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Preface

Several years ago we wrote: “Infinite divisibility was a booming field
of research in the seventies and eighties. There still is some interest in the
subject, but the boom seems to have subsided. So it is time to have a look
at the results”. Events beyond our control have delayed completion of this
book, but the words are still true. We present new developments together
with a full account of the classical theory. We only deal with probability dis-
tributions on the real line and restrict ourselves to divisibility with respect
to convolution or, equivalently, addition of independent random variables.
Space and time do not allow a more general setting.

The theory of infinitely divisible distributions plays a fundamental role
in several parts of theoretical probability, such as the central limit problem
and the theory of processes with stationary independent increments or Lévy
processes, which lie at the roots of our subject. The practical interest of
infinite divisibility is mainly in modelling. In models that require random
variables to be the sum of several independent quantities with the same dis-
tribution, a convenient assumption is infinite divisibility of these random
variables; this situation occurs in biology and insurance. Other applications
concern deconvolution problems in mathematical physics. Lévy processes
are important ingredients in financial mathematics models.

Theoretically, the problem of identifying the infinitely divisible distrib-
utions is completely solved by the canonical representations of their charac-
teristic functions. In most practical cases, however, these representations
are not useful for deciding on the infinite divisibility of a given distrib-
ution. One of the aims of this book is to provide means and methods
for making such decisions. Emphasis is on criteria in terms of distrib-
ution functions and probability densities, but characteristic functions and
canonical representations are often needed to obtain such criteria. Though
the concept of infinite divisibility is rather simple, the methods involved
are sometimes quite sophisticated.

Following the introductory chapter, I, the basic chapters, II, IIT and 1V,
offer separate treatments of infinitely divisible distributions on the nonneg-
ative integers, the nonnegative reals, and the real line, respectively. This is

Copyright 2004 by Marcel Dekker, Inc. All Rights Reserved.



done because the needed tools and methods vary, getting more complex in
each subsequent chapter. This separate treatment causes a little overlap,
but has the advantage that the basic chapters can be read independently.
Chapters V, VI and VII are devoted to three special aspects of infinite divis-
ibility: self-decomposability and stability, intimately related to the central
limit problem; the fact that for surprisingly large classes of distributions,
infinite divisibility is preserved under mixing; and the frequent occurrence
of infinite divisibility in, e.g., queueing and renewal processes, and in cer-
tain types of Markov processes. In Chapter V, and to a lesser extent in
Chapters VI and VII, there is again a separate treatment of distributions
on the nonnegative integers, the nonnegative reals, and the real line. This
would make it possible to plan a course covering one or two of the three ba-
sic chapters together with corresponding parts of the subsequent chapters
on special topics.

The important class of compound-exponential distributions is briefly
treated in each of the basic chapters; we consider writing a separate mono-
graph on the subject.

The book is practically self-contained; most results are fully proved.
One of the exceptions is the Lévy-Khintchine formula in Chapter IV; its
proof is only outlined since the full proof is rather lengthy, not terribly
informative, and can be found in several textbooks. At times the reader is
referred to one of two appendices, A and B, one establishing notation and
giving prerequisites, the other containing a selection of much-used distrib-
utions with some of their properties.

Each of Chapters II through VII has a separate section on examples,
about one hundred altogether. The main text does not give references to
the literature; they are deferred to Notes sections at the end of the chapters
and appendices. The Bibliography also contains references to articles and
books not mentioned in the Notes.

Over the years a large number of people have given advice and encour-
agement; we wish to express our thanks to all of them. In order not to
dilute our appreciation for him we only name Lennart Bondesson, who

provided constant stimulation and read large parts of the typescript.

Eindhoven, Amsterdam Fred W. Steutel, Klaas van Harn
July 2003
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Chapter I

INTRODUCTION AND OVERVIEW

1. Introduction

The concept of infinite divisibility was introduced and developed in a
very short period and by a handful of people. It started in 1929 with the
introduction by de Finetti of infinite divisibility in the context of processes
with stationary independent increments (sii-processes); its first develop-
ment ended in 1934 with the most general form of the canonical repre-
sentation of infinitely divisible characteristic functions by Lévy in a paper
having the term ‘integrals with independent increments’ in its (French) ti-
tle. Even more than sii-processes, questions related to the central limit
theorem led to the introduction and study of infinitely divisible and, more
specifically, self-decomposable and stable distributions. Little, and mostly
‘academic’, attention was paid to the subject during the forties and fifties.
Since about 1960 there was a renewed interest in infinitely divisible distrib-
utions, stimulated by the occurrence of such distributions in applications,
most notably in waiting-time theory and in modelling problems. This led to
the development of criteria for infinite divisibility in terms of distribution
functions and densities rather than in terms of characteristic functions.
This development culminated in the appearance of Bondesson’s book on
generalized gamma convolutions in 1992. In the last ten years much atten-
tion went to infinite divisibility on abstract spaces; these developments are
outside the scope of this book.

The present chapter serves as an introduction to the subsequent chap-
ters, and also as a binding element. It reviews a number of general concepts
and results in, or directly related to, infinite divisibility. This chapter is

also meant to put the concept of infinite divisibility in a somewhat wider
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perspective than will be done in the later chapters. In Section 2 we show
how a formal definition emerges from practical problems in modelling; here
we also give some elementary properties and a few simple examples. The
connection with sii-processes is considered in Section 3; we give some spe-
cial cases, and show that composition of sii-processes leads to important
subclasses of infinitely divisible distributions. Section 4 contains informa-
tion on canonical representations and their relation to the behaviour of
sii-processes. The central limit problem is discussed in Section 5; normed
sums of independent random variables give rise to stable, self-decompos-
able and, most generally, infinitely divisible distributions. In Section 6
some information is collected on types of (infinite) divisibility that will not

be discussed further in this book. Section 7 gives bibliographic information.

2. Elementary considerations and examples

Loosely speaking, divisibility of a random variable X is the property
that X can be divided into independent parts having the same distribution.
More precisely, for ne N with n > 2 we shall say that X is n-divisible if
independent, identically distributed random variables Y7, ...,Y,, exist such
that

21)  X<vi+--+Y,.

If (2.1) holds with Y’s that are independent but not necessarily identically
distributed, then X is said to be n-decomposable. We note that in the older
literature the word ‘decomposable’ is sometimes used for what we call di-
visible. Clearly, divisibility is a stronger requirement than decomposability.
Also, whereas (n+1)-decomposability implies n-decomposability, (n+1)-
divisibility does not imply n-divisibility, as the following example shows
for n = 2. A random variable X that has a binomial (3,p) distribution, is
3-divisible; it can be obtained as the sum of three independent Bernoulli (p)
variables with values 0 and 1. On the other hand, X is easily seen not to
be 2-divisible; if we would have X 4 Y1 + Y5 with Y7 and Y5 independent
and Y; £ Y for i = 1,2, then necessarily Ve [0,2] a.s. with P(Y=0) >0
and P(Y = 2) > 0, which would yield the value 2 for X. We return to
a second illustrative example in a moment, but we first make a case for

infinite divisibility in practical problems.
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In modelling it is sometimes required that a random variable is n-
divisible for given values of n. Consider, for example, the amount of damage
claimed from an insurance company during a year. Then one might want to
model this amount as a random variable X that is 12-divisible: X satisfies
(2.1) with n = 12, where Y} denotes the amount claimed during month j.
Similarly, one might want to consider weekly claims and require X to be
52-divisible, or even daily claims and require 365-divisibility. Since, as we
have seen, (n+1)-divisibility does not imply n-divisibility, it is much more
practical to require that X is n-divisible for every n. Clearly, such a prop-
erty is also desirable for random variables that model quantities, such as
rainfall, which are measured in continuous time.

Thus we are led to the following concept, which is the main object of
study in this book: A random variable X is said to be infinitely divisible if
for every n e N it can be written (in distribution) as

(2.2) XL X1+ + X,

where X, 1, .., X, n are independent with X, ; 4 X, for all j and some X,,,
the n-th order factor of X. Infinite divisibility of X is, in fact, a property of
the distribution of X. Therefore, the distribution, the distribution function
(and density in case of absolute continuity) and transform of an infinitely
divisible X will be called infinitely divisible as well. It follows that a dis-
tribution function F' is infinitely divisible iff for every n € N it is the n-fold
convolution of a distribution function F,, with itself, and that a charac-
teristic function ¢ is infinitely divisible iff for every neN it is the n-th

power of a characteristic function ¢,:
(2.3) F=F" forneN, ¢(u)= {qbn(u)}n for neN.

Here F,, and ¢,, are called the n-th order factor of F' and of ¢, respectively.
From the definition it immediately follows that if X is infinitely divisible,
then so is aX for every aeR, and that X 4 Y is infinitely divisible if X
and Y are independent and both infinitely divisible. The latter property

will be used frequently and can be reformulated as follows.

Proposition 2.1. Infinite divisibility of distributions is preserved under
convolution.

We mention a second elementary result which is somewhat unexpected, but

nevertheless simple to prove. Recall (cf. Section A.2) that a distribution
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function F' can be decomposed as F = a Fy + (1—«) Fe, where 0 < o < 1
and Fy is a discrete distribution function and F¢ a continuous one. Consider
the non-trivial case where 0 < o < 1; then the decomposition is unique.

Proposition 2.2. The discrete component Fy of an infinitely divisible dis-
tribution function F on R is infinitely divisible.

PRrROOF. Let neN, and let F,, be the n-th order factor of F'. Decompose F,
as F' above: F, = a, F,, q + (1—ay)F, ¢, and take characteristic functions.
Then, by the binomial formula, equation (2.3) leads to

n—1
F=alFm+Yy (Z) Ak (L—an)" F R« B0,
k=0

Since all terms under the summation sign are continuous, the uniqueness
of the decomposition of F' implies that Fy = F*'y. Hence Fy is infinitely
divisible. m

The set of discontinuity points of an infinitely divisible distribution func-
tion F'is empty or a singleton or unbounded. This immediately follows by
combining Proposition 2.2 with the following elementary property, which is
of a ‘negative’ type and shows, for instance, that the uniform and binomial

distributions are not infinitely divisible.

Proposition 2.3. A non-degenerate bounded random variable is not infin-

itely divisible.

PrROOF. Let X be a random variable with |X| < a for some aeR, and
suppose that X is infinitely divisible. Then for neN, by (2.2), the n-th
order factor X, of X satisfies |X,,| < a/n, and hence the variance Var X
of X can be estimated as follows:

Var X = nVar X,, < n]EX?L < a2/n.
Letting n — oo we conclude that Var X = 0, so X is degenerate. m
We return to the claim that divisibility is a more restrictive prop-

erty than decomposability, and show that the uniform distribution is n-

decomposable for every n, but not n-divisible for any n.
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Example 2.4. Let X have a uniform distribution on (—1,1). Then in
a way very similar to that of the proof of Proposition 2.3 one can show
that X is not n-divisible for any n > 2. For the case n =2 we suppose
that X 4 Y1 + Y5 with Y7 and Y5 independent and distributed as Y. Then

Ye(—3,3) as. and

(P(Y>0)}=P(Y; >0, Y, >0) >
>P(Yi+Y: > 5 =P(X > =14,

(PY<0)}’ =P11 <0, Y2 <0) >
>P(Yi+Yo<-3)=PX<-3)=1

Taking square-roots and adding shows that the inequalities here are, in

fact, equalities, so necessarily P(0 <Y < 1) =0 and P(—1 <Y <0) =0,

i.e., P(]Y| < %) =0. But this would imply that IP(} < \X| <4)=0. We

conclude that X is not 2-divisible.

Turning to decomposability we note that the characteristic function ¢ of X

can be written as

¢( 7SlIl7.L ﬁ ’U,/QJ

so by the continuity theorem X can be obtained (in distribution) as

(2.4) XgZYj, or ZY]LX as n — oo,

J=1 J=1
where Y7,Y5,... are independent and, for jeN, Y} is a Bernoulli variable
taking the values —(3)7 and ($)7 each with probability 3. It follows that X

is n-decomposable for every n. D

As one can imagine, infinite divisibility entails much more structure
than n-divisibility for a large value of n, which can be obtained by just
adding n independent, identically distributed random variables. In this
light it is surprising that so many of the much used distributions are infin-

itely divisible. We give three well-known and important examples.

Example 2.5. Let X have a normal (i1, 0%) distribution. Then X is infin-
itely divisible; for n e N its n-th order factor X,, has a normal (u/n,0?/n)
distribution. M
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Example 2.6. Let X have a Poisson (\) distribution. Then X is infinitely
divisible; for n € N its n-th order factor X,, is Poisson (A/n). m

Example 2.7. Let X have a gamma (r, A) distribution. Then X is infin-
itely divisible; for neN its n-th order factor X, has a gamma (r/n,\)
distribution. Taking r = 1 we see that the exponential()\) distribution is
infinitely divisible. N

The distributions in the first two examples will turn out to be the building
blocks of general infinitely divisible distributions; those in the third example
will be used to construct important subclasses of infinitely divisible distrib-
utions. The corresponding characteristic functions are well known to have
no zeroes on R and to have the property that every positive power, as
defined in Section A.2, is again a characteristic function. Every infinitely
divisible characteristic function has these properties. We formulate this

fact as a proposition to be proved later.

Proposition 2.8. If ¢ is an infinitely divisible characteristic function, then
¢(u) # 0 for allu e R, and ¢ is a characteristic function for allt > 0. Specif-
ically, for ne N ¢'/™ is the n-th order factor of ¢.

This elementary result is mentioned here because it is needed for the con-

struction of continuous-time sii-processes in the next section.

3. Processes with stationary independent increments

Processes with stationary independent increments in continuous time
are at the heart of infinite divisibility. They can be regarded as con-
tinuous-time analogues of random walks started at zero, i.e., of partial-sum

processes (Xp)nez, with
(3.1) Xn=)Y Ve [neZy; Xo:=0],
k=1

where Y7, Y5, ... are independent, identically distributed random variables,
the step-sizes of the walk. Clearly, such a process (X,,) has the following
property:

Xngs Xny —Xnyg, - .. independent for 0 <ng <ng <---,

(3.2) 4
Xtn — X = X, for myneN.
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In this case we say that (X,,) is a (discrete-time) process with stationary
independent increments or, for short, an sii-process. Note that the dis-
tribution of an sii-process (X,,) is completely determined by that of Xj.
Whereas, for n > 2, X,, is n-divisible, the distribution of X; can be chosen
arbitrarily; in fact, any random variable Y generates uniquely (in distrib-
ution) an sii-process (X,) with X, 4 Y, and (X,,) can be viewed as a
random walk (3.1) with step-sizes distributed as Y.

In the late 1920s the question arose whether there is a continuous-time

analogue of (3.1); it was tentatively written as

33)  X@t)= /[ dv(s) [t=0],
(0,¢]

and termed ‘integral, the elements of which are independent random vari-
ables’. It is, however, more convenient to look for an analogue of the
equivalent property (3.2). In doing so we only consider continuous-time
processes X (+) = (X(t))t>0 starting at zero that are continuous in prob-
ability, i.e., satisfy X (s+t) — X(s) in probability as ¢ — 0 for all s > 0.
Such a process is said to be a (continuous-time) process with stationary
independent increments (an sii-process) if

(3.4 X(to), X(t1) — X(to), ... independent for 0 < tg <t3 < ---,
34
X(s+1)— X(s) L X(¢) for s,t > 0.

Let us look at the finite-dimensional distributions of an sii-process X (-).
First, consider X (t) with ¢ > 0 fixed; for any n € N with n > 2 we can write

x(t) = Y {x(it/n) = X(G-1)t/n)},
j=1
where by (3.4) the summands are independent and identically distributed,
so by definition X (¢) is infinitely divisible. Next, let ¢, be the characteristic
function of X (¢). Since X(s+1t) = X(s) + {X (s +1) — X(s)}, (3.4) yields
the following relations:

bstt(u) = ¢s(u) pr(u) [s,t>0].

Now, for every ueR the function ¢ — ¢;(u) is continuous on Ry ; this is
implied by (and is, in fact, equivalent to) the continuity in probability of
X(+). It follows that the multiplicative semigroup (¢;);>0 satisfies

(35)  du(w) ={(w)}  [t=0];
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cf. Proposition 2.8 and see Section A.2 for the definition of ¢!{. Finally,
take 0 = tg < t1 < -+ < t, with n > 2. Then using (3.4) as above one can
show that

(3.6) (X (1), X(ta), -, X(tn)) = (Y1, Y1 + Yo, ..., Y1 + - - +Y3,),

where Y7, Y5, ...,Y, are independent with Y; 4 X(ti—t;—q1)fori=1,...,n.
Combining (3.5) and (3.6) leads to the following result.

Proposition 3.1. The distribution of an sii-process X (+) is completely
determined by the distribution of X (1), which is infinitely divisible.

So, contrary to the discrete-time case, the distribution of X (1) here may not
be chosen arbitrarily; it has to be infinitely divisible. There is a converse;

any infinitely divisible distribution gives rise to an sii-process.

Proposition 3.2. Let Y be an infinitely divisible random variable. Then
there exists an sii-process X (-) with X (1) dy.

PrROOF. Denote the characteristic function of Y by ¢; then by Proposi-
tion 2.8 @' is a well-defined characteristic function for every ¢t > 0. Let
0=ty <t; <---<t, with neN, and take independent random variables
Y1, Ys,,...,Y, where Y; has characteristic function ¢t ~%-1 fori =1,...,n.
Now, let F}, . 4, be the distribution function of the right-hand side of (3.6).
Then varying ¢1,...,t, in (0,00) and neN we get a consistent collection
of distribution functions; Kolmogorov’s extension theorem then guarantees

the existence of an sii-process X (-) satisfying (3.6) in distribution. m

The sii-process, in this proposition constructed from Y, will be called the
sii-process generated by Y (or by its distribution or its transform). The
sii-processes generated by the infinitely divisible distributions from Exam-
ples 2.5, 2.6 and 2.7 are of special importance; the corresponding semi-

groups (¢;);>0 of characteristic functions are given below.

Example 3.3. The sii-process generated by the normal (u, 02) distribution

is called Brownian motion with parameters y, the drift, and o2. The semi-
group (¢) is given by
¢ (u) = exp [iupt + 2o2u’t].

When ¢ = 0 and 02 = 1, we speak of standard Brownian motion. m
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Example 3.4. The sii-process generated by the Poisson (\) distribution is
called the Poisson process with intensity A or of rate \. The semigroup

(¢¢) is given by

¢ (u) = exp [At {e™ —1}]. m

Example 3.5. The sii-process generated by the gamma (r, A) distribution
is called the gamma process with parameters r and A. The semigroup (¢;)
is given by

¢t(u) _ ( A )Tt.

A —u

When r =1 and A = 1, we speak of the standard gamma process. D

One can build a new sii-process from two given ones by composition as
follows. Let S(-) and T'(+) be independent, continuous-time sii-processes;
then the generating random variables S(1) and T :=T(1) are infinitely
divisible. Suppose that T'(+) is nonnegative; then we can define

(3.7) X(-):=5(T()),

and it is easily seen that X(+) is again an sii-process, so its generating ran-
dom variable X := S(T') is infinitely divisible. In this context the process
T(-) is sometimes called a subordinator. If one observes an sii-process T'(+)
only at discrete times, then there is no need for T to be infinitely divis-
ible, and (3.7) leads to a discrete-time sii-process (X, )nez, for which X
is not necessarily infinitely divisible. Similar considerations hold when one
observes S(-) only at discrete times; now T'(-) must be Z-valued; to stress
this we replace it by N(-) generated by N := N(1). Thus we are led to the

following four types of compound sii-processes X (+) or (Xpn)nez,

(i)  Sii-processes S(-) and T'(+) yield X (-) with X (¢) := S(T'(¢)) for ¢ > 0;
it is generated by X := S(T), which is infinitely divisible.

(ii) Sii-processes S(-) and (T},) yield (X,,) with X, := S(T,,) for neZy;
it is generated by X := S(T'), which is not necessarily infinitely divisible.
(iii) Sii-processes (S,) and N(-) yield X(-) with X(t) := Sy for t > 0;
it is generated by X := Sy, which is infinitely divisible.

(iv) Sii-processes (S,) and (N,,) yield (X,,) with X,, :== Sy, for neZ,; it

is generated by X := Sy, which is not necessarily infinitely divisible.
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The distribution of the generating random variable X = S(T') in the
cases (i) and (ii) is called a compound-T distribution. Its characteristic
function ¢x can be expressed in terms of the pLSt w7 of T" and the charac-

teristic function ¢y of Y := S(1) as follows:

ox(u)= [ W™ drp(t) =
Ry

(3.8)
= [ {ov@} aPr(t) = mr(~log oy (w).

An important special case is obtained by taking T' exponentially distrib-
uted; cf. Examples 2.7 and 3.5. The resulting class of compound-ezponential
distributions, with characteristic functions of the form

B A

~ A —log ¢y (u)

with A > 0 (and Y infinitely divisible), turns out to have many properties

(3.9) ox (u)

analogous to the class of all infinitely divisible distributions.

The distribution of the generating random variable X = Sy in the
cases (iii) and (iv) above is called a compound-N distribution. Its charac-
teristic function ¢ x can be expressed in terms of the pgf Py of IV and the

characteristic function ¢y of Y:= S, as follows:

dx(u) = Z]p(N — n)EeSn —

(3.10) n=0

=Y P(N=n){¢v(w)}" = Pn(dv(u).
n=0

An important special case is obtained by taking N Poisson distributed; cf.
Examples 2.6 and 3.4. The resulting compound-Poisson distributions, with

characteristic functions of the form

(3.11)  éx(u) = exp [)\ {6y (u) — 1}]

with A > 0 (and Y arbitrary), are basic in the sense that they are easy
to handle and possess most characteristics of general infinitely divisible
characteristic functions. In fact, as we shall see in the next section, every
infinitely divisible distribution is the weak limit of a sequence of compound-
Poisson distributions.

In Chapters II, III and IV separate sections will be devoted to com-
pound distributions on Z,, on Ry and on R, respectively. Though there

Copyright 2004 by Marcel Dekker, Inc. All Rights Reserved.



is difference in accent, compound distributions will also be considered in
Chapter VI, on miztures; this is due to the fact that compound distrib-
utions can also be viewed as power miztures, as will be clear from the
computations in (3.8) and (3.10).

Finally we note that processes from more applied branches of probability
theory connected to, or giving rise to infinite divisibility, are considered in
Chapter VII; we will pay attention to Markov chains, queueing processes,

branching processes, renewal processes and shot noise.

4. Canonical representations

By canonical representations we understand here characterizing formu-
las for the transforms of infinitely divisible distributions. In order to find
such formulas, we let ¢ be an infinitely divisible characteristic function with

n-th order factor ¢,, say, and write

6(u) = {én(w)}" = exp [0 log (1= {1 = 6u(w)}) .
Since by Proposition 2.8 ¢,(u) — 1 as n — oo and —log (1 —2) ~ z as
z — 0, we conclude that ¢ can be obtained as

(4.1) ¢(u) = lim exp [n {¢n(u) — 1}}

n—oo

Comparing with (3.11) shows that we have proved now the claim of the

preceding section which can be formulated as follows.

Proposition 4.1. Every infinitely divisible distribution is the weak limit

of a sequence of compound-Poisson distributions.

To get a canonical representation we would like to actually take the
limit in (4.1), which can be written as
(4.2) o(u) = exp [ lim n/(ei”x— 1)dF,(x)],

n—oo R

with F;, the distribution function with f‘n = ¢,. A problem here is that nF,
does not converge to a bounded function. If, however, ¢ corresponds to a
distribution that has positive mass pg, say, at zero and has no further atoms,
then one can solve this problem in the following way. The distribution
function F}, then has a jump pé/" at zero, 5o ¥, = (¢n 7pé/")/(1 fp(l)/n)
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is a characteristic function. Therefore, using the fact that n (1— p(l)/ ") —

—log po =: A >0, by (4.1) and the continuity theorem we can write
o(u) = exp {)\ {nler;o U (u) — 1}} = exp [/\ {¥(u) - 1}},

where 1 is the characteristic function of a distribution without mass at
zero. So ¢ is compound-Poisson. Now, one can show (this will be proved
in Chapter IV) that any infinitely divisible distribution with at least one
atom is, up to a shift, compound-Poisson. Since the converse of this trivially

holds, we are led to a first canonical representation.

Theorem 4.2. A C-valued function ¢ on R is the characteristic function
of an infinitely divisible distribution that is not continuous, iff ¢ is shifted

compound-Poisson, i.e., ¢ has the form

(4.3) o(u) = exp [iuv + /\/R(eium_ 1) dG ()],

where yeR, A > 0 and G is a distribution function that is continuous at

zero. The canonical triple (v, A\, G) is unique.

For general ¢ one has to adapt the right-hand side of (4.1) or of (4.2)
differently in order to be able to actually take the limit. We do not go into
this problem here, and give, without proofs, the results for the infinitely
divisible distributions with finite variances (so including the normal and

gamma distributions) and all infinitely divisible distributions.

Theorem 4.3 (Kolmogorov canonical representation). A C-valued
function ¢ on R is the characteristic function of an infinitely divisible dis-

tribution with finite non-zero variance iff ¢ has the form
. 1
(4.4) é(u) = exp {iu,u + /f/(e““”— 1 —dur) — dH ()|,
R X
where p e R, k > 0 and H is a distribution function; for x = 0 the integrand

is defined by continuity: f%u? The canonical triple (i, x, H) is unique.

Theorem 4.4 (Lévy canonical representation). A C-valued function
¢ on R is the characteristic function of an infinitely divisible distribution
iff ¢ has the form

— ; _ 1,2 2 ur 1 _ ux
(4.5) é(u) = exp |iua — u 0" + /R\{o} (e 1 T2 —|—a:2) dM(;v)],
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where a€R, 02 > 0 and M is a right-continuous function that is nonde-
creasing on (—o0,0) and on (0,00) with M (z) — 0 as x — —00 or £ — 00
and satisfying f(71 D\{0} 22 dM (x) < co. The canonical triple (a,0?, M) is

unique.

In Chapter IV we will give more details of the proof of the Lévy represen-
tation; it is then used to give precise proofs of Theorems 4.2 and 4.3, and
of other representations like the one characterizing the infinitely divisible
distributions that are symmetric. In Chapters II and III canonical rep-
resentations are derived independently for infinitely divisible distributions
on Z4 and on R, respectively.

The canonical quantities in the theorems above not only relate to spe-
cific properties of the corresponding infinitely divisible distribution, but
they also determine the behaviour of the sii-process generated by that dis-
tribution; cf. Proposition 3.2. This is quite easily seen for ¢ in (4.3) with
canonical triple (7, A, G). The constant 7 represents a drift or trend giving
rise to a component ¢ in the process, and what remains is a compound-
Poisson process having independent jumps with distribution function G at
the jump times of a Poisson process with intensity A, independent of these
jumps; between jumps the process is linear. In the general case where ¢ is
given by (4.5) with canonical triple (a,0?, M), the interpretation is more
complicated. The constants a and o2 give rise to a component at + o B(t)
with B(-) standard Brownian motion. The function M is not only respon-
sible for the frequency and size of possible jumps; it can, for instance, also
give rise to a trend that may even offset the trend at; because there can be
very many very small jumps, the interpretation of M is in general quite in-
tricate. It can be shown that there is always a version of X (+) for which the
paths t — X (t) are right-continuous with left-hand limits (‘cadlag’) with
probability one. Brownian motion is the only non-degenerate sii-process

with continuous paths.

5. The central limit problem

From the results of the preceding section it will be clear that, as already
said in Section 2, the normal and Poisson distributions can be considered

as the building blocks of general infinitely divisible distributions. We now
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show that they are also special solutions to problems that are collected
under the term ‘central limit problem’. The normal distribution provides
an answer to the following explicit question (all solutions will be given
later in this section): If Y7, Y5, ... are independent, identically distributed
random variables with the property that for some a, € R and b, > 0

1

b (Y1+--~—|—Yn—an)i>X [n — oo],
n

(5.1)

what are the possible distributions of the limit X ? A simple and long-
known example is obtained by taking the Y; to be Bernoulli (p) variables
with values 0 and 1; then Y3 + --- + Y, has a binomial (n,p) distrib-
ution with mean np and variance np (1—p). If we now take a, := np and
bn := \/np (1—p), then we have (5.1) with X standard normally distrib-
uted. This can be shown by elementary methods and is a special case of
the following celebrated result.

Theorem 5.1 (Central limit theorem). If Y1,Y5,... are independent,
identically distributed random variables with mean p and (finite) vari-

ance o2, then

1
(5.2) M4+ Yy —np) -5 X [n— oo,

ay/n

where X has a standard normal distribution.

The Poisson distribution can also be obtained from binomial (n, p) distrib-
utions as n — o0, if one lets the parameter p depend on n in the following
way. For neN, let X, 1,..., Xy be independent Bernoulli (p,,) variables
with values 0 and 1, so X,,1 + -+ + X, ,, has a binomial (n,p,,) distrib-
ution with mean np,,. Suppose that np, — A > 0 as n — oo; then it is well
known and easily verified that

(5.3) Xpi4- 4 Xnm X [n— oo,

where X has a Poisson () distribution.

Now, observe that the limiting relation (5.1) can be put in the form
(5.3) by taking

(5.4) Xnj ::b—(Yj—an/n) [neN; j=1,...,n],
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and note that if Y7,Y5, ... are independent, identically distributed random
variables, then so are X,, 1, ..., Xy, for every fixed n. This leads to consid-
ering more general triangular arrays (X, j)nen, j=1,..k,, Where k, T 0o as
n — oo and, for every neN, X, 1,..., Xy, are independent, identically
distributed. We again ask for the possible distributions of limits X as in
(5.3). Of course, by definition any infinitely divisible distribution provides
an answer to this question. On the other hand, it is not hard to show that
there are no other solutions. So we have the following characterization of
infinite divisibility.

Theorem 5.2. A random variable X is infinitely divisible iff it can be

obtained as
(5.5) Xni+- -+ Xnk, 4 x [n — oo],

where ky, T oo and, for every neN, X,, 1,..., X, 1, are independent, iden-
tically distributed.

We next wonder whether the limits X in (5.5) are still infinitely divis-
ible if one drops the condition that the random variables in every row of
the triangular array are identically distributed. As an example, consider
the special case (5.1) with Y; 4 Z;/j, where Zi,Zs, ... are independent
and standard exponential. Then it can be shown that the choice b, =1
and a,, = log n leads to a limit X having a Gumbel distribution, which will
turn out to be infinitely divisible. On the other hand, from Example 2.4
it is seen that not all limits X of the form (5.1), with Y7,Y5,... indepen-
dent, are infinitely divisible, or even 2-divisible. We return to this specific
problem in a moment, and first give, without proof, the following central

limit result, which is a solution for the general situation.

Theorem 5.3. A random variable X is infinitely divisible iff it can be
obtained as

(5.6)  Xpat+oot Xop, 5 X [n— o],
where ky, T oo, Xp1,...,Xn, are independent for every neN, and

(5.7) lim max P(|X, ;| >¢)=0 [e >0].

n—o0 1<j<k,
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A triangular array (X, ;) satisfying condition (5.7) is said to be infinites-
imal, and its elements are called uniformly almost negligible. In such an
array the role of a single summand becomes vanishingly small as n — oc;
clearly, this is what we need, because otherwise any distribution can appear
as the distribution of X in (5.6). It is not hard to show that an array of ran-
dom variables that are independent, identically distributed in every row, is

infinitesimal if (5.6) holds; therefore, Theorem 5.3 generalizes Theorem 5.2.

We return to the question from the beginning of this section, and first
consider a sequence (Y;);en of independent, identically distributed random
variables with IEY; = 0 and VarY; = 1. Writing S,, := Y1 +--- 4+ Y, we
have E S,, = 0 and Var S,, = n, so we should look at S,,//n. Now, suppose

that S, /v/n 4, X as n — oo. Since for every n,keN we can write

1 1 o 1
TPk = T Z —= (Six = Si-1k);
Vnk \/ﬁj:1 VEk

by (3.2) we see, letting k — oo, that the limit X satisfies

58 x4 %(XH—--A—XH) (neN],

where X1, Xo, ... are independent and distributed as X. By taking charac-
teristic functions it follows that ¢ := ¢ x satisfies the equation

(5.9)  o(u) = {é(u/vn)}"  [neN],

which can be solved with some difficulty yielding ¢(u) = exp [f%uﬂ. So X
has a standard normal distribution, as it should have because of the central
limit theorem.

Relation (5.8) expresses a special case of stability. A random variable X
(and its distribution and transform) is said to be weakly stable if X can be

written (in distribution) as
(5100 X Zc (Xi4-+Xn)+d, [neN|

where ¢,, > 0, d,, e R and X7, Xo,... are independent and distributed as X.
The random variable X is called strictly stable or just stable if it is weakly
stable such that in (5.10) d,, = 0 for all n. It turns out that (5.10) is possible
only for constants ¢, of the form ¢, = n~/"7 with v e (0,2]; 7 is called the
exponent (of stability) of X. Clearly, a weakly stable distribution that is

symmetric is stable. Moreover, it is not hard to show that the characteristic
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functions ¢ of the symmetric stable distributions with exponent ~ are given
by

(5:11)  éu) = exp [~Alul"],

with A > 0. So, taking v = 2 we get the normal distributions with mean
zero; the symmetric Cauchy distributions are stable with exponent v = 1.
In Chapter V we will give more details, and derive canonical representations
of general (non-symmetric, weakly) stable distributions.

By (5.4) and Theorem 5.2 any limit X in (5.1), with Y3, Y5, ... indepen-
dent, identically distributed, is infinitely divisible. By definition, a weakly
stable random variable X is infinitely divisible and can appear as a limit
in (5.1). It can be shown that there are no other solutions. So we have the
following characterization of weak stability.

Theorem 5.4. A random variable X is weakly stable iff it can be obtained

as

(5.12)

1
—(Y1+-~-+Yn—an)i>X [n — oo],

with Y1,Ys, ... independent, identically distributed, a,, € R and b,, > 0.

Here the distribution of the Yj is said to be in the domain of attraction
of the weakly stable distribution of X. One can show that if X is weakly
stable with exponent v # 1, then X — d is stable for some d e R. It follows
that for v # 1 the domains of attraction do not change if ‘weakly stable’
is replaced by ‘stable’. According to the central limit theorem any dis-
tribution with finite variance is in the domain of attraction of the normal
distribution. Domains of attraction will not be investigated further here.
We finally raise the question what happens if in (5.12) the Y; are in-
dependent, but not necessarily identically distributed. As we have seen
above, it is then possible to get in the limit both an infinitely divisible
distribution and a distribution that is not even 2-divisible. In order to
only get infinitely divisible limits one may require, in view of Theorem 5.3,
that (X, ;) given by (5.4) is infinitesimal. It is not hard to show that one
gets the same limits if one requires (Y;/b,) to be infinitesimal, and that
in presence of (5.12) this requirement implies the following property of the

sequence (by,):

bn+1 -1

(5.13) lim b, =oco0, lim
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Now, we ask for the possible distributions of the limits X in (5.12) if the Y;
are independent and (b,,) satisfies (5.13). By definition any weakly stable
distribution provides an answer to this question, and one might think that
there are no other solutions, as was the case when generalizing Theorem 5.2
to Theorem 5.3. This is not so; at this moment it is not even clear that
every limit is infinitely divisible. To be more explicit, we need the following
definition: A random variable X is said to be self-decomposable if for every

a€[0,1] it can be written (in distribution) as
(5.14) X L aX +X,,

where in the right-hand side X and X, are independent. It is easily shown
that the characteristic function ¢ of a self-decomposable random variable X

has no zeroes; therefore, ¢(nu) can be decomposed as
p(2u)  ¢(nu)
o(u)  ((n—1)u)
so if Y1, Y, ... are independent with Y} 4 J X1y, for jeN (With X, as
in (5.14)), then X can be written (in distribution) as

p(nu) = d(u) [neN],

(515) XL (V4o +Y)  [neN]

Hence any self-decomposable distribution provides an answer to the ques-
tion above. It can be shown that there are no other solutions, so we have

the following result.

Theorem 5.5. A random variable X is self~decomposable iff it can be
obtained as

1
(5.16) b—(Y1+---+Yn—an)i>X [n — oo],

with Y1,Ya, ... independent, a,, e R, and b,, > 0 satisfying (5.13).

We already noted that a weakly stable distribution can be obtained as
the distribution of X in (5.16); hence weak stability implies self-decom-
posability. Moreover, from (5.15), where (Y;/n) is infinitesimal, and Theo-
rem 5.3 it follows that any self-decomposable distribution is infinitely divis-
ible. These facts can also be proved just from the definitions; this will be
done in Chapter V, where the self-decomposable distributions will be con-

sidered in detail, and canonical representations will be derived for them.
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Well-known examples of self-decomposable distributions are the gamma,
and hence the exponential distributions. Another example is the Gumbel
distribution; above we obtained it from exponential distributions in the way
of (5.16) with b,, = 1 for all n, which is not in accordance with Theorem 5.5:
(5.13) does not hold. Still, it is self-decomposable because self-decompos-
ability is preserved under shift, convolution and weak limits. We further
note that self-decomposable distributions are continuous; this is easily seen
from the definition. We will also consider, however, analogues of stabil-
ity and self-decomposability for distributions on Z,; it will turn out, for

instance, that the Poisson distribution is stable with exponent v = 1.

6. Other types of divisibility

As said in Section 2, our central theme is divisibility of random variables
with respect to the operation of ‘independent’ addition; it is equivalent to
divisibility of probability measures on R with respect to convolution and
to divisibility of one-dimensional characteristic functions with respect to
multiplication. Now, in this section we very briefly consider some forms
of divisibility that will not be treated in this book; in some instances the
operation is different, in others the objects operated upon are different.
The set of examples given below is not intended to be complete. We shall
not be concerned with divisibility on abstract spaces, such as groups or

Banach spaces; for a few, rather haphazard, references see Notes.

General measures on R. Measures giving infinite mass to R can also
be examined for divisibility with respect to convolution. The only measure
of this kind that has been studied in detail, is Lebesgue measure, which
turns out to be 2-divisible and even infinitely divisible. The factors are,
however, not at all unique. It seems that the technique used for Lebesgue

measure would be applicable to a more general class of measures.

Renewal sequences and p-functions. Here the operation of multi-
plication is used; a renewal sequence (uy)nez . is said to be 2-divisible if a
renewal sequence (v,,) exists such that u, = v2 for all n. It turns out that
the positive infinitely divisible renewal sequences are exactly the log-convex
sequences (u,) with ug = 1. Similarly, the continuous-time counterparts,

i.e., the positive infinitely divisible p-functions, are log-convex.
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Random vectors. Use, as for random variables, the operation of in-
dependent addition, component-wise. Then the theory of infinite divis-
ibility is very similar to the theory in the one-dimensional case. One has
the same closure properties, and the form of the canonical representations
is almost independent of the dimension. Also, the canonical representa-
tions of more-dimensional stable and self-decomposable distributions are
similar to those in dimension one. Things get more complicated, however,
if stability and self-decomposability are not defined component-wise, but
vector-wise; then one speaks of operator-stability and operator-self-decom-
posability; the definition is in terms of matrices that specialize to diagonal
matrices in the simple case. In many respects the more-dimensional sit-
uation allows less detail; there are fewer examples, apart from the trivial
ones concerning vectors of independent random variables, and very little
is known, for example, about mixtures. For random functions, that is, for

stochastic processes, the theory is still similar, but much more technical.

Maxima. If addition is replaced by taking maxima, then things change.
Since the distribution function of the maximum X VY of two indepen-
dent random variables X and Y is given by the product of the distribution
functions: Fxvy = Fx Fy, the tool to use is not the characteristic function,
but the distribution function itself; we are concerned with divisibility of dis-
tribution functions with respect to multiplication. Rather curiously, every
one-dimensional distribution function F' is max-infinitely divisible; every
positive power of F' is again a distribution function. The central-limit type
theory for normed maxima of independent, identically distributed random
variables leads to the three well-known types of max-stable limit distrib-
utions, of which the Gumbel distribution, considered in Section 5, is an
example; see also Theorem A.2.2. More-dimensional distribution functions
are not all max-infinitely divisible. Now there is a theory of max-infinite
divisibility not unlike the classical (additive) theory.

Matrices. There is some theory of infinite divisibility for nonnegative
definite matrices with respect to Schur products, i.e., element-wise multi-
plication. The theory can be regarded as an extension of infinite divis-
ibility of more-dimensional characteristic functions. The transition matri-
ces P(t) = (pi;(t)) with t > 0 in a continuous-time Markov chain form a
semi-group with respect to ordinary matrix multiplication; here p;;(t) de-

notes the probability of a transition from ¢ to j during a period of length ¢.
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The matrix P(t) can be put in the form P(t) = {P(l)}t = o!Q = M (Q-D),
where @) and @ are matrices of a very special type; this formula can be
read as a canonical representation of the semi-group. Infinite divisibility of
a given transition matrix is equivalent to embeddability of this matrix into
a semi-group, just as we have seen in infinite divisibility on R. In branching
processes a similar situation occurs for semi-groups of pgf’s with respect to

composition.

We finally mention a form of divisibility that will be considered in this
book. For an infinitely divisible Z-valued random variable X we shall
require that, for every n e N, the n-th order factor X, of X is Z,-valued
as well. In Chapter IT we will see that this extra requirement is equivalent
to the condition that IP(X = 0) > 0. For an infinitely divisible R, -valued
random variable no such condition is necessary; the n-th order factors are

easily seen to be R -valued as well.

7. Notes

The concept of infinite divisibility was introduced by de Finetti (1929),
and developed by Kolmogorov (1932), Lévy (1934,1937) and Khintchine
(1937a). Other early papers are Feller (1939) and 1t6 (1942). Good sources
for the history of this period are the obituary of Lévy by Loeve (1973) and
the appendix on the history of probability in the book by Gnedenko (1991),
in German. Survey papers were published by Fisz (1962), who gives many
references, and by Steutel (1973,1979). The book by Bondesson (1992) is
on a special subject, but it contains a lot of general information.

Processes with stationary independent increments, also called Lévy pro-
cesses, date back to de Finetti (1929) and Lévy (1934). Two recent books
on the subject are by Bertoin (1996) and Sato (1999), both of which contain
sections on infinite divisibility. Good treatments, discussing the relation be-
tween properties of the canonical measure and of the sample paths, can be
found in Breiman (1968) and Stroock (1993).

The first canonical representation was given by Kolmogorov (1932) for
distributions with finite variance. Lévy (1934) gave the first general for-
mula; other early contributions are by Khintchine (1937b), Lévy (1937)
and Feller (1939). A good source for these developments is the book by
Gnedenko and Kolmogorov (1968).
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The theorems on triangular arrays are due to Khintchine (1937a) and
Lévy (1937). The stable and self-decomposable distributions (the latter are
also called distributions of class L) are due to Lévy (1923, 1937); see also
Khintchine and Lévy (1936). Full discussions in relation to the central limit
problem can be found in Gnedenko and Kolmogorov (1968), Feller (1971),
Loeve (1977), Petrov (1975,1995) and, especially in terms of characteristic
functions, in Lukacs (1970, 1983).

The infinite divisibility of Lebesgue measure on R is treated in O’Brien
and Steutel (1981). Infinitely divisible renewal sequences and p-functions
can be found in Kendall and Harding (1973). Infinitely divisible random
vectors are briefly treated in Feller (1971); a good account is given in Sato
(1999); see also Sato (1973) for tail behaviour; special aspects are consid-
ered in Horn and Steutel (1978). More-dimensional self-decomposable and
stable distributions can be found in Sato (1999). For operator-stability
we refer to Sharpe (1969b), for operator-self-decomposability to Urbanik
(1972); see also Jurek and Mason (1993). Infinitely divisible processes were
first studied in detail by Kerstan et al. (1978). Max-infinite divisibility
is studied by Balkema and Resnick (1977), and by Alzaid and Proschan
(1994); see also Resnick (1987). Horn (1967,1969) considers the infinite
divisibility of matrices with respect to element-wise multiplication. For
semigroups of transition matrices of continuous-time Markov processes,
see Doob (1953), Chung (1960), Rosenblatt (1962), or Freedman (1972).
Kazakyavichyus (1996) considers infinitely divisible transition matrices in
the context of limit theorems and semigroups. Some references for infinite
divisibility in abstract spaces are McCrudden and Walker (1999, 2000), and
Yasuda (2000). For results on infinite divisibility and (operator-) self-de-
composability in Banach spaces we mention Kumar and Schreiber (1975,
1979), Jurek and Urbanik (1978), Urbanik (1978), Jurek (1983), Jurek
and Vervaat (1983), and Kruglov and Antonov (1984). Infinite divisibility
modulo one is considered in Wilms (1994).

As a few references on applications we mention Carasso (1987), Gerber
(1992), Voudouri (1995), and Barndorff-Nielsen and Shephard (2001).
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Chapter 11

INFINITELY DIVISIBLE DISTRIBUTIONS
ON THE NONNEGATIVE INTEGERS

1. Introduction

Rather than specializing down from the most general case: distributions
on R, we start with the simplest case: distributions on Z. This case
contains most of the essential features of infinite divisibility, but avoides
some of the technical problems of the most general situation; the recurrence
relations we encounter here, will be integral equations in the R -case, and
the problems concerning zeroes of densities and tail behaviour are more
delicate there and on R. The basic tool here is the probability generating
function, rather than the Laplace-Stieltjes transform or the characteristic
function.

Let X be a Z,-valued random variable. According to the general defi-
nition in Chapter I, infinite divisibility of X means the existence for every

n €N of a random variable X,,, the n-th order factor of X, such that
11) XL X, 4+ X,

where X, 1,..., X, are independent and distributed as X,,. It is quite
natural and, as we shall see in a moment, no essential restriction to consider
only random variables X that are discrete infinitely divisible in the sense
that their factors X, are Z,-valued as well. Such random variables X

necessarily have the property that
(1.2) P(X =0)>0,

because if IP(X = 0) would be zero, then by (1.1) we would have X,, > 1
a.s. for all n, and hence X > n a.s. for all n. On the other hand, if X is
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infinitely divisible and neN, then P(X = 0) = {P(X,, = O)}n and hence
for x >0

g PE R 2RO =0 POG =0} 2
' >nlP(X, =z)P(X =0),

so in the presence of (1.2) any possible value of X,,, i.e., a value taken
with positive probability, is also a possible value of X, so necessarily X,
is Zy-valued. We conclude that a Z,-valued infinitely divisible random
variable X is discrete infinitely divisible iff it satisfies (1.2). Since shifting
a random variable to zero does not affect its possible infinite divisibility,
it follows that without essential loss of generality we can restrict attention
to discrete infinite divisibility. We therefore agree that throughout this

chapter for Z,-valued random variables X:

infinite divisibility means discrete infinite divisibility,

14
(14) i.e., infinite divisibility of X implies IP(X = 0) > 0.

Moreover, mostly we tacitly exclude the trivial case where X is degenerate
at zero, so we then assume that IP(X = 0) < 1.

Recall from Section 1.2 that the distribution and transform of an infin-
itely divisible random variable will be called infinitely divisible as well.
From convention (1.4) it follows that a distribution (px)rez, on Z is infin-
itely divisible iff for every neN there is a distribution (p](cn))keZ L on Zy,
the n-th order factor of (py), such that (py) is the n-fold convolution of
(p,i")) with itself:

(1.5) (pe) = )™ [neN].

Similarly, a probability generating function (pgf, for short) P is infinitely
divisible iff for every n e N there is a pgf P,, the n-th order factor of P,
such that

(1.6) P(z) = {P.(2)}"  [neN].

Note that from (1.4), or directly from (1.6), it follows that an infinitely
divisible pgf P necessarily satisfies P(0) > 0. For conventions and notations
concerning distributions on Z and generating functions (gf’s) we refer to
Section A.4.
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In Section 2 we give elementary properties and treat two much-used
special cases, the Poisson distribution and the negative-binomial (includ-
ing the geometric) distribution. Section 3, on compound distributions, is
basic, since on Z, the infinitely divisible distributions coincide with the
compound-Poisson distributions. Here also the compound-geometric or,
equivalently, the compound-exponential distributions are introduced. A
slight rewriting of the compound-Poisson pgf yields, in Section 4, a canon-
ical representation which, in turn, leads to an explicit criterion for infinite
divisibility in terms of very useful recurrence relations for the probabilities
themselves; here the use of absolutely monotone functions is prominent.
These tools are shown to have analogues for the compound-exponential
distributions (Section 5), and are used to easily prove closure properties in
Section 6. Relations between moments of an infinitely divisible distribution
and those of the corresponding canonical sequence are given in Section 7.
The structure of the support of infinitely divisible distributions is deter-
mined in Section 8, and their tail behaviour is considered in Section 9; here
the role of Poisson distributions is very manifest. In Section 10 log-convex
distributions, all of which are infinitely divisible, and infinitely divisible
log-concave distributions are considered together with their canonical se-
quences. An interesting special case of log-convexity is complete monot-
onicity, related to mixtures of geometric distributions. Section 11 contains
examples and counter-examples, and in Section 12 bibliographical and other
supplementary remarks are made.

Finally, we note that this chapter only treats the basic properties of
infinitely divisible distributions on Z,. Results for self-decomposable and
stable distributions on Z. can be found in Sections V.4, V.5 and V.8, for
mixtures of Poisson distributions and of negative-binomial distributions
in Sections VI.6 and VI.7, and for generalized negative-binomial convo-
lutions in Section VI.8. Also, the chapter on stochastic processes contains
some information on infinitely divisible distributions on Z. , especially Sec-
tion VIL5.

2. Elementary properties

We start with giving a few simple properties that will be used frequently.
Those in the first proposition follow directly from (1.1) or (1.6).
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Proposition 2.1.

(i) If X is an infinitely divisible Z-valued random variable, then so is
aX for every aeZ,. Equivalently, if P is an infinitely divisible pgf,
then so is P, with P,(z) := P(z%) for every a€Z.

(ii) If X and Y are independent infinitely divisible Z-valued random
variables, then X+Y is an infinitely divisible random variable. Equiv-
alently, if P and ) are infinitely divisible pgf’s, then their pointwise
product PQ) is an infinitely divisible pgf.

In Section 6 we will prove a variant of part (i): If X is an infinitely divisible
Z-valued random variable, then so is a ® X for every ae(0,1); here ®
is the ‘discrete multiplication’ as defined in Section A.4. Part (ii) states
that infinite divisibility of distributions is preserved under convolutions.
We now show that it is also preserved under weak convergence.

Proposition 2.2. If a sequence (X™)) of infinitely divisible 7 -valued
random variables converges in distribution to X, then X is infinitely divis-
ible. Equivalently, if a sequence (P\"™)) of infinitely divisible pgf’s converges
(pointwise) to a pgf P, then P is infinitely divisible.

PRrROOF. Since by (1.6) for every m e N there exists a sequence (Pflm))neN
of pgf’s such that P(™) = {P,Sm)}", the limit P = lim,, .o, P can be

written as

P(z) = lim {P{™(2)}" ={ lim P{™(2)}" = {P.(2)}",

m—0o0 m— 00

where P, := lim;, 00 P,(lm) is a pgf for every n e N by the continuity theo-
rem; see Theorem A.4.1. Hence P is infinitely divisible. D

Since a pgf P is nonnegative on [0, 1], for z in this interval relation (1.6)

can be rewritten as

@1 {P@)}

As a pgf is determined by its values on [0, 1], it follows that the factors P,, of

1/n=Pn(z) [neN].

an infinitely divisible pgf P, and hence the corresponding distributions, are
uniquely determined by P. Mostly we shall consider pgf’s only for values
of the argument in [0,1]. We shall return to the possibility of zeroes for
complex arguments later in this section. For any pgf P with P(0) > 0 and
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for any ¢ > 0 the function P* = exp[tlog P] is well defined on [0,1]. We
now come to a first criterion for infinite divisibility on Z,. Note that the

set of pgf’s equals the set of absolutely monotone functions P on [0, 1) with
P(1-) = 1; see Theorem A.4.3.

Proposition 2.3. A pgf P with P(0) > 0 is infinitely divisible iff P! is a
pgf for allte T, where T = (0,00), T = {1/n:neN} or T = {a % : ke N}
for any fixed integer a > 2. Equivalently, P is infinitely divisible iff P! is

absolutely monotone for all t € T with T as above.

PROOF. Let P be infinitely divisible. Then by (2.1) PY/" is a pgf for all
neN, and hence P"™/™ is a pgf for all m,neN. It follows that P? is a pgf
for all positive t € Q, and hence, by the continuity theorem, for all ¢ > 0.
Conversely, from (2.1) we know that P is infinitely divisible if P1/™ is a
pef for every ne N. We can even be more restrictive because, for a given
integer a > 2, any te(0,1) can be represented as t = ;- tya™" with
tr€4{0,...,a— 1} for all k, and hence for these ¢

{P(z)}t _ n}gnoo ﬁ ({P(Z)}l/ak)tk.
k=1

By the continuity theorem it now follows that if P? is a pgf for all ¢ of the
form a=* with ke N, then so is P! for all te (0,1). m

Corollary 2.4. If P is an infinitely divisible pgf, then so is Pt for allt > 0.
In particular, the factors X,, of an infinitely divisible Z,-valued random

variable X are infinitely divisible.

The continuous multiplicative semigroup (P');>¢ of pgf’s generated
by an infinitely divisible pgf P corresponds to the set of one-dimensional
marginal distributions of a Z-valued sii-process, i.e., a process X (+) with
stationary independent increments, started at zero and continuous in prob-
ability; see Section I.3. If X (1), with pgf P, has distribution (p)rez, , then
for ¢ > 0 the distribution of X (¢), with pgf P*, will be denoted by (p;")kez, ,
so:

t

(2.2) i =P(X(@t)=k), > pi's={P@)}"
k=0

Note that from (1.3) it follows that the n-th order factor (pz(l/n)) of (pr)
satisfies

(2.3) pe M = p/m MM < py /() for keN.
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We give two examples that will turn out to be important building blocks

for the construction of more general infinitely divisible distributions.

Example 2.5. For A > 0, let X have the Poisson (\) distribution, so its
distribution (py)rez, and pgf P are given by
= /\—ke_A P(z) = exp[-A (1 — 2)]
Prx = %l ) = eXp .
Then for ¢t > 0 the t-th power P! of P is recognized as the pgf of the
Poisson (At) distribution. Hence by Proposition 2.3 the Poisson (\) distrib-
ution is infinitely divisible. The corresponding sii-process is the Poisson
process with intensity . M

Example 2.6. For r > 0 and pe(0,1), let X be negative-binomial (r,p),
so its distribution (pg)rez, and pgf P are given by

Dk = (T+:1)pk(1p)”, P(z):( L )7'.

1—pz

Then for t > 0 P! is recognized as the pgf of the negative-binomial (rt, p)
distribution. We conclude that the negative-binomial (r, p) distribution is
infinitely divisible. The corresponding sii-process is a negative-binomial
process. Taking r = 1 one sees that the geometric (p) distribution is infin-
itely divisible. N

For a pgf P the condition P(0) > 0 makes it possible to define log P(z)
and P!(z) also for complex values of z with |z| sufficiently small. If one
wants to define these quantities for larger values of z, it is important to
know about the zeroes of P. Knowledge about zeroes is, however, also
of interest because it leads to necessary conditions for infinite divisibility.
The property that infinitely divisible characteristic functions have no real
zeroes (cf. Proposition 1.2.8), implies that infinitely divisible pgf’s have no
zeroes on the unit circle. It turns out that such pgf’s have no zeroes inside

this circle either. We shall prove a somewhat stronger result.

Proposition 2.7. If P is an infinitely divisible pgf with pg := P(0), then

(2.4) |P(z)’ > pe [zeC with |z| <1].
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PRroOOF. If @ is the pgf of a distribution (gx) on Z. with go > %, then for
z € C with |z] <1 we can write

‘Q(z)‘ = ’CIO + quzk‘ > qo — qu|z|k > 2qo — 1.
k=1 k=1

Using the resulting inequality for the n-th order factor P, of an infinitely
divisible pgf P, we see that |P(z)| with |z| < 1 can be estimated as follows:

|P(2)] = |Pu(2)]" = (205/"—~1)",

for all n sufficiently large. Now one easily verifies that for every a >0
one has the equality lim,, (2@1/"7 l)n = o?; taking o = pg finishes the
proof. D

This result can be extended as follows. Let P be an infinitely divisible
pgf having radius of convergence p > 1, and take ae (1, p), so P(a) < oo.
Note that because of (2.3) the n-th order factor P'/™ of P has radius of
convergence p, > p. Therefore, Proposition 2.3 can be used to show that
the pgf P, with P,(z2) := P(az)/P(a) is infinitely divisible. Now, apply
Proposition 2.7 to P,; then one sees that

(2.5) ‘P(z)’ > pg/P(e) [zeC with |z| < a].

The inequalities obtained above immediately yield the following useful re-

sult.

Theorem 2.8. Let P be an infinitely divisible pgf. Then:
(i) P has no zeroes in the closed disk |z| < 1.
(ii) If P has radius of convergence p > 1, then P has no zeroes in the
open disk |z| < p.
(iii) If P is an entire function, i.e., if p = oo, then P has no zeroes in C.

Inequality (2.4) is sharp; the Poisson pgf P with P(z) = exp[—A (1 — 2)]
satisfies P(—1) = pZ; cf. Example 2.5. The same example, with \ suffi-
ciently large, shows that an infinitely divisible pgf, though non-zero, may be
positive as well as negative inside the unit disk. It also illustrates part (iii)
of Theorem 2.8. This theorem may be used to show that a given pgf is not
infinitely divisible; examples are given in Section 11. Finally, it follows that
if P is an infinitely divisible pgf, then log P(z) can be defined on |z| <1 as

a continuous function with log P(1) = 0; see also Section A.4.
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3. Compound distributions

In Section 1.3 we showed how composition of discrete- or continuous-
time sii-processes leads to compound distributions. We recall some facts
specializing them to the present Z,-case, and first use discrete-time pro-
cesses. Let (Sn)nez+ be an sii-process generated by a Z,-valued random
variable Y (so S, = Y7 +--- + Y, for all n with Y1, Y5, ... independent and
distributed as Y'), let N be Z,-valued and independent of (S,,), and con-
sider X such that

(31) X285y (5o XLYi+-+ V).

Then X is said to have a compound-N distribution, and from (I1.3.10) one
sees that its pgf can be expressed in the pgf’s of Y and N by

(32) Px(z) = PN(Py(Z))

In particular, it follows that the composition of two pgf’s is again a pgf.
Hence, taking t-th powers in (3.2) with ¢ > 0 and using Proposition 2.3, we

are led to the following simple, but useful result.

Proposition 3.1. A Z, -valued random variable X that has a compound-
N distribution with N Z-valued and infinitely divisible, is infinitely divis-
ible. Equivalently, the composition P o ) of an infinitely divisible pgf P
with an arbitrary pgf Q is an infinitely divisible pgf.

The case where N has a Poisson distribution, is especially important to
us; we will then speak of a compound-Poisson distribution. Its pgf has the

form

(3.3) P(z) = exp[—/\{l - Q(z)}],

where A > 0 and @ is a pgf. Here the pair (), Q) is not uniquely determined
by P, but it is, if we choose @ such that Q(0) = 0, which can always be
done. From Proposition 3.1 and Example 2.5, or directly from (3.3), it is
clear that compound-Poisson distributions are infinitely divisible. In fact,
on Zy, the set of compound-Poisson distributions coincides with the set of
infinitely divisible distributions. This important result is the content of the

following theorem.

Theorem 3.2. A pgf P is infinitely divisible iff it is compound-Poisson,
i.e., iff it has the form (3.3) with A > 0 and @ a pgf with Q(0) = 0.
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PROOF. There is only one implication left to prove; let P be an infinitely
divisible pgf. Then, for neN, P, := PY/" is a pgf, and hence so is the
function @Q,, defined by

P.(z) — P,(0 1— P(2)Y/"
@u(e) m PR PAO) 1= P
1— P,(0) 1— P(0)Y/
Now, let n — oo and use the fact that lim,,_,,n (1 — 041/”) = —log a for

a > 0; then from the continuity theorem we conclude that the function @
defined by

(3.4) Qz):=1- % {—log P(z)} with X :=—logP(0),

is a pgf with Q(0) = 0. It follows that P can be written as in (3.3). O

As we shall see, the basic role played by the compound-Poisson distributions
is not limited to the infinitely divisible distributions on Z,. Many proper-
ties of infinitely divisible distributions on R are, in fact, directly inherited
from the Poisson distribution itself. Further, note that from Theorem 3.2 it
follows that the semigroups (P');>o with P an infinitely divisible pgf consist
of the compound-Poisson semigroups, generated by the compound-Poisson

processes.

Example 3.3. Let X have a geometric (p) distribution. As shown in Ex-
ample 2.6, X is infinitely divisible and hence it should be possible to rewrite
its pgf in the form (3.3). Indeed, since solving (3.3) for (A, Q) with Q(0) =0
yields (3.4), we find

A= —log(1-p), Q) =~ log (1~ p2),

where () is recognized as the pgf of the logarithmic-series (p) distribution
shifted to N; cf. Section B.4. D

The compound-N distributions with /N geometrically distributed will

be called compound-geometric. Their pgf’s have the form

l—p
35) P =t
where pe (0,1) and @ is a pgf. The pair (p, Q) is uniquely determined by P
if we choose @ such that Q(0) = 0, which can always be done. Since the
geometric distribution is infinitely divisible (cf. Examples 2.6 or 3.3), the

following theorem is an immediate consequence of Proposition 3.1.
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Theorem 3.4. The compound-geometric distributions on Z.., with pgf’s
given by (3.5), are infinitely divisible (and hence compound-Poisson).

The class of compound-geometric distributions is a proper subclass of the
class of compound-Poisson distributions. In fact, as in Example 3.3 one
shows that a pgf is compound-geometric iff it is of the compound-Poisson
form (3.3) with @ compound-N where N has a logarithmic-series distrib-
ution on N. Though one class contains the other, there are several analogies
between them; this will be apparent from the results in Sections 4 and 5. We
now show that the compound-geometric distributions can also be obtained

by using a different type of compounding.

To this end we again recall some facts from Section 1.3, specialized to
our Z4-case. Let S(-) be a continuous-time sii-process generated by a Z -
valued random variable Y (so S(1) Y and Y is infinitely divisible), let T
be Ry -valued and independent of S(-), and consider X such that

36) X <31

Then X is said to have a compound-T distribution, and from (I.3.8) one

sees that its pgf can be expressed in the pgf of Y and the pLSt of T' by
(3.7) Px(z) = mp(—log Py (2)).

Now, apply Proposition 2.3 and its counterpart for R4, to be given in
Proposition I11.2.3, or just use (1.2.3) adapted for pgf’s and pLSt’s; then

one immediately obtains the following analogue of Proposition 3.1.

Proposition 3.5. A Z, -valued random variable X that has a compound-
T distribution with T' R, -valued and infinitely divisible, is infinitely divis-
ible. Equivalently, the composition 7 o (—log Py) where 7 is an infinitely
divisible pLSt and Py is an infinitely divisible pgf, is an infinitely divisible
pst.

The compound-T distributions with T degenerate at one constitute
precisely the set of all infinitely divisible, and hence compound-Poisson,
distributions. It is more interesting to take T standard exponentially dis-
tributed. Since then w7 (s) = 1/(1+s), the resulting compound-ezponential
distributions have pgf’s of the form

1
(3.8) P(z) = T g Boa) Ro()’
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where Py is an infinitely divisible pgf. This pgf, which is sometimes called
the underlying (infinitely divisible) pgf of P, is uniquely determined by P
because

(3.9) Py(z) = exp [1 — 1/P(2)].

Note that taking T exponential (A) with A # 1 leads to the same class of
distributions; just use Corollary 2.4. Since the exponential distribution is
infinitely divisible (see Example 1.2.7), Proposition 3.5 guarantees that the
compound-exponential distributions are infinitely divisible as well; we can

say somewhat more.

Theorem 3.6. The compound-exponential distributions on Z., with pgf’s
given by (3.8), coincide with the compound-geometric distributions on Z,

and hence are infinitely divisible.
PRrOOF. First, let P be a compound-exponential pgf, so it has the form
(3.8). Then using Theorem 3.2 for Py shows that P can be rewritten as
B 1 B L—=X/(1+X)

1+A{1-Q(z)} 1-{N(1+N}Q(2)’

which is of the compound-geometric form (3.5). The converse statement is

P(z)

proved similarly: If P has the form (3.5), then computing the right-hand
side of (3.9) shows that P can be written as in (3.8) with Py of the form
(3.3); take A = p/(1—p). m

Finally we return to Theorem 3.2, and use it to give a representation (in
distribution) of an infinitely divisible random variable X as an infinite sum
of independent random variables having Poisson distributions on different
lattices. Let X be infinitely divisible. Then the pgf Px of X has the
compound-Poisson form (3.3) with A > 0 and @ the pgf of a distribution
(gj)jen on N. Putting \; := Ag; for j €N, we can rewrite Px as follows:

(3.10) Px(z) = exp [— Z Aj(1— z])} = HILH;O Py, 1ovy 4 tnv, (2),
j=1

where V1, Vs, ... are independent and V; has a Poisson ();) distribution
with V; =0 a.s. if A\; =0. By the continuity theorem it follows that
> =13V 4, X as n — oco. Hence 35217V < oo as., and we can rep-
resent X as in (3.11) below; the converse is proved similarly, or by use of
Proposition 2.2. Also, note that IP(3°72, jV; = 0) = exp [~ 72 EVj].
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Theorem 3.7. A Z.-valued random variable X is infinitely divisible iff a
sequence (V;), en of independent Poisson variables (possibly degenerate at
zero) exists such that

(1) X235V,
j=1
in which case necessarily E;; EV; < co.

This theorem is of importance in Sections 8 and 9 where we study the sup-
port and tail behaviour of an infinitely divisible distribution. The represen-
tation for Py in (3.10) is closely related to the canonical representation in

the next section.

4. Canonical representation

According to Theorem 3.2 an infinitely divisible pgf P is characterized
by a pair (A, @), where \ is a positive number and @ is the pgf of a prob-
ability distribution (g;);jen on N:

(4.1) P(z) = exp[-M1-Q(2)}].

As we saw at the end of the previous section, the pair ()\, (qj)) can be
replaced by just one sequence of nonnegative numbers: (\;) = (Ag;). We
now make a somewhat different choice for this sequence, which turns out

to be more convenient:
(42) Tk = )\(k+1) qk+1 [kGZ_F}

Using these 7 shows that P in (4.1) can be rewritten as in (4.3) below.
Since the converse is proved similarly, we are led to the following represen-
tation result, which will be considered as a canonical representation. Here
the sequence (rj)gez,, which is unique because (X, Q) is such, is called
the canonical sequence of the pgf P, and of the corresponding distribution

(Pr)kez, and of a corresponding random variable X.

Theorem 4.1 (Canonical representation). A function P on [0,1] with
P(0) > 0 is the pgf of an infinitely divisible distribution on Z, iff P has
the form

(43) P =exp|-Y 0] [0<z<1),
k=0
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where the quantities r, with k € Z are all nonnegative. Here the canonical
sequence (ry)kez, is unique, and necessarily

[eS)
Tk Tk

=—logP h —_— .
2+ og P(0), and hence kZ:()k+1<oo

(4.4)

One easily shows that if r, > 0 for all k, then the infinite sum in the
exponent of P in (4.3) can be rewritten as le R(z)dx, where R is the
gf of the sequence (ry) and hence is absolutely monotone. Now, in view
of Theorem A.4.3 we can reverse matters and thus obtain the following

reformulation of Theorem 4.1.

Theorem 4.2. A function P on [0,1) with P(0) > 0 is the pgf of an infin-
itely divisible distribution on Z iff P has the form

(4.5) P(z) = exp [— /21 R(x) dac] [0<2z<1]

with R an absolutely monotone function on [0,1). Here R is unique; it is

the gf of the canonical sequence of P.

This theorem leads to a useful criterion for infinite divisibility, as follows.
Solving equation (4.5) for R we find

(16)  R()= TlgP(s) = -

[0<z<1]

For lack of a better name we shall call this function the R-function of P,
also for functions P that are not yet known to be pgf’s (but are such
that (4.6) makes sense). Note that if P is an infinitely divisible pgf with

canonical sequence (ry), then
(4.7 the gf of () is the R-function of P.

Theorem 4.2 now immediately yields the following characterization of infin-

itely divisible pgf’s; note that we need not start from a pgf.
Theorem 4.3. Let P be a positive, differentiable function on [0,1) with

P(1-) = 1. Then P is an infinitely divisible pgf iff its R-function is absol-

utely monotone.
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In Proposition 2.3 we saw that a necessary and sufficient condition for infin-
ite divisibility of a pgf P with P(0) > 0 is that P? is absolutely monotone
for all t > 0. Theorem 4.3 states that this condition is equivalent to the
absolute monotonicity of only the R-function of P. We note that this
equivalence can be proved directly; we will proceed in this way in the R.-
case in Chapter III, and obtain there the canonical representation as a

consequence.

The criterion for infinite divisibility in Theorem 4.3 turns out to be very
useful indeed; this will be clear from Example 4.8, from proofs in Section 6
and from examples in Section 11. The following consequence is even more
useful, because it gives a characterization of infinite divisibility on Z, by

means of recurrence relations for the probability distribution itself.

Theorem 4.4. A distribution (pi)rez, on Zy with po > 0 is infinitely
divisible iff the quantities ri, with k € Z determined by

(4.8) (n+1)pnt1 = Zpk Tn—k [neZy],
k=0

are nonnegative. In this case (i )rez, is the canonical sequence of (py).

PROOF. Let (pg) have pgf P, and apply Theorem 4.3; note that P(0) > 0.
First suppose that (pg) is infinitely divisible. Then the R-function R of P is
absolutely monotone; by (4.7) it is the gf of the canonical sequence (74 ) ez,

of (px). Now observe that
(4.9) P'(z) = P(2) R(z) [0<z<1];

equating the coefficients in the power series expansions of both members
of this identity, we see that the recurrence relations in (4.8) hold.

Conversely, let (py) satisfy these relations with rp > 0 for all k. Then
taking gf’s shows that (4.9) holds with R(z) := > p re2®. It follows that
the R-function of P is given by R, which is absolutely monotone. Hence P
is infinitely divisible. m

Theorem 4.4 is especially useful for the construction of examples and coun-
ter-examples. By Theorem 4.1, any sequence (rj)gez, of nonnegative
numbers satisfying Y-, 71 /(k 4+ 1) < oo determines an infinitely divisible
distribution (py) via (4.8). It is usually not convenient to use (4.8) for
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calculating 7y explicitly from the pj for large values of k. Nevertheless,
some useful necessary conditions can be obtained, as follows. Consider the

first n equations in (4.8):

Poro = DN
p1To + Pori = 2po

DPaTo + P171 + Pora2 = 3p3

Prn—1T0 + Pn—2T1 + - +DoTn—1 = NPp.

Solving these by Cramer’s rule (see Section A.5), one gets r,—1 = D,,/pg,
where D,, is the determinant defined in (4.10) below. Since 79 = p1/po is
always nonnegative, Theorem 4.4 yields the following explicit criterion for

infinite divisibility.

Corollary 4.5. A distribution (py)rez, on Z4 with po > 0 is infinitely
divisible iff for every n > 2

Do 0 0 . . 0 D1
D1 Do 0 . . 0 2p
P2 P1 Po . . 0 3ps3
(4.10) D, =1 - . . . . - | >0.
Po
Pn—-1 Pn—-2 Pn-3 : : P NPn

Taking n = 2 in (4.10) we get the following necessary condition for a dis-

tribution (px) to be infinitely divisible:
(4.11)  2pops > pi.

This implies for instance that no distribution (px) with po > 0, p; > 0 and
p2 = 0 can be infinitely divisible. We shall return to this in Section 8, when

discussing the support of (pg).

The canonical sequence (7 )kez . of an infinitely divisible distribution
is most easily determined by first computing the R-function R = P’/P of
its pgf P and then expanding R as a power series; cf. (4.7). We show this
for the two examples from Section 2, and add a third basic example, which

emerges from considerations in Chapter V in a natural way.
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Example 4.6. The Poisson () distribution of Example 2.5 with pgf P
given by

P(z) = exp[—/\ (1- z)],

has R-function R(z) = A; hence its canonical sequence (r) is given by
A L ifk=0,
Ty =
0 Lifk>1,

so D, =0 for n > 2. Thus, within the class of infinitely divisible distrib-
utions, the Poisson distribution can be viewed as a borderline case. m

Example 4.7. The negative-binomial (r,p) distribution of Example 2.6
with pgf P given by

Pe) = (1)

1—pz

has R-function R(z) = rp/(1—pz), so for its canonical sequence (1) we get

r = rphtt [keZy]. nn

Example 4.8. For A > 0, v > 0, let P be the function on [0,1) given by
P(z)=exp[-A(1-2)"] [0<z<1].

For v =1 we get Example 4.6. When « # 1 we compute the R-function
of P and find R(z) = My (1 —2)7"! for 2€[0,1). It follows that in case
v > 1 the function P is not a pgf; if it were, then lim,11 R(z) = 0 would
equal the first moment of P. When ~ < 1, however, the function R is ab-
solutely monotone, so from Theorem 4.3 we conclude that P is an infinitely

divisible pgf with canonical sequence (ry) given by

=0t (T = (FL) keza

Note that (r3) is completely monotone: r, = AyIEZ* for all k, where Z
has a beta (1 —+,7) distribution; cf. Section B.3. For A >0 and v <1
the pgf P, and the corresponding distribution, will be called stable (\) with
exponent v ; this terminology is justified by the results in Section V.5 where
the stable distributions on Z, are studied separately. m
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For further examples we refer to Section 11. New examples can be
constructed from old ones by using the closure properties to be given in
Section 6. But first, in the next section, we briefly consider the subclass of
compound-geometric or, equivalently, compound-exponential distributions
(cf. Theorem 3.6), and show that analogues can be given of several results
from the present section.

5. Compound-exponential distributions

The compound-geometric distributions, introduced in Section 3, are par-
ticularly interesting. They occur quite frequently in practice, e.g., in queue-
ing situations (cf. Chapter VII), and they contain the completely monotone
and log-convex distributions, the infinite divisibility of which will be proved
in Section 10. In the present section we focus on another interesting as-
pect; the class of compound-geometric distributions turns out to have many
properties very similar to the class of all infinitely divisible distributions.

To show this we recall the general form of the compound-geometric
pef’s P:

G P =

where p € (0,1) and @ is the pgf of a distribution (g;)jen on N, and rewrite P
in terms of the gf S of the sequence (s )rez, of nonnegative numbers where

(5.2) Ski=pau+1  [keZy]

Then using Theorem A.4.3 and Proposition A.4.4 (vi) we arrive at the fol-

lowing analogue to Theorem 4.2; note that P in (4.5) can be rewritten as

(5.3)  P(z) = P(0) exp [/0 R)ds] [0<z<1]

Theorem 5.1. A positive function P on [0,1) with P(1—) =1 is the pgf

of a compound-geometric distribution on Z, iff P has the form

1

64 PE=PO g

[0<z<1]
with S an absolutely monotone function on [0,1).
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Of course, the function S in this theorem is uniquely determined by P;
solving equation (5.4) for S we find

1 P(0)
5.5 S =-{1-53} [0<z<1].
65)  S@={1-p5) l0<z<1]
This function will be called the S-function of P, also for (positive) func-
tions P that are not yet known to be pgf’s. Theorem 5.1 now immediately
yields the following characterization of compound-geometric pgf’s; cf. The-
orem 4.3.

Theorem 5.2. Let P be a positive function on [0, 1) satisfying P(1-) = 1.
Then P is a compound-geometric pgf iff its S-function is absolutely mono-

tone.

This criterion leads to a useful characterization result in terms of the
probability distribution itself; it is the analogue of Theorem 4.4 where
infinite divisibility of (pg) is characterized by the nonnegativity of the ry
satisfying

(5.6) (n+1)ppi1 = Zpk Tr—k [neZ.].
k=0

Theorem 5.3. A distribution (py)rez, on Z4 with pg > 0 is compound-
geometric iff the quantities s, with k € Z determined by

n
(5.7) Pnt1 = Drsn-k  [nely],
k=0

are nonnegative. In this case the gf of (sy)rez, equals the S-function of

the pgf P of (px), and necessarily
(5.8) Z s =1—po, and hence Z s < 1.
k=0 k=0

PRrROOF. Similar to the proof of Theorem 4.4; use Theorems 5.2 and A.4.3,
and observe that (5.5) can be rewritten as

P(z) - P(0)

z

(5.9) = P(z) S(z) [0<z<1],

which clearly is equivalent to the recurrence relations (5.7) if S is the gf of
(sk)kez, . Condition (5.8) is obtained by letting z T 1 in (5.9). m
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By Theorem 5.1, any sequence (s )rez, of nonnegative numbers satisfying
>k Sk < 1 determines a compound-geometric distribution (py) via (5.7). A

useful inequality for compound-geometric distributions (py,) is the following:

(5.10)  pop2 > pi;

it is the condition F5 > 0 in the following consequence (by Cramer’s rule)
of Theorem 5.3.

Corollary 5.4. A distribution (pi)rez, on Z, with pg > 0 is compound-
geometric iff for every n > 2

Do 0 0 . . 0 D1
D1 Do 0 . . 0 D2
D2 P1 Po . . 0 p3
(5.11) E,:=] - . . . . - | >0.
Po
Pn—-1 Pn—2 Pn-3 : . p1 Pn

The Poisson distribution is not compound-geometric; it does not satisfy

inequality (5.10). Let us consider another basic example.

Example 5.5. The negative-binomial (r,p) distribution with pgf P given

by L
P(z) = (1 fpz) ’

is compound-geometric iff r < 1. This follows from Theorem 5.2; the S-
function of P satisfies 2.5(z) =1— (1 —p2)", so S is absolutely monotone

iff 7 < 1. In this case the sequence (si)rez, with gf S is given by

8k:<_1)k<kil> P! [keZi],

so in the geometric case where r = 1, we have sg = p and s, = 0 for k > 1;
within the class of compound-geometric distributions, the geometric dis-
tribution can be viewed as a borderline case. N

By starting from the compound-exponential distributions, also intro-
duced in Section 3, and using Theorem 3.6 we can give alternatives for
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Theorems 5.2 and 5.3 that are sometimes more convenient. To show this
we recall that a compound-exponential pgf P is determined by (and deter-
mines) an infinitely divisible pgf Py, the underlying pgf of P, as follows:

1
T 1-log Py(2)’
Now observe that the R-function of Py, i.e., the function Ry = (log Py)’,

can be expressed in terms of P as follows:

d P'(z)
513)  Ro(z) = ——{1/P(2)} = —"%
( (2) = = {1/P(2)} (P!

This function will be called the Ry-function of P, also for functions P

(5.12) P(z) so Py(z) =exp [1 — 1/P(z)]

[0<z<1]

that are not yet known to be pgf’s (but are such that (5.13) makes sense).
Now applying Theorem 4.3 to Py in (5.12) immediately yields the following

counterpart to Theorem 5.2.

Theorem 5.6. Let P be a positive, differentiable function on [0,1) with
P(1—) = 1. Then P is a compound-exponential pgf iff its Ry-function is
absolutely monotone.

From (5.13) it is seen that the R- and Ry-functions of a pgf P are related
by

(5.14) R(z) = P(z) Ry(2) [0<z<1]

Now suppose that P is compound-exponential (and hence infinitely divis-
ible). Then both R and Ry are absolutely monotone; by (4.7) R is the gf
of the canonical sequence (7%)rez, of P. Since by Proposition 1.2.3 the
distribution (pg)rez, with pgf P has unbounded support, i.e., pr > 0 for

infinitely many k, from (5.14) it follows that the same holds for (rg). So
we have the following result.

Proposition 5.7. The canonical sequence (ry)kez, of a compound-expon-
ential distribution (py)rez, on Z has unbounded support: r > 0 for in-
finitely many k.

Finally, we make another use of (5.13); we rewrite it as
(5.15)  P'(2) = {P(z)}*Ro(2) [0<z<1].

Then, in a similar way as in the proofs of Theorems 4.4 and 5.3, we can
use Theorem 5.6 to obtain the following counterpart to Theorem 5.3; the
final statement follows from (4.4) applied to the underlying pgf Py.
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Theorem 5.8. A distribution (py)rez, on Zy with pg > 0 is compound-
exponential iff the quantities ro, with ke Z, determined by

(5.16) (n+1)ppt1 = Zpk T0,n—k [neZy],

are nonnegative. In this case the gf of (ro r)rez, equals the Ro-function of

the pgf P of (pk), and necessarily
= 1-—-

Ok _ po7 and hence
k+1 Po

k=0 k=0

(5.17)

The recurrence relations occurring in this theorem will be used and inter-

preted in Section VIL.5 on renewal processes.

6. Closure properties

The criterion in Theorem 4.3 enables us to derive some more closure
properties. Propositions 2.1 (ii) and 2.2 state that the class of infinitely
divisible pgf’s is closed under pointwise products and limits, provided these
limits are pgf’s. In particular, if P is an infinitely divisible pgf, then so
is P™ for all neN. Hence the additional value of the closure property of
Corollary 2.4 only concerns powers P* with 0 < o < 1. In the following
proposition this property is restated together with similar properties related

to other operations which preserve infinite divisibility.

Proposition 6.1. Let P be an infinitely divisible pgf and let 0 < o < 1.
Then any of the following functions P, is an infinitely divisible pgf:
(i) Pa(z) = {P()}";
(ii) a(z) =P(1l — a+ az);
(iii) Pa(z) := P(az)/P(a);
(iv) Pa(2) := P(a)P(z)/P(az).

PRrROOF. Apply Theorem 4.3 twice in each of the four cases; note that we
do not know in advance that the functions P, in (i) and (iv) are pgf’s. The

R-function R, of P, can be expressed in that of P by
R.(z) = aR(z), aR(l —a+ az), aR(az), R(z) — aR(az),
respectively. Now, use some elementary properties of absolutely monotone

functions as listed in Proposition A.4.4. m
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The pgf’s in (i), (ii) and (iii) can be interpreted in terms of random
variables. Let P be the (infinitely divisible) pgf of a random variable X.
Then P, in (i) is the pgf of X («a), where X(+) is the continuous-time sii-
process generated by X. The pgf P, in (ii) is recognized as the pgf of
the a-fraction o ©® X of X, as defined in Section A.4; hence we have, as a

variant of Proposition 2.1 (i):
(6.1) X infinitely divisible = « ® X infinitely divisible.

Since P, can be viewed as the composition of P and @, with Q,(z) :=
1— a + az, the infinite divisibility of P, also immediately follows from
Proposition 3.1. Reversing the roles of P and @, one is led to considering
the pgf 1— a + aP. Such a pgf, however, can have ‘forbidden’ zeroes, in
which case it is not infinitely divisible by Theorem 2.8; let P correspond to

a Poisson distribution, for instance. Hence we have for a € (0,1):
(6.2) P infinitely divisible == 1— a + aP infinitely divisible.

In particular, it follows that the class of infinitely divisible distributions is
not closed under mixing; see, however, Proposition 10.6 and Chapter VI.
Turning to the pgf P, in (iii), we take independent sequences (X, )nen and
(Y)nen of independent random variables such that X, dx and Y, dy
for all n, where Y has a geometric («) distribution shifted to N, and define
N :=inf{neN: X, <Y,}, which is finite a.s. Then, also letting X and Y’
be independent, we have X 4 (XX <Y), and because

E:Xl(xcyy =) 2 PX =k)P(Y > k) = P(az),
k=0

and hence P(X <Y) = P(«), we see that Xy has pgf P, as given by (iii).
Note that in terms of distributions the closure property (iii) reads as follows:
If (pr)kez, is an infinitely divisible distribution on Z, then so is (pgf)) for
every ae (0,1), where
@_ L &

6.3 = — keZy .
6.3)  py Py P [keZi]

There does not seem to exist an obvious interpretation of the pgf P,
in part (iv) of Proposition 6.1. We note that P, is not necessarily a pgf
if P is not infinitely divisible. From the relation between the R-functions

of P and P,, given in the proof of the proposition, it will be clear that the
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infinite divisibility of P, is not only necessary for the infinite divisibility
of P but also sufficient. For ease of reference we state this result explicitly.

Proposition 6.2. Let P be a pgf, let 0 < a <1, and define the func-
tion P, by
P(a) P(z)
P, = ——".
o(2) P(az)
Then P is infinitely divisible iff P, is an infinitely divisible pgf.

Here the condition that P, is an infinitely divisible pgf for a fixed ac€ (0, 1),
may be replaced by the condition that P, is just a pgf for all aec(0,1)
or, also sufficient, for all ae(1—eg,1) for some £ > 0. We formulate this
result as a ‘self-decomposability’ characterization of infinite divisibility; cf.
Chapter V.

Theorem 6.3. A pgf P with P(0) > 0 is infinitely divisible iff for all
a€(0,1) there exists a pgf P, such that
P(az)

(6.4) P(z) = > B

P,(z).

PROOF. Suppose that (6.4) holds for all ae(0,1) with P, a pgf. Then
for all € (0,1) the function z — P(z)/P(az) is absolutely monotone, and
hence so is R,, defined by

Rale) = 70 5 {Jflif; -1}

Now, let « 1 1; since then R, (z) — P'(z /P ), it follows that the R-
function of P is absolutely monotone. Hence P is infinitely divisible by

Theorem 4.3. The converse statement immediately follows from Proposi-
tion 6.1 (iv). i

The result of Proposition 3.1 can also be viewed as a closure property:
If P is a pgf, then for any pgf Q
(6.5) P infinitely divisible = P o @) infinitely divisible.

The closure property of Proposition 6.1 (iii) holds for general oz > 0 when
adapted as follows: If P is a pgf with P(«) < oo, then

(6.6) P infinitely divisible = P(« / P(«) infinitely divisible;
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the same proof can be used, but one can also use Proposition 2.3, as was
done for deriving (2.5), or Theorem 3.2. Now, combining the closure prop-
erties (6.5) and (6.6) yields the following generalization.

Proposition 6.4. Let P be a pgf and let a > 0 be such that P(«a) < co.
Then for any pgf @ the following implication holds:

(6.7) P infinitely divisible = P o (aQ)/P(c) infinitely divisible.

z—1

The special case with &« = e and Q(z) = e*~! emerges in a natural way from

properties of moments given in the next section.

Finally we turn to the counterpart of (6.5) given by Proposition 3.5:
If 7 is an infinitely divisible pLSt, then for pgf’s Py and P we have

(6.8) P, infinitely divisible = P:= 7 o (— log Fy) infinitely divisible.

For instance, taking here w exponential shows that if Py is an infinitely
divisible pgf, then so is P with P(z) =1/(1 —log Py(z)); P is compound-
exponential. On the other hand, takmg for Py a stable pgf as considered
in Example 4.8, we obtain the following useful special case.

Proposition 6.5. If « is an infinitely divisible pLSt, then z — 7T((1 — z)”)
is an infinitely divisible pgf for every v e (0,1].

7. Moments

Let X be an infinitely divisible Z, -valued random variable with distrib-
ution (px)rez,. We are interested in the moments of X of any nonnegative
order; let po := 1, and for r > 0 let

= EX" = Zk’”pk Zn—l—l)rpn_ﬂ [< 0]
n=0

We will relate the 1, to moments of the canonical sequence (ry)gez, of X.

To this end we use the recurrence relations of Theorem 4.4:

(7.1) (n+1)pnt1 = Zpkrn k [neZi],
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and recall that rj, > 0 for all k with -7 (7 /(k + 1) < co. A first result
is obtained by summing both members of (7.1) over n € Z; then one sees
that the expectation of X itself is given by

(7.2) EX =) .
k=0

In a similar way one easily shows that for « > —1 the moment of order
r = a+ 1 can be obtained as

(7.3) Hat1 =) Y (k+0%piTe,

k=0 £=1
where (i )ken 1S the shifted canonical sequence with 7y := r,_;. Here, and
in Sections 8 and 9, it is convenient to consider (7j) rather than (ry). The

moment of (7j) of order a > —1 is denoted by v,, so
o0
Ve :=Zko‘?k [< ool
k=1

We first take o = neZy in (7.3). Then using the binomial formula for
(k + €)™ one sees that the moment sequences (jtn)nez, and (v, )nez, are
related by
" /n
(7.4) Hnt+1 = Z < ) Hj Vn—j [neZy].
=0
Since these relations have exactly the same structure as those in (A.2.20)
for (fin)nez, and the sequence (K, )nen of cumulants of (py), one is led to

the following result.

Theorem 7.1. Let (py)kez, be an infinitely divisible distribution on Z,
with shifted canonical sequence (Ty)ren as defined above, and let neZ.
Then the (n + 1)-st order moment ji, 1 of (py) is finite iff the n-th order

moment vy, of (Ty) is finite:
(7.5) fntl < 00 <= v, < 00.
In this case the (n + 1)-st order cumulant k,11 of (pg) equals vy,:

(7.6) Knt1 = Vn.

Corollary 7.2. The cumulants of an infinitely divisible distribution on Z.

(as far as they exist) are nonnegative.
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Relation (7.4) also yields a curious closure property in the following way.
Suppose that pux < oo for all ke€Zy. Then from (7.4) one easily verifies
that for every ¢ > 0 the sequence (px)rez, With py := cup/k! satisfies the
recurrence relations in (7.1) with r; replaced by vy /k! for ke Z,. Further

observe that

(oo} oo
1
(7.7) Z%zkzzymxkzkzmﬁ [2>0].
k=0 " k=0 "

Now applying Theorem 4.4 proves the following result.

Proposition 7.3. Let (pi)rez, be an infinitely divisible distribution on Z.,
with pgf P such that P(e) < oo. Then (py) has all its moments i, with
ke Z. finite, and the sequence (Dy)kez, Wwith

(7.8)  Pro= PEG)% (keZ, ]

is an infinitely divisible probability distribution on Z with pgf P given by

(7.9) P(z) = P(¢*)/P(e).

So, our considerations on moments lead to Proposition 6.4 for the special
case with Q(z) = e*~!. One may also start from an infinitely divisible R -
valued random variable X with pLSt 7 such that 7(—1) < co. Then the
moments ug of X are all finite, and in Chapter III we will show that, as
in the Zj-case, the cumulants of X are all nonnegative. Since (7.7) still
holds, one is led to the special case a = 1 of the following result; it is easily
proved by using Proposition 2.3 and its counterpart for R, , to be given in
Proposition I11.2.3, or by just using (I1.2.3) adapted for pgf’s and pLSt’s.

Proposition 7.4. Let a > 0, and let m be an infinitely divisible pLSt such
that m(—a) < oo. Then the function P, defined below is an infinitely divis-
ible pgft:

(7.10) P,(z) == n(—az) [7(—a).
For instance, if 7 is the pLSt of the gamma (r, \) distribution, then for P, in
(7.10) we get the pgf of the negative-binomial (r, p) distribution if we choose

a = pA, which can be done. In a similar way the degenerate distributions
on R yield the Poisson distributions.
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Next we return to the basic formula (7.3) for general o > —1 and use
it to show that the equivalence in (7.5) can be generalized as follows; for a

generalization of (7.6) see Notes.

Theorem 7.5. Let (py)kez, be an infinitely divisible distribution on Z,
with shifted canonical sequence (Ty)ren as defined above, and let o > —1.
Then the (« + 1)-st order moment pi41 of (py) is finite iff the a-th order

moment v, of (Fy) is finite:

(7.11) Latl < 00 <= V4 < 00.

PROOF. Apply (7.3). Then one readily sees that
(7.12) tat1 > DoVe (and pa+1 > v when a > 0).

Since py > 0, the implication to the right in (7.11) now immediately follows.
The converse is easily proved when « < 0, since then (k+£)* < ¢¢ for all k
and ¢, and hence

(7.13) tat1l < Vo [-1<a<0].

Note that p; = 1y. Finally we let @ > 0. Then we have the elementary
inequality (k+€)® <2 (k*+£%) for all k and ¢, so from (7.3) we conclude
that

(T14) ot <29 (avo+va) [ >0].

Now, suppose that v, < oo, and let |a] =n (€Z). Then v, < co and
hence, because of (7.5), pn+1 < co. But then we also have p, < oo, and so
by (7.14) pra+1 < 0o. mN

As is well known, the (o + 1)-st order moment p,41 of a distribution
(Pk)kez, on Zy is finite iff the a-th order moment of (Pk)keZJr is finite,
where Py is the tail probability defined by Py :=>77%, \ p;. Hence for an
infinitely divisible (px) Theorem 7.5 gives information on the asymptotic
behaviour of Py as k — oo. In Section 9 we will return to this and give
more detailed results. There we also consider the asymptotic behaviour
of the probability py itself as k — oo; since py can be zero, we first pay

attention to the support of (py).
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8. Support

Let p = (pr)kez, be an infinitely divisible probability distribution on Z .
The support S(p) of p, as defined in Section A.4, is given by

S(p) = {keZy :pr >0},

so S(p) and the set of zeroes of p are complementary sets (with respect
to Z4). We first derive some properties of S(p) starting from the definition
of infinite divisibility. A random variable X with distribution p can be

written as
(81) Xan,1+"'+Xn,n [neN],

where X, 1,..., X, , are independent with X, ; 4 X, the n-th order fac-
tor of X. As usual we exclude the trivial case where X is degenerate at
zero. Then the factors X,, are non-degenerate at zero as well, and since by
convention (1.4) they are Z-valued, there is a sequence (k,)nen in N such
that IP(X,, = k) > 0 for all n. From (8.1) it follows that IP(X = nk,) >0
for all n, so {nk, : neN} C S(p). Thus we have given a simpler proof of
Proposition 1.2.3 for distributions on Z. .

Proposition 8.1. The support of a non-degenerate infinitely divisible dis-
tribution on Z is unbounded.

Making better use of (8.1) we can say more. Suppose that py > 0 and
pe > 0 for some k,¢eN, and apply the equality in (8.1) with n := k + £.
Since the value k for X is obtained by taking % or fewer of the X, ; positive
and the value ¢ by taking ¢ or fewer of the remaining X, ; positive, the
value k + ¢ for X can also be obtained with positive probability. More

precisely, since
Pr < (Z) IP(Xn,l'i- T +Xn,k = k) IP(Xn,k+1 == Xn,n = O)a

we have P(Xp 1+ -+ Xpr=k) > 0;as P(Xp pp1+ -+ Xppn=1¥¢) >01is

proved similarly, it follows that
Pk+e Z ]P(Xn,l‘i’ c +Xn,k = k) IP(Xn,k+1+ - +Xn,n = é) > 0.

Thus we have obtained the following result.
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Theorem 8.2. If (py)rez, is an infinitely divisible distribution on Z..,
then

P >0, p0>0 = pre >0 [k‘,KEZ_,_L

i.e., the support of an infinitely divisible distribution on Z is closed under
addition.

Corollary 8.3. If (pi)rez, is an infinitely divisible distribution on Z.,
then

p1>0 = pp >0 forall keZ,.

Theorem 8.2 implies, for instance, that for any Z,-valued random vari-
able X and any n e N with n > 2 the random variable X™ cannot be infin-
itely divisible; in fact, the set {k™: k€Z} has no subset S with S # @
and # {0} that is closed under addition.

Theorem 8.2 and its corollary can also be obtained by using the recur-
rence relations of Section 4; according to Theorem 4.4 the infinite divis-
ibility of a distribution p = (px)kez, with po > 0 is characterized by the

nonnegativity of the quantities r; determined by
n
(8.2) (n+1)ppt1 = Zpk Tn—k [neZ.].
k=0

Since 79 = p1/po, it follows that an infinitely divisible distribution p satis-
fies

(8.3) (k+1) prr1po = prp1 (keZ,],

which for k¥ = 1 reduces to the well-known inequality (4.11). Clearly, (8.3)
immediately yields the result of the corollary above. Now (8.3) can be

generalized such that also Theorem 8.2 is immediate.

Proposition 8.4. If (p)rez, is an infinitely divisible distribution on Z..,
then

k+¢
(8.4) ( , )pk+epo = Pk Pe [k, 0eZy].

ProOOF. We use induction with respect to k. The case kK = 0 is trivial.
Suppose that for some n e Z, the inequality in (8.4) holds for k =0,...,n
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and £ €Z,. Then applying (8.2) twice, we can estimate as follows:

n+1+4¢
) Pn+14+¢Po =

1 n—+/{
T n+1 Y4

) (n+L+1)pnier1p0 =

n-++4

1 n+/ +
_ — n — >
n+ 1 < ¢ )g_opkr +—kPo =

1 = (k+¢
> >
_n+1]§< ¢ )pk+€p07“n k=

n

> PkPeTnk = Pntape,
k=0

1
n+1

i.e., the inequality in (8.4) also holds for k =n+1 and £eZ,. m

Note that (8.4) is equivalent to saying that the sequence (ax)rez, with
ay := k!pg/po is super-multiplicative in the sense that ax¢ > ay ag for all k
and £. It follows that the Poisson (\) distribution (py) satisfies (8.4) with
equality: aj = \F for all k.

Let X be an infinitely divisible random variable with distribution p =
(Pk)kez, - Then S(p)\{0} has a minimal element m, the smallest value in N
that X can take with positive probability. One might think that S(p) only
contains multiples of m, so by Theorem 8.2 that S(p) = mZ,, but this is

not so. In fact, if X is of the form
85  xLov+3z

where Y and Z are independent, infinitely divisible random variables with
P(Y =1)>0and IP(Z =1) > 0, then X is infinitely divisible with p; = 0,
but py > 0 for all £ > 2. Rather than the minimal element of S(p)\{0} one
should consider its greatest common divisor, which is called the period
d = d(p) of the sequence p:

d(p) := GCD(S(p)\{0}) = GCD({keN : p;, > 0});

if d =1, then p is said to be aperiodic. Of course, one has p;, = 0 for k£ not
a multiple of d, so S(p) C dZ; as the example in (8.5) shows, we need not
have equality here. Theorem 8.2 yields, however, the following result.
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Proposition 8.5. If (py)iez, is an infinitely divisible distribution on Z.
with period d, then

dngeN Vn >ng: ppa > 0,

so the support of an infinitely divisible distribution on Z., contains all

sufficiently large multiples of its period.

ProoOF. The support S(p) of p is closed under addition. Now apply the
following well-known result in number theory: A non-empty subset of N
that is closed under addition contains all sufficiently large multiples of its
GCD. m

From this property it follows that an aperiodic infinitely divisible distrib-
ution has the nice property that its probabilities are eventually non-zero.
For many purposes we can confine ourselves to such distributions; if X is
an infinitely divisible random variable of period d > 2, then the random

variable X/d is aperiodic and still infinitely divisible.

The support and period of an infinitely divisible distribution p can
be found from the canonical sequence (ry)gez, of p, or rather the shifted
version of it as used in the preceding section, i.e., T = (Tg)gen With 7 :=
ri_1. To show this it is most convenient to use Theorem 3.7: An infinitely

divisible Z -valued random variable X can be represented as
d o |
(8.6) X =>4V,
j=1

where V7, V5, ... are independent Poisson variables, possibly degenerate at

zero, with parameters A1, \a, ... for which by (4.2)
(8.7) Nj=T;/j >0 for jeN, Y X <oo.

j=1
Of course, the support S(p) of the distribution p of X strongly depends
on what terms in the right-hand side of (8.6) are non-zero, i.e., for what
j €N the parameter A; is positive. In view of (8.7) we therefore consider

the support S(T) of T
S(F) ={keN:7 > 0};

by sg {S(F)} we denote the additive semigroup generated by S(7).
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Theorem 8.6. Let p = (pi)rez, be an infinitely divisible distribution on
Z. with shifted canonical sequence T = (Fj,)ken. Then:

(i) S(p) ={0}Usg{S(™)}.
(ii) The period of p is given by GCD(S(T)).

PROOF. Part (ii) is an immediate consequence of part (i). To prove (i) we
use representation (8.6) for X with distribution p, and first take a non-zero
element k in S(p). Then py > 0, where by (8.7)

kaP(ijij) :]P( 3 jvj:k).

jes)
Hence there exist nonnegative integers k; with jeS(7) such that k =
> jes(r Jkj, so kesg {S(7)}. Thus we have proved S(p)\{0} C sg{S(7)}.
On the other hand, if k< S(F), then by (8.7) the random variable Vj in

(8.6) is non-degenerate Poisson, from which it follows that py is positive:

pe=P (> Vi =k) =
j=1
> PV =1)P(V; =0 for j # k) > P(Vi = 1) po.

Thus S(7) C S(p), and hence by Theorem 8.2 also sg {S(7)} C S(p). @

As noted in Section 4, any sequence (T )ren satisfying (8.7) determines an
infinitely divisible distribution (py) via the recurrence relations (8.2). From
Theorem 8.6 it follows that the possible supports of infinitely divisible dis-
tributions on Z, are precisely the additive semigroups of positive integers

supplemented with 0.

9. Tail behaviour

The necessary conditions for infinite divisibility developed in this section
will provide simple tools for deciding that a given distribution on Z is not
infinitely divisible. Let p = (pi)rez, be an infinitely divisible distribution
on Z,. In Section 8 we essentially determined for what k€ Z the prob-
ability pi is non-zero; we now want to decide how small such a pi can be
for large k. We do so in a rather crude way, and restrict ourselves to the
asymptotic behaviour of —log py for & — oo; here (py) is supposed to be
aperiodic so that the py are eventually non-zero (see Proposition 8.5). Of
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course, we need no such assumption when considering — log P}, for k — oo,
where P}, is the (global) tail probability defined by Py := Y72, | p; for
keZy.

In Proposition 8.1 we saw that the support S(p) of an infinitely divisible
distribution p is unbounded; together with Proposition 2.2 this seems to
suggest that p cannot have an arbitrarily thin tail. Moreover, the remark
following Proposition 8.4 suggests that the boundary case is given by the

Poisson distribution. We therefore start with looking at this distribution.

Lemma 9.1. The Poisson distribution (py) has the following properties:
(i) pr < 1/e for all keN (and all values of the parameter).
(ii)) —logpr ~ klogk as k — oc.
(iii) —log Py ~ klogk as k — oc.
PROOF. One easily verifies that for all values of the parameter A:
Pkﬁge =y [keN].
Since (14 1/k)* T e as k — oo, the sequence (7;)ken is nonincreasing. It
follows that pi, < 1 = 1/e for all k e N. The assertion in (ii) is immediately

obtained from the fact that by Stirling’s formula log k! ~ klog k as k — oo.
Because of the inequalities

pen < Pr<etprpn [keZy],
which are easily verified, part (iii) is a consequence of (ii). m
The inequality in part (i) of the lemma turns out to hold for all infin-
itely divisible distributions (px) on Z,. To see this we use Theorem 3.2; an

infinitely divisible random variable X is compound-Poisson, and can hence
be written as X 4 SN, where (Sn)neZ+ is an sii-process generated by an

N-valued random variable Y, say (so S; 2 Y), and N is Poisson distributed
and independent of (S,,). It follows that the distribution (py) of X satisfies

k
(9.1) po=P(N =0), pp=» PN =n)P(S, =k) for keN,
n=1

and hence by Lemma 9.1 (i) for ke N

k k
pe < (1/e) S P(S, = k) = (1/e)IP(U{Sn - k:}) <1/e.
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Proposition 9.2. If (py)rez, is an infinitely divisible distribution on Z..,
then pr, < 1/e for all ke N.

From (9.1) one can also get some information on the tails of an infinitely
divisible distribution (px). On the one hand we have

9.2)  p>P(N=1)P(Y =k [keN],

from which it follows that an infinitely divisible distribution can have an

arbitrarily thick tail. On the other hand one sees that

03  pEPW=BPE =D} o pozp@20 ey

which also follows by iterating the inequality of (8.3). We conclude that
the tails of an infinitely divisible distribution (py) satisfying p; > 0 (and
hence pr > 0 for all k) cannot be thinner than Poissonian tails, and so by
Lemma 9.1 (ii)

: —log py,
9.4 1 <1
(9-4) liisogp klogk —
We can say more. To this end we again use the representation of an
infinitely divisible Z-valued random variable X as given by Theorem 3.7
or by (8.6):

o0
d .
(05  x<35v,
j=1

where Vi, Vs, ... are independent Poisson variables, possibly degenerate at
zero. As noted just after (8.7), the set of those j e N for which V; is non-
degenerate, is equal to the support S(7) of the shifted canonical sequence
7 = (Tr)ren of X. First we observe that the distribution p = (pg) of X

satisfies

g
(9.6)  pe=P(Vi=k)P(V;=0forj>2)>pobe™  [keN],

where we used (8.7). Since 71 = rg = p1/po, we have obtained an inequal-
ity that is slightly weaker than (9.3) but nevertheless yields (9.4) in case
1€ S(7). Now S(7) contains no elements but 1 iff X has a Poisson distrib-
ution, in which case (9.4) holds with equality and with ‘lim sup’ replaced by
‘lim’. For non-Poissonian distributions with p; > 0 we have S(7) D {1, m}

for some m # 1, so Vi and V,,, are non-degenerate. Of course, any k € N can
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be written as k = ngpm+ £ with ny = |k/m], the integer part of k/m, and
0 < ¢, < m. Therefore, similarly to (9.6) pix can be estimated as follows:

(9.7) pr = poP(Vi + mVy, = k) > poP(Vy = 4y) P(Vy, = ng).

Since by Lemma 9.1 (ii) —log P(V,,, = ni) ~ (klogk)/m and the numbers
IP(V}, = {;) are bounded away from zero, we conclude that any infinitely

divisible distribution p = (px)rez, with p1 > 0 satisfies

— log pi, < 1

. li
(9:8) llzn_,solip klogk — m

for all me S(F), and hence for m = mz := sup S(7). Here, of course, we
agree that 1/mz:= 0 if mz = co. When my is finite, py can also be esti-
mated as follows:

my

09 ne=r(3 5% =K) <P(300 > lk/mel).

As Z;Zl Vj is a Poisson variable, we can apply Lemma 9.1 (iii) to conclude
that

.. . —logpg 1
9.10 1 f > .
(9-10)  Hminf o =

Combining (9.8) and (9.10) shows that we have proved the following precise

result for the special case p; > 0.

Theorem 9.3. Let p = (py)rez, be an aperiodic, infinitely divisible dis-
tribution on Z, with shifted canonical sequence ¥ = (T )gen. Then

. —logpg 1
9.11 1 -
(011)  Jim_ klogk  my

where mz := sup {k e N : 7, > 0}, possibly oo, in which case 1/mz := 0.

PROOF. Let p be aperiodic with p; = 0. Inspecting the proof above for the
case p; > 0, one sees that it is sufficient to prove (9.8) for all m e S(7). To
do so, we again use representation (9.5) for a random variable X with
distribution p. Let me S(F); then m # 1 because 71 = rg = p1/po = 0.
Take kg €N such that pi > 0 for all k > kg; such a kg exists on account
of Proposition 8.5. In order to get an appropriate lowerbound for p; with
k > ko, we consider the integer part ny := [(k — ko)/m| of (k — ko)/m
(rather than that of k/m) and write k = npm + £, where the remainder
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term ¢, now satisfies kg < £ < kg +m. Since ¢ > kg, the random vari-
able Z;‘;l jV; takes the value ¢, with positive probability; hence there
is a sequence (vj(k))jen in Z4 with vj(k) =0 for all j¢S(F) such that
Z;’il juj(k) = £, and P(V; = v;(k) for all j) > 0. Note that S(7), apart
from m, contains another element # 1; cf. Theorem 8.6 (ii). It follows that

the values k > kg can be written as

k= {ng + v (k) bm+ Y jus(k),
i#m
and hence for k& > kg
(9.12) pi = P (Vi = ny + v (k) P(V; = v;(k) for all j # m).

Now, since ¢, < ko+m, the sequence (v;(k)), ey has finitely many non-zero
terms and hence is bounded uniformly in k. Therefore, the first factor pg)
in the right-hand side of (9.12) satisfies — logp,(fl) ~ (klogk)/m, whereas
for the second factor pl(f) we have — logpff) =o(klogk) as k — oo. This

concludes the proof of (9.8) and hence of the theorem. m

We next consider the global tail probability Py = Z;‘;k 41 pj of an infin-
itely divisible distribution p = (px)rez, for k — oo; as noted above, it is
now not necessary to require aperiodicity of p. The asymptotic behaviour
of —log P, can be found in the same way as that of — log py, in case p; > 0.
In stead of (9.7) we have for any m € S(7) and with ny = |k/m]

(9.13)  Pp>P(mV,, > k) >P(V,, >n,. +1)  [keN],

so from Lemma 9.1 (iii) we see that (9.8) holds with pj replaced by Pj. On

the other hand, when ms is finite, we can proceed as for (9.9) and find
(0.14) Py <P(S Vi > [b/me)),
j=1

so also (9.10) holds with pj replaced by Pj. We summarize.

Theorem 9.4. Let p = (pi)rez, be an infinitely divisible distribution on
7. with shifted canonical sequence ¥ = (T )ren- Then the tail probability
Py, =Y, 1 pj satisfies
. —log Py 1
9.15 lim ——— = —
(9.15) hooe K log k my’

where mz := sup {k e N : T, > 0}, possibly oo, in which case 1/msz := 0.
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When the quantity m# corresponding to an infinitely divisible distrib-
ution p is finite, Theorems 9.3 and 9.4 give the exact rate with which the
quantities —log p, and —log P}, tend to infinity. The special case where
mz = 1, yields, together with Lemma 9.1, the following characterization of

the Poisson distribution.

Corollary 9.5. An infinitely divisible distribution (py)rez, on Z is Pois-
son Iff it satisfies one, and then both, of the following conditions:

. — log py, . —log Py,
9.16) 1 —1ogPk o 1 i sup —08 Lk
(9.16) llglsip klogk — lzznjip klogk ~—

where for the first condition (py) needs to be aperiodic.

When mz = o0, i.e., when 7y > 0 infinitely often, we only know that

. —logpy . —log Py
1 lim ——2P% — g lim ——2-k
(017)  Jlim_ Fogh 0 i T ogk 0

In general not more than this can be said; the convergence in (9.17) can
be arbitrarily slow. For the compound-exponential distributions, which by
Proposition 5.7 satisfy (9.17), it can be shown, however, that (—logpi)/k
and (—log Py)/k have finite limits as k — co; we shall not do this.

10. Log-convexity

It is important to have easily verifiable sufficient conditions for infin-
ite divisibility in terms of probability distributions (rather than in terms
of pgf’s). Such conditions will now be derived from Theorem 4.4, which
states that infinite divisibility of a distribution (pi)rez, on Z with pg > 0
is characterized by the nonnegativity of the (canonical) quantities rj de-

termined by
(10.1) (n+1)ppt1 = Zpk Tr—k [neZy].

Here rg = p1/po is always nonnegative. As we did in (4.11), the condition

r1 > 0 can be written in the form p% < 2popo; this is the first condition in

(10.2)  pf <2pr1prsr  [keN],

and one might wonder whether distributions (py,) satisfying (10.2) are infin-

itely divisible. Unfortunately, this is not the case; for a counter-example we
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refer to Section 11. When we leave out, however, the factor 2 in (10.2), then
we do get a sufficient condition for infinite divisibility; see Theorem 10.1
below. The distribution (pg) then satisfies

(10.3) Pi < Pr—1Dkt1 [keN],

ie., (pk) is log-conver; see Section A.4. Note that a non-degenerate dis-
tribution (py) is log-convex iff py > 0 for all k and (px/pr—1)ken is a non-
decreasing sequence; the last property can be rephrased as

(10.4)  pepn < pr-1Pnt1  [k,neNwith k <n].

Theorem 10.1. If (py)rez, is a log-convex distribution on Z,, then in
(10.1) one has 1, > 0 for all k, and hence (py) is infinitely divisible.

PROOF. Let (pi) be log-convex. Applying (10.1) twice, for ne N we can
write the quantity (n + 1) pppny1 in two different ways:

n n
Z PnPkTn—k = PnPoTn + Z PnPkTn—k,

(n + 1)pnpn+1 = k=0 n =1

PnPn+1 + anJrlpk:flTnfk:y

k=1
and hence

(10.5)  popnrn = PuPni1 + D (Ph—1Pni1 —Dkpn)Tak  [neN].
k=1
From this and (10.4) it follows by induction that r, > 0 for all n. m

Next, we give a sufficient condition in terms of the canonical sequence
(rg) for an infinitely divisible distribution (pg) to be log-convex. The proof
of the following theorem is similar to that of Theorem 10.1; it uses induction
and a relation like (10.5). Though easily verified, this relation is hard to
discover among the many possible relations that can be derived from (10.1).
Since poro = p1 and pgry = 2popa — p?, for the first inequality p? < pops in
the log-convexity condition for (py) we have

(10.6) P <pops = 11 >10.
We conclude that r; > r2 is a necessary condition for (py) to be log-convex.

Theorem 10.2. Let (pi) be infinitely divisible, i.e., satisfy (10.1) with
re > 0 for all k. If (ry) is log-convex, then (py) is log-convex iff 1y > 3.
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PROOF. Let (ry) be log-convex with r; > r2. If rg = 0, then 7, = 0 for all k
and (pg) is degenerate. So let rg > 0; then r1 > 0, and hence r; > 0 for
all k. From (10.6) it follows that p? < pops. To prove the other inequalities
in the log-convexity condition for (py) we use the following relation which
holds for n e N:

(n+ 1) rn(Pppnt2 — p121+1) = Pn(Pn+1Tnt1 — Pnt2rn) +

(10.7) n

+ Z(Pnﬂpkq — PnPk)(Tn1Tn—k = TnTn—k+1);
k=1

this can be verified by splitting the sum over k in the right-hand side into

four sums and then using (10.1) for each of them. Now, since rorp,41 > rir,

and rq > r¢, we have r,, 1 > ror,. It follows that

n
(n+2) PryoTn = Ppy1Torn + Zpkrn—‘rl—krn <
k=0

n
< Pus1Tnat T D PkTn—kTnt = (0 +2) Prg1Tns1,

and hence k=0
(108) Pn+1Tn+1 = Pnt2Tn [’FL € N]
Induction now completes the proof. M

We illustrate this result by returning to Examples 4.6 and 4.7. The Poisson
distribution has a log-convex canonical sequence, but is not log-convex. The
negative-binomial distribution also has a log-convex canonical sequence,

and is log-convex iff its shape parameter r satisfies r < 1; cf. Example 5.5.

One easily verifies that the Poisson distribution and the negative-binom-
ial distribution with shape parameter r > 1 are log-concave; here a distrib-

ution (pg)rez, on Z, is said to be log-concave if

(10.9)  p¥ > pr-1Pki1 [keN].

Though many infinitely divisible distributions are log-concave, not every
log-concave distribution is infinitely divisible. For instance, any distrib-
ution with p; > 0 and px = 0 for k > 2 is log-concave. For a more inter-
esting counter-example we refer to Section 11. Nevertheless, there is an

analogue of Theorem 10.2.
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Theorem 10.3. Let (pi) be infinitely divisible, i.e., satisfy (10.1) with
rr > 0 for all k. If (ry) is log-concave, then (py) is log-concave iff 1y < 3.

ProoF. Use induction and the following relation, in which p_; := 0 and
neN:

2n(n + 2)(pnpn+2 — Pat1) = 2Pn+1(Pnt1 — Puro)+

(10.10) n n
= (k-1 = Prpe-1) (Pn kg 1Tnt = TrkTn41);
k=0 ¢=0

this can be verified in a similar way as (10.7). Note that, under the in-
duction hypothesis, the two factors in the summand of the double sum are
both nonnegative if £ < k and both nonpositive if ¢ > k. m

An important subclass of the class of log-convex distributions is given by
the completely monotone distributions. Recall that a distribution (pg)kez N

on Z; is said to be completely monotone if
(10.11)  (=1)"A"pr >0 (neZyi; kely],

where Apy, := pr, App := prs1 — pr and A" := Ao A" ! for neN. By
Hausdorff’s theorem (Theorem A.4.5) (pg) is completely monotone iff there
exists a (finite) measure v on [0, 1] such that

(10.12) pk:/[m]:cku(dx) [keZy].

Combining the Hausdorff representation and Schwarz’s inequality shows
that a completely monotone sequence is log-convex; see Proposition A.4.7.
Together with Theorem 10.1 this leads to the following result.

Theorem 10.4. If (pk)k:eZ+ is a completely monotone distribution on Z,

then it is log-convex, and hence infinitely divisible.

The completely monotone distributions can be identified within the class

of all infinitely divisible distributions in the following way.

Theorem 10.5. A distribution (py) on Z is completely monotone iff it is
infinitely divisible having a canonical sequence (ry,) such that (ry/(k + 1))

is completely monotone with Hausdorff representation of the form

1
(10.13) kilrk:/o 2 w(zx) dr [keZi],
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where w is a measurable function on (0, 1) satisfying 0 < w < 1 and neces-

sarily

1
1
(10.14) /0 T w(zx) dr < co.

In this theorem, which we do not prove here, the extra condition 0 < w <1
on the Hausdorff density w looks rather curious; we shall return to it in
Chapter VI in the context of mixtures of geometric distributions, where
it emerges rather naturally. The theorem can be used, for instance, to
easily show that the (log-convex) negative-binomial distribution with shape

parameter r < 1 is completely monotone; cf. Examples 4.7 and 11.7.

