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Poissonian Potential Measures for Lévy Risk Models

David Landriault* Bin Lif Jeff T.Y. Wong? Di Xu®

June 5, 2018

Abstract

This paper studies the potential (or resolvent) measures of spectrally negative Lévy pro-
cesses killed on exiting (bounded or unbounded) intervals, when the underlying process is
observed at the arrival epochs of an independent Poisson process. Explicit representations of
these so-called Poissonian potential measures are established in terms of newly defined Pois-
sonian scale functions. Moreover, Poissonian exit measures are explicitly solved by finding a
direct relation with Poissonian potential measures. Our results generalize Albrecher et al. [4] in
which Poissonian exit identities are solved. As an application of Poissonian potential measures,
we extend the Gerber-Shiu analysis in Baurdoux et al. [7] to a (more general) Parisian risk
model subject to Poissonian observations.

Keywords: Poissonian observations; Potential measures; Exit measures; Spectrally negative
Lévy process; Parisian ruin problems

1 Introduction

In actuarial mathematics, the risk analysis of spectrally negative Lévy processes (SNLPs) has
greatly benefited from the rich literature on fluctuation theory of Lévy processes. For instance,
the analysis of exotic exit problems for SNLPs (which, among others, include the generalization
of the classical time of ruin to more exotic ruin times) has been facilitated by the comprehensive
body of literature on fluctuation identities of SNLPs. The Parisian ruin models of Dassios and
Wu [13], Czarna and Palmowski [11], Loeffen et al. [23], Landriault et al. [20], Wong and Cheung
[27], Baurdoux et al. [7], and Lkabous et al. [21], where the insurer is granted a grace period
whenever the surplus is observed to be negative, are notable contributions on this exotic exit
problem topic. We recall that Parisian ruin is deemed to occur at the end of the grace period if
the surplus process fails to recover to level zero within the grace period. Interested readers are
referred to Li et al. [25] for a more complete literature review on this research topic. Another
class of risk processes which has drawn considerable interest in recent years is the drawdown risk
models of, e.g., Zhang et al. [29], Landriault et al. [16][17][18], and Avram et al. [6], which use
the drop of the insurance surplus from its maximum as a downside risk metric. In comparison to

the traditional assessment of an insurer’s solvency risk through a fixed level of capital adequacy,
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drawdown has the advantage of following more closely the dynamic growth of insurance surplus
over time and hence, has the ability to provide timely warning to insurers on solvency matters.
Applications of drawdown models in financial engineering can also be found in Zhang [28].

This paper considers another exotic risk model, namely the so-called Poissonian observation
model, in which the underlying surplus process of an insurer is monitored discretely at the arrival
epochs of an independent Poisson process. In insurance mathematics, the Poissonian observation
model was first proposed by Albrecher et al. [1][2], and later generalized by e.g., Albrecher and
Ivanovs [3] and Albrecher and Lautscham [5] to more general observation schemes (with surplus-
dependent observation rates). Among its possible applications, the Poissonian observation scheme
may be used to model the monitoring frequency by an exogenous regulatory authority of an
insurer’s surplus. The study of Poissonian observation models has been shown to be of interest
on its own mathematical merits, and furthermore has helped to establish connections with other
existing ruin-related problems in insurance mathematics (most notably, Parisian ruin problems
with exponential clocks, see, e.g., Landriault [20]). In this regard, it should be mentioned that,
for SNLPs with paths of unbounded variation, Parisian ruin and occupation time problems have
typically relied on a spatial approximation technique to overcome difficulties arising from the
standard renewal arguments (e.g., Loeffen et al. [23] and Landriault et al. [19]). In Li et al.
[25], an alternative approach utilizing the Poissonian observation technique, henceforth referred
as the temporal approrimation approach, is proposed to study some Parisian ruin problems. The
temporal approximation approach is shown to be well-suited to the analysis of these Parisian ruin
problems, offering the added benefit of a unified treatment of SNLPs with bounded or unbounded
variation paths. Note that Poissonian observation schemes have also been applied in queueing
contexts (see, e.g., Bekker et al. [8] for more details).

In light of the aforementioned interest in Poissonian observation models, Albrecher et al. [4]
established a complete set of exit probabilities for SNLPs. In this paper, we extend Albrecher
et al. [4] by solving for the potential measures of SNLPs under Poissonian observations which
we shall refer as Poissonian potential measures in what follows. Potential measures are known
to play a fundamental role in the exit problems of SNLPs under the continuous-time observation
scheme; see, for instance, Eq. (3.25) below, Pistorius [26], and Biffis and Kyprianou [9]. This
will also be true in the Poissonian observation scheme framework. More precisely, simple relations
between Poissonian exit measures and Poissonian potential measures will be given in Corollary
3.1. Another important contribution of this paper is the introduction of a new class of 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. Finally, it is worth
noting that the observation time process can be generalized from Poisson to a renewal process for
which the inter-observation times are assumed to be Erlang distributed or more generally have a
rational Laplace transform (see, e.g., Albrecher et al.[1] and [2], and Zhang [30]). Since the proofs
and results are considerably more complex in this context, we prefer to cover only the Poissonian
observation process here.

The rest of the paper is organized as follows: in Section 2, we review some preliminary results



on SNLPs. Section 3 contains our main results on Poissonian potential and exit measures. In
Section 4, an application of the Poissonian potential measures is considered in a Parisian risk
model under Poissonian observations. An explicit expression for a Gerber-Shiu type density at the
Parisian ruin time is derived, generalizing its continuously-observed analogue in Baurdoux et al.

[7]. All technical proofs are postponed to the Appendix.

2 Preliminaries on spectrally negative Lévy processes

In this section, we introduce some preliminary results on SNLPs including scale functions, exit
identities, and potential measures. Interested readers are referred to Kyprianou [15] and Kuznetsov
et al. [14] for more details. Throughout the paper, let X = {X¢},., be a SNLP defined on a filtered
probability space (Q, F,F={Fi}~0 ,IF’) satisfying the usual conditions of completeness and right
continuity. We also adopt the convgntion that P, and E, are, respectively, the law and expectation
when Xo =2 € R (with P =Py and E = E for brevity).

The SNLP X can be fully characterized via its Laplace exponent v : [0, 00) — R defined as

Y(s) = log E[e*X1], s >0,

with

1
P(s) = ps + 50'282 + /( ) (e —1-— syl{y>,1}) 11 (dy) .

To avoid triviality, we assume | X| is not a subordinator, i.e., almost surely non-decreasing sample

paths. For any given ¢ > 0, we write

Pe(s) = ¥(s) —q. (2.1)
It is known that 1) is strictly convex with 1(0) = 0 and 1(c0) = co. Furthermore, we denote the
largest solution of the equation 1,(s) = 0 by ®,.
2.1 Scale functions

Scale functions are known to play a fundamental role in the fluctuation theory of SNLPs. For any
q > 0, the g-scale function W@ : R — [0, 00) is continuous and (positively) supported on [0, c0)

(i.e., W@ (z) = 0 for all z < 0), and constructed via its Laplace transform

% sy _
/06 WP (y)dy ()

The second ¢-scale function is defined by

5> . (2.2)

AL (x) =1+ q/ V[/(q)(y)dy7 z € R,
0

while the following generalized form is of particular interest in exit identities pertaining to X,

namely, for 6 > 0,
7@ (z,0) = e (1 — by (9) / e W@ (y) dy) , zeR. (2.3)
0
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It is immediate that Z@(z,0) = Z(@(z) and Z(9 (z,0) = €% for 2 < 0. Also for § > ®,, we can

rewrite Z(9 (z,0) as
ZD (x,0) = 1b, (9)/ WD (2 4+ y)dy, x> 0. (2.4)
0

Moreover, for s, > ®,, the Laplace transform of Z (@) (z,0) is given by

00 b(s)=v(0) g
/ e 72D (2,0)dz = { =

U (5)(s~0)
0 o) (2.5)

0 =s,

Pq(0)°
where /() is the derivative of ().

