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Résumé

Le sujet principal de cette these est I’étude de I'équation des ondes stochastique
non-linéaire, perturbée par un bruit Gaussien spatialement homogene et blanc
en temps, dans le cas ou la dimension de l'espace est strictement plus grande
que 3. Nous nous intéressons en particulier aux questions d’existence et d’unicité
de solutions, de méme qu’aux propriétés de ces solutions, comme ’existence de
moments d’ordre élevé et la continuité holderienne.

L’équation des ondes stochastique est formulée sous forme intégrale. Dans celle-
ci apparaissent des intégrales stochastiques par rapport a des mesures martingales
(au sens de J.B. Walsh). Comme, en dimension strictement plus grande que 3,
la solution fondamentale de 1’équation des ondes n’est ni une fonction, ni une
mesure positive, mais une distribution de Schwartz au sens large, nous développons
tout d’abord une extension de l'intégrale stochastique de Dalang-Walsh qui permet
d’intégrer une large classe de distributions de Schwartz. Sous une hypothese déja
utilisée dans la littérature sur la mesure spectrale du bruit, cette classe contient la
solution fondamentale de 1’équation des ondes.

A Taide de cette extension de l'intégrale stochastique, nous pouvons établir
I'existence d’un champ aléatoire de carré intégrable, solution de I'équation des
ondes stochastique non-linéaire, quelle que soit la dimension de l’espace. Cette
solution est unique au sein d’'une classe restreinte de processus.

Dans le cas d’un bruit multiplicatif affine, nous obtenons une représentation
en série de la solution et des estimations sur les moments d’ordre p (p > 1). A
partir de la, sous des hypotheses standard, nous pouvons déduire la continuité
holderienne de la solution. L’ordre de continuité que nous obtenons est optimal.

Dans le cas d’un bruit multiplicatif au sens large, nous mettons en place un
cadre permettant de travailler avec des intégrales stochastiques itérées appropriées,
afin de déduire un développement limité d’Ito-Taylor pour la solution de ’équation
des ondes stochastique. La convergence de ce développement est un probleme
ouvert. C’est pourquoi nous terminons par quelques remarques qui donnent a
penser qu’il peut étre possible d’obtenir une série d’Ito-Taylor pour la solution.
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Mots-clés : mesure martingale, intégration stochastique, équation des ondes
stochastique, équation aux dérivées partielles stochastique, expression pour les
moments, continuité holderienne, intégrales stochastiques itérées, développement
d’Tto-Taylor.



Abstract

The main topic of this thesis is the study of the non-linear stochastic wave equation
in spatial dimension greater than 3 driven by spatially homogeneous Gaussian noise
that is white in time. We are interested in questions of existence and uniqueness
of solutions, as well as in properties of solutions, such as existence of high order
moments and Holder-continuity properties.

The stochastic wave equation is formulated as an integral equation in which
appear stochastic integrals with respect to martingale measures (in the sense of J.B.
Walsh). Since, in dimensions greater than 3, the fundamental solution of the wave
equation is neither a function nor a non-negative measure, but a general Schwartz
distribution, we first develop an extension of the Dalang-Walsh stochastic integral
that makes it possible to integrate a wide class of Schwartz distributions. This
class contains the fundamental solution of the wave equation, under a hypothesis
on the spectral measure of the noise that has already been used in the literature.

With this extended stochastic integral, we establish existence of a square-
integrable random-field solution to the non-linear stochastic wave equation in any
dimension. Uniqueness of the solution is established within a specific class of pro-
cesses.

In the case of affine multiplicative noise, we obtain a series representation of the
solution and estimates on the p-th moments of the solution (p > 1). From this, we
deduce Holder-continuity of the solution under standard assumptions. The Holder
exponent that we obtain is optimal.

For the case of general multiplicative noise, we construct a framework for work-
ing with appropriate iterated stochastic integrals and then derive a truncated Ito-
Taylor expansion for the solution of the stochastic wave equation. The convergence
of this expansion remains an open problem, so we conclude with some remarks that
suggest an [to-Taylor series expansion for the solution.

Keywords : martingale measures, stochastic integration, stochastic wave equa-
tion, stochastic partial differential equations, moment formulae, Holder continuity,
iterated stochastic integrals, Ito-Taylor expansion.
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Chapter 1

Introduction

The main topic of this thesis is the study of the non-linear stochastic wave equation.
In particular, we are going to study existence and uniqueness of a random field
solution in the case where the spatial dimension is d > 4. This question is a
challenging problem in the sense that the techniques developped previously in the
literature do not apply to this situation. Then, we will address the question of the
Holder-continuity of this solution and develop an Ito-Taylor expansion for it, with
the long-time objective of obtaining a better understanding of several properties
of the solution.

We begin by recalling some facts about the wave equation. The wave equation
arises from Newton’s classical equation of mechanics when we model the displace-
ment of a physical entity (a solid or an incompressible fluid) subject to internal and
external forces. This entity can be a piece of wire held at its endpoints or a DNA
molecule moving in a fluid, for example. In these cases, the space variable is 1-
dimensional. A 2-dimensional variable is needed when, we consider the membrane
of a drum. A 3-dimensional variable is needed for example when modelling a pres-
sure wave in water. The higher dimensional case is more abstract. It is natural to
study this extension as the mathematical generalisation of the preceding examples,
in particular because the development of new mathematical tools is needed. As a
motivation for the study of problems with spatial dimension greater than three,
we mention that some problems of quantum mechanics, unrelated with the wave
equation, for example, need higher dimensional spaces.

Newton’s equation states that the acceleration of a point of the entity is pro-
portional to the forces acting on the entity at this point. If we denote by (¢, x)
the position at time ¢ of the point x of the entity, the acceleration at this point
is given by g—;u(t, x). Physical arguments show that the internal forces are given
by Au(t,z), where A is the Laplacian operator. Hence, if we only consider inter-
nal forces, Newton’s equation states that w must satisfy the homogeneous wave



2 CHAPTER 1. INTRODUCTION

equation ,
ot?
with an initial condition that gives the starting position of the entity and some
boundary conditions corresponding to the problem and where E is the space for
the spatial variable, namely a subset of R?. We generally solve this equation using
a Fourier transform or Fourier series.
Now, if we consider some additional external forces w(t, z) acting on the entity
at time ¢ and position z, Newton’s equation becomes a non-homogeneous wave
equation, namely

u(t,z) — Au(t,z) =0, t>0,r€eFE

2

@u(t,x) — Au(t,z) = w(t, ), t>0, zek. (1.1)
A classical technique to solve (1.1) is to first solve the corresponding equation with
w(t, ) replaced by a mass point at t = 0, z = 0, w(t, x) = do(t, x), where g stands
for Dirac delta measure. This solution is called the fundamental solution or Green
kernel of (1.1) and is denoted by I'(¢,x). The fundamental solution models the
motion of the entity if we give a single impulsion at position z = 0 at time ¢ = 0.
Letting

u(t,x) = /0 ds/Edy L(t— s,z —y)w(s,y) (1.2)

be the convolution of I' with w, then the function u is a solution of (1.1) with
vanishing initial conditions. The fundamental solution in the case of the wave
equation is given in Section 4.2. We refer to [13] or [28] for more information
about solutions to deterministic partial differential equations and, in particular, to
the wave equation.

In our case, we would like to include some randomness in the model. A first step
is to consider a random w. This corresponds to the case where the external forces
are random. We can take for example the membrane of a drum with rain falling on
it or the DNA molecule, for which we cannot precisely model all external forces and,
hence, consider these as random. For example, we can consider w(t,z) = W(t, x),
a white noise. In this case, Newton’s equation becomes a linear stochastic partial
differential equation (s.p.d.e.), namely

2

ﬁu(t,x) — Au(t,z) = W(t, z), t>0, ze k. (1.3)

Using the same technique as for (1.1), one way to solve (1.3) with vanishing initial
conditions is to set

u(t,x):/Ot/EF(t—s,m—y)dW(s,y). (1.4)



We must then give a precise meaning to the stochastic integral.

In this thesis, we go a step further and consider random (and deterministic)
external forces that depend on the state of the entity at time ¢ and position z.
Namely, we are interested in random field solutions to the stochastic wave equation

2

a2

u(t,z) — Au(t,z) = a(ul(t,z))F(t,z) + B(u(t, x)), t>0, z€RY (15)

with vanishing initial conditions. In this equation, d > 1, A denotes the Laplacian
on R, the functions «, 8 : R — R are Lipschitz continuous and F is a spatially
homogeneous Gaussian noise that is white in time. Informally, the covariance
functional of F is given by

E[F(t,x)F(s,y)] = do(t — s)f(z —v), s,t >0, r,y € RY, (1.6)

where &y denotes the Dirac delta function and f : R¢ — R, is continuous on
RZ\ {0} and even.

We recall that a random field solution to (1.5) is a family of random variables
(u(t,z), t € Ry, z € R?) such that (¢,7) — u(t,r) from R, x R? into L?(Q) is
continuous and solves an integral form of (1.5) inspired from (1.2) and (1.4): see
Chapter 4. Having a random field solution is interesting if, for instance, one wants
to study the probability density function of the random variable u(t,z) for each
(t,x), as in [17] for the 2-dimensional case.

A different notion is the notion of function-valued solution, which is a process
t +— w(t) with values in a space such as L?(Q2, L2 (R? dx)). The necessary tools
needed in order to find function-valued solutions for stochastic partial differential
equations have been developped by Da Prato and Zabczyk (see for instance [10]).
A framework for solutions for a class of stochastic partial differential equations that
includes (1.5) has been developped in [7] by Dalang and Mueller. In some cases,
such as in [9] by Dalang and Sanz-Solé, a random field solution can be obtained
from a function-valued solution by establishing (Holder) continuity properties of
(t,x) — u(t, x), but such results are not available for the stochastic wave equation
in dimensions d > 4. In other cases, the two notions are genuinely distinct (since
the latter would correspond to (¢,x) — u(t,z) from R, x R? into L?(€2) is merely
measurable), and one type of solution may exist but not the other. This is has
been shown by Dalang and Lévéque (see [6]) where they consider stochastic par-
tial differential equations with a noise concentrated on a subset of R¢, namely a
hyperplan. They also studied the case of a noise concentrated on a sphere in [5].
Function-valued solutions to (1.5) have been obtained in all dimensions by Peszat
in [19]. Random field solutions have only been shown to exist when d € {1,2,3}
(see [2]).



4 CHAPTER 1. INTRODUCTION

In spatial dimension 1, a solution to the non-linear wave equation driven by
space-time white noise was given in [30], using Walsh’s martingale measure stochas-
tic integral. In dimensions 2 or higher, there is no function-valued solution with
space-time white noise as a random input: some spatial correlation is needed in
this case. This is why we consider for (1.5) a noise I that is white in time and
correlated in space (see (1.6)). In spatial dimension 2, a necessary and sufficient
condition on the spatial correlation for existence of a random field solution was
given by Dalang and Frangos in [4]. Study of the probability law of the solution is
carried out by Millet and Sanz-Solé in [17].

In spatial dimension d = 3, existence of a random field solution to (1.5) is
given by Dalang in [2]. Since the fundamental solution in this dimension is not a
function (see Section 4.2), this required an extension of Walsh’s martingale measure
stochastic integral to integrands that are (Schwartz) distributions. This extension
has nice properties when the integrand is a non-negative measure, as is the case
for the fundamental solution of the wave equation when d = 3. The solution
constructed in [2] had moments of all orders but no spatial sample path regularity
was established. Absolute continuity and smoothness of the probability law was
studied by Quer-Sardanyons and Sanz-Solé in [21] and [22]. These results have also
been obtained by Nualart and Quer-Sardanyons in [18] using another approach to
define the stochastic integral. Holder continuity of the solution was only recently
established by Dalang and Sanz-Solé in [9], using Sobolev spaces and embeddings
in order to prove that the solution belongs to some Holder space. Sharp exponents
were also obtained.

In spatial dimension d > 4, random field solutions were only known to exist
in the case of the linear wave equation (« = 1, § = 0). The methods used in
dimension 3 do not apply to higher dimensions, because for d > 4, the fundamental
solution of the wave equation is not a measure, but a Schwartz distribution that
is a derivative of some order of a measure (see Section 4.2). It was therefore not
even clear that the solution to (1.5) should be Hélder continuous, even though this
has been established for the linear equation by Sanz-Solé and Sarra ([26]) under
natural assumptions on the covariance function f.

In Chapter 2, we first recall the construction of Walsh’s stochastic integral with
respect to martingale measures. Then we formally define the noise considered in
(1.6) in order that it becomes a martingale measure. Finally we present Dalang’s
extension of the stochastic integral to non-negative Schwartz distributions that is
used to treat the 3-dimensional case.

In Chapter 3, we then extend the construction of the stochastic integral pre-
sented in Chapter 2 so as to be able to define

/ot /Rd S(s,2)Z(s,z)M(ds, dx)



in the case where M (ds, dx) is the martingale measure associated with the Gaussian
noise F', Z(s, x) is an L*(Q, F,P)-valued random field with a spatially homogeneous
covariance function, and S is a Schwartz distribution, that is not necessarily non-
negative (as it was in Chapter 2 and [2]). Among other technical conditions, S
must satisfy the following condition, that also appears in [19] in order to obtain
function-valued solutions:

t

[ as sw [ i) 7SN+ <.
0 nerd JRrd

where £ is the spectral measure of F (that is, Fu = f, where F denotes the

Fourier transform). We also present an extension of the Lebesgue integral in order

to consider the additive non-linearity on the right-hand side of (1.5).

With this stochastic integral, we can establish (in Chapter 4) existence of a
random field solution of a wide class of stochastic partial differential equations,
that contains (1.5) as a special case, in all spatial dimensions d (see Section 4.2).

However, for d > 4, we do not know in general if this solution has moments of
all orders. We recall that higher order moments, and, in particular, estimates on
high order moments of increments of a process, are needed for instance to apply
Kolmogorov’s continuity theorem and to obtain Holder continuity of sample paths
of the solution.

The main issue of Chapter 5 is to consider the special case where « is an
affine function and g = 0. This is analogous to the hyperbolic Anderson problem
considered by Dalang, Mueller and Tribe in [§] for d < 3. In Section 5.1, we show
that, in this particular case, the solution to (1.5) has moments of all orders, by
using a series representation of the solution in terms of iterated stochastic integrals
of the type defined in Section 3.1. Then, in Section 5.2, we use the results of Section
5.1 to establish Holder continuity of the solution to (1.5) (Propositions 5.6 and 5.7)
for a affine and 6 = 0. In the case where the covariance function is a Riesz kernel,
we obtain the optimal Holder exponent, which turns out to be the same as that
obtained in [9] for dimension 3.

After that, inspired from the series expansion obtained in the case of an affine
multiplicative noise in Chapter 5 and using similar techniques to those developed
by Kloeden and Platen in [14] for stochastic differential equations driven by a
Brownian motion, we present an It6-Taylor type expansion for the solution (¢, x)
of (1.5). Such an expansion allows to write a function of u(t, z) as a sum of iterated
stochastic integrals of the type defined in Chapter 3, namely

glult.2) = Y w1t )+ > Tslral9))(tta), (L)
BECn BeCn+1)

where C, is a set of multi-indices 8, ]éo) is an iterated stochastic integral, Jg
is stochastic integral operator, mg(g) are real constants and kg(g) are functions
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depending on g and a. The Ito-Taylor terminology has been chosen because this
expansion is a stochastic analogue of a deterministic Taylor expansion in which we
use [t0’s formula and stochastic integrals instead of the fundamental theorem of
calculus and classical Lebesgue integrals.

In Chapter 6, we set the definitions and notations that are needed to state
the Ito-Taylor expansion. We first present the multi-indices § that are used, then
we define the iterated stochastic integrals [ g)) and operators Jz. Some proper-
ties are then presented. Among these properties, the most important is certainly
the fact that a product of iterated stochastic integrals can be written as a linear
combinations of such integrals.

Finally, Chapter 7 is devoted to the Ito-Taylor expansion. In Section 7.1 we
establish the proof of the truncated It6-Taylor expansion (1.7) of order n (Theorem
7.2). Then, as the convergence to 0 of the remainder term in (1.7) is still an open
problem, we will assume that the first term on the right-hand side of (1.7) converges
and show that in this case, it should converge to u(t, z) and, as a consequence, give
an explicit expression for the solution of the non-linear stochastic wave equation
(1.5).

The results of Chapters 3 to 5 are presented in [1].



Chapter 2

Framework

In this chapter, we present the main tools that we will use in this document.
First, we recall the definition of a martingale measure and Walsh’s theory on the
stochastic integral with respect to such martingale measures ([30]). Secondly, we
give the construction of the noise that we will consider for the stochastic partial
differential equation that we study. Finally, we present a short reminder on the
extension of Walsh’s stochastic integral to more irregular integrands, namely non-
negative Schwartz distributions. This was developed by Dalang in [2].

2.1 Walsh’s martingale measure stochastic inte-
gral

The main objective of this section is to present the notion of a martingale measure
and, then, to present a survey of the construction of the stochastic integral with
respect to a martingale measure. The concept of martingale measure is central in
this work. We refer to [30] for more information on martingale measures and the
related theory of stochastic integration.

Let (2, F, (Ft)i>0,P) be a filtered probability space with a right-continuous
filtration. We consider L?(Q)-valued set functions on R? (d > 1), that is, maps
from B(R?Y), the Borel subsets of R? into L?(12).

Definition 2.1. A process (M;(A),t > 0, A € B(RY)) with values in L?(Q) is a
martingale measure, if

(a) My(A) =0, for all A € B(R?) ;
(b) for any fixed ¢ > 0, M, is a o-finite L*(Q2)-valued measure ;

(c) for any fixed A € B(RY), t — M;(A) is a martingale.
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In order to define the stochastic integral with respect to a martingale measure
M, we need to define the covariance functional and the notion of worthiness of a
martingale measure.

Definition 2.2. Let M be a martingale measure. The covariance functional of M
is a set function Qy; defined on the collection {Ax B x [0,t] : A, B € B(RY),t > 0}
of rectangles in B(RY) x B(RY) x B(R,) by

Qum(Ax B x[0,t]) = (M(A), M(B)),
where (-, -} denotes the usual quadratic variation for a continuous-time martingale.

Now, we would like to extend the set function Q,; to a measure on R x R xR ..
We are led to the following definitions.

Definition 2.3. A signed measure K (dx, dy, ds) on R?x R4 xR, is positive-definite
if for each bounded measurable function f for which the integral makes sense,

/Rd /Rd /000 fx, s)f(y, $)K (dz, dy, ds) > 0.

In this case, we write

Gabe= [ [ ] 5t o)t oy, ).

Definition 2.4. A martingale measure M is worthy if there exists a random o-
finite measure K on R? x R? x R, such that

(a) K is positive-definite and symmetric in z and y ;
(b) for fixed A, B € B(R?), (K(A x B x [0,1]))i0 is a predictable process ;

(c) forallm € Nand all T > 0, E[K(E,, x E, x [0,T])] < 400, where (E,),en is
a possible decomposition of R? in the definition of the o-finiteness of K

(d) for any A, B € B(R?) and any t > 0, |Qu(Ax B x[0,t])] < K(Ax Bx]|0,t]).
We call K the dominating measure of M.

If M is a worthy martingale measure, then the covariation functional )); can
be extended to a signed measure on R% x R? x R.. We call it the covariation
measure of M.

Let M be a worthy martingale maeasure with covariation measure )5, and
dominating measure K,;. We are first going to define a stochastic integral with
respect to M for a class of elementary functions and then extend it to a larger
space by a completion argument.
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Definition 2.5. A (random) function g : Ry x R? x Q — R is elementary if it is
of the form

9(s,z,w) = Liap(s)1a(z) X (w),
where 0 < a < b, A € B(R?) and X is a bounded, F,-measurable random variable.

Now, let £ be the set of predictable simple functions, i.e., the set of all finite
linear combinations of elementary functions. We define a norm || - ||+ on & by

lgll: = E[lgl, l9)x.]

T
- E[ [ as [ e [ aylgto.anlloto. v Kot dy. s
0 Rd R4

and set P, = {g: Ry x R? x Q — R : g is predictable and ||g||; < +o0}.
The space P, is the space of integrands for the stochastic integral with respect
to M. Theorem 2.6 will be the central tool to define the stochastic integral.

Theorem 2.6. ([30, Proposition 2.3])
(a) The space P, is a Banach space.
(b) The set £ of simple functions is dense in Py..

The proof of Theorem 2.6 in [30] is partially left as an exercise for the reader.
Therefore, we are going to give the details of this proof. For this, we consider a
measure A on R? x R? x R, x Q defined by

AMdx, dy, ds,dw) = Ky (dz, dy, ds; w)P(dw).

Letting 7' > 0 and (E,)nen be a possible decomposition in the definition of the
o-finiteness of K, the measure A is finite on E,, x E, x [0,7] x . With these
notations, we obtain

lgll?. = / 9z, 5,)|19(y, 5, 0) A (d, dy, ds, dw).
RixRIXR 4 x2

Fix n € N and T > 0. We first restrict ourselves to the set E, x [0,7] and
present the following lemma, which is a generalized Chebychev’s inequality.

Lemma 2.7. Let g € Py and ¢ > 0. Let A = {(z,s5,w) € E, x [0,T] x 2 :
lg(z,s,w)| = €}. Then, let A, C E,, x [0,T] be defined by

A, ={(z,s) € E, x[0,T] : (z,s,w) € A}.
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The set A, is the section of A along w. Hence, (x,s,w) € A if and only if (z,s) €
A,. Then,

ME, x A) = E[Ky(E, x A)]

N

< %E[KM(E,L X E, x [0,T])]

— ||gg||+/\(En x B, x [0,T] x Q)%,

Proof. We have

eE[Ky(E, x A)] = /Q/ ) Ky (dx, dy, ds;w)P(dw)

N

/ / 190y, 5,0) | Kas (da, dy, ds; w)B(dw)
Q n X Ay

N

/ lg(y, s,w)| Ky (dz, dy, ds; w)P(dw)
E,xEnx[0,T]xQ
E [<|g|’ ]‘>K]\/[:|
1 1
< E (gl lgbi,, (1D,

< E[(gl 19l xn]? E[L Dy, ]
- ||g||+E[KM(En X En X [O>T])] 5

N[

N

and the result is established. |
Now, we can prove the following result.
Proposition 2.8. The space Py constructed on E, x [0,T] is complete.

Proof. As mentionned above, on this restricted space, A is a finite measure. This
proof is analogous to the classical proof that the space L?(Q) is complete.

Consider a Cauchy sequence (g, )nen in Po. It is possible to choose an increasing
sequence (ny)reny C N such that

Hgn - gnk”+ < 37* (2'1>

for all n > ng. In particular, the subsequence (gy, )ren satisfies

||gnk+1 - gnk||+ < S_k' (22>
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Then, let By, = {(z,s,w) € E, x [0,T] X Q : |gn,,, (z, 5,w) — gn, (2, 5,w)| = 27F}
and B, the section of By along w. By Lemma 2.7,

HgnkJrl - gnkH

)\(En X Bk) < ok

9\ k

NE, x E, x [0,T] x Q)2 <C (g) :
where C? = \(E, x E,, x [0,T] x Q) < .

Then let B = limsup By, = (1,2, U;s, Bj- We have U5, Bj € U;s, Bj,

k—o0

which implies (,_yU;>, Bj = U,s,, Bj and B = lim,, .o, J

quence,

ism B;. As a conse-

k—o00 m—0o0o

AE,xB) = X (En x lim sup Bk> = lim A (En < | Bj>

jzm

J
< lim Y A(E, x B;) < lim CZ<§> =0.

jzm Jjzm

If (y, s,w) € B, then there exists K > 0 such that for all k > K, |gn,,, (v, 5,w) —
I, (y,8,w)| < 27%. Hence, (gn,(y,s,w))ren is a Cauchy sequence in R. As it is
convergent, let g(y, s,w) denote its limit and set g(y, s,w) = 0 if (y, s,w) € B.

We will show that g € P.. We have |g,, (2, s,w)||gn, (¥, s,w)| = 0 and

/ (9o (2, 5, 0) 19 (1, 5, W) [A(da, dy, ds, dw) = [|gn, ||} < oo
EnxEnx[0,T]xQ
Using (2.2), one can show that ||gn, ||+ < 1+ ||gnll+ = G < oo. Moreover,

Gn, (Y, s,w0) — g(y,s,w) as k — oo for all (y,s,w) € B As a consequence,
Gn, — g M-a.e. as k — oo. Then, by Fatou’s lemma,

/ 9. 5,0) 19 (s 5, ) [ \(da, dy, ds, dw)
En X Enx[0,T7xQ
=/ 92, 5,0) 19 (s 5, ) [ A(de, dy, ds, dw)
FE,xB¢

= [ lstes gty s |Ald. dy. ds. o)

(z,s,w)eB®
(y,8,w)€B*

lim inf / | Gn,. (2, 8, W)||gny, (Y, s, w) | A(dx, dy, ds, dw)

N

k—o00
(z,s,w)EB®
(y,8,w)EB®

= liminf ||g,, |7 < G* < .
k—o0
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Hence, g € P4..

We must now show that limj_.. [|gn, — ¢/[+ = 0. This is shown directly by
Fatou’s lemma. Indeed, let € > 0. Then, there exists ¢ such that 37 < ¢. Let
k > ¢. We have

- / (0 = g (@ 5,19 = )01 5, )| M, dy, ds, do)
(z,s,w)EBC
(y,s,w)EB®
< liminf / (I = G ) (@8, )| (G — i) (W 5, w)[Md, dy, ds, dw)
(z,s,w)EB®
(y,s,w)€EBC
< lminf g, — g2 < (379)° <& (2.3)
Hence, limg . ||g — gn, || = 0.

Hence, we have constructed a convergent subsequence of (g,)neny in Py. It
remains to prove that the sequence itself converges to the same limit g. Therefore,
let £ > 0. There exists ¢ such that 37¢ < 5. Let n > ny. Then,

||g - gn“ < ||g - gw” + ||gne - gn” < 3_£ +3_£ <ég,

where the first inequality comes from (2.3) and the second inequality comes from
(2.1). Hence, we have shown that ||g — g,|| — 0 as n — oo.
As a consequence, the space P constructed on F, x [0,7T] is complete. ]

We can now turn to the proof of the first part of Theorem 2.6.

Proof of Theorem 2.6 (a). Let (g;)ien be a Cauchy sequence in P,. Let g/
denote the restriction of g; to E, x [0,7]. By Proposition 2.8, the space Py,
constructed on E,, x [0, 7] is complete. Hence, the sequence (g;' ’T)ieN converges to
a limit g™”. We then define a function g as follows : g(x,s,w) = g™ (z, s,w) if
(x,s) € B, x [0,T). This definition is independent on the choice of n and T. One
can show that [|g; — g||+ — 0 as i — oo. As a consequence, P, is complete. N

In order to complete the proof of Theorem 2.6, it remains to prove the second
part. For that purpose, we show the two following propositions.

Proposition 2.9. Let P} be the set of all bounded functions in P.. The space P%
s dense in P.
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Proof. Let g € P,. Let

x,s,w) if [g(z,s,w)| < N

Then,

lo=al = | (99 5.) | (9 92) (. 5,0) A (dr, dy. ds, o) — 0,
RIXRIXR4 xQ n—oo

by the Dominated Convergence Theorem. Indeed, |g—g,| < |g|, and g is integrable,

because g € P.. Hence, P} is dense in Py. |

As a next step, we will show that £ is dense in 733.
Proposition 2.10. The set £ of simple functions is dense in 733.

The proof of Proposition 2.10 is based on the Monotone Class Theorem, that
we remind below.

Theorem 2.11 (Monotone Class Theorem). Let A be a collection of subsets of a
space X, closed for intersection and that contains X. Let H be a vector space of
real-valued functions on X such that

o if Ac A, then 14 € H;

o if (gn)nen is a sequence of functions in H with 0 < g, T g, where g is a
bounded function, then g € 'H.

Then, H contains all bounded o(A)-measurable functions.

For a proof of Theorem 2.11, we refer to [12, p. 280].

Proof of Proposition 2.10. Let P (E; x [0,77]) be the set of functions g € P%
with support in E; x [0, T]. We know that A is a finite-measure on E; x E; x [0, T'] x (2.
Let H denote the set of functions for which there exists a sequence (g, )nen of simple
functions such that lim, . ||g, — g||+ = 0. Let A denote the collection of subsets
of E; x [0,T] x Q of the form Bx]t,u] x C, where t < u, B € B(R?) and C € F,.

