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Abstract Bondesson (Generalized Gamma Convolutions and Related Classes of
Distributions and Densities, Lecture Notes in Statistics, vol. 76, Springer, Berlin,
1992) said “Since a lot of the standard distributions now are known to be infinitely
divisible, the class of infinitely divisible distributions has perhaps partly lost its
interest. Smaller classes should be more in focus.” This view was presented more
than two decades ago, yet has not been fully addressed. Over the last decade, many
classes of infinitely divisible distributions have been studied and characterized. In
this article, we summarize such “smaller classes” and try to find classes which
known infinitely divisible distributions belong to, as precisely as possible.
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1 Introduction

The theory of infinitely divisible distributions has been a core topic of probability
theory and the subject of extensive study over the years. One reason for that is
the fact that many important distributions are infinitely divisible, such as Gaussian,
stable, exponential, Poisson, compound Poisson and gamma distributions. Another
reason is that the set of infinitely divisible distributions on R? coincides with
the set of distributions which are limits of distributions of sums Z;‘”:l g, of R?-
valued triangle arrays {§,;,1 < j < k,,n > 1},k, T oo as n — oo, where
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for each n, &,1,&,.2, ... are independent, with the condition of infinite smallness
that is lim, o maxi<j<k, P(|€s;| = €) = 0 for any ¢ > 0. Suppose that £, =
a;l(g,- — b)), for a, > 0 with lim, 0 a, = 00, lim, 00 an+1a;1 =1,b € R

and k, = n. If {§;} are independent, then the resulting class is the class of self-
decomposable distributions, and if furthermore {§;} are identically distributed, then
the resulting class is the class of stable distributions including Gaussians, These two
classes are important classes of infinitely divisible distributions. Selfdecomposable
distributions are known as marginal distributions of the stationary processes of
Ornstein-Uhlenbeck type, which are stationary solutions of the Langevin equations
with Lévy noise.

In 1977, Thorin [85, 86] introduced a class between the classes of stable
and selfdecomposable distributions, called now the Thorin class, whose elements
are called Generalized Gamma Convolutions (GGCs for short), when he wanted
to prove the infinite divisibility of the Pareto and the log-normal distributions.
Bondesson [16] published a monograph on this topic in 1992.

In 1983, Jurek and Vervaat [38] and Sato and Yamazato [79] showed that any
selfdecomposable distribution fi can be characterized by stochastic integrals with
respect to some Lévy process {X,} with E[log |X;|] < oo such as

i :.jf(/ooe_’dX,), (1)
0

where .Z(X) is the law of a random variable of X. (The paper by Jurek [36] is a
short historical survey on stochastic integral representations of classes of infinitely
divisible distributions.) Since a Lévy process {X,} can be constructed one to one
in law by some infinitely divisible distribution u satisfying .Z(X;) = u, (1) can
be regarded as a mapping @, say, from the class of infinitely divisible distributions
with finite log-moments to the class of selfdecomposable distributions as

= P(u). @)

If we denote by {X,(”)} a Lévy process such that Z(Xi“)) = i, (1) and (2) gives us

f=dW =% (/OOO e—’dxf“’) .

Barndorff-Nielsen and Thorbjgrnsen [7—10] introduced a mapping

1
T =2 ( /0 log(r—l)dXE“’)

related to the Bercovici-Pata bijection between free probability and classical
probability. Then in Barndorff-Nielsen et al. [12], we investigated the range of the
mapping ¥ and characterized several classes of infinitely divisible distributions in
terms of the mappings @ and 7. Among others, we found that the composition of
these two mappings produces the Thorin class. Since then, many mappings have
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been studied as mappings constructing classes of infinitely divisible distributions
giving new probabilistic explanations of such classes and also as mappings them-
selves from a mathematical point of view.

Let us recall one sentence by Bondesson [16]. “Since a lot of the standard
distributions now are known to be infinitely divisible, the class of infinitely divisible
distributions has perhaps partly lost its interest. Smaller classes should be more
in focus.” In this article, we survey such “smaller classes” and try to find classes
which known infinitely divisible distributions belong to, as precisely as possible.
All infinitely divisible distributions we treat here are finite dimensional and most of
the examples are one-dimensional.

In Sect. 2, we give some preliminaries on infinitely divisible distributions on R,
Lévy processes and stochastic integrals with respect to Lévy processes.

In Sect. 3, we explain some known classes of infinitely divisible distributions and
their relationships, and the characterization in terms of stochastic integral mappings
is discussed in Sect.4. Section 5 is devoted to some other mappings. These three
sections form the first main subject of this article. Also, compositions of mappings
are discussed in Sect. 6.

Since we have mappings to construct classes in hand, we can construct nested
subclasses by the iteration of those mappings. This is the topic in Sect.7. For
the class of selfdecomposable distributions, these nested subclasses were already
studied by Urbanik [90] and later by Sato [70].

Once we have a general theory for infinitely divisible distributions, it is necessary
to provide specific examples. We know that many distributions are infinitely
divisible. Then, the next question related to the above may be which classes such
known infinitely distributions belong to. This is the second main subject of this
article and is discussed in Sects. 8—10. Section 8 treats known distributions. After
the monograph by Bondesson [16] and later a paper by James et al. [28], GGCs have
been highlighted, and thus examples of GGCs recently appearing in quite different
problems are explained separately in Sect. 9. Section 10 discusses new examples of
a-selfdecomposable distributions.

We conclude the article with a short Sect. 11 on fixed points of the mapping for
a-selfdecomposable distributions, offering a new perspective on the class of stable
distributions.

Since this is a survey article, only a few statements have explicit proofs. However,
even if the statements do not have proofs, readers may consult original proofs in the
papers cited.

2 Preliminaries

2.1 Infinitely Divisible Distributions on R¢

In the following, &2 (IR?) is the set of all probability distributions on R? and fi(z) :=
Jga € p(dx), z € R, is the characteristic function of 1 € 2 (RY).
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Definition 2.1 p € Z(RY) is infinitely divisible if, for any n € N, there exists
Wy € P(RY) such that fi(z) = fi,(z)". ID(RY) denotes the class of all infinitely
divisible distributions on R,

We also use
IDSym(Rd) = {u € ID(R?) : pu is symmetric on R?},
IDyog(R?) := {n € ID(RY) : A , log™ |x|p(dx) < oo}
and

[Djogn (RY) := {u € ID(RY) : / (log™ x])"u(dx) < o0}, m=1,2,...,
R4

where log* @ = max{loga, 0}.
The so-called Lévy-Khintchine representation of infinitely divisible distribution
is provided in the following proposition.

Proposition 2.2 (The Lévy-Khintchine Representation; See e.g. Sato [73, Theo-
rem 8.1])

(1) If u € ID(RY), then

2@ = exp| 27 (0. AD) + ifn2) + /
]Rd

(ei(z,X) i 1i(j|fc)|2) v(dx)% , zeR,
(3

where A is a symmetric nonnegative-definite d x d matrix, v is a measure on R?
satisfying

v({0}) =0 and /(|x|2/\1)v(dx)<oo, 4)
]Rd

and y is a vector in RY.

(2) The representation of i in (1) by A, v and y is unique.

(3) Conversely, if A is a symmetric nonnegative-definite d x d matrix, v is a measure
satisfying (4) and y € RY, then there exists a u € ID(RY) whose characteristic
function is given by (3).

A is called the Gaussian covariance matrix or the Gaussian part and v is called the
Lévy measure. The triplet (A, v, y) is called the Lévy-Khintchine triplet of ;. When
we want to emphasize the Lévy-Khintchine triplet, we may write it = (@ v,y). If
the Lévy measure v of p satisfies flx\>l |x|v(dx) < oo, then there exists the mean

y! € R? of 11 such that

Q(z) = exp{—2"z, A7) +i{y',2) + /d
R

(ei(z’x) —1—-i(z x)) v(dx)} .
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In this case, we will write i = 14, ,1),- If v of p satisfies le\<l |x|v(dx) < oo,
then there exists y° € R? (called the drift of 1) such that

fi(z) = exp{ —27"(z. A2) + i(y".2) +/ (ei(z’x) - 1) V(dX)} :
R4

We write 4 = [L(4,,0), in this case. We also write v, for v when v is the Lévy
measure of u.

In the following, the notation 15 denotes the indicator function of the set B €
Z#(R?). Here and in what follows, (C) is the set of Borel sets in C.

Proposition 2.3 (Polar Decomposition of Lévy Measure; See e.g. Barndorff-
Nielsen et al. [12, Lemma 2.1]) Let v, be the Lévy measure of some u € I(R?)
with 0 < v, (R?) < oco. Then there exist a o-finite measure A on S := {§ € R :
|&] = 1} with 0 < A(S) < oo and a family {ve: & € S} of measures on (0, 00) such
that

Ve(B) is measurable in § for each B € Z((0, 00)), (5)

0 < ve((0,00)) <00 foreach§ €S, (6)

vu(B) = //\(dé)/ 1(rE)ve(dr) for B € BR!\ {0}). (7
s 0

Here A and {ve} are uniquely determined by v, in the following sense: if A, {ve}
and ', {vg} both have properties (5)—(7), then there is a measurable function c(§€)
on S such that

0 < c(§) < oo, A (d§) = c(§YMdE), c(§)vi(dr) = ve(dr) forh-ae & €S.
We call ve the radial component of v, and when v is absolute continuous, we call

its density the Lévy density.

Definition 2.4 (The Cumulant of &) For 1 € ID(R?), C,,(z) = log fi(z) is called
the cumulant of u, where log is the distinguished logarithm. (For the definition of
the distinguished logarithm, see e.g. Sato [73], the sentence after Lemma 7.6.)

2.2 Stochastic Integrals with Respect to Lévy Processes

Definition 2.5 A stochastic process {X;,# > 0} on R is called a Lévy process, if
the following conditions are satisfied.

(1) Xo =0as.

(2) Forany 0 < tp <t < - < tp,n > 1, X0, Xy, — X4, .... Xy, — Xy, are
independent.
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(3) For h > 0, the distribution of X1, — X, does not depend on ¢.

(4) Foranyt> 0ande > 0, limy—o P(|X;+1, — X;| > &) = 0.

(5) For almost all w, the sample paths X,(w) are right-continuous in # > 0 and have
left limits in ¢ > 0.

Dropping the condition (5) in Definition 2.5, we call any process satisfying (1)—(4) a
Lévy process in law. In the following, “Lévy process” simply means “Lévy process
in law”. It is known (see e.g. Sato [73, Theorem 7.10(i)]) that if {X;} is a Lévy
process on R?, then for any ¢ > 0, Z(X,) € ID(RY) and if we let £ (X;) = u,
then Z(X;) = u™, where u™ is the distribution with characteristic function [i(z)".
Thus the distribution of a Lévy process {X,} is determined by that of X;. Further, a
stochastic process {X;, > 0} on R is called an additive process (in law), if (1), (2)
and (4) are satisfied.

Proposition 2.6 (Stochastic Integral with Respect to Lévy Process; See Sato [77,
Sect.3.4]) Let {X,} be a Lévy process on R? with £ (X;) = Haw.y)-

(1) Let f(t) be a real-valued locally square integrable measurable function on
[0, 00). Then the stochastic integral X := foaf(t)dX, exists and £ (X) €
ID(RY). Its cumulant is represented as

Cw(@ = [ Cutrvaa
The Lévy-Khintchine triplet (Ax, vy, yx) of £ (X) is the following:
Ax = /O fpadr,
o) = [t [ 1aG@ov@o. 5B o).

a 1 1
ye= /0 f@dr (y + /M(l SO TH |x|2) ”(d’“)) |

(2) The improper stochastic integral over [0, 00) is defined as follows, whenever
the limit exists:

oo a
X ::/ f(®HdX; = lim / f()dX; in probability.
0 a—>0o0 0

Suppose f(t) is locally square integrable on [0, 00). Then fooo f(t)dX; exists if and
only if lim,— oo foa C,.(f(1)z2)dt exists in C for all z € R?. We have

Cow() = lim / C, (F(1)2)dr.
a—>oQ0 0

Ay = / ~ foAd,
0
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vx(B) = /0 dt/l;d 13(f()x)v(dx), BEe€ %(Rd \ {0}),
. a 1 1
ya = fi, f, SO (V * /Rdx(l VO T |x|2) ”(dx))'

Remark 2.7 We will treat many f(¢)’s which have singularity at t = 0: (i) f(¢) =
G;ﬁ(t),t > 0, the inverse function of t = G,p(s) = fsoo u_"_le_”ﬁdu,s > 0,
in Sect.5.2, which is specialized to the kernels of 7-, ¥-, ¢4- and .# -mappings
in Sect.4.1. (ii) f(f) = t~'/*,¢ > 0, which is the kernel of the stable mapping in
Sect.5.4.

3 Some Known Classes of Infinitely Divisible Distributions

As mentioned in Sect. 1, the main concern of this article is to discuss known and new
classes of infinitely divisible distributions and characterize them in several ways.
We start with some known classes in Sects. 3.2 and 3.3, and show the relationships
among themselves in Sect. 3.4.

3.1 Completely Monotone Functions

In the following, the concept of completely monotone function plays an important
role. So, we start with the definition of completely monotone function and some
properties of it.

Definition 3.1 (Completely Monotone Function) A function ¢(x) on (0, co0) is
completely monotone if it has derivatives ¢ of all orders and (—1)"¢™ (x) >
0,neZ4,x>0.

Two typical examples of completely monotone functions are e™* and x 7, p > 0.

Proposition 3.2 (Bernstein’s Theorem. See e.g. Feller [21, Chap. XIII, 4]) A
Sfunction ¢ on (0,00) is completely monotone if and only if it is the Laplace
transform of a measure p on (0, 00).

