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Abstract

For subordinators X, with positive drift we extend recent results on the structure of the potential
measures

[09)
U(q)(dX)Z]E |:f e_q[]'{Xtde}dti|
0

and the renewal densities u?. Applying Fourier analysis a new representation of the potential
densities is derived from which we deduce asymptotic results and show how the atoms of the
Lévy measure II translate into points of (non)smoothness of u®,
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1 Introduction

Let X = (X,),>0 be a Lévy process, i.e. a real-valued stochastic process with stationary and indepen-
dent increments which possesses almost surely right-continuous sample paths and starts from zero.
If X has almost surely non-decreasing paths it is called a subordinator and can be thought of as an
extension of the renewal process which accommodates for infinitely many jumps on a finite time
horizon. In fact any such process can be written as

X, =6t+) A,

s<t

where A are random, positive jumps drawn from a Poisson random measure. The non-negative
coefficient 6 is referred to as drift of the subordinator. The jumps A. are described by a deterministic
intensity measure I1(dx), usually referred to as Lévy measure, that is concentrated on the non-
negative reals and satisfies the integrability condition

J (1 AX)II(dx) < co. (1.1
0

The main object of our study are the g-potential measures, q > 0,

o0
U9Ddx)=E U e_qtl{Xtedx}dt:| (1.2)
0

of X whose distribution function will be denoted by U@ (x) = U@([0,x]). The slight abuse of
notation will always become clear from the context. Being the central object of the potential theory
for subordinators, U@ is a well-studied object. For more information we refer the reader to Chapter
3 of [B96]]. Whenever 6 > 0 each point x > 0 is visited by X with positive probability and it is
known that in this case the measure U@ admits a bounded and continuous density u@ = (U@
with respect to the Lebesgue measure.

Our main objective is to study the regularity of the g-potential densities u‘? in more depth. Under
mild restrictions on the Lévy measure the main results concern differentiability properties of u@
when IT has atoms that may accumulate at zero. We characterize the set of values where differentia-
bility of u(® fails as well as the order of derivatives where smoothness breaks down for each point
of this set. More precisely, if G denotes the set of atoms of II(dx) then the nth derivative of u(®
exists precisely outside of G,, where G, contains all numbers that can be represented as a sum of at
most n elements of G. Also we provide asymptotic results for u(?(x) as x goes to zero and infinity.
For the results at infinity we need to restrict to renewal densities for which from now on we use the
conventions u = u(® and U = U,

The paper is organized as follows: Motivation and further background of our research is presented
in Section[2] An example for the simplest Lévy measure I1 = §; is included for which direct compu-
tations can be performed to present our abstract results in a simple setting. In Section (3| the main
results are presented and are proved in Section [4}
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2 Motivation and Background

2.1 Background

The g-potential measures U@ are the fundamental quantities in potential theory and underly the
study of Markov Processes in general and Lévy processes in particular. As subordinators appear
naturally in the study of Markov processes (see Chapter IV in [[B96]]) and are in some sense the
simplest Lévy processes, it is not surprising that important information about its potential measures
has already appeared in the literature. For our special case when we study a subordinator with
positive drift, it is known that with T,, = inf{t > 0: X, > x}

1
u(x) = =P[Xr, = x], @1

i.e. u(x) has the clear probabilistic interpretation as creeping probability of X at level x. From this
it follows from a renewal argument that u solves the renewal type equation

Su(x) —I—J u(x —y)(y)dy =1
0

which will be the starting point for our analysis. This simple renewal structure motivates the alter-
native naming of u as renewal density. Here and in the following

(y) =1([y,o0)) =J T(dx)
Yy

denotes the tail of the Lévy measure. In fact, similar renewal type equations for u? are derived
below allowing for a study for all ¢ > 0.

The functions u(? are rarely known explicitly but can be described using the universal representation
of the Laplace transform of U@ (dx). On page 74 of [B96] it is shown that

f e MU(dx) = 0, (2.2)
0

L A’>
Yy’

where () is the the Laplace exponent
o0
P(A) =64+ f (1— e M)(dx).
0

In few exceptional cases such as stable subordinators without drift, i.e. TI(dx) = cx~!~%dx for some
a € (1,2), this formula sufficiently simplifies and allows for an explicit Laplace inversion.

Smoothness issues for the particular case ¢ = O have attracted some attention in special cases
motivated by applications; we shall only highlight two recent results:

First, it is known that u is completely monotone and henceforth infinitely differentiable for the
class of so-called special subordinators whose Laplace exponent is a special Bernstein function (see
[[SVO6]). This, as we will show below, is not true for general subordinators. Furthermore, for special
subordinators, u is a decreasing function. Monotonicity fails in general but we show that a similar
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structural property holds: For all ¢ > 0, u? is of bounded variation and hence a difference of two
increasing functions.

Secondly, when the Lévy measure IT1(dx) has no atoms and & > 0 it has been shown in [[CKS10] that
u is continuously differentiable. This result can also be recovered by Kingmann’s study of p-functions
(see Chapter 3 of [K72[]) or by our representation below.

We note that the renewal density u is in fact the Kingmann’s p-function which is naturally associated
to a regenerative event, see [K69]] and Chapter 3 in [K72]]. Using this link one could recover some
of our results below for the special case ¢ = 0. However these results are preliminary in our study
and we focus on finer properties of the functions u'® for q > 0.

A further topic of interest are the asymptotics of u and its derivatives. The asymptotic at zero and
infinity are classically deduced from the renewal theorem. The relation

1
u(x) — 5 asx — 0, (2.3)
is stated in Theorem 5 in [[B96]], whereas

u(x)— m, as x — 0o, 2.49)
seems to have been obtained first in [HSOT]]. We apply two representations developed in the present
paper to understand the asymptotic behaviour of u® and (1)’ in more detail. It turns out that
different representations are of very different use: A series representation can be used to deduce the
asymptotic properties at zero, whereas a Fourier inversion representation is useful to understand
the more delicate asymptotic at infinity. The use of the Riemann-Lebesque theorem for the Fourier
inversion representation forces us to assume q = 0 so that those results are restricted to renewal
densities.

2.2 Applications

The motivation for our work is mostly theoretical but we outline below some applications. Our
theoretical motivation stems from the mere importance of potential measures in the study of Lévy
processes. As such those appear in various one-sided and double-sided exit problems and especially
the probability of hitting a boundary point of an interval at first exit out of it is represented in terms
of u or if the Lévy process is killed at an independent exponential time in terms of u(? (see Theorem
19 of Chapter VI in [B96])).

Potential densities appear equally in other theoretical studies; For example, representation (3.4)
below was used to guess the necessary and sufficient analytic condition for existence of right-inverses
of Lévy processes which then, in [DS10], have been proved via subsequent discoveries.

Our results should be applicable for simulations of subordinators as detailed knowledge of the
set of non-smoothness of u@ could significantly speed up the numerics behind the simula-
tion/computations of potential densities. This has been noticed in relation with scale functions
by Kuznetsov, Kyprianou and Rivero (private communication) caused by the celebrated identity
W'(x) = u(x) between scale functions of a spectrally negative Lévy process and the down-going lad-
der height subordinator (for more information see Chapter 7 of [B96]]). The same holds for potential
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measures of subordinators. Recall that the scale function is positive and increasing, and is involved
in computing double exit probabilities for spectrally negative Lévy processes X, i.e. processes that
can jump only downwards. More precisely, with T;_, ,; =inf{t > 0: X, > b or X, < —a}

W(y)

:V\/'(x—-i-y)’ forallx>Oandy>O.

P(XT[—y,x] > X)

Finally, let us point out a possible extension. For atomic Lévy measures our main results, Theorem
and Theorem [3] link the atoms of II to points of non-differentiability of u(?. It seems possible to
extend this to higher order singularities of I1(x). Such a generalization would be extremely useful
for numerical computations of the scale function which is a basic quantity in insurance mathemat-
ics as it allows for estimation and calculation the double exit probabilities which in the actuarial
mathematics context are ruin probabilities. For more background see [[CY05]] and [JAKP04].

2.3 Example

To motivate our findings, here is an illustrative example for which the renewal density u can be
calculated explicitly and some non-trivial connections between the atom of IT and differentiability
of u can be observed.

Example 1. Suppose &6 = 1 and II consists of just one atom at 1 with mass 1, i.e. I1 = §,, implying
that 1 = 179,1]- For x <1 one immediately obtains

u(x) =P[Xr, = x] =P [no jump before x] = e~ XM(0) = p=x
For x € [n,n + 1) we exploit the structure of the process more carefully. Since x < n+ 1, on the event
of creeping at x there can be at most n jumps of height one before exceeding x. If precisely i < n jumps

occur; they need to appear before x — i as otherwise the drift would have pushed X above level x before
the final jump implying

n
P[X; =x]= ZIP[axactly i jumps before x —1i].
i=0

As the number of jumps before x — i is Poissonian with parameter x — i we obtain

x) e~ x <1,
ulx)= i .
e + 2?21 %e_(’cﬂ) :x €[n,n+1).

