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Abstract We introduce a new Gaussian process, a generalization of both fractional and sub-
fractional Brownian motions, which could serve as a good model for a larger class of natural
phenomena. We study its main stochastic properties and some increments characteristics. As
an application, we deduce the properties of nonsemimartingality, Holder continuity, nondiffer-
entiablity, and existence of a local time.
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1 Introduction

It is well known that the two-sided fractional Brownian motion (tsfBm) with Hurst
parameter H € (0, 1) is a centered Gaussian process BY = {B,H ,t € R}, defined on
a probability space (£2, F, IP), with the covariance function

Cov(B,Bl') = %(mw + e — e — s, (1)
When H = %, BH is a two-sided Brownian motion (tsBm). The self-similarity
and stationarity of the increments are two main properties because of which fBm en-
joyed success as a modeling tool in many areas, such as finance, hydrology, biology,
and telecommunications.
In [3], the authors suggested another kind of extension of the Bm, called the sub-
fractional Brownian motion (sfBm), which preserves most of the properties of the
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fBm, but not the stationarity of the increments. It is a centered Gaussian process
" = (g1, 1 € [0, 00)} with the covariance function

1
S(ts) =2 4 52— (@2 4 I = sP), )

with H € (0, 1). The case H = % corresponds to the Bm.

The sfBm is intermediate between Brownian motion and fractional Brownian mo-
tion in the sense that it has properties analogous to those of fBm, but the increments
on nonoverlapping intervals are more weakly correlated, and their covariance decays
polynomially at a higher rate. So the sfBm does not generalize the fBm.

One extension of the sfBm was introduced in [9] and called the generalized sub-
fractional Brownian motion (GsfBm). It is a centered Gaussian process starting from
zero with covariance function

G(t,s) = (r*H +s2H)K — %((r +5)2K 11 — 5 PHEK),

with H € (0, 1) and K € [1,2). The case K = 1 corresponds to the sfBm.

Another type of a generalized form of the sfBm was introduced in [11] and [4] as
a linear combination of a finite number of independent subfractional Brownian mo-
tions. It was called the mixed subfractional Brownian motion (msfBm). The msfBm
is a centered mixed self-similar' Gaussian process and does not have stationary in-
crements. Both GsfBm and msfBm do not generalize the fBm.

On the other hand, in the literature, we find many different kinds of extensions
of the fBm, such as the multifractional Brownian motion [7], the mixed fractional
Brownian motion [10], and the bifractional Brownian motion [5]. But none of them
generalizes the sfBm.

In this paper, we introduce a new stochastic process, which is an extension of
both subfractional Brownian motion and fractional Brownian motion. This process is
completely different from all the other extensions existing in the literature; we call
it the generalized fractional Brownian motion. More precisely, let us take two real
constants a and b such that (a, b) # (0,0) and H € (0, 1).

Definition 1. A generalized fractional Brownian motion (gfBm) with parameters
a,b, and H, is a process zH — {Z,H(a,b);t > 0} = {ZtH;t > 0} defined on
the probability space (£2, F, P) by

vieRy, 2zM=2z"@a, b)=aB +bB", 3)

where ( BtH )reRr is a two-sided fractional Brownian motion with parameter H.
Ifa =1,b =0, then Z"7 = {B,H; t > 0}, that is, Z¥ is a fractional Brownian
motion. If a = b = %, then it is easy to see, either by a direct calculation using (1)

or by Lemma 1, that the covariance of process Z!! is precisely S(z, s) given by (2).

IThe mixed self-similarity property was introduced by Zili [10].
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So, in this case, Z is a subfractional Brownian motion. If ¢ = b = L and H = %

V2
orifa=1,b=0,and H = %, G is clearly a standard Brownian motion.

So the gfBm is, at the same time, a generalization of the fractional Brownian mo-
tion, of the subfractional Brownian motion, and of course of the standard Brownian
motion. This is an important motivation for the introduction of such a process since
it allows to deal with a larger class of modeled natural phenomena, including those
with stationary or nonstationary increments.

This paper contains two sections. In the first one, we investigate the main stochas-
tic properties of the gfBm. We show in particular that the gfBm is a Gaussian, self-
similar, and non-Markov process (except in the case where H = 1/2). The second
section is devoted to the investigation of some characteristics of increments of gf-
Bms. As an application, we deduce the properties of nonsemimartingality, Holder
continuity, nondifferentiablity, and existence of a local time.

