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Abstract

A tempered stable Lévy process combines both the «-stable and Gaussian trends. In a short time
frame it is close to an a-stable process while in a long time frame it approximates a Brownian motion.
In this paper we consider a general and robust class of multivariate tempered stable distributions and
establish their identifiable parametrization. We prove short and long time behavior of tempered stable Lévy
processes and investigate their absolute continuity with respect to the underlying «-stable processes. We
find probabilistic representations of tempered stable processes which specifically show how such processes
are obtained by cutting (tempering) jumps of stable processes. These representations exhibit «-stable and
Gaussian tendencies in tempered stable processes and thus give probabilistic intuition for their study. Such
representations can also be used for simulation. We also develop the corresponding representations for
Ornstein—Uhlenbeck-type processes.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Tempered stable processes were introduced in statistical physics to model turbulence and
are known in physics literature as the truncated Lévy flight model [14,13,15]. They were also
introduced in mathematical finance to model stochastic volatility (the CGMY model in [8,9]),
(the Ornstein—-Uhlenbeck-based model in [3,4]); option pricing based on such processes was
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considered in [6], just to mention a few. Furthermore, these processes play an important role in
the construction of certain Poisson—Dirichlet laws studied in [16]. The importance of tempered
stable processes comes from the fact that they combine both the a-stable and Gaussian trends.

In this paper we introduce and study a more general and robust class of tempered stable
distributions. It contains previously investigated tempered stable distributions as a special
subclass. We show that tempered stable distributions admit parametrization similarly to stable
distributions. Namely, a multivariate tempered stable distribution is characterized by an index
o € (0, 2), aspectral measure R, and a shift b (Theorems 2.3 and 2.9, Definition 2.11). Moreover,
this parametrization is identifiable in the subclass of proper tempered stable distributions. Unlike
stable distributions, tempered ones may have all moments finite, including exponential moments
of some order (Proposition 2.7). In Section 3 we give a rigorous proof of the statement that a
tempered stable Lévy process in a short time looks like a stable process while in a large time
scale it looks like a Brownian motion (Theorem 3.1). In Section 4 we show that a large class of
tempered stable Lévy processes can be obtained from stable processes by a change of measure
on the probability space (Theorem 4.1). The heart of this paper is in Section 5. We consider the
question of how does the tempering occur, that changes a sample path of a stable process into
a sample path of a tempered one? This question with a view toward simulation was posed to
the author by Ole E. Barndorff-Nielsen and Neil Shephard with the condition that in a possible
answer the tempering procedure should be continuous pathwise with respect to the parameters,
and thus it should not include any removal of jumps from a sample path of a stable process. We
answer this question in Theorem 5.3 obtaining shot noise representations of tempered stable
Lévy processes. Our representations exhibit stable and Gaussian trends in tempered stable
processes and give probabilistic insight into Theorems 3.1 and 4.1. They can also be used for
computer simulation. In Section 6 we give shot noise representations for Ornstein—Uhlenbeck-
type processes with tempered stable one-dimensional marginal distributions. A special case of
such representations has already been used in [3,4]; cf. [18].

Before going to formal definitions let us sketch some ideas leading to tempered infinitely
divisible distributions and processes, in general. The first one is an old idea of tilting density
functions. Let f be a probability density function on Ry whose Laplace transform is L(A) =
fooo e~ f(x)dx. For every 6 > 0 define a tilted density f by

=L et ) = expl—
Jot) = 75" f () = exp{=0x + £0) +k(x), (L.D)

where f(x) = exp{k(x)} and L(0) = exp{—£(0)}. We see that { fp}s forms a one-parameter
exponential family of distributions with the natural statistic 7' (x) = —x. The Laplace transform
Lg of fp is given by

Lo(A) = exp{—(£(x +6) — £(0))}. (1.2)
Assume additionally that f is infinitely divisible, so that we have

oo
2(1) =/ (1 —e )M (dx) + Ab,
0

where M is a Lévy measure on Ry and b > 0. From (1.2) we get

Lg(L) = exp [ / (e — De % M(dx) — kb:| .
0
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Therefore, tilting an infinitely divisible density f +— fp leads to the tilting of the corresponding
Lévy measure M — Mp, where Mg (dx) = e~ M (dx).

The procedure of tilting is also related to the so-called Esscher transform. Namely, let
{X(¢) : t = 0} be the canonical process adapted to a natural filtration {F; : t > 0} (see Section 4).
Suppose that under probability P, X is a Lévy process with non-decreasing trajectories such that
X (1) has the density f (i.e., X is a subordinator). For 6 > 0 define a probability measure Py by

dF (—0X (1) + £0)1}

E —— = €X —_ .

dP 7 P
Then, under Py, X is a Lévy process such that X (1) has the density fp; see [22, Example 33.15].
Thus Esscher’s transform can be viewed as tilting (1.1) but on the level of stochastic processes.

Taking products of convolution powers fg’;r" of fy, with r;,0; > 0 (f is infinitely divisible),
and then their limits, we obtain distributions having the Laplace transform of the form

exp [/w(e“ — Dg(x)M(dx) — kb] ,
0

where ¢ is a completely monotone function with g(co) = 0. Such operation on Lévy
measures M, and their multidimensional generalizations, will be called tempering (or tilting
when g(x) = e %, x > 0). In this work we concentrate on tempered stable distributions
obtained by tempering stable Lévy measures. We show that tempered stable distributions and
related processes constitute rich classes with nice structural and analytical properties. They
can be used as an attractive alternative to stable distributions and processes in modeling and
theoretical considerations.

A preliminary version of these results was announced at the Second MaPhySto Conference on
Lévy Processes: Theory and Applications, Aarhus 2002, and is available as an extended abstract
in the Mini-proceedings [20].

2. Tempered stable distributions

In this section we will give the parametrization, the basic properties, and the canonical form
of characteristic functions of multivariate tempered stable distributions. It is well known that the
Lévy measure M of an a-stable distribution on R? in polar coordinates is of the form

Mo(dr, du) = r " 'dro(du), .1

where « € (0, 2) and o is a finite measure on sa=1 A tempered a-stable distribution is obtained
by tempering the radial component of M as follows.

Definition 2.1. A probability measure ;. on R is called tempered a-stable (abbreviated as Ta.S)
if is infinitely divisible without Gaussian part and has Lévy measure M that can be written in
polar coordinates as

M(dr,du) = r~*"'q(r, u)dro (du), (2.2)

where o and o are as above, and ¢ : (0, 00) X $9=1 5 (0, 00) is a Borel function such that
q(-, u) is completely monotone with ¢ (oo, u) = 0 for each u € S?~1. 11 is called a proper TS
distribution if, in addition to the above, ¢(0+, u) = 1 for each u € gd=1,
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The complete monotonicity of g(-, #) means that (—1)" 33:,,q(r, u) > 0 forall r > O,

ue S andn=0,1,2,....In particular, g (-, u) is strictly decreasing and convex.

Remark 2.2. (a) The class of Ta S distributions contains B-stable distributions with 8 > «.
Indeed, one takes ¢ (r, u) = r*~# in (2.2). However, proper T« S distributions do not contain any
stable distributions.

(b) TS distributions are self-decomposable; this follows from [22, Theorem 15.10]. Moreover,
they constitute a proper subclass of the Thorin class of extended generalized gamma convolutions
(see [5, p. 105] and [2]). The Thorin class is obtained when o = 0 in (2.2).

The “tempering” function ¢ in (2.2) can be represented as
(0.¢]
q(r,u) = / e " Q(dslu) 2.3)
0

where {Q(-|u)},cga-1 is a measurable family of Borel measures on (0, 00). Q(:|u) are probability
measures in the case of proper TS distributions. Define a measure Q on R? by

Q(A) = -/Sdil /(;OO IA(ru) Q(dr|u)o (du), A € B(RY). (2.4)
Then Q({0}) = 0. We also define a measure R by
R(A) = / In (%) lx|“Q(x), A e BRY). 25)
wa "\l

This yields the change of variable formula

/F(x)R(dx):/ F<L2) [lx[1* @ (dx)
R R \llx]

for any Borel function F in the sense that when one of the sides exists then the other exists and
they are equal. Clearly R({0}) = 0 and Q can be obtained from R by the same transformation

o = [ 1 (%) IR (d). 2.6)
AN

As it turns out, distributional properties of a TaS measure are described most conveniently by
its measure R. The following result is fundamental for the rest of the development.

