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Abstract

Time-changed Lévy processes include the fractional Poisson process, and the scaling
limit of a continuous time random walk. They are obtained by replacing the deterministic
time variable by a positive non-decreasing random process. The use of time-changed
processes in modeling often requires the knowledge of their second order properties such
as the correlation function. This paper provides the explicit expression for the correlation
function for time-changed Lévy processes. The processes used to model random time
include subordinators and inverse subordinators, and the time-changed Lévy processes
include limits of continuous time random walks. Several examples useful in applications
are discussed.
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correlation function, Mittag-Leffler function.
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1. Introduction and notation.

Time-changed Lévy processes arise in many applications. Gorenflo and
Mainardi [15] show that a continuous time random walk (CTRW) with
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power law distributed random waiting times between each random jump
converges to a Lévy process time-changed by an inverse stable subordinator,
see also [30,32]. The CTRW is used as a model of anomalous diffusion in
physics, finance, hydrology, and other fields [6,7,29,36,12]. Mainardi et al.
[26,27] study the fractional Poisson process, where the exponential waiting
time distribution is replaced by a Mittag-Leffler distribution, see also [5,20),

|. Meerschaert et al. [34] showed that the same fractional Poisson process
can also be obtained via an inverse stable time-change. Recent work in
finance questioned the classical geometric Brownian motion (¢gBM) model,
and random activity time models have been developed [16,21]. In these and
other applications [12,17,43] it is useful to compute the correlation function
of the time-changed process, and this paper develops explicit computational
formulae.

The simplest CTRW model assumes that the independent identically
distributed (iid) particle jumps J,, with mean p = E[J,,] = 0 and finite vari-
ance 02 = Var(J,) = E[(J, — p)?] are separated by iid waiting times W,
with P(W,, > t) ~t7%/T'(1—a) as t — oco. Then the particle arrives at loca-
tion S, = J1+- - -+ J, at time T,, = Wi+ - -+ W,,. The number of jumps by
time t > 0 is given by the renewal process Ny = max{n > 0:7, <t}. The
extended central limit theorem [35, Theorem 4.5] yields n=/T; it = L(1),
a standard a-stable subordinator with E[e=5/®)] = ¢~ for all s, t > 0.
Since {N; > n} = {T,, < t}, a continuous mapping argument yields
n"*Ny = Y(t) = inf{u > 0 : L(u) > y}, an inverse a-stable subordi-
nator. Since the inverse process Y (¢) is constant over the jump intervals
of L(t) (whose length is, in general, not an exponential random variable),
it is not a Markov process. The increments of Y (¢) are neither station-
ary nor independent [30]. The CTRW S(NN;) gives the particle location at
time ¢ > 0, with long time limit n=%/2S(N,;) = X (Y (t)) in Skorokhod’s
M; topology, where X (¢) Brownian motion [30, Theorem 4.2]. The proof
uses the fact that X (¢) and L(t), two independent Leévy processes, have no
common points of discontinuity almost surely, and applies the continuous
mapping theorem. The outer process X (¢) models the random walk, and
the inner process Y (t) accounts for particle waiting times.

A very general class of CTRW models was considered in [32], where
the particle jumps JT(LC) form a triangular array in R? and the waiting
times form another triangular array W,(lc) in Ry. The pair of row sums
(5 (cu), T (cu)) is assumed to converge to (X (u), L(u)), u > 0 as ¢ — 0o
in Skorokhod’s .J; topology on D([0, 00), R? x Ry ), where (X (u), L(u)) is a
Lévy process on R x Ry. In this setting X (¢) could be an arbitrary Lévy
process, and L(t) is a subordinator (i.e. a one-dimensional Lévy process
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with nonnegative increments). The Laplace transform of L(t) is
E[G_SL(t)} _ e—t¢(s)’ s>0,

where the Laplace exponent is a Bernstein function

(1) o(s) = ps +/ (1—e*"v(dr),s > 0.
(0,00)

If the drift coefficient u = 0, or if the Lévy measure v satisfies (0, 0c0) = oo,
then L is strictly increasing. If, in addition, X (¢) and L(t) have no common
points of discontinuity almost surely which is, for example, true if jumps
are independent of waiting times, then Straka and Henry [14] showed that
the CTRW X©(t) = S@O(N) with N9 = max{n > 0 : T©(n) < t}
converges to X (Y (¢)) in Skorokhod’s J; topology on D([0,o0), R%). Here,
as before, Y (t) = inf{u > 0: L(u) > y}.

