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Abstract

We consider the stochastic heat equation with multiplicative noise u; =
%Au +uW in Ry x R? whose solution is interpreted in the mild sense.
The noise W is fractional in time (with Hurst index H > 1/2), and colored
in space (with spatial covariance kernel f). When H > 1/2, the equation
generalizes the It6-sense equation for H = 1/2. We prove that if f is
the Riesz kernel of order «, or the Bessel kernel of order a < d, then
the sufficient condition for the existence of the solution is d < 2 + o (if
H > 1/2), respectively d < 2+ o (if H = 1/2), whereas if f is the heat
kernel or the Poisson kernel, then the equation has a solution for any
d. We give a representation of the k-th order moment of the solution, in
terms of an exponential moment of the “convoluted weighted” intersection
local time of k£ independent d-dimensional Brownian motions.
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1 Introduction

The study of stochastic partial differential equations (s.p.d.e’s) driven by a Gaus-
sian noise which is white in time and has a non-trivial correlation structure in
space (called “color”), constitutes now a classical line of research. These equa-
tions represent an alternative to the standard s.p.d.e.’s driven by a space-time
white noise. A first step in this direction has been made in [10], where the
authors identify the necessary and sufficient condition for the existence of the
solution of the stochastic wave equation (in spatial dimension d = 2), in the
space of real-valued stochastic processes. The fundamental reference in this
area is Dalang’s seminal article [9], in which the author gives the necessary and
sufficient conditions under which various s.p.d.e ’s with a white-colored noise
(e.g. the wave equation, the damped heat equation, the heat equation) have
a process solution, in arbitrary spatial dimension. The methods used in this
article exploit the temporal martingale structure of the noise, and cannot be
applied when the noise is “colored” in time. Other related references are: [36],
(23], [33], [11] and [12].

Recently, there has been a growing interest in studying s.p.d.e.’s driven by
a Gaussian noise which has the covariance structure of the fractional Browniam
motion (fBm) in time, combined with a white (or colored) spatial covariance
structure. (Recall that an fBm is a centered Gaussian process (Bi)i>o with
covariance E(B;Bs) = Ry(t,s) = (37 + s2H — |t — s|?H) /2, with H € (0,1).
The Brownian motion is an fBm of index H = 1/2. We refer the reader to the
expository article [27], for a comprehensive account on the fBm.) This interest
comes from the large number of applications of the fBm in practice. To list only
a few examples of the appearance of fractional noises in practical situations,
we mention [20] for biophysics, [3] for financial time series, [13] for electrical
engineering, and [7] for physics.

In the present article, we consider the stochastic heat equation with a multi-
plicative Gaussian noise, which is fractional (or white) in time with Hurst index
H > 1/2 (respectively H = 1/2), and has a non-trivial spatial covariance struc-
ture given by a kernel f. As in [9], we assume that f is the Fourier transform of
a tempered measure u. (Note that the particular case of a spatially white noise
arises when f = dy.) More precisely, we consider the following Cauchy problem:

ou 1 . d
rril §Au+uW, t>0,z R (1)
U,z = UO(x)v T e Rda

where ug € Cy(R?) is non-random, and W is a formal writing for the noise
W = {W(h);h € HP} (to be introduced rigourously in Section 2).

Before discussing the multiplicative case, we recall briefly the known results
related to the existence of the solution of the stochastic heat equation with
additive noise:

ou

1 > d
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When H = 1/2 and f = dg, equation (2) admits a solution in the space of
real-valued processes, if and only if d = 1. This phenomenon can be explained
intuitively by saying that, while the Laplacian smooths, the white noise roughens
(see also [16]). If the spatial dimension d is larger than 2, then the roughness
effect of the white noise overcomes the smoothness influence of the Laplacian.

What happens when the space-time white noise is replaced by a noise which
is fractional in time, but continues to be white in space? This situation has been
studied in several papers such as [14], [24], [29], [34] and recently in [1]. In this
case, a necessary and sufficient condition for the existence of the solution of (2)
is d < 4H, which allows us to consider the cases d = 1, 2 or 3, for suitable values
of H. This can be interpreting by saying that for H > 1/2; the noise roughens
a little bit less, and the smoothness influence of the Laplacian overcomes the
roughness of the noise. If the noise is colored in space, the conditions for the
existence of the solution of (2) depend on the noise regularity in space. For
example, if f the Riesz kernel of order «, or the Bessel kernel of order «, the
necessary and sufficient condition for the existence of the solution of (2) is
d < 4H + «, whereas if f is the heat kernel or the Poisson kernel, the solution
exists for any d > 1 and H > 1/2 (see [1], as well as Appendix B for a correction
of the result of [1]).

Another explanation of this phenomenon is given in [16], and it is related to
the local time of the stochastic processes associated with the differential operator
of the s.p.d.e. In the particular case of the stochastic heat equation driven by a
space-time white noise, the solution exists only in dimension d = 1 because this
is the only case when the d-dimensional Brownian motion has a local time.

We now return to the discussion of equation (1). This equation has been
studied recently in [18], when the noise is fractional in time, and white in space.
In this article, it is proved that a sufficient condition for the existence of the
solution (in the space of square-integrable processes) is d < 2: if d = 1, then
equation (1) has a solution in any time interval [0, T'], but if d = 2, this equation
has a solution only up to a critical point Tp (i.e. it has a solution in any interval
[0,T], with T" < Tp). It is not known if this condition is necessary as well.
There still is a connection with the local time, in the sense that the second-order
moment of the solution is equal to the exponential moment of the “weighted”
intersection local time L; of two independent d-dimensional Brownian motion
B' and B2, written formally as:

t t
L= H(2H — 1)/ / lr — s|*7250(B} — B?)drds.
0 JO

In the present article, we consider equation (1) driven by the Gaussian noise
introduced in [1]. This noise is fractional in time with Hurst index H > 1/2, and
colored in space, with covariance kernel f chosen among the following: the Riesz
kernel, the Bessel kernel, the heat kernel, or the Poisson kernel (see Examples
2.1-2.4). The case of the fractional kernel f(z) = [, Hi(2H; — 1)|a|?Hi~2
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with 1/2 < H; < 1 has been examined in [17], using methods that rely on the
product form of f. These methods cannot be used in the present article, since
in our case (except the heat kernel), f is not of product type. For the fractional
kernel, it was proved in [17] that the sufficient condition for the existence of the
solution is d < 2/(2H — 1) + Z'Z:l H;.

As in the case of equation (2) with additive noise, we find that the existence
of the solution depends on the roughness of the noise. If H > 1/2, and f is the
Riesz kernel of order a, or the Bessel kernel of order a < d (which are “rough”
kernels), then a sufficient condition for the existence of the solution is d < 2+ a:
if d < 2+ « the solution exists in any time interval [0, T|, whereas if d = 2 + «,
the solution exists only up to a critical point Ty. If f is the heat or the Poisson
kernel (which are “smooth” kernels), the solution exists in any time interval, for
any d > 1 and H > 1/2. If f is one of the “rough” kernels mentioned above, we
prove that if the solution exists, then d < 4H + «. This shows that for H = 1/2,
the necessary and sufficient condition for the existence of solution is d < 2 + «.
It remains an open problem to identify the necessary and sufficient condition
for the existence of the solution, in the case of H > 1/2.

The existence of the solution is connected to the “convoluted weighted”
intersection local time L., written formally as:

t ot
Ly = H(2H — 1)/ / / lr — s|*260(B! — B2 — y) f(y)dydrds.
o Jo Jrd
More precisely, the second-order moment of the solution can be expressed as:
E[ufz] =F [uo(aj + Btl)uo(aj + Btz) exp(Lt)} .

As in [18], this expression can be extended to the moments of order k > 2, using
k independent d-dimensional Brownian motions.

This article is organized as follows. Section 2 contains some preliminaries
related to analysis on Wiener spaces. In Sections 3, we discuss the existence of
the solution. In Section 4, we examine the relationship with the “convoluted
weighted” intersection local time.

2 Preliminaries

We begin by describing the kernel which gives the spatial covariance of the noise.
As in [9], let f be the Fourier transform of a tempered distribution x on R i.e.

fo)= [ eErutd. Vo e,
Rd
where ¢ - z denotes the scalar product in R?. Let P(R?) be the completion of

{14; A € By(R?)}, where B,(R?9) denotes the class of bounded Borel sets in R,
with respect to the inner product

<1A,1B>7>(Rd):/A/Bf(:c—y)dydz.
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We consider some examples of kernel functions f. In what follows, |z| denotes
the Euclidian norm of x € R%.

Example 2.1 If u(d€) = [€]7*dE for some 0 < o < d, then f is the Riesz kernel
of order «:

(@) = Yol =,

where Yo.q = T((d — a)/2)27 %7~ 42 /T (a/2).

Example 2.2 If u(d€) = (1 4 |£]2)~2/2d¢ for some a > 0, then f is the Bessel
kernel of order a:

f(x) :7;/ e /21— w o/ (4w) gy
0

where 7/, = (47)%/?T(a/2). In this case, P(R?) coincides with H~*/?(R%), the
fractional Sobolev space of order —a/2; see e.g. p.191, [15].

