (u+s,X )]I{Xs<b(u+s)}d5>

=]

—E, /O /( ) (O,Xs+y)ﬂ{xs+y<g}ﬂ(dy)]l{xs>b(u+s)}ds>

—E; /0 V(u+s, X+ y)]I{0<Xs+y<b(u+s)}H(dy)H{Xs>b(u+s)}d8>

R, (/0

where in the last equality we used that V(u + s, X; +y) = 0 when X, +y > b(u + s).

G(u+ s, Xy) +/( ) V (0, Xs + y) i x, +y<01 (dy)
oo,

H{Xs <b(u+s)}d8> ’

Moreover, we have that (4.29) follows directly from the equation above since V (u,b(u)) =0
for all u > 0. O

We define an auxiliary function. For all (u,x) € E, we define

R(u,x) = Eqy 4 (/0 G(US,XS)H{XS<b(Us)}dS>

— Fue (/0 /( ) V(Us, X, + y)H(dy)H{Xs>b(Us)}ds> .

Note from Lemma 4.4.24 that R is well defined and

lim R(u,z)=0.

U,T—00
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Lemma 4.4.26. For any (u,x) € E we have that

V(u,z) = R(u,x)

= Eu,x (/0 G(Usts)]I{Xs<b(Us)}ds>

_E“”<A A‘ mﬁdgxg+wnmwmxgmuwh>. (4.39)

Proof. First, we assume that X is of infinite variation. Let (u,z) € FE, from the Markov
property applied to the stopping time 7;", the fact that b is non-negative and equation (4.19)

we get that for all x < 0,
7
R(0,7) = E, / G0, X,)ds | + R(0,0) = V(0,2) + R(0,0) — V(0,0).
0
Similarly, using the Markov property at time 7, we get that for any u > 0 and x > 0 that

To
R(u, x) = Em(R(O, XT(; )]I{T(;<OO}) + E,; (/0 G(u + s, XS)H{XS<b(u+s)}d5>

T -
—E, (/0 /( ) Viu+ s, Xs + y)H(dy)H{X5>b(u+s)}ds>

= V(@) + B, ([R(0, X, ) = V(0, X, )T )

=V(u,z) + [R(0,0) — V(0,0)]P, (75 < 00),

where the second equality follows from equation (4.38) and the last from the expression for
R(u, z) deduced above. Then applying the strong Markov property at time 7p, the fact that
for any s < 7p we have that X, < b(Us) and the equation above we get that for u > 0 and
x < b(u)
D
Rlu,2) = B [ GO X)) + B RV X))

= V(U, l') + Eu,x(R(UTDvXTD))

= V(u,z)+ [R(0,0) — V(0, O)]E%m(PXTD (1y < 00)),

where in the first equality we used that 7p is optimal for V' and in the last we used that V
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vanishes on D. Taking v = 0 and = 0 we conclude that
0= [R(0,0) = V(0,0)]E(Px, (75 = 00)).

Since b(u) > 0 for all u > 0 and P, (7, = oo) > 0 for all x > 0, the equation above implies
that R(0,0) = V(0,0) and then V(u,x) = R(u,x) in the infinite variation case. For the finite

variation case consider the sequence of stopping times,
Tb(l) =inf{t >0:X; > b(U)}
and for k =1,2,...

o = inf{t > =" : X, < b(1h)}

75D —inf{t > 0P 1 X, > b(U))}.

Since X is of finite variation we have that Tb(k) < aék) < Tb(k—H)

@)

forall k=1,2,.... Let u >0

and z > b(u), by the Markov property applied to time we get that

oM
R(u,z) = —Ey 4 </0 ' /( ) V(Us, X +y)H(dy)d8>

(2)
b
—i—Eu,m (H{U£1)<Oo} /JZS” G(Us,Xs)dS> —I—EU’I(R(UTIEQ),XTéz))H{Té2)<oo})

M
Ub —

= ~Euz (/ / V(Us, Xs + y)H(dy)d8> +Euqz (H 1) ooy V (U, 0, X <1))>
0 (70070) O'b o Ub O'b

+ Eu,m(R(UTZEz) , XTb(Q) )]I{T,](Q)<OO})

= Eu,x(R(UTI§2) s XT}SQ) )H{'rb(2><oo})’

where in the second inequality we used the Markov property at time aél), the definition

of V' in terms of the stopping time 7p and in the last equality we used the compensation
formula for Poisson random measures. Using an induction argument we can verify that for
all x > b(u) and n > 1,
R(uv .TC) = Eu,x (R(UT(n) ) X_,_(”))
b b

H{TIS")<OO})'
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n)

Next, we show that for any (u,z) € E, lim,_, Tlf = 0o P, z-a.s. First, note that since

b is a non-negative function we have that for all (u,z) € D, under the measure Py, 4,
O‘l()l) = inf{s > Tb(l) t Xy <b(Us)} =inf{s >0: X, <b(Uy)} <75
Hence, we obtain that under the measure P, ,, for any (u,x) € D that

Uzgl) =inf{s > 0: X, <b(u+s)} >inf{s > 0: Xy <b(u)} = Th(u)

Thus, for any n > 2, conditioning at time Tb(n) and the strong Markov property and using

the fact that X creeps upwards we get that

]P’u@(aén) < o00) = PU’I(TZE”) < oo,algn) < 00)
- Euw(]l{ngn)@O}]P’u,x(gén) — < ool F )

Ry e

L oy P UL ) Xy (9 < 0))

< Em(ﬂ{,rb(n><oo}f(UTb(n)))7
where f(u) = Py, (’Tb_(u) < 00) = P(7; < 00). Therefore we have that for any n > 2,
Pua(ol” < 00) < Pun(ri™ < 00)P(r5 < 00) < Pua(ol™" < 00)P(ry < o0),

where in the last inequality we used the fact that Uénfl) < Tb(n). Therefore, by an induction

argument we obtain that for any x € R and n > 1,
Puyx(aén) <o0) < [P(ry < oo)]ﬂh1 Pu,x(aél) < 00).

Since X is of finite variation and drifts to infinity we have that P(7; < oo) € (0,1). Then

we have that for any K > 0,

Z:IP’Mj <K SZ <oo)<IPux él)<oo)Z[IP’(T(;<oo)]nfl<oo.

n=1
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Hence, by the Borel-Cantelli Lemma we have that for all K > 0
P,.(limsup{c\™ < K}) =0
n—oo

which implies that lim,_ . al()n) = o0, Pyy-a.s. for all (u,x) € E. Hence, by the domi-
nated convergence theorem, the fact that lim, ;o R(u,x) = 0 (see (4.35) and (4.36)), that

lim; .o Uy =t — g > limy_,ot — g = 00 and that X drifts to infinity we get that

R(u,z) = lim EuJ(R(U )y X _(n)) =0,
b Ty

n—oo

H{Té”)<oo})

for all u > 0 and x > b(u). Now take = < b(u), applying the strong Markov property and

using that Tb(l) is optimal for V' we get that

(1)
b
R(u,z) =E, 4 (/ G(Us,Xs)ds> +Euz(RU_0), X 1)) =V(u,z).
0 b b
Hence, we conclude that for all (u,z) € E,
V(u,z) = R(u, ).

O]

Lemma 4.4.27. The quadruplet (V,b,V(0,0),up) satisfy equations (4.27)-(4.30) and equa-
tion (4.32).

Proof. We know from Lemma 4.4.25 that equations (4.27) and (4.29) hold in the infinite vari-
ation case. Then suppose that X is of finite variation. The strong Markov property applied
at time 7, in (4.39) imply that (4.38) also holds in the finite variation case. Then proceeding
as in Lemma 4.4.25 (see argument below equation (4.38)) we see that equations (4.27) and
(4.29) also hold in the finite variation case. Moreover, the assertions about u; and equation
(4.30) follow from Lemma 4.4.21, the lower bound for V' (0, 0) follows from Remark 4.4.3 and
(4.32) holds due to Lemma 4.4.19.

We now proceed to show that (4.28) is satisfied for V'(0,0). Taking u = x = 0 in (4.39)
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and using Fubini’s theorem we have that

V(0,0)

=E </Ooo G (Us, XS)H{Xs<b(US)}d5) —E (/OOO /(0070) V(Us, X5 + y)H(dy)H{Xs>b(Us)}d8>
—E < /O e XS)H{XSSO}ds> +E < /0 ~aw., XS)H{0<XS<b(US)}ds>

—E (/OOO /(_OOO V(Us, X, + y)H(dy)H{Xs>b(Us)}d3>
/ G(0, z)/oo P(X, € dz) ds+/ )/Ob( ) G(u z)/OOOIP’(Us € du, X € dz)ds

/000/ oo)/ooo (v, 2 +y)II (dy)/ P(U, € du, X, € dz)ds,

where in the second equality we used the fact that b is non-negative and that Us; = 0 if and

only if X5 < 0. From (1.21) we know that 0-potential measure without killing is given by

—W(-2) =

/0 T P(X, € d2)ds = [1— /(00 (—2)]

P! (0+) ¥'(0+4)

for any z < 0, where we used the ®'(0+) = 1/¢/(0+). Hence, since G(0,2) = —E,(¢gP~!) for
any z < 0 and the formula for the 0-potential density of (U, X) (see equation (3.9)) we have
that

Vv (0,0)

:/ GO z)/oo P(X, € dz) ds+/ /Ob /OOIP’(USEdu,XSEdz)ds
/000 /b(u) /OOO (1, 2+ )TI (dy)/ P(U, € du, X, € dz)ds
:—¢,(0+)/ E_.(¢" H[1 - (0+)W(2) dz—l—wl / /Obs) (s,2) (X € dz)ds

¢’0+/ /8) /000 (s, 2 +y)II (dy) P(X, € dz)ds

T w0+ )/ E_.(¢" DL = ¢/ (0)W(2)]dz

X
T e W O+ </ G(s, Xs)— p H{0<Xs<b(s)}d3)

~ X
—71@ / / V(s, Xs + y)I(dy) =L x,psnds | -
¢ (0+) (0 (—00.0) ( y)I(dy) g {Xs>b(s)} )
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Then equation (4.28) holds by recalling that V(u,z) = V(u,z) when v > 0 and = > 0 and

V(u,x) =V (0,z) when x < 0 for any u > 0. O

We finish the first part of the proof by showing that the derivative of V' at (0,0) exists

when there is a Brownian motion component.
Lemma 4.4.28. The function V satisfies equation (4.31) when o > 0

Proof. Lastly we proceed to show that equation (4.31) holds when o > 0. From equation

(4.39) and the dominated convergence theorem we obtain that
V(O, 0) =E (/ G(U57X5)H{Xs<b(U5)}d3>
0

_E (/0 /( ) V(Us, Xs + y)H(dy)]I{Xs>b(Us)}ds>

= 151?01 {IE (/Ooo K1 (Us +5,X3)d8> —E (/OOO K5(Us —|—5,X5)d5> },

where Ki(u,r) = G(u, 2)lzcp)y and Ka(u,r) = f(—oo,O) V(u, z + y)I(dy) Lz )y for all
(u,z) € E. Note since b is non-increasing we have that u — K (u, x) is non-decreasing for all
ze€Rand § > 0 and |Ky(u+ 6, 2)] < (u+8)P ucps) + Ee(gP!). Hence, from equations
(4.33) and (4.34) and Theorem 3.2.6 applied to the functions K; and K» above we get that

E, (]1 K (6,X. — 5)) +KH(5,¢)
V(0,0) = lim lim — 0 =} To
’ 510 €10 V' (0+)W (¢) ’

where for all 6 > 0 and = < 0,

K~ (6,2) = E, < /0 K5, X,) — K (0, XT)]dr>

and for all §,z > 0,
T
K+(57:L‘) = E:Jc (/ [K1(5+ SaXr) - K2(5+ S,X,J]d’l“) .
0

Using the fact that b is non-negative and W (z) = 0 for all x < 0 (and then G(4,z) = G(0,x)
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for all < 0) we have that for all z < 0

K- (6,2) = E, (/OTO G, Xs)ds> —V(0,z) — V(0,0),

where the last equality follows from the expression of V in terms of the stopping time 7p.

Moreover for all 6 > 0 and z > 0 we have that from equation (4.38) that
K*(8,6) = V(4,¢e) — Ec(V(0, X ooy

Hence, rearranging the terms and by dominated convergence theorem we have that

V0,01 — L E(V(0,X,- - cooy) ~EV(O,X - +e) - )
(0,0) = limlim PO ()
.. V(d,e) = V(0,0)P. (15 < o0)
+ limlim POOW ()
o? 0 0
- 24/ (0+) —%V_(O,(]) + %V-I—(O,O) + V(0,0),

where in the last equality we used that P.(7, < 00) = 1 —4¢/(0+)W (e) (see equation (1.9))
and the fact that W’(0) = 2/02. Therefore we conclude that (4.31) holds. The proof is now
complete. O

Now we show the uniqueness claim. Suppose that there exist continuous functions H and
con E and R, respectively, and real numbers Hy < 0 and uy > 0 such that the conclusions
of the theorem hold. Specifically, suppose that H is a non-positive continuous real valued
function on E, ¢ is a continuous real valued function on (0,00) such that ¢ > h > 0 and

Hy € (—%E(gp),O) such that equations (4.27)-(4.29) hold. That is, we assume that H, Hy
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and c are solutions to the equations

/( ) H(u+ s, X5+ y)H{O<X5+y<b(u+5)}H(dy)H{Xs>c(u+s)}d8>

Glu+ s, X,) + /( | HOX D) o)1)

]I{Xs <c(u+s)}d8> ’

(4.40)

for u > 0 and = > 0,

1 o
Hy=— E_.(¢" 1)1 — /(0 d
e AR IR (O
1 o0 XS
o E Xg)—T1 c(s
e (] 6 o)
~_L g /OO/ H(s, X, + y)l T(dy) T ds
V' (0+) 0 (—000) y s T Yo« X 4y<e(s)} Y 5 {Xs>c(s)}
~_L g /OO/ H(0, X5 4+ y)I I1(d )—XS]I ds (4.41)
¢/(0+) 0 (—00,0) e T X4y} Y S {Xs>c(s)} ’ ’
and

0= Hj W/ (c(u))

c(u) / 0) (’LL + 5, Xs + y)H{0<XS+y<c(u+s)}H(dy)H{Xs>c(u+s)}ds>

0

/\/‘\

+ Ec(u) 0 G(u+ s, Xs) + /( ) H(0, Xs + )i x, +y<o1 1(dy) H{Xs<c(u+s)}d5> ;
(4.42)
for u < wuyr, where for any = < 0,
H(0,2) / / E_y (" Y)W (du)dz + Ho. (4.43)
[0,00]

The value ug is such that ug = oo when X is of infinite variation or X is of finite variation
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with infinite activity. Otherwise, let uy be the solution of equation (4.30), that is,

- Pl u)dz —00,0) =
G (u,0) — /(_00,0) /0 /{07%115_“_2(9 YW (du)d=T1(dy) + Holl(—00,0) = 0. (4.44)

Moreover, assume that ¢(u) > 0 for all u < ugy and c(u) = 0 for all uw > uy and that
/ H(u, 2 + c(w) + »)T(dy) + Glu, c(u) + ) > 0 (4.45)
(—OO,—J))

for all u < uy and & > 0, where H is the extension of H to the set R, x R as in (4.4). That

is,

H(u,z) uw>0and x>0,
H(u,z) = H(0,z) uw>0andx <0, (4.46)
H(0,0) u=0andz>0.

Note that using the exact same arguments as the ones used in Lemma 4.4.25 (see argument

below equation (4.38)) that (4.40) and (4.42) are equivalent to

T
H(u,z) = Em(H(O’XTJ)H{T()_<OO}) +E,. </0 G(u+ SaXS)]I{XS<c(u+s)}dS>

Ty _
—E, (/0 /( ) H(u+ s, X+ y)H{XS+y<c(u+s)}H(dy)H{X5>c(u+8)}ds>

(4.47)

for all (u,z) € E and

o
IlEc(u) (H(Oa Xq—o— )H{7—0_<oo}) + IEc(u) </O G(’LL + s, XS)]I{Xs<c(u+s)}d5>
o ~
= IEc(u) </0 /( 0 H(u + 5, Xs + y)]I{Xs+y<c(u+s)}H(dy)H{Xs>c(u+s)}d$> (448)

for any u < up. Following a similar proof than du Toit and Peskir (2008) we are going to

show that ¢ = b which implies that H =V, Hy = V(0,0) and ug = up.
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First, we show that H has an alternative representation.

Lemma 4.4.29. For all (u,z) € E we have that

H(u,l’) = Eu,x (/0 G(US7XS)H{X5<C(US)}dS>

_E., ( /0 /( O)ffws,xs+y)ﬂ{xs+y<c(Us)}H(dy)ﬂ{xsstnds). (4.49)

Moreover, the same conclusion holds if, in the case that o > 0, instead of (4.41) we assume

that

0 0

where %H+(U,O) and %H,(0,0) are the right and left derivatives of x — H(u,z) and
x+— H(0,x) at zero, respectively and %HJF(O,O) = limy, o %HJF(U,O).

Proof. Define for all (u,z) € E the function

K(Uax) = ]Eu,z (/O G(U57X5>H{Xs<C(US)}dS>

- Eu,x (/0 /( 0 ﬁ(U& Xs+ y)H{Xs+y<c(Us)}H(dy)H{Xs>c(Us)}d8> .

In a analogous way than Lemma 4.4.27, from (3.9) and (1.21) and we have that for any

spectrally negative Lévy process X,
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K(0,0)=E (/0 G(US,XS)H{XSQ(US)}dS)

- Eu,x </0 /(‘ 0 ﬁ(U& Xs+ y)]I{Xs+y<c(Us)}H(dy)]I{Xs>c(Us)}dS>

- w&m /ooo E—-(¢" L~ /' (0+)W (2))dz
1 o X,
+ ¢/(0+)E </0 G(S’XS)S]I{0<XS<c(s)}dS>

1 o0 ~ X,
— E H(s, X I II(dy)—1I o(snnd
V'(0+) (/o /(—oo,o) (5, X5 +y) {Xs+y<c(s)} (dy) s {Xs>c(s)} 3)

= H,

= H(0,0).