The collection A is closed for intersection and contains E; x [0, T'] x 2. The space
H is a vector space. Moreover, if A € A, 14(z,s,w) = 1p(x)1y(s)lc(w) € € C
H. Now, let (gn)nen be a sequence such that 0 < g, T ¢g. Then |g — g,| — 0 almost
everywhere as n — oo. Moreover, g — g,| < 2|g|, and ¢ is integrable, because
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g is bounded and ) is a finite measure. Hence, by the Dominated Convergence
Theorem,

2
Hg_gnH+

- / (g = gu)(@s 5,0 11(g — gu) (s 5,0) A\ (d, dy, ds, des) —> 0.
E;xE; x[0,T]xQ

n—oo

As a consequence, for all € > 0, there exists n, such that
€

n e = llon = gl < 5

For all n, there exists a sequence (g )men of simple functions such that ||g" —
gnll — 0 as m — oo. Then, for all € > 0, there exists m,, . such that
€

m z My = ||g::1, - gn||+ < B

We now set hy = gfne . forallZeN. Let ¢ > 0 and (. = max{n., 1 —log,(e)}.
Then, if ¢ > (., then

Ihe = gll+ = llghs, ,_, = 9ll+ > lgh,,_, = gells +llge—glls <5 +5 =2 (24)
Hence, (h¢)sen is a sequence of simple functions that converges to g and g € H.

The assumptions of the Monotone Class Theorem (Theorem 2.11) are satisfied.
As a consequence, H contains all bounded o(.A)-measurable functions, that is
all bounded o(&)-measurable functions. The functions in P} (E; x [0,T]) can be
approximated by simple functions, that is, £ is dense in P4 (E; x [0, T7).

Now let g € Pi. We have to show that it can be approximated by simple
functions. Let

gi($7 S, w) - g(ZL’, S, W)IUjSiEj (l’)
and
gir(x,s,w) = g(z, 5wy, 5, (@) Lor(s)-

The function g;r € PY(E; x [0,T]) and, hence, can be approximated by simple
functions. Moreover, g; 7 — ¢; almost everywhere as 7" — oo for all ¢ and g; — g
almost everywhere as i — oco. We also have |g;r — ¢;| < |g| and |g; — g| < |g], and
g is integrable, because g € P,. Hence, by the Dominated Convergence Theorem,
for all 4,
A {lgir = gifl+ =0
and
lim [lg; = gl = 0.
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Hence, an argument analogous to the one used for (2.4) shows that there exists
a sequence of simple functions that converges to g with respect to || - ||+. As a
consequence, £ is dense in 733. |

Proof of Theorem 2.6 (b). It is a direct consequence of Proposition 2.9 and
Proposition 2.10. |

We can now turn to the definition of the stochastic integral with respect to a
martingale measure.

Let g(s,2,w) = 1)a4(5)1a(2) X (w) be an elementary function. We define the
stochastic integral g- M : R, x B(R?) of g with respect to the martingale measure
M by

(9 M)u(B) = X (@) (Mypo(AN B) = Mo AN B))

for all t > 0 and B € B(R?).

Proposition 2.12. ([30, Lemma 2.4]) The process ((g- M);(B),t > 0, B € B(R%))
is a worthy martingale measure. Its covariation and dominating measures QQq.n
and Kg.r are given by

Qg m(dr,dy,ds) = g(s,x)g(s,y)Qum(ds, dx, dy) (2.5)
and
Kgn(de,dy,ds) = |g(s, z)||g(s,y) | Ku(ds, dx, dy). (2.6)
Moreover,

El(g- M).(B)] = E [ [ [ [ stsargtsmnuide.anas| <ol @0
Proof. See [30, Lemma 2.4].

We extend the stochastic integral to all functions in £ by linearity. Then,
let ¢ € P,. By Theorem 2.6, there exists a sequence (gn)neny C & such that
lim, o ||gn — 9]l = 0. By (2.7), for all t > 0 and all B € B(R?),

E[((Qn : M)t(B) - (gm : M)t(B>>2] < Hgn - gmHi'

As a consequence ((g, - M)¢(B)),,cy is a Cauchy sequence in L*(2). We define the
stochastic integral of g with respect to M by

(9+ M)(B) = lim (g, - M):(B),

for all ¢ > 0 and all B € B(RY). We have defined (g- M) for all g € P,. The follow-
ing result completes the construction of Walsh’s stochastic integral with respect to
martingale measures.
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Theorem 2.13. [30, Theorem 2.5] For g € Py, (g- M) is a worthy martingale
measure. Its covariance (resp. dominating) measure is given by (2.5) (resp. (2.6)).
Moreover, for h € P,

<(9~M)(A),(h‘M)(B)>t=/O /A/Bg(sai'f)h(&y)QM(dx,dy,dS) (2.8)

and (2.7) is still valid.
Proof. See [30, Theorem 2.5].

2.2 Spatially homogeneous noise as a martingale
measure

Walsh’s stochastic integration with respect to martingale measures is the tool that
we use in order to build and study the solution of the non-linear stochastic wave
equation (1.5). We present in this section the noise that we consider in equa-
tion (1.5) and, in particular, we show how this noise can be seen as a martingale
measure.

We consider a Gaussian noise F', white in time and correlated in space. Its
covariance function is informally given by

E[F(t,x)F(s,y)] = 0o(t —s)f(x —y),  st=0, 2,y €R’,

where dp stands for the Dirac delta function and f : R? — R, is continuous
on R%\ {0} and even. Formally, let D(R?!) be the space of C*°-functions with
compact support on R4 Let F' = {F(y), ¢ € D(R*™)} be an L*(Q, F, P)-valued
mean zero Gaussian process with covariance functional

BF)PW] = [t [ o [ dyetan) e - pute)

Since f is a covariance, by Bochner’s theorem [27, Chap.VII, Theorem XVIII],
there exists a non-negative tempered measure p whose Fourier transform is f. That
is, for all ¢ € S(R?), the Schwartz space of C*°-functions with rapid decrease, we
have

[ s@ota)s = [ Fooutde)

As f is the Fourier transform of a tempered measure, it satisfies an integrability
condition of the form

dr < o0, (2.9)
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for some p < 0o (see [27, Theorem XIII, p.251]).

Following [4], we extend this process to a worthy martingale measure M =
(My(B), t >0, B € By(R?)), where B,(R?) denotes the bounded Borel subsets of
R. More precisely, approximating 14 by functions in D(R41), we first extend the
function ¢ — F(p) to an L*(Q))-valued measure A — F(A) = F(1,4), defined for
all A € By(R**!). Then, we set

M,(B) = F([0,] x B), B € By(R%).
We consider the filtration F; given by F; = FC VN, where
F2=o(My(B), s <t, B € By(RY)

and N is the o-field generated by the P-null sets. Then, we have the following
proposition.

Proposition 2.14. The process (My(B), t > 0, B € By(R%) is a worthy mar-
tingale measure. Its covariation and dominating measure QQy and Ky; are given
by

Qu([0,1] x Ax B) = Ky([0, t]xAxB
= (M(A),M t_t/Rdd:c/RddylA —y)1p(y).

Moreover, for all ¢ € S(R4H1)

_ /OOO /R o, 2)M(dt, dz),

where the stochastic integral is Walsh’s stochastic integral with respect to the mar-
tingale measure M (see Section 2.1).

Proof. See [4, Section 2].

Hence, we see that the stochastic integral developped by Walsh ([30]) can be
used in order to obtain a solution for the non-linear stochastic wave equation
(1.5) in dimensions 1 and 2. In these cases, the fundamental solution of the wave
equation is a function (see Section 4.2). The construction of a solution to the
1-dimensional non-linear stochastic wave equation can be found in [30, Chapter 3]
and the 2-dimensional case is the subject of [4].
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2.3 Extension to non-negative Schwartz distribu-
tions

If one wants to study the 3-dimensional non-linear stochastic wave equation (1.5),
the stochastic integral presented in Section 2.1 is not sufficient. In this case, the
fundamental solution of the wave equation is not a function, but a positive measure
(see Section 4.2). Therefore, an extension of Walsh’s stochastic integral is needed.
This has been developed by Dalang in [2] and is the subject of this section.

Let M be the martingale measure built in Section 2.2. The main point in the
construction of Dalang’s stochastic integral is to consider the norm || - ||o defined
by

T
lglls = EVO ds /Rddfv/Rddyg(sm-)g(s,y,-)QM(d%dy,dS)}-

- EUOTds /Rddx/Rddyg(s,x,-)f(x—y)g(s,y,-)}. (2.10)

Since the set of predictable functions such that ||g|lo < oo is not complete, let Py
denote the completion of the set & of simple predictable functions with respect to
| - [lo- Clearly, P, C Py. Both Py and P can be identified with subspaces of P,
where

P = {t+ S(t) from [0,T] x © — S'(R?) predictable, such that FS(t) is a.s.

a function and ||S|o < oo},

where
It = | [ ar [ wagimsoier]. (2.11)

For S(t) € S(R%), elementary properties of convolution and Fourier transform
show that (2.10) and (2.11) are equal. When d > 4, the fundamental solution of
the wave equation provides an example of an element of Py that is not in P, (see
Section 4.2).

Before going into more details about this extension, we are going to consider a
more general setting corresponding to the situation encountered in the case of the
non-linear stochastic wave equation. Consider a predictable process (Z(t,z), 0 <
t < T,z € RY), such that

sup sup E[Z(t,7)?] < oo. (2.12)
0<t<T zeR4

Let M? be the martingale measure defined by

t
MZ(B) :/U /BZ(s,y)M(ds,dy), 0<t<T, BecBy(RY,
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in which we again use Walsh’s stochastic integral [30]. We would like to give a
meaning to the stochastic integral of a large class of S € P with respect to the
martingale measure M?. Following the same idea as before, we will consider the
norms || - ||+ z and || - ||o,z defined by

ot =] [ ds [ o [ dyloto.. 20,0150~ ) 260000,

and

l9ll57 =E [/OT dS/Rd dx/Rd dyg(s,w,-)Z(s,x)f(x—y)Z(S,y)g(s,y,-)} - (2.13)

Let P+ 7 be the set of predictable functions ¢ such that ||g||+,z < co. The space
Po,z is defined, similarly to Py, as the completion of the set of simple predictable
functions, but taking completion with respect to || - |0,z instead of || - ||o.

For g € £, as in Definition 2.5, the stochastic integral

g- M7 =((g- M?),(R"),0<t<T)

is the square-integrable martingale

(g- M7)(RY) = X (w) (M7,(A) — M7,(A)) =/0 /Rdg(s,y, )Z(s,y)M(ds, dy),

defined by Proposition 2.12.

Notice that the map g — g- MZ, from (€, | - |o.z) into the Hilbert space M of
continuous square-integrable (F;)-martingales X = (X;,0 <t < T') equipped with
the norm || X|| = E[X2]2, is an isometry. Therefore, this isometry can be extended
to an isometry S — S - MZ from (Pyz, || - |lo.z) into M. The square-integrable
martingale S - M% = ((S - M%),,0 <t < T) is the stochastic integral process of S
with respect to M%. We use the notation

[ [ stz

for (S - M?),.

The main issue is to identify elements of Py z. A first step in this direction was
made by Dalang ([2]). We have to restrict the class of processes Z that are taken
into account.

Definition 2.15. A stochastic process Z : R, x R? — R such that E[Z(t,z)?] <
+oo for all (¢,z), has a spatially homogeneous covariance function if the function
z+— E[Z(t,x)Z(t, = + z)] does not depend on x.
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Now consider the following hypothesis.
(H) The process Z has a spatially homogeneous covariance function.

Under this assumption, following [2], one can show that there exists a non-
negative measure pZ such that the norm || - [|o 7 satisfies

etz = [ s [ taeiFets o (2.14)

for any ¢ such that ¢(s,-) € S(R?).
Then, using this expression for ||-||o, one can identify that a class of non-negative
Schwartz distributions belong to Py z.

Theorem 2.16. [2, Theorem 2| Let (Z(t,7),0 < t < T,z € RY) be a process
satisfying (2.12) and hypothesis (H). Let t — S(t) be a deterministic function with
values in the space of non-negative distributions with rapid decrease, such that

/0 s / ()| FS()(E) < ox. (2.15)

Then S € Poz. In particular, the stochastic integral (S - M%), is well defined as a
real-valued square-integrable martingale ((S - M%), 0 <t < T) and

Bis w7 = [ ds [ a1 ESGOF
< (s s E(Z(s.07) [ ds [ wlag) iESGIOF. 2.16)

0<s<T zcR4

Proof. The first step in the proof is to consider a smoothing approximation of S(t)
by a sequence (S, (t))nen C S(R?). The stochastic integral (S,,- M%) is well-defined
as a Walsh stochastic integral. Then, (S - M?) is defined as the limit of (S, - M%)
as n — oo by the isometry from Py z into M. For more details, see [2, Theorem
2]. |

Under the assumptions of Theorem 2.16, bounds on higher order moments of
(S - M%), are available.

Theorem 2.17. [2, Theorem 5] Suppose, in addition to the assumptions of Theo-
rem 2.16, that for some p > 2,

sup sup E[|Z(t,z)[F] < oc.
0<t<T z€R4



2.3. Extension to non-negative Schwartz distributions 21

Then,

E[|(S - M)l] < ep14)5 / ds (Sup E[|Z<s,x>|p]) / u(dg) |FS(s) (I,

zcRd

where ¢, is a constant and

w= [ s [ wtae)Fseer

Proof. See [2, Theorem 5].

In the case where Z = 1, it is possible to enlarge the class of Schwartz distribu-
tions that belong to Py z by removing the non-negativity assumption. This requires
an additional assumption on S. We let S’(R?) denote the space of Schwartz dis-
tributions with rapid decrease (see [27, p.244]). We recall that for S € S/ (R?), FS
is a function (see [27, Chapter VII, Thm. XV, p.268]).

Theorem 2.18. [2, Theorem 3] Let t — S(t) be a deterministic function with
values in the space S'.(RY), such that (2.15) is satisfied and

lim i ds/}Rdu(df) sup | FS(r)(€) — FS(s)(&)]> = 0. (2.17)

h|0 s<r<s+h

Then, S € Py and

E[(S - M%)?] /ds/ (d€) | FS(s)(&)* (2.18)

Proof. The proof follows the same steps as the one of Theorem 3.1 under hy-
pothesis (H2), which is itself inspired from Theorem 2.18. For more details, see [2,
Theorem 3] and [3]. |

The extension of the stochastic integral given by Theorem 2.16 allows to include
non-negative Schwartz distributions as integrands and, as a consequence, to ob-
tain existence and uniqueness for the non-linear stochastic wave equation (1.5) in
dimension 3. The construction of this solution is similar to the one of the proof of
Theorem 4.2. We refer to [2, Section 5] for more details. Nevertheless, for higher
dimensions, the fundamental solution of the wave equation does not satisfy the
non-negativity assumption. Theorem 2.18 allows us to consider such distributions
as integrands but only in the case where Z = 1. This only allows to treat the linear
case of (1.5) (a constant).
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Chapter 3

Stochastic integration : further
extension

In this chapter, we extend Dalang’s results (Theorems 2.16 and 2.18) concerning
the class of Schwartz distributions for which the stochastic integral with respect
to the martingale measure M? can be defined, by deriving a new inequality for
this integral. In particular, contrary to Theorem 2.16 or Theorem 2.18, the result
presented here does not require that the Schwartz distribution be non-negative,
nor that Z = 1. The content of this chapter is presented in [1, Section 3].

3.1 Extension to more general Schwartz distri-
butions

In Theorem 3.1 below, we show that the non-negativity assumption can be re-
moved provided the spectral measure satisfies the condition (3.6) below, which
already appears in [19] and [7]. As in Theorem 2.18 ([2, Theorem 3]), an ad-
ditional assumption similar to (2.17) ([2, (33), p.12]) is needed (hypothesis (H2)
below). This hypothesis can be replaced by an integrability condition (hypothesis
(H1) below).

Suppose Z is a process such that supyc,<pE[Z(s,0)%] < 400 and that sat-
isfies hypothesis (H). Following the proof of Theorem 2.18 ([2, Theorem 3|), set
fZ(S7 z) = f(x)gs(x), where g,(z) = E[Z(s,0)Z (s, x)].

For s fixed, the function g, is non-negative definite, since it is a covariance
function. Hence, by Bochner’s theorem ([27, Chap.VII,Theorem XVIII]), there
exists a non-negative tempered measure vZ such that g, = FvZ. Note that
vZ(RY) = ¢,(0) = E[Z(s,0)?]. Using the convolution property of the Fourier

23
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transform, we have

f2(s,)=fgs=Fu-Fve=F(uxv?),

where * denotes convolution. Looking back to the definition of || - ||o z, we obtain,
for a deterministic ¢ € Py z with ¢(t,-) € S(R?) for all 0 <t < T (see [2, p.10]),

lolZ, = / ds / dz / dy o(s,2) (& — y)gu(z — y)o(s,y)
Rd R4

= / dS/Rd(M*VsZ)(dé“) [Fo(s, ) ()
- / ds/Rd d”/ (d€) [Feo(s, ) (€ +m)f. (3.1)

In particular,

T
lelfe < [ dsvZ®Ysup [ u(a0) 1 Fets e+ )l

neR4
T
< o[ dssup [ tae) | Fels e )l (32
0 nerd JRd
where C' = supg¢ <7 E[Z(s,0)?] < oo by assumption. Taking (3.1) as the definition
of || - [lo.z, we can extend this norm to the set P, where
Pz = {t— S(t) from [0,T] — S'(R?) deterministic, such that FS(t) is

a function and |50z < oo} .

The spaces P, z and Py z will now be considered as subspaces of Py. Let S € Py.
We will need the following two hypotheses to state the next theorem. Let B(0,1)
denote the open ball in R? that is centered at 0 with radius 1.

(H1) For all p € D(Rd) such that ¢ > 0, supp(¢) C B(0,1), and [, p(z)dz =
1, and for all 0 < a < b < T, we have

/ (S(t) * )(-)dt € S(R?), (3.3)

/Rdd:c/ ds|(S(s) * ) ()] < oo, (3.4)

(H2) The function FS(t) is such that

and

lim [ ds sup /Rd w(d€) sup |FS(r)(E+n)—FSH)(E+n)P=0.  (3.5)

h10 Jq neRrd s<r<s+h
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This hypothesis is analogous to (2.17) ([2, (33), p.12]). We let S.(RY) denote the
space of Schwartz distributions with rapid decrease (see [27, p.244]). We recall
that for S € S.(RY), FS is a function (see [27, Chapter VII, Thm. XV, p.268]).

Theorem 3.1. Let (Z(t,x), 0 <t < T, z € RY) be a predictable process satisfying
hypothesis (H) such that supgg,<p SUPepa E[Z(t,2)?] < co. Let t — S(t) be a
deterministic function with values in the space S.(RY). Suppose that (s,€)
FS(s)(€) is measurable and

T

[ s s [ a1 Fsee )l < . (36)
0 nerd JRd

Suppose in addition that either hypothesis (H1) or (H2) is satisfied. Then S € Py z.

In particular, the stochastic integral (S-M?); is well defined as a real-valued square-

integrable martingale ((S - M%), 0 <t < T) and

E[(S - M?)?]

/ds/ dn/ (d€) |FS(s)(€ + )

< ( sup supBiz(s.07) [ s s [ w1 EsexE 0 67

0<s<T zeR4 neR4

Proof. We are now going to show that S € P,z and that its stochastic integral
with respect to M? is well defined. We follow the approach of the proof of Theorem
2.18 (]2, Theorem 3)).

Take ¢ € D(R?) such that ¢ > 0, supp(¢)) C B(0,1), [p. ¥ (x)dz = 1. For all
n > 1, take ¥, (z) = n®(nx). Then 1), — d in S'(R?) as n — oo. Moreover,
Fa(€) = Fp(£) and | Fy,(€)] < 1, for all £ € RY Define S,(t) = (1, * S)(t). As
S(t) is of rapid decrease, we have S,,(t) € S(R?) (see [27], Chap. VII, §5, p.245).

Suppose that S, € Py z for all n. Then

01 = [ as [ w2 [ w16 - s+
= [V [ ttan [ utae)Fnte s - 1PFSG)E s

The expression |F,(£+n)—1]? is bounded by 4 and goes to 0 as n — oo for every £
and 7. By (3.6), the Dominated Convergence Theorem shows that ||S,, —S|lo.z — 0
as n — 00. As Py z is complete, if S, € Py z for all n, then S € Py 7 .

To complete the proof, it remains to show that S,, € Py z for all n.

First consider assumption (H2). In this case, the proof that S, € Py z is based
on the same approximation as in [2]. For n fixed, we can write S, (¢, z) because
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S.(t) € S(RY) for all 0 < t < T. The idea is to approximate S, by a sequence of
elements of Py . For all m > 1, set

2m—1

Spm(t,z) = Zs (5 )L oo (8), (3.9)

where 5 = kT27™. Then S, ,(t,-) € S(RY). We now show that S,,, € Py z.
Being a deterministic function, 5, ,,, is predictable. Moreover, using the definition
of || - ||+ z and the fact that |gs(z)| < C for all s and x, we have

1Snmll% 2

-/ " s L [ aylSun(s.0) £z =) loa = 9)Sun(s.0)

2m—1 k4l

- Z/m s [ o [ dy1S,(650 0] o= )l = )] 1S40

oam _1 k+1
<oy / ds [ dz FISH A )] 3,05 D),
’"L Rd

where S, (t51 z) = S,(t*+' —z). By Leibnitz’ formula (see [28], Ex. 26.4,
p.283), the function z — (| S, (51, )] % | S, (£, )])(2) decreases faster than any
polynomial in |z|7'. Therefore, by (2.9), the preceding expression is finite and
1Sz < 00, and S, € Piy C Poz.

The sequence of elements of P, » that we have constructed converges in || - ||o,z
0 S,. Indeed,

= Sallo 2

/d/ dn/ (4€) |F(Sum(5,) = Suls, D(E + )P
/ s / (dn) / (d€)  sup  |F(Sul(r,-) = Suls,))(E+m)

s<r<s+T2—™
which goes to 0 as m — oo by (H2). Therefore, S,.,, — S, as m — oo and
Sy € Po.z. This concludes the proof under assumption (H2).

Now, we are going to consider assumption (H1) and check that S,, € Py z under
this condition. We will take the same discretization of time to approximate .5,
but we will use the mean value over the time interval instead of the value at the
right extremity. That is, we are going to consider

2m—1

Snam(t,2) = > al L (2) 1 g (1), (3.10)

k=0
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where t* = kT2™™ and

a¥ (r) = 2—/m Sn(s,x)ds. (3.11)
’ T tk

By (3.3) in assumption (H1), a¥ € S(RY) for all n, m and k. Moreover, using

Fubini’s theorem, which applies by (3.4) since [, dx fab ds|S,(s,z)| < oo for all
0<a<b< T, wehave

k+1
Fak (&) = /Rddx/ dse 608 (s, x)
tk

k+1
tm
om

= 5 . ds FS,(s,)(&).

We now show that S,,,, € P+ z. We only need to show that aﬁjm(az)l[tk n(t) €
Pizforall k=1,...,2™ —1. We have

2m —

lanm (Vg 11Oz < C= T de( ) ()] * [k () (2),

where affl\;(a:) = af . (—x). Since a} . € S(R?), a similar argument as above, using

Leibnitz’ formula, shows that this expressmn is finite. Hence S,,,, € P12z C Poz.
It remains to show that S, ,,, — S, as m — oo. Indeed,

S — Sulld
_ /’dg/ m;/“ (d€) | F(Sm(s,-) = Suls,))(E +n)P?
. /d [ ) [ wtae) 1P (e ) - Fafon e+

2m—1

= Z/m ds/Rd dn/Rd (de)

2

/ FSu(un €+ )

—FSu(s, )& +n) (3.12)

We are going to show that the preceding expression goes to 0 as m — o0
using the martingale L2-convergence theorem (see [12, thm 4.5, p.252]). Take
Q =R? x R? x [0, T], endowed with the o-field F = B(R?) x B(R%) x B([0,T]) of
Borel subsets and the measure u(d€) x vZ(dn) x ds. We also consider the filtration
(Hom = B(RY) x B(RY) X G,)ms0, Where G, = o([th - k=0,...,2" —1). For

m)Tm
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n fixed, we consider the function X : Q — R given by X (&, 7, s) = FSu(s,-)({+n).
This function is in L*(Q, F, u(d€) x vZ(dn) x ds). Indeed,

/ds/ dn/ (4€) |FS s, ) (€ + )P

<C / ds sup /R () |FS (s, (€ + )P,

ner?
which is finite by assumption (3.6). Then, setting

2 m__1

1
om
X - E u(d€)xvZ (dn) de{X’H ( /k ‘}tS £ + n)du> [tk, ,tf,fl[(‘s)’

we have that (X,,)m>0 is a martingale. Moreover,
SUP a2 () xds [X ] < Eopuete) xu (dnyxas| X 2] < 00.

The martingale L?-convergence theorem then shows that (3.12) goes to 0 as m — oo
and hence that S,, € Py z.

Now, by the isometry property of the stochastic integral between P, 7 and the
set M? of square-integrable martingales, (S - M%), is well-defined and

E[(S - MZ)2] = |S|2, = / s / (dn) / (d€) | FS (s, ) (€ + )|

The bound in the second part of (3.7) is obtained as in (3.2). The result is proved.
|

Remark 3.2. As can be seen by inspecting the proof, Theorem 3.1 is still valid if
we replace (H2) by the following assumptions :

o t— FS(t)(€) is continuous in ¢ for all £ € RY

e there exists a function ¢ — k(t) with values in the space S’(R?) such that,
forall 0 <t < T and h € |0, ¢,

[FS(t+h)(€) = FSOE) < [FR()(E)],

and

/0 ds sup /]Rd w(d€) | Fk(s)(€ +n)|* < +oo.

ner?
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Remark 3.3. There are two limitations to our construction of the stochastic inte-
gral in Theorem 3.1. The first concerns stationarity of the covariance of Z (hypoth-
esis (H)). Under certain conditions (which, in the case where S is the fundamental
solution of the wave equation, only hold for d < 3), Nualart and Quer-Sardanyons
[18] have removed this assumption. Moreover, in Chapter 6, we will show that, in
some cases, a slightly more general class of Z can be considered, namely the har-
monizable processes. The second limitation concerns positivity of the covariance
function f. A weaker condition appears in [19], where function-valued solutions
are studied.

3.2 Extension in deterministic integrals
In addition to the stochastic integral defined above, we will have to define the
integral of the product of a Schwartz distribution and a spatially homogeneous

process with respect to Lebesgue measure. More precisely, we have to give a
rigorous definition to the process informally given by

t
tH/ dS/ dys(s7y)Z(87y>7
0 R4

where ¢t +— S(t) is a deterministic function with values in the space of Schwartz
distributions with rapid decrease and Z is a stochastic process, both satisfying the
assumptions of Theorem 3.1.

In addition, suppose first that S € L?([0,T], L'(R?)). By Holder’s inequality,

we have
(/onS/Rd dm’*g(svx)i!Z(s,xn)?
/OT * (/R e |S<Sw>|IZ<s,x>\)2

< o[ i [ arissa) [ aySes ) EIZG0)1Z05.0)]

E

< CE

T
< 0/ ds/ dx|S(s,x)|/ dy |S(s, )| < oo, (3.13)
0 R4 R4

by the assumptions on Z. Hence fOT ds [padz |S(s,z)||Z(s,x)| < oo a.s. and the
process

¢
/ds/ dx S(s,x)Z(s,x), t>0,
0 R
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is a.s. well-defined as a Lebesgue-integral. Moreover,
T 2
(/ ds/ de(s,x)Z(s,a:))
0 R4
T
= [as [ do [ g8, BIZ(s0)2(5,0)
0 R4 R

— /OTdS/]Rd dx/Rd dy S(s,x)S(s,9)gs(x — y)
- /OTdS/RstZ(d??) [ FS(s)(m)]*, (3.14)

0 < E

where vZ is the measure such that FrZ = g,. Let us define a norm || - ||; z on the
space Pz by

ISz = [ as [ vEan 7S (3.15)

This norm is similar to || - ||o,z, but with u(d€) = do(d€). In order to establish the
next proposition, we will need the following assumption.

(H2%*) The function FS(s) is such that

T
lim [ ds sup sup |FS(r)(n) — FS(s)(n)|* = 0. (3.16)
hl0 0 neRE s<r<s+h

This hypothesis is analogous to (H2) but with u(d€) = do(dE).