Theorem 2.3. The Lévy measure M of a TaS distribution can be written in the form
o
M(A) = / / I4tx)t % le7'dtR(dx), A € B(RY), 2.7
R4 JO
where R is a unique measure on R? such that
R{0}) =0 and A‘W(lell2 A X I*)R(dx) < oo. (2.8)

If M isasin (2.2) then R is given by (2.5). Conversely, if R is a measure satisfying (2.8) then (2.7)
defines the Lévy measure of a TS distribution. M corresponds to a proper TaS distribution if
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and only if

[, 1l R < oc. 29)
R4
Proof. First we will show that (2.7) holds when R is given by (2.5). We have

M(A) =/ /OO La(ru)r =Yg (r, u) dro (du)
sd=1 Jo

/ /00 </~00 IA(ru)r"‘le”dr) O(ds|u)o (du)
S§d=1.J0 0

/ / (/ IA(tslu)tale’dt> s*Q(ds|u)o (du)
si=1.Jo 0

/ (/ / IA(ts_lu)s“Q(ds|u)(r(du)) e le T dr
0 sd-1.Jo

=/ (/ fa ( I ||2)”x” me)) e
/ / Io(ty)R(dy)r % e~ dr.

To prove (2.8) we use (2.7) as follows:

[
00 >/ ||x||2M(dx)=/ ||x||2/ 1'%~ dr R(dx)
el <1 R 0

1 fl) !
/ ||x||2/ et dtR(dx)—i—/ ||x||2/ 1~%e~1drR(dx)
lxll<1 0 lx]>1 0

e*l(z—a)*/ ||x||2R(dx)+e*1(2—a)*1/ X% R (dx).
Ixl<1

llxl>1

v

v

To prove the uniqueness of R, we suppose that two measures Ry and R; satisfy (2.7) when
substituted in place of R. Such measures must satisfy (2.8), as demonstrated above. Define
measures Q; by (2.6), Q;({0}) = 0,i = 1, 2. Consider representations of Q; in polar coordinates
in the form

Qi(dr,du) = Q;(dr|lu)o(du) i=1,2,

where o is a probability measure on S¢~! and {Q; (- |u)},csa-1 are measurable families of Borel
measures on (0, 00). Since

00 >/ (lellellxII“)Ri(dx)=/ Ul Al 1x 1% Qi (dx)
/d / (s 72T A1) Q; (ds|u)o (du),
S 1

fooo (s~ A 1)Q;(ds|u) < oo for o-almost every u. Hence, for o-almost every u and all r > 0,
the Laplace transform

qi(r, u)=/0 e " Qj(dslu)
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is finite and thus it defines completely monotone functions g; (-|u) : (0, co) — [0, o). Since the
R; satisfy (2.7), the computations at the beginning of this proof show that

/ / La(rw)r % qi(r,u) dro(du) = M(A), A e BRY), i=1,2.
sd=1 Jo

From the uniqueness of the representation in polar coordinates of M and the continuity of g; (-, u)
we infer that for o-almost all u, q1(r, u) = q2(r,u), r > 0. Thus Q(-|lu) = Q2(-lu), which
yields Q1 = Q> and then (2.5) gives R1 = R».

In the converse part, we will first prove that M is a Lévy measure when R satisfies (2.8).
Indeed,

flacf
/ 1% M (dx) =f ||x||2/ 1'%~ drR(dx)
Ixl<1 Rd 0

1
=I'C-ow Ix1I> R(dx) + T a [ R(dx) < o0

llxll<1 llx>1

/ M(dx):// 1~ le~!dr R(dx)
lxl>1 Re Jjjx|-!

o0 o0
< cf / =3 dt R(dx) +/ / =71 drR(dx)
Ixli<t Syt leli>1 St

= 2—1Cf ||x||2R<dx)+a—1/ lx]|* R(dx) < oo,
lx]<1

llx>1

and

where C = sup,- t2=%e~" The fact that M can be written in the form (2.2) can be proved as
follows. Define Q by (2.6) and consider a decomposition Q(dr,du) = Q(dr|u)o (dr), where
o (8971 < 0o. Then we define q(r, u) by (2.3). The computations given at the beginning of this
proof verify (2.2).

Finally, observe that

/ Ix]|*R(dx) = Q(RY). (2.10)
Rd

Furthermore, Q has a representation Q(dr, du) = Q(dr|u)o (du), where Q(-|u) are probability
measures (equivalently, g(0+, #) = 1) and o is a finite measure if and only if Q(Rd ) <oo.In
view of (2.10) the proof is complete. [

Definition 2.4. The unique measure R in (2.7) is called the spectral measure of the
corresponding T« S distribution.

We would like to mention that the necessity and sufficiency of (2.8) for M to be a Lévy
measure was also stated in [2] (without a proof). The next corollary explains the difference
between proper and general T« S distributions in terms of Lévy measures.

Corollary 2.5. Let M be a measure given by (2.7). Then the function s — s*M{||x] > s}),
s > 0, is decreasing with

lim s*M{||x| > s}) = oe_lf Ix|“R(dx) and lim s*M{||x] > s}) =0.
s—>0t R4 §—> 00
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Hence M is a Lévy measure of a proper T oS distribution if and only if

lim s*M{||x] > s}) < oco.
s—07F
Proof. From (2.7) we get for every s > 0
o0
MUl = sh= [ [ wete s aoran.
R Jilx|~!

Hence the map s — s“*M({||x|| > s}) is decreasing to zero. By the monotone convergence
theorem

lim s*M{llx]| > s}) =0t7]/ 11 R(dx).
s—07F R4
The conclusion comes from the last part of Theorem 2.3. [

Corollary 2.6. In the subclass of proper tempered stable distributions the parametrization
(e, R) of the Lévy measures is identifiable.

T oS distributions may have moments of any order, even exponential moments of some order.
This simply depends on their spectral measures.

Proposition 2.7. Let i be a TS distribution with Lévy measure given by (2.7). Then
(i) Jga X7 1(dx) < oo for p € (0, a);

(i) fga Ix]%u(dx) < 00 f||x|\>1 [x)1*log [lx || R(dx) < ooy

(iii) f]Rd lx)I”p(dx) < 00 <— f“x”>1 lx]|” R(dx) < oo when p > «;

@iv) f]Rd exp@lxDu(dx) < 0o < R({x : ||x|| > 071} =0, where 6 > 0.

Proof. The above moment conditions for p are equivalent to the corresponding conditions for
M{x>1y; cf. [22, p. 159]. We write for p > 0

o0
/ llx || M (dx) =/ IIXIIP/ P le™ 4 R(dx)
[lx|>1 lxlI<1 )=t

o0
+f ||x||P/ P~ le~1 4t R(dx) = I + .
lell>1 |

|xl| =

Let C := sup,~ tP*>~%e~". Then

[o/0]
I < C/ ||x||1’/ 13 drR(dx) < 2*‘C/ xR (dx) < 0o
Ixli<t I

x|t llxll<1

by (2.8). Therefore, the finiteness of f”x”>1 lx]|? M (dx) is decided by I5.
If p < o then

o0
L 5/ ||x||"/ rP*“*‘drR(dx)=(a—p)*‘/ Ilx[1*R(dx) < oo,
[lx][>1

) llxl>1

by (2.8). This proves (i).
If p > «, then (ii) follows from the following bounds:

o
(/ Pl dl) / [xI”R(dx) < I < I'(p — @) 117 R(dx).
1 ll>1 el >1
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For p = o we have

1 e’}

I 5/ ||x||“/ t’]dtR(dx)—i—/ ||x||°‘f e~ drR(dx)

lxl>1 flx) 1 flx)>1 1
=/ x| (log [|x|| + e~ ") R(dx)
[lx][>1
and
I ze‘lf (1% log [|x || R (dx).
lxcf|>1

This completes the proof of (i)—(iii).
Suppose now that R({x : ||x|| > 6~'}) = 0. Put C := sup, >0 e /242~ Then

o
/ e9‘|x|'M(dx)=/ / e@lxl=Drz=e=1 q4; R (dx)
lxl>1 Ixf<6=1 J !
o
/ / 7 L drR(dx)
@6)~ 1 <x <6~ J x| !

o0
+/ f e 21 4t R(dx)
Ixli<@o)=" Sy

a_1/ ||x||“R(dx)+2_1C/ Ix]IZR(dx) < oo.
lxll>(26)~"! Ixl=<(26)~!

