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We derive a criterium for the almost sure finiteness of perpetual integrals of Lévy processes for a class of
real functions including all continuous functions and for general one-dimensional Lévy processes that drifts
to plus infinity. This generalizes previous work of Doring and Kyprianou, who considered Lévy processes
having a local time, leaving the general case as an open problem. It turns out, that the criterium in the
general situation simplifies significantly in the situation, where the process has a local time, but we also
demonstrate that in general our criterium can not be reduced. This answers an open problem posed in
(J. Theoret. Probab. 29 (2016) 1192-1198).
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1. Introduction

Let& = (&;)s>0 be a Lévy process, that is £ is almost surely right-continuous stochastic process in
R, which possesses stationary and independent increments. In this paper, we are interested in the
finiteness of functionals of transient Lévy processes, which escape to infinity, that is limy_, o0 & =
oo. We provide a characterization of the almost sure finiteness of additive functionals of &, which
are of the form

/0 f(&s)ds. (1.1)

Questions of this type are of course a classical topic, which has been studied intensively for
several classes of stochastic processes. The most recent paper, see [8], deals with a large class of
Feller processes and provides conditions for almost sure infiniteness of functionals as in (1.1) in
terms of the symbol of the Feller processes, which can be then specialized to Lévy processes but
yield less comprehensive results than ours. For classes of diffusion processes and in particular
for Brownian motion results characterizing finiteness of perpetual integrals are well known and
there exists a huge number of papers related to this problem. Therefore, we will only mention
those approaches, which are most relevant for the present work. We will mainly rely on ideas
of Charles Batty which have been developed in [1] for transient Brownian motion, that is a
Brownian motion in R, d > 3. Batty’s methods are our main tools but due to the discontinuity
of Lévy processes under consideration they have to be augmented and diversified sometimes
in a non-trivial way. We would like to emphasize that Batty is mainly interested in a different
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purely analytic question related to Schrodinger operators. In the sequel, we briefly sketch his
results as these connections to spectral and potential theory do not seem to be well known in
the probability community. Let us consider Brownian motion (B;);>0 in R? for d > 3 and let
H = —%A +V(0<Ve Llloc(Rd)) be the Schrodinger operator with potential V, then it is
known that the semigroup e~"# can be represented as

My (0) =E[e o VB y ()], (12)

where 0 <y € LllOC (R?). Batty is interested in finding necessary and sufficient criteria ensuring
that

vy elLl: “e_tHI,//”LI(Rd) —0 ast— oo,

a property, which is often called L'-stability. Considering the Feynman—Kac-formula (1.2) it
becomes clear, that there is a close connection between Ll—stability and the almost sure finite-
ness properties of the perpetual integral fooo V (Bs) ds. Replacing Brownian motion (B;);>0 by
a transient one-dimensional Lévy process & = (§;)s>0 leads to the the question of the present
paper.

In order to emphasize further connections to mathematical disciplines closely tied with proba-
bility we will sketch another approach to the problem above. It is possible to look at the problem
from a more potential theoretic perspective by observing that the almost sure finiteness of the
additive functional (1.1) implies that the function / defined by

h(x) =E, [e_ fooo f@:)ds]

defines a non-trivial, non-negative and bounded function. If we denote by L the generator of
the Lévy process & = (&)s>0, then at least formally the function % is harmonic for the operator
L — f, which is a more general version of the Schrodinger operator above. This connection has
been successfully exploited in the context of Brownian motion in [10].

The case of a transient Lévy process instead of a Brownian motion does not seem to be fully
understood until now and this note aims to contribute further insights. Motivated by previous
work of Doring and Kyprianou covering the case of transient Lévy processes with finite mean
possessing a local time we will show how Batty’s ideas lead to a characterization of the almost
sure finiteness without the assumption of existence of a local time. It is worth mentioning that
these ideas are applicable in the context of processes with jumps since key stopping times related
to additive functionals are announceable and therefore the process is almost surely continuous at
these random moments.

2. Notation and main results

In order to fix the notation, we recall that £ = (§;),>0 denotes a one-dimensional Lévy process
which drifts towards plus infinity. We have already pointed out, that the questions have close
connections to spectral and in particular to potential theory and it is therefore not surprising that
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notions from potential theory play a crucial role. Recall that the potential measure U (dx) of a
transient Lévy process, defined as

U(dx) = /00 P edx)ds, 2.1
0

is a non-negative measure, which is finite on compact sets. The measure U can be interpreted as
the expected occupation time measure.

Following [1] we introduce the following class of transient/recurrent sets. This class will be
an essential ingredient in our characterization of the almost sure finiteness of perpetual integrals.