The graphs of u and it’s derivative are plotted in Figure This first representation already sheds
some light on the possible behavior of u for atomic Lévy measures: in general u is not monotone, is
asymptotically linear at zero, and possibly non-differentiable.

Let us consider the issue of differentiability in more detail. Apparently u is infinitely differentiable in the
open intervals (n,n+1), n=0,1,..., with

/( : —e X x <1,
u'(x)= —i)i i —i)’ '
—e Y %e—(x—l) - %e—(x—l) :x €(n,n+1).
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Figure 1: u (solid curve), u’ (dashed curve) for 6 =1 and I1 = &,

The only problematic points are the integers at which the piecewise defined function u’ gets the additional
summands

(x—n)"' _(x-n) _ (X—n)”e—(x—n)

{e_("_l) —(x—=1)e D n=1,
(n—1)! n!

n>1,

when going from x < n to x > n. This sheds some light on differentiability as for x = 1 the right deriva-
tive is 1 and the left derivative 0 whereas for n > 1 the remainder summand vanishes. In particular,
this implies that u is differentiable everywhere except at 1 with

u'(x+) —u'(x=) =1({x}).

Taking higher order derivatives, the same reasoning shows that at {n}, u is (n— 1)-times but not n-times
differentiable.

The example reveals three properties which we aim to understand for general subordinators: higher
order differentiability of u depends crucially on the atoms of II, u is generally not monotone and u’
vanishes at infinity and is asymptotically linear at zero.

3 Results

Our Fourier analytic approach forces us to control the small jumps. To this end we recall the
Blumenthal-Getoor index [(IT) for subordinators:
1
BI) = inf{y >0: J x"TI(dx) < oo}.
0
Some of our main results are formulated under the following assumption.

Assumption (A). Assume that $(I1) < 1.
Note that property (1.1) implies that B(II) < 1 so that the assumption only rules out boundary
cases and in particular any stable subordinator with drift is included. More direct computations for

particular examples of interest show that our results will be still valid for Blumenthal-Getoor index
1.
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3.1 Series and Integral Representations

The main objective are the potential densities. Our results are motivated by the following extension
of the renewal type equation for u.

Lemma 1. The g-potential measure UP(dx) has a density u'® satisfying the renewal type equation

X

SuD(x)=1- J u@D(x — y)([1(y) + q)dy. (3.1)
0

Iterating the renewal type equation (3.1, one heuristically obtains a series representation for the
potential density u'?. Making this a rigorous statement is slightly involved as IT might have a
singularity at zero. The problems caused by the singularity can be circumvented taking into account
only the local integrability of IT at zero which is a direct consequence of the property . In
[[CKS10] a proof for the following proposition was carried out for non-atomic Lévy measures. In
fact this proposition can be recovered from Chapter 3 in [K72]] where it is disguised in terms of
p-functions. For completeness we sketch a proof below.

Proposition 1 (Series Representation for u(?). The series representation

W@ =S S (1 (14 )0 (3.2)

n+1
n=0 o

holds for the potential densities u?. Here, 1 denotes the Heavyside function.

At this point we should note that for ¢ = 0, Equation (3.2) appears in a slightly different form
in [[CKS10]. This is due to a different definition of convolutions. In this paper we define the
convolution of two real functions f and g by

f *g(x)=f flx—y)g(y)dy,
0

(and 1 * f*°(x) = 1) whereas in [CKSI0] the convolution was defined by f * g(x) = f;f(x —

¥)g'(y)dy. In any case, with F(x) = f;f(t)dt and G(x) = f; g(t)dt,wehave FxG=1x%f x g,
where the second convolution is in the sense of the present paper.

Unfortunately, deriving properties of u® from ll is a delicate matter as one has to deal with an
infinite alternating sum of iterated convolutions. Nevertheless, one particular property that follows
from (3.2) is that u? is of bounded variation.

Corollary 1. There are increasing functions u(lq) and u(zq) such that
(@) (@)

(@) — _
u =u;y u,

In particular, u'? is a function of bounded variation.
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To obtain a deeper understanding, we introduce a more carefull representation for u'® based on
Fourier analysis. In the following we denote by

2f(s)= J e X f(x)dx

—00
the bilateral Laplace transform for complex numbers s = A +i6. As I1(x) is only defined for x > 0,
we put I1(x) = 0 for x < 0.
Proposition 2 (Laplace Inversion Representation of u'?). Under Assumption (A), for arbitrary integer
N larger than 0 and any fixed A > 0,
(- 2+ +ig)"
(A+i0)8N 1 (1+ 2 2(TT+q)(A +16))

gVIA+i6) =

is a well defined absolutely integrable function in 6 and

N-1 00
(=1)" _ * 1 ; .
uD(x) = E Wl* (TT+q) n(x)+e’lxﬂ el gNa(2 +10)d6. (3.3)
n=0 —00

There is a good reason to not only consider the simplest case N = 1. Larger N makes the integrand
decay faster which is needed to derive higher order differentiability via interchanging differentiation
and integration. For N > 1 it is still easy to work with representation as the finite sum can be
tackled termwise and for the integral classical convergence results can be applied.

As a first application of Proposition |2| we derive a representation for the first derivative of the po-
tential densities. In contrast to Proposition [2] we are not free to choose N = 1; the minimal N now
depends on the Blumenthal-Getoor index.

Corollary 2. The right and left derivatives of u'® exist and are given by

Ox+)+q (D" .
WD) ) == ———+ >, o (T+9) (), (3.4
n=2
Ox=)+q (D" n
(@) (x—) = - =2 +Z il (1 +q) ™" (x). (3.5)
n=2
Moreover, under Assumption (A) the following representations hold for N > — /3(1'11)— T and A > 0:
Ix+H)+q 3 (=1 . . 1 (> .
(WD) (x+) = —% +>] (5,1—31(11 +q)"(x)+ elxﬁf eO*hN9(2 +10)d6, (3.6)
n=2 —00
Ix—)+q 21" . . 1 [® .
(u@)’(x—):—%+2 (5n+)1 (M +q) ”(x)+e“%f e OXHN9(A 4+ i0)dO. (3.7)
n=2 —00
For every A > 0 the function
— 2+ +i0)"

SN (14+ 32T+ q)(A +i6))

is absolutely integrable in 6.
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Remark 1. We should note that a refinement of the approach of [CKS10|] for non-atomic Lévy measures
yields the series representation (3.4), without assuming Blumenthal-Getoor index smaller than 1.
Indeed, the difference is that in our setting I1 can have jumps and therefore is outside of the scope of
[CKS10|]. However, the jumps do not affect the study of the uniform and absolute convergence of the
series in and (3.5)), and it can be carried out as in [CKS10].

The arguments of [CKSI0] are not repeated here; we only prove the more usefull Laplace inversion
representation under Assumption (A) and derive from this the series representation.

Remark 2. We do not know how to derive the asymptotics of u’ at infinity only from the series rep-

resentation (3.4), (3.5). It seems that a representation of the type (3.6), (3:7) is much more useful

for studying the properties of u’ and therefore it is an interesting problem to get such a representation
without Assumption (A).

3.2 Higher Order (Non)Differentiability for the Potential Densities

Having established that u(® is of bounded variation in Corollary u® must be differentiable away
from a Lebesgue null set. The null set can be identified as the set of atoms as a consequence of
either of the representations given in Corollary 2|

Corollary 3. The potential densities u'? are differentiable at x if and only if x is not an atom of I
More precisely,

M({x})
52

(@) e+ = (u9) (x—) = : (3.8)

It is interesting to see that the derivative of u'? only jumps upwards and how the size of the jumps
is determined by the weight of the atoms and the drift. The reader might want to compare this with

Figure
Unless explicitly mentioned, from now on we assume that Assumption (A) holds.

The remaining part of this section deals with higher order differentiability properties of the q-
potentials. The study focuses on subordinators whose Lévy measure has atoms which accumulate
at most at zero. To emphasise the effect of atomic Lévy measure on differentiability, the results are
divided into three theorems for non-atomic Lévy measure, purely atomic Lévy measure, and Lévy
measure with atomic and absolutely continuous parts.

The case of non-atomic Lévy measure already appeared in [[CKS10]]. For Blumenthal-Getoor index
smaller than 1 their results follow easily from the Laplace inversion representation. To present a
complete picture we state and reprove the following result of [[CKS10] for smooth Lévy measures.

