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Abstract. In this paper, we consider a new family of R%-valued Lévy
processes that we call Lamperti stable. One of the advantages of this class
is that the law of many related functionals can be computed explicitly. In
the one-dimensional case we provide an explicit form for the characteristic
exponent and other several useful properties of the class. This family of pro-
cesses shares many tractable properties with the tempered stable and the lay-
ered stable processes, defined by Rosinski [33] and Houdré and Kawai [16],
respectively. We also find a series representation which is used for sample
path simulation, illustrated in the case d = 1. Finally, we provide many ex-
amples, some of which appear in recent literature.
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1. INTRODUCTION

In recent years the interest in having more accurate models in various domains
of applied probability has led to an increasing attention paid to some special classes
of Lévy processes related to the stable law, for example: the tempered stable and
the layered stable processes introduced by Rosifiski [33] and Houdré and Kawai
[16], respectively. Both families of processes have nice structural and analytical
properties, such as combining at small times the behavior of stable processes and
at large times the behavior of a Brownian motion. They also have a series repre-
sentation which may be used for sample paths simulation.

Lamperti [25] and, more recently, Caballero and Chaumont [6] studied some
type of Lévy processes which are related to the stable subordinator and to some
conditioned stable processes via the Lamperti representation of positive self-similar
Markov processes. In these papers, the authors obtain Lévy processes without
Gaussian component whose Lévy measure has the following form:

m(dz) = v (e® — 1)dz,
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where v is the density of the stable Lévy measure and b is a positive parameter
which depends on its characteristics. Lévy processes with this type of Lévy mea-
sure also appear in recent literature, see for instance Donati-Martin and Yor [10]
(subordinators) and Patie [29]-[31] (spectrally one-sided).

These previous works lead us to investigate a generalization of the Lévy pro-
cesses mentioned above and we will refer to them as Lamperti stable processes.
The importance of this new family of processes comes from the fact that they have
nice structural and analytical properties and that, in many cases, some tractable
mathematical expressions can be explicitly computed (see for instance [6], [9],
(23], [29]-[31]).

Section 2 is devoted to Lamperti stable distributions, which are multivariate in-
finitely divisible distributions with no Gaussian component and whose Lévy mea-
sure is characterized by a triplet («, f, o), more precisely: an index «a € (0,2), a
function f with certain boundedness condition, and a finite measure o, both defined
on the unit sphere in R%. Then we obtain several properties of these distributions.
In Section 3, we formally introduce the Lamperti stable processes and study their
properties with emphasis in the one-dimensional case, where we obtain an explicit
closed form for the characteristic exponent. Motivated by the works of Rosifiski
[33] and Houdré and Kawai [16], we prove in Sections 4, 5 and 6 that Lamperti
stable processes at small times behave like stable processes while at large times
like the Brownian motion, that they are absolutely continuous with respect to its
small time limiting stable process and that they admit a series representation that
allows simulations of their paths, respectively.

In the last section, we illustrate with several examples the presence of Lam-
perti stable distributions in recent literature.

2. LAMPERTI STABLE DISTRIBUTIONS

Recall that the Lévy measure II of a stable distribution with index a on R in
polar coordinates is of the form

I(dr,d¢) = r~ @D dra(ds),

where a € (0,2) and o is a finite measure on S?~!, the unit sphere on R?. The
measure o is uniquely determined by II. Conversely, for any non-zero finite mea-
sure o on S~ 1 and for any o € (0, 2) we can define a stable distribution with Lévy
measure defined as above (see Theorem 14.3 in Sato [36]).

Motivated by the form of the Lévy measure of the processes mentioned in the
introduction, we define a new family of infinitely divisible distributions that we
call Lamperti stable.

DEFINITION 2.1. Let x be an infinitely divisible probability measure on R?
without Gaussian component. Then p is called Lamperti stable if its Lévy measure
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on R¢ := R%\ {0} is given by

el vl (B)= [ o(df) Ofo Ip(ré)e’’ O — 1)~ (g, B e B(RY),
Sd—1 0

where o € (0,2), o is a non-zero finite measure on S%~!, and f : S9! — Risa
measurable function such that  := supgcga-1 f(§) < a+ 1.

In the one-dimensional case, f as well as ¢ takes only two values, since S0 =
{—1,1}. In the sequel, we denote these values by f(1) := 3 and f(—1) := 9,
o({1}) = c4 and 0({—1}) = c_. Then the measure 1! has a density given by

eﬁx efém
C+ (ez _ 1)a+1 ]I{m>0} +eo (e—x _ 1)a+1 ]I{x<0}'

Note that Lamperti stable distributions satisfy the divergence condition, i.e.
oo
[l er — 1)~ gr = 0o forany £ € %1
0

Thus from Theorem 27.10 in [36] we deduce that they are absolutely continuous
with respect to the Lebesgue measure. Also note that the class of Lamperti stable
distributions and that of layered stable distributions (see [16]) are disjoint. This
follows from the estimate

Lamperti stable distributions do not belong in general to the class of tempered
stable distributions. For instance, fix ¢ € $%~! and take f(¢) € ((+1)/2, 0+ 1).
It is not difficult to see that the first derivative of the function

q(r,§) = M

is positive for 7 € (0,2 — (a+ 1)/c), which implies that ¢(r, £) is not completely
monotone.

PROPOSITION 2.1. Let i be a Lamperti stable distribution with Lévy measure
vel given by 2.1). If ¢ < o+ 1, then

i Sl y(de) < .
Rd

In particular, for k < a+ 1 and if f = k, we have

f eCHfEHM(d:c) < oo ifandonlyif (<a+1-—k.
R4
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Proof. Consider

eCllﬂcll,jgw”(dgc) <o(ST (1 — ety letD) [ e (Ctr=(at1) gy
{ll=ll>1} 1

which is finite since ( < o + 1 — ~. Hence, by Theorem 25.3 in [36], we obtain
the desired result.

