Tempered infinitely divisible distributions and
processes

Michele Leonardo Bianchi*

Department of Mathematics, Statistics, Computer Science and Applications,
University of Bergamo

E-mail: michele-leonardo.bianchi@unibg.it

Svetlozar T. Rachev T
Chair-Professor, Chair of Econometrics, Statistics and Mathematical Finance,
School of Economics and Business Engineering,
University of Karlsruhe and Karlsruhe Institute of Technology (KIT)
and
Department of Statistics and Applied Probability,
University of California, Santa Barbara

E-mail: rachev@statistik.uni-karlsruhe.de

Young Shin Kim
Department of Econometrics, Statistics and Mathematical Finance,
School of Economics and Business Engineering,
University of Karlsruhe and Karlsruhe Institute of Technology (KIT)

E-mail: aaron.kim@statistik.uni-karlsruhe.de

Frank J. Fabozzi

School of Management,
Yale University
E-mail: frank.fabozzi@yale.edu

July 29, 2008

*Michele Leonardo Bianchi’s research was supported by a Ph.D. scholarship of the University
of Bergamo.

tSvetlozar T. Rachev’s research was supported by grants from Division of Mathematical, Life
and Physical Science, College of Letters and Science, University of California, Santa Barbara,
and the Deutschen Forschungsgemeinschaft.



Abstract. In this paper, we construct the new class of tempered infinitely divisible
(TID) distributions. Taking into account the tempered stable distribution class, as
introduced by in the seminal work of Rosirisky [10], a modification of the tempering
function allows one to obtain suitable properties. In particular, TID distributions
may have exponential moments of any order and conserve all proper properties of
the Rosiniski setting. Furthermore, we prove that the modified tempered stable
distribution is TID and give some further parametric example.

M.S.C. classification: 60E07, 60G52.
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1 Introduction

The formal and elegant definition of tempered stable distributions and processes
has been proposed in the work of Rosinski [10] where a completely monotone func-
tion is chosen to transform the Lévy measure of a stable distribution. Tempered
stable distributions may have all moments finite and exponential moments of some
order. The idea of selecting a different tempering function has been already consid-
ered in the literature, see [1]. In this paper, by following the approach of Rosiriski
[10] and considering a particular family of tempering functions, a new class of dis-
tributions is introduced with the same suitable properties of the tempered stable
class, but with the advantage that it may admit exponential moments of any order.
By multiplying the Lévy measure of a stable distribution with a positive definite
radial function, see [13], instead of with a completely monotone function as in [10],
we obtain the class of tempered infinitely divisible (TID) distributions. In some
cases, the characteristic function of a TID random variable is extendible to an
entire function on C, that is, it admits any exponential moment.

Some practical problems in the field of mathematical finance have motivated
our studies. Furthermore, we want to fill a gap in the literature. The modified
tempered stable (MTS) distribution is not a tempered stable distribution of the
Rosinski type [¢] even though its properties are very close to that class. We will
prove that the MTS distribution is in the TID class.

Although this distributional family is constructed by tempering the Lévy mea-
sure of a stable distribution, any stability property is lost. We will proceed as
following. In Section 2, basic definitions and distributional properties are given.
Working with the Lévy measure may be a difficult task, therefore a spectral mea-
sure R is needed to figure out all characteristics of this class. This measure describes
all distributional properties and allows one to obtain a close formula for the charac-
teristic function. Since TID distributions are by construction infinitely divisible, a
TID Lévy process can be considered. In Section 3, TID processes are analyzed. If
the time scale increases, the TID process looks like a Gaussian process; conversely,
if the time scale decreases, it looks like a stable process. Furthermore, under some
condition on the tempering function, the change of measure problem between sta-
ble and TID processes can be solved. In Section 4, a view toward simulation is
given. Taking into consideration [J, 10], a series representation is derived in terms
of a measure @), as already proved for the tempered stable class.

Similar to the tempered stable framework, this class of distribution has an
infinite dimensional parametrization by a family of measures 1], making it difficult
to use. For this reason, in Section 5 some parametric examples in one dimension
are proposed, and characteristic functions are derived.

2 Tempered infinitely divisible distribution

It is well known that the Lévy measure M, of an a-stable distribution on R¢
can be written in polar coordinates in the form

My(dr,du) = r~*tdr o(du), (2.1)



where a € (0,2) and o is a finite measure on the unit sphere S¢1.

Theorem 2.1. If ug is an «-stable distribution, then its characteristic function
has the form

ﬂo(y)z{ eng—Cadequa >| (1—Ztan sgn<y’ >) ( )+Z<y, >}’ 067&1,

eXpr—a de*1(|<y7u>| + Z;( Ys >10g |<y7 >|) du + ’L<y,CL } ) a=1,
(2.2)
where a € RY and
[ Pa)eos()], a#1,
o 3 a=1.
Proof. See [12, Theorem 14.10]. O

Definition 2.2. If Y is an a-stable random wvector with characteristic function
(2.2), we will write Y ~ Sy(0,a).

Taking into account the approach of [10], we want to modify the radial com-
ponent of My and obtain a probability distribution with lighter tails than stable
ones. A TID distribution is defined by tempering the radial term of M as follows.

Definition 2.3. Let u be a infinitely divisible probability measure on R? without
gaussian part. We call p tempered infinitely divisible (TID) if its Lévy measure M
can be written in polar coordinates as

M (dr,du) = r~*q(r,u)dr o(du) (2.3)
where « is a real number a € [0,2), o a finite measure on the unit sphere S and

q:(0,00) x S4 1+ (0,00) is a Borel function defined by

o(r,u) = /0 20 (dslu), (2.4)

with {Q(-|u) }yesi-1 a measurable family of Borel measure on (0,00). If q(0+,u) =
1 for each u € S ', u is referred to as a proper TID. The function q is called a
tempering function.

In the case where {Q(-|u)},cge-1 are finite non-negative Borel measures on
(0,00), q(-,u) are positive definite radial functions on R¢. By [13], the following
results holds.

Theorem 2.4. A continuous function ¢ : (0,00) — R is positive definite and
radial on R? for all d if and only if it is of the form

p(r) = /O " e u(ds),

where 1 s a finite non-negative Borel measure on (0, 00).



Define a measure Q on R? by

QA) = / /00 Ia(ruw)Q(dr|u)o(du), A€ B(RY). (2.5)
sa-1.Jo
It is easy to check that Q({0}) = 0. We also define a measure R on R? by
R = [ (el Q). A€ BEY). (2.

The measure R is equivalent to the measure @) and clearly R({0}) = 0. By defini-
tion of R, for each Borel function F', the following equality is satisfied

| Far@) = [ e, (2.7

Rd

in the sense that when one sides exists then the other exists and are equal. By

choosing
x

F(a) = L(py)lell

then () can be written as

X

Q(A) = /Rd IA(HQJHQ)IIwII"R(dI), A€ B(RY). (2.8)

Sometimes the only knowledge of the Lévy measure cannot be enough to obtain
analytical properties of tempered infinitely divisible distributions. Therefore, the
definitions of measures () and R allow one to overcome this problem and to obtain
explicit analytic formulas and more explicit calculations. The following result
allows one to figure out relations between the Lévy measure M and the measure

R above defined.

