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Abstract

The main purpose of this master’s thesis is to continue and extend the study of the
stochastic integral seen in the subject of Stochastic Calculus, providing (hopefully) an
introductory text that will allow the average student of the subject (and to anyone
who is already familiar with the stochastic integral with respect to the Brownian
motion) to expand his knowledge.

To do so, in the second chapter we briefly review the construction of the Ito
integral to then see how we exploit these ideas to generalize the construction to other
processes, this is done following the construction provided in the third chapter [7].
Many of the presented results and notions of this part (and the following ones) have
been completed with additional explanations and comparisons with the already seen
objects in order to make the understanding of these clearer.

In the third chapter, we discuss the topic of stochastic integration with respect
to random fields. We first treat the integral with respect to the space-time Gaussian
white noise, following the construction presented in the first two chapters of [0], since
it deals with objects which might be a bit more familiar to the intended audience as
its construction uses the already studied It6 integral with respect to the Brownian
motion. Before doing so, we introduce two crucial Gaussian processes (the isonormal
process and the white noise), which generalize the Brownian motion and are crucial
when it comes to define the stochastic integral with respect to the space-time white
noise.

Next, and following the second chapter of [11], we introduce a wider class of
random fields (which contains the ones already seen) that can be used as integrators
and show how one constructs integrals with respect to such objects. During this
process, we use the already studied Gaussian white noise as a canonical example that
will serve us as a model to compare the new construction.

Finally, and to keep the reader entertained, in the Introduction and in Section
2.1 we pose a problem regarding the validity of the models that use the Brownian
motion and the space-time Gaussian white noise as driving noises which is treated in
Sections 2.3.4 and 3.2.4, providing results regarding the approximation in law of the
stochastic integral with respect to the Brownian motion (Theorem 2.3.11, of which
we could not find a statement nor a proof elsewhere) and the one with respect to the
Brownian sheet (Theorem 3.2.2; which is a simplification of one of the results in [2]),
respectively.

11



Resum

El principal objectiu d’aquesta tesi és el de continuar i estendre 'estudi de la inte-
gral estocastica vist a I'assignatura de Calcul Estocastic, proporcionant (o almenys
aixo esperem) un document introductori que permeti a 'estudiant mitja d’aquesta
assignatura (i a qualsevol altra persona que estigui familiaritzada amb la integral
estocastica respecte del moviment Brownia) expandir els seus coneixements.

Per tal d’aconseguir-ho, en el segon capitol revisem de manera breu la construccio
de la integral estocastica respecte del moviment Brownia per, després, veure com
explotem les idees emprades per generalitzar la construccié a altres processos, tot
seguint la construccié presentada al tercer capitol de [7]. Molts dels resultats d’aquesta
part (i de la resta del treball) han sigut complementats amb explicacions addicionals
i comparacions amb objectes ja coneguts amb la intencié de facilitar la comprensio
d’aquests.

En el tercer capitol, tractem la integral estocastica respecte camps aleatoris. En
primer lloc, considerem la integral respecte el soroll blanc Gaussia en 1’espai-temps,
seguint els dos primers capitols de [0], ja que aquesta es construeix a partir d’objectes
que poden ser més familiars com sén el moviment Brownia i la integral d’It6 respecte
d’aquest. Abans, pero, haurem de presentar dos processos Gaussians que sén crucials
en la construccié presentada (el procés isonormal i el soroll blanc), que generalitzen
el moviment Brownia.

A continuacid, i seguint el segon capitol de [11], introduim una classe més amplia
de camps aleatoris (que conté els ja estudiats) que podran ser usats com a integradors i
veiem com es construeixen les corresponents integrals estocastiques. Durant el procés,
usem el ja estudiat soroll blanc Gaussia com a exemple canonic que ens servira com
a model per anar comparant la nova construccié.

Finalment, i per tal de mantenir al lector entretingut, a la Introduccié i a la
Seccié 2.1 posem en dubte la validesa dels models que usen el moviment Brownia i el
soroll blanc Gaussia com a pertorbacions aleatories. El problema en qiiestié ’acabem
tractant a les Seccions 2.3.4 i1 3.2.4, on donem resultats referents a I'aproximacio en
llei de les integrals estocastiques respecte del moviment Brownia (Teorema 2.3.11,
del qual no n’hem pogut trobar cap enunciat ni prova enlloc) i respecte del drap
Brownia (Teorema 3.2.2; el qual és una simplificacié d’'un dels resultats presentats a
[2]), respectivament.
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Chapter 1

Introduction

In the subject of Stochastic Calculus, one studies the stochastic integral with respect
to the Brownian motion to give a rigorous definition of what is called a Stochastic
Differential Equation (SDE), in this case driven by a Brownian motion. That is, we
construct such objects to be able to make sense of expressions like

t t
Xy :X0+/ u(s,Xs)ds—i—/ o (s, Xs)dBs, (1.0.1)
0 0
which, in differential form, are written as
dXt = ,Lt(t,Xt)dt—i— O'(t,Xt>dBt, (102)

where 1 and o are given functions satisfying some regularity conditions, {B;: t > 0}
is a Brownian motion and {X;: ¢t > 0} is a stochastic process determined by the
previous SDE. In Chapter 2, Section 2.1, we will briefly see why are we interested in
working with differential equations with random perturbations, why the differential
“dB;” does not make sense as a classical derivative, why the standard integration
theory (Lebesgue-Stieltjes, for instance) does not work in this cases and why we
really need to develop a new theory of integration.

It turns out that the ideas used to construct the integral with respect to the
Brownian motion can be used to define stochastic integrals with respect to many
other stochastic processes, which is done in Chapter 2, and hence, to define SDEs
driven by more general stochastic processes. Moreover, as we will see in Chapter 3, the
already constructed stochastic integrals can be used to define even more stochastic
integrals, which will prove to be useful when it comes to define rigorously what is
called a Stochastic Partial Differential Equation (SPDE).

On the other hand, and as discussed in Section 2.1, the choice of the Brownian
motion as a driving noise (or the Gaussian white noise when it comes to SPDEs) is,
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usually, an idealization or a simplification of a much more complicated situation. In
other words, the random perturbations seen in SDEs and SPDEs are can be thought
as simplifications, idealizations or limiting behaviours of the superposition of several
factors that might be more complicated to study. Therefore, in order to make sure
that the models are coherent and that simplified models lead to simplified solutions,
an important task is to study under which conditions the solutions of such equations
(SDEs and SPDESs) converge to the solution of the corresponding equation when the
random perturbation is approximated by some family of stochastic processes.

To be a bit more specific, let £ be an integro-differential operator, {Wn}neN be a
sequence of random perturbations converging in some sense to a random perturbation
W and {U,(t, 7)},en and U(2, z) be, respectively, the solutions to the equations

LU, (t,x) =o(t,x,U,(t,x))W,(t,x), LU(t,z)=o(t,x,U(t,z))W(t x).

Where t and z are, respectively, the time and space variables. Under which conditions
is it true that the solutions U,, converge to U? In which sense is this convergence?
Given that in most cases we are interested in the laws of the solutions, rather than, for
instance, the exact form of their sample paths, we will focus our efforts on studying
the convergence of the laws of the solutions of the SDEs and SPDEs or, in other
words, on studying the weak convergence of the solutions.

However, before dealing with the convergence of the solutions of SDEs and SPDEs;,
we should first be concerned about the convergence of the noises involved, providing
examples of processes {Wn}n and . Therefore, in this work, apart from constructing
the stochastic integral with respect to a certain class of noises, we will focus our efforts
in proving some results regarding the weak approximation of such noises and integrals.



Chapter 2

Martingales as integrators

2.1 Motivation

As said in the introduction, one of the reasons to develop a theory of stochastic
integration with respect to stochastic processes is to define rigorously expressions like
(1.0.2). But why would someone want to work with such objects? Let us see an
illustrative example where these objects turn out to be useful.

Particle in a fluid

Suppose that we have a particle submerged in a fluid (for simplicity, we will work
in one dimension). Given the initial position and velocity of every single particle
conforming the system, the trajectory of our particle as a function of time, X;, can be
simply found by using, for instance, Newton’s laws, taking into account the several
collisions, etc. However, even though simple, this way is unpractical from a compu-
tational point of view since the number of elements in the system is a little bit too
high.

To simplify the computations, one can think that, at the end of the day, the effect
of the several collisions translates into a friction force opposing the motion of the
particle. In most cases, this friction depends, mainly, on the velocity of the particle,
meaning that, by Newton’s second law,

dX, = —BX,dt, = % (2.1.1)

where X, = dX, /dt, ¢ > 0 is the friction coefficient apd m > 0 is the mass of the
particle we are studying. Given initial conditions Xy, Xy, the solution to such ODE



is given by '
S B Xo Py
Xt—Xge > Xt—Xg—i—F(l—e )

The solution obtained, even though it describes several systems in a simple way, it
may overlook particular details of the system (for instance, the frequency and in-
tensity of the collisions of the particles) which cannot be summarized in the friction
coefficient (.

One way to take into account some of these features is to introduce random pertur-
bations in Eq.(2.1.1). To do so, we first discretize the time variable and suppose that
our particle suffers a random perturbation on each step:

Xiyar — Xp = =X At + fAV,, AV, =Via — Vi (2.1.2)

Where V; is the random perturbation introduced and f is some function modelling the
intensity of the perturbation. The AV} term accounts for the “random” displacements
caused by the several collisions. If these collisions are not too strong (at the end of the
day, they are caused by particles with low mass), the displacements will be “small”
(of finite variance, for instance), meaning that AV, accounts for the superposition
of several small factors and hence, by the Central Limit Theorem, it is natural to
assume that AV, ~ N(f,5?) (where i € R and 6 > 0 are some functions that might
depend on the position of the particle, the time, etc.). Moreover, if we assume that
the intensity of the collisions and their orientation is independent of the position of
the particle X; (this might be the case of an homogeneous medium), we can think
that f = f(t, X;) and similarly for fi and &.

Another assumption we can make, for instance, is that the perturbations AV; and
AVyya¢ are independent, which seems to be the case in a large variety of systems.
Hence, Eq.(2.1.2) can be rewritten as

Xt-‘rAt — Xt = ,u(t, Xt)At + U(t, Xt)ABt7

for some functions p and o and where {B;: t > 0} is a standard Brownian motion.
Formally speaking, and taking the limit At — 0, one arrives at equation (1.0.2) with
X, instead of X;. Thus, we have converted the deterministic equation (2.1.1) into an
equation modelling the sample paths of a stochastic process.

A first approach to study such equations is doing it for each w € 2 (being €2 our
sample space):

Xi(w) = p(t, Xi(w))dt + o(t, X¢(w))dB(w)

transforming the equation into an ODE. Nevertheless, it is a very well-known fact
that the sample paths of the Brownian motion are not of bounded variation and
hence, that they are not differentiable. Meaning that the differential “dB;(w)” is not
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well defined in the usual sense. In view of this fact, one might try to rewrite equation
(1.0.2) in its integral form like in Eq.(1.0.1) and try to study the new equation for
each w:

Xi(w) = Xo(w) —i—/o ,u(s,Xs(w))ds—i-/o o (s, Xs(w))dBs(w).

However, the very same fact tells us that the integral fot o(s, Xs(w))dBs(w) does not
make sense as a Riemann-Stieltjes integral or a Lebesgue-Stieltjes one. So we do not
have any classical tools to study equations (1.0.1) and (1.0.2) path by path. But we
still have options!

Instead of defining the integral path by path as a limit of Riemann sums

/Ot o5, X, (w))dBy(w) = lim Zn:a (tg."), X, (w)) (Btyb) ) = By, (w)) ,

J=1

we can exploit the ideas regarding the convergence of random variables to define the
limit of these sums in a weaker sense, and this is what we will do.

As a final remark, observe that equation (1.0.2) has been obtained by assuming
that the variance of the displacements is finite, among many other things. If any of
these assumptions is not fulfilled, then it might not make any sense to consider SDEs
driven by a Brownian motion and we would have to work with some other stochastic
process. In this chapter, we will restrict ourselves to the case where the stochastic
process is a continuous square integrable martingale and, at the end, we will mention
some other constructions related to the ones seen here.

From now on, during this chapter we will work on a filtered probability space
(Q, F A Fibeepm, ]P’) where € will be our sample space, F a o-field on Q, {F; }eom
a filtration (being 7" > 0 is some fixed time horizon) and P is a probability measure.
We will assume as well that the filtration satisfies the usual conditions: it is right-
continuous and complete or, in other words,

Fo=F

s>t

for any ¢ € [0,T] and Fy contains all P-null sets and the ones contained in such sets.
Usually, we will require the filtration to be the one generated by the integrator

(the process with respect to which we will integrate) completed so that the usual

conditions are fulfilled or that the integrator is adapted to the given filtration.



2.2 Integrals with respect to the Brownian mo-
tion, an overview

Before we start talking about integration with respect to martingales and other pro-
cesses, we first recall the main ideas and results seen in the subject of Stochastic
Calculus regarding the construction of the (L?) integral with respect to the Brownian
motion.

