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Abstract

Conditioning Markov processes to avoid a set is a classical problem that has been
studied in many settings. In the present article we study the question if a Lévy process
can be conditioned to avoid an interval and, if so, the path behavior of the conditioned
process. For Lévy processes with finite second moments we show that conditioning is
possible and identify the conditioned process as an h-transform of the original killed
process. The h-transform is explicit in terms of successive overshoot distributions and
is used to prove that the conditioned process diverges to +oco and —oo with positive
probabilities.
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1 Introduction

Conditioning Markov processes to avoid sets is a classical problem. Indeed, suppose
(P*),cp is a family of Markov probabilities on the state space F, and that T is the first
hitting time of a fixed set. When 7' is almost surely finite, it is non-trivial to construct
and characterise the conditioned process through the natural limiting procedure

lim P*(A|s<T) (1.1)
S— 00
or the randomized version
lim P*(A|e, < T), (1.2)
q—0

for A € F, and = € E. Here, (F;);>0 denotes the natural filtration of the underlying
Markov process and ¢, are independent exponentially distributed random variables with
parameter ¢ > 0.

A classical example is Brownian motion conditioned to avoid the negative half-line. In
this case, the limits (1.1) and (1.2) lead to a so-called Doob A-transform of the Brownian
motion killed on entering the negative half-line, by the positive harmonic function
h(z) = x on (0,00). This Doob h-transform turns out (see Chapter VI.3 of [20]) to be
the Bessel process of dimension 3, which is transient. This example is typical, in that
a conditioning procedure leads to a new process which is transient where the original
process was recurrent.

Extensions of this result have been obtained in several directions, most notably to
random walks and Lévy processes. A prominent example with several applications
is that of a Lévy process conditioned to stay positive, which was found by Chaumont
and Doney [5] using the randomised conditioning (1.2). In that case, the associated
harmonic function h is given by the potential function of the descending ladder height
process. Similarly, Bertoin and Doney [2] have shown how to condition a random walk
to stay non-negative. Other examples include random walks conditioned to stay in a
cone (Denisov and Wachtel [7]), isotropic stable processes conditioned to stay in a cone
(Kyprianou et al. [15]), spectrally negative Lévy processes conditioned to stay in an
interval (Lambert [17]), subordinators conditioned to stay in an interval (Kyprianou et
al. [13]), Lévy processes conditioned to avoid the origin (Panti [18] and Yano [24]) and
self-similar Markov processes conditioned to avoid the origin (Kyprianou et al. [16]).

The purpose of this article is to take advantage of the path discontinuities of Lévy
processes and to condition them to avoid an interval. In Doring et al. [8] this problem
was tackled for strictly stable processes since their structure as self-similar Markov
processes allowed to deduce the right harmonic functions. The proofs were based on the
so called deep factorisation (see Kyprianou et al. [12, 14]), which analyses stable process
using the Lamperti-Kiu transform. In the present article, we consider Lévy processes
with zero mean and finite variance. This assumes less structure on the Lévy process, but
at the same time excludes the stable processes, which have infinite second moments.
The discrete-time analogue of our problem was considered by Vysotsky [23], who used
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a Doob h-transform to condition a centred random walk with finite second moment to
avoid an interval. One of the harmonic functions we will discover is the analogue of the
harmonic function found by Vysotsky for random walks, but the techniques needed are
different.

Before presenting our results, we introduce the most important definitions and
results concerning Lévy processes. More details can be found, for example, in Bertoin
[1], Kyprianou [11] or Sato [22].

Lévy Processes: A Lévy process £ is a stochastic process with stationary and inde-
pendent increments whose trajectories are almost surely right-continuous with left-limits
(RCLL). For each = € R, we define the probability measure IP* under which the canonical
process ¢ starts at 2 almost surely. We write PP for the measure P°. The dual measure
P* denotes the law of the so-called dual process —¢ started at z. A Lévy process can be
identified using its characteristic exponent ¥, defined by the equation E[¢9¢] = ¢~*¥(9),
q € R, which has the Lévy-Khintchine representation:

. 1 i .
Wg) =g+ 5%+ [ (1= gl o) ds), g€ R,
R
where a € R is the so-called centre of process, 02 > (0 is the variance of the Brownian
component, and the Lévy measure II is a real measure with no atom at 0 satisfying
[(2? A DII(dz) < o0.

Our main assumption is:

(A) & has zero mean and finite variance, and is not a compound Poisson process.

We define T = inf{t > 0: &, € B} for any open or closed set B C R. This is known to be
a stopping time with respect to the right-continuous natural enlargement of the filtration
induced by £, which we denote by (F%):>¢. For certain auxiliary results, we will need to
distinguish two cases:

(B) II(b — a,c0) > 0, i.e., upward jumps avoiding [a, b] are possible

and

(B) II(—o00,a —b) > 0, i.e., downward jumps avoiding [a, b] are possible

Killed Lévy processes and h-transforms: For a < b the killed transition measures
are defined as
p£a7b] (xady) = Pw(gt € dyat < T[(L,b])7 t>0.
The corresponding sub-Markov process is called the Lévy process killed in [a,b]. A
harmonic function for the killed process is a measurable function & : R\[a,b] — [0, c0)
such that

E* [1eq, y1(&)] = h(z), =€ R\[a,b],t>0. (1.3)

A harmonic function taking only strictly positive values is called a positive harmonic
function. Thanks to the Markov property, harmonicity is equivalent to (]l{t<T[a,b]}h(§t))t20
being a P”-martingale with respect to (F;);>o. When h is a positive harmonic function,
the associated Doob h-transform is defined via the change of measure
, , h(&:)

Pﬁ(A) =E* |:]1A]1{t<T[a,b]}W:| , X € R\[a, b]7 (14)
for A € F;. From Chapter 11 of Chung and Walsh [6], we know that under P% the
canonical process is a conservative strong Markov process. In Chapter 11 of Chung
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and Walsh [6] it is shown that (1.4) extends from deterministic times to (]-‘t)tzo-stopping
times T'; that is,

h
IP%(A,T < OO) =FE* |:]1A]1{T<T[a,b]}h(<§3 , I ¢ [a,b], (1.5)

for A € Fr.

Ladder height processes and potential functions: A crucial ingredient in our
analysis is the potential function U_ of the descending ladder height process, which is
positive harmonic for a Lévy process killed on the negative half-line. To introduce U_,
some notation is needed. Denote the local time of the Markov process (sup,<; & — & )t>0
at 0 by L, which is also called the local time of ¢ at the maximum. Let L; ' = inf{s >
0 : Ly > t} denote the inverse local time at the maximum and k(q) = —1ogE[e*qul].
for ¢ > 0, the Laplace exponent of L~'. We define H;, = SUpP, -1 &s, the so-called
(ascending) ladder height process. It is well-known that H is a subordinator and we
denote by a, the drift coefficient of H, and by u, its Lévy measure. Under the dual
measure P, the process L~! is the inverse local time at the minimum, and we denote its
Laplace exponent by 4. Still under this dual measure, H is the descending ladder height
process, and we define a_ and p_ to be its drift coefficient and Lévy measure.

The g¢-resolvents of H, for ¢ > 0, will be denoted by Uj"r ; that is,

U{ (d) ::E[ / e_qt]l{Ht“'edx,Lt_l<oo}dt}'
[O7m)

For ¢ = 0 we abbreviate U, (dz) = U (dz), and denote the so-called potential function
by U, (z) = U, ([0, x]), for z > 0. We define U? and U_ according to the same procedure
for the descending ladder height process. If £ is not a compound Poisson process, it is
known that U, and U_ are continuous.

2 Main results

Before stating the main results, some more notation is needed to define our harmonic
functions. We first define inductively the sequence of successive stopping times at which
the process jumps crossing a or b:

T0 — O,
Tee1 = Inf{t > 7 : & > 0,8 < b} Anf{t > 7, : §— < a,& > a}.

Second, let KT :=inf{k > 1: 7, = Ti.,5} be the index indicating the time at which the
process hits the given interval, let

vi(dy) = P*(&, € dy, 7 < 00,k < KT), x,y € R\ [a,]

be the distribution of the position of ¢ after its k-th jump across the interval, for £ > 0.

It is important to note that each v} can be expressed explicitly in terms of the Lévy
measures and potential measures of the ladder height processes. Indeed, v{ is nothing
but an overshoot distribution, for which a formula is given in Proposition III.2 of Bertoin
[1], using that the overshoot of £ has the same distribution as the overshoot of the
corresponding ladder height subordinator H. Applying the strong Markov property
successively yields explicit expressions for all other vf which can be found at the
beginning of Section 4.
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Theorem 2.1. If Assumptions (A) and (B) hold, then the function

> U-(y-bvg(dy) ifz>b
hy(x) = ko:oo(b’of) ’

> ) U-(y—-b)vg(dy) ifz<a

k=0 (b,00)

is a positive harmonic function for ¢ killed on entering [a, b], i.e.