2 The main properties

By the Gaussianity of B and by Eq. (1) we easily get the following lemma.
Lemma 1. The gfBm (ZtH (a, b)):er, satisfies the following properties:

o ZH is a centered Gaussian process.

e Vs ERJ'_, vVt E]RJ,_,

Cov(z/'(a,b), 2! (a, b))
1 24 p?
= E(a +b)2(s2H + t2H) —ab(t +)*H — %U — 5?1,

o V¢t R+,

E(zF(a,b)?) = (a* + b* — (2*7 — 2)ab)r*".

The following lemma deals with the self-similarity property.
Lemma 2. The gfBm is a self-similar process.
Proof. This follows from the fact that, for fixed & > 0, the processes {Z Z (a,b);t >

0} and {hH ZtH (a, b); t > 0} are Gaussian, centered, and have the same covariance
function. O

Let us now study the non-Markov property of the gfBm.
Proposition 1. Forall H € (0; 1) \ {%} and (a, b) € R?\ {(0, 0)}, (Z,H(a, b)ier,
is not a Markov process.

Proof. We will only prove the proposition in the case where b # 0; the result with
b = 0 is known (see [10] and the references therein). The process Z H is a centered
Gaussian, and for all r > 0,

Cov(z!, z) = (a* + b* — (22 —2)ab)r*" > 0.
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Then, if Z# were a Markov process, according to [8], for all s < ¢ < u, we would
have
Cov(z!, zH)cov(z[, /') = cov(z, z[) cov(z], ZF). “4)

In the particular case where 1 < s = ﬁ <t<u= t2, we have
1 Z4p?
[E(a +0)2(1 4173y —ab(1+ 1732 - %(1 - z—3/2)2”}
x [a* +b*) — (227 —2)ab]

2 2
_ Bm F02(14 ) —ap(1 4 rl/z)z’*}

2 2
x I:%(a B2 (L) —ap(1 4 )P - —t_l)ZH:|.

So
I:%(a + b0 (1+173H) —ab(1+2H1? + HQH — Dt +o(t 7))

B a’+ b?
2
x [a* +b* — (22 —2)ab]

(1-2Ht>2 + HQH - )i + 0(t3))i|

- [%(a + 021+ 171 —ab(1+2H 2+ HQH — i~ +o(17!))

a4+ b?

(1—2H "2+ HQH - D)™ + o(t_l))i|

x B(a +0)2(1+ 72" —ab(1 +2H™ + HQH — 1)t ™2 + o(t72))

a4+ b?
2

(1—2H' + HQH — )t + o(t_z))].

First case: 0 < H < %, a + b # 0. By Taylor’s expansion we get, as t — 00,
1 1
S+ 0)’[a® + 07— (227 = 2)ab) > ~ (@ + b,

which is true if and only if

(a — b)?
2

— (2% —2)ab = 0.

However, it is easy to check that @ — (2°H —2)ab > 0 for fixed b and every
real a.

Second case: 0 < H < % and a + b = 0. By Taylor’s expansion we get, as
t — 00,

[a® +b* — (227 —2)ab)t =% ~ (~=2Hab + (a* + b*)H)1 /%,

which is true if and only if a = b = 0, which is false.
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Third case: % < H < 1,a — b # 0. By Taylor’s expansion we get, as t — 00,
H(a —b)*[a* +b* — (227 —2)ab]t—/? ~ H*(a — b)*+ /%,
which is true if and only if
a*(1 — H) + b*(1 — H) + ab(2 — 2*" +2H) = 0.

However, it is easy to check that a>(1 — H) + b*(1 — H) +ab(2 —2*" + 2H) > 0

for fixed b and every real a.

Fourth case: % < H < land a—b = 0. By Taylor’s expansion we get, as t — 00,

%(a +b)?*[a* +b* — (2°7 = 2)ab]t 7 ~ %(a + by 3,

which is true if and only if 2 — 22/ = 0, which is false since H # % The proof of
Lemma 1 is complete. O

3 Study of increments and some applications

Let us start by the following lemma, in which we characterize the second moment
increments of the gfBm.