In this section we will assume that the filtration {F;}; is the one generated by
the Brownian motion completed so that the usual conditions are fulfilled. This in
particular implies that increments of the form B, — B, are independent of F, for
0<r<s<t<oo.

To talk about integrals of the form fOT frdBy where f = {f;: 0 <t < T} (being
T > 0 some fixed time) is some suitable stochastic process, we first define the class
of functions for which the integral will be defined.

Definition 2.2.1. Let v = v[0,T] be the class of functions f:[0,T] x Q@ — R,
(t,w) — f(t,w) such that

(1) (t,w) — f(t,w) is B x F-measurable (where B is the Borel o-field on [0,T]).

(i) For each t € [0,T], w — f(t,w) is Fy-measurable (the process f is {Fi}i-
adapted).

(iii) E [fOT f2(t,w)dt] < 00, where f3(t,w) = f(t,w) - f(t,w) and E is the expected
value with respect to the probability measure P.

Observe that the space v can be identified with the space of functions in
L2 ([0,T] x ,B x F,dPdt) (here dt denotes the Lebesgue measure on [0,7]) which
are adapted to the filtration {F;};. In fact, one can show that v is closed with respect

to the norm || f||> = E [fOT 2t w)dt} f € v. So v is a Hilbert space with respect to

the inner product (f,g) = E [ fo g(t w)dt} (where functions f, g € v such that

||f — g|| = 0 are identified, of course).
The procedure now is quite straightforward. First we consider the subset of ele-
mentary processes & C v of the form

—_

n—

Pr(w) €5 (w)it; 51 (1)

=0

.

where 0 = ¢y < ... < t, = T constitutes a partition of the interval [0,7] and the
functions e; are J; -measurable and bounded (here I denotes the indicator function).
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For these processes, the definition of stochastic integral is given by

(/OT ¢tdBt) (w) = "Zlej(w> (Bt (w) = By, (W) -

j=0

One then sees that the stochastic integral (also known as Ito integral) acts linearly
on £ and that any function in v can be approximated by elementary processes with
respect to the norm ||-||. That is, £ is dense in v. Finally, one defines the Ito integral
with respect to the Brownian motion of any function f € v as the L?(Q) limit of Ito
integrals of elementary processes that approximate f. To justify the existence of such
limit, one uses the following lemma, which is crucial in such task:

Lemma 2.2.1 (The Ito isometry). Let ¢ € £ be an elementary process. Then

(/OT qbtdBt) =E [/OT ¢$dt] : (2.2.1)

To understand what will be going on in the following sections, let us see the proof
of this result.

2

E

Proof. Let us write ¢y = Z’;& e

that
T 2
( / astdBt)
0

Now, given that e; is F; -measurable and that AB; is independent of JF; , we have
that, by law of total expectation

tt,40)(t) and ABj == By, — B;,. Then we have

E

n—1
= E[e}(AB)’]+2 Y Elee;ABAB;).
j=0

0<i<j<n—1

Ele;(AB;)’] =

Similar reasons lead to

E[GiGjABiABj] =K [E [ezejABzAlejrt]H
=K [eiejABi]E [ABJ]]
—0



for 0 <i < j <n-—1. Hence,

([ )

T T (n-1 2
E{ /0 gzﬁfdt]:E /0 (Zejﬂ[tjvtjﬂ)(t)) dt

j=0

n—1

=Y E[&] (trn —ty).

J=0

E

On the other hand,

M 7 n-1
=K / Z B?H[tj,tj+1) (t)dt]

Proving the desired result. O]

One of the key points in this last proof is that the expected values on the double
sum cancel out. In some sense, this means that there is some sort of L*(Q) orthog-
onality between the increments of the integrator, E[AB,AB;| = 0. Further, notice
that this orthogonality has been proven using the fact that the conditional expecta-
tion E [ABA]—}J.] vanishes, which is, in essence, the condition for the integrator to be
a martingale.

Observe as well that both sides of equation (2.2.1) lead to (2.2.2), which depends
linearly on the increment of time. This is no coincidence! As we will see in the near
future, even though the Brownian motion (and, in general, non-constant continuous
martingales) are of unbounded variation, they possess quadratic variation (a concept
to be defined), meaning that, roughly speaking, the squared increments of such pro-
cesses behave like linear increments of time. For the case of the Brownian motion,
the quadratic variation on an interval [t;,¢,;41) is exactly t;41 — ¢,

We will exploit these observations in the following section, where we will adapt the
ideas seen in this section to construct the integral with respect to continuous square
integrable martingales.



2.3 Integrals with respect to continuous square in-
tegrable martingales

One might think that the Brownian motion is a special stochastic process in the sense
that there are not many processes with the property that its sample paths are not of
bounded variation, but nothing could be further from reality!

Theorem 2.3.1. If M = {M,;: t > 0} is a continuous martingale of bounded varia-
tion, then
P{w e Q: My(w) = My(w) for allt >0} = 1.

One can find a proof of this result in page 240, Theorem. 3.1.1 of [3].

Thus, in general, any non-constant continuous martingale will have unbounded
variation, meaning that, as in the case of the Brownian motion, integrals of the form
fOT ftdM; cannot be defined path-wise. But we can make use of similar arguments to
the ones seen in the previous section to define such objects. Before dealing with such
task, we first talk about a process of utmost importance related to continuous square
integrable martingales.

2.3.1 Quadratic variation

As already mentioned in a couple times, non-constant continuous martingales do not
have bounded variation. Recall that the total variation of a function f: [a,b] C R —
R on [a,b], V2(f), is defined as

np—1
Vi) = sup Y [f(je) = fla)]-
PeP 4T3
Where P is the set of partitions of [a,b] of the form P = {a = 2o < ... < z,,, = b}
with np € N. Recall as well that a function of bounded variation is differentiable
almost everywhere and that any differentiable function is of bounded variation.

To begin with, let us consider the case of a standard Brownian motion B =
{B;: t > 0}. As mentioned before, its sample paths are not of bounded variation.
Roughly speaking, and to gain some intuition, this can be though as a consequence
of the fact that, since E [(Bias — By)?] = At, for At small enough (and in quadratic
mean),

Biyar — By \/Kt_ 1
At At AL
which diverges as At approaches 0 and hence, it cannot have bounded variation.
However, the fact that E[(B;as — Bi)?] = At (and using the independence of the

increments of the Brownian motion) lead to the following result:
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Lemma 2.3.1. Let B = {B;: t > 0} be a standard Brownian motion and let 0 < a <
b < oo, then

n—1

LA(Q) - li B, — Bi,) =b— 2.3.1

(= fm 3 (B = 5)" = b0 23.1)

where P ranges over all partitions of [a,b] of the form {a =ty < ... < 't, = b} and
where |P| = supg< i<, 1 [tjy1 — t;] is the mesh of the partition P.

In particular, this lemma implies that the limit in (2.3.1) holds in probability.

One can easily check that the process B> = {B?:t > 0} is not a martingale,
however, the process {B? —t: t > 0} is so. The point in making this observation
is that, in order to transform B? into a martingale, we have to subtract from it its
quadratic variation (starting at 0).

These ideas can be applied to any stochastic process, however, only a limited class
of stochastic processes (which contains the continuous square integrable martingales)
will turn out to have similar properties to the ones presented by the Brownian motion.

Theorem 2.3.2. Let M = {M;: t > 0} be a continuous square integrable martingale
with respect to a filtration {F;}; satisfying the usual conditions. Then there exists a
unique non-decreasing, continuous adapted process (M) = {(M;): t > 0} such that:

(i) (M)o =0 a.s.; and
(i1) t — M? — (M) is a martingale.

Moreover,
n—1

(M)e = ]1;'1302 (M,,,, — M,,)? (2.3.2)

where P ranges over all partitions of [0,t] and the convergence holds in probability.

For a proof of this result, see Theorem 3.2.1, page 242, of [4].

The process (M) in the previous theorem is the quadratic variation of M and it
uniquely determines the martingale M among all the continuous square integrable
martingales.

One then can define the covariation of two continuous square integrable martin-
gales M and N by polarization:

1
(M,N) = Z(<M+N> — (M — N)).
It can be defined, as well, as the following limit in probability:

n—1

(M.N); = lim > (M, — M) (N, — Ny) - (2.3.3)

P|—0 J

10



The covariation process is adapted, continuous and starts at zero, but it is not neces-
sarily non-decreasing. It also satisfies that {M; N, — (M, N),: t > 0} is a martingale.
In particular, one has that

E [MyN; — (M, N)] = E[MoNo — (M, N)o] = E [MoNo] (2.3.4)

It is easy to check that the covariation is linear on each of its arguments ((-,-) is
bilinear), symmetric and that (M, M) = (M).

In general, the quadratic variation or the covariation will be stochastic processes.
The fact that the quadratic variation of the Brownian motion is non-random is a
special feature of this process.

We point out that these results can be extended to the case of continuous local
martingales and continuous semimartingales (see Definitions 2.4.1 and 2.4.2) and
to cadlag local martingales and semimartingales. However, the process {M;N; —
(M, N);: t > 0} is no longer a martingale, but a local martingale or a semimartingale.

As a final remark, the notation used here to denote the quadratic variation co-
incides with the one usually used to denote the compensator in the Doob-Meyer
decomposition. In general, both quantities are not equal, but given that the sample
paths of the processes considered here are continuous they do agree almost surely,
justifying the use of such notation.

With this we can start constructing the desired stochastic integral.

2.3.2 Construction of the stochastic integral

The idea now is to replicate the construction seen in Sec.2.2 (for this part, we have
mainly followed Chapter 3 of [7]). To do so, we first start by observing that the third
condition in Definition 2.2.1 can be rewritten as follows:

E [ /0 XP(tw)d(B),

A subtle change has been introduced, we have used that dt = d(B),;. This change,
even though it might seem simple, allows us to naturally introduce the class of in-
tegrable functions with respect to a given continuous square integrable martingale
M = {M,: t > 0}. Unless stated otherwise, we shall assume as well that M, = 0.

< Q.

Definition 2.3.1. Let vy, = vy [0, 7] be the class of functions X: [0,T] x Q — R,
(t,w) — X(t,w) such that

(1) (t,w) — X(t,w) is B x F-measurable (where B is the Borel o-field on [0,T1]).

(ii) For each t € [0,T], w — X(t,w) is Fi-measurable (the process X is {Fi}i-
adapted).

11



(iii) E [fOTX2(t,w)d<M)t} < o0, where X?(t,w) = X(t,w) - X(t,w) and E is the

expected value with respect to the probability measure P.

One may argue that, again, we need to define the integral fOT X2(t,w)d{M); since
the quantity (M), is, in general, random. However, in this case there is no need
to develop a new theory of integration. Indeed, recall that, even though (M), is
random, for almost all w € €, the function ¢t — (M);(w) is non-decreasing and hence,
of bounded variation, meaning that the integral fOT X?(t,w)d(M); can be defined
path-wise as a Lebesgue-Stieltjes integral.

The space vy, can be identified with the space of functions in
L2([0,T] x ,B x F,duyr) which are adapted to the filtration {F;};. Here s is the
measure defined by

iar(A) = E [/OT HA(t,w)d(M)t(w)l . AeBxTF.

In vy (and in L2 ([0,T] x Q, B x F,duyr)), we consider the norm

X =8| [ Xaion).

Again, we identify functions X,Y € vy, such that || X — Y|y = 0. With all this in
mind, one can show that VM is a real Hilbert space with respect to the inner product

(X,Y ) = [ JTX(tw)Y(t w>d<M>t]
Theorem 2.3.3. The space vy with the norm || - || is closed.

Proof. Suppose we have a sequence of processes {X ™}, cn C vy that converges, in
norm || - || to some process X, We have to show that X € vy,.

Given that L? ([0,T] x Q,B x F,duys) is a Hilbert space and that is a subspace
of the latter, we already have that X is B x F-measurable and that || X||y; < co. The
only thing left to show is that it is adapted to the filtration {F;}; (or that it has a
representative which is so).

Up to a subsequence, we have that

Lt {(t,w) €[0,7] x Q: lim X™(w) # Xt(w)} ~0. (2.3.5)

n—oo

Now consider the process Y defined by

Vi) — limy, e X (W), (t,w) € A
@ =9, (tw) ¢ A

12



where

A= {(t,w) €[0,7] x Q: lim X™(w) exists in R}

n—oo

(recall that X might be denoting a subsequence of our original sequence). Then,
by the pp-a.e. uniqueness of the limit and (2.3.5), Y is a representative of X in
L2([0,T] x Q,B x F,duy) (that is, || X — Y| = 0) such that, for each ¢ € [0,T], Y;
is the limit of F;-measurable random variables and hence, F;-measurable itself. [

We shall now see that any process f € vy can be approximated in norm || - ||
by elementary processes (the same definition as before for the subset £ works).

Theorem 2.3.4. Let {A;: t > 0} be a continuous, non-decreasing process starting
at 0 adapted to the filtration {F}+ (to which the martingale M is adapted). If X =
{X4, : t > 0} is a progressively measurable process (with respect to the same filtration)

satisfying
T
E U deAt} < 00,
0

then there exists a sequence {Xt(n)}neN of elementary processes such that

T 2
lim E [/ <Xt - X§”)) dAt} —0.
n—od 0

Proof. We start by assuming that X is bounded. That is, there is some constant
0 < C' < oo such that | X (w)| < C for each ¢t > 0 and w € €.

