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ABSTRACT. In this paper, we study the magnitude and the duration of deep drawdowns
for the Lévy insurance risk model through the characterization of the Laplace transform
of a related stopping time. Relying on a temporal approximation approach (e.g., Li et al.
[17]), the proposed methodology allows for a unified treatment of processes with bounded
and unbounded variation paths whereas these two cases used to be treated separately (e.g.,
Yin and Yuen [30]). In particular, we extend the results of Landriault et al. [14] and Surya
[28]. We later analyze certain limiting cases of our main results where consistency with some
known drawdown results in the literature will be shown.

1. INTRODUCTION

In insurance mathematics, drawdowns have drawn accrued interest in recent years. Draw-
downs are well known to quantify negative fluctuations in an index value relative to its running
maximum, a fact of utmost importance for risk management purposes. This is particularly
true in insurance contexts, where the insurer is concerned with extreme downward movements
in surplus levels. Over the past few decades, several risk measures involving drawdowns have
been studied. For example, in the fund management industry, drawdown-based performance
measures such as the Calmar, Burke and Martin ratios, are frequently used (e.g., Schuhmacher
and Elin |26] and Bacon [5]). In finance and risk management, a great deal of research has
been carried on reducing drawdown risks including but not limited to Grossman and Zhou
[12] on portfolio optimization with drawdown constraints in a Black-Scholes framework, Cvi-
tanic and Karatzas 9] on its generalization with several risky assets, and Chen et al. [8] on
minimizing the probability that a drawdown occurs over a lifetime investment. Also, new
portfolio sensitivities with respect to the running maximum and drawdowns of the underlying
asset are defined by Pospisil and Vecer [24]. Shepp and Shiryaev [27] studied the pricing of
the perpetual American options, also known as Russtan options, where strong ties are shown
to drawdown.

From a more theoretical standpoint, Taylor [29] studied the joint Laplace transform of the
time to a given drawdown and its related running maximum for the class of Brownian motions.
The generalization to a time-homogeneous diffusion process can be found in Lehoczky [16]. A
more general treatment of drawdown quantities the Lévy insurance risk model has been studied
by Mijatovic et al. [22| and Baurdoux et al. [6]. Building on the aforementioned papers,
Palmowski and Tumilewicz |23] studied fair valuation of insurance contracts against drawdown
(and drawup) of log-returns of stock price modelled by a spectrally negative geometric Lévy
process. Also, Avram et al. [3| studied the pricing of Russian options for the same model.
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Another risk which aims to capture drops in capital levels is the so-called time under water,
i.e. the duration from a previous running maximum to a new one. This duration, also known
as the " Time to Recover" in the fund management industry, has been studied via an analysis
of its Laplace transform by Landriault et al. |[14] for general Lévy processes. The duration of
drawdowns is also related to the idea of Parisian ruin with deterministic delays. The latter
was first studied by Dassios and Wu [10,/11] for the Brownian motion process and Cramér-
Lundberg process with exponential claims, respectively. In a more general setup, Loeffen et
al. [20] generalized these results to the general class of spectrally negative Lévy processes.
Also, for this type of ruin, an expression for the probability of Parisian ruin for the refracted
process was studied by Lkabous et al. [1§].

Recently, under the spectrally negative Lévy framework, Surya [28] used the spatial ap-
proximation approach (e.g., Loeffen et al. [20] and Landriault et al. [15]) to study the Laplace
transform of the duration of drawdowns when the underlying process is monitored continu-
ously, and the clock rings the first time the duration of a drawdown of a given magnitude
exceeds a pre-specified time threshold » > 0. It is worth pointing out that, in [14] and [28],
the analysis of the Laplace transform of the duration of a drawdown is splitted into two cases,
depending on whether the process is of bounded or unbounded variation.