Proposition 2.5. Let p be a TID distribution, the corresponding Lévy measure
M be defined as in (2.3) and R as in (2.6). Then M can be written in the form

M(A) = /R d /0 T L)l RdtR(dy), A€ B®RY, (29

if and only if the measure R on R satisfies the following conditions, R({0}) = 0
and

{ Jpa(lz|I* Ajz]|*)R(dz) < oo, 0<a<2, (2.10)

Jea(og(1 + [|z]|) + 1) R(dz) < 00, a=0.

Proof. Let p be a TID distribution with Lévy measure M. First we will prove that
there exists at least one measure R, defined in (2.6), such that M, defined in (2.3),
can be written in the form (2.9). To show this result, we take the measure R as in
(2.6) and for each A € B(R?), by considering (2.4), (2.5), (2.6), (2.7) and Fubini



theorem, we have

M(A) = /S /0 L)l g(r, w)dro(du)

. /S - /0 h /0 h Ly(ru)r= e 5 2Q(ds|v)dro(du)
w/

(
_ /S - /0 h ( /0 h IA(éu)t_"‘_le_tQ/th>saQ(ds|u)a(du)
¢ o(d -

(2.11)
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= / / Li(ty)t =Y Y 2dtR(dy)

Conversely, given a measure R, let ) be the measure defined by (2.8) and let us
consider the decomposition Q(dr, du) = Q(dr|u)o(du), where o is a finite measure
on S471. Thus, we can define ¢(r,u) by (2.4) and the computation (2.11) proves
that M can be written in the form (2.3).

Now we want to prove that M is a Lévy measure if and only if (2.10) holds.
Suppose M a Lévy measure, then we have

/ |20 (dz) < oo
|z <1

and by considering (2.9) and a # 0, we obtain

1/l )
00 > / ||| M (da) :/ ||x||2/ tre 2 dt R(dx)
Jel<1 R 0

1 ) 1/l ]
> / Iz / 1-ce=224t R(dx) + / l|f? / Ho0e= 24t R (dx)
llz[|<1 0 [ll|>1 0

> e V22— a)! z|2R(dx) + e V32 — )™ z||“R(dx
> 0y [ el R e ) [ R

llz]|>1

thus, we obtain the desired inequality
[ (lal? A el i) < oc
Rd
Now, let us consider the case o = 0. By definition of the Lévy measure we have

M(dzx) < o0

]| >1



and by considering (2.9) with a = 0, the following inequalities are satisfied

00 > M(dm):/ / tle At R(dx)
||| >1 R4 i

_ / / #1124t R(d / / t-1e~ P24t R(de)
[zl <1 Tl [|lz[[>1

KR(dx) + e '/ log(||||) R(da
> [ ) et [ os(al A

ll]|>1

where K is a finite constant. Then, also when o = 0, condition (2.10) is a necessary
condition. Conversely, now we prove that (2.10) is also sufficient. Suppose that
there is a measure R satisfying (2.10). Then the measure M can be written in the
form (2.9). If a # 0, we can write

/|| NERICEE

_ /R ||x||2/ f1=oe=/2 R (d)

1
< / ||| t’“e’t2/2dtR(dx)+ / ||| R(dx)
lzl|<1 0 2= =1

1
= 20 - 9) / lel?R(de) + s—— [ Jlall*R(de) < o0
leli<1 2-a

ll]|>1

and

/ M(dz) = / / t1e 24t R(dx)
llzl>1 R

< C’/ / t3dtR(dx) + / / t~* 'dtR(dr)
lzl<1 lzl>1
1
SOf papnans ./ i)
2 ol <1 @ Jlef>1
where C':= sup,.., t>~%¢~*"/2. Thus M is a Lévy measure.

Considering the case where av = 0, we obtain

/ le|2M (dz) = / o / te2dt R(dx)
|z <1

< [ lalP - ) R(a)

z||?R(dx R(dx
4w||<1 el )+/x||>1 (dz)

IN



and

/ M (dz) =
)| >1
= / / tle At R(dx)
Rd L
< ——dtR(dx) + / / “1e=*/20t R(dx
/|a:<1/ t2/2 2 >1 (dz)

[E3]

z||* R(dx log(||z e VO R(dx).
< /”mn 12R( >+/”x”>l< a(llz]) + ¢ V?)R(dz)

Thus, M is a Lévy measure.

Now, in order to show that (2.9) is well defined, we want to show that R is
uniquely determined. We will prove it by contradiction. Let R; and R, be two
measures on R? satisfying (2.9). Then, by previous argument, (2.10) has to be
satisified also. By contradiction, we suppose that there exists a Borel set A such
that Ry(A) # Ra(A). By equation (2.8), we can define Q7 and Qs from R; and Ry
and consider the polar representation

Qi(dr, du) = Qi(dr|u)o(du)

where o is a probability measure on ¢! and {Q;(|u)},cg4-1 are measurable fam-
ilies of Borel measure on (0,00). Without any loss of generality, we assume that o
is not the null measure on S?1. If a # 0, by definition (2.8) and conditions (2.10),
the inequality

so> [ (el Allel)Ritdz) = [ (el Al =) el Quldo)

/Sd / $*72 A 1)Qi(dslu).

holds. Therefore, the tempering function

a(rw) = / 120), (ds]u)

is well defined. Since Rj(A) # Rs(A) also Q1(A) # Q2(A). By assumption, R;
verifies (2.10). Then, by using the same calculus done to obtain (2.11), we can find
M (A) and write

/Sdl /OOO Ta(ru)r=*Yqy(r,u) — qa(r,u))dro(du) = 0

and we find the contradiction. A similar argument shows the uniqueness of the
measure R also in the case a = 0. [

Remark 2.6. The case a = 0 is consider only for completeness and the theory
will be not completely extended to this limiting case. It may be an interesting case
in some applications.



Remark 2.7. If alpha € (0,2) and R satisfies the following additional inequality
/d |z]|“R(dz) < 00, 0<a<2, (2.12)

we will call i a proper T}RD distribution. The measure ) has the form
Q(RY) — /R l2ll"R(dz), 0<a <2, (2.13)

In this case Q) is a finite measure and it can be represented in polar coordinates
as Q(dr,du) = Q(dr|u)o(du), where Q(-|u) are finite measures and o is a finite
measure on S9!

Definition 2.8. The unique measure R in (2.9) is called a spectral measure of the
corresponding TID distribution. We will call R the Rosiriski measure [1/].

We focus on the following result.

Remark 2.9. If p is a proper TID distribution, then Q) is a finite measure and
{Q(|u) }yesi-—1 is a measurable family of finite Borel measures on (0,00). Since the
equation q(0+,u) = 1 holds, they are probability measures. Furthermore, for any
fired u € S¥L, function q(-,u) are positive definite radial functions.

Taking into consideration Lemma 2.14 of [10], we want to figure out the relation
between parameters of the proper TID distribution and stable ones.

Proposition 2.10. Let M be a Lévy measure of a proper TID distribution, as in
(2.3), with corresponding spectral measure R. Then, the Lévy measure My of an
a-stable distribution, given in (2.1), can be written in the following form

— / /OO Ly (tx)t™*rdtR(dx), A € B(RY) (2.14)

and additionally

J(B):/ <|| |>Hx|| R(dz), B e B(S™Y. (2.15)

Proof. By definitions (2.6) and (2.5) we obtain for A € B(R?)

/ / Ia(to)t~* dtR(dx) / / La(tr—)t | x]|*dtQ(dx)
Rd Rd [ER ||
[ ] it st
Rd EER H
/ / Ta(su)s™* tdso(du)
Sd—1

= My(A

Since we are considering a proper TID dlstrlbutlon, then, by remark 2.9, Q(-|u)
are finite measures on (0, 00). Therefore we can write

.o (i ) o) = /Rdfi(”ﬁ—n) Q)
:/B/O Q(ds|u)o(du) = co(B).