Now, since t — A;(w) + t is strictly increasing in ¢ > 0, there is a continuous,
strictly increasing inverse function 7s(w) defined for s > 0 such that

Ar (W) + Ty(w) =5, s>0.

In particular, this means that Ty < s for any s > 0 and {7 <t} = {A;+t > s} € F..
Thus, for each s > 0, T is an {F;}; bounded (by s) stopping time. Taking s as our
new time variable, we define a new filtration G; = F7, and introduce the time changed
process Yy(w) = X1, () (w), which is adapted to {G,}, (see, for instance, Proposition
1.2.18, page 9 of [7] for a proof). Now, the approximation result mentioned in Sec.2.2
tells us that, for any ¢ > 0 and any R > 0, there is an elementary process Y =

{Y£: s > 0} such that
R
E U (y;_ysafds} <%
0 2

13



Using that X is bounded, we have that

E {/ deS} =K {/ JI{TS<T}(3)X%90L9}
0 0
Ap+T
=F {/ X%Sds]
0

< CYE[A7] +T) < o0

Hence, by taking R large enough and setting Y7 = 0 for s > R we can obtain

Bl [T 0o voras

The elementary process Y© can be then written as

<E.

n—1

Z ej(w H[SJ Sg+1) s)

j=0

where e; is Gy,-measurable and bounded (say by some positive constant K) and
0=s59<..<s,=R. From this process we can define a process in the original time
variable as follows:

n—1 n—1
th( ) Y;—At Z €;j (W)H[Sj,sj-o-l)(t + At) = Z €j (W>H[Ts]~ ,T9j+1)(t)'
7=0 7=0

Where in the last step we have used that

[t+ A > s} = (T, < 1},
{t + At < Sj+1} = {t + At > Sj+1}c = {Ts]-+1 < t}c = {T3j+1 > t}
Which implies
{tes; <A+t<sja}t={t:T,, <t<T,,}

The process X¢ = {X;:t > 0} is B x F-measurable and {F;};-adapted by Lemma
1.2.15, page 8, in [7]. However, it is not clear that X¢ is elementary. We will see,
however, that it can be approximated by elementary processes. Before doing so, note

14



that

e>E / |Y5—Yj|2ds}
0

Lo )
_E / ‘XTS—Y5T8+TS‘ d(ATS+TS)]
L/ O

—E / X, — V5 [ d(A + t)]
0

=E / X, — X7 d(A, + t)}
0

r pT
>E / ]Xt—Xf\QdAt].
LJO

Where we have implicitly defined X; to be zero whenever ¢t > T.

To prove that one can approximate X¢ by elementary processes, we prove that
each term 7, == e;(w)lir, 7. ,,)() can be approximated in such a way.
Now recall that T,, < T < s;41 for each j € {0,1,...,n — 1} and consider the

Sj4+1
processes
k41
T?[(m)(w) = Z 2m ]I[kz—m7(k+1)2—m)(ﬂ(w)), l - {Sj,strl} (236)
k=0
and

1) = €5 @ i o) (1)

Sj+1

Then we have that Tl(m) N Ti as. for I € {sj,s;41} and, since {T;;, < k27" <
Ts,.,} € Fra-m and e; restricted to {1, < k27™ < T, } is Fpo-m-measurable (by

(m)

Lemma 1.2.15 of [7] again), n

U ( —n} >) dAt] SEU:O(??t—nfm))QdAt}
/ ( 1)) — Il T(ﬁl)(t)>2d,4t

<K | [ (T, 00+ T oy O = 2 1, Oy 1 0))

Sj+1 Sj+1

is elementary. Furthermore,

— KR ATS T ATS + AT( AT(m) -2 <ATS - N AT(m) — ATS V AT(m)>:|

J+1 Sj+1 Sj+1

- 2 < |: T(m) Ts. +1:| + E |:ATs(m) - ATS]_:|> WH—OO> 0

Sj+1
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Where we have used that Tl(m) > T; for each m € N and [ € {s;,sj11}, that the
process A is increasing and the monotone convergence theorem.
Finally, if X is not necessarily bounded, we define

XM (w) = X (@) x, ()] <n}

and thereby obtain a sequence of bounded processes. The dominated convergence
theorem implies

T
X — X|12, = E [ / Xfﬂ{|xt>n}d<M>t] o
0

because X721y x,>ny < X7 for each n € N and E [fOT de(]\/[)t} < 00, which implies

that X7 is finite for py-almost all ¢, w and hence, that X7 x,sny — 0 py-ace. t, w
as n approaches infinity. n

We shall remark that the progressive measurability condition is not a restriction.
Indeed, if X € vy, then X is B x F measurable and {F;};-adapted, so it has a
progressively measurable modification.

By taking A; = (M);, we have that the set of elementary processes £ is dens in
vy with respect to the norm || - ||a/.

Following the same recipe as in Sec. 2.2, we now define the stochastic integral of
an elementary process with respect to M and prove the isometry formula for such
processes, among some other properties.

Definition 2.3.2. The stochastic integral of an elementary process

Zej ttj+1 )Eg

with 0 =1ty < ... < t, =T is defined as

T
o)) = ([ o) @) = Ze] ) (Mo, () — My, (@)
For 0 <s<t<T, we define

t T
_ / 6rdM, — / T ()6, dM,
0

0

and

/ o.dM, = 1,(6) — 1,(6).
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Theorem 2.3.5. Let X, Y € & be two elementary processes on [0,T], a, B € R be
any two real numbers and 0 < s <t <T' . Then the following properties hold P-a.s.:

(i) Io(X) =0,
(i) Ii(aX + BY) = aly(X) + BL(Y),
(iii) B [L(X)|F] = L(X),

(iv) B [(In(X))*] = [IX|3,

(v) {I(X))e = [y X2d(M),.

Proof. The first two parts can be proved as in the case of the Brownian motion, so
we will not treat them here. For the martingale property, part (iii), one only needs
to use the fact that M is a martingale and distinguish cases for the possible values
of s and t (if they lie on the same interval of the partition of [0, 7] considered in the
definition of X, if they do not, etc.) and use the tower property for the conditional
expectation and the fact that M is a martingale.

For the isometry property, first let us write X as

n—1
Xi = el 00()
=0
for some 0 =ty < ... < t, =T and ¢; Ji,-measurable and set AM; = M, — M.
Now observe that, since M is a martingale,
E[(AM)|F,) = B | M, + M = 2M;, M, |7

—E |M}_|F,| +E|ME|F,| - 2B [M,,,, My, | )

=K :M752j+1 }}—ty + ME] - QMtjE [Mtj+1 }}—%}

~E[M?|F,| + M7 201}

—E M}, - ME|F,]. (2.3.7)

Thus, for any j € {0,...,n — 1} and using that {M? — (M);: t > 0} is a martingale

17



and that e; is J3,-measurable as well,

E [¢2 (AM;)Y] = E [¢2E [(AM;)?]]]
TS|
~ e[ (B a2, - 0y, - (42 - 0 17
+E [(M),,, <M>tj"7:tj} )}
= E [¢2E [(M)y,,, — (M),,| 7]
=E[E [ ((M),,,, — (M),,) | F,]]
=E [6? (<M>tj+1 - <M>tg)} :

On the other hand, for each 0 < ¢ < j < n, we have, since e;, e; and AM,; are
JFi,-measurable and M is a martingale,

E [eie; AM;AM;] = E [e;e, AME [AM;|F, ]| = 0.

All in all,




This establishes the isometry property for elementary processes.

For the quadratic variation, we start by noticing that the process
I(X) = {[(X): 0 <t < T} is a martingale (by (iii) and the fact that the process
is adapted, which can be seen from the definition) with P-a.s. continuous sample
paths (because of the continuity of M) and, by the isometry formula, it is square
integrable, so the existence of its quadratic variation (I(X)) = {(I(X));: 0 <t < T}
is guaranteed.

Now let us assume that, for instance, 0 < s < t < T are such that t,,_1 < s <,
and tp_1 < t < tp with 0 < m < k < n and set Zf;; e;AM; to be 0 whenever
m >k — 2.

Then we have that, using similar arguments to the ones seen when proving the isom-
etry formula and writing A(M); = (M),.,, — (M),

Jj+1 3’

E [(L(X) - L(X))* | 7]

k2 2
—E (em_1 (M, — M)+ e;AM; + ey (M, — Mtk_1)> Fe

Jj=m

k—2
=E |e}, y (M, — M)* + > SAM? + ey (M, - M, )’ ]—"S]
L j=m
B k—2

=E |é2_; (M), — (M)) + D EAM); + el (M), — (M),,_,)’

j=m

/]

=E X2d(M),

r

7.

LJ S

Thus, we have shown that

B [(I(X) - L(X))?|F] =F [ | xzaon, fs} (2.3.8)

for any 0 < s <t <T. Now, for 0 < s <t < T, since I(X) is a martingale, we
have that, by the same computations to the ones performed in (2.3.7) and using that
for X2d(M), is F,-measurable for any 0 < 7 < T (one can see this by just using the
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definition of X),

E[F(X)|F] - LX) =E [[(X) - (X)) 7]

:E/X2

Which can be rearranged to obtain that
] = 13X )—/ X2d(M
0

[ /Xd

Hence, the process
t
{/ X2d(M),: 0<t< T}
0

is a process starting at 0, non-decreasing, adapted and continuous such that

{IE(X) — /Otde<M>r; 0<t< T}

is a martingale. By uniqueness of the quadratic variation, (v) holds. O

As in the case of the Brownian motion, the isometry property tells us that if
{XM}, C & is convergent sequence with respect to the norm || - ||5, then it is a
Cauchy sequence of elementary processes, which, in turn implies that the sequence
{I (X(")) }n is a Cauchy sequence in L?(Q). Since the latter is a Hilbert space as
well, we conclude that there is an L?(2)-limit for the sequence {I (X (”)) }n, allowing
us to make the following definition.

Definition 2.3.3. Let X € vy and {X™} C & be a sequence of elementary processes
such that ||X — X™||,y — 0 as n approaches infinity, then the stochastic integral of
X with respect to M s defined as

T T
Ir(X) = / X, dM, = L*(Q)- lim [ X™dM,.
0

n—o0 0
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For 0 <s<t<T, we define

t T
L(X) = / X, dM, — / Lo (r) X, dM,
0 0

and .
/ XodM, = I,(X) — L(X).

One can easily show that if X is in vy, then so is XTjg ).y, so the definition of
I;(X) for 0 <t < T makes sense, and that

t T
L(X) = / X, dM, = L*(Q)- lim [ Tjos(r)X™dM,.
0 n—oo 0

One should observe that the stochastic integral process {I;(X): 0 <t < T}, being an
L?(9)-limit of continuous processes, needs not to be continuous as well. However, it
turns out that one can find a version whose sample paths are continuous. From now

on, we shall consider such version.
Finally, and as it is usual, one shows that the definition of the stochastic integral
does not depend on the approximating sequence and that many properties of the
stochastic integral of elementary processes are also satisfied by general elements of

X.

Theorem 2.3.6. Let X € vy and {X™}, {Y ™M} C & be two approzimating sequences
for X of elementary processes, that is, such that ||X — X™||; — 0 and || X —
Y™||3; — 0 as n approaches infinity, then

T T
L*(Q)- /0 XMdM, = LX(Q)- /O v"dM,, a.s.

Proof. We have that

[ 72 (X)) = Ir (V) || oy = [ 1 (X =¥ )
= [|x™ —ym||
< [ =Xy -

220

n—oQ

)HM—>O’

where the isometry formula has been used. By the a.s. uniqueness of the L*(Q)-
limit, we conclude that the sequences {]T (X (")) }n and {]T (Y(”)) }n have the same
L?(w)-limit a.s.

Theorem 2.3.7. Properties (i)-(v) from Theorem 2.3.5 hold for any X € vy.
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Proof. For properties (i), (ii), one only needs to use the isometry formula for simple
processes to obtain the desired results. The proofs are the same as in the case of the
Brownian motion, so we will not repeat them here.

For property (iii), since the stochastic integral is defined as an L?(2)-limit of
martingales (by Theorem 2.3.5), it is, in particular, an L'()-limit of martingales
and hence, a martingale itself.

We now prove that Eq.(2.3.8) holds for any X € vy,. To do so, let A € F;, then
we have that

E Ly (1L(X) = I(X))] = lim E [Ly (I (X)) = I, (X™))*]

n—oo

= lim E {]IA /: (X,(,”))2d<M)T]

n—oo

—E [HA /: de<M>7} .

The first equality follows from the fact that I;(X) and I,(X) are the L*(Q)-limits of
the corresponding sequences, whilst the last one follows from

t

Meaning that H[S,t)()X.(n) converges to Ij;4(-)X. in norm || - ||5; and hence, that their
respective norms converge as desired.
Since this holds for any A € F, (2.3.8) is established as well for X € vy,;.

