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Abstract

In this paper, we compute the Laplace transform of occupation times (of the negative half-line) of
spectrally negative Lévy processes. Our results are extensions of known results for standard Brownian
motion and jump-diffusion processes. The results are expressed in terms of the so-called scale functions of
the spectrally negative Lévy process and its Laplace exponent. Applications to insurance risk models are
also presented.
© 2011 Elsevier B.V. All rights reserved.
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1. Introduction and results

Let X = (X;);>0 be a spectrally negative Lévy process, that is, a Lévy process with no positive
jumps. The law of X such that Xy = x is denoted by P, and the corresponding expectation by
E,. We write P and E when x = 0. As the Lévy process X has no positive jumps, its Laplace
transform exists, and is given by

E[eeX‘] — e”ﬁ(9)’
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for 6, t > 0, where

1 0
YO =y0 + 55292 +/ " —1 = 0z1(_1.0)()) T (dz),

—00

for y € Rand o > 0. Also, II is a o-finite measure on (—oo, 0) such that

0
/ (1 A2 (dz) < oo. (1)

—00

The measure I7 is called the Lévy measure of X, while (y, o, II) is referred to as the Lévy triplet
of X. Note that E[X{] = ¥/ (0+).

For an arbitrary spectrally negative Lévy process, the Laplace exponent 1 is strictly convex,
and limg_, oo ¥ () = oo. Thus, there exists a function @: [0, co) — [0, co) defined by ¢(0) =
sup{é > 0 | ¥ (§) = 6} (its right-inverse) and such that

V() =0, 0=0.

We first examine the total occupation time of the negative half-line (—oo, 0).

Theorem 1. If v/’ (0+) > 0, then, for A > 0,
P(M)
T
where ®(\) /) is to be understood in the limiting sense when ). = 0.

E[e* I’ T =0ds) = 4/ (04) .

We now recall the definition of the g-scale function W@ . For ¢ > 0, the g-scale func-
tion of the process X is defined as the function with Laplace transform on [0, co) given
by

o0
/ e—ezW(q)(Z)dZ — for6 > &(q),
0

1
V() —q’
and such that W@ (x) = 0 for x < 0. This function is unique, continuous, positive, and strictly
increasing. We write W = W(® when ¢ = 0. We have that W@ is differentiable except for at
most countably many points; see Lemma 8.2 in [14]. Moreover, W@ is continuously differen-
tiable if X has paths of unbounded variation or if the tail of the Lévy measure, i.e., the function
x = II(—00, x) on (—00, 0), is continuous. Further, W@ is twice continuously differentiable
on (0, oo) if o > 0. For more details on the smoothness properties of the g-scale function, see

[4]. We will also use the functions {W(q); q > 0} and {Z(q); q > 0}, defined by
w7 (@) _ * )
W (x) = W’ (z)dz
0

and
ZD0) =14+ qW ).

We can now state the following corollary to Theorem 1.

Corollary 1. If /'(0+) > 0, then, for A > 0 and x > 0,

0 o0
Ex[e_)‘f() H{X.vﬁo}ds] =¥’ (0+) @()L)/ e_é(k)ZW(x + 7)dz.
0
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Note that, when x = 0, by the definition of the scale function, we have

/ = o0 N S

e Wdz = ——rc = —,
0 v(e@) A
therefore recovering Theorem 1 as a special case.

These two results generalize the work done in [23], where the sum of a compound Poisson
process and a Brownian motion is analyzed (see, e.g., Eq. (4.9) in that paper). Using ruin theory
terminology, the authors study the duration of negative surplus, also called the time in red, in such
an insurance risk model; their work is itself an extension of [8] in the pure compound Poisson
case. Related results can also be found in [15,22].

We now examine the occupation time of (—oo, 0) until a negative level —b is crossed for the
first time. Let T_, be the first passage time below —b of X:

T_, = inf{r > 0: X; < —b}.

