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1

Introduction to Lévy Processes

Lévy processes, i.e. processes in continuous time with stationary and inde-
pendent increments, are named after Paul Lévy: he made the connection with
infinitely divisible distributions (Lévy—Khintchine formula) and described
their structure (Lévy—-It6 decomposition).

I believe that their study is of particular interest today for the following
reasons

e They form a subclass of general Markov processes which is large enough
to include many familiar processes such as Brownian motion, the Poisson
process, Stable processes, etc, but small enough that a particular member
can be specified by a few quantities (the characteristics of a Lévy process).

e In a sense, they stand in the same relation to Brownian motion as general
random walks do to the simple symmetric random walk, and their study
draws on techniques from both these areas.

e Their sample path behaviour poses a variety of difficult and fascinating
questions, some of which are not relevant for Brownian motion.

e They form a flexible class of models, which have been applied to the study
of storage processes, insurance risk, queues, turbulence, laser cooling, ...
and of course finance, where the feature that they include examples having
“heavy tails” is particularly important.

This course will cover only a part of the theory of Lévy processes, and will
not discuss applications. Even within the area of fluctuation theory, there are
many recent interesting developments that I won’t have time to discuss.

Almost all the material in Chapters 1-4 can be found in Bertoin [12].
For related background material, see Bingham [19], Saté [90], and Saté [91].

1.1 Notation

We will use the canonical notation, and denote by X = (X;,t > 0) the
co-ordinate process, i.e. X; = X;(w) = w(t), where w € 2, the space of real-
valued cadlag paths, augmented by a cemetery point i, and endowed with
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the Skorohod topology. The Borel o-field of {2 will be denoted by F and the
lifetime by ¢ = ((w) = inf{t > 0: w(t) = ¥}.

Definition 1. Let P be a probability measure on (§2,F) with P(( = o0)
= 1. We say that X is a (real-valued) Lévy process for (£2, F,P) if for every
t > s >0, the increment Xy s — Xy is independent of (X,,0 < u < t) and
has the same distribution as X;.

Note that this forces P(Xy = 0) = 1; we will later write P, for the measure
corresponding to (x + X, t > 0) under P.

(Incidentally the name Lévy process has only been the accepted termino-
logy for approximately 20 years; prior to that the name “process with station-
ary and independent increments” was generally used.)

From the decomposition

X1=X;+(Xz—Xi)+~-~+(X%—Xﬂ)

it is apparent that X; has an infinitely divisible distribution under P. The
form of a general infinitely divisible distribution is given by the well-known
Lévy—Khintchine formula, and from it we deduce easily the following result.

Theorem 1. Let X be a Lévy process on (12, F,P); then
E(expiAXy) = e N E>0,1 R,

where, for some real vv,o and measure II on R — {0} which satisfies

/Oo (22 A1} (dr) < o0, (1.1.1)

2 0o
U(A) = —iyA + %)\2 +/ {1- e 4 iINTL |z <1 } 1T (d). (1.1.2)
— 00

¥ is called the Lévy exponent of X, and we will call the quantities -
the linear cefficient, o the Brownian coefficient, and I the Lévy measure of
X : together they constitute the characteristics of X. There is an existence
theorem: given real -y, any o > 0 and measure IT satisfying (1.1.1) there is
a measure under which X is a Lévy process with characteristics v, ¢ and
II. There is also a uniqueness result, as any alteration in one or more of the
characteristics results in a Lévy process with a different distribution.

Examples

e The characteristics of standard Brownian motion are v = 0,0 = 1, Il =0,

and W(\) = A%
e The characteristics of a compound Poisson process with jump rate ¢ and

step distribution F' are

’yzc/ xF(dx),o0 =0, II(dx) = cF(dx),
{lz[<1}

and ¥(\) = ¢(1 — ¢(\)), where ¢(0) = [*_e**dF ().

oo
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e The characteristics of a Gamma process are
y=c(l—et),0=0,II(dx) = cx_le_zl{gwo}dx,

and ¥(\) = clog(1 —i\).
e The characteristics of a strictly stable process of index o € (0,1)y(1,2)

are
crx~ dz ifx >0,

~ arbitrary, o = 0, II(dz) = e |z ldzif z < 0.

Ifa#1, cy >0 and c_ >0 are arbitrary, and
U(A) = c|A\|* {1 — iBsgn(N) tan(ma/2)} — iy .

Ifa=1 ¢ =c_ >0, and U(A) = ¢|A| — iy]; this is a Cauchy process
with drift.

Note that there is a fairly obvious generalisation of Theorem 1 to RY, but
we will stick, almost exclusively, to the 1-dimensional case.

The first step to getting a probabilistic interpretation of Theorem 1 is to
realise that the process of jumps,

A= (At,t Z O) where At = Xt — Xt_,

is a Poisson point process, but first we need some background material.

1.2 Poisson Point Processes

A random measure ¢ on a Polish space F (this means it is metric-complete
and separable) is called a Poisson measure with intensity v if

1. v is a o-finite measure on F;

2. for every Borel subset B of E with 0 < v(B) < oo, ¢(B) has a Poisson
distribution with parameter v(B); in particular ¢(B) has mean v(B);

3. for disjoint Borel subsets By, - - - B, of F, the random variables ¢(B1), - - -,
¢(By) are independent.

In the case that ¢ := v(E) < o0, it is clear that we can represent ¢ as a sum
of Dirac point masses as follows. Let y1, 2, -+ be a sequence of independent
and identically distributed E-valued random variables with distribution ¢~ 'v,
and N an independent Poisson-distributed random variable with parameter

c; then we can represent ¢ as

N

¢ = 0y,

1

where ¢, denotes the Dirac point mass at y € E. If v(E) = oo, there is a
decomposition of E into disjoint Borel sets Eq, Es,-- -, each having v(Ej)
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finite, and we can represent ¢ as the sum of independent Poisson measures ¢;
having intensities v1g,, each having the above representation, so again ¢ can
be represented as the sum of Dirac point masses.

To set up a Poisson point process we consider the product space E x [0, 00),
the measure = v x dx, and a Poisson measure ¢ on F x [0, 00) with intensity
w. It is easy to check that a.s. ¢(E x {t}) =1 or 0 for all ¢ > 0, so we can
introduce a process (e(t),t > 0) by letting (e(t),t) denote the position of the
point mass on E x {t} in the first case, and in the second case put e(t) = &,
where ¢ is an additional isolated point. Then we can write

¢ = Z O(e(),t)-

>0
The process e = (e(t),t > 0) is called a Poisson point process with character-
istic measure v.

The basic properties of a Poisson point process are stated in the next
result.

Proposition 1. Let B be a Borel set with v(B) < oo, and define its counting
process by

NP =#{s<t:e(s) € B} = ¢(B x [0,1]), t >0,
and its entrance time by
Tp =inf{t > 0:e¢(t) € B}.
Then
(i) NB is a Poisson process of parameter v(B), which is adapted to the
filtration G of e.
(i) Tg is a (Gi)-stopping time which has an exponential distribution with

parameter v(B).
(iii) e(Tg) and Tp are independent, and for any Borel set A

I/(AQB)
P(e(T) A= ——.
(e(Tp) € 4) = "5
(iv) The process €' defined by €'(t) = & if e(t) € B and €'(t) = e(t) otherwise
is a Poisson point process with characteristic measure vlge, and it is
independent of (Tg,e(Tg)).

The process (e(t),0 < t < Tp) is called the process stopped at the first
point in B; its law is characterized by Proposition 1.

If we define a deterministic function on E x [0,00) by H(y) =
15y (t1,t2)(y, 1) it is clear that

E( > Hyet) | = (t2 — t1)v(B);

0<t<oo

this is the building block on which the following important result is based.
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Proposition 2. (The compensation formula) Let H = (Hy,t > 0) be
a predictable process taking values in the space of nonnegative measurable
functions on E;{&} and having Hi () = 0. Then

E( > Hilet) :E(/Ooodt/EHt(y)y(dy)>.

0<t<o0o
A second important result is called the exponential formula;

Proposition 3. Let f be a complex-valued Borel function on E {{} with
f(&) =0 and

/ 11— e/ W|u(dy) < cc.
B

Then for anyt >0

E | exp Z fle(s)) = exp {t/E(l - ef(y))l/(dy)} .

0<s<t

1.3 The Lévy—-It6 Decomposition

It is important to get a probabilistic interpretation of the Lévy—Khintchine
formula, and this is what this decomposition does. Fundamentally, it describes
the way that the measure IT determines the structure of the jumps in the
process. Specifically it states that X can be written in the form

Xt =t +oBy + Y,

where B is a standard Brownian motion, and Y is a Lévy process which
is independent of B, and is “determined by its jumps”, in the following
sense. Let A = {A;,t > 0} be a Poisson point process on R x [0, 00) with
characteristic measure II, and note that since II{z : |z| > 1} < oo, then
Y e<i 1{ja,>13]|As| < 00 a.s. Moreover if we define

Y =3 1gaznds 120
s<t

then it is easy to see that, provided ¢ = II{z : |z| > 1} > 0, (Yt(2),t > 0)
is a compound Poisson process with jump rate ¢, step distribution F(dx) =
c T (dr)1fz>1) and, by the exponential formula, Lévy exponent

v@()) :/>1{1_em}n(dx).

It
I /(1 A )T (dz) < oo, (1.3.1)
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then, by considering the limit of > __, 11.<|a,|<1} |Qs| as € | 0, we see that

Z 1{a, <13 |As] < 00 a.s. for each ¢ < oo,
s<t

and in this case we set Y; = Yt(l) + Yt(z), where

v = > Adga<, t =0,

s<t

is independent of Y'(?). Clearly, in this case Y has bounded variation (on each
finite time interval), and it’s exponent is

v ()) /<1{1em}n(daz).

In this case we can rewrite the Lévy—Khintchine formula as
2
() = —ioA + TN + D) + 0O (),

where § = v — flr\<1 aII(dx) is finite, and the Lévy-It6 decomposition takes

the form
X, =0t+oB+Y,V Y2 >0, (1.3.2)

where the processes B, Y1) and Y(?) are independent. The constant § is called
the drift coefficient of X.

However, if I = oo then a.s. > _,|As| = oo for each ¢t > 0, and in this
case we need to define Y (V) differently: in fact as the a.s. limit as € | 0 of the
compensated partial sums,

Ye(,P = Z Lecja, <134 — t/ Il (dx).

s<t e<|z|<1

It is clear that {YE(’P, t > 0} is a Lévy process, in fact a compensated compound

Poisson process with exponent
v () = / {1— ™ +iAe} (g <1y [T (du),

and hence a martingale. The key point, (see e.g. [12] p14), is that the basic
assumption that [(1 A z?)II(dz) < oo allows us to use a version of Doob’s
maximal inequality for martingales to show that the limit as € | 0 exists, has
stationary and independent increments, and is a Lévy process with exponent

oo
v\ = / {1 — e 4 iAz} 1 (g <1y T (d).
—00
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In this case the Lévy—Ito6 decomposition takes the form
X, =yt+0B+YV +v? t>0, (1.3.3)

where again the processes B,Y ") and Y are independent.

Since Y2 has unbounded variation we see that X has bounded variation
<= o0 = 0 and I < oo. All the examples we have discussed have bounded
variation, except for Brownian motion and stable processes with index € (1, 2).

To conclude this section, we record some information about the asymptotic
behaviour of the Lévy exponent.

Proposition 4. (i) In all cases we have

v(\) o2

|)\\13100 )\2 2
(i) If X has bounded variation and drift coefficient 9,

E40))

= —id.
A—oo A !

(i1i) X is a compound Poisson process if and only if ¥ is bounded.

(Note that we reserve the name compound Poisson process for a Lévy
process with a finite Lévy measure, no Brownian component and drift coeffi-
cient zero.)

1.4 Lévy Processes as Markov Processes

It is clear that any Lévy process has the simple Markov property in the
stronger, spatially homogeneous form that, given X; = =z, the process
{X¢1s,8 > 0} is independent of { X, v < t} and has the law of {z+ X, s > 0}.
In fact

e a similar form of the strong Markov property also holds. In particular this
means that the above is valid if the fixed time ¢ is replaced by a first
passage time

Tp=inf{t >0: X; € B}

whenever B is either open or closed.

e It is also the case that the semi-group of X has the Feller property and
it turns out that the strong Feller property holds in the important special
case that the law of X; is absolutely continuous with respect to Lebesgue
measure.

e In these, and some other circumstances, the resolvent kernel is absolutely
continuous, i.e. there exists a non-negative measurable function u(? such
that
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v0f@) = [ B f(a)dt / 7 fe 4y )y,

0

where
P f(x) = B (f(X4))-

e The associated potential theory requires no additional hypotheses; in par-
ticular if we write X* = —X for the dual of X we have the following
duality relations. Let f and g be non-negative; then

/Ptf(x)g(x)da? = / f(x)Pfg(x)dx, t >0,
R R

and

[ v @@ = [ f@U gz, ¢ 0
R R

e The relation between X and X* via time-reversal is also simple; for each
fized t > 0, the reversed process {X_s— — X¢,0 < s <t} and the dual
process {X,0 < s <t} have the same law under P.

In summary; X is a “nice” Markov process, and many of technical prob-
lems which appear in the general theory are simplified for Lévy processes.
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Subordinators

2.1 Introduction

It is not difficult to see, by considering what happens near time 0, that a
Lévy process which starts at 0 and only takes values in [0,00) must have
o = II{(—00,0)} = 0, bounded variation and drift coefficient § > 0. Clearly
such a process has monotone, non-decreasing paths. These processes, which
are the continuous analogues of renewal processes, are called subordinators.
(The name comes from the fact that whenever X is a Lévy process and T is
an independent subordinator, the subordinated process defined by Y; = X7, is
also a Lévy process.) Apart from the interest in subordinators as a sub-class of
Lévy processes, we will see that they play a crucial role in fluctuation theory
of general Lévy processes, just as renewal processes do in random-walk theory.

2.2 Basics

For subordinators it is possible, and convenient, to work with Laplace trans-
forms rather than Fourier transforms. Since

(o)
/ (IAz)I(dx) < o0, (2.2.1)
0
we can write the Lévy exponent in the form
W(N\) = —idA +/ {1 — e} (dx),
0

and it is clear from (2.2.1) that the integral converges on the upper half of
the complex A plane. So we can define the Laplace exponent by

D(\) = —logE{e 1} = @(i\) = A + /00(1 —e M) (dz), (2.2.2)
0
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and have
E(e~**) = exp{—t®(\)}, A > 0.

It is also useful to observe that, by integration by parts, we can rewrite (2.2.2)
in terms of the Lévy tail, IT(x) = IT{(z,00)}, as

@ =6+ /000 II(x)e da. (2.2.3)

A further integration by parts gives

(M)
)\2

_ / T e (5 4 I(2)} da, (2.2.4)
0

where I(z) = [ II(y)dy denotes the integrated tail of the Lévy measure.

One reason why subordinators are interesting is that they often turn up
whilst studying other processes: for example, the first passage process in
Brownian motion is a subordinator with § = 0 and II(dz) = cx’%l{ww}d:r,
PN = ¢/\*. This is a stable subordinator of index 1/2. For a € (0,1) a
stable subordinator of index « has Laplace exponent

co > A\
PN =c\ = ——— 1—e M)z,
™ i | a=e)
The c here is just a scale factor, and the restriction on o comes from condition
(2.2.1). Poisson processes are also subordinators, and the Gamma process we
met earlier is a representative of the class of Gamma subordinators. These
have

DN\ =alog(1+b71N\) = / (1— e )az e " da;
0

where a,b > 0 are parameters. (The second equality here is an example of the
Frullani integral: see [20], Section 1.6.4.) This family is noteworthy because
we also have an explicit expression for the distribution of X, viz

bat
P(X; € dx) = mm‘“_le—bwdm

2.3 The Renewal Measure

Just as in the discrete case, an important object in the study of a subordi-
nator is the associated renewal measure. Because X is transient, its potential
measure

U(dz) =E (/ l{Xtedx}dt> :/ P(X, € dx)dt
0 0

is a Radon measure, and its distribution function, which we denote by U(x),
is called the renewal function of X. If T}, = T{, ) we can also write



2.3 The Renewal Measure 11
U(z) = U([0, z]) = ET. (2.3.1)

Let us first point out why the name is appropriate.

Lemma 1. Let Y = X, where e is an independent, Exp(1) random variable,
and with Y1,Ys -+ independent and identically distributed copies of Y, put
So =0 and S, = Y.1'Y; forn > 1. Write V for the renewal function of the
renewal process S, viz V(x) = Yo" P(Sn < ). Then

V() =1+U(z), z>0.

Proof. Since

E(e ) = /0 /0 e e 'P(X, € drx)dt
oo

1
_ —t —té()\)dt _
/0 € 1+ 30\

we see that

[ — (1 — E(e= Y1 — RE
/0 eV (dz) = (1 - E( ) 1+¢(/\).

oo (oo} oo
/ e MU(dx) = / e A / P(X; € dx)dt
0 0 0

1
= e PNt = — .
/0 D(N)

But

This tells us that asymptotic results such as the Renewal Theorem have
analogues for subordinators: note in this context that Y has the same mean as
X1. Also, it is easy to see that, in essence, we don’t need to worry about the
difference between the lattice and non-lattice cases: the only time the support
of U is contained in a lattice is when X is a compound Poisson process whose
step distribution is supported by a lattice. If X is not compound Poisson, then
the measure U is diffuse, and U(z) is continuous; this is also true in the case
of a compound Poisson process whose step distribution is diffuse, except that
there is a Dirac mass at zero.

Another property which goes over to the continuous case is that of subaddi-
tivity, since the useful inequality

Ul+y) <U(z)+U(y), z,y >0,

can be seen directly from (2.3.1). The behaviour of U for both large and small
x is of interest, and in this the following lemma, which is slightly more general
than we need, is useful.
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Lemma 2. Suppose that for A >0

JA) = A /0 N e MW (y)dy = /0 h e YW (y/\)dy, (2.3.2)

where W is non-negative, non-decreasing, and such that there is a positive
constant ¢ with
W (2z) < cW(x) for all 2 > 0. (2.3.3)

Then
W(z) = f(1/x), (2.3.4)

where = means that the ratio of the two sides is bounded above and below by
positive constants for all x > 0.

Proof. Tt is immediate from (2.3.2) that for any & > 0, A > 0,

W k/A) = W (k/A) /k T evdy < o /k T e IW /Ny < £V, (2.3.5)

and with & = 1 this is one of the required bounds. Next, condition (2.3.3)
gives

oo

f(0\/2) = / YW (2y/N)dy < ¢ / YW (y/N)dy = cf (V).
0 0
Using this and rewriting (2.3.5) as

W(y/A) = W((y/2)/(A/2) < "2 f(A/2)

gives, for any x > 0,

FO < W [ evdy+ ) [ ety

= (1 —e )W (x/\) 4+ 2f(\/2)e"*/?
< (1 —e )W (z/N) + 2cf(N)e /2.

Assuming, with no loss of generality, that ¢ > 1/4, and choosing x = xg :=
2log 4c and an integer ng with 2™ > x5 we deduce, using (2.3.3) again, that

1
< I < 9200 [
f()\)2<1 1602) W(zo/N\) < 2c (1 1602) W (1/N),
and this is the other bound. [ |

For some applications, it is important that the constants in the upper
and lower bounds only depend on W through the constant ¢ in (2.3.3). For
example, when ¢ = 2, as it does in the special case that W is subadditive,
we can take them to be 8/63 and e.
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Corollary 1. Let X be any subordinator, and write I(x) = fom I (y)dy. Then

- 1
T (1))

P
U(x) and Sj) ~1(1/x)+94.
Proof. Recall (2.2.4) and the fact that [~ e **U(z)dz = \/¢(\) and check
that the conditions of the previous lemma are satisfied. |

These estimates can of course be refined if we assume more. If either of U
or @ is in RV («) (i.e. is regularly varying with index «; see [20] for details)
with a € [0, 1] at 0+ or oo, then the other is in RV («) at oo, respectively 0+;

in fact .
I'l+a)U(z) ~ W

Similarly we have
I'2—a){I(z)+0} ~azd(l/x),

and moreover when this happens with < 1, the monotone density theorem

applies and

r(l—a)l(z) ~ m

2.4 Passage Across a Level

We will be interested in the undershoot and overshoot when the subordinator
crosses a positive level x, but in continuous time we have to consider the
possibility of continuous passage, i.e. that T}, is not a time at which X jumps.
We start with our first example of the use of the compensation formula.

Theorem 2. If X is a subordinator we have
(i) for0<y <z andz >z

P(Xr,— € dy, X1, € dz) =U(dy)II(dz — y) :
(ii) for every x > 0,
P(XTQ— <T= XT;D) =0.

Proof. (i) Recall that the process of jumps A is a Poisson point process on
Rx[0, 00) with characteristic measure IT, so

P(Xr,- €dy, X7, €dz) =E Z Lix, cdy,x,cdz)
>0

=E Z 1(Xt_€dy,At€dZ*y)
>0
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=/ dtE (1(Xt_edy)/ H(dS)l(sedz—y)>
0 — o0

- /0 T AP(X, € dy)TT(dz — y) = U(dy)IT(d= — ).

(ii) The statement is clearly true if X is a compound Poisson process, since
then the values of X form a discrete set, and otherwise we know that U is
diffuse. In this case the above argument gives

P(Xrp <= X)) = /[ U ) =0,

since IT({z}) = 0 off a countable set. |

Observe that a similar argument gives the following extension of (i):
t
P(Xr,_ €dy, X1, €dz,T, <t)= / P(X; € dy)dsII(dz — y).
0

From this we deduce the following equality of measures:

P(Xp,_ € dy, X7, € dz, T, € dt) = P(X; € dy)II(dz — y)dt
for0<y<z,z>zandt>0.

Part (ii) says that if a subordinator crosses a level by a jump, then a.s.
that jump takes it over the level.

It turns out that the question of continuous passage (or “creeping”) of a
subordinator is quite subtle, and was only resolved in [58], and we refer to
that paper, [22] or [12], Section III1.2 for a proof of the following.

Theorem 3. If X is a subordinator with drift §,

(i) if 6 = 0 then P(Xp, = ) =0 for all z > 0,
(ii) if § > 0 then U has a strictly positive and continuous density u on (0, c0),

P(Xr, = z) = du(zx) for all z > 0, (2.4.1)

and lim, o u(x) = 1/96.
Parts of this are easy; for example, by applying the strong Markov property
at time T, we get

U(dw) = / U(dw — 2)P(Xr, € dz), w >z,
[z, w]
and taking Laplace transforms gives

/ e MU (dw) = / e MU (dw) / e MP(Xr, € dz)
[z,00) [0,00)

[x,00)
E(e=M12)
P(N)
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This leads quickly to

00 R (251 =) g — M

and since, by Proposition 4, Chapter 1, \™'®(\) — & as A\ — oo, we arrive at
the conclusion that

oo 6 o0
e P(X :xdx:—:cs/ e”*U(dx).
If 6 = 0 this tells us that P(X7, = z) = 0 for a.e. Lebesgue z. Also, if § > 0,
then a simple Fourier-analytic estimate shows that U is absolutely continuous,
and hence statement (2.4.1) holds a.e. The proof of the remaining statements
n [12], Section III.2 is based on clever use of the inequalities:

IP(XTIer =x + y) > ]P)(‘XVTz = x)]ID(XTy =
P Xy, =zxz+y) <P(Xp, = x)]P’(XTy =y)+1-P( X, =x).

x+y x

Further results involving creeping of a general Lévy process will be
discussed in Chapter 6.

2.5 Arc-Sine Laws for Subordinators

Our interest here is in the analogue of the “arc-sine theorem for renewal
processes”, see e.g. [20], Section 8.6. Apart from the interest in the results for
subordinators per se, we will see that, just as in the case of random walks, it
enables us to derive arc-sine theorems for general Lévy processes.

Note that the the random variable  — X7, _, which we have referred to as
the undershoot, is the analogue of the quantity referred to in Renewal theory
as, “unexpired lifetime” or “backward recurrence time”, but we will phrase
our results in terms of X7 _. First we use an argument similar to that leading
to (2.4.2) to see that

* CAXp ?(q)
e E (e M) dp = ——
/0 ( ) q®(q+ M)

and hence, writing A;(x) = 271 X (T}, —)

[ a - GrSm

Now if X is a stable subordinator with index 0 < a < 1, we see that the
right-hand side does not depend on z, and equals ¢®~!(g+ \)~. By checking

that . Y )
© a—lt _g)~@
B*Qt\/ 67)\55 ds = qozfl(q+ )\)7(1
/0 0 F()I(1-a)
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we see that for each ¢t,2 > 0, A:(x) 2 A(1) 2 A1(1), and this last has the
generalised arc-sine law with parameter a. As a general subordinator X is in
the domain of attraction of a standard stable subordinator of index «a (i.e.
3 a norming function b(t) such that the process {X;s/b(t),s > 0} converges
weakly to it), as t — oo or t — 0+, if and only if its exponent ¢ € RV («) (at
0 or oo, respectively), the following should not be a surprise. For a proof we
again refer to [12], Section IIL.3.

Theorem 4. The following statements are equivalent.

(i) The random variables x=1X(T,—) converge in distribution as x — oo
(respectively as x — 0+ ).
(i) lim 2 1E(X(T,—)) = a € [0,1] as * — oo (respectively as x — 0+ ).
(i1i) The Laplace exponent ® € RV (a) (at 0 or oo, respectively) with a € [0, 1].

When this happens the limit distribution is the arc-sine law with parameter
aif 0 < a <1, and is degenerate at 0 or 1 if « =0 or 1.

2.6 Rates of Growth

The following fundamental result shows that strong laws of large numbers
hold, both at infinity and zero.

Proposition 5. For any subordinator X

lim At % EX; = 5+/ I(z)dx < oo, lim — = §>0.

t—oo 0

Proof. The first result follows easily by random-walk approximation, and the
second follows because we know from lim;_g4 t@(N\/t) = 6 that we have
convergence in distribution, and ([12], Section II1.4) we can also show that
(t71X;,t > 0) is a reversed martingale. [ |

There are many results known about rates of growth of subordinators,
both for large and small times. Just to give you an indication of their scope I
will quote a couple of results from [12], Section III.4.

Theorem 5. Assume that 6 =0 and h : [0,00) — [0,00) is a non-decreasing
function such that t=1h(t) is also non-decreasing. Then

lim su ﬁ*oo a.s
v A0 B

if and only if
1
/ I (h(z))dz < oo,
0
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and if these fail,

X
lim —~ =0 a.s.
t—0+ h(t)
Notice that in the situation of this result, the limsup has to be either 0
or oo; this contrasts with the behaviour of the liminf, as we see from the
following.

Theorem 6. Suppose that & € RV () at oo, and @ has inverse ¢. Define

log | log t|

1) = $(t~"log |logt])’

0<t<1/e.
Then x
liminf —= = a(l — )=/ g, .

f(t)

There are exactly analogous statements for large ¢.

2.7 Killed Subordinators

It is important, particularly in connection with the ladder processes, to treat
subordinators with a possibly finite lifetime. In order for the Markov property
to hold, the lifetime has to be exponentially distributed, say with parameter k.
It is also easy to see that if X is such a subordinator, then it can be considered
as a subordinator X with infinite lifetime killed at an independent exponential
time, and that the corresponding exponents are related by

B(\) =k +B(N\), A > 0.

So the characteristics of a (possibly killed) subordinator are its Lévy mea-
sure I, its drift coefficient ¢, and its killing rate k£ > 0.
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Local Times and Excursions

3.1 Introduction

A key idea in the study of Lévy processes is that of “excursions away from
the maximum”, which we can also describe as excursions away from zero of
the reflected process

R=S5—X, where S; =sup{0V X;;0 <s <t}.

Now it can be shown that R is a strong Markov process, (see [12], p. 156),
so the natural way to study its zero set is through a local time. So here we
briefly review these concepts for a general Markov process M. It is easy to
think of examples where such a process, starting from 0,

(i) does not return to 0 at arbitrarily small times;
(ii) remains at 0 for a positive time; or
(iii) leaves 0 instantaneously but returns to 0 at arbitrarily small times.

We have to treat these three cases separately, but the third case is the
most interesting one.