E* [1{t<T[a,b]}h+(§t)] = h+($), t > 0, HASS IR,\ [a, b}

If Assumption (B) is not satisfied, then h is still harmonic, but may not be positive.
To be precise, when (B) fails, h; is positive on (b, 00) but zero on (—o0, a).

Similarly, under (A) and (B), the function

> S Uila—y)v5(dy) ifz>b
h_(x):= k=0(—o0,a)

kZ [ Usla—y)v3(dy) ifr<a
:0(—007(1,)

is positive harmonic as well. As above, when (B) fails, h_ remains harmonic, but is
positive only on (—oo, a) and zero on (b, 00).

An important corollary of this discussion is the existence of positive harmonic func-
tions under the Assumption (A) only:

Corollary 2.2. If Assumption (A) holds, then all linear combinations of hy and h_ with
strictly positive coefficients are positive harmonic functions.

A significant part of the proof of Theorem 2.1 consists of showing that hy are finite.
As a consequence of this proof, we also obtain the inequality

PY(KT—1>k)<~* k>0,2cR\]a,bl],

where 7 is defined by (4.7). In other words, the number of crossings of the interval [a, b]
before it is hit is stochastically dominated by a geometric distribution.

The harmonic functions h, and h_ typically do not have a simple closed form (but
Section 3 below for an example where they do). This would appear to reduce their
applicability; however, we can use our definition to prove results on conditioning. We will
show that the conditioning in the sense of (1.2) works and, as a consequence of general
h-transform theory, that the conditioned process is strong Markov. Additionally, it turns
out that the harmonic functions are explicit enough to explain the limiting behavior of
trajectories under the conditioned law.

Remark 2.3. Vysotsky [23] considered the analogous problem for a centred random
walk S = (S,,)nen With finite variance. He derived a harmonic function V which is the
discrete analogue of some linear combination of 4, and h_. However, it does not appear
to be simple to translate the proofs of [23] to the case of a Lévy process. In discrete-time,
it is enough to show that V(S) is a martingale by considering the first time-step. In
continuous time, on the other hand, ¢ < 7{, ; does not hold almost surely for any ¢ > 0,
and different arguments are required.

With the harmonic functions hy, h_ and their positive linear combinations it is now
possible to h-transform the killed process as in (1.4). The h-transforms P, (resp. IP_) are
defined through (1.4) with the positive harmonic functions h; (resp. h_). We will show
how to condition the Lévy process in order to obtain h-transforms with ~, and h_, and
then derive the correct linear combination of A and h_ corresponding to conditioning
the Lévy process to avoid the interval in the sense of (1.2).
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The next proposition gives a probabilistic representation of PY by conditioning to
avoid [a, b] and staying above b at late times. The analogous conditioning under (A) and
(B) below the interval results in the h-transform P* .

Proposition 2.4. Assume (A) and (B). Then

PY(A) = lim P*(A] ¢ < Tiause, > ). o  [a. )

forA e F;,t > 0.

To understand the Lévy process conditioned to avoid the interval without additional
condition on the late values a natural guess is an h-transform using a linear combination
of hy and h_. Possible asymmetry of the Lévy process implies that different weights
must be chosen for h; and h_. It emerges that the right harmonic function is

~

h:=h,+Ch_, where C = lim <(a)

a0 (q)

=

(2.1)

Note that, if £ oscillates and has finite variance, then C' € (0, c0) exists; see, for instance,
Patie and Savov [19], Remark 2.21. From Corollary 2.2, it follows that A is a positive
harmonic function if we assume only (A). The h-transform of ¢ killed in [a, b] with h from
(2.1) will be denoted by ]Pi' ie.

$(A) = E ]lA]l{t<T[a,b]} h(.’]:) j|7 T ¢ [a7 b]7
for A € F;. Our main result can now be formulated. Conditioning to avoid an interval
is always possible for Lévy processes with second moments and the conditioned law

corresponds to the h-transform with A from (2.1).
Theorem 2.5. Assume (A). Then,

IP%(A) = [}i\‘II(I)IPI(A|€q < T[(Lb]), x ¢ la,bl,

forAe F;, t>0.

We remark that one can see from our proofs that

;i\‘r%]P'”(A leq < Tiap)) = gi{‘%IPx(A,t <egleg <Tiap), z¢la,b],Ac F.
In particular the h-transform IP%(A) also equals the probability on the right-hand side. A
characterisation of this form (i.e. including the event ¢ < ¢,) appears in different settings
of conditioned Lévy processes, e.g. for the Lévy process conditioned to stay positive,
Chaumont and Doney [5].

Typically the first property analyzed for a conditioned process is the long-time
behavior. It is often the case that the conditioning turns a recurrent process into a
transient process. Nonetheless, the limit behavior under P, and in particular ]Pi' is
a priori unclear. Processes might be oscillating, diverge to 400 or —oo, or might even
diverge to both infinities with positive probability. The next proposition covers the case
P,:

Proposition 2.6. Assume (A) and (B). Then ]P’Z”F(tli}rgo & =+4o0) =1 forallz ¢ [a,b].

Analogously, assuming (A4) and (B) one can show that £ drifts to —oo almost surely
under P* . It remains to consider the behaviour of (¢, ]P%’ ). Our final theorem shows that
Lévy processes with second moments conditioned to avoid an interval drift to either +oo
or —oo, each with (explicit) positive probabilities:
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Theorem 2.7. Assume (A). Then, IP{ is transient in the sense that
]Ef{ / Tie, ey dt} < oo, z¢]ab],
[0,00)
for all bounded K C R\ [a,b]. More precisely,

_ Ny (2)
h(z)

PE( lim €& = +00) and  PE( lim & = —o0) = . o ¢ fabl,

so that, in particular, IP%‘—almost all trajectories do not oscillate.

In the recent article [8] it was proved that stable processes conditioned to avoid an
interval are transient. Since stable processes have infinite second moments, Theorem
2.7 does not apply, and it remains unclear if trajectories oscillate or diverge to +oo and
—oo with positive probabilities. This is not merely a technical issue with our proof: for a
stable process, the functions h; and h_, as defined above, are actually infinite at every
point of R \ [a, b]; this can be shown directly using explicit formulas for the potential
functions and overshoot distributions (see, e.g., Rogozin [21]).

3 An explicit example

When ¢ is a Lévy process with no drift and two-sided exponential jumps, it is possible
to compute the harmonic functions h,, h_ and & explicitly. Let

Ny
&=o0Bi+y Y, t>0, (3.1)

i=1

where ¢ > 0, (By)¢>0 is a standard Brownian motion, and Zf\[:tl Y; is a compound Poisson
process with rate A > 0 and absolutely continuous jump distribution with density

(—y)ﬂ{y<0}.

1 _ 1 _
fy(y) = Sne T ysoy + ne K
For definiteness, let o = v/2 and A = 1. The Laplace exponent v of ¢, given by Ele=%¢] =
e ), can be expressed, for € (—7,7), by

62 _0B+0) (=6)(B-9)

0) = —6% — = . 3.2
Vi) W1 00—0 016 n-6 (3-2)

where 8 = \/n? + 1 > 7. Note that £ oscillates and has finite variance, so (A) holds, (B)

and (B) both hold as well. Let

0 0 e
o0)=00) = ED o s [Ta-e e 0>,
n+6 0
which is the Laplace exponent of a subordinator with unit drift, jump rate 5 — n and
exponential jumps of parameter 7. Since

$(0) = v(0)o(-0),

the uniqueness of the Wiener-Hopf factorisation [11, Theorem 6.15(iv)] implies that v
and ¢ are indeed the Laplace exponents of the ascending and descending ladder height
subordinators, respectively.
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Since

—0x _ —0x _ L _n + 0
/ e P U_(dz) = / e” UL (dz) = N ORICET)] (3.3)
[0,00) [0,00)

by [11, equation (5.23)], we can identify the potential measures
U*<dx) = U+(d(E) = (ﬁ + ue—ﬁﬁv) dz,
B B

and the potential functions

U (2) = Us(a) = Lo+ B2 —eBe), 20, (3.4)
B p?