Setting s = 0 and taking expectations in both sides of (2.3.8) proves that

B0)] = [ Xz,

for any 0 < ¢t < T. In particular, for ¢ = T, we obtain (iv). The exact same
argument for (v) in Theorem 2.3.5 would work to prove this property for X € vy, if
it were not for the fact that now there is no guarantee that the integral [J X2d(M),
is Fs-measurable. However, since X is B x F-measurable and adapted, it has a
progressively measurable modification, which gives a representative X’ in v, which
is progressively measurable (that is, || X — X’||ss = 0). For such representative, the
integral [; (X')?d(M), is indeed F,-measurable. O

r

2.3.3 Further results

In this section we present some results concerning the computation of stochastic
integrals and their variations and covariations. In most cases, we will just announce
them without proof, as the main purpose of the remaining section is to highlight the
basic results focusing on the ideas.
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The product rule

Theorem 2.3.8. Let M = {M;: 0 <t < T} and N = {N;: 0 <t < T} be two
continuous square integrable martingales, then, for each 0 < t < T, the following

holds P-a.s. . .
M;N; = MyN, +/ NydM, — / MydNg + (M, N),
0 0

or, in differential form,
d (MtNt) - Ntht + Mtht + d(M, N)t

Proof. We prove the result for M = N. The general result will follow by polarization;
that is,

1
MtNt - Z [(Mt + Nt)2 - (Mt - Nt)2] .
Now, fix t € [0,7] and consider a family of partitions of the interval [0,¢] of the form

{0 =ty < ... < t, =t} so that its mesh converges to zero. Then we have that, by
setting AM; = M,, ., — My, for j € {0,1,...,n — 1},

J+1
n—1 n—1 n—1

MM = (Mfm - ij) =23 M, AM; + 3 (AM).
=0 =0 =0

Now, since M is a continuous square integrable martingale, we have that M € v,,;.
Moreover, because of the continuity of M (which implies that it is bounded in [0, t])
and the fact that it is adapted, the sequence of processes ¢™ defined by

n—1
A =D Myl .(5)
=0

constitutes a sequence of elementary processes that approximate in || - ||5; norm the
process Ij 4 (-)M. (using the continuity and boundedness, which allows us to use the
dominated convergence theorem). Moreover, we also have that

t
/ ¢{MdM, =)~ My AM,
so we can conclude that .
n— ¢
> My, AM; — / M,dM,
=0 0

as the mesh goes to zero and where the convergence is in L?(€2). On the other hand,
Theorem 2.3.2 tells us that Z;:& (AMj)2 converges, in probability, to the quadratic
variation (M),. O
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Observe that the differential form of this result resembles a bit the usual product
rule, however, due to the fact that the sample paths have non-vanishing quadratic
variation, higher order terms must be taken into account. In this case it translates
into taking into account the covariation of the processes. This result can be seen as
a particular case of the much more general result known as the Ito formula, which
can be seen as a generalization of the chain rule to functions of unbounded variation
(and finite quadratic variation).

The Ito formula

Theorem 2.3.9 (It6 formula). Let f: [0,T] x R — R, (t,z) — f(t,z), be a C*?
function (C* with respect to the first variable and C* with respect to the second one)
and M = {M, = (Mt(l),...,Mt(p)): 0 <t < T} be a vector of continuous square
integrable martingales, then the following holds P-a.s.

f

[t My) = f(0, Mo) + M,)dMD
> / 82f (s, M>d<M“M'> (2.3.9)
2 2o ), Omox; ‘ i
1<4,5<p
or, in differential form

of ~ of 0

df(t, Mt) = E(tv Mt)dt + ZZ: amif(t’ Mt)th
1 0? ‘ .
- 3%8]; -(t, My)d(MW, M), (2.3.10)

1<4,5< ve

Sketch of the proof for the case p = 1. As in the case of the Brownian motion, fix
t € [0, 7] and consider a family of partitions of the form Il = {0 =ty < ... <t, =t}
so that its mesh |II] tends to zero. We have that, by Taylor’s formula

n—1
f(ta Mt) - f(oa MO) = Z f(tk‘-i-la Mtk+1) - f(tk‘v Mtk)
k=0
n—1 af n—1 a 1
= ZL(&, M)A M, )AM,, + ) (AM,)?.
2 t(fk, 1) At + kZ:; o (ti, My, )AM,;, + z:: (tk, nk) (AM)

where, Aty =ty — te, AMy = My, — My, and & € (tg, tp41) and
Mk € (Mtk N My, ., My, V Mtk+1) are the intermediate values given by Taylor’s theo-
rem. Given that d;f and M are continuous, the map s — 0, f(s, Xs) is also continuous,
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meaning that

n—1 n—1
of of
Z E@k’ My, ) Aty — Z N —(tg, My, )Aty| — 0, P-a.s.
k=0 k=0
as the mesh of the partition goes to zero. Since
n—1
af |n|—>o / of
— At My)ds,
ot a5 M)
we conclude that
n—1
0 m-o [0
_f(gkaMtk)Atk e 8{(3 M,)ds
k=0 0

as well.
Now, given that 0, f is continuous, we can use the same arguments seen in the
previous theorem to see that

nlaf

8 (tk,Mk)AMk —>/ a:L‘ S M)dM

as the mesh of the partition goes to zero and where the limit is in L*((2).
Using the continuity of 92 f, we see that

n—1 an ) n—1 an )
> @(tk, M) (AMy)™ — @(% My) (AMg)™| — 0, P-as.
k=0 k=0
as the mesh goes to zero. The then goal is to show that
n—1 n—1
0? 0? T1|—0
5 J;(tk,Mk)A<M)k— 5 J;(tk,Mk) (A, 2% ¢ (2.3.11)
in some suitable sense. With this and the fact that
n—1
0? 1|0 0?
Gt A, [ S5 atpan,

one then concludes the proof. The proof of (2.3.11) is based on a couple of technical
lemmas regarding the bounds of the quadratic variation and the variation of order

four over finite partitions that can be found in [7], Lemmas 1.5.9 and 1.5.10, page
33. m

25



The covariation formula

In the following chapter, in some occasions we will come across situations where we
will have to compute covariations of stochastic with respect to different continuous
square integrable martingales. This last result will prove to be useful in such situa-
tions.

Moreover, as seen in Proposition 3.2.19, page 144, of [7], this results can be used
to characterize the stochastic integral in terms of its quadratic variation, which is a
Lebesgue-Stieltjes integral, a much more familiar object.

Theorem 2.3.10. Let M = {M;: 0 <t < T} and N = {N;: 0 <t < T} be
two continuous square integrable martingales, X = {X;: 0 <t < T} € vy, Y =
{Y;: 0 <t <T} € vy be two integrable processes (with respect to the corresponding
martingales) and

t t
IM(X) = / X, dM,, IN(Y):= / Y,dN,
0 0
be the corresponding stochastic integrals. Then the following equality holds P-a.s.:
t
<IM(X),IN(Y)>t:/ XY, d{M, N),.
0
Computations like the ones done in Theorem 2.3.5 or Theorem 2.3.7 show that
the result does indeed hold for elementary processes X and Y. However, in this case
we need to work a bit more to obtain the results for general processes X and Y.

The proof of this result is a consequence of a couple of previously established
results: Proposition 3.2.14 and Lemmas 3.2.15 and 3.2.16, pages 142-144 in [7].

Lemma 2.3.2. Let M, N and X be as in Theorem 2.3.10, then
t
(I (X),N), :/ X, d{M,N),, P-a.s.
0

for each t € [0,T].

Proof of Theorem 2.3.10. Recall that if X € vy, then I (X) is a continuous square
integrable martingale and similarly for Y € vy. Hence, we have that, by the previous

lemma, d(IM(X), IV(Y)); = X, d{M, IV (Y)); and d(M, I¥(Y))s = Yyd(M, N),, so

t t
(IM(X),1Y(Y)), = / Xod (M, IV(Y)), = / XY, d{M,N),.
0 0
Where the equalities hold P-a.s. O
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2.3.4 An approximation result

As discussed in the introduction and in Section 2.1, we are interested in giving con-
ditions under which the considered random noises converge (in law, weakly) to the
desired noise. In this chapter, the noises considered are represented as stochastic
integrals of some processes f = {f;: t € [0,T]} with respect to some other process,
so the problem can be formulated as follows:

Let W) = {Wt(n): t e [O,T]}, n € N be a sequence of stochastic processes con-

verging in law to a certain stochastic process W = {W,: t € [0, T|} as n approaches
finity and assume that the integrals

t t
™= / FodW™ g, = / £, dW,
0 0

are well defined in some sense (maybe as an L*(QY) limit as studied in this chapter
or w by w by using the Lebesgue-Stieltjes integral). Under which conditions for the

process f, the sequence of processes I = {It("): t e [O,T]} converge in law (or in

some other sense) to the process I = {I,: t € [0,T]}?

Motivated by Donsker’s invariance principle, which states that the Brownian mo-
tion can be weakly approximated by random walks whose jumps are of finite variance,
we will be considering the case where the processes W are given by

[nt]

n 1 n
W = = | 32X+ (= ] X | . W37 =0 (2:3.12)
7j=1
Where the sum is taken to be zero whenever whenever [nt] = 0 and {X,}jen is a

sequence of i.i.d. centered random variables with unitary variance. We will assume,
as well, that E[X{] < co. These processes, which are the linear interpolation of a
random walk and thus, have continuous sample paths, are known to converge in law to
the standard Brownian motion, which we will be denoting by W = {W,: t € [0,T]},
in the space of continuous functions C([0, 7).

Moreover, the sample paths of the process W are of bounded variation, meaning
that the integrals It(") can be thought as Lebesgue-Stieltjes integrals for each w € €2,
and this is what we will do. Not only that, but the fact that the sample paths of
W™ are continuous implies, by properties of the Lebesgue-Stieltjes integral, that the
sample paths of (™ are continuous as well whenever f is good enough (for instance,
if f has continuous sample paths as well).

A positive result can then be given when, for instance, f is a continuous deter-
ministic process, and this is what we will be proving in this section. To do so, we will
use some results regarding the weak convergence of probability measures in metric
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spaces (mainly, Prohorov’s Theorem, Theorems 5.1 and 5.2 in [3], pages 59 and 60,
and Billingsley’s Criterion, Theorem 12.3 in [1], page 95). For a brief introduction to
these results and the techniques that will be used, we refer to [5].

Theorem 2.3.11. Let W™ be as in (2.3.12), W be a Brownian motion and f be a
continuous deterministic process. Then the integral processes I™ converge in law to
the integral process I, in the space of continuous functions C([0,T]), as n approaches

infinity.

Proof. To prove this result, we will follow the exact same strategy as in Section 3 of
[5]. That is, we will be proving the tightness of the sequence {I™},, and the converge
of the finite dimensional distributions.

Tightness

To prove the tightness, we consider the alternative expression for (2.3.12) which
is given by the Donsker kernel:

1 ns oo
W(n):—/ O(x)dx, 0O(x)= Xilli_q o (x).
t \/ﬁo () () ; J[JLJ)()

This expression allows us to write It(n) as

t
It(n) = \/ﬁ/ 9(n5>fs ds,
0

which is a usual Lebesgue integral.
Clearly, the sequence {Ién) }n is tight as a sequence of random variables (in R)
because Ién) = 0 for all n € N. So, by Billingsley’s Criterion, to prove the tightness

of the sequence {I(™},, it suffices to show that

B[ - 1

T <IF@) - Fs)

for all s,t € [0,T], for some constants v > 0, a > 0 and for some non-decreasing
function F'. We will show the latter for v = 4, « = 1 and F(t) = Ct, t € [0,T] for
some positive constant C' independent of s,¢ and n. The result trivially holds for
s =t, so from now on we shall assume 0 < s <t <T.
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First observe that, by setting ||f|| = sup{|fi|: t € [0,T]},

E [ (/:e(nmfu du>4]

= 24n’E [/ O(nuy) - ... - O(nug) fu, - - fudfui<..<uiy () du
[s,t]*

7™ _ )

t s

4
} = n’E

= 24n2/ E[0(nuy) - ... - 0(nua)] fu, - fuddu<..<ugy (w) du
[s,t]*

<o [ R - O o T 20 () d
[s,t]*

< 24| |12 / E[6(nur) - .- 6(n0)]| T .. <oy (22) s

[s,t]*
= 24||f||ion2/ |E [0(nuy) - ... - O(nua) Ly, <. <uy (0] } du. (2.3.13)

B
Where u = (uy, ..., u4), du = dujdusdugduy and in the second line we have used that
the product O(nuy) - ... - O(nuy) fu, - ... - fu, remains invariant under permutations of
the variables wuy, us, uz, us within the domain of integration considered, [s,t]*, to fix

an ordering by making use of the indicator function Iy, <. <u,}-
Now observe that

E [H(nul) N Q(nu4)ﬂ{ulg.,,§u4}(u)]
= Z E [Xj L XJ4] ]I[j1,17j1)<nul) L. ]I[j471,j4)(nu4)]1{u1§...§U4}(u)

= [(M4 — 1)(5” -+ 1] H[i_l,i)z(nul, TLUQ)]IU_L]')Z (TLU3, TLU4)H{U1S.._§U4}<U). (2314)

Where My = E[X{]. Indeed, in the first sum, if some of the j; is different from the
others, then the fact that the random variable X, will be independent of the other
three and that they are centered will imply that

On the other hand, if j; = j5 # j3 = J4, then
E[X; -..-X;]=E[XZ|E[X}] =1
Finally, if jl =..= j4,

E[Xj .- X;,] =E[X} ] = M,.
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All other cases are discarded due to the presence of the indicator Iy, <. .<u,}. Observe
that, by the Cauchy-Schwarz inequality, M, > (E [Xf])2 = 1, so the summands in
(2.3.14) are non-negative and thus, (2.3.14) will be non-negative, so we can get rid of
the absolute value in (2.3.13).