Example 2.3 If u(d¢) = e‘”20‘|5|2/2d§ for some o > 0, then f is the heat kernel
of order a:
flz) = (27m)*d/26*\r\2/(2a)_

Example 2.4 If p(d¢) = 6_4”2045'6[5 for some o > 0, then f is the Poisson

kernel of order a:
f(@) = Caa(|z]? + o®)~(H1/2,

where Cy = 7~ (D21 ((d 4 1)/2).

Asin [1], if H > 1/2, we let HP be the Hilbert space defined as the comple-
tion of {1jg4xa;t > 0,4 € By(R9)} with respect to the inner product

t S
(10,44, Ljo,s)xB)HP = aH/ / /A/ lu — v* 72 f(x — y)dydzdvdu, (3)
0 0 B

where ay = H(2H — 1). The space HP is isomorphic to H ® P(R?), where H
is the completion of {1} ;% > 0} with respect to the inner product

t s
(10,6, Ljo,e))m = m / / lu — v 2 dvdu.
o Jo

If H=1/2, we let HP be the completion of {1jg4xa;t > 0,4 € By(R9)}
with respect to the inner product

(Ljo,)x 45 Ljo,s)xB)HP = (E A 5) /A/ f(z —y)dydz.
B

In this case, the space HP is isomorphic to L%(R;) ® P(R9).
We note that in both cases, the space HP may contain distributions.
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Let W = {W(h);h € HP} be a zero-mean Gaussian process, defined on a
probability space (2, F, P), with covariance

E(W(h)W(g)) = (h, g)np-

The process W introduce formally the noise perturbing the stochastic heat
equation. This noise is considered to be “colored” in space, with the color given
by the kernel f. If H > 1/2, the noise is fractional in time, whereas if H = 1/2
the noise is white in time.

We now introduce the basic elements of analysis on Wiener spaces, which
are needed in the sequel. For a comprehensive account on this subject, we refer
the reader to [26] and [28].

We begin with a brief description of the multiple Wiener (or Wiener-1to)
integral with respect to W. Let F" be the o-field generated by {W (h);h €
HP}, Hp(z) be the n-th order Hermite polynomial, and HP,, be the closed
linear span of {H, (W (h)); h € HP} in L2(2, F'| P). The space HP,, is called
the n-th Wiener chaos of W.

It is known that L?(Q, W, P) = ©2° yHP,, and hence every F € L*(Q, FW, P)

admits the following Wiener chaos expansion:
n=0

where J,, : L2(Q, FV, P) — HP,, is the orthogonal projection. By convention,
HPy =R and Jo(F) = E(F).
For each n > 1, and for each h € HP with ||h||xp = 1, we define

L, (h®") = n! Ho (W (h)).

By polarization, we extend I, to elements of the form h; ®...®h,, (see p. 230 of
[17]; e.g. h1 @ hg = [(h1 + h2)®? — (hy — h2)®?]/4). By linearity and continuity,
we extend the definition of I,, to the space HP®". (Note that if {e;;i > 1} is
a CONS in ‘HP, then {e;, ® ... ®¢;,;i; > 1} is a CONS in HP®™.) For any
h € HP®", we say that

I,(h) = / h(t1, @1, ..yt @n)dWey 5y oo . dWe, o
(R4 xRe)™

is the multiple Wiener integral of h with respect to W. We have
E(In(h)jn(g)) =n! <ﬁ7 §>'H73®"7 th g€ HP@nv

where h(t1,21,. .. tn,2y) = (n!) 71 Y ves, Mto(1), To(1)s- - s ta(n)s To(n)) 18 the
symmetrization of h with respect to the n variables (t1,x1),..., (tn, z,), and S,
is the set of all permutations of {1,...,n}. By convention, we set Iy(z) = .
The map I,, : HP®" — HP, is surjective. Moreover, for any F,, € HP,,
there exists a unique f,, € HP®™ symmetric, such that I,,(f,) = F,,. Using (4),
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we conclude that any F' € L*(Q, FW, P) can be written as:
n=0

where fo = E(F) and f,, € HP®" is symmetric and uniquely determined by F'.
We have:

E[F|> =Y ElL(fa)]> =Y _ ol || fal5epen-
n=0 n=0

We now introduce the stochastic integral with respect to W. Let u =
{ug; (t,2) € Ry x R} be an FW-measurable square-integrable process. By
(5), for any (t,r) € Ry x R, we have

Ut = E(uge) + Y In(falst,7)), (6)
n=1

where f,(-,t,2) € HP®" is symmetric and uniquely determined by wu¢ . For
eachn > 1, let fn be the symmetrization of f, with respect to all n+1 variables.
Let fo = E(u). We say that u is integrable with respect to W if fn €
HPPHD for every n > 0, and Y205 I1(fn) converges in L2(Q). In this
case, we define the stochastic integral

5(u) := /OOO usOWs = Z Lns1(fn)

n=0
Note that: -
El(u)? = Z(” + 1)! ||fn||${7>®(n+1)-
n=0

The following alternative characterization of the operator § is needed in
the present article. Let S = {F = f(W(h1),...,W(h,)); f € C°(R"),h; €
HP,n > 1} be the space of all “smooth cylindrical” random variables, where
C2°(R?) denotes the class of all bounded infinitely differentiable functions on
R™, whose partial derivatives are also bounded. The Malliavin derivative of an
element F' = f(W(h1),...,W(hy)) € S, with respect to W, is defined by:

DF := zn: O W (hy), ... W (hn))hi.

ox;
i=1 v

Note that DF € L*(Q; HP); by abuse of notation, we write DF = {D; . F; (t,z) €
[0,T] x R?} even if D, F is not a function in (t,r). We endow S with the
norm ||F|2,. := E|F|* + E||DF||3,p, we let D" be the completion of S
with respect to this norm. The operator D can be extended to D'2. Then
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§ : Dom 6 C L*(Q;HP) — L2() is the adjoint of the operator D, and is
uniquely defined by the following duality relationship: « € Dom § if and only if

E(F§(u)) = E(DF,u)np, VF eD"2 (7)

Note that © € Dom ¢ if and only if u is integrable with respect to W. (In the
literature, § is called the Skorohod integral with respect to W.)

3 Existence of the solution

In this section, we give conditions for the existence of the solution of equation

(1)

Let p;(z) be the heat kernel on RY, i.e.
_ 1 || d
pt(x)—wexp <—?), t>O,I€R .
For any bounded Borel function ¢ : R? — R, let pyp(x) = Jpa pe(z —y)e(y)dy.

For each ¢t > 0, let ; be the o-field generated by {W (1jo,5x4);s € [0,t], A €
By(R%)}.

The solution of equation (1) is interpreted in the mild (or evolution) sense,
using the stochastic integral introduced above. More precisely, we have the
following definition.

Definition 3.1 An (F;);-adapted square-integrable process u = {usq; (t,x) €
R, x R4} is a solution to (1) if for any (t,x) € Ry x RY, the process

(Y58 =11, 9(8)pr—s(x — Y)usy: (s,y) € Ry x R}

1s integrable with respect to W, and

Utz = pt’LLQ(ZC) +/ / Y:,yz(SWS;U
0o Jra
By (7), the above definition is equivalent to saying that for any (¢,7) € R, x R9,
ugz € L2(Q), up e is Fi-measurable, and
B(utoF) = B(F)puo(z) + E(Y"®, DF)yp, VF €D (8)

The next result establishes the existence of the solution u = {u; 4; (t,x) €
R, x R}, as a collection of random variables in L2(£2). As in [18] (see also [6],
[21], [25], [30], [32], [35]), one can find a closed formula for the kernels f,(-,t, x)
appearing in the Wiener chaos expansion (6) of u; 4.

Proposition 3.2 In order that equation (1) possesses a solution it is necessary
and sufficient that for any (t,x) € Ry x R, we have

ZTL' ||f’n«(5t7x)||§-(7>®n < 09, (9)
n=0
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where

n

H Ptoin—to (Toli+1) = Tp(j) )Pty o(Tp(1)),
j=1

1

fn(tlaxla"wtnuxnutax) = E

p denotes the permutation of {1,2,...,n} such that t,) < ty2) < ... <tym),
tont1) = t and x,,41) = . In this case, the solution u is unique in L?(Q),
admits the Wiener chaos decomposition (6), and

o0

Elugal* =) 0l || falt,2)[3pen- (10)

n=0
We begin to examine condition (9). Note that
an(t,7) = (n)? || fu (1, 2) 3 pen < lluolZoan (1), (11)

with equality if ug = 1, and hence

o0 oo

1 1
Blup|* = —jon(t,z) < luollZ D —an(t),
n=0 " n=0
where
oy Jio.pn L=y 5 — 4172970 (s, t)dsdt - if H > 1/2
an(t) = (12)
Jiogn W70 (s, 8)ds ifH=1/2
and

P (s,t) = /R - LT /G =9) TTPtoisin —toer @otge1) = o)
j=1

j=1
Hpso(j+1>—sa<j> (Yo (i+1) = Yo(j))dxdy. (13)
j=1
In the above integrals, we denoted s = ($1,...,8,),t = (t1,...,tn),x = (T1,...,Zp),

v = (Y1, -, Yn), and we chose the permutations p and o of {1,...,n} such that
0< to1) <lp) < ... <Ilpwm) and 0 < So(1) < Sg2) < --v < Sg(n)s (14)

with Lp(n+1) = So(nt1) =1 and Zp(nt1) = Yo(nt1) = T-

Note that
¢*(n) (Sv t) = <g§n), gén)>73(]Rd)®n, Vt, S € [0, t]n,
where
# (@) = Hptp<j+n—tp<j>(%<j+1> = Zp(j))
j=1
g vn) = [ Peain 50 ) Waten) = Vo).
j=1
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and the permutations p and o are chosen such that (14) holds.