A

IA

Conversely, if R({x : [x]| > 6~'}) > 0 then there is an ¢ > 0 such that R({x : [x| >
6~ + €}) > 0. We obtain

o0
/ exp(9||x||)M(dx)z/ / exp(eft)t ™~ drR(dx) = o0
lxl>1 lxll>6=1+e Jj|

x| 7!
which implies that fRd exp@|lx|Du(dx) =oc0. O

The “finite variation” case is characterized by the following.

Proposition 2.8. Let M and R be related by (2.7), where R satisfies (2.8). Then

/ Ix||M(dx) <00 <= a e (0,1) and / x| R(dx) < oo.
<1 I

x[=1

Proof. Suppose f”X”<1 lx||M(dx) < oo. Choose r > 1 such that R({||x|| < r}) # 0. Then

[l
00>/ [lx ]| M (dx) z/ ||x||/ t~%e~"drR(dx)
lx<1 llxll<r 0

—1

,

3/ ||x||R(dx)/ 1% dr
el <r 0

which implies ¢« < 1 and fI\X\I <1 Ix[IR(dx) < oo. The converse follows from the following
bounds: -

[l ]|~
/ llx || M (dx) :/ ||x||/ t~%e " drR(dx)
llxll<1 llxll<1 0
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fl |~
+/ x|l / t~%e " drR(dx)
llx)l>1 0

< I'(l —a) ||x||R(dx)+(1—oc)_1/ [xI9R(dx). O

llxl<1 Ilx|>1

The next theorem gives an explicit form of the characteristic function of T« S distributions
and justifies the term “spectral measure” for R.

Theorem 2.9. Let 1 be a TaS distribution with Lévy measure given by (2.7), a € (0,2). If
Jra lIx]l(dx) < oo, then

Ay = exp {fR Yaly, XHRED) + iy, b)} , @.11)
where

s = {7 @)
and b = [pq xpu(dx). This is always the case when 1 < a < 2, or

=1 and /| - |x]| log [|x]|R(dx) < oo, (2.13)
or

O<a<1 and f” IR < oc. (2.14)
IO <a<1and

/| IR @) < oo 2.15)
then _

A0y = exp { /R YUy DR +ily, bo)} , (2.16)
where

Y2 = M—a) [(1 — i) — 1] 2.17)

and by € R? is the drift vector. In particular, if w is a proper TaS distribution with o € (0, 1),
then (2.16) applies.

Before the proof, we will state the limiting behavior of ,’s at zero and infinity. The
computations are elementary, and thus omitted.
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Lemma 2.10. We have
1
hm s~ wa(s) _EF(Z —a), ae€(0,2);

lim s~ YW(s) = =TI — )i, a€(0,1);

. (2.18)
lim (s~ 'y (s) +ilogs) = == +i, o =1;
§— 00 2
lim s %Yo (s) = [(—a)e 9% e (1,2).
§—> 00
We also have for o € (0, 1)
hms Wos) =ra—aj;
(2.19)

Jim sy O(s) = I(—a)e @7/2,

Consequently, for each a there is a finite positive constant Cy, such that for all s € R
Cl s AIsIY) < Wa ()] < Ca(s® AlsYh), @ # 1
Cr' s> Alsl(1+Tog" [sD] < [1(9)] < Cals® Als|(1 +Tlog™ IsD], a=1;  (2.20)
C, ' (sI A 1sI®) < 1Y) < CallsI AlsI%).  a € (0, 1).

Proof of Theorem 2.9. Notice that by (2.8) and (2.20) of Lemma 2.10 the integrals in (2.11) and
(2.16) are well defined. Now we will verify that

wg@):/ e =D le"dt a€(0,1) (2.21)
0
and
Vals) = / €' —1—isnHr*le"dt «€(0,2). (2.22)
0

Consider 0 < a < 1. Let w, z be two complex numbers with R(w), R(z) > 0. Integrating by
parts we get that

o0
/ (e—zt _ e—wt)t—()l—ldt — F(—Ol)(za _ wOl)‘
0
Putting z = 1 — is and w = 1 we obtain (2.21). Then
oo =)
/ € — 1 —isHr e dr = y2(s) — is/ % dt = Yy (s).
0 0
Now let 1 < o < 2. Integrating by parts twice we verify that for R(w), R(z) > 0,
o0
/ e —e ™™ + (z —w)r]r ¥V dr = I'(—a) (2% — w%).
0
Taking z = 1 — is and w = 1 we obtain

[ I 0o .
/ € —1—isn)r et dr = / [~ _ e~ _ sl ds
0 0

Y e —a . L I'2—a)
+1s/ (1—e D %dt = I(—a)[(1 —is)® — 1] +i Sa——l//a(s).
0
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There remains @ = 1. Take &’ € (1, 2). We have just shown that

B F(za—/ o) (1—is)¥ —1 —}—ia’s.

o —1
Using the dominated convergence theorem on the left hand side (see (2.22)) and differentiation
on the right hand side we pass to the limit as &’ \ 1. This yields the desired formula for /.

If fRd lx|lpe(dx) < oo, then & can be written as

A(y) = exp ( /R d(e“”> — 1 —i(y, x)) M(dx) +i(y, b>) , (2.23)

where b = f xpu(dx). Using (2.7), (2.22) and (2.20) we obtain (2.11). The sufficiency of (2.13)
and (2.14) follows from Proposition 2.7.

Now consider @ € (0, 1) and fl\x\|<1 lx]|R(dx) < co. By Proposition 2.8 foH<1 lx | M (dx) <
00, in which case [t can be written as -

A(y) = exp ( / @ — HM(x) + iy, bo)) : (2.24)
R4
where b is a “natural” drift. Applying (2.7), (2.21) and (2.20) we conclude the proof. [

Definition 2.11. Let X be a random vector having a T« S distribution with the spectral measure
R. We will write X ~ T S,(R, b) to indicate that the characteristic function of X is given by
(2.11) and assumptions (2.13) and (2.14) are satisfied in the case « € (0, 1]. If « € (0, 1) and
(2.15) holds, then X ~ TSg(R, bo) means that the characteristic function of X is of the form
(2.16).

Notice that if « € (0,1) and fRd [x||[R(dx) < o0, then both forms (2.11) and (2.16)
of characteristic functions are valid for X, X ~ TSg(R, bo) and X ~ TSy(R,b), where
b=by+ I'(1 —a) [pa xR (dx).

The above parametrization behaves nicely under convolutions and linear transformations.

Corollary 2.12. Let X, X1, X2 be random vectors in RY and let V : R? +— R* be a linear map.

1) If Xi ~ T Sq(R;, b;) are independent, then X1 + X2 ~ T Sq(R1 + Ra, b1 + b2).
@) If X ~TSy(R,b) then V(X) ~TSy((Ro V_l)”Rd\{O}, V (b)).

The analogous properties hold for the TS2 parametrization.

Corollary 2.13. Let X ~ TSy(R,0) and R({x : |x|| > 6~'}) = 0 for some 6 > 0. Then for
every y € R with ||y|| < 0 the moment generating function of X exists and is equal to

exp |:F(—oe)/ [(1 = (v, x)% =1 +ot(y,x)]R(dx)i|, a1

Eer:X) —

(2.25)
exp [/ [(1 = (v, x) log(1 — (y, x)) + (v, x)] R(dX)] , a=1

If X ~ TSg(R, 0) and R({x : ||x|| > 6~'}) = 0, then

Ee"X) = exp [n—a) / (1= (y, X)) — 1]R<dx>} . (2.26)



688 J. Rosiniski / Stochastic Processes and their Applications 117 (2007) 677-707

Proof. By Proposition 2.7(iv), Ee’lIXll < oo. Theorem 25.17 in [22] justifies a formal
replacement of y € R? in (2.11) by —iy € C¢ such that ||y|| < 6. This gives (2.25). (2.26)
follows by the same argument. [l

Example 1. Let g(r,u) = e~ in (2.2). This is a uniform tilting of a stable Lévy measure
My in all directions, M(dx) = e *IMy(dx). It is easy to see that the measures Q and
R are concentrated on S?~! on which they coincide with o. Let X ~ TS4(R,0). By
Proposition 2.7(iv), Eel*!l < co. The moment generating function of X is given by (2.25).

