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Abstract

Risk management has long been the central focus within actuarial science. There are
various risks a typical actuarial company would look into, solvency risk being one of them.
This falls under the scope of surplus analysis. Studying of an insurer’s ability to maintain
an adequate surplus level in order to fulfill its future obligation would be the subject matter,
which requires modeling of the underlying surplus process together with defining appropriate
matrices to quantity the risk. Ultimately, it aims at accurately reflecting the solvency status
to a line of business, which requires developing realistic models to predict the evolution of
the underlying surplus and constructing various ruin quantities depending on the regulations

or the risk appetite set internally by the company.

While there have been a vast amount of literature devoted to answering these questions
in the past decades, a considerable amount of effort is devoted by different scholars in
recent years to construct more accurate models to work with, and to develop a spectrum of
risk quantities to serve different purposes. In the meantime, more advanced tools are also
developed to assist with the analysis involved. With the same spirit, this thesis aims at

making contributions in these areas.

In Chapter 3, a Parisian ruin time is analyzed under a spectrally negative Lévy model.
A hybrid observation scheme is investigated, which allows a more frequent monitoring when
the solvency status to a business is observed to be critical. From a practical perspective,
such observation scheme provides an extra degree of realism. From a theoretical perspective,
it unifies analysis to paths having either bounded or unbounded variations, a core obstacle
for analysis under the context of spectrally negative Lévy model. Laplace transform to
the concerned ruin time is obtained. Existing results in the literature are also retrieved to

demonstrate consistency by taking appropriate limits.

In Chapter 4, the toolbox of discrete Poissonian observation is further complemented

v



under a spectrally negative Lévy context. By extending the classical definition of poten-
tial measures, which summarizes the law of ruin time and deficit at ruin under continuous
observation, to its discrete counterpart, expressions to the Poissonian potential measures
are derived. An interesting dual relation is also discovered between a Poissonian potential
measure and the corresponding exit measure. This further strengthens the motivation for
studying the Poissonian potential measures. To further demonstrate its usefulness, several

problems are formulated and analyzed at the end of this chapter.

In Chapter 5, motivated from regulatory practices, a more conservative risk matrix is
constructed by altering the traditional definition to a Parisian ruin time. As a starting
point, analysis is performed using a Cramér—Lundberg model, a special case of spectrally
negative Lévy model. The law of ruin time and its deficit at ruin is obtained. An interesting
ordering property is also argued to justify why it is a more conservative risk measure to work

with.

To ensure that the thesis flows smoothly, Chapter 1 and 2 are devoted to the back-
ground reading. Literature reviews and existing tools necessary for subsequent derivations
are provided at the beginning of each chapters to ensure self-containment. A summary and

concluding remarks can be found in Chapter 6.
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Chapter 1

Introduction

Surplus analysis of an insurance company has long been a central focus in actuarial risk
theory. In particular, the credibility for an insurance company so as to fulfill its future
obligation would be of a crucial concern both from policyholder’s and company’s perspective.
As a result, construction and analysis of different risk metrics pertained to the surplus process

of a business has been the subject matter.

In what follows, denote X = {Xt}tzo to be a surplus process defined on a complete
probability space (Q, F,F = {ft}tzo ,IP’) describing the surplus level of a business. Here, ¢
represents the time. In order that the analysis is made possible, assumptions on the surplus

process together with definitions of different risk quantities are necessary.

1.1 Spectrally Negative Lévy Process

The theoretical foundation of actuarial risk theory traces back to the time where Cramér

[1955] introduces the Cramér-Lundberg model such that surplus process is modeled by a



compound Poisson risk process. Since then, a lot of analysis has been performed under this
framework. It is not until early 2000s that scholars attempt to generalize the setting by

working with spectrally negative Lévy processes, a special class of Lévy processes.

Definition 1. A process X = {Xt}tZO is said to be a Lévy process if it has the following

properties:

(i) (Cadlag path) The paths of X are P—almost surely right continuous with left limits.

(iii) (Stationary increment) For 0 < s <t, X; — X, is equal in distribution to X;_.

(iv) (Independent increment) For 0 < s <t, X; — X, is independent of {X,}, ..

A spectrally negative Lévy process is a special case of a Lévy process in a sense that it
allows no positive jumps. As a direct consequence of the above definition, spectrally negative
Lévy processes permit the modeling on sample paths having both Brownian components
(corresponding to random noise in the surplus process) and downward jumps (corresponding

to claim losses), which can usually be observed in actuarial empirical data.

It is worthwhile to mention that spectrally negative Lévy process indeed contains a rich
class of processes that are extensively studied in the classical surplus analysis. The compound
Poisson process, Brownian motion and the superposition of both are some examples. The
diverse spectrum covered by spectrally negative Lévy process makes it a prevalent model to

work with until these days.

Throughout the thesis, unless otherwise specified, X is assumed to evolve as a spectrally
negative Lévy process. Its law and expectation when initial surplus equals x > 0 is denoted
by P, and E, respectively. Note that X under P, has the same law as x + X under Py, a

property called spacial homogeneity. For brevity, P = Py and E = E,.



1.2 Ruin Time

Whenever a business is deemed incapable of repaying its future debt, it would be natural
to consider discontinuing the business to protect the insurance company from incurring
a severe loss. Ruin time is thus understood as the moment that a business is terminated.
Depending on differences arose from the interpretations of debt payment capability, together
with discrepancies in risk appetite among companies, ruin time takes a variety of definitions.

Below is two examples that are often encountered in the literature.

1.2.1 Ordinary Ruin

It is natural to demand the surplus of a business to stay above certain threshold so as to
remain solvent. This leads to the classical concept of default being the first passage time the
surplus process downcrosses a threshold such that it indicates a credit hazard. A legitimate
choice of threshold could be the minimal liquidity adequacy set within the company or the
statutory capital requirement. Due to spacial homogeneity, the threshold is often taken to

be zero so as to unify mathematical analysis.

Note that exit time constructed this way is called ordinary ruin time, as opposed to the

construction of Parisian ruin time to be discussed in the following subsection.

With respect to the classical Cramér—Lundberg setting, a huge amount of literature is
contributed to the study of ordinary ruin in the past few decades, particularly after the intro-
duction of the so—called Gerber—Shiu function by Gerber and Shiu [1998], which is essentially
the expected discounted penalty due at ruin with amount of penalty possibly depending on
other ruin quantities, the most conventional choice being the time of ruin, the surplus prior

to ruin and the deficit at ruin. A precise definition to Gerber—Shiu function is deferred to



Section 2.1. Lin and Willmot [1999] and Lin and Willmot [2000] then systematically analysis
this function by introducing the idea of defective renewal equation. Keeping in mind of the
possible interpretation to the Gerber—Shiu function as a Laplace transform, Dickson and
Willmot [2005] successfully obtain the (defective) density of time to ruin by adopting an
analytic Laplace transform inversion, which is further extended by Landriault and Willmot
[2009] to derive the joint (defective) density of ruin quantities pertained to ordinary ruin.
These works lay a technical foundation to many problem and model variants in surplus
analysis, just to name a few examples, the barrier strategy dividend problems (e.g. Lin and

Pavlova [2006]) and Sparre Andersen risk models (e.g. Gerber and Shiu [2005]).

When it comes to the spectrally negative Lévy setting, Yang and Zhang [2001] first
adopted theories from Lévy processes in risk theory. Since then, surplus model of this kind
attracts more attention. Analogue to the Gerber—Shiu analysis in the classical model, Biffis
and Kyprianou [2010] successfully evaluated the expected discounted joint densities to ruin

quantities pertained to ordinary ruin.

1.2.2 Parisian Ruin

The concept of Parisian ruin is first motivated by Parisian options in the finance literature
(e.g. Chesney et al. [1997] and Schroder [2003]), where an option is knocked in or knocked out
once the stock price has stayed above or below a threshold continuously for a certain amount
of time. Under the context of surplus analysis, this translates to a delay in declaration of
ruin. This is achieved by granting a grace period for the business to recover from the negative
surplus (assuming a zero threshold) once it downcrosses the threshold. Contrary to ordinary
ruin time, Parisian ruin time is hence taken as the first time the surplus process stays below
the threshold continuously over the entire grace period. Such concept of ruin time can be

seen more appropriate for the following reasons.



According to Gerber [1990], the probability of ordinary ruin is usually very small. Even
a negative surplus is recorded, the company can still survive in long run (due to the positive
loading) and, as commented by Egidio dos Reis [1993], may actually recover within a short
time depending on the amount of deficit. The classical definition of ruin is thus too prudent
to be used in quantifying risk in a sense that it trades off the potential profitability of a
business, should it recovers quickly, for an over—conservative protection. In this regard, the
definition of Parisian ruin strives for a better balance between solvency and profitability

aspects.

On the other hand, it is worthwhile to mention that Parisian ruin is indeed a more consis-
tent representation of bankruptcy and liquidation as defined by Chapter 11 US Bankruptcy
Code in corporate finance. In essence, instead of immediate liquidation, a business may
still remain operational should it be unable to continue fulfilling its obligation due to mild
fiscal situation, during which it is given a chance for debt restructuring. A more detailed

elaboration in this regard can be found in Li et al. [2014].

Parisian ruin time is first proposed by Dassios and Wu [2008] under the context of
the classical compound Poisson model. After that, investigations on a compound binomial
and renewal risk setting are respectively performed by Czarna et al. [2014] and Wong and
Cheung [2015], while that on a spectrally negative Lévy setting are performed by Czarna
and Palmowski [2011], Loeffen et al. [2013], Landriault et al. [2014] and Czarna [2016].

In effect of the Parisian concept applied to defining ruin, alternative applications are
evolved within the risk theory literature. One particular examples is the Parisian implemen-
tation delay on barrier strategy dividend problems. A more detailed problem formulation
together with the corresponding analyses can be found in, for example, Dassios and Wu

[2009], Czarna and Palmowski [2014] and Cheung and Wong [2017].



1.3 Occupation Time

Another risk quantities that draws insight to risk management is the occupation time. It is
defined as the total duration of the surplus process in a certain interval of interest, the most
notable choice being the negative half-plane, which is intuitively useful in examining the
health of a business. Further elaborated by Egidio dos Reis [1993], expected time spent with
negative surplus can be viewed as the expected recovery time of a business, which can be used
to infer whether a business may recover from ruin within a short time. The total duration
in the negative half-plane is sometime called the total time spent in red. Alternatively, as
pointed out by Landriault and Shi [2015], another viable choice would be an open interval
indicating a low surplus level, which provides an intuition on how long a business would be

exposed to liquidity stress.

Problems related to occupation time has been studied by Egidio dos Reis [1993], Dickson
and Egidio dos Reis [1996] and Zhang and Wu [2002], where emphasis is put on some
special classes of spectrally negative Lévy processes. Landriault et al. [2011] and Loeffen
et al. [2014] then successfully attempts this problem under the spectrally negative Lévy
framework, followed by Renaud [2014] and Kyprianou et al. [2014] who work on a refracted
spectrally negative Lévy processes. The case for a diffusion process and a Markov additive

process is also studied in Li and Zhou [2013] and Landriault and Shi [2015] respectively.

In fact, occupation time is known to be useful in characterizing some advanced derivatives
in finance (e.g. Linetsky [1999] and Fusai [2000]). Besides, there is also a high resemblance
between problems related to occupation time and bankruptcy in an Omega risk model.
Interested readers are directed to Gerber et al. [2012] for the construction of an Omega risk

process, and also discussions in Landriault et al. [2011] and Li and Zhou [2013].



1.4 Observation Scheme

Observation scheme refers to how a business is intercepted as time goes. While this has little
direct implication on the risk quantification, it is more of an implicit assumption embedded

in the model and, accordingly, the ruin quantities defined in Section 1.2 and 1.3.

Under most generic settings, a business is typically assumed to be continuously inspected
at all time. From a practical standpoint, this can rarely be achieved on an ongoing basis
due to high cost. A discrete-time observation is thus considered more reasonable such
that the business is inspected only at discrete time points. However, as pointed out by
Albrecher et al. [2011], ruin quantities under discrete-time model usually do not have explicit
expressions. Suggested by Albrecher and Ivanovs [2016], a possible solution is to assume
a Poisson observation structure, meaning observation is done at the arrival epochs of an
independent Poisson process. This serves as a bridge between continuous—time and discrete—
time observation while preserving the tractability of the solutions. Such observation structure
is demonstrated to be useful in Albrecher and Ivanovs [2013] and Albrecher et al. [2016].
As a generalization to the Poissonian observer, Albrecher et al. [2011] and Albrecher et al.
[2013] assumes time arrival between observations to be Erlang(n) distributed. The case for
a deterministic periodic observation can then be seen as a limiting case of an Erlang(n)
inter—arrival. This is achieved by fixing its mean and letting n goes to infinity such that its

variance vanishes, a technique known as Erlangization. More works along this line can be

found in Choi and Cheung [2014], Landriault et al. [2014] and Zhang and Cheung [2018].

The importance of a Poissonian observation (i.e. an Erlang(1) discrete—time observation)
is particularly stressed. By the memoryless property to an exponential random variable,
the ordinary ruin under the discrete observation model is equivalent to that having an
exponential Parisian delay under the continuous observation model. This implies solving one

problem in one of the models would provide insight over the related problem in another. Such



dual relationship has been spotted and utilized by different authors. Interested readers are
direct to Cheung and Wong [2017] and Baurdoux et al. [2016] for a more detailed elaboration

in this regard.

Under the Lévy context, Poissonian observation also exhibits a connection to potential
density of a spectrally negative Lévy process. Technical details in this aspect can be found in
Bertoin [1997] and Kyprianou [2014], while a summary of results can be found in Albrecher
et al. [2016].

Keeping in mind the concept of Parisian ruin and occupation time, it is indeed realistic
to impose a mixed observation scheme with observation frequency depending on the surplus
level of the business. Such an idea can be found in Avanzi et al. [2013], Choi and Cheung
[2014] and Cheung and Wong [2017].

1.5 Outline of Thesis

The rest of the proposal is organized as follows. In Chapter 2, an overview on theories
and results regarding spectrally negative Lévy processes will be summarized. Compound
Poisson processes, a special case of which, will also be discussed. In Chapter 3, a model with
a hybrid observation scheme will be considered under the spectrally negative Lévy model.
The main focus will be on explaining the incentive behind such idea, together with the
study of ruin quantity under such observation scheme. As a follow up, Chapter 4 is devoted
to the development of tools that is relevant for analysis under the context of Poissonian
observation. Examples are also included to demonstrate how these tools may be used for
various purposes. Chapter 5 introduces a new concept to Parisian ruin. Motivations, together
with the construction of the ruin quantity, will be covered. Analysis would be performed

under the context of Cramér-Lundberg model. Finally, Chapter 6 serves as a concluding



chapter to the thesis. Discussion of potential avenues for future research is provided.

As a final remark of this chapter, it is aware that the contents, while highly related, have
a somewhat different emphasis such that the overview in Chapter 2 is clearly very limited.
For better understanding, at the beginning of Chapter 3 to 5, necessary preliminaries which

are relevant to the specific content will be provided.



Chapter 2

Overview

This chapter is devoted to a review of fundamental quantities and models that are commonly

encountered in the surplus analysis literature.

To better assist with the presentation, we shall define the following two exit times before-
hand, namely the continuously observed ruin time and the Poissonian observed ruin time.

Denote the continuously observed ruin time of X for level a € R as
) =inf {t>0: X, > (<)a},

with the convention that inf () = co. Meanwhile, let T; be the arrival times of an independent
Poisson process of rate A > 0. Poissonian observed ruin time of X for level a € R can then

be written as

TME) =inf {T} : X1 > (<)a}.

Note that ruin time observed at Poisson arrival time can be seen as a generalization of
continuously observed ruin time by realizing T | 75 and T>~ | 7,7, both in an almost sure
sense as the observation rate A tends to infinity. This may be used to retrieve the classical

exit identities.

10



2.1 Gerber—Shiu function

The study of Gerber—Shiu function first introduced by Gerber and Shiu [1998] has been
the pivotal subject matter among the wide spectrum of models used within the literature.
Denote X_-_ the left limit of X; at £ = 75" The Gerber-Shiu function generally takes the
form

E, [6_575 w <X

70—7)

X -
0

)il #20

where 6 > 0 represents the discount factor and w represents the penalty function satisfying
some mild integrability condition. From a practical perspective, it can be interpreted as the
expected discounted penalty due at ruin with penalty depending on the ruin time. From a
theoretical perspective, with a proper choice of w, it can be viewed as the Laplace transform

to (7‘6, XTO—_,

X
0

> such that successfully evaluating the Gerber—Shiu function implies a
full characterization to the law of the risk quantities involved due to one—one correspondence

between a Laplace transform and a distribution.

Depending on the models and distributional assumptions involved, different techniques
are involved in evaluating the Gerber—Shiu function. Due to the scope of this thesis, detailed
discussions are omitted here. Interested readers are directed to references contained in

Subsection 1.2.1

2.2 Spectrally Negative Lévy Model

2.2.1 Model Construction

There exists a representation via the Laplace exponent, which is a function ¢ : [0,00) — R,

such that every surplus process X can be uniquely characterized.

11



Theorem 1. ((1.1) of Kuznetsov et al. [2012]) For any spectrally negative Lévy processes

X = {Xi},50, the Laplace exponent ¥ (0) satisfying
1
¥(0) =S InE (], 6>0

exists and is given by
0

Y (0) =~0 + %(7292 + / (e —1—021_10) (2)) I (d2),

—0o0

where v € R, 0 > 0, and Il is a o—finite measure on (—00,0), referred to as the Lévy

measure, such that

/O (1A 2% (d2) < oco.

—00

Heuristically speaking, the Lévy measure above contains information regarding frequency

and size of jumps.

Laplace exponent is also useful in expressing the net profit condition (also known as the
positive loading condition). To avoid triviality, it is legitimate to consider only the case that
the surplus process does not have a monotone sample path and that it drifts to infinity in
long run. Consequently, unless otherwise stated, it is assumed that | X| is not a subordinator

and X satisfies the net profit condition given by (e.g. Kyprianou [2014])

Y (04) =E[X;] > 0. (2.1)

To be used later, for any given g > 0, write

e (0) =4 (0) —q. (2.2)

According to Kyprianou [2014], it is known that ¢ (0) = 0 and limg_,o ¥ () = oc.
Together with the fact that it is strictly convex, the equation v, (f) = 0 is know to have at

least one positive solution. This allows the definition of the right inverse
O, =sup{f >0:19,(0) =0}
for each ¢ > 0. Due to the net profit condition given in (2.1), & := &, = 0.

12



2.2.2 Path Variation and Regularity

Before the introduction of the scale functions in Subsection 2.2.3, it is important to under-
stand some additional properties to spectrally negative Lévy process which are closely linked
to the properties of scale functions. Above all, it is crucial to identify whether the process

X has path of bounded or unbounded variation.

Lemma 2. ((2.1) of Kuznetsov et al. [2012]) X has path of bounded variation if and only if
0
o =0 and / |z|1I (dz) < oo.
-1
The significance for X having a bounded variation is that it can be decomposed into the

form X; = 0t — S;, where § = v — ffl |2|II (d2) is interpreted as the drift, and {S;},, is a

pure jump subordinator.

Path variation also impacts whether X takes an almost surely positive amount of time

before visiting the open lower half line, a concept that is tied with regularity.

Lemma 3. (Page 232 of Kyprianou [2014]) 0 is regular for (0,00) irrespective of path

variation, whereas 0 is regular for (—o0,0) if and only if X has unbounded variation.

Loosely speaking, this indicates that X takes an almost surely positive amount of time

before visiting the open lower half line unless it has paths of unbounded variation.

2.2.3 Scale Functions

There are two families of function that frequently appear in identities concerning exit times.

