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The dependence structure of log-fractional stable noise

with analogy to fractional Gaussian noise

MURAD S. TAQQU - JOSHUA B. LEVY

ABSTRACT: We examine the process log-fractional stable motion (log-FSM), which
is an a-stable process with o € (1,2). Its tail probabilities decay like x=% as © — oo,
and hence it has a finite mean, but its variance is infinite. As a result, its dependence
structure cannot be described by using correlations. Its increments, log-fractional noise
(log-FSN), are stationary and so the dependence between any two points in time can
be determined by a function of only the distance (lag) between them. Since log-FSN
is a moving average and hence “mizing,” the dependence between the two time points
decreases to zero as the lag tends to infinity. Using measures such as the codifference
and the covariation, which can replace the covariance when the variance is infinite,
we show that the decay is so slow that log-FSN (or, conventionally, log-FSM) displays
long-range dependence. This is compared to the asymptotic dependence structure of
fractional Gaussian noise (FGN), a befitting circumstance since log-FSN and FGN
share a number of features.

1 — Introduction

The classical Central Limit Theorem deals with the convergence of normal-
ized sums of independent and identically distributed random variables, and states
that if these random variables have finite variance then the limit is Gaussian.
The cases of infinite variance and triangular arrays are more involved. The limits
are then infinitely divisible. Bruno de Finetti was one of the first to consider
infinitely divisible distributions (see [3] as well as [2] and [10]). Since then the
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subject has developed in many directions. One of them concerns dependence.
The dependence of infinitely divisible random variables is most conveniently de-
scribed when they have an a-stable distribution, because linear combinations
of a-stable random variables remain a-stable. Sequences and random processes
with a-stable distributions then can be readily defined and their dependence
structure investigated.

An a-stable process with index of stability 0 < « < 2 has tail probabilities
that decrease to zero hypergeometrically, that is, like the power function z7¢,
as © — oo. These are the proverbial “heavy” tails since the rate of decrease
can be very slow. Moments of the process that have order p < « are necessarily
finite, but they are infinite if p > «. An important case is when o € (1,2),
so that the mean is finite but the variance is infinite. This contrasts markedly
with the more familiar Gaussian process (by convention, the case a = 2), which
has exponentially “light” tails of order ¢;z~'e=%2%"(¢; > 0), and hence has all
moments finite. Unlike the Gaussian distribution, which is symmetric about its
mean, a non-Gaussian stable distribution can be also skewed either to the left
or to the right of its mean. We will concentrate, though, on symmetric a-stable
processes for which the distribution is symmetric around the origin. Processes
that are a-stable (0 < « < 2) can be used to model high variability, namely,
phenomena exhibiting “acute spikes” and “eruptions,” a behavior that is also
often described as burstiness.

A random process is self-similar if it has finite-dimensional distributions
that scale. Specifically, {X;}, t € R, is H-self similar (H-ss), H > 0, if

d
Xct = CHXt

for any ¢ > 0 and t € R. The notation 4 signifies equality of the finite-

dimensional distributions, that is, for any finite set of times t1,... ,t,
P(Xe, <z1,...,Xa, <xzp) = ]P(CHth <z,... ,cHth < zp).

H is called the self-similarity index for {X;}. Thus, the finite-dimensional dis-
tributions maintain an invariance through a simple scaling of time and space.
(Refer to the excellent monograph by Embrechts and Maejima [5] and to the
review paper [13] for details.) The process {X;} has stationary increments (si) if

Xips— X5 4 X; — X for all t, s € R. Processes that are both H-self-similar and
have stationary increments (indicated by H-sssi) are helpful for describing nat-
ural events that display long-range dependence. Long-range dependence occurs,
for example, in economic time series and internet communication. Processes that
are both a-stable with @ < 2 and H-sssi are effective models with which to in-
vestigate both burstiness and long-range dependence in (but are not limited to)
network traffic, hydrology, and financial data. Besides articles in the literature
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about a-stable, H-sssi, or a-stable H-sssi processes and their applications, see
also the texts [4], [11], and [6].

In the case of Gaussian or any finite variance process, the dependence struc-
ture in a weaker form can be studied readily through the correlations. For exam-
ple, zero correlation between the components of a Gaussian process is equivalent
to their independence. If the components are stationary, then one can examine
their dependence over time durations, or lags. If as the lags get larger, the cor-
relations converge rapidly to zero, then the dependence is “weak.” On the other
hand, the dependence is “strong” if the convergence is so slow that the sum of
the correlations diverge. Such divergence intrinsically characterizes the random
cycles of abnormality and regularity exhibited by long-range dependence.

This paper focuses on the symmetric a-stable (SaS) H-sssi process log-
fractional stable motion (log-FSM), which is defined for 1 < a < 2 and has the
self-similarity index H = 1/a. Log-FSM has zero mean but infinite variance.
In particular, its dependence cannot be measured by correlations. There are,
however, “stable” alternatives that replace the covariance.

