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Abstract

We study the distribution E[exp (—¢ fé 1,5 (X5) ds); X; € dy], where —0co0 < a <
b < o0, and where ¢, ¢ > 0 and x € R for a spectrally negative Lévy process X. More
precisely, we identify the Laplace transform with respect to ¢ of this measure in terms
of the scale functions of the underlying process. Our results are then used to price step
options and the particular case of an exponential spectrally negative Lévy jump-diffusion
model is discussed.
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1. Introduction

One of Paul Lévy’s arcsine laws gives the distribution of the occupation time of the pos-
itive/negative half-line for a standard Brownian motion. More precisely, if {B;,t > 0} is a
standard Brownian motion then, for s <,

! 2 ) s
P / 1(—00,0)(By)du < s | = —arcsin| /- |.
0 T t

This result was then extended to a Brownian motion with drift by Akahori [1] and Takécs [16].

In the last few years several papers have looked at the distribution of functionals involving
occupation times of a spectrally negative Lévy process (SNLP), in each case over an infinite
time horizon. First, in [10], the Laplace transform of the occupation time of semi-infinite
intervals for a SNLP was derived. More precisely, the Laplace transform of

00 ™,
A 1(—00,0)(Xs)ds and /(; 1(—00,0)(X) ds,

where X = {X;,7 > 0}isaSNLPand7_, = inf{t > 0: X, < —b}withb > 0, were expressed
in terms of the Laplace exponent and the scale functions of the underlying process X. Then,
in [14], those results were significantly extended, first by considering more general quantities,
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i.e.
+

Ty 7,
<r0_, /0 1(a,b)(xs)ds> and (rj, fo 1(a,,,)(xs)ds),

where 7, = inf{r > 0: X; < 0}, i = inf{t > 0: X, > ¢}, and 0 < a < b < ¢, and
by obtaining considerably simpler expressions for the joint Laplace transforms. Note that the
authors of [8] and [15] have also looked at the abovementioned quantities involving occupation
times, but for a so-called refracted Lévy process, while similar quantities for diffusion processes
were studied in [9] and [12].

In this paper we are interested in the joint distribution of a SNLP and its occupation time
when both are sampled at a fixed time. This is closer in spirit to Lévy’s arcsine law and also much
more useful for financial applications, especially for the pricing of occupation time options.

1.1. Occupation time options
Let the risk-neutral price of an asset S = {S;, r > 0} be of the form

S, = SpeXt,

where X = {X;,t > 0} is the log-return process. For example, in the Black—Scholes—Merton
model, X is a Brownian motion with drift. The time spent by S in an interval /, or, equivalently,
the time spent by X in an interval I’, from time O to time 7, is given by

T T
/ l{S,eI} dr z/ I{X,el’} dr.
0 0

Introduced by Linetsky [13], (barrier) step options are exotic options linked to occupation
times of the underlying asset price process. They are generalized barrier options: instead of
being activated (or canceled) when the underlying asset price crosses a barrier, which is a
problem from a risk management point of view, the payoff of occupation-time options will
depend on the time spent above/below this barrier. Therefore, the change of value occurs more
gradually. For instance, a (down-and-out call) step option admits the following payoff:

ePJo Nisi=ny di (g K)y=e? Jo Lixe<ince/son dr5eXrT — k).,
where p > 0 is called the knock-out rate. Therefore, its price can be written as
T
C(T) :=e " TE[e™"Jo Usi=t1 4 (§p — k), ]

o0
- efrT/ (Soe? — K)E[e" o Tixszmasson 45 X e dy],
In(K /So)

where r is the risk-free interest rate, and its Laplace transform, with respect to the time of
maturity 7, can be written as

o0
f e PTc(r)dr
0
00 00 T
:/ e*(PJrr)T/ (Soe” — K)E[e_p'/o Lixs <in(L/Sp)} dS; X7 € dyldT
0 In(K /So)

o o0 T
= / (Soe” — K) / e~ PHNTE[e=, Jo Nixesinw/so) 5, X7 e dy]dT.
In(K /So) 0
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Thus, pricing step options boils down to identyfing this distribution:

T
Ele /o lcoon X ds, x e gy

foragiven value b € R. Other occupation time options can also be priced using this distribution.
For references on occupation-time option pricing, see, e.g. [4], [5].

The rest of the paper is organized as follows. In Section 2 we give the necessary background
on SNLPs and their scale functions. In Section 3 the main results are presented, while their
proofs are left until Appendix C. Finally, in Section 4 we consider the pricing step options
question and a specific example of a jump-diffusion process with hyperexponential jumps.

2. SNLPs

On the filtered probability space (2, , (¥1)r=0, P), let X = {X;,t > 0} be a SNLP, that
is a process with stationary and independent increments and no positive jumps. Hereby, we
exclude the case of X having monotone paths. As the Lévy process X has no positive jumps,
its Laplace transform exists: for A, ¢ > 0,

E[etXi] = V)

where | ~
R /0 (7 — 1+ 2z Lio.1y(2) 1 (d2)

for y € R and o > 0, and where IT is a o-finite measure on (0, co) such that

fw(l A zHI(dz) < .
0

This measure is called the Lévy measure of X, while (y, o, IT) is refered to as the Lévy triplet
of X. Note that for convenience we define the Lévy measure in such a way that it is a measure on
the positive half-line instead of the negative half-line. Furthermore, note that E[X ] = ¥/ (0+).

There exists a function ®: [0, co) — [0, oo) defined by ®(g) = sup{A >0 | v (}) = ¢}
(the right-inverse of ) such that

Y(P(g)) =q, q > 0.

It follows that ®(g) = 0 if and only if ¢ = 0 and v’ (0+) > 0.

The process X has fumps of bounded variation (BV) if fol zIT(dz) < oo. In that case, we
denote by c :=y + fo zI1(dz) > O the so-called drift of X which can now be written as

Xt =Ct—S1+O'Bt,

where § = {$;, t > 0} is a driftless subordinator (for example, a gamma process or a compound
Poisson process with positive jumps).

