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Abstract. This paper is devoted to establish an invariance principle where the limit process is a multifractional Gaussian process
with a multifractional function which takes its values in (1/2, 1). Some properties, such as regularity and local self-similarity of
this process are studied. Moreover the limit process is compared to the multifractional Brownian motion.

Résumé. Ce papier a pour but d’établir un principe d’invariance dont le processus limite est gaussien et multifractionnaire avec
une fonction de Hurst a valeurs dans (1/2, 1). Des propriétés telles que la régularité et 1’autosimilarité locale de ce processus sont
étudiées. De plus, le processus limite est comparé au mouvement brownien multifractionnaire.
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1. Introduction

Fractional and multifractional processes or fields have been extensively studied because they provide relevant models
in many situations such as mathematical finance, network traffic, physics, and other fields related to applied mathe-
matics. See, e.g., [10] for a convenient reference.

The most famous and simplest fractional process is fractional Brownian motion which has been introduced by
Mandelbrot and Van Ness [12]. For a fixed H € (0, 1), it can be defined as a centered Gaussian process Wy with
covariance

E[Wg (1)?]

E[Wh()Wr (s)] = 2

Its main properties, which depend on H, are the following.

o Wy is self-similar with index H.
e Wy admits H as Holder exponent at each point.
e If H > 1/2 the increments of Wy (which are stationary) satisfy the long-range dependence relation as n — 0o

E[Wu(D)(Wa(n+ 1) — Wy ()] ~ HQH — DE[Wg (1) ]n* 2. (1)
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Let us focus on this last property. Notice that the sequence of the increments of fractional Brownian motion called the
fractional white noise is not the only Gaussian sequence with long-range dependence (see, for instance, [15], p. 336).
However, the fractional white noise serves as a universal Gaussian model for long-range stationary phenomena. This
is due to the invariance principle, which was established in [9,15].

Theorem 1 (Invariance principle). Let H belong to (1/2,1), and {X,}seN be a stationary sequence of centered
Gaussian random variables with covariance satisfying when n — oo

E[X0X,]~ cn*172,
with ¢ > 0. Then defining for every t > 0,

1 LNt]
M@0 =<7 2 X
=1

the finite-dimensional distributions of SV converge to those of coWy as N goes to oo, where Wy is a fractional
Brownian motion of index H and c(z) =H'CH-1)"le.

In the previous statement, | x| denotes the integer part of the real number x.

One of the main drawbacks of fractional Brownian motion for applications lies in the homogeneity of its properties,
due to the fact that its pointwise Holder exponent is constant. Hence, multifractional processes and fields, for instance,
the multifractional Brownian motion, have been introduced and attracted attention [3,4,6,8,11,13]. Multifractional
processes have locally the same properties as the fractional processes, but not globally. In fact their properties are
not governed by a constant exponent H € (0, 1), but by a (0, 1)-valued function /& which is called the multifractional
function. For instance, multifractional processes are locally self-similar and their pointwise Holder exponents vary
along the trajectory.

Because they take into account the variations of properties such as regularity, multifractional processes with a
(1/2, 1)-valued multifractional function could be relevant alternatives to fractional processes with H € (1/2,1) to
provide models for long-range phenomena [2]. The main aim of this paper is to prove the existence of multifractional
Gaussian processes which can serve as universal Gaussian models for long-range dependence. More precisely, we
establish an invariance principle where the limit process is a multifractional Gaussian process with long-range incre-
ments. A study of these processes is developed. Besides local self-similarity and Holder regularity, a representation
result is given.

Maybe the most famous multifractional process is the multifractional Brownian motion. In this paper, we also
compare as much as possible the limit processes we obtain with the multifractional Brownian motion.

In Section 2, we recall the definition and some properties of the multifractional Brownian motion. The main result
of this paper is established in Section 3. Section 4 deals with local self-similarity and regularity properties of the limit
processes which are obtained in the main result. In Section 5, we give a representation of the limit processes. This
representation allows us to justify a universal property for the limit processes. Finally, we give in Section 6 some
applications of our results, in particular, an extension of results of [14]. The proof of some technical lemmas are
postponed to the Appendices.

Notation

e For two random processes (or fields) Z; and Z;, we denote by Z; =D Z7, the fact that the finite dimensional
margins of Z are equal in distribution to those of Z,.

e For a random process (or field) Z and a sequence {Zy}neN (resp. {Z¢}s~0) of random processes (or fields), we
denote by limg oo ZN = 4 (resp. lim_”  Z, = 2) the fact that the finite-dimensional distributions of Zy (resp.
Z.) converge to those of Z as N goes to oo (resp. € goes to 0).