Moreover, for u = 0 and = < 0 we have that by the Markov property, the fact that X creeps

upwards, ¢ is a nonnegative curve and the definition of H(0,x) for = < 0 (see (4.43)) that
7
K(0,7) = E, (/ G(Us,Xs)ds> + K(0,0) = H(0, 2). (4.51)
0

Then, taking v > 0 and x > 0, by the strong Markov property at time 7,  and equation
(4.47),

o
K(u, (L‘) = Em(K(O, XTJ )H{TJ<OO}) + Eg; </(; G(U + s, XS)H{XS<c(u+s)}d3>

Ty "
—E, (/(; /( 0 H(u+s, X5+ y)]I{Xs+y<c(u+s)}H(dy)H{XS>c(u+s)}d8>

= H(u,x).

If in the case that o > 0 we assume that H and c satisfy equations (4.43), (4.47), (4.48) and

(4.50). From formula (3.6) (in a similar way than Lemma 4.4.27) we obtain that

o? 0 0
= ——H_ —H H

= H(0,0).

K(0,0)
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The rest of the proof remains unchanged. O

Define the set D, = {(u,z) € E : © > c¢(u)}. We show in the following lemma that H

vanishes in D, so that D, corresponds to the “stopping set” of H.
Lemma 4.4.30. We have that H(u,z) =0 for all (u,t) € D..

Proof. Note that from equations (4.47) and (4.48) we know that H(u,c(u)) = 0 for all
€ (0,up). Let (u,z) € D, such that x > ¢(u) and define o, as the first time that (U, X)

exits D, i.e.
=inf{s > 0: X, < c¢(Us)}.

From the fact that X, > ¢(U,) for all » < o, we have that from the Markov property and
representation (4.49) of H,

H(u, x) = Eu,ﬂC(H(Uac? XJC)H{ac<oo}) + ]Eu,z (/0 G(US, XS)H{X5<C(U5)}dS>

- Eu,x (/0 / o fI(USu Xs + y)H{XS+y<c(US)}H(dy)H{XS>C(US)}d5>

= Eu,m<H(Uac7 XUC)H{JC<00,XJC<C(US)})

Eu,z (/0 /( 0 ﬁ(Usv Xs+ y)H{Xs+y<c(Us)}H(dy)dS> 5

where the last equality follows from the fact that P, (X,. = ¢(u + o.)) > 0 only when o > 0
and then U(u,c(u)) = 0 for all uw > 0 (since ug = oc0). Then, since H < 0, applying the
compensation formula for Poisson random measures (see equation (1.25)) and the fact that

o, <75 (since c(u) > 0 for all u > 0) we get

Uac’ XUC H{oe<oo}]I{ch <c(Us)})

(/ / 0 H{Xr>c(u—i-s) for all 7"<s}]I{XS_+y<c(u+s)}H(u + 8, Xo— + y) (dS dy))

</ / ) T, euts) for all r<st X, ty<cturap H (u + 5, Xoo +9)11(dy)ds >
E,. (/0 /( 0 f‘j(Us,Xs + y)H{X5<C(U5)}H(dy)ds> .
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Hence we have that H(u,z) =0 for all (u,z) € D, as claimed. O

The following Lemma states that H dominates the value function V. That suggest that H
is the largest function with H < 0 that makes the process { H (U, X3) —i—fg G(Us, Xs)ds,t > 0}

a [P, ;-submartingale. The latter assertion will be shown indirectly on the upcoming lemmas.
Lemma 4.4.31. We have that H(u,z) > V(u,z) for all (u,z) € E.

Proof. If (u,z) € D, we have the inequality
H(u,z) =0> V(u,x).

Now we show that the inequality also holds in E \ D.. Consider the stopping time

Te =inf{s > 0: X5 > ¢(Us)}.

Then using the Markov property and equation (4.49) we get that for all (u,z) € E with

x < c(u) (here we take ¢(0) := lim, | c(u) > lim, g h(u) = 00),

H(’LL, .%') = Eu,x (H(UTC7 X’T'c)) + Eu,ac (/0 G(Usv XS>]I{XS<C(U5)}dS>
— Eu@ (/0 4 /( 0 -E’(Us’ Xs + y)H(dy)H{Xs>c(Us)}d5)

= By (H(Un, (U,))) + B ( [ ew. Xs>ds) ,

where in the second equality we used the fact X creeps upwards and 7. < co. Note that since
X > 0 if and only if Uy > 0 for all ¢ > 0 and that c(u) > 0 for all u sufficiently small we have
that ¢(Ur,) > 0 and hence H (U, c¢(Ur.)) = 0. Therefore

H(u,z) = Eun </OT G(US,XS)ds> > V(u, ),

where the inequality follows from the definition of V' as per (4.14). O
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It turns out that the fact that H dominates V implies that b dominates the curve c¢. This

fact is shown in the following Lemma.
Lemma 4.4.32. We have that b(u) > c(u) for all u > 0.

Proof. Note that in the case that X is of finite variation with II(—00,0) < oo we have
that c¢(u) = 0 < b(u) for all u > ugy. We proceed by contradiction. Suppose that there
exists ug > 0 such that b(ug) < c(up). Then in the case that X is of finite variation with

I1(—00,0) < o0, it holds that ug < upg. Take x > ¢(up) and consider the stopping time
op = inf{s > 0: X, < b(Us)}.

Then from the Markov property and the representation of H given in (4.49) we have that

Ty
H(UO,QZ) = Euo,x (H(UU;,XU;)) + EUO@ (/0 G(Usts)H{Xs<c(Us)}d5>

oy N
By (/0 /( ) H(Us, X5 + y)H(dy)H{sz(Us)}dS) :

Moreover, since V (u,x) = 0 for (u,z) € D and 0 > H > V we have that

Euow (H(Ug'b_ ) ng—)> = IEuo,:Jc <H(Uo'b_ ) ng— )H{XG, <b(U0)}>
b b

oy .
= Euo,x <A /( 0 H(U87 Xs + y)]I{Xs+y<b(Us)}H(dy)d3>

= Euge </ ’ / H(U,, X; + y)H(dy)ds) ,
0 (—00,0)

where the second equality follows from the compensation formula for Poisson random mea-
sures. Hence, combining the two equations above and from the fact that = > ¢(up) and then

H(up,z) =0 we get

%
0=Ey 2 /
0

Due to the continuity of b and ¢ we have that there exists a value u; sufficiently small such

G(Uy, Xs) + / H(Uy, X, + y)II(dy)
(70070)

H{XS<C(US)}d3> :
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that c(v) > b(v) for all v € [ug,u1). Thus, from Lemma 4.4.19, the fact that u — G(u,z) is
strictly increasing when z > 0 and the inequality U > V (see Lemma 4.4.31) we have that

for all w > 0 and = > b(u),

G(u, ) + / ﬁ(u,x + y)II(dy) > G(u, x) +/ ‘7(u, z + y)(dy) > 0,
(—00,0) (—00,0)

where the strict inequality follows from Lemma 4.4.19. Note that taking x sufficiently big we
have that, under the measure P, ,, X spends a positive amount of time between the curves

b(u) and c(u) for u € [ug, u1] with positive probability. Thus, since 0. < 7; the above facts

imply that
oy "
0=y, / G(U,, X.) + / F(Us, X + 9)T1(dy)| Tx. <o yyds | > 0.
0 (_0070)
which is a contradiction and then we have that ¢(u) < b(u) for all u > 0. O

Note that (4.45) and the definition of uy given in (4.44) imply the inequality G(u,x) +

f(_oo oy H(u, 2 +y)I(dy) > 0 for all u > 0 and 2 > c(u). It can be shown that such inequality
guarantees that the process {H (U, X;) + f(f G(Us, X5)ds,t > 0} is a P, z-submartingale for

all (u,z) € E. We finish the proof showing that indeed ¢ corresponds to b.

Lemma 4.4.33. We have that then c(u) = b(u) for all w > 0 and V(u,x) = H(u,x) for all
(u,z) € E.

Proof. Suppose that there exists u > 0 such that c(u) < b(u) and take z € (¢(u),b(u)). Then

we have by the Markov property and representation (4.49) that

™D
H(ua l‘) = EU@ (H(UTD’ XTD)) + EU,Z </0 G(Usa XS)H{XS<C(U5)}dS)
D ~
—Eux /0 /( ) H(Us, Xs + y)I(dy) L x, > e,y ds |

where 7p = inf{t > 0: X; > b(U;)}. On the other hand, we have that
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V(,2) = By < /0 " G(Us,Xs)ds> .

Hence, since X,, = b(U;,) > ¢(U;,) and Lemma 4.4.30 we have that H(U.

TD>

X)) = 0.

Moreover, using the inequality H >V (see Lemma 4.4.31) we obtain that

D
0> E,, /
0

where the strict inequality follows by the inequality (4.45) and the continuity of b and ¢. This

G(Us, X,) + / H(Us, X5 + y)II(dy)
(70070)

H{XS>C(US)}dS> > 0,

contradiction allows us to conclude that c¢(u) = b(u) for all u > 0 and H(u,x) = V(u,z) for

all (u,z) € E. O

Remark 4.4.34. A close inspection of the proof tells us that the assumptions that H < 0

can be dropped when II = 0.

4.5 Examples

4.5.1 Brownian Motion with drift example

Suppose that X; is given by
X = ut + UBta

where p1 > 0, 0 > 0 and B = {By,t > 0} is a standard Brownian motion. Here, we consider

the case p = 2. Then
G(u,z) = w)'(0+)W(z) — Es(9).
It is well known that for 8 > 0 and ¢ > 0,

Y(B) = 1252 + up and P(q) = i [ 12 4 202q — M}
2 o2 :
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Thus, ' (0+) = u, ®'(0) = %, d"(0) = —Z—; and ®"(0) = 30*/u®. The scale function is (see

e.g. Kuznetsov et al. (2013), pp 102) given by
1 2
W(z) = —(1 —exp(—2uzx/c%)), x> 0.
1
An easy calculation shows that W*2) is given by
2 1 2 o* 1 2
W@ () = Em[l + exp(—2u/0’x)] — ?ﬁ(l —exp(—2p/o°z)),  x>0.

For all z € R, the value E,(g) can be calculated from (4.7) via differentiation to have

Ex(g) = =9/ (04)[@"(0+) + 2®(0)°] + ¢/ (0+)W*(x)

N

z <0

=% 3R
[V V) |
=8

exp(—2u/o?x) + %exp(—Q,u/a%) x>0 '

and E(g?) = ®"(0)y'(04+) = 3(c/u)*. Moreover, we know that X, ~ N(ur,o?r) and for any
x >y and z € R that (see e.g. Salminen (1988), pp 154) that
1 2 2
P ( B@ inf B@ <y ) = —— palz—2)=a’r/2=(lz—yl+z-y)*/(2r) 4
$< N Edz,oér;g s/ <y \/%e z,

where Bt(a) = at+ B;. Hence by noticing that X;+x = o [u/ot + By + z /o] = U[Bf“/a) +x/0]

for any t > 0, we obtain that for any x > 0 and z > 0,

]P)I(Xr € dZ,XT < O) = ]P)m/a(O-Blgu/a) € dz, O-B?(“#/U) < 0)
1 6(7#2)(z_z)_(g)gr/z_(zﬂ)?/(zg?r)dz

Vomo2r
_ L g ()G (8) e/ 20
Voro2r
_ e 1 ¢<z+x—ur> d.
o2r o2r

where ¢ is the density of a standard normal distribution. Hence we have that for any x > 0

and z > 0,

1 B - —_—
Pa(X, €5, X, 2 0) = L o (FT ) - (2L

184



Then we calculate for any u > 0

By (/TO [(r +u)¢"(0+)W(X,) — Ex, (g )]H{Xr<b(r+u)}dr>

b(r+u)
/ / [(r + w)d' (0-0)W (2) — E(9)]Pa(X, € dz, X, > 0)dr

_/0 {H(ruxb(r+ u)) — e 21/ YH(r,u,—x b(r—|—u))}dr,

where a lengthy but straightforward calculation gives

b Z—T — ur
H ) = [T+ 0w 00w - Bl Lo (S Y a:

o o2r

= (r+1) [‘1’ (W) - (‘”Z\}‘”)]
) E+t+ Zz] o—2u/7% [ g [ (b—ax\;w) v (Wﬂ
N U;L/;e_w/g% [¢ (W) —¢ <w>] '

From formula (4.19) we know that

/Z/[OOO E_u—2(g)W(du)dz + V(0,0)

- — V(0,0
2M3x 2# :c + V(0,0).
Then,
0 30?2
—V_(0,0) = —.
5 —(0:0) 208

From Theorem 4.4.23 we have that for v > 0 and x > 0,

V(u,2) = V(0,0)[1 — 4 (0+)W(x)]

+/ {H(r, u, z,b(r +u)) —6_2“/"2”&[{(1", u, —x,b(r—l—u))}dr.
0
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Therefore the curve b(u) and V(0,0) satisfy the equations

/ {H(r, u, z,b(r +u)) — e_QM/UQxH(r, u, —x,b(r + u))} dr
0

+V(0,0)[1 — 4" (0+)W (b(w))] = 0,

302 0
0B %VHO,O) =0,

for all v > 0, where

3ot
——— < V(0,0 0.
5 = (0,0) <

Note that %VJ’_(O’ 0) can be estimated via [V (hg, ho) — V(0,0)]/hg for hq sufficiently small.

We can approximate the integrals above by Riemann sums so a numerical approximation
can be implement. Indeed, take n € Z; and T > 0 sufficiently large such that h = T'/n
is small. For each k € {0,1,2,...,n}, we define up = kh. Then the sequence of times
{ug,k =0,1,...,n} is a partition of the interval [0, T]. For any x € R and u € [ug, ugy1), we

approximate V' (u,x) by

n—1

Vi(ug, z) = Vo[l — ¢/ (0+) W (2)] + Z[H(uifkﬂ,uk’ﬂ?, bi) — € MV H (wi i, ug, —,bi)]h,
i=k
where the sequence {by,k =0,1,...,n — 1} and 1} are solutions to
n—1 )
%[1 - @Z/(O“‘)W(bk)] + Z[H(ui—k-i-l? Uk, ka bl) - 6_2“/0— IH(ui—k+17 Uk, _bk‘7 bl)]h’ =0
i=k

for each k£ € {0,1,...,n — 1}. Note that, for T" and n sufficiently large such that h is
sufficiently small, the sequence {by,k = 0,1,...,n} is a numerical approximation to the
sequence {b(tx),k = 0,1,...,n} and can be calculated by using backwards for a fixed value
Vo. Indeed, a method for solving the system is: fix Vi and calculate the sequence {b,‘f’, k=
0,1,...,n} by using the first equation above. If the curve obtained and the value V}, satisfy
the second equation above then we have that Vj = V(0,0) and {bkvo,k' =0,1,...,n} =
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{bg,k = 0,1,...,n}. Otherwise, vary the quantity Vj and recalculate until both equations
are satisfied. We show in Figure 4.3 a numerical calculation of the optimal boundary and the

value function using the equations above. The case considered is when y =1/2 and o = 1.

Optimising curve BM p=0.5, 0=1 Value function BM p=0.5, o=1

b(u)
4
I
V(EX)

Figure 4.3: Numeric calculation of the optimal boundary and value function V for the Brow-
nian motion with drift case.

4.5.2 Brownian motion with exponential jumps example

Consider the case in which p = 2 and X a Brownian motion with drift and exponential jumps,
this is, X = {X;,t > 0} with

Nt

Xe=pt+oB—) Vi, 120,

i=1
where 0 > 0, u > 0, B = {By,t > 0} is a standard Brownian motion, N = {Ny, ¢ > 0} is an
independent Poisson process with rate A > 0 and {Y;,7 > 1} is a sequence of independent
exponential distributed random variables with parameter p > 0 independent of B and N.
We further assume that pup > A so X drifts to infinity. The Laplace exponent is given for
B = 0 by

A8

v = s+ 55— 2
2 p+ B
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where p is a positive constant. In this case the Lévy measure is given by II(dz) = Ape’*dx

for all z < 0. An easy calculation leads to ¢/'(04+) = u — A/p,

2.3 2\
&' (04) = and  ®"(04) = ~ZL P
o= A o = A
It is know that (see e.g. Kuznetsov et al. (2013), pp 101) the scale function W is given by

1 ecl z eC?m

w0 Ty TV

W(x) =

for x > 0, where

and

(50 en) - (F0-0) o

2

G =

(o}

Then differentiating (4.7) we have that

E.(g) = —¢/(0+)[®”(0) + 2®(0)?] + ¢ (0+)W**(z)
[Zzit]%j At

0.22 N .
LR = st (= AW () 220

z <0

For x < 0 the value function is then given by

/ h /[ E_y - (g)W(du)dz + V(0,0)
0,00)
/ - /[ [@"(04) + '(0)2(—u — 2)] ¥/ (0+)W (dw)dz + V(0,0)
0,00)

— [@(0)(~2) + ¥ (0)E(X ) (—2) — ¥/(0)%a?/2] + V(0,0),

where in the last equality we used that ¢(0+)W(z) = Py(7y = o0) = P(—X_ < z) and
hence ¢/ (0+)W (du) is the density function of the random variable X . From (1.17) we

188



know that for any 8 > 0,

B(cfXo) = ¢'(0+)¢(ﬁg)'

Hence, by differentiating and using the fact that ®'(q) = 1/¢/(®(q)) we can see that

(0
BYX.0) = g
Hence,
V(0,2) = — %@”(O)x +8(0)222/2| +V(0,0)

for any = < 0. Next, we calculate for any = > 0,

/(_ 0)V(O, &+ Yzt y<or(dy)
— /_‘x [_gq)//(o)(x +y) — @’(0)2(33 + y)2/2 +V(0, 0)] Apel?dy

0
= e " / [—;@”(O)y —@'(0)%y*/2 + V(0, 0)] pe’dy

700// / 2
e [0 _OF ).