Proposition 3.4. Let (Z(t,z), 0 < t < T, # € R?) be a stochastic process
satisfying the assumptions of Theorem 3.1. Lett — S(t) be a deterministic function
with values in the space SL(R?). Suppose that (s, &) — FS(s)(€) is measurable and

/0 ds sup |FS(s)(n)]* < oo. (3.17)

neRrd

Suppose in addition that either hypothesis (H1) or (H2*) is satisfied. Then

([ o otz |

= s, < (s s EZG.) [ ds sup FS6)0L

0<s<T zeR4 neRd

E

In particular, the process (fot ds [gadx S(s,x)Z(s,x), 0 <t < T) is well defined

and takes values in L*(Q).
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Proof. We will consider (S,,)nen and (Sym)nmen to be the same approximating
sequences of S as in the proof of Theorem 3.1. Recall that the sequence (S, )
depends on which of (H1) or (H2*) is satisfied. If (H1) is satisfied, then (3.10),
(3.11) and (H1) show that S, ,, € L*([0,T], L*(R%)). If (H2*) is satisfied, then
(3.9) and the fact that S, € S(R?) shows that S, € L*([0,T], L'(R?)). Hence,
by (3.13), the process t f(f ds [pa dx Spm(s,x)Z(s, ) is well-defined.

Moreover, by arguments analogous to those used in the proof of Theorem 3.1,
where we just consider u(d€) = do(d§), replace (3.6) by (3.17) and (H2) by (H2%),
we can show that

|Snm — Snll1,z — 0, asm — oo,

in both cases. As a consequence, the sequence

(/OT ds/Rdx sn,m(s,a;)Z(s,x))mEN

is Cauchy in L?(2) by (3.14) and hence converges. We set the limit of this sequence
as the definition of fOT ds [gadx S, (s, x)Z(s,x) for any n € N. Note that (3.14) is
still valid for S,,.
Using the same argument as in the proof of Theorem 3.1 again, we now can
show that
|Sn — S|z — 0, asn— oo.

Hence, by a Cauch%i sequence argument similar to the one above, we can define the
random variable [ ds [, dx S(s,2)Z(s,x) as a limit in L*(Q2) by

T T
/ ds/ dr S(s,x)Z(s,x) = lim ds/ dx Sp(s,x)Z(s,x).
0 Rd 0 Rd

n—oo

Moreover, (3.14) remains true. |

Remark 3.5. Assumption (3.17) appears in [9] to give estimates concerning an
integral of the same type as in Proposition 3.4. In this reference, S > 0 and the
process Z is considered to be in L?(R?), which is not the case here.
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Chapter 4

Application to SPDE’s

In this chapter, we apply the results of Chapter 3 on stochastic integration to con-
struct random field solutions of non-linear stochastic partial differential equations.
We will be interested in equations of the form

Lu(t,z) = a(u(t,x))F(t,z) + B(ult, z)), (4.1)

with vanishing initial conditions, where L is a second order partial differential
operator with constant coefficients, F is the noise described in Chapter 2 and
«, [ are real-valued functions. Let I' be the fundamental solution of equation
Lu(t,z) = 0. In [2], Dalang shows that (4.1) admits a unique solution (u(t, z), 0 <
t < T, z € R?) when I is a non-negative Schwartz distribution with rapid decrease.
Moreover, this solution is in LP(€2) for all p > 1. Using the extension of the
stochastic integral presented in Chapter 3, we are going to show that there is
still a random-field solution when I' is a (not necessarily non-negative) Schwartz
distribution with rapid decrease. However, this solution will only be in L?(Q2). We
will see in Section 5.1 that this solution is in LP(2) for any p > 1 in the case where
« is an affine function and 8 = 0. The question of uniqueness is considered in
Theorem 4.8.

4.1 Existence and uniqueness for a class of SPDE’s

By a random-field solution of (4.1), we mean a jointly measurable process (u(t, z),
t >0,z € RY such that (t,z) — u(t,z) from R, x R? into L?*() is continuous
and satisfies the assumptions needed for the right-hand side of (4.3) below to be
well defined, namely (u(¢,x)) is a predictable process such that

sup sup E[u(t,r)?] < oo, (4.2)
0<t<T zeRd

33
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and such that, for ¢t € [0,7], a(u(t,-)) and B(u(t,-)) have stationary covariance
and such that for all 0 <t < T and z € RY, as.,

u(t,x) = /0 /Rd [t — s,z —y)a(u(s,y))M(ds, dy)
+/Ot /Rd ['(t—s,z—y)Bu(s,y))dsdy. (4.3)

In this equation, the first (stochastic) integral is defined in Theorem 3.1 and the
second (deterministic) integral is defined in Proposition 3.4.

We recall the following integration result, which will be used in the proof of
Lemma 4.6.

Proposition 4.1. Let B be a Banach space with norm || - ||g. Let f : R — B be a
function such that f € L*(R,B), i.e.

/ 1F($)]I3 ds < +oo.
R

Then
lim / (s +h) — f(s)|%ds = 0.
R

|h|—0
Proof. For a proof in the case where f € L'(R, B), see [16, Chap.XIII, Theorem
1.2, p.165]. Using the fact that simple functions are dense in L?(R,B) (see [11,
Corollary TI1.3.8, p.125]), the proof in the case where f € L*(R, B) is analogous.
[ |

Theorem 4.2. Suppose that the fundamental solution I' of equation Lu = 0 is
a deterministic space-time Schwartz distribution of the form I'(t)dt, where I'(t) €
S/ (R?), such that (s,&) — FT(s)(€) is measurable,

/0 ds sup [ utde) T+ n)f < o0 (1.4)
and .
/0 ds Sélﬂg |FT(s)(n)|* < . (4.5)

Suppose in addition that either hypothesis (H1), or hypotheses (H2) and (H2%),
are satisfied with S replaced by I'. Then equation (4.1), with o and 3 Lipschitz
functions, admits a random-field solution (u(t,z), 0 <t < T,x € R?).
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Remark 4.3. The main example, that we will treat in the following section, is the
case of equation (1.5), where L = 6t2 — A is the wave operator and d > 4.

Proof. We are going to use a Picard iteration scheme. Suppose that o and [ have
Lipschitz constant K, so that |a(u)| < K(1 + |u|) and |B(u)] < K(1 + |ul). For
n = 0, set

up(t,z) =0,
Zn(t,z) = a(u,(t, z)),
Wit z) = B(un(t, x)),

(4.6)
un-‘rl t J] / / t — S8 T = y)Zn(Sa y)M(dS, dy)
Rd
t
/ / It — s, —y)Wa(s,y)ds dy.
\ 0 R4
Now suppose by induction that, for all 7' > 0,

sup sup Efu,(t, )% < oco. (4.7)

0<t<T zeR4

Suppose also that wu,(t,z) is Fi-measurable for all z and ¢, and that (¢,x) —
u,(t, z) is L*-continuous. These conditions are clearly satisfied for n = 0. The
L?-continuity ensures that (¢, z;w) — u,(t, z;w) has a jointly measurable version
and that the conditions of [4, Prop.2| are satisfied. Moreover, Lemma 4.5 below
shows that Z,, and W, satisfy the assumptions needed for the stochastic integral
and the integral with respect to Lebesgue-measure to be well-defined. Therefore,
Up11(t, z) is well defined in (4.6), and is L?-continuous by Lemma 4.6. We now
show that w,; satisfies (4.7). By (4.6),

</ Lit—sx—w%@wMﬂ®Awf_

E[t41(t, z)?

(/Ot /Rd D(t —s,2 —y)Wa(s,y)ds dy) 2_

Using the linear growth of «, (4.7) and the fact that I'(s,-) € Py z,, (4.4) and
Theorem 3.1 imply that

+2E

sup_sup [[D(t = -z )35, < +oc.
0<t<T zeR4

Further, the linear growth of 3, (4.5) and Proposition 3.4 imply that

sup sup [I(t — -, — )2y, < +oo.
0<t<T zeR4
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It follows that the sequence (un(t,x))n>o is well-defined. It remains to show
that it converges in L*(Q2). For this, we are going to use the generalization of
Gronwall’s lemma presented in [2, Lemma 15]. We have

E[|tns1(t, 1) — un(t, 2) ] < 24, (¢, 7) + 2B, (t, z),

where

F(t — 5T = y)(Zn(Svy) - Zn—1(87y))M(d$7 dy)

|
|

First consider A, (t,z). Set Y,, = Z, — Z,_1. By the Lipschitz property of «, the

process Y,, satisfies the assumptions of Theorem 3.1 on Z by Lemma 4.5 below.
Hence, by Theorem 3.1,

Rd

and

Lt —s,2 —y)(Wals,y) = Wii(s,y))ds dy

Rd

Ata) = € [as [ ian) [ tde) \FT = sa =+
< o [aseP @) sup [ @) 1P = sz =) (€ + )

neRrd

< c/ds(supE (s, >1> sup/Rdu(d@|fr<t—s,x—~><£+n>\2.

2€Rd neRd
Then set M,,(t) = sup,ega El|[tuns1(t, ) — u,(t, x)|?] and

D) = swp [ (a9 17T (s, (€ + )

neRd

The Lipschitz property of @ implies that

sup B[V, (s,2)2] = sup E[(Zu(s,2) — Zn 1(s,2))
z€R? z€R?
< sup KQE[(un(S>Z) - un71(572))2]
2€R4
< K2Mn—l(5)7

and we deduce that

A, (t,x) < C’/t ds My,—1(8)J1(t — s). (4.8)
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Now consider B, (t,z). Set V,, = W,, — W,,_1. The process V,, satisfies the
assumptions of Theorem 3.1 on Z by Lemma 4.5 below. Hence, by Proposition
34,

Butia) < C [ as [ vt 17T = 5.0 = )0

t
< C/ dsv,*(RY) sup [FT(t —s,2 —-)(n)|*
0

neRd

<cf s (s B0V (5. 27 ) sup 7T = s =)0

2€R4 neR

Then set
Jo(s) = sup |FL(s,-)(n)|.

neRd

The Lipschitz property of 5 implies that
sup E[V,,(s,2)?] < sup E[(W,(s, 2) — W,_1(s, 2))?]

z€Rd z€Rd
sup K2 E[(un<87 Z) - un—1(87 Z))Z]

z€R4

K*M,_(s),

/N

N

and we deduce that
t
Bult,z) < C / ds M, 1(s)Jo(t — ). (4.9)
0

Then, setting J(s) = Ji(s) + Jo(s) and putting together (4.8) and (4.9), we
obtain

M, (t) < sup (An(t,x) + Bu(t,x)) < C’/t ds M,—1(s)J(t — s).

zeR4

Lemma 15 in [2] implies that (u,(t, z)),>0 converges uniformly in L?, say to u(t, z).
As a consequence of [2, Lemma 15], u,, satisfies (4.2) for any n > 0. Hence, u also
satisfies (4.2) as the L2-limit of the sequence (uy,)n>0. As u, is continuous in L?
by Lemma 4.6 below, u is also continuous in L?. Therefore, u admits a jointly
measurable version, which, by Lemma 4.5 below has the property that a(u(t,-))
and B(u(t,-)) have stationary covariance functions. The process u satisfies (4.3)
by passing to the limit in (4.6). |

The following definition and lemmas were used in the proof of Theorem 4.2 and
will be used in Theorem 4.8.
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Definition 4.4 (“S” property). For z € RY, write 2+ B = {z +y : y € B},
M§Z)(B) = M,(z + B) and Z®)(s,x) = Z(s,x + z). We say that the process
(Z(s,z), s = 0, x € R?) has the “S” property if, for all z € R?, the finite dimen-
sional distributions of

((29)(s,2), 5 > 0, x € RY)), (MF)(B), 5 > 0, B € B,(R)))
do not depend on z.

Lemma 4.5. For n > 1, the process (un(s,7),up_1(s,2),0 < s < T,z € RY)
admits the “S” property.

Proof. It follows from the definition of the martingale measure M and the fact that
ug is constant that the finite dimensional distributions of (ugz)(s, x), Mﬁz)(B), s >
0, z € RY B € By(R?)) do not depend on z. Now, we can write

1(t, ) / / (t — s, —y)a(0) M@ (ds, dy) // (t —s,—y)B(0)ds dy,
Rd R¢

so uy(t, ) is an abstract function ® of M. As the function ® does not depend
on x, we have ugz)(t,ac) = (M @), Then, for (s1,...,s%), (t1,...,t;) € RE R/
(z1,...,2%) € (RY* By, ..., Bj € By(R?), the joint distribution of

(u?)(sl, 1), ul (s 1), MO(By), .. ,M;?(Bj))
is an abstract function of the distribution of
(M=), M (), M By, .. M (B)).

which, as mentioned above, does not depend on z. Hence, the conclusion holds for
n = 1, because uq is constant. Now suppose that the conclusion holds for some
n > 1 and show that it holds for n 4+ 1. We can write

s (1, 2) / / (t — 5, —y)a(ul® (s,)) M@ (ds, dy)
Rd

! /0 /Rd D(t — s, —y)B(u (s,y))ds dy,

S0 1 (¢, ) is an abstract function ¥ of u') and M@ : w, (¢, 2) = U(ul, M@).
The function ¥ does not depend on = and we have u”), (t,z) = U (ulf ™, M@+2)),
Hence, for every choice of (sy,...,s;) € Ri, (t1,....t;) ERL, (r1,...,1m¢) € R,

and (z1,...,71) € (RHE, (yy, ... ,y]) € (R%)7, the joint distribution of

(“7(12421(51, 561), . 7Uﬁl<5k, fﬁk), UT(f)(tlu y1)7 e 7u7(1Z)(tj7 yj>7 Mﬁf)(Bl)y ceey M,gf)(B,g))
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is an abstract function of the distribution of

(u(er:Jcl)(_7 ')’ o 7u(z+mk)(_7 _), US)(', .>7 ]\[(erau)(.)7 o ,M_(Z+x’“)(~),

n n

which does not depend on z by the induction hypothesis. |

Lemma 4.6. For all n > 0, the process (u,(t,z), t = 0, x € R?) defined in (4.6)
is continuous in L*(9).
Proof. For n = 0, the result is trivial. We are going to show by induction that
if (un(t,x),t >0, z € RY) is continuous in L?, then (u,1(t,z), t > 0, x € R?) is
too.

We begin with time increments. We have

E[(un—i-l(ta l‘) - un—‘rl(t + ha ZL‘))2] < 2An(t7 Z, h) + QBn(tv Z, h),

where

An(t,z,h) = E K/:h /R T(t+h — 8,2 — y)Zn(s,y) M(ds, dy)

[ [ s —y)zn<s,y>M<ds,dy>)2]

and

t+h
By(tx.h) = EK/ [ r b= s =g Ws sy
0 R4

B /0 /R D(t— s, — y)W(s,y)ds dy) ] |

First of all, A, (t,z,h) < X7 + X3, where

o= w|([ et s,x—y>>zn<s,y>M<ds,dy>)2] ,

X, = IE_</tt+h/RdF(t—i—h—s,x—y)Zn(s,y)M(ds,dy)>2].
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The term X5 goes to 0 as h — 0 because, by (3.7),

t+h
X, < sup E[Z,(s,0)% / ds sup / pw(dé) |FT(t+h — s,z —-)(€+n)|?
t R4

0<s<T neRr?

— sup E[Z(5,0)7] /0 ds sup /R () |FT (s, 2 = )€+ )P

0<s<T nerd

— 0,
h—0

by the Dominated Convergence Theorem and (4.4). Concerning X, we have

X, = / ds / v (dn) / W(dE) [FT (b 4+ b= $)(E +n) = FT( = ) + )P
= [as [ vt [ na@) 1P 0+ ) = FTE + )

< 0 [Cdssup [ ) IFT(s+ h)(E + ) = FTC)E+ )P

nERd
This integral goes to 0 as h — 0, either by (4.4) and Proposition 4.1 with B =

L®(RY, L2(RY)) and f(s;9,£) = FL(s)(& +n)1jo7)(s), or by assumption (H2).
Secondly, B, (t,z,h) < Y] + Ys, where

Vi = E (/Ot/w(r(tm—s,x—y)—r<t—s,x—y>>wn<s,y>dsdy)2],

(/tm /RdF(t—i-h—s,m—y)Wn(s,y)dey)Ql '

The term Y5 goes to 0 as h — 0 because, by Proposition 3.4,

Y, = E

t+h
0<Y; < sup E[Wn(s,O)QJ/ ds sup |FL(t+h—s,x—-)(n)|
t

0<s<T neRd

= sup E[Wn(570)2]A ds sup ’fr(‘S?x_ )(77”2

0<s<T neRd

— 0,
h—0
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by the Dominated Convergence Theorem. Concerning Y7, we have
t
o= [ s [ o FTC b= ) = AT - )0
Rd
- / ds [ va(dn) LFT s+ W) = FD() )
Rd

< C / ds sup |FT(s + h)(n) — FT(s) ()P

ner?

This integral goes to 0 as h — 0 either by (4.5) and Proposition 4.1 with B =
L>*(R%) and f(s;n) = FT(s)(n)1p1(s), or by assumption (H2*). This establishes
the L?-continuity in time.

Turning to spatial increments, we have

E[(un-i-l(t? T+ Z) - un-i—l(ta x))Q] < 2Cn(t7 xz, Z) + 2Dn(t> z, Z),

where

Colt,z, 2) K/ /R (= .24 2 — y)Zn(s, ) M(ds, dy)

~ [ [ = s =)zt dy>)2]

Dtz 2) — E[(/Ot/RdF(t—s,ijz—y)Wn(s,y)dsdy

—/Ot /Rdr(t—s,x—y)Wn(s,y)dsdy)2] |

and

First consider C,,. We have

C(t, 7, 2)
_ /d/ 7 dn/ u(d€) | FT(t — 5,0+ 2 — (€ + 1)
~ Dt~ s,w =)+ )P

= [as [ vrtan) [ atde - e BTG - s+l

Clearly, [1—e~#&+72)|2 < 4 and the integrand converges to 0 as ||z|| — 0. Therefore,
for n fixed, by the Dominated Convergence Theorem, C,(t,z,z) — 0 as ||z|| — 0.
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Moreover, considering D,,, we have

Dtz 2) — /Ods/RdusVVn(dn) FT(t— 8,2+ 2 — () — FO(t — .2 — )(n)[2

t
- / ds/ v (dn) [1 = e P IFD(E = s,0) ().
0 R4

Clearly, |1 —e~%"2)|2 < 4 and the integrand converges to 0 as ||z|| — 0. Therefore,
for n fixed, by the Dominated Convergence Theorem, D, (t,z,z) — 0 as ||z| — 0.
This establishes the L2-continuity in the spatial variable. |

Remark 4.7. The induction assumption on the L2-continuity of u, is stronger
than needed to show the L?-continuity of w,,. In order that the stochastic integral
process I'(t — -,z — ) - MZ be L*-continuous, it suffices that the process Z satisfy
the assumptions of Theorem 3.1.

We can now state the following theorem, which ensures uniqueness of the solu-
tion constructed in Theorem 4.2 within a more specific class of processes.

Theorem 4.8. Under the assumptions of Theorem 4.2, let u(t, x) be the solution of
equation (4.3) constructed in the proof of Theorem 4.2. Let (v(t,z), t € [0,T)], x €
R%) be a jointly measurable, predictable process such that

sup sup Efv(t,z)?] < oo,
0<t<T zeR4

that satisfies property “S” and (4.3). Then, for all 0 < t < T and v € RY,
v(t,x) = u(t,z) a.s.

Proof. We are going to show that E[(u(t,z) — v(t,x))?] = 0. In the case where I'
is a non-negative distribution, we consider the sequence (uy,)nen used to construct
u, defined in (4.6). The approximating sequence (I',)m>o built in [2, Theorem 2]
to define the stochastic integral is a positive function. Hence the stochastic integral
below is a Walsh stochastic integral and using the Lipschitz property of o, we have
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(in the case = 0):
E[(un+1(t,2) — v(t,x))*]

(/ | Tt = 2 = 9) (@05, ) — (005, ) M . dy>)2]

~ i E[ / ds /Rddy / dzT(t = 5.2 = y)(alun(s,y)) — a(v(s,y))

m—00

= lim E

m—00

o= g)(alun(s,2) = (el )Tt - 50 - 2)]
t
<t [ dssup Bltuals.0) — v(s.0))) [ pUOIFT(e = s = QP
m—oo Jo yERd Rd
Using a Gronwall-type argument ([2, Lemma 15]), uniqueness follows.

In the case considered here, the sequence (I',,) >0 is not necessarily positive and
the argument above does not apply. We need to know a priori that the processes
Z(t,x) = alu,(t,z)) — a(v(t,x)) and W(t,z) = B(u,(t,x)) — B(v(t,z)) have a
spatially homogeneous covariance. This is why we consider the restricted class of
processes satisfying property “S”.

As up = 0, it is clear that the joint process (ug(t,z),v(t,z),t > 0, z € RY)
satisfies the “S” property. A proof analogous to that of Lemma 4.5 with w,_
replaced by v shows that the process (u,(t,z),v(t,z), t > 0, x € R?Y) also satisfies
the “S” property. Then a(u,(t, ) — a(v(t,-)) and B(u,(t,-)) — B(v(t,-)) have
spatially homogeneous covariances. This ensures that the stochastic integrals below
are well defined. We have

E[(un(t, z) — v(t,v))?] < 2A(t,x) +2B(t, ),

where
At z) = (/Ot/RdF(t—s,x—y)(a(un(t,x))—a(v(t,x)))M(ds,dy)>2]
and
Bat,) = ( / t [T = s = ) (Bunt.2)) = Bo(t. ) dyﬂ .
Clearly,
An(t, )
<C [/ dssup Bl(una(r0) = olta)) s, [ () |7 = s+ )

(4.10)
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Setting

Mn<t) = sup E[(u,(t,7) — U(t>$))2]

zcRd

and using the notations in the proof of Theorem 4.2 we obtain, by (4.10),

An(t,z) < /t M, _1(s)J1(t — s)ds.

Moreover,
t
Bu(t.z) < c:/'dssupmn@%flu,x>—qmaaaf]sup|fﬁwt—-a-Xnﬂ%4¢1>
0 r€R4 neRd

SO
t
Bn@,x)gl/‘ﬂlll@ﬁlﬁt—-ﬁds
0
Hence,
t
Ahﬁ)g/pMﬁﬂ@J@—sM&
0

By [2, Lemma 15], this implies that

,(0) < ( sup sup Bl o7 )

0<s<t zeR4

where (a,)nen is a sequence such that S°°° a, < co. This shows that M, (t) — 0
as n — oo. Finally, we conclude that

E[(u(t, ) — v(t,2))?] < 2E[(u(t,z) — un(t, 2))?] + 2E[(un(t, 2) — v(t, z))?] ?;:01,2>
as n — 00. This establishes the theorem. ' [ |

4.2 The case of the non-linear wave equation

As an application of Theorem 4.2, we check the different assumptions in the case
of the non-linear stochastic wave equation in dimensions greater than 3. The cases
of dimensions 1, 2 and 3 have been treated in [30], [4] and [2] as mentionned in
Chapter 2. We are interested in the equation

0%u

o~ Au=a@)F + fu), (4.13)
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with vanishing initial conditions, where t > 0, x € R? with d > 3 and F is the
noise presented in Chapter 2. In the case of the wave operator, the fundamental
solution (see [13, Chap.5]) is

d—3
o 10\ 2 o o
F(t) = m 1{t>0} (g&) Tt, if dis Odd, (414)
2

94 10\

7T§ _l . .
I(t) = W Lit>o0y (;§> t* — |22, if d is even, (4.15)

2

where o¢ is the Hausdorff surface measure on the d-dimensional sphere of radius ¢
and v is Euler’s gamma function. The action of I'(¢) on a test function is explained
in (4.18) and (4.19) below. It is also well-known (see [29, §7]) that

sin(27t|£])

FL)(E) = "

in all dimensions. Hence, there exist constants C; and Cs, depending on T, such
that for all s € [0, 7] and £ € R,

4 <sin2(27rs|£\)< Cy

< < . 4.16
THEE S amler S T+l (416)
Theorem 4.9. Let d > 1, and suppose that
d
sup/ M—§)2 < 00. (4.17)
nerd Jra 14 1€+ 1

Then equation (4.13), with o and ( Lipschitz functions, admits a random-field
solution (u(t,x), 0 < t < T,z € RY). In addition, the uniqueness statement of
Theorem 4.8 holds.

Proof. We are going to check that the assumptions of Theorem 4.2 are satisfied.
The estimates in (4.16) show that I' satisfies (4.4) since (4.17) holds. This con-
dition can be shown to be equivalent to the condition (40) of Dalang [2], namely
S fﬁéé < oo since f > 0 (see [7, Lemma 8| and [19]). Moreover, taking the
supremum over ¢ in (4.16) shows that (4.5) is satisfied.

To check (H1), and in particular, (3.3) and (3.4), fix ¢ € D(R?) such that
¢ >0, suppy C B(0,1) and [, ¢(z)dx = 1. From formulas (4.14) and (4.15), if
d is odd, then

(=) r o)) = aa (157 ) N i et )]
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(d)
1

where ;" is the Hausdorff surface measure on 0B4(0, 1), and when d is even,

. (4.19)

(D(t—s)0)(x) = 4 (%%) = [TH /B . \/%W oz +ry)

For 0 <a <b< T anda <t <b, thisis a uniformly bounded C'*°-function of z,
with support contained in B(0,7 + 1), and (3.3) and (3.4) clearly hold. Indeed,
(I'(t—s)*p)(x) is always a sum of products of a positive power of r and an integral
of the same form as above but with respect to the derivatives of ¢, evaluated at
r =t — s. This proves Theorem 4.9. |

r=t—s

Remark 4.10. When f(z) = ||z||7", with 0 < 8 < d, then (4.17) holds if and
only if 0 < B < 2.



Chapter 5

The case of affine multiplicative
noise

In the previous chapters, we have seen that the stochastic integral constructed in
Chapter 3 can be used to obtain a random field solution to the non-linear stochastic
wave equation in dimensions greater than 3 (Sections 4.1 and 4.2). As for the
stochastic integral proposed in [2] (see Chapter 2), this stochastic integral is square-
integrable if the process Z used as integrand is square-integrable. This property
makes it possible to show that the solution u(t, x) of the non-linear stochastic wave
equation is in L?(f2) in any dimension.

Theorem 2.17 ([2, Theorem 5]) states that Dalang’s stochastic integral is LP(2)-
integrable if the process Z is. We would like to extend this result to our general-
ization of the stochastic integral, even though the approach used in the proof of
Theorem 2.17 fails in our case. Indeed, that approach is strongly based on Holder’s
inequality which can be used when the Schwartz distribution S is non-negative.

The main interest of a result concerning LP(2)-integrability of the stochastic
integral is to show that the solution of an s.p.d.e. admits moments of any order and
to deduce Holder-continuity properties. The first question is whether the solution
of the non-linear stochastic wave equation admits moments of any order, in any
dimension 7 We are going to prove that this is indeed the case for a particular
form of the non-linear stochastic wave equation, where « is an affine function and
f = 0. This will not be obtained via a result on the LP({2)-integrability of the
stochastic integral. However, a slightly stronger assumption on the integrability
of the Fourier transform of the fundamental solution of the equation is required
((5.1) below instead of (4.4)). The proof is based mainly on the specific form of
the process that appears in the Picard iteration scheme when « is affine. Indeed,
we will be able to use the fact that the approximating random variable w, (¢, x) is
an n-fold iterated stochastic integral. The results of this chapter are presented in
[1, Section 6].

47
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5.1 Moments of order p of the solution (p > 2)

Theorem 5.1. Suppose that the fundamental solution I' of the equation Lu = 0 is
a space-time Schwartz distribution of the form T'(t)dt, where I'(t) € S'(R?) satisfies

sup sup / pld€) [FT(s) (€ + ) < o0, (5.1)

0<s<T peRd

as well as the assumptions of Theorem 4.2. Let o : R — R be an affine function
given by a(u) = au + b, a,b € R, and let 3 = 0. Then equation (4.1) admits a
random-field solution (u(t,z), 0 < t < T, x € R?) that is unique in the sense of
Theorem 4.8, given by

u(t,z) = va(t,x), (5.2)

n=1

where
ot ) = b/o /}RdF(t sz — y)M(ds, dy) (5.3)

and v, s defined recursively forn > 1 by

t
Upt1(t, z) = a/ / L(t — s,z —y)v,(s,y)M(ds, dy). (5.4)
0 JRd
Moreover, for allp > 1 and all T > 0, this solution satisfies,

sup sup E[|u(t, x)|P] < oo.
0<t<T zeR?