From a risk management standpoint, large drawdowns should be considered as extreme
events of which both the severity and duration need to be given special consideration. In this
paper, we consider a particular stopping time related to the underlying drawdown process
which aims to capture both the severity and duration aspects. We make use of the Poisson
observation scheme to conduct the technical analysis (e.g., |1], [2] and [17]). We consider the
following observation scheme for monitoring the risk process:

e in shallow-water drawdown-zone (when the drawdown process Y does not exceed a
pre-specified level a), the drawdown process is observed at the arrival times of an
independent Poisson process;

e in deep-water drawdown-zone (when the drawdown process Y exceeds level a), the
drawdown process is observed continuously until either the drawdown process goes
above level b or a pre-specified time threshold r is reached before the process returns
in the shallow-water drawdown-zone.

Note that the barrier b can be interpreted as a critical depth level above which the process
is unlikely to recover from its running maximum whereas the level a could be seen as a recovery
barrier. The time threshold r can also be interpreted as a grace period given to the drawdown
process to return into the shallow-water drawdown zone.

An important contribution of this paper is that the Poissonian observation scheme pro-
vides a unified methodology to carry the analysis for processes with bounded or unbounded
variation paths, whereas these two cases are treated separately using the traditional spatial
approximation approach (see, e.g., Albrecher et al. [2] and Li et al. [17]). We later consider
limiting cases of our main results in order to recover known results pertaining to the draw-
down process in the literature. Our model can also be applied in modelling the ruin of a
dividend-paying company as in Avram et al. [4], Pérez and Yamazaki [25] among others.

The rest of the paper is organized as follows. In Section[2], we give the necessary background
material on spectrally negative Lévy processes and scale functions. In Section |3 we present
our model in more details together with some fluctuation identities for the drawdown process.
The main result as well as a (new) technical lemma are presented in Section {4l In Section
we analyze limiting cases in order to recover previous drawdown-related results. Many proofs
are postponed to the Appendices [A] and [B]
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2. PRELIMINARIES

In this section, we present the necessary background material on spectrally negative Lévy
processes.

A Lévy insurance risk process X = {X;},- is a process with stationary and independent
increments and no positive jumps. To avoid trivialities, we exclude the case where X has
monotone paths. As the Lévy process X has no positive jumps, its Laplace transform exists,
namely

)

E {e’\Xf} — o)

for all A\;t > 0, where

1 0
Y(A) =\ + 502)2 - /

—00

(e)‘z -1- )\zl{z>,1}> I1(dz),

for v € R and o > 0, and where II is a o-finite measure on (—o00,0) called the Lévy measure
of X which is assumed to satisfy

0
/ (1A 2%)(dz) < oo.
—0o0

Throughout, we will use the standard Markovian notation: the law of X when starting from
Xp = x is denoted by P, and the corresponding expectation by E,. For simplicity, we write
P and E when x = 0. We also use the following notation: the law of X when starting from
Xo = x and with current maximum y(> ) is denoted by P% and the corresponding expectation
by EY. We write PY and EY when x = 0. We also denote the first passage time above b of X
by

le':inf{tZO: X > b}.

We now present the definition of the scale functions W, and Z; of X. First, recall that there
exists a function ®: [0, 00) — [0, 00) defined by ®, = sup{A > 0 | ¢)(\) = ¢} (the right-inverse
of 1) such that

Now, for ¢ > 0, the g-scale function for the process X, namely Wy(x) (x > 0), is defined as
the continuous function on [0, c0) with Laplace transform

/0 e YW, (y)dy VR A> D, (1)
where 14(X) = ¥(A\) — ¢. This function is unique, positive and strictly increasing for z > 0
and is further continuous for ¢ > 0. For convenience, we extend W, to the whole real line by
setting Wy (z) = 0 for < 0. We write W = Wy when ¢ = 0.

It is well known that the scale function W, belongs to C*(0, 00) if the process X has paths
of unbounded variation or if the process X has paths of bounded variation and the Lévy
measure has no atom.