Theorem 1. If I1 is everywhere infinitely differentiable, then UD is everywhere infinitely differentiable.
More accurate effects of the atoms on differentiability are revealed in what follows. The explicit

calculation of Example (1| for IT = &, indeed suggests more interesting behavior for higher order
derivatives. In that particular case, u is (n — 1)-times differentiable but not n-times differentiable at
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n. The critical points n € IN in the example have the property that they can be reached by precisely
n jumps of the size of the atom 1.
Denote by G the atoms of the Lévy measure I1. We say that x > 0 can be reached by n atomic jumps
if x =3, g with g; € G. For k > 1 we define the sets

J

Gk={x>0:x= gi,gieG,lﬁjSk}
i=1

of points that can be reached by at most k atomic jumps. The next theorem shows how higher order
differentiability is connected to the sets Gy. As it is formulated for purely atomic Lévy measures it
can be seen as the counterpart of Theorem [1}

Theorem 2. If Il is purely atomic with a possible accumulation point of atoms only at zero, then, for
k>1,

U@ is (k 4 1)-times differentiable at x = x ¢ Gy.
In particular;, if x cannot be reached by atomic jumps only, then UD is infinitely differentiable at x.
The following example shows that we can easily find examples with exotic differentiability proper-
ties.
Example 2. If T has atoms on 1/k for k > 1, then U@ is infinitely differentiable at x if and only if
x & Q. For x =n/k, U9 is at most n-times differentiable at x.
Finally, we show how Theorems [1| and [2| combine each other: the atoms prevent U@ from being

twice differentiable and an additional absolutely continuous part does not change the behavior.

Theorem 3. If I1(x) = IT;(x) + [1,(x), where I1; is purely atomic with possible accumulation point of
atoms only at zero and I, is infinitely differentiable, then, for k > 1,

U@ is (k 4 1)-times differentiable at x = x ¢ Gy.

In particular;, if x cannot be reached by atomic jumps only, then UD is infinitely differentiable at x.

Remark 3. In fact Theorem (3| is still true if TI, possesses only finitely many derivatives. Then the
statement will be valid, for any k, such that I1, is k-times differentiable.

Remark 4. Recalling the close connection of u and creeping probabilities given in (2.1), it would be
interesting to have a good probabilistic interpretation of non-existence of derivatives of certain order for
the creeping probabilities.

3.3 Asymptotic Properties of Potential Densities

Asymptotic properties at zero and infinity of U are classical results in potential theory of subordina-
tors (see for instance Proposition 1 of Chapter 3 in [B96]]). Also the limiting behavior of the renewal
density u at zero and infinity are known (see (2.3) and (2.4))).

In what follows we aim at giving more refined convergence properties based on the representations
for u@ and (u'?). Some results will be only valid for ¢ = 0. Utilizing the series representation
of Section 3.1}, we first strengthen the asymptotic at zero. In the following f ~ g denotes strong
asymptotic equivalence, i.e. limé =1.
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Theorem 4. For general subordinator with positive drift and n > 0, the following strong asymptotic
equivalence holds:

(-1" = (1)
Sni2 1x(q+ )" (x), asx—0.

nor_ 1)\k
Zﬂl*(qm)*k(x)—u@(x) ~

k+1
k=0 o

The first order asymptotic of (2.3)) appears in the theorem for n = 0 and reveals more precise
qualitative information:

Corollary 4. The potential density u'® is asymptotically linear with slope —(TI(R) + q)/52 at zero iff
the Lévy measure is finite. If the Lévy measure is infinite, then u'? decays faster than linearly.

A simple class of examples are stable subordinators with drift.

Example 3. If the Lévy measure has stable law with a € (0, 1), the strong asymptotics at zero are given

by
1 ) L. 1 g © w
5 e ) Y T Ra—a

Lévy measure putting mass precisely to one point provides an example of asymptotically linear
behavior.

Example 4. If the Lévy measure has only one atom at 1 and 6 = 1, then the direct calculation in
Example [1] or Corollary ] both lead to the linear asymptotics

1—u(x)=1—e*~x, asx—0.

As for absolutely continuous Lévy measures the existence of the derivative of the renewal density
was established quite recently, the asymptotics of u’ seem to be unknown. On first view one might
be tempted to differentiate the asymptotics of u to derive the asymptotics of u’. Due to lack of
knowledge on ultimate monotonicity of u and u’ we cannot apply the monotone density theorem
and instead work with the representations of Section (3.1

Theorem 5. Assume condition (A), i.e. B(I1) < 1. Let T1(0+) = oo, then there exists n > 1 such that
B(I) < n—f_l and then

f(x+) (— 1M (x)
5z Tt T
M(x-) (=" (x)
T et e

(WD) (x+) = — +0(1), asx—0,

(WD) (x—) = - +o0(1), asx—0.

IfT1(0+) < oo then, as x — 0,

(WD) (x+) = %ﬁxﬁ—) +o(1),
(u(q))’(x—) =1 + ng_) +0(1)



For a large class of processes this implies that the asymptotic of (u'?)’ are indeed given by the
derivative of the asymptotic of u(®:

Corollary 5. If TI has Blumenthal-Getoor index § < 1/2, then (uP) (x+) ~ —% and
(W) (x=) ~ —(‘IH;# at zero.

The hypothesis of the theorem is not necessary to have the asymptotic IT(x)/52 at zero as the next
example shows.

Example 5. If X is stable with index a € (0, 1) and drift & > 0, then
X
T%(x) = C, f (x—y) *y dy = Cox2**
0

and inductively IT**(x) = C,x "*""~1, This, combined with Theorem implies that

I(x) Cix™¢
u'(x)~— 52 = g2 as x — 0.

Finally, we consider the asymptotics of u” at infinity which is technically more involved as we could
not derive the asymptotics from the series representation (3.4), (3.5). Instead, the proof is based on
a refinement of the Laplace inversion representation.

Theorem 6. If E[X;] < oo, then
lim u/(x+) = lim u/(x—)=0.
X—00 X—00

As our approach does not work for infinite mean subordinators, it remains open whether u’ vanishes
at infinity or not in this setting.

4 Proofs

4.1 Series and Integral Representations

Proof of Lemma|ll When q = 0 the statement was already mentioned in Section and is due to
Kesten (see [K69]). Let us now fix g > 0. First note that for any random variable e, ~ Exp(q) which
is independent of X using the Markov property at time e, and integrating out the possible positions
oerq < x we get

U(x)zE(Je

0

X

q
I{XtSX}dt) + J Ulx = y)P(X,, € dy)=UD(x)+qU *uD(x),
0

since u@ is continuous and bounded whenever the subordinator possesses a positive drift, see (iii)
in Theorem 16 in [B96]]. Therefore, differentiation yields

u(x) =uD(x) + qu * uD(x).
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Comparing the latest with

ou(x) =PXr, =x)
=P(Xy, =x; T, <e,)+ J P(X1(e—y) = x — y)P(X,, €dy)

0
X

=PXr, =x; T, <e)+ q5J u(x — y)u@(y)dy,
0

we get the expected relation
PXp =x; Ty <e)) = SuD(x).

We use this final relation to write
P(T, < e) =1-P(X,, <x)=6uP(x)+PXry, >x; Ty < ).
Next we have, using the compensation formula from Chapter 0 in [[B96],

o0
]P(XTX > X, Tx Seq):qJ/ e_nt(Z I{XS_SX;XS>X})dt

0 s<t

o0 t X
zqf e_qtf f I(x — y)P(X, € dy)ds
0 0o Jo
X

= f (x — y)u9(y)dy.
0

This, combined with P(X e < x)=q f(;c uD(y)dy, proves the assertion. O

Proof of Proposition[I} Since IT may not be continuous, we cannot directly apply the general Theo-
rem 6 of [[CKS10]]. Nonetheless, the proof of Theorem 6 of [[CKS10]] can be adapted to this situation
by noting that in fact it is not crucial that g there is continuously differentiable but the fact that it
is almost everywhere differentiable with a negative derivative vanishing at infinity. The latter is due
to the fact that g’ is used in convolutions. In this case, for completeness, we sketch a proof but we
refer to [[CKS10] for details. First note that each summand of

00 1 = *n
$(x)i= D (1) — (H;n a) ) @.1)
n=0

P . 1 P . = . .
is finite as for subordinators f 0 xTI(dx) is finite showing that IT is not exploding too fast at zero. We
now show that the series is absolutely converging in particular showing that it is well defined and

can be rearranged. First, since 1 (IT+ q)*(n_l)(x) is increasing we get iteratively
1% (MT+q)™(x) < (1% (T +q)(x)". (4.2)

As 1% (TT + q)(x) is continuously increasing and 1 * (IT + q)(0) = O there is b > 0 such that for all
x < b, 1x(IT+q)(x) < &/2 and hence the series defining ¢ is absolutely and uniformly convergent.
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Now we use an iterative procedure to extend the absolute convergence to all x > 0: reasoning as
above we obtain

1+ (1+q)"@b) _ (" 1 (1+q)"" 25— ) ([ +)0)
sn+l - o & o) Y

2b = *(n—1) _ =
+f 1 (IT+q) (2b—y)([I+qQ)(y) dy
b

5" 5
1+ (T+q) " V@b 1+ (A +b)  1# (T+q) "V (b) 1% (1 +q)(2b)
< +
= 511 5 51’1 5
1+ (T 4+ " V15[ +q)2b)  (n+1) 1 (1+q)(2b)
<(n+1) (T) 5 < on-1 5 .