Since @(ds|u) are probability measures, then ¢ =1 and (2.15) holds. O



2.1 Distributional properties

A TID distribution may have moments and also exponential moments of any
order. The behavior of the tails depends on the measure R.

Proposition 2.11. Let p be a TID distribution with Lévy measure M given by

(2.9) and a € (0,2). Then
/ e lPp(de) < oo
Rd

(0) Jga ll2]®p(dz) < 00 <= [, o, l2]|*log([|z]]) R(dz) < oo;

(a) Forp € (0,a)

(c) If p > «, then

[ lelrutaa) < oo = [ el Rede) < oc;

ll]|>1

(d) For each 6 > 0, we have

2(13

/eex”u(dzn)<oo<:) ||x||_(°‘+1)e > R(dr) <
R4

(e) If « =0 and p > 0, then

/R Nelldn) < o0 = [ JlallR(dr) < oo

flzlI>1

Proof. Tt is well known that moments conditions for u are related to the corre-
sponding conditions for M1}, see [12].
Let we consider p > 0. Then we obtain

/” el = / G / et iR da)
x||> Tl T

[E3]

4 / |z|? / o1 R (dx)
[|lz[|>1 =

lll
= 1O (x) 4+ 1P(x).

By (2.10), the following inequality holds
-3 c 2
)< C dtR(dx) < — |z||*R(dz) < oo (2.16)
[lz]|<1 2 |lz|l<1

where C' := suptZItp“_o‘e_tQ/ 2. The inequality (2.16) shows that the integral
I (z) is always finite.
If p < a, then

1
19 () S/ Hx”p/ = dt R(dx) = / ||z]|*R(dz) < oo
]| >1 ol =P Jjz|>1

10



by inequality (2.10), condition (a) is fulfilled. If p = «, we have

1 o)
() < / ]| / L4t R(dx) + / ]| / 12t R(dx)
[l[|>1 = [|z]|>1 1

[zl

= / l[|*log([=(]) + C1) R(dx)
lzl>1
where (] is a finite constant, and from the other side,
19) 2 e [ (o] ().
=zl>1
Therefore condition (b) is satisfied. Now, we suppose p > «. Let us define
¢ = / ety

1

Then, the following inequality holds
19@) 2 C [ el R(da)
lzl>1

and furthermore,
() < / | / =01~ 24 R (d).
[|z||>1 0
By changing variables in the integral, we have
/OO tpfafle—t2/2dt _ 2(p7a)/271 /OO Z(pfa)/Qflefde — 2(pfa)/2—1r<p - Oé))

0 0 2

thus

19(z) < 2= (22 9) / lz|PR(dx).
[lz]|>1

This proves (c).
In order to prove (d), we consider the integral

/ e\ (d) = / / " gotlell (@t /204 R )
B! Ry

and we define N
[g(x) ::/ eet\\xlltf(wrl)e—t?/zdt_

1

T=ll

It is easy to check that as ||z|| — 0, then Iy(z) goes to 0 exponentially fast. Now,
let us consider the case ||z| — co. We have

Iy(z) = eI/ / T et D) =02

1

lll

11



Define Ky(z) by
Ko(z) = / (@) g—(=0lel)? /2y

[Ea

\
by changing variables in the integral we obtain

Kaw) = [ (e el e

[E3]
oll=|l

:/ 2 (t+0||1‘||)_(a+1)6_t2/2dt+/ (t+0||x||) (a+1) ,—t2/2 3¢
Tzl —0||z||

2
= KV (2) + K7 (w).

Furthermore, the following inequality is satisfied

_ Ollz]]

Kél)(x) < 6—92||a:2/8/ 2 (t—|—0||x||) (a+1) gy
—0||z||
lz]]

< C||x||oc+2e—92||a:|| /8.

and for [|z]| — oo,

[e'e] a o
Ky (x) < / (t + 0a)) =D 2at

2

~ (O]f) D / e P2t = /o (0] ]y,

It follows that, for ||z|| — oo,
Ko(x) ~ v/2r(0][))~**Y,

and

To() ~ V2 (6)|)~ (DI,

therefore condition (d) holds. Part (e) can be proved with a similar argument to
(c). O

Remark 2.12. If the measure R has a bounded support, then E(e?I¥l) < oo for
all > 0. We have exponential moments of any order.

As we said before, sometimes it is more convenient to work with the measure
R; in order to find some distributional property of a TID distribution. Taking into
account Proposition 2.8 of [10], we will show a result about finite variation.

Proposition 2.13. Let M be the Lévy measure of a TID distribution, and R a
measure as in (2.9) and (2.6). These conditions are equivalent

(1) f||g;||§1 ||| M (dz) < oo

(i) szIISI |z|| R(dx) < oo and a € (0,1)

12



Proof. Suppose condition (7) is fulfilled. Choose r > 1 such that R({||z|| < r}) # 0.
We can write the following relations

1/l ]
/ lx|| M (dx) = / ||£U||/ t et /2dtR(d$)
llz[| <1 R4 0

el ]
/ ™ / e 2t R dr)
[|ll|<r 0

1 yellP)
= 2_2(°‘+1)/ ||x||/ 272 =20y R(dx)
l[=l|<r 0

1 )
> 2_2(a+1)/ ||ZBHR(dQS)/ el ez,
llzll<r 0

v

By condition (i), we obtain @ < 1 and

/ |z|| R(dx) < oo.
]| <1

Conversely, if (i7) holds, then

[ lelaias) -
[lz]| <1
el ] 1/l ]
_ / 2l / 1o~ 20 R (dx) + / Iz / te P21 R dr)
llz]|<1 0 [|l[[>1 0

= ) 1
< / Iz / 1o P2t R(dx) + / ]| R(dz)
lell<1 0 L=a Jjgs1

a 1 1 O{ 1
— G- [ felR@n ¢ [ felR) < o
2 27 Jjaixa L= Jygs1
which proves the converse. O

2.2 Characteristic function of a TID distribution

It is well known that given a Lévy measure of a infinitely divisible distribution,
we have an explicit formula for the characteristic function, see [12]. Sometimes,
working with a Lévy measure of the form (2.3) may be difficult and, as a con-
sequence, we will provide an expression for the characteristic function of a TID
distribution with respect to the measure R. The measure R allows one to ob-
tain explicit analytic formulas and more explicit calculations. Let us now define
functions

us) = / (cit — 1 — ist)t—ole P2, (2.17)
0

and -
0(s) = / (ei%t — 1)1—oLe= 2t (2.18)
0

13



In order to find a more useful form for the characteristic function of a TID
distribution, we will need the following results.