They are usually called scale functions of the first kind and the second kind in the literature.

13



Definition 2. For ¢ > 0, the first scale function W@ (z) is a non-negative, strictly increasing

and continuous function on [0, 0o) with W@ (z) = 0 for # < 0, characterized by the transform

/ e WD (2)dx =
0

with § > ®,. For brevity, W (z) = W© ().

52 0) (23)

The asymptotic behaviors of W@ (z) and W@’ () at zero and infinity can be found in
Kuznetsov et al. [2012] and are reproduced below without proof. Note that the limit at zero

takes different values depending on the path variation of the underlying process.

Lemma 4. (Lemma 3.1 and 3.2 of Kuznetsov et al. [2012]) For ¢ > 0,

0 for X has unbounded variation,
W@ (0+) = )
5 for X has bounded variation,
and
2
. — where o # 0 or II (—o00,0) = oo,
W@ (0+) = %2 .
(_02’2 )4 where o = 0 and II (—o00,0) < o0,

where the first case is understood as +o0o when o = 0.
Lemma 5. (Lemma 3.3 of Kuznetsov et al. [2012]) For ¢ > 0,

1
lim e~ ®* W@ (z) = ,
i W= 5,

where the right hand side is understood in the limiting sense when ¢ = 0, i.e.

1
s W) = oy

(2.4)

The second scale function is defined with respect to the first scale function as follows.

Definition 3. For ¢ > 0, the second scale function Z(@ (x,6) is defined by

02 (1 —ap, (0) [T e WD (y)dy), >0,
26 (2,6) = e (1 =1y (0) [ e (y) dy) T 25)

efr. <0

with @ > 0. For brevity, Z® (2,0) = Z (x,0) and Z(9 (2,0) = Z@ (z).
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Note that for § > ®,, by (2.3), Z@ (z,6) can be expressed as

Z9D (z,0) =, (0) /000 WD (z +9)dy, x>0. (2.6)

The following limiting results to scale functions are also found to be important. They

are quoted here without proof.

Lemma 6. ((6), (34) of Albrecher et al. [2016] and Exercise 8.5 of Kyprianou [2014]) It
holds that

. Z(x,0) ¥ (0)
s Te—e i ® (2.7)
[T e (y)
and
. [[(q)(a_‘r) —d,x
F i Ty R (2.9)

As commented by Loeffen et al. [2013], closed—form expressions to scale functions may
not be known explicitly under all model settings. Numerical inversion on (2.3) may become
handy in obtaining an approximation to W@ (z), and hence Z@ (z,0) due to (2.5). A

possible numerical method to compute the scale function could be found in Surya [2008].

It should be emphasized that scale functions are indeed robust candidates in describing
a variety of fluctuation identities concerning exit problems. Despite the semi—explicitness in
nature, potential measures and exit formulae (to be introduced subsequently) can both be
expressed nicely via the introduction of these functions. They thereby form an important

and natural family within the spectrally negative Lévy context.

2.2.4 Potential and Exit Measure

Keeping in mind the motivation of surplus analysis mentioned in Chapter 1, studying of

overshoot distribution at ruin time has been the subject matter. Among the multitude of
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tools used in the literature, the one that is most intimately linked to it is the formula first
attributed to Bertoin [1996]. Classically referred to as the g—potential measures killed on
continuous exiting (where ¢ > 0), or simply the (¢—)potential measures, they shed light on
a vast variety of analysis pertained to spectrally negative Lévy processes. Just to name a
few examples, see Alili and Kyprianou [2005] and Avram et al. [2004] for the applications
in option pricing. Also see Kluppelberg et al. [2004] in the context of ruin probability and

Avram et al. [2004] in the optimal control.

Potential measures for a spectrally negative Lévy process are defined as follows.

Definition 4. For ¢ > 0, the g—potential measures of a spectrally negative Lévy process

killed on continuous exiting are defined by

/OO e P, (X; € dy)dt = (@) (y—x)dy, xz,y€R, (2.10)
0
/00 e 1P, (Xt edy,t < 7'5“) dt = r(f) (x,y)dy, z,y <0, (2.11)
0
/OO e P, (X; edy,t <7y)dt = r (z,y)dy, z,y>0, (2.12)
0
/OO e I'P, (Xt cedy,t <71y A T;) dt = u'? (z,y;a)dy, =,y €0,a]. (2.13)
0

The functions 8@ (y) ,rgf) (x,y) ,T@ (z,y) and u'? (z,y; a) are called potential densities.
An exhaust summary to expressions of the potential densities can be found in Theorem 2.7
of Kuznetsov et al. [2012] while interested readers are referred to Kyprianou [2014] for a

detailed proof to these results.

Exit measure, on the other hand, contain information on the distribution of ruin time
and overshoot via the evaluation of Gerber—Shiu like functions. The following summarizes

the results to these exit measures.

Lemma 7. ((2.34) of Kuznetsov et al. [2012]) Suppose 7 = 7, A7, . For ¢ > 0, the exit
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measures are given by

]Ex [eiqu{T<OO7XTEdy7XT— Edz}:| = /0 eithx (Xt € dZ,t < 7-) II (dy - Z) ;

where z € [0,a], y € (—00,0) and z € [0, a).

It can be seen that exit measure can be expressed in terms of the potential measures
defined previously. This further enhances the motivation for defining and studying the

potential measures.

2.2.5 Exit Formula

While probabilistic behavior to ruin time and overshoot may be successfully captured by
exit measures, these may also be summarized using Laplace transforms. Expressions to
these Laplace transforms are generally called exit formulae. Depending on the exit barriers

considered, there are generally two types of exit quantities.

Definition 5. For ¢,6 > 0 and 0 < z < a, under the context of continuously observe ruin
time, the following Laplace transforms are referred to as the one—sided and two—sided exit

formulae.

one-sided exit formulae two—sided exit formulae
—qr(;—s—QXT, —qTJ—&—HXT,
Em € 0 1{T(;<OO} Ez € 0 1{7'(;<TEL}
—qri —qrd
Bele ™ lpreny] | Bl i

Definition 6. For ¢,0 > 0 and 0 < x < a, under the context of Poissonian observed ruin
time, the following Laplace transforms are referred to as the one—sided and two—sided exit

formulae.
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one-sided exit formulae two—sided exit formulae

E, [l +0X 1{TO_<OO} E, oo H0X 1{TO‘<T$}
- e_qT;Jrg(XTJ ~a) 1{T;<OO} E, 6—qT;r+0<XTa+ —a) 1{T:<TO—}
E, e TG 1{70* <7}
E, 6—qTJ+6XTJ 1{T5<TJ}
E, oI 40X —a) Lerrery

Expressions to these exit quantities can be found in various literature. As an example,
results pertained to the continuously observed ruin time can be found in Kyprianou [2014],
whereas results pertained to the Poissonian observed ruin time can be found in Albrecher
et al. [2016]. Readers are also encouraged to look into the references therein for various

applications of these Laplace transforms.

It is worthwhile to point out that the one-sided exit formulae are indeed special cases
of the two—sided exit formulae. Exploiting the spatial homogeneity property to a spectrally
negative Lévy process, one can easily retrieve the one-sided exit formulae by taking the limit

that a 1 oc.

2.3 Cramér—Lundberg Model

2.3.1 Model Construction

Following the discussion in Subsection 2.2.1, suppose the Laplace exponent v (6) takes the

following more explicit form as

¢(9)zc€+)\/ (1—e") F (dx)

R4
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with ¢, > 0, where R, and F'(-) denotes the set of positive real numbers and the law of a
random variable respectively, then the surplus process X reduces to the classical compound

Poisson process such that it can be written as

N(t)
X, =ct— Z Y;.
=1

Here, cis interpreted as the constant rate of income per unit time, {Y;};’Zl denotes a sequence
of jumps that keeps track of the i—th claim size, and {Nt}tzo represents a Poisson counting

process with intensity A\. The net profit condition in (2.1) thereby reduces to
c> A\E[Y],

which has the heuristic interpretation that the rate of cash inflow should be greater than

that of expected cash outflow.

2.3.2 Discounted Density Function

Analogous to potential and exit measures, under the context of compound Poisson process,
discounted densities are frequently used to describe the law of ruin time and overshoot. They
serve as one of the indispensable tools among many others available for analysis under the

Cramér—Lundberg model.

Discounted joint density function of (XTO—_, ‘XTO— D are defined as follows.

Definition 7. For u,d > 0, the discounted density function hs (z, y|u) satisfies

) (s <Oo} / / (x,y) hs (z, y|u) dzdy.

’T—’

E, [67&07 w (X

Denote hs (z|u) and hs (y|u) the marginal defective density function of X - and ‘Xr(;
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respectively. With the above definition, they can be calculated by

mmwz/ s (2, ylu) dy,
0

mmw=AWM@mwm.

There have been many papers devoted in studying this quantity. Detailed discussions,
proofs and expressions to these discounted density functions can be found in Tsai [2001] and

references therein.
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Chapter 3

A Parisian Risk Model Under a

Hybrid Observation Scheme

3.1 Introduction

This chapter is devoted to analyze Parisian ruin time under a hybrid observation scheme.

To study Parisian ruin under the context of spectrally negative Lévy process which may
have an unbounded variation, in the spirit of excursion theory, researchers mainly adopt
an approximation approach (e.g. Dassios and Wu [2010], Czarna and Palmowski [2011],
Landriault et al. [2011] and Loeffen et al. [2013]) to overcome the difficulty caused by the
infinite activity. This approximation approach essentially perturbs the sample paths of
the underlying process in a spatial dimension, hence is referred as a spatial approximation
approach. While spatial approximation successfully analyzes processes having an unbounded
variation, the case for a bounded variation is tackled separately. To avoid the separate
treatment of bounded and unbounded variation cases, a temporal approximation approach

is proposed, leading to the concept of hybrid observation scheme to be further elaborated
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below.

Under the hybrid observation scheme, the surplus process X is first monitored discretely
at Poisson arrival times with rate A until negative surplus is observed. Then a grace period
of fixed length b > 0 is granted to the insurer and X is observed continuously during this
grace period. The insurer is considered as ruined at the end of the grace period unless
the surplus recovers to a pre—specified level a > 0 within the grace period. In the latter
case, the observation scheme will be switched back to the discrete scheme as soon as the
surplus recovers to level a. A mathematical formulation and the associated illustrative
graph of the hybrid observation scheme can be found in Section 3.2. Note that the hybrid
observation scheme essentially delays the classical Parisian stopping time, hence giving rise

to the temporal approximation approach.

The contribution of this work is three—fold. First, a new risk model to the actuarial
risk theory is proposed. The practical meaning of the model is as follows. If the surplus is
nonnegative based on the last observation, the observation scheme remains discrete, which is
less onerous from the insurer point of view. Once the surplus is observed to be negative, the
observation scheme is switched to the more stringent continuous scheme during the grace
period, which is consistent with the potential financial seriousness of the situation. If the
surplus is successfully restored to a fixed barrier a, this indicates the insurance business is
healthy and observations are switched back to the discrete scheme. Second, we generalize the
results of Loeffen et al. [2013] as this model reduces to the classical Parisian ruin by letting
a = 0and X T co. Thirdly, and most interestingly from a theoretical point of view, the hybrid
observation scheme lays a temporal approximation approach in handling the Parisian ruin
problem. To be illustrated in Section 3.4, the case for a bounded variation and unbounded

variation can be treated in a unified way.

The rest of the chapter is organized as follows. Section 3.2 is devoted to the mathematical
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formulation of the hybrid observation scheme as well as the associated time to ruin. Necessary
results in the existing literature used for deriving the main results in Section 3.4 are reviewed
in Section 3.3. Section 3.5 is devoted to retrieve different limiting quantities. Examples
are illustrated in Section 3.6. Proofs to all necessary lemmas, the main result, and its

corresponding corollaries and propositions are deferred to the end of this chapter.

3.2 A Hybrid Observation Scheme and the Associated

Time of Ruin

Define a sequence of discrete observation times {&,}, .y as follows. For ease of notation,

denote N=1{0,1,2,...} and Ny ={1,2,3,...}. Let {; = 0, and for n € N,

e it Xe, , >0,

n’

A (3.1)

Thof,  +en, ifXe , <O,
where {eﬁ}nem is a sequence of i.i.d. exponential random variable with mean 1/\ > 0,
the constant a > 0 is called the recovery barrier, and 6 is the Markov shift operator such
that X; 060, = X 44, leading to 7,7 00, , =inf {t > &,_1 : X > a}. The discrete observation
scheme (3.1) indicates that the time increments between consecutive observations first follow
the i.i.d. exponential distribution until the surplus is observed to be negative. It will be

restored once the surplus recovers to the level a.

Denote

Ty~ =inf{&, : Xe, <0, n € N}

as the first time the surplus is observed below level 0 under the observation scheme {&,}, -

Clearly, T, is identical to the ruin time observed at Poisson arrival times.

The ruin time under a hybrid observation scheme with recover barrier a > 0 and grace
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Figure 3.1: Ilustration of Parisian ruin under hybrid observation scheme.

period b > 0 is then defined as
pib:inf{t € (&, 75 00;,) : Xe, <Oandt — &, > b for n € N}.

Under the hybrid observation scheme, the surplus process X is first monitored discretely at
Poisson arrival times with rate A until the surplus is observed to be negative. Then a grace
period of length b will be granted to the insurer and the surplus process will be observed
continuously during this grace period. The insurer is considered ruined at the end of the
grace period unless the surplus recovers to level a within the grace period. In the latter case,
the observation scheme will be switched back to the discrete scheme as soon as the surplus
recovers to level a. Note that as a = 0 and X\ 1 oo, the time of ruin reduces to the Parisian
ruin time studied in Loeffen et al. [2013]. Figure 3.1 illustrates the Parisian ruin time under

the hybrid observation scheme for a particular sample path.
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3.3 Preliminaries

The following exit identity with continuous and Poisson observations would be used in de-
riving the main results in Section 3.4. The corresponding proofs can be found in Kyprianou

[2014] and Albrecher et al. [2016] respectively.

Lemma 8. For 0 < u <z and s,0 > 0, we have

Eu |7 gy = ™07, (3.2)
and
CT0X A by (0) (g — By)
E,|le ° %, Ty = Z9 (u,0) — Z9 (u, ®y15) — =2
€ o 0 < 0 A _ ws (0) |: (U, ) (UJ A+ ) A (8 _ ®5)

As a special case, when s = 6 = 0, it is easy to see that equation (3.3) reduces to the

ruin probability observed at Poisson arrival times given by

o
P, (TOA" < oo> =1—¢/ (04) T2 (1, ), w0, (3.4)

which was first obtained by Landriault et al. [2011]. Further taking the limit that the

observation rate goes to infinity gives the continuously observed ruin probability

P, (1 <o0) =1—2¢' (0+)W (u), u>0. (3.5)

Meanwhile, the following lemma summarizes a few identities involving the scale function
and the law of X. They can all be found in Loeffen et al. [2013], and the proof mainly relies
on the Kendall’s identity of spectrally negative Lévy process (e.g. Corollary VII.3 of Bertoin
[1996)), i.e.,

rP(r} e dr)dz = 2P (X, € dz)dr-

Due to the similarity, proofs to the following lemma are left to the readers.
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Lemma 9. For u,a > 0 and #,s > 0, we have

[o'e) [ele] *(I>0+ry
/ e (0+1) / HfE=0Zp (X, e de)db= ——— for Bpe, > K, (3.6)
0 a b (P@_’_T - k
/ W (2) %IP’ (X, € dz) = e, (3.7)
0
and
0o - 00 > 00 o=Ppis(aty)
/ e~ 0+ / (W (u+ 2 —a) = W (u)] ZP(X, € dz)db = / W (u+y) dy.
0 a b 0 (I)9+8
(3.8)
The following lemma will also be used in the derivation of the main results.
Lemma 10. For 6, a,q > 0, we have
- —0b —qrd o+ 1 —®,10a
e E[eq“,ra<b db = ze o, (3.9)
0

3.4 Main Result

In this section, we aim to first obtain the distribution of the ruin quantity p, via the

calculation of Laplace transform.

Theorem 11. For u,a > 0 and \,b > 0, we have
E, [675”3,", pg,b < oo}

b 2
_ B A A s
_ B_Sb]Eu |:e—sT6\ 7T0)\7 < OO] _/ ( 5 e_s(b_k) + —GA(b_k)) QQ(L,Z,,\ (k) dk
o 54+ A

S+ A
b
B, [, gy < 0] A0 () (3.10)
0
where
Gn (F)
© [(Dyps — Py) Z) (u, Dyys
- e_Sk/ {( - )A (U 2as) utema) ) (u 4 2 — ) CP(Xped) (311)
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and

SN
Ea [6 Spa,b7p2’b < Ooi|

2

R, [efsTg"jTOA,— < oo} —fb SA e—s(b—h) | A AO—k) g(s)/\(k) dk

. 0 S + )\ S + )\ a (3 12)
1— [P AAC-R ) (k) dk

a,a,

As a direct consequence of Theorem 11, the ruin probability P, (péﬁ < oo) can be ob-

tained without extra effort. The result is summarized in the following corollary.

Corollary 12. For u,a > 0 and A\, b > 0, we have

b
P, (pay < 00) =P, (T(]A’_ < OO> — Py (p)) = ) / /\@/\(b_k)gi?zl,A (k) dk, (3.13)
0
where

Rl o))
gg,)()z,/\ (k) = / {T/\Z (u,@y) =W (u+ 2z — a)] %IP’(X;C € dz)

and
P, <T0A’_ - oo)

Pa (pap = 00) = : (3.14)
1— [y Aer=0g© (k) dk

Remark 1. While the structure of the expression in Corollary 12 may seem different from
that in Theorem 1 of Loeffen et al. [2013], to be demonstrated in the following section, the

above findings agree with the classical results by taking appropriate limits.

3.5 Limiting Results

This section is devoted in demonstrating an alternative approach to deriving the classical
Parisian ruin results by taking appropriate limits to Theorem 11. To be illustrated below,
proofs in this section heavily utilize the Initial Value Theorem of Laplace transform, see,
for example, Theorem 3.8.1 of Debnath and Bhatta [2015], and a more general proof can be
found in Theorem 2.2.10 of Mejlbro [2010].
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Keeping in mind the issue of unbounded variation, it is worthwhile to remark that the
parameter a, which characterizes the effect of spatial approximation, is indeed irrelevant
under the current context due to the introduction of the parameter A, which characterizes
the effect of temporal approximation. This is supported by the fact that, under the context
of paths with unbounded variation, (3.20) is valid even without the effect of spatial approx-
imation; contrasting to (10) in Loeffen et al. Loeffen et al. [2013] which degenerates to a

trivial equation when the effect of spatial approximation is removed.

In what follows, it is assumed that a = 0 so that we concentrate our focus on the quantity

—sp? A —sp? A
Eu [6 Po,b’ pO,b < OO:| = Eu [6 pa’b?pa,b <00 0
a=

To be used later, the following lemma turns out to be handy in the later computations.

Lemma 13. For u,s > 0 and A, b > 0, we have

/ ARG (k) dk

/ / N~ Me—s(k+b)

{ D (u4 2) = (Pyps — By) q’sz/ e P VIV (u 4 5) dy kL—i—bP (Xpep € d2)dk
0

(3.15)
and
b
1- /0 AR gl | (k) dk

= / / e M=stbH0) | (py o P,) P / eI () dy | ——P (X € d2) dk.