Proof. The existence and uniqueness are a consequence of Theorems 4.2 and
4.8. Multiplying the covariance function f by a, we can suppose, without loss of
generality, that the affine function is a(u) = w+ b (b € R), that is, a = 1. In this
case, the Picard iteration scheme defining the sequence (u,,)nen is given by uy = 0
and

Upi1(t,x) = /Ot /Rd L(t — s,z — y)uu(s,y)M(ds, dy)
+b/0t /Rd L(t— s,z —y)M(ds,dy), (5.5)

where the stochastic integrals are well defined by Theorem 3.1. Set v,(t,z) =
U (t, x) — up_1(t,x) for all n > 1. Then

vi(t, ) = uy(t,x) = b/o /Rd L(t — s,z —y)M(ds,dy).
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Hence, u(t,z) = limy, oo U (t, ) = limy, oo Y e Up(t, ) = > 00 v,(t,z) and
(5.2) is proved.

By Theorem 3.1 and because vy (t, ) is a Gaussian random variable, v (t, )
admits finite moments of order p for all p > 1. Suppose by induction that for some
n > 1, v, satisfies, for all p > 1,

sup sup E[|v,(t, z)[P] < oc. (5.6)
0<t<T zcR4

We are going to show that v, also satisfies (5.6).
By its definition and (5.5), v, satisfies the recurrence relation

U (t, ) = /0 /Rd L(t — s,z —y)v,(s,y)M(ds, dy), (5.7)

for all n > 1. The stochastic integral above is defined by Theorem 3.1 using the
approximating sequence I',,; € P, denoted S, ,, in the proof of Theorem 3.1

(whose definition depends on which of (H1) or (H2) is satisfied). For s <t < T,
we set

M (s;t,z) = / /d [(t—p,x —y)M(dp,dy),
0 R
M (s t, ) = / /d Lo i(t = p, = y)M(dp, dy),
R

and, for n > 1,

My (s;t,x) = / /d L(t — p,x — y)va(p, y) M (dp, dy)
0 R

and

MU (s;, x) //Rd mk(t = p, 2 = y)on(p, y) M (dp, dy). (5.8)

For all n > 1, set also o™ (¢, z) = M{™" (t;t, 2).
Fix an even integer p and set ¢ = £. We know that s — M}Lm’k)(s;t,x) is

a continuous martingale and so, by Burkholder’s inequality (see [20, Chap. IV,
Theorem 73]),

B[00 (¢, )] = E[|MITE (8¢, 2) 7] < CEUMITE (51, 2)) ),
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and by Theorem 2.13 and Holder’s inequality, the last expectation above is bounded
b,

y
t
E {(/ ds/ dy/ Azl et —s, 2 —y)fly — 2)Lni(t — s, 2 — 2)
0 rRé  JRd
q
X vn(&y)vn(s,Z)) }
¢
<tE [/ ds (/ dy/ Azl et —s, 2 —y)fly — 2)Lni(t —s, 0 — 2)
0 rRe  JRd
q
X vn(s,y)vn(s,z)) 1
¢
= ¢! / ds/ dyl/ dzy D e(t — s, —y1) f(yr — 20) Do (t — 5,2 — 21)
0 Rd Ré
X e X / dyq/ dzg Uit — 5,0 = yg) f(Yg — 2g) T (t — 5,2 — 24)
Rd R
X Elvn(s,y1)vn(s, 21) - - - v (5,yg)0n (s, 2)]. (5.9)

The last step uses Fubini’s theorem, the assumptions of which are satisfied because
[k € Py and is deterministic for all m, k, and v, (¢, x) has finite moments of any
order by the induction assumption. In particular, the right-hand side of (5.9) is
finite.

We are going to study the expression E[v, (s, y1)vn(s, z1) - vn(S, Yg)vn(s, 2)]
and come back to (5.9) later on. More generally, we consider a term of the form

ﬁMni(S§tiaxi)] ,

=1

E

where p is a fixed even integer, s € [0,T] and for all i, 1 < n; < n, z; € R,
and t; € [s,T]. In the next lemma, we provide an explicit expression for this
expectation.

Lemma 5.2. Let p be a fized even integer, (n;)?_, be a sequence of integers such
that 1 < n; < n for alli, let s € [0,T), (t;,)7_, C [s,T] and (z;)?_, C R%. Suppose
moreover that n is such that for all m <n and all ¢ > 1,

sup sup E[|M,,(s;t,2)]?] < oo.

0<s<I<T zeRd

If the sequence (n;) is such that each term in this sequence appears an even number
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of times, then

E ﬁMni(s;ti,xi)] (5.10)

S PN—1 N
5 /O dpy - - /0 dejH1 /Rd p(d&;)FL (o — pi) (&5 +my) FL (o) — pj) (& + 1))

p
k=1

where

(a) 5 means “is a sum of terms of the form” (a bound on the number of terms
is given in Lemma 5.4 below);

(b) N = 1 i Ui

(c) oj and o’ are linear combinations of p1,...,pn,t1, ...ty (j=1,...,N);
(d) n; and n; are linear combinations of §1,...,§-1 (j=1,...,N);

(e) O is a linear combination of &,...,&n (k=1,...,p).

(f) In (c)-(e), the linear combinations only admit 0, +1 and —1 as coefficients.

Remark 5.3. (a) We will see in the proof of Lemma 5.2 that if the elements of
the sequence (n;) do not appear an even number of times, then the expectation
vanishes.

(b) It is possible to give an exact expression for the linear combinations in
(c)-(e). The exact expression is not needed to prove Theorem 5.1.

Proof. We want to calculate E[[[}_, M,,(s;t;,z;)]. We say that we are inter-

(3

ested in the expectation with respect to a conﬁgumtz’on (n;)t_;. The order of this
configuration (n;) is defined to be the number N = b n.

The proof of the lemma will be based on Itd’s formula (see [24, Theorem 3.3,
p.147]), by induction on the order of the configuration considered. Suppose first
that we have a configuration of order N = 1. The only case for which the ex-
pectation does not vanish is p = 2, n; = ny = 1 in which the term 1 appears an
even number of times. In this case, by Theorem 2.13 and properties of the Fourier

transform

E[M S tl,.ilfl mk S tg,l'g)]
- / dpi [ dy / 4= Doty = 1,1 = 4) (5 = 2)Dmalts = pr, 2 — 2)
Rd R4

= / dpl/ p(d) FL o (tr — p1) (&) FL o (ts — pl)(fl)ei@l@l_‘”ﬂ‘
0 R4
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Taking limits as k, then m tend to infinity, we obtain

E[M;(s;t1,21) M (s;t2, 22)]
/ dﬂl/ 1(d&y) FT(tr — p1) (&) FT (b2 — p1)(&r)e Em 7720,
0 R4

This expression satisfies (5.10) with N =1, o1 = t1, o =to, 91 =1} =&,
0 = —&1.

Now suppose that (5.10) is true for all configurations of order not greater than N
and consider a configuration (n;)%_; of order N+1. Foralli =1,...,p, the process
s +— M,,(s;t;, x;) is a continuous martingale. We want to find the expectation of
h(M,,, ..., M,,), where h(xy,...,x,) = x1---x,. To evalute this expectation, we
first use Ito’s formula with the function h and the processes M,(lmk) (t=1,...,p).
We obtain

p
K HMéi”i”“i)(s;ti,xi)]
i=1
p
ZE / HM miki) (p: tj, ;) er(LTi’k"’)(p; ti, ;) (5.11)
i=1 =1
+= ZE / H MW ) (p; tz;@)d<M7(LZni’ki)(';ti,$i);Mé?”’kj)(';tjaxj»p
21;31 Z#ZJ
As the processes M,ﬁj”’“’ admit finite moments for all i = 1,...,p, the process in

the expectation in the first sum of the right-hand side of (5.11) is a martingale
that vanishes at time zero. Hence, this expectation is zero. In the second sum on
the right-hand side of (5.11), all terms are similar. For the sake of simplicity, we
will only consider here the term for i = 1, j = 2 : the right-hand side of (5.10) is a
sum of terms similar to this one. In the case where n; # ns, the cross-variation is
zero. Indeed, the two processes are multiple stochastic integrals of different orders
and hence do not belong to the same Wiener chaos. Otherwise, using Theorem
2.13 and Fubini’s theorem (which is valid because M{™*) has finite moments of
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any order for all i and I, € Py), we have

Mm“ i) S tl,l'z)] (512)

/ dp/ dy/ dz le,kl — P x1 y)f(y - Z)Fm27k2(t2 — Py T2 — Z)
R4 R4

x E

p
Mnl—l(p;pay) no—1 pa P,z HMm], p? t]vxj)
7=3

(We set My =1 when n; = ny = 1.) Because M7(LJ iok;) have finite moments of any
order and M,(lTj’kj ) n, in L?(2) by the definition of the stochastic integral (see
the proof of Theorem 3.1), we know that Mp, m]’ ), ny i LP(QY). As Ty € Py,

taking limits as ks,...,k, tend to +oo and then as ms, ..., m, tend to 400, we
obtain
P
E [ MMk (5581, 20) MIT>R) (518, :UQ)HM (5 tl,xz)] (5.13)

[l

/ dp/ dy/ dz le k1 tl Py 1 — y)f(y Z>Fm27k2 (t2 — Py T2 — Z)
R4 Rd

x E

p
Mnl—l(p;pay) ng—1 papv HMHJ p,t],ﬂf] ] :
7=3

At this point in the proof, we can see why the terms of (n;) have to appear an even
number of times. Indeed, if we consider n; # ns, we have seen that the expectation
is zero. When n; = ng, the product in the expectation on the right-hand side of
(5.13) is of order N. Hence, we can use the induction assumption to express it
as in (5.10). By the induction assumption, if the terms of (n;) do not appear an
even number of times, the expectation on the right-hand side of (5.13) vanishes
and hence the one on the left-hand side does too. If these terms do appear an even
number of times, then setting t;, = s = p, to = p, 1 = y, x2 = z in (5.10) and
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substituting into (5.13), we obtain

P
E | MR (53, 20) M) (s t27I2)HMm(3 tm%)] (5.14)
/ dp/ dy/ dz Fm1 k1 tl Py 1 — y)f(y Z)sz k2( — Py T2 — Z)
R R
PN
< [Cdo [T deH / (4&)FT(o; — )& + 1)
0 0
. . p .
X FF(O-‘; i pj)(&] + 77;) <e1’<y761> . 6Z<Z762> . Hel<‘rk76k>> ,
k=3
where
(i) o; and o’ are linear combinations of p1,...,pn, p, t3,...,t, (j=1,...,N);
(ii) n; and )} are linear combinations of §;,..., &1 (j=1,...,N);
(iii) Jg is a linear combination of &,..., &y (k=1,...,p).

Since the modulus of the exponentials is 1, by (ii), (5.1) and because I';,, . € Py, we
see that the right-hand side of (5.14) is finite. So, by Fubini’s theorem, we permute
the integrals in dy and dz first with the dp;-integrals, then with the p(d¢;)-integrals,
to obtain

p
E M,S’lnl’kl)(s 151,:v1)M(m2 k2 (s;to,72) Han Sty 1y ]

1=

/Osdp/()pdpl.../p deH/ pd&;) FT (g = pi) (&5 + 15)

x FT(o', — p;)(& + 1) (H)/ dy/ dz Ty (B — pr 1 — 1)
Rd Rd

k=3
X 61 y751>f(y - Z>Fm2 k2< — P, T2 — 2)6“2762)'




5.1. Moments of order p of the solution (p > 2) 55

Rewriting the last two integrals with the Fourier transforms, we have

p

E M(ml’kl)(s tl ZEl)M(Zm k2)(8;t27l‘2)HMn.(S;ti,Ii)

n1 i

N
« H /R 1(d&)FT(a; — p)) (& + 1) FL(o, = p) (& + 1)
p

(H et ) pU(dE) FTomy g (b = p)(€ + 61) F Loy iy (2 — p)(§ + 62)

« eHELETo) | ilwaE482) (5.15)

Setting &ni1 = &, on+1 = t1, Oy = b2, N1 = 01, Nyq = 02, 01 = £+ 0y,
09 = &€ + 02, the assumptions needed on these linear combinations are satisfied and
(5.15) is of the desired form. It remains to take limits as kj, ko and then mq, my
tend to infinity.

The left-hand side has the desired limit because M,,, has finite moments of
any order and lim,,, . limg, o M,(LTi’ki)(s;ti,x,-) = M,,(s;t;,z;) in L*(Q, F,P),
t = 1,2. For the right-hand side, first consider the limit with respect to k; and ks.
To show convergence, we consider the left-hand side of (5.15) as the inner product
of FTy, iy (1 — p)(€+01) and FT ', 1, (t2 — p) (€ + d2) in the L*-space with respect

to the measure

ds x - X dpy X (><§V:1 FL(oj — pi)(& +n) FL(0; — pi) (& + 1)) M(dfj)) x pu(d§).

(5.16)
Note that the exponentials are of modulus one and hence do not play any role in
the convergence. Therefore, it is sufficient to consider ¢ = 1 and to show that

S p PN -1
/dp/ dm---/ dpn
0 0 0
N

<11 / 1(d&;)FT(0; = p)) (& + m)FL(0} = p)(& + 1))

R

Jj=1

X (He“””k"s“) / () | FT ity = p)(€ + 1) = FLo(t2 = p)(€ + 0)[?

k=3

goes to 0 as k tends to infinity. This limit has to be treated differently according
to which assumption (H1) or (H2) in Theorem 3.1 is satisfied.
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In the case where assumption (H1) is satisfied, the proof of convergence is based
on the martingale convergence theorem in a way analogous to the approach used
in the proof of Theorem 3.1 with the measure ds x v(dn) x u(d€) replaced by the
one in (5.16). Assumption (5.1) allows to bound the p(d¢;)-integrals (1 < j < N)
when we check the L?-boundedness of FT,,(t; — p)(€ + d1).

In the case where (H2) is satisfied, we bound the pu(d¢;)-integrals by (5.1)
again, compute the time-integrals (except the one with respect to p) and finally
the continuity assumption (H2) shows the desired convergence.

Finally, the limit with respect to m; and my is treated as in the proof of
Theorem 3.1 by the Dominated Convergence Theorem. Lemma 5.2 is proved. B

Proof of Theorem 5.1 (continued)
We use (5.10) with n; =n, t; = sforalli =1,...,p, to express the expectation

n (5.9). Using the same idea as in the proof of Lemma 5.2, we can permute the
integrals to obtain

Eljo{" (8, )I7]

S t s PN-1
< tq_l/ ds/ dpy - / dpn (5.17)
0 0 0

< 1 [ w4670, = )& = m)T () = )6 =)

1

<.
Il

X H/ (B FT ot = 8)(Be — 40) FLm it — 8) (B — v0)e’ ™,
=1 /R

where 2 means “is bounded by a sum of terms of the form” and N = ngq is the order
of the particular configuration considered in that case. The variables o}, a}, nj, 77;-
(j =1,...,N) satisfy the same assumptions as in Lemma 5.2, the variables 7, ~,
(¢ =1,...,q) are linear combinations of &, ...,&y and ¢ is a linear combination of
&, 68, By -, By When using (5.10) in (5.9), exponentials of the form %%
and e*%%) appear. When writing the yy, z;-integrals as a u(d3,)-integral, these
exponentials become shifts. This explains why the variables v,,v, (¢ = 1,...,q)
and 0 appear.

Now, using the Cauchy-Schwartz inequality and setting

I = sup sup /Rd () |FL(s) (€ +n)l?,

0<s<T neRd
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which is finite by (5.1), and taking limits as & and m tend to 4+00, we obtain

S
Efluni(t,2)P] < / ds / apr - / dpn IV

tN+a N t(n+1)q rany
- = —Jnthe 5.18
(N +1)! (ng+1)! (5.18)
where ¢ = £. We have obtained an expression that bounds the moment of order p
of v,41 as a finite sum of finite terms. In order to have a bound for this moment,
it remains to estimate the number of terms in the sum. This is the goal of Lemma

5.4.

Lemma 5.4. In the case where ny = n, for alli =1,...,p and ¢ = &, then the
number of terms in the sum implied by 5 in (5.18) is bounded by R = (q(p—1))™
Proof. We have to estimate the number of terms appearing in the sum when we
use Ito’s formula. For each application of 1td’s formula, we have to sum over all

choices of pairs in (n;)!_;. Hence, we have at most %p(p — 1) choices. Moreover,
[to’s formula has to be iterated at most N = ng times to completely develop the

expectation. Hence, the number of terms in the sum implied by % is bounded by
R = (q(p—1))". u

Proof of Theorem 5.1 (continued)

We return to the proof of Theorem 5.1. Using Lemma 5.4 together with (5.18),
we obtain

E p e 2 g
Upa1(t, 2)|P] < )" e 5.19
Clearly, the series > [|vn41(t, 2)||, converges, where || - ||, stands for the norm

in LP(2). Hence,

n—1
un(t, 2)[lp = o1 (E,2) + -« 4+ vat, ) |p < D lviga(t, )l
1=0

As the bound on the series does not depend on x and as t < T', we have

sup sup sup E[|u,(t, z)|?] < oo, (5.20)
neN 0<I<T zeRd
for all even integers p. Jensen’s inequality then shows that (5.20) is true for all
p = 1. As the sequence (u,(t, z))nen converges in L*(2) to u(t, z) by Theorem 3.1,
(5.20) ensures the convergence in LP(§2) and we have

sup sup E[|u(t, z)|f] < oo,
0<E<T zeRd
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for all p > 1. Theorem 5.1 is proved. |

Remark 5.5. The fact that « is an affine function is strongly used in this proof.
The key fact is that its derivative is constant and so It6’s formula can be applied
iteratively. This is not the case for a general Lipschitz function «, as we will see
in Chapter 7.

5.2 Holder continuity

In this section, we are going to study the regularity of the solution of the non-linear
wave equation (4.1) in the specific case considered in Theorem 5.1 : let u(t, z) be
the random field solution of the equation

Lu= (u+b)F, (5.21)

with vanishing initial conditions, where b € R and the spatial dimension is d > 1.
We will need the following hypotheses, which are analogous to those that appear
in [26], in order to guarantee the regularity of the solution.

(H3) For all T > 0, h > 0, there exist constants C, 7, €]0,4o00[ such that

sup sup [ p(d) [T (s + D)€+ 1) = FT((E + ) < OO,

0<s<T neRd

(H4) For all T > 0, t € [0,T], there exist constants C, 75 € ]0, +00[ such that

sup [ ulde) PR+ ) < O,

neRd

(H5) For all T > 0 and compact sets K C RY, there exist constants C, 73 €
10, +00] such that for any z € K,

sup sup /Rd#(d&) [FT(s, 2 =) (€ +m) = FL(s, ) (€ +m)* < Ol

0<s<T nerd

The next result concerns the regularity in time of the solution of (5.21).

Proposition 5.6. Suppose that the fundamental solution of Lu = 0 satisfies the
assumptions of Theorem 5.1, (H3) and (H4), and u is the solution of (5.21) given
by Theorem 5.1. Then for any x € RY, t — u(t,z) is a.s. y-Hélder-continuous,

for any v €10, A (2 + 3)[.
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Proof. Following Theorem 5.1, the solution u(¢,z) to (5.21) is given recursively
by (5.2)-(5.4). Hence, for any h > 0 and ¢ € [0,T — h|, we have

[e.9]

u(t +h,x) —u(t, ) = (va(t + h,x) — va(t, 7). (5.22)

n=1
The Gaussian process v; is given by (5.3). Hence,
Ul(t + h7 .1') - Ul(ta iL‘) = Al(ta Z; h) + Bl(twr; h)a
where
t
Ay(t, a0 h) = / / (Ot +h—s,2—y)—T(t—s,2—y)Mds,dy)  (5.23)
Ra
and
t+h
By(t,z;h) = / / L(t+h—s,ax—y)M(ds,dy). (5.24)
t R4

Fix p an even integer. By Burkholder’s inequality (see [20, Chap. IV, Theorem
73]),

B[ Ay (¢, z; h)["]

(/ ds [ wtn) [ uld) 7P+ 1= s)E 4 ) = FTE = 9)(E + )]

[SIS]

P

2

< c(/ ds sup [ <ds>rfr<t+h—s><s+n>—fr<t—s><f+n>|>

neR

< Chm (5.25)

by (H3). On another hand, using again Burkholder’s inequality, we see that

Pt S </ /’”S d”/ d§)|ff(t+h—s)(§+77)|2)g

< (/t ds suﬂg/Rd (d§)|FF(t+h_3)(§+n)|2>

t+h
< C(/ ds(t—i—h—s)m)
t

< Chroets), (5.26)

P
2

by (H4). Hence, putting together (5.25) and (5.26), we see that there exists a
constant Cy such that

Elvi(t + h, ) — vi(t, 2)[P] < Coh?A0=+2), (5.27)
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For n > 2, set w,(t,x; h) = v,(t + h, &) — v, (t, ), where v, is defined by (5.4).
Then
Wy (t, 23 h) = Ap(t, z; h) + B(t, z; h),

where

¢
An(t,z;h) = / / (L(t+h—s,o—y)—T({t—s,x—y))v.(s,y)M(ds,dy) (5.28)
0 Jrd
and
t+h
B,(t,z;h) = / / L(t+h—s,2—y)v.(s,y)M(ds,dy). (5.29)
t Rd

Setting T'(s,y) = ['(t + h — s,z —y) — ['(t — s,z — y) and letting AP he

the approximation of A,, with I" replaced by I';,, x in (5.28), we can use the same
argument as in (5.9) to see that

t q
Bl anp) < € [ asT] [ du [ ds st - 2)Ealsz)
0o o Jr R
X E[Un(su yl)vn(87 Zl) e UH(S7 yQ)UTL(Sv Zq)]v (530>

where p is an even integer and ¢ = . Using Lemma 5.2 to express the expectation
and using the same argument as used to reach (5.17), we obtain

E[| AT (¢, 25 b))

S t s PN-1
< / ds/ dpy--- / dpn
0 0 0

| 1) PTG = )& = m) T, = )& = )

—=

X

.
Il
—

o

[ A3 PR (9B = ) FEna(s)(5 = e (531

~
Il

1

S
where < means “is bounded by a sum of terms of the form”, N = ng and

05,055,577 and 6 (1 < j < N, 1 < £ < g) satisfy the same assumptions
as in (5.17). Notice that I' appears in the first N integrals and [ in the last ¢
integrals.

We take limits in (5.31) as k& and m tend to +o0o0. Then, using the Cauchy-
Schwartz inequality, we bound the first NV spatial integrals in (5.31) using (5.1),
bound the other ¢ spatial integrals by hypothesis (H3), compute the time integrals
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and bound the number of terms in the sum by Lemma 5.4 and, similarly to (5.19),
we obtain
jﬂ(nf%l)q

Bl Au(t, 2 W) < (alp = )" R = CORL - (5.32)

1 n (n+1) n
where CT(L) = (q(p—1)) q(an+1)qI ..

On another hand, let B{™* be the corresponding approximation of B,. The
same arguments as those used to obtain (5.9) show that

E(| Bt s )
t+h
< Chq‘l/ /dy]/ dz; Do i(t 4+ h — 5,y5) f(y; — 25)
Rd

X Dyt +h — s, zj) Elvn (s, y1)vn(s, 21) - - v (8, Yg)vn(s, 24)].  (5.33)

Note that the factor h9~! appears because Holder’s inequality is used on the interval
[t,t+ h] instead of [0,¢]. Using Lemma 5.2 and the argument used to reach (5.17),
we obtain

E[|By"™" (¢, 25 h) "]

S t+h
< Ch"™ 1/ ds/ dpy - - / dpn (5.34)
0

<1 [ i) FTo = )& = m) () = )& = )

X H/IR 1(dBe) FTpso(t + 1 — 8)(Be — 7o) FTonie(t + b — 8)(8e — 7)€%,

where < means “is bounded by a sum of terms of the form”, N = ng and
05,053,055, 7,7 and 6 (1 < j < N, 1 < £ < g) satisfy the same assumptions
as in (5.17).

We take limits in (5.34) as k& and m tend to +o0o. Then, using the Cauchy-
Schwartz inequality, we bound the first N spatial integrals in (5.34) using (5.1),
bound the other ¢ spatial integrals by hypothesis (H4) and bound the number of
terms in the sum by Lemma 5.4. Then

PN-1
0

t+h s
BB, (¢ b)) < Ch o= 1)1 [ ds [ [T dpx s
t 0

The n-fold integral is bounded by

/ s T h— s < Do [ s sy = L g
S t+h—s)"?< / st+h—8s)FP =—— 2 )
¢ (nq)! (ng)! J, (ng)!
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Therefore,

E[| Ba(t, ; h)[P] < CPRpr02t2), (5.35)

where CY) = C(q(p — 1))marma L%

(ng)!”
Finally, putting (5.32) and (5.35) together, we have for any n > 2,

E|wny1(t, 23 )] < (O + CP)pronrtzt2) (5.36)

and, by (5.27) and (5.36),

Blju(t + h,2) — uft, 2)"] < (Z(cﬁ“ - a@)) oot (5.3)
n=1

for any even integer p and h > 0. The series Z;’LOZI(C’S) - C’,(LZ)) converges, as in
(5.19). Jensen’s inequality establishes that (5.37) holds for an arbitrary p > 1,
which shows y-Holder-continuity of ¢ — u(t,z) for any v €]0,7% A (y2 + 3)[ by
Kolmogorov’s continuity theorem (see [24, Theorem 2.1, p.26]). |

The next result concerns the spatial regularity of the solution.

Proposition 5.7. Suppose that the fundamental solution of Lu = 0 satisfies the
assumptions of Theorem 5.1 and (H5) and w is the solution of (5.21) built in
Theorem 5.1. Then for any t € [0,T], x — u(t,x) is a.s. y-Hdlder-continuous, for

any v €10, 73].

Proof. The proof is similar to that of Proposition 5.6. We know that u(t,x) is
given by (5.2)-(5.4). Hence, for any compact set K C R? and for any 2z € K,

u(t,x+2) —u(t,z) = Z(vn(t, T+ z) —vu(t, )).

n=1

The Gaussian process v; is given by (5.3). Hence,

vl(t,x—i—z)—vl(t,x):/o /Rd(F(t—s,x—i—z—y)—F(t—s,x—y))M(ds,dy).



5.2. Holder continuity 63

By Burkholder’s inequality,

El|vi(t, @ + 2) — vi(t, x) 7]

< ([ o o

X |FL(t—s,e+2z—)(E+n) —FL(t—s,x— ~)(§+77)\2)

[N4S]

[SiS]

< </0td3 sup /Rdli(df) |fr(t—s,z— )(5—1—7)) _fr<t_8")(§+7])|2>

neR?

< Oz, (5.38)

by (H5). Therefore, there exists a constant Cy such that
El|loi(t,z + 2) — vi(t, z)[P] < Col|z|". (5.39)
For n > 2, set w,(t,z;2) = v,(t,x + 2) — v,(t, ), where v, is defined by (5.4).

Then
¢
Wy (t, ;2) = / / (C(t—s,x4+z—y)—T(t—s,2—y))va(s,y)M(ds,dy). (5.40)
Rd

Setting T'(s,y) = ['(t — s,z +y) — I'(t — 5,y) and letting w{™" be the approxi-
mation of w,, with I' replaced by I';,, . in (5.40), we can use the same argument as
n (5.9) to see that

m,k
Eljw" (¢, 3 2)|P)

t q
< tq—l/ dSH /Rd dy] /Rd deFm’k(S, xr — yj>f<yj — zj)ka(s, Tr — Zj)

X E[vn (s, y1)vn(s, 21) -+ 0n(8, Yg)vn (8, 24)], (5.41)

where p is an even integer and ¢ = g. Using Lemma 5.2 to express the expectation
and using the same argument as used to reach (5.17), we obtain

nwﬁﬁtxzw

< tq1/ds/ dpy - - / dpn

X Hl/Rd u(d&;)FT (a5 — pi) (& — ny) FL() — pi) (&5 — 1))

X llj[ /Rd w(dB)FLomn(8) (B — ) FLomi () (B — D)) (5.42)
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S
where < means ”is bounded by a sum of terms of the form”, N = ng and

05,0505, W, and 6 (1 < j < N, 1 < k < g) satisfy the same assump-
tions as in (5.17). Notice that I" appears in the first N integrals and I" in the last
q integrals.

