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Abstract

The generalized fractional Brownian motion (GFBM) X := {X(¢)},>0 with param-
eters y € [0,1) and @ € (—% + % + 2) is a centered Gaussian H-self-similar
process introduced by Pang and Taqqu (2019) as the scaling limit of power-law
shot noise processes, where H = o — % + % € (0,1). When y = 0, X is
the ordinary fractional Brownian motion. When y € (0, 1), GFBM X does not
have stationary increments, and its sample path properties such as Holder continu-
ity, path differentiability/non-differentiability, and the functional law of the iterated
logarithm (LIL) have been investigated recently by Ichiba et al. (J Theoret Probab
10.1007/s10959-020-01066-1, 2021). They mainly focused on sample path properties
that are described in terms of the self-similarity index H (e.g., LILs at infinity or at
the origin). In this paper, we further study the sample path properties of GFBM X
and establish the exact uniform modulus of continuity, small ball probabilities, and
Chung’s laws of iterated logarithm at any fixed point # > 0. Our results show that the
local regularity properties away from the origin and fractal properties of GFBM X
are determined by the index o + % instead of the self-similarity index H. This is in
contrast with the properties of ordinary fractional Brownian motion whose local and
asymptotic properties are determined by the single index H.
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1 Introduction and Main Results

The generalized fractional Brownian motion (GFBM, for short) X := {X(¢)};>0 1S
a centered Gaussian self-similar process introduced by Pang and Taqqu [28] as the
scaling limit of power-law shot noise processes. It has the following stochastic integral
representation:

{X(r)}tzoi{ /R (t =% — (—w)%) |u|—y/2B<du)} : (1.1)

t>0

where the parameters y and o satisfy

cl0,1), we (242 147 (12)
rel i es Ty 2T '
and where B(du) is a Gaussian random measure in R with the Lebesgue control
measure du. It follows that the Gaussian process X is self-similar with index H given
by

Heo-Yilcon (1.3)
=« 515 1. .

When y = 0, X becomes an ordinary fractional Brownian motion (FBM) B¥ which
can be represented as:

{BH(I)} i{/ ((t—u)f%—(—u)i[é) B(du)} . (1.4)
t>0 R

>0

However, when y # 0, X does not have the property of stationary increments.

Fractional Brownian motion B! has been studied extensively in the literature. It is
well known that B¥ arises naturally as the scaling limit of many interesting stochastic
systems. For example, [17] or [30, Chapter 3.4] showed that the scaled power-law
Poisson shot noise process with stationary increments converges to B, Pang and
Taqqu [28] studied a class of integrated shot-noise processes with power-law non-
stationary conditional variance functions and proved in their Theorem 3.1 that the
corresponding scaled process converges weakly to GFBM X.

As shown by Pang and Taqqu [28], GFBM X is a natural generalization of the ordi-
nary FBM. It preserves the self-similarity property while the factor [u|~7/? introduces
non-stationarity of increments, which is useful for reflecting the non-stationarity in
physical stochastic systems. Ichiba, Pang and Taqqu [11] raised the interesting ques-
tion: “How does the parameter y affect the sample path properties of GFBM?”. They
proved in [11] that, forany 7 > 0 and ¢ > 0, the sample paths of X are Holder contin-
uous in [0, T'] of order H — ¢ and the functional and local laws of the iterated logarithm
of X are determined by the self-similarity index H. More recently, Ichiba, Pang and
Taqqu [12] studied the semimartingale properties of GFBM X and its mixtures and
applied them to model the volatility processes in finance.
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In this paper, we study precise local sample path properties of GFBM X, including
the exact uniform modulus of continuity, small ball probabilities, Chung’s law of the
iterated logarithm at any fixed point # > 0, and the tangent processes. Our main results
are Theorems 1.1-1.6 below. They show that the local regularity properties of GFBM
X away from the origin are determined by the index « + % instead of the self-similarity
index H = o — % + % Our results also imply that the fractal properties of GFBM
X are determined by o + % see Remarks 3.1 (ii) and 7.1 below. This is in contrast
with the ordinary fractional Brownian motion whose local, fractal, and asymptotic
properties are determined by the single index H. We remark that our results are also
useful for studying other fine sample path properties of GFBM X. For example, one
can determine the exact Hausdorff measure functions for various fractals generated
by the sample paths and prove sharp Holder conditions and tail probability estimates
for the local times of GFBM X as in, e.g., [32,34,38—40].

The first result is related to Theorems 3.1 and 4.1 of Ichiba, Pang and Taqqu [11]
and provides the exact uniform modulus of continuity for X and its derivative X’
(when it exists) in [a, b], where 0 < a < b < 00 are constants.

Theorem 1.1 Let X := {X(¢)};>0 be the GFBM defined in (1.1) and let0 < a < b <
oo be constants.

(@) Ifa € (—1/2+ y/2,1/2), then there exists a constant k1 € (0, 00) such that

X(t+h)— X(t
lim sup sup X +h) @] =K1, a.s. (1.5)

1
r=>0+,<t<p0<h<r h*T2+4/Inh-!

(b) If a = 1/2, then there exists a constant k> € (0, 00) such that

: |X( +h) — X (1)
lim sup sup — <Kz, a.s. (1.6)
r—=>0+ 4<t<p O0<h<r hinh
(¢) Ifa € (1/2,1/2+y), then X has amodification that is continuously differentiable
on [a, b] and its derivative X' satisfies that

X'(t+h) - X
lim sup sup X+ 1) ()|=K3, a.s., (1.7)

1
=0+t g<t<bO<h<r W% 2+/Inh-!

where k3 € (0, 00) is a constant.

Remark 1.1 (i) Theorem 3.1 in [11] states that, for all ¢ > 0, X has a modification
that satisfies the uniform Holder condition in [0, T] of order o« — /2 4+ 1/2 — &.
Our Theorem 1.1 shows that the sample path of X on any interval [a, b] with
a > 0 is smoother than its behavior at ¢+ = 0, which is determined by the self-
similarity index H = a — y /2 + 1/2 as suggested by E [X(t)2] = c(a, p)1*H,
with

cla,y) =BRa+1,1—y)+ /00((1 +uw)® —u*u""du. (1.8)
0
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Here and below, B(-, -) denotes the Beta function.

(i) We believe that the equality in (1.6) holds. However, we have not been able to
prove this. The reason is that, when o« = 1/2, the lower bounds in Lemma 3.1
and Proposition 3.2 are different. Similarly, the case of @« = 1/2 is excluded in
Theorems 1.2—-1.4 below.

The next two results are on the small ball probabilities of X. They show a clear
difference for the two casesof s € [0, r]ands € [t—r, t+r]witht > r > 0. The small
ball probabilities are not only useful for proving Chung’s law of the iterated logarithm
(Chung’s LIL, for short) in Theorem 1.4 but also have many other applications. We
refer to Li and Shao [21] for more information.

Theorem 1.2 Assume o € (—1/2 4+ y /2, 1/2). Then, there exist constants k4, k5 €
(0, 00) such that forallr > 0and0 < ¢ < 1,

ri #1/2 rf a+11/2
exp| — /(4(—) <Py sup |X(s)|<e; <exp| — /<5<—) ,
€ s€l0,r] €

(1.9)

where H=o — y /2 + 1/2.

Theorem 1.3 (a) Assume a € (—=1/2 + y/2, 1/2). Then, there exist constants
k6. k7 € (0, 00) such that for all t > 0,r € (0,1/2) and ¢ € (0, r*/?),

1
exp(—/%rcl(t)(é)a“/z) S]P’{ sup | X+ h) — X(1)| < e}

|h|<r

1\ 172
< exp ( - Kﬂé’z(ﬂ(g) +1/2),

where 1(6) = ma {19722, (VG ) an ey (1) = 114D,
(b) Assume a € (1/2, 1/2+ y/2). Then, there exist constants kg, k9 € (0, 00) such
that forallt > 0,r € (0,t/2) and ¢ € (0, rozfl/2)’

(1.10)

exp(—/cgrq(t)(é)a_m) S]P’{ sup | X' (t+h) — X'(t)] < 8}

|hl<r

1\
< eXP(—K9rC4(t)(—) 1/2),
&

where c3(t) = max {t“_V/2_3/2, t_V/(z"‘_l)} and c4(t) = ¢7v/Ce=D),

(1.11)

The following are Chung’s laws of the iterated logarithm for X and X’. It is inter-
esting to notice that the parameters y and « play different roles. Since X and X’ do not
have stationary increments when y > 0, the limits in their Chung’s LILs depend on
the location of > 0. (1.12) and (1.13) show that the oscillations decrease at the rate
t7¥/% as t increases. This provides an explicit answer in the context of Chung’s LIL
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to the aforementioned question of Ichiba, Pang and Taqqu [11] regarding the effect of
the parameter y.

Theorem 1.4 (a) Ifa € (—1/2+y /2, 1/2), then there exists a constant k19 € (0, 00)
such that for every t > 0,

. IX(1 4+ h) — X(1)| s
fim fnf =0t 7, as. 112
i |,s,1‘1§pr ra+1/2/(Inln 1/r)*+1/2 k10 a.s (1.12)

(b) Ifa € (1/2, 1/2+ y/2), then there exists a constant k11 € (0, 00) such that for
everyt > 0,

X'(t+h)—X'(t
lim inf sup '_1(2 ) (_)ll S =kt 772 as. (1.13)
r—=>0+ |p|<r ro—1/ /(Inln1/r)« /
Remark 1.2 From the proofs of Theorems 1.3 and 1.4, we know that if supy, -, is
replaced by supyj, <, in (1.10-1.13), then the corresponding results also hold.