To find h in closed form we first need to find the measures v} explicitly. This can in
principle be done using the expressions we have just found for U, and the Lévy measures
of the ladder height subordinators, but in fact the overshoot distributions have already
been found in Kou and Wang [9], Corollary 3.1, where

IPI(ﬁT[a_’OO) S dy) = m(l — e*ﬁ(a*w))efn(yfa) dy’ r<a< v,

B
and
P (er .y € dy) = D00 ety s b sy,
are proven.
We now claim that
Va1 (dy) = A vf(dy), = <a,y>b, (3.5)
and
V3io(dy) = g (dy), a,y >0, (3.6)

hold for all k£ > 0, where ¢ = ¢~ "(*=%) (8 — 1)/(3 + n). For proving this, note that

(1 — eAleD)e=n=0) g, / (1 — e=Bla=2))e=n(b=) g,
(b,00) (—o0,a)

I A
n(B+n)

For k = 0 the claims are clearly correct. Next, note that for x > b:

vy (dy) = / IPZ(fT[a,w) € dy) Pz(fT@x,,b] € dz)

(_Oova)
_ (77(56— ’7)>2(1 _ =Ba=b))e=nlv=a) g, / (1 e=Pla=2))=n(b=2)g
(—OO,H.)
— (U(ﬁ - 77)>2(1 _ e—ﬁ(z—b))e—n(y—a)e—n(b—a) /8 dy
B n(B+n)
- c@(l _ efﬁ(z*b))efﬂ(y*a) dy.
EJP 24 (2019), paper 55. http://www.imstat.org/ejp/
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Now, let us assume the claims are correct for k — 1, £ > 1. Then, forz < a,b < y,

Vi (dy) = / vy (dy) PP (€, _ € d2)

(b,00)
=2 / v3(dy) P* (éx, ) € d2)
(b,00)
_ 2
— 02’6—26(77(%”» (1— 6—/5(a—1))e—n(y—a) dy / (1— e—ﬁ(z—b))e—n(Z—a) dz
(b,00)
_ 2 B
— (2k-1 n(B —n) o (b—a) 1 — e—Bla—2)),—n(y—a) 4
( B ) n(B +77)( ) Y
— ﬁ — N\ _—nb—a)p=
2k 1(5_’_77)8 n(b—a)p (ér,.., € dy)
= c%z/f(dy),

which is (3.5). Similarly we get, for z,y > b,

Vi o(dy) = / Vs (dy) P (Er__, € d2)

=%k / vi (dy) P*(§r_. .y € d2)

which is (3.6).
Having formulas for U_ and all v;, we can proceed to compute h;. Combining (3.4),
(3.5) and (3.6) standard integration shows, for k£ > 1,

/ U_(y — b) v, (dy) = 2* / U_(y - b) vt (dy)
(b,00) (b,00)

2c
ch:f 1— eﬁ(afz)
7 )

9 2k+1
_ =C (1 _ eﬂ(a—m))

for £ < a and
/ U_(y — b) vy, o(dy) = 2 / U_(y - b) & (dy)
(b,00) (b,00)

2
S

2k+2
_ 2% (1— e By

B

for z > b. Hence, substituting in the definition of h gives
Sl 2 2c
_ 2k+1\ <1 _ —Bla—z)\ _ _ —B(a—x)
h+(x)_(’;)c )5(1 e el )
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for r < a and

n B—n —B(z—b) = 2k+2) 2 —B(z—b)
hi(x)==(x—0b)+ 1—ce + c —(1-ce
Hla) = Gl —b)+ = >(kZ_O )5 )

n B—n —B(z—b) 2¢? —B(a—b)

=T 1- = -

6(1 )+ 7 (I—e )+ﬁ(1—c2)( e )

n B—n 2¢ —B(x—b)

— T 1_
500+ (G + gy )
for x > b. Analogously we obtain
b (@) = sy (1 — e Plemh) 2 ifx>b
Fa—z)+ (% + 5(5302))(1 —eBlamz)y ifgp <a
and, finally,
2 _ _ .
ey = |0+ (5 + R L= 0) it
Ala—=)+ (Bﬂ_f + /Qagicé)))(l — e Ale=2)) ifgx < q,

using that by symmetry x = £ and consequently C' = limg\ o £(¢)/A(q) = 1.

Remark 3.1. It does not seem to be straightforward to find a general class of examples
which are as explicit as this one. For instance, suppose € is a process in the ‘meromor-
phic class’ defined by [10], which includes those Lévy processes with rational Laplace
exponent. Then, the overshoot distributions can be expressed in terms of affine combi-
nations of exponential densities and their products (see [10, Theorem 3]) and the same
is true of the renewal measures U, (thanks to the expression for the Laplace exponent
of the ladder height process found in [10, Corollary 2(ii)]). Therefore, the measures v}
from this work, and the functions h4 and h, can be found as repeated convolutions of
measures of this type. This is explicit enough to permit numerical evaluation of A, say,
but not to give satisfactory analytic expressions.

4 Proofs

Before going into the proofs let us discuss the form of the measures v defined before.
We assume in the theorems that ¢ oscillates, hence, all appearing first hitting times are
almost surely finite. Keep in mind that on the event { KT > k} the time 7y, is the time of
the k*" jump across the interval. By the strong Markov property and vZ(dy) = §,(dy), we
find the relations

Vi1 (dy) = / P*(r,__, € dy) v, (dz) = / v (dy) vE,(d2),

(b,00) (b,00)
Vi, (dy) = / P*(6r, _ € dy) vy (dz) = / Vi (dy) vy (d2),
—00,a) (—o0,a)

for x > b, and

Vi1 (dy) = / P (Er, € dy) vi(dz) = / Vi (dy) v (d2),

(—o00,a) (—o00,a)
i) = [ Py edriod = [ v e)
(b,00) (b,00)
EJP 24 (2019), paper 55. http://www.imstat.org/ejp/
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for z < a. More generally, the strong Markov property also implies the relation
) (A2 = V() and [ ) v (d2) = e () (@)
(b,00) (—o0,a)

for x > b and k,l € IN and the analogous identities hold for = < a. It is important to note
that (see e.g. Bertoin [1], Proposition III.2) analytic formulas exist for the overshoot
distributions:

P*(¢r, ., €dy) = / pr(dy —w)Up(du—z), z<a<y, (4.2)
[x,a]
and, analogously,
P*(&r ., €dy) = / p—(u—dy)U_(z —du), z>b>y. (4.3)
[b,2]

Hence, analytic expressions for the v exist in the oscillating case even though these
become more involved for big k£ due to the recursive definition. As an example, for x > b,
we have

Vi (dy) = / P (6r, € dy)P* (g, € d2)

(=00,0)
= / [ ( / u+(dy7u)U+(dufx)) u_(w—dz)] U_(z — dw).
(=00,0) (bl [x,a]

4.1 Finiteness of the harmonic function

Since hy and h_ are defined by infinite series finiteness has to be proved. Along the
way we deduce upper bounds that are needed in the sections below.

Note that Assumption (A) implies that |E[H,] and I [H,] are finite and this will be
crucial for the technical steps which are necessary to prove the following.

Proposition 4.1. Assume (A), then there are constants ci, ¢y, c3 > 0 such that
hi(2) < alU—(z = b)Laspy + c2Us(a—2)lizcay 3, z ¢ [a,b],

in particular h, (x) is finite for all x € R \ [a, b].

Before we start with the proof, we need a lemma which is intuitively clear, but needs
a certain argumentation:

Lemma 4.2. Let £ be a Lévy process which is not the negative of a subordinator. Then,
forally,z >0,

IP(T(_OQ_y] > T[Z,oo)) > 0.

Proof. Assume P(T(_,—, < T..x)) = 1. For any z < 0, we have Tj._, ) > Ti. )
almost surely under P, and it then follows that

P (T(—o02-4) < Tlz,00)) = P(T(—00,—y) < Thz,00))
P(T(o0,~y) < Tiz00))
1

v

EJP 24 (2019), paper 55. http://www.imstat.org/ejp/
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for all z < 0. With the strong Markov property we get, for s > 0,

P(Tiz,00) < 8) S P(T1z,00) < T—o0,—y) +5)
= B[P (T}, o) < s)]
<P 7Y(T2,00) < 5)
<P YT 00) < T(—co,—2y] +5)
=B [P (T, ) < 5)|
<P (T}, 00) < )

Inductively we get P(7}, o) < 5) < P7"(T}; o < s) for all n € IN and hence

IP(T[Z’OO) < s) < lim IP_"Z’(T[Z’OO) <s)=0.

n—oo

With this we see

_ < 1 . “ny _
P(T}.,00) < +00) glgr;o P(T.00) < 8) < }HEO nh—{%oIP (T12,00) < 8) =0,

but this cannot happen unless € is the negative of a subordinator. This concludes the
proof. O

To prove Proposition 4.1 we will combine two statements. The discrete analogous
statements were also used (with different arguments) by Vysotsky [23] to show finiteness
of the harmonic function in the discrete case.

Lemma 4.3. Suppose that £ is not a subordinator and E[H;] < oo, then

Y+ =sup P*(&r, ) > b, Tla,00) < 00) < 1.

r<a

Proof. If ¢ is the negative of a subordinator it holds v = 0. So assume that ¢ is not the
negative of a subordinator, in particular we can apply Lemma 4.2.

We separate three regions of the range of x. First we consider very small z, i.e. we
consider the limit of  tending to —oo, then we consider the values of x which are close
to a and last we treat the remaining values.

We begin with 2 close to —oo. If £ drifts to —oo, then P* (T}, o] < 00) — 0 as 2 \, —o0,
and in particular IP””({T[QW) > b, Tja,00) < 00) — 0 also. Therefore there exist a K < a and
a7y < 1 such that IP””(fT[a,OO) > b, Tja,00) < 00) <71 when z < K.

