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LEVY PROCESSES RESURRECTED IN THE POSITIVE HALF-LINE
MARIA EMILIA CABALLERO, LOIC CHAUMONT, AND VICTOR RIVERO

ABSTRACT. A Lévy processes resurrected in the positive half-line is a Markov process
obtained by removing successively all jumps that make it negative. A natural question,
given this construction, is whether the resulting process is absorbed at 0 or not. We first
describe the law of the resurrected process in terms of that of the initial Lévy process.
Then in many important classes of Lévy processes, we give conditions for absorption and
conditions for non absorption bearing on the characteristics of the initial Lévy process.

1. INTRODUCTION

Let XM be a real Lévy process starting from a nonnegative level. If X becomes
negative by a jump, then remove this jump and if it reaches 0 from above, then let the
process be absorbed at 0. Then call X® the process thus obtained and apply to X
the same transformation as for X, Call X® the new process, and so on. The process
Z obtained by repeating this procedure as long as X ™ crosses 0 by a jump is called the
Lévy process X ) resurrected in the positive half-line. The level 0 is clearly absorbing for
the resurrected process Z and a natural question that will occupy much of this article is
whether or not Z hits 0 in a finite time.

The resurrected process Z is actually a special case of Markov process constructed
by piecing out as first introduced by lkeda, Nagasawa and Watanabe [9] and studied
in more detail by Meyer [I3]. The problem of the finiteness of the lifetime (that is
non conservativeness) of resurrected processes was first pointed out and studied in [9],
Proposition 4.3, see also Sato [15], Theorem 4.5. These results are obtained in a very
general setting and only allow us to solve the case where the negative half line is not
regular for the Lévy process X, see Corollary @ below. Later, Bogdan, Burdzy and
Chen [3] considered a similar question for multidimensional symmetric stable processes
resurrected in open sets with finite Lebesgue measure. This work was then extended by
Wagner [16] to any symmetric Lévy process, see Theorem 2.6 therein. The papers [3] and
[16] strongly bear on the symmetry of the process and the powerful tools provided by
Dirichlet forms that can be used in this case. Then recently, Kim, Song and Vondracek
[10] tackled the problem of conservativeness for positive self-similar Markov processes
resurrected in the positive half line. They provide a complete solution of the problem in
this case, which includes stable Lévy processes, as a direct application of the Lamperti
transformation, see Section [6] below.

The main objective of the present paper is to give conditions for conservativeness of
a real Lévy process resurrected in the positive half line. In the next section, we give a
detailed definition of this process whose law is described in terms of that of the process
killed when it reaches the negative half line. In particular, we specify the explicit form of
the resurrection kernel. Then in Section [l we prove that, when the initial Lévy process
X creeps downward and satisfy certain additional condition, the resurrected process is
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absorbed at 0 with probability one, independently of its starting point. Some criteria for
conservativeness (non absorption) are given in Section [ and some criteria for absorption
are given in Section Bl This section actually contains the most delicate case, that is when
X enters immediately in the negative half line and drifts to —oo. We give a sufficient
condition for absorption in Theorem but up to now, even when X is the negative of
a subordinator, we don’t know whether this condition can be dropped or not. The stable
case already mentioned above is treated in Section [6] and we address some perspectives in
the last section.

We close this introduction by pointing out that even though we provide a rather large
set of criteria to determine whether a resurrected process is conservative or not, there
remain various open questions related to this. Thus, we see this paper as an invitation
for a broader audience to work on the subject.

2. THE RESURRECTED PROCESS

2.1. Basic definition. Let X = (X});>0 be any real Lévy process starting from 0. The
resurrected Lévy process takes its name from the following recursive pathwise construction.
Let # > 0 and let X™_ n > 1 be the sequence of stochastic processes defined by X1 =

X +azand forn>2 if 7,1 :=inf{t > 0: Xt("fl) < 0} < o0, then

Xt(n_l), ift < Tn—1,

XY o (xmh x>,

Tn—1

(2.1) x™ =

where Xyo_ = 0and X = X1 if | = co. The process X ™ is obtained by removing
from X ™Y its first jump through 0. Note that if for some n > 1, X ™ hits 0 continuously,
that is X,, = X, _, then X® = X for all £ > n. Note also that (7,,),>1 is a non

decreasing sequence of random times and that Xt(k) = Xt("), for all kK > n, whenever t < 7,.