We take limits in (5.42) as k and m tend to 400, then bound the first NV spatial
integrals in (5.42) using (5.1), bound the other ¢ spatial integrals by hypothesis
(H5), compute the time integrals and bound the number of terms in the sum by
Lemma 5.4 and we finally reach

(n+1)q
El|w,41(t, z; 2)|P] < — 1)) [P = OO)| P, 5.43
(8320} < (alp = 1) e = O (5.43)
where CY) = (q(p — 1))”q(T;Zfl); I, Finally, by (5.39) and (5.43), we have
Ellu(t,z + 2) — u(t,z)]") < Y CP|z|"®, (5.44)

n=1

for any even integer p and z € K. The series ) -, cP converges, as in (5.19).

Jensen’s inequality establishes (5.44) for an arbitrary p > 1, , which shows ~-
Holder-continuity of x +— wu(t,z) for any v €]0,~3] by Kolmogorov’s continuity
theorem (see [24, Theorem 2.1, p.26]). |

As a consequence of Propositions 5.6 and 5.7, we easily obtain the following
corollary.

Corollary 5.8. Suppose that the fundamental solution of Lu = 0 satisfies the
assumptions of Theorem 5.1 as well as (H3) to (H5), and u is the solution of (5.21)
given by Theorem 5.1. Then (t,x) — u(t,z) is a.s. jointly v-Holder-continuous in
time and space for any v €]0,% A (y2 + 3) A sl
Proof. By (5.37) and (5.44),

Eflu(t, z) — u(s, y)!] < C (|t = s[04 4 o — y2),

so the conclusion follows from Kolmogorov’s continuity theorem (see [24, Theorem
2.1, p.26]). |

Now, we are going to check that the fundamental solution of the wave equation
satisfies hypotheses (H3) to (H5). This requires an integrability condition on the
covariance function f (or the spectral measure p) of F' : we suppose that there

exists o €10, 1] such that
p(d§
/Rd FSGEE _1_(’5‘)2)(1 < 00. (5.45)
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This assumption is the same as condition (40) in [2]. Since f > 0, it is equivalent
(see [7, Lemma 8] and [19]) to the property

p(d)
o e < 649

Proposition 5.9. Suppose (5.46) is satisfied for some « €]0,1[. Then the fun-
damental solution of the wave equation satisfies hypotheses (H3) to (H5) for any
v €l0,1—al,i=1,2,3.

Proof. Omitting the factors 27, which do not play any role, we recall that the
fundamental solution I'" of the wave equation satisfies

Fr(se = =)

in any spatial dimension d > 1. Consider first hypothesis (H3). Fix @ sufficiently
large. For any s € [0,7] and h > 0, we have

| ) PTG+ i+ ) = FT(s)E+ P
[ g L8l IS ) il )

1€ + n)?
[sin((s + B + n]) — sin(slé + )J?
= d
/wg@“( 3 e+ P
[sin((s + ) + n]) — sin(slé + )2
d )
o R

Using elementary properties of trigonometric functions and the fact that | sin(z)| <
x for all x > 0 in the first integral and using the same on the 2(1 — «) power in
the second integral, the previous expression is bounded by

/ u(d€) 412 cos?((2s + M€ + 1))
|€+n|<Q

|sin((s + )| +nl) — sin(s|€ +n))
d
+/|§+n|>Q ulde) € + n[?>

X (2h| cos((2s 4 h)|€ +n])])23=9).
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Bounding the trigonometric functions by 1 and using properties of the domain of
integration of each integral, the previous expression is not greater than

414 Q%) > 2 AL+ é)a 2(1—a)
df)————= | h d h
(/5+n<Q P Erap) " " </£+n>Q Hde) (L+ &+ n?)e

p(d§) ) 2(1—a)
“(/Rd(mumz)a S

Hence,

sup sup [ p(d) |FT (s + B)(E+ 1) = FT(5)6 + )

0<s<T neRd

p(d§) 2(1—a)
<C sup/ h= T,
(neRd re (1+ €+ 72

and hypothesis (H3) is satisfied for any v, €]0,1 — af.
For hypothesis (H4), for any s € [0, T,

/Rdu(df) [FL(s)(E+mI* = /Rd“(dg) W

.92 202
_ Lo SPSIE + ) 1oy SEGSIE + )
/€+n<1 &) € +n? +/|§+n|>1'u( 2 1§ +nl?

Using the fact that |sin(z)| < x for all # > 0 in the first integral and the same on
the 2(1 — a) power in the second integral, the previous expression is bounded by

2 d Je) $20-a) | sin(s|§ + 77|)|2a'
s /|€ NGE /|g GE

€ + nf*

Bounding the trigonometric function by 1 and using properties of the domain of
integration of each integral, the previous expression is not greater than

I\

2 2¢
2 d 2(1—a) d
° /&nd”( §) 1+ [€ 472 e /|5+n>1M( 2 (1+[&+n*)
p(ds) > 2(1—a)
< C )
< of [ a1

Hence,

sup [ tae) |fr<s><g+n>\2<c(sup s >82M7

neRrd nerd Jra (14 1€ +n[?)*
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and hypothesis (H4) is satisfied for any v, €1]0,1 — «f.

Finally, for hypothesis (H5), for any z € R and z € K, K a compact subset of
R4,

1€ KT = 5,2 = )€ ) = FT(E = 5. )(€ )

— de) le—iterna) _ )2 sin’((t — s)€ + 1))
qu( &)le yp =0

+/ p(de) |~ e 1) sin((t — s)|€ + 1))
[&+n|>1 € + )2

Bounding the trigonometric functions by 1, using properties of the domain of in-
tegration in the first integral and bounding the 2a power of the second factor by
2 in the second integral, the previous expression is not greater than

4 2
plde) e P2
/|€+n|<1 L+ |§+n?
) 1
+ / M(dg) |e—z<£+n,z> . 1|2(1—a)22a )
g+n]>1 € +n)?

Using the fact that |e #¢T72) — 1| < |€ + n||z| and properties of the domain of
integration of each integral, the previous expression is bounded by

2 420
22 / u(de)—— 2 4 o0 / u(de)
e+n|<1 L+ 1§+ n)? le+n|>1 (1+[§+n)e

p(dg) ) 2(1—a)
“(/Rd(mum?)a S

Hence,

sup sup [ p(d) |FT(E = 5.4 2 = (€ +0) = FT(t = 5,2 = (€ +)

0<s<T neRrd
<C sup / M(d£> ‘2‘2(1—04)7
nekd Jra (14§ +n[?)*

and hypothesis (H5) is satisfied for any v3 €]0,1 — «f. |

We recall the following result for the covariance function f(z) = ﬁ, with

0 < B < d. For a proof, see [26, Prop.5.3].
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Proposition 5.10. If f(x) = ﬁ, where 0 < B < d, then u(dx) = |x|df_5 and
(5.45) (hence (5.46)) is satisfied for any o G]g, +00].

Putting together Propositions 5.6-5.9, Corollary 5.8 and Proposition 5.10, we
have the following.

Theorem 5.11. If f(z) = ﬁ, with 0 < B < 2, then the random-field solu-

tion u(t,x) of the non-linear wave equation with spatial dimension d > 3 built in

Theorem 5.1 is jointly v-Holder-continuous in time and space for any exrponent
2-p

Y € }Oa T[

Remark 5.12. (a) Note that Theorem 5.11 and its proof are still valid when the
spatial dimension is less than or equal to 3. In these cases, the regularity of the
solution has already been obtained for a more general class of non-linear functions
a, namely Lipschitz continuous functions. For more details, see [30] for d = 1, [17]
for d = 2 and [9] for d = 3.

(b) The exponent % in Theorem 5.11 is the optimal exponent. Indeed, u(t, z)
is not ~-Holder-continuous for any exponent vy > # as is shown in [9, Theorem
5.1]. Their proof applies to the general d-dimensional case, essentially without

change.



Chapter 6

Iterated Stochastic Integrals

In [14, Chapter 5], Kloeden and Platen iteratively use Itd’s formula in order to
study the process (X):>0, solution of the stochastic differential equation

dXt = a(t, Xt)dt —|— b(t, Xt)th (61)

with X = ¢, where a, b are C'*°-functions and W, is a standard Brownian motion.
They first define iterated stochastic integrals, which they use in order to establish
a stochastic Taylor expansion of order n for any process of the form g(¢, X;), where
g is a C°-function. Namely, g(¢, X}) is equal to a finite sum of iterated stochastic
integrals of maximal order n, in addition to a remainder term, expressed in terms
of iterated stochastic integrals, see [14, Theorem 5.5.1]. Then, under certain as-
sumptions on the functions a,b and g, they can prove the convergence to 0 of the
remainder term in the case where g(t,z) = x, see [14, Proposition 5.9.1].

From now on, we are going to use the same machinery as above in order to
study the solution u(t,z) of (4.1), the existence and uniqueness of which were
studied in Section 4.1. The main idea is to state an It6-Taylor type expansion for
u(t, z), that is, an expansion of the solution u(t, z) as a sum of iterated stochastic
integrals obtained by a repeated use of [t0’s formula and the fundamental theorem
of calculus.

In this chapter, we are going to define the iterated stochastic integrals that
will be used in Chapter 7 to state the [to-Taylor type expansion for the non-linear
stochastic wave equation (4.13). First of all, we set up the notation that we are
going to use.

6.1 Multi-indices

We set A =ZUZ? and, for j € N, A; = (ZN] — 00,j]) U(Z*N] — 00, j]*). These

sets will be the sets of values of the components of our multi-indices. We note that

69
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if 6, € Ay, then §; < 0 if §; € Z, and both components of 3; are non-positive if
By € Z2.

For 3 € A", we write 8 = (04, .., 3,), with 8; € A. We now set A® = {0}
and, for all n € N*,

AW =g ec A" 3, € AZZ} > forall j=1,... ,n}, (6.2)
with the convention that S7)_ |G| = 0, where

|ﬁ|_ 1 if 6, € Z,
971 2 ifp ezt

We call |3 the size of B;. The set A™ is the set of multi-indices of length n. The
conditions on the components of 3 in the definition of A™ will be useful to define
an iterated stochastic integral associated with this multi-index. Let

A* = G A®
1=0

be the set of multi-indices and for 7 € A*, we set
UB) =n if 6e A™

and call this the length of 3 : this is the number of components of 3. We also let
I8 => 18] if5e A",
=1

and ||@]] = 0 ; this is the number of integers, or values, that define 3. We extend
these definitions naturally to any element of | J)~ , A™.

The set A* allows negative values as components of the multi-indices, but only
for technical reasons. The multi-indices that will appear in the Ito-Taylor type
series are those of the set

A={Be|JA": 3 e NUN? forall j=1,....0(8)} U{0}.
n=0
We also write A™ = AN AM and A* = AN A"
Now, we are going to define some operators on multi-indices that will be useful

in the following definitions and proofs. First of all, let us define the cut operators.
For 3 € A*\ A©, we set

5= 0 if Be AW,
B (627"'7ﬁn> lfﬁ € A(n) and n > 27
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(=0 corresponds to deletion of the first component) and

g = 0 if Be AW,
" Biy...,Bey) ffEA™ and n > 2.

In order to define iterated integrals, we will need the following shift operators on
multi-indices. For k € N, we define 0, : |2, A" — [J.~, A" by

| Bi—k it 3; € Z,
() = { Bi—(p) it g ez

for all B € A", and all j = 1,...,¢(f), where, in the second case, the subtraction
is the usual operation in Z2. Then, we set

A(k) = Q,;l (A*)

and

./Zl(k) = .A(k;) N A.

A multi-index 8 belongs to A, if the constraints of (6.2) are still satisfied when
we substract k from each value in § and 3 € A if its values are non-negative. As a
consequence, 3 € A(k) if both of these conditions are satisfied. Moreover, Lemma
6.1 below gives an explicit description of the elements of /_l(k). Notice that 6 is
the identity operator and hence A = A* D A*. All of this notation will be used
in Section 6.2 to define the iterated stochastic integrals recursively.

Lemma 6.1. The set A(k) corresponds to the set of all multi-indices v for which
there ezists € A* such that v is obtained from (3 by deleting the first k values
that determine (3.

Example 6.2. In Lemma 6.1, let v = (2, (;),4) € fl(g). We can see that ~ is

obtained by deleting the first two variables of 8 = (0,0, 2, @),4) e A*. Hence,
Lemma 6.1 is satisfied in that case.

Proof. First of all consider v € Agy). We know that 0x(y) € A* and, as a
consequence, 0;(y) € A™ for some n = £(v). Hence, we know that

0:(7); € Asi-1y,
for any 7 =1,...,¢(~). This is equivalent to
J—1

0(7); <D |l

/=1
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if v; € Z and to

o< (1)

if 7; € Z?, where the inequality must be taken component by component. Finally,
by the definition of 6, this is equivalent to

j—1
v <k+) |l (6.3)
/=1
if v; € Z and to
k+S9!
]<( Zﬁﬁw) (6.4)
k+ 3200 el

if 7; € Z*. Now, setting 3 = (01, - .., Bpre(r)) With

s [0 i<k
T Vi—j lfj>k+1>

we see that the components number &+ 1 to () of the multi-index [ are those of
v and 3 € A* by the inequalities (6.3) and (6.4). Hence, v is obtained by deleting
the first |G1] + -+ + |Gk| = k values that determine [ and the first inclusion is
proved.

Now consider a multi-index 3 € A* and k € N such that deleting the first
k values of 3 yields a multi-index . (For example § = ((8), 1) and £k = 1 is
excluded). Then there is a j such that v; = 84, for all i =1,...,¢(5) — j. This j
satisifies 3291 |G| = k. Now, let 1 <i < £(v) = £() — j and suppose that 7; € Z.

Then, as 3 € A,

Jj+i—1 Jj+i—1 Jj+i—1

= Bj+i < Z|5£|—Z|ﬁ£|+z|ﬂz|—k+Z|Wg|—k’+Z|W
Hence,
i—1
)i < el,
=1

for all i = 1,...,£() such that 7; € Z. The analogous result is also true in the
case where 7; € Z2. As a consequence, 0;(y) € A* and the result is proved. ]
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6.2 Iterated integral processes

Now we would like to define iterated integral processes [ ék) for all £ € N and all
B € Ay. As the set of multi-indices A is contained in A, our final goal is to

define [ éo) for § € Ay. First of all, we need to define integral operators. We are
going to use the stochastic integral with respect to martingale measures first defined
for real-valued integrands in [30] (see Section 2.1), then extended to non-negative
measures in [2] (see Section 2.3) and finally to general Schwartz distributions in
Chapter 3.

Let us assume that the fundamental solution I' of the partial differential oper-
ator L in (4.1) satisfies the assumptions of Theorem 4.2. Moreover, suppose that
I is such that

sup sup / HAOIFT()E + ) < +oo. (6.5)

0<s<T neRd

This is the same additional assumption as used in Theorem 5.1 to obtain finite
moments of any order in the case of an affine multiplicative noise.

Let j,k € N be such that 7 < k. Let (rx)reny be a sequence of time variables
in R, and (yx)ren be a sequence of spatial variables in R?. We denote by 7, =
(ro,...,r%) (resp. yr = (Yo,---,yx)) the vector composed by the first k + 1 time
(resp. spatial) variables. For a (random) function g : RE™ x (R?)5+2 x Q — R, we
define I (g) : Ry x REFL 5 (R 5 Q — R by

I (g)(si 1 90)

= / / L(r; = Tht1 Y5 — Yk1)9(Th, Tkt 1s Yo, Y1) M (drgs1 dyp1), (6.6)
0 Jrd

where the stochastic integral is defined according to Theorem 2.13 ([30]), Theorem
2.16 ([2]), Theorem 3.1 or by Proposition 6.8 below depending on the nature of I'
and g.

Moreover, let j,j',k € N such that j < k and 7/ < k. For a (random) function
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g REFE 5 (ROF3 x Q — R, we define Ié’?) (9) : Ry x REFL x (R x O — R by

IE% S 1Tk yk

J

= / di+1/ di+2/ dyk—i—l/ AYkt2 00(Th41 — Tht2)
Rd

X T(rj = rhr15 Y5 — Yk 1) S W1 — Yer2) D (150 — T2y Yir — Yng)

X g(’l“k, Tk+1, Tk+2: Yk Yk+1, ?/k+2) (6-7>

= / d?"/ dy/ dz F(Tj —7rY; — y)f(y - Z)F(Tj’ — Yy — Z)
0 R4 R4

X 9(”'14:77",7”5’!/@%2): (68>

where the integral is deﬁned according to Proposition 6.11 below. In the case where
I' is a distribution, I E )( g) is first defined with I' replaced by a smooth function

[, and then by taking limits in L?*(2) (see Proposition 6.11). Notice that in the
two definitions above, certain additional conditions on g must be satisfied in order
that the integrals be well defined.

Now that we have integral operators, let 3 € A* and let k& € N be such that
B € AuwyU{0}. First of all, we set ]Q()k)(s; ri,y) = Lforall s € [0,7], ry, € [0, T)*!
and y,,; € (R?)**!. Then, for 8 € A, we define Iék) [0, 7] x [0, T]F+ x (R9)k+L
recursively on ¢(/3) by

I (sr ) = 15 (f(,k;'ﬁl')> (8:7k: Yp), (6.9)

for s € [0,T], rr € [0, T]*!, y, € (RY)F1, where

(k+|51|)(

7(k+1B1)) . _ ) .
I_g ' (Tk+|51|ayk+|,81\) = I_g rk+|51|ﬂTk+\51|7yk+|,81|>

and [ gf) is one of the two operators defined in (6.6) or (6.8), depending on the size
of /61.

Remark 6.3. When considering the iterated integral with respect to a multi-index
B e ./Z((k), the variables r; and y,, are called final variables. The variables appearing
in the successive integrals are called integration variables. They are numbered
in an increasing order so that rq,...,ry are the final variables and rg 1, ..., 7,
(m = k4 ¢(B)) are the integration variables. For an integration variable ry.;
(j = 1,...,4(8)), the variable to which rj;; is substracted when integrated in
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(6.6) or (6.7) is called the antecedent of 1y ;. The index of the antecedent is
equal to the value in the multi-index § which corresponds to the position of the
integral considered. An antecedent variable can be a final variable or an integration
variable of lower index. This is implied by the conditions given in the definition of
the multi-indices (6.2). A final variable has no antecedent as it is not integrated.
(See Example 6.31 for an illustration.)

Remark 6.4. The processes [ ék) are defined as functions of r; and y,.. Nevertheless
they often only depend on a few components of those variables. Indeed, if all values
determining (3 are different from j (j < k), then the process I %) does not depend

on 7; nor y;. In all cases, for j > k, the process I ) does not depend on r; nor y;.

In order to illustrate the definitions and remarks above, we now present two
examples of multi-indices and the iterated stochastic integrals to which they cor-
respond.

Example 6.5. Let us consider ﬁ (0, 1, (1)) Then 3 € A* and, in particular,
B € Aq. Hence, the process I is defined by (6.9). Namely, for s,ry € [0,T],
Yo € Rd?

I( 87“0>?J0

/ / TO_rlyyO_yl drladyl / / 7“1—7“2,y1 yQ)M(dT2,dy2)
Rd Rd
X / dT’g/ dT4/ dyg/ dy4 50(7’3 — 7’4)
0 0 R4 Rd

X T(r1 —rs3,y1 — ys3) f(ys — ya)L(ra — 74, Y2 — ya)

// TO_TlvyO_yl dTlad?Jl// 7’1—7’273/1 y2)M(d'f’2,dy2)
R4 Rd

X / d7”3/ d?/3/ dys U(ry — 73, y1 — y3) f(ys — ya)L'(r2 — 73,92 — ya).
0 R Rd

In this example, rq (resp. 7o) is the only final time variable, whereas r1,...,74
(resp. y1,...,ys) are integration variables. The sequences of antecedent relations
for time variables (a variable is the antecedent of the previous one in the sequence)
are r4,79,71,79 and rz,ry,rg. This example will be considered again in Example
6.16.

Example 6.6. Let us consider § = (1, 0,3, (i)) Then § € A* and the process ]éo)
is not defined. Nevertheless, this multi-index can appear when defining iterated
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integrals for other multi-indices. For example, we have § € A(l) and the process
]5(1) is defined by (6.9). Namely, for s,7q, 71 € [0,T], yo,y1 € R,

Iél) 8 ;T0, 715 Yo, yl

= / / (11 = 7o, y1 — y2) M (dry, dys) / / (1o — 73,50 — y3) M (drs, dys)
R4 Rd
T3 T4
X / / F(?”g —T4,Y3 — y4>M<d7"4, dy4> / d7’5/ d?”ﬁ/ dy5/ dy6
0 R4 0 0 Rd Rd

X 0o(r5 — r6)L(rs — 75, Y3 — Ys) [ (ys — Y6) T (ra — 76, Ya — Yo)

= // (r1 — 72,91 — o) dm,dyg// (ro — 73, Y0 — y3) M (drs, dys)
R4 Rd

T3 T4
x/ / F(rg—r4,y3—y4)M(dr4,dy4)/ d7’5/ dy5/ dye
0 Rd 0 Rd Rd

X F(T:s —Ts5,Y3 — ?J5)f(y5 - yﬁ)r(ﬂl —T5,Yq — y6)‘

In this example, 9 and r (resp. yo and y;) are the final time variables, whereas
To,...,T¢ (T€SP. Yo,...,Ys) are integration variables. The sequences of antecedent
relations for time variables (a variable is the antecedent of the previous one in the
sequence) are 7g,74,73,70, T5,73,70 and re,r;. This example will be considered
again in Example 6.31.

We would like to show that the iterated integrals defined above are well-defined.
For this, we first have to prove the following result, that extends Theorem 3.1.
This is necessary because the iterated integrals do not always have a spatially
homogeneous covariance. Nevertheless, since we have exact expressions for their
second moments, we can show that they are harmonizable processes. In that case,
Proposition 6.8 shows that it remains possible to define the needed stochastic
integrals. We recall the definition of a harmonizable process.

Definition 6.7. A stochastic process (Z(z),z € R?) is harmonizable if there exists
a bimeasure v on R? x R? (i.e. a mapping v : B(RY) x B(R?) — R such that for
any fixed A C R% v(A,-) and v(-, A) are measures on R?) such that

E[Z(2)Z(y)) = / d / (g, dy)e e

We refer to [15, Note by M. Loeve] and [23] for more information about harmoniz-
able processes. Notice that if the bimeasure v concentrates on the diagonal, then
Z has a spatially homogeneous covariance function.



6.2. Iterated integral processes 7

Proposition 6.8. Let (Z(t,x), 0 <t < T, x € RY) be a predictable process such
that there exists a signed measure vy, defined on (RY)* for some k > 1, depending
on time parameters s, t such that

sup / |Use|(dny, ... dng) < o0 (6.10)
s,t€[0,T] J (R)*
and
E[Z(s, 2)Z(t,y)] = / Veldm, . die) 00 ), (6.11)
(R)*
where § and 0" are linear combinations of ny,...,nx. In particular,

sup sup E[Z(t,7)?] < oo
0<t<T zeR4

and x — Z(t,x) is harmonizable for any fized t.
Let t — S(t) be a deterministic function with values in the space S.(R?). Sup-
pose that (s,&) — FS(s)(§) is measurable and

/0 ds sup /]Rd u(d€) |[FS(s)(€+n)* < oo. (6.12)

neER?

Suppose in addition that either hypothesis (H1) or (H2) is satisfied. Then S € Py z.
In particular, the stochastic integral (S-M?); is well defined as a real-valued square-
integrable martingale ((S - M?);, 0 <t < T) and

E[(S - M%)?]
/cw/g Vyo(dns, . dm)/‘ 1(d€) FS(s)(€ + ) FS)(E — )

< (s b)) [Cas s [ i iFspeenl. o1

Remark 6.9. If § = —§’ in (6.11), then the process Z has a spatially homogeneous
covariance function and satisfies the assumptions of Theorem 3.1, in particular
hypothesis (H).

Remark 6.10. Remark 6.9 shows that Theorem 3.1 is a particular case of Proposi-
tion 6.8. The form of the covariance function of the process Z in Proposition 6.8 is
only slightly different from a spatially homogeneous covariance function. The main
point in order to obtain a well-defined stochastic integral is to have a Fourier-type
expression for the covariance function. Sharper bounds can be obtained when this
function only depends on the difference x — y, but this property is not essential.
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Proof. Let us consider the definition (2.5) of || - ||o,z and consider a deterministic
¢ € Poz with ¢(s,-) € S(RY). We have

16]2,
- / s / dr / Ly 6(5,2)(x ~ 9)o(s,E(Z(5,2)Z(5,)]

T
= [as [ o [ dyotsorse-pots) [ vl dnge®e0
0 R4 R4 (Rd)k

T
— i(d,x) . (6 )
| e /(Rd)kus,xdm,...,dnk) e [ dye®ots,0) @ = ot i)™
T _—
- / s / Vealdm, . di) / H(dE)FO(s)(€ + O)FHS)E— ). (614)
0 (Rd)k R4

Notice that if Z is spatially homogeneous (i.e. § = —d’), then this expression
simply reduces to (3.1). In particular, using Hélder’s inequality, we see that

otis < [ as [ pdtanan) s ([ g iFoieror)
,,,,, S d d

/ s / vasl (@, ..., dige) sup / u(d€) | Fo(s)(E + )P
0 (R4)k Rd

neR4

T
< (s ad@9) [ s s [ @) 1Foe el 615)
0<s<T 0 neRrd JRd

and (6.13) is proved for a deterministic and smooth ¢.

From now on, we use the same approximations for S as in the proof of Theorem
3.1. Using (6.14) instead of (3.1), the proofs are similar and use the same techniques
depending on which of (H1) or (H2) is satisfied. Note that in the case where
Z has spatially homogeneous covariance, the two constructions lead to the same
stochastic integrals. Indeed, the definition of the integral for the approximated
integrand S, ,,, is a Walsh stochastic integral and, hence, is the same in the two
cases. Then, by uniqueness of the limit, the two integrals must be the same. W

Proposition 6.11 gives conditions for existence of deterministic integrals involv-
ing a random integrand. These integrals are those appearing in the definition (6.8)
of the integral operator, where the index belongs to Z2.

Proposition 6.11. Let (Z(t,z,y), 0 <t < T,z € R4 y € RY) be a predictable
process such that there exists a measure vy, defined on (R for some k > 1,
depending on time parameters s and t, such that

sup [ el dn) < oo (6.16)
(RE)F

s,t€[0,T
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and

E[Z(s,z,y)Z(t,%,7)] = / Vey(dny, ..., dny)et @0l w) i) 1050 - (6.17)
(Re)*

where 0, ¢, S, & are linear combinations of m,...,mk. In particular,

sup sup E[Z(t,x,)%] < cc. (6.18)
0<t<T z,ycRd

Let t w— Si(t) (i = 1,2) be deterministic functions with values in the space S'.(R?).
Suppose that (s,£) — FS;(s)(§) (1 =1,2) are measurable and

sup sup /]Rd p(d€) |FSi(s)(€+n))? < oo (6.19)

0<s<T perd

for i = 1,2. Suppose in addition that hypothesis (H2) is satisfied for Sy and Ss.
Then, the integral process J : [0,T] x [0,T]? x (R%)? — R defined by

JA (81, S5) (531,725 91, 2) (6.20)
= [lar [ o [ aysioi—ron = 01pte = 9Salra = 10 - ) 200
R R

for s,r1,r9 € [0,T], y1,y2 € R?, is well defined as a stochastic process with values

in L*().

