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STOCHASTIC CALCULUS FOR GAUSSIAN PROCESSES
AND APPLICATION TO HITTING TIMES

PEDRO LEI AND DAVID NUALART*

ABSTRACT. In this paper we establish a change-of-variable formula for a class
of Gaussian processes with a covariance function satisfying minimal regularity
and integrability conditions. The existence of the local time and a version of
Tanaka’s formula are derived. These results are applied to a general class of
self-similar processes that includes the bifractional Brownian motion. On the
other hand, we establish a comparison result on the Laplace transform of the
hitting time for a fractional Brownian motion with Hurst parameter H < %

1. Introduction

There has been a recent interest in establishing change-of-variable formulas for a
general class of Gaussian process which are not semimartingales, using techniques
of Malliavin calculus. The basic example of such process is the fractional Brownian
motion, and, since the pioneering work by Decreusefond and Ustiinel [8], different
versions of the It6 formula have been established (see the recent monograph by
Biagini, Hu, @ksendal and Zhang [4] and the references therein).

In [1] the authors have considered the case of a Gaussian Volterra process of
the form X; = fg K(t, s)dW,, where W is a Wiener process and K (¢, s) is a square
integrable kernel satisfying some regularity and integrability conditions, and they
have proved a change-of-variable formula for a class of processes which includes
the fractional Brownian motion with Hurst parameter H > i. A more intrinsic
approach based on the covariance function (instead of the kernel K) has been
developed by Cheridito and Nualart in [5] for the fractional Brownian motion. In
this paper an extended divergence operator is introduced in order to establish an
It6 formula in the case of an arbitrary Hurst parameter H € (0,1). In [13], Kruk,
Russo and Tudor have developed a stochastic calculus for a continuous Gaussian
process X = {X;,t € [0,T]} with covariance function R(s,t) = E(X;X,) which
has a bounded planar variation. This corresponds to the case of the fractional
Brownian motion with Hurst parameter H > % In [12] Kruk and Russo have
extended the stochastic calculus for the Skorohod integral to the case of Gaussian
processes with a singular covariance, which includes the case of the fractional
Brownian motion with Hurst parameter H < % The approach of [12] based on
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the duality relationship of Malliavin calculus and the introduction of an extended
domain for the divergence operator is related with the method used in the present
paper, although there are clear differences in the notation and basic assumptions.
In [15], Mocioalca and Viens have constructed the Skorohod integral and de-
veloped a stochastic calculus for Gaussian processes having a covariance structure
of the form E[|B; — Bs|?] ~ ¥2(|t — s|), where 7 satisfies some minimal regularity
conditions. In particular, the authors have been able to consider processes with a
logarithmic modulus of continuity, and even processes which are not continuous.
The purpose of this paper is to extend the methodology introduced Cheridito
and Nualart in [5] to the case of a general Gaussian process whose covariance
function R is absolutely continuous in one variable and the derivative satisfies an
appropriate integrability condition, without assuming that R has planar bounded
variation. The main result is a general It6’s formula formulated in terms of the
extended divergence operator, proved in Section 3. As an application we establish
the existence of a local time in L? and a version of Tanaka’s formula in Section
4. In Section 5 the results of the previous sections are applied to the case of
a general class of self-similar processes that includes the bifractional Brownian
motion with parameters H € (0,1) and K € (0, 1] and the extended bifractional
Brownian motion with parameters H € (0,1) and K € (1,2) such that HK €
(0,1). Finally, using the stochastic calculus developed in Section 3, we have been
able, in Section 6, to generalize the results by Decreusefond and Nualart (see [7])
on the distribution of the hitting time, to the case of a fractional Brownian motion
with Hurst parameter H < % More precisely, we prove that if the Hurst parameter
is less than 3, then the hitting time 7,, for a > 0, satisfies E(exp(—ar2f)) >

e~V for any o > 0.

2. Preliminaries

Let X = {X,,t € [0,T]} be a continuous Gaussian process with zero mean and
covariance function R(s,t) = F(X;X,), defined on a complete probability space
(Q,F,P). For the sake of simplicity we will assume that Xo = 0. Consider the
following condition on the covariance function:

(H1) For all t € [0,T], the map s — R(s,t) is absolutely continuous on [0, T,
and for some a > 1,

T
sup /
0<t<T Jo

Our aim is to develop a stochastic calculus for the Gaussian process X, assuming
condition (H1). In this section we introduce some preliminaries.

Denote by &£ the space of step functions on [0,7]. We define in £ the scalar
product

[e3

OR

g(s,t) ds < 0.

(Lo, Lo.51), = R(E, 5).
Let ‘H be the Hilbert space defined as the closure of £ with respect to this scalar
product. The mapping 1j5, — X; can be extended to a linear isometry from H
into the Gaussian subspace of L?(Q) spanned by the random variables {X;,t €
[0,7]}. This Gaussian subspace is usually called the first Wiener chaos of the
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Gaussian process X. The image of an element ¢ € H by this isometry will be a
Gaussian random variable denoted by X (). For example, if X = B is a standard
Brownian motion, then the Hilbert space H is isometric to L?([0,T]), and B(yp) is

the Wiener integral fOT @+dBy. A natural question is whether the elements of the
space H can be indentified with real valued functions on [0,7], and in this case,
X () will be interpreted as the stochastic integral of the function ¢ with respect
to the process X. For instance, in the case of the fractional Brownian motion with
Hurst parameter H € (0,1), this question has been discussed in detail by Pipiras
and Taqqu in the references [18, 19].

We are interested in extending the inner product (¢, 1j94)# to elements ¢ that
are not necessarily in the space H. Suppose first that ¢ € £ has the form

Y= Z ailio ¢,
=1

where 0 < t; <T. Then the inner product (@, 1jg,4)# can be expressed as follows

n T
(¢, Lo.1) H—Zaz (ti,t) = Zaz/ (s t)dS—/O (s )(2];(5 t)ds. (2.1)

1=
If 5 is the conjugate of «, i.e % + % =1, applying Holder’s inequality, we obtain

T OR OR .
—_— < « .
[ o2 as| < el s ([ 150 0

Therefore, if (H1) holds, we can extend the inner product (@, 1jg4)# to functions
¢ € L?([0,T]) by means of formula (2.1), and the mapping ¢ — (p,1j0¢)n is
continuous in L?([0,T]). This leads to the following definition.