Next, we suppose that f = x. The former arguments imply that, for { < o +
1 — k, the Lamperti stable distribution g has a finite exponential moment of or-
der ¢. In a similar way we can see that

el () > (541 [ erer(etD) gy,
{llzl>1) 1

This implies that f{IImH>1} eIl (dz) is finite if and only if ¢ < a +1 — k. m
COROLLARY 2.1. Let i be a Lamperti stable distribution. Then

f |z||Pu(dz) < oo forallp > 0.
Rd

Our next result shows that Lamperti stable distributions belong to the Jurek
class and that in some cases they are self-decomposable. We recall briefly these
definitions. The class of infinitely divisible distributions for which the Lévy mea-
sure v takes the form

v(B) = f a(df)zﬂg(rﬁ)f(f,r)dr forBEB(]Rg)
gd—1

is called

(1) self-decomposable if r£(£, r) is non-negative measurable in ¢ € S~! and
decreasing in r € (0, 00);

(2) Jurek class if £(¢,r) is measurable in & € S9!, and decreasing in r €
(0, 00).

PROPOSITION 2.2. Let ju be a Lamperti stable distribution on R? with Lévy

measure l/g’f given by (2.1). Then i belongs to the Jurek class. Moreover, | is

self-decomposable if f(€) < a+1/2forall € € S and o € (0,2).
Proof. Inthe case of a Lamperti stable distribution, we have

O
(e — 1)t

(&, r) =

so the measurability of 7¢(&, ) and £(&, r) is clear.
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In order to prove that ¢ is decreasing in r > 0, we fix £ € S%~! and consider
the derivative of ¢1(-) = £(¢,-), i.e.

, SO
b (r) = m(e (f§) —a—1)~ f(f))-

Hence ¢} (r) < 0 forr > 0, since f(£) < o + 1. This implies that y is in the Jurek
class.

For the second part of the proposition, we take k(&,r) = ré(&,r). Note that
the derivative of k(&, r) with respect to r can be written as

oF@r
ooy (L0 @ — @+ 1) — £,

Elementary calculations prove that & is decreasing for » > 0 if f(£) < a+ 1/2 for
all ¢ € S9! and o € (0,2). We leave the details to the reader. m

We note that we can find « € (0, 2) such thatif f(£) > « + 1/2, the Lamperti
stable distribution p is not self-decomposable.

The last part of this section is devoted to some properties of Lamperti stable
distributions defined on R. The first states, in particular, that the density of any
Lamperti stable distribution belongs to C'*°.

PROPOSITION 2.3. Let it be a Lamperti stable distribution on R. Then p has
a C* density and all the derivatives of the density tend to 0 as || tends to cc.

Proof. Recall that the function f takes two values, 3 = f(1)and § = f(—1),
as usual. According to [28] it is enough to prove that

Bz
5 € : .. g(r)
Wda? satisfies hf’[rll_)l(:glf 7.27—(1 >0

(2.2) g(r) = [=
0

for some a € (0, 2). But this is immediate since for 7 sufficiently small we have

Bz r $2

de > K [

_ 22—«
) Wdﬂj—K?" y

T 5 e
fx 1
0 (ez _ 1)a+

where K > 0, which implies that (2.2) is satisfied for a = a. Then the statement
follows. m

We now recall the definition of a particular class of distributions which is
important in risk theory (see for instance [13] and [21]).
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DEFINITION 2.2 (class £(?)). Take a parameter ¢ > 0. We shall say that a
distribution function G on [0, 0o) with tail G := 1 — G belongs to the class £ if

G(z) > 0 for each > 0 and

. Glu—=

lim Q =e% foreachz € R.

The tail of any (Lévy or other) measure, finite and non-zero on (xg, c0) for some
xo > 0, can be renormalized to be the tail of a distribution function and, by exten-
sion, then is said to be in £(9 if the associated distribution function is in £(9).

PROPOSITION 2.4. Let iy be a Lamperti stable distribution on R. Then the tail
of its Lévy measure belongs to the class L0115 ). In particular, when y is defined
on R, it follows that |1 belongs to the class Llet1=5),

Proof. First, we define

1 u 657‘ Q e'BT
V(W) = g | o qperrdn u> L where K = [ o rdr,

Note that v corresponds to the distribution function associated with the tail of the
Lévy measure of a Lamperti stable distribution.
We carry on the calculations and obtain

vu—=z) 7 e 0o fr -1
o e ({ Wﬂ“)

< elot1=s (1 _ —uma)) o

Similarly,

v(u— 1) Cuvatl wa+1-B) | (B—(a+1)r
B > _ —
) (I—e)*"Ha+1-pe uj;ce dr

_ e(a—l—l—ﬁ)x(l o e—u)a—f—l‘

Therefore, taking the limit as « tends to oo, we deduce that v € L£a+1=0) The case
when p is defined in R follows from Proposition 3.4 in Kyprianou et al. [21]. =

3. LAMPERTI STABLE LEVY PROCESSES

Let us define the Lévy processes associated with a Lamperti stable distribu-
tion.

DEFINITION 3.1. A Lévy process without Gaussian component and linear
term 6 is called Lamperti stable with characteristics L = («, f,0,0) if its Lévy
measure is given by (2.1).
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In the sequel, we denote the Lamperti stable Lévy process with characteristics
= (a, f,0,0) by X' = (X}F,t > 0). Its characteristic exponent ¥ defined by
E[exp( <y,XL>)] =exp (—tU(y )) fort > 0,y € R has the form

(3.1) U(y) =iy, 0 +f 2 iy, @) Dy <1y Ve (do),

where the measure vy s given in (2.1) and 0 € R%.
We first study the p-th variation of Lamperti stable processes.

PROPOSITION 3.1. Let X be a Lamperti stable process with characteristics
L= (a,f,o,0).

() If a € (1,2), the process X is a.s. of finite p-variation in every finite
interval if and only if p € («, 2).

(ii) The process X is a.s. of finite variation in every finite interval if and only

ifa e (0,1).