This allows us to define for each ¢ > 0 the random variable Z; := lim,,_, Xt(")]I{KTn}.
Then Z = (Z;)1>0 defines a cadlag stochastic process which is nonnegative, absorbed at 0
and satisfies 7y = x, a.s. The first hitting time of 0 by Z is obtained as the limit of the
sequence (7,,n > 0), that is,

¢:=inf{t: Z, =0} = lim 7,.
n—o0
We will also use the following more synthetic expression of Z,
(22) Zt - ZXt(n)]I{Tnflﬁt<’Tn} ) t Z 07
n>1

where we set 79 = (. Then the process Z is called the resurrected Lévy process X starting
from x.

This process is actually a special case of constructing a Markov process by piecing out,
as described in [9] and [13]. More specifically, let P, z € R be a family of probability
measures under which X is a Lévy process such that P,(Xy = x) = 1 and define,

r=inf{t > 0: X; <0} < 0.

Then the law of the process Z is obtained by resurrecting under P,, x > 0, the killed
Lévy process

(2.3) Yi = Xilljyery, t >0,
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according to the resurrection kernel,
(2.4) K(w, dy) = dx,_w)(dy).

(See Subsection 2.3 for more details.) From Theorem 1.1 in [9] and Théoréme 1 in [13],
7 is a strong Markov process with state space [0, 00), in a filtration where (7,, n > 1) are
stopping times. Note that Y = (Y});>¢ is also a strong Markov process with state space
[0,00) and 0 as an absorbing state. We will keep the notation (P;).ejo,00) for the family of
probability measures associated to the process Y, and (P,)zc[0,00) Will denote the family of
probability measures associated to Z. From our construction, when ( is finite, Z reaches
0 continuously, that is, for all z > 0,

Z.— =0, P,-as. on the set {¢ < oo}

So, either Z reaches 0 continuously at a finite time or it never reaches 0. In all the cases
treated here, these events have probability 0 or 1, independently of . The major part of
this paper is devoted to determine conditions on the characteristics of the Lévy process
X for ¢ to be finite.

2.2. The distribution of the resurrected process. Let us now describe the distri-
bution of the process Z in more detail. Note that = 7, P,-a.s., for all x > 0. Then
it follows from (2.2)) and (23] that for all nonnegative measurable function f such that
F0) =0, f(Z) = F(YVD) + ey FXI N s, <temy, Po-as,, for all £ > 0, so that Y is
a subprocess of Z in the sense of part I11.3 in [4], that is E,(f(Y;)) < E.(f(Z;)), for all
t > 0 and x > 0. This implies the existence of a multiplicative functional M = (M;):>o
of Z such that for all ¢, z and f as above,

(2.5) B (f (Y1) = Eo(f(Ze) M),

see Theorem 2.3, p.101 in [4]. It also suggests that the distribution of Z; can be expressed
from the process Y, at least in a non formal way, as follows

(2.6) E.(f(Z:)) = Eo(f(Y)M; ' (Y)).

The aim of Theorem E.IT] below is to make the functional M, ' (Y) explicit and to give a
direct proof of identity (2.6]).

For that end, we next quote a result describing the joint distribution of (7, X, ) under
P,, for x > 0. This is more general than needed right now, but it will be handy all over
our work. We denote by 7 the Lévy measure of X and we set 7~ (x) = w((—o00,z]), x € R.
We will also denote by

(2.7) E, (]I{Xsedwg}) ds = U°(x;ds, dy), s,x,y >0,

the potential measure, in time and space, of X killed at its first passage time below 0
(that is the process V). By U and U*, we denote the renewal measure of the bivariate
ascending, respectively descending, ladder time and height process associated to X, see
Chap. VI in [I]. The Wiener-Hopf factorization in time and space ensures that for any
non negative and measurable function h,

// U (x; ds, dy)h(s,y)
[0,00) % (0,00)

= / U*(ds,dl) / U(du, dv)h(s +u,x — € + v)Lz_ri0>0}
[0,00) x[0,z)

(0,00) % [0,00)
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where U*(ds, dy) = 0(0,0)(ds,dy) (resp. U(ds,dy) = 6,0)(ds,dy)) if X (resp. —X) is a
subordinator.