As in [1], for any y,z € R? and u,v > 0, we denote

Ji(u,v,y,2) = /Rd /deu(x—y)pv(:t' —2)f(x — 2')dxdx’.

Lemma 3.3 (i) If f is the Riesz kernel of order «, or the Bessel kernel of order
a < d, then

Ji(u,0,9,2) < Do a(u+0v)"@=9/2 wy 2 e RY,

where Dy, q 1s a positive constant depending on o and d.
(i) If f is the heat kernel of order «, or the Poisson kernel of order «, then

Jr(u,v,y,2) < Coa, Vy,z € R,

Proof: Note that Jy¢(u,v,y,2) = E[f(y — z + VuY — vZ)], where Y and Z
are independent d-dimensional standard normal random vectors. We use the
following inequality: (see (3.24) of [1])

—d/2
E[e—\y—z+mY—mZ\2/(4w)] < (1+ “+U) ' (15)
w

(i) In the case of the Riesz kernel, this inequality has been shown in the
proof of Theorem 3.13 of [1]. Suppose now that f is the Bessel kernel of order
a < d. Using (15),

) /°° (@021 =0 o lu= /A Vo2 (0] gy
0

00 —d/2
”y(’l/ wle—d/2=1g—w <1 4L * v) dw
0 2w

S —d/2
- yg/ w2 e <w+u+v) dw =7 1In.a <u—|—v)
) 2 2

where I q(z) := [;° w*/? le™"(w + 2)~%/2dw. The result follows, since

J(u,v,y, 2)

IN

Ia7d($)

IN

$_d/2/ wa/2—le—wdw+/ wo‘/z_le_w(w+x)_d/2dw
0

x

1 oo
Ifd/QIa/Q/ ya/Qflefzydy_Fxf(dfa)/Q/ ya/271671y(y+1)7d/2dy
0 1
1 oo
< x—(d—a)/2/ ya/2—1dy + x—(d—a)/2/ y—(d—a)/2—ldy =K, dx—(d—()¢)/27
0 1

where Ky g =2/a+2/(d—a) = 2d/[a(d— «)], and we used the fact that o < d.

10
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(ii) If f is the heat kernel, using (15), we obtain:

Jr(u,0,y,2) = (2mq) W2E[e v VY —VuZl*/(2o)]
—d/2
< (2ra)”Y? <1+u_—|—v>
«

= 2n) Y a+u+v)"Y? < (2ra)" Y2
If f is the Poisson kernel, we have:

Jr(u,v,y,2) = CaaB[(ly —z+VuY — VoZ|* + a2)_(d+1)/2]
< Cha(a?)~UHD/2 = ¢ya,

O

Lemma 3.4 (i) If f is the Riesz kernel of order «, or the Bessel kernel of order
a < d, then for any s,t € [0,t]",

0 (s,8) < (Daa2” /)" [Be)B] 7,

where B(s) = [Ij=1(Soi+1) = S0())s B) = =1 (tpiir1) — tp)), and the
permutations p and o are chosen such that (14) holds.
(i1) If f is the heat kernel of order «, or the Poisson kernel of order «, then
for any s, t € [0,¢t]",
¥ (s, ) < Ci,

where Cq 4 is a constant depending on « and d.
Proof: By the Cauchy-Schwartz inequality,
1/}*(11) (S, t) < 1Z)*(n) (S, S)1/21/}*(n) (t, t)1/2.

To find an upper bound for ¢*(™ (s,s), we use Lemma 3.3 to estimate the
following integrals:
I = /R . /R P @o 1) = Zo())Pu; Woi+1) = Yo ) F (Zo() = Yo(7))d2o() Yo ()
= Jy(uj, uj, To(j41), Yo(i+1))s - With uj = Sp(i11) = So(j), J=1,...,n.
(i) In this case, I} < Dy, a[2(5¢(j41) — sa(j))]*(d*a)/2 and
—(d—a)/2

n

¢ (s,s) < Di 2 A=)/ H(Sa<j+1) = 54(j))

j=1

(ii) In this case, I; < Cq,q and () (s,8) < Coq U

11
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If H > 1/2, it was proved in [22] that there exists Sy > 0 such that

%) %) [e’) 2H
an [ [T ool - s 2asar < (/ |so<t>|1/Hdt) ,

for any ¢ € L*/H (R, ). Hence,

oy [ e TL It = P -2dsat < gy ( /

2n N
+ j=1

n

+

2H
Iw(t)ll/Hdt> , (16)

for any p € LYH(R%). If H = 1/2, we let Sy = 1.

We need the following auxiliary result.

Lemma 3.5 Let
I,(t,h) = / [(t = 80) (80 — Sn_1) - .. (52 — 51)]"ds,

where T, = {8 = (81,...,5n);0 < 81 < 82 < ... < 8, <t}. Then I,(t,h) < 0o
if and only if 1 + h > 0. In this case,

(14 h)»t! n(1h)

L) = s 1D

Proof: First note that [;*(s2 — s1)"ds1 = s8H1/(h +1), and then
s3
/ (53 — s9)'shTldsy = 8223 (h42,h 4 1)
0

= $2MUB((h+1)+1,h+1))

where ((a,b) = fol 2971(1 — 2)*~1dx is the beta function, and we used the
change of variables s3/s3 = z. In this way, the integral I, (¢, h) becomes

L(th) = %Hﬁ((th1)+1,h+1)...6((n—2)(h+1)+1,h+1)
/t Sgln71)(h+1)(t _ sn)hdsn
0

OB+ 1)+ 1,h+1)...8((n—=1)(h+1)+1,h+1).

Using the fact that 3(a,b) = I'(a)I'(b)/T'(a+b) for a,b > 0 and I'(z+1) = 2I'(2)
for any z > 0, we obtain the desired conclusion. [J
Using Lemma 3.4, Lemma 3.5 and (16), we obtain the following estimate for

an(t).

Proposition 3.6 Suppose that H > 1/2 and let «,(t) be given by (12).

12
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(i) If f is the Riesz kernel of order «, or the Bessel kernel of order a < d,

and
d— «

4 )

H > (17)

then
an(t) < Clp g o DO™ ()72 for any t > 0,n > 1,
where C}})dﬂ > 0 is a constant depending on H,d, o, and

—(d—a)/2 52 d—a)’ d—a\ B 2H—(d—a)/2
D(t) = Dy 42 BT (11— 1-— t .
(t) . H < H ) ( H >

(i) If f is the heat kernel of order «, or the Poisson kernel of order «, then
an(t) <C@)", foranyt >0 andn > 1,
where C(t) = Cy qt*H.

Remark 3.7 Proposition 3.6 shows that > «,(t)/n! grows exponentially in
time in some cases, and faster than exponentially in other cases.

Proof of Proposition 3.6: We only give the proof in the case H > 1/2, the
case H = 1/2 being similar. We use the definition (12) of a,(t).
(i) Let h = —(d — «)/(4H). By Lemma 3.4.(i) and (16), we obtain:

an(t) < (Da d2*(d*°‘)/2)n04?1/ L1 1t = ;77 =28(s)B()] =) 4dsat
’ (10,12 521
2H
< (Da, d2—<d—af>/2)”g§{n / B(s)~(d=o)/ (1) g
0.4

— (Da,d27(d7a)/25%1)n (n!)2HIn(t, h)QH.

Using Lemma 3.5, we obtain:

2H —(d-a)/2 a2 \" 2H FA+h)"  a h)}QH
an(t) < TO+m* (Doa2 %) () {—F(n(1+h)+1)t +

" | 2H
_ T4 R {Da7d2—<d_a>/2 BT (1 + h)*H tzH(l+h)} <ﬁ> .

T(n(1 +'h

The result follows by using (3.19) of [18].
(ii) By Lemma 3.4.(ii),

an(t) < nga’;{/ H |sj — t;|*2dsdt = C% , " = C(t)".
[0,t]2"

Jj=1

O

Using Proposition 3.6, we examine the existence of the solution of equation
(1). The next result is an extension of Proposition 4.3 of [18] to the case of a
colored noise W.

13
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Proposition 3.8 (i) Let f be the Riesz kernel of order «, or the Bessel kernel
of order a < d. Suppose that either

H>1/2 and d<2+a, (18)

or

H=1/2 and d<2+a. (19)
Then (1) has a unique solution in [0,T] x R, provided that T < Ty where

2H —-1/(2H-1) .

