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a-TIME FRACTIONAL BROWNIAN MOTION: PDE CONNECTIONS
AND LOCAL TIMES*

ERKAN NANE!, DONGSHENG WU? AND YIMIN XI1AO?

Abstract. For 0 < a < 2 and 0 < H < 1, an a-time fractional Brownian motion is an iterated
process Z = {Z(t) = W (Y (t)),t > 0} obtained by taking a fractional Brownian motion {W(t),t € R}
with Hurst index 0 < H < 1 and replacing the time parameter with a strictly a-stable Lévy process
{Y(t),t > 0} in R independent of {W(¢),t € R}. It is shown that such processes have natural
connections to partial differential equations and, when Y is a stable subordinator, can arise as scaling
limit of randomly indexed random walks. The existence, joint continuity and sharp Hoélder conditions in
the set variable of the local times of a d-dimensional a-time fractional Brownian motion X = {X(t),t €
Ry} defined by X(t) = (Xl(t), e ,Xd(t)), where ¢ > 0 and X, ..., X4 are independent copies of Z,
are investigated. Our methods rely on the strong local nondeterminism of fractional Brownian motion.
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1. INTRODUCTION

In recent years, iterated Brownian motion and related iterated processes have received much research in-
terest. Such iterated processes are connected naturally with partial differential equations and have interesting
probabilistic and statistical features such as self-similarity, non-Markovian dependence structure, non-Gaussian
distributions; see [2,10-12,17,18,28,29,33,44] and references therein for further information. Inspired by these re-
sults, we consider a new class of iterated processes called a-time fractional Brownian motion (fBm) for 0 < oo < 2
and 0 < H < 1. These are obtained by taking a fractional Brownian motion of index H and replacing the time
parameter with a strictly a-stable Lévy process Y. More precisely, let W = {W(t¢),t € R} be a fractional
Brownian motion in R with index H, which is a centered, real-valued Gaussian process with covariance function
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and W(0) = 0 a.s. Here and in the sequel, | - | denotes the Euclidean norm. Let Y = {Y(¢),t > 0} be a
real-valued strictly a-stable Lévy process, 0 < a < 2, starting from 0; see Section 3 for its definition and [9,36]
for further information. We assume that W and Y are independent. Then a real-valued a-time fractional
Brownian motion Z = {Z(t),t > 0} is defined by

Z(t)y=W(Y(t), t>0. (1.1)

For a = 2 and H = 1/2, this is the iterated Brownian motion of Burdzy [10]. When 0 < v < 2 and H = 1/2,
7 is called an a-time Brownian motion by Nane [30]. Aurzada and Lifshits [3] and Linde and Shi [27] studied
the small deviation problem for real-valued a-time Brownian motion. Nane [32] studied laws of the iterated
logarithm for a version of Z. Moreover, when Y is symmetric, for o = 1, 2 and H = 1/2 these processes have
connections with partial differential operators as described in [2,31].

More generally, it is easy to verify that the process Z has stationary increments and is a self-similar process
of index H/a. The latter means that, for every constant ¢ > 0, the processes {Z(t) : t >0} and {c~#/*Z(ct) :
t > 0} have the same finite-dimensional distributions. Gaussian and stable self-similar processes have been
studied extensively in recent years; see Samorodnitsky and Taqqu [35], Embrechts and Maejima [20] for further
information. The a-time fractional Brownian motions form an important class of non-Markovian and non-stable
self-similar processes, except in the special case when H = 1/2 and Y is a stable subordinator [In this case,
Z is a symmetric stable Lévy process]. As will be shown in this paper, they have natural connections to partial
differential equations and can arise as scaling limit of randomly indexed random walks with dependent jumps.
Hence they can serve as useful stochastic models in many scientific areas including physics, insurance risk theory
and communication networks. Moreover, because they are non-Markovian and have non-stable distributions,
new methods are often needed in order to study their properties.

When a < 2, the sample function of the a-time fractional Brownian motion Z is not continuous and its
irregularity is closely related to those of W and Y. One of our motivations of this paper is to characterize the
irregularity of Z in terms of the parameters H and . We do this by studying the existence and regularity of
the local times of a-time fractional Brownian motion X = {X(¢),# > 0} with values in R? defined by

X(t) = (Xl(t)w"aXd(t))a (t > O)a (12)

where X; = W;(Y;(t)) (j =1,...,d). We assume that W1,..., W, are independent copies of W, Y7,...,Yy are
independent copies of Y, and {W,} and {Y;} are independent. We will call X = {X (¢),¢ > 0} a d-dimensional
a-time fractional Brownian motion. It is clear that X is also self-similar of index H/a and has stationary
increments.

The rest of this paper is organized as follows. In Section 2, we study the PDE connections of a-time fractional
Brownian motions, and prove that they can be obtained as scaling limit of randomly indexed random walks
with dependent jumps. These results provide some analytic and physical interpretations for a-time fractional
Brownian motions.

In Sections 3 and 4 we investigate the existence, joint continuity and sharp Hoélder conditions in the set
variable of the local times of a d dimensional a-time fractional Brownian motion X. In the special case of
d = 1, W is Brownian motion and Y is a symmetric a-stable Lévy process with o > 1, the existence and
joint continuity of the local time of Z have been proved by Nane [30]. The methods used in this paper differ
from those of Nane [30]. The latter uses the existence of local times of Brownian motion in R as well as the
existence of local time of symmetric stable Lévy processes, which does not exist whenever « <1 ord > 1. Our
Theorem 3.1 implies that, for the a-time Brownian motion X in RY, local times exist in the case d = 1 for
a > 1/2; in the case d = 2 for a > 1 and in the case d = 3 for o > 3/2. Moreover, Theorem 4.1 shows that
these local times have jointly continuous versions.

The methods of Sections 3 and 4 rely on the Fourier analytic argument of Berman [7,8] and a chaining
argument in Ehm [19]. In order to derive crucial moment estimates for the local times, we make use of the
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strong local nondeterminism (SLND) of fractional Brownian motion proved by Pitt [34] as well as several
nontrivial modifications of the arguments in Xiao [43,44].

Finally, we provide some technical lemmas as an Appendix in Section 5.

Throughout the paper, we will use K to denote an unspecified positive finite constant which may not neces-
sarily be the same in each occurrence.

2. PDE CONNECTIONS AND SCALING LIMITS OF RANDOMLY INDEXED RANDOM WALKS

In this section we show that a-time fractional Brownian motions have natural connections to partial differen-
tial equations. They may also arise as scaling limit of randomly indexed random walks with dependent jumps.
These results provide some analytic and physical interpretations of a-time fractional Brownian motions. These
results show that a-time fBm can serve as useful stochastic model in various scientific areas.

2.1. PDE connections

The domain of the infinitesimal generator A of a semigroup T'(¢) defined on a Banach space H is the set of
all ¢ € H such that the limit
lim L@Wp(2) = p(x)

t—0 t
exists in the strong norm of H.