Proposition 3.3 (See e.g. Feller [21, Chap. XIII, 4])

(1) The product of two completely monotone functions on (0, 00) is also completely
monotone.

) If ¢ is completely monotone on (0,00) and if ¥ is a positive function with a
completely monotone derivative on (0, 00), then the composed function (V) is
also completely monotone on (0, 00).
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3.2 The Classes of Stable and Semi-stable Distributions

Definition 3.4 Let yu € ID(RY).

(1) Itis called stable if, for any a > 0, there exist b > O and ¢ € R? such that
A)" = fbr)el), ®)

S(R?) denotes the class of all stable distributions on R,

(2) It is called strictly stable if, for any a > 0, there is b > 0 such that fi(z)* =
a(bz).

(3) It is called semi-stable if, for some a > 0 with a # 1, there exists » > 0 and
c € RY satisfying (8). SS(R?) denotes the class of all semi-stable distributions
on R,

(4) Ttis called strictly semi-stable if , for some a > 0 with a # 1, there exists b > 0
satisfying fi(z)* = [i(bz).

w € PMRY is called trivial if it is a distribution of a random variable
concentrated at one point, otherwise it is called non-trivial. When this one point
is c € R?, we write 1 = §,.

Theorem 3.5 (See e.g. Sato [73, Theorem 13.15] or Sato [72, Theorem 3.3]) If 1
is non-trivial stable, then there exists a unique o € (0, 2] such that b = a'/* in (8).

In this case, we say that such a p is «-stable. Gaussian distribution and Cauchy
distribution are 2-stable and 1-stable, respectively. Note that any trivial distribution
is stable in the sense that (8) is satisfied, and « is not uniquely determined. In
the following, when we say «-stable distribution, we always include all trivial
distributions. Also note that trivial distributions which are not §y are not strictly
stable except 1-stable distribution.

3.3 Some Known Classes of Infinitely Divisible Distributions

We start with the following six classes which are well-studied in the literature. We
call Vx an elementary gamma random variable (resp. elementary mixed-exponential
random variable, elementary compound Poisson random variable) on R? if x is
a nonrandom, nonzero element of RY and V is a real random variable having
gamma distribution (resp. a mixture of a finite number of exponential distributions,
compound Poisson distribution whose jump size distribution is uniform on the
interval [0, a] for some a > 0).

(1) The class U(R?) (the Jurek class): u € U(RY) if and only if u € ID(R?) and
either v, = O or v, # 0 and, in case v, # 0, the radial component v¢ of v, is
expressed as

ve(dr) = Le(r)dr, &)
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where {¢(r) is a nonnegative function measurable in £ € § and nonincreasing
on (0, o0) as a function of r.

The class U(RY) was introduced by Jurek [31] and u € U(RY) is called
s-selfdecomposable. Jurek [31] proved that u € U(RY) if and only if for any
b > 1 there exists u, € ID(RY) such that A(z) = A(b~'2)" " fis(z). Sato [77]
also formulated U(RY) as the smallest class of distributions on R? closed under
convolution and weak convergence and containing all distributions of elementary
compound Poisson random variables on R?.

(2) The class B(R?) (the Goldie-Steutel-Bondesson class): & € B(R?) if and only
if © € ID(R?) and either v, = 0 or v, # 0 and, in case v, # 0, the radial
component vg of v, is expressed as

ve(dr) = Le(r)dr, (10)

where {¢(r) is a nonnegative function measurable in £ € S and completely
monotone on (0, co) as a function of r.

Historically, Goldie [23] proved the infinite divisibility of mixtures of exponen-
tial distributions and Steutel [82] found the description of their Lévy measures.
Then Bondesson [16] studied generalized convolutions of mixtures of exponential
distributions on R . It is the smallest class of distributions on R that contains all
mixtures of exponential distributions and that is closed under convolution and weak
convergence on R,. B(RY) is its generalization by Barndorff-Nielsen et al. [12],
where all mixtures of exponential distributions are replaced by all distributions of
elementary mixed-exponential random variables on R,

(3) The class L(R?) (the class of selfdecomposable distributions) : u € L(R?) if
and only if o € ID(R) and either v, = 0 or v, # 0 and, in case v, # 0, v, is
expressed as

ve(dr) = r~ke(r)dr, (11)
where kg (r) is a nonnegative function measurable in £ € S and nonincreasing
on (0, o0) as a function of r.
It is known (see e.g. Sato [73, Theorem 15.10]) that u € L(R¢) if and only if for
any b > 1, there exists some p, € Z(R?) such that

fi(z) = A(b~'2)pp(2). (12)

This statement usually is used as the definition of the selfdecomposability. p;, in (12)
can be shown to be infinitely divisible. Hence, we may replace p, € Z(R9) by
o» € ID(RY) in the previous statement.

(4) The class T(RY) (the Thorin class) : u € T(RY) if and only if u € ID(R?) and
either v, = O or v, # 0 and, in case v, # 0, the radial component v¢ of v, is
expressed as

Ve (dr) = r_lkg (r)dr, (13)
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where kg(r) is a nonnegative function measurable in £ € S and completely
monotone on (0, co) as a function of r.

Originally this class was studied by Thorin [85, 86] when he wanted to prove the
infinite divisibility of the Pareto and the log-normal distributions, as mentioned in
Sect. 1. The class T(R+) (resp. T(R)) is defined as the smallest class of distributions
on R4 (resp. R) that contains all positive (resp. positive and negative) gamma
distributions and that is closed under convolution and weak convergence on R
(resp. R). The distributions in 7(R4) are called generalized gamma convolutions
(GGCs) and those in T(R) are called extended generalized gamma convolutions
(EGGCs). Thorin showed that the Pareto and the log-normal distributions are GGCs,
and thus are selfdecomposable and infinitely divisible. The infinite divisibility of the
log-normal distribution was not known before the theory on hyperbolic complete
monotonicity which was developed by Thorin.

T(R?) is a generalization of T(R) by Barndorff-Nielsen et al. [12], where
all positive and negative gamma distributions are replaced by all distributions of
elementary gamma random variable on R?.

(5) The class G(RY) (the class of type G distributions): € G(R?) if and only if
w € ID(R?) and either v, = 0 or v, # 0 and, in case v, # 0, the radial
component vg of v, is expressed as

ve(dr) = g (rz)dr, (14)

where g¢(r) is a nonnegative function measurable in § € S and completely
monotone on (0, 0o0) as a function of r.

Whend = 1, u € GR) N Iynm(R) if and only if p = Z(V'/2Z), where
V > 0, Z2(V) € I(R), Z is the standard normal random variable, and V and Z
are independent. When d > 1, & = ., € GR?Y) N IDgym(R?) if and only if
v(B) = E[vo(Z'B)] for some Lévy measure vy. (See Maejima and Rosiriski [47].)
Previously only symmetric distributions in G(R?) were said to be of type G. In this
article, however, we say that any distribution from G(R¢) is of type G.

(6) The class M(R?) (Aoyama et al. [4]) : u € M(RY) if and only if i € ID(R?)
and either v, = 0 or v, # 0 and, in case v, # 0, the radial component vg of
v, is expressed as

ve(dr) = r' ge (P)dr, (15)

where g¢(r) is a nonnegative function measurable in § € S and completely
monotone on (0, co0) as a function of r. (Originally, in Aoyama et al. [4], we
defined the class M (Rd) restricted in Isym(Rd). However, in this article, we do
not assume the symmetry of u € M(R?). The requirement (15) is independent
of the symmetry of the distribution.)

This class was introduced, being motivated by how the class will be if we replace
g:(r?) in (14) by r'gs(r*) by multiplying an extra ! in the Lévy density which
can been seen from (1) to (3) and from (2) to (4).
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3.4 Relationships Among the Classes

With respect to relationships among the classes mentioned in Sect. 3.3, we have the
following.

(1) L(RY) U GR?Y) S U(RY) and T(R?) S L(R?). (By definition.)

(2) Each class in Sect. 3.3 includes S(R?). This is because if 1 € S(R?), then either
A#0andv, =0o0rA = 0and vg(dr) = r'"*dr for some a € (0,2), (see
e.g. Sato [73, Theorem 14.3]).

(3) T(RY) G B(RY) G G(R?). These inclusions follow from the properties of com-
pletely monotone functions. It follows from Proposition 3.3(1) that T(R?) C
B(RY). If we put g¢(x) = lg(xl/ 2), then it follows from Proposition 3.3(2)
that B(RY) C G(RY). The relation G can be shown by choosing suitable Lévy
densities.

4) T(RY) G M(RY) G L(R?) N G(R?). The proof is as follows (Aoyama et al. [4]):

We first show that M(IR¢) G L(RY)NG(R?). Note that r~!/2 is completely monotone
and by Proposition 3.3(1) that the product of two completely monotone functions is
also completely monotone. Thus by the definition of M(IR?), it is clear that M(R?) C
L(R?) N G(R?). To show that M(RY) # L(RY) N G(RY), it is enough to construct
w € ID(RY) such that u € L(RY) N G(RY) but . ¢ M(RY).

First consider the case d = 1. Let

v(dr) = r'g(rPdr, r>0.

For our purpose, it is enough to construct a function g : (0, co) > (0, co) such that
(a) r~'/2g(r) is completely monotone on (0, c0), (meaning that the corresponding
w belongs to G(R)), (b) g(r?) or, equivalently, g(r) is nonincreasing on (0, 00),
(meaning that the corresponding p belongs to L(RR)), and (c) g(r) is not completely
monotone on (0, co), (meaning that the corresponding p does not belong to M(R)).
We show that

g(r) = r2h(r) = V2 (e —e"+0.1e7), r>0,

satisfies the requirements (a)—(c) above.

(a) We have

1 o]
r2g(r) = / e "du + 0.1/ e "du,
0.9 11

which is a sum of two completely monotone functions, and thus »~'/2g(r) is
completely monotone.
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(b) If h(r) is nonincreasing, then so is g(r) = r~'/?h(r). To show it, we have

2
h/(r) — —0.96_0'9r 4 e—r _ 0.11€_l'lr — —0.9€_l'lr eO.lr _ L _ w
1.8 3.24

1\> 0.604
<—09¢ M ({1—-—) —=—— | =-00le"" <0, r>0.
1.8 3.24

(c) To show (c), we see that
wo = [ e o,
0

where Q is a signed measure such that Q = Q1 + Q> + Q3 and

01{0.9Y) =1, O,({1}) = —1, 03({1.1}) = 0.1.

On the other hand,

oo o
12— n—1/2/ e\ 2 gy = / e "R(du),
0 0

where
R(du) = (wu)~"*du.
Thus
o o o0
g(r) =/ e_”‘R(du)/ e "' Q(dv) =/ e U (dw),
0 0 0
where

UB) = /0 O(B — y)R(dy).

We are going to show that U is a signed measure, namely, for some interval
(a,b),U ((a,b)) < 0.1If so, g is not completely monotone by Bernstein’s theorem
(Proposition 3.2). We have

U((a.b)) ="' /0 Q((a—y.b—=y)y " dy

3 00
=72 Y [T 0=y — oy
=1
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b—0.9 b—1 b—1.1
— n—l/Z [/ y—l/Zdy _/ y—l/Zdy 4 01/ y—l/Zdyi|
a—0.9 a—1 a—1.1

—2p 12 [(«/b—0.9— Ja= 0.9) - (db “1-Va- 1)
40.1 («/b— 11— a— 1.1)] .

Take (a.b) = (1.15,1.35). Then
U ((1.15,1.35))
— 212 [(M— V0.25) — (v0.35 — v/0.15) + 0.1(~/0.25 — M)]
< —0.0177"% <0.

This concludes that g is not completely monotone.

A d-dimensional example of i € ID(R?) such that u € L(R?Y) N G(R?) but
w & M(R?) is given by taking the example of the Lévy measure on R constructed
above as the radial component of a Lévy measure on R?. This completes the proof
of M(RY) & L(RY) N G(RY).

We next show that T(R9) M (RY). If 1 € T(R?), then the radial component of
the Lévy measure of u has the form vg(dr) = r~ kg (r)dr, where kg is completely
monotone. By Proposition 3.3 and the fact that ¥ (r) = r/? has a completely
monotone derivative, then g¢(r) 1= ke (r'/2) is completely monotone. Thus ve(dr)
can be read as r! gg(rz)dr, where g¢ is completely monotone, concluding that
w e M(RY).

To show that T(RY) # M(R?), it is enough to find a completely monotone
function g¢ such that kg(r) = g¢(r?) is not completely monotone. However, the
function g¢(r) = e has such a property. Although e™" is completely monotone,

(—l)z%e_’2 < 0 for small r > 0. This completes the proof of the inclusion
TRY S M(RY).

Remark 3.6 1t is important to remark that any distribution in L(R) is unimodal,
(a result by Yamazato [97]), which implies the unimodality of any distribution in
T(R), since T(R) C L(R).

The following are examples for non-inclusion among classes. (See Schilling
et al. [80, Chap.9].)

(5) L(R) ¢ B(R). Let v, (dx) = x "o 1(x)dx, x > 0. Then k(x) = 1(1)(x) is
nonincreasing and thus i € L(R), but £(x) = x"'1(91)(x) is not completely
monotone and thus u ¢ B(R). Hence L(R) ¢ B(R).

(6) B(R) ¢ L(R).Letv, (dx) = e *dx, x > 0. Thenitis easy to see that u € B(R),
but u ¢ L(R). Therefore B(R) ¢ L(R).
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4 Stochastic Integral Mappings and Characterizations
of Classes (I)

This section is one of the main subjects of this article, as referred to in Sect. 1.
In Sect.4.1 we explain well-studied six stochastic integral mappings, and then in
Sect. 4.2 we characterize them by stochastic integral mappings.