To = { [(1= 2) Daa2 3T (1 - 2
0 ifd<2+a«

(i1) Let H > 1/2, and f be the heat kernel of order «, or the Poisson kernel
of order . Then (1) has a unique solution in Ry x R%.

Remark 3.9 Either one of conditions (18) or (19) is stronger that (17).

Remark 3.10 Proposition 3.8 shows that in the case H = 1/2, the dimension
d = 2 4+ a cannot be attained.

Proof of Proposition 3.8: We apply Proposition 3.2, using Proposition 3.6.
(i) We have:

Z”! [fn(s by ) 3epen < lluoll% Z Ean(t) < ||U0HZOCH,a,dZ O
n=0 n=0 n=0 ‘"

If d — a = 2, then the last sum is finite if D(¢) < 1, which is equivalent to
saying that t < Ty. If d — a < 2, then the last sum is finite for any ¢ > 0, by
Stirling’s formula and D’Alembert criterion.

(ii) We have:

> > > C(t)n
D ntIfalst@)lipen < luolls 3 Jran(®) < fluolls Y =7 < o0
n=0 n=0 n=0 ’

O
The next result shows that (17) is a necessary condition for the existence of
the solution.

Proposition 3.11 Suppose that H > 1/2 and [ is either the Riesz kernel or
order a, or the Bessel kernel of order «. If equation (1) with ug = 1 has a
solution in Ry x R?, then (17) holds.

Proof: Note that E |u;.|* = Yoo g an(t)/n! < oo implies that aq(t) < oo,
which in turn implies (17) (see Appendix A). O

14
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Remark 3.12 Proposition 3.8 and Proposition 3.11 show that, if H = 1/2 and
f is the Riesz kernel of order «, or the Bessel kernel of order a < d, then the
condition d < « + 2 is necessary and sufficient for the existence of the solution
of (1). It remains an open problem to see if this condition is necessary, when
H > 1/2. To resolve this issue, one needs to develop a full analysis of the range
of ay,(t), which would include the identification of suitable lower bounds. Such
analysis will be the subject of future investigations.

Remark 3.13 The case H < % also constitutes an interesting line of investi-
gation, which will be pursued in a subsequent article. We mention that in this
case even the stochastic heat equation with linear additive fractional-colored
noise has not been solved. The technical difficulties that appear here are re-
lated to the structure of the space HP and the lack of the expression of the
scalar product in this space as (3). Indeed, when H < %, assuming that the
noise W (t,z) is defined for ¢t € [0,7] and x € R?, the space HP can be de-
scribed as the space of measurable functions ¢(s, ), s € [0, 7], 2 € R? such that
K*p € L*([0,T]) ® P(R?), where

T T
K*p(s,x) = K(T, s)¢(s,x) —l—/o / ((p(r,x) — (s, 2)) 01 K (r, s)dr.

So, it is necessary to use the transfer operator K* and to check (in the case of
the additive noise) that K*g; . € L?([0,T]) ® P(RY) where g; .(s,y) = pi—s(z —
y)10,t] which is in principle rather technical (in the of the stochastic heat
equation with multiplicative fractional-colored noise, one needs to deal with the
tensor product operator (K*)®" which has a complicated expression).

Remark 3.14 If H = 1/2 and f is an arbitrary kernel, it was proved in [9]
(using different methods) that the sufficient condition for the existence of the
solution in Ry x R? of (1) with vanishing initial conditions (i.e. ug = 0), is:

p(d§)
/Rd1+|€|2<oo. (21)

(see Remark 14 of [9]). When f is the Riesz kernel of order «, or the Bessel
kernel of order «, (21) holds if and only if d < « + 2. Combining this with
Remark 3.12, we conclude that, in the case of the two kernels, condition (21)
is also necessary for the existence of the solution. For an arbitrary kernel f,
it is not known if (21) remains a necessary condition for the existence of the
solution.

If H>1/2 and f is the Riesz kernel of order «, or the Bessel kernel of order
a, the necessary and sufficient for the existence of the solution of the stochastic
heat equation with linear additive noise is d < 4H + «, whereas if f is heat or
the Poisson kernel, this equation has a solution for any d (see [1] and [2]).

15
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4 Relationship with the Local Time

In this section, we identify a random variable L;, defined formally as a “convo-
luted intersection local time” of two independent d-dimensional standard Brow-
nian motions, such that

an(t) = E(L}), VYn>1. (22)

An immediate consequence of (10), (11) and (22) is that the second moment
of u¢ 5 is bounded by the exponential moment of L;:

= 1 =1 _
Blugs|” < JuollZe Y- —en(t) = JuollZe Y- —B(LY) = Juo 2 E(e™),
n=0 n=0

with equality if ug = 1.
To show (22), we approximate a,(t) by {an (t)}es0, when € — 0, where
the constants oy, «(t) are chosen such that:

an,e(t) = E(L?,a)v Vn 2 17

for a certain random variable L; ..

To identify the approximation constants au, ¢ (t), we recall the definition (12),
which says that a,(t) is the weighted integral of the function 1/*(")(s,t). The
next lemma gives the exact calculation for the integrand w*(")(s, t).

Lemma 4.1 We have:

n

1
00 = 0 [ end g 3 05 G u(d) )

Jik=1
where 07y 1= (t — s5) A (t — sx) + (t —t;) A (t = tr).

Remark 4.2 Lemma 4.1 gives a generalization -and a minor correction- to
Lemma 4.2 of [18]. The correction refers to the fact that the result of [18] is
stated incorrectly with the constant o;r = s; A s + t; A tg, instead of a;k.
However, a trivial change of variables s := ¢ — s;,t’ := ¢ — t; in the definition
(12) of cv, (t) shows that this minor error does not affect the calculation of ay, (t).
We have indeed:

oy Jio.on Ty 85 — 4P 7290 (s, t)dsdt - if H > 1/2

an(t) = (23)
Jiogn ¥ (5.5)ds if H =1/2

n

U B N T B DETORCS USROS

k=1

= ™1 —s,t1 —t), where 1= (1,...,1) € R™.

16
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Proof of Lemma 4.1: Note that

(. V) p@ayen = (2m) 7" Fo(€rs - &n) Fp(&n, - - - En)pldn) - - pu(dEn),

(Rd)n
where F denotes the Fourier transform. Hence,
2/1*(") (s,t) = <g§n),g§n)>p(Rd)®n
= (2m™ /@w Fol € &) Fa" (E0 o C)pldEr) - ().

It was shown in the proof of Lemma 4.2 of [18] that:

n i lo—(Bl— B!
fgs(gla e 7571) = FE He_zgj (B st)]
_j:1 -
n it To—(B2—B2
fgt(é.l;---ygn) - E He &ilz—(B; ij)] ,
j=1

where B! = (B})i>0 and B? = (B?);>0 are independent d-dimensional standard
Brownian motions. Hence,

n

w(n _n —i€;-[(BY —B})— (B} —B?
vt = o [ p T T ) g,

(Rd)m j=1

We begin to evaluate the integrand of the above integral. We denote §; =
(&5 »8a), B = (Biy,...,Biy) and B} = (B}, ..., B} ;). We observe that
for any j = 1,...,n fixed, the random variables

(Bl,,—Biy) — (B}, —Bf), l=1,....,d, areiid,

with the same distribution as (bij — b)) — (bfj — b?), where b* = (b})i>0 and
b?* = (b?)>0 are independent 1-dimensional standard Brownian motions. Hence,

n d n
B | [ e P00t =mt0 | _ ] & | [ e (P Pho = (5= PR0)

j=1 =1 j=1

d - —i&; 1 [(bL —b}) (b2 —b7)] ~
=1I& 1T Hexp 3 > kit

=1 j=1 J,kzl

n
= exp - Z O—jkgj gk )
Jik=1

17
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where for the second last equality we used the fact that the vector

((bs, = 01) = (b, = b7),..., (by, = bi) — (b7, = b7))
has a normal distribution with mean zero and covariance matrix (073 )1<j,k<n-
This concludes the proof of the lemma. [J

In what follows, we use the alternative definition (23) of (), given in
Remark 4.2. The idea is to find a suitable approximation for the integrand
(™ (s,t), by replacing the Dirac function do(x) with the heat kernel p.(x).
This approximation turns out to be:

P (s,t) == E

o P = Bl ) Bl = B =) Sy |

where B! = (B})i>0 and B? = (B?);>0 are independent d-dimensional standard
Brownian motions, and we denote y = (y1,...,Yn)-
More precisely, we have the following result.