Definition 2.1. Let E be a Borel subset of R and let x € R. For brevity let P* denote the law of
x + &. The set R\ E is said to be P*-recurrent for the Lévy process if

PrEr>0:6€EVs>1)=0 (2.2)
and is called P*-transient if

P'@r>0:6€EVs>1)=1. (2.3)

Observe that the set {3t > 0: & € E Vs > t} belongs to the tail sigma algebra of the Lévy
process and therefore using [7], Chapter 8, Exercise 10, it has probability zero or one. The main
insight leading to Definition 2.1 is that the behaviour of the function f on a P*-transient set
R\ E should not matter too much as far as the P*-almost sure finiteness of the perpetual integral
fooo f (&) ds is concerned. We will make a slight digression to elucidate an interesting question
about triviality of the tail sigma algebra. If £ is a Brownian motion, then if (2.2) holds for one
x, it holds for all. This is due to the fact that in the case of Brownian motion the restriction of
P, is independent of the initial distribution A. This is not the case for general Lévy processes
as can easily be checked taking a counting Poisson process with different starting position. This
independence property can be connected with the so called coupling property as given in [13].
The validity of the coupling property for Lévy process has been investigated in detail [11]. Theo-
rem 4.3 in [11] for example, gives a necessary condition for the validity of the coupling property
for Lévy processes.

Our main goal is to prove the following theorem which provides an analytic characterization
of finiteness of functionals of Lévy processes. The proof will be given in Section 4 below. In
the subsequent Section 3, we will first compare our result with previous characterizations, which
have been obtained for restricted classes of Lévy processes.

Theorem 2.1. Let f : R — R™ be a non-negative, continuous or ultimately non-increasing,

locally bounded function and & = {&s}s>0 be a Lévy process such that we have limg_, oo & = 00.
Let x € R. Then the following characterization is in place:

P(/Oof(x+§s)ds<oo>=0
0

— f fx+y)U(dy) =00 VE € B(R) with R\ E being P*-transient. 2.4
E
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Otherwise, if the right-hand integral is finite for some such E, then fooo f(x+&)ds < oo almost
surely.

Remark 2.1. Let f(x) = e~ which is strictly decreasing on R. Then since (—o0,0) is P-
transient and fooo e YU (dy) is finite being the U' potential, we conclude that the following
fooo e ds < oo holds. This elementary fact is well-known from the theory of exponential func-
tionals of Lévy processes, see [9], but illustrates the applicability of our result. We also emphasize
that from Lemma 4.6 and the proof of the main theorem for relation (2.4) to hold it suffices to
know that the set

Lf(q):= {x€R+:P(f()oof(x+€s)ds >a> Sq}

is closed. If this can be obtained by other means as in Remark 4.3 the result would be valid.

Observe that Theorem 2.1 perfectly fits to the intuition that the behaviour of the function f
on a suitable class of negligible sets — in our case transient sets — should not contribute in the
integral test. If the event R \ E is P-transient, then there is a finite (random) time t such that after
T the path £ does not visit R \ £ anymore and the behaviour of f on R\ E can not be relevant for
the finiteness of the perpetual integral. The next corollary extends Theorem 2.1 in general and in
particular gives conditions on the underlying Lévy process when it is valid for any non-negative,
locally integrable, measurable function.

Corollary 2.1. Assume that the locally bounded f = lim,_, » f, is the pointwise limiton L C R
of the non-decreasing sequence of real functions { f,}n>1 of the form

k(n)

_ (n)
ﬁ1 = Z Cj ]I(a;n)’ﬂ;n)),
Jj=1

where 1. stands for the indicator function of a set, ot;.n) < ﬂ;n), oc;"), ,3](.") eR,1<j<k(n),and

c(."), n>1,1<j <k(n), are non-negative real numbers. Let also P(x + & € L) =0, for all

s > 0,x € R. Then, Theorem 2.1 holds true for this f. In particular, for a given &, it holds true
for any non-negative, locally bounded, measurable function f whenever P(x + & € A) =0, for
all s > 0,x € R and for any set A of zero Lebesgue measure. The claim is also true even for
non-negative, locally integrable functions lffot f(x+&)ds <ooforallt >0andx € R.

Remark 2.2. In the case when & does not live on a lattice one can employ a mixture of indicators
of open, semi-open and closed intervals in the form of f;,,n > 1. Moreover, P(x + & € A) =0,
for all s > 0, x € R and for any set A of zero Lebesgue measure whenever the random variables
& are absolutely continuous for every s > 0.
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Remark 2.3. Since fooo f(-+&)ds is an additive functional then the Khas’minskii’s condition,
see [6], page 120, reads off as

J=SUP/ fx+y)Udy) < oo,
xeRJR

where fR f(x+y)U(dy) equals G r1(x) in the context of Eq. (4) in [6]. In this case it holds true
even that

E[eefooo f(lH-fs)ds] <00, forf < %7 (2.5)

see [6], page 120.

