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Suprema of Lévy processes with completely monotone jumps:
Spectral-theoretic approach

Mateusz Kwasnicki

Abstract. We study spectral-theoretic properties of non-self-adjoint operators arising in the
study of one-dimensional Lévy processes with completely monotone jumps with a one-sided
barrier. With no further assumptions, we provide an integral expression for the bivariate Laplace
transform of the transition density p;" (x, y) of the killed process in (0, 00), and under a minor
regularity condition, a generalised eigenfunction expansion is given for the corresponding trans-
ition operator Pz+- Assuming additionally appropriate growth of the characteristic exponent, we
prove a generalised eigenfunction expansion of the transition density p;" (x, ¥). Under similar
conditions, we additionally show integral formulae for the cumulative distribution functions of
the infimum and supremum functionals X; and X;. The class of processes covered by our results
include many stable and stable-like Lévy processes, as well as many processes with Brownian
components. Our results recover known expressions for the classical risk process, and provide
similar integral formulae for some other simple examples of Lévy processes.

1. Introduction

1.1. Motivation

Spectral theory proved to be an important tool in the study of Markov processes. In
the simplest discrete setting, it is one of the standard tools in the theory of Markov
chains. For a brief introduction to the case of discrete time processes in continuous
state space, and a summary of related literature, we refer to [26, Chapter 22]. When
both time and the state space are continuous, spectral theory of Markov processes is
strongly linked with functional inequalities and the analysis of transition probabilities,
or heat kernels; see, for example, [18, 22, 80]. On the analysis side, this connection
provides a very intuitive and powerful way to work with operators arising naturally
in harmonic analysis, theory of PDEs and quantum physics; we refer to [9,22,25,52]
for further discussion and references.
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A vast number of works apply spectral theory to the study of symmetric (or self-
dual) Markov processes. In this case, the underlying operators are self-adjoint. When
considering non-symmetric processes, however, one typically has to deal with operat-
ors that are no longer normal, let alone self-adjoint. The lack of general spectral theory
of such operators makes spectral-theoretic approach to non-symmetric Markov pro-
cesses extremely difficult. The only exceptions known to the author include Markov
chains with discrete state space, and only a few articles dealing with Markov processes
in continuous space; see [14,38,47,49-51,56,58-61,63].

The main purpose of the present article is to develop spectral theory for a relat-
ively wide class of non-symmetric Markov processes: Lévy processes with completely
monotone jumps (defined below) killed upon leaving a half-line. Our primary motiv-
ation is to study eigenfunction expansions of the transition density (the heat kernel)
and related objects, and to derive explicit, or at least semi-explicit expressions for
them. This work is meant to be a “proof of concept” rather than a complete theory,
so we are not aiming at the greatest generality possible; nevertheless, the class of
Lévy processes covered by our results includes many examples that appear frequently
in literature. We show that even though the transition operators are not normal, they
allow a spectral decomposition similar to the one provided by the spectral theorem
for normal operators. We also apply the same technique to study the distribution of
the supremum and infimum functionals of Lévy processes with completely monotone
jumps, the fundamental objects in the fluctuation theory of Lévy processes.

Our results extend the previous work [38] by Alexey Kuznetsov and the author
for stable processes. Although the arguments used here and in [38] share a number
of similar ideas (Wiener—Hopf factorisation, heavy use of complex-analytic tools),
there are essential differences that we would like to highlight here. Scale invariance
played an essential role in [38]: it allowed to work with one generalised eigenfunction
and its dilations rather than with a continuous family of generalised eigenfunctions,
and it also eliminated the need for complicated contours of integration. Additionally,
the key objects in [38] were defined in terms of known special functions. Here, we
need to work with rather intricate integral expressions and bivariate functions, and a
detailed analysis of the appropriate contour of integration is an essential step in our
development.

The present work is closely related to the article [55] by Pierre Patie and Rohan
Sarkar, where self-similar Markov processes in (0, oo) are studied using Mellin trans-
form methods. In this case, generalised eigenfunctions are again dilations of each
other; in contrast to [38], however, they are no longer given in terms of known special
functions. Instead, the authors of [55] describe the Mellin transform of generalised
eigenfunctions in terms of Bernstein-gamma functions, which are holomorphic solu-
tions of a certain function equation. The theory of Bernstein-gamma functions was
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developed by Pierre Patie and Mladen Savov in [57], and the functional equation was
first considered by the same authors and Juan Carlos Pardo in [53].

Our results partially resemble the statements in [55], but in a different context of
Lévy processes: the only processes that are covered by both works are strictly stable
Lévy processes, studied already in [38]. Additionally, we use Laplace transform meth-
ods and the theory of Rogers functions (closely related to Nevanlinna—Pick functions),
while the main tools for self-similar Markov processes are the Mellin transform and
Bernstein-gamma functions.

Another partially related work is the article [58] by Pierre Patie and Mladen Savov,
which builds upon another paper [56] by the same authors. In these two documents,
the authors provide generalised eigenfunction expansion for generalised Laguerre
semigroups, which correspond to certain ergodic space-time transformations of pos-
itive self-similar Markov processes. Unlike in the present paper and in [55], however,
in [56, 58] the spectrum is discrete, and there are countably many eigenfunctions and
co-eigenfunctions.

There is one more line of research that should be mentioned here, focused on con-
tinuous state branching processes with or without immigration. Spectral theory for the
corresponding operators was developed by Yukio Ogura in [50, 51], and significantly
refined recently by Marie Chazal, Ronnie L. Loeffen, and Pierre Patie in [13]. These
works again focus on cases when the eigenfunction expansion involves countably
many eigenvalues and eigenfunctions, but [50, 51] also include some results about
generalised eigenfunction expansions, to some extent similar to those discussed here.

The present work builds upon the results obtained in [39, 42] in the symmetric
case, and the fluctuation theory developed in [41]. The development for the half-line
is, to some extent, parallel to the theory in R \ {0}, studied in [37,40,49].

The author hopes that the present article will stimulate the development of spectral
theory for non-normal operators arising in the field of Lévy and Markov processes,
and possibly also beyond this scope. Additionally, the results can be of interest for
probabilists: the explicit expressions that we find below may lead to certain mono-
tonicity properties of the densities of first-passage times (just as it was the case for
symmetric processes, see [42]), and they might be applicable for numerical methods.

We state our results using probabilistic language, in terms of transition densities
and passage times of appropriate stochastic processes. We remark, however, that the
transition density (or heat kernel) p,+ (x, ¥) can be defined without using probability;
see Remark 1.3. Furthermore, the proofs of our main results are purely analytic. Thus,
statements and proofs of Theorems 1.2, 1.5 and 1.6 require essentially no knowledge
of probability.
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1.2. Main results

In order to formulate the main theorems, we need a number of definitions. Let X; be
a Lévy process: a stochastic process with independent and stationary increments, and
cadlag paths. Throughout the article, we assume that X; has completely monotone
Jjumps: the Lévy measure of X; has a density function v(x) such that

both v(x) and v(—x) are completely monotone functions of x > 0.

This class of processes was introduced by L. C. G. Rogers in 1983, see [68], in the
context of Wiener—Hopf factorisation of Lévy processes, and recently revisited by
the author in [41]. In the present article, we extend the methods and results of the
latter paper to find spectral-type integral expressions for the distribution functions of
the supremum and infimum functionals of X;, as well as for the transition density
p:r (x, y) of X; in the half-line (0, c0). The supremum and infimum functionals are
defined by

X, =sup{Xy:s€[0,¢]}, X;=inf{X,:se]0,1]},

while if P* is the probability corresponding to the process X; started at X9 = x and
T(0,00) = inf{t > 0 : X; < 0} is the first exit time from (0, co), then P (x,y) satisfies

P*(X; € E, t < T(0.00) = /p?(x,y)dy
E

for every Borel set E and x > 0. Detailed definitions and further properties are dis-
cussed in Sections 2 and 4, and existing literature on the subject is described later in
this section.

Throughout the paper, by f(£) we denote the characteristic exponent of X,

defined by the formula
ECi€X: — =1/ (®)

for t > 0 and & € R. By a result of Rogers, (&) extends to a holomorphic func-
tion in the right complex half-plane {§£ € C : Re § > 0} — coined Rogers function
in [41] — and it is shown in [41] that the equation Im f(¢) = 0 defines a curve I in
the right complex half-plane — the spine of f — which can be parameterised as

F={r):rez},
with |¢(r)| = r and Z an open subset of (0, 00). Furthermore, the real-valued function

A(r) = f((r))
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is continuous and increasing with r. This description is slightly simplified, and we
refer to Section 3 for a detailed exposition. Here we mention that if X; is symmet-
ric, then T is the horizontal ray (0, oo) and A(r) = f(r): we have Z = (0, co) and
C(r) = r. We also make the following remark: in our main results, we impose cer-
tain conditions on the shape of I', which are satisfied when T" is contained in the
sector {§ € C : |Argé&| < n/2 — &} for some ¢ > 0; that is, when Z = (0, o0) and
|Arg ¢(r)| < /2 — e for r > 0. However, apparently this condition cannot be easily
expressed directly in terms of the characteristics of the process X;; see Section 6.4 for
a closely related discussion.

The expressions in our main theorems involve certain functions F4(r; y) and
F_(r; x), where r € Z and x, y > 0. These functions play the role of generalised
eigenfunctions of the generator of the process X; killed at the first exit time from
(0, 00), with corresponding generalised eigenvalues A(r). They are rigorously intro-
duced in Definition 4.5; here we are satisfied with the following description: we have

Fi(riy) = e?DVsin(a(r)y + e (r)) — G4 (r: ),
F_(r:x) = e % sin(a(r)x + c_(r)) — G_(r: x),

where a(r) +ib(r) = {(r), c+(r),c—(r) € [0, ), and G4+(r; y) and G_(r; x) are
certain completely monotone functions of x, y > 0. We stress that while G (r; y) and
G_(r; x) are smooth, positive, bounded and integrable functions of x, y > 0, the other
terms e?Y sin(a(r)y + ¢4 (r)) and e 2 sin(a(r)y + c_(r)) are oscillatory, and
unless ¢ (r) is real, one of them has exponential growth at infinity.

The Laplace transforms of F (r; y) and F_(r; x), which we denote by &£ F (r; 1)
and £ F_(r;§), are well defined when Ren > max{b(r),0} and Re £ > max{—b(r),0},
respectively. Both Laplace transforms extend analytically to &, n € (0, c0). We denote
these extensions by the same symbols, and furthermore we write £ Fy (r;0%) and
&£ F_(r;0") for the corresponding right limits at 0.

The following are the main results of this article. In all of them we assume that
X is a non-deterministic Lévy process with completely monotone jumps.

Theorem 1.1. Lete € (0,7/2), p € (1,1 +¢/(x/2—¢)), 5 € [0,7/2), and ¢ > 0.
(a) Suppose that

g

limsup Arg {(r) < 5 e (1.1)
sup{Arg f(—iei‘gr) :re€(0,0)} <0 (1.2)

(see Figure 1 (a)), and that for every t > O there is a constant C such that for
s > 0 we have

/esmax{Imé’(r),O}—tl(r)|§-/(r)|dr < CU+)P (1.3)
Z
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Then,
_ 2 [ i
PO <) = 2 [ ORI EE OOl (1)
Z
fort >0andy > 0.

(b) Similarly, suppose that
liminfArg £(r) > —— + &, (1.5)
r—o00 2
inf{Arg f(ie r) 1 r € (0,0)} > 0, (1.6)

and that for every t > 0 there is a constant C such that for s > 0 we have

/ ¢S (= ImEW).0~1A0) | £/ (1) d < CO+. 1.7)
Z

Then,
2
Po(X; > —x) = _/e—’M’)xﬂ(r;o+)F_(r;x)|§’(r)|dr (1.8)
s
z
fort > 0and x > 0.
Theorem 1.2. Lete € (0,7w/2) and B € (1,1 + &/(w/2 — ¢€)). Suppose that
limsup |Arg ¢(r)| < T _e 1.9)
r—00 2

(see Figure 1 (b)), and that for every t > 0 there is a constant C such that for s > 0
we have

/eslmé(r)l—tl(r)lé-/(r)ldr < CU+s)? (1.10)
V4
Then,
P = = [ EHOE G0l Cldr i
VA

fort >0andx,y > 0.

Remark 1.3. The transition density p;' (x, y) is the Dirichlet heat kernel in (0, 00),
with zero exterior condition in (—oo, 0], for the Lévy operator L defined for smooth,
compactly supported function u by the formula

oo

Lu(x) = 502" () + pa' (@) + [ (e +9) =00 = 30 () L1, 00 (3)dy.

—00
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Arg f >0 Arg f >0
Im Im

§VsupArg f <0

Arg f <0
(a) (b)

Figure 1. (a) Setting for Theorem 1.1 (a). (b) Setting for Theorems 1.2 and 1.6.

where o > 0, 4 € R and both v(z) and v(—z) are completely monotone functions on
(0, 00). The Fourier symbol of L is equal to the characteristic exponent f (&) of the
Lévy process, and it is given by the Lévy—Khintchine formula

oo

1O = 30%8 —ing+ [ (1= +igrln@)reody.

—00

The operator L is the generator of the Lévy process X;. Noteworthy, estimates of
Dirichlet heat kernels of Lévy processes attracted significant attention over the past
decade, and explicit expressions for the Dirichlet heat kernel are rarely available.

Remark 1.4. Our formulae for the distribution of the supremum and infimum func-
tionals in Theorem 1.1 are, in general, relatively complicated: they include several
integrals, and they involve implicitly defined quantities, such as {(r). Nevertheless,
for some relatively simple Lévy processes with completely monotone jumps one
can simplify these expressions significantly, and obtain an explicit integral formula
for P°(X; < y) or PO(X; > —x). Some examples are given in Section 6. Thus,
we extend the (surprisingly short) list of Lévy processes for which numerically tract-
able expressions for distribution functions of X, or X, are available. Other contri-
butions to this list known to the author include: Brownian motion [45], Brownian
motion with drift [11, 72, 76], symmetric Poisson process [4], Poisson process with
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drift [30, 66], symmetric 1-stable Lévy process (or Cauchy process) [17], classical
risk process [2, 3], one-sided stable Lévy processes [5, 7,23, 33, 35, 75], and virtu-
ally all stable Lévy processes [36]. Additional examples are provided by specialising
Takécs’s formula [16, 65, 78] to particular one-sided Lévy processes.

Assumptions (1.1), (1.5), and (1.9) should be regarded as (rather mild) geometric
constraints on the curve I'. While assumptions (1.2) and (1.6) also impose geometric
conditions on T, they additionally require that the decay of | f ()| near 0 is faster than
some power of |£|; see Lemma 3.23. Assumptions (1.3), (1.7), and (1.10) are another
growth conditions on | f(£)], but this time for large £. They are automatically satisfied
if | f(§)| grows at least as fast as |&| raised to a power greater than 1; we refer to
Section 6 for further discussion and examples.

The assumptions in the above theorems may appear inexplicit. In practice, how-
ever, they turn out to be easily applicable and relatively general. In particular, Theor-
ems |.1 and 1.2 cover at least some typical examples of Lévy processes with com-
pletely monotone jumps: a wide class of processes with non-zero Brownian compon-
ent; symmetric Lévy processes with completely monotone jumps under mild growth
condition on | f(£)| at infinity; all strictly stable Lévy processes with index o > 3/2,
and some strictly stable Lévy processes with index o € (1, 3/2]; and many stable-like
Lévy processes. These examples are discussed in Section 6.

Although apparently our results hold true in a slightly wider context (for example,
the main results of the present paper are proved in [38] for all stable processes with
index o > 1), it is clear that Theorems 1.1 and 1.2 do not extend directly to all Lévy
processes with completely monotone jumps. Indeed, if, for example, X; is a non-
symmetric strictly stable Lévy process with index o < 1, then the integral in (1.11),
as well as one of the integrals in (1.4) and (1.8), diverges. Once again, we refer to
Section 6 for more examples and a detailed discussion.

It is easy to see that

o0

PO > =) = PR > 0) = [ o (v )y,
0
and, by Hunt’s switching identity ([6, Theorem II.5]), similarly

oo

PO, <) = [ pi Gy
0
This suggests that Theorem 1.1 is a simple consequence of Theorem 1.2. Due to

exponential growth of Fy(r; y) or F_(r; x), however, this does not seem to be the
case, and our proofs follow a different path. On the other hand, these two results
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clearly have a common root. In fact, both are derived from the following general
result, in which, for notational convenience, we extend the definition of ¢(r) to all
r > 0 in such a way that it is continuous on (0, co) and piecewise linear on (0,00) \ Z.
We stress that here we impose no restrictions on the Lévy process X; other than it is
non-deterministic and it has completely monotone jumps.

Theorem 1.5. Lett > 0. For every £, > 0 such that Arg £ (§) < 7 /2 and Arg¢(n) >
—m/2, we have

[o,le ¢]

2
[ [ oprwmaras =2 [ e OLr o2 reinlc o
0 0 Z

We remark that the above result also covers the case when the distribution of X;
contains an atom, and in this case p,+ (x, ¥)dy needs to be understood appropriately.
We also point out that the sets of admissible £ and admissible 7 in Theorem 1.5 always
contain the (non-empty) open set Z, and that the union of these sets is (0, c0).

Theorem 1.5 can be viewed as a spectral-type decomposition of the transition
operators of X; in (0, o). More precisely, let

o0

Piru(x) = / P (e yu(y)dy
0

whenever the integral converges. Furthermore, write

oo

(u,v) = /u(x)v(x)dx

0

whenever the integral is finite. If we define u(y) = e~ and v(x) = e, then the
assertion of Theorem 1.5 can be formally written as

0. Py = = / MO (v, F_(r:)) (i (ri ) )¢ () dr
Z

except that the integrals on the right-hand side:

(v, F_(r;")) = /F_(r;x)e_"xdx =LF_(r;n),

0
(Fi(r:)u) = / Fy(ri)edy = LFo(r:€)
0
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are not necessarily well defined. A rigorous statement of that kind requires a more
careful choice of test functions u#(y) and v(x), and an additional assumption.

Theorem 1.6. Let ¢ > 0, and suppose that

lim sup|Arg ¢ (r)| < T e
r—00 2

(see Figure 1(b)). Let t > 0, and let u(y) and v(x) be holomorphic functions in the
region {z € C : |Argz| < /2 — &}, which are real-valued on (0, 00), and which satisfy

lu(y)| < CreC21oe(+IyD =1y, ()| < €~ Cal¥lloe(+1xD)

for some constants C; and C, and all x and y in the region {z € C : |Argz| <
/2 — &}. Then,
2
(v, Pu) = _/e_tw)(v,F—(V:'))(F+(7‘:~),M)|§'(V)|dr- (1.12)
7

Z

Theorem 1.5 is proved in Section 4 as Proposition 4.6. The above result follows
then by an involved argument, which requires various contour deformations; see Pro-
position 5.3. On the other hand, Theorem 1.2 is deduced from Theorem 1.6 in a rather
straightforward way: we use Fubini’s theorem to change the order of the three integ-
rals on the right-hand side of (1.12) and then apply a density argument. This is done
in Section 5.1, where Theorem 1.2 is restated as Corollary 5.5. Theorem 1.1 is proved
in Section 5.2, and it requires a minor modification of Theorem 1.6 given in Proposi-
tion 5.6.

Remark 1.7. The operators P,Jr are closely related to the Wiener—Hopf factorisation
of convolution operators. More precisely, the generator L™ of the semigroup of oper-
ators PtJr (or its inverse (L)1, known as the potential operator) is the Wiener—Hopf
operator for the Lévy operator L introduced in Remark 1.3 (or its inverse L™1).

At least in the following two cases: (a) when X is a compound Poisson process
(and then L is a bounded operator on L2(R)), or (b) when X/ is killed at a positive rate
(this case is not covered in the introduction, but it is allowed in Section 2; then L1
is a bounded operator on L2(R)), spectral properties of L™ or (LT)~! are relatively
well understood. In particular, it is known that if X, is not symmetric, then L™ (in
case (a)) or (LT)~! (in case (b)) is not a normal operator on L?((0, o)), as either this
operator or its adjoint has an uncountable family of eigenfunctions. This means that
for no ¢ > 0is P;" a normal operator on L?((0, 00)). We refer the reader to [1] for
these properties, further discussion and references.

While it is natural to expect that the operators P, are not normal for general non-
symmetric Lévy processes with completely monotone jumps, such a result does not
seem to be available in literature; see also Remark 1.8.
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1.3. Spectral-theoretic motivations

As mentioned in the first part of this section, our main results are one of the first
examples of spectral decomposition of operators associated to non-symmetric Markov
processes. Here, we extend this discussion by providing additional context.

Suppose first that the operators Py, ¢t > 0, form a strongly continuous semigroup
of finite-dimensional self-adjoint contractions. Then, P; take a diagonal form in the
basis of eigenvectors of P; (which do not depend on t). More precisely, there is a
complete orthonormal set of eigenvectors F,,,n = 1,..., N, of the operators P;, with
corresponding eigenvalues of the form e ~*4#, such that

N
(v. Py =Y e (v, Fy)(Fyu) (1.13)
n=1

for all vectors u and v; here (-, ) is the usual (complex) inner product. The same
result is true if P; is a strongly continuous semigroup of compact self-adjoint con-
tractions on a Hilbert space of infinite dimension; in this case, N = oo in (1.13), and
limy 500 Ay = 00.

In the context of general strongly continuous semigroups of bounded self-adjoint
contractions on a Hilbert space L?(X,m), a similar spectral resolution of P; is
provided by the classical spectral theorem. This is a much more abstract result, com-
pared to the case of compact operators. The spectral theorem takes the following more
explicit form, essentially due to Garding [31], when P, are Carleman operators, that
is, when the kernel function p;(x, y) is square-integrable with respect to y for almost
every x (or, equivalently, due to the Chapman—Kolmogorov equation, p,;(x, x) < 0o
for almost every x; see [34] for a general account on Carleman operators). There is a
set Z, a o-finite measure u(dr) on Z, a measurable real-valued function A(r) on Z,
and a family of generalised eigenfunctions F,(x), with r € Z and x € X, with the
following property: for every ¢ > 0 we have

pi(x.y) = / 0 F, () Fy (y)(dr)
Z

for almost all x, y € X. If we denote (u,v) = [y u(x)v(x)m(dx) whenever the integ-
ral is finite, then also

(v, Pau) = / e~ (v, F)(Fr uu(dr) (1.14)
V4
for all bounded functions u, v which vanish outside of a set of finite measure m.

Here, F; are real-valued, they need not belong to LZ(X ,m), but nevertheless we have
P, F,(x) = e "*(") F,(x) for almost all x € X with respect to m, for all > 0 and all
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r € Z; this explains the name generalised eigenfunction. The above description is a
reformulation of the results of Getoor, see [32, Section 7].

The picture is much less clear when we drop the assumption that P; are self-
adjoint, and we allow P; to be arbitrary (not even normal) contractions. In the finite-
dimensional case, if P; are diagonalisable, one can still write

N —_
(v, Pau) =) e (v, Fy ) (FFu), (1.15)
n=1

where F, are eigenvectors of Py, and F," are co-eigenvectors of P; (that is, eigen-
vectors of the adjoint operator); more generally, Jordan normal form can be used.
However, even in the case of compact operators on an infinite-dimensional Hilbert
space, the author is aware of no general result similar to the ones given above. In
particular, even when the operators P; have linearly dense families of eigenvectors
F,~ and co-eigenvectors F,", convergence of the series (1.15) is problematic. Virtu-
ally nothing seems to be known in general, when P; are not assumed to be compact.
The results of [38] for strictly stable Lévy processes, of [55,56, 58] for positive self-
similar Markov processes, and of [50, 51] for continuous state branching processes
were, already discussed in the introduction, while discrete counterparts of positive
self-similar Markov processes are discussed in this context in [48]. Other loosely
related works include: non-normal perturbations of self-adjoint operators [67], oper-
ators with “small” commutators [12,21], and certain differential operators [10,20,63];
see also [73,74,79] for a more general discussion.