Proof. As in the proof of Theorem 3.1, we consider the approximating sequence
(Snyma )ny.mien of S1and (Snyme)ne.meen of Sao. By the proof of Theorem 3.1, the
functions S, m, and Sy, ., satisfy

T
/ dr/ dx/ Ay| Sy my (1, ) | f (2 — y)|Sngms (1, ¥)| < +00, (6.21)
0 rRe  Jmd
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for any nq, my, ns, me € N. Hence,

E[|JP (Sny.my» Sz ms) (6.22)
= |:(/ dT’/ d.CC/ dy Sﬂl m1 - — l’)f(l’ - y)Snz,?ﬂQ (7”2 — 7Y — y)
Rd R4

x Z(r,x,w) ]
_ / dr / a7 / £ dy S (1 — 10 — 2)f(& — ) Srgms (r2 — 242 — 1)
0 0 R4 Rd

df%/ dy Sm m1 ﬁ h — ‘%)f(‘% - Q)Sm,mz (TZ - 7:7 Y2 — @)
R4 ]Rd

Z(r,@,y)Z(F, 2, 9)]

= /dr/ dr Vei(dm, ..., dng)
(RA)k
x / dz / 4y S (71— 1,51 — ) F (& — ) Sngma (F2 — 7 42 — )€
<. / s

Sy

i(8,z) ei(é’,y)

dzx Y Ony,my (Tl - ﬁ Y — j:)f(j - g)SnQ,mZ(T2 - 7:7 Y2 — ?j)e ’

Il
c\
2

7"/ dr Vri(dm, ..., dnyg)
0 Rk

></ M( n1 ml( )(§+5) o, mz( )(5 5/) i(E+0,y1) o —i(6 0" y2)

d

=

x/ p(dE)F Sy my (11 —f)(§+5)]:5n27m2( )(5 5/) iE+3y1) o—i(E=0"y2)

d

=

y (6.16) and Hoélder’s inequality,

s,t€[0,T7]

EH‘](Z)(Sm,mN Sn27m2)|2] < ( sup / |V87t|(d7717 s 7dnk)>
(R)k

xﬂ/drsup/ ()| F S (1 = )€ + )P

neRd

(6.23)

by (6.16) and (6.19). As a consequence, the process J %) (S, ,nys Snym,) is well-
defined.
For all n € N fixed,

/Osdrsup / A FSm(ro = 1)(E+ 1) = FSulro = )€+ )P — 0 (6.24)

neRd e
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by assumption (H2) (see proof of Theorem 3.1). Hence, as
TSy Snaima) = TP (St s Snaima) = I (Snyamy = Sy mts Sngama )
and by (6.23) with S, ;,, replaced by Sy, m, — Sp,m, the sequence
(S (S s Sngima))

is Cauchy in L?(Q). Let us set

m1EN

J?) (Sma Snz,mz) = lim J¥ (Sm,mn Snz,mz)

mi1—00
and, by the same argument, let us set

JD(Sn,S,) = lim JD (S, Snyms)-

Mo —00
Taking limits as my, ms tend to oo in (6.22), we obtain

Z)(Snn Snz ’2

/ / / Vri(dm, ..., dnyg)
0 0 (RA)k

X / (AT S (11 = 7)€+ ) F Sy (13 = 1) (€ = &) ETPm )
R

x / ((dE)F Sy (11 — 7Y (€ 4 0)F Sy (ry — 7) (€ — §)e E+0m) =1 E~(02)

R4
and, by Holder’s inequality,

E[|J9 (S, Sny)|?] < <sup / |ust|<dm,...,dm>>
(R)E

5,t€[0,T]

2
X H/ dr:;lﬂg/ (d&)|F S, (rs — 1) (& + )]
(6.26)
by (6.16) and (6.19). Again by the proof of Theorem 3.1,
[ drsup [ ud)FS, =€+ ) - FSt - e+ — 0. (620
0 nerd JRd e

Hence, by (6.26) with S,, replaced by S,, — Sy, (J#)(S,,, Sm,))meN is Cauchy in
L*(2). Let us set
JA)(8,,8,,) = lim JP(S, , S,.,)

n1—00
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and, by the same argument, let us set

JA)(S1,8,) = lim JP(S,,8,,).

ng—0o0
Taking limits as n1, ng tend to oo in (6.25), we obtain

[ Z 31752 2

/dr/ dr/ Vei(dm, ..., dny)
(Rd)E

/ (dE)F S (ry = 1)(E+ 8)FSa(ry —1)(€ — ' )e!eHom mHedn)
Rd

and, by Holder’s inequality,

E[|J(Z)(Sl,5’2)|2] < (Sup /d |I/st|(d’l71,...,d17k)>
(Re)k

s,t€[0,T

xH/dTS;lﬂg/ ()| FSi(ri = 1)(€ + )
(6.29)

by (6.16) and (6.19). Hence, the process J#)(S},S;) is well-defined and satisfies
(6.28). n

The following corollary of Proposition 6.11 will be used in Section 6.4.

Corollary 6.12. In the case where the process Z is such that E[Z(t,z,y)] = 0
for allt € [0,T) and all z,y € R?, then E[JP) (S, S2)(s;71,79;y1,92)] = 0 for all
s,r1,79 € [0,T] and all y1,y> € RY.

Proof. By (6.19) and (6.21), we can permute the integrals and the expectation in
I (8371, 725 Y1, Y2) and

S’nl,ml aSnQ,mQ

E[J(Z)

Snl,ml 7Sn2,m2

(3;7”177“2;%792)] =0

for all ny,mq,ne,me € N, all s,71,79 € [0,T] and all y;,ys € R?. By Proposition
6.11, Jsfl) o1 Sy (8571, 72, Y1, y2) converges in L*(2) to Jsig2(s;r1,r2;y1,y2) as
mi.Ma, N1, N successwely tend to +00. As a consequence,

E[Jéi)sz(s; 1,721, y2)] = 0
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for all s,71,79 € [0,T] and all y;, > € R%. |

As a consequence of Propositions 6.8 and 6.11, we can show that the iterated
integrals I ") are well-defined.

Proposition 6.13. The iterated stochastic integrals defined by (6.9) for all k € N
and all § € Ay are well-defined. Moreover, for any s,5 € [0,T], any vy, 71 €
[OaT]k (md any ylmgk € (Rd)k}

E[IS7 (s; i ) 157 (5 71 3]

UB) 7 pT () k
II / / 7i(dsi, ds;) [ | / / x;(dgj, dgy) [T eevedeete) - (6.30)
=1 Y0 Jo j=1 /R JRY

/=1

where we set so = s, §o = 5, and fori=1,...,L(f)

N (50(51' - §i>1{s¢<8¢71/\§i—1}d8i if Bi € Z,
rildss, dfi) = { LigesinyVs<s,_dsids,  if B € 22,

and, for j=1,...,0(5),

X;(d€;, dgj) )
60(&5 — &) FL (o5 — s;)(&; +my) FL (0] — 55)(&5 +my)u(dEy)  if By € Z,

— ) FLloy = )&+ ) FL (0 — s5)(& +15)uldE;)
xFT(6; — 3;)(&; + 71;) FL(65; — 5;)(& + 73) () if B € 72,

where

® 0, O'j, 0j, a] are linear combinations of s,8,79,70, - - -, Tky Tk,

$1,81,...,8j-1,8j-1 (1 =1,...,0(B));
® 1;,1;,7;,1; are linear combinations of &, &, .. &, éj_l (G=1,....003));
e 0,0, are linear combinations of &1,&1, . . . &us)s ég(ﬁ) C=1,... k).
In particular ng) has finite second order moments for all k € N and 3 € Ay,

Proof. Let k € N. First consider 3 € Ay such that /(3) = 1,ie. 3= (8). In
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this case, we have —3 = () and j£k5+|ﬁ1|) = 1. Hence

k
Ié )(S'Tk:;yk;)

= I() 3Tk7yk)

| [ = = prtaran) it =

zméﬂmmwwwmvw%wmwwwﬁﬁm:@,

where j, 5 < k. These processes are well-defined according to (6.5) for all & € N.
Moreover, if 3 = 7,

]E[](k) (87 Yp) (k)(s i Y]
= [ [ PTG @G, - ieesn )

and (6.30) is satisfied with oy = 7,0, = 7;,m = 7, = 0, §; = —0; = &, and

(6.30) ,
(5 0¢ =0 for ¢ # 7. Then, if § = (?,), the process is deterministic and

E[IS (575 9 15 (5 7 U]
/W/rLW“T—WWNwma
/Rd W(dE) FL(F; — 7)) FT(Fy — 7) (&) eievs—vsn) g1 €ds=5y0)

Hence, (6.30) is satisfied with oy = 7,07 = ry, 00 = 7,6, = Fjp,m = = ) =
77/1:0, 53':—(5]'/:5, 5j:—6j/:§andég:(5¢:Ofor€7éj,j’.
Notice that we consider the process [ ék) to depend on k + 1 time variables and
k + 1 spatial variables for technical reasons, but it often happens that the process
only depends on few of those variables (see Remark 6.4).

Now we are going to show that the iterated integrals are well-defined by induc-
tion on ¢((3). Suppose those integrals are well-defined for all multi-indices § with

((8) < n. The result is true for n = 1. Consider k¥ € N and 3 € A such that
0(B) = n+ 1. We want to show that [ gk) is well-defined and satisfies (6.30).
First consider the case where 8 = j € Z. For s € [0,T], 7, € [0,T]* and
yi, € (RN,
I (simye) = IV (T4 D) (s m0 ).

As ¢(—f) = n, by the induction assumption, fﬁ’}j Y satisifies (6.30). Introducing
absolute values, we can bound the exponentials by 1, the spatial integrals using
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Holder’s inequality and (6.5) and the time integrals by 71=#1 = TI8I=1 " Hence,

I (_kgl) has a covariance function given by (6.11) with measure

n

B N n T T
ys,g(dgl,...,dgn,dgl,...,dgn):E/ﬂ /0 7i(ds;, d3;) H (d¢;, dE;)  (6.31)

where the notations are defined in (6.30). Hence, it satisfies the assumptions of
Proposition 6.8 and the stochastic integral I ék) is well-defined. Now, for s € [0, 7],
ri € 10,71%, y, € (RN, 5 €[0,T], 7 € [0,T]F and g, € R?, a slight modification
of (6.13) leads to

I
S—

SAS
dr/ Vpr(dy, ... dEn, dEy, . .., dEy)
(Re)m

<[ A0 = 1oy = N6+ ) FOE =1y — )€ = )

SAS
=/ dr/ v (dev .. e, dEr, . dE)

< [ AT =&+ BTG = 1)(€ = 6

« eiEH0k1,5) o —i(E=Ohr1,85)

Replacing the measure v,., by (6.31), this shows that (6.30) is satisfied.
Now consider the case where 3; = (]],) € Z2. For s € [0,T),ry € [0,T]F and
Y € (Rd>k7

T

8 )(53 Tk Yg) = [él;/))(j(kH)
J

-8 ) (85 7k Yy)-

As ¢(—f3) = n, by the induction assumption, I( ) satisifies (6.30). Hence, it has
finite second order moments. Then, if we set

7(k+2
Z”"k?yk(r;x?y) - ](—[3+ )<rkﬂrvr;ykax7y)

for any fixed parameters v, € [0,T], y,, € R, Z,,, satisfies the assumptions of
Proposition 6.11. Hence, the process

Iék)(s;Tkak) = JErwid (T, 1) (5375, 7505 95, )

taking values in L?(Q) is well-defined according to Proposition 6.11. Moreover, the
process Zp, ., (1;7,y) = fi’?g)(rk,r,r;yk,m,y) satisifies (6.30) and hence (6.17)
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with

Ves(dey, ... d&,, dEy, ... dEy)
n k

n T T L
1T / / 7i(ds;, d3;) H (g, d&;) [ [ e Cvrete . (6.32)
i=1 /0 0 =1

Then, slight modifications of (6.22), (6.25) and (6.28) lead to

E[Iék)(grk;yk)[(k)@' 71 Yy
E[J(Zr’“yk)(r [)(s; 3155505 Y5, Yy )J( Tkyk)(r ) (s; T Tt Yjs Yyt /)]

/dr/ dr/Rd)kdefl,.. by, dér, . dE)) (6.33)
/ (dE)FT (1) — 1) (€ + 0p) FL(rjr — 1)(§ — Gpp) (& F Ol el 6 0hraiy)
R4

x/ ,u(dé)]—"f‘( _T)<€+5k+1>fF( I—T)(f 5k+2) i<§+5k+17§j>ei(éfgkw,z}jw’
R

Replacing the measure v, ; by (6.32) in (6.33) shows that [ék) satisfies (6.30) in the
case where 3; € Z2?. The result is proved. |

As a direct consequence of Proposition 6.13, we have the following Corollary.

Corollary 6.14. The iterated stochastic integrals I [(30)’ B € A*, are well-defined as
processes taking values in L*(€2).

The processes [ éo), B € A*, are the processes that will appear in the Ito-Taylor
expansion in Chapter 7.

Remark 6.15. The processes [ éo), B € A*, have been defined recursively on £(3)
according to

Iéo)(s;myo) f <I|gl|)) (5570, Y0), (6.34)

for all ry € [0,7] and yo € R? (see (6.9)). Notice that another way of defining those
processes is to define operators Js recursively on ¢(3). The operator Jg, 8 € A* is
defined for g : [0, T]IPIF1 x (R4)IBI+1 by

J5(9) (8370, Y0) = Ig)) (9)(s;70,%0) (6.35)

if £(f) =1 and

z(Bl-18
Tal9)(si 0,0 = o ()" () (570, 90), (6.36)
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. 7(k k
if ¢(G) > 1, where ],ég()ﬁ>(rk;yk) = ]él()ﬂ)

operators defined in (6.6) or (6.8). Then, setting Ig))(s; r0,Y0) = Ja(1)(s; 70, Y0), it
is clear that we obtain the same iterated stochastic integrals as those defined in
(6.9). As an illustration, we have the following example.

(ri; 71 y,) and ][(;Z()B) is one of the two

Example 6.16. As in Example 6.5, let us consider § = (0,1, (;)), 0B) = 3,
|B]] = 4. On the one hand, taking (6.9), we have

Ié?l) (1)(557“0790) = 1" (il(l()i)) (8570, Y0)

\2

1%, (ro, 1390, 31) = 1000 (rai 70, 713 w0, 1) = 1Y) (I(?)> (r13 70,715 Yo, Y1)
(2) L(2) (2)

2
and

72) (0, . — @D _ 7@ (74 Fo: T _ 72 Fo: Ty .
](;)(7“2,1/2)—](;)(7“2, 2,Ys) I@) (I(z) )( $T2, Ys) I@) (1) (o572, y5)

On the other hand, taking the definition of Remark 6.15, we have

(0) . _ . _ 7(2) .
1 oy (sirom) =y y(siran) = Jos (T80 (s5rm)

\2 2

— J (fl(” (jég(l))) (5370, Y0)

= 1O (fl(l) (f%(l))) (5370, %0)-

We see that the two definitions lead to the same integrals. This recursive procedure
can be used for any 3 € A*. Hence, the two definitions are equivalent.

The next proposition gives conditions under which it is possible to permute a
limit and a stochastic integral with a limit. It will be used in Chapter 7.

Proposition 6.17. Let (Z,(t,x))nen be a sequence of processes such that

sup.sup ElZ, (¢, 2] < +oo,
0<t<T zcR4

for all n € N and such that S - M?" is well-defined for all n € N by [30], [2],
Theorem 3.1 or Proposition 6.8. Suppose in addition that Z,(t,z) converges uni-
formly over (t,x) € [0,T] x R? in L*(Q) to a process Z(t,z) such that S - M%
is well-defined. If Z,, — Z,, satisfies hypothesis (H) for all ny,ny € N, then the

sequence ((S - MZ”)t)nEN converges in L*(Q) to (S - M%),.



88 CHAPTER 6. ITERATED STOCHASTIC INTEGRALS

Proof. Let n € N. By the linearity of the stochastic integral, (S - M%), — (S -
M%), = (S-M?%=%),. Hence, as Z,, — Z,, has a spatially homogeneous covariance
function for all ny,n, € N, the same is true for Z, — Z. Therefore, Theorem 3.1
applies and

B(S - M#2)

< sw s E(Z(a) — 20 [ dssup [ wd9)FS6)E 0

0<t<T zeR4 neRd

By (4.4) and the fact that (Z,(t,z))nen converges uniformly in L*(Q) to Z(¢,z),
we see that (S - M?); converges in L?(2) to (S - M%),. |

Remark 6.18. If we replace S(s,y) by I'(ro — s, yo — y) for o € [0,7] and y, € R?
fixed, then (S - M%), = éo)(Z) (t;r0,90). This will be used in Chapter 7.

6.3 Products of iterated stochastic integrals

Now that the iterated stochastic integrals are well-defined as processes taking values
in L?(Q), we would like to study products of these objects. Understanding the
behavior of the product of iterated stochastic integrals is needed in order to discuss
convergence of the Ito-Taylor expansion in Chapter 7. We are going to establish
some formula (Corollary 6.29) to express a product of iterated integrals as a sum of
iterated integrals of different orders. This formula will be used in Chapter 7, when
discussing the convergence of the truncated Ito-Taylor expansion to the solution
u(t, ).

First of all, we recall the integration by parts formula for stochastic integrals.
Let g, h : ]R’fz x (R9)*+2 — R be random functions and, for i, j, k € N, 4, j < k, let
I and I;k) denote the integral operators defined in (6.6). As soon as Ii(k) (¢9) and

()

I (n) are well-defined (cf. Proposition 6.8), for 7, € [0, ]! and gy, € (RY)k+!

J
fixed, the processes s — Izgk)(g)(s;rk;yk), S Ij(k)(h)(s;rk;yk) are continuous

martingales. Hence, the integration by parts formula ([24, Chapter IV, Theorem
3.1])

XsYs:/ Y;"er+/ er}/;"+<X7Y>s
0 0

with
X, = 1(g) (s ras ) and Vs = 19(h) (5743 9,
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gives
(199 [(k)(h)) (57 9)
= [ [ 120w 90T~ v, — )bl g ) M, do)
R

o [ 00 s T = = gl ) M d)
R

/ du/Rddy/Rdsz —y)fly—2)(r; —u,y; — 2)
X g(Thy U Yp, Y) Tk, U5 Yy, 2). (6.37)

If we consider a product involving one or two operators with index in Z? (defined
n (6.8)), an integration by parts formula of the type (6.37) holds without the last

integral on the right-hand side. Indeed, the process s +— ]((lj)) (9)(s;7Tk;y,) is of

finite variation and the quadratic variation term vanishes.
We would like to use (6.37) to obtain an integration by parts formula for the

product of two iterated stochastic integrals of the type 1 , keN, e Ay). First
of all, we have the trivial formulas

(17 17) (simism) =1

and
k k k
<[(/§ . Ié )) (87K Yk) = Ié )(5; Tk Yk

for all B € A®, s € [0,7], 7, € [0,T]*! and y, € (RY)**'. In order to state
and prove the integration by parts formula (Proposition 6.24 below), we need the
following technical lemmas.

For k € N, let us define the operator Ay : A(k) — ./Zl(k_t'_l) by

ﬁj + 1{ﬂj>k} if ﬂj €7,

A ;= 4145
(8)s (ﬁi+ WP”) if 8; € Z2.
B + Lig >k

Similarly and because all values of a multi-index in A* are non-negative, let us
define the operator A_; : A* — A* by

ﬁj‘i‘l ifﬁjGZ,

AL =4 (1Y
1( )J (ggil) 1fﬁj€Z2.
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Moreover, for k € N, we also define the operator T}, : A(k) — fl(kﬂ) by

Bi if 8; & {k,k+1}
Te(B); =4 k+1 ifg =k (6.38)
k if 3 =k+1

if B; € Z and Ty (f); is obtained by applying the same transformation to each two
components if 5; € Z%. The effect of the operator T}, on 3 is to switch the values
k and k + 1.

Lemma 6.19. Let k € N. For any multi-index 3 € A(k) N A(Hl),

Ap(B) = Thg1(Ap1(B))-

Proof. We consider the case where 3; € Z. If 3; < k, then Ay, as well as Ty 10 Ak 41
leave 3; unchanged. If 5; > k42, Ay+1(5;) = k+ 3 and T}y leaves it unchanged,
equal to A(B;). Finally, the only non-trivial equality occurs when §; = k + 1. In
this case, we have

Ar(B;) = Ap(k +1) =k +2

and

Ti1(Ar1(35)) = Thra1 (A1 (b + 1)) = Tra (b +1) = k + 2.

The same argument works when 3; € Z2. |

Remark 6.20. Notice that by an argument similar to Lemma 6.19, for any [§ €
Ay,
A_1(B) = To(Ao(0))-

Lemma 6.21. For all k € N and all § € A(k),

I (sim90) = Ly (5) (57, 0593, 0), (6.39)

forall s € [0,T], 7, € [0, T, y, € (R,

Proof. First of all, we check that A;(3) € Ag.41). As the sizes of the components
of  are not changed by the operator Ay, S_1 |3 = S2I-1 |Ar(B3)] for all j =

L,...,0(B) and £(3) = ((Ax(B)). Hence, using the fact that 3 € A, we have, for
all j =1,...,4(8) for which 3; € Z,

Jj—1 Jj—1

Bel <k 41+ |A(B);]-

(=1 /=1

BN
=
=
VAN

—_
+
&
N

—_
+
ol
+
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A similar result is true in the case where 3; € Z* and A.(3) € fl(kH).

One can check that the multi-index Ag(3) does not contain the value k + 1, by

construction. Hence, by Remark 6.4, IXC:(;; does not depend on the variables 71

and g1, 1.€.

k k
11(4:(;'5(33 Tl Tk 15 Ypo Yot 1) = [g}:(r;;(b‘; Tk, 0; Yy, 0),

for all 8, Tk+1 € [OaT]u Tk € [07T]k+1, Y € (Rd)k+17 Yr+1 € R%.

We are going to prove the lemma by induction on ¢(3). First suppose that
¢(B) =1. Let k € N. If 3 € Z, we have

[ B+1 i B>k,
Ax(B) = { 16 otherwise.

Hence, if 3 € A, then Ax(8) = 8 €{0,...,k} and

Iiit;))(s;rk,O;yk,O) = //dP(Tﬂ_Tk+2»y[3_yk+2)M(di+27dyk+2)
0 JR

= //F("’B—Tk+1,yﬁ—ka)M(de,dka)
o Jra

= I (s;ms ).

If 3 € Z*, by the same argument as above, the components of A(3) are all in
{0,...,k} and (6.39) is satisfied. The lemma is proved in the case where ¢(3) = 1.

Now suppose that the lemma is satisfied for all £ € N and for all 3 such that
() < m—1. We would like to prove that it is satisfied for ¢(3) = n. Consider
B € Ay such that £(3) = n and ) = j € Z. Since 8 € Ay, we have j < k,
Ap(B)h = j and —Ay(B) = Ax(=B) = Ti1(Ar1(=B)) by Lemma 6.19, because
-0 e .A(k) N -A(k+1) if 5 € A,.
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Hence, by the definition of 1 (k),

](k—i(_ﬁli (S Tk, O Yk, 0)

10 (52) o

= / /d —Tk+2,Y; — yk+2)j£k2;€2()ﬁ) (rka 07 Tk+2; Yg» 07 yk+2)M(d7’k+27 dyk+2>
R

= / / F(Tj_rk+2ayj_yk+2)
0 JRd

I(kA ()ﬁ)<rk+2§ Tiy 0, kg2 Y, 0, Ynr2) M (dris2, dypi2)

= //F(Tj—mw,yj—ykw)
0 JRrd

k42
I;k+1()14k+1(_/3))<7ﬂk+2; iy 0, Th12; Ypor 0, Ynvo) M (driya, dyryo)

Considering that the operator Ty, switches the variables k+1 and k+2, removing
Ty+1 and switching the roles of 411 = 0 and r;,o does not change the value of the
integral. Then, by the induction assumption,

IXH(B)(S 7%, 0;y,,0)

= // Tk:+2,yj—yk+2)
Rd

K
Iﬁx,ﬁ)(_g) (Thet2; Ths Tt 2y 03 Yoy Y2, 0) M (drp o, dyp2)

= //F(Tj—rkﬂ,yj—ykﬂ)
0 JRd

k+2
11(4,:;1)(—,3) (P15 8 T 15 05 Yo Uit 1, 0) M (drpy 1, dyn)

k
= / /d L(rj = rig1, 95 — yk;+1)f£g+1)(7‘k+1; Tk Tht1s Ypoo Y1) M (AT g1, dyyr)
R

= // TJ_Tk+1 Yj — Z/k+1)1( )<Tk>rk+1§yk7yk+l)M<drk+ladykJrl)
Rd

= j ([(kJFl)) (S rkayk)
k
= I (sim39)-

Hence (6.39) is satisfied in the case where §; € Z. The case where 3; € Z? is
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established similarly. The lemma is proved. ]

More generally, let us define a sequence of operators A% (/3) : fl(k) — fl(kM) by
Bi 4+ L 1g,5k) if 8; € Z,
AL(B); = (5j + gl{ﬁj>k}) if 5, € 22,
g+ ¢ 1{ﬂ;->k:}
It is not difficult to see that A = Ay ¢ 10+ -0A; 1 0A, = Apo---0 A, (¢ times).
Lemma 6.22. For all k € N and all 3 € /_l(k),

k k+1
Ié )(37 Tk; yk) = ]1(45(_5))(37 Tk, Oa s 70; Yk, 07 s 7O)a (640)

for all s € [0,T), 7y € [0, T**, y, € (RY)*HL where the integral on the right-hand
side has ¢ zeros for the time variables and for the spatial variables.

Proof. As Af; = Apip10---0Ag 1 0 A, this statement is a direct consequence of
an iterative use of Lemma 6.21. [ |

Remark 6.23. In this document, only the cases ¢ = 1 (corresponding to Lemma
6.21) and ¢ = 2 are used. In the latter case, we will write By, instead of AZ.

Proposition 6.24 (In:cegration by parts formula for iterated stochastic integrals).
Letk € N and 3,y € A). Let Ay and By, be the operators on multi-indices defined
in Lemmas 6.21 and 6.22. If B1,v1 € Z, then
k
- 1w (6.41)

Y

k) (FRHD) | FeD) (k) ((706+1)  Fkt1) k) (F0+2)  (k+2)
= 1) (10 I) + 1 (1) - 1 )*I(g;) (s - 162)) as

If By € Z, v, € Z2, then

&) k) _ k) (F+1)  Fk+1) k) ((7(k+2)  F(k+2)
1§10 — 1 (1050 T80 + 19 (T503 - 147) as (642)
Finally, if 31, € Z2, then
k k+2) 7 (k+2) (k42
1§10 — 1 (19212 + 19 (T505 - 1477) as (6.43)
Remark 6.25. Due to the symmetry of Iél;)), (6.41) can be written as
(k) k) _ g (1) I<:+1) (k) ( 7(k+1) (k+1
i1 = ) (14501 >+I (I 1) (6.44)

L ) (zk+2) k+2) 1 &) [ 7k+2)  F(k+2)
T (IAM )+ 1 | (1 (_B).JAM(_VQ 8.5.
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Proof. First consider the case 31,7, € Z. We recall that

k k) [ 7(k+1
1) =15 (157) (i)

Hence, by (6.37),

( Y f§k)> (5374 Y)

/ /d [ék)(u; Tk yk)F(r’Yl —U Yy — ykJrl)
R

I(k+1) (

Tr,U; Yy, ?sz+1)M(du dyk—i-l)

/ /d k u rk?yk)r(rﬂl U Ypy — yk+1)
R

k
[(;‘)(

Tr, WYy, yk-i-l) (du dyk‘"rl)

+/ drk:+1/ dyk;+1/ dzp1 D(rg, — Tha1, Y — Ykt1)
0 R4 R4

X S (g1 — Zk+1)F(T71 — Tk+1, Yy — Zkt1)

F(k+1)
X I_ﬂ

(Pa Pt Yoo U ) LD (e P13 Y, 21)- (6.45)

Moreover, by Lemma 6.21, we have

k
I (wsri yy)

and by the same argument

F(k
I (usris y,) = 150

Again by Lemma 6.21, we have

=k
[(_5+1)(rkyrk+l§ykayk+1) =

k+1
N ]1(4 J(rﬁg(u Tk, 0; Yy, 0)
k+1
- ]z(‘l;(rﬁg(u; Ty U Y Ykt1)
~(k+1
- z(‘lkJ(rﬁi(rk’Wykaka),

(Tk, ;ykayk—i—l)'

\./v

k+1
[Eﬁ )(Tk+1;7‘k,7"k+1;yk>yk+1)

k42
i;l)(_ﬁ) (P13 Ths Tt 15 05 Yo Y1, 0)

(k+2) : .
Apy1(—B) (Phet13 Tl Thet 1 Tt 15 Yoo Yot 15 k1)

7(k+2) ,
Api1(—B) (ks Thet 1 Thet 15 Yo Ykt 1 Zh1)

and, by the same reasoning, then by using the operator 7T;,; and exchanging the

last two variables, we have

I(H )(rkark-i-laymzk-&-l) =

7(k+2) :
Ay (o) (Tl TRl Tt Yos 215 Ykt1)

j(k+2) :
Ths1(Aps1(—7)) (ks Thet 1 Tt 15 Yo Yh L 21

j(k+2)
Iy, = 7)(7%,T‘k+1,7”ic+1,yk;y1c+1;Zlc+1)
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by Lemma 6.19. Replacing in (6.45), we have

k ~(k ok
k) ((7(k4+1)  F(k+1
+ 1P ([ﬁg ) Iﬁ@;) (5: 78: 9,
(k) 7(k+2) =(k+2) o
+ I(g}) (IAk+1(—5) ' [Ak(—7)> (557 Yp)-

The case where (1,7 € Z is established. The proof for the two other cases is the
same, using (6.37) without the third term on the right-hand side and Lemma 6.22
where needed. ]

The next step in our construction is to use the integration by parts formula for
iterated stochastic integrals to show that a product of iterated stochastic integrals
can be written as a linear combination of such iterated integrals. We need the
following notations.