Lemma 2.14. The following limits are verified

lim, o5 2Ya(s) = —2727"I(1—-2), «a€(0,2)

lim, o s 00 (s) = —i4/7, a=0

lim oo 5 00 (s) = =275 2T(2 — 2)i, a € (0,1) (2.19)

limg oo (s~ "1 (s) +ilogs) = -5 +14, a=1

lim, a0 ™ Ya(s) = I'(—a)e ™2, a€(1,2)

Furthermore, if o € (0,1) we have

i, 71 080) =284 g 2
limg o 5790 (s) = T(—a)e "2,

Then, there exists for each o a finite positive constant C, such that for all s € R
the following inequalities are fulfilled

CIH(s* ALs[™) < [a(s)] < Cals® Als|*O), a#l,
Crfs? alsl(1 +10g+ D] < li(s)] = Ci[s® Als|(1+1og™ [s])], e =1,
CIM(s* Als*) < als)] < Cal(s* Als|?), a € (0,1).
Co'lll+log(1+3s)] < |vo(s)] < Coll +log(1 + )], a=0.
(2.21)

Proof. By solving the limit and using [12, Lemma 14.11], (2.19) and (2.20) are
verified. [

Lemma 2.15. Let us consider the confluent equation

de dy
—~ +(c—x)=—= — = 2.22
mdq@ (c x>da;’ axr = 0. ( )

Then the solution of this differential equation is
y = AM/(a,c;z) + BU(a,c; 2)

where A and B are constant and M (a,c; z) is the Kummer’s or confluent hyper-
geometric function of first kind [1, 13.1.2] and U (a,c; z) is the confluent hyperge-
ometric function of second kind [1, 13.1.3].

Proof. For a complete overview on confluent hypergeometric function see [15] or

[1]. 0

Lemma 2.16. Let o € (0,2), o # 1. Then we have

o0

St o) r( s (5
(e 6




Proof. Since the series converges, we can split it in two parts

By the Legendre duplication formula [1, 6.1.18], we obtain the following equalities

1

2n)l = nl2¥ [ =
@2n) = n (2)
(2n +1)! = nl2*" (g) ,

and we define the Pochhammer’s symbols as (a), = I'(n+a)/T'(a) [I, 6.1.22].
Thus, we obtain

> (t) -

n! 2

n=0

R N G O -\ w— 2 (159,
D G

Theorem 2.17. (Characteristic function) Let u be a TID distribution with Lévy
measure given by (2.9), o € [0,2) and o # 1. If the distribution has finite mean,
i.e. Jgallzllp(dr) < oo, then

fly) = e { | dully, 2)) Rlde) + ity m) | (2.24)

where

: (ﬂf) (2.25)

and m = fRd xp(dx). Furthermore, if 0 < a < 1, the characteristic function can
be written in an alternative form

(o) = exo { [ 08w a) R(d) + ity o)} (2.26)

15



where

o = (r(5)u(- 55 ()
(53 (CF)) (-5)

Proof. First, integrals (2.24) and (2.26) are well defined due to conditions (2.10)

and (2.21) of Lemma 2.14. It is well known that if the mean is finite, that is if the
first absolute moment exists, i.e. [o, [|#x(dz) < co, then fi can be written as

ji=esp ([ (€9 = 1 it + itym))
R4
where m = [, zpu(dz). By (2.9), we obtain the equality (2.24), where, if a € [0,2)
Pa(s) = / (e — 1 —ist)t e ¥ 24t (2.28)
0

If « €0,1) and me”q ||z|| R(dx) < oo, by Proposition 2.13 f||m||<1 |z||v(dx) < oo,
in which case [i can be written as

exp ( /R (0 () + i(y,m())),

(2.27)

where myg is the drift as defined in [12]. By (2.9), we obtain the equality (2.26),
where -
P2(s) = / (e — 1)t~ e 2y, (2.29)
0
and, furthermore, the equality
Vals) = 12(s) — is/ e 2t (2.30)
0

holds. Now we will prove (2.25) and (2.27). If a € (0,1), we obtain by equality
(2.23)

/ (6ist _ 1)t—o¢—1e—t2/2dt _
0

— Z (Zsl)n /oo t’f’L*Gf*le*tz/th
nl Jo

_ ii W) gstmoap (L a))
=9 31 2 (Z\f!s)nl“<%( — a))




With a similar calculus, if a € (0,2) and « # 1, we obtain

/ (e — 1 —ist)t e "/ 2dt =
0

_ Z (7’8')” /OO tn—a—le—t2/2dt
n'Jo

n=2
o pl 2\t (Z 23>2
2 2792’ 2
l—« 1l « 2'\/53 2

]

Remark 2.18. With a similar technique, the characteristic exponent also can be
calculated also for both cases a« =0 and a = 1.

Definition 2.19. We will write X ~ TI1D,(R,m) to indicate that X is a TID
random wvariable with characteristic function (2.24) and X ~ TID®(R,my) to
indicate that X is a TID random variable with characteristic function (2.26). The
constant m is exactly the mean m = E[X].

3 TID processes

In this section, we will introduce TID processes. By Definition 2.3, if p is a
TID distribution, it is infinitely divisible and therefore there exists a Lévy process
{X(t) : t > 0} such that p is the distribution of X(1).

3.1 Short and long time behavior

The following theorems will show the different behavior of a TID process for
different time scale. If one decreases the time scale, a TID process looks like a
stable process; otherwise, if one increases the time scale, it looks like a Brownian
motion. To figure out this different time behavior, we consider the time rescaled

e (Xn(t) : >0} = {X(ht): t >0}, (3.1)

where h > 0.
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Theorem 3.1. (Short time behavior) Let {X(t) : t > 0} be a TID Lévy process in
R? such that the distribution of X (1) has spectral measure R.

(a) Let us consider a TID process with X (1) ~ TID%(R,0), if a € (0,1) and with
X(1) ~TID,(R,0), if « € (1,2). Assume that

/ ||| “R(dx) < oo (3.2)
Rd
and let o be the finite measure on STt defined in (2.15). Then

hex, L, (3.3)

as h — 0, where {Y(t) : t > 0} is a strictly a-stable Lévy process with
Y (1) = Su(0,0).

(b) Let us consider a TID process with X (1) ~ TID,(R,0), if « = 1. Assume

that
/Rd ]| fog ||| R(dz) < oc. (3.4)
Then
hiex, —a, LY,
where

ap(t) = tlogh/ zR(dx),

Rd
and {Y (t) : t > 0} is an a-stable Lévy process with Y (1) ~ Si(o,b) with

b= /]Rd z(1 —log ||z||) R(dz).

Proof. Since {h~Y°X,(t) : t > 0} is a Lévy process, by [5, Theorem 13.17], it
is enough to show the convergence in distribution of h=/*X,(1) to Y(1). By a
Paul Lévy theorem (also called the continuity theorem) [2, Theorem 2, p.508], the
convergence in distribution can be proved by considering the pointwise convergence
of the respective characteristic functions.

First, we want to prove (a). If «(0, 1), we obtain

E[e!wh™ " Xn)] = pleith™ oy X ()

3.5

= exp {/ h@bg(h_l/o‘(y,x))R(dx)}, (3:5)
R4

The upper bounds (2.21) of Lemma 2.14 and condition (3.2) allow one to apply the

dominated convergence theorem to the above integral. By definitions (2.25) and

(2.27) it easy to check that 92 (—s) = ¥0(s) and 1,(—s) = ¥4(s). Now, by (2.20)
and [12, Theorem 14.10], we calculate the limit ~ — 0 under the integral (3.5)

lim o (/% (y, 7)) = T(=a)l{y. )| exp { =i sgn(y. ) |

=I'(—a) cos %](y, x)|* (1 — i tan %sgn(y,w)) :

18



Therefore, under the assumption a € (0, 1), (3.3) holds. A similar argument proves
(a) also in the case o € (1,2). Let us consider the case a = 1. By definition of ay,
the equality

Blesp ity h~ X (1)~ an(D))] = exp { [ (00 () = il o ) ) |

(3.6)
is fulfilled, then, by assumption (3.4) and [10, Theorem 3.1], (b) holds. O

Now, we will prove that if one increases the time scale, a TID process looks like
a Brownian motion.