Lemma 1. The joint distribution of (1, X,_) is characterized by the following identity,
which holds for any Borel function h: Ry x R, — Ry,

// P, (redt,X,_ € dy, ™ < o0)h(t,y)
[0,00) % [0,00)
(2.8) :/ a*u*(ds, z)h(s,0)
[0,00)
[ s dgiis ()
[0,00) % (0,00)

where a* is the drift coefficient of the descending ladder height process of X and u*(ds, x)
denotes the density in the spatial coordinate of U*(ds,dl), which exists when a* > 0.
For allt >0, x > 0 and for all positive and measurable function f: R, x Ry — R,

(29)  Eu(f(Xoo ) Mperxocx, }) = / B, (f(Xo )7 (— X)) Laery) ds
and

(2.10) P.(r<t X,..=0)= / a*u*(ds,x).
(0,4]

Moreover, if X drifts to oo, then
P.(7 = 00) = k*U([0, 00) x [0, x]), x> 0;
if X drifts to —oo, then
E.(1) = rU*([0,00) x [0, z]), x> 0;
while, if X oscillates, then
P.(r1=00)=0 and E,(1)=o00, forallz>D0.

Here k and k* are the killing rates of the upward and downward ladder height processes,
respectively.

Proof. The proof of identity (2.8) can be found in Theorem 3.1 of [§], for the creeping
part and in Lemma 11 of [7], for the jump part. The proof of (2.9) follows that of Lemma
11 of [7] up to a slight extension from the case f =1 to the general case. The rest of the
identities comes from Proposition 17 in Chapter VI of [1]. O

Theorem 1. For all x > 0, t > 0 and for all positive measurable function f,

t
@1) B Te) =B (F e ([ (X0 d5) T )

0
Proof. First note that identity (211 is trivial for z = 0. Moreover, since (7,,,n > 1) is

a non decreasing sequence which satisfies ( = lim,,_., 7, it suffices to show that for all
r>0,t>0andn >1,

(212) (0= DB, (f(Z) s, <i<ny) = Eo <f(Xt) (/0 7T_(—Xs)dS) _ ﬂ{m}) :

For n = 1, the equality is trivial for all x > 0 and ¢ > 0 (recall that 7, = 0 and 7, = T,
P,-a.s.). Then let us prove (Z12) by induction. Recall that (7,,,n > 1) are stopping times
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in a filtration making Z a strong Markov process. Moreover, they satisty 7,, = 71 +7,-100,,.

Then let us fix x > 0 and n > 2. Assume that (ZI2]) holds for n — 1 and for all ¢ > 0,
and apply the strong Markov property at time 7; in order to obtain,

E, (f(Zt>I[{Tn,1§t<Tn}) =FE, (f(Zt)H{Tn—1§t<Tn,Z(Tn71)>0})
= E, (H{71St7Z(71)>0} (]I{Tn—QSt*Tl<Tn—17Z(Tn—2)>0}f(Zt—7'l)) © 971)
= b (H{ﬁgt,Z(ﬁ)>0}E2(ﬁ) (]I{Tn72§t_5<7'n717Z(Tn72)>0}f<Zt*5))|s:{—1> ’

where in the last equality (71, Z(71)) is integrated under P, and has the same law as
(11, Z(71)). Then by applying successively (29) in the second equality below and our
induction hypothesis in the third one, we obtain,

L, <]I{’F1§t,2~(f1)>0}EZ(ﬁ) (]I{Tn—QSt*S<Tn—17Z(Tn—2)>0}f(Zt—s))|8:,;l)

= E; <H{%§t,X(%f)>0}EX(%7) (I[{Tn72§t_5<7_n717Z(Tn72)>0}f(Zt73))‘s:ﬁl>

t
= / E:}: (ﬁi(_Xs)]I{ng}EXS (I[{Tnfgﬁt—8<7'n71,Z(Tn72)>0}f(ths))) ds
0

_ ﬁ/o E, (77 (—Xs) Ljs<ry

X Ex. ( F(X0) ( /0 (X)) du) " n{t_w})) ds
- ﬁz&x </Ot 7 (= X,) (/t w‘(—Xu)du)n2 dsf(Xt)H{m})
S <( / t ﬂ_(—Xs)dU)nl f(Xt)H{KT}) ,

where in the first equality, (7, X(7—)) is integrated under P, and has the same law as

(1, X(7—)). This shows (2.12) and ends the proof of (2.11). O

Theorem [, up to a few additional justifications, shows that the multiplicative functional
of Z involved in (2.5) has the following expression,

() = B (£ e (~ [ 5 (=205 ) Ty )

However, the interest of our work lies mainly in the identity (ZI1]) which describes the
law of Z in terms of that of X.

