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CHAOS EXPANSION AND REGULARITY OF THE LOCAL TIME OF THE
SOLUTION TO THE STOCHASTIC HEAT EQUATION WITH ADDITIVE
FRACTIONAL-COLORED NOISE

Ciprian A. Tudor

Abstract. Using multiple stochastic integrals, we study the chaotic expansion and
the regularity in the Sobolev-Watanabe spaces of the local time of the solution to
the stochastic heat equation with fractional-colored noise.

1. INTRODUCTION

The local time of a stochastic process measures the time spent by the process in a
given Borel set. It is an important characteristic of a stochastic process. Especially for
Gaussian processes, the local time has been widely studied. We refer, among others,
to the recent monograph [15] for a complete presentation.

A special interest has been focused on the local time of the fractional Brownian
motion and related processes. Firstly, an important literature has been developed in
the sixties-seventies due to the introduction of the concept of local nondeterminism
and then, in the last decade, new results has been obtained simultaneously with the
development of the stochastic calculus for fractional processes. We refer, among others,
to [3, 4, 21, 7, 9] and [10] for various properties of the local times of the fractional
Brownian motion and fields and to [20, 19] for a study of the local times and additive
functionals of the so-called bifractional Brownian motion, that constitutes an extension
of the fractional Brownian motion (see below the definition of this Gaussian process).
A related result on the local time of the fractional Ornstein-Uhlenbeck process has been
proven in [14].

The purpose of this work is to analyze the local time of a particular class of
Gaussian process that are solution to the heat equation driven by an additive Gaussian
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process with non-trivial covariance both in time and in space. Consider the stochastic
heat equation with additive noise

ou 1 .
1 — = Au+WH, telo,T RY
( ) 8t 2 U + Y e [ Y ]7 €T e
u(0,2) =0, xz¢€ RY,
where A denotes the Laplacian on R? and the noise W is defined by (2). The driving
noise W is defined as a centered Gaussian process W = {WH (¢, A);t € [0,T], A €
By(R%)} with covariance: for every s,t > 0

EW"(t, AW (s, B))
= Ru(t, 8)/A/Bf(y —y)dydy" =: (1j0,9x, Ljo,5)x B)HP

where f is spatial covariance kernel and Ry denotes the covariance of the fractional
Brownian motion

2

1
3) Rpu(t,s) = §(t2H + 52— |t — )

for every s,t € [0,T]. Such a noise W is usually referred as a fractional-colored noise
because it behaves as a fractional Brownian motion with respect to its time variable
and has colored spatial covariance given by the kernel f. We will give in the sequel
more details on this kernel.

Using multiple Wiener-1to stochastic integrals, we will give the chaotic expansion
of the local time of this stochastic process and we will discuss its regularity in the
Sobolev-Watanabe spaces that we introduce in Section 2.

Before discussing the case of the fractional-colored noise, let us recall few facts on
the heat equation driven by a Wiener process. First, consider a centered Gaussian field
(W(t, A),t €[0,T), A€ B(RY)) with covariance given by

) E (W(t, AW (s, B)) = (s AA(AN B)

where \ denotes the Lebesque measure and A, B € B(R?). The noise W is usually
referred to as a space-time white noise. It is well-known (see for example the now
classical paper by Dalang [8]) that the heat equation (1) admits an unique mild solution
if and only if d = 1. This mild solution is defined as

Q) u(t,z) = /Ot y G(t — s,x —y)W(ds,dy), tel0,T],zecR?

where the above integral is a Wiener integral with respect to the Gaussian process W
and G is the Green kernel of the heat equation given by

(6) G(t,z) = (27rt)—d/2 exp (—%) ift >0,z e R?
| 0 ift<0,2eR
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Consequently the process (u(t,z),t € [0,T],z € R) is a centered Gaussian process.
It has been proved that the solution (5) exists if and only if d = 1 and in this case the
covariance of the solution (5) satisfies the following : for every x € R we have

1
V2T

This fact establishes an interesting connection between the law of the solution (5) and
the so-called bifractional Brownian motion. Recall that the bifractional Brownian mo-
tion (BtH ’K)te[o,T] is a centered Gaussian process, starting from zero, with covariance

(7 E(u(t,z)u(s,x)) = (\/t +s5—/|t— s\) , for every s,t € [0,T].