Let A = Z;l:l %{% be the Laplacian operator, and let §(z) be the Dirac-delta function. The density of
J

Brownian motion W in R is f(t,z) = We_lxlz/%. Let

T(t)p(x) = /Rd ftz —y)e(y)dy

be the semigroup of Brownian motion on L?(R%). Then the generator of T'(t) is A with the domain Dom/(A) =
{p € L2(R?) : Vo € L?(R%)}, where Vi is the weak derivative of ¢. See Section 31 in Sato [36] for more details
and semigroups on other Banach spaces. Let ¢ be a function in the domain of the Laplacian. Then the function
u(t,z) = T(t)p(x) is a solution of the heat equation

0 1
— =-A R?
aﬁu(t,yc) 5 u(t,z), t>0,z¢eR
u(0,2) = p(z), = €R™L (2.1)
In the case H = } and Y(t) is stable subordinator of index 3/2, 0 < 8 < 2 with E(e™*Y®) = et
W (Y (t)) is a symmetric stable process of index 8 in R%. The density of W (Y (t)) is given by
0 o] e—\;c\2/23
o) = [ o= [ o
where p;(s) is the density of Y (¢). Then the function
u(t.a) = E LoV ()] = | T @lm(s)ds
is a solution of
0
Eu(t,x) = 27PN Pyt x), t>0, zcR? (2.2)

u(0, ) Y(z), xR
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where —(—A)?/2 is the fractional Laplacian with Fourier transform

/ M [ (= A)P Py ()] de = —|k|? / ety () de,
Rd

Rd

for functions ¢ in the domain of the fractional Laplacian, see [36], Theorem 31.5 and Example 32.6.

For the case of H = 1 and a = 2, Allouba and Zheng [2] and DeBlassie [17] showed that, for any function ¢
in the domain of the Laplacian, the function u(t,z) = E;[p(W (Y (t)))] solves the Cauchy problem

9 Ap(z) 1., d

—u(t = —A“ul(t t>0 R

8tu( ,T) ot + 3 u(t, z), >0, x€
u(0,z) = op(z), =R

In this case u(t, z) = E.[p(W (Y (t)))] also solves the fractional Cauchy problem

1
821 ut,z) = 273%Au(t,z); zeR >0

u(0,2) = ¢(x), x € R

1
;1 u(t,-) is the Caputo fractional derivative with respect to t of order %, defined by (for fixed x € R?)
+3

aat ult,e) = % /o [augé x)] t di)% - ml ) /0 [GU(;Q I)] (t dzﬁ ’ =
see [4].

For the case H = %, @ = 1 and Y is a symmetric Cauchy process, Nane [31] showed that u(t,z) =
E.[o(W(Y (t)))] solves

Here

2 A 1
%u(t,x) = - @ix) - ZAQu(t,x), t>0, xR (2.4)
T
U(O, 1') = cp(:c), S Rda

where ¢ is a bounded measurable function in the domain of the Laplacian, with %@x—j bounded and Holder
continuous for all 1 <14, 57 <d.

Nane [31] has also established pde connection for the case H = %, and a = % for relatively prime integers
k,m, see Theorem 2.5 in [31].

For the case 0 < H < 1, d =1 and a = 2, D’ovidio and Orsingher [18] established the fact that the density
of Z(t) =W (Y (t))
6725% e

—— s
0 V2mws2H /27t

2
S
o0 o

Q(tv l‘) =2
is a solution of the first order PDE

dq(t,z)  H 0
t % = 25 (zq(t,x)), t>0,zeR. (2.5)

Now we consider an R%valued a-time fractional Brownian motion Z(t) = W (Y (t)) with a = 1. The following
theorem answers a question in [18].
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Theorem 2.1. Let W = {W(t),t € R} be an R%-valued fractional Brownian motion with index H € (0,1) and
let Y ={Y(t),t > 0} be a symmetric Cauchy process. Let fH(t,x) be the density function of W (t), p(s) be the
density function Y (t) and let §(x) denote the Dirac-delta function. Then the density function

_ =
e 2s2H t

q(t,x) = 2/0 (s, 2)p(s)ds = 2/0 rsZH) A2 7( 4 82)(15

of W(Y (t)) solves the PDE

q(t,x 2H]I H
dtor) _ 20U Ny - H(2H ~ 1)AG( 2 alt.2)

— H2A2G(4H_2),tq(t,:c), reR%t>0, (2.6)

where
(o]
Graalts) =2 [ ()£ (s.0)ds, 7 £ 0.
0
and Gy is the identity operator.

An operator similar to the operator G, was introduced in [22]. We refer to their Proposition 3.6 and
Remark 3.7 for some nice properties of that operator. For the case H # %, it might be a challenging problem to
find the right class of functions ¢ and establish the Cauchy problem that is solved by u(t, z) = E,(¢(W (Y (1)))).
This is due to the fact that v(t,2) = E,(¢(WW(t))) is not a semigroup on a Banach space. The general theory
of semigroups and their generators will not apply in this case

Proof. Recall that the density function of symmetric Cauchy process Y (t) is

t
=——— t>0 R.
pi(s) T(t2+s2) T o€

Since

0? —2t(3s% — 12)

wpt(s) = (tQ 4 52)3
and for t > 0

|2
e 0? e a2 | 2t(3s% — t?)
H _
2/0 7 (s,x) ﬁpt(s) ds = 2/0 @r Y | (2 1 7 ds < oo,

we apply the Dominated Convergence Theorem to verify the following interchange of the second derivative in ¢:

82 00 82
ﬁq(t,x) = 2/0 fH(s,x)@pt(s)ds. (2.7)

By using integration by parts to (2.7) and the facts

02 02
(@ + @)pt(s) =0;

%fH(s,x) =H52H71AfH(s,x), (2.8)



6 E. NANE ET AL.

we derive

82
Salta) = —2/ 7 sz(,ﬂpt( $)ds

= 2 (s,a) il +2/ &, ) 2 pa(s)ds
—2/0 (s )aaSQfH(s,x)ds

0 oo o 0
— 2pt(s)$fH(s,m)‘O +2/O pt(s)a (HsQH_lAfH(s,m))ds

—AQ/ pe(s)H(2H — 1)s2H 72 fH (5 2)ds + A22/ pe(s)H2sM =2 fH (5 2)ds,
0 0
where the last line follows by the dominated convergence theorem. In the above we have used that

0
. H — —
gli%f (Sa :L') aspt(s) - 0;

. 0
lim £ (s,)5-pils) =0,

55— 00

0
lim py(s)=f7(s,2) =0 (2.9)
§—00 s
and that
. 0 g v H oo em
ili%pt(s)af (s,x) —}Jli% s Af2 (s, x)
0 it H>1
| Had(x) ifo<H<L
This finishes the proof of (2.6). O

Remark 2.1. After we submitted our paper, we learned that Beghin et al. [6] has established that the density
W(Y(t)) in thecase d=1,0< H < l,a=1

w2
X e 2.2H t
t,x) =2 ds
a(t) 0o V2ns2H m(t? 4 52)

solves
2

9 5 0 22 2H 1 (,1/2)(H) 9*6()
oz v e 0z2 alt z) - mt or?