For completeness, we also include the following law of the iterated logarithm for
GFBM X at any fixed point ¢ > 0. Part (a) of our Theorem 1.5 supplements Theorem
6.1 in [11] where the case of t+ = 0 was considered. See also Proposition 7.1 at the
end of the present paper for a slight improvement of [11, Theorem 6.1] using the time
inversion property of GFBM. Theorems 1.4 and 1.5 together describe precisely the
large and small oscillations of X in the neighborhood of every fixed point # > O.
As such they are useful for studying fine fractal properties (such as exact Hausdorff
measure function and multifractal structure) of the sample path of X.

The topic of LILs for Gaussian processes has been studied extensively by many
authors, see for example, Arcones [3], Marcus and Rosen [24], Meerschaert et al. [26].
In particular, Chapter 7 of [24] provides explicit information about the constant in LIL
for Gaussian processes with stationary increments under extra regularity conditions on
the variance of the increments or the spectral density functions. However, the results
in [24] cannot be applied to GFBM X directly. Instead, we will make use of Theorem
5.1 in [26] and the stationary Gaussian process U in Sect. 4 to prove the following
theorem. As in Theorem 1.4, our result below describes explicitly the roles played by
the parameters y and o« and the location ¢ > 0.

Theorem 1.5(a). Ifa € (—1/2+y /2, 1/2), then there exists a constant k13 € (0, 00)
such that for every t > 0,

lim sup su X+ 1) — X =
Ho+p\h|gpr retl2/Inn1/r

k2t V% as. (1.14)

(b). If « = 1/2, then there exists a constant k13 € (0, 00) such that for every t > 0,

. X +h) — X(@)
lim sup sup =

=ki3t "2, as. (1.15)
r—0+ [hj<r '</In(1/r)InIn1/r
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(©). Ifa € (1/2, 1/2+ y/2), then there exists a constant k14 € (0, 00) such that for
everyt > 0,

i | X'(t +h) — X'(1)]
1m sup su =
r%0+p|h|§pr re=1/2/Inin1/r

k1at "%, as. (1.16)

In order to prove the theorems stated above, we consider the following decompo-
sition of X (¢) for all t > O:

0 t
X (1) =/ ((t —w)* — (—w)*) (—u)""?B(du) +/ (t —w)*u"*B(du)
0

—0o0

SY () 4 Z(0).

(1.17)

Then, the two processes ¥ = {Y (t)};>0 and Z = {Z(t)};>0 are independent. The
process Z in (1.17) is well defined fora > —1/2and y < 1 andis called a generalized
Riemann—Liouville FBM, following the terminology of Ichiba, Pang and Taqqu [11].
Notice that the ranges of the parameters « and y for Z are wider than that in (1.2). As
in [28, Remark 5.1], one can verify that Z is a self-similar Gaussian process with Hurst
index H = o — % + % which is negative if @ € (—1/2, —1/2+4 y/2). It follows from
Lemma 3.1 below that Z has a modification whose sample function is continuous on
(0, 00) a.s. In Sect. 2, we will prove that ¥ has a modification that is continuously
differentiable in (0, co). Hence, in order to study the regularity properties of X, we
only need to study in detail the regularity properties of the sample path of Z when the
parameters o« > —1/2 and y € [0, 1).

Intuitively, if u € [a, b] C (0, c0), the perturbation of u~"/? is bounded and it
does not deeply affect the sample path properties of Z(¢). Consequently, the process
Z shares many regularity properties of the following process:

t
7401 :=/O (t —w)*Bdu), a>—1/2 (1.18)

which is the Riemann—Liouville FBM introduced by Lévy [20], see also Mandelbrot
and Van Ness [23], Marinucci and Robinson [25] for further information. When o > 1
is a positive integer, then A is, up to a constant factor, an «-fold primitive of
Brownian motion and its precise local asymptotic properties were studied by Lachal
[18].

Theorems 1.4—1.5 demonstrate that, since GFBM X has non-stationary increments,
the local oscillation properties of X near a point¢ € (0, co) are location dependent. As
suggested by one of the referees,! another way to study the local structure of X near
t is to determine the limit (in the sense of all the finite dimensional distributions or in
the sense of weak convergence) of the following sequence of scaled enlargements of
X around ¢:

! We thank the referee for raising this interesting question.
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{X(t+rnr)—X(t)} (1.19)
>0

Cn

where {r,} and {c,} are sequences of real numbers such that r, N\, 0 and ¢, \( 0. The
(small scale) limiting process of (1.19), when it exists, is called a tangent process of X
at ¢ by Falconer [8,9]. If the limit in (1.19) exists for ¢, = rX for some constant x €
(0, 1] which may depend on ¢, one also says that X is weakly locally asymptotically
self-similar of order x at # (cf. [6]). Tangent processes of stochastic processes and
random fields are useful in both theoretical and applications. We refer to [8,9] for a
general framework of tangent processes and to [4,5] for some statistical applications.
Recently, Skorniakov [31] provided sufficient and necessary conditions for a class of
self-similar Gaussian processes to admit a unique tangent process at any fixed point
t > 0. The theorems in [31] are applicable to the Riemann—Liouville FBM, sub-
fractional Brownian motion, and bi-fractional Brownian motion. However, it is not
obvious to verify that GFBM X satisfies the conditions of Theorem 2.1 of Skorniakov
[31]. In the following, we provide some results on the tangent processes of GFBM X
by using direct arguments.

For any fixed r > 0, u > 0 and a constant x € (0, 1], define the scaled process
{V”“(t)}r>0 around 7 by

Xt +ut) — X(t)

t,u .
Vit () = MX

> 0. (1.20)

(a) If t = 0, then, by the self-similarity of X, we take x = H and see that the
corresponding tangent process is X itself.
(b) If r > 0, then the choice of x depends on the parameter c.

b)) If ¢ € (1/2,1/2 + y/2), then by the differentiability of X (see also [8,
Example 2]), we can take x = 1 and derive that, for any # > 0,

{V"*(1)}, ., converges in distribution to {er 1?7 B! (©},-0

in C (R4, R) (the space of continuous functions from R to R), as u — 0+,
where B! (1) = t with A being a standard Gaussian random variable and

t 1/2
cL1=a (/ (t — u)2“_2|u|_7’du> .
—00

b2) Ifa € (—1/2+y/2, 1/2), then it follows from the decomposition (1.17) and
the differentiability of ¥ (see Proposition 2.1 below) that the weak limit of
{V””('z:)}f>O as u — 0+ is the same as the analogous scaled process for the
generalized Riemann-Liouville FBM Z (See Proposition 3.1 below). More
precisely, we obtain the result in Theorem 1.6 below.

Theorem 1.6 Assume a € (—1/2 4+ y/2,1/2),t > Oand x = o + % in (1.20).
Then, the process {V”‘(r)} defined by (1.20) converges in distribution to

>0
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{kcist™72B**12(0)} _ in C(R4,R), as u — O+. Here, B*™/2 is a FBM with
indexa +1/2, and

172

1 o o o
o= (g [t et

The rest of the paper is organized as follows. In Sect. 2, we prove that the sample
paths of the process Y are differentiable in (0, co) almost surely. From Sects. 3-6,
we focus on the generalized Riemann—Liouville FBM Z. More precisely, we give
estimates on the moment of increments, prove the existence of the tangent process
and establish the one-sided strong local nondeterminism of Z in Sect. 3; study the
Lamperti transformation of Z and give some spectral density estimates in Sect. 4;
determine the small ball probabilities for Z in Sect. 5; and prove a Chung’s LIL for Z
in Sect. 6. In Sect. 7, we prove the main theorems for GFBM X.

2 Sample Path Properties of Y

In this section, we consider the process ¥ = {Y (¢)},>0 defined in (1.17), namely,

0
Y(1) = f ((t =) = (=u)*) (=)7"* B(du) @1

—0o0

and show that its sample function is smooth away from the origin.

Lemma 2.1 Assume —1/2+y/2 <a < 1/2+ y /2. Then, forall) <s <t < o0,

|t —s|? It —s|?
et B[00 =YD | < o1z (2.2)

where ¢y = o fooo(l +u) 22— du.

Proof Forany 0 < s <t < oo and u > 0, by the mean-value theorem, there exists a
number 0 (u) € (0, 1) (which also depends on s, ¢) such that

C+uw =G+ =als+u+0w—s"""¢—s). (2.3)

In the proofs of this lemma and Proposition 2.1 below, we will use (2.3) to derive
lower and upper bounds for |(t + u)* — (s + u)*|. Hence, we have
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E [(Y(t) — Y(s))z] =f [(t +u)* — (s + u)(”]2 uVdu
0
>a?(t —5)° fm(t +u)? @Dy ray
0

o0
=a?(t —s)2t2“_y_l/ 1+ v)2* 2y Vdv
0
It — s|?
=250

Similarly, we can prove that

2
E [(Y(t) - Y(s))z] = Cz,lliz_—;h'r'

This proves (2.2). O

By Lemma 2.1, the Gaussian property of Y, and the Kolmogorov continuity theorem
(see, e.g., [16, Theorem C.6]), we know that, for any ¢ > 0, Y has a modification that
is Holder continuous with index 1 — ¢ on any interval [a, b] with 0 < a < b. We
will apply this fact in Sect. 7 to prove Theorems 1.1, 1.4—1.6, from the results on the
generalized Riemann—Liouville FBM Z.

