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The stochastic wave equation in high dimensions:
Malliavin differentiability and absolute continuity”
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Abstract

We consider the class of non-linear stochastic partial differential equations studied in
[3]. Equivalent formulations using integration with respect to a cylindrical Brownian
motion and also the Skorohod integral are established. It is proved that the random
field solution to these equations at any fixed point (¢, z) € [0, T] X R? is differentiable
in the Malliavin sense. For this, an extension of the integration theory in [3] to Hilbert
space valued integrands is developed, and commutation formulae of the Malliavin
derivative and stochastic and pathwise integrals are proved. In the particular case
of equations with additive noise, we establish the existence of density for the law of
the solution at (¢, x) €]0,7] x R<. The results apply to the stochastic wave equation
in spatial dimension d > 4.
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1 Introduction

In this article, we consider stochastic partial differential equations (SPDEs) of the
type

Lu(t,z) = o(u(t, ) F(t,z) + b(u(t,z)), (t,z) €]0,T] x R,

0
u(0,2) = Zou(0,2) =0, z € RY, (1.1)
where L is a second order differential operator, ¢ and b are real functions, F is the
formal derivative of a Gaussian stochastic process and d € IN. The setting applies in
particular to the wave operator
82
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The stochastic wave equation in high dimensions

where A, denotes the Laplacian in dimension d.

We give a rigorous meaning to (1.1) using the stochastic integration theory devel-
oped in [3], which extends the setting of [24] and [5]. More precisely, let G be the
fundamental solution associated with the operator L. We consider the mild form of the
equation (1.1),

u(t,z) = /0 " Gt —s,x— z)o(u(s, z))M(ds,dz)
+ /t G(t — s,z — z)b(u(s, z))dzds, (1.2)
0 JRe

where M denotes the martingale measure derived from the Gaussian process F. More
specifications on F' and on the stochastic and pathwise integrals used in (1.2) are given
in Section 2. Under suitable conditions on G, and for Lipschitz continuous coefficients
o and b, [3, Theorem 4.2] establishes the existence of a random field solution to (1.2).

The main objective is to establish the differentiability in the Malliavin sense of the
random variable u(t,z) defined by (1.2), for each fixed (¢,z) € [0,7T] x R¢. As a conse-
quence, we will obtain results on the existence of density for u(t,z), (t,z) €]0,7] x R4
which are applied to a stochastic wave equation in spatial dimension d > 4.

Malliavin differentiability and existence and properties of the density have been
studied in particular cases of (1.2), like the stochastic heat equation with d € IN and the
stochastic wave equation with d € {1,2,3}. We refer the reader to [1], [10], [11], [12],
[13], [15], [16], [18], [19], [21], [20] for a sample of results. However, to the best of
our knowledge, similar problems for the stochastic wave equation in dimension d > 4
have not been so far solved. The main difficulty stems from the non-smoothness of the
distribution G, the fundamental solution associated with the differential operator L.
The results of this paper are general enough to cover that important example.

Next, we describe the content of the article. Section 2 gathers the preliminary no-
tions and results underpinning Equation (1.1), following [3]. In particular, the governing
noise F' is described and the construction of the integrals in (1.2) sketched. Along with
this, we prove a new result (see Lemma 2.1) that will be used later on in Section 4 to
give a formulation of the stochastic integral in [3] in terms of a sequence of independent
standard Brownian motions. This provides a better understanding of this integral and
makes its handling easier.

In Section 3 an extension of Conus-Dalang’s stochastic and pathwise integrals to
Hilbert space valued stochastic processes is developed. With this, we extend the results
proved in [18] and provide the theoretical background for the study of the Malliavin
derivative of the solution of (1.2).

Section 4 contains some complements to the Conus-Dalang’s stochastic integral. For
a relevant class of integrands, we prove that its divergence operator (in Malliavin sense)
coincides with that integral and also with an It6 stochastic integral with respect to a
sequence of independent standard Brownian motions. Actually, the latter is nothing but
the stochastic integral with respect to a cylindrical Brownian motion, as in the setting
of [7]. In particular, a partial extension of [6, Proposition 2.6] is obtained.

Section 5 contains preliminaries to Section 6. It is proved that under suitable hy-
potheses, the Malliavin operator D commutes with the stochastic integrals of [3]. Then,
in Section 6, we prove that for any (t,2) € [0,T] x R%, the random variable u(t, z) de-
fined in (1.2) belongs to D'?2 - the space of Malliavin differentiable random variables
with square integrable derivative. Using a standard approach, we consider a sequence
of L?(Q)-approximations of the process {u(t,z), (t,z) € [0,T] x R}, {u,(t,2), (t,z) €
[0,T] x R4}, n € NN, such that they are Malliavin differentiable with uniformly bounded
(in the corresponding norm) Malliavin derivatives. The section ends by establishing an
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SPDE satisfied by the Hilbert space valued process Du(t, z) (see (6.3)). In contrast with
examples where the distribution G is smooth (for example, either a function, as for the
stochastic heat equation, or a positive measure, as for the stochastic wave equation in
dimension d € {1,2,3}), it seems not possible to obtain this equation by passing to the
limit the sequence of SPDEs (6.5) satisfied by the Malliavin derivatives of the approx-
imations u,. Indeed, for this one would need to have u(t,z) € D', for some p > 2, a
property that has not been established yet. This problem stems from the lack of LP(f2)
estimates for the solution of (1.2) pointed out in [3]. So far, this has been only proved
when o is an affine function (see [3, Section 6]). The general case is by now an open
problem.

We overcome this problem and eventually establish (6.3), by applying the operator
D to Equation (1.2) and the commutation results of Section 5. The stochastic integrals
in [5] and [3] are constructed assuming the property of spatial stationary covariance
of the integrand. For the stochastic integral in (1.2) this follows from the “S" property
introduced in [5] (see [3, Definition 4.4 and Lemma 4.5]). In the application of the
results proved in Section 5, we need in addition the stationary covariance property for
Hilbert space valued stochastic processes of the form {D[B(u(t,z))], (¢, z) € [0,T] x R%},
where B is a smooth function. This can be achieved by considering the equation (6.1),
more general than (1.2), and by proving that the “S" property holds for the couple
consisting of the solutions to these two equations.

The final Section 7 deals with the existence of density for each random variable
u(t,x), (t,x) €]0,T] x R? in (1.2) when o is constant. The results apply to the stochastic
wave equation in spatial dimension d > 4 with an additive, Gaussian, spatially corre-
lated noise, with covariance measure given by a Riesz kernel. This is proved by applying
the Bouleau-Hirsch’s criterion. The reason for the restriction to additive noise comes
from the fact that so far we have not been able to obtain lower bounds of the dominant
term of the Malliavin matrix for non-constant coefficients . Among the difficulties we
encounter to solve this problem are the lack of LP estimates we alluded before and the
lack of positivity of G.

Throughout this article, we shall use the usual convention of calling constants by
the same letter, although they may vary from one expression to the other.

2 Preliminaries

In this section, we fix some notation, we present some general facts and we recall
the stochastic and pathwise integrals from [3] that will be used throughout the paper.
The relevant spaces are described and some relationships between them are proved.

Denote by C§° (R9) the space of infinitely differentiable functions with compact sup-
port; S(R?) will denote the Schwartz space of rapidly decreasing C> functions, S’(R%)
the space of tempered Schwartz distributions and S’.(R¢) the space of tempered Schwartz
distributions with rapid decrease (see [22]).

Let ¢ € C3°(R%) be nonnegative, with support included in the unit ball of R? satisfy-
ing [ga ¢(x)dz = 1. Set (,(x) := n((nx), n € N. Then, as n — o0, ¢, — dp in §’(R?), and
F¢, — 1 pointwise. Moreover |F(,| < 1 for all n € N. The sequence (¢, )ncn is termed
an approximation of the identity.

Let A € S'(R?). Denote by “+" the convolution operation. It is well-known that

A, = A, (2.1)

belongs to S(R?). Moreover,
[FAR ()] = [FAFC (O] < [FAQI, (2.2)
EJP 18 (2013), paper 64. ejp.ejpecp.org
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for all ¢ € RY, and FA,, — FA pointwise as n — oo.
Let {F(¢); ¢ € C°(R4 x RY)} be a Gaussian process with mean zero and covariance
functional

EIF@FW]= [ [ (0050 @r o @3)

where 1[)(75, z) := ¢(t,—z) and T is a nonnegative, nonnegative definite, tempered mea-
sure on R?. There exists a nonnegative tempered measure ;. on R¢ such that Fpu =T
(see for instance [22], Chapter VII, Théoreme XVIII). Then by Parseval’s identity, the
right-hand side of (2.3) is equal to

/ooo LT B() (&) Fb(t) (&) pu(de)dt.