Two of them are the codifference and the covariation. Both can be applied
to the stationary increments of log-FSM, which is the process known as log-
fractional stable noise, log-FSN. (“Motion” refers to a process with stationary
increments and “noise” to a stationary process.) The behavior of these depen-
dence measures for log-FSN in turn gives an indication about the dependence
structure for log-FSM. The codifference, in fact, is defined for any stationary
process. The covariation is restricted to SaS processes, albeit not necessarily
stationary, for which 1 < a < 2.

The rest of the paper is carried out as follows. Section 2 briefly reviews
SaS processes and their representation as integrals with respect to Sa.S ran-
dom measures. Log-fractional stable motion and its increment process log-
fractional stable noise (log-FSN) are reviewed in Section 3. The measures of
dependence, the codifference and the covariation, are presented in Section 4.
Section 5 contains the main results, namely, the asymptotic behavior of the
measures when applied to log-FSN. Section 6 makes an analogy to fractional
Brownian motion and its increment process fractional Gaussian noise. Some
extensions of this work and potential research are mentioned in the concluding
Section 7.

2 — A brief approach to symmetric a-stable laws and processes

Aside from the applications described in the introduction, one may ask:
why consider stable distributions? The usual answer arises from the central
limit theorem, which obtains that they are the unique limits of properly rescaled
sums of independent and identically distributed (i.i.d.) random variables. The
Gaussian (normal) distribution is the limit if the sequence has a finite variance. If
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the variance is infinite but the tails of the sequence demonstrate hypergeometric
decay for o < 2, then the limit turns out to be stable and has the same index a.

More explicitly, let {X; };";1 be an i.i.d. sequence. In the case a = 2,
suppose X; has mean u and variance o3. Then

j— L
WZ(Xj — ) == Z ~N(0,09)
=1

where —» stands for convergence in law, that is, in distribution. The limit is
a random variable having characteristic function Ee?? = e~ 39010 and, conse-
quently, must be Gaussian. In particular, E|Z|P < oo for all p > 0. By contrast,
if 0 < o < 2, then the tail probabilities of X; are “heavy”: P(|X,| > x) ~ cx™®
as ¥ — oo with 0 = co. Assume, in addition, X is symmetric (X; L -X;) if
a =1 and has mean p if 1 < @ < 2. Then

1
nl/a ZX] - ZO‘
j=1
ifa<1and
1 n
7 2 (Xi—p) = Za

if 1 < a < 2. The limit is a symmetric non-Gaussian a-stable random variable
Zs. We indicate this by writing Z, ~ SaS. The limit Z, recovers the tail
behavior of X; since also P(|Z,| > z) ~ cx™® as ¢ — oo, perhaps with a
different c¢. Thus, E|Z,|P < oo if and only if p < a; E|Z,|?> = o0, EZ, = 0 for
1< a<2,and E|Z,| = oo iff @ < 1. Tts characteristic function satisfies

(2.1) Eet?Ze = ¢="l01" 9 € R := (—o0, 00),

where the scale parameter o depends on o and ¢. (When a = 2,0 =+/02/2.)

Relation (2.1) identifies the specific random variable arising in the stable
central limit theorem. Any random variable X is, by definition, symmetric a-
stable (Sa.S) if it satisfies (2.1). Its scale parameter o is denoted by || X|o. If
for instance X is measured in meters, then so is || X]||q.

REMARK. Several easy facts about X ~ Sa.S (0 < a < 2) are worth noting
(see also [12, ch. 1.2]).

e a € R,a # 0 implies aX is SaS with [|aX||, = |a|]| X |-
o If @ =2 then X ~ N(0,202).
e E|X|? < oo only for p < a.
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e Any linear combination of independent SaS random variables is Sa.S: if
€; ~ SaS are independent and a; € R, 1 < j < n, then X = Z;-L:l ajej ~
SaS with

n n
X058 = 1D ageslls =" lag|*llejlls-
j=1 j=1

It is instructive to see why this last relation holds. The characteristic func-
tion of X is, for 6 € R,

dx(0) = B = Eexp iHZajej

j=1

n n
_ . B —101 1l les I
= | I Eexp {ifaje;} = He 101 Jag | lles1IS
Jj=1

j=1
n

=expq —101° Y _las|” lles o = Ee',
j=1

on using the independence of the €; and the fact that they are SaS.

The vector X = (Xi,...,Xy) in R? is Gaussian if and only if the random
variables {X7 ..., Xy} are jointly Gaussian, that is, any linear combination of
them is Gaussian. Similarly, for 0 < a < 2, X = (Xy,...,Xy) in R? is a SaS
vector if and only if {X; ..., X4} are jointly SaS, that is, if linear combinations
> 05— a;X; are SaS random variables.