3.2 Local Time of a Markov Process

Let (£2/,G,P) be a probability space satisfying the usual conditions and
M = (M;,t > 0) a process taking values in R with cadlag paths such that
P(My = 0) = 1. Suppose further there is a family (P,,z € R) of probability
measures which correspond to the law of M starting from x, for which the
following version of the strong Markov property holds:
For every stopping time T < oo, under the conditional law

P(:|Mr = x), the shifted process (Mpit,t > 0) is independent of Gr and has
the law P.
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This entails the Blumenthal zero—one law, so the o-field Gy is trivial, and
we can formalise the trichotomy referred to above as follows. We know that
rp :=inf{t > T : M; = 0} is also a stopping time when T is, in particular the
first return time rg is a Go-measurable stopping time, so P(rg = 0) is 1 or 0.
We say that 0 is regular or irregular (for 0) according as it is 1 or 0. In the
regular case we introduce the first exit time s; = inf{t > 0 : M; # 0}, which
is also a Gg-measurable stopping time, and we say that 0 is a holding point
if P(s; =0) =0, and an instantaneous point if P(s; =0) = 1.

3.3 The Regular, Instantaneous Case

There are several different approaches to the construction of local time; here
I outline the direct approach based on approximations involving the numbers
of excursion intervals of certain types given in [12], Section IV.2.

The zero set of M, Z = {t : M; = 0} and its closure Z play central réles.
Z is an example of a regenerative set; informally this means that if we take
a typical point of Z as a new origin the part of it to the right has the same
probabilistic structure as Z, and is independent of the part to the left.

An open interval (g,d) with My # 0 forall g <t <d, g € Z and d €
Z{oo} is called an excursion interval; these intervals are also those that
arise in the canonical decomposition of the open set [0,00) — Z .

Let l,,(a), gn(a) and d,,(a) denote the length, left-hand end-point and right-
hand endpoint of the nth excursion interval whose length exceeds a, and
introduce a non-increasing and right-continuous function i to describe the
distribution of lengths of excursions by

v J1/P(li(a) > ¢)ifa<c,
Ala) = { P(li(c) > a) ifa>c

Here ¢ has been chosen so that P(l;(a) > ¢) > 0 for all a < ¢, which is always
possible. Let

Ny (t) = sup{n : gn(a) < t},

which is the number of excursions with length exceeding a which start before ¢.
Then the main result is

Theorem 7. The following statements hold a.s.

(i) For allt >0, N,(t)/Ti(a) converges as a — 0+; denote its limit by L(t).
(i) The mapping t — L(t) is increasing and continuous.
(iii) The support of the Stieltjes measure dL is Z.
Also
(iv) L is adapted to the filtration G.
(v) For every a.s. finite stopping time T with Mt = 0 a.s., the shifted process
{(Mrp4e, L(T +t)— L(T)),t > 0} is independent of Gr and has the same
law as (M, L) under P.
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(vi) If L' is any other continuous increasing process such that the support of
the Stieltjes measure dL' is contained in Z, and which has properties (iv)
and (v), then for some constant k > 0 we have L' = kL.

The proof actually works by looking at the convergence of the ratio
Ny (di(w))/fi(a), and a byproduct of the proof is that

L(d;y(w)) is Exp(fi(u))distributed and independent of I; (u). (3.3.1)

If the set Z[0,¢] has positive Lebesgue measure, then the Lebesgue measure
of this set would satisfy conditions (iv) and (v) of Theorem 7, and this is
consistent with:

Corollary 2. There exists a constant § > 0 such that, a.s.

t t
/0 1, —0yds = /0 1i,ezyds = 0L(t) for allt > 0. (3.3.2)

Next we see the relevance of subordinators in this setting. We study L via
its right continuous inverse

L7Yt) = inf{s > 0: L(s) > t};

note that
L7 (t—) = li%l L7Y(s) = inf{s > 0: L(s) > t}.

It can be shown that these are both stopping times, that the process L~! is
adapted to the filtration {G-1¢;);t > 0}, and that

LY (L(t)) = inf{s >t : M, = 0},
L™ (L(t)-) = sup{s < t: M =0}

coincide with the left and right-hand end-points of the excursion interval
containing ¢.

Since we have constructed the process by approximation, and in the dis-
crete case the analogue of L is the process which counts the number of returns
to 0 by time ¢, the inverse of which is a renewal process, the following result
is very natural.

Theorem 8. The inverse local time process L1 = (L71(t),t > 0) is a (pos-
sibly killed) subordinator with Lévy measure u, drift coefficient §, and killing
rate Ti(00). Its exponent is given by

D(N) =Ti(00) + A (6 + /Ooo e‘”u(x)dx) :

where fi(z) = p{(x,00)}.
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The main steps in the proof of this when 7i(co) = 0 are

e The shifted process M = {Mp-14)4s,5 > 0} has local time given by
L(s) = L(L™(t) + s} — t, and hence

L Ys)=L Y (t+s)— L7L(t).

This implies that L~! is a subordinator.

e We can identify the Lévy measure of this subordinator with p by using
(3.3.1).

e The jumps in L~! correspond to the lengths of the excursion intervals, so
L=1(t) is the sum of the lengths of the excursions completed by local time
t plus the time spent at 0, so by (3.3.2),

L7(t)
L7Y(t) = /O Liezyds+ Y AL7Y(s)
=0L(L7'(t) + > _ AL7'(s)

=0t+ Y AL7(s).

s<t
This identifies the drift as 4.

It is not difficult to see that the case of a killed subordinator, when
Ti(o0) > 0, corresponds exactly to the case that 0 is transient, so there exists
an excursion of infinite length, and the case fi(co) = 0 corresponds exactly to
the case that 0 is recurrent.

Finally it should be remarked that subordinators, inverse local times for
Markov processes, and regenerative sets are inextricably connected; for exam-
ple every subordinator is the inverse local time for some Markov process.

3.4 The Excursion Process

How can we describe the excursions away from zero of M, that is the pieces
of path of the form {M,4,,0 <t < d — ¢g}? These take values in excursion
space € = Ug»0E@, where

EW ={weR:¢>aand w(t)#0 forall 0 <t < (},

and ( is the lifetime of an excursion, which corresponds to d—g. The excursions
whose lifetimes exceed a > 0 clearly form an independent and identically
distributed sequence, and we can define a o-finite measure on £ by putting

n(-[¢ > a) = P{(My, (0)++,0 <t <li(a)) € -).
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One can check that n(¢ > a) = 7i(a), so for general A

n(4) = limAa)n(4C > a)

We can see that under n, conditionally on {w(a) = z,a < (}, the shifted
process {w(a +t),0 <t < ¢ — a} is independent of {w(¢),0 < t < a}, and
is distributed as {M;,0 < ¢t < ro} under P,. In particular the excursion
measure n has the simple Markov property.

Now we introduce the excursion process e = (e(t),t > 0), where we put
I(t) =L~ (t) — L7(t—) and

(Mp1 0 110,0 <5 < U0} 1) > 0,
e(”:{ e i 1(t) = 0,

and £ is an additional isolated point. The following result is essentially due to
Tt6 [56].

Theorem 9. (i) If 0 is recurrent, then e is a Poisson point process with
characteristic measure n.

(i) If 0 is transient, then {e(t),0 < t < L(co)} is a Poisson point process
with characteristic measure n, stopped at the first point in £ the set
of excursions of infinite length.

This allows us to use the techniques of Poisson point processes to carry out
explicit calculations; in particular we can rewrite the compensation formula as
follows. For every left-hand end-point g < oo of an excursion interval, denote
by ¢ = {My4+,0 <t < d— g} the excursion starting at time g. Consider a
measurable function F' : Ry x 2" x £ — [0,00) which is such that for every
e € &, the process t — Fy(e) = F(t,w',¢) is left- continuous and adapted.

Then
ZFg(gg) = ZFLfl(t)(et)l{tgL(oo)}
g t

and we deduce that

E <Z Fg(sg)> =E ( /O h dL(s) [ /g Fs(s)n(ds)D . (3.4.1)

For some examples of applying this result, see [12], p. 120.

3.5 The Case of Holding and Irregular Points

In the case of 0 being a holding point, things are much simpler, as there is a
sequence of exit/entrance times, 0 = 79 < s; < r1---, where r,, = inf{t >
Sn + My = 0}, s, = inf{t > r, : My # 0}. We have M;, # 0 a.s., and
s1 has an exponential distribution and is independent of the first excursion
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{Ms,++,0 <t <11 —s1}. On the event {r; < oo} we have M,, =0 a.s., and
we can repeat the argument to see that the zero set can be expressed as

Z = [7"0751)u[7"1782)u te

In this case we can take L(t) to be proportional to the occupation process,

t
L(t) = 5/ 1{MS:O}d57
0

where § > 0, and n to be a finite measure proportional to the law of the first
excursion of M, viz { My, ++,0 <t < r1—s1}. Then again L~ is a subordinator
(possibly killed) with drift coefficient ¢, and the excursion process is a Poisson
point process with finite characteristic measure n.

In the case that 0 is irregular it is clear the successive return times to 0
form a sequence r = {r,,n > 0} which is in fact an increasing random walk,
i.e. a renewal process. Again the process of excursions is an independent and
identically distributed sequence, and again we can take n to be a finite measure
proportional to the law of the first excursion of M. The natural definition of L
is as the process that counts the number of returns to 0, and then its inverse
would be r, which is a discrete time process. The solution to this problem is
to transform r by an independent Poisson process of unit rate, which leads to
the definition of L by

n(t)
L(t) = Zej, where n(t) = max(n : r, <t),
0

and ey, es, - -+ are independent unit rate Exponential random variables, inde-
pendent of M. Of course L is only right-continuous, and we have to augment
the filtration G to make L adapted, but with this definition L~ is again a
subordinator and the excursion process is again a Poisson point process.



4

Ladder Processes and the Wiener—Hopf
Factorisation

4.1 Introduction

It was shown by Spitzer, Baxter, Feller and others that the ladder processes
are absolutely central to the study of fluctuation theory in discrete time, and
we will see that the same is true in continuous time. However a first difficulty in
setting up the corresponding theory is that the times at which a Lévy process
X attains a new maximum do not, typically, form a discrete set. This means
that a basic technique in random-walk theory which consists of splitting a path
at the first time it takes a positive value, is not applicable. Also Feller showed
that Wiener—Hopf results for random walks are fundamentally combinatorial
results about the paths, and it doesn’t seem possible to apply such methods
to paths of Lévy processes.

In the early days the only way round these difficulties was to use very
analytic methods and/or random-walk approximation. But now, as far as
possible, we prefer to use sample-path arguments, excursion theory and local
time techniques: but it is impossible to avoid analytical methods altogether.

We will start with a short review of Wiener—Hopf factorisation for random
walks: more details can be found in Chapter XII of [47], or Section 8.9 of [20].

Most of the material in the rest of this Chapter is in Chapter VI of [12].

4.2 The Random Walk Case

Let Y1,Y5, -+ be independent and identically distributed real-valued random
variables with distribution F. The process S = (S,,n > 0) where Sy = 0
and S,, = Z? Y, for n > 1 is called a random walk with step distribution F.
In the special case that F((—o00,0)) =0, S is called a renewal process. For
convenience, we will assume that F' has no atoms, so that P{S,, = = for some
n > 1} = 0 for all x : this means we don’t have to distinguish between strong
and weak ladder variables in the following.
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Define 7= = (T;F,n > 0) and H* = (H,n > 0), where Hx = |Sy+| and
T =0, TniJr1 =min(r : £S, > HE), n > 0.

Each of these processes are renewal processes: the increasing and decreasing
ladder time and ladder height processes.

The connection between the distributions of these processes and F' is given
analytically by the following identity, which is due to Baxter. It is the discrete
version of Fristedt’s formula: see Theorem 10 in the next section.

1— B et ) =exp—Y %E(e“sn £ S, > 0). (4.2.1)
1

From this, and the analogous result for the decreasing ladder variables, the
discrete version of the Wiener—Hopf factorisation follows:

1—rB(e™) = [1 - rB(T eitHT )} [1 —rE@T MY (4.2.2)
These results have several immediate corollaries, some of which we list below.

e The Wiener—Hopf factorisation of the characteristic function is got by
putting r = 1 in (4.2.2):

1— B(e™) = [1 — B(etHT )] [1 — B(e~tH1)] . (4.2.3)

e Spitzer’s formula
1-— E(rTlJr) =exp — i ﬁP(Sn > 0)
—n

is the special case t = 0 of (4.2.1).

e 5, —00 = P(IT}f = 00) >0« Y "LP(S, >0) < oo, 5 &
00 <= P(T] =00) > 0<= > 1" 1P(S, <0) < oc;
S oscillates<=> both T} and 7| are proper<=> both series diverge.

e In the case of oscillation, ET;" = T; = oo; if S,y “% oo then ET;" < oo,
and EH;" = ET|' EY; if E|Y3] < oo.

Remark 1. A simple proof of these results can be based on Feller’s lemma,
which is a purely combinatorial result. It says that if (0,81,82, - $p) is a
deterministic path based on steps y, = Sy — Sp—1, T = 1,2, -+ -n, then provided
sn > 0, in the set of n paths we get by cycically permuting the y's, there is
always at least one in which n is an increasing ladder time; moreover if there
are k such paths, then in each of them there are exactly k increasing ladder
times. From this we can deduce the identity

P(S, €dr) =1
"T = 21: EP(T; =n,H €dr), n>1,2>0, (4.2.4)
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and this is fully equivalent to (4.2.1). (See Proposition 8 in Chapter 5 for the
Lévy process version of (4.2.4).)

Finally, in this setting time reversal gives the following useful result, which
is often referred to as the duality lemma: let U*(dz) = 3.7° P(H;E € dx) be
the renewal measures of H¥, then

Ut(dz) =Y. P(Sy, € dx, T; > k). (4.2.5)
1
An immediate consequence of this is the relation
0
P(H} € dx) = / F(y+dx)U™ (dy); (4.2.6)

the Lévy process version of this has only been established recently: see
Theorem 16 in Chapter 5.

4.3 The Reflected and Ladder Processes

The crucial idea is to think of the set of “increasing ladder times” of X as the
zero set of the reflected process

R=S5—X, where S; = sup{0V X;;0 < s <t}

We have already mentioned that R is a strong Markov process, and that the
natural way to study its zero set is through a local time. So, whenever 0 is
regular for R, (i.e. X almost surely has a new maximum before time e, for
any € > 0) we write L = {L;,t > 0}, for a Markov local time for R at 0,
7 = L' for the corresponding inverse local time, and H = X (1) = S(1).
Then 7 and H are both subordinators, and we call them the (upwards) ladder
time and ladder height processes of X. In fact the pair (7, H) is a bivariate
subordinator, as is (7*, H*), the downwards ladder process, which we get by
replacing X by X* = —X in the above. (We are using subordinator here
in the extended sense; clearly if 0 is transient for R then 7 and H are killed
subordinators.) So the law of the ladder processes is characterized by

B (o re$90) = =09 05> 0,
where, by an obvious extension of the real-valued case, x has the form
oo oo
Ka.g) = ktnat oo+ [ [ {1m e} ydda)
o Jo
with k,n,§ > 0 and
/ / (x1a1)(an ) pp(dz1das) < oo.
o Jo

One of our aims is to get more information about this Laplace exponent.
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The connection between the distribution of the ladder processes and that
of X can be formulated in various ways. All of these relate the distribution
of a real-valued process to that of two processes taking non-negative values,
and so can be thought of as versions of the Wiener—Hopf factorisation for
X. The first of these is due to Pecherskii and Rogozin [79], who derived it
by random-walk approximation. Let G; = sup{s < t : S5 = X }. Then the
identity is ¢

T  LaO:A(=6,4), (4.3.1)

where
700 = [ g MB(S A0
0
= exp ( / dt / e (e M _)-1p(X, € dx}) : (4.3.2)
0 0

and ¥, denotes the analogous quantity for X*.

In a seminal paper Greenwood and Pitman [50] (see also [51]) reformu-
lated the analytic identity (4.3.1) probabilistically and gave a proof of (4.3.2)
using excursion theory. With e = e, being a random variable with an Exp(q)
distribution which is independent of X, they wrote it in the form

(e, Xe) L (Ge, Se) + (G2, =S, (4.33)

where the terms on the right are independent. This identity can be understood
as follows. Duality, in other words time-reversal, shows that

(6 - Ge7Xe - Se) (i) (G:,7 _52)7

and since (e — G, Xe — Se) is determined by the excursion away from 0 of R
which straddles the exponentially distributed time e, excursion theory makes
the independence clear.

In Section VI.2 of [12] these results are established in a different way. The
key points in that proof are:

a proof of the independence referred to above by a direct argument;
the fact that (e, X.) has a bivariate infinitely divisible law with Lévy
measure ¢~ le”?P(X,; € dx)dt, t > 0, z € R;

e the fact that each of (Ge, Se), (e — Ge, Xe — Se) has a bivariate infinitely
divisible law; write u, u* for their Lévy measures;

e the conclusion that

p(dt, dx) =t~ te 1"P(X, € dx)dt, t >0, x>0,
wr(dt,dr) =t~ e  "P(X, € dx)dt, t >0, z < 0.
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Then formula (4.3.2) follows from the Lévy-Khintchine formula, and
(4.3.1) follows by using (4.3.2), the analogous result for — X, and the Frullani
integral.

One of the few examples where the factorisation (4.3.1) is completely exp-
licit is when X is Brownian motion; then it reduces to

q V2q V2q

g+A+507 20+ N —if \/2(q+N) +if
Other cases where semi-explicit versions are available include the spectrally
one-sided case, which we will discuss in detail in Chapter 9, and certain stable
processes: see Doney [30].
If we remove the dependence on time by setting A = 0, we get the “spatial
Wiener—Hopf factorisation”:

xey = 4 _ *(_ — i0Se i0(Xe—Se)
]E(e )_q-HP(G)_qu’O)W’I( 970)—E(6 )E(e )7
(4.3.4)

and the corresponding temporal result is

B () = 0 =00, 090,0) =B (%) E (e (189

However most applications of Wiener—Hopf factorisation are based on the
following consequence of (4.3.2), which is due to Fristedt [48].

Theorem 10. (Fristedt’s formula) The exponent of the bivariate increasing
ladder process is given for o, 3 > 0, by

r(a, B) = cexp (/OOO /OOO (et — e = F") 7 IP{ X, € dx} dt) ,  (4.3.6)

where ¢ is a positive constant whose value depends on the normalization of
the local time L.

Proof. (From [12], Section VI.2.) The crucial point is that we can show that

0)
]E {6_(aGe+Bse)} — !p 2/6’ o) = K(q’ s 4.3.7
W= v a,B) 430
and then (4.3.6) follows by comparing with the case ¢ = 1 of (4.3.2). An
outline of the proof of (4.3.7) in the case that 0 is regular for R follows.
Because of this regularity X cannot make a positive jump at time G, so we
have Se = Sg, - a.s. and

]E{ef(aGeJrﬁSGE,)} _ 4K |:/°° eqte(aGt+ﬁSGt)dt:|
0

d
Ze_(“g'wsg*)/ qe_qtdt],
g

o0

=qE [/ 6“”1{R,,_o}e_(“”ﬁsf‘)dt} +E
0

g
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where > means summation over all the excursion intervals (g,d) of R. The
first term above is 0 unless the inverse local time 7 has a positive drift 7, in
which case, making the change of variable ¢t = 7,,, we see that it equals

qnE [ / eqte{at+ﬁst>dL(t)]
0

* et an
= qnE / e~ lleta) “*ﬁH")du] =
g |: 0 H(q—’_a?ﬁ)

Noting that
d d—g
/ ge” Ut = e’qg/ ge”Tdt = e 799 (1 — e79°),
g 0

we can use the compensation formula to write the second term as

" e85, gr )| (1 - ey = M=)
EUU g dL(t)} (- = Mo,

where n is the excursion measure of R and ( = d — g the lifetime of the
generic excursion. (Note we are using the standard abbreviation n(f) for
J¢ f(e)n(de).) Since we know that the Laplace exponent of 7 is given by
k(q,0) = ng +n(l —e~9), (4.3.7) follows, and hence the result. [ |

4.4 Applications

We now discuss some straight-forward applications of the various Wiener—
Hopf identities.

Corollary 3. For some constant ¢’ > 0 and all A > 0,
(i) the Laplace exponents of T and T* satisfy

k(X 0)5"(N,0) =\ (4.4.1)
(i1) the Laplace exponents of H and H* satisfy
k(0, —iN)&*(0,iN) = U (N). (4.4.2)

Proof. (i) Applying Fristedt’s formula to —X we get a similar expession for
k*(a, (), the exponent of the downgoing ladder process, which yields

k(L 0)K* (A, 0) = céexp ( /O Tlet — e MyIPLX, > O}dt)

X exp (/Ooo(e—t — e MTIP{X, < 0}dt>

= exp </ (et — e_)‘t)t_ldt) =\,
0

where we have again used the Frullani integral.
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(ii) Comparing (4.3.4) with (4.3.7) we see that the Wiener—Hopf factors
satisfy

#(¢,0) . K" (q,0)
Q()\7O) K/(q, —Z>\)7 q(>\70) K/*(q,Z)\)
Using (4.4.1) and (4.3.4) gives
I im 1 B iml k(q,0)k*(q,0)
T(A) o g+T(N)  qlo g k(g —iN)K*(q,iN)
~ K(0,—iA)k*(0,iN) u

The relation (4.4.2) is often referred to as the Wiener-Hopf factorisation of
the Lévy exponent, and corresponds to the Wiener—Hopf factorisation of the
characteristic function in random-walk theory, (4.2.3). It has some important
consequences, the first of which follow.

Corollary 4. (i) The drifts § and §* of H and H* satisfy
200* = o%;

(i) If E|X1| < oo and EX; = 0 the means m = EH; and m* = EH}
satisfy

2mm* = VarX; = o? +/ 2211 (dx) < 0.

(i1i) At most one of H,H* (1,7*) has a finite lifetime, and H(T) has a
finite lifetime if and only if floo t~1P(X; > 0)dt < oco. This happens if and
only if Xy — —00 a.s. ast — oo.

(i) If X; — 00 a.s. ast — oo then

E(X;) = £*(0,0)E(H,) = K*E(H;) < oo.

(v) If X s not a compound Poisson process then at most one of H,
H*(7,7*) is a compound Poisson process and H (T) is a compound Poisson

process if and only if fol t~IP(X; > 0)dt < oo. This happens if and only if T
has a positive drift.

Proof. (i) This follows by dividing (4.4.2) by A? and letting A\ — oo, and (ii)
is the same, but letting A | 0. For (iii) observe that Fristedt’s formula gives

limk(0,3) > 0« i ,0) >0
lim (0, 5) lim £:(cr, 0)
<:>/ t7H(1—e ") P(X; > 0)dt < o0
0

= / t71P(X; > 0)dt < oo,
1
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and of course [ t7'P(X; > 0)dt + [~ t'P(X; < 0)dt = co. (iv) follows by
dividing (4.4.2) by A and letting A — 0. For (v) note that

lim x(0,8) < oo« lim k(e,0) < 0o

B—oo a—00

— / t~te 'P(X; > 0) < oo
0

1
= / t'P(X; > 0) < oo.
0

The final statement then follows by letting A — oo in (4.4.1). [

It is clear that H is a compound Poisson process if and only if (0,00) is
irregular for X, so this result implies that either both half-lines are regular, or
exactly one is. Similarly either exactly one of the ladder processes has infinite
lifetime or both have; this corresponds to the trichotomy, familiar from random
walks, of oscillation, drift to co, or drift to —co. The integral tests given above
are originally due to Rogozin [88]; note they are not expressed directly in terms
of the characteristics of X.

Specialising Fristedt’s formula gives an expression for the exponent (), 0)
of 7 which is usually ascribed to Spitzer; with p(t) = P(X; > 0) it is

x(X,0) = cexp (/Ooo(et — e“)tlp(t)dt> . A>0. (4.4.3)

Since k(A,0) determines the distribution of the ladder time process 7, we
see that the quantity p(t) is just as important in the study of Lévy processes as
the corresponding quantity is for random walks. For example, the continuous-
time version of Spitzer’s condition,

1 t

;/ p(s)ds — p € (0,1) as t — oo, (respectively ¢ | 0), (4.4.4)
0

is equivalent to x(A,0) € RV (p) as A | 0, (respectively A — o0), and this

happens if and only if 7 belongs to the domain of attraction of a p-stable

process as t — 00, (respectively ¢ | 0). Since G; coincides with 7(T;—), where

T is the first passage process of T, it is not surprising that (4.4.4) is also

the necessary and sufficient condition for t=1G} A generalised arc-sine law
of parameter p as t — oo, (respectively ¢ | 0). This also extends to the cases
p = 0,1, the corresponding limit being a unit mass at 0 or 1. For details see
Theorem 14, p. 169 of [12].

The more familiar form of the arc-sine theorem involves not G, but rather
the quantity A; = fg 1{x,>01ds. However, just as for random walks, the
“Sparre Andersen Identity”,

1 %a,, (4.4.5)
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holds for each t > 0, so the same assertion holds with G; replaced by Aj;.
Note that whereas the random-walk version of (4.4.5) can be established by a
combinatorial argument due to Feller, this doesn’t seem possible in the Lévy
process case.

Next we introduce the renewal function U associated with H, which is
given by

U(z) = /OOO P(H, <z)dt =FE (/000 l(StSw)dL(t)) , 0< s <00, (4.4.6)

& 1
A —e de = ———, A > 0.
/0 e U (x)dx EORYE >0

This quantity is closely related to T = T{; o), as the following shows.
Proposition 6. (i) If X drifts to —oo, then for some ¢ >0 and all z > 0

U(z) = P(Seo < 2) = P(T, = 0).
(i) If X drifts to oo, then for some ¢ >0 and all x > 0
U(z) = cE(T,) < oc.
(i11) If X oscillates, then P(Ss < 00) =0 and for each x > 0
E(T,) = .

(iv) Spitzer’s condition (4.4.4) holds with 0 < p < 1 if and only if for some,
and then all, x > 0, P(T,, > -) € RV (—p) at oo, and when this happens
P(T, >t) U(x)

li = .
Jim FT,>0 Uy for every x,y >0

Proof. We will just indicate the proof of (iv). Specializing (4.3.7) we see that

E (e *5) = / e NP8, € da)
oo 0 (oo}
= )\/ e MP(Se, < x)dr = )\/ e NP (T, > e,) dr,
0 0
which we can invert to get
1 E(e ™) =q / e~UB(T, > t)dt = r(g, 0)U (), (4.4.7)
0

where

U (z) =/ E(e™™; Hy < x)dt = E (/ e‘q“1(5u<x)dL(u))
0 0
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satisfies - )
)\/ e MU (g)de = ———, A > 0. 4.4.8
0 ( ) "i(qa)‘) ( )
Since clearly U@ (x) T U(z) as ¢ — 0 for each = > 0, the result follows from
(4.4.7) by standard Tauberian arguments. [

We will finish this section with another result from [12] involving the pas-
sage time T,. It is the Lévy process version of a result that was proved for
random walks by Spitzer; see P3, p. 209 in [94]. It is interesting to see how we
need a fair amount of machinery to extend this simple result to the continuous
time setting.

Theorem 11. (Bertoin). Assume X is not a compound Poisson process. Then
for x,u >0,

P(Xp, € x +du) = c’/ / U(dy)U*(dv +y — x)II (v + du); (4.4.9)
y=0Jv>z—y

Proof. 1t is enough to prove that, for a.e. v > 0,

x

/ P(X; € x — dv,t <T,)dt = c// U(dy)U*(dv +y — x),
¢

=0 (z—v)*t
since (4.4.9) then follows by the compensation formula. To do this we use

(4.3.4), which we can restate as X, @ Se, fgzq, where §;q is an independent
copy of S;q. Note that

/ P(X; € dw,t < T,)dt = lir% e "P(X; € dw,t < T,)dt
t=0 =Y Jt=0

= lim ¢ 'P (Xe, € dw, e, < T})
q—0

= ling) ¢ P (Seq <z,Se, — §: € dw)
q— K

= lim q_l/ P(Se, € dy)P(S; €y — dw)
q—0 + a

s * P(Se, € dy) P(Sg, €y — dw)
=c lim ,
9—0 Jy+  £(q,0) K*(q,0)

where we have used (4.4.1) in the last step. But using (4.3.7) we see that as
q—0,
E(e™*%a) 1 1 /°° .
= — = e LEU dx 5
k(g,0) k(g,N)  K(0,X) 0 (dz)

which gives the weak convergence of the first term in the integral to U(dy), and
since the same argument applies to the second part, the result follows. |

The following important complement to this result deals with the possi-
bility that the process passes continuously over the level x. The result is very
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natural once we observe that P(X7, = ) is the same as the probability that
H creeps over the level z, but we omit the details of the proof, which is due
to Millar in [76].

Theorem 12. Assume X is not a compound Poisson process. Then for x > 0,
P(X7, = x) = 0 unless the ladder height process has a drift 5+ > 0. In this case
U(dx) is absolutely continuous and there is a version u of its density which is
bounded, continuous and positive on (0,00) and has limg|o u(z) = u(04) > 0;
moreover

4.5 A Stochastic Bound

In this section we show how the independence between Seq and Xe, —Seq leads
to a useful stochastic bound for the sample paths of X in terms of random
walks.