Invariance principle, multifractional Gaussian processes and long-range dependence 477
2. Some preliminaries on multifractional Gaussian processes

Multifractional Brownian motion was the first multifractional Gaussian process introduced, independently in [6]
and [13].

Let B(d¢) be a Brownian measure and B (dx) be its Fourier transform (See [15], Chapter 7 for more details).
Multifractional Brownian motion with a multifractional function % : [0, o0) — (0, 1) can be defined for every ¢ by

1 [e'e) e—ixl -1
W=y /_oo PO

B(dx) )

following [6]. The constant C(h(t)) is such that E[W},(1)2] = 1. In this case, the covariance of the multifractional
Brownian motion is given for every ¢ and s by [2]

E[Wy )Wy (s)] = D(h(t), h(s)) (jt|"OHE) 4 g POFTRE) _ |y — g hOFRE)), 3)

where for every Hy, H>

VTQ2H; + )T (2H; + 1) sin(wH;) sin(m Hy)
OT(H, + Ha + Vsin(x(Hy + H2)/2)

D(Hy, Hy) =

Now we assume that 4 is 8-Holder continuous and
suph < B. @)

Then multifractional Brownian motion has locally the same properties as fractional Brownian motion. Multifractional
Brownian motion is locally self-similar, that is, for every ¢ > 0,

lim

e—0

Wiyt + eu) — Wy (1)
{ ght®) }uz() N {Wh(t)(u)}uzo’

where the convergence is in distribution in the space of continuous functions endowed with the topology of the uniform
convergence on compact sets, and for every ¢ its Holder pointwise exponent ay, (t) is almost surely equal to A(z).

3. The main result

In this paper, we consider a centered Gaussian field X = {X,,(H), H € (1/2, 1), n € N}, and two real numbers a and b
such that 1/2 < a < b < 1. We also consider a continuous function 2:R — [a, b] C (1/2, 1). For every n, N € N and
t > 0, we define hflv =h(n/N) and

LNt] N

X, (hY)

N _ n\"*n
S, (1) = E N

n=1

Our aim is to study the asymptotic behavior of { Sflv }nen as N goes to co. We will use the following assumptions.

e Assumption (i) For every M > 0, the map
(j.k, Hy, Ho) = E[X ;j(H) Xk (H2)]

is bounded on {(j, k) e N2, |j — k| < M} x [a, b]*.
o Assumption (ii) There exists a continuous function R : [a, b - (0, 00) such that

lim sup | — >N TRE[X (HD) Xi(Ho) ] — R(H:, H)| =0. 5)
J7k=0 1y Hy)ela b2
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Assumption (ii) expresses that the field is asymptotically stationary and fractional for each H. Hence, for a fixed H,
the random sequence n — X, (H) satisfies the classical invariance principle.

For a centered Gaussian field, X = {X,,(H), H € (1/2,1),n € N} satisfying Assumption (ii); the function R in
Assumption (ii) will be called the asymptotic covariance of X. More generally, a measurable and bounded function
R:[a,b]* = (0, 00) such that there exists a centered Gaussian field X = {X,(H),H € (1/2,1),n € N} satisfying
Assumption (ii) with R as asymptotic covariance will be called an asymptotic covariance.

Fix an asymptotic covariance R. We denote by G the space of all centered Gaussian fields {X,,(H )}, p satisfying
Assumptions (i) and (ii) with R as asymptotic covariance. We define for every ¢, s, Hy, H

R(t,s; Hi, Hy) = R(H1, H2)li>5 + R(Ha, Hi) i<, (0)
and the function

R*:[0,00)* — R,

0,0) > R(0,0;h(8), h(0))|0 — o |"OFh@)=2, (7
Let us remark the symmetric property fulfilled by R: for every ¢, s, Hy, Hp,

R(t,s; Hi, H)) =R(s,t; Hy, Hy).

Let us also note that R* is locally integrable. Indeed, by the boundedness of R, on every compact set K C [0, 00)?
there exists a constant ¢ = cg, such that for every (0, o) € K satisfying 6 # o

IR*(0,0)| <cx (10 —o* 2 +10 —a?7?). (8)

Theorem 2. Under Assumptions (i) and (ii), when N goes to 00, the finite-dimensional distributions of Sflv converge
to those of a centered Gaussian process Sy, with covariance given for t,s > 0 by:

t s
E[Kh(t)Eh(s)]zfo defo do R(0, 03 h(0), h(c))|0 — o |"OFh(@)=2

t s
:/ def do R* (6. 0). ©)
0 0

where the integral in the right-hand side of (9) is always defined.