Lemma 4.3 Suppose that u(d€) = g(&)d¢, i.e. f=Fg. Then

n

¥i (s, t) = (2m) 7" / exp —% D oG — 5 D161 5 ud€) - pldgn):
j=1

(RE)™ G k=1
Proof: We first calculate the inverse Fourier transform of p. * f:
F o pe 1)) = F'p=(&) FTH(€) = (2m) e g ().
This shows that (pe * f)(z) = (27)¢F[e =16 /2¢(O)] (), i.e.
1 2 . 2
Lm0 Ny — (2 ,d/ —igw—clS/20(VdE. (94
| e flody = @)~ [ ety (2a)

Using (24) with z = B;j - ij, we obtain:

1 —|B: . —Bf —y;1?/(2 _ —ig; (B! —B2) _.¢.?
/d( e BT O pydy; = (2m) d/ R e e (38
R

2me) R4
Therefore,
n - 1 —|B! —BZ —y;|?/(2
M(s,t) = E H/Rd (@re)ain® 1oy =B, =l (4 dy
j=1

n

—n —i€;-(BL. —B7.) _elg;|?
= ¢em) e |([] / BB el g ) de
j=1

" —i&;-(B} —B? _eSon )
= (27T)nd~/(Rd) B |[Je P Pol| e s 2 1612 dgy ) . pu(de)
B P

n

— (QW)—nd /(Rd) e~ k=1 ki En/2 =200 ‘Ejlz/Qu(d&)---u(dSn)-

18
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O

Remark 4.4 Note that the function h = p. * f is continuous. To see this, let
(2n)n C R such that z,, — x. By (24) and the dominated convergence theorem,

it follows that A(z,) — h(z). To justify this, note that e S mme el 2g(¢)] <
e =IE7/2g(¢) for any € € R, n > 1 and

(2m)~ /R e g de = /R NFpep(©)Pg(€)de = Ipepallpaa) < o0,

since p. /2 € L*(RY) C P(RY).
We are now ready to define the approximation constants oy, (t):

0y fioen Iy It — 5512200 (s, t)dsdt  if H > 1/2
ane(t) =
Jiogn 08 (5, 8)ds it H=1/2

Note that ay, (1) = E(L}.), where

aF fot fot fRd |r — 5|2H’2p5(Bi — B? —y)f(y)dydrds if H>1/2
Lic:=

Jo Joa p=(BE = B2 — y) f(y)dyds if H=1/2

The random variable L. . is an approximation of the “convoluted intersection
local time” L., written formally as:

oaH fg fot fRd |r — s|?7=260(BL — B2 — y) f(y)dydrds if H > 1/2
L=

Jo Jra 0(BL = B2 = y) f(y)dyds if H=1/2

Remark 4.5 We mention that this approximation procedure has been inten-
sively used in several papers dealing with the chaos expansion of the local time
and Tanaka’s formulas for Brownian motion (see e.g. [31]) or fractional Brow-
nian motion (see [8]). Recall that the local time of the Brownian motion can
be formally written as L(t,z) = fot do(Bs — x)ds where &y is the delta Dirac
function. Usually, to obtain the chaos expansion of L(t,z) one approximates
do(Bs — x) by the Gaussian kernel p..

More generally (and for the sake of a result encountered later in the sequel),
if n: [0,#]> — R, is an arbitrary function such that n(r,s) = n(t — r,t — s) for
all r, s € [0,t], we define

L= [ [ [ 0o (8E = B2 = ) ryaras.

19
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Then an «(t,n) = E(Lt,e(n)"), where o e (t,1) := [ g2 [Tj=1 1(s5, )00 (s, t)dsdt.
Let

antton)i= [ Tntss 0 (s,vsat (25)

Jj=1

and note that a, o (t, 1) < ay(t,n) for all e > 0. Note that ay, o(t,1) < ane (¢, 1)
if0<e <e.

Lemma 4.6 Lett > 0 be arbitrary. a) If as(t,n) < oo, then

im E(Le,e(n)Los(n) = az(t,n), (26)

87

and there exists a random variable Ly(n) := lim o Lt (1) in L*(Q).
b) If an(t,n) < oo for all m > 1, then the random variable Ly, defined in
part a), is p-integrable for any p > 2, and

lifg E|L;.(n) — Li(n)|P =0, for all p > 2. (27)
€

In particular, E(Ly(n)™) = limejo E(Lie(n)™) = an(t,n) for alln > 1.

The random variable L;(n) defined in Lemma 4.6 depends on B! and B?,
and could be denoted by:

1 L2 t t
2= [ ] ntnbo(sl - B2 =) ) dydras.

This notation emphasizes dependence on B', B2, and the formal interpretation
of Li(n) as a “convoluted intersection local time” of B! and B2.

Proof of Lemma 4.6: As in [18], the proof follows by classical methods. We
include it for the sake of completeness. To simplify the writing, we omit n in
the arguments below.

a) Note that E(L; Lt s) = f[07t]4 n(s1,t1)n(s2, tg)wfg (s, t)dsdt, where

YA t) = B /( ) p=(By, — B = y1)pe(Bs, — By, — y2) f (1) f (y2)dyrdyo
Rd 2
1< € 0
- —2d - . . _ = 2_ 7 2
= (2m) /(Rd)2 exp 2j1§k_10'ak§a &k 2|§1| 2|§2| p(d€r) p(dEa).

(The second equality above can be proved using the same argument as in the
proof of Lemma 4.3.) Then lim, 5,0 ¢S§ (s,t) = P (s,t). Relation (26) follows

by the dominated convergence theorem, since 1/);2(2 (s,t) <@ (s, t) foralle,§ >
0, and

/ n(s1,t1)n(s2,t2)0 P (s, t)dsdt = as(t) < co.
[0,1]¢
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;From here, we also infer that lim. o E(L7.) = as(t), and hence

817161%E|Lt75 —Lis* = 151%1 E(L}.)+ 1}1“8 E(L};) -2 817ig?0E(Lt7€Lt75) =0. (28)

Let (gn)n | 0 be arbitrary. From (28), it follows that (L., ), is a Cauchy
sequence in L?(Q). Hence, there exists L; € L?(Q2) such that E|L; ., —L¢|*> — 0.
If (¢},)n | 0 is another sequence and E|L; . — Lj|* — 0 for some Lj € L*(),
then E|Lt — L;|2 S E|Lt - Lt75n|2 + E|Lt,5n - Lt’5;|2 + E|Lt_’5;l — L;|2 — O, i.e.
E|L; — L}]?> = 0. This shows that L; does not depend on (&,)s,.

b) Let p > 2 be fixed. Let (,)n | 0 be arbitrary. We will prove that
E|L;c, — Ly’ — 0, by using the fact that, in a metric space, z, — = if and
only if for any subsequence N’ C N there exists a sub-subsequence N’ C N’
such that x,, — x, as n — oco,n € N” (see e.g. p.15 of [4]).

Let N’ C N be an arbitrary subsequence. By part a), as n — oo,n € N/,
Lie, — Ly in L?(Q). Hence, Ly, — L; in probability, and there exists a sub-
subsequence N” C N’ such that L; ., — L; a.s., as n — oo,n € N”. Note that
(Lt.e)e>o is uniformly integrable, since

sup E(Ly.) = sup ay c(t) < a,(t) < oo, forn > 2.

e>0 e>0
By Theorem 16.14 of [5], it follows that |L;|? is integrable and E|L; ., —L;|P — 0,
asn — oo,ne N". O

The next two results are the analogues of Propositions 3.1 and 3.2 of [18] in
the case of a colored noise. We denote ®(z,a) = >~ a™/(n!)* for z > 0 and
a > 0. Note that ®(z,a) < oo if and only if a > 0,2 >0 or a = 0,z € (0,1).

Proposition 4.7 Suppose thatn : [0,t]?> — R satisfies the following condition:
t t
Inll1,¢ == max | sup / n(r, s)dr, sup / n(r,s)ds | < oo. (29)
s€[0,t] JO ref0,t] JO
(i) If f is the Riesz kernel of order a, or the Bessel kernel of order a < d,
and d < 2+ «, then lim. g Ly - (n) = Ly(n) exists in LP(Q) for all p > 2, and

sup E [exp (ALt (n))] < C7, ;@ <)\D(t),1 - d—Toz> , forall A >0,
e>0

where C% , is a constant depending on o and d, and

—[1-(d—)/2]
(=450 (1- 452 pi-ta-o)/2

D(t) = Da,a2~ "2y

2

(i1) If f is the heat kernel of order «, or the Poisson kernel of order «, then
lim.jo Lt . (n) = Li(n) exists in LP(QY), for all p > 2, and

sup F [exp (ALt (n))] < exp(AC(t)), for all X > 0,
e>0

where C(t) = Cq,al|n]|1,:t.
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Proof: We use the definition (25) of o, (¢,7), and Lemma 3.4 for the estimation
of ¢*(M (s, t).

(i) Let h = —(d — a)/2. Using the Cauchy-Schwartz inequality, condition
(29), and Lemma 3.5, we get:

an(ti) < (Dag2 @) /[ ) f[n(sj,m[ﬁ<s>ﬁ<t>1—<d-a>/4dsdt

(D 427 (dm)/2 / Hn (s5,t; ~(d=2)/2 st
0,27

(Daa2==72)" i, /[ B s

(Dea2 @2 nll0) " nt L, h)

IN

IN

n!