Theorem 2. If ' (0+) > 0, then, for A > 0,

2 A“‘)(b) 0— (V) 00
T Wlw(b) + [T Ay () fo H(dx — y)dy

W(04) + XG4 0= 4P (x) [ [7(dx — y)dy

- "(0+) +
E[e_)‘fo bH{X.rSO}dS] — v oH

3)

2 W@ (b)
where
AP b) = 2D BYW P B) = AW D ),
*)
Moy _ () o V(x4 b)
Ay (x)=Z"(x+b)—Z (b)—W(’\)(b)
and
*)
) 1 w (X +b)
AP =1 = =

As a special case, we recover the corresponding result for standard Brownian motion; see,
e.g., [10,11].

Our proofs use fluctuation identities for spectrally negative Lévy processes and, as a
consequence, our results are expressed in terms of the so-called scale functions of the spectrally
negative Lévy process (see, e.g., [1,2]) and its Laplace exponent. Only elementary arguments are
needed. To the authors’ knowledge, the literature seems rather scarce on the relationship between
scale functions and certain occupation times of a general spectrally negative Lévy process.

The current work has been partly motivated by the study of an insurance risk model with
implementation delays. Insurance risk models use stochastic processes to describe the surplus
of an insurance company. In risk models of a Parisian nature, an implementation delay in the
recognition of an insurer’s capital insufficiency is applied. More precisely, it is assumed that ruin
occurs as soon as an excursion below a critical level is longer than a deterministic time; such
models have been studied only very recently (see [7,6,17,18]), while the idea has been borrowed
from finance and Parisian barrier options (see [5]). Of more interest in our context is the work
by the same authors: in [17], instead of a deterministic delay, an exponentially distributed grace
period is used in the definition of the Parisian ruin. It turns out that the probability of ruin in this
model is strongly related to the occupation time of the underlying process. The reader is invited
to consult Section 6.2 to obtain further details on this connection.
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The rest of the paper is organized as follows. In the next section, we recall the relevant
notions and results on scale functions and fluctuation identities. Then, in Sections 3—-5, we prove
Theorem 2, Theorem 1, and Corollary 1, respectively. Section 6 presents applications to the case
of a Brownian motion with drift and insurance risk models.

2. Scale functions and fluctuation identities

We recall some of the properties of the g-scale function W@ and its use in fluctuation theory.
Letd =y — f?l zI1(dz). The initial values of W@ and W@ are known to be

0

W@ (04) = 1/d when o = 0 and /_1 zII(dz) < oo,

0 otherwise,
and

2/c? when o > 0,

W@ (0+) = { (11 (=00, 0) + ¢)/d*> when o = 0and II(—oc0, 0) < 00,
o0 otherwise.

Now, define

7, =inf{r > 0: X; < 0},
and, fora > 0,
r;r =inf{t > 0: X; > a},
with the convention inf ) = oco. It is well known (see, e.g., [14]) that, for x < a,

W@ (x)
—qtl. .+ - _

Ey[e 1T, <r0]_ W@ (@)

W@ (x)

Em”Wn6<gﬂ=ﬂWm—ﬂMmW@wy

and
E, [e 4% : T < 00] = e~ @@=,

If ¥/(0+) > 0, then P, {r,;t < 0o} = 1, and therefore
B [e 4% | = ¢~ P@(@—x)

Also, we have that

2
Pilty <00, X, €dz} = S [W(x) = 2O W ()]60(2)

+f Tdz — e PO W) — Wix — y))dy, @)
0

where & is the Dirac measure at 0. The first term of this measure corresponds to the case when
X o = 0, a behaviour called creeping.

In this paper, [“_ and f(_ s0.) Nave the same meaning, while ff:o and f(—oo, o1 have the
same meaning. Using the distribution in Eq. (4), together with the fact that P,{r, < oo} =
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1 — ¥/ (0+)W(x) if ¥/ (0+) > 0 (in which case $(0) = 0), we obtain

2 0— poo
1=y (0+H)W(x) + %W/(X) +/ /o II(dz = y){W(x) = W(x — y)}dy. (%)

For more details on spectrally negative Lévy processes and fluctuation identities, the reader
is referred to [14]. Further information, examples, and numerical techniques related to the
computation of scale functions can be found in [4,9,13,16,21].