Amongst the myriad of results on scale functions, we recall the following two identities from
Loeffen et al. [24] which will be heavily relied upon in the later analysis. For any p,q,z > 0 and
p # q, we have

z (») _ (e
/ WO (@ — ) WO (y)dy = V&) Z W (@) (2.6)
0 pP—q
and ») (@
x P _ q
[ WO @) 29 .0y ay =2 (“; z (@6) (2.7)
i —

2.2 Exit identities and potential measures

For any x € R, let
) =if {t>0: X; > (<)},

where we adopt the convention that inf () = co. The two-sided exit identities (2.8) and (2.9) are
well known; see, e.g., Theorem 8.1 of Kyprianou [15] and Albrecher et al. [4].
Loeffen

Lemma 2.1 For ¢ >0 and x € [0, d],

W@ (z)
—qrd _
B e Uty = o ) 29
and @
—qry +0X_— WD (x)
]E:B |:€ y 0 1{T0<T;}:| = Z(q) (fﬁ, 9) — WT(GI)Z(q) (a, 0) . (29)

In particular, we also recall the following one-sided exit identities:

E[e 1 ] =™ a>o, (2.10)
and
—q7y +0X__ 1) (0
E, [e 0 1{%@}] = 7D (xz,0) — H‘I%LW@)(;[;), x> 0. (2.11)

A comparison of (2.8) with (2.10), and (2.9) with (2.11) leads to the following limiting results

related to scale functions:

: W(q) (a + :C) [P
all)II;O WT@ =€ 5 T € R, (212)



and @
q

20 @)  (6)

a—oo W (@) (a) 0 — @q

(2.13)

Next we recall some results on potential measures for the SNLP X which are defined as follows:

/ e 1P, (X; € dy)dt = 6(9) (y —x)dy, z,y€R, (2.14)
0
o0
/ e 1P, (Xt edy,t < TJ') dt = rf) (x,y)dy, z,y <0, (2.15)
0
/ e 1P, (Xt edy,t < 7'0_) dt = 9 (r,y)dy, x,y>0, (2.16)
0
oo
/ e P, (Xy edy,t <7y ATS)dt = u'? (z,y;a)dy, z,y€0,d]. (2.17)
0

A thorough derivation and discussion can be found in Chapter 8.4 of Kyprianou [15].

Lemma 2.2 For g >0 and a > 0, the g-potential densities (9, rf), r@ and D are given by

00 (y) = e % — W (—y), yeR (2.18)

rgf) (z,y) = WD (=) = WD (2 —y), z,y<0, (2.19)

7“81) (2,y) = e~ Payy (@) (z) — w (@ (x—1y), x,y>0, (2.20)
(@ (q —

(o gsa) = S WO @) < W (2 =), my e ol (221)

where we denote @; as the derivative of ®, with respect to q, which is known to satisfy @; =

1/9/(®g).

3 Main Results

This section culminates with our main results on Poissonian potential measures in Theorem 3.1.
Subsequently, thanks to a simple relation between potential measures and exit measures under
the Poissonian observation scheme, explicit formulas for (one-sided and two-sided) Poissonian exit
measures will be given in Corollary 3.1.

Under the Poissonian observation scheme, let {7},}, .y, an increasing sequence of F-stopping
times, be the observation times which correspond to the arrival times of an independent Poisson
process with intensity rate A > 0. We note that the first observation occurs at time 77 (and
not at time 0). Heuristically, when A — oo, the Poissonian observation scheme reduces to the
classical continuous observation scheme. The convergence of Poissonian potential measures to the
“classical” potential measures will be shown in Proposition 3.1.

For any given level x € R, we define the Poissonian exit times by

TN = inf {T; : X1, > (<) z}.



In Albrecher et al. [4], the Laplace transform of Poissonian exit times and their corresponding
overshoots/undershoots for SNLPs were studied. Their results are expressed in terms of the “clas-
sical” scale functions introduced in Section 2.1. To better formulate the results under Poissonian

observations, we define the following Poissonian scale functions: for ¢ > 0 and A > 0,

W@N () = (Byyn — D) / e~ PV D (g 4 y)dy, xR, (3.1)
0

and
Dyin A

Pgir —Pgq+ A

20N (2) =14 ¢ | vy wer (3.2)
0

Using (2.4), we can also rewrite W(®Y) as
® - o
WA (z) = %Z(Q) (z,P41), x€R. (3.3)

By applying the initial value theorem on (3.1), it is easily seen that the Poissonian scale functions
converge to the classical scale functions as A\ — oo, that is,

lim W@N(z) = W@ (z) and lim Z@Y(z) = 29 (x). (3.4)

A—00 A—00

Note that, for the latter limit in (3.4), we can apply the dominated convergence theorem as, for

fixed x € R, and A large enough, we have

(I)q+/\ A

W@ () < 2W @V (y) < 2W @V () < 2W D (2) +1, for any y € [0, z].
G W) < 2 ) < WO () < AW vyeloa]

In the following lemma, we make use of the Poissonian scale functions W (@Y and Z(@V to
re-state two Poissonian exit results in Albrecher et al. [4] in a form which is consistent with their

continuously-observed analogues (2.8) and (2.9), respectively.

Lemma 3.1 For g >0, and x € [0, a],

WM (z)
—qrd _
Ea [e 1{TJ<T0”*}] W@ (a)’ (3.5)
and @A)
—qTy _ (g WY () g
B o7 g oy | = 200 - G g 2 @- (36)

Remark 3.1 Given their importance in Albrecher et al. [4] and the subsequent analysis, we limit
the review of Albrecher et al. [}] to the exit results (3.5) and (3.6). We note that (3.5) was first
proved by Albrecher and Ivanovs [3]. For both Eqs. (3.5) and (3.6), a spatial approzimation argu-
ment is used to handle SNLPs with unbounded variation paths. Alternatively, simple conditioning
arquments (coupled with the potential measure results in Lemma 2.2) can be called upon to derive
these results in a more direct manner. As an illustrative example, we consider P (Tj < TO_’)‘).

The other cases can be similarly handled.



By conditioning on the first observation time Ty (which has the same distribution as an inde-

pendent exponential random variable ey with mean 1/\) and then using (2.15), we have
a
P(rf <Tp?) =P (rf <o) + / P (X, € dy.er <) By (rf <)
0

=P (T(j' < e,\) +/ )\7“9) (—a,y—a)Py (T;_ < TO_’)‘> dy. (3.7)
0

For x € [0,a], by conditioning on 17, and using (2.10), one finds that

0
P, (< Ty ) =P (m < 75) +/
—0Q
DyX
=P, (1) <75) +E, [e g 1{70*<7j}} P <7'a+ < TJ’A) . (3.8)

P, (Xro’ €dy, 7y < T;‘) P, (7‘5r < eA) P (T;_ < To_’)\)

Substituting (3.8) into (3.7) yields the desired renewal equation for P (7';_ < TO_’)‘>.
We now define the following set of Poissonian g-potential measures: for ¢ > 0 and a > 0,
* A
/ e P, (Xt edy,t < TJ”\ A Tj) dt = rg?’ ) (x,y;a0)dy, z,y <a,
0

/ e P (Xt edyt <Ty A1, )dt =1V (z,y,-a)dy, 7,y > —a,
0

o0
/ e 1P, (Xt edy,t < TOJ“)‘ d¢ Tf)\) (x,y)dy, z,y€R,
0

dt (qv)‘)

= ud:c (x,y,a) dya z,y S a,

> A
/ e 1P, (Xt €dy,t< TJ’A) dt =Y (z,9)dy, z.y€eR,
0
/ e 1P, (Xt edy,t < TO"A A T+>
0

(o)
/ e P, (Xt edy,t <71y, A Tj”\ dt = ug{’;‘) (z,y;a)dy, = € [0,a],y >0,
0
/ e 1P, (Xt edy,t < TO_’)‘ A Tj’)‘) dt = u((f;‘) (x,y;a)dy, =z €][0,a],y €R.
0

Among all of these Poissonian potential measures, rgl”\) (z,y; —a) and rff’)‘) (z,y;a) are the two

cornerstone quantities as the derivation of explicit expressions for all the other potential mea-

sures heavily relies on them. The Poissonian potential densities rgf’)‘), r@’)‘), and the triplet
(u&?(’:)‘), ug](’i’\), ugft’;‘)) are the Poissonian analogues to the classical potential densities rSf), r@ and

mos 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.

