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Abstract. In this article we consider the stochastic heat equation u; — Au = Bin
(0, T) x RY, with vanishing initial conditions, driven by a Gaussian noise B which is
fractional in time, with Hurst index H € (1/2,1), and colored in space, with spatial
covariance given by a function f. Our main result gives the necessary and sufficient
condition on H for the existence of a solution. When f is the Riesz kernel of order
a € (0,d) this condition is H > (d — «)/4, which is a relaxation of the condition

H > d/4 encountered when the noise B is white in space. When f is the Bessel
kernel or the heat kernel, the condition remains H > d/4.

1. Introduction and Preliminaries

Stochastic partial differential equations (s.p.d.e.’s) perturbed by noise terms
which bear a “colored” spatial covariance structure (but remain white in time)
have become increasingly popular in the recent years, after the fundamental work
of Dalang (1999). Such an equation can be viewed as a more flexible alternative
to a classical s.p.d.e. driven by a space-time white noise, and therefore it can be
used to model a more complex physical phenomenon which is subject to random
perturbations. The major drawback of this theory is that it is mathematically more
challenging than the classical theory, usually relying on techniques from potential
analysis. One advantage is that an s.p.d.e. perturbed by a colored noise possesses a
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function-valued solution (under relatively mild conditions on the covariance struc-
ture), in contrast with its white-noise driven counterpart, for which the solution
exists only in the sense of distributions. Another advantage is the fact that such
an equation can lead to a better understanding of a complex physical situation.

This article continues the line of research initiated by Dalang (1999), the focus
being on a relatively simple s.p.d.e., the stochastic heat equation. The novelty
comes from the fact that random noise perturbing the equation possesses a colored
temporal structure given by the covariance of a fractional Brownian motion (fBm),
along with the colored spatial structure of Dalang (1999).

We recall that a fBm on the real line is a zero-mean Gaussian process with covari-
ance function Ry (t, s) = (127 + s —|t—s|*H) /2, where H € (0,1). There is a huge
amount of literature dedicated to the fBm, due to its mathematical tractability, and
its many applications. We refer the reader to Nualart (2003) for a comprehensive
review on this subject.

Recently, the fBM made its entrance in the area of s.p.d.e.’s. We refer, among
others, to Maslovski and Nualart (2003), Tindel et al. (2003), Duncan et al. (2002),
Nualart and Ouknine (2004), Gubinelli et al. (2006) or Quer-Sardanyons and Tin-
del (2006). For example, in the case of the stochastic heat equation driven by a
Gaussian noise which is fractional in time and with a rather general covariance in
space, it has been proved in Tindel et al. (2003) that if the time variable belongs to
[0, 7] and the space variable belongs to S* (the unit circle) then the solution exists
if and only if H > 1/4. The case of the same equation driven by a fractional-white
noise with space variable in R? has been treated in Maslovski and Nualart (2003),
and it follows that a process solution exists if H > d/4. The case of the wave
equation with the fractional additive noise has been studied in Caithamer (2005).

We note in passing that, in contrast to the linear case, very few results are
available in the literature, in the case of non-linear equations driven by a fractional
Gaussian noise, due to difficulties encountered in the stochastic calculus associated
to this noise. We recall that there are two principal ways to define stochastic
integrals with respect to the fractional Brownian motion: the divergence method
and the pathwise method. The divergence approach does not allow in general to
solve stochastic equations driven by the fBm because the estimates for the L?-norm
of the divergence integral involves Malliavin derivatives in cascade and the standard
iteration method does not work. Therefore it is natural to try to use the pathwise
(or trajectorial) approach which already led to satisfactory results in the case of
s.d.e.’s driven by the fBm but not very much for s.p.d.e.’s. Among the tentatives
to solve evolution equations driven by non-linear fractional noises, we refer again
to Maslovski and Nualart (2003) (in the case of a very regular spatial covariance),
and to Gubinelli et al. (2006) (for the heat equations) and Quer-Sardanyons and
Tindel (2006) (for the wave equations) whose approach is based on the extension of
the Young integral to the two-parameter setting. We should mention that in these
articles the choice of the space covariance structure is very limited and the definition
of the integral needs to be adapted from case to case. Also the definition of the
solution (for the wave equation) is given in a particular way through a rotation
of the equation. This suggests the difficulty to find an unitary approach to define
stochastic integrals that could be used to solve fBm-driven s.p.d.e.’s in the general
non-linearity context and opens interesting research directions.
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In the present article we consider the (linear) stochastic heat equation in the
domain [0, 7] x R? driven by a Gaussian noise B which has a fractional time com-
ponent, of Hurst index H € (1/2,1), and a colored spatial component. Therefore,
our work lies at the intersection of the two different lines of research mentioned
above, namely those developed in Dalang (1999), respectively Nualart and Ouk-
nine (2004). Here, we give a unitary approach based on the Fourier transform
(with respect to t) which allows us to treat the case of an arbitrary spatial di-
mension d and a general spatial covariance structure. This approach leads to a
necessary and sufficient condition for the existence of the solution, in terms of the
spatial covariance function f and the Hurst parameter H.

The solution of the equation is given in the mild formulation, but can also be
viewed as a distribution solution. Therefore, the first step we need to take is to
develop a stochastic calculus with respect to the noise B. Since our equation is
linear, only spaces of deterministic integrands are considered in the present pa-
per. We should mention that in this case, the solution is a Gaussian process, and
hence Reproducing Kernel Hilbert Space techniques can be used to investigate its
properties. This will be the subject of future work.

This article is organized as follows. In Section 2, we study the heat equation
perturbed by a Gaussian noise which is fractional in time, but white in space. In
this case, it is known from Maslovski and Nualart (2003) that a solution exists
if H > d/4; in the present article, we strengthen this result by proving that the
condition H > d/4 is in fact necessary for the existence of the solution. In Section
3, we identify the necessary and sufficient condition for the existence of the solution,
in the case of the heat equation perturbed by a Gaussian noise which is fractional
in time, and possesses a non-trial covariance structure in space. In particular,
when the color in space is given by the Riesz kernel of order «, we prove that the
necessary and sufficient condition for the existence of the solution is H > (d—a)/4.
This demonstrates that a suitable choice of the spatial covariance structure can
compensate for the drawbacks of the fractional component. However, it turns
out that if the spatial covariance is given by the Bessel or the heat kernel, the
condition remains H > d/4, whereas for the Poisson kernel the condition becomes
H > (d+1)/4. This fact suggests a correspondence between the regularity of the
spatial covariance kernel and the range of H; while one has a gain for the values of
H (or for the dimension d) in the case of the Riesz kernel, one loses in the case of
the Poisson kernel.

Appendix A contains a lemma which is heavily used in the present paper. This
lemma is the tool which allows us to import the Fourier transform techniques from
R to the bounded domain [0, T]. (So far, this type of techniques have been exploited
only on R; see e.g. Pipiras and Taqqu, 2000.) Appendices B and C contain some
technical results.

We begin now to introduce the notation that will be used throughout this paper.

If U C R™ is an open set, we denote by D(U) the space of all infinitely differen-
tiable functions whose support is compact and contained in U. By D'(U) we denote
the set of continuous linear functionals on D(U) which is known as the space of
distributions. We let S(R™) be the Schwarz space of all decreasing functions on R”
and §’(R™) be the space of tempered distributions, i.e. continuous linear functionals
on S(R"). For an arbitrary function g on R? the translation by z is denoted by g,,
ie. g-(y) = g(z +y). The reflection by zero is denoted by g, i.e. g(z) = g(—=x).
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For any function ¢ € S(R™) we define its Fourier transform by

Fo(§) = /R , exp(—i€ - x)p(z)dx.

The map F : S(R") — S(R™) is an isomorphism which extends uniquely to a
unitary isomorphism of L2( ™); this map can also be extended to &’'(R™). We
define the convolution (f x g) :1:) S flz—y)g(y)dy.

For any interval (a,b) C R and ¢ € Ls(a, b) we define the restricted Fourier
transform of ¢ with respect to (a,b) by:

b
favbga(T):/ e Tho(t)dt.

If f e Li(0,T) and a > 0, the right-sided fractional integral of f of order « is
defined by:
B p)0) = s [ )7 g
- L(a) J;
If f eI (L1(0,7)) and « € (0,1), the right-sided fractional derivative of f of
order « is defined by:

1
D%_f(t)=r(1_a)( / oI )

The following inversion formula holds true: D$_(I$_f) = f for any f € L1(0,T)
(see p. 6 of Nualart, 2003).
Finally, we denote by B,(R?) the class of all bounded Borel sets in RY,

2. The Fractional-White Noise

The purpose of this section is to identify the necessary and sufficient condition
for the existence of a solution of the stochastic heat equation, driven by a Gaussian
noise which is fractional in time and white in space.

In the first subsection we examine some spaces of deterministic integrands, which
are relevant for the stochastic calculus with respect to fractional processes. In the
second subsection, we describe the Gaussian noise and its stochastic integral. In the
third subsection, we introduce the solution of the stochastic heat equation driven by
this noise, and we identify the necessary and sufficient condition for the existence
of this solution.