When X; is non-symmetric, the operators PtJr considered in Theorem 1.6 are, in
general, not normal (see Remark 1.7). Therefore, Theorem 1.6 is a rare example of
spectral resolution of a non-normal operator. We emphasise that it fits into the above
picture: by Theorem 1.6, for an appropriate class of functions u and v, we have

(v, Pu) = /e—”“)(v, FOWFET u)u(dr), (1.16)
Z

with Z and A(r) as in Theorem 1.6, with u(dr) = (2/7)|¢’(r)|dr, and with general-
ised eigenfunctions F,”(x) = F_(r;x) and generalised co-eigenfunctions F,(y) =

Fi(r;y).

It should be emphasised that the spectral resolution described in Theorem 1.6 is
likely not unique. Here, it is instructive to consider the transition semigroup of X; in
R rather than in (0, 00). Let p;(x) be the density function of the distribution of X,
with respect to P?, and let

o0
Pauv) = [ piy = 0u)dy = Eu(x)

—0o0
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whenever the integral converges. If e 7/ ® is an integrable function of £ € R for every
t > 0, then, by the Fourier inversion formula, transition densities p;(y — x) indeed
exist, and we have

o0
pl‘(y — X) = L / e_tf(r)eirxe—irydr'
2
—0
If we write F,(x) = e!"*, and if we denote by (u,v) = f_°20 1 (x)v(x)dx the usual

inner product in L2(R) (with a complex conjugate: now all functions are complex-
valued), then it follows that

o0
1
(v, Pru) = —— f e (v, F)(Fr u)dr (1.17)
—00

if, say, u and v are smooth and compactly supported. This follows the pattern (1.14)
discussed above (note that P, are normal operators, so A(r) = f(r) and F,(x) =
e~ are now complex-valued). However, under mild assumptions, we can deform
the contour of integration on the right-hand side to the contour I' discussed above,
and get a similar expression that only involve real-valued functions. Indeed, after a

short calculation that we omit here, we arrive at

1 _ _
(o, Py =~ [ €O, F )l Ol
Z

T
z

+ l/e_“(’)(v,Fz_,r)(szr,u)|§/(r)|dr, (1.18)

where we denoted

FiE (x) = e®™mE0 cos(y Re L (r) F 0(r)),
Fip(x) = = M0 sin(yRe () F 9(r),

with ¢ (r) = Arg ¢’ (r)/2. This is again of the same form as in (1.16), with Z replaced
by {1,2} x Z, with A(j,r) = A(r) and

pdj.dr) = —(61(d]) + I (Ol

This example shows that the spectral resolution of the form (1.16) is not unique, even
if the operators P; are normal.

It is not clear in general which choice of F,"(y) and F,”(x) is more appropriate.
In the above example, it seems more natural to consider the decomposition given
in (1.17): in this expression the eigenfunctions and co-eigenfunctions coincide, and
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additionally they are bounded functions. On the other hand, expressions in (1.18) only
involves real-valued quantities. Our Theorem 1.6 provides an analogue of the latter
formula for the transition semigroup P, of the process X in (0, 00). In this case, that
seems to be an optimal choice: a perfect analogue of (1.17) is not possible because
the operators P,“L are not normal, and apparently it is not possible to choose a more
regular (for example: bounded) family of generalised eigenfunctions.

In some cases, described in Theorem 1.2, the class of admissible functions u and
v in (1.16) (or in Theorem 1.6) is sufficiently rich in order to get an expression for the
kernel p,‘|r (x,y) of Pt+. Note, however, that this class does not include any compactly
supported functions, and it is apparently a difficult question under what assump-
tions (1.16) can be extended to (sufficiently regular) compactly supported functions u
and v.

1.4. Potential spectral-theoretic implications

At a purely formal level, Theorem 1.6 can be regarded as a similarity (or intertwin-
ing) relation between the operator Pt+ with kernel p,Jr (x, dy), defined on the class of
admissible functions u described in the statement of the proposition, and the multi-
plication operator with symbol e 4" This is to be understood as follows.

Let U denote the class of functions u(y) or v(x) satisfying the assumptions of
Theorem 1.6, and define

Mou(r) = f Fy(riyu(dy. T_v(r) = / F_(r: x)o(x)dx
0 0

whenever u(y) and v(x) are in U. Then, Proposition 5.3 can be stated as

/u(x)PtJrv(x)dx = ;/e_m(')H+u(r)l'[_v(r)|§'(r)|dr.
0 z

In particular, for f = 0, we find that

oo

/u(x)v(x)dx = %/HJFM(F)H—v(r)lC/(V)ldV-
T
0 z

Let us consider IT_ and IT; as densely defined unbounded operators from the
Hilbert space V = L2((0, 00), dx) to the Hilbert space W = L?(Z,|¢'(r)|dr), with
domain U C V (see Remark 5.4). Denote by Q; the multiplication operator Qh(r) =
e "*h(r) on W. We thus have

2
(Myu, O/ M_v)w

(u, Pt+v)V = —
b1
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and )
(u,v)y = ;(H+u, M_v)w.

The latter equality implies that for every v € U, the function II_v is in the domain of
the adjoint of I1, and I1% TT_v = v. Thus, by the former equality,

(u, PN I _v)y = (u, Po)y = ;(H+u, 0 _v)y = ;(u,HJrQ,H_v)V.
This proves the following partial similarity relation:
PIO% =140, onIl_U,

which becomes more meaningful if IT_U is dense in . Exactly the same reasoning
shows that I1* ITyu = u for every u € U, and so

(M* M qu, Po)yw = (M4u, Q,T_v)y foru,veU.

If we were able to prove that [T+ U is dense in W, I1_ is closable, and P,+v lies in
the domain of the closure I1_ of IT_, then we would obtain another partial similarity
relation

n_pP*t=Q,0_ onU.

However, we end this discussion here, and we leave a more detailed study of the above
similarity relations for a future work. We also refer to [54] for a thorough discussion
of related ideas for normal operators on a more abstract level.

We conclude this part with the following observation.

Remark 1.8. Consider r € Z. If Im¢(r) < 0, then Fy(r; y) is in L?((0, 00)) as a
function of y, while if Im ¢(r) > 0, then F_(r; x) is in L2((0, 00)) as a function
of x. It is natural to expect that in the latter case, F_(r; x) is a true (not generalised)
eigenfunction of the operators P,, and similarly in the former case F. (r;y) is a
true co-eigenfunction of P,*. In particular, this would imply that P, is never a nor-
mal operator unless the process is symmetric; see Remark 1.7. However, the results
obtained in the present article do not seem to immediately imply that F4(r; y) or
F_(r; x) is necessarily a (co-)eigenfunction whenever it is square integrable, and we
postpone a detailed analysis of spectral properties of PtJr to a future work.

Let us also note that if Im (7) <0, then F4 (r; y) is abounded function of y, while
if Im¢(r) > 0, then F_(r; x) is a bounded function of x, and it is natural to expect
that these functions are then (co-)eigenfunctions of the operators P,* on L>((0, o0)).
This is known to be the case for symmetric processes; see [39,42].
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1.5. Idea of the proof

The proof of our main theorems is rather lengthy, so for the convenience of the reader,
below we outline the main ideas. The argument is given in Section 4, where The-
orem 1.5 is proved, and Section 5, containing the proof of the other main results.

In Section 4, we begin with the following well-known identity essentially due to
Pecherskii and Rogozin:

[0, el ol o]

1
§+n Kkt 6 (o.n)

eI p (x, y)dxdydt =

—
o

0 0

see Proposition 4.2. Here k™ (0, £) and k™~ (0, n) are the Wiener—Hopf factors corres-
ponding to X;, and by the Baxter—Donsker formula we have

K+(0’ S) _ 1 r 1 1
F(0.0) e"p(ﬂ / (s Tiz ;) log(o + f(z))dz)

K_(U’ S) _ 1 ra 1 1
(0,0) CXP(E / (s i _—,-Z) log(e + f (z))dz).

(the above formula requires that f(£)/£ is integrable near £ = 0, but let us ignore this
technicality here). In [41], the contour of integration with respect to z in the above
Baxter—Donsker formulae was deformed from R to I', the spine of f(£). This led to
a more convenient expression for the Wiener—Hopf factors, and in our case it allows
us to write the (tri-variate) Laplace transform of p,‘|r (x,y)as

00 00 00 1 1 - dr
e—ot—nx—éyp;k(x’ VYdxdydt = ———— exp(—— V(r) —),
0/0/0/ o€ +n) ”0/ o +A0)

for an appropriate function ¥; see (4.2). We recall that the spine I is the line along
which the holomorphic extension of f(£) takes real values, (r) is the parameterisa-
tion of ', such that |{(r)| = r, and A(r) = f(¢(r)) are the values taken by f along
the spine I'. We emphasise that the derivation of the above variant of Baxter—Donsker
formula crucially depends on the properties of the holomorphic extension of f(§),
which is a consequence of our assumptions that the Lévy process X; has completely
monotone jumps (or, equivalently, that f(§) is a Rogers function).

It is now rather straightforward to inverse the Laplace transform with respect to
the temporal variable ¢. Indeed, it suffices to use inverse Fourier—Laplace transform
on the right-hand side, and deform the contour of integration to Hankel’s contour (the
one that goes from —oo to 0 on the bottom side of the real axis, turns around 0, and
goes back to —oo along the top side of the real axis). The corresponding result is given
in Proposition 4.3.
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A much more challenging task is to identify the expressions obtained by the
above procedure in terms of the Laplace transforms of the generalised eigenfunc-
tions Fy(r;y) and F_(r; x). In order to do so in Proposition 4.4, we need to show
appropriate regularity of {(r) (Proposition 3.14) and A(r) (Proposition 3.15), as well
as prove an auxiliary result about the Wiener—Hopf factors of the Rogers function
f(&) (Proposition 3.20). The last property mentioned above has a very natural and
seemingly simple statement, and a surprisingly technical proof.

Strictly speaking, Proposition 4.4 is stated in terms of the Wiener—Hopf factors
f1(r;€)and f~(r:n) of the Rogers function

(€ —Lr)E+E()
fE=A(r)

In Definition 4.5, we define the generalised eigenfunctions F4 (7; y) and F_(r; x) by

(i) =

providing a formula for their Laplace transforms in terms of f+(r;£) and £~ (r; 7).
Next, a minor extension of Proposition 4.4 to complex (rather than real) &, n is stated
in terms of £ Fy (r; &) and £ F_(r; n) in Proposition 4.6, and this is tantamount to
Theorem 1.5. In the final part of Section 4, we give two auxiliary estimates of the
eigenfunctions (Lemma 4.8) and their Laplace transforms (Lemma 4.7).

In Section 5.1, we prove Theorems 1.6 and 1.2. As this is quite technical, we begin
with a simplified variant of Theorem 1.2, given as Proposition 5.1. For the proof of the
general result, we need an auxiliary estimate of Laplace transforms of test functions
u(y) and v(x) (Lemma 5.2). Theorem 1.6 is restated as Proposition 5.3. The rather
lengthy and technical proof essentially boils down to contour deformation arguments
and various estimates.

As explained above, Theorem 1.2, restated as Corollary 5.5, follows now easily
by Fubini’s theorem and a density argument; the details are somewhat complicated,
though. In particular, we need to show continuity of both sides of (1.11) in order to
have equality everywhere rather than almost everywhere.

The proof of Theorem 1.1 is given in Section 5.2. Since it is similar to the proof
of Theorem 1.2, we only sketch some parts of the argument. There are, however,
important differences. In fact, we study first the integral

o0
/ e pf(x. y)dy (1.19)
0

for £ > 0, and only then we consider the limit as £ — 07 in order to recover the

expression for
o0

P(X, > —x) = / P (. p)dy.
0
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The first part requires a result halfway between Theorem 1.5 and Theorem 1.6, given
in Proposition 5.6. The expression for the Laplace transform (1.19) is given in Corol-
lary 5.7, and the limit as £ — OV is discussed in Corollary 5.8, which is a reformula-
tion of Theorem 1.1 (b).

Some of our results involve more than one Rogers function. For this reason, with
some exceptions, we generally indicate the dependence on f by writing it explicitly
in the subscript. Thus, in the remaining part of the text we tend to write, for example,
Lr,Zp, 8p(r), Ap(r), Fri(r; y), Fp—(r; x), instead of I', Z, {(r), A(r), Fy(r; y),
F_(r; x) used in the introduction.

We conclude the introduction with a brief description of the structure of the paper.
The remaining part of the article consists of five sections. In Section 2, we fix the
notation and discuss the notions of Stieltjes and complete Bernstein functions. Sec-
tion 3 is devoted to Rogers function, that is, holomorphic extensions of characteristic
exponents of Lévy processes with completely monotone jumps. We recall the relevant
results from [41] and prove additional auxiliary lemmas. The contents of Sections 4
and 5, where proofs of our main results are given, is discussed above. We conclude
the article with a number of examples in Section 6.

2. Preliminaries

2.1. Basic notation

We use the standard notation R and C for the sets of real and complex numbers, and
Re & and Im £ for the real and imaginary part of £ € C. We use Argé € (—m, ) for the
principal argument of £ € C \ (—o0, 0], and logé = log |&| + i Arg§ for the principal
branch of the complex logarithm. We denote by

H={eC:Ref >0}

the right complex half-plane. We write iR for the imaginary axis, we let [£, 1] be the
interval in the complex plane with endpoints £, € C, and if £ € C and ¥ € R, then
[£, e'? 00) denotes the ray £ + re'?, where r € [0, 00).

To avoid confusion with complex conjugation, we denote the closure of a set A by
Cl A. The interior and boundary of A are denoted by Int A and dA, respectively.

Following [41], we generally use x, y for spatial variables, 7, £ for the corres-
ponding Fourier or Laplace variables, ¢t > 0 for a temporal variable, and o for the
corresponding Laplace variable. Whenever this causes no confusion, we write expli-
citly the arguments of a function or a measure, for example, we usually write “function
f(&)”, rather than “function f”, or “process X,”, rather than “process X .
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2.2. Completely monotone, Stieltjes and complete Bernstein functions

We briefly recall the definitions and basic properties of three classes of functions
commonly used throughout the article.

A function f(x) on (0, co) is said to be completely monotone if f is smooth and
(=D f®(x) > 0forall x € (0,00) andn = 0,1,..., where £ is the nth derivative
of f; see Chapter 1 in [71]. By Bernstein’s theorem, f is completely monotone if and
only if f(x) is the Laplace transform of a Borel measure on [0, 00):

Fx) = / ¢ u(ds) @.1)

[0,00)

for a Borel measure p on [0, 0o) such that the above integral is finite for every x > 0.
Completely monotone functions thus extend to holomorphic functions in H.

A function f(§), defined initially on (0, 0c0), is a Stieltjes function if there are
constants b, ¢ > 0 and a Borel measure p on (0, co) such that

/min(l,s‘l)u(ds) < 00
(0,00)
and
b

f(§)=s

+c+ % / 51? w(ds) (2.2)
(0,00)

forall £ € C \ (—o00,0]; see [71, Chapter 2]. Note that if c = 0 and ({0}) = b, then
f (&) is the Laplace transform of the completely monotone function given by the right-
hand side of (2.1). Thus, up to addition by a non-negative constant, Stielties functions
are Laplace transforms of Laplace transforms of Borel measures. Note that Stieltjes
functions automatically extend to holomorphic functions on C \ (—o0, 0]. If f(§) is
given by (2.2), then

b= lim £f(§), c= lim f(§),
g—ot §—o00
and, in the sense of vague convergence of measures on (0, 00),
u(ds) = lim+(— Im f(—s +it)ds).
t—0

Similarly, a function f (), defined initially on (0, co), is a complete Bernstein
function, if there are constants b, ¢ > 0 and a Borel measure i on (0, co) such that

/min(s_l,s_z),u(ds) < 00
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and

o L8 pds)
f@ =be+et |
(0,00)

(2.3)

for all £ € C \ (—o0,0]; see [71, Chapter 6]. As before, every complete Bernstein
function extends to a holomorphic function in C \ (—o0, 0]. For a function f(§) given

by (2.3), we have

b = lim @,

E—o00

c= lim f(§),
£—o0t
and, in the sense of vague convergence of measures on (0, c0),

u(ds) = lim (Im f(—s +it)ds).
t—0t

We remark that f(£) is a complete Bernstein function if and only if f(£)/€ is a
Stieltjes function, and if f is not identically zero, then f(£) is a complete Bernstein
function if and only if 1/f(§) is a Stieltjes function. Additionally, a holomorphic
function f (&) in C \ (—o0, 0] is a complete Bernstein function if and only if f(£§) >0
for £ € (0,00) and Im f (&) > 0 for all £ € C such that Im& > 0.

In particular, if £ (&) is a complete Bernstein function, then £/ f(£) is a complete
Bernstein function, and hence Im(§/f(£)) > 0 when Im& > 0, and Im(§/f(§)) <0
when Im £ < 0. In other words,

0<Arg f(§) < Argé whenImé > 0,

2.4)
0> Arg f(§) > Argé  whenImé < 0.

For a detailed discussion of the classes of functions introduced above, we refer
to [71]. A summary of properties related to the present context is given in [41].

2.3. Lévy processes

A Lévy process is a stochastic process X; with independent and stationary increments,
and cadlag paths. More formally, we assume that X, where ¢ € [0, 00), is a collection
of random variables such that the distribution of the increment Xs4; — X does not
depend on s > 0, increments over disjoint intervals are independent random variables,
and the paths 7 — X, are right-continuous and have left limits.

It is customary to assume that X = 0 with probability one. However, we will work
with an arbitrary starting point Xo = x € R, and denote the corresponding probability
and expectation by P* and E*. We additionally allow X, to be killed at a uniform rate
¢ > 0. By this, we mean that we augment the state space R by an additional cemetery
point 9, and, given s > 0, with probability 1 — e“* we have X4, = d forall ¢ € [0, 00).
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A Lévy process is completely determined by its characteristic exponent: a func-
tion f(£), defined initially on R, such that

E00iEX: — ,—1/ (&)
The characteristic exponent is given by the Lévy—Khintchine formula: we have

f¢) = aéz —ibE+c+ /(1 —ef7 4 iéz ]l(_l,l)(z))v(a’x),
R\{0}

where a > 0 is the Gaussian coefficient, b € R corresponds to the drift of the pro-
cess, ¢ > 0 is the killing rate, and the Lévy measure v(dx) satisfies the integrability
condition fR\ (oy min{1, x2}v(dx) < oo and describes the intensity of jumps of X;.

We remark that most authors denote the Gaussian coefficient a by 02 /2, and some
use the symbols p and ¢ for the drift term b and the killing rate ¢. There is no common
notation for Lévy measure, various references use, for example, v, r, IT or J. In most
applications one has ¢ = 0, and in many other situations assuming that ¢ = 0 leads
to no loss of generality. This will be the case here, and in Sections 4 and 5 we will
restrict our attention to non-killed Lévy processes with ¢ = 0.

If the Lévy measure v(dx) has a density function v(x) such that v(x) and v(—x)
are completely monotone functions of x € (0, o), then we say that X; has completely
monotone jumps. Modifying the drift coefficient b appropriately, we can rewrite the
Lévy—Khintchine formula as

o0

£ =ag = bt + e+ [ (1= 4 ig(1 = e sign )u(odx,

—0oQ
and by using Bernstein’s theorem for v(x) and v(—x), we find that
1 iEsigns ds
F© = ag> —ibg +c+ — f( S Losiens) uldy)

E+is 1+ |s]| |s]
R\{0}

where /¢ is a Borel measure on R \ {0} such that [p\ oy s|7> min{1, s*}pu(ds) < o0;
see [41, Theorem 3.3].

In particular, it follows that characteristic exponents of Lévy processes with com-
pletely monotone jumps extend to holomorphic functions in C \ iR, which we call
Rogers functions, following [41]. We refer to that article for a more detailed discussion
of Lévy processes with completely monotone jumps, and to Section 3 for a summary
of properties of Rogers functions.

Recall that the transition probabilities of X; are defined by

pt(x,A) = Px(Xt € A)
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Since X; has stationary increments, the transition probabilities are translation invari-
ant, in the sense that p;(x, A) = p;(0, A — x). We denote by 7(9,0) the first exit time
from (0, 00), and by p;(x, A) the transition probabilities of the killed process X; on
(0, 00):

pH(x, A) =P¥(X, € A,1 < 1(0,00))-

If p,(x, A) or p;f(x, A) has a densuy function, we denote it by the same symbol
pi(x,y) = p:(0,y — x) and p; (x, y) In analysis, p;(x, y) is said to be the heat
kernel for the generator L of X,, and p;  (x, y) is the heat kernel in (0, oo) with zero
(or Dirichlet) condition in (—oo, 0]; see Remark 1.3.

By X, = sup{X, :s € [0,7]} and X; = inf{ X : s € [0,]} we denote the supremum
and infimum functionals. The events (9 o) > ¢ and X; > 0 differ by a set of probab-
ility zero, and thus

Po(X; > —x) = P¥(X; > 0) = P*(t(0,00) > 1) = p; (. (0,00)).

As it is customary, we denote by kT (o, £), k™ (0, n) the bivariate Laplace expo-
nents of ladder processes corresponding to X, defined by

e~ 0= Ex
(0. 6) = exp ( / [ ok, e dx)dt),

0 (0,00) (2.5)
et — e—ot+§x
k™ (0,&) = exp (/ P(X; € dx)dt);
0 (—00,0)

see [28,62,69]. These functions are closely related to Wiener—Hopf factorisation of the
characteristic exponent f(£), and thus they are often called the Wiener—Hopf factors
of the process X;. The above definition, with inner integrals over (—oo, 0) and (0, c0),
follows the convention used in [41], where the missing integral over {0} is denoted by

k°(0) = exp (/ ¢ IP’(X, = O)dz)
0

Of course, «°(0) = 1, unless X; is a compound Poisson process (or, equivalently,
f is bounded on R).

We only use the functions (o, £) and «~ (o, n) in Proposition 4.2, where we
apply the Pecherski—-Rogozin identities (see [28,62,69])

k*(0,0)
kt(0.8)’

k™ (0,0)
k=(0.1)

E° exp(—£Xg) = E° exp(nXs) = (2.6)
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where Re £ > 0, Ren > 0, and the factorisation identity (see [41, formula (2.7)])

o+ f()
1+ £(0)

where o > 0 and & € R. Then, we immediately switch from the Wiener—Hopf factors
kT (0,€) and k™ (0, 1) of X, to the analytical Wiener-Hopf factors £,*(£) and f,; (1)
of the function f;(§) =0 + f(&). In particular, we will never need the definition (2.5).
For this reason, we stop our discussion of x* (o, £) and k™ (o, 1) here, and we refer
to [41] and the references given there for further details.

k° (o)t (0, —iE)k (0,iE) = 2.7

2.4. Auxiliary estimates

The following simple inequality is used a few times below. If ¢ = |Arg(&/n)|, then
& —nl* = |§1> + [n|* — 2Re(€N) = [E]> + ] — 2[€n| cos ¥

= (sin 2) el + )2 + (cos 2) el —n)? = (sin ) (el + Il

Thus,
LU
& —nl = (I&] + [n]) sin (2.8)
We also note that if £ € C \ (—o0, 0], then
R
%lg = cos Argé,
and that .
cos(a + %) cos(a — %) =3 cos(2w). 2.9

3. Rogers functions

The term Rogers function was introduced in the unpublished paper [43] as a name for
a class of functions introduced by L. C. G. Rogers in [68]. The core of [43] appeared
recently in [41], which contains a detailed analysis of the Wiener—Hopf factorisation
of Rogers functions. Below, we recall the definition and some properties of Rogers
functions, and we prove several auxiliary lemmas.