Definition 2.1. Given ¢ € LA([0,T]) and ¢ = Dt bilpy) € €, we set

¢¢H—Zb/ o(s) R(St)d

In particular, this implies that for any ¢ and % as in the above definition,

(PLi0,,Y)n :/0 o(s)d(1j0,5, Y- (2.2)

‘ <907 1[0,t]>’H ‘ =

3. Stochastic Calculus for the Skorohod Integral

Following the argument of Alés, Mazet and Nualart in [1], in this section we
establish a version of It6’s formula. In order to do this we first discuss the extended
divergence operator for a continuous Gaussian stochastic process X = {X;, ¢ €
[0,7T]} with mean zero and covariance function R(s,t) = F(X:X;), defined in
a complete probability space (Q, F, P), satisfying condition (H1), and such that
Xo = 0. The Gaussian family {X(¢),p € H} introduced in the Section 2 is
an isonormal Gaussian process associated with the Hilbert space H, and we can
construct the Malliavin calculus with respect to this process (see [17] and the
references therein for a more complete presentation of this theory).
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We denote by S the space of smooth and cylindrical random variables of the
form

F:f(X((pl)v"wX(SDn))u (3'1)
where f € C°(R™) (f is an infinitely differentiable function which is bounded
together with all its partial derivatives), and, for 1 <14 < n, ; € £. The derivative
operator, denoted by D, is defined by

.9
DF = Z 6:5]2 (X(¢1)7 cee 7X(<Pn))90iv
=1

if FF € S is given by (3.1). In this sense, DF is an H-valued random variable. For
any real number p > 1 we introduce the seminorm

IF|l» = (E(|FIP) + E(|DF|Z,))7 ,

and we denote by D''P the closure of S with respect to this seminorm. More
generally, for any integer k > 1, we denote by D* the kth derivative operator, and
DkP the closure of S with respect to the seminorm

k P
1Fllep = | EGFI) + > E(IDIFf0;)

Jj=1

The divergence operator § is introduced as the adjoint of the derivative operator.
More precisely, an element u € L?(2; 1) belongs to the domain of § if there exists
a constant ¢, depending on u such that

[E((u, DE)3 )l < cu[[Flly

for any smooth random variable F' € S. For any u € Domd, §(u) € L?(£2) is then
defined by the duality relationship E(Fé(u)) = E((u, DF),,), for any F € D'?2
and in the above inequality we can take ¢, = [|6(u)||2. The space D2(H) is
included in the domain of the divergence.

If the process X is a Brownian motion, then H is L?([0,T]) and § is an extension
of the Itd stochastic integral. Motivated by this example, we would like to inter-
pret 6(u) as a stochastic integral for u in the domain of the divergence operator.
However, it may happen that the process X itself does not belong to L2(2; H). For
example, this is true if X is a fractional Brownian motion with Hurst parameter
H < 1 (see [5]). For this reason, we need to introduce an extended domain of the
divergence operator.

Definition 3.1. We say that a stochastic process u € L'(2; L?([0,7])) belongs
to the extended domain of the divergence Dom® 4 if

[E((u, DF)3)| < cu [ Flly

for any smooth random variable F' € S, where ¢, is some constant depending on
u. In this case, §(u) € L?(Q) is defined by the duality relationship

E(Fé(u)) = E((u, DF),,),
for any F' € S.
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Note that the pairing (u, DF'),, is well defined because of Definition 2.1.

In general, the domains Domd and Dom®§ are not comparable because u €
Domd takes values in the abstract Hilbert space H and u € Dom”§ takes values
in LA([0,T]). In the particular case of the fractional Brownian motion with Hurst
parameter H < 1 we have (see [7])

H=1;""(1%) c L% (0.T),
and assumption (H1) holds for any a < ﬁ As a consequence, if g is the

conjugate of a, then 8 > 5%, so H € L#([0,T]) and Domd C Dom”s.
If u belongs to Dom®d, we will make use of the notation

T
5(u):/ us0 X,
0

and we will write fg us0 X, for 6(ulp ), provided ulp ) € Dom?5.

We are going to prove a change-of-variable formula for F(t, X;) involving the
extended divergence operator. Let F'(t,z) be a function in C*?([0, 7] x R) (the par-
tial derivatives %—i, %if and %—? exist and are continuous). Consider the following
growth condition.

(H2) There exist positive constants ¢ and A < ;(supg<;<p R(t,t))~" such that
O*F

OF OF )
- — + |— < . .
,Sup (IF(t,:v)I +a- o)+ 5t + (t,w)|> < cexp(Aa]*). (32)

Using the integrability properties of the supremum of a Gaussian process, con-
dition (3.2) implies

E( sup |F(t,Xt)|2> < C2Eexp(2)\ sup |Xt|2) < 00,
0<t<T 0<t<T

and the same property holds for the partial derivatives ‘g—f, %2;; and %—1:. We need
the following additional condition on the covariance function.

(H3) The function R; := R(t,t) has bounded variation on [0, T].