The initial value of Wy is given by

W,(04) = {1/0 when X has bounded variation,

0 when X has unbounded variation,
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where ¢ =y + [ o |2[TI(d2).
We also define another scale function Z,(z, 6) by

Zy(x,0) = efx (1 — 1q(8) /Ox eequ(y)dy> , x>0, (3)
and Z,(x,0) = e* for z < 0. For 6 = 0, we get
Zi(w.0) = (@) = 1t q [ Wiy, weR @)
Using (1), whenever § > ®,, an alternative representation for Zy(z, ) is given by
Zg(2,0) = 1hq(0) /OOO e YW, (x +y)dy, x>0, (5)

We denote the derivative of Z,(x,0) with respect to « by
Zy (2,0) = 0Zy (,0) — g (0) Wy (2) - (6)

A second generation scale function was introduced by Loeffen et al. |[21], that is, for
p,p+q>0and z € R,

WP (2) = Wy (a) +q [ Wiia (2 — ) W, () dy

= Wisg 0) =0 | Wosy (o= 9) W, () o Y
whose Laplace transform is of the form
o 0
/ WP (0 + 2) dz Zp (. ), 6> Ppig. (8)
0 ¢p+q( )

Note that the two expressions on the right-hand side of ([7) can be shown to be equivalent
using the following identity from Loeffen et al. [21]: for p,q 2 0 and z € R,

0=0) [ Walo =) Wyla)dy = Wie) = Wifa), )
The derivative of WC(L D with respect to x is given by

WD (2) = WL, ( / 1 (@ — ) W () dy. (10)

Also, fluctuation identities involving delays for spectrally negative Lévy processes are ex-
pressed in terms of new scale functions. In Loeffen et al. [19], the so-called delayed g-scale
function of X is introduced, that is, for ¢ > 0, r > 0 and z € R,

AD (2,7) / Wy (x + 2) IP’(X € dz). (11)
We write A = A when ¢ = 0. For later use, it can be shown that
o A )
/ e 0" (e_qTA(Q) (z, 1")) dr = W, 0 >0, zeR, (12)
0

and consequently,
AD (0,r) = e (13)
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We also note that the partial derivative of A9 with respect to x is given by
o0
A (2, 7) = /O Wy (o +2) P (X, € dz).

The well-known expression for the Laplace transform of the first passage time above a is given
by

E, [eiqfa+ } = ¢®a(e—0), (14)
Finally, we recall Kendall’s identity that provides the distribution of the first upward crossing
of a specific level (see |7, Corollary VIIL.3]): on (0,00) x (0, 00), we have

rP(r) € dr)dz = 2P(X, € dz)dr. (15)

For more details on spectrally negative Lévy processes and fluctuation identities, we refer
the reader to Kyprianou [13].

3. OUR MODEL AND PROBLEM FORMULATION

The drawdown process of a Lévy insurance risk process X is defined as
V;=X¢Vy— Xy, t>0, (16)
where X; = Sup,<; X5 is the running maximum of X up to time ¢ and y is a past maximum
achieved by X. The first passage times of Y are given by
p, =inf{t >0: Y, <a} and p;':inf{tZO: Y: > b},

with the convention inf() = oco. We define the following discrete observation time nodes
{&n}nen, where § =0 and, for n € Ny,

€n=&n1+p, 00, , +ep, forneNg,

where 6 is the Markov shift operator (Yso0; = Y,14) and {e;\L}neN+

and identically distributed (iid) exponential rv’s with mean 1/A > 0 (also independent of X).
The duration of deep drawdowns with ultimate barrier b, a recovery barrier a(< b) and a
pre-specified time threshold r > 0 is defined as

Koy =inf {t € (&, (pg 00c,)) 1 Yi>bort—& >r, neN}. (17)