Similarly, we have that for all v > 0 and = > b(u),

b(w)
/( 0) V(uv T+ y)ﬂ{0<x+y<b(u)}H(dy) = e—/w/o V(U, y))\pepydy

= e P V(u,y + b(u))I(dy).
(~b(w),0)
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Hence, we have that for any u,x > 0, (4.27) reads as

V(u,x)

o2

=V(0, 0)?W/(x)

o
—E, (/0 e_p(XS_b(u+s))H{XS>b(u+s)}

0
0

0.2
= V(0.0) 5 ()

Viu+s,y+blu+ s))H(dy)ds)
(—=b(u+s),0)

H{Xs<b(u+s)}d5>

Glu+ s, X,) + /( V0K )Ty 1)
—00,0

- Vit s,y b+ sIA)E, (P soy) ds
0 (—b(u+s),0)

e

0.2 00
= V(0, 0)7W/($) - /0 V(u+s,b(u+ s))Fa(s,x,b(u+ s))ds

H{Xs<b(u+s>,xszt>}d5>

Glut 5, X,) + /( VOX Ay 1)
—00,0

+/ Fi(s,u,x,b(u+ s))ds,
0
where for any s,u,z,b >0

F (37 u, x, b) =E (G(U + 5, Xs + x)H{Xs+z<b,Xs+a:20})

B N 3@// 0 P’ 0 2
+E <)\e p(Xs+x)) [ 2/5 ) _ [()2) + V(0,0)} ]I{Xs+m<b,Xs+x20}> )

Fy(s,z,b) =E (efp(Xs+x7b)H{Xs+x>b,§s+x20}) )

V(u,b) = / V(u,y + b)II(dy).
(=b,0)
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Then we have that V', b and V' (0, 0) satisfy the equations

Viwr) = V(0,07 W / Fy(s,u, 2, b(u + ))ds
- / V(u+ s,b(u+ s))Fa(s,z,b(u+ s))ds,
0="V/(0, O) W/(b( ) + /000 Fi(s,u,b(u),b(u+ s))ds

— /0 V(u+ s,b(u+ s))Fa(s,b(u),b(u+ s))ds,

3., d
0= 5"(0) + 5-V1(0,0)

for all u,x > 0, where for any b,s,u > 0 and x € R,

We can approximate the integrals above by Riemann sums so a numerical approximation
can be implement. Indeed, take n € Z; and T > 0 sufficiently large such that h = T/n
is small. For each k£ € {0,1,2,...,n}, we define uy = kh. Then the sequence of times
{ug,k =0,1,...,n} is a partition of the interval [0,7T]. For any z € R and u € [u, ugt1), we

approximate V' (u,x) by

n—1
Vh(uka ) VO W/( ) +Z[F1(ui_k+1,uk,x,bi) _Vh(uiJrlabi+l)F2(Ui—k+1,$,bi)]h,
i=k
where V(uy, b,) = 0 and
[b:/R]
Vi (u;, b;) Z Vi( uz,jh)/\pe”]hh
7j=1

for any i € {1,2,...,n — 1}. The sequence {bx,k =1,...,n — 1} and Vj are solutions to

n—1
- W/(bk) + Z[Fl(uiflwrl? U, bk, i) — Vi (Uit1, biv1) Fo(wi—gr1, b, bi)Jh =0 (4.52)
ik
3 Vi, (ho, hg) — V4
0

for each k € {0,1,...,n — 1}. The functions F; and F» can be estimated by simulating
the process {(X¢, X;),t > 0)} (see e.g. Kuznetsov et al. (2011), Theorem 4 and Remark
3). Note that, for n and T sufficiently large, the sequence {by,k = 1,...,n} is a numerical

approximation to the sequence {b(tx),k = 1,...,n} and can be calculated by using backwards
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induction. Indeed, with a fixed value V) and the condition V(uy,,b,) = 0 , we can first obtain
bn—1 using equation (4.52). This allows us to compute Vj,(up—1,2) which in turn gives us
Vi (tn—1,bn—1). We can then finally obtain b,_2, Vi (un—2,bn—2), bn—3, Vi(tun—3,bp—3),...,b1
by repeating the aforementioned steps. With these values, we can calculate V},(hg, hg) and

repeat the procedure for different values of Vj until (4.53) is satisfied.
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4.6 Appendix

Proof of Lemma 4.4.1. First, notice that due to the spatial homogeneity of Lévy processes
and that x — E,(gP~!) is non-increasing it suffices to prove the assertion for z < 0. Using

Fubini’s theorem we have that for all z <0,

E, (/Ooo Ex, (gp_l)ds) = /(_Oom) E.(g"1) /OOO P.(X, € dz2).

Since X drifts to infinity we can use the density for the O-potential measure of X without

killing (see equation (1.21)) to obtain

—~c0 ¥'(0+)
= w/(é_‘_) /_ E.(g 1) [1 — ' (0+)W (z — Z)] dz
+ w’(éﬂ / N E.(g"")dz. (4.54)

Now we prove that the above two integrals are finite for all x < 0. From the fact that
2+ E,(gP™1) is continuous on R and W is continuous on (0, 00) we can assume without of

loss of generality that x = 0.

First, we show that the first integral on the right hand side of (4.54) is finite. From

Lemma 4.2.2 we have that

/OOO E_.(¢" ") [1 = ¢/ (0H)W(2)] dz

p—1

_ _ 2
< PTE(-X)[E(" ) + Apa] + ——CpaE((-X0)P),
where A,_1 and C,_; are non-negative constants. In the equality above we relied on the fact
that z +— 1 (0+)W (z) corresponds to the distribution function of the random variable —X .

We conclude from Lemma 4.2.1 that
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/OOO E_.(¢" ) [1 — ¢/ (0H)W(2)] dz < oo.

Now we proceed to check the finiteness of the second integral in (4.54) when z = 0. Using

the strong Markov property we have that

00 [e.e]
/ Ez(gp_l)dzz/ Ez(gp_lﬂ{7—<oo})dz
0 0 ’
<ot /0 E=((70)" Ty cony)dz +277 /O Ba(Ex _ (9" My <oc)dz

<2 B My o)+ 27 [ BB (0 D <o)z

where in the last inequality we used the fact that X _ < XT(; and that z — E.(¢?!) is a

non-increasing function. Using Fubini’s theorem we have that

f B @ s otz = [ ETIRAX, < dya:
_ p—1 > Py
/(W7O)Ey(g )/0 P.(X,, €dy)d
- /0 E_y (g )1 — ¢/ (0-H)W (y)]dy

< 00.

It thus only remains to show that

> —\p—1
/0 E.((mg ) ]I{TO_<OO})dz < 0.

For this, define the function Fi(q) := [;° Ez(e*qﬁ;ﬂ{ﬂ@o})dz. Differentiating with respect

to 3 the equation (1.17) and evaluating at zero we obtain that
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where e, is an independent exponential random variable with parameter ¢ > 0. On the other
hand, define the function Fb(q) = [;° E_z(e_qTOJr)[l —9/(04+)W(z)]dz. Using the expression

for the Laplace transform of TJ the definition of W, we have that

Falq) = /0 T o)W (e = — — — Fi(q).

The fact that Fy, = F; implies that, when « is a natural number, we can take derivatives of

order v (with the help of the dominated convergence theorem), at ¢ = 0 and conclude that

[e. 9]

/000 IEZ((T(;)QH{TO_<OO})dz < oo if and only if /0 E_.((mo")M)[1 — ¢/ (0+)W(2)]dz < oo.

Furthermore, if @« = k + A, with k£ a positive integer and 0 < A < 1, we can draw the same
conclusion using the Marchaud derivative (see e.g. Laue (1980)). Using Lemma 4.2.2 we have

that

/0°° E_.((rg )P~)[1 = ¥/ (0+)W(2)]dz < oc.

and the proof is complete. O

Proof of Lemma 4.4.8. Let x < 0 and take 6 > 0. Then

Eo.((70)") = Ea((7{°)P)
< Ew((T£7O)pH{g+5<7éJ’0}) +Ez((9 + 5>p]1{g+5>fg10})

= E((Tbg7x)p]1{g(*z>+5<7'g’l}) + E((g(im) + 5)p]1{g<7z)+(5>7'}‘?’z})'
Note that on the event {g(=®) +J < 7"} we have that

7% = inf{t > g(_z) +0:Xe+x >0 ul—®)
b t
= 1nf{t >0: Xt+g(_z)+6 + x> b(t_|_ 6)} _|_g(_37) +45

<inf{t > 0: Xy j0y5 2 0(0)} + g + 6,
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where the second equality follows from the fact that after ¢(~%), the process X never goes
back below —x and the last inequality holds since b is non-increasing. We have that the law
of the process {Xt+g(_x) + x,t > 0} is the same as that of PT where PT = Pg is the limit of
PL when z | 0 (see (1.23) for the definition of P} and the lines below for the result stated).

Using the Markov property and equation (1.24) we get

E, (1)) < PENEY, (057D + (2 + DEs((g +6)7)

)
= 28" (GO e Ty oot 1) + (22 4 DESl(9 + 07

< PBry PIE (Yo ) + 2+ DEe(la +0))
= ZEl(riy)) TP € o)+ (2 4 DEL(g + 07

where the second inequality follows from the fact that E,[(7,7)P] < E[(7;7)P] for all 0 < 2 < a
and X5 > 0 under PT. Thus, using (1.24) we have that

W (b(6))
(0,00) W(2)
W (b(5))
1)

PT(X; € dz) + (2 + 1)Es((9 + 6)7)

E(X;) +2P(2P +1)6” 4+ 2°(2° + 1)E,((g)*),  (4.55)

where X is the positive part of X;s. Thus from Lemma 4.2.1 we have that Ex((Tg’O)p) is finite
for any x < 0. Note that from the definition of 7" we have that for any = < 0, 0 < "

(since Uy > Ut( *) for any t > 0 and b is non increasing) and hence

E((7p)") = E((m")") < E((7"")?) = Eou((p)?) < 00

Next, we show that E, ,((7p)P) < oo when u,z > 0. From the Markov property of Lévy

processes we have that

Ey((tp)?) = Ez((T;’O)pH{T}%o—g}) + EI((TIf’O)pH{TﬁONJ})

< Ea((75)") + PEal(05) Ly coup) + Bl <o Ex (721D,

Using (4.55), the inequality \Xga| < |X | under the event {0, < oo} and Lemmas 4.2.1 and
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4.2.2 we deduce that E, ,((7p)P) < oo and the proof is complete. O

Proof of Lemma 4.4.9. For any x < 0, we first show that limp oo, , = o, and limp00,_, =
T, . Since z — o, has non-increasing paths it follows that has right and left limits. Moreover,
due the monotonicity property we can see that

1,3101 Opih <0y -

From the definition of o we have that for all 2 < 0, under the event {0, < oo}, X - <.

Then from the fact that X has only negative jumps we have that under {0, < oo},

. - <lmX - <=z
11mh¢00z+h = hi0 " Tetn

which implies (from the definition of o) that o, < limp0 0, , and then limy oo, , = 0o
when {0, < oo}. If w € {0, = oo} we have that X _(w) = inf;>¢ X¢(w) > « and then there
exists ho(w) sufficiently small such that X __(w) > = + h for all h < hg(w). That directly
implies that

x+h:OO:O'

lim o .

d . = 00}.
i under {0, = oo}

Now we prove that limygo,_, = 7, for all z < 0. From the definition of 7,7 we can see that
for all z <0, 7, <limp g0, ;. Then if 7,7 = oo the result follows. Take w € {7, < oo} and
assume that 7,7 (w) < limpg o, _,(w). Note that for any h > 0 we have that limp oo, _,(w) <
o, ,(w), implying that for all s € [0,limyg0, ,(w)), Xs > x — h for all h > 0. Hence we
conclude that X, > x for all s € [0,limp 90, ), in particular holds for s = 7, (w) which is
a contradiction. Thus,

limoy_, =7,

Next, we show that for any = < 0, 7, = o, a.s. Using the fact that o, <7, and the strong
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Markov property we obtain that

P(r, >0,)=E (H{U;<OO}IP’X07 (1, > O))
=FE (H{U;<OO}H{XU_ :O}PXG; (T; > 0)) +E (H{o;<oo}H{XU— <O}IP)XG; (T; > 0))

=P(o, <00, X,- =0)Ps(7, >0).

Note that if X is of infinite variation we have that P,(7, > 0) = 0, otherwise P(c, <
00, X, - =1x) =P(1, <o00,X - =ux) =0, where we used the fact that the random vectors
(1, XT(;) and (0, X -) have the same distribution and that X can only keep downwards

when o > 0 (see (1.14)). Hence P(r, > o,) = 0 for any « < 0. That implies that

limp,_q Opyp =0y as.

Now we proceed to show the second statement. Recall that  — o is non increasing, by

the right continuity of X; we have that for any = < 0,

Moreover, since o, T o, a.s. when h | 0 we have by quasi-left continuity that for any

x <0,

IimX - =X _ as.
hi0  Tz+h Iz

The proof is now complete. ]
Proof of Lemma 4.4.10. First note that from Lemmas 4.2.1 and 4.20 we have that for any

x € R,

E, (V(O,XUE)]I > By (V(0,X0) > —AL | — Cb By (|X oo P) + V(0,0) > o,

=)

where X = inf;>0 X;. Next, since 0, = 0 under the measure P, for any z < 0, the
assertion is satisfied for V' (0, z) when = < 0.

Assume that v > 0 and > 0 and let 7 € 7, and assume that 7 < oo P, ;-a.s. Then we have
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that by the strong Markov property that

E,. ( /0 TG(US,XS)ds>

TAOy T
= Ey (/ " QU X,)ds +H{UO<T}/ G(US,XS)ds>
0 oy

TNO, T
oo (/ QUL X)ds + 1, Ex (/ G(US,XS)ds)>
0 0 70 0

TNO
>E,, (/ " QU X,)ds +]I{U<T}V(0,XU)> ,
0 0 0

where in the last inequality we used the definition of V. Hence, taking infimum over all

7 € T’, we have that for any (u,z) € E,

TAO,
Tlgg_Eu@ </0 G(Us, Xs)ds + ]I{UO<T}V(O,XUO)> < V(u,z).

On the other hand, from the definition of V', we obtain that for any 7 € 77 and u,z > 0 that

TNAC,
Eu. </ " QU X,)ds +}I{U_<T}V(O,XU_)>
0 0 0

TAGy
Eo </0 G(Us Xo)ds + oy inf Bx (/ G(Us, X,)d ))

TAOq T’ ooy +0o,
Eu o / G(Us, Xs)ds + Ii5ry €88 i;l_f Ey o / G(Us, Xs)ds
0 T'E 0

7))
)
=)

where the second last equality follows since for any stopping time 7 € 77, we have that

TAC, T
Ey </ 0 G(Us, Xs)ds + Ligery essinf By, </ G(Us, Xs)ds
0 T'>04 o

’>O’

=Eu. <H{Uo_>7}/0 G(Us,Xs)ds—l—I[{ - }essmfIEux </0 G(Us, Xs)ds

7' ooy + 05 > 0, and the last since the term H{ao‘<7} fOUE G(Us, X)ds is .7-'00— measurable
and does not depend on 7’. By using the definition of the essential infimum we have that for

any stopping times 7 and 7/ > o

/ G(Us, X5) ds>ess1nf/ G(Us, Xs)ds
0

T'eT!
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and

essinf B, , (/ G(Us, Xs)ds

S =
T'>0,

F, ) >Eyz (essmf/ G(Us, Xs)ds

f>.

Hence, we deduce that for any stopping time 7 and any u > 0 and = > 0 that

TAOy
D (/ ’ G(US,XS)ds+]I{U<T}V(O,XU))
0 0 0

)

> Ey,q. (H{Uo>7}/0 G(Us,Xs)ds—HI{aaq}IEu,m (eflsei%l_f/o G(Us, Xs)ds

=Fu, (H{05>T}/ G(Us,Xs)ds+]I{a()—<T} e§§€i7rlf/0 G(Us,Xs)ds>

Ey (essmf/ G(Us, Xs)d )
'eT’

where in the equality we used the fact that for any stopping time the random variable
I (o5 >7} Jo G(Us, X4)ds is .7-"00_ measurable. It is easy to show that the family of random vari-
ables {— fOT/ G(Us, X5)ds, 7" € T'} is upwards directed (see for example Peskir and Shiryaev
(2006), pp 29) so that (see e.g. Peskir and Shiryaev (2006), Lemma 1.3 or Section 1.2.1)

there exists a sequence of stopping times {7 : £ > 1} such that

T/ T
ess sup —/ G(Us, Xs)ds| = lim [—/ G(US,XS)ds]
TeT! 0 nee 0

with — [[* G(Us, Xi)ds < — [*™ G(Us, X,)ds for all k > 1. Hence, by the monotone con-

vergence theorem we have that

Euz (essmf/ G(Us, Xs)d ) =—E,. <esssup [—/ G(US,XS)ds]>
T'eT! 'eT!
= (hm [ / G(Us, X5) ])

= lim E, , ( G(Us, Xs)ds )
0

k—o0

> V(u,x).
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Therefore we deduce that for any v > 0 and x > 0 and for any 7 € T,

TAO,
Eus (/ ' G(US,XS)ds+]I{JO_<T}V(O,XUO—)) > V(u, )
0

which implies that

TAUO
inf By ( /0 G(Us,Xs)ds+]I{JO_<T}V(O,XJO_)) >V (u, 7)

for any u© > 0 and x > 0. The proof is now complete. ]

Proof of Lemma 4.4.14. Let u > 0 fixed. First we note that z — T;’m is non-increasing. That

7x+

implies that for any « € R the limits limp o 7 " and limy, 0T T exist and

lim T;L’erh < T;L’x < a;”w < lim T;’wfh,
[ )

where ¢,"" = inf{t > 0: X; +z > b(u +t)}.
First we show that for any z € R, limp o 7 wh 0,’". Note that the assertion is clear when
x > b(u), so we assume that x < b(u). From the right continuity of X and the fact that

T;L’m_h decreases when h | 0 we have that

. . u,x—h . u,x—h
lith,O T;L,Z—h = %%XT;,z—h = léj}]l[b(u + Tb ) — X + h] S b(u + 1}1\1&)1 Tb ) — :C,

where the last equality follows since b is non increasing. Moreover, we have that for all
s < limp o T;“C_h and h > 0, Xy < b(u+ s) —x + h. The above facts imply that for all

xT

s € [0,1imppo X we-n], Xs < b(u + s) — 2z and then limpyo X we-n < o,"" establishing the
b b
claim. Furthermore, using the fact that 7,"* < ¢,"" and the strong Markov property, we have

that

P(ry" <o) = B(f(u+ 7", Xova)) = E(f (u+ 7,7, b(u + 7,°%))),

where f(v,y) = Py(op° > 0). Since b is non increasing we have that o < 7':(_”), where

T;(_v) =inf{t > 0: X; > b(v)} so then for any v > 0 and y > 0, f(v,y) < IP’y(TbJEv) > 0).