3. Proof of Theorem 2

The main idea of the proof consists in defining a quantity underestimating and overestimating
the occupation time

t:b
/ [ix,<0)ds.
0

This respectively leads to an upper and a lower bound to its Laplace transform. Subsequently,
by taking an appropriate limit, we show that the two bounds converge to the expression on the
right-hand side of (3).

First, we provide a lower bound to this Laplace transform by overestimating the occupation
time. To this end, we consider a clock which starts at time 0 and stops when level € is attained or
when level —b is crossed. Then, if level € was attained first, every time we go below 0, we restart
the clock and subsequently stop it when we get back to € (without going below —b); let L¢-? be
the Laplace transform of this overestimating quantity of the occupation time when the process X
sits at level € at time 0. Hence, by the strong Markov property of X, we have

1A% (b)

T N
E e—kfo ]I(XXS())CLY > e—krE : 'L'+ <1 Lé,b — Le,b.
[ =5 ¢ =Tl W (b +€)

Using the strong Markov property and the spatial homogeneity of X, we get
. 0+ -
L = Pefr, = oo} +/ Pefr, < oo, Xfo_ € dx}{{Ec[e”""r; 17, < ]
—0oQ
+Ee[e ™ o < 15, ILY).
Note that, when x < —b,

Eyle ™17, <tf]1=1
and

B, [e % : i <15,]1=0.
Consequently,

_ 0 _ AT _
Leb _ Pelry = oo} + [UF Pefry < oo, X € dx)Esfe Mo, < ]

0+ - ot -
1— [ Pefzy < oo, Xfo_ € dx}E([e*% ;1 < 17,]
Le,b +Le,b
1 2

€,b
L3

s
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where, using some of the fluctuation identities in Section 2,

LSP = ¢/ (0 W(e) +Z 5 W (€) [z@) (b) — ZP (b + €)

0— )
WM (x +b)
b _ / 70 (x by — 20 (h 4y X+ D)
2 _oo[ > +5) CrIOTmH o

w® (b)
WO b + )

X /0 II(dx — y){W(e) — W(e — y)}dy,

and

2 )
W (p)
L5 =1-Z W) ——
3 2 © WH (b + €)
/0— W® (x +b)

Using Eq. (5), we get

2 W/(E)
2 WD +e)

0- WHG+b) | [
+ /;oo |:1 — m}/o‘ H(dx —y){W(é) - W(G —y)}dJ’-

= Y (O0+H)W(e) + — (WP b +e) — WP (b))

Alternatively, we now develop a scheme to underestimate the occupation time in question.
Every time we go below —e (—e > —b), we start the clock and stop it when we get back to 0
(without going below —b); let US? be the Laplace transform of this underestimating quantity
of the occupation time when Xo = 0. Hence, by the strong Markov property of X, we also
have

-
—b
E[e—)xfo H(XSSO)dS] < UE,b.

As above, using the strong Markov property and the spatial homogeneity of X, we can
write

0+ _
Ueb = Pe{r, = oo} —i—/ Pe{r, < oo, Xfo_ € dx}{E [e *Tb+e; T ppe < ']
—00

—rtt, - b
+Ele™% 1l <15, U,

and then
e,b e,b
UG,b — U] + U2
- e,b ’
U3
where

2 w®
&b o , Wy oy ) b—e)
Upm =y (0HWie) + —Wie) [Z (b—e)-Z (b)—wm(b) :
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0- w® b—
x /0 IT(dx — y){(W(e) — W(e — y)}dy,

and

2 )
eh o° . WW(b—e
GV OTYwe

WP 4+b—e) [
_ /_OO W(k—)(b)/o I (dx — y){W(e) — W(e — y)}dy.

As for Lg’b, using Eq. (5), we get

o W o s
=y O+ W(e) + — 2 W(k)(b)[ (b) — b —e)]
0- WP +b—e) | [
+ /700 |:1 — W()‘—)(b)] /0 II(dx — y){W(e) — W(e — y)}dy.