3. Connections to previous results

In this section, we will clarify the relationship between our main result and those contained in the
previous literature closest to our setting. More precisely, we will show, how previous results can
be recovered from Theorem 2.1. Furthermore, we give an example demonstrating, that in general
the integral test provided by Theorem 2.1 can not be reduced to the integral test presented in [4]
for a restricted class of transient Lévy processes. This answers a question posed in [4].

Relations to [4]

An illustrative example is the case discussed in [4]. For convenience we recall the formulation
of the main result of [4]. For this we assume that £ is a Lévy process with u = E[£]] € (0, c0)
and that £ possesses a local time, see [2], Chapter V, for more information on the existence of
local time of Lévy processes. Furthermore, we exclude the case of compound Poisson processes.
Then, Doring and Kyprianou are able to prove the following interesting result:

]P’(/oo fs)ds < oo) =0 if and only if /OO f(s)ds =00, 3.1
0

where in the aforementioned paper | ° stands to emphasize that the integrability is determined
only in a neighbourhood of infinity as it is the case in our work too.

First, we want to stress that the integral with respect to the Lebesgue measure to the right-hand
side of (3.1) obviously can not be true in the case of compound Poisson processes and therefore
was excluded from (3.1) in the paper [4]. If for example, the process lives on the grid oN with
o > 0, then the non-negative continuous function

o (3n  27x
f(x):=1+s1n(7—|——>

o

will provide an easy counterexample. The Lebesgue measure is obviously the wrong measure in
this situation, whereby U naturally captures which sets are visited by the process.
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In order to see the connection to Theorem 2.1 in this situation we first observe that since the
local time is assumed to exist then single points are not essentially polar and hence the potential
measure U (dx) is absolutely continuous, whose canonical version of the density u is bounded,
see [2], Chapter 1I, Theorem 16. Then from [2], Chapter II, Corollary 18, we have with

o =inf{s >0:& =x}

that

) . u(x)

]P(ax <00)= .
1(0)

(3.2)

For the first passage time
T* =inf{s >0:& > x)
let us now denote by
Ox =& —x

the overshoot of the process. Since u € (0, 00) it is known that in distribution limy_, o O, = O
with O being a proper random variable with support in [0, 00), see [3], Lemma 3. Moreover,
either O has an atom at zero and/or there is an interval (0, a) on which it has non-increasing
positive density, see again [3], Lemma 3, p> in their notation. Therefore,

u(x)

A =liminf =liminfP(c* < 00)
x—o00 1 (0) X—00

o0
=P(O =0) + lim inf( /
X—>00 O+

Cu(—y)
L u(0)

Clearly, when P(O = 0) > 0 then A > 0. The latter is also true if P(O = 0) = 0. Indeed, note
that first, the density of O is strictly positive and non-increasing on (0, a), and moreover from
[2], Chapter I, Proposition 12 and Proposition 11, we get that u(—x) is excessive and therefore
lower semi-continuous. Second, U([—a, 0]) > 0 implies the existence of yy € (0, @) such that
h =u(—yp) > 0 and from the lower semi-continuity u(—y) > h/2 on y € (yo — n, yo + n) for
some 71 > 0. Finally, we can choose 1 small enough that (yo — 1, yo + 1) C (0, a), which in turn
gives from the Portmanteau’s theorem that

P(o™ < 00)P(Ox € dy)>

=PO=0)+ liminf(/
0

X—> 00

POy € dy)). (3.3)

. Cu(=y) h .
liminf / PO, edy) ) = = 11m1anP’((9X € (yo—mn,y0+ 77))
X— 00 0+ u(0) 2 x—00

h
> EP(O € (o—n,y0+m)>0.
Thus, A > 0 and the latter combined with (3.3) clearly yields that for some € > 0 and b > 0

P(o, <00) >¢€, forall x>b. (3.4
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Set Cy = {0y < 00}. Then we can show that the structure of the P*-transient sets is very simple.
We have that for any x € R, a set E C R is P*-transient if and only if there exists a finite K such
that E N (K, oo) = &. This can be demonstrated in the following way. Let E = (x,),>1 be any
increasing sequence of positive numbers that converges to infinity. Without loss of generality we
can assume that x; > b. Then, P(C,,) > €, Vn > 1, and henceforth P(C,, i.0.) > €. This means
that IP(& visits E i.0.) > € and from Definition 2.1 we conclude that E cannot be transient as we
have a zero-one law for it. The same argument shows that it is not P*-transient for any x € R.
Therefore, any transient set is bounded away from plus infinity. The criterion of Theorem 2.1
henceforth boils down to fooo f(x 4+ y)u(y)dy < oo but since above A > 0, see (3.3), and from
(3.2) u is bounded in the supremum norm, we see that this is equivalent to the condition in [4],
Theorem 1, thatis [;° f(y)dy < oo.

We point out that in this setting Corollary 2.1 holds for any non-negative, locally integrable
function f. To briefly illustrate why, we recall the set L (¢) defined in (4.6), for every g € [0, 1)
and a > 0, namely

Lf(g) := {xeR+:P</Ooof(x+§s)ds>a> §q}.