We return to log-convexity, and treat some closure properties. Clearly,
log-convexity is preserved under pointwise multiplication: If (py) and (qx)
are log-convex distributions, then so is (¢prqx), where ¢ > 0 is a norming
constant. The following consequence of Proposition A.4.9 is less trivial:
If (pr) and (gi) are log-convex distributions, then so is (apy, + (1 —a) gx)
for every ave [0,1]. This property extends to general miztures, because log-
convexity is defined in terms of weak inequalities and hence is preserved

under taking limits.

Proposition 10.6. The class of log-convex distributions on Z is closed
under mixing: If, for every 6 in the support © of a distribution function G,

(px(0)) is a log-convex distribution on Z., then so is (py) given by
1015) po= [ ®)dcle)  [beZy)
)

We use this result to prove the infinite divisibility of a large class of dis-

tributions that occur in renewal theory.

Proposition 10.7. Let (qx)rez, be a log-convex distribution on Z hav-
ing a finite first moment . Then the sequence (py)kez, defined by

1 o]
Pr = — Z qj [kEZ—i—]v
Mj:kJrl

is a probability distribution on Z, that is log-convex and hence infinitely
divisible.
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PrROOF. From (A.4.2) it follows that (px) is a probability distribution
on Zy. Since it can be written as

1 oo
pe=— ik  [keZi],
Me—l

it is seen that (pg) is a mixture of log-convex distributions on Z,, and

hence is log-convex, by Proposition 10.6. o

Proposition 10.6 can also be used to show that certain log-convex distrib-
utions on Z, can be obtained from probability densities f on (0, c0) that

are log-conver, i.e. (cf. Section A.3), satisfy the inequalities

(fG@+y) <f@)fly) [2>0y>0].

Proposition 10.8. Let Y be an R -valued random variable having a den-

sity f that is log-convex on (0,00), and consider X such that
X2y,

the integer part of Y. Then X is Z -valued having a distribution (py)rez.
that is log-convex and hence infinitely divisible.

PROOF. The distribution (py) of X can be written as
k41

pk:IP(Ye[k,k—i-l)):/ f(x)dx:/o f(k+6)de.

k

Now one easily verifies that for every e (0,1) the sequence (f(k + 6))
is log-convex, and hence can be normalized to a log-convex distribution.
It follows that (px) is a mixture of log-convex distributions, and hence is

log-convex, by Proposition 10.6. m

Of course, there is a simpler way to obtain a log-convex distribution on Z

from a log-convex density on (0, c0).

Proposition 10.9. Let f be a log-convex probability density on (0,00).
Then there exists ¢ > 0 such that (pi)rez, defined by

pr=cf(k+1) [keZi],

is a probability distribution on Z., and (py) is log-convex and hence infin-

itely divisible.
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The last four propositions also hold with ‘log-convexity’ replaced by ‘com-
plete monotonicity’; this is easily verified by using Proposition A.4.6 and
Bernstein’s theorem as given by Theorem A.3.6.

11. Examples

In the preceding sections we have considered only two classes of exam-
ples, viz. the negative-binomial distributions (including geometric) and the
stable distributions (including Poisson). These much used distributions are
infinitely divisible, and the negative-binomial distribution with shape pa-
rameter r < 1 is compound-exponential, log-convex, and even completely
monotone. We now present some other distributions, and use the results
obtained so far to determine whether they are infinitely divisible or not.
In doing so we will frequently deal with the recurrence relations of Theo-
rem 4.4:

(111) (4 1D)pus1 =Y petak  [neZy].
k=0

Recall that infinite divisibility of a distribution (py) on Z is characterized
by the nonnegativity of the (canonical) quantities r determined by (11.1).

We start with three examples, each of which is obtained from Poisson
distributions in a simple way, but nevertheless is not infinitely divisible.

Example 11.1. Let Y be Poisson () distributed, and consider X such
that

xLwy-1]y >1).

Then the distribution (pi)rez, and the pgf P of X are given by

)\k+l e)\z -1

Pk = Cx m, P(z) =cy

for z e C,

where ¢y :=1/(e*—1). Since P(z) =0 for zy = 2mi/A, it follows from
Theorem 2.8 that X is not infinitely divisible. Alternatively, one might
use the results on tail behaviour of Section 9; by Lemma 9.1 (ii) one has
—logpg ~ k logk as k — oo, so if X would be infinitely divisible, then by
Corollary 9.5 X would be Poisson distributed, which it is not. N
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Example 11.2. Let Y and Z be Poisson distributed with different param-
eters A and pu, respectively, and consider X such that

x21-AYy+Az

where A has a Bernoulli (o) distribution on {0,1} and is independent of
(Y, Z). The pgf P of X is then given by the following mixture of Poisson

pgf’s:
P(z) = (1 —a)e 272 4 qe#1-2) [zeC].

As in Example 11.1, both Theorem 2.8 and the results of Section 9 show
that X is not infinitely divisible. In fact, letting zp := 1 + (v + mi) /(A — )
with v :=log{a/(1 — )}, one easily verifies that P(z) =0. Also, if
A < p, then for keZ; we have P(Y > k) <IP(Z > k) (cf. Section B.4),
and hence

>PY > k),

PX>k)=1-a)PY >k)+alP(Z > k)
<P(Z > k);
now apply Lemma 9.1 (iii) and Corollary 9.5. Similarly one shows that
mixtures of finitely many (different) Poisson distributions are not infin-
itely divisible. Mixtures of infinitely many Poisson distributions may be

infinitely divisible; this will be clear from Proposition 3.5. i

Example 11.3. Let Y and Z be independent and Poisson distributed with
the same parameter A, and consider X such that

x<yz

Suppose that X is infinitely divisible. Then from the recurrence relations
(11.1) it follows that the canonical sequence (r)iez . of the distribution

(pk)kEZJr of X satisfies rg = pl/po > 0 and

Porn < (N +1)pry1 — roPn [neN].

Now, take n = 2m with m > 2 such that n 4+ 1 is a prime number. Then

)\2m+2

i1 =2PY =1)P(Z=2m+1) =2 ———e 2
Pn+1 ( ) ( m+ ) (2m+1)'e 9
whereas p, can be estimated below by
>\m+2
pn > 2P(Y =2)IP(Z =m) = e 2
m)!
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It follows that for all n as indicated
2\
o—2)

)\m+2
@m)(2m —1) - (m+1) _TO) ml 7

PoTn S (

which is negative for large m; we have obtained a contradiction. We con-
clude that the product of two independent random variables with the same

Poisson distribution is not infinitely divisible. D

We proceed with some examples of a positive character, and recall the
fact that completely monotone and, more generally, log-convex distrib-
utions are infinitely divisible. Also some further results from Sections 10
and A.4 will be used, like the Hausdorff representation (10.12) for a com-

pletely monotone sequence.
Example 11.4. Let the distribution (pi)rez, on Z4 be given by

1
Pr= s ) (k+2)
Since 1/(k+ 1) = EU” for all k € Z , where U has a uniform distribution on
(0,1), the sequences (1/(k+1)) and (1/(k+2)) are completely monotone.
From Proposition A.4.6 we conclude that (py) is completely monotone, and
hence infinitely divisible. Also, the Hausdorff representation for (pg) is

easily found:
1
e =EU* —EU"!' =EBU*(1-U) = / 28 (1 - z)da.
0

Next, consider the following variant (px)rez, of (px):

~ 1
Pk =c¢C
(

(e [c:=6/77].

Then, as above, it follows that (pg) is completely monotone, and hence
infinitely divisible. The Hausdorff representation is now found by taking

independent U and V with a uniform distribution on (0, 1) and writing
1
B = c(BUF) (BEVF) = ¢ B (UV)* = ¢ / +* (— log z) da.
0

A second natural variant is considered in the next example; it is more
difficult to handle. m
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Example 11.5. Let the distribution (pi)rez, on Z, be given by

1
=Cc-—
k2 +1

Then (px) is not completely monotone; it is not even log-convex because

Pk [c:=2/(1+mcothm)].

p? > popz2. On the other hand, as one easily verifies, we do have pi <
Pr—1Pk+1 for all k& > 2, and hence, as in (10.4),

Pk Pn < Pk—1Pnt1l [k,neN with 2 <k <n].

Also, note that this inequality holds for k =1 and n > 2. Now, we can
easily adapt the proof of Theorem 10.1 in the following way. As seen there,
the quantities i determined by (11.1) satisfy

n
PoPnTn = PnDPn+1 + Z(pkflanrl - pkpn) Tn—k [n € N]
k=1
Using this equality for n > 2 and the inequalities above, we see by induction
that the rj, are nonnegative as soon as r1 > 0, i.e., p3 < 2popa. Since this

inequality does indeed hold, we conclude that (py) is infinitely divisible.
Note that (pg), though not log-convex, is convez. o

Example 11.6. Let (py)rez, be the discrete Pareto distribution on Z

with parameter r > 1, so (px) is given by
1
=Cp ——— =1 , =" 1/n"].
Pk c (k + 1)r [C /C(T’) C(T.) Zn—l /n ]
Then, generalizing the ‘Hausdorff’ derivation in the second part of Exam-
ple 11.4, one is led to the easily verified fact that

1

_ cr T,

pr=c Ee kYT:I‘(r)/ zF (= log )"t dz [keZy],
0

with Y, standard gamma (). We conclude that (py) is completely mono-
tone, and hence infinitely divisible. Of course, one can also use the ‘com-

pletely monotone variant’ of Proposition 10.9; cf. the remark at the end of
Section 10. m

Example 11.7. Let (pi)rez, be the logarithmic-series distribution on Z,
with parameter pe (0, 1), so (pr) and its pgf P are given by

—log (1 —pz)
:Cpi
+1 z

)
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where ¢, ;= 1/{—1log (1—p)}. Then (p;) can be represented in the Haus-
dorff form, as follows:

1
pk:cp/ @) e [keZy),
0

so (px) is completely monotone, and hence infinitely divisible. Mixing (py)
with the degenerate distribution at zero, one obtains a distribution (pi)rez.,
of the form

k+1

~ a C

p
= do.k +
Dk I+a 0,k

P
1+ak+1’

with parameters a >0 and p € (0,1) (and ¢, as above). By Proposition A.4.6
(pr) is completely monotone, and hence infinitely divisible. In Example 11.9
we will consider a similar perturbation of (py) which is, however, not always
infinitely divisible. m

Example 11.8. Let the distribution (pi)rez, on Zy be given by

k+1

Pk = Cp Tt [c, > 0 a norming constant |,

where pe (0,1) is a parameter. Then (pi) can be written in the Hausdorff

form:
o0 1
pk:cpZ@”)kp”:/ udn)  [keZy),
n=1 0

where v is the discrete measure on the set {p": n e N} with v({p"}) = ¢, p™
We conclude that (pg) is completely monotone, and hence infinitely divis-
ible. m

Example 11.9. Let (pi)rez, be the following perturbed logarithmic-series
distribution on Z, with parameters a > 0 and pe (0, 1):

k

a cp P
— = — forkeN
1+a P*T14ak NN

Po

where ¢, := 1/{—log (1—p)}; cf. Example 11.7. Since for every k > 2
the inequality p? < pr_1 pr+1 is trivially satisfied, (py) is log-convez iff
p? < pops or, equivalently, a > 2c,. It follows that (px) is infinitely divis-
ible if a > 2c,,.
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In order to determine whether (py) is infinitely divisible for other values of
the parameters, we proceed as in Example 11.5, and consider the quanti-
ties r determined by (11.1). Of course, ro = p1/po > 0. Further, we have
r1 > 0 iff p? < 2popa, so iff @ > ¢,. Now, suppose that this inequality is
satisfied; then we also have p; < ppg, so rq < p. Applying (11.1) twice, we

can write for neN
Porn = (N4 1) Prg1 — D jo PkTn—k — P1Tn—1,
PoTn—1 = NPn — 22:2 Pk—1Tn—k,
from which it follows that for ne N
porn — (P —70) poTn-1 =

= {(n + 1) Pnta —Pnpn} + Z{ppkq — Pk} Tk
k=2

Since in our case (n + 1) pp41 — pnp, =0 and ppr—1 — pr > 0 for k > 2,
we can use induction to conclude that

rn > (p—70)rp_1 >0 [neN].

Thus (px) is infinitely divisible iff @ > ¢,. Note that in this case (py) is
monotone, but not necessarily convex. m

Next we consider some functions P, and determine whether they are

pgf’s and, in such a case, whether they are infinitely divisible.

Example 11.10. Let P be the quotient of the pgf’s of two different geo-
metric distributions, so P is of the form

1—p 1—ap

P(z) [0<2z<1],

1o pzl 1—apz
where pe (0,1) and a€(0,1/p), a # 1. Observe that if P is a pgf, then
P(0) < 1 and hence o < 1. Now, for such an « we can apply Proposi-

tion 6.1 (iv); since P can be written as

. Q(Lci(z) with Q(z) = 11__ppz:7

it follows that P is a pgf iff @ < 1, and that in this case P is infinitely
divisible. By computing the S-function of P and applying Theorem 5.2 one

sees that P is even compound-geometric when a < 1. m
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Example 11.11. Let the function P on [0,1] be given by

pla) = 1= V1==2 Vzl_z [0<=2<1; P(O)=1].

Then it will be clear that P is a pgf and that the corresponding distribution

(pk)kez, is given by

L 1 E—1 1 2k 2h+1
pe=(=1) (k+1) 2k+1< k ) k+1<k><2)

This distribution can be recognized as the distribution of the ‘reduced’ first-
passage time % (T1 —1) from 0 to 1 in the symmetric Bernoulli walk; see the
beginning of Section VII.2, also for the asymmetric case. Now, let U and Z
be independent random variables where U has a uniform distribution on
(0,1) and Z an arcsine distribution on (0,1). Then (cf. Section B.3) the
middle representation for p, above can be rewritten as

pe =3 (EU*) (EZ") = J E(UZ)",

where by Proposition A.3.12 the product UZ has density f given by

f(x)Z/Oo%fz(Z)dz:ﬂl—m)fz(m) [0<z<1];

here the last equality is verified by using the explicit expression for f; as
given in Section B.3. Tt follows that (py) is completely monotone, and hence

infinitely divisible, with Hausdorff representation given by

pkz/o (1 -2) fo(@)de  [keZy]

To prove just the infinite divisibility of P one might also use Theorem 4.3
and compute the R-function of P:

R(z) = %bgP(z) = % (\/% - 1),

so R is indeed absolutely monotone; it is the gf of the (canonical) sequence

(rk)keZ_,_ With

re = 1 (1) -1 1 k+3 _ (2k+2 (l)2k+3.
2 kE+1 2\k+1 kE+1) 2

Note that (ry) is completely monotone as well: 7, = $IEZ*T! for all k,
with Z as above. Also note that there is a simple relation between (py)

and its canonical sequence: i, = (k + 1) py, for all k. m
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Example 11.12. Let P be the function on [0,1) given by
B 1

1+ (1—2)7
where v € (0,1]. Since P(z) = 7((1—2)?) with m the pLSt of the standard
exponential distribution, from Proposition 6.5 it follows that P is an infin-

P(z) [0<z<1],

itely divisible pgf. Use of Example 4.8 shows that P is even compound-
exponential. Note that P for v = % reduces to the first-passage-time pgf of
Example 11.11. m

We now turn to some examples that are obtained by choosing the
canonical sequence of an infinitely divisible distribution in a particular
way. Recall that any sequence (rp)rez, of nonnegative numbers satis-
fying 7 o ri/(k + 1) < oo determines an infinitely divisible distribution
(Pk)kez, Vvia the recurrence relations (11.1) or, equivalently, an infinitely
divisible pgf P via the (canonical) representations (4.3) or (4.5). The exam-
ples will show that infinitely divisible distributions need not be monotone

or unimodal, and may have indivisible factors.

Example 11.13. Let (pi)rez, be an infinitely divisible distribution for

which the canonical sequence (ry)rez, satisfies
TO=T1="""="Tm-1=1,

for some m e N. Then from the recurrence relations (11.1) it easily follows
that

Po=P1="""=DPm-

So an infinitely divisible distribution (py) may begin with an arbitrarily
long sequence of constants. N

Example 11.14. Let (pi)rez, be an infinitely divisible distribution for
which the canonical sequence (ry)rez, satisfies
(3)¥1  Jifkisevenand k <m — 1,
Tk:{ 2— (51 Jifkisoddand k <m—1,
for some m eN. Then using the recurrence relations again and induction

one easily verifies that

pr =123+ (=1)") po [k=0,1,...,m].
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So an infinitely divisible distribution (py) may begin with an arbitrarily

long sequence po, 3po, o, 2po, - - .- m

Example 11.15. Let the sequence (ry)gez, with gf R be given by

INk g7

)%, if k is even, 4 1 1
Tk = ) or R(z)= S = + .

0 , otherwise, 4—z 2—2z 24z

Applying (4.5) we see that the pgf P of the infinitely divisible distribution

(Pk)kez, With canonical sequence (1) is given by
_1 242

39—z’
Note that P can be decomposed into two factors as follows:

P(z) = (3 + 32) Q(2),

where @ is the pgf of the geometric (3) distribution. So an infinitely divis-

P(z) S0 po =3, Pk = %(%)k for keN.

ible distribution may have an indivisible factor. The pgf P can also be
written as 1 — a + a @ with a = % and @ as above. More generally, if P is
of the form

1-p

1—pz

with @ > 0 and pe (0,1), then P is a pgf with py > 0 iff & < 1/p, in which
case P is infinitely divisible iff o < 2/(1 +p). This is easily shown by
computing the R-function of P and using Theorem 4.3. Note that the

Pz)=1—-a+«

corresponding distribution is log-convez iff a < 1. M

Example 11.16. We ask whether for A > 0 there exists an infinitely divis-
ible distribution (pi)rez, on Zy with a canonical sequence (7 )xez, that is
related to (px) by rx = A (k+1) p, for all k; cf. (the end of) Example 11.11.
By (4.2), in terms of gf’s this means that we look for a pgf P of the
compound-Poisson form (3.3) with Q(z) = z P(z), so we want to solve the

equation
P(2) = exp [-A {1 — 2 P()}],

or in terms of ) and with G the Poisson () pgf:
Q2) = 2Gx(Q(2))-
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This can be done by use of Biirmann-Lagrange expansion (see Section A.5;
the conditions necessary for this are easily verified; take G = G)); for
|z| < 1 there is a unique solution Q(z) with |Q(z)| < 1 given by

i n 1 —n)\
g” [lz| <1].

Moreover, as is easily verified from the equation for @ above, a := Q(1—) is

the smallest nonnegative root of the equation Gy(z) = z,s0a = 1if A < 1,

and a = ay < 1if A > 1. Since z P(z) = Q(z), for A <1 one is led to the

following probability distribution (pg)xez, on Z,, known as the Borel dis-

tribution with parameter A:

i (k+1)F
(k+1)!

by construction, it is infinitely divisible. For A > 1 the sequence (p)rez,

pr=e"*(Ae™) [keZi];

with Py := pi/ay is a probability distribution on Z with pgf P satisfying
the equation for P above with A replaced by X = Aay, so (pr) is the Borel
distribution with parameter X (< 1); note that X satisfies Xe ™ = e,
The Borel distribution is even completely monotone. To show this we use
the fact that for r > 0

t
F / {9 } dt, with g(¢) : _sm eteott.

note that g decreases from e to 0 on [0, 7]. By partial integration it follows

that pr can be written as

_1 e~ —A k+1
pe=e " (Ae k:+1/{

= ;e—*/ e g} {—g'(t)} tat,
0

from which the Hausdorff representation for (py) is obtained by putting
Ae A g(t) =: x; note that Ae™> <e™! for all \. m

The final example is a counter-example again; it shows that both log-

concavity and the condition

Pi < 2pk—1prt1 |keN]

are not sufficient for infinite divisibility of a distribution (px)rez,. See

Section 10 for the appropriate context.
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Example 11.17. Take equality in the inequalities above; then we obtain
by induction

P = po (r)* (1) = o (rv2) (3D [kezZy),

which indeed yields a probability distribution for suitable values of py and
ro = p1/po > 0. Note that (pg) is log-concave. It is, however, not infinitely
divisible:

— log pi, -

k—oo klogk

so by Theorem 9.3 the distribution (py) has too thin a tail to be infin-
itely divisible. One might also use Proposition 8.4; (py) does not satisfy
the inequality 3pspo > pop1, which is necessary for (pg) to be infinitely
divisible. M

12. Notes

Infinitely divisible random variables with values in Z were first studied
in some detail by Feller (1968), where it is shown that, on Z, the infinitely
divisible distributions coincide with the compound-Poisson distributions;
see Theorem 3.2. The result on zeroes of pgf’s in Theorem 2.8 can be
regarded as a special case of a similar result for characteristic functions in
Lukacs (1970). An important step was made by Katti (1967), who first
characterized infinite divisibility on Z, by means of recurrence relations
as in Theorem 4.4. His work was streamlined and extended in Steutel
(1970) and van Harn (1978); this has led to recurrence relations for the
compound-geometric distributions as given in Section 5, and to the ‘self-
decomposability’ result in Theorem 6.3.

Relations between the moments of infinitely divisible distributions and
the moments of their canonical sequences are given in Wolfe (1971b) and
in Sato (1973); formula (7.4) occurs in Steutel and Wolfe (1977). Equation
(7.6) opens the possibility of defining ‘fractional cumulants’ ko = ko (X),
a > 0, of an infinitely divisible random variable X by putting kq = vg—_1;
then one indeed has the cumulating property £ (X +Y) = £4(X) 4+ £a(Y)
for independent X and Y. Embrechts and Hawkes (1982) compare the tail

of an infinitely divisible distribution with the tail of its canonical sequence.

Copyright 2004 by Marcel Dekker, Inc. All Rights Reserved.



A proof of Theorem 8.2 is given in Steutel (1970) in the context of
zeroes of infinitely divisible densities on R;. The tail behaviour of infin-
itely divisible distributions on R has been studied by many authors; here
we only name Kruglov (1970) and Sato (1973). As in the case of supports,
the representation of Theorem 3.7 makes our proofs on Z, in Section 9
essentially simpler.

The log-convexity result of Theorem 10.1 is the analogue of such a re-
sult for renewal-type sequences, which was first proved by Kaluza (1928)
in a non-probabilistic context. It was obtained independently by Steu-
tel (1970) and by Warde and Katti (1971). Somewhat more general condi-
tions are given in Katti (1979) and in Danial (1988); see, however, Chang
(1989). Theorems 10.2 and 10.3 are due to Hansen (1988b), Theorem 10.5
to Hansen and Steutel (1988). The result in Proposition 10.8 on integer
parts can be found in Bondesson et al. (1996).

Example 11.3, on products of independent Poisson variables, occurs in
Rohatgi et al. (1990). The infinite divisibility of the perturbed logarithmic-
series distribution in Example 11.9 was shown by Katti (1967); a general-
ized logarithmic-series distribution was shown to be log-convex, and hence
infinitely divisible, by Hansen and Willekens (1990). Example 11.16 is
taken from Hansen and Steutel (1988); the integral representation given
there is due to Bouwkamp (1986). This distribution is a special case of
the Borel-Tanner distribution, which occurs in queueing; see Johnson et
al. (1992). It is already given in Dwass (1967) who represents a correspond-
ing random variable as in Theorem 3.7. Other Lagrange-type distributions
are discussed in Dwass (1968). Bondesson and Steutel (2002) study infin-
itely divisible distributions (px) for which the canonical sequence (r) sat-
isfies r, = (k + ¢) pi for all k, where ¢ > 0; they generalize the cases with

c= % and ¢ = 1 as considered in Examples 11.11 and 11.16.
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Chapter III

INFINITELY DIVISIBLE DISTRIBUTIONS
ON THE NONNEGATIVE REALS

1. Introduction

This chapter parallels the preceding one on the basic properties of infin-
itely divisible distributions on Z, ; many results are similar. Distributions
on Z, are, of course, special cases of distributions on Ry. The Z-case
has been dealt with separately because it is mathematically simpler and
sometimes leads to more detailed results. Our aim that the present chapter
be accessible independent of the previous one, as much as possible, makes
it necessary to repeat some definitions and arguments given earlier. Even
so, we will sporadically have to make use of a result in Chapter II.

We recall the definition of infinite divisibility. An Rj-valued random
variable X is said to be infinitely divisible if for every neN a random
variable X, exists, the n-th order factor of X, such that

(1.1) XLXo 1+ + X,

where X, 1,..., Xy, are independent and distributed as X,,. Here the
factors X, of X are necessarily R -valued as well, and no extra condition
as for a Z,-valued X is needed; cf. (II.1.4). In many cases, however, it
will be convenient to suppose that X has left extremity £x = 0. This is
not an essential restriction because shifting X to zero does not affect the
possible infinite divisibility of X. It has the additional advantage that in the
special case of Z-valued random variables infinite divisibility is equivalent
to discrete infinite divisibility; convention (II.1.4) is then maintained also
in the present chapter. Mostly we tacitly exclude the trivial case of a

distribution degenerate at zero, so we then assume that IP(X = 0) < 1.
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As agreed in Section 1.2, the distribution and transform of an infinitely
divisible random variable X will be called infinitely divisible as well. The
distribution of X will mostly be represented by its distribution function F'
It follows that a distribution function F' on R is infinitely divisible iff for
every n € N there is a distribution function F;, on R, the n-th order factor
of F', such that F'is the n-fold convolution of F,, with itself:

(1.2) F(z)=F"(x) [neN].

A similar reformulation can be given for a density f of F' in case of absolute
continuity (with respect to Lebesgue measure) of all factors; this case yields,
of course, the closest analogue to the results in Chapter II. As a tool we
use the probability Laplace-Stieltjes transform (pLSt), where we used the
probability generating function in Chapter II. A pLSt 7 is infinitely divis-
ible iff for every n e N there is a pLSt m,, the n-th order factor of w, such
that

(1.3) m(s) = {mn(s)}" [neN].

The correspondence between a distribution function F on R, and its pLSt ©
will be expressed by 7 = F. Further conventions and notations concerning
distributions on R} and Laplace-Stieltjes transforms (LSt’s) are given in
Section A.3.

For easy comparison of the corresponding results, this chapter is di-
vided in sections in the same way as Chapter II. In order not to distract
the reader who wishes to start with the present chapter, we will not dis-
cuss these correspondences when we meet them; we do sometimes indicate
differences between the two cases. In Section 2 we give some elementary
results and treat the degenerate and gamma distributions as first exam-
ples of infinitely divisible distributions on R;. The important classes of
compound-Poisson, compound-geometric and compound-exponential dis-
tributions are introduced in Section 3. A useful characterization of infinite
divisibility by means of complete monotonicity is given in Section 4; it
leads to a canonical representation for infinitely divisible pLSt’s and to
a functional equation for infinitely divisible distribution functions. These
tools are shown to have analogues for the compound-exponential distrib-
utions (Section 5) and are used to easily prove closure properties in Sec-
tion 6. Relations between moments of an infinitely divisible distribution

and those of the corresponding canonical function are given in Section 7.
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The structure of the support of infinitely divisible distributions is deter-
mined in Section 8, and their tail behaviour is considered in Section 9. In
Section 10 log-convex densities, all of which are infinitely divisible, and
infinitely divisible log-concave densities are considered together with their
canonical functions. An interesting special case of log-convexity is complete
monotonicity, related to mixtures of exponential distributions. Section 11
contains examples and counter-examples, and in Section 12 bibliographical
and other supplementary remarks are made.

Finally we note that this chapter only treats the basic properties of
infinitely divisible distributions on Ry. Results for self-decomposable and
stable distributions on Ry can be found in Sections V.2, V.3 and V.8, for
mixtures of gamma distributions in Sections VI.3 and VI.4, and for gen-
eralized gamma convolutions in Section VI.5. Also the remaining sections
of Chapter VI and some sections of Chapter VII contain information on
infinitely divisible distributions on R..

2. Elementary properties

We start with showing that infinite divisibility of distributions is pre-
served under changing scale, under convolutions and under weak conver-
gence. The first two of these properties follow directly from (1.1) or (1.3).

Proposition 2.1.

(i) If X is an infinitely divisible R -valued random variable, then so is
aX for every a e Ry. Equivalently, if  is an infinitely divisible pLSt,
then so is m, with wa(s) := m(as) for every aeR,.

(ii) If X and Y are independent infinitely divisible R -valued random
variables, then X+Y is an infinitely divisible random variable. Equiv-
alently, if m; and wo are infinitely divisible pLSt’s, then their pointwise
product mymy is an infinitely divisible pLSt.

Proposition 2.2. If a sequence (X(™)) of infinitely divisible R -valued
random variables converges in distribution to X, then X is infinitely divis-
ible. Equivalently, if a sequence (w("™)) of infinitely divisible pLSt’s con-
verges (pointwise) to a pLSt 7, then 7 is infinitely divisible.

PROOF. Since by (1.3) for every m €N there exists a sequence (wﬁf”))neN
of pLSt’s such that 7™ = {wém)}n, the limit 7 = lim,,_ 0 7™ can be
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written as

m(s) = lim {Wﬁm)(s)}n = { lim ﬂ';m)(s)}n = {ﬂ'n(s)}n,

m—0o0 m— 00

)

where 7, := lim,,,_ 7T§Lm is a pLSt for every n e N by the continuity the-

orem; see Theorem A.3.1. Hence 7 is infinitely divisible. m

Since a pLSt 7 is positive on R, for s > 0 relation (1.3) can be rewritten

in the following way:

(2.1) {77(5)}1/” = mn(8) [neN].

As a pLSt is determined by its values on Ry, it follows that the factors m,
of an infinitely divisible pLSt 7, and hence the corresponding distributions,
are uniquely determined by 7. For the time being we shall consider pLSt’s
only for values of the argument in R;. We shall return to the possibility of
zeroes for complex arguments later in this section. For any pL.St = and any
t > 0 the function 7' = exp [tlogm] is well defined on R;. We now come
to a first criterion for infinite divisibility. Note that by Bernstein’s theorem
(Theorem A.3.6) the set of pLSt’s equals the set of completely monotone
functions 7 on (0, 00) with 7(04) = 1.

Proposition 2.3. A pLSt 7 is infinitely divisible iff ©t is a pLSt for all
teT, where T = (0,00), T ={1/n:neN} or T ={a % :keN} for any
fixed integer a > 2. Equivalently, 7 is infinitely divisible iff w* is completely
monotone for all t e T with T as above.

PROOF. Let 7 be infinitely divisible. Then by (2.1) ©!/" is a pLSt for all
neN, and hence 7™/™ is a pLSt for all m,neN. It follows that 7t is a pLSt
for all positive ¢t € Q, and hence, by the continuity theorem, for all ¢ > 0.
Conversely, from (2.1) we know that = is infinitely divisible if 7/" is a
pLSt for every n e N. We can even be more restrictive because, for a given
integer a > 2, any te(0,1) can be represented as t = - tra~* with
tr€40,...,a— 1} for all k, and hence for these ¢

{ﬂ(s)}t _ %@wlﬁ ({ﬂ_(s)}l/ak)tk.

By the continuity theorem it now follows that if ¢ is a pLSt for all ¢ of the
form a=* with ke N, then so is 7! for all t € (0, 1). N
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Corollary 2.4. If 7 is an infinitely divisible pLSt, then so is wt for all
t > 0. In particular, the factors X, of an infinitely divisible R -valued

random variable X are infinitely divisible.

The continuous multiplicative semigroup (7');>0 of pLSt’s generated
by an infinitely divisible pLiSt 7, corresponds to the set of one-dimensional
marginal distributions of an R -valued sii-process, i.e., a process X (+) with
stationary independent increments, started at zero and continuous in prob-
ability; see Section 1.3. If X (1), with pLSt , has distribution function F,
then for ¢ > 0 the distribution function of X(¢), with pLSt 7!, will be
denoted by F*!, so:

(22)  F'(2) = P(X(1) < ), /Re_”dF*t(a:):{w(s)}t.

Directly from (1.1), or from (1.2) and the fact that G*" < G for any dis-
tribution function G' on R, it follows that the n-th order factor F*(1/7)
of F satisfies

(2.3) F*A/) () > F(x) [zeR].

Of course, examples of infinitely divisible distributions on Ry, and hence
of Ry-valued sii-processes, are provided by the two examples from Sec-
tion II.2 containing the Poisson distributions and the negative-binomial
distributions. These distributions have the following analogues on R ; this

will be clear from the results in Sections V.5 and VI.6.

Example 2.5. For A > 0, let X have the degenerate (\) distribution, so
if 7 is the pLSt of X, then

P(X=\N=1, =u(s)=e?.

Then for ¢ > 0 the ¢-th power 7' of 7 is the pLSt of the degenerate (A\t)
distribution, so X is infinitely divisible. The corresponding sii-process is
the deterministic process X (+) with X (¢) = At. W

Example 2.6. For r > 0 and )\ > 0, let X have the gamma (r, \) distrib-
ution, so its density f on (0,00) and pLSt 7 are given by

flz) = A e n(s) = ()\j—s)r'
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Then for ¢ > 0 the t-th power m' of 7 is the pLSt of the gamma (rt, \)
distribution. From Proposition 2.3 we conclude that the gamma (r, \) dis-
tribution is infinitely divisible. The corresponding sii-process is a gamma
process. Taking r = 1 one sees that the exponential (\) distribution is infin-
itely divisible. m

Sometimes we want to consider a pLSt 7w for complex values of its ar-
gument; 7(z) is well defined at least for all z € C with Rez > 0. Of course,
7 has no zeroes on R;. The following inequality implies that there are no
zeroes in the closed half-plane Re z > 0 if 7 is infinitely divisible with

po := lim 7(s) > 0;
5200

note that py is the mass at zero of the distribution corresponding to .

Proposition 2.7. If is an infinitely divisible pLSt, then with py as above

(2.4) |m(2)] = p§ [Rez >0].

PROOF. If G is a distribution function on Ry with G(0) > 3, then for ze C
with Rez > 0:

G(2)| = G(0) - /(0 714G ) 2 26(0) 1.

Using the resulting inequality for the n-th order factor m, of an infinitely
divisible pLSt 7, we see that |(z)| with Rez >0 can be estimated as
follows:

[w(2)| = |mn(2)]" 2 (205"~ 1)",

for all n sufficiently large. Now one easily verifies that for every a > 0
one has the equality lim,,_ (2a!/"—1)" = a?; taking a = py finishes the
proof. m

This result can be extended as follows. Any pLSt m has an abscissa of
convergence, this is the smallest s, € [—00,0] such that 7(z) is well defined
for all zeC with Rez > s;. Moreover, as noted in Section A.3, s, is
determined by the tail of the distribution function F' corresponding to 7 in

the following way:

S = — liminf —log {1 _ F(I)}

r—00 €T
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Now, let 7 be infinitely divisible with s, < 0, and take a € (s;,0), so we
have m(a) < co. Note that from (2.3) and the formula for s, above it

follows that the n-th order factor w!/™

of m has abscissa of convergence
< 5. Therefore, Proposition 2.3 can be used to show that the pLSt m,
with 74(s) :=m(a+ s)/m(a) is infinitely divisible. Hence we can apply

Proposition 2.7 for 7, and find
(2.5) |7(2)| = pg/m(a) [Rez > al.

We conclude that if pg > 0 then 7 has no zeroes in its (open) half-plane of
convergence Rez > s;. There seems to be no non-trivial result analogous
to (2.5) when pg = 0. Nevertheless, the non-zero property of 7 also holds

in this case.

Theorem 2.8. Let m be an infinitely divisible pLSt. Then:

(i) 7 has no zeroes in the closed half-plane Rez > 0.

(ii) 7 has no zeroes in the open half-plane Rez > s., where s, is the

abscissa of convergence of .

(iii) If 7 is an entire function, i.e., if s, = —oo, then 7 has no zeroes in C.

PrROOF. We use the well-known fact that 7 is analytic on Rez > s;; as

1/n of 1 are well defined on this half-plane,

seen above, the factors m, := 7
and hence are analytic there as well. Now, suppose that 7(z9) =0 for
some zp satisfying Re zg > s;; on some neighbourhood B of 2y, m can then

be represented as a power series of the form
o0
W(z):Zak(zfzo)k [z€B].
k=1

Since also 7, (z0) = 0, 7, can be represented similarly. By equating coeffi-
cients in the identity m = (m,,)" one then sees that necessarily a; = --- =
an—1 = 0. Since this holds for all n, m would be zero on B and hence on
all of Rez > s;; we have obtained a contradiction. So 7 has no zeroes in
its half-plane of convergence.

The only thing left to prove now is the property that 7 (with s, = 0 and
po = 0) has no zeroes on the line Rez = 0. This is a special case of the
fact that an infinitely divisible characteristic function ¢ has no real zeroes;
see Propositions 1.2.8 and IV.2.4, also for a proof. N
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This theorem may be used to show that a given pLSt is not infinitely divis-
ible; an example is given in Section 11. It also implies that if 7 is an
infinitely divisible pLSt, then log7(z), and hence m(2)* = exp [t log w(z)}
with ¢ > 0, can be defined for Rez > 0 as a continuous function with

log w(0) = 0; see also Section A.3.

3. Compound distributions

Random stopping of processes with stationary independent increments
can be used for constructing new infinitely divisible distributions from given
ones. First we will show this in the discrete-time case. To this end we recall
some facts from Section 1.3 specializing them to the present R -case. Let
(Sn)nez, be an sii-process generated by an R, -valued random variable Y’
(s0 S, =Y1+---4Y, for all n with Y7,Y5, ... independent and distributed
as Y), let N be Z-valued and independent of (S,,), and consider X such
that

(31) X285y (5o XLYi+-+ V).

Then X is said to have a compound-N distribution, and from (1.3.10) one
sees that its distribution function and pLSt can be expressed in similar
characteristics of Y and NN as follows:

(3.2) Fx(z) = Z]P(N =n)Fy"(z), wx(s) = Pn(my(s)).
n=0

In particular, it follows that the composition of a pgf with a pLSt is a
pLSt. Hence, by applying Proposition 2.3 and its discrete counterpart in
Chapter II, we immediately obtain the following general result on infinite
divisibility.

Proposition 3.1. AnR, -valued random variable X that has a compound-
N distribution with N Z.-valued and (discrete) infinitely divisible (so
P(N =0)> O), is infinitely divisible. Equivalently, the composition P o G
of an infinitely divisible pgf P with an arbitrary pLSt G is an infinitely
divisible pLSt.

The compound-Poisson distributions, obtained by choosing N Poisson

distributed, are of special importance. Their pLSt’s have the form

(3.3) m(s) = exp [-M1 - G(s)}],
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where A > 0 and G is a distribution function on R. Here the pair (X, G) is
not uniquely determined by 7, but it is, if we choose G such that G(0) = 0,
which can always be done. From Proposition 3.1, or directly from (3.3),
it is clear that the compound-Poisson distributions are infinitely divisible.
Contrary to the Z.-case, not all infinitely divisible distributions on R
are compound-Poisson, simply because any compound-N distribution with
IP(N =0) > 0 is a distribution with positive mass at zero. Interestingly,
restriction to such distributions does lead to a converse, as the following
result shows.

Theorem 3.2. An R, -valued random variable X is infinitely divisible
with po :=IP(X = 0) > 0 iff X has a compound-Poisson distribution.

PROOF. Let X be infinitely divisible with pg > 0 and with pLSt w. Then,

1/n

for neN, 7, := 7!/™ is a pLSt with lims_ o m,(s) = pé/", and hence there

exists a distribution function G,, on R4 such that

Ay mals) —p" Lot
1—pg 1—pg
Now, let n — 0o and use the fact that lim, .. n (1 — a'/") = —loga for

a > 0. Then from the continuity theorem we conclude that there exists a
distribution function G on Ry such that

(3.4) G(s)=1— % {—log m(s)} with X:= —logpo;

note that G(0) = 0. It follows that 7 can be written in the form (3.3). The
converse statement has already been proved. D

In the proof just given we saw that n (1 —7'/™) tends (pointwise) to —log 7
as n tends to oo. For 7 this means that
(3.5) 7(s) = lim exp [-n {1 — 71'1/"(5)}].

n—oo
In view of Proposition 2.2 we obtain the following result, which empha-
sizes the important role played by the compound-Poisson distributions,

also on R;.

Theorem 3.3. A distribution on R is infinitely divisible iff it is the weak
limit of compound-Poisson distributions.
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If in (3.1) we take N geometrically distributed, we obtain the compound-
geometric distributions on R, ; by (3.2) their pLSt’s have the form

(36)  w(s)= L

1-pG(s)
where pe (0,1) and G is a distribution function on R;. The pair (p,G)
is uniquely determined by 7 if we choose G such that G(0) = 0, which
can always be done. Since the geometric distribution is infinitely divisible
(cf. Example 11.2.6), the following theorem is an immediate consequence of
Proposition 3.1 (and Theorem 3.2).

Theorem 3.4. A compound-geometric distribution on Ry, with pLSt of

the form (3.6), is infinitely divisible (and hence compound-Poisson).

We can say more; the compound-geometric distributions turn out to belong
to a class of infinitely divisible distributions that is introduced below. For
this class the compound-geometric distributions play the same role as do
the compound-Poisson distributions for the class of all infinitely divisible

distributions. In fact, we will give analogues to Theorems 3.2 and 3.3.

To this end we again recall some facts from Section 1.3, specialized to
our Ry-case. Let S(-) be a continuous-time sii-process generated by an
R -valued random variable Y (so S(1) 4y and Y is infinitely divisible),
let T be R -valued and independent of S(-), and consider X such that

3.7 xLs(1).

Then X is said to have a compound-T distribution, and from (1.3.8) one sees
that the distribution function and pLSt of X can be expressed in similar
characteristics of Y and T by

(3.8) Fx(x) :/R Fy'(z)dFr(t), wx(s)=mr(—logmy(s)).

Applying Proposition 2.3, both for mx and for mp, yields the following

general result.

Proposition 3.5. An R, -valued random variable X that has a compound-
T distribution with T R -valued and infinitely divisible, is infinitely divis-
ible. Equivalently, the composition 7o (—log my) where m and m( are infin-
itely divisible pLSt’s, is an infinitely divisible pLSt.

Copyright 2004 by Marcel Dekker, Inc. All Rights Reserved.



The compound-T' distributions with 7" degenerate at one constitute pre-
cisely the set of all infinitely divisible distributions. It is more interesting to
take T standard exponentially distributed. Since then w7 (s) = 1/(1+ s),
the resulting compound-exponential distributions have pLSt’s of the form

1
3.9 =
(3.9) m(s) 1 —log mo(s)’
where 7 is an infinitely divisible pLSt. This pLSt, which is sometimes
called the underlying (infinitely divisible) pLSt of 7, is uniquely determined

by 7 because
(3.10) To(s) = exp [1 — 1/7(s)].

Note that taking T' exponential (A) with A # 1 leads to the same class of
distributions; just use Corollary 2.4. The following theorem is an imme-
diate consequence of Proposition 3.5 and the infinite divisibility of the

exponential distribution; cf. Example 2.6.

Theorem 3.6. A compound-exponential distribution on R, with pLSt of
the form (3.9), is infinitely divisible.

The compound-exponential distributions are related to the compound-geo-
metric ones. As announced above, we prove analogues to Theorems 3.2

and 3.3; we do so by using these theorems.

Theorem 3.7. An R -valued random variable X is compound-exponential

with po:=IP(X = 0) > 0 iff X has a compound-geometric distribution.

ProoOF. First, let X be compound-exponential with pg > 0. Then the
pLSt 7 of X has the form (3.9), and letting s — oo one sees that the infin-
itely divisible distribution function Fy with pLSt mq satisfies Fy(0) > 0; cf.
(A.3.6). From Theorem 3.2 it follows that g is of the form (3.3), so 7 can
be written as

(s) 1 1—A/(1+X)

T1HM1-Gs)) 1-{MA+N}Gs)

which is of the compound-geometric form (3.6). The converse statement is
proved similarly: If 7 has the form (3.6), then computing the right-hand
side of (3.10) shows that 7 can be written as in (3.9) with 7 of the form
(3.3); take A =p/(1—p). m
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Because of Theorems 3.2 and 3.3, a distribution function Fy on R is infin-
itely divisible iff it is the weak limit of (a sequence of) infinitely divisible
distribution functions Fy, on Ry with Fy,(0) > 0. From representation
(3.9) and the continuity theorem it follows that a similar characterization
holds for the compound-exponential distributions: A distribution func-
tion F on Ry is compound-exponential iff it is the weak limit of compound-
exponential distribution functions F,, on Ry with F,(0) > 0. In view of the

preceding theorem we can reformulate this as follows.

Theorem 3.8. A distribution on R is compound-exponential iff it is the

weak limit of compound-geometric distributions.

Finally, we return to compound-Poisson random variables X, and trans-
fer representation (3.1) for X, with N Poisson, into an integral represen-
tation in terms of a Poisson process. For the definition of the generalized

inverse of a distribution function see Section A.2.

Theorem 3.9. Let A > 0, let Nx(-) be the Poisson process with inten-
sity A, and let G be a distribution function with G(0) = 0. Then an R-
valued random variable X is compound-Poisson (A\,G), i.e., its pLSt m is
given by (3.3), iff X can be represented (in distribution) as
311) X< [ ydN\(Gy)).

Ry
Equivalent forms, where (Ty)ken is the sequence of jump-points of Ny (-)
and H is the generalized inverse of G:

N (1)

(312) x< H(t) dN(t ZHTk
[0,1]

PROOF. The compound-Poisson (A, G) random variables correspond to the
random variables X of the form
(313) X2V, 4+ +Yy,

where Y7,Y5,... are independent with distribution function G and N is
independent of (Y;) with N 4 Nx(1). Letting Uy, Us, ... be independent
random variables with a uniform distribution on (0,1) and independent

of N, we can rewrite (3.13) as

(3.14) XTHU)+ - +HUy).
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Now, we use the well-known fact that the order statistics Uy 1,..., Uy n of
Uy, ..., U, satisfy

(3.15)  (Untye-osUnm) < (Thy. ., T | Na(1) = n).
It follows that for Borel sets B

IP(H(U1)++H(UN)€B) =

fZIP (1) + -+ H(Uy,) € B)P(N =n) =
n=0

—ZIP Una)+ - +HUnn)eB)IP(N =n) =

_Z]P (Ty) + -+ H(T,) e B| Nx(1) = n) P(Nx(1) = n) =

S P(H(T) 4+ H(Ty 1) € B).

We conclude that (3.14) is equivalent to (3.12). The alternative form (3.11)
follows by substitution. D

Combining Theorems 3.2 and 3.9 shows that an R, -valued random vari-
able X is infinitely divisible with py := IP(X = 0) > 0 iff X can be repre-
sented as in (3.11) or (3.12) for some A and G. A similar representation
result can be given for infinitely divisible random variables X with py = 0.
We will not do so; in deriving such a result the canonical representation of
the next section is needed.

4. Canonical representation

According to Proposition 2.3 a necessary and sufficient condition for a
pLSt 7 to be infinitely divisible is that all functions 7! with ¢ > 0 are com-
pletely monotone. We will show that this condition is equivalent to the com-
plete monotonicity of a single function. In doing so we use, without further
comment, some elementary properties of completely monotone functions as
reviewed in Proposition A.3.7. First, note that if 7! is completely monotone
for all £ > 0, then so is the following function of s > 0:

(41)  lim—> —xl(s) = 7;((;)) - félogw(s) = p(s).
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This function will be called the p-function of w. For the converse statement:
complete monotonicity of the p-function implies complete monotonicity of
all functions 7%, we need not start from a pLSt 7; we allow 7 to be any
function on (0,00) with m(0+) =1 such that (4.1) makes sense. The p-
function of 7 is then well defined, and if we can integrate in (4.1) (e.g., if p

is nonnegative, so 7 nonincreasing), then we can express 7 in terms of p by
S
(4.2)  7(s) = exp {— / p(u) du] [s>0].
0
Now, this relation yields the desired result; it can be formulated as follows.

Theorem 4.1. Let m be a positive, differentiable function on (0,00) with
m(0+) = 1. Then 7 is an infinitely divisible pLSt iff its p-function is com-
pletely monotone.

ProoF. That the p-function of an infinitely divisible pLSt 7 is completely
monotone, we have already seen above; use the limiting relation (4.1).

So suppose, conversely, that the p-function p of 7 is completely monotone.
Then p is nonnegative, and hence we can use (4.2) to conclude that, for

any t > 0, 7* can be written as
S
7t = py oo, with pi(s) :=e " and o(s) := / p(u) du.
0

Since p; is completely monotone and ¢ is a function with ¢’ = p completely
monotone and o(0+) > 0, it follows that also 7 is completely monotone.
Taking ¢t = 1, together with 7(0+) = 1, implies that 7 is a pLSt. Applying
Proposition 2.3 yields the infinite divisibility of . m

The criterion for infinite divisibility given by this theorem turns out to
be very useful, both theoretically and practically. We will use it in Exam-
ple 4.9, in proving the closures properties in Section 6 and in some examples
in Section 11. Because of (4.2) it can be reformulated so as to obtain the

following representation theorem for infinitely divisible pLSt’s.

Theorem 4.2. A function m on Ry is the pLSt of an infinitely divisible
distribution on R, iff m has the form

(4.3) m(s) = exp [— /5 p(u) du} [s>0]

0

with p a completely monotone function on (0, 00).
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It is now easy to prove the following representation result, which will be
considered as a canonical representation. Here, as defined in Section A.3,
a function K : R — R is said to be an LSt-able function if K is right-con-
tinuous and nondecreasing with K (z) = 0 for < 0 and such that its LSt K
is finite on (0, 00).

Theorem 4.3 (Canonical representation). A function = on R, is the

pLSt of an infinitely divisible distribution on Ry iff m has the form
1
(4.4) 7(s) = exp [—/ (1—e%%)= dK(x)} [s>0]
Ry T

with K an LSt-able function; the integrand for x = 0 is defined by conti-

nuity. Here the function K is unique, and necessarily

(4.5) /(1 ) %dK(x) < 00.

PROOF. Let 7 be an infinitely divisible pLLSt. Then by Theorem 4.2 7 has
the form (4.3) with p completely monotone. From Bernstein’s theorem,
i.e., Theorem A.3.6, it follows that there exists an LSt-able function K
such that p = K. Now, observe that by Fubini’s theorem

(4.6) /osf?(u)du:/]R (1—e_sw)%dK(x) [s>0],

so (4.3) takes the form (4.4). Since on (1,00) the function z — 1 —e™% is
bounded below by a positive constant, we also have condition (4.5) satis-
fied. The function K is unique because p is uniquely determined by 7.

Suppose, conversely, that 7 has the form (4.4) with K an LSt-able func-
tion. Then by (4.6) 7 can be written as in (4.3) with p = K completely
monotone. Applying Theorem 4.2 shows that 7 is an infinitely divisible
pLSt. N

There is an alternative (more classical) way to obtain this canonical repre-
sentation: Start from the fact that an infinitely divisible pLSt 7 is the limit
of compound-Poisson pLSt’s as in (3.5), and proceed as indicated around
(I.4.2); then one can show that 7 has the form (4.4) with K given by

(4.7) K(z) = lim n/[ ]de*(l/")(y)
0,z

n—oo
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for continuity points z of K, where F is the distribution function with
F = . We further note that Theorem 4.3 guarantees that any LSt-able
function K satisfying (4.5) gives rise, via (4.4), to an infinitely divisible
pLSt . On the other hand, if a function 7 has the form (4.4) with K
of bounded variation but not monotone, then 7 is not an infinitely divis-
ible pLSt, because its p-function, which is K , is not completely monotone.
Here we used the fact that two different functions of bounded variation,
both vanishing on (—o00,0) and right-continuous, cannot have the same

LSt. For a concrete example we refer to Section 11.

The function K in Theorem 4.3 will be called the canonical function
of m, and of the corresponding distribution function F' and of a correspond-
ing random variable X. Often, it is most easily determined by noting that

its LSt equals the p-function of :
(4.8) K =p.

Before giving three simple but basic examples, we prove some useful rela-
tions between (characteristics of) an infinitely divisible distribution and its

canonical function. Note that (4.4) can be rewritten as

(4.9) m(s) = e KO exp [7/

1
(1—e™*")—dK(x) [s>0].
(0,00) z
Proposition 4.4. Let X be an infinitely divisible R -valued random vari-
able with left extremity {x and canonical function K. Then {x = K(0),
and
1
(4.10) P(X =/(x)=e¢" where \:= / —dK(z) (<o0).
(0,00) ¥
So P(X =/{x) >0 iff A < oo, in which case X — {x (if non-degenerate) is
compound-Poisson; its pLSt has the form (3.3) where G is the distribution
function with G(0) = 0 and

(4.11) G(z) = 1 1 dK (y) [z>0].

AJoa ¥
ProOF. We use several properties of LSt’s of LSt-able functions; they can
be found in Section A.3. Let p be the p-function of the pLLSt 7 of X. Then
by Proposition A.3.3 {x is given by lims_,o p(s). Since in our case p = K,
it follows that £x = K(0). The equality in (4.10) is now proved by using
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(4.9), the monotone convergence theorem and the fact that P(X = £x) can
be obtained as lim,_ .o, 7(s) e**. The final assertion follows by rewriting
(4.9); see also Theorem 3.2. m

Proposition 4.5. Let F' be an infinitely divisible distribution function
on Ry with canonical function K. Then:

(i) Fort > 0 the canonical function K; of F*' is given by K; =t K.

(ii) If Fy and Fy are infinitely divisible distribution functions on Ry with
canonical functions K; and Ko, respectively, then F = Iy x Fy iff
K=K, + K.

PROOF. Both statements immediately follow from representation (4.4) and

the fact that the canonical function is unique. m

Proposition 4.6. Let F, I, F», ... be infinitely divisible distribution func-
tions on Ry with canonical functions K, K1, K, .. ., respectively. Then (as
n — 00):

(i) If F,, — F weakly, then K,, — K at all continuity points of K, and
there exists a nonnegative function o on (0, 00) such that K,, < o for
every n.

(ii) If K,, — K at all continuity points of K, and there exists a nonneg-
ative function o on (0,00) with [; o(u)du < oo for s >0 such that
K, <o for every n, then F,, — F weakly.

PROOF. We use the continuity theorem and an extended version of it, as
stated in Theorems A.3.1 and A.3.5, and put F= DT, Fn =Ty, K= 1P
and Kn =: p,. First, let F,, —» F weakly. Then 7, — 7 and #/, — 7', so
by (4.8) we have

pn(s): 7Tn(8) - WZP(S) [8>0]7

which implies the conclusion in (i) for K, and K. Conversely, if we start
from such functions K, and K, where now, in addition, the bound o is
integrable over (0, s] for s > 0, then p,, — p and we can use the dominated

convergence theorem, together with (4.3), to conclude that for s > 0

mn(s) = exp [f /OS on (1) du} — exp {f /03 p(u) du] = 7(s),

so F,, — F weakly. D
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The need for the integrability condition on the bound o in (ii) is shown e.g.
by the special case where K,, = eV" Lin,00)-

Example 4.7. The degenerate (A) distribution of Example 2.5 with pLSt 7
given by

has canonical function K = A1, ; just use (4.9). m

Example 4.8. The gamma (r, A) distribution of Example 2.6 with pLSt 7
given by

m(s) = (Ais)r’

has a canonical function K that is absolutely continuous with density &

given by
k(z) =re [z >0].

This follows from (4.8); the p-function of 7 is p(s) =r /(A + s). m

Example 4.9. For A > 0, v > 0, let 7 be the function on (0, 00) given by
m(s) =exp[-As" | [s>0].

In case v > 1 this function is not a pLSt; it is not log-convex. For v =1
we get Example 4.7. So, let v < 1. Then we apply Theorem 4.1 and
compute the p-function of m: p(s) = Ays?~! for s > 0, so p is completely
monotone. We conclude that 7 is an infinitely divisible pLSt with (com-
pletely monotone) canonical density k given by
Ay

I'(1-79)
see (4.8). For A >0 and v <1 the pLSt 7, and the corresponding dis-
tribution, will be called stable (\) with exponent ~y; this terminology is

k(x) = x 7 [z>0];

justified by the results in Section V.3 where the stable distributions on R
are studied separately. m

We make another use of the criterion of Theorem 4.1; it yields the

following useful characterization of infinite divisibility on R} by means of

a functional equation for the distribution function.
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Theorem 4.10. A distribution function F' on Ry is infinitely divisible iff
it satisfies

(4.12) / wdF(u) = / Flo—u) dK(W)  [z>0]
[0,z] [0,z]
for some LSt-able function K. In this case K is the canonical function of F'.

PrOOF. Apply Theorem 4.1. First, suppose that F' is infinitely divisible.
Then the p-function of Fis completely monotone; by (4.8) it is the LSt of
the canonical function K of F. It follows that F' satisfies

(4.13)  —F'(s)=F(s)K(s) [s>0];
Laplace inversion now yields the functional equation (4.12). The converse
is proved similarly; if F' satisfies (4.12), then we have (4.13), and hence the

p-function of F equals K , which is completely monotone. D

The functional equation in this theorem can be used to get information
on Lebesgque properties of an infinitely divisible distribution function F'; we
will give necessary and/or sufficient conditions in terms of the canonical
function K for F or F'— F(0) to be discrete or continuous or absolutely
continuous. Here we use, without further comment, some properties from
Section A.2, and we take £z = 0, which is no essential restriction. Then,
by Proposition 4.4, K (0) = 0, so K is continuous at 0. If K is continuous
everywhere, then so is the convolution F' x K, and hence, by the functional
equation (4.12), F— F(0) is continuous. In case F'(0) > 0 the converse also
holds. This can be seen by writing

(4.14)  FxK = (F—F(0)) K + F(0) K;

if F—F(0) is continuous, then so are (F—F(0)) K and, by (4.12), F x K,
which because of (4.14) implies the continuity of K, as F(0) #0. In
a similar way one shows that if K is absolutely continuous, then so is
F— F(0), and that in case F(0) > 0 the converse holds. When F'(0) > 0,
one can also obtain these results by using Proposition 4.4: Then we have
A= f(oyoo)(l/a:) dK(x) < oo and for Borel sets B

(4.15) mF(B):Z(%e*A)mGM(B) [BC(0,0)],
n=1 ’
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where G is the distribution function given by (4.11); now apply (4.15) twice,
with B = {b} and with B having Lebesgue measure zero: m(B) = 0. By
this approach it also follows that if F/(0) > 0 and K is not continuous, then
the set of discontinuity points of F' is unbounded; cf. the remark following
Proposition 1.2.2. In a similar way part (iii) of the following summarizing

proposition is obtained.

Proposition 4.11. Let F' be an infinitely divisible distribution function
with {r = 0 and with canonical function K, and let F(0) > 0 or, equiva-
lently, let K satisfy f(o ooy (1/2) dK(2) < 00. Then:

(i) F — F(0) is continuous iff K is continuous.
(ii) F — F(0) is absolutely continuous iff K is absolutely continuous.

(iii) F is discrete iff K is discrete.

Part (iii) of this proposition leads to the following characterization of the
infinitely divisible distributions on Z, which are considered separately in
Chapter IT; it follows by comparing the canonical representations (I1.4.3)
and (4.4).

Proposition 4.12. Let F' be an infinitely divisible distribution function
on Ry with canonical function K. Then F corresponds to an infinitely
divisible distribution (p;);ecz, on Z, (with pg > 0) iff K is discrete with
discontinuities restricted to N and f(o m)(l/x) dK (z) < co. In this case the
canonical sequence (r;);ecz, of (p;) and the canonical function K of F' are

related by

(416) 1 =K@G+1) - K@), K@) => rlji10)().
j=0

When F(0) = 0 or, equivalently, f(O,oo)(]'/x) dK(x) = oo, the situation
is much more complicated. As we saw above, the continuity of K then is
sufficient for the continuity of F'; similarly for absolute continuity. Applying
these results for the continuous and absolutely continuous components of K
and using Proposition 4.5 (ii), we get the following sufficient conditions for

continuity and absolute continuity of F'.

Proposition 4.13. Let F' be an infinitely divisible distribution function

with £ = 0 and with canonical function K. Then:
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(i) F is continuous if the continuous component K. of K has the property
that f(O,oo)(l/x) dKc(z) = oo.
(ii) F is absolutely continuous if the absolutely continuous component Ky

of K has the property that f(o 0oy (1/@) dKac(x) = oo.

Part (i) of this proposition can be improved, however, considerably, as
follows.

Theorem 4.14. Let F be an infinitely divisible distribution function with
{r = 0 and with canonical function K. Then F is continuous iff it is con-
tinuous at zero, so iff f(o o) (1/7) dK (2) = o0.

Clearly, for proving this theorem it is sufficient to show that an infinitely
divisible distribution function F' with £ = 0 satisfies
(4.17) F not continuous = F(0) >0, i.e., /(0 : %dK(I) < 0.
Unfortunately, attempts to apply the functional equation (4.12) for this
only led to partial results. For instance, if Dg is the set of discontinuity
points of F', then
(4.18) roeDp withzg >0 = Jz1€Dp: 21 < 20.
In fact, if o € Dp with zg > 0, then by (4.12) (note that K (0) = 0)
mrex ({zo}) = Z mp ({z}) mx ({zo — x}) > 0.
z€DpN[0,20)
It follows that in proving (4.17) we may restrict ourselves to discrete dis-
tribution functions F'. To see this, let F' be infinitely divisible with {p =0
and Dp # @, and apply (4.17) to Fy(-+ zg), where Fy is the discrete
component of F and x¢ := {F,; note that Fy is infinitely divisible, too,
because of Proposition 1.2.2. Then Fy(zg) > 0, so xg € Dr. Now, because
of (4.18), assuming xg > 0 would contradict the definition of z¢; so xg = 0,
and hence F(0) > 0. Not able to prove (4.17) (for discrete F') using R;-
methods, we appeal to its R-counterpart to be given in Theorem IV.4.20
(which indeed is not based on Theorem 4.14): The Lévy function M of an
infinitely divisible distribution function F' that is not continuous, satisfies
M(0+4) > —oo. Implication (4.17) then follows because the integral there
equals —M(0+) if r > 0; cf. Corollary IV.4.14. Now Theorem 4.14 is
proved. Combining it with Theorem 3.2 yields the following generalization
of the latter result.
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Theorem 4.15. Let F be an infinitely divisible distribution function with
{p = 0. Then F has at least one discontinuity point iff F' is compound-
Poisson.

Turning to part (ii) of Proposition 4.13 we consider the special case

where K itself is absolutely continuous, in more detail.

Proposition 4.16. Let F' be an infinitely divisible distribution function
on R, and suppose that its canonical function K is absolutely continuous
with density k satisfying [, (1/x) k(z) dz = co. Then F is absolutely con-

tinuous and has a unique density f for which
xr

(4.19) z f(x) = flx—u)k(u) du [z >0].

0
PROOF. Note that ¢ =0 because K(0) = 0; the condition on k yields
F(0) = 0. As K is absolutely continuous with density k, F x K (= K x F)

is absolutely continuous with density h := k x F', i.e.,
h(x):/ k(z —u)dF(u) [z>0];
[0,2)

see Section A.2; also for the convolutions * and x.  Now, according to
Theorem 4.10 we have F x K = G, where G(z f[o udF (u) for z > 0.
It follows that G is absolutely continuous Wlth denslty h, and hence as
F(0) = 0, F is absolutely continuous with density f given by f(x (z)/x
for x > 0. Clearly, h can now be rewritten as h =k * f = f k, this ylelds
the functional equation (4.19) for f. |

There seems to be no simple necessary and sufficient condition on K for F
to be absolutely continuous. In case of absolute continuity, however, infin-
ite divisibility can be characterized by means of a functional equation for a
density similar to (4.19), as follows; ‘almost all’ is, of course, with respect

to Lebesgue measure m.

Theorem 4.17. Let F' be an absolutely continuous distribution function
on R, with density f. Then F is infinitely divisible iff f satisfies
(4.20) x f(x) = flz —u)dK (u) [almost all z > 0]

[0,z)
for some LSt-able function K. In this case K is the canonical function of F';
if f can be chosen to be continuous on R (so f(0+) = 0 also when {r = 0),
then the equality in (4.20) holds for all z > 0.

Copyright 2004 by Marcel Dekker, Inc. All Rights Reserved.



PROOF. Let F' be infinitely divisible with canonical function K, and let G
be as in the proof of the preceding proposition. Then G is absolutely
continuous; as is well known (m is o-finite), its densities are equal m-
almost-everywhere (m-a.e.). One density is given by g with g(z) = z f(x)
for £ > 0. Since by Theorem 4.10 we have G = F x K, another is given by
h:=fxK,ie.,

h(z) = [ )f(x—u)dK(u) [z>0].
0,z
It follows that ¢ = h m-a.e., i.e., (4.20) holds. The converse is trivial; if
g =h m-a.e., then G = F x K, so F is infinitely divisible.
Finally, let F' be infinitely divisible having a density f that is continuous
on R. Then f is bounded on every finite interval, so the dominated con-
vergence theorem can be applied to conclude that h is continuous on R.
Since g is also continuous and by (4.20) g = h m-a.e., it follows that g = h

everywhere. N

Before using the criterion of Theorem 4.1 for obtaining closure prop-
erties, in the next section we briefly consider the subclass of compound-
exponential distributions, and show that analogues can be given of several

results from the present section.

5. Compound-exponential distributions

The compound-exponential distributions, introduced in Section 3, are
particularly interesting. They occur quite frequently in practice, e.g., in
queueing situations (cf. Chapter VII), and they contain the distributions
with completely monotone or log-convex densities, the infinite divisibility
of which will be proved in Section 10. In the present section we focus on
another interesting aspect; the class of compound-exponential distributions
turns out to have many properties very similar to the class of all infinitely
divisible distributions.

To show this we recall that a compound-exponential pLSt 7 is deter-
mined by (and determines) an infinitely divisible pLSt 7o, the underlying
pLSt of 7, as follows:

1

61 ) = e

so mo(s) =exp [1—1/7(s)].
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Now observe that the p-function of 7, i.e., the function py = —(log m)’,

can be expressed in terms of 7 as follows:

d 1 !
= — = — 77(5)2 [S>O]
ds m(s) {ﬂ'(s)}

This function will be called the pg-function of 7, also for functions 7 that

(52) po(s)

are not yet known to be pLSt’s (but are such that (5.2) makes sense). The
following analogue to Theorem 4.1 is easily proved by applying this theorem
to mp in (5.1).

Theorem 5.1. Let m be a positive, differentiable function on (0, c0) with
7(04) = 1. Then 7 is the pLSt of a compound-exponential distribution

on R iff its pg-function is completely monotone.

Let @ be a compound-exponential pLSt with corresponding distribution
function F' and canonical function K. Let Fy and Kg be the analogous
quantities for the underlying infinitely divisible pLSt mp in (5.1). From
(5.2) it is seen that the p- and pg-function of 7 are related by

(5.3) p(s) =m(s)po(s)  [s>0].

Now use the fact that the left extremity ¢z of F' can be obtained as {p =
lims_, o0 p(s), and similarly for ¢p,; cf. Proposition A.3.3. Then one sees
that £p = F(0){g,, so {p =0 also when F'(0) = 0. Moreover, combining
(5.3) with (4.8) shows that

(5.4) K =F*Ky;

since by Proposition 1.2.3 F has unbounded support, it follows that the
same holds for K. We summarize.

Proposition 5.2. Let F' be a compound-exponential distribution function
on R, with canonical function K. Then F has zero left extremity {p (and
hence K(0) = 0), and K has unbounded support.

An analogue to Theorem 4.10 is obtained, as in the proof of this theo-

rem, by rewriting (5.2) as

(5.5) —7'(s) = {m(s)} 2 po(s)  [s>0],

and using Theorem 5.1 and Bernstein’s theorem. The resulting functional

equation will be used and interpreted in Section VII.5 on renewal processes.
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Theorem 5.3. A distribution function F' on R is compound-exponential
iff it satisfies

(5.6) /[O ]udF(u):/[o P o) (220

for some LSt-able function K. In this case the LSt of Ky equals the pg-
function of F , and necessarily

1
(5.7) / L 4Ky () < 0.
(1,00) T

The degenerate distribution of Example 2.5 is not compound-exponen-
tial because of Proposition 5.2. The gamma distribution of Example 2.6
turns out not to be compound-exponential for all values of the shape pa-
rameter.

Example 5.4. The gamma (r, \) distribution with pLSt 7 given by

0= (525).

A+ s

is compound-exponential iff » < 1. This follows from Theorem 5.1; the
po-function of 7 is given by po(s) = rA~" (A + s)" 1, which is completely
monotone iff » < 1. In case r < 1 the canonical function K of the under-
lying infinitely divisible distribution, which satisfies [A(o = po, is absolutely

continuous with density kg given by

ko(x)zrzaf\_;)x_re_m [z>0].

In the exponential case where 7 = 1, we have Ko = (1/\) 1g, . M

Next we consider the subclass of compound-exponential distributions
on R, with positive mass at zero; according to Theorem 3.7 they correspond
to the compound-geometric distributions on R;. Their pLSt’s m can be
characterized by the complete monotonicity of a function that is somewhat
simpler than the pg-function of 7; cf. Theorem 5.1. This is due to the
fact that now m(00) := lims_,o m(s) > 0; the complete monotonicity of pg
is equivalent to that of the function s — 1/m(c0) — 1/7(s), so to that of
the o-function of w, which is defined by

7(00)

(5.8) o(s):=1-— )

[s>0].
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We may start here from any function 7 on (0,00) for which (5.8) makes
sense. Thus we arrive at the following criterion; it may also be derived

directly from representation (3.6) for a compound-geometric pLSt 7.

Theorem 5.5. Let 7 be a positive function on (0, 00) with 7(0+) = 1 and
such that mw(co) := lims_,o 7(s) exists in (0,00). Then 7 is the pLSt of
a compound-geometric distribution on R, iff its o-function is completely
monotone.

The relation between a pLSt 7 and its o-function can be rewritten as
(5.9) m(s) —m(o0) = 7(s) o(s) [s>0].

Laplace-inversion, together with Bernstein’s theorem and Theorem 5.5,
now yields the following characterization of the compound-geometric dis-
tributions on R4 by means of a functional equation for the distribution

function.

Theorem 5.6. A distribution function F' on R, is compound-geometric
iff it satisfies F'(0) > 0 and
(5.10)  F(z)— F(0) = / Flz—wdL(u) [&>0]

[0,2]
for some LSt-able function L. In this case the LSt of L equals the o-function
of F, and necessarily L(0) = 0 and

(5.11) lim L(z) =1— F(0), and hence lim L(z) < 1.

Note that the condition F'(0) > 0 in this theorem is essential; equation
(5.10) with F'(0) = 0 has only trivial solutions, whereas its analogue (4.12)
characterizes all infinitely divisible distributions on R, not only the com-

pound-Poisson distributions.

Finally we state one instance of a Lebesgue property. Because of Propo-
sition 5.2 we can apply Theorem 4.14 to conclude that a compound-expon-
ential distribution function F' on R, is continuous iff it is continuous at
zero. Combining this with Theorem 3.7 yields the following generalization
of the latter result; cf. Theorem 4.15.

Theorem 5.7. Let F' be a compound-exponential distribution function
on R;. Then F has at least one discontinuity point iff F' is compound-

geometric.
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6. Closure properties

In Propositions 2.1 and 2.2 we saw that the class of infinitely divisible
pLSt’s is closed under pointwise products and limits, provided these limits
are pLSt’s. Corollary 2.4 states that if 7 is an infinitely divisible pLSt, then
so is m® for all @ > 0. In the following proposition this property is restated

together with similar properties.

Proposition 6.1. Let m be an infinitely divisible pLSt and let a > 0.
Then m, is an infinitely divisible pLSt as well, where m, is any of the
following functions:

(i) ma(s) = {W(s)}a;

(il) ma(s) = m(as);
(iii) ma(s) = m(a+ s)/m(a);
(iv) ma(s) = 7(a)7(s)/m(a+ s).

PROOF. Apply Theorem 4.1 twice in each of the four cases; note that we

do not know in advance that the functions 7, in (i) and (iv) are pLSt’s.

The p-function p, of 7, can be expressed in that of 7 by

pa(S) = ap(s), ap(as), p(a+5)a p(s) 7p(a+5)7

respectively. Now, use some elementary properties of completely monotone

functions as listed in Proposition A.3.7. D

The pLSt’s in (i), (ii) and (iii) can be interpreted in terms of random
variables. Let X be a random variable with (infinitely divisible) pLSt .
Then 7, in (i) is the pLSt of X (a), where X (-) is the continuous-time sii-
process generated by X. The function in (ii) is, of course, the pLSt of the
multiple aX of X. We note in passing that the more general multiple AX,
where A is independent of X with IP(A =a) =1—-1P(A =0) = « for some
ae[0,1], need not be infinitely divisible; take X degenerate, for instance.
For a more interesting counter-example we refer to Section 11. Thus we
have for awe (0, 1):

(6.1) 7 infinitely divisible == 1 — « + a7 infinitely divisible.

In particular, it follows that the class of infinitely divisible distributions is

not closed under mixing; see, however, Proposition 10.9 and Chapter VI.
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Turning to 7, in (iii), we take independent sequences (X, )nen and (Y5, )nen
of independent random variables such that X, 4 X and Y, LY for all n,
where Y is independent of X and exponentially distributed with parameter
A =a. Define N :=inf {neN: X, < Y,}; then N is finite a.s. and for Xy
we have Xy < (XX <Y). Since

]Ee_sxl{x<y} _ / e P PP(Y > z)dFx(z) = n(a + s),

Ry
and hence P(X <Y) = m(a), we conclude that the random variable Xy
has pLSt 7, as given by (iii). Note that in terms of distribution functions
the closure property (iii) reads as follows: If F is an infinitely divisible
distribution function on R4, then so is Fy, for every a > 0, where
1
7(a)

There does not seem to exist an obvious interpretation of the pLSt =,

6.2)  Fulx) = /[O”]e_“de(y) [z >0].

in part (iv) of Proposition 6.1. We note that 7, is not necessarily a pLSt
if 7 is not infinitely divisible. The infinite divisibility of 7, turns out to be

not only necessary for the infinite divisibility of 7w but also sufficient.

Proposition 6.2. Let a > 0, let m be a pLSt, and define

Ta(8) := L(a) 7r(s)
m(a+s)
Then 7 is infinitely divisible iff w, is the pLSt of an infinitely divisible

distribution.

PRrROOF. Again, we use Theorem 4.1. As noted in the proof of Proposi-

tion 6.1, the p-functions of 7 and 7, are related by

(6:3)  pals) = p(s) = pla+ 3).

Hence, if p is completely monotone, then so is p,. To prove the converse
statement, we solve (6.3) for p, and find

p(s) = palka+s)+lp,
k=0

where we used the fact that lims_, o p(s) = £ if F is the distribution func-
tion corresponding to 7; cf. Proposition A.3.3. It follows that p is com-

pletely monotone if p, is completely monotone. m
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In the characterization of infinite divisibility just proved the condition
that m, is an infinitely divisible pLSt for a fixed a > 0, may be replaced by
the condition that 7, is just a pLSt for alla > 0, or for all a € (0, ¢) for some
e > 0. We formulate this result as a ‘self-decomposability’ characterization
of infinite divisibility; cf. Chapter V.

Theorem 6.3. A pLSt 7 is infinitely divisible iff for all a > 0 there exists
a pLSt 7, such that

w(a+ s)
6.4 =——- .
64) () = T s
PROOF. Suppose that for all a > 0 the pLSt 7 can be factorized in two
pLSt’s as in (6.4). Then for all @ > 0 the function s — 7(s)/n(a+ s) is
completely monotone, and hence so is the function p, defined by

pa(s) = 1 {77(3)) - 1}.

a lw(a+s

Now let a | 0; since then p,(s / 7(s), it follows that the p-function
of m is completely monotone. Hence mis mﬁmtely divisible by Theorem 4.1.
The converse statement immediately follows from Proposition 6.1 (iv) or
Proposition 6.2. m

Note that for an infinitely divisible pLSt 7 both factors in (6.4) are infin-
itely divisible, while the second factor is even compound-Poisson because
Ta(s) — m(a)e™F >0 as s — oo; see Proposition A.3.3 for the formula

for /r that we used here.

The result of Proposition 3.5 can also be viewed as a closure property:
If 7 and my are pLSt’s, then

(6.5) 7, mo infinitely divisible = 7 o (—logmg) infinitely divisible.

For instance, taking here 7 exponential shows that if my is an infinitely
divisible pLSt, then so is 7 with 7(s) = 1/(1 —log mo(s )), 7 is compound-
exponential. On the other hand, takmg for my a stable pLSt as considered

in Example 4.9, we obtain the following useful special case.

Proposition 6.4. If 7 is an infinitely divisible pLSt, then so is s +— 7(s7)
for every v (0,1].

Copyright 2004 by Marcel Dekker, Inc. All Rights Reserved.



The closure property of Proposition 6.1 (iii) holds for general a ¢ R when
adapted as follows: If 7 is a pLSt with 7(a) < oo, then

(6.6) 7 infinitely divisible = 7(a 4 +)/7(a) infinitely divisible;

the same proof can be used, but one can also use Proposition 2.3, as was
done for deriving (2.5). Now, combining the closure properties (6.5) and

(6.6) yields the following generalization.

Proposition 6.5. Let m and my be pLSt’s, and let a€R be such that
m(a) < oo. Then the following implication holds:

7o (a—logmp)

m(a)

(6.7) w, mo infinitely divisible =—> infinitely divisible.
For a pLSt 7 one might consider more general compositions 7 o ¢ with o
such that this composition is completely monotone. For this to be the case
we only have the sufficient condition that ¢’ is completely monotone (cf.
Proposition A.3.7 (Vi)); as in the proof of Theorem 4.3 one shows, however,
that o then necessarily has the form a — log my with a € R and 7y an infin-
itely divisible pLSt.

7. Moments

Let X be an infinitely divisible R;-valued random variable with dis-
tribution function F. We are interested in the moments of X of any non-

negative order; for r > 0 let
. ::]EXT:/ z" dF(x) [< o]
Ry

We will relate the p, to moments of the canonical function K of X. To

this end we use the functional equation of Theorem 4.10:
(7.1) / udF(u):/ F(z —u)dK(u) [z > 0],
[0,] [0,z]

and recall that K is an LSt-able function satisfying f(l 00) (1/x)dK(x) < oo.
A first result is obtained by letting £ — oo in (7.1) or, equivalently, s | 0
in (4.13); then one sees that the expectation of X itself is given by

(7.2) EX = lim K(x).

Tr—00
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Another use of (7.1) shows that for a > 0 the moment of order r = o + 1
can be obtained as pla41 = [ 2® d(F * K)(z), and hence, by (A.2.3),

(7.3) Pot1 = /]R2 (u+v)*dF (u)dK (v).

+

The moment of K of order o > 0 is denoted by v, so
Vo ::/ ¥ dK (z) [< 0]
Ry

We first take @ = neZ in (7.3). Then using the binomial formula for
(u 4 v)™ one sees that the moment sequences (fin)nez, and (v,)nez, are
related by

(7.4) un+1=fj(’7)ujunj [neZy]

=0 M
Since these relations have exactly the same structure as those in (A.2.20)

for (fin)nez, and the sequence (kn)nen of cumulants of F, one is led to the

following result.

Theorem 7.1. Let F' be an infinitely divisible distribution function on R4
with canonical function K, and let neZ, . Then the (n+ 1)-st order mo-

ment fi,1 of F is finite iff the n-th order moment v,, of K is finite:
(7.5) Pnt1 < 00 = vy < 00.
In this case the (n + 1)-st order cumulant k,11 of F equals vy:

(7.6) Knt1 = Vn.

Corollary 7.2. The cumulants of an infinitely divisible distribution on R

(as far as they exist) are nonnegative.

Next we use the basic formula (7.3) for general o > 0 and show that

the equivalence in (7.5) can be generalized as follows.

Theorem 7.3. Let F' be an infinitely divisible distribution function on R
with canonical function K, and let « > 0. Then the (« + 1)-st order mo-

ment pig41 of F is finite iff the a-th order moment v,, of K is finite:

(7.7) fatl < 0O = V4 < 0.
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PROOF. When a = 0, by (7.2) or (7.3) we have 1 = vp, so let « > 0 and
apply (7.3). Since v* < (u+v)® < 2% (u® +v®) for all (u,v) e RZ, it is
then seen that

(78) Vo § Ha+1 S 2¢ (,U/oc vy + Va)~

The implication to the right in (7.7) now immediately follows. To prove
the converse, suppose that v, < 0o, and let || =n (€Z4). Then v, < oo
and hence, because of (7.5), tn+1 < co. But then we also have p, < 0o,
and so by (7.8) fa+1 < 00. mn

If we let ae(—1,0) in Theorem 7.3, then we have to adapt the result
somewhat. For such an o we set

ya;:/ 2 dK(2), v ;:/ 2 dK(z) [both < ool,
(0,00) (1,00)

and note that v, and v/, are simultaneously finite in case IP(X = fx) > 0,
since then f(o,1)(1/x) dK(z) < oo; see Proposition 4.4. Further, we need
the following generalization of (7.3), which is proved in a similar way: For
a>—-landec>0

(79) EX™ 1, = / (1 + 0)® dF (u) dK (v).
{(u,v)eR? : utv>c}

Theorem 7.4. Let F' be an infinitely divisible distribution function on R
with canonical function K, and let ae (—1,0). Then the (a + 1)-st order
moment 1,41 of F is finite iff the a-th order moment v/, of K, as defined
above, is finite:

(7.10) Patl <00 & V., < oo.

ProOOF. First, apply (7.9) with ¢ = 0, and let b > 0 be such that F'(b) > 0.
Since (u 4 v)* > (b+v)* for all (u,v)€[0,b] x (0,00), it is then seen that

g1 > F(b) /( (0 AK )

The implication to the right in (7.10) now immediately follows. Next, apply
(7.9) with ¢ = 2, and observe that

{(u,v) eRE tu+v>2} C ((1,00) x [0,1]) U (Ry x (1,00));
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since we have (u+v)® <1 for all (u,v)e(1,00) x [0,1] and (u+v)* < v®
for all (u,v) e R4 x (1,00), it follows that

fas1 SEX T Lixeoy + {1 - F(1)} K(1) + v/,

Clearly, this estimation proves the reverse implication in (7.10). D

As is well known, the (o + 1)-st order moment p,41 of a distribution
function F on R is finite iff the a-th order moment of the function with F'
as a density is finite, where F := 1 — F is the tail function corresponding
to F. Hence for an infinitely divisible F' Theorems 7.3 and 7.4 give infor-
mation on the asymptotic behaviour of F(z) as # — oo. In Section 9 we
will return to this and give more detailed results. But first, in the next

section, we pay attention to the support of F.

8. Support

Let F' be a distribution function on Ry. As agreed in Section A.2, by
the support S(F') of F' we understand the set of points of increase of F;
equivalently, S(F') is the smallest closed subset S of Ry with mp(S) = 1.
According to (A.3.1) the support of the convolution of two distribution

functions on Ry is equal to the (direct) sum of the supports:
(8.1) S(F+G)=8(F)aS(G).

For functions on R4 more general than distribution functions, such as LSt-
able functions, the support is defined similarly and (8.1) still holds.

Let F' be infinitely divisible with n-th order factor F;,, say, so F' = F\".
Then from (8.1) it follows that

(8.2) S(F) = S(F,)®" [neN].

Also, if F' is non-degenerate, then by Proposition 1.2.3 S(F') is unbounded.
We can say more, and first consider the case where F'(0) > 0. Then by

Theorem 3.2 F is compound-Poisson and can be represented as in (4.15):

(83)  F(z)=e+ Z(% e*A) G*™(z) [z >0],
n=1 ’
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where A > 0 and G is a distribution function with G(0) = 0. From this it
is immediately seen that

S(F) > {oru | s
n=1

we need not have equality here, but we have, if we replace the union over n
in the right-hand side by its closure. This is easily verified by showing that a
non-zero element outside the closure cannot belong to S(F); cf. the second
part of the proof of Proposition A.2.1. Since for ¢ > 0 the convolution
power F*t of F satisfies (8.3) with A replaced by Mt, it follows that its
support S(F**) does not depend on t, and hence, by (8.2), the support
S(F) of F is closed under addition. This can also be seen by applying
(8.1): S(G*™) = S(G)®™ for all n, and hence | J;—; S(G*™) is equal to the
additive semigroup generated by S(G); notation: sg {S(G)} Here we can
replace G' by the canonical function K of F’; since G and K are related as
in (4.11), we have S(G) = S(K). We conclude that

(84)  S(F)={0}Usg{S(K)}.

This relation implies that S(F') is a proper subset of R, as soon as K has
a positive left extremity. If £x = 0, however, then S(F) = R4 ; this is an
immediate consequence of the following lemma (and the fact that K(0) =0
if F(0) > 0).

Lemma 8.1. Let K be a nonnegative nondecreasing function on R with
K(0) =0 and ¢k = 0. Then the support S(K) of K satisfies

sg{S(K)} =Ry.

PROOF. Put S :=sg{S(K)}, and suppose that R\ S # @. Then there
exist ¢ > 0 and g9 > 0 such that (¢ — gg,c+¢¢) N S = @. On the other
hand, since K(0) = 0 and ¢k = inf S(K) = 0, there is a sequence (a,)nen
in S(K) satisfying 0 < a,, | 0 as n — co. Hence we can take ng such that
an, < 2g9. This implies, however, that man,, € (¢ — €9,¢ + €g) for some

m e N, whereas ma,, € S: a contradiction. m
This lemma also enables us to easily deal with the case of an infin-

itely divisible F' without mass at zero. Supposing, as usual, that {p = 0
(and hence K(0) = O), we will show that also in this case the support of F’
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is all of Ry. In doing so we start from the functional equation given by
Theorem 4.10:

(8.5) /[O WAF) = (FrK)@) (220

where K is the canonical function of F. Since F(0) =0, this equation
implies that S(F) = S(F x K), so by (8.1) we have S(F) = S(F) @ S(K).
By iteration it follows that

S(F) = S(F) @ | S(K)*" = S(F) @ sg {S(K)},
n=1
and hence, as 0e S(F) and S(F) is closed, sg {S(K)} C S(F). Since by
Proposition 4.4 F(0) = 0 implies that fol(l/sc) dK (z) = oo, we have {5 = 0;
an application of Lemma 8.1 now shows that S(F)=R,. We summa-
rize; the first statement in the corollary also follows by applying Proposi-
tion 4.5 (i).

Theorem 8.2. Let F' be an infinitely divisible distribution function on R4
with {r = 0 and with canonical function K. Then the support of F' is equal
to the closure of the additive semigroup generated by the support of K
supplemented with 0:

S(F) ={0}U sg{S(K)}.
Moreover, S(F) = Ry iff (i = 0, which is the case if F(0) = 0.
Corollary 8.3. Let F' be an infinitely divisible distribution function on R

with £p = 0. Then S(F**) = S(F) for all t > 0, and S(F) is closed under
addition.

From Theorem 8.2 it follows that an infinitely divisible distribution
function F' with ¢p = 0 has an interval of constancy only when fx > 0
(and hence F(0) > 0); in this case F(z) = F(0) for all z€[0,/x) and F
may be constant on several other intervals. This is, of course, illustrated
by the special case of distributions on Z,. For (arbitrary) distributions
P = (Pr)rez, on Zy the support of p reduces to

S(p) = {keZy :pr >0},

so the support of p and the set of zeroes of p are complementary sets

in Z. For densities f on R the situation is not that simple; a problem is
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that f is not uniquely defined. However, f can always be chosen such that
f(z) =0 for all z¢S(F); we then have

S(F)={z>0: f(z) > 0}.

Now, let F' be infinitely divisible with £ = 0 and with a density f that is
continuous on (0,00). Since by Theorem 8.2 S(F) =R, for no interval
(a,b) in Ry f vanishes on all of (a,b); nevertheless, it could have zeroes
in (0,00). It turns out, however, that this does not happen. To show this,
we use the functional equation of Theorem 4.17; there is a set C' C (0, 00)
with m((0,00) \ C') = 0 such that

(8.6) x f(x) = o )f(:v—u)dK(u) [zeC].

Theorem 8.4. Let F' be an infinitely divisible distribution function on R
with ¢y = 0 and with a density f that is continuous on (0,00). Then

f(z) >0 forallz>0.

ProOoOF. Take x; > 0 such that f(z1) > 0. We will show that f has no
zeroes in the interval (x1,00). The theorem will then be proved, because
by the assumption that /g = 0, we can choose x; arbitrarily small.
Suppose that f does have a zero in (z1,00); by the continuity (from the
right) of f there is a smallest one, say xy. Now use (8.6); then it is seen
that

xf(x)>/(_' '_l]f(x—u)dK(u) [zeC, x> x0].

Next let « | xo through C; as f is continuous on (0, 00) and hence bounded
on every finite closed interval in (0, 00), we can then apply the dominated
convergence theorem to conclude that
0 = 20 f(20) > / Fao — u) dK (u).
(0,20 —21]
Since f(x) > 0 for all x € [x1, o), it follows that K (z¢—x1) = 0 and hence
by (8.6) that f(x) = 0 for all © < xo — ;1. This contradicts our assumption
that ¢r = 0; we conclude that f(x) > 0 for all x > . M

From the proof it will be clear that this non-zero result also holds for
infinitely divisible densities f that are only right-continuous on (0, oc) and

bounded on every finite closed interval in (0, 00).
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9. Tail behaviour

For infinitely divisible densities f on Ry we cannot expect a simple
asymptotic behaviour, because f does not necessarily satisfy f(x) — 0 as
x — o0; see Section 11 for an example. Therefore, we will not consider
these local tail functions; we shall concentrate on the global tail function F

of an infinitely divisible random variable X with distribution function F"
F(z)=P(X >z)=1- F(z) [z>0].

We look at F in a rather crude way, and restrict ourselves to the asymptotic
behaviour of —log F(z) for & — oo; it will appear that it is determined by
the right extremity rx of the canonical function K of F'.

We first take a look at the tails of infinitely divisible distributions on R
with positive mass at zero; by Theorem 3.2 these are the compound-Poisson
distributions on R.. So, let X 4 Sn, where (Sy)nez, is an sii-process
generated by a positive random variable Y, say (so Si 4 Y), and N is
Poisson distributed and independent of (S,). Then the tail function F
of X can be written as

Z P(N P(S,>2z) [z>0]
Hence, on the one hand we have
(9.1) F(z) >P(N =1)P(Y > 1) [z>0];

this means that an infinitely divisible distribution can have an arbitrarily
thick tail. On the other hand, if a > 0 is such that P(Y > a) > 0, then

(92)  F(ka)>P(N =k) {P(Y >a)}"  [keN],
and hence, as by Lemma I1.9.1 —log P(N=Fk) ~ k logk as k — o0,

) —log F(ka)

limsup ————= < 1.

L T gk
Now, for z > 0 let k, €N be such that (k;—1)a < z < k,a, so we have
F(x) > F(kya). Then observing that (k, logk,)/(z logz) —1/a as x — oo
and letting a tend to the right extremity r¢g of the distribution function G

of Y, we conclude that

—log F 1
(9.3) lim sup og F(z) < =

Tr— 00 x 10g1‘ TG
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where 1/rg := 0 if r¢ = co. When r¢ is finite, F' can also be estimated
above. In fact, as S,, < nrg a.s., we then have for ke N

(9.4) F(krg) = Z P(N P(S, > krg) <TP(N > k),
n=k+1

and hence, as by Lemma I1.9.1 —log P(N> k) ~ k logk as k — o0,

.. —logF(krg)
=2 ~ 7>
R R gk

Now, similarly to the way (9.3) is obtained, this inequality implies that

—log F(x) 1

(9.5) lim inf > —

z—oo x logx rg
Finally, we combine the results (9.3) and (9.5), and use the relation be-
tween G and the canonical function K of F' given by (4.11) to be able to
replace rg by the right extremity rx of K. Thus we arrive at the follow-
ing property of the tail function F of an infinitely divisible distribution
function F' on R} with F'(0) > 0 and with canonical function K:
—log F(x) 1

9.6 lim ————= = —.
(96) oo z logx TK

This limiting result turns out to hold also for infinitely divisible dis-
tribution functions F with £F = 0 without mass at zero. To show this we
take such an F', and split its canonical function K as K = K; + Ko, where

= {K—K(a)} 1(4,00) for some a € (0,7). Then from Proposition 4.5 (ii)
it follows that if F} and F, are infinitely divisible distribution functions
on Ry with canonical functions K7 and Kj, respectively, then F' = Fj % Fj
or, in terms of random variables, X 4 X1+ X5 with X; and X5, indepen-
dent. Now, as K5 vanishes on (0, a), F5 has positive mass at zero, and hence
its tail function Fy satisfies (9.6) with 7 replaced by rx,. By construction,

however, we have rg, = rx; moreover,
(9.7) F(z) =P(X; + X2 > 2) > P(X2 > 2) = Fa(z) [z>0].

We conclude that (9.6) holds with ‘lim’ and ‘=’ replaced by ‘limsup’ and
‘<. For the reverse inequality we may suppose r := rx < co. Then by the
functional equation (4.12), for > 0 we can estimate, also when F(0) > 0,
as follows:
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Fay=  dpw= )id(F*K)(u)g
gl/ AF K (u) =~ [ Fla—w)dK (u) <
L J(x,00) T J(0,r]
< LR - K()

and hence, as by (7.2) we have K(r) = lim, .. K(z) = EX,

(9.8) F(x)ﬁ%?(m—r) (e >0].

Note that for x € (0,7) this inequality reduces to Markov’s inequality. Now,
take x = kr in (9.8) with k € N; then by iteration it follows that

EX F0)  [ken)

i.e., for F(kr) we have obtained a Poisson-type upperbound. Therefore,

9.9)  F(kr) <

we can proceed as before, including an application of Lemma I1.9.1, and
conclude that (9.6) holds with ‘lim’ and ‘=" replaced by ‘liminf’ and ‘>’.
Thus we have proved (9.6) as stated, also when F(0) = 0 and ¢ = 0. For
non-degenerate F' the condition that /z = 0 can be dropped; this is seen
by applying the result to H := F({p + +) with 5 = 0. We summarize.

Theorem 9.1. Let F' be a non-degenerate infinitely divisible distribution
function on R, with canonical function K. Then the tail function F satis-
fies

—log F(x) 1

9.10 lim ——————= = —,
( ) w1—>nolo z logx TK

where 1 is the right extremity of K, possibly co, in which case 1/ry = 0.

What is a bit surprising is not the rate at which the tails of infinitely
divisible distributions tend to zero, but the regularity, i.e., the existence of
a limit in (9.10). When r is finite, Theorem 9.1 gives the exact rate with

which —log F tends to infinity. In case rx = 0o we only know that

(011)  1im 8@

z—oo  x logw

In general not more than this can be said; the convergence in (9.11) can be
arbitrarily slow. For compound-exponential distributions, which by Propo-
sition 5.2 satisfy (9.11), it can be shown, however, that {—log F(z)} /z has
a finite limit as x — oo; we shall not do this.
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10. Log-convexity

This section not only parallels Section II.10 on log-convex (and log-
concave) distributions on Z, but also leans on it rather heavily. Several
results for densities (of absolutely continuous distributions on R ) will be
obtained by discretization and taking limits.

In Section II.10 we used the fact that for any distribution (pg)kez,

on Z4 with pg > 0 the recurrence relations
n
(10.1) (n+1)ppy1 = Zpk Tn—k [neZy]
k=0

determine a sequence (rk)kEer of real numbers; in Theorem II1.10.1 we
showed that if (py) is log-convex, then these rj are nonnegative, so that
(pr) is infinitely divisible. Consider the analogue of (10.1) for a density f
on (0,00) as given in Theorem 4.17:

(10.2) z f(x) = flz—u)dK (u) [almost all z > 0].

[0,2)
Now it is mot clear that for every f this functional equation determines a
function K of bounded variation. Even if it did, it would be very difficult to
show, along the lines of the proof of Theorem I1.10.1, that if f is log-convex,

then K is nondecreasing, so that f is infinitely divisible.

Thus it seems that the only way to deal with log-convex densities, is
via discretization. There are, of course, several ways to write a distribution
function F' on R, as the (weak) limit of a sequence of lattice distribution

functions. The following one turns out to be convenient for our purposes:

(10.3) F(x) zlljlltrOth(x) [zeR],

where F}, corresponds to the distribution (pk(h))]C€Z+ on the lattice hZ,
with

F(h) if k=0,
(10.4)  pi(h) = {

F((k+1)h) — F(kh) ,ifk>1.

If F' is absolutely continuous with density f, then we have

(k+1)h h
(10.5) pk(h):/kh f(x)d:c:/o fkh+0)d0  [keZ,).
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Now, suppose that f is log-convez on (0, 0), i.e. (cf. Section A.3), f satisfies

the inequalities

(10.6)  {fA@+y)Y’ <f@) fly) [2>0,y>0].

Then for any h > 0 the lattice distribution (pk(h))kez+ is log-convex as

well:

(10.7)  {pe(m)} <pe_1(W)prsa(h)  [keN;

this follows from (10.5) and Proposition I1.10.6, as in the proof of Propo-
sition 11.10.8. Conversely, if (px(h)) in (10.5) is log-convex for all h > 0,
then f is log-convex; this can be proved by observing that F' is also the
weak limit, as h | 0, of the distribution function with (log-convex) den-
sity fj,, where fj, is obtained from (pi(h)) by log-linear interpolation, i.e.,
by linear interpolation of (log px(h)). In fact, one can say somewhat more:
If F,, — F weakly as n — oo with F(0) =0, and F), has a log-convex, and
hence nonincreasing, density f, so that F),, is concave, then F' is concave
and hence has a nonincreasing density f; moreover, using Helly’s selection
theorem one shows that the log-convexity of f, implies the log-convexity
of f. Thus we have (briefly) shown the validity of the following useful
lemma.

Lemma 10.1. Let F' be a distribution function on Ry with F(0) = 0.
Then the following three assertions are equivalent:
(i) F has a density f that is log-convex on (0, 00).
(ii) F' is the weak limit, as h | 0, of a distribution function F}, corre-
sponding to a log-convex distribution (pk (h)) on the lattice hZ .
(iii) F is the weak limit, as n — oo, of a distribution function F,, having

a density f, that is log-convex on (0, c0).

Since results for distributions on Z, have an obvious translation to dis-
tributions on the lattice hZ,, we can use this lemma to obtain results for
log-convex densities on (0,00) from their discrete counterparts. We start

with a continuous version of Theorem I1.10.1.

Theorem 10.2. If F is a distribution function on R4 having a density f

that is log-convex on (0, 00), then F is infinitely divisible.
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PROOF. Let F have a log-convex density f. By the lemma, F' can then
be seen as the weak limit, as & | 0, of a log-convex distribution (py(h)) on
the lattice hZy. Now, on account of Theorem I1.10.1 (pk(h)) is infinitely
divisible on hZ,, and hence on R;. Since by Proposition 2.2 the set of
infinitely divisible distributions on R, is closed under weak convergence,
we conclude that F' is infinitely divisible as well. i

Next, we will give a sufficient condition in terms of the canonical func-
tion K for an infinitely divisible distribution function F' to have a log-
convex density f. In fact, we will prove a continuous version of Theo-
rem I1.10.2; in view of this we will suppose that K has a log-convex den-
sity k. In this case k is convex (see (A.3.12)), and hence nonincreasing
because [, (1/z) k(z) dz < oc.

We first consider the general situation with a nonincreasing canonical
density k in more detail; it is also of importance in Chapter V when study-
ing the self-decomposable distributions on R;. Since k(0+) then exists
in (0,00], we have [;°(1/z) k(x)dx = oo, so by Proposition 4.16 F has a
unique density f satisfying

(10.8) :cf(m):/oxf(:c—u)k(u)du 2> 0].

It will become clear that for the behaviour of f the case k(0+)=1 is critical.
To see why this might be so, we refer to Example 11.15. In the following
proposition we state a special case of this example; it is needed in the proof
of the subsequent theorem.

Proposition 10.3. Let » > 0, and let F' be the infinitely divisible dis-
tribution function with ¢F = 0 for which the canonical function K has
(nonincreasing) density k given by k=1 ,). Then F has a density f
that is constant on (0,r), and continuous and nonincreasing on (0, 00); in
particular, f is bounded on (0, c0).

Theorem 10.4. Let F' be an infinitely divisible distribution function on
R, with canonical function K having a density k that is nonincreasing on
(0,00). Then F has a unique density f satisfying (10.8); f is continuous
and positive on (0, 00), and it is bounded on (0, 00) if k(0+) > 1. Moreover:
(i) If f is nonincreasing near 0 with f(0+) = oo, then k(0+) < 1.
(i) If f(0+) exists in (0,00), then k(0+) = 1.
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(iii) If f is nondecreasing near 0 with f(0+) = 0, then k(0+) > 1

PROOF. Above we saw that F' has a unique density f satisfying (10.8). By
Theorem 8.4 f is positive on (0,00) as soon as f is continuous on (0, c0).
To show the continuity of f we denote the right-hand side of (10.8) by h(x),
and start with the case where k(0+) < 1; take k right-continuous. Then h

can be written as
h(z):k(O+){F(:E)—(G*F)(x)} [z > 0],

where G is a distribution function on Ry: G(z) =1 —k(x)/k(0+) for
x > 0. From the continuity of F' it now follows that h is continuous on
(0,00). Since z f(x) = h(x) for z > 0, f is continuous as well.

Next, suppose that k(0+) > 1, possibly k£(0+) = co. Then we can write k
as the sum of two canonical densities k1 and ko with k; as in the pre-
ceding proposition, where r > 0 is such that k(x) > 1 for 0 < x <r. For
i = 1,2 let F; be the infinitely divisible distribution function with canonical
density k;; since k;(04) > 0, F; is absolutely continuous with density f;,
say. By Proposition 4.5 (ii) we have F' = Fj x Fy, so, besides f, also the
function fwith

) =/:f1<x—y>f2<y>dy > 0],

is a density of F'. Now, by Proposition 10.3 f; can be chosen to be bounded
and continuous on (0, 00). Clearly, it follows that f is bounded as well. It
is also continuous. To see this, take z > 0 and ¢ > 0, and write

‘f(x—i—a /|f1x+a— — filz—y |f2 )dy +

+
+/ fi@+e—y) faly) dy

Because of the boundedness of f; the second integral tends to zero as e | 0
and we can apply the dominated convergence theorem, together with the
continuity of fi, to see that also the first integral tends to zero. Thus fis
right-continuous on (0, co); left—continuity is proved similarly. We finally
return to h, which may be written as h(z fo (u) du for z > 0.
Since f here is bounded and continuous on (O7 oo), we can proceed as above
for fto show that h is continuous on (0, 00). It follows that also f is con-

tinuous. Hence f = ]?, so f is bounded.
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Finally, we prove (i), (i) and (iii), and use the fact that F(z)/z — f(0+)
as x | 0, if f(0+) exists; similarly for K and k(0+). First, let f(0+) exist
in (0,00). Since by (10.8) and the monotonicity of k we have z f(z) >
k(x) F(x) for x > 0, it is then seen that k(0+) < 1. Now we can estimate
as follows: « f(x) < k(0+) F(z) for = > 0, so we also have k(0+) > 1. This
proves (ii). Parts (i) and (iii) are shown similarly; use (10.8) and the
monotonicity of f rather than that of k. m

We are now ready to return to the situation above where k is log-convex.
From parts (i) and (ii) of the preceding theorem it then follows that if F’
has a density f that is log-convex, and hence continuous and nonincreasing,
then necessarily k(0+) < 1. We show that the converse of this holds, too.

Theorem 10.5. Let F' be an infinitely divisible distribution function on
R, with canonical function K having density k. If k is log-convex, then I’
has a log-convex density f iff k(04) < 1.

PROOF. Let k be log-convex; then k is positive and nonincreasing on
(0,00). Suppose that k(0+) < 1; we then have to show that F has a log-
convex density f.

We first do so assuming that k(0+) < 1, and apply a discretization of K
analogous to that of F' given in the beginning of this section; for h > 0 set

(G+1h

ri(h) o= K((G +1)h) — K(jh) = / Ke)dr [y,

and let K}, be the step function with Kj(z) =0 for x < h and with a
jump 7;(h) at (j +1)h for jeZ, so K} is a step function with discontinu-
ities restricted to hN. Since

DT () BT B el GOR
/ ) =3 A < [ K@ <.

from Proposition 4.12 it follows that K}, is the canonical function of an infin-
itely divisible distribution function F}, that corresponds to a distribution
(pj(h)>j€Z+ on the lattice hZ,. Moreover, K, — K pointwise as h | 0,
and K, < K for h > 0 because K, < K; cf. (A.3.2). Since [; I/(\'(u) du =
—log ﬁ(s) < oo for s > 0, from Proposition 4.6 (ii) it follows that Fy, — F
weakly as h | 0. In view of Lemma 10.1 it is therefore sufficient to show
that (p;(h)) is log-convex for all h > 0 sufficiently small. To this end we
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note that, by the functional equation (4.12) applied to F}, the sequences
(p;j(h)) and (r;(h)) are related by

(n+1)hppia(h ij Tn—j( [neZy],

so (p;(h)) satisfies (10.1) with r; :=r;(h)/h. Now, as k is log-convex,
(rj(h)) is log-convex (cf. the proof of (10.7)), and hence so is (r;). Applying
Theorem I1.10.2, we obtain the desired log-convexity of (pj(h)) if we can

show that r; > 12, i.e.,
2
h’)"l(h) Z {To(h)} .

At this point the condition k£(0+) <1 comes in; it implies k(h) > k(0+) k(z)
for z € (0, h) and h sufficiently small. Since because of the log-convexity of k
the function k/k(- + h) is nonincreasing, we also have k(0+) k(y + h) >
k(h) k(y) for y > 0. Hence for h sufficiently small

k(y +h) > k(2)k(y)  [z,y<(0,h)].

Integration (with respect to x and y) over (0, h)? yields the desired inequal-
ity, so (pj(h)) is log-convex. This completes the proof in case k(0+) < 1.

Finally, consider the boundary case where k(0+) =1. Then we write
K =1lim,,_, K,, with K,, := (1—1/n) K. Since K,, has a log-convex den-
sity k, satisfying k,,(0+) < 1, from what we just proved above, we conclude
that the distribution function F, with canonical function K, has a log-
convex density f,. By Proposition 4.5 (i), however, we have F,, = F*(1=1/7),
so F,, — F weakly as n — oo; therefore we can apply Lemma 10.1 to con-

clude that f is log-convex as well. N

The gamma (r, X) distribution provides a simple illustration of this theorem.
Its canonical function K has a log-convex density k given by k(z) = re™?*
for x > 0; see Example 4.8. Since k(0+) = r, Theorem 10.5 yields the
well-known fact that the gamma (r, \) density is log-convex iff r < 1; cf.

Example 5.4.

The gamma distribution with shape parameter » > 1 has a density f
that is log-concave on (0, 00), i.e. (cf. Section A.2), f satisfies the inequali-

ties

(10.9)  {fA@+y)}’ > f@) fy) [2>0,y>0].
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We note in passing that, contrary to log-convex densities, log-concave den-
sities are not necessarily restricted to a half-line; for example, the normal
densities are log-concave. Though many infinitely divisible densities are
log-concave, not every log-concave density is infinitely divisible. Neverthe-

less, there is an analogue of Theorem 10.5.

Theorem 10.6. Let F' be an infinitely divisible distribution function on
R, with canonical function K having density k. If k is log-concave, then I’
has a log-concave density f iff k(0+) > 1.

PROOF. Let k be log-concave. Then k; := log k is concave, so k; is mono-
tone near zero with k1(0+) < co. Hence k is monotone near zero with
k(0+) < oo, and k is continuous and bounded on finite intervals. Now,
proceeding as for fin the proof of Theorem 10.4 one shows that a density f
of F that satisfies (10.8), is continuous on (0, 00); rewrite the right-hand
side of (10.8) as [; k(x — u) f(u) du. Moreover, one easily verifies that the
assertions in (i), (ii), (iii) of Theorem 10.4 still hold for such an f. It follows
that if f is log-concave, and hence monotone near zero with f(0+) < oo and
continuous on (0, 00), then necessarily k(04) > 1. For the converse state-
ment we use the method of proof of Theorem 10.5: Discretize K in case
k(0+) > 1, use Lemma 10.1 with ‘log-convex’ replaced by ‘log-concave’,
and apply Theorem I1.10.3. We don’t give the details. m

The exponential density is log-linear: both log-convex and log-concave.
Moreover, it is a simple example of a completely monotone density. Recall
that a density f on (0,00) is said to be completely monotone if it has
alternating derivatives:

(10.10) (=" fM™(z) >0  [neZy;z>0].

By Bernstein’s theorem (Theorem A.3.6) f is completely monotone iff there
exists an LSt-able function G such that

(10.11) f(x):/R e MdG(\) [z >0].

Combining the Bernstein representation and Schwarz’s inequality shows
that a completely monotone function is log-convex; see Proposition A.3.8.
Together with Theorem 10.2 this leads to the following result.
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Theorem 10.7. If a probability density f on (0,00) is completely mono-
tone, then it is log-convex, and hence infinitely divisible.

The completely monotone densities can be identified within the class of
infinitely divisible densities. We state the result without proof; it can be
obtained from its discrete counterpart, Theorem I1.10.5, by discretization

again. An alternative proof will be given, however, in Chapter VI.

Theorem 10.8. A distribution function F with F(0) = 0 has a completely
monotone density iff it is infinitely divisible having a canonical density k
such that z — k(z) / x is completely monotone with Bernstein representa-
tion of the form

(10.12) lk(x)z/me—mv(A)dA o> 0],
L 0

where v is a measurable function on (0, 00) satisfying 0 < v < 1 and neces-
sarily

(10.13) /01 %v()\) d\ < 0.

The theorem can be used, for instance, to easily show that the (log-convex)
gamma density with shape parameter r < 1 is completely monotone; cf.
Example 4.8.

We return to log-convexity, and treat some closure properties. Clearly,
log-convexity is preserved under pointwise multiplication: If f and g are
log-convex densities on (0,00), then so is ¢ fg, where ¢ > 0 is a norming
constant, provided that the product function is integrable. The following
consequence of Proposition A.3.10 is less trivial: If f and g are log-convex
densities on (0, 00), then so is a f + (1 —a) g for every awe [0,1]. This result
can be extended to general miztures, because log-convexity is defined in
terms of weak inequalities and hence is preserved under taking limits.

Proposition 10.9. The class of log-convex densities on (0,00) is closed
under mixing: If, for every 6 in the support © of a distribution function G,
f(+;0) is a log-convex density on (0,00), then so is f given by

(10.14) f(a;):/@f(x;ﬁ) dGo) [z 0].
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This result can be used to prove the infinite divisibility of a large class of

densities that occur in renewal theory.

Proposition 10.10. Let F' be a distribution function on R having a log-
convex density f and finite first moment pu. Then the function g defined

by
mw:iﬁ—Fm» > 0],

is a probability density on (0,00) that is log-convex and hence infinitely

divisible.

PrOOF. From (A.2.4) it follows that g is a probability density on (0, c0).

Since g can be written as
1 o0
s@) = [ se+oyd [o>0]
0

it is seen that g is a mixture of log-convex densities on (0, 00), and hence

is log-convex, by Proposition 10.9. m

Because of Proposition A.3.7(iil) it will be no surprise that the results
above also hold with ‘log-convexity’ replaced by ‘complete monotonicity’;
we don’t give the details.

11. Examples

So far, we have only seen the gamma distributions (including exponen-
tial) and the stable distributions as concrete examples of infinitely divis-
ible distributions on R;; the gamma distribution with shape parameter
r < 1 is compound-exponential, and has a log-convex, and even completely
monotone, density. Now, in this section some more concrete examples are
presented illustrating the scope of the results in the previous sections; the

examples are not always in the same order as these results.

We start with some examples around the exponential distribution. Its
pLSt 7 is given by m(s) = A/(A + s) for some A > 0, and has canonical

representation
> 1
(11.1) m(s) = exp [—/ (1—e7%%) - k(x)dx|,
0

with canonical density k given by k(x) = e~ for x > 0; see Example 4.8.
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Example 11.1. Let A and Y be independent, where A has a Bernoulli (1)
distribution on {0,1} and Y has a standard gamma (r) distribution with
shape parameter r = 3. Consider X such that X 4 AY. Then the pLSt =
of X can be written as

ws) =1+ 3(-) =

1+s
:(2+s)(1+s+52):( 1 )3/3 Wi
2(1+ s)3 1+s jzl,ujJrs’

where i1 := 2, pi5 == p and p3 := @ with g := ${1+iv/3}. Applying (11.1)
for the exponential (A) distribution, including an extension to complex A,
we conclude that 7 satisfies (11.1) with k given by

3
k(r) =3e™" — Ze_’”z =3¢ % —e % _ 26737 cos (%x\/g),
Jj=1

where x > 0. For x sufficiently large and such that %x 3 is a multiple
of 27, however, k(z) is negative. Hence, as noted in the comments on
the canonical representation of Theorem 4.3, X is not infinitely divisible.
Alternatively, the zero —u of 7 is inside the half-plane of analyticity given
by Rez > —1, so X is not infinitely divisible by Theorem 2.8. Thus we
have shown that a mizture of the form 1— o + amy, with 7y an infinitely
divisible pLSt, is not necessarily infinitely divisible; cf. (6.1).

We note that changing the shape parameter into » = 2 does yield infinite
divisibility of X; as above, one shows that the pLSt m of X then satisfies
(11.1) with k given by

k(z) =2e™* (1 — cosx) [z > 0],
which is nonnegative for all z. Similarly, when r = 1, 7 satisfies (11.1) with

E(z)=e""(1—e™7) [z >0]. mN

Example 11.2. Let Y have a standard exponential distribution, and con-
sider X such that X < VY. Then X has an absolutely continuous distrib-
ution with density f given by

f(x)zQace*“:2 [z>0].

Since F(z) = IP(X > ) = e~*", we have (—log F(z))/(xlogz) — oo, s0 X

is not infinitely divisible by Theorem 9.1. In a similar way one shows that
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if x & |Y| with Y standard normal, then X is not infinitely divisible; its
half-normal density g is given by

ezt [z >0].

If, however, X 4 & with Y standard normal, then the log-normal density h
of X is given by
1 1 —1goga? [z > 0],

Var

and X turns out to be infinitely divisible. We cannot show this here, but

h(z) =
will give a proof in Chapter VI. N

Example 11.3. Let Y have a standard exponential distribution, and con-
sider X such that X < V2. Then X has an absolutely continuous distrib-
ution with density f given by

f(ac):ie*‘/‘% [z>0].

Now, differentiating log f twice, one sees that f is log-convexr and hence
infinitely divisible. Using some elementary properties of completely mono-
tone functions as listed in Proposition A.3.7, one shows that f is even
completely monotone. In the same way one can show that, more gener-
ally, a density f of the following form is log-convex, and even completely
monotone:

flz) = mxm_l exp [—z“] [z >0],

where ave (0,1] and r € (0,1/«]. The corresponding distribution is known
as the generalized-gamma (r, ) distribution; for r = 1 we get the Weibull

distribution with parameter a. M

We proceed with some more examples of completely monotone or log-
convex densities. The first one shows, among other things, that moments
alone do not decide the infinite divisibility of a distribution. From subse-
quent examples it will appear that, though two densities may seem rather
similar, the infinite divisibility of the one may be much harder to prove
than that of the other.
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Example 11.4. Consider the probability densities f, on (0,00) given by

NG

fa(a:):i(l—asinw%) exp [—x1] [z>0],

where e [0,1]. Using integration by parts one can show that these den-
sities all have the same moment sequence; the moment p,, of order neZ,
is given by u, = é (4n + 3)!. As noted in Example 11.3, fo is completely
monotone and hence infinitely divisible. Because of Theorem 8.4, however,
f1 is not infinitely divisible; f;(z) = 0 for = (37 + 2kn)* with ke Z,. By
Proposition 2.2 it follows that there must be infinitely many « in (0,1) for
which f, is not infinitely divisible. M

Example 11.5. For r > 1 consider the probability density f on (0, 00)
given by
1

f(m):(r—l)m [z >0].

Since f has alternating derivatives, it is completely monotone and hence
infinitely divisible. This distribution is known as the Pareto distribution.
For r = 2 we obtain a density very similar to the half-Cauchy density g,
which is given by

2 1

T l+a?

g(x) =

[z >0].

The infinite divisibility of this density is much harder to prove; see Chap-
ter VI. D

Example 11.6. Consider the probability density f on (0,00) given by

1
e—1

flz) = exp[—(z —e™7)] [z>0].

Differentiating log f twice, one sees that f is log-convex and hence infin-
itely divisible. Using some elementary properties of completely monotone
functions as listed in Proposition A.3.7, one shows that f is even completely
monotone.

Now, change a minus-sign into a plus-sign; consider the density g given by

g(z) = ¢ T exp[f(ere*"”)] [z>0].
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Then g is log-concave, and it can be shown that g is infinitely divisible;
we will do so in Chapter VI, where a similar proof is given of the infinite
divisibility of the half-Cauchy distribution. Note that g can be recognized
as a half-Gumbel density. D

Example 11.7. Consider the probability density f on (0,00) given by
flz)=2Ze*V1+3e*  [2>0]

Then f is log-convex, and hence infinitely divisible, but not completely

monotone. To see this, we write f as

f@) =2 fhe 4 fese =8 /aGa),

where 7 is the pLSt of a Bernoulli distribution on {2,3}. Since a pLSt is a
log-convex function, f is a log-convex density. One easily verifies, however,
that the distribution corresponding to m, is not 2-divisible; so /7, and

hence f, is not completely monotone. o

Next we present some functions 7 of which we do not know in advance
whether they are pLSt’s or not. Still, most of them will be shown to be
pLSt’s of infinitely divisible distributions.