More specifically, when the drawdown process Y is below a pre-specified level a, it is monitored
discretely according to the arrival times of an independent Poisson process with rate A. As
soon as the drawdown process is observed above level a, the observation scheme reverts to the
continuous scheme at which time a fixed period r is granted for the drawdown process Y to
return to level a contingent on the drawdown level never reaches the ultimate barrier level b
in the process (see Figure [1| for a simple path illustration). We point out that the following
two stopping times can be viewed as limiting cases of

o =1inf {t € (&, (py 00g,)) 1t — & >r, ne N}, (18)

is a sequence of independent

and

kp=inf{t>0: t—g >r}, (19)
where gf = sup{s <t : Y; <a} is the last time before time ¢ that the process Y is below
level @ > 0. When a = 0, we write x; = . We point out that the stopping times x;, and "

were studied in [14] and [28], respectively.
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Next, we recall some fluctuation identities for the drawdown process Y which will be useful
in the sequel. For a <y <b, we know from e.g. Proposition 2.5 of Surya [28], that

Y | a—9Pa — Wy (b—y)
E [e 1{p;<pb+}} = W,(b—a)’ (20)
and
EY [e—qpﬁ{pm;}} =Z,(b—y) - qu (b—a). (21)

For convenience, we recall a result from Albrecher et al. [2| concerning the joint Laplace
transform of (T;r , YT;‘)? where

T, = min{¢: Y, > a,i € N}
Lemma 1. For s =y —x (wherey > x), a, A > 0 and p,q > 0,
—qTd—p(Y, 4+ —a A Zg(a—3,Priyq)
EY |e ata p< T )] = (Z a—s,p)— 2 4 L7 (a,p) . (22
[ A =4 (p) a( ) Z¢/; (a,®riq) q( ) (22)

Letting A — o0, converges to the following expression of the joint Laplace transform
of pf and the overshoot Y+ given in Theorem 1 of Avram et al. [3].

Lemma 2. For s =y —x (where y > x), a >0 and p,q > 0,
Wy (a—s)

[ —apt—p(Y +—a
EY _e (03 >]:Zq(a—s,p)— AD)

Zy (a,p). (23)

Y

a

o &1 2 & &G =T t

Figure 1. Illustration of the duration of drawdowns /{2’2. The red and green
regions correspond to the continuous and discrete observation regions respec-
tively.

4. MAIN RESULTS

In this section, we state in Theorem [6] our main result pertaining to the Laplace transform
of ni’g. The proof relies on a temporal argument approach similar to e.g., Li et al. [17]. Before
presenting our main result, we first give the following new results for the drawdown process

Y.
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Lemma 3. For s =y —x (where y > z), a,z,\ >0 and p,q > 0,

+
EY |e—9Ta 1
z |© {YT+fa€dz,T;r<oo}
a

_\ (ZqZ(;(;’ t;;i:)rq) (W(q, ) (a+2) — AW, (a) Wyya (z)) — Wc(z(fi) (a—s+ z)> dz. (24)

Consequently,

Eg |:€_qu Wp (b — YTJ) 1{T,1+<oo}]
Zy(a—s,Pryy) [07°
Z(/] (a’7 (I))\—&—q) 0

b—a
- W, (b—a—=z) wiz) (a — s+ 2z)dz, (25)

a—s
0

W, (b—a— z) (qu:”’ (a+ 2) — AW, (@) Wy (z)> dz

and

—qT
B (e 2, (6= Vi ) Lt o]

Z(a—s,<I>A+)</°°
=\ 2 a Zy(b—a—2) WAN (a4 2) — AW, (a) W,y (a) | dz
2@ ®rg) o p ( ) (a+z) g (@) Wopx (a)

—)\/ b—a—z)W(q’)‘)(a—s—l—z)dz. (26)

Proof. See the proof in Appendix [

Remark 4. As shown in [14], there exists a relationship between the potential measure
PY (Ye, —a € dz, T, > ¢4) and the Gerber-Shiu function on the left-hand side of (24). This
is the case as

+ o
it 1{Y +—a€dz,TJ<oo}:| - A € Qtpg (Y% —ac dZ,T; € dt)

[e.o]
= )\/ e I"PY (Y, —a€ds, T, >t)dt
0

- ng (Yo, —a€ds,TF > ep).