Then in Remark 4.3 below it is shown that for every ¢ € [0, 1) there is a(q) > O such that for
a > a(q) the set L} (¢) is closed for any non-negative, locally integrable function f. Thus, the
requirement of the first item of Lemma 4.6 is always satisfied and hence Corollary 2.1 holds
for any non-negative, locally bounded function f. Let us assume that f is locally integrable.
Then the existence of local time easily yields that f(; f(x + &) ds < oo almost surely for all
t >0, x € R. Indeed, let T!=%4 = inf{s > 0: & ¢ [—a,al} and L(¢, x) be a non-decreasing in ¢
version of the local time. Then, for any a > 0,

a

T[fu,a]
/0 fx+&)ds< [ flx+y)L(oo,y)dy
with

E[ f(X+y)L(oo,y)dy]= fx+yu(y)dy <oo

—a —a

since u is bounded in the supremum norm. Therefore, fOT[ . f(x+&)ds is almost surely finite
for any a@ > 0 and hence fot f(x 4+ &) ds < oo almost surely for all ¢+ > 0. Thus, Corollary 2.1 is
again applicable.

When 0 is regular for itself, see [2], Chapter II, for the definition, then u is continuous every-
where and one can take a limit in (3.3). Thus, this special case is easier to deal with.

In [4] the authors speculate that the finiteness of [;~ f(y) dy (note that they use [ f(y)dy <
oo, which due to local integrability is equivalent condition) might be necessary and sufficient for
the almost sure finiteness of the corresponding additive functional

/ f(&s)ds
0
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even without the assumption of £ having a local time. We provide an example when it is not the
case. Take £ to be an increasing Lévy process with no drift and jumps of infinite activity and
size at most 1. Thus, & has a finite mean and it does not possess a local time. Then, as above,
in distribution lim, _, oo Oy = lim,_, oo 70 — x = O but O has no mass at zero since the process
does not creep up in this case, see [2], Chapter III, Theorem 5. Therefore, there is a sequence of
numbers (x,),>1 increasing to infinity and a sequence of positive numbers {€, },>1 decreasing to
zero such that, for any n > 1,

IP’(Oy € (0, en)) < 2IP’((9 € (0, e,,)) < % forall y > x,. 3.5)

Then, we construct the sequence of open non-intersecting intervals ((o,, B,))n>1 in the following
way. We take o1 = x1, B1 = x1 +€1. Next, we set vp = a1 + 1 + x32, B2 = a2 + €2. The reason for
this choice comes from the fact that the overshoots of £ are at most of size 1 since the jumps of the
process are at most of size 1. Thus, we ensure that £7«; < o« + 1 and oy — £7e; > xp. We do this
recursively by setting oy 41 = oty + 1 + Xp41, But1 = g1 + €p+1- Set R\ E = U —1(an, Bn)-
Clearly, using successively the Markov property we arrive at

P(U m{és € E}) =1—P(&7en € (., By) infinitely often)

t>0s>t

>1— n]LI’I;OZP(ET"‘n € (ap, ,Bn))

k=n

>1— lim Z]P’(O <é€n)

n—0o0

k=n
1
21-im ) 7 =1

Therefore, R \ E is PO-transient. We take non-negative continuous functions f,,n > 1, each
supported in («,, B,) respectively, and such that fooo fn(x)dx = 1. Define f =3 "2, f, and
note that [, f (x)dx = co. On the other hand

/ fOHUy) =
E

since f =0 on E by definition. From Theorem 2.1, we get that

P(/Ooof(és)ds <oo) 1,

which would contradict the integral test (3.1) of Doéring and Kyprianou.
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Relations to [5]

Let f be ultimately non-increasing. In the case when E[£{] € (0, 0o) then the criterion of [5],
Theorem 1, (1.4), has been easily shown to be equivalent to

/Of(fs)ds<oo = /Of(y)dy<oo,

see [5], page 82, below (3.2). From the Blackwell’s theorem, see [2], Chapter I, Theorem 21, and
the fact that f is non-increasing, it is easily seen that

/Of(y)dy<oo = /Of(y)U(dy)<oo.

Hence, from Theorem 2.1 we deduce that
o o
/ fydy <oo = f f(&s)ds < oo.
0 0

Assume that fooo f(y)dy = oo and yet fooo f (&) ds < oo. Since & spends a finite amount of time
below any / > 0 we can consider f1Ij; ) instead of f with [ such that f is non-increasing on
[/, 00). Assume then that

o
/ St 00) (§5) ds < 0.
0
Then, from monotonicity, for any g € (0, 1) there is a; > 0 such that
o
Li(q)= {x >0: P(/ S0y (x +y)dy > aq> =< q} =10, 00).
0

Lemma 4.5 applied with fIj7,c0)I; +,) = fIj1,00) and x =0 then shows that

oo
E[/ fﬂ[z,oo)(és)ds} <00
0
and hence
o
f Jlite0) (MU (dy) < 00.
0
We therefore arrive at contradiction with fooo f(y)dy = oco. Thus, we recover the criterion by
Erickson and Maller when E[£{] € (0, 00).