Example 2. Letd = 1 and X ~ TSg(cél,O), where 0 < ¢ < land ¢ > 0. Then X is a
non-negative random variable and

Ee X = exp{—T'(—a)c[l — (1 + M)*]} A > —1.
When o = 1/2, X has the well known inverse Gaussian distribution; see [22, p. 233].

At the conclusion of this section we will relate parameters of proper T «S distributions to the
stable ones.

Lemma 2.14. Let M be a Lévy measure of a proper ToS distribution, as in (2.2), with the
spectral measure R. Let M be the Lévy measure of an a-stable distribution given by (2.1). Then

Mo(A) = fdfoo I4(tx) " dtR(dx) A € BRY). (2.27)
R4 JO
Furthermore,
0(B)=/ Ig <” ”>||x||“R(dx) B € B(s?™). (2.28)

Proof. Using (2.5) and (2.4) we get for every A € B(RY)

/ f Ta(tx)t™~ ldtR(dx)—/ f ( 2>t_”‘_1||x||“dtQ(dx)
Rd Rd [lx]]
=/ / I4 (s—)s“ldsQ(dx)
re Jo flx]|

=/ /Oo La(su)s ™ Vdso (du) = Mo(A).
sd=1.Jo

Now we verify the second formula of the lemma:

/ o <||)C||>”’C”O[R(d )_/ o <|| ||)Q( :

= / f Q(ds|lu)o(du) =o(B). O
B JO
Let o be an «-stable distribution with Lévy measure M given by (2.1). We have
. T .
exp |:_Coz f [y, u) | (1 —itan TSgn(y, u)) o (du) +1i(y, a)]
gd—1

oy =1 ¢ 7 1. ’ (2.29)
exp [—61 fS{H (I(y, u)| + i;(y, u)log [{y, u)l) o (du) +it(y, a)]

a=1
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where ¢y = |I'(—a) cos(%ﬂ when @ # 1 and ¢; = /2. See [22, Theorem 14.10].

Definition 2.15. We will write Y ~ S, (0, @) to indicate that Y is an «-stable random vector with
the characteristic function as in (2.29).

Notice that c¢,0 (not o) is traditionally called the spectral measure of a stable distribution
w [21, p. 66]. We will use the notation of Definition 2.15, however, for the sake of consistency
with the notation of tempered stable distributions.

3. TaS Lévy processes: Short and long time behavior

A Lévy process {X (7) : t > 0} in R? such that X (1) has a TS distribution will be called a
T oS Lévy process. Proper Ta S Lévy processes are defined analogously. To investigate the short
and long time behavior of X (¢), we define the time rescaled process

Xu(t) = X(ht) h >0, t>0. @3.1)

The following theorem justifies and quantifies the statement that a tempered stable process in a
short time looks as a stable process while in a large time scale it looks as a Brownian motion.

Below, i) denotes the weak convergence of processes in the space D([0, 00), ]Rd), of functions
from [0, o) into R? right-continuous with left limits, equipped with the Skorohod topology.

Theorem 3.1. Let {X(t) : t > 0} be a TS Lévy process in R? and let R be the spectral measure

of L(X(1)).
(1) Short time behavior. Suppose that

/ lx]%R(dx) < o0 (3.2)
Rd

and let o be a finite measure on S~ given by (2.28). Assume that X (1) ~ TSg(R, 0) when
a € (0,1) and that X (1) ~ TSy (R, 0) when a € (1, 2). Then

Ve, < Y ash— 0,

where {Y (t) : t > 0} is a strictly a-stable Lévy process with Y (1) ~ Sy(o, 0). If « = 1, assume
additionally that f]Rd lx||| log |x ||| R(dx) < oo and X (1) ~ T S¢(R, 0). Then

d
hilxh—ah—>Y ash — 0,

where
ap(t) = tloghf xR(dx),
R4
and {Y (t) : t > 0} is a I-stable Lévy process with Y (1) ~ S1(o, b) and
b =/ x(1 —log ||x|)R(dx).
R4

(ii) Long time behavior. Suppose that

/ [x]2R(dx) < oo (3.3)
Rd



690 J. Rosiniski / Stochastic Processes and their Applications 117 (2007) 677-707
and let X (1) ~ TS,(R,0), a € (0, 2). Then

h_l/zXh—d> B ash — oo,

where {B(t) : t > 0} is a Brownian motion with the characteristic function
Sy t
EelB0) — exp {——F(Z —a) / (y, x)zR(dx)} .
2 R

Proof. (i). First we consider @ # 1. Since {h_l/"‘ Xn(t) : t = 0} is a Lévy process, by a theorem
due to Skorohod [12, Theorem 15.17], it is enough to show the convergence in distribution of
h=Y* X, (1) to Y (1). We will show the convergence of the respective characteristic functions.
For @ € (0, 1) we have

E expli(y, h /X, (1))] = E explith™"/*y, X (h))]

exp [ / gy, x>)R(dx>] , (3.4)
R

and for o € (1, 2) we have

E expli(y, h~ /%X, (1))] = exp [ / , Iy (R 1% (y, x>)R<dx>} : (3.5)
R

Using the upper bounds (2.20) of Lemma 2.10 and (3.2) we justify the passage # — 0 under the
above integrals. Since lﬂg(—s) = 1/f2(s) and ¥, (—s) = Yy (s) (see (2.21) and (2.22)), we get by
(2.19)

lim Ay (h™ % (v, x)) = T(=)l(y, x)I exp {~i%-sen(y, x)|
h—0 o ’ ’ 2 ’
= I'(—a) cos (%) [{y, x)|* (1 — tan ?sgn(y, x)) .

Therefore, the limit in (3.4) coincides with (2.29) fora = 0 and « € (0, 1). Similarly we get the
limit in (3.5) as A — 0. This establishes (i) for o # 1.

If « = 1 then
E expli(y, h ' X5 (1) — ay(1))]
= exp { fR l[hvfl(h—](y,x)) - i(y,x)logh]R(dx)}. (3.6)

Putting v = (y, x) we can write
hyri (h~'v) —ivlogh = hlog(1 + h~*vH)? —vtan~ (A~ v)
+i[v — vlog(h? + vH)? — htan~ ' (h ).
Therefore
Iy (h'v) — ivloghl < hlog(l +h~'|v]) + |v|%
+ [vl max{[log [v]], [log(Jv] + D[} + 2|v]
< Clv|(1 + | log |v]|)

uniformly over & € (0, 1], where C is a universal constant. In the first inequality we used
the monotonicity of the logarithm and that |tan~! | < u, and in the second one, the bounds
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log(1 4+ u) < u and |log(1 + u)| < |logu| + log2, for all u > 0. We have obtained a bound
Iy (A~ (y, x)) —i(y, x) logh| < C|{y, x)|(1 + |log [{y, x)]).

Therefore, by the assumption on the integrability of R we may pass to the limit under the integral
sign in (3.6). Applying (2.18) and (2.28) we get

]}in%)Eexp[i(y, R X5 (1) = ap(1))]

= exp{f [~ 510 00+ i ) = (33 Tog (v, ) R(dx)}
Rd 2

2
eXp{—m/ (I(y,x>| +i—(y, x)log <y, L>D R(dx)
Rd T [l

+i/ (v, x)(1 — log ||x||)R<dx)}
Rd
2
- exp{—clf (|(y,u)|+i—(y,u)log|(y,u)|>a(du)+i(y,b)}.
sd—1 T

This completes the proof of part (i).
Now we will prove (ii). We have

Eexpli(y, h 12 X;,(1))] = exp [ f ) Iy (W12 (y, x>)R(dx>] : (3.7)
R

Using the upper bounds (2.20) of Lemma 2.10 and (3.3) we justify the passage 4 — oo under
the integral. Applying (2.18) we get

1
lim Ay (b2 (y, x)) = =52 = a)(y, x)?
h—o00 2
which completes the proof. [

Remark 3.2. Under different and more complicated assumptions on the spectral measure R it
is possible to obtain B-stable behavior of X at zero and/or infinity, where 8 € («, 2). These
extensions will be considered elsewhere.

4. Absolute continuity with respect to stable processes

In the previous section we have shown that in a short time a proper tempered stable Lévy
process looks like a stable one. In this section we relate the distributions of these two processes.

A process {X(¢) : t > 0} in R? is said to be canonical if X (¢, w) = w(t), 1 > 0, w € £,
where 2 = D([0, 00), R%); 2 is equipped with the o-field F = o{X(s) : s > 0} and
the right-continuous natural filtration F; = ﬂs>tO'{X (u) : u < s}, t > 0. The canonical
process is completely described by a probability measure P on ({2, F). As usual, we set
AX(t) = X(t) — X(t—). By Pz, we will denote the restriction of P to the o-field F;.