2.1. Spaces of deterministic integrands. We begin by introducing the usual spaces
associated with the fractional temporal noise. Throughout this article we suppose
that H € (1/2,1) and we let oy = H(2H —1).

Let H(0,T) be the completion of D(0,T") with respect to the inner product

(e, V)nor = aH/ / (w)|u — v]*224p(v)dvdu

- / Foro() Ford(D)lr|- 4V,
R

where the second equality follows by Lemma A.1.(b) with
ey = [220- 2710 (H — 1/2)/T(1 — H).
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Note that ¢y = gap—1, where the constant g, is defined in Lemma A.1 (Appendix
A).

Let £(0,T) be the class of all linear combinations of indicator functions 1j9 4, €
[0,7]. One can see that H(0,T') is also the completion of £(0,T") with respect to
the inner product

(110,15 Lo,s])(0,1) = Ru(t,s).
(To see this, note that every 1y o € £(0,T) there exists a sequence (¢n)n C
D(0,T) such that @, (t) — 1j9,4(t),Vt and supp ¢, C K for all n, where K C
(0,T) is a compact. By the dominated convergence theorem, it follows that ||, —

Lio,4ll2c0,7) = 0.)
Note that H(0,T) C H(R), where H(R) is the completion of D(R) with respect to
the inner product

(O, V)1um) = OéH/R/Rga(u)1/J(v)|u — o212 dudu.

The space H(R) appears in several papers treating colored noises. (In fact H(R)
is a particular instance of the space ’Pé)dgz of Balan and Kim (2007), in the case
w(d€) = €|~ FH=Dd¢ and d = 1.) From p. 9 of Dalang (1999), we know that

H(R) € FH(R) i= {S € '(R); FS is a function, / IFS() I~ 2HDdr < sol.
R
(2.1)
Since |7|> < 1+ |7/|?, one can easily see that H(R) ¢ H~H~1/2)(R), where
H-H-V2D(R):=(S € S'(R); FS'is a function,/|.7:S(T)|2(1+|T|2)_(H_1/2)d7<oo}
R

is the fractional Sobolev space of index —(H — 1/2) (see p. 191, Folland, 1995).
Therefore, the elements of H(R) are tempered distributions on R of negative
order —(H —1/2). (This was also noticed by several authors; see e.g. p. 9, Nualart,
2003, or Pipiras and Taqqu, 2000, Pipiras and Tagqu, 2001)
On the other hand, similarly to (2.1), one can show that

H(0,T) C H(0,T) := {S € S'(R); Fo,rS is a function, / |ForS() 7" Vdr < oo},
: (2.2)
where the restricted Fourier transform Fo 1S of a distribution S € §'(R) is defined
by: (Fo,rS, ) = (S, Fore), Vo € S(R).
Remark 2.1. One can show that (see p. 10, Nualart, 2003)
Ly(0,T) C Ly, (0,T) C |H(0,T)| C H(0,T), (2.3)

where
T T

|H(0,T)|={f: [0, T]xR? — Rmeasurable;/ / |f ()| f (0)||u—v][*H 2 dudv < 00}
0Jo

A different approach of characterizing the space H(0,T) is based on the transfer
operator. We recall that the kernel Kg(t,s),t > s of the fractional covariance
function Ry is defined by:

t
Ky(t,s) = cj;fsl/?fH/ (u— s)H=3/2H-1/2gy,

S

where ¢, = {agT(3/2 — H)/[[(2 — 2H)T(H — 1/2)]}1/2.
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Note that Ry (t,s) = [/

o Kgu(t,u)K(s,u)du (see p. 7-8, Nualart, 2003) and
hence

tAs

(K5 0,9: Kirljo,s) a0y = | Ku(t,u)Kn(s,u)du=Ry(t,s)= (10,0, Ljo,5)1(0,7)»
0

i.e. K is an isometry between (£(0,T), (-, ) (0,1)) and L2(0,T). Since H(0,T) is
the completion of £(0,T") with respect to (-, -)2(0,1), this isometry can be extended
to H(0,T"). We denote this extension by K7j;. In fact, one can prove that the map
K3 : H(0,T) — L2(0,T) is also surjective (see the proof of Lemma 2.3).

We are now introducing the space of deterministic integrands associated with
the a noise which is fractional in time and white in space. This space was also
considered in Nualart and Ouknine (2004).

More precisely, let H be the completion of D((0,T) x RY) with respect to the
inner product

T T
(o) = OéH/ / / o(u, z)|u — v|* =29 (v, z)dzdvdu
o Jo JRd
= aHCH/ .7'-0,T<P(T,$)f07T1/)(T,$)|T|_(2H_1)d$d7'
R JRd

- /<@(',I)a¢('v$)>H(O,T)dI
Rd

where the second equality above follows by Lemma A.1.(b), and the third is due to
Fubini’s theorem.
If we let € be the space of all linear combinations of indicator functions 1(g 4x 4, t €

[0, T], A€ By(R?), then one can prove that H is also the completion of £ with respect
to the inner product

(10,qx 4> Lj0,5)xB)" = Ru(t,s)\(AN B)

where ) is the Lebesgue measure on R?. (The argument is similar to the one used
in the temporal case.) Similarly to (2.2), one can show that

HCH:={S:RI= S (R); ForS(-, ) is a function Vo € R, (7,z) — ForS(r,z) is

measurable, and// |ForS(r, )7~ CHVdzdr < oo}.
R JRY

Using (2.3) and the fact that

IS = [ 1560 mde. vS €
one can show that
Ly((0,T) x RY) € |H| € H C Ly(R%H(0,T)),

where |H|={¢:[0, T] x R¢ measurable; fOTfOTfRd|gp(u, 2)||e(v, z)||[u—v[* ~2drdvdu
< o0}

The next result gives an alternative criterion for verifying that a function ¢ lies
in H.
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Theorem 2.2. Let ¢ : [0,T] x R? — R be a function which satisfies the following
conditions:

(i) (-, z) € La(0,T) for every x € R%;

(i) (1,x) — Fore(T, ) is measurable;

(i) [ Jpa |Fore(r,2)?r|~ " Ddzdr < co.
Then ¢ € 'H.

Proof. Similarly to Proposition 3.3, Pipiras and Taqqu (2000), we let
A= {p:[0,T] xR = R; (-, ) € L(0,T) Va, (7, ) — Fore(r,x) is measurable

and [|p[[§ := ex /R /R NFore(r,@) Pl D dedr < oo}

T
A={p:[0,T]xR* = R; |l¢|3 := 02/0 /Rd[lj’f_‘lﬂ(uff*l/%p(u,x))(s)]2

2H—1)

57 ¢ dzds < oo}

where ¢; = agcy and co = {c;'(H — 1/2)}?. We now prove that
AcA and |¢|z = llella, Vo€ A (2.4)
Let ¢ € A be arbitrary. Since ¢(-,z) € Lp(0,T) € H(0,T) and K} is an

isometry from H(0,7) to L2(0,T), we have [[o(2)|l3,0 7 = K50 2)17,0.7)
for all z € R?, that is

T
/ [Fore(r,2)PIr|~HVdr = ¢ / [P @2 o, ) ()25~ s,
R 0

Integrating with respect to dz and using Fubini’s theorem, we get ||¢||z = [|¢a-
The fact that ||p||z < oo forces |lp|la < o0, i.e. ¢ € A. This concludes the proof of
(2.4).

Next we prove that

€ is dense in A with respect to || - ||a. (2.5)

Let ¢ € A and € >0 be arbitrary. Since the map (s, x) Hlf:l/Q(uH_lmcp(u, x))(s)
belongs to Lo((0,T) x RY d\g x dx) where A\g(s) = s~ ?H~1ds, there exists a
simple function g(s,z) = Y1 bklje, a,)(s)1a, (z) on (0,T) x RY, with by € R,
0<cp <dp <T and A, C RY Borel set, such that

T
/o / (L7 2 @H 2 u, 2)) (5) = g(s,2))Ps~ CH Vdds <e. (26)

By relation (8.1) of Pipiras and Taqqu (2001), we know that there exists an ele-
mentary function I, € £(0,7T) such that

T
| Wenas) = B2 2w o)~ 2 Vs < </,
0

where we chose Cy :=n Y}, b\(Ag). Define I(s,z) = Y_, bpli(t)1a,(x) and
note that [ € £. Then

/T/ lg(s, ) — T2 (B2 (0, 2)) (s)]2s~ @HDds < e. (2.7)
0 R4
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From (2.6) and (2.7), we get
/ / L= P (@) () = I T 2)) ()]s B D dads < 4,
Rd

i.e. ||¢ —1]|3 < 4eca. This concludes the proof of (2.5).