We would frequently like to be able to assert that some aspect of the
behaviour of X as t — oo can be seen to be true “by analogy with known
results for random walks”. An obvious way to try to justify such a claim is
via the random walk S := (X(nd),n > 0), for fixed § > 0. (This process
is often called the d-skeleton of X.) However it can be difficult to control the
deviation of X from S, A further problem stems from the fact that the
distribution of Sy) = X (0) is determined via the Lévy-Khintchine formula
and not directly in terms of the characteristics of X.

An alternative approach is to use the random walk which results from
observing X at the times at which its “large jumps” occur. Specifically we
assume that IT(R) > 0, and take a fixed interval I = [—n,n] which contains
zero and has A := II(I¢) > 0, put 79 = 0, and for n > 1 write 7, for the time
at which J,,, the nth jump in X whose value lies in I¢, occurs. The random
walk is then defined by

S :=(S,,n >0), where S, = X(7,,). (4.5.1)

Of course (7,,,n > 1) is the sequence of arrival times in a Poisson process of
rate A which is independent of (J,,n > 1), and this latter is a sequence of
independent, identically distributed random variables having the distribution
A~ eI (dx). We will write }}1,?2 -+« for the steps in S’, so that with e, :=
Ty —Tr_1,To=0,and r > 1

Y, = X(r) = X(roo1) = Jo + X (1) = X(1r-1) 2 J, + X(er),  (4.5.2)

where X is “X with the jumps Jp, Ja, - - - removed”. This is also a Lévy process
whose Lévy measure is the restriction of IT to I. Furthermore X is independent

of {(Jn,Tn),n > 1}, and since it has no large jumps, it follows that E{eA)N(t}
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is finite for all real . Thus the contribution of > X(e,) to S, can be casily
estimated, and for many purposes Y, can be replaced by J,. + fi, where g =
EX(71). In order to control the deviation of X from S it is natural to use the
stochastic bounds

In S Xt S Mn for Tn S t < Tn+1, (453)
where
I, = inf X3, M,:= sup Xy, (4.5.4)
TnSt<Tn+1 T <E<Tpiy1
and write R R
M, =S, +my, and I,, = S, + 7. (4.5.5)
Here
M, = sup {X(Tn +5)— X(Tn)} , n>=0, (4.5.6)
0<s<ent1
T.= inf {)?n —)an}7 >0, 45.7
7 ogslgenﬂ (T +9) (Th)p, n=0 (4.5.7)

are each independent identically distributed sequences, and both m,, and 7,
are independent of S,,. This method also leads to some technical complica-
tions; see for example the proofs of Theorems 3.3 and 3.4 in [40].

But there is a different way to represent the random variables M,, and I,
in (4.5.4).

Theorem 13. Using the above notation we have, for any fized n > 0 with
A=1II(I¢) >0,
M, =S + g, I, = S +7, n>0, (4.5.8)

where each of the processes S(+) = (S£L+),n >0) and S(-) =
(ST(L_),n > 0) are random walks with the same_distribution as S. Moreover
S and g are independent, as are ) and 1.

Comparing the representations (4.5.5) and (4.5.8), note that for each fixed

n the pairs (S‘n, my,) and (Sr(f), mg) have the same joint law; however the latter
representation has the great advantage that the term mg does not depend on n.

Proof of Theorem 13. The Wiener-Hopf factorisation (4.3.4) for X asserts
that the random variables mo = supg<;., X, and )~(€1 — g are independent,
and that the latter has the same distribution as 7% = info<i<e, X,. (Recall
that X and e; are independent and e; has an Exp(A) distribution.) Since

M, = sup th)N((el)—i—Jl—&— sup {f((el +t)—)~((el)}

€1St<61+€2 0§t<62
= 7710 + {2(61) —T?lo} +J +my

= g + Y,
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where all four random variables in the second line are independent, we see
that Yl(ﬂ is independent of mg and has the same distribution as J; + )N((el),
and hence as X (e;). A similar calculation applied to M, gives the required
conclusions for S, and since S(-) is S(H) evaluated for —X, the proof is
finished. |

A straightforward consequence of Theorem 13 is

Proposition 7. Suppose that b € RV («a), and o > 0. Then for any fized
n >0 with A=1I(I°) > 0, and any c € [—o0, ]
an a.s X a.s
e asn — 00 = —= U A% ast — oo, (4.5.9)
b(n) b(t)
(Here RV (o) denotes the class of positive functions which are regularly
varying with index a at 0o.)

Proof of Proposition 7. With Ny = max{n : 7, < t} we have, from (4.5.3)

and (4.5.8),
o SV by X, S ey m
b0 TN b S5 S N B

Clearly the extreme terms converge a.s. to zero as t — oo, and by the strong

(4.5.10)

a.s. . S a.s. () q.s.
law b(Ny)/b(t) = A“. So if b“?;;) —' cas n — oo, then ifﬁ) =" ¢ and

(-)
% %2 ¢, and hence % 3 ¢A” as t — oco. On the other hand, if this last

is true we can use (4.5.10) with ¢t = 7, to reverse the argument. |

From this, and the analogous statements which hold for limsup and liminf,
known results about Lévy processes such as strong laws and laws of the
iterated logarithm can easily be deduced. But there is a vast literature on
the asymptotic behaviour of random walks, and by no means all the results it
contains have been extended to the setting of Lévy processes. Using Theorem
13 we can show, for example, that the classical results of Kesten in [59] about
strong limit points of random walks, and results about the limsup behaviour
of S, /n® and |S,|/n® and hence about first passage times outside power-law
type boundaries in [63], all carry over easily: see [43]. In [36] this method was
used to extend to the Lévy-process setting the extensive results by Kesten
and Maller in [60], [62], and [64], about various aspects of the asymptotic
behaviour of random walks which converge to 4+oc in probability. Results
about existence of moments for first and last passage times in the transient
case from [57] and [61] were similarly extended in [42]. Here we will illustrate
the method by giving a new proof of an old result for random walks due to
Erickson [46], and then giving the Lévy-process version.

Suppose that (S,,n > 0) is a random walk with Sy =0 and S, = > |'Y;
for n > 1, where the Y,. are independent and identically distributed copies of
a random variable Y which has

EYt=EY ™ =o0. (4.5.11)
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Lemma 3. Write S,, = max,<, Sy, and assume (4.5.11) and S,, % 0. Then

Snoasg (4.5.12)
Sn

Proof. As in Section 2 we write T,, and H,, for the time and position of the
nth strict increasing ladder event, with Ty = Hy = 0, and for k > 1 let

Dk = karlnéajngk{Hkil - Sj} (4513)
denote the depth of the kth excursion below the maximum. Note that the Dy,
are independent and identically distributed and

Sn Sn: Sn < DN,I,+1

(4.5.14)

Sh S, ~— Hn, '’

n

where N,, = max{k : T, < n} is the number of such excursions completed by
time n. Since N,, “% oo it is clear that (4.5.12) will follow if we can show

D’ﬂ a.s.
—ntl @5, (4.5.15)

n

and this in turn will follow if we can show that for every ¢ > 0

o0
> P{Dyy1 > eH,} < oc. (4.5.16)
n=0
However, since D, 41 is independent of H,,, this in turn will follow from
EV(e7'Dy) < oo, where V (y) is the renewal function Y ;° P(Hy < y). Now
as V is subadditive it is easy to see that this sum either converges for all
€ > 0 or diverges for all € > 0. But since D,, ;1 > H,, occurs if and only if the
random walk visits (—o0,0) during the nth excursion below the maximum,
when ¢ = 1 the sum of the series in (4.5.16) is EoN, where N is the total
number of excursions with this property. A moment’s thought shows that

EoN =p(1+ E(EyN)) <p(l+ EyN),

where p := P(N > 0) < 1, and M denotes the position of the random walk
at the end of the first excursion that visits (—o0,0), so the result follows. W

Corollary 5. Whenever S, “> oo and (4.5.11) holds we have n~'S,, 3 .

Proof. By Lemma 3 we need only prove that n=15,, “3 co. But a consequence
of drift to oo is that ETy < oo, and, because P(Hy; > z) > P(Y; > z), a
consequence of (4.5.11) is that EH; = co. Writing

Sy _ SU{H — Hya} N,
n N, n’

we see that the result follows by the strong law, as on the right-hand side the
first term “3 co and the second term “3 1/ET;. [
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The result we are aiming at follows.

Theorem 14. (Erickson) Assume (4.5.11) holds and write

B*(z) = A%(;v) where AT () = /0z P(Y* > y)dy.

Then one of the following alternatives must hold;

(i) Sp “% 00,n~1S, “3 0o, and EBH(Y ™) < oo;
(ii) Sp “% —o0,n~1S, “¥ —o00, and EB~ (YY) < oc;
(i4i) S, oscillates, liminfn=1S, “° —oco, limsupn~'S,

EB*(Y~)=EB~(Y*) = .

a.

v

oo, and

Proof. First we remark that Corollary 5 implies that for any fixed K > 0,
n~HS, — Kn} “% 0 if S,, “% 00, and n={S,, + Kn} “% —o00 if S,, ©3 —oc0.
This then implies that if S, oscillates, both of the walks .S,, £ Kn also oscillate,
and hence

limsupn~'S, = limsupn={S, —nK} + K ag

K,
liminfn='S, = liminf n=*{S, + nK} — K a'gs' -K.

a.s.

Since K is arbitrary, this means that liminfn=1S, —o00, and

limsupn~1S, “ oco. The same argument shows that if {S,,n > 0} is
any random walk with the property that, for some finite K and all n > 1,

1S, — S| < nK,

then either both walks drift to oo, both drift to —oo, or both oscillate.

Suppose now that S,, either drifts to —oo or oscillates, so that the first
weak downgoing ladder height H; is proper. Then, integrating (4.2.6) applied
to —S, gives

1=P(H €(—00,0]) = /OO P(Y™ >y)dV(y) (4.5.17)
_ /0 TP (Y edy) = E(VY)).

In view of the inequality P(H; > y) > P(Y1 > y) and the well-known “Erick-
son bound”, valid for any renewal function,

V()
"S5

<2, (4.5.18)

where B*(z) = z/A*(z), and A*(z) = [ P(H > y)dy (see Lemma 1 of [46]),
we see that V(z) < 2B*(z) < 2B (), and hence, from (4.5.17),

EBY(Y™)>1/2.
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However this inequality is also valid for the random walk defined by S, =
Sp — >0 Yolyy,e(—k,0)}, which has BT = B, so that

EBY(Y"; Y™ > K) >1/2.

Since K is arbitrary we conclude that EBT(Y ™) = co. We then see that
always at least one of EBT(Y ™) and EB~(Y™") is infinite and when S,
oscillates both are. Also the argument following (4.5.16) shows that when
Sy, drifts to oo we have EV(D;) < oo, which again by the Erickson bound
means that EB*(D;) < oo. Since P(D; > z) > P(Y~ > z) it follows that
EB*(Y ™) < co. Finally we see that

P(Hy >x) =Y P(T1 >n,S, + Yny1 > )

<P(Y >z)) P(Ty >n)=ETP(Y > ),

so that B*(z) > ¢B™(z), and hence EBT(Y ™) < oo. [ |
The Lévy process version of this is:

Theorem 15. Let X be any Lévy process with IEIXl+ =EX| = oo. Write IT*
for the Lévy measure of —X and

Iz :/ xIl*(dx)  _ _ xH(dx); where
1

A(z) 7 1 A(z)

Aw) = | T(y)dy, and A*(z) = / T )y

Then one of the following alternatives must hold;

(i) X¢ %% 00,t71X; 3 00 ast — oo, and I < oo;
(i) Xp “% —o00,t71X; “% —00 ast — oo, and I~ < oo;
(i4i) X oscillates, liminf t =1 X, 2" —o0, limsup t ' X; “C oo, and It = I~ =oo0.

Proof. Take any n > 0 with A = IT(I¢) > 0 and note that S satisfies (4.5.11),
and furthermore that I (respectively 17) is finite if and only if EBT (Y ™) <
oo (respectively EB ’(Y*) < 00). As previously mentioned, Proposition 7 is
valid with lim replaced by liminf or limsup. The results then follow from
Theorem 14. |
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Further Wiener—Hopf Developments

5.1 Introduction

In the last ten years or so there have been several new developments in connec-
tion with the Wiener—Hopf equations for Lévy processes, and in this chapter
I will describe some of them, and try to indicate how each of them is tailored
to specific applications.

5.2 Extensions of a Result due to Baxter

We start by giving the Lévy process version of (4.2.3) from Chapter 4, which
constitutes a direct connection between the law of the bivariate ladder process
and the law of X, without intervention of transforms. We can deduce this from
Fristedt’s formula, but it is not difficult to see that this result also implies
Fristedt’s formula.

Proposition 8. We have the following identity between measures on (0, 00) X
(0,00):

E]P’{Xt € dx}dt = /OO P{r(u) € dt, H(u) € dz}d—u (5.2.1)
t 0 U

The proof in [18] works by showing that both sides have the same bivariate
Laplace transform. We omit the details, as (5.2.1) is a special case of the next
result.

We will see this result used in Chapter 7, and it has also been applied by
Vigon in [101].

Note that integrating (5.2.1) gives the following:

/Do P{X, € dx}% _ /OO P{H(u) € dx}%“. (5.2.2)
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This states that the so-called “harmonic renewal measure” of X agrees with
that of H on (0,00). These objects have been studied in the random walk
context in [49] and [38], and for Lévy processes in [84].

Is it possible to give a useful “disintegration” of (5.2.1)? This question
was answered affirmatively for random walks in [4], and for Lévy processes
in [1] and [2]. (See also [75] and [3] for further developments of these ideas.)
Note that, in the standard notation, T,, = 7(H ~!(z)), so that if we put o, :=
L(T,),z > 0, then o is the right-continuous inverse of H.

Proposition 9. We have the following identity between measures on (0,00)3:

P{X; € dv,0, € du}dt P{r(u) € dt,H(u) € dr}du

5.2.3
" " (5.2.3)
Proof. Note first that it suffices to prove that
Y du
I(dt,dx) = P{r(u) € dt, H(u) € dx} o
0
P{X; € dz,0, < wv}dt
B t
_ P{X;€dr,H, > x}dt
B t
_ P{X; Et detdt  P{X; € dx,tHv < x}dt. (5.2.4)

On the one hand

d ] [e%e] d v du
o —()\t+/m:)I dt.d el —ur(Ap) 2
X /0 /0 ¢ (dt,dr) = 2% | € u

_ —anp) (1 B e*M(W)) .
r(X, )

On the other hand

_)\i/oo/ooe_(/\t+uw)P{XtEd%Hv<$}dt
dx Jo Jo t

= A/OO /Oo e~ WHRIPIX, € dr, H, < x} dt

= ]E{Oef")?ek;HU < Xey ) = E{e’“XeA;HU < Xey,To S €1}
— ]E{6*AL(HU+)~((5A);)~(EA > 0,7, < e)\}

= E{e "1, <ex}E{e " r; X, >0}

d d
= E {ef(“H"f*)""’v)} )\ﬁﬁ()\’u) = )\ﬁ"f()\aﬂ) e~ vr(m)
K (A, 1) KA, 1)
Here the ~ sign refers to independent copies of the objects, we have used the

strong Markov property, and the penultimate equality comes from differenti-
ating Fristedt’s formula. Letting v — 0 in the last result confirms that
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d /oo /oo e—(At+ux)P{Xt € dr}dt _ — k(A 1)
dX Jo Jo t (A p)
so (5.2.4) follows, and hence the result. [

The discrete version of this identity has been applied in a study of the
bivariate renewal function of the ladder process in connection with the Martin
boundary of the process killed on leaving the positive half-line ([5]). For Lévy
processes, amongst other things Alili and Chaumont deduce in [2] the following
identity, which relates the bivariate renewal measure for the increasing ladder
processes, U(dt,dx), to the entrance law n of the excursions away from 0 of
the reflected process R* = X — I :

n(e; € dx)dt = ct 'E(0,; X; € da)dt = cU(dt,dz), x,t > 0. (5.2.5)

Observe that the equality between the first and last terms is a kind of analogue
of an important duality relation for random walks:

P(S, >0,1<r<n,S, € dx)

= P(n is an increasing ladder epoch, S,, € dz),

which is a “disintegrated” version of (4.2.3) in Chapter 4. Note also that in
the case of a spectrally negative Lévy process (see Chapter 9) the middle term
in (5.2.5) reduces to ct~1aP(X; € dz)dt.

5.3 Les Equations Amicales of Vigon

In his thesis ([100]; see also [99]) Vincent Vigon established a set of equations
which essentially invert the Wiener—Hopf factorisation of the exponent

K(0, —i0)k*(0,0) = ¥(6), 0 € R. (5.3.1)

(We will assume a choice of normalisation of local time that makes the con-
stant which appears on the right-hand side of (5.3.1) in Chapter 4 equal
to 1.) Implicit in this equation are relationships between the characteristics
of X, Hy, and H_, which we will denote by {v,0% IT}, {04, ks, } and
{0_,k_,pu_}. (n.b. we prefer the notation H,, and H_, etc to our standard
H and H* in this section.) We will also write ¢ for the Laplace exponents
of Hy, so that

6200 = ke +0eAt [ (1= e7) s (d). Re(h) 2 0,
0

and (5.3.1) is
¢, (—if)p_(i0) =¥ (0), 6 € R. (5.3.2)
We will also write IT; and IT_ for the restrictions of II(dz) and II(—dzx)

to (0,00), and for any measure I on (0,00) define tail and integrated tail
functions, when they exist, by
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iﬂ@:rﬂ%anmwz/mf@m%x>a

Theorem 16. (Vigon) (i) For any Lévy process the following holds:

I(z) = /000 py (x+du)ii_(u) +6_ny(x) +k_fi, (x), >0, (5.3.3)

where, if 6_ > 0, ny denotes a cadlag version of the density of p. . (It is part
of the Theorem that this exists.) Also

oy (x) = /OOO U_(dy)II4+(y +x), > 0. (5.3.4)

where U_ is the renewal measure corresponding to H_.
(ii) For any Lévy process with E|X1| < co the following holds:

ﬁ+(m) = /000 Ay +u)p_(uwdu+o6_f, (z)+k_fi,(x), z>0. (5.3.5)

Several comments are in order. Firstly these equations were named by
Vigon as the équation amicale, équation amicale inversée, and équation am-
icale intégrée, respectively. (5.3.4) is equivalent to its differentiated version,
and when E|X;| < oo an integrated version holds, but a differentiated version
of (5.3.3) only holds in special cases. It should be noted that if we express
these equations in terms of H; and —H_ as Vigon does, each of the integrals
appearing above is in fact a convolution. A version of (5.3.5) can be found in
[85], but otherwise these equations don’t seem to have appeared in print prior
to [99].

From Vigon’s standpoint (5.3.3) is just the Fourier inversion of (5.3.2),
and (5.3.4) is just the Fourier inversion of the equation

1
¢_(i6)’

To make sense of this one needs to use the theory of generalised distributions,
but here I give a less technical approach.

&, (—if) = w(0) - 0 € R.

Proof. First we aim to establish (5.3.5)7, and we start by computing the
(ordinary) Fourier transform of f(z) := II 1 ()1(z>0) + I —(—2)1(;<0). Two
integrations by parts give

= i g _ L = ey _ 14
/0 I (x)edx = (i0)2/0 ( 1 —ify) 11 (dy),

and a similar calculation confirms that

0 T 0x _ 1 0 10y .
/_wﬂ,(—x)ee dx = (i@)z/ (e — 1 —ify) II(dy).

— 00
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Hence the exponent of X satisfies

1 o .
U (0) = —in0 + 500" + / (1= e + iyl gy <1y) L (dy)
1 o :
= —imb + 50292 + / (1- e +i0y) I (dy)
= —imf + 20292 +0%f(0), (5.3.6)

where f is the Fourier transform of f and
m=v+/ ylI(dy) = EX,
ly|>1

is finite by assumption. Next note that with

0

g+(0) :/Ooou+(x)emdm, g-(0) :/ I_(—z)edz,

we have
b (=i) = iy —i0{0, + g4 ()}, 6_(i0) = k_ +i0{6_ +g_(0)}.
So, recalling that at most one of ki is non-zero and that 26,6 = o2, it

follows from (5.3.2) that

w(0) =0°{o%/2+ 91 (0)g-(6) + 519 (0) +0-g1 ()}  (53.7)
+i0ky {6_ +g_(0)} —i0k_{6+ + g+ (0)}.

Substituting this into (5.3.6) we see that for 6 # 0

0f(0) —im = 0{g;(0)g—(6) + 349 (0) +5_g,(6)} (5.3.8)
ik {6+ g (0)} — ik {04 + 9. (0)}.
Further, if m = EX; = 0 then X oscillates and k; = k_ = 0, whence
F(0) = 94(8)g(6) + 59 (6) + 54 (6) for 0 £0.

Next, assume that m > 0, so that X drifts to +o0, ky = 0, and k_ > 0; as
we have seen (Chapter 4, Corollary 4) the Wiener—Hopf factorisation gives
m = k_m_, where

my = EH, (1) =64 + k. (0+) € (0,00).

Thus we then have

7 (0+) = 94.(0) = /0 TR @)1 — €7} dn = —if /0 TR (2)e de,
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so that again the constants in (5.3.8) cancel to give

F0) = 01 0)g-0)+519-0) +5-9.0) 4 b [ Folo)e®do. (539)

Finally a similar argument applies when m < 0, and we conclude that in all
cases

£(0) = g4(0)g—(0) + 61.9-(0) + 6_g ()

—l—k,/ ﬁJr(x)ewwdx—i—kur/ 7_(—x)edz.  (5.3.10)
0

— 00

We now observe that g, (0)g—(0) = [~ e*%g(x)dr, where

o0

o) = [ T o — )Ly (—y)dy

0
g / 7y (& — YA (~9)dy + Lico) / 7, (& — y)E_(~y)dy

— 00 — 00
o0

“ g /0 T (@ + ) (9)dy + Liacop /0 T, () (y — ©)dy.

Putting this into (5.3.10), and using the uniqueness of Fourier transforms we
see that (5.3.5) and its analogue for the negative half-line must hold.

Notice that the left-hand side and the final term on the right-hand side in
(5.3.5) are differentiable. Assume, for the moment, the validity of (5.3.4) and
assume 6_ > 0; then, according to Theorem 11 of Chapter 4, U_ admits a
density u_ which is bounded and continuous on (0, 00) and has u_(0+) > 0.
So we can write (5.3.4) as

poe) = [ uly - )Ty, o >0, (5:3.11)

and I claim this implies that 7 is differentiable on (0,00). To see this take
x > 0 fixed and write

(@)~ (o4 )

([ ot oty [ uty—o-nT )

+h

Clearly the first term here converges to u_(0+)II,(x) as h | 0, and the
following shows that the second term also converges.
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/OO (u(y —2) —u_(y —z— h) T+ (y)dy

S| =

+h
1 oo z
=h/HhH(dz)/M(u_(y—x)—m(y—x—h))dy

:/Oo H(dz)(U,(z—x) —U_(z—x—h)—U-(h))
z+h h

— /OO I(dz) (u—(z —x) —u_(0+))

o0
= / I(d2)u_(z —x) —u_(0+)I 4 ().
Here we have used dominated convergence and the bound
[U_(z—2)—U_(z—x—h) —U_(h)| < 2ch,

where ¢ is an upper bound for u_. A similar argument applies to the left-
hand derivative, and we conclude that the second term on the right in (5.3.5)
is differentiable, i.e. u, has a density given by

ny(x) = /OO u_(z —x)M(dz).

So the first term must also be differentiable, and, still assuming that E| X | < oo,
we deduce that (5.3.3) holds.

However when E|X;| = co we can consider a sequence X of Lévy
processes which have the same characteristics as X except that X (™ has
Lévy measure T (dz) = II(dz)1|z|<ny- Each of them satisfies (5.3.3), and
it follows easily that (5.3.3) holds in general. Moreover since the other terms
in this are cadlag, when é_ > 0 it follows that n, can be taken to be cadlag.

So it remains only to prove (5.3.4). To do this we compare two expressions
for the overshoot O, over y > 0, both of which we have seen before; see
Theorem 2, Chapter 2 and Theorem 11, Chapter 4. They are

PO, > x) = /Oyu+(y —z+x2)Us(dz2),

and
y

P(O, > 2) = / I (y — z+x)VW(dz),

— 00
where in the second we have

o0 Y
V) (dz) = / P{X, € d2, X, <y} = / U, (dw)U-— (w — d=).
0 2VO0
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Substituting this in and making a change of variable gives
/ iy —z+x)Us(dz) = / / Uy (dw)U_(w—dz)I(y — z + x)
0 —o00 JzV0
y wv _
= / / Uy (dw)U_(w—dz)II(y — z + x)
0 —oo

_ [j_o /:) Uy (dw)U—(du) T (y + x + u — w).

For fixed z, the left-hand side here is the convolution of fi(z + -) with U, and
the right-hand side is the convolution of h(z + -) with U, where

h(v) = / U (du) T (u + ).
0
Using Laplace transforms, we deduce immediately that f(z + v) = h(v), and
this is (5.3.4). [

These results, particularly (5.3.4), have already found several applications,
some of which I will discuss later. Here I will show how (5.3.5) leads to a nice
proof of a famous result due to Rogozin (see [88]); this argument is also taken
from [100].

Theorem 17. If X has infinite variation, then

—oo = liminf Xt < limsup Xt _ +o0 a.s. (5.3.12)
tl0 t10
Proof. We will first establish the weaker claim that any infinite-variation
process visits both half-lines immediately. We will also assume without loss
of generality that IT is supported by [—1, 1], because the compound Pois-
son process component doesn’t affect the behaviour of X immediately after
time zero. The argument proceeds by contradiction; so assume X doesn’t visit
(0, 00) immediately. This tell us that Hy is a compound Poisson process, so
o =0and 04 = 0. Since both p, and p_ are supported by [0,1], (5.3.5) for
X and — X take the forms

To(x) = /O T (2 + W (u)du + 6_T1, (x) + k_Ti, (), @ > 0,

and
T (2) = /O (2 + Wi, (wdu + kT (2), @ > 0.

Since 7y (0+) are automatically finite and 7z, (0+) is finite because Hy is a
compound Poisson process, we see immediately that

/1 || IT(dz) = TT 4 (0+) + IT_ (0+) < oo.
0
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This, together with o = 0, means that X has bounded variation, and this con-
tradiction establishes the claim. And then (5.3.12) is immediate, because it is
equivalent to the fact that for any a, X; 4+ at visits both half-lines immediately,
and of course X; 4 at is also an infinite variation Lévy process. |

5.4 A First Passage Quintuple Identity

We revisit the argument used in Chapter 4 to establish Bertoin’s identity
for the process killed at time T, which played a réle in our proof of (5.3.4).
The corresponding result for random walks is easily established, but again the
proof for Lévy process is more complicated.

Recall the notation

Gy =sup{s <t: X, =5},

put v, = G(T,—) for the time at which the last maximum prior to first
passage over x occurs, and denote the overshoot and undershoot of X and
undershoot of Hy by

O, =X(T,) —x, Dy =2 — X(T,—), and D) = & — S(T,—).

Theorem 18. Suppose that X is not a compound Poisson process. Then for
a suitable choice of normalising constant of the local time at the maximum,
for each x > 0 we have onu >0, v >y, y € [0,z], s,t > 0,

P(y, € ds, Ty —~, € dt, O, € du, D, € dv, D\ e dy)
= Uy (ds,z — dy)U_(dt,dv — y)II (du + v),

where UL denote the renewal measures of the bivariate ladder processes.
Proof. (A slightly different proof is given in Doney and Kyprianou, [39].) If
we can show the following identity of measures on (0, 0)3:

/ qe " "'P(Gy_ € ds, Si_ € dw, X;_ € w— dz)dt (5.4.1)

0
:/ qe”1'U, (ds, dw)U_(dt — s,dz),
0

then the result will follow by applying the compensation formula and the
uniqueness of Laplace transforms. We establish (5.4.1) by our now standard
method: we show their triple Laplace transforms agree. Starting with the left-
hand side, we see that it is the same as

P(G., €ds, S., € dw, X, € w— dz)
=P(G,, € ds, Se, € dw)P((S — X)., € dz),
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and its triple Lapace transform is

r(¢,0)  r"(q,0)
wlg+ o, B) K*(q,7)
q

k(g + o, B)s*(q,7)

]E(efaGeqfﬁch)E(evlcq) _

On the other hand,

/ / ge~\attestBURYAT (ds, dw)U_ (dt — s, dz)
s,w,z2>0 Jt>s
= / / ge~ (et a)sHBwta) y (ds dw)U_(du, dz)
s, w,z>0 Ju>0

:q/ e_((a'*‘q)s"’ﬁ“’)UJr(ds,dw)/ e—(qu-ﬁ-’YZ)Ui(du’dz)
s,w>0 u,z2>0

_ q
k(g + o, B)r*(g,7)’
and (5.4.1) follows. [

One interesting consequence of this is the following obvious extension of
(5.3.4); here p, is the bivariate Lévy measure of {7, H }.