From here, one can follow the exact same procedure described in Theorem 3.1 in
[5] to obtain the following bound

?|

and hence, proving the tightness of {11,
Convergence of the finite dimensional distributions
Let 0 <t <ty <..<t,, <T, we will show that the random vectors
(n) ._ (7(n)
I = (1

t17

I(n) . ](n)

t s

4
] < | I Mt — 5)°,

It(zn) _ ](") ](n) _ I(")

t1 9 g tim—1

) , neN
converge in law to the random vector
_[f = (‘[t17 Itg — -[t17 ceey ‘[tm - Itm71>

as n approaches infinity. From now on, we will assume that ¢; > 0 and consider the
point to = 0 (if t; = 0 one can proceed similarly without having to consider the point
to)-

Now fix any ¢ € {1,...,m} and s € [t;_1,t;]. Observe that, if j < [nt;_1], then
J < nt;_1 as well (since [nt;_1] < nt;_1). In particular, since s > t; 1, we will have
that j < ns, so I};_; j(ns) = 0 for such values of j.
Similarly, if j > [nt;] + 1, we will have that j — 1 > [nt;]. That is, j — 1 is an integer
strictly greater than the entire part of nt; and thus, j — 1 > nt;. Since s < t;, we will
have j — 1 > ns, meaning that Ij;_; ;(ns) = 0 for such values of j.
All in all, for these values of s we will have that

[ntl}—l-l
Ons)= > X;lj_1;(ns)
Jj=[nt;—1]+1
and hence,
™1™~ m / Ons)fods =i S X0,
ti—1 f
j=[nti—1]+1
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where

t;
CZ(:;) = / ]I[jfl,j) (nS)deS
ti—1

- /tiAn'_1 fsds
= fy Kt A %) = <t1 LV ‘7;—1>] (2.3.15)

for some y € [(ti_l Vv 3%1) , (t,» A %)] by the integral mean value theorem (we omit
the dependence on 7, j and n in y). Observe that

(2.3.16)

which is a uniform bound in both i € {1,...,m} and j € {[nt;_1] + 1, ..., [nt;] + 1}.
For each i € {1, ...,m}, let us consider the random variable

A = /n Z x,c
j=[nti—1]+1

where the sum is understood to be zero when [nt; 1] = [nt;]. Then we have that, for
any € > 0, by Chebyshev’s inequality,

P{|I" — 17, = A > e} =P{|C, 1 K vi| > ¢

1

So, if we set A = (Ag"), . Agf)), we have that

(-] < el

Implying that the vectors I](c") and A™ have the same limit in law. However, observe
that, for each n € N, since the random variables {X;}, are pairwise independent,

1™ A

L G N
Vm '
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the components of the vector A™ are pairwise independent as well. Therefore, the
characteristic function of A™, o, (u), w = (uy, ..., up) € R™, will be given by

on(u) = f[E [exp {iulAl("’}] : (2.3.17)

Given that the {X,}; are pairwise independent, we have that

[nt]

E [eXp {iuAl(")}] - I E [exp {z‘qufj)}] , (2.3.18)

Jj=nti_1]+1

where YZ(J") =+/nX Cl(,?)v u € R, X has the same law as X; for all j and the product
is understood to be one when [nt, ;| = [nt;]. Now let

771(3) (u) =E [eXp {qul(j’“‘)H ,

since X has unitary variance (in particular, it has finite second order moment), nl(n.) (u)

7]
is a twice differentiable function with respect to u. Moreover, we have that

dn;"

) =1, =) =& [v] =0

and

d2 (n) 2
dnl; (u) = —E {(Yfﬁ) exp {qu}(Jn)}} .
u I k2
In particular,
dn;;)
du?

Thus, a Taylor expansion yields, for any v € R,

(0) = —n (C};)>2. (2.3.19)

n u?
iy (w) =14 5

(1) (2.3.20)

for some uy € [0,u] if u > 0 or some uy € [u,0] if v < 0. By the bound found in
(2.3.16), we have that

d*n;})
du? (o)

2 2
g ey — W o,
n n

<




Thus, for n large enough and for fixed u € R, the natural logarithm of (2.3.20) will
be well defined and continuous in a neighbourhood of (2.3.20) and thus, it will make
sense to consider the logarithm of (2.3.18) which will be given by

2 2\
1+u— nl’j (Uo)] .

[nt]

L (u) = Z log

j=lnti_1]+1

2 du?

Using the Taylor expansion for the logarithm (considering, if needed, n large enough

£ (o)

so that |%-—~ < 1), we will have that
9 [nt] 2 (n) [nt] 9
(n) u "Ij 1 (n)
L) =5 >, g w)| <3 (lﬁj> (2.3.21)
j=nt;_1]+1 j=[nt;—1]+1
where .
2 n
‘5(@) <u_2 d7717j (uo) <u_2Hch2>o
b= der VYT 2 n
Thus (2.3.21) can be bounded by
U4 f io n—00
g% ([nt)] — [nti_1]) == 0.

On the other hand, using that |’ — 1| < 2|a| for any a € R, we have that

<E {(Y(n))Q‘ex { Y(")} —1”
~ l,j P4 tUp l,j

3
< 2ufe ||

P - L
du? du?

< 2lul || f13n %2 Ms,

where M3z == E[|X|?]. With this, we have that

[nt]] dznl(;l') d2nl(3) ) a2 e
> (o) — (0) || < 2Mull[ fIEMzn™"= ([nt)] — [nt;-1]) —— 0.

, du? du?
Jj=[nti—1]+1

Thus,

2 [nt] d2 (n)
. n . 77[7 ]
lim Lz( )(u) = — lim E du;

(0).



Now observe that, for each j € {[nt;_1] + 1,..., [n#;]}, we have that j < [nt)] < nt;,
o L At = j for these Values of j. On the other hand, if j = [nt;_1] + 1, we have

that j_l [ntl i < ti_1, so L\ #_y = t;_y. Finally, if j — 1 > [nt;_1], we will have

j—1 > nt;_1, leadlng to 4 vtl 1 =7 —1. All in all, we obtain that (2.3.15) reduces

to
[ntl_l] +1—t_1n

G = fy - L G=nt] 4

or

0}’;’:@ it j > [nt_q] + 1.
’ n

Bearing this in mind and using (2.3.15) and (2.3.19), one sees that

[nt] 42n™ [nt]

Z . (] + 1 =nty) Z 9
, "2 (0)=—1, n Ty
Jj=[nti_1]+1 J [nti—1]

where, remember, y depended on [, j and n. Observe that, for each n and [, [nt;_;| +
1 —nt;_q € (0, 1], meaning that

([nti—1] + 1 —nty)? < 1f112, oo

2
Ty n ~ n
On the other hand, Z[ntlml 1 2, n > 1, are nothing else but the Riemann sums of
the integral ft %(s)ds. All in all, we obtain that
lim L™ (u) = ——/ F2ds.
n—oo l

So, for each I € {1,...,m}, (2.3.18) converges to exp {—% ttl—l ffds} and (2.3.17) to
m 2 tl
Hexp —u—l/ fids
I=1 2 Ju

as n approaches, which is the characteristic function of the vector Iy and thus, by
Lévy’s continuity theorem, we obtain the desired result. O]

In the proof of this theorem, we have used that for deterministic and continuous
functions f, the process [ is a process with independent increments such that

t
— 1, NN(O,/ fﬁdu).
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In particular, the quadratic variation of I, (I), is given by

t—/fm

which is deterministic. Thus, the process I shares many similarities with the Brownian
motion. In fact, one can show that the process I can be obtained by considering a
deterministic change of time. Bearing this in mind, it is no surprise that the same
proof for the convergence towards the Brownian motion (the one seen in [5]) worked
for the convergence of the stochastic integrals since, in essence, what we are proving
is the convergence of a modified random walk given by

[nt]+1

\/‘/ ns fsds_\/_ZX/]Ib 1j)(ns) fs ds

towards a modified Brownian motion, I.

2.4 Final remarks

2.4.1 Extending the class of integrands

As in the case of the Brownian motion, one can extend the class of integrands by
weakening condition (iii) in Definition 2.3.1 as follows:

P {/OT X2d(M),; < oo} =1 (2.4.1)

As seen in the course of Stochastic Calculus, this can be done by a localization
argument, for which one has to prove beforehand that, for any {F;};-stopping time 7
taking values in [0, 7] and any X € vy, (the one from Definition 2.3.1), the following
identity holds a.s.

T T
/ Xtht - / ]I[()ﬂ—) (t)Xtht
0 0

Which is usually shown using that any stopping time like 7 can be approximated
a.s. by a decreasing sequence of stopping times {7,}, similar to the ones seen in
Eq.(2.3.6) (the point being that such stopping times only take a finite number of
values for each n). We will omit the details and denote by 1/}, the set of processes
that satisfy conditions (i), (ii) and the one in (2.4.1). Nevertheless, we shall remark
that for general X € v}, the process {I;(X): 0 < ¢ < T} might not be a martingale
anymore (in general, it is a local one) and that it is defined as a limit in probability,
rather than an L?(Q)-limit.
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2.4.2 Extending the class of integrators

One can define, using the stochastic integral seen in this chapter, stochastic integrals
with respect to more general processes like continuous local martingales or contin-
uous semimartingales. Moreover, they can be extended to local martingales and
semimartingales whose sample paths are cadlag P-a.s.

Definition 2.4.1. A process M = {M;: t > 0} is a continuous local martingale if
there is a non-decreasing sequence of {F;}i-stopping times {S,}n such that S, / oo
P-a.s. and such that, for each n € N, the stopped process {Ms,:t > 0} is a
continuous martingale.

Definition 2.4.2. An adapted continuous process M = {M,: t > 0} is a semimartin-
gale if it can be decomposed P-a.s. as follows:

Mt — MQ ‘l— Nt + At,t Z O, (242)

where N = {N;: t > 0} is a continuous local martingale and A = {As: t > 0} is a
continuous process of bounded variation (with both processes N and A starting at 0).

For X € V), one can construct the stochastic integral of X with respect to
the continuous local martingale by constructing a localizing sequence of stopping
times {7}, }n, T, " oo P-a.s. (these stopping times depend on the stopping times
implicit in the definition of local martingale, {S,},), such the stopped processes
M = {Mt(") = Mynr,: t > 0}, n > 1, are continuous square integrable martingales
and such that X ™ = {Xt(") = Xyl >} € vpy for each n > 1. Then one defines the
desired integral as one would expect

L(X) =" (X™) on {0<t<T,}.

This construction is coherent in the sense that if 1 < n < m (which means that

T, <T,, P-as.), then [,(X) is well defined on [0, T, (w)] for P-almost all w € Q, that
is,
M (XY = M (XY 0 <t < T,
Moreover, the definition does not depend on the choice of the localizing sequence of
stopping times {5, },.
The stochastic integral of X € v}, with respect to a continuous semimartingale
M with decomposition given by (2.4.2) is then defined as

t t t
/ XsdM; :XOMO—i—/ Xsts—i—/ XsdAs.
0 0 0

Which is well defined because the decomposition in (2.4.2) is P-a.s. unique.
One can show as well that the Ito6 and covariation formulas, among many other
results seen here, also hold for such integrals.
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Chapter 3

Stochastic integrals with respect to
random fields

So far, we have seen that we can construct stochastic integrals with respect to stochas-
tic processes that evolved according to a single variable, the time. Such integrals were
introduced to define rigorously the concept of stochastic differential equation driven
by a random process.

Introducing the notion of stochastic partial differential equations is a bit more
delicate task. Indeed, recall that the point of considering partial differential equations
is to determine functions that depend on more than one variable and, in most cases,
these variables are not symmetric: for instance, the time variable usually takes non-
negative values, while the space variable can take any real value (depending on the
problem, of course). So we first need to introduce the concept of space-time random
perturbation and then see how we integrate with respect to such objects.

We will start by considering the case of the white noise and the isonormal process,
which can be thought of the analogous to the Brownian motion in several (possibly
infinite) dimensions in some cases, and, at the end of this Chapter (see Section 3.3),
we introduce a wider class of random noises (and hence, of integrators), with the
drawback that the class of integrable functions will be a bit more limited. This
way, we start by considering objects which might be a bit more familiar to the ones
already seen (the Brownian motion and the It6 integral with respect to such process),
providing a canonical example that will serve us as a model to construct the integral
with respect to much more general processes (as done in Section 3.3).