In the following, we prove the differentiability of ¥ by using the argument in the
proof of Lemma 3.6 in [16].

Proposition 2.1 Assume —1/2 + y/2 < a < 1/2 + y /2. For any integer n > 1,
the Gaussian process Y = {Y (t)};>0 has a modification (still denoted by Y ) that is
continuously differentiable of order n in (0, 00).

Proof For any ¢ > 0, define
0 Y
Y'(t) == a/ (t — u)"’l(—u)’f B(du). (2.4)
—00

The integrand is in L2((—oo, 0); R), and hence, {Y'(1)},>¢ is a well-defined mean-
zero Gaussian process. For every s, ¢ € [a, b] C (0, 00) with s < ¢, applying (2.3),
we have

E [|Y/(r) _ Y’(s)|2]

S 2
= azf ‘(t +uw) (s + u)“_l‘ u"du
0

1 00 2.5)
o> (o — 1)2 |:/ s 4TV du +/ u2a4”du:| At —s)?

0 1

IA

20—4 1
Pla—12 (L —— It — s,
l—y 20-3-—y

IA
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This, together with the Kolmogorov continuity theorem and the arbitrariness of @ and
b, implies that Y’ is continuous in (0, 00) up to a modification.

Assume that ¢ € C2°((0, 00)) (the space of all infinitely differentiable functions
with compact supports). By the stochastic Fubini theorem [16, Corollary 2.9] and the
formula of integration by parts, we know a.s.,

—00

00 0 ® 5 y
| vwswar= [ s [ 5 1 -w - cotut]oor
0 0 t
0

* o ay, —214d
=—[m3(du>/0 [ =0 — ] Spar

(2.6)
Applying the stochastic Fubini theorem again, we have
o0 oo d
/ Y ()p(t)dt = —/ Y(t)—¢(t)dt, a.s. 2.7
0 0 dt

This means that Y’ (¢) is the weak derivative of Y (¢) forall ¢ > 0. Since Y’ is continuous
in (0, 00), (2.7) shows that Y’ is in fact almost surely the ordinary derivative of ¥ in
(0, 00). By induction, we use the same argument as above to show that, for every
integer n > 1, Y has a modification that is continuously differentiable of order n in
(0, 00). O

3 Moment Estimates for the Increments and One-Sided SLND of Z

Consider the generalized Riemann—Liouville FBM Z = {Z(t)},;>0 with indices « and
y defined by

t
Z(t):/ (t —w)*u"""?B(du). (3.1
0

This Gaussian process is well defined if the constants o and y satisfy o > —%
and y < 1 and is self-similar with index H = o — % + % Notice that H < 0 if
At <e<-14+LandH>0ifa>—-1+73.

In this section, we derive optimal estimates on the moment of the increments,
prove the existence of the tangent process and establish the one-sided strong local
nondeterminism for Z. These properties are useful for studying the sample properties
of Z.

3.1 Moment Estimates
In the following, Lemmas 3.1, 3.2 and 3.3 provide optimal estimates on

E [(Z t)—Z (s))z]. These estimates are essential for establishing sharp sample path
properties of Z. Notice that the upper bounds in (i) and (ii) in Lemma 3.1 below are the
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same (up to a constant factor) when o < 1/2. We will use these bounds for estimating
the small ball probability and the uniform modulus of continuity in Sects. 4 and 7.

Lemma 3.1 Assume o € (—1/2,1/2)and y € [0, 1). The following statements hold:

G). f0<s<t<ooand0 <s <2(t —s), then

|t _ S|20c+1 |t _ s|2a+1

i SE[(Z0) - 26D s o —.  (2)

tY sY

herecs,) = 1/Qa+1)andc3 o =2/(1—y)+1/Qa+1)+BQRa+1, 1—y)22¢+!,
(). If0<s <t <ooands > 2(t — s), then

r— s|2a+l

if a <1/2,

-5 s)z (1 +in|%]), ifa=1/2 (3.3)

E [(Z(t) - Z(s))z] = {

Here and below, for two real-valued functions f and g defined on a set I, the
notation f =< g means that

c< f(x)/g(x) <c forall x €1,

for some positive and finite constants ¢ and ¢’ which may depend on f, g and I.

Proof For any 0 < s <t < 0o, we have

E[Z0) - 26)?)
s t
= / ((t —u)* — (s — u)"‘)2 uVdu + / (t —uw)*u~"du 3.4
0 K
= L+ D

To bound the integral /7, we make a change of variable with u = s — (¢ — 5)v to
obtain

S

I =(r — S)Za y+1 / [(1 + v)ot a]Z(
0

N

-V
— u) dv. 3.5)
r—3s

In order to estimate /; in Case (i), we distinguish the two cases @ € [0, 1/2] and
a e (—1/2,0).
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When « € [0, 1/2], we use the fact that 3% — 2% < (1 4+ v)¥ — v* < 1 for all
v € [0, 2] to derive

_ . 20

=1 > (t s) 3.6)
20+1

_ 2 (t s)

T 1—y sY

When o € (—1/2,0), we use the fact that 0 < v* — (14+v)* < v¥forallv € [0, 2]
to derive

- = s -y
I S(t—s)za y+1/ vz"‘( —v) dv
0

t—s
1
=s2a7y+] / U2ot(1 _ U)iydv 3.7
0

(l . S)ZO(+1
<BQRa+1,1- y)22“+1—y.
S

In the above, we made a change of variable and the assumption that s < 2(¢t — s).
For the integral I in (3.4), by the change of variable u = s + (¢t — 5)v, we have

1 _
Izz(t—s)z‘**V“/ (1—v)2°‘( > +v) " dv
0

r—3s
2 1S \77 ! 2
< (t —s)2ar+ (—) / (1 — v)%dv (3.8)
t—s 0
B 1 ([ _s)2ot+l
T 2a+1 sY ’

On the other hand, in Case (i), (ﬁ + v)_y > (ﬁ)_y for all v € [0, 1]. Hence,

1 (t _ S)ZOH-I

1
o2yl )"’ 20
Lz @—s (t—s 0(1 Vi =S Ty

(3.9)

Consequently, the lower bound in (3.2) follows from (3.4) and (3.9), and the upper
bound in (3.2) follows from (3.4), (3.6), (3.7), and (3.8).
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Now, we consider Case (ii). Since s > 2(t — s), we write

1 _
L = (t —s)za_y+l</0 [(1 +v)* — v“‘]2 ( S v) ydv

t—s

+/:[(1+v)°‘—v°‘]2< a —v)_ydv> (3.10)
1

t—s

= (1 =) (1 + 12).

We will see that the main term is the integral /; ». For estimating the integral I; 1,
again we distinguish the two cases @ € [0, 1/2] and @ € (—1/2,0).

When o € [0, 1/2], we use the facts that 2 — 1 < (1 + v)* —v¥ < 1 for all
v e [0, 1] and

—v<—" vuelo1], 3.11)
S

to derive that

-1 () = a2 () (3.12)

When a € (—1/2,0), we use the fact that (1 —2%)v¥ < v* — (1 + v)¥ < v* for
v € [0, 1] and (3.11) to get

(1=2%2 /t — s\ 2V st —s\Y
U= (285 ) < ) (3.13)
2a + 1 ( s ) = 1’1_2a+1( s

Next, we estimate the integral /1 5. For « € (—1/2, 1/2], we use the inequality
[(14 v)® —v¥| < v* ! forall v € [1, 00) to derive

= s -y
I = / vz(“71)<— - v) dv
1 t—s

Zley gl
:( 5 )20[ ! y/ w2 @D (1 — W)Y dw,

t—s

(3.14)

s

where the above equality is obtained by the change of variable v = “~w. By splitting
the last integral over the intervals [tA;Y %] and [%, 1], we have

3
20—1—y 7 1
I = (t i S) (ﬁ_y w2 @D gy +/3 w2 @D (1 =y dw)

i
1
{(’%s)y, it 12<a<1)2, (3.15)
= (_

S (1] ]) s ife =172

@ Springer



Journal of Theoretical Probability (2022) 35:2442-2479 2455

Combining (3.10)-(3.15) yields that in Case (ii),

(t—s)z’“l, if —1/2<a<1/2,
I (3.16)

sY
—5)2 ; .
S (1), i =172
It follows from this and (3.4) that
st i —1/2 <a <172,

E[(Z(t) — Z(s))2] >33 : (t:_y;)yz (17_'_111 |%}), ifaa =1/2,

(3.17)

where ¢33 > 0 is a finite constant.
On the other hand, it follows from (3.4), (3.8) and (3.16) that

|1— S|2a+1

if —1/2<a<1/2,

E[(Z(t) —Z(s))z:l <34 { lt=s|* SI (1 +1n _|> if «=1/2,

(3.18)

where ¢34 > 0 is a finite constant. This finishes the proof of (3.3). O

Remark 3.1 The following are some remarks about Lemma 3.1 and some of its con-
sequences.