4.1 Six Stochastic Integral Mappings

For i € ID(RY), let {X", t > 0} be the Lévy process with X(Xi’”) = u. Let
f(r) be a real-valued square integrable measurable function on [a, b], for any 0 <
a < b < oo and suppose that the stochastic integral fooof (t)dX,(” ) is definable in the
sense of Proposition 2.6. Then we can define a mapping i +— @,(1). We denote
the domain of @; by D(Py) that is the class of u € ID(R?) for which &y(u) is
definable. We also denote the range of @y by R(Pr) = @4 (D(Py)).

Now the following are well-studied mappings.

(1) %-mapping (Jurek [311). For u € D(%) = ID(RY), % (1) = & (f, 1aX").

(2) Y-mapping (Barndorff-Nielsen et al. [12]). For u € D(T) = ID(R?), T (1) =
£ (fol log(t_l)dX,(“))

(3) @-mapping (Jurek and Vervaat [38], Sato and Yamazato [79], Wolfe [96]). For
1€ D(P) = IDig(RY), D() = & (f° e~ax{”).

(4) ¥-mapping (Barndorff-Nielsen et al. [12]). Let p(s) = fsoo e "u'du,s > 0,
and denote its inverse function by p*(f). For u € D(¥) = IDj(RY),
w(w) = Z ([ p*0ax).

(5) ¢¥-mapping (Maejima and Sato [48]). Let g(s) = f edu,s > 0, and
denote its inverse function by g*(r). For u € ©(¢9) = ID(RY), Y(n) =

( 2 ([ g ) dX(u))'

(6) .#-mapping (Maejima and Nakahara [44]). Let m(s) = | e u du,s >
0, and denote its inverse function by m*(¢). For u € D(A#) = IDlOg(Rd)

M) = 2 (f5°m*ax/”)

In the above, it is easy to see that the domains of the mappings are ID(R?)
when the intervals of the stochastic integrals are finite. However, in the cases where
stochastic integrals are improper at infinity, we need the proofs. As an example,
we show the case of the @-mapping below. (For (4), see Barndorff-Nielsen et
al. [12, Theorem C], and for (6), see Maejima and Nakahara [44, Theorem 2.3],
respectively.) Note that in the six examples above, the singularity of the kernel at
t = 0 does not give any influence for determining the domains of the mappings.
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For showing that D(®) = IDj,e(R?), we use Proposition 2.6(2) with f(f) =
e~'. Let (A,v,y) and (A, D, 7) be the Lévy-Khintchine triplets of x and ®(u),
respectively. If we could show that A and y are finite, and v is a Lévy measure,
then Proposition 2.6(2) ensures that the existence of the stochastic integral defining

P().
(i) (Gaussian part) A= fooo e Y Adt exists.
(i) (Lévy measure) : We are going to show that
o0
7(B) = / v(dx) / 1z(e”'x)dt, B e BRY),
Rd 0

satisfies that [, (|x|* A 1)D(dx) < oo. We have

/ (x> A 1) (dx) = / x| (dx) + / D (dx),

Rd lx|]<1 Jx|>1

where

o0
/|<1 x| 0 (dx) = /WV(GIX)/0 le™"x|* 1 je—rxj<1ydt

o0 o0
=/ |x|2v(dx)/ 6_2’1{‘x|5€z}dt=/ |x]?v (dx) e dr
R 0 R4 0Vlog |x|

3 [P AT @) = 5 [ A vt

and
o0 o0
/ f)(dx) =/ v(dx)/ 1{‘e—zx|>1}dt=/ v(dx)/ 1{‘x|>ez}dt
[x|>1 R4 0 R4 0
00
=/ v(dx)/ 1{t<log\x|}dt:/ log |x|v(dx).
[x[>1 0 [x|>1
Thus,
/ (x> A 1) (dx) < 0o
R4
if and only if

/ log |x|v(dx) < oo.
Jx|>1
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(iii) (y-part) : To complete the proof, it is enough to show that

% ~ 'd d > ! ! ! d
= “dt - B - 1 < o0,
7 /0 ¢ ”/Rd“”)/o ¢ x(1+|e—fx|2 1+|x|2) >

whenever f =1 log |x|v(dx) < oo. The first integral is trivial. As to the second
integral, we have

o0 e—t|x|3
/Rd U(dX)/o At P ™

o0 e—t|x|3
(/m * /|) V(dX)/o TR RN

=L+ 5.

Here

o0
e[ vy [Cetas [ i@ <o
Ix[<1 0 lx|<1

and

I / (d) / - L dt
= viax
27 Juen o (4 [exP)(1 + [xP)

/ log |x| o e—t|x|3
= v(dx) / +/ dt =: I3 + 14,
Jx|>1 0 log |x| (1 + |e_tx|2)(1 + |X|2)

where

| |2 log |x| t|x|
I; = d ——dt,
T /|x>1 1+ |x]? ( )/ 1+ |e~'x|?

[ v . Il
< vdx/ —dtf/ log |x|v(dx) < oo
w>1 1+ [x]? 0 2 =1 ¢ )

and

o] —t|x|3 |x|3 .
Iy 5/ v(dx)/ Sdt = / € ozl (dx)
>1 log x| 1+ [x] W1 1+ [x]

|x|?
< v(dx) < oo.
w>1 1+ |x]?

The proof is completed.
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4.2 Characterization of Classes as the Ranges of the Mappings

The six classes of infinitely divisible distributions in Sect. 3.3 can be characterized
as the ranges of the mappings discussed in the previous section, as follows.

Proposition 4.1 We have the following.

(1) UR?Y) = % (IDRY)). (Jurek [31].)

(2) B(RY) = Y (ID(RY)). (Barndorff-Nielsen et al. [12].)

3) L(Rd) = @(IDlOg(Rd)). (Jurek and Vervaat [38], Sato and Yamazato [79],
Wolfe [96].)

@) T(RY) = lI/(IDlog(Rd)). (Barndorff-Nielsen et al. [12].)

(5) G(RY) = Z(ID(RY)). (Aoyama and Maejima [3] for symmetric case and
Maejima and Sato [48] for general case.)

(6) M(R?) = # (ID1og(R?)). (Aoyama et al. [4] for symmetric case and Maejima
and Nakahara [44] for general case.)

For the readers’ convenience, we give here the proof of (3) L(R?Y) =
@ (ID1og(R?)) as an example. We show that L(RY) D @(IDjpe(R?)) and that
L(R?) C @(IDyog(R?)), separately.

(@) (L(RY) D @(IDyog(RY))): Suppose that p = & ( fooo e"dX,) for some Lévy
process {X;} satisfying that £ (X)) € IDje(R?). Let b > 1 and let {X,} be an

independent copy of {X;}. In what follows, the notation £ means the equality
in law. We have

o0 o0 o0
p! / e'dX, = / et Hlogh) gz & / edX,,
0 0 logb

00 o) logb
/ e_th, = / e_th, + / e_tht
0 logb 0

d 00 B logb
=p! / e 'dX, + / e~ 'dx,,
0 0

which shows the relation (12) and p € L(RY).

and

(b) (L(RY) C P(ID1og(R?))): We need a lemma on selfsimilar additive process.

Definition 4.2 Let H > 0. A stochastic process {X;, > 0} on R? is H-selfsimilar
if for any ¢ > 0, {X,;} L (X,

Lemma 4.3 (Sato [71]) 1 € L(RY) if and only if there exists a 1-selfsimilar
additive process {Y,} such that £ (Y1) = .
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The following proof is due to Jeanblanc et al. [29]. Let u € L(R?). By
Lemma 4.3, there exists 1-selfsimilar additive process {Y;} such that Z(Y;) = pu.
Define

—t

1
X, = / s~tay,. (16)

Since {Y,} is additive, {X;} is also additive. Further, for & > 0,

—t

e
Xivn— X, = / S_ldYx
e

—(t+h)

1
= / (e "u) " dY,—,
e—h

d /1 —t =1 —t d
= 7h(e u) e 'dY, (by {Yu} ={cY.})
= X;.

Thus {X;} is a Lévy process. By (16),

t
Xt = _/ (e_v)_ldee_”
0

and thus
o0 o0
/ e 'dX, = —/ dY,—~» =YYy =Y,
0 0

implying that Z(X,) € ©(®) and u = % (fooo e_vdXU) so that 4 € @(IDyog(RY)).

5 Stochastic Integral Mappings and Characterizations
of Classes (II)

Some other mappings in addition to the six mappings in Sect.4.1 above will be
explained in this section. Let

ID,(RY) = {u c ID(R"):/ X% (dx) < oo} , fora >0,
Rd
DY (R = %u S IDa(Rd):/dx,u(dx) = 0} , fora >1,
R

T
ID}(RY) = { L= WAy € ID?(Rd):Tlirgo / rdt / | xv(dx) exists in RY}
g 1 x|>1
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5.1 @P,-Mapping
We define @,-mapping as follows:

—1/a
Z (/ a1+ O{t)_l/“dX,(“)) , whenao <0,
0

o0
D) = 4. (/ e_’dX,(”)) , when o = 0,
0

o0
& (/ 1+ at)—l/“dxf"’) ., when0 <a<2.
0

The domain of @, is given as

ID(RY), when o < 0,
IDlog(Rd), whena = 0,
D(Py) = {ID,(RY), when0 <a <1,
ID’I"(]R"), whenao =1,
ID2(R?), whenl<a <2.

(For ¢ € (0,1) U (1,2), see Sato [75, Theorem 2.4], and for « = 1, Sato [77,
Theorem 4.4].)
Here we introduce a notion of “weak mean” for later use.

Definition 5.1 (The Weak Mean of ;1 € ID(Rd) [77, Definition 3.6]) Let u =
Kawy) € ID(R?). Tt is said that ;1 has weak mean m,, if

/ xv(dx) is convergentin RY as a — oo,
1<lx|<a

and

Cu(z) = =27z, Az) + lim (€ — 1 —i{z, x))v(dx) + i(my, 2).

a=>00 J11<a

The range of @, is as follows.

Theorem 5.2 (Sato [77, Theorem 4.18]. R (K| ) in the Notation There) Letr 0 <
o < 2. Then p € R(Py) if and only if u € ID(RY) and either v, = 0 or v, # 0,
and in case v, # 0, the radial component vg of v, is expressed as, for some kg (r)
which is a nonnegative function measurable in & and nonincreasing on (0, 00) as a
function of r,

M) (¢ < 1)ve(dr) = r_“_lkg(r)dr,
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(2) (@=1)ve(dr) = r‘zkg (r)dr, and the weak mean of 1 is 0,
(3) (1 < <2)ve(dr) = r ke (r)dr, and the mean of w is 0.
We introduce the class L) (R?) (the class of a-selfdecomposable distributions).

Let o € R. We say that . € ID(RY) is a-selfdecomposable, if for any b > 1, there
exists p, € ID(R?) satisfying

f) = ') pp(z). zeR? (17)

Theorem 5.3 (Maejima and Ueda [52])

(1) For B <a, LPY(RY) > L) (R,

(2) Fora>2 L®R?Y) ={§,:y e RI}.

(3) L@ (RY) = {all Gaussian distributions}.

(4) L) (RY) is left-continuous in o € R, namely,

(LP R = L RY) foralla € R.
B<a

(5) Let @ € (—00,2). Then, i € L' (RY) if and only if 1 € ID(R?) and either

v, = 0orv, # 0and, in case v, # 0, the radial component vg of v, is
expressed as

ve(dr) = r* e (r)dr, (18)
where Lg(r) is a nonnegative function which is measurable in §, and nonincreasing
on (0, 00) as a function of r.

Remark 5.4

(1) We have LED(R?Y) = U(R?Y) and L (R?) = L(RY). Thus by Theorem 5.3(1),
ifa < —1, L ®RY > UR?) > LRY).
(2) Another class bigger than U(R) is

1
ARY) = %cbms(u) =Y ( / cos(z—lm)dx;’”) S ue I(Rd)} .
0

(See Maejima et al. [58, Theorem 2.6].)
(3) It is an open problem to find the relationship between L) (R?), @ < —1, and
A(RY).

The relations between the mappings @, and the classes L) (R?) are as follows.
(The case o = 0 is nothing but Proposition 4.1(3).)

Theorem 5.5 (Maejima et al. [57, Theorem 4.6]) Ler o < 0. i € L' (R?) if and
only if i = @y (1) for some p € ID(RY).

Theorem 5.6 (Maejima and Ueda [52, Theorem 5.1(ii) and (iv)]) Ler o €
(0,1 U (1,2).
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(1) When0 <« < 1, ft € L' (RY) if and only if

L = 0g * Do (1), (19)

where 1 € IDy(R?Y) and o4 is a strictly a-stable distribution or a trivial
distribution, where x means convolution.

(2) When1 <« <2, i € L (RY) if and only if (19) holds for some j € ID2(RY)
and some o-stable distribution o,.

For the case « = 1 we need slightly different mapping called the essential
improper stochastic integrals introduced by Sato [74, 76] defined as

t
Dpes(p) 1= 7.2 (p-lirn (/ f(s)ng") - q(t))) : ¢ is an R%-valued nonrandom
0

—>0o0

t
function such that / f(s)dX 5“) — ¢(t) converges in probability
0
ast — oo} .

(The term “essentially improper stochastic integral” is changed to “essentially
definable improper stochastic integral” in Sato [76].) When f(f) = (1 +£)~!, which
is the integrand of @; (i), we write @ es(1t) as Py es(it).

Theorem 5.7 When o = 1, i € LY(RY) if and only if i = 0} % p, where p €
@ os(p) for some p € I,(R?) and oy is a 1-stable distribution.