For more details on SNLPs, we refer the reader to [7].
2.1. Scale functions and fluctuation identities

The law of X such that X = x is denoted by P, and the corresponding expectation by E,.
We write P and E when x = 0. Finally, for a random variable Z and an event A, E[Z; A] :=
E[Z 14].
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We now recall the definition of the ¢-scale function W@, For g > 0, the g-scale function
of the process X is defined as the continuous function on [0, co) with Laplace transform

/oo e—AyW(q)(y) dy = for A > ®(q). (D
0

1
YA —q
This function is unique, positive, and strictly increasing for x > 0 and is further continuous for

g > 0. We extend W@ to the whole real line by setting W@ (x) = 0 for x < 0. We write
W = WO when g = 0. The initial value of W@ is known to be

1 1
woo = o when o = 0 and [, zI1(dz) < oo,
0

otherwise,

where we used the following definition: W@ (0) = lim, 10 W@ (x). We also have, when
¥/'(0+) > 0,
1
lim Wkx) = ———.
10 WO = o
Finally, we recall the following useful identity (see [14, Equation (6)]): for p, ¢ > Oandx € R,

(q—p) / S x = NWDP ) dy = WD) — WP (x). 2
0

We will also frequently use the function
X
ZWDx) =1 —i—q/ W@ (y)dy, x € R. (3)
0

Now, for any a, b € R, define the stopping times

1, =inf{t > 0: X, <a} and <t =inf{t > 0: X; > b},

a

with the convention inf @ = oo. It is well known that, if a < x < c¢ then the solution to the
two-sided exit problem for X is given by

W@ (x — a)
—qtl. + -1—
E,le 3T <1, ] WO —a)
o Z(‘f)(c—a)
Eyle % ;1 <tl]=29(x —a) - mw(q)(x —a).

It is well known (see, e.g. [7]) that under the change of measure given by

C

X
dP; |-

= exp{c(X; —x) — ¥ (o)t}

for ¢ such that E,[e*1] < oo, X is a SNLP with Laplace exponent

V(@) =¢v @ +c)— () ford > —c. 4)

Its right-inverse function is then given by

Qc(q) = Plg + Y (o) —c.
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We write Wc(q) and Zéq) for the corresponding scale functions. Note that [7, Lemma 8.4] states
that, for x > 0,
W(q)(x) — et chq—lﬂ(c))(x).

A direct application then gives us, for p, g > 0,
WD (x) = e* P Wl (x). (5)
Note also that in this case, 1/f(’b(p)(0—|—) = ¢¥/'(®(p)) > 0 and DPpp)(0) =0if p > 0.
For examples and numerical techniques related to the computation of scale functions, we

refer the reader to [6].

3. Main results

We are interested in the following distribution: for fixed ¢, ¢ > 0, and for all x € R,
E.fe~0 /o looXds; x, ¢ dy). (©)

We will consider the Laplace transform, with respect to ¢, of the expectation in (6): for all
x € R, set, for p > 0,

o0
v(x, dy) ::/ e*p’Ex[e*qft;1(0’“)(X‘Y)ds; X, € dy]d:r.
0
‘We note that it can be written as
1 e
v(x, dy) = ;Ex[e—qfo“ww“‘“d% X, € dyl, (7

where e, is an exponentially distributed random variable (independent of X) with mean 1/p.

Remark 1. In what follows, for the sake of simplicity, we will omit indicator functions of
the form 1; -, in our expectations, where 7 is a first-passage stopping time when there is no
confusion. For example, we will write E,[e %% ] instead of Ey[e™7% ; t, < 00].

As in [14], for the sake of compactness of the next result, we introduce the following
functions. First, for p, p + ¢ > 0 and x € R, set

a
’thp’q)(x) — W(P-Hl)(x) _ 6]/ W(p+q)(x _ Z)W(P)(Z) dz
0
X
=W g [ WO - WO ®)
a

the second equality following from (2). We note that W." (x) = W) (x) for x < a.
Secondly, for p > 0,g € Rwith p 4+ ¢ > 0and x € R, set

FPD (x) = efb(p)x[l +q /x e~ PPy (1) (1) dz}.
0

From (5), we easily obtain that

HPD (x) = PP 7 (). )
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Finally, note that the Laplace transform of #(”-4) on [0, co) is explicitly given by

! <1+ 4
A—@(p) YA —p—q

o0
/ e M P9 (x)dx = ) fori > ®(p + q).
0

Here is our main result.

Theorem 1. Fixa > 0, > 0,andx e R. Forp >0,y € R,

o
/ e P, [e 90 low XD ds, x ¢ dy)dy
0

= e~ ®)a (‘%(p’q)(x) —q fax WP (x — ) H PP (z) dZ)
Y(D(p) +q [y e P9 () dz

-y
« {Jg(p,q)(a —y) — q/ HPD(a—y—)WP () dz} dy
0

-y
— {Wfp’f)(x—y)—q/ 'ngp’f)(x—y—z)W(p)(z)dz}dy.
0

The proof of this theorem can be found in Appendix C.
We now extend the result of Theorem 1 to any finite and then semi-infinite interval, i.e. we
study the Laplace transform of

E,[e ¢ I l(a,b)(Xs)dS; X; € dy] and E.[e™? I 1(790,17)(Xx)d5; X, € dyl,

where t > 0.
We could reapply the same methodology (in a quite shorter form) as in the proof of Theorem 1
for proving the second part of the next result, but we will instead take limits in our main result.

Corollary 1. Fixa,b € Rwitha < b. Forall x € R and g > 0, we have, for p > 0,

o0 t
/ e P E [e9 o lan XD ¥ e dy]dr
0

Y (J(‘(p'q)(x —a)—q [ WP (x —)HPD(z —a) dz)

YD (p) +q i e P3P (2) dz

y+
x {Jf“’m(b - - qf

a
HP Db~y —)WP(2) dz} dy
0

—y+a
- {Wi’i‘;’)(x—y) —q/ w)ﬁ’i’,‘j)(x—y—z)w”’)(z)dz}dy,
0
and
o0 t
/ e PR [e o lcwn XD ds, x e qy]dr
0

_ {<d>(p+q) — ®(p)
q

)]((PJF‘%‘J)()C _ b)]{(!’aq)(b — y) — W;]i’g)(x - y)} dy,
(10)

where we understand (®(p + q) — ©(p))/q in the limiting sense for ¢ = 0 and, hence, we
replace it by 1/ (®(p)).
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Proof. From the spatial homogeneity of the process X, we have