As is explained in [4], the process F' can be extended to a worthy martingale measure
M = (My(A); t € Ry, A € By(R?)) where B,(RY) denotes the bounded Borel subsets of
R¢. The natural filtration generated by this martingale measure will be denoted in the
sequel by (F)i>0.

A stochastic integration theory with respect to martingale measures has been devel-
oped by Métivier and Pellaumail and by Walsh, among others. Here, we shall use [24]
as reference. Using this integral, we have

T
F(g) = /0 [ s, M. o), (2.4)

for ¢ € C°(R4 x RY).

Extensions of the stochastic integral given in [24] have been introduced in [5] and
more recently, in [3]. Throughout this article, we shall refer mainly to the latter.

Fix T > 0. For stochastic processes f and g, indexed by (t,x) € [0,7] x R? and
satisfying suitable conditions, we define the inner product

T
o= [ [ ()4 §<s>)<x>r<dx>ds]
T
-/ ff(S)(&)fg(S)(ﬁ)u(dﬁ)ds] ,
0 Jre
where the corresponding norm || - || is defined in the usual way. Moreover, we define
the norm
T
ol =8| [ [ (lato) = |§<s>><z>r<da:>ds] .

Let P4 be the set of predictable processes g such that ||g||+ < oo. In [24, Exercise 2.5]
it is shown that P, is complete and hence it is a Banach space. Let £ denote the set of
simple processes g, that is, stochastic processes of the form

m

g(t,z;w) = Z Lia, 0,1 ()14, (7) X;(w), (2.5)
j=1

for some m € N, where 0 < a; < b; < T, A; € By(R%) and X, is a bounded and
J,,-measurable random variable for all 1 < j < n.

According to [24, Proposition 2.3], £ is dense in P,. Hence, we can also define P
as the completion of £ with respect to || - || +.

Following [5], we denote by P, the completion of £ with respect to || - ||o. This is a
Hilbert space consisting of predictable processes which contains tempered distributions

EJP 18 (2013), paper 64. ejp.ejpecp.org
Page 4/28


http://dx.doi.org/10.1214/EJP.v18-2341
http://ejp.ejpecp.org/

The stochastic wave equation in high dimensions

in the x-argument (whose Fourier transform are functions, P-a.s.). The norm in this
space is given by

T

ol =| [ [ 17se)0Rutagias) 2.6)
0
For sufficiently smooth elements of Py, this norm can be also written as
T

ol =E[ [ [ (ot 2305, ) Ir(azpas] @.7)

0 R
Note that P, is not defined as the set of predictable processes for which | - [|[o < oo.
In fact, it can be shown that the latter space is not complete. Since || - |lo < || - ||+, we

clearly have P, C Py, and from the above comments on completeness we know that
this inclusion must be strict.

Consider the subsets of P, and Py consisting of deterministic processes, denoted by
P+ a and Py 4, respectively. In the next lemma, we give an equivalent definition of P 4.
For this, we first introduce a new space &, consisting of Schwartz functions endowed
with the inner product

(6, 4)0 = / (6+9)(@)T(dx) = | Fo(©Fp(E)n(de), (2.8)
R R

where ¢, € S(R?). Let H denote the completion of (&, (-, -)o) and set Hr := L2([0, T]; H).

In the sequel we will also denote by ||-||7, the norm in this space derived from the scalar

product (-, ).

Lemma 2.1. The spaces Py q and Hr coincide.

Proof. First, we prove the inclusion H1 C Py 4. For this, let £ be the set of functions
¢ : [0,7] x R* — R which are a step function in the first argument and a Schwartz
function in the second one. Notice that &, is dense in Hr with respect to the norm
| - I3, We will show that & C P, 4 C Py 4, yielding the statement.

Indeed, fix ¢ € &. Due to Leibniz’ formula (see [23, Exercise 26.4]), the function
z > (|¢(s,-)] * [#(s,-)|)(2) decreases faster than any polynomial in |z|~!. Since I is a
tempered measure, we have

ol = [ [ (65,1 #1305, I T (de)ds <

This proves the claim.

Next, we consider the set £; consisting of deterministic simple functions, and we
prove that &; C Hy. By taking closures in the norm || - |3, we will obtain the inclusion
Po,a € Hr.

Let ¢ € & be given by ¢ = 1(, 14, with 0 < a < b < T This function satisfies

T
[l = [ [ 10O de)as < . 2.9)

Indeed, by writing ||1/J||§_LT as in the right-hand side of (2.7), we have
T —~—
19 = [ ] (an(671a0) * (o GITAC)) ()T (d)ds
T

:/0 L(a.p(5)ds /R /R La(y)la(y — z)dyl'(dz)
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< (b-a)l4] /}Rd 1p(2)I'(dz) < (b— a)|AD(B),

where |A| denotes the Lebesgue measure of A, B stands for the ball in R? centered at
0 and with radius diam(A4) = sup{d(z,z); =,y € A}, and B denotes its closure in the
Euclidean norm. Since I' is a nonnegative tempered measure, it has the form I'(dz) =
p(z)v(dz), where p is a polynomial and v is a finite measure (see [22, p. 242]). Hence T
is o-finite. This fact along with the preceding inequalities, yields (2.9).

For an approximation of the identity ((,)nen, we define v, (s) := ¥(s) * ¢, € S(RY),
s €10,T], n € N. Clearly, v, € & C Hr. Moreover, we will prove that

nl;ngo lr — ¥]|3 = 0. (2.10)
This yields ¢ € Hr.
For the proof of (2.10), we notice that by the very definition of the norm in Hr,

T
=l = [ [ 1F0n(6)©) ~ Fols) @) Pu(ag)as

T
= [ [ Fee©rIFG e - 1Pudeas 1)

By using (2.9) and applying bounded convergence, the last term converges to zero
as n — oo. O

Adding the random component yields the following.

Corollary 2.2. The spaces Py and the space of all predictable stochastic process in
L2(Q2 x [0,T]; H) coincide.

In order to introduce notation and provide some introductory material, we give a
brief overview of the integrals defined in [3]. In the next section, we shall extend these
integrals to Hilbert space valued stochastic processes.

Let Z = {Z(t,z); t € [0,T],z € R} be a real-valued stochastic process, non identi-
cally zero, with the following properties.

(A1) Z is a predictable stochastic process satisfying sup(; ,)e(o.7)xre E[Z(t, 2)?] < co.
(A2) 7 has spatial stationary covariance. That is, for any t € [0, 7], z,y € R,
E[Z(t,2)Z(t, +y)] = E[Z(t,0)Z(t,y)] =: 7 (y).
The process

Z = t S, Z S z d
MZ(A) ._/O /AZ(, VM (ds, dz),t € [0,T], A € By(R%),

defines a worthy martingale measure (see [24]).
Similarly to the definition of the norms || - ||+ and | - ||o, for stochastic processes
indexed by (t,7) € [0,T] x R? and satisfying suitable conditions, we set

T
ol =E| [ [ (las.)2(6 00 a5, 205 ) I (@

T
otz =E| [ [ (ts.)260) G0 2N @] @12

EJP 18 (2013), paper 64. ejp.ejpecp.org
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Let P4 z and Py z denote the completion of (&, | - ||+,z) and (&, || - |lo,z) with respect to
these norms, respectively. Accordingly to [24, Exercise 2.5] P, z is exactly the set of
all predictable processes ¢ for which ||g||+,z < co. However, for Py 7 there is no similar
characterization.

By Bochner’s Theorem ([22, Chapter VII, Théoréme XVIII]), there exists a non-
negative tempered measure vZ such that 77 = Fv?, where 77 is defined in (A2).
Moreover, we have

= (FUf) (Fu) = Fluxvf). (2.13)

In the sequel we set ut = ok 1/ . Due to Fubini’s Theorem, assumption (A2), (2.13)
and Parseval’s Identity, we see that for all g € Py 4

T
otz = [ [ (oo % s, ) R (@) ds

/ /Rd |Fg(s) pZ(d€)ds (2.14)

Following [3], we describe the assumptions on deterministic functions that may be
integrated with respect to the martingale measure M %. These are as follows.

(A3) t — A(t) is a deterministic function with values in S/.(R%); the mapping (¢,£)
FA(t)(§) is measurable and

/ sup / FA(S)(E + ) Pu(d€)ds < .
0 R4

neR4

(A4) Let ¢ denote a nonnegative function in C5°(R?), with support included in the unit
ball of RY, satisfying Jga #(x)dx = 1. For all such ¢ and all 0 < a < b < T, we have

/ (A(s) * 6)(2)ds € S(RY)

/le/ [(A (x)|dsdz < .