3.1. Definition and basic properties

We begin with the definition of a Rogers function.
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Definition 3.1 ([41, Definition 3.2]). A function f(§) is a Rogers function if it is a
holomorphic function in the right complex half-plane H = {£ € C : Re§ > 0} such
that Re( f(£)/€) > 0 whenever Re £ > 0.

A Rogers function f(§) is said to be non-zero if f(£) is not identically equal to
zero in H; f(§) is non-constant if f(£) is not a constant function in H; finally, f(§)
is non-degenerate if f(£) is not of the form i b& for some b € R.

Every characteristic function of a Lévy process with completely monotone jumps
(possibly killed at a uniform rate) extends to a Rogers function, and every Rogers
function corresponds in this way to some Lévy process with completely monotone
jumps. More precisely, we have the following equivalent characterisations of the class
of Rogers functions.

Theorem 3.2 ([41, Theorem 3.3]). Suppose that f(§) is a continuous function on R,
satisfying f(—&) = f(§) for all &€ € R. The following conditions are equivalent:
(@) f(&) extends to a Rogers function;

(b) f(&) is the characteristic exponent of a Lévy process with completely mono-
tone jumps, possibly killed at a uniform rate;

(c) we have
J((E)Zaéz—ib§+c+l /( ; +i$Signs)M(ds) (3.1)
bid

E+is 1+ |s] |s]
R\{0}

forall £ € R, wherea > 0, b € R, ¢ > 0 and u(ds) is a Borel measure on
R\ {0} such that [g, () Is17> min{1, s*}1(ds) < oo;

(d) either f(§) =0 forall &£ € R or

(U E 1 e
f(f)—cexp(ﬂ /(é+is 1+|s|) o ds) (3.2)

—00

Jorall £ € R, where ¢ > 0 and ¢(s) is a Borel function on R with values in
[0, 7].

We say that (3.1) is a Stieltjes representation of a Rogers function f(§), while (3.2)
gives an exponential representation of a (non-zero) Rogers function f(§). If f(§) is
a non-zero Rogers function with exponential representation (3.2), then we define the
domain of f (&) by the formula

Dy = C\ (—iesssuppg),

where esssupp ¢ denotes the essential support of ¢, that is, the smallest closed
set A such that ¢ = 0 almost everywhere on R \ A; see [41, formula (3.3)].
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By [41, Remark 3.4 (a)], f(£) extends to a holomorphic function in Dy, denoted
by the same symbol f(£), and this extension satisfies f(—€) = f(£).

We will use the following results from [41]. The first one was given there without
proof, so we include the details below.

Proposition 3.3 ([41, Propostion 3.12]). For all Rogers functions f(€) and g(§),
(@) £2 f(1/£) is a Rogers function;
(b) E2/f(£) and 1/ f(1/£) are Rogers functions if f(£) is non-zero;
(©) g(&)f(&/g(§)) is a Rogers function if g(§) is non-zero;
(d) af(b&) + c is a Rogers function ifa,b,c > 0.

Proof. Suppose that Re( f(£)/&) > 0 and Re(g(£)/&) > 0 when Re £ > 0, and define

[1(6) = E1(1/8), 2(6) = &/f(). f3(6) = 1/f1/E), fa(§) = g(€) f(§/g(©))
and f5(§) = af(b€) + c. If Re& > 0, then Re(1/&) > 0, and hence

R 16 _ o SU/E)

§ Vi o
If f(&) is non-zero, then additionally
£®) £ £5©) e
T TRTe e TR Tam =t
Similarly, if g(§) is non-zero, then Re(£/g(€)) > 0, and so
fa§) _ o f(E/g®)

T TR e 2

Finally, Re(f5(§)/§) = abRe(f(b§)/(b§)) + c Re(1/§) = 0. u

Proposition 3.4 ([41, Proposition 3.14]). If f () is a Rogers function, then the limit
f(0T) = limg_, o+ f(§) exists. More precisely, if f(§) has Stieltjes representation
(3.1), then f(0T) = ¢, and if f(§) has the exponential representation (3.2), then

oo L[ e
f07) = “”‘p( /1+|s| s )

where we understand that exp(—o0) = 0. Similarly, f(00™) = limg_,o f(§) exists,

and if f(§€) has the exponential representation (3.2), then

Ll sl el
Jleo” )‘“"p( /1+|s| ] ds)

where we understand that exp(o0) =
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Proposition 3.5 ([41, Proposition 3.17]). If f (&) is a Rogers function and r > 0, then
1 JE* (Reé r> + €17 (18]
S er e MOl = 1@ = Vi (R )0l

when Re & > 0.

If h(£) is a complete Bernstein function, then f(£) = h(£?) is a Rogers function.
In this case, the above estimate applied to f (&) reads as follows.

Corollary 3.6. If h(£) is a complete Bernstein function, r > 0 and & € C \ (—o00,0],

then
LB (B < ey = v B (VS
V2 r+EIN | E r \Re. /£
The following result is an extension of [41, Proposition 3.18], which corresponds
to the case f(§) € (0, 00) and p = 0. Since the proof is exactly the same as that
of [41, Proposition 3.18], we omit it.

Proposition 3.7. Suppose that f(§) is a non-zero Rogers function and p > 0. Let £ €

Dy, and suppose that Arg f(§) < pRe§/|¢| if Im§ = 0, or Arg f(§) = —pRe§/[¢]
ifIm& < 0. Then,
/! (5) n +2P

f&) &l

and, for some ¢ > 0,

llog f(§)| < [loge| + V2(r + 2p) 1\J/r£|'

More precisely, c is the constant in the exponential representation (3.2) of f(§), and
with the notation of (3.2), we have

1 1
/‘E—HS 1 ‘P() \/m +|§|_

+ sl s | &1

The spine of f(§) is the system of curves
IFp={§eH: f(§) € (0,00)};

see [41, Definition 4.1]. Regularity of the spine is described by the following two
results. The author recently learned that Proposition 3.8 (d) was in fact first observed
in [19], with a better constant, and an optimal constant was found in [77].

Proposition 3.8 ([41, Theorem 4.2]). Let f(£) be a non-constant Rogers function.
There is a unique continuous complex-valued function {z(r) on (0, 00) such that the
following assertions hold.
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(a) We have |{r(r)| =r and Arglr(r) € [—m/2, /2] for all r > 0.
(b) IfRe& > 0andr = |E|, then

signIm f(§) = sign(Arg& — Arg r(r)).

(¢) The spine Ty is the union of pairwise disjoint simple real-analytic curves,
which begin and end at the imaginary axis or at infinity. Furthermore, I'y
has parameterisation

Ff = {Ef(r) . r e Zf},

where
b4

Zs = {r € (0,00) : Arg s (r) € (—% 5)}
(d) Foreveryr >0, the spine I'y restricted to the annular region r < || < 2r is
a system of rectifiable curves of total length at most Cr, where one can take

C = 300. Furthermore, if (¢ (r) = re’?®) forr e Zy, then

AT (1) + 1)
cos ¥ (r)

r(rd(r)'] =

forr e Zy.
Proposition 3.9 ([41, Theorem 4.3]). Suppose that f() is a non-constant Rogers
Sfunction.
(a) Foreveryr € (0,00) \ 0Z¢, we have {y(r) € Dy.
(b) The function Az (r), defined forr € (0,00) \ 0Zy by

Ar(r) = f(&r ().

extends in a unique way to a continuous, strictly increasing function of r €
(0, ), and )L} (r) > 0 foreveryr € (0,00) \ 0Z¢.

(c) Wehave A(0") = £(0%) and A(c0™) = f(c07).

We define the symmetrised spine I’ ; to be the union of the spine I'y, its mirror
image —f‘f, and the endpoints of I'y (which necessarily lie on the imaginary axis);
see [41, Section 4.2]. The symmetrised spine (or, more precisely, its closure) divides
the complex plane into two regions (see Figure 2):

D;{ = Int{rei“ eC:r>0,ae[dr), -0}
Dy =Int{re’* € C :r > 0, € [~ — 3(r). 9(r)]};
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Figure 2. The spine I's (purple dotted line), the symmetrised spine F; (teal line), and the
regions D'/j-' (grey) and D_/? (white).

again, see [41, Section 4.2]. On the complement of the imaginary axis, these sets are
simply the regions where Im f'(§) is positive or negative, respectively:

Df \iR ={§ € C\iR :Im f(§) > 0},
Dy \iR ={§ € C\iR:Im f(§) < 0}.

Proposition 3.10 ([68, Theorem 2] and [41, Theorem 5.1]). A function f(§) holo-
morphic on H is a non-zero Rogers function if and only if it admits a Wiener—Hopf
factorisation

fE) = fH=i&fa6%)
for some non-zero complete Bernstein functions f¥(§), f~(§) and for all £ € H,
or, equivalently, § € Dy. The factors [T (§) and f~ (&) are defined uniquely, up to

multiplication by a constant: for a given pair of Wiener—Hopf factors f+(§) and
f7(§), all other pairs are of the form Cf (&) and C~! f~ (&) for C > 0.

By [41, formula (5.2)], if f(£) has the exponential representation (3.2), then the
Wiener-Hopf factors are given by

L[ & 1 \g0)
o =cen(; (5 - ) Pt as),

° (33)
- 1 § 1 \o(=s)
rre=cen(s [ (7))

0
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where ¢4, c— > 0 satisfy the condition cyc_— = c¢. We stress that expressions of the
form fY(€)/fT(m), £~()/f(n), and fT(£)f (1) do not depend on the choice
of the pair of Wiener—Hopf factors in Proposition 3.10.

The next result is [41, Theorem 5.7] applied with R = 0 to the Rogers function
fo(§) =0 + f(§), combined with Lemma 6.1 in [41].

Proposition 3.11 ([41, Theorem 5.7 and Lemma 6.1]). If f(§) is a non-constant
Rogers function such that f(07) =0, 0 > 0, and f,(§) =0 + f(§), thenfor&,n>0
we have

i d
11 0 =oes 0/ (Arate () + i) = Ase(ey 1) = 18) P50 ),

and the above expression defines a complete Bernstein function of o. Similarly, if
0 <& <, then

S© (L] . oy ()
ot e 0/ (Arster () = ) = A () 16) SH0).
SO (1] . L dag(n)
s 0/ (Arster () + 16) = Are(ey )+ 1) SH0).

and both expressions define a complete Bernstein function of 0.

3.2. Extensions and auxiliary results

We will need a few more properties of Rogers functions. The first one is a simple
observation.

Proposition 3.12. If f(§) is a Rogers function, then | f(§)| is a non-decreasing func-
tion of £ > 0.

Proof. Suppose that f(£) is a non-zero Rogers function with exponential representa-
tion (3.2). Since Re(§/(£ +is)) = £2/(£% + s?) for £ > 0 and s € R, we have

(o)
1 § 1 \e@s)
I = ReA =1 — | ( - )52
og /)] = Rere /(&) =loge + - [ (5575~ 1577) S s
—0o0
for £ > 0, and the right-hand side is clearly a non-decreasing function of £. |

Our next result extends [41, Theorem 5.5]. Its proof is exactly the same as that
of [41, Theorem 5.5], with one modification: where originally [41, Proposition 3.18]
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is used to justify the use of Fubini’s theorem, one should apply its extension given in
Proposition 3.7 above. We omit the details.

Proposition 3.13. If f(£) is a non-constant and non-degenerate Rogers function,
h(§) is a non-zero Rogers function, &, &, € D}" U D7, and for some constant C we
have |Argh(§)| < C Re&/|&| for all & € Ty, then

1 1

=il s %
ry

)logh(z)dz

logh*(=i&) —logh*(=i&) ifé1,& € Df,
=\ logh™(i&2) —logh™(i§1) if€1,82 € D,
loght(=i&1) +logh™(i&)  ifé1 € Df, & € Dy;

in particular, the integral is absolutely convergent.

If Zy = (0,00), then {r(r) and )L;l (s) are smooth functions. In the general case,
we will need the following two technical results.

Proposition 3.14. If f(§) is a non-constant Rogers function, then {y (r) is a locally
Holder continuous function of v € (0, 00), with exponent 1/30.

Proof. We use the notation and results of [41, Section 7]. We write r = eR and we
let ©(R) = Arg s (eR). By [41, Lemma 7.1], we have

9((O'(R))*> + 1)

cos O(R) (4)

|®"(R)| <
when e® € Z #, or, equivalently, when ©(R) € (—n/2, w/2). Furthermore, by [41,
Lemma 7.3], if ®(R;) = O(R2) = 0 and |®’(Ry)| > 1, then |R, — Ry| > 1/2.
Local Holder continuity of {r(r) = e1®0ogr) on (0, 00) is equivalent to local
Holder continuity of ®(R) on R. Below we prove the latter property. We begin with
the following observation: for every interval [A4, B], the set of points R € [A4, B] such
that ®(R) = 0 and |®'(R)| > 1 is finite (because every pair of such points is more
than 1/2 apart), and hence

M(A, B) = sup{|®(R)| : R € [4, B], O(R) = 0}

is finite for every A and B such that ®(R) = 0 for some R € [A, B]. We set
M(A, B) =0if ©(R) # 0 for R € [A, B]. Let p = 97 + 1. Our goal is to prove
that ®(R) is Holder continuous on [A4, B] with exponent 1/ p, with constant in the
Holder condition determined by M (A, B).
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We consider an auxiliary function

o(R) = (1- %@(R))p.

We claim that ®(R) is locally Lipschitz continuous on the set {R € R : ®(R) > 0}.
Let

Zr = {ReR O(R)e( 7;)}

Observe that cos O(R) > (1 — 20(R)/x) for R € Z, while if |®'(R)| > 1, then

we have (®'(R))? + 1 < 2(®'(R))?. Thus, formula (3.4) implies that if R € Z}L and
|®@'(R)| > 1, then

18(®'(R))?

— 70(R)

In this case,

@'(r) = LD o/ ry2(1 - 2or)" - Lerm)(1- o)
T b v
S (” 20ZD @y (1-20m)" - 2Lewy(i- 2om)
= 0.
On the other hand,

-1

2 2 P
¥(R)=-LOR(1-20(R)" .
7 7
so that if |®'(R)| > 2p/m, then |®’(R)| > 1. The above observations show that
. ~+ / 2p 1
ifReZ; and |®'(R)| = —, then ®"(R) > 0.
b

By the above property, if ®'(R;) > 2p/x for some Ry € Z7, then @' (R) > @' (R;)
in some right neighbourhood of R;, and it follows that there is R, such that one has
[R1, Ry) C Z}r, ®(R;) = 0 (or, equivalently, ®(R;) = 1), and ®”(R) > 0 for
R € [R1, R,). Consequently, |®'(Ry)| < |®'(R3)|. Similarly, if ®'(Ry) < —2p/x for
some R; € Z;{ then ®”(R) > 0 for R € (R, Ry] for some R, such that ©(R;) =
0, and again |®'(R;)| < |®'(R>)|. Furthermore, in both cases |R, — R{| < 7/2p.
It follows that for every interval [4, B] we have

~ 2
sup{|®'(R)| : R € Z} N[A. Bl < max{ P (A _ T B+ —)}
2p’ 2p
Since ® is continuous on R, we find that ®(R) is locally Lipschitz continuous on
the closure of Z}L, as claimed. Consequently, ®(R) is locally Holder continuous with

exponent 1/ p on the closure of Z}L
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A very similar argument involving another auxiliary function (1 4+ 20(R)/x)?
shows that ®(R) is locally Hélder continuous with exponent 1/ p also on the closure
of

~ b4

Z; = {R €R:O(R) € (—5,0)},
and, consequently, ®(R) is locally Holder continuous with exponent 1/ p on the clos-
ure of

Zf—{ReR @(R)e( )\{0}}

Since ®(R) is continuous on R and piecewise constant on the complement of Z 7
we conclude that ®(R) is locally Holder continuous on all of R, and the proof is
complete. ]

We conjecture that in fact {z (r) is locally Holder continuous with exponent 1/2.

Proposition 3.15. If f(£) is a non-constant Rogers function, then )Lj?l (s) is a locally
Hoélder continuous function of s € (Ar(01), A7 (00)), with exponent 1/3.

Proof. Denote ®(r) = log A¢(r). We first prove that ®(r) increases fast enough.

For r in (0, 00) \ 0Z¢, which is a dense subset of (0, 00), we have {r(r) € Dy
(by Proposition 3.9 (a)), and hence ®(r) = log f({r(r)). By the exponential repres-
entation (3.2), for § € Dy we have

_ N L \e()
10gf(§)—10gc+;_/ (é—l—is_ l+|s|) K ds

If ¢ = x + iy with x > 0 and y € R, then an elementary calculation shows that

—(y + s)signs 1
x24+(y+s5)?% 1+ |s|

Relog f(¢) =logc + % / ( )(p(s)ds,

Imlog f(£) = —% / > XSIgns o ds,

+(y+s)2(p

We set & = {7 (r) forsome r € (0,00) \ 0Zy.If r € Z¢, then x > 0, and consequently
xImlog f(§) = 0, so that

o0

1 sign s .

- — ds =0 if 0. 3.5

n[x2+(y+s)2(p(s)s = (3-5)
—0o0

In the other case, if r € (0, 00) \ Cl Z, we have x = 0, and the integral in (3.5) need
not be equal to zero. However, we claim that

sign s
—/ x2—|—(y—|— BE p(s)ds =0 ifx =0. (3.6)
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Indeed, observe that either § = ir or § = —ir. In the former case, Imlog f(ie™"*r) =
Arg f(ie7**r) < 0 for ¢ € (0, ) (by Proposition 3.8 (b)), and hence

Imlog f(ie™**r)

0<— lim J
e—0t Re(ze—’sr)
sign s sign s
lim — ds d
e—1>r(§1+n / (rsing)? + (rcose + )2 ¢(s) ( 1 5)2 p(s)ds

(we used the dominated convergence theorem in the final step). Formula (3.6) follows.
A similar argument can be given in the latter case, when § = —ir, and our claim is
proved.

We now fix ry, 72 € (0,00) \ 0Z such that ry < rp, and we apply the above
expression for Relog f(§) to § = {r(r1) = x1 +iy;andto § = {r(r2) = x2 + iya.
This leads to

®(rp) — ®(r1)
= log f (s (r2)) —log f(§r(r1))

o0
1 y1+s Y2+ s .
= — — s)signsds
T /<x%+(y1+s)2 x§+(y2+s)2)¢() &

1 70 G +9) = xf (2 +5) + (2 = y) 1 +5) (2 + S)<p(s) sign s ds.

4 (f + (1 + 93 + (2 +5)?)

—00
We define
yi(x2 4+ y? +x2 + y2) - 2y2(x1 + ylz)
x2 + J’2 _xl Y1
_ nGf+ty+a3+ .Vz) - 2y1(x2 +33)
x2 + J’2 _xl J’1

o =

Note that if x; = 0, then

oy +x3+yi -2

- 2 2 2 =0,
N X3ty =)
so that «; and y; have equal sign. Thus, by (3.6),
00 .
o sign s
! £ (s)ds = 0.

7 ) i oi+e2?
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If x; > 0, then the integral in the above expression is zero by (3.5), and so the above
inequality holds trivially. In a similar way,

o0
o sign s
i — = w(s)ds > 0.
7 /x§+<y2+s>2*"() -
—o0
It follows that
w .
o sign s
O(rp) — ®(ry) = ®(rp) — ®(ry) — — N R — A
(r2) = (1) = ®(r2) = D(r1) nfx%+(yl+s)zw()
w .
oo sign s
_ 2z — & w(s)ds.
T x5+ (32 +S)2¢( )

By an explicit (but tedious) calculation, we find that

oo

0(r2) — @) — 2 f 2 fﬁ?l e s =2 / = +S§:s+s)2 p(s)ds

1 7’ (3= 203+ D02 =y 0a )t
(xz

+ 35— xf = yDOF + 1+ 9)D(F + (2 +9)?)
Finally, we have

(x3 —x1)* +2(x7 +x3) (2 — y)* + (2 — y1)*
> (2= x1)> + (2 —»)?)?
= |8r(r2) — ff(r1)|4 > (r2 — V1)4

20 2 2 424 32 2 i - :
and x{ + yi{ = ri{, x5 + y5 = r5. By combining the above observations, we arrive at

(r2 1”1)4 1 1
D(ry) — O(ry) > ﬁ (x1 T 01+ 992 + (2 + 9)2) |s|o(s)ds
(r2 — 1”1)3 1 7 1
S Thtn ox f 4(r2 + 82)(r2 + %) sl (s)ds. (3.7)

This is the desired lower bound for the growth of ®(r). Recall that here ry, r; €
(0,00) \ 0Z¢, and ry < r. However, ®(r) = log A7 (r) is continuous, and there-
fore (3.7) extends to arbitrary r1, r, € (0, c0) such that ry < r».
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Fix an interval [R1, R2] € (0,00). If Ry < ry < r; < R3, then, by (3.7),

Ar(ra) — Ag(r1) = e¢(r1)(eq>(r2)—¢(r1) -1
> e®®D(D(rp) — D(r1))
> C(f. R1. Ry)(r2—11)?
for some constant C(f, Ry, Rz) > 0 (depending on f and the interval [Ry, Rz]).

This estimate is equivalent to Holder continuity of )tj?l (s) on [Ar(R1), Ar(R2)] with
exponent 1/3. ]

The exponent 1/3 is sharp, as it is easily seen by inspecting the example
. : N1 _
f© =26 +19)(is+3) g+

near £ = 2i; see [41, Figure 1 (f)].

3.3. Difference quotients

If f(&) is a complete Bernstein function and ¢ € (0, 00), then the difference quo-
tient (€ — 0)/(f(€) — f(£)) (extended continuously at £ = {) is a complete Bernstein
function of &. This property played an important role in [39]. The following result
provides an analogous statement for Rogers functions.

Proposition 3.16. If f(£) is a Rogers function and Re { > 0, then
52
E-0E+D)

defined for &€ € H \ {¢} and extended continuously at € = {, is a Rogers function. In
particular, if f(§) is a non-constant Rogers function and { € I'y, then

CE-DE+D
"O="e - ra)

where § € H \ {{}, extended continuously at § = ¢ so that h({) = (2Re )/ f'(Q), is
a Rogers function. Similarly, if { € iR is an accumulation point of T'y and |{| = r €
[0, 00), then

(£ —Re @ — 528 1 (p)),

g = R

(3.8)

E-0?
h = .
© &) =Ar(r) 49

defines a Rogers function of & € H.
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Proof. Suppose that f(£) has the Stieltjes representation (3.1). By a simple calcula-
tion,

§ ks )M(dS)

. -7 1
S€) =a(E® —2iImE) —ibf +c + — /(sm ¢ +isl?/ sl

R\{o}

for some b € R; namely,

- 1 s signs \ u(ds)
h=h—-2al - _ .
alm+ 2 f(|z+is|2 1+|s|) ]

R\{0}

If we set £ = £, we obtain

—is)+i¢s pu(ds)
¢ +isl? s

f©) = a(C® =2iLIm¢) —ib¢ + ¢ + ks / 44
™ |
R\{0}

51> p(ds)
E+isl> s

. 1
=agﬁ—w§+c+; /
R\{0}

In particular, Im /(¢) = —b Re ¢. After a short calculation (we omit the details), the
above two equalities lead to

i£ +Im¢

S =Re f(©) = = 7 Im (0)
_ 2 . 2 1 3 i§s ¢)? p(ds)
= a(e" =218 m = | + T /<§+is It +is]2 |§+is|2) Is|
R\{0}
By another simple calculation,
£ _igs B ElgHis 4 (Es — [EP)E + i)
E+is |C+is]? |C+is]? (E+is)|C+is|?
_ is(8* —2ifIm¢ —[¢?)
(E+is)|C+is|?
and .
2 —2iEIm¢ — 0> = (€~ O)(E +0).
It follows that
7€ ~Re £~ L m £@)
e - l is u(ds)
— Z)@”)(“HR\{/}  wrarorerrced BENCRTY
0
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Therefore,

.1 isg? p(ds)
g() =at”+ — }g+is Is[1¢ +is]?