Theorem 4.1. In the above setting consider two probability measures Py and P on ({2, F) such
that the canonical process {X(t) : t > 0} under Py is a Lévy a-stable process while under P
it is a proper TaS Lévy process. Specifically, assume that under Py, X (1) ~ Sy (0, a), where o
is related to R by (2.28) and a € (0, 2), while under P, X (1) ~ TSg(R, b) when ¢ € (0, 1)
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and X(1) ~ TSq(R, b) when « € [1,2). Let M, the Lévy measure corresponding to R, be as in
(2.2), where g(0F, u) = 1 for all u € S4='. Then
(i) PoF, and P, are mutually absolutely continuous for every t > 0 if and only if

1
[5471 /0 [1—q(r,uw))?r % 'dro(du) < oo 4.1)
and
0, O0<ax<l,
bh—a— /WX(IOg [xll = DR(x), o=1, @2)

F(l—a)/ xR(dx), 1<a<?2.
RY

Condition (4.1) implies that the integrals in (4.2) exist. Furthermore, if either (4.1) or (4.2) fails,

then Py\F, and P\F, are singular for all t > 0.
(i1) If (4.1) and (4.2) hold, then for each t > 0

P
ar e, (4.3)
4P,
where {Z(t) : t > 0} is a Lévy process on (§2, F, Py) given by
. AX(s)
Z(1) = lim { > logg (IIAX(S)II, m)
VO Lszr1ax(o)1>¢)

+t/ /Oo[l —q(r, u)]r_"‘_ldro(du)}.
sd—=1 Je

The above convergence is Py-a.s., uniform in t on any bounded interval. The Lévy measure v of
L{Z (1)} is concentrated on (—o0, 0) and determined by

0 [}
/ F(s)v(ds) = / / F(logq(r, u)r =%~ dro (du) 4.4
—00 sa-1 Jo
for every Borel function F. The characteristic function of Z(1) is of the form
. 0 .
Ep,e%M = exp {ieao +/ [e? — 1 — i@vlll,o)(v)]u(dv)} : (4.5)
—00

where

0
ag = _/ [e" =1 —vlj_1,0)(v)]v(dv).

—0oQ
Proof. Part (i). Let My and M be as in (2.1) and (2.2). We have

X

L ( ) R4\ (0 (46)
G =a (x5 ). r R0 .

llxl

Indeed, for every A € B (RY)

/ q(nxn,i) Mo(dx) = / / L Grq(r, w0y~ dro(du) = M(A).
A -1 Jo

[lx]l
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Put ¢ (x) = logq(|lx|, ”“;—H). According to Theorem 33.1 in [22], Py x, and Pz, are mutually
absolutely continuous for every ¢ > 0 if and only if

/ €?@/2 _ 1)2My(dx) < oo .7
Rd
and
B, =0. (4.8)
Here
b +f xM(dx) — <a +f xMo(dx)) —f x(M — My)(dx),
lxlI=<1 lxlI=<1 lxlI<1
O<a<l,
b —/ xM(dx) — (a — c/ ua(du)) —/ x(M — Mp)(dx),
By = lxfl>1 sd-1 lel<1
oa=1,
b —/ xM(dx) — (a —/ xMo(dx)> —/ x(M — Mp)(dx),
lxl>1 llxl>1 lxl<1
l<a<?2.

In the case « = 1, ¢ = 1 — y, where y is the Euler constant. (This is the same constant ¢ as
in [22, Lemma 14.11]; to see that, use integration by parts and [10, 8.2301-8.2302].)
(4.7) can be written as

2
f [1—q‘/2<||x||,i)} Mo(dx) < oo.
R Ix]

Since the integrand is bounded by 1, we may consider only integration over {||x|| < 1}. Applying
elementary inequalities 41_1(1 —x)2<(1- ﬁ)2 < (1—x)2for x € [0, 1], we infer that the above
condition is equivalent to

2
/ [1 _p (||x||, i)} Mo(dx) < oo. (4.9
llxl<1 llx |

This yields (4.1), after a change of variable.
Now we will prove that (4.2) is equivalent to (4.8). First we remark that by (4.9)

/l - x| (Mo — M)(dx) < oo. (4.10)

Indeed,

f llx|I(Mo — M)(dx) =[ [l ]| [l —q (IIXII, L)} Mo(dx)
flx)<1 lxll<1 flx]]

1/2 N 2 1/2
< (f IIXIIZMo(dX)> </ [1 —q <IIXII, —)} Mo(dx)> < 00.
llxl<1 llxl<1 [l ]

IfO<oa < 1,then By =b—a=0by (4.2). Let | <o < 2. In this case

/n| 1||x||M(dx)s/ el Mo (dx) < oc.

llx(I>1
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Combining this with (4.10) we get
[, 1t = i) < oo,
R

Then, using (2.7) and (2.27) and the integration by parts, we obtain

// lx)lt=*(1 — e~ ")dt R(dx)
R4 JO

= -rd —a)/ x| R (dx).
Rd

/ Il (Mo — M) (dx)
Rd

Thus fRd [lx||R(dx) < oco. Applying the same steps we get

Ba=/ x(Mo—M)(dx)—I—b—a:—F(l—a)/ xR(dx)+b—a =0,
R4 R4

where the last equation follows from (4.2), proving (4.8).
It remains to prove (4.8) in the case « = 1. We will evaluate parts of By and then combine
them to show that B; = 0. By (4.10) we have

flc ]|~
00 >/ IIXII(Mo—M)(dX)=/ IIxII/ 111 —e7")drR(dx)
llxll<1 R¢ 0

1 flxf1~! . 1
> —/ ||x||/ 1 drR(dx) = —/ el og lxll| R(dx).
x|<1 2

2y 1 <t

Combining this with (2.13), we get fRd [lx|l| log ||x|||R(dx) < oo. This makes the integral in
(4.2) well defined and validates the following computation.

flx =1
/ x(Mo—M)(dx)zf x/ =11 — e7")drR(dx)
Ixli<1 R Jo
- fRiX(El(”x”_l) —log llx]| + 7)R(dx)

where E{(v) = fvoo 1 exp(—t) dt is the exponential integral function [1, 5.1.39]. Next we

notice that by (2.13), fo”>1 [lx|IM(dx) < oo (see Proposition 2.7(ii)). Moreover,

/ xM(dx):[ x/oo t_le_’dtR(dx):/ xE;(Ix"H R (dx).
lxli>1 RO R

Combining these evaluations we get
Bi=b-— / E (Y R@x) —a + (1 — y)/ uo (du)
Rd gd—1
+ [ xTog el + Enl ™) + v R

:b—a—l—(l—y)/ xR(dx)—/ xlog||x||R(dx)+)// xR(dx) =0.
R4 R4 R4

The conclusion of the proof of part (i) comes from the dichotomy result of [7] which says that,
since M and M are mutually absolutely continuous by (4.6), Py 7, and Pz, are either mutually
absolutely continuous or singular for all ¢ > 0.
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Part (ii) is a direct application of Theorem 33.2 in [22], where the form of Radon—Nikodym
derivative is specified for two mutually absolutely continuous Lévy processes. [l

Remark 4.2. Condition (4.1) fails when the function g (-, u) decreases too rapidly near zero.
Intuitively, this means that the tempering is too strong to preserve the almost sure local structure
of sample paths of the stable process. In the next section we will give a more tangible probabilistic
interpretation of this phenomenon.

We will consider two examples as an illustration of Theorem 4.1. The first one is a
continuation of Example 1 of Section 2.
Example 3. Let g(r,u) = e~ and let o be any finite measure on S¢~!. It is easy to see
that condition (4.1) holds. Therefore, the density transformation (4.3) changes a Lévy a-stable
process {X (¢) : t = 0} with X (1) ~ S, (0, a) into a TaS Lévy process with X (1) ~ T Sy (o, b)
having finite exponential moments. (4.2) yields

ra —Ol)/ uo(du) o #1,
Sdfl

—/ uo(du) o =1.
gd—1

(See Definition 2.11 for the relation between the two parametrizations in the case a € (0, 1).)
The process {Z(t) : t > 0} of (4.3) is an «-stable process in R with only negative jumps and its
Lévy density specified by (4.4) equals

b—a=

Vv _ —a—
- =TI 0 ().