Proof. For every n and N, we define X, y := X, (hflv)/Nhrliv and we let for every ¢, s > 0

I(s,t) = /tdé /sdo R*8,0). (10)
0 0
Because {X,,(H)},, u is a centered Gaussian field, it is enough to show that for every ¢, s > 0:
[N1] [Ns]
Nli_r)nooE[S,]lV(t)SflV(s)] = Jim Z{ ; E(XinXjnl=1(t,5).
j=1 k=

Formula (5) deals with the asymptotic behavior of E[X ;(H;)X;(H2)] when j — k goes to +00. Moreover, it also
gives

~lim sup |k — > TIRE[X(HO) X (Ho) ] — R(Ha, HY)| =0, (11
k=00 (1, Hy)ela b

so that we can write for every j, k (with j # k), Hy and H;

E[X;(H)Xk(H)] = |j — kI 272(R(j, ks Hy, Ho) + ro(j, ks Hy, Hp)), (12)
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where

~lim sup  ro(j,k; Hy, Hy) =0.
/=K1~ (Hy, Hy) ela, b1

Let n > 0. Following (12) and the fact that ¢ < h < b, there exists an integer M = M,, such that for |j — k| > M and
for every N,

. . NopN_
(kY m [k
N? N’ N N%Z| N
N N
1 ik 0 j_kthrhku
<EXinXiN]l< =R =, —)+—|— 13
< E[Xkn j,N]_N2 <N N) A (13)
Thanks to Lemma 2 (see the Appendix),
[Nt] [Ns]
I — imi N1
(s,0) —nJ(s,1) Slllvrglglofz ZE[Xk,NX/,N]lu kl>M
j=1 k=1
[Nt] | Ns|
< limsup Z Z ElXenXjnIj—kism < I (s,t) +nJ(s, 1), (14)
N—oo j=1 k=1
where
t s
J(s,t):/ dG/ do |0 — o|NOFhe)=2 (15)
0 0

Now we deal with ZJLZEJ Z,EZ;J E[Xk,n X N11|j—k|<m. From Assumption (i) and a < h < b, we get for every j, k
and N

1
——v s [E[X;(H)Xk(H)]|
N" R (Hy Hy)eta,bi?

1
~a . swp[E[X;(H) Xy (H)]
(H1.Hp)€la,b]?

|E[Xk, v X n]| <

IA

, (16)

where SUP(H, . Hy)ela.b]2 IE[X ; (H1) Xk (H2)]| < 0o. Moreover,

[Nt] |Ns|

Y3 Hjokiem < [N+ )] +2M). 17

j=1 k=1
Hence, combining (16) with (17) and using 2a > 1, we get
[Nt |Ns]

lim Y Y E[Xe v Xj NI j—kj<m =0. (18)

N—o0 £
j=1 k=1

Combining with (14) and letting  — 0, we obtain for every ¢ and s,
lim E[SY()SY ()] =1, ).
Ngnoo [h()h(s)] (,s)

Hence, the finite-dimensional distributions of . flv converge to those of a centered Gaussian process Sy with covariance
E[Sh()Sn()] =1(t,5). U
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4. Properties of the limit process

In this section, we study some properties of the limit process obtained in Theorem 2. First we deal with local self-
similarity.

Proposition 1. We assume that h is Holder continuous. Then the process §h is locally self-similar, more precisely

e—0

D [ 8)(t +eu) — (1)
hm{ FIg I LG P (19)

and the tangent process T is the centered Gaussian field with covariance
R(h(1),h(1) 2h(t) 2h(t) _ _ 0 |2h() £
E[7 (1, )T (s, v)] = aniey =z (41 + 1v] lu—vPO) ifr=s,
0 ift#s.

Moreover, for every t, as € — 0, the field {(gh (t 4+ eu) — :S:h (t))/ehm}uzo converges in distribution in the space of
continuous functions endowed with the topology of the uniform convergence to T (t, -) which is a fractional Brownian
motion, such that E[T (t, 1)*] = R(h(1), h(t))/(2h(t)*> — h(t)) with Hurst index h(t).

Proof. We have

= (St + su) — Sp(0)(Su(s + ev) — Sp(s))
gh(D)+h(s)

1 t+eu s+ev
= dG/ do R*(0,0)
eh(@)+h(s) /; P

1 u v
= de do R*(t +¢€6,s +¢
eh()h(s)—2 /0. /0. o R*( s +e0)

u v
/dQ/ do R*(,5,0,0,¢),
0 0

where

R*(t,5,0,0,¢) = R*(t+€0,s +e0).