Proof. (i) From Theorem III in Bretagnolle [5] we know that for p € (1, 2)
the process X' is a.s. of finite p-th variation on every finite interval if and only if

f ||x||pyg"f(dx) < 00.

{llzll<1}
Recall that v := supgcga—1 f(§). From the form of the Lévy measure v24 we have
1
(3.2) [ llzlPved (dz) < o(ST e [rP~et Dy,
{llzll<1} 0
On the other hand, we have
p. o f d—1 i r?
33 [ elPvgd(de) > o({€ € ST f(6) 2 0)) [ ey
{l=l<1} o (" =1)
1O g(de) [ "
+ ] TpoenePoldn) [ o yamd
gd—1 0

1
K(o(fee ST f© > 0) + [ Npgenye’Oo(dn)) [r7=+ar
Sd—1 0

for some K > 0. Therefore X’ is of finite p-th variation on every finite interval if
and only if p > a.

The proof of part (ii) is very similar. According to Theorem 3 of Gikhman and
Skorokhod [14], it is enough to prove that

S llzllvy? (dz) < oo,
{lell<1}
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if and only if v € (0, 1). But this follows from (3.2) and (3.3) taking p = 1, which
concludes the proof. m

Recall that the characteristic exponent of a Lévy process has a simpler expres-
sion when its sample paths have a.s. finite variation in every finite interval. In this
case, U, takes the form

Ur(y) = —ild,y) + [ (1= @) (da),
R§

where
d=-0- [ v (dx)
{llzll<1}
is known as the drift coefficient.
In what follows, we deal with the real case. Define, for each = > 0, the first
passage time of a Lévy process X:

=inf{t >0: X; >z}

with the convention inf () = co. We say that X creeps upwards if for some z > 0,
Po(X_ + = = x) > 0. If =X creeps upwards, we say that X creeps downwards.
Recall that if creeping occurs at just one x, then creeping occurs at all x.

PROPOSITION 3.2. Let X be a Lamperti stable process with characteristics
L= (a,f,0,0).
(i) Ifa € (0,1) and d > 0, the process X* creeps upwards.
(i) Ifa € [1,2) and ¢y = 0, the process X L creeps upwards.
(iii) Ifa € [1,2) and ¢y > 0, the process X does not creep upwards.

Proof. The first part of our statement follows directly from part (i) of Theo-
rem 8 in [22].

By Proposition 3.1, for o € [1,2) the process X is of unbounded variation.
In this case, a result due to Vigon [37] states that X creeps upwards if and only if
the following integral converges:

(3.4) }de where H (z) = f} jﬁ uc"f((—oo u]) dudy
. 0 H(:L’) ’ —x —1 7 7 .

If c; = 0, it is clear that the above integral is equal to 0, which implies part (ii). In
order to prove part (iii), we first study the case when c; > 0 and c_ > 0. In this
case we have

u —dx
o o o e c_
3.5 |y Vg’f((—oo, ul) = c_|ul* [ 1) dx ~ P T0.
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Then, it is not difficult to deduce that

C_

(2—a)la—1a

z2H (z) ~ aszx | 0.

Similar arguments to those used in (3.5) allow us to write

xayg’f([x,oo)) ~ Tt asw 1 0.
o'
Therefore,

oy ([7,00) (22— a)(a—1)es 1
H(zx) c_ x

asx | 0,

which implies that the integral in (3.4) diverges.
Finally, if ¢y > 0 and c_ = 0, the integral (3.4) obviously diverges. The proof
is now complete. m

We recall that for a Lévy process X a point z € R is regular for (0, c0) if
P, (1) =0) =1,
where 7(°) = inf{t > 0: X; € (0, 00}.

PROPOSITION 3.3. For a Lamperti stable process X with characteristics
(o, f,0,0), the point 0 is regular for (0, 00) if one of the following three conditions
holds:
() a € [L,2).
(i) € (0,1)andd > 0.
(iii) a € (0,1),d =0and ¢y > 0.

Proof. (i) Recall from Proposition 3.1 that X L has unbounded variation for
a € [1,2). Hence from Theorem 11 in [22] we deduce that 0 is regular for (0, co).

Now we prove parts (ii) and (iii). Suppose that o € (0, 1). In this case X has
bounded variation and again from Theorem 11 in [22] we know that the point 0
is regular for (0, 00) if the drift coefficient d > 0 or if d = 0 and the following
condition holds:

L@t (da)

k6 [

x
=00, where Hi(z) = [v3f (=00, —y)dy.
[ (@) = [ v (o0, )y

It is enough to prove that (3.6) holds when d = 0 and ¢y > 0 to conclude our
proof. The case when c; > 0 and c_ = 0 is immediate. For the second case, i.e.
when c; > 0 and c_ > 0, we first recall from (3.5) that

yayg7f((_oo7_y]) ~ % asyloa
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which implies that

We observe then that
z2efr(er — 1)~(@t) o1 —a)

which implies (3.6). =

Our next result deals with the computation of the characteristic exponents of
Lamperti stable processes. Let us put

I'(z+ «)

(Z)a = W for z € (C,
which is known as the Pochhammer symbol.