Remark 5. An interesting and simple proof to obtain the continuous analogue of is
presented next. From , we have
a2 [ i-r005 ] |
Zg(a—s,p) Wyla—s)Zy (a,p) 27)

Vg (p) B Yq (p) Wé (a) Yq (p) ’
and using , it follows that

S
+
= e P W, (z —y)EY e 91 dz
lbq (p) A (/0 a ( y) z [ {Yp; —aedy,p;{<oo}:|>

* o+
= /0 e szz [e dPa Wq (Z—Fa—Yp;) 1{pa+<oo}} dz.
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Thus, by making use of , and and by uniqueness of Laplace transforms, we obtain
Wy (a—s)

52 [0, (1 1] <ot~ Tl

W, (a+2).

For notational convenience, we first introduce two auxiliary functions, namely gg\q) (a,b,r,y)

and 17 (a,b,r,y), defined as

_ot Y o=
o (abiry) = B e [ [
(9) _ —qT Y —q(rnef
h/\q (a7 b7 Tvy) = EY |:e PR T |:e q( o )1{P;>r/\p;'}} 1{T(j'<oo}} ’

for a,y € R, ¢,0 > 0, a,7,A > 0, and b > a. The functions gg\q) and hf\q) are closely related

to Lemma |3 and they are defined trough their LT with respect to r. Thus, for a given scale
function, it could be possible to compute the LT and take inverse analytically (or numerically)
with respect to 7. This can be seen by the Laplace transforms of these two functions in (45)

and , respectively.

In the next theorem, we provide a semi-explicit expression for the Laplace transform of
A7
Kab-

Theorem 6. For v =y —x where y > x, a,b,q > 0 and r,\ > 0,

A7 (q) b
EY [e_q(n’%b—r)} = hg\q) (a,b,r,v) + I\ (()a, AL, hE\q) (a,b,r,a). (28)
1 _g)\q (avbvra CL)
Proof. See proof in Appendix [

Now, we turn our attention to the Laplace transform of Hé’r which can be derived as a
limiting case of /12’2 when b — oco. Again, for notational convenience, we define the following
auxiliary functions, for A\, > 0, ¢ > 0 and u € R,

DD (u,r) = Z,(u)+ q/or A (u,s)ds, (29)

K@D (u,r,\) = &M <Zq (u, Prtq) — /\/ e~ AT A (@) (4 ) ds> , (30)
0

and we denote their respective partial derivatives with respect to u by

D (ur) = D) = Wyl +a [ A () s,
0
' 0 r /
K9 (u,r,\) = %K(q)(u,r, A) = e <Z('] (U, Patq) — )\/ e~ s A9 (4 ) ds) .
0
Corollary 7. Forv=y —x wherey >z, ¢ > 0 and a,r, A > 0,
Ar A K9 (a —wv,7\)

FY |e—49(ka"—r)| — DD (g —v,r)— . D) (g, _ 31
! e ] Hq( (@) == P @) (31)
Proof. See proof in Appendix [
Setting ¢ = 0 in @, the following corollary is an immediate consequence of the last

corollary.
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Corollary 8. Fory > x and a,r, A > 0,
Py (;@7” < oo) =1 (32)

5. LIMITING ANALYSIS

In this section, we consider certain limiting cases of Theorem [6] and show their consistency
with known results in the literature.

We begin by examining the limiting case of Corollary [7] when A — co. We later show that
this result is in agreement with Theorem 1 in Surya [28].

Proposition 9. fFor v =y —x where y > x, ¢ > 0 and a,r > 0, we have

A9 (@ —v,r) (

lim EY [e alra’” )] =D (g —v,r)— A (1) D9 (a,r). (33)

A—00
Proof. First, we show a limiting result pertaining to the function K@ defined in ([30), namely
lim K@ (u,r, ) = e "AD (u,r).
A—00
Using and , we rewrite as

KD (u,r,\) = XM / W, (u+ 2) <e%+ﬂ— / e~ AFrasp (rF eds)> dz.
0 0

Later, with the help of (14)) and Kendall’s identity in , it becomes

KD (u,r,\) = / W, (u+ 2) <AeM / ~+a)sp (T+eds)> dz

_ )\/Tooe ( / W, (u+2) 2P (X, Edz))ds. (34)