Iterating this arguments as in the proof of Theorem 6 of [[CKS10] shows locally uniform and absolute
convergence of the series for all x > 0. To verify that ¢ equals u we exploit Fubini’s theorem to
obtain

1 18 1x (f1+¢) 7Y 101,
b=z - Sy D WL L g0,
n=1

on o

implying that ¢ is a solution of Equation (3.1). Uniqueness of solutions for locally bounded func-
tions follows since for two solutions f and ¢

f = 1) <I(f — ¢+ 1/6(T1+ q)(x)|

= |(f — ) 1/6% (11 +q) ™ (x)|
<sup|f — ¢|(s)1/8* 1 (IT+q)*(x)

s<x

for all k. The right hand side converges to zero since 6 %1 x (T+ q)*k(x) goes to zero for all x > 0
as shown above since it is a member of uniformly convergent series. O

Proof of Corollary[1] The proof follows directly from Proposition (1} To define the functions u(lq) and

u(zq) we separate the positive and negative parts as

00 1% (1:[+q)*2n(x) 0 1% (1:[+q)*(2n+1)(x) (

_ _.,@ (@)
uD(x) = E Sril — E 5@ D =:uy (x) —uy(x)
n=0 n=0

which is possible taking into account the absolute convergence of the series representation. Each
summand of the defining series for u(lq) and ugq) is increasing, thus, u(lq) and u(zq) themselves are
increasing. O

We are now going to derive the Laplace transform representation of Proposition [2| As mentioned
above, the main difficulty is that we need to deal with convolutions of possibly unbounded functions.
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Let us first motivate the approach. Taking into account the series representation we divide u(? into
two parts:

uD(x) = Z (5n+)1 1 (MT+ q)*n(x) + Z n+1 1 s« (TT+ q)*n(x)

n=0 n>N

Z e 1*(H+q)*n(x)+quq(x)

The goal of the following Fourier analysis is to derive a convenient integral representation for ¢N:4,
For this sake first note that it follows as in the proof of Proposition that ¢4 is the unique locally
bounded solution of the following renewal type equation:

_1\NV
¢™9(x )—( ) 1 (M+q)™ () - ¢N’q(X)*(fI+q)(X)- (4.3)

If we were allowed to turn convolution into multiplication in Laplace domain for Re(s) > 0, Equation
(4.3) transforms into

_1\N
LeMN(s) = (5N+)1 L1(s)L (M +q)(s)V - lzqu A(s)2 (T +q)(s). (4.4)

Solving (4.4) for £ ¢+, leads to

(=DV21(65)(L T+ )Y

= N.q
S+ o) () 4.5)

2¢N9(5) =

whenever the quotient is well-defined. If furthermore we were able to verify integrability conditions
needed for Laplace inversion we obtain an integral representation for ¢4. We are now going to
check what is needed to turn this formal approach into rigorous statements.

For the rest of this section we set 6 = 1 in order to simplify the notation.

For the first step it is shown that indeed Equation (4.3) turns into Equation (4.4). A priori this is not
clear due to the possible singularity of IT at zero.

Lemma 2. There is Aq > 0 such that £ ™4 solves on {A+10: 1> 2,0 € R}.

Proof. To show that the first transformation can be carried out we show for s = A +i6, A bounded
from below by some A, that £(IT+q)(s) and £ ¢N*(s) are well defined to deduce £ (IT+q)**(s) =
L([+q)(s)", L([+q)*pN(s) = L (TT+q)(s)L $N(s), and L 1+(IT+q)(s) = L1(s) L (T +q)(s)-

To validate Laplace transformation of (IT+q)" for A large enough, note that we may choose A, such
that

J e MM+ q)(x)dx < 1 (4.6)
0
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which is possible as f 01 [I(x)dx < oo and lim,_,, [1(x) = 0. It now follows directly from Fubini’s

theorem that iterated convolutions of IT + g turn into multiplication under Laplace transforms. We
now show that ¢4 can be Laplace transformed for which we use the fact that

8] o0

D2 (+q) )] =D |2+ q)s)|" < 0o

n=N n=N

to justify the change of summation and integration in the following:

LHNA(s) =J e > (1" ({1 +q) " (x)dx = Z(‘U“J e (T+q)"(x)ds < 0. (4.7)
0 n=N n=N 0

Now it is only left to show L ¢N9x(IT+q)(s) = L PN9(s) £ (I1+q)(s) and further L1 (IT+q)(s) =
£1(s)%(I1+ q)(s). As [T+ q and ¢ can be Laplace transformed, we obtain from (4.6) and (4.7)

the bound
o0 o0
fo fo
o o0
fo Jo
enabling us to apply Fubini’s theorem once more to obtain £ ¢™9 x (IT+ q)(s) = L pN9(s) L (1T +

q)(s). The final identity £1*(I1+q)(s) = £ 1(s).£(I1+q)(s) follows from similar arguments noting
that | £1(s)| < 1. O

e StpNA(t — x) (M + q)(x)‘ dtdx

e—k(t—x)qu,q(t _ X)

e M (M + q)(x)’ dtdx < 00

The second step in our analysis consists of showing that the convolution Equation (4.4) can indeed
be solved in Laplace domain leading to Equation (4.5). The following lemma is stronger then the
previous as we can show that g™*(s) is well defined for any s = A + i6 with A > 0 even though a
priori we do not know that g"+¢ is the Laplace transform of ¢4,

Lemma 3. Suppose that I1 is non-trivial, then gN*4(A + i0) is well-defined for A > 0.
Proof. To show that gV*4(s) is well-defined at s € C with positive real-part, it suffices to show that
L1+ q)(s) # —1.

Let us assume that £ (IT+q)(sq) = —1 for some sq = Ay +1i6, with A, > 0. Without loss of generality
way may assume 6, # 0 as otherwise the contradiction follows trivally. The assumption necessarily
implies that

o0
Im(Z(1+q)(so)) = f e %% sin(0,x)(IT + ¢)(x)dx = 0. (4.8)
0
As I is decreasing, we see that
o0
J e (I + q)(x) dx < oo. (4.9)
0

485



Dividing the integral of the absolutely integrable function e~**(II + q)(x)sin(6,x) into pieces of
the length of one period of the sine function and applying Fubini’s theorem, we obtain

0= J e 20X (T + q)(x) sin(Bpx)dx

f Z Lok /6, 20+ 1)/ 0,) (X e 0% (IT + q)(x) sin(Bpx )d x
2

/0 k=0
2(k+1)7
6o _
= Z e~ 2% (T1 + q)(x) sin(6yx )d x.
k=0 2;‘—0“

As e~ %*I(x) is strictly decreasing, unless (IT + q)(x) = 0 and (IT 4 ¢q)(x) is non-increasing each
summand

2(k+1)m

6 -
e 20X (1T + q)(x) sin(Bpx) dx
29](7011
must be non-negative and hence vanish as the total sum is zero. In particular, this implies that
I1(x)+q = 0 for all x > 0 so that for ¢ > 0 a direct contradiction occurs. For g = 0 the contradiction
occurs as IT was assumed to be non-trivial. Thus g(s) is well-defined. O

Remark 5. If furthermore E[X;] < oo, then gN* is well-defined also on the imaginary axis. This

follows from the same proof noting that in this case holds as well for Ay = 0. Indeed as each term
2(k+1)m

fz,ﬂeo I(x)sin(6yx) dx has to vanish we conclude that T1 has to be concentrated on {2k7/6y}i>1-
6

0
On the other hand, in this case, as

Re(£T(sg)) :J e~?0% cos(0yx)I(x)dx

0
2(k+1)m

_ n(—) L:O cos(Bpx)dx = 0,

we see that Re(£T1(sy)) # —1 and thus g~*9(s) is well-defined.

The third step of our derivation of an integral representation for u'? is an inversion approach for
g4, We now briefly discuss the connection to Fourier transforms which is crucial for the inversion:
for integrable functions f define for x € R

o0

ﬁf(x)zf e XtF(t)dt.