Let 3 € Ay and , for v € NFFL et v = Zf:o v;. We set i (8) = (ig, ..., k),
where 7, is the number of times the integer j appears in 3. In determining the values
i;, we count all integers that appear in the components of 3 (i.e. one for 3; € Z
and one for each of the two integers for 3; € Z?) in order to have |i|g(3)] = ||5]|.
The vector ix(3) is useful to list the values in 8 which are not changed by the
operators A, and Bj. Then, for v € N¥+1 et

B, = {ﬁ S A(k) : Zk(ﬁ) = U}.
Notice that the set B, depends on the number £+ 1 of components of the vector v.

Proposition 6.26 (Product of iterated stochastic integrals). Let k € N and let
B,7 € Awy. Then, there exist a finite subset D(3,7) of D = Bi,(8)4in(y) (the sum
is the usual sum in N*1) and constants (cs)sep(s,,) such that

(Iék) ' [ﬁk)) (srey) = D ol (srw), (6.46)
5€D(B)

forall s € [0,T], v, € [0, T, y, € (RY)M1.

Remark 6.27. As a consequence of Proposition 6.26, a product of iterated stochas-
tic integrals can be written as a finite linear combination of such integrals. Notice

that the set and the constants in (6.46) is not unique, as we can split or gather
12— @

3~ e

some of the integrals and change the constants. For example, as

(2) (2)

can replace [ (?) by i1 ) 4 %I (3) without changing the sum.
2 1

2 (2)
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Proof. We are going to prove Proposition 6.26 by induction on ¢(3) and ¢(v).
First consider the case where ¢(3) = ¢(y) = 1. In order to simplify the notation,
we omit the variables in the proof. First of all, if 81,y € Z, by the integration by
parts formula ((6.41) in Proposition 6.24) and the fact that —3 = —y = 0,

Igf).wf) _ [(k)(j(k )) [(k)(I(k+1))+[()

B1 \TA(Y) Ar(B) ( )
_ 7k (k) (k)
- 151,Ak(7) + ] 71,A%(8) + I( ) <6'47>

Clearly, since 8,7 € A, f1.m € {0,...,k}, therefore Ay(8) = 3 and Ax(y) =~
in this case. Indeed, the values less than or equal to k£ are not changed by the

operator A. In particular i,(51, Ar(7)) = ir(8,7) = ix(8) + ir(7). Hence, <(gi)>,
(B1, Ae(7)) and (71, Ak(B)) € Biy(8)+ix(7) and setting

D(3,7) = { () (51 Au): (. Ax(8) }

and all the constants equal to 1, Proposition 6.26 is satisfied in this first case.
Next, if 8 € Z, v € Z?, then (6.42) in Proposition 6.24 gives

I[(f?).lgk) _ ](k)(j(kﬂ)) +](k)(l(k+2))

B1 \TAg() 71\ B (6)
_ (k) (k)
- ]ﬂI:Ak( ) + I 71,Br(8)" (6'48)

Again, Ax(B) = 0 and Ag(v) = 7. In particular, i (51, Ax(7)) = ir(8) + ix(y) and
ir(71, Bi(B)) = ir(7) + ix(B). Setting

D(3,7) = {(Br, Ar(7)) 5 (11, Br(6))}

and the constants equal to 1, Proposition 6.26 is satisfied.

The same argument, but using (6.43) works in the case where 3,y € Z2. Propo-
sition 6.26 is proved for all k € N in the case where () = {(y) =

As a second step, fix n € N and suppose by induction that (6.46) is proved for
all k € N and 8,y € Ay, such that £(3) = 1, £(y) < n. Consider 3,7 € Ay, such
that ¢(3) =1, £(y) =n+ 1 and 81,71 € Z. Then, by (6.41) in Proposition 6.24,

(), 09— 0Dy gD | DY ) )
V-1 = IR0 + BPAET I + 16, ()

(k) 7(k+1)  F(k+1) (k)
o+ LY T ())+I( )

Clearly the multi-indices (1, Ax(7y)) and <(gi)’Ak‘(_7)) belong to B;, (8)+i.(v) be-

cause the operator A, does not change values less than or equal to k. Moreover,

— (k)
f] An(
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(=) =n and ((Ax(B)) = £(F) = 1 so that, by the induction assumption,

k)

=(k+1
](—7 (Pesti Y (3 (Th41 Y1)

k+1 k+1
= -7(_7+ )(Tk+1; Tk+1; yk+1) : fﬁ;,:&;; (Tk+1; Trt1; yk+1)

= Z 05I§k+1) (Ph+15 Pht1; Yis1)
6€D(—,Ak(8))

= (k
= Z 05[5( v (Th+13 Yis):
S€D(=7:Ax(9))

where the set D(—~, Ax(8)) is a finite subset of B;, ., (—y)+ir,1(4x(8))- Hence, by the
linearity of integral operators (see (6.6) and (6.8)),

F(k+1
D IRGL AT
6€D(—7,Ar(B))

k
DT

6€D(—,Ax(8))

k) 7(k+1)  F(k+1)
I Tys)

Finally,

ik(71,0) = ik(n) + () = in(1) + ix(—7) + in(Ak(B)) = () + i (5),

shows that (6.46) is satisfied for ¢(3) = 1, {(y) = n+ 1 in the case where 31,71 €
Z. The cases where 3; € Z? or v, € Z* are treated the same way using the
corresponding formulas in Proposition 6.24.

As a last step, fix n € N and suppose by induction that (6.46) is proved for
all k € N and all 3,7 € Ay, such that £(3) < n. The case where ((§) = 1 was
established above. Consider 8 € A, such that ¢(3) = n + 1. Consider m € N
and, as a second induction assumption, that (6.46) is satisfied for 3 and v € Ay,
such that ¢(y) < m (for m = 1, this is indeed the case). Consider v € A, such
that ¢(y) = m + 1. Suppose moreover that 3;,v; € Z. By (6.41) in Proposition
6.24,

k) k) _  gl) 7k+1) F(k+1) (k) ( 7+1)  F(k+1) (k) [ Fk+2 - F(k+2)
Iy7 L7 = I Usy ™ L) + B0 U= D) + Loy (G g - L)

Then, as {(—f) = n, by the induction assumption on n,

(k) s 7(k+1)  F(k+1) o (k)  7(k+1)
Iy (125 '[Am)) = Z cs Iy, (I5 )
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where D(—03, Ar(7)) is a finite subset of Bj, | (=8)+ixi1(Ax(y)- For 6 in this set,
ik(01,0) = ix(B) + ir(y). As L(Ax(B)) = n+ 1 and ¢(—y) = m, by the induction

assumption on m, a similar argument gives

k), 7(k+1)  F(R+1)\ (k)
[él)(I—V ' [Ak(ﬂ)> - Z s 1%5’
d€D(—,Ar(8))

where D(—v, Ax(B)) C Biyyi(An8)+ini(—)- For 6 € D(—v, Ax(B)), ix(11,0) =
in(B) +ix(y). As l(Ax1(—0)) = €(—p) = n, by the induction assumption on n, a
similar argument again gives

(k) (fk+2 Fk42) \ _ (k)
Ty (Laom - T =) = 2 ¢ 1o,

5€D(Ap+1(—B),AR(—)) "

):0

where D(Aj41(—0), Ar(—7)) is a finite subset of B;, , (A, .1 (—8)+irsa(Ar(—y)) Lhen,
al (7). =)+ i,
1

Hence, (6.46) is satisfied in the case where 31,7, € Z. The cases where 3; € Z? or
1 € Z? are treated analogously.

Property (6.46) is therefore satisfied in the case where ¢(3) = m+1 and {(y) =
m + 1. This completes the induction and establishes Proposition 6.26. ]

We can extend the result of Proposition 6.26 to a product of more than two
iterated stochastic integrals.

Corollary 6.28. Let n,k € N and let BY,..., 3™ € Ayy. Letv= > i1 i (BD).
Then, there exist a finite subset

D(BW,..., ™) c B,

and constants (¢s)seppm,... gy such that

(H Té’?%) sy = Y. el (sirsyy), (6.49)
j=1

seD(BW),...,8m)
for all s € [0,T], vy € [0, )", y, € (R
Proof. It is sufficient to apply Proposition 6.26 repeatedly. |
The result that we are going to use to discuss the convergence of the It6-Taylor

expansion in Chapter 7 is Proposition 6.26 in the case k = 0, which we isolate as
a corollary.
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Corollary 6.29. Let 3,7 € A N A. Then there exist a finite subset D(3,7) of
Bio(5)+io(y) and constants (¢s)sep(s) such that

(19 10) sty = Y e 1(sit.a), (6:50)
5eD(B,y)

for all s,t €[0,T], v € R

Proposition 6.26 and Corollary 6.28 show that the product of two or more
iterated stochastic integrals can be written as a finite sum of iterated stochastic
integrals. We know that the multi-indices which appear in the sum form a finite
subset of B,, where v = Y7 i1(8Y). We can explicitly give this finite subset
for fixed # and « by identifying the terms that appear in the successive uses of
the integration by parts formula. Now, we would like to fix a multi-index § and
try to find multi-indices S, ..., 3™ such that 6 € D(BW, ..., ™), that is, we
would like to identify iterated stochastic integrals such that [ ék) appears in the
linear combination written in Proposition 6.26 for the product of these multiple
stochastic integrals.

For 3,7 € Ay, we let D(3,7) be the finite subset of B, (5)4i,() Which contains
all multi-indices 0 that appear in some decomposition of [ ék) . ng) into a linear
combination of iterated stochastic integrals as in (6.46) (recall that this decompo-
sition is not unique). It is therefore sufficient that there exists one decomposition
of T ék) . Iék) in which 6 appears in order that § € D(f,7). In other words, if

d & D(5,7), then 6 will never appear in any decomposition of [ ék) : Iﬁk).
Following the same idea, for 31, ... 8™ € Ay, we set v = > i ix(B9)

and let D(BY, ..., 3™) be the finite subset of B, such that § € D(FW), ..., 3M)

7®

B
integrals such that ¢ appears in this decomposition. In order to be complete, for

B € Aw, let D(B) = {B}.

Proposition 6.30. Fiz k € N. Let § € Ayy. Suppose § is such that |iy(8)| =
n € N* (the notations are defined on page 95). Then there ezists a unique (up
to a permutation) sequence BV, ... 3 € Ay such that i (B9 = 1 for all
j =1,...,n (that is, multi-indices with exactly one final variable) and such that
5 e D0, gy,

if there exists a decomposition of H?Zl , in a linear combination of iterated

Proof. We use the terminology and notation of Remark 6.3. The proof of Propo-
sition 6.30 in the case n = 1 is obvious : we just consider ) = ¢ and the result
is proved. Let us consider the case n = 2. This means that [ ék) only depends on
at most two of the k + 1 final variables rg, ..., 7, (in some cases, a single variable
appear in two positions). Each of these two variables (either two different final
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variables or two copies of the same final variable) begins a chain of antecedent
variables corresponding to the values of the multi-index . These two chains con-
tain all values appearing in ¢ (there are ||J]| values defining §) and split § into two
groups of values (see Example 6.31 below). This splitting can be described with
two disjoint sets N; and Ny, with M UN> = {k +1,...,k +|d]|} and such that
N, contains the indices of the variables for which the related value in ¢ belongs to
the first chain, and N5 the indices for which it belongs to the second chain. The
numbers in N; and N, are the indices of the corresponding variables r;, y;. Let N;
and Ny be ordered in increasing order.

Then, we would like to define two new multi-indices 3V (resp. 5®)) with the
values in ¢ corresponding to the variables in N (resp. A5). For this purpose,
before setting the values in the 3U)’s, we must modify them in order to account
for the fact that some variables have been attributed to the other 5. Namely,
we apply the following algorithm. First set 3 = 33 = . Fori = 1,...,¢(J),
we consider the component §;. If §; € Z, there is j € {k+1,...,k + ||J]|} such
that r; is substracted to rs, in I' in the integral with respect to r;, y; (in other
words, rs, is the antecedent of r;). If j € Ny, and if 75, is a final variable, then J;
is appended to 3. If 75 is not a final variable, then it has to be in ] because
15, is the antecedent of r;. Let x be the number corresponding to the position in
Ny of §; (ie. x = Z(gl:kﬂ 157, (¢)). Then, k + z is appended to S, If j € A3, the
same procedure applies, but the numbers are appended to 3. Next, if §; € Z2,
then there is j € {k+1,...,k+||d]|} such that §; corresponds to the indices of the
variables to which r; and 7,4, are substracted in I' in the integrals with respect
to 7;,y; and 741, y;+1 (in other words, if ¢; = (5), r¢ (resp. 1) is the antecedent
of r; (vesp. 7j41)). If j,7+ 1 € Ny, then a component in Z? is appended to B,
the values of which are each modified as in the case 6; € Z. If j,j +1 € N5,
the same applies for ). Finally, if j € N}, j +1 € N3, a component in Z is
added to 3 (corresponding to r;) and to 3® (corresponding to r;11). The two
appended components are each modified as in the case §; € Z. The symmetric
case j € Ny, 7+1 € N is handled similarly. We have thus built two multi-indices
by gathering the values within each of the two groups of values that split 9. The
modifications appearing in the algorithm renumber the variables in 8Y) so as to
obtain a multi-index which uses the values k + 1,..., k + ||3Y)| as indices for the
integration variables instead of ||3Y)|| values chosen in k +1,...,k + ||0]|. The
couple (31, 3®) built by this algorithm is the sequence of Proposition 6.30.

Indeed, the two multi-indices 1) and 5 are in A(k) by construction, as each
component of each of the 3V)’s refers to a variable of smaller index (final variable
or preceding integration variable). This implies that the conditions for the 3U)’s
to be in A, are satisfied (see Remark 6.3). Moreover, they satisfy i,(8Y) = 1
(j = 1,2) because they only depend on one final variable. Moreover, we can see
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that the successive use of the integration by parts formula to express Ié(l) Igfg)
k)

linear combination will make é appear at some point. It suffices to consider the
successive terms in the integration by parts formula, which build the multi-index
§ from the values of 1), 3?) (see Example 6.31 below). This procedure consists
of choosing the terms in the integration by parts formula corresponding to the
components of A1) and #® in the same order as they appear in the algorithm
stated above to build M) and 5. This shows that § € D(pM), 32)).

We check uniqueness as follows. If we consider v, +® ¢ A® two multi-
indices such that ix(7(V) = ix(y®) = 1 and § € D(yV,4?). When expanding
the product of Iﬁ% with IF(YI(CQ)) with a successive application of the integration by

y as a

parts formula, we obtain terms among which [ ék) will appear. It is easily seen that
the values in § are the union of those of ¥ and of 4® (sometimes modified).
Nevertheless, the successive application of the integration by parts formula does
not create any mizing between variables coming from " and ¥® in the sense
that a variable coming from v(!) will always be a final variable or have another
variable coming from y(! as antecedent. Indeed, in the case where % ), 71 € Z,
by (6.41)

7®®)

1) @) — ) T F AL (@) NGZE0) T C))

&) 7(k+2) F(k42)

+I(W£1)) (IAM(_V(U) %(—W») a.s. (6.51)
(2)
71

The first term on the right-hand side of (6.51) is the integral with respect to ry4q
which has the final variable o as antecedent. Moreover, each variable which
1

(k) ( 7(k4+1) F(k+1) (k) (k+1) F(k+1)
1) (15 1)) + 19 (15, - 1)

will have 7441 as antecedent will come from 7; as Ag(7®) cannot contain the value
k+1. The same applies with the second term in a symmetric way. Finally, the third
term on the right-hand side of (6.51) is the double integral with respect to 7411
having the final variable r NORE antecedent and 7,9 having the final variable r 4@

as antecedent But each varlable which will have r;; as antecedent will come frorn
7, because Ag(—7?) cannot contain the value k 4+ 1. Each variable which will
have T+ as antecedent will come from v®), because Ay, (—v™") cannot contain
the value k+ 2. This reasonning applies to the integration by parts formulas (6.42)
and (6.43) as well. Then, iterating this result for each use of an integration by

parts formula in the development of [5’;1)) . [5’2) in a sum of iterated integrals shows

that no mz':m'ng appears in the sense defined above. If § € D(y™M,7®), then we
can recover v and v® with the algorithm described above for the construction
of 3 and 3®. Hence, the two couples (v, v®) and (3", 3?)) are equal up to
a permutation and the sequence is unique.

Now consider the case where n > 2. Choose one of the n final variables that
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appear in 0 and split the values in ¢ into the set of values for which the last
antecedent is this variable and the set of other variables. As for the case where
n = 2, gathering and renumbering correctly, this gives two multindices ) and ¢’
for which 4, (8) = 1 and i4(8') = n — 1 and 6 € D(B3W,d"). Using this method
succesively n times gives the sequence (81, ..., 3™). Apart from the order, this
sequence is unique. [ |

Example 6.31. Suppose k =1, 3 = (1) and v = (0,2, (;)) Clearly, 3,v € fl(l).
We would like to write [ él) : L(,l) as a linear combination of iterated integrals. By
the integration by parts formula, we have

B o) + 10 I 1
_ W )72, 72
= ]1,0737(i)+10 (L7 -1, 2))+I

But, by the integration by parts formula again,

1) 72)
() a)
O (6.52)

IO @)y @O Oy ) f
Cohey = ) R ) 1 )
_ [(2) , _|_[(2) 1(3)2 +[~(2) _|_[(?) ,
w2 T Uy F o ) 1) o
= 1@, +1? 1%, IR 6.53
2@ Tl Tt e (6:53)
Replacing (6.53) in (6.52),
(1) (1) (1) (1) (1) (1) (1) (1)
;71 = ] + 17 + 1 + 1 + 177, + 1] .
Uodoaey T hos T ora@ T loane Thaea Thee Tese

Hence, D (1 ; 0,2, (g)) is the set consisting of the multi-indices

(1.0.3,(3)) 5 (0.1.2.(5) 5 (0.2.1.(5)) 3 (02, (). 1) : (0. G)- () 5 ((6):3, ()

and all multi-indices obtained by permutations in the Z? components, which cor-
respond to the same integrals. We can check that all those multi-indices belong to
Ay, satisty i1(6) = (1,1) and, hence, belong to the set B 1).

Now we would like to illustrate Proposition 6.30. Set § = (1, 0,3, (Z)) € /I(l).
We have i1(d) = (1,1). The two values corresponding to final variables are 0 (d2)
and 1 (d1). Finding antecedents for each variable, we have :

e ro and rq are final variables ;

e 0; = 1 shows that ry has r; as antecedent ;
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e 0y = 0 shows that r3 has ry as antecedent ;
e 03 = 3 shows that r4 has r3 as antecedent ;

o 0y = (i) shows that 75, (resp. 7¢) have r3, (resp. 74) as antecedent.

Hence, r5 has the final variable r; as antecedent and rs,...,rs have ry has final
antecedent. This makes it possible to split ¢ into two groups of values. Using the
notation of the proof of Proposition 6.30, we have

Nl = {2} and NQ = {3,4,5,6}.
Now, set () = 32 = (). Then, the different steps of the algorithm are

e 0, = 1 corresponds to j = 2 € Nj, r is a final variable. Hence, we set

g = (1) ;

e 0, = 0 corresponds to j = 3 € Ns, 7 is a final variable. Hence, we set

BP = (0) ;

e J3 = 3 corresponds to j = 4 € Ny, r3 is an integration variable in first position
in A3 and 2 = 1. Then, appending k + z = 2, 8 becomes 5 = (0,2) ;

e {4 = (i) corresponds to j = 5,7 + 1 = 6, both in N3. The variable r3 (resp.
r4) is an integration variable in first (resp. second) position in A5 and z = 1
(resp. x = 2). Then, appending k + 2 = 2 (resp. k + x = 3), %) becomes
B9 = (0,2, (3))-

This finally leads to the two multi-indices

We recover the two multi-indices that we started with in (6.52). Notice that no

other two multi-indices 4 and ~ in ﬂ(l) are such that [ [(31) . ]§1) splits into a linear
combination in which ¢ appears and hence the decomposition is unique.

6.4 Expectation and moments of iterated stochas-
tic integrals

In this section, we establish several results concerning the expectation and higher
order moments of iterated stochastic integrals. The main tools are Proposition 6.13
and the results of Section 6.3. The results of this section will be useful in Chapter
7, in order to discuss the convergence of the truncated It6-Taylor expansion for the
solution of the stochastic partial differential equation (4.1).
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Proposition 6.32. Let k € N and 3 € Ayy. Then, for all s € [0,T], 7, € [0,T]"
and all y, € (RY)*,
I (s re y) € LP(9),
forallp > 1.
Proof. Using the notations defined just before Proposition 6.26, let p be an

even integer and v = £ -4, (3). For n € N, set D,(8) = D(B,...,3) (n times).
Proposition 6.26 shows that

(Iék)(S;m;yk)>2 = > asly (s,

6€Dyp
2

where the sum is finite. Hence, taking the L?-norm on both sides, using the
triangle inequality and Proposition 6.13 shows that I ék)(s; ri;Y,) € LP(Q) for all

even integers p. Jensen’s inequality implies that [ ék)(s;rk;yk) € LP(Q) for all
p = 1, so Proposition 6.32 is proved. |

From Proposition 6.32, we know that the iterated integral processes have finite
moments of any order. We would like to know how to compute those moments.
The following result concerns the first order moment of an iterated integral of the
form [ ék), keN, ge fl(k). Let Z denote the set of multi-indices for which 3; € Z2,
forall i =1,...,4(0).

Lemma 6.33. Let k € N and § € fl(k). Then, the expectation of Iék)(s;rk;:ck)
vanishes if 0 & Z.

Remark 6.34. In the case where § € Z, the expectation of Iék)(s; T Ty ) is equal

to [ gk)(s; r); ) itself, as this random variable is deterministic.

Proof. We proceed by induction on £(3). If () = 1, we must have 3; € Z and
the process s +— Iék)(s; Ti; Ty) is a martingale and

E[I{" (s; v 2)] = E[IS (0:m4: 21,)] = 0.

Then, we suppose that E[Iék)(s;rk; x;)] = 0 for all § ¢ Z such that (£(3) < n.
Fix # ¢ Z such that ¢(3) = n. If 8, € Z, then by the same argument as in the

case ((3) = 1, E[[ék)(s;'rk; xi)] = 0. On the other hand, if §; = (JJ,) € 72, we have
Iék)(s;rk;a:k) = Igf)([%+2))(s;rk;wk).

= / dT/ dy/ dz F(?"j —rT; — y)f(y - Z)F(rj’ — Ty = ’Z)
0 R4 R4

X ](J?‘Q) (T’, T, 7,7, Lk, Y, Z)
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As l(—p) =n—1and -0 & Z, E[IE’CJQ)(S;THQ;QZHQ)] = 0, by the induction

assumption. Then, by Corollary 6.12, E[Iék)(s; r1; )] = 0 and the result is proved.
n

Now, due to Lemma 6.33 and Remark 6.34, we will be able to give an expression
for the moments of an iterated stochastic integral.

Proposition 6.35. Let k € N, § € A(k) and p € N. Then there exist a finite
subset Dp(3) of Bp.i,(s) and constants (cs)sep, () such that, for all s € [0,T], rj, €
[0, ¥, and all y,, € (R,

E[][gk)(s;rk;yk)p]: Z c(;]ék)(s;rk;yk). (6.54)
3€D,(B)NZ

Proof. Fix p € N. By Corollary 6.28 with n = p and 3 = g for alli =1,...,p,
there exist a finite subset D,(3) := D(B, ..., ) (p times) of B,., (3 and constants
(Cé)éer(ﬁ) SUCh that

[ék)(s;rk;yk)p: Z Cé[ék)(sﬂ‘kéyk)- (6.55)
3€Dp(B)

Then, taking expectations on both sides of (6.55), we obtain by the linearity of the
expectation,

B syl = D GBI (simisy)) (6:56)
6€Dp(B)

By Lemma 6.33, E[Iék)(s;rk;yk)] =01if 0 € Z. Moreover, for 6 € Z, by Remark
6.34, ]E[Ié(k)(s; T Y] = I(gk)(s; Tk; Yy)- Substituting in (6.56), the result is proved.
|

We now want to prove the following result about iterated integrals with respect
to multi-indices in Z.

Lemma 6.36. Let k € N and 3 € AyyN Z. Let n = ||3|| = 2¢(3). Then, for all
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k
Ié )(S;Tk;yk>

n

s Thtn—1 2
= / drgqr--- / driin H 00(Th+2i—1 — Tht2i)
0 0

=1

0|3

J

X /Rd 1(d€;) FT(rg;, — Thioi)(§5 +m5) FL(rp;, — rrr2;) (&G + 1))
1

k

x [J e, (6.57)

=0

where n;,n; are linear combinations of {ji1,...,&n (j = 1,...,5), 0¢ is a linear
combination of &, ..., §x (€ =0,...,k) and B;1 (resp. B;2) denotes the first (resp.
second) component of 3; € 7.

Moreover, we have

> 6 =0. (6.58)

Proof. First consider the case ||| = n = 2. Then, fi1, 512 € {0,...,k}. By
the definition of the iterated integrals (see (6.9)) and the definition of the integral
operator when the index is in Z? (see (6.8)), we have

k
I8 (55715 9)
= / dris1 /d dyr11 /d dyrr2 U(rp, = Thr1, Ypy — Yrr1) [ (Yrr1 — Yrr2)
0 R R

X F(Tﬁl,z T T+, Y — yk+2)

B / dmﬁ_l /d 'u(dg)«/fr(r&,l - Tk-i-l)(g)"fr(r&,z - Tk-i—l)(S)ei@,yﬁl’l_yﬁl’ﬁ'
0 R

Hence, (6.57) is satisfied with 7 = 0} = 0, dz,, = —dg,, = § and 6, = 0 for
0 & {B11, 012} As a consequence, (6.58) is satisfied.

Now, suppose that (6.57) and (6.58) are satisfied for all k € N and all 3 € Ay,
such that ||3]| < n. We are going to show that they are true for § with ||3|| = n+2.
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According to (6.9) and (6.8), we have

I (sy 13y,

s Tk+1
/ drkﬂ/ drit2 00(Thy1 — Tht2)
0 0

X /d dyr+1 /d dYr2 U(rs,, — Thr1, Yia — Ykr1) S (Yrs1 — Yny2)
R R

k+2
X F(rﬂl,2 —Tkt+2: Y1 — yk+2>[(—ﬁ )<rk+2; Tr42; yk+2)'

As || — 8] = n, by the induction assumption, we can write [Ekﬁw) using (6.57) and
we obtain

I(k (7% Yy)

Tk+1
/di+1/ drk+250 Tk+1 — Tk+2 / dyk+1/ d?Jk:+2
R R

X F Tﬁl 1 T T+, Ypi yk+1)f(yk+1 - yk+2)r(rﬁ1 o T Tk42,YB1 0 — yk+2)
o4l
2

Tk+42 Tk+n+1
X / drjys - - / Arisn+2 H 50(7’k+2i71 - 7“k+2i)
0 0

=2

o3

X / p(d;) FT(r(_p),, — Tiszse2) (& + 71;)
J R

k+2 )
X FL(r(—g),. = Th2j42) (& + 77;) : (H 61@2754)) ’

=0

for some éj, 10 (G =1,...,5) and o0 (¢ =1,...,k+2) satisfying the assumptions
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of (6.57). By (3.6), we can permute the integrals and we obtain

k
I (syr1: )
F+1

s Tk+1 Tk+2 Tk4+n+1
= / drk+1/ drk+2/ dryys - / drisni2 H 00(Th2i—1 — Th2i)
0 0 0 0

i=1

03

X /Rd W(dEHNFT(r—p),, — Trzie2) (& + ) FL(r( ), — Trrajee) (€ + 7))
1

J

X /d dYr+1 /d dyr+2 T(rg, = Tha1, Ypy — Yer1) f (Yrr1 — Yrt2)
R R

k
X F<Tﬂ1,2 T2, Y1 — yk+2> <H 61@4’52)) €Z<yk+1’5k+1>ez<yk+2’5k+2>7

=0
n
s Tht1 Thkt2 Thntl 5+1
= / d7‘k+1/ drk+2/ drigs - / Arisn+2 H 50(7“k+2i—1 - 7"k+2i)
0 0 0 0 i1

3

X / /’l’(déj>fr<,rﬁj+l,l - Tk+2j+2)(gj + ﬁj)fr(rﬁj+1,2 - rk+2j+2)(gj + ﬁ;)
1 /R

J

X / lu(dg)‘FF(rﬂl,l - Tk-‘rl)(g + Sk+1)FF(Tﬂ1,2 - rk+2)(€ - Sk—i-Q)
Rd

k
X (H 6i<yz75e>> oW1 1 EH0k11) i (g 5y —EF0k42)

/=0
Hence, Setting 51 - 57 5] = éj—l (j - 27 ) %:i_l)7 m = §+Sk+17 T]i :~£_Sk+27 Z’Ij -

ﬁj*h 37; = ﬁ;‘—l (j = 27 R %+ 1) and (551,1 = (Sﬁl,l +5+5k’+17 551,2 = 551,2 _£+5k+27
=10, (0 =0,....k 0 &{B11,012}), (6.57) is satisfied. Moreover, we have

k k2
D 0= ditE—E=0
=0 =0
and (6.58) is also satisfied. As a consequence, Lemma 6.36 is established. |

The next results will be used in Chapter 7 to discuss the convergence of the
truncated Ito-Taylor expansion of the solution of the stochastic partial differential
equation (4.1).