Example 11.8. Let 7 be the quotient of the pLSt’s of two different expo-
nential distributions, so 7 is of the form
A Ata
m(s) = Ad+s/ A+a+s
where A > 0 and a > —\, a # 0. We further take a > 0, since otherwise
m(s) > 1 for large s so that 7 is not a pLSt. Then = is an infinitely divis-

[S>O]a

ible pLSt. To show this one can compute the p-function of 7 and apply
Theorem 4.1. Alternatively, one can use Proposition 6.1 (iv); = can be
written as
T1 (a) st (S) . A
=— 7 th = .
m(s) P P with 7 (s) P

A third way is writing 7 as

B A n a A
A+ a At+ar+s]

m(s)
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so 7 is a mixture of a distribution degenerate at zero and an exponential dis-
tribution; now proceed as in the last part of Example 11.1. By computing
the o-function of 7= and applying Theorem 5.5 one sees that m is even

compound-geometric. D

Example 11.9. Let 7 be the function on R, given by
m(s)=1+s—+/(1+s5)2—-1 [s>0].
In order to determine whether 7 is an infinitely divisible pL.St, we compute
its p-function and find for s > 0
1 1

d 1
p(s) == —&logﬂ'(s) = W = NS

Clearly, p is completely monotone, so by Theorem 4.1 the function 7 is an
infinitely divisible pLSt. An alternative way of showing this is noting that 7
can be written as

0= (s )) o p e LA

now use Propositions 2.1 and 3.1, and the fact (cf. Example I11.11.11) that P
is an infinitely divisible pgf. The function P is the pgf of the ‘reduced’ first-
passage time 1 (77 — 1) from 0 to 1 in the symmetric Bernoulli walk; see the
beginning of Section VIL.2. In Example VII.7.1 we shall see that 7w can be
interpreted as the transform of a first-passage time as well. Finally, let I,.
be the modified Bessel function of the first kind of order r; cf. Section A.5.
Then it can be shown (see Notes) that 7 is the Lt of the density f given
by

f@)= 3o B =2 [ AE=Nd (2> 0]

and that p is the Lt of the (canonical) density k given by

12 1
k() =e " Ip(z) == | e ——=dA\ z>0].
@ == [ T (>0
It follows that both f and k are completely monotone. N
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Example 11.10. Let 7 be the function on (0, 00) given by

\/1+3—1_ 2
s _1—&-\/1—&—5

In order to decide whether or not 7 is an infinitely divisible pLSt, one is

m(s) =2 [s>0].

tempted to compute the p-function of 7:

plo) = — g5 oa(s) = § == r(s).

Clearly, s — 1/4/1 + s is completely monotone; we do not know yet, how-
ever, that 7 is completely monotone. But we don’t need this, because in

the pg-function of 7 the factor 7w disappears:

a1, 1

pO(S) = %71’(8) — 1 \/m

From Theorem 5.1 we now conclude that 7w is a pLSt that is compound-

exponential and hence infinitely divisible. With a little more effort one can
say more. Expansion of 7(s) in positive powers of (1 + s)_% and Laplace
inversion (together with use of the dominated convergence theorem) shows
that 7 is the Lt of a probability density f with

1 1
f(l’) -9 (_1)n—1 $2n—1 e~ %
2" v
= 2eﬂ§: L =3
= 1
= T(k+3)
Using the facts that T(k+3) = (k—3)I(k— %) and I'(3) = /7, for ' we
find
/ I s
flz)y=——x=2z"2¢ [z>0].

NZ3
This means that lim,_,o, f(x) = 0; it follows that f can be written as
@)= [ vtevay (x>0l
)= — e x )
val. ! !

Since —f” is a completely monotone function, we conclude that f is com-
pletely monotone. We return to this example in Chapter VI, where we will

represent 7 as the pLSt of a mixture of gamma (1) distributions. m
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Example 11.11. Let 7 be the function on (0, 00) given by

1
m(s) =5 + 57
where ve(0,1]. Since 7(s) = mo(s?) with m the pLSt of the standard

exponential distribution, from Proposition 6.4 it follows that 7 is an infin-

[3>0L

itely divisible pLSt. Use of Example 4.9 shows that 7 is even compound-
exponential. Note that the pLSt m with m(s) = m(1 + s)/m(1), which
by Proposition 6.1 (iii) is infinitely divisible, reduces to the pLSt of Exam-
ple 11.10 if one takes v = % D

Example 11.12. Let 7 be the function on (0, 00) given by
()= — -
ms) = =
coshy/s eV e Vs

Then 7 is an infinitely divisible pLSt. To show this one is tempted to use

[s>0].

Proposition 6.4 and consider m; given by

1 2
7Tl(s)icoshs  eS 4 e [s>0%;

then m(s) = m1(y/s). One easily verifies, however, that the p-function of m;
is mot completely monotone, so if m; is a pLSt, then it is not infinitely

divisible. But 7y is not even a pLSt because
lim {mi(s/vn)}" =exp [-257],

and the limit function is not completely monotone. That 7 is indeed an
infinitely divisible pLSt, will be shown only in Chapter VII. D

Example 11.13. For r > 1 let 7 be the function on R given by

((r+s)
™) = 2w

where ( is the Riemann zeta function: ¢(r) :== Y77, 1/nr. Then one easily

[s > 0],

shows that 7 is the pLSt of a random variable X with a discrete distribution

(Riemann zeta distribution) given by
1
]P(X:logn):c,.ﬁ [neN; ¢, :=1/¢(r)].

Note that X < log (Y+ 1) with Y discrete Pareto (r) distributed on Z.;
in Example I1.11.6 we showed that Y is infinitely divisible. Now, we
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prove that X also is infinitely divisible; note that the support of X is
closed under addition (cf. Corollary 8.3). We use the well-known fact that
C(r)=1Lp(1 — 377! where P is the set of primes. Then it follows
that 7 can be written as

1—jr
m(s) = H T reslogs H 75 (s),
jepP jeP
where 7; is the pLSt of the geometric (j7") distribution on the lattice
(log j) Z. Since 7; is infinitely divisible for every j, from Propositions 2.1

and 2.2 we conclude that 7 is infinitely divisible as well. m

Finally we present some examples that are obtained in a more construc-
tive way. The first one shows that infinitely divisible densities can be rather
wild.

Example 11.14. Consider the probability density f on (0,00) given by

L]
1 _ 1 1 \E
r)=—=¢e" se xz>0].
f0 =5z L g le>0)
Though f has poles at all nonnegative integers (f(n+) =ooforallne Z+),
it is an nfinitely divisible density. In fact, it is the density of X+Y ', where X

and Y are independent, X has a geometm'c(%) distribution and Y has a

standard gamma(3) distribution. This example also shows that for an
infinitely divisible density f we need not have lim,_,, f(z) = 0. N

Example 11.15. Let @ > 0 and » > 0, and let F' be the infinitely divisible
distribution function with £r = 0 for which the canonical function K is

absolutely continuous with density k given by

k(z) = a ,if0<a:“<r,
0 , otherwise.

Since [, (1/x) k(z) dz = oo, from Proposition 4.16 it follows that F' is ab-
solutely continuous with unique density f satisfying the functional equation
(4.19), which in our case reduces to

f()—{ a F(z) ,if0< o <,
a{F(z)—F(z—r)} ,ifz>r
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By the continuity of F' it follows that f is continuous on (0, 00); hence F
is differentiable on (0,00) with F’ = f. The equation above then implies
that f is differentiable on (0, 00)\{r} with

, (a—1) f(z) Jif0<a <,
z fl(x) =
(a—=1) f(x)—aflx—7r) ,ifxz>r
Solving the differential equation on (0,7) we find that f satisfies
f(x) =ca®! [0 <z <T],
for some ¢ > 0. It follows that f(0+) and k(0+) (= a) are related by

oo ,if k(04) < 1,

f(0+) = ¢ Lifk(0+) =1,

0 ,if k(0+) > 1.
We further consider the special case where a = 1. It shows that an infin-
itely divisible density may be constant on an arbitrarily long interval (0, 7).

The constant value ¢ can be determined from the pLSt 7 = F ; by Propo-
sition A.3.4 we have

T e ST
c¢= f(0+) = lim sn(s) = lim s exp[f/ de} =
§— 00 0

§—00 xT

1 1—ev 1
= - exp{— lim (/ ¢ dy—logt)} =—-e 7,
r t—oo\ Jq Y r

where v is Euler’s constant (see Section A.5). Finally, we note that from

the differential equation on (r,c0) it is seen that f < 0 on (r,00), so f is

nonincreasing on (0, 00); in particular, f is bounded on (0, c0). m

12. Notes

Infinitely divisible random variables with values in R, were first con-
sidered separately and in detail in Feller (1971), where the subject is linked
to complete monotonicity. The information about the zeroes of pLSt’s in
Theorem 2.8 can also be deduced from results on zeroes of characteristic
functions as given in Lukacs (1970). A representation similar to that in
Theorem 3.9 can be found in Vervaat (1979).

The canonical representation of Theorem 4.3 is given in Feller (1971).
The functional equation in Theorem 4.10 was first given and used by
Steutel (1970). It would be nice to know whether this equation yields
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a direct proof of Theorem 4.14. Important work in the area of Lebesgue
properties has been done by Blum and Rosenblatt (1959), and by Tucker
(1962, 1964,1965); we come back to this in Chapter IV. The functional
equation in Theorem 4.17 seems to have no analogue for compound-expon-
ential densities; cf. the remark following Theorem 5.6. Such an analogue
does exist for generalized compound-exponential densities as considered in
van Harn (1978). Here also the ‘self-decomposability’ result of Theorem 6.3
can be found.

The theorems on moments in Section 7 are basically due to Wolfe
(1971b). Relations (7.6) and (7.7) make it possible to introduce ‘fractional
cumulants’ by defining k41 := v, for a > 0. Embrechts et al. (1979), and
Embrechts and Goldie (1981) give relations between the tails of an infinitely
divisible distribution and its canonical function.

Theorem 8.4 about zeroes of infinitely divisible densities is given by
Steutel (1970); a similar theorem for infinitely divisible densities on R is
given by Sharpe (1969a) under rather severe restrictions. The tail be-
haviour of infinitely divisible distributions on R has been studied by many
authors; here we only name Kruglov (1970) and Sato (1973). As in the
case of supports, the functional equation of Theorem 4.10 makes our proofs
on R} in Section 9 essentially simpler.

The infinite divisibility of log-convex densities occurs in Steutel (1970).
For continuously differentiable densities a condition, somewhat more gen-
eral than log-convexity, is given in Bondesson (1987). Theorem 10.6 is
proved by Yamazato (1982) and, in a different way, by Hansen (1988b),
from which we also took Theorem 10.5. Here Lemma 10.1 is used with-
out proof; the analogue of this lemma for log-concave densities is given in
Dharmadhikari and Joag-Dev (1988).

Example 11.4 is taken from Feller (1971). The integral representations
of f and k in Example 11.9 follow from formulas in Abramowitz and Ste-
gun (1992). Example 11.13 was first given by Khintchine (1938); see also
Gnedenko and Kolmogorov (1968); generalizations are considered by Lin
and Hu (2001). Example 11.14 was suggested by J. Keilson many years
ago (personal communication). Example 11.15 gives the distribution of
the random variable 7> 77 | (X1 Xs -+ X))/, where the X; are indepen-
dent and uniformly distributed on (0, 1); the example is studied in Vervaat

(1979) and occurs in various applications.
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Chapter IV

INFINITELY DIVISIBLE DISTRIBUTIONS
ON THE REAL LINE

1. Introduction

Most properties proved in this chapter can be specialized to properties
for distributions on R or Z,. Quite often the properties thus obtained will
be less informative than the ones proved earlier in Chapters IT and I1I of this
book. On the other hand, many results obtained for distributions on R
or Z4 will not be available for distributions on R, or less generally true, or
harder to prove. Since in the literature one usually deals with results for
general distributions on R (the books by Feller are exceptions), these results
are more easily available than those for distributions on Ry or Z,. With
this in mind we will only give an outline of the rather technical proof of
the Lévy-Khintchine representation of an infinitely divisible characteristic
function. It is convenient, and occasionally inevitable, to use some results
from Chapters II and III; but if one is willing to accept these few results,
then the present chapter can be read independent of the preceding ones.

We repeat the definition of infinite divisibility, now for general R-valued
random variables. A random variable X is said to be infinitely divisible if
for every neN a random variable X,, exists, the n-th order factor of X,
such that

(1.1) XL X1+ + X,

where X, 1,...,X, » are independent and distributed as X,. Note that
if X takes its values in W C R, then the factors X, of X are not necessarily
W-valued. We have seen this in Chapter II for W= Z,; the factors have
their values in Z iff IP(X = 0) > 0. In the case where W = Z, which we will
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encounter in the present chapter, the condition IP(X = 0) > 0 is necessary
but not sufficient for the X,, to be Z-valued; this will be shown in the
next section. Mostly we tacitly exclude the trivial case of a distribution
degenerate at zero, so we then assume that IP(X = 0) < 1.

In Section 1.2 we agreed that the distribution and transform of an infin-
itely divisible random variable X will be called infinitely divisible as well.
The distribution of X will mostly be represented by its distribution func-
tion F'. It follows that a distribution function F' on R is infinitely divisible
iff for every n e N there is a distribution function F;, on R, the n-th order
factor of F, such that F' is the n-fold convolution of F;, with itself:

(1.2) F(z) = F"(x) [neN].

As {max{Yl,..,Yn} < x} C {Y1+--+Yn < nx} C {min{Yl, LY < 1:},
we have the following useful inequalities for F' and its factor Fi,:

(1.3) {Fn(x)}n < F(nz) <1-{1- Fn(x)}n [zeR].

A reformulation similar to (1.2) can be given for a density f of F' in case of
absolute continuity (with respect to Lebesgue measure) of all factors. As
a tool we use characteristic functions and, more generally, Fourier-Stieltjes
transforms (FSt’s). A characteristic function ¢ is infinitely divisible iff for
every n € N there is a characteristic function ¢,,, the n-th order factor of ¢,
such that

(1.4) p(u) = {¢n(u)}" [neN].

The correspondence between a distribution function F' on R and its charac-
teristic function ¢ will be expressed by ¢ = F'. For further conventions and

notations concerning distributions on R and FSt’s we refer to Section A.2.

In this chapter we review the basic properties of infinitely divisible dis-
tributions on R more or less parallel to Chapters II and III. For reasons
made clear above there will be some deviations. In Section 2 we state some
elementary properties and give the normal, Cauchy and Laplace distrib-
utions as first examples of infinitely divisible distributions on R. The im-
portant classes of compound-Poisson, compound-geometric and compound-
exponential distributions are introduced in Section 3. The Lévy-Khintchine
and Lévy canonical representations for an infinitely divisible characteristic

function are presented in Section 4; several special cases are considered, and
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important sufficient conditions are given in terms of the canonical quanti-
ties for an infinitely divisible distribution function F' to be continuous or
absolutely continuous. In Section 5 we briefly return to the compound-
exponential distributions on R; Section 6 is devoted to closure properties.
Relations between moments of an infinitely divisible distribution and those
of the corresponding canonical function are given in Section 7. The struc-
ture of the support of infinitely divisible distributions is determined in Sec-
tion 8, and their tail behaviour is considered in Section 9. Log-convexity
is the subject of Section 10; since log-convex densities on R do not exist,
we restrict ourselves to densities that are symmetric around zero and log-
convex on (0, 00). It is also of some interest, however, to look at log-convex
(real) characteristic functions. As usual, the final two sections, 11 and 12,
contain examples and bibliographical remarks.

Finally we note that this chapter only treats the basic properties of
infinitely divisible distributions on R. Results for self-decomposable and
stable distributions on R can be found in Sections V.6 and V.7, for mix-
tures of zero-mean normal distributions and of sym-gamma distributions
in Sections VI.9 and VI.10, and for generalized sym-gamma convolutions
in Section VI.11. Also Section VIL.6 on shot noise contains information on

infinitely divisible distributions on R.

2. Elementary properties

We start by giving some simple closure properties. The first two of them,

stated in the following proposition, follow directly from (1.1) or (1.4).

Proposition 2.1.

(i) If X is an infinitely divisible random variable, then so is aX for every
acR. Equivalently, if ¢ is an infinitely divisible characteristic func-
tion, then so is ¢, with ¢, (u) := ¢(au) for every a € R. In particular,
if ¢ is an infinitely divisible characteristic function, then so is ¢, the
complex conjugate of ¢.

(ii) If X and Y are independent infinitely divisible random variables,
then X +Y is an infinitely divisible random variable. Equivalently,
if ¢ and v are infinitely divisible characteristic functions, then their

pointwise product ¢ 1 is an infinitely divisible characteristic function.
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Let ¢ be a characteristic function. Then so is |¢|? = ¢ ¢; it is the charac-
teristic function of X — X’ if X and X’ are independent with characteristic
function ¢. Combining both parts of Proposition 2.1 we see that if ¢ is
infinitely divisible, then so is |¢|?. Now, consider |¢| with ¢ infinitely divis-
ible; by (1.4) we can write || as

21  |é)| = {|ém(w)]’}"  [neN],

where ¢9, ¢4, ... are characteristic functions. Taking n =1 we see that
|6 = |¢2|?, so |¢| is a characteristic function; this is generally not true if ¢
is not infinitely divisible. Further, (2.1) implies that || is even infinitely

divisible. Thus we have proved the following result.

Proposition 2.2. If ¢ is an infinitely divisible characteristic function, then

so is |¢@|.

The last closure property we mention here, states that infinite divisibility
is preserved under weak convergence; its proof takes more effort than in

the R, -case.

Proposition 2.3. If a sequence (X ™)) of infinitely divisible random vari-
ables converges in distribution to X, then X is infinitely divisible. Equiv-
alently, if a sequence (¢™)) of infinitely divisible characteristic functions
converges (pointwise) to a characteristic function ¢, then ¢ is infinitely
divisible.

PROOF. Let ¢(™ be an infinitely divisible characteristic function with
pm) = ﬁ(m), and suppose that ¢(™) — ¢ as m — oo, where ¢ = Fisa
characteristic function. Then, by (1.4), for every m € N there exist charac-
teristic functions ¢>${”) = ﬁ,&m) with n € N such that d)(m) = {¢${”) }n More-

over, from (1.3) it is seen that
{F,(lm)(x)}ngF(m)(nx)§1—{1—F7(Lm)(x)}n [zeR].

Consider the sequence (F,Sm))meN with n fixed. According to Helly’s se-
lection theorem there is a subsequence (F,(Lm’“)) keN With the property that
F,(lm’“) — F}, in continuity points of F}, as k — oo, where F,, is a sub-distrib-
ution function. In order to show that F;, is a distribution function, in the
inequalities above we take m = my and let kK — oo; since by the continuity

theorem F(™) — F weakly as m — oo, it then follows that for every z R
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that is a continuity point of F}, and for which nx is a continuity point of F,
we have

{Fo(2)}" < F(nz) <1-{1-F,(2)}".

Letting z — oo and — —o0 now shows that F), is a distribution function. It

(mr)

follows that, as k — oo, F,(Lm’“) — F,, weakly, and hence ¢ — ¢, where

Op 1= ﬁn is a characteristic function. Since ¢ can now be written as
T (mi) () = 1 (mx) " — "
Bu) = Jim ¢ (u) = Tim {60 (w)}" = {gn(w)}",
we conclude that ¢ is infinitely divisible with n-th order factor ¢,,. N

One may ask whether the factors ¢,, of an infinitely divisible charac-
teristic function ¢ are uniquely determined by ¢. Whereas pgf’s and pLSt’s
are trivially non-zero on (0,1] and [0, 00), respectively, characteristic func-
tions can be zero for real values of the argument. Therefore, it will be clear
that if ¢ is just n-divisible, i.e., satisfies the equation in (1.4) for a fixed n,
then the factor ¢,, will generally not be unique. On the other hand, |¢,| is
indeed determined by ¢ because |¢,| = |¢|'/™. In case of infinite divisibil-
ity of ¢, however, there are no problems because of the following important
property.

Proposition 2.4. Let ¢ be an infinitely divisible characteristic function.
Then ¢ has no real zeroes: ¢(u) # 0 for ueR.

PRrOOF. From Proposition 2.2 it follows that |¢|'/™ is a characteristic func-
tion for every neN. Now, consider the pointwise limit of these charac-
teristic functions:

Y(u) := lim ‘(ﬁ(u)

n—oo

0 ,if ¢(u) =0.

As ¢ is continuous and ¢(0) =1, ¢ is continuous at 0. Hence, by the
continuity theorem 1) is a characteristic function and therefore continuous.
This forces ¥ to be identically one. Consequently, ¢(u) # 0 for all w. OO

On account of this result we can uniquely define the logarithm of an infin-
itely divisible characteristic function ¢ in such a way that log ¢ is continuous
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with log ¢(0) = 0; see Section A.2. Defining then ¢! := exp[tlog¢]| for
t > 0 with log ¢ as indicated, we can rewrite (1.4) as

(2.2) {6} = ¢n(w)  [neN].

It follows that the factors ¢, are uniquely determined by ¢. Moreover,
we can formulate a first criterion for infinite divisibility. Recall that by
Bochner’s theorem (see Section A.2) the set of characteristic functions

equals the set of nonnegative definite (C-valued) functions ¢ on R with

$(0) = 1.

Proposition 2.5. A nonvanishing characteristic function ¢ is infinitely
divisible iff ¢' is a characteristic function for all t e T, where T = (0, 0),
T={1/n:neN}or T = {a"*: keN} for any fixed integer a > 2. Equiv-
alently, ¢ is infinitely divisible iff ¢' is nonnegative definite for all teT
with T' as above.

PROOF. Let ¢ be infinitely divisible. Then by (2.2) ¢'/" is a characteristic
function for all neN, and hence ¢™/™ is a characteristic function for all
m,n eN. It follows that ¢! is a characteristic function for all positive t ¢ Q
and hence, by the continuity theorem, for all ¢ > 0.

Conversely, from (2.2) we know that ¢ is infinitely divisible if ¢'/" is a
characteristic function for every neN. We can even be more restrictive
because, for a given integer a > 2, any t € (0,1) can be represented as t =
S tka* with t, € {0,...,a —1} for all k, and hence for these ¢

(ot} = i TT(fow})".
k=1

By the continuity theorem it follows that if ¢ is a characteristic function
for all ¢ of the form a~* with k €N, then so is ¢! for all t< (0, 1). N

Corollary 2.6. If ¢ is an infinitely divisible characteristic function, then
so is ¢* for all t > 0. In particular, the factors X,, of an infinitely divisible
random variable X are infinitely divisible.

The continuous multiplicative semigroup (¢');>o of characteristic func-
tions generated by an infinitely divisible characteristic function ¢, corre-
sponds to the set of one-dimensional marginal distributions of an sii-process,

i.e., a process X () with stationary independent increments, started at zero
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and continuous in probability; see Section 1.3. If X (1), with characteristic
function ¢, has distribution function F', then for ¢ > 0 the distribution
function of X (t), with characteristic function ¢, will be denoted by F*!,
S0:

(23)  F'(2)=P(X(1) < ), /R o A (z) = {p(u)}".

Of course, examples of infinitely divisible distributions on R, and hence of
R-valued sii-processes, are provided by the basic examples from Chapter II,
viz. the negative-binomial distributions and the stable distributions on Z,
and those from Chapter I1I, viz. the gamma distributions and the stable dis-
tributions on R;. We now add three important distributions not supported
by R;. They can be viewed as symmetric counterparts of the distributions

just mentioned; see, however, also Example 4.9.

Example 2.7. For 0% > 0, let X have the normal (0,0?%) distribution, so
its density f and characteristic function ¢ are given by

fla) = —— e 37 () =

Then for t > 0 the t-th power ¢! of ¢ is recognized as the characteristic
function of v/t X with normal (0, t0?) distribution. From Proposition 2.5 we
conclude that the normal (11, 02) distribution is infinitely divisible for u = 0
and hence for pe R. The corresponding sii-process is Brownian motion. It

is also a stable process with exponent 2; see Chapter V. M

Example 2.8. For A > 0, let X have the Cauchy (\) distribution, so its

density f and characteristic function ¢ are given by

T ——

T A2 4 g2
Then for ¢ > 0 the t-th power ¢! of ¢ is recognized as the characteristic func-
tion of tX with Cauchy (¢t\) distribution. We conclude that the Cauchy ()
distribution is infinitely divisible. The corresponding sii-process is a Cauchy

¢(u) = e,

process. It is also a stable process with exponent 1; see Chapter V. N

Example 2.9. For A\ > 0, let X have the Laplace (\) distribution, so its

density f and characteristic function ¢ are given by

A2 A A

TXNYw? A—durtiu

flz) = ixe M g(u)
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From the second representation of ¢ it follows that X dy_y , where Y
and Y’ are independent and have the same exponential distribution. Since
this distribution is infinitely divisible (see Example I11.2.6), from Proposi-
tion 2.1 it immediately follows that the Laplace (A) distribution is infinitely
divisible. Now, for r > 0 consider the r-th power of ¢ or, equivalently, let Y’
and Y’ above have a gamma (r, \) distribution. Then it follows that the
sym-gamma (r, \) distribution with characteristic function ¢, given by
2 r
o) = (wm)
is infinitely divisible as well; here ‘sym-gamma’ stands for ‘symmetrized-

gamma’. Let f;. be a corresponding density. Then, for example,
fo(@) = IX (1 + Az) e Mzl

for general r there is an expression for f, in terms of a modified Bessel

function of the second kind. m

Sometimes we want to consider a characteristic function ¢ for complex
values of its argument. If ¢ corresponds to an Rj-valued random vari-
able X, then ¢(z) is well defined at least for al z€C with Imz > 0. In
Proposition I11.2.7 we have seen that if such an X is infinitely divisible
with pg := P(X = 0) > 0, then

(2.4) 6(2)] =p5  [Imz>0];

hence ¢ has no zeroes in the closed upper half-plane. The characteristic
function ¢ of a general (R-valued) infinitely divisible random variable X
with pg > 0 may be well defined on the real line only, so one may only hope
to have the inequality in (2.4) for z = u € R. Unfortunately, the technique
used in the R -case does not easily lead to such a result; it can be used,
however, to prove a somewhat different inequality in case X is Z-valued
and has finite variance.

Before showing this we consider the factors X,, of an infinitely divis-
ible random variable X that has its values in Z. Letting n — oo in (2.2)
and using the continuity theorem, we see that necessarily X, 4,0 as
n — oo. Hence, if the X, are Z-valued, too, then IP(X,, = 0) > 0 for all n
sufficiently large, so by (1.1) IP(X = 0) > 0. The converse statement is not
true in general; the factor X, of X :=Y — 1, with Y Poisson distributed,
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has values in —1/n 4+ Z;. When we start from a symmetric distribution

on Z, we do have a converse.

Proposition 2.10. Let X have a symmetric infinitely divisible distrib-
ution. Then the factors X,, of X satisfy

(2.5) P(X,=0)>P(X =0) [neN],
and if X is Z-valued, then the X,, are also Z-valued iff IP(X = 0) > 0.

PROOF. Let ¢ be the characteristic function of X. Since ¢ is continuous and
real, and by Proposition 2.4 has no zeroes, we have ¢(u) > 0 for all ueR.
Since the characteristic function ¢,, of the factor X,, is given by ¢,, = ¢/,
it follows that ¢, (u) > ¢(u) for all ueR. Now, use the inversion formula
(A.2.14) implying that

and similarly for X,, and ¢,; this immediately yields inequality (2.5).
Next let X be Z-valued. Above we saw that if the X,, are also Z-valued,
then IP(X = 0) > 0. For the converse we suppose that IP(X = 0) > 0 and
let n e N; then by (2.5) we have IP(X,, = 0) > 0. As by (1.1)

P(X =) >nP(X, =2) {P(X, =0)}"""  [2+£0],

it follows that any possible value of X, is also a possible value of X. We
conclude that X,, is Z-valued, too. m

Proposition 2.11. Let ¢ be the characteristic function of an infinitely
divisible, Z-valued random variable X with o2 := Var X < co. Then:

(2.6) |p(u)| > e 2’ [ueR].

PROOF. First, consider the special case where X has a symmetric distrib-
ution with IP(X = 0) > 0. Then we can apply the preceding proposition to
conclude that the factors X,, of X are Z-valued. Since by (1.1) IEX,, =0
and Var X,, = 02/n, by Chebyshev’s inequality it follows that

P(X,=0)=1-P(|X,|>1) >1-0%/n.
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Now, we note that any characteristic function ¢ = Fy can be estimated as
follows:

l(u)| > P(Y = 0) - ‘/R\{O} eluy dFy(y)‘ > 2P(Y =0) — 1.

Taking here Y = X,, with characteristic function ¢'/™, we then see that

for n sufficiently large
[6(w)] = [6Y"(@)|" = (2P(X, = 0) — 1)" > (1 - 202 /n)",

from which by letting n — oo we obtain (2.6). Finally, consider the general
case. Then the random variable Xy := X — X', where X and X’ are in-
dependent with characteristic function ¢, satisfies the conditions of the
special case we considered first. Hence we have (2.6) with ¢ replaced by |¢|?

and o2 replaced by 202. Taking square roots yields (2.6) as stated. m

It is not hard to find examples of infinitely divisible distributions with
infinite second moment for which there exists § > 0 such that its charac-

teristic function ¢ satisfies |¢>(u)’ > ¢ for all ueR; see Section 11.

We briefly return to considering a characteristic function ¢ for com-
plex values of its argument, and recall some well-known facts from Sec-
tion A.2. Any ¢ has two abscissas of convergence; these are the largest
numbers uy and vy in [0,00] such that ¢(z) is well-defined for all zeC
with —uy < Imz < vg. The set of these values of z (if non-empty) is called
the strip of analyticity of ¢, because ¢ can be shown to be analytic on this
set. Moreover, uy and vy are determined by the (left- and right-) tails of

the corresponding distribution function F' in the following way:

~log{1-F e
1) up—timing TELTIE) -y ZloeFC)

T—00 x T —00 xX

Using these results we can easily prove the following generalization of
Proposition 2.4.

Theorem 2.12. Let ¢ be an infinitely divisible characteristic function.
Then:
(i) ¢ has no zeroes in R.
(ii) @ has no zeroes in its strip of analyticity.
(iii) If ¢ is an entire function, i.e., if ¢ is analytic on all of C, then ¢ has

no zeroes in C.
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PROOF. We only need to prove part (ii). Let S be the strip of analyticity
of ¢; assume that S # @. Then the factors ¢, of ¢ are also well defined
on S, and hence analytic there; this immediately follows from (2.7) and the
inequalities in (1.3). Now, suppose that ¢(zy) = 0 for some zg € S; on some

neighbourhood B of zy, ¢ would then have an expansion of the form
qﬁ(z):Zak(z—zo)k [zeB].
k=1

Since also ¢, (29) =0, ¢, can be represented similarly. By equating coef-
ficients in the identity ¢ = (¢,)™ one then sees that a; =--- =a,_; = 0.
Since this would hold for any n € N, it would follow that ¢ is zero on B and

hence on all of S, which is impossible. D

This theorem may be used to show that a given characteristic function is
not infinitely divisible; an example is given in Section 11. It also implies
that if ¢ is an infinitely divisible characteristic function, then log ¢(z), and
hence ¢'(z) with ¢ > 0, can be defined for z in the strip of analyticity of ¢

as a continuous function with log ¢(0) = 0; see also Section A.2.

3. Compound distributions

Important classes of infinitely divisible distributions can be obtained by
random stopping of processes with stationary independent increments. We
will show this first in the discrete-time case. To this end we recall some
facts from Section 1.3. Let (S, )nez, be an sii-process generated by Y (so
S, =Y +---4Y, for all n with Y7,Y5,... independent and distributed
as Y), let N be Z,-valued and independent of (S,,), and consider X such
that

(3.1) XgSN (SO XiY1—|—"'+YN).

Then X is said to have a compound-N distribution, and from (1.3.10) one
sees that its distribution function and characteristic function can be ex-

pressed in similar characteristics of Y and N as follows:

oo

(3.2) Fx(z) =) P(N =n)F{"(z), ¢x(u) = Py (¢y(u).

n=0
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In particular, it follows that the composition of a pgf with a characteristic
function is a characteristic function. Also, note that if N is infinitely divis-
ible, then by Theorem II.2.8 its pgf Py has no zeroes in the closed disk
|z| <1, so that ¢x in (3.2) does not vanish anywhere on R. Therefore,
we can apply Proposition 2.5 and its discrete counterpart in Chapter II to
obtain the following result.

Proposition 3.1. A random variable X that has a compound-N distrib-
ution with N Z,-valued and infinitely divisible (in the discrete sense, so
P(N=0)> 0), is infinitely divisible. Equivalently, the composition P o G
of an infinitely divisible pgf P with an arbitrary characteristic function G
is an infinitely divisible characteristic function.

The best-known compound distributions that are infinitely divisible are
the compound-Poisson distributions, for which N above is Poisson distrib-

uted. By (3.2) their characteristic functions have the form

(3.3) o(u) —exp[ {1— }]

where A > 0 and G is a distribution function. Here G can always be chosen
to be continuous at zero. The pair (A, G) is then uniquely determined by ¢;
this is easily verified from the uniqueness theorem for FSt’s. Of course,
the infinite divisibility of the compound-Poisson distributions immediately

follows from Proposition 3.1 or from (3.3). We formally state this result.

Theorem 3.2. The compound-Poisson distributions, with characteristic

functions given by (3.3), are infinitely divisible.

From the first part of (3.2) with Fy = G it is clear that a compound-
Poisson distribution is a distribution with positive mass at zero and, if G is
continuous, with no mass at any other point. Now, for such distributions
infinite divisibility turns out to be equivalent to being compound-Poisson.
We formulate this in terms of random variables.

Theorem 3.3. Let X be a random variable satisfying IP(X = 0) > 0 and

P(X =2)=0 for all x #0. Then X is infinitely divisible iff it has a
compound-Poisson distribution.
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PrOOF. Let X be infinitely divisible with characteristic function ¢, and
set pg :=IP(X = 0). By (1.1) the n-th order factor X,, of X, with charac-
teristic function ¢'/", satisfies P(X,, = 2) =0 for all 2 # 0, and hence
P(X,=0)= p(l)/n. So there exists a distribution function G,, such that

= o o) —p" L 1— Y (w)
G"(u) - 1/n =1- 1/n °
1 —pg I —poy
Now, let n — oo and use the fact that lim, ., n (1 - al/") = —loga for

a € C with a £ 0. Then from the continuity theorem we conclude that there

exists a distribution function G such that
- 1
(3.4) Gu)=1- X {—1log ¢(u)} with X\:= —logpo.

It follows that ¢ can be written in the form (3.3) with, necessarily, G con-

tinuous. The converse statement is contained in Theorem 3.2. m

In the next section we will generalize this result to distributions with at least
one atom. The compound-Poisson distributions are basic among the infin-
itely divisible distributions on R. This is also apparent from the following
limit result; it is obtained by applying Proposition 2.3 and using the fact
that, as in the proof of Theorem 3.3, an infinitely divisible characteristic

function ¢ can be written as

(3.5) o(u) = nh_}n;() exp[—n {1 — ¢1/"(u)}]

Theorem 3.4. A distribution on R is infinitely divisible iff it is the weak

limit of compound-Poisson distributions.

The compound-N distributions with N geometrically distributed will be
called compound-geometric. Their characteristic functions have the form
(36)  ow=-—L

1-pG(u)
where pe (0,1) and G is a distribution function. As for the compound-
Poisson distributions one can show that the pair (p,G) is uniquely de-
termined by ¢ if we choose G to be continuous at zero, which can al-
ways be done. Since the geometric distribution is infinitely divisible, from
Proposition 3.1 it is immediately clear that the compound-geometric dis-
tributions are infinitely divisible. They are even compound-Poisson. This
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follows from the fact that if N has a geometric (p) distribution, then N is
compound-Poisson: Py = Py o Q, where M is Poisson (\) distributed with
A:=—log (1— p) and Q is the pgf of the logarithmic-series (p) distribution
on N, so Q(z) = {—log (1— pz)}/A. Hence ¢ := Py o G can be written as
¢p=Ppyo(Qo CNT'), so ¢ is compound-Poisson. We summarize.

Theorem 3.5. A compound-geometric distribution, with characteristic
function of the form (3.6), is compound-Poisson, and hence infinitely divis-
ible.

Next we randomly stop continuous-time processes with stationary in-
dependent increments, and again recall some facts from Section 1.3. Let
S(-) be a continuous-time sii-process generated by Y (so S(1) LY and Y
is infinitely divisible), let T be Ry-valued and independent of S(-), and
consider X such that
3.7 x<s(1).

Then X is said to have a compound-T distribution, and from (I.3.8) one
sees that the distribution function and characteristic function of X can be

expressed in similar characteristics of Y and T' by

38)  Fy(x) = /R Fet(2) dFp(),  dx(u) = mp(— log éy ().

Note that if T is infinitely divisible, then by Theorem III.2.8 its pLSt 7
has no zeroes in the closed half-plane Rez > 0, so that ¢x in (3.8) does
not vanish anywhere on R. Therefore, we can apply Proposition 2.5 and

its R -counterpart in Chapter III to obtain the following general result.

Proposition 3.6. A random variable X that has a compound-T dis-
tribution with T' R, -valued and infinitely divisible, is infinitely divisible.
Equivalently, the composition 7 o (—log ¢o) where 7 is an infinitely divis-
ible pLSt and ¢¢ is an infinitely divisible characteristic function, is an

infinitely divisible characteristic function.

The compound-T distributions with T" degenerate at one constitute pre-
cisely the set of all infinitely divisible distributions. It is more interesting to
take T standard exponentially distributed. Since then 7r(s) =1 / (1+s),
the resulting compound-exponential distributions have characteristic func-
tions of the form
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B 1
~ 1—log ¢o(u)’

where ¢g is an infinitely divisible characteristic function. The function ¢,

(3.9) ¢(u)

which is sometimes called the underlying (infinitely divisible) characteristic

function of ¢, is uniquely determined by ¢ because

(3.10)  ¢o(u) =exp[l —1/¢(u)].

Note that taking T exponential (A) with A # 1 leads to the same class of
distributions; just use Corollary 2.6. The following theorem is an imme-
diate consequence of Proposition 3.6 and the infinite divisibility of the

exponential distribution.

Theorem 3.7. A compound-exponential distribution, with characteristic
function of the form (3.9), is infinitely divisible.

It turns out that within the class of compound-exponential distrib-
utions the compound-geometric distributions play the same role as do the
compound-Poisson distributions in the class of all infinitely divisible dis-
tributions. In fact, there are analogues to Theorems 3.2, 3.3 and 3.4; we

will show this by using these theorems.

Theorem 3.8. A distribution on R is compound-geometric iff it is com-
pound-exponential having an underlying infinitely divisible distribution
that is compound-Poisson.

PrOOF. First, let ¢ be a characteristic function of the form (3.9) with ¢
compound-Poisson (and hence infinitely divisible, because of Theorem 3.2).
Then ¢ has the form (3.3), so ¢ can be written as
_ 1 B 1=X/(142)

1+M1-G)} 1-{)\/Q+N}G)

which is of the compound-geometric form (3.6). The converse statement is

$(u)

proved similarly: If ¢ has the form (3.6), then computing the right-hand
side of (3.10) shows that ¢ can be written as in (3.9) with ¢ of the form
(3.3); take A = p/(1—p). m

Theorem 3.9. Let X be a random variable satisfying IP(X = 0) > 0 and
P(X =2)=0 for all x #0. Then X is compound-exponential iff it is

compound-geometric.
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PROOF. For both implications we use Theorem 3.8; the implication to the
left is then immediate, so we consider the one to the right. Let X have
a compound-exponential distribution. Then X 4g (T') where S(-) is an
sii-process generated by Y (so vis (1)), and T is standard exponentially
distributed and independent of S(-). We will show that for z € R

R+ ,if$:07

(3.11) szz{tEO:lP(S(t)zx)>0}={® if £ 0

which implies that Y, like X, has a single atom at zero. Then we are
done because by Theorem 3.3 Y then is compound-Poisson, so that X is
compound-geometric. To prove (3.11) we note that, similar to the first part
of (3.8),

]P(X:c)/OOO]P(S(t):c)etdt [zeR],

so in view of the conditions put on X for z € R we have (m being Lebesgue

measure)

>0 ,ifx=0,

(3.12) m(Az) { =0 ,ifz#0.

Now, using general properties of sii-processes one easily verifies that
(313) t1€A0, tQGAz — t1+t2€Az [CL’GR}

In particular, Ap is closed under addition. Since we also have m(Ag) > 0,
there then exists, as is well known, ag > 0 such that Ay D (ag,00). A
second combination of (3.12) and (3.13) now shows that A, = @ for « # 0.
This means that for every to > 0 we have IP(S(to) = x) = 0 for all  # 0.
Suppose that tp¢ Ag. Then S(ty) would have a continuous distribution,
and hence so has S(mty), having the same distribution as the sum of m
independent copies of S(tg); so mtg ¢ Ag for all m e N. For tg > 0, however,
this contradicts the fact that Ag D (ag, 00). We conclude that we may take
ap =0, so Ap = Ry, and (3.11) is proved. m

Theorem 3.10. A distribution on R is compound-exponential iff it is the

weak limit of compound-geometric distributions.

PROOF. Use Theorem 3.4 for the underlying infinitely divisible distribution

of a compound-exponential distribution, and then apply Theorem 3.8. 0O
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In Section 5 we briefly return to the class of compound-exponential distrib-
utions. Since they correspond one-to-one to the infinitely divisible distrib-
utions (via the underlying distributions), the results of the next section are

also of importance for this class.

4. Canonical representation

In the preceding section we found several classes of infinitely divisible
characteristic functions. We now want to characterize all such functions.
This is achieved by the so-called Lévy-Khintchine canonical representation.
Since a full proof of this formula is rather technical and can be found in
several textbooks, we do not give all the details.

Let ¢ = F be an infinitely divisible characteristic function. Then ¢ is
the limit of characteristic functions that are compound-Poisson; by (3.5)
we have

(4.1) log ¢(u) = nllrr;on {¢1/”(u) —1} = lim [ (™" —1) p,(dz),

n—oo R

where ju,, is the Stieltjes measure induced by the function n F*(1/™) To get
a canonical representation we would like to actually take the limit in (4.1).
To this end we use, without further comment, some well-known results on
weak convergence as mentioned in Section A.2. First, note that for large n
the measure u,, will be concentrated near zero. In fact, it can be proved
that

sup/ 22 pip, (dz) < o0, sup/ tn(dz) < oo.

(-1.1] R\[-1,1]

n n

We therefore rewrite (4.1) as

1+ a2

(4.2) log ¢(u) = lim [ (e™*—1) 7 dGa(@),
n—oo R
where G,, defined by
y?
Gp(x) = /(00,1] T+ tn (dy) [zeR],

is a nondecreasing, bounded function satisfying sup,, G, (c0) < oo; here and
in similar cases G, (o) is the short-hand notation for lim, .. G,(z). By
Helly’s selection theorem it follows that there exists a subsequence (G, )ken

with the property that G,, — G in continuity points of G' as k — oo,
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where G is a nondecreasing, right-continuous function on R. Since one
can show that the Stieltjes measure m¢, induced by G,, satisfies

tlirglo sup ma,, (R\(=t,t]) =0,

we also have G, (00) — G(c0). Hence we could apply Helly’s theorem on
convergence of integrals of continuous bounded functions if the integrand

in (4.2) were not unbounded near zero. To remedy this we rewrite (4.2) as

. . iuz iur \ 1+ 22
(4.3) log ¢(u) = nh_)rr;@{zuan + /R(e -1- m) 2 dGn(x)},

where a,, := [ /(14 2?) py,(dz). Now, the integrand is continuous and
bounded on R\{0} with limit —3u? as z — 0. It follows that along the
subsequence (ny) the integral in (4.3) converges to the integral with G,
replaced by G. Since then necessarily also a,, — a for some aeR, we
conclude that

(4.4) log ¢(u) = iua +/

R

. 2
T ) 1+ dG(z).

(eiumi ] e

1+ 22
This is the so-called Lévy-Khintchine representation for ¢. Note that if G
has a positive jump o2 at zero, then in the right-hand side of (4.4) we get
a term —%u202, so ¢ has a normal factor.

Conversely, any (nonvanishing) function ¢ that satisfies (4.4) for some
a€R and some bounded, nondecreasing function G, is the characteristic
function of an infinitely divisible distribution on R. This can be shown by
approximating the integral in (4.4) by Riemann sums. After some rear-
rangement of terms one then sees that ¢ is the pointwise limit of a product
of infinitely divisible characteristic functions, viz. of a (possibly degener-
ate) normal distribution and of Poisson distributions on different lattices.
Letting v — 0 in (4.4) and using the bounded convergence theorem shows
that ¢ is continuous at zero. One can now apply Proposition 2.3 to con-
clude that ¢ is an infinitely divisible characteristic function. Thus we have

obtained the following celebrated result.

Theorem 4.1 (Lévy-Khintchine representation). A C-valued func-
tion ¢ on R is the characteristic function of an infinitely divisible distrib-
ution iff ¢ has the form

P iur \ 1+ 22
(¢ 1 £225) 22 ).

(4.5) ¢(u) = exp {iua + /

R
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where a € R and G is a bounded, nondecreasing, right-continuous function

on R with G(z) — 0 as © — —oo (for x = 0 the integrand is defined by

continuity: —iu?).

As it should be in a canonical representation, the canonical pair (a,G)
is uniquely determined by ¢. We will prove a bit more and allow G to be of
finite total variation, so G can be written as the difference of two bounded,

nondecreasing functions.

Proposition 4.2. Let ¢ be a function of the form (4.5) witha€R and G a
right-continuous function of finite total variation with G(x)— 0 as x — —oc.
Then a and G are uniquely determined by ¢.

PROOF. Let k(u,z) be the integrand in (4.5); then log ¢ can be written as

log ¢(u) = iua + / k(u,z) dG(z).

R

First, consider the (infinitely divisible) case where G is nondecreasing. We

evaluate the following function %, using Fubini’s theorem:

P(u) = /Ol[logqﬁ(u) — 2 {loggp(u+h) +logp(u—h)} | dh =

:/(Jl(/R[k(u,x)—;{k(u+h,x)+k(u—h,x)}}dG(x))dhz
! iux 1+a? _

:/0(/Re (1 - cos ha) —5— dG(a) ) dh =

uT ! 1+1‘2
:/Re (/0 (1—coshx)dh) = dG(x).

So v is the Fourier-Stieltjes transform L of the function L defined by

bl

L(y) = /(_wly] K(x) dG(gg)7 with f(a:) — (1 _ Sinx) 1 -I-xQ.

x 2

note that ¢ is bounded. By the uniqueness theorem for Fourier-Stieltjes
transforms it follows that L is determined by ¢ and hence by ¢. Since the

function ¢ is bounded away from 0, we can write

1
G(z) = /( Ty,
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so G also is determined by ¢; the constant a in (4.5) is then unique as well.
Next, consider the general case. Suppose that ¢ has two representations
of the form (4.5) determined by the pairs (a,G), (b, H), with G and H of
finite total variation. Write G = G1— G4 and H = H|— H> with G1, Ga,
H, and H5 bounded, nondecreasing and right-continuous. Then it follows
that

iua—&—/sz(u,x)d{Gl(x)+H2(ac)} =
:z’ub—l—/Rk:(u,x)d{Hl(m)—&—Gg(@‘)}.

Now, since G1 + Hs and H; + G5 are nondecreasing, we are in the case that
was considered first. Hence a = b and G1 + Hy, = H1 + Go,s0 G = H. O

This proposition can be used to show that a given characteristic function
is not infinitely divisible; cf. Example I11.11.1. Also, the uniqueness of the
canonical pair (a,G) in the infinitely divisible case implies, together with
the continuity theorem, the following not surprising limit result; we do not

give details.

Proposition 4.3. Let F and F,, with neN be infinitely divisible dis-
tribution functions with canonical pairs (a,G) and (a,,G,), respectively.
Then, as n — oo, F,, — F weakly iff a,, — a and G,, — G at continuity

points of G.

Several characteristics of an infinitely divisible distribution can be ex-
pressed in terms of its canonical quantities. Before showing this and giving
some examples, we prefer to switch from the Lévy-Khintchine representa-
tion to the so-called Lévy representation, because the latter is more directly
related to the corresponding distribution. In fact, we switch from the Lévy-
Khintchine canonical pair (a,G) to the Lévy canonical triple (a,o?, M)

where

1 2
/ —;y dG(y) ,ifz <0,
(_OO)I]

(4.6) o =me({0}), M(z) =

1+y? .
— dG(y) ,ifx>0.
/(z,oo) y2 ( )

Theorem 4.1 can now be reformulated as follows; the uniqueness assertion

is, of course, a consequence of Proposition 4.2.

Copyright 2004 by Marcel Dekker, Inc. All Rights Reserved.



Theorem 4.4 (Lévy representation). A C-valued function ¢ on R is
the characteristic function of an infinitely divisible distribution iff ¢ has
the form
; UT
(4.7) o(u) = exp[iua — lu?o? + / (e“”c— 1- 7) dM (z) },
2 R\{0} 1+ x2

where aeR, 02 > 0 and M is a right-continuous function that is nonde-
creasing on (—o0,0) and on (0,00) with M (z) — 0 as x — —o0 or £ — 00

and
(4.8) / 22 dM (z) < oo.
[~1,1\{0}

The canonical triple (a, 02, M) is uniquely determined by ¢.

Clearly, the first two quantities in the canonical triple (a, 02, M) of an infin-
itely divisible characteristic function ¢ = F represent a shift and a normal
component, respectively, in F'. The third quantity is often called the Lévy
function of ¢ and of F. From (4.6) and the discussion in the beginning
of the present section it follows that (a, o2, M) can be obtained from F in
the following way (the expression for M only holds for continuity points x
of M):

a= lim n/le 2dF*(l/”)(ZE),

n— 00 x

2 _ 9 : a? *(1/n)
0°=lim lim n —— dF (z),
(75751

(4.9) €10 n—oo 1+ 22
lim n F*1/™) () ,if x <0,
) — lim n{l—F*(l/")(x)} ,if x> 0.

By the uniqueness of the canonical representation we easily obtain the

following simple, but useful relations.

Proposition 4.5. Let X be an infinitely divisible random variable with
distribution function F and canonical triple (a, o2, M). Then:
(i) The canonical triple of —X is (—a,0?, M~) where M~ is given by
M~ (z) :=-M((—=z)-).
(ii) For a > 0 the canonical triple of aX is (aq,a?0?, M(-/a)) with aq
given by a, = aa+ a(l—a?) fR\{O} 2 [{(1+ 2%)(1+ a?2?)} dM (z).
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(iii) For t > 0 the canonical triple of F*! is (ta,to?,tM).

(iv) If Fy, Fy are infinitely divisible distribution functions with canonical
triples (a1,0%, M), (az,03, M), then F = Fy x Fy iff a = a; + as,
0% =0} + 03 and M = My + M,.

We determine the canonical representations of the three examples from
Section 2, and add a fourth basic example which generalizes the first two.

Example 4.6. The normal (0, 0?) distribution of Example 2.7 with charac-

teristic function ¢ given by
lu) =727,

has canonical triple (0,02, 0), so with Lévy function M that vanishes every-
where. This immediately follows by comparing the expression for ¢ with

representation (4.7). m

Example 4.7. The Cauchy ()\) distribution of Example 2.8 with charac-

teristic function ¢ given by

Pu) = eI,

has canonical triple (0,0, M) with M absolutely continuous with density
()= 2y e #0]

This can be verified directly by integration from (4.7). It can be found
from the relations in (4.9) by using the dominated convergence theorem
and the well-known fact, which easily follows from the expression for ¢,
that the Cauchy distribution function F' has the (stability) property that
F*/7)(z) = F(nz) for zeR and neN. Note that by (4.6) the Lévy-
Khintchine canonical function G is given by G(x) = A F(Az), so the stan-
dard Cauchy distribution has G = F. m

Example 4.8. The sym-gamma (r, \) distribution of Example 2.9 with
characteristic function ¢ given by
A2 T
lu) = ()\2 —|—u2> ’
has canonical triple (0,0, M) with M absolutely continuous with density
T

m(x) = me*w [ #0].
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To show this we recall that ¢ can be viewed as the characteristic function
of Y—Y' with Y and Y’ independent and gamma (r, A) distributed. Now,
in Example II1.4.8 we have seen that Y has (R.-) canonical density k given
by k(z) = re~*?; for the characteristic function ¢y of Y this implies:

oy (u) = exp [/ (e — 1) —e @ dx]
0 T
By comparing this expression with (4.7) we conclude that ¥ has canonical
triple (a1, 0, M7 ) with M; absolutely continuous, where a1 and a density m;
of M; are given by
ay = " _edy, m (z) = 7 ’
1 — 0 ) 1 - T Az

1+ 22 —e” ,if ¢ > 0.
z

Finally, applying Proposition 4.5 (i), (iv) yields the result stated above. 0O

Example 4.9. For A > 0, v > 0, let ¢ be the function on R given by
d(u) = exp [\ |u|7] [ueR].

In case v > 2 this function is not a characteristic function because ¢'(0) =
#"(0) = 0, so if = ¢x, then we would have EX = [EX? = 0. For v = 2
we get Example 4.6, and for v = 1 Example 4.7. Now take general v < 2.
Then v = 26 with § € (0,1], so ¢ can be written as

¢(u) = m(u?), with 7(s) :=exp [-As’].

Since by Example I11.4.9 the function 7 is an infinitely divisible pLSt, we
can apply Proposition 3.6 with ¢y normal to conclude that ¢ is an infin-
itely divisible characteristic function. When v < 2, ¢ has canonical triple
(0,0, M) with M absolutely continuous with density

(@) =t e 0)

where ¢ > 0 is a constant depending on A\ and . This can be verified
directly by integration from (4.7). For more details, including the value
of ¢, we refer to Section V.7; in view of the results given there, for A > 0
and v € (0,2] the characteristic function ¢, and the corresponding distrib-

ution, will be called symmetric stable (X\) with exponent ~. m
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Generally, it is not so easy to determine the canonical triple (a, o2, M)
for a given infinitely divisible characteristic function ¢. The proof of Propo-
sition 4.2 shows a way to obtain o and M (via G) from ¢, but in practice
this will not be very helpful. For o2 there is an alternative; it can be used

in the preceding examples.

Proposition 4.10. Let ¢ be an infinitely divisible characteristic function

with canonical triple (a,0%, M). Then o* can be obtained as

—21
(4.10) o2 = lim ij).
U— 00 U

PRrROOF. By (4.7) it suffices to show that as u — oo

1 - ux
M(z) — if = = (e""—1— —— ).
/R\{o} gu(x)dM(z) — 0, if g,(z) 3 (e T :c2)

Obviously, we have lim,_, g, (z) = 0 for 2 # 0. Moreover, using the fact
that [e? — 1 —dy| < Fy? for y R, we see that ’gu(x)‘ is bounded by 3 for
|z| > 1 and by 222 for [z < 1, uniformly in u > 1. Because of (4.8) we can

now apply the dominated convergence theorem. m

For distributions on R, things are less complicated. As shown in Sec-
tion IIT.4, the (R-) canonical function K of an infinitely divisible dis-
tribution function F' on Ry with pLSt 7 = F can be obtained from 7 via
the relation K = p, where p := (—log )’ = —7'/m. Moreover, the relation
=7 K yields a useful functional equation for F'. Returning to distrib-
utions on R, one is tempted to consider the function (log¢)’ if ¢ is given
by (4.7). Such a derivative need not exist, however, and if it does, it has
no simple relation with the canonical function M.

Still, some conclusions can be drawn from (4.7). We will characterize
several interesting classes of infinitely divisible distributions in terms of
the canonical quantities and give simplified representations for the corre-
sponding characteristic functions. In doing so we will focus on a precise
formulation of the results; the proofs, which mainly consist of manipulat-
ing representations and verifying integrability conditions, will be brief. We
start with considering infinitely divisible distributions that are symmetric.
They are closely related to distributions on Ry, and occur frequently in
practice. Moreover, they have the pleasant property that because of Propo-

sition 2.4 their characteristic functions are positive on R.
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Theorem 4.11. Let F be a distribution function on R with characteristic
function ¢. Then the following three assertions are equivalent:
(i) F is symmetric and infinitely divisible.
(ii) F is infinitely divisible with canonical triple (0,02, M) with o2 > 0
and M satisfying M = M~, where M~ (z) := —M ((—z)—).
(iii) ¢ has the form
o(u) = exp [7%,“202 + 2/

(cos ux — 1) dM(x)] ,
(0,00)
where 0? > 0 and M is a right-continuous, nondecreasing function on
(0,00) with lim,_ o, M(z) =0 and f(o I 2?2 dM(x) < .

In this case o in (iii) equals o* in (ii) and M in (iii) is the Lévy function

restricted to (0, 00).

PROOF. The equivalence of (i) and (ii) immediately follows from Propo-
sition 4.5 (i). The equivalence of (ii) and (iii) is obtained by rewriting
(4.7); one can also start from (i) and use the fact that ¢ then satisfies
¢ = |¢| = exp [Relog ¢]. =

There is a simple 1-1 correspondence between the symmetric distributions
on R and the distributions on R,. In fact, by taking Y := | X| one sees that

a random variable X has a symmetric distribution iff
(4.11) X2 AY, with Y Ry-valued,

where A has a Bernoulli (3) distribution on {—1,1} and is independent
of Y. In terms of distribution functions and, in case of absolute continuity,

densities this relation reads as follows:
(4.12) F(z)=1{14G(x)} forz >0, f(z)=3g(|z|) for zeR.

In view of these simple relations one might think that if Y is infinitely
divisible, then so is X, but this is not so; for a counter-example we refer to
Section 11 and for some positive results of this type to Section 10. On the
other hand, not every (symmetric) infinitely divisible X has the property
that Y is infinitely divisible; in Example II1.11.2 it is noted that the half-
normal distribution is not infinitely divisible (whereas the half-Cauchy dis-
tribution and, of course, the half-Laplace distribution are infinitely divis-
ible). It would be interesting to know which symmetric infinitely divisible

distributions stem from infinitely divisible distributions on R, as above.
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We do not go further into this, and turn to a similar problem that
is easier to solve. To this end, in stead of (4.11), we consider random
variables X such that

(4.13) X 2Y-Y’ with Y R,-valued,

where Y’ is independent of Y with Y’ dy. Clearly, such an X has a
symmetric distribution, and if Y is infinitely divisible, then so is X; cf.
Example 4.8. Note that, conversely, a symmetric infinitely divisible X can
be written as in (4.13) with Y infinitely divisible, but not necessarily R -
valued; one can take Y 4 Xo, the 2-nd order factor of X, in which case Y
has a symmetric distribution, too. Therefore, it is not trivial to ask for
the (symmetric infinitely divisible) distributions that can be obtained from
infinitely divisible distributions on Ry as in (4.13).

To answer this question we first consider the class of infinitely divisible
distributions with finite left extremity; they share in the advantages of dis-
tributions on the positive half-line. At this point it is easiest to make use

of some results on R, .

Lemma 4.12. Let F' be an infinitely divisible distribution function with
characteristic function ¢. Then {rp > —oo iff ¢ has the form
, 1

(@) o =ep [+ [ (o) ar @),

(0,00) x
where v €R and K is an LSt-able function with K(0) = 0 and satisfying
f(1 Oo)(1/33) dK () < oo. In this case the pair (v, K) is uniquely determined
by F, and {p = v and F({p) = e~*, where \ := f(o ooy (1/2) dK (z) (< 00).
If 0 < A < o0, then F is shifted compound-Poisson on R :

(4.15)  ¢(u) = exp [iulp + X {G(u) — 1}],

where G is the distribution function with G(x) = (1/X) f(o w](l/y) dK (y)
for x > 0 and G(0) = 0.

ProoF. All the assertions immediately follow from Theorem II1.4.3 and
Proposition I11.4.4; when f/p > —oo, these are applied for the infinitely
divisible distribution function H := F({p + -) for which £y = 0. N

The first part of this lemma yields the following result on the Lévy rep-

resentation of an infinitely divisible distribution with finite left extremity.
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The subsequent corollary characterizes the infinitely divisible distributions
on R4, which are considered separately in the preceding chapter; recall
that K(0) = ¢p.

Theorem 4.13. Let F' be a distribution function on R with characteristic

function ¢. Then the following three assertions are equivalent:
(i) F is infinitely divisible with {p > —oc.
(ii) F is infinitely divisible with canonical triple (a,0, M) with acR,
M(0—) =0 and [, &dM(z) < oo.
(iii) ¢ has the form
o(u) = exp [iuv +/

(e* — 1) dM (z) ]
(0,00)
where veR and M is a right-continuous, nondecreasing function on

(0,00) with limg .o M(z) =0 and [, 1 @ dM(z) < oo.

In this case v = lp = a — f(o o) z/(1 + 2?)dM(z) and M in (iii) is the
Lévy function restricted to (0, 00).

PROOF. Let F satisfy (i). Then by Lemma 4.12 ¢ has the form (4.14) with
v =4{p. Since b := f(o 00) 1/(1+2%) dK(z) < 00, ¢ can be rewritten as

(em— e ) 1 dK(x)]

1422/ 2

8w =exp [iu(r+ )+ [
(0,00)
Comparing with (4.7) one sees that F' has canonical triple (a, 0, M) with
a=7y+b, M(0—) =0 and M(z) =— [, ,(1/y)dK(y) for z >0, so we
have [, @ dM(z) = K(1).
The rest of the proof is similar. If F' satisfies (ii), then (4.7) can be rewritten
as in (iii), and if ¢ has the form given in (iii), then we have (4.14) with
K(z) = f(va] ydM (y) for x > 0. The various integrability conditions are
easily verified. N

Corollary 4.14. Let F be an infinitely divisible distribution function on R
with canonical triple (a,0?, M). Then F is a distribution function on R,
iff 02 =0, y:i=a— J0.00) z/(1+2%) dM(z) >0, f(o,l] xdM(z) < oo and
M(0—) =0. In this case the (R;-) canonical function K and the Lévy
canonical quantities a and M are related by
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K(a:):fy—i—/ ydM(y) for z > 0;
(0,7]

1 1
a= 7de,Mx:f/ —dK(y) for x > 0.
[ T k@, Mw =~ [ axw)

(4.16)

From the theorem it follows that the condition M =0 on (—o0,0) is not
sufficient for an infinitely divisible distribution without normal component
(62 =0) to have a finite left extremity; if JoyrdM(z) = oo (and, of
course, still f(O,l] r2dM(x) < oo), then the support of the distribution is
unbounded below. Clearly, Theorem 4.13 has an obvious counterpart for

the right extremity rg of F'; we do not make it explicit.

The relations in (4.16) can sometimes be used to determine the canoni-
cal triple of a given infinitely divisible distribution with finite left extremity,
like the gamma distribution; cf. Example 4.8. There we used Proposi-
tion 4.5 (i), (iv) in order to handle also the sym-gamma distribution. Now,

in a similar way this proposition leads to the following result.

Theorem 4.15. Let X be a random variable with characteristic func-
tion ¢. Then the following three assertions are equivalent:
(i) X Y Z withY and Z independent and infinitely divisible with
by > —oc0 and £z > —o0.
(ii) X is infinitely divisible with canonical triple (a,0,M) with aeR
and M satisfying f[—l,l]\{O} |z| dM (z) < oo.
(iii) ¢ has the form
o) =exp [y + [ (@D di(a) .
R\{0}
where veR and M is right-continuous, nondecreasing on (—oo,0)
and on (0,00) with M(z) — 0 as * — —o0 or  — oo and satistying
f[fl,l]\{o} |z| dM (z) < oo.
In this case v = by — bz = a — fR\{O} z/(1+ 2%)dM(z) and M in (iii) is
the Lévy function.

PROOF. As suggested above, combining Proposition 4.5 (i), (iv) with The-
orem 4.13 shows that (i) implies (ii). The converse statement follows by
writing M = M; + My with M; = 0 on (—00,0) and Mz = 0 on (0, 00).

The equivalence of (i) and (iii), or (ii) and (iii), is proved similarly. OO
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The quantity ~ in this theorem is sometimes called the shift parameter
of the infinitely divisible distributions having Lévy functions M satisfying
f[7171]\{0} |z| dM (z) < co. We further note that Y and Z in (i) are not
uniquely determined by X; only (the distributions of) Y — ¢y and Z — £,
and the value of ¢y — ¢z, are unique. It follows that Y and Z can be
chosen to be R -valued. Requiring Z 2 Y in this case leads, together with
Theorem 4.11, to the following answer to the question on symmetric infin-

itely divisible distributions that was raised in connection with (4.13).

Corollary 4.16. A random variable X can be written (in distribution) as
x<y- Y’, withY infinitely divisible and R -valued,

where Y’ is independent of Y with Y’ 4 Y, iff X is infinitely divisible
having canonical triple (0,0, M) with M satisfying f( xdM(z) < oo and

M = M~, where M~ (z) := —M ((—z)—).

0,1]

The Lévy function M of a general infinitely divisible distribution has
the property that f[—l,l]\{o} 22dM (x) < co. In Theorem 4.15 we consid-
ered the special case where M satisfies f[fl,l]\{o} |z| dM (z) < co. Now,
we will be even more specific and require that f[71,1]\{0} dM(z) < oo or,
equivalently, M(0—) < oo and M (0+) > —oo, i.e., M bounded. As before
we start with the one-sided case, and can then use the second part of
Lemma 4.12.

Theorem 4.17. Let F' be a non-degenerate distribution function on R with
characteristic function ¢. Then the following three assertions are equiva-
lent:
(i) F is infinitely divisible with £p > —oo and F'({r) > 0.
(ii) F is infinitely divisible with canonical triple (a,0, M) with a€R,
M(0—) =0 and M bounded.
(iii) ¢ is shifted compound-Poisson on R ; it has the form

&(u) = exp [iuy + A {G(u) — 1} ],
where yeR, A > 0 and G is a distribution function with G(0) = 0.
In this case v = lr = a — [, /(1 +2%)dM(z), A = —log F({p) =
—M(0+) and G =1+ M/ on (0,00).

PROOF. Use Lemma 4.12 and (the proof of) Theorem 4.13; M and K are
related as in (4.16). m
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Theorem 4.18. Let X be a non-degenerate random variable with charac-
teristic function ¢. Then the following three assertions are equivalent:
(i) X LY Z withY and Z independent and infinitely divisible with
by > —00, 8y > —00, P(Y =/4y)>0and P(Z ={z) > 0.
(ii) X is infinitely divisible with canonical triple (a,0, M) with a € R and
with M bounded.
(iii) ¢ is shifted compound-Poisson; it has the form
o(u) = exp [iuw +A {é(u) — 1} },
where ye R, A > 0 and G is a distribution function that is continuous
at zero.
In this case (v, A, G) can be obtained as follows:
v="Lly —lz=a— [g z/(1+2%) dM(z),
(4.17) A= —logP(Y = tly; Z=lz) = M(0—) — M(0+),
G=M/Xon (—0,0), G=1+ M/X on (0,00).

PRrROOF. Similar to the proof of Theorem 4.15: Combine Proposition 4.5 (i),
(iv) with Theorem 4.17, and write M = M; + My with M;(0—) =0 and
M>(0+) = 0. mm

The preceding theorem leads us to consider Lebesgue properties of an
infinitely divisible distribution function F. Clearly, if F' has a normal com-
ponent, then F is absolutely continuous. Therefore, we further suppose
that F has canonical triple (a,0, M). According to Theorem 4.18 we then
have

(4.18) M bounded <= F shifted compound-Poisson.

In this case F' has at least one discontinuity point; the following partial
converse is implied by Theorem 3.3:
(4.19) F has exactly one discontinuity point =

. — F shifted compound-Poisson.
By using some elementary properties of continuous and absolutely con-
tinuous functions, as mentioned in Section A.2, we can say more.

Proposition 4.19. Let F' be an infinitely divisible distribution function
with canonical triple (a,0, M). Then:
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(i) F has exactly one discontinuity point iff M is bounded and con-
tinuous.

(ii) F has exactly one discontinuity point -y, say, and is absolutely con-
tinuous on R\{~} iff M is bounded and absolutely continuous.

ProoOF. Combine (4.18) and (4.19), and use the fact that if ' is compound-
Poisson, shifted over -, then for Borel sets B

o0

AT
(420)  mp(B+q) = Z(He A) mae(B)  [BCR\{0}],
n=1
where A > 0 and G is a distribution function that is continuous at zero; G is
related to M as stated in Theorem 4.18. Now (i) follows by taking B = {b}
with b # 0, and (ii) by taking B C R\{0} having Lebesgue measure zero:
m(B) = 0. m

In addition to (i) and (ii) in this proposition we have the following proper-
ties:

(i) F has at least one discontinuity point iff M is bounded.

(iv) F has at least two discontinuity points iff M is bounded and not
continuous.

(v) F is discrete iff M is bounded and discrete.

(vi) F corresponds to a distribution on Z iff M is bounded and discrete
with discontinuities restricted to Z\{0}, and the shift parameter
belongs to Z.

Here (the direct part of) (iii) is the crucial property; it will be proved as
Theorem 4.20 below. The remaining properties then easily follow, as in
the proof of Proposition 4.19. Note that (iii), because of (4.18), can be
reformulated so as to improve (4.19):
(4.21) F has at least one discontinuity point <=

. <= F shifted compound-Poisson.
Another reformulation is given in the following theorem. To prove it is
not so easy; we will use a result on random walks that can be found in
Section A.5.

Theorem 4.20. Let F be an infinitely divisible distribution function with
canonical triple (a,0, M). Then F is continuous iff M is unbounded.
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PROOF. From (4.18) it is seen that if F' is continuous, then M is unbounded.
To prove the converse it suffices to show that a symmetric infinitely divisible
distribution with unbounded Lévy function has no mass at zero. To see this,
observe that if X is a random variable with Fx = F and unbounded M,
and if X := X — X’ with X and X’ independent and X’ = X, then by
Proposition 4.5 (i), (iv) X has a symmetric infinitely divisible distribution
with unbounded Lévy function M and

P(X=0)>{P(X =2)}" [zeR].

So, let F' be symmetric with M unbounded; note that by Theorem 4.11
a=0 and M =M~ where M~ (z) :=—M((—z)—). Take X such that
Fx = F'; we have to show that IP(X = 0) = 0. To do so, for n e N we write
M = M, + N,, where

M (z) ,ifz < —1/n or x> 1/n,
M, (z) = M(=1/n) ,if —1/n<z<0,
M((1/n)=) ,if0<z<1/n.

The functions M, and N, can be viewed as canonical functions, so we
can take independent infinitely divisible random variables X,, and Y;, with
canonical triples (0,0, M,,) and (0,0, N,,), respectively; then X < X, +Y,
because of Proposition 4.5 (iv). Also, from the first part of this proposition
it will be clear that M,, and N,, are constructed in such a way that X,
and Y, inherit the symmetry of X. Therefore, we can proceed as in the
proof of Proposition 2.10 to show that

P(X=0)<P(X,=0) [neN]

Now, take n so large that M,, is not identically zero; then X,, is non-
degenerate. Since M, is bounded, Theorem 4.18 guarantees that X,, has a

compound-Poisson distribution, so

00 )\g B N
e, 0= 35 e P -0,
k=0
where A\, := M, (0—) — M, (0+) =2M(—1/n) > 0 and (S,(fn))kezJr is a ran-
dom walk with a step-size distribution that is symmetric and has no mass
at zero. For such random walks it can be shown that for all £€Z, respec-

tively £ — oo:
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PSS, = 0) < PSS = 0) <

< P(Tyr = 0) = ugg := (2;> (

R

vl

where (Tj)kez, is the symmetric Bernoulli walk; see Proposition A.5.1.

o=

Hence we can estimate as follows:
o) )\k .
P(X, =0) < Z(He n) te,
k=0

where tj := uy if k is even, and := ui_1 if k is odd. Finally, use the fact
that M is unbounded; it implies that A\, — oo as n — oo. Since t; — 0 as
k — oo, it follows that the upperbound for IP(X,, = 0) tends to zero. We
conclude that IP(X = 0) = 0. m

We state some consequences of this result; cf. Theorems 4.13 and 4.17.

Corollary 4.21. Let F' be an infinitely divisible distribution function with
{p = —oo and with Lévy function M satisfying M(0—) = 0. Then F is con-
tinuous.

Corollary 4.22. Let F' be an infinitely divisible distribution function with

fr > —oco. Then F' is continuous iff it is continuous at (.

There seems to be no simple necessary and sufficient condition on M for
an infinitely divisible distribution function F' without normal component
to be absolutely continuous. We restrict ourselves to the following sufficient
condition.

Theorem 4.23. Let F' be an infinitely divisible distribution function with
canonical triple (a,0, M) such that the absolutely continuous part of M is

unbounded. Then F' is absolutely continuous.

Proor. We take a = 0; this is no essential restriction. By Proposi-
tion 4.5 (iv) we can write F = F} x F», where F; and Fy are infinitely
divisible distribution functions with canonical functions given by the sin-
gular part Mg and the absolutely continuous part My. of M, respectively.
Evidently, F' will be absolutely continuous if F5 is absolutely continuous.
Therefore, without loss of generality, we may assume that M itself is ab-
solutely continuous (and unbounded). For similar reasons we may suppose
that M vanishes everywhere on (—o0, 0).
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In order to show that such an M yields an absolutely continuous F', we
write M as M =3 > | M, with

M(x) — M(ep—1) ,ife, <z <ep_q,
M, (z) =< M(ep) — M(epn_1) ,if0 <z <ey,

0 , elsewhere,

where g¢ := c© (and M(o0) := 0) and (&,,)nen is a sequence that decreases
to zero. For neN let X, be an infinitely divisible random variable with
canonical triple (0,0, M,,), and take the X,, independent; then by Propo-
sition 4.5 (iv) S2F_, X,, has Lévy function S>¥_ M,,. Since this function
tends to M as k — oo, and X,, and X have no normal components, from
(4.6) and Helly’s theorem it follows that 22:1 G, — G at continuity points
of G, where G,, and G are the Lévy-Khintchine canonical functions corre-
sponding to M, and M. Hence we can apply Proposition 4.3 to con-
clude that the series ) ., X, converges in distribution and hence, as is
well known, almost surelgr7 and its sum Zzozl X,, has distribution func-
tion F. Now, observe that M, is absolutely continuous and bounded.
Hence by Theorem 4.18 there exist =, € R and independent random vari-
ables Y, 1,Y), 2,... with the same absolutely continuous distribution such
that

d ~
Xy =y + (Yn,l + -+ Yn,Nn) =: Xy,

where N, is independent of the Y, ; and has a Poisson (\,) distribution
with A, given by A, := —M,,(0+) = M(ep—1) — M(gy); the unbounded-
ness of M makes it possible to choose (g,) such that A, >0 for all n.
Of course, in view of the independence of the X,, we take the sequences
(Np,Y,1,Y5 2,...) with neN independent as well. Then the unbounded-
ness of M also ensures that K := inf {neN: N,, # 0} is not defective:

P(K = 00) = ]P(ﬁ (N, = o}) = exp [—i /\n] = MO — .

With py e := IP(K =k; Ny = f) = IP(Nl =0;---;Np_1 =0; N = é) for

k,¢ecN we can now write I’ as

Fla) = P(S X, <2) = 3 P(5, Ry <o K = k) =
k=1
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>

£ oo ES
Pk, Z]P n=1"n + Ej:lyk;j + En:k+1Xn < x) =

S
[
~
Il

1

Mg

PP (Yiq + Uy < ),

b
—
~
Il

—

where Uy, ¢ is independent of Y}, ; for all k and £. As Y}, ; has an absolutely
continuous distribution, we conclude that F' has been represented as a
mixture of absolutely continuous distribution functions and hence is itself
absolutely continuous. N

Finally, we note that in Section 7 we will characterize the infinitely
divisible distributions with finite variances. The resulting representation
for the corresponding characteristic functions is known as the Kolmogorov

canonical representation.

5. Compound-exponential distributions

The compound-exponential distributions, introduced in Section 3, form
an interesting class of infinitely divisible distributions. They occur fre-
quently in practice, and contain the distributions with densities that are
completely monotone on both sides of zero; the infinite divisibility of such
densities will be proved in Section 10 (symmetric case) and Chapter VI
(general case). In the present section we prove some special properties of
the Lévy canonical triples of compound-exponential distributions, we give
some illustrative examples, and we characterize the compound-geometric
distributions among the compound-exponential ones.

Recall from Section 3 that a random variable X and its distribution

function F are called compound-exponential if

5.1) X <8(T), F(x):/ooo Fit(z)etdt,

where S(-) is an sii-process generated by an infinitely divisible distribution
function Fy, and T is standard exponentially distributed and independent
of S(-). The corresponding characteristic function ¢ can be written in terms
of ¢pg = ﬁo as

1

(5.2) P(u) = m,

80 ¢o(u) =exp [1 — 1/¢(u)].
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Hence Fj is uniquely determined by F; it is called the underlying (infinitely
divisible) distribution function of F. In this section we will use (5.1) rather
than (5.2); properties of Fy from Section 4 are shown to imply special

properties of F'. We first consider the left extremity.

Proposition 5.1. The left extremity {r of a compound-exponential dis-
tribution function F is either —oo or zero. In fact, {p = —oo if {p, <0,

and {p = 0 if {g, > 0; here Fy is the underlying distribution function of F.

PROOF. Let F satisfy (5.1). If (ag,08, Mp) is the Lévy triple of Fy, then
by Proposition 4.5 (iii) for ¢ > 0 the canonical triple of Fj! is given by
(tag,tod,tMp). From Theorem 4.13 it follows that

(53) EFO*t:tgFo [t>0],

also when ¢p, = —oo. Now apply (5.1); we conclude that if /5, < 0 then
lp = —o0, and if F, > 0 then {p = 0. m

This proposition rules out analogues of results in Section 4 with finite
L # 0, whereas results with £z = 0 are covered in Chapter III. Therefore,
the subsequent statements are only interesting in the case where £ = —o0.
According to Theorem 4.13 for the canonical triple (a,0? M) of F this
means that o2 >0 or M(0—) >0 or f(o)l]de(ar) =o00. It turns out,
however, that both the first and the third of these conditions cannot be

satisfied by any compound-exponential distribution.

To show this we extend (5.1) as in Section 1.3 as follows: If X(+) is the
sii-process generated by X and T'(-) is the one generated by T, then for
r>0

e 1
(5.4)  X(r)2S(T(r)), F7(x)= / Fil(z) — ¢ Tetdt.
0 I'(r)
Now use (4.9), which expresses M in terms of F*" for r | 0. By the mono-
tone convergence theorem and the fact that (1/n)I'(1/n) =T(1/n+1) — 1
as n — 00, it then follows that for continuity points x < 0 of M:
M(z) = lim n F*/™(z) =

n— oo

n oo
= lim 7/ Ert(z)tt/mletdt =
AT Jy 1O

= / Fii(x)t~tetdt,
0
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and similarly for continuity points x > 0 of M:

M(z) = lim n{1-F*/"(2)} = —/Oo{l—th(x)}t_le_t dt,
0

n—oo

expressions that are quite similar to that in (5.1) for F'(z). Therefore,
as in the proof of Proposition 5.1 one shows that ¢p, <0 iff £)y = —o0,
and that this condition on M (here) is equivalent to M(0—) > 0. From
Proposition 5.1 itself it now follows that

(5.5)  lp=—00 < M(0-)>0.

We can say more; note that in case M(0—) = 0 the integrability condition
in (ii) and parts (iii) and (iv) of the following theorem are implied by (5.5),
Theorem 4.13 and Proposition 5.1.

Theorem 5.2. Let F' be a compound-exponential distribution function.

Then the Lévy canonical triple (a,o?, M) of F has the following properties:

(i) The Lévy function M can be expressed, for continuity points x, in
terms of the underlying infinitely divisible distribution function Fy as

follows:

S Fyt(m) et dt ,if x <0,
M(z) =
— L= R @) pttetdt  if x> 0.

(ii) The Lévy function M has unbounded support and satisfies

/ |z| dM (z) < 0.
[-1,1\{0}

(iii) The shift parameter is zero: v := a — fR\{O} z/(1+2%) dM(z) =0.
(iv) There is no normal component: % = 0.

Moreover, the characteristic function ¢ of F' can be given the following

simple form where M is the Lévy function of F':
66 sw=ew|[ (@A)
R\{0}

PRrOOF. We use relation (4.9) which expresses (a,0?, M) in terms of F*"
for r | 0. Part (i) has already been proved in this way. We also saw that
from (i) it follows that £3; = —o0 if £, < 0. Of course, (i) implies a similar

property for right extremities: rp; = oo if rg, > 0. Hence £); = —oo or
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ray = 00, so M has unbounded support. To prove the second part of (ii)

we first compute a and find by using (5.4) and (i):

x
= i _ " QR =
a im n/]Rl . (x)

n—oo

n oo
= 1 - Fxt 1/n—1 —t _
ninéom/n)/o (/1+ AR (@) /et e

- dF*t 1*fdt:/ T aAM(x).
/0</1+x2 0()) ¢ 2oy L+ 22 ()

Hence M satisfies the integrability condition in (ii). Moreover, it follows

that the shift parameter v is zero, so we also have (iii). Part (iv) follows
from the following computation:

2
o? = lim lim n/ Lz dF*/m) () =
£]0 n—oo (—ee] 14+

= lim lim —— /00 (/ dFyt(x )> t/nletdt =
el0 n—oo F(l/n) ( € 6] 1 —|—ZL’2

= lim (/ dF*t )t—le—fdt:o.
€10 Jo (68]1+x2 0 (@)

That 02 = 0 can also be proved by using Proposition 4.10. Finally, apply
Theorem 4.15 to obtain the representation (5.6) for ¢. m

This theorem can be used to show that a given distribution is not
compound-exponential. For instance, part (iv) implies that the normal dis-
tribution of Example 4.6 is not compound-exponential, and from part (ii)
it is seen that the Cauchy distribution of Example 4.7 is not compound-
exponential either. The sym-gamma distributions of Example 4.8 do all

satisfy the (necessary) conditions (ii), (iii) and (iv) of the theorem.

Example 5.3. The sym-gamma (r, \) distribution with characteristic func-
tion ¢ given by

o= (70)”

is compound-exponential iff r < 1. To show this we consider the function ¢q
n (5.2) and take A = 1 (which is no essential restriction):

do(u) =exp[1—(1+ uz)r].
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First, let » < 1, and observe that ¢y can be written as

do(u) = mo(u?), where m(s) := W(;J)S)

Now note that by Example 111.4.9 7 is an infinitely divisible pLSt; hence

, T(s) :=exp[—s"].

so is 7y because of Proposition I11.6.1 (iii). From Proposition 3.6 it follows
that ¢¢ is an infinitely divisible characteristic function, so ¢ is compound-
exponential. Next, let r > 1, and suppose that ¢ is compound-exponential;
then ¢y would be an infinitely divisible characteristic function. But one eas-
ily shows that the 4-th cumulant k4 of ¢q is then given by k4 = —12r(r—1),
which is negative; this contradicts the result to be given in Corollary 7.5,

S0 ¢ is not compound-exponential. N

The compound-exponential distributions with underlying distributions
that are compound-Poisson, form the class of compound-geometric distrib-
utions with characteristic functions of the form

1-p
5.7 ) = ———=—— )
(5.7) o(u) I pClu)

where pe (0,1) and G is a distribution function that is continuous at zero.

This has been shown in Theorem 3.8; the underlying distribution func-

tion Fy has characteristic function ¢g given by
(5:8)  do(u) =exp [-A{1 - C(u)}],

where A = p/(1—p). Using this in Theorem 5.2 (i) one can express the
Lévy function M of ¢ in terms of (p, G). We give an alternative proof that

is more direct.

Theorem 5.4. Let ¢ be a compound-geometric characteristic function,
so ¢ has the form (5.7) for some (p,G) as indicated. Then the Lévy func-
tion M of ¢ is given by

S (0" k) G (x) Lifz <0,

— X G R) {1 - G ()} ifx > 0.
PROOF. According to (the proof of) Theorem 3.5 ¢ is of the compound-
Poisson form (5.8) with A = —log (1— p) and G replaced by Q o G, where Q

is the pgf of the logarithmic-series (p) distribution on N. Now use Theo-
rem 4.18. N

M(x) =
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Compound-geometric distributions are compound-Poisson. Are there
other compound-exponential distributions with this property 7 Such a dis-
tribution necessarily has positive mass at zero, and if it has no mass at any
other point, then by Theorem 3.9 the distribution is compound-geometric.
By using the important Theorem 4.20 we can say more. Let F' be a
compound-exponential distribution function with underlying distribution
function Fy, so we have (5.1). We first note that if Fy is continuous, then
so is F§! for all t > 0. In fact, if tho were not continuous for some tq > 0,
then F;""° would be not continuous for every m e N; now choose m such
that mto > 1 and observe that then F}™" = F *Fo*(mtofl). Thus by (5.1)

we have
(5.9) Fy continuous = F continuous.

Now suppose that F' is not continuous; then Fj is not continuous either.
From (4.21), which is essentially Theorem 4.20, it then follows that Fj
is shifted compound-Poisson, so up to a factor €®*? with v <R the charac-
teristic function @g of Fy has the form (5.8). By (5.2), for ¢ = F this means
that

_ 1—p _ 1 1—p
olu) = 1—iud — pG(u) C1—ud 1 —p{1/(1 —iud)} G(u)’
where p:= A/(1+ ) and § := /(1 + X). From the second representation
of ¢ it is seen that if v were non-zero, then F' would have an exponential
factor and hence would be continuous. So 7 =0, and F is compound-

geometric. Thus we have obtained the following analogue of (4.21).

Theorem 5.5. Let F' be a compound-exponential distribution function.
Then F' has at least one discontinuity point iff F' is compound-geometric.

Clearly, this result is an improvement of Theorem 3.9. Moreover, it settles
the question above; we state the answer as a first corollary. The second
corollary contains another remarkable result.

Corollary 5.6. A compound-exponential distribution is compound-Pois-
son iff it is compound-geometric.

Corollary 5.7. A compound-exponential distribution function F' is con-

tinuous iff it is continuous at zero.

In a similar way some further results on Lebesgue properties of com-
pound-exponential distributions can be given; we will not do so.
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6. Closure properties

The simplest closure property is given by Proposition 2.1 (i): If X is an
infinitely divisible random variable, then so is a X for every a € R. Consider
the more general multiple AX, where A is independent of X and has values
in {0,a}. It need not be infinitely divisible; take X degenerate, for instance.
A more interesting counter-example is given in Section 11. Thus in terms

of characteristic functions we have for a € (0,1):
(6.1) ¢ infinitely divisible == 1 — o+ a ¢ infinitely divisible.

In particular, it follows that the class of infinitely divisible distributions
is not closed under mixing; see, however, (6.5) below and other mixtures
from Chapter VI.

From further results in Section 2 it is clear that the class of infinitely
divisible characteristic functions is closed under taking pointwise products,
absolute values, positive powers and limits, provided these limits are charac-
teristic functions. In Section III.6, for a positive function 7 and a > 0 we
considered, apart from 7(a+) and 7%, the functions 7, defined by
m(a+ s m(a) (s

@49 7= 02l

and showed in both cases that if 7 is an infinitely divisible pLSt, then so

(6.2)  ma(s) =

is m,. Now, for an infinitely divisible characteristic function ¢ and a > 0
one might consider the functions ¢, on R with ¢, := ¢(a++)/¢(a) and
¢o = ¢(a) gb/qﬁ(a + ), but in general these functions are not even charac-
teristic functions; the standard normal distribution provides a counter-
example in both cases, because the necessary condition |¢,| < 1 is violated.
As a consequence there is no obvious analogue of the ‘self-decomposability’
characterization of infinite divisibility given in Theorem III.6.3. On the
other hand, the first part of (6.2) suggests looking at distribution func-

tions F, of the form
©3)  Rl=c [ eldr)
(—oo,.’l:]

where F' is an infinitely divisible distribution function, a > 0 and ¢, is a
norming constant. For F' not concentrated on a half-line, however, F, is
in general not infinitely divisible; as is shown in Section 11, the normal

distribution provides a counter-example again.
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The result of Proposition 3.6 can also be viewed as a closure property:
If 7 is an infinitely divisible pLSt, then for characteristic functions ¢y and ¢
we have

(6.4) ¢o infinitely divisible = ¢ := 7 o (—log ¢¢) infinitely divisible.

For instance, taking here for ¢g a symmetric stable characteristic function

as considered in Example 4.9, we obtain the following useful special case.

Proposition 6.1. If 7 is an infinitely divisible pLSt, then u — m(|u|?) is
an infinitely divisible characteristic function for every ~y € (0, 2].

In Section 10 we show that in case v € (0,1] the function u — = (|u|?) is
an infinitely divisible characteristic function for every pLSt 7 (not nec-
essarily infinitely divisible). Taking 7 exponential in (6.4) shows that
if ¢g is an infinitely divisible characteristic function, then so is ¢ given
by ¢(u) = 1/(1 — log ¢0(u)); ¢ is compound-exponential. In Chapter VI,
on mixtures, we generalize this considerably as follows: If ¢ is an infinitely
divisible characteristic function, then so is ¢ with

65  éu) = 1—a+a/(0 Oo)(A—b; ¢O(u))rdG(>\),

where a€[0,1], r€(0,2] and G is a distribution function on (0, c0).

Finally we note that there are several useful closure properties for sub-
classes of infinitely divisible distributions, like the compound-Poisson and

the compound-exponential distributions.

7. Moments

Let X be an infinitely divisible random variable with distribution func-

tion F. We are interested in the moment u,, of X of order neZ,:

= EX" = / 2" dF(x).
R

We look for a necessary and sufficient condition in terms of the canonical
triple (a,02, M) of X for p, to exist and be finite, and we want to know
how i, can then be obtained from the triple. Of course, pu,, exists and is
finite iff IE|X|™ < co. Now consider, more generally, the absolute moment
E|X|" of order 7 > 0 (so r not necessarily in N). We start with looking at
a special case; it suggests that IE|X|" being finite or not does not depend
on the behaviour of M near zero.
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Proposition 7.1. Let X be an infinitely divisible random variable with
Lévy function M vanishing everywhere on R\ [—1,1]. Then E|X|" < oo
for all r > 0.

PRrROOF. Let ¢ be the characteristic function of X. Because of the Lévy
representation (4.7) the function ¢ := log ¢ can be written as

3

) 1 2 9 2 (iux)®  dux
i — L0 4 n dM ().
b(u) = iua — Juo /[1,1]\{0}(5 2L ) am(a)

n=2

Now, using (4.8) and the fact that |z|® < 22 for |z| <1 and n > 2, we
can apply Fubini’s theorem to conclude that 1, and hence ¢ = e?, can
be expanded as a power series (everywhere on R). It follows that ¢ has
derivatives of all orders. This implies that X has moments of all orders, so
E|X|" < oo for all » > 0. m

Thus in determining finiteness of absolute moments it seems to be no re-
striction to suppose that the Lévy function M is bounded. Therefore, in

view of Theorem 4.18 we next look at compound-Poisson distributions.

Proposition 7.2. Let X have a compound-Poisson distribution: X 4 SN,
where (S, )nez, is an sii-process generated by Y with IP(Y = 0) = 0, and N
is Poisson distributed and independent of (Sy,,). Then for all r > 0:

(7.1) EX|"<x < ElY|" <.
PrOOF. Let r > 0. Then conditioning on the values of N we can write
E|X|" =Y P(N =n)E|S,|".
n=1

Now use Minkowski’s inequality, i.e., the triangle inequality, for the function
space L7; see (A.2.9). Then one sees that E|S,|” < n"E|Y|". Hence [E|X|"
can be estimated in the following way:

(7.2) P(N=1) (]E|Y|’”) <E|X|" < (IEN") (]E|Y|T)

Since IEN” < oo, the equivalence in (7.1) now immediately follows. O
The general case can be dealt with by splitting the Lévy function, as was
done several times in Section 4. In this way Propositions 7.1 and 7.2 can

be combined to obtain the following general result on finiteness of absolute

moments.
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Theorem 7.3. Let X be an infinitely divisible random variable with Lévy
function M. Then for all r > 0:
(7.3) EX|" <o <= ¢ = / |z|" dM (z) < 0.

R\[—1,1]
PROOF. Let (a,0?, M) be the canonical triple of X, and take r > 0. We
write M as M = My + Ms with My given by

M(z) ,ifz<-1ora>1,
My(z)=4¢ M(-1) ,if —1<z<0,
M(1-) ,if0o<z<]l.

Then by Proposition 4.5 (iv) we have X 4 X1+ X5, where X; and X5 are
independent and infinitely divisible with canonical triples (a, o2, M;) and
(0,0, My), respectively. Now, M; vanishes outside [—1,1], so by Proposi-
tion 7.1 the absolute moments of X; are all finite. Since by applying the
inequality |a + b]" < 27{|a|” + [b|"} twice it is seen that

(7.4) (1) EXs|" - E|Xq|” < EX|" <2 {E|X:1|" + E|X,|"},

we conclude that E|X|" < oo iff IE|X5|" < co. Finally, as My is bounded,
X is shifted compound-Poisson, so by Proposition 7.2 we have IE| X5|" < oo
iff E|Y5|" < oo, where the distribution function G5 of Y3 is related to M,
as G and M in Theorem 4.18. This means that E|Y3|" < oo iff ¢, < 00
with ¢, as defined in (7.3). m

We return to the questions from the beginning of this section. Let X,
with characteristic function ¢, be infinitely divisible with canonical triple
(a,0?, M). Taking r=neN in Theorem 7.3, we get a necessary and suffi-
cient condition in terms of M for u, := EX™ to (exist and) be finite. Note
that because of (4.8) in case n > 2 the condition can be reformulated in

terms of the moment «,, of M of order n:

(7.5) ty, = EX" finite <= a, = / 2" dM (z) finite.

R\{0}
We next want to know whether the pu,, can be obtained from the «,,. Return
to the proof of Proposition 7.1, where in a special case a power series
expansion is given of 1 :=log ¢ in which the «, occur in a simple way.

Since in more general cases such an expansion can be shown to hold on
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a neighbourhood of zero, one may expect a close relation between the a,
and the cumulants k, of X (cf. Section A.2), at least when n > 2. This is
indeed the case. Of course, the moments , themselves can be obtained
from the cumulants x,, by using (A.2.20):

" /n
06 =Y (s ez,
j=0
so k1 =IEX and ko = Var X.
Theorem 7.4. Let X be an infinitely divisible random variable with

canonical triple (a,0? M), let neN, and let X have a finite moment y,, of

order n. Then the n-th order cumulant x,, of X is given by

3
x
7.7 —a+ —— dM(z), ko =0+aa, Ky =ay,ifn >3,
(7.7) K1=a /11@\{0}14'1‘2 (), ko =0"4aa, kn=ay, ifn

where o, is the n-th order moment of M as defined in (7.5). When M
satisfies the condition f[—1 1\{0} |z| dM (x) < oo, the first cumulant 1 can

be rewritten as
(7.8) K1 ="+ o,
where 7y is the shift parameter of X and «y is the first moment of M.

PrROOF. Let ¢ be the characteristic function of X; since p,, is finite, ¢ is

differentiable n times. The cumulant s, can be obtained from the relation
i"ky, = (™ (0) with, as before, ¢ := log ¢; by (4.7) 1 can be written as
¥(u) = iua — 2u0? + w(u), where

. UL
w(u ::/ et —1— dM (z).
) R\{O}( 1+1’2) ( )

First, let n=1. Then we get ix; = ia +w'(0). To compute w'(u) we

consider the difference quotient of w at w:

o N G L
h B\ {0} iha 1+ a2 -

Now, using the fact that [e¥ —1| < |y| and [e? —1—iy| < 1y? for y e R, we
see that the absolute value of the integrand is bounded by 2|z| for |z| > 1
and by (|u| + 2) 22 for |z| < 1, uniformly in |h| < 1. Moreover, because of
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Theorem 7.3 we have fR\[_l 1 |z| dM () < oo. Hence, letting h — 0, we
can use dominated convergence to conclude that

79)  W(u) = /R - (ei”x—ﬁ) iz dM(z).

Taking u = 0 here yields the formula for x; in (7.7); the alternative (7.8)
follows from Theorem 4.15.

Next, let n > 2. Then we get i’ky = —02 + w”(0) if n = 2, and "k, =
w™(0) if n > 3. Since by (7.5) we now have fR\{o} |z|"dM (x) < o0, we
can proceed as above and conclude that w(™ (u) may be obtained from

w'(u) above by differentiating under the integral sign, so:
(7.10) W™ (u) = / e (i) dM(z)  [n>2).
R\{0}

Taking u = 0 yields again the formula for k,, in (7.7). m

Corollary 7.5. For an infinitely divisible distribution the cumulants of

even order, as far as they exist, are nonnegative.

The characteristic function ¢ of any random variable X with finite n-th
moment has a Taylor expansion as in (A.2.18). Similarly, the function
¥ := log ¢ satisfies

1) ww =3

where K1,..., Kk, are the first n cumulants of X. Now, if X is infinitely

R, (u), with R,(u)=o0(u") as u— 0,

divisible, then something more can be said on the remainder function R,;
rewriting the Lévy representation for ¢ by use of Theorem 7.4 easily leads
to the following result.

Theorem 7.6. Let X be an infinitely divisible random variable with
canonical triple (a,0?, M), and let v :=log ¢ with ¢ the characteristic

function of X. If X has a finite first moment, then v can be written as
(7.12) Y(u) = iuky — $uo? +/ (e"® — 1 — juz) dM (x),
R\{0}
and if X has a finite moment of order n > 2, then
- (tux
1) v =Y P | >MMH
j=1 R\{O} j= n+1

here k; is the cumulant of X of order j.
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This theorem can be used to obtain, for every neN, a canonical represen-
tation for the infinitely divisible characteristic functions with finite n-th
moments. We will only do so for n = 2, and will formulate the result in
such a way that Kolmogorov’s representation as stated in Theorem 1.4.3
appears. In fact, starting from (7.12), or from (7.13) with n = 2, using the
middle equality of (7.7), and defining the function H on R by

(110)  Hi) = (0 Loy (o) + /( PaM(y)  [acR],

00,z]\{0}

one is easily led to the following classical result.

Theorem 7.7 (Kolmogorov representation). A C-valued function ¢
on R is the characteristic function of an infinitely divisible distribution

with finite non-zero variance iff ¢ has the form

(7.15) o(u) = exp [iu,u + /f/R(e““”— 1 —dux) % dH(m)} [ueR],

where e R, k > 0 and H is a distribution function; for x = 0 the integrand

1
2

fact, p is the mean and  the variance of the distribution (so p = u1 = K1

is defined by continuity: —iu?. The canonical triple (u, x, H) is unique; in

and Kk = Ka).

From this theorem one easily obtains a cumulant inequality that illustrates

the special character of the normal and Poisson distributions.

Proposition 7.8. The cumulants ks, k3 and k4 of an infinitely divisible

distribution with a finite fourth moment satisfy
(7.16) Kok4 > K3.

Moreover, equality holds in (7.16) iff the distribution is normal or of Poisson

type.

PRrROOF. Let X be an infinitely divisible random variable with EX* < oo
and with canonical triple (a, o2, M). Consider the Kolmogorov canonical
function H for X; it can be viewed as the distribution function of a random
variable Y, say. Now, use the fact that VarY =IEY? — (IEY)? > 0, and
combine (7.7) and (7.14) to see that

HQ]EYzH?,, HQEY2:K4.
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This immediately yields (7.16). Equality here means that VarY =0, i.e.,
Y is degenerate. Degeneracy at zero implies that 02 > 0 and M =0, so X
is normal. Degeneracy away from zero means that o2 = 0 and M has one

point of increase, so X is of Poisson type. N

In view of (7.13) one might ask when ¢ = log ¢ has a power series
expansion in a neighbourhood of zero. Of course, for this to be the case
the quantities ¢, in (7.3) must be finite and become large not too fast. We
do not go further into this, and restrict ourselves to a special case which is
needed in Section 9.

Proposition 7.9. Let X be an infinitely divisible random variable with
characteristic function ¢ and with Lévy function M vanishing everywhere
on R\ [—r,r], for some r > 0. Then X has finite moments of all orders,

and v := log ¢, and hence ¢ = ¢¥, has a power series expansion on R:

—  (iw)"

(7.17) ¢(u):ZﬁnT [ueR],
n=1

where K, is the cumulant of X of order n.

PRrROOF. Proceed as in the proof of Proposition 7.1; note that now Fubini’s
theorem can be applied because of (4.8) and the fact that |z|® < r"— 222
for |x| < r and n > 2. Finally, use (7.7). mn

Of course, finiteness of the absolute moment E|X|" is related to a cer-
tain behaviour of the two-sided tail IP(|X| > z) of X as 2 — co. Therefore,
Theorem 7.3 gives information on the tail behaviour of infinitely divisible
distributions. In Section 9 we will return to this and give more detailed
results, also for the left tail P(X < —z) and right tail P(X > z) of X as
x — oo. But first it is useful to pay attention to the support of an infinitely
divisible distribution.

8. Support

Let F' be a distribution function on R. As agreed in Section A.2, by
the support S(F) of F' we understand the set of points of increase of F;
equivalently, S(F') is the smallest closed subset S of R with mp(S) = 1.
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According to Proposition A.2.1 the support of the convolution of two dis-
tribution functions is equal to the closure of the direct sum of the supports:

81)  S(F*G)=35(F) @ S(Q).

For functions more general than distribution functions, such as Lévy func-
tions, the support is defined similarly.

Let F' be infinitely divisible with n-th order factor F;,, say, so F' = F}™.
Then from (8.1) it follows that

8.2)  S(F)=8(F,)®" [neN]

Also, if F' is non-degenerate, then by Proposition 1.2.3 S(F') is unbounded.
We can say more, and start with considering the case where F' is compound-

Poisson. By (3.2) F can then be represented as

(83)  Flz)=e 1z, (z) +Z(—e**)cm() [zeR],

where A > 0 and G is a distribution function that is continuous at zero.

From this it is immediately seen that

S(F) > {0}pu G S(G™);

n=1
we need not have equality here, but we have, if we replace the union over n
in the right-hand side by its closure. This is easily verified by showing
that a non-zero element outside the closure cannot belong to S(F'); cf. the
second part of the proof of Proposition A.2.1. Moreover, using (8.1) we see
>, S(G™) by sg {S(@)},
the additive semigroup generated by S(G). We conclude that

(84)  S(F)={0}Usg{S(A}.

Since the convolution power F*! of F satisfies (8.3) with A replaced by At,

that in the resulting equality we may replace | J -

it follows that its support does not depend on ¢:
(8.5) S(F**) = S(F) [t>0].

Taking ¢ = 2 and applying (8.1) (or ¢ = 3 and (8.2)), one also proves the

following property of compound-Poisson distribution functions F':

(8.6) S(F) is closed under addition.
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We turn to the general case, and will relate the support of an infinitely
divisible distribution function F to its Lévy canonical triple (a,o?, M).
Clearly, if F' has a normal component, then S(F) = R, so we further assume
that o?= 0. First, suppose that the Lévy function M of F is bounded. Then
we can apply Theorem 4.18: F has a (finite) shift parameter v given by

x
8.7 'y:a—/ —— dM (x),
(5.7) [y T2 M@

and is, up to a shift over 7, of the compound-Poisson form (8.3) with G
satisfying S(G) \ {0} = S(M). So we can use (8.4) to obtain the following

preliminary result.

Proposition 8.1. Let F' be an infinitely divisible distribution function
with canonical triple (a,0, M). If M is bounded, then

(88)  S(F) =v+ ({0)usg{SODY) = {2} U (7 +se {SAD}),

where 7y is the shift parameter of F'.

We proceed with considering the case where the Lévy function M of F
may be unbounded but vanishes everywhere on the negative or on the
positive half-line. Hence M(0—) =0 and M(0+) < 0 (possibly —c0), or
M(0—) > 0 (possibly co) and M(0+) = 0. We start with the case where
M(0—) = 0, and show in the following proposition that then for S(F') there
are three essentially different possibilities. Here it is convenient to make use
of aresult on R;. Note that only bounded M can satisfy the condition in (i)
below. The first condition in (ii) automatically holds for unbounded M and
the second one for bounded M. The condition in (iii) can only be satisfied
by unbounded M.

Proposition 8.2. Let F be an infinitely divisible distribution function
with canonical triple (a,0, M) satisfying M (0—) = 0.
(i) If M(z) = M(0+) for some x > 0, then S(F) is given by (8.8) with
¢p =~y as an isolated (possibly its only) point.
(ii) If M(x) > M(0+) for all z > 0 and [, ;o dM(x) < oo, then S(F)
is given by S(F') = [, 00) with ~ the shift parameter of F'.
(iii) Iff(o,u x dM (x) = oo (but, of course, still f(O,l] 22 dM (x) < o0), then
S(F) is given by S(F) =R.
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PrOOF. Part (i) follows from Proposition 8.1; note that v S(F) but
Y+ x¢S(F) for all ze(0,x0) with zg:=sup{z>0:M(z) = M(0+)}.
0.1] xdM(z) < co. Then by Theorem 4.13 we have
{p =7 > —o0. Now, apply Theorem II1.8.2 to the infinitely divisible dis-
tribution function H := F(-++) with £z =0, and note that by Corol-
lary 4.14 the (R4-) canonical function K of H satisfies S(K) = S(M), and
U =0 iff M(z) > M(0+) for all z > 0. Thus we have proved (ii) and, in
fact, (i) once more, without using Proposition 8.1. Turning to part (iii), we

To prove (ii) we let f(

let M satisfy the condition stated there. Then necessarily {r = —oco. Now,
we can write M as the sum of two canonical functions M; and M, which
for x € (0,1) satisfy

My () = M(1) - /( M), M) = - /( (A=)

note that necessarily Ma(z) = 0 for z > 1. Hence by Proposition 4.5 (iv) we
have F' = F} x F5, where F} is the infinitely divisible distribution function
with canonical triple (a,0, M7) and Fy that with triple (0,0, M5). Since M
satisfies

M1(0+) = M(1> - f(071] ydM<y) = —0Q,
f(O,l] xdMi(x) = f(O,l] 2?2 dM (x) < oo,

from part (ii) it follows that {p > —oco and S(Fy) = [{F,,00). Therefore,
lp, = —00, because £ = —oo. Since by (8.1) the direct sum of S(Fy) and
S(F») is contained in S(F'), we conclude that S(F') = R. m

In the same way, or by applying the preceding result not to F' = F'x but
to F_x, one can prove the following proposition.

Proposition 8.3. Let F' be an infinitely divisible distribution function
with canonical triple (a,0, M) satisfying M (0+) = 0.
(i) If M(z) = M(0—) for some x < 0, then S(F) is given by (8.8) with
rp = 7 as an isolated (possibly its only) point.
(i) IfM(x) < M(0—) forallz < Oand [_, o v dM(x) > —oo, then S(F)
is given by S(F) = (—o0,~] with v the shift parameter of F.
(iii) Iff(71 0% dM (z) = —oo (but, of course, still f( 22 dM (z) < o0),
then S(F) is given by S(F) = R.

~1,0)
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We finally have to consider an infinitely divisible F' with a Lévy func-
tion M that gives positive mass to both the negative and the positive
half-line, i.e., for which M (0—) > 0 and M (0+) < 0. Then we split up M
as M = M; + M, with M;(0—) =0 and M2(0+) =0, and proceed as in
the proof of Proposition 8.2: S(F) = S(Fy) ® S(F,) where F corresponds
to My and Fy to M. Since Fy and F» are non-degenerate, both S(F) and
S(Fy) are unbounded sets. Now, combine the three possibilities for S(Fy)
as given in Proposition 8.2 with those for S(F3) in Proposition 8.3. Then
it easily follows that in eight of the resulting nine cases we have S(F) = R.
In the remaining case it is easiest to apply Proposition 8.1; we then obtain
part (i) of the following theorem, which further summarizes our findings.
The corollary immediately follows from Theorem 4.20.

Theorem 8.4. Let F' be an infinitely divisible distribution function with
canonical triple (a,0?, M). If % > 0, then S(F) = R. Let further 0 =0
and let vy be the shift parameter of F as given by (8.7) (if the integral there

exists).

(i) If M(z) = M(0—) for some z < 0 and M (xz) = M (0+) for somez > 0,
then

S(F) =+ ({0} usg {S(M)}).

(i) If M(0—) = 0, M(x) > M(0+) for z > 0 and [, 2z dM(z) < oo,
then
S(F) = [7’00)'
(iii) If M(0+) = 0, M(x) < M(0—) for z < 0 and f(—l,O) xdM(z) > —oo,
then
S(F) = (o0,

(iv) In all other cases (also where ~y is undefined or infinite):

S(F) =R.

Corollary 8.5. An infinitely divisible distribution function F' that is con-
tinuous, is supported by a half-line or by all of R.

Clearly, in general S(F') does not have the property of being closed under

addition. In the cases (ii) and (iii) of the theorem there is a simple neces-

sary and sufficient condition for F' having this property: v > 0 and v < 0,
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respectively. In case (i) the condition v =0 is only sufficient; also when
v # 0, S(F) may be all of R as in case (iv). Since by Proposition 4.5 (iii)
F*' with ¢ > 0 has canonical triple (ta,to? tM), in the four cases of the
theorem the support of F** is given by

(89)  S(F*) =ty+ ({0} usg {SON}), [tr,50), (-o0,t7], R,
respectively. Hence in the first three cases we have S(F*') = S(F) for all ¢
if y=0.

From part (i) of Theorem 8.4 it follows that an infinitely divisible F' for
which ¢ = 0, S(M) C Z and v € Z, corresponds to a discrete distribution
on Z. Since the support S(p) of such a distribution p = (pg)recz reduces to

S(p) ={keZ:py >0},

the support of p and the set of zeroes of p are complementary sets in Z. For
a probability density f of an absolutely continuous distribution on R the
situation is not that simple. The support of the corresponding distribution
function F' can then be written as

S(F)={zeR: f(z) >0},

if one chooses f such that f(z) =0 for all ¢ S(F'), which can always be
done. Nevertheless, one might ask for possible zeroes of f in S(F), even
if f is supposed to be continuous. Now, let F' be infinitely divisible; by
Corollary 8.5 S(F') then is either a half-line or all of R. In the first case
the R, -result of Theorem I11.8.4 immediately yields the following non-zero
property of f; of course, there is an obvious analogue when the support is
of the form (—oo,~].

Theorem 8.6. Let F' be an infinitely divisible distribution function on the
half-line [v, 00) with a density f that is continuous on (y,00). Then

f(z) >0 forall x> .

When S(F) = R, the question above is much harder. In the following
theorem we give a sufficient condition for F' to have a continuous density f
without zeroes. In view of this condition we note that there are infinitely
divisible distribution functions F such that F*! is absolutely continuous

only for ¢t larger than some ¢y > 0; see Notes.
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Theorem 8.7. Let F' be an infinitely divisible distribution function, not
supported by a half-line, and suppose that, for some t € (0,1), F** is abso-
lutely continuous with a bounded, continuous density. Then F' is absolutely

continuous and has a bounded, continuous density f for which

f(z) >0 forall zeR.

PROOF. Let f; be the bounded, continuous density of F*!. Since t € (0,1),
we can write F' = F**«F*(1=Y) 5o F is absolutely continuous with density f
given by

f@)ZAQKm—mdF“F“@) [z€R].

Clearly, f is bounded. Moreover, by the dominated convergence theorem
f is continuous, and by Corollary 8.5 we have S(F) = R. Now, take z € R,
and note that by the continuity of f; there exist ygeR, ¢ > 0 and ¢ > 0
such that fi(z —y) > c for all y € (yo — €,y0 + €). Then it follows that

f@>2c/' AF1-0(y) > 0,
(yo—e,yo+¢)

where we used the fact that S(F*(1=Y)) = R; the final case of (8.9) applies,
with ¢ replaced by 1— t. M

The condition on F*! makes this theorem hard to use for deciding that
a given continuous density having a zero is not infinitely divisible. As is
well known, F** has a bounded, continuous density if its characteristic
function ¢ is absolutely integrable. This condition seems to be slightly

more practical, but is in most cases far too strong.

Corollary 8.8. Let F' be an infinitely divisible distribution function, not
supported by a half-line, and suppose that its characteristic function ¢
satisfies fR’¢(u)|t du < oo for some te(0,1). Then F is absolutely con-
tinuous and has a bounded, continuous density f without zeroes.

For symmetric distributions there is a milder integrability condition if

one is only interested in the value of f at zero.

Proposition 8.9. Let F' be a symmetric infinitely divisible distribution
function with characteristic function ¢. If fR‘(b(u)’ du < oo, then F is ab-
solutely continuous and has a bounded, continuous density f with f(0) > 0.
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PRrROOF. It is well known that, under the condition on ¢, F' is absolutely
continuous with bounded, continuous density f on R given by

(810)  f2) = — /R e o) du, so £(0) = 5 / b(u

2

Since F' is symmetric, ¢ is real. Hence f(0) cannot be zero unless ¢ takes
negative values, i.e., unless ¢ has a zero, which is prohibited by Proposi-
tion 2.4. M

In this proposition, however, the condition on ¢ can be replaced by a con-

dition on the density f itself which can be easily verified in many cases.

Proposition 8.10. Let F' be a symmetric infinitely divisible distribution
function which is absolutely continuous with density f, and suppose that f
is continuous at zero and of bounded variation over every finite interval.
Then f(0) > 0. In fact, if ¢ is the characteristic function of f, then again

fR|¢(u)| du < oo.

PROOF. It can be shown (see Notes) that if f is continuous at z and of
bounded variation over every finite interval, then
t

(8.11) flz) = S lim e p(u) du

27T t—oo —t

Now, take x = 0; since ¢ is positive on R, we can apply the monotone
convergence theorem to conclude that f(0) is given by the second part of
(8.10) again. Hence [,|¢(u)|du < oo and f(0) > 0. m

In Section 11 we give an example that illustrates the use of this result.

9. Tail behaviour

In this section we study the tail behaviour of (the distribution function
of) an infinitely divisible random variable X, and obtain in this way nec-
essary conditions for infinite divisibility, which in concrete situations are
often useful; see Section 11 for examples. We shall look at three global tail
functions of X for x > 0: the right tail P(X > x), the left tail P(X < —zx),
and their sum, the two-sided tail of X:

P(|X|>z)=P(X >z)+P(X < —x) [z>0].
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We suppose X to be non-degenerate, and we look at the tails in a rather
crude way; we restrict ourselves to the asymptotic behaviour of the loga-
rithms of the three tail functions. For the two-sided tail this means that
we look at —log IP(\X| > x) for  — oo; this can always be done because
by Proposition 1.2.3 X is unbounded, so that IP(|X| > z) > 0 for all z > 0.
When considering the right and left tails of X, we should know in ad-
vance that rx = oo and £x = —oo, respectively. Necessary and sufficient

conditions for this are given by Theorem 4.13.

We start with investigating the tails of compound-Poisson distributions.
So, let X 4 SN, where (Sy)nez, is an sii-process generated by Y, say (so
S 2 Y), with P(Y =0) =0, and N is Poisson distributed and indepen-
dent of (S,,). Then the two-sided tail of X can be written as

P(|X|>z) = Z]P P(|Sn| > ) [z >0].
Hence, on the one hand we have
01)  P(X|>2)=P(N=DP(V|>2) [2>0];

this means that an infinitely divisible distribution can have an arbitrarily
thick tail. On the other hand, using the fact that (a + ) < 2k(a* + g¥)

for a, 8 >0 and k€N, for a > 0 and k€N we can estimate as follows:
P(|X| > ka) > P(N = k) IP(|Sk| > ka) >
> P(N = k) ({]P(Y >a)l + {P(Y < —a)}k) >
k k
> POV = 1) () {P(Y] > )"
Since by Lemma I1.9.1 —log P(N=k) ~ k logk as k — oo, it follows that

—log P(|X| >k
lim sup o8 (‘ | a) <1,
k—o00 k logk

for all @ > 0 such that IP(|Y'| > a) > 0, so for all @ > 0 with a < my where
my = max {—fy,ry}. Now, take such an a and for > 0 let k, €N be
such that (k, —1)a < 2 < kya. Since P(|X| > z) > P(|X| > kya) and
(kylogky)/(x logz) — 1/a as © — oo, by first letting 2 — oo and then
letting a tend to my we conclude that

—log P(|X]| > 1
(9.2) lim sup o8 P(|X] > 2) < —

)
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where 1/my := 0 if my = co. Let my < co. Then we can also estimate
above, as follows. Since |Y'| < my a.s., we have |S,| < nmy a.s., and hence
for keN

P(|X|>kmy) = i P(N =n)P(|S,|>kmy) <P(N>k).
n=k+1

Since by Lemma I1.9.1 —log P(N > k) ~ k logk as k — oo, it follows that

lim inf —log 1P(|X| > kmy)

> 1.
k—o0 k logk -

For z > 0 we now let k, € Z be such that k,my <z < (k; +1) my. Since
then IP(|X| > z) <IP(|X| > kymy), we conclude that

03) it s P0X>2) 1
&—00 z logx my

Finally, by combining (9.2) and (9.3) we obtain a limiting result for the tail
of X, in which we may replace my by max {—£ys, 7}, where M is the Lévy
canonical function of X; this immediately follows from the relation between
G := Fy and M as given by Theorem 4.18. This theorem also shows that we
have now obtained the two-sided tail behaviour of all infinitely divisible dis-
tributions with M bounded and without normal component. In fact, these
distributions correspond to those of v +X with yeR and X compound-
Poisson, and because for z > 0

(9.4) P(IX|>z+y]) <P(ly+ X|>z) <P(|X]| >z —|y]),

the limiting result for the tail of X also holds for that of v +X. We sum-

marize.