(1). It follows from Lemma 3.1 that for any 0 < a < b < oo there exist con-
stants ¢35,---,c38 € (0,00) such that for s,¢ € [a, b], we have that for
ae(—1/2,1/2),

caslt =P S E[(20) = Z6)?] < caglt =5 (319)
fora =1/2,

c3qlt— s> (14 |Injt —s]|) <E [(Z(t) _ Z(s))z]
<c3slt—s*(1+]Inlr —sl)).

(3.20)

Consequently, the process Z has a modification that is uniformly Holder contin-
uous on [a, b] of order & + 1/2 — ¢ for all ¢ > 0. In the proof of Theorem 1.1
below, we will establish an exact uniform modulus of continuity of Z on any
interval [a, b] for0 < a < b < o0.

(ii). By Lemma 2.1, we see that for @ € (—1/2 + y /2, 1/2], the inequalities (3.19)
and (3.20) hold for GFBM X. These inequalities can be applied to determine the
fractal dimensions of random sets (e.g., range, graph, level set, etc) generated by
the sample path of X. For example, we can derive by using standard covering and
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capacity methods (cf. [10,14,40]) the following Hausdorff dimension results: for
any T > 0,

. 1 o 3—«
dimy GrX ([0, T]) = 2 — (5 + 5) = - as, (3.21)

where GrX ([0, T']) = {(¢, X (¢)) : t € [0, T]} is the graph set of X, and for every
x € R we have

1l —«
2

dim X_l(x)—1—<l+g>—
H - 2 2) 7

(3.22)

with positive probability, where X “l(x) ={t > 0: X(¢t) = x} is the level set of
X. We remark that, due to the o-stability of Hausdorff dimension dimy ( [10]),
the asymptotic behavior of X at # = 0 (hence the self-similarity index H) has no
effect on (3.21) and (3.22). Later on, we will indicate how more precise results
than (3.21) and (3.22) can be established for X; see Remark 7.1 below.

(iii). Let & = {£(¢)};>0 be a centered Gaussian process. If there exists an even, non-
negative, and non-decreasing function ¢ (h) satisfying limy o #/¢(h) = 0 and

E[(E(+h) — £ = o), t>0,he(0,1),

then by using the argument in Yeh [41], one can prove that the sample functions
of & are nowhere differentiable with probability one. See also [15]. Thus, if
—1/2 < a < 1/2, then (3.19) and (3.20) imply that the sample paths of the
generalized Riemann—Liouville FBM Z are nowhere differentiable in (0, co)
with probability one.

The next lemma will be used for studying the tangent processes of Z in Proposition
3.1

Lemma 3.2 Assumeco € (—1/2,1/2)andy € [0, 1). Then, forevery fixedt € (0, 00),

i E[(Z(t) — Z(5))?]
X1_>H} |t _ S|2a+1

= C3y91‘_y7 (323)

2aVv.

where c3.9 = ﬁ + o [A+v)* —v¥]
Proof For simplicity, we consider the limitin (3.23) as s 1 ¢ only. For0 < s < ¢ < oo,
recall from (3.4) the decomposition of E [(Z(t) — Z(s))z].

The term I is easier, and we handle it first. Since u=” € [¢r77,s™ 7] for any
u € [s, t], we obtain that

1 |t — S|2(x+1 1 |t — S|2a+1
Wil o P o 629
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This implies that

li h L,
m =
st |t —s2etl 20 41

7. (3.25)
For the integral 77, we use (3.5) and write it as

I = /s [(t —u)* — (s — Lt)"‘]2 uVdu
0

s

s

= (1 — 5)2t! /t [(1 +v)* — v“]z (s — vt —s)Vdv
0

=(t —s)*! fﬁ [(1+0)* P —ve—s)7dv 320
0

S

+ (=% A+ 0 =0 s — v =) 7 d

= Ji1+ 12

Notice that, for every v € (0, s/2(t — s)]), wehave sV < (s —v(t —s))V <
2Ys~7. Thus, the dominated convergence theorem gives

. Ji1 Y o« a2
l;??m =1 '/(; [(1 +U) — v ] dv. (327)

On the other hand, we use the inequality |(1 + v)* — v¥| < |a|v®~! forall v > 1
to obtain

.
1—s

Ji2 <@t — 5)2ot] 2022 (s —v(t — )V dv

=
s 2002 ﬁ
<a?(t —s)2t [ —— / (s —v(t—s)"Vdv
2(t — ) s
2(t—s)
a? s\ 20—1-y 5
1—y \2
It follows that
J
12___ . (3.28)

m ——-—-—
st |l‘ — S|20H—1

Therefore, (3.23) follows from (3.25), (3.26), (3.27) and (3.28). The proof is complete.
O

The following lemma deals with the case when & > 1/2 and provides estimates on
the second moments of the increments of Z(¢) and its mean-square derivative Z' ().

@ Springer



2458 Journal of Theoretical Probability (2022) 35:2442-2479

The latter estimate allows us to show that {Z(#)};>0 has a modification whose sample
functions are continuously differentiable in (0, co).

For simplicity, we only consider the case when o € (1/2, 3/2) and s, f stay away from
the origin. This is sufficient for our study of the sample path properties of GFBM X.

Lemma 3.3 Assume o € (1/2, 3/2) and y € [0,1). Forany 0 < a < b < oo, it
holds that for any s, t € [a, b],

csaolt =P < E[Z0) - Z6)?*] = sl = s, (3.29)

here, c3.10 = l"‘TZbZ“_zal_V and c3 11 = oa?a® Y BRa — 1,1 —y).

The process {Z(t)}ie[a,p] has a modification, which is still denoted by Z, such that
its derivative process {Z'(t)}ie[a.p] is continuous almost surely. Furthermore, there
exist constants c3,12, ¢3,13 € (0, 00) such that for any s, t € [a, b],

ol —sP N B[00 - Z6) | s el =P (30)

Proof The proof of (3.29) is similar to that of Lemma 3.1. Here, we only prove the
lower bound in (3.29) and the existence of a modification of Z whose sample functions
are continuously differentiable on (0, co) almost surely.

For any s, t € [a, b] with s < ¢, by (2.3) and (3.4), we have

E [(Z(t) — Z(s))z] > / (= w)® = (s — %) u™du
0

s
>a?(t — s)2/ (t —uw)** 2u"Vdu
0

-y
S
Z aZ(t _ 5)2 t2(¥—2
l—vy
012
> —— b 217V (1 — 5)%
l—y

Thus, the lower bound in (3.29) holds.
For any ¢ > 0, define

t
7'(t) = af (t — ) 'u=7 Bdu), (3.31)
0

with Z'(0) = 0. Notice that, since « € (1/2, 3/2), the process {Z'(1)},, is a
generalized Riemann-Liouville FBM with indices &« — 1 and y. It is self-similar
with index H = o — 1/2 — y /2. Hence, by (3.19), we see that (3.30) holds. By the
Kolmogorov continuity theorem (see, e.g., [16, Theorem C.6]), the Gaussian property
of Z’ and the arbitrariness of a and b, we know that Z’ has a modification (still denoted
by Z') that is Holder continuous in (0, co) with index o — 1/2 — ¢ for any ¢ > 0. With
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this modification, we define a Gaussian process Z = {Z(r)},_ by

t
Z(1) =/ Z'(s)ds, Yt>0.
0

Then, by the stochastic Fubini theorem [16, Corollary 2.9], we derive that for every

t >0,
- t t ,
Z(t) = 05/ </ (s — M)a_lds>u_2 B(du) = Z(t), as.
0 u

Hence, Z is modification of “the generalized Riemann-Liouville FBM Z = {Z(#)};>0
and the sample function of Z is a.s. continuously differentiable in (0, co). The proof
is complete. O

3.2 The Tangent Process of Z

Let C(R4, R) be the space of all continuous functions from R to R, endowed with
the locally uniform convergence topology. We say that a family of stochastic pro-
cesses V, = {V,(7)}:>0 converges weakly (or in distribution) to V. = {V(7)}r>0
in CRy, R), if E[f(V,)] — E[f(V)] for every bounded, continuous function
f:CR4, R) — R (cf. [7]).

Proposition 3.1 Assume o € (—1/2,1/2)and y € [0, 1). Foranyt, u > 0, let

Z(t +ut) — Z(t)
uot1/2 ’

V" (1) ==

Then, asu — 0+, { Vé’” ('z:)}r>O converges in distribution to {cé’/gt—V/ZBaH/Z(f) }T>0

inC(Ry, R), wherecz g = ﬁ—i—fooo [(1 +v)°‘—v°‘]zdv is the constant in Lemma 3.2.
Proof By the self-similarity of Z and (3.23), we know that for any 7, s > 0,
E[Z(1)Z(s)]
1
= 5IE[Z(z)2 + Z(s)* = (Z(t) — Z(5))?]

1
= 5(3(201 +1,1—-y) <t2H +S2H> —c39t V|t — s|2"‘+l) +o(7 |t — 5?2,
(3.32)

For any ¢t > 0, 71, 20 > 0, by (3.32), we have

. 1 I3 €39 _ 2a+1 2a+1 20+1
Jim B[V vy )] = S (zla L PN e ) (3.33)
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Hence, the Gaussian process {V,"(t)};=0 converges to C;/gt’y/2B°‘+l/2 in finite-
dimensional distributions, as u — 0+, where B**1/2 is a FBM with index o + 1/2.
By Lemma 3.1, there exists a constant c3,14 € (0, oo) such that for all t > 0, u >

0,71,72 20,
2 -
E[(Vf () = Vi @)’] = ot ™ 1 = maP (3.34)

Hence, by [8, Proposition 4.1], we know the family {Vé’“ }u>0 is tight in C(R4+, R)
and then it converges in distribution in C (R4, R), as u — 0. The proof is complete.
O

3.3 One-Sided Strong Local Nondeterminism

We establish the following one-sided strong local nondeterminism (SLND, for short)
for Z. This property is essential for dealing with problems that involve joint distribu-
tions of random variables Z(t1), ..., Z(t,). From the proof, it is clear that GFBM X
has the same SLND property.