_ 1 3 &\ Is|p(ds)
=ag+ /(g+is+?)|§+is|2

R\{0}
. 1 £ i&Esignsy |s|u(ds)
2
—ag?—iBs+— [ ( ) 3.11
“noiBE /E+zs+1+|s| ¢ +is]? G-I
R\{O}
for an appropriate B € R; namely,
s1gns K
= — — ds).
/1+|s |§+1S|2M( )

R\{O}

The right-hand side of (3.11) is the Stieltjes representation (3.1) of a Rogers function,
and therefore g is a Rogers function. The first assertion of the lemma is proved.

If { € Ty, then Im f({) = 0, and hence h(§) = £2/g(§) is a Rogers function.
This proves the second statement of the lemma. The last one follows by the following
observation: if ¢ is an accumulation point of I's, then there is a sequence ¢, € I'y
which converges to ¢, and the corresponding Rogers functions %,,(§) converge locally
uniformly in H to the function 4(£) given by (3.9). It remains to note that a locally
uniform limit of Rogers functions is a Rogers function. ]

Remark 3.17. If f(£) is a non-constant Rogers function and f(¢) € (0, co) for some
¢ € H, then f(§) is non-degenerate, and from (3.11) it follows that also g(§) and A (§)
are non-degenerate.

When r € C1 Z¢ and { = {r(r) in Proposition 3.16, then we denote the function
h(§) defined there (in (3.8)) by f(7; £). In other words, we let

(& =L (M)(E + (1)

fr:§) = 7® A () (3.12)
for& € H\ {¢}, where A¢(r) = f((r(r)), and if r € Z¢, then we additionally set
) _ 2Regy(r)
T O =g iy

The next result specialises Proposition 3.16 for Rogers functions of the form
h(—i&) or h(i&), where h(£) is a complete Bernstein function. A special case cor-
responding to ¢ € (0,700) was proved in [39].
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Proposition 3.18 (see [39, Lemma 2.20]). If h(§) is a complete Bernstein function
and Im ¢ > O, then, for some Stieltjes function g(§),

o L) )
E-0E-0 2mi\E—C &-¢

for & € Dy,. Furthermore, the constants b and c in the Stieltjes representation (2.2) of

)—2®

g(&) are equal to 0.

Proof. Suppose that i(£€) has the Stieltjes representation (2.3) and Im ¢ > 0. Then,
f(&) = h(—i&) is a Rogers function with Stieltjes representation

§  wp(ds)
E+is s

) 1
1O =-ivs+e+ |
(0,00)

s 1 ¢ igs | plds)
——zbS—I—c—l—; /<E+is+|§+is|2) s

(0,00)

for some b € R. Identity (3.10) from the proof of Proposition 3.16, with £ and ¢
replaced by i€ and i ¢, leads to

) - Re O - 2t f (D
o is  u(ds)
= OS_ZO(ZS_[D;@[) T+ [sllid + isP?

for £ € C \ (—o0, 0]. After simplification, this gives

— V(&) = (E = OVh(F _
e - SO L0 ¢ he-o

1 p(ds)
E+s |0 +s2

(0,00)

Hence,

B _l/ 1 s w(ds)
E-o€E-0 7 J Ersliasl s

1 (h(é)_h(f)) h(§)
2ImI\E—C £—¢

and because s/|¢ + s|? is positive and bounded, the right-hand side defines a Stieltjes
function of £. =

We conclude this part with an application of Proposition 3.13 which will play a
crucial role in our development. The proof of this result is unexpectedly complicated,
and requires the following auxiliary lemma.
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Figure 3. Setting for the proof of Lemma 3.19. Function / has a branch cut at the purple arc.
Contour I‘/’} (teal line) is approximated by the contour F; (olive dotted line).

Lemma 3.19. If f(§) is a non-constant and non-degenerate Rogers function, { € I'y,

E-DE+D
he) = = 2Lo T2
©="Grie
and £1,& € D;r U Df_, then
1 1 1
T (Z - E) log h(z)dz
r;
= 11 () logh(6) — 1y (€2)logh(Ga). G.13)
Similarly, if B
E-DE+9
he) = =220 T2
© ="y
and £1,&, € D}" U D]T, then
1 1 1
= (Z & —Ez) log h(z)dz
ry
= lp;(§2) log h(§2) — 1p (§1) log h(§1). (3.14)

Proof. Both identities are proved essentially in the same way, so we only discuss the
case of (3.13). The argument is in fact very similar to the proof of [41, Lemma 5.4],
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so we omit some details. As in that result, by continuity, with no loss of generality we
may assume that &; and &, do not lie on the imaginary axis.

Observe that log h(£) = log((§ — &) (£ + )/ (£ +i|¢])?) is a holomorphic function
of & with a branch cut along the arc of the circle |§| = r with endpoints ¢ and —¢
which also contains —i || (see Figure 3). We note that for the other function % ()
in the statement of the lemma, the one appearing in (3.14), the function log h(§) is
holomorphic with a branch cut along the complementary arc, that is, the other arc of
the circle || = r with endpoints ¢ and —C.

For a given ¢ € (0, /2), we consider the curve I'y which can be informally
defined to be the curve I’ ; truncated at lines Arg(+£) = +1. More formally, I'j is a
curve parameterised by the function {y(r) of r € R, which for r > 0 is given by

Er(r) if |Arglr(r)| = 0,
Co(r) = ref®  if Arglr(r) > 0,
re” ' if Arg Cr(r) < =1,

and which satisfies {y(—r) = —{y(r) and £y (0) = 0. (This is a minor modification of
the definition of the curve Flj in the proof of [41, Lemma 5.4].) We also define D; to
be the region above I'j:

DI;r ={re'®:r>0,a € (Argly(r), m — Argiy(r))).

Observe that I'j is a simple curve, and it is the boundary of the region D;. Further-
more, if ¥ > Arg ¢, then log () is a holomorphic function of § € D, continuous
on (Cl D;) \ {¢, —¢}, bounded at infinity, and with logarithmic growth near £ = ¢
and £ = —E . Therefore, a standard application of the residue theorem in {¢ € D ; :
€| < R, |E—¢| > e, |€ + ¢| > ¢} and a limiting procedure as ¢ — 0™ and R — oo
lead us to

1 1 1
5t | (G0~ o0y oeh()dz = 1€ loghen) — 1yt (62) logh(€2)
5

whenever &1, &, do not lie on I'j. Finally, for ¢ € (0, /2) large enough and j = 1,2,

we have HD; (&) = 1,+(5). Let {r(0) = 0 and {r(—r) = =L (r). Then |{(r)| <
|¢ ]’, (r)| for almost all » ‘€ R, and hence, by the dominated convergence theorem, the

integrals

1 1 1

— - 1

2mi (z—él z—gz) ogh(z)dz
rs

1 ra 1 1 /
=5 | G5~ 5o =g et 0ar
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converge to the integral

1 K 1 1 /
2mi /(;f(r)_gl N gf(r)_gz)bgh(éf(r))éf(r)dr. (3.15)

—00

Finally, note that {(r) for r € (=Zy) U Z is a parameterisation of Ff*, and the
integral restricted to r € (—00,0) \ (=Zy) cancels with the integral restricted to
(0,00) \ Zy. We conclude that the integral in (3.15) is equal to

1 1 1

el | Gt
ry

)logh(z)dz,

and formula (3.13) follows. ]

Proposition 3.20. Letr f(§) be a non-constant and non-degenerate Rogers function
andr € Zy. Denote by f(r;§) the Rogers function h(§) defined in Proposition 3.16,
asin (3.12), and let f(r;€) and f~(r;) denote the Wiener—Hopf factors of f(r;§).
Let g(§) denote the branch of \/ —(E=Cr(r)(E+ %) which is a holomorphic
Sfunction in DJ}F u DJT, equal to |§ — Cr(r)| on D;' N (0,i00) and on D]? N (—ioo,0).
Ifé1,6 € Dj}F U Dy, then

1 1 1
exp(ﬁ [(z —& z-— Sz> ogl/ () = Af(r)ldz)
r;
g [t (r;—i&)
g&) fH(ri—i&y)
_ ) 8&)f(rik) ; -
T g (i) JEnb e Dy
g(¢1)g(&2)
fHr—i&) f~(r;i&)

Proof. Letus write { = (r(r), sothat A¢(r) = f({) and (see (3.12))

E-DE+D)
G

Roughly speaking, our goal is to write | f(§) — Az (r)| for § € F}‘ as a product of

if€1,62 € DY,

ifé € D}L, & € D

JE) =Ar(r) =

four terms, apply Proposition 3.13 to two of them, and perform direct integration for
the other two. Throughout the proof, we denote by C a generic positive constant,
depending on parameters listed in brackets. We stress that the value of C may change
even within a single equation.
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Step 1. Suppose that

' B 1 X S _ 1 (Pr(s)
sty =eron( L [ (55 ) )

is the exponential representation of the Rogers function f(r;§), and define three aux-
iliary Rogers functions

ho(g)_exp( (/ /) +]|S|)|’S’—| a’s), (3.162)

hl(g):ﬁexp(;/( s 1 )(pr(s)ds), (3.16b)

E+is  14]s|/ |s]

N—(Pr(S)
ha(§) = \/Eexp( (/ /) Etis 1—|—|s|) 5] ds). (3.16¢)

By (3.3), with an appropriate choice of multiplicative constants, we have

n 1 T ¢ 1 14
ho = ’s)_e"p( /(s+zs‘1+|s|)mds)’
1 [,k I\ er(s)
- 15)_"1/4‘”‘"( /(s+zs =) T ds)’

oo

+ ey 1/4 l it 2400 )
hy (=i6) = ¢ exp(n/ Etis 1+|s|) s )

and

—r

1 § L \=
hy (&) _exp(;_/ (g-q-is ] +|S|)mds),
0
o 1 3 Lo \er(®s)
hl(zs>—c3“exp(;_f(g+is‘1+|s|) o)

—fiey 1) l S _ 1 T — @r(s)
hz(lé)_crl“exp(n/(g_i_is 1+|s|) g ds).

—00
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Clearly,

ho(§)h1(§)

h ()R (§)
ha(E) ’

hy )Ry (§)
h3(€)

hy (§)
(3.17)

fr:§) = frr:é) = fo(rg) =

In particular,
log f(r:§) +loghz(§) = logho(§) + logh1(§) + 2nmi

for some integer n. By the definition of a (non-constant) Rogers function, the complex
arguments of f(r;&) and h;(§), j = 1,2,3, belong to (Arg§ — /2, Argé + 7/2)
when Re £ > 0, so that necessarily n = 0. Thus,

log f(r;§) = logho(§) + log h1(§) —logh2(§) (3.18)
when Re £ > 0. Finally, by a short calculation (we omit the details),

r—ié £2 472
147’ (1+r?

Step 2. We claim that Proposition 3.13 applies both to & (§) and to h,(§). Thus,
we need to show that |Argh;(§)] < C(f,r)Re&/|é| for § e 'y and j =1,2. If
|Arg§| < |Arg{|, then Re§/[§| = Re {/|¢|, and so [Argh;(§)| = w < C(§)Re&/[§].
Therefore, it suffices to consider £ such that |Arg €| > |ArgC].

Observe thatif § € I'y and |§] < 7, then f(§) < f({), and hence

r+ié
1+r

hi(—if) = hy (i€) = ho(§) = (3.19)

e EDERD
Arg f(r:§) = Arg - 70 Arg((§ = §)(E +§)). (3.20)
Similarly, if £ € I'r, |§| > r and |Arg&| > |Arg{|, then f(§) > f(¢), and
Arg(—f(r;§)) = Arg(({ — §)(C + §)). (3.21)

Finally, it is relatively simple to see that

Reé& Reé&

=CO)—— (3.22)
1+ ¢ 13

whenever Re £ > 0 and |Arg &| > |Arg {|. Indeed, if

|Arg((€ = ) + )] = C(©)

9 = Are(@ - ) + )l = [arg S,
(v

then, by (2.8),

9 l€-H-@+BHl _ Ret Re
S lc—nrcra k-img - OTramee
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However, since |Arg &| > |Arg |, we have |&] < C(¢)|Im £|, and hence

Re ¢
L+ €2

U< T sm— <C()
2
We turn to estimates of so(§), 71(§), and h2(§). Suppose that £ € I'y and |§| < 7.

Then it is easy to see that |§ + is|?> > C(f.r)(1 + s?) when s < —r or s > r; again
we omit the details. Therefore,

|Argh2(§)| = |Im10gh2(§)|

L[ sReE T —g(s)
n(/+/)|s+is|2 N

< |s|ReEn
C(fr)(/ /)1+sz .

— C(fnReE = C(fn e,
By the same calculation, using the expression for hio given in (3.16), we have
|Argho(8)] < C(£i7) |T|E
By (3.17), (3.20), and (3.22), we also have
Aaghy @) = |arg LED2E ) o) REE

ho(§) 1§

A very similar argument works if § € I'z, |§| > r and |Arg&| > |Arg{|. In this case, we
have |§ +is| > C(f.r)(1 + |£|?) when —r < s < r; once again we omit the details.
Thus,

|Arg b1 (£)] = [Imlog h(£)] = ’ / | sReé W)ds'

§+isl> sl

sReé n ek Reé&
5C(f’”_[l+|§|2|| CONTTeR S SN

Furthermore, it is again easy to see that

Reé _cirnRed,

|Arg(=ho(£))| = |Arg(—£> —r?)| = C(fir ke 2 = ]
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and again we omit the details. Consequently, by (3.17), (3.21), and (3.21),

h —h R
{OChE) | _ ) ReE
(—=f(r:§) |1
We have thus proved that |[Argh; (§)| < C(f,r)Re&/|§| whenever § € I'y, |Argé| >
|Arg ¢| and j = 1,2. This implies that Proposition 3.13 indeed applies to /; and /5:

forj =1,2and &1,& € D;{ UDy, we have

|Arg h2(§)| = |Arg

1 1 1
— — ——)logh;(z)d
27i <z—§1 z—§2> 0ghj(2)dz
7
loghf (=i&) —loghf (—i&) if&,& € DY,
= | logh; (i§) —logh; (i§1) if&1,62 € Dy, (3.23)
logh (=i&1) +loghy (i&) if& € DS, & € Dy,

Step 3. As in Lemma 3.19, we define

E-DE+D _ (E—C)(EJrf).

h3(§) = E+in? ha(§) = E—ir? (3.24)
By that result, for &1, & € D;{ u DJT we have
1 1 1
3 (z s — _Ez)logh3(z)dz
7
= ﬂp;r (1) loghs(§1) — HD;(Ez) logh3(&2), (3.25)
and
1 1 1
pyry (Z s — _éz)logh4(z)dz
7
= lp; (§2) log ha(§2) — 1p (§1) logha(61). (3.26)

Step 4. We are ready to combine all results that we have found in the previous steps.
By (3.18), for § € I'y such that || < r, we have

log[f(§) = (D
= log(f(§) = f(§)) = log(=(§ = O)(§ + §)) —log f(r;{)
= log(—(§ = O)(€ + ) —logho(§) —logh (§) + log h2(§)
= log(—(§ = O)(§ + ) —log(§* + r?) + log(1 + r)* —log 711 (£) + log ha (£).
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Observe that if f1(£), f2(£) are holomorphic functions of £ in some (connected)

region, and f1(§). f2(§), /1(§) f2(§) € C \ (=00, 0], then
log(f1(§) f2(5)) —log f1(§) —log f2(§)

is constant. Applying this to f;(§) = —(&§ — &)(§ + &) and f>(§) = 1/(£2 + r?) (we
omit the details), we find that

—(E-0E+0)
§+r2

when |£| < r. The same argument applied to

log | f(§) — f(O)| = log + log(1 + r)* —log h1(§) + loghx(§)

ﬁ@ﬁaM®=—§%§%;Q
(again we omit the details) shows that
log | /(€) - f(©)|
= llog E-02E+0? + log(1 + r)? — logh1 () + log h»(§)

2 (82 +r2)2
= %1ogh3(é) + %IOgm(é) + log(1 + r)* —loghy(§) + log ha(§)

when |§| < r. A similar calculation can be carried out when § € I'y and |§| > r: in
this case we have

log| £(§) = £(©)]
= log(f(€) — /()
= log((§ — )¢ + ) —log f(r; §)
= log((§ = )(§ + ) — logho(§) — log h1(§) + log ha (§)
(3 m@+o
gz
==Ek%hs@)+'Ek%h4@)%—bgﬂf+rf'—k%h1@)4—bgh2@ﬁ

= log + log(1 + r)* — logh1(§) + logh»(§)

once again we omit the details. In either case, we obtain the same expression

log|f(§) = F(Ol =5 10gh3($)+ logh4(§)

+ log(1 + r)2 —loghy (§) + log ha(£), (3.27)
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and all that remains is to combine this with the results of the previous steps. If £ €
D}r, and & € D7, then, by (3.23), (3.25), and (3.26),

1 1 1
exp(ﬁ [(Z s - E) log|f(z) — f(§)|dz)

Iy
= exp(5 loghs(E1) + 5 log ha(Es) + log(1 + 1)’
— (logh (—i&1) + loghy (i£2))
+ (logh (—iE1) + log 3 (i£)) )
_ 2 hi(—i&1) hs (i&)
=1 +r)"vVhs)vVha(E) nFCigy) by GE)

Using (3.17), and then the explicit expressions (3.19) for &g (&) and (3.24) for h3(§)
and h4(€), we arrive at

exp(i [(-—) loglf(Z)—f(C)le)

2mi z—§& z-&

*
Iz

_ 2 hg (—i&1)  hy(i&)
=1 +r)vVhs1)vha(E) T —iE)) f(riE)

:\/(51—§)(§1+E)\/(§2—§)($2+E) roif r+ib
(€1 +ir)? (E2—ir)?2  fH(ri—i&) f~(rii&)

Therefore, slightly abusing the notation,
1 1 1
_ . | B 4
exp(27‘ri /(2—51 Z—§~'2> og|f(z) = f(OI Z)
7

V- E-0E DY@ -0+ D)
B fHri—i&) f(rii&) ’

as desired; strictly speaking, instead of

V- -0E +D

we should have written g(&;) on the right-hand side.
The argument is very similar if &1, & € D;', and we only sketch the calcula-
tion: using first (3.27) combined with (3.23), (3.25), and (3.26), then (3.17), and
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finally (3.19) and (3.24), we obtain

1 1 1
exp(% /(Z . E) log| f(z) — f(§)|dz)

rx

S
_ Vh3(&) b3 (=ik) hi (i)
Vh3(E) hi(=i&1) by (—i&)

_ Vha@) hg(=ig) [T (ri—if)
[ha(E) ST (ri—i&)  hi(=i&)

=\/(51‘§)(51+5)\/ GBrin? | r—if fHri—if)
E+in V&0 +0 [Tri—if) r—ik

V@@ D i)
J-E—0E + ) [ ri—it)

We omit essentially the same calculations for the remaining case &1, &, € D7 ]

3.4. Balance conditions

In most results, we require that for some & > 0, {r(r) lies in the sector {§ € C :
|Arg &| < /2 — g} for r large enough. This balance condition is needed in order to
deform the contour of integration from R to I'; when the integrand is singular near
the imaginary axis. However, it also implies some balance between the Wiener—Hopf
factors, as stated in the following two results. Throughout this section, by C we denote
a generic positive constant that may depend on parameters listed in brackets, and the
exact value of C can be different every time it appears, even in a single expression.

Lemma 3.21. If f(§) is a non-constant Rogers function, 0 < n < &, M > 0, and

) —in _ o L) +i§

Ay —ie = M L Ty

for everyr > 0, then

MG (f-@)M
frm ~\f~m/)
Similarly, if0 <n < & M > 0, and
& (r) + ik _ Lr(r) —in
S rin = A ) i
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for every r > 0, then

EGIEALYY
f=m Nt

In particular, for every ¥ € (0, w/2) there is a constant C(¥) > 0 with the follow-

ing properties. If f(§) is a non-constant Rogers function, 0 < g1 < 02 < 00 and

Arglr(r) < U when 91 <1 < 02, then

ARG

frm N f()
whenever 201 < n < & < 05/2. Similarly, if f(§) is a non-constant Rogers function,
0 <01 <02 <00, and Argls(r) > =0 when 91 < r < 02, then

S _ (f*(é))c(’”
f=m — \ft(m)

whenever 201 <n < & < 02/2.

’

’

Proof. By [41, Theorem 5.7] (see Proposition 3.11 above), for £, n > 0 we have

log

£ I/OOAr () — in das(r)

SFra) T w Lr(r)—i& Ap(r)’

G 17°Ar () +i8 dAp(r)

RS ;0 Lr(r)+in Ap(r)

and the first assertion of the lemma follows.
For the proof of the other one, we observe that if 0 < n < £ and r > 0, then

£ £
() —in _ §r(r) —in L g [ _Re&r()
A —ie T M) e /Imzf(r)—is -t

and, in a similar way,

£
Cf(")+l§ Re ¢ (r)
Zf(r)+”1 IZf(r)JriSI2

Suppose that Arg {r(r) < ¥ when g1 < r < g». Note that if 20; < s < 0»/2 and
either r > g, or r < o1, we have
|Cr(r) +is| _ st
|8p(r) —is| = [r—s]

<3.
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On the other hand, if 20; < s < g2/2 and o1 < r < @2, then, by (2.8),

|Cr(r) +is| _ s+r
& (r) —is| = (s +r)sin(3(Z - 9))

— ).

It follows that if 20; < s < 02/2, then for all > 0 we have

< C()

1
|87 (r) —is] & (r) +is]

Integrating both sides of the above inequality, we find that if 207 < < & < 05/2,
then for all » > 0 we have

Arg LTI _ ) a0 i

&r(r) —in Lr(r) +i€
It remains to apply the first part of the lemma with M = C(}) to get the desired
inequality. A very similar argument applies if we assume that Arg {r(r) > —t} when
01 <r <gs. n

Corollary 3.22. [f0 <p; <05 <00, ¥ € (0,7/2), and f(§) is a non-constant Rogers
function such that Arg {r(r) < when 01 < r < 02, then there are positive constants
C1 and Co (%) such that

FE OGO
o = (7o)

whenever 201 < 1 < § < 02/2. Similarly, if Arg (s (r) > =1 when 91 <r < 02, then

RO L ONC®
o 2 ()

whenever 201 <n < £ < 02/2.

Proof. By Corollary 3.6 applied to the complete Bernstein functions f*(£) and
f~(n), we have

S _ 1S9 6] c freE f7®
lfml [ fH =i f=Gml —  frm) f~()
Using Lemma 3.21, we find that if Arg{r(r) < ¥ forr > o, then

|/ () <C(f‘(§)>c(”)f‘(§)
Sl = Nf=() S~

when 2p < n < &. This implies the first part of the corollary. The other one is proved

in a very similar way. u
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The next lemma provides a sufficient condition for a power-type behaviour of a
Rogers function near 0.

Lemma 3.23. Suppose that f(£) is a non-constant Rogers function, 0 < ¢ <00, £ >0
and § € [0, /2), and either

Arg f(ie_i‘gr) > ¢

whenever 0 < r < g, or
Arg f(—ie'lr) < —¢

whenever 0 < r < ¢ (if § = 0, we understand that Arg f(ie r) = Arg f(ir) =
@(—r) and Arg f(—ie'®r) = Arg f(—ir) = @(r), where ¢(s) is the function in the
exponential representation (3.2) of the Rogers function f(£)). Then there is a constant
C(e,8) > 0 such that

VOIS . 3)(§)8/(”_8) (3.28)

lfml ~

whenever 0 < n <& < 0.