Theorem 3.2. Let F be a function in CH2([0, T]xR) satisfying (H2). Suppose that
X ={X,t € [0,T)} is a zero mean continuous Gaussian process with covariance
function R(t,s), such that X(0) = 0, satisfying (H1) and (H3). Then for each
t € [0,T] the process {%—i(S,XS)]_[O)t] (s),0 <t < T} belongs to extended domain
of the divergence Dom®§ and the following holds

tOF tOF
P X0) = FO.0)+ [ Gt Xds+ [ S, X6,
1 [to%F
5 ) W(S,Xs)dRs. (33)

Proof. Suppose that G is a random variable of the form G = I,,(h®"), where I,
denotes the multiple stochastic integral of order n with respect to X and h is a
step function in [0,T]. The set of all these random variables form a total subset
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of L%(€2). Taking into account Definition 3.1 of the extended divergence operator,
it is enough to show that for any such G,

E(GF(t, X,)) — E(GF(0,0) /E OF /E ] (s, x.)dR
= BUDG 1100 () 22 X)), (3.4)

First we reduce the problem to the case where the function F' is smooth in x. For
this purpose we replace F' by

1
Fk(tv ,T) = k/ F(t,l‘ - y)g(ky)dya

-1

where ¢ is a nonnegative smooth function supported by [—1, 1] such that

fil e(y)dy = 1. The functions F}, are infinitely differentiable in z and their deriva-
tives satisfy the growth condition (3.2) with some constants c; and Ay.

Suppose first that G is a constant, that is, n = 0. The right-hand side of
Equality (3.4) vanishes. On the other hand, we can write

E(GFy(t, Xy)) = G/RFk(t,x)p(Rt,x)dx,

where p(a,y) = (2n0)~1/2 exp(—a?/20). We know that 52 = 2L As a conse-
quence, integrating by parts, we obtain
OF;
E(GFy(t, X1)) — GF(0,0) G/ / b (s, )p(Rs, x)dads

_ ; ( /R Fi(s, ) (Rs,x)dx) dR,
- 5G/ (/ 361*} (s, 2)p (Rs,x)dx) dR,
_ —G/ (aaj;’“ )) aR,,

which completes the proof of (3.4), when G is constant.

Suppose now that n > 1. In this case F(G) = 0. On the other hand, using the
fact that the multiple stochastic integral I,, is the adjoint of the iterated derivative
operator D™ we obtain

Bt X)) = B, (") Fult, X)) = B (10, T80, X015 e

=E <8aan (t, Xt)) (hy 0.5 (3.5)
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Note that E(GFy(t, X)) is the product of two factors. Therefore, its differential
will be expressed as the sum of two terms
n O"F;
A(BGE X)) = (Lo (B x0)

OF,
+ E( o k

(t, Xe)d ((h, Lj0,0)%) - (3.6)

Using again the integration by parts formula and the fact that the Gaussian density
satisfies the heat equation we obtain

d <E(‘9a Fn’“ (t, Xt))> =d </R a;ank (t,x)p(Rt,x)dx>

an-i—le aan (92
- ( w Ot “v””)P(Rtafv)d:c) dt + 7 ( S (L2) 55 (R )d:v) dR,
an-l—le an+2Fk
a ( . Otoz" “v””)P(Rtafv)d:c) dt + 5 ( =l ,:v)p(Rt,x)dx) dR,
an-i—le on+ ng
(Gggn (& Xe))dt + E(ﬁ(f,Xt))th- (3.7)
Equation (3.5) applied to 2 ;;" and to M yields
0% F, o t2F .
E(Gg (8. X0)) = B (6. X0) (e Ljo.0) (3.8)
and "
8Fk o Fk "
E(G ot (t Xt)) E( IOT™ (tht))<h71[0,t]>’H7 (39)

respectively. Then, substituting (3.8), (3.9) and (3.7) into the first summand in
the right-hand side of (3.6) we obtain

OF; 1 0F,
d(E(GF,(t, X}))) = E(G 8: (1, X))t + 5 B(G—— 2 (t, X¢))dR,
O™ Fj
+ B (6. X)) (B o)) - (3.10)
Therefore, to show (3.4), it only remains to check that
OF; O"F;
BUDG, 100 O X0 = [ B 6, X)L 0 (0 0))
Using the fact that DG = nl, 1 (h®™ D)k, we get
OFy, 1)+ OF%k
B(DG, 10,1 () G (X)) = nlhs Loug (B (hEC D) ZE (X))o,
Then, taking into account (2.2), we can write
OF; 1)\ OF
A(E(DG, 1p0,() 5 (X)) = nE (I (WD) 2 (8, X)) ((h, Lio,)c)

Finally, using again that I,,_; is the adjoint of the derivative operator yields

B (1200 2 1, ) = B

P (t, Xe))(h, L)t
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which allows us to complete the proof for the function Fj. Finally, it suffices to
let k£ tend to infinity. O

4. Local Time

In this section, we will apply the Itd formula obtained in Section 3 to derive a
version of Tanaka’s formula involving the local time of the process X. In order to
do this we first discuss the existence of the local time for a continuous Gaussian
stochastic process X = {X,,t € [0, T} with mean zero defined on a complete prob-
ability space (2, F, P), with covariance function R(s,t). We impose the following
additional condition which is stronger than (H3):

(H3a) The function R; = R(t,t) is increasing on [0, 7], and R; > 0 for any ¢ > 0.
The local time L;(x) of the process X (with respect to the measure induced

by the variance function) is defined, if it exists, as the density of the occupation
measure

my(B) = /Ot 15(X,)dR,, B € B(R)

with respect to the Lebesgue measure. That is, for any bounded and measurable
function g we have the occupation formula

[ sty = | ' g(X)dR..

Following the computations in [6] based on Wiener chaos expansions we can get
sufficient conditions for the local time L;(x) to exists and to belong to L?(Q2) for
any fixed t € [0,7] and x € R. We denote by H, the nth Hermite polynomial
defined for n > 1 by

n' € den(677)7

and Hy = 1. For s,t # 0 set p(s,t) = \/1(%—R)t For alln > 1 and ¢ € [0, 7] we define

() //”|puv|"deR
B v VR.R,’
and we introduce the following condition on the covariance function R(s,t):

(H4) ) an(T) < o0
n=1

The following proposition is an extension of the result on the existence and
Wiener chaos expansion of the local time for the fractional Brownian motion proved
by Coutin, Nualart and Tudor in [6]. Recall that for all ¢ > 0 and =z € R,
p(e,z) = (2me) "1/ 2 exp(—a?/2¢).