For the case where X (t) is Brownian motion and L(t) is a standard sta-
ble subordinator, a formula for the correlation function has been obtained
by Janczura and Wylomariska [17] using the result of Magdziarz [24, The-
orem 2.1], see also [25, Section 2|, who showed that X (Y (¢)) is a mar-
tingale with respect to a suitably defined filtration. Then Janczura and
Wylomaniska [17] computed that for 0 < s <t

s\ /2
corr(X (Y (1)), X (Y (s))) = <Z> .
The present paper uses a different method to compute the correlation func-
tion, and treats a more general case when the outer process is any Lévy
process, and the inner process is any random time-change, both with finite
second moment. Then the explicit formula is derived for the correlation
function of several other time-changed processes that arise in applications.

2. Correlation function.

In this section, we prove a general result that can be used to compute the
correlation function of a time-changed Lévy process Z(t) = X (Y (t)) where
X, Y are independent, and in general Y may be non-Markovian with non-
stationary and non-independent increments. For example, it might be an
inverse subordinator, as in CTRW limit theory. Then Z may also be also
non-Markovian with non-stationary and non-independent increments. The
next result gives an explicit expression for the correlation function of this
time-changed process.

Theorem 2.1. Suppose that X (t), t > 0 is a homogeneous Lévy process
with X(0) = 0, and Y (t) is a non-decreasing process independent of X.
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If (&) = —log EeX(M) is the characteristic exponent of the Lévy process,
then the characteristic function of the process Z(t) = X (Y (t)) is given by

EeiéZ2(t) — Fe—¢(©Y )
Moreover, if EX (1) and U(t) = EY (t) exist, then EZ(t) exists and
2) E[Z(0)] = UMELX ()]
if X andY have finite second moments, so does Z and
(3) Var[Z(t)] = [EX (1)]? Var[Y ()] + U(t) Var[X (1)],
and the covariance function is given by
(4) Cov[Z(t), Z(s)] = Var[X (1)]U(min(t, s)) + [EX (1)]? Cov[Y (), Y (s)].
Proof. Using the independence of the processes X and Y we get
Fei€Z(t) _ geitX(Y (1) _ / B XWP(Y (1) € dy)

- /e—y¢(§)[p(y(t) € dy) = Ee VOY®),

Differentiating the characteristic function, we can work out the moments
of the random variables (provided that they exist; for even moments this
is guaranteed by the differentiability of the characteristic function). From
Eei€X(t) = =18 we see that EX(t) = it)’(0) and Var X (t) = t”(0).
Thus,

EZ(t) = —i CZEe’fZ(t) o —iBY (£)9'(0) = U(t)EX (1)
and
2
B[Z07] =~ @B 0| =Bl 000 - YO ©)]

U(t) Var X (1) — E[Y ()] [EX (1)]?
— U(t) Var X (1) + [EX ()] Var Y () + [EY ()] *[EX (1)]2.

This proves (3).
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Since the outer process X (t) has independent increments, for 0 < s < ¢
we have

E[X ()X (s)] = E[(X(t) — X(5))X(s)] + E[X(s)?]

= E[X(t) — X (5)|E[X (5)] + E[X (s)’]
(t — 5)sE[X (1)]* + Var[X (s)] + s*E[X (1)]?
= tsE[X (1)]? + s Var[X (1)].

Then, since the processes X and Y are independent, a simple conditioning
argument yields

E[X (Y () X(Y ()] = E[Y ()Y ()[E[X (1)]* + E[Y (5)] Var[X (1)].