RO —2
First, we assume that r = s. We have
R¥(1,1,6, 0, &) = ghlte0)+h(t+e0)=2h(1)
X R(t + 80,1+ &0, h(t + €0), h(t + £0))|f — g |MOFeOThUFe)=2, (20)
Since R is continuous, when ¢ — 0 we have for 6 # o
R(t +0.t + 0, h(t +€0),h(t +£0))|0 — o |"(FEDThU+e0)=2
— R(h(t), h(1))|0 — o |O72, (@25)
Moreover, h is Holder continuous, so there exist «;, > 0 and ¢, > 0 such that for every 6 € [0, ] and o € [0, v]
|h(t +0) —h(t)| < cpe®u®  and |h(t +e0) — h(t)| < cpe®v®. (22)
Hence, when ¢ — 0 we have

8h(t+59)+h(t+sa)—2h(t) — exp((h(t +e0)+h(t +c0) — Zh(t)) 10g(8)) 1. (23)
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Combining (20), (21) and (23) we obtain that for every ¢ and almost every 6 and o, when ¢ — 0 we have
R¥(t,1,0,0,8) — R(h(t), h(1))|§ — o |?"D72, (24)

Note that because (22) the convergence (23) is uniform in (6, o) € [0, u] x [0, v]. Then using (20) and the fact that R
is bounded, we prove that there exists a constant ¢ such that for every ¢, t and almost every (8, o) € [0, u] x [0, v] we
have

R¥t,1,0,0,6) <cx (10— +10 —o*72). (25)
Applylng bounded convergence theorem and using (24) and (25), we get that the finite margins of {(Sh (t +¢eu) —

Sh 1)) /sh(”}u>o converge to those of 7 (¢, -) as € — 0. It remains to prove the tightness. Let u < v such that |u —
v| < 1. We have

E{(Eha +eu)—Sp(t)  Sp(t+ev) — 3‘,,(;))2]

gh®) - gh()
t+eu t+eu
= 0 [(Sh(t—i-eu)—Sh(t—i—sv) 2h(z) - do - do R*(0. o)
R
<sup|R|[ dO/ do |6 — 0|2~ 2_%")“1_“2“_
a

Then by Kolmogorov criterium, the tightness holds.
Now we assume that ¢ # 5. We have

R¥(t,5,0,0,8) = > "R (¢ + 66, 5 + e0, h(t + €0), h(s + 7))

« ‘t —s4e0— O_)ilz(t+89)+h(s+aa)—2. (26)
Because ¢ # s we can check that for every 6 and o we have as ¢ — 0 that
R*(t,5,0,0,8) > 0, 27

and for ¢ sufficiently small, RE(t,s,0,0,¢) is uniformly bounded for (6, o) € [0, u] x [0, v]. Then by the bounded
convergence theorem, we conclude the proof. g

It is classical to deduce pointwise Holder continuity from local self-similarity [5].

Proposition 2. The process Sy admits a continuous modification. Moreover, if we assume that h is Holder continuous,
then for every ty € Ry the pointwise Holder exponent a5, (10) of Sp is almost surely equal to h(to).

Proof. We deduce as in [5] from Proposition 1 that og, (to) < h(tp). Now we prove that og, (o) = h(ty). We let
0 <n<1/2.Forevery s and ¢ € [ty — n, o + n] such that s < ¢, we have

t t
B[(8h0) - 5u0)"] < sup Rl [ do [ dor o — o2
A )
< sup |R||t — 5?0 < qup |R||r — s|>Mito-nio+mh,

By the fact that Sy is Gaussian and applying Kolmogorov theorem [7], we get that o, (10) = infjsy—y, 1491 h for every
0 < n < 1/2. Then letting n — 0 and using the continuity of &, we get g, (10) = h(1o), and hence o, (10) = h(10). O

Please remark these properties are true even if (4) is not fulfilled.
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5. A representation of the limit process

The aim of this subsection is to give a representation of the limit process Sy obtained from Theorem 2. This represen-
tation uses a universal Gaussian process that we introduce in the following section.