= T(1+h)(Dgy g2 d=)/2 P+ p)e)
(14 0) (Do s D+ W) s

< CLD()" ()7

(The last inequality follows by relation (3.19) of [18].) The first statement
follows by Lemma 4.6. The second statement follows since,

)‘Lf 5(77) i

and the last sum is finite for all A > 0, since 1 + h > 0.
(ii) In this case,

ant,n) < Oy figugon Ty ns, )it < C2 [l 47 = C(1)",

o0 n

Z)\__O‘"tn <C*dz nl 1+h’

n=0

’ﬂ
e

and
o A" — N\C@)"
ALtE AT _AC()
g n! 7;3 nl '
|

Proposition 4.8 Suppose thatn : [0,t]2 — R satisfies the following condition:
there exist v > 0 and 1/2 < H < 1, such that

n(r,s) <~lr— 72, Vr,s €[0,1). (30)

(i) If f is the Riesz kernel of order a, or f is the Bessel kernel of order
a<d, and d <2+ a, thenlimg g Ly .(n) = Li(n) exists in LP(Q), for all p > 2,
and

d—a«

sup B exp (Ao (n))] < Cly 4 u® (AD(tm -
e>0

> , for all 0 < X < Ao(t),
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where C}})dﬂ 18 a constant depending on H,d and a,

2H —[2H—(d—a)/(2)]
_ —(d-a)/2 Vg2 _d-a _d-a 9H—(d—a)/2
0= D g (1 A=eY (1 t

and
2H-1 L Com ‘
Ao(t) = (1-2m) D2y 18T (1= 5) 7 ifd=2+a
o© ifd <2+«

(i1) If f is the heat kernel of order o or the Poisson kernel of order «, then
then lim. o Ly (1) = Li(n) exists in LP(QY), for all p > 2, and

sup E [exp (AL c(1))] < exp(AC(¢)), for all A > 0,
e>0

where C(t) = Cy avt*™ Jay.

Proof: The proof is similarly to Proposition 3.6. We use the definition (25) of
an,(t,n), Lemma 3.4 and condition (30).
(i) We have:

an(t,n) < C}‘id’aD(t)” (n!)(d*"‘)/2 < 00.

The first statement follows by Lemma 4.6. The other statement follows, since

o0

- D)
ALy ()] — (nN1—(d—a)/2
Ele (77)] = Z ans (t,n) Z an (t,m) < Clra.a Z (n!)1—(d=a)/2"

nO n=0 n=0

If d — o = 2, then the last sum is finite for all 0 < A < Ag(¢) := 1/D(t). If
d — a < 2, then then last sum is finite for all A > 0.
(ii) The result follows, since:

an(t,n) < / H n(sj,t;)dsdt < CJ dw"/ H |s; — t;|*H 2 dsdt
0,62 ;5 (0,2 51

(Cad Y tQH) :C(t)n
ag

and hence
NP /\O( K
EleMt.e(n) “an(t,n) < Al
e ] < nE .l an(t,n) E
O

We now introduce the approximation technique of [18], which will yield si-
multaneously the existence of the solution of (1) and some representation formu-
las for the moments of this solution. We review briefly this powerful technique,
which has been introduced only recently in the literature. The idea is to smooth
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the noise W, solve the equation driven by the smoothen noise, and then show
that the solution of the “smoothen” equation converges to the solution of (1).
For any &,8 > 0, let p5(t) = 61119 5)(¢) and

t
Wi = / / @s(t — 8)pe( — y)dWs 4.
0 R4

Note that the noise W< can be viewed as a “mollification” of W, with rate 8
in the time variable and rate /¢ is the space variable, since

05 = 3 (g) and pe(e) = 0 (%) ,

with ¢(t) = 1j0,1)(t) and ¢(x) = (2m)~4/2¢=121°/2 (Recall that the function u(®),
defined by u(®) (z) = Jgn Ve (z—y)u(y)dy, is a “mollification” of the function u on
R", if Y (x) = e "(x/e) and ¢ > 0 is such that [, ¢¥(z)dz = 1.) Therefore,
this approximation procedure can be regarded as a stochastic version of the
“approximation to the identity” technique, encountered in the PDE literature.

We consider the following “approximation” of equation (1):

usd 1 :
= = AU W >0 e R (31)
ué:‘; = wup(r), zeR%

We introduce now the rigorous meaning for the solution of (31), which could
be derived formally from the mild or evolution version of the equation, by ap-
plying the stochastic Fubini theorem.

Definition 4.9 An (F,);-adapted square-integrable process u = {uig, (t,x) €

R, x R} is a solution to (31) if for any (t,r) € Ry x R?, the process

t
{K«f’f’a"s =1, (7“)/0 /Rd Pr—s(@ — y)ps(s — r)pe(y — 2)uSSdyds; (r,z) € Ry x Rd}

exists, is integrable with respect to W, and satisfies
6 o0
ity s [ [ veeesa,
0o Jrd

By (7), the above definition is equivalent to saying that for any (¢,7) € R, x R9,
the process YH#%° exists, ufg € L*(Q), ufg is Fy-measurable and

E(u;)F) = E(F)pyug(x) + E(Y"™% DF)yp, VF eD" (32)

Before constructing the solution of (31), we mention few words about the
notation. If X and Y are random variables defined on (9, F, P), with val-
ues in arbitrary measurable spaces X', respectively V), and h : & x Y — R
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is a measurable fumction7 we define the random variable: EX[h(X,Y)](w) =
I h( w))(Po X~ 1)(dx). If X and Y are independent, then

BIEX[h(X,Y)]] = E[h(X,Y)] = E[E[h(X,Y)|X]], (33)

where E| - ] denotes the expectation with respect to P, and E[ - | X] denotes the
conditional expectation given X. (This result will be used below with X = B
and Y =W.)

We have the following result.

Proposition 4.10 The process u®® = {ut Os(t,x) € Ry x R4} defined by:

e 1
utg = FEB |:UO($ + By) exp (/ / AE‘;BdW - §||A5’5’B||?ﬂ>)] (34)

is a solution of (31), where Ai:g’B = fot ws(t — s — r)pe(x + Bs — y)ds, and
B = (Bt)t>0 s a d-dimensional standard Brownian motion, independent of W.

Proof: The argument is similar to the one used in the proof of Proposition 5.2
of [18]. We include it in response to the referee’s suggestion. To simplify the
notation, we omit writing HP in || - ||xp and (-, -)xp. We also omit writing €, &
in A5%B ie. we denote A%B by AB.

For every ¢ € HP, define F,, = (@) =1¢I"/2 Note that

EEV@) = elelP/2 v e 1p. (35)

Since {F,;p € HP} is dense in D2 (see e.g. Lemma 1.1.2 of [28]), it suffices
to prove (32) for F' = F,,. Define S; ,(¢) = E@SSF, ). Using (33),

Sia(p) = E[EP[ug(z + By)eW A= IA7IF/21cW () -llel?/2)
= E[EPug(x + By)eW A -4 4ol /2, <AB,@>]]
=  E[Euo(z + By)eW A7) +el*/2(A%.0) ]

Let
hB, W) = ug(z + By)eW A +e)=147+el*/2(A% )
Since B and W are independent, E[h(B,W)|B] = f(B), where
f) = E[n(b,W)] = Eluo(x + by)e" A" T4+l (A7)
= wo(z+ bt)embv%")E[eW(AbW)*IIAbJrsoHQﬂ]

= wup(z+ bt)emb’“"), for any b = (bt)i>0 € C([0, oo),Rd),

where C([0, o), R%) denotes the space of continuous functions z : [0, 00) — R%,
and we used (35) for the last equality. Hence E[h(B,W)|B| = Uo(iv—l—Bt)e(ABW
and

Sy.2(¢) = E[E[h(B,W)|B]] = Eluo(z + By)e!A”)].
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By the definition of A® and Fubini’s theorem, we obtain:

<AB’ ¢ = ez /(R Rd)2 A’?y@rhy’ Ir — TI|2H_2f(y —y')dydy' drdr’
+ X

¢
/ VEO(t — s, x + By)ds,

0
where V0 (t,x) = (ps(t — -)pe(x — -), ). Hence:

Sta(p) =F [uo(x + B,)exp (/Ot VEO(t — s, + Bs)ds)] .

By the Feynman-Kac’s formula (see e.g. Theorem 5.7.6 of [19]), (St,2(¥))t.a
is a solution of the Cauchy problem:

0S; 2 1
1:9715(@ = §A5t,z(90) + St,m(‘P)Vs’é(t, x), t>0,x¢€ R?
Sox(p) = wuo().

Hence,

Sile) = @)+ [ [ pieslo =)0V s dyds

(Ry xR)?
= pyuo(z) + BY"™? DF,),

where we used Fubini’s theorem for the second equality above and the fact that
D, F, = (', 2')F, for the third equality. This concludes the proof of (32)
for F = F,. O

Let B' = (B});>0,i > 1 be independent d-dimensional standard Brownian
motions, independent of W. Suppose that either (18) or (19) hold. For any pair

(,7) with ¢ # 7, let Lfi’Bj be the random variable defined in Lemma 4.6, with

[ aglr—sPE72 if H >1/2
n(r.s) _{ 1irms) if H=1/2

(By Proposition 3.6, o, (t,1) < oo for all n > 1, and Lfi’Bj is well-defined.)
The following result is the main theorem of the present article.