For the construction of the stochastic integral with respect to the space-time
white noise, we will follow the first two chapters of [0], while, for the construction
with respect to worthy martingale measures, we will follow the second chapter of [11].
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3.1 White noise and the isonormal process

3.1.1 White noise

Definition 3.1.1. A o-finite measure v on (Rk,R’“) (being R¥ the Borel o-field of
R*) is a measure for which there is a sequence of compact sets {Ey,}nen such that
v(E,) < oo for alln € N and such that E, / R (that is, the sequence {E,}, is
increasing and R* = E,).

Definition 3.1.2. A (Gaussian) white noise on R¥ based on a o-finite measure v on
(Rk,Rk) 1s a Gaussian random field

W={W(A): AecR;}, Ri={AecR"' v(A) <o}

defined on some probability space (S, F,P) with mean function p(A) = 0 for any
Ae R’} and covariance function C(A, B) == v(AN B).

The existence of this process (and all the other Gaussian processes that we will
see during this section) can be seen as a consequence of the following result, which
is, in turn, a consequence of Kolmogorov’s Extension Theorem:

Lemma 3.1.1. Let T be an arbitrary set. Given functions m: T — R and C: T?: R
such that C(t,s) = C(s,t) for all (s,t) € T?, and C is non-negative definite, there ex-
ists a Gaussian random field G = {G(t): t € T} with mean function m and covariance
function C.

For a proof, see Lemma 1.2.2 in page 4 of [0].

Observe that, from the definition, W (A) is a normal random variable with zero
mean and variance v(A) (if ¥(A) = 0, then W(A) is the constant random variable
Z€r0).

It turns out that W, as a set function from R’Ji to L?(Q, F,P), can be thought as
a vector-valued measure. To see this, we will need the following proposition.

Proposition 3.1.1. The following assertions hold true:

(i) If A, B € R} are disjoint, then W(A) and W(B) are independent and W (AU
B) =W(A)+ W(B) P-a.s.

(i) Let {A,}, C R be a decreasing sequence with v(A;) < oo and let A =, >, An,
then -
L*(Q) — lim W(A,) = W(A).

n—oo
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(i) Let {A,}, C R be an increasing sequence and let A = |, -, A, be such that
v(A) < oo, then -
L*(Q) — lim W(A,) = W(A).

n—oo

Proof. For the first part, since AN B = () and the mean function y is null, we have
0=v(ANB)=C(A,B) =EW(AW(B)].

So W(A) and W (B) are uncorrelated Gaussian random variables and thus, indepen-
dent. To check the finite additivity property, note that

E[(W(AUB) — W(A) — W(B))"] =E [W2(AU B)] + E [W?*(A)]
+E [W*(B)] — 2E[W (AU B)W(A)] — 2E[W (AU B)W(B)]
+ 2E[W (A)W(B)]
=v(AUB)+v(A) +v(B) —2v(A) —2v(B)+2v(AN B)
= 0.

Where in the last step we have used that v is a measure and hence, it is additive.
For (ii), first note that the condition v(A;) < oo implies A, € R} for all n > 1.
On the other hand, for any B,C € R’Jﬁ such that B C C we have, by (i),

W(C)=W ((CnB)U(CnN B)
=W({CNB)+W({CnNB°
=W(B)+ W(C\B), P-as.

So W(C\B) = W(C) — W(B) P-a.s. By sequential continuity of v, we have that
M<j<n(A;\A) = A,\ A decreases to the empty set as n approaches infinity and hence

E[(W(4,) — W(4)?] = E [W3(A,\4)] = n(4,\4) "= 0.

Similarly, for (iii), the fact that v(A) < oo ensures that A, € R} for all n > 1
and we have that (,_;.,,(A\A;) = A\A, decreases to the empty set as n approaches
infinity, so, by sequential continuity,

E [(W(A) = W(A,))"] = E [W(A\A,)] = v(A\4,) == 0.
As was to be shown. O

Hence, the map W: RI} — L*(Q, F,P), A— W(A) is a g-additive vector-valued
measure. Indeed, if {B,}, C 'RI} is a sequence of pairwise disjoint sets such that
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A =U,s, Bn € R, then we have that, since A, = Ui<j<, Bj verifies 5, A = A
and A, C A,, whenever n < m,

zn: W(B;) =W (Lnj Bj> = W(A4,) == W(A)

in L*(Q). However, this does not mean that for fixed w € Q (or for almost any w € Q),
the map A — W(A)(w) is a a real-valued signed measure.

3.1.2 Isonormal process

From now on, H will denote a real, separable Hilbert space with inner product (-, )y
and norm || - ||g.

Definition 3.1.3. An isonormal Gaussian process on H is a Gaussian process W =
{W(h): h € H} defined on some complete probability space (2, F,P) with vanishing
mean function and covariance function C'(h,g) = (h,g)n.

Thus, for each h € H, W (h) is normally distributed with zero mean and variance
||h||%. This means that the map h +— W (h) is an isometry from H to L?(Q, F,P).
Moreover, it is P-a.s. linear. Indeed, for any a,b € R and any h,g € H,

E [(W(ah + bg) — aW (h) — bW (g))?] =
= ||lah + bg||3; + a®||h|[7; + b*||g||3; — 2al{ah + bg, )y — 2b{ah + by, g) i + 2ab{h, g) i
= 0.

Where we have used that [lah + bg||3;, = a?||h||3 + bllg|l3 + 2ab{h,g)y and the
bilinearity and symmetry of (-, -)g.

All in all, we have that W: H — L*(Q, F,P) is a linear isometry (in particular,
it is continuous).

We observe as well that, if h, g € H are orthogonal, (h, g)y = 0, then the random
variables W (h) and W(g) are independent since they are uncorrelated Gaussian ran-
dom variables. In particular, if ||h||g = ||g||x = 1, W(h) and W(g) are independent
standard normal random variables. This fact can be used to give a deeper insight on
the structure of isonormal processes.

Proposition 3.1.2. Let {e,: n > 1} be a complete orthonormal system (CONS) in

H and {&,: > 1} be a sequence of i.i.d. standard Gaussian random variables defined
on (2, F,P). Then, for any h € H, the series

o0

Z<h> en>H§n

n=1

40



converges in L*(Q) to a random wvariable, which we will denote by W (h), and the
family {W(h): h € H} constitutes an isonormal Gaussian process on H.

On the other hand, given an isonormal Gaussian process {W(h): h € H} and
a CONS {e,: n > 1} on H, the sequence {W(e,): n > 1} consists of independent
standard Gaussian random variables and

N
W(h) = L*(2) = lim_ 2_;<h,en>gw<en>
for each h € H.
Proof. By Parseval’s identity, we have that
> (henir = Il heH.
n=1

in particular, the sum is convergent. Thus, for n >m >0 and h € H,

n 2 n
E ( Z <h,€j>H€j> = Z <h 6] + Z h 61 h €; hE[ngj]
j=m+1 j=m+1 i#]
= ) (he)y S0,

Jj=m+1

Where we have used that the random variables {¢,}, are pairwise independent and
that they have unitary mean. Therefore, the sequence

{Z(h,ej>H§j: n > 1}

Jj=1

is Cauchy in L?(f2) and, by completeness, convergent. Let W (h) denote the limit
of this sequence, then it is the L*(Q)-limit of Gaussian random variables and hence,
Gaussian itself. Given that the §; are i.i.d. standard normal random variables, we
have that Y77, (h, ¢;) &; is normally distributed with mean 0 and variance )7, (h, ;)%
Hence, the limit is normally distributed with zero mean and variance ||h||3, (for in-
stance, by Lévy’s continuity theorem).

Moreover, by Parseval’s identity and the independence of the &; again, for any
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E[W(W ()] =E |> (h.e)ulg. e;)u&é

- /[’hj

=E Z(h’ eV g, e ué;| +E Z<h>€i>H<g>€j>H§i5j
Lj=1 iy
= h e] gve] HE +Z h 61 97€J HE[&@]

G

’M&% i Mg

Il
—

(h,ej)n(g, e;)m
J
=
Where the interchange of the expectation operator and the sums is justified due to the
fact that the sums converge in L?(Q2). Hence, the family {W (h): h € H} constitutes a
process on H with vanishing mean function and covariance function C'(h, g) = (h, 9)n
As for the second part, the observation made before the statement of this propo-
sition tells us that {W(e,): n > 1} is a sequence of i.i.d. standard normal random

variables. Since {e,: n > 1} is a CONS, for any h € H we have

N
h=H — lim Z<h7€n>H6n

N—oo
n=1

>
s

)H-

)

and hence, by linearity and continuity of h — W (h),

W(h) =W (H — Jlim Z(h,en>H6n>

n=1
N
= 13(Q) — Jim W <Z<h >H>
N
= L*(Q) — lim (h,en)uW(ey).
N—oo —
Which is what we wanted to show. O

3.1.3 Relation between the white noise and the isonormal
process

In the frame of Lebesgue’s integration theory, one starts by defining integrals of indi-
cator functions of v-measurable sets of the form I 4 (being v the considered measure),
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which are defined to attain the value v(A). This relates measures of measurable sets
with simple functions and, from this, one can extend the notion of integral to a higher
class of measurable functions. This integral characterizes the measure as well.

A similar procedure can be followed to establish a relation between the white
noise and the isonormal process, where the “measure of a set A € R’} with respect
to the white noise” is related to the “integral of a simple function 4 with respect to
the isonormal process” (for this, a particular Hilbert space H must be considered) to
then define integrals of more general functions h € H with respect to the isonormal
process and this integral will characterize the corresponding white noise measure as
well.

In this section, v will denote a o-finite measure on (R*,R}) and H = L*(R*,v)
with the inner product (h, g)g = [ hgv(dz).

Given an isonormal process on H, one can easily define a Gaussian white noise
W = {W(A): A € R}} by setting W(A) = W(I4). In such case, one has that
E[W(A)] = 0 for any A € R} and

E [W(AW(B)] = E [W (L)W (Ip)]
= (T4, 1)y

_ / Lilpy(d)
=v(ANB)

for any A, B € R’} Thus, W is a white noise based on v.
~ Now let W denote a white noise based on v. For each A € R’} define W (l,) =
W(A) and extend the definition to functions h =7, ¢;l4; with r € N, ¢; € R and

Aj € Rl; pairwise disjoint linearly:

W(h) = Z c;W(4;).
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Then one has, for such h,

:icﬁE [W2(A)] + D s B [W(A) W (4;)]

i#j

_ /R k <Z cjﬂAj> 2 v(dz)

Jj=1

= ||All%-

Where we have used that W (A;) is independent of W (A;) for i # j (because A;NA; =

() in this case). Moreover, the value W (h) does not depend on the representation of

h. That is, if
h=>Y ¢la, g=)Y dig
j=1 i=1

with ¢j,d; € R, A;NA; =0 and B, N B, =0 if i # j and n # m and h = g, then
W(h) = W(g) P-a.s. Indeed,

E [(W(h) =W (9))’] = IRl + [lgllF — 2D e;div(A; N By)

1,J

:/ (Z AT +Zd]13 QZC]CZHAHB) (dz)

7=1
:/Rk <;Cj]IA Zd]IB> dﬂ?
= 0.

As in the case of the usual Lebesgue integration, one checks that the map h — W (h)
is linear and hence, by what we have already shown, it defines a linear isometry (as
in the case of the It integral) on the set of elementary functions that extends to a
linear isometry from H = L*(R* v) to L?(Q, F,P) as an L*(Q)-limit by using the
fact that simple functions are dense in L?(R*, v) with respect to the norm || - || and
a similar procedure to the one seen in the previous chapter.
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The only thing left to check is that the resulting process {WW(h): h € H} is indeed
an isonormal process. For h € H, W(h) is the L*(Q)-limit of centered Gaussian
random variables, so it is a centered Gaussian random variable itself. Moreover, for
h,g € H, using that

(because h — W (h) is linear) and the isometry property, one obtains

E (W ()W (9)] = lIh + il — 3110 — ol = {h. 6}

by the polarization identity of the inner product.
For h € H, the random variable W (h) is called the Wiener integral of h with
respect to the white noise W and it is usually written as

/Rk h(z)W (dz) = W (h).

For the sake of simplicity, we shall write
W(h) = / h(z)W (dx) (3.1.1)
Rk

and W instead of W for the white noise (we will distinguish the latter from the
corresponding isonormal process by the context).

As one may expect, the constructed integral can be related to the Ito integral with
respect to the Brownian motion:

Lemma 3.1.2. Let {W(h): h € L*(R,v)} be the isonormal Gaussian process as-
sociated to the white noise on R based on v(ds) = I (s)ds, T > 0, and let

B = {B;: t > 0} be the continuous version of the standard Brownian motion de-
fined by
B, = W(H[o,t)) =W([0,t)), 0<t<T. (3.1.2)

Then, for all h € L*(R,v),
T
W(h) = / h(t)dB;, P-a.s.
0

The point being that the integral on the right-hand side is the usual Ito integral with
respect to the Brownian motion.
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Proof. We first check that (3.1.2) defines a Brownian motion. Indeed, for 0 < s <
t1 < 89 <ty < T, we have that [sq1,t1) N [s2,t2) = 0 and hence, the random variables
W ([s1,t1)) and W ([sq,t2)) are independent. Moreover, we have, since [0,s;) C [0, ;)
for i € {1,2}

Btz‘ - BSi = W([Si’ti))v

meaning that B has independent increments. Finally, given the definition of v, we
have that B,, — Bj, is normally distributed with zero mean and variance t; — s; and,
since [0,0) =0, By = 0.