Therefore, since 0 is a regular point for (0, 00), we obtain that f(v,b(v)) < Py, (le(v) >0)=0
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for any v > 0 and hence
]P’(T;;L’m < O’;L’x) = 0.

Therefore we conclude that

li u,z—h _ ux _ _ux
im 7, =o0," =7,"" as.
hl0
Now we proceed to show that for any v > 0 and x € R, lim,, 4,)—(0,0)+ T£+h1"’”+h2 = 7,77

Take v > 0 and x € R fixed values. Note that since b is non-increasing we have for any

0<hi<hand 0 < hs < handt >0 that,
b(u+h+t)—h<blu+hy+1t)—hy <blu+t).

Then we have that for 0 < hy < h and 0 < hy < h,

TgLJrh,gH»h < T:+h1,x+h2 < Tg/,,x.

u+h,x+h

So it is enough to show that limy, g T;L thath _ 7';; ¥ Note that T increases when h
decreases so the limit exists and
lim T:+h’x+h < T;"‘T.
hl0
. 1 1/n . . . .
Moreover, limy, g 7'; thath SUp,,>0 T;L H/natl/n o g stopping time. Then by quasi-left

continuity property of Lévy processes we have that

limp,o 7o+t = lfgrol XT:+h,z+h a.s.

= lim[b(u + h+ 7"y — 2 — B

0
> limb(u + h + lim T;L’Hh) —x
A0 A0

— b(u + lim ") — ¢
( +hJ,OTb ) ’

where in the inequality we used the fact that b is non-increasing and that for any h > 0,

T Fhath < Jim, 0T et oand in the last equality that b is right-continuous. Hence we have
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that limp o T;Jrh"wrh e{t>0:X;+x>bu+t)} almost surely and then limy g T;Jrh’ﬁh >

7,"" a.s. Hence, we conclude that for any u > 0 and z € R

lim Tu+h1,:r+h2 _ Tu,x
(h1.h2)—(0,0)+ b

,x+h

In particular we have that limy o 7';“” = T: “ a.s. for any v > 0 and = € R and then

,x+h

limy, 0 7, =7,"" a.s. holds.

O]

Before proving Theorem 4.4.22 we first consider a technical lemma involving the derivative
of the potential measure. More specifically, for fixed a > 0, 2 € (0,a) and r € NU{0} denote

by U,(a,z,dy) as the measure

Ur(a,z,dy) = / t"P(Xy € dy,t <oy A 71)dt.
0

Lemma 4.6.1. Let g € NU{0} such that f(_oo ) |z|9I(dx) < co. Fiza >0 and0 <z < a.
We have that for all r € {0,1,...,q} the measure U,(a,x,dy) is absolutely continuous with

respect to the Lebesque measure. It has a density u,(a,x,y) given by

ur(aa T, y) = hm(_l) - W(q) (.%' - y) ’

Lo 174G (a;)W(Q)(a —y)
ql0 q"

W) (a)

fory € (0,a]. Moreover, for a fired a > 0 the functions x — Ex((ﬂj)”ﬂ{agq;}) and x +—
ur(a,x,y) are differentiable on (0,a) and have finite left derivative at x = a for all y € (0,a)
andr € {0,1,...,q}.

Proof. Let a > 0 and = € (0,a). First we show that for all » € {0,1,...,¢} the measure
U,(a,x,dy) is absolutely continuous with respect to the Lebesgue measure. Take any mea-

surable set A C (0,a), thus by Fubini’s theorem

/ Ur(a,z,dy) = / t'"P. (X € At < oo /\T;)dt
A 0

T;L/\Ja
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From Lemma 4.2.1 we know that E,((7,7)") < oo for all 7 € {0,1,...,q}. Then by dominated

convergence theorem we have that

T;'/\oo_
Us(a,z,dy) = limE, / tre LeArdt
/A ( Y) 10 ( 0 {XcA} )

/ el 1) or W(‘J)(m)W(Q)(a —7)
W(a)(a)

- W (z — y)] dy,

where the last equality follows from (1.18). From the convolution representation of W9
(see equation (1.7)) the derivatives in the last equation above exist and indeed u,(a,z,y)
is a density of U,(a,z,dy) for all y € (0,a). Now we proceed to show the differentiation

statements. Note that from equations (1.3) and (1.8) we have that
—q7d T—a
fola) = Ea (e ]I{cro_<7'(2"}) = ®@(@=a) _

for any = € (0,a). Since W is differentiable, the proof follows by induction and implicit

differentiation. A similar argument works for the function z — u,(a,z,y). O

We also need a technical lemma regarding the convergence of the stopping time T,f”y

(defined in (4.22)). Recall that in this context we understand b(0) as infinity.

Lemma 4.6.2. For all y € R we have that

llgn Tbg’y_h =7 a.s.
0

Proof. Recall that for all ¢ > 0, the mapping « — Ut(x) is non-increasing. Then we have that,

for any y; < y2 and fixed ¢t > 0, Ut(_yl) < Ut(_yz) so that b(Ut(_yl)) > b(Ut(_yQ)). Thus for any

y1 < yo we see that

{t>0: X, >bU) =y} C{t>0: X; > bUT) — ).

Y1

Therefore we conclude that 7% < 7/¥" when y; < y». That implies that for all y € R,

y—h

limy, o 7Y ™" exists and

oY <lim Tbg’y_h,
hl0
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where oY = inf{t > 0: X; > b(Ut(_y)) — y}. Note that since the sequence Tbg’y_h decreases

when % | 0 we have that for all s € [0, limpyo 78V ™") that X, < b(USY™) —y 4 h for all
h > 0. By taking h | 0 and by right-continuity of the mapping z Ut(x) and the continuity
of b we conclude that X, < b(Ug_y)) —y for all s € [0, limp,g Tbg’y_h). Therefore we have that

; 9y—h _ _gy
limy, o 73 =037,

Hence it is only left to show that 7Y = of"Y a.s. Note that we have the inequality

7Y < o, then by the strong Markov property applied to the time 77"¥ we have that

, : 0 0(_g,0
P(ry < op?) = By(P(ry" < oy |7)"))

= E,(f(U g,o,b(UTbg,o)),

b

where f(u,z) = IP’uw(ag’O > 0). Note that for any v > 0 and = > 0,

0 0 0 _ 0 0 _
Puz(o)” > 0) =Pya(o]” > 0,0, <o0y)+Puz(o]” >0,0,"" >0p)

x(og’o >0)+ ]P’z(ag’o > 0q )

+

P
= Px(a;;’o >0, Ug’o <oy)+ IF’u@(og’O >0, a;f’o >0y)
P
Py 7y, > 0) + Px(qj(u) > 0y)

where a}f’o = inf{t > 0 : X; > b(u+ t)} and the last inequality follows since b is non-
increasing and then 05’0 < TbJEu)' Hence, since 0 is a regular point for (0,00), we have
that for any w > 0 such that b(u) > 0, Pu’b(u)(ag’o > 0) = 0. Then we conclude that
P(rY < od¥) =E(f(U_g.0, b(UTé;,o)) = 0, where we used that b(U g.0) > 0. The proof is then

Tp b
complete.

O]

Hence, we are ready to proof that the partial derivatives of V at (u,b(u)) exist and are

equal to zero.

Proof of Theorem 4.4.22. We first show that for all u > 0 such that b(u) > 0,

0
%V(u,b(u)) =0.
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From the proof of Lemma 4.4.15 we know that for any A > 0

V(u,b(u)) = V(u—h,b(u Totuen) [(u—+ s)P~1 — (w— h + s)P~1
0 < Vi) = Vi <>>§Eb(u)(/< QAR i (R AD) ]d8>,

The result then follows taking h | 0 and from the fact that the function u — uP is differ-
entiable on [0,00) for all p > 1, the dominated convergence theorem and the fact that b is

continuous.

Next we proceed to show that derivative on the spatial argument exists and is zero, i.e.

0

%V(u,b(u)) =0.

Let x > 0, u >0 and 0 < ¢ < 1 such that x —e > 0 and b(u) > 0. From equation (4.23) we

know that
V(u,x —¢)
TN
- / G(U+S7Xs+$_€)d8
0
Tg’zfa
+E ( forp<mi™™e) | GUE™, X, +a —s)ds)

T NS 79 F
~E, (/ b G(u+s,Xs— 5)ds) +E, (]I{Uql;u,s}/ b GU®, X, — 5)ds>
0 € oc

T;'ie/\og Tbg’ Aoy
=E, / Glu+s,Xs—e)ds | +E; ]I{U_<T;,fa} / GUY), X, —¢)ds
0 € os

+ By (H{JO<T§7’ € {Ue <7 }/ B 8)d8> ’

where in the last inequality we used that o. < oy under the measure PP,. On the other hand,

define the stopping time 7, := T;L’_E]I{U—>Tu,fs} + 707
s >Ty

]I{qu;ks}. From equation (4.15) we
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have that

T« \O Tx
V(u,z) <E, (/ ’ G(u+ S,Xs)ds) +E, (]I{UO—<T*}/ G(Us,Xs)ds>
0 I
7';"76/\0'; 75’76/\007
=E, / Glu+s,Xs)ds | +E, ]I{O_—<7_u,7a} / G(u+ s, Xs)ds
0 € oz
+Eﬂﬂ({ow “or e }/ G0 X d)

where we again used that o7 < o, . Hence for any u > 0, 0 < < b(u) and 0 < € < 1 such
that x —e > 0 and b(u) > 0

Viu,z) = V(u,x —¢)
€

0< < Rgg)(u, x) + Rgg) (u, ) + Ré‘g)(u,m),

where
(&) 1 Tbu “Fnhos
Ry (u,x) :== gEx ; [Gu+s,Xs) —Gu+s,Xs—e)lds | >0,
R 1 (©)
5 (u,x) = EEI (o <r~%) Glu+s,Xs) —GUS, Xs—¢)]ds | >0,
1
Ri(f) (u, ) == EEZ (H{UO<T§7’ : {as <y’ }/ G(Us, Xs) — G(Us(g)aXs - 5)]d5> > 0.

We will show that lim, g Rga)(u, x) =0 for ¢ = 1,2,3. From the fact that b is non-increasing

we have that 7"~ < Tb( and then for all u > 0 and z = b(u) we have that

u)+e

- / [E2+€(gp_1) - Ez(gp_l)]/ IP’b(u)—s()(s €dz,t < 7—;_ A 00_>d8
€ J(0,p(u)) 0 (u)
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Using the density of the 0-potential measure of X exiting the interval [0, b(u)] given in equa-

tion (1.18) we obtain that

R (u, b(u))

< By ( / PO sty ) ?/(Xs —¢) d3>

o

bu)—e 1 [W(b(u) — &)W (b(u) — 2)
— p—1y _ p—1y12 — —e—
[ Bt - ms | Wb — < - 2)| a:
1 /b““ 1 1y [Wb(w) =)W (b(u) — 2)
- = E.ye(g? —E.(¢" dz
c b(u)—s[ + ( ) ( )] W(b(U))
Note that for all s < Tb'Eu)JrE Aoz, we have Xg € (g,b(u) + €). Then using the fact that
W € C1((0,00)), the function z — E(gP~!) is continuous, lim, g TJU)+£AU; = TbJEu) Noy =0

a.s. under Py, and the dominated convergence theorem we conclude that
lim R (u, b(u)) = 0.
im 72y (u,b(u)) =0

Now we show that lim. o Rés) (u,b(u)) = 0. Take 0 < z < b(u). Then using the inequal-
ity G(u,z) < uP~!, the fact that for s < o5, Xs > 0 (then —E_1(¢?!) = G(0,-1) <

G(US(E), Xs —¢)) and the strong Markov property at time o we get that

1 _ _ — C\p— _
Réa)(u,x) < E]Ex (]I{GE_<T;L,75}[TI§7’ Aoy — ol [(u+78 " Aoy )P + E_q(gP 1)])
1 _
< gEx <H{J;<T;Eu)+s}f(o-e aXJE_)> )

where f is given for all t > 0 and « € R by
ft,x) =12 Nu+ )P P+ E_ i (P DE(r) Aoy ) + 22 EL (1 ° A ag )P) < o0,

due to Lemma 4.4.8. Note that E,(7{" Aoy ) = Eo((rf""° Aoy )P) = 0 for all z < 0. Thus,
from (4.55) there exists M > 0 such that

1118@({1[‘3;,;(7'57’_‘E A 00_),1[355((71)9’_6 Nog)P)} <M

for all z < . Hence from the compensation formula for Poisson random measures we get
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that

Ry (u, )
< max{Ec (1" Aog ), Ee((ry"° Aog )P)}

1 _ _ _ _

b(u)+e

1
+M-E, <]I{crs et 2PN ut o P Eoa(gP ) + 2P o <£—:})

b(u)+e

= max{Ea(Tf’_E Nog), IEE((7'bg7_E Nog)P)}

1
X EE$ <]I{O'E<T+

b(u)+e

ﬂ?%u+qLW%VL+E_N¢’U—FTH>
+ —
M Tb(u>/\0'0
+ —E,_. </ / [217—1(“ + t)p_l - G(O’ _1) + 2p_I]H{—6<Xt+y<0}ﬂ(dy)dt>
€ 0 (—00,0)
= maX{Eg(7'(;‘]’_5 Aoy ), ES((Tﬂ_a Nog)P)}
1
-E, (I, -
X - < {oz <Tb+<u)+5

b(u) 00
[ E et Ea g 2
0 (—e—z,—2) € Jo

X Py_o(Xy €dz,t < T;(_u) A oy )dtII(dy).

ﬂW1W+ﬁ%ﬁV1+E4@pU+T10

Letting = b(u) and tending € | 0 we get from Lemma 4.6.1 that

o pe) —
lalﬁ)l Ry (u,b(u)) = 0.

Lastly, using the Markov property at time o, and the fact that Tg’o <7 "¢ we get that

g,—¢

RO (u,z) = °E, (1 i E R
3 AT T\ Hog <) T Y o <m0} Xao_ 0

1
= “Es (L ety Lpom ey [V (0, X,0) = V(0. X, = 2)])

(G(Us, X,) — GUE) X, — 5)]ds] )

—€

1 Ty
+ EEI (H{UO<T§,—E}H{O_E<T;¢,—5}EXJO_ [/7—%0 G(US,XS)sz])
b

S‘gEx<H [vxorxga)—‘/ahng'—gﬂ)

1 [ ’0 [ -1
+ ot <H{%<f;""f}ﬂ{os<r;"‘€}IEXa0 ([Tbg T lm) )>

{oo <" "%}
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where we used the fact that G(Us, X) < sP7! < (7"7°)P~! for all s € [Tbg’O,Tbg’fs]. We can
easily deduce from (4.19) that for any z < 0,

0< 2V = [ B W),
8:1,‘ [0,oo)

Then for all x < 0, x — V(0, ) is differentiable and has left derivative at zero. Using Lemma

4.2.2 and the fact that P(—X _ € du) = ¢/(0+)W (du) we get that for all z < 0,

o PIE() + Apa] + 97 Cp B X)) | 47y
g’ (0:2) < ' (04) o)

P~

Thus since |XUO—| < | X | and E; (=X )P71) < oo for all z € R (see Lemma 4.2.1) we have
that Ex(a%V(O, XUS)) is locally bounded. Moreover, by the dominated convergence theorem
we can also conclude that for each x < 0, a%V(O, x) is continuous. Hence, by the dominated

convergence theorem and the right continuity of b we have that

1 0

181\{{)1 gEx <]I{J;<T;’7£}[V(07 XU(;) - V(()? Xo'a - 6)]) = Em <]I{0'O_<T;L’O}amv(07 Xo'o)) .

In particular taking = b(u) we have that equation above is equal to zero. On the other

hand, conditioning on o_ we have that

1 - 01(g:—e\p—1
_E, <]1{%<Tbg,5}]1{0€<T;,5}EX% (I =gy ))
1
= EE;E (]I{O_E—<Tbu,—s}f2(5, XUE_)) 3

where

0 < fQ(Ev ‘T) = Ex <I[{U()_<Tg’E}EXO'O ([7—597_6 - 7570](7—1397_6)}71)) .

We show that fy is finite function. For all y < 0 we have that conditioning with respect to

TJ_ and the strong Markov property of Lévy processes

Ey (157 = i 7P ) < PE((O0) + 2By (7))

< 2PE((r97°)P) + 2P Ap + 2P CylP.
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where the last inequality follows from Lemma 4.2.2. Hence, since \XUO_| < | X o | under the

event {0, < oo} we have that

PE((177°)P) + 2P A, + 2PCREL (| X P) = > 0,

f2(57$) < _
ZPE((197°)P) + 2P Ay + 2PCplx P z <0.