We point out that [5], Theorem 1, covers the case when lim;_, o, & = 0o almost surely and
E[|&1|] = oco. The last argument above implies in the same fashion that

/0 FE)ds <o —> /0 Flioy (MU (dy) < o0
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for some [ > 0. Since f is non-increasing then lim,_,, f(x) = 0 and hence by integration by
parts

/O Fliooy (DU (dy) = fl U([0. 1) df () < oo.

The last condition is in line with [5], Theorem 1.

4. Proof of Theorem 2.1

Throughout the proofs, we use f to denote a non-negative, locally integrable function and we
shall specify additional conditions if needed. We also use the notation

¥ = /Oo f(x +&)ds € [0, o0]. A.1)
0

We will drop the index x altogether when x = 0. According to [4], Lemma 5, we first recall that
Vx GR:IF’(IX < oo) e {0, 1}.
Let us define for every a € [0, oo] the stopping time
T :=inf{t>0: 1 =a} €0, o0, 4.2)
where we have set
Ir =/Otf(x+§s)ds.

Observe that /5, = I according to (4.1). We start with the obvious lemma, for which we do not
provide a proof.

Lemma 4.1. Let f be a non-negative, locally integrable function. For every x € R and every
realization of the underlying Lévy process & the integral I;¥ is a continuous function for t <
inf{s > 0: I} = oo} € (0, oo].

We recall the following definition of announceable stopping times (see, e.g., Exercise 5.3 in
[2]) as they play a key role in our study.

Definition 4.1. Let o be a stopping time. We call o an announceable stopping time if there exists
a sequence of stopping times {0, },eN, such that almost surely o, < 0,V¥n > 1 and 0,, — 0o, as
n— oo.

Note that since until explosion I* : [0, c0) — R™ is a continuous function for every realization
of the Lévy process £ and every x € R, we have the following result.
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Lemma 4.2. Forany a > 0 and any x € R the stopping time T — defined in (4.2) — is announce-

able. Moreover, the process & is a.s. continuous at T, on {T; < 00}.

Proof. The fact that I is a continuous function in ¢ shows that 7% | < T}, Vn > % and
a=y

ij e T for some announceable stopping time 7. From this, it readily follows that 7 < T.*.

n

However, since f is non-negative, on {fax < 00} D {T; < oo} we get that

n— 00 n n—00

1 Tuel I
a= lim (a——): lim " fx+E)ds = f(x+&)ds.
0 0

Therefore, T > T* on {T* < oo} and hence T = T.*. The claim about continuity of & at T*
then follows from [2], Prop. 1.7. O

The next result gives an estimate on the first moment of I, which is inspired from [1],
Lemma 2.2. Note that it is crucial in the proof that the involved stopping times are announceable.
For this purpose we introduce, for ¢ € (0, 00], a > 0, the quantity

= inf P(I'<a)el0,1
Pras=_inf B(I} <a)el0.1] 4.3)

and we have the following result.
Lemma 4.3. Let x € R. Then, for any a > 0, t € (0, o0]

Bra B[] < aP[If < o0] (4.4)
with the convention that 0 x oo = 0 to the left-hand side of the claim above.

Remark 4.1. Observe that Lemma 4.3 in particular demonstrates that the assumptions B4, > 0
and P[/;* < oo] > 0 actually imply that the random variable /;* even has a finite first moment.

Proof of Lemma 4.3. First, we note that since /;* is a continuous function in ¢ for every realiza-
tion of the Lévy process £ and the process itself is a.s. continuous at the (announceable) stopping
times 7, see Lemma 4.2, then for every n € N on {7}, < oo} almost surely x +&7x € supp(f).
Clearly, for a > 0, we have that

Ix<oo ZIP(IX na, (n+1)a])

n>0

=Y P(Ty, <t.If <(n+ a)

n>0

t
= ZIF’(T;; <1, f FGe+E)ds < a>
T3

n>0
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T+
> Z]P’(T»fa < r,/ fx+&)ds < a)

e T

= Y Eflgg <Pl i <a]] = Bras Y P[Tr, <1]

n>0 n>0

=Bras Y P} =na]> ﬂfaatIE[I;‘],

n>0

which ultimately leads to the stated inequality. (]

For any a > 0, x € R, we now introduce the functions
Ga(x) :=P(I* > a) 4.5)
and the sets
Lo@):={reR:Gax) =q},  Lj(@):={reR":Gu(x) =g}, (4.6)

where g € [0, 1] and R = [0, 00). For the remaining parts of the proof of Theorem 2.1 it will be
essential that for ¢ € [0, 1) and for a > O the sets L,(g) or/and L;L(q) are closed. Here further
properties of the function f seem to be required. Our next result provides sufficient conditions
for the set L,(g) and L (g) to be closed.