(3.16)

With this lemma in hand, we are ready to evaluate the following limiting quantities by

taking appropriate limits to A and s.
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3.5.1 Obtaining Laplace transform of classical Parisian ruin

It is commented in Loeffen et al. Loeffen et al. [2013] that Laplace transform of the classical
Parisian ruin time can be derived using the spatial approximation argument presented in
their paper. As an alternative approach, we demonstrate how the same quantity can be
derived using the temporal approximation argument. With a bit of abusing the notation,

denote E, [675’)83?,/)8?[) < oo} = limyoo Ey, [e*S”va, P())‘,b < oo].
Proposition 14. For u,s > 0 and b > 0, we have
E, [678p$b,p8fb < oo}

u,0,00

b
= ¢ 'R, [6_870_,7'0_ < oo] — / se~*0=k) (&) (k)dk+ (1—-E [e*sf’gfb, P < <)) gl(j())po (b),
0

(3.17)
where
i bz Zp (X, e d2) dk
(}T+Sf0 o € % (X € dz)
E [e70b, p§%, < 00] =1 — —= (3.18)
I, e 2P (X, € dz)
and
98 o (k) = e~*F / (W (w) e = WO (u+ 2)] %1@ (X, € dz). (3.19)
0

3.5.2 Retrieving classical Parisian ruin probability

To recover the expression for classical Parisian ruin probability, we take the limit that s | 0
and A T oco. The following proposition demonstrates the Laplace transform under the hybrid
observation scheme E, [e*S'D o, P())‘,b < 00| indeed reduces to the formula of classical Parisian

ruin probability obtained by Loeffen et al. Loeffen et al. [2013].
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Proposition 15. For © > 0 and b > 0, we have

. . —_sp) A . . —apN A
g B [0 < oe] = i [, g < o0

B , fOOOW(u—i-z) 2P (X, € dz)
=1-v(04) J° AP (X, € dz)

3.6 Example

According to the expression (3.11), the function g

(f) (k) plays an important role in the

w,a,\
calculation of the Laplace transform, which involves the scale functions and the distribution
of X;. Unfortunately, as commented by Loeffen et al. [2013], the scale functions and the law
of X possess explicit expressions only for a few cases, such as Brownian motion and Cramér—
Lundberg model with exponential claims. For these examples, it is possible to express results

explicitly using the formulas of the scale functions and law of X provided in Loeffen et al.

[2013].

In this section, we will provide some numerical examples for the Parisian ruin probability
under the hybrid observation scheme P, (p&b < oo). We will study the Brownian motion
model and the Cramér—Lundberg model with exponential claims. For simplicity, we assume

a = 0 in this section.
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3.6.1 Brownian Motion

Let X; = pt + 0By, where p,0 > 0 and {B;};>0 is a standard Brownian motion. From

Loeffen et al. [2013] with some simple algebra,

1
1/) (0) = /’Le + _0-292a

2
— /2 202
q))\ - 0_2 ;
1 _2uz
W(:L‘):—<1—€ a2>,
1
1 1 e
Z(x,0) =0 > — —-— for 6 > ®.
(2,0) =0 6) (9 9+2w2> or
It follows from (3.11) that
gl (s) = i6_2‘“’_2“ /OO e 2P (X, € dz) — _ B /00 2P (X, € dz)
u,D,)\ ,LLS 0 S @)\ —l— 2/,LO'_2 0 s .
Note that
1 (z—ps)?
]P) XS G dZ f— (& 2025
( ) V2mo?s
we have

T/\2/__Se_555 + pusN (po='Vs),

™

/ P (X, € dz) =
0
/ e 2P (X, € dz) = / 2P (X, € dz) — ps,
0 0
where N (+) is the cumulative distribution function of a standard normal random variable.

Thus,

—2

0 (5) = 2w | 2 OVE N (o] _
9u0 (5) ,use LDA+2M02( /—27T€ 22 + psN (po™V/s) ps|

By Theorem 12,

- by (b
B () < o) = BT 2w A g0 () ds
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A=0.5

A=1

A=2

A=4

A =00

1.8639 x 107!

2.1541 x 1071

2.3596 x 107!

2.4905 x 1071

2.6546 x 1071

8.3750 x 1072

9.6789 x 1072

1.0602 x 107!

1.1191 x 107¢

1.1928 x 107!

10

3.0810 x 1072

3.5607 x 1072

3.9003 x 1072

4.1168 x 1072

4.3881 x 1072

20

4.1697 x 1073

4.8188 x 1073

5.2785 x 1073

5.5715 x 1073

5.9386 x 1073

30

5.6430 x 10~*

6.5216 x 1074

7.1437 x 1074

7.5402 x 1074

8.0371 x 1074

Table 3.1: Ruin probability for Brownian motion model with different .

b=3

b=14

b=5

b=6

b="7

1.7086 x 107!

1.3977 x 107}

1.1668 x 107!

9.8831 x 1072

8.4657 x 1072

7.6770 x 1072

6.2802 x 1072

5.2426 x 1072

4.4408 x 1072

3.8039 x 1072

10

2.8242 x 1072

2.3104 x 1072

1.9286 x 1072

1.6337 x 1072

1.3994 x 1072

20

3.8222 x 1073

3.1267 x 1073

2.6101 x 1073

2.2109 x 1073

1.8939 x 1073

30

5.1727 x 1074

4.2316 x 1074

3.5324 x 1074

2.9922 x 1074

2.5631 x 1074

Table 3.2: Ruin probability for Brownian motion model with different b.

Tables 3.1 and 3.2 show the effect of model parameters on the ruin probability of the
Brownian motion model. In table 3.1, we fix 4 = 1, 0 = v/10, and b = 2. Tt is seen that the
ruin probability increases in A as the surplus process is observed more frequently, thereby
increasing the likelihood of detecting a negative surplus. In table 3.2, we fix u = 1, o = /10,
and A = 1. It is seen that the ruin probability decreases in b because a negative surplus is

more likely to be recovered given a longer grace period.
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3.6.2 Compound Poisson Process with Exponential Claims

Let X, = ct — Z?ﬁlYi, where {NV;};>0 is a Poisson process with rate 1, and Y; are i.i.d.
exponential random variables with mean 1/, which are independent of the Poisson process.

It is implicitly assumed that ¢ > na~!. From Loeffen et al. [2013] with some simple algebra,

V() =cf—n+

0+a’
. —(ca—n—)\)+\/(ca—n—)\)2+4c)\
A — % 5
(e MY (T (2a)e
W<x>_<c 04> (1 cae >’
_ Sy L m (o AN
=0 (=) - 2 (020 2)
From (3.11),
49 () = — et / e —a)z,p (X, € d2) — 22 / TP (X, €dz)] .
w0 clca—n)s 0 O\ +a—nct [,
Note that

- - o0 (C)Z?’]’f’)m+1
P(X,€edz)=¢e" |0y (dz) + e ¥ ————2"dz |,
( ?)=e [0(” ¢ E;mNm+1ﬂZ ?

where dp(dz) is the Dirac mass at 0. With some calculations, one can show that

/ 2P (X e€dz) =€
0

CS E — | cS51L{Mm acs) — —1L{m QcCS
= ml(m + 1)! ’ « ’ ’

and
a e =P (X, € dz) = / 2P (X, € dz) — <c — Q) s,
ca Jo 0 «

where T (n,z) := [ e """ !'dt for n € N, 2 > 0 is the incomplete Gamma function. By

Theorem 12,

b _e) (0
P, (0}, < 00) = —Lelne " —ep 2, Ca—aet JgAStIg (s)ds
u \Po,b co Oy +a—nct dy+a—ncty— fob )\e)\(b—s)g(()og A(s)ds'

Tables 3.3 and 3.4 show the effect of model parameters on the ruin probability of the

Cramér—Lundberg model with exponential jumps. In table 3.3 we fix c =6, 7 =5, a = 1,
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A=0.5

A=1

A=2

A=4

A =00

2.0507 x 1071

2.3546 x 1071

2.5681 x 1071

2.7035 x 107!

2.8723 x 1071

1.0529 x 107!

1.2089 x 1071

1.3185 x 107!

1.3880 x 107!

1.4747 x 1071

10

4.5757 x 1072

5.2539 x 1072

5.7303 x 1072

6.0323 x 1072

6.4090 x 1072

20

8.6424 x 1073

9.9232 x 1073

1.0823 x 1072

1.1396 x 1072

1.2105 x 1072

30

1.6323 x 1073

1.8743 x 1073

2.0442 x 1073

2.1520 x 1073

2.2864 x 1073

Table 3.3: Ruin probability for Cramér-Lundberg model with different \.

b=3

b=14

b=5

b=6

b="17

1.8900 x 1071

1.5620 x 107!

1.3159 x 107!

1.1241 x 1071

9.7054 x 1072

9.7035 x 1072

8.0194 x 102

6.7561 x 1072

5.7713 x 1072

4.9829 x 1072

10

4.2171 x 1072

3.4852 x 1072

2.9362 x 1072

2.5082 x 1072

2.1656 x 1072

20

7.9651 x 1073

6.5827 x 1073

5.5457 x 1073

4.7374 x 1073

4.0902 x 1073

30

1.5044 x 1073

1.2433 x 1073

1.0475 x 1073

8.9478 x 104

7.7255 x 1074

b = 2, and in table 3.4 we fix c =6, 7 =5, a =1, A = 1. Similar to the Brownian motion

Table 3.4: Ruin probability for Cramér—Lundberg model with different b.

model, it is seen that the ruin probability increases in A and decreases in b.
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3.7 Appendix

3.7.1 Proof of Lemma 10

By Tonelli Theorem and (3.2),

/Oo e E [ 7 <b] db
/ -Gb/ e[ (y) dydb
// e f . (y) dbdy

= [ et ey

1
— EE [e—(q+9)ﬁ]

— _e_éfH-ea‘

3.7.2 Proof of Theorem 11

By conditioning on T(j\ ", the first time that the surplus is observed to be negative, and using
the strong Markov property and spatial homogeneity, we first have
—sp) A
E, [e ab Py < oo]
0
—sTM™
:/ Eu[e 0 XTA—Ed.Z'T <oo}
X <e_SbIP’I (tF>b) +E, [e_”;r, h < b} E, [e_Spévb,piﬂb < oo])
- e—sb/o E, [e—sTo“, ~Xpa- € dz, T < oo} P (7, > b)
) tatx

+E, [e_s”é’bapib < oo] / E, [efsTOA’ , =X € da, < oo} E [e Tave 7h < b
0

(3.20)
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It remains to obtain an expression for the term

esb/ E, [efsToA’*’ - € dx, T < OO] P (ij > b)
0

and

/Eu[esT3", - € o, To <oo]E[e a*+z,7a+x<b}
0

We handle them term by term. By (3.9), (3.3) and (2.5), together with Tonelli Theorem and

Lemma 2.6, for § > 0, taking the Laplace transform of the first term with respect to b gives

/0 e_ebe_sb/o B, [G_STOA’_v —Xpa- € de, g™ < OO} P (i > ) db
o—(0+)b / E, [e*ST(? =X €de, Ty < OO} (1-P(r . <b))db
0

[e_STO - X e € dx, TA < oo]

8

\N

1 _ ,—Ppis(atx)
9—|—s(1 e )

(]Eu —sTT - < Oo:| . €—<D9+SaEu |:68T3"+<D9+5XT3*’T6\»— < OO:|)
_ _ A 0 (Prrs — Dy)
Eu T T < } — et 270 (4 By, ) — 26 (1, Bagy) it )
( o) me Ty |4 (W) (W ®re) X @,,, =0y
=7 SEu [e’ST$’7,T§’ < oo}
9 _¢9+ )\ /OO _¢9+ y ®)\+S - ®S
- s __ " s W(S) d _ —Z(S) b s
1 —
R [eisTOA T < OO}
0 7¢9+ A 1 /OO _ / ®)\+S - ®S
_ sa__ 7t W) Po+syTy/(s) dy — —2F =2 70) (y .,
9 + Se \A—0 |:(I)9+s (U’) + q)e+s 0 € (u + y) Yy A (q)0+s . q)s) (U, A+ )
- 0 A
— E [ fsTOA’ T)\,f < i| . A
9 T o ST
e~ Po4sa 00 e—<1>9+s(a+y) , e~ Po+sa <(I)/\ - )Z(S) (u (I),\ )
X |— W (u —/ — WY (u4y)dy + +e - - +S].
{ o, W) T, (vt 3, A
(3.21)
Note that

4 A T 2 S Y
— = s db, 6>\
E /0 ‘ <5+Ae Teas ) oo h

and recall from (3.6) and (3.8) that

e Poret a2
= e e —P (X, € dz) ) db, (3.22)
(I)9+S 0 a b
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o0 €—<I>9+S(a+y) , o] o b 00 5
/O T W (u+y)dy = /O e (e—s / [W(s) (u+z—a)—W® (w)] gIP> (X, € dz)) db

(3.23)
and

67@94,5(1

et T e (s [T -0 e e ds) ) db 24
(I)H+S_(I)S A e (e /a e b ( b € Z) . (3 )

By (3.22)—(3.24), the Laplace inversion of (3.21) gives
e_Sb/O E, [e_STOA’_, - € dz, e <oo}P(j+z>b)

b 2
—s —sT™™ A,— SA —s(b— A — s
= ¢ R, [e o' Ty <oo] —/0 (S+/\e ® k>+—S+AeA<” ’“>) g\ (k) dk, (3.25)

where

gq(fi,\ (k)
— W (u —sk/ “P(Xpeds) — e ’“/ (W (u+ 2 —a) = WS (u)] %IP’ (X € d2)
_ (s) &
n (‘I)/\+s (I)S)f (u, CI))\+S)esk/ e®s (2= a)k]p(Xk c dz)
o (P G RPAC P
—o F s = 00 20 00 Bac) o) _ )y 4 a>} 2P (Xi e d2).

Similarly, for # > 0, taking the Laplace transform of the second term with respect to b gives

/ 6_%/ E, [e_STOA’i, —XTO)\,— € dm,TO’\’_ < oo] E [e STive 7+ < b] db
0 0

» fa+tx
o0 ~ 1
= / E, [6_ST°A ; - € dx, T’\ < oo] 56_‘1’9“(“”)
0
A, —
_ %e_%““Eu |:6—3T0 Lo+ X T < oo]
L o, A 0 (Pris — Dy)
B a2 N 76 (4, Dy ) — ZO) (u, By ,) —rt 2
96 )\ _ 6 (u7 0+ ) <u7 A+ ) )\ ((D9+s _ @S)
A e~ Po+sa 20 @ Pos(aty) / e~ P00 (Dyyg — D) ZO) (u, Dpys)
_ i W(S) . —W(s) d +s s ) +s
) { o VW /o Doy (Wt dy+ 53, X

Inversion gives

/ E, [e_STOA’_, —XTO)\,— € dx,T())"_ < oo} E [e T 7T < b
0

) "a+tx
/ AN (k) dk. (3.26)
0
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Substituting (3.25) and (3.26) into (3.20) gives

—epA
]Eu |:€ Spa,b’ p(/l\,b < OO:|

—sb —sT ™ - ’ SA —s(b—k) \? Ab—=k) \ (s)
=e Eu[e 13 <oo]— i TC —i—S_'_—)\e Gyan (k) dE

+E, [e ib,Tab<oo}/Ae gl (k) dk. (3.27)
0

By letting v = a in (3.27), one obtains

E, [e_Spé»b, ,0271) < oo]
-5 —sT™ A— b SA —s(b— A2 — (s)
e 'K, [e T T < oo} -/ (S e (b=k) 4 ﬁew’ ’“)) Jaan (k) dE

1— [ AeAC=Rgl) (k) dk

This completes the proof.

3.7.3 Proof of Corollary 12

Evaluation of 950,()1,A (k) is trivial. The result follows by putting s = 0 into (3.12) and (3.10)

respectively such that (3.12) gives

P, (pi}b < oo)
P, (TOA’* < oo) — 2B (k) dk
- 1— [T AA0-060 (k)dk

a,a

L, BB =)

1 _f >\6>\b k)gaa)\(k)

whereas (3.10) gives
P, (o < o0)
=P, ( /b AR g0 (k) dk + P, (p27b<oo)/0 AR g0 () dk
_P, (w ) P, (ol = >/ AN (k) b
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3.7.4 Proof of Lemma 13

It follows from (3.11) and (2.5) that

/ e guw(k)db
0

b X [(Prys — Ps) Z¢) (u, @
— e / ek / [( s = Qo) BT Dars) pone o (u+z)] “P (X, € dz) dk

,\b/ / —(s+N)k [ ®yyy — D) ecbsz/ e~ Prtsyy/(9) (u+y)dy — W) (u + 2)] %IP’ (X}, € dz) dk.
0

Note that by (3.6), we have

[T e @ - wg e [Temenwt w a2
0

k
_/ *‘DAH?JW (u+y) dy
0

P (X € dz)dk

and

/ / ~EHENR ) (4 + 2) kIP’(Xk € dz)dk
/ / VR (u 4 2) P (T € dk) dz
= / e~ P2 (4 4 2) dz.
0
Hence, we deduce that

/ AR g (1) db

= Xe / / ~(sF0)k [W“ (u+2) = (Prys — D) ™7 / e PV ) (y + ) dy %]P’(Xk € dz)dk
0

/ / N~ e—s(k+b)

{ S (u+2) = (Prys — D) e / e~ I ) (4 4 ) dy} kLerP(XM ¢ dz) dk,
0
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i.e. (3.15). Substitute u = 0 into the above expression together with (3.7) gives

b
| 2B wa

= / / e M=) ) () — (D, — B,) e+ / eI () dy | ——P (X € d2) dk

=1 / / e~ Me—s(k+b) (CI))\+S — (I)s) e‘bsz/ €*<I>/\+5yW(s) (y> dy LP (Xk+b c dz) dk.
o /o 0 E+b

Rearranging gives (3.16).