Lemma 3. Forall (s,t) € ]RfL such thats < t:

1. E(zF(a,b)— 2" (a, b)) = (& + b))l — s
— 22" ap (1?7 + 1517 + 2ab|t + 5?7

2. yla b, H)t —s)*" < E(zF(a,b) — 2H(a,b))” < v(a, b, H)(t — 5)*",

where
y(a,b, H) = (a* + b* = 2ab(2*=1 — 1))1c(a, b, H) + (a* + b*)1p(a, b, H),
and

v(a, b, H) = (a* + b*)1c(a, b, H) + (a* + b* — 2ab(2*"~1 — 1))1p(a, b, H),
C= {(a,b, H) € R*\{(0,0)}x10, 1; <H > %,ab > 0) or (H < %,ab < o)},

D= {(a,b, H) € R\{(0,0)} x]0, 1[; (H > %,ab < o) or <H < %,ab > 0)}.

Moreover, the constants in the inequalities of statement 2 are the best possible.
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Proof. The first statement is a direct consequence of Egs. (1) and (3). So we will just
check the second one. We will do that in the case where H > % and ab > 0; the
proof in the remaining cases is similar.

Since the function x — x> is convex on R, we have

22H—1(t2H + SzH) —(t+95)%H >0,
which yields that
E(zH (@, b) — 2! (a, b))’ < (a® + b?)|t — s,
To get the lower bound, we consider the function
frix— 22H_1((s + x)2H + SZH) — (2s +x)2H — AxZH,

with A > 0. We have f; (0) = 0. So to get the stated lower bound, it suffices to check
that, for A = 228-1_1, /. 1s a decreasing function. But here we show more; we look
for the lower bound v (resp. the upper bound y) of the set of reals A > 0 such that f;
decreases (resp. f; increases) for x > 0, which will give us the maximum y > 0 and
the minimum v > 0 such that

y(t —5)2H < 22H—1(t2H + SZH) — (492 < v — 92,
The function f, is differentiable in ]Rjr, and for all x > O,
fL0) = 2H[227 (s + )7 — (25 + 20271 — 2.
So

[ <0 = 227+ = @s+ 0 < ax?i

22H—l(s +)C)2H_1 _ (2S +X)2H_1

‘<= < A.
xZH—l

22H71(S+X)2H71*(2S+X)2H71
x2H-1

s 2H-1 s 2H-1
g(x) = 22H—1<— + 1) - (2— + 1) )
X X

Putting X = £, we can write g(x) = h(X) where

X

Denote g(x) = , that is,

]’l(X) — 22H—1(X + 1)2H—l _ (2X + 1)21‘1—1.

The function /4 is continuous and strictly decreasing. Consequently,
h(10, +o0f) = ] lim h; lim h[ — Jos 221 ],
X—>+400 X—0

So, sup,.08 = 22H=1 _ 1 and inf,-( g = 0. We deduce that the lower bound v > 0
and the upper bound y > 0 such that
'}/(t _ S)ZH < 22H_1(t2H +S2H) _ (t +S)2H < V(t _ S)2H

arev =22H-1 _J1andy =0. O
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The first main application of Lemma 3 is the following result.
Lemma 4. Forevery H €10, 1] \{%}, the gfBm is not a semimartingale.
Proof. By Lemma 2.1 of [2] this result is a direct consequence of Lemma 3. O

The following result is the second important consequence of Lemma 3. It deals
with the continuity and nondifferentiablity of the gfBm sample paths.

Lemma 5. Let H € (0, 1).

1. The gfBm Z" admits a version whose sample paths are almost surely Holder
continuous of order strictly less than H.

2. Forevery H €10; 1[V,

H\ _ 7H
lim sup M = 400, &)

€=>0" refrg—e, tg+e] t—1o
with probability one for every ty € R.

Proof. The first statement follows by the Kolmogorov criterion from Lemma 3.

The second one is easily obtained by using the specific expression of the sec-
ond moment of the increments of the gfBm (10) and by following exactly the same
strategies as in the proofs of Lemma 4.1 and Lemma 4.2 in [11]. O

As the third consequence of Lemma 3, we see that if b # 0, then the gfBm
does not have stationary increments, but this property is replaced by the inequalities
appeared in statement 2 of Lemma 3. In order to understand how far is the gfBm from
a process with stationary increments, we will compare the gfBm increments and the
fBm increments. To reach this goal, let us first recall that, in the fractional Brownian
motion case (a = 1, b = 0), we have, for all p € Nandn > 0,

E((Byy1 = B ) (Bywsr — Byya)) = E(B{ (B}, — B'))
= Rp(0, n).