Eofe 90 1an®08, X0 e dy] = B, [em 0 los-a®D8 4 4 x7 e dy),

so the first result is just an easy consequence of Theorem 1.
For the second result, we will take the limit of the first result when a goes to —oo. First note
that, from (5) and (9),

@) @)
HPD(x +c) (S0 qu(p) (x+¢) <W¢q(p)(x + c))
Wirtn (o Waip(x + 0\ W, (©
L T @ 45 s oo
®<I>(p)(‘I)
— P (pHa)x 4 , (11)
C(p+4q)—P(p)

where, to compute the limit, we used the fact that lim._, o Z @ (c)/ WD (c) = g/ P(g) and, to
obtain the last expression, we used the results from the beginning of Section 3. Asa consequence,
using Lebesgue’s dominated convergence theorem, we obtain

HPD(x —a) —q f; WP (x — ) HPD (7 —a)dz

lim

a——00 W (P+a) (—q)
_ q <e¢<p+q>x 4 / "W (e dz)
C(p+q)—P(p) b
— 9 e<1>(P+fI)bt;g(P+qq—Q)(x — b). (12)

D(p+q)— P(p)

On the other hand, using again Lebesgue’s dominated convergence theorem with the limit
in (5) and (11), we can write

N o P o) ppa)
aEIPoo WD (—a) <W (®(p) +4q /0 e HP1(z) dZ)
2
4q e<1>(p+q)b’ (13)

C(@(p+q) — P(p))?
since we also have

opo-a V' (@WP) _ opp ¥V (EW)

W(P‘HI)(—Q) o Wéq(L)(_a)

— 0 asa — —oo.

Finally, combining (12) and (13), we have

HPD(x —a)—q [ WP (x — ) H#PD(z —a)dz

lim e-®PG-a)

a——00 Y(D(p)) + ¢ fobfa e~z (P9 (z)dz
_ (P(p+q) — P(p) J(’(p+q’_q)(x —b)
q
Using the fact that W) (x) = 0 for x < 0, the proof is complete. ]
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Remark 2. (i) We note that "Wép D (x) = WP+ (x). Thus, for x = b, the expression in (10)
can be written as

oo N
/ e_”’Eb[e_q(/Ot oo (Xs)ds, dy] dz

0
_ {<d>(p+q) —®(p)
q

)J-f(p’q)(b —y) - W(P'HI)(b _ y)} dy.

(ii) Note that when g = 0, the result in (10) can be written as

e 2P (x—y)

Y e PR (X, € dyydi =]
/o ¢ T e dy)as {W@(m)

- WP (x — y)} dy,

which agrees with [7, Corollary 8.9] for the density of the p-potential measure of X without
killing.

4. Pricing step options

4.1. General case

Following the notations introduced in Section 1.1, we consider the risk-neutral price process
S; = SoeX’, where X = {X;,t > 0} is a SNLP. Recall that the price of a (down-and-out call)
step option with knock-out rate p and risk-free interest rate r is given by

C(T) = e TE[e" i Usi=ndt (s — K),].

In what follows, without loss of generality, we take r = 0. The Laplace transform of the price
is then given by

o0
/ e PTc(Tydr
0

o0 o T
:/ (Soe” — K)/ e_PTE[e_Pfo 1(7oo,ln(L/S()))(X,r)d-“; Xr € dyldT,
In(K /So) 0

where, by Corollary 1 or more precisely (10), we have
o0 T
/ e_”T]E[e*/’fo 1(7oo,ln(L/SO))(X.v)dS; X7 € dyldT
0

_ {(Q(p +p) - q)(p)>]€([7+/h—ﬂ) (111(@))%(194)) <1n<£> _ y>
P L So

(p.p)
- 1n(s0/L)(_Y)} dy.

From a financial point of view, as we are interested in a down-and-out step option, it is
natural to look at the case when Sg > L and K > L.

Corollary 2. In an exponential spectrally negative Lévy model, the Laplace transform of the
price C(T) of a (down-and-out call) step option with Sy, K > L is given by, for p > 0 such
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that ®(p) > 1,

foo =T C(T)dT = (P +0) = PP (pip—p) <1n<&>>](<£>¢(p)
0 p®@(p)(®(p) —1) L K

In(So/K)
—f (Soe™ — K)WP) (y)dy,
0

with

S S\ 2P +o) In(So/L)
JeP+o.—p) <1n<z0>> — (f()) (1 — p/ e~ PP Holy P (y) dy).
0

Proof. We first note that, under the assumptions on Sy, K, and L, on the interval [In(K /So),
+00), we have y > In(L/Sp) and, thus,

L L\®WP @ (p.p)
s () =)= (5) e WL = WO

Then, when K > L, we have, for p > 0 such that ®(p) > 1,

/-OO e—pTC(T) dT = <<D(P + /0) - ®(p)>]€([)+p’_p) (11’1(@)) <£>¢([7)
0 Y L So

o0 0
x / (Soe” — K)e~ Py gy —/ (Soe” — K)yWP) (—y)dy
In(K /So) In(K /So)

_ 2@+ =D i) <1n(@))1<<£>®(m
p@(p)(@(p) = 1) L K

0
- / (Soe* — KYWP (<) dy,
In(K /So)

which concludes the proof. O

Of course, using Corollary 1, we could easily derive similar expressions for down-and-out
put step options, as well as for up-and-out call/put step options.

4.2. Particular case of a Lévy jump-diffusion process with hyperexponential jumps

We now present the case of a Lévy jump-diffusion process where the jump distribution is a
mixture of exponential distributions, as in [14]. In other words, let

N;
Xy =ct+oB, _ZSi’
i=1
where 0 > 0,c € R, B = {B;,t > 0} is a Brownian motion, N = {N,,t > 0} is a Poisson

process with intensity n > 0, and {&, &, ...} are independent and identically distributed
random variables with common probability density function given by

n
fe(y) = <Z aiaie_“"y> 150y,
i=l1
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where 7 is a positive integer, 0 < ] < op < -+ < &y, and Z —1 4 = 1, where g; > 0 for all
i =1,...,n. All of the aforementioned objects are mutually independent.
The Laplace exponent of X is then clearly given by

l n
Y(h) = ch+ Eazxz + "(Z

— 1) for A > —a;j.
i=1 i

In this case
n
a;
ElXi 1=y 0+ =c—n) —.