Now, if A = I}, 4,y with 0 < s <t < T, then

T
/ h(r)dB, = By — By = W([s,t)) = W(l}s) = W(h), P-as.
0
By linearity, this extends to step functions of the form h = Z;;é a;il; ¢,,,) With

a; € R constants and 0 = ¢y < ... < t, = T and, by density and the isometry
properties for both the Ito integral and the map h — W (h), to any h € L*(R,v). O

Observe that this construction of the stochastic integral (for deterministic func-
tions) allows as to easily define the stochastic integral with respect to the Brownian
motion over [0,00) just by considering the measure v(ds) = Ijo)(s)ds. Moreover,
this procedure provides us a method to construct integrals with respect to other
random fields like, for instance, the Brownian sheet.

Definition 3.1.4. A Brownian sheet on RE = {(x1,...,23) € R¥: 2; > 0,1 < j <k}
15 a Gaussian process with vanishing mean and covariance function

C(s,t) = H(Sj Atj),

forall s = (s1,...,s),t = (t1, ..., t) € R

Lemma 3.1.3. Let H = L*(R* v), v(dz) = Iz (z)dx with the usual inner product,

{W(A): A € R} be a white noise based on v and {W(h): h € H} be the corre-
sponding isonormal process, then the process W = {Wy, 1,1 (t1,t2) € R2} defined

by
Wiy 1o = W([0,1) % [0,12))

1s a Brownian sheet.
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Proof. 1t is clear that it is a Gaussian process with vanishing mean. On the other
hand, if (tl, tg), (81, 82) € Ri’

K [Wt1,t2 W81,82]

(([07t1) X [O’tQ)) N ([07t1) X [OatQ)))
([O,tl A 51) X [O,tg A 82))
(t1 A s1) - (ta A s2).

EW ([0, 1) > [0,2))W ([0, 51) x [0, 52))]

]

One can show, by Kolmogorov’s continuity criterion, that there is a version of
the Brownian sheet with continuous sample paths. Considering such version, one can
define the stochastic integral with respect to the Brownian sheet of a deterministic
function h € H by
/ h(tth)thl,tQ = W(h) (313)

R

2
3.1.4 Space-time white noise

Now we are ready to define a concept of space-time white noise, which, at the end of
the day, it is simply a particular case of the white noise already seen.

Definition 3.1.5. Let D C RF be a non-empty open set, then a space-time white
noise based on v(dt,dx) = Ir, (t)Ip(z)dtdr is a centered Gaussian random field
{W(A),A e B[éerD}, where BHQMD are the Borel sets A € BH£+X1) such that v(A) <
00, with covariance function

E[W(A)W(B)] =v(ANB), ABeB,

+><D'

Of course, the results seen so far regarding the properties of the white noise and
construction of an isonormal process from it also hold for the space-time white noise.

From now on, we shall assume that D C R is also connected (note that it can
be bounded or unbounded). As in the previous chapter, we will fix a time horizon
T > 0 (thus, the considered measure will be v(dt,dx) = g 11(t)Ip(x)dt dz) and set
H = L*([0,T] x D) and V = L?(D) with the inner products

o= [ [ nengnadr ey = [ @@

for h,g € H and ¢,¢ € V. Observe that
T
(o) = [ (bt ). gt v
0
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Wy ”

where “x” denotes spatial dependence. From the isonormal process on H associ-
ated to W (the space-time white noise), we can define a Gaussian stochastic process
{W(): s €[0,T],0 € V} by

Wi(9) =W (Lpo,(-)o(*))

where “-” denotes time dependence. Observe that functions of the type Ij q(-)p(x)
with ¢ € V are functions of H.

The goal now is to establish a couple of results so that we can guarantee that the
stochastic integral with respect to the space-time white noise is well defined.

Lemma 3.1.4. The process {Ws(¢): s € [0,T], € V} has the following properties:

(1) For any ¢ € V, {Wi(p): s € [0,T]} defines a Brownian motion with variance
sllelfi-

(ii) For all s,t € [0,T] and ¢, € V,
E[Wi(@)Wi(¥)] = (s At){p. ¢)v.

Proof. Since {W(h): h € L*([0,T] x D,v)} is an isonormal process, we have, for all
o, eV, s tel0,T],

E[W(p)] =E [W (Toq(-)e(x))] =0,

and,
E Wy (@)W ()] = (s (-)o (), Toa (J())n
_ / Lo (r) o (r)dr /D () (2)de
— (s A t){p, Vv

The desired result is then concluded from the fact that, as noticed before this lemma,
the process {Wi(¢): s € [0,T],¢ € V} is Gaussian and hence, so is {Ws(¢): s €
[0, 7]} for fixed p € V. O

From now on, we will consider the continuous version of the Brownian motions
{Ws(gb) s € [OvT]}v ¥ S V.

We will consider, as well, an underlying right-continuous and complete filtration
{Fs: s €10, T]} consisting of sub-o-fields of F such that:

(i) For fixed s € [0,7] and for any ¢ € V, the random variable W(yp) is Fs-
measurable.

48



(ii) For any s € [0, 77, the family {W;(p) —Ws(¢): t € [s,T],¢ € V} is independent

of Fi.

For instance, the sub-o-fields

FS::J{Wt(@)IOStSS,@EV}, SE[OvT]

completed so that they contain all P-null sets and the sets contained in such sets
verifies the hypotheses (recall that, for fixed ¢ € V, we consider the continuous
version of the Brownian motion {Ws(¢): s € [0,T]}, so the right-continuity condition
of the filtration is fulfilled as well).

Lemma 3.1.5. Let {e;: j > 1} be a complete orthonormal basis of V, then

(i)

(i)

(iii)

The sequence {W(e;): s € [0,T],7 > 1} consists of independent standard Brow-
nian motions adapted to the filtration {Fs}s and, for s € [0,T], {Wiis(es) —
Ws(ej): t € [0,T —sl|,j > 1} is independent of Fs. Moreover, for all p € V' and
s € 0,17,

[e.9]

W) =D (g, e;)vWiles) (3.1.4)

i=1

where the series converges P-a.s. and in L*(12).

Given a sequence {BJ: s € [0,T],7 > 1} of independent standard Brownian
motions, for each ¢ € V and s € [0,T], the series

o0

WS(@) — Z<90> €j>VB£

j=1

converges P-a.s. and in L*(Q). The process {Wy(p): s € [0,T], 0 € V'} verifies
the conclusions of the previous lemma. Further, for h € H, define

W (h) ::Z/O (h(s, ), e;)ydB] (3.1.5)

where the integrals on the right-hand side are usual Ito integrals and the series
converges P-a.s. and in L*(Q)). Then the process W = {W(I4): A € B[’&T]XD}
is a space-time white noise on [0,T] x D and {W(h): h € H} is the associated
isonormal process.

Let W be a space-time white noise on [0,T] x D based on v(dt,dz) =
Lo, (t)Ip(x)dt dz. If in the previous item we take BI = W(e;), then the result-
ing space-time white noise in the previous item, W, coincides with W .
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Proof.

Proof of (i):

By the previous lemma, and since {e;: j > 1} is an orthonormal basis, we have
E[Ws(e;j)Wi(e;)] = (s At)d;; for all s,t € [0,T], i¢,7 € N. Thus, if ¢ # j, the pro-
cesses {Wi(e;): s € [0,T]} and {W;(e;): s € [0,T]} are independent (because they
are Gaussian uncorrelated processes). The adaptedness and independence properties
follow from the conditions that the filtration {F;}s must satisfy.

Now, since ¢ € V and {e;: j > 1} is a complete orthonormal basis of V', we have

p(z) = Z(%%)Vej(fﬂ)

where the convergence is in V' (in norm || - ||v). By linearity and continuity of the
isonormal process, we have

oo o0

Ws(@) =W (]I[O,S]<)Q0(*>) - Z(% ej>VW (H[O,S](')ej(*)) = Z<<¢07 €j>VWs(€j>

J=1 J=1

where the convergence is in L*(2). By the Khintchine-Kolmogorov convergence the-
orem, we also have convergence P-a.s. because

[e.9] o0

ZE [<§076j>%/ws2(6j)] - Z<¢7€j>%/E [Wf(ej)} - Z<§07€j>%/8 - S||90H%/ <0

j=1 j=1 j=1

by Parseval’s identity and the random variables Wj(e;) and Wy(e;) are independent
if 1 # j.

Proof of (ii):

For fixed s € [0,T] and ¢ € V, {Bi(p,e;)y: j > 1} is a sequence of centered
independent random variables of finite variance such that, by Parseval’s identity

ZO_O:E [(Bﬁ)z (e, €j>%/} = 5[] [3 < 0.

Again, by the Khintchine-Kolmogorov convergence theorem, the series Ws(go) =
> 2y Bl{p,ej)v converges P-as. and in L*(Q) for fixed s € [0,7] and ¢ € V.

Moreover, the same theorem tells us that E[W ()] = 0, E [Wf(gp)} = s||p||?, and,
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for any s,t € [0,7], p,p € V,

= (s A1) Z(SD’ ej>V<7vZ)> €j>V

—

= (S N t) <¢7 ¢>V

As for the second part, fix h € H and let X; = fOT(h(s, x),e;)ydBI. The fact
that these It6 integrals are well defined (the integrand is a function satisfying the
conditions to be It integrable) is a consequence of the fact that h and (h(s,*),e;)v
are deterministic (so there is no need to worry about the measurability conditions)
and, for the same reason,

E[/OTUL(S*) ejvds}g/ ; 5, %), €)%

= [ Ints.0lfas
T

:/ /hQ(s,x)dsdx
0 D

= |[h]|% < oc.

Moreover, the fact that the integrand is deterministic implies that, for each j €
N, the random variable X, is a centered normal random variable with variance

Jy {h(s, %), ;)3 ds.
Now, if ¢ # j, by the observation made in (2.3.4) and the covariation formula
(Theorem 2.3.10),

E[X;X;|=E [/0 (h(s,*),e)v{h(s, ), e;)vd(B’, B'),| = 0.

Where, again, we have used (2.3.4) and the independence of the Brownian motions
B' and B’ to conclude that (B?, B’), = 0 for all s € [0,T].
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On the other hand, by the isometry formula for the 1t6 integral and Parseval’s
identity,

ZE Z/ (soohestbats = [ (o, s = 1y < ox.

Hence, by the Khintchine-Kolmogorov convergence theorem, the series in (3.1.5) con-
verges P-a.s. and in L*(2). Given that the L*(€2)-limit of Gaussian random variables
is Gaussian, we obtain that W (h) is Gaussian.

Now, for h,g € H,
(Z/ (h(s, *),ej)VdB§> (Z/o (g(s,*),ei>vdBé>

_ZE[ / (el ). sl 27,57,

E | W(h)W(g)

/ ), €)vig(s, %), ej)vds

_ / ds(h(s, ), g(s, %))y
o (3.1.6)

where the covariation formula (along with the independence of the Brownian motions
B? and B’ for i # j) and Parseval’s identity have been used.

So {W(h): h € H} is a centered Gaussian process with covariance function
C(h,g) = (h,g)y or, in other words, an isonormal Gaussian process.

It immediately follows from (3.1.6) that W = {W(I4): A € B[{J,T]xD} is a space-
time white noise. Lastly, we check that {W(h): h € H} is the isonormal process
associated to the white noise W we have just defined. Given that h — W (h) is linear
and, by definition,

© T
W(Is) = Z/O (Ta(s, %), e;)vdBl, A€ By p

we can extend this last definition to finite linear combinations of indicators of disjoint
sets in B, 0.7]x D’ using the isometry property seen in (3.1.6) for these linear combina-

tions and the fact that they are dense in H, we conclude that {W(h): h € H} is the
isonormal process associated to W as desired.
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Proof of (iii):

Recall that now B! = W(e;) = W(Ijoq(-)e;j(*)). Let A =1[0,¢] x F € B[’; T)xD
with ¢ € [0,7] and F a Borel subset of D, we have, by definition of W and linearity
and continuity of W,

W (A) = W(Ly)

= Z/O H[O,t](s)@IF,@j)VdWS@j)
=S ey / AW, (e;)

t
j=1 0

NE

(Ir, e5)vWi(e;)

<.
Il
—_

NE

(Ip, )y W (Ipq(-)e;(*))

R )
= W(]I[o t]( e (*))
— W(A).

Hence, W(A) = W(A) for A in the generating class of BO 0.7]xp> implying that W and
W coincide in all B O

[0,T]xD"

With this, we are ready to give a rigorous definition of the stochastic integral with
respect to space-times white noise.

3.2 Stochastic integral with respect to space-time
white noise

3.2.1 The stochastic integral

The results seen in Lemma 3.1.5 might seem a bit futile or unrelated to the topic
of constructing a stochastic integral at first sight since they only give a couple of
properties regarding the white-noise and the isonormal process.