(4.56)

From Lemmas 4.2.1 and 4.4.8 we conclude that fa(e, z) is a finite function. Moreover from the

fact that b is continuous and x +— Ut($) is right continuous we deduce from Lemma 4.6.2 that

limeyo 7" =7/ 0 a.s. and then by the dominated convergence theorem, lim,. 10 fa(e,2) =0

for all x € R. Moreover, using the compensation formula for Poisson random measures we

get that

1

2B Lz crpey ol X))

1
~ <H{a;<ﬂ;ru>+s}f2<5’Xo;>)

Py(o < TbJEu) X - =¢)

+e’ " " oe

€

= f2(€75)

1
+ e ( /[0 | /( ) Fales X + 9z, cpuyeylix, >l +y<ep NV (dt’dy)>

P07 < le(—’u)-‘rE)

e

S f2(575)

1 0o
+ EE$_€ <A /(_0070) fQ(E, Xt + e+ y)H{t<'erzu>/\aU}]I{Xt+y<0}H(dy)dt> .

From the O-potential density of the process killed on exiting [0, b(u)] (see equation (1.18))

211



and from equation (1.8) we obtain that for x > e,

éEm (H{02<T:’_E}f2(€’ XUf_))
W (b(u)) — W(x —¢)
eW (b(u))

< f2(5’5)

1 00
+ / / f2(€a z+e+ y)]l{z—l-ySO}H(dy) / PxfE(Xt € dZ,t < TbJEu) N Ua)dt
€ J(0.b(u) J(~00,0) 0

W (b(u)) — W(x —¢)

= OO )
1 (" [W(x —e)W(b(u) — 2)
- [ O Z)] /< _ Ple et udya:
1 b(u) W(I‘ _ €)W b(u) . Z)
T /IE W (b(u) /(OO,Z) fa(e,z + e+ y)II(dy)d=

Note that since II is finite on sets of the form (—oo,—¢) for all § > 0, Lemma 4.2.1 and
equation (4.56) we have that the integrals above with respect to II are finite and bounded.

Hence, taking = b(u) and from the dominated convergence theorem we conclude that

1
im — o uy—e -)) <O.
tim By (Tgoz crpy9(6:X,)) <0
Hence, we also have that
lim R3(e)(u,b(u)) =0
€l0
and the conclusion of the Lemma holds. O

4.7 Conclusions

The aim of this chapter is to predict the last zero, g, of a spectrally negative Lévy process
drifting to infinity in a more general sense than the one studied in Baurdoux and Pedraza
(2020b). For any p > 1, we have shown that a stopping time that minimises the L,, distance
to g depends on U; = t — g, the current excursion above the level zero at time £ > 0, as

studied in Chapter 2. That is, we have showed that

Vi=E(lmp —gl"),
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where 7p = inf{t > 0: X; > b(U;)} and b is a non-increasing, non-negative and continuous
function as characterised in Theorem 4.4.23. Moreover, the function b is infinity at the origin
and tends to zero at infinity. Note that since U; = 0 when X; < 0, this means that the length
of the current positive excursion keeps restarting whenever X visits the negative half line
until there is a sufficiently large positive excursion. As we have in Chapter 1, an important
drawback of this prediction is that X, > 0 (since b is non-negative), implying that 7p and

g can never coincide in value.

A key feature of the optimal stopping problem (4.14) is that, since the process U restarts
when X visits the set (—o0,0), the value V(0,0) plays an important role in its solution.
Similarly of what we have in Chapter 1, (V,b,V(0,0),up) is uniquely characterised by a
system of non linear integral equations within a certain family of functions. For instance, the

inequality
/ V(u, x4 y)II(dy) + G(u,z) > 0 on D
(_0070)

is crucial for the submartingale property of the process {V (U, X;) + fg G(Us, Xs)ds, t > 0}
to be satisfied. When X corresponds to a Brownian motion with drift (then II = 0), such
inequality is trivially satisfied. We have the conjecture that when o > 0, such inequality can

be disregarded for the uniqueness part of Theorem 4.4.23. This is left for future research.
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Chapter 5

On the downcrossings by jump to
the negative half line for spectrally

negative Lévy processes

Abstract

For a spectrally negative Lévy process, using perturbation argument for
Lévy processes (see Dassios and Wu (2011)), we find the joint Laplace transform
of the local time at zero and the number of times that the process crosses below
the level zero by a jump from the positive half line before an exponential time.
We then find the joint Laplace transform of the i-th downcrossing by jump
and its overshoot. For Lévy insurance risk processes, we use this result to find
a formula for the expected present value of the total economic costs of the

downcrossings by jump before an exponential time.
5.1 Introduction

Spectrally negative Lévy processes are popular in risk theory. In particular, they are used
to model the capital of an insurance company. The Cramér-Lundberg model used in the
classical risk theory assumes that the insurance company collects premium constantly at
rate ¢ > 0, the number of claims are modelled by a Poisson process N = {N;,t > 0} with
rate A > 0 whereas the size of the claims are modelled by a sequence of independent and

identically distributed random variables {Y;,7 > 0} which are independent of N. The capital
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of the insurance company at any time ¢ > 0 is then given by

N
Xi=z+ct— Z Y,
i=1
where z € R is the initial capital. More general models also include a stochastic perturbation

modelled by a Brownian motion or processes that belong to the class of spectrally negative

Lévy processes (see Section 2.7.1 in Kyprianou (2014)).

In the classical risk theory, the study of the first moment of ruin 7, i.e. the first time the
process becomes negative is of interest. If we assume that the process has both a diffusion
component and jumps, one question that arises naturally, is whether the moment of ruin
is made by crossing the boundary continuously or as a consequence of a sufficiently large
jump from the positive half line. The first event can happen as a consequence of an insuf-
ficient premium rate or a small initial capital whereas the second can be understood as an
“unexpected” ruin which may be caused by a big claim or a catastrophic event. Moreover,
assuming that the insurance company can support a negative capital for a while, then the
insurance company can return rapidly to have solvency when the ruin occurs due to continu-
ous crossing of the boundary and it is when the ruin occurs due to big jump that the process
takes a strictly positive amount of time to have a positive capital. It is then useful study
the distribution of the number of times the ruin occurs as a consequence of a sufficiently big

jump in a finite time horizon.

A function that is of interest in the literature is the Gerber—Shiu function (see Gerber

and Shiu (1997) and Gerber and Shiu (1998)) which is given by

ey
EI (6 0 w(_XTOi’XTOi*)]I{TOi<OO}) 5

where r > 0 is the force of interest, the term —X_ - is the deficit at ruin and X - :=
0 0
limp, g X_-_, is the wealth prior ruin. The function w is a measurable non-negative function
0
chosen such that w(—XTJ , XT(;_) represents the economics costs of the insurer at the moment

of ruin. Formulas for calculating this function have been derived in the literature for several
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models (see Asmussen and Albrecher (2010) for a review of them). For the spectrally negative
case, Biffis and Morales (2010) derived a formula for the generalised penalty function which
includes the last minimum before ruin. Cai et al. (2009) considered the expectation of the
total discounted claim costs up to the time of ruin in a Poisson process with drift setting.
Motivated by the latter, we derive a formula for the expected present value of the total
economic costs of all the downcrossing by jumps below the level zero before an independent

exponential time, i.e.

Jep
Er | Y e iw(Xp,, Xe,m) |
i=1
where J; is the number of downcrossings by jump below the level zero at time ¢ > 0, {x;,i > 1}
are the consecutive times in which the downcrossing by jumps occur and e, is an exponential

distribution with parameter p > 0 independent of X.

The main contribution of this paper is the derivation the Laplace transform of the random
variable Je, (see Theorem 5.2.1) for a spectrally negative Lévy process X of finite variation.
In order to count the number of downcrossing by jumps, we can define a sequence of stopping
times at which the process has positive and negative excursions away from zero. With the
help of the Markov property, the fact that X creeps upwards and the lack of memory property
of the exponential distribution, we can derive the distribution of Je,. However, when X is a
process of infinite variation, this method is no longer useful. Using a perturbation method as
in Dassios and Wu (2011), we can “perturb” the process X in such a way that the number of
zeroes is at most countable. We can then evaluate the distribution of Je, by a limit argument.
It turns out that J, is only finite when the jumps are of finite variation and its distribution
can be studied as the product of a Bernoulli random variable and an independent geometric

distribution (see Remark 5.2.2).

This chapter is organised as follows. In section 5.2, we define formally J; as the number
of downcrossing by jumps to the negative half line of a spectrally negative Lévy process in
terms of the Poisson random measure. We then derive the joint Laplace transform of the

local time at 0 and the number of downcrossings at an independent exponential time (see
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Theorem 5.2.1). We then derive in Corollary 5.2.3, the joint Laplace transform of the i-th
downcrossing and its overshoot. In Section 5.3, we derive a formula for the expected presented
value of the total economic costs of all the downcrossing by jumps below the level zero before
an independent exponential time (see Corollaries 5.3.1 and 5.3.2). The proof of Theorem
5.2.1 uses the perturbation method for Lévy processes that was studied in Section 3.3.1.

We finish this section by introducing some additional notations.

5.2 Downcrossings by jumps

Throughout this chapter we use the notation and the preliminary results presented in Chap-
ter 1.1. Let X be a spectrally negative Lévy process, that is, a Lévy process starting from
0 with only negative jumps and non-monotone paths, defined on a filtered probability space
(Q, F,F,P) where F = {F;,t > 0} is the filtration generated by X which is naturally enlarged
(see Definition 1.3.38 in Bichteler (2002)). We suppose that X has Lévy triplet (u,o,II)
where € R, 0 > 0 and II is a measure (Lévy measure) concentrated on (—oo,0) satisfying

f(—oo,o)(l A z?)II(dx) < oo.

For any p, 8 > 0 we define

5~ 5s + % (B(p) + )
d+02d(p) ’

o) (8) = (5.1)

where ¢ is defined in (1.2). When p = ¢(8) or § = oo, the above quantity is understood in
the limiting sense, i.e. when § = oo, §%)(3) = 1 for all p, 3 > 0 and

o J2
Q(P)(q)(p)) _ 0 w(s(f_(l;l)(;(‘p) ®(p)

for any p > 0.

We denote by J; the number of downcrossings below the level zero of the process made

by jumps , i.e.

217



Jt = / / ]I{XS,>O}H{XS,+y<O}N(dS X dy) (52)
[0,t] J(—00,0)

Clearly J; = 0 a.s. for all ¢ > 0 when Il = 0. Henceforth, we will assume that II # O.
Moreover, from the fact that N takes values in {0,1,2,...} and from the strong Markov
property of X, we can easily deduce that J; € {0,1,2,...}. In the next Theorem, we find the
joint Laplace transform of the local time at zero and the number of downcrossings by jump

at an exponential time. For ease of reading, the proof is presented in Section 5.4.

Theorem 5.2.1. Let X be a spectrally negative Lévy process. Then the joint the Laplace
transform of the local time and the number of downcrossings by jump at an exponential time

is given for all a, 8 >0 and x <0 by

B_D(5+d(p)ZL — -2 ) _ qo2
B, (e 0Fer=Ble) = 1 4 @) (e ) ( L 2[ G ) a9

ao? + ¢/ (2(p)) + (77 — 1) [¥'(2(p

|
iy
S

)
no

|
i)

and for x > 0,

Ey(e~Ler=Blen)y =1 — 700 (z) 4 = |70 (z) — eé(p)wz(p@(p))(x)}

+ e Ble@@2z®2®) (1) — @) (1)] 4 CP) (x)} E(e~Lep=Ble)  (5.4)

where e, is an exponential random variable with parameter p > 0 and the functions I and
C are giwven in (1.12) and (1.15) respectively. The terms 6 and o should be understood in
the limiting sense when X has jumps of infinite variation or in the absence of Brownian

component.

Remark 5.2.2. From the proof of Theorem 5.2.1, we can simplify formulas (5.3) and (5.4)
for specific cases depending on the characteristics of X. For instance, if X is of finite varia-

tion, we have that Ly = 0 for allt > 0 and

5 (»,0) R i Gk ),
1+ (77 = NI®O (z) + e PP PILEP0) (2) s —mn m s,
(=0 —1)(5-525)

*(p)
R I z<0

z >0
E,(e Pler) = .

14 2P
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When X has jumps of infinite variation, we have that § = oo so that when 8 > 0,

1= Z00)(g) 4 o8 [I(p,[)) (z) — 6<I>(p):vz(p,(1>(p))(x)] , x>0

E,(e o) = . :
1— 2@z x <0

which implies that

6<I>(p)xI(p7‘1>(p))($)’ x>0
]P)x(Jep = OO) = & ‘
L <0

Moreover, when we take o = 0, we can rewrite equation (5.3) as

(p)z (6_6 — 1)9(}7) (0)
L= 700 ((p))’

E,(e Per) =1 + €

where the function 0) is given in (5.1). A close inspection of the formula above tells us

that, under the measure IP, the random variable Je, can be seen as the product of a Bernoulli

random variable with success probability T := 0®) (0) and an independent geometric random

variable with support on the set {1,2,...} and success probability ©g := 1 — %) (®(p)), that

18,

T+t
®(p)o* + 0

n—1

P(Je, =0)=1—17p

P(Je, = n) = npng[l — 7g]

o? n—
_ 00T — g | [ @) ] [2we’ i v@e)]"T
®(p)o* + 0 P(p)o? +0 ®(p)o® + 46 ’
In any case, we have that for any x € R and o > 0,
aoc?

Ex(e—aLep) =1- eé(p)zz(p’(b(p))(x) 244/ (@(p))
oo p

Note that the result above agreess with the one derived in Li and Zhou (2020) (see Corollary

3.4) up to a multiplicative constant.

Now we proceed to study the Laplace transform of i-th time that the process X makes
a downcrossing by jump below the level zero from the interval [0,00), i.e. we study the

distribution of the random time
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ki :=1inf{t > 0: J; > i},

for i € {0,1,2,...}, where as usual inf {) = oco.

Recall t — J; is non negative and non decreasing. We then have that kg = 0 and k; < K41
for all ¢ > 0. Moreover, it is easy to show that for each ¢ > 0, J; is F; measurable and a
right-continuous process. These facts imply that for each 7 > 0, the random variable k; is a

stopping time with respect to the filtration {F;,t > 0}.

We calculate joint Laplace transform of the random vector (k;, Xj;). The method is
mainly based on an exponential change of measure technique and the result derived in The-

orem 5.2.1.

Corollary 5.2.3. Let X be any spectrally negative Lévy process. Then for any p > 0 and
B =0,
16 (5)e<1>(p)x x <0

Ex(e_lml—’—ﬁxml K1 <00 ) = . (55)
{r1<oc} ePrT@h) (1) — P (2)[1 — 6P (B)] = >0

Moreover, for i > 2, we have that for any p >0 and 8 > 0,

Ex(e_pﬂﬁﬁX“iH{m@o})

— 9@ (5)9@)(q)(p))z'—zEz(e—pm+<1>(p)Xm }1{,{1@0})

16 (5)9(17)(@(]0))1'*16@(10):6 x <0
16 (5)9(1))(@(},))@‘—2 [6<I>(p)xz(p7<1>(p))($) —_cw) (z)[1 — g(p)(q)(p))]] x>0

9

where the functions Z, C and 0 are given in (1.12), (1.15) and (5.1) respectively.

Remark 5.2.4. Note that when X has jumps of infinite variation, we have that § = oo and
then 8®)(8) =1 for all p, § > 0. We then have that for all p >0 and § >0
e2(P)z <0

Ex(e—l?m-&-Ban H{H1<oo}) —

PrT®h) () >0
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and
Ew(e_p“i+ﬁxﬂiﬂ{ni<oo}) = Em(e_pm+¢(p)xﬂH{n1<00})'

for all i > 2. This agrees with the fact that when X has jumps of infinite variation, 7, = 0
P-a.s. even when there is no Brownian motion component and then k; 4 71 for all i > 2,

where 11 = inf{t > k1 : X; > 0}.

Proof. Let p > 0 and e, be an independent exponential random variable with parameter p.

Note that the event {x1 < e,} is equivalent to {Je, > 1}. Then for all z € R, we have that

Ex(eipm]l{m<oo}) = ]P)z(fﬂ < ep)

=1 - Py(Jo, = 0).
Taking o = 0 and 8 — oo on equation (5.3), we obtain that

. e®@)rg(®) (0) <0
Ex(e P 1H{51<oo}) = . (56)
PO () — W) (2)[1 — 8P (0)] = >0

Take 8 > 0, using an exponential change of measure, we get

Ex(epr1+BX,€1 H{ml<oo}) — Ex(efw(ﬁ)li1+ﬁXn1 67(17*1[1(6))/{1 ]I{R1<OO})

= eﬂzEﬁ(e_(p_w(ﬂ))*“}l{m@o}),

where PP is defined in (1.22). Recall that under P?, X has Lévy triplet

(u — B — / y(e? — DII(dy), 0%, eﬁyﬂ(dy)> :
(-1,0)

and then ®3(q) = ®(¢ + ¥(B)) — B for all ¢ > —1(5)). Moreover, it can be shown that
0;;1)()\) = 9latv(®) (X + B) for all ¢ > —1)(B) and A > 0. Hence, using (5.6) under P, we have
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that for z <0,

E, (e Po1t8X = PTRS (e~ PV (B)x

1]I{m <oo})
— eﬁxeéﬂ(p—iﬁ(ﬂ))xgl(ap—lb(ﬁ)) (0)

" ]I{nl <oo})

= ®Pzg) ().