It is interesting to compare equations (2.6) and (2.10).

Ot (2.10)

z) = HH(H 1)—
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Let 0 < B8 = % < 2 for k,m relatively prime integers, and let Y (¢) be a stable subordinator of index /2. In
this case the density p;(s) is a solution of

an ak
6t2mpt( s) = wpt(s)v s,t >0, (2.11)
see Lemma 3.1 in [16]. We have the next theorem which gives an extension of the PDE in (2.2).

Theorem 2.2. Let W = {W(t),t € R} be an Rd valued fmctional Brownian motion with index H € (0,1) and
let Y(t) be a stable subordinator of index o = , where 8 = L for m = 2,3,... Then the density q(t,x) =
fooo fH (s, 2)pi(s)ds of W(Y (t)) is a solution of

82m

o2m q(t,x) = —HAViog_1) 4 q(t, ), (2.12)

where V., 1 q(t, x) fo sTp(8) fH (s, 2)pe(s)ds for v # 0 and Vy, is the identity operator.

Proof. The proof follows by integration by parts as in the proof of Theorem 2.1, and by using (2.11) with k = 1.

62m H 2m
gt = [ o) (el

/0 fH(s,x)apt(s)ds

= Peon)|] - [ o
= fH(S,x)pt(s)‘oo—/Oopt(s)(Hs2H—1AfH(S,x)) ds
0 0
= fH/ pe(5)s* T IAfH (5, 2) ds
0
= —HA/ pe(s)s2H1 fH (s, 2) ds,
0

the last line follows by dominated convergence theorem. See equations (2.7)—(2.10) in [16] to show that the
boundary terms are all zero. O

Letting H = 3 in Theorem 2.2, the density ¢(t,z) of symmetric stable process W (Y (t)) of index o = L is a

solution of
2m

otzm
Equations (2.2) and (2.13) should be compared. This result is a special case of the following result stated in
Nane [31], Lemma 3.2 that is due to DeBlassie [16] originally: Let H = % and 0 < o = % < 2, where k,m
are relatively prime. Let Y be a stable subordinator of index «/2. In this case W (Y (t)) is a symmetric stable
process of index o = £. Then the density ¢(t, z) of W (Y (t)) is a solution of

alt,x) = 5 Aalt,x). (2.13)

a2m
8t2m

at,7) = o (~A) alt, @), 5150 (2.14)

We can work out a similar connection for the case 0 < H < 1 and o = % (k and m are relatively prime integers)
by using mtegratlon by parts (2.8), and (2.14), which extends the PDE connection in Nane ([31], Thm. 2.5),

for the case H = 5,a = 2.
m
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Alternatively, for the case 0 < H < 1, a = %, k,m relatively prime integers, we have W (Y (t)) = W(B(U(t))),
where B is a Brownian motion running twice the speed of standard Brownian motion and U is a stable subor-
dinator of index a/2 = % In this case using the methods of Theorem 2.1, equation (2.5) for the density of
W(B(t)) and equation (2.11) for the density of U(t) we can obtain the PDE solved by the density of W (Y (¢)).

For many other PDE connections of different types of subordinate processes, we refer
to [2,4,5,18,31,33].

2.2. Scaling limits of randomly indexed random walks

Now we prove that the a-time fBm Z = {W(Y(t)) ,t > 0}, where W is H-fractional Brownian motion with
values in R and {Y'(¢), t > 0} is a stable subordinator of index a € (0, 1), can be approximated weakly in the
Skorohod space D ([0, c0), R) by normalized partial sums of randomly indexed random walks with dependent
jumps.

Let {¢,, n € Z} be a sequence of i.i.d. random variables with E[¢] = 0, E[¢2] = 1, and let {a,, n € Z,} be a
sequence of real numbers such that

> ap < 0.
n=0

We consider the linear stationary process {X,, n € N} defined by
oo
X =Y ajéj, neN (2.15)
§=0

Davydov [15] was the first to study the weak convergence of normalized partial sums of {X,,, n € N} to fractional
Brownian motion. The following result is taken from Whitt [42], Theorem 4.6.1.

Lemma 2.1. Let {X,,, n € N} be the linear stationary process defined by (2.15), and let S, = X1 + ...+ X,,.

If
Var(S,) =n**L(n), neN (2.16)

for some H € (0, 1), where L(-) is a slowly varying function, and
E[|S,*] < K - (E[S2])" (2.17)

for some constants a > 1/H and K > 0, then

= {W(t),t>0} (2.18)

1
———S| ), t >0
{ nt\/L(n) el }
in the Jy-topology on D ([0, 00), R), where W is a fractional Brownian motion with Hurst index H.

Example 2.2. As in ([42], pp. 123-124) we take a; = ¢j " for some constants ¢ € R\{0} and v € (3, 1), then
it can be verified that
Var(S,,) ~ c1n®7?7  asn — oo, (2.19)

where
23T —y)P(2y—1)

c f— .
T TB )’
By applying Lemma 2.1, we have that
1
{Wsmua t> 0} = {W(t),t >0}, (2.20)

in the Ji-topology on D ([0, o), R), where H = %
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Theorem 2.3. Let {X,,,n > 1} be the linear stationary process defined by (2.15) and satisfies (2.16) and (2.17)
in Lemma 2.1. Let {J,,n > 1} be a sequence of i.i.d. random variables also independent of {&,, n € Zy},
which belongs to the domain of attraction of some stable law Y with index o € (0, 1) and Y > 0 a.s. Denote by
{bn,n > 1} a sequence of positive numbers such that b,T,, =Y, where

Ty=Ji+...4+Jn, ¥Yn>1.

Then as ¢ — oo
1

—H
(b(e) "/ L(b(e) )
in the Ji-topology on D ([0, 00), R), where b(c) = bc) and T'(s) =T,.
Proof. It follows from Theorem 4.5.3 in Whitt [42] that

Sir(en ), t=0p = {W(Y(t), t >0} (2.21)

{(b(e)T(ct), t > 0} = {Y(¢), t > 0} (2.22)

in the Ji-topology on D ([0, co), R), where {Y(¢), t > 0} is a stable subordinator with index a.
Notice that {X,,, n > 1} and {J,,} are independent, we derive from Lemma 2.1 and (2.22) that as ¢ — oo

{ (%msm, b(c)T(ct)), £> 0} — (W(), Y (1)), t > 0} (2.23)

in the Ji-topology on D ([0, c0), R) x D ([0, c0), R4).
Since, for the limiting processes in (2.23), the sample function W (t) is continuous and Y'(¢) is strictly in-
creasing, the conclusion of Theorem 2.3 follows from Theorem 13.2.2 in Whitt [42]. O

3. EXISTENCE OF LOCAL TIMES

Let X = {X(t),t > 0} be an a-time fractional Brownian motion in R? defined by (1.2). In this section, we
study the existence of local times

L={L(z,B): zcR% BcBR,)}

of X, where B(Ry) is the Borel o-algebra of Ry. In Section 4, we will establish joint continuity and sharp
Holder conditions in the set variable for the local times.