By “going to the limit” in the sum Z?:l aje; one can define a SaS random
variable as an integral,

(2.2) X=AmeJ®%

where f is a deterministic function and M, is a symmetric a-stable random
measure (see [12, ch. 3.3]). The scale parameter for X satisfies

HME:AUwPM<w

with dz denoting the Lebesgue measure on R. Formally, the function f(z) plays
the role of the a;’s and M, (dx) plays the role of the €;’s with || M, (dz)||2 = dz.
M, is defined on (R,B,| - |), where B is the Borel o-algebra on R and |- | is
Lebesgue measure. Here | - | is the control measure and (R, B, |- |) is called the
control space for M,. This means that if B € B with finite Lebesgue measure
|B|, then M, (B) is a Sa.S random variable for which

Rei®Ma(B) —_ o~161%|B]



102 MURAD S. TAQQU - JOSHUA B. LEVY [6]

Furthermore, suppose {B,,}52 is a pairwise disjoint sequence of sets in B with
|B,,| < co. Then any finite subcollection { My (By,)}52, are independent random
variables (M, is said to be independently scattered), and if ||J,—, B,| < oo,
Mo (U~ Bn) =>.02 1 My (B,,) almost surely (a.s.) (M, is o-additive).

Thus, M, plays the dual role of being a measure and being random. As
suggested above, the M, (dz),z € R play the role of i.i.d. infinitesimal €;, with
the continuous x replacing the discrete label j, and the infinitesimal dz replacing
the common value ||¢;]|%, namely, the scale parameter raised to the power a.

In the Gaussian case oo = 2, one usually takes (R, B, |- |/2) as the control
space, and in this case, Ms(B) has characteristic function EeiM2(B). hence,
M5(B) is a normal random variable with mean 0 and variance |B|. One can
view My (dz) heuristically as a normal random variable having mean zero and
infinitesimal measure dz, with Ms(dz) and My(da’) being independent if the
infinitesimal intervals dz and dz’ are disjoint. The same intuition prevails in
the SaS case with @ < 2. The normal distribution is replaced by the stable
distribution and the variance is replaced by the scale parameter raised to the
power a.

Suppose B € B and a > 0. Then

(2.3) M, (aB) £ a'/*M, (B),

where aB is the set B scaled by a, and 2 means equality of the finite-dimensional
distributions. Indeed,

Ee?tMa(aB) — exp {—|aB||6]|*|}
= exp{*|B|CY a'/*f

_ Eeieal/"MG(B)'

Relation (2.3) can be denoted informally by

M, (adzx) L Moy, (dz).

Thus, M, can be regarded as being “self-similar” with “index” H = 1/a.

The definition (2.2) can be extended to a random process. Consider the set
T to be either R,Ry = {t:t >0}, or {¢t:¢t > 0}. Let f; : R — R be measurable
and satisfy for each t € T

(2.4) /R|ft($)|adl‘ < 00

and also, if @ =1, [ | [fe(z)In|fe(x)| | dz < oo. (In fact, the condition (2.4)
alone suffices to ensure the existence of the subsequent random process in the
SaS case when aw = 1.) Then {X;,t € T} defined by

(2.5) th/th(w)Ma(dfﬂ)



[7] The dependence structure of log-fractional stable noise etc. 103

is a SauS process with

(2.6) 1X 1% = / \fo()] .

The integral (2.5) is a “representation” of the process {X;}. It says, intuiti-
vely, that {X;} is obtained by starting with i.i.d. infinitesimal random variables
M, (dz), weighting them by f;(z), and integrating. The weights change in gen-
eral with z and can also change as the time t evolves. Let —co < t; < --- <
tq < oo. The joint characteristic function of a typical vector (X,,...,X:,) of
the process is given by

«

d d
Eexp iZHthj = exp —/ Zﬁjftj(:c) dz
j=1 Rij=1

for arbitrary 61,...,0,; € R. In fact, most Sa.S processes can be represented in
the form (2.5). (For details refer to [12, ch. 3 and ch. 13.2].)

One can also define an integrated process with respect to an asymmetric
a-stable random measure having arbitrary control measure that is asymmetric,
or skewed. If the integrand is as above, then the resulting process has also
asymmetric distributions. Our concern in this paper only involves processes that
are defined by (2.5) based on SaS random measures having Lebesgue control
space.

Now recall the definitions of self-similarity and stationarity of the increments
given in the introduction. A process {X;,t € T} is H-self-similar (H-ss) with
H>0if

(2.7) X L cHx,

for all ¢ > 0 and ¢, that is, (Xe,,..., Xe,) and ¢ (Xy,, ..., Xy,) are identi-

cally distributed. Note that cH X, 4 X = Xp, hence, letting ¢ — oo ne-
cessitates Xg = 0 a.s. A process is said to have stationary increments if the
finite-dimensional distributions of {X;;s — X} do not depend on s:

(2.8) (Xt — Xt € TYL (X, — Xo,t €T} forall seT.