By taking the limit as A — oo on both sides of and using the initial value theorem of
Laplace transform,

A—00 A—00

lim K9 (u,r,\) = lim )\/ e~ <e qS/ W, (u+ 2) 2P (X, Edz))ds
r S

= e TAD (u,r).
Finally, using similar steps, one can easily show that
lim K@’ (u,r,\) = e 1A (u,7).
A—00
This ends the proof. |

Remark 10. We point out that, by substituting the expressions of D@, A@ D@’ and A@’
in , Proposition @] corresponds to Theorem 1 of Surya 28| which has been presented as

r A( ) (a—v,r)
Y 7(](504*7’ =
EY [e 1—|—q/ W,( IR

@) (¢ — v, r
+q /0 <A<q> (a—v,t)— AA@()()>A(‘1)’ (a,t)> dt.  (35)

Wy(a)
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Now, in order to recover the Laplace transform of T in (for p = 0), we state (without

proof) the limiting case when r — 0.

Proposition 11. For s=y —x wherey >z, ¢ > 0 and a,r > 0,

: y [o—alwa™—r)] _ A —e) —
lim Y [e | =53 (-9 -4

Zq (a — S, (I))\JrQ)
Z{; (CL, (I))\-HJ)

Combining the last two propositions, we therefore have

W, (a)> .

lim lim Ef [e‘““é’“’”)} = lim lim EY [e—q(@”—ﬂ} —EY [e—qp;} .
r—=0A—00 A—o00 7—0
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APPENDIX A. PROOFS

A.1. Proof of Lemma [3] First, we consider the Gerber-Shiu distribution of Y at the Poisson
observation T, that is

+
Y |e—Ta 1
EZ [e {YT+ —aedz,T,j'<oo}:| :
a

To do so, we first rewrite as
—qTT—p(Y o —a A Z(a—S(I))\+)
EY [e 71 p( T )] — ( d ’ 7! (a,p) — Z, (a—s5,p) ), (36)
. b D)\ Z (a2 P Al
and aim to invert with respect to p. From , we know that

M — > e~ P? (g,\) a4 s+ 2)ds
Dy (7) ‘A Wams' (a = s +2)dz. (37)
Also, from (6],
Zylap) _ pZyap) (A Ny
ber (@) Yga () (l " (PEBY (p)> Wa(a). (38)

Given that from ,

Zy (a,p) /oo (g
p——— —Wy(a) = e WLV (a + 2) dz,
Vg (D) (@) 0 ( )
we obtain
Z! , oo 9]
M = / e PWEN (a + 2) dz — AW, (a) / e Wi (2)dz. (39)
Vg (P) 0 0
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Substituting and into , and inverting the resulting equation with respect to p

yield .
Using the Gerber-Shiu distribution in (24), we obtain

b—a
_ g —qT
- 0 WP (b a Z) ]Eg: I:e I 1{YT;' aedz,T;<oo}:|
Zy(a—s,® b-a
= A éwa¢ﬂﬁw 0 Wy (b= a— 2) (W' (a4 2) = AW, (a) Wyan (2) )
g\ q
b—a
) Wp(b_a—z))/\}c(ff;\)(a—s+z)dz,
0

which completes the proof of (25)). Finally, the proof of follows similarly.

A.2. Proof of Theorem [6] First, we set = 0. For a < y < b, performing a standard
probabilistic decomposition using the strong Markov property of Y and spectral negativity of
X, we can write

_ A, - A + _ ; AT

EY [e qna,b} — RV [e a(rnp} )1{pg>7~/\pj}} _[RY [e ap 1{@9/\1)?}} Re [e QNa’b} . (40)

For y < a and using again the strong Markov property of Y, we have
AT _ +_Y AT
EY [e q“a’b:| =[RY [e Ta | st {e argy 1{’%,,"@0}} 1{Tj<oo}:| . (41)
Substituting into ([41]), yields