THEOREM 3.1. Let X be a Lamperti stable process with characteristics L =

(o, f,0,0).
() Ifa € (0,1) U (1,2), the characteristic exponent of X* is given by

V(A) = iM — e T(=a)((=id + 1= Ba — (1 = f)a)
—cP(—a)((IAx+1=08)a—(1-08)a), IeER
(ii) If a = 1, the characteristic exponent of X is given by

WL(A) =M — cp ((—id+ 1= B)e(—ir+2 = B) — (1 = B)b(2 - B))
—c— (A +1=0)Y(ix+2-0) - (1-0)v(2-46)), AeR

In these formulas v is the Digamma function, 0 is given by

—d ifo € (0,1),
37 6= 60— (crap—c b+ (cy —c)(1-C) ifa=1,
0 — (crap —c-bs+ (ct —c-)/(a—1)) ifae(l1,2),

C is the Euler constant and ag, bs are given by

ze*(1 — e~ (a=h)) l—z—

1
ag = d _gﬁid d
ag { (1_€—m)a+1 $—|—f€ ( —e a:)oz-l—l .f—i—f 1—6 x)oz Ls
1 1—8 (a—é)m) 1 Y leg—e 7 (o) —z
:f e dw—i—{e 7(1_6_I)a+1d:r+f<1_ew) dx

forall 3,6 < a+ 1.
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Proof. We first consider the case where o € (0, 1) and without loss of gen-
erality we will assume that d = 0. In this case X has finite variation (see Propo-
sition 3.1), so it can be seen as the difference of two independent Lamperti stable
subordinators with characteristics (o, 3, cy) and («, d, c_), respectively. Then in
order to obtain Wy, (\), it is enough to compute the characteristic exponent of the
former, i.e.

oo o\ eﬂ:p
— 1AL

Since all the computations involved are valid for all A € R, we center our
attention on the variable (3, and in the set U = {z € C : R(z) < o + 1} we define
the function F': U — C by

ezx
) (e¥ — 1)otT

F(z):= [(e* —

1
dr = f(ufw‘ — D (1 —w)" e gy,
0

o3

where z; = a + 1 — 2. Integration by parts and the integral representation for the
Beta function allows us to write for $(z1) > 1

iN4z1 — 1) =i+ 2z — DI(1 — o)
a ['(—iA+ 21 — )

(z1—1)T(z1 —DI'(1 — )

a (21 —a) )

(u= A =11 (1 —u)_(o‘+1)du = —(

oOt—

Now, from the recurrence relation for the Gamma function I'(z + 1) = «I'(z) we
obtain

B MN—ixt+a+1—-2) T(a+1-2)
F(Z)_F(_O‘)< T(—ix+1-2z)  T(l—2z) >

for R(z) < a, which implies our result for 5 < «. In order to obtain the above
identity for § € [o, a + 1) we use analytic extension arguments.

Using a series expansion, it is not difficult to see that F'(z) is analytic on
the disk Dy+1 = {z € C: ||z]| < o+ 1}. On the other hand, we note that for
l|z|| < @+ 1wehave R(—iA+a+1—2) > 0and R(aw+ 1 — z) > 0. Therefore,
the function G : U — C, defined by

G(2) = T(~a) <I‘(—i)\+a+1—z) MNa+1 —z)>7

L(—iA+1—2) I(1-2z)

is also analytic in Dy 1. Since the functions F' and G coincide in D, = {z € C:
|lz|| < a} and they are both analytic in D1, we conclude that F' = G in D4 ;.
In particular, we have F'(3) = G() for § < a + 1, and our result follows.

Next, we will compute the characteristic exponent for o = 1. In the following
we assume that # = 0 and that ¢y = ¢ = 1. As in the previous case, we can see
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from the form of the Lévy measure of X’ that the latter can be written as the sum
of two independent one-sided Lamperti stable processes, one spectrally positive
and with characteristics (1, 3,1) and the other one spectrally negative and with
characteristics (1, ¢, 1). Hence, in order to get our result it is enough to compute

efe

_ _oo AT 1 g
Us(A) = {(e I —idxll o) o= 1)2d$.

In this case, let U := {z € C : R(z) < 2} and define the function G; : U — C by

zx

Gi(z) ==

o3

(ei)\$—1—’i)\$]l{x<1}) dezz)\fl—{—Z)\I(Z)“‘J(z)»

(e —1)

where

1 —x
l1—xz—ce¢

a=|le " ——-"—

NS

00 =T 1 xe*“(l _ 67(172)1)
d d I(z) := d
x+{ 2 (2) { (1 —c)2 T,

1 u—i>\_ uzl—l iu —
J(2) ::{( 1)(1—u)—; Al 1)du

and z; = 2 — z. Note that @ is finite and that /(z) is well defined in U and analytic
in Dy = {z € C: ||z|| < 2}. Then the main issue is to compute J(z). Integrating
by parts in the region R(z1) > 1, we obtain

1 —i\ 1 21—2 1 ,,—id4+21—2 1
J(z):i)\—(Z1—1)f(u 1_2;‘ du+i\ [ du
0 0

1—u
=i\ — (Z1 — 1)./4(2’1) + i)\B(Zl).

The integrals A(z1) and B(z;) can be written in terms of the Digamma function
1), using the following integral representation of the Digamma function:

1 tZ_l—l
T/J(Z):ffldt_c fOI‘ZE(C
0

z

(where C is the Euler constant), and the recurrence relation ¢ (z + 1) = ¥(2) + 27!

(see for instance [15]). So for R(z1) > 1 we have

1 . 1
A(Zl) - 1/’(21) - ; - @Z)(*Z)\ + Zl) + m,
and for B(z1) we get
1
B(z1) = —¢(—iA+21—1) —C=———— —(—iA+ ) — C.

T iAo -1
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Recalling that z; = 2 — z, we deduce
B8 J(z)=iA1-C)+ (—iA+1—-2)¢Y(—iA+2—2)— (1 —2)¥(2—=2)

for R(z) < 1. This proves our result for 5 < 1. Again, in order to extend the above
formula to the case 3 € [1,2) we will use analytic extension arguments.

Using a series expansion, we may prove that G1(z) is analytic in Do. More-
over, it is not difficult to see that the right-hand side of (3.8) is analytic in the same
region. This implies that G1 = ¢\a + ¢\l + J in Ds. In particular, we have

V(A =G(B)
=iNag+1—-C)+ (—iA+1-=8)(=irN+2-0)— (1 - B)v(2 - 1),
where

xe—z( e— (1= ﬂ):c)
)2

l—x—¢e"

—dz

O%»—t

1 00

d — d

T+ j(; e T+ { 1=
for all 5 < 2.