Suppose now that the process {X;,t € R}

e is H self-similar,
e has stationary increments, and
e is symmetric a-stable;
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to wit, it is H-sssi and SaS. Let ¢ > 0 and s,01,... ,04,—0c0 <t; < --- <
ta < 0o € R. Tt follows that || 327, 0;(Xer s — XIS = (| 50, 0,X,]I8
does not depend on s, since by (2.5)-(2.8),

a @
d

d

29 [0 Guynele) ~ @) o= [ 5705, ) dn
Jj=1 Jj=1

If a = 2, M5 is a Gaussian random measure. Remember that in this case the

control space usually is taken to be (R, B, |- |/2), so that the variance of Mj is
EM?(B) = |B|. The process defined by

t
B = / L0.4(2) Ma(da) = / My(dz), >0,
R 0

is Brownian motion. (One can also define for ¢t < 0, B, = f_ot Ms(dz).) It is the
only Gaussian H-sssi process with
H=1/2.

Its scale parameter is EB? = || B;||3 = t by (2.6) (and EB; = 0). This is actually
standard Brownian motion since EB? = 1. Its covariance Cov (B, , B, ) satisfies

(210) Cov (Bt1 5 Btg) = EBtl Bt2 = / 1[0)t1](1')1[0)t2](1')d1' = min(tl, tg)
R

Moreover, the increments over disjoint intervals are (mutually) independent.
What happens if “Gaussian” in Brownian motion is replaced by “Sas, 0 <
a <277
Replacing the Gaussian random measure My with the Sa.S random measure
M,,, we obtain the stable Lévy motion:

t
Lt:/ My(dz), t>0.
0

Also called a-stable motion, it is a Sa.S process with ||L:]|& = t. Its increments
over disjoint intervals are independent, a feature that distinguishes it from other
SaS processes. Moreover, it is H-sssi with

H=1/a.

One can verify heuristically the self-similarity: for a > 0,

at t t
Lat:/ Ma(dx)é/ Ma(adx)ial/a/ M, (dz) = a'/*L,.
0 0 0

(This can be checked precisely using characteristic functions.) A striking fact
is that when 0 < a < 1, there is no other nondegenerate Sa.S 1/a-sssi process
besides {L:,t > 0}.

PROPOSITION 2.1. For(0 < a < 1 a-stable motion is the only nondegenerate
SaS-stable 1/a-sssi process.
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Proor. We will follow the proof of [12, Theorem 7.5.4, p. 351], citing several
referenced results from that monograph. That theorem is stated more generally
for arbitrary a-stable 1/a-sssi processes, not necessarily symmetric.

Let {X:,¢t > 0} be a nondegenerate Sa.S 1/a-sssi process for fixed a, 0 <
a < 1. In particular, X; is non-constant almost surely (a.s.). Denote by o; the
scale parameter of Xy, namely, oy = || X¢||o. If s < ¢, then

(2.11) 1Xe = Xllg = 0= = (¢ = s)o7’,

since X; — X, 4 X 4 (t — s)l/aXl by stationarity and 1/a-self-similarity.
Observe first that o1 = || X1]|o # 0. Indeed, if o3 = 0 then {X,;},t > 0 would be
degenerate since by (2.11),

o = || Xy — Xolla = Y| X1 — Xo||a = t*/%01 = 0.

We must prove X; has independent increments, that is, for any d > 3 and
0 <ty <--- < tg the random variables {X;, — X;, | },2 < j < d are (mutually)
independent.

Consider arbitrary epochs t1 < ta < t3 < t4. Since the vector (X, Xt,, Xt,,
Xy,) is jointly SaS, then there exist a SaS random measure M, with Lebes-
gue control space ([0,1],5,] - |) and functions {f;,(z)}, = € [0,1], satisfying

fol | fe, (z)|*d(x) < o0, j =1,2,3,4, such that

X, = /0 (o) M. (de)

for each t = t1,t9,t3,t4 (Theorem 3.5.6, pp. 131-132). We are now going to
verify that the pair of increments X;, — X;, and X;, — X, are independent, by
showing f;, — fi, and fi, — fi, have almost-[dz] disjoint supports, i.e.

(2.12) (fra (@) = f1, () (fra (@) = frs(2)) =0 ae.[da].

Using the inequality |a + b|* < |a|® + |b|*, valid for 0 < a < 1,
1
(= )0f =i = [ 1@ = Su@)lds (y(211)
0
1 1
< [ 1fute) = fu@ide + [ 1) - futfodr +
0 0

1
+A|mmw4mmwm

_ « «@ (6] —
= Oty—ts + Oty—t, + Oty—t; =

= (t4 — tg)O'la + (tg — tQ)O'? + (tg — tQ)Ula = (t4 — tl)d?.
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The preceding inequality is therefore an equality. Applying Lemma 2.7.14 (1),
p. 92, we can conclude (2.12) holds. This proves that X;, — X;, and X, — X,
are independent (Theorem 3.5.3, p. 128).