2.3. The resurrection kernel. Let us define the kernel,
(213) IC)\<~§U7 dy) =FE, (‘67)\7—1 ]I{ZTIEdy,T1<oo}) , Ty, A2>0,

and the function fc(’\) (z) = E, (e*’\c), for z > 0 and A > 0. Then we first note that fc()‘)
is invariant for K. We will set K := Ky and f; := fc(o).
Proposition 1. For all x > 0 and \ > 0,

(2.14) KM (@) = £ ().
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In particular, the function fc(x) = P,(¢ < 00), x > 0, satisfies,
(2.15) Kfe(z) = fe(x).

Proof. From the strong Markov property applied for Z at time 7 and the identity ( =
71 + ¢ 0 6,,, we obtain

fP@) = Bo(Ijrcye By, (7))
~ / ),
0,00

which proves (214]). Then (2.I5) is obtained by taking A = 0. O
From (2.8) in Lemma [I] the kernel I\ can be made explicit as follows,

’C,\(%dy) = Em (eiAT]I{XT_Edy,T<oo})
(2.16) = UY(z,dy)7 (—y Mgys0y + a™uy(x)do(dy),

where UY(x,dy) = fo e NP, (X, € dy, s < 7)ds is the A-potential measure of the killed
process Y defined in the previous subsection, u}(z) is the density of the A-potential of
the downward ladder height process of X and a* is its drift coefficient.

Following our objective, we wish to obtain more information on the function f:(z) =
P,(¢ < o0). Note that when the process X drifts toward oo, P,(7 < 00) = P,(73 < 00) < 1
and since ¢ > 7, P,-a.s., we have f¢(x) < 1. On the other hand, when the process X
does not drift toward oo, we have P, (7 < 00) = P,(71 < 00) =1 so that the kernel

K(z,dy) = U°(z,dy)7 (—y) Lgysop + a*u*(x)do(dy)

is Markovian. It completes the description of the resurrection kernel given in (2.4)). It is
actually the transition kernel of the Markov chain (Z,,),>0, that is for all bounded Borel
function f,

K" f(x) = Bo(f(Zs,)),
where K™ denotes the n-th composition of K with itself. Equation (ZI5) tells us that the
function f, is a bounded invariant function for K. In our forthcoming analysis of cases,
we will encounter that a zero-one law arises, either fo = 1 or f; = 0. From there, we
conjecture that

o [f X does not drift towards oo, then either f:(x) = 1, for all x € (0,00), or
fe(x) =0, for all x € (0, 00).
A possible approach to prove this conjecture would require studying the totality of invari-
ant functions for the Markovian kernel IC. In particular, if one is able to prove that the
totality of bounded invariant functions for K are the constant functions, then necessarily
fc would be a constant function, and hence equal to 0 or 1. We invite the interested
reader to prove or disprove this conjecture.

3. THE CREEPING CASE

Let us start with the case where the Lévy process X creeps downward. Recall that by
definition, this means that for all z > 0,

P.(X,-=0,7<o00)=a"u"(x) >0

and that X creeps downward if and only if the drift a* is positive. Moreover, in this case,
u* is continuous on [0, 00) and satisfies lim,_,o; a*u*(z) = 1.
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Theorem 2. Assume that X creeps downward and that it does not drift toward co. If

either —X 1is a subordinator or if the downward ladder height process of X has finite mean,
then fo(x) = P,(( < o0) =1, for all z > 0.

Proof. First observe that since X does not drift toward oo, P,(7, < 00) =1, for all n > 1.
In particular P, (7 < o0) =1 and P,(X,_ = 0) = P,(Z,, = 0) = a*u*(z). Then from the
Markov property and the identity 7, = 7 + 7,1 0 0,

Px(ZTn > 0) = Ex(]I{ZTn71>O}PZTn71 (ZTl > 0))
(31) = Ex(]I{ZTn71 >0} [1 - a’*u*(ZTnfl)])'
If —X is a subordinator, then Z,. < x, P,-a.s., for all n, so that

l—au(Z, ,)<1-— i?f ]a*u*(y) =k<1, P,—a.s.,
yelo,
and hence, from equality (31)), P,(Z,, > 0) < kP,(Z,, , > 0), which implies P,(Z,, >
0) < k™. Then we derive from Borel-Cantelli lemma that P,-a.s., Z, > 0 holds only a
finite number of times and therefore Z is absorbed at a finite time.