(07
i=1 !

We note that A — (¥ (L) —¢) ! is a rational fraction of the form P(%)/Q()), where P and
Q are polynomial functions given by

PO)=]]0-+a) and QO =W®) —q) P().

Note that if o > 0 then Q is a polynomial of degree n + 2 with o2 /2 as the coefficient of the
leading term, and if o = 0 then Q is a polynomial of degree n + 1 with c as the coefficient
of the leading term. In all cases, P is a polynomial of degree n. To ease the presentation,
set N = (n + 1) + 1{550;. For g > 0, the function A |—> W) —q)” I has N simple poles

such that 01\;’) < 91(\? | << b, @ <0< 6, @ with 01 9 — ®(g). Studying the functions
At Y(A) —gand A — Q(A) extended on R \ {—ay, ..., —a1}, we deduce that, for o > 0,

9(+2 < —a, < 95?1 < —p_1 < Q,Eq) < =0y < 92(11) <0< 91(‘1),
and, foro =0,
—ay < G(q)l < —ap_1 < O(q) < —ay < 92@ <0< 01(q),

where, in both cases, we have one of the following three cases:
o 019 <0 = d(q) = 0if and only if ¢ = 0 and ¥/ (0) > 0;
o 619 =0 = d(q) = 0if and only if ¢ = 0 and ¥/ (0) = 0;
o 01 =0 <6 = d(qg) if and only if ¢ = 0 and ¥/ (0) < 0.

For more details see, e.g. [3], where a similar analysis is undertaken for a closely related jump-
diffusion process. For simplicity, in what follows, we assume that either ¢ > 0 or ¢ = 0 and
¥’(0) # 0, in which cases 9(‘” #* Q(q) Consequently, using the classical decomposition of
rational fractions and noting that

Q/(ei(q)) - w/(@i(q))’

we can write
N

1 1 1
- : 14
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In conclusion, by Laplace inversion, we have, for x > 0,

N ee.(‘”x
W) =Y —— (15)
] w/(ei(q))
N egi(q)x
q —— ifg >0,
Z(q) (x) — ; ei(q)w/(gi(q))
1 ifg =0,

-1
since taking A = 0 in (14) gives qZINZI (ei(‘I)w’(el.(q’)) =1.

Remark 3. We recover well-known expressions of scale functions in two specific cases; see,
e.g. [6]. When o > 0 and n = 0, X is a Brownian motion with drift and, for x > 0,

Gl(q)x eGé‘”x
JA, VA,
with 67 = (1/02)(,/Ay — ©), 0,7 = (—1/01)(,/By + ), and A, = c2 +2024.

When o = 0andn = 1, X is a compound Poisson process with drift and exponential jumps
and, for x > 0,

W(q)(x) —

a+69 N 6\ o0

N N

with 61 = (1/2c)(q +n — ca + \/A,), 65 = (1/2c)(q +n — ca — JA,), and A, =
(g + 1 — ca)?® + 4cagq.

W(q)(x) —

Now, let us explicitly compute the Laplace transform of the price C (T"), given by Corollary 2,
for this particular SNLP.
We first give an expression of #79. Let us recall, from (9), that #P9(x) =

e®Wrz{ (x) with (p) = 6,”. Denoting by 65" . the poles of (Vo) () — )" and

@(p),i
using (4), we have 9((1,(1()1)), L= Qi(p T _ ®(p) and ¥y, ) (Béq()p), D= 1/;’(0i(p +q>). Consequently,
forg > 0and x > 0,

eef(erq) x

N
J{(P,q)(x) =q Z

, (16)
= (Qi(p+q) _ QI(P))V//(@;P‘HI))

and, for x < 0, #P9 (x) = exp (Ql(p)x).
We also compute, fora < x,

N exp (ei(p+q>x + (9](_17) _ Gi(erq))a)

(p.q)
W' (x) = ¢q ) :
Pt (9[(174“]) _ 0!('17))w/(ei(["’ﬂ))w/(@;l’))

Note that Wép 9 had already been computed in [14]. However, our expression here is slightly
simpler because we made one more simplification.

Corollary 3. In a Lévy jump-diffusion model with hyperexponential jumps, the Laplace trans-
form of the price C(T) of a (down-and-out call) step option with Sy, K > L is given by,
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for p > 0 such that ®(p) > 1,

o0
/ e PTc(r)dr
0

N 0_(!’)

_ky ! [ O(p+p) = 2(p) (5)“"””(@)1
6P L@+ p) —67)D(p)(@(p) — 1) \K L
9(17)

(%) ]
ei(p)(gi(l’) _ ])

when Sy > K > L, and

oo
/ e PTC(T)dT
0

e(p)

IPLEDRLOE S ! (5)‘””)(&)"
(PI@(P) — D = (@(p+p)— 67y @) \K L)

when K > So > L.

Proof. From (16), we deduce that, for Sy > L,

So 1 So\"
PRTa— (m( )) —py (_)
L = (91(P+,0) _ QI(P))w/(Ql(P)) L

Using (15), we also deduce that, when So > K,

In(So/K)
/ (Soe™ = K)WP () dy = KZ
0

()
o;

1 0
9([7) (9([7) l)w/(gl(P)) <?>

otherwise, when K > Sy the integral is equal to 0. Then, from Corollary 2, for Sy > K,

(p+p) _ o(p) 6P
o 0 -0 S LA\
[ erreaar = ST (n( ) )k ()
0 00,7 6,7 = 1) L K
In(So/K)
- [T e - oW ay
0
»)
_x 91(p+p) B 91(17) XN: 1 & 6" £
o P g _ (O N ONNO N K
6,7 (6, ) i=1 (0 0,7y (0;77)
N 6P
1 So
> (%)
(P) (P (p)
= 0" e" - vy \K
(p+p) (r)
- Z 9<p)|: " 0"
> 1// (0([7)) (91(P+P) _ 9[(17))91(17) (91(17) _ 1)

9](1?)

L(el(p)*ei(p))l{lfel(p)

1 1 9@}

The result follows since 9( ) = O(s) forall s > O O
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Appendix A. A probabilistic decomposition

In our proof of Theorem 1, we will use a probabilistic decomposition of v(x, dy) (see
Lemma 1 below). In order to do so, we first recall known results about resolvents; see, e.g. [6,
Theorem 2.7].