Remark 5.8 The classes L' (RY),« € R, were already studied by many authors
before Maejima and Ueda [52]. Alf and O’Connor [2] and O’Connor [62] studied
the class of all infinitely divisible distributions on R with unimodal Lévy measures
with mode 0, and showed that the class is equal to L<_1>(]R), As to this class, Alf
and O’Connor [2] studied stochastic integral characterizations with respect to Lévy
processes. O’Conner [62] studied the decomposability (17) for d = 1 and o =
—1, and characterized this class by some limit theorem. O’Connor [61, 63] also
studied the classes L{*)(R), a € (—1,2). He defined these classes by a condition of
radial components of Lévy measures, and characterized these classes by stochastic
integrals with respect to Lévy processes, by the decomposability (17) ford = 1, and
by similar limit theorems to that in the case L™ (R). Jurek [30, 31, 35] and Iksanov
et al. [26] defined and studied so-called s-selfdecomposable distributions on a real
separable Hilbert space H. The totality of s-selfdecomposable distributions, denoted
by % (H) in their papers, is equal to L{=" (R?), when H = R?. Jurek [32-34] and
Jurek and Schreiber [37] studied the classes %3(Q), B € R, of distributions on a real
separable Banach space E, where Q is a linear operator on E with certain properties.
These classes are equal to LA (R?) if E = R? and Q is the identity operator.
They defined the classes % (Q) by some limit theorems. As to these classes, they
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studied the decomposability similar to (17) and stochastic integral characterizations,
although some results are only for the case that Q is the identity operator.

Remark 5.9 Maejima et al. [57] studied the classes Ky (RY), o0 < 2: u € Ky (RY) if
w € ID(R?) and either v, = 0 or v, # 0 and, in case v, # 0, the radial component
ve of v, is expressed as

ve(dr) = r Y (r)dr, (20)

where {¢(r) is a nonnegative function which is measurable in £ and nonincreasing
on (0, 00) as a function of r, and £¢(c0) = 0. The relation between K, (R?) and
LYY(RY) fora < 2is

K, (RY) = L (R?) N €, (RY),

where %,(R?) is the totality of u € ID(R?) whose Lévy measure v, satisfies
lim, s o0 7* fl v, (dx) = 0. (Maejima and Ueda [52], Maejima et al. [57].)

Remark 5.10 Recall that the difference between U(R?) and B(RY) in terms of
Lévy measure is that £¢(r) in (9) is nonincreasing and £¢(r) in (10) is completely
monotone. Also, the difference between L(R?) and T(R9) in terms of Lévy measure
is that kz(r) in (11) is nonincreasing and kg (r) in (13) is completely monotone.
From this point of view, the nonincreasing function £¢(r) in (20) can be replaced
by a completely monotone function £¢(r) with £¢(c0) = 0. Actually, if we do so,
we can get (31) in Sect. 5.4 later, which leads to the tempered stable distribution by
Rosinski [69].

x|>r

5.2 V¥, g-Mapping

We define a more general notation of mapping, which we call ¥, g-mapping. Let

*° s
t=Gug(s) = / w e ™ du, s>0,

and let s = G; 8 (¢) be its inverse function. Define ¥, g-mapping by

G 5(0)
Vop(u) = £ / Gz ,ax )
0

with

B~'I'(—aB™"), whena <0,

Gop(0) =
“p 00, when a > 0,
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where I'(-) is the gamma function. These mappings were introduced first by
Sato [75] for B = 1 and later by Maejima and Nakahara [44] for general 8 > 0.
Due to Sato [75] and Maejima and Nakahara [44], we see the domains D (¥, g) as
follows, which are independent of the value § > 0.

ID(RY), when o < 0,
IDIOg(Rd), when o = 0,
D(Wap) = 11D, (RY), when0 <a < 1,
ID’I"(R"), when o = 1,
IDY(RY), whenl <a <2.

The six mappings in Sect. 4.1 are the special cases of the @,- and ¥, g-mappings
as follows.

Remark 5.11 % = q)_], T = ‘1/—1,1, D = @0, v = qu,l, % = qf_Lz, /f = q/(),z.

5.3 Dy)-Mapping

Let b > 1. Define &;)-mapping by

P (1) =.5f( / b—mdxﬁ”), D(@y) = IDg(RY,
0

where [z] denotes the largest integer not greater than ¢ € R.

w € ID(RY) is called semi-selfdecomposable if there exist b > 1 and p € ID(RY)
such that fi(z) = (b~ 'z)p(z). We call this b a span of u, and we denote the
class of all semi-selfdecomposable distributions with span b by L(b, R%). From the
definitions, L(b, RY) 2 L(RY) and L(RY) = (", L(b,RY). n € L(b,RY) is also
realized as a limiting distribution of normalized partial sums of independent random
variables under the condition of infinite smallness when the limit is taken through a
geometric subsequence. A typical example is a semi-stable distribution.

Theorem 5.12 Fix any b > 1. Then, the range R(Py,)) is the class of all semi-
selfdecomposable distributions with span b on R?, namely,

@) (IDi1og(RY)) = L(b,RY).

(For the proof, see Maejima and Ueda [50].)
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5.4 Stable Mapping

This section is from Maejima et al. [59]. Let 0 < o < 2. Define a mapping by

Bu(p) = & (/Ooorl/“dxt‘“’) . Q1)

Note that the kernel above has a singularity at + = 0 and is not square integrable
around + = 0. This fact gives an influence when determining the domain of
mappings. The following characterization of ®(Z,) follows from Proposition 5.3
and Example 4.5 of Sato [76].

Theorem 5.13
1) If0 <« <1, then

9(E,) = {11 = onn € DR < [ v <.
R
2) Ifa =1, then
20 = |1 = mowon =0, € DE) [ fvian <oc. [ xvian =0,

lim xlog(|x| v &) v(dx) and lim / xlog(|x| A T) v(dx) exist} .
40 Jjx|<1 700 J|x|>1

3) If1 <a <2, then

D(E,) = {,u = U0y € ID(RY) : /Rd |x|*v(dx) < oo} .

Remark 5.14 There is a simple sufficient condition for p in (2). Namely, 4 =
Ky € D(E)) if [palx][loglx]| v(dx) < oo, [rax v(dx) = 0, and y =
fRd ﬁv(dx)

The next theorem gives a full characterization of R(Z,). S2(R?) denotes the
class of strictly a-stable distributions on R?. Note that in the case @ = 1 I can be
written as follows:

fu(z) = eXP{—/(I(Z,E)I + 27z, &) log [{z. €)[) A1 (df) + iz, 1) . (22)

N

where A; is a finite measure on S and r € R?, and where fs EX1(dE) = 0. (See e.g.
Sato [73, Theorem 14.10].)
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Theorem 5.15 (Maejima et al. [S9]) Ler 0 < o < 2.
(1) When a # 1, we have

Eo(D(Ey)) = SH(RY).
(2) Whena =1, we have
E1(D(E))) = {p, € S?(]Rd) . T € span supp(kl)},

where, respectively, A and t are those in (22). Here supp(A) denotes the support
of M. If A1 = 0, then we put span supp(A;) = {0} by convention.

6 Compositions of Stochastic Integral Mappings

The motivation for the paper by Barndorff-Nielsen et al. [12] was to see if the
Thorin class can be realized as the composited mapping of @ and 7", where @
produces the class of selfdecomposable distributions and 7" produces the Goldie-
Steutel-Bondesson class. So, we believed that compositions of stochastic integral
mappings would be important and useful in many aspects, which was verified by
several observations. This is why we will discuss compositions of stochastic integral
mappings.

Let &; and &, be two stochastic integral mappings. The composition of two
mappings is defined as

(D 0 Dg) (1) = Dy(Pg(1)),
with
D(Drody) ={ € D(D,) : Dy() € D(Py)}.

We have the following.
Theorem 6.1 We have

YW =doT =7od,
Q) YoU =UoT,
B YGoU =U o9,
@4 PoU =Uod.

Proof of (1) of Theorem 6.1 (Barndorff-Nielsen et al. [12, Theorem C(ii)]) Note
that D(¥)(z) = ID1og(RY). If 1 € IDjog(RY), then

Cou(2) = /0 Cu(e"2)dr.
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On the other hand, if u € ID(RY), then

oo

1
Cron(@ = / C,u(log(r)z)dr = / ¢ Cu(s2)ds.
0 0
Also note that
T () € IDiog(RY) if and only if p € IDjog(RY), (23)

(see Barndorff-Nielsen et al. [12, Theorem C(i)]). Thus, if u € IDlog(Rd), then
T (1) € IDyog(R?) by (23), and hence

o0 o0
Coory((2) = / dt/ e *C, (e 'sz)ds
0 0
and
o0 o
Cirodyu)(2) = / e_sds/ Cu(e'sz)dt.
0 0
If we could show
o o0
/ e_‘vds/ |Cu(e'sz)|dr < oo, foreachz e R, (24)
0 0

then we can apply Fubini’s theorem to get

Coory()(2) = Crodyw (2).

meaning® o7 =7 o @, and
o0 o0 , o0
Coory(w(2) = / dt / e Culuz)e™ du = / Cu(uze™"u™"du
0 0 0

- / C, (u2)dp(u) = / C, (0" (D2)dt = Cor(2),
0 0

concluding @ o 7 = V. It remains to prove (24). We need the following lemma.

Lemma 6.2 Let 1 = i) € ID(RY) For each fixed z € R,

jax? (al + laP)b )

C < 2 d
(Culaz)] = c. [ +'“'+Ad "D L Tr oD+ [P

where ¢, > 0 is a finite constant depending only on z.
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Proof of Lemma 6.2 Let g(z, x) = eite) — 1 — iz

TR Since

1
ICu(@)| = z(trA)IZI2 + Iyllzl + /Rd |g(z, 0)[v(dx),

we have

Cutad)] = e +1a)+ [ eGanlvi@n + [ lgtazn) - g.anlvi@.

The inequalities

|x|*
gz, x) < Czl + [x2

and

(lal + lal) Ix®
(1 + [xP)(A + |ax]?)

lg(az, x) — g(z,ax)| < c;

conclude the proof of the lemma.

We then have, by Lemma 6.2 that

o0 o
/ e_sds/ |Cpu(e"sz)|dt
0 0

9] 00 —toy|2
< / e_sds/ c|le st +els + / &v(dx)
0 0 R4 1 + |e_tsx|2

N (e7's 4+ e |x|?
re (1 4+ [x[2)(1 + |e~"sx]?)
=L+DL+1+14.

v(dx):| dt

I, < oo and I, < oo are trivial. As to I3,

I / / dt/ el V()
=_C X
BT w1+ [e—sx|2
e’} 2
s / e ds / dr ( / / ) _lesl” v (d),
0 W<t Jps1/ 1+ le7isx|

e 'sx|?
dt dx
AR Y == R
< / 2ds/ 2’dt/ [x|>v(dx) < oo
0 0 k<1

where

27
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and

o) o0 —t oy|2
/ e_sds/ u(dx)/ |e—sx|2dt
0 Ix|>1 o 1+ [esx]
o0 log |x| |@ sx|2
=/ e_‘vds/ v(dx) / / FE——
0 Jx|>1 log |x]| 1+ |e tsx|

&0 1
< / e_sds/ (log x| 4+ 57 |x|?=e 218 xl) v(dx) < oo.
0 x> 1 2

As to I, we omit the proof, since the basic ideas are the same as for /3. Equation (24)
is thus proved.

Proof of (2) of Theorem 6.1 We have

1 1 1
Corom ) (2) = / Co (wy(log(t™z)dt = / dt / C,(log(r™")sz)ds
0 0 0

(by Fubini’s theorem)
1 1 1
= / ds/ C,(log(t ")sz)dt = / Cr((s2)ds = Cyor) () (2)-
0 0 0
Proof of (3) of Theorem 6.1 We have

J7/2 NI
Ceaomrw(@) = /0 Car (g™ ()2)di = /0 dt /0 C, (8" (0s2)ds

(by Fubini’s theorem)

1 V72 1
= / ds/ Cﬂ(g*(t)sz)dt = / Cy ) (52)ds = Cyom)() (2).
0 0 0

Proof of (4) of Theorem 6.1 We first show that % (1) € IDjog(RY) if and only if
@ € IDyog(RY). Let u € ID(R?) and i = % (w). We have

1
/ log |x|v (dx) =/ sds/ log(s|x|) v, (dx)
x[>2 0 lx|>2/s

1
= / Vv, (dx) (slogs + slog |x|) ds
[x|>2 2/1x|

: / h(x)v,(dx),
[x|>2

where h(x) ~ log|x| as |x|] — oo. Thus, fIX\>2 log |x|v;(dx) < oo if and only if
fIX\>2 log |x[v,(dx) < co. Then if y € IDyog(R?), then using 7 (i) € IDjog(RY), we
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have

oo 00 1
Cowow))(2) = / Cor (e '2)dt = / dt/ C,(se”"'z)ds
0 0 0

(by Fubini’s theorem)

1 00 1
= / ds/ C,L(se_'z)dt = / C¢(,L)(sz)ds = C(a)/oqa)(ﬂ)(z)
0 0 0

For the applicability of Fubini’s theorem above, we have to check that

1 o0
/ ds/ |Cy(se™"z)|dr < oo.
0 0
By Lemma 6.2, we have

: = : oo 2% 2 e sx|?
d. C.(se)|dt < | d —t - / — 7 v
/0 s/o |Cu(se'2)| _/0 s/o c|le s  +els + T |e_tsx|2v( x)

— =31 3y | 4|3
(e7's + e77's7)|x] (dx):|dt

V
re (14 [x2)(1 + [e~"sx]?)
=L+1L+ 1+ 14

I, < oo and ], < oo are trivial. We have

L= /ds/ dt(/ / ) e v(dx),
W<t S/ 1+ e sx]?
where

le ™ sx|?
ds dt = V(dy)
<1 1+ |e "sx]
5/ s2/ e_zrdt/ |x|?v(dx) < o0,
0 0 lxl=1
1 o0 —t 31 3Y (|3
/ ds/ v(dx)/ (e Sre ”_'fl i
0 lxf>1 o (T4 X)) + [e~"sx[?)
1 log |x| [ee) (e_rs+e_3rs3)|x|3
= ds/ v(dx / +/ dt
/(; [x[>1 ( ) ( 0 log |x| (1 + |x|2)(1 + |e_tsx|2)
1
1
< / ds/ (log x| + 52 |x|>=e 212 |") v(dx) < o0
0 e|>1 2

14 can be handled similarly. This completes the proof of (4) of Theorem 6.1.
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The following Proposition 6.3 is a special case of Theorem 3.1 of Sato [75] and
Proposition 6.4 can be proved similarly, but we give a proof of Proposition 6.4 here.