Theorem 3.1 summarizes our main results on Poissonian potential measures for SNLPs. The
proof of Theorem 3.1 is postponed to the Appendix. For ¢ > 0, A > 0 and z,y € R, we define an

auxiliary function

Yy
AN (z.) = WD (24 9) + A / WD (x4 y—2) WEHN () dz, (3.9)
0



which can also be rewritten as

A@N (2 ) = W (4 4 ) / W@ () Wt (z +y — 2)dz, (3.10)

with the help of (2.6). Note that A" (z,y) is actually the same as g(g, \, z, y) defined in Baurdoux
et al. [7], and as Wi (x 4+ y) defined in Loeffen et al. [24]. Moreover, it is seen from (3.9) and
(3.10) that

AN (g ) = WD (2 +y), y<O, (3.11)

and
AN (2 ) = W) (2 4+ ), z<0. (3.12)

Theorem 3.1 For g > 0 and a > 0, the Poissonian q-potential densities are given by

A AN (—y,a)
N (@, y;0) = m Z0N (2,8,) — AN (—y,2), z,y<a, (3.13)
(g,2)
PN (o gy = A g (L) 2 AN (p _
(.CU Y; a’) Z(q+)\) ((I )Z ( Y, (I)q) A (513', y) ) T,y 2 a, (314)
rSfI N (z,y) = WEN (—y) @) (z,®,) — AN (—y,z), 2,y €R, (3.15)
(@) (z,y) = WOV () 20N (—y, @) = A@N (z,—y), z,y €R, (3.16)
(@A) (q. —
@) () — A (0 =Y 1) ) AN (o
ud:c ($,y,0,) - W(q7>‘) (CI,) w ($) A ($, y) ) xT,y S a, (317)
(@) (q —
2@ (o ey = VIO Y) o) ) @) (g
ugy (z,y;a) = W& (a) W (x) - W (x—y), x€][0,a],y>0, (3.18)

[ etz A6 (2, )z
fa"o e~ a2 W (2N (2) dz

g (@, ;) =

SW@N (2) — AN (2,—y), z€[0,a],y R
(3.19)

In fact, Egs. (3.18) and (3.19) also hold for the case x < 0, and the proof in Appendix will
concurrently handle these cases. More generally, one may further consider all these Poissonian
potential measures for a general x € R. However, the corresponding expressions will become much
more complicated and hence, we chose to limit the presentation to what is displayed in Theorem
3.1.

The following corollary confirms the convergence of Poissonian potential measures to the clas-
sical potential measures when the observation intensity rate A goes to infinity. The proof is also

postponed to the Appendix.



Proposition 3.1 For g > 0 and a > 0, we have

Jlim 7 (2,y) = r? (@), foray <0, (3.20)
/\li_g; rled) (x,y) = @ (x,y), forx,y>0, (3.21)
Ali_)ngo uiﬁ;)‘) (x,y;a) = u(® (x,y;a), forxz,yecl0,a], (3.22)
Ali_)ngo ug?é)‘) (x,y;a) = ul® (z,y;a), forx,ye€|0,al, (3.23)
Ali_)ngo ug]&)‘) (x,y;a) = u(® (z,y;a), forx,y€[0,a]. (3.24)

For the rest of this section, we consider Poissonian exit measures, and simultaneously revisit
some of the exit results given in Albrecher et al. [4]. First, we recall that under the continuous-time
observation scheme, exit measures of SNLPs can be expressed as integrals of the Lévy measure

and potential measures. For instance, for x > 0 and y < 0,

E, [e 90 L coox edy}] = /0 e 1Py (t <71y, Xy € de) (2 — dy), (3.25)
"o

where II is the Lévy measure of X on [0,00). Interested readers are referred to Pistorius [26]
or Chapter 8.4 of Kyprianou [15] for a detailed discussion, and Loeffen [22] for a general payoff
function of the overshoot XT(;.

Under the Poissonian observation scheme, the potential and exit measure relationship is even
simpler. Again, we use the downward exiting as example. Since the probability that an observation
is made within the infinitesimal time period (¢,¢ 4+ dt) is Adt and by the independence of the

observation process and X, the law of 7|, A (which is an observation time) is
—A —A
P, (Ty* e dt) = AP, (T3 > 1) at.

More generally, for any > 0 and y < 0, a similar reasoning yields

Ey

e _ [T eatp, (T cat. x, e a
{1y Moo X, _nedyy | T f z\to At <Ay
0]
— A / e P, (T(;’A St X, € dy) dt
0
= )\T@J\)(l‘, Y).

Such duality further stresses the importance of Poissonian potential measures. By the same argu-

ment, we immediately have the following corollary on Poissonian exit measures.



Corollary 3.1 For ¢ >0 and a > 0,

_ +A >)‘
- l TN ooty | = 30 @) dy, 2 <ayeloal
0 m
—qTy ™ — (@Y )
E, |e %o 1{XTO—,>\€dy7T071>\<T:a} =X (z,y;—a)dy, x> —a,y € [—a,0],
— T+’>‘ _ (‘LA)
]Ex € o l{XT+,A€dy7T()Jr’A<OO} - )\T-i- (‘ray) dy7 xz S an Z 07
0 -
E, |e=%0 "1 A = @M (z,y)dy, =>0,y<0 (3.26)
x (X edy Ty <o) - , ’ =%Y=y
T A
o [e . Ux, nedy Ty arfy| = M) (z,y3a)dy, z € [0,a],y <0, (3.27)
O -
T | A
o { TN capn ey | =i @ ga)dy, v € 0,0y >0
T | A
B {e " Uk, cnedy A<ty 2y | = Mg (z,y;a)dy, w0,y > a,
E, |90 "1 i | = AleY (x,y;a)dy, z€]0,a],y <O0. (3.28)
T {XT—,/\edvaO ’ <Ta s } d:d v ) 9 9 =
0 m

Corollary 3.1 generalizes Theorems 3.1 and 3.2 of Albrecher et al. [4] in which the joint Laplace
transforms of the Poissonian exit times and the overshoots/undershoots are given.

To conclude this section, we provide another Poissonian exit measure, namely Eq. (3.29).
Notice that the Poissonian exit measures (3.26), (3.27) and (3.29) are actually identical to Eqs.
(1.12), (1.11), and (1.8), respectively, in Baurdoux et al. [7]. This is not surprising as the Parisian
ruin time 7, in Baurdoux et al. [7] is well known to have the same distribution as 7, (defined in
our paper). However, we point out that Baurdoux et al. [7] 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 3.2 For ¢ >0, a,b >0, z € [—a,b] and y € [—a,0], we have

_ (g,
Ty o (AN ®9) ) oy A@N) (o
Ee {e ’ 1{XTO_,A€dny(;’/\<T:a/\7‘b+ } = (A(q)\) (b, G)A (b, —y) — APV (2, —y) | dy. (3.29)

The complete proof of the above corollary is again postponed to the Appendix for which the
key step consists in proving that the following interesting identity holds:

}] A@Y (z,q)

= TGy (o (b.a) x € [—a,b].

+
E,|e 9 1 _
z {TJ_<TO AT~

4 Application: Parisian ruin with Poissonian observations

As an application of the Poissonian potential measures, we consider a generalization of the Parisian

risk model in which the underlying SNLP X is subject to a Poissonian observation scheme with

10



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. [7].

Under a Poissonian observation scheme, an excursion of X below level 0 starts whenever the
SNLP X is observed below level 0 and ends whenever the SNLP X is subsequently observed above
level 0. Recall {T},},y 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; : X1, <0}
&y = inf{Ti : X1, <0, X7, , >0and T; > fn—1}, for n > 2.

Let ¥ be the Markov shift operator acting as X; o9y = X;1, for s,£ > 0. The ending time of n-th
excursion below level 0 is then given by TOJr Ao ¢, . The excursion is deemed to have caused ruin if
the length of the excursion exceeds an independent excursion-specific exponential time with mean

1/q. Thus, the Parisian ruin time under the Poissonian observation is defined as
TN = inf (&, + e Ty 0, — &0 > e}

where egn) is an independent exponential clock with mean 1/q for the n-th excursion below level
0, and each &, + eff) is an [F-stopping time.
Our objective is to derive an explicit expression for the following Gerber-Shiu type density at

the Parisian time:

E, [e_STM x € [—a,b],y € R. (4.1)

1 _
{XTM Edy,TM<T_;LA/\Tb+**} ’

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

15 @) = [ oD@ i) A (0 .y ) do, (42)
and a
203 () = /0 0l (&, s WY (0 — ) du, (43)
where
0z (w) z € [~a,0)
(s,M) - b) = ? P
v (,w;b) { )\u&fj)(x,w;b), x € [0,b],

and 0z(+) is the Dirac delta function centered at .