—0o0

Apparently, the Fourier transform & appears when evaluating the Laplace transform on the imagi-
nary line only. Defining the auxiliary function

() = e (I + q)(x)
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the simple connection is

Fr(0)=2(T+q)(A+1i0).
Taking into account this close connection of Laplace and Fourier transforms, classical Fourier inver-
sion for A > 0 gives the inversion formula (also known as Bromwich integral)

1 (% :
PN (x) = o f L¢NIA+10)eMHDx qo
—00

1 0 .
= M J gV A +10)e'?* do
27 oo

if gN-9(A +i0) is absolutely integrable with respect to 6. To prove the needed integrability we start
with a simple estimate.

Lemma 4. For any a > 0 and y < a the estimate [1(y) < C(a, &)y ~PI+€) holds for all &€ > 0 with
B +e<1.

Proof. First note that by the definition of the Blumenthal-Getoor index fol yPI+e1(dy) < oo for
any € > 0. The claim follows from the simple observation that for any a > 0 there is § > 0 such that
forany 7 < &

9]
az= f yPI*en(dy) > P+ (fi(r) - 11(5))

as I is decreasing. Letting T go to zero, we deduce limsup,_,, 7 (D+ef](7) < a. O

The need for Assumption (A) comes from the following lemma and its consequences.

Lemma 5. For any A > 0 and € > O the following estimate holds:

3 ci 0] <1
LOA+i0)|<{ * -
| ( 3 )l {Clelﬂ(l—[)"rG—l . |9| > 1’

where C = C(g) > 0.

Proof. We estimate the imaginary and real part of Z1I separately. For the imaginary part we first
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estimate for 6 > 0:

|Im(£TI(A+16)))|

—91! f sin(y)ry(y/0)dy
0

00 (2k+1)m
=67 ZJ (ry(y/0)—r((y +m)/0))sin(y)dy
k=0 2km

<67 ﬂz ra(2k/60) = r;((2k +2)/6) + 67" J (ra(y/0) —ra((y + m)/0))dy
k=1 0

= 9_1J ra(y/0)dy
0

< CQﬁ(H)%&‘—lJ y—([o’(l'[)-i-a)dy — Cgﬁ(l'l)+s—1’
0

where we have used Lemma4|and that r; is decreasing in the last inequality. Unfortunately, this uni-
form in A upper bound is not suitable for all 6 as the constant of Lemma 4 explodes as 6 approaches
zero. To circumvent this problem we derive a different upper bound that works everywhere equally

well but is not uniform in A:

|Im(£11(2 +16)|

59_1( r,(y/0)dy
Jo

0 00
=9_1( rx(y/G)der@_lf ra(y/0)dy
Jo 6

0 00
59—1( ﬁ(y/e)dy+9—1ﬁ(1)f e~ 020)qy
0 6

6
_ 6
< 9—1cf (y/e)—(ﬁ(“)“)dwe>—1r1(1)Z
0

—C—I-Cl
= o

where we again used Lemma [4 but now y /6 does not explode for small 6 as we only integrate up

to 0. Having an estimate for positive & we note that Im(ZTI(A +i0)) as a function of 0 is odd to
deduce that
o 101<1,

IIm(ZTI(A+i0))| < {C|9|ﬁm)+£_1 161> 1. (4.10)
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Similarly, we estimate the real part

|[Re(£TI(A +i0))|

= J cos(0y)r;,(y)dy
0

% 00 (4k+3)%
= f cos(y)ra(y0~Ddy + 67 ZJ (ra(y0™1) =3 ((y + 1)~ cos(y)dy
0 k=1 (4k+1)7

2
< f ra(y6~ Ddy
0

< C|9|[5(1’I)+8—1
for large |0| and precisely as above for small |0|. This finishes the proof of the lemma. O

The upper bound can now be used to derive the necessary integrability of g™V*4.

Lemma 6. For arbitrary integer N larger than 0 and any A > 0 we have

o
f gV 9(A+i6)] d6 < 00 (4.11)

for gN4 defined in .

Proof. As we have already found a good upper bound for #TI(s) in the previous lemma, it suffices
to show that the denominator

p(A+i0)=1+21+q)(A+i0)

is bounded away from zero. In Lemma [3|we have shown that p(A + i0) has no zeros for A > 0 and,
hence, by continuity of p it suffices to show that as |6| tends to infinity p(A 4 i6) stays bounded
away from zero. To this end it suffices to note that from Lemma [5]

. - . . - . q
lellgloo,%( +q)(A+i6) |9|1an (,‘f (7L+19)+A+i9) 0

Using the fact | 21(A +i0)| =|1/(A+i6)| < min {

} for A > 0, we employ Lemma [5|to obtain
the upper bound

11
A’ 161

g™ 92 +10)| < ClL1A +10)||L ([T + A +i0)N

N r_1_ . <
LA +i0)+ —— s{c A 1OI=1,

A+i6

— C‘ (4.12)

1
A+i6 C’|o|NBID+e-D-1 . 9| > 1,

The right hand side is integrable in 6 as by assumption B(II) < 1 and ¢ can be chosen sufficiently
small so that N(B(IT1)+ ¢ —1) <O. O

We are now in a position to derive the Laplace inversion representations for u(®.
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Proof of Proposition |2} For A > Aq, A, satisfying f(;)o e %X(IT + q)(x)dx < 1 we can directly follow
the strategy explained before Lemma [2| The proof then follows directly from the definition of ¢+
and Laplace inversion justified by Lemmas and[6]

The proof of the proposition is complete if we can show that for arbitrary 0 < A < A

f e gNa(s)ds :f e gNa(s)ds,
()

T'(%0)

where T'(A1) = {1 +i6 : 0 € R}. Laplace transforms are analytic (see for instance Theorem 75.2 of
[K88]) and gN*9 has no singularity for A > 0 by Lemma [3, hence, Cauchy’s theorem applied to the
closed contour formed by the pieces

I'(Ap) N {|6] <R},

r(A)n{l6] <R},
®R)={s:s=r+iR,re[A ]}
®R)={s:s=r—iR,r €A A},

taken with the right orientation implies the claim. Note that the integrals over the horizontal pieces
vanish as R tends to infinity:

J eXgN:(s)ds
®(R)

where we have used (4.12) for |8] > 1 to estimate |g"*9(s)| for R big enough. Choosing & small
enough so that $(IT) + ¢ — 1 < 0, the right hand side tends to zero. The same argument shows that
the integral over ®(R) vanishes. O

lim
R—o0

< CeMX(Ag — 2) lim IRV BDFe-1-1
—00

Proof of Corollary [} As remarked after the corollary, the arguments of [[CKS10] will not be repeated.
Instead, under Assumption (A) we prove the Laplace inversion representation and deduce from this
the series representation of [[CKS1Q].
We first show that the right and left derivatives of u'® exist and are given by the representation of the
theorem. First, right and left derivatives of the finite sum in (3.3) exist by termwise differentiating
the finite sum and using that 1 (TT+q)™"(x) = f(;c (1 +q)™(y)dy is differentiable from the left
and the right with derivative (IT+ q)™(x—) (resp. (IT+q)™(x+)). As iterated convolutions are
continuous, only the first summand is not everywhere differentiable.
To see that the integral is differentiable at x and to deduce the integral representation of (uDY note
that

d 1 [~

. 1 [® .
M| M +i0)do = e“_f (A+i0)e'gN9(A+16)d6
x 2 2m J_ o

1 (®
=eM—J e BN +i6)d6.
21

—00

The differentiation under the integral is justified by dominated convergence and the upper bound

Cl6|5wm 161 <1,

d .
i0x ,N,q [ = N.q .
‘ _eifxg (A+10)‘ |68 (/1+19)|5{C|9|N(/3(m+6—1> 161> 1,

dx
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derived in (4.12)) which is integrable in 6 for sufficiently small ¢ by our choice of N.

As a second step we now derive the pointwise series representation from the Laplace transform
representation of (u(?)’. As for (4.12) we obtain the upper bound

C%N 10 <1,

CloNFIFE= 9] > 1, (4-13)

[N +16)| < clem(A+io)" < {
for arbitrary ¢ > 0. To prove the corollary it suffices to show that for N tending to infinity, the
Laplace inversion integral

1 (* .
e“—J e N9(A +i6)d6
2r J_

vanishes for fixed x > 0 and A > 0. With our choice of ¢, i.e. f(II)+¢ —1 < 0, (4.13) implies
pointwise convergence e ®*hN-9(A +i6) — 0. We are done if we can justify the change of limit and
integration. This comes from the uniform (for N > 2[(B(I1)+ & — 1)"'] +2) in 0 integrable upper
bound

. C (01 <1

iOx1N . 5
WA +10)| <

K (2+i6)| {c|9|—2 6] > 1,

and the dominated convergence theorem. O

4.2 Higher Order (Non)Differentiability

In this section the results on differentiability are proved. In contrast to Corollary [3| which follows
either from differentiating the Laplace inversion representation or differentiating termwise the series
representation of u(?, the proofs for higher order derivatives are exclusively based on the more
elegant Laplace inversion approach. This forces us to assume $(IT) < 1 and we do not see how to
circumvent this (probably dispensable) restriction.