Proposition 6.3 Let
o0
k(s) :/ ue “du, s>0,

and let k*(t) be its inverse function. Define a mapping ¢ from ® (%) into ID(RY)
by

1
H(p) =& ( /O k* (t)dX,(“)) .

Then (%) = ID(R?) and
T =XHoU =UoX.
Proposition 6.4 Let

o0 2
a(s) = 2/ we du, s>0,

and let a*(t) be its inverse function. Define a mapping </ from D (<) into ID(RY)
by

I'(3/2)
A =& ( / a*(t)dX,(“)) . (25)
0

Then © (/) = ID(RY) and
G =AU =Uod.
Proof With respect to the domain of the .o/ -mapping, it is enough to show
r@G/2)
/0 (a*(1))*dt < oo, (26)

but (26) follows from

rG/2) oo ,
/ (a*(1)%dt = / ute™ du < oco.
0 0
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Next applying Proposition 2.6(1), we have
1
Cou (@) = / Cu(rz)dt,
0

/2
Cy(2) = /0 Cy, (h*(t)z)dt

and
rQ/2)
CQ{(M)(Z) =/ C,L(a*(l‘)z)dt.
0
Thus,
r'(/2) 1
Claror)yn(2) = / dt / Cu(a*(Huz)du
0 0
and

1 r@3/2)
C(a)/og{)(ﬂ)(z) Z/ dt/ C,L(ta*(u)z)du.
0 0

If we are allowed to exchange the order of the integrations by Fubini’s theorem, then
we have

Cion))(@) = Cuoct)(u)(2).

implying & o % = % o </, and we have
1 r@e/2) 1 0o '
Ceron)w)(2) :/ du/ Cu(a* (tyuz)dt = 2/ du/ Cu(vuz)v?e™ dv
0 0 0 0
1 o] ), 2
= 2/ u_3du/ Cu(y2)y*e™ /" dy
0 0
o] 1 ), o] o] )
= 2/ C,L(yz)yzdy/ u e dy = 2/ C,L(yz)dy/ te " dt
0 0 0 y

) 5 J7/2
= / Cu(yz)e ™ dy = / C,(h*(D)z)dt = Cy()(2),
0 0
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concluding & o % = ¥. In order to assure the exchange of the order of the
integrations by Fubini’s theorem, it is enough to show that

1 0o
/ du/ |Cﬂ(uvz)‘ ve ™ dv < oo. 27
0 0

For = pu.y) € ID(RY), we have

Cu@] =27 @A + Il + [ et 0@,
where
gzx) = ¢ — 1 —i(zx) (1 + )7

Hence
|Cu(uvz)| < 27" (rA)uv? (2> + |y||ul|v]|z] +/ |g(z, uvx)|v(dx)
R4

+ /d lg(uvz, x) — g(z, uvx)|v(dx) =: I + I, + I3 + 1.
R

The finiteness of fol du [°(I + L)v?e "’ dv is trivial. Noting that |g(z,x)| <
c.|x|>(1 + |x|?)~! with a positive constant c, depending on z, we have

1 o) )

/ du/ Lv?e ™V dv

0
<c / u(dx)/ du/ (uvlx])” — U 2%y
= Ja 1+ (uvlx])?

B o ol
= (Ll”(‘lx”Ll”(dx))/o a | oy ¢ W

=: 131 + I,

1 00
I < CZ/ |x|2v(dx)/ uzdu/ vte ™ dv < oo,
lx|<1 0 0
1 0o )
I < Cz/ v(dx)/ du/ vZe ™V dv < oo.
[x|>1 0 0

where
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As to 14, note that fora € R,
[(az. x)[|x|*|1 — |
(I + X2 + |ax]?)

2lxl*(al +lal®) _ lzllx*(1 + |al®)
T (I A A fax?) T 2(1 + [x?)

|g(az. x) — g(z. ax)| =

since |b|(1 + b*)~! < 27!, Then

1 oo ) |x|2 1 o]
/ du/ Iyw?e ™ Vdy < 2_1|z|/ 2v(dx)/ du/ (1 + u?v?)ve Vdv < 0.
0 0 re 1+ [x] 0 0

This completes the proof of (27).

We can give a more general result than Propositions 6.3 and 6.4.

Theorem 6.5 (Maejima and Ueda [53]) Ler 24(1) = & (X;;‘)) B > 0. Then
fora € (—oo, 1)U (1,2) and g > 0,

Wyp=ZpoPyoW, pgg= ZpoWy_ppod,.

(Remark that 23 () = puP*.)

Proposition 6.3 is the case of Theorem 6.5 with « = —1 and § = 1, since
H = A1 oW_, = W_,,, and Proposition 6.4 is the case of Theorem 6.5 with
a=—land B =2,since & = 2, 0 W¥_3,.

7 Nested Subclasses of Classes of Infinitely Divisible
Distributions

As mentioned in Sect. 1 already, once we have mappings in hand, it is natural
to consider the iteration of mappings. In our case, this procedure gives us nested
subclasses of the original class, which, without mapping, was already studied in the
case of selfdecomposable distributions by Urbanik [90] and Sato [70].

7.1 Iteration of Mappings

Let & be a stochastic integral mapping. The iteration @;" is defined by ¢>fl = &
and ' ‘

() = (P (1))
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with
D@t = (e D(@) 1 W) € D(P)}.
We have
PP (D@ F) = B (S(D(@) ).
implying
@r(D(PfT)) C D(PP,
and

o (@ (@) C D/ (D(P))).
Therefore, if we write

K (RY) := &' (D (),

KI (R?),m = 2,3, ..., are nested subclasses of K/ (RY) = ®;(D(@))).

With respect to the domain of mappings, if &r is a proper stochastic integral
mapping, then D (P;") = ID(RY) as mentioned before. For & = @ or ¥, (which is
an improper stochastic integral mapping), we have the following.

Lemma 7.1 We have

(1) D(@") = IDiggn (RY),
(2) DW") = IDiggn (RY).

Proof

(1) See e.g. Rocha-Arteaga and Sato [67, Theorem 49].
(2) We first show that

T () € IDiogn(RY) if and only if p € IDjogn (RY).

Let i € ID(RY) and i = T (u). We have

o
/ log™ |x|vj (dx) :/ e_sds/ log™ (s|x|)v,.(dx)
|x|>2 0

|x[>2/s

o0
/ v, (dx) e *(logs + log |x|)"ds
R¢ 2/lx]

: / h(x)v,(dx).
R4

Here h(x) = o(jx|?) as |x| | O and h(x) ~ log™|x| as |x| — oo. Thus,
Jisalog" [x[va(dx) < oo if and only if [ ,log" |x[v.(dx) < oo. By

x|>2
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Theorem 6.1(1), we know that ¥ = @™ o T, Since D(Y™) = ID(R?) and
D(P™) = IDjogn (R?), we have D(P™) = [Dyoen (RY).

7.2 Definitions and Some Properties of Nested Subclasses

Put

Uo(RY) = URY), By(RY) = BR?), Ly(RY) = LR,
To(RY) = T(RY), Go(RY) = G(RY), Mo(R?) = M(R?).

Definition 7.2 Form = 0,1,2,..., define

Un(R?Y) = %" (ID(RY)),

B, (R’) = T"T!(ID(R)),

L,(RY) = <I>’”+1(ID10gm+1 (R%)),

Tm(Rd) — lI’m+1(IDlogm+1 (Rd)),

Gn(RY) = 9" (ID(RY)),

M, (RY) = 4"+ (ID(RY))

and further Uso(RY) = (Nory Un(RY), Boo(RY) = (Nory Bu(RY), Leo(RY) =
Moo Ln(RY), Too(RY) = (7L Tu(RY), Goo(RY) = Moy Gu(RY), Moo (RY) =
Moo Min(RY).

Distributions in Ls (R?) are called completely selfdecomposable distributions.
We start with the following.

Definition 7.3 A class H C ID(RY) is said to be completely closed in the strong
sense (c.c.s.s.), if the following are satisfied.

(1) Itis closed under convolution.

(2) Itis closed under weak convergence.

(3) If X is an R¢-valued random variable with .Z(X) € H, then £ (aX + b) € H
for any a > 0 and b € R,

(4) u € Himplies u** € H for any s > 0.

Proposition 7.4 (Maejima and Sato [48, Proposition 3.2]) Fix 0 < a < oo.
Suppose that f is square integrable on (0, a) and f(ff(t)dt # 0. Define a mapping
@f by

o0 =2 ([ r0ax”).

Then the following are true.

(1) D)) = IDR).
(2) IfH is c.c.s.s., then @;(H) C H.
(3) IfH is c.c.s.s., then @;(H) is also c.c.s.s.
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Remark 7.5

(1) Note that Proposition 7.4 can be applied to 7'- and ¥-mappings, because in
those mappings the stochastic integral is proper, f is square integrable and
Jo f(0dt # 0. Since ID(RY) is c.c.s.s., B(R?) and G(R?) are c.c.s.s.

(2) Proposition 7.4(3) is not necessarily true when @ = oo. Namely, there is a
mapping & defined by ®(1) = & ( e f(t)dx,“‘)) such that &, (H N D(&;))
is not closed under weak convergence for some H which is c.c.s.s. Indeed, the
mapping ¥, with 0 < o < 1 in Theorem 4.2 of Sato [75] serves as an example.

(3) However, it is known that when @; = @, Proposition 7.4(2) and (3) are true
with &,(H) replaced by @(H N D(P)), even if a = oo. See Lemma 4.1 of
Barndorff-Nielsen et al. [12]. In particular, L,R%isccss. form=0,1,....

(4) We also have that T, (R?) is c.c.s.s. (Maejima and Sato [48, Lemma 3.8].)

Theorem 7.6 We have the following.

(1) Bu(RY) C Un(RY),
(2) Gu(R?) C Un(RY),
(3) Ln(RY) C Un(®R),
(4) Tu(RY) C L, (RY).

Proof

(1) We know that By(RY) C Up(R?). Suppose that B,,(R?) C U,,(R?) for some
m > 0, as the induction hypothesis. Then

By 1(RY) = T"2(IDR?) = T (X" UDR) = T (B,(R"))
C Y (U,RY) = Y (@™ (IDRY)) = 2™ (Y ID(R?))
(since Y o % = % o T (Theorem 6.1(2)))
= X" (U (IDRY)) = Ups1 (RY).
(2) The same proof as above works if we apply the relation 4 o % = % o ¥
(Theorem 6.1(3)) instead of Y o % = % o 1.

(3) We know that Lo(R?Y) C Up(R?). Suppose that L,,(RY) C U,,(R?) for some
m > 0, as the induction hypothesis. Then

Lys1(RY) = @"F2(ID, g2 (RY)) = D(@" T (ID, 2 (R)))
C @(@" T (ID) gt 1 (RY)) = D(Ln(R?) N ID1og(RY))
C D(Un(RY) N IDyog(RY)) = (%™ T (ID(R?)) N IDyog (RY))
= &(U" ' (ID1g(RY) = %"+ (D(IDiog (R?))
(by ® o % = % o @ (Theorem 6.1 (4)))
= 2" (LoR?) C %" (Uo(RY)) = Up1 (RY).
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(4) We show T, (Rd) C L, (RY). We can show that, for any m > 0,
Tu(®Y) = (1) (ID 1 (RY) = (X" &™) (ID, s (RY))
= " (L (RY).
Then by Proposition 7.4(2) and Remark 7.5(3),
" (Ln(RY)) C Lu(RY).

The proof is completed.

7.3 Limits of Nested Subclasses

The following is a main result on the limits of nested subclasses.

Theorem 7.7 (Maejima and Sato [48], Aoyama et al. [S]) Letr S(R?) be the clo-
sure of S(R?), where the closure is taken under weak convergence and convolution.
We have

Uso(RY) = Boo(R?) = Loo(RY) = Too(R?) = Goo(R?) = Moo(R?) = S(RY).

To prove this theorem, we start with the following two known results.

Theorem 7.8 (The Class of Completely Selfdecomposable Distributions.
Urbanik [90] and Sato [70]) Lo (RY) = S(RY).

Theorem 7.9 (Jurek [35], See Also Maejima and Sato [48]) U, (RY) =
Loo(RY).

We also have the following two propositions.

Proposition 7.10
Too(RY) C Uso(RY), Boo(RY) C Uso(R?Y) and Goo(R?) C Uso(RY).

Proof Trivial from Theorem 7.6.

Proposition 7.11 We have
Boo(RY) D S(RY), Goo(RY) D S(RY) and Toso(R?) D S(RY).

Proof Tt follows from Remark 7.5(1) that Boo(R?) and Goo(R?) are c.c.s.s., and
from Remark 7.5 (4) that T (R?) is also c.c.s.s. Thus, we have

Boo(RY) = Bo(RY), Goo(RY) = Goo(RY) and Too(R?) = Too (RY).
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We know that each class includes S(R?). Thus,
Boo(RY) D S(RY), Goo(RY) D S(RY) and Teo(RY) D S(RY).

The proof is completed.