3.7.5 Proof of Proposition 14

Applying Initial Value Theorem to (3.15) and (3.16) respectively gives

lim )\e A6 )
AToo

— lim )\efAk s(k+b)
AToo

% |:W(S) (u + Z) . ((I))\+s _ (I)s) e@sz/ e~ Prtsyy/(5) (u + y) dy %M]P (Xk+b c dz) dk
0

% (k) dk

(s

_ e_sb/ [W(s) (u + z) _ Pszp () (u)] %IP (Xb S dz)
0

= g% (b) (3.28)

and

1-lim | A PR g% 5 (k) db

_ o~ Me—s(k+b) _ D,z > —Prtsyr/(8) c
= lim / [ {@M B e [P () dy | P (X € de)ak

= / —sbe®2 17 (9) () bIP’(Xb € dz). (3.29)
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Besides, applying Initial Value Theorem to (3.11) gives

o)
lim g,.5 5 ()

© [(Prrs — Py) 2@ (u, ®
= lim e‘Sk/ [< Ats s) (u, Hs)e@sz — W (u+ z)] Zp (X}, € dz)
Xfoo 0 A k
= }\le e—sk/ |:<(I))\+s N CI)S) €<I>sz/ €—<I>A+syW(5) (u + y) dy — W(S) (u + Z):| %P (Xk S dz)
o0 0 0

_ e—sk/ [W(S) (u) e2s% _ ) (u+ z)} %IP) (X € dz)
0
such that

b
}\im se s k)g(()s()) , (k) dk
Too 0

b 0o
= se~* / / (W) (0) e — W (2)] %]P(Xk e dz)dk
0 0

b 00 b
= se~ % { / / W (0)e* 2P (X, € dz) dk — / eskdk]
o Jo k 0
b oo
= se~* / / W (0) eq)Sz%]P’ (Xp €d2)dk + (1 —e™) (3.30)
o Jo
due to (3.7). Now, from (3.12), taking the limit together with (3.5), (3.28)—(3.30) gives
E [efsf’gfb,p&ob < 00|

| o~V [e—sTo***’TOA,f ] fo (s—i—)\ —s(b—k) | si\:)\ )\(b—k)) g(()sgA(k) dk
- 1= [PAN—R g8 () dk
e 'K [6_570_,70_ < oo] — fo ses(- k)g(()OA (k) dk — limypeo fo e b= k)g(()s) (k) dk
1 — limyree f AAC=R g8 (k) dk
e 'K [6’570_,70_ < oo} fo se” 900,\ (k‘) dk —1
1 — limygeo fy AACH) ggfg,A (k) dk
et (1 - iW(S) (O)) — s~ fob JoZ W (0) (bszk]P’ (Xp €dz)dk+ (1 —et) — 1

Jo~ emsbe®s= W) (0) %]P) (X € dz)

— 14

-1+

_1_3+st > ‘I’szk]P’(Xkedz)dk

I eq’sZ%IP (X, € d2)
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Similarly, from (3.10), taking the limit together with (3.5) and (3.28) gives
E., [eiSpgfb,pgf’b < o0]
b 2
: —8 —sT™™ A, — sA —s(b— A — s
= ilTrglo {e "R, [e Lo T < oo] —/0 (s+)\€ (b=k) 1 H—Ae’\(b k)) gfb’%)\ (k) dk

b
+E [e*Spé»b, Poy < oo] / )\ek(b’k)gsg,k (k) dk}

0

b
= ¢ *'E, [6_875,70_ < oo] - / se_s(b_k)gfj&/\ (k) dk + (1 —E [6_893»1’, P(>)\,b < oo]) gfj())m (b).
0

3.7.6 Proof of Proposition 15

We first evaluate limg) o lim o, E, [6_5”3@, péﬂb < oo]. It follows from (3.18) and Initial Value
Theorem that

- —sp)
lim lim E [e 00, poy < oo]

s oo z
o sl o e B (X € da) dk

=1- lirgl 5 =
s 0 b,z
b
4 Jo et EP(X € dz)
Y'(0+)
=1- 7z .
fO E]P) (Xb < dZ)

Substituting into (3.17) together with (3.19), (3.7), (3.5) and Initial Value Theorem gives

A
lim lim E [6_5”0’1’, )< oo]
510 MooV Poy

510 Moo u,0,00

/ @D/(O‘F) o z
B Vs P (X, € d2) (/o W =W s 2R e dz))

B . JSW (u+ 2) 2P (X, € dz)
= 1704 J° AP (X, € dz)

42



Next, we evaluate limy;o limgo E, [e_S"OAvb,pab < oo|. It follows from (3.12), (2.5), (3.16)

and Initial Value Theorem that

o —sp)
lim lim E [e 05, pé,b < oo}

Ao sl0
P (TO)"* = oo)

=1 —¢/(0+) lim O fy e ™I (y) dy
- 00 OO 00 z
oo [52 [ Ne= M [@y [ e~ 2wV (y) dy] k—MP (Xpyp € dz) dk
Y'(0+4)
=1-— _
Jo B (X ed2)

Substituting into (3.10) together with (3.5), (3.15) and Initial Value Theorem gives

o —sp)
limlim E, [e sPOyb,p(’}’b < oo}

Moo 510
=P (ry <o0) - lim /Ob ARG 5 () dk (1 — limlim E [e‘s”évb,pé,b < ooD
1= W ) - T ) W) 2R e ) 2O

0 Jy TP (X, € d2)
1 _w,(0+)fOOOW(u+z)zIP’(Xb € dz)'

IS 2P (X, € dz)
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Chapter 4

Poissonian Potential Measures for

Spectrally Negative Lévy Risk Models

4.1 Introduction

This chapter serves as a continuation of the idea proposed in Chapter 3.

In Chapter 3, the main contribution is on the introduction of hybrid observation scheme.
Via the study of the Gerber—Shiu type function, we successfully demonstrate and justify
the importance of hybrid observation from both a theoretical and practical perspective.
Compliments to Albrecher et al. [2016] who established a complete set of exit identities under
Poissonian observation for spectrally negative Lévy process, such study is made viable. In
this chapter, we further supplement their work on exit problems for a spectrally negative
Lévy process observed according to an independent Poisson process by extending the analysis

to its corresponding g—potential measures.

Indeed, we shall not reiterate the importance on Poissonian observation given the through-
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out discussions in Section 1.3 and 3.1. While the classical g—potential potential measures
are fundamentally defined in connection with continuous observations, when it concerns the
analysis under Poisson observations, they have reached its limited capacity. This naturally
leads us to the idea of extending the notion of ¢—potential measures killed on continuous
exiting to q—potential measures killed on Poisson exiting, or interchangeably referred to as
the Poissonian (q—)potential measures in the sequel. As we shall see, Poissonian g—potential
measures will be shown to play a fundamental role in the study of Poissonian exit measures,
and as such we also revisit some exit results given in Albrecher et al. [2016] and Baurdoux

et al. [2016] in the process.

The contribution of this chapter is two—fold. On one hand, to be introduced in Subsection
4.3.1, we explore a new class of scale functions, called the Poissonian scale functions, which
will allow to state the Poissonian potential and exit measures in the same form as their
analogues in the continuous-time observation scheme framework. On the other hand, we
derive explicitly the Poissonian potential measures. As demonstrated in Subsection 4.3.2,

they can all be expressed compactly in terms of the existing or new scale functions.

The rest of the chapter is organized as follows. Section 4.2 is used to review necessary
results and introduce new intermediate functions used for deriving and expressing the main
results of Poissonian potential measures in Section 4.3. Section 4.4 aims at exploring an
interesting interplay between Poissonian potential measures and Poissonian exit measures,
thereby reinforcing the motivation in studying the Poissonian potential measures. As an
application of the Poissonian potential measures, two problems that are pertained to surplus
analysis are considered in Section 4.5 and 4.6. All technical proofs are postponed to the last

section.
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4.2 Preliminaries

On top of the exit identities introduced in Section 3.3, the following exit identities and
potential measures under continuous observation would be used thorough the remaining
chapter. The corresponding proofs can be found in Kyprianou [2014] and Albrecher et al.

[2016] respectively.

Lemma 16. For ¢ > 0 and 0 < z < a,

W (@) ()
—qrd _
s [6 1{75*%‘}] W@ (a)’ (4.1)
and
_ (9)
a7y +OX _ 7@ _ W) L
E, {e 0 1{TO_<T:}] =27\ (z,0) W@ (a)Z (a,). (4.2)
Due to (2.7), the following identity
—amo +OX _ 7@ _ %) >

E, [e 0 1{70<00}} Z\ (z,0) 0 <I>qW (), = >0. (4.3)

is immediate.

Besides the above exit identities, the following identities from Loeffen et al. [2014] are

also recalled, which will be heavily relied upon in the later analysis.

Lemma 17. For any p,q,x > 0 and p # ¢, we have

x (p) _ 1)
/ W (2 — ) WO () dy = H @) = W (@), (4.4)
0 p—q
and
z 7(p) — 7(a)
/ W (2 — y) 29 (,6) dy = (‘”; q (z.6) (4.5)
0 -

Last but not least, we quote the following results pertained to potential measures. A

thorough derivation and discussion can be found in Kyprianou [2014].
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Lemma 18. For ¢ > 0 and a > 0, the ¢-potential densities (9 r+ ,r(q and u(? are given

by
09 (y) = dle ¥ —WW (—y), yeR, (4.6)
r? (z,y) = WD (—y) = WD (z —y), 2,y <0, (4.7)
D (2,y) = e WD (2) — WD (z —y), a2,y >0, (4.8)
W@ (a —y
u? (ogia) = IO @) WO ) myela. (49

4.3 Main Results

In this section, we first motivate the construction of Poissonian scale functions, followed by

presenting the expressions to Poissonian potential measures.

To assist with the presentation of results, the following auxiliary function is constructed,

and it will be used throughout this chapter. For ¢ > 0, A > 0 and z,y € R, let
AN (2,) = WD (z 4+ y) + X / ") (x+y—2) W (2) dz, (4.10)
0
which can also be rewritten as
AN (g ) = W (2 4 9)) / WD ()WY (z 4y — 2) dz, (4.11)

with the help of (4.4). Note that A@Y (z,y) is actually the same as g(g, \, z, y) defined in
Baurdoux et al. [2016], and Wi (x + y) defined in Loeffen et al. [2014]. Moreover, it is
seen from (4.10) and (4.11) that

AN (g ) = WD (z 4+ y), y<O0, (4.12)

and

AN (g 4) = WD (2 +y), 2 <0. (4.13)



4.3.1 Poissonian Scale Functions

As seen in Section 4.2, continuous exit identities can be written neatly in terms of the classical
scale functions such that heuristic structures to these identities are expressed in a transparent
way. When it comes to the Poissonian exit identities that is derived in Albrecher et al.
[2016], the structures are gone. To better formulate the results under Poisson observations,
we propose the following new class of scale functions, called the Poissonian scale functions.

They are all analogue to the classical scale functions introduced in Subsection 2.2.3.

Definition 8. For ¢ > 0 and A > 0, the Poissonian scale functions are defined as

WOV (z) = (Pryq — (I)q)/ MW@ (2 +y)dy, reER (4.14)
0
and
) A *
7@ () =1+ Atq / wWeN (y)dy, zeR. 4.15
(z) Ly vl (y)dy (4.15)

Using (2.6), an alternative representation to W@ is

Dy — @

W@ (z) T 17D (2, Dy yy) - (4.16)

Example 1. Consider the case when X, is a Brownian motion with drift and compound

Poisson jumps
Ny
Xy = 0By + put — wa

where ¢; are i.i.d. random variables which are exponentially distributed with mean 1/p and
N, is an independent Poisson process with intensity a. The Laplace exponent of the process

18
ab

, 0>0
p+0 -

0_2
v (0) = ?92+/~09—

According to Kuznetsov et al. [2012], it is known that the cubic equation ¢ () = ¢ has

exactly three real roots {—(Cs, —Ci,®,}. It is well known that a cubic equation exhibits
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explicit expressions to the roots. From (2.3), the scale function W@ (z) takes the form

ePat e Gz e G2
+ + , x>0,
W@ (z) = { V(P ¥ (=G) ¥ (=C)
0, x < 0.
Now, for z > 0,
/ e (2 4 y) dy
0
_ /oo - {ed’q(:ﬂry) N e—C1(z+y) N e—G2(z+y) »
0 P(Pg)  U(=G) Y (=C)

1 e®a® 1 e 1 e~

- Drig — 40 (D) * Prjg + G Y (=C1) * Prig+ U (=)’

whereas for x < 0,

/ €—<I>A+qu(q) (x + y) dy
0

o0 e®a(zty)  o—CGlaty)  p—C(rty)
/ e Prray { + +

P(Py) Y (=C) Y (—C)

1 ePr+a® 1 ePr+a® 1 ePr+a®

- Drig — 40 (D) - Prjg + G Y (=C1) * Prig+ U (=)

Thus, from (4.14),

dy

—x

e(qu CI))\+q — (I)q 6_<1$ q)/\Jrq — (I)q €_<2$ >0
(g, — ¢/ ((I)q) (I)A+q + Cl ¢/ (_gl) (I)/\—i-q + C2 7/’/ (_C2)’ -
WA () =
ePriq® [ + Prig — @ 1 Prig — Py 1 <0
V(D) Prrg+ GV (—C)  Payq+ GV (—G)]

Meanwhile, for x > 0,

| we)ay

0

_ /z e®ay Dy — 9P, e~ 1Y Pyy— P, e~ G2y
o ¥'(
gz _

d
By) | Bare TGV (C) | Breg t G U (—C)

i 1 CD)\+q — ®q ]_ — Giclx @)\_;'_q — CDq ]_ — €7<2x
P (Pg) Py Payg+ GV (GG Payq+ GV (—G) G
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Hence, from (4.15),

( l4q CI))\—H; A
(I))\+q — (I)q A + q
Z(q,)\) (l’) _ €,<qu —1 i (I)/\—i-q — (I)q 1/— e Gz N (I))\—i-q _ (I)q 1/_ e G2 S O’
w ((I)q> CI)q (I)qu + Cl d’ (_Cl) Cl (I))\Jrq + C2 1/1 <_C2) C2
17 x < 0.
\
By virtue of Initial Value Theorem, it can be seen that

lim W@ (z) = W@ (g). (4.17)

A—00

Meanwhile, let € > 0 be a constant. For large enough A, one has

W) = (@40 = 0,) [ POt )y + (B — &) [ eSOty
0 €
<o, /a 6_<1>q+/\ydyW(fI) (z+¢e)+ Dyin /00 e_(¢q+A—<I>q+s)ye—<I>q+syw(Q)(x + 1)dy
0 €
< W(‘I)(x +e)+ ‘Pq+A€_(‘I’q+A—‘1’q+e)6 /OO e—¢q+syw(q)<x + 7)dy
<W@(z4e)+ /oo e~ PV (@ (1 4 y)dy

1
<WD(z+e)+ =29 (z,8,.),
€
where the last line holds by (2.6). Thus, by Dominated Convergence Theorem,

lim Z@N(z) = 2@ (x).
A—00
To conclude, the Poissonian scale functions converge to the classical scale functions as
A — oo. Hence, (4.14) and (4.15) can be viewed as the Poissonian analogue to the classical

scale functions.

In the following lemma, we make use of the Poissonian scale functions to rephrase two
Poissonian identities in Albrecher and Ivanovs [2016] in a form which is consistent with their

continuous analogues (4.1) and (4.2), respectively.
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Lemma 19. For ¢ > 0, and z € [0, a],

—art W (@A) (x)
Ex [6 q ]'{T;'_<T(;’/\}:| = WT)(G), (4.].8)
and
(@)
—qTy A WY () g
Ea: |:€ 4o 1{T()—,)\<7_;r}:| = Z(q ) (I) — M/(T)(Q)Z(q ) (a) . (419)

Remark 2. Given their importance in the subsequent analysis, we limit the review of Al-
brecher et al. [2016] to the above two exit identities only. We note that (4.18) was first
proved by Albrecher and Ivanovs [2013]. For both identities, a spatial approximation argu-
ment is used to handle spectrally negative Lévy processes with unbounded variation paths.
Alternatively, simple conditioning arguments (coupled with the classical potential measure
results) can be called upon to derive these results in a more direct manner. As an illustrative

example, we consider P (Tj <Ty ’)‘>. The other cases can be similarly handled.

By conditioning on the first observation time 7} (which has the same distribution as an

independent exponential random variable e, with mean 1/)\) and then using (2.11), we have
P (7’C;F < TO_”\> =P (7'C;F < e,\) +/ ]P’(XeA €dy,e\ < T(j_) P, (Tj < To_’/\)
0
=P () <e)) +/ ArY (—a,z — a) P, (T;“ < TO_’)‘> dy. (4.20)
0

For x € [0, a], by conditioning on 7; and using (3.2), one finds that

0
P, <Tj < TO*”\> =P, (1 <75) +/ P, <XTO— edy, 7, < Tj) Py (1 <ex)P <Tj < TO*,,\)
=P, (1} <75) +E, [eq”Xfo‘ 1{70,@}} P <ra+ < Tg*) . (4.21)

Substituting (4.21) into (4.20) yields the desired renewal equation for P <7';r < TO_”\>.

4.3.2 Poissonian Potential Measures

With the Poissonian scale functions, we are now ready to obtain an expression to the Pois-

sonian potential measures.
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Definition 9. For ¢ > 0 and a > 0, the Poissonian potential measures are defined as follows.

o0
/ e 1P, (Xt edy,t< TOJ“)‘ A T;) dt = rf’/\) (z,y;a0)dy, =,y <a,
0

/ e 1P, <Xt edy,t < TJ’A A=) dt = reY (z,y;—a)dy, x,y> —a,
0

/ e IP, <Xt edy,t < T,
0
/ e IP, <Xt edy,t <T;"
0
/ e P, (Xt edy,t< TO_’)‘ AT
0

/ e P, (X, € dy,t < 75 AT dt =% (2,y;a) dy, z € [0,a],y >0,
0

a

/ e 1P, (Xt edy,t <Ty A T+”\) dt = ué?c’l)‘) (x,y;a)dy, x€l0,a],y €R.
0

Among all of these Poissonian potential measures, r(@d) (z,y; —a)dy and ri’A) (z,y;a)dy

are the two pivotal quantities as the derivation of explicit expressions for all the other

(@A), .(3:2)

potential measures heavily relies on them. The Poissonian potential densities ", r"/, and

the triplet (ugfé’\), uﬁ?j‘), uﬁ{{;f)) are the Poissonian analogues to the classical potential densities
rgf), r'? and u'? | respectively. Note that the subscripts ¢ and d are used to characterize the
type of exit whether it is under continuous—time or discrete-time (Poissonian) observations,

respectively.

The following theorem summarizes the main results on Poissonian potential measures for

spectrally negative Lévy processes.
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Theorem 20. For ¢ > 0 and a > 0, the Poissonian q—potential densities are given by

A(q,)\) (_ya (Z)

P (e 0) = Sy (a, %)Zwﬂ) (7, @) = AWV (=y,2), 2,y <a, (4.22)
0 (2,55 —a) = %Z N (—y, @) = A (2, y), @y > —a, (4.23)
rSf’A) (z,y) = WM (=) 26 (2, @) — AN (—y.2), z,y€R, (4.24)
Y (a,y) = WO (2) 20 (—y, @) = AN (2,—y), 2,y €R, (4.25)
¢“ny,%—é%%%ﬁﬁﬁwm”mﬂ—A@”«u—w, z,y < a, (4.26)
“%”@yﬂ"H%%%éghwwuwwwww—w, re0,a),y >0, (4.27)

faoo e_®q+)\zA(qv)\) (Z, —y) dz
T, y;a) = faoo e~ a2 W (0N (2) dz

W(%/\) (-77) - A(q)\) (.T, _y) ) YIS [0’ a] Y < R
(4.28)

Remark 3. It is remarked that the above theorem holds true even without the net profit

condition stated in Subsection 2.2.1.

The following corollary confirms the convergence of Poissonian potential measures to the

classical potential measures when the observation intensity rate A goes to infinity.

Proposition 21. For ¢ > 0 and a > 0, we have

lim 7Y (2,y) = (2,y), for o,y <0, (4.29)
)\h_g)lo (2N (r,y) = (@ (x,y), forz,y>0, (4.30)
hm u(q A) (z,y;a) = u'? (z,y;a), for z,yel0,a], (4.31)
hm u(q Nz, yia) = u? (z,y:0), for z,y € 0,a], (4.32)
hm ug]d ) (z,y;a) = u'? (z,y;a), forz,y€[0,a. (4.33)
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4.4 Interplay Between Poissonian Potential Measures

and Exit Measures

As mentioned in Subsection 2.2.4, potential measures are known to play a fundamental
role in the exit problems of spectrally negative Lévy processes under the continuous time
observation scheme. In particular, as demonstrated in Lemma 2.11, continuous exit measures
can be expressed using its classical potential measure counterparts. When it comes to the
discrete Poissonian observation scheme, similar relations between exit measures and potential
measures may also be found. To do so, recall that the probability an observation is made in

the infinitesimal time period dt is Adt. With this observation, we arrive at the relationship
P, (TO—A e dt) = AP, (TO—’A >t X, < o) dt

for x > 0 due to independence between X and the observation scheme. In the same spirit,

we deduce that for x > 0 and y <0,

— —A o — - 7)‘
E, |e=9% 1{TO,A<OO,XTAEdy}} Y /0 e, (t< Ty X0 € dy) dt = 2" (@, y)dy.
0

Such duality further stresses the importance of Poissonian potential measures since Pois-
sonian exit measures are just a direct consequence of its Poissonian potential measures

counterpart.