We recall briefly the definition of local times. For an extensive survey, see Geman and Horowitz [21]. Let
X : R — R? be any Borel function and let B C R be a Borel set. The occupation measure of X (t) on B is
defined by

up(A)=M{teB: X(t)c A} (3.1)
for all Borel sets A C R%, where \; is the Lebesgue measure on R. If pup is absolutely continuous with respect
to the Lebesgue measure \q on R, we say that X has a local time on B and define its local time L(x, B) to
be the Radon-Nikodym derivative of pp. If B = [0,t], we will simply write L(x, B) as L(x,t). If I = [0,T] and
L(z,t) is continuous as a function of (x,t) € R? x I, then we say that X has a jointly continuous local time
on I. In this latter case, the set function L(z,-) can be extended to be a finite Borel measure on the level set

X (x)={tel: X(t)=a}.

See Adler [1], Theorem 8.6.1. This fact has been used by many authors to study fractal properties of level sets,
inverse image and multiple times of stochastic processes. Related to our paper, we mention that Xiao [44] and
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Hu [23] have studied the Hausdorff dimension, and exact Hausdorff and packing measure of the level sets of
iterated Brownian motion, respectively.

An a-stable Lévy process Y = {Y(¢),t > 0} with values in R is a stochastically continuous process with
stationary independent increments, Y (0) = 0, and characteristic exponent ¢ given by

P(z) = —o|z|” (1 — ifsgn(z) tan %) ,  a#l;
P(z) = —olz| (1 + i%ﬁsgn(z)ln(|z|)) , a=1, (3.2)

where 0 < @ < 2,0 >0 and —1 < 8 < 1 are fixed constants (we have tacitly assumed that there is no drift
term). See Bertoin [9] and Sato [36] for a systematic accounts on Lévy processes and stable laws, respectively.

Throughout this paper, we assume that Y = {Y'(¢),t > 0} is strictly stable. That is, we assume 3 = 0
in (3.2) when o = 1 so the asymmetric Cauchy process is excluded. Strictly stable Lévy processes of index «
are (1/a)-self-similar. Recall that, for ¢ > 0, p;(z) is the density function of the random variable Y'(¢). It is a
bounded continuous function with the following scaling property:

pi(x) = pre(rt/ %) r/®  for every r > 0. (3.3)

As discovered in Taylor [41], it is natural to distinguish between two types of strictly stable processes: those
of Type A, and those of Type B. A strictly stable process, Y, is of Type A, if

pe(x) >0, Vi >0, x € R;

all other stable processes are of Type B. Taylor [41] has shown that if & € (0,1) and Y is of Type B, then either
Y or —Y is a subordinator, while all other strictly stable processes of index o # 1 are of Type A. Hence, without
loss of generality, we will assume Y is either a strictly stable process of type A, or a subordinator. It will be
shown that the properties of local times of a-time fractional Brownian motion X in R¢ depends on the type
of Y.

The following existence theorem for square integrable local time of X is easily proved by using the Fourier
analysis (see, e.g., Berman [7], Geman and Horowitz [21] or Kahane [24]).

Theorem 3.1. Let X = {X(t),t > 0} be an a-time fractional Brownian motion in R?. Then for any T > 0,
X has a local time L(z,T) € L*(P X A\q) almost surely if and only if d < o/ H.

Remark 3.1. We conjecture that if d > a/H then X does not have a local time. It is known that an R%-valued
fractional Brownian motion W with index H does not have a local time when d > 1/H (this follows from
Thm. 1.1 of Talagrand [38] and Thm. 3 of Talagrand [39]) and an R%-valued a-stable Lévy process Y does not
have local time when d > « (this follows from Thm. 1 in Bertoin (][9], p. 126). However, the proofs of these
results rely on special properties of W and Y, and new method is needed in order to prove an analogous result
for a-time fractional Brownian motion X.

Proof of Theorem 8.1. Let pjo 7 be the occupation measure of X on [0,7] defined by (3.1). Then its Fourier
transform can be written as

T
Aoz (u) = / expli(u, X (1)) dt,

where (-, -) is the ordinary scalar product in R?. It follows from Fubini’s theorem that

m 2du = o exp(i{u —X(s uds
B[ FoniPdu= [ [ [ Bewitu, X() - X () dudscr (34)
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To evaluate the characteristic function in (3.4), we assume 0 < s < t (the other case is similar) and note that
the density of (Y'(¢),Y(s)) is given by

Ps,t(7,y) = ps(T)pr—s(y — ).

Since X7, ..., X4 are independent copies of Z = {W (Y (t)),t > 0}, we have

d
E exp(i(u, X (t) H exp (iup(W(Y () = W(Y (s))))

/ Eexp (iug(W(y) — W(x)))ps,(z,y) dady

I,
/ e (- Uy — a2 () dady
I,

exp ( Yk |z|2H> pi_s(2)dz. (3.5)

Il
Hz& Hz& Hz& i

To evaluate the integrals with respect to u, we make a change of variables to get

2

/Rexp ( - %% |z|2H) duy, = |z|_H/ReXp ( - %) dug,. (3.6)

It follows from (3.4), (3.5) and (3.6) that

T T d 2
_ u _
E/ |M[O,T](“)|2du:/ / [ (/ exp (—f) dug | |2| Hp|ts|(2)d2) dsdt
R4 o Jo o \Ur R
/2 H o 1
=(2 - d —— dsdt. 3.7
(2m) </R|Z| p1(z) Z) /0 /0 7 s (3.7)

In the above, we have used the fact that pj;_ (z) = [t — s|~'/*py (|t — s|71/*2) and another change of variables.
The last integral in (3.7) is finite if and only if dH/a < 1. Hence ji(:) € L*(P x A\q) if and only if
dH/a < 1. Therefore, Theorem 3.1 follows from Plancherel’s theorem (see also Thm. 21.9 in Geman and
Horowitz [21]). O
The local time L(t, ) can be formally expressed as the inverse Fourier transform of if, rj(u), namely (cf. [24],
p. 267)

Lit,z) = (%)d/R exp(—i(u, 2)) o g (w) du

_ (%)d/ot /]R exp (—i(u, z)) exp (i{u, X () duds. (3.8)