From (2.4) and (2.5), we infer immediately that £ is dense in A with respect to
Il - |- Since || - ||z = | - |[« and H is the completion of £ with respect to || - ||, it
follows that A C H. This concludes the proof of the theorem. O

As in Nualart and Ouknine (2004), we define the transfer operator by:

(Kill[o,t]XA)(Sa I) = KH(ta S)l[O,t]XA(Sa I) (28)
Note that

tAs
(KFLo,xa, K ljo,s]x B) La((0,7) xR) = ( KH(tvu)KH(S,U)dU> (14,1B) 1, (ra)
0

=Ru(t,s)\M(ANB) = (Lj0,4x 4, L[0,5]x B)H>
i.e. K3 is an isometry between (&, (-, )3) and L2((0,T) x R?). Since H is the

completion of & with respect to (-, )3, this isometry can be extended to H. We
denote this extension by K

Lemma 2.3. Kj, : H — Lo((0,T) x R?) is surjective.

Proof. Note that 1 4xa € Kj(H) for all t € [0,T],A € By(R%); hence ¢ €
K3,(H) for every ¢ € E. Let f € Lo((0,T) x RY) be arbitrary. Since & is dense in
Lo((0,T) x RY), there exists a sequence (f,)n C & such that || fr — | 1, (0,1) xr?) —
0. Since f, € Kj,(H), there exists ¢, € H such that f, = K3,. The sequence
(¢n)n is Cauchy in H:

lon — emlln = [ Kfyon — Kv*—c@mHLz((o,T)de) = ||fn — meLz((o,T)de) —0
as m,n — o0o. Since H is complete, there exists ¢ € H such that ||, — |l — 0.

Hence || fn — K50l Ly0,1)xrey = [[K5on — K50l o0,y xrey — 0. But [|fn —
Fllzogo,7)xrey — 0. We conclude that Kjp = f. O

Remark 2.4. Note that for every ¢ € £
T T
oK H—1/2
(Khe)(s, @) :/ plr, @)= (r,s)dr = c?{/ o) (2) 7 (=) 2

or
:CEF( ) sTHAR LI W, ) s). (2.9)
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We can formally say that

H = {p;o(u, ) = C,iu*H*l/ﬂD?:W<sH*1/2f<s,x»(u), f € La((0,T) x R},
H

where ¢y = ¢ T'(H — 1/2).

2.2. The Noise and the Stochastic Integral. In this paragraph we describe the
Gaussian noise which is randomly perturbing the heat equation. This noise is
assumed to be fractional in time and white in space and was also considered by
other authors (see Nualart and Ouknine, 2004).

Let F = {F(¢); € D((0,T) x RY)} be a zero-mean Gaussian process with
covariance

E(F(p)F(4)) = (¢, ) (2.10)

Let HF be the Gaussian space of F, i.e. the closed linear span of {F(p);¢ €
D((0,T) x RY)} in L2(Q).

For every indicator function 1jg4xa € &, there exists a sequence (¢n)n
D((0,T) x R?) such that ¢, — ljo,yxa and supp ¢, C K, Vn, where K
(0,T) x R4 is a compact. Hence ||, — Lio,gxalln — 0 and E(F(¢m) — F(pp))? =
lom — @nlln — 0 as m,n — oo, i.e. the sequence {F(pn)}n is Cauchy in Lo(92).
A standard argument shows that its limit does not depend on {p,},. We set
Fy(A) = F(ljoxa) =Ly(e) limp, F(p,) € HY. We extend F by linearity to £. A
limiting argument and relation (2.10) shows that

E(F(p)F()) = (e, d)n, Ve, €8,

i.e. ¢ — F(p)is an isometry between (€, (-, -)%) and HY'. Since H is the completion
of & with respect to (-,-)y, this isometry can be extended to H, giving us the
stochastic integral with respect to F'. We will use the notation

C
C

F(p) = /OT /]Rd o(t, x)F(dt, dz).

Remark 2.5. One can use the transfer operator Kj, to explore the relationship
between F'(p) and Walsh’s stochastic integral (introduced in Walsh (1986)). More
precisely, using Lemma 2.3, we define

W(¢) := F((Kj) ™' (¢)), ¢ € La((0,T) x RY). (2.11)
Note that
E(W (¢)W (1)) = (K5~ (0), (K5) " (0)1 = (s 0) Lo((0.1) x>

ie. W = {W(¢);¢ € La((0,T) x R} is a space-time white noise. Using the
stochastic integral notation, we write W (¢) = fOT Jga ®(t, )W (dt,dx) for all ¢ €
Ly((0,T) x R%). (Note that W (¢) is Walsh’s stochastic integral with respect to the
noise W.)

Let HY be the Gaussian space of W, i.e. the closed linear span of {W(¢);¢ €
La((0,T) x RY} in La(). By (2.11), we can see that HY = H. The following
diagram summarizes these facts:
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g Lo((0,T) x RY)
F(p) =W(K5p), YpeH, ie.
¥ T T
fo I]Rd gD(t,CL‘)F(dt,diE) = fo I]Rd (K;F—{SD)(tvx)W(dtde)'
HF — HW

In particular, F(t, A) = fot J4 Ku(t, s)W(ds,dy). This relationship will not be used
in the present paper.

2.3. The Solution of the Stochastic Heat Equation. We consider the stochastic heat
equation driven by the noise F', written formally as:

—Av=F, in(0,T)xR% 2(0,:)=0, (2.12)
where Av denotes the Laplacian of v, and wv; is the partial derivative with respect

to t.
Let G be the fundamental solution of the classical heat equation, i.e.

Glt,z) = (4mt) =2 exp (—%) ift>0,2€ R? (2.13)
’ 0 ift <0,2 € RY '

Let gi2(s,y) := G(t — s,x —y). The following result is needed in order to apply
Theorem 2.2.

Lemma 2.6. If ¢ = nx G, where n € D(0,T) x R%), then
o(-,x) € Ly(0,T) VreR™

Proof. Without loss of generality, we suppose that n(t,z) = ¢(t)¥(x), where ¢ €
D(0,T) and 3 € D(R?). Using Minkowski’s inequality for integrals (see p. 271,

Stein, 1970), we have
¢(3)¢(y)G(S —ty— x)1{5>t}dyd5

(/OTw(t,w)th)l/Q: [ L

T 1/2
/ |¢)( < |G(s—t y—x)|2dt> dyds.
0
Using the change of variables s — ¢ = t' and 1/t = u, we get

1 i C
G(s—t di = d—2,—ly— z|? w220 < 2
[ 166ty = o /1/5” PR ECg

T 1/2
( / |sa<t,x>|2dt>
0

where Ry (%) = 71 qlz|~(4~Y is the Riesz kernel of order 1 in R? and the convolution
|| * Ry is well-defined by Theorem V.1, p. 119, Stein (1970). O

9 1/2

dt

T
<c / o) | PO guds < o(l) « By (@) < o,

Ra |y — x|d1



Stochastic Heat Equation with Fractional-Colored Noise 67

Theorem 2.7. If

d
H> 7 (2.14)

then: (a) giw € |H| for every (t,z) € [0,T] x R%; (b) n+ G € H for every n €
D((0,T) x RY). Moreover,

| gll2 < 00 V(t,x) € [0,T] x RY if and only if (2.14) holds. (2.15)
Remark 2.8. Since H < 1, condition (2.14) cannot be satisfied if d > 4.

Proof. (a) We will apply Theorem 2.2 to the function g:,. Note that for every
fixed y € R?

T t 00

1

/ |gtm(57y)|2d5 = C/ de_ly_wlz/p(t_s)]ds = ul2elvalu/2gy, < 0,
0 o (t—1s) 1/t

ie. giu(y) € Lao(0,T). Clearly (1,y) — Fo,rgiz(T,y) is measurable. We now
calculate

lgrall3, = ames / / \Forr e ()27~ D dydr.
R JR4

For this, we write

T T
chH/ |7’|7(2H71)/ (/ e”sgm(s,y)ds> </ €77 g (1, y)dr) dydr
R R \Vo 0

¢t
= apgcH |7'|_(2H_1)//e_iT(S_T)I(T, s)drdsdr,
R 00

t ot
= aH//|s—r|2H72[(r, s)drds
0Jo

where we used Lemma A.1 (Appendix A) for the last equality and we denoted

lge 17

I(Ta S) = /]Rd gtx(S, y)gtz(ﬁ y)dy = (2t —S5—= T)id/2
We obtain that

t ot t ot
HgtzH%:ozH//|s—r|2H_2(2t—s—r)_d/2drds:aH// lu—v|*" =2 (u+v) =2 dvdu.
0/0 0/0

(2.16)
Relation (2.15) follows, since the last integral is finite if and only if 2H > d/2.
In this case, we have ||g||j2| = ||gte|ln < 00 (since gip > 0), and hence gy, € |H].