Example 4. Let g(r,u) =e™" ﬂ, where 0 < B < «/2. Then (4.1) fails for any non-zero measure
o. Indeed,

1 1
1
/ [1—gq(r, M)]2 r ldr > —/ 2= lqp — 0o,
0 4 Jo

5. Shot noise representation of proper T« S laws and processes

In this section we give probabilistic representations of proper TS distributions and the
corresponding Lévy processes. They reveal the nature of tempering of stable jumps. These are
shot-noise-type series based on marked Poisson point processes [19] (cf. [17]). The difficulty of
getting such representations for tempered stable laws is that the tail of the radial component
of Lévy measure M in (2.2) does not have an explicit inverse. This is the case even in the
simplest situation with d = 1, 0 = §8; and g(r,u) = e", when the tail is of the form
x> xoo e "r~®~1dr. Therefore, the usual method with the inverse of Lévy measure is hard to
practically implement (cf. [19]). The representation given below does not require making such
an inverse, works for any function g (7, u), and is more revealing about the structure of T« S laws.

We will now fix the notation. Let M be the Lévy measure of a proper tempered «-stable
distribution on R? as in (2.2). Let Q and R be the measures on R¢ associated with M, given by
(2.4) and (2.5). By (2.10) and (2.28) the following holds:

loll ==o(s ) = QRY) = fR llx]|*R(dx) < oo.
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Let {v;} be an iid sequence of random vectors in R? with the common distribution Q/| o]
Let {u;} be an iid sequence of uniform random variables on (0, 1) and let {e;} and {e/,.} be iid
sequences of exponential random variables with parameter 1. Assume that {v;}, {u;}, {e;}, and
{e}} are independent. Put y; = ¢] +-- - + e/j; {y;} forms a Poisson point process on (0, c0) with
the Lebesgue intensity measure. As usual, x A y := min{x, y}.

Theorem 5.1. Under the above assumptions we have the following.
) If « € (0, 1), orif o €[1,2) and Q is symmetric, set

00 ay; —1/a 1 Vi
So = —L neju/ v ) =L 5.1
’ Z((nan) s Il ) -

j=1

Then the series converges a.s.; Sy ~ TSg(R,O) for « € (0,1) and So ~ TSy(R,0) for
o €[l,2).

(i) If @ € [1, 2) and Q is non-symmetric, assume additionally that fRd x|l log [l x|[|R(dx) < oo
when a = 1 and that fRd [x||R(dx) < oo when a € (1, 2). Put

00 —1/a .\ — /o
_ @y e 1) (2
. _Z[«uon) A Il ) o1 (non) xo} “’ 62

j=1
where

vj —1
xg=E—— =|o] uo (du),
lvjll gd-1

1
ot (—) ol — I —a)x;, 1<a<2,
b _ o

5.3)
Qy +logllo|)x1 — /Rdxlog |x||R(dx), a=1,

¢ denotes the Riemann zeta function, y = 0.577 ... is the Euler constant, and

X1 =/ xR(dx).
R4

Then the series (5.2) converges a.s. and S1 ~ T Sy (R, 0).

Before the proof let us comment on a practical issue of a simulation of v;’s

Remark 5.2. It is easier to use Q for the purpose of simulation than the measure R. Indeed,
if {(nj,&;)} is an iid sequence such that £{£;} = o/|lo]| and conditionally on £§; = u, the
distribution of n; is Q(-|u) (as in (2.4)), then v; := n;&; are iid with the common distribution
Q/lla|.

However, one can also use measure R for simulation in the following way. Define a probability
measure R; by Ri(dx) = lo - xR (dx), x € R?. Let {w;} be an iid sequence with the
common distribution R;. Then v; = w;/||lw; |? are iid with the common distribution Q/||o ||.
Substituting such v;’s into the corresponding series we obtain representations of T'aS random
vectors in terms of w, as in [20].

Proof of Theorem 5.1. To prove this theorem, we use [19, Theorem 4.1] in the case of

—1/a
ay;j 1 Uj
H(yj, (vj,ej, uj)) = <<_|IUT|) Aeju /a”UJ” 1) _||v]-||'
J
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To this end we first need to show that for every 0 & A € B(R?)
o0
| PG e € 4y ds = maa,
0

that is,

00 —1/a
/ P (ﬁ) Aewy o7 e A ds = M(A), 5.4
A ol vl

It is enough to verify this equation for the sets of the form A = {x € R? : ||x|| > a, ﬁ € B},
where @ > 0 and B € B(S¢~"). For such A the left hand side of (5.4) can be written as

> as \ Ve v
E/ 1 <—> >a,e]u%/a>a||v1||,—leB ds
0 lloll luall

_ _ V]
= o Yolla"EI <e1u}/"‘ > alu, Torl € B)
U]

= a—la—“/ /Oo P(eyuy’® > as)Q(ds|u)o (du)
B JO

:// f e r~* L dr Q(ds|u)o (du)
B JO a

:/ /ooq(r, wyr~* Y dro(du) = M(A).
B Ja

This proves (5.4).
If & € (0, 1), then by Proposition 2.8 |,

flxl

<1 [XIM(dx) < oo. Equivalently, by (5.4),
oo
/ E(IH (s, (vr, er, un)IT([H (s, (vi, e, un) | < 1) ds =/ X[ M (dx) < oo.
0 lxli<1

Therefore, Theorem 4.1(A) in [19] applies and proves part (i) when o € (0, 1).
Ifa € [1,2), then

/O E(|[H(s, (v1, er, u L[ H (s, (v1, er, u1)[| > 1)) ds =/ l[x[|M(dx) < oo.

llx>1

Therefore, from Theorem 4.1(B) in [19] we infer that

00 ay; —1/a . U
Sp = tin Aneju vt ) L —¢; 5.5
i Z[«Hau) it ol P =@ 62

Jj=1

converges a.s. and Sy ~ T 'Sy (R, 0), where

j as \ V¢ Ve, =1} VI
cj = E —_— Aejuy |l — | ds. (5.6)
j-1 loll ol

In general, the right hand side in (5.6) does not seem to have a closed form. However, when Q is
symmetric then trivially we have c¢; = 0. In this case (5.5) coincides with (5.1). This completes
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the proof of (i). To establish (ii), it remains to show that

00 .\ —l/a
oJ
—c¢i| =0, 5.7
.1[<||o||> . C’] G

where b is given by (5.3).
First we consider the case o € (1, 2). Define for j > 1

j —1/a 1-1/a 1/a
C/‘:/ ERE) o ]dsza oI it -y, (5.8)
j—1

! loll vl a—1

We have

, j as —1/a as —1/a 1/a 1
== [T oEf () - () A [ s
j—1 llol lloll

Observe that for every 6 > 0

/oo (ﬂ)_w - <ﬂ>_w no|Vas= Ml _gi—a (5.9)
0 lloll ol ala —1)

Using this identity for 6 = elui/a llvr ]I~ pointwise, we get

00 00 —1/a —1/a
Z”C; —¢jll E/ (ﬂ) _ (ﬂ) /\elui/aﬂvl”*l ds
= 0 loll loll

el
T alae—1)

1— —1+1/x —1
Ele! =V oy 21

re—ow ae] 12—
= ———lollElvi™" = ———— | lx[IR(dx) < oo. (5.10)
a—1 a—1 R4
Using (5.9) again we get

00 00 as —1/a as —1/a 1 . vy
L _¢)=E 2 (= Uo7 ) ds—-
j;(cf ) [/0 ((nan) [(non) el PO

o o - -1 U
:E{ o0 1o 1/t }

a@—1n° ot
2 —
- Qf xllx %2 Q(dx)
o —1 R4
re-ow

xR(dx) = —-I'(1 — a)x;.
o —1 R4

Then we have

i oj e | i-—l/a_ @11/« /g Vet
o) T T\&! a 1" ) *o.

j=l1
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From a classical formula [1, 23.2.9],

n 1—z o0 o
St :;(Z)+z/ by w0 R0 21 5.11)
= 1-z n St

we obtain

00 .\ —l/a
> (“—]) X0 = ¢} =c<1)a—”“||a||”“
2| o «

J

Consequently,

() o]

J

00 —1/a 00
Z[(non) xo_cg'};@}_c")

j=1

1
¢ (—) a Vo | Vxg — (1 —a)x; = b
o

which proves (5.7) in the case o € (1,2). We will also record the following estimate for later
o0
=2

use:
) (i) oo
+ ) N =l
ol Ndal = !
i o 1 l/a_(j )1 ey f]/oz
(x—l

j=1

.