H,(z) =

Proposition 4.1. Suppose that X = {X;,t € [0,T]} is a zero mean continuous
Gaussian process with covariance function R(t,s), satisfying conditions (H3a) and
(H{) and with X(0) = 0. Then, for each a € R, and t € [0,T], the random
variables

t
/ p(e, Xs — a)dR;
0
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converge in L*(Q) to the local time Li(a), as € tends to zero. Furthermore the
local time Li(a) has the following Wiener chaos expansion

Z/RS Rg,a n(\/LR_S)In(I%z])dRS. (4.1)

Proof. Applying Stroock’s formula we can compute the Wiener chaos expansion
of the random variable p(e, X; — a) for any s > 0 as it has been done in [6], and
we obtain

ple Zﬁm 15m), (4.2)

where
a

VRs+¢

From (4.2), integrating with respect to the measure dR;, we deduce the Wiener
chaos expansion

/ot (€. X, —a)dR, —Z / B () n (137 () d R (4.4)

We need to show this expression converges in L?(Q2) to the right-hand side of
Equation (4.1), denoted by A:(a), as € tends to zero. For every n and s we have

lime_0 Bn,e(s) = Bn(s), where

Bn,e(s) = (Rs +€) 2 p(Rs +£,a)Hn( ). (4.3)

a

VR

Bu(s) = Ry p(Ry, a)Hy(—r==).

We claim that

on/2 1\ _ _ni1
|Bn,e(s)] < c - F(n; >RS 7. (4.5)

In fact, from the properties of Hermite polynomials it follows that
—y%/2 _ [3lgn/2_2
Hap)e " = ()22 [T e gy

where g(r) = cosr for n even, and g(r) = sinr for n odd. Thus, |g| is dominated
by 1, and this implies

2 22 n+1
H,(y)e ¥V /2| <e=——T .
e < e ()

Substituting this estimate into (4 3) yields (4.5). The estimate (4.5) implies that,

for any n > 1, the integral fo Bn(s (1%"51)dRs is well defined as a random

variable in L?(2), and it is the limit in L?*(Q) of fo Br.e( (I%Z])dR as € tends
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to zero. In fact, (4.5) implies that
/ Bl (1R < / 1Bu(s)
< eV/pl2"/21 <”;1>/ R.“T REdR,
0
= cv/nl2"/2T <”“2L 1) VR:.
For n = 0, Bn(s) = p(Rs + €,a), and clearly fot (Rs + €,a)dRs converges to

fo a)dRs as € tends to zero. In the same way, using dominated convergence,
we can prove that

L,(g)

‘ dR,

= 0.
2

2
Oéna—E</ ﬁna 1%2])dR> :

To show the convergence in L?(£2) of the series (4.4) to the right-hand side of (4.1)
it suffices to prove that sup, >~ ; @, < oo. Using (4.5) and Stirling formula we
have

lim
e—0

[ Brclo) = Aul) L1,

Set

e = / / B (L) T (L57)) B e () B (0) AR R,
:2n!// R(u,v)" B e(w)Pn.e(v)dR,dR,
0 Jo
2" 1\? [t .
<e=T <"+ > / / \R(u, )" (RuRy)~ %" dRyd R,
/ /" |p(u, v)|™ dRydR,,
vn  VR,R,
= an
Therefore, taking into account hypothesis (H4), we conclude that

o0 oo
supz Qpe < Z an(T) < oo
¢ n=1 n=1

and this proves the convergence in L?(£2) of the series (4.4) to a limit denoted by
At(a).

Finally, we have to show that A¢(a) is the local time L;(a). The above esti-
mates are uniform in @ € R. Therefore, we can deduce that the convergence of
fg p(e, X5 — a)dRs to A¢(a) holds in L?(2 x R, P x p), for any finite meausre p.
As a consequence, for any continuous function g with compact support we have

that .
/ ( | vlex. - a)dRs) g(a)da
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converges in L*(£2), as € tends to zero, to [, A¢(a)g(a)da. Clearly, this sequence
also converges to fot g9(Xs)dRs. Hence,

t
/ Ai(a)g(a)da = / 9(Xs)dRs,
R 0
which imples that A;(a) is a version of the local time L;(a) O
Corollary 4.2. Condition (H4) holds if

1 —In(1 — [p(u,v)|)
/ / Niw iy v)|dedRu < . (4.6)

Proof. We can write

ad / / dR dR
Zan (lp(u,v)
n=1

where p(z) = >"°7 m\/—:—l If we define g(z) = ¢(x)v/1 — x for every x € [0,1), then

x>:g%ﬁ_ 3 M+ S s

n(l— m)<1 n(l—z)>1

=
3 ﬁ+zxn(1_g;)g1_1n(1—x),

n
n(l—z)<1 n=0

and the result follows. O

IN

Notice that the Wiener chaos expansion (4.1) can also we written as

Z I, </SIV . R p(R,, a)Hn(\/%s)dRs> .

In the particular case a = 0, the Wiener chaos expansion of L;(0) can be written
as

k
_k_,
Z/ \/_z)kk|12k(l%2§)dRS'

Using arguments of Fourier analysis, in [3] it is proved that if the covariance
function R(s,t) satisfies

/ / (Ru + Ry — 2R(u,v)) "% dRydR, < oo, (4.7)
0

then for any ¢ € [0,7] the local time L; of X exists and is square integrable, i.e.
E ([z L(x)dz) < co. We can write

R, + R, — 2R(u,v) = Ry, + Ry — 2p(u,v)\/ Ry Ry

= (vRu — VR.)? + 2/ RuR,(1 - p(u,v))

R,R,(1 — p(u,v)).
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Therefore, condition (4.7) is implied by

T T 1
/ / dR,dR, < oo, (4.8)
o Jo VR.R,-+/1—p(u,v)

which can be compared with the above assumption (4.6). Notice that both con-
ditions have different consequences. In fact, (4.8) implies E ([, L7 (z)dz) < oo;
whereas (4.6) implies only that for each z, E(L?(x)) < cc.