(b) We will apply Theorem 2.2 to the function ¢ = 5 G, since ¢(-,z) € Ly(0,T)
for every x € R?, by Lemma 2.6. By writing

T T—s
Fore(r,x) = / e_i”/ / n(u+ s,y)G(u,y — z)dyduds, (2.17)
0 0 R4

we see that (7,z) — Fo re(7, z) is measurable. We now calculate

lell3, == chH// |Fore(r,z)]?|r|~ =V dedr.
R JRY
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Using (2.17), we get

T T T—s T—r
Il = ancn | |r|*<”“> / Lo [ L[] s

n(v+rz2)J z)dvdudzdydrdsdr
T—s pT—r
= aH/ / |2H / / / / n(u+ s,y)n(v+r,z)
R JRd
J(u,v,y, z)dvdudz dy dr ds, (2.18)

where we used Lemma A.1 (Appendix A) for the second equality and we denoted
2
J(u,v,y,2) := /Rd G(u,y — x)G(v, z — x)dx = exp {—%} (u+v)"92,
Clearly
J(u,v,y,2) < (u+v)~Y? (2.19)

for every u € (0,7 — s),v € (0,7 —r). Using (2.18), (2.19) and the fact that
n € D((0,T) x RY), we get

T—s T—r
ol < an [ [Clsr [T s )
Rd JRe
(u 4 v)~Y%dv du dz dy dr ds
T—s T—r
< aHC/ / |s — 7>~ 2/ / (u+ v)~%dv dudr ds
<

ozHCn/ / (u~+v) YT — u)?" dv du,
o Jo

where for the last inequality we used Fubini’s theorem and the fact that

T—u pT—v
/ / ls—r P24y ds = Ry (T—u, T—v) = [(T—1)+(T—0)2" — (u—v)2H] /2.
0 0
The last integral is clearly finite if 2H > d/2, i.e. H > d/4. O
Lemma 2.9. Assume that (2.14) holds. Then the process {v(t,x); (t,z) € [0,T] x
R?} defined by
T
o(t,2) = Flgia) = / Glt — 5,0 —y)F(ds,dy), (t,) € [0,T] x R?
0o Jre

is mean-square continuous, i.e. E|v(t,,z,)—v(t,z)|?> — 0 for any (t,z) € [0, T]xR?
and for any sequence {(tn, xn)}n C [0,T] x RE with (t,,z,) — (t, ).

Proof. We first prove the continuity in ¢t. We have

t+h
Elv(t+ h,x) — U(t7$)|2 =F

gt+h,z(s7y)F(ds7dy) - /t/ gtz (8, y) F(ds, dy)

t+h
gt+hx 5,y) — gz (s,4)) F(ds, dy) / / Gt+h,z (5, y) F(ds dy)

t+h

2

IA

2F

(Gerna(s,9) = gia(s, ) F(ds, dy) +2F
R

2[1(h) + 211 (h).

9t+hx(8 y)F(ds, dy)
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We first treat the term I7(h). Note that

Li(h) = F((ge+na = 9t)Li0.0) 17 00) = 1(Gene — 9t2) 10,013 =

= aH/ / /d(gt—i-h,m — gt2) (u, Y)|u — v*" 2 (gsn e — Gra) (v, y)dy dv du.
0 0 R

The continuity of G(¢,z) with respect to ¢ shows that the integrand converges to
zero as h — 0. By applying the dominated convergence theorem (using the fact
that ||gz||n < 00), we conclude that I; (h) — 0.

For the term I5(h), we have

Ly(h) = ”F(gtJrh.,Il[t,t-i-h])”%2(9) = HgtJrh.,zl[t,t-i-h]”%-( =

t+h t+h
ayg / / / Gt o (W Y) Gt e (v, y)|u — v 2dy dv du
t t Rd

t t
= oy / / / g1 (', 9)gea 0 P’ — [P 2dy Ao du.
t—h Jt—h JRE

Since 1—p 4 1(t—n,) — 0 as h — 0 and [|gsz |7 < 0o, we conclude that I(h) — 0,
by the dominated convergence theorem.
We now prove the continuity in . We have

Elv(t,z +h) —v(t,z)]*> =

R (gt,aa-l-h(sv y) - gtm(sv y))F(dS, dy)

= (gta+n — gea) L0l
By the continuity in x of the function G(t, x), the integrand converges to 0. By the
dominated convergence theorem, E|v(t,z + h) — v(t,z)|*> — 0 as h — 0. O

A jointly measurable process {Y (¢, x); (t,z) € [0,T] x R%} is said to be a solution
of the stochastic Cauchy problem (2.12) if for any 1 € D((0,T) x R%),

/ / (t, z)n(t, z)dzdt = / / (n* G)(t,z)F(dt,dz) a.s. (2.20)
R4 R

We now specify the space where the solution lives. Let B be the space of jointly
measurable processes {Y (t,z); (t,z) € [0,T] x R?} such that

sup E|Y (t,z)]* < .
(¢t,z)€[0, T xR?

Theorem 2.10. In order that there exists a stochastic process {Y (t,x); (t,z) €
[0, T) x R} belonging to B and satisfying (2.20), it is necessary and sufficient that
(2.14) holds. In this case, for any (t,z) € [0,T] x R4

T
Y(t,z) = /0 /}Rd Gt —s,x—y)F(ds,dy) a.s. (2.21)

Proof. We first prove the sufficiency part. The process v defined in Lemma 2.9 is
continuous in probability and hence, by Theorem IV.30 of Dellacherie and Meyer
(1975), it possesses a jointly measurable modification Y. For any (¢,x) € [0, T] xR,

t t
EY(t,2)? = Elo(t, o) = |gss % = an / / i — o257 (u 4 0)~ 2 dvd,
0 0
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where we used (2.16) for the last equality. Hence,

sup E|Y (¢, )| <aH/ / — 0272 (0 4 v) " 2dvdu < co.
(t,z)€[0,T] xR4

This proves that Y belongs to B. 5

To prove (2.20), let n € D((0,T) x RY) be arbitrary. By Theorem 2.7, nxG € H;
we denote v(n) := F(n* G). We will show that
2

Y (¢, z)n(t, x)dzdt — v(n)

Rd
by proving that:

T 2 T
b /0 an)n(tﬁdm =E <v(n) /0 /R dY(t,x)n(t,x)da:dt> = Blo(n).

Note that for any (¢, ), (s,y) € [0,T] x R%,

E(Y(t,z)Y(s,y)) = E(v(t,z)v(s,y)) = E(F(th)F(gSy)) = <gtwugsy>7'l (2.22)
and

E(u(m)Y (t,z)) = E(u(n)v(t,x)) = E(F(n* G)F(gz)) = (1% G, gra)r.  (2.23)
By Fubini’s theorem and (2.22), we get

2

207

Y (¢, z)n(t, x)dxdt

Rd

/[ ] ]Rd)zn(t7 l’)n(s,y) </R Rd fO,TgtI(Tv Z)m |7—|7(2H71)d2:d7') dyd;pdsdt
0,T]x

:/ n(t, £)n(s, Y){Gte, gsy)ndy dz ds dt =
[0,T] xR4)2

- / / \For(n=G)(r,2))1r|"*" " Vdzdr = |ln* G|F, = E|F(n+ G)]* = Elv(n)[*.
R JRA
On the other hand, using Fubini’s theorem and (2.23), we get
T
E <v(n)/ Y(tw)n(tm)dmdt) :/ n(t, z)(n * G7gm>Hdmdt

0 Rd [0,T]xR2

- / n(t,z) < / For(n*G) (1, 2)Forgea(T, 2) |T|*<2H*1>dzd7) dxdt
[0,T] xR R JRA

— [ [ s G2 Pir| T dzar = Bl
RJR

The necessity part is similar to the proof of Theorem 11, Dalang (1999). Suppose
that there exists a process {Y (¢, z); (t,z) € [0,T] x R?} in B which satisfies (2.20).
We want to prove that (2.14) holds. Let (tg,20) € [0,T] x R? be fixed and set
Mn(t, ) = A (t — to)¥n(x — 20), where A, (t) = nA(nt) and z/Jn( )= ndw(n:v) Here
A, 1) are nonnegative smooth functions such that fOT At)dt = [pa¢p(2)de = 1.

We denote v(1,,) := F(n, *G). We calculate E|v(77n)|2 in two ways. First, using
(2.20) and Lebesgue differentiation theorem, we get

lim E[o(.)|” = lim E|Y (t,2)Y (s,9)| 7 (t, 2 (s, y)dydzdsdt = E|Y (to, z0)|*.
™ J[0,T]xR4

(2.24)
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Secondly,

Blon)* = BP(G) = lnnsCl = [ [ oG (roa) Pl Ve

(2.25)
We claim that, for every 7 € R,z € R%, we have: (see Appendix B for the proof)
li7rln For(nn * G)(1,2) = Fo.rgtom (T, ). (2.26)
Using Fatou’s lemma, (2.24), (2.25) and (2.26), we get
lotosolle = [ [ 1Foguo(ra) lrl 1 Dardo
R JR
< liminf / / (Fo.r (1 + G)(r, 2) 2|~ CH D drda
" R JR
= liminf Ejv(n,)|? = E|Y (to, z0)|* < o0,
which forces H > d/4, by virtue of (2.15).
(]

3. The Fractional-Colored Noise

In this section we examine the stochastic heat equation driven by a Gaussian
noise which is fractional in time and colored in space. Most of the results of this
section are obtained by mixing some colored spatial techniques with the fractional
temporal techniques of Section 2. The results of this section can therefore be viewed
as generalizations of the results of Section 2. The details are highly non-trivial.