(A5) t — FA(t) is as in (A3) and

and

lim / sup /R sup  |FA)(E + ) — FA(S)(E + ) 2u(de) ds =

hi0 neRd JRE s<r<s+h

Notice that (A3) implies

/ / | FA(s)(€)[2u(d€)ds < . (2.15)
Rd
In [3, Theorem 3.1] it is proved that under assumptions (A1), (A2), (A3), and either

(A4) or (A5), A € Py z and that the stochastic integral ((A - M%), t € [0,7]) is well-
defined as a real-valued square-integrable martingale. Moreover,

E[(A-M7)} //]Rd |FA(s)(&)1PuZ (d€)ds = [IA]I§ 4. (2.16)

Using Assumption (A2) and the identities vZ(R%) = 7Z(0) = E[Z(s,0)?], one can obtain
the following upper bound:

EJP 18 (2013), paper 64. ejp.ejpecp.org
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E[(A- M7)} //}Rd | FA(s)(&)[*uZ (d¢)ds

< [ v swp /R FAG)(E -+ ) Pu(dg)ds

neR4
t
- / E[Z(s,0)%] sup / FAGS)E +n)Pude)ds,  (2.17)
0 neR?® JRA
Owing to (A1), this yields
E[(A- M2 < [ sup / IFAG)(E + )2 u(de)ds (2.18)
0 neR? JRA

Let ¢t — (t) be a deterministic functions with values in S’(R%). Assume that
¢ € L2([0,T); L*(R%)), that is, satisfying fOT (fga |w(s,z)\dz)2ds < oo. For a stochastic
process Z satisfying the conditions (A1), (A2), and following again [3], we introduce

the norm
T 2
1l 5 = E[ / ( ¢(8,Z)Z(s,z)dz) ds}
0 R4

Proceding as in the derivation of (2.14), we obtain

Wit =B ] [ ([ v 2zo.2:) ([ vzt )
- / T /R . U(s,2)9(s,y)77 (2 — y) dydzds
/ / [F(s) ()P (dn)ds. 10

The closure of the space £ with respect to the norm || - ||1,z is denoted by P z.
In order to give a rigorous meaning to pathwise convolutions, some additional as-
sumptions are needed. These are the following.

(A6) The mapping ¢ ~ A(t) is a deterministic function with values in S’(R?) and
satisfies
T
/ sup |FA(s)(n)*ds < oo.
0

neR?

(A7) The mapping ¢t + FA(t) is a deterministic function with values in S.(R%) and

such that
T

lim sup sup |FA(r)(n) — FA(s)(n)*ds = 0.
hio Jo neRd s<r<s+h

Note that these two conditions coincide respectively with (A3) and (A5) if = .
Assume (A1), (A2), (A6) and either (A4) or (A7). In [3, Proposition 3.4] it is proved
that

t
// A(s,2)Z(s,z)dzds, t € [0,T], (2.20)
0 Jre

defines a stochastic process with values in LQ(Q). In addition, from (2.19) and (A1),

(A2), it follows that
¢ 2
(/ / A(s,a:)Z(s,w)dazds)
0 JRd
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t
< / VZ(RY) sup |FA(s)(n)|2ds
0 neR?
t

<C sup |FA(s)(n)|ds. (2.21)
0 neRrd

Frequently, we will use the notation

T(s) = sup [ FAG)E+ mPn(de) 2.22)
neR JR4
and
Ja(s) == sup |[FA(s)(n)?, (2.23)
neR?
s €[0,77].

If the assumptions (A3), (A6), respectively, are satisfied, then

T T
/ J1(s)ds < o0, / Ja(s)ds < oo, (2.24)
0 0

respectively.

Throughout the article, we will refer extensively to the Hilbert space L2(2;Hr) =
L2([0,T] xQ;H). In [6, Proposition 2.6], it is proved that Py C L?(Q2; Hr). Then if g € Py,
lgllo = llgll 2 (@:21) With || - [|o defined as in (2.6).

In this article, we will use the theory of Malliavin calculus based on the Gaussian
process F' = (F(¢); ¢ € Hr) (see [14]). For this we need to guarantee that F' is an
isonormal Gaussian process and also to describe its associated abstract Wiener space.

By Lemma 2.1, the expression (2.4) holds for any ¢ € Hr. This yields that F' is an
isonormal process (see [14, Definition 1.1.1]). For the description of the abstract Wiener
space, it is useful to identify the stochastic process F' with a H-valued cylindrical Wiener
process, as follows. As it is shown in [4], by an approximation procedure we define
Wi(¢) = F(1p,q9), t € [0,T], ¢ € H. Consider a complete orthonormal system (CONS)
of H that we denote by (e )ren. Then,

W = {Wk(t) := Wy(ex),t € [0,T],k € IN}

defines a sequence of independent standard Brownian motions. Conversely, the process
(F(®) = > ken f0T<¢(t), ex)ndWF(t), ¢ € Hr) is an isonormal Gaussian process.

Let (Q,G, 1) be the canonical space of a standard real-valued Brownian motion
on [0,7]. With the equivalence shown before, we can identify the canonical proba-
bility space of F' with that of a sequence of independent standard Brownian motions
(Q,G,P) = (N, G¥N ®N), This will be the underlying probability space in this work.

Consider the Hilbert space H consisting of sequences (h*)ycn of functions hy :
[0,7] — R which are absolutely continuous with respect to the Lebesgue measure and
such that ), . fOT |h¥(s)|2ds < oo, where h* refers to the derivative of h* defined al-
most everywhere. There is an isometry between the spaces HH and Hr, as follows. Let
h € H. Then h = 37, h¥ex, where h¥(t) = [i h¥*(s)ds for all k € N. For any ¢ € [0,7],
set h(t) = Y e h*(t)ex. Clearly, h € Hy and ||h|lu = ||hl|3,. The triple (,H,P) is the
abstract Wiener space that we shall use as framework for the Malliavin calculus.

3 Hilbert space valued stochastic integrals

In this section, we develop an extension of the integrals introduced in [3] to Hilbert
space valued integrands. For similar results in the setting of [5], we refer the reader to
[18].

EJP 18 (2013), paper 64. ejp.ejpecp.org
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Let A be a separable real Hilbert space with inner-product and norm denoted by
-,y and || - ||.4 respectively. In the sequel, (ax)ren will denote a complete orthonormal
system of A. Let {Z(t,x),t € [0,T], € R} be a A-valued stochastic process satisfying
the following properties similar to (A1), (A2):

(A8) 7 is a A-valued predictable stochastic process satisfying

sup [ Z(t,2)]%] < ox.
(t,z)€[0,T]x R4

(A9) Z has a spatial stationary covariance function coordinatewise. That is, for all
k€ Nand (t,z) € [0,T] x RY,
E[Zy(t,2) Zi(t, = + y)] = B[Zk(t,0) Zk(t, y)] = 1 (y),
where Zy(t,x) := (Z(t,x), ag) 4.
For each k£ € N, the stochastic process

M7*(A) ::/0 /AZk(s,z)M(ds,dz),t €[0,7T], A € By(RY),

defines a real-valued worthy martingale measure.
According to [18],

MtZ(A) = Z ]\415Z’C (A)a'kv te [OvT]v Ac Bb(Rd)v
keN

defines a A-valued worthy martingale measure and by construction,
(MZ(A),a) 4 = M?*(A). Moreover,

E[|M7(A)|4] <Cia  sup  E[|Z(t2)]4],
(t,2)€[0,T]x R4

(see [18, p. 5]).
For a A-valued stochastic process g, we set g, = (g, ai) 4, and define

= lgel3-

kelN

Also, for a deterministic function ¢, we define

1618 2.4 = > _ 1913 2, | =Y el 2z 1811524 := D 191 2

kelN keN keN

In each one of these definitions we are implicitely assuming that the right-hand side
of every expression is well-defined. Let £4 be the set of A-valued simple stochastic
processes. That is, processes with a similar expression as in (2.5), where X;, j =
1,...,m, are A-valued random variables. Then, we denote by Py z 4, P+ z 4 and Pi z 4
the completions of £ with respect to || - |lo,z.4, || - ||+,2,4 and || - ||1,z,.4, respectively.

Note that all the norms || - [|lo.z,.4, || - ||+,2,4 and || - ||1,z,4 do not depend on the choice
of the CONS although assumption (A9) might do so. Indeed, for the dense subset of
Po,z,4 for which the norm || - ||o, Z .4 can be written as in (2.12), one can easily verify that
Yoken ||o Zanya = 2ken |- , where (ax)ren and (a},)ken are two CONS of A.
By density, thls equahty then holds for all elements in Py 7 4.

Theorem 3.1. Let {Z(t,x), (t,z) € [0,T] x R?} be a A-valued stochastic process satis-
fying conditions (A8), (A9). Lett — A(t) be a deterministic function taking values in
the space S;(]Rd). We suppose that (A3) and either (A4) or (A5) are satisfied. Then
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A € Py, z .4 and the stochastic integral {(A-M?);,t € [0,T]} is well-defined as a A-valued
square integrable process. Moreover,

BOIA- M2 = [ [ IFAG©RRE ()i = 1415 2.