Proof. We only consider the case Arg f(ie ®r) > ¢ when 0 < r < o, with o finite.
The case ¢ = oo is then an immediate extension, and the case Arg f(—i elr)y < —¢
when 0 < r < g is completely analogous.

We first consider the case § = 0. With the notation of the exponential represent-
ation (3.2), we thus have ¢(r) > ¢ when —p < r < 0. Define the auxiliary Rogers
functions

(U e e el )
g@)‘“"p(n_/(uis AR A— ds)’
0
_ 1 £ 1 €
ve =eo(s [ () )
—e
so that f(&) = g(§)h(€). By a simple calculation,
(L + )ik \e/m
o =("1, )

and |g(£)/g(n)| = 1 when 0 < n < & by Proposition 3.12. It follows that

LSOOI _ 1g@] [hE)] _ (élin+9|)8/”
LSl gl k(M| ~ \nli& + o

whenever 0 < n < &. It remains to note that

intel? _n*+e® 1
lié +o> £2+0%7 2

when additionally £ < .
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Let us record the following observation. If Re £ > 0 and |§| < p, then, by a short
calculation,
: 2 _ 2 R
o iE @R
(i§+0) li§ + ol
and so Arg(i&) > 2 Arg(i € + o). From the definition of a Rogers function, it follows
that

Arg f(§) = Arg g(§) + Argh(§)

g(;) +Argf + & (Arg(ig)—Arg(iSJrQ))

> -7+ At + ziArgas)
T
-t (- )%

&

Arg f(§) = (1 — %)Z (3.29)

when Argé = (1 —¢/(27))/2 and |€| < . In other words, if the assumption of the
lemma is satisfied with § = 0, then it is also satisfied for some § > 0 (with ¢ replaced
by the right-hand side of (3.29)).

Let us now consider the case 0 < § < /2. We define an auxiliary function

h(g) — eiS/ZéS/Trf(e—iS/Zél—S/rr).

= Ar

In particular,

Note that g(§) = ¢?%/2£8/™ is a Rogers function, and hence, by Proposition 3.3 (c),
h(§) is a Rogers function. Furthermore, if 0 < r < o™/ =% we have

Argh(—ir) = Arg(ei‘sr‘g/”f(ie_isrl_‘s/”)) >6+e.

Therefore, by the first part of the proof,
|h(§)| §\Cro/x
T = Ce )| =
|h(n)] ( )
whenever 0 < 7 < £ < 0™/™=% _Using the definition of &, we find that
|f(e71/2g170/m)) £\
> Cs, 5)( ) .
|f(e 16/2 1— 8/n)|

Finally, combining the above estimate with Proposition 3.5 (applied with r and &
—18/2%-1 8/

replaced by £17%/7 and e
pl=b/m ~i8/21-8/x

for the expression in the numerator, and by

and e for the one in the denominator), we conclude that

€| N
o = Cea ()

when 0 < < & < 0™/ =% which is equivalent to (3.28). n
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Lemma 3.24. Suppose that 0 < ¢ < 00, ¢ > 0 and § € [0, w/2). Suppose that f(§)
is a non-constant Rogers function, and we have

Arg f(ire_is) > ¢,

whenever 0 < r < ¢ (if § = 0, we understand that Arg f(—ie'®r) = Arg f(—ir) =
@(r) and Arg f(ier) = Arg f(ir) = @(—r), where @(s) is the function in the
exponential representation (3.2) of the Rogers function f(£)). Suppose also that

inf{Arg s (r) : 7 € (0,0)} > —%.

If r € Zy, then, for some constants Cy(g, §), C1(¢,68), C3(e,8, f) > 0, the Wiener—
Hopf factor = (r; ) of the Rogers function f(r;§) satisfies

ST
———— = Ci(,9)
i =
whenever 0 < Cz(e,6, f)r <n<£& < /2.
Similarly, if

<%‘ ) I—CZ(S,(S)
n

Arg f(—ire'®) < —¢
whenever 0 < r < o, and
b9
sup{Arg /() : 7 € (0.0)} < 3.
then n ©.8)
r: 1-C»s (e,
1100 (6
Srrin) n
whenever 0 < Cz(¢g,68, f)r <n<§& <po/2

Proof. As both parts of the lemma are completely analogous, we only prove the first
statement. As it was noted in the proof of Lemma 3.23 (see (3.29)), with no loss of
generality, we may assume that § > 0. We fix r € Z¢, and we consider the Rogers
function

£ g2
— E— —A , 3.30
FrB - G gmeErgm C OO G0

introduced in Proposition 3.16. We will show that Corollary 3.22 applies to g(§), and

g(§) =

then use this fact to prove the desired estimate for the Wiener—Hopf factors of f(r;§).
We will frequently use the estimate

|Arg(1 = §)| = [log(1 — &) =< 2|§],
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Im Arg f >0

infArg f > ¢

Arg f <0

Figure 4. Setting for the proof of Lemma 3.24.

valid when || < 1/2. We let
U = sup{|Arg ¢y (r)] : 7 € (0, 0)}.

Note that ¥ < /2.

Step 1. We first estimate Arg(f(§) — As(r)) when Arg§ = m/2 — 6 and |§|/7 is
sufficiently large. Observe that if | f(§)| > 2A7(r), then

_ lf(?))\ <)

[Arg(f(€) = A7 (r)) — Arg f(§)] = |Arg(1 I GLEKTIGR

In particular, if additionally | f(§)| > 467! A7 (r), then

[Are(f(§) = Ay (r)) — Arg f§)] < 3. (331)

We now find the lower bound on | £(§)| using Proposition 3.5 and Lemma 3.23. Recall
that Argé =n/2—8,A7(r) = f(§r(r)),and |Arglr(r)| <. Thus,if 0 <r < |§| <o,
we have

1§

B €] )8/(ﬂ_8))tf "

&/ (r—8)
O = COFED = Ce.) (=) 170 = Ce.b.9)(=

(we applied Proposition 3.5 with r and £ replaced by |§| and £ in the former inequal-
ity, and by {7 (r) and r in the latter one). In particular, if Argé = 7/2 —§ and
0 < C(s,8,9)r < [§] < o, then | f(§)| > 467 A (r), and consequently (3.31) holds.
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Step 2. We now turn to the estimate of the argument of the other factor on the right-
hand side of (3.30). If || > 2r, we have

£ £ () 50
A — | = |A 1] —>=—= A 1 -
rg(f—ff(r))(5+§f(r))‘ [arg(1 - 257) + ane(1 4 27|

L0l GOl

- 8 B

In particular, if |§| > 8re™1, then

& £

Arg —| < =

E=LrrNE+ ! 2
Step 3. By combining the estimates from the previous two steps, we find that if
Argé =n/2—-58and 0 < C(e,6,0)r < |&| < g, then

52

(=L (ME+ L)

e e
=5+ (A f®)-3) = 0.

Arg g(§) = Arg

+ Arg(f(€) = f(r (1)

Consequently, if s = |£|, then Arg& > Arg (. (s) by Proposition 3.8 (b). Thus, we have
Argl,(s) < /2 —§ whenever 0 < C(g,8,%)r <s < 0. By Corollary 3.22, we find
that

g &) 18(§)[\€®
S S s oS
e = etn))
whenever 0 < C(s,§,0)r <n < & < /2.

Step 4. Clearly, f+(r;§) =&/g%(§) and f~(r:§) = £/g (£) are the Wiener—Hopf
factors of the Rogers function f(r;§) = £2/g(§) = f+(r;—i&) f~(r;i€). Therefore,

S8 _gem () _ CS(Ig(n)I)C(”’)

f=@rim)  ng= () ~ n\|g®)

whenever 0 < C(e,8,9)r < n < & < /2. Finally, when 0 < C(g,§,0)r <& < o,
then, as in Step 1,

@1z e () oz cesn () am = 2,0
and hence
126 = f®) - A0l
=G IE+ G0
- Erei- ey = 1O

(¢ +r)? .
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52
= —A
1g (&)l |g—§f(r)||g+;f(r)||f(§) 7 ()]
Sz
< E—r)y2 (1fE+Ar(r) =8| fE)I.

It follows that if 0 < C(e,8,0)r < n < & < /2, then

S=rim) — n

FoE) L E (1SN
=< () -

It remains to again apply Lemma 3.23 to bound | £ (n)|/] f(§)| by C(e,8)(n/ €)%/ F=5),

3.5. Notation

For reader’s convenience, we gather the notation used in the remaining part of the

article. We always assume that f(£) is a non-constant and non-degenerate Rogers

function, and we use freely the following symbols:

Dy € C is the domain of f(§), equal to C \ iR possibly augmented by an appro-
priate part of i R;
'y is the spine of f(§), the set of { € C such that Re{ > 0 and f({) € (0, 00);

{r(r) is the parameterisation of the spine I'r, augmented by appropriate
segments of iR: for every r > 0, Re {r(r) = re'?, where ¥ € [-n/2, /2]
and sign Im f(e'®r) = sign(a — %) for every a € (—m/2, w/2) (see Proposi-
tion 3.8 (b));

Zy is a subset of (0, 00), consisting of those r > 0 for which Re {r(r) > 0; equi-
valently, Z is the set of moduli of points on I'z;

Az (r) describes the values of f(§) along I'r: Ar(r) = f(§r(r)) forr € Z¢ (or,
more generally, whenever {7 (r) € Dy), and A¢(r) is an increasing continuous
function of r > 0;

I‘; is the symmetrised spine of f(£): the union of I'z, its mirror image —F_f, and
the endpoints of I'y;

forr € Zy, f(r;:§) is the (inverse) difference quotient of f(£), defined by (3.12),
and £ (r;€) and f~(r; &) are the Wiener—Hopf factors of the Rogers function
f(r:8).

For simplicity, in all proofs we drop subscript f from the notation whenever this
causes no confusion. As we have already done a few times above, in the remaining
part of the article C denotes a generic positive constant that may depend on parameters
listed in brackets, and the value of C may change even within a single expression.
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4. Inversion of temporal Laplace transform

This section contains the first part of the proof of our main results, Theorem 1.2
and Theorem 1.1. The argument is completed in the next section. We follow, with
major modifications, the approach of [38], where strictly stable Lévy processes were
studied, and we heavily use the results of [41] and Section 3. In particular, we use the
notation summarised in Section 3.5.

Except in Section 4.1, throughout this part we assume that X, is a (non-killed and
non-constant) Lévy process with completely monotone jumps, and f(£) is the corres-
ponding Rogers function (the holomorphic extension of the characteristic exponent
of X;). Note that f(£) is non-zero and we have f(07) = 0, so that Ar(0T) = 0.
Later on, we will impose additional assumptions on f(§). In particular, we will have
Ar(00) = oo, which implies that the transition kernel p;(x, dy) of X, has a density
function p,(y — x), and consequently also p;" (x, dy) has a density function p;" (x, y).

For notational convenience, except in statements of results, we commonly drop
the subscript f from the notation. For example, we write {(r), A(r) and I rather than

Cr(r), Ap(r)and I'y.

4.1. Pecherskii—Rogozin-type expression

Suppose that 0 > 0, Re £ > 0, and Re n > 0. Our first goal is to express the tri-variate

Laplace transform
[e.e]

/[ /e_at_"x_éyp;r(x,dy)dxdt
0

0 (0,00)
in terms of the Wiener—Hopf factors « (o, £) and «~ (o, ). Our method is quite
standard — see, for example, [38, Section 2.1] — and it applies to an arbitrary Lévy
process X;. It is based on the following fundamental result in fluctuation theory of
Lévy processes.

Proposition 4.1 (see [44, Theorem 6.15(i) and identity (6.28)]). Suppose that X, is
a Lévy process, 0 > 0, e is an exponentially distributed random time with mean 1 /0,
and e is independent of the process X;. Then, the random variables Xe — Xo and
Xe — Xe are independent, and the random variables Xe — Xo and Xe — Xe have
equal distribution.

For e as in the above proposition, we have

o0 o0
/ / ¢ o (v, dy)dt = / ¢ B (exp(—EX?) Lio.00) (X)) di
0 (0,00) 0

= B (exp(—£Xe) 1000 (Xe).
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By the above proposition,

E* (exp(_éxe) Il(0,c>o) (Xe)) =E* (exp(—E(Xe — Xe)) exp(—£§ Xe) H(O,oo) (Xe))
=E* (CXP(_g(Xe - Xe)))Ex (CXP(_EXe) ]l(o,oo) (Xe))
= E* (exp(—§ (Xe — x)))E* (exp(—§ Xe) 10,00) (Xe))-

Translation invariance implies that

E* (exp(—£(Xe — x))) = E°(exp(—£ Xe))
and
E* (exp(~§Xe) 1(0.00)(Xe)) = E®(exp(=§Xe)e™™ I(x.c0) (Xe)).

It follows that

oo

| | eororieana

0 (0,00)

= B (exp(—£ X)) E exp(~£Xe)e ™ 1y (Xe)

Since for y < 0 we have

oo o0

/e_"xe_sx L—x.00)(¥)dx = /e_@“’)xdx =

0 -y

oETmy

E+n

’

we eventually find that

// /e_‘”_"x_gyp:r(x,dy)dxdt

0 0 (0,00)
1 _
= — E%exp(—£Xe))E (exp(nXe)).
SETT (exp(—£ Xe))E® (exp(nXe))
By the Pecherskii—Rogozin identities (2.6),

— k*(0,0) Kk~ (0,0)
E° exp(—£X,) = - E° Xe) = .
exp(~£Xe) = 7 o B epnXe) ==

Furthermore, by the factorisation identity (2.7)
o
k(o)

k1 (0,0)k ™ (0,0) =

We have thus proved the following result, which seems to be rather standard, but
difficult to trace in the literature in this particular form; see [24, Theorem 18] or [44,
Theorem 7.7] for related developments.
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Proposition 4.2. If X, is a Lévy process, p; (x,dy) = P*(X; € dy, X; > 0) is its
transition kernel in the half-line (0, 00), and k™ (0, §), k™ (0, n) and k°(0) are the
corresponding Wiener—Hopf factors, then

rr —ot—nx—Ey ,+ = ! :
// /e n ypt (x,dy)dxdt = E+ 1 o)t (o B (0.1) “.1)

0 0 (0,00)

whenever 0 > 0, Re& > 0 and Ren > 0.

4.2. Baxter—Donsker-type expression and inversion of the Laplace transform

By [41, Theorem 1.1], the right-hand side of (4.1) is a Stieltjes function of o. This
allows us to invert the Laplace transform with respect to the temporal variable (¢ > o)
in (4.1). To this end, we use integral expressions for the Wiener—Hopf factors k * (o, £)
and k7~ (0, n) in terms of the characteristic exponent f(£), developed in [41].

Let f5(€) = 0 + f(£) for o > 0. By [41, formula (6.2)], we have

k()T (0. §) (0. 1) = f,7 () £ (m)

when 0 > 0, Re§ > 0 and Rep > 0; here f;F(§) and f, (1) are the Wiener—Hopf
factors of the Rogers function f, (&), see Proposition 3.10. Using Proposition 3.11,
we find that, for 0, &, > 0,

dA
k°(0)k T (0, &)k (0,1) = oexp( /W( ) (r) )

o+ A(r)

A(oo)

d
- oexp(% [ oo ﬁ)
0

Y (r) = Arg(l(r) +in) — Arg(¢(r) —i§).

Note that v (r) takes values in [0, 7], and ¥ (0T) = 7, ¥ (c0) = 0; see the proof
of [41, Lemma 6.1] for further details. It follows that

where

o0

o0
[ [ o opranaxa
0 0

(0,00)
A(00)

_ v (1 -1
- exp( ”O/W o)~

ds
T s)' “4.2)
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Clearly, the right-hand side of (4.2) extends to a holomorphic function of o € C \
[—A(00),0]. We denote this function by W (o) (for fixed &, n > 0). By Proposition 3.11,
1/W(0) is a complete Bernstein function, and hence W (o) is a Stieltjes function. We
have thus essentially proved the following result.

Proposition 4.3. Suppose that X, is a Lévy process with completely monotone jumps,
p(x,dy) =P*(X, € dy, X, > 0) is its transition kernel in the half-line (0, 00), and
f (&) is the corresponding Rogers function, then

/ /e_”x_gyp;r(x,dy)dx = % /e_”uf(S, n.ds) (4.3)

0 (0,00) (0,1 (00))

fort > 0and&,n > 0. Here, juy(§,7, ds) is a non-negative measure on (0, A5 (0)),
given by

e n,ds) =— lim+ ImWyr(§,n,—s +it)ds 4.4)
t—0
in the sense of vague convergence of measures on [0, A ¢ (00)], with
I L d
s
Ve, n,0) = —exp| —— A7 (s 4.5
reno) = —een(-x [ wenito ) @)
0

foro € C \ (—00,0], and

Vr(€ n,r) = Arg({r(r) +in) — Arg(§r (r) —i§)

forr > 0.

Proof. We continue to use the simplified notation W(o) = Wr(§,7,0), and ¥ (r) =
Vr(§,n, 7). We have already observed that W(o) is a Stieltjes function and W(0o) is
holomorphic on C \ [—A(00), 0], so that ¥(o') has the following Stieltjes representa-
tion (2.2): when o € C \ [—A(00), 0], we have

b 1 1
v =2 rct s [ —ua (4.6)
o T o+s
(0,A(00)]

for some b, ¢ > 0 and an appropriate measure (ds) = s (&, 1, ds). In order to
complete the proof, we only need to prove that b = ¢ = 0 and p({A(c0)}) = 0. Indeed,
the Stieltjes measure p(ds) is given by (4.4), and formula (4.3) follows from (4.2) and
continuity of the left-hand side.

By (4.5) and the monotone convergence theorem, we have
A(o0) J
1 1
b= lim o¥(o) = exp(—— / V(A7) —S)
b4 s
0

o—0Tt E+1n
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Since the measure ds/s is infinite in every right neighbourhood of 0, A=1(0") = 0
and ¥ (0") = 7, the above integral diverges, and, consequently, » = 0. Furthermore,

again by (4.5),
1
c = hm Yo)< lim —— =0,
@ = M e+

so that also ¢ = 0. Finally, let 69 = A(c0) and suppose that og < oo. Then wu(ds)
is concentrated on (0, og], ¥(—0) is given by (4.6) for ¢ > 09, and we have, by the
dominated convergence theorem,

O — 0

“u(ds) = lim (=x(0 —00)¥(~0).

0'—)0'0

1(ioo}) = lim

In order to prove that ;£ ({op}) = 0, we observe that, by (4.5),

— % d
n({oo}) = E— lim d 0000 exp(%/lﬂ(l_l(s)) ﬁ)
=gy, m —exp(——/(n—vfa o ),

By the monotone convergence theorem, we find that

oo J
el i vion 1)
0

Since A7!(05) = oo and ¥ (c0) = 0, the above integral diverges, and consequently
n({oo}) = 0. L

n(oo}) =

4.3. Reformulation in terms of difference quotients

Our goal in this section is to transform the expression for s (§, 1, ds) in Proposi-
tion 4.3 to a more manageable form. Recall that in (3.12) we defined

(& — L (M)E + ()
fE) —As(r)

whenever r € Zz, and that f(r; §) is a Rogers function of &. We denote by 1 (r; §)
and f~(r; &) the Wiener—Hopf factors of this Rogers function.

f(r:§) =
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Proposition 4.4. Suppose that X; is a Lévy process with completely monotone jumps,

and f(§) is the corresponding Rogers function. Let t > 0, £, n > 0, and suppose that
i¢ € Df and —in € D} . Then,

f
/ /e—ﬁx—éyp;r(x’dy)dx
0 (0,00)
L [ ST )
nzfe 18r (r) — P& 1Ep(r) + inl? oLr (r)dAr(r).
’
Similarly, ift >0, &,1> 0, and i§,—in € DT, then
/ /e—nx—éyp;i-(x’dy)dx
0 (0,00)
D R R a1 N .
v /e s |é_f(r)_lg|2 f+(”;—77) Rezf(r) f(r),

Zy
while ift > 0,&,n>0,andi&,—in € D, then

oo

/ /e_"x_éypf(x,dy)dx
0

(0,00)

1 / —ay ] ()
=— | e - Relr(r)dAs(r).
7 Fe=8) gy +inp

Zy
Proof. We continue to use the notation W(0) = Wr(§,n,0), u(ds) = ur(&, n, ds)
and ¥ (r) = ¥¢ (&, n, r) introduced in the proof of Proposition 4.3.

Suppose that i & € D;I and —in € DJT. Observe that

Y (z) = Arg(z +in) — Arg(z — i§)

is a differentiable function in the region Rez > 0, z # i&, z # —in. By Proposi-
tions 3.14 and 3.15, ¢(r) and A~!(s) are locally Holder continuous on (0, 0o)
and (0, A(00)), respectively, and hence also ¥ (A71(s)) = ¥ (¢(A~"(s))) is Holder
continuous. Therefore, the Hilbert transform of ¥ (A17!(s)) is well defined and
continuous on (0, A(c0)), and by the Sokhotski—Plemelj’s formula we have (see,
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e.g., [29, equation (4.8)])
)c(oo)

lim / YO 6) -

A (0)

_ l -1 ds
— o[ V)
0

o+it+s

—iy (A7 (o))
o

locally uniformly with respect to o € (0, A(00)). It follows that

A(c0)

. L PN 1
lim (o i) = )exp(zw ©)) pv[ YO )

=

locally uniformly with respect to o € (0, A(00)); here the principal value integral pv
is defined as the limit of integrals over the complement of (6 — &,0 + ¢) as & — 0%,
Consequently, p(ds) is absolutely continuous on (0, A(c0)), and by Proposition 4.3,

o0
ey +(x dy)dx

0 (0,00)

_ﬂ(é+n) /

1 Fewo O ,
“aEEn ) A0 e"p( / VO -2 ))Sm(‘”(”)“m’

A(00)
exp(—lpv / o2 )sin(w(rl(a)»do

here, on the right-hand side, for simplicity, by pv/ we denote the limit of integrals
over the complement of (A(A™1(r) — &), A(A"1(r) + €)) as € — 0. Observe that if
r¢ Zy, then{(r) € iR, sothat ¥ (r) € {0, 7} and sin(y(r)) = 0. Thus, we conclude
that

/ / X6y +(x dy)dx

0 (0,00)

_ M0 @ .
n(é+n) YO ( / V(g )W)sm(w(r))dx(r)

Zy 4.7

for every t > 0.
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Below we simplify the above expression. Recall that

Y (r) = Arg(8(r) +in) — Arg(¢(r) —i§).

Thus,
sin(y(r)) = 1HImEC) Rel(r)  Rel(r) —&+Iml(r)
1§(r) +inl [C(r) —i&|  [E(r) +inl [§(r) —i§]
(6 +m)Rel(r)

— . 4.8
C0) + inll(r) — E] @9

We now transform the inner integral in (4.7). Fix r € Z¢, and denote

~ dr(q)
L”W( fw“umluﬂ

As in the proof of [41, Theorem 5.7], we find that ¥ (q) < C(&,n)/q (see [41,
(5.14) and the comments at the end of the proof of Theorem 5.7]), and that
log [A(g) — A(r)| < C(f, r)g'/? for ¢ > 2r (see [41, (5.16)]). It follows that
¥(q) log |A(q) — A(r)| converges to zero as ¢ — oo. Furthermore, we have that
V¥ (q)log |A(q) — A(r)| converges to 7 log A(r) as ¢ — 0T. Therefore, integrating
by parts, we find that

aiig)
/WUMm e —m%Mn—/w@mmMm Aldg.