Using the same argument, we immediately have the following corollary on Poissonian

exit measures.
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Corollary 22. For ¢ > 0 and a > 0,

E, {eqTJAl = /\TEL”\) (x,y;a)dy, z<a,y€l0,a],

{XTer)\Edy»TOJm)\<T‘;L}
0 m

T A .
B |:€ " 1{XT*,AEdy,To_’A<T:a} - )\7"81 ) ($, Y —CL) dy, z2=-ayc¢€ [07 a} )
0

E, [e‘qTJ’Al = Al (z,y)dy, <0,y >0,

A
{XTS"A 6dy,T0+’ <oo}

B {G_QTO_A1{XT—,A6dy,To_’A<oo} - )\T(})\) (IL‘, y) dy’ r 20,y <0, (4'34)
0 J

B %™ ) — Y (2. y:a)d 0 <0 4.35

x| € {X, __ \€dyT Aty Ug.c (x,y,a) Yy, TE [ aa]7y_ ) ( . )
To’ J

_gT A .
Eﬂ? |:e " 1{XT+,>\edy,Tj’A<7—0_} - /\uﬁqd ) (1‘7y, a) dya YIS [07 CL] Y Z a,

A | A
E. [e i1 1{XT+7>\€dy7Ta+,)\<Tof,)\} = /\uggd ) (x,y;a)dy, z€]0,a],y > a,

— = 7>\

E. [e aTo 1{XT_7/\edy7TO—,>\<T;—,>\} = )\ug]d Nz,y:a)dy, z€[0,a],y<O0. (4.36)
0 p

Corollary 22 generalizes Theorems 3.1 and 3.2 of Albrecher et al. [2016] in which the joint

Laplace transforms of the Poissonian exit times and the overshoots/undershoots are given.

We also recall, in the following Corollary, another Poissonian exit measure which was
first found in Baurdoux et al. [2016]. Notice that the Poissonian exit measures (4.34), (4.35)
and (4.37) are actually identical to (1.12), (1.11), and (1.8), respectively, in Baurdoux et al.
[2016]. This is not surprising as the Parisian ruin time 7, in Baurdoux et al. [2016] is well
known to have the same distribution as Tj, ? (defined in our paper). However, we point out
that Baurdoux et al. [2016] also relies on the spatial approximation argument to deal with
the case of unbounded variation paths, while the present derivation relies more closely on

the strength of the Poisson discretization technique to derive these results.

Corollary 23. For ¢ >0, a,b > 0, x € [a,—b] and y € [—a,0], we have

Al2:2)
—qTi _ (z,a) (a,\) (@.N)
B, et 1{XTJ,AEdy7TJ’A<T:aAT; } =2 (A(q,x) (b, a) AV (b, —y) — AV (2, —y) | dy.

(4.37)
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The proof is postponed to the the last section for which the key step consists of proving

the following interesting identity:

i A(Qv/\) (SE, a)
]ECC |:€ q b 1{7_I;|»<T0—,)\/\7_:a}:| = W(b’a/)’ xr 6 [_az, b] .

4.5 Application — Occupation Time under Hybrid Ob-

servation Scheme

One of the applications of the Poissonian potential measures is to study the occupation time
within a certain open interval (a,b), where a,b € R and b > a, under a hybrid observation
scheme that is introduced in Chapter 3. The ultimate goal is to obtain the Laplace trans-
form of occupation time under such observation scheme. This generalizes its continuously—

observed analogue in Landriault et al. [2011] and Loeffen et al. [2014].

4.5.1 Notations

Define a sequence of discrete observation times {&,}, .y as follows. For ease of notation,
denote N=1{0,1,2,...} and Ny ={1,2,3,...}. Let {; =0, and for n € N,
&1 = ei\a

e if Xe, , ¢ (a,b)

n’

§n — &n1 = , n=234..., (4.38)
(Ta_ A Tb+) o efn—l + 67{:7 if an—1 € (CL,b),

where {eﬁ}neN+ is a sequence of i.i.d. exponential random variable with mean 1/A > 0, 0 is

the Markov shift operator such that X; o s = X+ and (h A k) = min (h, k).

We then define the Laplace transform of occupation time the surplus process spent in
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Figure 4.1: Hlustration of occupation time under random observation.
(a,b) under such hybrid observation by
0N (a,b) = E, [e_qu dt] )
for ¢ > 0. Here, the set B contains all time segments X spent in (a,b), i.e.
B=|]J (& (rs AT)00e), (4.39)

icC

with the set C' constructed as
C={neN;: X €(ab)}.

Similar to the hybrid observation scheme in Chapter 3, the surplus process X is first mon-
itored discretely at Poisson arrival times with rate A until the surplus is observed to be
in (a,b). Hereafter, the surplus process will be observed continuously until it leaves (a,b)
such that the observation scheme switches back to the discrete fashion. Total time elapsed
during the continuous observation will be contributed towards the occupation time. Figure
4.1 illustrates the occupation time under the observation scheme described by (4.38) for a

particular sample path.

57



As a limiting case, suppose a = —oo. The barrier a is understood to be unreachable such

that (1, A7) =7, in (4.38) and (4.39).

4.5.2 Main Results

In the following derivations of the main results, the probabilities P, (XTA - €dz, TA < oo)
(for x > b,z < b) and P, (XTGA,+ €dz, TM < oo) (for x < a,z > a) are crucial. Due to
spatial homogeneity property of spectrally negative Lévy process, it is immediate, from

Corollary 22, that
P, <XT)\— € dz, T)‘ < oo) = A0V (€ — b,z —b)dz := f, (dz;x,b)

and

P, <XTaA,+ cdz, TM < oo> = )\7‘9)‘) (x —a,z—a)dz:= f (dz;z,a).

Occupation Time in Finite Intervals

The Laplace transform of occupation time in a finite interval O{*? (a,b) is first considered.
Theorem 24. For z € R,
O (a,b)

(
Of(l)\’q) (CL, b) y T E <_OO7 CL) )

=0l (@) O (a.b) + i (a.) O (a,6) + [P, (T = o) fi (A1) @ € [a,b).

5457 (a,8) O (a,8) + 5557 (0.6) 08 (a.6) + B (T}~ = 00) = € [b.o0)
(Ma)

where the auziliary functions o' b (a b), aly (a,b), B(Aq (a,b), B (a,b) are given by

(4.95)-(4.96), and the boundary values O™ (a,b), O (a,b) are solved in (4.97)-(4.98).
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Note that all the auxiliary functions are expressed in terms of either known exiting
identities, laws or exit measures. Although the solution form does not look promising, they

are indeed well characterized.

Occupation Time in Unbounded Intervals

As a special case, suppose one is interested in the Laplace transform of occupation time in
an unbounded interval such that, without loss of generality, a = —oco and b = 0. It is found
that a much tractable expression to the Laplace transform of occupation time Og({\’Q) (—00,0)

can be obtained as follows.

Theorem 25. For z € R,

CY(04) 23D, [Z (2,9y) 7 (w, D))

OMD (—o0,0) = —
09 (—00,0) = ; )
As a consistency check, note that
o
lim —>— =1,
Aoo @y — D,

and by Initial Value Theorem,

Z(x,® o
}\1%10 @A% = }\1%10 i Oy W (2 + 2)dz = W (z)

since ® 7 oo as A T oo. As a result,

lim O (—o0, 0)
Atoo

— afy @ ) 749 1 _1 )
v (0+) { g T T, T e, A

=" (0+) <I>q/ e P W (v + 2) dz,
0

recovering Corollary 1 of Landriault et al. [2011].

29



4.6 Application — Parisian Ruin with Poissonian Ob-

servations

As another application of the Poissonian potential measures, we consider a generalization
of the Parisian risk model in which the underlying spectrally negative Lévy process X is
subject to a Poissonian observation scheme with intensity rate A > 0. Our objective is to
derive a Gerber—Shiu type density at the Poissonian Parisian ruin time which will generalize

its continuously-observed analogue in Baurdoux et al. [2016].

4.6.1 Notations

Under a Poissonian observation scheme, an excursion of X below level 0 starts whenever
the spectrally negative Lévy process X is observed below level 0 and ends whenever the
spectrally negative Lévy process X is subsequently observed above level 0. Recall {7},
is the sequence of observation times which are the arrival epochs of an independent Poisson
process with rate A > 0. For n € N, we denote £, the starting time of the n-th excursion

below level 0, i.e.,

& =inf{T; : X5, <0}

& =inf{T;,: X5, <0,Xr,, >0and T; > &1}, for n > 2.
Let 8 be the Markov shift operator acting as X;060s = X, for s, > 0. The ending time of n-
th excursion below level 0 is then given by T, ofe,. The excursion is deemed to have caused

ruin if the length of the excursion exceeds an independent excursion—specific exponential time

with mean 1/¢. Thus, the Parisian ruin time under the Poissonian observation is defined as

TM — inf {gn el T ol — & > eg} ,
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el —> ] —>
T
d / TAa

-t
l/ & /10 b, &

Figure 4.2: Mlustration of Parisian ruin time with an exponential grace period under Pois-

sonian observation.

where e? is an independent exponential clock with mean 1/q generated at time &, for the
n-th excursion below level 0. Figure 4.2 illustrates such ruin time for a particular sample

path.

Our objective is to derive an explicit expression for the following Gerber—Shiu type density

at the Parisian time:

—sT™M4
E, [e TN {XWednyA,KT:éAAT;,A}], ¢ €[—a,b],y €R, (4.40)

where a,b > 0.

4.6.2 Main Results

For ease of notation, we define two auxiliary functions. For x € [a, —b] and y € R,

Hé‘féq’)‘) (r,y) = / N (2, —w; ) ACTEN (¢ — w,y — a) dw, (4.41)
0
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and

Zé‘;;q’)‘) (x) = / N (z, —w; L)W TN (0 — w) duw, (4.42)
0

where

5&) w), S —a, 0 )
N (2, w; b) = () | ) (4.43)
/\ugff)(x,w; b), = €l0,0],

and d,(+) is the Dirac delta function centered at z.

Theorem 26. For x € [—a,b] and y € R, the Gerber-Shiu density (4.40) is given by

E 78T>"q
qdy
Olsta+N) (4) 4 Als+a) a,—a—1y) — A b p(stat) (o) (a2 2, —y)dz
_ ) ( LT 5 20 o ) - 1 0. ).
W (s+a, )\) )\f G(s+a+X) ( )Z(sq ( )dz ) ,

{Xpaq€dy,Tra <T:(’L>‘AT;’>‘}]

Remark 4. One expects the Gerber—Shiu density in Theorem 26 to reduce to the Gerber-
Shiu density in Theorem 1.2 of Baurdoux et al. [2016] (or equivalently (4.37)) when the
observation intensity rate A goes to co. This result can be proven (see Appendix) when the

spectrally negative Lévy process X has bounded variation paths, namely for z € [—a, b] and

Yy € [—(l, 0]7
1 _arra ACD(2,a) 5 (s)
lim @E [ Lo, s gedymracr— P AT mA (b, —y) — AV (z, —y).

(4.44)
Unfortunately, there are non-trivial difficulties that arise in the case where the spectrally
negative Lévy process X has unbounded variation paths, which are related to the evalua-
tion of the integrals f_ba 9(”‘1*’\)(2)}[(52(1’”(2, —y)dz and f_ba 9(S+Q+A)(2)Z(sq’\ (2)dz (unless
a = o0). To complete this step, a non-trivial study of the two functions Ha,,; A (x,y) and

A .
Zlgsl;q’ )(m) is necessary.
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4.7 Appendix

In the rest of the section, to ease the notational burdensome, denote e, and e, as two
exponential random variables with mean 1/¢ and 1/ respectively that is pertained to the
Parisian delay and discrete Poissonian observation. We remark that e,, ey and the underlying

process X are mutually independent.

4.7.1 Proof of Theorem 20
Proof of (4.22)

For z,y < a, let
00 1
REE’A) (x,dy;a) = / e 1P, (Xt edy,t< TJ-’)\ A T,;r) dt = -P, (Xeq €dy, e, < T[)—h/\ A TJ) .
0 q

We consider separately the cases where © < 0 and z € [0, a] .

For z < 0, conditioning on whether e, or 7, happens first, one deduces that
(a.) N + + (a.) .
R (z,dy;a) = qu (Xeq edy,e, <1 ) + P, (TO < eq) R (0,dy; a)
_ (@ gz (T, :
=Ty (l’, y) dy te R+ (O’ dy7 (l) ’ (445)

where the last line holds due to (2.11) and (3.2).

For x € [0,a], comparing e,, 7,7, and the first Poissonian observation time e,, it follows

a )’

that

1 0
RSE’)‘)(QJ, dy;a) = =P, (Xeq edy,e, <exN T;) + / P, (XeA €dzey <e; A 7';_) Rgf”\)(z, dy; a)
q

—00

0
= (e —a,y - a)dy + / X (@ —a,2 = a)dzREY (2, dy:a).

—00

(4.46)
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Substituting (4.45) with # = z into (4.46) and using (4.7) yield
REY (2, dy; a)

0
= (@ —a,y —a)dy + A / T (@ —a,z = a)r{? (2,y) dady

—00

0
+ )\/ rsrqﬂ) (x —a,z —a) eq’qzdzRf’A) (0,dy; a)

0
=" (z—a,y—a)dy + >\/ r (2= a,2 — a) ("W (—y) = WO (2 —y)) dzdy

—00

(g+X)

0
+ >\/ r"V(r—a,z—a) e(qudzRSf’)‘) (0,dy; a) . (4.47)
Letting = 0 in (4.47), we solve for RSf’A) (0,dy; a) and obtain

R (0, dy; a) /dy

) rg_q+A)( a,y —a)+ W@ (- )\f q+A —a,z = a)W9(z —y)dz — WD (—y)
1_)\f €¢’ZT(Q+ ( a,z—a)dz

In what follows, we focus on specifying the two types of integrals in (4.47) and (4.48).

On one hand, for = < a,

0
/\/ eq)qzrgf“) (x —a,z—a)dz

= / e?* P, (Xey, €dzen <egAT)dz — /\/ e@qzrf“) (x —a,z—a)dz
0

—00

—00

0 a
= / ePaztop (XeA edzey <ey A 7'0+) dz — /\/ e(qurf“) (x —a,z—a)dz
0
a

=ePE,_, [e_qe”%X” 1{6A<TO }} — )\/O e%zTSfJ”\) (x —a,z —a)dz.

Furthermore, using (30) of Albrecher et al. [2016], (4.7) and (2.5), one finds that
0
)\/ e%zrgf“) (x —a,z—a)dz
—00
e €q>qa (eq"Z(x_a’) — e¢q+>\(l‘_a)) —_ 6q>q+/\(x_a))\/ eq>Q(a_Z)W(Q+)‘) (Z) dz _|_ )\/ eéq(x—z)w(q-i—)\) (Z) dz
0 0

= 7 (g, o) — eParr(@=a) Z(a+A) (¢ D,). (4.49)
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On the other hand, for x < a and y < 0,
0
/\/ rgfﬂ)(m —a,z—a)W9D(z —gy)dz
0
— / [e‘bqﬂ(x‘“)W(q“)(a —2) — Wt (z — Zﬂ W(q)(z —y)dz
= eq)q“(””_“)/\/ W@t (g + YWD (—y — 2)dz — / W (2 4 )W (—y — 2)dz
= / W (WD (g -y — 2)dz — )\/ WEN (WD (2 — y — 2)dz
= Perr(@=a) )\ [/ WD (g —y— )W (2)dz — / WD (@ —y — 2) WY (2) dz]
- A [/ W@ (x —y — 2)Watd( / W@ (z—y— z)W(qJ”\)(z)dz}

= Pl WO 0 — y) = AW (—y )] = (WO @ —y) = AV ()], (450)

where the last step is due to (4.4) and (4.10). Note that it is easily seen from (4.13) that
the equality (4.50) also holds for y > 0.

Substituting (4.49) and (4.50) with z = 0 into (4.48), and using (4.12), it is relatively

easy to show that

A(q)\) (_ya CL)

A
R(f )(O,dy;a)/dy: m
’ =49

— WD (—y). (4.51)
Lastly, substituting (4.7) and (4.51) into (4.45) yields, for z < 0,
AN (—y a)
(@) : _ Y4 2qx _ 7@ (4 —

Also, substituting (4.7), (4.49), (4.50), and (4.51) into (4.47) yields, for = € [0, al,

7A R—
A (029) 7063 (1, ) — 4@V ().

A
R () [y = Z 0 )
» = q

We complete the proof by unifying the above two expressions for z < a.
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Proof of (4.23)

For z,y > —a, let

o0 1
R (z,dy; —a) = / e 1P, <Xt edy,t< TO_”\ AT ) dt = -P, <Xeq € dy, e, < TO_”\ A T__a> .
q

a
0

We consider separately the cases where y € [—a,0) and y > 0.

For y € [—a,0), we shall have that 7,7 < e, A TO_’A almost surely. Subsequently, at level
XTO—, we know that the random time 7;" A e, should occur prior to the next observation time

eyx. Therefore,

1
RN (z,dy; —a) = 5/[ 0l F <XTO‘ €dz < e‘I) P (Xeq € dy,e, < Ty A Tj“)

—a

= / P, (XTO— cdz, 7y < eq> P, (7'0+ <egNexNT_ ) RN (0,dy; —a)
[—a,O}
1
+ —/ P, (XT(; edz, 1y < eq> P, (Xeq € dy, e, < 7_0+ A ex A T__a) )
qd J{—a,0]
Subsequently, using (4.1) and (2.13) leads to

ROV (2, dy; —a)

WU (2 +a) L
- ) ’ - (g+X) )

W a+X) (X 4+ a)
To

— -7y
= B e W@t (q) Vg <oo

} R4 (0,dy; —a)

+E, [e—w{u(qH) ( X, +ay+a a) 1 {TJ@O}] dy, (4.52)

where the last line holds due to the fact that W@ (z) = 0 for any z < 0.

For y > 0, conditioning on whether 7, occurs before e, (or not) leads to

1
R(:]’)‘) (:L',dy7 —a) = —/ P, <XTJ € dZ, To < €q> P, (Xeq € dy> €q < TO_)\ A T:a>
4 Ji—a,0]

1
+ 5]P>x (Xe, €dy,eq <75 ). (4.53)

66



Since z < 0 and y > 0, by (4.1), we have

a —a

1
-P, (Xeq cdy,e, <Ty AT > =P, (1 <esNexAT2,) R(_q”\)(O,dy; —a)
q

W(qu)‘)(Z +a) g

Substituting (4.54) into (4.53) and using (2.12) give

lV“+”<X£-+a>

(a:2) . (9)
W@ (@) Hm <o) R0, dy; —a) + 72 (2, y)dy.

RY(z,dy; —a) = E, |e 0

(4.55)

We further note that (4.52) and (4.55) can be expressed in a unified manner as follows:

for x,y > —a,

RV (2, dy; —a) /dy

P (@) <XT(; + a)
W@ (q) A <oc)

R (0,dy; —a) /dy

=FE, |e %0

+Es [e_qn)_u(q“) (XTO’ tay a;a> 1{Tg<oo}} Li-asyeop + 7 (2,9) 120y (4.56)

To solve for R (0, dy; —a), we condition on whether e, arrives prior to the next observation
time ey. Using (2.10), we have

o0

1
ROV (0.dys —a) = P (X, €dy,eg < ex A7o,) & [ P(Xey € dzien < e A7o,) ROV (2dys —a)

a a —
0

=Y (q,y +a) dy + )\/ rY (a2 + a) RN (2,dy; —a)dz. (4.57)
0
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Substituting (4.56) with = z into (4.57), we then solve for R (0,dy; —a) and obtain

RYN(0,dy; —a)/dy

r P ay+a) + A 77T (a, 2 4 a)E. [e—qfau@ﬂ)(x%_ +a,y+a a)l{To‘<°°}] d=

= “WE(X__ta)
1— )‘fo T a,z+ a)E, [e1m0 Wl{’rg<o®} dz

6—<I>q+/\yw(q+)\)(a) o )\W(q+/\)<a) fooo e~ PeA R [e—qTJ W atx) (XTO_ — y)l{TO—@O}] dz

Pgra _ )\fo e~ P2, [6_‘170_ W(atX) (XT(; + a) 1{Tg<oo}] dz

for —a <y < 0, and

R0, dy; —a) /dy

r N (a,y +a) + AJSS r (e, 2+ a)r? (2,9) dz
_WEHN(X__+a)
)‘fo Q—i-)\ (a, 2+ a)E, {eqm —W<q+*>(0a) 1{70‘<oo}] dz

e*‘PnyW(q“)(a) + AW (a) [ e=Perrp (2, y)dz

Pypra _ )‘fo e~ Parrz[E, [e_qT(; W(Q+>\)(XT(; + a)l{To_<oo}} dz

for y > 0, thanks to (4.8) and (4.9).