The proof of the following theorem is postponed to the Appendix.

Theorem 4.1 For z € [—a,b] and y € R, the Gerber-Shiu density (4.1) satisfies

1 A,q
—E, [e*T7"1 _
qdy * {Xpaq€dy,Tra<TZ AT

g(s+a+A) (y) + Als+a) (a,—a—y)— X\ ffa 0(s+q+>\)(z)H¢gst’;q,/\)(zv —y)dz ASE A)( ) S /\)( )
- : () — (2, —y).
W(S'Hlv)\)(a) ~A fiz G(s+q+X) (z)Z(gi;%)\) (z)dz a,b a,b Yy
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On a side note, one expects the Gerber-Shiu density in Theorem 4.1 to reduce to the Gerber-
Shiu density in Theorem 1.2 of Baurdoux et al. [7] (or equivalently Eq. 3.29) when the observation
intensity rate A\ goes to oco. This result can be proven (see Appendix) when the SNLP X has

bounded variation paths, namely for x € [—a,b] and y € [—a, 0],

S S J AC9(z,a)
x

== AGD () — ASD (. —
N0 qdy {XTA,qedy7T>"q<T__(;)‘/\T;"’\} A(qu)(b,a)A (ba y) A (LL', y) (44)

Unfortunately, there are non-trivial difficulties that arise in the case when X has unbounded
variation paths which are related to the evaluation of the integrals [ Ea glsta+A) (z)HSI;q”\)(z, —y)dz
and ffa 9(S+q+’\)(z)ZSI;q’>‘)(z)dz (unless a = o). To complete this step, a non-trivial study of the
two functions Hé;sb’q’)‘)(x, y) and Zlgi;q’)‘)(x) is necessary, as task which is left for future work.

We complement the above analysis with a numerical study of the Parisian ruin with Poissonian
observations. More specifically, we consider the impact of the Poisson observation rate A on some

ruin-related quantities. Consider the classical compound Poisson model {X;},-, with
Ny
Xie=x+ct—->Y;, t>0,
i=1
where ¢ > 0, {Y; }ien is an iid sequence of exponential rv’s with mean 1/c, and {NV;},~ is a Poisson

process with rate n > 0. Under this model, it is well known that

s>,
s+«

W(s) =cs—n+

and
e¢qx e—qu‘

= g (eq)qx) + g (efgqm) ’

where the constants ®, and —(, (with —(, < ®,) are roots to the equation v (s) = ¢, namely

w@ (x)

x>0

)

‘I’qzzlc[\/(Ca—q—n)2+4cqa—(ca—q—n)],
quélz[\/(ca—q—n)2+4cqoz—|—(ca—q—n)].

For the subsequent numerical example, we choose the distributional parameters to be a = 1
and n = 5. Also, the Parisian ruin clock is assumed to make observations at rate ¢ = 3. We focus
on the computation of the Gerber-Shiu density (4.1) with s =0, x = 1, a = 9 and b = 2. In Figure
1, we plot the density of the deficit at ruin (i.e. Xpaq) for y € (—9,2) with different values of
the observation rate A\. The cases A = 4,8, 20,40 are plotted using Theorem 4.1 whereas the case
A = oo is plotted using Eq. 4.4 for y < 0 and it remains at 0 for y > 0. It can be seen that as the
observation rate A increases, the Gerber-Shiu densities with Poissonian observations converge to

that under a continuous observation scheme.

12



0.10%

I
[ R v R
=
=)
=

= -
M
L
]

Il
P(

// 0.02 .Ill

Figure 1: Density of Xpa,q with different observation rates

5 Appendix
5.1 Proof of Theorem 3.1

In the rest of the paper, we denote e, and €) as two exponential random variables with mean 1/q

and 1/\, respectively. We assume ey, €}, and the underlying process X are mutually independent.
5.1.1 Proof of Eq. (3.13)
For xz,y < a, let

e 1
Rf’)‘) (z,dy;a) = / e 1P, (Xt edy,t< Tgr’)‘ A T;_) dt = -P, (Xeq edy,e, < TOJ“)‘ A T(;L) )
0 q

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

For z < 0, conditioning on whether e, or TSL happens first, one deduces that
RN (2 dysa) =SB, (Xe, € dy,eq < 77) + By (15" < eg) RV (0, dys )
=+ bl y7 ¥ 4 q T €q y7eq TO x 7_0 6q + ) y7a
=7 (2, y) dy + " REY (0, dy; ), (5.1)

where the last line holds due to (2.15) and (2.10).

For z € [0,a], comparing eg, 7,7, and the first Poissonian observation time €, it follows that

A 1 0 A
Rgf )(x,dy;a) = apz (Xeq € dy,e, <€) /\7';—) + /—ooPZ (XelA € dz, €} < e /\T;) ng )(z,dy; a)
0
= er‘) (x —a,y—a)dy + / Ar$+’\) (x—a,z— a)dzR(f’)‘)(z, dy; a). (5.2)
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Substituting (5.1) with z = z into (5.2) and using (2.19) yield
RE™ (z, dy; a)

0
=i (@ —a,y—a)dy+/\/ P (@ —a,2 = a)r? (2,y) dzdy

—00

+ A /_0 rSer)‘) (r—a,z—a) eq)qzdzR(f’)‘) (0,dy; a)
rgfﬁ)‘) (x —a,y—a)dy + /\/_0 rg?Jr)‘) (x —a,z—a) (eq)qu(q) (—y) =W (2 - y)) dzdy
+ A /0 rEfJ”\) (x—a,z—a) ecqudzREf’)‘) (0,dy; a). (5.3)
Letting = 0 in (5.3), we solve for R (0, dy; a) and obtain
R (0,dy; a) /dy
S?Jr)‘)( a,y —a) + W )\f q+’\) a,z —a)W(z —y)dz

= —WWD(—y). (5.4
17)\[ ‘I’qzrq+’\)( a,z —a)dz o). 64

In what follows, we focus on specifying the two types of integrals in (5.3) and (5.4). On one
hand, for x < a,

)\/ ePa*y (q+>‘) —a,z—a)dz
¢ A
—/ e P, <X Edze/\<quT> z—/\/ e‘qurgfﬁ)(:r—a,z—a)dz
—00 0
0 a A
= / e®aztap, (Xe; € dz, e\ <eg A TJ_) dz — /\/O eq)qzrgfﬁ ) (x —a,z—a)dz
= e®9E,_, [ 9T PNy 1{€A<TO }} - )\/ <1>qu$1+/\) (x —a,z—a)dz.
Furthermore, using Eq. (30) of Albrecher et al. [4], (2.19) and (2.3), one finds that
0 A
)\/ e‘qur(f+ )(x —a,z—a)dz
—0o0

_ o (e%@—a) _ 6q’q+A(m—a)) _ Para—a)y / " a2t (1) dz 4 ) / " a2 ) (5 dy
0 0

. ACE Y (z,®,) — ePatr(@—a) 7(g+)) (a,®,). (5.5)
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On the other hand, for x < a and y < 0,
0
A /oo rsqur)‘) (2 —a,z —a)WD(z —y)dz
=\ / ’ [e%w—a)vv(ﬁ”(a —2) = WV (g — z)} WD (z —y)dz
= Parrle=a) \ /OOO W N (g 4 2)WD (—y — 2)dz — A /OOO W N (z 4 )W D (—y — 2)dz
— Paalz—a)y /a_y W(q+/\)(z)W(q)(a —y—2)dz — )\/x_y W(q“)(z)W(q) (x—y— 2)dz
= Para(z—a)y [/an w @ (a—y— z)W(q+’\)(z)dz _ /Oa W@ (a—y—2) wa+d) (2) dz}
- A {/Ol"y WD (z —y— )WV (2)dz — /Ox W@ (z—y— z)W(qu)‘)(z)dz}
— oParr(@—a) [W(qﬂ)(a —y) A(q«\)(_y’a)} _ [W(‘H')‘)(x Sy - A(q”\)(—y,l’)} ’ (5.6)

where the last step is due to (2.6) and (3.9). Note that it is easily seen from (3.12) that the equality
(5.6) also holds for y > 0.
Substituting (5.5) and (5.6) with = 0 into (5.4), and using (3.11), it is relatively easy to show

that
A(q’)\) (_y7 CL)

YACER)) (a, @q)
Lastly, substituting (2.19) and (5.7) into (5.1) yields, for z < 0,

RV (0,dy; ) /dy = — W (—y). (5.7)

A(q,/\) (_y7 a)

A
RS? )(:c,dy;a)/dy N m

P — W@ (z —y).