Theorem 3.2. (Long time behavior) Let {X(t) : t > 0} be a TID Lévy process in
R? such that the distribution of X(1) ~ TID,(R,0) and o € (0,2). Assume that

/Rd |lz]|?R(dz) < oc. (3.7)

Then )
X, % B,

as h — oo, where {B(t) : t > 0} is a Brownian motion with characteristic function

Elei®BO] = exp {—tz—‘%‘—lm - %) /]R d (y,x)QR(dx)} . (3.8)

Proof. Since {h’%Xh(t) .t > 0} is a Lévy process, by [5, Theorem 13.17], it is
enough to show the convergence in distribution of A~2X,(1) to B(1). By the
continuity theorem [2, Theorem 2, p.508], the convergence in distribution can be
proved by considering the pointwise convergence of the respective characteristic
functions. By considering equality (2.24), we can write

B[ wh 2 X)) — plgih 2uX ()]

—exp{ [ o))}

The upper bounds (2.21) and condition (3.7) allow one to apply the dominated
convergence theorem to the above integral and by considering (2.19) we obtain
o

5) )%,

which verifies (3.8). O

lim hop(h™2(y,2)) = —2727'T(1 -

3.2 Change of measure

In this section, a result on density transformations between stable and TID
processes is considered.

Theorem 3.3. Let By and P be probability measures on (2, F) such that the
canonical process {X(t) : t > 0} is a Lévy a-stable process S,(o,a) under Py,
while it is a proper TID process TID(R,b) under P, where o is given by equation
(2.15). Then

19



(i) Por and P, are mutually absolutely continuous for every t > 0 if and only if

1 2
/ / <1 —q(r, u)) = tdro(du) < oo, (3.9)
sd=1.Jo
and
0<ax<l
b—a= fRd z(log ||z + %2 — 1+ 1)R(dx), a=1 (3.10)
—2750( - 92) fRd:ERdx) l<a<?2

Condition (3.9) implies that the integral exist. Furthermore, if either (3.9)
or (3.10) fails, then Py 7, and Pr,are singular for all t > 0.

(ii) If (3.9) and (3.10) hold, then for each t >0

dP 4
Lo 3.11
iBy . (3.11)

where {Z; 1t > 0} is a Lévy process on (2, F, By) given by

AX
Zy=1i 1 AX,

{s<t:||AXs||>6}

+t/Sd_1 /:0(1 —q(r, u))r—a—ldm(du)}.

The convergence is uniform in t on any bounded interval, Py-a.s..
Proof. First, we will prove part (i). By equalities (2.1) and (2.3), we have

dM x
ar@=a(lel ). @ e RN o) (3.12)

and for each A € B(RY)

/A ol ) M) = /S /O " La(ru)(r, uyr\dro(du) = M(A).

By Theorem 33.1 in [12], define the function ¢(x) by

dM

#(x)
dMO() e\,

Thus, we have

o() =toga(Jlel 7).

and Py 7, and Pr, are mutually absolutely continuous for every ¢ > 0 if and only if

/Rd (ewfl — 1>2M0(da:) < 00 (3.13)
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and
B, =0, (3.14)

where B, is defined by
b+ fiuj<1 M (dz) — (a + [, eMo(d)) = [ < (M — Mo)(dz), 0<a <1,

aM(dz) — (a — ¢ [ga s uo(du)) = [y (M — Mo)(dz), a=1,
M (dx) — (a — f||acH>1 xMoy(dz)) — fHJ:IISI (M — My)(dz), 1<a<?2.

— JJlzl>1

— Jzf>1

In the case a« = 1, ¢ = 1 — 7, where + is the Euler constant. The inequality (3.13)

can be written as
2
/ (1 2|l i)) My(dz) < o0 (3.15)
R [Ea

Since the integrand is bounded and M, is a Lévy measure, we may focus our
attention only on integration over {||z|| < 1}. Applying elementary inequalities

JU-uP <=V < (- yp?

for y € [0, 1], inequality (3.15) becomes

/{||w||§1} (1 N q(M’ Hz_ll>>2M0(dx),

and writing the above integral in polar coordinates, we obtain (3.9). Now, we will
prove the equivalence between conditions (3.10) and (3.14). By finiteness of the
integral above and Holder inequality, we have

[ o nvon = [ 13 =a(1 ) i

(/. u:cn?Mo(dx))w( [ (e, ”j—n))zMowx))l/z < o0

(3.16)

If0 <a<1,then B, =b—a =0 by (3.10). Suppose 1 < a < 2, then we have

[ ) = [ peta(el o) Mot

and, since we are considering a proper TID process

T
(el 7or) <1

and M, is the Lévy measure of an a-stable distribution with 1 < o < 2, we obtain

z||M(dzx) < x|| Mo (dx Q.
/”MH 1 >_/ el Mo(dz) <

[l]|>1

21



Furthermore, by (3.16)

[ el (o = M) (d) < o0

By using (2.9) and (2.14) and integrating by parts, the following result is obtained

[ el = anga = [ [ A iR ()

—g~ 1+ /2I‘ / ||| R(dx)

With a similar calculus, we can write

1

B, = / x(My — M)(dz) +b —a = —2"0F)/2p (2 — 9)/ zR(dr) +b—a=0,
R4 2 2 Rd

where the last equality follows by (3.10), proving (3.14). It remains to verify (3.14)
in the case @ = 1. By taking into account (3.16),

1/|||]
o0 T 0— xT) = x -1 —e_t2/2 X
> /”Mu |(My — M) (de) / ] / 101 )t R(dx)

1 Bl B
>1 / ] / 1 dt R(dz) = / || log 1| R(da).
4 Jjjz<1 4 Jjjz<1

Since the last integral is finite, the integral in (3.10) is well defined and we can
calculate

/]|l
x(My — M)(dz) = T “1(1 — o~/ it R(dx
/xllgl ( )(dz) /Rd /0 1 JdtR(dx)

_ %/Rx<El<m> ~ 2log [z ~ log2 + 5 ) R(dx)

by changing variable and equation 5.1.39 in [I], where the function Fj(x) is the
exponential integral function defines by

El(x):/ t~te .

By part (b) of Proposition 2.11, the first moment is finite, thus

/ xM(dz) < oo
llz[[>1

/ xM(dzx) = / x/ tLe At R(dx)
[l >1 RE J1/]|=|

1 1

2/Rdm () RC)

22

and



Adding together the above results, we have

By = b— %/Rd xE%ﬁ)R(dz) —a+(1—- 7)/ uo (du)

Sd—l

1 1
5 [ (Bl gmz) — 2los llll — log2 d
+2/Rdx< 1<2||$||2> og ||z — log +7>R( x)
log 2
R4 Rd e

By considering the remark in [12, Notes page 236], we can complete the proof of
part (). Indeed, since M and Mj are mutually absolutely continuous by (3.12),
Py7, and P 7, are mutually absolutely continuous or singular for all ¢ > 0.

Part (47) is an application of Theorem 33.2 of [12], where the form of Radon-
Nikodym derivative is specified for two mutually absolutely continuous Lévy processes.
O

4 Simulation of proper TID laws and processes

There are different methods to simulate Lévy processes, but most of these
methods are not suitable for the simulation of TID processes due to the complicated
structure of their Lévy measure. The usual method of the inverse of the Lévy
measure is difficult to implement, even if the spectral measure R has a simple form,
readers are referred to [L0]. To overcome this problem, we will find a shot noise
representation for proper TID distributions, and consequently also TID processes,
without constructing any inverse. The representation, we will show, is based on
results in [9] and [10].