This can be justified by defining the first integral in (3.8) as

lim | exp(=i(u,z)) exp(—eluf®) fifo, (u) du,
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which is convergent in L™(P) for all n > 1 ([24], p. 271). It follows from (3.8) and the above justification that
for any x,w € R?, B € B(R,) and all integers n > 1, we have

E[L(z, B)]" = (zﬂ)*"d/n/]w exp —ii(uj,x) Eexp <izn:(uj,X(tj)>) da df (3.9)

j=1 =1
and for all even integers n > 2,

B+ B) = L B = o) [ [ T (expl=ituy,a +w) = expl=iu; )

x E exp (z <uj,X(tj)>) dadf, (3.10)

n
Jj=

1

where @ = (u1,...,u,), t = (t1,...,t,) and each u; € R, t; € B (j = 1,...,n). In the coordinate notation we
then write u; = (uj, ... ,u?). See also (25.5) and (25.7) of Geman and Horowitz [21] for a similar justification

of (3.9) and (3.10). ’

4. JOINT CONTINUITY AND HOLDER CONDITIONS

In this section, we establish the joint continuity and sharp Hoélder conditions in the set variable for the
local times of d-dimensional a-time fractional Brownian motion X. Then we apply these results to study the
irregularities of the sample paths of X (t).

We use methods which are similar to those in Ehm [19] and Xiao [43,44]. The following Lemmas 4.1, 4.2
and 4.3 give the crucial estimates for the moments of the local time of a-time fractional Brownian motion. Note
that the estimates in the case Y is of type A (i.e., (4.2) and (4.3)) are different from the case when Y is a stable
subordinator (see Lem. 4.3).

We need the fact that fractional Brownian motion W satisfies the property of strong local nondeterminism
(SLND), which was proved by Pitt [34]. More precisely, for any y1,...,yn € R,

Var (W (ya) W (1), .. W(ga1)) = K min [y — 27, (4.1)

0<j<n—1

where yg = 0 and K > 0 is an absolute constant.
Lemma 4.1. Let X = {X(¢), t > 0} be a d-dimensional a-time fractional Brownian motion with d < a/H for
which Y (t) is of type A. For any h >0, B = [0,h], x € R, any integer n > 1, we have

E[L(x,B)}" < g p(i—dH/am (n!)dH(1+1/oc)7 (4.2)

where K > 0 is a finite constant depending on d, H and o only.

Proof. Thanks to the strong local nondeterminism (SLND) of fractional Brownian motion (c¢f. Eq. (4.1)),
Lemma A.2 and the scaling property of p:(x) (¢f. Eq. (3.3)), the proof of Lemma 4.1 follows along a simi-
lar line of the proof of equation (2.11) in Xiao [44] with obvious modifications. We omit the details. O

Lemma 4.2. Under the conditions of Lemma 4.1, we have that for all even integers n > 2 and 0 < v <
imin{a/(Hd) — 1,1 - H}, z,w € R?

H(d+2v)
o

E[L(z +w, B) — L(zx, B)]" < K"|w|™ pn(1= @+ H/ @) (g ))dtr+ =22 (4.3)

where K > 0 is a finite constant depending on d, H, v and o only.
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Proof. Even though the arguments for proving Lemma 4.2 are similar to that of equation (2.12) in Xiao [44],

several essential modifications are needed.
By (3.10) and the elementary inequality

lei — 1] < 2'77|u|” forall uceRand 0< <1,

we see that for any even integer n > 2 and any 0 < v < 1,

n n
E[L(x + w, B) — L(z, B)]" < |w|”7/ / H |uj|"E exp ZZ uj, X(t;)) | dadt.
n Jrnd <
Jj=1 j=1

(4.4)

By making the change of variables t; = hs;, j = 1,...,n and u; = h’H/avj, 7 =1,...,n and changing the

letters s, v back to t,u, the self-similarity of X implies that the right-hand side of (4.4) equals

n n
|w|™ pr(1=(d+y)H/a) / ) H lu;|"E exp (ZZ uj, X ) dadt.
Rnd
Jj=1 Jj=1

[0,1)"
We fix any distinct #1,...,t, € [0,1] satisfying
0=ty <t <ta <...<tp,

and consider the inside integral in (4.5). Since for any 0 < v < 1, |a + b|" < |a|Y 4 |b]?, we have
n , n
ki
[Tl <> TLkGP.
j=1 j=1

where the summation 3 is taken over all (ki,...,k,) € {1,...,d}"™
Let us fix a sequence (k1,...,k,) € {1,...,d}"™, and consider the integral

k; _
J = u’["Ee i Uj, du
L T eess (i3 . x

Jj=1 J=1

n d n
= [ TTrzes (i30S wwivi) | an
Red 520 (=1 j=1

since X (t;) = Wi(Y1(t))), ..., Wa(Ya(t;))). Now, we condition on Yi(t;) =y, £ =1,...,d,5 =1,...

independence of the processes Y, we have that the density of
(Y:g(t]) :ylj : £: ].,...,d,j: 1,...,77,)

is given by

d n

Brrotn (Y110 Utns U213 Y2ms -5 Yats - Yan) = || [] 2oyt Wes = vegi-1))-
=1j=1

(4.5)

(4.6)

(4.7)

(4.8)

,n. By
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Let t = (t1,...,tn) and § = (Y11, -+, Y1n, Y215« - »Y2ns - -« s Ydls - - - » Ydn)- By conditioning we have

n

n d
kj o o
:/d/dnluﬂ' PEexp (i)Y uiWilye;)) | Pe(y) dudy.
Rn Rnd
j=1

(=1 j=1

For any fixed 77 € R™?, let

n d n
I :/ H |u:? |"E exp iZZuﬁWg(yh)) du
Rrd 520y =1 j=1
n . 1 d n
= uw.’|7exp | —=Var utw, da.
/H|| p | —gvar |02 wton)

Then by a generalized Holder’s inequality and Lemma A.4, we have

1/n

n d n
Ejin 1 ~
1< H /Rnd lu;” "7 exp 75\/'&1“ E g u?Wz(ygj) du
Jj=1

=1 j=1

(27“') nd2—1 / -
< ny v /2d -
= (det Cov(Wi(yes),1 <€ <d, 1<j<mn))l/? ol Uf_[ v
()Y n
< K™(n!) - e H
(det Cov(Wi(ye;),1 <£<d, 1<j<n)) iy N
- K7 (nt)? H 1
TT/_, (det Cov(We(ye;), 1< j < n))H/2 15 0%, 5
where
o7 = Var(Wi, (ur, ;)| Welyes) : £#k or £=ky, i # )
= Var(Wi, (yk; ;)| Wi, (yi,.i) : i =0 or i# j). (4.9)

For any £ € {1,...,d} and any ye 1, .., Yen, there exists a permutation my of {1,...,n} such that
Yeme(1) S Yeme(2) S - -2 S Yeme(n)-
Hence, if we write k; = ¢, then by SLND of fractional Brownian motion (4.1),