Proof of Theorem 7.7 The statement follows from Theorems 7.8 and 7.9 and
Propositions 7.10 and 7.11.

7.4  Limits of the Iterations of Stochastic Integral Mappings

A natural question is whether Lo, (R?) is the only class which can appear as the limit
of iterations of stochastic integral mappings. In this section, we give an answer to
this question. We start with the following.

Theorem 7.12 (A Characterization of L. (R?) (Sato [70])) i € Loo(RY) if and
only if i € ID(RY) and

— " * —a—1 d
Vu(B) /(0’2) r (da)/s/\a(dé)/o 15(r&)r dr, Be B[R,

where I'* is a measure on (0, 2) satisfying

1 1
/ (—+—)F“(doz)<oo
0,2) o 2—«

and Ay is a probability measure on S for each a and it is measurable in a. Here I'*
is unique and so it can be considered a characteristic of [L.

Definition 7.13 For A € %((0,2)), define LA (RY) = {u € Loo(RY):I*
((0,2)\ A) = 0}.
Theorem 7.14 (Sato [78], Maejima and Ueda [54]) We have

(%@ = () R
m=1

m=1
Loo(RY), fora € (—00,0],
L& (RY), fora € (0,1),

nwE L(oléz)(Rd) : the weak mean of | is O} , fora =1,
e LS (RY) 1 [y xpu(dx) = o} , fora e (1,2).
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7.5 Characterizations of Some Nested Subclasses

Here we treat three cases, L, (Rd), B, (Rd) and G,, (Rd).

Sato [70] characterized the classes Lm(]Rd) in terms of v as follows. Recall the
functions k¢ in (11). We call the function /g (u) defined by hg(u) = ke(e™) the
h-function of p.

Let f be a real-valued functionon R. Fore > 0,n = 1,2, ..., denote

Afw) =Y (=" (;l)f(u +Jje).
j=0

Define A% = f. We say that f(u),u € R, is monotone of order 7 if A{;f > 0 for
e>0,j=0,1,2,...,n.

Theorem 7.15 (Sato [70, Theorem 3.2]) Let m = 1,2,.... Then ju € L,(R?) if
and only if u € L(R?) and the h-function of w is monotone of order m + 1 for
A-a.e. &, where A is the measure appearing in (2.3).

Another characterization of L, (R?) in terms of the decomposability is the
following.

Theorem 7.16 (See Sato [70, Theorem 2.1] and Rocha-Arteaga and Sato [67,
Theorem 49]) Form = 1,2,...,00, it € L,(R?) if and only if i € Lo(R?) and
for any b > 1, there exists some py, € Ly, (R?) such that (12) is satisfied.

For the characterization of B,,,(Rd), we introduce a sequence of functions
em(x),m=20,1,2,.... Forx > 0, let
X

go(x) = e %,

o)
81(x) = —/ e_x/"deo(u) > 0,
0

o0
em(x) = —/ e_x/“dsm_l(u) > 0.
0

We have

Theorem 7.17 (Maejima [43]) Let m = 1,2,.... Then u € B,,(R?) if and only if
w € Bo(RY) and v, is either 0 or it is expressed as

Vu(B) = _/0 vo(t™' B)de,(t)

for the Lévy measure vy of some o € ID(R?).
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For the characterization of G,,(R?), we restrict ourselves to the symmetric
distributions, which is easier. For m € N, let ¢,,(x) be the probability density
function of the product of (m + 1) independent standard normal random variables.

Theorem 7.18 (Aoyama and Maejima [3]) Let 1 € IDgym(R?). Then for each
me N, u € G,(R?) if and only if n € Go(R?) and v, is either 0 or it is expressed
as

vu(B) = /_ 0ot~ B) s (w)t,

where vy is the Lévy measure of some jiy € Go(RY).
Another characterization is the following.

Theorem 7.19 (Aoyama and Maejima [3]) Let m € N. A j1 € IDgyn(RY) belongs
10 G,(RY) if and only if 1 € Go(R?) and v,, is either 0 or it is expressed as

bu(B) = /S A(dE) /0 Ls(rE)gme(P)dr. B € Fo(R.

where A is a symmetric measure on the unit sphere S on R? and 8me(r) is
represented as

gme(s) = /_ s (3D g (Pl

where g (r) on (0, 00) is a jointly measurable function such that g¢ = g_¢, A —a.e.
for any fixed § € S, g¢(+) is completely monotone on (0, 00) and satisfies

/00(1 A1) ge(rP)dr = ¢ € (0,00)
0

with ¢ independent of €.

7.6 Some Nested Subclasses Appearing in Finance

In Carr et al. [19], they discussed the problem of pricing options with Lévy
processes and Sato processes (which are the selfsimilar additive processes) for asset
returns. Then they showed the importance of the distributions in L; (R4 ) or Ly(R4),
and also Leo (R4 ). Actually, some tempered stable distributions belong to L;(R?)
and LZ(R"), which will be seen in Sect.5.4 later, and Rosinski [69] mentioned
that tempered stable processes were introduced in mathematical finance to model
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stochastic volatility (see e.g. CGMY model in Carr et al. [18] discussed in Sect. 7.7
later), and that option pricing based on such processes were considered.

7.7 Nested Subclasses of L(R?) with Continuous Parameter

We have discussed nested subclasses Lm(]Rd), m=1,2,...,of L(RY). Nguyen Van
Thu [91-93] extended L,,(R?) to L,(RY) by replacing the integers m by positive real
numbers p > 0. It turns out that his classes L,(R?) are special cases of L, 4(R?),
recently studied by Sato [77]. Forp > 0 and o € R, let

Jpal(s) = FL(p) [l(— loguy 'u™'du, 0<s<l,
and denote its inverse function by j;’a (7). Define
Apo = Djr, and L, o(RY) := R(A,,0).
Then
LaRY =L, (R, m=1,2,...,
and the classes L,(R?) by Nguyen Van Thu [91-93] are
L,(RY) = L,1(RY), p>0.

For the details of L, , (Rd), see Sato [77].
Also note that &7 ,(f) in Maejima et al. [57] is the same as j; , () above with

p = m + 1. Hence, Lm,a(Rd),m = 1,2,...,a < 2, in Maejima et al. [S7] is the
special case of L, o (R?) in Sato [77].

8 Examples (I)

All examples in this section are one-dimensional distributions except in Sect. 8.5,
and we show which classes such known distributions belong to.

8.1 Gamma, x*-, Student t- and F-Distributions

(a) Let I, be a gamma random variable with parameters ¢ > 0 and A > 0.
Namely, P(I.; € B) = AT()7" [prp00* ¢ M dx. (When ¢ = 1, it is
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(b)

()

(d)
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exponential.) In its Lévy-Khintchine representation, the Gaussian part is 0 and
the Lévy measure is v(dr) = ce ™ r 1 (g00)(r)dr, (see e.g. Steutel and van
Harn [83, Chap.IlI, Example 4.8]). Then £ (I ;) € T(R+), (from the form
of the Lévy measure of £ (I ;)), but L (I,) ¢ Li(R4+), (Maejima et al. [56,
Example 1(1)]).

Letn € NandletZ,..., Z, be independent standard normal random variables.
The distribution of

)(Z(n) = le+...+Zﬁ
is called the y2-distribution with n degrees of freedom. It is known that
L) = L(T1)2),

and hence .Z(x?(n)) € T(R4).

Let Z be the standard normal random variable and y*(n) a y*-random variable
with n degrees of freedom and suppose that they are independent. Then the
distribution of

z

VxHn)/n

is called Student #-distribution of n degrees of freedom. Its density is

1 2 —(n+1)/2
0= o ()

1(n) 1= (28)

where B(, -) is the Beta function. It is known that .Z(¢(n)) € L(R), (see Steutel
and van Harn [83, Chap. VI, Theorem 11.15]).

Let x}(n) and x3(m) be two independent x*-random variables with n and m
degrees of freedom, respectively. Then the distribution of

xi(m)/n

F(n,m) := )(%(m)/m

(29)

is called F-distribution, and its density is

(dx) ! e N N s
X) = — x, x> 0.
H B(n/2,m/2)x \nx + m nx +m

It is known that Z(F) € I(Ry), (Ismail and Kelker [27]), and more that
Z(F) € T(R+), (Bondesson [16, Example 4.3.1]).



Classes of Infinitely Divisible Distributions and Examples 43
8.2 Logarithm of Gamma Random Variable

It is known that vg corresponding to log I is vi = 0 and

V_l(dr) = ﬁd}’, r>0, (30)

(see e.g. Linnik and Ostrovskii [41, Eq.(2.6.13)]). This does not depend on the
parameter A > 0.

(a) ZX(ogl.,) € L(R), (Shanbhag and Sreehari [81]). Shanbhag and Sreehari
proved the selfdecomposability by showing (12) without using (30). However,
once we know (30), we can show it by (11) and (30).

(b) ZL(logl,,) € Li(R) if ¢ > 1/2, (Akita and Maejima [1]). It is enough to
apply Theorem 7.15.

() ZL(ogl:y) € Ly(R) if ¢ > 1, (Akita and Maejima [1]). It is enough to apply
Theorem 7.15 again.

(d) Z(ogl,;) € T(R). (See Bondesson [16, p. 112].)

8.3 Symmetrized Gamma Distribution

The symmetrized gamma distribution with parameter ¢ > 0 and A > 0, is written
as sym-gamma (c, A). Its characteristic function is ¢(z) = (AZ /(A% + zz))C and in
its Lévy-Khintchine representation, the Gaussian part is 0 and the Lévy measure is
v(dr) = c|r|"'e=*"dr, (r # 0). (See Steutel and van Harn [83, Chap. V, Example
6.17].) (When ¢ = 1 it is the Laplace distribution.)

We have

(a) sym-gamma (¢, A) € T(R), (from the form of the Lévy measure above).
Thus
(b) sym-gamma (c, L) € G(R), (see Rosiriski [68]).

8.4 More Examples Related to Gamma Random Variables

(a) Product of independent gamma random variables. (Steutel and van Harn [83,
Chap. VI, Theorem 5.20].) Let I, I»,... I, be independent gamma random
variables, and let g1, g2, . . ., ¢, € R with |g;| > 1. Then

LI TP ... Ty € LRy).
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When n = 1 above, we can say more. Namely,
.,2”(1“1’“) e T(Ry).

(Thorin [87].)

Power of gamma random variables. (Bosch and Simon [17].) Let I" be a gamma
random variable and p € (—1,0). Then .Z(I'?) € L(R4+). The proof is as
follows: Let

ull(1 —p(u+1))
(1 —pu)

g(w) =

and let X = {X,} be the Lévy process such that
E[e_”X’] =Wy >0,

Then by an application of Proposition 2 of Bertoin and Yor [13] (see Bosch and
Simon [17] for the details), we have

p d * —X,
re= e di(=:1).
0

Let Ty, = inf{t > 0 : X, = y} for every y > 0. The fact that X; — oo a.s. as
t — oo and the absence of positive jumps assure that 7, < oo a.s. We thus have

Ty e d Ty 00 ,
I = / e Xdt +/ e Xidr = / e~ Xdr + e_y/ e Xidt,
0 T, 0 0

where X’ is an independent copy of X and the second equality follows from

the Markov property at 7. This shows that / satisfies (12), and hence I'? (g I
is selfdecomposable by (12). We remark here that £ (I'?),p € (0,1) is not
infinitely divisible. (See Bosch and Simon [17, p. 627].)

Exponential function of gamma random variable. (Bondesson [16, p. 94].) Let
X is denumerable convolution of gamma random variables 7, 5, with ¢; > 1.
Then

L) e TRy).
Let I" be a gamma random variable and let a, b € R. Then

L(al + bI'?) € T(R).

(Privault and Yang [65].)
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8.5 Tempered Stable Distribution

The tempered stable distributions were defined by Rosinski [69]. Let 0 < o < 2. Ty,
is called a tempered a-stable random variable on R?, if Z(T,) = H(Av,y) s such
that A = 0 and v, has polar decomposition

0, (B) = /S A(de) /0 L) e (dr, 31)

where g¢ (r) is completely monotone in r, measurable in £, and A(S) < o0, gz(o0) =
0. Because of the assumption that g¢(0c0) = 0, g¢(r) cannot be constant, and thus an
a-stable distribution is not tempered «-stable but tempered B (< «)-stable.

We have the following. It is easy to see by checking (13) for (a) and Theorem 7.15
for (b)—(d). (See Barndorff-Nielsen et al. [12].)

(@) If0 < o < 2, then Z(T,) € T(RY).

(b) If 1/4 < o < 2, then Z(T,) € L (RY).

(¢) If0 < @ < 1/4, and g:(r) = c(§)e>®" for all £ in a set of positive A-measure,
where c(§) and b(§) are positive measurable functions of &, then Z(T,) ¢
Li(RY).

(d) If2/3 < a < 2, then Z(T,) € Lr(RY).

8.6 Limits of Generalized Ornstein-Uhlenbeck Processes
(Exponential Integrals of Lévy Processes)

(a) Let{(X;,Y:),t > 0} be a two-dimensional Lévy process. Suppose that {X,} does
not have positive jumps, 0 < E[X;] < oo and £ (Y}) € IDjog(R). Then

< ( / ” e_X’—dY,) € L(R).
0
(Bertoin et al. [15].)

(b) Let {N,} be a Poisson process, and let {Y;} be a strictly stable Lévy process or a
Brownian motion with drift. Then

&z ( / - e_N’dY,) e L(R).
0
(Kondo et al. [39].)