Then the covariance function of the time-changed process is

= E[Y(1)Y (s)|E[X (1)}” + E[Y (s)] Var[X (1)] — E[Z(1)]E[Z(s)]
= E[Y (1)Y (s)|E[X (1)}* + E[Y (s)] Var[X (1)] = U(1)U (s)E[X (1)]”
= U(s) Var[X (1)] + E[X (1)]? Cov[Y (t),Y (s)],

by another conditioning argument. |

Remark 2.1. In the special case EX(1) = 0, the results of Theorem 2.1
simplify. Now the time-changed process Z(t) = X (Y (¢)) has mean zero, its
variance is

Var[Z(t)] = U(t) Var[X (1)],
its covariance function is
Cov[Z(t), Z(s)] = Var[X(1)]U (min(¢, s)),
and its correlation function is

~ U(min(t,s)) | U(min(t, s))
corr[Z(t), Z(s)] = 000 ) =\ Umax(t5))"

This special case is relevant to many applications.

3. Applications.

In this section, we compute the correlation function for several exam-
ples that are important in applications. In view of Theorem 2.1, the main
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technical issue is the computation of the renewal function U(t) for the time-
change process Y. The first example deals with a time-change process that
is a subordinator, and time-changes in the gBM model for a risky asset. The
time-change allows one to obtain distributions of log-returns (increments
of the logarithm of a price) that are heavier-tailed and higher-peaked than
Gaussian. This distributional property is one of the ‘stylized facts’ that are
typical of financial data [14].

Example 3.1 (Inverse Gaussian subordinator). The inverse Gaus-
sian subordinator Y'(t) is obtained as a hitting time process:

Y(t) =inf{u>0:~vu+ W(u) =6t},t >0,

where W is the standard Brownian motion, and ~, § > 0, see [1,15]. The
process Y (t),t > 0, is a Lévy process with U(t) = E[Y (t)] = dt/~, and

o
Cov[Y(1),Y(s)] = Var[Y'(1)] min(t, s) = — min(t, s).

Y
If the outer process X (¢) is a Brownian motion with drift, with mean put
and variance o?t, then the time-changed process Z is used to specify the
normal inverse Gaussian (NIG) model for a risky asset [1]. This process
is also the limit of a CTRW with finite variance jumps and finite mean
waiting times [19]. Theorem 2.1 implies that the NIG process has mean
E[Z(t)] = udt/v, and covariance function

o(p? + 0%
Cov|Z(t), Z(s)] = Tmm(t, s),

for any s,t > 0. A variance gamma model [23] similar to NIG model is
obtained when the inverse Gaussian subordinator is replaced by a Gamma
subordinator.

The remaining examples deal with the random time-changes that are
the inverse or hitting time processes of a Lévy subordinator L with the
Laplace exponent ¢ defined in equation (1). The inverse or first passage
time process of L

(5) Y(t)=inf{u>0:L(u) >t},t>0

is nondecreasing, and its sample paths are almost surely continuous if L is
strictly increasing. For any Lévy subordinator L, Veillette and Taqqu [45]
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show that the renewal function U(t) = E[Y'(¢)] of its inverse (5) has Laplace
transform U given by:

(6) 0(s) = / Uit = —.
0

where ¢ is Laplace exponent of L. Thus, U characterizes the inverse process
Y, since ¢ characterizes L. For example, it follows easily from [416, Theorem
4.2] that the second moment of Y is

2(¢) = t -7 T).
EY (t)/o 2U(t — 7)dU (7)

The covariance function of Y is given by [16, Corollary 4.3]:
min(t1,t2)
(7) Cov[Y (t1),Y (t2)] = / (U(ti—7)+U(ta—71))dU(1)=U(t1)U(t2).
0

For many inverse subordinators, the Laplace exponent ¢ can be written
explicitly using (6), but the inversion to obtain the renewal function may
be difficult. Numerical methods for the inversion were proposed in [15,10].
Below we give examples from applications where the Laplace transform can
be inverted analytically and where its asymptotic behavior can be found in
order to characterize the behavior of the correlation function of the time-
changed process.