5.1. An universal Gaussian field

Here we consider a centered Gaussian field X = {X,,(H)}, u. We define SN(t, H) forevery N, t and H by

LG
SN, H) = 7 Z X, (H). (28)
n=1

Theorem 3. Let R be an asymptotic covariance and {X,(H)},.u € Gr be a centered Gaussian field. Then as N
goes to 0o, the finite-dimensional distributions of {SN(t, H)},.u converge to those of a centered Gaussian field
{(W(t, H)}; u with covariance given for every Hy, H», t and s by

~ ~ R(Hy, H
EWa HOW G, Hy)) = (H + Hz()(lzfl +1)Hz - 1)SHIJFH2

R(H17H2) tH1+H2
(Hi + Hy)(Hi + Hy— 1)
_ R(tsS;Hl’H2) |I—S|H1+H2.
(Hi + Hy)(Hi + Hy — 1)

(29)

Proof. We have for every Hy, Hy, t, s,

LNz |Ns]

E[S" ¢, H)S" (5, H2)] = < D D B[Xe(HD X (H)],
j=1 k=1

and we let
t Ky
K(s,t)=/ dG/ do R0, 0 Hy, Hy)|§ — o| 1272,
0 0

Let n > 0. Using (12) and a < h < b, there exists an integer M = M, such that for |j — k| > M and every N,

H{+Hy—2 H\+Hy—2

j—k
N
<E[Xx(H)X;(H)]

j—k

N

n

1 .
mR(]skv H13H2) N2

H|+Hy,—2 n H|+Hy,—2

Jj—k
Nz

N

j—k

1 .
= FR(L k; Hy, Hp) N (30)

Because of Lemma 2,

Nt] [Ns|

K(s,t) = nL(s,1) < léb“ii&fz ];‘ E[Xe(H)X j(H)]1)j-k1=m
]: =
Nt| [ Ns|

< limsup E E E[Xx(H)X j(H2)|1jj—kj>m < K(s.1) +nL(s,1), (31
N—oo
j=1 k=1
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where
t N
L(s,t):/ dO/ do|f — o |2, (32)
0 0
We can conclude as the end of the proof of Theorem 2, we get that
t N
lim E[SY @, H)SN (s, Hy)] = / d@/ do |0 — o |t 22R(0, o, Hy, Hy).
N—o0 0 0

Then by a direct computation of these last integrals, we get the convergence to a covariance given by (29). O

It is classical to give an alternative form of Theorem 1 which is based on a renormalization group (see, for instance,
[15], pages 338—-339). Now we propose this alternative approach for Theorem 3.

We fix an asymptotic covariance R. Because of Theorem 3, there exists a process W= {VT/(t, H)}; u, which is
unique in distribution, such that for every {X, (H)}, v € Gr

D LN1]
IJL%{W D x,,<H>} =W 1)},
n=1 t,H
We have the equality in distribution for every a > 0
(W, B}, ;= {e" W, B}, . 33)
We define the field Z = {Z,,(H)}, u for every n and H by
Zo(Hy=Wun, H)— Wn —1, H).

It can be verified that {Z,,(H)},.u € Gr.
Now we define the renormalization semi-group Ty for every N. We let for every X € Gg

TvX = {(TyX)u(H)}, - (34)
where for every n, H,

(n+1)N

(TN X)n(H) =~ D Xa(H). (35)
j=nN-+1

Because of (33), Z is a fixed point in Gg of Ty for every N. Moreover, for every X in Gg we have by Theorem 3
D
Jim {(Tn X0 ()}, = {Za(ED}, -
Finally, we have proved the following result.
Theorem 4. The renormalization semi-group Ty admits the field Z as unique fixed point in the space Gg.
5.2. Representation theorem

Here we consider an asymptotic covariance R, a field X € Gg and a continuous multifractional function 7: R} —
[a, b] C (1/2,1). Recall that by Theorem 2, there exists a multifractional process S, such that

D {W’J X, (hY)

lim Z i }t={5h(f)}t,
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and thanks to Theorem 3, there exists a field W such that

> LNt ~
ngnoo{ﬁ 2} X,,(H)}[ i ={Wa, B}, -
n=

In this section, a representation theorem establishes the link between the process Sy and the field W.

Theorem 5. We assume that the function R is three times continuously differentiable and the function h is two times
continuously differentiable. Then we have the following equality in distribution

—8W(9, 7) d@} (36)
H=h®) Ji=0

~ ~ t ’
{Sh(t)}tzoz{W(t,h(t))—/O WO ——

where the right-hand side of (36) is always defined.

Proof. We can deduce from the assumptions of the theorem and Kolmogorov’s criterium that the sample paths of
(t,H) — VT/(I, H) are (almost surely and up to a modification) continuous with respect to the first variable and two
times continuously differentiable with respect to the second variable. Hence, in particular, the right-hand side of (36)
is always defined.