(c) Let {N,};>0 be a Poisson process such that E[N;] < 1. Then

& ( / - e_(’_N’)dt) e L(R) N L (R)". (32)
0
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(Lindner and Maejima [40].) The proof of (32) is as follows: Let X, := t — N, and
V= fooo e Xidt. For ¢ > 0, let 7, := inf{t > 0 : X; = c}. Since X; — oo a.s. as
t — oo and {X,} does not have positive jumps, 7, < oo almost surely. Then

T o]
V= / e~ Xdr + / e Xdt =Y, + V.,
0 Te
where V. and Y, are independent. We have
o0 o0
Ve = / e XX g Xee gt = o€ / e~ XX gy,
Tc Tc
Denote
o0
V= / o~ X=X gy
L .
Tc

By the strong Markov property, {X, — X}, is independent of Y, and has the same
distribution as {X;},~¢. Thus we conclude that for all ¢ > 0

V=Y +ec°X,

where Z(X)) = Z(V). Thus .£(V) € L(R) by (12). But, in order that it is in
Li(R), it is needed that £ (Y,) € L(R) by Theorem 7.16. This, however, is not the
case. For instance, we have

1
P (Yl = / e_tdt) > P(N, does not jump until time 1) = ¢ £™1 > 0.
0

This means that ¥; has a point mass at fol e'dt = 1 — ¢~ but is not a constant,
namely, .Z(Y)) is a non-trivial distribution with a point mass. Recall that any non-
trivial selfdecomposable distribution on R must be absolutely continuous (see e.g.
Sato [73, Theorem 27.13]), and thus .Z(Y;) ¢ L(R). We then conclude that £ (V) ¢
Li(R).

8.7 Type S Random Variable

For 0 < a < 2, define X := VY%7, where V is a positive infinitely divisible
random variable and Z, is a symmetric a-stable random variable on R, and where
V and Z, are independent. We call X the type S random variable.

Here we explain subordination of Lévy processes.
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Theorem 8.1 (Sato [73, Theorem 30.1]) Let {V,,t > 0} be a subordinator (a
nondecreasing Lévy process on R) and let {Z;,t > 0} be a Lévy process on R,
independent of {V,}. Then X, := Zy, is a Lévy process on R?, and £ (X,) € ID(R?).

The transformation of {Z;} to {X;} is called subordination by the subordinator {V,}.

Theorem 8.2 Let {V;,t > 0} be a subordinator and let {Z,(t)} be a symmetric
a(€ (0, 2])-stable Lévy process on R, independent of {V,}. Then if we write V. = V|,

Z,(V) L yileg,, 33)
Thus, £ (V'/*Z,) € ID(R), implying that type S random variables are infinitely
divisible.

Proof We compare the characteristic functions on both sides of (33). Note that
E[e™] = exp{—c|z|*} with some ¢ > 0, and for the Lévy process {X;}, E[¢X!] =
(E[¢™1])". We then have

E[exp{izZy(V)}] = Ev [exp{—cV[z|"}]
and
E [exp {ile/“Za}] =Ey [exp {—c|V1/°‘z|°‘}] ,

implying that both sides of (33) are equal in law.

Notice that a symmetric stable random variable is of type G. For, we can check,
by the characteristic functions,

d
Z, = (zoj/z)l/zzz, (34)

where Z;'/Z is a positive «/2-stable random variable.
Theorem 8.3 Type S random variables are of type G.
Proof By (34), we have

Vl/aZa 4 Vl/a(Z;r/z)l/zzz _ (Vz/aZ;r/z)l/zzz_

It remains to show that £ (V?/ D‘le/z) € I(R.), but this can be shown in the same
way as in the proof of (33), completing the proof.

(a) fV L I 5, then Z(Zy(V)) € 9(T(R)) C T(R). (See Bondesson [16, p. 38].)

(b) Let A > 0 and {B;} a standard Brownian motion, and let {Z;} be a symmetric
stable Lévy process. Then fooo e 8744z, is of type S. (See Maejima and
Niiyama [45], Aoyama et al. [4] and Kondo et al. [39].)
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8.8 Convolution of Symmetric Stable Distributions of Different
Indexes

The characteristic function of the convolution of symmetric stable distributions of
different indexes is ¢(z) = exp { f(o,z) —Izlam(da)}, where m is a measure on the
interval (0, 2). It belongs to Lo (R). (See e.g. Sato [67].)

8.9 Product of Independent Standard Normal Random
Variables

Let Z;, Z,, . .. be independent standard normal random variables.

(a) Z(Z1Z,) € T(R). This is because .Z(Z,Z,) = £ (sym-gamma(1/2, 1)), (see
Steutel and van Harn [83, p. 504]),

(b) (Maejima and Rosifiski [46, Example 5.1].) Z(Z;---Z,) € G(R), n > 2. The
proof is as follows: Recall that if V > 0, £ (V) € I(R), Z is the standard normal
random variable and V and Z are independent, then 1 = Z(V'/?2Z) € G(R).
Here we need a lemma.

Lemma 8.4 (Shanbhag and Sreehari [81, Corollary 4]) Let Z be the standard
normal random variable and Y a positive random variable independent of Z. Then
|Z|PY is infinitely divisible for any p > 2.

We have Z;---Z, 4 Z\|Z>---Z,| and |Z,---Z,|? is infinitely divisible by
Lemma 8.4, which implies that Z(Z; ---Z,) € G(R), n > 2.

(¢) When n = 2, we can say more, namely, -Z(Z,Z,) € G;(R). (For the proof, see
Maejima and Rosiniski [46, Example 5.2].)

9 Examples (II)

In this section, we list examples of distributions in the classes L(R), B(R), T(R) and
G(R), in addition to what we have explained in the previous section.

9.1 Examplesin L(R)

There are many examples in L(RR). The following are some of them.

(a) Let Z be the standard normal random variable, #(n) Student’s r-random variable
and let F(n,m) be F-random variable. Then (i) Z(log|Z|]) € L(R), (i)
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Z(log|t])) € L(R) and (iii)) -Z(log F) € L(R). (Shanbhag and Sreehari [81].)
These follow from the following facts:

(i) Since |Z|2 = y2(1), log |Z| 4 1log x*(1).
(i) By (28),

d 1 1
log|t(n)| = log|Z| — 5 log I}2,1/2 + 5 logn,

where Z and I7,/5 1/, are independent.
(ii1) By (29),

log F(n, m) 4 log Iy/2,1/2 —10g I3ny2,1/2 — logn + logm,

where I7,/51/2 and I,/ 1> are independent.

(b) Let E have a standard exponential random variable. Consider X 4 —logE.
Then the distribution function G, of X is G| (x) = e ", x € R, called Gumbel
distribution. (See Steutel and van Harn [83, Chap.IV, Example 11.1].) By
Sect. 5.2(a), Z(X) € L(R). Also G3(x) = l—e ¢, x eR,is selfdecomposable,
because G>(x) = 1 — Gi(—x) and so G, = Z(—X).

(c) LetY be abetarandom variable. Then .Z (log Y(1 - Y)_l) € L(R). (Barndorff-
Nielsen et al. [11].)

9.2 Examplesin L{(Ry)

The following is Maejima et al. [56, Example 1(ii)]. Let u € ID(R4) be such that
ky1(r)yin(1l)iscx e ™, r > O witha,c > 0and 0 < o < 2. Then u € Li(Ry).
It is enough to apply Theorem 7.15.

9.3 Examples in B(R)

(a) (Bondesson [16, p. 143].) Let {Y;} be i.i.d. exponential random variables and
N a Poisson random variable independent of {Y;}. Put X = Zj\':l Y;. Then
Z(X) € BRy).

(b) (Bondesson [16, pp. 143-144].) Let Y = Y(«, ) be a beta random variable
with parameters « and 8 and let X = —log Y. Then

bl) Z(X) € B[R,).
(b2) £ (X) € L(Ry) ifandonly if 2 + 8 > 1.
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9.4 Examples in G(R)

More examples of distributions in G(R) are the following by Fukuyama and
Takahashi [22]. Let ([0, 1], ‘B, 1) be the Lebesgue probability space with Lebesgue
measure A. For any i € G(R) N IDgym (R), there exist {a;}, A,(— o0) and {B;} C R
such that

1 n
T Zaj cos (2mj(w + B))).  €[0,1],
n j=1

converges weakly to i on the Lebesgue probability space.

9.5 Examplesin T(R)

There are many examples in T'(R). (See e.g. Bondesson [16].) The following are
some of them.

(a) (Log-normal distribution.) Let Z be the standard normal random variable and
put X = ¢”. The distribution of X is called the log-normal distribution, and its
density is

H() = = exp =3 log 7] 1o (e

The log-normal distribution belongs to T(R+). (See Steutel and van Harn [83,
Chap. VI, Theorems 5.18 and 5.21].)

(b) (Pareto distribution.) Let I'1; and I, ;,¢ > 0 be two independent gamma
random variables and put X = I /I, 1. Then its density is

1 1 1+c
p(dx) = B(.0) (1—_”) 1(0.00) (*)dx,

and the corresponding distribution is called the Pareto distribution and belongs
to T(R). (See Steutel and van Harn [83, Chap. VI, Example 12.9 and Theorems
5.18 and 5.19(i1)].)

(c) Generalized inverse Gaussian distributions belong to T'(R). (See e.g. Bondes-
son [16, Example 4.3.2].)

(d) Let X, be a positive a-stable random variable with 0 < o < 1. Then
Z(logXy) € T(R). (See Bondesson [16, Example 7.2.5].)

(e) (Lévy ’s stochastic area X of the two-dimensional Brownian motion. See e.g.
Sato [73, Example 15.15].) The density of X is f(x) = (7 coshx)™! and k+,(r)
in (11) is |2 sinh 7| =, Since |2 sinh 7| ™! is completely monotone in r € (0, c0),
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we have .Z(X) € T(R4). This distribution p; with a bit different scaling (the
density is fi(x) = (27 cosh %x)_l) is called the hyperbolic cosine distribution,
(see e.g. Steutel and van Harn [83, p. 505], for this and below). It is also known
that 1 is £ (log(Y/Z)) with independent Y and Z both of which are I, ;. The
distribution pi, with density f>(x) = (272 sinh %x)_lx is called hyperbolic sine
distribution. It is known that 1, is £ (Y + Z) with independent ¥ and Z both of
which are distributed as hyperbolic cosine distribution. kg (r) is | sinh 7|~ up to
scaling, and thus also u, € T(Ry).

9.6 Examplesin T(R) N L{(R)¢ (Revisited)

(a) Z(I,,)- (Section 8.1.)

(b) L(T,) if 0 < a < 1/4 and ge(r) = c(§)e™®©" for all € in a set of
positive A-measure, where ¢(§) and b(§) are positive measurable functions of
&. (Section 8.5, (a) and (c).)

10 Examples (IIT)

The class of GGCs, which is the Thorin class, is generating renewed interest, since
many examples have recently appeared in quite different problems. We explain some
of them below.

10.1 The Rosenblatt Process and the Rosenblatt Distribution

Let 0 < D < 1/2. The Rosenblatt process is defined, for ¢ > 0, as
/ t
2o =C0) [ ( [ =503 sy Zdu) dB,,dB,,
R 0

where {B,s € R} is a standard Brownian motion, fﬂéz is the Wiener-1t6 multiple
integral on R?> and C(D) is a normalizing constant. The distribution of Zp(1) is
called the Rosenblatt distribution.

The Rosenblatt process is H-selfsimilar with H = 1 — D and has stationary
increments. The Rosenblatt process lives in the so-called second Wiener chaos.
Consequently, it is not a Gaussian process.

In the last few years, this stochastic process has been the object of several
papers. (See Pipiras and Taqqu [64], Tudor [88], Tudor and Viens [89], Veillette
and Taqqu [94] among others.)
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Let

Hp = {h . h is a complex-valued function on R, A(x) = h(—x),
/ ()21 dx < oo}
R

and for every ¢t > 0 define an integral operator A, by

n‘(x—y) 1

Ah(x) = C(D) / CHO . b e

Since A, is a self-adjoint Hilbert-Schmidt operator (see Dobrushin and Major [20]),
all eigenvalues A,,(f),n = 1,2, ..., are real and satisfy Y oo | A2(f) < oo.
We start with the following.

Theorem 10.1 (Maejima and Tudor [49]) Foreveryty,...,t; >0,

@o(t). ... Zp(1a)) = (Z An(t) (e = 1), D Aalta) (67 — 1)) :

n=1 n=1

where {¢€,} are i.i.d. standard normal random variables.

The case d = 1 was shown by Taqqu (see Proposition 2 of Dobrushin and
Major [20]). The proof is enough to extend the idea of Tagqu from one dimension
to multi-dimensions.

Theorem 10.2 (Maejima and Tudor [49]) For every ti,...,t; > 0, the law of
(Zp(th). . ... Zp(ty)) belongs to T(RY).

Proof By Theorem 10.1,

@p(t). ... Zp(ta)) = (Z W)y = 1), ) Aalta) (e — 1))
=1 n=1
= Z 2Oa(t), -, Aalta) — (an(n),...,zxn(m)) :
n=1 n=1 n=1
where sﬁ(/\,,(tl), e A(tg),n = 1,2,..., are the elementary gamma random

variables in R? Since they are independent and since the class T(RY)
is closed under convolution and weak convergence, we see that the law
of Y72, n(/\ (t1)....Au(ts)) belongs to T(RY), and so does the law of
Zp(t), ..., Zp(ty)). This completes the proof.
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In general, let I3(f) be a double Wiener-1td integral with respect to standard

Brownian motion B, where f € L2 (Ri). Then we have a more general result as

sym
follows:

Proposition 10.3

B = L()E2 -1,

n=1

where the series converges in L*(2) and almost surely. Also

1 . 1 (&
s (2) = | (@@ —1-iz0)= () ﬂ‘“n)d}.
K3z 6XP§2/RJr e zzxx (n:le x
Thus £ (I2(f))) € T(R).

(For the proof, see e.g. Nourdin and Peccati [60].)