Sinee £(q) £()
. 9 Y4
V@ =m(z S~ s o)

(see [41, (5.15)]), we obtain

- Ll @ {'(9)
/= )L(r)exp(;O/Im(g(q) e _l_E)logM(q) —/\(r)|dq).

As in the proof of [41, Theorem 5.7], we have ¢(g), {'(¢) € iR for almost all ¢ €
(0,00) \ Zf, and then the integrand on the right-hand side of the above equation is
equal to zero. Thus,

~ 1 {@) @ -
I _A(r)exp(;flm(g(q)m C(q)_ié)logu(q) )L(r)la’q).

Zy
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Recall that if we define {(0) = 0 and {(—r) = —{(r), then {(r) forr € (=Zf) U Z¢
is a parameterisation of I'*. Furthermore, as in the proof of [41, Corollary 5.6], we
have

m( )t )
¢(q) +in  L(g)—i€
=i( @ Y@ )_
20 \8(q) +in  L(q)—i§
:i( @)t )
20 \8(g) +in  L(g)—i§
Therefore, we find that

1 1 1
I :k(r)exp(ﬁ[(z_i_in - Z_i$)10g|f(2)—l(r)|d2)

A
I I I
= A(r)exp(—ﬁ /(Z i in) log | f(2) —/\(r)|dz).
I

i( g T )
2i\e(q) —in  Clg) + ik

i( (—=q)  §(=9) )
20\8(=q) +in  L(=q) —i§

+

Recall that i§ € D}" and —in € DJ?. From Proposition 3.20 with §&; = i and &, =
—in, it follows that
GVl VG
li§ = ¢(r)ll=in— ()]
By combining (4.7), (4.8), and (4.9), we arrive at

4.9)

oo

/ / e_”x_éypf(x,dy)dx

0 (0,00)

L [0SO ) ERDRel)
w4 ) A T8O L) F il 12+ inlE) ~ i

S
1 / o—130) fHE &) f(rinRel(r)
1S (r) — i&I2E(r) + in|?

T

dA(r),

Zy

as desired.

The proof in the remaining two cases, when i§ € D}r and —in € D, or when
i£e Dj7 and —in € D7, is very similar, with two modifications. First, the function
¥ (r) has a jump at r = n or at r = £. This makes the treatment of the Hilbert transform
near s = A(n) or s = A(§) somewhat more complicated, but otherwise this does not
affect the argument. Second, the application of Proposition 3.20 for (4.9) is slightly
different, and thus the final formula takes a different form. We omit the details. [
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4.4. Generalised eigenfunctions

Recall that by Proposition 4.4, under suitable assumptions on &, > 0,

o0

| | e optanas

0 (0,00)
lfe_tur) S8 fn)
1S(r) —i&[2 |8 (r) + inl?

T

= Re ¢(r)dA(r). (4.10)
Zy
In order to invert the double Laplace transform in the above identity, we first identify
NG S (rsm)
ITYRSEETD) and YRS
8(r) — i§] 1E(r) +in]
up to appropriate normalisation factors, with Laplace transform of what we call gen-
eralised eigenfunctions. As before, we assume that f(z) is a non-constant, non-de-

the factors

generate Rogers function associated to a Lévy process X; with completely monotone

jumps. Recall that for r € Z¢, f(r;z) is the Rogers function defined as in Proposi-

tion 3.16, and f*(r;z) and f~(r;z) are the corresponding Wiener—Hopf factors.
Since f T (r;£) is a complete Bernstein function of £, we have, by Proposition 3.18

applied to h(§) = fH(r;€) and ¢ = (1),
9 _ 9
18 = i€ (€ +it(r)(E—il(r)
_ 1 <f+(r;i%)_f+(r;—i§(r))
2iRel(r)\ £—il(r) §+il(r)

)-g® @

for & € C \ (—o00, 0], where g(£) is an appropriate Stieltjes function (depending on f’
and r). Observe that

[Trie(r) = fH(ri—ig(r))

and

§—il(r)=§+il(r)

when £ > 0. Therefore, the expression in brackets on the right-hand side of (4.11) is
equal to —2i Im( f+(r; —i&(r))/(§ +i&(r))). It follows that for £ > 0 we have

Re((r)  f+(r:®)
7R =it )] () — i€
S D e e 1100)
PRl i)

—g+(r:). (4.12)
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where

g(§)Rel(r)
|/ (ri=ig(r)
is a Stieltjes function of £. Note that for a given ¢ € C, the function 1/(§ + i)
(defined in the region Re £ > Im¢) is the Laplace transform of e?¢*. Therefore, if
¢ > max{0, Im {(r)}, then the expression given in (4.12) is the Laplace transform of
the function

g+(r;§) =

1
|/ (ri=ig(r)|
= eV sin(ay + c1) — G4 (r1y),

Fi(r;y)=— Im(f T (r;—il(r)e ) — Go(r:y)

where G4 (r; y) is an appropriate completely monotone function, {(r) = a + bi,
cy =—Arg f(r;—il(r)),anda > 0,b € R and ¢4 € (—, ). Similarly, for n > 0
we have

Re¢(r)  f~(rim) _  Rel() £
DI R +iP 17O (=) + i80)
U i)

el i)

and, given that n > max{0, —Im ¢ (r)}, the above expression is the Laplace transform
of the function

g-(r;n),

F_(r;x)= Im(f~(r; i{(r))e"t(’)x) —G_(r;x)

1
|/~ (i ()

= e P sin(ax + ¢) — G_(r; x);

here g_(r; n) is an appropriate Stieltjes function, G_(r; x) is an appropriate com-
pletely monotone function, ¢(r) = a + bi as above, and c— = Arg f~(r;il(r)).

We abuse the notation and write £ F4(r; &) for the holomorphic extension to
C \ ((—00,0] U {—it(r),it(r)}) of the Laplace transform of F4 (r; y) (as a function
of y), defined originally in the region {§ € C : Re £ > max{0, Im {(r)}}. Likewise,
£ F_(r; n) denotes a similar extension of the Laplace transform of F_(r; x). Recall
that

fro=il(r) [~ (08 () = f(r;¢(r)
_ 2Rel(r)
Sy

and observe that on Zy we have

dA(r) = (&) (dr = | £/ CENIE (r)ldr.
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Thus, we conclude that (4.10) is equivalent to
[ [ emepranas
0 (0,00)

:1/6_”1(,)( Re {(r) fr@r:é) )( Re {(r) f(r:n) )

7 | fH (=g 1§ —i&12/ N f=(rsi& ()] 1§(r) +inl?
s
y |f (s =i&(r) f~(r;i(r))|
Re¢(r)

dA(r)
_2 / MO L (r )L F_(rin)|E(r)|dr.
T
Zy

We have thus essentially proved the main result of this section, Proposition 4.3. Before
we state it, let us introduce the following formal definition of the generalised eigen-
functions F(r;y) and F_(r; x).

Definition 4.5. Suppose that f(§) is a Rogers function, and let Z¢, {¢(r) and Az (r)
be defined as in Section 3. Let r € Z¢, let

2+ & (r)
f(@)=Ar(r)

be the Rogers function defined in Proposition 3.16, and let £ (r;£) and f~(r;n)
denote the corresponding Wiener—Hopf factors. Define

Jriz) = (=8 ()

ag(r) =Rels(r), cpy(r) =—Arg f(r;—ils(r)),
br(r) =1Imgs(r), cr_(r) = Arg f7(r;ilr(r)),

and let

Fri(riy) = e 7 sin(ar(r)y + cr4(r) — Gro(r: y),
Fr_(r;x) = e brx sin(ar (r)x + ¢r—(r)) — Gy_(r; x),

where G4 (r;y) and Gy_(r; y) are completely monotone functions with Laplace
transforms

et ReG() [

£G §) =— - J

S = I e ) T I =i )] T () — €
eler—) Re {7 (1) f(rin)

LGr_(rin) = ; B ' '
= N T T i )] T () + i

for&,n > 0.
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The notation introduced above is kept until the end of the article. We stress that

Re £r(r) Sy
LFpy(ri€) = ’
1+ = TR SiL )] +ilr (M) —igr(r))
LFr_(r;n) = Res ) g

[~ isr ] (n—ilr )+ i ()

whenever Re § > max{0, Im ¢ (r)} and Re n > max{0, —Im {r(r)}, and the above
expressions extend to meromorphic functions of £, € C \ (—o0, 0], with two simple
polesat§ =—ils(r)and & = i%, andatn =iy (r) and n = —i{r(r), respectively.
Since ft(r;€) and £~ (r;n) are complete Bernstein functions, by (2.4) we have

b4 s
0<cri(r) < 5 —Arg §r(r), 0=<cp(r) =< 5 TAg Er(r).
Furthermore, we observe that

cr4(r) —cr(r) = —Arg f 1 (ri—ily (r)) — Arg £~ (r1i gy (r))
= —Arg(f (=il () f(r; 187 (r))
= —Arg f(r: r (r).

Since f(r:8r(r)) =2Rels(r)/f'(Er(r)), Rely(r) > 0, f(r(r)) = A% (r) /5 (r),
and /\} (r) > 0, we find that

cr(r) —cr—(r) = Arg f'(Lr (r)) = — Arg {(r).
The following result is a restatement of Theorem 1.5.

Proposition 4.6. Suppose that X; is a Lévy process with completely monotone jumps,
and f (&) is the corresponding Rogers function. Lett > 0, Re&,Re n > 0, and suppose
that i§ € Df and —in € D Then,

/
o0
e pl(x, dy)dx
0 (0,00)
2
- —/e_’)”f(’)éﬁFer(r;E)iFf_(r;77)|§'}(r)|dr. (4.13)
T
Zy

Proof. We have already proved that formula (4.13) holds for &, 7 > 0 such that i§ €
D}“ and —in € DJI. The bivariate Laplace transform on the left-hand side of (4.13)
clearly defines a holomorphic function of £ and 7 in the region Re £, Re > 0. It is
therefore sufficient to prove that the right-hand side of (4.13) defines a holomorphic
function of £ and 7 in the region Re £,Ren > 0, i € D}, —in e D7. This follows
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from Morera’s theorem and Fubini’s theorem. Indeed, for every 5 such that Ren > 0
and —in € D7, and for every closed contour I' contained in the region Re § > 0,
if£e D}r, we will momentarily show that we may apply Fubini’s theorem to find that

/ (3 / e"“’)fFf+(r;s)$F_(r;n)|;’(r)|dr)dg
g
T 0
- %/‘f’_t“’)(/iFf+(r:$)dé):€F_(r;n)l;’(r)|dr =0. (4.14)
iy

By Morera’s theorem, this implies that the function defined by the right-hand side
of (4.13) is holomorphic with respect to £. A similar argument proves that it is holo-
morphic with respect to 1, and the desired result follows by Hartog’s theorem.
Therefore, it remains to find a sufficiently good estimate of the integrand on the
right-hand side of (4.13), which will allow us to apply Fubini’s theorem in (4.14). Fix
any & > 0 such that i & € D}r. Since i T is a compact subset of D7, the distance §

between i " and D}L is positive, and [ liesinadisk {€ € C : €| < R} for some R > 0.
Hence, for all £ € CandreZ + we have

& +il(r)||E —il(r)| = (max{8,r — R})?
> C(8, R, &)|€0 + il(r)||E0 —il(r)|
= C(8.R. &) (ko +it(r))(Eo —iC(r)).

On the other hand, we observe that, by Corollary 3.6 applied to the complete Bernstein
function £+ (r; &), forall € € T we have

| 6)| < C(T. &) fH(ri£o).

Therefore,
Re £(r) | fT(r;8)|
LF(r; = ;
O = T o e + 1c0lE — 1200
~ r +r'
< C(f T ) - 80) AT

| fH =il (& +i2(r))(Eo —i(r))
= C(f. T, E0) L F4(r: o).

Similarly, with any fixed 9 > O such that —ing € D7,

|LF_(r;m)| < C(fino, MLF_(r;no).
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It follows that

[ / | L By (| L F_(rim)|E ()| dr|dE]
f 0

o0
< C(f.T. 0. no. n)/e_’“’)fFer(r;Eo)iﬁF—(r; no)|¢'(r)ldr < oo,
0
as desired. n

4.5. Properties of eigenfunctions

Proposition 4.6, which is the main result of this section, requires no assumptions on
the (non-constant) Rogers function f(&). More specialised results are given in the
next section. Before we move on, however, we prove two estimates of the generalised
eigenfunctions Fr(r;y) and Fr_(r; x), defined in Definition 4.5. Recall that I'y,
Zr,r(r), and Ay (r) were introduced in Section 3 (see, in particular, Section 3.5).

Lemma 4.7. Suppose that X; is a Lévy process with completely monotone jumps,
and f(&) is the corresponding Rogers function. Let dist(z, I'y) denote the distance
between z and Uy, letr € Zy, let 0y (r) = Arglr(r), and let ro = inf Z¢. Then,

36(rg + |£])? 1 cos Oy (r)
(dist(i&,Tr))? r + [£] cos(307(r) — Z) cos(3 Arg§)’
36(ro + |n])? 1 cos By (r)

dist(—in, Tr))? r + 0] cos(387(r) + Z) cos(3 Argn)’

|L£Fr1(ri8)] =

|LFr_(r;n)] < (

for&,n e C\ (—o0,0]. In particular, if €, > 0, then

_ ¢+ ro)? 1
T (distGE, Ty)2 E+71'

72 2 1
0<2F_(rip) < -2t T0) .
(dist(—=in, Tr))2 n+r

0= LFry(r:§)

Proof. Denoted =dist(i&,17),¢ =¢(r) and 9 = 9 (r) = Arg(. Clearly, Arg \/—i{ =
¥/2 — /4. Recall that, by definition,

Reg  fH(r:§)

LEr+(r:§) = &+l |fH(ri=i0)|
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Clearly, £ Fy(r;§) > 0 when & > 0. For a general £ € C \ (—o0, 0], by Corollary 3.6
applied to the complete Bernstein function f ¥ (r;£), we have

| fT(r;—id)| - 1 s(l? 71)

i a2 P\ Ty
n 8] g
Ol _ sr
Srrsr) = V2 r COS(%AI’gf).
Thus,
rcosd r 4+ |§| 1

|LFry(r:6)] <4 .
§+iCl> 1 cos(}Argé)cos(L —1I)

By definition, |&€ + i¢| > d, and additionally |&€ + i¢| > r — |&| = (r + |&])/3 when
r > 2|&|. Since d < ro + |§|, we obtain | + i¢| > (d/(ro + |£]))(r + |€])/3, and
hence

r(ro + |E))?cos ¥ r + || 1

d2(r +1£)? r cos(1 Argg) cos(% - %)

|LFr4(r:6)] =36

This is the desired bound for |£ Fr (r;£)|. When & > 0, then cos((Arg§)/2) = 1,
and the desired estimate follows by the trigonometric identity (2.9).
The results for &£ Fy_(r; n) are proved in a similar way. ]

Lemma 4.8. Suppose that X, is a Lévy process with completely monotone jumps, and
f (&) is the corresponding Rogers function. For every r € Zy, we have

Relr(r)  f+(1/y)
(1+ Tt o)
Relr(r) f~(r;1/x) )
it o))

|Fry(riy)| <22ry

|Fr_(r;x)| < 22rx(1 +

when 0 < x,y < 1/(2r), and
|Ff+(l’; y)| < 2eymax{1m§f(r),0}’ |Ff_(r; X)| < zexmax{—lmé‘f(r),o}

for general x,y > 0.
Proof. Again, we consider only the estimate of F4(r;y). With {(r) = a(r) +ib(r),
we have
Fi(riy) = " sin(a(r)y 4+ c4(r) = G1(r: y)
= Im(e "+ (1 — e507)) 4+ (sincy (r) — G(r; y)). (4.15)
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Using |¢(r)| = r and the mean value property, we find that
1= e 80 < |=ig () y| max{1, ")
<ry(1 47y < ry(1 + ™). (4.16)

Furthermore, for £ > 0 we have

o0

/ e (sin s (1) — G (r:))dy = WS—W) _£6G.(m8)
0
Csinea(r) | emier® ReC(r)  [H(rid)

=——/——+Im . + . -
§ E4il(r)  1fH(ri—=il()] [8(r) —i&]?
Since G4 (r; y) is completely monotone, it is a decreasing function of y > 0, and we

have

o0
G.(r;07) = lim /Ee_syGJr(r;y)dy
E—o00
0

i (gt O RO 6
g—o00 E+il(r) |fH(ri—=il(r)] 1$(r) —i&]?
=sinc4(r) — Rel(r) li frr:8) <sincy(r);

F i) eooe £

the last inequality follows from f*(r;£) > 0. Thus, sinc4(r) — G4+ (r; y) > 0. On
the other hand, since sinc (r) — G4 (r; ) is an increasing function of y > 0, we have

/e_sy(sinc+(r) —G4(r;y))dy = /e_gy(SianL(r) =G4 (r:p))dy
0 P
_ e (sinci (r) — G (r: p))
B 3
when p, £ > 0. It follows that
sincy(r) — G4 (r; p)
< get? f e (siney (r) — G4 (r: y))dy
0
_ ek sincy (r) eie+() Re ¢(r) [T )
(I e T PO R - 7EP)

—ig(r)e e+ Re £(r) Ef T (r:6) )

— Lép
(I =+ et B0y e
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When & > r, then we find that

roy Re {(r) Ef+(r;¥))
E—r  |fYr=i¢r)| =12/
Lety € (0,1/(2r)), and set p = y and & = 1/y. Then, the above estimate reads

ry N Re (r) J’f+(";%))
L—ry  [fH(r;=i¢r)] (1—ry)?
2Re(r) (.1
<2e(v+ ey T 5)) @
By (4.15), (4.16), and (4.17), whenever r € Z¢, y > O and ry < 1/2, we have
Frrsp)l = 1= e8] + Gsiney (1) = G4.(7:7)
2Rel(r) (.. 1
oo’ 53)
Re ¢(r) o1
< 22(ry + m)’f (r, ;))

as desired. On the other hand, if ry > 1/2, we have

sincy (r) — G4(r; p) < efp(

sincy(r) — G4(r;y) < e(

<{A+4+ery +2e(ry +

|Ff+(r; V)| < Py +1< 2emax{b(r),0}y’

and the proof is complete. ]

S. Inversion of spatial Laplace transforms

In this section we prove the main results of the paper. We continue to assume that
X, is a (non-killed) Lévy process with completely monotone jumps, and f(§) is the
corresponding Rogers function — the characteristic exponent of X;.

5.1. Transition densities

We have the following direct corollary of Proposition 4.6. Since we give a more gen-
eral result below in Corollary 5.5, we only sketch the proof.

Proposition 5.1. Suppose that X, is a Lévy process with completely monotone jumps,
and f(§) is the corresponding Rogers function. Suppose, furthermore, that Tm { (1) is
bounded on (0, 00), t > 0, and that exp(—tAs(r)) is integrable over r € Zy. Then
p:(x, dy) is absolutely continuous with respect to y € (0, 00) for every x > 0, and
the continuous version of the density function is given by

2 [ oo ,
P == [ MO E G0l 0ldr
Zf
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Proof. By Proposition 4.6 and Fubini’s theorem (we omit the proof of absolute integ-
rability of the corresponding double integral), when &, n > sup{|Im {(r)| : r > 0}, we

have
[e.e]
/ e p¥(x, dy)dx
0 (0,00)
2 [o,olNe ]
== / / e MxEY ( / e PO (ry)F_(r: x)|§’(r)|dr)dydx.
g
0 0 Zy
The desired result follows by uniqueness of the Laplace transform. ]

Below we extend the above identity to a more general class of Lévy processes
with completely monotone jumps. To this end, we apply the key idea of this section:
we replace the kernel of the Laplace transform (e ¥ and e~"*) by functions u(y)
and v(x) admitting a suitable holomorphic extension; a typical example is

u(y) = exp(=pylog(l +y)), v(x)=exp(—gxlog(l + x))

for any p, g > 0. However, we still need to impose a technical assumption about the
spine of the Rogers function f(£). Before we state the main result, we first recall a
simple property of the class of admissible functions u#(y) and v(x), which is a minor
modification of the result from [38].

Lemma 5.2 ([38, Lemma 2.14]). Let ¢ € (0, w/2), and let u(y) and v(x) be holo-
morphic functions in the region {z € C : |Argz| < 7 /2 — &}, which are real-valued
on (0, 00), and which satisfy

lu(y)| < C(u’g)e—C(u,E)lyIIOg(H-Iy\)’ lv(x)| < C(v’g)e—C(v,e)\XIlog(l-f-\XI)

for x and y in the region {z € C : |Argz| < /2 — &}. Then, the Laplace transforms
of u(y) and v(x) are entire functions, and for every § > 0 and p > 0 we have

1 1
|£v()| < C(v, .8, p)

[ Lu()l = Cu. 8.8, p)7 Tk T

when |Arg(p + &) <m —e—3b8and |Arg(p +1n)| <m —e—6.
For reader’s convenience, we sketch the proof.

Proof. By considering e?”u(y) and e?*v(x) rather than u(y) and v(x), it is sufficient
to consider the case p = 0.If &,y € C and |Arg y| < 7/2 — ¢, then

u(y)e™®] < C(u, &, &) exp(=(1 + [EDIy| + [Elly]) < Cu, e, ) exp(—|y)).
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Therefore, by a standard contour deformation argument, whenever || < 7/2 — &, we
have

o0 o0
Lu(t) = /u(y)e_gydy = /u(y)e_gydy = ei“/u(ei“r)exp(—eio‘ér)dr.
0 [O’eiaoo) 0

Suppose that 0 < Argé < w — e — 6. If we choose @« = —7/2 + ¢ + §/2, then we
find that

T—34

|exp(—e™¢r)| = exp(—IgIr cos =) < exp(~C(B) ¢l

and therefore

2u(®)] < / (e@r)| exp(—C(8)[£|r)dr
0

00
< C(u,s) / exp(—C(u,e)rlog(1 +r) — C(8)|&|r)dr
0
< Clue8) ——.
1+ &
as desired. A similar argument leads to the upper bound for |£v(n)|. ]
Our next result is a restatement of Theorem 1.6.

Proposition 5.3. Suppose that X; is a Lévy process with completely monotone jumps,
and f () is the corresponding Rogers function. Assume that ¢ > 0, and

lim sup|Arg §r ()| < T e
r—o00 2

Let u(y) and v(x) satisfy the assumptions of Lemma 5.2: u(y) and v(x) are holo-
morphic functions in the region {z € C : |Argz| < 7 /2 — &}, which are real-valued
on (0, 00), and

lu(y)| < C(u’E)e—C(u,e)lyIIOg(lﬂy\)’ lv(x)] < C(v78)e—C(v,8)\XI10g(l+\XI)

for x and y in the region {z € C : |Argz| < /2 — &}. Then, fort > 0,

oo

| [uoweopieanax

0 (0,00)
0o oo

_ 2 —1A (r)( ) )( ) ) /
== | et Fry(r:y)u(y)dy Fr_(r;x)v(x)dx ||Ce(r)|dr.
”z[ o/ 0/ (5.1)
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Im
r i
~ % s Re
-3 =p
//17 :
-
=2r +iR

Figure 5. Setting for the proof of Proposition 5.3: £ lies on the purple contour T, while i and
—i¢ lie to the right of the teal dotted line.

Proof. By the assumption, there are § > 0 and p > 0 such that
T T
Arg(((r) +ip) = =5 +e+28, Arg(C(r)—ip) < —e =28

forevery r € Zy. We let « = m — & — 6. The remaining part of the proof is divided
into four steps.