-1 1
xa o /“||xo||+2||c —cjll
j=1

_ I'C—-a
<a ”“|<:<1/a>|||o||”“+—/ x| R(dx)
oa—1 R4
= Cillo|V* + C, /Rd x| R (dx). (5.12)
o Jd-1/a.

The first equality we deduce from the mean value theorem for s > =55
holds because ||xg|| < 1, (5.10) and (5.11).
Now we consider the case o = 1. Proceeding like we did above, define for j > 2

J s \ 7! V]
d) = / E (—) ds = (log j — log(j — )& llxo (5.13)
=L ) T

and put ¢ = 0. Observe that for every 6 > 0

PG () o]}

= {0 — llolllogf + llo|llog|lo|l — lloll} 16 < llo )

< llolllog (” ”) (5.14)

; the last inequality
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Thus,

gllc} —cjll < E/IOO {(u;_u)l - [(n;_u)l /\elu1||v1||1:|] ds

lo | E log* (||0||||Ul||>

eru]
< lloll (loglioll| + Ellog|lvi ||| + E|logejui|)

A

= lloll[log llo|l| + /Rd [log [lxlllx[[R(dx) + K |lo|| < o0 (5.15)

where K = E|logeju;| < oco. We will now compute Z;’O:I (C; — ¢;). Observe that for 6 > 0

N
/0 (m) ANOds =010 < llol) +{lloll = llolloglloll + llo|log#} 16 > lla ).

Combining this identity with (5.14) we get

L) o ) )

Using this formula for & = equ||v1|| =" pointwise, we get

g(c;- —¢))=E {[—/0] ((ui_n>_l /\elu1||vl||_1> ds
S (G -G e ) i)

V|
= lollE {(log lloll +log fluill — log(ejur) — l)m} :

Now we find that the density of eju; is the exponential integral function Ej(x) =
[2° 7 exp(—t) dt. Hence

o0
E {log(eju1)} = / logxEj(x)dx = —1 —y
0

where y is the Euler constant [10, 6.234]. Consequently,

o0
v
E (c;—¢cj) = lollE { o] (log |lo || + log |lvy || + )/)}
j=1

sz ' loglo |l + log [lx]| + ¥10(dx)

a x|l

= fRdx[V +log [lo|| — log [lx[1R(dx)

= (y +loglolDx — /Rdxlog llx ]| R(dx).
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On the other hand, for every n > 1

,2: [(Hi—ol X0 — c{| = (gj—l - logn> llo [|xo.

Since
n
lim ( j—l—logn> =y, (5.16)
n—oo
j=1
we get
oo [ . -1 T
J ’
> (—) xo = | =ylolxo =y
=L\l ]
Consequently,

oo [ . -1 - o . » .

J / /

- (non) o Z[(nan) XO‘CJ]+-ZI(C]-—C,->
! |7 £ >

~
Il
—_

= 2y +loglolhx; — /Rdxl()g x| R(dx) = b.

0
This establishes (5.7) and completes the proof. For future use we also record the following

estimate:
00 j -1 00 . —1 00
2| (g) o) =) (op) o -
Z |\lol — |\l F

( + Z(logj —log(j — 1) — ]—1)) llor | 1ol

Z —cjll

= Clall +llolllog ol + /Rd [log [lxllllx[[R(dx)  (5.17)

where C is a numerical constant. In the last bound we used that ||xg|| < 1 and (5.15). O

The main difficulty in part (ii) of Theorem 5.1 was to find an explicit centering of the series.
Besides the theoretical interest, explicit centers are needed for practical implementation of the
representations, e.g., for simulation. Once we have a shot noise representation of an infinitely
divisible law it is easy to give a shot noise representation of the corresponding Lévy process.

Theorem 5.3. With the notation and assumptions of Theorem 5.1, let {t;} be an iid sequence of
uniform random variables in [0, T, where T > 0 is fixed. Assume that ()} is independent of the
random sequences {v;}, {u;}, {e;}, and {y;}. Let xo, x1, {, and y be as in Theorem 5.1.

) If x € (0, 1), orif a €[1,2) and Q is symmetric, set

00 ay; —1/a 1 Vi
Xo(t)zzlr(o,,](rj)((T”Uf”) Aeju; a||vj||—1> m tel0,T]. (5.18)
J

j=1
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Then the series converges a.s. uniformly int € [0, T] to a Lévy process such that Xo(t) ~
TSg(tR, 0) when a € (0, 1) and Xo(t) ~ TSy (tR, 0) when a € [1, 2).

(i) If « € [1, 2) and Q is non-symmetric, assume additionally that fRd [lx ||| log ||x ||| R(dx) < oo
when a = 1 and that fRd Ix|R(dx) < oo when a € (1, 2). Put

0 —l/e 1/a —1| Y
X1 = Z |:I(0J](‘[j) ((TH ”> /\el ||U/|| ) m
z J

Jj=1

. —1/a
t o >
e xo | +tbr (5.19)
T (Tnou }

where

1
a‘l/"‘g (—) T_l(T||o||)1/”‘x0 —I'l—o)x;, l<a<?2
o

br = (5.20)

2y + log(T o [))x1 — /Rdxlog IxIR@x), o= 1.

Then the series (5.19) converges a.s. uniformly in t € [0,T] to a Lévy process such that
X1(t) ~TSy(tR, 0).

Proof. It is enough to show the convergence in distribution of series (5.18) and (5.19) for a
fixed ¢; see [19, Theorem 5.1]. The proof goes along the same lines as the proof of the previous
Theorem 5.1. For every 0 ¢ A € B(RY) we have

o0 as \ Ve | v
P {1on(t1) < ) Aeiu;, ]| |—— € A} ds
/0 {‘” [ Tlo] ! vl
—1/a
_/ ( ) Ay o7 | e A ds
Tlo|l lorll
as \ e 1/a v
=t/ P (—) Ao |7 | —= e A} ds = tM(A).
0 lloll florl

The last equality comes from (5.4). The case o € (0, 1) can be proven in exactly the same way
as in Theorem 5.1. If @ € [1, 2), then f”x”>1 [x||M(dx) < co. From Theorem 4.1(B) in [19] we
infer that

00 —1/a
_ , ayj Vay -1\ Y% _ T
Xz(t)—Z[l(o,z](fj) ((T”U”) e )”v,u aj <t>} (5.21)

j=1

converges a.s. and X»(t) ~ T S, (tR, 0), where

J as \ V¢ 1 1) v
al () = f E | Io.n(r1) ( ) ey oy 7! ds
i1 Tlo| ol

If Q is symmetric then ajT (t) = 0 and in this case (5.21) coincides with (5.18). This concludes
the proof of (i).
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To establish (ii), it will be helpful to view c¢; of (5.6) as a sequence depending on Q,
¢j = ¢;(Q). With this notation

aj (1) = %cj(TQ). (5.22)

From (5.7) and (5.3) (with 7Q and TR in place of Q and R, respectively) we have

00 . —1/a
aj
2 {(Tnau) o CJ(TQ)}

j=1

1
a_l/af (a) (T||U||)1/°[XO —I'l—a)Tx;, l<a<?2,

2y +1og(T o ) Tx1 - T/édxlog IIR@D). o= 1.

From (5.22) we now have

00 . —1/a
t oj o7 _
Z[T<T||on> S (”}_”’T

j=1

which completes the proof. [

If we drop e ju}/ *llv i 7' from (5.18) and (5.19), the resulting series represents stable
processes. We give their parametrization for the sake of comparison.