3.1. Proofifo >0

First, we assume that X has a Brownian component; that is, o > 0. In this case, W(0) = 0
and W (0+) < oo. Then,

. L W(e) o2 W(e)
lim —1— =
200 e im ¥'(0+) 2 WRGb+ e
Z(“(b)W(“ b+e)—ZWPDb+e)WHP (b)
X
€
o> WO) Gy oG ®) 2
— ¥ 0 0 ZM b b) — A b
v'OHWO+) + — 5 WW(b)[ (bYW (b) — A(W(D))7],
Ls? 0- W (x +b) |
li -2 _ li 7@ b) — ZM (p RASER Lt
EE}%) € EE}%) S (x +5) G+e) W@ (b + €)
o0 w W(e — B
8 H(dx_y){ (€) W(e y)}dy
0+ € €
0— ) T roo
W (x + b)
= W0 VAR b) — ZW () ———2 I1(dx — y)d
(+)/_m[ () = 200 = | [ vy
and, similarly,
LSt ( ) W' (e) WH (b4 €) — WP (b)
lim —— = y/(0+) lim —1
Jim =~ = ¥ (Oh) lim T WO Bt e

(" W®H (x + b) W) We—y)
+€11_1}10 oo |:1 (’\)(b+e):|/ Ir@x — { e € }dy
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/ / o’ / W(A)/(b) /
=Y O0+HW(O0+) + —W'(0+) + W'(0+)

2 W (b)
0= WP (x +b) | [
X /;OO |:1 — —W()‘)(b) :|/0 II(dx — y)dy.

3.2. Proofifc =0

If X does not have a Brownian component, we adapt the previous method as follows:

€,b
1 g/
e = ¥ (0+), foralle >0,
b 0- WP (x + b)
e MY ) _ W
Im e = dm | |27 erh =200 OwnE T
y /ooﬂ(dx—y){W(e) _ W(é—y)}d
0 W(e) W(e)
0= WH+b) | [
_ ) 0 _
—/;[z (x4 b) — 27 () me)}ﬁ 11(dx — y)dy

and, similarly,

Le? 0- W® (x + b)
li 3 —y/(0 li - —
I W =V O0 + lim /,oo [ Wb +¢)

X/wmm_”{mo_W@—wa
0

Wi(e) Wi(e)
) 0= WH+b) | [

3.3. Conclusion of the proof

In all cases, i.e., when X has or does not have a Brownian component, the limiting results for
U< can be obtained in a similar fashion. In fact, it can easily be proved that, foreachi = 1, 2, 3,

eb
and then
W® (b)

lim ——— 219" = E[e™* I Iixs=0ds] — 1im Ue?.
e—0 WO (b + €) e—0

The details are left to the reader.

Remark 3.1. Note that in the above proof Lebesgue’s dominated convergence theorem has been
used twice. For example, we used implicitly that the integral

0— 00 R At
/ Ag'\)(x)/o H(dx—y)d)’:fo / y A () I @dody,
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where Aék) (z) =1 — WP (z+ b)/WH(b), is finite. First, recall that, if ¥’ (0+) > —oo then,
for e > 0, f:;(—z)ﬂ(dz) < oo (see, e.g., [19]). Using integration by parts, one can easily
show that, for ¢ > 0, f:; Il (—o0, z)dz < 00 and, in particular, when X has paths of bounded
variation, fi)oo 11 (—o00, 7)dz < oo; see also p. 275 of [14].

We assume that X has paths of unbounded variation. Since, forx < —y < 0,0 < Ag)‘) x+y)
< Ag)‘) (x) <1, we clearly have that

[ 2 o0
f / AP (x + ) (do)dy| < / 11 (=00, —y)dy < o0.
b2 J—o0 b2

Also,

b2 pmy=
/ / AP (x + y) I (dx)dy
0 —00

—b/2 b/2 o) 0— —x o)
sf / dy| A (x)|H(dx>+/ / dy| AP (1) 1T (dx)
—x Jo —b/2J0

0—
(=x)(1 = WP (x + b)/ W™ (b)) IT(dx)
/2

< (/)1 (—00, —b/2) +/

< 00,

since

0— 0—
| cow®e) - wha i = [ 2w e+ p@) < .
—b/2 —b/2
where & € (—x,0) C (—b/2,0); the latter equality follows from Taylor’s expansion. Since
W@ is continuous when X has paths of unbounded variation, the finiteness of this integral
follows from (1). When X has paths of bounded variation, the proof is easier, and is left to the
reader.
The proof of the finiteness of the integral involving Ag") is similar.