Lemma 4.4. Suppose the locally integrable and non-negative function f is the pointwise limit
on a Borel set L C R, that is [ =1im, .« fp, Such that

Vs >0, x eR:]P’(x—i—éS EL"):O
and where { f,},2 | is a non-decreasing sequence of non-negative simple functions of the type

k(n)

=) clgmﬂ(a?n)’ﬂ@), (4.7)
l=0 1 1

with ci(n) > 0 and {(0‘,'("):,3,-("))}?;"1) are mutually disjoint. Then the sets Lq(q) and L7 (q)
(g €[0, 1)) are closed.

Proof. In the subsequent proof, we will add an additional superscript f to our notation in order
to make the dependence on properties of f explicit.

Let us first assume that f =1l g), @ < B and let {x;}7°, be a sequence in Laf (g) converging
to xp. Applying Fatou’s lemma, we get that

i— 00 i— 00

o0
liminf 7%/ = liminf / Lo.py(x; + &) ds > / liminfly,g)(x; + &) ds > 170/,
0 i—00
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From the definition of L,{ (¢) and from another application of Fatou’s lemma, see (4.6), this leads
to

q > limian[Ixf’f > a] > P(Ixo’f > a) = Gg(xo),

1—> 00

which proves that xg € L(J; (g) hence L(J; (g) is closed.
In the second step assume that f is a simple non-negative function of the form f =
Z?:o ¢illy; p;)» where we assume that the sets {(c;, ,8,-)};‘: | are mutually disjoint. Then the very

same argument is applicable and thus Laf (g) is again closed.

Finally, let f be any non-negative, locally integrable function such that on L € R it holds that
lim,, .~ fu = f, where the non-negative functions { f,,}°° | are defined in (4.7) and P(x + &; €
L¢) =0 for all x € R and s > 0. We prove that

o0

Li@) =L@ 4.8)

n=1

and therefore the set LZ (g) is closed. Since we approximate f with a non-decreasing sequence
of functions it is clear that I*:/» < 1%/ for any n > 1 and therefore

Li@) < (L @).
n=1

Take a point x € ﬂ,‘:ozl sz" (g). Hence, for every n € N it holds that P(I%/ > q) < q. Define the
sets

A, = {Ix’f” > a}.

Due to the property of the approximating sequence {f,},>1 the sequence of sets {A,},>1 is
increasing. Also, we have that almost surely

/ J o+ E)Le(x +&)ds = Supf Jn(x +8E)ILe(x +&)ds =0
0 0

n>1

since by assumption
o0
/ IE”(x—i—Es eL”)ds =0.
0

Therefore, we conclude that 1%/ = [5/IL [xfo — [ fuli simultaneously almost surely and
thus using the monotone convergence theorem we finally arrive at

IP’(Q A,,) =P(1*/ > a).
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Hence, x € L({ (g) and (4.8) holds true. Summarizing we have shown, that under the assumptions

above the sets L,{ (g) is closed. When LZ; (g) is closed clearly L£’+(q) is closed too. This settles
the claim of this lemma. (]

Corollary 4.1. Assume that f has support [l,00) for some | € R, and that f||1,o0) Is either
continuous or non-increasing. Then the sets L,{(q) and L£’+(q) (g €10, 1)) are closed.

Proof. We first note that the continuous functions fall into domain of Lemma 4.4. However, in
this case there is a more direct argument to prove closedness of since LZ (g) and L£’+(q) from
Fatou’s lemma

liminf 1%/ > 1%/

1—> 00
provided lim;_, o x; = x. Also, the ultimately non-increasing functions are captured by
Lemma 4.4. Let f be non-increasing on supp f = [I, 00). In this case if x € Laf(q), x > [, then

[x,00) C L,(g). Then, the lemmata below can be applied with L£’+(q) N [x, 00), see Remarks
4.4 and 4.5. O

Remark 4.2. It is worth noting that except in the case when the process & lives on a lattice we
can replace the open intervals (o, 8) used in the definition of f,,,n > 1, see (4.7) Lemma 4.4,
with closed ones, that is [«, 8]. Indeed the Lebesgue measure of {£& = o — xp} or {& = 8 — xo}
is 0, which can be shown as follows:

o0 o
0 =E|:/ Te,—a—xg dsi| = / P& = o — xg)ds.
0 0

Remark 4.3. For any g € (0, 1) and all a > 0 large enough we can explicitly compute the set
L,(g) N[K, co) under the assumptions of [4], see Section 3, and K > 0 depending only on &.
We do this for every g € (0, 1) by allowing a to depend on g. Note that we have shown that A as
defined in (3.3) is positive and therefore C = u(0)/ infy>g u(x) > 0 for some K > 0 and where
u is the density of the potential measure defined in (2.1), see [2], Corollary 2.36. With these K, C
we prove that for every g € (0, 1) there is a, > 0 such that, for all a > a,,