If ¢ oscillates or drifts to co, the bound for x close to —cco is more involved. Because
IE[H;] < oo, § has stationary overshoots in the sense that the weak limit of P*(¢z,, ., €
dy) for x \, —oo exists. It can be expressed as

: xT J— 1 11 p—
yolim P (€10,00) € 4Y) = Frp77 ] (a+64(dy) + A4 (y — a)dy), (4.4)

where a is the drift of (H,P) and u its Lévy measure with the right-tail . For the
first special version of a subordinator see for example Bertoin et al. [4], for the general
version for example Bertoin and Savov [3]. Since weak convergence is equivalent to
the pointwise convergence of the distribution function at continuity points, due to the

EJP 24 (2019), paper 55. http://www.imstat.org/ejp/
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explicit formula in (4.4) it holds that, for b > a,

i Pen, ) > D) = g [ ooy
(b,00)
= B At (y)dy
(b—a,00)
L d
<Mm] At (y)dy
(0,00)
<1

Hence, also in this case there exist a K < a and a v; < 1 such that

P11, 00y > D) <
for all x < K. Now we have to treat the case = € (K,a). Therefore we separate two
cases.

Case 1: The process ¢ is regular upwards. First, we consider the limit for x " a.
Since ¢ is regular upwards it holds

li}n IP””(&T[QW) > b, Tig,00) < 00) < 1

and hence, there is some § > 0 such that

Yo 1= ésup P11, ) > b, Tla,00) < 00) < 1.
z€(a—0d,a)

It remains to consider x € (K, a — ¢]. First note that

IPw(fT[awx) > b, T[a,oo) < OO)
— IP””(&T[a,m >0, T(—00, k] < Tla,00) < 00) + IP“(&“T[Q,N) >0, T(—s0,k] > Tla,00))-

For the first term we use the Markov property to get

IPI(&T[(L,OC) > ba T(—OO,K] < T[a,oo) < OO) =E" 1{T(,OQ_’K]<T[ayoo)<<>O}IP£T(_OO’K] (gT[a,oo) > b)
< NPT o0, 5] < Tia,00) < O0)
<NPUT(—o0,k) < Tlayo0))-
Together we have for all z € (K, a — d]:
IP””(&T[MO) > b,T[apo) <o) < (sup | (IPI(ET[G,OO) > b, T(—(x>7K] < T[apo) < 0)
ze(K,a—0d
+P7(Er, ) > b, T(—o0,k] > Tla,0)))
< sup (’lePw(T(_OQK] < T[a,oo)) + IPI(T(_OOJ(] > T[a,oo)))

ze(K,a—0]

=73

With Lemma 4.2 (applying on the dual process which is not the negative of a subordinator)
we get

sup P (T(—ook) > Tlaoo)) = P (T(Coo,ic] > Tlasoo)) < 1
z€(K,a—0d)

EJP 24 (2019), paper 55. http://www.imstat.org/ejp/
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or, equivalently,

inf PY(Ty o 1 < Tig o) > 0.
xe(}?,afﬁ ( ( K] [a, ))

Because of this it follows that

L (Koamt) (P(T(~ 00,5 < Tha,00)) + P (T(—00,5] > Tfaree))) = 1.
ze(K,a—

Case 2: The process ¢ is not regular upwards. In this case it holds

sup ]Pm(T[a,oo) < T(—OO,K]) < 17
z€(K,a)

or equivalently

inf P*(T( o i) < Tiaoe)) > 0. 45
potf P (Too r) < Taoo) (4.5)

We split up again
IPm(gT[wo) > b, T[apo) < OO)
= Pﬂ(gT[a,‘oo) > ba T(foo,K] < T[a,oo) < OO) + IPx(fT[a,(x,) > ba T(foo,K] > ﬂa,oo))'

For the first term we use the Markov property to get

P*(E1, o) > 0, T(—00,k] < Tla,00) < 00) = E* ]l{T(,x,K]<T[a,oo)<oo}]P§T<*°°=K1 (€110 00 > 1)
< ’YlIPI(T(—oo,K] < T[a,oo) < OO)
< PYIIPw(T(—oo,K] < T[a,oo))~

Together we have for all x € (K, a):

IPw(gT[am) > b, Tia,00) < o0) < s(tg) ) (IPm(fT[a.oo) >0, T(—co,k] < Ta,00) < 00)
xre ,a

+P7(ér, ) > b, T(—o0, k] > Ta,o0)))

< S(UIP ) ('VIIPx(T(foo,K] < T[a,oo)) + ]Px(T(foc,K] > T[a,oo)))
ze(K,a

=173
From (4.5) follows that

= ) (P(T(~ 00,51 < Tha,00)) + PY(L(—00,5] > Tfa,ee))) = 1.
ze(K,a

For both of the two cases, set v := max(v1,7y2,73) < 1. O
Analogously to the lemma before it holds

y_ :=sup IPI(fT(focﬁb] <0, T(—oop) <00) <1,
x>b

provided that B[H;] < cc. The second Lemma which we need to prove Proposition 4.1 is
the following:

Lemma 4.4. Assume ¢ oscillates and I8 [H,] < co. For all & € (0,1) there exists a
constant C'y (o) > 0 such that

B[y (0~ &) lien, _, <a] S aU-(z 1)+ Cy(a)

forall x > b.

EJP 24 (2019), paper 55. http://www.imstat.org/ejp/
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Proof. We start to show that

Ut (y) p—(dy) < +o0
(F,00)

for all K > 0. For that we estimate U, (y) for y > K with Proposition III.1 of Bertoin [1]
which says that there are constants ¢y, cs > 0 such that

Ui(x) < e <<1> (;))_1 and &(z) > coz <1 <i> + a+>

for all z > 0, where ®()\) = E[f[o 00) e Mt dt] and I(z) = Ji0.2) A+ (y) dy. We combine
these two statements as follows:

1.\ 1 1 -1 g T L T
U, (z) < <q> - ) < ( I ) _4a <& -
+@) =a (x> =a ch( () +a4) co I(z)+ay ~ e I(K) CKT
for all x > K, where cx = @167(11() Hence, by assumption,
[ v e [ yn-(@) < ekl < o
(K,0) (K,00)
for all K > 0. The second inequality can be seen from E[H,] = [ yu_(dy) +a_

(0,00)
because H is a subordinator. Now, for fixed o € (0, 1), choose K = K(«) > 0 such that

/ Us(y) p—(dy) < o (4.6)
(K.00)

To prove the claim let us first split as
E* {U+(a =& ) ier__, <a}]
=E* {U+(a =) ier__, e[a—K,a)}} +E {U+(a =) Vier__, e(—o0.0-K)}
and estimate the first summand, using monotonicity of U, as
E* [U+(a - €T(,W,b])]1{&(myb]e[a—K,a)}} < UL (K).

Applying the overshoot formula (4.3) the second summand can be treated in the following
way:

E” |:U+(a’ - gT(,oo,b] )]l{fT(—oc,b] E(—oo,a—K)}:|

- / Uy (a— y) PP (Er__, € dy)
(—o00,a—K)

(] va-puw-a)U@-dv)

b,x] (—o0,a—K)
= / ( / U+(y—w+a)uf(dy)) U_(z — dw)
b,x] (K+w—a,00)
< [ (] vwu)v-dw)
[bz]  (K,00)
<aU_(z —b).
EJP 24 (2019), paper 55. http://www.imstat.org/ejp/
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Defining C (o) := U, (K) we proved
E* [UJr (a— gT(—oc,b] )]]‘{fT(ioo)b] <a}] <aU_(z—b)+Ci(a)
forall > b. O

Analogously to the lemma above one can show in the case that ¢ oscillates and
E [H1] < oo that for all « € (0, 1) there exists a constant C_(«) > 0 such that

E* [U_ (1, ., — b)]l{ﬁT[a,ooRb}] <aUi(a—2z)+C_(a), z<a.

Now we are ready to combine Lemmas 4.3 and 4.4 to show finiteness of i (z). The
idea how to combine them was also used by Vysotsky [23].