Also, substituting (2.19), (5.5), (5.6), and (5.7) into (5.3) yields, for x € [0, a],

A(q)\) (_y7 Cl)

A
R (2, dy;a) /dy = 7@ (a, )

20 (2, ®) — A0V (—y, 7).
We complete the proof by unifying the above two expressions for z < a.

5.1.2 Proof of Eq. (3.14)

For x,y > —a, let

% B 1 -
RN (z,dy; —a) = / e 1P, (Xt edy,t <Ty A r_‘a) dt = ng (Xeq €dy,eq < Ty AT ) .
0

—a

We consider separately the cases where y € [—a,0) and y > 0.
For y € [—a,0), we shall have that 7, < eq/\TO_’)‘ almost surely. Subsequently, at level XT(;, we
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know that the random time 7'0+ N eq should occur prior to the next observation time €. Therefore,

(a:)) R | - A . -
R™Y (z,dy; —a) = . /[a,o] P, (Xrg edz, 7y < eq) P, (Xeq cdy,e, <Ty " A T_a)

= / P, (XT(; €dz, 7y < eq) P. (1 <egNe\AT,) R (0,dy; —a)
[_avo]

1
+ q/ P, (XT(; cdz, g < eq) P, (Xeq € dy,eq < TS_ A€l /\T__a) .
[70'70]

Subsequently, using (2.8) and (2.17) leads to

R(—q’)\) (J?, dy’ _a’)
W(q+’\) (Z + a) (@,\)

— _ - -~ @@ 7 ’ v _4 (qu)\) .
/[_a,o] P, (XTO c dZ,To < eq) |: WaHn (a) R" (O,dy, a) +u (Z +a,y+ a,a) dy
(g+X)

wi (XTO_ + a)

_ —qT7y

RN (0,dy; —a)

— - >\ .
B [ u (X 4oy +aia) 1| d (5.8)
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

(@) PR | - A .-
R™Y (z,dy; —a) = . /[a,o} P, (XT(; edz, 7y < eq> P, (Xeq € dy, e, < T /\T_a>

1
+ 5P$ (Xe, €dy,eq<T15) . (5.9)

Since z < 0 and y > 0, by (2.8), we have

—a —a

1 o
-P, (Xeq edy,eq <17 ANTT ) =P, (1" <eqNe\ATZ,) R4 (0,dy; —a)
q

~ WEHN(z + a)
- W(Q+>\) (a)

Substituting (5.10) into (5.9) and using (2.16) give

RN (0,dy; —a). (5.10)

W e+ (X, + a)
0 1, _
W@t (q) {79 <oo}

RN (z,dy; —a) = E, |e 0 RY(0,dy; —a) + 7' (z,y)dy. (5.11)

We further note that (5.8) and (5.11) can be expressed in a unified manner as follows: for

Z, y Z —a,
RN (z,dy; —a) /dy

W+ < XTJ + a)

(g:N) .
W () L <oy | B2 (0,dyi—a) /dy

= EJZ e 970

B [Tl (X byt aa) ] sy + 1 @0) Lgzoy. (5.12)
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To solve for R(_q’)‘) (0,dy; —a), we condition on whether e, arrives prior to the next observation

time €/,. Using (2.14), we have

1 oo
ROV (0,dy;—a) = P (Xe, € dy,eg < S ATL,) + /0 P (X e dzch<egnr,) ROV (rdyi—a)

—a

(o)
= Lot (a,y +a)dy + )\/ ) (a,z+a) R4V (z,dy; —a) dz. (5.13)
0

Substituting (5.12) with = z into (5.13), we then solve for R (0,dy; —a) and obtain

R0, dy; —a)/dy

(g+X) oo . (g+X) R CEDY .
r T (ayta)+A 57 T (a,24-a)E; {e 0 ule )(XTO_+a,y+a,a)1{_r0_< }}dz
[ _w@tN(x _+a)

.

, —a<y<0,
1—\ fooo T@Jr)‘)(a z+a)E; e 70— 01 :|dz
) (GRS {77 <oo}
e (5.14)
(a,z4a)r'? (z,y)dz
- wl@tA (X _ 4a)

A _
BN plat )(a,z—i-a)lEZ |:e 70 01{7_0_<00}:| dz

T9+)‘) (a,y+a)+)\ fooo T&]+)\

, y > 0.

w(a+2) (a)

With the help of (2.20) and (2.21), (5.14) can further simplified to

1
@R@’” (0, dy; —a) + W) (—y)

e~ PaEAY I (@A) (0) =AW (4T3 (q) I e Patr7E, {e—“&w(qH)(x ,7y)1{ — }]dz
7'0 7'0 oo
ePatrt_\ [© PR, [e 790 Wt (X _4a )1, _ dz
0 0 {mg <oo}
e*‘ﬁq+/\yw(q+>\)(a)+)\w(q+/\)(a) fo"o e—q)q+>\zrgl)(z,y)dz

, —a<y<0,

P - —qr’ ’
e atAt—\ [P e  TatATE, |:e 70 W<q+)\)(XTO*+a)1{TO*<oo}}dZ

(5.15)

Next, we focus on simplifying (5.15). By the spatial homogeneity of X and the dominated
convergence theorem, for any z > 0 and y < 0,

B e WO (X =) 1] = By [T (X )1 ]

- [ (5 ) o0

-y

17



Thanks to Lemma 2.2 of Loeffen et al. [24] or Theorem 2 of Loeffen [22], we deduce that
—q7=, i (@A
By [e W (X, Y10, ]

= W(‘I“‘)‘)(z —y) — /\/

-y

b
(W(q“)(b) -\ / ) W@ (b — x)W(q+’\)(a:)da:>

y
WD (2 —y— )W (z)da

B W@ (z)
W@ (b + y)

=Y -y
=WtV (z —y) — /\/ W(q)(z —y— )WV (2)dz + /\/ W(q)(z —y— )W (2)dz
0 0

W) W ey [ WOG - W @)z £ a [ DG )W (a)da
W@ (b+y) 0 °

~y
=WWD(z—y)+ )\/ WD (2 —y— )W (z)da
0

B W@ (z)
W@ (b+ y)

where the last step is due to (2.6). We know from (2.12) that, for fixed y < 0 and all b large

enough,

<W<q)<b) L / o - a:)W(‘”')‘)(m)dw) 7 (5.17)
0

W@ (b — ) _ W@ (b)

W@ (b+y) — W@D(b+y)
Taking the limit b — oo in (5.17) and using (2.12), (2.3) and the dominated convergence theorem,
Eq. (5.16) becomes

<e®¥ 41, forany ze[0—y.