(4.58)

(4.59)

Next, we focus on simplifying (4.58) and (4.59). By the spatial homogeneity of X, for

any z > 0 and y < 0,

—qT, A —qT_, A
Ez [6 7o W(q+ ) <XT(; - y> 1{7'(;<oo}:| = ]Ez_y [6 ! —yW(Q+ : (XT:y> 1{7—:y<oo}:|

= lim E,_ [ —Ty et (ery> 1{7: <Tb+}j| ’

b—o0
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Thanks to Lemma 2.2 of Loeffen et al. [2014], we deduce that

E., [e—wiyw@“) (XT, ) Iy, <T+}}
) -y b

2y

= WUV (z —y) =\ WD (2 —y — )W (g)dx
W(q)(z) q—i—)\ q+>\
- W@+ y) ( / W @ )dx>
—y

W(q+>\) / W(q (z—y— )W(‘”’\)(J:)dx + )\/ W(Q)(z —y— x)W(q“‘)(a:)dx

0
— M (W(‘H)‘)(b) — )\/ W(q)(b — a:)W(q+’\)(x)dx + /\/_y W@ (b — x)W(‘”)‘) (x)dx)

W@ (b +y) 0

= WD (2 —y) +)\/ WD (2 —y — )W (z)da

Wvg<(q;(+) ) ( b+ / WO —z)W (e )dx), (4.61)

where the last step is due to (4.4). Taking the limit b — oo in (4.61) and using (2.9) and
(2.5), Eq. (4.60) becomes

IEz [e_qTa W(q+)\) <XTJ - y) 1{7'07<oo}:| = A(q)\) (Zv _y) - W(q) (Z) Z(q-i-)\) (_y7 (I)q) ) (462)
for any z > 0 and y < 0. Substituting (4.62) into (4.58) and (4.59) yields

1
0. dyi—a) £ W (=)

e_cblH—)\yW(Q'f')‘) (a) _ )\W(Q+)‘) (a) fooo e_q)(H—AZ [A(Q7>‘) <27 _y) _ W(Q) (Z) Z(Q+)\) <_y7 @q)] dz
a et — )\ [X e~z [AN) (z,a) — W@ (2) Z@HY) (a, D,)]

(4.63)

for —a <y <0, and

1
T 0, dy; —a) + WO (=)

B e~V (@) (g) + AN (@) (g) I e—‘l’qﬂzr(_q)(z,y)dz (4.64)
C e®arra ) fooo e~ %z [AN (z,a) — W@ (2) Z@+) (a, D,)] '

for y > 0. Note that by (4.10), (2.3), (2.6) and (4.8), we have

e_q)q+)\y

/ e~ Ptz AN (5 ) dz = y <0,
0

)\ Y
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and
—Pqy _ e_q)q—My

/ e~ Parrzp(0) (z,y)dz = ¢ , y>0.
0 A

Thus, (4.63) and (4.64) is further reduced to

W atA) ( )

RV (0, dy; —a) /dy = mz T (—y, @) =W (—y) . (465)

Finally, substituting (4.65) into (4.56) and using (4.8), (4.9) and (4.62) yields (4.23).

Proof of (4.24) and (4.25)

By (2.5) and (4.11), we have

AN (z.a) WO (24 a) = A fTWEO ()W (2 +a - 2)dz
7@ (a, ®,) AR (a, CDq)
W@+ (z4q) W(‘H‘)‘) r+a—z
W@t (a) )‘fo W(‘H()‘)(a) d
Z(q+/\)(a7q>q)
W ()

It follows from (2.9), (2.7) and (4.16) that

- AN (1, a) _eq+w )\f W@ (2) eParr(@=2)dz

A) o A
a—oo 7/(a+A) (a, (I)q) -

= WA (x).

Therefore, it is straightforward to see from (4.22) and (4.23), that

z,y) = lim rY (2, y:0)

a—
AN (—y, a)
= lim —————>~~
a—00 Z(q+)\) (a7 (I)q)

= W(%A) (_y) Z(q+>\) (ZL’, Q)q) - A(q,/\) (_ya {L‘) )

(qA)<

Z(q+>\) (l‘, q)q) - A(q)\) (_y7 .T)

and

(g, (

r (z,y) = lim rled) (z,y; —a)

a— o0
AN (2, a)
= lim ————"
. 7 (0.,

= WO () 20 (—y, @) — AW (2, ).

20 (—y, @) = A0 (1, ~y)
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Proof of (4.26)

For 2,y < a, due to the fact that {t < 7. ATy} = {t < T, W\ {1 <t < Ty}, it is
immediate from (4.18) that

W(Q7>‘) T
W (i) =1 ) = (s O (), (1.66)

Substituting (4.25) into (4.66) yields (4.26).

Proof of (4.27)

For z € [0,a] and y > 0, let
~ 1
Uézi)\) (z,dy;a) = /0 e P, (Xt cedy,t<t, A Ta*’)‘) dt = gpm (Xeq edy, e, <15 A T;r,,\) .

Conditioning on whether or not 7,5 occurs prior to e, and using (4.1) lead to

UC(ZZA) (x,dy; a)

:é{Px(Xeq Edy,eq<7'§/\7'j)+Px(7j<eq/\TO’)IP’a(XeqEdy,eq<7'0’/\Ta+”\)}

= u? (2, y;a)dy + q—)Uc(fi;A) (a,dy;a), (4.67)

where we have extended the definition of u(? to u(® (z,y;a) = 0 for 2 € [0,a] and y > a.

To solve for U C(fif) (a,dy;a), we condition on whether e, occurs prior to the next obser-

vation time e, and arrive at

1 a
Uc(zi”\)(a, dy;a) = 5Pa (Xeq edy,e, <75 A e,\) +/0 P, (XeA edr,ey <75 A eq) Uc(zl”\)(x,dy;a)

= (q,y) dy + )\/ N (g, 2) U, q’ ) (2, dy; ) dz. (4.68)
0

Substituting (4.67) into (4.68) gives

)\fo _qH u® (z,y;a) do + et (a,)
fa @) (a0, 2) W@ () d

U (a, dy; a) = dy. (4.69)

W(q>
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Next we simplify (4.69) by evaluating the two integral terms therein. By using (4.8),
(2.5) and (4.4), we have

/ plat) (a,2) WD (z — y) dz
0

= W@ (g) / e~ LT @ (1 — gy da — / Wt (g — 2) WD (2 — y) da
0 0

= W (q) /a_y e~ Carr ()17 (@) (z)dz — /a_y W (a+X) (a—y—2) W@ (2) dx
0 0

1
= X1/[/(¢1+A) (a) e~ Patry [1 — e eV Z(@) (g —y, (I)q+>\)}
1
Y (W (a —y) = WD (a —y)] . (4.70)

As for the other integral, using (4.9), (4.70) and (4.8) followed by simple algebraic manipu-

lations, one finds that
)\/ plat (a, ) u'? (z,y;a) dz
0

° 4 W@ () W (@ (a—1y)
= /\/0 r (a, z) { W@ (a) i

— WD (g — y)] da

_ W (a — y) g+ —®4inar7(q g+ q
= WT@ {W( )(a) (1 —e Z9(a, <I>q+>\)) — (W( ) (a) — W )(a))}

_ {W(q+A) (a) e~ P2y [1 — e Q@Y 7@ (g — g (I)q+>\)} — [W(q+A) (a—1y)—W@ (a — y)}}

Z(q) <a7 (I)q+>\>

— o Pt (o) [Z(q) (a—y, Dyyr) — W@ (a — y)} — ™ (4, )

W(Q) (a)
(4.71)
With the aid of (4.16), substituting (4.70) with y = 0 and (4.71) into (4.69) yields
W@ (a —y)
Uc(fif) (a,dy;a) = {WW@) (a) — W@ (a— y)} dy. (4.72)

Finally, with the help of (4.9), (4.27) follows by substituting (4.72) into (4.67).

Proof of (4.28)

For x < a and y € R, let
0 1
U (2, dy; a) = / e~IP, (Xt edy,t < Ty A T;A) — _P, (Xeq edy,e, < Ty A Tﬁ) .
0 q
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Conditioning on whether 7,7 occurs before e, leads to
1 .
U (x, dy; a) = e (Xeq edy,e, < Ty ™ A TJ)
1 _ .
+ -P, <T;r < e, NTj ”\) P, (Xeq € dy,e, <1 A A Tj”\)
q

W@ (z)
= u(q Y (z,y;a)dy + I/V(T)(G)Uéiqf) (a,dy;a), (4.73)

where the last step is due to (4.18) and the definition of u((f; was extended to ufl » (x,y;a) =

0 for y > a and = < a.

To solve for U, CE?C})‘) (a,dy;a), we consider whether e, occurs before the next observation

time ey and obtain
ch?c})\) (a,dy;a) = é]P’a (Xeq edy,e, < eA) + é /Oa P, (X, € dz, ey < eg) qUtg?d/\) (x,dy; a)
=09 (y —a)dy + A /a 0@t (1 — a) UV (z,dy; a) da. (4.74)
0
Substituting (4.73) into (4.74) and using (4.26) give

A
Uél:qd ) (a? dy; a)

0OV (y —a) + A [ 00N (2 — a) udN (2, y; ) do
B l = wave A)(a fo flatd) (33 —a) W () dz
A A) A
_ 0V (y —a) + AV (a, +>\)\f - ( A)a)A i) TR (a,~y).
1- W(qA) fo 0@ (z — a) W (z) dx
(4.75)

Next, we simplify the expression of U é?f) (a,dy;a) in (4.75). Using (4.10), one obtains

/ WD (¢ — 2) WD (2 — y)da = / WD (—y+a—z) W (2)de
0 0

_ AN (—y a) — WD (q — )
= X 7
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which implies that

)\/ Wt (g — z) AN (2, —y) da
0
= AN (—y,a) = WD (q —y) + /\2/ / WD (z —y — 2) WD () W (¢ — 2) dzda
~y
= )\/ WD (—y — 2) AN (2,a) dz + AW (—y,a) — AN (a, —y). (4.76)
0

By (4.5), it can be seen that

a d - P W (2:A)
[ WO - gy W (o) o = P Bt 2@ um
0

Invoking (4.6), (4.76), (4.77) and also (4.11) for the term A (—y, a), one can rewrite (4.75)

as

uy (a,y:0)
P Parxy X [ emParr? AN (1) —y) do
= £ E o u o o) ]W(q’k) (a) = AN (a, —y)
B = Ay fy e P W@ (2) o
Ae~Paraa [TV WD (—y — 2) AN (2,0) = WEN (0 —y — 2) W@ (2)] dz

BT Joe on W (o) ds

+ AR (a).

(4.78)

Furthermore, by (4.10), (2.6), (4.5), (4.16) and ((2.5)), it can be shown that

[e%¢) —(I>q
/ €—<I>q+A:cA(q,)\) (ZL’, _y) dr = e +>\y,
0 A
and
/OO €—<I>q+kacw(q,)\) (I) dr = (I)qJ;)\ : q)q
0 A (I)quA

Using the above two relations, (4.78) can be rewritten as

[ e Panm AN (1 —y) dx
f e~ Paraz I/ (¢:2) ( ) dx
f [ W@ (—y — 2) AN (z,0) — W (g —y — 2) W@ (z)] dz
Cpin J, €T CTOWEN () do

u'N (4, y;a) =

W@ (q) — AN (q, —y)
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Substituting (4.79) into (4.73) leads to

(a0) [ e Pz AN (2 —y) dz

Ugy (T,1;0) = W@ (z) — Ala) (z,~y)

[ emParrzTV (@) ( )dz
f (W@t (—y — z) AN (z,a) = W (g — y — 2) W@ (2)] dz (@)
Dy [ ePaenramAW @A) (2) dz
In light of (4.28), it remains to show that, for any y € R and a > 0,
—y —y
/ WD (—y — 2) AN (z,a)dz = / WD (g —y — 2) W9 (2) dz. (4.80)
0 0

It suffices to prove (4.80) for the case when y < 0 because (4.80) clearly holds for y > 0. For
large enough s > 0, it follows that from (4.10), (2.3) and (2.6) that

/ / WD (2 — 2) AN (2, a) dzdz
—/ e TW N (g )dx/ e AN (z,a)dz
0 0

Z@N (a,8) 1
7qu-i-/\ (S> ¢q (S)

—/ e W (g + x) da - / 2 W@ (2)dz

W (g + 2 — 2) W@ (2) dzda. (4.81)
A

Taking Laplace inversion to (4.81) yields, for x > 0,

/ W@ (2 — 2) AV (z,0) dz = / W@ (a + 2 — 2) W9 (2) dz. (4.82)
0

0

This completes the proof of (4.80) by letting x = —y > 0 in (4.82).

4.7.2 Proof of Proposition 21

Relations (4.29) and (4.32) are immediate from (4.17). In addition, relations (4.30) and
(4.31) are direct consequences of (4.12), (4.17), and the fact that Z(@(z,8) = €* for z < 0.
We are only left to prove (4.33).
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For z,y € [0, a], by (4.28) and (4.10),

[ e W@ (2 — y) dz
[ e W@ (2) dz

Note that by (4.14), it follows that

ugly (,00) = WD (@) =W (@ —y).

faoo e_q)qu)\ZW(Q) (Z - y) dz — W(q A) (a/ - y) (4 83)
faoo P PEDA Y VACRY (Z) dz q+>\ fO e~ Lar2z 1/ (a,) (z + a) dz’ '
From (4.17) and (4.83), it remains to show that
(4.17) and (4.83),
/\lim (Pgir — Py) / e~ P2 W @D (2 4 g)dz = WD (a). (4.84)
—00 0
For any fixed € > 0, by (4.14), we have
(Pgr — Py) / e” P2 W@ (2 4 a) dz
= ((1)11+/\ - (I)q)2/ ¢~ P (@ (2 +y+a)dydz
0
Dypr — @) / e~ P @ (1 + ) dadz

= (B — B,)° / (z —e)e” P2 W D (1 + a)dz. (4.85)

Observe that for any fixed > ¢, the function 8 — (2e75* is monotone decreasing in 3
for any 5 > % By (2.2), we deduce that for any x > ¢, the function A — ®2+Ae’q>q+” is

monotone decreasing in A for any A > w(g) — ¢. By the monotone convergence theorem and

(4.85), we deduce that

0 < limsup (Pgir — <I>q)/ e~ P N (2 4 a) dz

A—00

= limsup ($y4r — P,)° / (x — &)e P WD (1 + q)dx

A—00

< / (z — )W D (z + a) limsup P2 e P dy

A—00

~ 0. (4.86)

Combining the fact that (®gyy — ) [ e P32 W@ (2 + a) dz is nonnegative with (4.86),

one arrives at

/\hm (q)q-M - (I)q) / e T e (2 +a)dz=0.
—00 €
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On the other hand, thanks to the monotonicity of W@ we have

€ —®giaE
(¢q+>\ — ®q)\/ 6_¢q+AZW(q,>\)(z + a/)dZ Z ((I)qu)\ - (I)q)(l — € 2 )W(Q’A) (a) ’
0 Dy
3 _ _ —q)q A€
(®yin — q)q)/ e—%ﬂzw(q,/\)(z +a)dz < (Pgn — Pg)(1 — ™o )W(q,A) (a+¢).
0 Dy
It follows that
li/{n inf(®yyy — @q)/ e P N (2 4 g)dz > WD (a), (4.87)
—00 0
lim sup (@) — q)q)/ e~ PN (5 4 a)dz < W@ (a4 ¢). (4.88)
A—00 0

From the arbitrariness of €, we conclude from (4.86)—(4.88) that (4.84) holds.

4.7.3 Proof of Corollary 23

For = € [—a,b] and y [—a, 0], we have

E, {eqTO’Al

{XTO,Aedy,To’kr:am;}}

_ quf’A B ,qTJr quf')‘

=E, {e ’ 1{XTO,Aedy7To“<7_a}1 E, [e ey “Aia}} B, {e ’ 1{XT(;A€dvaf? A<rZa)
A —grt A

= AV (z,y; —a)dy — E, [e i 1{7,,+<T0’“/\T:a}} Ar(e?) (b,y; —a) dy. (4.89)

In what follows, we focus on characterizing E, [e“mf 1 [ <Ty e }} .
b 0 —a

Conditioning on whether 7,7 or 75~ occurs first, by (4.1) and (4.61), it follows that

]Ex [e_qT;l{T;<Tg’/\/\T:a}i|

0
— —q7y —arg” —ary
B / S M PR ol B[ e,
0
q +

B [T

W@ () 1 - +
— —aro 17 (a+A) —q7,
= e @ W (0 X)) Yy | B ey
B w (@) () AN () W@ () AN (b, a) P p— L90
W@ @) T\ WEN (@) W@ (5) W (a) [6 {r" <15 ’*Mia}]' (4.90)

77



Note that (4.90) holds for x € [—a,b]. To evaluate E [ Ty 1{ }] we condition on

N
T <Ty

whether e, or 7,7 occurs first and obtain

—orT
E [6 " 1{T;<T077)\/\7—:a}i|
b
—ary —qe _arT
=K |:€ a7, 1{T;<e’)\/\’r:a}] —|—/0 E [e q Al{XeAEdZ,€A<T:a/\T;}i| E, [6 qTy, 1{Tb+<To_7/\/\T:a}]

W(Q+)\) (a) b
= @ (at0) + )\/0 W™ (a,z + a;b+a) E, [ 1{T T a}} dz. (4.91)

Substituting (4.90) with z = z into (4.91) and using (4.9), we have

e
E [ e e

Wt (g w(@(z
Wy T A Jy w2 + asa+b) g dz

A@A) (z,a W (@) (2)A(@:N) (b,a
1— )\fo w9t (a, z + a;a + b) |:W[(1q+)€)( 3 - W(;Eb))wgm()(a;] dz

W(atX) (q) AW (@) (g W (@) (@
W(q+k)(a+b) + W (a+X) (a+b) W(Q) b) f() b - Z) w (Z)dZ

_ . (4.92)
b WD (2)A@A) (b,a
L= argmy Jo WY (b - 2) (A(q’*)(z, a) — W) dz
From (4.82) and (4.4), one easily finds that
b
/ W@ (b — 2) AN (2,0)dz = / Wt (a + b — 2) W9 (2) dz,
0
and
b A
W@tN (p) — W@ (p
/ WD (b — ) W9 (2)dz = ( )A ®)
0
Further substituting the above two equalities into (4.92), and using (4.11) lead to
Wt (q)
—ar," _
B [e " eery ‘Wia}} ~ AG@N (b,a)’
Hence, (4.90) reduces to
AN (2, a)
_qrt _ )
E, [e R PI— w}] = TG0 (4.93)

Lastly, by substituting (4.93) into (4.89) and using (4.23), the proof is complete.
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4.7.4 Proof of Theorem 24

To begin with, due to the positive loading condition, for z < a,
0P (a,b) = B[4y | 0P (a,6) = O (a,b). (4.94)

Using the standard conditioning argument, together with the strong Markov property and
(4.94), we have, for x > b,

OWa) (a,b)

b
—ar (\a) a7 (\a) ]
/a 1{XTA,edz,Tg’<oo}Ez [6 Pl O (@ b) + e L 07 (a,0) ]

b
1 ON (a, b
/Oo {XTbA,,edz,Tb*"@o} 2" (0. 0)

_ Ol()/\,q) (a,b) /b E, [e—qﬂj 1{TZ,+<TJ}] Iy (dz;z,b) + P, (T;\’_ = OO)

a

+E, +P, (1) =)

+OX9 (g, b) {/ab E, [e—qm’ 1{Ta_<7b+}} fy (dz;z,0) + /_; N (dz;az,b)}

= O (a,b) %7 (a,0) + OO (a,b) B (a,b) + P, (T,f" - oo) (4.95)
Similarly, for a < x < b,

O3 (a,b)

b
—ary (\a) —ama <A,q)]
/al{XTHedz,T;%}Ez R ML A e ]

[o¢]
1 OND (a, b
/b {XT>\,+€dz,Ta/\‘+<oo} 2% (a,b)

b
_ Ol()/\,q) (a, b)/ E, [e_qﬁl{f,jq;}} ¥ (dz;z,a)

— K,

+E, +P, (T} = 00)

b ()
+ 0N (a,b) / E. [e—%’ 1 {T5<T+}] 5 (dz;2,0) + / O™ (a,b) fi (dz; x,a)
a b b
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by virtue of positive loading condition. The integral in the last line can further be simplified
by back substituting (4.95), leading to
/boo OND (a,b) fiF (dz; 2, a)
= O™ (a,b) /boo /bEy [e“”; 1{75%—}] fx (dy;2,b) fy (dz; 2, a)
rop ) [ & [ 1] e [ ansn )@

-I—/bOOIF’Z <Tb’\’_ = oo) Iy (dz;x,a)

Hence, for a <z < b,

/boo/bEy [e i Lirans }} v (dy; 2,0) f (dz; 2 a)}

+
b
+ 00X (g {/ E, [e qT;l{qu}] I (dz;z,a)
e v 1{ <T+}} [ (dy; 2,0) f3 (dz; 2, a)

o L]
—l—/ / v (dy; 2,0) f (dz; 2 a)}

—i—/OOIP’Z (T, =o0) [ (dz; 3, )
b

= Ol(,)"q) (a,b) ozg(:‘l;q) (a,b) + O (a,b) ol ’\Q) (a,b) + / P, <Tb’\’_ = oo) ¥ (dz;z,a).
b
(4.96)

From (4.95) and (4.96), it remains to obtain an expression for oM (a,b) and Oé/\’Q) (a,b).