Example 3.2 (Inverse stable subordinator). Suppose L(t) is stan-
dard a-stable subordinator with index 0 < a < 1, so that the Laplace
exponent ¢(s) = s for all s > 0. Bingham [9] and Bondesson et al. [10]
showed that the inverse stable subordinator (5) has a Mittag-Leffler distri-
bution:

—sY (t - (_Sta)n «
E [e v ( )} :;W — B (—st®),

where E,, is Mittag-Leffler function:
E = -
a(2) kz_o T(1 + ak)

When the outer process X(t) is a homogeneous Poisson process, the time-
changed process X (Y (t)) is fractional Poisson process [5,20,26,27,34,39,40].
More generally, for any Lévy process X(t), the time-changed process
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X(Y(t)) is a CTRW limit where the waiting times between particle jumps
belong to the domain of attraction of the stable subordinator L(t), see [32].
Since U(s) = 1/s%"1, the renewal function

ta

(®) Ut = EY (1) = fay

For 0 < s < t, substitute (8) into (7) to see that the covariance function of
the inverse stable subordinator is

(9)

« § o o (ts)®
Cov[Y (1), Y (s)] = W/O (t=7)*+(s—7))7 1d7—m
at?® s/t @ a—
_P(1+a)2/0 (1 —u)*u* du
as2e B . (ts)™
+ m (Oé,Oé + ) - m
_ 1“(1ia)2 [0**B(a,a + 1;5/1)

+as®™B(a,a +1) — (ts)a},

using a substitution u = 7/¢, where B(a, b;z) := [ u*~(1 — )P ldu is the
incomplete Beta function, and B(a,b) := I'(a)I'(b)/I'(a 4+ b) = B(a,b;1) is
the Beta function. An equivalent form of the covariance function in terms
of the hypergeometric function was obtained in [15, Equation (74)]. Apply
the Taylor series expansion (1 —u)*~! =1+ (1 — b)u + O(u?) as u — 0 to
see that

a a+1

B(a,b;z)z%-i—(l—b):p

a—+1

+0(z"?) asa — 0.

Then it follows that for s > 0 fixed and t — oo we have

F(ass,t) = at**B(a, o+ 1; 5/t) — (ts)*

— Ozt2a (S/t)a _ a(s/t)a—H + O((S/t)a+2) _ (tS)a

« a+1
so that
(10)  Cov[Y(t), Y (s)] = mia)Q s Bla,a+1) + Flais, )],
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where F(a;s,t) — 0 as t — oo. Hence

as’*B(o,a + 1 52
Cov[Y (1), Y (s)] t—+00 F(1(+ a);_ ) - F'2a+1)

Letting s = ¢ it follows from (9) that

1 [ sq 0 (@)(a+1) B tm}

Var[Y (t)] = T+ a)? I'(2a+1)

(1)

= [F(2a2+ 1) T(1 i a)Q] ’

which agrees with the computation in [2, Section 5.1]. From (10) and (11)
it follows that for 0 < s <t

[asQaB(a, a+1)+ F(ass, t)}

o [20(1+a)?
(st) [F((2a+1)) _1}

corr[Y (s), Y ()] =

where F'(a;s,t) — 0 as t — 0o, and hence

s>a [2 T2 +1)

corr[Y (s), Y (t)] ~ (7 T(1+a)?

-1
} as t — oo.
t

This power law decay of the correlation function can be viewed as a long
range dependence for the inverse stable subordinator Y (t), since the corre-
lation function is not integrable at infinity.

From (2) and (8) we can see that the time-changed process Z(t) =
X (Y (t)) has mean

(12) BLZ0) =

Substituting (11) into (3) yields the variance of the time-changed process:

@ Var[X(1)]  2*[EX(D))2 [ 1 1
(13)  Var[Z(t)] = L r(1-[+oi))] +1 [ a( ) (I‘(2a) B aF(a)2>'

This formula was derived previously by Beghin and Orsingher [5] in the
special case where outer process X (t) is a Poisson process, so that Z(t)
is a fractional Poisson process. It follows from (4), (8), and (10) that for
0 < s <t the covariance function of Z(t) = X (Y (¢)) is

Cov[Z(t), Z(s)]

(14) _ s*VarlX(1)] | EX()P

2c
B 1 Fl(a;s,t
T+ a) T+ a) as“*B(a,a+ 1) + F(a;s,t)],
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where F'(a;s,t) — 0 as t — 0o, hence for a fixed s > 0

s Var[X(1)] | s EX ()]
o0 T(1+a) I(1+2a)