First, for0 < x < a,

400
UP (x, dy; a) =/ e P'Py(X, € dy;t <75 AT))dr
0

is the p-potential measure of X killed on exiting [0, a] (see also [7, Theorem 8.7]) and it has a
density supported on [0, a] given by

WP x)WP) (a —y)
w(p) (a)

UP (x, dy;a) = { — WP (x — y)} dy. (17)

Also, forx < a,
+o0
U (x, dy; a) :/ e PPu(X; € dyit < 1) dt
0

is the p-potential measure of X killed on exiting (—o00, a] and it has a density supported on
(—o00, a] given by

U (x, dy; a) = (PO WP (g — y) — WP (x — y)}dy. (18)

Finally, for x > a,
+o00
UEP)(x, dy;a) :/ e P"Py(X, € dy;t < T,)dt
0

is the p-potential measure of X killed on exiting [a, +00) and it has a density supported on
[a, +00) given by

UP (x, dy; a) = (e ®PO= O WP (x — g) — WP (x — y)}dy. (19)

Recall that if we assume X has paths of BV, then, for any b € R, we have X - < b almost
surely (a.s.). In fact, this means that X does not creep downward, which is true as soon as the
Brownian part is 0 (o = 0).

Lemma 1. Assume that a > 0. For all x € R, v(x, dy) satisfies

v, dy) = U (x, dy1a) Lysq +E,[e 7% UPHD(X -, dy: @)l 1yeo.a)

via, dy) —r% Wt
WD @ BT W)

—(p+a)7y +(P)X - _

+0(0, dy)Ec[e™ " Ex _[e ity <71l

+Esle P Ex [e~ (P DT Uﬁ’)(x,o_, dy; 0); 75 < 77 111,
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Proof. For simplicity, we assume that X has paths of BV. The proof is almost identical

when X has paths of unbounded variation (UBV), so the details are left to the reader.
We use representation (7) of v(-, dy). For x < 0, we note that

1
v(x, dy) = ;Px(xe,, e dyiep, <10 +v(0, dy)Pi(ty < ep)
= U (x, dy; 0) 1,9 +e>P*y(0, dy).

Let us now consider 0 < x < a. We have

+

(20)

1
v(x,dy) = ;]Ex[e_qep; Xe, € dy;ep <15 A 1+ v(a, dy)IEx[e_q’aJr; T, <1y Aepl

+]Ex[e_q70_v(XT0—, dy)ity <ep A rj]

= U (x, dy; @) yeqo,a) +v(a, dy)Eefe”PHOW; o < o]
n ]Ex[e_(pJ“q)TO_v(X,(;» dy);ty <71

W(p+q)(x)
W (P+a) (q)

+E e 00X - dy)iry < 7]

— U(/"HI) ()C, dy’ a) lye[(),d] +U(a, dy)

Since X is of BV, X o < 0 a.s. Consequently, using (20), we note that for any x < a,

WPt (x)
— 7+ .
v(x,dy)=U (x, dy; a) 1y¢[0,q) +v(a, dy) Wt (@)
—(p+q)Ty +P(p)X_—
+v(0, dy)E,[e Pt + DX g ity < Tl

+Exfe” P00 U (X - dy; 00375 < 7 1 <0
We now study the last case. Let x > a,

1
v(x, dy) = ;IP’X(Xep € dyje, <1,) —i—Ex[v(Xr;, dy);t, <epl
=UP (x, dy:a) 1ysq +Ec[e 7% v(X -, dy)].

Since XT; < a a.s., we deduce from (21) that, for x > a,

v, dy) = U (x, dy1a) 1yaq +Ec[e P UPHD (X~ dy: )] yejo.a)

v(a, dy)

T WPt (q)

E, [efpf({ w(P+a) (Xr; )]

- .t

—(p+q)ty +P(p)X -
< 0 ; Tp <7, 1]

+0(0, dy)Eyle P Ey [

+ Ex[eipra_EXTaf [e~(PTO)T UJ(rp)(XTJ’ dy; 0); 7, < ra+]] 1,.0.

To conclude the proof, we just note that this last expression is satisfied for any x € R.
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Appendix B. Technical results

It is easy to show that the Laplace transform of x +— f(;‘ WP (x — y)HPD(y)dy is given

by
(=) Gar=osa)
> .
A=@(p))\YyQ) —(p+q)

/x W (x — Z):%(p,q)(z) dz = /X eq’(p)(x_Z)W(p+q)(Z) dz,
0 0

Therefore,

from which we deduce that, in the spirit of (8) and [14, Equation (6)],
X a
J((P,q)(x) _ q/ wP) (x — y)]g(lh({)(y) dy = PP 6]/ W(P)(x _ y)ﬂ(P,q)(y) dy.
a 0

Note that, we can use the last relation to rewrite our main result in Theorem 1 and Lemma 5.
The next result is well known (see, e.g. [7] and [11]), but we rewrite it in terms of FP9)
for future reference.

Lemma 2. Forx e R,a <b, p,q = 0, we have

—(p+q)t, +P(p)X - _
p+a)T, pfa;ra<t,j']

P9 (p —
_HPTB—a) o
WP+a) (b — a)

E.[e

— 643(17)0:;((17,4)()( —a) W(p"'q)(x —a).

Moreover, for x,a € R, p > 0, and g > 0, we have

- THD(P)X_—
E,[e (P+a)Ty +@(P)X - e

. < 00]

— e®Pa gD (x _ q) — q PPy P+ (x _ g
®(p+4q) —(p)

and, when g — 0, we obtain

—pt, +@(p)X - _
Eyle 7™ T

a

< 00] = e®P* — g/ (D(p)e® P WP (x — a).
The next lemma is an immediate consequence of [14, Lemma 2.2].