Finally, we study the case o € (1,2). Similarly to the previous cases, it is
enough to compute
00 \ eﬁ:p
— 1AL -
qfﬁ()\) = —C4 {(e —1- ZA$H{$<1})WCZIE

We omit the calculations of this integral since the main ideas are similar to those
used in the case & = 1 and the case a € (0, 1). We leave the details to the reader. m

It is important to note that the computation of the characteristic exponent for
the case « € (1,2) can also be obtained from the paper [31] where the author
gets the Laplace exponent of a spectrally negative Lamperti stable process with
characteristics (o, d, c_ ). These computations deal with hypergeometric functions.

Now we turn our attention to another group of properties. Let H = (Hy,t > 0)
be the increasing ladder height process of X L (see Chapter VI in [2]) and H =
(Ht, t > 0) its decreasing ladder helght process. We denote by k£ and k the char-
acteristic exponents of H and H, respectively, which are subordinators, and we
assume that X% drifts to —oo and v/ (0,00) > 0. Under these hypotheses, the
process H is a killed subordinator and we denote by Il its Lévy measure. With
that notation we get the following relation between vg /and 11 H-

PROPOSITION 3.4. Let X be a Lamperti stable process with positive jumps
and characteristics («, f) such that it drifts to —oo. Then the tail of the Lévy mea-
sure of H belongs to L1 and

v (u, 00) ~ l;‘( —i(a+1—0))g(u,00) asu— oco.
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Proof. The assertion follows directly from Proposition 5.3 in [21] and our
Proposition 2.4. =

We complete this section with some properties of Lamperti stable processes
with no positive jumps.

PROPOSITION 3.5. Let X be a Lamperti stable process with no positive
Jumps and characteristics («, 6, 0, 0) such that 6=0in (3.7). Then:
(i) There exists &g € (1,2) such that X, drifts to +00, oscillates or drifts to
—o0 according as 0 € (—00,0p), d = dp or 6 € (0, o + 1).
(ii) Foré € (0p, v+ 1), there exists A\ > 0 such that

(3.9) PO(SOLO >x) = e gsx — oo,
where
SL = sup X[\
0

(iii) Foré € (0, + 1), there exists A > 0 such that
(3.10) Po(I(X*) > 2) ~ Koz™  asz — oo,

where K5 is a positive constant and
[e.e]
I(X") = [ exp{X/}dt.
0

(iv) The probability that the process X has increase times is one.!

(V) The process X1 satisfies the Spitzer condition at oo, i.e.

1
lim —
t—oo t

t
fP(XSL >0)ds=1/a asx — oo.
0

(vi) The process X" satisfies the following law of the iterated logarithm:

Ly—1/41—
Xt (I)L (t 110g|10gt|) _ a—a(l _a)a—l a.s.,

3.11) lim su
20 P log |log t|

where <I>£1 denotes the right-continuous inverse of <I>£1.

"Recall that an instant ¢ > 0 is an increase time for a path w if for some € > 0

wt) Sw(t) <w(t”)  forallt € [t —e t]and t” € [t,t + €.
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Proof. (i) We know that in this case o € (1, 2), so by Corollary VIL.2 in [2],
the process X1 drifts to 400, oscillates or drifts to —oc according as ®” (07) is
positive, zero or negative. Hence, from the Laplace exponent of X we have, using
the recursion formula for the Gamma and Digamma functions, the following

(3.12) D7 (07) =c_T(—=a)(1 = d)a(v(1 =0+ a) —¢(1 —9))

I'l4+a—90)
A eI
x ((2—5)(1 —8)(p(1 = 5+ @) — (1 — 8)) +3—25)

= g(9).

We know from (3.12) that g(1) > 0 and g(2) < 0. On the other hand, in the interval
(1,2), the function g is continuous and decreasing, which implies that there exists
S0 € (1,2) such that g(&p) = 0. Thus, we deduce that X drifts to 400, oscillates
or drifts to —oo according as 0 € (—00,dp), d = dgord € (dp, @ + 1).

(i) Any Lévy process with no positive jumps which drifts to —oo has the
property that its Laplace exponent has a strictly positive root. Hence, for a Lamperti
stable process with no positive jumps and with 0 € (dp, @ + 1), there exists A > 0
such that

Eo(exp{AX{}) = 1,

i.e. XT satisfies the Cramér condition. Thus, the main result in [3] gives us the
sharp estimate in (3.9).

(iii) First note that X” is not arithmetic and that under our assumptions the
Cramér condition is satisfied for some A > 0. Hence from Lemma 4 in [32] we get
the sharp estimate (3.10) for the exponential functional I(X*).

(iv) Here, we need the following estimate of the Pochhammer symbol (see for
instance [26]):

(3.13) A+1—=08)a~ A" as ) — oo.

From Corollary VIL9 and Proposition VIL.10 in [2] we know that X has increase
times if

o0

[AT3RL(N)dA < oo,

0
which in our case is satisfied since from (3.13) we have

(3.14) Or(A) ~ e I'(—a)A*  as A — oo.

(v) From (3.14) we see that ®, is regularly varying at co with index «.. Hence,
the statement follows from Proposition VIL.6 in [2].
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(vi) Since @y, is regularly varying at oo with index «, it follows that its right-
continuous inverse <I>Z1 is regularly varying at oo with index 1/, which corre-
sponds to the Laplace exponent of the first passage time of X (which is a subor-
dinator). Therefore, from Theorem III.11 in [2] we deduce the law of the iterated
logarithm (3.11). =

4. SMALL- AND LONG-TIME BEHAVIOR

Motivated by the works of Rosifiski [33] and Houdré and Kawai [16], we study
the small- and long-time behavior of Lamperti stable processes. In particular, we
will show that this class of processes shares with the tempered and layered stable
processes, the peculiarity that in small time they behave like stable processes. The
convergence in distribution of processes, considered in this section, is in the func-
tional sense, i.e. in the sense of the weak convergence of the laws of the processes

in the Skorokhod space, and will be denoted by LY

PROPOSITION 4.1. Let X be a Lamperti stable process with characteristics
(o, f,0,0) and

0 ifa=1,
1
o — [ €o(dg) [refOr(er — 1)~ ar  ifa e (0,1),
o Sd—1 0
[ €o(dg) [ref©r(er —1)=(tDdr ifa e (1,2).
Sd—1 1

Then 4
(hV(XE — htna), t > 0) 5 (Xi,t >0)  ash — 0,

where (X¢,t > 0) is a stable process of index c.