O’Zj Var(We(ye;)| We(yei): =0 or i#j)
K min{|ye ;) = Yo -0 7 ey = Yomn 77} (4.10)

Y

Hence
n

d n 1
< K" - ;
1;[ % J 41;[1]1;[1 min{[ye,r, (i) = Yero(i—1) b 1Yemei1) = Y|} 7437
where 1y ; =1 if k; = £ and 7 ; = 0 otherwise. Note that

n

d
> s =n. (4.11)

(=1 j=1
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Since

d n 1
e:HlJl;Il min{[Ye,r,(5) = YermeG-)s [YemeG+1) = Yo [} 197

<Hﬁ( 1 N 1 )
T \ver) — Hile ; - o

YerG-1) 197 Yoy (1) — Yeme |09

v od 1
72 HH <|yéw j —yé,w(jl)|H6"’”)’

(=1j=1

where the summation Z” is taken over 2" terms and dy,; € {0, 1,2} and, thanks to (4.11),

d n
0 <2 e =2n, (4.12)

M=

we obtain

n 1 ,od o n 1
H U,ij]. <K Z HH <|yl o) = } |H6@”) : (4.13)

j=1 yl,ﬂ'l(]fl)

Now we go back to estimating J. Let

Ay ={Wet - ¥em) t Yome(t) S Yor@) < - < Yomo(n) }-

Then

J<K )y ST H/

{me) R™NA

ptv—t;l(ye,j - ye,j—l) _
H< it )H(1+5e,j7)) dy| . (4.14)

m =1 ylﬂw(j) ~Yom(5-1)

Fix £ € {1,...,d} and a term in Z , we proceed to estimate the integral

n
Pr—t; 1 (Yej — Yej—1)
/ — ; Hj(l-‘rtstz 5y e, (4.15)
]R"ﬁA,re j=1 (yl,ﬂ'[(]) - yl,ﬂ'[(jfl)) A
where dge = dye1 - .. dye,n. Note that we can write (4.15) as

npw D '—1y€,71' ‘7y€,71' 1) —
/ Ly () —trp(h) ( ¢(5) H(1+5£(J-))1)dy_l' (4.16)

EnAL, o Wem() — Yem(i-1) €37

It will be helpful to notice the difference of yy r,(;)—1 in the numerator and y; ,;—1) in the denominator.
Since py(z) =t~/ p; (x/t}/®), for all t > 0, x € R. Now (4.16) can be written as

n Ye,mp(d) Yl mp()—1

1 p1<7rv77r,71/a)
/ e i (417)
R"NA

v i1 \ o) =t =) Weme) = Yeamo(i—1)) OHO0Y)

We now integrate in the order dy, ,n), dYe,xp(n—1)5 - - - s We o (1) -
A change of variables

Yo,mo(n) — Yo, mp(n)—1 = (tﬂ'e(n) - tmg(n)—l)l/a Zn
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gives
Yo, mp(n) “Ye,mp(n)—1
/Oo 1 P ((tmm*tmm—l)”") AYemym)
« X ,me(n
Ye,mp(n—1) ( me(n) — tﬂl(")—l)l/ (yeﬂw(n) - y@,m(n—l))H(lJr&[”w ‘
1 o D1 (Zn)
- H(+34,57) /5 (2n — 5)HOF0057) dzn, (4.18)
(tren) = tromy—1)  ° "
where

ye,ﬂ'g(n—l) - ye,ﬂ'g(n)—l .
)l/a

Sy =
(tro(n) = tro(n)—1

Since we have assumed 0 < v < (1 — H), so H(1 + &;,;v) < 1 for all £, j. Thus

o pl(zn)
| Gy < &

where K is a constant independent of s,,. This can be verified directly by splitting the interval [s,,, 00) into
[Sn, sn + 1] and [s, + 1, 00).
Continuing this procedure we derive

bt () ~trp()—1 (yl we(3) — yf,ﬂ'@(j)—l) B b 1
/ H ; X Yy ) (1+6¢,57) dyl = K" H H(1+5, ;) . (419)
A fmeld) I J=1 (tmz(j) - twe(j)*l) °

Combining this inequality with equation (4.14) gives

1
J < K™ (nl)Y Z HH H(1+54 57)

oTa b=1j=1 (tm(j) *tm(j)—l) ’

. 1
<K"(n)" Y H )H(dﬂzel“ )

1y Td J=1 (tj —tj_l @)

n
1
< K™ (n)7Hd , 4.20
< K" (nh) ]1_[1 (tj —tj_1)a (7€) (4.20)
where 0 < ¢; < 2d and )7, ¢; < 2n, thanks to (4.12).
Hence we have shown
E[L(z +w, B) — L(z, B)]" < K™ [w["Y A"~ DI/ (rydrtt
dt
x n H(dre;)
0<ti<.<tn<t [[i (8 — 1)@ i
< K" |w|n'yhn(1—(d+'y)H/a)(n!)d-',-'y-',-l
T = (d e
[}, P = 2(d+5e5) .

T(L+n—Y7 Zd+7e))



a-TIME FRACTIONAL BROWNIAN MOTION: PDE CONNECTIONS AND LOCAL TIMES 17

In the above we use Lemma A.3 with the fact that £ (d 4 ;) < 1 because v satisfies 0 < v < $(a/(Hd) — 1).
It is now clear that (4.3) follows from (4.21) and Stirling’s formula. This completes the proof. O

We have similar bounds for the moments of the local time in the case when Y is a stable subordinator. It
should be noted that the power of n! in (4.22) is different from that in Lemma 4.1. This will lead to different
forms of laws of the iterated logarithm for the local times in the two cases.

Lemma 4.3. Let X = {X(¢), t > 0} be a d-dimensional a-time fractional Brownian motion with d < a/H for
which Y (t) is a stable subordiantor with inder o < 1. For any h > 0, B = [0,h], z,w € R, any even integer
n>2 and any 0 <~ < $min{o/(Hd) — 1,1 — H}, we have

E[L(z, B)]" < Kn"p—dd/anpydt/a (4.22)

H(d+2v)
v+ ===

E[L(z +w,B) — L(z, B)]* < K"|w|"h 1= d+NH/a) )+ (4.23)

where K > 0 is a finite constant depending on d, H, v and « only.

Proof. The proof of (4.22) is similar to the proof of Lemma 4.1. However, since the sample function Y (t) is
increasing, for ti,...,t, that satisfy (4.6), the corresponding y; = Y'(¢;) (j = 1,...,n) satisfy y1 < ... < yn,
which leads to some clear modifications to the proof. Equation (4.23) follows similarly from the proof of
Lemma 4.2. (]

Now we are ready to prove the joint continuity result of local times.

Theorem 4.1. Ifd < a/H, then almost surely X = {X(t), t > 0} has a jointly continuous local time L(z, t)
(z € R%t > 0).