Since jointly a-stable random variables are independent if and only if they
are pairwise independent (Corollary 3.5.4, p. 129), then {X; — X;, ,},2<j <
d,d > 3 are independent. Thus, the increments of { X (¢)} are independent, which
establishes in turn that {X(¢)} must be a-stable motion. 0

When 1 < a < 2, there are other Sa.S processes besides a-stable motion
that are H-sssi with H = 1/a. In the sequel we will concentrate on the log-
fractional stable motion.

3 — Log-fractional stable motion
DEFINITION 3.1. The process defined by
(3.1) Xy :/ (In|t —z| —In|z|) My(dx), teR,
R

where for 1 < a < 2, M, is a SaS random measure having Lebesgue control
measure, is called log-fractional stable motion (log-FSM).

Log-FSM was introduced by Kasahara et al. [7]. It is well-defined only
for 1 < o < 2. Indeed, [% |In|t — 2| —In|z||* dz is finite since, when z ~
07135 (In|z|)* dz < oo but if |z| ~ oo, then In|t — x| — In|x| ~ —t/z, and for
A>0, ["z7*dx < oo if and only if & > 1. (See also [12, ch. 7.6] for additional
information.)

PROPOSITION 3.1. Log-FSM is H-sssi with H =1/

PrROOF. We will show that (2.9) holds. Let ¢ > 0 and s,604,...,0q, —00 <
t1 <--- <ty < oo €R. The change of variables z — (s — x)/c gets

(e

d

/ 29j(1n|ctj+s—m|—ln|s—x|) dz =
o
oo | d “
:/ Zﬂj(ln|c(tjfx)|fln\cx|) cdx
- |7
oo | d °
:c/ S0 (nft; — )| —Info])| da.
— |

This verifies (2.9) with aH = 1. 0
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What happens when we consider log-FSM with o« = 27 It becomes Gaussian.
Since it is also H-sssi with H = 1/2, is it different from Brownian motion? The
answer is “no.” To see that log-FSM and Brownian motion are the same Gaus-
sian process, it suffices to observe that they have identical variance-covariance
structures. Indeed, by self-similarity, H = 1/2 implies EX}? = tEX?%, and this
leads to

EXy, Xi, = 5 (EXE +EXE —E|X;, - Xu[*) =

DN = N =

(t1 +ta — |t1 — to|) EX] = min(ty, to) EXF,

which is the covariance of Brownian motion (compare it to (2.10)). Thus, when
a =2, (3.1) is merely a different representation of Brownian motion.

What about the case 1 < a < 27 Is log-FSM the same process as a-stable
motion? Observe that they are both H-sssi with H = 1/a. However,

PrROPOSITION 3.2. When 1 < a < 2, log-FSM and «a-stable motion are
different processes.

We have verified in Proposition 2.1 that a-stable motion has independent
increments. We will show momentarily that log-FSM has dependent increments.
To do so, we consider the increment process of log-FSM called log-fractional
stable notise.

DEFINITION 3.2. Let 1 < o < 2. Log-fractional stable noise (Log-FSN) is
the Sa.S process,

(3.2) Y}::XtH—Xt:/(ln|t+1—x|—ln|t—:v|)M(dx) teR.
R

It is the increment process of log-FSM, {X;,t € R}.

Do not confuse “log-FSM” with “log-FSN.” The first, with “M” standing
for motion, refers to the process with stationary increments. The second with
“N” standing for noise refers to the corresponding stationary process obtained
by taking the increments of log-FSM.

We proceed to prove Proposition 3.2.

PROOF. Two a-stable variables, 0 < o < 2, [, f(x)Mq(dz) and [, g(x)
M, (dz) are independent if and only if their kernels f and g have disjoint support,
a.e. [dz] [12, Theorem 3.5.3, p. 128]. For any ¢ € R, the support of Y; in (3.2)
is evidently R. Therefore, ¥;, and Y}, can never be independent for any t; # ts.
0
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Having established Proposition 3.2, our goal is to analyze the dependence
of the increments using the codifference and the covariation.

4 — Two measures of dependence

Suppose X; and X5 are jointly Sa.S. In particular, X; — X5 is SaS. The
codifference between two jointly Sa.S random variables is defined by

(4.1) X, %, = [[X1lla + [ Xella — 1 X1 — Xa|l5.