< [ Bz O s [ 1FAG)E +0)Puta)ds

neR4
t

<c{ sup /R FAG)(E+ )Pl ds 3.1)

0 neRrd

Proof. From [3, Theorem 3.1] we know that A € Py z, and also that {(A-M?*),,t € [0,T]}
is well-defined for any k£ € IN. In addition,

B[I(A - M7)e )] = IAl]5 7

The proof of A € Py z 4 follows the same arguments as in [3, Theorem 3.1]. Firstly,
we check that A,, (defined similar to (2.1) by A, (¢) := A(t) = (,) belongs to Py z 4, and
then that

nlggo A — A”%,Z,A =0.

The arguments of [3, Theorem 3.1] can be adapted by using (A3), (A8) and the follow-
ing remark: For any ¢ : [0,7] — S(R9),

T
18]35, < / E[|Z%(s,0)] sup / H(dE)F(s)(E + ).
0 neR4 JR4
It follows that
1612 0 = 3 1613 2,

kelN

T
< [ BNz 0] s [ waoiFoseE -l

neR4

For any ¢ € [0,T], define

(A- M%), = Z(A'MZ’“M%

kelN

Clearly,

E[I(A-M2) %] = ST E[IA- M) 2] = STIAIR 2, = AR 2.4
kelN kelN

The estimates (3.1) follows from (2.17) applied to each stochastic integral A - M Zk
k € IN, along with (A8).
O
By using similar arguments as in the proof of [3, Proposition 3.4], one can also give
an extension of the pathwise integral to .A-valued stochastic processes. For this, it is
worth noticing that for any ¢ : [0,7] — S(R%),

H¢||iz,,4 = Z ¢,z

kelN

< / B[ Z(s,0) %] sup |Fo(s)(n)Pds.
0

neR?

The extension reads as follows.
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Theorem 3.2. Let {Z(t,z),(t,z) € [0,T] x R?} be a stochastic process as in Theorem
3.1. Lett +— A(t) be a deterministic function taking values in the space S!.(R%). We
suppose that (A6) and either (A4) or (A7) are satisfied. Then

t
/ A(s,2)Z(s,z)dzds := (/ A(s,2)Zy (s, z)dzds) ag,
0 JR4 keN Rd

€ [0, T, defines a stochastic process with values in L*({); A). Moreover,

=[l ([ fomi )

(s,2)Z(s,z)dzds

]Rd

o

kEN
= I3 2.4
< Z/ [Z1.(5,0)%] sup |FA(s)(n)|*ds
keN neRr
< C/ sup |FA(s)(n )|2d5. (3.2)
0 neR?

4 Equivalence of stochastic integrals

In this section, we consider a particular case of integrands described as follows.
Let Z be a stochastic process satisfying (A1), (A2). Let A : [0,7] — S.(R%). We are
interested in stochastic processes which are obtained as the limit in the topology of Py
of a sequence

Of, = Ayt — -z —*)Z(-,%),n € N,

where (t,x) € [0,T] x R? is fixed and A, (t) := A(t) * (, as in (2.1).

For this class of integrands, later denoted by @ , (and also at some places by A(t —
-,x—x)Z(-, %), by an abuse of language), we prove that the integrals in the Conus-Dalang
sense ([3]) and with respect to the 7{-valued cylindrical Wiener process (W;,t € [0,7T])
(see for instance [7]), coincide with the divergence operator (also termed Skorohod
integral) of Malliavin Calculus (see [14, Section 1.3]). For this, we need further insight
on the relationships between the spaces Py, Py z and L?(Q, Hr) introduced in Section
2.

We notice that, for deterministic elements ¢ € Py, which are Schwartz functions in
the spatial argument and a process Z satisfying (A1), (A2),

16Z]lo = lI¢llo.z = [10Z]| L2(21r)- CRY

To simplify the notation, for any (¢,z) € [0,7] x R?, we write [A,,Z]"* to denote the
stochastic process (A, (t — -,z — %) Z(-, %)), where “-" and “x" denote the time and space
arguments, respectively.

Lemma 4.1. Let Z be a stochastic process satisfying the hypotheses (A1), (A2). Let
t € [0,T] — A(t) be a function satisfying the assumptions (A3) and either (A4) or (A5).
Fix (t,z) € [0,T] x R%. Then, for alln € NN,

1. A, A€ Py z,
2. [AnZ]t’z € Po,
3. The sequence ([A,, Z]"*),en converges in P, to an element ®, , € Py, and

[®¢,zllo = At — -, 2 — %) 4.2)
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Moreover, ®; ., € L*(Q; Hr) and
[®¢,zllo = IAE =2 — 9)|[ L2 7))

Proof. The assertions of part (1) are shown in [3, Theorem 3.1]. The second part in
shown by a similar method as in [3, Theorem 3.1]. In fact, consider either approximation
of A,, by simple functions (A, ., )men given in the proof of this theorem. Then one shows
using the definition of the norm || - ||+

[Anm(t =& —*)Z(- )%

—E/// Mot —s,2 = 2)|[Apm(t— s,z —y+ 2)|
R4 JRd

x| Z(s,y)|lZ(s,y — 2)|dyl'(dz)ds

< sup  E[Z(ry)’
(r,y)€[0,T]xR4

/ /]Rd |Apm(t — 8,2 — )| * | Apn(t — 5,2 — ) (z)T(dz)ds. (4.3)

Since A, ,(t) € S(RY) and T is a tempered measure, we can use Leibniz’ rule ([23,
Exercise 26.4]) to shown that the last expression is finite. This shows that [AmmZ ]t,:r €
P.. Then we evaluate the difference ||(A,m(t — 2 — %) — Ay (t — 2 — %)) Z(-,%)[|2 in
the same ways (depending on whether we suppose (A4) or (A5)) as in the proof of [3,
Theorem 3.1], and show that it goes to zero. This proves part 2.

For n,m € IN, we have

HAn(t - 5T *) - Am(t R *)”g,Z
- / / FAn(t — 8)(€) = FAm(t — )(€) 21 (de)ds
0 JRe
- / / FA(E — $)(©)21FCa(€) — Fem(€)2u? (d€) ds. (4.4)
0 R4

By bounded convergence, this converges to zero as n, m — oco. Using (4.1), we conclude
that ([A,Z]""),en is @ Cauchy sequence in Py. Let us denote by @, , its limit. Using
similar computations as in (4.4) with A,, replaced by A, and since A € Py 7, we have,

T [[An(t =z = oz = ALt~z — )]0z

Thus,
[@4,0(,%)[lo = lm [[An(t — -,z —=)[lo,z = [|[A( — -,z —*)]lo,2
n—oo

Since Py C L2(%;Hr) (see [6, Proposition 2.6]), we conclude that ®;, € L*(Q;Hr).

O

The preceding lemma admits easily an extension to Hilbert space valued stochastic

processes. Next, we consider a particular example of such an extension for processes
that are Malliavin derivatives.

Lemma 4.2. The function A and the stochastic process Z are as in Lemma 4.1. More-
over, we assume that that Z(t,z) € D'2 for all (t,z) € [0,T] x R¢ and that the Hr-valued
stochastic process DZ satisfies (A8), (A9). Fix (t,z) € [0,T] x R, Then, by setting

[ADZ)"" = (An(t — 8,2 — y)DZ(s,y), (s,9) € [0,T] x R?),

the following holds.
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1. Ay, A e PO,DZ,'HT/

2. [AnDZ]t’z S 77077{7-

3. The sequence ([A,DZ])"*),cn converges in Py 3, to a Hr-valued stochastic pro-
cess @Elaz = {@g}g(s,y), (s,y) € [0,T] x R?} such that for any (t,z) € [0,T] x R4,

198 0,302 = IIA(E = -2 — #)[lo,p 2,30 4.5)

4. <I>§1) = D®, ,, where ®, , is the process defined in part 3 of Lemma 4.1.

T

Proof. Statement 1 can be shown as in [3, Theorem 3.1] with the tools provided in
Section 3. For the proof of part 2, we follow similar computations as in (4.3) to obtain

[Amn(t =2 =9)DZs(t,2)|} 3, <C  sup  E[|DZ(r,y)lf,]
(r:y)€[0, T xR

X /0 /]Rd (|An,m(t =8, — )| * [Apm(t — s,z — )|)(2)F(dz)ds

By the same arguments as in Lemma 4.1, this last expression is finite.
Similarly as for the statement 3 of Lemma 4.1, we prove that ([A,,DZ]"%,n € N) is a

Cauchy sequence in the norm || - ||o.pz #, and that its limit ®(!) satisfies (4.5).
As for part 4, we notice that by Lemma 4.1, the sequence (A, (t—-,z—%)Z(-,x),n € IN)
converges in L?(Q;Hr) to a random vector ®;,. Moreover, D(A,(t — -,z — %)Z) =

An(t — -, 2 — x)DZ. Hence by part 3, the sequence (D(A,(t — -, — *)Z)), oy cOnverges
in L2(%; 7—[?2). Since D is a closed operator, we conclude using again part 3.