The Rosenblatt distribution is represented by double Wiener-1t6 integrals. How-
ever, we have seen that it belongs to the Thorin class 7(R). The distributions in T'(R)
have several stochastic integral representations with respect to Lévy processes. Here
we take one example. We regard them as members of the class of selfdecomposable
distributions, which is a larger class than the Thorin class. This allows us to obtain
a new result related to the Rosenblatt distribution.

The following is known. (Aoyama et al. [6, Corollary 2.1].) If {I7,,7 > 0} is a
gamma process with parameter A > 0, {N(r),7 > 0} is a Poisson process with unit
rate and they are independent, then for any ¢ > 0,1 > 0,

d 00
FC,)& = / e_tdFN(ct),)k-
0
Let

Y, = I'nga2 — 1.

Note that {Y;, 7 > 0} is a Lévy process. Then we have
d a [~ )
e—1=10,-1= /0 e~'dy;"”,

where I 1(/"2)’ 1> and {Y,(")} are independent copies of I7/2,1/2 and {Y;}, respectively.
Thus

d [o%s) 0 o 00
Zp = / e'd LY | = / e 'dz,.
D ) ; t ) t
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Remark 10.4 Y%, A,Y" is convergent a.s. and in L? because

o o

2
Y E [(AnY,(”)) } = E[7?]Y R <.
n=1 n=1
Remark 10.5 Since {Y,(") t,n = 1,2,..., are independent and identically dis-

tributed Lévy processes, their infinite weighted sum {Z;} is a Lévy process.
We thus finally have the following theorem.
Theorem 10.6 (Maejima and Tudor [49])

d oo
ZD == / e_ter,
0

where {Z,} is a Lévy process in Remark 10.5.

10.2 The Duration of Bessel Excursions Straddling
Independent Exponential Times

This section is from Bertoin et al. [14].

Let {R;,t > 0} be a Bessel process with Ry = 0, with dimension d = 2(1 — @),
(0 < @ < 1, equivalently 0 < d < 2). When o = 1/2, {R,} is a Brownian motion.
Let

¢ :=sup{s <t:R, =0},

) .= inf{s > t: R, = 0}
and
A0 = df — g,

which is the length of the excursion above 0, straddling 7, for the process {R,,, u > 0},
and let ¢ be a standard exponential random variable independent of {R,, u > 0}. Let
Ay = Af;a), which is the duration of Bessel excursions straddling independent
exponential times.

Theorem 10.7 Z(A,) € T(R4).
The idea of the proof is the following. They showed that

E[e™*Ge]

o0
B[] =ew|-0-a) [T - Had oo
0 X
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with a nonnegative random variable G, on [0, 1]. (The density function of G, is
explicitly given.) Since k(x) := E[e*C] is completely monotone by Bernstein’s
theorem (Proposition 3.2), the statement of the theorem follows from (13).

10.3 Continuous State Branching Processes with Immigration

We start with some general theory on GGCs. Any GGC p € T(R4) has the Laplace
transform:

k(x)

o0 o0
w(s) = / e " u(dx) = exp { —ys —/ 1—e)—=dx;, s>0,
0 0 X

where y > 0, fooo @k(x)dx < oo and k(x) is completely monotone on (0, o). By
Bernstein’s theorem (Proposition 3.2), there exists a positive measure o such that

k(x) = /0 - e Yo(dy).

We call this o the Thorin measure, (see James et al. [28, Sect. 1.2.b]). Therefore,
u € T(R4) can be parameterized by the pair (y, o). Recall

7(s) = exp { —ys— /000(1 - e_”)% (/000 e_xy(f(dy)) dx} , s>0.

The integrability condition for the Lévy measure v of GGC is, in terms of o, turned
out to be

> s
/ log (1 + —) o(dy) <oo forall s >0,
0 y

(see James et al. [28, Eq. (3)]) which is equivalent to

1
/ | log y|o(dy) +/ —o(dy) < o0.
0.1/2] (1/2,00) Y

The following is from Handa [24]. Consider continuous state branching pro-
cesses with immigration (CBCI-process, in short) with quadruplet (a, b, p, §) having
the generator

Lsf (x) = axf” (x) — bxf'(x) + X/O [F(x+y) —f () —yf (D)]p(dy) + 8f'(x).

where p is a measure on (0, co) satisfying fooo(y Ay p(dy) < oo.



56 M. Maejima

Theorem 10.8 Ler y > 0 and suppose that o is a non-zero Thorin measure.

(1) There exist (a, b, M) such that

1
J/—i_/s+u

(2) Any GGC with pair (y,0) is a unique stationary solution of the CBCI-process
with quadruplet (a, b, p, 1), where p is a measure on (0, 00) defined by

p(dy) = (/000 uze_y”M(du)) dy

10.4 Lévy Density of Inverse Local Time of Some Diffusion
Processes

o(du) = ls—}—b—i—/—M(du) s> 0.

This section is from Takemura and Tomisaki [84].

Example 10.9 (Also, Shilling et al. [80, p. 201]) LetI = (0,00) and —1 < p < 0.
Let¥®) = %i—zz + 24 Assume 0 is reflecting. Let D?) be the diffusion process

on I with the generator ¥ and £ the Lévy density of the inverse local time at 0
for D). Then we have £?(x) = C ;x"” |, which is the Lévy density of a GGC.

Example 10.10 LetI = (0,00) and —1 < p < 0. Let D) be the diffusion process
with the generator ¥ = Zx% + 2p + 2)% and suppose that the end point 0
is reflecting. If £ is the Lévy density of the inverse local time at O for D?), then
€W (x) = CLx~P!, which is again the Lévy density of a GGC.

Example 10.11 Let—1 <p < 1and 8 > 0. Let

gop _ L& L, apv2Py K (\/2Bx)

2dx2+ 54_ K,(/2Bx) dx’

where K,,(x) is the modified Bessel function and, let D®-A) be the diffusion process
on I with the generator ¢7-#)_ Suppose that the end point 0 is reflecting. Then £?-#),
the Lévy density of the inverse local time at O for D?-#), satisfies

PP (x) = Clx_ Ipl ;=B
X

which is the Lévy density of a GGC. (When p = 0, Shilling et al. [80, p. 202].)
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Example 10.12 Let—1 <p < land B > 0. Let

wp oA K, (y/2Bx)
9 2xd 1+ \/2,3 \/%)

If D?P is the diffusion process with the generator ¥®#) and the end point 0 is
reflecting, then £?#), the Lévy density of the inverse local time at 0 for D?) is
PP (x) = CLxIPle=* which is a GGC.

10.5 GGCs in Finance

Lévy processes play an important role in asset modeling, and among others a typical
pure jump Lévy process is a subordination of Brownian motion. One of them is the
variance-gamma process {Y;} by Madan and Seneta [42], which is a time-changed
Brownian motion B = {B,} on R subordinated by the gamma process I" = {I"(¢)};
namely

Yt = BF(I‘)s (35)

where the gamma process {I'(¢)} is a Lévy process on R such that Z(1"(1)) is the
distribution of a gamma random variable I} ;. This is a special case of Example 30.8
of Sato [73], where B is a general Lévy process on R, and when B is the standard
Brownian motion on R, for z € R,

i A’ '
E[e] = (—sz) .

This is sym-gamma (7, +/A) in Sect. 5.3.

The variance-gamma processes, which are studied in finance, are generalized
to the variance-GGC process. The variance-GGC process is {¥;} in (35) with the
replacement of the gamma process I" by the GGC process I = {1:',}, which is a
Lévy process on R such that .# (I 1) is a GGC. The following is known.

Proposition 10.13 (Privault and Yang [66]) Let B is a Brownian motion with drift
and Y, = By. Then Y, is decomposed as Y; = U, — W,, where {U,} and {W,} are
two mdependent GGC process, and thus Z(Y,) € T(R).

The next example is the so-called CGMY model (Carr et al. [18]). It is EGGC
with the Lévy density k¢ (r) and

Ce GOy 17Y for & = —1,

ke(r) =
() Ce™Mrp=1=Y = for £ = +1.
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where C > 0,G,M > 0,Y < 2. The case Y = 0 is the special case of the variance
gamma model. This model has been used as a new model for asset returns, which, in
contrast to standard models like Black-Scholes model, allows for jump components
displaying finite or infinite activity and variation.

11 Examples of a-Selfdecomposable Distributions

In this section, we give two examples of a-selfdecomposable distributions. The first
one is two-dimensional.

11.1 The First Example

Many examples in LI (R) = L(R) are known as selfdecomposable distributions,
but we have less examples of distributions in L{*(R%), # 0. In this section, we
give an example in L~ (R?). This section is from Maejima and Ueda [51].

Let (Z;,7Z;) be a bivariate Gaussian random variable, where Z; and Z, are
standard Gaussian random variables with correlation coefficient o € (—1, 1). Define
a bivariate gamma random variable by W = (Z?, Z%). Our concerns are whether W
is selfdecomposable or not and if not, which class its distribution belongs to.

Theorem 11.1 Suppose o # 0. Then

e L(R?) foralla < -2,

&
34 ¢ LN (R?) foralla > —2.

Remark 11.2 This is an example showing that L (R?) is not right-continuous in «
at o« = —2, namely

L@ 2 | LP®).
p>—2

Proof of Theorem 11.1 Let W := %(Wl + W,), where W, W, are indepen-
dent copies of W. Note that W is a-selfdecomposable if and only if W is
a-selfdecomposable. Vere-Jones [95] gave the form of the moment generating
function of W. Then we can see that the Lévy measure v of W is

* 1
o) = [ M) [ 108t
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where
lo| cosf + sinf 2|0 |+/cos 8 sin §
Le(r) = —— exp | — —rh | —————7].
r(1 —02)~/cos @ sin § -0 l-o

(£ = (cosB,sin @), 0 € (0, 7/2)),

where 1,(-) is the modified Bessel function of the first kind. To show .Z(W) €
L=2(R?), it is enough to check that Le(r), r > 0 is nonincreasing, which is proved
in Maejima and Ueda [51].

To see that Z(W) ¢ L' (R?),a > —2, it is enough to check that for any g >
0, rﬁﬁg(r), r > 0 is “not” nonincreasing, which is easily shown.

11.2 The Second Example

This section is from Maejima and Ueda [55].

Remark 11.3

e LO®),

AV
T o), o,

Thus, L) (R) is not right-continuous at o = 0.

Consider .Z(log I'..»). It is known that £ (log I'. 1) € L(R) = L (R) (Sect. 5.2
(a)). Let

—r

h(a;r):zg— ¢ , >0,
r 1—e"
’,Ze—r
k(r) i = ———, > 0.
(V) (1 _e—r)Z r

Write the solution of k(r) = @ by r = r,. Let
Al ={(c,a) € (0,00) xR : O<a <1, ¢c>h(a;ry)}

and

1
Ay ={(c,a) € (0,00) xR : a =1, czz}_
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Theorem 11.4

e LY ®R), if (c,a) € ((0,00) x (—00,0]) UA; UA,,

Z(log I,
(log I'..2) ¢ L<‘)‘>(R), if (c,a) ¢ ((0,00) x (—00,0]) UA| U A,.

Proof As we have seen in (30) in Sect.5.2, v_; of logl,, is v_i(dr) =

—<_dr,r> 0. Thus
r(l—e™")

) — 1 rée " dr —
V-1 (dr) = o+l ’ 1 —e" r=: ot

Lea(r)dr
and it is enough to check the monotonicity or non-monotonicity of £.4(r),r > 0,
depending on (c, ). (For the details of the proof, see Maejima and Ueda [55].)
Corollary 11.5 L) (R) is not right-continuous at o € (0, 1].
Remark 11.6
(i) Foranyc >0, Z(ogl.;) ¢ L' (R), o > 1.
(i) Let E be an exponential random variable. Then
e LM (R),
Z(logE) (R)
¢ LY(R), a > 1.

(iii) Let Z be a standard normal random variable. Then

e LN(R),

Z(
(logZ]) {¢L(“)(R), a1,

since Z2 g Fl/qu/z.

12 Fixed Points of Stochastic Integral Mappings: A New
Sight of S(RY) and Related Topics

Following Jurek and Vervaat [38], Jurek [31] and Jurek [32], we define a fixed point
w4 under a mapping &y as follows.

Definition 12.1 p € D(Py) is called a fixed point under the mapping &, if there
exista > 0 and ¢ € R? such that

Dp(p) = P * 6. (36)

Remark 12.2 Given a mapping @y, the natural definition of its fixed point may be
w satisfying @¢(u) = p. However, if we restrict ourselves to the mapping @,
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for instance, only the Cauchy distribution satisfies @, () = . Then what is the
meaning of (36)? We know that i € ID(R?) determines a Lévy process {X;} such
that © = Z(X;), and u** % §, = £ (X, + c). Therefore, (36) means that some Lévy
process is a “fixed point” in some sense.

We consider here only @,. The set of all fixed points under the mapping @, is
denoted by FP(®,). For 0 < p < 2, let S,(RY) be the class of all p-stable
distributions on R? and thus S(RY) = ( J, <2 S,(R?). Furthermore, for 1 < p <2,
let S9(R) be the class of p-stable distributions on R¢ with mean .

Theorem 12.3 We have

S(Rd)’ whena <0,
FP(®e) = Upe(a,z] SP(Rd), when0 <« < 1,
Upe(a,z] SS(Rd), when 1 <« < 2.

Remark 12.4 Theorem 12.3 for « < 0 was already proved in Jurek and Ver-
vaat [38], Jurek [31] and Jurek [32] even in a general setting of a real separable
Banach space. The case for 0 < o < 2 is by Ichifuji et al. [25]. One meaning of this
theorem is to give new characterizations of the classes S(R?), | J S,(R?) with

pE(,2]
0<a<landJ,eqa Sg(Rd) with 1 <o < 2.
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