Proposition 9.1. Let X be a non-degenerate infinitely divisible random
variable with canonical triple (a,0, M) such that M is bounded. Then the

two-sided tail of X satisfies
—log P(|X| > ) 1

9.5 li =
(9:5) o0 x logx max {—lyr,rar

which should be read as 0 if the maximum is infinite.

In fact, as we shall see, formula (9.5) holds for every non-normal, non-
degenerate infinitely divisible random variable X, but in order to show this
some work needs to be done.
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By adapting the proof of Proposition 9.1 similar results can be derived
for the right and left tails of X separately. It is interesting to note that
these results are actually contained in Proposition 9.1. To show this we use
a technique that will be useful later in this section as well. Consider the

situation of the proposition. Then, by Theorem 4.18, for some v e R
(9.6) x4 v+ X1 + Xo, with X; and X5 independent,

where X7 and X5 are infinitely divisible with X7 nonnegative and X5 non-
positive. Suppose that rps > 0 or, equivalently, M (0+) < 0; then by Theo-
rem 4.13 we have ry = oo and hence X; is non-degenerate. Since X; = | X1|
and the Lévy function M; of X; satisfies M1(0—) =0 and M; = M on
(0,00), we can apply Proposition 9.1 to see that the right tail IP(X; > x)
of X satisfies (9.5) with the right-hand side of it replaced by 1/r5;. Now,
in view of (9.6) the right tail IP(X > z) of X will behave the same as
that of Xj, because shifting over v will not affect tail behaviour and
P(X2 >2) =0 for all z > 0.

In order to make this argument precise we state a lemma relating the
right tails of X and X;. Here for € € (0,1) we say that the right tail of Xs
is e-smaller than the right tail of X if

(9.7) P(Xy >ex) <P(X; > 2) [z > 0 sufficiently large |.

Lemma 9.2. Let X 4 X1 4+ X5 with X7 and X5 independent. Then:

(i) P(X >z) <P(X; > (1 —¢)z) + P(Xy >ca) for e€[0,1), 2>0.
(i) P(X >2) >P(X; > (14¢e)z) P(Xy > —ex) foree[0,1), 2> 0.
(iii) For e€(0,1) and = > 0 sufficiently large:

IP(X:>(1+e)z) <PX >2) <2P(X; > (1—¢)z),

provided, for the second inequality, that the right tail of X5 is e-
smaller than that of X;.

PROOF. One easily verifies that for z > 0 and €€ [0, 1):
{(Xi+Xo >z} c{X1>(1—-¢)z} U{X2 > e},
X1+ Xo>2} 2 {Xi>Q+e)a}n{Xy > —ea}.

This immediately yields (i) and (ii). Part (iii) is now a direct consequence,
because lim P(Xy > —ez) =1and P(X; > 2) <P(X; > (1 —¢)z). @@

r— 00
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We return to considering the right tail of X satisfying (9.6), where X7 is
nonnegative with {—log P(Xy > z)}/(zlogx) — 1/ry as  — oo and X»
is nonpositive. When v = 0, by Lemma 9.2 we have for all € (0,1) and
x > 0 sufficiently large:

iP(X;>(1+e)z) <P(X >2) <P(X; > x),
and hence

L < liminf/limsupw <(1+¢) L,

M z—o0 | p 00 x logx M
from which by letting € | 0 we see that the right tail of X behaves exactly
the same as that of X;: {—log P(X > z)}/(zlogz) — 1/ry as z — oo.
Using this with X replaced by X — « shows that the same property holds
in case v # 0. Observing that the left tail of X is just the right tail of —X
and that by Proposition 4.5 (i) the right extremity of the canonical function

of —X is given by —¢,;, we are led to the following result.

Proposition 9.3. Let X be a non-degenerate infinitely divisible random
variable with canonical triple (a,0, M) such that M is bounded. Then the
right and left tails of X satisfy

—log P(X > z) 1 . —log P(X < —x) 1

9.8 lig 8 X 28 L -
(9-8) o z logx rar oo z logx —ly

where M (0+) < 0 is supposed in the first case and M (0—)> 0 in the second.

We have now derived Proposition 9.3 from Proposition 9.1. Actually,
these propositions are equivalent; we shall give the converse proof later
in a more general situation. For a single X formula (9.8) is, of course,
more precise than (9.5). Therefore, when generalizing our results so far to
random variables X with unbounded M, we shall first concentrate on right
and left tails.

In doing so we start with giving upperbounds for these tails when the
support of M is restricted to the positive half-line (and still there is no
normal component). Note that by Theorem 4.13 the left tail is then non-
trivial only if f(O,l] xdM (z) = co. The upperbounds for the tails of X will
be obtained via Chebyshev-type inequalities in which the LSt of X occurs.
To be sure of finiteness of this LSt we need the following well-known result;

see Lemma A.2.8.
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Lemma 9.4. Let X be a random variable with characteristic function ¢
satisfying
o(u) = Au) [-e<u<e, somee>0],

where A is a function that is analytic on the disk |z| < p in C with p > ¢.
Then ¢(z) := E ¢*X is well defined for all z € C with |z| < p, and

d(z) = A(z) [zeC with |z| < p].

Proposition 9.5. Let X be an infinitely divisible random variable with
canonical triple (0,0, M) such that M(0—) = 0.

(i) If rpr <1, then the right tail of X satisfies
1
P(X >z) <exp [72— xlogm] [z > 0 sufficiently large].
M
(i) With bar = [ o) y? /(14 y*)2 dM(y) the left tail of X satisfies

P(X < —z) <exp {—ﬁmz} [z>0].

(iii) For all ¢ > 0 the left tail of X satisfies
P(X < —z) < exp [—c2?] [z > 0 sufficiently large].
ProoF. First, suppose that r := rj; < oo. Since X has canonical triple

(0,0, M), for the characteristic function ¢ of X we have ¢ = A on R where,
at least for z € R, A(2) is defined by

12y

A(z) :=exp [/(O’OO) (eizy_ 1-— T y2> dM(y)}

From (the proof of) Proposition 7.9, however, it follows that A is well

defined on all of C and can be represented as
()"
A(z):exp[ZfznT} [zeC],
n=1

where the cumulants «,, satisfy k1 < %ng and k,, < r" 2k, for n > 2. Since
this means that A is an analytic function on C, we can apply Lemma 9.4
to conclude that ¢(z) := Ee?*X is well defined for all zeC and satisfies
#(z) = A(z) for all z. In particular, Ee** and IEe™*X are finite for all

s >0, and these quantities are given by A(—is) and A(is), respectively.
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We are now ready for estimating the right and left tails of X. In view
of (i) we let r < 1; the inequality , < 7" 2ks then also holds for n = 1.
It follows that for z > 0 and s > 0

P(X >z) <e Ee™ =

o0 n
S Ko ...
=exp |—sx + K —} < ex [—s:v—&——e”’ .
p[ q; "pl P r2

Now, taking s = (logz)/r, we get
1
P(X > z) <exp [—fa: log x + H—;x},
r r

which yields the upperbound as given in (i) if we take z > %2/,

Turning
to the left tail, we drop the condition r <1 (but still suppose r < c0),
and take x >0 and s > 0. Using the inequality e ™*—1+4+a < %aQ for

a=sy/(1+y*) >0 with y > 0, one then sees that

<
= exp [—sz + /(0 - (efsy -1+ T j_yy2) dM(y)] <
[

Now, minimizing over s > 0, or taking s = x /by, yields (ii).

Next, suppose that rj; = co. In order to prove the inequality in (ii) also
in this case, we take r € (0,00), and write M as the sum of two canonical
functions M; and M, with

M, ::{ M —M(r) on (0,r), M { M(r) on (0,r),

2 =

0 on [r,00), M on [r,00).

Then from Proposition 4.5 (iv) and Theorem 4.13 it follows that
X 4 X1+ X3 —a,, with X; and X5 independent,

where a, = f(rm) y/(1+y?)dM(y) > 0, X; and X, are infinitely divis-
ible with canonical triples (0,0, M7) and (a,, 0, M), respectively, and X is
nonnegative. Moreover, as 1y, < 0o, X1 satisfies the inequality in (ii) with
bar =: b replaced by b, given by b, := f(O,r] y?/(1+y*)*dM (y). Hence for
x > a, we can estimate as follows:

P(X <-z) <P(X; <—(z—a,)) <exp {—% (x — a,n)z}.

r
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Since r was chosen arbitrarily in (0, 00), we may let r tend to infinity, and
conclude that (ii) holds as stated, because a, — 0 and b, — b as r — co.

Finally, we prove (iii) by using (ii) and applying the same splitting of M
at 7€ (0,ry) as above, but now we will choose r small rather than large.

With a, and b, as defined above it follows that for x > 0 sufficiently large

(x — ar)Q} < exp [—i £62:|.

1
P(X < —z) <exp [—

2b, 4b,.
Since b, — 0 as r | 0, at a given ¢ > 0 one can choose r so small that
1/(4b,) > c; this immediately yields the inequality in (iii). m

Applying part (iii) of this proposition to a — X yields the following result
on right tails.

Corollary 9.6. Let X be an infinitely divisible random variable with can-
onical triple (a,0, M) such that M(0+) = 0. Then for all ¢ > 0 the right
tail of X satisfies

P(X > z) < exp [—ca?] [z > 0 sufficiently large].

This corollary has been stated because we want to combine it with the
two other results on right tails we have obtained so far, viz. the first parts

of Propositions 9.3 and 9.5, and with the well-known fact that as  — oo

g

1
7%962/02’ so —log P(X > ) ~ — 2?2,

9.9)  P(X >uz)~ 5o

e
T\ 21

if X has a normal (0,0?) distribution. Thus we obtain the following main

result.

Theorem 9.7. Let X be a non-degenerate infinitely divisible random vari-
able with canonical triple (a,0?, M). Then the right tail of X has the
following properties:
(i) If M(0+) = 0, 0 = 0 and f[—1 O)de(x) > —oo, then X satisfies
P(X > z) =0 for all x sufficiently large.
(ii) If M(04) =0, and 6% > 0 or Ji_1.0)7dM(z) = —oo, then X satisfies
P(X > x) > 0 for all x and
—log P(X > z) 1

lm ———————— =
T—00 2 202’

1,0)

which should be read as oo if o2 = 0.
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(i) If M(0+) < 0, then X satisfies P(X > x) > 0 for all x and

. —log P(X > x) 1
lim —————— = —,
T— 00 x IOgJZ M

which should be read as 0 if the right extremity ry; of M is co.

Similarly, the left tail of X has the following properties:

(i) If M(0-)=0, 02=0 and f(o 1 xdM(x) < oo, then X satisfies
P(X < —z) =0 for all z sufficiently large.

(i) If M(0—) = 0, and 02 > 0 or f(O,l] xdM(x) = oo, then X satisfies
P(X < —z) > 0 for all z and
lim —log P(X < —x) _ b

T—00 2 202’

which should be read as oo if 6% = 0.

(iii) If M(0—) > 0, then X satisfies P(X < —x) > 0 for all x and

. —log P(X < —x) 1
lim = ,
z—00 x logx —ly

which should be read as 0 if the left extremity ¢j; of M is —oo.

PROOF. First, note that the assertions on the left tail immediately follow
from those on the right tail by replacing X by —X and using Proposi-
tion 4.5 (i). Thus we concentrate on proving the properties (i), (ii) and (iii)
of the right tail.
From Theorem 4.13 we see that the condition stated in (i) is equivalent to
the condition that rx < oo; so (i) follows, and under each of the conditions
stated in parts (ii) and (iii) we have IP(X > z) > 0 for all z. In proving
these parts we distinguish four cases: I-IV, the first two of which concern
part (ii).
I. Let M(0+)=0, 0>=0 and Ji_10)7dM(z) = —cc. Then by Corol-
lary 9.6 for all ¢ > 0 we have

“log P(X >2)

5 >c [z > 0 sufficiently large],
x

so this function of z tends to co as x — 00, as desired.

II. Let M(0+) = 0 and ¢ > 0. Then we split off the normal component:
x4 X1 + Xo, where X; and X, are independent, X; has a normal (0, 02)
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distribution and X5 has canonical triple (a,0, M). Let § > 0 and ¢ > 0.
Then by (9.9) and Corollary 9.6 we have for x > 0 sufficiently large
1
P >2) > exp (55 +0) 2%, Pz >a) <,
o
and hence for every €€ (0, 1)

P(X; > ex) / P(X1 > ) < exp {— (062 - — - (5) xz}.

Now, choose ¢ so large that ce? > 1/(202) + §; then it follows that the
right tail of X5 is e-smaller than the right tail of X;. Hence by Lemma 9.2
for > 0 sufficiently large

IP(X;>(1+e)z) <PX >2) <2P(X; > (1—¢)z),
which by (9.9) implies that

1 —log P(X 1

5,2 (1) <lminf /limsup w < 55 (1+2)2
By letting € | 0 we see that the limiting result of (ii) holds for X, as desired.
III. Let M(0+) <0, 02 =0 and M(0—) =0. We split up M at a point
r € (0,7 A1), as in the proof of Proposition 9.5. So we have X 4 X1+ Xo,
where X; and X, are independent, X satisfies the conditions of Proposi-
tion 9.3 and X5 those of Proposition 9.5 (i). Let €€ (0,1) and 6 > 0. Then
it follows that for z > 0 sufficiently large

P(X; > x) > exp [7< + 5) ex 1og€o:},

ETM
and hence

P(X; >ez) / P(X; > ) < exp {—(% — i - 5) ex logex].
From this we see that r can be taken close to 0 such that the right tail
of X5 is e-smaller than that of X;. Now we can proceed as in case II and
apply Lemma 9.2 to conclude that the right tails of X and X; behave the
same, i.e., X satisfies the limiting result of (iii), as desired.
IV. Let M(0+) < 0, and 02 > 0 or M (0—) > 0. We split up M at zero, and
thus have X 4 X1+ X5, where X7 and X, are independent, X7 satisfies
the conditions of case III and X5 those of case (i) or (ii). Let ¢ > 0. Then
it follows that for z > 0 sufficiently large

2

P(X; > z) > exp [—(% + 5) z logx}, P(Xy;>ux)<e ",
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for some ¢ > 0, and hence for every €€ (0, 1)
1
P(X, >ex) / P(X; > z) < exp {—052:52 + (— + 5) x logx}.
™

Since this upperbound is < 1 for z sufficiently large, we conclude that the
right tail of X5 is e-smaller than that of X;. Applying Lemma 9.2 again
shows that X, like X7, satisfies the limiting result of (iii). m

Finally, as announced we show that by using the properties of right and
left tails as given by Theorem 9.7 we can also easily deal with two-sided
tails; it turns out that the limiting result of Proposition 9.1 holds for all

infinitely divisible distributions except the normal ones. Recall that

P(|X|>z)=P(X >z)+P(X < —x) [z>0].

Theorem 9.8. Let X be an infinitely divisible random variable that is not

normal or degenerate. Then the two-sided tail of X satisfies

—log IP(|X]| > 1
010) 1w 8 PWXI>2) ,
T30 z logz max {—lar, 7}

which should be read as 0 if the maximum is infinite. Here ¢j; and r); are
the left and right extremities of the Lévy function M of X.

PROOF. Since X is not normal, we have M (0—) > 0 or M (0+) < 0. Now,
for reasons of symmetry we may restrict ourselves to proving the theorem
in case M satisfies M(0+) < 0 and rpy > —€py. Setting a :=1/rp, by
Theorem 9.7 for the right tail of X we then have

(9.11) lim —log P(X > z) =a,

T—00 x logx

and we have to show that this limiting result also holds with X replaced
by |X|. When a =0, this is immediately clear from the fact that then
P(|X| > z) > IP(X > z); so, further we suppose that a > 0.

First, let M (0—) = 0 or, equivalently, £,; = 0. Then Theorem 9.7 implies
that for some ¢ > 0 the left tail of X satisfies

(9.12) PX < —z) < e [ > 0 sufficiently large].
Now, combining (9.11) and (9.12) we see that for § > 0

P(X <-z)/P(X >z) <exp [—cx2 + (a+ ) x logx],
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which does not exceed one for x sufficiently large; hence for these x
P(X >z) <P(|X]>z) <2P(X >z).

We conclude that the two-sided tail behaves exactly the same as the right
tail.

Next, let M(0—) > 0 or, equivalently, £; < 0. Then setting 3 := —1/¢y,
by Theorem 9.7 for the left tail of X we have

913)  fim —8PE <=0 g

x—00 x logx

Note that 0 < o« < 8. When o < 3, we combine (9.11) and (9.13) to see
that for § > 0 with § < (8 — )

P(X <—z)/P(X >z) <exp [—{(ﬁ— §)—(a+d)}z logm},

which does not exceed one for z sufficiently large; as above we conclude
that the two-sided tail behaves like the right tail. When a = 3, we look at
R(z) := max {IP(X > ),IP(X < —z)} and observe that as z — oo

a,

—log R(x) min { —log P(X>z) —log ]P(X<—x)}
x logx z logx ’ x logx

because of (9.11) and (9.13). Since obviously
R(z) < P(|X| > z) <2R(z) [z >0],

we conclude that, also when a = (3, the two-sided tail of X behaves as
desired. m

This theorem, together with (9.4) and (9.9), yields the following character-

ization of the normal distribution.

Corollary 9.9. A non-degenerate infinitely divisible random variable X

has a normal distribution iff it satisfies

—log P(|X]| >
(9.14) lim sup og P(|X] > z) =00
T—00 z logx

Theorem 9.8 is remarkable in that it not only puts bounds on the tails
of infinitely divisible distributions, but also shows that the tails are not

too irregular, since the limit in (9.10) exists. Corollary 9.9 stresses the
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surprising fact that the normal distribution is separated from all other
infinitely divisible distributions by a deviating (two-sided) tail behaviour.

When the Lévy function M has bounded support, Theorem 9.8 gives
the exact rate with which —log IP(|X| > ) tends to infinity. In the other
case we only know that

“log P(IX] >
9.15)  lim —28 IX1>2) _,

T—00 x logx

In general not more than this can be said; the convergence in (9.15) can
be arbitrarily slow. For the compound-exponential distributions, which by
Theorem 5.2 (ii) satisfy (9.15), it can be shown that —log P(|X| > z) =
O(z) as  — oo; it is not known, however, whether {—log IP(|X| > z)} /=
has a finite limit as © — oo.

10. Log-convexity

There are only few simple sufficient conditions for a probability density
on R to be infinitely divisible. In Section IT1.10 we have seen that a density
on R, is infinitely divisible if it is completely monotone or, more generally,
log-convex. Recall that a function f on (0,00) is said to be completely

monotone if it has alternating derivatives:
(D" fP@) =0 [neZysa>0],

and that the nonvanishing log-convexr functions consist of the positive func-
tions on (0,00) for which log f is convex. Since by (A.3.12) log-convexity
implies convexity, probability densities cannot be log-convex on all of R.
We therefore consider densities that are log-convex on both sides of zero,
and ask whether they are infinitely divisible.

In determining this, in the present section we restrict ourselves to dis-
tributions that are symmetric. Thus we consider densities f on R of the

form

(10.1)  fx)=59(lz)  [zeR],

where ¢ is a probability density on Ry ; cf. (4.12). For the characteristic
function ¢ of f we have, with 7 the Lt of g:

(10.2) o(u) = /Ooo(cos uz) g(x) dz = Rem(—iu).
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First, one might wonder whether infinite divisibility of g implies that of f,
but the situation is not that simple; in Section 11 we will give an example of
an infinitely divisible g such that ¢ has real zeroes. On the other hand, we
do have infinite divisibility of f if g is restricted to the class of completely
monotone densities.

In order to show this, we let g be completely monotone on (0,00),
and use the fact (Proposition A.3.11) that g can then be represented as a

mixture of exponential densities:
A
g:nz/ )\e_)\de)\,SOﬂ'SZ/ dH()N),
@=/ O, so = [ Loy

for some distribution function H on (0, 00). For f given by (10.1) it follows
that

(10.3) f(x)/(o )%)\e*’\de()\) [zeR],

so f is a mixzture of Laplace densities. Now observe that the characteristic

function ¢ of f can be written as

(10.4) ¢w=[ N AH() = m(?),

0,00) )\2 + u?

where 7 is defined by

ﬂl(s):/( s dH()\):/( A dH(VN).

0700) )\2+S 0700) )\+5

From the second expression for m; we see that 7, like 7, is the pLSt of a
distribution with a completely monotone density. Hence 7y is an infinitely
divisible pLSt, and Proposition 6.1 can be applied to conclude that ¢ is
infinitely divisible. As complete monotonicity of g is equivalent to the com-

plete monotonicity of f restricted to (0,00), we can summarize as follows.

Theorem 10.1. A symmetric distribution which has a density that is com-
pletely monotone on (0, 00), is infinitely divisible. Equivalently, a mixture

of Laplace densities as in (10.3) is infinitely divisible.

In Chapter VI we shall see that symmetry is not necessary; a density f with
the property that both  — f(x) and x — f(—z) are completely monotone

on (0,00), is infinitely divisible.
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Of course, there is a discrete counterpart to Theorem 10.1 for symmetric
distributions (pg)gez on Z. The appropriate analogue of (10.1) for such dis-

tributions is given by

1
9|k
2 — g M

(10.5)  pp = [keZ],

where (qx)rez, is a distribution on Z,. The fact that we want to take
qo > 0 here, causes some problems when ‘discretizing’ the proof of Theo-
rem 10.1. The analogue of (10.1) given by py = % (gx + g_x) (with g = 0
for k < 0), looks more attractive, but only yields the infinite divisibility
of (px) such that (pg,2p1,2pa,...) is completely monotone. Recall that a

sequence (qk)kez+ is said to be completely monotone if
(=1)"A"qr >0 [n,keZy],
where A%, == qr, Aqr := qur1 — qr and A™ := Ao A" for neN.

Theorem 10.2. A symmetric distribution on Z which is completely mono-

tone on Z, is infinitely divisible.

PROOF. Let (pg)iez be a distribution as indicated in the theorem. Then
it has the form (10.5) with (gx)rez, a completely monotone probability
distribution on Z,; take g = (2/{1 + po}) pi for keZy. Using the fact
(Proposition A.4.10) that (gx) can be represented as a mizture of geometric

distributions:
qk:/[ (opphanE) ke,
0,1

for some distribution function H on [0, 1), one easily shows that the charac-

teristic function ¢ of (px) can be written as

1 1 1
o) = 5= | 09 (e + 1w~ 1) 40 =

:/ R k. dG(p),
[0

1) 1 =7(p) cos u

where the functions r and G are defined on [0, 1) by

2p 1 /
=—— G(p) = 14 s)dH(s).
T W =g [ e

r(p)
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Now, r(p) €[0,1) for all p, and g9 = 1 — g with py the first moment of H,
so G is a distribution function on [0, 1). It follows that

é(u) = P(cos u),

where P is the pgf of a mixture of geometric distributions, hence of a dis-
tribution that is completely monotone and therefore infinitely divisible; cf.
Theorem 11.10.4. Since u — cos u is a characteristic function, we can apply
Proposition 3.1 and conclude that ¢ is an infinitely divisible characteristic
function. m

We briefly return to the following question from the beginning of this

section:
N
(10.6) g log-convex on (0,00) == f in (10.1) infinitely divisible.

Unfortunately, it is not known whether this implication holds. It is not
difficult to prove that ¢ in (10.2) is positive if g is convez, and hence if g is
log-convex. This means that examples of convex functions g, for which f
is not infinitely divisible, will be hard to find —if any exist. On the other
hand, it is hard to get a handle on proving the infinite divisibility of f if g is
log-convex. Many log-convex functions are also completely monotone, and
log-convex functions that are not completely monotone are hard to handle.
Though the set of log-convex densities is convex, there seems to be no easy
set of ‘extreme points’ from which these densities can be built. Numerical
evidence seems to indicate that the answer to (10.6) is affirmative.

It is remarkable that for characteristic functions a question similar to
(10.6) has a positive answer; real (and hence even) characteristic functions
that are log-convex on (0,00) are infinitely divisible. In order to show
this, together with a discrete counterpart, we use the following well-known

criterion due to Pélya and a periodic variant of it.

Lemma 10.3. Let ¢ : R — R, be an even continuous function satisfying
$(0) = 1.
(i) If ¢ is nonincreasing and convex on (0, 00), then ¢ is the characteristic
function of a symmetric distribution on R.
(ii) If ¢ is nonincreasing and convex on (0, ) and 2m-periodic, then ¢ is
the characteristic function of a symmetric distribution on Z.
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Theorem 10.4. Let ¢ : R — R be an even continuous function satisfying
¢(0) = 1.
(i) If ¢ is nonincreasing and log-convex on (0,00), then ¢ is the charac-
teristic function of a symmetric infinitely divisible distribution on R.
(ii) If ¢ is nonincreasing and log-convex on (0, ) and 2w-periodic, then ¢
is the characteristic function of a symmetric infinitely divisible dis-
tribution on Z.

PROOF. Let ¢ be nonincreasing and log-convex on (0, 00). Then so is ¢* for
any ¢t > 0. Since by (A.3.12) log-convexity implies convexity, from part (i)
of the lemma it follows that ¢! is a characteristic function for all ¢ > 0.
Hence ¢ is infinitely divisible by Proposition 2.5. Part (ii) is similarly
obtained from the second part of the lemma. D

As a special case we obtain the infinite divisibility of any real characteristic
function that is completely monotone on (0,00). By Bernstein’s theorem

these functions are given by the functions ¢ of the form
107) 6= [ MAHN) =A(u)  [ueR)
Ry

where H is a distribution function on Ry . It follows that if H(0) = 0, then
the distribution corresponding to ¢ is absolutely continuous with density f

given by

(10.8) f(x):l/ A 4H()  [zeR],

s (0700) )\2 + J)Q

so f is a mizture of Cauchy densities. Thus Theorem 10.4 (i) leads to the

following result.

Theorem 10.5. If 7 is a pLSt, then the function ¢ defined by
(10.9)  ¢(w) =(lu)) [ueR],

is an infinitely divisible characteristic function. In particular, any mixture

of Cauchy densities as in (10.8) is infinitely divisible.

If w is a pLSt, then so is s — m(s7) for every v<(0,1]; this follows by
combining (II1.3.8) and Example IT1.4.9, or from Proposition A.3.7 (vi) and
Bernstein’s theorem. Thus Theorem 10.5 yields the following supplement
of Proposition 6.1.
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Corollary 10.6. If 7 is a pLSt, then u — = (|u|") is an infinitely divisible
characteristic function for every v € (0,1].

Infinitely divisible discrete distributions, such as occur in part (ii) of
Theorem 10.4, can be obtained from those of part (i). In showing this
we use the following result, which gives a sufficient condition for Poisson’s
summation formula to hold; cf. (A.2.15) and Corollary A.2.6.

Lemma 10.7. Let ¢ be a nonnegative integrable characteristic function
that is nonincreasing on (0,00), and let f be the corresponding continuous
density. Then ¢ and f are related by

(10.10) qu(u—i—Qkﬂ) = Zf(k) ek [ueR].

keZ keZ
An important consequence of this identity is the fact that its left-hand
side, when normalized, can be viewed as the characteristic function of a
distribution (pg)rez on Z which is proportional to (f(k)). We combine

this observation with Theorem 10.4.

Theorem 10.8. Let ¢ be a positive integrable characteristic function that
is log-convex on (0, 00), and let f be the corresponding continuous density.
Then:

(i) The following function v is well defined and positive:
V() =3 dlu+ ka)/ Y 6@er)  [ueR];
kel Lel
it is a 2w-periodic characteristic function that is nonincreasing and
log-convex on (0,7).
(ii) The following sequence (p)kez is well defined and nonnegative:
o= f) /S0 [keZ);
ez
it is an infinitely divisible distribution on Z with characteristic func-
tion v as given in (i).
PROOF. As ¢ is bounded and log-convex on (0, 00), it is nonincreasing on
(0,00). Therefore, the conditions of Lemma 10.7 are satisfied and hence
formula (10.10) holds. In view of this and of Theorem 10.4 (ii) both parts of
the theorem are proved as soon as we have showed that v is nonincreasing

and log-convex on (0, 7).

Copyright 2004 by Marcel Dekker, Inc. All Rights Reserved.



To do so we first note that because of the convexity of ¢:
¢(s) —d(s +h) 2 o(t) —p(t+h)  [0<s<t h>0]

and write

x(u) := Z o(u+ 2km) = Z{¢(2n7r +u) + ¢(2(n+1)m — u)}.
kel n=0
Now take 0 < u < v < m; since 2nm +u < 2(n+ 1)7 — v, it follows that the
difference x(u) — x(v) is nonnegative; it can be written as

[e)

Z [{¢(2n7r—|—u) — ¢(2nm+v) }+

n=0

—{q’)(2(n+ 1)r—v) — ¢(2(n+ 1)7T—u)}} .

We conclude that x, and hence 1, is nonincreasing on (0, 7).

Next, note that ¢, being even, is not only log-convex on (0,00), but also
on (—o0,0). As the interval (0, 7) + 2k7 with k € Z is completely contained
in (0,00) or in (—o0,0), it follows that the function u +— ¢(u + 2kw) with
k € Z is log-convex on (0, 7). Hence v, as the sum of these functions (up to
a constant), is also log-convex on (0, 7); cf. Proposition A.3.10. o

In Section 11 we will give an example that illustrates this theorem. Note
that, because of their convexity and evenness, the characteristic functions ¢
and 1, if not identically one, cannot have a derivative at zero and hence

cannot have a finite first moment.

Finally, we briefly look at log-concavity; a positive function f on R is
log-concave iff log f is concave. Log-concavity of a probability density does
not imply infinite divisibility; see Section 11 for an example. Neverthe-
less, several well-known infinitely divisible densities on R are log-concave,
for instance the normal densities and the Laplace densities. It would be
interesting to have simple sufficient conditions in terms of the canonical
triple (a, 02, M) for an infinitely divisible density f to be log-concave; cf.
Theorem II1.10.6.

The standard normal distribution not only has a log-concave density,
but also a log-concave characteristic function. The standard Cauchy dis-
tribution has a log-concave characteristic function as well. In general, how-
ever, log-concavity of a characteristic function does not imply infinite divis-

ibility; see Section 11 for an example.
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11. Examples

In Chapter IIT we have seen several examples of infinitely divisible dis-
tributions on R, ; they can sometimes be used to illustrate the results
of the present chapter. But here, of course, we are more interested in
having illustrative examples of infinitely divisible distributions that are not
concentrated on a half-line. The only concrete examples of this type we
have seen so far, are the sym-gamma distributions (including Laplace) with
characteristic functions ¢ of the form

A2 T
11.1)  ou) = (m) [(A>0,r>0]
and the symmetric stable distributions (including normal and Cauchy) with

characteristic functions ¢ of the form
(11.2) d(u) = exp [\ |u|"] [A>0,0<y<2];

the sym-gamma distribution with shape parameter r < 1 is compound-
exponential. We now give several other examples of distributions that on
account of the results of this chapter are or are not infinitely divisible. In
doing so we roughly follow the order of the previous sections.

We start with considering two related and interesting distributions, the
Gumbel distribution and the logistic distribution. Their infinite divisibility
is not easily seen without knowing that they can be obtained in a very

special way.

Example 11.1. Let Y have a standard exponential distribution. Con-
sider X such that

X2 logV.

Then X has an absolutely continuous distribution with distribution func-
tion F' and density f given by

F(z)=exp[—e "], f(z)=exp[—(z+e ™) [zeR];

note that f is log-concave. This distribution is called the Gumbel distrib-
ution; it is an extreme-value distribution because, as one easily verifies by

using Helly’s theorem,

max{Yl,...,Yn}flogni»X [n— o0],
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where Y7,Y5, ... are independent with Y; 24 Y for all i. On the other hand,
it is well known that

max{Yi,..., Y.} T Y1+ 1Yo +---+ 1V, [neN].

Since the exponential distribution is infinitely divisible, it follows from
Propositions 2.1 and 2.3 that X is infinitely divisible, too. In Example 11.10

we will determine the Lévy and Kolmogorov canonical triples of X. D

Example 11.2. Let Y7 and Y5 be independent, both having the Gumbel
distribution of Example 11.1. Consider X such that

X<y — v,

Then X has an absolutely continuous distribution, and both its distribution
function F' and a density f can be obtained by convolution:

1 1 1 1
Zma f(ﬂﬁ):% = [zeR];

F 1
() coshQ%x 2 coshx +1

note that f is log-concave. This distribution is called the logistic distrib-
ution. It is infinitely divisible; this immediately follows from Proposition 2.1
and the infinite divisibility of the Gumbel distribution. In Example 11.11
the Lévy canonical triple of X will be given. D

Next we consider a few positive functions ¢ on R; we show them to be

characteristic functions and determine whether they are infinitely divisible.
Example 11.3. For ¢ (0,2] consider the function ¢ on R defined by

b(u) = —

Since ¢(u) = w(|u|?) with 7 the pLSt of the standard exponential dis-
tribution, from Proposition 6.1 it follows that ¢ is an infinitely divisible
characteristic function. Use of Example 4.9 shows that ¢ is even compound-
exponential. We further take v = 1. Then the underlying distribution func-
tion Fy in (5.1) is Cauchy, so Fj'(z) = Fy(z/t) for t > 0, and hence the
distribution corresponding to ¢ is absolutely continuous with density f
given by
1 t

f(x):;/o meitdt [IER]
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From Theorem 5.2 it follows that the canonical triple is (0,0, M) where M
has density m very similar to f:
S S

See also Theorem 10.5; ¢ is of Pdlya type. D

Example 11.4. Consider the function ¢ on R defined by

1+ |ul

o) = T [ueRl

Then ¢ is an infinitely divisible characteristic function. This can be shown

in several ways. One can observe that ¢ can be written as

since ¢; is a characteristic function (cf. Example 11.3), it follows that ¢
is of the compound-geometric form (3.6). Alternatively, one can use Theo-
rem 10.4; ¢ is an even continuous function that is nonincreasing and log-
convex on (0, 00). Or apply Theorem 10.5:

1 —
1+2ul

1
14 2s’

N|—

pu)=3+1 m(|ul), with 7(s) =1+

N[

and note that 7 is a pLSt; it corresponds to a mixture of the degenerate
distribution at zero and an exponential distribution. This example also
shows that an infinitely divisible distribution with infinite second moment
can have a characteristic function ¢ satisfying |¢| > ¢ for some § > 0; cf.
Proposition 2.11. m

Example 11.5. Consider the function ¢ on R defined by
pu)=L+1e ™ [ucR]

Then ¢ is a characteristic function; the corresponding distribution is a
mixture of the degenerate distribution at zero and a normal distribution.
Thus ¢(u) = F(u) for some distribution function F on R. From Lemma 9.4
it is seen that ¢(z) := F(z) is well defined for all z € C with

p(z) =1+1e [zeC].
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Since ¢(z) =0 for zeC such that 2?2 = —7i, Theorem 2.12 (iii) implies
that ¢ is not infinitely divisible. This also immediately follows from Corol-
lary 9.9. This example shows that infinite divisibility may be lost by shift-
ing mass to zero; cf. Example 11.4. It also illustrates (6.1); the class of

infinitely divisible distributions is not closed under mixing. O

Example 11.6. Let T be a (0, c0)-valued random variable with distrib-
ution function G and pLSt 7. Consider the function ¢ on R defined by

qﬁ(u)zw(}luQ):/(() )e-itquG(t) [ueR].

Then ¢ is a characteristic function; the corresponding distribution is a
variance mixture of normal distributions and has density f given by

x L e‘”‘z/ti xe
f@)= 7= o) 736 [zeR]

In general, ¢ will not be infinitely divisible; see Example 11.5, and compare
with Theorem 10.5. From Proposition 3.6 or directly from Proposition 6.1,
however, it follows that if 7 is infinitely divisible, then so is ¢. Now, put
V:=1/T, and let H be the distribution function of V. Then f can be
rewritten as

! —va® fy v Te
f(fﬂ)fﬁ (0700)6 VudH(v)  [zeR],

which by taking V' standard gamma (r) distributed transforms into the
density of the student (r) distribution:

0 - o () leeR)

Thus, if we would know that 1/V is infinitely divisible for gamma distrib-

uted V', then we would have proved the infinite divisibility of the student
distribution. We return to this in Chapter VI. M

Example 11.7. Consider the function ¢ on R defined by
d(u) =1 +u? — |u| /2 + u? [ueR].

As ¢(u) = w(u?) with 7 the infinitely divisible pLSt from Example I11.11.9,
it follows from Proposition 6.1 that ¢ is an infinitely divisible characteristic
function. N
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Example 11.8. Consider the function ¢ on R defined by

plu) = —— = > [ueR].

coshu e +4e v

One is tempted to use Theorem 10.5 and write ¢(u) = 1 (Ju|) with 71 (s) :=
1/cosh s, but 7 is not a pLSt, as is shown in Example I11.11.12. There it
is also noted that m with 7(s) := 1/coshy/s is indeed an infinitely divisible
pLSt; since ¢(u) = 7(u?), it follows from Proposition 6.1 that ¢ is an infin-
itely divisible characteristic function. For an alternative proof we refer to

Example V.9.18, where also a corresponding density is given. N

Example 11.9. Consider the function ¢ on R defined by

1—e vl

Since ¢(u) = 7(|u|) with 7 the pLSt of the uniform distribution on (0,1),
it follows from Theorem 10.5 that ¢ is an infinitely divisible characteristic
function. By (10.8) the corresponding distribution has a density f that is

a mizture of Cauchy densities:
1
1 A 1 1
A a2t (1 —) 0].
@) /0 T A2 + 22 o 08 +12 [=# 0]
The infinite divisibility of f, and hence of ¢, can now also be concluded

from Theorem 10.1. In fact, for z > 0 we can write

xT

1 o
—7rf’(ac):;—xg+1:/O e {1 —cos A} d),

so —f is completely monotone on (0,00), and hence so is f because f > 0.
It follows that f can also be represented as a mixture of Laplace densities

in the following way:
f(z) = / e M) dx  [2 £ 0],
0

where the density % on (0, 00) is given by h(\) = (2/7) (1 —cos A) /A2, D

We proceed with three examples on canonical representations, and first

return to the Gumbel and logistic distributions.
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Example 11.10. Let X have the Gumbel distribution with density f given
by

f(x) =exp [—(x—i—e_f”)} [zeR];

in Example 11.1 we have seen that X is infinitely divisible. For the charac-

teristic function ¢ of X we can write

o(u) = / e exp[—e~"] " da = / Y e dy = (1 iu).
R 0

Now, using well-known expressions for the gamma function and for Euler’s

constant «y (see Section A.5), we can rewrite log ¢(u) as

00 1— ux 1
log ¢(u) = —/ (zu + 78) - e dx =
0

1—e®

o0 —T

Thus we have found for ¢ the Kolmogorov representation (7.15); in the

canonical triple (u, x, H) the mean pu is given by p = ~, the variance k by

o0 —x 1_1 2
ﬁ:/ me_.dx:/ %Y aqy=",
0 l—e* 0 1_y 6

and the distribution function H is absolutely continuous with density A on

(0,0) given by

ha) =2 T s o).

T2 l—ew
From (7.14) it follows that the Lévy triple is (a,0, M) with a determined
by (7.7) with k1 = p =~ and M absolutely continuous with density m on
(0, 00) given by
e*l‘

T

[z>0].

Note that M(0—) =0 and f(O,l] xdM(x) = 0o, so by Theorem 9.7 (ii) the
left tail of X is non-trivial, but thin. Actually, it is extremely thin; it is
given by —log P(X < —xz) = e* for all . The right tail of X is easily seen
to satisfy —log IP(X > z) ~ x as & — oo; cf. Theorem 9.7 (iii). m
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Example 11.11. Let X have the logistic distribution with density f given
by
1 L1

-1 -1 RI:
(@) 4cosh2%q: 2 cosha + 1 [zeR];

in Example 11.2 we have seen that X is infinitely divisible. Since X can
be obtained as X 4 Y1 — Y, with Y7 and Y5 independent and both having
a Gumbel distribution, we can use the results of Example 11.10. Thus for

the characteristic function ¢ of X we find

U

d(u) =T —iu) T(1 +iu) = g n—

cf. Section A.5. Moreover, because of Proposition 4.5 the Lévy triple of X
is (0,0, M) with M absolutely continuous with density m given by

e_lw‘

"oy w70

m(x)

Hence from Theorem 4.11 it follows that ¢ can be represented as
—x

o(u) = exp {2 /Ooo(cos ux — 1) . ¢

mdx]

Finally, we note that the two-sided tail of X satisfies —log IP(|X| > z) ~

as x — oo; cf. Theorem 9.8. m

Example 11.12. Let X be a random variable with a symmetric, infinitely
divisible distribution and with Var X = 1, and let Z be standard-normal.
Then we have the following moment inequality:

EXI"<E|Z] [0<r<2].

To prove this we use the Kolmogorov representation for the characteristic

function ¢ x of X; in our case it reduces to

dx (1) = exp [/R(cos ur —1) = dH(x)},

X

where H is a (symmetric) distribution function. Since cost > 1 — 1¢2 for
all t e R, it follows that

dx(u) > dz(u) for all ueR.
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Now, take re(0,2], and for A >0 let S\ be a random variable that is
symmetric stable (A) with exponent r, so ¢g, (u) = exp [~ |u|"]; see Ex-

ample 4.9. Then by Parseval’s identity for characteristic functions

E ¢s5,(X) =E¢x(5y) 2 E¢z(5)) = E¢s, (%)

Since by dominated convergence IE [ X|" = limy|o{1 — E ¢g, (X)} /), and
similarly for IE |Z|", the desired inequality follows. m

We next present some further examples and counter-examples in the
context of log-converity and log-concavity for densities and characteristic

functions; see Section 10.
Example 11.13. Let X have an absolutely continuous distribution with
density f given by
f(sr:):ce_"c‘e_:”2 [zeR],
where ¢ > 0 is a norming constant. Clearly, f is log-concave. Nevertheless,

X is not infinitely divisible. This can be seen by noting that X cannot be

normal, and considering the two-sided tail of X; for z > 0 we have

P(X| > ) < 20/

€T

oo

o0
eV dy < %/ e dy =S,
T Jr T

so X has too thin a tail to satisfy the limiting relation of Theorem 9.8.
In fact, combining the estimation above with (9.9) one easily shows that
—log ]P(|X| > x) ~ 2% as x — 00, so now one can use Corollary 9.9 to
conclude that X is not infinitely divisible. This example also shows that

densities f of the form

f(x):ce_m fo(x) [zeR],

with fo an infinitely divisible density (not concentrated on a half-line), need
not be infinitely divisible; cf. (6.3). m

Example 11.14. Consider the following mixture of normal characteristic

functions:

o(u) =g + e
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Then, differentiating log ¢ twice, one easily shows that ¢ is log-concave.
Nevertheless, ¢ is not infinitely divisible. This can be seen as in Exam-
ple 11.13 by using Corollary 9.9; ¢ cannot be normal, and the corresponding
density f is given by

@) 1,2 1

BESEE o3 [zeR],

1
=——e¢
4/7 427
1

so the two-sided tail of X satisfies —log IP(|X| > z) ~ gz? as x — oo. D

Example 11.15. For r > 0 consider the double-gamma density f,. given
by
1

fr(x)zr(r)mr_le_lw‘ [zeR; x# 0 when r < 1];

it can be written as in (10.1): f.(z) = % g,(|z|) for all z, where g, is the
standard gamma (1) density on Ry . It is well known that g, is infinitely
divisible for every r. Now, for r <1 also f, is infinitely divisible; this
follows from Theorem 10.1 because then f,. (or g,) is completely monotone
on (0,00). Thus, taking e.g. r = %, we see that the following density is
infinitely divisible:

1 1

For r > 1, however, f, is continuous at zero with f,.(0) = 0, so by Proposi-

“lel [z #£0].

tion 8.10 f, is mot infinitely divisible. The last result can also be obtained
by using Theorem 2.12 (i); because of (10.2) the characteristic function ¢,
of f, is given by

1 )’“ _cos (r arctan u)
(1 + u2)r/2 ’

which has real zeroes iff » > 1. Taking for instance r = 2, we get simpler

¢r(u) = Re (

1—1u

expressions:

1—u?

(14u?)?
Returning to the case where r < 1, we note that, more generally, for every
ae(0,1] and 7€ (0,1/] the density f given by

fo(z) = 3 |zle7 1, go(u) =

e
)= 50
is nfinitely divisible; see Example I11.11.3. m

|I|ar71

exp [7|I,|Dt}’
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Example 11.16. For r > 1 consider the density f given by
1

r)=Li0r-1)——=
F@) =30

[zeR].

Since f is completely monotone on (0,00) (cf. Example II1.11.5), it fol-
lows from Theorem 10.1 that f is infinitely divisible. This distribution is
sometimes called the double-Pareto distribution. m

Example 11.17. Consider the probability distribution (px)xez on Z given
by
1

:cm [keZ;c:=1/(3n"—1)].

Since (p)kez, is completely monotone (cf. Example I1.11.4), it follows from
Theorem 10.2 that (pg) is infinitely divisible. m

Example 11.18. For A > 0 consider the sequence (p)iez defined by
1
pk:cAm [keZ;c)\ ::)\/(wcoth)\w)].

Then (pi) is a probability distribution on Z which is infinitely divisible. In
order to show this we observe that (py) is proportional to ( f (k;)), where f
is the Cauchy (\) density; recall that f and its characteristic function ¢ are
given by

f(x):;m7 P(u) =e

Note that ¢ is of the type considered in Theorem 10.4 (i); ¢ is log-convex
n (0,00). Since ¢ is also nonincreasing on (0, o), we have Poisson’s sum-

mation formula as given in Lemma 10.7, which implies that

—|— e

> f(k) =" ¢(2km) = ——— = coth Ar.

keZ keZ
It now follows that the sequence (px) above can be viewed as a probability
distribution on Z. Moreover, we can apply Theorem 10.8 to conclude that
(px) is infinitely divisible with a characteristic function that is 27-periodic,
and nonincreasing and log-convex on (0, 7), so of the type as considered in
Theorem 10.4 (ii). m
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The final example shows that, as opposed to the discrete component
(cf. Proposition 1.2.2), the continuous-singular and absolutely continuous
components of an infinitely divisible distribution need not be infinitely
divisible.

Example 11.19. Let F' be a distribution function that is compound-Pois-

son, so there exist A > 0 and a distribution function G such that for x ¢ R
(oo} An
F(z) =e *o0)(z) + Ae * G(z) + Z (He*’\) G*"(x).
n=2

First, take for G a continuous-singular distribution function on (0, 1) such
that G*? is absolutely continuous; this can be done (see Notes). Then the
continuous-singular component of F' is given by G, which is not infinitely
divisible because it has its support in (0, 1); cf. Proposition 1.2.3.

Next, take for G an absolutely continuous distribution function such that
é(uo) = 0 for some ug € R; the uniform distribution on (0, 1), for instance,
has this property with ug = 2. Then, as one easily verifies, the absolutely

continuous component of F' has characteristic function ¢, given by

Gac(u) = e)\l_ 1 {exp [)\é(u)] - 1},

which is not infinitely divisible as ¢ac(ug) = 0; cf. Proposition 2.4. i

12. Notes

The basic properties of infinitely divisible distributions and charac-
teristic functions can be found in many textbooks. We name Tucker (1967),
where the definition of the logarithm of a nonvanishing characteristic func-
tion is very carefully treated; Lukacs (1970); Feller (1971), with emphasis
on distributions on the half-line; Loeve (1977,1978). More recently, brief
treatments of infinite divisibility are given in two books on Lévy processes:
Bertoin (1996) and Sato (1999).

Theorem 2.12, on zeroes of infinitely divisible characteristic functions,
can be found in Lukacs (1970). Infinitely divisible compound distributions
are treated in the context of subordination by Feller (1971); not all of the
results in Section 3 can be found there, though.

The canonical representations of Sections 4 and 7 have been known for a
long time. The first results can be found in de Finetti (1929); Kolmogorov
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(1932), where Theorem 7.7 is given; Lévy (1934), who gave the most general
result; Khintchine (1937b), who gave a different proof of Lévy’s formula.
Derivations of these formulas are given in several standard books on prob-
ability theory; apart from the references mentioned above, e.g., in Breiman
(1968), and Laha and Rohatgi (1979). A very classical reference is Gne-
denko and Kolmogorov (1968), where also Propositions 4.2 and 4.3 are
proved; an interesting treatment is presented in Stroock (1993). A deriva-
tion based on Choquet theory (extreme points in a convex set) is given by
Johansen (1966). A representation for R-valued infinitely divisible random
variables similar to that in Theorem III.3.9 in the R -case occurs in Csérgd
et al. (1988); see also Csérgo (1989). The formula for {7 in Theorem 4.13
was first given by Tucker (1961); estimates can be found in Baxter and
Shapiro (1960), and in Esseen (1965). Theorem 4.20 is due to Blum and
Rosenblatt (1959); the proof we give, and especially the inequality for ran-
dom walks used in it, is due to Huff (1974); a proof using sample functions
of Lévy processes is given by Millar (1995). For early results see Hart-
man and Wintner (1942); compare, however, Orey (1968). Related work
has been done by Tucker (1962,1964); the first reference contains a proof
of Theorem 4.23, which is also proved by Fisz and Varadarajan (1963).
There seems to be no simple necessary and sufficient condition on the Lévy
function for an infinitely divisible distribution to be absolutely continuous;
cf. Tucker (1965). Not all of the detailed results in Section 4 are easily
available in the literature.

Compound-exponential distributions are considered by Steutel (1970) in
the context of mixtures, by van Harn (1978) in connection with p-functions,
and by Klebanov et al. (1984) as a class of ‘geometrically infinitely divisible’
distributions.

Relations between the moments of infinitely divisible distributions and
the corresponding canonical functions were first derived by Shapiro (1956),
and in more detail by Ramachandran (1969) and by Wolfe (1971b). Since
the relations between moments of the Lévy function and cumulants are
not as simple as in the half-line case, it does not seem possible to define
‘fractional cumulants’ here. The cumulant inequality of Proposition 7.8 is

proved in Gupta et al. (1994), who use it for testing.

Supports of infinitely divisible distributions have been considered by
Rubin (1967), Tucker (1975) and Brown (1976), and more recently by Tor-
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trat (1988); part of the results of Section 8 can be found in these references,
under varying conditions. Sharpe (1969a) has given the first result on ze-
roes of densities on R, but under rather stronger conditions than our Theo-
rem 8.7. Sharpe (1995) contains very nice general results, but these are not
suited for deciding on infinite divisibility of individual densities. Hudson
and Tucker (1975b) prove that an infinitely divisible density is positive a.e.
on its support, which may sound trivial, but is not; for more precise results
we refer to Byczkowski et al. (1996). Formula (8.11), used in the proof of
Proposition 8.10, is taken from Kawata (1972).

Tails of infinitely divisible distributions have been studied by many
authors, in varying degrees of precision. Among the many authors are
Zolotarev (1965), Kruglov (1970), Ruegg (1970,1971), Horn (1972) and
Steutel (1974). The results in Theorems 9.7 and 9.8 are basically due to
Sato (1973). Riedel (1975) characterizes the normal distribution in terms
of one-sided tails; see also Rossberg et al. (1985), and Sato and Steutel
(1998). Csérgd and Mason (1991) prove slightly more detailed results using
a stochastic representation of infinitely divisible random variables.

Densities that are completely monotone on both sides of zero, are con-
sidered in Steutel (1970). The infinite divisibility of real characteristic func-
tions that are log-convex on both sides of zero, was noted by Horn (1970).
This class of functions, which is closed under mixing, multiplication and
pointwise limits, is studied in Keilson and Steutel (1972); they also give
Theorem 10.8. A different proof of Theorem 10.5 occurs in Kelker (1971).

The infinite divisibility of the student distribution mentioned in Exam-
ple 11.6 has been examined by many authors. We name Kelker (1971);
Grosswald (1976), who gave the first complete proof by using properties
of Bessel functions; Ismail (1977), who also uses Bessel functions; Ep-
stein (1977), who gives a long ‘elementary’ proof. See also the Notes of
Chapter VI, where we return to the infinite divisibility of 1/V with V
gamma (1). The work on Bessel functions and infinite divisibility was con-
tinued by Barndorff-Nielsen and Halgreen (1977), Kent (1978), Ismail and
Kelker (1979), Ismail and May (1979), and Ismail and Miller (1982). The
moment inequality in Example 11.12 is due to Klaassen (1981). Examples
by Rubin (1967) of continuous-singular distribution functions F' on (0,1)

such that F*2 is absolutely continuous, gave rise to Example 11.19.
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Chapter V

SELF-DECOMPOSABILITY AND STABILITY

1. Introduction

Self-decomposable and stable distributions, as introduced in Section 1.5,
derive their importance from being limit distributions in the central limit
problem. In this chapter, however, self-decomposability and stability will
not be studied in this context; we will show that the self-decomposable
and stable distributions form interesting subclasses of the class of infinitely
divisible distributions, having attractive properties such as unimodality.
Again, results for distributions on Z and on R, are much easier obtained
than for distributions on R. In this introductory section we collect some
general observations, whereas in the subsequent sections the Z,-, R, - and
R-case are treated separately.

We first recall the definition of self-decomposability. A random vari-
able X is said to be self-decomposable if for every o€ (0, 1) it can be written

(in distribution) as
11)  X2LaX+X.,

where in the right-hand side the random variables X and X, are indepen-
dent. Clearly, self-decomposability is a property of the distribution of X;
therefore, a distribution function F' and a characteristic function ¢ are
called self-decomposable if a corresponding random variable has this prop-
erty, and (1.1) can be rewritten in terms of F' and ¢ in an obvious way.
Doing so one easily verifies that (1.1) with some fixed a implies the same
relation with « replaced by o™ for any n € N. Hence for self-decomposability
of X we need only require (1.1) for all & in some left neighbourhood of one,

and it will be no surprise that several results on self-decomposability will
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be obtained by letting o T 1. If a self-decomposable random variable X has
a finite left extremity £x, then for every o the component X, also has £x_
finite with {x = alx + lx,,, SO

(1.2)  lx, =(1-a)ly.

It follows that if X is R -valued, then its components X, are R -valued as
well; therefore, in this case we will use probability Laplace-Stieltjes trans-
forms (pLSt’s) to rewrite (1.1) rather than characteristic functions. In the
R;-case we will also often suppose that £x = 0; this is not an essential

restriction because, as is easily verified, for every a € R:
(1.3) X self-decomposable <= a+ X self-decomposable.

Any degenerate distribution is self-decomposable, but mostly we tacitly
exclude the trivial case of a distribution degenerate at zero, so we then
assume that IP(X =0) < 1. It will then be clear that no Z-valued ran-
dom variable X with x =0 can satisfy (1.1) for all a; in fact, we will
show that any non-degenerate self-decomposable distribution is absolutely
continuous. Nevertheless, by replacing the ordinary product X in (1.1)
by the Z-valued ‘product’ o ® X as introduced in Section A.4, we can
define a meaningful concept of self-decomposability for Z-valued random
variables X with properties, like unimodality, similar to those in the R.-
case. Moreover, by generalizing the multiplication ® one is led to classes
of infinitely divisible distributions, both on Z, and on R,, that are self-
decomposable with respect to composition semigroups of transforms such
as occur in branching processes.

We next turn to the stable distributions. A random variable X is said

to be weakly stable if for every n €N it can be written (in distribution) as
(14) X2, (Xi+ -+ Xn) +dy,

where ¢,, > 0, d,, € R, and X1, .., X, are independent with X; 4 X for all .
Note that ¢; = 1 and d; = 0. The random variable X is called strictly stable
if it is weakly stable with d,, = 0 in (1.4) for all n. Again, a distribution
function F' and a characteristic function ¢ are called weakly/strictly stable
if a corresponding random variable has this property, and (1.4) can be
rewritten in terms of F' and ¢ in an obvious way. For given m,n €N one
easily verifies that (1.4) holds as stated if it holds with n replaced by m
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and by nm; hence for weak stability of X we need only require (1.4) for
large n. Any degenerate distribution is strictly stable with ¢, = 1/n for
all n. A weakly stable X that has a symmetric distribution, i.e., for which
x< _x , is easily shown to be strictly stable. On the other hand, most
weakly stable random variables can be made strictly stable by adding a
suitable constant. To see this, we first note that, similar to (1.3), for every
aeR:

(1.5) X weakly stable <= a + X weakly stable.

In fact, if X satisfies (1.4), then so does a + X with the same ¢, and
with d,, replaced by d, := d,, — a (nc,— 1). When X is weakly stable with
¢n =1/n and d,, #0 for some n > 2, it follows that a + X will not be
strictly stable for any a. In case ¢, # 1/n for all n > 2, however, one is
tempted to take a = d,, /(nc, — 1); then d], = 0. Of course, we can only do
so if dy, /(nc,— 1) is independent of n > 2. Now, this is indeed the case;
look at cac, (X1 + -+ - + Xap,), and split up the sum into two sums of n X’s

and into n sums of two X’s, then it easily follows that

X — (dQ + QCan),

cocn (X1 4+ + Xop) 4
X — (dn + nepds),

so do + 2c¢ad,, = d,, + nc,ds, and hence dn/(ncn— 1) = dg/(202 —1). If a
weakly stable random variable X has a finite left extremity £x, then ¢,
and d,, in (1.4) satisfy

(1.6) bx =neplx +dn, so dp=(1—ncy)lx.

Hence X —/lx, with left extremity zero, is strictly stable and, in case
¢n, = 1/n for all n, even X itself is strictly stable, as is a + X for any a € R.
Thus in the R -case we can and will restrict ourselves to strict stability.

In view of the preceding discussion we make the following convention:
From now on ‘stability’ means ‘strict stability’.

In the Z-case stability is defined by (1.4) with d,, = 0 and with ordinary
multiplication replaced by the discrete multiplication ©.

Our main goal is to exhibit both the self-decomposable and stable dis-
tributions as special infinitely divisible distributions by showing the spe-

cial form of their canonical representations and to prove the interesting
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property of unimodality. We first do so in Sections 2 and 3 for distrib-
utions on Ry, because this is a classical case in which explicit results can
be obtained in a straightforward way, by use of properties of completely
monotone functions. Then, in Sections 4 and 5 we use the discrete multi-
plication ® and treat, analogous to the R, -case, self-decomposable and
stable distributions on Z., using properties of absolutely monotone func-
tions. In Sections 6 and 7 we treat the much more complicated (classical)
case of distributions on R; as we wish to proceed as in the R -case, we have
to accept a small restriction. Section 8 contains a generalization in terms
of composition semigroups of transforms, both for distributions on Z, and
on R, . The final two sections, 9 and 10, contain examples and notes.

2. Self-decomposability on the nonnegative reals

Let X be an R -valued random variable. Then, as noted in Section 1,
we can use pLSt’s to rewrite (1.1); with 7 the pLSt of X it follows that X
is self-decomposable iff for all « € (0, 1) there exists a pLSt 7, such that

(2.1) m(s) = m(as) ma(s).

Mostly we will consider LSt’s only for positive values of the argument.

Since a pLSt is positive on (0, c0), relation (2.1) can be written as

(2.2) To(s) =

It follows that the distributions of the components X, of X in (1.1) are
uniquely determined by X. The function 7, defined by (2.2) will be called
the 7, -function of m, also when 7 is not yet known to be a pLSt (but has
no zeroes). Using Bernstein’s theorem (Theorem A.3.6) one immediately

obtains the following criterion.

Proposition 2.1. A pLSt 7 is self-decomposable iff for all a€ (0,1) the

mo-function of w is completely monotone.

Recall that a real-valued function p on (0,00) is said to be completely

monotone if p possesses derivatives of all orders, alternating in sign:

(=1)"p™(s) >0  [neZy;s>0].
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In the sequel we wil use, without further comment, several properties of
completely monotone functions as reviewed in Proposition A.3.7. Using
Proposition 2.1 one easily shows that the class of self-decomposable dis-
tributions on Ry is closed under scale transformation, under convolution
and under weak convergence. In the next two propositions we make these

elementary properties explicit.

Proposition 2.2.

(i) If X is a self-decomposable R -valued random variable, then so is aX
for every a € Ry. Equivalently, if  is a self-decomposable pLSt, then
s0 is () with 7(%)(s) := 7w (as) for every acR,.

(ii) If X and Y are independent self-decomposable R -valued random
variables, then X +Y is self-decomposable. Equivalently, if m1 and 75
are self~decomposable pLSt’s, then their pointwise product w1y is a

self~-decomposable pLSt.

Proposition 2.3. If a sequence (X("™) of self-decomposable R -valued
random variables converges in distribution to X, then X is self-decom-
posable. Equivalently, if a sequence (m(™) of self-decomposable pLSt’s

converges (pointwise) to a pLSt 7, then 7 is self-decomposable.

The use of Proposition 2.1 is also illustrated by the following simple exam-

ple.

Example 2.4. For r > 0, A > 0, let X have the gamma (r, \) distribution,
so its density f and pLSt 7 are given by

flz) = A e n(s) = ()\j—s)r'

Then for ae (0,1) the m,-function of 7 can be written as

o= (52 = ot e )

A+s
Now, the function s — o+ (1— a) A/(A + s) is an infinitely divisible pLSt;
this was shown in Example I11.11.8. Hence 7, is completely monotone by
Proposition I11.2.3. We conclude that X is self-decomposable. 0

We next want to derive a canonical representation for a self-decompos-

able pLSt 7. To this end we first recall some basic facts from Section III.4.
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Infinite divisibility of an R -valued random variable X with pLSt 7 means
that the functions #* with ¢ > 0 are all completely monotone. This con-
dition is, however, equivalent to the complete monotonicity of only the
p-function of m defined by

S

(2.3) p(s) == —% log(s) = —7: s) so 7(s) = exp [—/0 p(u) du].

Moreover, any function 7 of this form with p completely monotone on
(0,00) is the pLSt of an infinitely divisible distribution on R. This ob-
servation, together with Bernstein’s theorem, yields a simple derivation of

the canonical representation of an infinitely divisible pLSt m:
e 1
(2.4)  7(s) = exp [— (1— =)= dK ()],
Ry T
where the canonical function K is an LSt-able function that satisfies

(2.5) / 1 dK (z) < 00, K =p, K(0)=/(x, lim K(z)=EX.
(1’00) T T— 00
Now it turns out that self-decomposability can be handled in a similar
way. Before showing this we prove that the self-decomposable distributions
are infinitely divisible; later on we will precisely indicate (in terms of the
canonical function K) which infinitely divisible distributions are self-de-

composable.

Theorem 2.5. A self~decomposable distribution on R is infinitely divis-
ible.

PROOF. Let 7 be a self-decomposable pLSt with factors 7, as in (2.1). In
order to show that 7 is infinitely divisible, we express the p-function of 7

in terms of the m,:

m(as)—m(s) lim m(as) 1—7(s)/m(as)

pls) = 7(s) lcy%l (1—a)s  all 7(s) (1-a)s
so we get
B 1 1—ma(s)
(2.6) p(s) = E?ll 1—a S

From (A.3.4) it now follows that p is the limit of completely monotone

functions; hence p is completely monotone, and  is infinitely divisible. 0O
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Let m be a pLSt. We look for a function, the complete monotonicity of
which characterizes the self-decomposability of 7. To this end we note that
in Section I11.4 the p-function of 7 is obtained from the functions 7* with
t >0 by

1d
= lim —~ —7'(s).
o) =l = 3, ()

Since in the self-decomposability context the m,-function of 7 seems to take

over the role of 7’, one is tempted to look at —, /(1— ) for o T 1:

m(s)® =1 als) =
7(s)?
= lirnL () {an(s)n'(as) — 7'(s) T(as)} =

afl 1— a m(as)?

= lim {w’(s) m(s)—m(as)

aTl 1-«

=n'(s)sn'(s) — m(s) s (s) — m(s) 7' (s) = 7(s)* [s p(s)] -

We now define the pg-function of = by

d

(2.7) po(s) = ds

[sp(s)]  [s>0],

with p as in (2.3), and allow 7 here to be any positive nonincreasing convex
function on (0,00) with 7(0+) =1 and a continuous second derivative.
Since by (A.3.5) such a 7 satisfies limgjo s7'(s) = 0, so limg o sp(s) =0,
we can express p in terms of pg by

(2.8) p(s) = i/os po(u)du :/0 po(vs) dv [s>0];

here the integrals are supposed to exist, which is the case if py is nonnega-
tive. We are now ready to prove the following criterion for self-decompos-
ability.

Theorem 2.6. Let 7 be a positive nonincreasing convex function on (0, 00)
with w(0+) = 1 and a continuous second derivative. Then 7 is the pLSt
of a self-decomposable distribution on R iff its pg-function is completely

monotone.
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—m!, is completely monotone. Since, as we saw above, the po-function of 7
can be obtained as

2.9)  pols) = lim ——— =/ (s),

all 11—«

we conclude that pg, as a limit of completely monotone functions, is com-
pletely monotone.

Conversely, let the pg-function of 7 be completely monotone. Then pg
is nonnegative, so we have (2.8). It follows that the p-function of 7 is a
mixture of completely monotone functions, and hence is itself completely
monotone. Therefore, 7 is a pLSt and, in fact, an infinitely divisible pLSt;
cf. Theorem IT1.4.1. We can now apply Proposition 2.1. Take € (0,1) and
note that the m,-function of 7 is a positive differentiable function on (0, co)
with 7,(0+) = 1. So we can compute the p-function p, of 7, and find

1

Pa(s) = p(s) — ap(as) = / po(vs) dv,

«

where we used (2.8); hence p,, as a mixture of completely monotone func-
tions, is completely monotone. As above it follows that 7, is a pLSt and,
in fact, an infinitely divisible pLSt. We conclude that the pLSt 7 is self-
decomposable. m

Corollary 2.7. The components X,, in (1.1) of a self-decomposable R -
valued random variable X are infinitely divisible. Equivalently, the fac-
tors 7, in (2.1) of a self-decomposable pLSt 7 are infinitely divisible.

Let m be as in Theorem 2.6. We wish to view the pg-function of 7
as the p-function of a positive differentiable function my on (0,00) with
7m(0+) = 1; in view of Theorem I11.4.1 complete monotonicity of pg is
then equivalent to my being an infinitely divisible pLSt. Clearly, such
a function 7 is determined by 7 because (s p(s)) = (—log mo(s))’, and
hence

(2.10) mo(s) = exp [—s p(s)] [s>0],

with p the p-function of w. The function 7y in (2.10) is called the -
function of w. Thus we are led to the following variant of Theorem 2.6;

note, however, that we may start from more general functions .
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Theorem 2.8. Let 7 be a positive differentiable function on (0,00) with
m(04) = 1. Then « is the pLSt of a self-decomposable distribution on R
iff its mo-function is an infinitely divisible pLSt.

PROOF. Let m be a self-decomposable pLSt, so by Theorem 2.6 its pg-
function is completely monotone. As noted above, this implies that g is an
infinitely divisible pLSt; note that, indeed, m( is positive and differentiable
on (0, 00) and satisfies mo(0+) = 1 because of (A.3.5).

Conversely, let 7 be such that its mp-function is an infinitely divisible pLSt,
so the p-function py of 7 is completely monotone. Now, by (2.3) applied

to mo it is seen that the p-function of 7 can be written as

(2.11) p(s) = é {—log mo(s)} = i/os po(u) du,

so p is of the form (2.8). This means that we can proceed as in the second
part of the proof of Theorem 2.6 to conclude that 7 is a self-decomposable
pLSt. D

The criterion of Theorem 2.8 can be reformulated so as to obtain the fol-

lowing representation theorem for self-decomposable pLSt’s.

Theorem 2.9. A function m on R, is the pLSt of a self-decomposable
distribution on Ry iff m has the form

(2.12)  w(s) =exp [/OSIOgWuO(U)du [s>0],

with g the pLSt of an infinitely divisible random variable X, for which

necessarily

(2.13) Elog(Xp+1) < 0.

PrOOF. Let 7 be a self-decomposable pLSt, so by Theorem 2.8 its mg-
function is an infinitely divisible pLSt. Now, inserting in (2.3) the expres-
sion for p in the first part of (2.11), one sees that 7 takes the form (2.12).
The converse statement immediately follows from Theorem 2.8; the func-
tion 7 in (2.12) is positive and differentiable on (0, c0) with 7(0+) = 1 and
its mg-function is mg.

The logarithmic moment condition (2.13) follows from the fact that the in-
tegral in (2.12) has to be finite; this concerns a general property of pLSt’s,
which is proved in Proposition A.3.2. N
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In view of (2.12) the mp-function of a self-decomposable pLSt 7 will be
called the wunderlying (infinitely divisible) pLSt of 7. Note that the p-
function of my is given by the pg-function of 7, so by the second part of

(2.5) the canonical function Ky of my satisfies
(214) Ko = po.

It is now easy to get a canonical representation for self-decomposable
pLSt’s similar to that in (2.4) for infinitely divisible pLSt’s. To see this set

@It
I(a) :=1—¢7% J(a) :z/ (T)dt [a>0].
0
Then the underlying pLSt 7y of a self-decomposable pLSt 7 can be repre-
sented, as all infinitely divisible pLiSt’s, in terms of its canonical function Ky

by

(2.15) mo(s) = exp [—/R I(sx) %dKo(x)} [s>0],

"
where necessarily f(lm)(l/x) dKo(z) < oo. Inserting this representation
for mp in (2.12) and changing the order of integration, we obtain a similar
representation for the self-decomposable pLSt 7; we only have to replace 1
by J.

Theorem 2.10 (Canonical representation). A function m onR is the

pLSt of a self-decomposable distribution on R, iff m has the form
1
(2.16) m(s) = exp [—/ J(sx) - dKy(x) [s>0],
Ry

with Ko an LSt-able function; the integrand for x = 0 is defined by conti-

nuity. Here the function Ky is unique, and necessarily satisfies
1
(2.17) / (log ) © dKy(z) < oo.
(1,00) z

PrROOF. We only have to show yet that (2.17) holds if 7 is of the form
(2.16). For this it is sufficient to note that the integral in (2.16) with s =1
is finite and that J(z) > ¢ log « for z > 1 and some ¢ > 0. m

The function Ky in Theorem 2.10 will be called the second canonical func-
tion of m, and of the corresponding distribution function F' and of a cor-
responding random variable X. It is the (first) canonical function of the
underlying pLSt 7y, and is most easily determined by using (2.14). The
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condition on K given by (2.17) is equivalent to that on my in (2.13) be-
cause, as has been shown in the proofs above, both conditions are equivalent
to the finiteness of —log m(1). Moreover, (2.17) is equivalent to the first
condition in (2.5) for the (first) canonical function K of m; this is an im-
mediate consequence of an expression for K in terms of Ky which will now
be derived. Since K = p, the p-function of 7, we can use (2.8) to write

f((s)z/ol f(o(vs)dv:/]R+ (/Ole_”sydv) AKo(y) =
= Ko(0) + /(O’Oo) (/Oy e " da) idKo(y) _

= Ko(0) + /OOO e=se (/(1 . idKO(y)) de,

so for K we get
(2.18)  K(2) K0(0)+/OI(/(M) idKo(y)) a  [x>0]

It follows that K (0) = K(0) and by Fubini’s theorem that K (x) and Ko(z)
have the same limits as * — oo, and

(2.19) /(1 )1dK(x)/(1 )(log:c)glcho(x).

T

Hence the equivalence noted above indeed holds, and if X is a random
variable with pLSt 7, then by the last two parts of (2.5) we have

(220)  Ko(0) =Ly, lim Ky(z) = EX.

The preceding discussion also leads to the following characterization of
the self-decomposable distributions on R, among the infinitely divisible
ones; cf. Theorem 2.5. From now on it is convenient to use distribution
functions F' rather than pLSt’s, and to suppose that {r = 0; cf. (1.3).

Theorem 2.11. A distribution function F with {r = 0 is self-decompos-
able iff it is infinitely divisible having an absolutely continuous canonical
function K with a nonincreasing density k on (0,00). In this case, for k
one may take

(2.21) k(m):/( );dKo(y) o> 0],

where K is the second canonical function of F.
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PRrROOF. The direct part of the theorem, including the expression for k in
(2.21), immediately follows by using the first part of (2.20) in (2.18). Turn-
ing to the converse we let F' be infinitely divisible such that K has a nonin-
creasing density k, which may be taken right-continuous. Since by (2.5) the
function = +— k(z)/x is integrable over (1,00), we have lim, o k(z) = 0,
so we can write k(x) = f(zm) d(—k) for z > 0. Comparison with (2.21)
now suggests looking at the right-continuous nondecreasing function Ky
with Ko(z) =0 for x < 0 and on (0, c0) defined by

(2.22) Ko(x):/(o Ak = K@) —2k@) > 0]

Here the second expression for K, which easily follows by use of Fubini’s
theorem, shows that K (z) is indeed finite for all z > 0 and that Ky (0) = 0;
note that K(0) =0 because {r = 0. Now, use (a generalized version of)
(A.3.2) to show that for s >0

(oo}
y . d . ~
/ e Y dKy(z) = s/ e " Ko(z)dow = —[s K(s)].
R 0 ds
+
So, Ky is an LSt-able function and, because of (2.5) and (2.7), its LSt K
is precisely the po-function of F. From Theorem 2.6 it follows that F' is
self-decomposable. D

Of course, a function K as in Theorem 2.11 is concave on (0, 00). Now, it is
well known that, conversely, any such function has a nonincreasing density
on (0,00). Hence Theorem 2.11 may be reformulated in the following way;

since £p = K(0), we need not require £ = 0 here.

Corollary 2.12. A distribution on R is self~decomposable iff it is infin-

itely divisible having a canonical function that is concave on (0, 00).

Before using Theorem 2.11 for proving some attractive properties of
self-decomposable distributions on R, we give a simple example where
both the canonical functions K and K, can be computed explicitly, and

prove some useful closure properties.

Example 2.13. Consider the gamma (r, A) distribution with pLSt 7 given

by
m(s) = ()\—)\i—s) '
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In Example 2.4 we have seen, by computing the m,-function of 7, that 7
is self-decomposable. Alternatively, one can use Theorems 2.6 or 2.11. The

rst) canonical density & was found in Example I11.4.8:
fi ical density k found in E le I11.4.8
k(z) =7re 2 [z > 0],

so, indeed, k is nonincreasing on (0, 00). Since the p-function of 7 is given
by p(s) = r/(A+ s), for the po-function of = we find po(s) = rA/(A + 5)?
which, indeed, is completely monotone. From (2.14) it follows that the

second canonical function Ky has a density ko given by
ko(z) = rAxe " [z>0].

Moreover, using (2.10) we can compute the underlying infinitely divisible

pLSt 7o of 7; we find

mo(s) =exp [-rs/(A+s)] =exp [-r {1 = A/(A+5)}],

so mq is of the compound-Poisson type. D

Self-decomposability is preserved under scale transformations, convolutions
and taking limits; see Propositions 2.2 and 2.3. We now consider some other
operations; they also occur in Section II1.6 on closure properties of general

infinitely divisible distributions on R;.

Proposition 2.14. Let w be a self-decomposable pLSt. Then:

(i) For a > 0 the a-th power ©® of 7 is a self-decomposable pLSt.
(i) For a > 0 the pLSt ©® with 7(9)(s) := 7(a + s) /m(a) is self-decom-
posable.
(iii) For v e (0,1] the function (V) with 70 (s) := 7(s?) is a self-decom-

posable pLSt.

PROOF. Part (i) follows by taking the a-th power in (2.1) and using Propo-
sition II1.2.3; 7w and its factors m, are infinitely divisible because of Theo-
rem 2.5 and Corollary 2.7. One can also use Theorem 2.6; the po-function
of @ is a times the po-function of 7w. Next, one easily verifies that the
po-function pga) of 7(®) in (ii) can be expressed in terms of the p- and

po-function of 7 by

o () = pola+s) —ap'(at s);
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since this function is completely monotone, 7% is self-decomposable. Fi-
nally, consider the function 7(*) in (iii), and recall that by (IIL.3.8) it is
a pLSt for every pLSt 7 (self-decomposable or not); it can be written as
7" = 7o (—log m) with 7o the infinitely divisible (stable) pLSt of Exam-
ple 111.4.9. Now, using (2.1) with a replaced by a”, one sees that 7(7) is
self-decomposable. m

In view of part (iii) we note that if 7 and 7 are self-decomposable, then
7o (—log my) need not be self-decomposable; we refer to Section 9 for an
example. Further, if 7 is self-decomposable, then the pLSt’s 7(%) with a > 0
and 7(®) with a e (0,1) defined by

7@ (s) := M, 7@ (s) :=1—a+ an(s),
m(a+ s)
are not self-decomposable; this is because the corresponding distributions
have positive mass at zero (cf. Proposition A.3.3 for the first pLSt) and, as
will be proved in a moment, a non-degenerate self-decomposable distrib-
ution is absolutely continuous. In particular, the factors m, of the gamma
pLSt 7, which were computed in Example 2.4, are not self-decomposable;
note that by Example 2.13 the underlying pLSt my of 7 is not self-de-
composable either. In fact, self-decomposability of the 7, turns out to be

equivalent to that of .

Theorem 2.15. Let m be a self~-decomposable pLSt. Then its factors m,
with € (0,1) are self-decomposable iff the underlying infinitely divisible
pLSt my of 7 is self-decomposable. In fact, for ae (0,1) the mo-function

of m, equals the my-function of my: a0 = 7o ,q-

PROOF. Recall that 7, and 7y are defined by

Tol(s) = :(Ss))’ mo(s) = exp [,3 p(s)],
where p is the p-function of m. Now, as is easily verified and already noted
in the proof of Theorem 2.6, the p-function p, of m, is related to p by
pals) = pls) — ap(as), so
mo(s)
mo(as)

T0(5) = exp [=9 pa(s)] = = m.a(s);

this proves the final statement of the theorem. The rest is now easy; use
Theorem 2.8 for 7, and (2.1) and Corollary 2.7 for . m
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We return to Theorem 2.11; it enables us to make use of several results
from Chapter III. First of all, recall that an infinitely divisible distribution

function F' on R, satisfies the following functional equation:
/ udF(u):/ F(z —u)dK(u) [z>0].
[0,] [0,z]

In Section III.4 we used this equation to easily show that F' is absolutely
continuous if its canonical function K is absolutely continuous and satisfies
f(o,m)(l/m) dK(z) = oo. Since by Theorem 2.11 the canonical function K
of a self-decomposable F' with £z = 0 has these properties, we conclude
that such an F' is absolutely continuous. Making better use of the functional
equation led to Proposition II1.4.16 which, in turn, yielded the general
result in Theorem II1.10.4 on infinitely divisible distributions on R having
a nonincreasing canonical density & on (0,00). Therefore we can state the

following result.

Theorem 2.16. Let F be a self-decomposable distribution function with
{rp = 0. Then F is absolutely continuous and has a unique density f for
which

(2.23) xf(x):/omf(x—u)k(u)du (x> 0],

where k is a canonical density that is nonincreasing on (0, 00). Moreover, f
is continuous and positive on (0,00), f is bounded on (0, 00) if k(0+) > 1,
and

(i) If f is nonincreasing near 0 with f(0+) = oo, then k(0+) < 1.
(ii) If f(0+) exists in (0,00), then k(0+) = 1.
(iii) If f is nondecreasing near 0 with f(0+) = 0, then k(0+) > 1.

This theorem can be used to show that a self-decomposable distribution
on R, is unimodal; see Section A.2 for definition and properties. In case
the left extremity is zero, for the corresponding density f that is continuous
on (0, 00), this means that there are only the following two possibilities: (1)
f is nonincreasing on (0,00); (2) f is nondecreasing and not constant on
(0, z1] and nonincreasing on [x1,00), for some 1 > 0. The next theorem
also characterizes these possibilities in terms of a corresponding canonical

density k that is nonincreasing on (0, 00).
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Theorem 2.17. A self-decomposable distribution on Ry is unimodal. If
its left extremity is zero, then the corresponding continuous density f is

nonincreasing iff the nonincreasing canonical density k satisfies k(0+) < 1.

PROOF. Let F be a self-decomposable distribution function on Ry. We
suppose that /r = 0; this is not an essential restriction. Let f and k be
the densities as indicated in the theorem; they are related as in the func-
tional equation (2.23), f is positive and k can be taken right-continuous,
of course. First we note that if f is nonincreasing on (0,00), then from
parts (i) and (ii) of Theorem 2.16 it immediately follows that k(0+) < 1.
Next we show that for the rest of the proof we may restrict ourselves to
functions k& with some further nice properties.
Suppose that k can be obtained as the monotone (pointwise) limit of a
sequence (kp)nen of nonincreasing canonical densities. Then by the mono-
tone convergence theorem we have for s > 0
e 1 e 1

im [ (1—e=) L (2)da = / (1 =) L k(2) da,

n—oo Jq x 0 x
and hence by (2.4) lim,_ F,(s) = F(s) for s > 0, where F, is the infin-
itely divisible distribution function with canonical density k,. From the
continuity theorem for pLSt’s it follows that (F,,) converges weakly to F'.
Since unimodality is preserved under weak convergence, we conclude that F’
is unimodal as soon as all F;, are unimodal. Similarly, F' is concave on
(0,00) as soon as all F,, are concave on (0,00), and hence F' has a nonin-
creasing density on (0, 00) if every F;, has such a density. Also, note that if
the approximating sequence (k) is nondecreasing, then k(0+) < 1 implies
that k,,(04) <1 for all n.
These observations will now be used in four successive steps for showing
that £ may be taken special, as indicated below.
1. Define ky,(z) := min {k(1/n), k(z)} for neN and & > 0. Then each k,
is a nonincreasing canonical density which, moreover, is bounded. Since
k, T k as n — oo, we may further assume that k is like k,,, i.e., that k is
bounded.
2. Define ky(z):= nf;H/n k(t)dt for neN and « > 0. Then each k, is a
bounded nonincreasing canonical density which, moreover, is continuous.
Since by the right-continuity of k& we have k,, T k as n — oo, we may further

assume that k£ is bounded and continuous.
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3. Define k,, as in the preceding step. Then each k, is a bounded non-
increasing continuous canonical density which, moreover, is differentiable
with derivative given by k,(z) = n{k(z + 1/n) — k(z)} for z > 0. Since
ko, T k as n — oo, we may further assume that k is like k,,, i.e., that k is
bounded with a bounded continuous derivative on (0, c0).

4. Define k,(z) := k(x) + e ™ for neN and z > 0. Then each &, is a
bounded canonical density with a bounded continuous derivative which,
moreover, is negative. Since k,, | k as n — oo, for proving just the uni-
modality of f we may further assume that k is bounded with a bounded
continuous negative derivative on (0, 00).

We finally prove the remaining assertions of the theorem for F' having a
canonical density k as after step 3. Then we can differentiate the func-
tional equation (2.23) to see that f has a continuous derivative on (0, c0)

satisfying
(2.24) xf’(x):{k‘(O—i—)—1}f(:r)+/0wf(m—u)k’(u)du [z>0].

Since k' < 0, it follows that in case k(0+) < 1 we have f’(z) < 0 for all z,
i.e., f is nonincreasing on (0,00). Thus the final statement of the theorem
has been proved.

So now assume that k(0+) > 1. In order to show that F' is unimodal also in
this case, we suppose that k has the additional property of having a negative
derivative; cf. step 4 above. First, note that by (2.23) there exists € > 0
such that = f(x) > F(z) for z€(0,¢). Since k' is bounded, so k'(u) > —c
for all u > 0 and some ¢ > 0, from (2.24) it follows that for x € (0, ¢)

"(z) > {k(0+) — 1} f(z) — cF(z) > {k(0+) — 1 — ca} f(x)

We conclude that f'(x) > 0 for all > 0 sufficiently small. Therefore, we
can define

T ;:sup{x>0:f’2() on (O,x]},

which necessarily is finite. By the continuity of f’ it follows that f’(z1) = 0.

Moreover, we can differentiate once more in (2.24) to show that for z > 0

(2.25) o f"(z) = {k(0+)—2} f'(2)+ f(0+) k / f(x—u)k (u) du

and see that f” is continuous on (0,00) with f”(z1) < 0, because k¥’ < 0.

It follows that f is strictly decreasing on some right neighbourhood of z;.
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Now, we will show that f has this property on all of the interval (x1,00).
For this it is sufficient to take xo > x; such that f is nonincreasing on
(z1,22), and to prove that f'(xz3) < 0. To do so we set a := xo — x1, ap-
ply (2.24) with & = 2, and replace k(0+) — 1 by {k(a) — 1} — [ K (u) du
Since k' < 0 and f(z2) < f(z2 — u) for all ue(0,a), with strict inequality
for u close to a, we then see that

(2.26)  xa f'(w2) < {k(a) — 1} f(z2) + /12 f(za — u) K (u) du.

If k(a) <1, then obviously f'(z2) < 0. So we now assume k(a) > 1. Put
f(z) :=0for z <0, and note that f(z3) < f(z1) and f(xa—u) > f(x1 —u)
for all u € (a, z3). Then the upperbound in (2.26) can be estimated further
to obtain

sz f'(w2) < {k(a) — 1} fa1) + /%f(fﬂl —u) k' (u) du.

Next, the procedure above resulting in (2.26) is reversed; since we have
f(x1) > f(z1 — u) for all we (0,a), it follows that

z f'(w2) < {k(0+) — 1} f(z1) + /Omf(a:l — ) K (u) du.

As in the integral here the upperbound may be replaced by x1, we can

apply (2.24) with z = z; to conclude that

(227) T2 f/(l‘g) < 1 f’(l’l).
But f'(z1) =0, so f'(z2) < 0 also when k(a) > 1. mn

The results (i), (ii) and (iii) in Theorem 2.16 can be improved somewhat.
Since we now know that f is unimodal, f is monotone near zero, so the
limit f(0+) exists in [0, 00]. Using also the second part of the preceding
theorem then leads to the following result; here f(0+) > 0 includes the
possibility that f(0+) = oo, and similarly k(0+) > 1 includes k(0+) = oo

Corollary 2.18. Let f be the continuous density of a self-decomposable
distribution with left extremity zero, and let k be a corresponding nonin-
creasing canonical density. Then f(0+) exists in [0, 00|, f is nonincreasing
if f(0+) >0, and

(i) f(0+) =00 = Kk(0+) <1, (iv) k(0+) <1 = f(0+) = oo,
(i) 0< f(0+) <o0 = k(0+) =1, (v) k(04+)=1 = f(0+) >0,
(iii) f(0+)=0 = Ek(0+) > (vi) k(0+)>1 = f(0+)=0.
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In the case where k(0+) = 1, the limit f(0+) need not be finite. In fact,
using the canonical representation (2.4) for the Lt 7 of f and the fact (see
Proposition A.3.4) that f(0+) = lim,_. s7(s), one can show that then

(2.28) f(04) < 0 = /1 1= k=) dz < oco.
0 x

The proof of Theorem 2.17 gives rise to the following special result; it will
be needed in Section 6 to prove the unimodality of a general self-decom-

posable distribution on R.

Proposition 2.19. Let f be the continuous density of a self-decompos-
able distribution with left extremity zero, and suppose that the canonical
density k of f is bounded with k(0+) > 1 and has a bounded continuous
negative derivative on (0,00). Then f(0+) =0, f is unimodal with

z1:=sup{z>0:f >0 on (0,z]}

as a positive mode, and f is positive and log-concave on (0, z1); in fact, f

has a second derivative that is continuous on (0, 00) with
(229)  {f'@)} > f@) @) [0<z <z

PrOOF. From the proof of Theorem 2.17 and from Corollary 2.18 it follows
that the density f has a continuous second derivative and further satisfies
f(0+)=0, f(z) >0 for all x>0, and f'(z) > 0 for all z > 0 sufficiently
small; moreover, z; is a positive mode of f, and f satisfies the equations
(2.24) and (2.25). In view of this and of (2.29) we consider the following
function d:

d(z) == —z {f(@)} log f(2)]" = 2 {f @)} — 2 f(@) /" (@);
we have to show that it is positive on (0,2;]. To this end we rewrite d as
230 dle) = J0) P @)+ [ {70 fa—) - 1) e -0} K da

and take x € (0,z1]. Since —f(z) f'(z —u) ¥ (u) > 0 and f(z — u) < f(x)

for we (0, ), we can estimate in the following way:

) 2 1) @) (1+ [ K du) =

0

= f(@) f'(x) (1= {k(0+) = k(2)} ).
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It follows that d(z) > 0 for all = > 0 sufficiently small. Now, suppose that
d(x) <0 for some x€(0,21]. Then, since d is continuous, there exists
xg < x1 such that

d(xzo) =0, d(z)>0 for ze(0,xp).
From this we see that f'/f = (log f)’ is (strictly) decreasing on (0, x¢), so
I (o) f(wo —u) — f(zo) f'(xo —u) <0 for ue(0,z0).

As f'(zp) > 0, by (2.30) this would imply that d(xg) > 0. So we have ob-
tained a contradiction; we conclude that d is positive on all of (0,21]. O

We conclude this section with showing a phenomenon that leads us to
the special self-decomposable distributions of the next section. Return to
Theorem 2.9; let £ be the set of nonnegative functions on R, of the form
—log 7 where 7 is the pLiSt of an infinitely divisible distribution with finite
logarithmic moment, and let Lo be the set of functions of the form — log 7
where 7 is a self-decomposable pLSt. Then £y and Lo are semi-linear
spaces in the following sense:

hel;, A\>0 = Mhel;,
{ hi,hoeL; — hi+ hoe Ly
see Proposition 2.14 (i) for the case i = 2. Now, Theorem 2.9 says that the
following mapping 7' is 1-1 from £y onto La:

(2.31) (Th)(s) := /OShELu)du [heLlq; s>0].

Moreover, T' is semi-linear in the sense that

T(Ah) = A(Th) for he £y and A > 0,
T(h1 + ]’Lz) =Thy + Thy for hy,hs e L.

Let us look for the possible eigenvalues and eigenfunctions of T, i.e., the

constants 7 > 0 and functions h € £ for which
(2.32) Th =Th.

By differentiation it follows that such a 7 and h satisfy 7 h/(s) /h(s) = 1/s,

so for some A > 0 we have

(2.33)  h(s)=AsY"T  [s>0].
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Now, any such function h obviously satisfies (2.32). But by Theorem I1I.4.1
it is indeed in £; iff A’ is completely monotone, which is equivalent to saying
that 7 > 1. We conclude that any 7 > 1 is an eigenvalue of 7" and that the
corresponding eigenfunctions h are given by (2.33) with A > 0. For the
pLSt m with —log m = h this means that

(2.34) m(s) = exp [-A 31/7]

We already met this infinitely divisible pLSt 7 in Example II1.4.9; note,
however, that « is even self-decomposable because also h € L. In the next
section these special self-decomposable pLSt’s will be recognized as being
stable with exponent 1/7.

3. Stability on the nonnegative reals

Let X be an R -valued random variable. Then, according to Section 1,
X is called (strictly) stable if for every n e N there exists ¢, > 0 such that

(31) XL (Xi+-+Xn),

where X1,..., X, are independent with X; 2 X for all 4. In terms of the
pLSt 7 of X equation (3.1) reads as follows:

(3.2) m(s) = {W(cns)}n

From (3.1) or (3.2) it is immediately clear that the stable distributions
are in the class of our interest: A stable distribution on Ry is infinitely
divisible. The stable distributions turn out to be even self-decomposable.

Before being able to show this we need to do some preliminary work.
Let 7 be a stable pLSt. Then from (3.2) it follows that for m,neN

T(Cmns) = {w(cncmns)}n = {w(cmcncmns)}mn = m(CmCns),
and hence, since 7 is strictly decreasing,
(3.3) Conn = CmCn [m,neN].

Now, both (3.2) and (3.3) can be generalized as follows; there exists a

continuous function ¢ : (0,00) — (0, 00) such that

(3.4) { m(s) = {W(C(m)s)} for z > 0,
c(zy) = c(z) c(y) for x >0 and y > 0.

We will show this together with the following consequence.
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Theorem 3.1. A pLSt 7 is stable iff there exists v > 0 such that
(3.5) m(s) = {n(a"7s)}" [z >0]

PROOF. Let 7 be stable; then we have (3.2) where (c,) is a sequence of
positive constants satisfying (3.3). On account of the latter relation the
following function ¢ on (0,00) N Q is well defined:

c(x) :=cpfep if ©=n/k with n,keN.

Then ¢(n) = ¢, for neN, and one easily verifies that (3.4) holds for ratio-
nal z and y. In order to show that ¢ can be continuously extended such
that (3.4) holds for real = and y, we let > 0 and take a sequence (z,,)
in Q such that lim,,_, x,, = x; then we have

1/x

(3.6) lim 7(c(zn)s) = {7(s)}

n— o0

By the continuity of 7 it follows that the sequence (c(z,)) must be bounded
and can have at most one, non-zero, limit point; this means that (c(z,,))
has a finite non-zero limit. Using (3.6) once more, one sees that the value of
this limit does not depend on the approximating sequence (x,,). Therefore,
the function ¢ on (0, 00) N Q can be extended to all of (0, 00) in the following
way:

c(z) = lim ¢(x,) if = lim z,, with z, €Q for all n.

n—oo n—oo

Relation (3.4) now easily follows. Hence we have (3.6) for (z,) in (0,00),
and we can proceed as above to show that ¢ is continuous on (0, 00).
Now, it is well known that a continuous function ¢ with the multiplicative
property of (3.4) has the form ¢(z) = 2" for some r € R. By substituting
this in the first part of (3.4) and letting * — oo we see that necessarily
r < 0. Thus we can write r = —1/+ for some 7 > 0; this results in (3.5).
Conversely, if 7 satisfies (3.5) for some v > 0, then it also satisfies (3.2) for
all n with ¢, given by ¢, = n~/7, so  is stable. N

For a stable pLSt 7 the positive constant « for which (3.5) holds, is called
the exponent (of stability) of w (or of a corresponding random variable X).
From Theorem 3.1 and its proof it will be clear that, for given v > 0, the

stable distributions with exponent « can be characterized as follows.
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Corollary 3.2. For v > 0 an R, -valued random variable X is stable with
exponent vy iff for every n e N it can be written as

(3.7) XL (X 4+ X,),
where X1, ..., X, are independent with X; 4 X for all 1.

Theorem 3.1 is basic in the sense that it can be used to easily obtain
both a useful characterization theorem and a canonical representation for
the stable distributions on R,. Let the random variable X be stable with
exponent . Then for z > 0 and y > 0 its pLSt 7 satisfies

(e +9)"7s) = {n(s)} = n(@') w(yH7s),
and hence, if X’ denotes a random variable independent of X with X’ dx ,
(3.8) (z+ )X L2X + X [2>0,y>0]

Dividing both sides by (z + y)'/7 leads to the direct part of the following

characterization result.

Theorem 3.3. For v > 0 an R -valued random variable X is stable with

exponent v iff, with X' as above, X can be written as
3.9 X <ax+pX
for all a, B¢ (0,1) with a7 4+ 87 = 1.

PrOOF. We are left with showing the converse part of the theorem. Let X
then satisfy (3.9) for all a and [ as indicated. We will use induction
to show that (3.7) holds for all n. The equality with n = 2 follows from
taking o = 8 = (3)¥/7. Next, let n > 2, and take a = {n/(n+1 }1/7 and
B={1/(n+ 1)}1/7. Then it follows that

XL+ (n7X + XY,

from which it will be clear that also the induction step can be made. From

Corollary 3.2 we conclude that X is stable with exponent ~. D

An immediate consequence of this theorem is the following important re-

sult; just use the definition of self-decomposability.

Theorem 3.4. A stable distribution on R is self-decomposable.
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We proceed with showing how Theorem 3.1 gives rise to a canonical
representation for the stable distributions on Ry. Let v > 0, and let 7 be
a stable pLSt with exponent v, so 7 satisfies (3.5). Taking first s = 1 in

this relation and then x = s™7 with s > 0, we see that 7 also satisfies
log m(1) = s77 log m(s), so m(s)=exp[-As7],

where we put A := —log 7(1), which is positive. Now, any such function 7
with A > 0 obviously satisfies (3.5). But it is indeed the pLSt of an infin-
itely divisible distribution on R iff «y is restricted to (0, 1]; this immediately
follows from Theorem I11.4.1 and the fact that the p-function of 7 is given
by

(3.10) p(s) = —% log 7(s) = My s?™ ! [s>0].

Thus we have proved the following result.

Theorem 3.5 (Canonical representation). For v > 0 a function m
on R is the pLSt of a stable distribution on Ry with exponent v iff v <1
and 7 has the form

(3.11) m(s) = exp [-As7] [s>0],
where X > 0.

So on R, there are no stable distributions with exponent v > 1, and those
with exponent v = 1 are given by the degenerate distributions. The stable
distributions with exponent v < 1 coincide with the infinitely divisible dis-
tributions on R4 whose canonical functions K have LSt’s p of the form
(3.10) with A > 0; see the second part of (2.5). Inversion yields the following
characterization of the non-degenerate stable distributions on R, among

the infinitely divisible ones.

Theorem 3.6. For~y e (0,1) adistribution on R is stable with exponent -y
iff it is infinitely divisible having an absolutely continuous canonical func-
tion K with a density k of the form

(3.12) k(x) =ca™ [z >0]

with ¢ > 0. Here ¢ = Ay /T'(1— ) if the distribution has pLSt (3.11).
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Similarly, the non-degenerate stable distributions on R} can be charac-
terized among the self-decomposable ones; compute the pp-function (2.7)
of 7 in (3.11) and invert it to obtain Ky with IA{O = pp, or make use of
Theorem 3.6 and the relation (2.22) between K and K.

Theorem 3.7. For~ € (0,1) adistribution on R is stable with exponent -y
iff it is self-decomposable having an absolutely continuous second canonical
function Ko with a density ko of the form

(3.13) ko(z) =ca™ [z >0]

with ¢ > 0. Here ¢ = Ay?/T'(1— ) if the distribution has pLSt (3.11).

From Theorems 3.6 and 3.7 it follows that the first and second canonical
densities k and kg of a stable pLSt m with exponent € (0,1) are related
by

(3.14) k(m):%ko(az) (2> 0],

Since K(s) = (—log 7r(s)), and Ko(s) = (—log Tl'o(S))l with m the under-
lying infinitely divisible pLSt of =, relation (3.14) reflects the observation
(for v < 1) at the end of the preceding section. It can be formulated as a
characterization of the stable pLSt’s as in the theorem below; recall that £
and Lo are the semi-linear spaces of functions of the form —log 7 with 7
an infinitely divisible pLSt with finite logarithmic moment and with 7 a

self-decomposable pLSt, respectively.

Theorem 3.8. For v¢(0,1] a pLSt 7 is stable with exponent ~y iff the
function h = —log 7 is an eigenfunction at the eigenvalue 1/v of the semi-
linear bijective mapping T : L1 — Lo given by

(Th)(s) :/OS}LSL)du [heLly;s>0].

The mapping T has no other eigenvalues than 1/v with e (0,1].

Finally, we pay some attention to the non-degenerate stable distrib-
utions on R, themselves, rather than to their transforms or canonical
functions. Let the R -valued random variable X be stable with exponent
~v€(0,1). Then from (1.6) and (3.7) it follows that

(3.15) lx =0, EX = oc;
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to show this one can also use (2.5) and (2.20). In view of Proposition 3.8,

however, X does have a finite logarithmic moment:

(3.16) E log (X +1) < oc.

Combining Theorems II1.7.4 and 3.6 shows that for » > 0 we even have
(3.17) EX" <00 <= r<7;

see Section 9 for an explicit expression for IEX". Since X is self-decom-
posable, we can apply Theorems 2.16 and 3.6 to conclude that X has
an absolutely continuous distribution with a density f that is continuous,

positive and bounded on (0, 00), and for some ¢ > 0 satisfies

(3.18) xf(x)c/omf(xu)uwdu [z >0].

Where there are simple explicit expressions for the pLSt and both the

canonical densities of X, the density f itself seems to be generally in-
1
2
see Section 9. Last but not least we mention the following consequence of

tractable. Only in case v = 5 an explicit expression for f can be given;

Theorem 2.17 and its corollary; note that by Theorem 3.6 the canonical
density k of X satisfies k(0+) = oo.

Theorem 3.9. A non-degenerate stable distribution on R, is absolutely
continuous and has a density f that is unimodal and continuous with

f(04) = 0 and hence not monotone on (0, 0).

4. Self-decomposability on the nonnegative integers

Let X be a Z-valued random variable. In order to define a meaning-
ful concept of self-decomposability for X we replace the ordinary product
aX in (1.1), with a€(0,1), by the Z;-valued a-fraction o ©® X of X as
introduced in Section A.4:

Oz@XZ:Z1+~-~+ZX7

where Z1,Z,... are independent Bernoulli (o) variables with values in
{0,1} and independent of X. We will only need oo ® X in distribution;
its probability generating function (pgf) is given by

Poox(z) = Px(1 — a+ az).
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We refer to Section 8 for more background behind this simplest choice of a

Z-valued fraction and for all possible choices.

Thus we are led to the following definition: A Z.-valued random vari-
able X is said to be discrete self-decomposable if for every ae (0,1) it can

be written (in distribution) as
41)  xL2a0X+X,,

where in the right-hand side the random variables @« ® X and X, are in-
dependent. The corresponding distribution (pg)rez, and pgf P are also
called discrete self-decomposable. Because P(a« ® X = 0) > 0, the compo-
nents X, of X are Z-valued as well. Therefore, we can use pgf’s to rewrite
equation (4.1); P is discrete self-decomposable iff for every ae (0, 1) there
exists a pgf P, such that

(4.2) P(z) = P(1— a+ az) P,(2).

We determine to what extent the general observations of Section 1 remain
true in the Z,-case. One easily verifies that (4.2) with some fixed a im-
plies the same relation with « replaced by a™ for any neN. Hence for
discrete self-decomposability of P we need only require (4.2) for all « in
some left neighbourhood of one. Contrary to their R -valued counterparts,
however, discrete self-decomposable random variables necessarily have left

extremities equal to zero.

Proposition 4.1. A discrete self-decomposable random variable X has
the property that IP(X = 0) > 0.

PrOOF. Let X be discrete self-decomposable with pgf P. Then letting
a T 1in (4.2) we see that lim,y1 P,(2) = 1 for all z€(0,1]. This limiting
relation must then also hold for z = 0 because for a€(0,1) and z€(0,1)

we can estimate as follows:
1= Pa(0) = {1 = Pal(2)} + {Palz) = Pal(0)} <
<{1-Pa(2)} +2/(1-2).

It follows that P,(0) > 0 for all « sufficiently close to one. Applying (4.2)
for such an « shows that P(0) > 0.
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Obviously, also the components X, in (4.1) of a discrete self-decompos-
able X take the value zero with positive probability, so (1.2) trivially holds
in the Z,-case. Proposition 4.1 also shows, however, that the discrete ana-
logue of (1.3) does not hold, and that degenerate distributions on Z , which
are self-decomposable in the classical sense, cannot be discrete self-decom-
posable. Since non-degenerate self-decomposable distributions on R are
absolutely continuous, it follows that no distribution on Z, can be both
classically and discrete self-decomposable. Therefore, it is not confusing
when discrete self-decomposability is just called self-decomposability; this

we will mostly do.

The self-decomposable distributions on Z, turn out to have many prop-
erties analogous to those of their counterparts on R, in Section 2. This
is not surprising if one sets P(s) := P(1 — s) and P,(s) := P,(1 — s), and
notes that (4.2) can then be written as

P(s) = P(as) Py(s),

which is very similar to equation (2.1) for a self-decomposable pLSt 7. Nev-
ertheless, we give the precise statements and proofs, because the notation
is rather different and the proofs are sometimes essentially simpler; more-
over, as argued before, we want to make the Z, -case readable independent
of the R, -case.

The use of completely monotone functions in Section 2 is replaced, in
the present section, by that of absolutely monotone functions. Recall that
a real-valued function R on [0,1) is said to be absolutely monotone if R

possesses nonnegative derivatives of all orders:
R™M(z) >0 [neZi; 0< 2z <1].

Proposition A.4.4 contains several properties of absolutely monotone func-
tions; they will be used without further comment. Moreover, by Theo-
rem A.4.3 an absolutely monotone function can be represented on [0, 1) as

a power series with nonnegative coefficients. Therefore, rewriting (4.2) as

P(z)

(4.3) Po(z) = Pli—a+az)

and calling this function the P,-function of P, we immediately obtain the

following criterion for self-decomposability.
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Proposition 4.2. A pgf P is self-decomposable iff for every ae (0,1) the
P, -function of P is absolutely monotone.

Using this proposition one easily shows that the class of self-decomposable
distributions on Z, is closed under convolution and under weak conver-
gence; see the two propositions below. Closure under scale transformation
does not hold: If X is a self-decomposable Z -valued random variable, then
aX is not self-decomposable for any a€Z, with a > 2; this immediately
follows from the result to be given in Corollary 4.14. In Proposition 4.15
we will show, however, that if X is self-decomposable, then so is a ® X for
every ae (0,1).

Proposition 4.3. If X and Y are independent self-decomposable 7. -
valued random variables, then X + Y is self-decomposable. Equivalently,
if Py and P, are self-decomposable pgf’s, then their pointwise product Py Py
is a self~decomposable pgf.

Proposition 4.4. If a sequence (X(m)) of self-decomposable Z-valued
random variables converges in distribution to X, then X is self-decompos-
able. Equivalently, if a sequence (P(m)) of self-decomposable pgf’s con-
verges (pointwise) to a pgf P, then P is self~-decomposable.

The criterion of Proposition 4.2 is also used in the next two examples. The
first one is somewhat unexpected; in the next section it will become clear,
however, that it can be viewed as the discrete analogue of the (self-decom-
posable) degenerate distribution on Ry. The second one holds no surprise;
it is the discrete analogue of the (self-decomposable) gamma distribution

of Example 2.4.

Example 4.5. For A > 0, let X have the Poisson () distribution, so its
distribution (py)rez, and pgf P are given by

pr="7e ", P(z)=exp[-A(1-2)].
Then for e (0,1) the P,-function of P can be written as
Pa(z) = exp [_)‘ (1_ Oé)(l - Z)]v

which is absolutely monotone. Hence X is self-decomposable. N
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Example 4.6. For r > 0, pe(0,1), let X have the negative-binomial (r, p)
distribution, so its distribution (py)rez, and pgf P are given by

Dk = (T—HZ_l) P (1-p)", P(z)= ( L=p )T.

1—pz

Then for ave (0,1) the Py-function of P can be written as

Pu(z) = (1—p(1—a+az))7":{a+(l_a) 1-p }T.

1—pz 1—pz

Now, from Example I1.11.15 it is seen that P, is the r-th power of an infin-
itely divisible pgf, so by Proposition 11.2.3 P, is absolutely monotone. We
conclude that X is self-decomposable. m

Before deriving a canonical representation for self-decomposable pgf’s
we recall some basic facts from Section II1.4. As agreed in Section II.1,
infinite divisibility of a Z-valued random variable X means discrete infin-
ite divisibility, so X then satisfies P(X = 0) > 0. An X with this property
and with pgf P is infinitely divisible iff the functions P? with ¢ > 0 are all
absolutely monotone. This condition is, however, equivalent to the absolute
monotonicity of only the R-function of P defined by

(4.4) R(z) := % log P(z) = ];((ZZ)), so P(z) = exp [—/ R(z) da:}.

Moreover, any function P of this form with R absolutely monotone on [0, 1)
is the pgf of an infinitely divisible distribution on Z,. This observation

easily leads to the canonical representation of an infinitely divisible pgf P:

(4.5) = exp [ k k+1)},

where the canonical sequence (ry)gez, consists of nonnegative numbers for
which

(4.6) P , Z rpz" = R(z), Z rp = EX.
k=0 k=0 k=0

Now, for self-decomposable distributions on Z similar results can be
obtained. We first show that they are infinitely divisible.

Theorem 4.7. A self-decomposable distribution on Z.. is infinitely divis-
ible.
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PROOF. Let P be a self-decomposable pgf with factors P, as in (4.2). Since
by Proposition 4.1 we have P(0) > 0, we are ready as soon as we can show
that the R-function of P is absolutely monotone. Now, this function can

be written in terms of the P,:

1 imP(l—a-l-az)—P(z):
R =5 m =g a =9

B P(l—a+az) 1—P(z)/P(1—a+az)
a1 P(2) (1-a)(1-2) ’

so we get
1 1-P,(2)

4, = lim ——
@47 R =lmi—r——

From (A.4.6) it now follows that R is the limit of absolutely monotone

functions; hence R is absolutely monotone, and P is infinitely divisible. 0O

Let P be a pgf. We look for a function, the absolute monotonicity of
which characterizes the self-decomposability of P. To this end we note that
the R-function of P can be obtained from the functions P! with ¢ > 0 by

Since in the self-decomposability context the P,-function of P seems to
take over the role of P?, one is tempted to look at P&/(l— a) for a1 1:

1
lim—— P'(z) =
lim = Py (2)
— lim P'(z)Pl—a+az) —aP(z) P(1-a+az)
Calt (1-a) P(1— a+ az)? B

(1—2) P'(2)? = (1 — 2) P(2) P"(2) + P(2) P'(2)
P(z)?

The resulting function will be called the Ry-function of P, so

d
(4.8) Ry(2) ::—a[(l—z)R(z)] [0<z<1],
with R as in (4.4); here we allow P to be any positive nondecreasing con-

vex function on [0, 1) with P(1—) = 1 and a continuous second derivative.
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Since by (A.4.7) such a P has the property that lim,11(1 — z) P'(z) =0,
and hence lim,q1(1 — z) R(z) = 0, we can express R in terms of Ry by

1
T 1—z

(49)  R(2) / Ro(x) dz = / Ro(1 — y + ) dy;

here the integrals are supposed to exist, which is the case if Ry is nonnega-
tive. We are now ready to prove the following criterion for self-decompos-
ability.

Theorem 4.8. Let P be a positive nondecreasing convex function on [0, 1)
with P(1—) =1 and a continuous second derivative. Then P is the pgf
of a self-decomposable distribution on Z iff its Ry-function is absolutely

monotone.

PROOF. Let P be a self-decomposable pgf with factors P,, a«<(0,1);
then P! is absolutely monotone. Since, as we saw above, the Rg-function
of P can be obtained as

(4.10) Ry(z) = lim —— P/ (z),

we conclude that Ry, as a limit of absolutely monotone functions, is absol-
utely monotone.

Conversely, let the Ry-function of P be absolutely monotone. Then Ry
is nonnegative, so we have (4.9). It follows that the R-function of P is
a mixture of absolutely monotone functions, and hence is itself absolutely
monotone. Therefore, P is a pgf and, in fact, an infinitely divisible pgf;
cf. Theorem I1.4.3. We can now apply Proposition 4.2. Take a€(0,1) and
note that the P,-function of P is a positive differentiable function on [0, 1)
with P,(1—) = 1. So we can compute the R-function R, of P, and find

R.(z2) = R(z) —aR(1— a+ «az) :/ Ro(1—y + yz) dy,

o
where we used (4.9); hence R,, as a mixture of absolutely monotone func-
tions, is absolutely monotone. As above it follows that P, is a pgf and, in
fact, an infinitely divisible pgf. We conclude that the pgf P is self-decom-
posable. m

Corollary 4.9. The components X, in (4.1) of a self-decomposable Z -
valued random variable X are infinitely divisible. Equivalently, the fac-
tors P, in (4.2) of a self-decomposable pgf P are infinitely divisible.
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Let P be as in Theorem 4.8. We wish to view the Rgp-function of P
as the R-function of a positive differentiable function Py on [0,1) with
Py(1—) = 1; in view of Theorem II1.4.3 absolute monotonicity of Ry is then
equivalent to Py being an infinitely divisible pgf. Clearly, such a function Py
is determined by P because (—(1 — 2) R(z))/ = (log Po(z))/, and hence

(4.11) Py(z) = exp [ (1 — z) R(z)] [0<z<1],
with R the R-function of P. The function Py in (4.11) is called the Py-

function of P. Thus we are led to the following variant of Theorem 4.8;

note, however, that we may start from more general functions P.

Theorem 4.10. Let P be a positive differentiable function on [0, 1) with
P(1—) = 1. Then P is the pgf of a self-decomposable distribution on Z4
iff its Py-function is an infinitely divisible pgf.

Proor. Let P be a self-decomposable pgf, so by Theorem 4.8 its Ry-
function is absolutely monotone. As noted above, this implies that Py is an
infinitely divisible pgf; observe that, indeed, P, is positive and differentiable
on [0,1) and satisfies Py(1—) = 1 because of (A.4.7).

Conversely, let P be such that its Py-function is an infinitely divisible pgf,
so the R-function Ry of Py is absolutely monotone. Now, by (4.4) applied
to Py it is seen that the R-function of P can be written as

1
(412)  R(z) = 1#_2 [ log Po(2)} = %/ Ro(x) de,

so R is of the form (4.9). This means that we can proceed as in the second
part of the proof of Theorem 4.8 to conclude that P is a self-decomposable
pef. i

The criterion of Theorem 4.10 can be reformulated so as to obtain the

following representation theorem for self-decomposable pgf’s.

Theorem 4.11. A function P on [0,1] is the pgf of a self-decomposable
distribution on Zy iff P has the form

(4.13)  P(2) = exp [/1 log Pol)

- dz [0<2<1]
with Py the pgf of an infinitely divisible random variable Xy, for which

necessarily

(4.14) E log (Xo +1) < 0.
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PRrROOF. Let P be a self-decomposable pgf, so by Theorem 4.10 its Py-
function is an infinitely divisible pgf. Now, inserting in (4.4) the expression
for R in the first part of (4.12), one sees that P takes the form (4.13).
The converse statement immediately follows from Theorem 4.10; the func-
tion P in (4.13) is positive and differentiable on [0, 1) with P(1—) =1 and
its Py-function is Fy.

The logarithmic moment condition (4.14) follows from the fact that the
integral in (4.13) has to be finite; this concerns a general property of pgf’s,
which is proved in Proposition A.4.2. m

In view of (4.13) the Py-function of a self-decomposable pgf P will be called
the underlying (infinitely divisible) pgf of P. Note that the R-function of P
is given by the Ry-function of P, so by the middle part of (4.6) the canonical

sequence (o x)kez, of Py satisfies
(4.15) Zro,kzk = Ro(2).
k=0

It is now easy to get a canonical representation for self-decomposable
pgf’s similar to that in (4.5) for infinitely divisible pgf’s. To see this we
define for ke€Zy and z€[0,1]:

1 kT
Ii(z) == 1=z Ji(2) 12/ Bta) g ijj(u i
z j=0

Then the underlying pgf Py of a self-decomposable pgf P can be repre-
sented, as all infinitely divisible pgf’s, in terms of its canonical sequence

(ro,k)kez,. by

oo
(4.16)  Py(z) = exp [f 3 ]:1’“1 Ik(z)] 0<2<1],

k=0
where necessarily Y2770k / (k+1) < co. Inserting this representation
for Py in (4.13) and changing integration and summation, we obtain a
similar representation for the self-decomposable pgf P; we only have to

replace I by J.

Theorem 4.12 (Canonical representation). A function P on [0,1] is

the pgf of a self-decomposable distribution on Z iff P has the form

(417)  P(z) = exp [— ]:1’“1 Jk(z)] 0<z<1],
k=0
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where the quantities ro , with ke Z, are nonnegative. Here the sequence

(70,k)kez,. is unique, and necessarily satisfies

- 70,k
4.18 I k+1 : .
(@18) 3 flo (k4 1) g < o0

PROOF. We only have to show yet that (4.18) holds if P is of the form
(4.17). For this it is sufficient to note that the sum in (4.17) with z =0 is
finite and that Ji(0) = Z?:o 1/(j+1) ~log(k+1) as k — oo. m

The sequence (7o k) rez, in Theorem 4.12 will be called the second canonical
sequence of P (and of the corresponding distribution and of a correspond-
ing random variable). It is the canonical sequence of the underlying pgf Py;
it is most easily determined by using (4.15). The condition on (rq ) given
by (4.18) is equivalent to that on Py in (4.14) because, as has been shown in
the proofs above, both conditions are equivalent to finiteness of —log P(0).
Moreover, (4.18) is equivalent to the first condition in (4.6) for the (first)
canonical sequence (1) of P; this is an immediate consequence of an ex-
pression for (ry) in terms of (rgy) which will now be derived. Since (r)
has gf R, the R-function of P, we can use (4.9) to write

= 1 ! N 1oy 1— 201!
k 0,j
St = [ Ryeyde =3 Sos LT
P 1—2/, j:0]+1 1—=2
0o J 0o 0o
ST S (5 )
= , Z2¢ = — ) 2",
j:0‘7+1k:0 k=0 j:k]+1
so for (r) we get
70,
4.19 T = — keZ
(4.19) §j+1 (keZi]

In particular, by Fubini’s theorem it follows that >°~ 7% = > pe 7o,k and

[e'S) [e%S) k
Tk LN Tk
(4.20) kZ_OkJrl_kZ_o(]Zonrl)kJrl'

Since Z?:o 1/(j+1) ~log(k+1) as k — oo, we see that the equivalence
noted above indeed holds. Moreover, if X is a random variable with pgf P,
then by the last part of (4.6) we have

(421) ) rop=EX.
k=0
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The preceding discussion also leads to the following characterization of
the self-decomposable distributions on Z; among the infinitely divisible
ones; cf. Theorem 4.7. From now on it is convenient to use probability

distributions (px)kez, rather than pgf’s.