Proof of Proposition 4.1. Set
v =max(y4,7-) <1, (4.7)

and let o € (v, 1) be arbitrary. In the first step we use the finiteness of E [H;] and I [H,]
combined with Lemmas 4.3 and 4.4 to find an upper bound for

/ U-(y —b)vgi(dy), =>0d.
(b,00)

Note, from the definition of v and by Lemma 4.3, that for x > b and k > 1:

via(-ooa) = [ Pen L, <)o)
(b,00)
< YWip_o(b,00)
= (Lo + Luzay / PY(Ex, .., > b) Vii_a(dy) )
(7007‘1)
S ’y(]l{kzl} + V]I{kZQ}ng;f:}(_oov a)) .
Inductively we get
Vi1 (—00,a) < 4*F!
for x > b and k£ > 1. Analogously for £ > 1 we can show

V3, (b, 00) < 7%

for x > b and
Va1 (b,00) < ~?k=1 and Ve (—00,a) < 2k

for x < a. Now set C(a) = max(C_(«a),Cy(@)) and use Lemma 4.4 for £ > 1 to find

[vw-vman= [ ([ Cw-0Pn., )@

(b,00) (=00,a)  (b,00)
< [ alia-ong @)+ C(@) v (-0
(—00,a)
<a [ Uia—o)pgoa(o) + Cla)™
(—OC,(L)
EJP 24 (2019), paper 55. http://www.imstat.org/ejp/
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We estimate the first term in the same way by

o [ Uy D sldy) + Cla)ar®
(b;00)

and hence,

U-(y=0) v <@ [ U-(0 1) v s(dy) + Cla)r? ! +ar™ ).
(b,00) (b,00)
Going on with this procedure until vj we see

2k—1 . )

[ V-0l < U@ - 0™ 4 Ca) 3 yat
1=0

(b,00)
2k—1

=U_(z—b)a** + C(a) 2klz(

1=0

Now note
2k—1

o2k-1 Z (1)1 _ azk—l(
(67
i=0

and hence
C
[ U= < U - ppa 4 S oy
(b7oo)
for k > 1 (for k = 0 we get obiously U_(z — b) as upper bound). In the same way we get

for z < a:

[ -0ty < Uittt + T e gy
(b,00) )
for k > 0 (here we get an upper bound dependent on U, because the number of steps is
odd). All together we get

hy(x)
2k - 2h+1 4 Cla) &
< 1(p,00)(2)U_(z — b) Za +1(—,0)(@)Uys(a — ) Za 7 aZ’y —aF
k=0 k=0 k=0
1 ! Cla) , 1 1
= 1= a2V-(@ = DLpe0) (@) + 75U+ (0 = )L (00,0 (2) + - (1 — T 1= a)
which finishes the proof of Proposition 4.1. O

4.2 Harmonicity of h, and /_

In this section we give the proof of Theorem 2.1. Define, for ¢ > 0 and z ¢ [a, b], the
auxiliary functions

S [ Ully-b)vgldy)  ifaz>b
k=0(b,
> Ully=b)vi,(dy)  ifz<a
k=0 (b,00)
kzo E* |:Ug (gTzk - b)]l{KTZ2k,Tzk<oo}:| ifx>b
> B U9 s = O rcrsoks 1 mmpsr <o) | T <0
EJP 24 (2019), paper 55. http://www.imstat.org/ejp/
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where U? (dz) = E[f[o,oo) €My, e r 1 <o0) dt] is the g-potential of the dual ladder
height process. It follows immediately that k% (z) < hi(z) for all = ¢ [a,b] and by
monotone convergence that h% converges pointwise to i, for ¢ \, 0.

Proposition 4.5. Assume (A) and let e, be independent exponentially distributed ran-
dom variables with parameter ¢ > 0. Then, for « ¢ [a,}],

1
@IPI (eq < Tiap),&e, > b) < h%(x), ¢>0, (4.8)
and
1
lim ——P* T = . 4.
lim @ (eq < Tap), &e, > b) = hy () (4.9)

To prove this crucial proposition we need a small lemma which is basically just the
strong Markov property:

Lemma 4.6. Let be s > 0 and k > 0. Then it holds

IPy(S < T(—oo,b]) ng(dy) =P* (S < Tok+1 — T2k7KT > 2k + 1)

(b700)

and
/ IPy(S < T[a,oo)) l/2wk+1(dy) =P* (S < T2k42 — T2k+1, .Kv]L > 2k + 2)

(—OO,(Z)

for x > b and

/ IPy(S < T[a’oo)) ng(dy> =P* (S < Tog41 — Tgk,KT > 2k + 1)

(700»0')

and
PY (5 < T(—oot]) Va1 (dy) = P? (s < Topra — Topt1, KT > 2k +2)
(b,00)

forx < a.

Proof. We focus on the case x > b and prove the first equality. We use the strong Markov
property in the shift operator formulation, see e.g. Chung and Walsh [6], p. 57. Therefore
we introduce D := {w : [0,00) — R |w is RCLL}. The shift operator is a map 6; : D — D
such that X; o 6, = X;,,. The strong Markov property tells that for a (F;);>0-stopping
time 7' it holds

Lr<oo) BT [Y] = Lirco} B [Y 0 01 | Fr| (4.10)

for all 7 = Ut>0 Fi-measurable and integrable Y. Here, we set T' = 79, and Y =
]l{s<T(_oc,b]}' It is clear that Y is bounded and that Y is F,,-measurable can be seen as
follows:

{S < T(foo,b]} = {T(foo,b] < S}C eFs C Feo-

With (4.10) we obtain for our choice of Y:

Péra (S < T(—oo,b]) = E* I:]]'{S<T(7oo,b]} 00, |-7:7'2k]-

EJP 24 (2019), paper 55. http://www.imstat.org/ejp/
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Using this we get
/ PY(s < T-oey) V()

]1{57% >b, KT>2k}IP§T% (s <Ti—oo b])}

=FE" |:]l{§7' L >b, KT>2k}E []1{5<T( 0o, b] } o gTzk |‘F‘F2k]}
=E° []1{7%<T[a o3P (8 + ok < Topt |]'—m)}

“(mok < Tlap)y S < T2k+1 — T2k |]:T2k)]
=P* (Tgk < T[a,b]75 < Tok+1 — Tgk)
= PQ(KT >2k+1,5< Tok+1 — TQk).

We used that {¢-,, > b} € Fr,, and {mox < Tjap)} € Fry, N Fry,, € Frp, which can be
seen by Theorem 1.3.6 of [6]. The remaining claims follow analogously. O

Now we continue the proof of Proposition 4.5 for which we use the identity
K@U (z) =P%(eg < T(—o,07)s x> 0,q>0, (4.11)

proved by Kyprianou [11], Section 13.2.1 for a general Lévy process.

Proof of Proposition 4.5. We only consider the case x > b and start to prove the bounds

. q
R 0 A BN N
Px(eq < T[a,b]vé-eq > b) ]PI(E(I > T[a,b])

(4.12)

To derive the lower bound we define 7 = min(7x, T}, ). It follows, in particular, that
7t =7, on KT > kand 7.1 — 7 = 0 on KT < k. For the next chain of equalities we use
(4.11), Lemma 4.6 and the lack of memory property of ¢e,:

o) [ U0 = [ P < T ()
(b,00) (b,00)
=P (Topy1 — T > g, KT > 2k 4+ 1)
P (Top1 — Tok > €q)
= P*(Tort1 > eqleq > Tox)
_ P7(eq € [Tor, Tk 41))
P (e, > Tak) '

Furthermore, it holds that
Px(eq > 7:2k) Z ]Px(eq Z T[a,b])

because 7o < Tj, . So we obtain

o R Y P* (e, € [For, 7
P(eq € [ enn)) < 6l0) [ U2y = D) vgy(ay) < Tsr SRR (g3
Pz (eq > Tiay)
(b,00)
EJP 24 (2019), paper 55. http://www.imstat.org/ejp/
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Before proving the bounds of (4.12) we note that

P*¥(eq < Tab)»Eey > b) = P(eq < lim 74,8, > b)
k—o0

= U{eqe [%k,%k+l)7£€q >b})
k=0

(4.14)

P (
= IP””< G {eq € [%2k,7~'2k+1)})
k=0

= P"(eq € [Fok, Fans1))-
k=0

The first equality follows from the definition of 7 and the facts that 7}, ; < oo almost
surely (because £ is recurrent under Assumption (A)) and that 7, diverges to +oo almost
surely. The third one is due to the fact that for x < b the process remains above b only in
the intervals [Tok, Tog+1). With (4.14), summing (4.13) over k yields

Ahs () = #(g) / U (y — b) v, (dy)
k=0
(b,OO)
P*(eq < Tiap),&e, > b)
Pz(e, > T[a,b])

€ [IPz(eq < ﬂa,b]ageq > b))

which is (4.12). Since ¢ is recurrent P*(e, > T}, ;) converges to 1 for ¢ \, 0, hence,
(4.12) implies the claim. O

The key for the proof of Theorem 2.1 are the relations in Proposition 4.5. We use
them in a similar way Chaumont and Doney [5] proved harmonicity of a certain function
for the Lévy process killed on the negative half-line.

Proof of Theorem 2.1. First note that (B) guarantees that h, () is strictly positive for
all z € R\ [a, b], which is not the case for z < a when (B) fails. From now on Assumption
(B) won't be used anymore. For z € R\ [a,b] and ¢ > 0 we have to show

E* []l{t<T[a,b]}h+(£t)} = hy(2).