Denote

Rz(p,p+n) = E((Zgﬂ - Z{:{)(Zg+n+1 ~Zy). p=1 ©)

In the following proposition, we compute the term Rz (p, p + n), showing how dif-
ferent it is from Rp (0, n).

Proposition 2. For everyn > 1, we have, as p — 00,
Rz(p, p+n) = (a* + b*)Rp(0,n) — ab(2* ' HQH — 1)) p* =D (1 + 0(1)),
and, consequently,

Jim Rz (p. p+mn) = (a® +b°)Rp (0, n). ™)
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Proof. An easy calculus allows us to get

a’+ b’ 2H 2H 2H
Rz(p,p+n)= > [(n+1) —2n"" 4+ (n—-1) ]

—ab[@p+n+2*" —22p+n+ 1D + 2p +n)*H]
= (a* + b*)R5(0, n) — abf,(n), (8)

forevery n > 1, where f,(n) = 2p +n+2)* —2Qp+n+ D* + 2p +n)?1.
By Taylor’s expansion we have, as p — 00,

_ (o 2H n+2\* n+1\*" n \2H
fp(m) = (2p) [(1+ 2p> —2<1+ 2p> +<1+5) ]

= (22HVHQH — D) p* =D (1 +o(1)).

Since H < 1, the last term tends to O as p goes to infinity. d

Remark 1. If a # 0 and b # 0, then the gfBm increments are not stationary. The
meaning of the proposition is that they converge to a stationary sequence.

Now, we are interested in the behavior of the gfBm increments with respect to n
(as n — o0) and, in particular, in the long-range dependence of the process Z*.

Definition 2. We say that the increments of a stochastic process X are long-range
dependent if for every integer p > 1, we have

> Rx(p.p+n) = o0,
n>1
where Rx (p, p+n) = E((Xp+1 — Xp) (X ptn+1 — Xptn))-

Theorem 1. For every (a, b) € R2 \ {(0, 0)}, the increments of ZH (a, b) are long-
range dependent if and only if H > % and a # b.

Proof. For every integer p > 1, by Taylor’s expansion, as n — 0o, we have

2 2 2H 2H
a“+b 1 1
RZ(P7P+’1)=T”2H|:(1+;) —2+(1—;) j|

2H 2H 2H
—an? (14 225) 212 ) e (14 2)
n n n
= HQH — Dn*"72(a — b)?
—4HQ2H — 1)(H — Dab2p + Dn* 73 (1 + o(1)).

If a # b, we see thatasn — oo, Rz(p, p +n) ~ HQH — Hn?"~2(a — b)%.
Then

1
ZRZ(P,p—i-n):oo — 2H-2>-1 < H>§,

n>1
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Ifa = b, then,asn — 00, Rz (p, p+n) ~4HQ2H —1)(1—H)a*(2p+1)n?H1-3,
For every H €]0, 1[, we have 2H — 3 < —1 and, consequently,

ZRz(p,p+n)<oo. O

n>1

Remark 2. We know that the subfractional Brownian motion increments Z* (% , %)

are short-range dependent for every H €]0, 1[. From the theorem we see another im-
portant motivation of the investigation of the general process Z*! (a, b) with a and b
not necessary equal; it allows us to exhibit models taking into account not only short-
range dependence of the increments, but also phenomena of long-range dependence
if it exists.

Lemma 3 has also an immediate application to local time of the gfBm.

Corollary 1. For0 < H < 1, on each (time)-interval [0, T] C [0, +o0[, the process
(Z,H)051§T admits a local time LY ([0, T1, x), which satisfies

/ LY (10, T, x)* dx < oo.
R
Proof. First, denote, for s, € Ry and s # ¢, by PzH_zH the characteristic function

of the random variable Zf — ZH and by p# (x; 1, s) its probability density function.
They are expressed by

2
071 _n () = Elexp(iu(Z{! — Z{))] = exp(—%E(ZtH — zf)2>, )

and

(x5 1) = 1\ 2nE(ZF — ZH) exp(—x?2E(zF - zHYD).  (10)
It is clear that

o0
/ }@ZtHizSH(M)}dM < 00,
—00

and by Lemma 3 and the fact that 0 < H < 1, forevery T > 0,

T T T oT
/ / pH(O;s,t)dsdtgcf / |t—s|_Hdsdt<oo,
0 0 0 0

where c is positive constant.
So, by Lemma 3.2 of [1] the local time of (ZZH Jo</<T exists almost surely, and it
is square integrable as a function of u. O
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