Theorem 4.13. A distribution (py)rez, on Zy is self-decomposable iff it
is infinitely divisible having a canonical sequence (ry) that is nonincreasing.
In this case (r) can be written as in (4.19), where (rq ) is the second

canonical sequence of (pg).

PROOF. If (pg) is self-decomposable, then, as we saw above, (rg) can be
written as in (4.19) with ro, > 0 for all k, so (ry) is nonincreasing.
Turning to the converse, we let (pg) be infinitely divisible such that (ry) is
nonincreasing. Then by the first part of (4.6) we have limy_, o, 7 = 0, so
), can be written as rj, = E?ik(rj —7rjt1) for ke Z,. Comparing this with
(4.19) suggests looking at the sequence (ro,x)rez, of nonnegative numbers
defined by

(4.22) rox=(k+1){re—res1} [keZ,].

Clearly, the gf of this sequence can be written, for z€[0,1), as

Zro’kzk = % [(z -1) Zrkzk};
k=0 k=0

since by the middle part of (4.6) and (4.8) this is precisely the Rop-function
of (pr), we conclude from Theorem 4.8 that (py) is self-decomposable. (D

By Proposition 4.1 a self-decomposable distribution p = (py) on Z satisfies
po > 0. It also has the property that p; > 0, because p; = pgro and the
preceding theorem implies that rg must be positive. Corollary I1.8.3 now
shows that py > 0 for all k.

Corollary 4.14. The support S(p) of a self-decomposable distribution p
on Z; is equal to Z, .

Before using Theorem 4.13 for proving an interesting property of self-de-
composable distributions on Z ., we return to Examples 4.5 and 4.6 in order

to illustrate the preceding results, and prove some useful closure properties.
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Example 4.15. Consider the Poisson (\) distribution with pgf P given by
P(z) =exp [-A(1—2)].

The self-decomposability of P also follows from Theorems 4.8 or 4.13. In

fact, the (first) canonical sequence (1) was found in Example I1.4.6:

A Lifk=0,
Ty =
0 ,ifk>1,

so, indeed, (rj) is nonincreasing. It follows that the Rp-function of P
is given by Ro(z) = A which, indeed, is absolutely monotone. Hence the
second canonical sequence equals the first one, and the underlying infinitely
divisible pgf Py of P is equal to P. N

Example 4.16. Consider the negative-binomial (r,p) distribution; its pgf
is given by

P(z) = ( 1=p )

1—pz

Operating as in the preceding example we first recall from Example 11.4.7
that the (first) canonical sequence (ry) is given by

ry = rpttt [keZi],

so, indeed, (ry) is nonincreasing. Next, we turn to the R- and Ry-function
of P; since R(z) = rp/(1— pz), for Ry we find Ro(z) =rp(1—p)/(1—pz)?
which, indeed, is absolutely monotone. For the second canonical sequence
(ro,k) it follows that

ror =r(1=p) (k+1)p"*"  [keZs].

Moreover, using (4.11) we can compute the underlying infinitely divisible
pef Py of P, and find

Py(z) = exp [-r {1~ (1-p)/(1-p2)}],
so Py is of the compound-Poisson type. m
Self-decomposability is preserved under convolutions and taking limits; see
Propositions 4.3 and 4.4. We now consider some other operations; they

also occur in Section I1.6 on closure properties of general infinitely divisible

distributions on Z, .
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Proposition 4.17. Let P be a self-decomposable pgf. Then:

(i) For a > 0 the a-th power P* of P is a self-decomposable pgf.
(ii) For ae(0,1) the pgf P(*) with P(*)(z) := P(1— o + az) is self-de-
composable.
(ili) For ae (0,1) the pgf P') with P(®)(z) := P(az)/P(a) is self-decom-
posable.

PROOF. Part (i) follows by taking the a-th power in (4.2) and using Propo-
sition I1.2.3; P and its factors P, are infinitely divisible because of Theo-
rem 4.7 and Corollary 4.9. One can also use Theorem 4.8; the Ry-function
of P% is a times the Ryp-function of P. Similarly, one easily verifies that the
Ry-function Réa) of P(® in (ii) and (iii) can be expressed in terms of the
R- and Ry-function of P by

R{(2) = aRo(1— a+az), aRy(az)+a(l—a)R (az),
respectively; since these functions are absolutely monotone, the pgf’s in (ii)

and (iii) are self-decomposable. m

If P is a self-decomposable pgf, then for a € (0, 1) the pgf’s P with
P(a) P(2)
Plaz)

need not be self-decomposable, but, as opposed to their counterparts on R,

P@)(z) = P (2):=1—a+aP(z),

sometimes they are. To see this, let P be the pgf of the geometric (p) dis-
tribution; then both pgf’s above are easily shown to be factors of P as
computed in Example 4.6. Now, these factors are self-decomposable iff
p < %; this immediately follows from the fact that the second canonical
sequence (rg ) of P is nonincreasing iff p < % (cf. Example 4.16), because

of the following result.

Theorem 4.18. Let P be a self-decomposable pgf. Then its factors P,
with € (0,1) are self-decomposable iff the underlying infinitely divisible
pef Py of P is self-decomposable. In fact, for a € (0, 1) the Py-function of P,
equals the P,-function of Py: Py = Fo,a-

PROOF. Recall that P, and P, are defined by

P(z)

Pl = P aras

Py(z) = exp [7(1 —2) R(z)],
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where R is the R-function of P. Now, as is easily verified and already noted
in the proof of Theorem 4.8, the R-function R, of P, is related to R by
R, (z) = R(z) —aR(1— o+ az), so

Py(z
P,o(2) :=exp [—(l—z) Ra(z)] = Po(l—oic—)&—az) =: Py o(2);
this proves the final statement of the theorem. The rest is now easy; use

Theorem 4.10 for P,, and (4.2) and Corollary 4.9 for Py. m

Because of (I1.3.7), for every pLSt 7 and every infinitely divisible pgf P the
function P :=mo (—log Py) is a pgf. Moreover, if 7 is infinitely divisible,
then so is P; cf. (I11.6.8). Now, if 7 is self-decomposable, then P need not
be self-decomposable, even if P, is self-decomposable; see Section 9 for an
example. Taking Py stable as in Example I1.4.8, however, yields a positive

result as stated below; just use (2.1) with a replaced by a” and s by (1—2)7.

Proposition 4.19. If 7 is a self-decomposable pLSt, then z — ((1—2)7)
is a self-decomposable pgf for every v e (0,1].

We return to Theorem 4.13; together with Theorem I1.4.4 it implies that
a self-decomposable distribution (pg)kez . on Z, satisfies the recurrence

relations
(4.23) (n+1)ppt1 = Zpk Tn—k [neZ4]

with (ry)rez, anonincreasing sequence of nonnegative numbers, the canon-
ical sequence of (pi). Now, this result enables us to show that any self-
decomposable distribution (pg) is unimodal. This means that there are
only the following two possibilities: (1) (pk) is nonincreasing; (2) (px)
is nondecreasing and not constant on {0,...,n;} and nonincreasing on
{n1,n1+1,...}, for some nje N. The next theorem says a little more; that

the case 1o = 1 is critical, is suggested by Example I1.11.13.

Theorem 4.20. A self-decomposable distribution (py)rez, on Zy is uni-
modal. Moreover, (py) is nonincreasing iff o := p1/po < 1, and:

(i) If rg < 1, then (p) is (strictly) decreasing.

(ii) If ro = 1, then (py) is nonincreasing with p; = pg.

(i) If ro > 1, then (py) is nondecreasing and not constant on {0,...,n1}

and (strictly) decreasing on {ny,n1 +1,...}, for some njeN.
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PROOF. Let (pg) be self-decomposable, so by Corollary 4.14 pj > 0 for
all k, and (py) satisfies the recurrence relations of (4.23) with (r) nonin-

creasing and 7 > 0 for all k. Define
di = pr — pr—1 for keN, g :=rpp1 — g for keZy,

then A; <0 for all k, and by subtraction in (4.23) one sees that (dg)gen

satisfies
n—1

(424) (41 dnsr=(ro—Dpn+ Y MePn-1-x  [neZy].
k=0

Now, if 79 < 1, then from (4.24) it follows that dj < 0 for all k, so (px) is
decreasing. Similarly, if ro = 1, then dy < 0 for all k, so (py) is nonincreas-
ing. Conversely, if (pg) is nonincreasing, then ro = p1/pg < 1.

So now assume that ro > 1. Then p; > po, so (px) starts increasing. Since
pr — 0 as k — oo, there is at least one change of sign in the sequence
(di)ken: there exists nye Nsuch that d; > 0,d2 > 0,..,d,, >0,d,,+1<0.
In view of part (iii) of the theorem we have to show that

dpy4m <0 for all meN.

We will do so by induction. For m =1 the inequality holds. So take
meN, set n; +m =: ny, and suppose that d,, 11 <0, ..., dp, <0. In
order to show that then also d,,+1 <0, we apply (4.24) with n = ng,
write ro— 1= (ry,,— 1) — le_ol Ak, and note that p,, < pp,—1-x for all
k=20,...,m—1. Thus we get

’I’Lg*l

(4.25)  (n2+ 1) dnot1r < (Pm— D Pny + D MeDro—1--

k=m
If rp, < 1, then obviously d,,+1 < 0. So now assume that r,, > 1. Put
pr = 0 for keZ \ Z4, and note that p,, < p,, and pp,—1-% > Pn—1—k
for k = m,...,ng — 1. Then the upperbound in (4.25) can be estimated
further to obtain

’ﬂ2—1

(n2 + 1) dn2+1 S (Tm* 1)pn1 + Z )\k Pny—1—k-

k=m

Next, the procedure above resulting in (4.25) is reversed; use again the

relation between ro— 1 and r,, — 1, and note that for K =0,...,m — 1 we
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have pp, > pn,—1—k; then it follows that

ngfl

(Tlg + 1) dn2+1 < (TO_ 1) Pny + Z )\kpnl—l—k-
k=0
Since in the sum here the upperbound may be replaced by n;— 1, we can
apply (4.24) with n = ny to conclude that

(426) (ng + ].) dn2+1 < (n1 + ].) dn1+1.

The fact that d,,+1 < 0 now shows that d,,+1 < 0 also when r,, > 1. OO

Finally, we briefly return to Theorem 4.11. Let £; be the set of non-
negative functions on [0, 1] of the form —log P where P is the pgf of an
infinitely divisible distribution with finite logarithmic moment, and let £,
be the set of functions of the form —log P where P is a self-decomposable
pgf. Then Theorem 4.11 says that the following mapping 7" is 1-1 from £,
onto La:

1
h
(4.27) (Th)(2) ::/ 1(7x)dx [hely;0<2<1].
-
z
Now, £1 and Lo are semi-linear spaces and T is a semi-linear mapping in
the same sense as at the end of Section 2. So one may ask for the possible

eigenvalues and eigenfunctions of T, i.e., the constants 7 > 0 and functions
h e L1 for which

(4.28) Th =rTh.

By differentiation it follows that such a 7 and h satisfy the following equa-
tion: 7h/(2)/h(z) = —1/(1 — 2); so for some A > 0 we have

(4.29)  h(z)=X(1-2)Y7  [0<z<1].

Now, any such function h obviously satisfies (4.28). But by Theorem 11.4.3
it is indeed in £y iff —h’ is absolutely monotone, which is equivalent to
saying that 7 > 1. We conclude that any 7 > 1 is an eigenvalue of 7" and
that the corresponding eigenfunctions h are given by (4.29) with A > 0; see
also Example 4.15 for the case 7 = 1. For the pgf P with —log P = h this
means that

(4.30)  P(z) =exp[-A(1—2)"7].
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We already met this infinitely divisible pgf P in Example I1.4.8; note,
however, that P is even self-decomposable because also h € Lo. In the next
section these special self-decomposable pgf’s will be recognized as being

stable with exponent 1/7.

5. Stability on the nonnegative integers

Let X be a Z-valued random variable. Then X is said to be discrete
stable if, analogous to (3.1), for every n € N there exists ¢, € (0, 1] such that

(5.1) X2, 00X+ -+ Xn),

where X1,...,X,, are independent with X; 4 X for all i. Here the op-
eration @ is the discrete multiplication as introduced in Section A.4 and
reviewed in the beginning of the preceding section. Note that ¢; = 1, be-
cause 1 ® X := X. In terms of the pgf P of X equation (5.1) reads as
follows:

(5.2) P(2) = {P(1—cy +cn2)}".

Since here ¢, < 1 for n > 2 and hence P(0) > 0, we can apply Proposi-
tion I1.2.3 to state a first result: A discrete stable distribution on Zj
is infinitely divisible. Moreover, it follows that degenerate distributions
on Zy, which are stable in the classical sense, cannot be discrete stable.
Therefore, since non-degenerate stable distributions on R, are absolutely
continuous, it is not confusing when discrete stability is just called stabil-
ity; this will mostly be done. The stable distributions on Z turn out to
have many properties analogous to those of their counterparts on Ry in
Section 3. As argued in the preceding section for the self-decomposable

distributions on Z , we nevertheless give precise statements and proofs.

Let P be a stable pgf, and take m,n e N. Then a three-fold application
of (5.2) shows that the function P with P(s) := P(1 — s) satisfies

P(cmns) = {?(cncmns)}n = {f(cmcncmns)}mn = P(cmcns).
Since P is (strictly) decreasing, it follows that the sequence (c,,) satisfies

(53) Cmn = CmCn [m,TLEN].
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Now, both (5.2) and (5.3) can be generalized as follows; there exists a

continuous function ¢ : [1,00) — (0,1] such that

(5.4) { P(z) = {P(1-c(x) + ¢(z) 2) }* for x> 1,
c(zy) = c(z)c(y) forx>1andy > 1.

We will show this together with the following consequence.

Theorem 5.1. A pgf P is stable iff there exists v > 0 such that
(5.5) P(z)={P(1—a 7 +272)}" [z >1]

PrROOF. Let P be stable; then we have (5.2) where (c,) is a sequence
of constants in (0,1] satisfying (5.3). From (5.2) it follows that (c,) is
nonincreasing. Therefore, the following function ¢ on Q N [1,00), which
because of (5.3) is well defined, has values in (0,1]:

c(x) :=cpfep if ©=n/k withn,keN, n> k.

Clearly, c(n) = ¢, for n e N, and the second part of (5.4) holds for rational
and y in [1,00). In proving the first part for x = n/k with n,keN and
n > k, we may restrict ourselves to z > 1 — ¢, and can then apply (5.2)
with z replaced by 1—(1—2) / . In order to show that ¢ can be continuously
extended such that (5.4) holds for all real x and y in [1,00), we let z > 1
and take a sequence (z,,) in QN [1,00) such that lim, . x, = z; then we

have
(5.6) nhﬁn;o P(1=c(zn) + c(zn) 2) = {P(Z)}l/x.

By the continuity and strict monotonicity of P it follows that the sequence
(c(zn)) can have at most one, non-zero, limit point; since c(z,) € (0, 1] for
all n, this means that (c(z,)) has a limit in (0,1]. Using (5.6) once more,
one sees that the value of this limit does not depend on the approximating
sequence (x,,). Therefore, the function ¢ on QN [1,00) can be extended to
all of [1,00) in the following way:

c(z) = lim e(zy,) if = lim z,, with 2, eQnN[1,00) for all n.

n—oo n—oo
Relation (5.4) now easily follows. Hence we have (5.6) for (x,,) in [1,00),
and we can proceed as above to show that ¢ is continuous on [1, 00).
Now, it is well known that a continuous function ¢ with the multiplicative

property of (5.4) has the form c¢(z) = " for some r € R. Here r is necessarily

Copyright 2004 by Marcel Dekker, Inc. All Rights Reserved.



negative, because ¢(x) < 1 for all . Thus we can write r = —1/7 for some
~ > 0; this results in (5.5).

Conversely, if P satisfies (5.5) for some v > 0, then it also satisfies (5.2) for
all n with ¢, given by ¢, =n~'/7, so P is stable. m

For a stable pgf P the positive constant v for which (5.5) holds, is called
the exponent (of stability) of P (or of a corresponding random variable X).
From Theorem 5.1 and its proof it will be clear that, for given v > 0, the
stable distributions with exponent - can be characterized as follows.

Corollary 5.2. For vy > 0 an Z.-valued random variable X is stable with

exponent vy iff for every n e N it can be written as
B7) XLV (X4 + Xn),
where X1, ...,X,, are independent with X; 4 X for all i.

Theorem 5.1 is basic in the sense that it can be used to easily obtain
both a useful characterization theorem and a canonical representation for
the stable distributions on Z,. Let the random variable X, with pgf P, be
stable with exponent v. Then for 2 > 1 and y > 1 the function P with
P(s) :== P(1 — s) satisfies

P(s) ={P((z+ y)*l/vs)}”y =
= (PE e/ )} )Y (P o)+ ) )Y =
P({a/@+ )} 7s) P({u/@+ )} 7).

and hence

1/ 1/
(5.8) Xg(:E)V®X+(JL)7®K,
r+y r+y

where X' is a random variable with X’ < X and such that the two sum-
mands in the right hand side are independent. Equation (5.8) immediately

yields the direct part of the following characterization result.

Theorem 5.3. For v > 0 a Z-valued random variable X is stable with

exponent v iff, with X' as above, X can be written as
(5.9 XLa0X+ 80X

for all a, € (0,1) with o 4+ 37 = 1.
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PROOF. We are left with showing the converse part of the theorem. Let X
then satisfy (5.9) for all a and 8 as indicated. We will use induction to
show that (5.7) holds for all n. The equality with n = 2 follows from taking
a == (%)"7. Next, let n > 2, and suppose that (5.7) holds for this n; for
the function P with P(s) := P(1 — s) and with P the pgf of X, this means
that P(s) = {P(n_l/'y 5)}n Now, apply (5.9) with o= {n/(n+ 1)}1/7
and 3= {1/(n+ 1)}1/7; then it follows that

P(s) = P(as) P(Bs) = {F(n_lm as)}nﬁ(ﬁs) = {ﬁ(ﬂs)}nﬂ,

so (5.7) holds with n replaced by n + 1. From Corollary 5.2 we conclude
that X is stable with exponent ~. m

An immediate consequence of this theorem is the following important re-

sult; just use the definition of self-decomposability.
Theorem 5.4. A stable distribution on Z. is self-decomposable.

We proceed with showing how Theorem 5.1 gives rise to a canonical
representation for the stable distributions on Z. Let v > 0, and let P be
a stable pgf with exponent v, so P satisfies (5.5). Taking first z = 0 in this
relation and then x = (1 — 2z)~7 with 0 < z < 1, we see that

log P(0) = (1—2)""log P(z), so P(z) =exp[-A(1—2)"],

where we put A := —log P(0), which is positive. Now, any such function P
with A > 0 obviously satisfies (5.5). But it is indeed the pgf of an infinitely
divisible distribution on Z iff « is restricted to (0,1]; this immediately
follows from Theorem I1.4.3 and the fact that the R-function of P is given
by

(5.10) R(z) == % log P(z) = My (1—2)7! [0<z<1]

Thus we have proved the following result.

Theorem 5.5 (Canonical representation). For vy > 0 a function P on
[0,1] is the pgf of a stable distribution on Z, with exponent v iff v < 1
and P has the form

(5.11)  P(2) =exp[-A(1—2)7] [0<2<1],

where X > 0.
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So, there are no stable distributions with exponent v > 1, and those with
exponent v =1 are given by the Poisson distributions. The stable dis-
tributions with exponent v < 1 coincide with the infinitely divisible dis-
tributions on Z, whose canonical sequences (rj) have gf’s R of the form
(5.10) with A > 0; see the middle part of (4.6). Inversion yields the following
characterization of the stable distributions on Z among the infinitely divis-

ible ones.

Theorem 5.6. For~y € (0, 1] a distribution on Z is stable with exponent -y

iff it is infinitely divisible having a canonical sequence (ry) of the form

ko
(5.12) rk.:c< k’Y) [keZy]
with ¢ > 0. Here c is given by ¢ = Ay if the distribution has pgf (5.11).

Similarly, the stable distributions on Z, can be characterized among the
self-decomposable ones; compute the Ry-function (4.8) of P in (5.11) and
invert it to obtain (rg ) with gf Ro, or make use of Theorem 5.6 and the
relation (4.22) between (r%) and (o).

Theorem 5.7. For~y e (0,1] a distribution on Z. is stable with exponent -y
iff it is self-decomposable having a second canonical sequence (1o 1) of the
form

k=~
(5.13) ro,k:c( f ) [keZy]

with ¢ > 0. Here c is given by ¢ = \y? if the distribution has pgf (5.11).

From Theorems 5.6 and 5.7 it follows that the first and second canonical

sequences (ry) and (rq ) of a stable pgf P with exponent v are related by
1
(5.14) T = ;To,k [keZ,].

Since R(z) = (log P(z))/ and Ro(z) = (log Po(z))/ with Py the underlying
infinitely divisible pgf of P, relation (5.14) reflects the observation at the
end of the preceding section. It can be formulated as a characterization of
the stable pgf’s as in the theorem below; recall that £; and L, are the semi-
linear spaces of functions of the form —log P with P an infinitely divisible
pgf with finite logarithmic moment and with P a self-decomposable pgf,

respectively.
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Theorem 5.8. For v€(0,1] a pgf P is stable with exponent ~y iff the
function h = —log P is an eigenfunction at the eigenvalue 1/v of the semi-
linear bijective mapping T : L1 — Lo given by

1—2

(Th)(z) :_/1 M2) g (hei0<z<1].

The mapping T has no other eigenvalues than 1/~ with v (0,1].

Finally, we pay some attention to the non-Poissonian stable distributions
on Z, themselves, rather than to their transforms or canonical sequences.
Let X be stable with exponent € (0,1). Then from (5.7) it follows that

(6.15)  EX = oc;

to show this one can also use (4.6) and (4.21). In view of Proposition 5.8,

however, X does have a finite logarithmic moment:
(5.16) Elog(X +1) < cc.

Combining Theorems I1.7.5 and 5.6, and observing that (kgv) ~ k™7 as

k — oo, we see that for r > 0 we even have
(5.17) EX" <oo <= r<7.

Since X is self-decomposable, we can use the remark around (4.23) and
Theorem 5.6 to conclude that the distribution (px) of X satisfies
(5.18) (n+1)ppt1 :czn: (k7> Dn—k [neZy]

k=0 &
for some ¢ > 0. Where there are simple explicit expressions for the pgf
and both the canonical sequences of X, the distribution (py) itself seems
to be generally intractable. Last but not least we mention the following
consequence of Theorem 4.20, which also holds when v = 1; note that The-
orem 5.6 implies that ro = p1/po is given by ro = Ay if X has pef (5.11).

Theorem 5.9. A stable distribution on Z4 is unimodal. Moreover, if its

pef is represented by (5.11), then it is nonincreasing iff Ay < 1.

It is remarkable that, contrary to the R -case, stable distributions on Z

can be monotone.
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6. Self-decomposability on the real line

We return to the classical case and consider general distributions on R.
The definition of self-decomposability, as given in the first section, can be
rephrased in terms of characteristic functions as follows. A characteristic
function ¢ is self-decomposable iff for every a e (0,1) there exists a charac-

teristic function ¢, such that

(6.1) P(u) = d(au) da(u).

Here the factors ¢, are uniquely determined by ¢ because ¢ turns out to
have no zeroes. In fact, we have the following criterion for self-decom-
posability; here for any function ¢ without zeroes the ¢ -function of ¢ is
defined by

62)  da(u) = 2

¢(au)’

Proposition 6.1. A characteristic function ¢ is self~decomposable iff ¢ has

no zeroes in R and for all a €(0,1) the ¢,-function of ¢ is a characteristic

function.

PROOF. We only need to show that ¢(u) # 0 for ueR if ¢ is self-decom-
posable; the rest of the proposition immediately follows from (6.1). So,
let ¢ be self-decomposable with factors ¢,, and suppose that ¢ has a zero.
Since ¢ is continuous with ¢(—u) = ¢(u) and ¢(0) = 1, there then exists
ug > 0 such that

d(up) =0, ¢(u) #0 for |u| < up.

In particular, for a € (0,1) we have ¢(aug) # 0, s0 ¢o(ug) = 0. Now, use

the well-known inequality Re {1 —¢(u)} > 1 Re {1 —¢(2u)} for a charac-
2

teristic function 1, and replace ¥ by |¢o|* and u by %uo; then it follows

that
|pa(3uo)| < 2VB (<1)  [0<a<1]

But on the other hand we have ¢(3aug) # 0 for a€(0,1), so
lim ¢ (3u0) = lim ¢(510)/$(30u0) = 1.

This contradicts the inequality above; we conclude that ¢ has no zeroes
in R. m
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This criterion can be used to show that the class of self-decomposable
distributions is closed under scale transformation, under convolution and
under weak convergence; for the last property, however, we first have to

repeat the argument in the proof just given.

Proposition 6.2.

(i) If X is a self-decomposable random variable, then so is aX for every
a € R. Equivalently, if ¢ is a self-decomposable characteristic function,
then so is ¢ with ¢(®) (u) := ¢(au) for every acR. In particular,
if ¢ is a self-decomposable characteristic function, then so is ¢.

(ii) If X andY are independent self-decomposable random variables, then
X +Y is self~decomposable. Equivalently, if ¢1 and ¢o are self-decom-
posable characteristic functions, then their pointwise product ¢, ¢2 is

a self-decomposable characteristic function.

Proposition 6.3. If a sequence (X(m)) of self-decomposable random vari-
ables converges in distribution to X, then X is self~-decomposable. Equiv-
alently, if a sequence (¢("™)) of self-decomposable characteristic functions
converges (pointwise) to a characteristic function ¢, then ¢ is self-decom-
posable.

PROOF. Let ¢ be a characteristic function that satisfies ¢ = lim,,_.oc ¢(™,
where ¢(") is self-decomposable with factors ¢£Xm), ae(0,1). First, suppose
there exists ug > 0 such that

d(ug) =0, ¢(u) #0 for |u| < up.

Then for ave (0,1) we have ¢(au) # 0 for |u| < ug, s0 lim,,— o0 ¢E;”>(u) ex-
ists for |u| < wug with value zero for u = ug. As in the proof of Proposi-
tion 6.1 it follows that

| lim o™ (3uo)| < 4V3 (<1)  [0<a<1]

m— o0

which, however, contradicts the fact that

lim lim ¢{™ (ug) = g%¢(%u0)/¢(§auo) =1.

all m—oo

Thus we have shown that ¢ has no zeroes in R. Now, for a e (0,1) we can

consider the ¢,-function of ¢, and see that ¢, = limy, (bgn). Since ¢,
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is continuous at zero, by the continuity theorem we conclude that ¢, is a

characteristic function. Hence ¢ is self-decomposable. m

The use of Proposition 6.1 is also illustrated by the following simple exam-
ples, which were already considered in the context of infinite divisibility;
see Section IV.2.

Example 6.4. For 0% > 0, let X have the normal (0,0?%) distribution, so

its density f and characteristic function ¢ are given by

1 —%12/02 1.2 2

@) = —= e 37 ) = e,

oV 2T

Then for a€(0,1) the ¢,-function of ¢ is recognized as the characteristic
function of the normal (0, (1— a?) ¢?) distribution. We conclude that the
normal (u1, 02) distribution is self-decomposable for p =0 and hence for
weR; cf. (1.3). m

Example 6.5. For A > 0, let X have the Cauchy (\) distribution, so its
density f and characteristic function ¢ are given by

O —

T A2 422
Then for a.€(0,1) the ¢,-function of ¢ is recognized as the characteristic
function of the Cauchy ((1—a) )\) distribution. We conclude that the
Cauchy (\) distribution is self-decomposable. m

(u) = el

Example 6.6. For r > 0, A > 0, let X have the sym-gamma (r, \) distrib-

ution, so its characteristic function ¢ is given by

A2 T
o = (75)
Then for ace (0,1) the ¢,-function of ¢ can be written as
2 2,2 2 .
oot = (T ) = e+ -0t )
S0 ¢4 is of the form ¢, (u) = 7(u?) with 7 a pLSt (cf. Example 2.4), which
by (IV.3.8) implies that ¢, is a characteristic function. We conclude that
the sym-gamma (r, \) distribution is self-decomposable. This can also be
shown by using Proposition 6.2 and noting that ¢ = 17 with 1 the charac-
teristic function of the gamma (r, \) distribution, which is self-decompos-
able; cf. Example 2.4. M
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Of course, one of the first things we want to show next, is the infinite
divisibility of a self-decomposable characteristic function ¢. Moreover, we
are interested in deriving a canonical representation for ¢. In doing so we
want to avoid the classical but laborious way of using triangular arrays of
random variables. Instead we try to adapt the methods of proof in Section 2
for the R -case. Since there seems to be no useful analogue of the concept
of complete monotonicity, we at once focus on the basic representation of a
self-decomposable pLSt 7 as given by Theorem 2.9, from which the infinite
divisibility of 7 immediately follows:

(6.3) 7(s) = exp [/Swdu [s >0],

0 U
where 7y is an infinitely divisible pLSt. In Section 2 this representation
was derived by first showing the complete monotonicity of the p- and po-
function of 7 and then proving from this the infinite divisibility of the
mo-function of 7. Now, observe that this derivation can be cut short by use

of the relation between 7 and its factors 7, as given by (2.6):

(6.4) mo(s) :=exp [s7'(s) /7m(s)] = hm exp [—% {1- TQX(S)}},

so mg is the limit of compound-Poisson pLSt’s and hence is an infinitely
divisible pLSt. Here we use the fact that 7o(0+) = 1 or, equivalently, that
(6.5) 181%1 s7'(s) = 0.
This property holds for functions even more general than pLSt’s; it was
used for proving the relation (2.8) between the p- and po-function of 7. For
deriving (6.3), however, it suffices to know (6.5) only for self-decomposable
pLSt’s, as was the case for proving the direct part of Theorem 2.8.

We now want to use this method of proof for deriving a representation
similar to (6.3) for a self-decomposable characteristic function ¢. So, we
would like ¢ to have the following property:

(6.6) ¢ is differentiable on R \{0} and satisfies lim,_,g u ¢'(u) = 0.

Though, ultimately, it will appear that this property can be proved from
(6.1), we did not succeed in proving it directly. In fact, (6.6) is not true for

general characteristic functions, infinitely divisible or not; see Notes. On

Copyright 2004 by Marcel Dekker, Inc. All Rights Reserved.



the other hand, if a random variable X corresponding to ¢ has a finite first

moment, then one has, as is well known,
#'(u) = (iX)e™X, so |u¢)’(u)| < |u| E|X|,

which tends to zero as u — 0. For self-decomposable characteristic func-
tions without finite first moment, however, (6.6) seems very hard to prove,
and this leaves us with a dilemma; we want to make use of (6.6) without
having to prove it in advance. This dilemma will be resolved as follows. For
the time being we shall redefine (but not rename) self-decomposability of a
characteristic function ¢ by requiring that it satisfies both (6.1) and (6.6).
Eventually it will appear that the set of self-decomposable characteristic
functions, defined this way, coincides with the set satisfying only (6.1). We
return to this after Theorem 6.12.

We start with deriving an analogue of Theorem 2.9 for our (restricted)
concept of self-decomposability; it immediately yields an analogue of Theo-
rem 2.8. In view of the latter result, for any C-valued function ¢ on R that
is differentiable on R \ {0} and has no zeroes, we define the ¢q-function of ¢
as follows:

(6.7) do(u) =exp [u¢'(u)/p(u)] for u#0, ¢o(0)=1.

Theorem 6.7. A C-valued function ¢ on R is the characteristic function
of a self-decomposable distribution on R iff ¢ has the form

(6.8) ¢(u) = exp [/Ou log #o(v) dv} [ueR]

v

with ¢y the characteristic function of an infinitely divisible random vari-

able X, for which necessarily

(6.9) E log (| Xo| + 1) < oco.

PROOF. Let ¢ be a self-decomposable characteristic function with fac-
tors ¢ as in (6.1). Because of property (6.6) the derivative ¢'(u) at u # 0
exists; it can be obtained in the following way:

1 — ¢u(u)

(610)  ¢'(u) = lim 2 =000 o) .

all U — au u ol 11—«
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Since by Proposition 6.1 ¢ has no zeroes, we can consider the ¢g-function
of ¢; by (6.10) it can be written as

611)  dow) = lim exp [~ {1 - 6a@}]  [ucR)

SO ¢ is the limit of compound-Poisson characteristic functions. Now, prop-
erty (6.6) implies that ¢ is continuous at zero. Hence from the continuity
theorem it follows that ¢ is a characteristic function, and from Proposi-
tion IV.2.3 that it is infinitely divisible. Finally, rewriting (6.7) yields

L rog o) = B0y o)
which implies the desired representation (6.8) (with [’ = — ff if u < 0).
Suppose, conversely, that ¢ is of the form (6.8) with ¢ an infinitely divis-
ible characteristic function, and let cv € (0,1). Since ¢ has no zeroes, we can

consider the ¢,-function of ¢; it takes the form

@o(u) = exp [/quv} :eXp[/lbg(@(wds}.

au [0}

Now, for every ueR the integrand s — {log o (us)}/s is continuous on

the interval [, 1], and hence Riemann-integrable. Therefore, for every

neN there exist s,,1,...,8nn € (a, 1), independent of u, such that
-« - lo us
o (u) = exp [ lim Z g do nk)} _

= Jim [T{oo(usnn)}™",
k=1

where t,, ;== (1— a)/(nsnyk). As ¢, is continuous at zero and ¢q is infin-
itely divisible, from the continuity theorem and several properties from
Section IV.2 it follows that ¢, is an infinitely divisible characteristic func-
tion. And, by letting « | 0 we similarly see that ¢ itself is an infinitely
divisible characteristic function as well. We can now apply Proposition 6.1
to conclude that ¢ satisfies (6.1). Since the integrand in (6.8) is continuous

on R\ {0}, we can differentiate to obtain also property (6.6):
u' (u) = ¢(u) log do(u) [u#0].

The logarithmic moment condition (6.9) is equivalent to the integral in (6.8)
being finite; this concerns a general property of characteristic functions,
which is proved in Proposition A.2.7. N
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Corollary 6.8. A self~decomposable distribution on R is infinitely divis-
ible. Also, the components X, in (1.1) of a self-decomposable random
variable X are infinitely divisible; equivalently, the factors ¢, in (6.1) of a

self~decomposable characteristic function ¢ are infinitely divisible.

Corollary 6.9. Let ¢ be a C-valued function on R with ¢(0) =1 that is
differentiable on R\{0} and has no zeroes. Then ¢ is the characteristic
function of a self-decomposable distribution on R iff its ¢g-function is an

infinitely divisible characteristic function.

In view of (6.8) the ¢p-function of a self-decomposable characteristic func-
tion ¢ will be called the underlying (infinitely divisible) characteristic func-
tion of ¢.

It is now easy to get a canonical representation for self-decompos-
able characteristic functions similar to the Lévy representation in Theo-
rem IV.4.4 for infinitely divisible characteristic functions. To see this we
define for ueR and x e R

U vxr __

iz wx . e 1 wx
I(u,x):=¢e —l—m, J(u,x).:/o ” dv—1+x2.

The underlying characteristic function ¢y of a self-decomposable charac-
teristic function ¢ can then be represented, as all infinitely divisible charac-

teristic functions, in terms of its canonical triple (ag, o3, My) by
(6.12) do(u) = exp | iuag — 2u’op —|—/ I(u,x) dMO(m)},
R\{0}

where the Lévy function M satisfies 1[7171]\{0} 22 dMy(x) < oo. Inserting
this representation for ¢ in (6.8) and changing the order of integration,
we obtain a similar representation for the self-decomposable characteristic
function ¢ ; we only have to replace I by J and the factor % in the normal

component by %.

Theorem 6.10 (Canonical representation). A C-valued function ¢
on R is the characteristic function of a self-decomposable distribution on R
iff ¢ has the form

(6.13)  ¢(u) = exp | iuag — su’o] + /

J(u, ) dMy(z) ] :
B\ {0}
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where ag € R, 03 > 0 and My is a right-continuous function that is nonde-

creasing on (—o0,0) and on (0,00) with M (z) — 0 as x — —00 or £ — 00

and

(6.14) / 22 dMy(z) < oo, log |z| dMp(x) < oo.
(-1,1\{0} R\[-1,1]

PROOF. We only have to show yet that the second part of (6.14) holds if ¢ is

of the form (6.13). For this it is sufficient to note that the integral in (6.13)

with v = 1 is then finite or, equivalently, that f]R\[—l 1] A(z) dMy(x) < oo,

where for |z| > $7 and with D := {y > 0 : cosy < 0}:

1 vz |z
—1 1—
A@::‘/ e dv‘z/ L=y 4>
0 v 0 Y

lz] 1 L lz] 1 . L L
Z/ *1D(y)dy25/ —dy = 5 log |z] — 3 log 3.
o Y ir Y

2
Since My is bounded on R\ [—1, 1], the desired moment condition for My
immediately follows; in fact, it is equivalent to the integral in (6.13) being
finite. N

The triple (ag, 02, Mp) in Theorem 6.10 will be called the second canomni-
cal triple of ¢, and of the corresponding distribution function F' and of a
corresponding random variable X. It is the (first) canonical triple of the
underlying characteristic function ¢ of ¢. The condition on M, given by
the second part of (6.14) is equivalent to that on ¢ in (6.9) because, as
has been shown in the proofs above, both conditions are equivalent to the
finiteness of log ¢(1). The (first) canonical triple of ¢, which by Corol-
lary 6.8 is infinitely divisible, can be obtained from the second one in the

following way.

Proposition 6.11. Let ¢ be a self-decomposable characteristic function
with second canonical triple (ag, 03, My). Then ¢ is infinitely divisible
with Lévy triple (a,0?, M) such that

332

(6.15) a=ag— 2/ —— My(x)dz, o*=1Lao?,
r\{0} (1 +2%)2 270
and M is absolutely continuous with density m given by

(6.16) m(x)z—éMo(x) (2 £0].
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PRrROOF. We want to write the canonical representation (6.13) for ¢ in the
Lévy form; cf. (6.12). To this end we first rewrite the integrand J(u, x) in

the following way:

U vr 1 .
J(u,x) ::/ ¢ do— 2 _
0

T giuy _q . T — g2
= dy—zu/ —Z—dy =
/0 y o (1+y?)?
* 1 . T 2y?
= I(u,y fdy+zu/ ———dy =:
[y ) 1+

=: Ji(u,x) + iu Jo(x).

Since |Jy(x)| < 22? if |z| <1 and < 7 if |2| > 1, the integral of J; over
R\{0} with respect to My is finite; thus we can write

/ J(u, z) dMy(x) =
R\{0}

- / Ty (u, ) dMo () + iu / Jo() dMo ().
R\{0} R\{0}
Now, splitting up the domain of integration in both integrals into (—o0,0)
and (0,00), and changing the order of integration in the resulting four

integrals, we get

1
[ ha)da) = [ I M),
R\{0} R\{0} y
2

=- 2

Finally, by inserting these results in (6.13) we see that ¢ takes the Lévy
form. From the uniqueness of Lévy representations the assertions of the

proposition now immediately follow. m

From this proposition and Fubini’s theorem it follows that the Lévy func-

tion M itself can be expressed in terms of My in the following way:

T
—/ QMo(y) dy:/ log%dMo(y), if z <0,
(6.17)  M(x) = ;o°°1 (=o0.a]

— My(y)dy = —/ logg dMy(y) , if z > 0.
Y (x,00) x

x
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By taking here z = —1 and & = 1 we see that the second condition in (6.14)
is equivalent to M(—1) and M (1) being finite. In a similar way one shows
that the first condition in (6.14) is equivalent to the same condition for M.
Moreover, from Theorem IV.7.3 it easily follows that if X is self-decompos-

able with second canonical function My, then for » > 0

(6.18) E|X|"<x < |z]" dMp(x) < oo.
R\[-1,1]

Since My is nondecreasing on (—o0,0) and on (0, 00), Proposition 6.11
also shows that the Lévy function M of a self-decomposable distribution
has a density m such that the function  — xm(x) is nonincreasing on
(—00,0) and on (0,00). It turns out that the converse also holds; thus we
have the following characterization of the self-decomposable distributions

among the infinitely divisible ones.

Theorem 6.12. A distribution on R is self~decomposable iff it is infinitely
divisible having an absolutely continuous Lévy function M with a density m

such that x — xm(z) is nonincreasing on (—o0,0) and on (0, c0).

PrOOF. We are left with proving the converse statement. So, let ¢ be the
characteristic function of an infinitely divisible distribution with canonical
triple (a,0?, M), and suppose that M has a density m satisfying the mono-
tonicity property as stated; we may take m right-continuous, of course. In
view of (6.16) we consider the function My on R\ {0} defined by

(6.19) My(x) = —zm(z) [z #£0];

then My is right-continuous, and nondecreasing on (—oo,0) and on (0, o).
Moreover, since m is integrable over R\ [—1, 1], it is seen that My(z) — 0
as x — —oo or & — 00. Also, My satisfies (6.14); cf. the remarks following
(6.17). Now, we can read the proof of Proposition 6.11 backward and see
that the Lévy representation for ¢ can be rewritten in the form (6.13)
with ag and o satisfying (6.15). From Theorem 6.10 we conclude that ¢
is self-decomposable. N

It is now the appropriate moment to return to the dilemma regarding prop-
erty (6.6). It is well known from more classical treatments of self-decom-
posability (see Notes) that Theorem 6.12 characterizes all distributions

that are self-decomposable in the original sense, i.e., that satisfy only (6.1).
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Hence self-decomposability is equivalent to self-decomposability in our re-
stricted sense, i.e., (6.6) is implied by (6.1). We state this as a formal
result.

Proposition 6.13. A self~decomposable characteristic function ¢ is differ-
entiable on R\ {0} and satisfies lim, o u ¢'(u) = 0.

We turn to another use of Theorem 6.12. Let F' be a self-decomposable
distribution function with Lévy triple (a,0?, M). If 02 > 0, so if F has a
normal component, then F is absolutely continuous. Now, let 02 = 0 and
suppose F' is non-degenerate. Then M is not identically zero, and since
by Theorem 6.12 m(z) > zom(zo)/z if 0 <z < zg and if 29 <z <0, it
follows that

(6.20)  M(0—) =00 or M(0+) = —o0,

so M is unbounded. Since M is also absolutely continuous, we can apply
Theorem IV.4.23 to obtain the following result.

Theorem 6.14. A non-degenerate self-decomposable distribution on R is

absolutely continuous.

Before looking more closely at self-decomposable densities we return to
the three examples from the beginning of this section in order to illustrate

the preceding results, and we prove some useful closure properties.

Example 6.15. Consider the normal (0, 0?) distribution with characteris-

tic function ¢ given by

Then ¢ has Lévy triple (0,02,0), so with Lévy function M that vanishes
everywhere; cf. Example IV.4.6. From Theorem 6.12 it follows that ¢ is
self-decomposable, and from Proposition 6.11 that ¢ has second canonical
triple (0,202,0), so the underlying infinitely divisible distribution is also
normal. m

Example 6.16. Consider the Cauchy () distribution with characteristic
function ¢ given by

o(u) = e,
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According to Example IV.4.7 the Lévy triple of ¢ is (0,0, M) with M

absolutely continuous with density
A
= — 0].
m(r) = =5 2 #£0]
From Theorem 6.12 it follows that ¢ is self-decomposable, and from Propo-
sition 6.11 that the second canonical triple equals the first one, so the

underlying infinitely divisible distribution is the same Cauchy. D

Example 6.17. Consider the sym-gamma (r, \) distribution with charac-

teristic function ¢ given by

A2 T
(u) = ()\2 +u2) ‘
According to Example 1V.4.8 the Lévy triple of ¢ is (0,0, M) with M
absolutely continuous with density

m(z) = L g Aal [z #0].

From Theorem 6.12 it follows that ¢ is self-decomposable, and from Propo-
sition 6.11 that the second canonical triple of ¢ is (0,0, My) with My ab-

solutely continuous with density
mo(x) = rae ! [z #0].

The underlying infinitely divisible characteristic function ¢ of ¢ can now
be computed by using Theorem IV.4.18, but it can also be obtained from
(6.7); we find

odo(u) = exp {—27" {1 — )\2/()\2 + UQ)}}

S0 ¢ is of the compound-Poisson type. N

Self-decomposability is preserved under scale transformations, convolutions
and taking limits; see Propositions 6.2 and 6.3. We now consider some other

operations; cf. Section IV.6.

Proposition 6.18. Let ¢ be a self~-decomposable characteristic function.
Then:

(i) The absolute value |¢| of ¢ is a self-decomposable characteristic func-

tion.

Copyright 2004 by Marcel Dekker, Inc. All Rights Reserved.



(ii) For a > 0 the a-th power ¢* of ¢ is a self-decomposable characteristic

function.

Proor. By Corollary 6.8 ¢ and its factors ¢, are infinitely divisible.
Therefore, Proposition IV.2.2 implies that |¢| and |¢,| are characteristic
functions; part (i) now follows by taking absolute values in (6.1). Similarly,
part (ii) is proved by taking the a-th power in (6.1) and using Proposi-
tion IV.2.5. m

If ¢ is a self-decomposable characteristic function, then 1— o + o ¢ with
ae(0,1) is not self-decomposable because of Theorem 6.14. In partic-
ular, the factors ¢, of the sym-gamma characteristic function ¢, which
were computed in Example 6.6, are not self-decomposable; note that by
Example 6.17 the underlying characteristic function ¢ of ¢ is not self-de-
composable either. In fact, self-decomposability of the ¢, turns out to be

equivalent to that of ¢.

Theorem 6.19. Let ¢ be a self-decomposable characteristic function.
Then its factors ¢, with ae(0,1) are self-decomposable iff the underly-
ing infinitely divisible characteristic function ¢g of ¢ is self-decomposable.
In fact, for ae (0,1) the ¢o-function of ¢, equals the ¢.-function of ¢g:

¢a,0 = ¢O,a'
PrROOF. Recall that ¢, and ¢q are defined by

Polu) = ¢>¢Eg)’ ¢o(u) = exp [u ¢’(u)/¢>(u)] for u # 0;
because of Propositions 6.1 and 6.13 ¢ is differentiable on R \{0} and has

no zeroes. It follows that ¢, has the same properties, so its ¢g-function is

well defined; it is given by

_ , _explud/(u)/o(w)]
el = e g0/ 0e] = o Tt o]
¢o(u)
= =: ¢g.o(u).
QSO (O[U) ¢(], ( )
This proves the final statement of the theorem. The rest is now easy; use
Corollary 6.9 for ¢,, and (6.1) and Corollary 6.8 for ¢y. N

For every pLSt m and every infinitely divisible characteristic function ¢q
the function ¢ := 7o (—log ¢g) is a characteristic function; cf. (IV.3.8).
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Moreover, if 7 is infinitely divisible, then so is ¢; cf. (IV.6.4). Now, if 7
is self-decomposable, then ¢ need not be self-decomposable, even if ¢q is
self-decomposable; see Section 9 for an example. Taking ¢, stable as in
Example IV.4.9, however, yields the positive result stated below; just use
(2.1) with « replaced by a” and s by |u|".

Proposition 6.20. If 7 is a self-decomposable pLSt, then u — 7T(|u|'y) is
a self-decomposable characteristic function for every € (0,2].

A self-decomposable distribution function F' with £z = 0 has a density f
that is continuous and positive on (0, c0). This result is contained in Theo-
rem 2.16 and can be used to prove a similar property for self-decomposable
distributions on R.

Theorem 6.21. A non-degenerate self~-decomposable distribution on R
has a density which is either continuous and bounded on R or is continuous

and monotone on (—oo,b) and on (b, 00) for some beR.

Proor. We will use several times the easily verified fact that if g and A
are probability densities on R and one of them is continuous and bounded

on R, then so is the density f := g * h for which
f@=[ se-nhm)ay  [aer)

Let F' be a non-degenerate self-decomposable distribution function with
Lévy triple (a, 02, M). As a normal distribution has a continuous bounded
density, it follows that F' has such a density if it has a normal component,
i.e., if 2 > 0. So, further let 2> = 0. Then we write M as the sum of
two canonical functions M and M_ with M, (0—) = 0 and M_(0+) = 0.
By Proposition IV.4.5 (iv) we have F' = G x H, where G and H are infin-
itely divisible with Lévy functions M, and M_, respectively. Since by
Theorem 6.12 M has a density m such that z — zm(z) is nonincreasing
on (—00,0) and on (0,00), the same holds for M, and M_, so G and H
are self-decomposable and, if non-degenerate, have densities g and h, say,
because of Theorem 6.14. The function f as defined above is then a density
of F. Now, set k(x) := am(x) for z > 0 and £(z) := —xm(x) for x < 0;
then we distinguish the following two cases: I. k(0+) > 1 or £(0—) > 1;
IT. k(0+) <1 and £(0—) < 1.

Copyright 2004 by Marcel Dekker, Inc. All Rights Reserved.



We start with case I; without restriction we may assume that k(0+) > 1.
First, suppose that fo x)dx < co. Then by Theorem IV.4.13 we have
lg > —o0, and as k is the canomcal density (in the Ry -sense) of G(- +{¢),
we can apply Theorem 2.16 and Corollary 2.18 (vi) to conclude that the
density g of G may be taken continuous and bounded on R. Hence F' has a
continuous bounded denbity, both in case £(0—) = 0 and in case £(0—) > 0.
Next, suppose that fo x)dz = 00, so k(0+) = oco. Then on (0,00) we

write m as the sum of two canomcal densities m; and meo with
my(x) := min {2/z, m(z)} [z>0].

As above it follows that G' can be written as the convolution of two distrib-
ution functions G; and Go, where (G is self-decomposable with canonical
density (in the R -sense) kq given by k1 (z) = xml(x) min {2, k(z)} for
x > 0. Now, k; satisfies k1(0+) =2 > 1 and fo k1 (z) da < oo; hence, as we
have seen above, (G; has a continuous bounded denblty. But then so has G
and hence F.

In case II we trivially have fo x)dz < oo and fo x)dz < oo, so G
and H are restricted to half-lines; Wlthout loss of generahty we may take
le =ryg = 0. Since k is the canonical density (in the R -sense) of G and ¢
that of H, we can apply Theorems 2.16 and 2.17 to conclude that the den-
sity g of G may be taken continuous and nonincreasing on (0, 00) and the
density h of H continuous and nondecreasing on (—o0,0). Now, observe
that the density f of F' can be written as

ooz —y)gly)dy ifz <0,

f(z) =
I’ g@—y)h(y)dy ifx>0.

From this it is immediately clear that f is nondecreasing on (—o0,0) and
nonincreasing on (0, 00). Moreover, by the monotone convergence theorem
it now follows that f is continuous on R\ {0}. m

In case II of the preceding proof we expect f to be continuous on all of R if
at least one of g and h is bounded; then f will be bounded as well. If g and h
are both discontinuous at zero, then both continuity of f and discontinuity
of f are possible; in the latter case g and h must be unbounded near zero.
Examples of both situations are provided by the sym-gamma distribution
of Example 6.6.
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A self-decomposable distribution obeying the second alternative of The-
orem 6.21 is obviously unimodal; see Section A.2 for definition and proper-
ties. Actually, all self-decomposable distributions turn out to be unimodal.
In showing this we can restrict ourselves to distributions without normal
component because the normal distribution has a log-concave density and
hence (cf. Theorem A.2.11) is strongly unimodal, i.e., its convolution with
any unimodal distribution is again unimodal. So, let F' be a self-decom-
posable distribution function without normal component, and suppose first
that the Lévy function M of F satisfies M (0—) = 0. Then one can show
(we will do so in the proof of Theorem 6.23) that F is the weak limit of
shifted self-decomposable distribution functions on R, . Since unimodality
is preserved under weak convergence, the unimodality of F' immediately
follows from Theorem 2.17. Similarly, F' is unimodal if M(0+) = 0. Now,
in order to deal with the general case we have to consider convolutions of
these two types of distribution functions. In general, however, unimodality
is mot preserved under convolutions. But it is if one imposes some extra

conditions as given by the following lemma.

Lemma 6.22. Let G be an absolutely continuous distribution function
on R with density g that is continuous on (0,00), and let H be an abso-
lutely continuous distribution function on R_ with density h that is con-
tinuous on (—c0,0). Suppose G and H are unimodal with modes a and b,
respectively, and have the following property: If a >0, then g(0+) =0
and g is positive and log-concave on (0,a); if b < 0, then h(0—) =0 and h

is positive and log-concave on (b,0). Then G x H is unimodal.

Since this lemma has nothing to do with infinite divisibility, we don’t give
a proof and refer to Section 10 for further information. We will use it now

to prove the following important result.
Theorem 6.23. A self-decomposable distribution on R is unimodal.

PROOF. Let F be a self-decomposable distribution function. Let (a, 02, M)
be its Lévy triple; as argued above, we may take 02 = 0. According to
Theorem 6.12 the function M has a density m such that z — zm(z) is
nonincreasing on (—oo, 0) and on (0, 00); we take m right-continuous. First
we show that we may restrict ourselves to functions m with some further

nice properties.
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Suppose that m can be obtained as the monotone (pointwise) limit of a
sequence (Mg, )nen of canonical densities with the same monotonicity prop-
erty as m has. Then, letting I(u,x) be the ‘Lévy kernel’ as before, by the

monotone convergence theorem we have

lim I(u,x) my(z) de = / I(u,z)m(z)dz [ueR],

e JR\{0} R\{0}
and hence lim,, .o Fy,(u) = F(u) for ueR, where F, is the infinitely divis-
ible distribution function with Lévy triple (a,0,M,) and M, has den-
sity my,. From the continuity theorem it follows that (F},) converges weakly
to F'. Since unimodality is preserved under weak convergence, we conclude
that F' is unimodal as soon as all Fj, are unimodal.
This observation will now be used repeatedly for showing that m may
be taken special, as indicated below. Set k(x):=xzm(z) for z > 0 and
£(z) := —xzm(x) for x < 0; then k is nonincreasing and ¢ is nondecreasing.
We approximate k and ¢ as in step 1 in the proof of Theorem 2.17; define
ky(x) := min {k(1/n),k(z)} for neN and = > 0, and similarly ¢, (z) for
neN and z < 0. For the resulting Lévy density m,, this amounts to

. 1 T

mn(x):mln{mm<w>,m(x)} [neN; z #£0].
Each m,, is a canonical density having the same monotonicity property
as m has; moreover, m,, is such that k, and ¢, are bounded. Since m,, T m
as n — 0o, we may further assume that m is like m,,, i.e., that k and ¢ are
bounded. Now, observe that M has the following property:

/ |x| dM (x /k da:+/ l(x)dz < oo.
(—L1\{0}

From Theorem 1V.4.15 it follows that, up to a shift over some constant
which may be taken zero, of course, F' can be written as FF = G« H,
where G is a self-decomposable distribution function with £ = 0 and with
canonical density k, and H is a self-decomposable distribution function
with 7 = 0 and with canonical density ¢. According to Theorem 2.17 G
and H are unimodal; moreover, both have modes zero iff k£(0+) < 1 and
£(0—) < 1. So, in this case F' is unimodal as well, because of Lemma 6.22
(with @ = 0 and b = 0); see also case II in the proof of Theorem 6.21.

When k(0+) > 1 or £(0—) > 1, we first have to approximate m (mono-
tonically) further. We do so by approximating k and/or ¢ as in steps 2,
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3 and 4 in the proof of Theorem 2.17. Thus, if e.g. k(0+) > 1, we may
further assume that m is such that k is bounded and has a bounded, con-
tinuous, negative derivative on (0, 00). We can then apply Proposition 2.19
to conclude that the component G of F' has a continuous density g that
satisfies g(04+) = 0 and is positive and log-concave on (0, a), where a is a
(positive) mode of G. Since H can be handled similarly, Lemma 6.22 yields
the unimodality of F' = G x H also in the present case. N

Finally, we return to Theorem 6.7. Let £; be the set of C-valued func-
tions on R of the form —log ¢ where ¢ is the characteristic function of an
infinitely divisible distribution on R with finite logarithmic moment, and
let Lo be the set of functions of the form — log ¢ where ¢ is a self-decom-
posable characteristic function. Then Theorem 6.7 says that the following
mapping T is 1-1 from £y onto Ls:

(6.21) (Th)(u) :== /OUhE]U)dv [hely; ueR].

Now, £1 and Lo are semi-linear spaces and T is a semi-linear mapping in
the same sense as at the end of Section 2. So one may ask for the possible
eigenvalues and eigenfunctions of T, i.e., the constants 7 > 0 and functions
h e L1 for which

(6.22)  Th=rh.

Proposition 6.24. Consider the bijective mapping T : L1 — Lo as given
by (6.21); it has the following properties:
(i) A constant T > 0 is an eigenvalue of T iff T > 1.

(ii) The functions h of the form h(u) = iua with a € R are eigenfunctions

of T at the eigenvalue T = 1.
(iii) For 7 > 1 a function he Ly, not of the form h(u) = iua with a€R,

is an eigenfunction of T at the eigenvalue T iff h has the form
h(u) = X |ulYT (1 +,06) [ueR],
where A >0, 0 R and £+, := + ifu >0 and := — if u < 0.

PRrROOF. Clearly, a function h of the form h(u) = iua with aeR belongs
to £1 and satisfies (6.22) with 7 = 1. Exclude further such functions h,
and suppose that 7 > 0 is an eigenvalue of T" with eigenfunction he L.
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Then also he Ly, so h = —log ¢ with ¢ the characteristic function of a
non-degenerate self-decomposable, and hence absolutely continuous, dis-
tribution; cf. Theorem 6.14. As is well known, ¢ then satisfies ¢(u) # 1 for
u # 0, so h(u) # 0 for u # 0. Since h is continuous, we can now differentiate
in (6.22) to obtain 7h'(u)/h(u) =1/u for u# 0; as h(—u) = h(u), this
differential equation is solved by

h(w) = (Atopi) o7 [ueR],

where A\, u€R. As h e Ly, the characteristic function ¢ above has the prop-
erty that |¢| is a characteristic function as well; cf. Proposition IV.2.2.

Now, |¢| is given by
(6.23) |p(u)| = exp [—A |u|1/T] [ueR],

and, as has been shown in Example IV.4.9, this function of u is a charac-
1.
2
can be an eigenvalue of T, and h can be rewritten as

teristic function (if and) only if A > 0 and 7 >

1
2

in (iil); take 0 := p/X. Conversely, any such function h obviously satisfies
(6.22). But only when § = 0 we know that heL; because then ¢ with
—log ¢ = h satisfies ¢ = |¢| as in (6.23). Nevertheless, this is sufficient for
any 7 > % being indeed an eigenvalue of T. N

see also Example 9.20.

Thus, only 7 >

Actually, in Examples 6.15 and 6.16 we already saw that the normal and
Cauchy distributions lead to eigenfunctions of T' (as in (iii), with § = 0) at
1

the eigenvalues 7 = 5 and 7 = 1, respectively. For general h as in (iii) the

function ¢ with —log ¢ = h has the form
(6.24)  p(u) = exp [ |ulY/7 (1 £,06)].

Note that if ¢ is a characteristic function, which so far we only know
when 6 = 0, then ¢ is infinitely divisible and hence he £; and h is an
eigenfunction of T it then follows that also he Ly, so ¢ is self-decom-
posable. In the next section these special self-decomposable characteristic

functions will be recognized as being stable with exponent 1/7.

7. Stability on the real line

We shall mainly be concerned with (strictly) stable distributions on R

for reasons that have been made clear in Section 1; only at the end of the
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present section we briefly turn to the more general weakly stable distrib-
utions on R. Recall from Section 1 that a random variable X is called

stable if for every n € N there exists ¢,, > 0 such that
71 XL (X144 X)),

where X1, ..., X, are independent with X; 4 X for all i. In terms of the
characteristic function ¢ of X equation (7.1) reads as follows:

(7.2)  (u) = {d(cau)}".

From (7.1) or (7.2) one immediately obtains the following important ob-
servation: A stable characteristic function is infinitely divisible, and hence
has no zeroes. This result will be frequently and often tacitly used, as will
be the following property of a general characteristic function ¢: If a > 0
and b > 0, then

(7.3) ¢lau) = ¢(bu) for allueR = a=h.

We are interested in a canonical representation for the stable charac-
teristic functions and in a characterization of the stable distributions among
the infinitely divisible and self-decomposable ones. In deriving these results
we will only partly be able to proceed along the lines of Section 3 for the
Ry-case. Let ¢ be a stable characteristic function. Then from (7.2) it

follows that for m,neN

d(emnu) = {(b(cncmnu)}n = {q’)(cmcncmnu)}mn = ¢(cment),
and hence, because of (7.3),
(7.4) Con = CmCn [m,neN].

Now, in view of the observations above, in exactly the same way as in the
proof of Theorem 3.1, we can generalize (7.2) and (7.4) as follows; there

exists a continuous function ¢ : (0,00) — (0, 00) such that

. d(u) = {(zﬁ(tz(a:)u)}ac for z > 0,

(75) { c(zy) = c(z) c(y) for x >0 and y > 0.

Moreover, such a function ¢ necessarily has the form c¢(xz) = 2" for some
reR; and by letting « | 0 in the first part of (7.5) we see that r must be
negative. Thus we can write »r = —1/+ for some + > 0. This results in
the direct part of the following basic theorem; the converse part follows by
taking x = neN.
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Theorem 7.1. A characteristic function ¢ is stable iff there exists v > 0
such that

(7.6) = {¢(z —/y) } [z >0].

For a stable characteristic function ¢ the positive constant v for which
(7.6) holds, is called the exponent (of stability) of ¢ (or of a corresponding
random variable X). From Theorem 7.1 and its proof it will be clear that
for v > 0 a characteristic function ¢ is stable with exponent ~ iff the con-
stants ¢, in (7.2) have the form ¢, =n~%/7. This yields the following

characterization in terms of random variables.

Corollary 7.2. For v > 0 a random variable X is stable with exponent =y
iff for every n e N it can be written as

77 XL (X 4+ X)),

where X1, ..., X, are independent with X; 4 X for all i.

From Theorem 7.1 it also easily follows that a stable random variable X

with exponent -y satisfies
(7.8) @+ "X L2 X 4y X [2>0,y>0],

where X’ denotes a random variable with X’ < X and independent of X.
Dividing both sides by (z + y)'/7 leads to the direct part of the follow-
ing characterization result; the converse part follows, as in the R -case,
from Corollary 7.2 by using induction, and taking o = {n/ n+1 }l/ﬂy and

= {1/ (n+1 } 1 with n e N.

Theorem 7.3. For v > 0 a random variable X is stable with exponent ~y
iff, with X' as above, X can be written as

(79  X<ax+pX
for all a, B€(0,1) with o” + 57 = 1.

An immediate consequence of this theorem is the following important re-

sult; just use the definition of self-decomposability.

Theorem 7.4. A stable distribution on R is self~decomposable.
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We proceed with showing how Theorem 7.1 gives rise to a canonical
representation for the stable distributions on R. We further exclude the
degenerate distributions; they are stable with exponent v = 1. Let v > 0,
and let ¢ be a stable characteristic function with exponent -, so ¢ satisfies
(7.6). Since by Theorems 7.4 and 6.14 ¢ corresponds to a non-degenerate
self-decomposable, and hence absolutely continuous, distribution, we have,
as is well known, ¢(u) # 1 for u # 0, so in particular ¢(1) # 1. Therefore,
we can first take u = 1 in (7.6) and then x = v~ with u > 0 to see that
@(u) with uw > 0 satisfies

log ¢(1) = u~" log ¢(u), so ¢(u) = exp[—CuT],

where we put ¢ := —log ¢(1), which is non-zero. Because ¢(u) = ¢(—u),
it follows that ¢(u) with u < 0 can be represented similarly; replace ¢
by ¢ and u by |u|. Any function ¢ of the resulting form with ¢ e C\{0}
obviously satisfies (7.6). But for ¢ to be an infinitely divisible charac-
teristic function it is necessary that |¢| is a characteristic function as well;
cf. Proposition IV.2.2. Now, |¢| is given by

(7.10) |¢>(u)| = exp [—)\ |u|"] [ueR],

where A := Re(, and, as has been shown in Example IV.4.9, this function
of u is a characteristic function iff A > 0 and v < 2; see also Example 9.20.
Thus, putting 6 := (Im () / A, we arrive at the following result; here we set,
as before, &, ;= + if u >0 and := — if u < 0.

Proposition 7.5. For «v > 0 a characteristic function ¢ corresponds to a
non-degenerate stable distribution with exponent y iff v < 2 and ¢ has the

form
(7.11)  p(u) = exp [=A|ul” (1 £,060)],
where A > 0 and 0 e R.

This result is not as nice as it may seem. It does show that there are no
stable distributions with exponent v > 2, but for v < 2 not all functions ¢
of the form (7.11) are characteristic functions; the set of admissible con-
stants 0, i.e., the ’s for which (7.11) is a characteristic function, turns out
to depend on «. Of course, when we restrict attention to symmetric dis-

tributions, we must take 6 = 0; since, as noted above, this 6 is admissible,

Copyright 2004 by Marcel Dekker, Inc. All Rights Reserved.



Proposition 7.5 does yield a canonical representation for symmetric stable
distributions on R.

Theorem 7.6 (Canonical representation; symmetric case). For
v€(0,2] a C-valued function ¢ on R is the characteristic function of a

symmetric stable distribution with exponent -y iff ¢ has the form
(7.12) d(u) = exp [\ |u|"] [ueR],

where X\ > 0.

When v = 1, the function ¢ in (7.12) describes the symmetric Cauchy dis-
tributions and, as +,1 = u/|u| for u # 0, the more general ¢ in (7.11) can

be rewritten as
(7.13) d(u) = exp [\ |u| — iuAd];

so any 6 € R is admissible and the set of non-degenerate stable distributions
with exponent v = 1 is given by the family of Cauchy distributions. In case
v = 2 only 6 = 0 is admissible, so the symmetric normal distributions are
the only stable distributions with exponent v = 2. This can be shown with
some difficulty by inverting (7.11) with v = 2, but we will not do so here;
see, however, Theorem 7.13. Instead we first turn to the Lévy triple of a
stable distribution, and then show how the resulting Lévy representation
leads to a precise determination of the admissible # and hence to a canonical

representation for stable distributions also in the non-symmetric case.

In order to obtain the Lévy triple of a stable distribution we observe
that, up to a (—log) - transformation, the functions in Proposition 7.5 and
those in Proposition 6.24 are exactly the same. This immediately leads to
a characterization of the stable characteristic functions as in the theorem
below; recall that £, and Lo are the semi-linear spaces of functions of
the form —log ¢ with ¢ an infinitely divisible characteristic function with
finite logarithmic moment and with ¢ a self-decomposable characteristic

function, respectively.

Theorem 7.7. For v¢(0,2] a characteristic function ¢ without zeroes is
stable with exponent ~y iff the function h = —log ¢ is an eigenfunction at

the eigenvalue 1/v of the semi-linear bijective mapping T : L1 — Lo given

by
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(Th)(u) = /Ou hi}”) dv [hely;ueR].

The mapping T has no other eigenvalues than 1/~ with v (0,2].

We next combine this theorem with Theorem 6.7 and recall that the second
canonical triple of a self-decomposable characteristic function ¢ equals the
Lévy triple of the underlying infinitely divisible characteristic function ¢q
of ¢; by Proposition IV.4.5 (iii) we then arrive at the following preliminary
result.

Proposition 7.8. For ¢ (0,2] a characteristic function ¢ is stable with
exponent vy iff it is self~decomposable with underlying infinitely divisible
characteristic function ¢q given by ¢g = ¢7 or, equivalently, with second
canonical triple (ag, 0%, M) given by

(714) (GOaagvMO) = (’yaafyaQ)’YM)v
where (a,0?, M) is the Lévy triple of ¢.

Equation (7.14) can be solved by using the relation between the triples
(a,0?, M) and (ag, 03, M) as given by Proposition 6.11, which shows that
(7.14) is equivalent to

(y—1)a=2y fn{a\{o}{x/(l + x2)}2 M(z)dex,
(7.15) (y—2)o? =0,
m(x) =y M@)fz [z #0],

where m is a density of M. Thus we are led to the following characterization
of the stable distributions among the infinitely divisible ones.

Theorem 7.9. For v¢€(0,2] a non-degenerate probability distribution
on R is stable with exponent ~y iff it is infinitely divisible with Lévy triple
(a,0%, M) of the following form:

(i) Ify=2, then a =0, 0> > 0 and M = 0 everywhere on R \ {0}.
(ii) If y =1, then acR, 02 =0, and M is absolutely continuous with

density m, for some ¢ > 0 given by

m(av):cm—l2 [z #£0].
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(iii) Ify¢{1,2}, then 0? =0, M is absolutely continuous with density
Cc1 |£L'|717’y ,ifx <0,
m(z) =
cox” 177 ifr >0,
for some ¢1 > 0 and co > 0 with ¢y + ¢co > 0, and a is given by
(c2—c1) [y a7 /(L4+a?)de ,if 0<vy <1,
(c1—c2) [T 2> /(1 +2a?)de ,if 1<y <2

Proor. Consider a non-degenerate stable distribution; then, as argued
above, its Lévy triple (a, 02, M) satisfies (7.15). First, look at the equation
for the density m; from this it follows that m has a continuous derivative
on R\ {0} with

em'(2) = (~1—7)m(x)  [¢#0].

Clearly, the only solutions m that are continuous on R \ {0}, are given by
the functions m in (iii) with ¢; > 0 and ¢ > 0.

Now, let v = 2. Then ¢; = ¢ = 0, because a function m with the property
that m(z) =1/|z|* for 2 <0 or 2 > 0 cannot be a canonical density; it
violates the condition f[—l,l]\{O} 2?m(z)dr < co. So M = 0 everywhere,
and hence by (7.15) also a = 0. So ¢ > 0, and (i) is proved.

Next, let ¥ = 1. Then the second equation in (7.15) shows that o2 = 0,
and the first one that ¢; = co =: ¢, which is positive because we exclude
degenerate distributions. Thus also (ii) is proved; cf. Example IV.4.7.
Finally, let v ¢ {1,2}. Then again 02 = 0, and necessarily ¢; > 0 or ¢z > 0,
S0 ¢1 +¢2 > 0. Since yM(x)=cy || if £ <0 and = —cpz™7 if © >0,
the first equation in (7.15) shows that a satisfies

x2=

(y—=1)a=2(c1 —c2) /Ooo(dx.

1+ 22)2

Using integration by parts and viewing 2x / (1 + 22)? as the derivative of
-1/(1+2%)if0<y<landof 1 -1/(1+2%) =a?/(1+2?)if1 <y<2,
one easily shows that a can be written as in (iii).

Conversely, an infinitely divisible distribution with Lévy triple (a, o2, M)
as given in (i), (ii) or (iii) is self-decomposable on account of Theorem 6.12,
and by use of Proposition 6.11 its second canonical triple is easily shown
to satisfy (7.14). From Proposition 7.8 we then obtain the desired stability
of the distribution. i
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This theorem enables us to rewrite the Lévy representation of a stable
characteristic function such that it takes the form (7.11) for some v € (0,2],
A > 0 and 0 € R; this will immediately yield the admissible 6. For instance,
part (i) of the theorem shows that the stable characteristic functions with

exponent v = 2 are given by the functions ¢ of the form
(7.16) ¢(u) = exp [~ 10%u?] [ueR]

with 02 > 0, so ¢ satisfies (7.11) with A = 62 and § = 0. When v = 1,
we already know from (7.13) that any 6 € R is admissible, so we need not
rewrite the Lévy representation in this case. But when we do so by using
part (i) of the theorem, as in the proof of Theorem 7.15 below, we can

express (A, 6) in terms of the constants a € R and ¢ > 0; we find:
(7.17) ¢(u) = exp [—crm|u| + iual,

and hence A = ¢ and 6 = —a/(c), which relations also easily follow from
Example IV.4.7. In rewriting the Lévy representation when v ¢{1,2} we
need the following technical lemma; see Section A.5.

Lemma 7.10. In the following statement the first equality holds for every
~v€(0,1) and the second one for every v € (1,2):

*et—1 (2 — ; et —1—it
/ ert:_Mefé'W”:/ el%dt
o 77 (1 —7) 0 (2t

Theorem 7.11 (Canonical representation; general case). For
v€(0,2] a C-valued function ¢ on R is the characteristic function of a

non-degenerate stable distribution with exponent ~y iff ¢ has the form
(7.18) d(u) = exp [\ |u|” (1 £,06i)],
where A > 0 and where 6 € R is such that

(7.19) 0] < |tan x| [(=o00 ify=1].

PRrROOF. In view of the discussion above we only need consider v ¢ {1, 2}.
According to Theorem 7.9 the stable characteristic functions with expo-
nent y are then given by the functions ¢ that satisfy
0 o
I 1
log ¢(u) = iua + ¢ / L)) dz + 02/ (u, ) dz,
0

o T2 s
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where ¢; > 0 and ¢ > 0 with ¢; + ¢ > 0 and a is determined by ¢; and ¢y
as indicated in part (iii) of the theorem; here I(u,x) is the ‘Lévy kernel’
as defined in Section 6. In showing that these functions ¢ are of the form
(7.18), we only need consider ¢(u) with u > 0 because ¢(u) = ¢(—u). Then
one easily verifies that for 0 < v <1

0 oo —it [o'e) —
1 -1 v
/ <u1,l’)dx:u'y/ eidt—l—iu/ de,
—oo |1 o U7 o l4a?

ocI o0 it_l o0 —v
/ (?:C) dx = zﬂ/ elidt - zu/ Lde,
0 X v 0 t-’r"{ 0 1+$

and for 1 <~y <2

0 oo L —it : 00 2
I — 1+t v
(u,2) dx = u” e —1+d at —iu | 2 dz,
—oo [T 0 th o l+a?

* I(u,x) et —1 — it Y Al il
——dzx =u” —dt —— dz.
/0 g T /0 ti+y —|—w/0 1+a2 "

Hence in both cases the linear term in log ¢(u) disappears, and because of
Lemma 7.10

F(Q—’Y) 1 I
log ¢p(u) = ————u” {c1e2"™ +cpe 27 =
() v =) { }
F(Z—’j/) ¥ 1 . i 1
=——<U Cc1 +C2) COs 5ym +1(c1 —C2) SIn 5y7 .
’Y(l _’Y) {( ) 2 ( ) 2 }

This shows that ¢ is of the form (7.18) with A and 6 given by

C1 —C2
c1+ c2

_ I'2-19) 1 —
(7.20) A= (c1+c2) Y= cos 3w, 6=

It follows that A > 0 and, since by the nonnegativity of ¢; and ¢y we have

tan %’yw.

|er — ca] < 1 + ca, that 0 satisfies the inequality (7.19). Moreover, any
such A and € can be obtained by choosing ¢; and co appropriately. N

Sometimes it is convenient to write the canonical representation (7.18) for
v¢{1,2} in the following form:

(7.21) d(u) = exp [~ |ul” (1 £4i 8 tan Fym)],
where A > 0 and § R with || < 1. In fact, by (7.20) we have
(7.22) p=2"2

c1+ co ’
where ¢; and ¢, are the nonnegative constants that determine both the

Lévy density m and the Lévy constant a as indicated in Theorem 7.9 (iii).
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Combining this with Theorem I'V.4.13 leads to the following identification of
the one-sided stable distributions among the general ones; cf. Theorem 3.5.

Proposition 7.12. Let v€(0,2], and let F' be a non-degenerate distrib-
ution function with characteristic function ¢ that is stable with exponent ~y.
Then ¢p > —oo iff v < 1 and, in representation (7.21) for ¢, = —1. In
this case { = 0 and the pLSt w of F is given by

(7.23) 7(s) = exp[—Nos?] with Ag:= /\/cos %fw.

Similarly, rp < co iff v < 1 and B = 1, in which case rp = 0.

PRrROOF. Let v¢{1,2}, otherwise {r = —co. Then F has canonical triple
(a,0, M) with @ and M as in Theorem 7.9 (iii). By Theorem IV.4.13
lp > —oo iff M(0—) =0 and f(0,1] xdM (x) < oo. This means that ¢; =0
and f(071] 7 7dr < 00, i.e., § = —1 and v < 1. In this case /r = 0 because
of the expression for £ given by Theorem IV.4.13. Moreover, ¢(u) in (7.21)
with u > 0 can then be rewritten, with Ag as in (7.23):

—log ¢(u) = Agu” (cos 3ym — i sin Fym) = Agu” e 2T =
= X exp [y {log | — iu| + i arg (—iu) }] = Ao (—iu)".

Since this function of u is analytic on the set of u € C for which Re (—iu) > 0,
i.e., for which Imu > 0, we can take u = is with s > 0 to get the correspond-
ing pLSt 7; this results in (7.23). m|

We now briefly look at the stable distributions themselves, rather than
to their transforms or canonical triples. Let X be a non-degenerate stable
random variable with exponent v < 2. Then by combining Theorems IV.7.3

and 7.9 one immediately sees that for r > 0
(7.24) E|X|"<o0o < r<-.

Next, since X is self-decomposable, we can apply Theorems 6.14, 6.21
and 6.23 to conclude that X has an absolutely continuous, unimodal dis-
tribution with a density that is continuous ‘outside the mode’. This den-
sity, however, may be taken to be continuous everywhere because by The-
orem 7.11 the corresponding characteristic function ¢ is absolutely inte-
grable; cf. Section A.2. Moreover, by Fourier inversion one obtains the

following integral representation for the density, also when v = 2.
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Theorem 7.13. For ve€(0,2] a non-degenerate stable distribution with
exponent v is absolutely continuous and unimodal with a bounded con-

tinuous density which, up to a scale transformation, is of the form fy with

(7.25) fo(z;):%/me*“”cos(mwwdu [zeR],
0

where 6 € R is such that || < |tan $yr|.

PROOF. Since A in (7.18) is a scale parameter, we may take A = 1. As
noted in (A.2.15), the bounded continuous density is then of the form fy
with

27 fo(x) :/ e T p(u) du =

— 00

0 (%S)
. T . o .
/ o Uz o |u|Y (1—140) du +/ e~ uT g—u (1410) du =
— 0 0

:/OO efu'Y {ei(qur@u'Y) + efi(a:u+9u"’)} du,
0
which reduces to (7.25); here 6 € R satisfies (7.19). mn

Whereas there are simple explicit expressions for the characteristic function
and the canonical density of a stable distribution, its density itself seems
to be generally intractable. Theorem 7.13, together with Proposition 7.5
and Theorem 7.11, implies the following curiosity for integrable functions
of the form fy in (7.25) with 0 e R:

(7.26) fo(z) >0 forallzeR <= 0] <|[tan ynl;

this result seems very hard to prove directly.

Finally, we pay some attention to the, more general, weakly stable dis-
tributions on R. Recall from Section 1 that a random variable X is said to

be weakly stable if for every n e N it can be written as
(727) X Lo (Xi+-+ X))+ dn,

where ¢, >0, d, €R, and X3,...,X,, are independent with X; 4 X for
all 7. Putting X, := X — X’ with X and X’ independent and X’ 4 X, we
see that if X satisfies (7.27) then so does X with d,, = 0, so if X is weakly

stable then X is (strictly) stable with the same norming constants c,,.
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It follows that also in weak stability we have ¢, = n~Y/7 with exzponent
~v€(0,2]. Since for v # 1 weakly stable random variables and stable ones
only differ by a shift (see Section 1), we restrict attention to the case v = 1.

So, let X be non-degenerate and satisfy

(7.28) Xi%(X1+'-.+Xn)+dn [neN],

where d,, € R. Then for the characteristic function ¢ of X we have
$(u) = {g(u/n)}" ™™ [neN],

and repeated use of this shows that the sequence (d,,) satisfies
dmn = dp + dy, [m,neN].

In a similar way as (¢, ) was extended to a continuous function ¢ on (0, 00),
the sequence (d,,) can be extended to a continuous function d on (0, c0)
such that

o(u) = {d)(u/t)}t ed®) for t > 0,
d(st) = d(s) +d(t) for s >0 and ¢ > 0.

(7.29)

Now, the only continuous functions d satisfying the second part of (7.29)
are those of the form d(t) = c log t for ¢t > 0 and some ceR. So for ¢ we
obtain

(7.30)  ¢(u) = {p(u/t)} eiclost  [£>0].
Taking here first u = 1 and then setting ¢t = 1/u, we see that for u > 0
P(u) = {¢(1)}u eluelog v — exp [—Au + ipu + iculog ul,

where we put ¢(1) = exp [~A +iu], with A > 0 as necessarily |p(u)| < 1.
Using the fact that ¢(u) = ¢(—u) we conclude that the characteristic func-

tion ¢ of a non-degenerate weakly stable distribution with exponent v =1

has the form
(7.31) ¢(u) = exp [iuu = Alu| (1 £4i61log \u|)},

where e R, A > 0 and 6 € R. Clearly, any function ¢ of this form is weakly
stable if it is a characteristic function, and we have to establish for what
values of 6 this is the case.
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To this end we return to the mapping T" considered in Theorem 7.7, and

we look for functions h satisfying
(7.32) (Th)(u) = h(u) + icu

for some ceR. It is easily verified that h = —log ¢ with ¢ a characteristic
function of the form (7.31) satisfies this relation with ¢ = —\d. Conversely,
if (7.32) holds for h = —log ¢ with ¢ a characteristic function without
zeroes, then we can differentiate to obtain h(u) = uh’(u) + icu, and hence
h"(u) = —ic/u, which implies that for u > 0 and some § € C

h(u) = —ic{u log v — u} + du =
= —iculog u+i(c+v)u+ u,

where we put § = A+ v, with A > 0 as necessarily f¢(u)| < 1; so, by vary-
ing ¢, for ¢ = exp[—h] we obtain exactly the functions of the form (7.31).
We conclude that a characteristic function ¢ without zeroes is weakly sta-
ble with exponent v =1 iff the function h = —log ¢ satisfies (7.32) for
some c € R or, equivalently, iff ¢ is self-decomposable with underlying infin-
itely divisible characteristic function ¢o given by ¢o(u) = ¢(u) e** for some
ceR; here we used Theorem 6.7. Now, proceed as in the stable case and
use Proposition 6.11; then it follows that the weakly stable distributions
with exponent v = 1 correspond to the infinitely divisible distributions with
Lévy triple (a,0, M) such that M is absolutely continuous with density m
satisfying

(7.33)  m(z) = —% M) [z#0].

Solving this equation, as in the beginning of the proof of Theorem 7.9, leads

to the following result.

Theorem 7.14. A non-degenerate probability distribution on R is weakly
stable with exponent v =1 iff it is infinitely divisible with Lévy triple

(a,0, M) where a € R and M is absolutely continuous with density m given
by

(7.34) m(x) = {

cox™? | ifx <0,
x| ifx >0,

for some constants ¢; > 0 and co > 0 satisfying ¢1 4+ co > 0.
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This theorem enables us to rewrite the Lévy representation of a weakly
stable characteristic function with v = 1 such that it takes the form (7.31)
for some peR, A > 0, 6 € R; this will immediately yield the admissible 6’s.
In doing so we need the following technical lemma; see Section A.5 for the

second part.

Lemma 7.15. For u > 0 the following equalities hold:

1 —cos uz
Au) = /o — dr = Lmu;

o
1
B(u) ::/O (sin ux — lj_xﬂ)?dx:bu—ulog u,

with b:= B(1) = 1 — v, where v is Euler’s constant.

We thus arrive at the following canonical representation for weakly stable

characteristic functions with exponent v = 1.

Theorem 7.16. A C-valued function ¢ on R is the characteristic function
of a non-degenerate weakly stable distribution with exponent v =1 iff ¢

has the form
(7.35) ¢(u) = exp {iuu = Au| (1 £4i60log \u|)},

where e R and A > 0, and where 0 € R is such that

[\

7.36 o] < —.
(736) 16l < >
PROOF. According to Theorem 7.14 the characteristic functions of the
non-degenerate weakly stable distributions with v =1 are given by the
functions ¢ that satisfy

0

I I
log ¢(u) = iua + cl/ (u;x) dx + 02/ (u,z) dz,
€ 0

2
oo T

where aeR, and ¢; > 0 and co > 0 satisfy ¢; + c2 > 0; here I(u, ) is the
‘Lévy kernel’. In showing that these functions ¢ are of the form (7.35),

we only need consider ¢(u) with u > 0 because ¢(u) = ¢(—u). Then using
Lemma 7.15 (and its notation) we see that

log ¢(u) = iua — cy {A(u) + i B(u)} — c2 {A(u) — i B(u)} =

= iua — (c1 + ¢2) 2mu — i (c1 — ¢2) {bu — u log u}.
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This shows that ¢ is of the form (7.35) with p, A and 6 given by

2 C1 — C2
. —a—(c1—ca)b, A=1 0=—— :
(7.37) p=a—(c1 —c2)b, a7 (e +c2), T e+ o

It follows that e R, A > 0 and, since by the nonnegativity of ¢; and ¢y we
have |¢1 — ca| < ¢1 4 ¢g, that 6 satisfies the inequality (7.36). Moreover,
any such u, A, € can be obtained by choosing a, ¢1, co appropriately. 0O

Sometimes it is convenient to write the canonical representation (7.35) in

the following form:

(7.38)  é(u) = exp [wu — Alu| (1 +4i B (2/7)log |u\)},

where peR, A > 0 and B eR with |8| < 1. In fact, by (7.37) we have

C1 — C2
- )
C1 +CQ

(739)  B=

where ¢ and ¢, are the nonnegative constants that determine the Lévy den-
sity m as indicated in Theorem 7.14. Note that this § has the opposite sign
of B in (7.22). Further note that 8 = 0 iff ¢; = ¢, so by Theorems 7.9 (ii)
and 7.14 a non-degenerate weakly stable distribution with exponent v =1
is (strictly) stable iff 8 = 0; this also follows by comparing representations
(7.13) and (7.38).

8. Self-decomposability and stability induced by semi-
groups

The results obtained in Sections 4 and 5 concerning self-decomposability
and stability on Z, can be generalized by using a multiplication more
general than the standard one used in (4.1) and (5.1). In order to show
this we observe that this standard multiplication can be rewritten in the

following way:
(8.1) a0 X =7Zx(t) [0<a<1;t=—logal,

where Zx(+) is a continuous-time pure-death process starting with X indi-
viduals at time zero. This means that each of these individuals has prob-
ability e™* of surviving during a period of length ¢, so Zx (t) is the number

of survivors at time ¢. It is now easy to generalize (8.1) by replacing the

Copyright 2004 by Marcel Dekker, Inc. All Rights Reserved.



death process by a more general continuous-time Markov branching pro-
cess Zx () with Zx(0) = X. As is well known, such a branching process is

governed by a family F = (F})¢>o of pgf’s that is a composition semigroup:
(82) Fs+t:FsoFt [S,tZO],

in fact, F} is the pgf of Z;(t), and the transition matrix (pl-j(t)) of the
Markov process is determined by F as follows: >272 pi;(t) 2 = {Ft(z)}l
The resulting multiplication will be denoted by ®z; now (8.1), with ©®
replaced by ®#, can be written in terms of pgf’s as

(8.3) Pooyx(2) = Px (Fi(2)) [0<a<l;t=—log «a].

Note that the standard multiplication is obtained by using the semigroup F
given by Fy(z) =1—e " +e 'z for t > 0.

The multiplications of the form (8.3) turn out to be the only ones satis-
fying certain minimal requirements. To show this we denote the mapping
Px — P,ox by T, where now © is any reasonable discrete multiplication,
i.e., a multiplication mimicking the ordinary multiplication aX. There-
fore, the following five properties are indispensible for the operators T,
with a € (0,1):

T, P is a pgf,
To(P1P) = (ToPr) (To ),

(8.4) To(pPi+ (1—p)Py) =pTo Pr + (1—p) T,P> for 0 < p <1,
T, is continuous: P = ILm P, = T,P= ILm To Py,
T.T5 = Tup- T T

Now, it is not difficult to show that (T )o<a<1 satisfies (8.4) iff T,, operates
on pgf’s P in the following way:

(8.5) T,P=PoF, [0<a<1;t:=—logal,

where F = (F})¢~o is a composition semigroup of pgf’s. Since such semi-
groups need not be very well-behaved, we add the following two regularity
conditions which, like (8.4), are very natural for analogues of scalar multi-

plication:

(8.6) li% T,P=P (T,P)(1)=aP'(1) for0<a<1.

Copyright 2004 by Marcel Dekker, Inc. All Rights Reserved.



For the corresponding semigroup F, i.e., F given by (8.5), this means that
(8.7) ltifﬁlFt(z) =z, F/(1)=e" fort>0.

By putting Fy(z) := z it follows that F = (F;);>0 is a continuous semi-
group; it is continuous at ¢ = 0, and hence at all ¢t > 0 because of the
semigroup property. Similarly, the second property in (8.7) is equivalent to
just requiring that Fj(1) = 1/e; it implies that the corresponding branching
process Z1(+) is subcritical, i.e., IEZ1(t) = m! with m < 1, and hence

(8.8) tlim Fi(z) =1.

So we only consider multiplications of the form (8.3) with F = (F});>¢
a continuous composition semigroup of pgf’s satisfying F{(1) = 1/e. Be-
fore turning to self-decomposability and stability according to these multi-
plications we need some more information about F, such as can be found
in the literature on branching processes. First of all, it can be shown that
Fy(z) is a differentiable function of ¢ > 0 with

0
(8.9) EFt(z):U(Ft(z)) =U(z) F{(2) [t>0;0<2z<1],
where U is the infinitesimal generator of F defined by
0 . Fi(z)—=z
. = = = - < < .
(8.10)  U(z) 3tFt(Z)Jt:O lim =~ 0<z<1];

U is continuous with U(z) > 0for0 <z < land U(z) ~1—zasz 1 1. We
further need the function A with

(8.11) A(z) := exp [— /OZ

1
U(x)dx}zl—B(z) [0<2z<1],

where B(z) := limy_.oo { F;(2) — F1(0)} /{1 — F;(0)} is a pgf with B(0) = 0.
Moreover, from the first equality in (8.9) it follows that A satisfies

(8.12)  A(Fi(2)) =eTA(z) [t=0;0<z<1].

Unfortunately, there are very few semigroups F with explicit expressions

for Fy, U and A. We give two examples where such expressions are available.

Example 8.1. For ¢ > 0 let the function F; on [0,1] be given by

Fi(z)=1-e'(1-2)=1—-e"+e 'z [0<z<1].
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Clearly, F = (F;);>0 is a continuous composition semigroup of pgf’s with
F{(1) = 1/e; its generator U and function A in (8.11) are given by

U(z)=A(z)=1—=z.
This semigroup induces the standard multiplication used before. D

Example 8.2. For ¢ > 0 let the function F; on [0,1] be given by

2e7t(1—2)
24 (1—et)(1-2)

1—py
1—pez

Fi(z)=1 =1-m)+tnz

)

where v, :=2e7' /(3 —e™") and p; := § (1— ;). From the second expres-
sion for Fy it follows that F} is a pgf with F/(1) = e™*, and from the first
one that F = (F});>0 is a continuous composition semigroup with U and A

given by

1—-2
=3 .
33—z
Note that B =1 — A is the pgf of the geometric (%) distribution on N. O

Ux)=3(1-2)B-2), Al2)

Let F be a semigroup and ®# the corresponding multiplication as con-
sidered above. Then a Z-valued random variable X is said to be F-self-

decomposable if for every ace (0,1) it can be written as
(813) X Z2a0rX+Xa,

where in the right-hand side the random variables o ©®# X and X, are

independent. In terms of pgf’s relation (8.13) becomes
(8.14) P(z) = P(Ft(z)) Pi(z),

where we have put P for Px, P, for Py, and t = —log a. As in the
standard case (cf. Proposition 4.1) one shows that an F-self-decomposable
pgf P satisfies P(0) > 0. Moreover, we can derive a representation theorem

analogous to Theorem 4.11.

Theorem 8.3. A function P on [0,1] is the pgf of an F-self-decomposable
distribution on Z iff it has the form

1
(8.15) P(z):exp[/ IOgU(P;Ex)dx 0<z2<1],

where U is the generator of F and Py is the pgf of an infinitely divisible
random variable Xy, for which necessarily IElog (Xo + 1) < co.
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PROOF. Let P be an F-self-decomposable pgf with factors P; as in (8.14).
In order to show that P has the form (8.15), we proceed as in (6.4) for the
R, -case and as in the first part of the proof of Theorem 6.7 for the R-case.
By the first property of F in (8.7) and the definition of U in (8.10) the

derivative P’ of P can be obtained in the following way:

oy PU(E) = P(2) _ P(2) . 1-Pi(2)
(8.16) Pl(z) = ltlllgl File) =2 T ltllr(r)l ; .

It follows that

(8.17) Py(z):=exp [ /P ] = hm exp [ t_l{l— Pt(z)}},
so the function P, is the limit of compound—P01sson pef’s. Now, since
U(z) ~1—zand (1— z) P'(2) — 0as z T 1, Py satisfies Py(1—) = 1. Hence
from the continuity theorem it follows that Py is a pgf, and from Proposi-

tion I1.2.2 that it is infinitely divisible. Next, we express P in terms of Py;
rewriting (8.17) yields

d ~ —log Py(z)
T log P(z) = Tz;

which implies the desired representation (8.15). Finally, the logarithmic

[0<z<1],

moment condition on Py follows from the fact that the integral in (8.15) is
finite; since U(z) ~ 1— z as z T 1, this concerns a general property of pgf’s,
which is proved in Proposition A.4.2.

Conversely, suppose that P is of the form (8.15) with Py infinitely divisible,
so the R-function Ry of Py is absolutely monotone. We now proceed as in
the second part of the proof of Theorem 4.8. Because of (8.7), (8.8) and

the second equality in (8.9), the R-function of P can be written as

d —log Py(z) 1

1
R(z2) = P log P(z) = U0 = 00 /Z Ro(z)dx =

= /OOO Ro(Fs(z)) Fi(z)ds = /000 % log Py(Fs(z)) ds,

so R is a mixture of absolutely monotone functions, and hence is itself ab-

solutely monotone. From Theorem I1.4.3 it follows that P is a pgf and, in
fact, an infinitely divisible pgf. To show that P is F-self-decomposable, we
take t > 0 and consider the function P; defined by (8.14). By the semigroup
property of F the R-function R; of P, can be written as

d P(z)

Ri(2) = dzl PR = R(z) — R(Fy(2)) F{(z) =
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:/0 Ro(Fs(2)) Fi(z)ds :/0 ;—zlog Py(Fs(2)) ds.

As above for P, we conclude that P; is a pgf and, in fact, an infinitely

divisible pgf, so P is F-self-decomposable. N

The expressions for R and R; in the preceding proof suggest similar ex-
pressions for P and F;; in fact, using the semigroup property of F again
together with (8.8), and now the first equality in (8.9) rather than the

second one, one easily proves the following additional result.

Corollary 8.4. Let P be an F-self-decomposable pgf. Then P is infinitely
divisible, and its representation (8.15) can be rewritten as

(8.18) P(z) = exp [/000 log Py (Fs(2)) ds}.

Moreover, the factors Py of P in (8.14) are infinitely divisible, and
t
(8.19) Py(z) = exp [/ log Py (Fs(z)) ds} [t>0].
0

The expression for R in the proof of Theorem 8.3 also shows that R(0) > 0.
On the other hand, R(0) = p1/po, if p = (pk)rez, is the distribution with
pgf P. Therefore, Corollary 11.8.3 implies the following property.

Corollary 8.5. The support S(p) of an F-self-decomposable distribution p
on Z is equal to Z, .

In Chapter VII we will return to the F-self-decomposable distributions
on Z,, and show that they correspond to limit distributions of subcritical

JF-branching processes with immigration.

We turn to stability with respect to the semigroup F. A Z,-valued
random variable X is said to be F-stable if for every neN there exists
cn € (0,1] such that

(820) X e, 0F (X144 Xn),

where X1, ..., X, are independent with X; 4 X for all i. In terms of the
pgf P of X equation (8.20) reads as follows:

(821)  P(2) = {P(F_10gc,(2))} "
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so an F-stable distribution on Z is infinitely divisible (with positive mass
at zero). It is not hard to verify, as in the standard case of Section 5, that
for an F-stable pgf P the constants ¢, have to be of the form ¢, = n~1/"
with v > 0 and that equation (8.21) for P with n e N generalizes to

(822)  P(2) = {P(Fuogs)r(2))}"  [2>1],

in which case P is called F-stable with exponent ~v; we omit the details.

Now we are ready to prove the following analogue of Theorem 5.5.

Theorem 8.6. For v > 0 a function P on [0, 1] is the pgf of an F-stable
distribution on Z, with exponent v iff v < 1 and P has the form

(8.23) P(z) = exp [N A(2)7],
where A > 0 and A is determined by F as in (8.11).

PROOF. Let P be an F-stable pgf with exponent ~, so P satisfies (8.22).
Differentiation in this equation leads to
P/
lim #
=11 P'(Fioga)/+(2))

Now, this limit does not exceed 1, because P’ is nondecreasing and Fy(z) > z

=2 Flog )/, (1=) = xt = [z >1].

for all ¢ and z; hence 1— 1/ <0, so v < 1. Next, proceeding as in the
standard case, we first take z =0 in (8.22) and then z > 1 such that
Fliogz)/+(0) = 2z with 0 < 2z < 1; this can be done because by (8.7), (8.8)
and (8.9) the function ¢ — F;(0) is continuous and increasing on Ry with
F;(0) - 0ast|0and F;(0) — 1 as t — co. We thus obtain

log P(0) = x log P(z), so P(z) =exp[-Az"],

where we put A := —log P(0), which is positive. In order to express z in z
we use relation (8.12) for A with z = 0; then we get A(F,(0)) =e™" for
t > 0, and hence for z and z as above

A(z) = e 082)/7 = =17 50z = A(2)7.

Inserting this in the expression for P(z) above yields representation (8.23).
Conversely, let P be of the form (8.23) with A > 0 and v < 1. Then P can
be written as

(8.24) P(z) =m(A(z)), with m(s) :=exp[-As"],
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i.e., m is a stable pLSt with exponent ; cf. Theorem 3.5. Since by (8.11) we
have A = 1— B with B a pgf, from (I1.3.7) it follows that P is a pgf. Finally,
using (8.12) one easily verifies that P satisfies (8.22), so P is F-stable with
exponent . N

From Theorem 8.6 and the last part of its proof, especially (8.24), it follows
that F-stability of a pgf P can be characterized by means of stability on R :

(8.25) P F-stable «—= P =mo A with 7 a stable pLSt.

Since an LSt is determined by its values on a finite interval, we can reverse

matters and characterize stability of a pLLSt m by means of F-stability:
(8.26) m stable <= P :=moA F-stable.

Similarly, using just the definitions and (8.12) one easily shows that
(8.27) 7 self-decomposable = P :=mo A F-self-decomposable,

but the converse of this is not true; see Section 9 for a counter-example and
Section V1.6 for an adapted converse, both in the standard case. Moreover,
not every F-self-decomposable pgf is of the form 7o A with 7 a self-de-
composable pLSt; see Section 9 for an example. Since on R, stability
implies self-decomposability, by combining (8.25) and (8.27) we obtain the
following counterpart on Z.

Theorem 8.7. An F-stable distribution is F-self-decomposable.

As in the standard case one shows that the F-stable pgf’s with exponent ~y
correspond to the F-self-decomposable pgf’s P for which the underlying
infinitely divisible pgf Py in Theorem 8.3 is given by Py = P”. Letting the
classes £1 and Lo be as before, we can reformulate this as follows.

Theorem 8.8. For y¢(0,1] a pgf P is F-stable with exponent ~y iff the
function h := —log P is an eigenfunction at the eigenvalue 1/~ of the semi-
linear bijective mapping T : £1 — Lo given by

(8.28) (Th)(z)/lg((?)dx (hel;0<z<1]

The mapping T has no other eigenvalues than 1/~ with v (0,1].
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The theory developed in this section for distributions on Z can be
mimicked for distributions on Ry. In order to do this the multiplication
of an R, -valued random variable X by a scalar is generalized in a similar
way. We define a ©¢ X by

(8.29) a®cX = Zx(t) [0<a<1;t=—log al,

where Zx(-) is a continuous-time Markov branching process having val-
ues in Ry with Zx(0) = X and C = (C})s>0 the composition semigroup of

cumulant generating functions that governs Zx (-):
(8.30) Cy = —log 1, with n; the pLSt of Z;(t) [t>0].

Here 7; is necessarily infinitely divisible because the branching property
implies that for a > 0 the a-th power n§ of n; is the pLSt of Z,(t). Again,
we assume continuity of C and —n}(0) = 1/e. In terms of pLSt’s the multi-

plication reads
(8.31) Tacex (8) = mx (Ci(s)) [0<a<1;t=—log al.

Note that the ordinary multiplication is obtained by using the semigroup C
with

(8.32) Ci(s) =e""'s, so mu(s) =exp[—e's] [t>0].

Starting from (8.31) the theory can be developed almost verbatim as in the

discrete case. We return to this briefly in Chapter VII.

9. Examples

Apart from the stable distributions, the only explicit self-decomposable
distributions we have seen so far, are the gamma distributions on R, the
negative-binomial distributions on Z, and the sym-gamma distributions
on R. We now examine the possible self-decomposability of some other
infinitely divisible distributions from the previous chapters, using criteria
developed in the present chapter. Also some examples with special features
and curiosities are presented.

We start with a series of examples of distributions on R;. The first
three concern completely monotone densities; some of these densities turn

out to be self-decomposable, others do not. The fourth example exhibits

Copyright 2004 by Marcel Dekker, Inc. All Rights Reserved.



another simple class of infinitely divisible distributions not all of which are
self-decomposable.

Example 9.1. For A > 0 the probability density fx on (0,00) given by
Al@)=3e+3ixe™®  [2>0],

is completely monotone and hence infinitely divisible by Theorem III1.10.7.
Is it also self-decomposable? The Lt wy of f) can be written as

1 L1 A _ 1 A u
1+s 2X+s 14+sA+s/ u+s’

77)\(5) Z%

with g :=2X/(A+1). Since from Example IIL.4.8 it is known that an
exponential (\) distribution has canonical density k given by k(z) = e™**
for z > 0, it follows, as in Example I11.11.1, that for the canonical density kj

of f\ we have
ka(z) =e " +e M —eHT [z >0],

and the question is whether k) is nonincreasing; cf. Theorem 2.11. As
A — o0, however, we have m(s) — 5 {1/(1+ s)} + 3; this function of s is
a pLSt, but corresponds to a distribution that is not absolutely continuous.
From Proposition 2.3 and Theorem 2.16 it follows that 7 cannot be self-
decomposable for arbitrarily large A. For definiteness, it is easily verified
that k3 is nonincreasing, whereas kog is not. So f3 is self-decomposable,

but foq is not, though both are completely monotone. M

Example 9.2. Let 7 be the function on R, from Example I11.11.9, i.e.,
m(s)=1+s—+/(1+s5)?2-1 [s>0].

There it was noted that 7 is the Lt of a completely monotone density f
and that its p-function is given by

p(s) ! S

T 0t e2-1 ViVZts

S0 p is completely monotone; hence 7 is an infinitely divisible pLSt. In order

[5>0]a

to determine whether 7 is self-decomposable, we compute its po-function
and find
1

pols) i= —[sp(s)] = —=

X 1 >3/2
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Clearly, pg is completely monotone, so by Theorem 2.6 the pLSt 7 is self-
decomposable. To show this one can also use Theorem 2.11 and prove
that the canonical density k, as given in Example I11.11.9, is monotone.
In Example VIL.7.1 the pLSt 7 will be interpreted as the transform of a
first-passage time. 0

Example 9.3. Let 7 be the function on (0, 00) from Example I11.11.10,
ie.,
Vits—1 2

S S 1+I+s
With some difficulty it was established that « is the Lt of a probability
density f on (0,00) given by

m(s) =2 [s>0].

flz) = ;%/mys/"’eydy [z >0],

so f is completely monotone; hence 7 is an infinitely divisible pLSt. In
order to determine whether 7 is self-decomposable, we look at the canonical

function K of m; its LSt K is given by

1
I S
214+s+V1+s

~1/2

K(s) = f%log m(s) =

Expanding K (s) in a series of powers of (1+ s) and using Laplace
inversion leads to a formula for a density k& of K in exactly the same way

as the formula for f was obtained; we find:

1 e _
k(x):ﬁ/ y~Y2e Y dy [z>0],

so k is nonincreasing. From Theorem 2.11 it follows that « is self-decom-
posable. A more direct way of proving this, is observing that = can be

written as

m(s) = 77172(1—)8), with m(s) := 1_:\/5 =m0 (V/s),

where 7 is the pLSt of the standard exponential distribution. Now apply
Proposition 2.14 (ii), (iii). o
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Example 9.4. Let f) be the probability density on (0, 00) given by
AHl@)=3ze ™ +Lxe [z > 0],

where A > 0. Then its Lt ) can be written as

1 2 A
_1 1 _
7T)‘(8)72(14—3) Jr2/\—i—s

- (1is)2Aj—s/(uis V—T—s)’

where p:= (142X +/dy)/(2A) and v := (142X —/d))/(2)\) with d
given by dy :=1+4\ —4)% so v =7 if dy <0. As in Examples 9.1
and II1.11.1 it follows that the p-function of ) is the Lt of the function kj
given by

kx(z) =2e % 4 e A —eTHT _ VT [z>0],

which can be seen to be nonnegative, also when p and v are not real; we will
return to this in Section VI.4. We conclude that f is infinitely divisible. Is
it also self-decomposable 7 If so, then f) should be nonincreasing because
of Theorem 2.17 and the fact that kx(04) = 1. Now, fA(0+) = 31 € (0,00),
and

filz)=1e (1 —a— e (3717 [z >0];

by letting « | 0 it follows that fy is not self-decomposable when A\ < 1.
On the other hand, f; is nonincreasing and, as is easily verified, k; is
nonincreasing as well. So Theorem 2.11 implies that f; is self-decompos-
able. Finally, we can proceed as in Example 9.1; letting A — oo shows
that f) cannot be self-decomposable for arbitrarily large A. For instance,
from the expression for f}(x) above it follows that f{,(z) > 0 for z = 0.7,

S0 f10 is not monotone, and hence not self-decomposable. M

We proceed with three examples around stable distributions on R ; the
third one is just a curiosity. Recall from Theorem 3.5 that the stable
pLSt’s with exponent y¢ (0,1] are given by the functions 7 of the form
7(s) = exp[—AsY] with A > 0; this 7 will be referred to as stable (X).

Example 9.5. Let 7 be the pLSt that is stable (2) with exponent v = 3:

7(s) = exp [—2/s].

Copyright 2004 by Marcel Dekker, Inc. All Rights Reserved.



According to Theorem 3.9 the distribution corresponding to 7 has a con-
tinuous unimodal density f with f(04+)=0. We shall compute f by
using Theorems 2.16 and 3.6; the canonical density k£ of 7 is given by
k(z) =1/\/Tx for x > 0, so f satisfies

1 ¥ 1
xf(x)—ﬁ/o f(u)mdu [z >0].

To solve this functional equation we put g(y) := y—3/2 f(1/y) for y > 0; by
use of the substitution u = 1/(y + t) it follows that g satisfies

1 1
g(y):ﬁ/o g(y+t)ﬁdt [y >0].

Now, since I'(3) = /7, it is easily seen that any function g of the form
g(y) = ce™¥ with ce R provides a solution of this equation. For f, which
has to integrate to one, this implies that

f(x):%x_g’me_l/w [z >0].
This is one of the very few explicitly known stable densities.
We make some further remarks. Since stability implies self-decompos-
ability, we can use the closure property of Proposition 2.14 (ii) to conclude
that the function 7; defined by

mi(s) =exp [2(1— Vs +1)] [s > 0],

is a self-decomposable pLSt with corresponding density f; given by

2
filz) = L 32 e (et 1/a) [z >0].

NS
By computing the p-function of 7 one sees that m; has the standard
gamma (%) probability density as a (nonincreasing) canonical density. The
distribution with density f; is sometimes called inverse-Gaussian. For a
more natural form of inversion we return to stability and mention the fol-

lowing property: If X is stable (\) with exponent v = 3, then

x4 with U normal (0,2/\?).

1
Uz’
This is easily verified (for A = 2) by using the expression for f above. Note
that U? has a gamma(%, i)\g) distribution, so a stable distribution with
exponent y = % can be viewed as an inverse-gamma distribution; cf. Sec-

tion B.3. m
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Example 9.6. Since stability implies self-decomposability, we can use the
closure property of Proposition 2.2 to conclude that functions 7 of the form

_exp[ Z/\ 3”7} [s>0],

where A; >0, v;€(0,1] and neN, are self-decomposable pLSt’s. For the
underlying infinitely divisible pLSt 7y of m we have

mo(s) = exp [s di log 7( } = exp [ Z)\m 3%}

so Ty has the same form as 7; it is not only infinitely divisible, but even self-
decomposable. Similarly, the factors m, of m with a€(0,1) can be written
as

To(s) = = exp [(1a)i)\j s%},

so the m, are self-decomposable as well. This phenomenon (of self-decom-
posability of all factors) is called multiple self-decomposability. In the spe-
cial case at hand we even have infinite self-decomposability; the procedure
can be repeated indefinitely. This example illustrates Theorem 2.15. D

Example 9.7. Let Y and Z be independent R -valued random variables,
and suppose that Y is stable (A\) with exponent v and Z is stable (1) with
exponent §. Consider X such that

x Ly 7z,

Then the pLSt of X can be computed as follows:

mx(s) = / oxp [—sy21] i (y) f2(2) dyds =

+

z/ my (s 27 f2(2) dz=/ exp [-As7z] fz(2)dz =
Ry

Ry
=mz7(As7) = exp [-(Xp) s7°],

so X is stable with exponent ~d. m
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The final example of a distribution on R shows that a pLSt of the form
71 0 (—log 7o) with 7y and 7 self-decomposable pLSt’s need not be self-

decomposable; it is infinitely divisible, of course.

Example 9.8. Consider the function 7 on R defined by

1

ﬂ(s):m [s>0].

Clearly, 7 is a compound-exponential pLSt and hence infinitely divisible;
cf. Section III.3. Moreover, the compound-exponentiality implies that the

corresponding distribution is absolutely continuous with density f given by

fa)= e /OOO ﬁ (@fe)dt [z 0],

In order to determine whether 7 is self-decomposable, we consider the

canonical function K of m and compute its LSt:

=~ d
K(s) = —glog 7(s)
It follows that K is absolutely continuous with density k& given by
k(x):e*m/ e" f(u)du [z>0].
0

Now, letting = | 0, we see that k(0+) = 0, so k cannot be monotone. From

Theorem 2.11 we conclude that 7 is not self-decomposable. m

We next turn to infinitely divisible distributions on Z., and start with

an analogue of the example just given and of Example 9.1.

Example 9.9. For pe (0,1) consider the function P on [0,1] defined by
[0<z<1],

where A :=1—log (1—p), so A > 1. Clearly, P is a compound-exponential
pgf and hence infinitely divisible; cf. Section I1.3. Moreover, the compound-
exponentiality implies that the corresponding distribution (px)rez, can be
written as

& -1
pk:pk/ (HZ >e—Mdt (keZy].
0
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For keN let c1,..,crr €N besuch that ¢ (t+1) - - (t+k-1) = Z§:1 kit
then using the fact that [~ ¢/ e dt = j!/AI*! for j € Z,, we see that (py)
can be rewritten as

1 P j!
p0:X7 pk:HZCk]‘W for ke N.
j=1

In order to determine whether P is self-decomposable, we compute its R-

function:

R(z) = %bg P(z) = 7p P(z).

Rewriting this as (1— p z) R(z) = p P(z) shows that the canonical sequence

(rk)kez, of (px) satisfies
ro =Ppo, Tk —PTrk_1 =Dppr for keN,

and the question is whether (r) is nonincreasing; cf. Theorem 4.13. If this
is the case, then by Theorem 4.20 (p;,) is monotone; note that o < 1. Now,
there is a partial converse: If (py) is monotone and rg > r1, then (rg) is
nonincreasing; this follows by noting that the monotonicity of (py) implies
that r, — prg_1 > rgp1 —prg for keNjie,

Tk — Tha1 > P (rg—1 — Tk) [keN].

So, let us determine whether (py) is monotone. Note that py > p; be-
cause 19 = p1/po and rg < 1. Using the expressions for p, above one sees
that pr4+1 with k€ N can be estimated as follows:

k
DPk+1 = k: 1 / Z et (t+k)e Mdt =

k+1 'Z ’“J(jxjé kxﬁl) Sp(%“)p’“

Now, since r1 = pro +pp1 = pro (1 + po), it follows that (pg) satisfies the

following inequality (also when k = 0):

P41 < (r1/70) Die (keZy],

o (pk) is monotone if 7o > ry. Combining this with the partial converse

above we conclude that (r4) is nonincreasing iff 7o > r1 or, equivalently,

p < (1-p)(1—log(1-p)),
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ie, p<p* with p*~ 0.6822. It follows that P is self-decomposable iff
p < p*. For instance, taking p = % leads to the self-decomposability of the
pgf P given by

_ 1

C 14log(2—2)

Note that this P is of the form P(z) = (1 — 2) with 7 the pLSt from
the preceding example, which is not self-decomposable; cf. (8.27). On the

P(z)

other hand, taking p = % leads to a pgf P that is not self-decomposable,
though P is of the form P = 7o (—log Py) with 7w a pLSt and Py a pgf,
both self-decomposable. m

Example 9.10. From Example 4.6 we know that the geometric (p) dis-
tribution is self-decomposable. This is reflected by its canonical sequence
(rk)kez. , which is given by 7, = p**1 and hence is nonincreasing; cf. Ex-
ample 4.16 and Theorem 4.13. What about mixztures of geometric dis-
tributions 7 Such mixtures are completely monotone, and hence infinitely
divisible by Theorem I1.10.4. For fixed p, g € (0, 1) let us consider the pgf P,
defined by

I—p

1—pz2’

1—gq
«a
1—q=z

Pulz) = +(1-a)

where e (0,1). Then P, can be written as

1—q 1—p 1—r,

Pa = )
(2) 1—qz1—pz/ 1—142

where r,, satisfies (1—74){a(1—¢q) + (1—a) (1—p)} = (1—¢) (1— p); note
that ro € (0,1). It follows that the canonical sequence (rk (a)) of P, is given
by

ri() = g (kezy )

Now, if a = %, then similarly to Example 9.1 it can be shown that (rk(a))
is nonincreasing, so that P, is self-decomposable, if p and ¢ are not too
far apart, but not nonincreasing if one is much smaller than the other, in
which case P, is not self-decomposable. To be more concrete, let ¢ | 0, so

consider
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Note that now P, is precisely the factor ‘of order o’ of the geometric (p)
distribution; cf. Example 4.6. Hence, as observed just before Theorem 4.18,
P, is self-decomposable for all a iff p < % So we further let p > % Because
of Theorem 4.13 P, is self-decomposable iff for every ke N

pr—rk > pF okt e, (1- 1) (a/p)F < 1-p.

Observing that r,/p = a/(17p+ap) < 1, we conclude that P, is self-
decomposable iff o satisfies a < {(1—p)/p}2 or, equivalently, p satisfies

p<1/(1+ V). m

In the next three examples some more completely monotone distributions
occur, which are well known from Chapter II, viz. the logarithmic-series
distribution, the distribution of the ‘reduced’ first-passage time % (Th—1)

from 0 to 1 in the symmetric Bernoulli walk, and the Borel distribution.

Example 9.11. For pe (0,1) let the distribution (p)rez, on Zy and its
pef P be given by

k1 —log (1— pz)

szcpm7 P(Z):Cpf7

where ¢, ;= 1/{—1log (1—p)}. Then (py) is completely monotone and hence
infinitely divisible; cf. Example I1.11.7. To show that it is also self-decom-
posable, we use the fact, which was mentioned but not proved in Chapter II,
that a completely monotone distribution on Zy is compound-geometric;

according to Theorem I1.5.2 this means that the function S defined by

S(z):1{1— Po } 0<2<1],

is absolutely monotone. Now, compute the R-function of P:

R(z) = % log P(z) 1 Po 1_r-50)

Rewrite this as p — (1—pz)R(z) = S(z); then it follows that the canonical
sequence (r)gez, of (px) satisfies

T 1-pzzP(z) =z l1-pz’

DPTk—1 — Tk = Sk [keN],

where sy, is the coefficient of z* in the power-series expansion of S. By the
absolute monotonicity of S we conclude that (rx) is nonincreasing, so (pg)
is self-decomposable by Theorem 4.13. N

Copyright 2004 by Marcel Dekker, Inc. All Rights Reserved.