The codifference arises from comparing the joint characteristic function of (X7,
Xs) to the product of their marginal characteristic functions:

UX X (91 92) —_ Eei(91X1+92X2) _ EeinglEeiGQXQ
1,42 I I
whereupon setting #; = 1,05 = —1, one gets

Usx,.x, (1, —1) = Ee!X17X2) _ EeiXipe—iXe
— e IXi=Xallg _ o= lIXalg—lIXzS

— e IXalg=NIX21lg (e™¥1:X2 — 1),

The last term behaves asymptotically like a constant times 7x, x, as 7x,,x, — 0.

Note that independence of X; and Xy certainly implies 7x, x, = 0. If, on
the other hand, 7x, x, = 0 then Ux, x, (1,—1) = 0, but this does not imply
independence unless 0 < a < 1. We mention some of the properties of the
codifference (see also [12, ch. 2.10]).

Properties :

(1) 7x,,x, is well-defined for 0 < a < 2.

(11) For a = 2, TX,,Xo = COV(Xl, XQ)
(iii) The codifference is symmetric: 7x, x, = Tx,,x; -
(iv) 7Tx,.x, is non-negative definite.

In order to define the covariation, take o > 1 and suppose that X; =
Jg fi(z) My (dz) and Xy = [, fo(2)Mq(dz). The covariation of X and Xj is
given by

(4.2) (X1, Xo], /ftl ) fo () (@D

where a{*~1 = |a|*'sign(a). It is defined for 1 < o < 2.
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Properties : We refer to [12, ch. 2.7].

(i)
(i)

(iii)

(i)
(i)

Ifa= 2, [)(17 X2]a = (1/2)COV(X1, XQ)

It shows up naturally in linear regression ([12, ch. 4.1]). If 1 < @ < 2, then
the regression of X7 on X5 is not only linear (as a function of X5) but also
satisfies

X1, X
RSE 2]‘1X2 a.s.

]E(X1|X2) = ||X2||a

This relation generalizes the well-known relation for jointly Gaussian mean-
zero variables X1, Xo:

Cov (Xl, XQ)

2

Xs a.s.

If X7 and X5 are independent, then [.X17X2]a = 0. The converse is false,
unless X5 is James orthogonal to X1. X5 is James orthogonal to X7, sym-
bolized by X5 L ; X7, means

[AX1 4+ Xol[a = [ X2]la
for all A € R. Thus, by [12, Proposition 2.9.2, p. 98]
[X17X2]a:0 <~ Xy Ly X,

There are, however, a few “drawbacks” with the covariation.

(4.2) is defined just for o > 1. This can be appreciated by applying Holder’s
inequality with the exponents p = « and ¢ = o/ (ax — 1):

X1, X, | < ( / Iftl(w)"‘dw)a ( / |ft2<x>|“dx) XXl

It is not symmetric for o < 2: [ X3, Xo] , # [ X2, X1],.
It is linear in the first argument, but not in the second, if a < 2

(X1, Xo + X3, # [ X1, X, + [X1, X3], .

unless X5 and X3 are independent.
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5 — Application to log-fractional stable noise

We want to study the asymptotic behavior as ¢ — oo of log-fractional sta-
ble noise (log-FSN), namely the increment process Y; of log-FSM. Since it is
stationary, we need only consider (Y;,Y)). From (4.1) its codifference is

(5.1) Ty, vo = IIVella + [IYolla — [1Ye — Yolla.

Its covariation, using (3.2) and (4.2), is
(5.2) [V, Yol, = / (Inft+1—z|—Injt—=)) (n|l — 2| —In|—z)* " da.
R

We noted that the codifference is always symmetric, but this is not true for
the covariation. However, the covariation of log-FSN is symmetric. Indeed,
substituting y =t + 1 — x in (5.2), we get

Y2, Yo, =/]R(1n|y| —lnly— 1) (nfy —¢t| —Infy —t — 1) ay
= [ =l =y e+ 1 =5l < Il =5 dy = 5.5,

since (—1)(=1){@=V =1,
Y; is a moving average,

Y, = /Rg(t —x)M, (dz) .

As a consequence, as t — 0o, Y; and Y, are asymptotically independent. Y; is
actually mixing because, denoting it by the map Y, then

Jim PY ! (S;(A) N B) =PY YA)PY 1(B),

where S; : Q — Q is the shift transformation on = RF that is defined by
(Siw)(s) =w(s+1). ({S:} is a family of measure-preserving transformations on
Q [12, ch. 14.4].) One therefore expects as t — oo

TY,,Ys —0 and [Kg,Yo]a — 0.

The precise rate of convergence of these measures is important, since this rate
will characterize the form of asymptotic dependence.

THEOREM 5.1. Suppose SaS log-FSN, Y, is given by (3.2).
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(i) Its codifference (5.1) satisfies

TY, Yo ™~ Pt'=® ast— oo

where
1 « e} «@
1 1 1 1
P = - - — d
/OOH1—33 T ’1—x+x } v
LG () -G ]
+ + | = ol i dx
0 1+z T z 142
and P > 0.