Step 1. Observe that e=2"Y F (r; y) and e>"Yu(y) are square integrable. Hence, by
Plancherel’s theorem,

o0 [e9)

/ Fy(riy)u(y)dy = / (€27 Fy (r: ) @7 u(y))dy
0 0
- LF(r;2r —is)fu(=2r +is)ds
27
1
= /:@F+(r;—g)xu(g)ds. (5.2)

—2r+iR
Our goal now is to deform the contour of integration from —2r + iR to
T = (=3p+e 00, —3p] U [-3p,—3p + ¢'%c0),

which no longer depends on r (see Figure 5). Note that [ is the boundary of the region
{§ € C:|Arg(Bp 4+ §)| < a}.
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Recall that

Rel(r) =8
| [T (=il (£ —it(r)E+it(r))

LF(r;—§) =

is a holomorphic function in C \ ([0, 00) U {i¢(r),—i¢(r)}). By Lemmas 4.7 and 5.2,
we have

] <C(f,p,r) C(u,e,8,p)  C(fiu,&8, p,r)
e R - R (RR T

in the regions contained between the contours —2r + iR and T, namely the triangle
{£e€C:|Arg(3p+&)| > v and Re & > —2r}

(if —2r < —3p), and the unbounded region
{€e€C:|ArgBp + &) <aand Reé < —2r}

(which has one component if —2r > —3p and two components otherwise). We stress
that the poles at £ = i{(r) and & = —i ¢ (r) lie outside of this region due to inequality
Arg(¢(r) —ip) < w/2 —e—268. By (5.2) and a standard contour deformation argu-

ment,
(e )

1
[ ety = 5 [ 2R g uas 53
0 r
Similarly, using the other inequality Arg(¢(r) + ip) < w/2 — & — 25, we obtain
r 1
/F_(r;x)v(x)dx =5 / EF_(r;—n)Lv(n)dn. 5.4)
T
0 iy

It follows that if we denote the right-hand side of (5.1) by 7, then
2 —tA(r) 1
I==1[e 5 | LF(ri—=§)Lu(§)dé§

T 2mi

Zy r
1
(537 [ EF-i-nzoman)icolar. 69
r

and in particular / is well defined if the outer integral on the right-hand side of (5.5)
is well defined. We claim that in fact the triple integral on the right-hand side is abso-
lutely convergent, and hence not only indeed both sides of (5.5) are well defined, but
also we may apply Fubini’s theorem to change the order of integration on the right-

hand side.
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Step2. Letr € Zy and § € I'. Observe that (see Figure 5)
|Arg(2p + §)[ = |Arg(3p + §)| = «
and
|Arg(2p +i8(r))| = |Arg(p +i8(r))| =z a =34,

so that, by (2.8), we have |§ —i¢(r)| > (r + |&|) sin§/2. Also, |€ —i¢(r)| > 2psind.
It follows that
dist(—i§,T') = C(8, p)(1 + [§]).

Also, |Arg(—£§)| < /2. Thus, by Lemma 4.7, if ¢ (r) = Arg {(r), we have

1 cos ¥ (r)

On the other hand, by Lemma 5.2,

£u(®)] < C(u,s,s,mﬁm

Combining the above two estimates, we obtain
[ 1270 2u@lag
T

cos ¥ (r)

1
=C(fu.e8.p) cos(19(r) — X) [ (14 [N+ 1§D
r

|dg|

The integral on the right-hand side is bounded by

K 1
C“"”/ T+ 9™
V4

T 1 _ logr
< C(E,(S)/mds = C(8,8)r_1.
0

Thus,
[ 1£F - 2u g = (et p COS(‘;";E’;()’)_ 5o 6O
Iy
An analogous estimate holds for the integral of | £ F_(r; —n)£v(n)|:
cos ¥ (r) log r 5.7)

fliF—(r;—n)iv(n)lldnl < Clfmendp) s P
r
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Additionally,

% % 1
cos(E — %) COS(E + %) =3 cos
(see (2.9)), and so we find that

( / |$F+(r;—s)xu<s)||d5|)( / |$F_<r;—n)$v(n)||dn|)
T T

<C(f u,z¢,9, p)(%)zcos 3 (r).
It follows that
/ e—’“')( / |$F+(r;—s>:£u<$)||d5|)( / IiF—(r:—n)iv(n)lldnl)lé/(r)ldr
Zys T r

log

< Clu,v. .5, p>[ )¢ @dr,

and by Proposition 3.8 (d) and a simple calculation, the right-hand side is finite.
Indeed, since log r/(r — 1) is decreasing on (0, c0), we have

2n+1

T 1 1
[ (L) e wlar = Z | ) wwlar
0 2n

0o 2n+l

I
=¥ B /|c(r>|dr
27?2
< 300(10g 2)2n=Z_OO W < o0,

where, abusing the notation, we agree that nlog2/(2" — 1) = 1 when n = 0. Our
claim from Step 1 is thus proved.

Step 3. We are now almost ready to complete the proof. By (5.5) and Fubini’s the-
orem,

_2 1 1 a0 u o
1= 2w 2 [[ (/e LE (s =) LF-(r; =) (r)|dr)
rroz x Lu(E)Ev(ndEdy.

Using Proposition 4.6, we find that

— %L x+§& )
= T 2mi 2w //(/ /e" T pl (. dy)dx | Zu)Lv()dédn.  (5.8)

0 (0,00)
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We will momentarily prove that the quadruple integral on the right-hand side is abso-
lutely convergent. Thus, by Fubini’s theorem,

I= %/ /(%je‘?yiu(é)dé) (%/e”xéﬁv(n)dn)p:r(%dy)dx- (5.9

0 (0,00) r r

To complete the proof, we apply an appropriate contour deformation and the Fourier
inversion formula. Suppose that y > 0 and observe that

1 1
— / eV Eu(E)dE = — lim / eV Lu(E)dE.
2mi 2mi R—oo
r [-3p+e~ @ R,~3p]U[-3p,—3p+e'¥R]
Furthermore,
0
‘ /egyiu(é)dé < /|e(s+iRSi“°‘)y<§Cu(s+iRsina)|ds
[-3p+e!®R,iRsina] —3p+Rcosa

0
< / e’ |Lu(s + iRsina)|ds.
—0o0
By Lemma 5.2, we have |£u(§)| < C(u,,8, p)(1 + |£)~" in the region contained

between I and iR, that is, in {§ € C : |Arg(3p + £)| < a, Re& < 0}, and hence, by
the dominated convergence theorem,

lim / eV Eu(E)de = 0.
R—o0
[—3p+ei®R,iRsina]
Similarly,
lim / eV Lu(E)de = 0.
R—>o0

[-3p+e i*R,—iRsina]

By Cauchy’s theorem,

( / -

[-3p+e—i®R,—3p]U[-3p,—3p+ei®R] [-3p+el®R,iRsina]

_ [ _ / )eéyxu(g)ds — 0,

[iRsina,iRsina] [-3p+e~i®R —iRsina]
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and therefore
1 £ 1 . £
— [ e Lu()dé = — lim eV Lu(§)dE.
2mi 27wl R—oo
T [iRsina,iR sina]

Finally, using the Fourier inversion formula (see, for example, [27, Theorem 7.6]), we
conclude that

1
aap [ € Eu@ds =)
r

A similar argument shows that

L,/e"xéﬁv(n)dn = v(x) (5.10)
2mi

r
for x > 0, and the desired result follows from (5.9).

Step 4. Ttremains to prove that the integral on the right-hand side of (5.8) is absolutely
convergent. Denote

J= f [ [ [1eme e zoimiiaian oy v.anax.

0 (0,00) T T

Using Lemma 5.2, we obtain

® exRen+yRe§ +
vecuvesn [ ]Gy e e anax

0 0,0 T T

The estimate

eV Re & w e~ 3py+sycosa
/—|d$| 52/—ds
1+ |&] 1+
0

T
log(e + y~1)

< C(a)e3PY
< C@) -

and a similar estimate for the integral with respect to 7 lead to

T log(e + x Y log(e + y!
J§C(u,v,8,8,p)/ / 8( (1+x))(1g4(—y)y )pf(x,dy)dx.

0 (0,00)



Suprema of Lévy processes with completely monotone jumps 95

By the Cauchy—Schwarz inequality,

1/2
J <C(u,v,s,3, p)(/ / log(e+x 1)) (x,dy)dx)

0 (0,00)

(/ / 10g(€+y 1)) p;r(x,dy)dx)l/z-

0 (0,00)

Finally, f(o ) pi(x,dy) < 1 for every x, and, by Hunt’s switching identity ([6, The-
orem IL.5]), fooo pi(x, Aydx < |A]| for every Borel A C R. Thus,

ool -1\, 2 1/2
J < C(u,v,e,S,p)(/(%) dx)
0

oo

(/ log(e—l-y 1) )zdy)l/2<oo
I+y ’

0

and the proof is complete. |

Remark 5.4. Under the assumptions of Proposition 5.3, we have

log r

' / Fyo(r: y)u(y)dy' < c(fu) 2L ' / Fr-(r0u()dx| = C(fv) 20

see (5.3), (5.4), and (5.6) (and (2.9)). Combined with Proposition 3.8 (d), these estim-
ates lead to

oo 2
/ ‘ [ Fremoa
Zf 0
and

® 2
/'/Ff_(r;x)v(x)dx |8 (r)|dr < oo.
0

Zy

The following restatement of Theorem 1.2 seems to be the best possible variant of
Proposition 5.1 that can be proved by using only Proposition 5.3 and Fubini’s theorem.

Corollary 5.5. Suppose that X, is a Lévy process with completely monotone jumps,
and f(§) is the corresponding Rogers function. Let € > 0, and assume that

lim sup|Arg {7 (r)| < % —e.

r—00
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Assume, furthermore, that for some B € (1, (/2)/(7w/2 — €)) we have

/esIm;f(r)|—mf(r>|§}(,)|d, < (CUN+9)" (5.11)

Zy

whenevert,s > 0. Then, p;" (x, dy) has a continuous density function, given by

2 - \r !/
P =2 [ OB E ol 0ldr 612)
Zy

fort >0andx,y > 0.

Proof. The argument is quite simple. Observe that since § € (1, (7/2)/(7w/2 — ¢)),
the functions u(y) = exp(—£y#) and v(x) = exp(—nx#) satisfy the condition in Pro-
position 5.3 when &, n > 0. We use this result and Fubini’s theorem to find that

o0
/ e 8 ik (x, dy)dx

0 (0,00)

=/ / (%/ e‘”‘“’mr;y)F_<r:x)|z’(r)ldr)€‘§yﬁ_“ﬁdxdy; (5.13)
0 0

Zy

we will momentarily justify the application of Fubini’s theorem when £ and 7 are large
enough. Now, we exploit uniqueness of the (bivariate) Laplace transform. In variables
% = xP and 7 = y#, formula (5.13) is an equality of Laplace transforms, evaluated at
(n, £), of two functions of (X, ¥). This gives the desired equality (5.12) almost every
pair (X, ¥), and hence for almost every pair (x, y). At the end of the proof, we use a
continuity argument to conclude that in fact the equality holds everywhere.

We now prove that the integrand on the right-hand side of (5.13) is absolutely
integrable, thus justifying the use of Fubini’s theorem. Let 5(r) = Im (). Clearly,
|Fy(r;y)| <eb®y 41 <20 and similarly | F_(r; x)| < e 2% 41 <2¢lb@lx,
It follows that

MO P () P ()u () ()] < 4elP 013067 1),

By assumption, there is a constant A (which depends only on f and #) such that

/ ™4 Fy (3 y) P (rs x)u(p)v ()¢ ()] dr < eAUTx 00070 =67,

Zy
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Observe that (1 + x + y)# < 38(1 + xB + y#). Thus, if £, 7 > 1 + 3P 4, we find
that

/ e O Fy (r: y) Fo(ri0)u (0o (g (n)dr < 3727,
Zy

and the right-hand side is clearly integrable with respect to x, y > 0, as desired.

We thus know that (5.12) holds for almost all x, y > 0. In order to extend this
equality to all x, y > 0, we now show that both sides of (5.12) are continuous functions
of x, y > 0 with values in [0, c0]. By assumption, |Arg ¢(r)| < m/2 — ¢ for r large
enough, and so, by Proposition 3.5, we have | f(r)| > C(e)A(r) for r large enough. It
follows that with R sufficiently large, we have

oo

[e.e]
/ e~ ®| g5 < 2/€—t|f(r)dr
—0oQ0

IA

0
o0
2R + 2/e—’c<8)*(’>dr
oo
2R +

IA

R
2/e—fc<£>“’>|;’(r)|dr < co.
R

Therefore, for each > 0 and x € R, the distribution of the random variable X; under
P~ has a density function p;(y — x) such that p,(y — x) is a jointly continuous
function of # > 0 and x, y € R. By the Dynkin—Hunt formula, we have

p?_(x7 )’) = Pt(y - X) - Ex(Pt—r(ogoo) (y - X‘L’(O,oo)) ]1{1:(0,00)<l‘})7

and a standard argument shows that p,+ (x, y) is a jointly continuous function of
t,x,y > 0; we refer to the proof of [64, Theorem 2.4.3], which is written for the
Brownian motion in R¢, but applies verbatim to the present setting. On the other
hand, the right-hand side of (5.12) is a continuous function of x, y > 0 by the domin-
ated convergence theorem, as we have already proved that

le MO FL(r; p) Fo(r;x)8 ()] < 4ePOIEN=AO 1271y
S 4e23\b(r)\—tk(r) |§/(r)|

for x, y € [0, B], and the right-hand side is integrable with respect to r € Z; by
assumption. This completes the proof. ]

Corollary 5.5 is not optimal, in the sense that it does not cover all Lévy processes
with completely monotone jumps for which formula (5.12) holds true. For example,
not all stable Lévy processes with index greater than 1 satisfy (5.11), but (5.12) is
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known to hold in this case; see Section 6 for further discussion. Nevertheless, any
essential extension of Corollary 5.5 would require new methods or ideas. We remark
that for the case of stable Lévy processes, the spine I'y of f(£) is a half-line originat-
ing at 0, and A ¢ (r) is a power function, so that A ¢ (r) has an appropriate holomorphic
extension. This was exploited in [38], and the same concept was used in the related
problem of finding the distribution of the hitting time of a point in [49]. Further applic-
ations of this technique, however, appear problematic: no general conditions seem to
be known which would assert that A ¢ (r) extends to a holomorphic function in a suf-
ficiently large sector.

5.2. Infimum functional
Before we state our main results in this section, we prove a variant of Proposition 5.3.

Proposition 5.6. Suppose that X; is a Lévy process with completely monotone jumps,
and f () is the corresponding Rogers function. Assume that ¢ > 0, and

o g
hrrgngrng(r) > ey + &.

Let v(x) satisfy the assumptions of Lemma 5.2: v(x) is a holomorphic function in the
region {x € C : |Arg x| < /2 — &}, which is real-valued on (0, 00), and such that

[v(x)| < C(v, g)e—C(v,S)Ix\ log(14|x])

in the region {x € C : |Arg x| < n/2 — &}. Finally, suppose that §¢ > 0 and i§ € D;'.
Then,

o0

/ / v(@)e™ pyf (. dy)dx
0 (0,00) .
=%/e_tl/-(r)iFf'i'(r;g)(/Ff_(r;X)U(X)dX)K}(I’)ldr (5.14)
Zr 0
fort > Q.

Proof. We follow closely the proof of Proposition 5.3, and only indicate necessary
changes. Again, we choose § > 0 and p > 0 such that

Arg(tr(r) +ip) > —% fe+28

forevery r > 0,and weleta = 7 — e — 6.
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Step 1. This part is the same as the corresponding part of the proof of Proposition 5.3:
as in (5.4), we find that

o
1
/F_(r;x)v(x)dx = T/:CF_(r;—n):Cv(n)dn,
i
0 iy
where
[ = (=3p+ e @0, —3p] U [-3p, =3p + €'%c0).

Note that the proof of the above identity only required the one-sided bound
big
Arg(8r(r) +ip) > -3 +e+28

(for the contour deformation argument; compare with the derivation of (5.3)), and
it did not depend on the inequality Arg({s(r) —ip) < /2 — & — 26 (assumed in
Proposition 5.3, but not here).

It follows that if we denote the right-hand side of (5.14) by I, then

2 1

1=2 [er0rr,eo( o [ 2reentoman)ie ol 615

4 i
Zy r

and, in particular, / is well defined if the outer integral on the right-hand side of (5.15)

is well defined. As before, we claim that the double integral on the right-hand side is

absolutely convergent, so that both sides of (5.15) are well defined, and additionally
Fubini’s theorem allows us to change the order of integration on the right-hand side.

Step 2. As in Step 2 of the proof of Proposition 5.3 (see (5.7)), we use Lemmas 4.7
and 5.2 to find that
cos 0 (r) logr
|LF_(r;=mLv(n)||ldn| < C(f v, &8, p)
r

cos(%z?(r) +Z)r— 1

Again, we note that for the proof of the above bound we only needed the inequality
Arg(§r(r) +ip) = —m/2 + & + 24.

In addition to the above bound, we apply Lemma 4.7 again to find that
cos ¥ (r) 1

cos(%z?(r) -Z) 1+ r

|E£Fy(r;6) < C(f.e,8,p.8)
It follows that

|$F+<r;s>|( / |$F_<r;—n)$v<n)||dn|)
r

logr
r—1

1
EC(f,v,s,&p,é)m cos U (r).
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As in the proof of Proposition 5.3, we conclude that

[ e—t*<r>|:6F+(r;5)|( / IéﬁF—(r;—n)iv(n)lldnl)lé’(r)l < 0.
r

2

Step 3. The remaining part of the proof is very similar to Step 3 in the proof of
Proposition 5.3. By (5.15) and Fubini’s theorem,

=2 L ( / e"“’)iFJr(r;E)iF—(r;—n)lé/(r)Idr)iv(n)dn-

T 2mi
r Zr

Using Proposition 4.6, we find that

I= oy (/ / e p (x,dy)dx)éﬁv(n)dn.

T 0 (0,00)

The triple integral on the right-hand side is absolutely convergent, by an argument
very similar to the one used in the proof of Proposition 5.3:

/ / /'e"x & 2v(n)lldnlpf (x, dy)dx

0 (0,00) T
xRen Ey
< C.e.5, p>[ [ [ S e anas
0 (0,00) T
EC(v,g,(S,p)/ / 3px1;)%iex+x ) e 8 p(x, dy)dx
0 (0,00)

e 3P*log(e + x71)
1+x

dx < oo.

o0
< C(v,e,&p)/
0

Thus, by Fubini’s theorem,

= _/ / ( /enxiv(n)dn) pi(x,dy)dx.

0 (0,00)

As in the proof of Proposition 5.3 (see (5.10)),

1
L / " Ev(n)dn = v(x)
27l J
r

for x > 0, and the proof is complete. |
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We provide a corollary analogous to Corollary 5.5.

Corollary 5.7. Suppose that X, is a Lévy process with completely monotone jumps,
and f () is the corresponding Rogers function. Assume that ¢ > 0 and

o T
hrrgg.}fArg Cr(r) > —5 + e.
Assume, furthermore, that for some B € (1, (7/2)/(7/2 — €)) we have

; . _ 1
/ P max{—Im &y (r),0}—tA 7 (r) s |§-]/( (r)|dr < eC(f,t)(l—i-s)B
Zr

whenevert,s > 0. Then,
- 2 A,
e éyp,’L(x,dy) = ;/e ’Af(’)i’,Ff+(r;S)Ff_(r;x)|§}(r)|dr (5.16)
(0,00) Zr
fort >0, x > 0and & > 0 such that [i§,i00) C D}'.

Proof. The argument is very similar to the proof of Corollary 5.5. We use Proposi-
tion 5.6 for v(x) = exp(—nx?) and Fubini’s theorem, to find that

/( /e_gyp;“(x,dy))e_”xﬁdx
0 (0,00)

=/(%/e—f“”xﬂ(r;s)F_(r;x)|§’(r)|dr)e—"x"dx. (5.17)

0 Zys

Later, we justify the application of Fubini’s theorem when 7 is large enough. If we set
% = xP, then v(x) = e~"*. Thus, both sides of the above equality are Laplace trans-
forms (evaluated at 1) of appropriate functions of X. By uniqueness of the Laplace
transform, we conclude that these functions are equal for almost all X, or, equival-
ently, that

[evpiean =2 [0t mor el 618
(0,00) Zy

for almost all x. A continuity argument extends this result to all x > 0, as indicated
at the end of the proof.

We now prove that Fubini’s theorem indeed can be applied to the integral on the
right-hand side of (5.17). Let b(r) = Im {(r). Clearly,

|F_(I‘;X)| < e—b(r)x +1< zemax{—b(r),O}x'
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Furthermore, by Lemma 4.7,

1
|LF(r;§)] = C(. E)m-
Therefore,
|e_t’l(r)§f,F+(r; EYVF_(r; x)v(x)¢'(r)]

. 1
< C(ffem 2O (),

By assumption, there is a constant A (which depends only on f* and #) such that
o0
/ e A OLE (1) F_(r: )00 (1)]dr = C(£eAT 1 (5.19)
0

With n > A, the right-hand side is clearly integrable with respect to x > 0. This com-
pletes the justification of the use of Fubini’s theorem.

It remains to discuss the continuity argument that extends (5.18) to all x > 0.
The left-hand side of (5.18) is continuous in x > 0 by the strong Feller property of
p;r (x, dy); see [15, corollary on p. 71]. Continuity of the right-hand side follows by
the dominated convergence theorem: we have already seen that

ZiA(r ’ —tA(r)+max{—b(r 1 !
e HOL P - (s 0 ()] = C(f.§)eHOHm-b00B e/

for x € [0, B] (see (5.19)), and the right-hand side is integrable with respecttor € Zy
by assumption. [

In order to set £ = 0 and obtain the following restatement of Theorem 1.1 (b), we
need stronger assumptions.

Corollary 5.8. Suppose that X, is a Lévy process with completely monotone jumps,
and f(§) is the corresponding Rogers function. Let ¢ > 0, § € [0,7/2), 0 > 0, and
assume that

o g

liminfArglr(r) > —— +¢ (5.20)

r—>00 2

and
inf{Arg f(ie™r):r € (0,0)} >0 (5.21)

(if § = 0, we understand that Arg f(ie™'%r) = Arg f(ir) = ¢(—r), where ¢(s) is the
Sfunction in the exponential representation (3.2) of the Rogers function f(§)). Assume,
furthermore, that for some B € (1, (/2)/(xw/2 — €)) we have

; . _ 1
/ P max{—Im &y (r),0}—tA s (r) - |§} (r)|dr < eC(f,t)(l—i-s)B
Zr
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whenevert,s > 0. Then

2 —tAp(r ’
P 0.00) = = [ HOLE (107 a0l ()ldr
Zy

fort > 0and x > 0.