Similarly, for x > 0, we obtain from equation (5.6) under IP’g and the definition of Z and C
(see equations (1.12) and (1.15)) that

Ex(efpm+ﬁan ]I{m <OO})

- eﬁng(ef(pfw(ﬁ))m]l{m@o})

= PPV () Pl YUB) pyy =)

™) e O(p)—p F

. e,BxU;{WB(P—iﬁ(ﬁ))’(w) —(D(p) — 5)W6(p_¢(5))($)}[1 o gép—ib(ﬁ))(o)]’

where W[gq) and Z éq) are the scale functions of X under the measure P?. Computing the
Laplace transform of W/E,p_d)(ﬁ)), we can easily show that Wép_d)(ﬁ))(x) = e PP @) (z) for all
x € R. Thus, for all 8,p > 0 and = > 0,

Ey(e PitAXa, ) =e" + (p— /I Bla=9) @) ()dy — 2
(e {ri<oo}) = €77 + (p — ¥(B)) o c (y)dy o) - 5

+ P (@)0(8) - 1]
= P27 (1) — ) (z)[1 — 0P (B)].

Now we assume that ¢ > 2. Conditioning with respect to the filtration at time x;_1, we get

that for any p > 0 and >0

Em(efp'{ﬂrﬁx'” Liki<oo}) = Ex(eipmilH{mq<oo}Ex(eip(Krm*1)+BXHi ]I{M<OO}“7:’W*1))

= Em(eipmflﬂ{mfl <<>0}IEXM,1 (epr1+Ban H{m <00}))

where we used the strong Markov property for Lévy processes in the last equality. Using the
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fact that X, <0 for all j > 1, we obtain from formula (5.5) that
Eo(e PNHBXnT ooy) = 00 (B)Eg (e PRt PP X, ).
Thus, by an induction argument, we conclude that for i > 2,
Ey (e P X T coy) = 0P (B)07 (B(p)) By (e PPN ).

The proof is now complete. O

Remark 5.2.5. From the fact that for all i > 1, Je, > i if and only if r; < e,, we can
easily deduce the probability function of Je, in terms of the Laplace transform the variables

ki. Indeed, for all p > 0 and x € R,

Py (Je, > 1) = Pa(ri < €p) = Eo (e Iy, <o0})-

5.3 Applications

In this section, we consider that X is a Lévy risk process so that the capital of an insurance
company is modelled by X with initial capital x € R. We further assume that X is a
spectrally negative Lévy process with jumps of finite variation. In the classical risk theory,
we consider the moment of ruin as the first time the risk process crosses below zero. If we
assume that there is a Brownian motion component (o > 0), the moment of ruin can occur
either by creeping or by a jump below the level zero. Note that if the time of ruin is made by
creeping, with probability one, the process is above the level zero instantly. Thus, it is also
of interest to consider the time of ruin as the first downcrossing by jump below the negative
half line. Inspired by the Gerber—Shiu function (see Gerber and Shiu (1997) and Gerber and
Shiu (1998)), we define the expected present value of the economic cost of the insurer of the

first downcrossing by jump below the level zero as
Ez‘(eiwﬂw(anXml—)]l{n1<oo})7

where r > 0 is the force of interest and w : (—o00,0) x (0,00) — R is a measurable function

representing the cost of the ruin by jump as a function of the capital before and after such
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moment of ruin. The value above can be calculated as

Ea (e 0( Xy Xy gy cocy) = /( . /(0 )1, ),

where for any y < 0 and z > 0, the measure f(")(dy, dz) is such that for any set A C (—o0,0)
and B C [0,00),

E. (e*’"'ﬂﬂ{m<oo,x,ﬂeA,XﬁleB}) :/A/Bfagr)(dyvdz)

It turns out that the measure f() is absolutely continuous with respect to the Lebesgue
measure. As a direct consequence of Corollary 5.2.3, we derive a formula for the density in

terms of the scale functions.

Corollary 5.3.1. Let X be a spectrally negative Lévy process with jumps of finite variation.
For all v > 0, the function f(") satisfies

£ (dy, dz)
=1I(dy — 2) (@’(r)e_q)(r)z [eq)(r)x - E, (]I{m@o}e_mﬁq)(”x“l)} — W (z — z)) dz

forallx e R, y <0 and z > 0.

Proof. Let A C (—00,0) and B C [0,00). Since J; = 0 if and only if k1 > ¢ and the

compensation formula for Poisson random measures (see (1.25)), we have that

Ea(e™ ™ Ly, <00, X, €4,X,, _€B})
—E, </0 /( 0) e_rt]I{Xt-‘ryGA,XtGB}H{JtZO}]I{Xt>O}H{Xt+y<0}N(dt’dy)>
=E, </0 /( 0) G_TtH{Xt—i-yeA,XtGB}H{Jt=0}H{Xt>0}H{Xi+y<0}ﬂ(dy)dt>
—E, (/0 e TI(A — Xt)I[{XtEB}]I{JtO}dt>

= / / H(dy—z)/ e P (X € dz, k> t)dt,
AJB 0

where the last equality follows from Fubini’s theorem. Conditioning with respect to the

filtration at time k1 and from the strong Markov property, we obtain that
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oo
/ e P (X € dz, k1 > t)dt
0

= / e P (X € d2)dt —/ e P (X € dz, k1 < t)dt
0 0

= / e_Tth(Xt € dZ)dt —E, <]I{”1<OO}€_TH1EXK1 </ e_TtH{Xtedz}dt>)
0 0

et
~E, (H{I»e1<oo}€_m1 [‘I"(r)e_@(r)(z_x”l) - WX, - Z)D dz
et

_ (I)/(T)e_q)(r)zEw (e—rm-l-@(r)Xm ]I{m<oo}) dz,

where the third equality follows from equation (1.21) and the last is due to X,, < 0 and

z > 0. We can then conclude that

Bz (€™ i) <00, Xy, €4,X,., _€B})

/ / (dy — 2) '(r)e_(b(r)z [e(b(r)m - E, (e_T“1+<I)(T)X“1 JI{,{1<OO}>} —~ Wz — z)} dz.

O]

Assume that the insurance company can endure a negative capital for a while so it can
go back to having positive capital. An important quantity to consider in this setting is the
expected present value of the total economic costs of all the downcrossing by jumps below

the level zero before an exponential time, that is,

Jop
R(p,r,x) =E, Z e (X, Xk,—)
=1

for r,p > 0 and = € R. Using Corollary 5.2.3, we give a formula to calculate the value of R.

Corollary 5.3.2. Let X be a spectrally negative Lévy process with finite variation jumps.

For any r,p >0 and x € R, we have that
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R(p,r,x) = E,; (e_(r—i_p)mw(Xm:Xm—)ﬂ{m<oo}>
Ex(e—(r-l—p)m-i-@(r—f—p)X,ﬂ H{ﬁ1<oo})]E (6_(T+p)“1w(X,ﬂ ’ XH1—)]I{111<00})

" L= 00 @+ 1))

where the function 0 is given in (5.1).

Proof. Let p> 0 and r > 0. Since e, is independent of X, we have that

=
8
)
|
1
K
&
s
P
3
L
Il
(e
=
8
3
o
|
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&
s
D
3
|
=
B
I
2
~

Using Fubini’s theorem, we obtain that

Jep e}
E, Z e_rﬁiw(an Xm Z E, ( _me an, Xy ) Z[e—pﬁn - e_p'{"*l])
=1 n=t

— ZE ( (r+p) Mo( Xy Xis— )]I{M<OO}> .
For each ¢ > 1, define the stopping time
7; = inf{t > k; : X; > 0}.

Then, for every ¢ > 2, conditioning with respect to the filtration at time 7;,_; and the strong

Markov property, we obtain that

E, (e_(”p)“"w(Xm,me)]l{mmoo})
=E, (Ex (e*(wp)”iw(Xnn, Xm—)ﬂ{m<oo}‘Fn—1>>

=E, (6—(r+p)7¢—1]1{7i_1<00}) E (6_(T+p)mw(Xmame)ﬂ{m<00}> )
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where in the last equality we used the fact that X creeps upwards. Conditioning the first

expectation above with respect to the filtration at time x;_1, we obtain that

E, (6—(r+p)niw(XM’ Xm'f)ﬂ{m-<oo}>
=E, (e_(r+p)ni71]1{fii,1<oo}EXKi_1 <e—(r+p)7'5r]1{7_o+<oo}>> E (e_(r—i_p)mw(Xm:Xn1—)]1{m<oo}>
=E, (ef(ﬂrp)f%fl]I{M_1<OO}€‘I>(T+I?)XM_1) E (ei(Ter)HlW(XmaXm—)l[{;-;1<oo}>

= 00PN (D (r 4 p)) 2R, (¢ UTPIMARCII X R (e—(r+p)fﬁw( Xy, X )1 {MOO}) ’

where the second equality follows from equation (1.3) and the last by Corollary 5.2.3. Hence,

using the geometric series formula, we obtain that

Jep
E, Zefmiw(X,ﬁi, Xii—)
i=1
-E, <e—(r+p)nlw(Xm7Xm,)ﬂ{,ﬂ<oo}>
N Ex(e—(TJrP)“lJr‘I’(’“JFP)Xm]I{K1<OO})IE (e—(T+P)51w(XH1,XHI_)H{H1<OO})
L= 0D (@(r + p)) |
The proof is now complete. O

5.4 Proof of Theorem 5.2.1

Suppose that X is a spectrally negative Lévy process of finite variation. Starting from zero,
it takes a positive amount of time to enter the set (—o0,0), that is, 7;° > 0 P-a.s. Hence,
stopping at the sequence of times in which X enters the set (—o0,0) after visiting the level
zero, using the strong Markov property for Lévy process and the lack of memory property
of the exponential distribution, we can find directly the distribution of Je,. However, in the
case where X is of infinite variation, it is well known that the closed zero set of X is perfect
and nowhere dense, rendering the latter approach unhelpful (since we have that 7, = 0 a.s).
Therefore, in order to exploit the idea applicable for finite variation processes to help us
prove Theorem 5.2.1, we make use of the perturbation method used in Section 3.3.1. This
method is mainly based on the works of Dassios and Wu (2011) and Revuz and Yor (1999)
(see Theorem VI.1.10) which consist of the construction of a new “perturbed” process X (¢)

(for ¢ sufficiently small) that approximates X with the property that X(¢) visits the level
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zero a finite number of times before any time ¢ > 0. We then approximate .J; by the number

of downcrossing by jumps of X ().

Recall that for ¢ > 0,

where
o =inf{t >0, _: Xy >¢}

Opyq. = inf{t > 0'2:5 1 Xy < 0}

For € > 0, we defined in Section 3.3.1 the random variable Mt(g) as the number of times

the process Xt(a)

is below the level zero at time t > 0 (see (3.12) for its definition). Moreover,
in Lemma 3.3.3 the distribution of M) at an independent exponential time is found. We

have the following remark about its distribution.

Remark 5.4.1. From the proof of Lemma 3.53.3, we can give a probabilistic interpretation
to the functions TP and ZW*®) The function T¥0) () corresponds to the probability of
visiting the interval (—o0,0), starting from the level x, before an exponential time of parameter
p. The function I(p’q)(p))(fv) corresponds to the probability that, given X starts from x, there
is a visit to the interval (—oo,0) and then again a visit to the point x, before an exponential
time. Whilst for all x < ¢, the term e~ ®®)E=%) corresponds to the visit of the point €, starting
from x before an exponential time of parameter p.

Hence, formula (3.13) has the following interpretation: given that X©) starts from x < e,
to have n — 1 wisits to the interval (—oo,0] before an exponential time, we need to have a
first wvisit to the point € (with probability e®P) @) then n — 2 excursions before e, (with
probability TP *®)(£)*=2) and a last visit to the interval (—o0,0) (with probability T®°)(¢))

with no excursions afterwards (with probability 1 — T@®®)(¢) ).

From the definition of Xt(a) and from the fact that X creeps upwards we have that between
any two times the process X () is below zero there is an intermediate time in which the process

X has to be at exactly at level . This fact together with the Strong Markov property of Lévy
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processes let us prove that conditioned to {Me(i) = n} the random variables {XU; ,2<k<n}

are independent.

Lemma 5.4.2. Suppose that X is a spectrally negative Lévy process. Let € > 0 and p > 0,

then for any x € R, n > 3 and B, ..., 3, > 0, we have that

" _BRX _ n —BeX _
E, (H e “k!6|M(gf7) = n) = HIEx(e * ”k»flMéf,) =n).
k=2 k=2

Proof. Let n > 3. We calculate for z € R and Bs,...,8, > 0,

n _ﬁkXo';.
El’ Hk=2 e . ]I{U;,s<ep}]1{ar:+1,s>ep}

Po(0ne < €p, 0,11, > €p)

o _BRX
o (He ’“%IM«5?=”>:
k=2

Conditioning with respect to F_+ _we have that from the Markov property for Lévy process
and the fact that X can only creep upwards, i.e. X _+ =5

—BrX_— —BnX _
—1 o n o
B (HZQ € k’EEx(e n,sH{U;,a<ep}1[{‘7;+1,s>ep}|JT:UI1,5)>

Ey(Py(one < €p, Optle = ep‘}—U;tl s))

—BrX —

E n—1 ke o PTn—1e] E _’B"X"EE]I I
« ([Tizse se el oy oy ) Bele s <epliog.>ep))

—pot - ,
E.(e po”‘l’gﬁ{a;,lE<oo})P€(J2,6 < ep, 03, > €p)

—BrX_— +
n—1 4 -
E, (Hk:2 e kee pa”_l’gﬂ{a,f1,a<°°}> —BnX_— (e)
= Ec (e e |Mep =2),

T
Em(eipan—l,s]l{o_ﬁ»

n—1,e

<oo})

where in the second equality we used the loss of memory property of the exponential distri-
bution. Taking 8 = 0 for all k € {2,...,n — 1} in the above calculation, we get that for all

n>3and z € R,

- X
E, (¢ " one ME) = n) =Bo(e e M) =2).
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Hence, we conclude that

o _BLX
E. <H e ke |Méi) = n>
k=2

BeX_— +
—1 o -
s (e ey )
_ — Ex (6 g"’E‘Mep — n) . (57)
Ex(e 4 n—1,s]1{g74l-71’8<00})

Moreover, for every k € {2,...,n — 1}, setting 3; = 0 for all i # k in (5.7), we obtain that

—BrX_— +
E, <e Thee PIn—t1e]

¥
E, (e P7n-11

—BeX _ {U;L ’E<oo}>
E, (e e ME) = n) - ! . (5.8)

{07y <oo})

Similarly, conditioning with respect to the filtration at time a;f_gﬁ and by an induction

argument, we have that for all n > 3 and x € R,

—BrX_— +
n—1 o —po, _
Ey (Hk:Q € hee 1’E]I{a+ <oo}

n—1,e

—pot
]Edf(e P n7175]1{0+ <oo})

n—1,e

x(e 72,e o P02 el ; <oo}) Ee(e 92, e_p 2,e] ; <OO}>
= T T J
E.(e paz’s]l{o;s@o}) k=3 Ec(e pUQ’EH{o;EQO})

where we understand that HZ;; = 1 when n — 1 < 3. Hence, for any k € {2,...,n — 1},

taking 8; = 0 for all ¢ # k in the equation above and using the result given in equation (5.8),

we obtain that

—BrX_— +
B X E.(e F e e P

Eo(e e |MY =n) =

{0 .<o0})

E.(e <]

{a{€<oo})

Therefore from above and equation (5.7), we have just proved that for all n > 3, x € R and

517"‘7571207

" _BLX _ n —BeX _
Ex (H e k Gk:,E |Me(i) = n) = H E$(e k O’k,a ’Mé;‘;) = n)
k=2

k=2

The proof is complete. O
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Note that the event {Méi) = n} means that the process enters the interval (—oo,0) a
total of n — 1 times either by creeping or by a jump. Hence, in the event {Me, = n}, we find
the probability that the k-th visit to the interval (—oo,0) is made by creeping. For any p > 0

and x € R, we define the auxiliary functions

o /AW P () — D)W P ()} cW ()
) =1 = e @)t W () | ewezweg) )
[1 — e~ ®PEZ®0) ()@ (1)

0:(2:P) = 1 = o ) = 200 (2)e P - T8 (1) (5.10)

where we understand that p(z,p) = g-(z,p) =1 for all z € R when o = 0.

Lemma 5.4.3. Let € > 0 and p > 0. We have for alln > 2 and z < € that

Po(X,- <O0ME =n)=.(c,p)

On,e

and for any 2 < k < n,

P.(X - < O\Méi) =n) = p(e,p).