Corollary 6. For allt,h > 0 we have

o, (dt, dh) = / U_(dt, d0)IT(dh + ).
[0,00)
A second is a new explicit result for stable processes, whose proof relies
on the well-known fact that in this case the subordinators H, H_ are stable
with parameters ap, a(1 — p), respectively.

Corollary 7. Let X be a stable process of index o € (0,2) and positivity
parameter p € (0,1). Then

P(O, € du, D, € dv, D\) ¢ dy)
_ I'(a+1)sinapr (x —y)¥ (v —1y)
= AT () T (a(l - p)) (0 wyTe

A further application, indeed the main motivation in [39], is a study of
the asymptotic overshoot over a high level, conditional upon this level being
crossed, for a class of processes which drift to —oco and whose Lévy measures
have exponentially small righthand tails. It was already known from [66] that
there is a limiting distribution for this overshoot, which has two components.
Using Theorem 18 we were able to show that these components are the con-
sequence of two different types of asymptotic overshoot: namely first passage
occurring as a result of

a(l1—p)—1

du dv dy

e an arbitrarily large jump from a finite position after a finite time, or
e a finite jump from a finite distance relative to the barrier after an
arbitrarily large time.
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Creeping and Related Questions

6.1 Introduction

We have seen that a subordinator creeps over positive levels if and only if it
has non-zero drift. Since the overshoot over a positive level of a Lévy process
X coincides with the overshoot of its increasing ladder height subordinator,
it is clear that X creeps over positive levels if and only if the drift . of
H, is positive. This immediately raises the question as to how one can tell,
from the characteristics of X, when this happens. This question was first
addressed in Millar [77], where the concept of creep was introduced, although
actually Millar called it continuous upward passage. Some partial answers
were given in Rogers [85], where the name “creeping” was first introduced,
but the complete solution is due to Vigon [99], [100]. Another reason why the
condition d1 > 0 is important is that we will see in Chapter 10 that it is also
a necessary and sufficient condition for

o of
= e O
r r
as 7 | 0. (Here Og-X) = X7p(ro0) — 7, and similarly for H,.) Of course a
necessary and sufficient condition for this to hold as r — oo is that

my =EH{(1) =04 +/ fiy(z)dr < oo,
0

and similarly one can ask how we can recognise when this happens from the
characteristics of X. For random walks, this ‘mean ladder height problem’ has
been around for a long time; after contributions by Lai [71], Doney [29], and
Chow and Lai [27], it was finally solved in Chow [26]. This last paper passed
almost unnoticed, which is a pity because on the basis of Chow’s result it is
easy to see what the result for Lévy process has to be at oo, and not difficult
to guess also what the result should be at 0. In [40] we used Chow’s result
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to give the mnecessary and sufficient condition for m, < oo, but somehow we
managed to make a wrong conjecture for 1 > 0!

Here I will give a proof of both results, using a method that leans heavily
on results from Vigon [100], but is somewhat different from the proof therein.
We will also see that the same techniques enable us to give a different proof
of an important result in Bertoin [14], which solves the problem of regularity
of the half-line.

6.2 Notation and Preliminary Results

As usual X will be a Lévy process with Lévy measure II, and having canonical
decomposition
X, =~t+0B + Y +v®. (6.2.1)

We write py, 0+, and ki for the Lévy measures, drifts and killing rates for Hy,
the ladder height processes of X and —X. We will also need U, the potential
measures of Hy. The basis for our whole approach is Vigon’s “équation
amicale inversée”, which we recall from Chapter 5 is

o, (x) = /000 U_(dy)II 4 (x +7y), = > 0. (6.2.2)

The second result we need is a slight extension of one we’ve seen before,
in Chapter 2; here and throughout, we write a(xz) = b(z) to signify that 3
absolute constants 0 < C; < Cy < oo with €y < a(x)/b(z) < Cy for all
x € (0,00) and write C for a generic positive absolute constant.

Lemma 4. If U is the renewal function of any subordinator having killing
rate k, drift §, and Lévy measure u, and

Alr) =5+ / ")y,

then
x

Az) + ka”

This result first appeared in Erickson [45] in the context of renewal
processes, and we used it in Chapter 4; see (4.5.18) therein. For subordi-
nators it appears as Proposition 1, p. 33, of [12]. In both these references k is
taken to be zero, but the extension to the case k # 0, which is given in [26]
for renewal processes and [100] for subordinators, is straightforward.

Uz) ~ (6.2.3)

Lemma 5. Writing A (z) =64 + fom 7t (y)dy and IT* for the Lévy measure
of —X, we have
t(tax)II(dt)

00 z(zat)IT*(dz) °
o_+k_t + fO kyz+AL(z)

A (z) = 54 + /OOO (6.2.4)
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Proof. We can rewrite (6.2.2) as
m@) = [ vy [ = [ ne [ vy
0 z>z+y x y<z—x
= / U_(z — x)II(dz), (6.2.5)
and putting this into the definition of A4 we get
Ayp(z) =04 +/ du/ U_(z —u)Il(dz)
0 u
=04+ / H(dz)/ U_(z — u)du.
0 0

Using (6.2.3) we have the bounds

EnE z(zaz)
_(z—wu)du < ()< 0o——2L
/0 U_(z—u)du < (zp2)U_(2) < O/LZ—l—A,(Z)
and
ZAT z z v
_ — > -z
/0 U_(z —u)du o U_(v)dv > C S A_(v)dv
C i z(zax)
> >C——m—F—F——.
T k_z4+A_(2) /Z_ZM. vdv 2 Ck_z +A_(2)
These yield
N o t(tax) I (dt)
Ai(z) = o4 —|—/0 F it A () (6.2.6)
Now we feed back into this the same result for A_, and we get (6.2.4). (This
device is due to Chow [26].) [ |

6.3 The Mean Ladder Height Problem

We are only interested in the case when H has infinite lifetime, so in this
section we will have ky = 0. Note first that AL are truncated means, in the
sense that

lim Ay (z) = my < 0.

xr—00

Also Ay(z) are o(x) as © — oo, so if k— > 0, which happens if and only
if X drifts to +oo, letting  — oo in (6.2.6) we see that m, < oo if and
only if [~ tII(dt) < oo, i.e. EX; < co. Thus we can take k_ = 0, so that X
oscillates. The same argument shows that EX; = oo implies m, = oo, so we
can take E|X;| < oo and EX; = 0. In this case it is convenient to introduce
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G = [ " y1(dy), O () = / "y (dy), (6.3.1)

and note that

/OOO z.(ZAt)H*(dz)Z/OOO 2IT*(d>) /O“tdy:/ot G_(y)dy. (6.3.2)

Theorem 19. Let X be any Lévy process having E|X1| < oo and EX; = 0:
then my s finite if and only if

[T t2I1(dt) - OOM .
I_/l foooz'(z/\t)ﬂ*(dz) A fJG_(Z)dZ < 00 (6.3.3)

Proof. First recall that in Chapter 4, Corollary 4 we showed that in these
circumstances we have 2m;m_ = EX? < oo, and note that EX? < co =
I < 0. So from now on assume EX? = oo, in which case at most one of m
and m_ is finite. Suppose next that my = A4 (00) < oco; then m_ = oo, and
so for any zg € (0,00)

T T+xg
A () ~ / A (y)dy ~ / A_(y)dy
N/ Ti_(y + x9)dy as x — oo.
0

Now choose xq such ¢ := Ji, (x9) > 0 and use Vigon’s équation amicale intégrée
(5.3.5) for —X to get

T (x) = / T ), () dy + 54T ()
> C/o _(y+x)dy > cxofi_(z + xo),

so that . ”
A(z) ~ / 7y + 20)dy < (cao) ™" / T (y)dy.
0 0

Hence, letting x — oo in (6.2.6) gives

[F
0o [ I (y)dy

and since IT*(y) < G_(y) this implies I < co. To argue the other way we
assume I < oo and my = oo, and establish a contradiction by showing that
I, - 0 as b — oo, where

[ 211 (dt)
b= /b IS z(zat) T*(d2)

(6.3.4)
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Let X(©) denote a Lévy process with the same characteristics as X except
that

9 (dz) = II(dx) + 6, (dx),
where ¢ > 0 and 6, (dx) denotes a unit mass at 1. Clearly X(¢) drifts to +oo,
SO k(_s) >0= k‘ff), and mgf) < 00, because E|X1(E)| < 00. Also (5(? =04, and
S Sk = 0, mgf) — my = oo as € | 0. Now take b > 1 fixed, apply (6.2.4)
to X and let z — oo to get

m = AP (c0) < O{04 + IV + 1P}

with
b 2717(e)
21109 (dt)
o4 + 1M :5++/
: 0 0+ kOt [ 72(74?!)7(3“)
oo (©)
§6++/ U <A ),
o 0_ + k- t+f %

where we have used (6.2.4) again. Also, using A(f)(z) < Agf)(oo) = mﬁf) we

have )
I < m® / £ 11(dt) —
157 2. (2at) % (d2) o

so we have shown that
mE < C{AD () +mE LY.

Since m(f) — oo and A E)(b) — Ay(b) < 0o as € | 0, we conclude that
I, > 1/C for all b > 1, and the result follows. [

This proof is actually simpler than that for the random-walk case in [26]:
moreover by considering the special case of a compound Poisson process,
Theorem 19 implies Chow’s result.

There is an obvious, but puzzling, connection between the integral test in
Theorem 19 and the Erickson result, Theorem 15 in Chapter 4. Specifically,
if X is a Lévy process satisfying

E|X;| < o0, EX; =0, / x2ﬂ*(dm):/ 2211 (dx) = oo, (6.3.5)
0 0

we can define another Lévy process X with IT (dz) = |z|II(dz) which has
EX;” = EX; = oo, and this process satisfies t ' X; — oo a.s. as t — oo if
and only if m = oco.
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6.4 Creeping

Let us first dispose of some easy cases. As we have seen (Corollary 4,
Chapter 4) 02 = 26,6_, so we will take 02 = 0; then at least one of these
drifts has to be 0. If X has bounded variation, it has true drift

&z'y—/ zII(dx),
{l=|<1}

(i.e. t71X; — ¥ as t | 0), and this is similar to the subordinator case: d4+ > 0
if and only if 4 > 0. Also, in the decomposition (6.2.1), the compound Poisson
term Y has no effect on whether X creeps, since it is zero until the time at
which the first ‘large jump’ occurs. So we can assume that IT is concentrated

n [—1,1] with f_ll |x| [T (dx) = oo, and further, by altering the mass at +1,
that EX; = 0. Thus X oscillates, k4 = k— =0, and (6.3.1) reduces to

1 1
Go(o) = [ uittay), () = [ yir(ay)
Theorem 20. (Vigon) Assume that X has infinite variation; then 6+ > 0 if

and only if

LG (t)

/fo zAt (dz) o [y G-

Proof. As remarked above we can assume that the support of IT is contained
n [—1,1] and EX; = 0. Note first that 01 > 0= d_ =0 and A4 (z) > J;
putting this into (6.2.4) with x = 1 yields

A+(1)>c/1 f

0

t211(dt)
z.(zat) 1% (dz)

= C(S+J7

so that 44 > 0 = J < oo. To argue the other way, we consider first the case
that G4 (0+) < co. Here we claim that we always have J < oo and 64 > 0.
The first follows because G_(0+) = oo (otherwise we would be in the bounded
variation case), so that

=o(l)ast]0.

fot G_(z)dz

For t}E second observe that, in the notation of Chapter 5, we have ﬁJr (04) <

= II_(0+). We can therefore let = | 0 in (5.3.5) to see that

1 1
| At e =tim [+ o (e < .
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But if we had §4 = 0 it would follow from (5.3.5) for —X and monotone
convergence that

_ 1
I_(0+) = lifg/ fi_ (x4 u)fiy (u)du < co.
=10 Jo

This contradiction shows that § > 0. (This argument is taken from Rogers [85],
although the original result is in Millar [77].) Now assume that G4 (0+) =00
and 6y = 0: then we have, for z < 1,

1
A2 £ 40 = [y < .

Putting this into (6.2.4) again with = 1 yields

! 211 (dt)
A, (1) <C = CAL(1)],
+1) /0 Ty Jo #(eat) T (d2) +1)

so that
1

J>c=—. 6.4.1
o= (6:4.1)
It is important to note that (6.4.1) holds for all X satisfying our assumptions,
and that ¢ can be taken as an absolute constant. To show that actually J = oo
we consider another Lévy process X () with the same characteristics as X
except that IT is replaced by

1) (dz) = 1|y g (dz) + eG4 ()0 (da),

where §. denotes a unit mass at €. Note first that

1

EX, = /E zll(dz) + G4 (e) :/ zIl(dz) =0,

—1 -1

so that X () oscillates, and clearly it has infinite variation. Since I and 17
agree on [—1,&/2], and X does not creep upwards, neither does X©) soif J.
denotes J evaluated for X(€), we have

S —tdG (1) eGile) o . (6.4.2)

R e R A N T

Suppose now that J is finite; then the first term in (6.4.2) — 0 ase | 0. It
follows then that Je¢ > 0 such that

¢ 2
/ G_(z)dz < E€G+(€) for all € € (0,¢e0].
0



58 6 Creeping and Related Questions

But then
0 —td 4 0 —td 4
/ : G+ (1) thm/ G+ (1)
0 [y G_(2)dz — 2Zelo e tG(t)
= fhmlog G+ () = 00,
AE) G+(€0)
because G (0+) = oco. This contradiction proves that J = oco. |

There are several other integrals whose convergence is equivalent to that
of J in Theorem 20, and similar remarks apply to I in Theorem 19. To see
this, note that

x) = / IT*(2)dz = G_(z) — xII*(x),

/ G_(t)dt > / II*(2)dz
0 0
On the other hand

/ ' G_(t)dt = xﬁ(z)dz+ / ' —2dIT*(2)
0 0 0

so that

=2 [ T (2)dz—2Il*(z) <2 | II*(z)dz, (6.4.3)
0 0

so we can replace [ G_(t)dt by [ H *(z)dz in J. By a further integration by

parts
s ! oIl (z)dx
J.i/ fo I7*(z)dz
Lty e 1, @) (a)de
/0 fomﬁ(z)dz 2/0

2

1.
<J+ §J

so we see that we can replace J by J in Theorem 20. This is the form given
in Vigon [99].

This result has several interesting consequences, all of which are taken
from Vigon [100]. First, it implies the following result from Rogers [85]:

Corollary 8. Suppose X is a Lévy process with infinite variation and no
Brownian component satisfying

II(z
lim i f

IlO f IT*(z dz
Then 6 = 0.
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Another application is:

Corollary 9. Suppose X is any Lévy process with infinite variation, and X
denotes the Lévy process defined by

Xt =X +1,

where v is any real constant. Then X creeps upwards if and only if X creeps
upwards.

This result seems almost obvious, but sample-path arguments do not seem
to work. Although this result is from Vigon [100], there an analytic proof is
given, and what for us is a corollary of Theorem 20 in his approach is a key
lemma in the proof of that Theorem. In a sense the device of considering
X(9) which is similar to what we did to prove Theorem 19 (which in turn was
inspired by Chow [26]), replaces Vigon’s proof of this corollary.

Just as we mentioned in connection with Theorem 19, there is a formal
similarity between the result in Theorem 20 and another integral test, this
time that of Bertoin [14]; see Theorem 22 later in this chapter. Given any
Lévy process X which has no Brownian component, we write it as YT — Y,
where Y* are independent, spectrally positive Lévy processes, having Lévy
measures 1,503 /1(dz) and 1,50y /1" (dr) respectively. Denote by H* the
increasing ladder processes of Y*; (n.b. these are different from H., which
are the increasing ladder processes of X and —X). Then the decreasing ladder
processes for Y+ are pure drifts, possibly killed at an exponential time. Using
this fact in (6.2.2), we see that the Lévy measures of Y+ satisfy

put(z) ~ (), p~(x) ~ I (x) as x | 0.
We deduce that

b ot (de)
0 fow u=(2)dz

if and only if J < co. Note that H+ and H~ both have zero drift, so Bertoin’s
criterion applies, and we see that X creeps upwards if and only if

t10 Ht

6.5 Limit Points of the Supremum Process

In this section we will write S, for sup,, X5, and will be interested in two dif-
ferent behaviours that the paths of S can have: either the (monotone, cadlag)
paths have a finite number of jumps in each finite time interval (we will refer
to this as Type I behaviour), or the jump times have limit points; we will refer
to this as Type II behaviour. Clearly Type I behaviour occurs if and only if
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the Lévy measure p, of H is a finite measure, so that H, is a compound
Poisson process with a possible drift §; when this happens it is obvious that
d4+ > 0 occurs if and only if X visits (0, 0c0) immediately. If the restriction of
IT to (0,00) is a finite measure, we will get Type I behaviour, but it is not
clear whether this can happen in other cases. The following result, taken from
Vigon [100], shows how we can determine which of the two cases occurs.

Theorem 21. Type I behaviour occurs if and only if one of the following
holds:

1. 6% >0, and fol xIl(dz) < oo.
2. X has infinite variation, o® = 0, and

/1 fi& < 0. (6.5.1)
0 f() H*(y)dy

3. X has bounded variation with drift 6 > 0 and

1
II(dx) < 0.
0

4. X has bounded variation with drift § = 0 and X does not wisit (0,00)
immediately, i.e.
VI (dx)

7 < 00
o Jo II*(y)dy
5. X has bounded variation with drift 6 < 0.

(6.5.2)

Proof. First note that, letting z | 0 in (6.2.5) and then using (6.2.3), we
always have

e I (dzx)
o O—+k_x+ [ a_(dz)

However, since Type I behaviour is determined by the behaviour of X im-
mediately after time zero, we can alter IT away from 0 without affecting this
behaviour, so we can assume that IT is supported on [—1,1] and EX; = 0,
and have k_ = k; = 0. When o2 > 0, §_ > 0, and the result follows imme-
diately from (6.5.3). If 02 = 0 and X has infinite variation, X visits (0, c0)
immediately, so Type I behaviour implies that 7, (0+) < co and 64 > 0, and
hence 6_ = 0. Since Uy (z) ~ x/d4 as z | 0, an easy consequence of (6.2.5)
applied to —X is that

7i7(0+) < oo if and only if < o0. (6.5.3)

5o (z) ~IT*(x) as x| 0, (6.5.4)

so the convergence of the integral in (6.5.1) follows from (6.5.3). On the other
hand, from (6.4.3), we clearly have

/1 xI1(dx) >/1 2211 (dx) S 03
o fo T (y)dy Jo [5IT*(y)dy




6.6 Regularity of the Half-Line 61

so if the integral in (6.5.1) converges, X creeps upwards, (6.5.4) again applies,
and since 0_ = 0, (6.5.3) shows that 77 (0+) < cc. In case 3 the assumption
that X has bounded variation and § > 0 implies that 4 > 0, (6.5.4) again
applies, and since §_ = 0, the result follows from (6.5.3). Next, if 6 < 0 and
X does not visit (0,00) immediately (this is automatic if 6 < 0), then H,
is a compound Poisson process and we have Type I behaviour. On the other
hand if § = 0 and X does visit (0,00) immediately, we have d1 = 0, and so
H, is not a compound Poisson process and we do not have Type I behaviour.
Finally the integral criterion in (6.5.2) comes from Bertoin [14]; we will prove
this in the next section. |

Corollary 10. If fol xIl(dx) = oo then S has Type II behaviour.

Example 1. If Y is a bounded variation Lévy process and W is an in-
dependent Brownian motion then the supremum and infimum processes of
X =Y + W both have Type I behaviour. (Somehow the Brownian motion
oscillations hide all but a few of the jumps in Y.)

Example 2. Suppose X =Y+t — Y, where Y* are independent, spectrally
positive stable processes with parameters o, respectively. Then we can check
that X creeps upwards if and only if o™ < o™, but S has Type I behaviour if
and only if 1 + o < a~ € [1,2). This shows that the converse to Corollary
10 is false.

6.6 Regularity of the Half-Line

The criterion of Rogozin for regularity of the positive half-line which appeared
in Corollary 4, Chapter 4, is not expressed in terms of the characteristics of X.
This problem remained open for the case of bounded variation processes till
it was solved in Bertoin [14]. His proof is very interesting, but here we show
how it can be achieved by the methods of this chapter.

Theorem 22. (Bertoin) Suppose that X has bounded variation: then 0 is
regular for (0,00) if and only if 6 > 0, or

0 and ] — Yzl (dx) o
§=0and I /ofo””ﬂ*(y)dy . (6.6.1)

Note that the result is formally a small-time version of Erickson’s theorem.
The similarity in the results is more obvious if we note that irregularity of
(0,00) means that X is a.s. negative in a neighbourhood of 0, and drift to
—oo means that X is a.s. negative in a neighbourhood of co. Note also that a
proof similar to that which follows can be given for Erickson’s theorem.

Proof of Theorem 22. The result when § > 0 is immediate from the strong
law at zero, so assume that § = 0. Since changing II outside (—1,1) does
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not affect the finiteness of I, nor regularity, without loss of generality we can
assume that IT is supported by [—1,1], that II([—1,1]) = oo, and EX; = 0.
In one direction the proof is immediate, because from the équation amicale
inversée for —X we see that for any n € (0,1),

1—x

f_(z) = i I_(x +y)Us (dy)

< ¢ _(z) for all z € (0,7).
(Here ¢; = U4([0,1)) .) We know 04 = ki = 0, so using Lemma 4 we see that

[
JS T (2)dz~ " Jo Jin_(2)dz

< c3 /O ! U—(y)H(dy) = c3 /0 ! U_(dy)II(y)-

Now 0 being irregular for (0, c0) is equivalent to H being a compound Poisson
process, i.e. fi, (0+) < oo. From the équation amicale inversée we see this is
equivalent to

n
/U( ) =t [ V(o + ayTT() < oo,
0

so irregularity of the half-line implies I < oco. To argue the other way we
suppose fi, (04+) = oo and I < oo, and establish a contradiction. Note first
that whenever IT is concentrated on [—1,1] and EX; = 0 we can use the
argument in Lemma 5 to get

pe) = [ U@ d) ~ /Jfff(*;”

N = 20 (x + dz) (z —2)I(dz)
fl t(t/\z)H*(dt) fl t(tA(z a:))H (dt) *

We will apply this to X&) = {X, — et 4+ €Y}, t > 0}, where X is as in the first
part of the proof and Y is an independent unit rate Poisson process, so that
IEX(E) = 0. Note that 6 > 0, and 5(f) =0, so (0,00) is irregular for X (),
and ,u(e)(0+) < 00. So the above estimate applies to X () and gives

/ (z — ) (dz)
1 t(tp(z—x))II*(dt)’
f t(tn(z—=))IT*(dt)

A(E)(t

and

7(5) ZH dZ
0+ / fl t(tAz)H*(dt
AP @
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Now take any 0 < b < 1/2 and note that

L 2II(d2) / zI1(dz)
T (i) I (dt) t(tAz)H*(dt) = T ¢(tn(z—b)IT" (dt) b)H*(dt)
2 [y A9 (1) Jo AP (1)

Z — b dz) (e
/ fl t(in D) (dt) > P+ (0).

A(E)(t
Using AS_E) () < tﬁ$)(0+) gives
2 2II(dz) ﬁ(s)(0+) o 2II(dz)
1 t(taz)IT*(dt) — '+ 1 %
) <A(>7>(t)<> 0 Jy (taz)IT*(dt)

= ﬁ$)(0+)1(2b) where I(x / sz (dz)
0

Consequently
i (0+) < C{al? (b) + 1 (0+)1(2b)},

where C' does not depend on e. As ¢ | 0 we have ﬁgf)(b) — Ji(b) < oo and

*(5) (0+) — 71, (04) = oo, and we conclude that I(2b) > 1/C > 0 for all b,
Wthh contradicts I < oo, and the result follows. |
We mention that we can deduce an apparently stronger statement, viz

Corollary 11. Whenever X&) are independent driftless subordinators, with
Lévy measures Il and IT*, we have

(+)

lim sup =0 or oo a.s.

£10 X( )
according as I is finite or infinite.

This follows by applying Theorem 22 to Xt(ﬂ — aX§7). It should also be
noted that when the limsup is oo, it is actually the case that

A(+)

lim sup

£10 X( )

where A(t) denotes the jump process of X (). Finally Vigon [102] shows that

I being finite is sufficient for the limsup to be 0, even when the subordinators

are dependent; by specialising to the case where they are the ladder time and

ladder height processes of some Lévy process Y, he deduces a necessary and
sufficient condition for

=00 a.s.,

. . SUPg<¢ }/s
liminf —=— =0 or c© a.s.;

f(t)

where f is a positive subadditive function.
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6.7 Summary: Four Integral Tests

(i)

(iii)

(iv)

Erickson’s test says that a NASC for X; 3 —oc as t — oo is

EX;" < 0o,EX; <0, or

II(d
EXT—EXl—oo and/ M<oo
fo y)dy

Note that X; “% —oo as t — oo is equivalent to the existence of to(w) <
oo such that X; < 0 for all ¢ > to(w).
Bertoin’s test says that a NASC for 0 to be irregular for (0, c0) is

X has bounded variation and either its drift § < 0 or

5—Oad/ dea:
o T (y)dy

Note that 0 being irregular for (0,00) is equivalent to the existence of
to(w) > 0 such that X; < 0 for all 0 <t < to(w).

Chow’s test says that a NASC for the mean of the ladder height process,
EH", to be finite is

E|X1| < oo and either EX; € (0,00), or EX; =0 and
< zI(z)d
/ ell@dr
1 [y T (y)dy

Note that IEHfr < o0 is equivalent to 2710, “3 0 as © — oo, where
O, = X(T,) — x is the overshoot over level x.

Vigon’s test says that a NASC for 04, the drift of the ladder height
process H, to be positive, is

02 >0, or 02 =0 and either
X has bounded variation with § > 0, or

xIl(v)dw
= <
Jo IT*1(y)dy

(Here ITi(x) = II((x,1)) etc.) Note that 6 > 0 is equivalent to
710, “3 0as x | 0, and also to X creeping upwards.

1
X has infinite variation and /
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Spitzer’s Condition

7.1 Introduction

We have seen that Spitzer’s condition

1 t

E/ P{Xs; > 0}ds — pe (0,1) ast — oo or as t — 0+ (7.1.1)
0

is important, essentially because it is equivalent to the ladder time subordi-

nators being asymptotically stable, and hence to the Arc-sine laws holding.

Obviously (7.1.1) is implied by
P{X; > 0} — p, (7.1.2)

and in 40 years no-one was able to give an example of (7.1.1) holding and
(7.1.2) failing, either in the Lévy process or random walk context. What we
will see is that they are in fact equivalent, and this equivalence also extends
to the degenerate cases p =0, 1.

Theorem 23. For any Lévy process X and for any 0 < p < 1, the statements
(7.1.1) and (7.1.2) are equivalent (ast — oo, or as t — 0+).

Since the case ¢ — oo can be deduced from the random walk results in
Doney [33], we will deal here with the case ¢t — 0 + . Following Bertoin and
Doney [18], we treat the case p = 0, 1, first, and then give two different proofs
for 0 < p < 1. The first is the simplest; it is based on a duality identity for the
ladder time processes and does not use any local limit theorem. The second
is essentially an adaptation of my method for random walks; in particular it
requires a version of the local limit theorem for small times, and a Wiener—
Hopf result from Chapter 5.

7.2 Proofs

The purpose of this section is to prove Theorem 23 when ¢ — 0+. The case
when the Lévy process X = (X;,¢ > 0) is a compound Poisson process with
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drift is of no interest, since in this case p(f) — 0 or 1 according as the drift
is positive or non-positive, so we will exclude this case. It then follows that
P{X; =0} =0 for all ¢ > 0, and that the mapping ¢t — p(t) = P{X; > 0} is
continuous on (0, 00) (because X is continuous in probability).

7.2.1 The Case p =10,1
The argument relies on a simple measure-theoretic fact.

Lemma 6. Let B C [0,00) be measurable set such that

. 1 -
tLH&t m(BN[0,t) =1,

where m denotes Lebesque measure. Then B + B D (0,¢) for some & > 0.