(ii) Its covariation (5.2) satisfies
Vi, Yol, ~ Qt'™ ast — oo

where
Q= /01 {(1 + J?)l—a (Jj_l —|—g;0‘—2) —(1- x)l—a (x_l B xa—z)} =

and @ > 0.

Theorem 5.1 was proved in [8] and the codifference of log-FSN was initially
examined in [1](V).

The results show that the codifference and covariation converge to zero
hypergeometrically, ct?, where ¢ is a positive constant and the rate p = 1 — «
is the same for both. In particular, the non-vanishing of ¢ renders this rate
ezact for either measure. Since 1 < a < 2, the rate is slow enough so that the
series Y .o Ty,.v, and Yo, [Y;, Yp],, diverge. One often asserts in this case that
log-FSN and, in turn, log-FSM exhibit long-range dependence.

6 — Comparison with fractional Gaussian noise

Consider the Gaussian H-sssi process

By(t) = /R (|t—gc|’“/2 - |x|H*1/2) My(dz), teR

MW There are some typographical errors in [12, Theorem 7.10.1, p. 368 and Theorem
7.10.2, p. 369]. The constant F(f1,62) is correct but the constants B(f1,62) and
G(601,02) are not. To correct B(61,602) in Theorem 7.10.1, the constant —bf> should

replace bf2 in the first term of the integrand of fol. In Theorem 7.10.2, replace 1 + x
by 1 — x in the integrand of fjoo The correct versions are stated in [1, Theorem 2.1
and Theorem 2.4].
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where 0 < H < 1, known as fractional Brownian motion (FBM). Its increment
process, fractional Gaussian noise (FGN) is

ABy(t) = Bg(t+1) — Bg(t) =

6.1
(6.1) :/(|t—|—1—x|H_1/2—|t—x|H_1/2) M (dx).
R

The covariance of FGN satisfies
re = Cov(ABg(t), ABg(0)) ~ Cgt* ™2 ast — oo

where Cy = EB%(1)H(2H — 1) ([12, Proposition 7.2.10, p. 335]).
Now restrict H to the range

1/2< H< 1.

Then Cyx > 0 and
S YO
t=1 t=1

so that FGN exhibits long-range dependence.
The dependence structures of FGN and log-FSN ((3.2)) share some common
attributes.

(i) The constants of asymptoticity are positive for both processes: Cy > 0 for
FGN and P > 0 and @ > 0 in Theorem 5.1.

(ii) The exponents 2H — 2 (FGN) and 1 — « (log-FSN) have the same extreme
values: the exponent is —1 for FGN with H — 1/2 and for log-FSN with
a — 2, while it is 0 for FGN with H — 1 and for log-FSN with a — 1.
Thus, the ranges of the exponents are the same interval (—1,0) of values.

(iii) In that range (—1,0) we have long-range dependence displayed by both
processes. For FGN, the sum of the covariances diverges (3,2, 7 = 00),
and for log-FSN, the sum of the codifferences diverges (3",—; Tv,,v, = 00)
and the sum of the covariations diverges (Y =, [¥, o], = o).

The dependence nevertheless is due to different sources. Both processes are
parametrized by a single parameter, H for FGN and « for log-FSN. The depen-
dence for FGN arises from the presence of H in the integrand in (6.1). By con-
trast, the integrand is fixed in log-FSN, Y; = [, (In[t + 1 — z|— In [t —x|) My(dx),
but the dependence is due to the presence of « in the random measure.
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7 — Concluding remarks and extensions

We have observed that log-FSM becomes Brownian motion when o = 2.
What if one alters the kernel of log-FSM in (3.1), replacing the logarithm by a
power function? One gets

(7.1) X, = / (1t af V% o)1) o), 1R
R

This process is called linear fractional stable motion (LFSM) ([12, ch. 7.4]).
It is defined for 0 < a < 2 and 0 < H < 1, provided H # 1/a. If H =
1/a, it is ordinarily identified as a generalization of a-stable motion, which has
independent increments.

When H = 1/«, one could also identify LFSM with log-FSM, since

;(|t_$|H_l/a—|{L"H_1/a) — |t_£L'|H_1/a_1 B |$|H_1/a—1
H-1/a H—1/a T 1/a
H-1/a)lt—-z| _ ]  o(H-1/a)Inla| _ |
H-1/a H-1/a

— In|t — x| — In ||

el

as H — 1/a, for any = # 0,t.

LFSM also becomes FBM when a = 2.

There are also extensions of LFSM obtained by substituting for the absolute
value in (7.1) a linear combination of the positive and negative parts:

Xt = /}R (a [(t - m)f—l/a _ (795)5—1/&} I

(7.2)
b= o) = ()] ) M),

where a and b are real-valued constants, not both equal to 0, and

[ = ifxz>0 0 ifxz>0
T 0 iftaz<o, T -z ifz<o.