E, |e 0 Wit (XT(; - y) 1{7'07<oo}} =AY (z,—y) — W) (2) AR (—y, ®q) , (5.18)
for any z > 0 and y < 0. Substituting (5.18) into (5.15) yields
1
@R@,A) (0,dy; —a) + W (=)
TR @) AW @) [57 e TN [AGD ) WLyl
B PaAT X [ e PaHAT[A@N) (2,0) WD) (2) Z(0+N) (a,B)]
- e~ Pa Y a+) (@)+AW (@) (q) I efq)q+/\zr@)(z7y)dz
£ a oo —P z ¢ ’ y 2 0
eTatAT_) [ eT TN [AWGN) (2,0) W (9 (2) Z(9HV) (a,D4)]
(5.19)
Note that by (3.9), (2.2), (2.4) and (2.20), we have
oS —Pg1ay
/ e~ P AN (5, —y)dz = € ;Y <0,
| A
and - & @
—PqY _ o7 Pg+NY
/ e_q)ﬁ*zr@ (z,y)dz = € ¢ , y=0.
0 A
Thus, (5.19) is further reduced to
Wt
RO (0, dy; —a) /dy = g (—y,0,) - WG (—y). (5.20)

Z(Q+>\) (a7 q’q)
Finally, substituting (5.20) into (5.12) and using (2.20), (2.21) and (5.18) yields (3.14).
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5.1.3 Proof of Egs. (3.15) and (3.16)
By (2.3) and (3.10), we have

AN (z,a) WD (z+a) = X [ WD (2) WD (2 + a — 2) dz

Z@tN) (a, ®,) 7@+ (a, ®,)
W@+ (z4q z W@+ (p4a—z
W()@.)) A fy W (2) W(q—fwa)‘)dz

Z(q+)\)(a=©q)
W@ (a)

We know from (2.12) that, for fixed € R and all a large enough,

Wt (z4+a—2) WO (2 +a)

ByrT
W) (a) = W@ (a) <%t 41, for any z € [0, z].

By (2.12), (2.13), (3.3), and the dominated convergence theorem, it follows that

A I N il FA C)) Byia(z—2)
fi AT n)_ FT 2 Ay WG BTy ().
a—o0 Za+N) (a, ) [

Therefore, it is straightforward to see from (3.13) and (3.14), that

7"5:1’)‘) (z,y) = Jim rf”\) (z,y;a)
(@.2) (—
— lim wz(q“\) (z,®,) — AlaX) (—y,x)

a—oo Z(a+XN) (a’ (IDq)
= WY (—y) 20 (2, ) — 4@V (—y, 2),

and
0 () = Jim 8 @,y —a)
(:2)
i AT i) Ly gy - 40N (4, )

a—oco Z(a+N) (a’ CI)q)
— WO (0) 26 (<, 8,) — A9 (0, ).

5.1.4 Proof of Eq. (3.17)

For x,y < a, due to the fact that {t < 7 /\T(;’A} ={t< T(;’A}\{T;r <t< T(;’A}7 it is immediate
from (3.5) that

A A W(q,)\) T A
ufN (@, y;a) = 1 )(x,y)—Wr(q ) (a,y). (5.21)

Substituting (3.16) into (5.21) yields (3.17).
5.1.5 Proof of Eq. (3.18)

For z € [0,a] and y > 0, let

o 1
U{ng) (x,dy;a) = /0 e P, (Xt edy,t <7y, A TJ’)‘) dt = g]P’I (Xeq edy,eq <15 A T;"A> .
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Conditioning on whether or not 7,5 occurs prior to e, and using (2.8) lead to

(g,A)
Ued  (2,dy;a)
= ; {]P)m (Xeq cdy,eq <71y /\Tj) + P, (7’,;r < eq/\TO_)]P’a (Xeq edy,e, <7y /\T(j’)‘)}

W@ (z
=ul? (z,y;a) dy + W(‘DE ;U(fqu) (a,dy; a) (5.22)

where we have extended the definition of u(? to u'? (z,y;a) = 0 for x € [0,a] and y > a.
(9 )(

To solve for U, a,dy;a), we condition on whether e, occurs prior to the next observation

time €/, and arrive at
1 a
Uéi{”(a,dy;a) = glP’a (Xe, €dy,eq <15 A€)y) —|—/ P, (X edx, ey <15 A eq) U(q /\)(x,dy; a)
0
a
= 4t (a,y)dy + /\/ S (a,x) UC(:‘Id”\) (xz,dy; a) dz. (5.23)
0

Substituting (5.22) into (5.23) gives

/\fa (q+>‘) (a,z) u'D (z,y; a) dz + @ (a,y)
a (q+/\) W@ (z)dz

U (a,dy;a) = dy. (5.24)

W(Q)(a) f
Next we simplify (5.24) by evaluating the two integral terms therein. By using (2.20), (2.3)

and (2.6), we have

/ PN (@, 2) WD (2 — y) dar
0

— wietD) (a)/ e~ Pt W@ (1 — y) dx — / W (g — 2) WD (z — y) da
0 0

W (q) /a_y e~ PG (3) dz — /a_y W (g —y — ) WD (2)da
Aw(zﬂr/\) (a) e~ Pa+ry [1 — e Parrle=v) Z(9) (¢ — . ‘I)q+>\)]

_ % [W(q+>\) (a—y) - WD (q— y)] . (5.25)

As for the other integral, using (2.21), (5.25) and (2.20) followed by simple algebraic manipulations,
one finds that

)\/ rlat (a,z)u'? (z,y;a) dz

0
a () (D (q —

_ )\/ 7"81+)\) (CL,.CE) |:W (LL') W ((I y) _ W(q) (iL' _ y):| dz
0

w () (a,)

= W {W(Q-H\) (a) (1 _ e~ %qtraz(q) (a, (I)q+)\)) _ (W(q—i-/\) (a) — W(q)(a)>}

_ {W(qﬂ) (a) e~ Parv [1 — e @9 Z0) (g . (I)q+)\)} _ [W(qu/\) (a—y) - W (a— y)} }

Z(q) (CL, q)q+/\)

P N (g+XN)
e Tarr ey (a) W@ (a)

Z(q) (a - Y, (I)q+>\) -

w@ (a — y)} _ ety (a,y) . (5.26)
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With the aid of (3.3), substituting (5.25) with y = 0 and (5.26) into (5.24) yields

W (a —y)

A
U (a,dy;a) = { W& () W@ (a) - W (a - y)} dy. (5.27)

Finally, with the help of (2.21), (3.18) follows by substituting (5.27) into (5.22).

5.1.6 Proof of Eq. (3.19)

For z <aand y € R, let
U (2, dy; a) = /OOO IR, (Xp € dy,t < Ty M AT = ém (Xe, € dyoeg < Ty > ATH).
Conditioning on whether Ta+ occurs before e, leads to
U (2, dy; a) = ;IP’I (Xeq €dy,eq < Ty A ch)

1 _ _
+ glP’z (7';r <egNT ’)‘> P, (Xeq € dy,eq < 1T A /\T;"A)

WD (1) o
W (g:N) (CL) d:d

(g,

=ug. (2, y;a)dy + (a,dy;a), (5.28)

(g,\)

where the last step is due to (3.5) and the definition of w,.] (¢:))

was extended to uy." (z,y;a) =0
for y > a and z < a.
To solve for U(g?c}/\) (a,dy; a), we consider whether e, occurs before the next observation time €}

and obtain
1 1/
ch;qc})\) (a,dy;a) = glP’a (Xeq edy,e, < eg\) + q/ P, (XerA €dx, e < eq> chg?d’/\) (z,dy; a)
0
=9tV (y — a) dy + )\/ 0l (2 — a) Ufg?c}/\) (z,dy; a) dx. (5.29)
0

Substituting (5.28) into (5.29) and using (3.17) give

Ud(?j‘) (a,dy;a)
_ 0t (y —a) + X Iy 0t (x — a) ugf;)‘) (x,y;a)dx
1-— WTAxm [0t (2 — a) WD (z) d
B 0t (y — a) + A4 (a, —y) — X IS 0+ (z — a) AN (2, —y)d
1 Jo 0N (z — a) WA (z) da

dy

X
. — AN (g, —y) . (5.30)
WM (a)

Next, we simplify the expression of ch?c’l/\) (a,dy;a) in (5.30). Using (3.9), one obtains

/ Wt (g — 2) WD (z —y) dz = / W@ (—y +a—2) Wt (z) dz
0 0

_ AN (—y,0) - WO (a—y)
- - |
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which implies that
A /O “ ey (a —x) AN (2, —y) da
= AN (—y a) = WD (a —y) + A2 /Oa /Oy WD (z —y— 2) WD () WY (g — z) dzdz
_\ /0 W Ly~ o)A@ (2 a)ds + AN (—y,g) — A@) (g, —y). (5.31)
By (2.7), it can be seen that