Now we deal with (36). We consider the field {Z, (H)}, u defined in previous subsection for every n and H by
Z,(H) = W(n, H)— W(n — 1, H). On one hand, because of Theorem 2, we have

p (X z, ) ~
1vh—r>noo{2 NIy }M):{Sh(t)}tzo‘ 37)

n=1

On the other hand, we shall prove that

p (X7 oMy ~ ' oW
li 1n =W, h(@®)) = | H©)— (9, h(6))do , 38
NE“OO{; i LO { (t, () /O ©)(0,h(©) }20 (38)

which, combined with (37), proves (36). We have

[N?] N [Nt]
Z,(hV) 1~ ~

{Z o ] =12 ,,N(W(n,h,iv)—W(n—l,hﬁ))]
N a1 N >0

(o) o500

n=1

10
= {0 -1 0}, (39)
where for every t and N
LN1]

_ ~(n—1 ~ (N
1{*’(t)=Z<W<%,h9’>—W<nN ’hry—l)):W(LN—tJ’thNu)

n=1

and




Invariance principle, multifractional Gaussian processes and long-range dependence 485
Almost surely,
lim 1N ()= W(r, h(r))
N—o0
and thanks to Lemma 3 and regularity of W and h,
' oW
lim 1YV (z =/h’0—0,h0 do.
Jim 16 = | W) (0.h0)
Combined with (39), this proves (38) and concludes the proof. O

6. Examples

In this section, we give some examples of multifractional processes Sp that we can obtain from Theorem 2 as limits
of sequences {S;lv } v for a multifractional function 4 : [0, c0) — [a, b] C (1/2, 1). In all this section, we assume that &
is Holder continuous.

6.1. Fractional white noise model

Let us first consider the case of the multifractional Brownian motion, which at first motivated this article. In constrast
to fractional Gaussian noise, which is the fixed point of the renormalization semi-group, it is not the case for the
increments of multifractional Brownian motion. In this example, we investigate what is the limit for increments of
multifractional Brownian motion. More precisely, let us consider for every ¢t € R

efltx — 1~

1 o
Wi = o /_Oo A B, (40)

where B is the Fourier transform of a real Gaussian measure B and the constant C(H) can be written as

C(H)? /OO Lt T i
= —_—dXx = .
oo |x|2HAL HT'(2H)sin(H)

Please note that for each H, Wy is a standard fractional Brownian motion. Moreover, if 4 :[0,00) — (1/2,1) is a
multifractional function, then ¢ — Wj,(;)(¢) is a multifractional Brownian motion. We let

Xp(H)y=Wgn+1) — Wg(n).
We compute the covariance between X ; (H1) and X (H>) for every j, k, Hy and H>:

CUH+ H)/2? s

E|X;(H)Xk(H)| = — 41
(X (H) Xy (H2)] C(H)C(Ha) lj 4D
1 Hy+H 1 H\+Hy
1+ ——- ra— —-2]. 42
(473 - ) )
By a Taylor formula, we getas u — 0
1
|1l MR = 1 (Hy + Ho)u + 5 (Hy o+ Ho) (Hy + Hy = Dt + O (), 43)

where the O is uniform in (H;, H») € [a, b]* because 1/2 <a <b < 1. Combining (41) and (43), we get that the
asymptotic covariance R of {X,,(H)}, g can be written as

C((Hy + Hy)/2)?

R(H1, Hy) = (Hi + Ho)(Hi + Hy = D)= os s
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Applying Theorem 2, we get that (S ,iv )N converges to the process Sy with covariance

t s
E[Sh(1)Sh(9)] =/0 defo do |0 — o |"OTRO2(h() + (o))

C((h(0) + h(0))/2)?
C(h(0))C (h(0))

X (h(@) +h(o) — 1)
Now we assume that / is continuously differentiable. Using Theorem 5, we can write Sp as the sum of a multifractional

Brownian motion (defined by (2)) and a continuously differentiable process:

dWg (0)

Sp(t) = Whn (@) —/ h(0)———— OH | Hen®) de. (44)

Moreover, we can obtain from (40) the harmonizable representation of the limit process §h:

- _ o0 ( irx 1)
&m_[;{ammmWHW

_/f@“—n<kgm  Clh®))
o XFOFZ\Ch@) ~ Ch(®))?

)h/(e) de}ﬁ(dx). (45)

Note that to establish (45) rigorously, we use the fact that the map f — [ fooo f (x)§ (dx) is an isometry (in particular,
ffooo | f(x)|?dx = E[| ffooo f (x)§(dx)|2] ), and the expression of the covariance of the derivative dWg/0H (see,
e.g., [1]).