First we show that the left-hand side is smaller or equal to the right-hand side. This can
be done applying Proposition 4.5 in the first step and Fatou’s Lemma in the second one:

z z . 1 .
B [1{t<T[a,yb]}h’+ (gt)] =E |:]l{t<T[a)b]} él{% /%(q) ]})E,(eq < T[a,b]ageq > b):|
. 1. :
< lim (1 eeri )P (eq < Thapy, e, > 0)] (4.15)
. q .
= 51\1% 0 / e  PE* [H{KT[WM}]PE‘(S < Tap),&s > b)} ds
(0,00)
. q —gs
= l}l\% =P / " PPY(s +t < Tjqp), Es4t > b)ds
(0,00)
= (}i\% 70 edt / e PP¥(s < Tigp),&s > b)ds
(t,00)
. q —qsTps
= l}l\% ) edt / e PP (s < Tigp), & > b)ds
(0,00)
EJP 24 (2019), paper 55. http://www.imstat.org/ejp/
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. q t —gspx

— lim ——ef e" PP (s < Ty, € > b)ds
q\OK(q) /] ( [a,b] 5 )

(0,¢

1
= lim AiethPm(eq < T[a,b]ageq > b)

a0 R(q)
. q t —gspT
— lim ——ef /e BP*(s < Tigp1,Es > b)ds
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(0,1]
. q t —qspzx
=hy(xz) — lim ——e1 /e BP (s < Tigp,&s > b)ds
+(@) Yim 2 ( [a,5]: &5 > )
(0,2]
The last equality follows because, according to Kyprianou [11], Section 13.2.1, it holds
that limg o % = 0 if £ oscillates. To show the equality it remains to show that we can

replace the inequality in (4.15) by an equality. To apply the dominated convergence
theorem, we use Proposition 4.5 which says also that

1
#(q)

for all ¢ > 0. Furthermore, we have just seen that

P& (eq < Tiap)s e, > b) < h(&) < hi(&)

E® [ger, 1 he (&)] < hy(z) < oo

So we can apply dominated convergence to switch the limit and the integral. O

4.3 Conditioning and h-transforms

The aim of this section is to prove Proposition 2.4 and Theorem 2.5.
Proof of Proposition 2.4. Integrating out e, and using Proposition 4.5, gives

lim ]Px(A | eq < T[(l7b}7£eq > b)

a0
1
= lim e"TPT (A, s < Tiqp1,&s > b) ds
N0 P (e < Tiap),&e, > D) / 1 ( o1& )
(0,00)
= 1 lim L / qe” °PP* (A,s < Tap);&s > b) ds
hy (%) a0 (q) ’

(O7m)

1 1
= lim / qge” °P* (A, s <Tjap),Es > b) ds
(0,t]

1 1
lim — e P (A, s < Tigp1,&s > b) ds.
e B e e b2
(t,00

+

The first term is 0 because

/ ge” °P* (A,s < Tiap),&s > b) ds < / ge ¥ ds=1—¢ ¢

(0,t] (0]

and . \
1—e7¢ 1—e74¢
lim— < =lim - xlim - =tx0=0
O R(q) AN 0 R(q)
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Lévy processes conditioned to avoid an interval

That 1 — e~%/q converges to ¢ can be seen via I’'Hopital’s rule and that q/4(q) tends to 0
we have already seen in the proof of Theorem 2.1.
It follows by a substitution and the Markov property,

i{n]P (A|eq<ﬂab] €6q>b)
= L lim 1 / qe” °P* (A, 5 < Tjap),&s > b) ds
b @) 45 7(q) ’

(t,00)

qe” °PP* (A, s+t <Tap)sEstt > b) ds

(0,00)

qge” PIE” []lA]l{t<T[ayb]}IP§t($ < T[a,b},fs > b)] ds

D‘

(0,00)

1
) —Em[ll 1 pé: Tro o o b}.
hy(x) ql\r‘% k(q) AR g<tio P (€0 < Tiai: be, > B)

From Proposition 4.5 we also know - )]P (eq < Tap)s&e, > 0) < hy(&) forall g > 0
and ]lA]l{t<T[a,b]}h+(§t) is integrable since hy is harmonic. So we can use dominated

convergence to conclude

gl\I‘%IP (A | eq < T[a,b]vfeq > b)

P (eq < Tiap)s e, > b)}

1, 1
- F [nAn{KTW]} limy <

hy(x)
h
=E* ]lA]l{t<T[a b} }jii?]

where we used again Proposition 4.5 in the final equality. Hence, conditioning is possible
and coincides with the h-transform with h; which confirms Proposition 2.4. O

For the proof of Theorem 2.5 we will use a corollary of Proposition 4.5.

Corollary 4.7. Assume (A) and let e, be an independent exponentially distributed
random variable with parameter q > 0. Then, for z ¢ [a,b], we have

P¥(eq < Tiap)) < E(@)hS (z) + w(q)h? (x), ¢ >0, (4.16)
and
N S
(}1\% @IP (eq < Tiap)) = hy(x) + Ch_(z), (4.17)

where C' = limg\ o %.

Proof. Let be x ¢ [a,b]. With Proposition 4.5 and its counterpart for 4_ we have
P?(eq < Tiap),&e, > b) < A(q)h%(x) and P%(eq < Tiap),&e, < a) < k(q)h?(z)

from which the first claim follows. Furthermore we have again with Proposition 4.5:

1
lim —P%(e, < Tap)s e, > b) = hy(x)

a0 (q)
and
hm—]P eq < Tiapls <a)=h_(x).
20 I‘i( ) ( q la,b] geq ) ( )
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With this we get

1
lim —P%(e, < T3,
N0 Ii(q) ( q [ ’b])

k(q) 1 .
( )7IP (eq < Tiap)>&e, < @)

1
= lim —IP%(e, < Tiq 1, &, > b) + lim —
(o < Tlotnrbea =D+ 108 50) m(a)

a0 R(q)
=hi(x)+Ch_(x)

and the proof is complete. O

Proof of Theorem 2.5. We follow a similar strategy as in the proof of Proposition 2.4.
First we use the second part of Corollary 4.7 and split up the integral again,

lim P*(A | e, < T,
lim (Aleq < Tiaw)

1
lim ———
O P (eq < T[a,b])

/ qge” °P* (A, s < T[a,b]) ds

(0700)

= ! lim L / qe” °P* (A s < T b]) ds
b (@) + Ch_ (@) 4 #(g) 0? < e

(0,00)

1 1
- I ~aspT (A, s < T
T O g [ T (s < )
(0.1
+ L lim 1 / qe” 1°P* (A s <Tq b]) ds.
(@) + Oh_ (@) 4% 7(a) 8 < T,
(t1o0)

Analogously to the proof of Proposition 2.4 the first term is just 0. Note that since
limg 0 x(q)/k(q) exists, the ratio is bounded for ¢ € (0,1) by some § > 0. Hence, with
Corollary 4.7 we get

R k(q)
(q) (q)

for all y ¢ [a,b]. So we use dominated convergence to get

PY(eq < Tiap) < h(y) + —5h% (y) < hy(y) + Bh_(y)

x>

lim P*(A |e, < Tl,
lim (Aleg < Tlap)

_ 1 lim L
" hy(x) + Ch_(x) a0 A(q)

/ qge” °P* (A7 s < T[a’b]) ds

(t,00)

/ qe” °PP* (A, s+t< T[a,b]) ds
(0,00)

/ qge” EE* []lA]l{t<T[ayb]}]Pft(S < T[a,b]):| ds
(0,00)

1 e~ qt

hi(z) + Ch_(z) 2 i (q)

1 e
lim —
b (@) + Oh_(2) 0 &(g)

1 1
T O M g (Mmoo < Tn)

1 1
= E* |11 li P& T
h+(x) + Ch,(fl}’) |: A {t<T[a,b]} q{r(l) :‘%(q) (eq < [a,b]):|
1

S @r [T er, oy (B (&) + Cho (&) 0
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4.4 Long-time behaviour
Finally, we analyze the transience behavior of the conditioned processes constructed
in the previous section.