Proof. The proof follows from Lemmas 4.1-4.3 and Kolmogorov’s continuity theorem. (]

Remark 4.1. For d = 1, H = 1/2 and « > 1 this result was proved by Nane [30]. Theorem 4.1 implies
that for d = 1, H = 1/2 and a > 1/2, almost surely X (¢) (¢ > 0) has a jointly continuous local time L(z, t)
(x € RY, t > 0). Hence Theorem 4.1 is an improvement of the results in [30] and an extension of results in [44]
obtained for multidimensional iterated Brownian motion.

The following tail probability estimates are used in deriving the sharp Holder conditions in the set variable
of the local times of a-time fractional Brownian motion.

Lemma 4.4. Suppose Y is not a subordinator. For any \ > 0, there exists a finite constant A > 0, depending
on A, d, H and a only, such that for allT >0, h >0, B=[r,7+h], z,w € R?, all 0 < v < 1 min{a/(Hd) —
1,1-H}, and all u>0

]P’{L(:c +X(r),B) > Ahlde/audHU“/a)} < exp(—u), (4.24)
P{|L(:E +w+ X(7),B) — L(x + X(7),B)] > A|w|m1*<d+V>H/auC<H7a>}
< exp(—Au), (4.25)

where C(H, o) =d + v+ W'

Proof. Since X = {X (t),t > 0} has stationary increments, i.e., for any 7 > 0, the processes { X (t+7)—X (7),t >
0} and X have the same finite dimensional distributions. Hence Lemmas 4.1 and 4.2 can be reformulated as
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follows: For any 7 > 0, h > 0, B = [r,7 + h], z,w € R% any even integer n > 2 and any 0 < v <
i min{a/(Hd) — 1, 1 — H}, we have

E[L(z + X (1), B)]" < K"h(I—dH/cn(p)dH(1+1/e) (4.26)

H(d+2v)
o

E[L(z +w + X(7), B) — L(z + X (1), B)]" < K"|w|™ hI— 4+ H/e) (prydty+=5—2 (4.27)

where K > 0 is a finite constant depending on d, H, v and « only.
Now, Lemma 4.4 is a direct consequence of (4.26), (4.27) and the Chebyshev’s inequality. O

Lemma 4.5. Suppose Y is a stable subordinator of index o < 1. For any A > 0, there exists a finite constant
A > 0, depending on \, d, H and o only, such that for all 7 > 0, h > 0, B = [r,7 + h], z,w € RY, all
0 <~ <imin{a/(Hd)—1,1-H}, and u >0

P{L(x + X(7),B) > Ahl_dH/o‘udH/“} < exp(—Au), (4.28)
]P’{|L(:c+w+X(T),B) —L(z+ X(7),B)] > A|w|7h1*(d+7)H/auD(Hv”‘)}
< exp(—Au), (4.29)

where D(H, o) = v + W~

The proof of Lemma 4.5 follows the same idea as that in the proof of Lemma 4.4, with an application of
Lemma 4.3. We omit it here.

The next lemma shows that process the real-valued process Z(t) = W (Y (t)) has heavy tails as in the case of
Y. This might make this process more desirable, since it has heavy tails without independence of increments
and with the stationarity of the increments. We need the following lemma to prove Lemma 4.7 for a two sided

estimate of ]P’{ Supg<i<1 |2 ()] > u}, which will be useful in proving Theorem 4.2.

Lemma 4.6. Letd=1,0< H<1and 0 < a <2, andlet 0 <a <b then

. IP{|Z(b) ~ Z()| > u} o

uU— 00 u*a/H

for some finite constant C' > 0.

Proof. By using the stationarity of the increments and the self-similarity of W and Y we get

P{|Z(b) = Z(a)| > u} = P{IW (Y (b - a))| > u}

=P {- o)y W) > uf

_ /Oo B~ a) Y (1)]7]s] > u} £ (s)ds

— 00

- /Oo P {|Y(1)| > ul/H(p— a)*l/a|s|*1/H} FH(s)ds, (4.30)

— 00

&2
here f(s) = o

75— is the density of W(1).
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The following is a well-known result

" ]P’{IYil_)L> o} )

for some k > 0; see, for example, Bertoin [9]. Hence, for fixed a < b, s € R, and as x — oo

P{IY (D) > &/ (b — a) /2 |s| 17}~ k(@ H (b~ a)~H/es|H/H)
= ka=/H (b — a)|s|/H. (4.31)

Now we apply the Dominated Convergence Theorem in equation (4.30) to get

IP{|Z(b) ~ Z(a)| > x}

oo
: _ _ oa/H ¢H
111_>H;O e =k(b—a) /_Oo [s|* £ (s)ds
= k(b —a)2*/*H 772D ((a 4+ H)/2H). (4.32)
Hence the constant in the theorem is C' = k2%/?H7=1/2T((a + H)/2H). O

Lemma 4.7. Letd=1,0< H <1 and 0 < a < 2. There exists a finite constant K > 0 such that for u > 1,

K~ ty=/H < P{ sup |Z(t)| > u} < Ku~/H, (4.33)
0<t<1

Proof. Let S(t) = supg<,<; |Y(s)|. Then, by using the scaling property of W and conditioning, we have

P{ sup |Z(t)] > u} g]P’{ sup W (z)| > u}

0<t<1 |z|<S(1)
u
=E(P< sup |[W(zx >—‘Y} . 4.34
({mq|<>| o (134)
It is well known that, for any € > 0, there exists a finite constant K such that for all © > 0
u2
P <K — . 4.
|21|1§pl|W(x)| >up < K exp ( ) +€) (4.35)
See, for example, Lifshits [26], Section 14. Consequently
u2
P sup |Z(t)| >up < KEexp| ————5—7 | - 4.36
{2, 1201 > v} < KB (- Ty 30

Since, for all z > 0, the function g(x) = exp ( - #) has positive derivative

‘@) 2H u? u? 1
x) = exp | —
g 21c O (2 + e)a2H ) g2H+1”
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we derive

00 2 1
< Ku? - v
P{05§21§)1|Z(t)| >u} < Ku /0 exp( (2+€):L’2H) :E2H+1P{S(1) >x}dx

o 1 L
— K /O exp < o s)yQH) y2H+1P{S(1) > ut/fylay, (4.37)

1/H

where the last inequality follows from the change of variable z = u"/"y. Now by using the well-known estimate
P{S(1) >y} <K (1Ay™ ), Yy >0,

we obtain that for all u > 1,

> 1 1 \H —a/H
/0 exp<(2+€)y2H> y2H+1P{S(1)>u y} dy < Ku ,

where K > 0 is a finite constant. This and (4.37) together give the upper bound in (4.33).
The lower bound in (4.33) follows from Lemma 4.6 and the fact that

P{|Z(1)] > u} = Os<1t181]P’{|Z(t)| >up < ]P’{ Oiligl |Z(t)] > u} (4.38)

The first equality in Equation (4.38) follows from the fact that the function
t = P{|Z(t)] > u} = ]P’{|Z(1)| > t_H/“u}

is an increasing function for ¢ € (0, 1]. ]

The following theorems are for laws of the iterated logarithm for the maximum local time L*([r,7 + h]) =
sup,ere L(x, [T, 7 4+ h]) and uniform Hélder conditions of local times of a-time fractional Brownian motions.