Let us now consider the case where X does not drift toward oo and creeps downward,
and assume that the downward ladder height process of X has finite mean. Then recall
from [2] that lim, . u*(y) = a*/m > 0, where m is the mean of the downward ladder
height process. This yields,

l—au(Z,_,) <1l—infa"u*(y) <1, P,—a.s.,
y=>0

and the same argument as above leads to the same conclusion. 0
In view of Theorem [3 below, it seems that integrability of the downward ladder height
process when —X is not a subordinator is not a necessary condition in Theorem 21 How-
ever, although it is a little counterintuitive at first glance, it is possible that ’big’ negative

jumps of X at its infimum play an important role for the conservativeness property of the
resurrected process.

4. SOME CRITERIA FOR NON ABSORPTION
Let us denote by 7.7, the first passage time below z by X, that is
7, =inf{t >0: X, <z}, z € R.

By our construction in Subsection 2.1 and from the strong Markov property, conditionally
on the n — 1 first positions where the process is resurrected, say (Z(1) = xg, Z(11) =

1, ..., Z(Th_1) = x,_1), the n-th resurrection time under P,, has the same distribution
as
n—1
(4.1) Ta= T, m>1
i=0
where (T::;?),T::;}l, ., 72", ...) are independent random variables, and the law of T:z’i

is the same as that of 7=, under P. We deduce therefrom that, conditionally on the
resurrection positions (Z (1) = xo, Z(11) = 21,...,2Z(Tn) = Zn,...), the resurrected
process Z will be absorbed at 0 in a finite time if and only if

T < 00

—n
n>0
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This argument yields the following identity in law,
(Law) —-n
(42) CEN D Ty

n>0

N2

where the family of processes {(77), z; > 0,4 > 0} is independent of the sequence
(Z(7))i>0. As one can easily guess, there is no standard technique for determining nec-
essary and sufficient conditions for the convergence of such a series. Hence, according to
the case, we will develop a technique that will lead us to sufficient conditions for their
convergence, respectively, divergence.

As a first instance, in the following Lemma we will establish a curious identity in law,
which in turn will prove handy in establishing a stochastic domination for the resurrection
times. See the forthcoming inequality (4.3), in order to study the limit in (4.2]). A version
of this Lemma for general Markov processes has been obtained in [I5].

Lemma 2. Assume that the Lévy process X does not creep downward and does not drift
to oco. Then the random variable
/ T (—X,)dt
0

1s exponentially distributed with parameter 1.
Proof. 1t follows from Lemma [ that in the present setting the first passage time below
0, in the event where the process does not creep below 0 has a density given by
P.(r € dt,X,_ > 0)
dt

=E, (7 (—Xy)Myery), t>0, x>0

We hence have
Py(X,_ > 0,7 < o) = E, ( / ﬁ(—Xt)dt)
0

On the other hand, since we assumed that X does not creep downward and does not drift
to oo we have that

P, (X, >0,7 <o0) =1, x> 0.

The n-th moment of the r.v. of interest can be calculated using Kac’s moment formula
to get the identity

w[([ )]

/ [[7 (-X.)dsndsn—y -~ dsi | .
0<s1<89< <8 <T

=1

=nlE,

Then we can apply the Markov property to obtain that the latter expression equals

n—1

/ H ﬁ7<_Xsi) (EXS 1 |:/ ﬁ<_)(sn)d<9n:|) ds,—1---dsy
0<81<89<<8p1<T ; n— 0

=1

n—1

— ik, | [ 11
0<s1<82< " <8n—1<T

i=1

nlE,

ﬁ7<_XSi)]P)Xsn—1<XT* > 0, T << OO)dSn,1 s d81]

n—1

— ik, | [ 11
0<s1<82< " <8p—1<T

i=1

T (—X,)dsp_1 - -d51] =nlP,(X,- > 0,7 <o0) =nl,
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and the above holds for any n > 1. We deduce that the moments of fOT 7 (—X})dt coincide
with those of a standard exponential r.v. Since the latter is moment determinate we get
our claim. W

We derive from the above lemma the two following corollaries.

Corollary 1. Assume that X does not creep downward and that 0 < w(—00,0) < oo.
Then the resurrected process has an infinite lifetime, that is P,( = 00) = 1, for all x > 0.

Proof. We assume first that X does not drift towards co. Recall that for x > 0, under P,
the random variable fOT 7 (—X;)dt follows an exponential distribution with parameter 1.
Now, remark the following inequality,

e := /T T (—Xp)dt <7 (0)7.