To reduce the proofs to (non)differentiability of iterated convolutions, differentiability of the Laplace
inversion integral is ensured in the next lemma if N is sufficiently large.

Lemma 7. For N > —ﬁ, the Laplace inversion integral in P is everywhere k-times continuously
differentiable in x with
k o0
dc .1

. 1 (*® 4
— M — e 0 gNa(Q +i6)do = —J e Ox (3 i)k gN9(A +i6)d6.
dx 2n —00 2m —00

Proof. To check that we can differentiate
1 o0

esz_
T )

9% gNa(A +i0)d6

k-times under the integral, by dominated convergence we need to find an integrable upper bound
for the derivative:

ik
‘ﬁele"gl\]’q(l+ i9)’ — ‘eng’q(H i0)].
X
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Integrability follows directly from the choice of N and the integrable upper bound (4.12) for suffi-
ciently small . O

Having understood differentiability of the remainder term, to prove higher order differentiability of

u'D we choose N large enough to apply the previous lemma and then deal with the finite sum of
convolutions. Here is a lemma for smooth Lévy measures.

Lemma 8. If f : R — R™ with f(x) = 0 for x < 0 is infinitely differentiable on R" and locally
integrable at zero, then f*" is everywhere infinitely differentiable and integrable at zero for any n > 1.

Proof. The proof is easily conducted by induction with basis n = 1, i.e. f(x). Then the simple
identity

FH () = f 2 e =y)f ()dy + J 2 Ff (e = y)dy
0 0

and the induction hypothesis confirm the statement of the lemma with respect to differentiability.
The integrability follows similarly from the representation

1 1 1-y
f £ (x)dx =f () f f(s)dsdy
0 0 0

and the integrability of f(x) at zero. O
Combining the previous lemmas we can prove Theorem

Proof of Theorem|[I} As the potential measure U (@ is differentiable with derivative u'?, to differ-
entiate (k + 1)-times U@ 1t suffices to differentiate k-times the potential density u(?. Applying

PropositionwithN > — [3’(1‘1) T yields
k+1 dk
o U(q)(x) — @u(q)(x)
dk N-1 n dk
= 7 k (6"+)1 1*(H+q)*”(x)+—e — 9% gNa(% 1+i0)d6.
x

As N was assumed to be large enough, the integral is everywhere k-times differentiable by Lemma
For B(IT) close to 1 the sum might be arbitrarily large but is always finite. So we can differentiate
termwise the sum and use %1 * (I1 4+ q)*(x) = (IT + q)*(x) as I is continuous leading to

dk+1 N-1 (_ )n -
s UD(x) = Z ST 1(H+q)*”(x)—|—e“—f e (A +16) gV +i6)dob.
n=
(4.14)
Applying Lemma [8]to each summand of the finite sum concludes the proof. O
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The proof revealed the full strength of the Laplace inversion approach compared to the series ap-
proach of [[CKST0]]. Their major technical problems consist of justifying differentiation under the
alternating infinite sum (3.2)). As we split the infinite sum into a harmless finite sum and an integral
which can be dealt with easily, the main problems of [[CKS10] have been circumvented.

Next we analyze the influence of atoms of II on (non)differentiability for which we start with a
lemma on higher order convolutions for discrete Lévy measures.

Lemma 9. Suppose I1 is purely atomic with possible accumulation point of atoms only at zero, then

(a) TI™ is a polynomial of order at most n — 1 away from G, forn > 1,

(b) IT*" is everywhere (n — 2)-times differentiable but not (n — 1)-times differentiable at G,\G,_, for
n=2.

Proof. The proof is based on the simple observation

Jo fdy :a<x,

X (4.15)
Jo fdy  azx,

l[o,a]*f(x)={

for integrable f vanishing on the negative half-line. Hence, 1o 41 * f is continuous everywhere and
differentiable at x and x + a if and only if f is continuous at x. We will resort to the fact that as IT
is purely atomic, IT = I1(x, c0) is piecewise constant and can be represented as linear combination
of step functions, i.e.

() =Y I({a}) 1. (x). (4.16)

aeG

To prove (a) we proceed by induction which we start with n = 1. Taking into account (4.16)),
IT*! = 11 is a polynomial of order 0 away from G. Next, assume that IT*" is a polynomial of order
at most n — 1 away from G,. To prove the claim for [T*"*1, we fix an interval (d, b) such that
d € G,y 1U{0}, b €G,yqy and (d,b) NG, 1 = 0. Our aim is to show that for every x € (d, b) there
is an open interval A(x) < (d, b) such that IT""*1D is polynomial of order at most n on A(x). Fix
x € (d, b) and choose a*(x) = max {c € GU{0} : x —c > d}. As the atoms accumulate only at zero
there is a neighbourhood A(x) of x such that z — a*(x) > d for every z € A(x). Next, by Fubini’s
theorem we observe

ﬁ*(n+1)(x) — Z H({a})l[o,a] * T (x). “4.17)

aeG

By the induction hypothesis and (4.15]) all summands are locally polynomials of order at most n.
To show that IT*"*1) is a polynomial of order at most n, we split [I*" according to the two cases of
(4.15):

)= 7 a1+ A7)+ Y. M({ah) e * 17 (x)

x<aeG x>a€G
=J () dy Y, Iah+ ), H({a})J T (y)dy.
0 x<aeG x>aeG x—a
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The first summand clearly is a polynomial of order at most n on A(x) by the induction hypothesis
using that . «>x ({a}) is a constant on A(x). To show that the second summand is a polynomial
as well, we write for all z € A(x):

> H({ad) J (y)dy

z>a€G

= > n({a})f T(y)dy+ Y. H({a})f (y)dy.
z—a a*(x) z—a

a*(x)>aeG <a<z,aeG

We clearly deduce by the induction hypothesis that the second sum, having finitely many summands
only, is a polynomial of order at most n on A(x). By the definition of a*(x) and the induction
hypothesis, IT*" is the same polynomial on (d, b). Also, since for z —a > d

Z
J I (y)dy <a sup |I"(s)| < Ca,
z—a s€(d,b)

the first sum is clearly absolutely summable and henceforth it defines a polynomial of order at
most n. Thus we conclude that on A(x) we have that [T*"*1 is a polynomial of order at most n.
Representing (b, d) as a union of neighbourhoods A(x) shows that [T*"*V is indeed a polynomial
of order at most n on (b, d).

In particular, (a) shows that IT*" is infinitely differentiable away from G,,. To prove the claimed non-
differentiability in (b), a different approach is needed. We prove the assertion again by induction
in n. The first step is to show that [T*2 is everywhere continuous and not differentiable at G,\G.
Continuity follows from the continuity of 1 41 I1(x) and the locally uniform convergence of
which can, applying monotonicity of IT and the properties of II, be seen for ¢ small enough and N
large enough from

X

sup( > Hah1eq At + Y. H({a})l[o,a]*ﬁ(x))

£>aeG N<aeG
=sup( > n({ah) f f(y)dy+ >, N({a}) f ﬁ(y)dy)
X \e>aeG x—a N<aeG 0
5sup( D N({ahafi(x — ) + f f(y)dy ), H({a}))
X \e>aeG 0 N<a€eG
Ssupcoc)( > O({aha+ . H({a}))
x e>a€G N<a€eG

£—0,N—o00

J

where C(x) are locally bounded constants.

Now we show that IT*2 is not differentiable at G,\G. Although we already know that IT*? is a
polynomial away from G,, we derive a second representation showing that for x ¢ G, it can be
differentiated termwise. As the atoms are discrete, there is a largest atom ¢ < x implying that
G N (c,x] = 0. Taking into account (4.15), that IT is constant in (x — ¢, x], and the definition of G,,
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we see that 1pg 41 * 1T is infinitely differentiable away from G,. To show that the infinite sum ll
can be differentiated termwise for n = 1, we derive a locally absolutely and uniformly summable in
x upper bound for the series of derivatives:

= Y O({ahi)+ Y O{a})|ix) - (x - a)|.

x<a€G x>aeG

d _
2. M({a}) ‘alm,a] 1)

aeG

The first summand is bounded as IT is locally constant. For the second, the sum only runs over
X — ¢ < a as otherwise IT(x) — [1(x — a) = 0. There is no accumulation point of atoms at x, so
the second summand is bounded by CII([x — ¢,x]) < co and, hence, [T*? can be differentiated
termwise.