Proof. The proof is similar to that of the small-time behavior of layered
stable process (see Theorem 3.1 in [16]), since for each £ € Sd—1

e (er —1)~0F) o pmleth) g 0,
We leave the details to the reader. m

THEOREM 4.1. Let XtL be a Lamperti stable process with characteristics
(a, f,0,0) and

Na=— [ &o(df) fref(é)T(er —1)~e+gp,
Sd—l 1
Then
(4.1) (h=Y2(XE = htng),t > 0) 5 (Wit > 0)  ash — oo,

where (W, t > 0) is a Brownian motion with covariance matrix f]Rd J,‘J,‘/I/g’f(dl’).
0
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Proof. According to a standard result on the convergence of processes with
independent increments due to Skorokhod (see for instance Theorem 15.17 of
Kallenberg [19]), the functional convergence (4.1) holds if and only if

hV2(XE —hny) S Wy ash — oo
Now, we introduce the following transform for positive measures, for any r > 0:
(T,v)(B) = v(r~'B) for B € B(R%).

Note that the random variable h~'/2 X} is infinitely divisible and since it has finite
first moment, we may rewrite its characteristic exponent as follows:

“2) ih [y, 2) Uoyz1y(Ty-r2ved ) (do)
Rd

0

—h [(e® — 1 — ily, 2) Lyjay<iy) (Th-1/2027 ) (d).
Rd

Hence, by Theorem 15.14 of Kallenberg [19] we only need to verify the following
convergences as h increases:

(@) W(Ty-1)2v0 o ) converges vaguely towards 0 on R¢;

(b) foreach k > 0,

h [ a1 (Ty-r /v ) (dx) — fww'ug"f(d:x);

llzll<x Rd
(c) foreach k > 0,
h [ &(Ty 1202 ) (dz) — 0.

llzll 2k
We first prove (a) or, equivalently,

(4.3) Jim [ 9(@)h(T)-1/2027)(dz) = 0

for all bounded continuous functions g : Rg — R vanishing in a neighborhood of
the origin. Let g be such a function satisfying |g| < C, and such that for some
§>0,g(x) =0on{z € RY: ||z < d}. Lety := supgcga—1 f(€). Then we have

@4 |h [ g(x) (T, 12037 (de)|
B

<HH2 [ a(dg)ofyg(rg)yexp (rF(©)RV2) (exp(rh/?) — 1) gy
d—1 0
i (7“ 1/2\3

< f o(dE) Of ’9(7"5)|hr3) eXp(Th1/2’y)(exp(rh1/2) _ 1>_(a+1)dr.
gi-1 5
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On the other hand, since v < a + 1, it follows that

e

. 3 _
,.15207“ (er — 1)o+1 0.

Then for € > 0 sufficiently small, there exists M > 0 such that for all » > M

e @ (er — 1)) < ¢,

Since 7 > &, we may take h > (M/§)? in (4.4) and obtain

b [ o@) Tvar ) de)| <€ [ o(de) [ a(r€) %3 ar
Rj i1 >

<eC [ U(df)j?%dr.
5T

gd—1

Note that the last integral in the right-hand side of the above inequality is finite,
and therefore the convergence (4.3) follows.

Next, we prove part (b). First note that fRd lz|?ve o (dx) is finite. This implies
that the integral f]Rd za' vt (dz) is well defined. Now take k& > 0 fixed, and note
that

h [ w1 (Ty—1/2v2 ) (dx) = Ik za' v (de) — i zx'veS (dx)
{llzll<k} {llzll<n!/2k} R§

as h goes to oo, which proves part (b).
Finally, we prove (c). We consider k& > 0 and recall that v = supgcga-1 f (€).
Then

Hh i z(Th_l/zug’f)(dz)H
{llzl|>k}

Hh1+1/2 f Eo(d) frexp (rf(ﬁ)hl/Q)(eXp(rhl/Q) — 1)7(a+1)drH
Sd—1
<(1- exp(—khl/Q))_(aH)

% th-i-1/2 f Eo(dE) Oj)rexp (rh1/2 (7 —(a+ 1))>dT’H
Sd—1 k

exp (kR 2(a+1—17)) ( hk )
a (1- exp(—/-ch1/2))a+1

I J €@,

a+1—7y (a—i—l gi-1

which goes to 0 as h — oo since v < a + 1. This completes the proof. =
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5. ABSOLUTE CONTINUITY WITH RESPECT TO STABLE PROCESSES

We showed that for small times a Lamperti stable process behaves like a stable
process. Now, following Rosiriski [33] we will relate the law of both processes.

THEOREM 5.1. Let P and Q) be two probability measures on (2, F) and
such that under P the canonical process (X¢,t > 0) is a Lamperti stable pro-
cess with characteristics («, f,0,a), while under Q it is a stable process with
index « with linear term b. Let (F;) be the canonical filtration, and assume that
felL? (Sd_l,B(Sd_l), a). Then:

(i) P|r, and Q|x, are mutually absolutely continuous for every t > 0 if and
only if

1
f 5U(d§)f7"€ )(er — 1)~ (et gy ifo e (0,1),
gd-1 0
1
[ €o(de) [r(e? ©(er —1)~(@t) —p=(t)Ydr  jfa =1,
a — b = Sd—1 g)
f §o(d§) fT( ©(er — 1)~ (atD) T_("H))dr
Sd—1 0

— [ &o(dg) ofor (@tDdr  ifa e (1,2).
1

Sd—1

(1) Foreacht > 0,
dQ

)

where (U, t > 0) is a Lévy process defined on (2, F, P) by

U, =
=lim S [(exp(|AXF(AX) (exp(|AX]) — 1) AX, [+
Y {se(0,t):

IAX;|>e}

— tgd ~M)({z € RE : |l21] > ¢})].