Proof. Pick ¢ > 0 such that t~*m(B N [0,t]) > 3/4 for all ¢ < ¢. Then

1
m(BN[t,2t]) > =t forall t< ¢ (7.2.1)

[N

Suppose now that there exists ¢ < %c such that 2¢ ¢ B + B. Then for every
s €[0,t]N B, 2t — s € BN [t,2t] and therefore

m(BN[t,2t]) = ¢ — m(B° N [t, 2¢))
<t-m(2t—Bn[o,1)

1
<t—-m(BNI0,t]) < Zt’
and this contradicts (7.2.1). |

We are now able to complete the proof of Theorem 23 (as t — 0+)
for p = 0,1. Obviously it suffices to consider the case p = 1, so assume
t—! fot p(s)ds — 1, and for § € (0,1) consider B = {t : p(t) > 6}. Then B
satisfies the hypothesis of Lemma 6 and we have that B+ B D (0, ¢) for some
€ > 0. For any t € (0,¢) choose s € (0,£) N B with t — s € B, so that p(s) > ¢
and p(t — s) > §. Then by the Markov property

p(t) = P{X; > 0} > P{X, > 0O}P{X,_, > 0} > &>

Since d can be chosen arbitrarily close to 1, we conclude that lim;_g4p(t) = 1.

7.2.2 A First Proof for the Case 0 < p < 1

Recall that the ladder time subordinator 7 = L~ is the inverse local time at
the supremum, and has Laplace exponent

&(q) = exp {/Ooo (e7 —e ) t_lp(t)dt} , q>0. (7.2.2)
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Also from Corollary 3 in Chapter 4 we know that, with an appropriate choice
of the normalisation of local time, the Laplace exponent @* corresponding to
the dual Lévy process X* = — X satisfies

2(¢)®"(q) = q.

So differentiating (7.2.2) we see that

| e ot = #@)00a) = # @ @)/a. (7.2.3)

Suppose now that (7.1.1) holds as ¢ — 0+. By results discussed in Chapter 2,
this implies that & is regularly varying at oo with index p, and hence also
that @* is regularly varying at oo with index 1 — p. Because @ and &* are
Laplace exponents of subordinators with zero drift, we obtain from the Lévy—
Khintchine formula that

o

o) = [ e ad (<T(), #(q)/q = | e @,

where T (respectively, T*) is the tail of the Lévy measure of the ladder time
process of X (respectively, of X*). We now get from (7.2.3)

o(t) = / T*(t — s)sd (~T(s))  for ae. t> 0. (7.2.4)
()
By a change of variables, the right-hand-side can be re-written as

3 B T (t(1 - u))u ~ T(tu)
t/(OJ)T (#(1 — w))ud (~T(tu)) = /(071) Y d( qﬁ(m)) .

Now, apply a Tauberian theorem, the monotone density theorem and the
uniform convergence theorem (see Theorems 1.7.1, 1.7.2 and 1.5.2 in [20]).
For every fixed ¢ € (0, 1), we have, uniformly on u € [¢,1 — €] as t — 0+,

T(tu)  u” Tl —w) (1 -wu)i”
o(1/t)  I(l-p)  P*(1/1) I'(p)

Recall p(t) depends continuously on ¢ > 0. We deduce from (7.2.4) that

1—¢
. 14 1 —
| f > 1—wu)? P
A0 2 T [ 0

and as € can be picked arbitrarily small, liminf; o4 p(t) > p. The same
argument for the dual process gives liminf; o4 P{X; < 0} > 1 — p, and this
completes the proof.
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7.2.3 A Second Proof for the Case 0 < p < 1

Here we will use one of the Wiener—Hopf results we discussed in Chapter 5,
specifically

Lemma 7. We have the following identity between measures on (0,00) X
(0,00):

P{X; € dx}dt = t/ P{L™Y(u) € dt, H(u) € dz}u~'du.
0

We next give a local limit theorem which is more general than we need.

Proposition 10. Suppose that Y = (Y;,t > 0) is a real-valued Lévy process
and there exists a measurable function r : (0,00) — (0,00) such that Y;/r(t)
converges in distribution to some law which is not degenerate at a point as
t — 0+. Then

(i) r is reqularly varying of index 1/a,0 < a < 2, and the limit distribution
18 strictly stable of index «;
(i) for each t > 0,Y; has an absolutely continuous distribution with contin-
uous density function p:(-);
(iil) wniformly for x€R, lim,_ o4 7(t)pe(zr(t)) = p(® (z), where p(®)(-) is the
continuous density of the limiting stable law.

Proof. (i) This is proved in exactly the same way as the corresponding result
for t — oo. (ii) If ¥ () denotes the characteristic exponent of Y, so that

E(exp{i\Y:}) = exp{—t¥(\)}, t>0,)€eR,

then we have t¥(\/r(t)) — T () as t — 04, where ¥(®) is the characteristic
exponent of a strictly stable law of index «. Because we have excluded the
degenerate case, Re(¥(\)), the real part of the characteristic exponent (which
is an even function of A), is regularly varying of index a at +oo. It follows
that for each t > 0, exp —tW¥(-) is integrable over R. Consequently (ii) follows
by Fourier inversion, which also gives

o0

r(t)pe(zr(t)) = ! / exp —{i\x + t¥(A/r(t))}dA

2r J o

and L
P () = / exp —{iAz + T () }d.

2r oo
(iii) In view of the above formulae, it suffices to show that
|exp —t@ (\/7(t))| = exp —tRe¥ (\/r(t))

is dominated by an integrable function on |A] > K for some K < oo and
all small enough A. But this follows easily from Potter’s bounds for regularly
varying functions. (See [20], Theorem 1.5.6.) [
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We assume from now on that (7.1.1) holds as t — 0+, so that ®(\),
the Laplace exponent of the subordinator 7, is regularly varying at oo with
index p. It follows that if we denote by a the inverse function of 1/&(1/-), then
a is regularly varying with index 1/p and 7(t)/a(t) converges in distribution
to a non-negative stable law of index p as ¢t — 0+. In view of Proposition
10, 7+ has a continuous density which we denote by g:(-), and a(t)g:(a(t)-)
converges uniformly to the continuous stable density, which we denote by
g (-). Applying Lemma 7, we obtain the following expression for p(t) that
should be compared with (7.2.4):

p(t) = t/ gu(t)u" du for a.e. t > 0. (7.2.5)
0

We are now able to give an alternative proof of Theorem 23 for 0 < p < 1
and ¢t — 0+. By a change of variable,

t/ gu(t)uildu = t/ gsu(t)uildua
0 0

for any s > 0. We now choose s = 1/®(1/t), so that a(s) = ¢, and note that

(90 = ot (ats) 2.

a(su) a(su)
When ¢t — 0+, s — 0+ and since a is regularly varying with index 1/p,
a(s)/a(su) converges pointwise to u~'/?. Tt then follows from Proposition 10

that

li —uYrge)(y=1/Py.
Jm tgsu(t) = umPg (umP)

Recall that p(t) depends continuously on t > 0, so that (7.2.5) and Fatou’s
lemma give

liminf p(t) > / g(P)(ufi)ufifldu = p/ g\ (v)dv = p.
t—0+ o o

Replacing X by —X gives limsup,_,o, P{X; > 0} < p, and the result follows.

7.3 Further Results

The ultimate objective is to find a necessary and sufficient condition, in terms
of the characteristics of X, for Spitzer’s condition to hold. Current knowledge
can be summarised as follows.

(i) If X is symmetric it holds with p = 1/2, both at 0 and oo.
(ii) If o # 0 it holds with p = 1/2 at 0.
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(iii) If X is in the domain of attraction of a strictly stable process with posi-
tivity parameter p either as t — oo or as ¢ | 0 it holds correspondingly
at oo or at 0.

(iv) It holds with p = 1/2 at co in some situations where X has an almost
symmetric distribution, but is not in the domain of attraction of any
symmetric stable process: see Doney [28] for the random-walk case.

(v) It holds if YV is strictly stable with positivity parameter p and X = Y (1) is
a subordinated process, 7 being an arbitrary independent subordinator;
the point here is that 7 can be chosen so that X is not in any domain of
attraction. (This observation is due to J. Bertoin.)

The only obvious examples where it doesn’t hold is in the spectrally one-
sided case; this was pointed out in the random-walk case more than 40 years
ago by Spitzer! See [94], p. 227.

Again for random walks the only situation where a necessary and sufficient
condition is known is the special case p = 1. This can be extended to the
Lévy process case at oo, the most efficient way of doing this being to use the
stochastic bounds from Chapter 4; see Doney [36]. The result there suggests:

Proposition 11. For any Lévy process X we have p, = P(X; > 0) — 1 as
t — 0 if and only if m, ;= P(X exits [—z,z] at the top) — 1 as x — 0.

We now have two possible lines of attack: we could try to find the necessary
and sufficient condition for p, — 1 directly, and then Proposition 11 says we
have also solved the corresponding exit problem; this progamme is carried
out in Doney [37]. But instead we will tackle the exit problem, using material
from Andrew [6]. We need some notation; we use the functions (all on x > 0)

N(z) = I((z,00)), M(x)= ({00, —x)),

L(z) = N(z) + M(x), D(x)=N(z)— M(z),

A(x) =7+ D(1) - / D(y)dy =~ + /( wdD() +2D(),

and

x
U(r) = o? + 2/ yL(y)dy.
0
(It might help to observe that A(z) and U(x) are respectively the mean and
variance of X ¥, where X7 is the Lévy process we get by replacing each jump
in X which is bigger than x, (respectively less than —z) by a jump equal to
x, (respectively —x).)

Note that always lim, o U(z) = 02 and lim,_¢ zA(x) = 0, and if X is of
bounded variation, lim,_,o A(z) = §, the true drift of X. Also we always have
lim, 0o U(z) = VarX; < oo and lim, oo 271 A(z) = 0, and if E|X;| < oo,
lim, o A(z) = EX;.
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In any study of exits from 2-sided intervals the following quantity is of
crucial importance:

k(z) = 2~ YA(z)|[+22U(z), = > 0.

For Lévy processes, its importance stems from the following bounds, which
are due to Pruitt [83], although he uses a function which is slightly different
from k.
Let o
X(t) = sup |X(s)]
0<s<t
and write

T, =inf(t : X (t) > r}.

Lemma 8. There are positive constants ci1,co,c3,cq such that, for all Lévy
processes and all v > 0,1t > 0,

P{X(t) > r} < erth(r), P{X(t) <r} < s (7.3.1)
and cs ca
) E(T(r)) < ) (7.3.2)
Moreover
1 k(x)
7 < 5(@) <3 forallz >0 and A > 1. (7.3.3)

Proof of Proposition 11. We start by assuming p, = P(X; > 0) —» 1last — 0,
and suppose that ¢ = [/k(r), where | € N. (Note that with this choice, the
bounds in (7.3.1) are O(1).) Take 75 = 0 and for j =0, 1,--- define

Ty = inf{s > 7y 0 (X, - X, [ > 7).

Suppose now that the event A} occurs for each 0 < j < 12, where

T 1 r r ! .
Aj: (lk(r)<’Tj+1—7'j<k‘(r)andXT;'+1<XT’J{'—T>,

then X <0 for s € [77,7]»]. Moreover t = [/k(r) € [r],7}.] and

12
P(X, <0) 2P | (A7 ] = ®aAp)”

j=1

> ([]P’{XT; < 0} —IP’{T’{ > k(lr)} —}P’{T’{ < lkir) }T)
(o <o-{5 ) <o} {5 () =]
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Using Lemma 8, we conclude that:

2
! +\'
when ¢ = o5, B(X, <0) 2 ({JP’{XTT <0} — ﬂ ) : (7.3.4)
It is easy to check that k(r) — oo as r — 0, unless X; = 0, a case we implicitly
exclude. Therefore if we fix [ and let r | 0 then ¢(r) = I/k(r) | 0, so (7.3.4)
gives

limsupP{ X7 <0} <
r]0

)

10

and the result follows since [ is arbitrary. A somewhat similar argument
establishes

[ 2 ¢
when ¢ = reg P(X; > 0) > [P{X7, > 0}]" — 7

which leads quickly to the converse implication, but we omit the details. W

We will use Lemma 8 in conjunction with the following straight-forward
consequence of the compensation formula: let

Urds) = [ OOP{ sup X (u)] < r, X (1) edy} d

0<r<t
= / P{T, > t,X(¢t) € dy}dt.
0
Then:

Lemma 9. For 0 < |y| <r < |z| we have
P{X(T(r)—) € dy, X(T(r)) € dz} = U, (dy) I (dz — y). (7.3.5)

In what follows, it is convenient to focus on the situation where 7, — 0;
of course the results for 7, — 1 follow by considering —X. It is not difficult
to guess that any necessary and sufficient condition for 7, — 0 must involve
some control over the sizes of the positive jumps which occur before 7)., so
let us write A(T,.) = X1 — X, _ for the jump which takes X out of [—r, 1],
and

A(T,) =sup{(QA) T :t < T}}

for the size of the largest positive jump before T;.. Then since

ET, = / U, (dy),

-Tr

an immediate consequence of Lemma 9 is that for all > 0,6 > 0

N((§ +2)r)ET, < P{Ap, > ér} < N(6r)ET,. (7.3.6)
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Thus, by Lemma 8,

csN((6+2)r)
k(r)

and using (7.3.3) we conclude that

¢y N (07)

< < —2
< P{ATT > 51"} < k‘(?") s

+
@ E)Oasr—>()ifand only if N(T)

r k(r)

By another application of the compensation formula we see that

—0asr—0.

P{ZTT > 57’} =P Z l{AXt>5r} >1, <E Z l{AXt>67-}
0<t<T, 0<t<T,
N(§
= N(6r)ET, < w,
k(r)
and of course P{Ar, >dér} > P{Ar, >dr}. Finally we see that if
r Y (Ar )t L4 0, there exists d,& > 0, r,, | 0 with

P{X(T},) >0} > P{A(T,,) > ern} >4,

and since r + A(T,) > Xr,. > r on {X7. > 0} we see that

CX(T,,) >0} > P{A(T,.) > erp} > 6,

P{A(T;
(AT,) > T .

so that A, /X7, % 0. Since | X7.| > r, the reverse implication is obvious, and
we have shown the following;:

Proposition 12. The following are equivalent asr | 0 :

N(r) i Mi - (i ZTT& . (iv
Ry 0 ) T 20 () = S0 ) 3

r

A, Py,

(1)

Before formulating the final conclusion, we need an intermediate result.

Proposition 13. A necessary and sufficient condition for m, — 0 as x— 0 is

. N(r) ) A(r)
1 = d 1 . 3.
lim 5 0 an 1m§gl()) () <0 (7.3.7)

Remark 2. In the spectrally negative case we have N identically zero, so the
first part of (7.3.7) is automatic. It is not difficult to show the second part is
actually equivalent to

o =0 and A(r) <0 for all small enough r. (7.3.8)
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1
In particular, in this case A(r) = v — M(1) +/ M(y)dy. So when (7.5.8)

1
holds, / M(y)dy is finite, and X is of bounded variation with drift 6 =
0
1
v—M(1)+ / M(y)dy < 0. Thus —X is a subordinator, and hence m, = 0.

0
(In fact, in analogy with later results in Chapter 9, the only possible limits for
. in the case that X is spectrally negative and —X is not a subordinator lie
in [1/2,1].)

Proof of Proposition 13. We will write P* for the measure under which X
has the distribution of the truncated process X* under P, and note that the
corresponding Lévy tails are given by

M(y) = M(y), N(y) = N(y) for y <z,
M(y) = N(y) =0, fory > .

As previously observed, E* X, = A(z), so X; — tA(x) is a P*—martingale, and
optional stopping gives ~ ~
E* X7, = A(z)E*T,

We will work with z = Ar, and note, from the fact that under P*" no jumps
exceed Ar in absolute value, that
EN X7, > rPM{X7, > 0} — (A + 1)rPM{ X7, < 0}
=7r— (A +2)rPM{Xr, <0},

and

EM X7, < (A4 DrPY{Xp >0} —rPM{Xp <0}
= A+ 1)r— (A +2)rP{X7, <0}

Thus

1—r YAO)EM X1,

(A+1) —r PANr)EM X7,
A+2) '

<PV{Xp <0} <

(7.3.9)

If we now choose A = 2 we will have X and X" agreeing up to time T} = T},
so this gives
~ 3 “lA(2rEX
P{Xr, <0} =F¥"{Xs, <0} < - #,

and hence, using Lemma 8 again

cA(2r)
rk(r)

<

e~ w

—P{Xr, <0}.
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Thus A
() _ 1

»— 0=1i .

e 0 i S

But also 7, — 0 implies 7~ 1(Az, )" Kt 0, and by Proposition 12 this implies
lim, o N(r)/k(r) = 0. To reverse the argument, we will assume that (7.3.7)

holds and prove _
lim lim inf P { Xy, <0} =1; (7.3.10)

then the result follows from

. .. ST < i A P A >
)1\12%) lim 7nlngIE” {Xr, <0} < )I\ILI’%) lim ;gfo (P{X1, <0} —P{A7, > Ar})

< lim inf0 P{Xr. <0},

where we have used Proposition 12. We do this in two stages; the first step is
to deduce from (7.3.9) that 3¢ > 0 such that

. 1
lim lim inf P {X7, < 0} > ;C. (7.3.11)

By considering the sequence defined by
70 = 0,741 = inf{t > 7, : | Xy — X;,| > Ar},
it is not difficult to show that for any r > 0 and 0 < A < 1/2
ETy, < 3AEMT,.

Using the left-hand side of (7.3.9) and Lemma 8 gives
_ cA(Ar)
Ark(Ar)

PMIX 0} >
(X7, <0} 2 A+2

and letting 7 — 0 then A — 0 we get (7.3.11).

Now define p = (2 — ¢)/4, where c is the constant in (7.3.11), and denote
by {Sn,n > 0} a simple random walk with P(S; = 1) = p, P(S; = —1) =
g=1—p. Put oy = min{n : |S,| > N}, N € N, so that, since p < 1/2, we
have P(S,, <0) — 1 as N — co. Thus given £ > 0 we can choose N, K with
P(Syy < 0,0y < K)>1—c¢. Take r and A sufficiently small so that

=P {X(T,)on <0} > ¢
then, in the obvious notation

PA"{X leaves [—7/2 + A\rK,r/2 + A\rK] downwards}
> P(S,y < 0,08 <K)>P(S,, <0,0ny <K)>1—c¢.
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It follows that

;ir% lim inf0 P {X leaves [—7/3,2r/3] downwards} > 1 — ¢,
and hence ~
lim lim inf PM{Xp <0} > (1—¢)
Since ¢ is arbitrary, (7.3.10) follows. |

Remark 3. This proof shows that it is impossible for

1 A(r)
—Z < limsup ——Z~
1 < un:u[()J rk(r) <0

to occur; this phenomenom was first observed in the random-walk case in
Griffin and McConnell [53].

We can now state our main result.

Theorem 24. Assume X is not a compound Poisson process: then (i) if
N(04) > 0 the following are equivalent;

7wy — 0 as x — 0; (7.3.12)
pr—0ast—0; (7.3.13)
X
B asr— 0 (7.3.14)
Ar,
X
LB st —0; (7.3.15)
Ay
A(z)
g = 0, m — =00 as r — O, (7316)

(ii) if N(0+) = 0 then (7.3.12)<= (7.5.13)<>
A(x) <0 for all small enough x. (7.3.17)

Proof. (i) First we need the fact that (7.3.16) is equivalent to (7.3.7) from
Proposition 13, which we recall is

. N(x) . A(z)
1 = d1l . 3.1
lim i) 0 an 1m:1% P <0 (7.3.18)

If this holds, clearly

lim Alz) = lim
e—0xzN(z) 2—0xk(z) N(z)
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and if 02 > 0 we would have k(z) > 02/x? and hence
: A=) _ .
lim sup ——% < lim sup z|A(z)| = 0;
2 k(@) = A

thus o = 0 and (7.3.16) holds. So assume (7.3.16) and note first that
k) _ |A@)|  Ux) _ |A()]

N(z) xN(z) 22N(x) — aN(x)’

so N(z)/k(x) — 0. Also

[A(z)] w2k (z)’
so since (7.3.16) implies that A(x) < 0 for all small z, we see by writing

U(x) _ U(z) xk(x)
zA(x)  x?k(z) Ax)

that

lim sup Alz) < 0 if and only if lim inf Ulz) > —00

z—0 Tk(x) -0 zA(x)

Now given € > 0 we have yN(y) < —eA(y) for all y < zy. Also integration by
parts gives

/A(y)dy=xz4(x) —/yN(y)dy+/yM(y)dy-
0 0 0
So for z < x¢
/yN(y)dy < —exA(z) + s/yN(y)dy — a/yM(y)dy. (7.3.19)
0 0 0

This implies that

T

(1—¢) [ yN(y)dy < —exA(x),
/

and also, putting € = 1 in (7.3.19), that /yM(y)dy < —zA(z). Thus
0
Ulz) = 2/y(N(y) +M(y))dy < —zA(x)
0

2e
1—¢’
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for all x < xg, and the result (7.3.18) follows. The equivalence of (7.3.12),
(7.3.13), (7.3.14) and (7.3.16) now follows from Propositions 11, 12, and 13,
bearing in mind that

A X
7Tm—>0and—T'" 50: LA

X T, ATT

—0Q.

Since (7.3.15) obviously implies (7.3.13), we are left to prove that

X
]P’{Xt<0}ﬂlz>jti—ooastﬂ().
t

The argument here proceeds by contradiction; so assume 3 ¢; | 0 with PC; >
8¢ > 0 for all j, where Cj = {X;, > —2kA;,} and k is a fixed integer. Then
for each j we can choose c; such that

P{(th S Cj) n Cj} Z 2e and P{(th Z Cj) n Cj} Z 6e. (7320)
It follows that for each j at least one of the following must hold:
P{(th > QCj) n C]} > 2¢e (7321)

or
]P){(Cj S th S 20]') n Cj} Z 4e. (7322)

Suppose (7.3.21) holds for infinitely many j. Then write th for the number
of jumps exceeding 2¢; which occur by time ¢, Z} for the sum of these jumps,
and Y/ = X, — Z]. Of course NgJ has a Poisson distribution, and we denote
its parameter by p; Note that we have

P{thj =0} > P{(4, <¢;)NC;} > 2 and

P{N] >0} > P{(Z,, > 2¢;) N Cy} > 2e,
so p; is bounded uniformly away from 0 and oo. It follows that 3v > 0 with
) ,Pk
P{N{, > k} > e_pfk—j! > v for all j.
Also
P{Z] =0,Y] € (~2ke;,0)} > P{C; N (Xy, <0)N(Ay, <)} > ¢

for all large j, by (7.3.20) and the fact that P(X;, < 0) — 1. So, as Y and Z
are independent, the contradiction follows from
lim inf P(X;, > 0) = lim inf P{N] >k, Y{ € (—2ke;,0)} > ve.
The second case, when (7.3.22) holds for infinitely many j, can be dealt with
in a similar way; see [6] for the details.
(ii) This follows from Propositions 11 and 13, and Remark 2. [
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Some comments on this result are in order.

The condition (7.3.16) can be shown to be equivalent to
— —00. (7.3.23)
There are other conditions we can add to the equivalences in Theorem 24.

In particular,

X P

3 a slowly varying [ such that o) — —00. (7.3.24)

(This is demonstrated in [37].) Note that this implies ¢~ X, L —oo for
any o > 1.

At the cost of considerable extra work, it is possible to give analogous
results for sequential limits; see Andrew [6] for the Lévy-process case and
Kesten and Maller [62] for the random-walk case.

Remarkably, the equivalences stated in Theorem 24, and their equivalence
to (7.3.23) and (7.3.24), remain valid if limits at zero are replaced by limits
at infinity throughout, with only one exception: the large time version
of (7.3.16) places no restriction on o, since the Brownian component is
irrelevant for large ¢. One further difference is that one can add one further
equivalence in the ¢ — oo case, which is

P
Xy — —oc0 ast — oo.

Suppose X is spectrally positive, so that

Aw) _ v+ N() = [, Nw)dy

xN(x) xN(x)

If X is of bounded variation, i.e. fol N(y)dy < oo, then zN(x) — 0 and
(7.3.16) is equivalent to d = v+ N(1) — fol N(y)dy < 0. Otherwise, it is
equivalent to
ﬂN@@Hm
xN () ’

and this happens if and only if f; N(y)dy is slowly varying, so that X
is “almost” of bounded Valriation. Note also that a variation of the above
shows that in all cases fx N (y)dy being slowly varying is necessary in

order that (7.3.16) holds; of course this includes the case fol N(y)dy < oo.
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7.4 Tailpiece

None of this helps in finding the necessary and sufficient condition for Spitzer’s
condition when 0 < p < 1; if anything it suggests how difficult this problem
is. This is reinforced by the following results, taken from Andrew [7].

(i) Given any 0 < a < 8 < 1 there are Lévy processes with
« = liminf 7., 8 = limsupm,,
and other Lévy processes with
o = liminf p,, f = limsup p,.
(if) For any 0 < « < 1 there is a Lévy process with
a =lim7m, = lim p,.

(Non-symmetric stable processes are examples where the two limits exist,
but differ.)

(iii) For any 0 < @ < B < 1 there is a Lévy process with a = lim p, and such
that 7, fluctuates between o and (3 for small z.
In conclusion; every type of limit behaviour seems to be possible.
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Lévy Processes Conditioned to Stay Positive

8.1 Introduction

In the theory of real-valued diffusions, the concept of “conditioning to stay
positive” has proved quite fruitful, in particular in the Brownian case. The
basic idea is to find an appropriate function which is invariant (i.e. harmonic)
for the process killed on leaving the positive half-line, and then use Doob’s
h-transform technique. In this chapter we investigate how these ideas can be
applied to Lévy processes. It should be mentioned that the first investigations
of this question were devoted to the special case where the Lévy process is
spectrally one-sided, (see Bertoin, [10] and Chapter VII of [12]), but we will
deal with the general case, basically following Chaumont [24] and Chaumont
and Doney [25].

8.2 Notation and Preliminaries

Note that the state 0 is regular for (—oo,0) under P if and only if it is regular
for {0} for the reflected process. In this case, we will simply say that 0 is
regular downwards and if 0 is regular for (0,00) under P, we will say that
0 is regular upwards. We will assume that 0 is regular downwards
throughout this chapter. (But see remark 4; also note this precludes the
possibility that X is compound Poisson.)

We write T4 for the entrance time into a Borel set A, and m for the time
at which the absolute infimum is attained:

Ty =inf{s >0: X, € A}, (8.2.1)
m=sup{s < (: X, A X;_ =X} (8.2.2)
where X, = inf, <5 X,,. Let L be the local time of the reflected process X — X

at 0 and let n be the characteristic measure of its excursions away from 0.
Because of our assumption, L is continuous.



82 8 Lévy Processes Conditioned to Stay Positive

Let us first consider the function h defined for all x > 0 by:

[0,00)

Making the obvious change of variable we see that

[0,00)

is also the renewal function in the downgoing ladder height process H*.

It follows from (8.2.3) (or (8.2.5) below) and general properties of Lévy
processes that h is finite, continuous, increasing, and subadditive on [0, o),
and that h(0) = 0 (because 0 is regular downwards).

Let e. be an exponential time with parameter £, which is independent
of (X,P). The following identity can be seen by specialising the argument
used to prove Theorem 10 in Chapter 4, or alternatively by appealing to
Maisonneuve’s exit formula of excursion theory. (See [74].) Let n > 0 denote
the drift in the downgoing ladder time process: then for all € > 0,

Po(T(—0,0) > €c) = P(X,, > —1)
=F </ e x> st> e + n(e. < )], (8.2.4)
[0,00)

so that, by monotone convergence, for all z > 0:

P, (T _ >
h(z) = lim (Too0) > )

2 e+ nfe- < O (8:25)

In the next lemma we show that, for x > 0, h is excessive or invariant for
the process (X, P;) killed at time 7(_ o). This result has been proved in the
context of potential theory by Silverstein [92] Th. 2, where it is assumed that
the semigroup is absolutely continuous, 0 is regular for (—o0,0), and (X,P)
does not drift to —oo; see also Tanaka [98] Th. 2 and Th. 3. Here, we give a
simple proof from [25] based on the representation of h given in (8.2.5). (We
point out that in [25] the possibility that n > 0 was overlooked.) For x > 0
we denote by Q, the law of the killed process, i.e. for A € Fy:

Qx(/lat < C) = PZE(/L t < T(foo,0)> )

and by (g¢) its semigroup.