The process Xg p;t,t € R in (7.2) is also called LFSM, although it has essentially
different finite-dimensional distributions as a and b take different values ([12,
Theorem 7.4.5, p. 347]). The instance (7.1) is recovered by setting a = b. The
case a # 0,b = 0 is non-anticipative (or causal) and the case a = 0,b # 0 is
anticipative. These processes have stationary increments; in fact, the difference
process

Ya,b;t = Xa,b;t—l—l - Xa,b;t
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is known as linear fractional stable noise (LFSN). Since Yy p.¢ is stationary and
SaS, one can inquire about the asymptotic behavior of its codifference if 0 <
a < 2 and its covariation when 1 < a < 2. There is burgeoning research on this
topic. Refer to [9] for related results when a and b are restricted to a # 0,b =0
and @ = 0,b # 0. In both cases this behavior is also hypergeometric, ct? with
p < 0 and, more importantly, ¢ # 0, so again the rates are exact. On the other
hand, their precise asymptotic behavior for arbitrary a and b is more complicated
and currently is being examined by the authors.

In view of the preceding discussion comparing (7.2) and (7.1), one may
wonder what happens if also the absolute values in the representation (3.1) of
log-FSM are replaced by a linear combination of positive and negative parts;
that is, if one considers the process

2(t) = / (a lno(t — )4 — Ing(—2)4] + bllno(t — z)— — Ing(—)_]) Ma(dz),

where Ingxz = Inz if £ > 0 and = 0 otherwise. We also intend to study its
asymptotic dependence structure. Observe, however, such a process falls outside
our present framework because it is no longer H-ss ([12, p. 355]), unless a = b,
in which case it is log-FSM.

REFERENCES

[1] A. AsTrRAUSKAS — J. B. LEvy — M. S. TAQQuU: The asymptotic dependence
structure of the linear fractional Lévy motion, Lithuanian Journal of Mathematics
31 (1) (1991), 1-28.

[2] D. M. CrrFARELLI — E. REGAZZINI: De Finetti’s contribution to probability and
statistics, Statistical Science 11 (4) (1996), 253-282.

[3] B. DE FINETTL: Sulle funzioni ad incremento aleatorio, Rendiconti della R. Ac-
cademia Nazionale dei Lincei 10 (1929), 163-168.

[4] P. DOUKHAN — G. OPPENHEIM — M. S. TAQQU: Theory and Applications of
Long-Range Dependence, Birkhauser, Boston, 2003.

[5] P. EMBRECHTS — M. MAEJIMA: Selfsimilar Processes, Princeton University Press,
Princeton, NJ, 2002.

[6] P. EMBRECHTS — C. KLUPPELBERG — T. MIKOSCH: Modelling Extremal Events,
Springer-Verlag, Berlin, 1997.

[7] Y. KASAHARA — M. MAEJIMA — W. VERVAAT: Log-fractional stable processes,
Stochastic Processes and Their Applications 30 (1988), 329-339.

[8] J. B. LEvy — M. S. TAQQU: The asymptotic codifference and covariation of log-
fractional stable noise, Preprint (2006).

[9] J. B. LEvy — M. S. TaQQu: The asymptotic dependence of one-sided linear-
fractional stable noise, Preprint (2005).



[19] The dependence structure of log-fractional stable noise etc. 115

[10] F. MAINARDI — S. ROGOSIN: The origin of infinitely divisible distributions: from
de Finetti’s problem to Lévy-Khintchine formula, in: Mathematical Methods in
Economics and Finance, Vol. 1 (2006), 37-55.

[11] S. RACHEV — S. MITTNIK: Stable Paretian Models in Finance, Wiley, Chichester,
2000.

[12] G. SAMORODNITSKY — M. S. TAQQU: Stable Non-Gaussian Processes: Stochastic
Models with Infinite Variance, Chapman and Hall, New York, 1994.

[13] M. S. TAQQU: Fractional Brownian motion and long-range dependence, in: The-
ory and Applications of Long-Range Dependence (P. Doukhan, G. Oppenheim,
M. S. Taqqu, eds.), Birkhduser, Boston, 2003, 5-38.

Lavoro pervenuto alla redazione il 12 ottobre 2007
ed accettato per la pubblicazione il 18 ottobre 2007.
Bozze licenziate il 9 aprile 2008

INDIRIZZO DEGLI AUTORI:

Murad S. Taqqu — Department of Mathematics and Statistics — Boston University — 111 Cum-
mington St. — Boston, MA 02215, USA
E-mail: murad@math.bu.edu

Joshua B. Levy — School of Business — The University of Texas of the Permian — 4901 E.
University Blvd. — Odessa, TX 79762, USA
E-mail: levy_j@Qutpb.edu

This research was partially supported by the NSF Grant DMS-0505747 at Boston
University.