In the above right-hand side, the convergence holds P-a.s. uniformly in t on every
interval of positive length.

Proof. By Theorem 33.2 in Sato [36], we only need to verify that

J <eXp (¢(z)/2) — 1>2H(dx) < 0o
¢

where : R4 — R is defined by

du?’f
(@)
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In particular, we have ¢(r¢) = log (e"/(8) (e" — 1)~ (e+Dpat1) Thus, we need to
check

o) eTf(g)T(l—f—a) 1/2 2 1

By Taylor expansion and the Lagrange form for the remainder, we have (¢ — 1) =
rexp(r,), where 6, € (0,1). This implies

(rf(©)(1+a)
(5.2) - =exp (r(f(g) — O+ 1))).

(er — 1)(et1)
Now, noting that f(£) — (a+ 1) < f(§) — 0, (e + 1) < f(€), it follows that

exp (r(£(6) — (a+1))/2) — 1
<exp (r(£(8) = Or(a+1))/2) =1 <exp (rf(€)/2) — 1,

and since f(§) < v = supgcga-1 f(§), we have

(5.3) [exp <r(f(§) — (o + 1))/2) - 1}2
< [exp (r(£(©) ~ (@ + 1) /2) —1] v (exp (rf()/2) ~ 1)

Using a Taylor expansion again and (5.3), it is clear that there exists a constant
R > 0 such that if » < R, then

G4 e (r(F©) — b, +1)/2) ~ 1] < Ka(£2) + 1),

where K3 is a positive constant. Hence from (5.2) and (5.4) it follows that

R/ orf(€)y(1+a) \ 1/2 2 4
R 1"2
<Kolo(STH+ [ L) [ mdr,

Sd—1 0

which is finite because a € (0,2) and f € L*(S971 B(S%"!),0). In the case
when r > R, we have
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0o rf(€) . (14a) \ 1/2 2 1
€ T
d — —1| ——d
Lol |(imm) 1] e

< 4<(1 - e—R)—(a+1) f o(d€) feT(f(E)—(a+1))dT+O_(Sd_1) f iad?“)
Sd—1 R " r

oo o 1
< 4o(STY ((1 ) £ et ) g 4 £ Ry dr> ,
which is also finite because v < « + 1. Therefore (5.1) follows.
The proof of the second statement of the theorem follows directly from Theo-
rem 33.2 of Sato [36]. =

Note that under the conditions of Theorem 4.1 in [16], if R is another prob-
ability measure on (€2, F) under which the canonical process X = (X;,t > 0) is
a layered stable process, then R|r, and ()| £, are mutually absolutely continuous
for every ¢ > 0. From our previous result we obtain the corresponding result for
Lamperti stable processes, i.e. that R|z, and P|z, are mutually absolutely contin-
uous for every ¢ > 0. A similar result holds for the tempered stable processes, see
Theorem 4.1 in [33].

6. SERIES REPRESENTATIONS OF LAMPERTI STABLE PROCESSES

In this section, we establish a series representation for Lamperti stable pro-
cesses which allow us to generate some of their sample paths. To this end, we will
use the LePage method found in [27]. We first introduce the following sequences
of mutually independent random variables defined in [0,77]. Let {I';};>1 be a
sequence of partial sums of iid standard exponential random variables, {U;};>1
be a sequence of uniform random variables on [0, 7], and let {V;};>; be a se-
quence of iid random variables in S¢~! with common distribution o (d¢) /o (S91).
In order to use the LePage method, we consider the following function §~ :
(0,00) x S%1 — R, given by

6 Mu, &) ==inf {z > 0:6([z,00),&) < u},
where N
5([.’1:7 OO),&) = f ef(g),r(er _ 1)*(a+1)dr

Now, let {c¢;};>1 be a sequence of constants defined as follows:

¢= [ B/ T, ViVilsos (oyzviy<ny) ds.
i—1

Then, by Theorem 5.1 in [34], the process
& t
( z <5_1(Fi/T’ %)%H{Uigt} — CiT> ,t € [0, T})

=1
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converges uniformly a.s. towards a Lamperti stable process with characteristics
(a, f,0) and linear term # = 0 (in the Lévy—Khintchine formula). In particular,
when f(£) = 1, we have

6 HNu, &) =In(1+ (au)*l/o‘);

hence the series representation for a Lamperti stable process X with characteris-

tics (o, 1) is
> r\ e t
xtey (m(1+ (22 Vi, <oy — cims

where

i -1/
as
ci=E(V) [ In <1 i <T> >]I{ln(1+(asT1)‘1/“)<1}d8'

i—1

Figures 1-5 in the next section illustrate some cases of the sample paths gen-
erated via the series representation.

7. EXAMPLES

Examples of Lamperti stable processes can be found in the literature at least
in the papers mentioned in the introduction ([6], [9], [10], [23], [25], [29]-[31]),
but they also appear (in a hidden way) in many other recent works. We will give a
quick overview of some of them, not pretending to be exhaustive in this list.

X(t) n X(t)
25 : '
e O’ _r,::
20 N o
Te . . 4
15 P ) ad h
- Exd '_A;. 4 )ﬁ
. A ' ‘\ 'l
107 U W 67 L
’\: .’" :’é' - x _‘_‘. ‘* "'
5 . : ‘.; 8 ] X
"—»s- N_ b l} f
0 — 10 o
0 1 2 3 4 5 6 0 1 2 3 4 5 6
t
FIGURE 1.a= 0.5, f =1, FIGURE 2. a = 1.5, f =1,
o(l)=o(-1)=1 c(l)=o(-1)=1
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=0,

7.1. As we mentioned in the introduction the starting point of our work are the
processes studied in [25] and [6]. Here we establish a link between these processes
and our definition of Lamperti stable processes.