6.2. Fractional ARIMA model

In the study of the previous example, we have obtained a symmetric asymptotic covariance R. In this section, we
present a model for which this symmetric property is not satisfied. We also aim to generalize results in [14], where
an invariance principle is established for a class of nonstationary processes with long memory. These processes are
generalizations of FARIMA process. At the end of Section 1, the authors wonder if one can extend their results in a
continuous time setup. Here we address this question in the Gaussian case.

Letd € (0, 1/2). We consider the (Gaussian) fractional ARIMA model (FARIMA in short) defined for every n € N
by (see, for instance, [15])

i T+

o~ 1/2

where {g;};cz are i.i.d. standard normal random variables. Here we let X,,(H) = . We first establish a lemma.

Lemma 1. As n — 00, we have

Cdi+n+DT(d+1) *° 1 doe
1 d di—1,,dy—1
a Z n+ D) It / (1) du

— 0.

sup
di.drela—1/2,b—1/2]

=1

Proof. We have

C(di+n+10)Td+1) /OO 1 doe
l —d— 1 di—1,,dp ld
Z D) T A (I+w)  u u

=1
<vyi(di1,d2,n) + y2(d1,dr,n) + y3(di, da, n),



Invariance principle, multifractional Gaussian processes and long-range dependence 487

where

I'd D(T(d+1
vi(dy, do,n) = [n! = Z (1+n—|—){ (2+)—l"21},

(n+D! !

=1

F(d] +n+1) _
d ,d , 1 —d|—d» ldz 1 _ l di—1 ,
v (di,da,n) = E BT (I +n)

1 & NG\l o0
i =5 () owral
4 n n 0

Let us begin with y3. The function fg, 4, 11— (1 + u)h—lyd—1 g decreasing on [0, 00) so we have

/fdldz(u)du<_2fd1d2(> /fdldz(u)du

Hence,

1

su di,do,n) < —8M8 — — 0.
e ) = T T

Now we deal with y,. Using Stirling formula, I'(z) ~,— o0 v/21e 2z~ 1/2, we have for every n > 0 that there exists
M,, depending only on 5, a and b such that for every [ > M,

l—‘(dl +l) —ld171

T Snldlflelfdl'

We get for every n > M,

o0

ya(dyi, da, n) <n'~h- Z
=1

dr—1 F(dl+n+l)_ di—1
" { CETIC H

o0

<nn 1—d— Zldz 1(l+n)d1 l
=1

So, for every n > 0, limsup,_, , supg, 4, v2(d1,d2,n) < nS where S = sup, 4 Jo~ far.a,(w)du < oo. Hence,
limy, s 5o SUpg, 4, V2 (dy, dr,n) = 0. We use a similar argument for y;. O

Using Lemma 1, the function R is

1 —1 1 -1 00
R(H;, Hy) = r(m - 5) 1“(112 - 5) / (1 + u) =372 =312 g
0

= l sin(n(Hl — l))1"(2 — Hy — Hy),
T 2

and the limit process Sy has the covariance

|h(0)+h(0)—2

E[Si(1)Sh(5)] / d9/ F(h(é‘) —1/2)T'(h(o) — 1/2)

X / (1+ u)h(Q\/a)—3/2uh(9/\o)—3/2 du
0
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1 [t s 1
= _/ dG/ do | — o |1 O Fh@)=2 sin(n(h(& Vo) — —>>
T Jo 0 2

I'(2—h(9) —h(o))
“T0®) — 1/2T(h(0) — 1/2)

Appendix. Riemann sum convergence type lemma

Lemma 2. Lett,s >0, G:[0,t] x [0, 5] = R be a continuous function and M > 1. We have
[Nt] |[Ns]

im0 (3w

j=1 k=1

hy +hl =2 1 5 O o)
1|j-k‘>M=/0 defo do G(6,0)]0 — o "OHH@O=2 )

where the integral in the right-hand side of (47) is always defined.

Proof. We let for every j, k, N and (f,0) € (% %] X (%, %]

C RN g Y2
Gy, 0) :=G(i,—> Sk

1 .
N |j—k|>M

Notice that

[N1] Ns) i—k hy +h%Y =2
f dG/ do Gy (8, a)_N— Z Z < )‘T Ljj—k|=M,
hence, it suffices to prove
t s t s
lim d@/ do GN(9,0)=/ dO/ do G(8,0)|0 — o | OFh@)=2, (48)
N—o0 Jo 0 0 0

We shall use a dominated convergence argument. Since G is continuous, then for almost every (6, o) € [0, ¢] x [0, 5],

Jim Gy(0,0)=G(®,0)16 — o [MOFh(@)=2 (49)

It remains to establish the boundedness of |G | by an integrable function. Since G is bounded, then for every (6, 0) €

j—1 j k—1 k
s wIx Gy wl
2b—2)

k2a—2+ j_k
N

|Gn (6. 0)| < sup|G|<'%

and since |j — k| > M > 1,

]—k‘+l<2’]—k

0 —ol < |=—— <
N

N

’

hence, for almost every (0, 0) € [0, ] x [0, s]
|Gn (8, 0)| <sup|G|(16 — a2+ 16 — o |?72).