Proposition 3.2 (a) Assume o € (—1/2,1/2] and y € [0, 1). For any constant
b > 0, it holds that for any s, t € [0, b] with s < t,

. 1 _ o2a+1
Var(Z)|Z(r) :r <) = Qo + b7 [t — 5] , (3.35)

where Var(Z(t)|Z(r) : r < s) denotes the conditional variance of Z(t) given
the o-algebra o (Z(r) : r < ).

(b) Assume o € (1/2, 3/2) and y € [0, 1). For any b > 0, it holds that for any
s,t €[0,b]lwiths < t,

! / . ; _ ol2a—1
Var (Z'(D)|Z'(r) :r <5) = T |t —s|* L (3.36)

Proof Assume that 0 <s <t < b. We write Z(t) as
§ Y ! Y
Z(1t) =/ (t —uw)*u"2B(du) +/ (t —w)*u"2 B(du).
0 s

The first term is measurable with respect to U(B(r) r < s), and the second term is
independent of o (B(r) : r <'s).Since 6(Z(r) : r <5) S o(B(r) : r <s), we have

t
Var(ZO|Z(r) :r < s) > Var(Z@)|B(r) :r <s) = / (t —u)**u""du.

This implies (3.35).
The proof of (3.36) is similar. The details are omitted. The proof is complete. O
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4 Lamperti’s Transformation of Z

Inspired by [35], we consider the centered stationary Gaussian process U = {U (t) };er
defined through Lamperti’s transformation of Z:

U@t):=e M7z forallr € R. .1
Letry(t) := ]E[U (14 (t)] be the covariance function of U. By Bochner’s theorem,

ry is the Fourier transform of a finite measure Fy which is called the spectral measure
of U. Notice that ry (¢) is an even function and

1ne’
ry(t) =etH / (" —w)*(1 —uw)*uVdu forallt € R. 4.2)
0

We can verify that ry (1) = O (e "177)/2) as t — oco. It follows that i () € L' (R).
Hence, the spectral measure Fy has a continuous spectral density function fyy which
can be represented as the inverse Fourier transform of ry (-):

1 [e¢)
fu) = —/ ry(t)cos(tr)dt forall A € R.
T Jo
It is known that U has the stochastic integral representation:
U(t) = / e W(dxr) forallt € R, 4.3)
R

where W is a complex Gaussian measure with control measure Fy . Then, for any
s,t €R,

E[(U(s) = U®)’] = 2(ru(0) — ry(t — s))

(4.4)
= 2/ [1 —cos ((s —HA)] fu(L)da.
R

The following lemma provides bounds for E [(U(s) — U ())*] when Z has rough
(fractal) sample paths.

Lemma 4.1 Assume o € (—1/2, 1/2). Then, for any b > 0, there exist positive con-
stants &g, c4,1 and c4,2 such that for all s, t € [0, b] with |s — t| < &,

canls =1 (1 4 linfs = 1) < E[ W) - U] ws)
< canls — (A4 [In e —s )"

wheren =0ifa € (—1/2,1/2)andn =1ifa = 1/2.
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Proof Since U is stationary, it is sufficient to consider E [(U (t) — U (0))?] fort > 0.
It follows from (4.1) and the elementary inequality (x + y)2 <2(x% + y2) that

E[W®-U©)?]=E [(Z<e’> —Z() + (e - 1)Z(e’>)2]

2
<2 <E [(Z(e’) - 2(1))2] + (e—’H — 1) E [Z(e’)2]> .
(4.6)
This, together with Lemma 3.1, implies that the upper bound in (4.5) holds for all
s, t € [0, b] with |s — t] < gg for some positive constant &.

On the other hand, the first equation in (4.6) and the inequality (x 4+ y)? > %xz —y?
imply

E [(Z(ef) - Z(l))z] . (e—’H - 1)2]E [Z(e’)z].
4.7)

| =

E[Wn-vo?] =

It follows from Lemma 3.1 that the lower bounds in (4.5) hold if + > 0 is small
enough, say, 0 < t < gg. This completes the proof of Lemma 4.1. O

The following are truncation inequalities in Loéve [22, Page 209] that are expressed
in terms of the spectral density function fy: for any u > 0, we have

/ A fu(dr < Ku? / (1 —cos(A/u)) fu (M)dA,
Al<u R
1/u
/ ful) da < Ku/ dv/ (1 = cos(v)) fu(M)da.
[A=u 0 R

By these inequalities, (4.4) and the upper bound in Lemma 4.1, we have the following
properties of the spectral density fy (1) at the origin and infinity, respectively.

Lemma 4.2 Assume oo € (—1/2, 1/2]. There exist positive constants ug, c4,3 and c4. 4
such that for any u > u,,
/ A2 fuda < cqzu' ™2 (1 + [ Inu))” (4.8)
|A|<u
and
[ o0 < e =0 A+ 49)
[A]>u
In the above, n =0 ifa € (—1/2,1/2) andn =1 ifa = 1/2.
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5 Small Ball Probabilities of Z

By Lemmas 3.1, 3.3 and Proposition 3.2, we prove the following estimates on the
small ball probabilities of the Gaussian process Z and its derivative Z’ when it exists.

Proposition 5.1 (a) Assume y € [0,1) and o € (—1/2 4+ y /2, 1/2). There exist
constants cs.1, ¢s5.2 € (0, 00) such that forallr > 0,0 <¢e < 1,

rH _2 },H _2
exp ( - cs,l(—)z““> < P{ sup |Z(s)] < e} < exp ( - cs,z(—)z"‘“).
& s€l0, r] &

5.1

(b) Assume y € [0,1) and o € (1/2+ y/2,3/2). There exist constants c5 3, 5.4 €
(0, 00) such that forallr > 0,0 < e < 1,

H,_2_ H, _2_
r 2a—1 , r 2a—1

exp(—cs,s(—) >SIP’{ sup |Z(s)|se}5exp(—cs,4(—) )
& s€l0,r] &

(5.2)
where H = o — y /2 — 1/2.

Remark 5.1 The following are two remarks about Proposition 5.1.

e Notice that the case of « = 1/2 is excluded in Proposition 5.1. The reason is that,
the bounds of the one-sided SLND in Proposition 3.2 and the optimal bounds in
(3.3) do not coincide when @ = 1/2. The method for proving (5.1) will not be
able to prove optimal upper and lower bounds in the case of « = 1/2.

e In Part (b), we assume that the self-similarity index H = « — y/2 — 1/2 of Z’
is positive. When H < 0, (5.2) does not hold. In fact, by using E[Z’ »? =
E[Z’(l)z] t2H one sees that for any0<rt<r,

P{ sup |Z'(s) < 8} <P{Z/@) e} =P{IZ) =7 7).
s€l0, r]

If H < 0, then the last probability goes to 0 as ¢ — 0. This implies that for all
r > 0and ¢ > 0 we have IP’{ SUPse0, /] |Z/(s)] < 8} = 0.

When H = 0, the self-similarity implies that the small ball probability in (5.2)
does not depend on r. We will let r — oo to show that this probability is in fact
0 for all ¢ > 0. To this end, we consider the centered stationary Gaussian process
V = {V(s)}ser defined by V(s) = Z’(¢*), which is the Lamperti transform of Z’,
and apply Theorem 5.2 of Pickands [29]. Notice that the covariance function of V,

1
ry(s) = / A—w)* e —uw)* 'u du, fors > 0.
0
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Then, ry(s) < 1= pla=Ds for all s large enough. Since o = HTV < 1, we have

lim ry(s)Ins = 0, so the condition of [29, Theorem 5.2] is satisfied. Hence,
§—> 00

1iminf< sup V(s) —+21In t) >0, as.

=00\ 5¢[0,1]

This implies that for all ¢ > 0,

IP{ sup |Z'(s)| < 8} = lim ]P’{ sup |Z'(s)] < s} =0.
s€l0, ] =00 | s€[0, 1]

For proving the lower bound in (5.1), we apply the general lower bound on the small
ball probability of Gaussian processes due to Talagrand (cf. Lemma 2.2 of [32]). We
will make use of the following reformulation of Talagrand’s lower bound given by
Ledoux [19, (7.11)-(7.13) on Page 257].

Lemma 5.1 Let {Z(t)};cs be a separable, real-valued, centered Gaussian process
indexed by a bounded set S with the canonical metricdz (s, t) = (E|Z(s)—Z(¢) |2) 172,
Let N¢(S) denote the smallest number of dz-balls of radius ¢ needed to cover S. If
there is a decreasing function ¥ : (0, 8] — (0, 00) such that N.(S) < ¥ (¢e) for all
e € (0, 8] and there are constants K, > K| > 1 such that

Kiy(e) = ¥(e/2) < Kz (e) (5.3)

forall e € (0, 8), then there is a constant K € (0, 00) depending only on K1, Ky and
dz such that for all u € (0, §),

]P’{ sup |Z(s) — Z(1)] Su} zexp(—Kw(u)). (5.4)

s,tesS

We are ready to prove Proposition 5.1.