Lemma 10. If (X,P) drifts towards —oo then h is excessive for (qi), i.e. for
allz >0 and t >0, EX(h(X:)Uj<cy) < h(z). If (X,P) does not drift to —oo,
then h is invariant for (q¢), i.e. for allx >0 and t > 0, EZ(h(Xy)T<cy) =
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Proof. From (8.2.5), monotone convergence and the Markov property, we have

ES (M(Xi)Wiccy)
) Px,(T(-c0,0) > €)Mt o)}
= lim E,
e—0 ne + n(e: < ()

I e
= lim E, < {T(—co,0)>t+ s})
ne +n(e. < ()

oot <Pw(T<oo,o> >e) /t o—eulaL(=o00) > 1) du)
0

:giﬂ% ne + n(e: < () ne + n(e. < ()
1 t
= @) = s /0 Po(T\ o) > u) du, (8.2.6)

where n(() = fooo n(¢ > t) dt. From Proposition 6, Chapter 4, we know that
for x > 0, B4 (T(—oo,0)) < o0 if and only if X drifts towards —oo. Hence, since
moreover 0 < h(z) < 400 for x > 0, then (8.2.5) shows that n(¢) < +o0
if and only if X drifts towards —oo. Consequently, from (8.2.6), if X drifts
towards —oo, then EQ(h(X;)Lj1<cy) < h(z), for all ¢ > 0 and = > 0, whereas
it (X,P) does not drift to —oo, then n(¢) = +oo and (8.2.6) shows that
E2(h(X:)Igi<cy) = h(z), for all ¢ > 0 and x > 0. |

8.3 Definition and Path Decomposition

We now define the Lévy process (X,P,) conditioned to stay positive. This
notion now has a long history; see Bertoin [11], Chaumont [23] and [24],
Duquesne [44], Tanaka [98], and the references contained in those papers.
Write (p¢,t > 0) for the semigroup of (X,P) and recall that (g:, ¢ > 0) is
the semigroup of the process (X, Q,). Then we introduce the new semigroup

h
pg(a:,dy) = hgz; q¢(z,dy), x>0,y >0, t>0. (8.3.1)

From Lemma 10, (p}) is sub-Markov when (X, P) drifts towards —oo and it is
Markov in the other cases. For > 0 we denote by P] the law of the strong
Markov process started at z and whose semigroup in (0,00) is (pz) When
(p]) is sub-Markov, (X,P]) has state space (0,00) U {8} and this process has
finite lifetime. In all cases, for A € F;, we have

1

Pl(/Lt <() = h(z)

E2(h(X)Talyccy) - (8.3.2)

We show in the next proposition that P! is the limit as e | 0 of the law
of the process under P, conditioned to stay positive up to an independent
exponential time with parameter ¢, so we will refer to (X,P]) as the process
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“conditioned to stay positive”. Note that the following result has been proved
in Th. 1 of [24] under the same assumptions that Silverstein [92] required for
his Th. 2, but here we only assume that 0 is regular downwards.

Proposition 14. Let e. be an exponential time with parameter € which is
independent of (X, P).
For any x > 0, and any (F;) stopping time T and for all A € Fr,

m P, (A, T <e.|X,>0,0<s<e.)=P(AT<().

e—0

Proof. According to the Markov property and the lack-of-memory property
of the exponential law, we have

P(A, T<e. |Xs>0,0<s<e)=

HJ)XT (T(foo,O) > ea)
E, (]IA]I{T<eE/\T((X,10)} Byl > 02) ) (8.3.3)

Let g9 > 0. From (8.2.3) and (8.2.4), for all ¢ € (0,&¢),

I ]PXT (T(—oo,O) > es)
{(T<eenT(—oo0)} Pr(T(—oo 0) > es)

-1
]I{T<T(7co,0)}E (/ €7eotﬂ{§t2_w} st> h(XT), a.s. (834)
[0,00)

Recall that & is excessive for the semigroup (g;), hence the inequality of Lemma
10 also holds at any stopping time, i.e. E2(h(X1)Iir<cy) < h(z). Since h is
finite, the expectation of the right-hand side of (8.3.4) is finite, so that we
may apply Lebesgue’s theorem of dominated convergence in the right-hand
side of (8.3.3) when & goes to 0. We conclude by using the representation of
hin (8.2.5) and the definition of P! in (8.3.2). [

Since 0 is regular downwards, definition (8.3.1) does not make sense for
2 =0, but in [11] it was shown that in all cases, the law of the process

((X - X)gﬁ»s» s<t— gt)v where gy = sup{s <t: (X *X)s = O}a

converges as t — oo to a Markovian law under which X starts at 0 and
has semigroup p;. (See also Tanaka [98], Th. 7 for a related result.) We will
denote this limit law by PT, and defer for the moment the obvious question:
is limzw P; = ]PT7

The next theorem describes the decomposition of the process (X,P]) at
the time of its minimum; it reduces to a famous result due to Williams [103]
in the Brownian case. It has been proved under additional hypotheses in [24]
Th. 5, in [44] Prop. 4.7, Cor. 4.8, and under the sole assumption that X is
not a compound Poisson process in [25].
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Theorem 25. Define the pre-minimum and post-minimum processes respec-
tively as follows: (X;,0 <t <m) and (Xpym — U, 0 <t < {—m), where
U:=X A X

1. Under P, z > 0, the pre-minimum and post-minimum processes are in-
dependent. The process (X,Pl) reaches its absolute minimum U once only

and its law is given by:

h(z —y)

PLU > y) = Wl{ygw} : (8.3.5)

2. Under Pl the law of the post-minimum process is P1. In particular, it
is strongly Markov and does not depend on x. The semigroup of (X,PT)

in (0,00) is (p}). Moreover, Xo = 0, P'-a.s. if and only if 0 is reqular
upwards.

Proof. Denote by P the law of the process (X,P,) killed at time e.. Since
(X,P) is not a compound Poisson process, it almost surely reaches its mini-
mum at a unique time on the interval [0, e.]. Recall that by a result in [76],
pre-minimum and post-minimum processes are independent under PS¢ for all
e > 0. According to Proposition 14, the same properties hold under P]. Let
0 <y < z. From Proposition 14 and (8.2.5):

PLU <y) =PL(Tpo,y) < ¢) = lim Po(Tjo,y) < ec | T(—oc,0) > €2)

= lim (]_ — ]PDI(T[Ovy) 2 €e, T(—DO,O) > ee)>
e—0 P-E(T(*OO,O) > ee)
Pz— T—oo 2 - .
=1-—lim y(( .0 e):]_—Ma
e—0 ]P’x(T(_OO)O) > e.) h(@)

and the first part of the theorem is proved.

From the independence mentioned above, the law of the post-minimum
process under P=(-|U > 0) is the same as the law of the post-minimum
process under P¢=. Then, from Proposition 14 or from Bertoin, [11], Corollary
3.2, the law of the post-minimum processes under P! is the limit of the law of
the post-minimum process under P¢=, as ¢ — 0. But [11], Corollary 3.2, also
proved that this limit law is that of a strong Markov process with semigroup
(pI ). Moreover, from Millar [77], the process (X, PS) leaves its pre-minimum
continuously, (that is P (X,, > X,,—) = 0) if and only if 0 is regular upwards.
Then we conclude the proof of the second statement by using Proposition 14.

|

Williams’ result also contains a description of the pre-minimum process,
and Chaumont [24] was able to extend this, under the additional assumption
that X has an absolutely continuous semigroup. In this case h has a con-
tinuous derivative which satisfies 0 < h/(z) < oo for 0 < z < oo, and R’ is
also excessive for (g;). Then, under Pl the law of the pre-minimum process,
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conditionally on X,,, = a, is that of X 4 a under P>, where P>, for y >0,

r—a? Yy
denotes the h’ h-transform of Q,, viz

Py (At < ¢) = EQ(W (X)) Tallgiey) -

1
h ()

Note that in the spectrally positive case, which includes that of Brownian
motion, we have h(z) = z, so ]P’y\ is just Q. In other cases we can think of
(X, P,*) as ‘X conditioned to die at 0 from above’; see [24], Section 4 for
details.

When (X,P) has no negative jumps and 0 is not regular upwards, the
initial law of (X, P') has been computed in Chaumont [23]. It is given by:

x7(dx)
I um(du)’

0

PY(X, € dz) = x>0, (8.3.6)

where 7 is the Lévy measure of (X, P). It seems difficult to obtain an explicit
formula which only involves 7 in the general case.

8.4 The Convergence Result

For Brownian motion it is easy to demonstrate the weak convergence of P]
to PT; for a general Lévy process, in view of Theorem 25, this essentially
amounts to showing that the pre-minimum process vanishes in probability
as z | 0. Such a result has been verified in the case of spectrally negative
processes in Bertoin [9], and for stable processes and for processes which
creep downwards in Chaumont [24]. For some time this was an open question
for other Lévy processes, but in Chaumont and Doney [25] we gave a simple
proof of this result for a general Lévy process. This proof does not use the
description of the law of the pre-minimum process in Theorem 25 but depends
only on knowledge of the distribution of the all-time minimum under P. In
the following, 6. is the forward shift operator.

Theorem 26. Assume that 0 is regular upwards. Then the family (PL,z > 0)
converges on the Skorokhod space to PT. Moreover the semigroup (pl,t > 0)
satisfies the Feller property on the space Cy([0,00)) of continuous functions
vanishing at infinity.

If 0 is not regular upwards, then for any ¢ > 0, the process (X o 0.,Pl)
converges weakly towards (X o 0., P"), as x tends to 0.

Proof. Let ({2, F, P) be a probability space on which we can define a family of
processes (Y(#)),-¢ such that each process Y(*) has law P]. Let also Z be a
process with law P! which is independent of the family (Y(*)). Let m, be the
unique hitting time of the minimum of Y*) and define, for all 2 > 0, the
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process Z@) by:

(@) _ Yt(I) t<my
¢ thn% +’Y$? t;f7nm~

By Theorem 25, under P, Z(*) has law PI.

Now first assume that 0 is regular upwards, so that lim; g Z; = 0, almost
surely. We are going to show that the family of processes Z(*) converges in
probability towards the process Z as x | 0 for the norm of the J;-Skorohod
topology on the space D([0,1]). Let (x,) be a decreasing sequence of real
numbers which tends to 0. For w € D([0,1]), we easily see that the path
Z®n) (w) tends to Z(w) as n goes to oo in the Skohorod topology, if both

my,, (w) and 755:) (w) tend to 0. Hence, it suffices to prove that both m, and

Z(QJ) converge in probability to 0 as  — 0. In the canonical notation (i.e. with

(m,”IP’l) = (Mg, P), where m is defined in (10.3.20) and (X,Pl) = (Z®), P)),
we have to show that for any fixed ¢ > 0,7 > 0,

li{%IF’;(m >¢e)=0 and li?ol]P’l(Ym >n) =0. (8.4.1)
First, applying the Markov property at time ¢ gives

P! (m > ¢) :/ / PlL(X. € dz, X, € dy,e < O)PL(U < y)
O<y<Lax Jz>y

h(z
h(z)

- / / P.(X. €dz X, € dy)W,

where we have used the result of Theorem 25 and the fact that Q, and P,
agree on F. N (X, > 0). Since h is increasing and subadditive, we have h(z) —
h(z —y) < h(y), and so

~—

:/ Qu(X. € dz, X € dy,e < ()Pl < )
O<y<a Jz>y

1
Pl(m > ¢) < —/ / P.(X. € dz, X, € dy)h(y)
h(x) O<y<z Jz>y

1
S / P, (X. € dy)h(y) < Po(X, > 0).
O<y<z

h(z)
Since 0 is regular downwards, we clearly have P (X, > 0) — 0 as z — 0, so
the result is true.
For the second claim in (8.4.1), we apply the strong Markov property at
time 1" := T(; o), with & <7, to get

P (X > 1) :/ / P (Xr € dz, Xy € dy, T < OPLU < y)
z2n JO0<y<z

=/ / Pl(Xr € dz, Xp € dy, T < ()= ME=Y)
z>n JO0<y<z h(Z)
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We now apply the simple bound

h(z) —h(z—y) _ h(y)
W) h(z)

forO<y<zand z>n

to deduce that

1 h(x)
P (X, >n) < hn) —0asx | 0.
Then, the weak convergence of (P]) towards P! is proved. When 0 is reg-
ular upwards, the Feller property of the semigroup (pl, t > 0) on the space
Co([0, 00)) follows from its definition in (8.3.1), the properties of Lévy processes
and the weak convergence at 0 of (P]).

Finally when 0 is not regular upwards, (8.4.1) still holds but we can check
that, at time ¢ = 0, the family of processes Z(*) does not converge in prob-
ability towards 0. However, following the above arguments we can still prove
that, for any € > 0, (Z(*) 0 6.) converges in probability towards Z o 6, as
x| 0. |

The following absolute continuity relation between the measure n of the
process of the excursions away from 0 of X — X and P! has been established
in [24], Th. 3: for t > 0 and A € F;

n(At < () =kET(h(X,) 1 A), (8.4.2)

where k > 0 is a constant which depends only on the normalization of the local
time L. Relation (8.4.2) was proved in [24] under the additional hypotheses
mentioned before Theorem 25 above, but we can easily check that it still holds
under the sole assumption that X is not a compound Poisson process. Then
a consequence of Theorem 26 is:

Corollary 12. Assume that 0 is regular upwards. For any t > 0 and for any
Fi -measurable, continuous and bounded functional F,

n(F,t < ¢) =k lim B} (h(X,) ™" F).

Another application of Theorem 26 is to the asymptotic behavior of the
semigroup ¢:(x,dy), t > 0, y > 0, when x goes towards 0. Let us denote by
je(dx), t > 0, x > 0 the the entrance law of the excursion measure n, that is
the Borel function which is defined for any ¢t > 0 as follows:

n(F(X0).t < C) = / " f@)iulda),

where f is any positive or bounded Borel function f.

Corollary 13. The asymptotic behavior of q;(x,dy) is given by:

/ " ) dy) ~o—o h(z) / " )iy,
0 0

fort > 0 and for every continuous and bounded function f.
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Remark 4. In the case that 0 is not regular downwards but X is not compound
Poisson most of the results presented so far hold. In this case the set {t :
(X — X)¢ = 0} is discrete and we define the local time L as the counting
process of this set, i.e. L is a jump process whose jumps have size 1 and occur
at each zero of X — X. Then, the measure n is the probability law of the process
X under the law P, killed at its first passage time in the negative halfline,
i.e. T(—o0,0)- We can still define h in the same way, it is still subadditive,
but it is no longer continuous and h(0) = 1. Lemma 10 remains valid, as
do definitions (8.3.1) and (8.3.2), and Proposition 14, which now also make
sense for x = 0. The decomposition result Theorem 25 also remains valid,
as does the convergence result Theorem 26, though its proof requires minor
changes.

8.5 Pathwise Constructions of (X, PT)

In this section we describe two different path constructions of (X, PT). The first
is an extension of a discrete-time result from Tanaka [97], (see also Doney [31]),
and the second is contained in Bertoin [11]. These two constructions are quite
different from each other but coincide in the Brownian case. Roughly speaking,
we could say that the first construction is based on a rearrangement of the
excursions away from 0 of the Lévy process reflected at its minimum, whereas
Bertoin’s construction consists in sticking together the positive excursions
away from 0 of the Lévy process itself. In both cases the random-walk analogue
is easier to visualise.

8.5.1 Tanaka’s Construction

If S is any random walk which starts at zero, has S, = Z;L Y,.,n > 1, and
does not drift to —oo, we write ST for the harmonic transform of S killed at
time o := min(n > 1:S,, < 0) which corresponds to “conditioning S to stay
positive”. Thus for > 0,y > 0, and x =0 when n =0

V*(y)
P(Sl,, € dylS] =x) = V*(m)P(SnH € dy|S, = z)
_ V()
= V) P(S; € dy — x),

where V* is the renewal function in the weak increasing ladder process of —5.
In [97] it was shown that a process R got by time-reversing one by one the
excursions below the maximum of S has the same distribution as ST; specif-
ically, if {(Ty, Hx),k > 0} denotes the strict increasing ladder process of S
(with To = Hy = 0), then R is defined by

Tri1
Ro=0, R, =Hj + > Yy, T <n<Tip1, k>0,  (85.1)
i=Tr1+Tp+1-—n
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Thus we can represent R as [51,32, -+-], where 81,05 are the time reversals
of the completed excursions below below the maximum of S and [- - - ] denotes
concatenation.

To see this, introduce an independent Geometrically distributed random
time G, with parameter p and put J, = max{n < G, : S, = min,<, S,}.
Then it is not difficult to show that ST is the limit, in the sense of convergence
of finite-dimensional distributions, of S, := (S,,0 < n < G,lo > G,) as p | 0.
(See Bertoin and Doney [17] for a similar result.) On the other hand, it is also
easy to verify that Sp has the same distribution as the post-minimum process

—

Sp = (SJp+n —SJP,O <n< GP_JP)‘

By time-reversal we see, in the obvious notation, that if K, is the index of
the current excursion below the maximum at time G,

2 bk, (p),--61(p)] (8.5.2)

1(p), bk, ()],

19w

5

the second equality following because 81 (p), - - -6 x,(p) are independent and
identically distributed and independent of K,. Noting that 51(p) 5 5, and

K, 2% o0 as p | 0, we conclude that ST 2 [51,32,~~] 2 R, which is the
required result.

Turning to the Lévy process case, we find a similar description can be
deduced from results in the literature. We first note that with S denoting
the maximum process of the random walk (8.5.1) can be written in the alter-
native form

Ry =S, + (S = S)estiss—ns T <1 < Thopr.
Using the usual notation

g(t) =sup(s < t: X, = X,), d(t) =inf(s >t : X, = X,),

for the left and right endpoints of the excursion of X — X away from 0 which
contains ¢, in the Lévy process case we mimic this definition by setting R; =
Xty + Ry, where

5 (X = X)ayray—n— if d(t) > g(t),
Rt{o =y ifd(t):Z(t).

Let e. be an independent Exp(e) random variable and introduce the future
infimum process for X killed at time e. by

I =inf{X,:t<s<el}, 0<t<e.,
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and write I(()E) = X ., so that J. = g(e.) is the time at which the infimum of
X over [0,e.) is attained. The following result is established in the proof of
Lemme 4 in Bertoin [9]; note that, despite the title of that paper, this result
is valid for any Lévy process.

Theorem 27. (Bertoin) Assume that X does not drift to —oo under P. Then
under Py the law of {(Rt,Xd(t)),O <t < J.} coincides with that of

(X=1©) 160 _1)o0<t<e —J}

Je+t )T Jett

Of course, an immediate consequence of this is the equality in law of
{R,0<t<J}and {X,  —IF0<t<e.—J}.

As previously mentioned, as € | 0 the distribution of the right-hand side
converges to that of PT and we conclude that

Theorem 28. Under Py the law of {Ry,t > 0} is PT.

Since the excursions of Brownian motion are invariant under time-reversal,
it is easy to deduce, using Pitman’s representation (see [82]), that R is Bess(3)
in this case.

8.5.2 Bertoin’s Construction

For random walks, Bertoin’s construction is easy to describe: just remove
every step of the walk which takes the walk to a non-positive value. Because
we are assuming that S does not drift to —oo, this leaves an infinite number
of steps, and the corresponding partial sum process has the law of ST. Notice
that this has the effect of juxtaposing the “positive excursions of S away
from 07, where we include the initial positive jump but exclude the final
negative jump.

Why is this true? The underlying reason is that if we apply this procedure
to S(@) := (S,,,0 < n < G), where G is constant (or random and independent
of S), the resulting process has the same law as the post-minimum process
of S(@). This is essentially a combinatorial fact which is implicit in Feller’s
Lemma; see Lemma 3, Section XII.8 of [47]. Applying this with G as in the
previous sub-section and letting p | 0 leads to our claim.

For a Lévy process X, a similar prescription works, provided it has no
Brownian component; we juxtapose the excursions in (0, c0) of X away from 0,
including the possible initial positive jump across 0 and excluding the possible
ultimate negative jump across 0.

Specifically, we introduce the “clocks”

t t
A:'_ = / 1{Xs>0}d57 At_ = / 1{ngo}ds,
0 0
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and their right-continuous inverses a*, so that time substitution by at

consists of erasing the non-positive excursions and closing up the gaps. To
get the correct behaviour at the endpoints of the excursion intervals, we
define X! = Y1(aj), where

v =X, + Z {(Lix.<op XJ- + x50 X} (8.5.3)

0<s<t

However if and only if o # 0, X has a non-trivial semimartingale local time I
at 0, which appears in the Meyer—Tanaka formula

t
- 1
X?:/ Lix, >0pdXs + Z {(Lix. <o)X +1ix, >0 X; }+§lt;
0

0<s<t

note the left and right limits in the sum are inverted with respect to (8.5.3).
In this case (8.5.3) has to be modified by adding the factor 3I;, which takes
account of the local time spent at 0. Although technically more complicated,
the proof that X' has measure P! follows the same lines as for the random-
walk case, the crucial fact being the identity in law between the post-minimum
process and X! when evaluated for a killed version of X.

If X oscillates, a similar procedure can be applied simultaneously to the
negative excursions, to produce a version of X!, i.e. X conditioned to stay
negative; furthermore X' and X! are independent.

In the Brownian case, the Meyer—Tanaka formula reduces to

+

Qy 1
Baj’ = B:;+ = / l{BS_>0}dBS + §la:—
0

t

_ W _ i erp)
By — inf{B7},

where B is a new Brownian motion, and we have used the reflection prin-
ciple. So we have established the distributional identity

1
{(Baj’2laj)7t2i0} £§{(Bt__£g7_liﬁyt2i0}g
and in this case the construction reduces to
1
Bl =B .+ + =1+ =BY —2inf{BWV)},
a2 s<t

which is of course the classic decomposition of Bess(3) in Pitman [82].
It is interesting to note that if X is any oscillatory Lévy process the
processes X1 X2 defined by

a: a;
XV :/0 Lix, s0ydX,, X7 :/0 Lix._<0ydXs
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are independent copies of X. See Doney [32]. In the case that X is spectrally
negative, Bertoin [11] used this observation in establishing a nice extension of
Pitman’s decomposition. Using similar arguments to those above, he showed
the identity

1

- D
2

(Xors5lars D x>0 Xol)t >0

0<s<a

{6 -x7,—x{9, x{7 - X,).t 2 0},

where X (¢ denotes the continuous part of the decreasing process X. As a
consequence he was able to establish that if we set

J =) AXd(x <x ),

s<t

which is the sum of the jumps across the previous minimum by time ¢, then
the process X — 2X(® — J has law PT.
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Spectrally Negative Lévy Processes

9.1 Introduction

Spectrally negative Lévy processes form a subclass of Lévy processes for
which we can establish many explicit and semi-explicit results, fundamentally
because they can only move upwards in a continuous way. Because of this the
Wiener—Hopf factors are much more manageable, we can solve the 2-sided exit
problem, and the process conditioned to stay positive has some nice proper-
ties. It should also be mentioned that an arbitrary Lévy process can be written
as the difference of two independent spectrally negative Lévy process, which
gives the possibility of establishing general results by studying this subclass
of processes.

The main aim of this chapter is to explain some recent developments
involving the “generalised scale function”, but we start by recalling some
basic facts that can be found in Chapter VII of [12].

9.2 Basics

Throughout this Chapter X will be a spectrally negative Lévy process, that
is its Lévy measure is supported by (—o0,0), so that it has no positive jumps.
We will exclude the degenerate cases when X is either a pure drift or the
negative of a subordinator, but note our definition includes Brownian motion.
A first consequence of the absence of positive jumps is that the right-hand
tail of the distribution of X; is small; in fact it is not difficult to show that

E(e***) < oo for all A > 0. (9.2.1)

Thus we are able to work with the Laplace exponent ¢(\) = —¥(—i)\), which
satisfies
E(e M) = exp{ti)(\)} for Re(\) > 0, (9.2.2)
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and the Lévy—Khintchine formula now takes the form
1
P(A) =\ + 502)\2 + / (M =1 = Aaly,s_1y) I (da). (9.2.3)
(70070)
Another consequence of the absence of positive jumps is that for a > 0 the
first-passage time T'[a, 00) satisfies

X7(a,00) = a on {T[a, 0) < oo} (9.2.4)

From this we deduce that S¢(4) has an exponential distribution, with parame-
ter @(q) say, where as usual e(q) denotes an independent random variable with
an Exp(q) distribution, and S is the supremum process. Exploiting (9.2.4),
we see that

P(@AN) =\, A >0,

and since v is continuous, eventually increasing and convex, @ is a bijection:
[0,00) — [9(0),00). Here $(0) = 0 when 0 is the only root of (\) = 0,
and otherwise it is the larger of the two roots. This leads to the following
fundamental result:

Theorem 29. The point 0 is regular for (0,00) and the continuous increasing
process S is a local time at 0 for the reflected process S—X. Its right-continuous
inverse

T,=inf{s >0: X, >z}, x>0,

is a subordinator, killed at an exponential time if X drifts to —oo, and its
Laplace exponent is .

Of course the killing rate is ¢(0), and it is clear from a picture that
B(0) >0 <= ' (04+) <0 <= EX; <0 < X drifts to — oo,
which squares with the fact that
Y'(0+) =0 < EX; =0 < X oscillates,
Y'(0+) >0 < EX; >0 < X drifts to co.

The Wiener—Hopf factorisation now takes the form

9
q—v(\)

with I; = inf,<; X, and since we know E(ee@) = &(q)/(P(q) — \) we see
that the other factor is given by

= E(eMe@) = E(eMe@)E(eMe@), (9.2.5a)

E(eMew) — LD =N (9.2.6)
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A first consequence of this is that when EX; > 0 we can let ¢ | 0 to get

A M (0+)
E(eM=<) = = . A> 0. 9.2.7
e en T e 20
Secondly, letting A — oo in (9.2.6) we see that P(I¢g) = 0) > 0 if and only
if limy oo A '%(\) < co. From the LévyKhintchine formula (9.2.3) we see

that this happens if and only if ¢ = 0 and fol IT*(x)dx < oo, and this leads to

Proposition 15. The following are equivalent:

(i) 0 is irregular for {0}:
(i) 0 is irregular for (—oo,0):
(i) limy_ oo A (X)) < 00 :

(vi) X has bounded variation.

A further consequence of the fact that Se(q) has an Exp(®(q)) distribution
comes via the Frullani integral, which gives

— @(q) — -1 -
ASe(q)) — _ Az 1, —P(q)z
E(e ) = 7((1) = exp (/0 (e -z~ "e dx)

= exp </ / (e — 1)z~ e 1'P(T), € dt)dx) .
0 0

On the other hand Fristedt’s formula gives

E(e—)\se(q)) = exp (/ / (e—Mc — 1>t_1e_th(Xt S dl‘)dt)
0 0

and we deduce

Proposition 16. The measures tP(T, € dt)dx and zP(X, € dz)dt agree on
[0, 00) x [0, 00).

Another consequence of the absence of positive jumps is that the increasing
ladder process H has H(t) = S(T3) =t on {T} < oo}. It follows that H is a
pure drift, killed at rate ¢(0) if X drifts to —oco. One consequence of this is
that we can recognise the previous result as a special case of Proposition 8 in
Chapter 5. Another is that, since the increasing ladder time process coincides
with {7,z > 0}, the bivariate Laplace exponent of the increasing ladder
process is given by

k(a, B) = () + 6. (9.2.8)
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This in turn implies that the exponent of the decreasing ladder exponent is

given by
a—¥(f)
P(a) = B

and in particular the exponent of H* is ﬂcipé%).

We finish this section by introducing the exponential family associated
with X. Tt is obvious that for any c¢ such that ¢ (c) is finite we can define a
measure under which X is again a spectrally negative Lévy process and has
exponent (A + ¢) — ¢(c). We are particularly interested in the case ¢ > @(0)
and here a reparameterisation is useful.

For g > 0 we will denote by P(9) the measure under which X is a spectrally
negative Lévy process with exponent

VDN = (A +2(a) —q,

which satisfies, for every A € F,

K (o, B) = c (9.2.9)

PD{AN (X, € dr)} = e "™ DP{AN (X, € dx)}. (9.2.10)
This measure has the following important property:

Lemma 11. For every x > 0 and ¢ > 0 the law of (X:,0 <t < Ty) is the
same under P9 as under P(-|T, < e,).

Proof. Simply compute, for y < z and A € F,
P{AN(X; € dy) N (t < Ty)|Tw < eq)
= e "P{AN(Xy € dy) N (t < Tp) Py (T, < eg)/P(Ty < e,)
= e MP{AN(X; € dy) N (t < Tj)}ev?@
=PO{AN (X, edy)N(t <T,)},
where we have used (9.2.10). |

Notice that E(@ X, = ¢'(®(¢q)) > 0 when ¢ > 0 or ¢ = 0 and #(0) > 0,
and P9 agrees with P for ¢ = 0 if #(0) = 0. In the case ¢ = 0 and $(0) > 0
we will denote P9 by P#, and call it the associated Lévy measure, with
exponent

PF(A) = 9(P(0) + N).
Under P#, X drifts to oo, and is in fact a version of the original process
conditioned to drift to co, in the sense that

lim P(A|S, > 2) = P#(A), for all A€ F;, any t > 0.