Letting x = b and = = a in (4.95) and (4.96) respectively gives

O™ (a,b) = By" (a,0) O (a,b) + B5" (a,5) OP? (a,b) + P, (T, = o)

and
O (a,b) = a ’\bq) (a,b) O (a, b)+aly? (a,b) OM (a,b)+/ P, (Tb)"_ = oo) ¥ (dz;a,a).
b
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With the auxiliary functions defined in (4.95) and (4.96), solving the system of equations

gives
(Ma) (/\ﬂ)
o a,b a,b
(1_04@@(@,@)— T s >>o<“ (0,b)
- bb a
(Ma)
gy (a,h) S = P + ..
. b)IP’b (T,, - oo) + /b P, (Tb - oo) £ (dza,a) (4.97)
and

(Aq
, b , b

1— a,({\aq) (a, b)

- 1 f%;\;?’(gb) /boo P, <TbA - ) f,\ (dz;a,a) + Py (T = oo) . (4.98)

Therefore, the result follows.

4.7.5 Proof of Theorem 25
Condition on the first Poissonian observation in red, using the strong Markov property
together with (3.2), we have

o) (—00,0)

0
Sy (>\7Q)
1 Ez[ ami | }O 50,0
/oo {XTS,,Gdz,T(;\’_<oo} € {TJ<OO} 0 ( >0 )

=K,

+P, (T = o0)

— 0% (—00,0) E, +P, (T = o)

0
/ 1 N e?
oo {XT8\7,€dz,TO’ <oo}

A

= O™ (—c0,0)E, [e%xmf 1 {TOA,YOO}] +P, (T} =) . (4.99)
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(4.99) allows us to obtain an expression for O(()’\’q) (—00,0), which can be done by letting

x = 0 such that

IP)O (TO)\’_ = OO)
(Xq) —
OO ! (-O0,0) - (I)(‘I)XTXﬁ
LB [T )
o
U (04) 7 (0,0)
- A QCI)A
1———1Z2(0,9,) —Z(0,P)) —=
(20w - 20033
o
0+)
o 1— /\q)q - qCID,\
(A=q)®,
_ Y0P, (11
Dy—D, \q¢ M)’

by using (3.3) and (3.4). Plugging in the above expression back into (4.99) and by (3.3) and

(3.4) again arrives at

0 (oo o) = PO P12 (A —q) A { B @}
O (—00,0) = N @D g Z (z,®,) — Z (z,®,) o
+ wz (x7¢)>\)
_ YV (0+) 21D, {Z(qu) _ Z(z, (I>)\>:|
Dy -, q by '

4.7.6 Proof of Theorem 26

For z € [—a,0) and y € R, we separately consider the contributions to (4.40) by the following

two possible events: {eq <T AT } and {TO+ <T- A eq}. It follows that

—sT™M4
Ey [e 1{XTM edy,Txa<T~ AT }]

_ P _sTNa
— seq 3 87, 3 _ sT 3
B, [e 1{xeqedy,eq<T_rArJJ K [e 1{ro+<quT_¢f}} Eo [e 1{Xmedy,T*vq<T_¢;*AT:’*}]

WE+aA) (1 4 a)

(S+Q7>‘) E B €—8T>"q1 N N
W(SJF‘],)\) (a) 0 {XT)\,quy,T)"q<T:C’L /\Tb+’ } )

=qug, " (r+a,y+a;a)dyliyco +

(4.100)
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where 0~ means the surplus is at level 0 and the Parisian clock is on. For = € [0,b] and
y € R, we shall have T} A < T almost surely. Hence, by conditioning on 7§ * one finds

that

—$T>‘ q]_
{XTA L Edy, TAa<T ™) le“*}
E [ —sT 1 A
{XTiy/\edw’TO*1>\<T;r;>\} w {XT)‘ quy RS q<T /\T }
0
_ (s:)) s
= )\/ Ug.a (x, W b) Ew (& 1{XT,\,qEdy,T)‘v‘1<T:(;)‘/\Tb+’A} dw. (4.101)
—a

Substituting (4.100) into (4.101) leads to

—sT™M4
Ey [e 1{XTMedy,T%vq<T_j;*ATb+’*}}

0
— q)\/ ués:f) (x,w;b) udsjq ) (w+a,y+a;a) dwdylgy<o

0 (s+aq,))
6N (2 ) (w+a) o
+ )\/_ ug;’ (x,w;b) F (a) dwE- [e r 1{XTMEdy’TA,KT:éAAT;,A}] . (4.102)

With the help of (4.43), (4.100) and (4.102) can be expressed in a unified way as follows: for

any x € [—a,b] and y € R,

—sT™4
E, [e 1{XTMedy,TA,q<T_‘l;A/\T;’*}]

0
- q/ N (2, w; b)uﬁls:q ) (w+ a,y + a;a) dwdyly<o

—a

0 s+q,\
W (sta:A) .
+/ VN (2, w; b) (w+ CL)deEO— [G_STA’

T ) (4.103)

]_ —A A .
{X g €dy, T a<T AT}

—a

. . _ST/\,q . .
Next, we focus on characterizing Eq- [e 1 {XprqedyTra<r— /\T;r,/\}i| . Conditioning on

TX.q
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whether ey or e, occurs first and using (4.103), one obtains

—_gT™Ma
Eo- [6 1{XTMEdy,TA’q<T:(;A/\Tb+’A}]

b

— ]Eof [e_seql{Xqudy,6q<6)\}:| +/

b0
= g0t (y)dy + /\qdy/ / Ot ()N (2, w; b)udsjq Yw+ a,y + a;a)dwdz

—sT™M4

—sey
Eo- [6 1{X6)\€dz,e>\<eq}:| o [e 1{XTMedy,TA,q<Tj(;A/\Tlf’*}}

a

W+ (w4 a)
WG+ (q)

b0
+ )\/ O ()N (2, w; b) dwdzEg- [e’STA’ql

{Xn,q €Ay, THI<T AT *}] :

(4.104)

Thus, it is direct from (4.104) that

LIE e T A A
0 {Xpaq€dy, T a<T AT}

lst+a+d) (y) + Afb f” TN (2) v (2, w; b)ulT ™ (w + a,y + a;a) dwdz
1—>\f f 95+q+>\)( )0 (2, w; b)wdwdz

W (s+4,2) ()
g(st+a+X) + AlstaN) a,—a—y) — A Qlsta+N) (4 H(SQ/\) 2, —y)dz
_ (y> ( f e ( ) a,b ( y) B A(S+q’/\)(a, —a— y)’

M (2)
1-— )\f fls+a+2) (2 )W(Hg -

z

(4.105)

where the last step is due to the definitions of ug., H(S “Y and Z S0 in (4.26), (4.41), and

(l,

(4.42), respectively. Finally, the substitution of (4.105) into (4.102) completes the proof.

4.7.7 Proof of (4.44)

By (4.12), we have

E —sT’\’q
qdy
9(s+q+/\)<y)+W(s+q)(_ —Afb 9(‘9*‘1“)(2)Héféq”\)(z, _y)dZZ

W s+ (g )\f flst+atd) (z )Z(gf,;q’”(z)dz

]. —A A
{Xpaq€dy, T a<T AT}

(4.106)
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where Hfl;q’)‘)(x, —y) = [3 vV (@, —w;b)WET) (—y — w)dw. By (4.36), we know that

0N (2, —w; b)dw converges to E, |e~ 70 1{ }] as A — oo. It follows that

-t
_X"'(; €dw,ry <7}

lim H,3" (2, —y) = / E,
0

A—00

—a79 | WDy — w)d
€ {XTO_de,TO<Tb+}] ( y w) v

R [emams prtsto
=E, [6 o WE( y+XTO—)1{TO—<Tb+}]

W ()

=AM )~ )

AED (b, —y), (4.107)

where the last line is due to Lemma 2.2 ofLoeffen et al. [2014]. By the same argument, we

have

W (z)
WO ()

lim Z sbq ’\)(x) lim H sq’\)(x a) = A9 (z,a) —

A—oo A—00

ACD (b, a). (4.108)

From (2.10), we deduce that A0 (2) converges to dy(z) when A — co. With the application
of (4.107), (4.108) and (4.13), the limit of (4.106) is given by

1 A,q
lim —E, |e*T7"1 “A AT ]
dm oy [Xpaetnra<apar )

WD (—y) — ACD(0, —y) + G A (b, —y) ©
SI0 (A(s,q)@, ) — w (x>A(s,q)(b a))

_ )
)

(0 .
Wsta) (q) — A9(0,a) + V“jv(sg( : AGa) (b, q) W) (b)
W (g
Al (b, —y) W (z) W (z)
— ’ (5,9) _ (5:9) _AGD (e (59 (p _
A(57‘I)(b7 a) (A (ZE, CL) W(s) (b) A (bu a)) A (l‘, y) + W(S) (b) A (b, y)
A9 (p, —y))
= ’ Als:9) _AGD(p
A a) A @a) (2, —y),

where we have used the fact that W) (04) # 0 when X has bounded variation paths.
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Chapter 5

Modified Parisian Ruin Time and its

Risk Management Implication

5.1 Introduction

This chapter is devoted to introduce a new risk quantity.

To begin with, we review the construction of Parisian ruin time under a deterministic
grace setting. Recall that under the Parisian setting, a fixed time horizon with length d > 0
is granted once the surplus level is observed to downcross the zero barrier. As long as it
recovers the negative surplus within the time horizon, the negative excursion is disregarded
and a normal business (with zero starting surplus at the end of grace period) is resumed;
else, ruin is declared at the end of the time horizon Under the context of a continuous
observation, the business is inspected infinitely during the grace period; while as far as a
Poissonian observation is concerned, it is only intercepted at discrete time points modeled

by a Poisson process.
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Regardless of the observation mode, the business is understood to be monitored once a
negative surplus is observed until the business recovers or ruin is declared, whichever comes
first. By saying so, information in relation to solvency are assumed to be accessible at a
granular level along the time dimension within the grace period. While this might be feasible
from a company perspective, this is rarely the case when it comes to the regulator point of
view. In general, regulators usually require financial reports on a regular basis such that
snapshots to the aggregated financial status can be acquired exclusively at only specific time
points, say at month ends or quarter ends, depending on the regulations specified by the
ordinance. Under the context of Parisian ruin, this translates to the interpretation that the
surplus level at the end of the grace period alone is known and used for determining whether

the business is in a good shape.

Motivated from the discussions above, this chapter aims at incorporating such idea to
modify the construction of Parisian ruin so that the aforementioned feature could be captured
in the risk quantity. Specifically, under the continuous observation setting, the Parisian clock
is again initiated right away when a negative surplus is observed. However, we do not assume
any inspections before the clock rings. Instead, aggregated financial information as reflected
from the surplus level at the end of the grace period is used solely to judge whether the
business is healthy. If a positive surplus is recorded, then a normal business (with a possibly
non-zero positive starting surplus at the end of grace period) is resumed. Otherwise, ruin
occurs at the end of the grace period. A precise construction to such modified idea of Parisian

ruin time can be found in Section 5.2.

While the modified Parisian ruin is inspired to align with the general regulatory practice,
to be argued in Section 5.4, the newly defined Parisian ruin always leads to an upper bound
for the classical Parisian ruin probability. From a risk management perspective, it implies the
modified Parisian ruin is a more conservative risk quantity to work with. This observation

is indeed consistent with the intuition as reflect by the role of regulators. Keeping in mind
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that their primary stakeholder is the public audience, they are generally prudent as far as
solvency is concerned. Hence, the modified Parisian ruin could potentially be one of the risk

quantities to consider shall one wish to go conservative.

As far as a fixed grace is concerned, along the same line as discussed in Section 1.4
in handling analysis with deterministic periodic observation, we adopt an Erlangization

technique to approximate the deterministic time horizon.

The contribution of this work is two—fold. On one side, we establish a new risk quantity
which embed the industry practice and intuition from a regulator point of view. On the
other side, to be shown in 5.4, we obtain an expression to the Gerber—Shiu function under

the context of Cramér-Lundberg model specified in Section 2.3.

The rest of the chapter is organized as follows. Section 5.2 is devoted to the mathematical
formulation of the modified Parisian ruin time. Via the formulation, an ordering property
to several commonly encountered risk quantities is observed and summarized in this section.
Any preliminary results in the literature pertained to the Cramér-Lundberg model and
Erlangization technique can be found in Section 5.3. Section 5.4 performs all the necessary
analysis to identify the law of the concerned ruin time, while a discussion on comparing the
law of traditional and modified Parisian ruin time can be found. Examples are illustrated

in Section 5.5, while the last section contains all the proofs to results in this chapter.

5.2 Construction of the Modified Parisian Ruin Time

Let {1}y be aiid. sequence of random times having the same distribution as T'. Here, T},

refers to the k—th grace period accompanied by the k—th regulatory check, and 7" is assumed
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to follow an Erlang(n) distribution with density

,yntnfl ef'yt

fr(t) = NCEE

t>0,

where n € N and 7 > 0. Observe that by fixing the mean E [T]| = n/y =d > 0, T converges
in distribution to a point mass at d as n — oo. This leads to the idea of approximating a

fixed grace period by choosing a sufficiently large n, a method called Erlangization.

Construct a sequence of stopping times {7‘0_ k} peny 8 follows. For k € N,

inf {t > 0: X; <0} k=1
Tok =
inf {t > 75, 1 +Thy: Xy <0} k=2,34...

In other words, 75, marks the starting time of the Parisian clock in relation to the A-th

regulatory check.

Denote
Bo=min{k>1: X, 5 <0},

Here, k* keeps track of the first regulatory check such that a negative surplus is observed at

the end of the grace period. The modified Parisian ruin time is therefore defined as

Figure 5.1 illustrates the modified Parisian ruin time under a continuous observation for a

particular sample path.

In order to analyze the law pertained to the modified Parisian ruin time, we study the

Gerber—Shiu function for which the penalty depends only on the deficit at ruin, i.e.,

B () = Eu [0 (|Xgy[) Ly ey ] = /Ooow@)hs,a(ym)dy, uz0.  (5.1)

Here, hj 5 (y|u) (for y > 0) refers to the discounted density of the deficit observed at the

modified Parisian ruin time under an Erlang(n) Parisian clock, i.e., ‘ng}.
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Figure 5.1: Illustration of modified Parisian ruin under continuous observation.

5.3 Preliminaries

For every k € N, the surplus process downcrosses the zero level at time 7, , and a deficit of

is recorded. In order to tell whether ruin occurs at time 7, + T}, we need

magnitude ‘Xﬁ;k
to know the difference between the surplus level at ¢ = 75, and ¢ = 75} + T;. By virtue of
spatial homogeneity, together with the construction of T} specified in Section 5.2, the change

X - —X has identical distribution as szi(lT )'Y; — ¢T'. On the other hand, due to the

To,k To,e T Tk

discount factor embedded in the Gerber—Shiu function, we have to keep track of the time T’

as well.

From Section 3.2 of Albrecher et al. [2013], one has

sT—s(SN Dy <
E |7 (v T)} :/ e g5 (y) dy, (5.2)

where gs (y) (for y € R) denotes the discounted density of the increment Zfi(lT )Y, —¢T. To

assist with the representation to gs (y), write

gs (Z/) = 95— (—y) Ly<oy + 95+ (3/) Liy>0}
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so that g5 and g5 respectively represent the case where Zf\i(lT ) Y, — T is negative and

positive.

It is known that there exhibit compact expressions to gs_ (y) and gs+ (y). For complete-
ness, results pertaining to these two quantities are summarized and quoted in the following
lemma without proof. Readers are directed to Albrecher et al. [2013] for more details. The
structure of gs_ (y) is particularly stressed nevertheless since it would become handy in

Section 5.4 when deriving for an expression to the Gerber—Shiu function.

Lemma 27. Suppose the i.i.d. claim size random variables {Y;}, . are having a common
density given by fy (-) with a Laplace transform fy (-). Denote p, > 0 the unique positive

root solving the following Lundberg—type equation (in z)
cx —(A+740)+ Ay (z) = 0. (5.3)

Construct a proper density fr, (-) by

o (y) = Tp, [y (y)

= m, Yy > 0, (54)

where 7 is the so—called Dickson—Hipp operator defined as

Tof (y) = / e f () dz = / e f (z +y)dz, Y0
Yy

for any complex number s with Re (s) > 0. Then, gs_ (y) and gs+ (y) respectively admits

the following representation

- = B :
gs, (y> Z j (] — 1)| Y= 07 (5 5)
7j=1
g+ (y) = (1) > ST (), y>0, (5.6)
R n—1
with
B = (2) ST O), j=12.n-1  (57)
k=1 n—1
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and

* 1 " . r -
where
J
p=1-"1 i (5.9)
P
Here, f** denotes the k—fold lution of f with itself, and T* =T T. ,
ere, f** denotes the k—fold convolution of f with itself, and 7.° f (y) k f(y)

5.4 Main Result

With all the preliminary results in hand, we are ready to look closely the distribution of ruin

quantities pertained to the modified Parisian ruin time.