Proof We will only prove (5.1). The proof of (5.2) is the same because Z’ is also a
generalized GFBM with indices y € [0, ) anda — 1 € (—1/2+y/2, 1/2).

By the self-similarity property of Z, we know that (5.1) is equivalent to the following
statement: there exist constants cs 1, ¢s52 € (0, 00) such that forall0 < ¢ < 1,

1\ z1 ot
exp < - cs,1<_)z +1> < IP’{ sup |Z(s)| < s} < exp<_ (:5,2(_)2 H).
€ s€(0, 1] A

(5.5)

In order to prove the lower bound in (5.5), we take § = [0, 1] and apply Lemma 5.1.
For any ¢ € (0, 1), we construct a covering of [0, 1] by sub-intervals of dz-radius &,
which will give an upper bound for N, ([0, 1]).

Recall that E[Z(1)?] = c*# forall t > 0, where H = & — 5 + § > 0. Since
constants ¢ here and those in Lemma 3.1 can be absorbed by the constants ¢5 1 and ¢5 >
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in (5.5), without loss of generality we will take these constants to be 1 (otherwise, we

consider the processes obtained by dividing Z by the maximum and minimum of these

constants, respectively, and prove the upper and lower bounds in (5.5) separately.)
Letrg =0, = el/H For any n > 2, if #,_1 has been defined, we define

v
= ty_y + £ T, (5.6)
It follows from Lemma 3.1 that

E I:(Z(tn) - Z(tnfl))2i| < tVLitn —In—1 |20H_1 < 82. (57)

n—1

Hence, dz(t,, t,—1) < eforalln > 1.

Since [0, 1] can be covered by the intervals [#,—1, f,] forn = 1,2, ..., L., where
L is the largest integer n such that #, < 1, we have N, ([0, 1]) < L. + 1 <2L,.

In order to estimate L., we write #,, = ane!/® for all n > 1. Then, by (5.6), we
havea; =1,

v
an =ap-1+a, %', VYn>2. (5.8)
Denote by g = 1 — #4—1 = % We claim that there exist positive and finite

constants ¢s5,5 < 2-v/CHB) B1/B and ¢5.6 > 1 such that

65,5n1/’3 <ay, 505,6n1/’3, Vn>1. 5.9)
We postpone the proof of (5.9). Let us estimate L, and prove the lower bound in (5.5)
first.

By (5.9), we have
_ B _
L, =max{n:an 587%} fcsgs*ﬁ =05§87T2+1.
This implies that for all ¢ € (0, 1),
Ne(10, 11) < 2¢5 5 751 =y (o). (5.10)

Since the function ¥ (¢) satisfies (5.3) with K| = Ky = 220% > 1, we see that the
lower bound in (5.5) follows from (5.10) and (5.4) in Lemma 5.1.

Now, we prove (5.9) by using induction. Clearly (5.9) holds for n = 1. Assume
that it holds for n = k. Then for n = k + 1, it follows from (5.8) and (5.9) that

ant1 < csen'/P + (05,6’11//5)%‘“ <cse(n+DYP,

where the last inequality can be checked by using the mean-value theorem and the
facts that cs ¢ > 1 and O < B < 1. This verifies the upper bound in (5.9). The desired

@ Springer



2466 Journal of Theoretical Probability (2022) 35:2442-2479

lower bound for a,1 is derived similarly using the mean-value theorem and the fact
that c5,5 < 277/CHP) g1/B Hence, the claim (5.9) holds.

Next, we prove the upper bound in (5.5). Lemma 3.1 and Proposition 3.2 show
that the conditions of Theorem 2.1 of Monrad and Rootzén [27] are satisfied. Hence,
the upper bound in (5.1) follows from Theorem 2.1 of [27]. The proof is complete. O

Similarly to the proof of Proposition 5.1, we can prove the following estimates on
the small ball probabilities for the increments of Z and Z’ at points away from the
origin. We will use these estimates to prove Chung’s LILs for Z and Z'. Also, notice
that no extra condition of « — y /2 — 1/2 > 0 is needed for (b).

Proposition 5.2 (a) Assumea € (—1/2, 1/2). Then, there exist constants cs 7, c5.8 €
(0, 00) such that for allt > 0,r € (0,1/2) and & € (0, r*+1/2),

2
exp(—C5,7rt_2aV+18_2uH) fP{ sup |Z(t +s) — Z(t)| < 5}
[s|<r

(5.11)
< exp ( — 5.8 rt_2¢ry+18_2a2+l>.

(b) Assume o € (1/2, 3/2). Then, there exist constants cs9, cs5.10 € (0, 00) such
that forallt > 0,r € (O, t/2) ands € (0’ ra—1/2),

exp ( — cs,grthylshzl) SP{ sup |Z'(t +5) — Z'(t)| < e}
|s|<r

(5.12)
< exp ( — 5,107 t2¢¥y1820‘21>.

Proof (a). Assume @ € (—1/2,1/2),0 <r < t/2. LetI(t,r) = [t —r,t +r]. It
follows from Lemma 3.1 that

E[(Z(s) — Z(s/))z] =17V |s =512 forall s, s €I, r).
Hence, there exists a constant ¢s,11 € (0, 0o) satisfying that for all 0 < & < r®+1/2,
v 2
Ne(I(t,r)) <cs gt 2 g 20 r = (e).

Then, the function v (¢) satisfies (5.3) with K| = K, = Z%H > 1. Hence, the lower
bound in (5.11) follows from (5.4) in Lemma 5.1.

Next, Lemma 3.1 and Proposition 3.2 show that the conditions of Theorem 2.1 of
Monrad and Rootzén [27] are satisfied. Hence, the upper bound in (5.11) follows from
Theorem 2.1 of [27].

(b). As noted earlier, when « € (1/2, 3/2) the Gaussian process {Z'(t)};>0 is a
generalized Riemann—Liouville FBM. Hence, (5.12) follows from (5.11). This finishes
the proof. O
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6 Chung’s Law of the Iterated Logarithm for Z

As applications of small ball probability estimates, Monrad and Rootzén [27], Xiao
[38], and Li and Shao [21] established Chung’s LILs for fractional Brownian motions
and other strongly locally nondeterministic Gaussian processes with stationary incre-
ments. Notice that the generalized Riemann-Liouville FBM Z does not have stationary
increments. Here, we will use the small ball probability estimates and the Lamperti
transformation in the last two sections to establish Chung’s LIL for Z at points away
from the origin when o € (—1/2, 1/2). The case of « = 1/2 is open for Z as well as
GFBM X.

Proposition 6.1 Assume o € (—1/2, 1/2). There exists a constant cg,; € (0, 00) such
that for every t > 0,

. |Z(t+5) — Z(1)]
lim inf sup

=co1t ™" as 6.1
r=0+ |s|<r ra+1/2/(]n In 1/r)°‘+1/2 C6,1 as 6.1)

For proving Proposition 6.1, we will make use of the following zero-one law, which
implies the existence of the limit in the left hand side of (6.1). Notice that the constant
c/6’1 in (6.2) can be 0 or co.

Lemma 6.1 Assume a € (—1/2, 1/2). There exists a constant c/6’1 € [0, oo] such that
foreveryt > 0,

. |Z(t +5) — Z(1)| ;)2
lim inf =cy 177 s 6.2
1 )(l)r}r |§|u£ r“"’l/z/(lnln 1/r)a+l/2 6,1 a.s (6.2)

Proof We start with the stationary Gaussian process U = {U(s)}scr in (4.3). As in
the proof of Lemma 2.1 in [37], we write for every n > 1,

Un(s) = / e W (dh).
n—1<|i|<n

Then, the Gaussian processes U, = {U,(s)}ser, n > 1, are independent and
o0
U(s) =Y Un(s),
n=1

where the series is a.s. uniformly convergent on every compact interval in R. As
in the proof of Proposition 2.1, we can verify that every U, (s) is a.s. continuously
differentiable (or as in [37], we show that U,(s) is almost Lipschitz on compact
intervals). Therefore, for every x € Rand N € N,

| Un(x +5) — Up(s)) | o

-
PR P e i 1y 2
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Hence, for every x € R and ¢ > 0, the event

lim inf
RO o e 2/ (nIn 1yt 172 =

U —-U
EC:{ UG +9)—U®|  _ }
is a tail event with respect to the sequence {U,},>1 of independent processes. By
Kolmogorov’s zero-one law, we have P(E.) = 0 or 1. Let C/é,l = inf{c > 0 :
P(E.) = 1}, with the convention that inf § = oo. Then, C%,l € [0, oo] and

. |[U(x +s) — U(x)] /
lim inf —c ., as. 6.3
PO m et 2 (Inn 1 /et — 6l 88 (6.3)

Moreover, cg, | does not depend on x because of the stationarity of U.
Next, we use (6.3) and Lamperti’s transformation to show (6.2). For any ¢+ > 0
fixed, 0 < r <t and |s| < r, we write
Z(t+s)— Z(1)
= [+ 9" —t"un@t + 5) + " [Un(t +5)) — U(In1)] (6.4)
= [+ —t"un@ + ) +t"[U(Int + In(1 +5/1)) — U(In1)].
Since the first term is Lipschitzin s € [—r, r] and In (1 + %)) ~ s/t ass — 0,itcan

be verified that (6.2) follows from (6.4) and (6.3) with x = In¢. O

It follows from Lemma 6.1 that Proposition 6.1 will be established if we show
C%,l € (0, c0). This is where Propositions 3.2, 5.2, Lemma 4.2 and the following
version of Fernique’s lemma from [13, Lemma 1.1, p.138] are needed.