Proof. The desired result follows immediately from Corollary 5.7, once we show
that we may apply the dominated convergence theorem to the right-hand side of (5.16)
as § — 07. By assumption, we have Arg{s(r) < 7/2— & when 0 < r < o,
and hence § < Arg(i§/{r(r)) < m when additionally £ > 0. By (2.8), [i§ — (¢ (r)| >
(E+r)sin(6/2) > C(6§)E when0 <r <pand & > 0.If0 < £ < g/2and r > , then
clearly [i§ — {r(r)| = r — & > &, and hence dist(i§, ") > C(8)§ if 0 < & < o/2. By
Lemma 4.7,

1 1
|LF(r: )] < C(8)m <Ce) -

whenr € Zy and 0 < § < /2. Furthermore, by Lemma 4.8 and Corollary 3.6,

Rel(r) f(ri1/x) )
| /= (r:ig(r)

3 fri1/x)

_Crx—}—C(S)er

when 0 < r < 1/(2x), and thus, by Lemma 3.24,

F_(r;x)| <Crx(1+
|

|F_(r; x)| < Crx + C(f,8,n,0)(rx)¢/1@
< C(f.8,n,0,x)rc 10

when 0 < r < C(f,n, 0, x). It follows that
e PO LF (1 €)Fr—(r; )¢ ()] < C(£.8, 1,0, x)rCm=1 (1))

on some initial interval (0, R), with R = C(f, n, 0, x). By Proposition 3.8 (d), the
right-hand side is integrable with respect to r over (0, R). On the other hand,

|F_(l";x)| < 2exmax{—lm§f(r),0}7

so that

e~ O ¢ By (r; )] < C(8) OO
e 4 (r &) Fr_(r:x)f'(r)] < C(8) . ()],
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and, by assumption, the right-hand side is integrable with respect to r over [R, 00).
Consequently, we may apply the dominated convergence theorem to find that

gir(l)]+ / e PO LF (i 8) Fr_(r;x)¢ (r)dr
0

= /e"’l(’)éﬁFer(r; 0+)Ff_(r;x)§'(r)dr,
0

and the desired result follows. n

Corollary 5.8 seems to be the best result of its kind which can be obtained by the
above method. However, just as it was the case with Corollary 5.5, it is not optimal, in
the sense that it does not cover all Lévy processes with completely monotone jumps
for which formulae (5.20) and (5.21) hold true. One way to extend Corollary 5.5
involves contour deformation of the integral with respect to r, as in [38] and, in
a different context, in [49]. Another possible approach is to follow the same argu-
ment for k (0, n)/k (0, &) = f;(n)/f; (€) rather than «°(0)k™ (0, E)k™ (0, n) =

F(&) £, (), then set § — 07T, and use the Pecherskii—Rogozin identity (2.6). This,
however, is beyond the scope of the present paper.

We conclude this section by observing that

P (x,(0,00) = P¥(1(0.00) > 1) = P¥(X; > 0) = PO(X; > —x).

Therefore, Corollary 5.8 is indeed a restatement of Theorem 1.1 (b). Clearly, The-
orem 1.1 (a) follows from Theorem 1.1 (b) applied to the dual Lévy process X; =
2Xo — X;.

6. Examples

Below we discuss several classes of Lévy processes with completely monotone jumps,
and we check whether the assumptions of our main results are satisfied. Needless
to say, closed-form expressions for the generalised eigenfunctions are not available
unless the corresponding Rogers function f(§) has a particularly simple form — for
example, it is a rational function.

6.1. Processes with Brownian component

We claim that if X; has a non-zero Gaussian coefficient, that is, if @ > 0 in the Stieltjes
representation (3.1) of the characteristic exponent f(§) of X;, then Theorem 1.2
applies.



Suprema of Lévy processes with completely monotone jumps 105

In this case, it is easy to see that, by Stieltjes representation (3.1) and the dom-
inated convergence theorem, f(£)/£2 converges to a as |§| — oo, uniformly in the
sector {£ € C : |Arg£| < /2 — ¢} for every & > 0. Therefore, lim, _, oo Arg f(re'®) =
2« for every @ € (—m/2, /2), and, consequently,

lim |Arg {r(r)| = 0.
r—>o0

Informally speaking, this means that the spine I'r of f(§) is asymptotically hori-
zontal. In particular, assumption (1.9) in Theorem 1.2 holds with an arbitrary ¢ €
(0,7/2).

The above observation additionally implies that [Im ¢ (r)| < C(1 +r) forr € Zy.
Furthermore, by Proposition 3.5, we have A7 (r) > C| f(r)| > Cr? for r large enough,
and hence A7 (r) > Cr? — 1 forall r € Zy. These estimates imply that condition (1.10)
holds with § = 2: we have

C 2
es\lm§/-(r)\—tk_/-(r) "(Idr < /eCs(1+r)—Ctr2+t ' (r dr<_eCs /t+Cs+t‘
/ 1€ (r)ldr < i ldr =

Zy Zy

By choosing ¢ > 7 /4 and 8 = 2, we see that indeed all assumptions of Theorem 1.2
are satisfied when X; has a non-zero Gaussian coefficient.

Similarly, conditions (1.1) and (1.3) in Theorem 1.1 (a), as well as conditions (1.5)
and (1.7) in Theorem 1.1 (b), are satisfied with ¢ > /4 and 8 = 2. The remaining
assumptions (1.2) and (1.6) require certain balance between large jumps and thus
they are essentially independent of the Gaussian coefficients. Therefore, when apply-
ing Theorem 1.1 for Lévy processes with completely monotone jumps and non-zero
Gaussian coefficient, these conditions need to be imposed separately.

6.2. Strictly stable processes

Suppose that X, is a strictly stable Lévy process with index « € (0, 2] and positivity
parameter 0 = P(X; > 0). The admissible range for g is

1 1
max{O, 1— —} <0< min{l, —}.
o o

If we let -
¥ = (20— 1)5,

then there is k > 0 such that for £ > 0 the characteristic exponent is given by

f(E) = k(e9".
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Clearly, the above equality extends to the half-plane Re £ > 0. Note that

b4 Z—az} ©.1)

|9 < min{—, .
2 2
This example is briefly mentioned as [41, Example 5.2 (b)]; for a general discussion
of stable processes, we refer to [6, 70].
With the above notation, we have {f(r) = ¢’ %y and Arg ¢ #(r) = v: the spine I'y
of f(£)is aray (0, e'%00). Hence, condition (1.9) in Theorem 1.2 is satisfied unless
0 = 0 or o = 1 (and necessarily « < 1), while condition (1.10) takes form

o0
/esrlsinﬁl—ktr“dr < CUDM+E. 6.2)
0
with an arbitrary 8 € (1, w/(2]|%])). If & = 0 (that is, o = 1/2), then the left-hand
side is bounded by C(f;t), and so the estimate is clearly satisfied. When ¢ # 0 and

o < 1, then (6.2) fails to hold with any B. Finally, if ¢ # 0 and @ > 1, then a simple
calculation shows that

1
srlsin®| — Ektr"‘ < C(a, 0k, 1)s¥ @D,
so that

af/(a—1)_1 o
C(a,0,k,t)s sktr dr

o0

. _ o
/esr|sm9| kir® g .
0

IA
0\8

a/(a—1)
< C(a, 0, k,1)eC@PkDs .

Thus, condition (6.2) holds true if (and only if) 8 > a/(x — 1).
We conclude that in order to apply Theorem 1.2, we need to assume that either

e a€(0,1]and ¥ = 0, thatis, o = 1/2;
* ae(l,3/2] and

a-lx valently, —— <p<1_
— or, equivalently, — ——
2 q Y o =€ 2

9] <

e a€(3/2,2].

Thus, we only partially recover the results of [38], where there are no restrictions on
the parameter ¥ when « € (1,3/2]. As explained at the end of Section 5.1, the method
applied in [38] relied on a deformation of the contour in the integral with respect
to r. This approach can be repeated with the methods developed in the present paper,
but it does not seem applicable in the more general setting of Lévy processes with
completely monotone jumps considered here, and so we do not pursue this direction.
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A very similar analysis shows that Theorem 1.1 (a) applies under the following
assumptions:

e a€(0,1]and —7/2 < ¥ <0, thatis,0 < o < 1/2;

e ae(1,3/2] and
oa—1

¥ < T
o 2
or, equivalently, |
o<1-— 2
e a€(3/2,2];
we omit the details.

Similarly, the conditions required in order to apply Theorem 1.1 (b) are obtained
from the above ones by replacing ¢ by —¢ (or, equivalently, ¢ by 1 — o). Again, we
only partially recover the results of [38], where the restrictions on @ are not needed if
a € (1,3/2].

6.3. Stable Lévy processes

For Lévy processes which are stable, but not strictly stable, the picture is very similar.
If the index of stability « is not equal to 1, we have

&) =k(e™&)* —ibg

when & > 0, and the above formula extends holomorphically to all £ with Re & > 0.
Here, k > 0, ¥ satisfies (6.1), and b € R \ {0}. When « = 1, then (the holomorphic
extension of) the Rogers function f(§) is given by

7@ = ke g 4 2P 0

when Re & > 0, withk > 0,9 € (—z/2,7/2),and B € [—1, 1]\ {0}.

If o € (1,2], the spine I'y of f(§) has an asymptote (0, ¢'? 00) at infinity, and it is
asymptotically vertical near 0. More formally, Arg {r(r) converges to ¥ as r — oo,
and to (r/2) signb as r — 0. For o = 1, the spine I's is asymptotically vertical both
at 0 and at infinity. Finally, if « € (0, 1), the spine I'f is tangent to (0, ¢'?00) at 0, and
it is asymptotically vertical at infinity.

It can be verified that Theorem 1.2 applies only when o > 1, under the same
conditions as in the strictly stable case, namely if

e ae(1,3/2]and |¥] < ((a — 1)/a) (7 /2);
e a€(3/2,2].
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Similarly, Theorem 1.1 (a) applies if

e a€(0,1),b<0and ¥ > —m/2;

* a=1landf > 0;

e ae(1,3/2],b>0and ¥ < (@ — 1)/a)(;t/2);
e a€e(3/2,2],

and conditions for applicability of Theorem 1.1 (b) are obtained from the above ones
by replacing ¥ by —9, b by —b, and 8 by —p. We omit the details.

6.4. Stable-like processes: Power-type growth

The analysis of the strictly stable case partially carries over to more general processes.
Although the conditions of Theorem 1.1 are generally more difficult to verify, it is
relatively easy to extend the discussion of applicability of Theorem 1.2 in Sections 6.2
and 6.3. Indeed, the same argument applies if, for some « € (1,2) and a slowly varying
function £(r), we have

r -1
) >0, limsup|Arglr(r)| < - z;
r—00 o 2

(6.3)

we omit the details. In this section we provide a sufficient condition for the above two
inequalities to hold true.

Note that by Proposition 3.5, the two conditions in (6.3) are equivalent to
| £ (&)l a—1n

>0, limsup|Arglr(r)] < — <. (6.4)
r—>00 o 2

W L)

We remark that the former inequality in (6.4) is satisfied if the lower Blumenthal—

Getoor index of X, is greater than «; in particular it holds true if the lower Matuszew-
ska index of | f(&)] at infinity is greater than «. The latter condition in (6.4) can be
thought of as a quantitative version of the sector condition.

Let us write F ~ G if the ratio F/G converges to 1. We claim that both parts
of (6.4) are satisfied if X; has no Gaussian coefficient, and if the density v(z) of the
Lévy measure of X, satisfies

Ax
|zt tel(]z|~h)
where A4, A_ >0, Ay + A_ > 0, and, if | < o < 3/2, additionally
AL —A_ -1
Ay + A 2

v(z) ~ asz — 0%,

Of course, we continue to assume that X is a Lévy process with completely monotone
jumps, o € (1,2) and £ is a slowly varying function.
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The proof of our claim is a standard, although lengthy, application of the theory
of regular variation. Recall that for z > 0,

b(dz) = / e s (ds),

(0,00)

where (4 are measures concentrated on (0, oo) such that
pds) = pi(ds) + p—(—ds)

is the measure in the Stieltjes representation (3.1) of the Rogers function f(£) (see [41,
Remark 3.4 (c)]). By Karamata’s Tauberian theorem ([8, Theorem 1.7.1]), we have
ALstTeL(s)
0,5§)) ~———— ass — oo.
P (0.9 ~ o
Hence, by Karamata’s Abelian theorem for Stieltjes transforms ([46, Theorem 2.2]),
we find that for every ¥ € (—n, ),

[ ey 0 ~ TSI e e s o
1

note that although [46, Theorem 2.2] is stated for ¢ = 0, its proof carries over almost
verbatim to the general case. Now, we use Karamata’s Abelian theorem for the integral
of a regularly varying function over (0, 7) to find that

oo

1 1 ;

/(s_z - m)ui((&s))ds ~ T(—a) AL (re®)¥e(r) asr — oo.
1

By a simple application of Fubini’s theorem (or, informally, integration by parts), we

arrive at

it rei? "

—_— a’s+/.— ds) ~ T(—a)Ax(re'")*L(r

| mrmman+ [ s ) ~ T As et
(0,1] (1,00)

as r — 0o. Adding a constant to the left-hand side does not affect the above asymptotic

equality, and hence we conclude that

re'? re'? \ p+(ds) oea
/(1 )~ TE@ A Ur) asr oo (65)

(0,00)
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This is exactly what is needed in order to verify (6.4). Indeed, by the Stieltjes repres-
entation (3.1) of the Rogers function f(£), we have

j d

r@ =itk e+ [(rim 1) o
(0,00)

1 3 i§ \p-(ds)

+; /(E—is_l—l—s) s

(0,00)
Substituting § = re!? with ¢ € (—n/2, 7/2), we obtain
reiﬂ—in/z reiﬁ—in/Z /L+(ds)

. : 1
i : i
__b P ( i i + N )
f(re'™) ibre ¢+ / T TR T ;

(0,00)
L / tu“+in/2 eiﬁ+in’/2>“_(ds)
re“’+’”/2+s 1+s s
(0 00)
and so (6.5) shows that
F(re'?) ~ T(—a)(—e 724, — ™2 A_)(re'®)*4(r) asr — .

In particular, when = 0, we obtain the first part of (6.4). Furthermore, for a general
v € (—n/2,7m/2), the above asymptotic equality implies that

lim Arg f(re'?) = Arg(—e 772 A, — 7Y A_) + ot
r—>00
Ay —A_
= arctan(ﬁ tan ?) + a?.
Let us write

B = arctan((A+ —A)(Ay + A) T tan O%T)

The right-hand side of the above equality is positive for ¢ > B/« and negative for
¥ < —fB/a. Consequently,

R I™

limsup|Arg r (r)| < —.
r—>00

Recall that we have

Ay —A_ —1

Ay + A 2 2
indeed, this is always true when 3/2 < « < 2, and it is our additional assumption
when 1 < a < 3/2. We conclude that

lim sup|Arg £y (r)| < é <2

r—00 (o4

|

as desired: this is the latter part of (6.4).
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6.5. Brownian motion with drift

Below we consider the characteristic exponent of one of the simplest Lévy processes
with completely monotone jumps: the standard Brownian motion with non-negative
drift. It has no jumps, and its characteristic exponent is given by

_12_~ _1 132 12
f€) = 562 —ibE = S —ib)” + b7,

where b > 0. In this case, f(£) is a real number if and only if Re§ = 0 or Im& = b.
Therefore, Zy = (b, 00), and for r € Z; we have

1
Cr(r) =~r2—>b2+bi and As(r) = Erz.

We find that
(§ —Vr2—b2—bi)(§ + 2= b2 —bi) _

2.
%Ez —ibE — %,,2

f(r:§) =

It follows that £+ (r;£) = f~(r;&) = +/2. In particular, with the notation introduced
in Definition 4.5,

cr+(r) = —Arg fT(ri=ilp(r) =0, cy—(r) = Arg f~(r:is(r)) = 0.

Finally,
e—in+(r) Re Zf(l") f+(”§§)
LGry(rif)=— - ’
7+ ) = T e O T iG] (6 () — i
1 /¥2 — b2 V2

m - _0’
E4+iVr2—b2—b V2 V2 =b2 +ib—iE)?

sothat G (r;y) = 0, and similarly G¢_(r; x) = 0. We conclude that

=-1I

Fri(r;y) = e sin(Vr2 — b2 y), Fr_(r;x) = e % sin(vr2 — b2 x).

The expression in Theorem 1.2 reduces to a well-known formula:

o0
2
plx,y) = _fe—er/z x P sin(vVr2 — b2 y)
4
b x e P¥ sin(Vr2 — b2 x) x L

/72 _ 2

o0

2

= 2 b—0)-1b2/2 / e™15%/2 gin(sy) sin(sx)ds,

T
0
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and the right-hand side can be evaluated explicitly to

+ _ L b(y—x)—tb2/2 1 —(x=y)2/21) _ ,~(x+»)?/(20)
pi(x,y)=e X (e —e ).
! N2t

The result of Theorem 1.1 (a) is not new either: using the fact that £ Fy_(r; 07) =

r~24/r2 — b2, we obtain

o0
— 2
HW&<w=—/
s
b

Nr?—b? r
eI/ 5 oY sin(Vr2 — b2 y) x X dr

72 2 _ p2

o0

2 by—tb2 ) . S
= Z eVt /zfe 15712 gin(sy) ———— ds:
b1 (s) 52 + b?

0
the last integral can be written in terms of the error function. Theorem 1.1 (b) does not
apply in the present situation, and it can be verified that the equality in (1.8) does not

hold.

6.6. Classical risk process: Martingale case

Our next example is the classical risk process, with characteristic exponent

. £ i
f(é)—lE‘FQ—E_H-

This process has positive jumps following the standard exponential distribution, and
a unit negative drift. It is easily verified that

(2 4 + 29)
x24+(y+1)?

El

Im f(x +iy) =

and therefore I'y is the semi-circle |§ + i| = 1, Re& > 0. It follows that Zy = (0, 2),
and
Lr(r) =—i+ie™™®

for an appropriate o € (0, ) (depending on r). A simple calculation shows that
r?2 =2 —2cosa = 4sin? g,

2

that is, « = 2 arcsin(r/2). Furthermore,

1 1
{r(r) =sina — (1 —cosa)i = Erv4—r2 - Erzi,



Suprema of Lévy processes with completely monotone jumps 113

and
i(—7 P ,—lo2 . )
Ar(r) = f(Gr(r)) = % =2—¢%_¢7* =2 _2cosa = r2.
ie
By a direct calculation,

and therefore
frre =14+§ [f~(mH=1

It follows that

cr+(r) =—Arg fH(r;—igp(r) = —Arg(1 =il (r) = —Arge ™ = a,
cr-(r) = Arg f~(r:igs (r)) = 0.

Additionally, by a short calculation,

e—in+(r) Reé'f(r) f+(r;§)
LGry(ri§) = — - e
R N AGE O G
_ e i sina 1+& —0
__m$—|—l—€_ia_ 1 |§—|—1—€_ia|2_ ’
and
eicr—() Re &7 (r) A
LGr_(rin) = -
s = I e S T T il ) T o) + inP
B 1 _ Refy(r) 1 _
_Imn—iif(r) L [ (r) +inf? )

so that again Gy (r;y) = Gr_(r;x) = 0. We conclude that

Fri(riy) = e 7% gin(y sina + a),

Fr_(r;x) = e(170s0X gin (x sina),

where o = 2arcsin(r/2) and r € (0,2). Finally, we have cosa = 1 — 2 /2 and sina =
r~/4 —r2/2, and so we can rewrite the above expressions without using « as

! 1
Fry(riy) = e sin(irym + 2arcsin(§r)),
1
Ff_(l";x) = exr2/2 Sin(zer>7

with 7 € (0, 2).
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Theorems 1.1 (b) and 1.2 do not apply in the present case. On the other hand, since
LFr_(r;0%) = v/4 —r2/(2r), Theorem 1.1 (a) implies that
2

— 2 1 1
PO(X; <y)= ;/e—rzt % e—Yr2/2 sin(zry /4 —r2 4 2arcsin(§r>)
V4 —r? 2

X X dr

2r V4 —r2?
2
2 P2t +y/2) o () Va_ 2 (1 1
=— e sm(Ery 4—r —}—Zarcsm(ir))—dr.

0

T r
0

In terms of variable o, we obtain

1

— 1
PO(X,; < y) — / e—(l—cosa)(2t+y) sin(y sin o +a) o
b4 1 —cosa

sina
0

This formula is due to Asmussen, see [3, Proposition IV.1.3], and it provides an effi-
cient way to evaluate the distribution function of time to ruin in the classical risk
model.

6.7. Classical risk process: Small drift case

The same approach applies to the process with exponentially distributed positive
jumps and small negative drift:

£ i+ (RP-1)E
E+i E+i

&) =it + R?

El

where R > 1. We omit all details, and only list the final result and some intermediate
expressions. The curve I'y is the semi-circle |§ 4+ i| = R, Re§ > 0, we have Zy =
(R—1,R+1),and

(r(r) = —i +iRe™™, Ap(r) =1+ R*—2Rcosa = r?,
where a = arccos((1 + R? —r?)/(2R)) € (0, 7). Furthermore,
f(r:§) =1-i§,
and hence once again

frre)=1+¢ f(r:6) =1



Suprema of Lévy processes with completely monotone jumps 115

Consequently, as in the previous example,
cri() =a, ¢r_(r) =0,
and
LGry(r;§) =LGr_(r;n) =0,
sothat Gry(r;y) = Gr_(r;x) = 0. It follows that
Fri(r;y) = e~ (1= Rcosa)y sin(Ry sina + o),
Fr_(r;x) = eI=Reosa)x gin(Rx sina).

The assumptions of Theorems 1.1 (b) and 1.2 are not satisfied, and by Theorem 1.1 (a)
we have

b4
— 2
PYX, <y) = - / exp(—(l + R? —2Rcosa)t — (1 — Rcosa)y)
0

. . RZ%sina
x sin(Ry sino + «) 1+ R2—-2R cos(xda'

Noteworthy, the above formula, although virtually the same as Asmussen’s result
given in [3, Proposition IV.1.3], covers the complementary case: here the drift is
assumed to be smaller than in the martingale case (that is, R > 1), while Asmussen’s
formula requires it to be larger (R < 1; our parameter R corresponds to \/B in the
notation of [3, Chapter [V]).

6.8. Brownian motion with exponentially distributed jumps

Let us now consider the Lévy process with characteristic exponent

i, e
f(%_)—iéz'i‘l%_‘f‘m.

This process is the sum of the standard Brownian motion and an independent classical
risk process. By a direct calculation, Zr = (0, o0) and

_ B3
vIZ& 1/; —(A=Bli. A =

with 72 = (1 + B —2B%)/B and

1= 4 (1 —r2)2+38
B 4

(1—p)(1 +2p)?
28 ’

§r(r) =

B € (0,1).
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By another direct calculation,

2(6+10)

T8 = e i

and

2(6+1)
E+(1+28)

It can be further calculated that, with the notation

JiP
—E

frr:§ = ;6 =1

a =Rels(r) =

one has

208—ie)| 2JFP e 2
3B—ia | J9prra /14883

=it )] = |

and

crq(r) = —Arg %

2
AR 283 4 2ip3/2,/1 - B3
2892 T=

1+2p83

= arctan

Since
emicr+) — G —i Ly (r))
| fH(ri=ige(r)|

after a short calculation we find that

e B—ia
LGy (r3§) = T+ 853 (I (3B —ia)(+ 1~ +ia)
N a6+ 1) )
|+ 1B +ial2(E +1+2p)

_2p21-p3 1
 JT+8B3 E+1428

Furthermore, cy_(r) = 0 and £G_(r;n) = 0, and therefore

2BV B apyy -
Gri(r;y) = e , Ge_(r;x)=0.
4 V11 8p3 4

116
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Finally,

1-p3 2 3/2 1_ B3
Fry(riy) = e~ =By sin(%y + arctan %2,87)
_2PVI=B oy
NEaTs »
Fr_(r;x) =P Sin(%x)

All our main results apply, and so p;7 (x,y), P°(X; < y) and P°(X; > —y) can be
written as explicit integrals. It seems more convenient to write the integrals in terms
of variable 8 € (0, 1), using

ey _eyI+8gs 2 BV1-B31+8p3
LF4(r;07) = —— (1+28)r2 ~ (1+2B)(1 + B —2B2)
fo_(r;O‘f') — g — \/E— '1_ﬂ3

r2 14+ B —28%

4 VTR, T,

B~ /B REYEENIE

The formulae are nevertheless complicated. For example, by Theorem 1.1 (b), we have

]P’O(Xt > —X)
1
N E[e—f<1—ﬂ><1+2ﬂ>2/<zﬂ) VBV BPV1 48P
T (1+28)(1+ B —-282)
—B)x o Vl_IB3 \/1+8,33
x e(1=B) sm( \/B x) X 2/33/2@
1
2 [ a-pa+282/B) (-pyx o (V1= B> N 1-2B+4p°
n/e T e Sln( /B x>2ﬁ(1+ﬂ—2ﬁ2)

0
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