O

Let A and Z be as in Lemma 4.1 and (é)ren be a CONS of Hy. For any k € IN, the

real-valued stochastic process D 7 := (DZ, é;), satisfies the hypotheses of Lemma

4.1. Hence, the sequence ([A,, D% Z]%%), cn converges in Py to an element denoted by

@ﬁfﬁ. Since the Malliavin derivative is a closed operator, we have D¢ ®, , = @Efw’“), with
1)

®, , given in Lemma 4.1, and @E:Z“) = <<I>§11), €k )y, With <I>§$I defined in Lemma 4.2.

Let g denote a predictable stochastic process belonging to L?(€2 x [0, T]; H). Using
the stochastic integration theory developed for instance in [7], the integral of g with
respect to the cylindrical Brownian motion {W;,t € [0,T]} described in Section 2 is
well-defined, as follows:

t t
- Whi= [ g@aW.i= Y [lals. 0. cuthudWE te 1) @)
0 keN 0
where (eg)ren is @ CONS of H.

The next proposition provides an extension of [6, Proposition 2.6] to the stochastic
integral in [3]. This is only for the class of integrands ®, ,. defined in Lemma 4.1 though.

Proposition 4.3. Let A fulfill (A3) and either (A4) or (A3). Let Z be a stochastic
process satisfying conditions (A1) and (A2) Fix (t,z) € [0,7] x R? and consider the
stochastic process ®, , defined in Lemma 4.1. Then

(A(t — -z — %) M?)y = (D0 - W)y, t €[0,T).

where the expression on the left-hand side refers to the integral of Conus and Dalang
(see [3, Theorem 3.1]), while on the right-hand side, it refers to the integral defined in
(4.6).
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Proof. From Lemma 4.1, part 2, we have that [A,, Z]"* € Py C L?(Q; Hr). Consequently,
the stochastic integral in (4.6) exists for g := [AnZ]tv'"f and it satisfies the isometry
property

E[(0,21 W)Y = B[ [ IAut = s = 0)Z(s.4) s
= [ARZ) 3 = 1An(t — 2~ )l -

Moreover, (A, (t — -,z — %) - M?); is well-defined as a Walsh’s stochastic integral with
respect to the martingale measure M Z, According to [6, Proposition 2.6(a)]

(Ap(t — -z — %) - M?), = ([AnZ]5" - W),

We can now pass to the limit as n — co and notice that [A,,Z]"* converges in L?(Q; Hr)
to ®; ,. We obtain,
(B0 - W) = L2(Q) — lim ([A,Z2]57-W),.

n— oo t

On the other hand, for the stochastic integral in [3] we have

(A(t — -z — %) - M%), = L*(Q) — lim (Ap(t — -,z — %) - M?),.
n—oo
This ends the proof.
O
In the next proposition, we prove the equality between the divergence operator
(also called Skorohod integral) applied to the process ®, ., and the stochastic integral
((I)tﬂ; . W)t

Proposition 4.4. The assumptions are the same as in Proposition 4.3. Fix (t,z) €
[0, T] x RY. The stochastic process ¥ , derived in Lemma 4.1 part 3 satisfies

5(Pre) = (Pra - W), (4.7)
where ) denotes the Skorohod integral.

Proof. We follow a similar approach as in [14, Section 1.3.2]. Let g = 1(4514X, where
0<a<b<t Ac By(R? and X is a bounded and F,-measurable random variable.
Assume first that X € D'2. Then [14, (1.44)] yields

6(g) = XF(1(qpla).

Since D2 is dense in L?(2) and § is closed, this equality extends to X € L?(f2), which
are F,-measurable.

On the other hand (g - W); = XF(1(414) as it is shown for instance in [6, p. 11].
By linearity of the integral operators we see that (4.7) holds for a suitable class of
elementary processes.

We know that [A,,Z]"* € P,. Therefore, there exists a sequence of elementary pro-
cesses (gh%,)men converging to [A,, Z]»* in L?(Q, Hy) as m — co. Since the operator §
is closed, we obtain

([AnZ]"* - W) = L*(Q) = lim (g5, - W), = L*(©) — lim &(g;7,) = 6([AnZ]"7).

m—00 t m—00

Finally, using once again that ¢ is closed, we have

(ra - W)e=L*(Q) = lim ([A,Z]"" W), = L*(Q) — lim 6([AnZ]"") = 6(Pya).

n—oo

This finishes the proof of the proposition.
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5 Malliavin derivatives of stochastic and pathwise integrals

In this section, we state conditions for commuting the Malliavin derivative operator
with two types of integrals: the class of stochastic integrals studied in Section 4 and the
pathwise integrals of [3] (see (2.20)). For the former we rely on [14, Proposition 1.3.2]
and we check that the assumptions of this proposition are satisfied by the relevant
integrands. As for the latter, we give a direct proof.

Throughout the section, we fix A satisfying the assumption (A3) and either (A4) or
(A5) and a stochastic process Z satisfying (A1) and (A2). For any (¢, ) € [0,T] x R¢, we
shall consider the stochastic process ®; , given in Lemma 4.1. We will use the notation

/ot /]R At —s,@ = 2)Z(s, z) M (ds, dz)

to refer to each of the stochastic integrals 0(®; ), (®r. - W), (A(t — - 2 — %) - M?),
considered in Section 4. In fact, owing to Propositions 4.3, 4.4 they coincide.

Proposition 5.1. We assume that A satisfies the assumption (A3) and either (A4) or
(A5). Consider a stochastic process Z satisfying (A1) and (A2) and such that for any
(t,z) € [0,T) x R4, Z(t,z) € D*2. Suppose also that DZ fulfills the assumptions (A8)
and (A9) with A = Hr. Then, for every (t,z) € [0,T] x R4,

¢
/ / At — 8,2 — 2)Z(s,2)M(ds,dz) € D"?
0 JRre

D (/Ot /R At —s,2 — 2)Z(s, z)M(ds,dz))

=A{t—-x—%)Z(, / At —s,x—2)DZ(s,z)M(ds,dz), (5.1)
R4

and

where the integral in the right-hand side of (5.1) is the Hilbert space valued stochastic
integral A(t — -,x — x) - MPZ given in Theorem 3.1.

Proof. From Lemma 4.2 it follows that ®;, € D"?(Hr). Fix a CONS of Hr that we
denote by (éx)ren. As has been pointed out in Section 4, the real-valued process
D¢ ®, , = (D®,; ,,é)n, belongs to Py;. Moreover, by the results of that section, it
also belongs to the domain of the divergence operator. Thus, the assumptions of [14,
Proposition 1.3.2] are fulfilled and hence we have

(/ /]Rd Dy (s, 2) M (ds, dZ)) = D% (§(D, )

=Py, 1) 3y + 0(D* Py ),

for any k € IN. This proves (5.1).
O
Our next aim is to prove a result on commutation of the Malliavin derivative operator
with the pathwise integral (2.20). In [8, Lemma 2.2] a similar question is analyzed.
However, that version seems not to be directly applicable to our context.

Proposition 5.2. Let A fullfil (A6) and either (A4) or (A7). Let Z be a stochastic
process satisfying the same assumptions as in Proposition 5.1. Then for all (t,z) €

[0,T] x R4,
t
/ / At — 5,2 — 2)Z(s, 2)dzds € D2
0 JRd
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and

¢ ¢
D(/ / At — s,z —2)Z(s, z)dzds) = / / At — s,z —2)DZ(s,z)dzds.  (5.2)
0 JRre 0o JRre

Proof. Let A = 1;_(q1{z}—4 for some 0 < a < b < t and A € By(R?) where {z} — A =
{z — z,z € A}. In this case, formula (5.2) reads

D(/:/AZ(&Z)dzds> :/ab/ADZ(&z)dzds (5.3)

almost surely. This follows from the arguments in the above-mentioned reference [8].
We notice that a direct proof of (5.3) can also be done using the definition of the Malli-
avin operator as a directional derivative.

In the next step, we consider A € L2([0,7]; L'(R%)), i.e. foT(fle |A(t,z)|dx)?dt <
oo. We recall that according to [3, (3.13)], the pathwise integral is almost surely well
defined as a pathwise Lebesgue integral. Linear combinations of products of indicator
functions as those considered in the previous step, are dense in L2([0,7]; L'(R%)). Let
(An)nen be a sequence of such simple functions converging to A in L2([0, T]; L*(R%)).