@q Pgraa

a — (qv)‘)
/ WD (g — 2) WD (2) de = %Le u. (5.32)
0

A2 A
Invoking (2.18), (5.31), (5.32) and also (3.10) for the term A@Y) (=1, a), one can rewrite (5.30) as
A
ugy (a,y:0)
! Y\ [CeParm (@A) (g —
_ @, [emPary — ) [[emPannm AN (2, —y) da] WA (a) — AN (q, )

w _ )\@qu)\ fo QoA (9,N) ( )d:I:

N \e- Byra fo y [W(q+)\) (7 o Z) A(q,)\) (Z a) - W(‘IJF)\) ((I -y — Z) W(q) <z)] dz
e300 AQ! L fi e P W N (z) da

W@ ().

g+
(5.33)
Furthermore, by (3.9), (2.4), (2.7), (3.3) and (2.5), it can be shown that
y (3.9), (2.4), (2.7), (3.3) and (2.5)
0 7(I)q+/\y
- +AT (Q7)‘) — — €
/0 e~ TatAT A (z,—y)dz T
and -
/ e~ Cararyy(a2) (x)dx = L ;A ,_ ®
0 AR
Using the above two relations, (5.33) can be rewritten as
0~ iz A(g,N)
A Jo e Pt AN (2, —y) da
uglqd ) (a’v y;a) = faoo e~ Parrz i/ (a,N) ( )dx W(q A ( ) — Al (a _y)
. fo_y [W(tH-)\) (—y — Z) AN (2 0) = W) (g — y — 2) W@ (Z)] dZW(q A)( )
(a).
q+>\ foo Pgia(a— I)W(q A) (gj) dx
(5.34)
Substituting (5.34) into (5.28) leads to
=Pz A@N) (5 —
@) (g ) = do AT (2 my) Az gy @) (g
udd (:rayv(I) - faoo 6_¢q+kzw(q’)‘) (Z) dZ W (x) A (:Ca y)
Y fofy [W(qu)\) (—y — 2) AN (z,a0) = W@ (g —y — 2) WD (z)] dz (@) @).

CI):H‘)\ faoo e@q+k(a*Z)W(q,)\) (z) dz
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In light of (3.19), it remains to show that, for any y € R and a > 0,
~y ~y
/ W (—y — 2) AV (z,0)dz = / W (q —y — 2) WD (2) dz. (5.35)
0 0

It suffices to prove (5.35) for the case when y < 0 because (5.35) clearly holds for y > 0. For large
enough s > 0, it follows that from (3.9), (2.2) and (2.4) that

/ e / W@ (z — 2) AN (2, a) dzda
0 0

:/ e Wt () da:/ e 7AN (2 a)dz
0 0

_ Z@t (a,5) 1
T A (s) g (9)

:/ e W (g + 1) dx-/ e WD (2)dz
0 0

= /OOO e /Ox Wt (a4 2 — 2) WD (2) dzd. (5.36)
Taking Laplace inversion to (5.36) yields, for z > 0,
/0:C W (g — 2) AN (z,0) dz = /096 W (a4 2 — 2) WD (2)dz. (5.37)
This completes the proof of (5.35) by letting x = —y > 0 in (5.37).

5.2 Proof of Proposition 3.1

Relations (3.20) and (3.23) are immediate from (3.4). In addition, relations (3.21) and (3.22) are
direct consequences of (3.11), (3.4), and the fact that Z(@(z,0) = e for x < 0. We are only left
to prove (3.24).

For x,y € [0,a], by (3.19) and (3.9),

X =Pz (@) (5 —
@n (oo Ja €Wz —y)de ey e
Ug.q ($7 Y; a) ~ faoo e~ Loz 7 (a,2) (Z) dz w (‘r) w (.’,U y) .

Note that by (3.1), it follows that

faoo e~ Ptz (@) (z—y)dz _ w (@) (a—y) (5.38)
[e et W @) (2)dz (Rga — D) [y7 e P W @A (2 + a) dz” ‘
From (3.4) and (5.38), it remains to show that
Jim (gpx — @) / e~ P W @N (2 4 ) dz = WD (a). (5.39)
—00 0
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For any fixed € > 0, by (3.1), we have
oo
(Pgn — (I)q)/ e P2 WY (2 4 a)dz
: [e.¢] [e.e]
= (Byir — D,)° / / e~ PG (2 4y 4 a) dydz
Dyin — / / e 2T W D (2 + ) dadz
Dyin — / (z — &)e” P WD (1 4 a)dz. (5.40)

Observe that for any fixed z > ¢, the function 8 — (2e~#* is monotone decreasing in 3 for any
B > % By (2.1), we deduce that for any = > ¢, the function A — <I>(21+/\e’%+” is monotone
decreasing in A for any \ > ¢(%) — q. By (5.40) and the monotone convergence theorem, we

deduce that

[ee]
0 < limsup (Pg4n — D) / e Paz W @N (5 4 ) dz
13

A—00

= limsup (Pg4 — <I>q)2 / (z —e)e” 2 WD (z + a)dz
€

A—00
o
< lim <I>q+)\ / (x — )e” LT (9 (1 4 g)dx
3
— /5 (z — )W D (2 +a) Jim B2, e Py
=0. (5.41)
On the other hand, thanks to the monotonicity of W@ we have

(Pgar — Pg)(1 — e~ Patr)

(Dyin — Py) / e_q)qu)\ZW((I:)\)(Z +a)dz > W (@A) (a),
0 Pgin
¢ gy — D) (1 — e Parre
(®q+)\ _ (I)q) / e—<I>q+Azw(q,>\) (Z + a)dz S ( q+A q)( € 1 )W(QV\) (a + 5) .
0 Pyia
It follows that
liminf(®q4x — @) / Canrz (@) (2 4 q)dz > WD (a), (5.42)
limsup(®g4x — ) / Carz )y (@) (2 4 q)dz < WD (a +¢). (5.43)
A—00 0

From the arbitrariness of ¢, we conclude from (5.41)—(5.43) that (5.39) holds.
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5.3 Proof of Corollary 3.2

For z € [—a,b] and y € [—a, 0], we have

E. el N
{XTO,)\ €dy,T, Z AT}
— —qT_’X . —qrt —qT ,)\
e 1{XTO_,,\€dy7T(;’>\<T:a} Ee {e bl{Tlf<T0_”\/\T_a}:| ' J 4 {X ) AT}
(g,:\) . _ —(17'+ (q A) _4
Ar (zyy; —a) dy — By [e b l{Tz,Jr<To’A/\T_a}} (b, y; —a) dy. (5.44)

In what follows, we focus on characterizing E, [eqﬁj 1 {T TR }} .
b a

Conditioning on whether 7, or 7, occurs first, by (2.8) and (5.17), it follows that

gt

By [6 b l{Tb+<TO**/\T_a}}
0
—a

FE [y

gt gt
T L -

e 90 1 -
{X"o_ Edz;ro <7, }

W@ (x) 1 —arg 7 (a+A) —ar
RO T e B HE L TR
(9) (g,\) (9) (g:))
w (x) + A (-T, a) _ w (-T) A (b, (I) E efquj'l s ) (545)
W@ (b) W@t (a) W@ (b) W+ (a) {rf <1 a1z}

Note that (5.45) holds for z € [—a,b]. To evaluate E [e‘qﬁj 1{T+<T*7*/\f }], we condition on
b 0

—a

whether e’)\ or Tb+ occurs first and obtain

E [e_qu 1{ F<To M a}]

b
= qT —qe qu
=K |: ’ 1{ +<e)\/\7— a}] +/0 K |:€ /\1{X/ edz eg\<7’ /\Tb }:| z |:€ ’ 1{ Jr<T /\’T a}:|
W@t (q)

8 (g+N)
W(q+’\)(a+b +)\/ TV (a,z + a;b + a) z[e qbl{ o a}] dz. (5.46)

Substituting (5.45) with z = z into (5.46) and using (2.21), we have

— A —
{7’bJr <T /\T—a}}

W@+ (g w(@(z
7W(q+>‘)(a(+)b) + A f w9 (a,z + a;a + b) ngb;d

A@N) (2,0 W (@) (2)A@) (b,a
1- /\f w@tN(a, z + a;a +b) [W<q+x()(a§ - W(q)Eb))WwM()(a;] dz

W+ (g AW @+ (g b
_ W(q+A)(a(+)b) + W<q+A)(a+b)I(/V)(q>(b) fO W (b= 2) WO (z)dz (5.47)

b WD) (2)Aa:N) b,a
1= by Jo WD (- 2) (A(“) (z,0) — W) dz
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From (5.37) and (2.6), one easily finds that

b
/ W(q”‘) )A(q’/\) (z,a)dz = / Wwlat) (a+b—=z) W@ (2)dz,
0

and
+A
/ W(q+/\) )W(q) (z)dz = Wit (b))\_ W (b)
Further substituting the above two equalities into (5.47), and using (3.10) lead to
Wt (q)
—qry _
N [ U a}] A6 (ba)
Hence, (5.45) reduces to
(a:2)
gt AN (2,a)
Ee |:e ’ 1{T:<TO‘>‘/\T_Q}:| o Alg:N) (b, a)' (5.48)

Lastly, by substituting (5.48) into (5.44) and using (3.14), the proof is complete.