sup ]P’(Ix > a) <PU >a)<PU >ay) < c ¢ =94. (4.9)

x>K

Let us sketch the proof. We note that with x € R, x # 0,

S . / P ds =T fo Flx+E)ds,
- (4.10)

o0 ~
I > ]I{IT_X<OO}/(‘) f(&s)ds,

where 0¥ = inf{s > 0: & = x} and & = Esrotx — Ey=x, 5 > 0. Observe that the zero-one law,
see [4], Lemma 5, implies that / = oo almost surely is equivalent to /* = oo almost surely for
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any x € R. We note that when x > K we have that

IP’(ax<oo):M>

-5,
u(0)

In the case I = oo almost surely we see that L,(g) N[K,00) = @ forany @ > 0 and g < 1. So
assume that / < oo almost surely. The first relation (4.10) then implies that for any a > 0 and
any x >0

u(x) .
P >a) > mE”(l > a)

and when x > K

CP(I > a) > sup ]P’(Ix >a),

x>K

where recall that C = u(0)/infy>o u(x) > 0. Since limy— oo P({/ > a) =0 for every g € (0, 1)
we can choose a, such that

sup IP’(Ix > aq) <gq,
x>K
which proves that for every a > a,; we have that LT (g)N[K,00) =K, 00).

Lemma 4.3 allows to deduce the following lemma.

Lemma 4.5. [f L} (q) is a closed set for some a > 0 and some q € [0, 1), then we have that

E[»/(.) (fHLI(q))(x + Es)dsi| < 00
for every x € R.

Remark 4.4. Note that the statement of the lemma is also valid if L.} (¢) is replaced by L} (¢) N
[K, 00), for some K > 0, and the latter is assumed closed.

Proof of Lemma 4.5. We first note that

supp(fl;+(,)) = supp(f) N L7 (9)
if L} (q) is a closed set.
We will distinguish the following two cases. First, let x € LT (q) € L,(q).

In this case, we have that G,(x) =P(I* > a) < g < 1 and using the 0-1 law of [2], Lemma 5,
we can conclude that 7* < oo almost surely. Moreover, almost surely

/0 (ST ) (6 + &) ds s/o (ST, ) (x +&)ds 5/0 fa+E)ds=1" <00
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and thus

(0.¢] o
P(f (fHL;r(q))(x +&)ds < oo) = P(/ (fIL, )& +&)ds < oo) =1.
0 0
Now let us consider the second case, that is, the case x € R\ L} (¢). We define the stopping time
o= inf{s >0:&+x€ LZ(q)}
and distinguish two separate cases for p*. First, let us work on the event that p* = co. Then on

this event we have (f1 L q))(x + &) = 0 for all s large enough as £ is transient and therefore we
conclude that on {p* = oo}

/(; (f]IL;(q))(x + &) ds < 0.

Second, let us assume that p* < oco. Then on this event we have that
o o0
/0 (fHLI(q))(X +&)ds = /px (fHL;r(q))(x +&)ds

- /0 Pyt i)+ & +E) ds,

where § = (és)szo = (§px 45 — §p*)s>0. From the definition of p* and the closedness of Lg‘ (@),
we can conclude that

X+Ep e LI (QUILS (q)=L7(9)

Hence, from the first case of the proof we conclude that

P(fo (I g +&)ds < oo) —1

Therefore, from Lemma 4.3 applied with ¢ = oo we conclude that

a= aIP[ fo (ST ) (x + &) ds < oo] > p ﬂw,u,wE[ /0 (T ) + ss)ds]

However,

)
'Bﬂlif(q)’a’oo = inf P(/O (f]ILZ'(q))(x +&)ds < a)

yesupp fNLY (q)
Oo ~
= inf IP(/ (f]IL+(q))(x+$px+"§s)ds§a>
yesupp fNLS (q) 0 ¢

> inf IP’(nya) >1—¢q>0.
yeLd (@)
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This concludes the proof of the lemma, when L (¢) is not the empty set. In case it is the whole
integral is trivially O and therefore the expectation of it is also zero. (]

Recall Definition 2.1. Since for every continuous function f or any f that can be approximated
as in Remark 2.2, we know from Lemma 4.4 and Corollary 4.1 that L,(q), L} (¢) are closed for
all a > 0, g € [0, 1) then the following result yields the backward claim of Theorem 2.1 in this
case. Also, if f is any non-increasing function then according to the proof of Corollary 4.1,
L7} (g) is either empty or contains an interval of the type [x, 00), x > 0, and the next lemma
is valid, see Remark 4.5. However, we note the weaker assumption it contains regarding the
closedness of L (g).