Let M be the Lévy measure of a proper TID distribution on R?, given by (2.3),
and @ and R corresponding measures defined in (2.5) and (2.6). Let us define ||o||
as

lofl = o (S, (4.1)
and by equalities (2.13) and (2.15), we obtain

loll = QRY) = / el R(d) < .

Let {v;} be an i.i.d. sequence of random vector in R? with distribution Q/||o]|.
Let {u;} be an i.i.d. sequence of uniform random variables on (0, 1) and let {e;}
and {e’} be iid. sequences of exponential random variables with parameters
1. Furthermore, we assume that {v;}, {u;}, {e;} and {€}} are independent. We
consider v; = €} +...+¢} and, by definition of {€/}, {7;} is a Poisson point process
on (0,00) with Lebesgue intensity measure. Now, we will prove a useful lemma.

Lemma 4.1. Under the above definitions, let us define the function

. ay; \ a2y 1) Y
H(vj, (vj,e5,u5)) = | | 7= A V2e; u || (4.2)

ol sl
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Then, for every non-empty set A € B(RY), the equality
/ P(H (s, (vi,e1,u1)) € A)ds = M(A)
0

is verified.

Proof. Let A be a set of the form

A:{xeRd ||x||>a|| “ }

where a > 0 and B € B(S%71). Then, we can write

/OOOP(H(S, (v1,e1,u1)) € A)ds =

:/WP(((ﬁW) VIl ) € 4) s

00 —1/a
:E/ ]((ﬁ) > a, \/_61/2 Vs oy, GB)ds
0 ol ||Ul||

HaHa EI(\/_ei/zui/a > al|vy ] Hv—lu € B)
U1

= %/B/O P }/QU}/Q > as)Q(ds|u)a(du).

By conditioning, the probability in the integral can be calculated

o0

<\/_€1/2 /e >as) :/1/ e “dxdu
0

therefore we obtain

/OmP(H(s,(vl,el,ul)) € A)ds :/B/OOO /:O =2 =e= 1 g (ds|u) o (du)

First, we consider a simple case.

Theorem 4.2. (o € (0,1) and symmetric case) Suppose that all the above as-
sumption are fulfilled. If a € (0,1), or if « € [1,2) and Q is symmeltric, the

series 1/
S — ary; \/— 1/2 1/a -1\ Y 4
j=1 K

converges a.s.. Furthemore, we have that Sy ~ TID°(R,0) for a € (0,1) and
So ~TID,(R,0) for a € [1,2).
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Proof. To prove this theorem, we are going to use [9, Theorem 4.1] and [10, Theo-
rem 5.1]. If H is defined as in (4.2), we can apply Lemma 4.1. Let us consider the
case o € (0,1), then by Proposition 2.13 we can write

/0 T B(|H(s, (o1, e, u) | T(H s, (0n,e0,m))]| < 1))ds = /| ) < oo

and [9, Theorem 4.1(A)] proves the theorem in the case a € (0, 1).
If a € [1,2), then by Proposition 2.11 we have

/0 T B(|H s, (or, e, w )| I (s, (n, e, )| > 1))ds = /”  lara) < o0

and by [9, Theorem 4.1(B)], we can consider a series

- S ) o]

J=1

which converges a.s. and Sy ~ TID,(R,0), where

:/EK(%)/ VI s )

If Q is symmetric, ¢; is equal to zero. It follows that Sy = S. This completes the
proof. O

Now we consider the non-symmetric case.

Theorem 4.3. (Non-symmetric case) Under the above motation, suppose a €
[1,2), Q is non-symmetric and additionally that

/Rd lz[[[log [||[| R(dz) < o0 (4.5)

when o = 1 and that
/ |lz||R(dz) < oo (4.6)
Rd

when « € (1,2). Then, the series

=S [(() ety - (i) ] 0 0

v =Bl = ol [ uolau)
o]

T :/ zR(dz),
R4

(57 %= +log HUH r1 — [pawlog HIIIR(dﬁ) a=1,
¢ denotes the Riemann zeta function and 7y is the Fuler constant, converges a.s..
Furthermore, we have that Sy ~ T1D,(R,0).

(4.8)
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Proof. To prove this theorem, we are going to use [9, Theorem 4.1] and [10, The-
orem 5.1|. If H is defined as in (4.2), we can apply Lemma 4.1. If « € [1,2), then
by Proposition 2.11 we have

4MEWH@Jw£hmDWWHSKM£umDH>UM5=AJMHMWUMO<%

and [9, Theorem 4.1(B)], we can consider a series

s=S () rvearier) iy -]

j=1

which converges a.s. and S; ~ T1D,(R,0), where

“ _/EK(%) VB 1)

We have to prove that the equality

() a ] o »

J=1

holds, where b is given by (4.8).
First consider the case « € (1,2). Define for j > 1 [10, equation (5.8)]

j —1/a 1-1/a 1/a
c;:/ EKE> ke }dS:w[jl_l/a—(j—l)l_l/“]xo. (4.10)
-1

ol [l a—1

We have

j -1/« —1/a
||C; - CJH S/ E{ (ﬁ) _ |:(£) /\\/_61/2 1/04||U || 1:| }dS
i ol o]l

Furthermore by [10, equation 5.9], for every € > 0 the equality

[AGE) -G bzt o

holds. Using this identity for 8 = \/_ei/zul “l|lv1]|7* pointwise, we obtain

00 0 —1/a -1/
S —el =5 L) () avadrta s
o Wl ol

o]l L(1—a) S0-a) —1+L o
:mE[Q2(1 et 7]

1 3
_ 2§(l—a)r ©_ % ||U|| EH Ha 1
2 2

o <1+a>/2r( )/ || R(dz)
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By using (4.11) we obtain

0o 00 -1/ -1/
as as «a _ v
g-or=e ) () - lG) et o,
— 0 a| o] lon ]

Il 1-a) 3(1-a) 1.
=E{ 2500 O oy oo
a : o

1 3 (e 1
_ 2—(1701)F 2= _/ a—2
e (3-5) o [ allel Q)

J

Then we have

n . —1/a n

o 1/a Q “1/a ) . ~1/a a
S \Gor) ] = (gt et
Jj=1 j=1

From a classical formula [1, 23.2.9],

n 1—
>
j=1

we obtain
- aj /e 1
() w-d]=o(5) ool
2|\ o
and we can write
i |:< Oéj >—l/a [e) O[j —1/a / i /
_— To — Cj:| = |:(—) o — Cj:| + (Cj - Cj)

1 1
¢ <_> Oéfl/aHO_Hl/axO _ 27(1+a)/2r (_ _ g) T, =b
o) 2 2

which proves (4.9). Now, we consider the case & = 1. By the same computation
above, define for j < 2

g= [ (%) )= oot - Dleten 1

ol [[on]

=((2) + z/oo S;Jf] ds, Re(z) > 0, Re(z) #1, (4.13)

<

and put ¢, = 0. For every 6 > 0 [10, equation (5.14)], we have

G - [Ga) o]}

= {0 = llolllog 6 + |[o][log [|lo|| — [lo][}1(6 < |o]]) (4.15)

< 1+M.
< oo (5
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By assumption (4.18), we can write

St - [ {() () v

o llv]
< |lo]|Elog™ (\/_61/2 (4.16)