Then,
</t /le (A(t —s,2—2z) = Ay (t — 5,0 — 2)) Z(s, z)dzds) 2]

<TE//]Rd/]Rd (t—s,x—2)— A, (t—s,2—2))

(At—s,z—y)— A (t —s,x—y)) Z(s,2)Z (s, y)dydzds]

<C  sup  E(|Z(t,2)P)
(t,z)€[0,T]xR4

t 2
></ </ A(t—s7x—z)—An(t—s,x—z)|dz) ds,
0 \JRd

which goes to zero as n — oo.
Using similar arguments,

i K/Ot /Rd At = 8,2 = 2)DZ(s, z)deds
v /ot /R An(t = s, = 2)Z(s, z)dzd8> 2]
</0t /R (At —s,2—2) = Au(t — 5,2 — 2)) DZ(s, z)dzds> 21

<C sup E |:||DZ(t7x)||’2HT:|
(t,2)€[0,T]x R4

t 2
X / (/ |A(t—s,m—z)—An(t—s,x—z)dz> ds,
0 \JRre

where in the first equality we have used the first step of this proof. The last term
goes to zero as n — oo. Since D is a closed operator, the Proposition holds for A €
L2([0, T); L1 (R)).

Finally, assume that A satisfies the assumptions of the Proposition. Let A, €
L%([0,T],L*(R%)), n € N be as in (2.1). Then, according to [3] (see also Section 2)
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we have,

</o /R (At~ s, —2) = At — 5,2 — 2)) Z(s, z)dzd5> 2]
- /ot /]Rd | FA(t — s)(0) 2| FCu(n) — 11207 (dn)ds

This goes to zero as n — oo, by dominated convergence.
Similarly,

[(/ A(t — 5,2 — 2)DZ(s, z)dzds

R
-D /]Rd (t—s,x—2)Z(s, z)dzds) 1

</0t /JR (A(t—s,2—2) = Au(t — 5,2 — 2)) DZ(s, z)dzds) 21

- / / FA(E = 8) ()21 FCa(n) — LP0P? (dn)ds,
0 R4

converges to zero as n — co. Notice that by Theorem 3.2, the integrals involved in
these computations exist. By the closedness of the Malliavin derivative operator, we
conclude the proof.

O

6 Malliavin differentiability of the solution of the SPDE

This section is devoted to prove that the solution to the stochastic partial differential
equation (1.2) at a given point (t,x) € [0,7] x R? is differentiable in Malliavin’s sense.
We also derive an SPDE satisfied by the H—valued stochastic process {Du(t, z), (t,z) €
[0,7] x R?}. This general result applies in particular to the solution of the stochastic
wave equation in any spatial dimension.

It is assumed that G satisfies (A3), (A6) and either (A4) or (A5) and (A7). For its
further use, we introduce an SPDE more general than (1.2), as follows. Let h € Hr and
consider

ul(t,z) = / " Gt — s,z — z)o(u(s,2))M(ds, dz)
+ /0 (G(t — 5,2 — *)a(ul(s, %)), h(s))nds
+ /t G(t—s,x — 2)b(u(s, z))dzds. (6.1)
0 JRd

It is easy to check that the Picard iterations {u™"(¢,z),(t,z) € [0,T] x R}, m € N,
satisfy the S property of [3, Lemma 4.5]. With this, an easy extension of [3, Theo-
rem 4.2, Theorem 4.8] provides existence (and uniqueness) of a random field solution
{ul(t, ), (t,x) € [0,T] x R%} to (6.1). Moreover,

sup sup F “uh(t,x)ﬂ < 00. (6.2)
(t,x)€[0,TTXR [|All3¢p <c

The details of the proof are left to the reader.
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Owing to the results proved in Section 4, the stochastic integral in (6.1) can be
interpreted either as a Conus-Dalang’s integral, a Skorohod integral, or as

t — S, —z)oluls, z S,az) = t —Sl'—*O"U/hS* e k
| [ 6= sa—aotuspMtisds = 3 [ 60— 50— ot (0).exud

kelN

with (ex)rew @ CONS of H and (W}t € [0,7])ren a sequence of independent standard
Brownian motions.
Similarly

/0 (G(t — 8,2 — *)o(u"(s,%)), h(s))nds = Z /0 (G(t — s,z — *)o(u(s, %)), ex)uh*(s)ds,

keN

where h*(s) = (h(s),ex)n, k € IN.

Throughout the section, we shall use the abstract Wiener space (2, H,P) and the
isometry between the spaces Hr and H defined in Section 2.

The objective is to prove the following.

Theorem 6.1. We assume that GG satisfies the assumptions (A3), (A6) and either (A4)
or (A5) and (A7). We also suppose that the coefficients o and b are continuously differ-
entiable real-valued functions with bounded derivatives. Then for any (t,r) € [0,T] x R4,
u(t,z) € D2, Moreover, the stochastic process {Du(t, ), (t,z) € [0,T] x R4} satisfies
the SPDE

Du(t,z = x—x)o(u(-,*))

) =Gt
+ / G(t — s,x — 2)0’ (u(s, 2))Du(s, z) M (ds, dz)
0 JRra

¢
+ / / G(t — s,x — 2)b'(u(s, z))Du(s, z) dzds, (6.3)
0 JRre

where G(t — -,z — x)o(u(+, %)) is the stochastic process derived in Lemma 4.1 Section 4,
for A := G and Z := o(u).

The proof of Theorem 6.1 will be carried out in two steps. Firstly, we will show that
u(t,z) € DY? and in a second step, we shall establish (6.3). The proof of the former
statement relies on [14, Lemma 1.2.3]. For the sake of completeness, we quote this
result.

Lemma 6.2. Let (F},),cn be a sequence in D*? such that lim,, .., F,, = F in L*(Q2) and
sup,, ey B[|DF,||3,,] < co. Then F € D'? and the sequence (DF,),en converges to DF
in the weak topology of L?(Q; Hr).

This Lemma will be applied to the sequence F,, := u,(t,z), n € IN, where (t,z) €
[0, 7] x R? is fixed, and u,(t, ) is given by the solution to the evolution equation
t
un(t,x) = / Gn(t—s,x — 2)o(un(s,z))M(ds,dz)
0 JRe
t
+ / Gn(t — s,z — 2)b(un (s, 2))dzds, (6.4)
0o Jre

with GG,, defined as in (2.1).

Assume that the functions o, b are Lipschitz continuous. Since G, (t) € S(RY), the
stochastic integral in (6.4) is a Walsh’s integral (see [24]). It is well-known that (6.4)
has a unique random field solution, and that it satisfies the S—property. In particular for
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each n € IN, the process {Z(t, z) := u,(t, ), (t,z) € [0,T] x R?} satisfies the assumptions
(A1), (A2). For a proof of these results, we can proceed as in [5, Theorem 13].

From the proof of Proposition 7.1 in [20] we obtain the following.

Proposition 6.3. Let G, := G % (,, be as in (2.1). Assume that the coefficients o, b in
(6.4) are continuously differentiable with bounded derivatives. Then for eachn € IN and
every (t,r) € [0,7] x RY, the random variable u,(t,z) belongs to D*2. Moreover, the
Hr-valued stochastic process { Du,,(t,z), (t,z) € [0,T] x R} is the solution to the SPDE

Duy,(t,z) =Gn(t — - & — *)o(un (-, *))
+ / Gn(t —s,x — 2)0" (un(s, 2)) Duy (s, 2) M (ds, dz)
Rd
+ / Gn(t — s,x — 2)b' (un(s, 2)) Duy, (s, 2)dzds. (6.5)
Rd

Next, we study the convergence of the sequence of processes (u,),en to u.