Lemma 4.6. Let x € R be fixed and assume that

o cither L} (q) is closed for some fixed q € (0, 1) and across some sequence {a;}j>1 such that
aj — o0, or for a sequence of pairs {(q;,a;)} such thatlim; oo q; =1 and lim; o a; =
Q3
° fE f(x+y)U(dy) = o< for all sets E such that R\ E is P*-transient for the Lévy process & .
Then P(I* =o00) = 1.

Remark 4.5. Note that the statement of the lemma is valid even if L (g) N [K, 00) satisfies the
assumptions of the first item for some K > 0.

Proof of Lemma 4.6. Choose a > 0, g € (0, 1) such that L} (q) is closed. From Lemma 4.5 and
the assumptions therein, we have that for all v € R

oo>EU fHL;(q><v+ss)ds} =/+ f+y)U@y),
0 Lq(q)

where we recall that the last identity is in fact the definition of the potential measure for transient
Lévy processes. Choosing v = x in the relation above we get that R \ L. (¢) is not P*-transient
for & and since & is transient then even (0,00) \ L} (g) is not P*-transient for &. Under the
assumptions we have that M = (0, c0) \ L;r (g) is an open set and therefore, fora > 0, g € [0, 1)
for which L7 (g) is closed, M a union of an increasing sequence of compact sets K,,, that is

M=K
n>0

Set H, =inf;>o{x + & € K, }. Since M is not P*-transient for £ we get that M must be visited
by x + & almost surely in a finite amount of time and therefore

lim P*(H, < c0) = 1.

n—oo

Then the Markov property at H,, and K,, € M yield the following sequence of inequalities

P(I* > a) = E*[1{#, <o) Bl jrien, 1] 2 P* (Hy < 00) yienlgn P(I” > a)

> gP*(H, < 00).
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If we let n — o0, we arrive at
]P’(IX >a) >q. 4.11)

Now if L7 (¢) is closed for some ¢ > 0 and across a sequence a;, j > 1, such that lim; o a; =
oo then P(I* = 00) > g > 0 and from the zero-one law for I* we conclude P(/* = o0) = 1.
Otherwise, if L} (¢) is closed along a sequence of pairs {(¢;, a;)} such that limj_, . ¢; = 1 and
lim;_, oo aj = oo taking limit in (4.11) we directly see that P(/* > oo) = 1. This concludes the
claim. O

We are now in a position to finish the proof of Theorem 2.1
Proof of Theorem 2.1. Lemma 4.6 already gives a necessary condition for the almost sure
finiteness of the random variable I*. Observe, that under the conditions of Theorem 2.1 we

know from Corollary 4.1 as well as Remark 4.5 that the first condition of Lemma 4.6 is satisfied.
Let us now instead assume that

o0
/ f(x+&)ds =00 almost surely.
0
In order to derive a contradiction let us assume that there is a measurable set E is such

R\ E is P*-transient and / fx+y)U(dy) < .
E

Then, these properties imply that

/0 (FIE)(x + &) ds = 00

since the process spends only finite amount of time in R \ E and the function is either locally
bounded by assumption or is implied to be such when it is continuous. This contradicts the fact
that

o
Bl [T oo+ s0as| = [ o nvan <.
0 E
Therefore, we conclude that does not exists a set E with the above properties. |

Proof of Corollary 2.1. We emphasize that the form of f;;, n > 1, and the fact that the { f;;},>1
is non-decreasing show that Lemma 4.4 holds true, that is L7 (g) (g € [0, 1)) are closed, which in
turn gives the validity of the first item of Lemma 4.6. Assume next that f g fx+»Udy) =00
VE € B(R) with R\ E being P*-transient. Then, the second item of Lemma 4.6 is true and from it
we get that P(/* = 00) = 1. The fact that [;° f(x+&)ds = ocoas.and [, f(x + y)U(dy) < o0
cannot hold simultaneously for some R \ E being P*-transient is then proved the same way as in
Theorem 2.1 when f is locally bounded. Finally, according to [12], page 152, every non-negative



Finiteness of perpetual integrals of Lévy processes 1471

function f in the class C™ therein can be approximated, away from a Lebesgue zero set, say A ¢,
by a non-decreasing sequence of step functions of the type defined in the statement of the current
corollary. Also C™ is the class of all Lebesque integrable non-negative functions, see [12], page
156, and if P(x + &, € A) =0, for all s > 0, x € R and for any set A of zero Lebesgue measure
the first part of this corollary is applicable and yields the final claim that Theorem 2.1 is valid for
any non-negative, measurable, locally-bounded function f. The fact the argument above is still
valid for locally integrable function when fé f(x +&)ds < oo for all t > 0 is immediate since
we have used local boundedness only to ensure that integrals on finite time horizons are almost
surely finite regardless of any other conditions. U
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