The structure of this section is similar to that of Section 2. We first describe the
spaces of deterministic integrands, then we introduce the Gaussian noise and the
associated stochastic integral, and finally we examine the solution of the stochastic
heat equation driven by this type of noise.

3.1. Spaces of Deterministic Integrands. We begin by introducing the space of de-
terministic integrands on R<.

Let f € D'(R?) be the Fourier transform of a tempered measure u on R%, i.e.
flz) = fRd e~ T (dE).

Let P(R%) be the completion of D(R?) with respect to the inner product

it = [ [ @i —netdns = [ FapleFiuide).

where Fop(§) = [pa e ““p(x)dz denotes the Fourier transform with respect to
the x-variable.

Equivalently, we can say that P(R9) is the completion of £(R?) with respect to
(-, )p(re), where £(R?) is the space of all linear combinations of indicator functions
1,4(:17), Ae Bb(Rd))

The basic example is f = &y (the Dirac distribution at 0); in this case, P(R%) =
Ly(R%). More interesting covariance structures are provided by potential analysis.
Here are some examples (see e.g. p.149-151, Folland, 1995, or p.117-132, Stein,
1970; our constants are slightly different than those given in these references, since
our definition of the Fourier transform does not have the 27 factor):
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Example 3.1. The Riesz kernel of order a:

f(x) = Ro(z) := ”ya,d|x|_d+o‘, 0<a<d,
where V4.4 = 2977?27 ((d — ) /2) /T (a/2). In this case, u(d€) = [¢]|~*dE.
Ezxample 3.2. The Bessel kernel of order a:

f(#) = Ba(z) = %;/ W@ /21 = = lel?/ ) gy o5 0
0

where 7/, = (4m)%/?T'(a/2). In this case, u(d¢) = (1 + |£[?)~*/%d¢ and P(RY)
coincides with H~*/2(R%), the fractional Sobolev space of order —a/2; see e.g.
p.191, Folland (1995).

Ezxample 3.3. The heat kernel
f() = Gala) =7 qe” "1, o> 0,
where 7] ; = (4ma)~%/2. In this case, pu(d€) = e~ @I€” g¢.
Ezxample 3.4. The Poisson kernel
f(@) = Pa(@) =il (o + 0®) 72, a >0,
where 7/, = 7~ (#+D/20((d + 1)/2)a. In this case, p(d€) = e~ ¢l de.

Remark 3.5. The space P defined as the completion of D((0,7) x R%) (or the
completion of £) with respect to the inner product

T
(o, ¥)p —/ /Rd /Rd (t,z)f(x — y)(t, y)dydzdt :/0 <‘P(ta')=1/1(f,')>p(Rd)dt.

has been studied by several authors in connection with a Gaussian noise which is
white in time and colored in space. One can prove that P C Lo((0,T); P(R%)); see
e.g. Dalang (1999), or Balan and Kim (2007).

In what follows, we need to extend the definition of P(R?) to allow for complex-
valued functions. More precisely, let Dc(R9) be the space of all infinitely differen-
tiable functions ¢ : R¢ — C with compact support, and Pc(R?) be the completion
of Dc(R?) with respect to

et = [ [ ola) e = p)o(w)dude.

Since D(R?) C Dc(R?) and (@, ¥)pray = (@, ¥)p.(re) for every ¢,1) € D(R?), we
conclude that
P(R?) C Pc(RY).

We are now introducing the space of deterministic integrands associated with a
Gaussian noise which is fractional in time and colored in space. This space seems to
be new in the literature. More precisely, let HP be the completion of D((0,T) x R9)
with respect to the inner product

T T
_ L 2H-2 _
(o V)P = aH/O /0 /Rd /Rd o(u, z)lu — v [z —y)v(u, y)dy dx dv du
- chH/th@H*l) /Rd /Rdf(x—y)fo.,w(ﬂx)fo,W(T,y)dydIdT

= CMHCH/ 7|~ CH=( Fo (T, ), Forip (T, ))Pe(raydT,
R
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where the second equality follows by Lemma A.1 (Appendix A). In particular,

leltp = amen /R | Fo,re (7, ')H%C(Rd)|7'|_(2H_l)dTa
or equivalently
liliep = [ 1F0ro(r, ) b ar),

where A\g (d7) = agcy|r|~*H-Vdr.
One can prove that HP is also the completion of £ with respect to the inner
product
(Ljo,)x 45 Ljo,s)xB)HP = Ru(t, s)(1a, 15)pra)-

Clearly |HP| C HP, where |[HP| = {¢ : [0,T] x R measurable; |¢|jxp| < oo}
and

T T
el = [ [ ][ letw ool o225 - )iy do dodu
0 0 R JR

Remark 3.6. Using Fubini’s theorem, we have the following alternative expression
for calculating (p, 1))yp: for every p,% € D((0,T) x R?), we have

T T
(o, V)up = OZH/O /0 |u—v|2H_2/Rd}‘zgp(u,5)}‘2¢(u,§)u(d§)dvdu
T T
— am /R d /0 /0 Fap(u, €)[u — o2 Fyih (0, ) dvdupu(de)
= [ (Pl . T D meto ()

where Hc(0,7) denotes the completion of Dc(0,T) with respect to the inner-
product (-, -)y.(0,r) defined similarly to (,-)0,1)- In particular, lell3p =

Jra 17200 )13, 0,7y 1(d€). This expression is not used in the present paper.

In this new context, the next theorem gives us a useful criterion for verifying
that a function ¢ lies in HP. To prove this theorem, we need the following lemma,
generalizing Lemma 5.1, Pipiras and Taqqu (2000).

Lemma 3.7. For every A € By(R?), there exists a sequence (gn)n C E(R?) such
that

/Rd [14(8) = F2gn(§)*p(dE) — 0.

Proof. Let (¢,), C D(R?) be such that ¢,,(¢) — 14(¢) uniformly and supp ¢, C

K, Vn, where K C R? is a compact (we may take ¢, = 14 * 1,,, where 1, (z) =

n’n(nz) and n € D(RY), with [;, [n(z)|dz = 1). Using the dominated convergence

theorem and the fact that p is locally finite, we get [, |fn(§) — 1a(&)[*p(d€) — 0.
Let ¥, € S(RY) be such that Fo1,, = ¢,,. Then

[ 1720n(©) = 1a(©)Prtae) — 0. (31)

Note that [5, [Fathn(§)Pp(d€) = [pa |60 (€)[*u(d€) < co. By Lemma C.1 (Appen-
dix C), it follows that 9, € P(R%). Since P(R?) is the completion of £(R?) with
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respect to || - ||p(ra), there exists a sequence (gn)n C E(R?) such that

0= gulBpeey = [ | 1Pt = Fagnl©)Futas) = 0. (32)

The conclusion follows from (3.1) and (3.2). O

Theorem 3.8. Let ¢ : [0,T] x RY — R be a function which satisfies the following
conditions:

(i) p(-,x) € La(0,T) for every x € R%;

(i1) (1,2) — Forp(r,-) is measurable;

(iii) [ Jpa Jga Foro(T, ) f(x = y)Fore(r,y)|r|~*H-Vdydadr < cc.
Then ¢ € HP.

Proof. The proof follows the same lines as the proof of Theorem 2.2. The details
are quite different though. Let

A={p:[0,T] x R? = R; ¢(-,x) € Ly(0,T) Vz, (1,2) — Fore(T, ) is measurable,

ol i=er [ [ [ Foretra)f@ v Fazelrallrl @ Vaydodr < oc)

T
A e DT R =R flplRimca [ [ [ HOV T e )

fz— y)I:,{I_fl/Q(qul/Qcp(u, ))(s)s~ TV dydads < oo}
where ¢; = agey and c3 = {c¢iT'(H — 1/2)}2. The fact that
AcA and [olz = lela, VeeA (3.3)
follows as in the proof of Theorem 2.2: let ¢ € A is arbitrary; using the fact Ki;is
an isometry from H(0,7T) to L2(0,T), we get
(e 2), 00 ) or) = Ere(,2), Kot y) L, 01):

for all z,y € R?. Multiplying by f(z — y), integrating with respect to dx dy and
using Fubini’s theorem, we get |||z = |[¢]|a < oco.
Next we prove that

€ is dense in A with respect to || - ||a. (3.4)

The proof of the theorem will follow from (3.3) and (3.4), as in the case of Theorem
2.2,

To prove (3.4), let ¢ € A and & > 0 be arbitrary. Let Ag(s) = s~ ~1ds and

a(s,x) = If__lﬂ(uH’l/ng(u,x))(s). First, we claim that there exists g € £ such

that

T
B [ ] s = s, 1@ = )la(s.) = s )ldyden(ds) < <. (35)

To see this, note that
T
el = e[ [ [ als.orf@ - pats.pdydorutds)
0 Jre JRd

T
_— / / | Foa(s,€)|u(d€) A (ds) < oo,
0 R4
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i.e. the map (s, &) — Faa(s, &) belongs to L2((0,T) x RY d\y x du). Hence, there
exists a simple function h(s,§) = X771, Bil(y,.5,)(s)1B,(€) on (0,T) x R?, with
B; €R,0< v, <d; <T and B; C R? Borel sets, such that