The map (0,0) — |0 — o|?*2 + |0 — o|*’~2 is integrable on [0, 7] x [0, s], then thanks to (49) and dominated
convergence, we get (48), which proves (47). ]
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Lemma 3. Leta < b € R and two functions R4 X [a,b] - R and h: Ry — [a, b]. We assume that h is two times

continuously differentiable and f is two times continuously differentiable with respect to its second variable. Then for
every t > 0, we have

f LNXI:J At 2)) - (Bt /th’(e)af(e h(®)) do
im —h| =) - , = ,
N—>oon:1 N N N N 0 2
Proof. By the Taylor formula, for every n and N, there exists #, y € [(n — 1)/N, n/N] such that
n—1 n n—1 n—1
—h| =) ) - Jh
(e (3) - (57 (5)
_lh,n—l 8fn_1hn_1 —i—lE (50)
_N N 2 N ’ N N2 n,Ns

—1
Eyn =h"(tsN) 32f<nTy h(tn,N)) + (W' (ta, W) 32f( h(tn, N))

where

Thanks to the regularity properties of /2 and f, there exists C > 0 such that for every n and N, |E, x| < C. Then using
(50),

LNthan—lhn fn—lhn—l
N ~\N N’ N
n=1
——Wf ui PAFY L N At ) (51)
2 N =N’
We conclude the proof by combining classical Riemann sums convergence with (51). (|
References

[1] R.J. Adler. The Geometry of Random Fields. Wiley, London, 1981. MR0611857
[2] A. Ayache, S. Cohen and J. Lévy-Véhel. The covariance structure of multifractional Brownian motion, with application to long range depen-
dence, Proceedings of the 2000 IEEE International Conference on Acoustics, Speech, and Signal Processing, 2000.
[3] A. Ayache and J. Lévy-Véhel. The generalized multifractional Brownian motion. Stat. Inference for Stoch. Process. 3 (2000) 7-18.
MR1819282
[4] A. Benassi, S. Cohen and J. Istas. Identifying the multifractional function of a Gaussian process. Statist. Probab. Lett. 39 (1998) 337-345.
MR 1646220
[5] A. Benassi, S. Cohen and J. Istas. Identification and properties of real harmonizable Lévy motions. Bernoulli 8 (2002) 97-115. MR1884160
[6] A. Benassi, S. Jaffard and D. Roux. Elliptic Gaussian random processes. Rev. Mat. Iberoamericana 13 (1997) 19-90. MR 1462329
[7] P. Billingsley. Convergence of Probability Measures. Wiley, New York, 1968. MR0233396
[8] S. Cohen. From self-similarity to local self-similarity: the estimation problem. In Fractal in Engineering 3—16. J. Lévy-Véhel and C. Tricot
(Eds). Springer, London, 1999. MR1726364
[9] Y. Davydov. The invariance principle for stationary processes. Theory Probab. Appl. 15 (1970) 487-498. MR0283872
[10] M. Dekking, J. Lévy-Véhel, E. Lutton and C. Tricot. Fractals: Theory and Applications in Engineering. Springer, London, 1999. MR1726363
[11] C.Lacaux. Real Harmonizable multifractional Lévy motions. Ann. Inst. H. Poincaré, Probab. Statist. 40 (2004) 259-277. MR2060453
[12] B. Mandelbrot, J. V. Ness. Fractional Brownian motion, fractional noises and applications. STAM Review 10 (1968) 422-437. MR0242239
[13] R. Peltier and J. Lévy-Véhel. Multifractional Brownian motion: definition and preliminary results. INRIA research report, RR-2645, 1995.
[14] A. Philippe, D. Surgailis and M.-C. Viano. Time-varying fractionally integrated processes with nonstationary long memory, Theory Probab.
Appl. (2007). To appear.
[15] G. Samorodnitsky and M. S. Taqqu. Stable non-Gaussian Random Processes. Chapman and Hall, New York, 1994. MR1280932