Cov[Z(t), Z(s)]

In particular, for the fractional Poisson process the covariance function is

Cov[Z(t), Z(s)]

_ A + X as®*B(a,a+1) + F(a; s t)}
S T(l4a) T+ a)? ’ I

where A > 0 is the intensity of the outer Poisson process.
For 0 < s <t, the time-changed process Z(t) = X (Y (¢)) has correlation

_ Cov[Z(s), Z(1)]
corrlZ (D). 2 = R ] Var 200

where Cov[Z(s), Z(t)] is given by (14) and the remaining terms are specified
in (13). The asymptotic behavior of the correlation depends on whether the
outer process has zero mean. If E[X(1)] # 0, then for any s > 0 fixed we
have

22 [EX (1)]2 1 1
VarlZ(8)] ~ o (F(Qa) B af(a)2>

as t — oo,
and so we have
corr[Z(t), Z(s)] ~t~*C(a,s) ast— oo,

where

[0

B 1 1 -1 a Var[X (1)] as
C<a’s)‘<r<za>‘ar<a>2) [r<1+a>[EX<1>]2+r<1+2a> '

On the other hand, if E[X(1)] = 0, then the covariance function of the
time-changed process for 0 < s <t simplifies to

«

s
Z(t), Z(s)] = X(1)]|z77——-

and corr[Z(t), Z(s)] = (S/t)a/Q, a formula obtained by Janczura and

Wytomanska [17] for the special case when the outer process X(t) is a

Brownian motion.
In summary, the correlation function of Z(t) decays like a power
law ¢t~ when E[X(1)] # 0, and even more slowly, like the power

10
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law t~*/2 when E[X(1)] = 0. In either case, the non-stationary time-
changed process Z(t) exhibits long range dependence. If E[X(1)] = 0,
the time-changed process Z(t) = X(Y(¢)) also has uncorrelated incre-
ments: Since Cov[Z(t), Z(s)] does not depend on t, we have Var[Z(s)] =
Cov[Z(s), Z(s)] = Cov[Z(s), Z(t)] and hence, since the covariance is addi-
tive, Cov[Z(s),Z(t) — Z(s)] = 0 for 0 < s < t. Uncorrelated increments
together with long range dependence is a hallmark of financial data [12],
and hence this process can be useful to model such data. Since the outer
process X (t) can be any Lévy process with a finite second moment, the
distribution of the time-changed process Z(t) = X (Y (¢)) can take many
forms. Similar long range dependent behavior has been obtained for a frac-
tional Pearson diffusion, the time-change of a stationary diffusion process
using the inverse stable subordinator [22].

Example 3.3 (Inverse tempered stable subordinator). The
standard tempered stable subordinator L(¢) with 0 < a < 1 is a Lévy
process with tempered stable increments [3,11]. The Lévy measure of the
unit increment is

(01

v(dx) = Ti—a)

and then (e.g., see [35, Section 7.2]):
Ele sL®] = ¢7190) = exp{t((A + s)* — A\*}.

When s — 0, the Laplace exponent ¢(s) = (A + 8) — A\* ~ saX*"! as
s — 0, and hence

- 1 1 oAl

U(s)

as s — 0.

T so(s)  s(hts)e—ae) 7

The Karamata Tauberian theorem (e.g., see [%, p.10]) implies that U(t) ~ ¢
as t — oo is equivalent to U(s) ~ s 17PT'(1+p) as s — 0. Hence the renewal
function behaves as follows:

11—«

U(t) ~t as t — 00.
The same Karamata Tauberian theorem also implies that U(t) ~ ¥ as
t — 0 is equivalent to U(s) ~ s 17PT(1 + p) as s — 0o. Since ¢(s) ~ 5@ as
s — 00, U(s) ~ s %1 as s — 0o, and hence

ta

11
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When the outer process X has zero mean, then from Remark 2.1, the vari-
ance of the time-changed process

Var[Z(t)] = U(t) Var[X (1)]

grows as t when t — oo. For a fixed s > 0 and ¢t — o0, the correlation
function of the process Z decays as 1/v/t:

Uls VaU(s)
corr[Z(t), Z(s)] = UEt)) ~ NC=SIEN

When t is fixed and s — 0, then

U(s) N 5°/2
U(t) T(1+a)U(t)

The inverse tempered stable subordinator models transient anomalous dif-
fusion, since it smoothly transitions between the inverse stable subordinator
at early time, to a linear clock at late time. This has proven useful in ap-
plications to geophysics [33,17,18] and finance [11].

corr[Z(t), Z(s)] =

Example 3.4 (Inverse stable mixture). Now consider a mixture of
standard a-stable subordinators with Laplace exponent

o) = [ atwystaw= [T e

where g(w) is a probability density on (0,1), and the density l,(z) of the
Lévy measure is given by

1 wl,—w—l
(15) ) = | yate)du.

(1 —w)
Such mixtures are used in time-fractional models of accelerating subdiffu-
sion, see Mainardi et al. [28] and Chechkin et al. [12]. They can also be
used to model ultraslow diffusion, see Sokolov et al. [13], Meerschaert and
Scheffler [31], and Kovédcs and Meerschaert [18].

The a-stable subordinator corresponds to the choice ¢(w) = §(w — «),
where 4(+) is the delta function. The model

q(w) :Cld(w_al)_‘_CQ(s(w—O[Q), Cl+02 = 1’

with a; > ag was considered in Chechkin et al. [12]. The subordinator L in
this case is the linear combination of two independent stable subordinators
with ¢(s) = C15 + Ca5“2, so that

1
Chst + 0280‘2) '

U(s) = i

12
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This Laplace transform can be explicitly inverted using the following prop-
erty [37]:

e 1570
(16) / et R L g () dt = Ms Re(s) > [/,

0 (s7 F b)rt+1’

where N
k d
Eab(w) = g5 Pas)

is the k-th order derivative (k = 0,1,2,...) of two-parameter Mittag-Leffler
function

o0

Zk:
(17) E.p(2) :;W, a>0,8>0.

Setting k=0, = a1 + 1,y = a1 — ag, and b = Cy/Cy we get
e
Ut) =E[Y(@®)] = aEOq—aqu-l-l(_CQtaliaz/Cly
Then (2) implies that the time-changed process Z(t) = X (Y (¢)) has mean
_ MEX ()]
= c

When E[X (1)] = 0, Remark 2.1 shows that the time-changed process has
zero mean and variance

E[Z(t)] Ea1—a2,a1+1(_C2ta1_a2/01)-

_ Var[X (1)]

Var[Z(t)] = Var[Z(1)]U () o

t* Eoy —ag,01+1(=C2t™ = /CY).

In the case when the outer process is Brownian motion, this expression
for the mean square displacement of the time-changed process was ob-
tained in [12] using a different method. Veillette and Taqqu [15] derive
the asymptotic behavior of the variance using a Tauberian theorem for the
Laplace transform. We use the properties of two-parameter Mittag-Leffler
function to obtain more a precise asymptotic expansion of the variance.

From [38, Theorem 1.4] for real z < 0, 0 < a < 2 and any positive integer
p
p Lk )
EO"B(Z):_;F(B—M{)—'—O(M p) as z — OoQ.

With p =1 we obtain
g

VarlZ(0)] = VarlZ(D & =y

+ O(t?279)  ast — oo,

13
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When t — 0, equation (17) yields
e
C’ll“(al + 1)

When E[X (1)] = 0, the behavior of the covariance function for a fixed s > 0
and ¢t — oo is obtained from Remark 2.1. We have

corr[Z(t), Z(s)] ~ Cs(s, aq, az)t*a2/2,

Var[Z(t)] = Var[Z(1)] + O(t?*1792) ast — 0.

where

CQF(OQ + 1)3a1 a1&2,a1+1(_02sa1a2/01)>1/2
Ch '

C3(s,a1,a0) = <
When t is fixed and s — 0
corr[Z(t), Z(s)] ~ Cu(t, o, cg)s™/?,
where