< [loll(|og lol]| + Ellog [[v1 ]| + E|log v/2e; uy])

= [lol[log ||| + /Rd [ log [l [|[|=[| R(dx) + K|jo]| < oo,

where K = E|log ﬂeiﬂuﬂ < 00.
Before computing the series Z;;(C; — ¢;), we recall some useful relations [10].
For every 6 > 0

1 s -1
/ (W) ANOds = 01(0 < ||o||) + {lloll = lofllog [lof| + [lo[|log #}1(6 > [lo])
0

and by (4.15) we get

-/ 1 (W)A past [~ { <W)‘ Km)AQH — lloll(log lorf—~log 1),

By using this formula for 6 = v/2e}/*uy ||, || ~! we get

g(c; —c) = E{[— /0 1 <(W> A ﬂei/Zulelul) N
() -[) »rwea])ed i)

~ o1 g ]+ 10g o] ~ gVl ") = 1)

The following expectation can be calculated

log 2 1
Elog(v2ey’u) = 27 — 1~ _,
2 2
where v = —fooo log(z)e *dx is the Euler constant, see [, 6.1.3]. By equation
(2.7), the series above can be rewritten as
. log 2
52— ) = ol 7 tog o]+ log o + 57— 52

7=1
log 2

= [ (ol + 1om ol + 57— 52 ) Q)

1 log 2

2
= [ (1og ol = 1og el + 57 = <52 Rl
B (1 log 2

57— 2=t loglo]| )1 - / v log ||z]| R(dx).
2 2 Rd
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By [10, Theorem 5.1], the equality
0 . —1

J o
()]
2 | \Jol
holds, where ~ is the Euler constant, thus we obtain

> [(i) wo-o] =X () =-4] 2 -

Jj=1 J=1

3 log 2
= (57 5% +og ol )1 ~ | log el Ride) =,
R

which completes the proof. n
A series representation for TID processes can be obtained.

Theorem 4.4. Under the above notation and assumptions, given a fived T" > 0,
let {7;} be a i.i.d. sequence of uniform random variables in [0,T]. Assume {7;}
independent of the random sequences {v;}, {u;}, {e;} and {~,}.

(i) If « € (0,1), orif a € [1,2) and Q is symmetric, set for every t € [0,T]

00 —1/a
a7 1/2 1/a _ Uj
Xo(t) = Z[(O,t](Tj) ((TH(;H) N \/56]'/ uj/ HU]H 1) ”UjH’ (417)
j=1

then the series converges a.s. uniformly in t € [0,T] to a Lévy process such
that Xo(t) ~ TIDY(tR,0) if € (0,1) and Xo(t) ~ TID2(tR,0) if a € [1,2).

(ii) If « € [1,2), Q is non-symmetric and additionally

/Rd ]| log [|z||| R(dz) < oo (4.18)
when o =1 and that
/ |zl R(dz) < o (4.19)
Rd
when a € (1,2), then, the series
9 ay -1/« / / v
j 1/2 1/a _ j
Xl(t) = Z |:[(0,t](7—j) ((TH(;“) N \/56]- U ||U]H 1) m
7=l (4.20)

tf aj M
—_ — ZTo —f—th
T (Tnon) ]
where

by = { ¢ (L) aVer—Y(T|o||)/owy — 2 0+2D (L~ )2y, 1<a<?2,
TT Gy =2 log Tlo|)a1 — fpawlogllz|R(dz),  a=1,

(4.21)
the series converges a.s. uniformly in t € [0,T] to a Lévy process such that

X\ (t) ~ TID4 (R, 0).
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Proof. 1t is enough to show the convergence in distribution of series (4.17) and
(4.20) for a fixed t, see [9, 10]. By the same arguments of Lemma 4.1, we obtain

/000 P(H(s, (v1,e1,u1,7)) € A)ds = tM(A)

where we define

g (003 7)) = Tt (725 H)_l/ AV o) . 422

By following the proof of Theorem 4.2, (7) is verified in the case a € (0,1). By
Proposition 2.11 if o € [1,2), then f”x”>1 ||z|| M (dx) < co. By [9, Theorem 4.1(B)]

we can consider the series

fe'e) -1/
= loa) (2] Av2e ol ) i —af
o] o

Jj=1

which converges a.s. and X (t) ~ TID4(tR,0), where

J —1/e A
a]T:/ Ell(()t(rj)<< ) A\/ie;/zu;/auvjul) ”? ]ds.
-1 o]l ol

If @ is symmetric then aj = 0 and (i) is proved. To complete the proof, by
following [10, Theorem 5.3] and equation (4.4), ¢; can be viewed as a function of
the measure (), thus we have

a? () = 7:¢,(TQ).

By Theorem 4.3, where T'(Q) and T'R have to be considered instead of () and R, we
have

> (77e1) - (1Q)

=)o o Tog— 2~ 55— 5 T — 1, <o <z,
B i 1/a T 1/a 2 (1+oz)/2r ; ;z T 1. 1 2
(%7 — 10%2 +logT|lo||) Tz, — TfRd xlog ||z||R(dx), a=1.

By definition of a] (t), we obtain

i i a9 _l/aﬂfo—ar(t) :th
— [T\T|o]| ’ ’

Jj=1

which completes the proof. O

Remark 4.5. By removing the tempering part \/_61/2 1/o‘||vj|| L in the shot noise

representation, a well-known result for a-stable processes can be found, see [10),

Theorem 5.4] or [11].
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5 Examples

A real TID law can be defined by fixing a positive definite radial function ¢
with a measure o on S! or alternatively by defining its spectral measure R. We
are going to show in the following three parametric examples of TID laws in one
dimension. In the first example, the measure R is the sum of two Dirac measures
multiplied for opportune constants. The spectral measure R of the second example
has a non-trivial bounded support and the derived TID distribution has exponential
moments of any order. In the last example, the MTS distribution is considered,
see [8, 0], the spectral measure is defined on an unbounded support and there exist
exponential moments of some order.

5.1 Example 1: Simple TID distribution
The Lévy measure of the form

dx
M(dz) = (C+€7/\2+12/21z>0 + Ce/\2|z|2/21x<0>’13|T+1’

can be written in polar coordinates as
M (dr,du) = r~*q(r,u)dr o(du)
where
2.2 2,2
q(r,1) = e 72 q(r,—1) = e =772,

and
o(l)=Cy, o(-1)=C_.

The positive definite radial function ¢, by Theorem 2.4, has the form
= —r2s2/2
q(r,u) = e Q(ds|u)
0

where
Q(ds|1) = 6x, (s)ds, Q(ds| —1) = 0x_(s)ds,
and we have

Q(A) = C /A 5x, (2)dx + C /A 5\ (2)d,

and hence the spectral measure R can be defined

R(A) = C+/ AL01/, (2)dw 4 C— / A20_qx_(x)d.
A A

Definition 5.1. Let C., C_, A\, A_ strictly positive constants, o € (0,2), o # 1
and i € R. An infinitely divisible distribution is called the simple TID distribution
with parameter (a, C, C_, A\, A\_) and mean p, if its Lévy triplet is given by (0,
i, M) where

dz

M (dz) = (Cye /21,00 + C_e_*3|$|2/21x<0>|93|T“‘
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Proposition 5.2. The characteristic function of the simple TID distribution with
parameter (a, C, C_, Ay, A_, ) becomes

o(u) = exp (iup + G(iu; o, Cy Ay) + G(—iu; 0, C_, A 2)) (5.1)
where
. — —a/2—-1 a _ g . g 1 ﬁ 2
Gz, C,\) =2 O\ (r( 2)A4( 2,2,(2A)
V2r [(1—a« 1 o3 2x\2
B (i 5.2
L F( > )M(2 T2’<zx>> (5:2)
_ﬁp(l_%) _p<_9))_
A 2 2 2
Proof. 1t follows by Theorem 2.17. O]

5.2 Example 2: non trivial spectral measure

In the first example, the spectral measure R has no zero mass only at two
points. Now we will consider a spectral measure with power decay defined on a
bounded support of R. By taking into consideration the construction of the KR

tempered stable distribution in [7], we can consider the same spectral measure R.
Indeed we have
R(dz) = (Cyr " Loy (@) x|~ 4+ CorZP Iy gy()|z]P~ ) da. (5.3)

By Theorem 2.17, the characteristic function of this distribution can be written
in close form.