Lemma6.2 Let {£(t)};>0 be a separable, centered, real-valued Gaussian process.
Assume that

E[€@+m —§07] <ot >0, h>0,

for some continuous nondecreasing function ¢ with ¢(0) = 0. For any positive integer
k > 1 and any positive constants t, x and 0(p), p € N, we have

[e¢) (0.¢]
Pl sup [E(s) — £(0)] > xe(t) + Z 0(p)p (tk*”) < kzeﬂﬂ/z + Z k2p+1679(p>2/2.
0<s<t p=1 p=1
We now give the proof of Proposition 6.1.

Proof of Proposition 6.1 Without loss of generality, we may assume ¢ > 1. We first
prove the lower bound. For any integern > 1,letr, = e ". Let 0 < § < c58 be a
constant and consider the event

A, = { sup |Z(t +s) — Z(1)| < 8%+ 77/ r3+‘/2/(1n1n(1/r,,))“+1/2}.

[s|<rn
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Proposition 5.2 implies that for any n € N,
P{A,} < exp(— Cz—’glnn> —n 8 (6.5)
Since Y 2 P{A,} < oo, the Borel-Cantelli lemma implies

Z(t+s)—Z(
liminf sup a+l‘/2( ) ( )} > §et1/24=v/2, a.s. (6.6)
n=>00 |s1<r, ry /(nln(1/r,))e+1/2

It follows from (6.6) and a standard monotonicity argument that

|Z(t +5) = Z(1)] _
lim inf > cent V2, s, 6.7
ROt i e 2 (n In(1/r))ect1/2 = 62 as ©.7)

for some constant cg 2> € (0, 00) which is independent of ¢ > 0.

The upper bound is a little more difficult to prove due to the dependence structure
of Z. In order to create independence, as in Tudor and Xiao [35], we will make use of
the following stochastic integral representation of Z:

Z(t):tH/Re"““fW(d/\), >0 (6.8)

where H = o — y /2 + 1/2. This follows from the spectral representation (4.3) of U.
For every integer n > 1, we take

th=n"" and d,=n"t1/>"2 (6.9)

It is sufficient to prove that there exists a finite constant ce 3 such that

Z(t+s)— Z(t
liminf sup a+1|/2( ) ( )| < c6,3t_y/2 a.s., (6.10)
=00 is1<ty t, /(lnln(l/tn))"“H/2

Let us define two Gaussian processes Z; and Zn by
Zn(t) = IH/ MW (dh) 6.11)
[Al€(dn—1.dn]

and

Za(t) = IH/ MW (dn), (6.12)
M|¢(dn—l »dn]

respectively. Clearly, Z(t) = Z,(t) + ZZ (t) for all ¥ > 0. It is important to note that
the Gaussian processes Z,(n =1,2,...) are independent and, moreover, for every
n > 1, Z, and Z, are independent as well.
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Denote h(r) = ret1/2 (1n ln(l/r))_(aH/z). We make the following two claims:

(i) There is a constant § > 0 such that

[s|<tn

oo
ZIP’{ sup |Z,(t +5) — Z,(1)| < 8“+1/2t_y/2h(t,,)} =o0. (6.13)
n=1

(ii)) Forevery ¢ > 0,

ZP{ sup |Z(t +5) — Zy ()] > et_y/2h(tn)} < 0. (6.14)
1

n= Is|<tn
Since the events in (6.13) are independent, we see that (6.10) follows from (6.13),
(6.14) and a standard Borel-Cantelli argument.

It remains to verify the claims (i) and (ii) above. By Proposition 5.2 and Anderson’s
inequality [2], we have

IP’{ Sup | Z,(t +5) — Zu(s)| < 5°‘+]/2ty/2h(t,,)}

s|<tn

> P{ sup |Z(t +5) — Z(s)| < 8TV2 7V 2wt )}
{ I51<tn | | " (6.15)
> exp ( — 0?3—7 In(nIn n))
_%a
= (n In n) L
Hence, (i) holds for § > c¢5 7.
In order to prove (ii), we divide it into two terms: For any [s| < #,,
]E((Z,(t—i—s) B 2n(t))2> :/ It 4 5)H oiMInG+s) _tHeiMm|2fU(A)d)L
[A|<dn-1

+/ |(t +S)H pirIn(t+s) _ H eiAlnt|2 fu ) dr
[A]>dy

=T+ %.
(6.16)

The second term is easy to estimate: For any |s| < t,, there exists cg4 € (0, 00)
satisfying that

Jr <2 (t2H + (t +s)2H> / fu)dh < cos p—Qat(+1/2-0)
|A|>dn

(6.17)

where the last inequality follows from (4.9).
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For the first term 71, we use the following elementary inequalities:
‘(x + —xH‘ < |H|max {fol, (x + y)Hfl} ly|, forall0 < |y| < x,

1 —cosx < x2forall x € R and In(1 4+ x) < x for all x > O to derive that for any
|S| S tl’l,

= H_H)’ H H t+s
Ji = /IAAIEdn—l |:((t +s)7 —1 ) +2(t+s5)"t (1 — cos ()Lln . ))i| fu(h) dr
E%max{tZ(H71)7(t_i_s)z(Hfl)}sz/R Fu(yda

£ + ) 11 12 (1 n 5) / 32 fu () dx
17 Sl <dy

<c65 ( / Su)dr+ f A2 fu(h) dk) n=2,
R [A<dp—1

Here, c6 5 isin (0, 00). By (4.8) and (4.9), and the fact that2n > Qa+1)(n+1/2—«)
forany o € (—1/2 4 y/2,1/2). we have

Ji < ceon” 22 tD0t1/2m) (6.18)
for some constant cg 6 € (0, 00).

Put§ = Qo+ 1)(1/2 — o). By Lemma 3.3, (6.16), (6.17) and (6.18), there exists
a constant K > O such that for0 < h < t,,

0 (h)? := K min {h2“+1, n—<2“+1)"—5} >E [(Zl(t +h)— Zn(t))z] .
Put x, = (8Inn)'/2. Given ¢ > 0, define
6u(p) = £(p + D20t fgn (12n™>")  forall p = 1.
For large enough n, we have

0,(p) > 4(Inn)'/22P/2 forall p > 1

and

oo
5 (tn) + 3 0u(Pgn (102" ) < eh(tn).
p=1
Since
oo ) [o.clNe ] |
.
Z n2€_x"/2 + Z Z ,,12'7 e—8(lnn)2” < 00,
n=1

n=1 p=1
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by applying Lemma 6.2 with &(s) = Zn(t £5) — Z,(t) for 0 < s < t,, we obtain
that

ZP{ sup |Zu(t +5) — Zu(0)] > et_y/zh(tn)} < 0.

n=1 [s|<ty

This proves (6.14) and hence Proposition 6.1. O

Remark 6.1 In light of Proposition 6.1, it is natural to study Chung’s LIL of Z at the
origin. While doing so, we found that there is an error in the proof of Theorem 3.1 in
Tudor and Xiao [35], which gives Chung’s LIL for bifractional Brownian motion at
the origin. More precisely, the inequality (3.30) in [35] does not hold. Hence, Theorem
3.1 1in [35] should be modified as a Chung’s LIL at ¢t > 0, which is similar to Theorem
1.4 and Proposition 6.1 in the present paper.

It turns out that Chung’s LIL at the origin for self-similar Gaussian processes that do
not have stationary increments such as GFBM X, the generalized Riemann—Liouville
FBM Z, and bifractional Brownian motion is quite subtle. A different method than
that in the proof of Proposition 6.1 or that in [35] is needed for proving the desired
upper bound. Recently, this problem has been studied in the subsequent paper [36] for
GFBM X by modifying the arguments of Talagrand [33].

Similarly, for « € (1/2, 3/2), we have the following Chung’s LIL for Z’.

Proposition 6.2 Assume o € (1/2, 3/2). There exists a constant ce7 € (0, 00) such
that for any t > 0,

Z'(t —Z'(t
liminf sup 2t +5) @l =ceqt ", as. (6.19)
r—0+ g<s<, r*"1/2/(Inln 1/r)e=1/2 ’

Proof Recall from (3.31) that, for ¢ € (1/2, 3/2), the derivative process {Z'(t)};>0
is a generalized Riemann-Liouville FBM with indices ¢’ = o — 1 € (—1/2, 1/2)
and y € (0, 1). Hence, the proof of (6.19) follows the same line as in the proof of
Proposition 6.1. We omit the details. O
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7 Proofs of the Main Theorems

In this section, we prove our main results for GFBM X stated in Section 1.

7.1 Proof of Theorem 1.1

(a) Assume that @ € (—1/2 + y /2, 1/2). By Proposition 2.1, we know that for any
0 <a < b < o0, Y(¢) is continuously differentiable on [a, b]. Then,

. Yt +h) - Y@
lim sup sup : =0
e~>0a<r<b0<h<e h*t2+/Inh-!