5.4.1 Evaluation of Gerber—Shiu Function

To assist with the presentation, the following intermediate functions and quantities are
defined. Recall from Subsection 2.3.2 that hs(y|u) represents the discounted density function

of ‘XT(; . Let

Xow (U) = /000 w(2) 75 (zlu)dz, u >0, (5.10)

where

Ts (zu) = /OZ G5+ (2 —y) hs (y|u) dy + /00 95— (y — 2) hs(ylu)dy, =z >0. (5.11)

Also, fort=1,2,...,n, let

[e’e) uz—le—p,yu
Asi(2) = / ——7s(z|u)du, z>0 (5.12)
’ o (1—1)!
and
00 yzflefp"/y
s (u) = / Z——hs (ylu)dy, u>0. (5.13)
o (@—=1)
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With these in hand, we are ready to evaluate the Gerber—Shiu function.

Theorem 28. Foru >0 and § > 0, the Gerber-Shiu function ¢ s (u) can be expressed as

n n—j+1
s (1) = Xow (u) + ) ( Z k190K (U )> 15,55 (5.14)

7=1

where the constants {ns;},_, satisfy the system of linear equations

00 n n—j+l i—1,—p~yu
. u'" e P ,
Nsi = /0 ( A(Sz dZ+Z ( Z B]_,,_k 1 / W@&]f (U) du> M55, = 1,2,...,n.

(5.15)

The above theorem completely characterizes ¢ ; (u), and hence the law of (gg;,

Xey|) s

known to full generality.

Note that the system of linear equations in (5.15) can in fact be rephrased more com-
pactly. Define the n—dimensional column vectors n; and A (z) with the i—th element being
ns; and Ay, (z) respectively, and the n—dimensional row vector o5 (u) with the j-th element
being 377" B B3 195k (u) du. Define also the n—dimensional square matrix I's with the
(1,7)-th element being S 7—7*" 2 “Z(;—I)M@M (u) du. Then, (5.15) can be written

neatly as
N5 = / w(z)As () dz + Tsmg
0

such that, upon solving,

ns = (I —Ty)"" /Ooow(z)Ag (z)dz, (5.16)

where I represents an identity matrix of size n x n. Here, the invertibility of matrix I — I's
is assumed. The defined vectors and matrix are also useful in expressing the discounted

density of deficit as reflect from the following corollary.

Corollary 29. For u > 0 and 0 > 0, the discounted density of deficit hjj s (y|u) can be

expressed as

hiys (ylu) = 75 (ylu) + o5 (u) (T~ Ts) " As (y), y>0.
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Figure 5.2: lustration of ordering to different ruin times.

5.4.2 An Ordering Property

Recall that the essence of Erlangization is to approximate a fix time horizon by taking the
limit that n goes to infinity for the Erlang(n) random variable while fixing its mean. With
a bit of abusing the notation, denote (;° the modified Parisian ruin time with fixed grace
period of length d. Definition to the traditional Parisian ruin time pg,; in Section 3.2 is also

evoked.

As mentioned in Section 5.1, the modified Parisian ruin probability always bounds the
traditional Parisian ruin probability from above. This can be seen by using a sample path
argument. In particular, for every sample path contributing to ruin under the traditional
Parisian setting, ruin must also occur under the modified Parisian setting. Along the same
line, for every sample path contributing to ruin under either the traditional or modified
Parisian setting, ruin must also occur under the classical setting. Figure 5.2 illustrates a

particular sample path demonstrating such an idea.
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Therefore, we have the following proposition.
Proposition 30. The following inequality
To < (" < Poa

holds true almost surely.

5.5 Example

In this section, a detailed work example will be demonstrated to illustrate the computability
of Theorem 28. Parallel to the work by Landriault et al. [2014], we focus on the calculation
of the probability of modified Parisian ultimate ruin (i.e., 6 =0 and w (-) = 1 in (5.1)) with
a fixed grace period by Erlangization technique, assuming an exponentially distributed claim

size with mean 1/v (i.e., fy (y) =ve ™, y > 0).

Realize that the functions g — (+), go+ (+) and ho(-|u) are pivotal due to (5.10)—(5.13).

Hence, we first obtain an expression to these functions one by one.
To begin with, note that, by simple algebra , f1, (y) in (5.4) reduces to

fL(y):Ve_Vyv y>0

such that one has

n— 1l (k—1)!

_ v (n+k—2)!
N (n — 1)‘ (l{ — 1)' (S + y)n+k_1
n—i—k’—Q ]/k
IR T
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Therefore, (5.7) reduces to

k=1 n—1 n—j

e P00 Gl

By (5.5), go— (+) is fully characterized.

and (5.8) simplifies to

Remark 5. It is remarked that (4.2) of Albrecher et al. [2013] gives another characterization

to B}, which leads to

Bj
sy L A fras\
=(=1) (c) (n—j)! dsn—J (/{—i—s) —p,
n—j _ ron—j—k k
. n—j 1 n 1 n J d J n d n
=(=1 <c> (n—j)! L dsn—i—k (v+s) dsk () + )
k=0 L
S=pP~
oy 1 A n=G\ [ n . (n+k—1) B
— (1 (2 . . V+S]+k:|[ 1)k A )
(=1) (c) (n—j)! — I L (j — k)! ( ) (=1) (n—1)! ( )
. n e n+k—1 n . o
:(_1)n ! <1> (_ : (V+pV)J+k ("i—{—p’y) ( +k)7 J= 1727 , 10,
¢ k=0 k ] —k
(5.17)
where
k=v(l—¢). (5.18)

The second equality is due to Leibniz rule. While these two characterizations look different
from each other, it can be demonstrated numerically that they are indeed consistent with

each other.
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Next, from (4.3) of Albrecher et al. [2013], go+ (+) is given by

n ) — —
yI~tem

9o+ (y) = ZB]'W, y >0,

j=1

where B; exhibits the following expression

| dn— "
B]:<Z> ] j V+8 ) j:1727"'7n
c/ (n—j ) ds"i \p,—s/) | _ .
such that, similar to (5.17), simplification gives
n n—j n + k —1 n .
B; = (%) S (v — ) (et p) 0 =12,
k=0 k Jj+k

(5.19)

Lastly, to obtain hg(-|u), we simply realize, by memoryless property to an exponential
random variable, that the magnitude of deficit (given that classical ruin occurs) is again

exponentially distributed with the same parameter as the claim size. Thus, it is direct that

A v
holulu) = (u v+ = SR,y >,
where

o () = ~e(e=2) e

cv

is the well-known result for the classical ultimate ruin probability.

With these in hand, we are ready to compute (5.10)—(5.13). From (5.11),

i 5 — )t emr(z—y)

v

-/ [z B | el

= U

[

Z)] 1 e_p’Y(y_Z)

ZB* i oD ] [0 (u) ve™™] dy

1 2l
ZB* y] e P y] |:’¢0 (U,) I/G_V(y+Z)] dy, > Z O,
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such that (5.10) is given by

Xow ( / / ZB]%
SN
[ St o
[

1)!
= Z Byt (u) 577 + Z By (u) (py + )7, u>0
j=1 j=1

y]—le—(n—y)y—uz
(=Dt

] dydz

while, for i = 1,2,...,n, (5.13) is given by

oo y7' 1€_p’yy 7Vyd
Po,i (u) —/0 K Yo (u) ve dy

= (W) v(py +v)", u>0.

As a last step, the constants {no;},_, . in (5.15) are yet to be found in order to fully

,,,,,

characterize (5.1). Note that

oo, i—1 pu i —psu
/ ue” :/ e A ()] g
o (=10 (-1 |
A
cv

e (=00

ps+|c—— .
v

Hence, (5.15) simplifies to

00 i~ le—pyu n - n . »
mi= | T r > Byta 7+ 3Bt (1) +)

n n—j+1 i1 —
. ® yi~le=pyu _
- ( Z Bj+k—1/0 —(z — Yo (u) v (py +v) kdu) 0.5
k=1

J=1

A 2 vl . .
. S P * —J
2 (2] Gl

SN

du

A A » - on . n—j+1 - ‘
2l (=D B S et =12
j=1

k=1
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Finally, with (5.20) in hand, the required probability is given by

u (G < o0) ZBWO )+ B (u) (py +v)
j=1

k=1
A —(e=2)2y - . " .
= e {Z B 4 B; (o + )|
j=1
n n—j+1
VZB;-I—k—an,j Z (Prl-V)k}. (5.21)
J=1 k=1

The following procedure summarizes the steps in evaluating the modified Parisian ruin

probability given in (5.21).

e Step 1: calculate p,, x and ¢ from (5.3), (5.9) and (5.18).

e Step 2: calculate {B;‘}jzl 77777 ,and {B;}._,  from (5.17) and (5.19).
e Step 3: solve the system of linear equations in (5.20) for {no;},_, ..
e Step 4: substitute the constants in the above steps into (5.21).

To facilitate the comparison of results, parameters are chosen to be consistent with
that in Landriault et al. [2014]. In another words, claims are assumed to arrive at a rate
A = 1/3 and claim sizes are exponentially distributed with parameter v = 1/9. Premiums
are collected at a rate of ¢ = 4 per unit time. Tables 5.1 and 5.2 summarize the calculated
modified Parisian ruin probability (i.e. P.((} < o0)) for an initial surplus of v = 0 and
u = 50 respectively with different grace periods. Results for the traditional Parisian ruin
probability (i.e. P. (pf, < o0)) in Landriault et al. [2014] are also reproduced here for casy

comparison. As a side note, Py (7'0_ < oo) = 0.7500 and P5q (TO_ < oo) = 0.1870.

The following phenomenon are observed across the tables.
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d=1 d=2 d=5 d=10
! traditional | modified | traditional | modified | traditional | modified | traditional | modified
1 0.6886 0.6886 0.6478 0.6478 0.5676 0.5676 0.4867 0.4867
5 0.6767 0.6786 0.6195 0.6275 0.5020 0.5322 0.3879 0.4423
10 0.6748 0.6770 0.6144 0.6241 0.4910 0.5273 0.3737 0.4370
15 0.6741 0.6764 0.6126 0.6229 0.4873 0.5257 0.3690 0.4353
20 0.6737 0.6761 0.6117 0.6223 0.4854 0.5250 0.3667 0.4344
25 0.6735 0.6759 0.6112 0.6219 0.4842 0.5245 0.3653 0.4339
30 0.6733 0.6758 0.6108 0.6217 0.4835 0.5242 0.3644 0.4336
35 0.6732 0.6757 0.6105 0.6215 0.4829 0.5240 0.3637 0.4333
40 0.6732 0.6756 0.6103 0.6214 0.4825 0.5238 0.3633 0.4331
45 0.6731 0.6755 0.6102 0.6213 0.4822 0.5237 0.3629 0.4330
50 0.6731 0.6755 0.6100 0.6212 0.4820 0.5236 0.3626 0.4329
00 0.6726 0.6751 0.6089 0.6205 0.4797 0.5227 0.3598 0.4319

Table 5.1: Different Parisian ruin probabilities when v = 0.
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d=1 d=2 d=5 d=10
! traditional | modified | traditional | modified | traditional | modified | traditional | modified
1 0.1717 0.1717 0.1615 0.1615 0.1415 0.1415 0.1213 0.1213
5 0.1687 0.1692 0.1545 0.1565 0.1252 0.1327 0.0967 0.1103
10 0.1683 0.1688 0.1532 0.1556 0.1224 0.1315 0.0932 0.1090
15 0.1681 0.1687 0.1528 0.1553 0.1215 0.1311 0.0920 0.1085
20 0.1680 0.1686 0.1525 0.1552 0.1210 0.1309 0.0914 0.1083
25 0.1679 0.1685 0.1524 0.1551 0.1207 0.1308 0.0911 0.1082
30 0.1679 0.1685 0.1523 0.1550 0.1206 0.1307 0.0909 0.1081
35 0.1679 0.1685 0.1522 0.1550 0.1204 0.1306 0.0907 0.1081
40 0.1679 0.1685 0.1522 0.1549 0.1203 0.1306 0.0906 0.1080
45 0.1679 0.1684 0.1521 0.1549 0.1202 0.1306 0.0905 0.1080
50 0.1678 0.1684 0.1521 0.1549 0.1202 0.1305 0.0904 0.1079
00 0.1677 0.1683 0.1518 0.1547 0.1196 0.1303 0.0897 0.1077

Table 5.2: Different Parisian ruin probabilities when u = 50.
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e When n = 1, the two Parisian ruin probabilities are the same. This is a direct conse-

quence of the strong Markov property.

e The inequality P, (p5, < 00) <P, (¢5° < 00) <P, (75 < 00) holds for all the demon-
strated values to w and d. This is consistent with the result stated in Proposition

30.

e The modified Parisian ruin probabilities is decreasing in d. This is in line with the
intuition that the longer the grace period, the more likely the business can survive the

regulatory check and thereby lowering the probability of ruin.

e The difference between the two Parisian ruin probabilities is increasing in d, which
translates to the interpretation that the longer the grace period, the more conservative
the modified Parisian ruin time when compared to the traditional Parisian ruin time.
This makes sense because according to the traditional definition of Parisian ruin, the
business is said to be recovered as long as the surplus climbs back to a positive level
within the grace period. Yet, with the modified definition of Parisian ruin, the business
has to be consistently at a positive level through the grace period so as to survive the
regulatory check in the end. The longer the grace period, the more difficult for the

business to sustain a momentum for positive surplus.

5.6 Appendix

5.6.1 Proof of Theorem 28

By conditioning on 7, the first time a negative surplus is observed such that a regulatory

check is called upon, and revoking the definition of discounted density function introduced
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in Subsection 2.3.2, we arrive at

s = [ [Towrame @ [Cuw-0 @
' / " g (- g (2) dz] o (ylu) dy. (5.22)

To simplify the above equation, we further study the integrals one by one. Using (5.11), the

first two double integrals in (5.22) can be expressed as
/OOO [/Ooow(yﬂ)g&+ (2)dz + /wa(y o (z)dz} hs (ylu) dy
_ /OOO Uymw@)gM (- —y)dz} s (yl) dy + /OOO {/wa(z)gg,_ (y— z)dz] hs (ylue) dy
= [T | [Cone s Gla [ o - h ol o] a
_ /Ooow(z) 75 (2lu) d. (5.23)

Meanwhile, with the help of (5.5), the third integral inside the square bracket of (5.22) can

be expressed as

[ st - a2y
B*

j=1 :

k=1 \ k—1
nok=1_—pyy " o0 j—k,—pyz
y*le 217 e
e B*f/ 2 (2)ds
1) Z Jy G e

n il i=le=pv2

* ®z n
Z B]+k 1/ (]_1)| d,0 (Z)dZ

0 I 1@ pyZ noitl k Lo=pvy
® </0 T en) X Bty

J=1

; .
. 7 —1 R, L
:Z G _jl)l Z (/ AR5 (2) dz) Yy le
= ' ’
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and therefore, with the help of (5.13), the last double integral in (5.22) can be expressed as

/°° {/OO Gas (2 —Y) g5 (2) dz] hs (y|u) dy

= le=py2 n—jtl 2 yh=le=py
= Z (/ S ———— Pas (2 ) Z ke 1/ th (y[u) dy
n—j+1

—2775] Z T k1P0k (1) (5.24)

where

. - z Z, gy .y T .
15,5 o (] 1)' d,0 J

Substituting (5.23) and (5.24) into (5.22) gives

n n—j+1
s (1) = Xow (W) + Y ( > By 1ok (U)) 15,5 (5.26)
k=1

7j=1

due to (5.10).

It remains to show that {ns;},_ in (5.25) satisfies the system of linear equations

1,....,n

specified in (5.15). To do so, it is instructive to note that the expression (5.26) still contains

the quantity {ns;},_, _, defined via (5.25). Hence, back substituting (5.26) into (5.25) gives

.....

0o ui,le,pvu n n—j+1 i 167’)“’“
Nsi = / ————Xsw (u) du + B / —————si (w)du | ns;4
o (i—1)! ]21 Z k=1 (i —1)! !
oo n_/n-jtl 00 i1 p—pau
= /0 ( A52 dz+]z; kz; BjJrkl/O ng&k (U) du T]g’j, 1 = 1,2,...,77,

due to (5.12).

5.6.2 Proof of Corollary 29

Applying (5.23) and (5.16) to express (5.26) gives

b5 (u) = / w(2) 75 (z|lu)dz + o5 (u) (I — 1"5)_1 / w(2)As(2)dz, u>0.
0 0
Hence, the result follows directly by comparing the above expression with (5.14).
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Chapter 6

Conclusion and Future Works

To summarize, Chapter 3 has provided a new methodology in analyzing ruin quantities
under the spectrally negative Lévy context by introducing the hybrid observation scheme.
The advantage of such method has been especially emphasized. The main contribution
lies in illustrating how such observation scheme unifies the analysis for both bounded and
unbounded variation case. It has also been demonstrated that Parisian ruin probability
analyzed this way is indeed consistent with existing literature. As a byproduct, Laplace

transform to the Parisian ruin time is also derived.

In Chapter 4, the idea of Poissonian observation inferred from the hybrid observation
scheme is further leveraged under the spectrally negative Lévy setting by developing more
tools for surplus analysis via defining the Poissonian potential measures, a natural extension
to the classical potential measures. The main contribution lies in finding an explicit ex-
pressions to these Poissonian potential measures. Meanwhile, interesting relations between
Poissonian potential measure and Poissonian exit measures are also observed, which further

highlight the importance and usefulness of Poissonian potential measures.

Chapter 5 is devoted to the introduction of a modified Parisian ruin concept motivated
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from the regulatory practice. The merits of such modified Parisian ruin, comparing to the
traditional Parisian ruin concept, is discussed with respect to the risk management context.
As an initial attempt, analysis are performed under a Cramér—Lundberg setting. The main
contribution lies in obtaining the Gerber—Shiu type function and the discounted density
to ruin quantities pertained to the modified Parisian ruin time. An ordering property to

different ruin probabilities is also developed, and an interpretation to such result is provided.

The above works can indeed be extended in several directions. With the limited time
over the study period, they could only be left as future works. While some are closely related
to the previous chapters, few of them are less related, though still share similarities with the

questions studied. In what follows, some potential future works are proposed.

In Chapter 5, a Cramér—Lundberg model is considered. A possible extension would be
to analysis the same ruin quantity under the spectrally negative Lévy context. While the
analysis heavily relies on (5.2) under the Cramér—Lundberg setting, it is noted that such
quantity is not known under the spectrally negative Lévy setting. To make the analysis
possible, an expression for the quantity E [6_5T_5XT] (where T represents an Erlang(n)
random variable), or more generally speaking, the joint law of (T, Xr) is necessary. We
remark the concept of potential measure introduced in Subsection 2.2.4, a potential starting
point for this problem could be to obtain an expression for P, (X7 € dy), which could be
seen to be a pivotal quantity for analysis in relation to Erlangization under the spectrally

negative Lévy context.

Parallel to the idea of modified Parisian ruin introduced in Chapter 5, a more general-
ized setting of the modified Parisian ruin could be considered. In particular, a multistage
regulatory checking scheme could be imposed. In brief, it means there are several evenly
spaced check points spread along the grace period. Depending on the risk appetite of the

company or the requirements set by the law, recovery (and hence, ruin) may take different
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definitions. As an example, ruin could be defined as the first instant that the business fails
an inspection at one of the checkings in the grace period. Alternatively, ruin may take the
definition that the business fails all the inspections in the grace period. Analyzing the law
of the risk quantities pertained to such definitions of ruin would be an interesting research
direction as they might provide more insights in risk management. However, it appears that
this could be a challenging task, particularly on the study of the second ruin quantity since

this requires keeping track of the retrospective records.
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