(8) REE (¢ g) = L (2 + 2 g2HEY | st e [0,T]
2K

with H € (0,1) and K € (0, 1]. We refer to [11] and [19] for the definition and the
basic properties of this process. Note that, if X' = 1 then B! is a fractional Brownian
motion with Hurst parameter H € (0,1) (compare (8) with (3). When K = 1 and
H = % then it reduces to the standard Brownian motion.

Relation (7) implies that the solution (u(t,z),t € [0,T],x € R) to equation (1)
(with time-space white noise) is a bifractional Brownian motion with parameters H =
K = % multiplied by the constant 2=% \/%—W Therefore, the chaos expansion and the
regularity of the local time of the solution to the heat equation with space-time white
noise can be obtained from the [20].

The restriction d = 1 for the existence of the solution with space -time white noise
lead the researchers in the last decades to consider other types of noise that would allow
to consider higher dimension. An approach is to consider the so -called white-colored
noise, meaning a Gaussian process with zero mean and covariance

©) EW(t, A)W (s, B) = (£ A s) /A /B (2 — )dzd.

Here the kernel f should be the Fourier transform of a tempered non-negative measure
1 on R? ie. a non-negative measure which satisfies:

1 l
(10) / <T‘§‘2) /L(df) < 0o, forsomel > 0.
Rd

Under this assumption the right hand side of (9) is a covariance function.

There are many examples of kernels f that satisfy the above condition (10) (see
e.g. [1, 2]). We will use in this work the Riesz kernel. The Riesz kernel of order « is
defined by

(n f(&) = Ra(@) :=7aalz| "™, 0<a<d,

where 7q.q = 277720 ((d — @) /2) /T(a/2). In this case, pu(dE) = |£|~dE.
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It has been proved by Dalang (see [8]) that (even in the non linear case) the
stochastic heat equation with white -colore noise admits a unique solution if and only

if
/. (%‘5‘2) u(d) < oo.

Obviously, this condition allows to consider higher dimension. For example in the
case of the Riesz kernel, the stochastic heat equation with white-colore noise admits
an unique solution if and only if

d<2+a

and this implies that one can consider every dimension d > 1.
It is possible to compute the covariance of the solution with respect to the time
variable. Actually for fixed 2 € R?, d > 1 and for every s < ¢t we have (see e.g. [1])

Eu(t,z)u(s,x) = (27r)_d/ du/ M(d§>e—%(t—u)|§|2e—%(8—u)|§|2
0 Rd
and in the case of the Riesz kernel f (see (11)) we get

[ ntage e
Rd

— (@2n) e 1 “$H (1 g8
(1) = n [ e () TE - E)

(MY

Bu(t, z)u(s,z) = (2m)7¢ /OS du(t+ s —2u)”

As a consequence, in the case of the spatial covariance given by the Riesz kernel, the
solution of the heat equation with white noise in time coincides distribution to, modulo
a constant, a bifractional Brownian motion with parameters H = % and K =1 — %.
The sample path properties of this process can be therefore again deduced from [20].

In the case @ = 0 and d = 1 (that corresponds to the space-time white noise case)
we retrieve the formula (7) because [, u(df)e‘ém|2 = /2.

Our purpose is to study the case of the linear heat equation driven by a fractional
noise in time. That is, we will consider a Gaussian field W with covariance given by
(2) and we will assume throughout the paper that the Hurst parameter H is contained in
the interval (%, 1). We also consider the linear stochastic heat equation (1) where W#
is a centered Gaussian noise with covariance (2). The existence of the mild solution to
the above heat equation has been studied in [1]. The mild solution of (1) can be written
as a Wiener integral with respect to the Gaussian process W (see the next section of
our paper). Let us point out that the law of the solution to (1) has a more complicated
structure. Actually it is not a bifractional Brownian motion anymore. An analysis
of this solution has been done in [6] where it has been show that in the covariance
structure of w appear, besides the bifractional Brownian motion, two other Gaussian

processes whose covariance is not trivial. Therefore, the study of the local times of
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the solution to (1) cannot be deduced from the literature (e.g. [19], [20]) and new
techniques need to be developed.