We can now establish the following version of Tanaka formula.

Theorem 4.3. Suppose that X = {X;,0 < t < T} is a zero-mean continuous
Gaussian process,with Xo = 0, and such that the covariance function R(s,t) sat-
isfies conditions (H1), (H3a) and (H4). Let y € R. Then, for any 0 < ¢t < T,
the process {1(y,00)(Xs)1j0,4(5),0 < s < T} belongs to Dom”§ and the following
holds

0 [L(y00)(X)Lo,g ()] = (X —9)* = (=) — %Lt(y)-

Proof. Let € > 0 and for all x € R set

Je(x) = /; /; ple, z — y)dzdv.

Theorem 3.2 implies that

t t
X0 = 1O+ [ e+ 5 [ o).

Then we have that fZ(X )10 (s) converges to 1, o) (Xs)1[4(s) in L?(QxR) and
f=(X¢) converges to (X;—y)T in L?(Q). Finally, by Proposition 4.1, fot fI(Xs)dRs
converges to Ly(y) in L?(£2). This completes the proof. O

5. Example: Self-Similar Processes

In this section, we are going to apply the results of the previous sections to the
case of a self-similar centered Gaussian process X. Suppose that X = {X;,t > 0}
is a stochastic process defined on a complete probability space (Q, F, P). We say
that X is self-similar with exponent H € (0,1) if for any a > 0, the processes
{X(at),t > 0} and {a X (t),t > 0} have the same distribution. It is well-known
that fractional Brownian motion is the only H-self-similar centered Gaussian pro-
cess with stationary increments. Suppose that X = {X;,¢ > 0} is a continuous
Gaussian centered self-similar process with exponent H. Let R(s,t) be the co-
variance function of X. To simplify the presentation we assume E(X?) = 1. The
process X satisfies the condition (H3a) because

R; = R(t,t) = t* R(1,1) = 1.

The function R is homogeneous of order 2H, that is, for a > 0 and s,t > 0, we
have
R(as,at) = B(XasXat) = E(a® X0 X;) = a® R(s, ).
For any x > 0, we define
¢ (z) = R(1,z).



STOCHASTIC CALCULUS FOR GAUSSIAN PROCESSES 391

Notice that for any = > 0,
1 1
o) = (L) =R 1) =2 (1),
x x

On the other hand, applying Cauchy-Schwarz inequality we get that function ¢
satisfies |p(z)| < 2 for all z € [0,1]. The next proposition provides simple
sufficient conditions on the function ¢ for the process X to satisfy the assumptions
(H1) and (H4).

Proposition 5.1. Suppose that X = {X;,t > 0} is a zero mean continuous

self-similar Gaussian process with exponent of self-similarity H and covariance
function R(s,t). Let o(x) = R(1,z). Then

(i) (H1) holds on any interval [0,T] for a > 1 if «(2H — 1)+ 1> 0 and ¢ is
absolutely continuous and satisfies

1
/ | (z)|*dz < oc. (5.1)
0
(ii) (H4) holds on any interval [0,T) if for some € > 0 and for all x € [0, 1]

lp(a)] < atfte. (5.2)
Proof. We first prove (i). We write

/ |aR 5, 0)|°ds _/ |_ 5, 1)[ds +/ 2B (o b ds.
0 0s

For s <t, R(s,t) = t**¢(2) and BR(S t) = t*#714/(2). Applying (5.1) and the

change of variables by x = 3, we have

¢ S
/ | |o¢dS _/ ta(2H_1)|g0/ (_) |adS
0 t

1
(=141 / 1 (2)]* da. (5.3)
0
For s > t, R(s,t) = s* (L) and
OR t t
— 9 g2H-1 22, 1Ly
55 &) p(2) = ()

Then,

T oR T T
/t |E(s,t)|ads§0</t 2H= 1|gp< )|O‘ds—|—/ 2H=24 1 ( >|°‘ds>.

With the change of variables x = g we can write

T 1
t
/ S2H71|<p (;) |ad8 < Hngot@Hfl)aJrl/t :Eat(172H)*2dx7
t 1

T

lellS (2H-1)a+1 (2H-1)a+1
=—> [t Tt T * 4
T2 =1 ] (54
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T
/ S2H2t|(p/( )lad8<t(2H 1)a+1/ |90 |a (2—2H)a— 2dx
t
(2—2H)a—2

tafl N
< W/ ¢’ () |*da. (5.5)
T

Now, (H1) follows from (5.3), (5.4) and (5.5).
In order to show (ii) we need to show that

Z an(T) = / / | = vn|+1 dR,dR, < oo.
n=1

For any 0 < v < u, we have R(u, v) = u2H<p( ) and the change of variable z = 2
yields

and

(2H>2 T H(1-n)-1
an(T) = |R(u,v)|”(uv) ==L dudu
\/_
_ (2\7_ / |R 1 $)|n 2H—1 H(l n)— ldvdu

2H

oV
C2HTPH
- n ne+ H
Therefore, we have
- 2HT?H
Z an(T) < a Zn_% < 0. (5.6)
n=1 n=1
This completes the proof of (ii). O

Example 5.2. The bifractional Brownian motion is a centered Gaussian process
X = {B"* t > 0}, with covariance

R(t,s) = REE (1, 5) = 27K (12 4 2K _ |t — 5|2HE), (5.7)

where H € (0,1) and K € (0, 1]. We refer to Houdré and Villa [10] for the definition
and basic properties of this process. Russo and Tudor [20] have studied several
properties of the bifractional Brownian motion and analyzed the case HK = %
Tudor and Xiao [21] have derived small ball estimates and have proved a version
of the Chung’s law of the iterated logarithm for the bifractional Brownian motion.
In [14], the authors have shown a decomposition of the bifractional Brownian
motion with parameters H and K into the sum of a fractional Brownian motion
with Hurst parameter HK plus a stochastic process with absolutely continuous
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trajectories. The stochastic calculus with respect to the bifractional Brownian
motion has been recently developed in the references [13] and [12]. A Tanaka
formula for the bifractional Brownian motion in the case HK < % by Es-Sebaiy
and Tudor in [9]. A multidimensional 1t6’s formula for the bifractional Brownian
motion has been established in [2].