Tr—00

As such it constitutes a device which allows us to deduce results for spectrally
negative Lévy process which drift to —oo from results for spectrally negative
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Lévy process which drift to oo, and sometimes vice versa. Note also that if
&(0) > 0, the ¢ = 0 analogue of Lemma 11 is correct, viz for every x > 0 the
law of (X;,0 <t < T,) is the same under P# as under P( - |7, < o).

9.3 The Random Walk Case

The discrete analogue of a spectrally negative Lévy process is a upwards skip-
free random walk. This is a random walk whose step-distribution is concen-
trated on the integers, and it is “discretely upwards continuous”, in the sense
that it has to visit 1,2,--- ,n — 1, before visiting n > 1. With p,, = F({n}) it
is clear that E(eS) = m(\)"for A > 0, where

1
7(\) = E(eM) = anem‘ < 0.

Since the only possible value of H;", the first strict inceasing ladder height, is
1, the spatial Wiener-Hopf factorisation (4.2.3) in Chapter 4 can be written
as

1—m(\) = (1 —he*)(1— E(e M), (9.3.1)

where h = P(H; = 1).
As in Chapter 5, Section 5, let D1, Do, --- denote the depths of the excur-
sions below the maximum. Then for integers y > x > 0,

P, (S hits {y} before {---,—2,-1,0})
=PDi1<z,Dy<z+1,---Dy_, <y—1)
y—e Y P(D; <
— [ P(Dy<z—1+7)= H;_l (D1 <7)
1 1 P(D1 < T)
w(x) 1

= , where w(z) = —— .
Yy 1 P(Dl < T)

This solves the two-sided exit problem, and should be compared to the
upcoming (9.4.2) and (9.4.5). w is the discrete version of the scale function,
and in this situation we can see analogues of several results which figure in
the following sections.

a.s. .
e When S = oo we can write

(9.3.2)

w(x)

I P(Dy<r) Py > —x)
I P(Dy<r)  P(lx=0)"
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and using (9.3.1) (note that h = 1) we can check that

et —1

> —Az _
/0 e Mw(x)dr = = 1) (9.3.3)

(Compare the upcoming (9.4.3) and (9.4.1).)
e Let D} denote the height of the first excursion above the minimum: then

P(D7 > y) = Py(S hits {y} before {---,-2,-1,0,})
= p1 Pi(S hits {y} before {--- ,—2,-1,0,})
- P1w(1)
Cow)

so that we have the alternate expression

c

“W) = B =)

compare Corollary 14, part (ii).

9.4 The Scale Function

In what follows W will denote the scale function, which we will see is the
unique absolutely continuous increasing function with Laplace transform

v _ L
/0 e W (x)de = o0 A > &(0). (94.1)

The following result is contained in Takdcs [96]: the proof there relies on
random-walk approximation. The first Lévy process proof is due to Emery in
[45], where complicated complex variable techniques are used. Later proofs
are in Rogers, [86] and [87], and Bertoin [12], Section VII.2. Define for a > 0
the passage times

To =inf(t > 0: Xy >a), Ty =inf(t > 0: —X; > a).

Theorem 30. For every 0 < x < a, the probability that X, starting from x,
makes its first exit from [0,a] at a is

W (z)
Wi(a)

P.(T, <T3) = (9.4.2)
Example 3. If X is a standard spectrally negative stable process then ¥(\) =

A", where 1 < o < 2, and W () = 5.
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Proof. The following observation is used in [86]; see also Kyprianou and
Palmowski [70] and Kyprianou [69], Chapter 8. Suppose first that EX; > 0;
we will show that the function defined by

Pl > —2) Pl > —2)

W(z) = @0 - 0O (9.4.3)

satisfies both (9.4.1) and (9.4.2). An integration by parts and (9.2.7) give

0o . B 1 ooe_ . ) L
/o e (@) = Aw’@(o»/o MR-l € o) = o

Also

P(Ty—w <Tp) =PI (To-z) > —2x).
However, by the strong Markov property applied at time T,_,, which is a.s.
finite because EX; > 0,

P(loe > —) = P(I(Ty_p) > —2)P(Is > —a),

so we see that (9.4.2) holds. Next, if X drifts to —oo, we claim that
W(z) = e?OrW#(2), (9.4.4)

where W# denotes W evaluated under the associated measure P# introduced
at the end of the previous section. We have

o0 o0
/ e‘”W(x)dx:/ e~ A= POTW# (1) da
0 0

1 1

GFA—d(0)) PN’
and, by the final remark in the previous section

P(Ty_p < T)) = e @2OP(T, < THT,_, < o)

PO W# ()  W(x)
_ —(a—z)P(0)p# o P =
e PH(To—o <Ty) = ca?OWH(a) W)

When X oscillates, some kind of limiting argument is necessary, and the
most satisfactory seems to be the following, which is taken from [45]. Let
P() be the measure corresponding to the process X; + et, where ¢ > 0,

and note that, in the obvious notation, @(E)(/\) — (\) as € | 0. So, using
the continuity theorem for Laplace transforms, we deduce from (9.4.1) that
W (z) = lim. o W) () exists. To show that (9.4.2) holds with this W, note
that

. %40)
P(T, < T) < PO, , <T) = X&)
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On the other hand, for fixed 0 < t < /e,
_ WY@
W (a—et)’

and the conclusion follows by letting € | 0 and then ¢ — oc. |

P(TF <t,TF < Ty o) <PETE_, <Ty n)=1

In [12], Section VIL.2, an excursion argument is used to show that if X
drifts to oo we have the representation

W(z) = cexp{— /OO 7t < h(e) < c0)dt}, (9.4.5)

where 7 denotes the characteristic measure of the Poisson point process of
the excursions of S — X away from 0 and h(e) denotes the height of a typical
excursion e. It is also claimed that (9.4.5) also holds in the oscillatory case.
But actually [ 7(t < h(e) < co)dt = co when X oscillates; for example for
Brownian motion we have n1(t < h(e) < 00) = 1/t. (See e.g. (ii) in Corollary
14 below.)

The proof in Rogers [86] claims that in the oscillatory case

W(z) = ylgr;o P(I7, > —z|T, < 00);

of course, in this case the conditioning is redundant, and I, = —o0 a.s., so
the right-hand side is actually zero.
By comparing Laplace transforms, we also see that

cU*(z) it P(0) =0,

Wiz) = {ceq’(o)zU#*(x) it 3(0) >0, (9.4.6)

where U*, U#* are the potential functions for the ladder process H* under P
and P#.

Since H is a pure drift, with killing if $(0) > 0, we have U(dz) = e~ 2O dz,
so the équation amicale inversée (5.3.4) takes the simple form

P (x) = / ™ POWIT (x + y)dy
0
= I (y)dy if X does not — —oo. (9.4.7)

Another couple of useful facts are contained in the following:
Corollary 14. (i) For each x > 0 the process
W(Xi)1irs >ty

is a Py-martingale.
(i) If n denotes the characteristic measure of the Poisson point process of
the excursions of X — I away from 0 we have, for some ¢ > 0 and all x > 0,

n(x < hie) < 00) =

W(x)’
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Proof. (i) When X doesn’t drift to —oo the observation (9.4.6) shows that
this is a special case of Lemma 10, Chapter 8, and when X does drift to —oco
we can verify it by using the device of the associated process.

(ii) Once we recognise that for fixed y > 0

n(-N(y <h(e) <))
n(y < h(e) < o0)

n(Jy < h(e) < 00) =

is a probability measure which, by the Markov property, coincides with P,
this follows from Theorem 30. |

Although Theorem 30 apparently solves completely the 2-sided exit prob-
lem, it is not necessarily easy to exploit it.

Example 4. Ezit from a symmetric interval. It would seem that it should be
easy to ascertain the limiting probability that a spectrally negative Lévy process
exits a symmetric interval at the top. Specifically the question is when does
m(x) — p €10,1] as © — oo, where by Theorem 30

W(2z)

m(x) :=Po(T, < Ty) =

Clearly w(xz) — 1, (respectively 0), if X drifts to oo (respectively —o0), so
assume X oscillates, i.e. EX7 = 0. Then W is a multiple of the potential
function U* of H*, and therefore is subadditive. Thus W (2z) < 2W(x), so
always w(x) > 1/2. If W € RV(k) at oo then w(x) — 27" and from the
defining relation (9.4.1) we have

> — Az _
/oe wide) = 5oy

so this happens if and only if v € RV (1 + k) at 0, which is possible for any

0 < k < 1. On the other hand, if we could deduce from

W(x) 1
—p=—

W (2x) 2K

A
A

m(x) = (9.4.8)
that W € RV (k), we would be able to reverse the argument, thus getting a
necessary and sufficient condition for (9.4.8) to hold. However, in general we
need to have W (x)/W(cx) — ¢" for two values of ¢ which are such that the
ratio of their logarithms is irrational (see [21]) to draw this conclusion, and I
know no way of establishing this. So we do NOT KNOW if w(x) — p € [1/2,1)
and ¢ not reqularly varying can occur. When p =1 we can argue that for any
l<e<?2
W) | W)
= W(ex) — W(2x)’

so W(x)/W(2x) — 1 if and only if W(z) is slowly varying as © — oo, or
equivalently ¥ € RV (1), but this is clearly an easier case.
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We can write 7(x) = P(X(v,) > 0), where v, denotes the exit time from
[—x, x|, so there might be some relation between the convergence of 7(z) and
the convergence of P(X; > 0). However we know that this last is equivalent
to Spitzer’s condition, and this in turn is equivalent to the regular variation
of @. Since this @ is the inverse of ¥, we can conclude (see Proposition 6,
p. 192 of [12]) that for 1/2 < p <1

Y € RV(1l/p)<—=P(X;>0)—past—
= 7(z) — 2177 asz — 00,
and for p =1,

P € RV(1)<—=P(X;>0)—1last— oo

—7(r) > lasz —

It is also possible to express the condition ) € RV (1/p) in terms of the Lévy
measure of X; for example, when p = 1, it is equivalent to f;o 1T*(y)dy being
slowly varying as r — oo.

9.5 Further Developments

Another interesting object connected to the 2-sided exit problem is the over-
shoot, and the results in the previous section give no information about this,
other than the value of its mean. It seems that to obtain more information, it
is necessary to study also the exit time o, = T, AT}

In Bertoin [15] the author exploited the fact that the g-scale function W9,
which informally is the scale function of the process got by killing X at an
independent Exp(gq) time, determines also the distribution of this exit time.
Specifically W (@) denotes the unique absolutely continuous increasing function
with Laplace transform

1
S — ¢’ A>9(q),q >0, (9.5.1)

and for convenience we set W(9(z) = 0 for x € (—o00,0). We also need the
function defined by Z(@(z) =1 for z < 0 and

/ e MWD (z)dx =
0

ZWD(z) =1+ qW(q) (x) for x > 0, where W(Q)(x) = / WD (y)dy. (9.5.2)
0
Extending previous results due to Takdcs [96], Emery [45], Suprun [95],
Koryluk et al [67], and Rogers [86], Bertoin [15] gave the full solution to
the 2-sided exit problem in the following form:
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Theorem 31. For 0 < x <a and q > 0 we have

w(a) ()
—qT,. *)
Eale ™ Ta < T5) = oy (9.5.3)
and (@) () 7@
T W' (z)Z' P (a)
qTy . * _ 7(q) o\ %)
Ey(e~7%0 ;T < T,) = 2@ (2) ) (9.5.4)

Furthermore let UD denote the resolvent measure of X killed at time og.
Then U9 has a density which is given by

W@ ()
(2) - Dig—uy) - WD(p —

u'(x,y) = W@(a) " (a—y) =Wz —y), z,y€0,a). (955)
Remark 5. (i) From (9.5.5) we can immediately write down the joint distri-
bution of the exit time and overshoot, since the compensation formula gives,
for z,y € (0,a) and z <0,

E,(e % X (0qa—) € dy, X(04) € d2) = ul? (2, y)dyll (dz — y).

Note that this holds even for ¢ = 0.

(i1) It seems obuvious that by letting a — oo we should be able to get the
distribution of the downward passage time T under Py, x > 0. As we will see
below, it is in fact true that

. W@ (z)
E, (9T T < o0) = 2@ (g) — L2\ 9.5.6
( § < 00)=2) — =5 (9.5.6)
However to deduce this directly from (9.5.4) we need to know that %)(&)) —

=L as a — oo, which requires some work.

2(q)
Proof. Take ¢ > 0. Using Lemma 11, we see that
Eu(e T, < T) = P(Ta—s < €g; Tu—u < TJF)
= e (@ DP@DP([(T, ) > —a|Tu_» < e,)
= e~ @DPD([(T, ) > —a).
However, X drifts to oo under P9 so if we define

WD (z) = ¢(q)e*® PP (I, > —x) (9.5.7)

we see from Theorem 30 that (9.5.3) holds. Moreover taking A > &(q) and
writing A = A — &(q), it follows from (9.2.7) that
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/ e MWD (2)da = c(q)/ eiS‘ZIP’(q)(IOO > —x)dx
0 0

_ ca) E@ (M) = c(g)¢'(2(9))
A D)
@)y (2(0)
W) —a)

So if we choose ¢(q) = 1/’ (®(q)) we have (9.5.1) for ¢ > 0. Still keeping g > 0
we can use (9.5.3) in (9.2.6) to deduce that

P(—Ig(q) € dx) = %W(‘?)(dx) — WD (z)dx.

(Note that (9.5.6) follows quickly from this.) Also, by the Wiener—Hopf
factorisation, Iy and Xe(q) — le(q) are independent, and the latter has
the distribution of Se(4), which is Exp(®(gq)). This allows us to compute that,
for z,y > 0,

Po(Xe(q) € dy, Lo(g) > 0) = g ("W (@) - WO (z —y)) dy, (9.55)
where we recall that (@) (z) = 0 for 2 < 0. Then applying the strong Markov
property at time o, gives

qu'? (2,y) = Po(Xe(q) € dy,e(q) < 04) = Po(Xe(q) € dy, Ie(q) > 0)
—Pr(Xy, = a,04 < e(q)Pa(Xeq) € dy, Ie(q) > 0),

and (9.5.5) follows from (9.5.3) and (9.5.8). Integrating (9.5.5) over (0, a) gives
P.(e(q) < 0,), and subtracting (9.5.3) from 1 — P, (e(q) < g,) gives (9.5.4).
We can then let ¢ | 0 to see that (9.5.4) and (9.5.5) also hold for g =0. W

A simple, but crucial remark, is that
1 — K —k—1
=) ¢ v\, A>9(g),
Y(A) —q kzzo
and by Laplace inversion we have the following representation for W@ :
WD (z) = Z WD (1), (9.5.9)

k=0

where W*(") denotes the nth convolution power of the scale function W. (Note
that the bound

Q?kW(x)k+1

*(k+1)
W < =

(9.5.10)

justifies this argument.)
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In the stable case we can check that

na—1
W (z) = 2 that
(x) T ()’ so tha
© ko.(k+1)a—1
W)= L2 = El(q2®), (9.5.11)
P I'i(k+1)a)

where E! is the derivative of the Mittag-Leffler function of parameter «,

k

oo
)
E = E R.

In particular, for o = 2, X/v/2 is a standard Brownian motion,

inh inh
El(z) = Slgf*f, and W@ (z) = Sm\/?/a. (9.5.12)

As well as giving the above derivation (an earlier proof, in [95], was heavily
analytic and published in Russian), Bertoin [15] showed how these results can
be exploited to yield important information about the exit time o,, whose
distribution is specified by

(9.5.13)

_ (@ (g 5(a) a
. {exp(—a0a)) =1+ 1 {Wm(x) . W()WU} |

W(Q) (a)

In fact he showed that, modulo some minor regularity conditions, in all cases
the tail has an exact exponential decay.

The key to this is to study W(®(z) as a function of ¢ on the negative
half-line; in the special case of Brownian motion, one easily verifies that for
each = > 0 we can extend W (% (z) analytically to the negative g-axis, (in fact
W9 (z) = (sin/gz)//q for ¢ > 0), that W(~9(z) has a simple zero at
q = p(r) = (7/x)? and is positive on [0, p(z)). One can then conclude from
(9.5.10) that, with p = p(a),

1 - E,{exp(—(g — p)oa)} ~ g as q | 0.

This statement is compatible with the desired conclusion that

Jim e’'P, (0, > t) is finite, (9.5.14)
but it doesn’t seem possible to establish this implication by means of a
Tauberian theorem. Indeed I don’t think (9.5.14) was known even in the
Brownian case. In Bertoin [13] a weaker version of (9.5.14) was obtained in
the stable case; here an interesting feature is the way that p depends on «,
taking its minimum value when o ~ 1.26.
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However, returning to the problem in [15], Bertoin showed that (9.5.14)
is in fact true in general. Interestingly, this was accomplished not by analytic
arguments, but by showing that the process killed at time o, is a p-positive
recurrent strong Markov process.

Theorem 32. Assume the absolute continuity condition
Po(X: € dx) << dz for any t > 0,
and write
Pz, A) =P, (X; € A0, > t).
Define
p=inf{g>0: W9 (a) =0}
Then p is finite and positive and W9 () > 0 for any q < p and z € (0, a).
Furthermore
(i) p is a simple root of the entire function W(=9(a);
(11) P is p-positive recurrent;
(iii) the function W(=P)(.) is positive on (0,a) and p-invariant for P?,
Pt (=r) (z) = e~ Pt (=p) (z);
(iv) the measure u(dxr) = W=P)(a — z)dx on (0,a) is p-invariant for P,
uP!(dz) = e u(da);
(v) there is a constant ¢ > 0 such that for any x € (0, a)
1
Jlim e P(a, ) = WP @)u()
— 00 C
in the sense of weak convergence.
Suppose we define
WP (Xy)
0T )

Then using (iii) above we can check that

D, = e”tl{c,a , 0<x<a.

eP(t+s) B
Ex(Dt-{—s‘Ft) = W(_p)(l‘) Ex(1{0a>t+s}W( p)(Xt+s)|ft)
t+s
= ep( ) 1{0 >t}EX (1{0' >S}W(_p)(XS))
W(_P)(gj) @ t @
_ eP(t+s) 1{0 >t}W(_p)(Xt)€_ps = Dy,
W(*P)(m) @

so D is a P-martingale. Just as W(X;)1(r:~¢ can be used to construct a ver-
sion of X conditioned to stay positive, so D can be used to construct a version
of X conditioned to remain within the interval (0,a). This programme was
carried out in Lambert [72], where some further properties of the conditioned
process were also derived.



9.6 Exit Problems for the Reflected Process 109

9.6 Exit Problems for the Reflected Process

Recently, because of potential applications in mathematical finance, there has
been considerable interest in the possibility of solving exit problems involving
the reflected processes defined by

V=X, - X,, Y, =X, - X;, t >0.

In Avram, Kyprianou and Pistorius [8] and Pistorius [82] some new results
about the times at which Y and Y* exit from finite intervals have been deduced
from Theorem 31. The proofs of these results in the cited papers involve a
combination of excursion theory, It6 calculus, and martingale techniques, and
in [35] I showed that these results can be established by direct excursion-theory
calculations. (See also [81] and [78] for different approaches.) My arguments
are also based on Theorem 31, but the other ingredient is the representation
for the characteristic measure n of the excursions of Y away from zero given
in Chapter 8. Here I will explain the basis of my calculations, without going
into all the details.

Let X be any Lévy process with the property that 0 is regular for {0}
for Y, and introduce the excursion measure n and the harmonic function h as
in Section 2 of Chapter 8. In the following result ¢ denotes the lifetime of an
excursion and Q, denotes the law of X killed on entering (—o0,0).

Proposition 17. Let A € F;,t > 0, be such that n(A°) =0, where A° is the
boundary of A with respect to the J-topology on D. Then for some constant k
(which depends only on the normalization of the local time at zero of Y ),

s Qu(4)
n(A,t <) = klim SO

(9.6.1)

Proof. According to Corollary 12, Section 4 of Chapter 8, for any A € F; we

have
n(A,t <) =kEI(h(X,) "} A), (9.6.2)

where P! is the weak limit in the Skorohod topology as z | 0 of the measures
P! which correspond to “conditioning X to stay positive”, and are defined by

P! (X, € dy) = QO(Xt € dy), x>0,y > 0.

Combining these results and using the assumption on A gives (9.6.1). n

(Since we will only be concerned with ratios of n measures in the following
we will assume that k& = 1.)

The relevance of this is that the results in Theorem 31 are in fact results
about Q,, and moreover if now X is a spectrally negative Lévy process which
does not drift to —oo, then h(z) = U*(z) = W(zx), which means it may be
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possible to compute the n-measures of certain sets. Put n(e) := sup,.. £(t)
and T, (e) = inf{t : €(t) > a} for the height and the first passage time of a
generic excursion € whose lifetime is denoted by <(¢), and with e, denoting an
independent Exp(g) random variable set A = {T,(e) Aey < s(e)} = A1 U Ay,
where

Ay ={e:n(e) > a,Ty(e) <sle) Negt,

and
Ay ={e:n(e) <a,e, <s(e)}.

Noting that n(n(e) > z) = ¢/W(z) is continuous, we can apply (9.6.1) to
see that

e Qu{T, e dt}
n(n(e) > a,T,(c) € dt) = 1;?8 W)
 lim PAT, <T5,T, € dt}7
z[0 W (x)

e QATL > 1) _ | Pufou>1)

z1da > . 210a >
T, t) =1 =1 .

n{Tu(e) > 1) @ @)

Thus

. 1 - *
= 1;{% W) (Eo{e T, < T5} +Pofeg < 04})
1 .
3 _ —qTy .
S W) (1B 75 < T2}

Combining this with (9.5.4) gives

e 1-2Z9(z)  ZW(a) . W(x) - Z(9(a)
) =l —r ey W) B W) - W@

(9.6.3)

In a similar way it follows from (9.5.5) that

P.{eq < 04, X(eq) € dy}

nie, < (,c(eq) € dy,2(eq) < a} = liﬁ;

uD(z,y)dy . WD (a—y)WD(x)dy
= 11m

a0 W(x) 210 W(z)W@(a)

_ W9@(a—y)dy
B w(a) (a,)
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Note that for subsets B of A, n(B)/n(A) is a probability measure, which
excursion theory tells us coincides with

P(Y(L™'({) +) € B),

where £ = inf(s : €,(-) € A) is the local time of the first excursion which either
exits [0, a] or spans e,. In particular, if T,, = inf{¢t : ¥; > a} for y € (0,a) we
have

P(T, > eq.Y(eq) € dy) =P(Y(eg) < a,Y( eg) € dy)

=P(Y(ey) < a,Y(eq) € dy)
n{ e, < (,e(eq) € dy,2(ey) < a}/n(A)
WD(a—y)dy WD(a) W (a—y)dy

W)  Z@() — 2ZW(a)

This leads to the first part of the following result, which gives the g-resolvent
measures R(@ (z, A) and R*@(z, A) of Y and Y* killed on exiting the interval
[0, al.

Theorem 33. (Pistorius) (i) The measure R\ (z, A) is absolutely continuous
with respect to Lebesgue measure and a version of its density is

7(a) ()
7Z(a) (a)

D (z,y) = WD(a—y)—WD(x—y), z,y€[0,a).  (9.6.4)

(ii) For 0 < z < a we have

R*D(z,dy) = r* @ (a,0)80(dy) + 1V (2, y)dy,

where
(@D(q — 2 )W @D
@) (z,0) = V2@ (q;”,) © (9.6.5)
W (a)
W@ (q — 2)W?' Y
r@ gy = OOV W), _g), (g0
W (a)

WJ(rq),(y) denotes the right-hand derivative with respect to y of W@ (y), and
dg denotes a unit mass at 0.

Proof. (1) This follows from the obvious decomposition
r (@, y) = u® (@) + Eo{e T T3 < T 0(0,),

and the previous calculation.
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(ii) This follows a similar pattern to (i), and I will just explain how Wj_qy
enters the picture. First note that now we have h(z) = U(z) = z, and so the
analogue of (9.6.3) is given by

1 «
n*(A) = lim — (Ea,z{e—fﬂb TE < T} +Puu{ eg < aa})

- z|0 X

= lim = (1= Eo—pfe 7T, < T5})

z|0 X

1 (WD(a) - WD(@a—2)\ W (a)
= lim — =

z0 T W@ (a) W@ (a)

Remark 6. We can deduce the joint distribution of the exit time and over-
shoot, just as we did for X.

9.7 Addendum

There is one other special case where a similar idea works. The point is that
some explicit results are known about the 2-sided exit problem in the case
that X is a strictly stable process. In fact if we write o for o1 and X is stable
with parameter 0 < o < 2, # 1, and positivity parameter p € (1—1/c,1/«),
(so that we don’t have a spectrally one-sided case) Rogozin [89] contains the
following result. For z € (0,1), y € (1, 00)

sinapr (1 —z)2rz"" " dy

Pm(Xa‘ € dy) = T (y _ fl;)(y _ 1)apyoc(17p) :

(9.7.1)

(Note that we can get the corresponding result for downwards exit by consid-
ering — X, and for o4,a # 1 by scaling.) Since the downgoing ladder height
process is a stable subordinator of index a(1— p), we can take h(x) = z*(1=P)
and rewrite (9.7.1) as

sin apr (1 —z)*,dy

Qz(XTl € dy) = h(lL‘) T (y — z)(y _ 1)apya(lfp) :

Then it is immediate from Proposition 17 that, with 7, = inf{u : e(u) > =},

sin apm dy
nle;, € dy) = g Dery et and hence
n(e;, < o0) = — amrB(a, 1—ap).

™
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Since there is no time-dependence, we can argue that

n(er, € dy) dy
Py (Y5 dy) = L = .
oV, € dy) nle;, <o)  Bla,1—ap)(y — 1)eryttall-p)

The value of P, (Y7, € dy) follows by using this in conjunction with (9.7.1)
and
P, (Y7, € dy) = Pp(X, € dy) + Pp(Xo < 0)Po(Yr, € dy) :

see Kyprianou [68] for details.



10

Small-Time Behaviour

10.1 Introduction

In this chapter we present some limiting results for a Lévy process as t | 0,
being mostly concerned with ideas related to relative stability and attraction
to the normal distribution on the one hand and divergence to large values of
the Lévy process on the other. These are questions which have been studied
in great detail for random walks and in some detail for Lévy processes at
00, but not so much in the small-time regime. The aim is to find analytical
conditions for these kinds of behaviour which are in terms of the characteristics
of the process, rather than its distribution. Some surprising results occur; for

example, we may have X, /¢ RIS (t | 0) (weak divergence to +00), whereas
X/t — oo as. (¢ | 0) is impossible (both are possible when ¢ — o0), and the
former can occur when the negative Lévy spectral component dominates the
positive, in a certain sense. “Almost sure stability” of X3, i.e., X;/b; tending
to a nonzero constant a.s. as t | 0, where b; is a non-stochastic measurable
function, reduces to the same type of convergence but with normalisation by
t, thus is equivalent to “strong law” behaviour. We also consider stability of
the overshoot over a one-sided or two-sided barrier, both in the weak and
strong sense; in particular we prove the result mentioned in Chapter 6, that
in the one-sided case the overshoot is a.s. o(r) as r | 0 if and only if 4 > 0.

10.2 Notation and Preliminary Results

Throughout we will make the assumption
II(R) > 0, (10.2.1)

since otherwise we are dealing with Brownian motion with drift.
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Recall the notations, for z > 0,
N(z) = I{(z,00)}, M(x) = I{(—o00,—2)}, (10.2.2)

the tail sum
L(z) = N(z) + M(x), x >0, (10.2.3)

and the tail difference
D(z)=N(x) — M(z), x > 0. (10.2.4)

Each of L, N, and M, is non-increasing and right-continuous on (0, c0) and
vanishes at co. The réle of truncated mean is played by

A(x) =~v+ D(1) —|—/ D(y)dy, = >0, (10.2.5)
1
and for a kind of truncated second moment we use

U(r) = 0%+ 2 /OZ yL(y)dy. (10.2.6)

As previously mentioned, A(z) and U(z) are respectively the mean and vari-
ance of X ¥, where X7 is the Lévy process we get by replacing each jump in
X which is bigger than z, (respectively less than —z) by a jump equal to z,
(respectively —zx).

Recall that always lim, .o U(z) = 02 and lim,_.¢zA(z) = 0, and if X is
of bounded variation, lim, .o A(z) = §, the true drift of X.

We start with a few simple, but useful observations.