04(t7 aq, a2) = (P(al + 1)talEa1—04270¢1+1(_CQtOlliOQ/Cl))71/2 :

For the case when E[X(1)] # 0, we can also explicitly compute the

variance of the time-changed process using equation (3). From [16, Theorem
3.1], the Laplace transform of E[Y2(¢)] := U(t;2) equals

~ 2 2 —1-2a9

U(s;2) i

T s0%(s)  CR(smi 4 CofCr)?
Invert the Laplace transform using (16) with £k = 1, v = a1 — ag, § =
a1+ as+ 1, and b= Cy/Cy to get
2 .
U(t;2) = @tQ 1 g

ar—ag,a1+az+1
1

(—Cgtal*aZ/Cl) .

Therefore the variance of the inner process is

tQOcl [

M
— S |2E
Cf

a1 —az,a1taz+1

- qu—ocg,oq-‘rl (_CQtalioQ/Cl)Q :| )

Var[Y (t)]

(—Cgtal*aQ/Cl)

and the variance of the time-changed process Z(t) = X (Y (t)) is

t

Var[Z(t)] = Var[X(l)]aEaraz,mH(—Czt”_”/cl)

[QE(I)

ar—az,a1taz+l

- a1 —ag,a1+1 (_CQtal_OQ/CI)Q]'

(—Cot™1 72 /Cy)

14
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This extends the results of Chechkin et al. [12] for the mean square dis-
placement to the case when the outer process has a non-zero mean.

When the mixture is uniform, i.e., ¢(w) = 1 on [0, 1], an explicit expres-
sion for the renewal function was given by Veillette and Taqqu [15]:

e e}
U(t) = ve + log(t) +/ et~ 27 1dz,
t
where v, = 0.57721 is the Euler constant. Since the integral term remains
bounded for ¢ large, the mean of the time-changed process Z(t) = X (Y (t))
grows very slowly, like log(t), as t — co. When the mean of the outer process
is zero, the variance of the time-changed process also grows like log(t), and
for fixed s and t — oo the correlation function decays as 1/4/log(t):

corr[Z(s), Z(t)] ~ /Ul(s)/ log(t).

The next example of an inverse stable mixture models ultraslow diffu-
sion [31]. Take any o > 0 and let

Ba—l

S

I(0< B < 1),

where
1 /1 Bafl dﬁ
cl= | L i<
o I'(1—=5)
since I'(1 — B) — 1 as B — 0. In this case the subordinator L has the Lévy
measure

vlusoe) = [ n(s) ds,
and its density is

) = [ Bup(8)d5 - T et
! 0 P o I'1—5) ’
so that in ¢(8) = Cp* ! in (15).

The subordinator L can be obtained as a limit of a triangular array
constructed as follows. Take {B;} iid with pdf p(5). Define a triangular
array by taking J¢ iid for each ¢ > 0 such that P[Jf > t | B; = (] =
c1t=7 for t > 1. Note that if we take J; iid such that P[J; > t | B; =
Bl = t=% for t > 1 then we can let J¢ = ¢ '/AJ; when B; = . Then,
conditional on B; = 3, J; has a distribution in the domain of attraction of
a (-stable subordinator. Then Theorem 3.4 in [31] implies that

Ji+ -+ Jigy = L(t) asc— oo,

15
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where E[e~*L(1)] = ¢=t() for all t > 0, and

o) = [ T (1= e ) u(du)

/ / ") BuP=1du p(B) dB

- /O I(1— B)"p(8) dB
1

- C Ba—ld
/086 8

1
_ C/ e—ﬂlog(l/s)ﬁa—l dg,
0

where we have used a formula from [35, p. 114] to arrive at the third line.
Let z = log(1/s) and make a substitution y = Sz to see that

/ eBpa-1qg = / Y(y/2)* 2 dy = 27T (o, 2)

in terms of the incomplete gamma function I'(e, z) = [ e ¥y* 1 dy . Then
we have

¢(s) = C(log(1/s))T(e, log(1/s)),
and the Laplace transform of the renewal function U(t) = E[Y (¢)] is

S 1 (log(1/s))°
UEs) =5 Ehar Tog(1/5))"