Note that, if K = 1 then B! is a fractional Brownian motion with Hurst
parameter H € (0,1), and we denote this process by B¥. Bifractional Brownian
motion is a self-similar Gaussian process with non-stationary increment if K is not
equal to 1.

Set

p(z) =275 (L + ) — (1 —2)*F).
Then
o (x) = 2K HK[22HK-1(1 4 o2H)K | (1 — g)2HK-1),
which implies that (i) in Proposition 5.1 holds « such that o(2HK — 1) > —1.
Notice that

pla) < grell a2 — (1- )M, (5.8)
Then, if 2H < 1
14220 (1 2)2H < 922H (5.9)
and when 2H > 1,
L+ —(1—2)?" <2 +22% <21 (5.10)

From the inequalities (5.8), (5.9) and (5.10) we obtain

pla) (12K — (1 — 228 < puin(H1-H)K_

(5.11)

THE oK HK =
Then condition (ii) in Proposition 5.1 holds with ¢ = min(H,1 — H)K. As a
consequence, the results in Sections 3, 4 and 5 hold for the bifractional Brownian
motion.

Bardina and Es-Sebaiy considered in [2] an extension of bifractional Brownian
motion with parameters H € (0,1), K € (1,2) and HK € (0,1) with covariance
function (5.7). By the same arguments as above, Proposition 5.1 holds in this case
with e = min(H,1 — H)K in condition (ii). Thus, the results in Sections 3, 4 and
5 hold for this extension of the bifractional Brownian motion.

6. Hitting Times

Suppose that X = {X;,t > 0} is a zero mean continuous Gaussian process with
covariance function R(t,s), satisfying (H1) and (H3) on any interval [0,T]. We
also assume that X (0) = 0. Moreover, we assume the following conditions:

(H5) limsup,_, . X: = 400 almost surely.
(H6) For any 0 < s < t, we have E(|X; — X;|?) > 0.
(H7) For any continuous function f |

¢ 0
T /0 f(s)a—}j(s, r)ds

is continuous on [0, 00).
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For any a > 0, we denote by 7, the hitting time defined by
To = inf{t > 0, X; = a} = inf{t > 0, X; > a}. (6.1)

The map a — 7, is left continuous and increasing with right limits.

We are interested in the distribution of the random variable 7,. The explicit
form of this distribution is known only in some special cases such as the standard
Brownian motion. In this case the Laplace transform of the hitting time 7, is
given by

E(e™%T) = efam,

for all a > 0. This can be proved, for instance, using the exponential martingale

M, = AXe— g%t

)

and Doob’s optional stopping theorem. In the general case, the exponential process
1
M; = exp(AX; — 5A2Rt). (6.2)

is no longer martingale. However, if we apply (3.2) for the divergence integral, we
have

My =1+ X6(M1jg4) =1+ Xox(M). (6.3)
Substituting ¢ by 7, and taking the expectation in Equation (6.3), Decreusefond

and Nualart have established in [7] an inequality of the form E(e=%fr) < e=av2e,
assuming that the partial derivative of the covariance %—f(t, s) is nonnegative and
continuous. This includes the case of the fractional Brownian motion with Hurst
parameter H > % The purpose of this section is derive the converse inequality in
the singular case where the partial derivative of the covariance is not continuous,
assuming 22 (¢, s) < 0 for s < t (which includes the case of the fractional Brownian
motion with Hurst parameter H < %), completing the analysis initiated in [7].
As in the case of the Brownian motion we would like to substitute ¢ by 7, in both
sides of Equation (6.3) and then take the mathematical expectation in both sides
of the equality. It is convenient to introduce also an integral in a, and, following

the approach developed in [7], we claim that the following result holds.
Proposition 6.1. Suppose X satisfies (H1), (H3), (H5), (H6) and (H7), then

| Bt =c-

ST 1 o0 8R
lim )\E/ dTy/ 1/1(y)d77/ Ps((Ty+ NT)n+ 1y (1 — 1) — 8)My——(7y, 5)ds,
(6.4)

where p is an infinitely differentiable function with support on [—1,1] such that
f_llp(x)dx = 1, ¢¥(x) be a nonnegative smooth function with compact support
contained in (0,00) such that [;°(a)da = ¢ and we use the notation pe(x) =
(8).

Before proving this proposition we need several technical lemmas. The first

lemma is an integration by parts formula, and it is a consequence of the definition
of the extended divergence operator given in Definition 2.1.
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Lemma 6.2. For any t > 0 and any random variable of the form
F = f(Xy,,...,Xy,), where [ is an inifinitely differentiable function which is
bounded together with all its partial derivatives, we have

ox;
i=1 v

E(F5t(M))_E< (th,...,xtn)/o MS%(ti,s)ds>, (6.5)

where 6;(M) is given in Equation (6.3).

Proof. Using the Definition 2.1 of the extended divergence operator and Equation
(2.1) we can write

E(Foy(M)) = E((DF, M14)%)
"0
=E <Z 55, (Xiys - 7th)<1[0,ti]uM1[0,t]>H>
i=1 v
~ of t OR
=F <Z} 8Ii(Xt1,...7th)/O Msg(t“s)ds> ,
which completes the proof of the lemma. 0

For any a > 0, we know that P(7, < co) =1 by condition (H5). Set

Sy = sup Xs.
s€[0,t]

We know that for all ¢ > 0, S; belongs to D"* and DS; = 1o, (see [7] and
[11]). Following the approach developed in [7], we introduce a regularization of
the hitting time 7,, and we establish its differentiability in the sense of Malliavin
calculus.