Lemma 12. For each t > 0, x > 0, and non-stochastic measurable function

a(t)
AP{|X, — a(t)| >z} > 1 — e G, (10.2.7)

This follows by using symmetrisation and the maximal inequality.
The next result explains why A and U are slowly varying at 0, when the
upcoming (10.3.5) or (10.3.23) hold.

Lemma 13. Let f be any positive differentiable function such that, as T oo
(x 10),
e(x) :==af'(z)/f(z) — 0. (10.2.8)

Then f is slowly varying at co(0).
Proof. Just note that f(z) = f(1)exp ffc y~'e(y)dy and appeal to the rep-

resentation theorem for slowly varying functions; see [20], p. 12, Theorem
1.3.1. |
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Finally we note a variant of the Lévy—Itd6 decomposition, which is proved
in exactly the same way that the standard version is:

Lemma 14. For any firedt >0 and 1 >b> 0
X, = A"(b0)t + 0B, + V) + VD, (10.2.9)

where
A*(b) =~ — /b<| - xIl(dz) = A(b) — bD(b), (10.2.10)

Y;(,ll)) is the a.s. limit as € | O of the compensated martingale

M) = Z Lie<ia, <oy Qs — t/ xIT(dzx),

o<t e<|z|<b

Y;S?)) = Z As7

s<t:|Ag|>b

and By, Yt(;) and Y;(i) are independent.

10.3 Convergence in Probability
We start with a “weak law” at 0.

Theorem 34. There is a non-stochastic 6 such that

X
Tt L5 ast]o, (10.3.1)

if and only if

o? =0, h?& xL(z) =0, and 11?01 Ax) = 6. (10.3.2)

When (10.3.2) holds, fol D(y)dy is conditionally convergent, at least, and
satisfies, by (10.2.5),

1
d=~v+D(1)— | D(y)dy. (10.3.3)
0
This does not imply that X is of bounded variation but if this is true then
the d in (10.3.3) equals the true drift of the process.
The conditions lim, ., 2L(z) = 0, and lim, . A(x) = u are necessary
and sufficient for t~1X, © i as ¢ — oo. So we can think of A(x) as both a
generalised mean and a generalised drift.
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Proof of Theorem 34. Assume (10.3.2), so 02 = 0, and note that A*(t) — §
as t | 0. Choose b =t in (10.2.9) and note that as ¢t | 0,
}P’{Yt(j) = 0} > P{no jumps with |Ag| > t occur by time ¢}
= exp(—tL(t)) — 1.

Also E(Yt(i)) =0,and ast | 0,

t
Var{t_lYt(;)} = t_l/ 2?1 (dz) < t_l/ 2zL(x)dx — 0,
|z|<t 0

o Y;(z)/t L 0ast |0, and this establishes (10.3.1) via (10.2.9). On the other
hand, if (10.3.1) holds we have tL(t) — 0, by Lemma 12, so we can repeat this
argument to see that t‘l{YtS) + Y;(f)} £ 0, and from ot~1B, + A* (t) L5t
follows easily that o = 0 and A(t) — 0. [

Next we look at “relative stability” at 0.

Theorem 35. There is a non-stochastic measurable function b(t) > 0 such
that

Xi P
— 1, as 10.3.4
b(t)_> ,ast |0, (10.3.4)
if and only if Alx)
2 = —
o° =0 and L) 00, as x | 0. (10.3.5)

If these hold, A(x) is slowly varying as x| 0, and b(t) is regularly varying of
index 1 ast | 0. Also b may be chosen to be continuous and strictly decreasing
to 0 ast | 0, and to satisfy b(t) = tA(b(t)) for small enough positive t.

Remark 7. (We take 0?> = 0 throughout this remark). It is possible for
(10.8.5) to hold and lim, o A(x) to be positive, zero, infinite, or non-existent.
The first of these happens if and only if (10.3.2) holds with § > 0, so that

X/t L § > 0. For the second we require, by (10.8.8), v+ D(1) — fol D(y)
dy = 0, so that we can then write

Alx) = / " Dly)dy = / "(N(y) - M(y))dy.

Insofar as it implies A(x) > 0 for all small enough x, (10.3.5) in this case
implies some sort of dominance of the positive Lévy component N over the
negative component M. As an extreme case we can have X spectrally positive,
i.e. M(-) = 0. When this happens N has to be integrable at zero, which implies
that X has bounded variation, so in fact a subordinator with drift zero. In these
circumstances, (10.3.5) reduces to

xN(x)

WHO&SIJ{()’
0
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and from Lemma 18 we see that this happens if and only if fom N(y)dy is slowly
varying (and tends to 0) at zero.

The third case can only arise if fml{M(y) — N(y)}dy — oo as z | 0,

which implies fol M(y)dy = oo, so that X cannot have bounded variation. This
clearly involves some sort of dominance of the negative Lévy component M
over the positive component N. As an extreme case we can have X spectrally
negative, i.e. N(-) =0, so that (10.5.5) becomes

xL(z) _ M (x) ~ zM(z) —0asz|0.

A@) - M)+ [FMy)dy [} M(y)dy

This happens if and only if fml M(y)dy is slowly varying (and tends to o) as
x| 0.

Proof of Theorem 35. Assume (10.3.5), and note that condition (10.2.1) im-
plies that L(t) > 0 in a neighbourhood of 0, so (10.3.5) implies then that
A(xz) > 0 for all small z, x < xg, say. A further use of (10.3.5) shows then
that for any z > 0,

A(z)

T

> 2L(x) (10.3.6)

for all small enough = > 0, and since L(0+) > 0 this means that A(z)/z — oo,
as x | 0. Now define b(t) for ¢ > 0 by

b(t) = inf {0 <y<uwp: Ag(/y) < 1} . (10.3.7)

Then 0 < b(t) < oo, b(t) is nondecreasing for t > 0, and b(t) — 0 as ¢ | 0.
Also, by the continuity of A(-),

L) . (10.3.8)

This means by (10.3.5) that tL(b(t)) — 0 as t — 0. Next, by Lemma 5.3, A(+)
is slowly varying at 0. But (10.3.8) says that b(-) is the inverse of the function
x/A(z), and so b(t) is regularly varying with index 1 as ¢ | 0. (See [20], p. 28,
Theorem 1.5.12.) It is easy to check by differentiation that A(x)/z strictly
increases to oo as x | 0, so b(t) is continuous and strictly decreases to 0 as
t10.

Now we apply (10.2.9) with b = b(¢t), and o0 = 0. From (10.3.8) and
tL(b(t)) — 0 we get tA*(b(t))/b(t) — 1, and

P{Y;Eizt) = 0} > P{no jumps with |A| > b(t) occur by time t}

= exp(—tL(b(t))) — 1.



120 10 Small-Time Behaviour

var {¥0,} = /w<b(t)952]7(dx)tU(b(t))+O{b2(t)tL(b(t))}. (10.3.9)

By (10.3.5), zL(z) = o(A(z)); since A is slowly varying and o2 = 0 it follows
that

U(x)=2 /Ow yL(y)dy = o(zA(x)), asx | 0. (10.3.10)

This in turn implies, using (10.3.8), that tU(b(t)) = o{b*(¢)} as t | 0. Putting
this into (10.3.9) we see that Var{Yi(;zt)/b(t)} — 0, and now (10.2.9) shows
that X,/b(t) 2 1, i.e. (10.3.4) holds.

For the converse, assume (10.3.4) holds, and note first that this implies

that X7 /b(t) Zo. (X* is the symmetrised version of X, which has the distri-

bution of (X — X)/2, where X is an independent copy of X.) Then Lemma
12 immediately gives

tL(zb(t)) — 0 for any fixed z. (10.3.11)

Next, since (10.3.4) implies —t&(6/b(t)) — 0 for each 6, we have for any
fixed a > 0

E(exp{i0Xqt/ab(t)}) = exp{—at¥(0/ab(t))} — exp(if),

on replacing 6 by 0/«. This means that X;/ab(t) Eit 1, so we see easily that
b(-) is regularly varying of index 1. Again we use the decomposition (10.2.9)

with b = b(t), and as before, get Y;(jzt)/b(t) £o. Thus, with

Xp = tA (0(t) + 0By + Y}y,

we have X /b(t) £ 1. But E(exp{i0X;}) = exp{—t¥; ()} where

b(t) )
W (0) = —iA*(b(t))0 + %(1292 + / (1 — €™ +i0z) IT(dz).
—b(t)
Since the real part of t%;(0/b(t)) — 0, we see easily that o = 0 and tU (b(t)) =
o{b?(1)}. Thus ¥,'}), /b(t) = 0, and so we have tA*(b(t))/b(t) — 1. Combining
this with (10.3.11) gives

b(x)L(b(z)) _  wL(b(z))
Ax(b(x))  wA*(b(z))/b(x)

— 0,
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so, since b(+) is regularly varying with index 1, xL(z)/A*(z) — 0. Finally,
since

AW A@|_|D@)| _,
rL(x) zL(z)| |L(x)|~ "
we see that (10.3.5) holds. [
Whenever (10.3.4) holds it forces
P{X, >0} —1, ast | 0. (10.3.12)

We have seen, in Chapter 7, that (10.3.14) below is the necessary and sufficient
condition for this, so the result below actually shows that (10.3.12), (10.3.14),
and (10.3.13) are equivalent.

Theorem 36. (i) Suppose o> > 0; then P{X; > 0} — 1/2 ast | 0, so
(10.3.12) implies 0 = 0.

(ii) Suppose 0? = 0 and M (0+) > 0. There is a non-stochastic measurable
function b(t) > 0 such that

X: p
@ — 00, as t l O, (10313)
whenever Alx)
T
— 10.3.14
M () 00, as v | 0, (10.3.14)

and this implies (10.53.12). Furthermore, if (10.3.14) holds and A(x) — oo

then X
Tt Lo, as t]o0. (10.3.15)

(i1i) Suppose X is spectrally positive, i.e. M(x) = 0 for all x > 0. Then
(10.3.12) is equivalent to

0? =0 and A(z) > 0 for all small z, (10.3.16)

and this happens if and only if X is a subordinator.

Remark 8. Notice that for (10.3.14) to hold and (10.3.5) to fail requires, at
least, that limsup,, o N(z)/M (z) = co. It might be thought that this is incom-
patible with lim, o A(x) = oo, which we have seen entails some kind of dom-
inance of M(-) over N(-). However the following example satisfies (10.3.14)

and has lim, o A(z) = oo, but not (10.5.5), so that X/t Lo, as t]0, but
there is no b(t) > 0 with X;/b(t) £

Example 5. Take a Lévy process with o> =0, v =0, and

_ Cn
M(ZIJ) =T 11{0<w<1}7 N(Jf) = ?l{wn+1§m<azn}v n Z 0,
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where xg = 1, Tpy1 = e~ 2o ¢r n > 0, the constants ¢, being defined induc-
tively by co =1 and

n—1
tn=) ce,n>1 (10.3.17)
r=0

Notice that (10.3.17) implies that ¢, T 00, and also that

T,
Alwn) = | {M(y) = Ny)}dy =log — = > (1 - =)
Tn n r=0 Ly
n—1 n—1
= ZCT — ZCT(l —e ")=¢,
r=0 r=0
It follows that
A(zy,) Cn
— 1

)

TnL(xy) - 1+e¢,

so that (10.3.5) fails. Since M (z) = 1, (10.3.15) is equivalent tolim, g A(x) =
oo. Now when ¢, > 1, it is easy to see that inf(, ., . yA(x) = A(yn), where
Yn = Tn/Cn, and

1o Tril c
A =log — — R = —
(yn) = log -~ ;)Cr( o) @)
n—1
:Zcrefcrfcn+1+logcn:1+logcn,
r=0

and we conclude that (10.5.15) holds.
Remark 9. In the spectrally positive case (10.3.15) is not possible, because

then Theorem 36 guarantees that X is a subordinator, in which case X/t s
ast | 0 by Theorem 34.

Proof of Theorem 36. (i) If ¢ > 0 it is immediate from (i) of Proposition 4
that
E(expirX,/V1t) = exp{—t#(A/Vt)} — exp(—c2)\?/2),

so that X;/+/t has a limiting N (0, 02) distribution, as ¢ | 0, and we conclude
that 1imtl0 P{Xt > 0} = 1/2

(ii) This proof is based on a refinement of (10.2.9) with ¢ = 0 which takes
the form

X, = tA@) + {¥5 7 + Y5 — N @)}

+ {Yt(,zla’*) +y5 )+ th(b)} : (10.3.18)
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where Y;(i’i) and Yt(Z’i) are derived from the positive (respectively, negative)
jumps of A in the same way that Yt(;) and Yt(j) are derived from all the jumps

)

of A. Since each jump in Yt(iJr is at least b we have the obvious lower bound

Y;(j’ﬂ > bnT(t), where nt(¢) is the number of jumps in A exceeding b which
occur by time t.

We start by noting that (10.3.14) and M (0+4) > 0 imply that
A(z)M(z)/x — oo as x | 0, so if we put

K(z) =+/zA(x)M(x), x>0,

then also K(x)/x — oo as x | 0. As in the previous proof we can therefore
define a b(t) | 0 which satisfies, since K(+) is right-continuous,

tK (b(t)) = b(t), t > 0. (10.3.19)

Note that, as t | 0,

_ MOMG(E) _ [o)M(b))
tM(b(t)) = K(b(1) A(b(t))

0. (10.3.20)

Using (10.3.18) with b = b(t) we see that X; > X, a.s., where

X, ~ _
— = zZr+ 7z
b(t) C(t) + t + t
with
(1,4)
7+ = 2O ) N (b(t

Y(lvi) _’_Y(217)
Zr = W + EM(b(t)). (10.3.21)

By arguments similar to the previous proof we can show that Z, /c(¢) Lo
~ ~ P

and Z;" /c(t) Loast 1 0, which establishes that X;/(b(t)c(t)) — 1 ast | 0.
Since c(t) — oo, we see that X, /b(t) L 50 and hence that (10.3.13) holds.
Moreover we only need to remark that b(t)c(t)/t = A(b(t)) to see that (10.3.15)
follows when A(z) — oo.

(iii) This is proved in [40], but we also proved it in Chapter 7 in a different
way. |

Now we consider attraction of X; to normality, as ¢ | 0. The original
characterisation of D(N) for random walks is in Lévy [73], and Dg(V) is
studied in Griffin and Maller [52].
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Theorem 37. X € D(N), i.e. there are non-stochastic measurable functions
a(t), b(t) > 0 such that

X:—a(t) b
@ S NOD, astLo, (10.3.22)
if and only if
U
mQéZ) oo, asx 0. (10.3.23)

X € Do(N), i.e. there is a non-stochastic measurable function b(t) > 0 such
that
Xy

D
TOR N(0,1), ast | 0, (10.3.24)

if and only if
U(x)
z|A(z)| + 22 L(x)

If (10.3.23) or (10.3.25) holds, U(x) is slowly varying as x | 0, and b(t) is
regularly varying of index 1/2 as t] 0, and may be chosen to be continuous
and strictly decreasing to 0 ast | 0, and to satisfy b*(t) = tU(b(t)) for small
enough positive t; furthermore we may take a(t) = tA(b(t)) in (10.53.22).

— o0, asx | 0. (10.3.25)

Remark 10. In the case L(z) = 0 for all x > 0, X is a Brownian motion
and (X; —yt) /o't 2 N(0,1) for allt > 0.

Remark 11. The case b(t) = c\/t, for some ¢ > 0, of a square root nor-
malisation, is of special interest in Theorem 37. In this case it is easy to see
that (10.3.22) or (10.8.24) holding with b(t) ~ c\/t for some ¢ > 0 are each
equivalent to o > 0, and then we may take c = 0.

Remark 12. [t is easy to see that, when (10.53.24) holds, the normed process
(Xt./b(t)) converges in the sense of finite-dimensional distributions to stan-
dard Brownian motion. In fact, using Theorem 2.7 of [93], we can conclude
that we actually have weak convergence on the space D. A similar comment
applies when (10.3.22) holds.

Proof of Theorem 37. Suppose (10.3.23) holds, so that, by Lemma 13, U is
slowly varying. Also since L(0+) > 0, U(x)/2? — oo as x | 0. Hence we can
define b(t) > 0 by

b(t) = inf {y >0: Uy(f) < 1} (10.3.26)

and have b(t) | 0 (¢t | 0), and

tU(b(t)) = b2(t). (10.3.27)
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Hence, for all z > 0,
tU (zb(t))
b2(t)
and then from (10.3.23), for all z > 0,

—1(t]0), (10.3.28)

tL(xb(t)) — 0 (t | 0). (10.3.29)

Now we apply the decomposition (10.2.9) with b = b(t). In virtue of (10.3.29),
we see that Yt(izt)/b(t) £ 0. Putting a(t) = tA*(b(t)), it suffices to show that
if

¢ =B il

then X[* /b(t) 5 N(0,1). With E(exp{id X7 }) = exp{—t® ()}, this is equiv-
alent to tw;* (6/b(t)) — 6%/2. But

1 b(t) )
() = 50292 + / o (1 —E™*" —i0z) II(dx)

b(t)
= 10292 + / {1(0z)2 + 0(917)2} II(dx)
2 b(t) L2

2 b(t)
— % <02 + {/_b(t) xQH(dm)} {1+ 0(1)}> :
Thus

# = t6” o2 " z? T 0
; <0/b<t>>—%2(t){ +{ [ ) ot ¢

Now if ¢ > 0 we have b(t) ~ ov/t, and since the integral tends to 0 we get
tw(6/b(t)) — 62/2. If ¢ = 0 then we note that

L b(t) xQ . —L b(t) xz s
b?(t)/b@) H(d)‘b%t)/o (=L ()

b(t)
—tL(b(t)) + th(t) /0 xL(x)dx

wew)
RO

= —tL(b(t)) +
where we have used (10.3.27) and (10.3.29). So again & (6/b(t)) — 62 /2.
The proof of the converse is omitted; see [40]. [

Next we turn to problems involving overshoots, and begin with weak sta-
bility. Define the “two-sided” exit time

T(r)=inf{t >0:|X ()| >r}, r>0. (10.3.30)
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Theorem 38. We have

|X(i(’“))| £, asr o, (10.3.31)
if and only if
X € Do(N)URS (at 0). (10.3.32)

Dy(N) has been defined and characterised in Theorem 37.
RS is the class of processes relatively stable at 0; X € RS if there is a

nonstochastic b(¢) > 0 such that X (¢)/b(t) L £1ast | 0. This class has been
characterised in Theorem 35.

Proof of Theorem 38. Using the notation and results from Chapter 7, we see
easily that there are constants ¢; > 0,co > 0 such that for all n > 0,r > 0,

aL((n+ )r) [ |AT()] e> L)
k(1) SP{ ; >”}§ R

(10.3.33)

where we recall

k(r) = YA@)| +r2U(r).

Since | X (T;) — r| < |A(T(r))|, we obtain, using (7.3.3), | X (T'(r))|/r L1 as
r | 0 if and only if

r|A(r)| + U(r)

r2L(r)

The proof is completed by the following result, which is surprising at first
sight. However exactly the same result is known in the random-walk case; see
Proposition 3.1 of Griffin and McConnell [54], also Lemma 2.1 of Kesten and
Maller [63], and Griffin and Maller [52]. Furthermore the proof which is given
in Doney and Maller [41] mimics the random-walk proof, so is omitted.

Lemma 15. In the following, (10.3.34) implies (10.3.35) and (10.3.36), and
(10.3.36) implies (10.3.34):

—ooasr | 0. (10.3.34)

$|(}4((xx))| —0asx |0, or lxiir&inlejA((;)) > 0; (10.3.35)
[A(z)| U(z)
oL() "m0 o e Ty L0 (10.3.36)

Since (10.3.36) corresponds exactly to X € Dg(N) U RS, the result
follows. [

10.4 Almost Sure Results

The following result, which we have already proved, explains why X/t 5
oo as t | 0 cannot occur.
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Theorem 39. If X has bounded variation then:

X
lim =% = § as., (10.4.1)
tl0 t

where § is the drift; if X has infinite variation then

X X
—00 = liminf =% < limsup =% = +00 a.s. (10.4.2)
tl0 t10

Now we turn to a.s. relative stability.

Theorem 40. There is a non-stochastic measurable function b(t) > 0 such

that
Xt a.s.

— 1 10.4.

b(t)_) ,ast ] 0, (10.4.3)
if and only if the drift coefficient 0 is well defined, 6 > 0, and

X a.s.

Tt “3 §,as t | 0. (10.4.4)

Proof of Theorem 40. Let (10.4.3) hold and we will prove (10.4.4). Define
W= X(27) - X277,

which are independent rvs with the same distribution as X (277 — 27771) =

X (27971, Also

oo

X(2-" 1 & » o )
o = B 2 (XCT) = X@) = gy 2 Wi

i—n

By (10.4.3), limsup,,_,, |X(27™)|/b(27") < oo a.s, hence

1478 AW = W
limsup| | :limsuplzj_ 2 Z]_ + i

n— o0 b(2—n) n— 00 b(2_") < 00 as.

The W; are independent, so by the Borel-Cantelli lemma, ) - P{|W,|
> ¢b(27™)} converges for some ¢ > 0.

Now X; is weakly relatively stable at 0 so we know from Theorem 35 that
02 = 0, A(x) > 0 for all small z, and b(t) can be taken to be continuous,
strictly increasing, regularly varying with index 1 as ¢ | 0, and to satisfy
b(t) = tA(b(t)) for all small t > 0. Note that we can write W,, = Wy11+W) 1,
where W, ,; is an independent copy of Wy, 41, so that

]P{|Wn| > gb(z—”)} - ]P’{|Wn+1 FW,| > gb(T")}

< 2]P’{|Wn+1| > %b(Z‘”)}.
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Using this and the regular variation of b(-) we see that > P {|W,| > ¢b(27™)}
converges for all ¢ > 0. We also get from the proof of Theorem 35 that
xL(b(z)) — 0 as « | 0, so by Lemma 12,

B{|X,| > b(1)} > ctL(b(1))

for all small ¢, for some ¢ > 0. Thus

00> Y P{X(27" )| > b(2" }>c22 "L(b

n>0

from which we see that

1
/ L(b(z))dzx < oo. (10.4.5)
0
From this we can deduce that
1
L
@) 4o < oo, (10.4.6)
o Alz)
and then that fo z)dx < oo. Thus we can define the drift coefficient § and

write
A() ’y+D /D dy—5+/D

Now A(z) > 0 near 0, so we must have 6 > 0. If 6 = 0 we have

)= /0 " Dyy| < /0 " L)y,

so from (10.4.6)

" Ly)dy
0 foy L(x)dx
which is impossible. It follows that 6 > 0. Then A(z) — § as x | 0 so b(t) ~
td ast | 0, and (10.4.4) follows from (10.4.3). [

The next theorem characterises a.s. stability of the overshoot in the two-
sided case.

Theorem 41. We have
X(T a.s.
XD oy g 04

if and only if

0? >0or ¢ =0, and X has bounded variation and drift § # 0. (10.4.8)
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Remark 13. It should be noted that the two situations in which (10.4.8)
hold are completely different. In the first case the probability that X exits the
interval at the top tends to 1/2, whereas in the second case X (T(r))/r “3 1
if 6 >0 and X(T(r))/r “% =1 if§ < 0.

Proof of Theorem 41. The crux of the matter is that, using the bound
(10.3.33), it is possible to show that (10.4.7) occurs if and only if

Y zL(x)dx

To see this choose 0 < A < 1 and 0 < £ < 1 and assume (10.4.9). By (10.3.33),
for some ¢ > 0,

S P{AT(A)| > eN"} < Zk

n>0 )

(ey dy 3eA™3 /
<
CZ /Wl EXD) ST Z i yk
B 3enT? /1 L(ey)dy 3enT? /5 L(y)dy
0 0

= = < 0.
L=AJo yk(ey)  1-XAJo wk(y)
Thus
w — 0 a.s., as n — 0o, (10.4.10)

and (10.4.7) follows.
Conversely, let (10.4.7) hold. Then, as n — oo,

AT IXEE) = XA g gy 41 pye

Thus if we write B, = {|A(T(27™))| > (2+ )27 "}, we have
P{B, i.0.} = 0. (10.4.11)

Suppose we have
> P{B,} < . (10.4.12)

/ U zL(z)dx -
—_— < 0.
o z[A(z)| +U(z)
So we need to deduce (10.4.12) from (10.4.11). This can be done using
a version of the Borel-Cantelli lemma, modifying the working of Griffin and

Then we easily get



130 10 Small-Time Behaviour

Maller, [52]. The hard part, which we omit, is to show that, were (10.4.12)
false, we would have

n—1 n n 2
> ) P(BwNB) < (1 +0(1)) (Z IP(Bm)> . (10.4.13)

m=1l=m-+1

By Spitzer ([94], p. 317) this implies P(B,, i.0.) > 0, which is impossible if
(10.4.11) holds. Hence >, -,P(B,) < oo and we have (10.4.12). To finish the
proof we need the following analytic fact: (10.4.9) occurs if and only if (10.4.8)
occurs. We will take this for granted, as it’s proof again follows closely the
random-walk argument. |

Now define the “one-sided” exit time
T (r)=inf{t >0: X(t) >r}, r>0. (10.4.14)

As usual, let H; be the upwards ladder height subordinator associated with
X, and let 64 be its drift. Define

Ti(r)=inf{t > 0: Hi(t) > r}, r>0. (10.4.15)
Then clearly
X(T*(r)) = Hy (T (r)). (10.4.16)
Theorem 42. We have
X (T a.s.
w =1 as 70, (10.4.17)

if and only if 61 > 0.

Proof of Theorem 42. Simply use (10.4.16) to see that (10.4.17) is equivalent
to Hy(T75(r))/r — 1 a.s. Of course T (r) is also the two-sided exit time for
H,, so (10.4.8) holds for Hy, and conversely. This is only possible if 6, > 0.

|

Remark 14. A similar argument using Theorem 38 shows that weak relative
stability of the one-sided overshoot is equivalent to Hy € RS, and according
to Remark 7 this happens if and only if

fiy(x) is slowly varying as x | 0.

What is this equivalent to for the characteristics of X ¢ Note that this cer-
tainly happens when 04 > 0, so the solution to this problem would provide
an interesting extension of Vigon’s result Theorem 20, which characterizes all
Lévy processes having 4 > 0.
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10.5 Summary of Asymptotic Results

Recall the notations, for = > 0,

N(z) = IT{(z,00)}, M(x) = I{(-o00,—x)},
L(z) = N(z) + M(x), D(xz) = N(z) — M(x),

Also X € D(N) means 3 a(t) and b(t) > 0 such that X‘b_(g(t) kA N(0,1),

X € Do(N) means this is possible with a(t) = 0, and X € RS means 3

b(t) > 0 such that % L 1or—1.

10.5.1 Laws of Large Numbers

The small-time results, assuming o = 0, are.

() 71X, B 5 e R eaL(z) — 0, A(z) — 6.

(ii) t71X; “% § € R <=X has bounded variation, J is the drift.

(ifi) 3b > 0 with b(t)"1X; D 1= A(x)/zL(z) — 0o, and X € RS <=
|A(2)|/2zL(x) — oc.

(iv) 3b > 0 with b(t)7'X; “% 1<=X has bounded variation and drift
§ >0, b(t) « ot.

(v) 3b > 0 with b(t)"1X, £ coe= P(X; > 0) — 1 <= A(z)/zM(z) —
0.

(And we can take b(t) = ¢ if also A(x) — o0.)

(vi) t71X; “% oo is not possible.

The corresponding large-time results are similar, except we can allow o2 >
0. In (i), (ii), and (iv), ¢ is replaced by p =EX;. In (v) we can add X} L
to the equivalences, but (vi) is different. t=1 X, “3 00 as t — oo is possible,
and it is equivalent to X; “3 oo as t — co. The NASC for this is given in
Erickson’s test, at the end of Chapter 6.

10.5.2 Central Limit Theorems

The small-time results, assuming o = 0, are.
(i) X € D(N) < U(x)/2*L(x) — oo.
(i) X € Do(N) <= U(z)/(2?L(z) + x| A(z)]) — .
The large-time results are the same, except that we can allow o2 > 0.
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10.5.3 Exit from a Symmetric Interval

Here T, = inf{t : |X¢| > r} denotes the exit time and O, = Xp. — r the
corresponding overshoot. The small-time results are.

(i) P(O, > 0) = 1<=P(X; > 0) = 1 <= A(z)/zM(z) — cc.

(i) =10, 5 0 < X € RS U Dy(N).

(iii) 7=10, “¥ 0 <= 02 > 0 or 62 = 0, X has bounded variation, and
§ #0.

The large-time results are similar, except that in (iii) the condition is that
either EX? < 0o and EX; =0, or E|X;| < 0o and EX; # 0.
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