Lemma 5.3. Let o € (0,2) and o # 1. Then, the following equality holds

J((-m(-55(52))

2
1- 1 /2u 2
vivBur (O r(L - 25 (V2 g
2 2 2727\ 2 (5.4
P 1 /iv2ur 2 '
() (B S L (V2
D 2 2 2 T\ 2
1 —« 1 pl a3 p3 /iv2ux\2
2 (B (G 5 te (O ))
+WQ%+1 > )P\g T T 9ig iy

Proof. By equation (2.23), we can write

(- 553 (2
a5 (h 5.5 (2w
S ()
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Since the series converges on each bounded interval on R, we obtain

/g (iﬁ“);xw_lr <%(n - a)) I %—ufgr (%(n - a)) |

n=0

Furthermore, the following equalities are fulfilled

p _ (4),
2n+p  (1+3)
p+1 _ (3+5),
n+1+p  (5+95),

and by a similar argument of Lemma 2.16, equation (5.4) is verified. [

Proposition 5.4. The characteristic function of the TID distribution with para-
meter (o, Cy, C_, Ay, A_, py, p—), mean m and with spectral measure (5.3)
18

¢(u) = exp (fum + Oy B(iu; o, 71, py) + C_B(—iu;a, 7, p_)) (5.6)
where

B(iu;a,r,p) =

; 2
_ 2—04/2—11{‘(_ g) 2F2(1_?’_g;1+y3’1; (2\/§ur> > 1
D 2 27 2 2°2 2

+2—a/2—1iﬂurp<1—a) YCTE (iﬁW)Z) 4
p+1 2 22 22 2222

Proof. Since the support of the measure R is bounded, by Proposition 2.11 the
distribution has exponential moments of any order and in particular finite mean.
By Theorem 2.17, we can consider the representation (2.25) and by Lemma 5.3 the
characteristic exponent can be computed. O]

5.3 Example 3 : MTS distribution

A parametric example of TID distributions has been already considered in

the literature, the MTS distribution, see [3, 6]. The Lévy measure of a MTS
distribution is defined as
atl a+1
A Kass (M) A K (\Jal)
M(dl‘) - C—‘r Lil 1an>0 + C_ | ‘i.;.l 19£<0 dl‘,
xr 2 x 2

where A\, , A, C,C_ >0, a € (0,2), and a # 1. The tempering function ¢ is of
the form

(5.8)



Lemma 5.5. Let z > 0 and K,(x) the modified Bessel function of second kind,
then the equality

222 K,(2/2) :/ e Tt (5.9)
0
15 satisfied.
Proof. By equality [3, 8.432(7)], we have

4 o0 ‘ sz
K, (zp) :% / e~ 5 —Fr 14t (5.10)
0

By setting z = 2z and p = 1/4/z, then we can write

v

K,(2v/z) = _ /OOO e it

hence the equality (5.9) holds. O
Lemma 5.6. Let pu be a MTS distribution, then
Q(ds| + 1) = e /27 gmo2)\atl g, (5.11)
and
R(dz) = <C+)\ji+le‘ﬁ;2 ot C NS Ko)dx. (5.12)
Proof. By setting v = %+ and z = (M)?/4 into (5.9) and changing variable

t = 2s?/\?, we have

a+1

(Ar) 2 Ka+1 Ar)

I
[\)
M\Q
w\»-‘

2 a+3
;2 ) 4s\"%ds

)\2
/ = e Tha3 gmam2\atlo= 545

T‘ S

2 ¢ 2<2 —a=2)atl g

I
[\
M\Q
w\»-‘

By applying this result into (5.8), we have

o0 r2s2 A2
q(r, +1) :/ e 2 (efzsﬁs’o‘”)\a*l)ds.
0

and obtain the equation (5.11) by the definition of Q(ds|u). Moreover, for A €
B(R), we have

_ /S /OOO Ta(r) Q(dr|u)or(du)

:/OO ]A(r)Q(d'r|1)a(1)+/oo I4(=r)Q(dr| — 1)o(—1)

0 0

— C«_}_)\i—&—l/ ]A(T) -2 /27" —a—er
0

—i—C'_/\aH/ IA(—r)e*’\Q—/%Qr*aﬁdr.
0
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Hence,

() @
/ IA %)r“@(dﬂu)a(du)

0.J0

R = [ (et atn)
-/,
b 1 2 2
o >\Oz+1/ I - a,—A7/2r 7a72d
CL Y i A<T>7’ e+ r

1
+ ot / 1A< - —)M—A?/Z’“Qr—a—?dr
0

r

) A2 42
:C'Jr)\ﬂ"fl/ Ia(z)e” "2 dx
0
[o¢] A2 ;2

el / La(—z)e 2 dz
0

/\?,'_IQ )\2_$2
_ / (CATH e g + C AT e 7 Lcg)
A

]
Lemma 5.7. Let a € (0,2) and o # 1. Then, the following equality holds
o0 1 2
[ (r(= 555 (59))
; 2 22\ 2
1-— 1 2 2 242
et (S (5= 5 5 () ) e
1 |« « 2% iV2u_ /1« 1 a3 u?
N N AR )
W2l 2)U ) T g T e
(5.13)

Proof. By equation (2.23), we can write

[ -5 5(5)

2
(- 5 3 () e

= h f: (Zﬂu)nF<%(n — a))x”e‘a’j’w/zdx

Since the series converges on each bounded interval on R, by a similar argument
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of Lemma 2.16, we can write

/OOO ni;o —(Z\/ju)nl“<%(n - a))x”e*IQV/Zdag =

_y o V2T, S —a))2 A (S + 1)

I
> =
ol N
S

|
| e
N—
/N

—_

+
>/|:
S
N—

[N]})

+

-~
>~
NN

IS

—
N
N —

|
| R
N—

[\
M
Y
-
N —

|
| R
N W

|
>/|:

| o
N———

Proposition 5.8. The characteristic function of the MTS distribution with para-
meter (a, C, C_, Ay, A_), mean m and with spectral measure (5.12) is

o(u) = exp (ium + C H (iu; a, Ay ) + C_H(—iu;a, X)) (5.15)

where

2

H(iu;a, \) = ﬁ;—fgf(-%)((l—k%)g —1)
2

iN"lu_ /1« 1 a3 wu
(Y (L e B
HETEE AR (2 o272 N

Proof. By definition of the measure R, by Proposition 2.11, the distribution has
finite mean. By Theorem 2.17, we can consider the representation (2.25) and by
Lemma 5.7 the characteristic exponent can be computed. O

(5.16)
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