Jk,s
Proof. For 2 <k <n and z < e, we have

I[Dac(XUk—E =0,0,. <€p,0,,1,> ep)
P (X - = O|J\4e =n)= = —
ke Py(0ne < €p,0,,1. > €p)

_ + - -
Px(XUEs =00, <ep,0,.<e€po, . > ep)

)

+ — -
Po(oy. <ep,one <ep,0,.1.>€p)

where the last equality follows since 0;{ < 0,, .- Conditioning with respect to the filtration at
time ak for both the numerator and the denominator and from the lack of memory property

of the exponential distribution, we get

]E:L‘(]I{X _ :0}6 % g 5<oo})
P.(X - =0|MS =n)= .
ke Em( el

<c>o})

Conditioning the above with respect to the filtration at time o, _ and using the strong Markov
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property, we obtain that

I ot
]Ex(]I{XO, :0}]1{%— <oo}€ pak«EEX - (6 PTe H{T;-<oo}))
k,e € < €

P (X, = 0|ME) = n) = _ -
E —po —pr
' Ex(e P k’sﬂ{o;€<oo}EXJ£ (6 pre H{T§'<oo})

Eo(lpx, =0yl _<oye "hee W)
k,e €

—po, +O(P)(X,— o) ’

x\€ e H{O'];S<OO})

where in the last equality we used the formula for the Laplace transform of TS_ given in

(1.3) and the event of {X_- = 0} in the numerator. Then, conditioning with respect to
k,e

the filtration at time a,:r_l, using the strong Markov property and the fact that X creeps

upwards, we get

Eo(lpx, o)l <oye Thee W)
k,e €

(e)
]P)x X - = M = = —
(Xo, = 0IMe,” =) por eNX. o)
Ew(e ke ]I{a,;s<oo})
- -
Ea(e ™ Tor <oy Be(e™ Iix <0yl <oc))

—p7y +2(P)X_—

ot
E;(e ak’sﬂ{g;€<m})Ea(€ 0 H{To—<oo})

=1~ p(Eap)7

where the last equation follows from and (1.11) and (1.14) and the definition of p given in
(5.9). On the other hand, take n > 2 and x < e. Conditioning with respect to the filtration
at time J,J{_LE and from the lack of memory property of the exponential distribution, we get

that

Px(Xa;,E =0,0,. <ep,0,,1.> ep)

' Yn,e

ol oy
Po(X,. =0|ME) =n) =

Pr(ome < €041 > €p)

—pot _ _
E$(€ pan_17€H{a:71 E<OO}]:P€(XO'2_S = 070_2,6 < €p, 03,6 > ep))

—pot _ _
E.(e P%fl,s]l{ai_l E<00}P5(02,8 < ep, 03, > €p))

PE(XUQ_,E =0,09. <ep,03, > ep)

i

PE(Uie < ep, 05, > ep)

where in the second equality we used the fact that X _+ =e In a similar way, conditioning
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with respect to the time o, and using the lack of memory property of the exponential

distribution, we get

E.(e 2<lix  _qyPx _ (Me, = 1))
02,5 02,5

Po(X,, = 0IMe;) =n) = ———
Ee(e 278}1{0-2_’5<OO}]P)X027£ (Mep =1))

Ec(e P72y _gj[l —Z0O(g)e*P)e])
02,5

—®(p)(e—X_- ) 7

E.(e "72<1 [1—Z(®0)(c)e “2¢'))

{05, <oo}

where the last equality follows from formula (3.13). We then obtain that for z > ¢,

[1 — e~ ®@eZ®0) ()R, (e P70 ]I{XTO_ =0}H{Tg<oo})

— 0V o) —
Py (X, = 0|Me, =2) =

, 3 —pry, +P(p) X —
2 E.(e P70 I ) — ZW0) ()e—2(P)E, (e P +2(p) o

{7g <oo} {7y <oo})

=1-0(¢,p),

where the last equality follows from equation (1.11) and the definition of g. (see equation

(5.9)). The proof is now complete. O

For all ¢ > 0 and € > 0, we define the random variable
©_\ _
Sl = Zﬂ{a;sd}ﬂ{x@ <—e} / / H{X§?>0}H{X§i’+y<—a}N(d3 x dy).
k=2 e [0,¢] / (—00,0)

We prove in the following Lemma that the random variable Jt(s) converges to Jy for all ¢t > 0

when € | 0.
Lemma 5.4.4. For eacht > 0, Jt(a) 1 Ji when € | 0, where J; is defined by (5.2).

Proof. For a fixed t > 0, we first prove that the mapping ¢ — Jt(E) increases when ¢ | 0.
Indeed, from Lemma 3.3.1, we know that for all s > 0, XS(E) 1T X5 when € | 0. Hence, for a
fixed s > 0 and for 0 < 1 < €9, we have that ngz) < Xﬁsl) < X, which we can easily take
limits to conclude that Xs(a_z) < XS(E_I) < X,—. This fact implies that {XS(E_Q) >0} C {Xi‘il) >
0} C {Xs— > 0}. Moreover, from Lemma 3.3.1, we have that if s > 0 is such that x> 0,

then there exists a value £k > 0 such that s € [a,ja,a,;rl .) and then xX© = x.. Thus, we
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have for all y € (—o0,0) that

(X S 03 {X) 4y < —e0) = (X > 0bn{X,_ 4y < —e2}
X S 0} N {X,_ +y < —a1}
(

= (X S 03 { X 4y < ).
Similarly, we have that
(X S 0} n{X) 4y < —e0} € {Xom >0} N {X,_ +y <O}
Hence, we have that for all ¢ > 0,
g < g < g,

We have just proved that the sequence {Jt(l/ n),n > 1} is a positive increasing sequence
bounded by J;. Thus, the limit exist and lim,_, Jt(l/ n) < J¢. On the other hand, using
Fatou’s Lemma, and the fact that X(l/n) = X,_ in the event {Xii/n) > 0}, we obtain that

e 1/n ..
it =tmint [ gy N0 X )

> /[O,t] /—oo,O llnrr_lgéf H{X 1/n>>0}H{X57+y+1/n<}N(ds x dy)

- / / ]I{X‘57>0}]I{X5,+y<0}N(dS X dy)
[07t] (—O0,0)

= Jta

(1

where the second last equality follows since X s_/ n) 1 Xs_ when n — oo, the function = —
Ifz>0) is left-continuous and x — Iy, ¢y is right-continuous. Therefore, we have that for all

t>0, Jt TthhenrsiO ]

Similar to Revuz and Yor (1999) (Chapter VI, Theorem 1.10), it turns out that Mt(s) are
approximations to L; in some sense. Now we are ready to prove Theorem 5.2.1. For a fixed
€ > 0, with the help of Lemmas 5.4.2 and 5.4.3, we calculate the joint Laplace transform of
(QeMéi), éi)) Then, taking ¢ | 0, from Lemmas 3.3.2 and 5.4.4 and using the dominated

convergence theorem, we find the Laplace transform of (Le,, Je, ).
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Proof of Theorem 5.2.1. First, consider the case when z < 0. From Lemmas 5.4.2 and 5.4.3,
we have that given {Méf)) = n}, with n > 2, the random variable Jéi) can be seen as a sum
of a binomial random variable with parameters (n — 2, p(e,p)) and an independent Bernoulli
random variable with parameter o.(e,p). Hence, conditioning with respect to the number of

downcrossings of X (), we have that for all 8> 0 and z < 0,
E,( o—20eM$) —BIE) )
fﬁ s (¢~ | M) = n)Bo(ME) = n)
= e:MP (Mg, = 1)

+Z e Pp(e,p) +1 - ple,p)]" Pl Pee(e,p) + 1~ ool B (M) = m).

Then, using the formulas for the distribution of Me, derived in equation (3.13), we have that

Ex(e_QQEM(E ~BJsy) v)
_ e—2a5[1 - I(p,O) (6)6—43(17)(8_90)]

+ e e oe(e,p) +1 = 0ele, )T (e)e P WEI 1 — AN ()]
x Y e e Fp(e,p) + 1 ple,p)" PP ()]

_ 672045[1 _ I(p,O) (E)e*’i’(m(s*@]
6_40‘6[6_65)5(5,]?) +1-— 95(5,P)]I(p’0) (5)e—¢>(l))(a—x){1 — I(p,<1>(1)))(5)]
1 —e~2¢le=Pp(e,p) +1 = ple, p)| [ *®)(e)]

— 20z + e—Qaee—é(p)(a—w)Z(p,O) (E)

e 2% (e? — Doslesp)[1 = T0VO) ()] 4 2 (e P = Dp(e, p)ZPIP)(e)] 4 -2 — 1
1— 6—20461(17@(1)))(5) — e—20s(e=B — 1)p(57p)1(p7<1>(p))(5) ’

_l’_

X

where the second equality follows from the geometric sum. From the definition of p and o,

(see equations (5.9) and (5.10)), we have that

Em (672a5Mé;> 7,8Jé;> )

e—2aee—<1>(p)(s—m) [6—2a5(6—6 o 1) (I(p,(]) (8) o C(p) (8)) + e—2az—: . 1]
1_ 6—2015_2-(]7,(1)(]7))(8) _ e—2a€(e—,3 — 1)[1(177‘1)(13))(5) —CW) (g)e—‘I’(P)E]'

— e—2a5

(5.11)
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Suppose that X is a process of finite variation. Then o2 = 0, C(?) (£) =0 for all z € R,

. . "(®(p))
HmZ®0(ey =1 - P lLm Z®2®)(2) = 1 — L
Elﬂr)l () ()0 and Elﬁ)l () 5

Thus, by the dominated convergence theorem and Lemmas 5.4.4 and 3.3.2, we have that for
all x <0,
Em(e_aLeP —BJep ) = lim Ex(efQQEMéi),ﬁ]éi) )

el0
(e f —1) (5 - ﬁ)

— o)z )
e e - (@)

Using the fact that 02 = 0, we can see that the equation above corresponds to (5.3).

For the case in which X is of infinite variation with no Gaussian component, i.e. 02 =0

and f(_l 0) yII(dy) = —oo, we have also that C(P)(z) = 0 for all 2 € R and

limZP9(e) = 1 and lim ZP®P) (g) = 1.
el0 el0

Hence, taking ¢ | 0 in (5.11), we obtain that

Ex(efaLepfﬁJep) -1 €<I>(p)x‘

From the fact that 6 = oo, it is easy to see that (5.3) also holds in this case. Lastly, we

assume that o2 > 0. For this case, we have that for all p > 0,

limZ®9 (g) = im ZP*®) (¢) = lim cP(¢) = 1.
el0 el0 el0

Then, the joint Laplace transform of (Le,, Je,) under the measure P, for = <0, is given by

—2« -6 _ ,0 _ “2ae _
= ]_ + e(b(p)x hm € 5(6 ]‘) (I(p )(5) C(p) (5)) + e € 1 '
el0 1 — e=20cT(P®(0)) () — =202 (¢=B — 1)[Z(:2W) (g) — C?) (¢)e—2P)e]
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Using L’Hopital’s rule, we obtain that

(6_’6 —1 ) )
20+ %w'( () + (e 5 —1) [Z¢/(®(p)) — 2®@(p) — 0 %]
) 5_1)(5-1-(1) %2 L))—ch
ao? +¢/(2(p)) + (e — 1) [¢/(®(p))

7\
Oq
l\')
_|_
2

Ex(e—aLep_/BJep) =1 + e@(p)x

where we used equations (1.5) and (1.6) so that

0 2
POy = P
lim —Z'P%(¢)

el0 Oz (p) o2
tim £ 2080 (2) = — 2 4/ (@ (p)
el0 oz o2
0 2
ey = 52
li =2 €0 (e) = ~3.2 — ®(p).

Note that when X has jumps of infinite variation, we understand § = oo in the limiting sense

and then, in this case, we have that
E,(e—lerBlen) = 1 — 2@,
Now we consider the case where x > 0. Define the stopping time
Ty = inf{t > 0: X; = 0}.
Then, we have that
Ex(efaLep *BJep) — Ez(efaLep —BJep H{To>e,,}) + Ex<efaLep —BJep ]I{T0<ep}),

Note that since X starts from = > 0, it can reach the level 0 either by creeping downwards
or upwards. In view of the negative jumps, the second case happens if and only if there is
a jump below the level zero and the process creeps upwards to zero after that. Using the

fact that Le, = 0 on {Tp > e,} and that Jo, = 0 on the event {7, > e,} and Je, = 1 on
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{1y < ep,Th > ey}, we have that the first term on the equation above becomes

B, (e_aLeP e H{T0>ep}) =E, (6_5Jep H{To_ <ep}]I{T0 >ep})) + By (6_5Jep H{To_ >ep})

= ef’BEI (GPTO]I{X _<O}PX _ (TO+ > ep)) + PJ}(TO_ > ep)
70 )

-pTy +P(p)X —

= €_B]Ex <€_pTO ]I{X <O}> - €_BE1 <€ o H{X <0}>
7o 70
+1- Ex(e_pT(;H{TJ<oo})

= ¢ PIzP0) () — ®P2TP2E)) ()] 4 1 — 2O (1),

where in the second equality we used the strong Markov property applied at the filtration
at time 7, and the lack of memory property of the exponential random variable, the third
follows from the Laplace transform of 7, given in(1.3) and the last from equations (1.11) and

(1.14). Similarly, conditioning with respect to the filtration at time Ty, we get that

]Ex(e—aLep_ﬂjtw H{To<ep}) = Em(e_ﬁ‘]TO Em(e_a(Lep_LTO)_ﬁ(Jep_JTO )H{To<ep}|]:T0))

= Eo( TP oy (e L),

where we used the fact that (L7y4+¢+ — L7, Xi+1,) is independent of Fr, and has the same
law as (L, X;) for all t > 0, Ly, = 0 by continuity of L and the lack of memory property
of the exponential distribution. Conditioning with respect to F. o using the strong Markov

property and the fact that since JT(; =0if XT(; =0 and JT(; = 1 otherwise, we have that

— — _BJ1'7 -
E, (e *T BJToﬂ{TO<OO}) =E.(e H{To—<oo}Ew(6 pTOH{To<oo}|]:7—O—))

—BJT, —pT_+<I>(p)XT,
=Ey(e oe " 0 Iy cooy)

= e Be®®rz@2®) (1) — cP) ()] 4+ CP) ().
Therefore for all x > 0, we have that

Ey(eLer=Blep) = 1 — T(P0)(z) 4 ¢~ PIZ(PO) (z) — 22 T(P.2() (3]

i (e—ﬁ[eé(p)xz(p@(p))(m) @ (z)] +c® ($)) E(e~Ler—Blep).
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The proof is now complete. O

5.5 Conclusions

Using the same perturbation method as presented in Chapter 2, we have studied the joint
Laplace transform of the local time at zero and the number of crosses below the level zero as
a consequence of a jump before an exponential time. The main difficulty of the study of this
random variable is that in the infinite variation case, (starting from zero) the process enters
the set (—oo,0) immediately, making it a difficult task to count the number of downcrossings
by a jump. In the proof of Theorem 5.2.1, we have used the fact that the perturbed Lévy
process, X (¢), has a finite number of downcrossings. We have first shown that for X(©), con-
ditional on the total number of downcrosings before an exponential time, the total number
of downcrossing by jumps follows a Binomial random variable plus a Bernoulli random vari-
able (that represents the last downcrossing) which depends on the probability of crossing the
level zero by creeping, whereas the local time is approximated using the weighted number of

downcrossings of X (). The final result then follows by a limit argument.

From the Laplace transform of Je, derived in Theorem 5.2.1, we are able to draw some
conclusions about its distribution (see Remark 5.2.2). When X has jumps of infinite varia-
tion, the random variable Jo, is degenerate where it takes only the value of infinity (under
the measure P). This agrees with the fact that X visits the level zero an infinite number of
times (regardles of the value of o) and hence by the lack of memory property of the exponen-
tial distribution, we have an infinite number of (small) downcrossings by jump. When the
jumps of X are of finite variation, the distribution of X coincides with the distribution of a
geometric distribution multiplied by a Bernoulli random variable whose parameters depend

on the function 0.

A key point in the derivation of the results presented in this Chapter is that spectrally
negative Lévy processes have no positive jumps and therefore they can only creep upwards.
This property allows the process to start afresh or regenerate whenever a visit to level zero
happens, making all the calculations tractable. For instance, the derivation of the Laplace

transform of the i-th downcrossing by jump uses the fact that there is always a visit to the
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level zero made by creeping in between two consecutive times {x;,7 > 1} . This fact allows us
to write all the formulas as derived in Section 5.3 in terms of the time of the first downcrossing

by jump and its overshoot, (k1, Xy, ).
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Appendix A

Variational inequalities for

spectrally negative Lévy processes
Let X be a spectrally negative Lévy process with the following representation:

t t
Xi=—pt+oB; + / / xN(ds,dz) + / / z(N(ds,dz) — dsII(dz)),
0 J(—o0,—1) 0 J(-1,0)

where 4 € R, 0 > 0 {By,t > 0} is a standard Brownian motion, N is a Poisson random

measure on Ry x R{0} with intensity dt¢ x II(dy) where II is a Lévy measure, i.e., II satisfies

/(1 A lzHIL(dz) < oco.
R

Fix f € C;’Q(}R+ x R), the set of all bounded C1?(R, x R) functions with bounded

derivatives. By applying It6 formula, we obtain the following decomposition

t
(8. X0) = £(0, Xo) + M, + /0 Ay (F)(s, X,)ds,

where M is a martingale starting at zero and A x)(f) is the infinitesimal generator of (¢, X)
applied to f given by
1, 0?

0 0
-A(t,X)(f)(t’x) = af(tﬂ .%') - M%f(tvw) + 5‘7 wf(tvx) + BX(f)(tv x),
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where

Bt = [ (a0 = ooy 5 S00) ) ),

Note that in order to the derivatives in the operator A x) to be defined it is only needed
that f € CM?(Ry x R). In the next Lemma we show that By can be defined in a subset

B C Ry x R provided that some conditions are met in the set B.

Lemma A.1. Let B C Ry x R an open set. Assume that f is a CY?(Ry x R) function and
that

[ ey <o

for all (z,y) € B. Then we have that |Bx (f)(t,z)| < oo for all (t,x) € B. Moreover if f, its
derivatives and (t,x) — f(—oo 1) |f(t,x + y)|II(dy) are bounded functions in B we have that
Bx(f) is bounded in BN [0,T] x R for any T > 0 and continuous in B.

Proof. Take (t,z) € B. By Taylor’s theorem we know that for each y € (—1,0) there exists
¢y € [x+y,x] C [z — 1,2] such that
51 0

F(t ) = F(62) g f(1,2) =75 oy )

Hence, we have that for any (¢,2) € B that

|Bx (f)(t, )] =

0
T / (f(t,z +y) — f(t,z)) T(dy)
(—o00,—1]

1| 02
S/(_lo)yQQ‘ﬁa:Qf(t’cy)

2
ww Slgarea) [ s [ iy

z€[z—1,z] 2 (—00,—1]

+ [ f(t; 2)[T(—o00, —1]

M(dy) + / (b2 4 y) — F(t2)| TI(dy)

(_007_1}

< 00,

where we used that II is a Lévy measure and is finite on any set away from zero and that
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the derivatives of f are continuous on B and then bounded on compact sets. The second
assertion follows by the fact that the second derivative is continuous and bounded on the
compact set containing the set B = {(t,z—1) € [0,T] xR : (t,#) € B and (t,z—1) ¢ B} and
since f and (¢,z) — f(_%_l) |f(t,z + y)|[II(dy) are bounded in B. The continuity of Bx(f)

in B follows from the fact that f is continuous and the dominated convergence theorem. [J

Consider the stopping time 7p as the first time the process (¢, X) is outside the open set

B, ie.,
50 —inf{t > 0: (s +t, X, + ) ¢ B,

Lemma A.2. Let B C Ry xR an open set. Assume that f is a C2(Ry x R) function such
that f, its derivatives and (t,x) f(_oo 1) |f(t,z + y)|II(dy) are bounded in B. Then we

have the following decomposition

(u-z)

INTg
FluttATED X, e +) = flu,z) + My + / Apxy(u+ s, X +x)ds, (A1)
B 0

where { My, t > 0} is a P-martingale.