Lemma 3. Let p,q > 0. Fora < band x,y € R, we have
Eele ™% WX - —y);1, <]
a—y

=W -y +(q- p)/ WP (x —y — )W (2)dz
0

WP (x —a)

a—y
— »p _ _ P (p_y— (9)
WP (b - a) (W b=y +iq=p) /0 Wb —y-2W?() dz),

and
Ey[e P W(q)(Xra— —¥) 1, <40d]

a—y
=W(P>(x—y)+(q—p)/ WP (x—y—2WP(2)dz
0

_ W(p)(x _ a)]g(PJI*P) (a—y).
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Proof. First, let us note that, by the spatial homogeneity of X, we have

]Ex[e_pTﬂ_W(q)(Xra— — )ity <7l =Epy[e P W(‘I)(Xr;_y); Ty < r[j'_y],

Eyle P« WO (X - — y); 1, < +oo]l = Ey_yle P WO (X - ) < +4o0].
a a—y

s Ta—y

So, it suffices to prove the lemma for the y = 0 case.
Let y = 0. We know from [14, Lemmas 2.1 and 2.2] that

Ey[e P% W(q)(Xr;); T, < rb+]
X
= WP — (g -p) / W =W (2) dz
a

W(”)(x —a)
W@ (b —a)

Using (2), the expression can be written as

b
(W(q)(b) —(q—p) / wP b — )W (z) dz).

E,[e P% W(q)(XT;); T < f}j‘]
a
— W(P)(x) + (g — p)/ ‘,‘/(P)()C _ z)W(")(z) dz
0

W(P)(x —a) - a ” o
WO (b —a) <Wp (b)+(q—P)/0 Wb —)w'e (z)dz).

Since

]Ex[e_pTa_W(q)(Xr;); 7, <00l = blim E,[e P% W(q)(XT;); T < 1:;'],
— 400

a

W) (b) — PP Wa(p) (D)

WP (b —a) Wo (b —a)’
W(p)(b —-2) — ®(M@-2) Wo (b —2)
WP (b — a) Waop) (b —a)’

by Lebesgue’s dominated convergence theorem, we have
Eple™"% WX, -); 7, < +00]

=WPx)+ (g - p) / WP (x — )W (2)dz
0

D@ ) (¢ a)<1 = p) /0“ @ ;) dz>‘ 0
Using the same tools as in the previous lemma, we also have the following result for Z(@).
Lemmad4. Let p,q > 0. Fora < band x,y € R, we have
Eple % ZD(X - -yt <71
—Z06-nr - [ WPy -az0@ e

WP (x — a)

a—y
B W(p)(b_a)(zq(b_)’)ﬂL(q—P)/(; Wp(b—y—z)Zq(z)dz>.
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and
Ecle % ZD(X, - — y); 1, < +00]

a-y
— Z(p)(x -V +(q— P)/ W(p)(x —y— Z)Z(l])(z) dz
0

_ W(p)(x _ a)e<1>(l7)(a}')|: p +(@—-p) /afy e‘b(P)Zz(KI)(Z) dz:|,
@(p) 0

where limp,_.o p/®(p) — ¥ (0) v 0 in the p = 0 case.
Lemma 5. Foralla,x e R,p >0, and p+q > 0,

Ex[e_”T‘?Jf(”’q)(Xra—); 7, < o0]

X
— Jg([’»CI)(x) _ 6]/ W([’)(x _ Z)Jf(p’q)(Z) dz
a
a
—ww» (x — a)eCD(P)a <w/(q)(p)) + q/ e—q’(P)Z}f(P,Q)(Z) dz>.
0

Proof. First, using (9), we note that

—rt, +®(p)X -

Ele™?™ # P9 (X )1, < ool = Eyle “Z@ (X ity < o)

o] —
=P E P2 (X, )it < ool

= ePPIE[Z{) (¥, )i v; < ool

where Y is the SNLP obtained from X by the change of measure with coefficient ®(p) and

v, =inf{t > 0: Y; < a}. Therefore, we can apply Lemma 4 and write

Eyle™?% P9 (X ) 1, < oo
a
=Zop(x) + 61/0 Wa (p)(x — y)ZEDq()p)(y) dy

a
— Wap)(x — a)e<1>q>(1z)(0)a [W&)(p)(o) + q/ ecl>q>(p)(0)yZ((§()p)(y) dyi|
0

since 1//&,( ) 0) = ¥ (®(p)) = 0 and P () (0) = 0. The result follows from the discussion at
the end of Section 2.1. O

Appendix C. Proofs of the main results

Proof of Theorem 1 when X is of BV. First, we assume that X has paths of BV.
In order to simplify the manipulations, we introduce the following quantities:
- ~(p+)Tg +(P)X
Ax) =Efe P% By [e | 0T

Ta

B(x;a) = Eyle P WP (X )], Clx, dy) := Eg[e P« UPHD(X -, dy; a)],

0ty < Tl

D(x, dy) i= Efe "% Ex_[e~ "t 0% U (X, dy; 0 7y < 711,
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where, as mentioned previously, all these expectations are taken over the set {t,” < oo}. At this
point, let us note that these quantities can be made more explicit (in terms of scale functions)
using results from Appendix B; this will be done later on.

Then, using Lemma 1, we can write, for all x € R,

dy) =A@, dy) + 5D, g
v(x, dy) = A(x)v(0, dy) + W/(P+—‘1)(£l)v(a’ y)
+UP (x, dy; @) 1yoq +C(x, dy) Lycpo.a) +D(x, dy) 1,0, (22)

Therefore, the quantities v(0, dy) and v(a, dy) satisfy the following 2 x 2 linear system:

WPt ()
(1 —-A0)v(, dy) — W(P"'—‘i)(a)v(a’ dy) = C(0, dy) 1,¢[0,a1 +D(0, dy) 1,0,
B(a;
— A@v(0, dy) + (1 - Wfi—(;’()a))vm, dy)

= Uip) (a, dy;a) 1y>a +C(a, dy) lye[O,a] +D(a, dy) 1y<0 .

Our aim is to exhibit the values of v(0, dy) and v(a, dy) from this linear system using results
from Appendix B in order to obtain an explicit expression of v(x, dy).
From Lemma 2, we note that

HPD (q)

_ —p7 30(P.q9) oy =
A = Exle™™ HP DX 0] = e

B(x; a), (23)

and from Lemma 3, we have

B(x;a) = wP) (x)+qg /a w®) (x — Z)W(p+q)(z) dz — W(p)(x _ a)]f(p’q)(a). (24)
0

We deduce that o)
wP+a)(0) (
—1_ P-q)
A0y =1 W(P+‘1)(a)]€ (a),
and, using (2), that
B(a; a) = WPt (@) — WP (0)# P9 (a). (25)

Then, since W (P14 )(O) > 0, the linear system can be written as

o) W(P+q)(a)
HP P (@)v(0, dy) — v(a, dy) = I/I/(P+—‘1)(())[C(0’ dy) 1yeo,a1 +D(0, dy) 1, 0],
WP (0)

— A(a)v(0, dy) + HPD (a)v(a, dy)

WP+a) (g)
=UP(a, dy; a) 1,.4+C(a, dy) 1yep0,a1 +D(a, dy) 1y<0.