Proposition 6.37. Let 3,7y € Ag). Then, for all s,t1,t, € [0,T], the function
pp~ i REx R — R defined by

po(@,y) = E[IY (sith, 2) 10 (552, y)]
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is a function of x —y.
Proof. By Lemma 6.21, we have
0 1
Ié )(87 tla .[L') = ],(40)(@)(5, t17 t27 x, y)
and, using the operator T}, defined in (6.38) and Remark 6.20,

1 1 1
IO (s5t5,y) = Ty (sita, sy, @) = Iy g o (st b, y) = 19 (sit, b, 2, 9).

Notice that Ag(3), A_1(y) € Ap). Hence,

poa(t,y) = EIF (sit, ) [ (sit2, )]
= E[[ﬁllo)(g)(sﬁl,b;%9)15;121(7)(5;t17t2;$,y)]-

Then, by Proposition 6.26 and Lemma 6.33, there exist a finite subset

D(A0<ﬁ)7 A*1<7>> - Bi1(Ao(ﬁ))+i1(A71(’Y))

and constants (¢s)sep(ao(8),4_1(1))> such that

E[Iglo)(ﬂ)(s;tl,tg;x,y)fﬁ‘ljl(v)(s;tl,tg;x,y)] = Z c(;I(gl)(s;tl,tg;x,y).
3€D(Ao(B),A-1(7)NZ

(6.59)

Now, by Lemma 6.36, for 6 € A)NZ, (6.57) is satisfied for k = 1. But, by (6.58),

dp = —0; and the product of exponentials on the right-hand side of (6.57) can be

written as e/®*=%) Ag a consequence, [5(1)(5; t1,t9;z,y) is a function of x — y for

all § € AqyN Z. As the sum in (6.59) is finite, pg,(z,y) is also a function of x — y.
|

Corollary 6.38. Let 3 € A, then, for all t € [0,T], the process s +— Ig))(s; t,x)
has a spatially homogeneous covariance function. Hence, it satisfies hypothesis (H).

Proof. Just consider Proposition 6.37 with v = § and t; = t, = t. |

Corollary 6.39. Let s, ... 3" ¢ fl(o) and c¢1,...,¢, € R. Then, for all t €

[0, T, the process s — 37, cj]é?g)
function. Hence, it satisfies hypothesis (H).

(s;t,z) has a spatially homogeneous covariance
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Proof. We have

E

0 0
(zcifgaxs;t,@) (Z cjfg&xs;t,y))]
i=1 (=1

0 0
- Z ZCiCJEUég)(S;t?x)IéJ) (s;t,9)]. (6.60)

i=1 j=1

By Proposition 6.37, each term in the finite sum on the right-hand side of (6.60)
is a function of x — y. The result is established. ]



Chapter 7

Ito-Taylor expansion

In this chapter, we are going to establish an expansion for the process u(t, x) as a
series of iterated integrals. This expansion is said to be of I[to-Taylor type, because
it is based on a recursive use of It0’s formula in order to obtain a series expansion.
A similar method was already used in [14] to develop Ito-Taylor type expansions
for solutions of stochastic differential equations driven by a Brownian motion. The
situation here is more involved. First, we have to deal with a stochastic partial
differential equation instead of a stochastic differential equation and, hence, the
processes are multi-parameter processes. Secondly, the integral form of the equa-
tion which gives rise to the expression for the solution is in a convolution form.
As a consequence, the time parameter ¢ of the process appears in the bounds of
the integral (as in the case of stochastic differential equations) but also in the
integrand. This explains why the multi-indices and the variables of the iterated
integrals defined in Chapter 6 are more complex in our case.

We will begin by stating an n-th order expansion with a remainder term (trun-
cated Ito-Taylor expansion), corresponding to [14, Theorem 5.5.1] for an SDE. Af-
ter that, assuming that the series converges in a suitable manner, we will explain
why it should be equal to the solution u(t,z) of the stochastic partial differen-
tial equation (4.1) constructed in Theorem 4.2. Nevertheless, the convergence of
the series or convergence to 0 of the remainder term is still not established, and
therefore, this last statement is still presented as a conjecture. Our intention is to
explain where the main difficulties are and why the question of convergence of the
series is still an open problem.

7.1 Truncated Ito-Taylor expansion

In order to state the It6-Taylor expansion, we need some differential operators. Let
a : R — R be the Lipschitz function appearing in the non-linearity of the stochastic

111
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partial differential equation (4.1). Suppose in addition that « € C*(R,R) and
that, for all k € N, there exists a constant Cj, such that sup,cga [a® (z)| < Ci. (In
particular, « is bounded.) For example, we can take a(x) = cos(z) or a(z) = e~

Fori e N, let D;: U, (C*(R, R))" — Ui (C=(R, R))" " be defined by

Di((QOv SR 7gn)) = (907 s agi—17gz/‘7.gi+1a s >g’ma>'

For i,j € N, i < j, let D(iy t Upzy (C¥(R,R)™ — Uy, (C¥(R.R)™™ be

defined by ’

nzj

) _ (907"'7gi—1ag7€7gi+17"-;gj—lag;';gj—i-la---,gn,a,a) lf@<],
D(;)((go”gr)) _{ (907"'7gi—1ag;/7gi+17'"agnvaaa) lf’l:]
Ifi>g t Dy = Dyjy.

7 ], we se (J) (z)

Then, for 8 € A* and g € C®(R,R), we set Dy(g) = g and

Ds(g) = Dg,) © Dpygyy 07770 Dg, ((9)),

if £(4) > 1. The composition of the differential operators is well-defined as soon as
a is a C*° function.
Moreover, as Dg(g) has ||3|| + 1 components, let

181l
73(0) = 5 L1 (Psla)), ),

The effect of the constant in front of the product is just to divide it by 2 for each
component of 3 that belongs in Z2. This takes into account the fact that a factor

1

5 appears in It6’s formula for each second derivative term (see (7.10)). A way to

avoid these powers of 2 would be to consider only components of the form (;) with
t < 7 in the multi-indices.

Example 7.1. Let us consider § = ((), 1, (;)) and g a C*° function. Then
Dslg) = Dpy(Di(Dol(9)))) = Dy (Dr((g' )
= D(é) ((glv 0/7 a)) = (g/a 0/,7 O/v &, a)

and
1

ms(9) = 59'(0)a”(0)a’(0)ex(0)".

We write

M(s;t,z) = /OS /Rd Lt —r,x—y)a(u(r,y))M(dr,dy),
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where u(t, z) is the solution of the stochastic partial differential equation (4.1)with
the function § = 0. Then, we have u(t,x) = M(t;t,z). Those notations are similar
to those defined in Section 5.1.

Finally, for 8 € A* such that ||3]| = n, let ks(g) : [0, T]"™ x (R)""! — R be
a random function defined by

ﬁﬂ(.g)(rn;wn - 2”5” -8 HO Tn;Tj,l’j)). (71>
j=

Notice that xz(g)(rn-1,0;x,) = 75(g).
We are now ready to state the main result of this chapter.

Theorem 7.2 (It6-Taylor expansion of order n). Let u(t,x) be the solution of
the stochastic partial differential equation (4.1) with « a Lipschitz, C* func-
tion and B = 0 such that for all k € N, there exists a constant C) such that
sup,cga |@® (2)] < Cy. (In particular o is bounded.) Let g : R — R be a C* func-
tion such that for all k € N*, there exists a constant C}, such that sup,ga |g" (2)| <
C).. Then, for alln >0,

g(M(s;t,x)) Z Z m5(g IO (s;t,x) + Z Ja(ks(g9))(s;t,z),  (7.2)

1=0 ge A®®) BeAln+1)

where ][(30) are the iterated stochastic integrals (see Section 6.2) and Jg are the

operators defined in Remark 6.15. We recall that A® C fl(o)

Remark 7.3. The assumptions on o and g in Theorem 7.2 are not optimal. Indeed,
we must choose the functions a and ¢ so that (4.1) admits a solution and such that
the integrals Js(rs(g)) are well-defined.

Proof. As in (5.8), let

M) (st x) = /05 /]Rd Lot — 2z — y)a(u(r, y))M(dr, dy)

denote the process in which we have replaced I' by its approximation I',, ;. (see the
proof of Theorem 3.1). By the definition of the stochastic integral, we know that
M) (s;t, ) converges in L*(Q) to M(s;t,r) as k — oo and m — oo. Moreover,
if (X (7))rejo,r) is an almost-surely bounded real-valued stochastic process, then

s

/X YM™ (dp:t,2) —— | X(p)M(dp;t,z).

m,k—o00 0

in L?(Q). To see this, just bound X (p) in the second order moment of the difference.
This leads to the same expression as for E[|M™*)(s;¢, z)— M (s;t,x)|?] and, hence,
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converges to 0 as m, k — oo. The main point is that the process X does not depend
on the spatial variable z. Finally, by Theorem 2.13, we know that

(MO
/dT/Rddy/RddZka —r,x—y)f(x —y) Lt —rx—2)

x (M (r;ryy))a(M(r;r, 2)), (7.3)
which converges in L'(Q) to

/08 dr /Rd dy/Rd dzU(t—ryo—y)fle —y) Lt —r,x—2)a(M(r;r,y))a(M(r;r, 2)).

(7.4)
Indeed, the L'(Q)-limit of the left-hand side of (7.3) is taken (in (6.20)) as the
definition of the integral (7.4). Hence,

(M /d'r’/Rddy/Rdszt—rx— y) flx —y)T({t —r,x— z)
x a(M(ryry))a(M(r;r, 2)). (7.5)

Fix t € [0,T] and z € R%. As s — M (s;t, ) is a continuous martingale, we are
going to use It6’s formula to express g(M(s;t,x)). As M(0;t,z) = 0, we have
g(M(s t,x)

/ /Rd (t—r,x—y)gd (M(r;t,x))a(M(r;r,y))M(dr, dy)

/ dr/Rddy/Rdsz t—rx—y)fly—2)I'{t—rz—z2)
x g"(M(r;t,2))a(M(r;r,y))e(M(r;r, 2)). (7.6)

As ¢' ang ¢” are bounded, the two integrals are well-defined by the arguments
above. As A® = {0}, my(g) = g(0) and Iéo)(s;t,x) =1,

9(0) = > ma(9) Iy (s;t, ),
55,&(0)

corresponding to the first term on the right-hand side of (7.2) for n = 0. Moreover,
AN = {O; (8)} and so we consider the two values of 3 € AY : B = (0) and

B=(()). As {(B) =1 for p € AD,
ko(9)(ro, 715 Y0, 1) = g (M (11570, %0)) (M (11571, 91))
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and
Jo(ko(9))(s;70, %0)
= 13" (r0(9)) (550, 0)
= / /d I'(ro — 71,90 — yl)g’(M(Tl;’f’myo))Oé(M(T’l; r1,91)) M (dry, dyy).
o JRr
Further,

1
“(0)(9)(7"07T‘l,rz;yo,ylayz) = 59”(M(7“2;7"0,yo)a(M(TQ;ﬁ,yl))&(M(T2;T2,y2))

0

and

Ty (5(9)(9))(s:70,90)
— ]ES
= %/0 dh/ dry do(r1 — 79 /Rddyl/Rddyg (ro = 71,90 — y1) [y — y2)

x T(ro = 12,90 — y2)g" (M(r2; 70, y0))a(M (ro; 71, Y1) )a(M (r2; 72, y2))-

) (52 (9)) (5570, 90)

Hence, the second term on the right-hand side of (7.2) for n = 0, namely

> Js(rs(9)) (5370, w0)

BeA)

corresponds to the sum of the two integrals above. Together with (7.6), this shows
that (7.2) is valid for n = 0.

We would like to show by induction that (7.2) is valid for all n € N. Having
shown that the case n = 0 is valid, suppose (7.2) is true for all integers less than
or equal to n — 1 for some n € N. We are going to prove that it is then true for n.
By the induction assumption, we know that

g(M(s;t,x) Z Z m(9) 15" (st @) + Z J3(ks(9))(s;t, ). (7.7)
1=0 pe A®) BeAn)

Hence, we have to show that the remainder term can be written as

7 Tslrslg))(sitw) = Y malg) [P (sita)+ D> Jalkalg))(sit @), (7.8)

BeAln) BeA) BeAln+1)
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For g € A™,

18]l
AT E— 17 R ETICE))

j=0

Due to the particular form of the function kg(g), we are first going to write [to’s
formula for a function of the form

m

th’(M(S;T‘uyz’))a (7-9>

J=1

where m > 1 and h; (i =1,...,m) are bounded C'* functions. We have

+> // [T r (i) | WM (s ) a(M ()

x D(r; —r,y; —y)M(dr, dy)

+%iiésdréddy4ddz ﬁ he(M (3 7, Y ))

i=0 j=0 k=0
G#i ke{i,j}

X (M (7573, y3) )RG5 (M (r5 5, ) ) (M (rs v, y) ) (M (75 7, 2))

)

x D(ri—ryi —y)fly —2)T(r; —ry; — 2)

1 m s m
ey [ [y [ s | T2 | 1002

k=0

X a(M(r;ryy))a(M(ryry 2)D(ry — oy —y) fly — 2)T(ry — ryys — 2)
= [T + 31 (il o )55 70 9,)
20D ey (Chos o hn)) 57 ), (7.10)

i=0 j=0
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where
Ki((hos - -+ s ) ) (P15 Ygn) = H (Di((ho, - - -, ) ; (M (41575, 95))
and
m+2
’f(;)((hoa o hn) ) (Pong2; ym+2) = % H <D(;)((h07 cee hm))>k (M (rmt2; Ths Yi))-
k=0

Now, fix 8 € A™. We apply (7.10) to the function xs(ro, .. . T8I Yos - - - Y8l
which, except for the constant 27I191+48) “is of the corresponding product form (7.9)
above, with h; = Dg(g); (i = 1,...,]|8|). Moreover, as g and « are C'*° functions
with bounded derivatives, these h; (i = 1,...,n) are bounded C'* functions. Let-
ting m = || ]|, we obtain

k8(9)(Tos - s T Yos - - s Ym)
1 m

= g L1 (Ds(9); (M (i i, )
1 M S m

~ QI8 )Q(Dﬁ(g)) 2||,8|| —i3 ;f V(5:(D3(9))) (mi o Yom)
+2ﬁ1—£<ﬁ> szém)( (1) PO (i T Y- (7.11)

Replacing rs(g) from (7.11) in the left-hand side of (7.8) and using the linearity
of the operators Jg, we have

Ja(raly ))(S‘f x)

2||ﬁ|\ 5 (H Ds(g )J (1)(s;t,2)

)

2H6II ) ZJB '(ki(Ds(9)))) (5, @)

Q\Iﬁll o) ZZJB ”3 1 (Ds(9)) (538, )

J

=0 7=0
= ma(g) Iy (s;t,2) + Z Js.i(k5.:(9)) (s 1, )
=0
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by the definition of the operators Jz and the definitions of x; and K5y

Then, summing on 3 € A™ we cover all indices of the form (3,1) (3 € A™ i <
|B]]) or of the form (5, (;)) (B € A™ i 5 < ||B8]]). These cover all elements of
ACHD - Hence,

Z J5(kg(9))(s;t,x) = Z 775(9)]( (s;t,x) Z J5(k3(9))(s;t, ).

BeAln) Be Am) BeA(n+1)
(7.12)
Replacing (7.12) in (7.7), we see that (7.2) is valid for n. By induction, Theorem
7.2 is proved. [ ]

Remark 7.4. Notice that the definitions and results of Chapter 6 are still valid if
the spatial dimension is less or equal to 3. Some of the proofs can be simplified,
but the arguments are essentially the same. As a consequence, Theorem 7.2 is also
valid in this case.

7.2 Remarks on the asymptotic behavior of the
Ito-Taylor expansion

A natural question that arises from the result of Theorem 7.2 concerns the behavior
of (7.2) as n goes to +oo. A standard way of studying this is to study the second
order moment of the remainder term ), 1z J3(ks(g))(s;t, ) and to show that
this term goes to 0. However, in the case of a general Schwartz distribution I,
the Lebesgue integrals appearing in the remainder term of order n are quadratic
variations of stochastic integrals. Hence, by Burkholder’s inequality, their second
order moments are bounded above and below by the fourth order moments of the
stochastic integrals, for which we have no estimates, except in the case where «
is affine. As a consequence, it is not possible to estimate directly second order
moments of the remainder term in the general case. Moreover, we are not able
to prove the convergence as n — +oco of the first term of the right-hand side of

(7.2) by a direct computation using the triangle inequality and available bounds
(0) s8Il
(IR
the number of multi-indices with fixed ||3]| in the sum is of order ||3]|!. Hence,

summing over (3, the series does not converge in the general case. In the case of
a spatial dimension less or equal to 3, a direct estimation of the moments of the
remainder term is possible, but we can not show that this term goes to 0. Indeed,
we come back to the convergence of the same series as mentionned above.
Nevertheless, despite the absence of a proof of the convergence of the series,
some results suggest that it should converge to the solution of the stochastic partial

on I . Indeed, we know that the second order moment of I ) is of order and
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differential equation (4.1) for some specific functions a, namely in the case where
o is analytic and bounded, for example a(x) = cos(z) or a(z) = e~ . In this case,
the order ||3]|! above is far from optimal. We are still not able to establish the
optimal order for the series. However, we are able to state an argument that leads
us to think that the series should coverge to the solution u(¢,z) of (4.1) and we
expect that it will be possible to give a meaning to the expression

Z > V(t:t, 2). (7.13)

=0 ge A)

Consider g(x) = z and suppose that the series (7.13) converges in some sense
(namely, in L?(€2)) in order that, for each ¢ € [0,T] and each x € RY, it defines a
random variable v (¢, x) given by

ZZmld V(t;t, 2).

1=0 pe A®)
We know that [Jio, AD = A* = A. Moreover, as g®(z) = 0 for any k > 2
mz(id) # 0 only if 8 € By. Hence, setting C := A N By, we have
v) =Y mid) Iy (t:t, ). (7.14)
pec

If we suppose that o : R — R is an analytic function, then

for all x € R. Hence,

_ - a( (ZW (id) I (¢ ;1:)) , (7.15)

The set C is countable and, using the fact that
o k oo oo
(Zx,L) :Z'..inl.uxilﬂ
i=0 i1=0  ix=0
we have

00 O./(k) k o
a(o(t,) =3 kfo) S [ @I Gt | (7.16)

k=0 ) sec gk ec i=1
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By Corollary 6.29, each product of iterated stochastic integrals in (7.16) can be
written as a sum of iterated stochastic integrals. As 3® € By fori = 1,...,k (that
is, they only have one occurence of a '0’ value), the multi-indices appearing in the
sum in Proposition 6.26 are all in B (that is, they have exactly & occurences of
'0’ values). Hence, let C be the set of multi-indices 3 such that there exist k € N*
and a sequence 1), ..., %) € C with 3 € D(BW, ..., %), namely

é:D U  EY,....8%). (7.17)

k=0 (1) .. Bk eC

The case k = 0 in (7.17) just correpsonds to the multi-index (). Notice that, by
Proposition 6.30, the integer k is given by io(/3) and the sequence 81, ... 3*) is
unique up to a permutation. The case k = 1 shows that C  C. The set C is the
set of multi-indices appearing in the sums replacing the products in (7.16). Hence,
we can write

a((t,2)) =Y ps 1y (1, 2), (7.18)

BeC

for some constants (ps)see. Now, let 3 € C C A). Suppose io(8) = k. Let
s ..., %) € C be the sequence of indices from which 3 appears when we write
the products of the integrals as a sum. This sequence is unique according to
Proposition 6.30. By Lemma 6.21 and Lemma 6.19, we can write

)

0 1 1 1
Ié )(s;t,x) = IE‘O) s;t,0;2,0) = Igo)(ﬁ)(s;t,rl;w,xl) = [:(FO(AO(B))(s;rl,t;xl,x)

) (

as the integral does not depend on 7y, z;. The effect of Ty 0 Ay on (3 is just to
add 1 to each value, the same effect as the one of the operator A_;, that satisfies
A_; =0;". Now, for t € [0,T] and x € R? set

w(t,z) = /0 /Rd L(t—r,x—y)a(v(r,y))M(dr, dy). (7.19)

This stochastic integral is well-defined according to Theorem 3.1 as soon as the
process v is well-defined. Indeed, Corollary 6.39 states that a linear combination of
iterated stochastic integrals has a spatially homogeneous covariance function. We
also suppose that the series in (7.18) converges in a sense that allows to permute
the sum with the stochastic integral. For example, we can use Proposition 6.17 if
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the series converges in L*(€2). In that case, we obtain

w(t,r) = /0 /Rd Lt —r,x —y)a(v(r,y))M(dr, dy)

t
= //dF(t—r,:c—y) > " psly) (riry) | M(dr, dy)
0 R

pseC

t
= Z PB/ /d C(t =7,z —y) IS (rr,y) M (dr, dy)
5 0 R

= Zpa/ /d (t—rx =) g (it ri2,y) M (dr, dy)
R

Bec

= > psligs s tito). (7.20)

BeC

As a multi-index (0, A_;(8)) is always in the set A = C, setting
X = {5 € Aoy N By : 61(—0) € é} (7.21)

and replacing in (7.20), we can write

=" pooly (t:t, ). (7.22)

fex

Now, we will give the two following results (Lemmas 7.5 and 7.6), which will allow
us to conclude our argument.

Lemma 7.5. The set of multi-indices X is equal to C.

Proof. By the construction of the set X in (7.21), it is clear that X C A,NB; = C.

Now, let us consider § € C = Ay N B;. We want to show that 0 € X. First of
all, consider the case 6 = (0). As ) € C (k=0 in (7.17)), 6;(—(0)) = 0 € C and
(0) e X.

Now, let § # (0) be a multi-index in C. This implies that 5 = 6,(—0) has at
least one component 0 (the second component of § may only have "1 as value).
Suppose ig(f) = k > 1. Hence, by Proposition 6. 30 there exists a sequence
BO % e Ag N By = C such that 3 € D(BWY,...,3%). Then, by the
definition, 8 € C and, as a consequence, § € X. The result is proved. |

Lemma 7.6. Let 6 € C = X, then py,(—5) = ms(id).
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Proof. Let 8 = 6#;(—0). By the definition of X, § € C. We would like to identify
the constant ps. Let io(3) = k and let 1), ... 3% € C be the sequence such that
BeD(BY,..., %), The constant ps can be written as

*)(0
= _«a ( (H 71'5(1 ld ) CaNg,

where cg is the constant appearing in the decomposition given by Proposition 6.26
and ng is the number of times the sequence SO .. 3% appears in the devel-
opment of the k-th power of the series in (7.15). By the definition of mg(id), we
have

a®(0) 1 (1250 O
ps = cons—— L[| TT o™ (0) | 270712, (7.23)
' i=1 j

where V;z is the number of times the value j; appears in the multi-index 5. Then,
considering 7s(id), we have

il
H a®)(0) | 2-(Isl-4o), (7.24)

where v; is the number of times the value j appears in the multi-index J. First of
all, as the number of variables remains constant when we use the integration by
parts formula, we have

k
ol =18l +1=1+> 157 (7.25)
i=1

But i
(8) =1+£(B) <1+ ((BY

Indeed, two one-dimensional components are sometimes gathered to form a two-
dimensional component when we use the integration by parts formula. Then, as
ig(0) = 1, the term j = 0 of the product in (7.24) is 1. Then, the number of 1’s in
0 is equal to the number of 0’s in 3, i.e. k. Hence,

llll
7s(id) = Ha(w) —(lIo11—=(8)) (7.26)
Then, for each j = 2,...,||d||, the number of j’s in § is equal to the number

of j — 1’s in 8. But, as there is no mizing when using the integration by parts
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formula (see the proof of Proposition 6.24), there exist an unique integer i and an
unique value j; such that the number of j’s in ¢ is equal to the number of j;’s in
B®. This shows that

llsll k(1@ .
[Te"0) =TT TT «*(0). (7.27)
j=2 i=1 j;=0

Then, suppose that in the successive use of the integration by parts formula to
express 3 from B0, ..., %) ¢ gatherings of one-dimensional components into two-
dimensional components are necessary. In this case,

k

(8) =1+ £(BY) —q. (7.28)

i=1
It remains to compute ¢z and ng. Suppose that the sequence 3V ... 3®) is
made of m distinct multi-indices. Let k; (i = 1,...,m) denote the number of
multi-indices of each type appearing in the sequence, with ky + -+ + k,, = k (e.g.
ky = --- = k,, = 1 if all multi-indices are distinct and k; = k if they are all

identical). Then, a combinatorial argument shows that the number of times the
sequence ). .. 3%) appears in the development of the k-th power in (7.15) is
given by

k!
kil k!
Moreover, the constant c¢s is given as the number of different ways (due to equal
multi-indices) to obtain § when applying the integration by parts formula times
the power of % appearing if we consider Remark 6.27. Namely, c; is given by

(7.29)

TL@:

kil k!
The numerator corresponds to the number of permutations of identical multi-
indices in the sequence SV, ..., 3%%). The denominator corresponds to the factor %

appearing for each of the ¢ gatherings of one-dimensional components. Notice that
a two-dimensional component who directly comes from % does not correspond
to a factor %, because the multi-index with the symmetrical component will come
from a multi-index which does not appear in g, ..., 3%,
Replacing (7.25),(7.27),(7.28),(7.29) and (7.30) in (7.23) and using (7.26), we
have shown that
|

As a consequence, using Lemma 7.5 and Lemma 7.6 in (7.22), we have shown
that w(t,z) = v(t,x) for all t € [0,7] and x € R% In other words, this means
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that v(t, z) satisfies the integral form (4.3) of (4.1). Moreover, if the series defining
v(t,z) converges in L?(f2), then it would have a spatially homogeneous covariance
function, due to Corollary 6.39. This suggests that v(¢, x) will satisfy the “S” prop-
erty (Definition 4.4) and, as a consequence, would be equal to u(t, z) by Theorem
4.8. Hence, we have the following conjecture.

Conjecture 7.7 (Ito-Taylor expansion). Suppose that the assumptions of Theo-
rem 4.2 are satisfied. If « is a Lipschitz, analytic and bounded function and G = 0,
then the solution of the stochastic partial differential equation (4.1) is given by

ut, ) =Y w(id) I (t;t, ). (7.32)
BeC

The convergence of the series in (7.32) is still an open problem. Nevertheless,
this convergence would yield an explicit expression for the solution of the stochastic
partial differential equation (4.1). It may be possible to establish this convergence
under some additional assumptions on the non-linear function a. For example,
one can consider a(z) = cos(z), a(x) = a + sin(x) or a(zr) = e~ . In these cases,
all derivatives of odd (or even) order vanish, which strongly limits the number of
multi-indices in the sum.

Moreover, a(z) = az + b can also be chosen even though this function is not
bounded. This case corresponds to the one treated in Theorem 5.1, and Conjecture
7.7 can be established in this particular case. Indeed, a*)(0) = 0 for £ > 2 and
only a few multi-indices have to be taken into account.

Notice that the arguments given above in the sense of Conjecture 7.7 are inde-
pendent of the spatial dimension. Hence, conditionnaly on the convergence of the
series in (7.14), the conjecture would be satisfied for any spatial dimension.

We expect that It6-Taylor expansion, in addition to giving an exact expression
for the solution wu(t, x), will lead to estimates on higher order moments of (¢, x)
or to study the Holder-continuity of u(¢,z). In the case of a spatial dimension less
or equal to 3, such results already exist and we would be able to check if they can
also be established this way and if this leads to an optimal result.
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