Example 9.12. For v (0,1] let P be the function on [0,1) given by

1

PO = a2

[0<z<1]

Since P(z) = m((1— 2)?) with 7 the pLSt of the standard exponential dis-
tribution, from Proposition 4.19 it follows that P is a self-decomposable

pgf. When v = £, the corresponding distribution (py)kez, is given by

1 2k\ 1\ 2k+1
pk—lm<k>(2) [keZi],

it is completely monotone, and its canonical sequence (ry)gez, is not only
monotone but even completely monotone; see Example I1.11.11. m

Example 9.13. For A€ (0,1] let (px)rez, be the distribution on Z, with

p (k+ 1)kt
k!
Then (pg) is infinitely divisible, even completely monotone, and its canon-

pe=e*(Ae?) (keZy].

ical sequence (r)gez, is given by 7 = A(k + 1) py; this was proved in
Example I1.11.16. It follows that

Tk/rk_lz)\e*)‘(l+1/k)k [keN]J;

since Ae ™ < 1/e and (1 +1/k)* T e as k — oo, we conclude that (1) is
nonincreasing, so (py) is self-decomposable by Theorem 4.13. According
to Proposition 4.17 (i), for a > 0 the distribution (p;*)xez, is self-decom-
posable as well; by applying ‘Blirmann-Lagrange’ (see Section A.5) with
G = G, the Poisson (A) pgf (as in Example I1.11.16), and H = G§ = G,
it is seen that

k k—1
Pt =ae (Ae_’\)k% [keZy].
Writing @ = /X with 6 > 0 we get
X Mk + )k 1
pk(e/)\) _ 9679 ef)\k ( + ) [/{ €Z+ ]’

k!
which can be considered as a generalized-Poisson distribution; let A | 0.
Finally we note that (p;®) is log-convez iff a < 2. |

The last example of a distribution on Z, concerns generalized self-decom-
posability as considered in Section 8.
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Example 9.14. Let F be the semigroup from Example 8.2, so with U-
and A-functions given by

1—=z
33—z

U(z)=3(1-2)38-2), A(z)=3

According to (8.27) F-self-decomposable pgf’s can be constructed from
self-decomposable pLSt’s: If 7 is a self-decomposable pLSt, then 7o A is
an F-self-decomposable pgf. For instance, taking for m the pLSt of the
standard exponential distribution, one obtains the F-self-decomposability
of the pgf P, given by

1
P - - _1,.3p
1(2) 1+A(Z) 4 + 1 2(Z)7
with P the pgf of the geometric (%) distribution. On the other hand, not
every F-self-decomposable pgf is of the form 7 o A with 7 a self-decompos-
able pLSt. To show this we recall from Theorem 8.3 that the F-self-de-

composable pgf’s are given by the functions P of the form
1
2log Py(x)
P(z) =exp [/ ————dz
. 1-2)3-=2)
with Py an infinitely divisible pgf. Now, take for P, the pgf of the Pois-
son (2) distribution; then it follows that P is given by

- 2
T 3-—2

P(2)

so the geometm’c(%) distribution is F-self-decomposable. Suppose that
P =mo0A for some 7; since A=! = A, on [0,1] the function 7 is then

given by

2
which cannot be a pLSt. So P is not of the form 7o A with 7 a pLSt, let
alone with 7 a self-decomposable pLSt. N

Finally, we present a series of examples of distributions on R. The first
two show the self-decomposability of two well-known distributions, the next
three concern extensions of these involving stable distributions on Ry and

symmetric stable distributions on R.
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Example 9.15. Let X have the Gumbel distribution with density f on R
and characteristic function ¢ given by

f(x) =exp [—(z + 671)], o(u) =T(1 — iu).

As noted in Example IV.11.1, we have X <_ log Y with Y standard expo-
nentially distributed; moreover, if Y7,Y5,... are independent with Y; dy
for all 4, then

n
Z%Yk—lognLX [n — oo].
k=1
By using (1.3) and Propositions 6.2 and 6.3 it follows that X is self-decom-
posable. This is also reflected by the Lévy density m of X which was found
in Example IV.11.10: m(z) =0 for z < 0, and

:cm(:v):exl_l [z >0],

which is a nonincreasing function of z ; cf. Theorem 6.12.

Now, for a€(0,1) consider the component X, of X in (1.1). By Corol-
lary 6.8 it is infinitely divisible, and from Proposition IV.4.5 (ii), (iv) it
follows that X, has Lévy density m,, satisfying mq(z) = 0 for < 0 and

x x 1 1
xma(x):xm(:c)fam(a):ez_lfem/a_l [z > 0],

which can be shown to be nonincreasing in . From Theorem 6.12 we
conclude that X, is self-decomposable. This can also be proved from Theo-
rem 6.19; by Proposition 6.11 the underlying infinitely divisible distribution
of X has Lévy density my satisfying mo(xz) = 0 for z < 0 and

xmo(x):—x%{xm(x)}:ﬁ [z >0],

which is easily seen to be nonincreasing in x.

Finally, we note that in Example 9.17 the self-decomposability of X will
be proved by using just the definition and the representation X 4 logY
mentioned above. m

Example 9.16. Let X have the logistic distribution with density f on R
and characteristic function ¢ given by

fay=1—L -1 ! b(u) = —

coshZ%a: 2 coshz +1’

sinh7u
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As noted in Example IV.11.2, we have X 4 Y1 — Y5 with Y7 and Y5 indepen-
dent and both having the Gumbel distribution of the preceding example.
So X is self-decomposable by Proposition 6.2. This is also apparent from
the Lévy density m of X which was found in Example IV.11.11:

! [z #0];

|zl m(z) = elel 1
cf. Theorem 6.12. Clearly, as in Example 9.15, the components X, and the

underlying infinitely divisible distribution of X are self-decomposable. OO

Example 9.17. Take A > 0. For y€(0,1) let T, be a random variable
that is positive and stable (\) with exponent +, i.e., T, has pLSt 7., given
by m,(s) = exp [-As7]; cf. Theorem 3.5. Consider X such that

x4 log T, .

Then X is self-decomposable. To show this we take A = 1; this is no essential
restriction because of (1.3). Let Z be standard exponential and indepen-
dent of T',; then for z > 0

P((Z/T,) > ) = /oo P(Z > z'/7t) dFr, (t) =
0
= /0 exp [—z/ 7] dFr (t) = T (x1/7) = e = P(Z > x),
so we have
(Z/T,)" = 2.

Now, taking logarithms one sees that —log Z is self-decomposable and that
its component in (1.1) of order v, say (—log Z)., has the same distribution
as ylogT,, so for X we have

a1
X=—(-logZ2),.
,Y( )y

Since —log Z has a Gumbel distribution, we can apply the results of Ex-
ample 9.15 to conclude that X is self-decomposable.

Before considering a special case, we note that the relation between T,
and Z above easily yields an explicit expression, in case A =1, for the
moment of T, of order r < v (cf. (3.17)):

_ EZ"/"  T(1-r/y)

EZ—  T(1-r)

E(T,)
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Consider the special case with A =2 and v = %, as in Example 9.5; so we

start from the stable density g on (0, 00) given by

g(z):ix*?’/ze*l/x [z >0].

Nz

A simple calculation then shows that X has density f given by

€ exp [~ (32 +e77)] [zeR],

N3

which is self-decomposable by the result proved above. As noted at the

s
—~
8
S~—
|
@

]
)
~

®

]
—

|

end of Example 9.5, the stable density g can be viewed as a density of
1/Y with Y standard gamma (5) distributed, so X can be written as
x<_ log Y. This explains the similarity of f to the density of the Gum-
bel distribution in Example 9.15. See also the next example, where we

consider a generalization of both densities. N

Example 9.18. For r > 0let Y have the standard gamma (r) distribution.
Consider X such that

X2 logv.

Then one easily verifies that X has density f on R and characteristic func-
tion ¢ given by
1
flz) = ) exp [—(rw —i—e‘x)], o(u) = ———.
Now, by using Euler’s formula for the gamma function (see Section A.5) it
follows that ¢ can be obtained as

n

. k+r—1
= 1. —wu .
o) oo k+r—1—1u
k=1
Hence, if Y7,Y5, ... are independent and standard exponential, then

n 1 4
;mYk*IOgnHX [n — oo].

As in Example 9.15 we conclude that X is self-decomposable. Moreover,
by considering differences as in Example 9.16 it follows that for r > 0 the
distribution with density g, on R and characteristic function x, given by

gr(2) = — ( ! )2T7 XT(U):F(T*Z'U)F(TJMU)

B(r,r) \2cosh L(r)? ’
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is self-decomposable as well. For instance, taking r = % one obtains a dis-

tribution with the curious property that its density g and characteristic
function x are essentially the same functions:

1 1 1
g(w) = o @a x(u) =

coshmu’

Here the expression for y is obtained by using some properties of the gamma
function as given in Section A.5; cf. the case » = 1 which was treated in
Example IV.11.11. Of course, the distribution with density h := ¢*? and

characteristic function 1 := x? also is self-decomposable; we find
1 1 2
h(z) = v

Here the expression for h can be computed directly, or by using the inversion

272 sinh ia’ cosh?ru cosh2ru+1°
result of (A.2.15) together with the fact that, save for norming constants,
h can be viewed as the Ft of the ‘density’ v; see Example 9.16. i

Example 9.19. Take A > 0. For v€(0,2) let S, be a random variable
that is symmetric stable (\) with exponent v, i.e., Sy has characteristic
function ¢, given by ¢.(u) = exp[—A |u|"]; cf. Theorem 7.6. Consider X
such that

X glog|5l,|.

Then X is self-decomposable. To show this we note that ¢, (u) = 7.2 (u?),
where 7, /5 is the pLSt of a positive stable (A\) random variable T’, 5 with
exponent 7/2; cf. Example 9.17. It follows (cf. Sections VI.2 and VI.9)
that S, can be written as

S, &\ /Ty U,

where U is normal (0,2) and independent of T, /5. Now, taking absolute

values and logarithms one sees that

d
X =3 logTy s +1og|U| =4 logT, s + 5 logV,
11
204
conclude that X is self-decomposable. Finally, we note that, in case A = 1,
for r < v (cf. (7.24)):

with V' gamma (5, 7); applying the results of Examples 9.17 and 9.18 we

~ L =r/y) O((r+1)/2)
T1—r/2) Jx

where we again used Example 9.17. M

E|[S,|" = (E(T,)"?) (EV/?) =2
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The last two examples also concern stable distributions on R. The first
one shows an alternative way of proving that for A > 0 and ¢ (0,2] the
function u — exp [~ |u|7] is a (stable) characteristic function. The second
presents a simple function that turns out to be a weakly stable characteristic

function.

Example 9.20. Let v<(0,2], and for neNlet Y,, 1,...,Y, », be indepen-
dent and uniformly distributed on (—n,n). Define X,, by

n

Xn _ Z sgn {ij}

el LOFI A
where sgn{r} := 41 if r > 0, and := —1 if r < 0. Then the characteristic
function ¢, of X,, is given by
1/ n
onlw) = {1+ [ (1= costul) au}”
0

$0 lim,, .00 ¢p (u) exists with

n—0oo

lim ¢, (u) = exp {— /000(1 — cos (u/yl/v)) dy} =

<1 - t
= exp [l [ B ae] = exp [A ] = o),

with A > 0. Since ¢ is continuous at zero, from the continuity theorem it
follows that ¢ is a characteristic function and, as we know from Section 7,
a stable one. D

Example 9.21. Consider the function ¢ on R defined by
o(u) = (iu)™ [principal value, u # 0; ¢(0) = 1].
Then one easily verifies that ¢ can be rewritten as
6(u) = exp |~(m/2) Jul (1 £4i (~2/m) logul) | [ueR],

so ¢ has the form (7.38) with © =0, A=7/2 and 8 = —1. From Theo-
rem 7.16 it follows that ¢ is the characteristic function of a weakly stable
distribution with exponent v = 1. Note that by (7.39) the corresponding
canonical function M vanishes everywhere on (0,00). Nevertheless, the

distribution is mot concentrated on a half-line; compare Theorems 7.14
and 1V.4.13. |
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10. Notes

Contrary to the order in this chapter, the more special, stable dis-
tributions were introduced earlier than the self-decomposable ones. Lévy
(1923) considered stable distributions in the context of the central limit
theorem; some of them had been known for some time. Self-decomposable
distributions were introduced by Lévy (1937) in the same context; see Sec-
tion I.5. Classical books on stability and self-decomposability are Gnedenko
and Kolmogorov (1968), and Zolotarev (1986); there are many textbooks
where the subject is treated in more or less detail, e.g., Breiman (1968),
Lukacs (1970, 1983), Feller (1971), Loéve (1977), Petrov (1995), Lamperti
(1996). The book by Samorodnitsky and Taqqu (1994) presents an overview

of stable distributions and processes on R".

The canonical representations of stable characteristic functions, as given
in Theorems 7.11 and 7.16, are due to Khintchine and Lévy (1936). A quite
different approach is presented in Geluk and de Haan (2000). Hall (1981)
gives an account of the many sign errors in these formulas that occur in
the literature. A treatment of stable distributions on Ry can be found
in Feller (1971). Stable and self-decomposable distributions on Z; were
introduced and studied in Steutel and van Harn (1979); here also the basic
representation of a self-decomposable characteristic function as given in
Theorem 6.7 was presented without proof. A very different representation
is given in Urbanik (1968). The characterization of self-decomposable dis-
tributions in Theorem 6.12 in terms of the canonical function is due to Lévy
(1937). Tt leads to the differentiability property of Proposition 6.13, which
is not true for general (infinitely divisible) characteristic functions, as was
shown by Looijenga (1990). An integral representation for self-decompos-
able random variables is given by Wolfe (1982); see also Jurek and Vervaat
(1983). Part of the results on self-decomposability on Ry in Section 2 can
be found in Bondesson (1992). Here also the class of generalized gamma
convolutions introduced by Thorin (1977a,b) is studied in detail; this class
‘interpolates’ between the class of stable distributions and that of self-de-
composable distributions on R ; see also Section VI.5. Bondesson (1987)
gives a sufficient condition for self-decomposability which is satisfied by any
density on R, that is proportional to a self-decomposable pLSt.

Explicit expressions for stable densities are unavailable except for the
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few examples we have given; series expansions are given in Feller (1971),
and numerical results in Nolan (1997). Gawronski (1984) proves a detailed
result on the (bell-) shape of stable densities. Hoffmann-Jgrgensen (1993)
expresses these densities in terms of special functions.

The problem of unimodality of self-decomposable distributions has a
long and rather amusing history; see Lukacs (1970) and Wolfe (1971a).
It was eventually solved by Wolfe (1971a) for distributions on R, , and
finally on R by Yamazato (1978) who succeeded to extend Wolfe’s result
by proving Lemma 6.22; for more specific results see Sato and Yamazato
(1978,1981). The location of modes is a rather intractable problem; some
information on this is contained in Hall (1984) and in Shkol’nik (1992); the
mode of the stable distribution on Z, with exponent v = % is considered
by Barendregt (1979). Sato (1994) studies the surprising multimodality of
convolution powers of infinitely divisible distributions.

Lévy (1937) considers a class of distributions that he calls ‘semi-stable’.
Generalizations of self-decomposability are studied by O’Connor (1979a,b),
Jurek (1985), Hansen (1988a) and Bunge (1997). The extensions related to
the multiplication induced by semigroups in Section 8 can be found in van
Harn et al. (1982), and in van Harn and Steutel (1993); this multiplication
is used by Hansen (1988a) and (1996), where the eigenfunction properties
for logarithms of stable characteristic functions also turn up.

Many known distributions are self-decomposable; cf. Jurek (1997). On
the other hand, Examples 9.1, 9.4 and 9.8 show that there also are sim-
ple classes of counter-examples. Results on multiple self-decomposability,
which was mentioned in Example 9.6, are given in Urbanik (1972), Kumar
and Schreiber (1978), and in Berg and Forst (1983), who use a mapping
which is the inverse of our T in Section 2; see also Forst (1984), where
a notion of self-decomposability on Z is discussed. Most results in Exam-
ples 9.17, 9.18 and 9.19 occur in Shanbhag and Sreehari (1977), or Shanbhag
et al. (1977). The construction of the symmetric stable characteristic func-
tions in Example 9.20 can be found in Lamperti (1996). Finally, as an ex-
ample of how difficult it is to decide on the self-decomposability of a given
density, we mention the self-decomposability of the half-Cauchy distrib-
ution due to Diédhiou (1998); he continued an investigation by Bondesson
(1987), who proved that the half-Cauchy distribution is infinitely divisible
(cf. Example VI.12.4).

Copyright 2004 by Marcel Dekker, Inc. All Rights Reserved.



Chapter VI

INFINITE DIVISIBILITY AND MIXTURES

1. Introduction

There is no special reason why mixtures of infinitely divisible distrib-
utions should be infinitely divisible; in fact, it is quite easy to destroy
infinite divisibility by mixing, such as by randomizing a parameter. On
the other hand, mixing is such an ordinary phenomenon that the question
whether or when infinite divisibility is preserved under mixing arises very
naturally.

Let Fy and Fy be distribution functions, and let a€(0,1). Then the

following function F' is a new distribution function:
F(x)=aF(z)+ (1-a)Fy(z) [zeR];

it is called a mizture of F; and F,. The probability distribution corre-
sponding to F' is then also called a mixture. If both F} and F, are infinitely
divisible, then F' may or may not be infinitely divisible. Examples of both
situations are easily given: A mixture of two different normal distributions
is not infinitely divisible because its tail is too thin (cf. Theorem IV.9.8
and Example IV.11.14); and a mixture of two exponential distributions
is infinitely divisible since it has a completely monotone density (cf. Theo-
rem IT1.10.7). Still, as we shall see, there is some structure in the occurrence
of infinite divisibility in mixtures.

The distribution function F' above is the very simplest example of a
mixture. In this chapter we consider miztures of the following more general
kind:

(1.1) F(a:):/@Fg(m)V(dG) [zeR].
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Here v is a probability measure on a measurable space (©,7) and Fp is
a distribution function for every 6 such that 8 — Fy(z) is 7-measurable
for all x. In most cases © will be (part of) Ry, and v will be the Stieltjes
measure mg induced by a distribution function G. In isolated cases v will
be replaced by a signed measure with v(0) = 1; we will then speak of a
generalized mixture. We shall be interested in infinite divisibility of F', and
look for conditions on the Fy and/or v (or G) for this to occur.

As is well known, mixtures as in (1.1) can be written in terms of charac-
teristic functions in the following way:

(1.2) (b(u):/@qbg(u)u(dH) [ueR],

and similarly for probability generating functions (pgf’s) and probability
Laplace-Stieltjes transforms (pLSt’s). If, for every 6, Fp is absolutely con-
tinuous with density fy, then the mixture F' is absolutely continuous with

density f given by

(13)  f@)= /@ fo@)v(d8)  [zeR]:

a similar relation holds for discrete distributions. Also the transforms and
densities of mixtures will be called miztures.

In Section 2 we introduce some general types of frequently used mix-
tures; special cases are then treated in the subsequent sections. Mixtures
of exponential distributions are dealt with in Section 3; mixtures of gamma
distributions are studied in Section 4. Then in Section 5 we briefly con-
sider the important class of generalized gamma convolutions, which can be
viewed as (limits of) mixtures of gamma distributions. Since this class is
extensively studied in a recent monograph by Bondesson, we do not give
all the, sometimes very technical, details. Section 6 deals with mixtures
of Poisson distributions; these mixtures make it possible to easily relate
R, -results to results on Z,, and this leads in a natural way to results
on mixtures of megative-binomial distributions in Section 7 and general-
1zed negative-binomial convolutions in Section 8. Similarly, mixtures of
zero-mean normal distributions, considered in Section 9, lead to results on
mixtures of sym-gamma distributions in Section 10 and generalized sym-
gamma convolutions in Section 11. The results of the present chapter give
rise to many interesting examples; they are given in Section 12. Finally,

Section 13 contains notes and bibliographical information.
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2. Two important types of mixtures

In this section we consider two types of mixtures that are frequently
used. First, in (1.2) we let © =R, and take ¢p = ¢ with ¢; a charac-
teristic function. This leads to the so-called power miztures, of the following

form:
21) )= / [61(u)}’ dG(0),

where G is a distribution function on R;. When the support S(G) of G is
not contained in Z, , we require infinite divisibility of ¢;; this ensures ¢{

to be a characteristic function for all §. In this case (2.1) can be written as

(22)  é(u) = G(~log ¢1(u)),

with G the LSt of G; a random variable X with characteristic function ¢
can be expressed as

(2.3) X <8(T),

where S(-) is an sii-process with ¢g(1) = ¢1 and T' is a random variable
that is independent of S(-) with Fr = G. In fact, the power mixtures of
(2.1) correspond exactly to the compound distributions considered earlier
in the third sections of Chapters I, II, III and IV. Still, there sometimes is
a difference in accent, as we shall see when considering mixtures of normal
distributions. We now rephrase Proposition IV.3.6 in the present context;

its proof reflects the fact that
24)  {o(u)}' = / {$1(w)}dG*()  [t>0].
Ry

Proposition 2.1. If both the characteristic function ¢1 and the distrib-
ution function G are infinitely divisible, then the power mixture ¢ in (2.1)

is infinitely divisible.

When the support S(G) of G is contained in Z , then ¢{ is a characteristic
function for all # € S(G) and hence we need not require infinite divisibility
of ¢1. Now (2.1) can be rephrased as

(2.5) ¢(u) = P(¢1(u)),
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with P the pgf corresponding to G, and to get an analogue of (2.3) we have
to replace S(-) by a discrete-time sii-process (Sp)nez, (50 S = Y1+ - - +Y5,
for all n with Y7,Y5,... independent and distributed as S7):

26) X228y (s0 X LY+ + V),

where N is a random variable that is independent of the Y; and has pgf P.
Proposition IV.3.1 now yields a less restrictive result; we only have to
take G such that in (2.4) S(G**) C Z, for all t > 0.

Proposition 2.2. If the distribution function G is infinitely divisible with
support satisfying 0 S(G) C Z., then for any characteristic function ¢;
the power mixture ¢ in (2.1) is infinitely divisible.

Consider the special case of (2.1) where ¢, is the characteristic function
of the standard normal distribution: ¢;(u) = exp [—4u?]. Then for ¢ we
have

2.7) (b(u):/R exp [~ 104?] dG(0) = G(Lu?),

so ¢ corresponds to a variance mizture of normal distributions (with zero
mean). From Proposition 2.1 it is clear that such a variance mixture is
infinitely divisible if the mixing function G is infinitely divisible. Further,
a random variable X corresponding to ¢ can not only be written as in (2.3)
but also as

28) X<VTy,

with Y := §(1). This observation leads to a second kind of much used
mixtures; the distribution of a random variable X is said to be a scale

mixture if
29  x2zv,

where Z and Y are independent and Z is nonnegative. In terms of charac-

teristic functions we now get the following counterpart to (2.1):

(210)  o(u) = [ ¢1(Bu)dG(0),

Ry

where ¢1 = ¢y and G =Fz. When Y is nonnegative, we sometimes allow Z

to have negative values as well; in (2.10) we then have to integrate over R.

Copyright 2004 by Marcel Dekker, Inc. All Rights Reserved.



Not very much in general can be said about the infinite divisibility of X in
(2.9): ZY may be infinitely divisible though neither of Z and Y are, and
Z'Y may be not infinitely divisible though both Z and Y are; cf. Section 12.
Still, as we shall see in the next sections, large classes of infinitely divisible
scale mixtures can be identified.

Finally we briefly discuss a discrete analogue of the scale mixtures in
(2.9) that is suggested by the discrete multiplication ® introduced in Sec-
tion A.4. Let X satisfy

211) x<zov,

where Z and Y are independent, Z has values in [0,1] and Y is Z-valued.
Then X is Z,-valued as well, and from (A.4.13) it is seen that the pgf P
of X is given by
(2.12) P(z) = Pi(1- 0+ 0z)dG(0),

(0.1]
where P; = Py and G = Fy. In the case where Y is Poisson, Z in (2.11)
may be taken arbitrarily nonnegative; the pgf’s of the resulting miztures

of Poisson distributions then take the form
(213)  P(2) :/ exp [-A0(1— 2)] dG(0) = G(A {1— =}),
Ry

with A > 0. Note that P in (2.13) can also be viewed as a power mixture;
so, from Proposition 2.1 it follows that a mixture of Poisson distributions
with infinitely divisible mixing function G is infinitely divisible. A converse
to this statement will be given in Section 6, where we shall see that also

other properties of P and G in (2.13) are closely related.

3. Mixtures of exponential distributions

The exponential distribution with parameter A > 0 is a probability dis-
tribution on R with density f\ and pLSt 7y given by

fa(@) = Aee my(s) = Ais.

According to (1.2) and (1.3), mixing with respect to A leads to a distrib-
ution on R} with density f and pLSt 7 of the form

(3.1) ﬂx):/& )Aé*imﬂA% w@):/& )AisdGO%
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with G a distribution function on (0, c0). Note that the resulting mixtures
can be viewed as scale miztures; putting A = 1/6 one sees that 7 in (3.1)
can be rewritten in the form (2.10):

1

32  n(s) = /R T o)

with H a distribution function on (0, 00). So, miztures of exponential den-
sities correspond to random variables of the form ZY with Z positive
and Y exponential, and Z and Y independent. Random variables ZY
with Z nonnegative have pLSt’s w of the form (3.2) with H a distribution
function on R ; this means that an additional mixing with the degenerate
distribution at zero is allowed. Since this distribution can be viewed as an
exponential distribution ‘with A = 0o’, we extend 7 in (3.1) in this sense
and agree that any distribution with pLSt 7 of the following form will be
called a mizture of exponential distributions:

(3.3) ﬂ(s)=a+(1—a)/( A

0,00) >\+S

dG(N),

with @€ [0,1] and G a distribution function on (0,00). This has the ad-
vantage that the resulting class of distributions is closed under weak con-

vergence.

Proposition 3.1. If a sequence (m,) of mixtures of exponential pLSt’s

converges (pointwise) to a pLSt 7, then m is a mixture of exponential pLSt’s.

PROOF. Let 7, be of the form (3.2) with H replaced by a distribution
function H,, on R4, and suppose that 7 := lim,,_,~ 7, exists and is a pLSt.
According to Helly’s selection theorem (H,,) has a subsequence (H, ) that

is convergent in the sense that
klim Hyy(0) = H(0) [0€R such that H is continuous at 0],

where H is a right-continuous nondecreasing function with H(6) = 0 for
6 <0 and H(9) <1 for § > 0. Now, for s > 0 the function 6 — 1/(1 +6s)
is continuous and bounded on Ry and tends to 0 as § — oco. Hence, for
s > 0 we have

. 1
7'('(8) = kll)nolo R+m dHn(k}) (9) —/R

1
+1—|—05

H(0).
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Since 7 is a pLSt, by letting s | 0 we see that limg_,.. H(f) =1, so H is a
distribution function on R;. We conclude that 7 is of the form (3.2) and
hence is a mixture of exponential pLSt’s; the proposition is proved. Addi-
tionally, by using a uniqueness theorem for transforms of type (3.2), one
sees that any other convergent subsequence of (H,,) has the same limit H;

hence (H,) converges weakly to H. NN

From Bernstein’s theorem it follows that the mixtures of exponential
densities coincide with the completely monotone densities; see Proposi-
tion A.3.11. Therefore, Theorem III1.10.7 immediately yields the infinite
divisibility of such mixtures, and applying Proposition II1.2.2 then accounts
for the more general mixtures in (3.3); cf. the proof of Theorem 3.3 below.

So we have the following result.

Theorem 3.2. A mixture of exponential densities is log-convex, and hence
infinitely divisible. The more general mixtures of exponential distributions

are infinitely divisible as well.

Though this may seem to be all one would want to know, it is of interest to
consider the mixtures of exponential distributions from a somewhat differ-
ent perspective. This will lead to a more direct proof of their infinite divis-
ibility, to a representation formula for their pLSt’s, to a characterization of
them in terms of the Lévy canonical function, and to some generalizations,

one of which is deferred to Section 4.

Before showing this we recall some basic facts from Section I11.4. Ac-
cording to Theorem II1.4.3 a function m on R is the pLSt of an infinitely

divisible distribution on Ry if 7 has the form

(34)  7(s) = exp [f /Ooou —em7) % k() dx] [s>0],

with &k a nonnegative function on (0,00); k is called the canonical density
of m. Note that multiplying two functions of the form (3.4) corresponds
to addition of their canonical densities; cf. Proposition ITI.4.5 (ii). Further,
from Example I11.4.8 it is known that for A > 0:

(3.5) m(s) = —> 7 has the form (3.4) with k(z) = e™*.

Copyright 2004 by Marcel Dekker, Inc. All Rights Reserved.



We first consider finite mixtures of exponential densities; for n e N with
n > 2 let the density f, on (0,00) and its Lt 7, be given by

n . n s
(3.6) falz) = Zgj Aje A, Tn(s) = Zgj ) —
= = Aj+s

where the g; are positive with 2?21 g; =1land0 < Ay <--- < A,. Thenm,
can be written as 7, = Qn—1/P,, where Q,_; and P, are polynomials of
degree n — 1 and n, respectively; in fact, if we take P,(s) = H;‘L:1()‘j + ),
then the leading coefficient of @),,_1 is given by 2?21 g;Aj. Extending the
domain of both polynomials to R we see that 7, has poles at —A1,..., =\,
with

sTlEr/l\j 7T’ﬂ(s) o0, sll—nij 71'”(8) o0 [j ’ ,’I’Z]

Since m, is continuous on R\ {=X\y,..., =\, }, it follows that 7, and hence

Qn—1, has n — 1 zeroes —p, ..., —pp—1 satisfying p; € (A\j, Aj41) for all j.

As 7,(0) = 1, we conclude that m, can be written as

6 e = i 8 TS G ) T /0y 9
[T— (A +5) 1021 i/ (s + 5)

Now, using (3.5) and the remark preceding it, we see that m,, can be put

in the form (3.4) with k replaced by k,, where

(3.8) kn(z):i(e*m—efwne*m [z >0].

Since p; > A; for all j, k, is a nonnegative function on (0, c0); hence 7,
is infinitely divisible with canonical density k,. Thus we are led to the

following result.

Theorem 3.3. A mixture of exponential distributions is infinitely divis-
ible. Equivalently, a random variable X with X 17vis infinitely divisible
if Z and Y are independent, Z is nonnegative and Y is exponential.

PrROOF. Let 7 be of the form (3.3) with ae[0,1) and G a distribution
function on (0,00). As is well known, we can write G as the weak limit of
a sequence (G,) of distribution functions on (0,00) with finite supports.
Since A — A/(A+ s) is a bounded continuous function on (0,00), it follows
that f(o,oo) A/ (A+s) dG(X) is the pointwise limit of the same integral with G
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replaced by G,,. Hence there exist probabilities g,, ; and parameters A, ;
such that

n

o Anj AL
39)  wlo) = Jim_lim {320y s oy

this means that 7 is the pointwise limit of pLSt’s 7, of the form (3.6). As
we saw above, these m, are infinitely divisible; hence so is 7, because of
Proposition II1.2.2. The final statement in terms of random variables now
follows from the equivalence of (3.2) and (3.3). m

The method of proof above suggests both a representation formula for
the pLSt’s of mixtures of exponential distributions and a characterization,
via the canonical density k, of these distributions among the infinitely divis-

ible ones. To show this we start again by looking at finite mixtures.

Proposition 3.4. Let n > 2 and 0 < \; < --- < \,. Then a function 7
on R, is a mixture of the type

Aj
>\j+8’

(3810)  w(s)=2 g

where the g; are positive with 2?21 g; = 1, iff ™ is an infinitely divisible
pLSt having a canonical density k such that x — k:(x)/a: is completely

monotone with Bernstein representation of the form
1 > — Az
(3.11) - k(x) = e () dA [z > 0],
0

where for some 1, ..., jin—1 satisfying A\; < pu; < Aj1 for all j:

1, if Xe(\j, ) for some j or A > Ay,
(3.12) v(\) :{ (Ajs 5) J

0 , otherwise.

Equivalently, a function m on Ry is a mixture of type (3.10) iff m has the

form

(3.13) ﬁ(s)_exp[/()m(iAis)v(A)dA] [s>0]

with v as in (3.12).
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PROOF. As we saw above, a function 7 of type (3.10) is an infinitely divis-
ible pLSt with canonical density k given by (3.8); clearly, k can be rewritten
as in (3.11). Conversely, let 7 be an infinitely divisible pLSt with canonical
density k as indicated. Then k can be written as in (3.8), from which by
use of (3.4) and (3.5) it follows that 7 coincides with the function of s in the
right-hand side of (3.7). Partial-fraction expansion of this function shows
that 7 is of the form (3.10) with

(HMM )(EW M) =t

By taking s = 0 we see that Z _1 95 = 1; the positivity of the g; follows

from the inequalities on the p;. The final statement is now an immediate
consequence; the representation formula (3.13) is obtained by inserting
(3.11) in the canonical representation (3.4) for 7 and changing the order of

integration. m

This result can be generalized to arbitrary mixtures of exponential dis-
tributions, by taking limits. In doing so it is easiest to start with the

representation part.

Theorem 3.5 (Canonical representation). A function m on R is the
pLSt of a mixture of exponential distributions iff m has the form
(3.14)  w(s) [ /00(1 ! Joydx]  [s20]
. s) =exp |— ——— v S
T o Y O N Qe =4

where v is a measurable function on (0, 00) satisfying 0 < v < 1 and, nec-

essarily,

(3.15) / A) dX < 0.

PrOOF. Let m be the pLiSt of a mixture of exponential distributions. Then
from the proof of Theorem 3.3 it follows that 7 = lim,_. o, 7, with m, of
the form (3.10), and hence by Proposition 3.4 of the form (3.13) with v as
n (3.12). One can show that this implies (3.14) with 0 < v < 1. We do not
give the details; see Notes.

Conversely, let 7 be given by (3.14), where v satisfies 0 < v < 1. Then one
can show (again we do not give the details) that = = lim,,_, o m, with m, of
the form (3.13) with v as in (3.12). By Proposition 3.4 the m,, are mixtures

of exponential pLSt’s, and hence so is m because of Proposition 3.1.
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Finally, condition (3.15) on v follows from the fact that the integral in
(3.14) should be finite for all s; note that fol 1/(A+ s)v(A)dX < oo for
s> 0, since 0 < v < 1. N

Sometimes we shall call the function v in the representation (3.14) for 7
the second canonical density of 7, in order to distinguish it from the (first)
canonical density k in the representation (3.4) for . We state some conse-

quences of Theorem 3.5. The first one is immediate.

Corollary 3.6. If 7 is the pLSt of a mixture of exponential distributions,
then so is ©® for any a€[0,1]. Consequently, the convolution roots of a
mixture of exponential distributions are mixtures of exponential distrib-
utions as well.

It follows that if G is a distribution function on (0, c0) and if a € (0, 1), then

A a A
(3.16) (/(Oyoo)AJrsdG(A)) :/(07w)dea()\)7

where G, is a distribution function on (0,00). This result does not seem

obvious without the use of Theorem 3.5. The next consequence is easily

obtained by letting s — oo in (3.14) and using monotone convergence.

Corollary 3.7. A mixture of exponential distributions has positive mass «,

say, at zero iff its second canonical density v satisfies
<1
(3.17) / —ov(A) d\ < o0,
1A
in which case o is given by o= exp [~ [T (1/A) v(X) dA].

A last consequence of Theorem 3.5 concerns the canonical function K of a
pLSt 7 as in (3.14). As known from Section III.4, the LSt K of K is given
by the p-function of 7 for which

(3.18)  pls) = —% log 7(s) = /Ooo ﬁ v(A) dA.

Now, s +— 1/(A+s)? is the Lt of the function z — ze™** on (0, 00). Using
this in (3.18) and changing the order of integration, we see that K is the Lt
of the function k in (3.11). Thus we are led to the following generalization
of the first part of Proposition 3.4; the converse statement again follows by

inserting the expression for k in (3.4), and then using Theorem 3.5.
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Theorem 3.8. A probability distribution on Ry is a mixture of exponen-
tial distributions iff it is infinitely divisible having a canonical density k such
that x — k(x) / x is completely monotone with Bernstein representation of
the form

(3.19) }kmﬁi/wﬁ”MMdA (o> 0],

x

where v is a measurable function on (0, 00) satisfying 0 < v < 1 and, nec-

essarily, condition (3.15). In this case v is the second canonical density.

Condition (3.15) also follows from (3.19) and the fact that [, (1/2) k(z) dz
is finite. Note that the completely monotone function = +— k(z) / T is pre-
cisely the restriction of the Lévy canonical density m to (0, 00); cf. (IV.4.16).
Finally we mention a consequence of (3.18), or (3.19), and (I11.7.2).

Corollary 3.9. Let the distribution of a random variable X be a mixture

of exponential distributions with second canonical density v. Then

oo
(3.20) EX:A %um@ (< oo].

We return to Theorem 3.3; the method used there to prove infinite
divisibility can be extended to distributions that are obtained from expo-
nential distributions by a more general mixing procedure. First we will
show that a restricted use of ‘negative probabilities’ in the mixing function
is allowed. Consider n exponential densities with parameters Aq,..., A\,
satisfying 0 < Ay < --- < Ay, and mix them as follows: let the function f,
on (0,00) and its Lt m, be given by

n Cw n )\
(3.21)  falz) = Zgj Aje N m(s) = Zgj 1
=1 =1

J
+5s’

where now the g; are non-zero, possibly negative, with Z?:l g; =1,s0 fp
integrates to one and ,(0) = 1. Of course, we want f, to be a density,
ie., fn(xz) > 0 for all . By letting  — oo and « | 0 we see that for this

to be the case it is necessary that
n
(322)  g1>0, Y g4 >0
j=1

One easily verifies that this condition is also sufficient when n = 2, but not

for larger n. If, however, as in the case n = 2, in the sequence (g1, ..., gn)
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there is not more than one change of sign, then condition (3.22) is sufficient
for f, to be nonnegative, also when n > 2. Moreover, the density f, turns
out to be infinitely divisible in that case.

In order to show this we suppose that ¢, := 2?21 g;A; > 0 and that
the g; satisfy for some me {1,...,n —1}:

(323) 91>07-~-’9m>079m+1<07~--»9n<0-

Now, observe that the mixture f, can be written in the following form:
(3.24) fn(z) = Zgj)\j (7N — 7 AmT) 4§, e Am® [z>0].
j=1

Then it follows that f,(z) > 0 for all z, so f,, is a probability density. For
proving that f,, is infinitely divisible, one could proceed as before and look
for the zeroes of the corresponding pLSt 7,; n — 2 of them are easily (and
similarly) found, whereas in case §,, > 0 an additional zero is obtained by
observing that m,(s) = {6, +0(1)} /{s+ O(1)} as s — —oc. Thus we find
that f, is infinitely divisible with canonical density k, given by

(3.25)  kn(z) =) (eMT—e M) e T 1> 0],

j#m
where pje(Aj,Ajy1) for j <n—1 (and j #m), and p, > A, if §, >0,
and g, := oo (so e #n® = () if §,, = 0. This searching for zeroes of 7,, can
be avoided, however, by making use of the special representation of f, in

(3.24); taking Lt’s there, one easily verifies that 7, can be written as

S W VD ¥ ) A
(3.26)  mu(s) = AL s m_
{; W Aj+s )\m}/\m—&—s

So, m, corresponds to the convolution of an exponential distribution and
a finite mixture of exponential distributions (with nonnegative weights).
Therefore, we can apply Theorem 3.3 and (3.8) to conclude again that m,
is infinitely divisible with canonical density k,, as given by (3.25).

This result, including the factorization in (3.26), can be extended to all

generalized mixtures of exponential densities in the following way.

Theorem 3.10. Let G be a right-continuous bounded function satisfying
G(X) =0 for A <0 and such that for some Ag > 0

G is nondecreasing on [0, \g),
(3.27) { g on [0, \o)

G is nonincreasing on [ Ao, 00) with limy_,., G(A\) = 1.
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With this G, let the function f on (0,00) and its Lt m be defined by

(3.28) f(x):/(o ))\e_’\I dG(X), w(s):/( A

0,00) >\+5

dG(N).

Then f can be viewed as a probability density iff § := f(o 0oy NAG(A) =0,
in which case f is infinitely divisible; in fact, m can then be written as

(3.29) 7(s) = m(s) ma(s),

where 7y Is the pLSt of the exponential () distribution and 7o is the pLSt

of a mixture of exponential distributions.

ProoF. Note that [ f(z)dz = f(o o) dG(A) =1, and that f(0+) =4
with § € [—00,00). So, if § < 0, then f is not a density. Let further § > 0.

Then f can be written as
flx)= / A (e — e 2T AG(N) 4 §e o7 [z > 0],
(0,00)

so f(z) > 0 for all , and by taking Lt’s we see that = can be put in the

following form:

Ao 57 Ao
(s) = {/(O,Oo) - )\—O(AO—A)dG(/\)+)\—O} e

Hence 7 satisfies (3.29) with m; and 7 as indicated. From Theorem 3.3 it

now follows that 7 is infinitely divisible. m

— Az

By writing e as [ ;O z e~ dt and changing the order of integration we

see that the function f in (3.28) can also be written as
o0
(3.30) fz) = m/ e M A(N) dA [z > 0],
0

where A(X) := f(07/\] ydG(y) for A > 0. Note that A, like G, is unimodal;
it satisfies (3.27), but with limy_,., A(A\) = 4. Let further § > 0. Then A
is nonnegative, so from (3.30) it is seen once more that f(x) > 0 for all z.
Moreover, it follows that f is a mizture of gamma (2) densities, i.e., of
gamma densities with shape parameter r = 2; the mixing function is rather
special: it is absolutely continuous with density A — A(X)/A% on (0, 00).
The infinite divisibility of these special mixtures, which follows from The-
orem 3.10, will be extended in Section 4 to all mixtures of gamma (2)

distributions.
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A second generalization concerns an extension to distributions on R;
we will show that in mixing exponential distributions also ‘negative scales’
are allowed. To do so we start with using a mixture of exponential dis-
tribution functions as a mixing function in the power mizture of (2.1) or
(2.2). Applying Proposition 2.1 then leads to the following generalization
of Theorem 3.3.

Theorem 3.11. If ¢y is an infinitely divisible characteristic function, then

so is ¢ given by

(331)  é(u) =a+ (1—a) /(0 3 A e,

— log ¢1(u)

where a€[0,1] and G Is a distribution function on (0, c0).

Now, take for ¢ the characteristic function of a normal (0,2) distribution,
so take ¢ (u) = exp [-u?], and replace G by a distribution function of the
form X — G(v/A); then for ¢ in (3.31) we get

2
(332)  é(u)=a+ (1-a) /(0 ))\Qj_usz()\).

Since the integrand here is recognized as the characteristic function of the
Laplace (\) distribution, we are led to the result in Theorem 3.12 below. Es-
sentially, it was already obtained as Theorem IV.10.1 with the same proof;
but now the degenerate distribution at zero is also viewed as a Laplace dis-

tribution, ‘with A = co’. The final statement follows as before by rewriting
(3.32) similar to (3.2).

Theorem 3.12. A mixture of Laplace distributions is infinitely divisible.
Equivalently, a random variable X with X LWV s infinitely divisible if W
and V are independent, W is nonnegative and V has a Laplace distribution.

This result can easily be translated in terms of scale miztures of expo-
nential distributions; cf. the remark following (2.10). To do so, we let A
be a symmetric Bernoulli variable with values £1. Then a random vari-
able V' is Laplace iff V L AY with Aand Y independent and Y exponential.
Moreover, a random variable Z is symmetric iff Z L AW with A and W in-
dependent and W nonnegative. Thus Theorem 3.12 implies that a random
variable X with X < ZV is infinitely divisible if Z and Y are independent,
Z has a symmetric distribution and Y is exponential.
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It can be shown, however, that symmetry of Z is not necessary here;
any characteristic function ¢ of the following form is infinitely divisible:

(633 o) = [ (= aH).

with H a distribution function on R. In proving this we prefer to rewrite
(3.33) as

(3.34)  ow) =a+p dG1(N) + v/

(0,00) A + iu dG2(>\)7

(0,00) )\ —

where «, 3,7€[0,1] with a + S+ v = 1 and G; and G5 are distribution
functions on (0, 00). As before, ¢ can be written as the pointwise limit of

finite mixtures ¢,, of the form

!’

X,
(3.35) Zg] y —+ Zgj v

where the g; and g} are positive with Z?Zl(gj +95) =1L,0< A <o <\,
and 0 < \] < --- < X],. Hence by Proposition IV.2.3 it is sufficient to show
that such a ¢, is infinitely divisible. To do so we proceed as before; we
extend ¢, analytically and write for s {—X1,..., =\, A,..., AL}

(3.36)  Gnlis) :Zn: Y +zn: ;N Qana(s)
: n 2 9iN s T 29N Pan(s)
Jj=1 J j=1 J

where P, is a polynomial of degree 2n, and Qs,_1 is a polynomial of
degree 2n — 2 if 4,, = 0, and of degree 2n — 1 if §,, # 0; here we define
Op = Z;’:l (g5 —g; )\;) As in the proof of Theorem 3.3 one sees that Q2,1

has 2n — 2 zeroes —p1, .., —pn—1 and i, .., @), satisfying p; € (Aj, Ajy1)
and € (AN}, A1) for all j. As in the first proof of Theorem 3.10, in

case 8, # 0 we find a final zero —pu,, satisfying u, > \,, or p, satisfying
ph, > AL depending on the sign of §,,. Put the quantities p,, and/or u!, that
are not yet defined, equal to co, and agree that u/(u +c¢):=11if p=o0.
Then we conclude that in all cases ¢, (is) can be written as

(3.37) Pn(is) = (f[l )\j)\j_ s/ + s> (ﬁ /M] — s)

Now, use (3.5); since p1; > A; and p; > A} for all j, it follows that ¢y, is of

the form
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(3.38)  dulu) =3 (w) 617 (w),

with (;5%” the characteristic function of an infinitely divisible distribution
on Ry and (;5512) the characteristic function of an infinitely divisible distrib-
ution on R_. Therefore, ¢ is infinitely divisible. We thus have proved the
following result.

Theorem 3.13. A mixture of the form (3.34) is infinitely divisible. Equiv-
alently, a random variable X with X d7vis infinitely divisible if Z and Y

are independent and Y is exponential.

Taking o = 0 in (3.34) we get the characteristic function of an absolutely

continuous distribution with density f given by

B Jip.00) A& dGI(A) Lif x>0,
(3.39)  f(z) =
(1=8) Jip.oey A MG (V) if & < 0.

Since by Bernstein’s theorem a completely monotone density is a mixture of
exponential densities (see Proposition A.3.11), for this case Theorem 3.13

can be reformulated as follows.

Corollary 3.14. A probability density f on R with the property that both
x+— f(x) and x — f(—x) are completely monotone on (0, 00), is infinitely
divisible.

4. Mixtures of gamma distributions

The gamma distribution with parameters r > 0 and A > 0 is a prob-

ability distribution on Ry with density f, » and pLSt 7, \ given by

A" A N\T
fra(z) = I'(r) e, mals) = ()\ + s) ’

We want to generalize the fact that mixtures of exponential distributions
are infinitely divisible; cf. Theorem 3.3. Therefore, we first mix with respect
to A at a fized value of r ; the resulting miztures of gamma (r) densities have
the form

(4.1) flx) = /(0 : F?:‘) 2" e A AG(N) [z >0],
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with G a distribution function on (0, 00), or, equivalently (by Bernstein’s
theorem),

(4.2) flz) =2""ty(x) [z >0],

with ¥ completely monotone. Slightly more generally, as in Section 3 we
allow an additional mixing with the degenerate distribution at zero; by a
mixture of gamma (r) distributions we understand any distribution on R
with pLSt 7 of the following form:
@3)  w(s)=a+t (1—a)/ ( A
(0,00) \ A+ 8

) aG),

with a€[0,1] and G a distribution function on (0, 00). Of course, Propo-
sition 3.1 and its proof generalize to the present situation; the class of

mixtures of gamma (r) distributions is closed under weak convergence.

Proposition 4.1. If a sequence (m,) of mixtures of gamma (r) pLSt’s con-

verges (pointwise) to a pLSt m, then 7 is a mixture of gamma (r) pLSt’s.

Also, the mixtures (4.3) are scale mixtures; they correspond to random
variables of the form ZY with Z nonnegative and Y gamma (r), and Z
and Y independent. By giving Z an appropriate beta distribution we can
thus obtain the gamma distributions with shape parameter smaller than 7 ;

in fact, as is well known, for all a € (0,1) and A > 0:
(4.4) Z beta (ar, (1-a)7), Y gamma (r,A\) = ZY gamma (ar,\).

Multiplying Z Y here by a nonnegative random variable proves the follow-

ing result; for densities it is also immediate from (4.2).

Proposition 4.2. For a € (0,1), mixtures of gamma (ar) distributions can

be regarded as mixtures of gamma (r) distributions.

It follows that for » <1 all mixtures of gamma (r) distributions are
infinitely divisible. On the other hand one can show (see Section 12) that
for r > 2 these mixtures are in general not infinitely divisible. Hence by
Proposition II1.2.2 there must exist o with 1 < ry < 2 such that all mix-
tures of gamma (r) distributions are infinitely divisible if r < rg, and not
all such mixtures are infinitely divisible if r > rq. We will show that rq = 2:

all mixtures of gamma (2) distributions are infinitely divisible.
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We may expect the proof in this boundary case to be harder than in
the exponential case where r = 1. Nevertheless, we try to proceed as for
Theorem 3.3, and consider first finite mixtures of gamma (2) densities; for
n > 2 let the density f, on (0,00) and its Lt 7, be given by

(4.5) Zg] )\Q;Ue AT (s) = Zgj ()\j)\i 8>2,
j=1

where the g; are positive satisfying Z?Zl gi=1land 0 <X < - <A,y

Then 7, can be written as 7,, = Q2,,—2/Psy, where Q2,,_2 and P, are poly-
nomials of degree 2n — 2 and 2n, respectively. Extend the domain of both
polynomials to C; since m,(s) > 0 for se R\ {=A1,...,—A,}, the 2n — 2
zeroes of QQan,_o occur in n — 1 pairs of complex conjugates (—o1,—71),

.(=0n-1,—0n_1), say. Hence m, can be written as
n

0o o= {I(GA) A 25555}

Using (3.5), including an extension to complex A, we now see that m, can
be put in the form (3.4) with k replaced by k,, given by

n—1

_ZZe_AE Z{e 7T 4 o7 =

=2 Z(e”‘ﬂ —e HMi¥cos vx) + 2e" M [z > 0],

(4.7)

where we have written o; = p;+iv; for all j; without restriction we suppose
that u1 < ps < --+ < pp—1. We conclude that the following condition is

sufficient for infinite divisibility of m,:

n—1 n—1
48) D> e M= et [z>0].
j=1 j=1

In proving this inequality one might hope that u; > A; for all j, as in
the case r = 1. The situation is, however, not that simple. It is not difficult
to show that p; € (A1, A,) for all j, but this helps us only when n = 2. It
turns out that (4.8) can be proved by using the following special case of

Karamata’s inequality; cf. Section A.5.
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Lemma 4.3. Let the function f:R — R be convex and nondecreasing,
and let (ay,...,a,) and (by,...,b,) be finite nondecreasing sequences in R
satisfying Y 7" a; < 377" bj form =1,...,n. Then:

n
Z f(=ay) = Z
By taking f in this lemma of the form ¢ — e with 2 > 0 and replacing n
by n — 1 we see that for obtaining (4.8) it is sufficient to have the following
analytical result. Because of its crucial role we formulate it independently
and in a slightly more general setting.

Lemma 4.4. For n<N with n > 2 let R be a function of the form

sz 7j zeC\{=X1,...,— A},
where the A; are positive and 0 < Ay < -+ < A,,. Denote the 2n — 2 zeroes
of R by —pj £iv;, j =1,...,n —1, and order them in such a way that
11 < -+ < pp_1. Then the following inequalities hold:

m m
Z)\jSZuj for m=1,...,n—1.
j=1 j=1

Unfortunately, this lemma is very hard to prove. Therefore, we do not give
a proof; see Notes.

We conclude that the finite mixture m, in (4.5) is infinitely divisible
with canonical density k,, given by (4.7). In exactly the same way as in the
proof of Theorem 3.3 we are led to the following generalization, the main

result of this section.

Theorem 4.5. A mixture of gamma (2) distributions is infinitely divisible.
Equivalently, a random variable X with X 47vis infinitely divisible if Z

and Y are independent, Z is nonnegative and Y is gamma (2).

Because of (4.2) the theorem can be reformulated in the following appealing

way; this also leads to a result on so-called size-biased densities.
Corollary 4.6. A probability density f on (0,00) is infinitely divisible if

(4.9) f@)=azp(x)  [x>0]
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with 1) completely monotone. Consequently, f is infinitely divisible if
1
@10) @)= agl@)  la>0)

with g a mixture of exponential densities with finite mean .

As we saw above, the zeroes of a mixture of gamma (2) pLSt’s are not so
simply related to the poles as for mixtures of exponential pL.St’s. Therefore,
representation and characterization theorems and generalizations to ‘neg-
ative probabilities’ and ‘negative scales’ as in the preceding section seem
hard to obtain for mixtures of gamma (2) distributions. We only note that
a pLSt 7 that is a generalized mixture of two gamma (2) pLSt’s:

411)  7(s)=a (Al - s) +(1-a) (AQ 2 8) ,
with 0 < A\; < Ag and « > 0, is infinitely divisible for all a, also when o > 1;

see Section 12. On the other hand, we do have analogues of Theorems 3.11

and 3.12, of course.

Theorem 4.7. If ¢, is an infinitely divisible characteristic function, then

so is ¢ given by

(4.12) ¢(u):a+(1—a)/(0 )(/\—lc);(z)l(w)QdG(/\)’

where a€[0,1] and G is a distribution function on (0,00). In particular,
¢ is an infinitely divisible characteristic function if ¢ is of the form

(4.13) ¢(u)=a+(1—a)/ ( X )QdG()\)7

(0,00) \A? +u?
so a random variable X with X < WV is infinitely divisible if W and V are

independent, W is nonnegative and V has a sym-gamma (2) distribution.

Also the remark following Theorem 3.12 has an analogue. With (4.13) one
might expect to have obtained the infinite divisibility of the random vari-
ables X £ ZY with Z and Y independent, Z symmetric and Y gamma (2),
but this is not so: If A is a symmetric Bernoulli variable with values +1
and independent of Y, then AY is double-gamma (2) and hence not infin-
itely divisible; cf. Example IV.11.15. The right analogue is obtained by
observing that a random variable V' is sym-gamma (2) iff V LAY with A
and Y independent and Y having density f given by

(4.14) fle)y=31+z)e™® [z>0],
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which is a mixture of an exponential and a gamma (2) density. Using
again the fact that a random variable Z is symmetric iff Z 4 AW with A
and W independent and W nonnegative, one is then led to the following

consequence of the last part of Theorem 4.7.

Corollary 4.8. A random variable X with X L27vis infinitely divisible
if Z and Y are independent, Z has a symmetric distribution and Y has
density f given by (4.14).

From Proposition 4.2 it follows that in Theorem 4.7 the exponent 2
may be replaced by any positive r < 2. Moreover, we may mix with re-
spect to such an r. We show this by generalizing Theorem 4.5 rather than
Theorem 4.7.

Theorem 4.9. A pLSt 7 of the form

A
4.15 m(s) = o+ 1—a/
(4.15) (s (1-a) (072]X(0’00)(H5

) dG(r, ),
with a€[0,1] and G a distribution function on (0,2] x (0, 00), is infinitely
divisible.

PROOF. According to Proposition 4.2, or (4.4), a gamma (r, \) distribution
with < 2 can be represented as a mixture of gamma (2) distributions:

G73) = [, o) e

in fact, H, x is the distribution function of A\/Z with Z beta (r,2 — r) dis-
tributed. Inserting this in (4.15) shows that 7 can be put in the form

m(s) = a+ (1-a) /(0700)(u i S>2 dH (1),

where H(p) := f(o 2% (0,00) Hra (1) dG(r, A) for pu > 0. From Theorem 4.5
we conclude that 7 is infinitely divisible. m

It follows that for A > 0 and a distribution function G on (0, 0c0) the power

mixture

(4.16) w(s):/(ooo)(Ais)rdg(r)

is infinitely divisible if the support S(G) of G is restricted to (0,2]. Of
course, another sufficient condition is infinite divisibility of G; cf. Proposi-
tion 2.1.
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5. Generalized gamma convolutions

In this section we consider a class of infinitely divisible distributions
that is closely related to the mixtures of gamma distributions discussed in
Sections 3 and 4. About this class of so-called generalized gamma convo-
lutions a whole book has been written; see Notes. Therefore, we want to
be rather brief, and it will be impossible to do justice to this very rich, but
rather technical subject. We shall present some highlights, often without
giving detailed proofs. Emphasis will be on results providing the infin-
ite divisibility of distributions, not on specific properties of or relations
between generalized gamma convolutions.

A distribution on R is said to be a generalized gamma convolution if
it is the weak limit of finite convolutions of gamma distributions. Equiv-
alently, as has been done in the book mentioned above, the generalized
gamma convolutions can be defined by the specific form of their pLSt’s.
This form is suggested by rewriting the pLSt 7, of a convolution of m,,
gamma distributions in the following way:

mn ) T Mn .
(5.1) Tn(s) = H()\:\:is) 7 = exp {Z Tn,j 10g>\:\:’i$ ,

Jj=1 ’ Jj=1 ’
and then letting n — oco. Also note that the degenerate distribution at
a > 0 can be obtained as the weak limit of gamma (n,n/a) distributions as
n — oo. Thus one is led to the following representation result.

Theorem 5.1 (Canonical representation). A function m on R is the

pLSt of a generalized gamma convolution iff it has the form

A
(5.2) m(s) = exp [—as + /(o,oo) log T s

awm| [s=o0],
where a > 0 and U is an LSt-able function with U(0) = 0 and, necessarily,

1 1
(5.3) / log = dU(\) < oo, Lo < .
(01 A (1,00) A
Here condition (5.3) is equivalent to the integral in (5.2) being finite. The
proof of Theorem 5.1 is related to the not surprising fact that the class of

generalized gamma convolutions is closed under weak convergence.

Proposition 5.2. If a sequence () of LSt’s of generalized gamma convo-
lutions converges (pointwise) to a pLSt 7, then 7 is the LSt of a generalized

gamma convolution.
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The proof of this result is similar to that of Proposition 3.1 for mixtures
of exponential distributions. Clearly, the class of generalized gamma con-
volutions is also closed with respect to convolutions and convolution roots.
In particular, a generalized gamma convolution is infinitely divisible; this
also follows from its definition and Section III.2, of course. As is known
from Section IIL4, the LSt K of the canonical function K of 7 as in (5.2)

is given by the p-function of 7 for which

(5.4) p(s) == —% log m(s) =a —l—/ ! dU(N).

(0,00) At 8
It follows that K (0) = a, so a is the left extremity of the distribution cor-
responding to 7, and for many purposes it is sufficient to consider the
case where a = 0. By using Fubini’s theorem in (5.4) one easily shows that
K — K(0) is absolutely continuous with density k = U , so with k& completely
monotone. We conclude that the canonical pair (a,U) of 7 is uniquely de-
termined by 7; the function U is called the Thorin function of 7 (and of the
corresponding distribution); cf. Notes. We have thus proved the direct part
of the following characterization result; the converse part is similarly ob-
tained from Theorem 5.1 by using Bernstein’s theorem and Theorem I11.4.2
or 111.4.3.

Theorem 5.3. A distribution with left extremity zero is a generalized
gamma convolution iff it is infinitely divisible with an absolutely continuous
canonical function K having a completely monotone density k. In this case
k = U with U the Thorin function of the distribution.

We apply this theorem to obtain a sufficient condition for infinite divisibility
of a so-called size-biased density; see Corollary 4.6 for another sufficient

condition.

Proposition 5.4. A probability density f on (0,00) is infinitely divisible
if it is of the form

(5.5) f(x):%xg(x) [z > 0],

with g a density of a generalized gamma convolution with left extremity

zero and finite mean p.
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PROOF. Let m; be the Lt of g and let p; be the p-function of m1; according
to Theorem 5.3 p; is the Lt of a completely monotone function. Now, note
that the Lt 7 of f can be written as

L —lws s) = m1(s) ma(s
W(S)——ﬁﬁ(s)—ﬂ 1(s) p1(s) (s) ma2(s),

where 79 :=p1 /i is the Lt of a probability density that is completely mono-

tone and hence infinitely divisible. It follows that m = 7175 is also infinitely
divisible. M

Theorem 5.3 can also be used to relate the generalized gamma convo-
lutions to the self-decomposable and stable distributions on R,. Since by
Theorem V.2.11 an infinitely divisible distribution on R, having a nonin-
creasing canonical density k is self-decomposable, it is immediately clear
that a generalized gamma convolution is self-decomposable; this also fol-
lows from its definition, of course, because the class of self-decomposable
distributions contains the gamma distributions and is closed with respect
to convolutions and weak limits. In view of Theorems V.2.16, V.2.17 and

Corollary V.2.18 we may conclude the following.

Proposition 5.5. A generalized gamma convolution is self~decomposable.
When its left extremity is zero, it is unimodal and absolutely continuous
with a density f that is positive and continuous on (0,00); moreover, f
is nonincreasing or, equivalently, f(0+) > 0 (possibly co) iff the canonical
density k satisfies k(0+) < 1.

So, the generalized-gamma-convolution property is much stronger than self-
decomposability. This is also apparent from Theorem V.2.6 and the follow-
ing result, which can be derived with some difficulty (by induction) from
Theorem 5.3.

Theorem 5.6. A pLSt 7 is the LSt of a generalized gamma convolution
iff its p-function has the following property:
dm

o [s™p(s)] is completely monotone for all meZ.

S

As is known from Section V.3, the class of self-decomposable distributions
on R, contains the stable distributions on Ry, with LSt’s of the form

(5.6) 7(s) = exp [-\s7],
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where A > 0 and v € (0,1]. Moreover, if v < 1, then 7 in (5.6) has canonical
density k given by k(z) = Ayz™7/T'(1—~) for > 0. Theorem 5.3 now
immediately implies the following result (see Section A.5 for the gamma

function); alternatively, one can use Theorem 5.6 and (5.4).

Proposition 5.7. A stable distribution on R is a generalized gamma con-
volution. Moreover, if v < 1, then 7 in (5.6) has an absolutely continuous
Thorin function U with density u on (0,00) given by

Ay —(1=v) sin yr  _q_
= = Ay — 17 ==,
= A= TR

Before identifying a more interesting subclass of the class of generalized
gamma convolutions, we establish a connection with miztures of gamma
distributions. First, recall from Theorem 3.8 that the mixtures of exponen-
tial distributions correspond to the infinitely divisible distributions on Ry
that have a canonical density k such that  — k(z)/z is the Lt of a func-
tion v satisfying 0 < v < 1; the function v is called the second canonical
density of the mixture. Now, by using Fubini’s theorem one easily verifies
that if k = U then z — k(z)/w is the Lt of the function U:

(5.7) %k(w) = /Ooo e MU AN [z>0].

From Theorem 5.3 we conclude that the generalized gamma convolutions
that can be viewed as mixtures of exponential distributions, can be char-
acterized as follows.

Proposition 5.8. A generalized gamma convolution with canonical pair
(a,U) is a mixture of exponential distributions iff a =0 and U satisfies
limy_,oo U(A) < 1. In this case for the second canonical density v of the

mixture one may take v =U.

In view of Proposition 5.5 and because limy_.oc U(X) = k(0+), Proposi-
tion 5.8 can be reformulated in the following way.

Corollary 5.9. The continuous density f of a generalized gamma convo-

lution with left extremity zero is completely monotone iff it is monotone.
Equivalently, f is completely monotone iff f(0+) > 0 (possibly o).
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The computation leading to (5.7) can be reversed; so if (5.7) holds with U
an LSt-able function, then k£ = U. Together with Theorem 5.3 and Propo-
sition 5.8 this shows that also the mixtures of exponential distributions

that can be viewed as generalized gamma convolutions, can be identified.

Corollary 5.10. A mixture of exponential distributions with second can-
onical density v is a generalized gamma convolution iff v can be chosen to

be nondecreasing.

By using the canonical representation of Theorem 5.1 one easily sees that

the main part of Proposition 5.8 can be generalized as follows.

Corollary 5.11. For r > 0 a generalized gamma convolution with canon-
ical pair (a,U) is the r-fold convolution of a mixture of exponential distrib-
utions iff a = 0 and U satisfies limy ..o U(A) < 7.

The generalized gamma convolutions in this corollary, at a fixed r, can also
be viewed as miztures of gamma (r) distributions. To show this we start
with considering the convolution of a gamma (s, A) and a gamma (¢, ) dis-
tribution, and set r := s+t When g = X\ we get a gamma (r, \) distrib-
ution, and if 4 # A, then the convolution has density f on (0, c0) with

fla)= /T X gyt e N et gy =
o LI(s) I'(t)

1
— =1 —{Av+p(l—v)}tz s—l(l_ )t—ld
T ———— e v v v,
r<s>r<t>/o

so f has the form
(5.8) f(z) = 2" Y4p(x), with ) completely monotone.

Convolving f in (5.8) with a third gamma density similarly yields a density
of the form (5.8) with r now given by the sum of the three shape param-
eters. Iterating this procedure we find that 7, in (5.1) corresponds to a
density of the form (5.8) with 7 := """ 7, j, so by (4.2) 7, is the LSt of
a mixture of gamma (1) distributions. Now, by comparing (5.1) and (5.2)
one sees that r = limy_, U, (\), with U, the Thorin function of m,,. Since
an arbitrary generalized gamma convolution with limy_., U(A\) = r finite
can be obtained as the weak limit of generalized gamma convolutions as in
(5.1) with Z;n:”l Tn,; = r, from Propositions 4.1 and 4.2 we conclude that
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the claim above does indeed hold. As in Proposition 5.8 there is a converse.
To show this we first observe that the Thorin function U of a generalized
gamma convolution with left extremity zero satisfies

(59 lim U() = lim sp(s)

with p the corresponding p-function as given by (5.4) (or by (5.11) below).
Next, one easily verifies that the p-function of a mixture of gamma (r) dis-
tributions satisfies the inequality s p(s) < r for all s. Combining these two
results immediately yields the desired converse. It can also be obtained by
noting that a density f of the form (5.8) satisfies f(x)/z"~'-/~0as z | 0,
and by using the following alternative for (5.9) (which can be proved by a
well-known Tauberian theorem):

(5.10) )\lim UN) =sup{t>0: f(z)/z""'—=0asz |0},

where f is the continuous density of the generalized gamma convolution.
Thus we have proved the following generalization of the main part of Propo-
sition 5.8.

Theorem 5.12. For r > 0 a generalized gamma convolution with canon-
ical pair (a,U) is a mixture of gamma (r) distributions iff a =0 and U
satisfies limy_,oo U(A) < 7.

Combining this with Corollary 5.11 yields the following curious result.

Corollary 5.13. For r > 0 a generalized gamma convolution is a mixture
of gamma (r) distributions iff it is the r-fold convolution of a mixture of

exponential distributions.

We stress that by no means all densities f of the form (5.8) correspond
to generalized gamma convolutions. In fact, for » > 2 not all of them are

infinitely divisible, and for » = 1 we have Corollary 5.10.

The densities f in (5.8) do correspond to generalized gamma convo-
lutions if the complete monotonicity of ¢ is replaced by so-called hyperbolic
complete monotonicity of 1. For proving this very useful result the real
characterizations of the generalized gamma convolutions in Theorems 5.1,

5.3 and 5.6 will not suffice; we need a special complex characterization.
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Return to the expression (5.4) for the p-function of a generalized gamma

convolution with canonical pair (a,U):

(6.11)  p(s) = a+/ !

dU (A s>01];
xR (s>

this function of s > 0, which is a Stieltjes transform, has an analytic con-
tinuation to C\ (—o0,0] satisfying, as is easily verified, Imp(z) > 0 if
Imz < 0. Now, there is a converse; this is a consequence of the follow-

ing general result (see Notes).

Lemma 5.14. A function 1 : (0,00) — R has an analytic continuation to
C\ (—00,0] satistying Im 1(z) > 0 for Im z < 0 iff it has the form

(5.12) ¢(s):fbs+c+/R(AiS—ﬁx2)dU(A) [s> 0],

where b > 0, ceR, and U is an LSt-able function with the property that
fﬂhl/(l + A2 dU(\) < oo.

Theorem 5.15. A pLSt 7 is the LSt of a generalized gamma convolution

iff its p-function has an analytic continuation to C\ (—o0,0] for which
(5.13) Imp(z) >0 if Im z < 0.

Equivalently, 7 is the LSt of a generalized gamma convolution iff it has an

analytic continuation to C\ (—oo,0] for which

(5.14) Im7'(z)7(2) <0 if Imz <0.

PROOF. We only need to show the ‘if’ part. So, let the p-function of 7
satisfy (5.13). By the lemma it then has the form (5.12) with b, ¢ and U
as indicated. Now, from the fact that p(s) >0 for all s > 0, it follows
that b=0, d := fR+ A1+ A)dUN) < oo and a:=c—d > 0. So, the ex-
pression (5.12) for p reduces to (5.11) with (0,00) replaced by R,. Since
—log m(s) = [ p(u)du for s> 0, we see that necessarily U(0) =0 and
hence that 7 can be represented as in (5.2). So 7 is the LSt of a gen-
eralized gamma convolution.

The equivalent formulation is obtained by noting that p can be written as
p(z) = —7'(2) ﬁ/’ﬂ'(z) |2 and showing that 7 has no zeroes in C\ (—o0,0]
if it satisfies (5.14). m
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In most cases it is not easy to apply this theorem directly; the case
of a stable distribution on R, is an exception (cf. Proposition 5.7). As
announced above, the theorem can be used, however, for identifying a very
important class of generalized gamma convolutions. To this end the fol-
lowing curious definition is needed: A function ¢ : (0,00) — R is said to

be hyperbolically completely monotone if for every w > 0 the function
(5.15) v — P(uv) P(u/v) [v>0]

is completely monotone (on (2,00)) as a function of w := v+ 1/v; one eas-
ily verifies that (5.15) is indeed a function of w. Before showing the relation
with generalized gamma convolutions, we give some examples and elemen-
tary properties of hyperbolically completely monotone functions, and note

in advance that not all these functions are completely monotone.

Proposition 5.16. In each of the following five cases the function v on
(0, 00) is hyperbolically completely monotone: (i) ¥(s) = s* with a eR;
(i) W(s)= e (i) w(s) = e V% (iv) ¥(s) = (1+8)~7 with v > 0;
(v) ¥(s) = exp[—s*] with |a] < 1.

PROOF. We only consider case (v); the others are easily handled. So, let
|a] <1 and take w > 0. Then for ¢ in (v) we have

Y(uv) Y(u/v) = exp [—u® {v* + v *}] [v>0],
so we are ready if g with g(v) := v® +v™%, as a function of w := v + 1/v,
has a completely monotone derivative; cf. Proposition A.3.7. Of course, in
proving this we may restrict ourselves to ae (0,1); then

>~ 1
v “ :ca/ ——z %dzx [v>0]
o Ttwv

for some ¢, > 0. This simply follows by substituting = = vt in the integral,
in fact, by using (5.4) in the special case of Proposition 5.7 with vy =1 — «
one can show that ¢, = (sin ar)/m. It follows that

ig(’l}) _ /(U) o gl(v) _ v —vT?
dw

g =
w'(v) 1—wv2 v—ov1

1 /°° 1 1\ .
=acy — ( — ):17 dr =
v—ovt Jy \z+1/v 2x+4v

/Oo 1 B
=acy — 1 “dx,
o l+a22+4+zw
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which, as a function of w, is a mixture of completely monotone functions
and hence itself is completely monotone. We conclude that ¢ in (v) is
hyperbolically completely monotone. D

The result we just proved, can be generalized to a useful closure property
as follows. Let 1 be hyperbolically completely monotone, so by Bernstein’s
theorem for every u > 0 there exists an LSt-able function L, such that

(5.16) w(uv)w(u/v):/ exp [Au (v + 1/0)] dLu(A)  [v> 0],

Ry
where the factor u in the exponent is inserted for convenience. We note in
passing that from (5.16) it easily follows that 1 is positive unless ¢ = 0.
Now, let |a| < 1 and define x(s) := 9(s*). Then for v > 0

x(uwv) x(u/v) = / exp [~ u*(v*+ v~ )] dLya (A) [v>0],
Ry

which by (the proof of) Proposition 5.16 (v), as a function of w := v+1/v, is

a mixture of completely monotone functions and hence itself is completely

monotone. We conclude that x is hyperbolically completely monotone. We

formally state this result together with some other closure properties, which

are easily verified.

Proposition 5.17. The set of hyperbolically completely monotone func-
tions is closed under each of the following operations: (i) scale transforma-
tion; (ii) pointwise multiplication; (iii) pointwise limit; (iv) composition
with the function s — s®, where |a| < 1.

We now come to the main theorem of this section, and consider prob-
ability densities f that are hyperbolically completely monotone; as we shall
see later, pLSt’s m and distribution functions F' with this property are also
of interest. First, note that from parts (i) and (ii) of Propositions 5.16
and 5.17 it follows that the gamma densities are all hyperbolically com-
pletely monotone. On the other hand, by looking at the convolution of
two different exponential distributions, for instance, one sees that not all
generalized gamma convolutions have hyperbolically completely monotone
densities. In fact, it goes the other way around, as is shown in the following
theorem; we only give a sketch of a proof, which also contains a serious

restriction.
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Theorem 5.18. A probability distribution on R, that has a hyperboli-
cally completely monotone density, is a generalized gamma convolution,
and is therefore self-decomposable and infinitely divisible.

PROOF. Let f be a probability density that is hyperbolically completely
monotone, and let 7w be the Lt of f. We want to apply Theorem 5.15 and

therefore consider

J(2) = —(2)7(0) = / h / " exp—zz —7y] f(z) f(y) ddy:

we have to show that Im J(z) >0 if Imz < 0. We will do so only for
Re z > 0; we only know that on this area J is a well-defined analytic func-
tion. Now, make the hyperbolic substitution x = wv, y = u/v, with Jacobian
—2u/v; then it follows that

J(z) = /O h /0 " ou? exp [—zuv — Fu /o] f(uv) f(u/v) dudv.

Since here f(uwv) f(u/v) can be represented as in (5.16), we get, changing

the order of integration,

J(z) = /0002u2 (/R I(z; M\ u) dLu()\)> du.

Here the integral I is defined and next rewritten, by setting v = u (A+%) 6,

in the following way:

I(z; \u) = /0°° exp [~(A+ 2)ww — (A +2Z)u/v] dv =

:u(x\—!—?)/ exp [—|A + 2> u® 0 — 1/6] d9,
0(z,\)

where £(z, \) is the ray {c(XA+2) : ¢ > 0}, directed away from the origin.
Now, it can be proved that integrating over this ray may be replaced by
integrating over the positive half-line. Then obviously Im I(z; A\, u) >0
if Imz < 0, and hence ImJ(z) >0 if Imz < 0. Thus 7 is the LSt of a

generalized gamma convolution. m

The distribution of a random variable X is a generalized gamma convo-
lution if for every neN the (better behaved!) distribution of XY, is a
generalized gamma convolution, where Y,, is gamma (n,n) and indepen-
dent of X; just note that X Y, 4, X as n — oo and use Proposition 5.2.

This observation is one of the means by which the proof of Theorem 5.18
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can be made rigorous, because if X has a hyperbolically completely mono-
tone density, then so has X'Y,, for every neN. The last implication is an
immediate consequence of the second part of the following useful result.

Proposition 5.19.

(i) If X has a hyperbolically completely monotone density, then so has
the g-th power X9 of X for all ge R with |q| > 1. So, X has a hyper-
bolically completely monotone density iff 1/X has.

(ii) If X and Y are independent and both have a hyperbolically com-
pletely monotone density, then so have XY and X/Y.

ProOOF. Part (i) follows from Propositions 5.16 (i) and 5.17 (ii), (iv) by
noting that Y := X9 has density fy given by fy(y) = |a]y* ! fx(y®) for
y > 0, where a := 1/q satisfies |o| < 1 if |¢] > 1.

Because of (i), in part (ii) it suffices to consider X/Y; it has a density h
that can be written as

(5.17)  h(a) = / T fay) gy [a> 0],

where f:= fx and ¢ with g(y) :=y fy (y) for y > 0 are both hyperboli-
cally completely monotone. In order to show that also h is hyperbolically
completely monotone, we take s > 0 and want to prove that the following

function of ¢ > 0 is completely monotone in w := ¢+ 1/t:

h(st) h(s/t) = / h / " fstz) flsu/t) olz) gly) dr dy.

Now, proceed as in the proof of Theorem 5.18. Using the same hyperbolic
substitution and applying representation (5.16) to both f and g, one easily
shows that

h(st) h(s/t) = /O T ou ( /R /R I(t;A,X,u)dLg})(A)dL5f>(X)) du,

where
o dv

I(t; )\,X,u) ::/O exp [—)\su (tv + 1/(tv)) —\u (v+ 1/1,)] =

:/ exp [—(A%s? + A2+ AMsw) u?f — 1/6] %;
0

here we have set v = u (As/t+ A) . We conclude that the desired complete
monotonicity in w does indeed hold. N
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By using the preceding theory on hyperbolically completely monotone
densities, one can simply solve several classical problems in infinite divis-
ibility that were open for a long time; see Notes. We show this in two
special cases. The first result, on products and powers of gamma variables,

is immediate from Proposition 5.19 and Theorem 5.18.

Theorem 5.20. If Xy, X5,...,X,, are independent gamma random vari-

ables and q1,qo, . . ., qn are real numbers satisfying |q;| > 1 for all j, then
X{ X XY
is self~-decomposable and hence infinitely divisible.

The second result concerns the log-normal distribution, which is of interest
in financial mathematics. Its infinite divisibility was very hard to prove
before the theory on hyperbolic complete monotonicity was developed. Now

it is easy.

Theorem 5.21. The log-normal distribution with density f given by

@)= —= exp [~ (log )] [x>0],

is self~-decomposable and hence infinitely divisible.

PrROOF. We apply Theorem 5.18; it is then sufficient to show that the
function ¢ with ¥ (s) := exp [—1 (log s)?] for s > 0 is hyperbolically com-
pletely monotone. To do so we take u > 0, and consider

Y(uv) Y(u/v) = exp [—(log u)2 — (log v)2] [v>0].

As in the proof of Proposition 5.16 we are ready if g with g(v) := (log v)?,

as a function of w := v+ 1/v, has a completely monotone derivative. Now,

since
e 1 1
logvz/ ( - )dx [v>0],
o \xe+1 zxz+4w
we see that
d g (v log v —log 1/v
o) = (L B ORI
dw 1—w v—1/v

1 > 1 1 *° 1
SRE N N T A S S
v=1/v Jo \e+1/v z+wv o 1+22+zw
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which, as a function of w, is a mixture of completely monotone functions
and hence itself is completely monotone. We conclude that v, and there-
fore f, is hyperbolically completely monotone. D

We state a more general result. Starting from the log-normal density and
the densities generated by Proposition 5.16, and applying the operations of
Proposition 5.17 (i), (ii) and (iv), we find a large class of concrete infinitely
divisible densities several of which are well known; see also the examples in
Section 12. Note that in the following theorem not every combination of
the parameters yields a probability density; for instance, if n = 0, d = 0,
m # 0 and the a; are positive, then necessarily 0 < r < Z 1 Q55

Theorem 5.22. Any probability density f on (0,00) of the following form
is hyperbolically completely monotone and hence self-decomposable and
infinitely divisible:

(5.18) f(z)= ﬁ(l—l—alx%) ’ exp[ Zb P — d (log x) }

where reR, m,neZy, d >0, and for all j: a; >0, b; >0, aj # 0 with
—1<0; £1,8; #0with—1 < 3; <1,v; >0, and c is a norming constant.

To conclude the study of hyperbolically completely monotone densities we
state the following immediate consequence of Theorem 5.18 and Corol-
lary 5.9.

Proposition 5.23. Let f be a probability density on (0,00) that is hy-
perbolically completely monotone and continuous. Then [ is completely
monotone iff it is monotone. Equivalently, f is completely monotone iff
f(0+) > 0 (possibly co).

We next turn to pLSt’s that are hyperbolically completely monotone;
we will show that the class of distributions with such LSt’s coincides with
the class of generalized gamma convolutions. Clearly, a pLSt m, as in
(5.1) is a hyperbolically completely monotone function, and hence so is
any limit of it as n — oo; cf. Propositions 5.16 (iv) and 5.17. So, the LSt =
of a generalized gamma convolution is hyperbolically completely monotone.
To show that the converse holds, is more difficult.
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Theorem 5.24. A continuous function m on (0, 00) with w(0+) = 1 is hy-
perbolically completely monotone iff it is the LSt of a generalized gamma,
convolution. So, a probability distribution on Ry with a hyperbolically
completely monotone LSt is self-decomposable and hence infinitely divis-
ible.

PROOF. Let 7 be hyperbolically completely monotone; as w(0+) = 1, we
have 7 # 0, so 7 is positive. First, assume that z — 2" 1 7(z/n) is inte-
grable over (0, 00) for all n e N. Taking n = 1 we see that 7 is proportional
to a continuous probability density, so from Proposition 5.23 it follows
that 7 is completely monotone and hence is a pLSt. To show that 7 corre-
sponds to a generalized gamma convolution, we let X be a random variable
with pLSt 7 and take Y, independent of X and gamma (n,n) distributed;
then XY, 4, X as n — co. From the continuity theorem it then follows
that 7 is the pointwise limit as n — oo of the pLSt #(") with

n

yn—l e~y dy —

7M™ (s):=E exp[-s X Y] = /0OO 7(sy) FTEn)

o 1
= s_”/o e~(W/s)z ) " r(x/n)de = ¢, s, (1)5),

where ¢, = fooo 2" ! 7(x/n)dx/T'(n) and 7, is the Lt of the probability
density f,, given by

1

fa(z) =

T " w(x/n) [z >0].

Now, 7 is hyperbolically completely monotone, hence so is f,,. From Theo-
rem 5.18 it follows that 7, is the LSt of a generalized gamma convolution.
Moreover, because of (5.10) its Thorin function U,, has the property that
limy_ oo Up(A) =n. Using the canonical representation of Theorem 5.1

for m,, one then sees that 7(") satisfies

A
log 7" (s) = log ¢, + / 1
og ™ (s) =log ¢ o) g n

As letting s | 0 shows that log ¢, = *f(o 00) log AdU,,(\), we conclude that

log ﬂ(")(s) = /

A
log —— dU, (1/)),
(0,00) N1 n(1/2)

so by Theorem 5.1 7(™ is the LSt of a generalized gamma convolution.

Hence so is 7; this follows from Proposition 5.2 by letting n — co.
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Next, consider the case where 7 does not satisfy the integrability conditions
above. Then for any € > 0 m. does, where 7.(s) := e **(s). Moreover,
7. is continuous with 7.(0+) =1 and is also hyperbolically completely
monotone, of course. From the first part of the proof it now follows that,
for any € > 0, . is the LSt of a generalized gamma convolution. Hence so

is m = lim. | 7., because of Proposition 5.2. m

This theorem has several nice implications. For instance, together with
Proposition 5.17 (iv) it immediately yields the following closure property
of the class of generalized gamma convolutions; cf. Propositions 111.6.4
and V.2.14 (iii).

Proposition 5.25. If 7 is the LSt of a generalized gamma convolution,

then so is s — 7(s?) for every v e (0,1].

Another closure property that is often useful in dealing with concrete ex-

amples, is the following; it easily follows from Theorems 5.1 or 5.2.

Proposition 5.26. If 7w is the pLSt of a generalized gamma convolution,

then so is the function s — 7(a + s) /7 (a) for every a > 0.

It follows that if f is a density of a generalized gamma convolution, then so
is any density g on (0, 00) of the form g(x) = ce™** f(z) with a > 0, where
c > 0 is a norming constant.

From Theorem 5.24 one can also easily obtain the following counterpart
to Proposition 5.19 (ii).

Proposition 5.27. Let X and Y be independent, let the distribution of X
be a generalized gamma convolution, and let Y have a hyperbolically com-
pletely monotone density. Then the distributions of XY and X/Y are

generalized gamma convolutions.

PRrROOF. By Theorem 5.24 the pLSt mx of X is hyperbolically completely
monotone, as is the density fy of Y. Now, the pLSt m of XY can be
written as

(5.19)  (s) = / (o) iy (9) dy,

similar to the function A in (5.17). Hence we can proceed as in the proof
of Proposition 5.19 (ii) to verify that 7 is hyperbolically completely mono-

tone. Applying Theorem 5.24 once more shows that 7 corresponds to a
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generalized gamma convolution. The assertion on X/Y now immediately
follows from Proposition 5.19 (i). m

An important special case is obtained by taking here Y gamma (). Then
considering XY yields a result, stated in the first corollary below, that
supplements Theorem 4.5 when r > 2; and by calculating a density of X/Y
with » = neN one easily obtains the closure property formulated in the

second corollary.

Corollary 5.28. For r > 0 a scale mixture of gamma (r) distributions is
a generalized gamma convolution, and is hence infinitely divisible, if the

mixing function is a generalized gamma convolution.

Corollary 5.29. If 7 is the LSt of a generalized gamma convolution and
if neN, then the following function f is a density of a generalized gamma

convolution:

—1)»
(5.20)  f(z) = ((71—)1)' (1/z)" 1 a™1/z) [z >0].
Not all densities f in (5.20) are hyperbolically completely monotone; see
Section 12. In view of this it is important to note that if 7 is the Lt of a

hyperbolically completely monotone density g, say, then writing
(5.21) (=) 7™ (s) = / e " g(x)de
0

and comparing this with (5.19) we see that (—1)" 7(") is hyperbolically
completely monotone for all n, and hence so is f in (5.20). Actually, one
can show that the class of Lt’s m of hyperbolically completely monotone
densities g is characterized by the condition that (—1)" 7(™ is hyperboli-
cally completely monotone for all neZ, (and 7 does not correspond to a

degenerate distribution).

Finally, we pay some attention to distribution functions that are hyper-
bolically completely monotone; they turn out to correspond to generalized
gamma convolutions as well. Return to X/Y in Proposition 5.27 with Y’
exponential (or to Corollary 5.29 with n = 1). One easily verifies that the
distribution function F' of X/Y is then given by

(5.22) F(z)=n(1/z) [z >0],
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where 7 := wx. Now, if 7 is the LSt of a generalized gamma convolution,
then F' not only corresponds to a generalized gamma convolution, but F
is also hyperbolically completely monotone; cf. Theorem 5.24 and Proposi-
tion 5.17 (iv). There is a converse. To see this, let F' be a continuous dis-
tribution function on R} and suppose that F' is hyperbolically completely
monotone. Then the function 7 with 7w (s) := F(1/s) for s > 0 is continuous
with 7(0+) = 1 and is also hyperbolically completely monotone, of course.
From Theorem 5.24 we then conclude that 7 is the LSt of a generalized
gamma convolution. Since F' satisfies (5.22), it follows that F' is the dis-
tribution function of X/Y with X and Y as above, so F' corresponds to a

generalized gamma convolution. Thus we have proved the following result.

Theorem 5.30. A continuous distribution function F' on Ry that is hy-
perbolically completely monotone, corresponds to a generalized gamma
convolution, and is therefore self-decomposable and infinitely divisible. In
fact, F' is hyperbolically completely monotone iff it is the distribution func-
tion of X/Y, where X and Y are independent, the distribution of X is a

generalized gamma convolution, and Y is exponential.

In a similar way the generalized gamma convolutions in Corollary 5.29
with n > 2 give also rise to useful criteria in terms of hyperbolic complete
monotonicity. Taking n = 2, for instance, one can show that a continuous
distribution function F' on R, has the property that z — fox F(y)dy is
hyperbolically completely monotone, iff it is the distribution function of
X/Y, where X and Y are independent, the distribution of X is a general-
ized gamma convolution, and Y is gamma (2). We do not pursue this, and

conclude with an obvious counterpart to Proposition 5.19.

Proposition 5.31.

(i) If X has a hyperbolically completely monotone distribution function,
then so has X1 for all ¢ > 1.

(ii) If X and Y are independent and both have a hyperbolically com-

pletely monotone distribution function, then so has max{X,Y}.

There is a simple dual result to Theorem 5.30. Consider, instead of
X/Y, the random variable Y/X with X and Y independent and Y expo-
nential. From Section 3 we know that, for every X > 0, Y/X then has a
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completely monotone density, and hence is infinitely divisible. One easily
verifies that the distribution function F' of Y/X is given by

(5.23) F(z)=1-n(z) [z>0],

where 7 := wx. Now, if 7 is the LSt of a generalized gamma convolution,
then by Theorem 5.24 the tail function F with F(z):=1— F(x) is hy-
perbolically completely monotone. Conversely, if a continuous distribution
function F on R, has a hyperbolically completely monotone tail function F,
then by Theorem 5.24 F is the LSt of a generalized gamma convolution;
so, because of (5.23) F is the distribution function of Y/X with X and Y
as above. We summarize, and state an obvious counterpart to Proposi-
tion 5.31.

Theorem 5.32. A continuous distribution function F' on R for which the
tail function F is hyperbolically completely monotone, has a completely
monotone density, and is hence infinitely divisible. In fact, F' has a hy-
perbolically completely monotone tail function F iff it is the distribution
function of Y/ X, where X and Y are independent, the distribution of X is

a generalized gamma convolution, and Y is exponential.

Proposition 5.33.

(i) If X has a hyperbolically completely monotone tail function, then so
has X7 for all ¢ > 1.
(ii) If X and Y are independent and both have a hyperbolically com-

pletely monotone tail function, then so has min {X,Y}.

Note that a random variable X has a hyperbolically completely monotone
distribution function iff 1/X has a hyperbolically completely monotone
tail function. Using this together with parts (i) of Propositions 5.19, 5.31
and 5.33 yields the following result on infinite divisibility of powers of ran-
dom variables.

Corollary 5.34. If X is a random variable for which a density, the distrib-
ution function or the tail function is hyperbolically completely monotone,
then X1 is infinitely divisible for all g€ R with |q| > 1.

One might wonder whether hyperbolic complete monotonicity of the LSt
of X is also sufficient for X7 being infinitely divisible for all |¢| > 1. When
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q > 1, there is much support for the stronger assertion that if X corresponds
to a generalized gamma convolution, then so does X9; cf. Theorem 5.24.
In case ¢ < —1, however, if one takes X with {x > 0, then X9 is bounded
and hence not infinitely divisible. For a counter-example with £x = 0 we

refer to Section 12.

Summarizing the main results of this section, i.e., Theorems 5.18, 5.24
and 5.30, we can say that a sufficient condition for self-decomposability,
and hence for infinite divisibility, of a probability distribution on R, is
given by the hyperbolic complete monotonicity of a density, the LSt or the
distribution function of the distribution. Ilustrative examples of the use of
this condition are given in Section 12.

6. Mixtures of Poisson distributions

Consider the Poisson distribution; it has a positive parameter, which
here we denote by ¢t. When mixing with respect to ¢ we allow ¢ to be zero;
the corresponding ‘Poisson’ distribution is degenerate at zero. Thus by
a mizture of Poisson distributions we understand a distribution (pg)kez N

on Z, of the form

k
(6.1) pkz/R oG [keZ)

with G a distribution function on R;. The corresponding pgf P can be

written in terms of the LSt m of G as follows:

(6.2) P(z) = /R exp [t (1 —2)] dG(t) = 7(1 — 2).

As noted in Section 2, a mixture of Poisson distributions can be viewed
as a power mixture and as a scale mirture. This means that a random
variable X with distribution (6.1) and pgf (6.2) can be represented as

63) XIN(T) and X<TON,

where N(-) is a Poisson process of rate one, N := N(1) and T is an R -
valued random variable that is independent of N(-) with Fr = G. Now,
let Z be nonnegative and independent of (N (+), T); then considering Z® X
with X as in (6.3) and using (A.4.11) one sees that

64) ZoNT)LZo(ToN)L(zZT)oN 2L NZD).
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In the sequel most results on mixtures of Poisson distributions will be
formulated, without further comment, in terms of the first representation in
(6.3). From the well-known fact that an LSt is determined by its values on
a finite interval, it follows that the distributions of 7' and N(T') determine

each other, so

4

(6.5) NT)ENT) = T 21,

Moreover, similar to the proof of Proposition 3.1 one shows that the class

of mixtures of Poisson distributions is closed under weak convergence.

Proposition 6.1. Ifasequence (P,) of mixtures of Poisson pgf’s converges

(pointwise) to a pgf P, then P is a mixture of Poisson pgf’s.

We want to know what mixtures of Poisson distributions are infinitely
divisible. By looking for complex zeroes of the pgf P or by considering
the tail behaviour of the distribution (pj) one can show that a finite miz-
ture of (different) Poisson distributions cannot be infinitely divisible; cf.
Example 11.11.2. In a similar way one obtains the following more general

result.

Proposition 6.2. The random variable N(T) is not infinitely divisible

if T is non-degenerate and bounded.

PRrOOF. Let T be bounded by some a > 0. Consider the tail probability
P(N(T) > k) for keZy; then using (6.1) and the fact that P(N(t) > k)

is nondecreasing in ¢, we see that
P(N(T) > k) <P(N(a) > k) [keZy].

Now, suppose that N(7T') is infinitely divisible, and apply Corollary I1.9.5.
Then it follows that N(T') is Poisson distributed and hence by (6.5) that T

is degenerate. m

On the other hand, from Proposition 2.1 it follows that N(7') is infinitely
divisible if T is infinitely divisible or, equivalently (cf. Theorem I11.4.1),
if the p-function of (the pLSt w of) T, i.e., p(s) := —(d/ds) log w(s), is
completely monotone: p has alternating derivatives on the whole interval
(0,00). Now, this sufficient condition can be weakened in such a way that

it becomes also necessary, as follows.
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Theorem 6.3. The random variable N(T) is infinitely divisible iff the p-
function of T is completely monotone on the interval (0,1].

PROOF. According to Theorem I1.4.3 N(T') is infinitely divisible iff the R-
function of (the pgf P of) N(T'), i.e., R(z):= (d/dz) log P(z), is absolutely
monotone: R has nonnegative derivatives on the interval [0,1). Now, by
(6.2) the R-function of P and the p-function of T are related by

R(z) = p(1 —2) for z€[0,1), p(s)=R(1—s) for se(0,1].
From these relations the theorem immediately follows. M

In Section 12 we shall give an example of a random variable T that itself

is not infinitely divisible, but does make N(7T') infinitely divisible.

Theorem 6.3 suggests a characterization of infinite divisibility on R by
infinite divisibility of certain mixtures of Poisson distributions. Consider,
for 6 > 0, the random variable N(0T'); since the p-function py of 6T is
related to the p-function p of T by pg(s) = 0 p(0s), we see that N(6T) is
infinitely divisible iff p is completely monotone on the interval (0,6]. Thus

we are led to the following result.

Theorem 6.4. An R, -valued random variable T is infinitely divisible iff
N(0T) is infinitely divisible for all § > 0.

This theorem can also be obtained by (only) using the fact that the class
of infinitely divisible distributions on R is closed under weak convergence;
cf. Proposition I11.2.2. This will be clear from the following general result
which shows two things: The property of being a pLSt can be characterized
in a ‘discrete’ way related to mixtures of Poisson pgf’s, and the pLSt can

then be constructed from these mixtures.

Proposition 6.5. A function m on Ry is the pLSt of an R -valued random
variable T iff the function Py defined by

(6.6) Py(z) = m(6{1 — 2}) [0<2z<1],

is the pgf of a Z-valued random variable Xy for all & > 0. In this case
X, & N(OT) and, conversely, T can be obtained from the Xy by

1
(6.7) EXQLT as 6 — oo.
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PROOF. The ‘only-if’ part is trivial; cf. (6.2). So, let the function Py given
by (6.6) be the pgf of a random variable Xy for all 8 > 0. Then, since a pgf
is absolutely monotone on [0,1) and 7(s) = Py(1 — s/0) for s€[0,0], the
function 7 is completely monotone on (0, 8] for all > 0, so 7 is completely
monotone (on (0,00)). By Bernstein’s theorem it follows that  is an LSt,
and since 7(0) = 1, 7 is the pLSt of a random variable T'. Next, by (6.2)
and (6.3) the random variable N(0T') has pgf Py, so Xy 4 N(0T). Finally,
the pLSt 7y of Xp/0 satisfies

mo(s) = Py(e™%/%) = m(6{1- e_s/‘g}) — 7(s) as 6 — oo,
so by the continuity theorem we have Xy /6 LT as 0 — . N

We further note that for 6 > 0 the distribution (py, (9))k€Z+
be obtained by repeated differentiation of the pLSt wp of T

k _N\k
6.8)  pp(h) = /R (6) e*etdFT(t):%w(T’”(e) (keZy].

of N(6T) can

k!

In a way similar to Theorem 6.4 the mixtures of Poisson distributions
provide a link between several other classes of distributions on R and their
counterparts on Z,. We will show this for the self-decomposable distrib-
utions on Ry, for the stable distributions on R; with fixed exponent 7,
for the gamma (r) distributions with r fixed and hence for the exponential
distributions, for the compound-exponential distributions on R, for the
monotone densities on (0, 00), for the log-conver densities on (0, 00), for the
completely monotone densities on (0, 00) and, more general, for the miztures
of gamma (r) distributions with r fixed, and, finally, for the generalized
gamma convolutions. The resulting relations can be used to simply obtain
results on R, such as canonical representations, from their counterparts
on Zy; in some cases one can also go the other way around. We will do
this only to obtain discrete analogues of some of the results of Sections 3,
4 and 5; see Sections 7 and 8.

We start with the self-decomposable distributions; this case can be han-
dled in a way similar to the first proof of Theorem 6.4 (including the proof
of Theorem 6.3).

Theorem 6.6. An R -valued random variable T' is self-decomposable iff
N(0T) is (discrete) self-decomposable for all 6 > 0.
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PRrROOF. Take 6 > 0, and let p be the p-function of (the pLSt 7 of) T and
let R be the R-function of (the pgf P of) N(6T). Recall from Theorem V.2.6
that 7" is self-decomposable iff py with po(s) := (d/ds) [s p(s)] is completely
monotone. Similarly, from Theorem V.4.8 we know that N(6T) is self-de-
composable iff Ry with Ry(z) := —(d/dz) [(1— z) R(z)] is absolutely mono-
tone. Now, since by (6.6) P and 7 are related by P(z) = ({1 — z}), one

easily verifies that
(6.9) R(z) =0 p(6{1 — z}), and hence Ry(z) =0 po(6{1 — z}).

It follows that Ry is absolutely monotone iff py is completely monotone on

(0,6]. The assertion of the theorem now immediately follows. o

From the proof just given it will be clear that the mixtures of Poisson
distributions that are self-decomposable, can be characterized in a way
similar to Theorem 6.3: N(T') is self-decomposable iff the po-function of T
is completely monotone on (0,1]. To prove Theorem 6.6 one might also use
just the definitions of self-decomposability on Ry and on Z together with
Proposition 6.5. The resulting proof is, however, somewhat more delicate
than the second proof of Theorem 6.4 because Xy/6, having a discrete dis-
tribution, is not self-decomposable on R, if Xy is self-decomposable on Z .
On the other hand, the alternative proof can be adapted so as to obtain the
following more general result, which is an extension of (V.8.27): A pLSt 7
is self-decomposable iff the pgf Py with

Py(z):=m(0A(z)) =7(6{1 —B(2)})

is F-self-decomposable for all § > 0; here F = (F})¢>0 is a continuous com-
position semigroup of pgf’s, and A and B are determined by F as in
(V.8.11). In a similar way one can characterize the distributions on R that
are self-decomposable with respect to a continuous composition semigroup
C = (Ct)¢>0 of cumulant generating functions; see the end of Section V.8.
We don’t go into this, and only note that similar generalizations can be

obtained of the following result on the subclasses of stable distributions.
Theorem 6.7. For v€(0,1] an Ry-valued random variable T is stable

with exponent v iff N(6T) is (discrete) stable with exponent « for some,
and then all, 8 > 0.
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PROOF. We use the canonical representations for the pLSt 7 and the pgf P
of a stable distribution with exponent v on R, and on Z., respectively;
according to Theorems V.3.5 and V.5.5 they are given by

(6.10) m(s) =exp [-As?], P(z) =exp[-A(1—2)"],

where A > 0. Since the pgf of N(6T) is given by (6.6) with m = 7y, the
‘only-if” part of the theorem is now immediately clear. For the converse
we may take § = 1. So, let N(T') be stable with exponent ~y; then it has
pgf P as in (6.10) with some A > 0. Hence N(T) 4 N(T), where T is an
R -valued random variable with pLSt 7 as in (6.10) with the same A. From
(6.5) it follows that T' 4 T, so T is stable with exponent . m

From (6.10) it is clear that any stable distribution on Z4 is a mixture of
Poisson distributions. Therefore we can reverse matters and obtain the

following characterization of stability on Z, .

Corollary 6.8. For~ e (0,1] aZ.-valued random variable X is stable with
exponent vy iff X 2 N(T) where T is R, -valued and stable with exponent +y.

Similarly one shows that Theorem 6.7 and its corollary have close ana-
logues for the gamma and negative-binomial distributions with shape pa-

rameter , whose pLSt’s m and pgf’s P, respectively, are of the form

(6.11) W(S):()\j\i—s)T’ P(z):(ll:;zy,

where A > 0 and pe (0,1). In fact, T has pLSt 7 as in (6.11) iff N(67T) has
pgf P asin (6.11),if p=60/(A+6) or A = (1/p—1) 0. We state the results.

Theorem 6.9. For r >0 an R -valued random variable T has a gamma (r)
distribution iff N(0T) has a negative-binomial (r) distribution for some,
and then all, 8 > 0.

Corollary 6.10. For r>0 a Z, -valued random variable X has a negative-
binomial (r) distribution iff X 4 N(T) with T gamma (r) distributed.

Taking » = 1 in Theorem 6.9 we see that T has an ezponential distribution
iff N(6T) has a geometric distribution for some, and then all, # > 0. The
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‘all-@” version of this result can be extended to the compound-exponential
distributions on R and on Z; their pLSt’s 7 and pgf’s P are of the form

1 1

(6.12)  m(s) PE = T Ay

~ 1 log mo(s)’

where 7 is an infinitely divisible pLSt and Py is an infinitely divisible pgf.
Recall from Theorem 11.3.6 that the class of compound-exponential distrib-
utions on Z coincides with the class of compound-geometric distributions

on Z+.

Theorem 6.11. An R, -valued random variable T' is compound-exponen-
tial iff N(0T) is compound-exponential or, equivalently, compound-geom-
etric for all 6 > 0.

PRrROOF. The direct part of the theorem is easily obtained from (6.6), (6.12)
and Theorem 6.4. The converse part is an immediate consequence of The-
orem III.3.8 and Proposition 6.5; note that Xy /6 is compound-geometric
on R, if Xy is compound-geometric on Z, .

Alternatively, one can use the characterizations given in Theorems I11.5.1
and IL.5.6; the po-function of 7 :=mp with po(s) := (d/ds)(1/7(s)) and
the Ro-function of P := Py with Ry(z) := —(d/dz)(1/P(z)) satisfy (6.9)
again, because of (6.6). i

We now turn to the classes of monotone densities f on (0,00) and

monotone distributions (pi)kez, on Z.

Theorem 6.12. A (0, 00)-valued random variable T has a monotone den-
sity iff N(6T) has a monotone distribution for all § > 0.

PROOF. Let U be a random variable with a uniform distribution on (0, 1).
First, suppose that T' has a monotone density. Then by (the proof of)
Theorem A.3.13 there exists a positive random variable Z, independent
of U, such that T duz. Taking # = 1 without restriction, we now see
that by (6.4)

NT)ENW2z) LU N©2),

so N(T) has a monotone distribution because of Theorem A.4.11. In view

of this theorem, for the converse we may suppose that for every 6 >0
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there exists a Z-valued random variable Zy, independent of U, such that
N(0T) LU 2. Now, use (A.4.17); then by Proposition 6.5 the random
variable T' can be obtained as

1 d 1 d

7 |U(Zo +1)] — T, and hence U 7 (Zg+1) — T,
as § — oo; the fractional part of U(Zg + 1) is o(6), of course. By Theo-
rem A.3.13 it follows that the distribution function F' of T' is the weak limit
of concave distribution functions, so F' itself is concave as well, and hence
has a monotone density; note that F(0) = 0. i

We next consider the subclasses of log-conver densities f on (0,00) and

log-convex distributions (py)rez, on Zy, for which

(6.13) { {F(3x+9))} < f2) fly) for 2> 0,y >0,

Pi < Ph—1Ph1 for kel

recall that such f and (py) are infinitely divisible by Theorems I11.10.1
and II1.10.2. To relate these two types of log-convexity via mixtures of
Poisson distributions takes more effort than in the previous cases; we will

not give all details of the proof.

Theorem 6.13. A (0, c0)-valued random variable T has a log-convex den-
sity iff N(0T) has a log-convex distribution for all § > 0.

PROOF. Denote the distribution function of 7" by G and its pLSt by 7; note
that G(0) = 0. First, we consider the direct part of the theorem; clearly,
we may then restrict ourselves to the case § = 1. Let G have a log-convex
density g, and put h(t) := et g(t) for t > 0; h is log-convex as well. By

(6.1) we have to prove that (py) is log-convex where
oo tk;
pk:/ -5 h(t)dt [keZy].
o K

To do so we further suppose that g, and hence h, has a continuous second
derivative on (0, 00). This is no essential restriction as one can see by writ-
ing an arbitrary g as the limit of a nondecreasing sequence of functions g,
with this property; cf. the proof of Theorem V.2.17. From Proposition A.3.9
it follows that the log-convexity of h can be represented by

(W&} <@ h@)  [t>0].
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Also, since g and h are convex, the functions g, —g’, h and —h’ are both
nonnegative and nonincreasing; hence, as is easily verified, lim; ot h(t) =
limg ot {—h'(¢)} = 0, and also limy_, t" h(t) = limy_o t™ {—R'(t)} =0
for all neN. By partial integration it follows that (pg) can be written in
terms of A’ and of h” as follows:
0 tlc+1 , 0 tlc+2 9

Dr :/O m{—h (t)}dt:/o mh (t)ydt  [keZy].
Using this, the inequality on h and Schwarz’s inequality we conclude that
for keN

< (/Oootk+1 N0 mdt)Q <

(k+1)!

= (/ooo (lf:li:ll)' h(2) dt) (/Ooo(ktli:ﬂ h(t) dt) = Pk—1DPk+1-

Turning to the converse we suppose that the distribution (px(6)) of N(6T)
is log-convex for all § > 0. From (6.8) we know that for 6 > 0

T k _N\k
p(6) = /(Om)(ekfe“dawz COZ2we)  [kezs]

so for p},(0) we have
Ope(0) = kpr(0) — (k+ 1) pr41(0)  [keZy]
In order to show that G has a log-convex density, we use the fact that
T/Yx L Task — 00, where Y}, is independent of T' and gamma (k, k)
distributed. This means (see Notes) that the normalized version G* of G,
with G*(z) := 1 {G(z—) + G(x)}, can be obtained as
G*(:c):klim Gr(x) [z>0],
where G}, is the distribution function of T'/Yy, so with density g given by
gr(t) :/( )(ff/tQ)fYk(x/t) dG(xz) = (k/t)pe(k/t)  [t>0].
0,00

Now, gi turns out to be log-convex. In fact, using the expression for pj ()

above one shows that for ¢ > 0
2 g1,(t) = k(k + 1) {prs1(k/t) — pr(k/1)},

295 (1) = k(k + 1)(k +2) {prr2(k/t) — 20041 (k/t) + pi(k/1) |,
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and hence
4

PorD [HO 80~ {g0F] = {peaa /) — it/ +

+ (k +2) {pr(k/t) praa(k/t) — Py (/1) },

which is nonnegative because of the log-convexity of (pk(H)) for all . Being
convex, g, is nonincreasing; therefore, Gy, is concave on (0, 00), and hence
so is G*. Tt follows (see Notes) that G*, and hence G, is absolutely con-
tinuous with a density g*, say, that is nonincreasing and for which

g (t) = lim gx(t) [t > 0 such that g* is continuous at ¢].

k—o0

Now, observe that ¢g* has countably many discontinuities, and that the
sequence (gk(t)) is bounded for every ¢; in fact, putting fi(y) ==y fy, ()
for y > 0, we can estimate as follows:

/ fely) g (ty) dy <
ka(%)/o “(ty)dy + g* (3¢) / fr(y) dy,

where fgo fry)dy <EY, =1 for all keN and fi(3) ~ cVk (3/e)*

k — oo for some ¢ > 0. Therefore, we can use Cantor’s diagonal pro-
cedure to conclude that for some (sub-)sequence (k(n)) in N the limit
g(t) := limy, o0 g(n)(t) exists for all t > 0. Of course, the resulting func-
tion g is a density of GG, and g, as a limit of log-convex functions, is log-

convex as well. m

Somewhat more generally, in Theorem 6.13 one may start, as in previous
cases, from an R, -valued random variable T'. By adapting the proof of the
theorem and using the fact that the class of log-convex distributions on Z
is closed under mixing (see Proposition 11.10.6), one can show that log-
convexity of the distribution of N(T') for all 6 is necessary and sufficient
for T to have a distribution that is a mixture of a degenerate distribution at
zero and a distribution with a log-convex density. A similar generalization
is possible of Theorem 6.12 and of the following result on the subclasses
of completely monotone densities on (0,00) and completely monotone dis-
tributions on Z ; this is due to the fact that also the class of (completely)

monotone distributions on Z is closed under mixing.

Copyright 2004 by Marcel Dekker, Inc. All Rights Reserved.



Theorem 6.14. A (0, 00)-valued random variable T has a completely
monotone density iff N(0T) has a completely monotone distribution for
some, and then all, 6 > 0.

This theorem, including its generalization mentioned above, is proved by
using the facts (see Propositions A.3.11 and A.4.10) that the completely
monotone densities f on (0, 00) and the completely monotone distributions
(pr) on Z4 coincide with the miztures of exponential densities and the

mixtures of geometric distributions, respectively:

o1 fa-[

( )Ae*“dG(A), pk:/ (1—p)p" dH(p),
0,00

[0,1)

where G is a distribution function on (0,00) and H is one on [0,1). Note
that in the latter case mixing with the degenerate distribution at zero is
included; such mixing in the former case is accounted for by the definition

of mixztures of exponential distributions in Section 3.

More generally, for r >0 we will relate the miztures of gamma (r)
distributions and the miztures of negative-binomial (r) distributions with
pLSt’s m and pgf’s P of the form

w(s) = a+ (1_a)/(0 m)(AiS)rdG(A),

P(z) = /[071) (f:;;)rdH(P),

where a€[0,1] and G and H are as above. In fact, from the relation

(6.15)

between 7 and P in (6.11) one easily obtains the following generalization
of Theorem 6.9 and its corollary, and hence also (the generalized version
of) Theorem 6.14.

Theorem 6.15. For r > 0 the distribution of an R -valued random vari-
able T is a mixture of gamma (r) distributions iff the distribution of N (6T)
is a mixture of negative-binomial (r) distributions for some, and then all,
0> 0.

Corollary 6.16. For r > 0 the distribution of a Z-valued random vari-

able X is a mixture of negative-binomial (r) distributions iff X 4 N(T)

where the distribution of T is a mixture of gamma (r) distributions.
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The relation between 7 and P in (6.11) also immediately yields analogous
results for the generalized gamma convolutions and the (similarly defined)
generalized negative-binomial convolutions with pLSt’s m and pgf’s P that

can be obtained as

My,

(6.16) 7( _nlLH;OH(/\nJ +3) ,_7" —nh_{I;OH( 1= pnj )rn,j’

1-py 2

with obvious restrictions on the parameters.

Theorem 6.17. The distribution of an R -valued random variable T is a
generalized gamma convolution iff the distribution of N (0T) is a generalized

negative-binomial convolution for some, and then all, 6 > 0.

Corollary 6.18. The distribution of a Z -valued random variable X is a
generalized negative-binomial convolution iff X iN (T') where the distrib-

ution of T is a generalized gamma convolution.

In the next two sections we will use Corollaries 6.16 and 6.18 to translate
results from Sections 3, 4 and 5 into similar results for the mixtures of
negative-binomial (r) distributions and the generalized negative-binomial

convolutions.

7. Mixtures of negative-binomial distributions

We will mostly consider the negative-binomial (r, p) distribution for a
fixed value of r. By a mizture of negative-binomial (r) distributions we

understand any probability distribution (p)kez, on Z4 of the form

o= () ramwrane = (T

with H a distribution function on [0, 1) and (o )rez, completely monotone;
cf. Hausdorft’s theorem. The pgf of (p) in (7.1) is given by P in (6.15).
It can be represented as in the following reformulation of Corollary 6.16;

recall that N(-) is a Poisson process of rate one, independent of 7.

Proposition 7.1. A function P on [0, 1] is the pgf of a mixture of negative-
binomial (r) distributions iff P has the form

P(z)=n(1—-=2) [0<z<1],

where m is the pLSt of a mixture of gamma (r) distributions.
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From Corollary 6.16 it also follows that a Z-valued random variable X
has a distribution (py,) of the form (7.1) iff X < N(ZS) where Z >0, S
is standard gamma (1), and Z and S are independent. Now, by (6.4) we
have N(Z5S) 1z0 N(S). Moreover, N(S) has a negative-binomial (r, 1)
distribution; see (6.11). Thus, the mixtures of negative-binomial (r) dis-
tributions can be viewed as scale miztures; they correspond to random

variables X of the form
(7.2) x<zo Y, with Z >0 and Y negative-binomial (r, 3),

and, of course, Z and Y independent. More specifically, if X has a negative-
binomial (r, W) distribution, i.e., X has distribution (7.1) with H = Fy,
then X is of the form (7.2) with Z given by Z < W /(1 — W),

The representation result of Proposition 7.1 will be used repeatedly
in this section. It enables us to easily translate results for mixtures of
gamma (r) distributions into results in the present context. We start with
translating Propositions 4.1 and 4.2, and the main result on infinite divis-
ibility in Theorem 4.5.

Proposition 7.2. If a sequence (P,) of mixtures of negative-binomial (r)
pgf’s converges (pointwise) to a pgf P, then P is a mixture of negative-

binomial (r) pgf’s.

PRrROOF. Write P,(z) = m,(1 — z) with 7, a mixture of gamma (r) pLSt’s.
Then lim,, o 7, () = P(1—3s) for s€[0,1]. On the other hand, by Helly’s
theorem and the continuity theorem there is a subsequence (n) such that
limy, 00 7, (8) = 7(s) for s > 0, where 7 is a completely monotone function
on (0,00). It follows that m(s) = P(1 — s) for se(0,1]; hence, as P is a
pgf, we have 7(0+) = 1, so 7 is a pLSt. Now, apply Proposition 4.1: 7 is a
mixture of gamma (r) pLSt’s. Since P(z) = 7(1 — 2), we conclude that P

is a mixture of negative-binomial (r) pgf’s. m

Proposition 7.3. For a€(0,1), mixtures of negative-binomial (ar) dis-
tributions can be regarded as mixtures of negative-binomial (r) distrib-

utions.

PrOOF. This is an immediate consequence of Proposition 4.2 and the
representation result in Proposition 7.1 as stated and with r replaced by
ar. H]
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Theorem 7.4. A mixture of negative-binomial (2) distributions is infin-
itely divisible. Equivalently, a probability distribution (px)kez, on Z is
infinitely divisible if

(7.3) pe=(k+1)ayg [keZi],
with («x) completely monotone.

PROOF. Let (pi) be a mixture of negative-binomial (2) distributions. Then
its pgf P can be represented as P(z) = n(1 — z) with = the pLSt of a
mixture of gamma (2) distributions; according to Theorem 4.5 = is infin-
itely divisible. From (the easy part of) Theorem 6.4 it follows that P is
infinitely divisible as well. i

By combining this theorem with Proposition 7.3 we see that for r < 2 all
mixtures of negative-binomial (r) distributions are infinitely divisible. Now,
use the pgf of such a mixture for P in the power mizture of (2.5), and
apply Proposition 2.2. Then one obtains the following generalization of
Theorem 7.4; cf. the first part of Theorem 4.7.

Theorem 7.5. A function ¢ of the following form is an infinitely divisible

characteristic function:

1—p r
() o= [ (L) dH),
1)\l —poi(u)
where r€(0,2], ¢, is a characteristic function, and H is a distribution

function on [0, 1).