Recall also that, in the notation of the beginning of this section, under P, 7 has the same
law as 7_, under P. Then from the above observation and the representation (4.1) of 7,,,
we obtain the stochastic domination

(4.3) v _1 ni
. Tn = —— €;,
T (0) =

where e;, ¢ > 0 are i.i.d. standard exponential r.v.’s. It follows that 7,, — oo, a.s. when
n — oo.
Assume now that X drifts towards oo. In this case, we have that

P.(( =00) > P,(1 =00) >0, x> 0.

To prove that the latter probability equals one, independently of the starting point, we
will prove that the event {{ < oo} has zero probability. Since the process does not creep
downward, the only way in which the resurrected process gets absorbed at 0, viz. { < oo,
is by infinite resurrections whose sum of lengths is finite. But this is impossible because,
in this case, each resurrection time is stochastically bounded by below by an exponential
random variable of parameter 7~ (0). Indeed, to have a resurrection, at least there should
be a negative jump, which happens at an exponential time with parameter 7~ (0). This
concludes the proof. O

The following corollary is a consequence of Corollary [Il It is obtained by a domination
argument.

Corollary 2. If 0 is not regular for (—o0,0), then the resurrected process has infinite
lifetime, that is P,(( = o0) = 1, for all x > 0.

Proof. 1f 0 is not regular for the half-line (—oc, 0), the downward ladder height process H
has a finite Lévy measure and zero drift, so the process X can not creep downwards. We
assume for a moment that X does not drift towards oo, and hence H has also an infinite
lifetime. Then Corollary [Ilensures that the process obtained by resurrection of H is never
absorbed at zero. Since in the local time scale this process bounds by below the process
7, we infer that the latter is never absorbed at 0.

Then we deal with the case where X drifts towards co. As in Corollary [Ilwe see that the
event {( < oo}, has zero probability. Indeed, in the local time scale, the downward ladder
height process is never absorbed at zero, which bounds the resurrected process from below,
and then an infinite excursion from the infimum, inside the latest resurrection, arises, and
from there onwards there is no need to resurrect the process again as it never goes below
the reached infimum. O
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Let us point out that the result of Corollary 2 can also be derived from Proposition 4.3 in
[9] or Theorem 4.5 in [I5], but we have chosen to give a proof here for sake of completeness
and to explain the applicability of our results.

5. WHEN X DRIFTS TOWARDS —o0

Let us recall the notations introduced before Lemma [l in Section Pl and denote the
renewal functions of the downward and upward ladder height processes respectively by

U*(]0,00) x [0, 2]) := U*(x), U([0,00) x [0,2]) := U(x), x> 0.

Recall that k € [0, 00) is the killing rate of the upward ladder process, that is U([0, cc) X
[0,00)) = k~1. Moreover, from Lemma [I, when X drifts towards —oo, x > 0 and

(5.1) E, (1) = kU (), x > 0.

In this section we give sufficient conditions for the lifetime of the resurrected process to
be finite.

Theorem 3. Assume that,
(7) 0 is reqular for (—oo,0),
(13) X drifts towards —oo,
(731) the following condition is satisfied,

(5.2) sup U™ (y)T (—y) < k.

y>0
Then E,(C) < 0o, and in particular P,({ < oo) =1, for all x > 0.

Remark 1. It is worth pointing out that the constant x depends on the chosen normal-
ization of the local time at the supremum, which is actually related to that chosen at the
infimum, thus, changing it, would lead to a change the representation of U*.

Proof. We derive from (4.2) that

(5.3) EQ) =Y Ba (750

n>0

where we recall that, under P,, the family of processes {(7_;"), z, > 0,n > 0} is indepen-
dent of the sequence (Z(7,))n>0. Moreover, under P,, the variables 7", x, > 0, n >0

A
are independent and T::;:Z has the same law as inf{t > 0 : X; < —z,} under P. Note that
from assumption (ii) of the statement, 7, < oo, Py-a.s. for all + > 0. Then from (5.1I),
the relation 7,, = 7,,_1 + 7 0 0,,_, and the strong Markov property applied at time 7,,_1,

we obtain that for all n > 1,

B, (75,,)) = ®E:(U"(Z(r))
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Since X drifts towards —oo, we kave x > 0. Then it follows from (2.8)) in Lemma [I] that
KEx (Ez(r, ) (U(Z(1))) = 6Ex (Bz(r, ) (U(X (7))