Hence we have U(s) = s 'L(1/s) where
Loy = loga)® _ (oga)
- CT(a,logz)  CT(a)

is slowly varying as ¢ — oo. Now we apply the Karamata Tauberian theo-
rem (e.g., see [13, Theorem 4, p. 446]) with p = 1 to conclude that

(logt)*
CT(«)

As in the previous example of a uniform mixture (the special case a = 1),
the mean of the time-changed process Z(t) = X (Y (t)) grows very slowly,
like (log(t))®, as t — oo. When the mean of the outer process is zero,
Remark 2.1 shows that the variance of the time-changed process also grows
like (log(t))®. For a fixed s > 0 the correlation function decays slowly:

corr[Z(s), Z(t)] ~ /CT(a)U(s)(log(t)) />

as r — o0

U(t) ~ as t — 00.

as t — 00.

16
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Example 3.5 (Inverse Poisson subordinator). Consider
L(t)=put+ N(t), t>0,pu>0,

where N(t) = max{n > 1 : 7T, < t},and T,, = E;1 + --- + E, and
Ey, Es, Es,... are iid exponential random variables with mean 1/), so that
N(t) is a homogeneous Poisson process. The Laplace exponent of L(t) is
given by
¢(s) = ps +A(1—e™?).

For 1 = 0, using the definition (5) together with the fact that {7, <t} =
{Nt > n}, it is not hard to check that the inverse subordinator Y (t) = Tj;4y),
and therefore Y (t) is distributed as I'([t 4+ 1],1/A). Using the standard
formulae for the gamma distribution, we then have

[t + 1] [t + 1]
A A2

For 0 < s < t the covariance function of the inner process is

U(t) = E[Y ()] = VarY () =

Cov[Y (t),Y (s)] = Cov[(Ey + -+ + E[t+1])[(E1 + -+ E[S+1])] = [S:\—Ql]
Therefore for the time-changed process Z(t) = X (Y (t)) we have
Blz(0) = "X vz = EE (mx 2 + avarlx ).
and for 0 < s <t
Cov[Z(t), Z(s)] = Var[x (1)) i U | mpx)p [S;”.

When g # 0, U(s) ~ s72/(A+ p) as s — 0, and then the Karamata
Tauberian theorem implies that U(t) ~ t/(u+ A) as ¢ — oo. When the
outer process has zero mean, Remark 2.1 implies that the time-changed

process has zero mean, a variance
t
Var[Z(t)] ~ Var[X (1) ——
ar[Z(t)] ~ Var[X( )]MJFA
that grows linearly, and a covariance function
Cov[Z(t), Z(s)] ~ Var[x (1) 0Lt:5)
) M + A

that grows linearly as the smaller of s and ¢. For fixed s and t — oo, the
correlation function of the time-changed process decays like 1/v/%.

17
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Example 3.6 (Fractional Poisson subordinator). If Y (¢) is a frac-
tional Poisson process introduced in Example 3.2, then its renewal func-
tion is given by (12) with E[X(1)] = A, its variance is given by (13) with
Var[X (1)] = A, and its covariance is given by (14). Then the correlation
structure of the time-changed Z(t) = X (Y (¢)) can be obtained from Theo-
rem 2.1 and Remark 2.1. Hence the time-changed process Z(t) = X (Y (¢))
has mean

o\
E[Z(t)] = E[X(l)]ma
Y t2a)\2 1 1
Var[Z(t)] = E[X (1)]? {F(l + a) T <F(2a) a aF(Oé)2>}
—i—Var[X(l)]M;
and for 0 < s < t its covariance
Sa)\ Sa)\

Cov[Z(t)] = var{xu)}m + E[X(1>]2{m+a)

2

If the outer process has zero mean, then Remark 2.1 shows that the time-
changed process has zero mean, and its variance

t*A

I'l+a)

grows like t% as t — oco. For 0 < s < t its covariance function is
S*A

I'l+a)

Var[Z(t)] = Var[X (1)]

Cov[Z(t), Z(s)] = Var[X(1)]

and hence its correlation function
s

corr[Z(1), Z(s)] = (t)a/ ’

decays like t7%/2 as t — oo.
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