Proof. Let (s,x) € B. Since f is a CL2(R; x R) function we have by It formula that

flu+t, X¢ +x) — f(u, )

ro%f

N 5 (u+ s, Xs +x)ds

/8 (u+ s, X —i—mds—l—/ 9z u—i—sXs_—i—:):)dX—i—

0
" / / [f(a s, Xe a+y)— fut s Xo +a) - ya—iw Fs X+ w>] N(ds, dy)
00,0)
/ (u+s,Xs+x)ds — / fu+sX_+x)dt+ 2f(u+sX—|—a:)d
ot B 0 0z2

X

Lof of
—l—o/ (u+s,XS_+:c)st+// y=—(u+ s, Xs— +z)N(ds,dx)
0o O 0 J(—oc0,—1) Ox
t af .
—l—// y=—(u+ s, Xs— +x)N(ds,dx)
0 J(-1,0) Ox

of

t
+/0 /_000) [f(u+S’XS+$+y)_f(u+s’Xs+5’3)—yax(u+s,Xs+x)] N(ds,dy)

M(l)—i—M /Atx)u—i—sX—l—x)d
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where
(1) tof ! of -
M, :a/ (u—i—s,Xs_—l—x)st—i—// y=—(u+ s, Xs— + )N (ds, dx)
0 ox 0 J(-1,0 ox

and

:/t/ )[f(u—i-s,Xs_—i-x—i-y)—f(u+s,XS_+:c)
00,0

0 -
Al o (w5, X )| N(ds, dy).

7m)

Note that for any s < 75" we have that (u+ s, X5 +z) € B. Hence, since % is bounded in

the set B have that the stopped process {M t > 0} is a martingale. Moreover, from

Fwz)?
B

Lemma A.1 we have that Bx(f) is a bounded function on [0, ¢] x RN B so we have that

E<AMT

for all ¢ > 0. Then the process {M

(u,z)

Bx(u+ s, X —i—x)ds) < 00

t > 0} is also a martingale. O

(u z))
B

Let G be a right-continuous function. Define the process Z(5%) = {Zfs’w),t > 0}, where
t
Zt(s’x) :f(s—i—t,Xt—i—x)—i—/ G(r+ s, X, + x)dr, t>0.
0

We have the following proposition.

Proposition A.3. Let B C R; xR an open set. Assume that f is a C12(Ry x R) function
such that f, its derivatives and (t,x) — f(_oo 1) |f(t,z + y)|II(dy) are bounded in B and
G : Ry x R— R a continuous function. Then for all (s,x) € B the process {Z( J’Z oyt >0}
is a submartingale if and only if for all (s,z) € B, Ay x)(f)(s,z) + G(s,r) > 0.

Proof. Suppose that {Z Sx()s ot > 0} is a submartingale for all (s,z) € B. We prove that
A x)(f)(s,7) + G(s,x) > 0 for all (s,z) € B. Fix (s,z) € B, since {Z(ngl),t >0} isa

submartingale we have, for every ¢t > 0, that

( (s x) _Z(()s,:v)) >0

t t/\Tg’z)
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which implies that

B |GG+t ATE™, X, oo +2) — flo.)]| +E 1/0%? " G+ X, +2)dr| 20
So, by the decomposition (A.1) we get
1 v tArs®
E t/o Aw,x)(f)(s+7, X, +2)ds| + E 75/0 G(s+r, X, +x)dr| >0.
Note that, due to the right continuity of (¢, X) and since B is open, we have 7 ( 250

almost surely. Therefore, tending ¢ to zero in the above inequality, by Fubini’s theorem and
fundamental theorem of calculus (since r — X, is right continuous and G is continuous) we

deduce that
A,x)(f)(s,2) + G(s,x) > 0.

Now we prove the “only if” statement. Suppose that for all (s,z) € B, Ayx)(f)(s,2) +
G(s,z) > 0. We show that the process {Z (9 .t > 0} is a submartingale. By the semi-
martingale decomposition (A.1) and since A, x) is bounded in B (see Lemma 4.4.16) we have

that E(\Z(S <) )]) < oo for all t > 0. Moreover, we have, for any (s,x) € B and 0 <7 <t,

(s x)
t/\ﬂ'(9 @)
E | f(s,x)+ Mt/\T}(;’I) + /0 .A(t’X)(f)(U + s, X, +x)dv ]:T]

.
.

E(Z ”(lz)m

t/\TéS @)
+E / G+ s, X, +x)dv
0

=z,
TATBS’I

t/\T)(Bg z)
+E / x A(tzx)(f)(v+stv+$)dU

.

where the last inequality follows from the fact that (v + s, X, + ) € B for all v € (r A

t/\TéS @)
+E / G+ s, X, +ax)dv

/\’T(S 2

> Z(s )

SAT (s:r)’

245



Tg’x),t A Tg’x)) and that A x)(f)(s,2) + G(s,z) > 0 in B. Therefore the process Zt(if; is a

submartingale. O

It turns out that the above proposition can be extended to a more general class of func-
tions, provided that the inequality A x)(f) + G > 0 is taken in the sense of distributions.
For this recall some facts and notation from the theory of distributions (see e.g. Friedlander
et al. (1998) for further details). We introduce the multi-index notation. A multi-index is a
n-tuplet @ = (ay, ..., ay) of non-negative integers with order |a| = oy + -+ + a,. Then we

set the notation

If O is an open subset of RY, we denote by D(O) the set of all C™ functions with compact
support in O and by D'(O) the space of distributions on O. That is, D'(O) is the space of
linear forms u in D(QO) such that for every compact set K C O, there is a real number C > 0

and a nonnegative integer N such that

[(u, )| < C > sup|0™y|

la|<N

for all ¢p € D(O), where (u, ) denotes the evaluation on the test function ¢ of the distribution
u. Inspired by the integration by parts formula, the derivative of the distribution u is defined

by
(0%u, @) = (—=D)I*N(u,0%%), e DRY).

If u is a locally integrable function on O (u is a measurable function and [, [u(z)|dz < oo

for any compact set K C O) we can define the distribution

() = / u(@)p(z)de, o eDO).

Which is usually identified only with the function u. Hence, if ¢ is a locally integrable function

on (0,00) x R, the differential operator, .A[()t’X) (g9), given by
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2
Ao @)02) 1= Gyalta) = pglta) + 50" g pglt )

can be defined in the sense of distributions. For any test function ¢ with compact support

in O C Ry xR, we define

2
<A(tX) /R/ tx[ (t:zc)+,u88( )+10' 862<p( x)|dzdt.  (A.2)

Moreover, Lamberton and Mikou (2008) showed (see Proposition 2.1) that the operator de-
fined by

Bt = [ (oltat9) (7)ot )l )

can be also defined in the sense of distributions when ¢ is a bounded Borel measurable

function. For ¢ € D((0,00) x R), consider the operator B given by

B;((‘P) (ta x) = /( 0) [(p(t, L= y) - w(ta $) + y%‘ﬁ(u :U)H{y>—1}]H(dy)a (A?’)

for any (t,x) € (0,00) x R. Then from Proposition 2.1 in Lamberton and Mikou (2008) we

know that B% (¢) is continuous and integrable on (0,00) x R and the operator

— [ [ otwa)Bie) () dadu, (A4)
Ry JR

defines a distribution. In the next lemma we show that the boundedness condition of g can

be relaxed.

Lemma A.4. Let g be a locally integrable function in Ry x R such that

) [ gty (A5)

is locally integrable. The linear operator Bx(g) defined in (A.4) defines a distribution on any

open set O C Ry x R. Moreover, if in addition we suppose that g is a C¥?(R, x R) function
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we have that

/R+/RBX(9)(t’x)SO(t’x)dxdt:/R+/Rg(t>$)3}(<ﬁ)(t,x)dxdt

for any ¢ € Ry x R.

Proof. Tt is clear that the operator defined in (A.4) is linear. Take a test function ¢ with
support in a compact set H x K C Ry x R. We have

[(Bx(9), %)l S/R Ag(u,x)HB}(go)(uwﬂdxdu
S/H/R|g(uv$)|/(_10)|(’p(u’$_y)_90(“733)+y(i@(U,$)|H(dy)dxdu

wf flstmal [ et )~ ol )y

Note that if x ¢ K + (—1,0] we have that ¢ K (if we assume that z € K then x =240 €
K + (—1,0] which is a contradiction) and x —y ¢ K for all y € (—1,0) (if z =2z —y € K
then x = z+y € K+ (—1,0) € K + (—1,0] then we have got a contradiction), then
o(u,z —y) — p(u,z) + ya%cp(u,:v) = 0. Denote k, = inf K, since z — ¢(u, ) has support in

K and using Taylor’s formula we obtain

0
Bx@oal < [ [t [ e )~ el gty sy

o, J o [ et o) —ptu

K«
+/ / g(u,fv)l/ lo(u, z — y)[II(dy)dedu
HJ—oc0 (—o00,—1)
<sowl el [ [ [ g
S —Sup ) Y g\u, r)ardau
2 81‘2@ (—1,0) H JK+(-1,0]

+ 25 fol((—o0.~1) [ [ gt o)l dadu

+sup\s0!/// l9(u, x + y)[II(dy)dzdu,
HJK J(—00,—1)

which proves the assertion since II is a Lévy measure and (u, x) f(_oo 1) lg(u, z+y)|II(dy)
is locally integrable by assumption. The last assertion follows by the same argument as in

Lamberton and Mikou (2008) (see Proposition 2.1) so the proof is omitted. O
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Therefore, if g is a locally integrable function in Ry x R such that the function defined
in (A.5) is locally integrable, we can define the distribution A x(g) = A(t x)(9) + Bx(g) in
the set Ry x R.

Let u a distribution and # € D(R4+ x R). Then the function

(0 xu)(t, x) = (u(s,y),0(t — 5,2 — y))

is a member of C*°(R4 x R) and defines a distribution given by

(0 xu,¢) = /R /R<u(s, Y),0(t — s,z —y))o(t, x)dzdt

for any ¢ € D(R4+ x R).
It turns out that Proposition 2.3 in Lamberton and Mikou (2008) can also be extended

to this case. The proof remains is very similar but it is included for completeness.

Proposition A.5. Let g be a Borel and locally integrable function in Ry x R such that the
function f(—oo -1 lg(u, x + y)|I(dy) is locally integrable. We have that for every 6 and ¢ in
D(R; x R),

(A x) (g% 0),0) = (Aw.x)(9), p * 0) = (Aw,x)(9) * 0, 9),

where O(u, ) = §(—u, —z) for any (u,z) € Ry x R.

Proof. Take a ¢,0 € D(R; x R). Then by the definition of convolution we have that

(Bx(g+0), / /g*@ (1, 2) B () (u, 7)dzdu

:/RJr/R/Hh/}Rg(u—v,x—y)@(v,y)B}k((ga)(u,:c)dvdydxdu
_ /R + /R g(u, 7) /R + /R 0(v, ) Bl () (u + v, 2 + y)dvdydzdu.

Now, by Fubini’s theorem and the definition of Bx () we have that
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/ / O(v,y)Bx (¢)(u + v, x + y)dvdy
R, JR

- /(_w’o)ﬂ(dz) /R ) /R 0(v,y)

0
X lputv,z+y—2) —putv,z+y) +2les 1y 5 e(u+ov,+y)ldedy
. 0
= [ e 0 =)+ )(02) + sy ) )y

= B;((QO * é)(u7$)’

where 0(u,z) = #(—u, —z). Hence,

(Bx(gx0),¢ /]R / u, z) B (p % 0)(u, z)dzdu = (Bx(g), ¢ * 6).

On the other hand, using Fubini’s theorem and a change of variable we obtain that

(Alx)(9 % 0),0)
2
/R / g*0)(u,x) [—aago(u :L')—i—,uaa o(u, :1:)—1—10' 88290( )] dzdu

/R //R / u =,z —y)0(v, y)dvdy
e R, -

[ " go(ua:)—i—uaa o(u, x) + 06280( )]dxdu

/ / U, T / / v, y)dvdy
Ry R,
2

d 1,0
X[ 5 —(u+ v, w+y)—|—,ua ou+v,x+y)+ 082<p(u+v,x+y)]dxdu

-/ + [ otua) [ o B)(w) 415 4 D))+ 50* oL (o B)(w,) |

= (Al.x)(9), p % 0)
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Therefore we have that

(A x) (9% 0), ) = (Al x)(9), 9 0)

_ <A(()t,X)(g)(s,y), /R + / R x)dxdt>

/R /A(tX )(8,9),0(t — 5,2 — y))p(t, x)dzdt

= (Al x)(9) £ 0,).

The proof is now complete. O

Let u a distribution in O, we say that u is non-negative if for any non-negative test

function ¢ € D(0),
(u, p) = 0.

The next result is an extension of Proposition 2.5 in Lamberton and Mikou (2008). The proof

is essentially the same but we include it for completeness.

Proposition A.6. Let B be an open set in Ry x R. Suppose that f : Ry x R — R is such
that f and (u,x) — f(_oq_l) |f(u,z + y)|II(dy) are locally integrable functions in Ry x R
and bounded in B and that G : Ry X R +— R is a locally integrable function. Assume
that the process {Z o G z),t > 0} is a submartingale for every (s,x) € B, where Zt(s’x) =
f(s+t, Xi +x) —i—fO (s +7 X, +z)dr and T(Sx inf{t >0:(t+s,X¢+x) ¢ B}. Then

Awx)(f) + G is a non-negative distribution on B.
Proof. Take zyp = (up,xo) € B and choose a > 0 such that B(zp,2a) C B, where B(zp,2a) is
the open ball with center zg and radius 2a. We define the stopping time

7p = inf{t > 0 : there exists z € B(zp, a) such that z + (t, X;) ¢ B}.

Note that for every (u,z) € B(zp,a/2) and (v,y) € B(0,a/2) we have that (v — v,z —
y) € B(z0,a) C B and then 75 < T(u va=Y) Hence, the process {Zt}fﬁ;z v ,t >0} is a

submartingale and then
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tATB
IE<f(u—v+t/\TB,XtATB+x—y)+/ G(u—v+r,XT+x—y)dr> > fu—v,x—y).
0

Next, we consider a sequence of even nonnegative functions {p,,n > 1} in C* such that
for each n > 1, the support of p, is in B(0,a/(2n)) and [g2 pn(v,y)dvdy = 1. Then by

integrating the equation above with respect to p, and due tu Fubini’s theorem we get that

tATR
E((f*pn)(ut+t AT, Xineg +2)) +E </0 (G * pp)(u+ 7, X, +x)dr> > (f * pn)(u,x)

(A.6)

Fix (u,z) € B(z0,a/2). Note that since f is bounded we have that for all n > 1, the function
(s,w) — f*pp(u+s,w+z)is C°(R4 x R) and has bounded derivatives in the open set
B={(s,w) € Ry xR:z+ (s,w) € Bforall z€ B(z,a)}. Indeed, for any (s,w) € B and
any (v,y) € B(0,a/(2n)) we have that (v + s —v,w+ x —y) € B and then

Hiti
OutdxJ

(f *pn)(u+s,w+x)

Hiti
< flu+s—v,w+z—y ‘--an,y
//]3(0,a/(2n))| ( ) outoxI (v.9)

aiJrj
< sup !f(U’,fU')\//
(u',x')eB B(0,a/(2n))

Wﬂn(va Y)
for any 7,5 € {0,1,2,...}. Moreover, by Fubini’s theorem we have that

dvdy

‘dvdy

/( 71)(f * pp)(u+ s, w + x + y)I(dy)

</
B(0,a/(2n))

/ f 7' + y)T(dy)
(—00,—1)

[ fus— vt = v gy | pue,y)dedy
(700771)

< sup
(u',2")eB

Hence, the function (s, w) — f(_oo (f % pn)(u—+ s, w + x + y)I(dy) is bounded in B. Thus,

—1)

252



since 7p is the first exit time of (s, X,) from the set B, we get from Lemma A.2 that

(f % pn)(u~+tATR, Xinry + @)

tATB
= (f *pn)(u, ) + Mt(u’x) + / A(t,X)(f * pn)(u+ s, Xs + x)ds,
0
where {Mt(u’x),t > 0} is a martingale. Therefore equation (A.6) reads
tATB
E </ [.A(t,X)(f sk pp)(u+r, X, + )+ (G*pp)(u+r X, + x)] dr) > 0.
0

Note that 78 > 0 a.s. (since B(0,a) C B) so the dividing by ¢ > 0 the equation above
and taking ¢ | 0 we obtain that A x)(f * pn)(u,z) + (G * pp)(u, ) > 0 for all n > 1 and
(u,z) € B(20,a/2). That implies that for any test function ¢ in B(zg,a/2)

(At) (f * pn) + G * pn, ) = 0.

Then from Proposition A.5 we conclude that A x)(f) * pn + G * pn > 0 in the sense of
distributions on B(Zp,a/2). By letting n go to infinity, we conclude that Ay x)(f) + G >0
on B(zp,a/2). Since z is any arbitrary point in B, using a partition of unity argument, we

conclude that A x)(f) + G > 0 in the sense of distributions on B.
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