With this in hand we can show non-differentiability at G,\G. Let b € G,\G, then, since G has a
possible accumulation point only at 0, there is a neighbourhood A(b) of b such that [y, x]NG, = {b}
for y,x € A(b). Since b € G,\G we have I1(z) = I1(b) for all z € A(b) so that

(IT*2) (b+) — (I (b-)
= lim [(ﬁ*z)/(x)—(ﬁ*z)/(y)]

xlb,yTb
= Jim (30 MUaDC) ~AGD+ 35 n{a)) ([0 = it~ a) = ) +1i(y - a)) )
’ b<aeG b>aeG
= Jm,, 2, NUaD(ity —a)~ MG ~a)
= Y O({ahn(b —a}).
b>aeG

Since b € G,\G and G has a possible accumulation point only at zero, the last sum has a finite
number of summands and is strictly positive. The exchange of limit and summation is possible since
for all y and x sufficiently close to b and all a € G, such that a < c, for some ¢ > 0, y —a € A(b)
and x —a € A(b). The latter implies that IT1(x — a) = I1(y — a) and the sum in the limit is a finite
sum. This proves (b) for n = 2.

Next, assume that [T*" is everywhere (n — 2)-times differentiable and that for b € G,\G,_

n—1 n—1

T (b+) —

M"(b—) < o0.
dxn—l dxn—l ( ) o0

0<

To show that at the critical points [1*("*1) is everywhere (n — 1)-times differentiable we again verify
termwise the differentiability:

n—1
aezcn({a}) 1o )
n—2 B ] - _
:x;‘eGH({a}) dxn—2 (H (x)—T11 (X—a)) +X;GH({a}) dxn_zn ol

As IT*" is everywhere (n — 2)-times continuously differentiable, the second sum is locally bounded
by the property (1.1). Clearly for any x € G,\G,_; there is an interval (x — d, x) such that (x —
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d,x)NG, =0 and d < x because G has a possible accumulation point only at zero. The latter also
implies that there are at most finitely many atoms a such that x > a > d and therefore we need to
study only

n—2

dxn—z

(T (x) = T (x — ) |.

> n({a})

d>acG

But from (a), [T*"*(y) is a polynomial of order at most n— 1 for all y € (x —d, x) so that by the mean
value theorem

n—2 _ n—2 ~
T2 T (x) — T2 ST (x —a)

<Ca. (4.18)

As > 1<q alI({a}) < oo we can interchange differentiation and summation and then using the in-
duction hypothesis that [T*" is (n — 2)-times continuously differentiable everywhere. In total we
conclude that T*™ D is (n — 1)-times continuously differentiable everywhere.

Finally our task is to show that for b € G,,1\G,

dn dn
0< I (b+) — - I (b—) < o0,

As b € G,.;1\G,, and there is a neighbourhood A(b) of b such that A(b) N G,,; = {b}, the arguments
above imply that we can differentiate termwise n-times (4.17) on A(b)\b to get

_nlzl*(nﬂ)(x) _ Z H({a}) 10,0 % T7(x) + Z H({a}) 1[0 a1 * T ().

dx x—a&A(b),aeG x—a€A(b),aeG

Using (4.15) we rewrite the latter as

n
Wﬁ*(n_ﬂ)(x)

dn—l _ dn—l _ dn—l _

= > N({ah) = () + > n({a}) (dxn_ln*"(x)— =i —a)) .
x<a€G x>aeG

Now, as b € Gn+1\G IT*"(x) is continuously differentiable on A(b), TI({b}) = 0 and on A(b)

dd;n 11 T(x) = d — IT*""(y), because according to Lemmalél, IT*"(x) is a polynomial of order at most

n—1 on A(b), we obtain

n*(n+1)(b+)— i TR ()

dx
d" _ dan _
— : n+1 n+1
n—1 n—1
= lim d T (x —a) — d T (y —a)
xlbytb A\ dx"! dxn1 Y

dr1 a1 _
=2 n({a})( — (b~ )+~ dx”—ln*n((b_a)_))'

b>aeG
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Since b € G,.;1\G,, we have that either b —a & G, or b — a € G,\G,_1, where the latter is possible
only for finitely many, but more than zero, a € G. We mention that the interchange of limit and
summation is valid since for all x and y sufficiently close to b, there is ¢ > 0, such that foralla € G
such that a < ¢, x —a € A(b) and y — a € A(b). We have already argued above that the n — 1-st
derivative of IT*" is a constant on A(b) due to Lemma@ By the induction hypothesis for those a

dn—l _. n—1 _,
WH n((b - Cl)+) - dxn_1 II n((b - (1)—) > 0.
Thus we conclude the induction and the proof of the lemma. O

The observation of the lemma motivates the strategy for the main proofs: first, choose N large
enough that the integral of the Laplace inversion representation can be differentiated as often as
needed. Secondly, consider the finite sum of iterated convolutions for which critical points for kth
derivatives only occur for the kth summand. Lower order convolutions vanish and higher order
convolutions are smooth enough.

Before we give the main proofs, one more lemma is needed to show how to separate IT and q and
afterwards absolutely continuous and discrete part of the Lévy measure.

Lemma 10. Suppose I1 is purely atomic with possible accumulation point only at zero. If f is infinitely
differentiable away from G; with locally bounded derivatives and integrable at zero, then IT  f is
infinitely differentiable away from G;,, with locally bounded derivatives.

Proof. First note that by (4.15) for arbitrary a > 0

dk dk—l _ dk—l _ .
& fa0) = { G D) S e ma) ra<x, (4.19)
dx if (%) razx,

From this simple identity the claim follows for the special case IT = 6,. For infinitely many atoms
the difficulty appears from the fact that IT is an infinite sum of indicator functions so that summation
and differentiation in

aeG aeG

M f (x) = (Z n({a})l[o,a]) *f () =Y M({a}) (1o.q*f) (x) (4.20)

need to be interchanged. To justify the Fubini flip in (4.20) it suffices to show locally uniform
absolute convergence of the right hand side. An upper bound can be obtained as

> T(ah) f Fldy+ >, n({a}) f F I dy
xX—a 0

x>a€eG x<aeG
< swp |f() D) M({aPa+ f FDIdy Y. T{a}),
y€lx—c,x] x>aeG 0 x<aeG

where c denotes the largest atom strictly smaller than x which exists as the atoms are discrete away
from zero. The right hand side is finite by property (1.1), continuity of f, and integrability of f at
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zero.
Having justified (4.20), we now show that away from Gi 41

dk
—H*f(X)—ZH({a}) — (1 a1 % f ) (x) (4.21)

aeG

which we prove by showing locally uniform absolute convergence of the series of derivatives. First
note that as x ¢ G;; there is ¢’ > 0 such that (x—c’, x+c’)NG; 4 = @. AsthesetB={a € G:a > c'}
is finite, we appeal to (4.19) and the mean value theorem, we obtain fora € B°NG

k d
(d kf(y))

— 1 *f(x) < sup
dk
N(l[o,a] * f)(x)

dxk ye[x—c',x]NG
Then

D n(a})

aeB‘NG

dk
< sup |——f()| D, NWaba,
y€[x—c,x] dy aeBNG

which again is bounded by property and local boundedness of derivatives of f. This is enought
to show (4 as B is a finite set.

In total we proved that IT* f is infinitely differentiable away from G;_; and derivatives may be taken
termwise. Local boundedness of the derivatives follows from the above estimate. O

With the lemmas in mind we can give the proofs of the main results.

Proof of Theorem 2} To prove higher order (non)d1fferent1ab1hty, we consider the Laplace inversion

representation of Proposition [2(for N > — 5 (n) 7

dk dk N-— 1(_ )n dk
TP = g S L+ Q")+ e o | e gMI(a+10)d0.  (4.22)
X X

n=

As N was assumed to be large enough, the integral is everywhere k-times differentiable by Lemma
so that the critical points claimed in the theorem have to come from differentiating the finite
(possibly very large) sum. As motivated before the proof, N can be chosen arbitrarily large as the
higher order convolutions are smooth enough.