In [6], [25], the Lévy processes are introduced via the Lamperti transformation
of positive self-simliar Markov processes (PSSMP). The example treated in [25]
is the case when the PSSMP is a stable subordinator of index o € (0, 1) starting
from a positive position. According to our definition, its associated Lévy process
is a Lamperti stable subordinator with characteristics o, 3 = 1 and ¢ = 0.

In [6], the first PSSM to be considered is the stable Lévy process killed when
it first exits from the positive half-line, here denoted by (X*, P,). The second
class corresponds to that of stable processes conditioned to stay positive (see [8]
and [11]); we denote it by (X, P,). Finally, the third class of PSSMP is that
of stable processes conditioned to hit O continuously (see [8]), here denoted by
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(X!, P,). Their corresponding Lévy processes under the Lamperti transformation
are denoted by &*, &1 and €1, respectively. These three classes of Lévy processes
are Lamperti stable processes and the characteristics of their Lévy measure are as
follows:

(1) for &*, wehave 6 =1and 0 = a,
(ii) for ¢1, wehave 3 = ap+1and § = a(l — p),
(i) for &), we have 8 = apand 6 = a1 — p) + 1,
where p is the negativity parameter defined by p = P(X; < 0).

Let us apply the results of Section 4 to these examples £*, £T and £}, We start
with a stable process (X, P;),x > 0, of index o and we obtain

kill LT d
X S Xxr S xR XL S X ash—0,

X kill X+ DT XC LT XL norm X}%iX ash—>0,

where k:ll, L'T', DT and norm mean killing, the Lamperti representation of pssMp,
Doob-transform or conditioning, and normalization of a given process, respec-
tively. Moreover, X is the conditioned process (to be positive or to hit 0 con-
tinuously), X* stands for any of the Lamperti stable processes ¢!, ¢ and €%, and
X }f is the normalization of each of them given in Proposition 4.1. In the same spirit
we can also write, using Theorem 4.1,

kill LT d
X 25 xS xEMXE LW ash — oo,

j DT LT
x H xoe DL 0 LT xLnor x L 4oy as b — o0,
where W is a centered Brownian motion.

7.2. In [29]-[31], the author deals with the class of Lévy processes with no
positive jumps, which turn out to be Lamperti stable processes with characteristics
6=1—-9Yandcy =0.

7.3. In [4], there are two examples related to the factorization

law o —q

e = e“7,“,

where e is an exponential variable independent of the a-stable variable 7. The first
of the examples is related to the exponential functional of a killed subordinator Z!
whose Laplace exponent is given by

['(aA+1)

() = T(a(A—1)+1)°

It is easy to see that Z' is a Lamperti stable subordinator with characteristics
(o, a,0,0),0({1}) = a/T(1 — «), with no drift and killing rate 1/T'(1 — «).
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The Laplace exponent of the second subordinator, here denoted by Z2, is given
by the formula
MaA—1)+1
P2(A) = A (o )+ ) ;

F'laA+1)

and can be expressed in terms of the Laplace exponent @7, of a Lamperti stable
subordinator X with characteristics (1 — «, 1, 0,0), 0({1}) = /T(1 — a), and
with no drift. The relation between them is ¢2(\) = a®r 2(al).

7.4. There is another example in [4] which is related to the factorization
e 'L N T,

where s > a, 75 is a Gamma r.v. with parameter s and JS(V) denotes a certain
r.v. which is independent of ~;. In this case, the killed subordinator related to the
exponential functional, which has the same moments as the s, can be expressed
as the sum of two independent Lamperti stable processes.

7.5. In Section 5.3 of the paper [35], the author found the Lévy measure of
the inverse of the local time at zero of an Ornstein—Uhlenbeck process driven by a
standard Brownian motion and parameter v > 0. This measure is given by

" ~3/27t/2 (27)3/22t
v(t) = = .
Ver( sinh(’yt))g/2 V2m (et —1)3/2

Its corresponding Laplace exponent is computed in [35] and it turns out to be a
Lamperti stable distribution with characteristics (1/2, 1, \/~/m).

This computation as well as the three former examples can be carried out
by recognizing that behind those measures there is a related Lamperti stable dis-
tribution and applying our Theorem 3.1 to calculate the corresponding Laplace
exponent.

7.6. Kyprianou and Rivero [24] constructed Lévy processes with no positive
jumps around a given possibly killed subordinator which plays the role of the de-
scending ladder height process. Example 2 in [24] is related to the Lamperti stable
subordinator X © with characteristics («, 3,0, #) with zero drift and killing rate
givenby K = ¢, I'(—a)I'(1 — 8+ «)/T'(1 — 3). The authors proved that there is
a subordinator, here denoted by Y, with no drift and no killing rate. The Laplace
exponent of Y satisfies

Py (A)

for A > 0,

A
TA0N)

where ¢, is the Laplace exponent of X ©. Thus, its parent process Y©" has Laplace
exponent

CONT(1 -8+ N
Yyr(X) = Fl-B8+A+a)
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According to Kyprianou and Rivero [24] and the identity

ebr

_ —z(at+1-5) (a + 1)n(C¥ - ﬁ)n -n
(er — 1)+l dv=c go (nla+1-03), o

b g

its associated scale function is given by

_ (a —+ 1)n(04 - /B)n —(a+2—pF4+n)zx
Wyp(x)——K:U—l—chngO at2-7), (1—e ), x>0.

Now Y **| the parent process of the Lamperti subordinator X* with killing rate
K, is a spectrally negative Lévy process which drifts to co and whose Laplace
exponent is given by

i D(—=a) AT A+ 1= [+ «a)

Vyre(A) = T(A+1-3)

It is important to note that the processes Y* and Y©* are the sum of two indepen-
dent Lamperti stable processes and that they have been recently used for the risk
neutral stock price model by Eberlein and Madan [12].

7.7. In the papers [9], [23] and [31] the main processes in study are Lam-
perti stable processes. All these papers share the property that many useful explicit
calculations can be carried out.
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