Z(Tn—-1) 00
= kL, (/0 U*(dy)/O Ud2)U"(Z(th-1) —y+2)T (y — Z(Th-1) — z))

+a*U*(0) B, (u*(Z(Tp-1))
< KU([0,00) x [0,00)) sup U (y)7 (—y) Ex (U™ (Z(Tn-1))) + a”U"(0) Eu(u"(Z(Tn-1))

y>0

= sup U (y)T (=) E: (U (Z(101))) = £~ sup U (y)7T (—y) Es (T:’Z"(;l_l)) :

y>0 y>0

Note that U*(0) = 0 since 0 is regular for (—oo,0). It follows from the above inequalities
that for all n > 1, E, (T:’Z"(Tn)> < cE, (T:’Z"(;l_l», where ¢ := k7 sup,.o U* ()T (—y)

and hence E, (T:’Z"(Tn)> < "U*(x). Together with (5.2)) and (5.3]), this implies that for
any = > 0, E, (¢) < 1=U*(z) < oc. O

We emphasize that creeping Lévy processes always satisfy condition (7) of Theorem [3]and
when they also satisfy conditions of Theorem 2] then conditions (ii) and (#i¢) of Theorem
[Blare not needed for the associated resurrected process to be absorbed at 0 in a finite time.

For the remainder of this section, we will focus on the special case where X is a non
increasing Lévy process, that is the negative of a subordinator. Condition (B.2]) can be
very useful in this particular case. Indeed, when X is decreasing, U* is the renewal
function of the process X itself. In this case, U* will be written as,

U*(z) = /OOO]P’(O < =X, <uz)dt.

Moreover, recall that the renewal measure U(dt,dz) has the simple form U(dt,dx) =
d(0,0)(dt,dx), so that x = 1. Then conditions of Theorem [3 are satisfied whenever X has
no negative drift, 7(—e,0) = oo, for all € > 0 and (5.2]) holds and we obtain the following
corollary.

Corollary 3. Assume that X is the negative of a subordinator with no (negative) drift
and such that w(—¢,0) = oo, for all e > 0. If

(5.4) sup U™ (y)7 (—y) < 1,

y>0
then P.(¢ < o0) =1, for all z > 0.

This result leads to the following corollary that covers many commonly found examples
of subordinators.

Corollary 4. Assume that X is the negative of a subordinator whose tail Lévy measure
satisfies that there are 0 < «, f < 1, such that 7 is reqularly varying at 0 with index «
and at infinity with index B, viz. for all ¢ > 0,

lim w =c lim M =7

x—0+ 7T (—;L’) r—o0 TT (—Jj)

In this case, we have that P,({ < oco) =1, for all x > 0.
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Proof. From the estimates in page 75 in [I] and the reflection formula for the Gamma
function, we know that under the assumptions of the Corollary we have

sin T sin /3

lim U*(y)7 (—y) = lim U*(y)7 (—y) =

Uy (-y) = — 2 ImU W7 (-y) = —3

The latter are both valued in (0,1). It follows from Theorem 3 in [6] that for all x > 0,
P(X,- _—X_- >ux)=U"(z)7 (—). The assumptions imply that 7~ (—z) > 0, Vz > 0,
and hence the latter probability is necessarily in (0,1). We can conclude from here that
the condition (5.2) is satisfied. O

Remark 2. The previous corollary suggest a method to build examples of Lévy process
for which
(5.5) supU* ()7 (—z) = 1.

x>0

For instance, this is the case when —X is a Gamma subordinator, that is
E(exp(AX1)) = (1+ /b)) = exp <—/ (1—e*)az™te ™ dx) . a,b,A >0,
0

see [I] p.75. In this interesting setting, Theorem [ is not conclusive and other techniques
seem to be necessary.

6. THE STABLE CASE

The case where X is a stable Lévy process is very particular as our problem can be
tackled and entirely solved by using the Lamperti transformation. The method we will
develop in this section has recently been extended to all positive self-similar Markov pro-
cesses in [10].