Proposition 6.4. We assume that G satisfies the hypotheses of Theorem 6.1. Moreover,
we suppose that the functions o and b are Lipschitz continuous. Then we have

lim sup E[|u,(t, ) — u(t,z)|*] = 0.
n—oo (t,m)E[O,T]XRd

Proof. We start by proving that

sup sup E[|un(t, 2)?] < occ. (6.6)
neN (¢,2)€[0,T]xR4

Indeed, from (6.4) it follows that E[|u, (¢, z)[*] < 2(I1,n(t, 2)+ L2, (¢, %)), for every (t,z) €

[0, 7] x RY, where
(/ " Gl yx — 2)o(un(s, z))M(d&dz)) 21

Ilnt$

and

Igntl'

(/ /]Rd — ST - Z)b(un(S,Z))dzds> 2],

Notice that the inequalities (2.17), (2.21) also hold with A replaced by G,,(t — -,z — *).
Then, by taking Z(t,z) := o(u,(t,2)) and Z (¢, z) := b(u,(t, z)), respectively, we obtain

Falta) < [ s Blo(unr)?) sup [ FGL(E= 96+ 1) Pulde)ds

(r,y)€[0,s] xR neR4
t

<c swp  BI(1+ un(r)] sup [ FG(E— s)(€ +n)Pulde)ds
0 (r,y)€[0,s] xR neRd JR4

< C/ (1+ sup  Efu,(r, y)2]) Ji(t — s)ds,

(r,y)€[0,s] xR

and

t
Ln(t,a) < / sup  Elb(un(r,))?] sup |FGn(t — 5)(n)|ds
0 (ry)€[0,s]xR4 ner
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< C’/Ot (1 + sup  Eluy(r, y)2]> Jo(t — s)ds,

(r,y)€[0,8] xR
where the functions J; and J, are defined in (2.22) and (2.23), respectively with A
replaced by G. This yields

t
o Bl < C [ (1 © s Efun ym)
(r,y)€[0,t] xR2 0 (r,y)€[0,s] xR

x (J1(t —s) + Jo(t — s))ds.

Using the version of Gronwall’s Lemma in [5, Lemma 15] along with (2.24) yields (6.6).

Next, we show the assertion of the proposition. Using equations (1.2) and (6.4), we
have

E[|u(t, T) — up(t, x)|2] < C(Thp(t,x) + Topn(t, x) + Tsn(t, z) + Ty (t, x)),

([ fuomt=s

X (O’(’un(s, z)) — o(u(s, z)))M(ds, dz)> ] ,

where

Tlntﬂ'] E

Ton(t,z) = (/ /}R Mt —sim—2) = Gt — 5,2~ 2))

< ou(s, 2))M(ds, dzﬂ ,
Tonts) = E|( [ [ Gt == 2)(0un(5,2)) — luls, 1) s ] ,
Tyn(t, o) = (/ [ (Gt= 52— 2) = Gt -2~ 2)

2
x b(u(s, z))dzds) ] .

For the terms T} ,, (¢, z), T2 »(t, z), we apply the inequality (2.17) in the following situa-
tions. For the former term, we replace A by G,,(t — -, — ) and take Z := o(u,,) — o(u);
for the latter, we replace A by [G,, — G](t — -,z — %) and take Z := o(u). This yields

Tt [ s Ellolun) - ol

€[0,s] xR

X sup /R FGu(t — s)(€ + n)Pu(de)ds

neR4
<c / s B[un(ry) — urp)|*] 7t - s)ds,

(r,y)€[0,s] x R4

and
t 2
Tonttr) = [ [ FGu(t=5)(€) = FG(t = (O w5 (s

0 d
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t
:/ /]R |FG(t — 5)(&)]"| FCu(€) — 1] ng ™) (d€)ds
0 d
For the term T3, (t,z), we apply (2.21) with A replaced by G, (t — -,z — %) and Z :=

b(up) — b(u). For Ty ,, (¢, x), we proceed similarly with A replaced by [G,, — G](t — -,z — )
and Z := b(u), respectively. We obtain

Tt < [ sup B [lbuar9) = b)) ] sup 176Gt = s)(n) s

(r,y)€[0,s] xR neR4
< C/ sup “un(r, y) — u(r, y)ﬂ Jo(t — s)ds,
(r,y)€[0,s] x R4

Tyt ) = /O /}R |FGu(t — 5)(n) ~ FG(t — )n) v dn)is

- / / FG(t — ) () 2IFCaln) — 12070 (dy)ds.
0 R4

The terms 15 ,, (¢, z), Ty »(t, ¥) converge to zero as n — oo uniformly in (¢, x) € [0,T] x R,
by dominated convergence. Hence, altogether we have

sup E UU(T, y) - Un(T, y)|2]
(r,y)€[0,t] xR2

<C 4+ C / sup BJu(r,y) — un(r,y)[2](Ji(t — 5) + Jo(t — 5))ds,
r,y)€[0,s] x R4
where C,, tends to 0 as n — oo uniformly in (¢,2) € [0,7] x R?. An application of
Gronwall’s Lemma yields the assertion.
O
The next proposition provides the last ingredient for the application of Lemma 6.2.

Proposition 6.5. With the same assumptions as in Theorem 6.1, we have

sup sup E[||Dun(t7x)||$_[T] < 0.

neN (¢,2)e[0,T]xR?
Proof. Fix (t,z) € [0,T] x R?. We bound the L?(2; Hr)-norm of each term on the right-
hand side of (6.5). For the first term, we apply (4.1) with ¢ := G, (¢t — -,z — %) and
7 := o(uy,) and then, (2.14), (2.17) with g = A := G,,(t — -, = — x). By the properties of o,
we obtain

[HG (t = a—*)o(un(, ))H%—tT]

//Rdufc (t - 5)(©)Pus) (d€)ds

< [ Blotunts 0 s [ Gt 516 + ) Puta)is

neRd

< C’(l + sup E[un(r,y) ) / sup / |FG(t — 5)(& +n)|*u(d€)ds
(r,y)€[0,T]xR4 0 neR? JR4
The last term is uniformly bounded in n € IN and (t,2) € [0,7] x R?, due to (6.6) and
assumption (A3).
For the second term on the right-hand side of (6.5), we apply (3.1) with A replaced
by G, (t —-,x — x), Z := ¢ (up,)Du,, and A = Hr. Since ¢’ is bounded, we obtain

2
Hr
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< [ E[lo’ (un(5,0) Dun(s. 0, ] sup. [ 17Gie = s)(& + )t
0 R4

neR?

¢
< C/ sup E[||Dun(r, y)|3,,]J1(t — s)ds.
0 (r,y)€0,s]xR4

Finally, applying (3.2) with A replaced by G, (t — -,2 — %), Z := b'(u,)Du, and A = Hr
yields

2

HT‘|

S/ E[[[b' (un(s,0)Dun(s, 0)[13, ] sup [FGn(t - s)(n)|*ds
0 neR4

E

t
H / Gn(t — 8,2 — 2)b (un (s, 2)) Duy (s, 2)dzds
0 Jre

¢
< C/ sup E[||Dun (r, 9)|3,,.] J2(t — s)ds.
0 (ry)€[0,s]xR%

Thus,

E[[| Dun(t, )|3,]

<cli+ / sup  E[|Dun(r,y)[%, ] (Ji(t = 5) + Ja(t — 5))ds

(r,y)€[0,5] xR?

An application of Gronwall’s Lemma finishes the proof.
O
Propositions 6.4, 6.5, along with Lemma 6.2 yields that u(¢,z) € D'? for any (¢,z) €
[0,T] x RY. This is the first assertion of Theorem 6.1.

The rest of this section is devoted to prove that the Malliavin derivative of the pro-
cess {u(t,z), (t,z) € [0,T] x R4} satisfies (6.3). For this, we consider the equation (1.2)
satisfied by this process and apply the Malliavin derivative operator to each term. We
obtain

Du(t,x) =D (/(Jt " Gt —s,x— z)o(u(s,z))M(ds, dz))

+D (/Ot /]Rd G(t — s,z — z)b(u(s, z))dzds) . (6.7)

Then (6.3) will follow by applying Propositions 5.1, 5.2. The rest of this section is de-
voted to check that the stochastic processes Z(t,z) := o(u(t,z)) and Z(t, z) := b(u(t,x)),
(t,z) € [0,T) x RY, satisfy the assumptions of these propositions, respectively.

Lemma 6.6. Let B : R — R be a Lipschitz continuous function. Then the stochastic
process B(u) = {B(u(t,z)), (t,r) € [0,T] x R4}, where u = {u(t, ), (t,z) € [0,T] x R¢} is
the solution of (1.2), satisfies the assumptions (A1), (A2).

Proof. Since the process u is predictable and B is continuous, B(u) is clearly pre-
dictable. The function B has linear growth; along with (6.2), this yields

sup E [B(u(t,z))?] <C |1+ sup E (Ju(t,2)?)| < oo.
(t,@)€[0,T]x R4 (t,@)€[0,T]x R4
The proof of (A2) follows from the S-property of the process u (see [3, Definition
4.4, Lemma 4.5 and Theorem 4.2]).
O
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Lemma 6.7. Let B(u) = {B(u(t,z)), (t,z) € [0,T] x R} be as in Lemma 6.6. Assume
in addition that B is continuous differentiable with bounded derivative. Then the H-
valued stochastic process D(B(u)) : {D(B(u(t,r))), (t,z) € [0,T] x R?} satisfies (A8),
(A9).