We start by recalling in Section 2 some preliminaries on the stochastic heat equation
with fractional-colored noise and on the multiple stochastic integrals. In Section 3 we
give the chaos expansion of the local time of this solution and we analyze its regularity
as a Watanabe functional.

2. PRELIMINARIES

We recall here the basic facts on the existence and properties of the solution to (1)
and we introduce the elements of the stochastic calculus on Wiener space that we will
need in the paper.

2.1. The solution to the stochastic heat equation with fractional-colored noise

Let us consider the equation (1) with the covariance of the noise W given by (2)
and recall that the solution can be written in the mild form

t
(13) u(t,a:):/ Gt —u,z —y)WH(ds,dy), tel0,T],zecR?
0 JRd

where the above integral is a standard Wiener integral with respect to the Gaussian
noise W (see [1]). Recall the result from [1, 2].

Theorem 1. The process (u(t, x))icp 1],zcre €Xists and satisfies

sup E (u(t, z)?) < 400
tE[O,T],J:ERd

/Rd <1+1W)2H p(dg) < oo.

Remark 1. For the Riesz kernel (11) the condition translates into

if and only if

(14) d < 4H + a.
The covariance Eu(t, z)u(s, ) (here z € R? is fixed) is given by (12).

Remark 2. When the spatial covariance is given by the Riesz kernel (11), the
process u(t, x) is self-similar with parameter
d—a
2

H —

with respect to t. This follows easily from relation (12). The self-similarity index is
strictly positive under (14).
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The increments of the solution to (1) satisfy the following (see [18]): there exists
two strictly positive constants C1, Cy such that for any ¢, s € [0, T] and for any = € R?

(15) Cilt — 5?5 < Elu(t, ) — u(s,z)]* < Caft — s2H-5%.

2.2. Multiple stochastic integrals and Watanabe spaces

Here we describe the elements from stochastic analysis that we will need in the
paper. Consider H a real separable Hilbert space and (B(y), ¢ € H) an isonormal
Gaussian process on a probability space (2, .4, P), that is a centered Gaussian family
of random variables such that E (B(p)B(¢)) = (p, ). Denote by I,, the multiple
stochastic integral with respect to B (see [16]). This I,, is actually an isometry between
the Hilbert space H®" (symmetric tensor product) equipped with the scaled norm ﬁ |-

||l3¢en and the Wiener chaos of order n which is defined as the closed linear span of
the random variables H,,(B(y)) where ¢ € H, ||¢|lx = 1 and H,, is the Hermite
polynomial of degree n > 1

Hy(z) = (_nlfn exp (%2) CZ;—Z <exp (J%Z)) . zeR

The isometry of multiple integrals can be written as: for m, n positive integers,

E(In(f>lm(g>> = n!<f,g>7—{®" ifm=mn,
(16) E (I.(f)In(g)) = 0 ifm#n.

It also holds that

where f denotes the symmetrization of f defined by f(z1, ..., x,)= % > ves, f(Ta(1);
cey xg(n)).
We recall that any square integrable random variable which is measurable with
respect to the o-algebra generated by B can be expanded into an orthogonal sum of
multiple stochastic integrals

(17) F =Y IL(fa)

n>0

where f,, € H®" are (uniquely determined) symmetric functions and Iy(fy) = E [F].
Let L be the Ornstein-Uhlenbeck operator

LF = — Zn[n(fn)

n>0

if F' is given by (17).
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For p > 1 and o € R we introduce the Sobolev-Watanabe space D*P as the closure
of the set of polynomial random variables with respect to the norm

1Flap = I = L)% | oo

where I represents the identity. In this way, a random variable F' as in (17) belongs
D2 if and only if

(18) ST+ ) L) gy = S0+ ) nll| fulon < .