4. Proof of Theorem 1

We use the same general idea as in the proof of Theorem 2. Define L€ = L. In this case,
using the strong Markov property twice, we obtain

0+
L€ = P{t; = o0} + LGE[e_“:]/ Pelzy <00, X, € dx)Exfe % |
—o0

0+
= w’(o‘i‘)W(G) + Lfefé()n)é‘/‘ PE{T(; < 00, X-[(; c dx}eé(k)x.

—0o0

Since, forr > 0,

E rXf. — rx rx ! —rz I//(I’)
e 05ty <oo]l=¢€" —Y(r)e e “W(x)dz — TW(X)’ (6)
0

we can write

0+ VX
f Pe{z, < oo, XT(; € dx}eqs()‘)x = E.[e 057, < oo]

—00
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€
0
———W(e).
0 (€)
It is easily shown that
Jo em PP W (x)dx
lim =
e—0 W(e)

Indeed, if W(0+) > O, this is trivial; and, if W(0+) = 0, one can use L’Hopital’s rule.
Consequently,

P ODW () L)
e 70w (e)

lim L€ = lim -
e—0 e—0 1 _ [1 — [ e POTW (x)dx — 95(/\)
Similarly, if we define U¢ = U *°, one can show that

e o)
Iim U =y 0+)——.

and the result immediately follows.

Remark 4.1. Here is (the sketch of) another proof for Theorem 1, as suggested by Ronnie
Loeffen. Sparre Andersen’s identity (see Lemma VI. 15 in [1]) says that, for all # > 0,

law —

Al - Gl‘v

where A; = fo I{x,>0yds and G, = sup{s < t: X; = 7,}, and where X, = sup, <, X;. Therefore,
if e, is an independent exponential random variable with mean 1/ p, then, for A > 0,

E[e—xfoe (X =01d5] = R[e—* (€~ Aep)]:E[e—A(ep—Eep)].

By the Wiener—Hopf factorization, the term on the right-hand side is equal to
PP+ p)
2(p)(A + p)
(see Theorem VII. 4 in [1]). Taking the limits when p goes to zero on both sides yields the result.

5. Proof of Corollary 1

Using the strong Markov property of X twice, using some of the fluctuation identities in
Section 2, and then using Theorem 1, we have

Ex[e—lfooo Lixs=opds) — Pi{ty = oo} + Ey [e™* ' Lixs<0pds, 7, < 00]
, NS I
=y O0HW(k) + ¢ (O"F)T ]P)x{f() < 00, XT(; € dz}
—00
X ]Ez[e_“J; ‘L’0+ < 0]
/ / o) [OF _ Bz
=9 O0H)W() + ¢ (0+)— Px{fo < 09, Xfo_ € dzle

d(N) @(A) B
=y OHW) + vy’ (O+)—]ET [e 3Ty < 00l
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Using the result in Eq. (6) once more, we get

Eofe 15" Tz ] = (0 22 {em” (1 — X / ) e‘p(“ZW(Z)dz)}

A 0
D(A *
= w’(0+)¥ {A/ e~ My (x +z)dz},
0
where in the last step a change of variables and an integration by parts were undertaken. The
result follows.

6. Applications
6.1. Brownian motion with drift

For Brownian motion with drift, i.e., if X is of the form X, = mt+0o B; withm = ¢/(0+) > 0
and o > 0, where B is a standard Brownian motion, then II = 0, and, using Theorem 2, we have

mW® ®) + (02/2)[ZP D)WD' () — AW P (1))*]
mW® (b) + (a2/2) WP (b)

where, as one can easily verify from the definition,

T
E[e /o b Tixg<opdsy —

)

2
VR = We*m/ o2 sinh((x /0 2)y/m? + 2402),
m o
for x > 0.

Then, for standard Brownian motion, in which case m = ¥'(0+) = 0 and o = 1, we have,
from Theorem 2, that
ZH WD b) — MWD (b))?