Lemma 6.3. Suppose that ¢ is a nonnegative smooth function with compact sup-
port in (0,00) and define for any T > 0,

Y = / o(a)(1, A T)da.
0
The random variable Y belongs to the space DV2, and

St
DY = / (W) L0.0,1 ().
0

Proof. First, it is clear that Y is bounded because ¢ has compact support. On
the other hand, for any r» > 0, we can write

{1 > 1} ={S, <a}.
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Apply Fubini’s theorem, we have

o) TaNT
Y :/ gp(a) <A d9> da —/ / 1{9<Ta/\T}d9da

/ / 1{9<Ta}1{9<T}da’d6_/ / a)lis,<qydadd
/ / a)dad®.
Se

The function ¥ (z f p(a)da is continuously differentiable with a bounded
derivative, so w(Sg) € D2 for any 6 € [0,T] because Sp € D12 (see, for instance,

[17]). Finally, we can show that ¥ = fOT 1(Sp)df belongs to DY? approximatig
the integral by Riemann sums. Hence, taking the Malliavin derivative of YV, we
obtain

T
DTY = —/ (p(Sg)DTSQdG
0

T St
= —/ ©(50)1(0,75,)(r)d0 = —/ oY) Lo, (r)dry,
0 0

where the last equality holds by changing variable Sy = y, which is equivalent to
0=my. O

The following lemma provides an explicit formula for the expectation
E(p(Y)d:(M)), where p is a smooth function with compact support.

Lemma 6.4. Suppose X satisfies (H1), (H3), (H5), (H6) and (H7). Then, for
any infinitely differentiable function p with compact support,

Blp(Y)é(M =—E</ Mp' (v / ¢<y>g—§<@,s>d@d8), (66)

Proof. Consider the random variable

Y = / V(7o AT)da —/ /S a)dadf
:/0 £(Se)d0

where &(x f p(a)da. Let {Dy, N > 1} be an increasing sequence of finite
subsets of [O T] such U]°V°:1DN is dense in [0,T]. Set Dy = {0;,0 = 09 < 01 <
<oy =T} and D% = Dy N |[0,6], and

Sév = max{X;,t € D?V} = max{Xoy,..., Xo(0)}
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where () = sup D%,. We also write S = S2 . Define

T N

§(Sév)d6’ = Z(Uk — op-1)§(max{Xoy, ..., Xo\ ,})

k=1

Yy

Il
S~

(ok — ok-1)E(SR ).

I
M=

el
Il

1

Then, taking into account that X,, = Xo = 0, p(Yx) is a Lipschitz function F' of
the N — 1 variables {X,,,..., Xoy_, }, namely,

N
p(YN) = F(XUI7 s 7XUN—1) =D (Z(Uk - Ukl)é.(sljcvl)> )

k=2
and, for all 1 <4 < N — 1 the derivative of F' respect to x; is
OF al

i —'(Yn) Y (0% —ok-1)@(Sil) sy —x, }-
k=i+1

By (6.5), we have
E(p(Yn)or(M))

N 1 N
_E< Z Ok — Ok—1)¢ (S’,C 1)1{SN 1:X%}/ M— (az,s)ds>

=1 k=i+1

N t k—1 OR
( Z Ok — Ok— 1 Sk 1)‘/0 MS(Z g(ai,s)l{sgl_xvi})d8>

k=2 i=1
/ N OR, 4N
=—-FE|p(Yn) ©(Sp") MS_@S (c”*,s)dsdf | + Ry,
g1 0

where

~

and the reminder term Ry is given by
N

Ry = —Sﬁ(O)Z(Uk —Ukl)E< "(YN) 1 fmax(Xo, ... Koy 170}/ Ms—— (0 s)ds ) .
k=2

As N tends to infinity, Ry converges to

—¢(0) /OTE( "(YN)1gs,= 0}/ My— (0 s)ds) do = 0,

because Sy has an absolutely continuous distribution for any § > 0. On the other
hand, we claim that for all §, ¢ converges to 7g, almost suterly as N goes to
infinite. This is a consequence of the fact that X is continuous and the maximum
is almost surely attained in a unique point by condition (H6). In addition, p’(Yx)

converges to p'(Y) and ¢(S}¥) converges to ¢(Sp) almost surely. Therefore, by
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condition (HT) fo o8 (S,Tsév)ds converges pointwise to fot M,%E (s, 75,)ds. On
the other hand, by condition (H1),
1
ds) ,

T B
< (/0 Mfds> 2 </0
T t
E(p(Y)oy(M)) = —-F (p/(Y)/O cp(S'a)/O Msg—}j(TsmS)de9> )

so by the dominated convergence theorem, we obtain
Finally, the change of variable Sy = y yields

E(p(Y)d(M)) = —F (/ Mp'(Y / so(y)g—f(Ty,S)dTde>a

which completes the proof of the lemma. O

OR
P —(s,t)

Sg(ng,s)ds

Proof of Proposition 6.1. Define

a

(o) 1 1
Y.o= / we(x — a)(m ANT)dx = - / (T ANT)dx = / (Ta—ee NT')dE,
0 a—e 0

where ¢ (z) = 2111 g(£), and by convention 7, = 0 if # < 0. Lemma 6.4 can be
extended to the function = — ¢.(xr — a) and to the random variable Y. , for any
fixed a. Therefore, from (6.3) and Lemma 6.4 we optain

/wﬂmﬂa—ﬂMmﬁ
0

:1+A/ Es(Yeu — 0)5(M1po.0))dt
0

[e'e] t St 8R
=1- /\/ E / Mps(Ye o — t)/ 0e(y — a)=—(7y, s)dryds | dt
0 0 0 s

> St OR
=1- )\/ E|ps(Yeq — s)Ms/ ey — a)E(Ty, s)dry | ds, (6.7)
0 0

where the last inequality holds by integration by parts. Multiplying by ¥ (a) and
integrating with respect to the variable a yields