Proof of Proposition 2.6. Step 1: We show that £ under P% is almost surely bounded
from below. First note that, for x < a,

E* ]l{T 100) <Ta,b] }h"r ST[a ao) / h+ Vl dy)
boo)

> [ [ v

F=0(b,00) (b,00)

= Z [ v -viao)
=Ob,00)
For the first equality we used v{(dy) = ]P”“'(fT[wc) € dy, Tia,00) < Tja,p)) for < a, in the
second we plugged-in the definition of h (y) for y > b and used Fubini’s theorem, in the

third we used (4.1) and for the final equality we used the definition of h (x) for x < a.
Since {1, < afor c < ait follows, forall z € R \ [a, b], that

P (T(—00,q) < 00 forall ¢ < a)
= CEIEIOO ]Pi(T(—OOC] < OO)

o B e )

1

- hy(x) Cl}moo]E []l{ﬂ o0,¢] <Ta, b]}E F(moouc] [H{T[a 00) <Tia,b]} h (&, oo)”}

1

= h+(x) (.Emoo E* [1{T( 00,¢] <Ta, b]}E [(H{T[a,,oo><T[a,,b]}h+(§T[a,x))) © eT(,x,C] |]:T(,(X,,C]]]7

where we used again the strong Markov property (4.10) with Y =17, <7, ;1 h+ (710 0))
in the final equality. According to Theorem 1.3.6 of Chung and Walsh [6] it holds that

{T(—c,c) <Tlap)} € Fr_oy N1,

[a,b]

g ‘FT(—oo,c] :
So we continue for all z € R\ [a, b] with
E* {ﬂ{T<—oc,c1<T[a,bJ}Ez [(]I{T[a,oo><T[a,b1}h+(ST[u.,ow)) 0T |}—T<—oo.,c]ﬂ

fT(—oc.,c]H

=E” {Ez [H{T(_oo,c]<T[a,b]}(H{T[a,oo)<T[a,b]}h+(§T[a7oo))) o0r,_.. .
=E* |:1{T(7<>o.,c]<T[a.b]} ((]]'{T[a,oo)<T[a,b]}h+ (gT[a,oo) ))o eT(—oc,C] )} :

Now consider just < a and observe
E* |:]]-{T(700,c]<T[a,b]} ((1{T[a,w)<T[a,b]}h+ (gT[a,oo))) o 0T(7oo.c] )}

= Z E* {H{T(—W,C]E[%2k7%2k+l)} ((]]‘{T[aTOC)<T[a,b]}h+(§T[a,oc))) © 0T(—oc,c]):|
k=0
oo

= Z E* |:]1{T(_oo,c]6[7:2k7'7'2k+1)}]1{7:2k+1 <T{a ) }h+ (&'%Jrl )}
k=0
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- Z E* [H{T(—oo,dE[Tzk,72k+1)}]l{T2k+1<T[a,b]}h"‘(gﬁ’k“) ’
k=0

where 7 = min(7y,T,) a@s in the proof of Proposition 4.5. Combining the above
computations gives

PY (T —o0,q < oo forall c<a) (4.18)

1 L=
- hy(x) CBT_HOO]CZZO]E’” []l{T(—oo,c]€[Tzk,fgk+1)}]1{‘f2k+1<T[a,b]}h+(§7'2k+1)}

for x < a. Our aim is to switch the limit and the sum. In order to justify the dominated
convergence theorem it is enough to verify

ZEI |:]l{7—2k'+1<T[a,b]}h+(572k+1):| < 00.
k=0

With Proposition 4.1 we have

£ [11 {ranss <Tpo 1t (Erpas )]
< E” [1{T%+1<T[a,b]}U— (Erapin — b)] + e3P (1241 < Tap))
<k {]l{KTZQkJrl}Uf(fTQk-H - b)} + c3v5p41((b, 00))
<aE* {1{Kf22k+1}U— (&ranir — b)} +c3y?*

where ¢y, c3 and vy are the constants from Proposition 4.1 and its proof. It follows that

Z E* []1{72k+1 <T[a,b]}h+ (§T2k+1 )}
k=0

< Z E* []l{KTZQk—Q—l}U* (Erapsr — b)] e Z 7
k=0 k=0
C3
= Clh_;,_(.f) + 1_ 72 < 00.

So we can switch the limit and the integral in (4.18). With the same upper bound for
every summand for itself we can even move the limit inside the expectation. Hence,

P2 (T(—s0,q) < 00 forall ¢ < a)

1 . .
- th(CL') ICZ:;)E |:C£moo]l{T(—oo,c]6[72k77—2k+1)}ﬂ{7—2k+1<T[a,b]}h+(€7—2k+1)

Since £ oscillates (which implies 7, < oo P*-almost surely) we obtain that Lir_ .
converges to 0 almost surely under P* for ¢ —+ —oo. Hence,

1€[T2k,T2k41) }

P4 (T(—o0,q < ooforallc<a)=0
for x < a. For x > b it is proved analogously that

P (T(—oo,q < oo forall c <a)

1 .
- h+ (I) (/EI_HOO kZZO E* []I{T(,Ooyc]€[T2k+1,T2k+2)}]l{72k+2<T[a1b]}h+ (£T2k+2))]

EJP 24 (2019), paper 55. http://www.imstat.org/ejp/
Page 25/32


https://doi.org/10.1214/19-EJP306
http://www.imstat.org/ejp/

Lévy processes conditioned to avoid an interval

and, with the above argumentation, we also find that P% (T{_, < co forallc < a) =0
for z > b. This finishes the arguments for Step 1.

Step 2: In the second step we show that ¢ is transient under P?, i.e. only spends
finite time in sets of the form [d, a) U (b, ¢] for d < a and ¢ > b. Actually, we even show
that the expected occupation is finite:

Ei[ / Ligeaayu,aydt

= [ Pi(& €ld,a)u(b,d)dt

(4.19)

sup  hy(y /Efﬂ{]l elda)ub.dyl ot
ha (%) yeld,a)Uib, +() {&:€ld,a)u(b,c]} HH{t<Tla.)}

[0,00)

Recalling Proposition 4.1, sup, ¢4 4)u(s,¢ P+ (¥) is finite and it remains to show finiteness
of

/ E* {]l{ae[d,aw(b,c]}]l{t<T[a,b]}} de
[0,5¢)

which is just the potential of [d,a) U (b, c] of the process killed on entering [a,b]. To
abbreviate we denote the potential of (¢, P?) killed on entering a Borel set B by UZ (z, dy).
It follows

o0

Ul @, d,a) U (b,el) = Y (U053, (0,0 + U (05,1, [,0)))
k=0

To compute the righthand side we apply Proposition VI.20 of Bertoin [1] for y > b:
U(_OOJ)] (y? (b7 C]) = U(_OQO] (y —b, (07 c— b])
_ / / U (du+ v — (y — b)) U_(dv)
(0,e=b] [(y—b—u)*,y—"b]

- / ( / Luzybuy Us(du— (y = b =) ) U_(dv)

[0,y—b] (0,c—b]

/ Usp(c+v—y)U_(dv)
[0,y—b]
< Ui (c—bU-(y —b).

It holds analogously that U (y, [d,a)) < U_(a — d)U4(a — y) for y > a. So we have

o0

Uiano:1d:0) U () < Usle =) 3 [ v-tw-vusiay)
F=0(b,00)
+U_(a—d) Z / Uy(a —y) vapiq(dy)
k=0

(—00,a)

=Ui(c—b)hs(z) +U_(a—d))h_(x) < co.
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It follows in particular that the time the process (£, 1P7 ) spends in sets of the form
[d,a) U (b, ] is finite almost surely. Together with the first result that the process
is bounded below almost surely and that the process is conservative it follows that
lim;_, oo §; = +o00 almost surely under PP% . O

Proof of Theorem 2.7. The proof strategy is similar to the one above. Transience of the
conditioned process is verified again by computing the occupation measure using the
representation of the conditioned process as h-transform. The computation is in analogy
to (4.19), using that h = h; + Ch_ is bounded by Proposition 4.1.

Next, recall from the counterpart of Proposition 2.6 for P* that under (B),

P? (T—oo,q <00) =1, c<a

for all z € R\ [a, b]. Since (1.5) implies

xT 1 xr
P? (T(—o0,e) < 00) = WE []I{T<—oo,c]<T[a,b]}h*(fT<—oo,c1)}
we deduce
E* [l gemuih- (€ )| =h-(@), c<a (4.20)

for all 2 € R\ [a, b] under (B). If (B) fails we know
ifz > b
he (z) = 0 if x > .
Uila—z) ifzr<a

Let us check if (4.20) holds in this case, too. If x+ > b the left-hand side of (4.20) is 0
(because there are no jumps bigger than b — a), as well as the right-hand side. For z > a
the measure IP* corresponds to the process conditioned to stay below a which is known
to drift to —oo (see Chaumont and Doney [5]). In particular it holds

P? (T(—oo,) <00) =1, c<a

from which we can deduce (4.20) in the same way as before. So (4.20) holds for all
x € R\ [a,b] just under (A).
Again using (1.5) yields

IP%(T(,OO’C] < OO)
1 xT xr
=5 (E [Lir oo <ty heEr )] + B [11{T(_xrc]<T[a‘b]}Ch_(,gT(m,C])])

1 o Ch_(x)
= h(:c)E 47 e < T3 P )] + ho)

In the proof of Proposition 2.6 we have already seen that E* []l{T(fx,c]<T[a,b]}h+(fT(foc,u] )]
vanishes for ¢ — —o0, hence,

h_
% (£ is unbounded below) = P{(T{_ g < ocoforallc < a) = h(x()x)
So we get
Ch_ h
P%(¢ is bounded below) = 1 — h(a;()x) = }:r(g)

and, because of transience,

h

}j(g) = P§(¢ is bounded below) = Pj( lim & = o).
Analogously one derives P%(limtﬁoo & =o00) = CZ(;()”) and the proof is complete. O
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5 Extension to transient Lévy processes

When conditioning a process to avoid an interval, the most interesting case is when
the process is recurrent; if it is transient, it may avoid the interval with positive proba-
bility, and things become simpler. On the other hand, the conditionings in Proposition
2.4, to avoid the interval while finishing above (or below) it, may still be non-trivial. In
this section, we drop Assumption (A), and require only that £ is not a compound Poisson
process and does not oscillate. In particular, we do not assume that ¢ has finite second
moments; only for the study of h_ do we need further conditions.