By (1.17), to prove (1.5), it is sufficient to prove that forany 0 < a < b < oo,

. |Z(t +h) — Z(1)]
lim sup sup =

; 7,1, (7.1
e=>04<t<b0<h<e h*t2/Inh—!

where c7,1 is a positive constant satisfying

2 - - 2c3.6 7.2)
C = e — C —_——— =. C . .
7.2 @+1/227c36 ~ "'V @+ 125 7

Here, ¢35, ¢3¢ are constants given in (3.19).
For any ¢ > 0, let

|Z(t +h) — Z(1)]
J(e):= sup sup ; .
a<t<b0<h<e h*T2+/Inh-!

Since ¢ +— J(¢) is non-decreasing, the limit in the left-hand side of (7.1) exists
almost surely. Moreover, the zero-one law for the uniform modulus of continuity in
[24, Lemma 7.1.1] implies that the limit in (7.1) is a constant almost surely. Hence, it
remains to prove that with probability one,

lim J(e) < c7.3 (7.3)
e—0+

and
lim J(e) > c7.. (7.4)
e—>0+

The proof of (7.3) is standard. It follows from (3.19) and the metric-entropy bound
(cf. Theorem 1.3.5 in [1]), or one may prove this directly by applying Fernique’s
inequality in Lemma 6.2 and the Borel-Cantelli lemma. The lower bound in (7.4)
follows from the one-sided SLND (3.35) and Theorem 4.1 in [26]. This proves (a).
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(b) When @ = 1/2, we see that (3.20) holds for all s, ¢ € [a, b]. This implies that
the canonical metric of Z satisfies

dz(s, 1) < |s —t]\/1+ |In|s — ]|

on [a, b]. Hence, for any ¢ > 0 small, the covering number N, ([a, b]) of [a, b] under
dz satisfies

Ne(la, b)) < c7a6~" (Ine™")"/?, (1.5)

where ¢7 4 > 0 is a finite constant. It follows from Theorem 1.3.5 in [1] that almost
surely for all § > 0 small enough,

)
sup  sup  |Z(t+h)—Z@)| < c/ VIn Ny ([a, b]) de < ¢5v/In 1.
0

a<t<bdy(t,t+h)<8
(7.6)

Notice that, by (3.20), dz(t,t + h) < § is compatible to |k|/In|h|~! < §,up to a
constant factor. Hence, (7.6) implies that

sup sup |Z(t+h)—Z(t)| <crinr . (7.7)

a<t<bO0<h<r

Now, it can be seen that (1.6) follows from (7.7).

(¢). The proof of (1.7) is similar: the uniform modulus of continuity of X" on [a, b] is
the same as that of Z’ on [a, b], and the latter can be derived from (3.30) in Lemma 3.3
and the one-sided SLND (3.36) in Proposition 3.2. We omit the details here. The proof
is complete. O

7.2 Proofs of Theorems 1.2 and 1.3

Similarly to the proof of Proposition 5.1, by using Lemmas 2.1 and 5.1 , we obtain
the following lower bounds for the small ball probabilities of Y.

Lemma7.1 (a) Assumea € (—1/24y/2,1/24y/2). Then, there exists a constant
¢75 € (0, 00) such that forallr > 0, ¢ > 0,

P{ sup |Y(s)| 58} zexp(—qsr”e‘) (7.8)

0<s<r

(b) Assumea € (—1/24y/2,1/24+y/2). Then, there exists a constant c¢7 ¢ € (0, 00)
such that forallt > 0,0 <e <r <t/2,

IP{ sup [Y(r4+s)—Y (@) < e} > exp < —crerti™! s—l). (7.9)

Is|<r
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Proof of Theorem 1.2 By the self-similarity of X, we know that (1.9) is equivalent to
the following: Forany 0 < ¢ < 1,

1\ a7 1\ a7
exp ( — K4<—> +1/2> < IP{ sup |X(s)|] < 8} < exp ( — K5(—) “/2). (7.10)
€ s5€[0,1] €

By (5.1), (7.8) and the independence of Y and Z, we have

P{ sup IX(S)ISS} ZP{ sup IY(S)ISS/Z}'P{ Sup IZ(S)|§8/2}

s€[0,1] s€[0,1] s€0,1]

() o (-(7")
exp —6‘7,5— - EXp —C5’1 —
& &
1 1 a+]1/2
exp —(207,5+2°‘+1/2C5,1)(—) s
I

1
where we have used the facts that % < (é)““/z ase € (0,1) and @ < 1/2. This

proves the lower bound in (7.10).
On the other hand, by using the Anderson inequality [2] and (5.1), we have

v

v

IP’{ sup |X(s)|§8} :E|:]P’{ sup
[0,1

s€[0,1] s€[0,1]
L\an
=P} swp 1Z@lsep=exp( —esa(2) 7).
s€[0,1] €

This proves the upper bound in (7.10). The proof is complete. O

Y (s) 4+ Z(s)| < |Y(s), 5 €0, 1]”

Similarly to the proof of Theorem 1.2, by using Proposition 5.2 and Lemma 7.1,
we can prove Theorem 1.3. The detail is omitted.

7.3 Proof of Theorem 1.4

By Proposition 2.1, Y (¢) is continuously differentiable on [a, b] forany 0 < a < b <
00. Hence, Chung’s LILs of X (or X’ when it exists) at a fixed point # > 0 is the same
as that of Z (or Z’) at t. Therefore, (1.12) and (1.13) follows from (6.1) and (6.19),
respectively. O

Remark 7.1 The small ball probabilities in Theorems 1.2 and 1.3 and the one-sided
SLND in Proposition 3.2 can be applied as in [38] to refine the results in (3.21) and
(3.22) by determining the exact Hausdorff measure functions for the graph and level
set of GFBM X. We refer to Talagrand [32,34] for further ideas on investigating other
related fractal properties of X.
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7.4 Proof of Theorem 1.5 and the time inversion of X

Proof of Theorem 1.5 As in the proof of Theorem 1.4, it is sufficient to prove (1.14)-
(1.16) for Z and Z’, respectively.

First, we consider the case when o € (—1/24y /2, 1/2). It follows from (6.4) that
for any fixed ¢t > 0,

lim sup sup [ZG+h - 2O _ /2 lim sup sup U +h) —UX)|
r0+ |hj<r FeT12/InIn1/r o0t h2r rOT2/InIn)r
(7.11)

where x = In¢. By Lemma 4.1, we see that the Gaussian process {U (s) — U (0)}scr
satisfies the conditions of Theorem 5.1 in [26] with N = 1 and o' (s, 1) =< |s — £|*T1/2
on any compact interval of (0, 0c0). Consequently, there exists a constant k12 € (0, 00)
which does not depend on x such that

lim sup su |U(x+h)—U(x)|_K a.s (7.12)
r_)O+P|h|§Pr ret 12 inini/r 12, as. )

Combining (7.11) and (7.12) yields (1.14) for Z.

When o = 1/2, we see from Lemma 4.1 that Condition (A1) in [26] is satisfied
with N =lando(s,t) < |s—t]|,/1 + | In|s — t|| on any compact interval of (0, 00).
This case is not explicitly covered by Theorem 5.1 in [26]. However, an examination
of its proof shows that we have

: U(x +h) —Ux)
lim sup sup =

= K13, a.s. (7.13)
r—0+ |nj<r '/In(1/r) Inln1/r

for a constant k13 € (0, 0o) that does not depend on x. Therefore, by combining (7.11)
and (7.13) we obtain (1.15) for Z.

Finally, when « € (1/2, 1/2 + y/2), the proof of (1.16) for Z’ is similar to that of
(1.14) for Z given above. There is no need to repeat it. The proof of Theorem 1.5 is
complete. O

The following result is the time inversion property of GFBM X. It allows us to
improve slightly Theorem 6.1 in [11], where the law of the iterated logarithm of X at
the origin was proved under the extra condition of o > 0.

Proposition 7.1 Let X = {X(1)};>0 be a GFBM with parameters y € (0, 1) and
a e (—=1/2+y/2,1/2 + y). Define the Gaussian process X = {X(t)};>0 by

X0 =0, X)="'x1/1), t>0.
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Then, X and X have the same distribution. Consequently, there exists a constant
k15 € (0, 00) such that

i | X (r)]
imsup —————— = k15, a.s. (7.14)
r—>0+ r/Inlnr—1

Proof Since X and X are centered Gaussian processes, it is sufficient to check their
covariance functions. For any 0 < s <1,

~ ~ 1 o 1 o _
E[X(0)X(0)] = (0" /R ((; —u), - <—u>i) ((; —u), - (—u)i) | du

_ /R (= 0% — (“0)%) ((5 = )% — (—0)%) o] Vd
=E[X(s)X ()],

where a change of variable u = v/(st) is used in the second step. This proves the first
part of Proposition 7.1.

The time inversion property, together with the LIL of X at infinity in [11, Theorem
5.1], implies (7.14). The proof is complete. O

7.5 Proof of Theorem 1.6

By Proposition 2.1, Y (¢) is continuously differentiable in (0, oo). Hence, for every
a€(—1/2+y/2,1/2),t > 0 and for every compact set £ C R,

Xt +ur) —X@) ZGt+uwr)—2O|_, (7.15)

lim su -
U0 b RSV La+1/2

Therefore, X has the same tangent process as that of Z at¢ € (0, 0o0), and Theorem 1.6
follows from Proposition 3.1. O
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