/w(a) /Oo E(ps(Ye,a — t)M;)dtda

=c—\FE (/ /ST dTU Oop(;(Y;.)a - S)MS%(@, s)ds) we(y — a)w(a)da>
([ [ 2 )
— \E </OST (/01 dn(y + en)ps(Ye,y—en — s)> Msg—f(ry, s)ds)) ,



STOCHASTIC CALCULUS FOR GAUSSIAN PROCESSES 399

where the last equation holds by the change of variable a = y +en. Next, consider

1 n 1
Yeyten = /(; (Tersnfsg A T)d§ = 0 (Tersnfsf A T)d{ +/ (Tersn*sE A T)df-
n

Taking the limit as € goes to zero, and using the fact that 7 is left continuous and
with right limit, we obtain

n n
lim (Tyten—ece NT)dE = / (ry+ ANT)dE = (1y+ AT,
0

e—=0 Jo
1

1
lim (Ty—entee NT)dE = / (ty NT)dE = 7y(1 — ).
n n

e—0

This implies that

1 1
lim / Dy -+ en)ps(Veysen — )dn = / W()ps (e AT+ 7,(1 — ) — s)dn.
0 0

e—0

This allows us to compute the limit of the right-hand side of Equation (6.7) as €
tends to zero, using the dominated convergence theorem. In fact,

1
/ Yy + 577)195(1/64/-1-677 —s5)dn < K,
0

where K is a constant, and assuming supp(ps) C [0, T+ ], we have using condition

(H1),
St T+68
(/ dTy/ ds)
s T+6 3 T+6 &
” >
<E / dr, / |M,|ds / |a—R(Ty,S)|adS
0 0 0 0s
1 1
T+6 B T+6 OR a
<TE / |M,|P ) ds sup / |=—(z,9)|%ds | < oo.
0 2€[0,748] \J0 ds

On the other hand, we know that lim. ,0Y:, = 7, AT = 7, since 7, < T.
Therefore,

/w /Epa o« — t)My)dtda

Tya S)

St OR
= c— )\E/ dry/ 1/) dn/ pg((Ty+ /\T)77+Ty(1 77) — S)Ms D5 (Tyv )ds

(6.8)
Finally, for the left hand side of (6.8) we have
i [ 0(0) [ Bs(r —0Mdeda = [~ EOL (o),
§—0 R 0 0
which implies the desired result. O

Proposition 6.1 implies the following inequalities which are the main result of
this section.
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Theorem 6.5. Assume that X satisfies (H1), (H3), (H5), (H6) and (H7).
(i) If 2B(t,s) > 0 for all s > t, then for all o, a > 0, we have

Os
E(exp(—aR;,) < emaV2a, (6.9)
(i) If %(t, s) <0 for all s > t, then for all a,a > 0, we have
E(exp(—aR;,)) > emaV2 (6.10)

Proof. If we assume %—f(t, s) > 0, Proposition 6.1 implies

/ E(M; )¥(a)da < c.
0
Therefore, E(M.,,) < 1, namely,

1
E(exp(Aa — EAQRTG)) <1,

for any A > 0, which implies (6.9).

To show (ii), we choose ps such that ps(z —y) = 0 if # > y. Then, in the
integral with respect to ds appearing in the right-hand side of (6.8) we can assume
that s > (7,+ AT)n + 7,(1 —n) > 7, which implies 2&(7,,s) < 0. Then,

/ E(M.,)¢(a)da > c,
0
which allows us to conclude the proof as in the case (i). (]

Theorem 6.5 tells that the Laplace transform of the random variable R;, can
be compared with the Laplace transform of the hitting time of the ordinary Brow-
nian motion at the level a, under some monotonicity conditions on the covariance
function. This implies some consequences on the moments of R,,. In the case (i),
the inequality (6.9) implies for any r > 0,

1 00
E RfT — E —aR,, ’r‘fld
(R) =55 | Bl )0 da
o T 1
< ! / e~ V2 o = ﬁa_%. (6.11)
L'(r) Jo VT

On the other hand, for 0 < r < 1,

r

E(R:a) = m ‘/000(1 — E(eiaRTa))airilda

# OO —_e @ 2a a—r—l o
ZF(1—T)/O (1 ) dov. (6.12)

As a consequence, E(RL ) = +oc for r € (1,1).
In the case (ii), the inequality (6.10) implies for any r > 0

1 oo
E —Ty _ E —aR.,, r—ld
(R0) = g [ B0 o
1 /oo oA et 2T(r+3) _,
> — e Ve T da = —————=5a” 7" 6.13
0 Jo NG (6.13)
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On the other hand, for 0 < r < 1,

E(Rr) = ﬁ /000(1 — B(e=*Fr))a"""1da
_r - —emaV2ay =1,
< F(l_T)/o (1 ) da, (6.14)

and, hence, E(R". ) < oo for r € (0, 3).

Example 6.6. Consider the case of a fractional Brownian motion Hurst parameter
H > % Recall that

1
Ry(t,s) = §(t2H + 2 — |t — s]2H).

Conditions (H5), (H6) and (H7) are satisfied. We can write

ORy
0s
for all s,t € [0,T].

If H > i, then agf (t,s) > 0 for all s,t, and by (6.9) in Theorem 6.5,
E(exp(—ar2H)) < e=*V22_ This implies that E(7?) = +oo for any H < p and 7,
has finite negative moments of all order.

If H < 3, then 28 (¢ s) < 0 for s > t, and by (6.10) in Theorem 6.5,
E(exp(—at2H)) > ¢=9V2% This implies that E(r?) < +oo for any p < H.

In ([16]), Molchan proved that for the fractional Brownian motion with Hurst
parameter H € (0,1),

(t,s) = H(s*" 1 4 sign(t — s)|t — s|*H 1)

P(r, > t) = t1-1+elh),

as t tends to infinity. As a consequence, E(7?) > oo if p <1 — H and E(7P) = 00
if p > 1 — H, which is stronger than the integrability results mentioned above.

Acknowledgment. We would like to thank an anonymous referee for this helpful
comments.
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