= - Lix<opdsy —

’

where

WP (x) = \/gsinh(x«/ﬂ),
and then
Z™ (x) = cosh(xv/24).
Recalling that cosh?(x) — sinh?(x) = 1, we get that

2 cosh?(b+/21) — A(2/1) sinh?(b/21)
2 cosh(b«/ﬂ)

L
E[e=* o bH(XxSO)dS] —

1
cosh(bv/22)

therefore recovering Proposition 4.12 of [11] (see also [10]).
6.2. Insurance risk models

Classical insurance risk models describe the surplus process of an insurance company using a
compound Poisson process or a Brownian motion with drift, i.e., special cases of spectrally nega-
tive Lévy processes. In those models, it is usually assumed that the net profit condition holds; this
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condition ensures that ruin will not occur almost surely. For a Lévy insurance risk process, i.e., a
spectrally negative Lévy process with non-monotone paths, this amounts to E[X{] = ¥/ (0+) >
0, and it is also equivalent to lim,_, o, X; = oo almost surely. An interpretation of Lévy insur-
ance risk models for the surplus modelling of large insurance companies is for instance given
in [12].

Classically, the probability of ruin has been the most studied risk measure to evaluate the
quality of a company. More recently, the analysis of the duration of the negative surplus, in other
words the occupation time of the negative half-line, has also been considered in the compound
Poisson case [8] and then in a jump-diffusion model [23]; see also [3]. Recall that Theorem 1
extends Eq. (4.9) in [23], where the sum of a compound Poisson process and a Brownian motion
is considered.

We now want to provide another link between Theorem 1 and insurance risk models. In [17], a
new definition of the time to ruin is proposed. In that paper, each excursion of the surplus process
X below 0 is accompanied by an independent copy of an independent (of X) and exponentially
distributed random variable e; with mean 1/d; we will refer to it as the implementation clock. If
the duration of a given excursion below 0 is less than that of its associated implementation clock,
then ruin does not occur. More precisely, we assume that ruin occurs at the first time t; that an
implementation clock rings before the end of its corresponding excursion below 0. It is worth
pointing out that the time to ruin 7y is easily defined when the Lévy insurance risk processes X
has sample paths of bounded variation.

Therefore, in [17], the case of a surplus process of bounded variation is considered. In that
model, one can show that the probability of ruin in this Parisian risk model with exponential
implementation delays can be expressed as follows:

Plry < 0o} = 1 — E[e™@ /0 lixs<oyds],

if the exponential clock has mean 1/d. Indeed, for each excursion of length 7', the probability to
survive, i.e., the probability that the exponential random variable associated with it is larger than
T, is equal to exp{—d T'}. Using the independence assumption between the clocks and summing
up over all the excursions (there are countably many of them), we get

E[e~? Jo~ Tixs <ojds.

Using Theorem 1, we recover the corresponding expression in [17]; that is,
2(d)

1
when the net profit condition ¥/ (0+) > 0 is verified.

More generally, using It6’s excursion theory for spectrally negative Lévy processes, this
Parisian risk model with exponential implementation delays can also be defined when the
underlying surplus process has paths of unbounded variation. It suffices to mark the Pois-
son point process of excursions away from zero (see [20] for a definition of the correspond-
ing excursion process) with independent copies of the generic random variable e;, similar
to the proof of Theorem 6.16 in [14]; for an excursion away from zero starting above zero,
this time spent above zero is simply ignored. As a consequence, Theorem 1 provides a gen-
eralization of the probability of ruin in a general Lévy insurance risk model with expo-
nential implementation delays. Finally, note that the probability of ruin in a general Lévy
insurance risk model with deterministic implementation delays has recently been computed;
see [18].

Plzg < 0o} =1 —¢'(0+)
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