Theorem 4.2. Let d < oo/ H and suppose Y is not a subordinator.
(1) There exists a finite constant K > 0 such that for any T > 0 with probability 1

. L(xz,7+ h) — L(z, 1)
B SUp SUD 33— (log log h-1)aH (L1172 = 1 (4.39)

(2) For any T > 0, there exists a positive constant K such that almost surely

) L(z,t + h) — L(z,t)
LS S S T g T < (440

Proof. Equation (4.39) follows from Lemma 4.7 and a chaining argument as that in the proof of Theorem 2
in [44]. The proof of equation (4.40), using Lemma 4.4, is very similar to that of Xiao [44], Theorem 3 and
Ehm [19], Theorem 2.1. We omit the details. O

Theorem 4.3. Let d < o/ H and suppose Y is a stable subordinator of index o < 1.
(1) There exists a finite constant K > 0 such that for any T > 0 with probability 1

. L(xz,7+ h) — L(x, 1)
<
R R AT oglog oy = o
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(2) For any T > 0, there exists a finite constant K > 0 such that almost surely

' L(z,t+ h) — L(x,1t)
< K. )
hIerljblpO?tlgT fél@ hi=dH/a(log h—1)dH/a = K (4.42)

The Holder conditions for the local time of a stochastic process X (t) are closely related to the irregularity
of the sample paths of X (¢) (¢f. Berman [7]). In the following, we will apply Theorems 4.2 and 4.3 to derive
results about the degree of oscillation of the sample paths of X (¢).

Theorem 4.4. Suppose Y is not a stable subordinator. Let X = {X(t),t € Ry} be an a-time fractional
Brownian motion in R with H < «. For any T € Ry, there exists a finite constant K > 0 such that

[ X(s) = X(7)|

lim inf > .S. 4.43
min 55311(1:’” rH/e [(loglog 1 /r)H(1+1/a) = a.s ( )
For any interval T C R4
X(s)— X
liminf inf sup [X(s) (7)l a.s. (4.44)

=0 t€T sep(t,r) T/ /(log 1/r)HAH/@) =

In particular, X (t) is almost surely nowhere differentiable in R .

Proof. Clearly, it is sufficient to consider the case of d = 1, where the condition of Theorem 4.2 (i.e. 1 < o/H)
is fulfilled. For any interval @Q C R,

M(Q) = /X(Q)L(””’ Q) < L*(Q) ( s 1 () - X<t>|). (4.45)

Let Q = B(7,r). Then (4.43) follows immediately from (4.39) and (4.45). Similarly (4.44) follows from (4.40)
and (4.45). O

Remark 4.2. Theorem 4.4 extends partially the results obtained by Nane [30].

Theorem 4.5. Suppose Y is a stable subordinator of index o < 1. Let X = {X (t),t € Ry} be a-time fractional
Brownian motion in R? with H < a. For any T € Ry, there exists a finite constant K > 0 such that

liminf sup [X(s) = X(7)] >K as. (4.46)
r—0 se€B(T,r) TH/a/(log 1Og 1/T)H/a o

For any interval T' C Ry

X(s)—X
hinﬁ)i(l)lf inf sup H|/a(5) (TI)J/(X >K a.s. (4.47)
te’T seB(t,r) T /(IOg 1/T)

In particular, X (t) is almost surely nowhere differentiable in R .

Acknowledgements. Authors would like to thank the two referees for their comments and corrections that helped improve
the paper.
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A. APPENDIX

As an appendix, we provide the following lemmas, which are used in the proofs of our main results in
Section 4. Lemma A.1 is from Xiao [44], which is used to prove Lemma A.2.

Lemma A.1. Let 0 <y < 1 be a constant. Then for any integer n > 1 and any x1,...,x, € R, we have

1
1
/ - - de < Kn”,
0 m1n{|£L'*l‘j|'Y,‘7 =1,...,n}

where K > 0 is a finite constant depending only on ~.

Lemma A.2. Let 0 <y <1 be a constant. Then for any integer n > 1 and any x1,...,x, € R, we have
. pl(xl) dz < Kn?, (A.1)
R m1n{|:cf:Ej|7,] =1,...,n}

where K > 0 is a finite constant depending only on v and c.

Proof. We recall the following asymptotic bounds from [37] for the stable density function p;(z) as  — oo
(the asymptotics for the case © — —oo are obtained by changing = to —z). For 0 < a < 1:

pi(z) < Kz ) as 2 — .
For @ =1 and 8 = 0 (this is the symmetric Cauchy case):
pi(z) <Kz ? as z — oo.

Fora>1and -1 < (3 < 1:
pl(ac)SKa:_(H'“), as x — 00.

Fora>1and g =—-1,1:

p1(z) < K max {:E*(Ha), g He/20=D) oxp (- c(a):ca/(afl)) }, as x — oo.

Now we observe that the left-hand side of (A.1) can be written as

Z/llﬂ Pi@) dz < max pi(x) /M ! dz

= min{|z —z;|7,7=1,...,n} lz| <M _y min{lz —z;7,j=1,...,n}
! 1
+ max p1(z) / - - dz. (A.2)
u|>Ml§x§l+1 o min{lz+1—x;|7,j=1,...,n}
It can be verified that equation (A.1) follows from (A.2), the asymptotics of p;(z) and Lemma A.1. O

Lemma A.3 is taken from Ehm [19] and Lemma A.4 is due to Cuzick and DuPreez [14] (the current form is
from Khoshnevisan and Xiao [25]).

Lemma A.3. For any integer n > 1, and 5; € (0,1) for 1 < j <n, for all h > 0, we have

II . d d — > | |741_ (1 — 3
m xy...dx, =h" j=10i j=1 ( 6]) .
T Tj—1)"

/0<a:1<x2<,,.<zn<h e T(1+n—=3705)

n
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Lemma A.4. Let &,...,&, be mean zero Gaussian variables which are linearly independent, then for any
nonnegative function g : R — R,

/" g(v1) exp [—%Var(ZvjEj)} dvy ...dv,

j=1
27)(n—1)/2 00
_ (2m) / g(1> e"*/2 4y, (A.3)
(detCov(&y, ..., &) 2 J_ 7 \oy
where detCov(&y,...,&,) denotes the determinant of the covariance matriz of the Gaussian random vector
(€1,...,&0), and where 02 = Var(&1|€a, ..., &) is the conditional variance of &1 given &a,...,&p.
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