Proof. First, we note that by the construction of the Malliavin derivative based on
smooth functionals (see for instance [14, (1.29)]), the stochastic process D(B(u)) inher-
its the predictability property of the process u. We also notice that by the chain rule
of Malliavin calculus, B(u(t,z)) € D% and D (B(u(t,z))) = B'(u((t,z))Du(t, x), for any
(t,z) € [0,T] x R

We are assuming that B’ is bounded. Thus,

E [|ID (B(u(t, ) [3,] < CE[||Du(t,2)[3,] < Climinf B [|| Duy (t, 2)|13,]
<CsupE [||Dun(t,x)||3_[T] ,
nelN
where u,(t, z) is defined by (6.4). In the second inequality above, we have used that the

sequence (Duy, (¢, z)),en converges weakly in Hy to Du(t, z) along with [9, Theorem 5,
Chapter 10]. From Proposition 6.5, we conclude

sup B [||D (B(ult, 2))) 3,] < oc.
(t,x)€[0,T]xR%

Hence the stochastic process D(B(u)) satisfies (A8).
Consider the Picard iterations of the processes
{u(t,z), (t,z) € [0,T] x R}, {u"(t,z),(t,2) € [0,T] x R*}, h € Hr,
that we denote by
{u™(t,2), (t,z) € [0,T] x R}, {u™"(t, ), (t,x) € [0,T] x R}, m > 1,

respectively. We have the following:
(SP) for any m > 1, the process

(w™(t, ), ™" (¢, z), u™ (¢, @), u™ T (t, 2), () € [0,T] x RY),

satisfies the S-property defined in [3, Definition 4.4].

Indeed, this can be proved by a recursive argument on m > 1, following similar
arguments as in [3, Lemma 4.5].

Property (SP) implies that the process D(B(u)) satisfies (A9). Indeed, let (é;)ren
be a CONS of Hr. The Malliavin derivative D u(t, x) can be obtained as

L*(Q) — lim

e—0

uer (¢, x) — u(t, v)
- )

Then, using the chain rule of Malliavin calculus and dominated convergence twice, we
conclude

E [D (B(u(t, ) D (B(ult, x + )]

= mE | B (u(t,z))~ k(t,x) — ul(t, o)

e—0 €
u®k (t,x +y) —ult,r +y)
€

xB'(u(t,z +y))
— I [D® (B(u(t, 0))) D (B(u(t,y)))] ,

where the last equality is a consequence of (SP). O
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7 Existence of density

In this section we consider the solution to the SPDE (1.2) at a fixed point (¢,z) €
]0, 7] x R in the particular case where o is constant. Under suitable assumptions, we
prove that the law of u(¢, ) has a density with respect to the Lebesgue measure on R.

Theorem 7.1. We assume that G satisfies the same assumptions than in Theorem 6.1
and that

6
J(0) := / |G(s, %)||3,ds > 0,
0

for any § > 0. Suppose that the function o is constant, and b is continuously differen-
tiable with bounded derivative. Then, for any (t,z) €]0,T] x R¢ the probability law of
u(t,x) has a density.

Proof. We apply Bouleau-Hirsch’s criterion, see e.g. [14, Section 2.1.3]. Fix (¢,2) €
10, 7] x R%. We already know from Theorem 6.1 that u(t,z) € D"2. Thus, it suffices to
show that

| Du(t, 2)||3,, >0, a.s. (7.1)

From (6.3), and for § €]0,¢], we obtain

t t
| Du(t, z)|2, = / D vult, )| Zds > / IDsult, ) s
t7
1 2 i 2
> 5 |Gt — s, @ — *)||3,ds — I(t,z;0), (7.2)
t—39

where

2

5 t
I(t,z;9) = / ds / dr dzG(t —ryx — 2)b' (u(r, 2)) Ds wu(r, 2)
t—§ 0 R4

H
By a change of variable, we have
t s
/ IG(t = s, — *)|3,ds = / IG (5, %)[3,ds = T (6). (7.3)
t—5 0
Assumption (A3) implies that J(7') < co. Hence,
lim J(§) = 0. (7.4)

6—0

The Malliavin derivative D; ,u(r,z) vanishes except if 0 < s < r. Using this property
and the change of variables s — t — s, r — t — r, we obtain

2

H‘|

)
/ ds
t—9
/ dr/ dzG(ryz — 2)b' (u(t — 1, 2)) Di—s cu(t — 7, 2)
0 R4

s 2
/ ds .
0 H
We apply Fubini’s theorem and then, (3.2) with A := H, A := G and Z(r,z) := b'(u(t —
7, 2))Dy—s »u(t — r, z). Since the function ' is bounded, we obtain

E[I(t,x;0)] =& / dr /Rd dzG(t —ryx — 2)b' (u(r, 2)) Ds u(r, 2)

=E

5 s
E[I(t, ;)] < c/ ds/ drE [||b'(u(t—r, O)Dt,sy*u(t—r,o)ﬂi} sup |FG(n)|?
0 0

neR4
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é §
<CE / ds [ dr sup |fG<r><n)|2||Dt_s,*u(t—r,0)||i]
0 0 neRd
0 2 2
< c/ dr sup |FG(r)(n)* E [HDt_.,*u(tfr,O)Hm] . (7.5)
0 neR4

The next objective is to prove that

sup E [Hpt_.,*u(t —r O)Hila} < 0T (7.6)
0<r<é

Indeed, owing to (6.3), and by applying once more (3.2) as in (7.5), we have
2
E [ID0cult =7, 0)l13,]

t—r
<20%7(8) + 2E / ds/ dyG(t —r — s,z — y)b' (u(s, y)) Di—. «u(s, y)
0 R4

2
N
< CLI(6) +Cy / s <sup IfG(S)(n)I2> B{IDeu(s,0)[1, ]

neR?

Hence, (7.6) follows from an application of a version of Gronwall’s Lemma.
From (7.5), (7.6), we obtain

E[I(t,2;6)] < CT(5)T(6), (7.7)
with s
J(8):= [ ds sup |[FG(s)(n)|*.
0 neR4

Notice that, assumption (A6) on G implies

lim 7 (8) = 0.

Fix 0 €]0,t[ sufficiently small and n € IN sufficiently large such that = < %QJ (9).
Using Chebyshev’s inequality along with (7.2), (7.3), (7.7) yield

1 2 1
lim P || Du(t,2)||, < ] < lim P [I(t,x;é) > —J(6) — }
n— oo n

n—oo

< lim (“;ﬂa);)_lE[I(t,x;a)J

n—oo

< CJ(9).

Letting 6 — 0, we obtain
P [||[Du(t, z)|3,, = 0] = 0.

This is equivalent to (7.1).
O

Consider the particular case of the stochastic wave equation in spatial dimension
d > 3. The Fourier transform of the fundamental solution of the corresponding partial
differential equation is given by

FG(a)(e) = 2]
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Hence, there exist constants C;, Cs, depending on 7, such that for any ¢ € [0,7], and
¢ eRY,
Cy < sin?(2nt|£]) Cy

. 7.8
TP S A S TP 79
Assume that the spectral measure p satisfies
d
sup/ ﬂ(if)g < 00. (7.9)
neR4 JR 1+ |£ +7I|

Then, according to [3, Theorem 5.1], G satisfies the conditions (A3), (A4) and (AG6).
Hence, Theorem 6.1 holds.
Property (7.9) along with (7.8) imply

)
p(d)
J(6)201/0 ds/]Rd > e

This yields the following result

Theorem 7.2. Consider the particular case where G is the fundamental solution of
the wave equation with d € IN. Assume (7.9) and that the functions ¢ and b are as in
Theorem 7.1. Then, the statement of that theorem holds.

Assume that the covariance measure I' has a density: I'(dz) = f(x)dz, with f > 0.

In [17], it is proved that (7.9) is equivalent to fRd ﬂ% < oo. This condition is satisfied
for example if f(z) = |z|7?, B €]0,2], a case that has been extensively studied in the

literature of SPDEs driven by correlated noises.

Remark

As has been already mentioned in the introduction, so far the existence of density
for the probability law of the solution of an SPDE like (1.2) has been established when
G is a non-negative distribution. In this case, it is proved that the dominant term in
the analysis of the Malliavin matrix is the first term on the right-hand side of (6.3).
Assuming that the coefficient |o| > g > 0, we have

IG(t =2 =)o (u( )5, = oGIG(E =2 —)[3,- (7.10)

Then, the result is obtained by following a similar argument as in the proof of Theorem
7.1.

For the wave operator in spatial dimension d > 3, G fails to satisfy the non-negativity
requirement. So far, we have not been able to have a suitable lower bound like for
instance in (7.10). We notice that the trivial lower bound

Gt =z = wotule Dl = [ [ 17G(E= (@R (s

t
> o2 / inf |FG(t — 5)(& + ) Pugt (de)ds,

neR4
does not help. Indeed, if y is the spectral measure of a Riesz kernel (I'(dx) = |z| ?dz,

B €]0,2[), one can prove that the last integral in the above expression vanishes.
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