n>0 n>0

Throughout this paper we will denote by ps(x) the Gaussian kernel of variance
2

s > 0 given by ps(x) = \/ﬁe_%,x € Rand for = (z1,...,24) € R? by

d _ 174 )
Ps (33> = Hizl Ps (371>
3. EXISTENCE AND REGULARITY OF THE LocaL TIMES

Let us first define the local time of a stochastic process (X¢):cr. For any Borel
set I C T the occupation measure of X on [ is defined as

ur(A)=A(tel,X;el), AcB(R)

where A denotes the Lebesque measure. If u; is absolutely continuous with respect to
the Lebesque measure, we say that X has local time on /. The local time is defined
as the Radon-Nykodim derivative of iy

d
L(I,z) = %(:p), xR,
We will use the notation

L(t,z) := L([0,t],xz), teRi,xzeR.
The local time satisfies the occupation time formula
(19) [ rxiar= [ s@)ra, s
for any Borel set [ in 7" and for any measurable function f : R — R.

Let now X be isonormal Gaussian process with variance R(s,t) as introduced in
Section 2. The local time can be formally written as

t
(20) L(tz) = /O 5z — X,)ds
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where ¢ denotes the Dirac function and the quantity 6(x — X) can be understood as
a distribution in the Watanabe spaces. We will use the following decomposition of the
delta Dirac function (see Nualart and Vives [17], Imkeller et al. [12], Eddahbi et al.
[9]; see also [13] for a general theory) into orthogonal multiple Wiener-Ito integrals

1) 8z — Xo) = Y R(s) 2 pps)(x) Hy (%) L (157)

1
n>0 (s)2

where R(s) := R(s,$), Pr(s) is the Gaussian kernel of variance R(s), H,, is the
Hermite polynomial of degree n and I,, represents the multiple Wiener-1td integral of
degree n with respect to the Gaussian process X as defined in Section 2.

Since the covariance function of the mild solution (13) does not depend on z € R?,
we will consider in the sequel a Gaussian process (Ut)te[o,T] with covariance function

t s
(22) R(t,s):d(a,H)// lu— )22t + s — u — v)” 2" dvdu
0 JO

with d(a, H) a strictly positive constant and as mentioned before H € (%, 1) and
0<a<d<4H + a.
Before proving our main result, let us state an auxiliary lemma.

Lemma 1. Let R be the covariance function (22) of the process U.

(1) For every a,u € [0, T such that au € [0,T] we have
R(a,au) = aQH_d_TaR(l, u).

_ _RBQz .
(2) Let F(z) = TR Then for every z € [0,T1, it holds

0<F(z) <1

(3) There exists a strictly positive constant c¢(H, , d) not depending on n such that
for n large enough

1

/O dz (F(2))" R(2)"% < e(H, o, d)n_ 15

Proof. Point 1. is a consequence of Remark 2. It can be proven also directly by
a change of variables. The point 2. follows from a well-known for the covariance
function. Let us focus on the proof of the third point. Let + be an arbitrary point
between 0 and 1. We can write
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/1 dz <M> R(z)~
0 R(1)R(z)
I N G 6 ) N S S L G 600 N o
_/0 g < R(l)R(z)) R(z) +/1_7d < R(l)R(z)) R()

= Jy + Jo.

=

=

The function F(z) = % with z € [0, 1] satisfies F/(0) = 0, F(1) = 1, is
z

continuous and F'(z) = 1 if and only if z = 1 (obviously U; and U, are proportional
if and only if z = 1). Consequently, there exists a a constant co(y) € (0, 1) such that
F(z) < co(v) for every z € [0,1 —~v]. Thus

(23) i < o(H, d, @, y)eof7)"

Concerning the term Jo, we can write, by the inequality (3.15) in [5] and the inequality

(15)
1 - (1_Z>2H—d—Ta 2 -
Jy < /1_de <1 C—R(l)R(z) R(z)
! oH—d=a\3
H.,d d — — T2
c(H. ’“’”/1_7 2 (1 c(1 -2 15")