T
| [ 1Fea(s.9) = hs OBu@ () < e/ (36)
By Lemma 3.7, for every j = 1,...,m, there exists g; € £(R?) such that
| 15,€) = Fag©)ln(ag) < e/aDw), (37)

where we chose Dy, :mZTzlﬁjz)\H([ﬂyj, 4;)). Define g(s, x) :Z;nzlﬁjl[%(;j) (8)g;(x).
Clearly g € €. Using (3.6) and (3.7), we get

T
I = / Faals, &) — Fagls,€)Pu(de)An(ds) < e,
0 Rd

which concludes the proof of (3.5).
We claim now that there exists a function [ € £ such that

T
e [ [ lotea) = blsa)l o = 9)lo(s.) = b, p)ldudarn (ds) <=, (35)

where b(s,z) = I;{__lm(uH’l/Ql(u,x))(s). Say g = > p_1 belie,,a,)(s)1a, (z) for
some 0 < ¢ < d, < T and A, C R? Borel sets. By relation (8.1) of Pipiras and
Taqqu (2001), there exists an elementary function I, € £(0,7T) such that

T
/o e (8) = Ir— 2 (=120, () ()2 Amr (ds) < e/Cy, (3.9)

where we chose C, == || >7_; bklAkH%(Rd). Let I(s,z) = >, bilp(t)1a,(z) € &€
and note that

n T
— B s) — H_1/2uH71/2 u))(s x)f(x —
I be / / /Rd[l[ck,du() IV () ()] 1, (2) f (z — y)
(e (8) — o= 2 (=120 (w)) (8)]1a, (y) dydaAgr (ds)
- 1 e
2 bibillada)pe) -2 (&)=

(we used (3.9) and the fact that ab < 2(a? + b?)). The proof of (3.8) is complete.
Finally, we claim that from (3.5) and (3.8), we get

IN

T
P [ ] lats.) = b )@ = lato) = bs. e (ds) < 4z

ie. |l — 1|3 < 4eca, which will conclude the proof of (3.4). To see this, note that
I=Y_, I, where

T

o= [ [ ] ) = gl nl @ = 0)bo9) = als.9)ldudznn )
T

L o= - / [ [ et = gt te = )b(s.) = g(s, )y (d)
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The fact that |I3] < € and |I4] < € follows from the Cauchy-Schwartz inequality in
P(R?), (3.5) and (3.8). O

It is again possible to describe the space HP using the transfer operator. Define
the transfer operator on € by the same formula (2.8). Note that in this case we
have

tAs
(Kglpgxa Kglosxs)r = </ KH(t,U)KH(S,U)dU) (14, 1B)p(ra)
0

= Rp(t,s){1a,1B)pwrae) = (Ljo,4x4, L[0,s)x B)HP>

i.e. K} is an isometry between (&, (-, -)xp) and P. Since HP is the completion of
& with respect to (-, -)3p, this isometry can be extended to HP. We denote this
extension by K7 p.

Lemma 3.9. K7, : HP — P is surjective.

Proof. The proof is similar to the proof of Lemma 2.3, using the fact that 1jg .4 €
K3 p(HP) for all t € [0,T],A € By(R?), and € is dense in P with respect to
|- 1l O

Remark 3.10. Using (2.9) and Lemma 3.9, we can formally say that

1 iy - _
HP = {g; plu,z) = o VDI (SR 1 (5, 0)) (), f € P,
H

where ¢y = ¢ T'(H — 1/2).

3.2. The Noise and the Stochastic Integral. In this subsection, we introduce the
noise which is randomly perturbing the heat equation. This noise is assumed to be
fractional in time and colored in space, with an arbitrary spatial covariance function
f- Tt has been recently considered by other authors (see e.g. Quer-Sardanyons and
Tindel (2006)) in the case when f is the Riesz kernel and the spatial dimension is
d = 1. The general definition that we consider in this subsection seems to be new
in the literature.

Let B = {B(p);¢ € D((0,T) x RY)} be a zero-mean Gaussian process with
covariance

E(B(p)B(Y)) = (¢ ¥)np-
Let HP be the Gaussian space of B, i.e. the closed linear span of {B(yp);p €
D((0,T) x RY)} in Ly(€). As in subsection 2.2, we can define By(A) = B(1{g 4 4)
as the Lo (Q)-limit of the Cauchy sequence { B(¢)},, where (), C D((0,T) x R?)
converges pointwise to 1jg jx 4. We extend this definition by linearity to all elements
in £. A limiting argument shows that

E(B(SD)BW)) = <(P,1/1>H73, V%?/J € 87

ie. ¢ — B(yp) is an is isometry between (&, (-,-)»p) and HZ. Since HP is the
completion of £ with respect to (-, -)4, this isometry can be extended to HP, giving
us the stochastic integral with respect to B. We will use the notation

B(yp) = /OT /Rd o(t, x)B(dt, dz).
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Remark 3.11. Similarly to subsection 2.2, the transfer operator K7, can be used
to explore the relationship between B(p) and another stochastic integral. Using
Lemma 3.9, we define

M(¢) = B((K3p)~'(¢), o€P. (3.10)

Note that

E(M(6)M () = (Kip) ' (¢), (Kip) ™ ())wp = (&,0)p,

ie. M ={M($);$ € P} is a Gaussian noise which is white in time and has spatial
covariance function f. This noise has been considered in Dalang (1999). We use
the following notation:

T
M(¢)_/O [ ol 0)M(drdo), €.

Note that M(¢) is in fact Dalang’s stochastic integral with respect to the noise M.

Let HM be the Gaussian space of M, i.e. the closed linear span of {M(¢); ¢ € P}
in Lo(Q). By (3.10), it follows that H™ = H®Z. The following diagram summarizes
these facts:

Kip
HP—————— P

B(p) = M(K3pp), Vo€ HP, ie.

Jo Jea ot 2)B(dt,dz) = [ [ou(Kpe) (8, )M (dt, de)

HE = g™
In particular, B(t, A) = fot J4 Ku(t,s)M(ds,dy). This relation is not used in the
present article.

3.3. The Solution of the Stochastic Heat Equation. We consider the stochastic heat
equation driven by the noise B, written formally as:

w —Au=B, in (0,T)xR? u(0,-)=0. (3.11)

As in subsection 2.3, we let G(t,z) be given by formula (2.13), and gi(s,y) =
G(t—s,x—vy). The next theorem is the fundamental result leading to the necessary
and sufficient condition for the existence of a solution of (3.11).

To state the theorem we need to introduce the following notations:

Tusr) = [ [ sl = 2ot 2y as

Ji(u,v,y,2) = /Rd » Glu,y — ) f(x — 2')G(v, 2z — 2')dx dx’.
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Theorem 3.12. Suppose that f satisfies the following two conditions:

Ap(2t — s — )" @m2/2 <[ (rys) < By (2t — 1 — s)7(d700)/2, (3.12)
vr € [0,],Vs € [0,t],Vt € [0,T], Ve € R?
Ji(u,v,y,2) < Cp(u+v)~(d=a)/2) (3.13)

Yu € [0,T],Yv € [0,T],Vy € R, Vz € RY
for some constants Ay, By,Cy >0 and ay < d. If
d— af

4 )
then: (a) giw € |HP| for every (t,x) € [0,T] x R (b) nx G € HP for every
n € D((0,T) x RY). Moreover,

H >

(3.14)

llgezll P < 00 V(t,x) € [0,T] x RY if and only if (3.14) holds. (3.15)

Proof. (a) We will apply Theorem 3.8 to the function g:;,. As we noted in the
proof of Theorem 2.7, gi(+,y) € L2(0,T) for every y € R? and the map (7,y) —
Fo,19t (T, y) is measurable. We calculate

lowalBep = e [ [ [ Forgutr.onfe - o Forga |- dydsdr
R JRY JR

For this, we write

T
loalBer = anen [ r-CH0 [ [ ( / e-”ng<s,y>ds> fy-2)
R rd JRe \ Jo
T .
/ e gre (ryy)dr | dy dzdr
0

t ot
OAHCH/|T|7(2H71)/ / efiT(S*T)Ifﬁtx(T,s)drdsdT
R o Jo
t ot
aH/ / |s — 7|27 7211 (7, 8)dr ds, (3.16)
o Jo

where we used the definition of Iy, (r,s) and Lemma A.1 (Appendix A). Using
(3.12), we see that

IN

t t
lowlfer < anby [ [ 15— PRt = sy e P s

t ot
aHAf/ / |s — 2722t —r — )~ (@) 2dr gs.

o Jo
Relation (3.15) follows, since the integral above is finite if and only if 2H > (d —

ayf)/2. In this case, we have ||gie|||np| = ||gtz|lnp < 0o (since gi > 0), and hence

Y

Hgt:ﬂ”%ﬂ?