5.4 Proof of Theorem 4.1

For z € [—a,0) and y € R, we separately consider the contributions to (4.1) by the following two
possible events: {eq < T__(’l)‘ A 7’0+} and { <TZ; A A eq}. It follows that

_gTMa
E, [e*T7"1 _
i {XT)\,q edy,T*v‘1<Tﬂ;*/\Tj’A}

— —sT™M
FB [Tl gy Bo- [T

WY (@ 4a)
W(S‘i‘q,)\) (a) ]Eo— l:e 1

— Eaz [e—seq 1

{Xe, Edy,eq<T:(‘z)‘/\T{)"}] {X 0 edy,T/\vq<T:(;)‘/\Tb+’>‘}}

quﬁlsjq ) (z +a,y +a;a)dylyy<o) +

{XTA’quy7T>\’q<TL_’LA/\TJ,A}} ,
(5.49)

where 0~ means the surplus is at level 0 and the Parisian clock is on. For x € [0,b] and y € R, we

shall have T}, A < T2 almost surely. Hence, by conditioning on Tj; ”\, one finds that

E, {e_STMl

0
= E, 1
/_a {XTO_,A edw,TJ‘A<Tb+’A}

0
(s,0) ) —sT™1
A/a ug (x,w;b) By [e 1{XTA,qedy,T*1Q<T(;A/\Tb*“}] dw. (5.50)

Substituting (5.49) into (5.50) leads to

E. [eSTMl

{XTA,qedy,TA,KT(;*AT;’A}}

—A
e*STo

_sTMa
E, e 577" _
w {XTM edy,TM<T_c;*AT,f**}

{XTNq Edy’T)"q<T__(;>‘/\T;—,A}:|
- U&Sd/\) (2, w; b) uls TN (w + a,y + a;a) dwdyl g

(s+4q,\)
+ A ul(fdA) (x,w;b) w (w+a)

. ) W (a)

—sTM
dwEq- [e 1{X (5.51)

A €Ay TI<TZ AT
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Let

6I w), S _a70 )
{8 relno
Auyp’ (z,w;b), € [0,0].

We note that (5.49) and (5.51) can be expressed in a unified way as follows: for any = € [—a, b]
and y € R,

—_sT™M4
E, [e*T™"1
z {XT/\ g €dy, TA<T AT *}

0
= q/ CEY (x, w; b)ufif:rq”\) (w+a,y+a;a) dwdyl{y<0}

0 WA (w + a) A
(s,0) . _sTMa
+/av (x,w;b) e (a) dwEq- [e 1

{XT&qu%T*va(;*AT;’*}] : (5.52)

.. —sTMa el .
Next, we focus on characterizing Eq- |e ™7 _ . Conditioning on

’ & =0 {XT)\,q edy7T*7Q<Tﬂf/\T;f’A} &
whether €} or e, occurs first and using (5.52), one obtains

_sTMa
Eo_ le=sT7" )
i {XTA’QEdy’T/\’q<T7;A/\Tb+**}

b

_ —se —sel, —sT™M4
= Eo- [6 ql{Xqudyveq<€£\}:| +/a Eo- [6 Al{Xe&Edz,e’)\<eq}:| Ee {e l{XTqudy,T/\’tI<T1;)‘/\Tb+’)‘}:|
b0
= g0+ (y)dy + )\qdy/ / OGN ()05 (&, w; b)ugf:q’A) (w+ a,y + a;a)dwdz
—aJ—a

b0 (s+a.)
%% (w+a)
(s+q+X) (s.) :
A /a —a o (2 (=, wib W (s+a2) ()

—sT™a
dwdzEy- [e 1{XT>\’qEdnyA1q<T_—(,l)\/\Tb-¢—,>\}j| .

(5.53)
Thus, it is direct from (5.53) that

g, [

qdy Xpa,q €Ay, TA<T A T+’A}
(s+q+)\) —l-)\f f glst+a+X) (2)v (s, ’\)(z w; byul (S+q7/\) (w+ a,y + a; a) dwdz
B 1- )\f_a f_a Olsta+A) (2) (5N (2, w; b)%Wd dz
flst+a+d) () + AG+HIN (g, —q — y) — /\fb 9(s+q+A)(z)Héqu A)(z’ —y)dz

A\ 5,4, )\)(z) - A($+q7)\) (a7 —a — y)?
1= [0 fltarN(z )md

(5.54)
where the last step is due to the definitions of ug4.., H(S’q’)‘) and Z(S’q’)‘)

n (3.17), (4.2), and (4.3),
respectively. Finally, the substitution of (5.54) into (5.51) Completes the proof.
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5.5 Proof of Equation (4.4)

By (3.11), we have

1 —sTM
@EI € 1{XTMedy,TM<Tj;ﬁ/\T;’*}
fls+a+2) () + W(s+q)(_ Y O+ () HS0N (2] —y))dz

W (s+a.A) )\f f(s+a+) (2 )Zt(li;q’)\)@)dz

S,q,A S,q,A
Zog @) = H™ (w,—)
(5.55)
where Hésé (2, —y) = Jo vV (@, —w; ))W D (—y—w)dw. By (3.28), we know that v*V (2, —w; b)dw

converges (weakly) to E,
X edw,ry <Tb

e 9 1 }} as A — oco. By the boundedness and conti-

nuity of W9 (—y —w) for w € [0, dl, 1t follows that

lim HEEN :/“E a7 1 W+ (—y — w)d
oo b (z, =) Al {—X ,edw,fgq;} (=y —w)dw

—E, [e a5 (s+a) (= Yt X oot }}
W (z)
— AGD (g ) — 2\ Al (p 5.56
(LU, y) I{r(s)(b) ( 9 y)? ( )

where the last line is due to Lemma 2.2 of Loeffen et al. [24]. By the same argument, we have

(s)
lim Z(sl;q’k)( ) = lim H bq ’\)(x a) = A(S’q)(m,a) M

(:9) (p
A 00 a, Ao 00 a, W( )( )A ( ) (557)

From (2.14), we deduce that A0 (z) converges (weakly) to do(z) when A — oo. By the bounded-
ness and continuity of Hc(bséq’)‘)(z, —y) and ZC(LSZ;q’)‘)(z) for z € [—a, b], with the application of (5.56),
(5.57) and (3.12), the limit of (5.55) is given by

75T’\"1
,\lggo @E I{XTA,q Gdy»TA’q<T’AAT+’A}]
Ws+a) (—gy) — Alsa) (0, — WD) g(sa) (p, —
_ (—y) (0,—y) + ?/)(S)(b) (0, —y) (A(&q)(x’a) W )(x)A(S»‘D(b, a))
W(s+0) (a) — A(54)(0,a) + %s%) A9 (b, a) W) (b)
W (z)
_ A (o _ ) AGD(p —
A (b, —y) W () W ()
=2 DI plsa) — A9 (p _AGD (g =\ Ay —
A(&q)(b, a) (IZ:,(I) W(S)(b) ( )a) ('1:7 y) + W(s)(b) ( ) y)
A9 (b,

Y) g6 ()
—mA (z,a) = A5V (z, —y),

where we have used the fact that W () (0+) # 0 when X has bounded variation paths (e.g., Lemma
3.1 of Kuznetsov et al. [14]). This completes the proof.
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