Theorem 4.11 (i) Suppose that f is the Riesz kernel of order a or the Bessel
kernel of order a < d, and either (18) or (19) holds. Then, for any integer
k > 2, we have:

sup E[(ufg)k] <00, forall0<t<ty(k),recR? (37)
£,0>0

26
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where

—1/(2H—-1)
to(k) = { {k(k — 1)Da,a27 2 BHT (1 - ﬁ)y{} ifd=2+a«

% ifd<2+a«

For any 0 < t < to(2) and x € R?, the limit u;, := lim. | limg o ui’g erists
in L2(Q), the process u = {uyq; (t,z) € [0,t0(2)) x R4} is the unique solution
of (1) in L*(2), and

E[u?x] = E |ug(x + B} )ug(z + B?) exp (LB1 Bz)} =2 (t, x).

Ifz € R and t < to(M) for some M > 3, then lim. o lims o E|uf)’g—um|p =
0 for all2 <p < M, and for any integer 2 < k < M — 1,

k
Euf,]=E |[Juole+B)exp | > LB | = y(t, o). (38)
j=1 1<i<j<k

(i1) Suppose that f is the heat kernel of order «, or the Poisson kernel of
order a. Then the conclusion same as in part (i) holds, with to(k) = oo for all
k>2.

Proof: The argument is similar to the one used in the proof of Theorem 5.3
of [18]. At the referee’s request, we include all the details for the reader’s
convenience. To ease the exposition, we divide the proof in several steps.

Step 1. We show that for any integer k£ > 2,

k
E[(uig)k] =F H uo(x + B} ) exp Z (AS0B" A=0B7y, oL (39)

j=1 1<i<j<k

y (34), ui? 'z can be expressed as

i’g = [UO(UH‘Bt ) exp (/ / A”B AW,y — _||A‘E 0B ||HP>:|

for any ¢ = 1,...,k. Taking the product over ¢ = 1,...,k and using the inde-
pendence of B!, ..., B*, we obtain that:

k t
i i i 1 i
HEB {uo(x + Bi)exp ( / /R ADB AW, — A8 llipﬂ

...B¥ [HUO $+Bz exp </ / AsJBldW _ %HAE,J,BiH?{P)]

(ugd)
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Taking the expectation, and using (33) with X = (B!,...,B*¥) .= Band Y =
W, we get:

E((u;)*] = E|E

k t

) i 1 i
[Tuoto+ Byexn ([ [ Az aw,, - 514205 s ) |5
i=1 0 JRE

Let
k ) t ) 1 )
8.9) = [Jualo + Byexp ([ [ azy=aw,,, - 51472 B ).
i=1
Then E[h(B,W)|B] = f(B), where

f) = EROGW)=E

k ) )
. X2 T
T ol + e (414 H%w/z]
=1

k ) i
= uole+be T 145 B2 [ew( i‘lAE‘“)]
=1

k . 1 k i 1 k i ?
= TTuole+b)exp | —5 D145 By + 5 |3 a7
i=1 i=1 i=1 HP
k
= Huo(x-l-bi)exp Z<AE’6’bi,AE"6’bj>H"p
=1 1<j

for any b = (b',...,b%) with b* = (bi)i>0 € C(]0,00), R?). (We used (35) and
the fact that W(p + ) = W(p) + W(¢¥) a.s. for any ¢,1 € HP, which can
be checked in L2(£2), using the fact that W is an isometry between HP and

L?(Q2).) Relation (39) follows, since E[(ufg)k] = E[E[h(B,W)|B]] = E[f(B)].
Step 2. We prove that for any (¢t,7) € Ry x R? with ¢ < 0(2),

§%<AE’5’BiaAE’6’Bj>HP = Lf;;-Bja Ve >0, Vwe;, (40)

where Q; ; = {w € Q; Bi(w) and B’(w) are continuous} (P(€; ;) = 1).
Let w € Q;; and £ > 0 fixed. For any (s1,s2) € [0,¢]2, define

an fy [y st —s1—r1)@s(t — s2 — r2)|ry — o2 -2drydry if H > 1/2
ns(s1,52) =

fot%(t—sl—T)%(t—82—T)dr itH=1/2

By direct calculation, using Fubini’s theorem and the fact that

/d /dpa(w+Bil—y1)pa(:v+B§2—yz)f(yl—m)dyzdyl = /dpza(Bil—Biz—y)f(y)dy,
R R R
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(which can be proved by observing that p., * pey, = De,+te,), it follows that

. . t t . .
<As,6,B ,AE’J’B]>H7> — /0 /0 /Rd ns(s1 — s2)p2c(By, — B, —y) f(y)dydsidsz
= Ly (ns). (41)

Note that, for any continuous function g : [0,#]? — R,

t ot _ .
hm/t /t ns(51. 52)9(51, 82)ds1dsg atH Jo Jo Is1 — 52| =2g(s1,89)ds1dse if H > 1/2
510 Jo Jo ’ ’ Jo 9(s,5)ds if H=1/2

In particular, we consider the (random) function go. defined by: gac(s1, $2) =

Jua p2: (B, — BL, —y) f(y)dy = (p2e * f)(Bi, — B,), for (s1,s2) € [0,4]%. (Note
that goc is continuous by Remark 4.4.) Then,

. . t t
(A=OB A=0 B, :/ / N5 (81, $2)g2¢ (81, S2)ds1dsa,
o Jo

and
hm<As,5,Bi AE’J’Bj>H7> _ OH fot fot |s1 — s2|2H 72 goc(s1, 82)ds1dsy  if H > 1/2
510 ’ Jo 92(s,8)ds itH=1/2
B!, B’
= Lt,2s

Step 3. We prove that for any (¢,2) € Ry x R? with t < 0(2),
{exp((Aa"s’Bi,AE"S’Bj>Hp)}E75>0 is uniformly integrable, (42)

Suppose first that H = 1/2. Then ns satisfies condition (29) with ||ns|j1: < 1
(see p. 318 of [18]). By applying Proposition 4.7 and using (41), it follows that
if f is the Riesz or Bessel kernel,

d—«

il;%)E [exp (A(AE*‘;’Bi,AE’J’Bj>HP)} <CLa® (/\D(t), 1-

), VA >0,

whereas if f is the heat or Poisson kernel,

sup F [exp (A(AS";’BI,AE’(S’B]>HP)} < e)‘c(t), VA > 0.
e>0

Note that both constants D(t) and C(¢) depend (linearly) on ||ns]|1,; (which is
bounded by 1), and the function ®(x,a) is increasing in x. We infer that there
exists an upper bound for the above supremum over e, which does not depend
on 0. More precisely, denoting by D(t), C(t) the respective constants D(t), C(t),
in which ||ns]|1,¢ is replaced by 1, we infer that if f is the Riesz or the Bessel
kernel,

sup E [exp (A(A&‘;’Bi,AE"s’Bj}HP)} <t (/\D(t), 1- d_Ta) . YA>0,

£,6>0
(43)
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whereas if f is the heat or the Poisson kernel,

sup E [exp (A(Aa"s’Bi,Aa"s’Bj>Hp>} <A yA > 0. (44)
£,6>0

Relation (42) follows by a well-known criterion (see p. 218 of [5]) by taking an
arbitrary A > 1.

Suppose now that H > 1/2. Then ns satisfies condition (30) (see relation
(5.13) of [18]). By applying Proposition 4.8 and using (41), it follows that, if f
is the Riesz or the Bessel kernel,

sup P [oxp (M8 4708 0Y] < 0 (30001 - 152,

for all 0 < A < A\g(t), whereas if f is the heat or the Poisson kernel,

sup F [exp (A(AS";’Bi,AE"S’Bj>H7))} <MW ya> 0.
e>0

The constants D(t) and C(t) depend on +, which depends only on H. From
here, we infer that, if f is the Riesz kernel or the Bessel kernel,

sup E [exp (A<A5=5’Bi,AE’6’Bj>HP)} < CHao® <)\D(t),1 - d—_a> < 00,
£,0>0 ,, 2
(45)
for all 0 < A < A\g(t), whereas if f is the heat kernel of the Poisson kernel,

sup E [exp (A(Ag’é’Bi,Aa"s’Bj)Hp)} <MW <00, YA >0 (46)
£,0>0

Relation (42) follows as before, noting that 1 < Ao(t) (since ¢ < t(2)).
Note that (37) is obtained as a by-product of (39) and (43)-(46), since:

k(k—1
sup E[(u;2)"] < [luoll5, sup E {exp (—( 5 ><A€*5731,A515732>Hp)], (47)
£,0>0 £,0>0

and
k(k—1)
2

Moreover, using (43)-(47), and the fact that D(¢), C(t) are increasing func-
tions of ¢ and Ao(t) is a decreasing function of ¢, we conclude that, for any
0 < T < to(k) and for any (t,2) € [0,T] x R,

< Ao(t) ifandonlyif ¢ <to(k).