H_d—_a
%log(l—c(l—z)2 2

=

IN

1
= c(H,d,a,’y)/1 dze
-

where the constant ¢ in the exponential function also depends on H, ~y, d and we noticed
the trivial fact that R(z) is bounded below by a strictly positive constant for z outside
the origin. Using the inequality —logz > 1 — z for every z € (0, 1] and hence for
every z € (1 —~,1), we get
1 d—a
Jy < c¢(H,d,a,7) / dze=2°(172) 2
1=y

”
= ¢(H, d,a,’y)/o dze” 2%

and by %zQH_d_Ta = y we find that
I
Jy < c(H,a,d,y)n 2H-452
By using the inequalities (23) and (), we found the conclusion. ]

Our main result is stated below. It gives the chaos expansion of the local time if
the process U and its regularity in the Watanabe spaces.



1774 Ciprian A. Tudor

Theorem 1. For every t € [0,T] and x € R the local time L(t,x) of the process
U admits the following chaos expansion into multiple Wiener-1t6 integrals

t

L(t,x) = | 0(x—Us)ds
(24) Ot n x
~ [ SR Fon ) | = ) 11 g
0 >0 R(s)?
Moreover L(t,y) belongs to the Sobolev-Watanabe space DV for every
1 1
@) TSog_&a 7y

Proof. The chaos expansion (24) is a consequence of (21) and (20) and of the
techniques used in [7] or [9]. Let us compute the D72 norm of the random variable
L(t,x) with ¢t € [0,T] and « € R. Using the isometry of multiple Wiener-Ito integrals
(16) and the expression of the Sobolev-Watanabe norm (18), we can write

1Lt 2)13 2

T
PR(v) (x>Hn )

pR(u)(a:)Hn <m> PR(v) (a:)Hn <R(v>%> R(u’ v)”.

Above (-, -) denotes the scalar product in the Hilbert space associated with the Gaussian
process U. We use the identity (see e.g. [7])
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(26) Ha(y)e ™ = (—1)n/223 2 / e g(uyv/2)du

nlmw 0
where g(r) = cos(r) if n is even and g(r) = sin(r) if n is odd. Since |g(r)| < 1, we
have the bound

. 2 1
F(n—i-
2

<3

<2

S]]

27 Hy(y)e = ) i=cn

y2
nlr

Thus (with C' a generic strictly positive constant)

t oot
IL(t2) 2 < CZ(Hn)wcg/ / dudv R(u)~ "5 R(v)~ "5 R(u, v)"
"0 0o Jo
t 1
= C’Z(l —i—n)WL!@i/ duR(u)_%—_lu/ dzR(uz)_%R(uz,u)"
"0 0 0
where we made the change of variables - = 2 in the integral dv.
Lemma 1 point 1. implies that for every u, z
R(u,uz) = uQH_%R(l, z)
and thus
L), 1
< C’Zn!ci/ u1_2H+d_Tadu/ dzR(l,z)"R(z)_%R(l)_%
(28) n>0 0 0
1 n
R(1
= C’Zn!ci/ dz <&> R(z)_%
= 0 R(1)R(2)
d—o

where we noticed that the integral du is finite since 2H < 2 + “5* and the constant

C may change from one line to another. Notice also that, by Stirling’s formula, the
1 . .

sequence n!c2 behaves as n? when n goes to infinity. We conclude, by (28), that

1
d—a

IL(t, 2)[12 5 < e(H, a,d) S (1 +n)nle2n 2-5%
n>0

and this is convergent if v < 23 T2 [

Corollary 1. The solution to the fractional-colored heat equation (1) admits a
local time in L*(Q) if
d— o

(29) 2H — —

3
< -
-2
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Proof. The space L?(f2) coincides with the Sobolev-Watanabe space D%2. By

applying Theorem 1, we obtain that (29). ]
Remark 3. e [n the case of the fractional-white noise (o« = 0), (29) is always

true since d 1 3

2H — = <2——=—,

2 2 2
e Recall that the local time of the fractional Brownian motion belongs to the Watanabe
space D2 with v < ﬁ — % (see [9]). This is consistent with the condition
(25) since H — dTTO‘ is the self-similarity index of the solution U (see Remark

2).
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