Without loss of generality, we assume from now on that £ drifts to +oco, and indicate
which of our results still hold and which need modification. Under this assumption,
the function h defined by (2.1) simplifies to h;. This can be seen from the fact that
k(0) = 0 < &(0), which implies C' = limg0 54 = 0.

5.1 Studyofh=~h_

For the study of & (which is now equal to /) we need to distinguish two cases based
on whether or not condition (B) is satisfied.

5.1.1 Condition (B) holds

Since the Lévy process is transient, the event {7}, ; = oo} has positive probability for
every starting point. The conditioning simplifies dramatically and our results are still
valid, as we now demonstrate. Let {(z) := P (T}, = oo) for z ¢ [a,b]. This is easily seen
to be harmonic using the strong Markov property:

E* l:]l{t<T[a,b]}£(£t)] =E* []l{t<T[a,b]}]P€t <T[Chb] = OO)]
= lim E* [1{t<T[a,b]}]P£t (T[a,b] > S)]

= lim P*(Tj, 4 >t + )
5—00 ’
=P*(Tap) = 00).

Transience ensures that £ is a positive harmonic function. We next show that / is indeed
a multiple of 2 = h,. To do so we will use the identity #(q)U? (z) = P*(eq < T(—o0,0]),
where e, is an independent exponentially distributed random variable with parameter
q > 0 (see Kyprianou [11], Section 13.2.1 for a general Lévy process). Since £ drifts to
+o00, we have #(0) > 0, and hence

I%(O)U,(Qi) = IPx(T(,Oo’O] = OO)7 z > 0.

The idea is to separate the two-sided entrance problem in infinitely many one-sided
entrance problems and use the strong Markov property to combine them. For x > b,
using the strong Markov property, we find

IPx(T[ayb] = OO)
= P"(T(—0op) = 00) + P (T}ap) = 00, T(—c0,p) < 0)
— ]PE(T(foo,b] = OO) =+ E* |:IL{T(—oo,b]<O°s§T(_oowb]<a}]P§T(7oo’b] (T[a,b] = OO)

= RO)U-(z —b) + E* []I{T(—oo.b]<007§T(,m‘b]<a,}E§T<7oo'b] []I{ET[aym)>b}]P£T[a’oc) (T[thb] = OO)H

KO- =)+ [ PI(Tloy = o0) v (dy).

(b7m)
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Now we split up P¥(Tj, = 0o) in the same manner, i.e.,

P (Tlo = 00) = KOU-(y = D)+ [ B*(Tiusy = 20) 3 (d2).
(bloo)

Using [ v4(dy)v3(dz) = v{(dy) from (4.1) yields
(b,00)

—RO(V- -0+ [ U--vsn)+ [ Py =) ().
(b,00) (b,00)
By induction the following series representation is obtained:

P*(Tjy ) = 00) = (0) S / U_(y - b) 2, (dy).
kzo(b,oo)

For z < a a similar computation can be carried out, and we obtain

#(0) ;;o | U_(y—b)vi.(dy) ifx>b
@) =P (T p =00) =4 ' " ,
#(0) kZ J U-(y=b)v5(dy) ifz<a
=0(b,00)

= &(0)ha (2) = A(0)h(z).

Theorem 2.1: This is a consequence of the discussion above.

Theorem 2.5: Since we condition here on a positive probability event, the h-
transform and the conditioning are related in a standard way, using the strong Markov
property and integrating out e,:

£(& 1 N )
- B (101 e P (Tl = )]

E* []lA]]-{t<T[a,b]} P (T = 00)

10 ey £y ™ (1L P < )
P?(At +eq < Tiap)

™o Pr(e, < T[avb])

el (At < eq < T[a,b])

NG Pz(eq < Tiap)

=lim P*(A,t <egleq < Tiuw),
N0 ( q‘ q [,b])

forAe F, t > 0.

Proposition 2.4: The conditioning of Proposition 2.4 is equivalent to the conditioning
of Theorem 2.5, since the additional condition to stay above the interval at late time
vanishes in the limit due to the transience towards +oco. Since h = h; the result of
Proposition 2.4 follows.

Proposition 2.6 and Theorem 2.7: Since the conditioned measure is a restriction
of the original one, the long-time behaviour of the conditioned process is identical to that
of the original process. Hence, the statements of Proposition 2.6 and Theorem 2.7 hold.

EJP 24 (2019), paper 55. http://www.imstat.org/ejp/
Page 29/32


https://doi.org/10.1214/19-EJP306
http://www.imstat.org/ejp/

Lévy processes conditioned to avoid an interval

5.1.2 Condition (B) fails
The definition of h in this case simplifies to

U_(x-0b) ife>b
0 ifer<a

This function is plainly not positive everywhere. It is nonetheless harmonic for the
process killed on entering [a, b]. The conditionings in Theorem 2.5 and Proposition 2.4
can still be carried out but, as we now prove, the results are somewhat different.

Let hy : (b,00) — [0,00) be given by hs(x) = U_(z — b), the restriction of hy to
(b,00). As shown by Chaumont and Doney [5], this function is harmonic for the process £
killed on entering (—oo, b], and the h-transform of this process using h4 is the process £
conditioned to avoid (—oo, b]. We will write (]P$>$€(b,00) for the probabilities associated
with this Markov process.

Consider now the conditioning of Proposition 2.4. When = > b the process cannot
cross below the set [a, b] and return above it without hitting the set. Therefore, we have
that

(}i{%IP“"(A,t <eq|eq <Tiap)s&e, >b) = l}i{%IPI(A,t <egleg <T_ooyp) =PE(A),
the last equality being due to Chaumont and Doney [5]. For = < a, P*(e; < Tjq,4),&e, >
b) = 0 for every ¢ > 0, so the conditioning does not have any sense. In total, the
conditioning of Proposition 2.4 reduces to conditioning £ to avoid (—oco, b).

We turn next to the conditioning in Theorem 2.5. Let us define h| : (—o00,a) — [0, 00)
by h)(x) = Uy(a — z), which is a positive harmonic function for the process killed on
entering [a, c0) resulting in the process conditioned to avoid [a, c0) when h-transformed
with ). As before, we write (P{),c(—c0,a) for the probabilities associated with the
conditioned process, which is killed at its lifetime (. By the same reasoning in the
case where (B) holds, limg o P* (T, > €q) = £(0)hy(z) = £(0)h4(z) when x > b; and,
when = < a, using the asymptotics of 7|, o) which we have already seen, we obtain
P*(Tia5) > €q) = P*(T]a,00) > €¢) ~ K(q)Uy(a — x) as ¢ \, 0, since { cannot jump over
[a, b] from below. If z > b, and A € F;, the same technique as in the proof of Theorem 2.5
gives rise to the calculation

lim P* (At < ey | eq < Tt
N0 ( q| q [7b])

1
k(0)hs(x) [La {t<T[a,b]}q1{‘% (eg < Tlaw)]

1 ) . A
= WE {ILAIL{KT[Q,H} il\‘l%(ﬂ{t<T(_wwb]}K(O)hT(ft) + 1{t>T(_oc,b]}f‘f(q)U+(a _ gt))}

h@Ez[m(a)m{t@_&,m}] — PI(A).
Similarly, if z < a, we obtain limg 0 P*(A,t < eq | eq < Tjap) = P{(A T < ().

This shows that the conditioning from Theorem 2.5 leads not to a single Doob h-
transform of a killed Lévy process, but rather to a Markov process which behaves entirely
differently depending on whether it is started above or below the interval. The long-time
behaviour can be deduced from Chaumont and Doney [5]: the conditioned process
approaches +oo when started above b, and is killed when started below a.

5.2 Studyof h_

This section is kept informal; the claims can be proved by an adaptation of arguments
developed in Section 4.
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In order to study ~_ we need to assume that E[H;] < oo and E[H;] < co. Note that
here the descending ladder height subordinator has finite lifetime ¢, so we understand

E[H:] = E[H:1,«¢|. The function h_ is merely superharmonic, in the sense that
Ez[h— (ft)]l{t<T[a,b]}} <h_ (I), T e R\ [a7 b]
We may still define the superharmonic transform

h—(&)
h_(z) ]’

but the transformed process is now a killed Markov process, with lifetime (.
The dual version of the conditioning of Proposition 2.4 is then given by

PE(A <O =B | alper, )

x € R\ [a,b],

PT (At < () = li{%IP“/’(A,t <egleq <Tap)ée, <a), x€R\]a,b, (5.2)
q

and gives rise to a killed strong Markov process. This is a generalization of the subordi-
nator conditioned to stay below a level as studied in Kyprianou et al. [13].
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