We consider X a stable Lévy process with index a € (0,2] and recall from (23] the
definition of the killed process Y. In this setting, both Markov processes Y and Z clearly
inherit from X the scaling property of index 1/a. As positive self-similar Markov pro-
cesses, Y and Z can each be represented as the exponential of some possibly killed Lévy
process, time changed by the inverse of its exponential functional, see [12]. Let &Y (resp.
£%) be the underlying Lévy process in the Lamperti representation of Y, (resp. Z). Then
our construction of Z from Y and the Lamperti representation of both processes show
that &Y is obtained from (the non killed Lévy process) £Z by killing it at an independent
exponential time of some parameter, say § > 0. Note that § = 0 if and only if X has no
negative jumps. In this case, Z =Y and the latter process clearly hits 0 in a finite time
almost surely. Therefore, we can assume that g > 0.

Using these arguments and standard facts from the theory of self-similar Markov pro-
cesses, we obtain that Z hits 0 in a finite time if and only if £Z drifts towards —oo.
On the other hand, we know from [5] and [11] that the process £ is a process of the
hypergeometric type, with characteristic exponent,

['(a—i\)  T(1+4N)
T(ap—iN)T(1—ap+i))’

where e denotes the lifetime of € and p = P(X; < 0). It is then easily verified that there
is a constant C, > 0 such that,

(6.1)  E()=E(& [1<e)=Ca((@(l—ap) — (1) - (¥(ap) — ¥(a))),

E (e“‘g, 1< e) =exp{—V(\)}, U(A) =
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where () denotes the digamma function ¥ (3) = % We are now able to solve the

problem of the finiteness of the lifetime of Z in the stable case.

Theorem 4. Assume that X is a stable Lévy process with index o € (0, 2].
Then P.(¢ < o0) =1, for all x > 0 if and only if a and p satisfy,

(6.2) cot(map) < /0 ; _dit (et —e?).

Proof. As argued before the statement of the theorem, P,({ < oo) = 1, for all x > 0 if

and only if ¢Z drifts towards —oo, which is equivalent to E (flz ) < 0. From (61]) we are

then left to find the values o and p such that ¢ (1 — app) — (1) — ¥(ap) + () < 0.
Then note that by the reflection formula for the digamma function,

(1 —ap) — ¢p(ap) = cot(map).
On the other hand, the following identity for the digamma function is well known

< d
w<5) - w<7) = /; 1 _te_t (6*"/15 - eiét) ) 57/7 > 07

and this allows us to conclude. O

Since cot(rap) > 0 if ap € [0,1/2] and cot(map) < 0 if ap € (1/2,1], it follows from
([62), that if @ < 1 and ap > 1/2 then P,(¢ < oo) = 1, for all z > 0, whereas if
ap < 1/2 and a > 1 then P,(( < o0) = 0, for all z > 0. Note also that when —X
is a stable subordinator, Corollary [l cannot be recovered from (6.2)) without any further
development. However, it can be derived directly from Lamperti’s transformation. Indeed,
in this case, Z is a decreasing self-similar Markov process whose only alternative is to hit
0 through an accumulation of jumps in a finite time.

7. OPEN QUESTION AND PERSPECTIVES

The various open questions raised throughout this note actually boil down to the fact
that some class of Lévy processes resists our investigations. This is the class of Lévy
processes which do not drift towards infinity, for which 0 is regular for (—oo, 0) and which
fall outside the cases covered by Theorems 2 Bl and @l We would like to know which
among the latter processes satisfy the property,

(P) P.(¢ <o0) =1 forall z € ]0,00).

When the initial Lévy process X either drifts toward infinity or when 0 is not regular for
(—00,0), the property (P) fails, as shown in the comment at the end of Subsection 23]
and in Corollary 2l On the other hand, the stable case in Theorem Ml shows that it is not
enough that X does not drift towards infinity and that 0 is regular for (—oo,0) for the
property (P) to be satisfied.

Let us finally emphasize that some of our results can be extended to general R%valued
Markov processes. We consider the resurrection of such a process when leaving an open
subset D C RY. The rate function z — 7~ (—x) involved in the killing of the process is then
given by x — N(z, Ipc), where N(z,dy) is the kernel of the Lévy system of the process

and Theorem [I] remains valid where the multiplicative functional exp ( f(f N(Xs, Ipe)ds

now defines the resurrected process. We can also claim, as an extension of Theorem [3]
that provided the condition sup,cpE,(7pe)N(x, Ipe) < 1 is satisfied, where 7pe is the
first exist time from D, the lifetime of the resurrected process has finite mean. These few



14 MARIA EMILIA CABALLERO, LOIC CHAUMONT, AND VICTOR RIVERO

extensions allow us to believe that other more refined results can be obtained in fairly
general frameworks thus offering some perspectives in this direction.
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