The determinant of the matrix related to this linear system is equal to

W(p)(o) (r.0) 2
A= VI/(P+—‘1)(51)(J€ PP (a))” — A(a)
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with, from (23), (25), and Lemma 5,

Aa) = _W(P)(O)eq)(ll)a (w’(qD(p)) +gq /a e—q’(l?)Z%(P»LI)(Z) dZ)
0

W(P)(O) 2
_ N cqp(pq)
Wi K@)
We deduce that
a
A = WP (0)e® P (1//(@(;7)) +4q / e PP g9 () dz). (26)
0

Since v is increasing on [®(0), +00) and WP (0) = 1/c > 0 when X has paths of BV, the
determinant A is not equal to O and there is a unique solution to the linear system satisfied by
v(0, dy) and v(a, dy).

We first note, using (23) and the first equation of the linear system, that (22) can be written
as

v(x, dy) = Eele "% # P90 (X (0, dy) + UL (x, dy; a) 1~

B(x; a)
+ |:C(X’ dy) — W(P+—q)(())c(0’ d)’)i| 1y€00,a]
dy) — BXD 56 ap ] 27
+ |:D(X, y) — W(P+‘1)(O)D( , y)i| y<0 27

with, by Lemma 5,

- x WP (x —a)
—rt, 3¢(P.q) ] = @D _ Py — (r.9) - 7
Bele 7% #POX 1= HPO () — g / W — 2370 (2) de — —or s
(28)
Case 1. We first consider y > a. The linear system satisfied by v(0, dy) and v(a, dy) is

then
HPD(a)v(0, dy) — v(a, dy) =0,
W (0)

(r.9) _ .
ot @ dy) = U@ dya).

—A(a)v(0, dy) +

We deduce that v(a, dy) = #PP(a)v(0, dy) and v(0, dy) = A~'U”(a, dy; a). Conse-
quently, from the expression of v(x, dy) given by (27), we finally have, for y > a,

v(x, dy) = A7'UP (@, dy; a)Ex[e_’”"_Jf(P’q)(XT;)] +UP(x, dy;a)

with U'” (-, dy: a) given by (19) and Ey[e 7% 3¢(7®)(X _-)] given by (28). We finally have,
fory > a,

v(x, dy) = =W (x —y)dy

X
+ A—lw(lﬂ)(o)ed)(m(a—y) (]g(ﬁﬂ)(x) _ C]/ W(P)(x _ Z)Jg(l’#])(z) dZ> dy.

a
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Case 2. We now consider y € [0, a]. The linear system satisfied by v(0, dy) and v(a, dy)

becomes
W(P-HI)(a)
024D _ — 7
H T (@)v(0, dy) —v(a, dy) = W(P+q>(0)c(0’ dy),
W(p)(())
_ _ N q0(pq) _
A(a)v(0, dy) + W(l"*‘q)(a)}f (a)v(a, dy) = C(a, dy),

and its unique solution is given by

(0, dy) = A~ (HPD(a)C (0, dy) + C(a, dy)),
W(l?+q)(a)

U(Cl, dy) = A_l (A(a)W(TKI)(())

Let us now study C(x, dy). From (17), we obtain

WPt (g — y)

Clx, dy) = { WP+ (q)
from which we deduce that

WPtD YW P+ (a — y)
W P+a) (g)

Cc@, dy) = dy.

Introducing the notation B(-; -) and using (25), we obtain

WPt (g — y)

C(x, dy) = { WG

B(x;a) — B(x —y;a — y)} dy,

WPt (q — y)

C(a, dy) = WP (0) (w’q)(a N~ G

We deduce that

v(x, dy) = v(0, dy)Ey[e "% HP (X )] — B(x — y;a — y)dy

C(0, dy) + #PD (a)C(a, dy)).

E, [e—lﬁa_ W(P-H])(XT;H —E, [e—Pfa_ W(P+q)(XT{;

Jf(m(a)) dy.

- y)]} dy,

with v(0, dy) = A~IW® () H PP (a — y)dy. So using (24) and (28), we obtain, for y €

[0, a],

v(x, dy) = {A‘W(P) 0)HPD(a - y) (M!”q)(x) — q/ WP (x — ) HPD(2)dz

a

a—=y
- WP x—y) —q / WP (x —y — WPt (g) dz} dy.
0

Case 3. We finally consider the case where y < 0. Now the linear system becomes

WP+ (g)

(r.9) _ - 77
HPD (@O, dy) = v(a. dy) = e

D(O, dy),

w® (0)

_ (r.q) _
W(P“I)(a)ﬂ (a)v(a, dy) = D(a, dy),

—A(a)v(0, dy) +
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and its unique solution is
v(0, dy) = AN (H P9 (a)D(0, dy) + D(a, dy))

WPt (g)

(p-q)
W, PO W)+ H @D, dy)).

v(a, dy) = A—1<A(a)

Let us now study D(x, dy).
From (18), for y < 0, we have U (x, dy; 0) = {e®®* WP (—y) — WP (x — y)}dy for
x < a and then

D(x, dy) = E[e™"% Ex_[e" P00 U (X, -, dy; 00 75 < 77 1),
= (WP (=)A) = Eyle P By _[e” W00 WP(X - — )7y < g 1) dy.

Using Lemma 3 and B(x — y; a — y) = E [e % W(P+9 (X, — »)], with an explicit form
given by (24), we obtain

Ex[e_Pr‘:EXTQ— [e—(p+q)r0’ W(”)(X,O— - )ity < ‘L';_]]

-y
=B(x—y;a—y)—q/ Bx—y—za—y-2WP(2)dz
0

B(x; a)
Wt (g)
From (23), we deduce that

-y
(W<P+‘f)(a —y) - q/ WPt (a — y — WP (2) dZ)-
0

D(x, dy) ={W<P>(—y)Ex[ePfa‘ HPD(X )] = Blx —y;a—y)

-y
+q/ Bx—y—zia—y—2WP(2)dz
0

B(x; a)

-y
77 P+ (7 — vy — P+, — v (02)
W(,,+q)(a)(w @—y) —gq fo WD (a — y — WP (2)dz

_ W(p)(—y)ﬂ(p’q)(a)>} dy.