We take r =1 in (7.1) and thus consider mixtures of geometric dis-
tributions or, equivalently (cf. Proposition A.4.10), completely monotone
distributions (px) on Z; from Theorem I1.10.4 we know that they are log-
convex, and hence infinitely divisible. A more direct proof of their infinite
divisibility is obtained by combining Proposition 7.1 and Theorem 3.3; cf.
the proof of Theorem 7.4. We now want to characterize the mixtures of
geometric distributions among the infinitely divisible distributions; this
was done in Theorem I1.10.5 without proof. To this end we first derive a

canonical representation from Theorem 3.5.
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Theorem 7.6 (Canonical representation). A function P on [0,1] is
the pgf of a mixture of geometric distributions iff P has the form

(7.5) mw=wn{—AY11p—1fp);w@nﬂ 0<:<1],

where w is a measurable function on (0, 1) satisfying 0 < w < 1 and, nec-
essarily,

(7.6) / ﬁ w(p) dp < oo,

PrOOF. From Proposition 7.1 and Theorem 3.5 it follows that P is the pgf
of a mixture of geometric distributions iff P has the form
<1 1
P(z) = [— (,_7) )\d/\} 0<z<1],
@=en[- [ (G-537=2) W] 0<z<
where v satisfies 0 <v <1 and (3.15). Asin (6.11) we put 1/(A+1) =p
or A =1/p — 1; this yields (7.5) and (7.6) with w(p) :=v(1/p —1). i

Corollary 7.7. If P is the pgf of a mixture of geometric distributions,
then so is P for any a€[0,1]. Consequently, the convolution roots of a
mixture of geometric distributions are mixtures of geometric distributions
as well.

As known from Section II.4, the canonical sequence (ry)kez, of the infin-
itely divisible pgf P in (7.5) has gf R given by

1
1—pz

(7.7) R(z) := % log P(z) = /01( )Qw(p) dp.

Now, z — 1/(1—pz)? is the gf of the sequence ((k+1) pk)kgh. Using this
in (7.7) one is led to the direct part of the following characterization result;
the converse part is easily obtained by using the canonical representations
of Theorems I1.4.1 and 7.6.

Theorem 7.8. A probability distribution (py) on Z is a mixture of geo-
metric distributions iff it is infinitely divisible having a canonical sequence
() such that (r/(k + 1)) is completely monotone with Hausdorff repre-
sentation of the form

1 1
(7.8) ]lek:/o Prwlp)dp  [keZy],

where w is a measurable function on (0,1) satisfying 0 < w < 1 and (7.6).
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Note that condition (7.6) on w also follows from (7.8) and the fact that the
r), necessarily satisfy > 07 7y /(k 4+ 1) < oo; cf. (I1.4.4).

We now turn to a discrete counterpart of Theorem 3.10 on mixing with
‘negative probabilities’. As in the R-case we start with considering finite
mixtures; for n > 2 fixed let the sequence (pi)rez, and its gf P be given
by

= 1—a;
(7.9) Pr = Z h; (1 —a;) af, P(z) = Z h; -,
j=1

where0 < a; < ---<ap <landhy <0, .., hy <0, hypy1 >0,.., by, >0
for some me{1,...,n — 1} with 3% | h;j = 1. Put e := 3", h; (1 — a;),
S0 € = pg, and rewrite py as

(7.10) pk=Zhj (l—aj)(a;?—afn)—i—sa’;1 [keZy].
j=1

Then one sees that (pg) can be viewed as a probability distribution on Z,
with pg > 0 iff € > 0. In order to determine whether (py) is infinitely divis-
ible in this case, one is tempted to write P as a mixture of Poisson pgf’s
and to use the R -result in Theorem 3.10. Indeed, as in Proposition 7.1
the function P in (7.9) can be represented as

. i Aj 1—a;
(7.11) P(z)=7n(1—2), with 7(s):= j;hj Tj—s’ Aj = R

aj

note that the A; are arranged in decreasing order. Now, according to
the discussion preceding Theorem 3.10 the function 7 is a pLSt iff § :=
Z?:l hj(1— aj)/aj > 0. It follows that § > 0 implies € > 0; this can be
verified directly by observing that h; a,,/a; < h; for all j # m, so a;, 6 < €.
Unfortunately, the inverse implication does not hold; not all pgf’s P as in
(7.9) can be viewed as mixtures of Poisson pgf’s. Therefore, rather than
using Theorem 3.10 one might try to imitate its proof and take gf’s in
(7.10), with £ > 0, to obtain

(7.12) P(z){zjzlh-‘” ¢ 4G 4 € }1 m_

T 1—a, l—ajz 1-ap — Ay 2

Thus P is of the form

(7.13)  P(z) = P(z) {7y + (1 =) 2 P2(2) },
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where v € (0,1), Py is the pgf of a geometric distribution and Ps is the pgf
of a mixture of geometric distributions (with nonnegative weights), so P,
is infinitely divisible. Nevertheless, the pgf z — v+ (1 —+) z P2(2z) need not
be infinitely divisible, so nothing can be said about P. Actually, one can
show that not all pgf’s P as in (7.9) are infinitely divisible. We therefore
restrict ourselves to pgf’s satisfying § > 0; their infinite divisibility is easily
proved and extended to non-finite generalized mixtures as in the following

theorem. For illustrative examples we refer to Section 12.

Theorem 7.9. Let H be a right-continuous bounded function satisfying
H(p) =0 forp <0, H(p) =1 for p > 1 and such that for some o € (0, 1)

H is nonincreasing on [0, «),
(7.14)
H is nondecreasing on [«, 1] with H(1—) = 1.

With this H, let the sequence (py)kez, and its gf P be defined by

(715) = /(Ol)p’“u—p)dH(p), P(z) = /( 172 g(p).

1) 1—pz

Then (pi) can be viewed as a probability distribution on Z with py > 0
iffe ;= f(o 1y (1=p) dH(p) > 0. Moreover, if § := [ (1 —p)/pdH(p) >0,
then e > 0 and (pg) is infinitely divisible; in fact, P can then be written as

(7.16)  P(2) = Py(2) Pa(2),

where Py is the pgf of the geometric (o) distribution and P is the pgf of a

mixture of geometric distributions.

PROOF. Note that 32,7 px = [ ) dH(p) = 1 and that pg = . Rewrit-

ing py as

pk:/ (p*— o) (1—p)dH(p) + e a” [keZ.],
©0.1)

one sees that (pg) is a probability distribution on Z with py > 0 iff € > 0.
As in Proposition 7.1 the function P in (7.15) can be represented as

A
Pz=ﬂ'1—z,withﬂ's::/
() = (1 - 2) ©=/ 3%

where G(A) :=1— H(1/(A+1)) for A > 0; note that G satisfies condition
(3.27) with Ao := (1— a)/a. Let further 6 > 0. Then f(o 00) AdG(N\) > 0,
so according to Theorem 3.10 the function 7 is an infinitely divisible pLSt.

dG (),
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By Theorem 6.4 it follows that (¢ > 0 and) P is an infinitely divisible pgf.
Moreover, the factorization (3.29) for 7 yields (7.16) with P;(z) := m;(1—2)
for: =1,2; P, and P, are pgf’s of types as indicated in the theorem because
of Theorems 6.9 and 6.15. D

By writing p* = fg](k; +1)rk dr/p and changing the order of integration

we see that the sequence (py) in (7.15) can also be written as

(7.17) pk:<k+1)/0p’“B<p)dp ke, ],

where B is defined by B(p) := f(p (= t)/tdH(t) for pe (0,1). If 6 > 0,
then B is nonnegative, so (py) is a mizture of negative-binomial (2) distrib-

utions; the infinite divisibility of (pg) now also follows from Theorem 7.4.

We next want to present a discrete counterpart of Theorem 3.13, or
rather Corollary 3.14, on two-sided complete monotonicity. Let (pr)rez
be a probability distribution on Z such that both the sequences (pi)wez.
and (p_g)kez, are completely monotone. Then (py) can be (uniquely)

represented as
crup SifkeZy,

c_v_y ,ifkeZ_,

(7.18)  pr= {

where (uy)rez, and (vg)kez, are completely monotone probability distrib-
utions on Z4, and ¢y and c_ are numbers in (0, 1] determined by the fact
that —pg +cy +c- =1 and pg = c4 up = c_ vg, so

Vo Uo

7.19 c,=—, ¢ =—.
(7.19) T o + vo — ugvo” Ug + Vg — UV

When (py) is symmetric, (7.18) reduces to (IV.10.5), and because of The-
orem IV.10.2 (pg) is infinitely divisible; this is essentially due to Theo-
rem 7.5 with » =1 and ¢;(u) = cos u. In order to show that (py) is infin-
itely divisible also in the asymmetric case, we rewrite (py) as a mixture:
Let (do,x)kez be the distribution on Z that is degenerate at zero, and ex-
tend (ug) and (vg) to distributions on Z by wuy := vy := 0 for k < 0; then
putting ¢ := —po < 0, we see that (p) can be written as

(7.20) Pk = €0 00,k + C+ Uk + C— V_j [keZ],

where the weights cg, ¢4, c_ satisfy ¢y >0, c- >0and cg+c4 +c- =1,

and moreover ¢y = —c4 ug = —c_ vg. For the approximation below it is
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convenient to know that the final condition here can be relaxed somewhat;

we will further suppose that only
(7.21) o> —Cyug, Co> —C_g.

In fact, one easily verifies that also in this seemingly more general case (py)
is a probability distribution on Z that is two-sided completely monotone;
just use the fact that an additional mixing with the degenerate distribution
at zero does not destroy the two-sided complete monotonicity. Now, by
Hausdorfl’s theorem (uy) and (vy) are mixtures of geometric distributions
and, as before, in proving infinite divisibility of (py) we may suppose that
these mixtures are finite mixtures of the same order n, say; cf. Proposi-
tion IV.2.3. Thus we assume that (py) is of the form

pk—0050k+c+zh a;) a1z, (k) +
(7.22) =t
+c_ Zh’ (1—a}) (af) ™" 1z_(K),

where the weights h; and h’; are positive with Zj:1 ZJ L Iy =1and
the parameters a; and a}; are in (0, 1) witha; < --- < a, anday <--- <aj,.
Consider the characterlstlc function ¢ of (pi); it is of the form ¢(u ) w(ei“)
for some C-valued function 1 on the unit circle in C. Extend ¢ analytically;

then for z¢ {1/as,...,1/an,d},... al,} we can write

1—dj Q2n(2)
P Z i al ;Z Pon(2)’

(123 6 —coter by

j=1

1-—

where Py, is a polynomial of degree 2n and an is a polynomial of degree 2n
if ¢ > —c_ vg and of degree at most 2n —1 if ¢g = —c_ vg; in fact, if the
leading coefficient in P, is taken to be one, then the coefficient of 22"

in @9, is given by

co + c_ Zh; (1 —a}) = co+ c_ v,
j=1
which is nonnegative by (7.21). Proceed as in the proof of Theorem 3.3.
Considering the fact that 1/(1 — a;z) — +o00 as z — 1/a; F 0 and the fact
that 1/(1 —a);/z) — +00 as z — aj; £ 0, one sees that ¢, and hence Qapn,
has 2n — 2 zeroes 1/by, ..., 1/b, and b5, ..., b), satisfying b, € (aj_1, a;) and
b € (aj_yq,a}) for all j. Since by (7.21)
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hmz/) —co—i—c+Zh i) =co+crug >0,

we find an additional zero b} satisfying b} € [0,a}). In case ¢g > —c_ vy we
find a final zero 1/b; with by € (0, a1) by noting that

lim ¢(z) = co + c— Zh;(l—a;)zco+c_vo>0.

zZ—00
Jj=1

Putting by := 0 if ¢p = —c_ vp, and using the fact that (1) =1, we con-
clude that in all cases ¥ can be written as

tl—a o 1—aj
(7.:24) WZ):( 11az/1bz)(j_ //2/171;'/2)

Now, use the fact (cf. Example I1.11.10) that for a,be (0, 1):

1—a 1-b
l1—az/1-bz

Z =

is an infinitely divisible pgf <= b <a.

Since b; < a; and b} < a’; for all j, it follows that the characteristic func-
tion ¢ of (py) is of the form

(7.25) d(u) = ¢1(u) P2 (u),

with ¢, the characteristic function of an infinitely divisible distribution
on Zy and ¢o the characteristic function of an infinitely divisible distrib-
ution on Z_. Therefore, (py) is infinitely divisible. We summarize.

Theorem 7.10. A probability distribution (py)kez on Z with the property
that both the sequences (py)kez, and (p_y)kez, are completely monotone,
is infinitely divisible.

Finally, we briefly return to the negative-binomial distribution with
general shape parameter r > 0, and also mix with respect to r. The fol-
lowing result is an immediate consequence of Theorem 4.9; cf. the proof of
Theorem 7.4.

Theorem 7.11. A pgf P of the form

1—p\"
7.26 P(z :/ dH (r,p),
(7.26)  P(2) (o,w,n(l—pz) (r,p)

with H a distribution function on (0,2] x [0, 1), is infinitely divisible.
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It follows that for pe(0,1) and a distribution function H on (0,00) the

power mixture

(727)  P(z) = /( - ( f:ppz)r dH(r)

is infinitely divisible if the support S(H) of H is restricted to (0,2]. Of
course, another sufficient condition is infinite divisibility of H; cf. Proposi-
tion 2.1.

8. Generalized negative-binomial convolutions

A probability distribution (pi)rez, on Z4 is said to be a generalized
negative-binomial convolution if it is the weak limit of finite convolutions
of negative-binomial distributions; the pgf P of such a (py) can be obtained

as in (6.16). We reformulate Corollary 6.18 in terms of transforms.

Proposition 8.1. A function P on [0, 1] is the pgf of a generalized negat-
ive-binomial convolution iff P has the form

(8.1) P(z)=7n(1-=2) [0<2z<1],
where 7 is the pLSt of a generalized gamma convolution.

This representation result will be used to translate results for general-
ized gamma convolutions into results in the present context. We start with
doing so for Theorem 5.1 and Proposition 5.2; the proofs of the next two

results are similar to those of Theorem 7.6 and Proposition 7.2, respectively.

Theorem 8.2 (Canonical representation). A function P on [0,1] is

the pgf of a generalized negative-binomial convolution iff P has the form

(8.2) P(z) = exp [—a (1—z)+/(0 1)log 11__ppz dV(p)} [0<2z<1],

where a > 0 and V is a right-continuous nondecreasing function on (0, 1)
satisfying V(1—) = 0 and, necessarily,

1
(8.3) / pdV(p) < oo, log —— dV (p) < 0.
(0.3) ERVI
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In proving this theorem one observes that if P satisfies (8.1) with 7 the
pLSt of a generalized gamma convolution with canonical pair (a,U), so
with 7 of the form (5.2), then P satisfies (8.2) with the same a and with V'
given by

(8.4) Vip)=-U(1/p-1) [V continuous at pe (0,1)].

Condition (8.3) is equivalent to the integral in (8.2) being finite; in par-
ticular, it guarantees that the pgf P in (8.2) has P(0) positive. If a > 0,
then P has a Poisson factor; we will often restrict ourselves to the case

where a = 0.

Proposition 8.3. If a sequence (P,) of pgf’s of generalized negative-bi-
nomial convolutions converges (pointwise) to a pgf P, then P is the pgf of

a generalized negative-binomial convolution.

By its definition a generalized negative-binomial convolution is infinitely
divisible; cf. Section II.2. The canonical sequence (ry)kez, of the pgf P in
(8.2) has gf R given by

d

(85)  R(z)=log P() = a+ /(O )1 _ppz av(p),

so the r, themselves can be written as

(8.6) Tk:aéo,;g—i—/ pk'HdV(p):/ FAVip)  [keZol,
(0,1) [0,1)

where Vi (p) := 0 for p < 0 and Vi(p) == a+ [, , tdV(¢) for pe[0,1), which
is finite because of (8.3). By the uniqueness part of Hausdorfl’s theorem it
follows that the canonical pair (a, V') of P is uniquely determined by P; the
function V' is called the Thorin function of P (and of the corresponding dis-
tribution). Hausdorfl’s theorem also implies the direct part of the following
characterization result; the converse part is similarly obtained by using the

canonical representations of Theorems 11.4.1 and 8.2.

Theorem 8.4. A probability distribution (py) on Z is a generalized neg-
ative-binomial convolution iff it is infinitely divisible having a canonical
sequence (ry) that is completely monotone. In this case the Hausdorff
representation of (ry) can be obtained from the canonical pair (a,V') as in
(8.6).
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This theorem can be used to obtain a sufficient condition for infinite divis-
ibility as in the following proposition; compare with the sufficient condition
given in Theorem 7.4.

Proposition 8.5. A probability distribution (py)rez, on Zy Is infinitely
divisible if it is of the form

87 pe= i kDo [keZy]

with (qg)kez . a generalized negative-binomial convolution that has finite

mean .

PROOF. Similar to that of Proposition 5.4. If P; is the pgf of (¢x) and Ry
is the R-function of P, then the pgf P of (pr) can be written as

P(:) = Pi() =+ Pi2) Ra(2) = PuC:) PaCe),

where P, := Ry /p is the gf of a probability distribution that is completely
monotone and hence infinitely divisible. M

Theorem 8.4 can also be used to show that the generalized negative-binom-
ial convolutions interpolate between the stable and the self-decomposable
distributions on Z ; just apply Theorems V.4.13 and V.5.6, and note that,
for v€(0,1) and keZy, (k;"Y) is the k-th moment of the beta (1—-,7)
distribution (cf. Section B.3). Alternatively, one might use Proposition 8.1
together with Propositions 5.5 and 5.7, Theorem 6.6 and Corollary 6.8.
Thus the following two propositions hold; the final statement in the first
one is a consequence of Theorem V.4.20.

Proposition 8.6. A generalized negative-binomial convolution (py)kez.,
is self-decomposable. Moreover, (py) is unimodal; it is nonincreasing iff it
starts nonincreasing in the sense that p; < pg.

Proposition 8.7. A stable distribution on Z., with pgf P of the form
(8.8) P(z) =exp [-A (1 —2)7],
where A > 0 and vy € (0,1], is a generalized negative-binomial convolution.

Next we establish a connection with the miztures of negative-binomial

distributions from the preceding section. First, recall from Theorem 7.8
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that the mixtures of geometric distributions correspond to the infinitely

divisible distributions on Z, that have a canonical sequence (ry) such that

1
(8.9) k:/o Pup)dp  (keZy]

E+1

for some function w satisfying 0 < w < 1; let us call w the canonical density
of the mixture. Now, if (r) is as in (8.6), then by using Fubini’s theorem
one sees that

1 1
(8.10) kirk:aéo’k—&—/ p"{~V(p)}dp [keZy].
+1 0

By Theorem 8.4 and the uniqueness part of Hausdorff’s theorem we thus

obtain the following result.

Proposition 8.8. A generalized negative-binomial convolution with can-
onical pair (a,V) is a mixture of geometric distributions iff a =0 and V
satisfies —V (04) < 1. In this case for the canonical density w of the mixture

one may take w = —V.

We make a few comments on this result. The first one concerns a gener-
alized negative-binomial convolution (pj) with canonical pair (0,V). Ac-
cording to Proposition 8.6 and (8.6) (note that ro = p1/po) such a (p) is
monotone iff f(o,l) pdV(p) < 1. Since this condition is less restrictive than
-V(0+) = f(0,1) dV(p) < 1, it follows from Proposition 8.8 that monotonic-
ity of (pg) is not equivalent to complete monotonicity of (pg). This is con-
trary to the R -case, where we do have such an equivalence for densities of
generalized gamma convolutions; cf. Corollary 5.9. In view of Theorem 6.14
we conclude that there exist pgf’s P of the form (8.1) that correspond to
monotone distributions but for which 7 corresponds to a density that is
not monotone; we refer to Section 12 for an example. The second comment
concerns a converse; if (r) satisfies (8.10) with V nondecreasing, then (r)
can be written as in (8.6). Together with Theorem 8.4 and Proposition 8.8
this shows that the mixtures of geometric distributions that can be viewed

as generalized negative-binomial convolutions, can be identified as follows.

Corollary 8.9. A mixture of geometric distributions with canonical den-
sity w is a generalized negative-binomial convolution iff w can be chosen

to be nonincreasing.
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The final comment on Proposition 8.8 concerns the following generalization
of its main part; it is easily obtained from the canonical representation in
Theorem 8.2.

Corollary 8.10. For r > 0 a generalized negative-binomial convolution
with canonical pair (a,V) is the r-fold convolution of a mixture of geo-
metric distributions iff a =0 and V satisfies =V (0+) < r.

The generalized negative-binomial convolutions in this corollary, with r
fixed, can also be viewed as miztures of negative-binomial (r) distributions,

so as distributions (pi)rez, on Zy of the form

k -1
(8.11) D = ( +]7; ) ag, with (o) completely monotone;
cf. (7.1). This easily follows by translating Theorem 5.12 in the usual
way: Apply Corollary 6.16, use Proposition 8.1 and observe that because
of (8.4) the Thorin functions U of m and V of P satisfy the relation
limy 00 U(A) = =V(0+). This leads to the following result; its corollary is

a consequence of Corollary 8.10.

Theorem 8.11. For r > 0 a generalized negative-binomial convolution
with canonical pair (a, V') is a mixture of negative-binomial (r) distributions
iff a =0 and V satisfies —V (0+) < r.

Corollary 8.12. For r > 0 a generalized negative-binomial convolution is
a mixture of negative-binomial (r) distributions iff it is the r-fold convolu-

tion of a mixture of geometric distributions.

As in the R.-case, we will look for sufficient conditions for (py) of
the form (8.11) to be a generalized negative-binomial convolution. More
generally, we are interested in determining classes of explicit distributions
(Pk)kez . on Z, that are generalized negative-binomial convolutions, and
hence are self-decomposable and infinitely divisible. Of course, translating
Proposition 8.1 in terms of distributions yields the following result.
Proposition 8.13. A probability distribution (px)rez, on Z. of the form
L[

=7 ; x¥ e " g(z) dx [keZy]

is a generalized negative-binomial convolution if (and only if) g is a density

(8.12)  p

of a generalized gamma convolution.
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The main results of Section 5, i.e., Theorems 5.18, 5.24 and 5.30, now give
important criteria in terms of hyperbolic complete monotonicity: If the den-
sity g itself, or the Lt 7 of g, or the distribution function G corresponding
to g, is hyperbolically completely monotone, then (px) in (8.12) is a general-
ized negative-binomial convolution. Such a distribution (py) can, however,
seldom be obtained explicitly. Therefore, it would be of great interest to
have a discrete analogue of Theorem 5.18, i.e., we would like to have an
appropriate concept of discrete hyperbolic complete monotonicity for se-
quences, with the property that (pg) is hyperbolically completely monotone
iff (pr) is of the form (8.12) with g hyperbolically completely monotone;
then it would follow that any hyperbolically completely monotone distrib-
ution (p) is a generalized negative-binomial convolution, and is hence self-
decomposable and infinitely divisible. Unfortunately, such a concept has
not been found yet. If it exists, it will not satisfy the discrete counterparts
of the product properties of Propositions 5.19 (ii) and 5.27, because the
product XY of two independent geometrically distributed random vari-
ables X and Y is not even infinitely divisible; see Section 12. Using the
®-product as considered in Section 2, however, we can state the following
result; as in Section 6, N(T') is the Poisson process of rate one, stopped at

an independent random time 7.

Proposition 8.14. Let Z andY be independent random variables, Z non-

negative andY Z,-valued. Then Z®Y is well defined and its distribution is

a generalized negative-binomial convolution in each of the following cases:

(i) Z has a hyperbolically completely monotone density and the distrib-
ution of Y is a generalized negative-binomial convolution;

(ii) The distribution of Z is a generalized gamma convolution and Y

satisfies Y < N (T') with T" a random variable with a hyperbolically

completely monotone density.

PRrROOF. By Proposition 8.1 (or rather Corollary 6.18) in case (i) we have
v4N (T') where the distribution of T is a generalized gamma convolution.
Hence in both cases

Zoy < N(ZT), with Z and T independent,
because by (6.4) ZON(T) 4 N(ZT). Now apply Proposition 5.27, and use

the fact that the distribution of N(ZT) is a generalized negative-binomial
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convolution if (and only if) the distribution of ZT is a generalized gamma

convolution. m

Let us look at some implications of this proposition in terms of distrib-
utions. If Z has an absolutely continuous distribution with density g, then
Z ®Y has distribution (pg) given by

(8.13) pk:/OOO]P(x@Y:k:)g(:c)dx [keZ,].

So, by taking Y in part (i) of the proposition Poisson (1) and observing
that © ® Y is Poisson (z) for x > 0, we get the special case of Proposi-

tion 8.13 with ¢ hyperbolically completely monotone. Further, by tak-

1
15
gamma (1) and observing that the distribution of x ® Y is negative-binom-

ing Y in part (ii) negative-binomial (r,3) or, equivalently, T standard
ial (r, x/(l + x)) for x > 0, we obtain the following counterpart to Propo-
sition 8.13.

Proposition 8.15. For r > 0 a probability distribution (py)krez, on Z
of the form

r— o ok
(8.14) pk:(k+k 1)/0 Wg(x)dm [keZy]

is a generalized negative-binomial convolution if g is the density of a gen-

eralized gamma convolution.

Note that (8.14) is of the form (8.11), so Proposition 8.15 gives a sufficient
condition for a mixture of negative-binomial (r) distributions to be a gener-
alized negative-binomial convolution; see also (7.2). In fact, the proposition
can be reformulated as follows: A negative-binomial (r, W) distribution (so
with random success parameter W) is a generalized negative-binomial con-
volution if the distribution of Z :=W / (1— W) is a generalized gamma

convolution.

In some special cases Propositions 8.13 and 8.15 can be used to de-
termine explicit distributions (py) that are generalized negative-binomial
convolutions; for illustrating examples we refer to Section 12. In dealing
with concrete examples it is sometimes convenient to make use of the follow-
ing closure properties; the first one easily follows from Theorems 8.2 or 8.4,

and the second one is obtained by combining Propositions 5.25 and 8.1.
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Proposition 8.16. If (py)rez, having pgf P is a generalized negative-
binomial convolution, then so is (p,(f))ke@, with p;a) = apy/P(a), for
every a€(0,1).

Proposition 8.17.

(i) If 7 is the LSt of a generalized gamma convolution, then the function
2+ m((1— 2)7) is the pgf of a generalized negative-binomial convo-
lution for every v € (0,1].

(ii) If P is the pgf of a generalized negative-binomial convolution, then
so is the function z +— P(1— (1— 2)7) for every vy (0,1].

Part (ii) of this proposition shows, for instance, that the generalized negat-
ive-binomial convolutions that are stable, can be obtained in a simple way

from the Poisson distribution.

9. Mixtures of zero-mean normal distributions

We turn to probability distributions on R, and consider variance miz-
tures of normal distributions with mean zero. In doing so it will appear
more convenient to mix with respect to half the variance, so we consider
normal (0, 27") distributions with positive random 7. Their densities are

called miztures of zero-mean normal densities and are given by
1
(9.1) f(z) :/ ——— exp [—2?/(4t)] dG(t) [z #0],
(0,00) 2Vt /)]

with G = Fp. Sometimes we allow T to be zero; the corresponding ‘normal’
distribution is then degenerate at zero. The characteristic functions ¢ of
the resulting miztures of zero-mean normal distributions can be written as

92)  o(u) = /R exp [~ tu2] dG(t) = m(u2),

with 7 the LSt of G. As noted in Section 2, these mixtures can be viewed
as power mixtures and as scale miztures; a random variable X with charac-
teristic function ¢ given by (9.2) can be represented as

9.3)  X2B(T) and X 2VTB,
where B(-) is Brownian motion with B:= B(1) normal (0,2) and T is in-

dependent of B(:). We will mostly use, without further comment, the
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first representation in (9.3). Of course, the distributions of 7" and B(T)
determine each other, so

4

9.4)  B(M)LBT) <« T\ <.

Moreover, similar to the proof of Proposition 3.1 one shows that the class
of mixtures of zero-mean normal distributions is closed under weak conver-

gence.

Proposition 9.1. If a sequence (¢,) of mixtures of zero-mean normal
characteristic functions converges (pointwise) to a characteristic function ¢,
then ¢ is a mixture of zero-mean normal characteristic functions.

The mapping T' +— B(T') transforms distributions on Ry into symmetric
distributions on R. It preserves infinite divisibility, i.e., if T is infinitely
divisible, then so is B(T); this immediately follows from Proposition 2.1.
The converse is not true; see Section 12. But for B(T') to be infinitely divis-
ible the random variable T" has to have several properties in common with
infinitely divisible random variables. For instance, if T' is non-degenerate,
then T cannot have an arbitrarily thin tail; cf. Theorem I11.9.1. We will
not prove this rather technical result (see Notes), and only show that T
must be unbounded.

Proposition 9.2. The random variable B(T) is infinitely divisible if T' is
infinitely divisible. On the other hand, B(T) is not infinitely divisible if T
is non-degenerate and bounded.

PrROOF. We only have to prove the second assertion, so let 7' be bounded
by some a > 0. Consider the tail probability IP(|B(T)| > ) for > 0;
because of (9.1) it satisfies

cP(|B(T)| > z) < /0 / exp —y?/(4t)] dy) dG(t) =
Y o
/0 R e[ ] 460 < 2v/afx e [ ()]

Now, suppose that B(T) is infinitely divisible, and apply Corollary IV.9.9.

Then from the estimation above it follows that B(T) is normal and hence
by (9.4) that T is degenerate. m
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It is not known whether, as for N(T) in Theorem 6.3, there are simple
necessary and sufficient conditions on T for B(T') to be infinitely divisible.
Also, the analogue of Theorem 6.4 does not hold, i.e., infinite divisibility
of T is not characterized by the infinite divisibility of B(0T") for all 8 > 0;
this follows from the fact that by (9.3) B(6T) 1V0B (T). Similar remarks
can be made with respect to self-decomposability; using just the definitions

one easily shows that
(9.5) T self-decomposable = B(T) self-decomposable,

but there seems to be no converse. The mapping T — B(T) also preserves

stability; in this case there does exist a converse.

Theorem 9.3. For v¢€(0,1] an Ry-valued random variable T is stable
with exponent v iff B(T') is stable with exponent 2.

PROOF. Use the canonical representation for the pLSt 7 of a stable distrib-
ution on R with exponent ¢ (0,1] and for the characteristic function ¢
of a symmetric stable distribution on R with exponent + € (0, 2]; according
to Theorems V.3.5 and V.7.6 they are given by

(96)  7(s) = exp[-As"), O(u) = exp [-Alu["],

where A > 0. The assertion of the theorem now immediately follows from
(9.2) and (9.4). m

Corollary 9.4. For «€(0,2] a random variable X has a symmetric stable
distribution with exponent v iff X 4 B(T) where T is R -valued and stable

with exponent %7.

Similarly one shows that Theorem 9.3 and its corollary have close ana-
logues for the gamma and sym-gamma distributions with shape parame-
ter r, whose pLSt’s m and characteristic functions ¢, respectively, are of
the form

A \T 22 r
00 w9=(555) - w0 = ()
where A > 0. We state the results.

Theorem 9.5. For r> 0 an R, -valued random variable T has a gamma (1)

distribution iff B(T) has a sym-gamma (r) distribution.
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Corollary 9.6. For r > 0 a random variable X has a sym-gamma (r) dis-
tribution iff X < B(T) with T gamma (r) distributed.

Taking » =1 we see that T has an exponential distribution iff B(T') has
a Laplace distribution. Using the first part of Proposition 9.2 one easily
shows that for the more general compound-exponential distributions on R

and on R we have
(9.8) T compound-exponential = B(T') compound-exponential;

as for (9.5) there seems to be no converse.

We turn to log-convex and, more specially, completely monotone den-
sities. Since log-convex densities on R do not exist and there seems to be
no obvious concept of complete monotonicity for functions on R, Theo-
rems 6.13 and 6.14 have no (partial) analogues. On the other hand, com-
pletely monotone densities on (0, 00) coincide with mixtures of exponential
densities, and these mixtures do have an obvious counterpart on R, viz.

mixtures of Laplace densities, which are of the form
99)  f(z) = / e M dHQ) [z #£0]
(O’Oo)

with H a distribution function on (0, c0).

More generally, for r > 0 we will relate the miztures of gamma (r) dis-
tributions and the miztures of sym-gamma (r) distributions with pLSt’s 7

and characteristic functions ¢ of the form

A r
(o) =t (-e) 600
(9.10) /(o,oo)()\—i;\j)

$(u) = a+ (1—a) /mm) () ann,

where a€[0,1] and G and H are distribution functions on (0, 00). In fact,

proceeding as for Theorem 9.5 one obtains the following result.

Theorem 9.7. For r > 0 the distribution of an Ry-valued random vari-
able T' is a mixture of gamma (r) distributions iff the distribution of B(T')

is a mixture of sym-gamma (r) distributions.

Corollary 9.8. For r > 0 the distribution of a random variable X is a
mixture of sym-gamma (r) distributions iff X 4B (T') where the distrib-

ution of T is a mixture of gamma (r) distributions.
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The relation between 7 and ¢ in (9.7) also immediately yields an analogous
relation between the generalized gamma convolutions and the (similarly
defined) generalized sym-gamma convolutions with pLSt’s 7 and charac-

teristic functions ¢ that can be obtained as

(9'11) 7T _nlggoH( ]—i—s) j’ _WILH;OH()\2 —|—u2> mj’

n,j
with obvious restrictions on the parameters.
Theorem 9.9. The distribution of an R, -valued random variable T is a

generalized gamma convolution iff the distribution of B(T) is a generalized

sym-gamma convolution.

Corollary 9.10. The distribution of a random variable X is a generalized
sym-gamma convolution iff X 4 B(T) where the distribution of T is a

generalized gamma convolution.

In the next two sections we will use Corollaries 9.8 and 9.10 to translate
results from Sections 3, 4 and 5 into similar results for the mixtures of

sym-gamma distributions and the generalized sym-gamma convolutions.

10. Mixtures of sym-gamma distributions

We will mostly consider the sym-gamma (r, \) distribution for a fixed
value of the shape parameter r > 0. As stated in (9.10), the characteristic

function ¢ of a mixture of sym-gamma (r) distributions is of the form

A2+ u?

(10.1)  ¢(w) =a+(1—a) /(0 m)()\z)rdH(/\),

where ave [0,1] and H is a distribution function on (0, 00). These charac-
teristic functions can be represented as in the following reformulation of
Corollary 9.8.

Proposition 10.1. A function ¢ on R is the characteristic function of a

mixture of sym-gamma (r) distributions iff ¢ has the form
o(u) = m(u?) [ueR],

where m is the pLSt of a mixture of gamma (r) distributions.
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Clearly, the mixtures in (10.1) are scale miztures; they correspond to
random variables of the form ZY with Z nonnegative and Y sym-gam-
ma (r), and Z and Y independent. Use of Proposition 10.1 translates
Propositions 4.1 and 4.2 into the following properties; cf. Propositions 7.2
and 7.3.

Proposition 10.2. If a sequence (¢,,) of mixtures of sym-gamma (r) char-
acteristic functions converges (pointwise) to a characteristic function ¢,

then ¢ is a mixture of sym-gamma (r) characteristic functions.

Proposition 10.3. For ac(0,1), mixtures of sym-gamma (ar) distrib-

utions can be regarded as mixtures of sym-gamma (r) distributions.

Similarly, Theorem 4.5 and Proposition 9.2 imply a result that was already
obtained in the second part of Theorem 4.7 and can be reformulated as
follows; see fo in Example IV.2.9.

Theorem 10.4. A mixture of sym-gamma (2) distributions is infinitely
divisible. Consequently, a probability density f on R is infinitely divisible
if f is of the form

(10.2)  f(z) = / INA+Nz)) e Ml dH(N) (2 #0]
(0,00)
with H a distribution function on (0, 00).

Note that f in (10.2) can be written as the following two-term mixture:
@) = g/ Ive Ml dH(N) + %/ 1N 2] e el dH(N).
(0,00) (0,00)

Now by Proposition 4.2 the first term here can be put in the same form
as the second term, so f can be viewed as a mizture of double-gamma (2)
distributions:

(10.3)  f(z) =/ A el e M AGN) = Jalw(l2]) [ #0],

(0,00)

where G is a distribution function on (0, 0c0) and 1 is completely monotone.
Not every density f of the form (10.3) is, however, a mixture of sym-
gamma (2) densities. In fact, not every f of the form (10.3) is infinitely
divisible; cf. Example IV.11.15.
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Thus, for r < 2 all mixtures of sym-gamma (r) distributions are infin-
itely divisible. Moreover, Theorem 4.9 implies that mixing with respect to
such values of r preserves infinite divisibility.

Theorem 10.5. A characteristic function ¢ of the form
104 ot=a+(-a) *) )
. u)=oa+(l—«o ( ) T, A),
(0,2]%(0,00) \ A2 + u?
with a €[0,1] and H a distribution function on (0,2] x (0, 00), is infinitely

divisible.

It follows that for A > 0 and a distribution function H on (0, c0) the power

mizture

(10.5) ¢(U):/<ooo)(vfuz>rdmr)

is infinitely divisible if the support S(H) of H is restricted to (0,2]. Of
course, another sufficient condition is infinite divisibility of H; cf. Proposi-
tion 2.1.

We take » =1 in (10.1) and thus consider mixtures of Laplace distrib-
utions. As we saw above, these mixtures are infinitely divisible (this also
immediately follows from Theorem 3.3), and we now want to characterize
them among the infinitely divisible distributions. This can be done by
using the following canonical representation, which by Proposition 10.1
easily follows from Theorem 3.5; cf. the proof of Theorem 7.6.

Theorem 10.6 (Canonical representation). A function ¢ on R is the

characteristic function of a mixture of Laplace distributions iff ¢ has the

form
*r1 1
(10.6) o(u) = exp {_/0 (ﬁ - m) w(A) 2A d)\} [ueR],
where w is a measurable function on (0, 00) satisfying 0 < w < 1 and, nec-
essarily,
(10.7) / A) dh < 0.

Corollary 10.7. If ¢ is the characteristic function of a mixture of Laplace
distributions, then so is ¢ for any a € [0,1]. Consequently, the convolution
roots of a mixture of Laplace distributions are mixtures of Laplace distrib-

utions as well.
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We now come to the announced characterization, and recall that the infin-
itely divisible characteristic functions ¢ are uniquely determined by the
canonical triple (a,0?, M) in the Lévy representation in Theorem IV.4.4.

Theorem 10.8. A probability distribution on R is a mixture of Laplace
distributions iff it is infinitely divisible having a Lévy canonical triple
(0,0, M) such that M has a density m of the form

(10.8)  m(z) = /oo M)y [z £0),
0

where w is a measurable function on (0, 00) satisfying 0 < w < 1 and, nec-
essarily, condition (10.7).

ProOOF. Use Theorem 10.6. First, let ¢ be a characteristic function of the
form (10.6) with w as indicated. Then using the fact that u — A? /(A2 +u?)
is the characteristic function of the Laplace (\) distribution, by Fubini’s
theorem we see that ¢ can be written as

(10.9)  é(u) = exp [ / (€™ — 1) m(x) dx}
R\{0}
with m given by (10.8). Now observe that because of condition (10.7) and

the fact that 0 < w < 1, the function m satisfies

T

(10.10) / m(t)dt < oo for x >0, /
T 0

From Theorem IV.4.4 it follows that ¢ has canonical triple (a,0?, M) as
indicated. The converse statement follows by inserting the expression for m
in the Lévy representation for ¢. N

Note that m in (10.8) satisfies j;)lxm(x) dz < oco. Therefore, by Corol-
lary IV.4.16 it follows that the mixtures of Laplace distributions can be

decomposed in a way that is well known for the Laplace distribution.

Corollary 10.9. If the distribution of a random variable X is a mixture

of Laplace distributions, then X can be written as
x4y - Y’, with Y infinitely divisible and R -valued,

where Y’ is independent of Y with Y’ dy.
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We proceed with considering generalized mixtures of Laplace distrib-
utions in the sense that also ‘negative probabilities’ in the mixing function
are allowed.

Theorem 10.10. Let H be a right-continuous bounded function satisfying
H(X\) =0 for A <0 and such that for some Ay > 0

H is nondecreasing on |0, \g),
(10.11) { g on [0,20)

H is nonincreasing on [ Ao, 00) with limy_,oc H(\) = 1.

With this H, let the function f on R\{0} and its Ft ¢ be defined by

(10.12) f(x)_/(o )%Ae*A‘I|dH(A), ¢(u):/ s dH ().

(0,00) )\2 + u2

Then f can be viewed as a probability density iff Ezzf(o o)A dH(X) > 0.
Moreover, if 6:= [, v A*dH(X) >0, then ¢ > 0 and f is infinitely divis-

ible; in fact, ¢ can then be written as

(10.13)  ¢(u) = ¢1(u) p2(w),

where ¢1 is the characteristic function of the Laplace (X\g) distribution

and ¢9 is the characteristic function of a mixture of Laplace distributions.

PROOF. Note that [, f(z)dz = f(o ooy AH(X) = 1 and that f(0+) = e and
ge[—00,00). So, if € < 0, then f is not a density. On the other hand, if
e > 0, then by writing f on R\{0} as

f(x):/ X (e~ Mol — e=olel) aF (x) + Leeolel,
(0.50)

we see that f(z) >0 for all 2. As in Proposition 10.1 the function ¢ in
(10.12) can be represented as

o(u) = w(u?), with 7(s) :/ A dG(N),

(0,00) A+ 8
where G(\) := H(v/A) for A >0; note that G satisfies condition (3.27)
with g replaced by A2. Let further § > 0. Then f(O,oo) AdG(N) >0, so
according to Theorem 3.10 the function 7 is an infinitely divisible pLSt.
By Proposition 9.2 it follows that (¢ > 0 and) ¢ is an infinitely divisible
characteristic function. Also, factorization (3.29) for 7 yields (10.13) with
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¢i(u) == m;(u?) for i = 1,2; ¢; and ¢y are characteristic functions of types
as indicated in the theorem because of Theorems 9.5 and 9.7. )

By writing e **l as f/\oo || e~t1#l ¢ and changing the order of integration
we see that the function f in (10.12) can also be written as
(10.14)  f(x) = |z e Mzho(n) da [z #0],

(0,00)
where C'()) := %me ydH(y) for A > 0. If € > 0, then C is nonnegative,
so from (10.14) it is seen once more that f(x) > 0 for all z. Moreover, it
follows that Theorem 10.10, like Theorem 10.4, gives examples of densities f
of the attractive form (10.3) that are infinitely divisible.

11. Generalized sym-gamma convolutions

A probability distribution on R is said to be a generalized sym-gamma
convolution if it is the weak limit of finite convolutions of sym-gamma dis-
tributions; the corresponding characteristic function ¢ can be obtained as

in (9.11). We reformulate Corollary 9.10 in terms of transforms.

Proposition 11.1. A function ¢ on R is the characteristic function of a

generalized sym-gamma convolution iff ¢ has the form
(11.1) o(u) = m(u?) [ueR],
where 7 is the pLSt of a generalized gamma convolution.

This representation result will be used to translate results for gener-
alized gamma convolutions into results in the present context. We start
with doing so for Theorem 5.1 and Proposition 5.2; cf. Theorem 8.2 and
Proposition 8.3.

Theorem 11.2 (Canonical representation). A function ¢ on R is the

characteristic function of a generalized sym-gamma convolution iff it has

the form
2 Az
11.2 = —au” + log ——— dV (A R],
12 o =ew [t [ lopTdv(]  [ueR)
where a > 0 and V' is an LSt-able function with V' (0) = 0 and, necessarily,
1 1

(11.3) / log — dV(X) < o0, — dV()) < oo.

01 A (Lo0) A
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In proving this theorem one observes that the Thorin function V is obtained
from the Thorin function U of 7 in (11.1) by

(11.4) VN =UMN)  [XeR].

Of course, the canonical pair (a,V’) of ¢ in (11.2) is uniquely determined
by ¢. If a > 0, then ¢ has a normal factor; we will often restrict ourselves

to the case where a = 0.

Proposition 11.3. If a sequence (¢,,) of characteristic functions of gen-
eralized sym-gamma convolutions converges (pointwise) to a characteristic
function ¢, then ¢ is the characteristic function of a generalized sym-gamma

convolution.

Clearly, the generalized sym-gamma convolutions are infinitely divisible.
We will now characterize them among the infinitely divisible distributions

using the Lévy canonical triple (a, o2, M); cf. Theorem 1V.4.4.

Theorem 11.4. A probability distribution on R is a generalized sym-
gamma convolution without normal component iff it is infinitely divisible
having a Lévy canonical triple (0,0, M) where M has an even density m
such that x — xm(x) is completely monotone on (0,00). In this case m
can be expressed in terms of the LSt V of the Thorin function V of the
distribution by

57 [z #0L

ProOOF. Use Theorem 11.2. First, let ¢ be a characteristic function of the
form (11.2) with ¢ = 0 and with V as indicated. Use the fact (see Exam-
ple IV.4.8) that the Laplace (\) distribution has canonical triple (0,0, M)
where M), has density m, given by my(z) = el /|z| for  # 0, so

A2 ; ux
log 5~ = g - ) dz.
PR /R\{O} ( Ty g2) M) de

Inserting this in (11.2) and using Fubini’s theorem, we see that ¢ can be

(11.5) m(z) =

written as

U

o(u) = exp {/]R\{O} (ei“”— 1- m) m(x) dx}

with m given by (11.5). It follows that ¢ has canonical triple (a, o2, M) as

indicated. The converse statement follows by noting that by Bernstein’s
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theorem m can be represented as in (11.5), and then inserting this expres-

sion for m in the Lévy representation for ¢. N

This theorem can be used to show that the generalized sym-gamma convo-
lutions interpolate between the symmetric stable and the self-decomposable
distributions on R; just apply Theorems V.6.12 and V.7.9. Alternatively,
one might use Proposition 11.1 together with Propositions 5.5 and 5.7,
(9.5) and Corollary 9.4. Thus the following two propositions hold; the final
statement in the first one is a consequence of Theorems V.6.14 and V.6.23.

Proposition 11.5. A generalized sym-gamma convolution is self-decom-

posable. Moreover, it is absolutely continuous and unimodal.

Proposition 11.6. A symmetric stable distribution, with characteristic

function ¢ of the form

(11.6) o(u) = exp [—/\ |u\7],

where A > 0 and v € (0,2], is a generalized sym-gamma convolution.

Next we establish a connection with the miztures of sym-gamma dis-
tributions from the preceding section. By Theorem 11.4 a generalized sym-
gamma convolution with canonical pair (a, V') has a Lévy density m that
satisfies (11.5). This relation can be rewritten as

(11.7) m(x)z/ooce_)‘lw VINdA [z #0],

and, conversely, if m is of the form (11.7) with V' an LSt-able function,
then m satisfies (11.5). Now, compare (11.7) with (10.8) where the Lévy
density m of a mixture of Laplace distributions is given in terms of the
second canonical density w satisfying 0 < w < 1. Then one is led to the
following proposition and the first corollary; the second corollary is easily

obtained from the canonical representation in Theorem 11.2.

Proposition 11.7. A generalized sym-gamma convolution with canonical
pair (a,V) is a mixture of Laplace distributions iff a =0 and V satisfies
limy o V(A) < 1. In this case for the second canonical density w of the

mixture one may take w =1V.
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Corollary 11.8. A mixture of Laplace distributions with second canonical
density w is a generalized sym-gamma convolution iff w can be chosen to

be nondecreasing.

Corollary 11.9. For r > 0 a generalized sym-gamma convolution with
canonical pair (a, V') is the r-fold convolution of a mixture of Laplace dis-
tributions iff a =0 and V satisfies limy_ V(A) < r.

The generalized sym-gamma convolutions in this corollary, with r fixed,
can also be viewed as miztures of sym-gamma () distributions. This easily
follows by translating Theorem 5.12 in the usual way: Apply Corollary 9.8,
use Proposition 11.1 and observe that because of (11.4) the Thorin func-
tions U of m and V' of ¢ satisfy limy_,oo U(A) = limy_,oc V(A). This leads
to the following result; its corollary is a consequence of Corollary 11.9.

Theorem 11.10. For r > 0 a generalized sym-gamma convolution with
canonical pair (a,V) is a mixture of sym-gamma (r) distributions iff a = 0
and V satisfies limy_ V/(A) <.

Corollary 11.11. For r > 0 a generalized sym-gamma convolution is a
mixture of sym-gamma (r) distributions iff it is the r-fold convolution of a

mixture of Laplace distributions.

We are interested in determining classes of explicit densities f on R that
are generalized sym-gamma convolutions, and hence are self-decomposable
and infinitely divisible. Of course, translating Proposition 11.1 in terms of

densities yields the following result.

Proposition 11.12. A probability density f on R of the form

11.8)  f(a) = /Ooo 2\% exp [~22/(40)] g(t)dt [z # 0]

is a generalized sym-gamma convolution if (and only if) g is a density of a

generalized gamma convolution.

The main results of Section 5, i.e., Theorems 5.18, 5.24 and 5.30, now give
important criteria in terms of hyperbolic complete monotonicity: If the den-
sity g itself, or the Lt m of g, or the distribution function G corresponding
to g, is hyperbolically completely monotone, then f in (11.8) is the density
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of a generalized sym-gamma convolution. Such a density f can, however,
seldom be obtained explicitly. Another procedure that sometimes leads to
explicit densities of generalized sym-gamma convolutions, will be derived

from the following analogue of Proposition 8.14.

Proposition 11.13. Let Z and Y be independent random variables with Z
nonnegative. Then the distribution of the product ZY is a generalized
sym-gamma convolution in each of the following cases:
(i) Z has a hyperbolically completely monotone density and the distrib-
ution of Y Is a generalized sym-gamma convolution;
(ii) The distribution of Z is a generalized gamma convolution and Y
satisfies Y < B(T) with T a random variable with a hyperbolically

completely monotone density.

PrOOF. By Corollary 9.10 in case (i) we have Y = B(T) where the distrib-

ution of T is a generalized gamma convolution. Hence by (9.3)
VZY L B(ZT), with Z and T independent,

which also holds in case (ii), of course. Now apply Proposition 5.27; the
distribution of ZT is a generalized gamma convolution, so vVZY has a

generalized sym-gamma convolution as its distribution. M

If Z and Y have absolutely continuous distributions with densities g and fy,
respectively, then ﬁ Y has density f given by

(11.9)  f(z) = ; \[fy(w/\/) g(t)ydt  [zeR].

So, by taking Y in part (i) of the proposition normal (0, 2) we get the spe-
cial case of Proposition 11.12 with g hyperbolically completely monotone.
Further, by taking Y in part (ii) standard sym-gamma (r) with r e {1, 2},

we obtain the following counterpart to Proposition 11.12.

Proposition 11.14. Let g be a density of a generalized gamma convo-
lution. Then each of the following two densities f1 and fo corresponds to
a generalized sym-gamma, convolution:

(10 A = [ e [l Vil g d o £ 0]

(11.11) fg(aj):/ooo4\1[( +|\a}|) exp [—|z|/Vt] g(t) dt [z #£0].
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Note that f; is of the form (9.9) and f; of the form (10.2), so for r € {1,2}
Proposition 11.14 gives a sufficient condition for a mixture of sym-gam-

ma (r) distributions to be a generalized sym-gamma convolution.

In some special cases Propositions 11.12 and 11.14 can be used to deter-
mine explicit densities f that correspond to generalized sym-gamma con-
volutions. We now give one such example because it leads to the solution
of a classical problem in infinite divisibility that was open for a long time;
see Notes. Let T < 1/Y with Y gamma(r, 1) for some r > 0; then T has
density g given by

4 1

90 = 703 (It)m exp[~1/(a)]  [t>0].

Note that g is hyperbolically completely monotone (see, e.g., Theorem 5.22),
so from Theorem 5.18 it follows that g is the density of a generalized gamma
convolution. Now, use this g in (11.8), so consider the density f of B(T)
or, by (9.3), of B/VY; it is easily computed and recognized as a density
of the student distribution (with & degrees of freedom when r = %k: with
k eN). Thus Proposition 11.12 leads to the following result.

Theorem 11.15. For r > 0 the student (r) distribution with density f
given by
1 1 r+3
11.12 - (7) R],
( ) f(x) B(T’,%) 1+l‘2 ["EE ]

is self~-decomposable and hence infinitely divisible.

Note that by Proposition 9.2 for the infinite divisibility of f it is only
necessary to know that 7" above is infinitely divisible; cf. Example IV.11.6.
For further examples we refer to Section 12. In dealing with concrete
examples it is sometimes convenient to make use of the following closure

property; it is obtained by combining Propositions 5.25 and 11.1.

Proposition 11.16.
(i) If 7 is the LSt of a generalized gamma convolution, then u — m(|u|")
is the characteristic function of a generalized sym-gamma convolution
for every v € (0,2].
(ii) If ¢ is the characteristic function of a generalized sym-gamma convo-

lution, then so is u +— ¢(|u|7) for every v€(0,1].
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Part (ii) of this proposition shows, for instance, that the generalized sym-
gamma convolutions that are stable, can be obtained in a simple way from
the normal distribution.

12. Examples

In the preceding sections we have obtained rather special results on
mixtures and convolutions of specific probability distributions: the gamma
distributions on R and (via mixtures of Poisson and normal distributions)
their counterparts on Z, and on R, the negative-binomial and the sym-
gamma distributions. Therefore, it is no surprise that now many examples
of explicit infinitely divisible distributions can be given. Of course, we
present examples and counter-examples that illustrate the scope of the
results given, but further we concentrate on examples of distributions the
infinite divisibility of which can not easily be shown by the methods in the
earlier chapters. Examples of this type are the log-normal and the student

distribution, which were already given because of their historical relevance.

Example 12.1. Let r > 2 be fixed, and consider for ¢ > 0 the following

pLSt 7. of a mizture of gamma (r) distributions:

()_ c n 1 (1 )T
7TcS_lJrc 14+c\1+s/ "

Set ¢(u) := (1 —iu)~" for u e R. We will choose ¢ > 0 such that ¢(u) = —c
for some u € R; the corresponding pLSt 7. then has a zero on the imaginary
axis, and hence cannot be infinitely divisible because of Theorem III.2.8.
Now |¢(u)’ = (1+u?)""/2 and arg ¢(u) = r arctan u, so we need to solve
the following pair of equations for (¢, u) € (0,00) x R:

(1+u?)""/2 =¢, arctan u=7/r.

Since r > 2, this can be done; we find ¢ = {cos (7/r)}" and u = tan (7 /7).
Conclusion: For r > 2 not all mixtures of gamma (r) distributions are infin-
itely divisible. Compare with Theorem 4.5. From Proposition I11.2.2 it
follows that for > 2 not all mixtures of gamma (r) densities are infinitely
divisible. M
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Example 12.2. Let T be an R -valued random variable with density f

given by the following generalized mizture of exponential densities:
ft)=2e" —6e 3 £ 57 [t>0];

since f can be written as f(t) = 5e~" {(e7?'— )24+ L}, f is indeed non-

negative. The pLSt 7 of T is given by
2 6 5 15 + 52

T = T TErs (149 Brs) Bt

Since 7(z0) = 0 for zg = i\/15, it follows from Theorem I11.2.8 that 7" is not
infinitely divisible. Conclusion: Finite generalized mixtures of exponential
distributions with two changes of sign in the sequence of mixing probabili-
ties are not all infinitely divisible.

Next, for 6 > 0 consider the random variable N(0T) from Section 6; its
distribution is a mizture of Poisson distributions. The pgf Py of N(0T) is
given by Py(z) = m(6{1 — z}) which in our case yields

(iV15 + 0{1 — z}) (—ivV15+ 6{1 — 2})
(1+6{1—2}) (3+6{1—2}) (5+6{1—2})’

Po(z) =

so for the R-function Ry of Py, with Ry(z) = (log P@(Z))/, we have

0 0
)= 2 TR 2, T s R o=

j=1,3,5 j=1,2
It follows that Ry has a power-series expansion with coefficients ry(6) for
keZ. given by

0= 3, (%)M_ 2 (9+(—19)ji\/ﬁ>k+1 B

7j=1,2

= Z (%j)k+1 —2mEt cos (k +1)a,
j=1,3,5
where mg:= 0/v/60% + 15 and ag := arctan(v/15/6). Now observe that for
6 <1 we have 6/(0 + 3) > my, which suffices to make () > 0 for all k,
so Ry absolutely monotone. Thus, for 6 € (0, 1] the random variable N (6T)
is infinitely divisible. Conclusion: A random variable of the form N(T)
may be infinitely divisible though T is not infinitely divisible. Compare
Theorems 6.3 and 6.4. m
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Example 12.3. Let T be a Z-valued random variable with pgf P given
by

P(z) = exp [-{1 - Q(2)}],

where @ is the gf of the sequence (gx)r=1,.5 With 1 =@ =@ =g¢ =«
and g3 = —f where a := 0.26 and  := 0.04. Indeed, P(1) =1 and, since
Q+ %QQ, Q? and Q3 can be seen to be absolutely monotone, P is absol-
utely monotone as well. The R-function of P, which is given by R = @',
is not absolutely monotone, so P is not infinitely divisible. Now, consider
the random variable B(T') from Section 9; its distribution is a mizture of
zero-mean normal distributions. The characteristic function ¢ of B(T) is
given by
5

o(u) = P(exp [—u2]) = exp [qu (eXp [—ku?] — 1)}

k=1
Since here u +— exp [~ku?] can be viewed as the characteristic function of

the normal (0, 2k) distribution, ¢ can be written as
o =exp[[ (¢ 1)m()da],
R\{0}

where the function m is given by

5
1
m(x) = ];% m exp [7x2/(4k)] [z #0].

Since a/v/5 > 3/1/3, the function m is nonnegative; hence ¢ is infinitely
divisible with Lévy density m. Conclusion: A random variable of the form
B(T') may be infinitely divisible though T is not infinitely divisible. Com-
pare with Proposition 9.2. D

Example 12.4. Consider the half-Cauchy distribution, i.e., the distrib-
ution on (0, 00) with density f given by

f@) =2 [e>0)
Is it infinitely divisible? Clearly, f is not completely monotone. Further,
if f were hyperbolically completely monotone, then so would be f, with
fo(x) == (1+22/n)~", and then also f., = lim, o f, for which fo.(z) =
exp [—2?]; cf. Proposition 5.17. But since the half-normal distribution is
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not even infinitely divisible (it has too thin a tail; cf. Example 111.11.2),
from Theorem 5.18 we conclude that f is mot hyperbolically completely
monotone. Also, by Corollary 5.9 f does not correspond to a generalized
gamma convolution; f is monotone but not completely monotone. Now, use
the fact that u — (1 +u?)~! is the characteristic function of the standard
Laplace distribution; then one sees that f can be written as

flx) = % (1 - (11/33) / b cos (t/x) dt)

2 e 9]
= f/ A (1 —cos A)d / e M g(N\)d,
™ Jo

where g is the probability density given by g(A) = (2/7) (1— cos A)/A? for
A > 0. Application of Theorem 4.5 leads to the following conclusion: The
half-Cauchy distribution is a mixture of gamma (2) distributions, and is
hence infinitely divisible. It can even be shown to be self-decomposable; see
Notes. m

Example 12.5. Consider the half-Gumbel distribution, i.e., the distrib-
ution on (0, 00) with density f given by

f(z) = eil exp [~(z+e )] [z>0]

In Example I11.11.6 we observed that f is mot completely monotone. It
follows that f is not hyperbolically completely monotone and does not cor-
respond to a generalized gamma convolution, because f(0+) > 0; cf. Corol-
lary 5.9. Now, putting ¢ :=e / e —1) and using the dominated convergence
theorem, we can write

f(.l?) _ ci (_kl')k ef(k+1)x _ Ci (—kl')k /koo xe,)\m d) =

k=0 ’ k=0

(oo}
= / Nze M g(N)dA,
1

where g is the probability density on (1, 00) given by

g(\) = - (_1.>k [A>1].

Copyright 2004 by Marcel Dekker, Inc. All Rights Reserved.



By Theorem 4.5 we come to the following conclusion: The half-~Gumbel
distribution is a mixture of gamma (2) distributions, and is hence infinitely
divisible. D

Example 12.6. Let f be a probability density on (0, c0) of the form

f(@) =caxip(z)  [z>0]

with ¢ positive, where ¢ > 0 is a norming constant. From Corollary 4.6
we know that f is infinitely divisible if ¢ is completely monotone. What if,
more generally, 1 is log-convez? Take 1)(z) = exp [—h(z)] with h given by

x yif0<x <1,
h(z) =4 _
s+1) ifz>1;

then h is concave, so v is log-convex. Consider the corresponding density f;
if it were infinitely divisible, then by Theorem I11.4.17 it would satisfy the

functional equation

pf@)= | fle-wdk@ [z>0],

0,2)

for some nondecreasing function K. It can be shown, however (see Notes),

that f satisfies this equation with a function K that has a downward jump

1

of size 16’2 at u = 2. This means that f is not infinitely divisible. D

Example 12.7. Consider the pLSt 7 of a generalized mizture of two gam-
ma (2) distributions. Then, for some A1, Aa with 0 < A\ < Ay,

o () e (2)°

where o may be any positive number satisfying a A\? + (1—a) A3 > 0, i.e.,
a <1/{1—(\1/X2)?}; cf. (3.22). When o < 1, 7 is infinitely divisible by
Theorem 4.5. So take o > 1. By choosing an appropriate scale, we may
further take A; = 1; then A := Ay > 1. Putting o = a? and (o —1) \? = b?,

we see that 7w takes the form

(aX — b+ (a—b)s) (aX + b+ (a+b)s)
(1+s)?(A+s)? ’

w(s) =
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where a > 1 and b > 0 may be any numbers satisfying > = (a* — 1) A and

b < a. Now we can rewrite 7 as

m(s) = (1Jlrs>2(/\is>2/{uis Vis}

where y1 := (aA—b)/(a—b) and v := (aA+b)/(a+Db); here p := 00 if b = a,
and p/(u+ s) :=1if = co. Using (3.5) one sees that  can be put in the
form (3.4) with k given by

k(x):2e71+2e*)‘“"fe*“xfe*"‘” [z > 0],

where e #* :=0if p =00. AsA>1, wehave y > 1land v > 1,s0 k(z) >0
for all . Conclusion: Any distribution that is a generalized mixture of two
gamma (2) distributions, is infinitely divisible. N

Example 12.8. Let X 4 y1/a with a # 0 and Y standard gamma (r) dis-
tributed. Then X has density f given by

fl@) = IJ(O;)xwl exp [—z%] [z>0].
The corresponding distribution is known as the generalized-gamma dis-
tribution. When « > 0 and » = 1 one gets the Weibull distribution. For

a = —1 the inverse-gamma distribution is obtained; the density f then
reduces to
1 :
f@) = gy e el [a>0)
which for r = % is recognized as a stable density with exponent v = % (cf.

Example V.9.5). Now, by Proposition 5.19 (i), or Theorem 5.22, in case
|| < 1 the density f is hyperbolically completely monotone. Thus, The-
orem 5.18 leads to the following conclusion: The generalized-gamma dis-
tribution with |a| < 1, and hence the inverse-gamma distribution, is self-
decomposable and infinitely divisible. When 0 < o < 1 and r < 1/a, f is
completely monotone (and hence infinitely divisible); cf. Example I11.11.3.
The generalized-gamma distribution with o > 1 is, however, not infinitely
divisible; cf. Example II1.11.2. It is unknown whether X is infinitely divis-
ible for a < —1. i

Copyright 2004 by Marcel Dekker, Inc. All Rights Reserved.



Example 12.9. Let X 4 Y/Z with Y and Z independent, Y standard
gamma (r) and Z standard gamma (s). Then X has density f given by

f(m):B(i,s) wr_l(lix)rJrs [z>0].

The corresponding distribution is known as the beta distribution of the
second kind. For r =1 one gets the Pareto distribution. By Proposi-
tion 5.19 (ii), or Theorem 5.22; the density f is hyperbolically completely
monotone. Thus, Theorem 5.18 leads to the following conclusion: The beta
distribution of the second kind is self-decomposable and infinitely divisible.

When r <1, f is completely monotone (and hence infinitely divisible). O

Example 12.10. For €€ (0, 1) let the function . on R4 be given by

s —1
(=S [sz0),

where 7. (1) := lim,_1 m.(s) = . For e = 1 we have T1(s) = 1/(1+s),
which we know to be an infinitely divisible pLSt; cf. Example I11.11.11.
To show that 7. can be viewed as a pLSt for every ¢ (0, 1), we compute
a density f. of the random variable X Y/Z, where X, Y and Z are in-
dependent, X is standard exponential, ¥ gamma (1— ¢) and Z gamma (¢);
using f in Example 12.9 we find

oo )\5
_ — Az
fg(x)—ce/o e (e 0],

where ¢c. :=1 / B(1—¢,¢). Note that integration over = proves the equality
JoZ A /(A +1)dX = 1/c.. Hence the Lt of f. is given by the following
function of s (with s # 1):

o0 )\a o0 )\—5
o =es | — O da=
C/O Atrs)(A+1) ¢ 8/0 Atrs)(A+1)

1—s57¢% [ )¢ s£—1
= C¢ d)\: == € .
R o A+1 s—1 e (s)

Note that f. is a mixture of exponential densities, and hence is completely
monotone. Also, by Proposition 5.19 (ii) f. is hyperbolically completely
monotone. Conclusion: For every €€ (0,1) the function . is the pLSt of a
self-decomposable and infinitely divisible distribution.
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Next consider the pLSt s — < (1+s)/m-(1), and let € | 0. By the continuity
theorem one then obtains the following pLSt x:

~ lim :hm(l—i—s)f—l:log(l—i—s)
clo m.(1) 10 €s s ’

with corresponding density f on (0, 00) given by
<1

f(x)zlimle_wfa(x):/ e_’\wld)\:/ —e tdt.
1 A e U

e|l0 €

Clearly, f is again a mixture of exponential densities, and hence completely
monotone. Also, f is hyperbolically completely monotone as it is the limit
of such functions. Conclusion: The function 7 is the pLSt of a self-decom-
posable and infinitely divisible distribution. m

Example 12.11. Consider the following pLSt 7, which is a shape mizture

of standard gamma distributions:

”(S):%/o (1is>rd’“: 2(1+Ss§§1+og821+8>’

with corresponding density f given by

f(a:)zieﬂ”/O %dr [z > 0].

According to Theorem 4.9 7 is infinitely divisible. Note that m can be

rewritten as

o= () P ek

which yields a curious decomposition of the gamma (2) distribution into
three infinitely divisible distributions; cf. Example 12.10. m

Example 12.12. Let X 4 ¢¥ 1 with Y standard gamma (r) distributed.
Then X has density f given by

1

1
f(ﬂd"):m(m

First, let » < 1. Then we write f as
1 1N1-7 1 2r 2 1—r 1—p
=75 (72) Gm) Eey
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with 71 the pLSt 7 from Example 12.11. Since 7 is infinitely divisible, W}_T

is completely monotone, and similarly for the other factors in f. Therefore,
f is completely monotone as well. Next, let » > 1. Then we write f as

f@) = e () (@)

with w9 the pLSt 7 from Example 12.10. Now, 75 is the pLSt of a gener-

alized gamma convolution; hence so is wg_l. By Theorem 5.24 it follows

that Wg_l is hyperbolically completely monotone. Therefore, f is hyperbol-
ically completely monotone as well; cf. Proposition 5.17. Conclusion: For
all values of r the random variable X is infinitely divisible; when r > 1, X
is self-decomposable. N

Example 12.13. Consider a product of two different exponential pLSt’s:

oL 1 _ 1 { 0 1}
T =y T e1+6s 0-1\1116s 1+s)

where 6 > 0 with 6 # 1. Then for the corresponding density g we have

1

=51 e/ —e™) [z >0].

g(z)

Now suppose that g is hyperbolically completely monotone. Then the func-
tion ¢ with ¥ (s) = 6 g(s)/s for s > 0 would be hyperbolically completely
monotone as well. Since 1(0+) = 1, it would follow from Theorem 5.24
that 1 is the pLSt of a generalized gamma convolution, and hence of an
infinitely divisible distribution. The function v is, however, the pLSt of
a uniform distribution, which is not infinitely divisible. Conclusion: The
convolution of two different exponential densities is not hyperbolically com-
pletely monotone.

Next we use this 7 in Corollary 5.29, which says that for any neN the

following function f,, is a density of a generalized gamma convolution:

(=1" (1/z)" 1 a™/z) [z >0].

An easy calculation shows that in the present case for f,, we get

ro=7 {G) - (3R e

Conclusion: This density f, is self~decomposable and infinitely divisible.
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Note that f, is not hyperbolically completely monotone for arbitrarily
large n, since f,(-/n)/n tends to g above as n — co. As a special case
we take 8 = 2 and n = 1; then for f := f; we get

4 e
f(x)=(2+$) 1+x /AeA AMde™ = 1) d),

which shows that f is a generalized mizture of exponential densities. [0

Example 12.14. Though for gamma variables X the inverse 1/X is infin-
itely divisible (cf. Theorem 5.20), not all random variables X corresponding
to generalized gamma convolutions have this property. To show this in case
{x > 0 is easy. We now prove the existence of a random variable X with
{x = 0 that corresponds to a generalized gamma convolution and is such
that 1/X is (unbounded and) not infinitely divisible. For neN let Y,
and Z be independent with Y;, gamma (n,n) and Z standard exponential,

and consider X,, such that
d
X, =Y, +2Z

Then the distribution of X,, is a generalized gamma convolution; moreover,
lx, =0. Now, let n — oo; since Y, 4, 1, we have X, 4 + Z, and
therefore 1/X,, N 1/(1+ Z), which is bounded by one and hence is not
infinitely divisible. It follows that 1/X,, cannot be infinitely divisible for
all n, i.e., there must be an ng such that 1/X,,, is not infinitely divisible.
Now take X = X, . m

Example 12.15. Let X; and X5 be independent Z, -valued random vari-
ables with pgf’s P; and Ps, respectively, given by

1
P =5 (1+2), Poe)=35— -1
Then P, is not infinitely divisible, and for the R-function Ry of P, we find
2 1
R =1
2(2) 22—z+1—i-z7

so by Theorem I1.4.3 the pgf P, is not infinitely divisible either. The pgf P
of the product X; X5, however, can be written as

1
2—2’
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which is a mizture of geometric pgf’s, and hence is infinitely divisible; see
Section 7. This can also be verified directly; for the R-function R3 of P;
we find an absolutely monotone function:

1 1
T2 * 5—2

Rg(Z)

Conclusion: The product of two random variables, neither of which is infin-
itely divisible, may be infinitely divisible.

In contrast, the product N;Ns of two independent random variables Ny
and N with the same geometric distribution is not infinitely divisible.
The proof of this is practically identical to that of Example I1.11.3. On the
other hand, for the pgf P, of the discrete product N1 ® Ny we find

o0

Pz =S (- p)pp L

P Tl—p+kp(l—2z)

which is a mizture of geometric pgf’s; so Ny ® Ny is infinitely divisible. D

Example 12.16. Consider the following generalized mizture of two geo-

metric pgf’s:

17
- 1 4+ 3z
P(2) =2 24 _ = .
) 1-1 2—2z (24-172)(2—2)

Use the quantities € and § from Theorem 7.9. In the present case we
have € = P(0) = &, so € > 0; hence P is a pgf. But § = —=, so 6 <0,

127 17
and P is not a mixture of Poisson distributions. Moreover, P has radius of
convergence p = %, and P(zy) = 0 for 2o = —3. Since |z| < p, P cannot

be infinitely divisible because of Theorem I1.2.8. Also, the coefficients 7y,

in the power-series expansion of the R-function of P are given by

o= (BM 4 BF - (DM (ke ],
which is negative for large odd k. N

Example 12.17. Here we illustrate Corollary 5.9 and the fact that this
result has no analogue for generalized negative-binomial convolutions. Let
the distribution of the random variable T' be a generalized gamma con-
volution with canonical pair (0,U), where U(\) = %\/X for A > 0. Since
limy o, U(\) = o0, by Proposition 5.8 the continuous density f of T is not
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completely monotone, and hence by Corollary 5.9 not monotone. Now con-
sider the random variable N (T') from Section 6; according to the beginning
of Section 8 its distribution (px) is a generalized negative-binomial convo-
lution with canonical pair (0,V), where V(p) = -U(1/p — 1) for pe (0, 1).
Since —V(0+) = oo, by Proposition 8.8 (pi) is not completely monotone.
But one easily shows that

1 1

1=
/ pdV(p):—/ V(p)dp:%/ 1/—pdp:i7r,
(0,1) 0 0 p

50, as noted just after Proposition 8.8, (py) is monotone. A simpler example
illustrating this, is obtained by taking T standard gamma (2); then the dis-
tribution (px) of N(T) is negative-binomial (2, 1), which is monotone but
not completely monotone. Even simpler, since the Poisson (¢) distribution
is monotone for te (0,1], N(T) has a monotone distribution for every T
with values in [0,1]. Compare with Theorem 6.12. mn

Example 12.18. Let » > 0, A > 0 and v > r. Consider the function g on
(0, 00) with
1

g(x) =ca* ! <7

: H)H“ {log(1+1/2)}"""  [2>0];

one easily verifies that g is a probability density for some ¢ > 0. Write g as

A 1 \Ar+1 rlog (14 1/x)\7—1

= () )
and use the fact (cf. Example 12.12) that the function 7% with ma(s) :=
{log (1+ s)} / s is hyperbolically completely monotone for all t > 0. In view
of some further properties of hyperbolically completely monotone functions
we conclude that g is hyperbolically completely monotone if A > r — 1 and
~v > 1. For these values of the parameters one can use g in Proposition 8.15,

which says that (py) with

PkZ(k—F;_l)/Ooo(l:U;kMg(x)dx [keZy]

is a generalized negative-binomial convolution. In the present case we find,

using the substitution z/(1+z) = e~

kaC(k+2_1) (ﬁ)7 [keZy].
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Conclusion: If r > 1, A>r—1,y>rorr=1,A>0,v>1orre(0,1),
A >0, v > 1, then the distribution (py) is self-decomposable and infinitely
divisible. When 7€ (0,1], A > 0, v > r, (px) is completely monotone and
hence infinitely divisible as well; cf. the beta distribution in Section B.3.
Note that for » = A = 1 the discrete Pareto distribution is obtained. [

Example 12.19. Let the function ¢ on R be given by

o(u) = % (1 — exp [—u2]) [ueR].

Is it a characteristic function ? If so, is it infinitely divisible? Note that ¢
can be written as ¢(u) = m(u?) with m given by
1 —s
7'&'(8):;(1—6 ) [s>0].
Since 7 is recognized as the pLSt of the uniform distribution on (0, 1), it
follows that ¢ is indeed a characteristic function; it corresponds to a mizture
of zero-mean normal distributions. Proposition 9.2 implies, however, that ¢

is not infinitely divisible. D

Example 12.20. Let U and V be independent, U standard gamma (7)
with r > 1 and V stable (2) on Ry with exponent v = 1, so V has den-
sity fy and pLSt 7y given by

fola) = Jza ety (s) = exp [-2v5):

cf. Example V.9.5. Consider the random variable W:= U2?V. Since U
and V have hyperbolically completely monotone densities, W has a hyper-
bolically completely monotone density h, say, as well; cf. Propositions 5.16
and 5.19. Moreover, the pLSt m of W is given by

ws) = [ v (su?) dFy (u) = 7 (2V/5) = (57

Now, apply Proposition 11.12 with g on (0, 00) given by

g(t) = (r=1)Va Vi fryw(t) = (r=1)v/m (1/1)*/2 h(1/t);

indeed, g is a probability density on (0,00) because E(1/U) =1/(r—1)
and IE(1/v/V) = 1/y/x, and g is hyperbolically completely monotone, and
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hence the density of a generalized gamma convolution, because of Propo-
sitions 5.16, 5.17 and Theorem 5.18. For the density f in (11.8) we find

1

W [zeR].

fla) = 4r=1)7(fa®) = (r=1)
We conclude that the double-Pareto (r) distribution is a generalized sym-
gamma convolution, and hence is self-decomposable and infinitely divisible.
Its infinite divisibility was already proved in Example IV.11.16; f is com-

pletely monotone on (0, 00). D

Example 12.21. Let X £ —logY with Y beta (o, 8) distributed. Then X

has density f on (0,00) and pLSt 7 given by
1
)= ———e T (1—e )71 7(s) =
1@) = g e 1= ()

Using a well-known expression for the gamma function (see Section A.5),

M(a+f)T(a+s)
Ma)T(a+pB+s)

we can rewrite 7 in the form (3.4) with k given by
k(z)=e®®(1—e )1 —e @)} [z>0];

since k is nonnegative, it follows that X is infinitely divisible with canonical
density k. Further, it can be shown that k is nonincreasing iff 2o+ 0 > 1,
so by Theorem V.2.11 this condition is necessary and sufficient for X to be
self-decomposable. Finally, it is easily shown that the function x — k;(x)/x
is the Lt of the function v on (0, 00) given by

oo

U(A) = Z 1[n+o¢,n+a+ﬁ) ()‘) [)‘ > O]a

n=0
so from Theorem 3.8 it follows that f is a mizture of exponential densities iff
0 <1, and from (5.7) and Theorem 5.3 that f corresponds to a generalized
gamma convolution iff 3eN. Hence f is completely monotone iff 3 <1,

and k is completely monotone iff 3 eN. N

13. Notes

Mixing of probability distributions is a very natural procedure; it occurs
in many situations, most of which can be viewed as randomizing a param-

eter. Though there is no obvious connection between mixing and infinite
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divisibility, many authors have considered infinite divisibility of mixtures.
One of the first instances can be found in Feller (1971), who considers power

mixtures in the context of subordination of processes.

Mixtures of exponential distributions were first studied by Goldie (1967)
in connection with queueing theory and by Steutel (1967). The canonical
representation in Theorem 3.5, the characterization in Theorem 3.8 and the
generalizations in Theorems 3.10 and 3.13 are given in Steutel (1970). Here
also mixtures of gamma distributions are considered; the basic Lemma 4.4

conjectured there, was proved by Kristiansen (1994).

Generalized gamma convolutions were introduced by Thorin (1977a),
and used by him (1977b) to prove the infinite divisibility of the log-normal
distribution. They are extensively studied in a book by Bondesson (1992).
This book, in which the useful concept of hyperbolic complete monotonicity
is introduced, seems to mark the last ‘great leap forward’ in the study of
infinitely divisible distributions on the real line. Practically all results in
Section 5 are from this source. The functions occurring in Lemma 5.14 are
known as Pick functions. Early results in the vein of Theorem 5.20 are given
by Grosswald (1976), Goovaerts et al. (1977,1978) and Thorin (1978b);
they are generalized in Bondesson (1979). The mixtures of exponential
distributions as well as the generalized gamma convolutions are contained
in the class of so-called generalized convolutions of mixtures of exponential
distributions. This class is studied in Bondesson (1981, 1992); it consists of
the infinitely divisible distributions on R, that have a canonical density k

such that x — k(m)/aﬁ is completely monotone; cf. Example 12.21.

Mixtures of Poisson distributions have been studied for a long time, es-
pecially in the context of insurance mathematics and reliability theory; see
the book by Grandell (1997), which contains a lot of general information,
for references. A paper by Puri and Goldie (1979) on the subject is partly
devoted to infinite divisibility; it contains Theorem 6.4; related results are
given in Forst (1981). Statements 6.6 through 6.8, including their general-
izations with respect to semigroups, can be found in van Harn et al. (1982),
or van Harn and Steutel (1993); a different proof of Theorem 6.6 is given
in Forst (1979). Berg and Forst (1983) use Poisson mixtures to relate mul-
tiple self-decomposability on Z to that on R;. The log-convexity result
in Theorem 6.13 is due to Hirsch (1975), whose proof is less detailed than

ours; some of the tools used in the proof are taken from Widder (1972).
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Mixtures of geometric distributions occur in Steutel (1967). Mixtures of
negative-binomial distributions are considered by Bondesson (1992) in the
context of his study of generalized negative-binomial convolutions. Most
results in Section 8 can be found there. Steutel and van Eenige (1997)
show that the set of mixtures of negative-binomial distributions together
with their limits equals the set of Poisson mixtures; this in contrast to the
set of mixtures of gamma distributions and limits thereof, which equals the
set of all distributions on R, .

Mixtures of normal distributions are studied by, among others, Kelker
(1971), Keilson and Steutel (1974), Grosswald (1976) and Wolfe (1978b).
Keilson and Steutel also consider mixtures of more general stable distrib-
utions. Wolfe (1978b) shows that the mixing distributions in infinitely
divisible normal mixtures have tails very similar to those of infinitely divis-
ible distributions. That the mixing distributions need not be infinitely
divisible, is shown in an ingenious example (our Example 12.3) by Kelker
(1971). Our statement (9.5) was proved earlier by Halgreen (1979), and by
Ismail and Kelker (1979); an extension to Brownian motion with drift is
given by Sato (2001).

Mixtures of Laplace distributions are considered in Steutel (1970). The
generalized sym-gamma convolutions in Section 11 coincide with the sym-
metric distributions among the so-called extended generalized gamma con-
volutions, which were proposed by Thorin (1978a) and studied by Bon-
desson (1992). The infinite divisibility of the student distribution, which
was examined by so many authors (cf. the Notes of Chapter IV), is now a
simple consequence of results on generalized sym-gamma convolutions.

Example 12.2 can be found in Puri and Goldie (1979). The infinite
divisibility of the half-Cauchy distribution in Example 12.4 is proved by
Bondesson (1987); our proof was suggested by C. Berg (personal communi-
cation to Bondesson); the self-decomposability is demonstrated in Diédhiou
(1998). The counter-example in Example 12.6 is due to Kristiansen (1995).
Example 12.10 is given in Bondesson (1992); a special case of it occurs
as a limit distribution in heavy-traffic queueing theory (J.W. Cohen, per-
sonal communication). Examples 12.12; 12.13, 12.18, 12.20 and 12.21 are

adaptations of examples in Bondesson (1992).
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Chapter VII

INFINITE DIVISIBILITY
IN STOCHASTIC PROCESSES

1. Introduction

This chapter is devoted to stochastic processes that give rise to infin-
itely divisible distributions or that are otherwise connected to infinite divis-
ibility. The processes with stationary and independent increments (sii-
processes), which are at the heart of infinite divisibility, were discussed in
Chapter I, and turned up in several subsequent chapters; here they will
only be considered in passing. Since some of the subjects discussed in this
chapter are of a rather specialistic nature, we shall not give full proofs of

all results presented; in fact, we shall sometimes give no proof at all.

In Section 2 we consider first-passage times in discrete- and continuous-
time Markov chains. These are often compound-exponential or (shifted)
compound-geometric, and hence infinitely divisible, and this fact can be
used to prove the infinite divisibility of a given distribution, if it is known to
correspond to such a first-passage time. In Section 3 a similar phenomenon
is shown to occur for limiting waiting-time distributions in queueing pro-
cesses. As it turns out, the results of Sections 2 and 3 do not often lead
to proofs of the infinite divisibility of distributions that were not known to
be infinitely divisible already. Still it is interesting that infinite divisibility
appears to be so widespread.

Branching processes are the subject of Section 4. It will be shown that
limit distributions of such processes in continuous time are often (gen-
eralized) self-decomposable and hence infinitely divisible; in discrete-time

processes only a kind of ‘partial self-decomposability’ occurs. More specifi-

Copyright 2004 by Marcel Dekker, Inc. All Rights Reserved.



cally, in the supercritical case with positive off-spring the limit distribution
as t — oo of the number of individuals at time ¢ divided by its mean is classi-
cally self-decomposable. In the subcritical case with immigration according
to an sii-process, obeying a logarithmic moment condition, the number of
individuals at time ¢ has a limit distribution that is self-decomposable with
respect to the composition semigroup F of pgf’s governing the branching
process; cf. Section V.8.

In Section 5 renewal processes are considered. We first show that some
aspects of the renewal function can be connected to infinite divisibility
properties of the underlying lifetime distribution. Next, we consider the
limiting lifetime spanning x as x — oo and find that it can be decomposed
as the ordinary lifetime plus an independent ‘extra’ time iff the ordinary
lifetime is infinitely divisible. This leads to an extreme case of the inspection
paradoz, also known as the waiting-time paradox, and to a simple derivation
of limit distributions connected with the passage by an sii-process on R of
a level x as * — oo. In the special case of compound-exponential lifetimes
there is a similar decomposition of the limiting remaining lifetime at x.

A much used stochastic process in physics, finance and queueing the-
ory is the so-called shot noise. In Section 6 we will show that its one-
dimensional distributions are infinitely divisible; special choices for the pa-
rameters lead to well-known subclasses of infinitely divisible distributions.
Section 7 is devoted to examples, and Section 8 contains notes, biblio-

graphic and otherwise.

2. First-passage times in Markov chains

We start with considering the Bernoulli walk (X )nez, on Z with pa-
rameter p, so X,, = Xo+Y1+ - - +Y,,, where X, Y1, Y5, ... are independent,
Xy is Z-valued, and P(Y; =1) =p and P(Y; = —1) =1 — p =: ¢ for all i.
Set IP; :=1P(- | Xog = j) for jeZ, and let T}, be the first-passage time to
state k:

T, :=inf{neN: X, =k}.

We are interested in the IP;-distribution of T} for k > j; let Pj; denote
the corresponding pgf. Suppose that p > %; then (and only then) we have
P;(T, < 00) =1. We first take k = j + 1; then it is easily verified and
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intuitively obvious that P; j11(2) = pz + qz Pj_1,;(2) Pj j+1(2), so

pz

2.1 P; =
( ) ]»J+1(Z) 1— qz Pj—l,j(z)

We conclude that P; ;41 is shifted compound-geometric and hence is the pgf
of an infinitely divisible distribution on N (note that it has no mass at zero).
Similarly, for k > j 4+ 1 we get P;j, = H]/:jl Py 41, so P}y, corresponds to
an infinitely divisible distribution on N, too. Also, P; 11 is easily seen not
to depend on j, so (2.1) yields a quadratic equation for Py ;. Solving this
equation shows that the pgf P and (hence) the distribution (py)xez, of the

‘reduced’ first-passage time % (Th1—1) from 0 to 1 are given by

_ 1—/1—4pgz 1 2kN ki1 ok
22 P =T o ()

For the R-function and the canonical sequence (ry)iez, of P we find

(2.3) R(z) = 2—12 (\/%W — 1), R =3 (2::12) (pa)**t.

Now, from the considerations in Example I1.11.11, where we discussed the
1

29
monotone, also when p > % So (px) is a generalized negative-binomial con-

special case p = 3, it easily follows that both (py) and (ry) are completely

volution, and hence is self-decomposable; cf. Theorem VI.8.4 and Proposi-
tion VI.8.6.

The infinite divisibility of the first-passage time from j to k above
is a very special instance of infinite divisibility of first-passage times in
(discrete-time) Markov chains; in fact, in a similar way one can prove the

following general result.

Theorem 2.1. Let (X, )nez, be a Markov chain on 7 with stationary
transition probabilities pj;i, j,k € Z, satisying

(2.4) Djj+1 >0 for jeZ; pj, =0 for j,keZ with k> j+ 1.

Then for k > j the IP;-distribution of the first-passage time T}, to state k,
if not defective, is infinitely divisible on N, and even shifted compound-

geometric if k = j + 1.

PrOOF. We first take k =j+ 1. Then Pj(T;11 = 1) = p, j+1, and for
n > 2 we have
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By(Tjs1=n) =) pie Pl =n—1) =
£<j

=pj Bj(Tj41 =n—1)+

n—1
+Z pje Z Py(T; = m)Pj(Tj41 =n—1—m),
£<j m=1

so for the pgf P; ;11 of the IP;-distribution of T, we get

(255) Pjj+1(z) =pjjr1z+2 {ij +> i PLj(Z)} Pjjt1(2).
0<j

It follows that P; ;11 can be written as

Djj+1 %
(2.6) Pjj1(z) = :
" 1= (1=pjj+1) @Q;(2)
where Q; is the IPj-pgf of (T | X1 < j). We conclude that P; j41 is shifted
compound-geometric and hence is the pgf of an infinitely divisible distrib-
ution on N. Similarly, for k> j+1 we get P;; = H?:_jl Peoy1, so Py
corresponds to an infinitely divisible distribution on N, too. m

There is a similar result for Markov chains in continuous time. Consider
a Markov chain X (-) = (X(t))t>0

ities described by a vector (\;) ez and a transition matrix (pjx); kez with

on Z with stationary transition probabil-

the following interpretation: If the process is in state j at a given time, then
it stays there for an exponential time with mean 1/);; when the process
leaves state j, then it changes to state k with probability p;z;. Without
essential restriction we take p;; =0 for all j. Then we have the follow-
ing result for the first-passage time T} to state k, which now, of course, is
defined by Ty, :=inf {t > 0: X (¢) = k}.

Theorem 2.2. Let X(-) be a Markov chain as described above and such
that the p;j, satisfy (2.4). Then for k > j the IP;-distribution of the first-
passage time Ty, to state k, if not defective, is infinitely divisible, and even

compound-exponential if k = j + 1.
PROOF. Again, it is sufficient to consider the case where k = j + 1. Let

F}; j+1 be the IP;-distribution function of T}, and let g; be the IP;-density

of the sojourn time 7; in state j, so g;(t) = A\je~ % for t > 0. Then for
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x > 0 we have

FJ+1 /]P J+1<x‘7—]_t)g]()dt

= / {pj,jﬂ + ijfz Py(Tjp1 <o — t)} gj(t)dt =
0

£<j

= pj,jJrl/ t)dt + ZP;Z/ Fyjti(z—1t)g;(t)dt;

0<j
here the IP,-distribution function Fj ;11 of Tj4; can be written as

Frn@ = [ Fyaly=2)dFyG)  (y>0l

)

For the pLSt T 44+1 = ﬁj,j-&-l it follows that

Aj
)\j—‘rS.

(2.7) Ti+1(8) = Pjj+1

X £ pjeme(s) miga(s)
its 5

Solving for m; j41 we obtain

Y Pjjt1
B8 ) = S T T pe) (/O T ) )
where m; is the pLSt given by m;(s) :== >_,_; pje 03 (s) /(1= pjj+1). Now,
observing that m; ;41 is the product of an exponential pLSt and a com-
pound-geometric one, we conclude that 7; ;11 is infinitely divisible. Also,
it is easily verified that 7; ;11 is compound-exponential with an underlying
pLSt 7y that is shifted compound-Poisson:

mo(s) = exp [~ (1/{\jpjj+1}) s = (1/pj 01 —1) {1 = m;(5)}].

Alternatively, one can apply Theorem III.5.1. D

Return to condition (2.4) on the transition probabilities of a Markov
chain; it says that the process is skipfree to the right: To go from state j to
state k with k& > j it has to pass through the intermediate states j + 1,

.,k—1. A process that is skipfree in both directions, is just called
skipfree. A continuous analogue of skipfree-ness for processes not on Z
is path-continwity. This plays an important role in the infinite divisibility
of first-passage times in one-dimensional diffusion processes. We only give a

heuristic argument for this; for references with more information see Notes.
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If T, 5 is the first-passage time from a to b in such a process (more precisely,
the random variable T}, ; represents the IP,-distribution of Tj), then by the
strong Markov property for any ce (a,b) it can be written as

Ty 4 Toe+Tep, with T, . and T, independent.

Since diffusion processes have continuous paths, more and more points can
be inserted between a and b, in such a way that 7j; emerges as a limit
in an infinitesimal triangular array, and hence is infinitely divisible; cf.

Section I.5. In this way the following result can be proved.

Theorem 2.3. Let X(:) be a one-dimensional diffusion process. Then for
b # a the first-passage time T, ;, from state a to state b, if not defective, is

infinitely divisible.

Consider, for instance, standard Brownian motion X (+) started at zero, and
for a > 0 let T, be the first-passage time to state a. We will show that T
is even stable. To this end we take neN and note that by an argument
similar to the one above

Ty LTy 4+ Tpp, withT,y,..., T, independent,

where now, by space-homogeneity, T, ; 4 Ty, for all j. But, since the
well-known self-similarity of X (-) implies that n X (-) 4 X(n%-.), we also

have T, 4 (1/n?) Ty, so

1
ﬂiﬁ@@+m+ﬂﬂ,

where Tl(l), e ,Tl(n) are independent with Tl(j) 4 Ty for all j. From Corol-
lary V.3.2 we conclude that T} is stable with exponent v = % Hence from
Theorem V.3.5 it follows that T} has pLSt 7, given by

71, (5) = exp [-AV3]

with a certain A > 0; it can be shown (this is not quite trivial) that A = v/2.
The first-passage time T} can be viewed as the first-exit time from (—oo, 1).
In Section 7 we will consider the first-exit time T from (—1,1) with pLSt
given by
2
Tr(s) = m;
in a similar way we will show that T is infinitely divisible and even self-de-

composable.
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3. Waiting times in queueing processes

We shall mainly be concerned with the G/G/1 queue (general input,
general service, one counter), and we start with a brief description. Cus-
tomers, numbered 1,2, ..., arrive at a counter to be served; the first one
arrives at time ¢ = 0. Their interarrival times Ay, As, ... (4, is the time
between the arrivals of the n-th and the (n + 1)-st customer) are distrib-
uted as A, and their service times By, Bs, ... are distributed as B; all A,
and B,, are independent. Arriving customers who find the counter occu-
pied by another customer, wait their turn before they get to be served.
Let W,, denote the waiting time of the n-th customer. Then W7 = 0, and
for n € N the waiting time W, 11 is easily seen to be obtained from W,, and
the difference D,, := B,, — A,, as follows:

Wyt1 = max {0, W,, + D, }.
Iterating this equation leads to
WnJrl = maX{O7DnaDn +Dp-1,-- s Dy + -+ +D1}7

so putting S, := Z?Zl Dj for neZy with Sy := 0, we conclude that W, 1

can be written (in distribution) as
(3.1) Wy Smax{Sy,S1,...,5,} [neZi]

Now, suppose that IEB < IEA. Then by the strong law of large numbers
S, — —oo as n — oo with probability one. It follows that W,, converges

in distribution to an R, -valued random variable W, say, where
(3.2) W < max{Sp,51,5,...}.

We will show that W is infinitely divisible. To do so we let N be the

number of records among the sequence (S, 9s,...), so
N =#({neN: S5, > S, for k=0,1,...,n—1}).

Then N is finite with probability one; in fact, N has a geometric distrib-
ution with parameter p given by p = IP(S,, > 0 for some neN). If N =0,
then W = 0 (and conversely). If N > 1, then W can be viewed as the sum
of N sums: The first positive partial sum D; + --- + Dy, say, the next
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positive partial sum Dr,, 11+ --+Dp,, say, and so on, until the last positive
sum Dp_ 41+ -+ Dp,. Thus we see that W is of the form

WX+ Xo+ -+ Xu,

where the X,, are defective random variables: X,, := Dy, 41 +---+Dp,
if N >n,and := 0o if N <n —1. Now, it can be shown that, given N = n,
X1,...,X, are (conditionally) independent and identically distributed with
(non-defective) distribution function G, say, not depending on n; G is given
by G = Fx,(-| N > 1). It follows that

Z]P n) G*™(w) [weR],

so W has a compound-geometric, and hence infinitely divisible distribution
on R, with pLSt given by

L—p
1-pG(s)

We state the result in a formal way as follows.

(33) Z?W(S) =

Theorem 3.1. Consider a G/G/1 queue with interarrival time A and ser-
vice time B such that IEB < IEA. Then the limiting distribution as n — oo
of the waiting time W, of the n-th customer is compound-geometric, and

hence infinitely divisible.

In general it is not possible to obtain an explicit expression for ﬁw7 since
mostly p and G in (3.3) can not be found. In some special cases, however,
ﬁw can be calculated; see Section 7. Here we only note, without proof,
that if the interarrival time A is exponential () (Poisson arrivals) (and the
service time B satisfies up := IEB < 1/)), then (3.3) takes the form of the
well-known Pollaczek-Khintchine formula, for which

(3.4) p=Aup, G(s)= {1_FB 5)}

1 s

As an alternative way to show the infinite divisibility of the limit W

above, one can use Spitzer’s identity (see Notes), which reads

o o) 1
(35) Z Fmax{O,Sl,...,Sn}( = €exXp |:Z - max {0, Sn}( ) n:|’
n—0 n—1

n
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here S1, S, .. are again the partial sums at a sequence (D;) of indepen-
dent, identically distributed random variables. Now apply (3.5) in the
present context and set S := max {0, S,}, then by (3.1) it follows that

- o n - 1 o n
(1—2)ZFWTL+1(5),2 = exp {—Zﬁ{l—st(s)}z }
n=0 n=1
By letting here z T 1 we see that ﬁW = lim,, o ﬁW can be written as

(3.6)  Ful(s) = exp [—i% /R (1—e*“)dFS¢(x)]
n=1 +

Comparing this with the canonical representation in Theorem I11.4.3 and
using Propositions II1.2.2 and I11.4.6 (i) we conclude that W is infinitely

divisible with canonical function K given by
1

67 K@ =3 [ kg (rzo0)
n=1 0.z

Limiting queue sizes are not always infinitely divisible. As an example,
let N,, be the number of customers left behind by the n-th customer at the
end of his service. Then NNV, is equal to the number of customers that have
arrived during his sojourn period of length W,, + B,,. For instance, in the
situation of Poisson arrivals with intensity A (and with EB < 1/)) it easily
follows that N := d-lim,,_.~, N,, exists and has pgf P given by

(3.8)  P(2) = Fw(M\1—2)) Fe(\M1 - 2))

with Fyy as in (3.3) and (3.4). By Theorem VI.6.4, however, such a pgf P
is in general not infinitely divisible if B is not; for instance, take B such
that Fp has a zero on the imaginary axis (cf. Theorem II1.2.8 (i)).

Other distributions of interest connected to queueing theory are the busy
period and idle period distributions; the former are quite often infinitely
divisible. We do not pursue this.

4. Branching processes

Several limit distributions in continuous-time branching processes turn
out to be (generalized) self-decomposable and hence infinitely divisible. In
discrete-time branching processes only a kind of ‘partial self-decompos-
ability” occurs. Nevertheless we start with considering the discrete-time

case as it serves as a good introduction to its continuous-time counterpart.
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A discrete-time branching process (2, )nez, with off-spring distribution

(fr)kez, can be recursively defined by
A1) Zap=U" 44 US) [neiy],

where Zy and all the U}n) are independent, Zj is Z-valued, and the U ;n)
are distributed as U with distribution (fx). The random variable Z,, is
interpreted as the number of individuals in the n-th generation and U J(")
as the number of off-spring of the j-th individual in the n-th generation.
If the individuals are supposed to live for one unit of time, then Z, can
be viewed as the number of individuals present at time n. From (4.1) it
follows that (Z,) is a Markov chain with state space Z; and transition

probabilities p;; for which
(4.2) Zpij 2= {F(z)}l, and hence Pz, () = Pz, (F°"(2)),
§=0

where Py, is the pgf of Z,, and F°" is the n-fold composition of the off-
spring pgf F' with itself with F°"(z) := z when n = 0. An important quan-

tity is the expected number of off-spring, i.e.,

m=BU=>Y kfr=F(1),
k=1
which is supposed to be finite. The process is called subcritical if m < 1,
critical if m = 1, and supercritical if m > 1. Suppose that Zy = 1. Then it

is not hard to see that the extinction probability, i.e.,
p:=1P(Z, =0 for some n),

is the smallest nonnegative root of the equation F'(z) = z; hence p =1
in the subcritical and critical cases, and p < 1 in the supercritical case.
Moreover, it can easily be verified that in all cases Z, — Z as n — oo (in
distribution, or even a.s.) with IP(Z =0) = p, IP(Z = o0) =1 — p. There
are, however, several ways to normalize Z,, in such a way that finite non-
degenerate limits appear. We will show this in two cases.

First, consider the supercritical case with Zy = 1. Since we then have

E Z,, = m™, we normalize by dividing by m"; define
W, == Z,/m" [neZy].

One easily verifies that (W,,) is a (nonnegative) martingale; so by a well-

known martingale convergence theorem we have W,, — W a.s., and hence
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in distribution, as n — oo for some R -valued random variable W. Since
by (4.2) the pLSt of W,, can be written as

mw, () = Pz, (e™*/™") = F°"(e™*/™") = F(mw,_,(s/m)),
the limit W has a pLSt 7 that satisfies the following functional equation:
(4.3) 7(s) = F(n(s/m)), so m(s) = F°*(r(s/m")) for keN.

Now, suppose that fy = 0; so there is no zero off-spring, and p = 0. Then
for all k € N the function z — FOk(z)/z is a pgf, and hence (cf. the beginning
of Section I11.3) the function 7 with 7(¥)(s) := F°k (x(s/mk)) /m(s/mF)
is a pLSt. Since by (4.3) 7 can be written as

(4.4) w(s) = w(s/m")7®)(s)  [keN],

one might say that the limit W is ‘partially self-decomposable’. And, more
important, one might hope that a continuous-time analogue leads to (non-
partially) self-decomposable, and hence infinitely divisible limits. In view of
this we note that the limit W may be degenerate at zero. It can be shown,
however, that it is not iff the off-spring variable U satisfies IE U log™ U < .
In this case it follows from (4.3) by letting s — oo that P(W=0) = p =0,
so W is (0, 0o)-valued.

In the (discrete-time) subcritical case a similar phenomenon occurs.
Here we normalize by allowing immigration; the dwindling population
is supplemented by an influx of individuals arriving in batches of sizes
Bi1,Bs, ..., which are supposed to be independent and distributed as B
with distribution (qx)rez,. This leads to a process (X, )nez, recursively
defined by

45) Xep=U" 4+ +UP + B,  [neZi),

where Xy, the U;") and the B,, are independent. Let P, be the pgf of X,,;
then (4.5) can be translated in terms of the off-spring pgf F and the batch-
size pgf @ as follows:

(46)  Puni(2) = Pu(F(2))Q(z)  [neZ.].

Iterating this and assuming that Xy = 0 (no essential restriction), we see
that

n

(A7) Pune) = [[QFFE)  [nez.]

k=0
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From this it can be deduced that X, 4, X as n — oo for some Z 4 -valued
random variable X iff the batch size B has a finite logarithmic moment:
IE log™ B < co. Consider the pgf P of the limit X; it satisfies

(48)  P(x) = [[ QFE* ).
k=0

Clearly, if @ is infinitely divisible, then so is P; cf. Sections I1.2 and I1.3. In
general, however, P in (4.8) is not infinitely divisible; cf. Theorem I1.2.8.
On the other hand, from (4.8) it follows that P(z) = P(F(z)) Q(z), and
iteration of this shows that there exist pgf’s P, P ... such that

(4.9) P(z) = P(F*(2)) PM(2)  [keZi].

Now, compare this with relation (V.8.14) with ¢ > 0, which characterizes
F-self-decomposability of P; here F = (F});>¢ is a composition semigroup
of pgf’s. Then one might say that P in (4.9) is self-decomposable with
respect to (F°F)ez . and, if this sequence is embeddable in a composition
semigroup F as above, that P is ‘partially F-self-decomposable’. Again,
this suggests that a continuous-time analogue of (4.5) might lead to (non-
partially) F-self-decomposable, and hence infinitely divisible limits.

Therefore, we now make time continuous, and consider a continuous-
time branching process Z(+) = (Z(t))
continuous composition semigroup F = (F});>o of pgf’s. This means that

where branching is governed by a

Z(-) is a Markov chain with state space Z and with stationary transition

probabilities p;;(+) for which
(410) > pi(0) 2 = {F(2)}', and hence Py)(2) = Py (Fi(2)).
=0

The random variable Z(t) can be interpreted as the number of individuals
alive at time t; the individuals live an exponential period of time with mean
1/a, for some a > 0, and at the moment of their deaths they produce off-
spring independent of each other and according to a distribution (hg)rez, ,
with hy = 0 and pgf H. The infinitesimal quantities ¢ and H determine

and are determined by the infinitesimal generator U of F according to
(4.11) U(z) =a{H(z) - z};

for the definition of U and further relations we refer to Section V.8.
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In the supercritical case where m := F{(1) > 1 (and m finite), we sup-
pose that Z(0) = 1, and look at the limit

—d t
W.fdtILIEOZ(t)/m,

which can be seen to exist (in Ry) by a martingale argument again. Now,
it is well known that for every h > 0 the process (Z,(Lh)) with Z{" = Z(nh)
is a discrete-time branching process with off-spring pgf F} and Z(gh) =1.
From (4.3) and (4.4) applied to (Zflh)) it easily follows that the pLSt w
of W satisfies

(412)  7(s) = Fi(n(s/m™)  [h>0],

and that if F;(0) = 0, and hence F,(0) = 0, there then exists a pLSt 7(")
such that

(4.13) 7(s) = n(s/m"™) 7" (s) [h>0];

note that 1/m” here takes all values in (0,1) when h varies in (0,0). In a
similar way one also finds a necessary and sufficient condition for W to be

not degenerate at zero. We summarize the results in the following theorem.

Theorem 4.1. Let Z(-) be a continuous-time supercritical F- branching
process on Z with Z(0) = 1; let m :=E Z(1). Then

Z(t)/mt -5 W [t — oo],

with W R -valued, and if IP(Z(1) = 0) = 0, then W is self-decomposable
and hence infinitely divisible. Moreover, W is not degenerate at zero iff
IE Z(1)log" Z(1) < oo, in which case W is (0, c0)-valued.

Finally, we consider the (continuous-time) subcritical case where m :=
F{(1) < 1; we shall take m = 1/e. We allow immigration according to an
sii-process Y'(+), i.e., according to a compound-Poisson process with, say,
intensity A > 0 and batch-sizes Bi, Bs, ..., which are supposed to be in-
dependent and distributed as B with distribution (gx)xrez, and pgf Q. De-
note the resulting branching process with immigration by X (+) = (X(t))t>0,
and let P; be the pgf of X(¢). In order to determine P, we condition on
the number N(¢) of arriving batches in (0,¢], and use the well-known fact
that, given N (¢) = n, the times at which the batches arrive, are distributed

Copyright 2004 by Marcel Dekker, Inc. All Rights Reserved.



as the order statistics of n independent random variables T7,...,T, with
a uniform distribution on (0,¢). Assuming that X (0) = 0, we thus obtain

Z]P ]Ezzl(t T1)+ +Zy (t T)

where Z(+), ..., Zy(+) are independent F-branching processes (without im-
migration) satisfying Z;(0) 4 Bj for j=1,...,n. Since by (4.10), with
Py = Q. the pgf of Z;(t — Tj) is given by [j Q o Fyds/t for all j, it
follows that

= /\/ {1-Q ‘(z))}ds} -

(4.14)
— exp [/O log Py (Fy(2)) ds|,

where P is the pgf of Y'(1). Now, pgf’s of this form we already encountered
in Section V.8 on F-self-decomposable distributions on Z.; from Theo-
rem V.8.3 and Corollary V.8.4 it follows that X (¢) 4 X as t — oo for
some Z,-valued random variable X iff IE log™ Y (1) < co or, equivalently
(cf. Proposition A.4.2), iff the batch size has a finite logarithmic moment:
IE logt B < o0, in which case the pgf P of X can be written as

P(z) = exp [—A/Ooo{l — Q(Fs(z))}ds} -
= exp [/Ooolog Py(Fs(z)) ds}

So we can now state the following result on infinite divisibility in connection

(4.15)

with X (-); here @ is the ‘shrinking’ operator introduced in Section V.8.

Theorem 4.2.  Let X(-) be a continuous-time subcritical F-branching
process on Zy with X(0) =0 and with immigration according to an sii-
process on Z... Then X (t) is infinitely divisible for all t, and if

Xt -LH X [t— o]

for some Z.-valued random variable X (which is the case iff the batch
size has a finite logarithmic moment), then X is F-self-decomposable (and

hence infinitely divisible):

(416) XZLeltorX+XEH)  [t>0],
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where in the right-hand side X and X(t) are independent. Conversely,
any F-self-decomposable distribution on Z, can be obtained as the limit

distribution of such an F-branching process with immigration.

Consider the special case where the semigroup F = (F})i>o is given by
Fi(z) =1 —e7t(1 — 2). Then the branching process X () above is a pure-
death process with immigration, and X (¢) can also be interpreted as the
number of customers present at time ¢ in an M/M/oo-queue with batch
arrivals (both the interarrival time and the service time are exponential; cf.
Section 3). Moreover, @ is the closest analogue to ordinary multiplication,
and F-self-decomposability reduces to self-decomposability as considered in
Section V.4. Therefore, X := d-lim; .o X (¢) has a unimodal distribution;

cf. Theorem V.4.20. For further special cases we refer to Section 7.

There is an analogue of Theorem 4.2 for branching processes with con-
tinuous state space Ry. In such a process branching is governed by a con-
tinuous composition semigroup C = (Cy);>o of cumulant generating func-
tions: Cy = — log 1, where 7, is an infinitely divisible pLSt. If there is no

immigration, this means that in stead of (4.10) we have

(4.17) T2(t)(8) = Tz(0) (Ct(5)>-

Allowing immigration in the subcritical case where —n{(0) < 1, one obtains
limit distributions on R that are C-self-decomposable, and hence infinitely
divisible; cf. the end of Section V.8. The special case where C is given by
Cy(s) = e7ts for t > 0, corresponds to ordinary multiplication of R -valued
random variables and therefore yields limit distributions that are classically
self-decomposable, and hence are unimodal; cf. Theorem V.2.17. Of course,
for the same reason the limit W in Theorem 4.1 has a unimodal distrib-

ution.

5. Renewal processes

The results to be given here are somewhat different from those in the
preceding sections; we do not prove infinite divisibility of interesting quan-
tities such as limit distributions, but we require infinite divisibility of the
underlying lifetime distribution and present some interesting consequences
of this assumption. We shall mainly deal with lifetime distributions that

Copyright 2004 by Marcel Dekker, Inc. All Rights Reserved.



are non-lattice; about the lattice case we will be brief and consider only
aperiodic distributions on Z, with positive mass at zero.

We start with a brief description of the renewal context. Let X1, X5, ...
be independent nonnegative random variables distributed as X with dis-
tribution function ' and mean u € (0,00). Define S,, := X; + -+ + X, for
neN, and set Sy := 0; the process (Sn)nEzJr can be viewed as a random
walk or as a discrete-time sii-process on Ry. The X; are interpreted as the
lifetimes of items that are replaced (renewed) immediately after they break
down; S,, is then the n-th renewal epoch. We are interested in the number

of renewals in [0, 2] and define
N(z):=#({neN: S, <z}) [z>0];

from the strong law of large numbers it follows that N(z) < oo a.s. for
all 2. The counting process N (-) = (N(x)), .,

generated by X (or by F'). Sometimes one also counts Sy as a renewal

is called the renewal process

epoch and then considers
No(z) =1+ N(z) =#({neZ;: S, <z}) =
=inf{neN:S, >z} =T,

where T, can be interpreted as the time at which the random walk (S,,)
jumps over level z. One might ask whether N(z) or, equivalently, T, is
infinitely divisible. Of course, for exponential lifetimes this is the case, since
then N(-) is an sii-process (and, in fact, a Poisson process). For lifetimes
that are gamma (2), however, one can show that N(z) is not infinitely
divisible; see Section 7.

An important quantity is the renewal function generated by F'; this is
the (finite) function U on R, with U(x) =0 for <0, on R defined by
and with LSt U given by

(1)  U) =EN@) =3 F"() forz>0, 0(s) = E;is)

We start with a curiosity. The famous renewal theorem of Blackwell states
that if the lifetime X is non-lattice then

lim {U(:z:+h)fU(:1:)}:ﬁ for h >0, so lim U(x):l'

Clearly, we may replace U here by the function Uy defined by
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(62 Uoe) =ENo()=1+U@) =3 F"(@) [220]
n=0
where F*0:= 1y .y, and Up(z) := 0 for x < 0, of course. Now, an easy
computation shows that the LSt (70 of Uy can be written in the form
~ 1 G(s)

Uo(s) = T 70s) =1 o) with G(s) =

1
2— F(s)

In view of (5.1) we can now formulate the following result.

Proposition 5.1. If U is the renewal function generated by F', then the
function Uy in (5.2) can be viewed as the renewal function, in the sense
of (5.1), generated by a compound-geometric distribution function G, say,
with G(s) = 1/{2 - F(s)}.

This means that Blackwell’s theorem needs to be proved only for compound-
geometric lifetimes, and hence only for infinitely divisible ones.

The somewhat more general compound-exponential lifetimes yield a sec-
ond curiosity on renewal functions. Let U be the renewal function generated
by F, and let ¢ > 0. Then using (5.1) twice, one easily verifies that cU is
a renewal function iff the function 7, defined by

7
(5.3) me(s) = LS)A,

1—(1—¢)F(s)
is a pLSt. Clearly, m. is a pLSt if ¢ < 1. Now, using a ‘self-decomposability’
characterization of compound-exponentiality similar to Theorem II1.6.3,
one can show that m. is a pLSt for all ¢ > 0 iff F' is compound-exponential.

Thus we arrive at the following result.

Proposition 5.2. Let U be the renewal function generated by F. Then
cU is a renewal function for all c€ (0,1]. Moreover, cU is a renewal func-
tion for all ¢ > 0 iff F' is compound-exponential, in which case cU is gen-
erated by F, with F, = . as in (5.3).

Next we turn to some interesting quantities in connection with the in-
spection paradozr. At a fixed time x > 0 we inspect the item in service, and
define V,, as the spent lifetime of that item, W, as the remaining lifetime,
and Z, as the total lifetime. More precisely, we have (see Figure 1)

Vei=ax— SN(w)v Wy = SN(T«)-i-l* €z, Zy= Vot Wy = XN(I)J"l'
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Figure 1. Quantities in connection with the inspection paradox.

We let  — oo, and, until otherwise stated, we take the ordinary lifetime X
non-lattice, so there is no h > 0 such that X e hZ, a.s. It is well known
that then, by Blackwell’s theorem, the following limit result holds.

Lemma 5.3. The quantities (V,,,W,) and Z,, converge in distribution:
(Ve Wa) =5 (W), Z, 52 [2— 0],

where the limits (V, W) and Z have distributions determined by

(5.4) 1mV>vﬂV>wy:i m{lfF@}& [v>0,w>0],
v+w

(5.5) 1m2>zy:i/ LAF(E) 2> 0]

(2,00)
Moreover, V 2 W, and (V,W) and Z determine each other:
6)  zIv4w, (v,W)2(1-U)2,UZ),
where U is uniform on (0,1) and independent of Z.
Let us consider the limiting total lifetime Z. Using (5.5) one can

show that Z > X in distribution, i.e., IP(Z > 2) > P(X > 2)=1— F(2)

for all z. This implies that on an appropriate sample space we have
(7)) ZL2X+4Y,

where Y is nonnegative and, in general, not independent of X. Now the
question arises for what lifetimes X we have (5.7) with X and Y indepen-
dent. In terms of distribution functions we look for those F' for which there
exists Y > 0 such that Fz; = F x Fy or by (5.5)

/ tdF<t>=/ Fz—y)dK(y)  [2>0],
[0,2] [0,2]
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with K = pFy. Since this is precisely the functional equation occurring in
Theorem I11.4.10, and by (II1.7.2) the canonical function K of an infinitely
divisible X satisfies lim, o, K(z) = IEX, we arrive at the following result;
it can also be read as a characterization of infinitely divisible (non-lattice)
distributions on R with finite mean.

Theorem 5.4. Let Z be the limiting total lifetime in a renewal process

generated by X with mean u. Then Z can be decomposed as
(5.8) 74 x4 Y, with X and Y > 0 independent,

iff X is infinitely divisible. The distribution function of Y is then given by
Fy = K/u with K the canonical function of X.

Let the ordinary lifetime X be infinitely divisible with canonical function K
and mean p. Then X, and the discrete-time sii-process (S,) generated
by X, can be embedded in a continuous-time sii-process X (-); so X 4 X(1)
and S, 4x (n) for all n. In order to determine how the limiting total
lifetime depends on the ordinary lifetime, we replace X in Theorem 5.4 by
X (a) with a > 0 and conclude that the corresponding limiting total lifetime
Z(a), say, satisfies
Z(a) L X(a)+Y(a), with X(a) and Y (a) > 0 independent.

Now, the question is what Y (a) will be. The answer is surprising at first
sight. Since by Proposition I11.4.5 (i) X (a) has canonical function ¢ K and
E X (a) = apu, the distribution function of Y (a) is given by

1 1 1
F =——K =—aK=-K
Y (a) E X (a) X(a) ap a P

which does not depend on a. We summarize.

Theorem 5.5. Let X be nonnegative and infinitely divisible with canon-
ical function K and mean p, and let X(-) be the sii-process generated
by X. Then for a > 0 the limiting total lifetime Z(a) in a renewal process

generated by X (a) can be decomposed as

(5.9) Z(a) 4 X(a)+Y, with X(a) and Y > 0 independent,

and the distribution function of Y is given by Fy = K/u.
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This result has two interesting implications. First, letting a | 0 we have
X(a) <, 0, and one might expect that then also Z(a) -4, 0. From (5.9)
we see, however, that this is not the case: Z(a) L Yvasa 1 0. So we have
obtained an extreme case of the inspection paradox: For small a the total
lifetime Z(a) is very much larger than the ordinary lifetime X (a). Next, re-
call that, in an obvious notation, Z(a) can be obtained as d-lim,_,, Z,(a);
cf. Lemma 5.3. So we have

(5.10) d- hm d-lim Z,(a) =Y.

r—00
Now, formadly7 interchange the two limit operations in (5.10); let first a | 0.
Since Z,(a) can be viewed as the height of the jump by which the random
walk (X (na))n€Z+ passes x, and this random walk seems to approximate

X (+) well for a small, one may expect that

(5.11) d-lim Zp(a)=2%  [z>0],

where Z@® = X(T,) — X(T,—), with T, :=inf {t > 0: X(¢) > z}, is the
height of the jump by which the sii-process X (-) passes z. Slmllarly, one
may expect that the spent lifetime V,.(a) and the remaining lifetime W, (a)
at x in a renewal process generated by X (a) satisfy

(612)  d-lim (Va(a), Wa(a)) = (VW) 2> 0],

where V(®) := 2z — X(T,—) and W) := X(T,) — 2 are the lengths of, re-
spectively, the undershoot and the overshoot of X(-) at . It is not clear,
though, that these two d-limits exist. Further, from (5.10) and the final

assertion in (5.6) it follows that
(5.13) d-li%l d-lim (Vy(a), Wy(a)) = (1-U)Y,UY),

where U is uniform on (0,1) and independent of Y. Now, letting x — oo
in the right-hand sides of (5.11) and (5.12) one may hope to obtain the
same limits as in (5.10) and (5.13), respectively. This is indeed the case,
as one can prove by using Blackwell’s theorem and some general results on
sii-processes; see Notes. So we have the following limit theorem.