(b) We will apply Theorem 3.8 to the function ¢ = 5 * G. By Lemma 2.6,
o(-, ) € La(0,T) for every z € R%. We now calculate

ol = anen [ [ [ Faretrorrte -y Fomatmalrl - do' dadr.
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By (2.17), we get

T—s T—r
lol2p = chH/|r| H// / // / n(u+s,9)
R4 JRA

n(v+r,z)Jr(u,v,y, z)dvdudz dy dr ds dr

_ aH// r|2H2/Rd/Rd/OTS/OTTn<u+s,y>n<v+r,z>

Jr(u,v,y, z)dvdudz dy drds,

where we used the definition of Jy(u,v,y, z) and Lemma A.1 (Appendix A).
Using (3.13) and the fact that n € D((0,T) x R?) (and thus is bounded by a
constant and its support is compact), we conclude that

T—s pT—r
ol < eancs [ [ s [T s 2
R4 JRE JO 0

(u + )~ 2dy dz dv du dr ds

T—s T—r
< aHCfD,]/ / |s—r|2H_2/ / (u+ v) == 2dy du dr ds.
o Jo 0 0

As in the proof of Theorem 2.7.(b), the last integral is finite if 2H > (d — ay)/2.
O

The next theorem identifies identifies the constant oy in the case of some particular
covariance functions.

Theorem 3.13. (i) If f = Ry with 0 < o < d, then (3.12) and (3.13) hold with
oy = a. In this case,

lgez||Hp < 00 V(t,x) € [0,T] X R if and only if H > (d—a)/4.

(i1) If f = By with a > 0, or f = Gy with o > 0, then (3.12) and (3.13) hold with
af =0. In each of these two cases,

lgllnp < 0o V(t,z) € [0,T) x R if and only if H > d/4.
(iti) If f = P, with o > 0, then (8.12) and (5.13) hold with ay = —1. In this case,
gallp < 0o V(t,z) € [0,T) x R if and only if H > (d+1)/4.

Proof. In all four cases, it is enough to verify that conditions (3.12) and (3.13)
hold for the corresponding constant ay. The fact that H > (d—ay)/4 is a necessary
and sufficient condition for || gz ||xp < oo for all (¢,z) can be checked directly in
each case, using the same argument as in the proof of Theorem 3.12.

We begin by examining condition (3.12). To simplify the notation, we will omit
the index ¢z in the writing of Iy ;. Using the definitions of Iy and G, we obtain

\z-fz\2

1 lz—y|?
I — T A=) a0 duyd
£(r:9) (mﬂ (t—s)(t—1)] waédef 2)e vez

! ’
w12 12712

20t —s)y — 2t — 1) )e” 2 T2 dy'dY

Rd
- 20t — )Y — 20t —1)Z)] = E[f(U)]. (3.17)
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Here we used the change of variables x —y = 1/2(t — 8)y',x — 2z = y/2(t — )z’ and
we denoted by (Y, Z) = (Y1,...Yy, Z1,...,Z4) a random vector with independent
N(0,1) components, and

U=+2(t—-s)Y —2(t—-r)Z

Note that U; = \/2(t — s)Y; —/2(t — ) Z;,i = 1,...,d areiid. N(0,2(2t—s—r))
random variables. Then V; = U;/\/2(2t —s—7),i = 1,...,d are i.id. N(0,1)

random variables and

d

d
UP =Y U7=202t—s—1)Y VZ=2(2t—s—1)W,, (3.18)
i=1 i=1

where Wy is a Xﬁ random variable.
We are now treating separately the four cases:

(i) In the case of the Riesz kernel, f(z) = R (2) = Ya.alz|~ () and 0 < a < d.
Using (3.17) and (3.18), the integral I;(r, s) becomes

Ir,(r,s) = YaaB|U""% = q4a2(2t — s — )] D2 E[W,|~(47/2)
= Caa(2t —s—r)"(d72)/2 (3.19)

where Cy q = %[,d2_(d_°‘)/2E|Wd|_(d_°‘)/2. This proves that condition (3.12) is
satisfied with oy = a.

(ii) In the case of the Bessel kernel,
f(z) = Ba(z) = y&/ w(e—D/2=1pmw o=l /4w gy,
0
and a > 0. Using (3.17) and (3.18), the integral I;(r, s) becomes

IBQ (T,S) = r-)/(; /OO wf(a*d)/2*16*’wE[ef\U|2/(4w)]dw
0

e 2t —1r —
7;/ w2 1evp [exp (—#Wd)] dw
0 2w
00 —d/2
7('1/ wle—d/2=1g—w (1 + Aor=s S) dw
0 w

where we used the fact that E[e=¢"4] = (1 4 2¢)~%/2 for any ¢ > 0. Note that
o d/2 o d/2 o d/2
(2t r s) < (1+2t r s) <, 1+(2t r s) ]
w w w
1 d/2

where C; = 24/2=1 Hence
_ 1 w 2% —r—s\ V? _
(Do) "2 a—-—r—s /206, . d/2
2Cy (2t=r=s) = Cqwi/2 + (2t — s — 1)4/2 = <1 + w ) Swi(2t—s—)

(3.20)
where for the first inequality we used the fact that a/(a+ z) > 1/(2z) if z is small
enough and a > 0.
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We conclude that

I, (r,8) < va / w(afd)/%le*wwdm(% —r— 5)7d/2dw <~.T (%) (2t —r— s)fd/2
0

/ 1
Ig, (r,s) > % / w D2 e (9 —p — 5) " 2
d Jo

/ 1
> % (/(; wa/%le*wdw) (2t —r — )" Y2,
i.e. condition (3.12) is satisfied with oy = 0.

(i") In the case of the heat kernel, f(z) = G (z) = 7g7d67|m|2/(4a) and a > 0.
Using (3.17) and (3.18), the integral I;(r, s) becomes:

gt~ U/ (de)y _ 2t—s—r " 2 —r—s\ Y2
IGCX(T7S):W(‘¥,dE[€ ]:’Ya,dE exp ——F— Wy =Ya,d 1+ a .

Using (3.20), we obtain that

Vg,d
20y

i.e. condition (3.12) is satisfied with ay = 0.

(2t = 1= 9)7 2 < I (1,3) < Al a2t = v = )

(iii) In the case of the Poisson kernel, f(z) = Pao(x) = v 4(|lz* + o?)~(d+1)/2
and a > 0. Using (3.17) and (3.18), the integral I;(r, s) becomes:

Ip,(r,s) =" [(|U|2 n a2)_(d+1)/2} =202t — 7 — s)Wy + 2| T2

Using the fact that

Ag(2t—r—8)Wy]~ D2 <[22t —r—s5)Wy+a?] " T2 < By[(2t—1—s)Wy)~(4T1)/2
for some constants Ay, Bg > 0, we conclude that
AgE|Wy|~@+0/2(9p—p—g)~@HD2< [ (1 §)< BaE|Wy|~ @1/ 2 (2t —p—5)~(d+1)/2)
i.e. condition (3.12) is satisfied with ay = —1.

We continue by examining condition (3.13). Using the definitions of J; and G,
we obtain that

1 /
1) = et f, fu e
B @ /]Rd /]Rd Fy—z+ \/i(ﬂa + \/Ea/))67#7 ‘G;P dada’

= E[f(y—z+V2(VuY +Vv2))| = E[f(y— 2+ V). (3.21)

Here we used the change of variables © — y = v2ua and ¢/ — z = v/2vd’, we de-
noted by (Y, Z2) = (Y1,...Yq, Z1, ..., Z4) arandom vector with independent N (0, 1)
components, and

_le—yl? |2l 2|2
u

T dxdz’

U =V2uY — V2Z.

Note that U; = v2uY; — v2vZ;,i = 1,...,d are i.i.d. N(0,2(u + v)) random
variables. Then V; = U;/y/2(u+v),i =1,...,d are i.i.d N(0,1) random variables
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and

d d d
ly—2+UP = (gi—z+Ui)* =2(u+v) Y (ni+Vi)? =2(u+v) > T7, (3.22)
=1 =1

=1

where p; = (y; — 2:)//2(uw+v) and T; = p; +V; is N(u,, 1)-distributed. It is
known that (see e.g. p. 132, Johnson and Kotz, 1970)

d
S TFE Wa + 57, (323)

where W;_1 and S are independent random variables with distributions x3_,, re-

spectively N (4/ Zl LHE).

We are now treating separately the four cases:
(i) In the case of the Riesz kernel, f(x) = yq.qlz|~(?~®). Using (3.21), (3.22),
and (3.23), the integral J¢(u,v,y, z) becomes:

4 —(d—a)/2

2T

=1

JRa (U, v,Y, Z) = Va,dE|y —z+ U|_(d_a) :Va,d[2(u + U)]_(d—a)/QE

— al2(u -+ 0)] A2 B Wy 4 52|
< Doalu+ 1})7((1*0‘)/27

where Dy.g = Ya,a2~ (4 2E|Wy_1|~(@=2)/2 ie. condition (3.13) is satisfied with
af = Q.