T _ T;r Y + _ A +

EY [e qna,b} — RV [e aTd gy [e q(r pb)l{pg>r/\pb+}] 1{Ta+<oo}}

T Yt [o-avn -
R o e P e | R P €

for all y € R. From the definitions of g/(\q) and hg\q), we can now rewrite as

EY [e %] = h® (a,b,7,y) + ¢\? (a,b, 7, y) B [e~0%ab (43)
’ by O, 1Y g)\ a, 7T7y) e :
A7
Let y = a. Solving for E® [eq”a,b 1{ A +}], one obtains
Kq Tb

A L9 (a,b,r,a)

E° [e_q“avbl i } = . (44)
{“a,b<7b } 1—9," (a,b,7,a)

Thus, plugging in (13), we obtain

A (@) b
1- g>\q (a,b,r,a)
12



Taking the Laplace transform (in r) of g/(\q) and hE\Q) and using Fubini’s theorem together with

and , we obtain

%0 BY [e=tTd Bt (=i, 1
/~ e g\ (a,b,r,y)dr = [ [ ;ﬁa<9A%}} {1 < }}
0
O e Wy (b= Vi ) Lppe ey | (45)
0 Woq (b—a) * T ) AT <eo} ]

and

/ e_erhg\Q) (a,b,r,y)dr
0

Y [equ;rEYT; [ef(qw)pfl{pg@g}] 1{Ta+<ooﬂ

0

Y [e—qTJEYT; [e7(9+q)(p;/\p§)} 1{Ta+<oo}] Y [equa*}
0+q + 0+q

EY [e—qTﬂ

—r

q —qT;
- 7Ey[ iy (b—Y )1 ]
@raqo & " \0T ) <o} | T
1 (0 —qZpsq(b—a)) —oTH

BY [ Wy (b= Yy ) 1 | —C

000 Wag-a L0 W0V ) im0

The above expectations can be computed using and . The final result follows by the
spatial homogeneity of X.

A.3. Proof of Corollary In this case, the probabilistic decomposition leads to
EY [e*q”y] = ¢ I"EY {e*qTﬂ —e I"EY {equ‘j]P’YTa+ (pa < 7’)}

] o I ]
(47)

for all y € R. The functions gf\q) and hf\q) reduce to

g/(\q) (CL, r, y) — RY [e_QTjEYT;_ |:e_qp‘; 1{p;§7"}:|1| ’

and
WO (a,r,y) = B [T | — ey [ TR (7 < 7).
Thus, from , we have

a

/ "ot [ B (o7 < )] ar = Ho {e“ﬁ’&“ o™ (a_yﬁ>]
0

Zq (CL — S, (I))\+q)
Z(/1 (CL, q)/\-‘rq)

) ,
GEEDY) (Zq (@~ v%0)

_z, <a—y,q>9>), (48)
and

00 1 a—
/0 e“)’"ggq) (a,r,y)dr = EEy [e_qT‘jecp”q< YTJ)}
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A Z (a -5 (I)/\Jr )
=" Zy(a—y, Ppsq) — Z,(a—y,® ! ). “
0 ()\ — 9) ( q (a’ Y, 9+q) q (a’ Y, 9+q) Z(/] (CL, q))\+q) ( 9)

Now, using the following identities (which can be proved using Kendall’s identity and (14))

Zq (u, Pg9) /OO 9 (,\ /r —(A+q)s A ( )
= e e [ e SA@ (u;5)ds ) dr,
@-2N0 : s

Zq (u, ®p) _ foo —or (f (q + Aeta)(r= S)) A@ (u,s) ds) dr
O—(\+4q)0 A q ’
Z! (u, @ytg)
Z¢\% Tatb) —(\+)s A (@)
0= N0 < A (u, )ds)dr,
Zy (u, ®g) foo o (f (q + \eAta)(r— S)) A@" (u, 5) ds) dr
O-X—q)0 A+q ’