Since representation (4.22) is valid replacing k by some n < k, we proceed by induction showing
that u@ is k-times differentiable in x iff x & G;. The induction basis for n = 1 is true in complete
generality (without Assumption (A)) due to Corollary[3] Assume next that the claim is true for some
n < k and consider with k replaced by n+ 1. Since the nth derivative does not exist on
G,, we only need to consider the (n + 1)st derivative on R, \G,. The integral term is (n + 1)-times
differentiable as seen above so that we only consider the sum

N=1, i
S i+ i)

51+1

i=1

_Z(_ )11*(H+ # (_1)n+11 I+ ¢)**+D)
=2 () + g T+ V) + Z

i=n+2

(1)

Y ——— 1% (I +q)"(x).
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We start with the case ¢ = 0. By Lemma @, [T*(x) is everywhere (i — 2)-times continuously differ-
entiable implying everywhere the existence of n + 1 continuous derivatives for the third summand.
According to Lemma [9] the first sum is everywhere sufficiently differentiable away from G,,. There-
fore we are left to deal with the middle term. But again according to Lemma @ T +1) js n—times
differentiable on R \G,,; with jumps of the (n + 1)st derivative on G, 1\G,. This shows that the
(n + 1)st derivative of u exists iff x ¢ G,,,. In particular, setting k = n + 1 and using U’ = u, the
proof is complete for g = 0. To extend the result to g > 0, we use that by linearity

n

1+ =Y () g )

k=0
n—1
_ ny -
= T (x) + ( )H*k* *(n—k) x).
(x) kZ:O P ) g 00

Plugging this into the previous equation reduces the problem to the case ¢ = 0 and additional
convolutions with higher order convolutions of the constant function q. By Lemma[10]and induction,
smoothness of higher convolutions of the constant function q implies that the convolutions IT**
q* "0 are differentiable away from Gj. As k < n— 1 this shows that the additional convolutions do
not generate additional points of non-differentiability.

Hence, that the claimed differentiability property for u® follows from that for u. O

Proof of Theorem 3} The strategy is similar to the one of Theorem Choosing again N > —ﬁ,
representation holds by Proposition [2]and taking into account Lemma [7|implies that we only
need to discuss differentiability of [T*"* = (I1; + 11, + ¢)* forn=1,...,N — 1.

The first term T1; + I1, + q is infinitely differentiable precisely for any x ¢ G as I1; is constant away
from the atoms and jumps downwards on G and II, is infinitely differentiable. For the iterated
convolutions we have to separate the contributions of IT; and I1,. Writing again

n

(it + 11+ )" = Y () i # (T + 9y )
k=0

n—1
- ny - _
=I17"(x) + E (k) H’{k s (I, + ) ™M (x)
k=0

the problem is reduced to pure convolutions of IT; and mixed convolutions. The pure convolutions
have been analyzed in the course of the proof of Theorem[2]and we have the claimed differentiability
behavior of the theorem.

The proof is complete if we can show that smoothness of II, + g makes the mixed convolutions
lzlf‘ % (I, 4+ q)*™ X everywhere infinitely differentiable away from G,. To apply Lemma , we
use Lemma (8| and to see that (1, 4+ q)*! is everywhere infinitely differentiable and integrable
at zero for arbitrary integer 1. Hence, IT; * (I, + q)*! is infinitely differentiable away from G and
furthermore integrable at zero by the same arguments used to derive (4.2). Inductively, Lemma
shows that ﬁjk % (I1,+q)* is infinitely differentiable away from G, for any integers k,1. Ask <n—1
this shows that no additional points of non-differentiability are caused by II,. O
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4.3 Asymptotic Behavior

In contrast to the application to differentiability of the Laplace inversion representation, we now
apply the series representation to find the asymptotics of u(? and it’s derivative at zero. The Laplace
inversion representation is then applied to the asymptotics of u’ at infinity.

Proof of Theorem 4} From Equation (3.2) it follows that

% —uD(x) o0 (—1)n+1 1*(q;-r?+)1 (x)
14+ — I (4.23)
l*(q—I—H)(x) = zzl*(g+ID(x)

Hence, we need to show that the latter summand of the right hand side converges to zero (abso-
lutely) as x tends to zero. To this end we use the estimate (4.2)) to obtain

>, (—1yrHi et i (1%(q+ H)(x))

L (1% (g + M(x))

Clearly, lim,_,y 1 % (g + IT)(x) = 0 by the property (1.1) so that for x small enough the right hand
side is bounded from above by
1

 1x(g+M)(x)
1 5

This shows that the right hand side vanishes for x tending to zero proving (4.23). The higher order
asymptotics follow in precisely the same manner. O

The refined first order asymptotics can now be deduced directly:

Proof of Corollary 4y By Theorem E, u'? behaves asymptotically like é(qx + f; (y)dy) at zero.
As T1 decreases we have for x sufficiently small

uD(x) S 9x xT(x)  q+TI(x)
x 5%x 82
and the right hand side diverges if the Lévy measure is infinite. In the finite case we obtain similarly
for x sufficiently small

) . )
q+H&)<uq&)<q+H®)
52— x T 82

proving the claim. O

Proof of Theorem [5} Without loss of generality we assume & = 1. Also consider the case when
n(o+) = oo To prove the theorem, taking into account Equation (3.2) we need to show that for

ﬁ(H) N n+1

lim D DM g+ ) =o. (4.24)

k=n+1
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Note that taking into account Lemma We may appeal to g+TI1(y) < Cy~BUD+8) for ¢ > 0 satisfying
B(I1) + ¢ < 1. Then for y small enough

Yy
(q+M*2(y) = f (g +M)(2)(q+(y —2))dz
0

y
<c f 2B (), _ py=(BHe) g,
0

— C,y 2B+
By induction, for all y such that g + [I(y) < y A(D-¢

constant C; depending only on (IT) such that
(q + ﬁ)*k(y) < Cky_k(ﬁ(n)+€)+k_1-

, it is easy to show that for each k there is a

For ¢ small enough, the quantity —k((I1)+¢)+(k—1) is strictly positive for k > n by the assumption
B(11) < —. Therefore lim, o(q + )*"*V(x) = 0 and with (4.2) for x > 0

1
(q + M *90e) < sup (g + V() 1% (g + )™ (x)
y<x
< sup ((q + * ™ D(y)) (1 (g + M)~
y<x

Again taking into account property (1.1), we see that lim,_,; 1% (q+1I1)(x) = 0 and also lim,_,,(q +
)*"*(x) = 0. Furthermore, we have q + II(x) ~ I(x) so that we can easily deduce (4.24).

If T1(0+) < oo then B(IT) = 0 and clearly (4.24) holds with n = 1. Thus we conclude the proof. [

For the asymptotic behavior at infinity we need to have a more carefull look at the Laplace inversion
representation.

Proof of Theorem[6} Formally setting A = 0 in the Laplace inversion integral of (3.6) leads to

, Ne+) (=D, 1 (%
u(x+):—7+nz::2 pEs I (x)+§J_Ooe9 mM(6)de, (4.25)
/ ﬁ(x_) = (=" =kn 1 > i0x
u(x—)=- 52 + nzzz Sntl I (x) + %f_me OxmN(6)do, (4.26)
where
NI 2L Q)

SNHL(1+ 2 ZT1(6))

To see that m" is well-defined, recall from Remark |5| that for finite mean Lévy measure the de-
nominator is bounded away from zero. To prove the representation rigorously we need to send
A to zero in the Laplace inversion representation (3.6), (3.7). For this sake, convergence un-
der the integral and the interchange of limit and integration need to be justified. Here, the fi-
nite mean assumption is crucial. As convergence of the exponential is trivial, we only show that
lim, o AN(A+1i6) =h"N(i0) = m"(8) for fixed . By definition of A" it suffices to show

lim £11"(1+10) = 211"(i0) = #11"(6)
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for] =1 and I = N. Here we use that the additional assumption IE[X;] < oo is equivalent to
o0 —
f IT(x)dx < oo to apply dominated convergence justified by the uniform (in A) upper bound

0
JOO
0
Having shown pointwise convergence of h", we now verify dominated convergence for A tending

to zero. The estimate (4.13) is not strong enough as around the real axis the upper bound explodes
with A tending to zero. The additional assumption again leads to the (coarse) uniform upper bound

[e9]

ooﬁ*l(x)dx < (J lzl(x)dx)l < 0.

0

e—x(k-‘ri@)ﬁ*l(x)‘ dx < J
0

|[Im(£TI(A+16))| =

J sin(0y)r,(y)dy
0

SJ I(x)dx < 0o
0

and similarly for the real part Re(ZTI(A + i0)). For large O we employ the estimate (4.13) for
sufficiently small € > 0 so that we obtain from our choice of N the integrable in 6 upper bound
(uniformly in A)

Joeodx  clel<1,

CloNBUDFe=D 19| > 1. 27

|V (2 +i0)] s{

Exploiting the Fourier inversion representation for N large enough we can complete the proof. Ap-
parently, it suffices to show that lim,_,,, [T"(x) =0 forn=1,...,N — 1 and

o
limf e*mN(6)d6 =o.
X—00 —%0

The first is a consequence of f;o T (x)dx < oo for which we take into account and the
assumption. The integral vanishes at infinity by the Riemann-Lebesgue theorem as soon as we justify
that m" is integrable in 6. But this follows from the upper bound which, being uniform in A,
is also valid for mM(0) = kN (i6).

O
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