(ii) In the case of the Bessel kernel,

F@) = Baa) =), [ w2 teven o gy
0

and « > 0. Using (3.21), (3.22), and (3.23), the integral I;(r, s) becomes

IB, (w,v,y,2) = %’1/00w(o‘_d)/2_1e_wE[6_‘y_Z+U‘2/(4w)]dw
0
o w+ v d
— / (a—d)/2—1 —wp _ T2 d
[t eXp( toy )] '

=1
,_Y(/l /OO w(afd)/Zflewa {exp |:_
0

u—+v (Wdfl + S2>:| } dw
w
BleeWa1+59] < (1 +2¢)7* Ve > 0. (3.24)

This follows by the independence of Wy_; and S, the fact that E(e=Wi-1) =
(1+2¢)~(@=D/2 and

d 2

1 ; 242

E(efcsz) T Vit eXP{_E? = 1122} <(1+20)712 Ve>0
C

Note that
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(recall that S has N(\/Zle p?,1) distribution). Therefore

0o —d/2
Tp, (u,0,y,2) < 7;/ wlemd/2- 1w (1+ “”) dvdu
0 w

= 7(’1/ w*? e (w4 u + v) "V 2dw
0

Yl (e/2)(u +v) =42,
i.e. condition (3.13) is satisfied with ay = 0.

IN

(ii’) In the case of the heat kernel, f(z) = Go(z) = Wgyde_|w|2/(4o‘) and a > 0.
Using (3.21), (3.22), and (3.23), the integral J¢(u,v,y, z) becomes

Jo (wv,y,2) = 4Bl V0] =4 B {exp [_ u;a—” (Wa-1 + 52)} }

N

wt v\ 42
< Yau (1 + ) < W(Z,dadm(u +v) T2

where we used (3.24) for the first inequality. This proves that condition (3.13) is
satisfied with ay = 0.

(iii) In the case of the Poisson kernel, f(z) = Po(z) = v/y(|2|* + 2)~(4+D)/2
and « > 0. Using (3.21), (3.22), and (3.23), the integral J;(u,v,y, z) becomes

Jp, (u,0,y,2) = o o E {(|y — 24U+ a2)_(d+1)/2}
d —(d+1)/2
2(u—|—v)ZTi2 + a2

i=1

n

= ’Ya,dE

ZngdE ‘2(u +o)(Wy—1+ 52) + azl—(d+1)/2

< W/Hd[Q(U + U)]_(d+l)/2E|Wd_1|_(d+1)/2,
i.e. condition (3.13) is satisfied with ay = —1. O

Lemma 3.14. Let f be one of the kernels given in Theorem 3.13, and assume that
(8.14) holds (with the corresponding constant ccy ). Then the process {u(t, z); (t,z) €
[0,T] x R4} defined by:

T
u(t,z) == B(gty) = / / G(t — s,z — y)B(ds,dy) (t,x) € [0,T] x R?
0 Jrd
is mean-square continuous, i.e. Elu(t,,z,) —u(t,z)|?> — 0 for any (t,x) € [0,T] x
R< and for any sequence {(tn,Tn)}n C [0,T] x R? with (t,,z,) — (¢, ).

Proof. The proof is identical to the proof of Lemma 2.9, based on the continuity
of the function G(t,z) with respect to each of its arguments, and the fact that

gtz 1P < oo O

A jointly measurable process { X (¢, z); (t,z) € [0, T] x R%} is said to be a solution
of the stochastic Cauchy problem (3.11) if for any n € D((0,T) x R9),

/ X (t,x)n(t, z)dzdt = / / (n * G)(t,z)B(dt,dz) a.s. (3.25)
R Ré
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The next theorem can be viewed as a counterpart of the result obtained by
Maslowski and Nualart (see Example 3.5, Maslovski and Nualart, 2003 in the case
m=1 L =A, f=0,® =1). Its proof is similar to the proof of Theorem 2.10
and therefore is omitted.

Theorem 3.15. Let f be one of the kernels given in Theorem 3.13, and oy the cor-
responding constant. In order that there exists a stochastic process {X (t,z); (t,x) €
[0, T] x R} belonging to B and satisfying (3.25), it is necessary and sufficient that
(3.14) holds. In this case, for any (t,z) € [0,T] x RY

T
X(t,xz) = /0 /]Rd G(t —s,x —y)B(ds,dy) a.s. (3.26)

Acknowledgement. The authors would like to thank an anonymous referee who read
the article very carefully and made numerous suggestions for improving the presentation.
Appendix A. An Auxiliary Lemma

The following result is the analogue of Lemma 1, p.116, Stein (1970), for functions
on bounded domains. It plays a crucial role in the present paper. For our purposes,
it is stated only for d = 1, but it can be easily generalized to d > 2.

Lemma A.1. Let 0 < a <1 be arbitrary. (a) For every ¢ € La(a,b), we have

/|t| (-a)y, dtfqa/m Fapelr)dr

where qo = (2'771/2) 71T (a/2)/T((1 — )/2). (b) For every p,v € La(a,b), w

have
/ / Wl = o~ (o)dodu = gu [ 7| Fosolr) Faniridr
R

Remark A.2. Note that ¢, = 1/7a,1 Where 74,4 is the constant defined in Example
3.1.

Proof. (a) We use the fact that
/ e le O gr = 571211/ (T0) g5 5, (A1)
R

Using the definition of F, p¢, Fubini’s theorem and (A.1), we have

b b
R a R a

Multiply by 6%/2~! and integrate with respect to § > 0. Using Fubini’s theorem,
we get

0o b 00
/ (/ 5a/21€W6|T|2d5>fa_b(ﬂ(7')d7'—/ < 5(10‘)/2167r|t2/(47r6)d5>g0(t)dt
R \JO ' a Vo

Using the change of variable 1/6 = u for the inner integral on the right hand side,
and the definition of the Gamma function for evaluating both inner integrals, we
get the conclusion.
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(b) Note that for every u € [a, b],

b u—a -
/ |u—v|_(1_o‘)¢(v)dvz/ |w|_(l_a)¢(u_w)dw:%¢ |T|_a-7:u—b,u—a(1/’u) ()dr,
a u R

where we used the result in (a) for the last equality. Now,

b

’ e Thh(u — v)dv:/ e~ T () dw = e T T Fy b (7).
—b a

u—

Fuctueal) (0= [

Using Fubini’s theorem
b b b .

/ cp(u)/ |u—v|_(1_o‘)z/1(v)dvdu=qa/ cp(u)/ |7|~ e " T Foptb(T)dTdu =
a a a R

b
QQ/R (/a <P(U)e_i"'udu> |T|_amd7-:qa/R|T|_a]:a,b<P(7')de_

d

Appendix B. Proof of (2.26)

Let 0, (t,2) = A (t — t0)tn(z — 20) := an(t)Bn(z). Then

For(nm + G)(r,2) = /0 " emin ( / OOO /R anlt = )l — )G (s, )y ds) i

0 T
_ - _ —irsé , —iT(t—s) n(t — dt)| ds du.
/Rdﬁ (x y)/_ooe (sy)</0€ an(t — ) t) s dy

Since supp a,, C (to,to + T//n), we obtain that

T ) T—s )
/ e~ TS, (t — s)dt = / e oy, (u)du
0

ftoytoJrT/nan(T) if —s<tp
= ffs,toJrT/nan(T) ifto < —s<to+T/n
0 if —s>te+T/n

and hence

0
e TG (s, y)dsdy+
to

Forln + G)r0) = Fysyrman(r) [ Gula=) |

/ 6n(x - y)/ eilTSG(Sa y)f—s,to-i-T/nan(T)dey = An(Ta I) + Bn(Ta I)
R4 7t07T/n

Note that lim,, B, (7,z) = 0. Whereas for A, (7, x), we have

to+T/n ) ) T/n )
Fioto+T/n0n(T) = / e TN (t — to)dt = e "Th0 / e T\ (u)du

to 0

=e O F pA(T/n) — e T asn — oo
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and

o .
/ Bule — ) / T Cs,y)dsdy = / (i =y = 20)F 1y oG, y)dy
Rd to Rd

= / Yn(z — 55'0).7:_15070@(7',.%' — z)dz
Rd

—  F_40G(1, 2 —x0), asn — oo
by Lebesgue differentiation theorem. Therefore

lim A, (7,z) = e_”t”]:_to)oé(ﬂ x — 20) = Fo,19t0wo (Ts T)-

Appendix C. A Result about the Space P(R?)

The next result is probably well-known. It is used in the proof of Lemma 3.7
and we include its proof for the sake of completeness.

Lemma C.1. If ¢ € S(R?) and [, |Fap(&)*p(d€) < oo, then ¢ € P(R?).

Proof. Let n € D(R?) be such that n > 0 and [,, n(z)dz = 1. Define n,(z) =
nin(nz) and ¢, = ¢ * 1, € S(R?). We have ¢, € |P(R?)| c P(R?), since

[ [ len@lite = plenwldude = [ 1ol 2al) )z < ox.
R4 JR4 Rd

by Leibnitz’s formula (see p. 13, Dalang, 1999). Note that

lon—lipiasy = | WPron(@)=Fap@P ()= [ 1P (@) -1PIFasle) P ulde) =0,

where we used the dominated convergence theorem, and the fact that Fan(§) =
Fon(€/n) — 1 and |Fon(€)] <1 for all n. The conclusion follows. O
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