leads to

(q) A Zg(a—y, Prig) (/T AePM D (r=s) ) A(9) d )
ox (amy) = Atq Zg(a,Prig) \Jo (q+ ’ ) (2] s

r

A+aqo
and
)\e ar Zg(a—5,Priyg)
B9 a,r, <Z a—s) LA a>
x (@ry) / Z} (a, Pxatq) (@)
Zg(a—y, Priq) < Ar /T —(\ta)s p (@) >
e e DN (a,s)ds
Z4 (a; Prtq) 0
— )\eM/ e~ MFDIND (¢ — 4 5) ds.
0
For y = a, we obtain
h(q) (@) e B Ae— " f(;" (q+ )\e(A-i-q)(r—s)) A2 (a,s)ds B Ae~T g, (a)
A Y A+gq Atq Z(/J (CL, (I))\-‘rq) A+gq Z(I] ((I, (I)>\-‘rll)7
and

()\e)”" I e~ M HDsA@' (g 5) ds)

(Q) Ar
1-— a,r,y) =e" —
(.ry) Z; (@ 8ry)

Thus, we have the following expression for E® e’ a4 |-
{/-ea‘ <7, }

A (fo " (u,s)ds + Wy (a)) )

ECL e qKka’ 1 - :| = —_— 1-—
{52 <Tb+} A+q ( e(A+o)r (Ztlz (@, ®riq) — A 7 e~ (A+a)sAla 9’ (a, s) ds)

B A L e "D (a,r)
A 4g K@ (a,r,\) |~
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(@)

The result follows by substituting the above formula and the expressions of g," (a,r,y) and
hE\Q) (a,r,y) into ([@7).

APPENDIX B.

Landriault et al. [14] studied the Laplace transform of " and provided two expressions
depending on whether the Lévy process has bounded or unbounded variation. We summarize
their results in the following theorem.

Theorem 12. Let ¢ > 0 and r > 0.
If X 1s of unbounded variation,
f°° ¥ (0)ds

EO —q(k"—T1) — r
[e ] q [y e~ [ 1pX (0)dsdt + e~ [ 1pX (0)ds
where pX (2) is the density of Xs.
If X is of bounded variation,
E° {e*q(firﬂ")} — Jo P (Xr <y) (=dy) _ (51)
q-+ fo ( eq/\T < y) (_dy)

where ey is an independent exponential rv with mean 1/q.

Now, we make a connection between the results in [14] and [28]. Using (13)), we have

D9 (0,r) = 1+q/ A (0, 5)ds = e,
0

D' (u,r) = qW,(0)+q / A9 (0, s) ds.
0

Hence, we obtain

Al@)! (0’ fr)

Wy (0) + [y A (0, 5)ds
A@(0,7)

Using Kendall’s identity , Tonelli’s theorem and an integration by parts, we obtain the
following Laplace transforms

/ e A" (0, 7) dr = =W, (0) +
0

. (@)
E'[em®'] = e (D@ (o,r)—iA (0.r) D(q)’(O,r)>

(52)

o (53)

/0 T etr ( /0 " Al (0, s) ds> dr = _qu(o) + 3 ( ;) i o (54)

In the case where X has paths of unbounded variation (W, (0) = 0), and by Laplace inversion,

we obtain .
A9 (0, r —qeq’"/ e qt/ dsdt+/ ;pf (0)ds,

/ Al (0, dseqr/ e qt/ 0) dsdt.

and

and



Putting the pieces together, we obtain the result in
Now, we suppose that X is of bounded variation (W,(0) > 0). First, we notice from (53)

and that
N (0,7) = A9 (0.1) — g / AW (0, 5) ds — g, (0).
0

Then, we can rewrite (52) as follows
r I\
EY [e—qn ] —qTM.
A@(0,7)

Finally, one can prove that

and
o0

e /0 A (0, 5)ds = W, (0) /O P (Ko, nr < y) TI(—dy),
by showing that the Laplace transforms in r of both sides are equal. Hence, we showed that
O [ 0)] A7)
A@(0,7)’
which corresponds to .
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