Proposition 5.4. Let o be given by (2.28). Then, with the notation of Theorem 5.3, we have the

following.
) If x € (0, 1), orif a €[1,2) and Q is symmetric, set
00 ay; —1/a v
Yo) =Y Io.n(t)) <—’> I (5.23)
JZ:; CINTIol) vyl

Then the series converges a.s. uniformly in t € [0, T] to a strictly a-stable Lévy processes with
Yo(1) ~ Su(t0, 0).
(i) If @ € [1, 2) and Q is non-symmetric, put

00 ay; —1/a "y t aj —1/a
Yl(t):Z[I(O’”(I")(T||a]u> ] _?<T||o||) ot G2

= I/

where bt is given in (5.20) of Theorem 5.3. Then the series converges a.s. uniformly int € [0, T']
to a a-stable Lévy processes with Y1(t) ~ Sy (to, ta), where

—I'l—ao)x, 1l<a<?2,

/ x(I —=log|lx|DR(dx), a=1. (5.25)
R

Proof. This result has been known for a long time. It can also be verified along the lines of the
proofs of Theorems 5.1 and 5.3. O

At VN
Remark 5.5. Jumps of processes X and X in Theorem 5.3 are equal to either (%) ”5—’“
J

(stable jumps as in (5.23) and (5.24)) or e ju}/ “ vajj\lz' If T is small then, under the operation
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minimum in (5.18) and (5.19), stable jumps prevail and we observe a stable process in a short

time. Conversely, if T is large then the iid terms e ju}/ * H:f
J

theorem explains the Gaussian behavior of T« S processes in a large time frame. Therefore,
representations (5.18) and (5.19) capture the interplay between a-stable and Gaussian trends in
T oS processes.

B prevail and the central limit

Remark 5.6. Theorem 5.3 in conjunction with Proposition 5.4 reveals the nature of tempering

A VL2
of stable jumps that leads to tempered «-stable processes. Stable jumps (%) —L are cut

ol
at the level of e ju}/ “Ilv i | =" but their direction is retained. The level of cut (tempering) does
not depend on the magnitude of a stable jump, only on its direction, ﬁ Indeed, given that
Uj /
llvjll

= u, the conditional distribution of ||v; || is Q(-|u).

Remark 5.7. We may also give a probabilistic interpretation of condition (4.1) in Theorem 4.1
(see also Remark 4.2). Roughly speaking, (4.1) fails when ¢(-, u) decreases rapidly in the
neighborhood of zero in which case Q(-|u) is heavy tailed. However, when Q(-|u) is heavy
tailed, large values of ||v;| will appear often in (5.18) and (5.19) and so these series will have
many iid terms. This, in turn, produces strong Gaussian trend (under appropriate conditions on
R) which makes the process significantly different from the underlying stable process (5.23) and
(5.24). Theorem 4.1 confirms that intuition.

6. Ornstein—Uhlenbeck-type tempered stable processes

Tempered stable laws are self-decomposable, as we have remarked in Section 2. Therefore, if
w is a tempered stable distribution on R¢, then there exists a Lévy process Z = {Z(f) : t € R}
with E log* || Z(1)|| < oo such that

/L:E{/ooede(s)}; 6.1)
0

see [11]. Consequently, one can define an Ornstein—Uhlenbeck-type process (OU process)

13
X@t) = / e ™9dz(s) teR, (6.2)
—00

such that £(X (t)) = u for every ¢t € R. The process Z in (6.2) is called the background driving
Lévy process (BDLP) of the OU process X. Our goal is to obtain a shot noise representation
of X which will give an insight into its structure and can be used for simulation of sample
paths. Special cases of tempered stable OU processes have been used extensively in mathematical
finance; cf. [3.,4].

There is a one-to-one correspondence between Lévy characteristics of u and £{Z (1)} given
in [11]. A direct computation gives the following.

Lemma 6.1. Let u be a TaS distribution with spectral measure R. Then the Lévy measure Mz
of L{Z (1)} in (6.1) is given by

MZ(A)=/[/ Ta(sx)(as @ L4+ 5 e dsR(dx) A e B(RY).
R4 JO
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Notice a similarity between Mz above and M in (2.7). Using estimates similar to those in the
proofs of Propositions 2.7 and 2.8 we establish the following.

Lemma 6.2. Let Z be a Lévy process as in (6.1), where w is a T oS distribution with the spectral
measure R. If a« € (0, 1) and p ~ TSg(R, 0), then f”x”<1 |x||Mz(dx) < oo and

Eel?M) = exp ( [ (e — 1)Mz(dx)> : 63)
Rd

If x €[1,2) and n ~ T Sy (R, 0), then f|\x\|>1 Ix||Mz(dx) < oo and

EelZD) — exp (/ % — 1 —i(y, x))MZ(dx)> ) (6.4)
Rd

In what follows we will assume the notation of Section 5. It appears that the series
representation of the process Z is very similar to (5.18) and (5.19).

Proposition 6.3. Let Z be a Lévy process as in (6.1), where 1 is a proper Ta 'S distribution with
the spectral measure R. Assume that L ~ TSg(R, 0) when o € (0, 1) and u ~ T S¢(R, 0) when
o €[1,2). Let T > 0 be fixed.

) If x € (0, 1), orif a €[1,2) and Q is symmetric, set

) . —l/a .
Zo(t) =Y Io.n(t)) ((T’”/;”) /\ej||vj||_1> ”Zﬁ (6.5)

j=1

Then the series converges a.s. uniformly int € [0, T] and Z is a version of Z restricted to
[0, T].

(1) If ¢ € [1, 2) and Q is non-symmetric, assume additionally that fRd x|l log |l x|[|R(dx) < oo
when a = 1 and that fRd [[x|R(dx) < oo when a € (1,2). Put

. ) —1/a i
Z](t) — Z |:I(O,t](Tj) ((Tﬁ;”) /\ej”Uj”_l) ”Zﬁ

j=1
. —1/a

4 J

— == xo | +ter (6.6)
T <T||o||> }

where

LR Yoy _ Pl —

e T (T|ol) "™ xo—T'1—-a)x1, l<a<?2

cr = o 6.7)

Qy — 1+ log(T|ol))x1 — A;dxlog |x||R(dx), a=1.

Then series (6.6) converges a.s. uniformly int € [0, T] and Z| is a version of Z restricted to
[0, T].

Proof. The proof follows exactly the same line of arguments as the proofs of Theorems 5.1 and
5.3 and thus is omitted. [J

Theorem 6.4. Let X be an OU process in RY with L(X (1)) = W, where u is a proper TaS
distribution having the spectral measure R. Assume that p ~ TSS(R, 0) when a € (0, 1) and
w~TSy(R,0) whena € [1,2). Let T > 0 be fixed,and let {1}, {v;}, {¢;}, and {y;} be random
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sequences as in Theorem 5.3. Let &y be a random vector with L(&y) = wu and independent of the
random sequences {1}, {v;}, {e;}, and {y;}. Let xo, x1, {, and y be as in Theorem 5.1.
() If a € (0, 1), orif a € [1,2) and Q is symmetric, set

0 . Vi —1/a . v
Xo(t) =&+ E e_(’—f/)l(o,t](fj) <T||o'||) /\ej||vj||_ _||U|| (6.8)
J

J=1

Then the series converges a.s. uniformly in t € [0, T] and Xq is a version of X restricted to
[0, T].

(i) If @ € [1, 2) and Q is non-symmetric, assume additionally that fRd [Ix]I]log [l x|[|R(dx) < oo
when a = 1 and that fRd [x|R(dx) < oo when a € (1, 2). Put

00 Vi —1l/a Vi
Xi(t) =&+ Y [T o)) (T ) Aejllvill ™) =L
= ol llvjll

1—e™! i o\
-7 (T||c7||> xo |+ (1 —eer (6.9

where cr is given by (6.7). Then series (6.6) converges a.s. uniformly int € [0, T] and X1 is a
version of X restricted to [0, T].

Proof. For any f € D([0,T],RY) we have [je 9 df(s) = f@t) — e "f(0) —
fé f(s)e_(t_‘) ds. Hence, if f,, f € D(]O0, T1,R?) and fn — f uniformly on [0, T], then
fé e =) d fy(s) — fot e~ =9 df(s) uniformly in t € [0, T] (n — oo). Applying this fact to
series (6.5) of Proposition 6.3(i) we get

—1/a t
o= (=) o=1) Vi —(t—s)
fo ¢ [ZI(O”( o) ((Tn ||> Aeilivsl )Ilvj||:|_)/o ¢ daw

a.s. uniformly in ¢ € [0, T] as n — oo. That is

—1/a | .y t
Ze - r)[(Ot]( i) <T|| ||> Aejllvjll™ —”vj” :/(; ef(t—s)dzo(s)

j=1

a.s. and the series converges a.s. uniformly in # € [0, T]. This proves part (i) of the theorem
because Z is a version of Z on [0, 7] and by (6.2), X (0) ~ w is independent of fé e~ (=) dZ(s).

Using the same argument in conjunction with Proposition 6.3 (ii) we prove (ii) of the theorem
and conclude the proof. [
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