. k(k—1 d—a
sup B[(6)"] < Juol|5Ch 0.0 (—< o)1 - 1 )
£,6>0

if f is the Riesz kernel or the Bessel kernel, and

k(k—1
swp sup Bl < uolfexp { M0 Mo |
(t,z)€[0,T)xR% £,6>0
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if f is the heat or the Bessel kernel. Hence, for any 0 < T < to(k),

sup sup E[(ut z) ] S KT(k) < 00, (48)
(t,2)€[0,T] xR4 £,6>0

where Kp(k) is a constant depending on ug, k, H,d,« and T'.
Step 4. We prove that for any 0 < t < to(k),

. . 56 k
lim i B[y 3)") = i (8, ). (49)

First we note that, for any ¢ > 0

k . .
hmE[(utz) =F Huo(x—FBg)eXp Z LEQ‘;B] = Hy 1 (e).

j=1 1<i<j<k

(This follows by Theorem 16.14 of [5], using (39), (40), and (42)). Next, we
show that:

lim H, ; 1(¢) = vk (t, x).

el0

For this, let (¢,,) | 0 be an arbitrary sequence. We have to show that:

lim Hy g r(en) = Ye(t, ). (50)

n—oo

We use the fact that in a metric space, x, — =z if and only if for any
subsequence N’ C N there exists a sub-subsequence N” C N’ such that x,, — =z,
asn — oo,n € N”. Let N C N be an arbitrary subsequence

By Lemma 4.6, the limit LB B = lim. o Lt)26 B’ exists in L2(Q). (In this
lemma, we take n(r,s) = agl|r — s|2H—2 if H > 1/2, and n(r,s) = 1= if
H =1/2.) Hence Lf;f — Lfl’BJ in probability, as n — oo,n € N’, and there
exists a sub-subsequence N” C N’ such that

B*,B7 B*,B7
L — L,

1"
tor, a.s. asn—oo,n€ N".

Note that E[exp()\LfQEB )] < oo for all A > 0, respectively for all 0 < A < Ag(t),
with Ao(t) > 1. (If H = 1/2, we use Proposition 4.7 with n(r,s) = 1;—g.
If H > 1/2 we use Proposition 4.8 with n(r,s) = ag|r — s|>?72.) Hence,
{exp(LE o B")}.~0 is uniform integrable. By Theorem 16.14 of [5],

Hyq(en) = (t,z), as n—oo,neN".

Relation (50) follows using the above-mentioned subsequence criterion.
Step 5. We prove that for any 0 < t < £o(2),

Jim lim Bl s, P =t ). (51)
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Similarly to (39) and (40), one can prove that:

Elufu; ;) = Eluo(x + Bl yug(w + BY) exp((A=3F", A0 B%), )]

t,x

and

B Ve >0, V&' >0 as.

. e,0,BY 4,8 B?
lim (A A Yp = LT e

5,610

Relation (51) follows using the same argument as in Step 4 (based on (42)).
Step 6. We prove that for any ¢ < t(2) and = € R?, the limit

= lim hm utg exists in L%(9).

Utz
o €l0 6§

Let t < to(2) and = € R? be fixed. From (51), we obtain that:

Jim, i, Bz — o = (52)

Let (ey)n | 0 and (d,,), | 0 be arbitrary. From (52), it follows that (ut 0
is a Cauchy sequence in L2(2). Hence, there exists us, € L2() such that
E|ufg5" — g 2|> — 0. The fact that u; , does not depend on (e,,), and (,,) is
proved by a standard argument (see for instance, the proof of Lemma 4.6).

Step 7. We now prove (38).

If t < to(M) for some M > 3, then sup, 5. E[(uig)M] < 00, and hence,
{(uf)’g)p}gybo is uniformly integrable, for any 2 < p < M. Since uig — gy — 0
a.s. (along a Subsequence)7 we conclude that E |ufg — uy,»|P — 0. In particular,
lim, o lims o E[(u;’ z) ] = Eluf,] for any 2 < k < M, and (38) follows by (49).

Step 8. We prove that u = {uy .; (t,x) € [0,%0(2)) x R?} is a solution of (1).

Let (ufg)m be the solution of equation (31) (whose existence is guaranteed
by Proposition 4.10). Let (¢,) | 0 and (d,) | 0 be arbitrary. By Step 6,

n0n : n,0n
u;w™ — uge in L2(Q), and hence uf — ug, a.s. along a subsequence

t,x
N’ c N. Since ut" On g Fi-measurable, it follows that wu; , is F;-measurable.

Let (t,7) € Ry x RY be fixed with ¢ < ¢¢(2). We have to show that (8) holds.
As in the proof of Proposition 4.10, it suffices to show that (8) holds for F' = F,
with ¢ € HP. Moreover, it suffices to take ¢ = 1(g )¢, witha € Ry, ¢ € P(R?),
since the class of these functions is dense in HP.

The idea is to take the limit in (32), as ¢ | 0,§ | 0. On the left-hand side,
E(Fg,uf:g) — E(Fyu), since E|ufg — ug,z|> — 0. On the right-hand side of
(32), we have: (see (36))

E(Y"% DF,\yp / /det s(@ =y EWSF)V (s, y)dyds.

We have lime o lims o E(FuS)) = E(Fyus,y), for all (s,y) € [0,t] x R%. Note
that V9 = 1. s  H, where 1. 5(s,y) = @s(s)pe(y) and

H(s,y) == an / / (s o )]s — 8P f(y — o )dy/ds'.
Ry JRE
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Hence, lim, o lims o VE9(s,y) = H(s,y), for all (s,y) € [0,t] x R% Therefore,
by the dominated convergence theorem (whose application is justified below),

t
lim lim E(Y"®¢n0 DF,)yp = / / Pi—s(® — y)E(us,y Fp)H (s, y)dyds.
10 610 0 JRd
A direct calculation shows that the limit above coincides with E(Y"* DF,)yp
(using the fact that D ,F, = ¢(s,y)F,).
It remains to justify the application of the dominated convergence theorem.
Using the Cauchy-Schwartz inequality and (48), we have:

sup  sup |[BuSSE,)| < (K2} B(F2)}/2 = Kf. (53)
(s,y)€[0,t] xR £,6>0

Note that V9(s,y) = J°(s)I.(y), where

Js(s) = (ps(s =), Lo and  I(y) = (p(y — ), P)p(me)-

Let 8 = (B¢)t>0 be a fBm of index H. Then

W) = =gon [ [lr=r P = 2B(6,~ pi-s)6)
1

%[SQH + s =6 —al? —|s —al? —|s - 6)?1].

Using an argument similar to (5.13) of [18], one can show that:
Js(s) <2Hs* ' 4 c,m, Vs €[0,t],¥6 >0, (54)

where ¢, g = H(a?®~1 4+ 1). (This argument is based on treating separately
the cases a > s,a < s, and considering in each case several intervals for 4.)
We claim that:
II.(y)| < cy, VyeRIVe>0, (55)

where ¢, is a constant depending on d, f and ¢. To see this, we assume without
loss of generality that ¢ = v * py, for some 1 € C§°(R?),b > 0 (since functions
of this form are dense in P(R?)). Then, assuming that u(d¢) = g(£)d€, we have:

= ()]

| P @ re@s

< / Fely — )E)| |FH©)lg(€)de
Rd

= en [ R e g e

IN

2m) 2 [ 1Fule e (e e

1/2 1/2
s - e_ ‘ ‘2
(2m) 21 ( /. |f¢<s>|29<§>d§) ( | e g(&)d&)
= 20| Gllp@a [N B,0]V2 = ¢,

IN
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where we used the Cauchy-Schwartz inequality for the last inequality above.
Combining (54) and (55), we get:

sup sup [VE0(s,y)| < cs(2HS* 1 + co pr). (56)
(s,)€[0,t] xR4 £,6>0

From (53) and (56), we infer that for any ¢ > 0,6 > 0, (s,y) € [0,t] x RY,
|p15*5('r - y)E(uingﬁp)Vsé(Sv y)| < \IJ(Sa y)7

where U(s,y) := K;copt—s(z —y)(2Hs* =1 + ¢, gr). Finally, we note that ¥ is
integrable on [0,t] x R, since:

¢ t
/ / U(s,y)dyds = K:c¢/ (2Hs*71 + o m) (/ pr—s(T — y)dy) ds
0 JR4 0 Rd

= Kjcy(t*™ + copmt) < o0

O
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A Correction to Theorem 3.13 of [1]

Theorem 3.13 of [1] gives the necessary and sufficient condition for the exis-
tence of the solution of the equation: w; = fAu + W in (0,T) x R%, with
u(0,-) = 0. This condition is equivalent to saying that ||gi:||np < oo, where
Gie(s,y) = [27(t — )]~ 2 exp{—|z —y|?/[2(t —5)]} = pi_s(x —y). The condition
is incorrectly stated in the case of the Bessel kernel, the heat kernel, and the
Poisson kernel. We state below the correction of this result, whose proof will
appear as an erratum in [2]. In connection with the present article, we observe
that:

t t
laialBer = [ [ 1= o121y s)drds = )
0 Jo

since I7(r,8) == [pu Jpa 9ta($,9) f (Y — 2)gta(r, 2)dydz = * D (r, s).

Theorem A.1 (i) If f is the Riesz kernel of order «, or the Bessel kernel of
order a, then ||giz||Hp < 0o if and only if H > (d — «)/4.

(it) If f is the heat kernel of order «, or the Poisson kernel of order «, then
lgta|lHp < o0 for any H > 1/2 and d > 1.
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