Theorem 5.6. Let X(-) be an sii-process on (a non-lattice part of) R
with pu:= IE X (1) € (0,00). Then the jump Z®) the undershoot V) and
the overshoot W) of X () at x satisfy

(5.14) (V@ w®) L (1-v)y,uy), z0 Ly [z
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where U is uniform on (0,1), independent of Y, and Y has distribution
function Fy = K/u with K the canonical function of X (1).

We return to the decomposition Z L X +Y of the limiting total life-
time Z as given by (5.8): Z has the ordinary lifetime X as an indepen-
dent component. We now wonder whether there are (infinitely divisible)
lifetimes X for which the corresponding Z has two ordinary lifetimes as
independent components: Z X+ X+ Yy with X’ 4 X and X, X’ and
Yy > 0 independent. By (5.5) this decomposition of Z amounts to the

following requirement for F:

/ tdF<t>:/ F2(:—g)dKoly) (22 0],
[0,2] [0,2]

with Ko = puFy,. Since this is precisely the functional equation occurring
in Theorem II1.5.3, only compound-exponential lifetimes X may yield the
desired decomposition of Z. On the other hand, recall from Section III.5
that if X is compound-exponential, then F satisfies the functional equation
above with K the canonical function of the underlying (infinitely divisible)
distribution of X, i.e., IA(O = po with

d 1 —F'(s)

w0 = L~ TR

letting here s | 0 shows that lim,_ ., Ko(z) = IE X. Hence we can reverse
matters, and state the following extension of Theorem 5.4; it can also be
read as a characterization of compound-exponential (non-lattice) distrib-

utions on Ry with finite mean.

Theorem 5.7. Let Z be the limiting total lifetime in a renewal process
generated by X with mean pu; let X' 4 X. Then Z can be decomposed as

(5.15) Zix 4+ X+ Yy, with X, X’ and Yy > 0 independent,

iff X is compound-exponential. The distribution function of Yy is then
given by Fy, = Ko/ with Ky the canonical function of the underlying
distribution of X.

If X is compound-exponential, then so is X (a) for every a € (0, 1]; here X(+)

is the sii-process generated by X. This follows by use of the criterion in
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Theorem II1.5.1 and the easily verified fact that the pp-function of X (a) is
related to that of X by

pan(s) = a{F(s)}' ™" po(s).

Hence one can apply Theorem 5.7 with X replaced by X (a). Since, in an
obvious notation, the resulting component Yy(a) satisfies

~ 1 ~ 1 ~ —
Froa(s) = 77 Kaols) = 20 paols) = {F(s)} 7 Fy (s),
this leads to the following counterpart to Theorem 5.5; note that Z (%) has

three ordinary lifetimes as independent components.

Theorem 5.8. Let X be nonnegative and compound-exponential with fi-
nite mean, and let X(-) be the sii-process generated by X. Then for
a€(0,1] the limiting total lifetime Z(a) in a renewal process generated

by X (a) can be decomposed as

oW

(5.16)  Z(a) = X(a) + X'(a) + X" (1—a) + Yo,

where all random variables in the right-hand side are independent, X'(a) 4

X(a), X"(1—a) 4 X(1—a), and Y} is determined by X as in Theorem 5.7.

We make a brief remark concerning the limiting spent lifetime V' and the
limiting remaining lifetime W, for which Z <V + W with V < W; cf.
Lemma 5.3. If Z can be decomposed as in (5.15), then it can also be

written as
ZE{X+(1-U)Y} + {X' +UYs}

with U uniform on (0,1), so with X + (1-0)Y} 4 X'+ UY,. Therefore,
one might wonder whether a decomposition similar to (5.8) then holds for V/
and W:

(5.17)  VEIWLX+UY, with X, U and Yy > 0 independent.

Now, by use of (5.4) and Theorem A.3.13 it can be shown indeed that this
decomposition holds iff X is compound-exponential. We do not give the
details, and note that it is not known whether X is compound-exponential
if one only requires that W can be decomposed as W dx + B with X and
B > 0 independent.
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So far, we restricted attention to the non-lattice case. Now, we briefly
consider lattice lifetimes X, and suppose (this is no essential restriction)
that X is Z,-valued with aperiodic distribution (pi)rez, ; cf. Section II.8.
We inspect the item in service at a fixed time k with k€N, and consider
the spent lifetime Vi, the remaining lifetime W), and the total lifetime Zj,
at k, for k — oo. Then the following well-known limit result holds; here

and in the sequel we use without further comment the notations
We=W-1, Z:=2-1,

which random variables are more convenient to look at than the N-valued
quantities W and Z.

Lemma 5.9. The quantities (Vi,, Wy) and Zy, converge in distribution:
(Vis Wi) == (V, W), Zy =2 [k —o0],

where the limits (V, W) and Z have distributions determined by
1

(518) ]P(V = Z, W = ]) = ;pi+j+1 [7/7] €Z+]7
— 1

(5.19) ]P(Z:n):;(n—l—l)pn_H [neZi].
d —

Moreover, V.= W, and (V,W) and Z determine each other:
(5200 Z2V4+W, (V,IW)2L(1-U)0Z UeZ),

where U is uniform on (0,1) and independent of Z, and ® is the standard

discrete multiplication from Section A.4.

Clearly, the distribution of the limiting total lifetime Z as determined by
(5.19) can be put in the form (5.5). Therefore, Theorems 5.4 and 5.7 remain
true if the (tacitly assumed) non-lattice condition there is replaced by our
aperiodicity condition on (pg). When py > 0, however, these theorems can
be formulated and proved by only using quantities and results from the
discrete case considered in Chapter II. Recall that the condition pg > 0
is automatically satisfied if (py) is compound-exponential or, equivalently,

compound-geometric; cf. Theorem I1.3.6.

Theorem 5.10. Let Z be the limiting total lifetime in a renewal process

generated by X with mean p and aperiodic distribution (py)kez, with
po > 0; let X' < X. Then:
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(i) Z 4X+Y, with X and Y independent, iff X is infinitely divisible.
The distribution of Y is then given by (ry/it)kez, where (r}) is the
canonical sequence of X.

(i) Z 4 X+ X'+Y,, with X, X’ and Yy independent, iff X is compound-
exponential. The distribution of Yy is then given by (rox/i)kez.
where (ro ) is the canonical sequence of the underlying (infinitely
divisible) distribution of X.

PROOF. From (5.19) it follows that Z can be decomposed as in (i) iff (py)
satisfies the recurrence relations

(n+1)pps1 = Zkan k [neZy]

with 7, = pPP(Y = k) for k€ Z,. From Theorem I1.4.4 and the fact, stated
n (IL.7.2), that the canonical sequence (ry) of an infinitely divisible X
satisfies > =7k = IEX, we now conclude that part (i) holds. Part (ii) is

proved similarly; Z can be decomposed as in (ii) iff (ps) satisfies

( pn—i—l Zpk To,n—k [HEZ+]

with 7o = uIP(Yo = k) for keZ,. Now use Theorem IL.5.8, and ob-
serve that if X is compound-exponential, then the sequence (r¢ j) satisfies
Y oreoro.k = EX; just let z 71 in (IL5.13). m

Of course, also Theorems 5.5 and 5.8 and their proofs have lattice ana-
logues; we don’t spell them out. The distribution of (V, W) as determined
by (5.18) cannot be put in the form (5.4); in the latter case both V and W
have absolutely continuous distributions. So there is no immediate exten-
sion of the decomposition result around (5.17) to our situation. Neverthe-
less, there exists a discrete counterpart, suggested by Theorem 5.10 (ii) and
(5.20); by use of (5.18) and Theorems A.4.11 and A.4.12 it can be shown
that

(521) VEWLX+UGY,, with X, U and Y, independent,
iff X is compound-exponential. Again, we do not give the details, and
note that it is not known whether X is compound-exponential if one only

requires that W can be decomposed as W dx + B with X and B indepen-
dent.
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To conclude this section we say a few words on infinite divisibility of
the limiting total lifetime and the limiting remaining lifetime. Consider
first the non-lattice case, and suppose that the ordinary lifetime X has an
absolutely continuous distribution function F' with density f (and finite
mean ). Then according to Lemma 5.3 the random variables Z and W

have densities given by
6:2)  foo)=ref@), fu@ = {1-F@)}  la>0]

Even if X is infinitely divisible, then Z and W need not be infinitely divis-
ible. Sufficient conditions can be found in Proposition III1.10.10, Corol-
lary VI.4.6 and Proposition VI.5.4, and counter-examples are presented in
Examples VI.12.1 and VI.12.6. Turning to the lattice case, we suppose
that X is Z-valued with aperiodic distribution (pi)rez. . Then according

to Lemma 5.9 the random variables Z and W have distributions given by

_ 1 — 1 «—
(5.23) P(Z=k)=—(k+1)pkt1, P(W=k)=— E p; keZy].
I noA
J=k+1
Again, Z and W need not be infinitely divisible, but there are sufficient
conditions; see Proposition 11.10.7, Theorem VI.7.4 and Proposition VI.8.5.

6. Shot noise

A much used stochastic process in physics, finance and queueing theory
is the so-called shot noise or shot effect process X (+), which occurs in the
literature in various degrees of generality. One of the more general forms

is the one that is also called a filtered Poisson process:

N(t)

(6.1) X(t)=>_ hit, S Ci);

k=1
here the S}, are the points in a Poisson process N(+), and the C} are mutu-
ally independent, independent of the Poisson process, and distributed as C.
The quantity h(t,s,c) is interpreted as the effect at time ¢ of a ‘shot’ of
intensity ¢ fired at time s. In a much used special case of (6.1) one takes
h(t,s,c) = cho(t — s), which leads to

N(#)

(6.2) X(t) = Z Cr ho(t — Sk).

k=1
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The characteristic function of X (¢) in (6.1) can be seen to equal

t .
(6.3) x () (u) = exp {)\/0 {E gl h(ts,C) _ 1} ds},

where )\ is the intensity of the Poisson process. In fact, one can argue
as in the computation of the pgf P; of X (¢) in Section 4 as follows. Let
Ui, ..., U, form a sample from a uniform distribution on (0,); then ¢x )

can be written as

ZIP n) Eexp [zuZh (t, Uk,Ck)} =

k=1
n t n
_ Z (/\t) e—)\t (1/ Eeiu h(t,s,C) dS)
o n! tJo ’

which is equal to the right-hand side of (6.3). Since A may have any positive

value, it follows that X (t) is infinitely divisible. The argument can be gen-
eralized to time-dependent Poisson processes, and also more-dimensional
generalizations have been considered; we shall not pursue this. The charac-
teristic function of X () in (6.2) reads

(64.) (bX(t) (u) = exXp |:)\ At{E eiuCho(w) — 1} dil?i| .

Special choices for hy or C in (6.4) lead to various well-known subclasses
of infinitely divisible distributions. As an example we choose ho(z) = e™#*
for some p > 0, and after a little algebra we obtain
u
Gx 1) (u) = exp P/ go(v) —1 dv]
P Jue—rt v

This means that the characteristic function of X := d-lim;_, o, X (¢), if this
limit exists, has precisely the form (V.6.8), from which it follows that X is

self-decomposable. For references to other examples see Notes.

7. Examples

Here we examine a few special cases of the stochastic processes consid-
ered in the preceding sections, and obtain in this way some new infinitely
divisible distributions or get a new perspective on some old ones. Also a
few illustrative counter-examples are presented.

We start with considering a continuous-time analogue of the introduc-

tory example in Section 2, i.e., the Bernoulli walk with parameter p > %
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Example 7.1. Let X(-) be a Markov chain on Z as in Theorem 2.2, and
suppose that the sojourn parameters \; are all equal to one and that the
transition matrix (pj;x) is given by p; j4+1 =p and p;;j—1 = ¢ :=1—p, for
some p > %; note that indeed the chain is skipfree to the right. Then the
first-passage time Tp 1 from 0 to 1 is not defective, and by (2.8) its pLSt 7

satisfies

7(s) = 1 P = P .
I+s1—q{1/(1+s)}n(s) 1+s—qmn(s)
Solving this equation for 7, we obtain two solutions, only one of which is a

pLSt:

_ () = Vs dpg 2
(7.1) m(s) = 2% (148 + /(A +s)2—4dpg

From Theorem 2.2 we conclude that 7 is compound-exponential, and hence
infinitely divisible. We can say somewhat more. Let I, be the modified
Bessel function of the first kind of order r; cf. Section A.5. In Exam-
ple I11.11.9 we used I; to prove that in case p = % the function 7 is the
Lt of a completely monotone density. Now, this density can be used to
obtain a density f also when p > %; just note that 7 can be considered as
a function of 1 + s, and then change the scale by a factor 2,/pg. Thus we
find

(12)  f@) =Vela e heypEn) (> 0]

and f is completely monotone. In a similar way one uses Example II11.11.9
to show that the corresponding canonical density k is completely monotone;

the Lt p of k, which is the p-function of 7, and k are given by

p(s) = 1 k(xz) =e * Iy(2\/pgx) for x > 0.

V(I +s)2—4dpq’

An alternative way of showing that 7 has a completely monotone canonical
density k, is observing that, in case p > %, the p-function of m can be

o =a () (22)'

where ¢, := 1/v/A1Ag and A\; 2 := 1+ 2,/pg, and using the canonical rep-
resentation of mixtures of exponential pLSt’s as given by Theorem VI.3.5;
since s +— \;/(\; + s) has the form (VI.3.14) with v = v; := 1(), o), also

written as

N
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p/cp has this form with v = § (v + v3), which has its values in [0,1]. The
complete monotonicity of k implies that 7 corresponds to a generalized
gamma convolution, and hence is self-decomposable; cf. Theorem VI.5.3
and Proposition VI.5.5. In Example V.9.2 this self-decomposability, in case
p= %, was proved more directly. The first-passage time T j, from 0 to ke N
has pLSt 7%, and hence is infinitely divisible, and even self-decomposable,

as well. It can be seen to have density f given by

(7.3) fk(x)zk(\/,%)’“ée—m@\/m) (2> 0].

Finally we look, for a fixed ¢, at the distribution of X (¢) itself. As is well

known, X (¢) can be obtained as
X(t) £ Ni(pt) - Nalgt),

where Ni(+) and Na(-) are independent Poisson processes of rate one. It
follows that X (t) is infinitely divisible, and that its distribution is given by

(7.4) P(X(t)=k) =" (Vp/a)" T 2ypat)  [keZ].

Note that for ¢ > 0 and keN we have IP(X(t) = k) = (t/k) f(t) with fg
as in (7.3). N

The first-passage time Tp 1 for X (+) in this example has the same distrib-
ution as the absorption time T o for the process X () that is obtained from
X (-) by making state 0 absorbing, interchanging p and ¢, and starting
at 1. In a similar way one sees that Theorem 2.2 can also be applied
to the absorption time for a birth-death process X (-) on Z, with 0 as an
absorbing state and with birth and death rates p1, ps, ... and vy, v, . . ., say,
satisfying p; +v; > 0 for all j; X(-) is a Markov chain on Z; which on N
behaves as before: For jeN the sojourn parameter A; and the transition
probability p;; are given by

{ i)y +vy) itk =j+1,

Aj =WV Pk = _ .
vi/(pj+v;) Lifk=j—1
Using these relations in (2.8), adapted to this case, one sees that if X(0) =
then the pLSt 7 of the absorption time T := inf {¢ > 0: X (t) = 0}, if not
defective, can be written as
vy

p1+ v+ s — pm(s)’

(7.5) m(s) =
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where 7 is the pLSt of the first-passage time from 2 to 1 if gy > 0. In
special cases relation (7.5) leads to explicit expressions for 7. We have seen
this in Example 7.1; we now give another example.

Example 7.2. Let the birth-death process X (-), with X (0) = 1, have the

property that, for some neN, uy >0, ..., p—1 > 0, up, =0 and v > 0,

..y Up >0, 80 X(+) is a process on {0,1,...,n}. Let 7, denote the pLSt

of the absorption time T; then by (7.5) we have
V1

(7.6) m(s) = Tn(8)

V1+S’

pa 4 v 45— p1 Tpo1(8)

forn > 2,

where 7,_1 is the pLSt of the absorption time in a birth-death process
on the set {0,1,...,n —1} started at one and with birth and death rates

W2y« -y by and va, ..., v,. Hence m(s) = VQ/(VQ + s5), so for mo we find

vi(va + 5)

7.7 s) = .
( ) 772( ) V1V2+([L1—|—l/1+l/2)8+82

In turn, this formula for 7o can be used to compute o, which yields 3.
Proceeding in this way it is possible to compute 7, for every n; note that m,,,
and hence 7, is of the form @Q,_1/P, with @Q,,—1 and P, polynomials of
degree n —1 and n, respectively. From Theorem 2.2 we know that =, is
compound-exponential, but the construction above and the considerations
in Section VI.3 suggest that m, also corresponds to a mizture of n expo-

nential densities, i.e., that m, can be put in the form

_ - 9
(7.8) 7771(5)—217]&._’_87
j=1
with a; > 0 and p; > 0 for all j, and Z?:M’j = 1. Indeed, this can be
proved by induction as follows. The function w5 can be written as

ai a2 V3
ma(s) = /

a; + s as + s 1/2+5’

for some aj,as with 0 < a1 < v9 < ag, so my is infinitely divisible with
canonical density ko(z) =e ™% +e7 %% —e 2% for x > 0; by Proposi-
tion VI.3.4 it follows that 7o is a mixture of two exponential pLSt’s (with
parameters a; and as). By using (7.6) the induction step can be made sim-
ilarly; we omit the details. Finally, we note that, conversely, every mixture
of n exponential densities can be viewed as the density of the absorption

time in a birth-death process on {0,1,...,n} as above. We do not give
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a proof of this result; it is interesting to see, though, that in combination
with Theorem 2.2 this leads to an alternative proof of Theorem VI.3.3. 0O

Sometimes it is more convenient to look at the distribution function F' of
the absorption time T than at its pLSt. Since state 0 is absorbing, F' can

be written as
(7.9) F(t) =P(T <t)=P(X(t) =0) [t>0].
Now, it is well known that the transition probability px(t) := P (X (¢) = k)
satisfies the following difference-differential equations for ¢ > 0:
po(t) = ripi(t),
(7.10) P1(t) = —(p1 + 1) pi(t) + v2pa(t),
Pi(t) = — (ke + vi) Pr(t) + pr—1 Pr—1(t) 4 Vis1 P (1),

for k > 2, with initial condition px(0) = 6k, if X(0) =n with neN. By
standard generating function techniques these equations can be solved in
special cases; we give an example in which new infinitely divisible distrib-

utions appear.

Example 7.3. Let the birth-death process X (-) be linear, i.e., p; = j p and
v; = jv for all j, and some p > 0 and v > 0. Then one finds for ¢ > 0

1 — e~ (w—m)t n
if u#v
— —(v—p)t ) )
(1) polt) = (= Gpe)
( pt )n ifu=v
1+ ut A=

Note that lim; .o po(t) =1 iff u <v. Now apply Theorem 2.2 and use
(7.9); then the choice u < v shows that for any a > 0, be (0,1) and neN

the (nondefective) distribution function F' on R, given by

1 _ e*(lll) )n
1—be ax

(7.12) F@):(

[z >0],

is infinitely divisible. By choosing i = v, or by putting b = e ™% in (7.12) and
then letting a | 0, one sees that also the following distribution function F

on Ry is infinitely divisible for any n e N:

(7.13) F@g:(lixyl [z >0].
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From Theorem 2.2 it also follows that in case n = 1 both (7.12) and (7.13)
are compound-exponential. In fact, both have a completely monotone den-
sity because the function 1—F is easily seen to be completely monotone.
The distribution in (7.13), for general n, is a special case of the beta dis-
tribution of the second kind, which in Example VI.12.9 was shown to be a

generalized gamma convolution and hence self-decomposable. M

The preceding example shows how an interpretation in a stochastic process
can be used to prove that a given distribution is infinitely divisible. The

same is illustrated by the next example.

Example 7.4. Let X(-) be standard Brownian motion started at zero,

and consider the first-exit time T from (—1,1) for X(-). Is T infinitely

divisible 7 Use the technique from the end of Section 2. Let S denote the
11

first-exit time from (—3, 5). Then by the self-similarity, the strong Markov

property and the space-homogeneity of X(+) it is seen that
(714)  S2ir, T7LdSsig AT,

where all random variables in the right-hand side are independent, S’ i3 ,
T’ £ T and A is uniform on {0,1}. Tt follows that the pLSt 7 of T satisfies

(7.15)  w(s) = {n(Ls)}* H{1+7(s)}  [s>0].

To solve this functional equation we rewrite it by putting ¢(z) := 1/7(z?);
extending the domain R, of ¢ to R we get

(7.16)  ¢(x) =2{s(k2)}" =1  [zeR].

Next we note that 7(0) = 1 and that 7 has derivatives of all orders at zero;
this follows from the fact that IP(T >t) = O(e™¢*) as t — oo, for some
¢ > 0; see Notes. Since ¢(0) = —27'(0) = 2IET’, we therefore look for all
solutions ¢ of (7.16) having derivatives of all orders on R, with ¢(0) =1
and ¢"”(0) > 0. Now, it is known (see Notes) that for every A # 0 there
exists exactly one such solution with ¢”(0) = A% and that it is given by
(7.17) ¢(z) = coshdx = L (M + &) [zeR].
In our situation A\ = v/2, since it can be shown that IET = Var X (T) = 1.
We conclude that (7.15) is solved by

1 1 2

(118) 7o) = S = e = e
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Proving infinite divisibility of T', however, just from this expression for 7,
is not easy; also, the square-root is essential, as was shown in Exam-
ple IT1.11.12. We therefore return to equation (7.15) for 7. Putting
1
e
which is the pLSt of a compound-geometric, and hence infinitely divisible

distribution on R, we see that m satisfies
n—1 ]
2 2" i\ 27
(7.19) m(s) = {m(%s)} mo(s), so m(s) = {m(s/4™)} H{wo(s/éﬂ)} ,
j=0

for every n e N. Since by the explicit expression (7.18) for 7 the first factor
in the right-hand side tends to one as n — oo, 7 can be obtained as the limit
of a sequence of infinitely divisible pLSt’s, and hence is infinitely divisible,
too.

It is much simpler, however, to prove that 7 is self-decomposable (and
therefore infinitely divisible). To do so we return to T, and for ace (0, 1)
we let T /;; be the first-exit time from (—y/a,+/a). Then by the strong
Markov property we have

(720)  TET5+T,

where T(®) is nonnegative and independent of T’ /a- Now use again self-
similarity: a X (-) 4 X (a®) for every a > 0; then it follows that T’ 5 Lar,
and T is self-decomposable by definition. N

Next we turn to the G/G/I queue, as considered in Section 3, with
interarrival time A and service time B such that the traffic intensity p :=
IEB/IEA satisfies p < 1. We mention some special cases where something
more can be said about the infinitely divisible limit W (in distribution) of

the waiting time W,, of the n-th customer as n — oo; cf. Theorem 3.1.

Example 7.5. Let B be exponentially distributed with parameter u. Then
by using the lack-of-memory property of B one can show that for any A
(such that p < 1) the distribution of W is a mixture of the degenerate

distribution at zero and an exponential distribution; in fact, one has
P(W > z) =pe I-PIne [z >0],

where p is the unique solution of the equation Fj4 (1=p)p) =p. M
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Example 7.6. Let A be exponentially (\) distributed, so the distribution
of W is given by the Pollaczek-Khintchine formula in (3.3) and (3.4). Then
it is easily verified that a standard gamma (r) distribution for B, with r e N,

leads to a pLSt ﬁw of W which is a rational function of degree r. We give

examples for r =2 and r = 3. First we take r =2 and \ = %. Then we
e (1 +5)? (2+3)
~ 4(1+s 2(2+s
Ia = =241
W) = T isgee 373 (1+25)(4+3s)’

which by partial fraction expansion leads to the following result for W:
PW> x):%e*%mf%e*% [z >0].
Next we take r =3 and A = % Then ﬁw is given by
~ 36 (1 + 5)3
F = =
W) = 36 1145 + 11652 4 3057

TR 12(3 + 3s + s?)
S B 13(243s)(u+s)(E+s)

where 1 := £ (5 + ). Partial fraction expansion again shows that
2 15 < .
PW>z)=2e 5%— 22 e 157 {cos Zo + 2 sin Za},

where x > 0. Though both infinitely divisible distributions can be regarded
as (very) generalized mixtures of exponential distributions, the second with
complex-valued parameters, neither of them is infinitely divisible by the
results on mixtures in Section VI.3. Similar examples can be obtained by
taking a mixture of exponential distributions for B. N

Example 7.7. Let A be exponentially distributed. Since we want to send
the traffic intensity p to one, we denote the limiting waiting time by W(p).

From the Pollaczek-Khintchine formula it easily follows that

W(p) a
]EW(p)—>X [p11],

where X is standard exponential. If the customary queue discipline ‘first-

come-first-served’ is changed to ‘service in random order’, then one can
show that the limiting waiting time W (p) still exists and has finite mean.

Moreover, in this case

W (p)

P 4 x X 1],
]EW(p) 1A2 [PT ]
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where X; and X, are independent and standard exponential. From The-
orem VI.3.3 it follows that X3 X5 is infinitely divisible with a completely
monotone density; see also Notes. m

The results on branching processes in Theorems 4.1 and 4.2 are illus-
trated by the next three examples. In each of them we start from a special
birth-death process; cf. the description preceding Example 7.2.

Example 7.8. Consider the birth-death process Z(-) (sometimes called
the Yule process) with Z(0) =1 and with birth and death rates p; = ju
and v; =0 for jeN, where p > 0; so the sojourn parameters \; and the
transition probabilities p;; of the Markov chain Z(-) are given by \; = ju
and pj; j+1 =1 for jeN. Then Z(-) can be viewed as a branching process
where each individual lives an exponential (1) period of time and is re-
placed by two individuals at the moment of its death, so the infinitesimal
quantities @ and H are given by a = u and H(z) = z?. Because of (4.11)

for the generator U of the process we then have
Uz)=p{z*> =2y =pz(z—1).

Inserting this in (V.8.9) and solving the resulting differential equation, one
finds the pgf F; of Z(t):

e H

BG) = =iy

[t>0].

Hence Z(t) is geometrically distributed with IE Z(t) = m* where m = e*;
the process is supercritical. According to Theorem 4.1 we then have:
Z(t)/mt W as t — oo with W positive and self-decomposable. This
is easily verified directly by considering the pLSt 7 of Z(t) / m? and apply-
ing the continuity theorem:

ae” 1

. _ . —pt)y _ 7 _
tli)rgom(s) tll)rgoFt(eXp[ se)) 2?01 1—(1—a)e @  1+s’

so W has a standard exponential distribution. m

Example 7.9. Consider the birth-death process Z(-) with Z(0) =1 and
with birth and death rates p1; = ju and v; = jv for j e N, where pp > v > 0.
Then, as in Example 7.8, Z(+) can be viewed as a branching process with
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infinitesimal quantities a = p+v and H(z) = (v + pz?)/(u+v), so the
generator U is given by

U(2) = (uz — v) (= — 1)
From (V.8.9) one obtains the pgf F} of Z(t):

v(z—1)—e W1t (uz —v)
p(z—1) —e W=t (uz —v)

Fi(z) = [t>0],

so IE Z(t) = m! with m = e#~¥ > 1; the process is supercritical. Now for
the pLSt 7w of the limit W of Z(t)/m' as t — oo one easily finds:

nw—v—+vs
:7:1_
7w (8) vt s OH_aa—i—s

., with a:=(u—v)/p.

It follows that the distribution of W is a mixture of exponential distrib-
utions, which is infinitely divisible but not self-decomposable; note that the
conditions of Theorem 4.1 are not satisfied: IP(Z(1) = 0) > 0. m

Example 7.10. Consider a branching process X () with immigration and
X(0) = 0, where branching is governed by the semigroup F = (F});>0 from
Example 7.9, but now with v =+ 1; then m = 1/e, so the process is
subcritical. Putting p := p/v€(0,1), for U and F; we get

1-pz l1—z—¢"(1-p2)

o Ty e
Suppose that the immigration occurs according to a compound-Poisson pro-
cess Y (+) with intensity A > 0 and batch-size distribution (gx) with pgf Q
and finite logarithmic moment. Then according to Theorem 4.2 and Corol-
lary V.8.4 X(¢) X ast— 0o, where X is F-self-decomposable, and
hence infinitely divisible, with pgf P satisfying
1 1
_ilogP(z) :/Z lU(Ci():C)dx :/z I?Qf) 11_ pp:lc dz.

Now, taking @) specific, one can obtain explicit expressions for P. For in-

U(z) = (1-2)

stance, if g = q1 = %, then P is the pgf of a negative-binomial (r, p) distrib-
ution with r = $A (1—p)/p. Taking (qi) geometric (p) leads to a limit X
with X & Y (1). Note that, because of Theorem II.3.2, for p | 0 the for-
mula for P above tends to the canonical representation of self-decomposable
pgf’s as given in (V.4.13); by using this representation, however, one easily
verifies that for arbitrary p € (0, 1) the pgf P above is self-decomposable iff
p<aq/(1—qo). N
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Finally we consider renewal processes N(+), as in Section 5, generated
by some special lifetimes X. The number N (z) of renewals in [0, =] is often
not infinitely divisible; the case where X is exponential and hence N (z) is
Poisson, seems to be an exception. In many other cases the distribution
of N(z) has a tail that is too thin for infinite divisibility. We will make
this more precise in two special cases; here Sy, Ss,... denote, as before, the
renewal epochs for N(-).

Example 7.11. Let X have a gamma (2) distribution. Then we have
Sk 4 Y1 + --- + Yo, for all k, where Y7, Y5, ... are independent random vari-
ables with the same exponential distribution, so

P(N(x) 2 k) = P(Yy + - + Yo < @) = P(M(2) > 2k),
with M (-) a Poisson process. From Lemma I1.9.1 (iii) it now follows that
—log P(N(z) > k) ~ 2k log k [k — o],

so by Corollary I11.9.5 N(z) cannot be infinitely divisible. m

Example 7.12. Let X be stable (\) with exponent v = . Then we have
Si/k* < X for all k, and from Example V.9.5 it follows that X < 1/U?
with U normal (0,2/)?). Now we can write

P(N(z) > k) =P(S, <z) =P(X <z/k*) =P(U > k/Vz),

and hence by (IV.9.9)

)\2
—log]P(N(ac)zkj)N@k2 [k — 0]
So here N(x) has a tail that is even thinner than in the previous example;

again, N(x) is not infinitely divisible. m|

A possible candidate for generating an infinitely divisible N(z) is a life-
time X with a gamma (3) distribution; it is then easily seen that N(z) has
a fatter tail than the Poisson distribution. It does not seem easy, however,
to obtain an explicit formula for the distribution of N(z) in this case. We
do not pursue this, and conclude this section with an illustration of the

results in Section 5 around the inspection paradox.
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Example 7.13. Let X be exponential (\); by Example I11.4.8 it is infin-
itely divisible with canonical density k& given by k(z) =e~** for z > 0.
Let X (-) be the sii-process generated by X; then for a > 0 the random
variable X (a) is gamma (a, A) distributed. According to Theorem 5.5 the
limiting total lifetime Z(a) in a renewal process generated by X (a) can be

decomposed as

1

(7.21) Z(a) = X(a)+Y, with X(a) and Y independent,

where Y has density Ak, so Y < X. Tt follows that Z(a) is gamma (1+ a, \)
distributed. Taking a = 1/(n —1) with n > 2 we conclude: For any neN
there exists a lifetime X such that the corresponding limiting total life-
time Z has n ordinary lifetimes as independent components. Let further
a < 1. Then by Theorem 5.8 we also have decomposition (5.16) for Z(a)
with Yy = 0 (cf. Example II1.5.4), so under the usual conditions:

Z(a) 2 X(a) + X'(a) + X" (1— a);
but this is, of course, a special case of (7.21). Since X(a) is compound-
exponential, we also have decomposition (5.17) for the limiting remaining

lifetime W (a) in a renewal process generated by X (a), so

(7.22) W (a) 4 X(a) 4+ B(a), with X(a) and B(a) independent,
where B(a) iUux (1—a) with U an independent uniform random variable
on (0,1). Note that W(a) 4, B(0) as a | 0 with B(0) dUX. For A=1
it follows that B(a) and B(0) have pLSt’s given by

(I+s)*—1 log (1 + s)
mals) = g Ml =T

respectively. Combining Proposition VI.4.2 and Theorem VI.3.3 immedi-

ately shows that 7w, and my are Lt’s of completely monotone, and hence

infinitely divisible densities; compare Example VI.12.10, where this was

proved in a different way. D

8. Notes

The results on first-passage times in Markov chains can be found in
Miller (1967); similar results are given in Keilson (1979). Theorem 2.3

on first-passage times in diffusion processes is taken from Kent (1978),
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with the same very brief proof. Here and in some other papers (Kent
(1982), Barndorff-Nielsen et al. (1978)) some distributions are shown to
be infinitely divisible by the fact that they are first-passage time distrib-

utions in diffusion processes; one of those is the inverse-Gaussian distrib-
1

92
‘exponentially tilted’. The computation of these first-passage time densities

ution, which is, in fact, the stable distribution on R with exponent v =

involves solving differential equations connected to the differential operator
that generates the diffusion process.

Formula (3.3) occurs in Kingman (1965), where the random variables X,
are interpreted as the idle periods in the so-called dual queue; an earlier
proof of (3.3) was given by Runnenburg (1960). The proof of the infinite
divisibility of W by way of Spitzer’s identity has been given by J. Keil-
son and J. Th. Runnenburg; see the discussion of the paper by Kingman.
Conversely, Heinrich (1985) proves Spitzer’s identity starting from (3.3).

The self-decomposability of the limit W in Theorem 4.1 is mentioned,
without proof, in Yamazato (1975); a similar theorem is proved in Biggins
and Shanbhag (1981). The necessary and sufficicient condition for W to
be non-degenerate can be found in Athreya and Ney (1972). The result on
branching processes with immigration is taken from van Harn et al. (1982);
related results are given in Steutel et al. (1983).

The remark on Blackwell’s renewal theorem in Proposition 5.1 was made
by Runnenburg in the discussion of Kingman’s paper above. Proposi-
tion 5.2 occurs in Daley (1965) in a less precise form and is also proved
in van Harn (1978). Most results in the rest of Section 5 are taken from
van Harn and Steutel (1995), sometimes slightly sharpened; Theorem 5.6 is
proved in Bertoin et al. (1999). Theorem 5.4 is of some interest to statisti-
cians; the distribution of Z in (5.5) is called the length-biased distribution,
and the question for what X one has relation (5.8), arises quite naturally;
see Arratia and Goldstein (1998), and Oluyede (1999).

Shot-noise processes of various degrees of generality are discussed in
Bondesson (1992); another good reference, also for examples, is Parzen
(1962).

Example 7.1 occurs in Feller (1971); the function given in (7.3) is also
an infinitely divisible density for arbitrary positive, noninteger k. The
distribution in (7.4) of the ‘randomized random walk’ is also taken from

Feller (1971). Example 7.2 concerns a personal communication to us by
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W. Vervaat; see also Sumita and Masuda (1985). Example 7.3 is taken
from Miller (1967). Information on functional equations of the type (7.16)
in Example 7.4 can be found in Kuczma (1968), and the tail behaviour of T'
in Feller (1971); the pLSt of T' is given, e.g., in Breiman (1968). Example 7.5
occurs in many textbooks on queueing theory; see, e.g., Cohen (1982). For
Example 7.6, see Kleinrock (1975). The second part of Example 7.7 is taken
from Kingman (1965); this was the start of the work by Goldie, Steutel,
Bondesson and Kristiansen on mixtures of exponential and gamma distrib-
utions. The branching semigroups F in Examples 7.8, 7.9 and 7.10 can
also be found in Athreya and Ney (1972). Example 7.13 is taken from van
Harn and Steutel (1995).
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Appendix A

Prerequisites
from probability and analysis

1. Introduction

We assume the reader to be familiar with the basic concepts and results
from probability theory and analysis, including measure and integration
theory. Still, it will be useful to recall a number of facts in order to establish
terminology and notation, and to have on record some results that will be
used in the main text. Sections 2, 3 and 4 mainly concern distributions
on R, on Ry and on Z,, respectively. Other, more special tools are collected
in Section 5, and as usual we close with a section containing notes. For
notational conventions and elementary properties concerning a number of

well-known distributions, we refer to Appendix B.

2. Distributions on the real line

Random variable, distribution, distribution function. Let X be
a random wvariable, i.e., X is an R-valued measurable function on a prob-
ability space (2, 4,1P). Then the (probability) distribution of X is the
probability measure IPx on the Borel o-field B(R) in R defined by

Px(B)=P(XecB) [BeB(R)].

Equality in distribution of two random variables X and Y, possibly on
different probability spaces, is denoted by X LY. The distribution Px
determines the (probability) distribution function of X, this is the function
Fx :R —[0,1] with

Fx(z) =P(X <x) [zeR].
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Conversely, IPx is determined by F' = Fx; it is equal to the Stieltjes measure
induced by F, i.e., the unique measure mp on B(R) for which mp ((a,b]) =
F(b)—F(a) for a < b. The (generalized) inverse of a distribution function F
is the function F~1: (0,1) — R defined by

F~Y(u) :=inf {zeR: F(z) > u} [0<u<1];

if U has a uniform distribution on (0,1), then the random variable F~1(U)

has distribution function F. A distribution or distribution function is said

to be symmetric (around zero) if a random variable X having this distrib-
. . d

ution satisfies X = —X.

Stieltjes measure, Lebesgue decomposition, support. Let mg be
the Stieltjes measure on B(R) induced by a right-continuous nondecreasing
function G on R; the identity on R induces Lebesgue measure m. An atom
of mg is a point a € R such that mg({a}) > 0 or, equivalently, such that G
is discontinuous at a; the set of atoms of GG is countable. The measure mg
and the function G are called discrete if there is a countable set A such
that mg(A°) = 0; in this case

ma(B) =) gla)  [BeB(R)],
acB
where g, with g(a) := mg({a}), is called the density of mq and of G.
If m¢ has no atoms or, equivalently, G is a continuous function, then mg
is said to be continuous. Any measure mg can be decomposed as mg =
ma.d+ma,c With mg q a discrete and mg ¢ a continuous Stieltjes measure.
The measure mq and the function G are called singular (with respect to m)
if there is a measurable set B with m(B) = 0 such that mg(B°) = 0. They

are called absolutely continuous (with respect to m) if

mG(B):/Bg(t)dt [BeB(R)]

for some nonnegative function g, which is called a density of mg and of G.
Densities are not unique, but often there is a most obvious one, which
then is sometimes called the density. According to ‘Radon-Nikodym’ the
(o-finite) measure mg is absolutely continuous iff mg(B) =0 for every
measurable set B with m(B) = 0. Any measure m¢ can be decomposed
as mg = ma,s + Mag,ac With mg s a singular and mg ac an absolutely con-

tinuous Stieltjes measure. Combining the two decompositions we obtain
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the so-called Lebesgue decomposition:
(2.1) mag = mgd + Ma,cs + MG ac,

where mg q is the discrete part of mg, mg,cs the continuous-singular part,
and mq ac the absolutely continuous part. Applying this result to prob-
ability distributions, we see that any distribution function F' can be writ-
ten as a mixture of three distribution functions ‘of pure types’, the dis-
crete component Fy, the continuous-singular component Fes and the abso-
lutely continuous component Fy of F'; for some o« > 0, § > 0, v > 0 with
a+ B+~ =1 we have

(2.2) F=aF 3+ 3Fcs+7Fac-

By the support S(G) of a function G as above we understand the set of

points of increase of G :
S(G) :={aecR:G(a+¢e)—G(a—e) >0 foralle > 0}.

Note that the support of a discrete G need not be countable. The left
extremity £ of G is defined as {¢:= inf S(G), and r¢:= sup S(G) is called
the right extremity of G; note that ¢ € [—00,00) and rg € (—o0,00]. For
the support of the distribution function F' of a random variable X we can

write
S(F)={acR:P(|X —a] <e) >0 foralle > 0},

and hence: S(F') is the smallest closed subset S of R for which X €S a.s.
(almost surely, i.e., with probability one). The left extremity ¢r of F is
also called the left extremity of X, and is then denoted by fx; similarly
for the right extremity rx of X. Sometimes we allow the function G to be
somewhat more general, for instance (right-continuous and) nondecreasing
on (—o0,0) and on (0, c0); the results on G and m¢ above and some results

below can be adapted in an obvious way.

Random vector, random sequence, independence. Let (X,Y)
be a random vector, i.e., (X,Y) is an R%-valued measurable function on a
probability space (€2, A, IP) or, equivalently, X and Y are random variables
on the same probability space. Then, similarly to the one-dimensional
case, the distribution Pxy and the distribution function Fxy of (X,Y)

are given by
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Px,y(B) =P((X,Y)eB) [BeB(R?)],
Fxy(z,y) =P(X <z;Y <y) [(:c,y)eRz].

In the special case where IPx y is equal to the product measure IPx @ Py
of the one-dimensional marginal distributions Px and IPy, the random
variables X and Y are called (mutually) independent; equivalent to this is

each of the following statements:

P(XeC;YeD)=P(XeC)P(YeD) [C,DeB(R)],
Fxy(z,y) = Fx(z) Fy(y)  [2,yeR].

Random vectors (X1,...,X,) with n > 3 are treated similarly; note that
independence is stronger than pairwise independence. A random sequence
(X )nen is a sequence of random variables on the same probability space;
X1, Xo,... are called independent if Xq,...,X, are independent for all
neN.

Convolution. The distribution Pxy and the distribution function
Fxyy of the sum of two independent random variables X and Y are given
by the convolutions IPxxIPy and Fx % Fy, respectively. Here we define
the measure p x v for o-finite measures p and v on B(R) and the function

G x H for right-continuous nondecreasing functions G and H on R by
(% 0)(B) = (& v)({@): -+ ye BY) = [ n(B =) vic)
(G M)(a) = [ Glo—y)aH ().

where B —y := {z —y : x € B}. If G is continuous, then so is GxH. If G is
absolutely continuous with density g, then G x H is absolutely continuous
with density g x H (extending the definition of *); if in this case also H is
absolutely continuous with density h, then g x H = g x h with

(g*h)(x) r=/g(x—y)h(y)dy [zeR].

R

Similarly, for sequences ¢ = (g )kez and r = (rg)gez of nonnegative num-
bers we define ¢ * r as the sequence with elements

(q*7)k ZZZQk_jTj [keZ].

JEZ
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The operation * is also called convolution; in practice it will always be
clear which one of the convolutions is meant. The convolutions x and * are
commutative and associative; for n € Z the n-fold convolution of G with
itself is denoted by G*" with G*!:= G and G*0:= 1g, . Similarly for the
function ¢*™ and for the sequence ¢*"* with n € N. We next state a result
on the support of convolutions; since it does not seem to be well known, we
give a proof in a special case. Here the direct sum A @ B of two subsets A
and B of R is defined as the set of all ce R of the form ¢ = a+b with ae A
and be B, and A®" := A®--- @ A (n times).

Proposition 2.1. The support of the convolution of two right-continuous
nondecreasing functions G and H on R is equal to the closure of the direct

sum of their supports:
S(GxH)=S(G)® S(H).

More generally, for right-continuous nondecreasing functions Gy, ...,Gpy:

S(Gix - xGp) = S(G1) @ - @8(Gp), so S(G*™) = 5(G)en.

Proor. We restrict ourselves to distribution functions. Let X and Y
be independent random variables with distribution functions G and H,

respectively. By the triangle inequality, for a,beR and € > 0 we have
P(|(X+Y)—(a+b)|<e) >P(|X—a| < 3¢6) P(|Y - b] < 3¢).

It follows that a + be S(Gx H) if a€ S(G) and be S(H), and hence, since
supports are closed, S(GxH) contains the closure of the direct sum of S(G)
and S(H).

To prove the converse, we take ¢ in the complement of the closure of the
direct sum. Then there is an €5 > 0 such that this complement, and hence
the complement of S(G)® S(H), contains the interval (¢ —eg,c+¢p). Now,
for any be S(H), the interval ((c — b) — g, (¢ — b) + &) is contained in the
complement of S(G); otherwise (¢ — €g, ¢ + €9) would contain a point of
S(G) @ S(H). Thus we have P(|X — (¢—b)| < g9) = 0 for be S(H). Hence

P((X+Y) ¢ < 20) /S(H)IP(|X (c— b)) < o) dH(b) = 0,

and it follows that ¢ ¢ S(G*H). We conclude that also S(G*H) is contained
in the closure of the direct sum of S(G) and S(H).

The final, more general statement is now easily proved. N
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We finally note that integration with respect to (the Stieltjes measure in-
duced by) a convolution G+ H can be carried out as follows:

(2.3) /f AGxH)@) = [ flutv)dG() dH ().

This is seen by writing (G * H)(z) = [go Ljusv,00) (@) dG(u) dH (v), and is
clear for distribution functions: both the integrals in (2.3) equal IE f(X +Y)
if X and Y are independent with Fxy = G and Fy = H.

Expectation, moment inequalities. For the ezpectation E g(X) of
a measurable function g of a random variable X on a probability space
(Q, A, IP) we have

E g(X) ::/ X)dP = / ) P (dz),

provided that these integrals exist (possibly oo or —oo). For neZ, the
special case with g(x) = 2™ yields the n-th moment or moment of order n
of X. If the n-th moment of X (exists and) is finite, then so is the k-th
moment for all k& < n; this follows from the inequality E | X|" <1+ E|X|*
if 0 <r <s. Here for arbitrary r > 0 the quantity IE|X|" is called the
absolute moment of order r of X. The first moment or mean of X can be
written in terms of the distribution function F' of X as

o 0
(2.4) EX :/0 {1-F(z)} da —/ F(z)dx,

and the first two moments yield the variance of X: Var X = EX?—(EX)Z.
If X has a finite variance, then by Chebyshev’s inequality we have

(2.5) P(|X —EX|>a) < (VarX)/a®>  [a>0].

Further, if g is a convex function on an open interval I and if X is an

I-valued random variable with finite mean, then IE g(X) exists and
(2.6) Eg(X) = g(EX);

this basic result is known as Jensen’s inequality. It can be used to show
that

@7 X = E®x])*

T . . .
s nondecreasing in r > 1,

and also to prove Hdélder’s inequality which for random variables reads as
follows:
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28) XYL <X IV]ls  [rs>1with1/r+1/s=1];

taking r = s = 2 yields a result that is known as Schwarz’s inequality. In
turn, ‘Holder’ can be used to prove Minkowski’s inequality; for random

variables this triangle inequality reads as follows:

(2.9) [ X+Y [ <[ X[+ Y [r=1]

Finally, we note that for independent random variables X and Y, both non-
negative or both integrable, the expectation of XY exists with IE(XY) =
(EX)(IEY).

Convergence in distribution, weak convergence. For random
variables X, X1, Xo,..., possibly on different probability spaces, we say
that the sequence (X,,) converges in distribution to X as n — oo if

lim Eg(X,)=IEg(X) for all continuous bounded g;

n—oo

notation: X, 4 X asn — . According to Helly’s theorem this is equiv-
alent to saying that
(2.10) lim F,(z) = F(x) for all continuity points x of F,

n—oo
where F,, := Fx, and F' := Fl; in this case (F},) is said to converge weakly
to F as n — oo. Helly’s selection theorem states that any sequence (F),) of
distribution functions contains a subsequence (F,, ) satisfying (2.10) with F’
a sub-distribution function, i.e., a right-continuous nondecreasing function
on R with 0 < F(z) < 1 for all . This result can be used to show that
(F,) converges weakly iff the set {mp,_ : neN} is tight, i.e.,

(2.11) lim sup mpg, (R\<_tvt]) =0,
t—oo p

and all weakly convergent subsequences of (F),) have the same limit. In-
stances of convergence in distribution are given by the Central limit theorem

(see Theorem 1.5.1) and by the following important result on maxima.

Theorem 2.2. Let X1, Xo,... be independent, identically distributed ran-
dom variables, and set M,, := max{Xy,...,X,} for neN. Suppose there

exist a, € R and b, > 0 such that for some non-degenerate random vari-
able V:
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Then there exist a,beR, b # 0 such that the distribution function F of
(V—a)/b is given by one of the following functions, with o > 0:

(2.12) F(z) = (1—exp[-2°]) 1g, (x), exp[—z~*]1g, (x), exp[—e 7]

Characteristic function and FSt: basic results. A useful tool in
probability theory is the characteristic function of a random variable X
(and of IPx and of Fx), this is the function ¢x: R — C with

¢X(u) — EeiuX _ /Reiuz ]PX(dJ?) _ /Reium dFX(Z‘) = ﬁX(U)

Also for general bounded right-continuous nondecreasing functions G on R
we denote the Fourier-Stieltjes transform (FSt) of G by G; if G is absolutely
continuous with density g, then G is the (ordinary) Fourier transform (Ft)
of g. The characteristic function ¢ x of X determines the distribution of X,

so we have the following uniqueness theorem:
(213)  ¢x =0y < X2V

There are several inversion theorems; we only mention two special cases.
Let ¢ be the characteristic function of X; then the atoms of IPx can be

obtained from
1ot
(2.14) P(X =z) = lim —/ e~ p(u) du [zeR],

and if ¢ satisfies fRM(u)‘ du < oo, then X has an absolutely continuous
distribution with (continuous bounded) density f given by

(2.15) flz) = %/Re_i” ¢(u) du [zeR].

The characteristic function ¢ of a random variable X satisfies |¢(u)| < 1 for
all u and ¢(0) = 1. We have |¢(u)| = 1 for some u # 0 iff there exist ce R
and d > 0 such that X is (c+ dZ)-valued. On the other hand, if X has an
absolutely continuous distribution, then not only |¢(u)| < 1 for all u # 0,
but also ¢(u) — 0asu — oo or u — —oo. A characteristic function ¢ is con-
tinuous. According to Bochner’s theorem a continuous function ¢ : R — C
with ¢(0) =1 is a characteristic function iff ¢ is nonnegative definite, i.e.,
for all ne N

n n
Zqu i —Uk) 22k >0 [u1,...,un€R, 21,...,2,€C];

j=1k=1
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this result is, however, not very useful in practice. Of more importance is
the fact that characteristic functions transform convolutions into products.

In fact, we have
(2.16) X and Y independent = ¢xiy = ¢x dy;

the converse is not true. On the other hand we do have: F=GxH
iff F=GH , for bounded right-continuous nondecreasing functions F, G
and H on R. The characteristic function of —X is given by the complex
conjugate ¢y of ¢x, so X has a symmetric distribution iff ¢x is real or,
equivalently, ¢x is even. If ¢ is a characteristic function, then so is |¢|?, be-
cause |¢|? = ¢ ¢. Besides products and mixtures also limits of characteristic
functions are characteristic functions again, provided they are continuous
at zero; this is part of Lévy-Cramér’s continuity theorem, which can be

stated as follows.

Theorem 2.3 (Continuity theorem). For neN let X,, be a random

variable with characteristic function ¢,,.

(i) If X, 4, X asn — oo, then lim,_.o on(u) = ¢ox(u) for uelR.

(i) If limy,— o0 ¢n(u) = ¢(u) for u e R with ¢ a function that is continuous
at zero, then ¢ is the characteristic function of a random variable X

d
and X,, — X asn — oo.

A sufficient condition for a given function to be a characteristic function,
is given by Podlya’s criterion; we state it together with a periodic variant,

which yields distributions on Z.

Theorem 2.4. Let ¢ : R — R, be an even continuous function satisfying
6(0) = 1.
(i) If ¢ is nonincreasing and convex on (0, 00), then ¢ is the characteristic
function of a symmetric distribution on R.
(ii) If ¢ is nonincreasing and convex on (0,7) and 2w-periodic, then ¢ is

the characteristic function of a symmetric distribution on Z.
Poisson’s summation formula. We return to the inversion formula

(2.15) which gives a continuous density f corresponding to a characteristic
function ¢ with [¢|¢(u)|du < co.
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Theorem 2.5. Let ¢ be an absolutely integrable characteristic function,
and let f be the corresponding continuous density. If one of the following
conditions is satisfied:
— the series ), _, ¢(- + 2km) converges to a continuous function on R;
— the series ., f(k) converges,
then so is the other, and ¢ and f are related by
(217) > p(u+2km) =Y f(k)e™  [ueR].

keZ keZ
An important consequence of the identity (2.17) is the fact that its left-

hand side, when normalized, can be viewed as the characteristic function

of a distribution (py)kez on Z which is proportional to (f(k)).

Corollary 2.6. Let ¢ be a nonnegative integrable characteristic function
that is nonincreasing on (0,00), and let f be the corresponding continuous
density. Then (2.17) holds.

PROOF. Note that ¢ is real and hence even. So, by the monotonicity of ¢,

S o(2km) = ¢(0) + 2 ¢(2kT) <1+ % A d(u) du < oo.

keZ k=1

Using the monotonicity of ¢ once more, we see that for ue (0,7) and neN

> plu+2km) <2 > ¢(2km).
|k|>n k=n—1

It follows that the series >, _, ¢(+ + 2k7), which is 27-periodic, converges
uniformly on R and hence converges to a continuous function. Now apply
the theorem. m

Characteristic function and moments. Let ¢ be the characteristic
function of a random variable X. If, for some neN, X has a finite mo-
ment /i, of order n, then ¢ can be differentiated n times with ¢ con-
tinuous, y1,, can be obtained from ¢(™ (0) = i" p,,, and ¢ satisfies

" iu)?
218) o =31 bow)  [u—o]

=0 7
There is a partial converse; if, for some even n €N, ¢ has a finite derivative
#™(0) at zero, then X has a finite moment of order n. If X has finite
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moments of all orders, then on some neighbourhood (—¢,¢) of u =0 ¢ can

be represented in terms of the moment sequence (p;) as
= (iu)d

219) o= W <)
j=0

iff limsup,_, |Mj|1/j/j is finite; in this case there is no other probability
distribution with the same moment sequence. The cumulants of X, as far
as they exist, can be obtained by differentiating the function ¢ := log ¢
which is well defined near v = 0; if X has a finite moment of order n, then
the constant ,, satisfying 1/(™(0) = i"k,, is called the cumulant of order n
of X. Note that the n-th order cumulant of a sum X; +--- 4+ X, of in-
dependent random variables is equal to the sum of the n-th order cumulants
of X1,...,Xm. For ne{1,2} this also follows from the fact that k1 = IEX
and ko = Var X. More generally, by differentiating n times the relation
¢' = ¢’ we see that the moments and cumulants of order < n + 1 are
related by

" /n
(220)  ppi=) < ) Hjtn—j+1-
— \J
J
The function 1 above also plays a role in the following criterion for finiteness

of logarithmic moments.

Proposition 2.7. Let X be a random variable with characteristic func-
tion ¢ and v :=log ¢. Then the following four quantities are either all
finite or all infinite (with € > 0 sufficiently small):

E log (1+]X]), E log" |X]|, /06‘1_3(U)‘du, /OWC’“

PRrROOF. Similar to the proof of the R -valued analogue given by Proposi-
tion 3.2. D

Logarithm of a nonvanishing characteristic function. Let ¢ be
a characteristic function that vanishes nowhere on R. Then the logarithm
log ¢ of ¢ can be defined, as usual, by

(2.21) log ¢(u) :=log |p(u)| + i arg ¢(u) [ueR],

where one has to prescribe an interval of the form [b, b+ 2) for the values
of arg ¢. One often takes b = —m, and then obtains the so-called princi-

pal value of log ¢; it might be, however, discontinuous at those ueR for
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which ¢(u) < 0. We do not want this; we would like to have, for instance,
log ¢ = ju for ueR. Now, one can show that, because of the continuity
of ¢, arg ¢ can be chosen such that it is continuous on R; moreover, there
is only one such choice with arg ¢(0) = 0. This unique function arg ¢ will
further be used to define log ¢ by (2.21); log ¢ is then continuous on R
with log ¢(0) = 0. For ¢t > 0 the function ¢’ is now defined by

(2.22) @' (u) :=exp [t log ¢(u) | [ueR].

Analytic extension of a characteristic function. Sometimes we
want to consider a characteristic function ¢ for compler values of its ar-
gument. Any ¢ has two abscissas of convergence; these are the largest
numbers u, and vy in [0,00] such that ¢(z) := Ee”*X is well defined for
all z e C with —uy < Im 2z < vy. The set of these values of z (if non-empty)
is called the strip of analyticity of ¢, because ¢ can be shown to be ana-
lytic on this set. Moreover, uy and vy are determined by the tails of the
corresponding distribution function F' in the following way:

(2.23) Up = lixrrig.}f M, Vp = hxn_l)gf —long(—m).
Information about the strip of analyticity can be found from the following

lemma; it yields bounds for ug4 and vg.

Lemma 2.8. Let X be a random variable with characteristic function ¢
satisfying

d(u) = Au) [-e<u<e, somee>0],

where A is a function analytic on the disk |z| < p in C with p > €. Then
#(2) == E *X is well defined for all z e C with |z| < p, and

o(z) = A(z) [zeC with |z| < p].
If ¢ has no zeroes in its strip of analyticity, then, as before for ¢ on R, one

can show that log ¢, and hence ¢! with ¢t > 0, can be defined on this strip
such that it is continuous there with log ¢(0) = 0.

Unimodal distributions and log-concave densities. A distrib-
ution on R and its distribution function F' are said to be unimodal if there

exists 1 € R such that F' is convex on (—oo,x1) and concave on (x1,00);
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the number x1 is called a mode of F'. In this case, if F' is continuous at x1,
then F' is absolutely continuous having a density f that is nondecreasing
on (—oo,z1) and nonincreasing on (x1,00); f is called unimodal as well.
Clearly, the class of unimodal distributions with a fixed mode is closed un-
der mixing. This proves the converse part in the following characterization

of unimodality about zero.

Theorem 2.9. A random variable X has a unimodal distribution with
mode at zero iff a random variable Z exists such that X < UZ, where U is

uniform on (0,1) and independent of Z.

Since unimodality is defined in terms of weak inequalities, it is preserved
under weak convergence. It is, however, not preserved under convolution,

except in some special situations.

Theorem 2.10. The convolution FxG of two unimodal distribution func-
tions F' and G is again unimodal in each of the following cases: (i) Both F
and G are symmetric; (ii) G = F_x if F = Fx.

A second positive result concerns log-concave densities, i.e., densities f for
which

(fG@+9)Y’ > f@) fly)  [zyeR];

for positive f this means that log f is concave. Now, a distribution with a
log-concave density is easily seen to be unimodal; it turns out to be even
strongly unimodal, i.e., its convolution with any unimodal distribution is

again unimodal. Moreover, there is a converse.

Theorem 2.11. A non-degenerate distribution on R has a log-concave

density iff it is strongly unimodal.

In view of examples it is worthwile to note that a distribution with a log-

concave density has all its moments finite.

3. Distributions on the nonnegative reals

Introductory remarks. In this section we restrict ourselves to ran-
dom variables X that are R -valued. There are several equivalent ways to
express this starting-point: Px is a distribution on Ry or Px(Ry) = 1;
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Fx is a distribution function on Ry or Fx(0—) = 0; the support of Fx
satisfies S(Fx) C Ry; the left extremity of X satisfies £x > 0. Note that
an R-valued random variable X satisfying ¢x > —oo can be shifted so as
to become R, -valued, so often it is no essential restriction to assume that
{x > 0; for the same reason we may often assume that even {x = 0. Also,
results for R -valued random variables can be used to obtain results for R-
valued random variables X with rx < oo, because then /_x > —oco. With-
out further comment a distribution function F' on R, and a density f
of F (in case of absolute continuity) are sometimes restricted to Ry and to
(0, 00), respectively; we can then speak, for instance, of concavity of F and
of monotonicity of f. We will also do so for the more general functions G
and their densities g which will be considered in a moment. Of course, all of
Section 2 applies to the present situation. But for distributions on R there
are sometimes more detailed results available or more convenient tools to

use; we will discuss these briefly in the sequel.

Convolution. We consider, more general than distribution functions
on R, right-continuous nondecreasing functions on R that vanish every-
where on (—00,0). If G and H are functions of this type, then so is
their convolution, and the domain of integration in its definition can be
restricted:

Grt@) = [ G-y [220)
[0,2]
a similar remark holds for the convolution g * h of two densities g and h on
(0,00). The support of G x H is equal to the direct sum of the supports:

3.1 S(G+H) =5(G)®S(H);

this immediately follows from Proposition 2.1 and the fact that the direct
sum of two closed sets that are bounded below, is closed.

PLSt: basic results. Rather than the characteristic function, for
an Ry -valued random variable X we use the probability Laplace-Stieltjes
transform (pLSt) of X (and of IPx and of Fx), this is the following function
mx: Ry — (0,00):

mx(8):= ]Ee‘sx:/]R e " Px(dx) :/Re_‘” dFx(z) =:Fx(s).
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If Fx is absolutely continuous with density f, then F 'x is the probability
Laplace transform (pLt) of f. By Fubini’s theorem 7x(s) with s > 0 can

be written as an ordinary Lebesgue integral:
(3.2) ﬂ'X(s):s/ e ¥ Fx(x)dx [s>0].
0

Of course, we have counterparts to (2.13) and (2.16); the uniqueness theo-
rem says that mx = my iff X 4 Y, and if X and Y are independent, then

Tx+y = Tx Ty. LThe analogue of Theorem 2.3 can be stated as follows.

Theorem 3.1 (Continuity theorem). For neN let X, be a random
variable with pLSt m,,.
(i) If X, 4 X asn— 00, then lim,_,o my(s) = mx(s) for s > 0.
(if) If limy, oo mn(s) = 7(s) for s > 0 with 7 a function that is (right-)
continuous at zero, then 7 is the pLSt of a random variable X and

d
X, — X asn — oc.

PLSt, cgf and moments. The pLSt 7 of a random variable X is a
continuous function on Ry with m(0) = 1, and possesses derivatives of all

orders on (0, co) with
(3.3) 7MW (s) = (f1)”/ e a" dFx(z)  [neN;s>0].
R

By letting s | 0 it follows that for neN the right-hand limit of 7#(") at
zero exists with (™ (04) = (—=1)"u,,, where j,, is the n-th moment of X
possibly infinite. So —7’/(04) = p1. On the other hand, rewriting (3.2) as

m _ /Ooefsm{l —FX(I)}dI [s>0],

(3.4)
s 0

and using (2.4) one sees that the (right-hand) derivative of 7 at zero exists
and satisfies —7/(0) = p;. Hence 7'(0+) = 7/(0), so if pu; < oo, then 7',
like 7, is continuous on R . Moreover, by the mean value theorem we can
write (1 —(s))/s = —n'(0,) for s > 0 and some o, € (0,s); since —7' is
nonincreasing, it follows that

) < 1—7(s)

(3.5) 0<—7'(s) < for s >0, and hence lim s7’'(s) = 0.

S s]0

Actually, (3.5) holds for all functions 7 on (0,00) with 7(0+) =1 that

are positive, nonincreasing and convex, and have a continuous derivative.
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If p,, < 0o, then the cumulant x, of order n of X can be obtained from
C™(04) = (=1)" 'k, where C is the cumulant generating function (cgf)
of X (and of IPx and of Fx):

C(s) :== —log m(s) [s >0].

By Schwarz’s inequality we have (% (s + t)) m(s)mw(t) for s,t >0, so
is not only convex, but even log-convex; see also the end of this section.
It follows that the cgf C is concave, and hence nondecreasing because C
is nonnegative. The behaviour of C at zero is also related to logarithmic
moments of X.

Proposition 3.2. Let X be R -valued with pLSt m and cgf C = — log .
Then the following four quantities are either all finite or all infinite:

Elog(1+X), E logX, / 1 - (s /C

PRrROOF. The first two quantities are simultaneously finite because one has
log (14 ) ~log x as * — oo, and the last two because C(s) ~ 1 —7(s) as

s | 0. Next, observe that by Fubini’s theorem

E logt X = / % {1-Fx(z)}dz,
1

and, because of (3.4),

/o1 %wds - /OOO % (1—e™®) {1~ Fx(z)}da.

x

Now, noting that 1 —e™ ~x asx | 0 and ~ 1 as x — oo completes the

proof. N

PLSt: inversion results. An R, -valued random variable X has sev-
eral characteristics that can easily be obtained from its pLSt w. First of

all, 7 is a nonincreasing function with limit

(3.6) lim 7(s) = P(X =0), so lim m(s)e’™ =P(X = lx);

§— 00 §— 00

the second statement follows by applying the first one to X — £x. The left

extremity {x itself can be computed from 7 in the following way.
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Proposition 3.3. Let X be R -valued with pLSt m and cgf C = —log ,
and define on (0, 00) the functions p and p, with a > 0 by

(O
pls) = C'(s) = — 2.

C(s+a)—C(s) 1 1 7(s)

pa(s) = —y =g Tra)

Then these functions are nonincreasing and their limits as s — oo are given
by the left extremity of X:
(3.7) lim p(s) ={lx, lim pe(s) ={¢x fora > 0.

§—00

PROOF. The assertion on monotonicity immediately follows from the con-
cavity of C'. By considering X — £x one sees that it is sufficient to prove
(3.7) when £x = 0. Also, the second equality follows from the first one by
noting that by the mean value theorem we can write p,(s) = p(s + 0sa)
for s > 0 and some 65 € (0,1). So, assume £x = 0, and take £ > 0; then
F := Fx satisfies F'(¢) > 0. Now, using (3.2) we can estimate p(s) in the

following way:

JSve " F(z)dw

<
pls) < J e F(z) da
for we™* " da 2e+1/s _
<2+ o ———=2+——~—e ",
= F(e) [T emsvdx c F(e) ¢

which is less than 3¢ for s sufficiently large. This proves the first equality
in (3.7). mN

The last inversion result we mention, concerns densities.

Proposition 3.4. Let X be R -valued with pLSt w, and suppose that X
has an absolutely continuous distribution with density f for which f(0+)
exists (possibly infinite). Then

(3.8) lim sw(s) = f(0+).

§— 00

PROOF. First, let f(0+) = co. Then by Fatou’s lemma we can estimate as
follows:

liminf s7(s) = liminf/ e Y f(y/s)dy > / e ¥ f(0+) dy,
0 0

§— 00 85— 00
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which is infinite. Next, let f(0+) < co. Then we can take £ > 0 such that
f(z) < f(04) + 1 for all z€(0,¢). Now, for s > 0 write s7(s) as

sm(s) = / T e Fy/5) L0.ey (y) dy + / T ge f(a)da,

and apply the dominated convergence theorem to both terms; with respect
to the second term note that se™* <1/(ee) for s > 0 and z > ¢. m

Analytic extension of a pLSt. Sometimes we want to consider
the pLSt 7 of a random variable X for complex values of its argument.
Any 7 has an abscissa of convergence; this is the smallest s, € [—00, 0] such
that 7(2) := Ee™*¥ is well defined for all z € C with Re 2 > s,. The set of
these values of z is called the halfplane of analyticity of 7, because 7 can be
shown to be analytic on this set. In fact, we have s, = —uy with ug one of
the abscissas of convergence of the corresponding characteristic function ¢;
cf. Section 2. If m has no zeroes in its halfplane of analyticity, then, as
before for ¢, one can show that log 7, and hence w* with ¢ > 0, can be

defined on this halfplane such that it is continuous there with log 7(0) = 0.

LSt. Consider, more general than distribution functions on R, LSt-
able functions G, i.e., G is a right-continuous nondecreasing function on R
with G(z) = 0 for z < 0 and such that CA}’(S) is finite for all s > 0. Here G
is the Laplace-Stieltjes transform (LSt) of G:

G(s) = /R e T dG(x) [s>0];

if G is absolutely continuous with density g, then G is the Laplace transform
(Lt) of g. Several results for pLSt’s above have obvious analogues for LSt’s.
The uniqueness theorem says for LSt-able functions G and H that G = H
iff G=H (on (0,00) or, also sufficient, on (s, c0) for some sy > 0). So,
if G # 0, then G is positive on (0, 00); mostly we silently exclude the case
where G = 0. Further, for LSt-able functions F', G and H we have

(3.9) F=G+H < F=GH.

The continuity theorem, as given in Theorem 3.1 and reformulated by use
of Helly’s theorem (Cf. (2.10)), can be extended as follows; the need for
the boundedness condition in (i) is shown, e.g., by the special case where
Gn = 6”21[%00).
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Theorem 3.5. For neN let G,, be an LSt-able function with LSt p,,.

(1) If lim,,—oo Gp(z) = G(x) for all continuity points x of G and the
sequence (pn(s))neN is bounded for every s > 0, then G is an LSt-
able function with LSt p, say, and lim,,_,« pn(s) = p(s) for s > 0.

(i) If limy oo pn(s) = p(s) for s > 0, then p is the LSt of an LSt-able
function G, say, and lim,,_, . G (z) = G(x) for all continuity points x
of G.

Finally, we mention some inversion results for an LSt-able function G. We
have

~

(3.10)  G(0+) = lim G(z) (€ 00), lim G(s) = G(0),

T— 00 §— 00

and the left extremity ¢ of G and the limit g(0+) for a density g of G can

be obtained as in Propositions 3.3 and 3.4.

LSt and complete monotonicity. From (3.3) it immediately follows
that the pLSt F of a distribution function F on R, is completely monotone.
Here a real-valued function p on (0, 00) is said to be completely monotone

if p is nonnegative and has derivatives of all orders, alternating in sign:
(=1)"p™(s) = 0 [neZy; s>0].

Similarly and more general, the LSt G of an LSt-able function G is com-

pletely monotone. There is an important converse of this result.

Theorem 3.6 (Bernstein). A real-valued function p on (0,00) is com-

pletely monotone iff there exists an LSt-able function G such that p = G,

i.e., such that
p@:/cﬁwm@ [s>0].
Ry

In the proposition below we give a list of useful properties of completely
monotone functions. Most of them are easily proved. For instance, prop-
erty (iv) and the second part of (iii) follow from Theorem 3.5 (ii) and (3.9),
respectively, by use of Bernstein’s theorem. The latter case can also be
proved just from the definition; use Leibniz’s rule or induction. A combi-
nation of these two methods proves the important result (vi). For absolute

monotonicity see Section 4.
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Proposition 3.7. Consider real-valued functions p, o, p, on (0, 00).

(i) p is completely monotone iff limy_, o, p(s) > 0 and —p' is completely
monotone.

(ii) If p is completely monotone, then so are the functions ap, p(a-),
p(++a) and p — p(- + a) for every a > 0.

(iii) If p and o are completely monotone, then so are p+ ¢ and po.

(iv) If p, is completely monotone for all n e N and p := lim,,_. o pp, exists
and is finite, then p is completely monotone.

(v) If Q is absolutely monotone on [0,a) for some a € (0,00] and p is
completely monotone with p < a on (0,00), then Q o p is completely
monotone. For instance, if p is completely monotone, then so are
exp [p] and (1 — p)~1, in the latter case if p < 1 on (0,00).

(vi) If p and o' are completely monotone with o(0+) > 0, then po o is
completely monotone. For instance, if ¢’ is completely monotone with
o(0+) > 0, then exp [—o] and (1 + o)~! are completely monotone.

PROOF. We ouly prove (vi) in the way indicated above. Let D™ denote
‘differentiation n times’, set (—D)" := (—1)"D", and reformulate the as-
sertion as follows: For every n e Z,, for every completely monotone p, for
every completely monotone o’ with o(0+) > 0: (—D)*(po o) > 0. Now,
observe that by Leibniz’s rule we have

_ n+1 o) = - n o k —/OO' _ n—ko_/
Dy *ipee) =32 (1) DI () o) (D

and apply induction with respect to n. m

Complete monotonicity and log-convexity. A completely mono-
tone function p is nonnegative satisfying either p =0 on (0,00) or p > 0
on (0,00). Moreover, it is nonincreasing and convex; here p is said to be

convez (cf. Section 5) if
p(3(s+1) <5 {p(s)+p()}  [st>0]

Clearly, the set of convex functions is closed under addition. Also, by using
the inequality vab < % (a+0) for a,b > 0, one proves the following closure
property:

(3.11) p convex = exp|[p] convex.
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One can ‘interpolate’ between complete monotonicity and convexity by
means of log-convexity. A nonnegative function p on (0, 00) is said to be

log-conver if

{p(Ss+0)} <p(s)p(t)  [s,t>0].

Indeed, combining Bernstein’s theorem and Schwarz’s inequality one ob-

tains the following result.
Proposition 3.8. A completely monotone function is log-convex.

PROOF. Let p be completely monotone. We restrict ourselves to the special
case where p(0+) = 1; then p is a pLSt, so p(s) = Ee™*X for some R -
valued random variable X. It follows that for s,¢ > 0

{p(A(s+t )} (Ee_%sxe_%tx)Qg Ee X Ee ™ = p(s) p(t),

which shows that p is log-convex. M

On the other hand, from (3.11) it follows that for a nonnegative function p

n (0,00) one has
(3.12) p log-convex = p convex;

just note that a log-convex function p satisfies either p =0 on (0,00) or
p >0 on (0,00), and that in the latter case log-convexity is equivalent to
convexity of the function log p. For functions that are positive and twice
differentiable, log-convexity can also be characterized in terms of convexity

as in part (ii) of the following proposition.

Proposition 3.9. Let p be a positive, twice differentiable function on
(0,00). Then log-convexity of p is equivalent to each of the following prop-

erties of p:

i) {p’(s)}2 < p(s) p"(s) for all s > 0.
(ii) The function py on (0, 00) with py(s) := e *p(s) is convex for all \ € R.

PROOF. The characterization in part (i) follows from the fact that the
function ¢ :=log p is convex iff " > 0. Turning to part (ii) we use the

same criterion for convexity of py; then we see that (ii) is equivalent to

{Np(s) + 200 (s) + p"(s)} e >0  [s>0; AeR],
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which means that the quadratic form in A above must have a non-positive
discriminant for s > 0. But this yields precisely the inequalities in (i). 0O

An immediate consequence of this characterization is the not so obvious
property that for positive, twice differentiable functions on (0,00) log-
convexity, like complete monotonicity and convexity, is preserved under
addition. Now, any log-convex function can be written as the pointwise
limit of a sequence of log-convex functions that are positive and twice dif-
ferentiable. Also, log-convexity is preserved under pointwise limits, since it
is defined in terms of weak inequalities. Hence we may conclude that the
set of all log-convex functions is closed under addition. We formally state

this together with closedness under multiplication, which is trivial.

Proposition 3.10. If p and o are log-convex, then so are p+ o and po.

Monotone densities. So far, we considered complete monotonicity
and log-convexity mainly because LSt’s of LSt-able functions have these
properties. But densities of (absolutely continuous) LSt-able functions with
these properties are also of interest. If a density is completely monotone,
then it is monotone; a log-convex density need not be monotone. We will
further restrict ourselves to probability densities f on (0,00); now f is
monotone if it is log-convex. Complete monotonicity can be characterized

as follows.

Proposition 3.11. A probability density f on (0,00) is completely mono-
tone iff it is a mixture of exponential densities, i.e., there exists a distrib-
ution function G on (0,00) such that
(3.13)  f(x) :/ Ae M dG(N) [z >0].

(0,00)
PrROOF. Let f be completely monotone. Then by Bernstein’s theorem there
exists an LSt-able function H such that f(z) = H(z) for z > 0. Since f
is a probability density, the function H necessarily satisfies H(0) = 0 and
f(O,oo)(]'/y) dH (y) = 1. Now, set

1

GO [ an) (x> o)
(0,A Y

then G is a distribution function on (0,00) and f can be written as in

(3.13). The converse is trivial. m
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We next characterize the monotone probability densities on (0,00) or,
slightly more general, the distribution functions on R, that are concave;
cf. Theorem 2.9. To this end we first prove the following result; here, and
in the subsequent theorem, U is a random variable with a uniform distrib-
ution on (0,1).

Proposition 3.12. Let X and Z be positive random variables with dis-
tribution functions F' and G, respectively. Then X 4 UZ with U and Z
independent iff X has a density f such that F and G are related by

(3.14)  F(z)=G(z) + =z f(2) [z>0],

or, equivalently, such that f is given by

(3.15) f(a:):/ Licw) (x>0l

(z,00) Y

PRrROOF. Integration by parts, or Fubini’s theorem, shows that for any
distribution function H:

(3.16) /( Lamy /H —dy—fH() (2> 0],

,00) Y

By calculating Fyz and then using (3.16) with H = G, one obtains
e 1
(3.17) FUZ(x):x/ G(y)?dy:G(x)—i—xf(x) [z>0],

with f given by (3.15). To show that this function f is indeed a density
of UZ we use Fubini’s theorem to rewrite the right-hand side of (3.17), and
obtain in this way

o= [ [ = o

Next, let X have a density f such that (3.14) holds. Applying (3.16) twice
(with H = G and H = F) then shows that f is necessarily given by (3.15).
Finally, if X has f in (3.15) as a density, then X L UZ because, as we saw
above, f is also a density of UZ. N

Theorem 3.13. An R, -valued random variable X has a concave distrib-
ution function iff an R -valued random variable Z exists such that X ivz
with U and Z independent.
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Proor. First, let X be positive. If X 4 UZ for some R -valued random
variable Z independent of U, then also Z is positive and by Proposition 3.12
X has a concave distribution function F'. Conversely, let F' be concave, so X
has a monotone density f, which, of course, may be taken continuous from
the right. In view of Proposition 3.12 we define the function G by (3.14);
then we only have to show that G is a distribution function. Now, for z > 0

and h > 0 we can write
x+h

G(z +h) - G(z) =/ ) dy — (& +h) fa+h) + o (),

xr
which because of the monotonicity of f is nonnegative. Hence G is nonde-

creasing. Since F'(z) > z f(z) for all z > 0, we also have
0<G(z) < F(x) [z >0].

It follows that the limit p := lim, ., G(z) exists with p <1, and hence
that lim, o 2 f(2) = 1 — p, which implies that p = 1.

Next, assume that IP(X = 0) > 0. Then X can be uniquely represented as
X £ AX where A and X are independent, A is {0, 1}-valued, and X is
positive; in fact, we have P(A = 0) = P(X = 0) and X 4 (XX >0).1ftzZ
is an R, -valued random variable with IP(Z = 0) > 0 that is represented
similarly as Z 4 BZ, then we have X S UZ iff X £ UZ and A < B. Now
use the fact that the theorem has already been proved for X. m

We finally state an immediate consequence of Proposition 3.12 and The-
orem 3.13 that can be viewed as a representation theorem for monotone
densities. The second part follows from the first one by putting: H(z) :=
i f(o’m](l/y) dG(y) for z > 0; it establishes a connection with renewal the-

ory.

Theorem 3.14. A positive random variable X has a concave distribution
function iff a distribution function G on (0,00) exists such that X has a
density f given by
(3.18)  f(z) = / Yiaaw)  [e>0]

(z,00) Y
In this case, f(0+) < oo iff a distribution function H on (0, 00) exists with
finite mean p such that

(319)  f(z) = %{1 “H(z)  [z>0).
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4. Distributions on the nonnegative integers

Introductory remarks. In this section we restrict ourselves to ran-
dom variables X that are Z -valued. The distribution Px of X is then
discrete and its density vanishes everywhere outside Z. So, Px is deter-
mined by the sequence p = (py)rez, With p, :=IP(X = k); this sequence p
will also be called the (probability) distribution of X. Note that results for
Z 4 -valued random variables can be used to obtain results for R-valued ran-
dom variables X with values in the lattice h Z with h > 0, because then
X/h is Z-valued. Of course, the general results of Sections 2 and 3 apply
to the present situation, but for distributions on Z, they are not always
convenient; sometimes more detailed results are available, which can often
be obtained by more appropriate ‘discrete’ tools. We will discuss some of

these briefly in what follows.

Convolution and support. Consider, more general than probability
distributions p = (pk)rez, on Z,, sequences q¢ = (qx)rez, of real numbers.
If r = (7% )kez, is another such sequence, then for the convolution g1 of ¢
and r we have

k k
(Q*T)k:ZQMk—i:qu_jTj [keZy].
i=0 =0

Of course (cf. Section 2), the support S(q) of a sequence ¢ = (qx)rez, of
nonnegative numbers is defined as S(q) := {k€Zy : ¢, > 0}, so S(g) and
the set of zeroes of ¢ are complementary sets (with respect to Z. ). Clearly,
the support of the convolution of two sequences of nonnegative numbers is

equal to the direct sum of the supports:

(4.1) S(gxr)=S(q) ® S(r).

Expectation. For the expectation of a function g of a Z-valued ran-

dom variable X with distribution (py) we have
Eg(X)=>_ g(k)ps,
k=0

provided that this sum exists (possibly co or —c0). The mean of X can be

obtained by summing tail probabilities:

(42) EX= i]P(X > n).

n=0
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Convergence in distribution. Let X, X7, X, ... be Z,-valued ran-
dom variables, let X have distribution (px)rez, and let X,, have distrib-
ution (p,in)) kez,- Then convergence in distribution of the sequence (X,,)

to X can be characterized as follows:

(4.3) X, L X = lim p\™ =p forall keZ,.

Pgf: basic results. Rather than the characteristic function or the
pLSt, for a Z-valued random variable X with distribution (py) we use the
probability generating function (pgf) of X (and of (pk)), this is the function
Px :[0,1] — [0,1] with

Px (2) Z:IEZXZZkak [0<z<1].
k=0

Again, we have a uniqueness theorem, which says that Py = Py iff X 4 Y;
in fact, the distribution (py) can be obtained from Py by differentiation as
follows:

(48 = PO [kezy]

Further, if X and Y are independent, then Px.y = Px Py. The analogue

of Theorems 2.3 and 3.1 can be stated as follows.

Theorem 4.1 (Continuity theorem). For neN let X,, be a random
variable with pgf P,,.
(i) If X, 4, X asn — 00, then lim, . P,(2) = Px(z) for 0 < z < 1.
(ii) If lim, oo Po(2) = P(z) for 0 <z <1 with P a function that is
(left-) continuous at one, then P is the pgf of a random variable X

d
and X,, — X asn — oo.

Pgf and moments. The pgf P of a random variable X with distrib-
ution (pg) is a continuous function on [0,1] with P(1) = 1, and possesses

derivatives of all orders on [0,1) with

(4.5) PM(z) = ik:(k;—l)~-~(k—n—|—1)p;C 2 neN; 0< 2 <1].

k=n

By letting z 1 1 it follows that for neN the left-hand limit of P at
one exists with P(")(1—) = IEX(X —1)---(X —n + 1), possibly infinite;
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hence the n-th moment p,, of X is finite iff P(")(1—) < co. Taking n =1
we get P'(1—) = p1. On the other hand, by Fubini’s theorem we have

(4.6) ZIPX>n [0<z<1],

1 -z
so using (4.2) one sees that the (left-hand) derivative of P at one exists
and satisfies P'(1) = p;. Hence P'(1—) = P’(1), so if p1 < oo, then P,
like P, is continuous on [0,1]. Moreover, by the mean value theorem we
can write (1 — P(2))/(1—2) = P'(6.) for 0 < z < 1 and some 0, € (z,1);
since P’ is nondecreasing, it follows that

1— P(z
(4.7) O§P'(z)§17() for 0 <1, s0 lim(1-2) P'(:) =0,
—Z z

also when p; = oo. In fact, (4.7) holds for all functions P on [0,1) with
P(1-) =1 that are positive, nondecreasing and convex, and have a con-
tinuous derivative. The behaviour of log P at one is related to logarithmic

moments of X.
Proposition 4.2. Let X be Z,-valued with pgf P. Then the following
four quantities are either all finite or all infinite:

' —log P(z)
1-2

E log(1+X), Elog"X, /172)(12,/ dz.
- 0

z

PROOF. The first two quantities are simultaneously finite because one has
log(1+ k) ~ log k as k — oo, and the last two because —log P(z) ~
1— P(z) as z T 1. Next, observe that by (2.4) and (4.6)

1
E log™ X :/ ;]P(X > z)dz,
1

Y1-P(2) =1
Yz = P(X :
/0 T, dz nzz%n"‘l (X >n)

Now, an application of the integral test for series completes the proof. [

Analytic extension of a pgf. Sometimes we want to consider the
pegf P of a random variable X for complex values of its argument. Any P
has a radius of convergence; this is the smallest p € [ 1, oo] such that P(z) :=
IE 2% is well-defined for all z € C with |z| < p. The set of these values of z is
called the disk of analyticity of P, because P can be shown to be analytic

Copyright 2004 by Marcel Dekker, Inc. All Rights Reserved.



on this set. If P has no zeroes in its disk of analyticity, then, as before for
characteristic functions and pLSt’s, one can show that log P, and hence
Pt with t > 0, can be defined on this disk such that it is continuous there
with log P(1) = 0.

Gf and absolute monotonicity. From (4.5) it immediately follows
that the pgf P of a distribution (pg) on Z, is absolutely monotone. Here
a real-valued function R on [0,1) is said to be absolutely monotone if R is

nonnegative and possesses nonnegative derivatives of all orders:
R™M(z) >0 [neZi;0<2z<1].

Occasionally, we need a somewhat more general concept: For a > 0 a func-
tion R on [0, a) is said to be absolutely monotone on [0,a) if R(™(z) >0
for all neZ, and 0 < z < a. For the same reason as for P above the gen-
erating function (gf) R of a sequence r = (ry)rez, of nonnegative numbers
is absolutely monotone (provided R is finite on [0, 1)) There is a converse.

Theorem 4.3. A real-valued function R on [0, 1) is absolutely monotone
iff there exists a sequence r = (1) ez . of nonnegative numbers such that R
is the gf of r, i.e., such that

R(z)zirkzk [0<z<1]
k=0

Of course, also for gf’s there is a uniqueness and a convolution theorem;
we do not make them explicit. The following proposition contains a list of

useful properties of absolutely monotone functions; they are easily proved.

Proposition 4.4. Consider real-valued functions R, S, R,, on [0,1).
(i) R is absolutely monotone iff z — (d/dz)| z R(z) | is absolutely mono-
tone.
(ii) R is absolutely monotone iff R’ is absolutely monotone and R(0) > 0.
(iii) If R is absolutely monotone, then so are aR for every a > 0, and
R(1—a+a-), R(a-) and R — R(«-) for every a€(0,1).
(iv) If R and S are absolutely monotone, then so are R+ S and R S.

(v) If R, is absolutely monotone for allneN and R := lim,,_, o, R,, exists

and is finite, then R is absolutely monotone.
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(vi) If Q is absolutely monotone on [0,a) for some a € (0,00] and R is
absolutely monotone with R < a on [0,1), then Q o R is absolutely
monotone. For instance, if R is absolutely monotone, then so are
exp[R] and (1 — R)™!, in the latter case if R <1 on [0, 1).

Completely monotone and log-convex sequences. The concepts
of complete monotonicity and log-convexity for functions on (0, c0), as in-
troduced in Section 3, have discrete counterparts. A sequence r = (7})kez,

in R is said to be completely monotone if
(=D)"A"r, >0 (neZy; kely],

where Ay, =1y, Arg := 111 — 7% and A" ;== Ao A" L If X isa [0,1]-
valued random variable and, for keZ,, up := IE X" is the k-th moment
of X, then one can show that

(-1)"A"upy = EX*(1 - X)"  [neZy; keZy),

so the moment sequence (fix)rez, is completely monotone. There is an

important converse of this.

Theorem 4.5 (Hausdorff). A sequence r = (rj)rez, in R is completely

monotone iff it can be represented as
rk:/ ¥ v(dx) [keZy],
[0,1]

where v is a (necessarily finite) measure on [0,1]. Equivalently, (ry) is
completely monotone iff it can be written as

e =ro BXF  [keZy],

where X is a random variable with values in [0,1].

Using this theorem one easily shows that the set of completely monotone

sequences is closed under addition and multiplication.

Proposition 4.6. If (ry) and (s) are completely monotone, then so are

(ri + sg) and (rpsg).

Note that a completely monotone sequence (r) is nonnegative satisfying
either r, =0 for all ke N or ri > 0 for all keZ,. Moreover, it is nonin-

creasing and convex; here (ry) is said to be convez if
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i < 5 (o1 + Tren) [keN].

Clearly, the set of convex sequences is closed under addition. Moreover, by
using the inequality vab < 1 (a +b) for a,b > 0, one proves the following
closure property:

(4.8) (ry) convex = (exp[rg]) convex.

One can ‘interpolate’ between complete monotonicity and convexity by
means of log-convexity. A sequence 7 = (74)rez, of nonnegative numbers

is said to be log-convex if
72 < TR Thel [keN].

Indeed, combining Hausdorff’s theorem and Schwarz’s inequality one ob-

tains the following result.
Proposition 4.7. A completely monotone sequence in R is log-convex.

PROOF. Let (rg) be completely monotone; it is no essential restriction
to assume that rg = 1. Then r, = IEX* for all k, for some [0, 1]-valued

random variable X, and hence for ke N

rf = (BX*D/2x FHD/2)2 < (| XPL) (B XEY) = oy g,
which shows that (r) is log-convex. mn
On the other hand, from (4.8) it follows that for a sequence (r4)rez, of
nonnegative numbers one has
(4.9) (rg) log-convex == (rj) convex;

just note that a log-convex sequence (ry) satisfies either r, = 0 for all ke N
or ry > 0 for all keZ,, and that in the latter case log-convexity is equiv-
alent to convexity of the sequence (log ry). Log-convexity can also be

characterized in terms of convexity in the following way.

Proposition 4.8. A sequencer = (rj)rez, of nonnegative numbers is log-

convex iff the sequence (a*ry,) is convex for every a > 0.

PROOF. The convexity of (a¥ry) for every a > 0 is equivalent to saying
that
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{a®rpy1 — 2ar, + 151 a1 >0 [keN; a>0].

This means that in the left-hand side the quadratic form in a, which is
nonnegative for a < 0, must have a non-positive discriminant for all ke N;

this yields precisely the inequalities defining the log-convexity of (rg). OO

An immediate consequence of this characterization is the not so obvious
property that the set of log-convex sequences, like that of completely mono-
tone sequences and that of convex sequences, is closed under addition;

closedness under multiplication is trivial.

Proposition 4.9. If (r) and (s;) are log-convex, then so are (ry + si)
and (rsg).

Z4-valued fractions of Z_-valued random variables. Let X be a
Z-valued random variable, and let awe (0,1). Extend the underlying prob-
ability space, if necessary, so that it supports independent random variables
Z1,Za, ..., independent of X, all having a standard Bernoulli () distrib-
ution: P(Z; =0) =1—«, P(Z; = 1) = a, for all i. Then the a-fraction
a® X of X is defined by

aOX =241+ +Zx,
where an empty sum is zero. The random variable a® X is again Z-valued
and its distribution can be expressed in that of X as follows:

(4.10) ]Ha@XzﬂﬁziiPMQn:kﬂﬂX:n) (keZy].
n=~k

Note that the a-fraction of a non-zero constant n is not a constant: a©n is
binomially (n, «) distributed; therefore, the operation ® can be interpreted
as binomial thinning. It has several properties in common with ordinary

multiplication; one easily shows, for instance, that
(4.11) a0 @oX)L(ep)oX [0<aB<l1]

We refer to Section V.8 for other properties and some more background

information; here we only mention two uniqueness results:

(4.12) a©X
a®X

B O X forsome X Z0 = a =7,
a®Y for some ae(0,1) = x<y

I e
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It is convenient to define & ©® X also when ae {0,1}; we set 0© X := 0,
1® X := X. In terms of pgf’s (4.10) takes the following compact form:

(4.13) Poox(z) = Px(1 — a+ az).

Often we only need a® X in distribution. The same holds for Vo X with V'
a [0,1]-valued random variable; by definition its distribution is obtained
as follows:
PVoX=k) = Plao X =k)dFy(a) [keZy].
[0,1]

In the special case where X is Poisson(\) distributed, we can allow here
arbitrary « >0 and V> 0; then o ® X is Poisson (a\) distributed and
V © X satisfies

(4.14) Pyox(z) = /]R exp [—a)\ (l—z)] dFy(a) = By (A{l—z}).

Monotone distributions. A completely monotone sequence is mono-
tone; a log-convex sequence need not be monotone. We will further restrict
ourselves to probability distributions p = (px)kez, on Z; now p is mono-
tone if it is log-convex. Complete monotonicity can be characterized as
follows; note that in (4.15) a mixing with the degenerate distribution at

zero is possibly included.

Proposition 4.10. A probability distribution p = (pi)kez, on Z, is
completely monotone iff it is a mixture of geometric distributions, i.e.,

there exists a distribution function H on [0,1) such that
(415)  pe /[ (P ) (kez]
0,1

PROOF. Let p be completely monotone. Then by Hausdorff’s theorem
there exists a finite measure v on [0, 1] such that py = f[o,u 2¥ v(dx) for
keZ,. Since p is a probability distribution, the measure v necessarily
satisfies v({1}) = 0 and f[071) 1/(1—z)v(dz) = 1. Now, set

o= [ e sp<1

1—=x

then H is a distribution function on [0, 1) and p can be written as in (4.15).

The converse is trivial. m
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We next characterize the monotone distributions on Z, and give discrete
counterparts of Theorems 3.13 and 3.14. To this end, let U be uniformly
distributed on (0, 1), and let Z be Z-valued. Then one easily verifies that
the distribution of U ® Z, as defined above, is given by

=1
(4.16) PUGZ=k)= Z
n:kn—i-l

P(Z =n) [keZi].

Letting |a| denote the largest integer not exceeding a, and taking U and Z
independent, one may also express this relation in the following way:

417)  Uez2 U1+ 7).

The distribution of Z is uniquely determined by that of X := U ® Z; from
(4.16) it follows that

(418) P(Z=n)=m+D){PX=n)-PX=n+1)} [neZ]

Theorem 4.11. A Z, -valued random variable X has a monotone distrib-
ution iff a Z-valued random variable Z exists such that X ivoez.

PROOF. If X £ U ® Z for some Z, then by (4.16) X has a monotone dis-
tribution p = (p). Conversely, let p be monotone. In view of (4.18) we
consider the sequence ¢ = (qn)nez, With ¢, := (n+ 1) {pn — pns1}. Then

Gn > 0 for all n, and by Fubini’s theorem we have

=Y pr—(m+Dpuy  [meZy]
k=0

n=0
It follows that both (m+1) py,+1 and > gy, have finite limits as m — oo;
in fact, these limits are necessarily given by 0 and 1, respectively. Thus ¢
is a probability distribution, and we can take a random variable Z with
distribution ¢. By (4.16) we then have X dvez m

By putting h,, := (u/n)P(Z = n — 1) for ne N one is led to the following
representation of monotone distributions on Z ; it establishes a connection

with renewal theory.

Theorem 4.12. A Z-valued random variable X has a monotone distrib-
ution iff a probability distribution (hy)nen on N exists with finite mean u
such that

(4.19) ]P(X:k):i S e [keZi]
n=k+1
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5. Other auxiliaries

Convex functions. Let I be an open interval in R, bounded or not.

A function f:I — R is said to be convex if

flaw+(1-a)y) <af(@)+(1-a)f(y) [zyel;ae(0D)].

It is easily shown that a convex function is continuous. On the other
hand, a continuous function is convex if the inequality above only holds for
x,yel and o = %; this property is sometimes called J-convez (for Jensen)
or mid-convex. Though not-continuous mid-convex functions do exist, only
very little is needed to make them continuous, and hence convex. Two
sufficient conditions are (a) measurability; (b) boundedness from above in
a neighbourhood of a (single) point of I. Therefore, since we only use

measurable functions, we will identify convexity and mid-convexity.

Karamata’s inequality. Let the function f: R — R be convex, and
let (a1,...,a,) and (b1, ..., b,) be finite nondecreasing sequences in R with
the property that Z;nzl a; < Z;nzl bj form=1,...,n—1. If, in addition,
> =1 @ =5 bj, or fis nondecreasing and >37_; a; < >0, b, or fis
nonincreasing and Y7, a; > Y77, by, then

2 Ja) =3 S
Jj=1 Jj=1

Cramer’s rule. For neNlet A = (a;j)i j=1,.n be areal (nxn)-matrix
with det A # 0, and let b = (b;),=1,..», € R". Then the equation

Az =1b [zeR"]
has exactly one solution = (x;);=1,.. n; it is given by
zj = (det AY)/(det A)  [j=1,...,n],

where Aéj) is the matrix that is obtained from A by replacing ay;,...,an;

by by,..., by, respectively.

Biirmann-Lagrange theorem. Let G be a function of a complex
variable w, which is regular on |w| <1 and has no zeroes there. Further,
suppose that ‘G(w)’ <1 for |w| = 1. Then for every z € C with |z| < 1 the

equation
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2G(w) =w

has exactly one solution w = w(z) with |w| < 1, which can be expanded as

w035 ()], e

more generally, for every function H that is regular on |w| < 1:

H(w(z)) = H(0) + i = (dd:n_—ll H'(x) {G(m)}n)J

x:O.

— n!
Euler’s constant. This is the constant ~ defined by
. "1
= nh_)n@lo (Z 7 log n) [~ 0.5772].
It can also be obtained as v = —I"(1), with I the gamma function, and as

t _
1_ T
v = lim (/ ° d:r—logt),
t—oo 0 X
o 1 1
7:/ ( —7>e_“dx,
o \l—e* =z
v T 1
7:1—/0 (&nx—m)?dm.

Gamma function. This is the function I': (0, c0) — (0, 00) with

() = /Oooxr_le_’”dx [r>0].

The gamma function is log-convex and satisfies I'() = /7, I'(1) =1 and
(r+1)=rT(r) for r >0, so T'(n+1)=n! for neZ;. According to

Stirling’s formula we have
I(r)~(V2m)r™—2e " [r— o0];

here a(r) ~ b(r) as r — oo means that a(r)/b(r) — 1 as r — co. The

gamma function is differentiable; its derivative is given by

I'(r)= /0 2" te " logx dz [r>0],
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with TV(1) = —y, where 7 is Euler’s constant. For r e (0,1) the integral
['(r) can be obtained as a complex integral in the following way:

) oo it 1
F(r):—(l—r)e%(lﬂ“)m/ =
0

. L1 Vi Ooeit—l_it
22(2—7“)(1—7“)62(1 ) / i dt.
0
The domain of I' can be extended. For z € C with Re z > 0 one defines I'(z)

as above; it can be obtained as

T'(z) = exp [/Om<(z—1)ez—e:__ee:z) édx},

and hence
iUz

(1 — iu) = exp [/Ooo(iu+1l_i_x)iewdx} [ueR].

An extension to C\ Z_ is obtained by using Euler’s formula:

nln?
I'(z)= 1
(2) nggoz(z—l—l)(z—l—n)

[zeC\Z_];

it has the property that for z € C\ Z and for u e R\ {0}, respectively:

T —T

() T(1-2) = T(iu) T(1 — iu) =

- , - .
sinmz sinh mu

Beta function. This is the function B : (0,00)? — (0, 00) defined by
1
B(r, s) ::/ (1) de [r>0,s>0].
0

The beta function can be expressed in terms of the gamma function; ac-

cording to Binet’s formula we have

L'(r)T(s)

B(r,s) = m

[r>0,s>0].

For z,w e C with Rez > 0, Rew > 0 one defines B(z,w) as above.

Bessel functions. The Bessel function of the first kind of order r > 0
is the function J, : (0,00) — R defined by

o0

1 1 T
Jr(x) = kZ:()(—l)kW (32)%F [x>0].
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The modified Bessel function of the first kind of order r > 0 is the function
I, : (0,00) — R defined by

- 1 1 r
I,(x) ::gm(ﬂ)zm [z > 0.

Random walks. The following inequalities on symmetric random

walks seem not to be very well known; we therefore give proofs.

Proposition 5.1. Let (Sy)nez, be a random walk on R, started at zero,
with step-size distribution that is symmetric and has no mass at zero. Then

P(Sk41=0) <P(S2x =0)  [keZy],
and if (1) nez , is the symmetric Bernoulli walk started at zero, then
P(Szk:()) S]P(Tzk:()) [kEZ+]

PROOF. Let Y be a random variable with ¥ < S1; since Y has a symmetric
distribution, the characteristic function of Y can be written as ¢y (u) =
IE cos uY. Hence by the inversion formula (A.2.14) we have

¢
P(S2, = 0) = lim l/ (IE cos uY)* du,

t—oo 2 ¢

and similarly for IP(So;1+1 = 0). The first inequality now immediately fol-
lows. Turning to the second one, we apply Jensen’s inequality for the
convex function z — z%* to obtain

P(So, = 0) < limsup —/ IE (cos uY)* du.

t—oo

Next, using Fubini’s theorem and Fatou’s lemma, we can estimate further:

1/t
P(So,=0)<E (h{n sup %/ (cos uY)? du) =
— 00 —t

tYy

=PY=0)+E (1{y¢0} lim 0SUp 5 s (cos v) % dv) =

2tY

=P(Y=0)+P(Y#0) limsup 2i / (cos U)% dv.

T—oo 4T J_;

Finally, use the formula for IP(Sa;, = 0) above with Y replaced by Y, having
a symmetric distribution on {—1,1}. Since IP(Y = 0) is supposed to be zero,

the desired inequality follows. N
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6. Notes

There are numerous books presenting the basic concepts and results of
probability theory; we name the following classical ones: Breiman (1968),
Loeve (1977,1978), Billingsley (1979). Distributions on Z, are treated in
detail in Feller (1968). For information on characteristic functions we refer
to Lukacs (1970,1983), and for properties of Laplace-Stieltjes transforms
and complete monotonicity to Feller (1971) and Widder (1972). Unimodal-
ity and strong unimodality are treated in Dharmadhikari and Joag-Dev
(1988), (log-) convexity and its ramifications, such as Karamata’s inequal-
ity, in Pecari¢ et al. (1992), and in Roberts and Varberg (1973). The
Biirmann-Lagrange theorem is taken from Whittaker and Watson (1996);
see also Pélya and Szegd (1970). The analytic auxiliaries, such as integrals
and special functions, can be found in Abramowitz and Stegun (1992), or
in Gradshteyn and Ryzhik (1980); in case of an emergency one can use
Maple or Mathematica. The result on random walks in Proposition 5.1 is
due to Huff (1974).
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Appendix B

Selected well-known distributions

1. Introduction

The sections below serve two purposes. On the one hand, we want to
establish terminology and notation concerning a number of well-known dis-
tributions, and list some of their elementary properties to be used in the
main text. On the other hand, for well-known distributions we want to en-
able the reader to quickly decide whether or not they are infinitely divisible
or, more particularly, self-decomposable or stable; this information is based
on results from the main text. We note that sometimes our terminology
differs slightly from the usual one. As in Appendix A, Sections 2, 3 and 4
concern distributions on R, on R, and on Z, respectively. There is a final

section with some bibliographical information.

2. Distributions on the real line

In this section we present a number of probability distributions on R
with support not contained in R_ or in Ry. All of them are absolutely
continuous and are specified by their densities f and/or characteristic func-
tions ¢; in a few cases the distribution function F'is given. The notations F',
f and ¢ are used without further comment, and X will always be a generic

random variable. The formulas given for F(z) and f(x) hold for all z eR.
The uniform distribution on (—1,1):

f(m) = % 1(71,1)(95% ¢(U) = .

The uniform distribution on (—1,1) is not infinitely divisible; in fact, it is

not n-divisible for any n > 2.
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The normal (1, 0%) distribution with parameters peR and o2 > 0:

f(z) = . 127r exp [_%(ac ; M)Q}, ¢(u) = exp [iup — %azuz}.

The normal (11, 02) distribution is weakly stable with exponent v = 2, and
hence self-decomposable and infinitely divisible, for all values of the param-
eters. Standard normal means normal (0,1), in which case F is denoted
by ® and P(X > x) ~ (exp [—12%])/(2v27) as z — occ.

The Cauchy (\) distribution with parameter A > 0:

F(z)=1+ %arctan%, flz) = % ﬁ, P(u) = e A,
The Cauchy (A\) distribution is (symmetric) stable with exponent v =1,
and hence self-decomposable and infinitely divisible, for all values of the
parameter. Standard Cauchy means Cauchy (1); note that in this case
X < tan i7Y with Y uniform on (—1,1), and also X 4 Y/Z with Y and Z

independent and standard normal.

The Laplace ()) distribution with parameter A > 0:
)\2
1 —Alx _
flx)=xe Ml g(u) = FUEwR
The Laplace (\) distribution is self-decomposable, and hence infinitely divis-
ible, for all values of the parameter. Note that X 1Yy _ Z withY and Z

independent and exponential (\). Standard Laplace means Laplace (1).

The sym-gamma (r, \) distribution with parameters r» > 0 and A > 0:

A2 T

o0 = (F5)
here ‘sym-gamma’ stands for ‘symmetrized-gamma’. The sym-gamma (7, \)
distribution is self-decomposable, and hence infinitely divisible, for all values
of the parameters. Note that X Y _ Z withY and Z independent and
gamma (r, X). Sym-gamma (r) means sym-gamma (r, A) with some A > 0;
standard sym-gamma (r) means sym-gamma (r,1). Note that in the stan-
dard case with 7 = 1 one has X 2 YZ with Y and Z independent and

2
standard normal. For » = 1 one obtains the Laplace distribution.

The double-gamma (r, A) distribution with parameters r > 0 and A > 0:
)\7‘

1 e A2 3T
fl@) = %m lz|" e Al d(u) = <m> coS (rarctan%).
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The double-gamma (7, A) distribution is infinitely divisible when r < 1, and
not infinitely divisible when 7 > 1, for all values of A\. Note that X 4 Ay
with A and Y independent, A Bernoulli () on {—1,1} and Y gamma (r, A).

For r = 1 one obtains the Laplace distribution.

The Gumbel distribution:

F(z) =exp[—e™"], f(x)=exp [—(m—i—e*"”)], o(u) =T (1—iu).

The Gumbel distribution is self-decomposable, and hence infinitely divisible.
Note that X < — log Y with Y standard exponential.

The logistic distribution:

1 1 1 ™

=Txe [@=1—5 o=

F = .
() cosh? %x ’ sinh mu

The logistic distribution is self-decomposable, and hence infinitely divisible.
Note that X < U — V with U and V independent and having a Gumbel
distribution; hence X 4 log (Y/Z) with Y and Z independent and standard

exponential.

The hyperbolic-cosine distribution:

fa) =2 1 pwy = —

— 5_-_ 11 >
27 cosh iz

coshmu’

The hyperbolic-cosine distribution is self-decomposable, and hence infin-

itely divisible. Note that X 4 log (Y/Z) with Y and Z independent and

standard gamma ().

The hyperbolic-sine distribution:

1 T 1

fz) = p(u) =

— T —
272 sinh %x cosh?ru

The hyperbolic-sine distribution is self-decomposable, and hence infinitely
divisible. Note that X =V + Z with Y and Z independent and having a
hyperbolic-cosine distribution.

The student (r) distribution with parameter r > 0:
1 1 \r+2
f(x)iB(T,%) (1—}—.1‘2) :
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The student (1) distribution is self-decomposable, and hence infinitely divis-
ible, for all values of the parameter. Note that X 4 Y/\/Z with Y and Z
independent, Y standard normal and Z gamma (r, %) When r = %k with
k e N, the distribution of vk X is also called the student distribution with k
degrees of freedom; for k = 1 one obtains the Cauchy distribution.

The double-Pareto (r) distribution with parameter r > 1:
1 T
1
=1r=1)(——) .
@) = 361 (1577)

The double-Pareto (r) distribution is self-decomposable, and hence infinitely

divisible, for all values of the parameter.

3. Distributions on the nonnegative reals

All distributions in this section are on R, are absolutely continuous
and are specified by their densities f and/or pLSt’s 7; in a few cases the
distribution function F'is given. The notations F', f and 7 are used without
further comment, and X will always be a generic random variable. Also,
the formulas given for F(x) and f(x) only hold for z > 0.

The uniform distribution on (0, 1):

1 —s
f(l') = 1(()&)(.’17), 7T(8) = ; (1 —e )
The uniform distribution on (0,1) is not infinitely divisible; in fact, it is

not n-divisible for any n > 2.

The beta (r, s) distribution with parameters » > 0 and s > 0:

f(l"):ﬁ

The beta (r, s) distribution is not infinitely divisible for any value of the

Z'T_l (1 — l’)s_l 1(071)(1,‘).

parameter pair. For r = s = 1 we get the uniform distribution on (0, 1);
the beta (3, ) distribution, which is also called the arcsine distribution, is

even indecomposable. When s = 1 — r with 7 < 1, we have EX" = (")

for allneZ,.
The exponential () distribution with parameter A > 0:

A
A+s

Flz)=1- e T flz) = Ae ™A, w(s) =

Copyright 2004 by Marcel Dekker, Inc. All Rights Reserved.



The exponential () distribution is self-decomposable, and hence infinitely
divisible, for all values of the parameter. Standard erponential means ex-
ponential (1); note that in this case X 4_ log Y with Y uniform on (0, 1).

The gamma (r, A) distribution with parameters » > 0 and A > 0:

flz) = A 2" e M n(s) = ()\—)\&—s)r'

The gamma (r, A) distribution is self-decomposable, and hence infinitely
divisible, for all values of the parameters. Gamma (r) means gamma (r, \)
with some A > 0; standard gamma (r) means gamma (r,1). For r = 1 we
get the exponential (\) distribution. The gamma (3k, 3) distribution with
keN is also called the chi-square distribution with k degrees of freedom;
note that in this case X < Y2 4 -+ Y2 with Y1,..., Y, independent and

standard normal.

The inverse-gamma (r) distribution with parameter r > 0:

f(z) = ﬁ g e e,

The inverse-gamma (r) distribution is self-decomposable, and hence infin-
itely divisible, for all values of the parameter. The inverse-gamma (%) dis-

tribution is stable with exponent v = % Note that X = 1/Y with YV stan-

dard gamma (7).
The Weibull («) distribution with parameter a > 0:
F(z)=1—exp[-2°], f(z)=az" exp[-2°].

The Weibull («) distribution is self-decomposable, and hence infinitely divis-
ible, when o < 1; it is mot infinitely divisible when a > 1. Note that
X 2 Y1/ with Y standard exponential.

The generalized-gamma (r, ) distribution with parameters r > 0 and
aeR\{0}:
o oar— (e
f(x):lx Yexp [—27].

I'(r)
The generalized-gamma (r, ) distribution is self-decomposable, and hence
infinitely divisible, when r > 0 and || < 1; it is not infinitely divisible when
r >0 and o > 1; the case where 7 > 0 and a <—1, is open. Note that
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X L v/ with Y standard gamma (). For o =1 we get the gamma (r)
distribution and for « = —1 the inverse-gamma (r) distribution; when a > 0
and r = 1 the Weibull («) distribution is obtained.

The generalized-inverse-Gaussian ((,a) distribution with parameters
BeR and a > 0 (and ¢g > 0 a norming constant):

f(z) =cpq g1 e (ant1/a)

The generalized-inverse-Gaussian (3, a) distribution is self-decomposable,
and hence infinitely divisible, for all values of the parameters. The distrib-
ution with 3 :—% is just called inverse-Gaussian or Wald distribution;
when 3 = 0 one speaks of the hyperbolic distribution. For g < 0 we get the
inverse-gamma (r =—(3) distribution, exponentially tilted.

The Pareto () distribution with parameter r > 1:

Flz)=1- (1 —ll—x)ril’ fl@)=(r=1) (1—|l—x>r'

The Pareto (r) distribution is self-decomposable, and hence infinitely divis-

ible, for all values of the parameter.

The beta (r,s) distribution of the second kind with parameters » > 0
and s > 0O:

f@) = B(i,s) o (1 ix)m‘

The beta (r, s) distribution of the second kind is self-decomposable, and

hence infinitely divisible, for all values of the parameters. Note that one
has X < 1/Y — 1 with Y beta (r, s), and also X < Y/Z with Y and Z in-
dependent, Y standard gamma (r) and Z standard gamma (s). For r =1
we get the Pareto distribution. When r = %k and s = %K with k, ¢ eN, the
distribution of (¢/k) X is also called the Snedecor or F-distribution with k

and ¢ degrees of freedom.

The log-normal distribution:

@) = <= 1 exp [~(log 2.

The log-normal distribution is self-decomposable, and hence infinitely divis-
ible. Note that X < e¥ with Y standard normal.
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The half-normal distribution:

f(z) = —— exp [~ 1a?].

Ver

The half-normal distribution is not infinitely divisible. Note that X 4 Y|
with Y standard normal.

The half-Cauchy distribution:
2 1
i) =i
The half-Cauchy distribution is self-decomposable, and hence infinitely di-
visible. Note that X < |Y| with Y standard Cauchy.

The half-Gumbel distribution:

€ —x
f(x)ze_lexp[—(:v+e )]
The half-Gumbel distribution is infinitely divisible. Note that here we have

X £ (Y |Y>0) with Y Gumbel.

4. Distributions on the nonnegative integers

In this section we present a number of probability distributions p =
(Pk)kez, on Zy together with their pgf’s P. The notations py and P are
used without further comment, and X will always be a generic random
variable. Also, the formulas given for py hold for all ke Z, .

The uniform distribution on {0, ...,n} with parameter neZ:
1 11—zt
- k), Pz)= —— — =
pr =g Honn (k). Pl2) = g =
The uniform distribution on {0, ...,n} is not infinitely divisible when n € N;

for n = 0 we get the degenerate distribution at zero, which is infinitely divis-
ible.

The Bernoulli (p) distribution on {0, 1} with parameter pe (0, 1):

pe=p"(1-p)' Flo1y(k), P(z)=1-p+pz.
The Bernoulli (p) distribution on {0,1} is not infinitely divisible for any
value of the parameter. Sometimes we need the Bernoulli (p) distribution

with support {zg, 2z} different from {0, 1}, for which
PX=z)=p=1-P(X =x0) if zp < 21.
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The binomial (n, p) distribution with parameters neN and pe (0, 1):

Pe = (Z) p*(1-p)" %, P(z)=Q1-p+p2)™

The binomial (n, p) distribution is not infinitely divisible for any value of

the parameter pair. For n =1 we get the Bernoulli (p) distribution on
{0,1}.
The Poisson () distribution with parameter A > 0:

PLEN
P =ye A P(R)=exp[-A(1-2)].
The Poisson (\) distribution is stable with exponent v = 1, and hence self-
decomposable and infinitely divisible, for all values of the parameter. For
the tail probability Py, := IP(X > k) we have Py, = IP(Sx.1 < \) with Sp1
standard gamma (k + 1) distributed, so Py, at a fixed keZ,, increases
with .

The geometric (p) distribution with parameter p e (0,1):

1-p

=(1-p)p®, P(2)= :
pr=(1-p)p", P(2) s

The geometric (p) distribution is self-decomposable, and hence infinitely
divisible, for all values of the parameter. Note that X 4 N(T), where N(-)

is a unit-rate Poisson process independent of 1" which is exponential.

The negative-binomial (r,p) distribution with parameters r >0 and
pe(0,1):

= (") e e = (122

The negative-binomial (r, p) distribution is self-decomposable, and hence
infinitely divisible, for all values of the parameters. Note that X 4N (1),
where N () is a unit-rate Poisson process independent of T' which is gam-
ma (r). Negative-binomial (r) means negative-binomial (r,p) with some
pe(0,1). For r = 1 we get the geometric (p) distribution.

The logarithmic-series (p) distribution with parameter p € (0, 1):

1 —log (1—
B p) =6, og (1—p=z) ,
+1 z
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where ¢,:= 1/{—1log (1-p)}. The logarithmic-series (p) distribution is self-
decomposable, and hence infinitely divisible, for all values of the parameter.

The discrete Pareto (r) distribution with parameter r > 1:

1
Pk = Cr m7
where ¢, := 1/{(r) and ¢ is the Riemann zeta function: ((r) := >, 1/n".

The discrete Pareto (r) distribution is self-decomposable, and hence infin-

itely divisible, for all values of the parameter.
The Borel () distribution with parameter A e (0,1]:

NN
= A -—.
pe=e AT T
The Borel (A\) distribution is self-decomposable, and hence infinitely divis-
ible, for all values of the parameter.

5. Notes

The absolutely continuous distributions listed in Sections 2 and 3 can
be found (together with many others) in Johnson et al. (1994,1995), the
discrete distributions of Section 4 in Johnson et al. (1992). Here many
properties are given, but infinite divisibility is not always indicated. The
indecomposability of the arcsine distribution is proved by Kudina (1972).
Many of the known infinitely divisible distributions turn out to be self-de-
composable; cf. Jurek (1997). Some more, somewhat less-known infinitely
divisible distributions can be found in Bondesson (1992) and, of course, in

the Examples sections of Chapters IT through VII.
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