We easily compute B(h;a + h) = WPt () for h > 0 and then, using (2), we have

wrta) ()

DO, d) = s

-y
{W(P-HI)(a —y)— 6]/ W(P+q)(a —y - Z)w(P) (z)dz
0
_ W(p)(—y),%(p’q)(a)} dy.

Consequently, we have
B(x; a)

D(x, dy) — WD (0)

D(0, dy)
= {W””(—y)ﬂ«:x[e—!”a HPD(X )] = Bx —yia—y)

-y
+q/ B(x—y—z;a—y—z)W(”)(z)dz}dy
0
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and then, from (27) satisfied by v(x, dy), we deduce that
v(x, dy) = (0, dy) + pW P (=y) dy)Es[e™ "% #PD(X )]

- {B(x—y;a—y)—q/ B(x—y—z;a—y—z)W(”)(z)dz}dy.
0

Taking x = a in (28), we note that E,[e "% J{’(”'q)(Xra—)] = #(P9(a) — A. Then, using the
expression of the solution of the linear system, the expression of D(-, dy), and (25), we have

v(0, dy) + WP (—y)dy
= AN (HPD(a)D(0, dy) + D(a, dy) + AW (—y)dy)

-y
— AIW(p)(O){Jf(p’q)(a —y) = q/ Jf(P’q)(a —y— Z)W(p)(Z) dz} dy.
0

Introducing this value in the last expression of v(x, dy) and using (28), we have

v(x, dy)

={4W®@—@%@mw—w+3u—wa—w>
-y
+q/ WP (x —a)#PPa—y—2)+Bx—y—-za-y-)WP(@)d
0
+ A—lw(p)(o) <<;g(17,4)(a —y) —q /_y }g(pyq)(a —y— Z)W(P) (2) dZ)
0

« (Jf(”’q)(x) —q /x WP (x — 7) 3PP (7) dz) } dy.

a

From (24), we have
a
W(P)(x _ a)]((PJ{)(a) + B(x;a) = W(P)(x) + 61/ W(P)(x _ u)W(p+q)(u) du,
0
then we finally deduce that, for y < 0,

a—y
v(x, dy) = {—W(p)(x —y) - q/ WP (x —y —u)WPHD () du
0

.
+q/ (W@@—y—@
0

a—y—z
" q/ WP (x =y — 7 — ) WP+ () du) WP (2)dz
0

—y

y
+ A lw® (0) (]((P,q)(a —y) - 6]/ W(P)(Z)C;g(P,t])(a —y—2) dz)
0

x <J€(P’li)(x) —q fx WP (x — )P (2) dz) } dy.

Introducing the value of A given by (26) and noting that the function ‘W9 satisfies the
relations
WD (x = y) = WD (x - y),
and, if y > a then it is also equal to W) (x — y), Theorem 1 is proved for any y € R when X
is a process of BV. ]
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Proof of Theorem 1 when X is of UBV. We follow the argument of [14] to extend the result
to SNLPs with paths of UBV.

The proof uses an approximation argument for which we need to introduce a sequence
(X™),>1 of SNLPs of BV. To this end, suppose that X is a SNLP having paths of UBV, with
Lévy triplet (y, o, IT). Set, for each n > 1, the SNLP X" = {X}', ¢+ > 0} with Lévy triplet
(y, 0, IT"), where

1" (d0) := 1ig=1/n) T1(d0) + 02n>81/,(d6)

w1th S1/n (d9) standing for the Dirac point mass at 1/n. Note that X" has paths of BV with drift
=y + f 1/n 6T1(d9) + o>n?, which means that c may be negative for small n. Note that
X" is a true SNLP when n is large enough n. By Bertoin [2, p. 210] , X" converges a.s. to X
uniformly on compact time intervals. We denote by W,”’ the p—scale function corresponding
to the SNLP X”. We also introduce ,, the Laplace exponent and &, its right-inverse of X",
with the convention inf @ = oo.
From the result for BV processes, we have, for y > 0,

o
/ e P'E, [~ o 1o (XD ds. X! e dyldt
0

_ e_an(P)ﬂ(%lgp’q)(x) —q fax W’Ep)(x _ Z)J{}EP#)(Z) dZ)
Ilfr/l(q)n(p)) + q f(;l e_an(P)ZJ(’gp’q)(Z) dZ

(P.q) IR »
x {ﬂn”*q (a—y)— / Ha" V(@ —y—2W," (z)dz}dy
(r.q) (p q) _ (p)
{Wn x— a(x y) / n x— a(x Z) Wa (Z) dZ} dy (29)

with
a
WD (x) := WP (x) — ¢ / WPt (x — )W (2) dz
0

and
X
HPD (x) 1= PP [1 +q / e My P (o) dz].
0

Our aim is to let n — 00 on both sides of (29).

By Bertoin [2, p. 210] , X" converges a.s. to X uniformly on compact time intervals, i.e.
for all 7 > 0, limy— 0 SUPseio () | Xy — Xs| = 0 Py-as. Let f be a real-valued continuous
and bounded function. Therefore, e 74 Jo 0.0 (X§ )dsf(X") converges to e 7 Jolo.w(Xs)ds f(X)
a.s. Since e~/ 10, “>(Xn)dvf(X”) is bounded, it is easy to show that the left-hand side of (29)
converges to the desired expression.

Let us now study the convergence of the right-hand side of (29) when n — oco. The Laplace
exponent v, of X" converges to the Laplace exponent ¥ of X, which implies that ®,, and v,
converge to ® and v/, respectively. It also means via (1) that the Laplace transform of W,” P
converges to the Laplace transform of W, and thanks to the continuity theorem of Laplace
transforms, W, () (x) > WP (x) forall x € R and p > 0. Finally, since all the functions
involved are continuous and since we cons1der compact sets, using the dominated convergence
theorem on the definition of ’Wnpaq) and ¢, (p.a) , we deduce the convergence of 'Wn[;q and
PP 1o WP and 379, respectively, when 71 — c. O
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