Recall, however, that the isonormal at some function h € H can be thought as
a Wiener integral (see Eq.(3.1.1), for instance). With this interpretation, equation
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(3.1.5) can be interpreted as a representation of the stochastic integral of h with
respect to a space-time white noise. This representation, that might seem a bit
arbitrary, is nothing but an analogous of the classical Parseval’s identity in V' = L?(D)
in the context of stochastic analysis. Indeed, for f,g € H, we can write

/OT/DJC(S,Z/)9<S,?J)dsdy = i/OT(f(s, %), e, {g(s, %), e;)vds.

Now, if we take g(s,y)dsdy = W(ds, dy), then we can think that

So
/OT/Df(S,y)W(d&dy) = 2/;@"(3, %), e;)ydW,(e;).

In fact, this last equation (or Eq.(3.1.5)) will motivate the definition of the stochastic
integral, where we will extend the validity of such equations to random functions f
satisfying some measurability and integrability conditions, as in the case of the usual
[to integral.

In this case, the class of integrable stochastic processes G = {G(s,y): s € [0,T],y €
D} will be such that (in the following, B4 denotes the Borel o-field on A)

(i) The map (s,y,w) — G(s,y,w) from [0,7] x D x Q into R is By x Bp x F-
measurable (it is jointly measurable).

(ii) For each s € [0,T], the map (y,w) — G(s,y,w) from D x Q into R is Bp X Fs-
measurable (it is adapted to the filtration {F;}s satisfying the conditions stated
before Lemma 3.1.5).

(iii) E [IOT [, G*(s,y)dyds| < oo (the process is square integrable).
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From condition (iii), we have that the map G(s,*,w) belongs to the Hilbert space
V = L*(D) for dsdP-a.a. (dsdP-almost all) (s,w) € [0,T] x €, so
G(s,*,w) = Z(G(s, *,w), ej)ve;(x), dsdP-a.a.

j=1

Where {e;: j > 1} is a complete orthonormal basis of V' and the series converges in

V.

Definition 3.2.1. Let G = {G(s,y): s € [0,T] x y € D} be a stochastic process
verifying conditions (i)-(ii1), then the stochastic integral with respect to the space-
time white noise W is the random variable

(G-W)r ::/0 /DG(s,y)W(ds,dy) = Z/o (G(s,*),e;)vdWs(e;) (3.2.1)

where the series converges in L*(Q).

Before we give a couple of properties regarding the integral, we have to make sure
that it is indeed well defined.

First we start by checking that the Ito integrals fOT(G(s, %), e vdWs(e;), j > 1
are well defined for such G. According to assumption (i) that G must satisfy, we have

(5,0) = (G(s, %), e))v = /D G(s,y,w)e; (y)dy

is Bjo,r] x F-measurable (this is part of the content of Fubini’s theorem). Moreover,
by assumption (ii) satisfied by G, for fixed s € [0, 7], the map w — (G (s, *,w), €;)v
is Fs-measurable. Finally, by the third assumption and Bessel’s inequality,

e[ [ Goepias] <2 [ 66l =61 <o

So the requirements for (G(s, %), e;)y to be It6 integrable are fulfilled.

We now see that the series does converge in L*(Q). Indeed, given N > M > 1, by
the independence of the Brownian motions {W(e;): s € [0,7],7 > 1} and Tonelli’s
theorem,

E (‘%:1/0T<G(s,*),ej>vdws(ej)>2 = i E[/OT<G(8,*),€j>%/dS]

j=M+1

/OT (i <G(S’*)a€j>%/> ds] _

Jj=M+1

=K
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Now observe that, for each N, M, ZJ w1 (G(s, %), ;)7 < [|G(s,%)|[} by Parseval’s
identity. By the third condition that G must satisfy, we can apply the dominated
convergence theorem and the fact that Zjvz wmo1(G(s,%), ;)7 is the tail of a convergent
series to conclude that

{Z/ﬂ (G(s,%),e;)vdWs(ej): n > 1}

is a Cauchy sequence in L?(f2) and hence, that it converges in L*(€2).

Observe that from this we cannot conclude, as in Lemma 3.1.5, that the se-
ries converges P-a.s. as well, since there is no guarantee that the random variables
fo (s,%),e;)ydWs(e;), j > 1, are mutually independent nor that they are centered
(hence, the Khintchine-Kolmogorov convergence theorem need not hold in this set-
ting). However, the same computations seen in Lemma 3.1.5 show that the terms in
the series are pairwise orthogonal in L?(£2) due to the independence of the Brownian
motions {Ws(e;): s € [0,T],5 > 1}.

This last observation, with the fact that L*(2) convergence implies the conver-
gence of the corresponding norms, leads to the following result:

Proposition 3.2.1. The stochastic integral satisfies the following isometry property:

([ [ G<s,y>w<ds,dy>)2

Observe that if G € H is deterministic, then Lemma 3.1.5 gives that (G - W)y =
W(G), where {W(h): h € H} is the isonormal Gaussian process on H. Thus, the
given definition of stochastic integral is compatible with the construction of the isonor-
mal process and extends it to non-deterministic functions.

Lastly, we check that the definition does not depend on the choice of the orthonor-
mal basis {e;: j > 1} in V.

—[ [ 6t las| =B [1615).

Lemma 3.2.1. The definition of the stochastic integral does not depend on the par-
ticular orthonormal basis in V.

Proof. Consider another orthonormal basis {v;: ¢ > 1} in V and write G(s,x) =
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Yo (G(s, %), v;)yv;(*). Assuming that the series and integrals can be permuted,
00 T 0 T o0
Z/ (G(s,%),ej)vdWs(e ) 22/ <Z(G(s, *)7vi>vvi,ej> dWy(e;)
j=1"0 =170 \iZ1 v
T
=Y [ (G0t i)
ij 70
00 T 00
= Z/ﬂ (G(s, %), vi)v <Z<Uz‘=€j>vdws(€j)> :
i=1

=1

The goal now is to show that, formally speaking,
Z Vi, e5)vAdW(e;) = dWs(v;).
7=1

Since the map ¢ — W(i) is linear and continuous, we have that v; = 37 | (v;, ;) ve;
(where the convergence is in V') implies

o0
E (v, e)vWs(e;)

Jj=1

where this last series converges in L*(Q2) and P-a.s. Let ¢ = {gs: s € [0,T]} €
L*([0,T] x Q) be a jointly measurable, adapted and real-valued process (at the end,
gs = (G(s,*),v;)y), we want to show that, for each i > 1,

T
/ gsdWs(v;) ng (v, ej)ydWs(e;) (3.2.2)
0

7=1

where the series converges in L*(Q). If g, = Xl 4)(s) with X a bounded F-
measurable random variable and 0 < sy < tg < T, then

QA%mqmzxmmm—wam>

X

e

(i, €5)v (Wiy(ej) — Wi, (e5))

T
/ 9s(vi, e)vdWi(e;).
0

M2

1

J
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For such genera g, we know that there is a sequence of elementary processes {g7': s €
[0,7],n > 1} such that

T
o[ tn-mra] =0
0

For these ¢g”, the claim holds by linearity and, by the isometry property, we have

</OT(95 - g?)dWs(w)) =E UOT(QS - 9?)2653} 50,

Now, using the independence of the processes {Wj(e;): s € [0,T],7 > 1}, Tonelli’s
theorem and Parseval’s identity,

(Z / ") i, ex)vdIY, (e]>> —E i /0 ' vl,e]yvczs]
_ il vi, €)2E UOT(gs - g?)%ls}
[ - aras] =

T T
/ dW UZ Z/ 95 Ume])‘/dW (6])
0 j=1

converges, in L*(2), to

2

E

Il
=

Hence

T o LT
/ 9sdW(v;) and to Z/ 9s(vi, €j)ydWi(e; )
0 = Jo

as n approaches infinity. Thus, by the P-a.s. uniqueness of the L*(9), (3.2.2) holds.
The only thing left to do is to justify the changes in the order of summation and
integration. To do so, fix M, N > 1, then

Z/ < G(s, * vz>vvl,e]> AW, (e;) ZZ/ (s, %), i)y (v, €5 )y dW(e;).

i=1 j=1
(3.2.3)
Fixing N and letting M — oo we obtain that the right-hand side of this last expression

tends, in L?*(Q2), to
Z/O <G(87 *)7Ui>VdWS<Ui) (3.2.4)
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by what we have just shown. On the other hand, the left-hand side of (3.2.3) con-
verges, as M — 0o, to

/O/D<Z<G(s,*),w>vw(y)> W (ds, dy) (3.2.5)

in L?(Q2) and by definition of the stochastic integral. On the other hand, given that
N
G(s,x) =V — lim (G(s,%),v;)vvi(*)

N—o00 4
=1

for dsdP-a.a. (s,w) € [0,T] x €2, we have

T
lim E /
N—o0 0

Hence, by the isometry formula (Proposition 3.2.1), taking limits as N approaches
infinity in (3.2.5) and (3.2.4) leads to

N

G(s,%) = > (G(s, %), vi)vv;

=1

ds| = 0.

\%

/OT /D G, y)W (ds, dy) = i /0T<G<s, ), vi)vdW, (v:),

as was to be shown. O

fo<r<t<Tand AC|0,7] x D is a Borel set, then we will write

[ t /D G(s,y)W(ds, dy) = /0 Tﬂ[r,t](s)G(s,y)W(ds,dy)

and /AG(s,y)W(dsady) _ /OT/D]IA(S,y)G(S,y)W(ds,dy),

which are well defined whenever G satisfies the hypothesis previously mentioned.

3.2.2 The indefinite integral

As in the case of the Ito integral, one can consider an integral process {(G-W);: t €
[0,77]} that will result in a continuous square integrable martingale. To see this, we
will use the fact that the space of continuous square integrable {F;};-martingales
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in [0, 7] vanishing at 0, where indistinguishable processes are identified, is a Hilbert
space with respect to the inner product

(M, N) == E [MyNy] = E[(M, N)7].

For each n > 1, consider the continuous square integrable martingale

7" = {Zt" = Z/o (G(s,%),ej)vdW(e;): t € [O,T]} .

Which is continuous because we are considering the continuous version of the Ito
integrals involved and we are taking finite linear combinations of them. By the
independence of the processes {W;(e;): s € [0,T],j > 1}, the quadratic variation of
these martingales will be given by

(Z") = {(Zt"> = Z/o (G(s,%),ej)3ds: t € [O,T]} )

Since { Z1},, converges in L?(Q) to (G-W)r, we deduce that the sequence of continuous
square integrable martingales {Z"},, converges in the corresponding space to a certain
limit denoted by G- W = {(G - W);: t € [0,T]} which will be a continuous square
integrable martingale vanishing at ¢t = 0. This last process will be called the indefinite
integral process of G with respect to W. Since Z" and G - W are both martingales,
this in particular implies that, by Doob’s maximal inequality,

E[(G-W)— 2] <E | sup ((G-W),—Z7)

0<s<T

<E[(G-W)r—Z7)°] =0

for each ¢ € [0,7]. Hence, we have that Z]' converges to (G - W), uniformly in
te[0,7].

Lemma 3.2.2. For each t € [0,T],

(G- W), = /O /D G(s, )0 ()W (ds, dy), P-a.s.

The main point being that the random variable in left-hand side of the equality corre-
sponds to the limit in the space of continuous square integrable martingales vanishing
at zero, while the right-hand side is the corresponds to the stochastic integral in Def-
wmation 3.2.1.
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Proof. Using Definition 3.2.1, we have

T
/ / G(s,9)oy(s)W(ds, dy) = — lim Z/ (To,g(s){G(s,%), ;) vdWs(e;)
0 D n—oo
= — lim Z/ (s,%),e;)vdWs(e;)

ZL“”—ggﬂ

= (G- W)

The result follows from the fact that the L?(Q) limit of a sequence of random variables
is P-a.s. unique. O

Proposition 3.2.2. The quadratic variation process of G- W is

{/Ot||G<s,*>||2vds; te [O,T]}.

Proof. Let us set Z; = (G- W),. Observe that, by Cauchy-Schwarz’s and the triangle
inequalities,

E[|(27) - Z|) =E(Z] - Z| - |12¢ + 2]
<2 = Zill o) 1128 + Zill 20y

<1Z{" = Zi|| 120 (||Zz?||L2(Q) + ||Zt||L2(Q)> :

Now, on one hand, by (2.3.4),
t
<& | [ iG]
0

=E é/;(G(s,*),ej)%/ds

On the other hand, by the previous lemma and the isometry formula (Proposition
3.2.1),
t
—5 | [ 16|
0

/2

E[|(zp) - 22| < ( UNWS*me 127~ Zull oy "2 0.

So we have that, for each t € [0,T], (Z")? converges to Z?2 in L*(1).

E[(Z])"]

So, all in all,
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Now observe that the process

X = {Xt = Z/o (G(s,%),e;)7-ds :/0 |G(s,%)|[3ds: t € [O,T]}

is adapted, continuous, non-decreasing and vanishing at t = 0. Moreover, it satisfies

Z /0<G(s,*),ej>%/ds] 2750.

=n+1

E [|<Zn>t - XtH =E L

Where the limit follows from the fact that 372 fg(G(s, %), €;)i-ds is the tail of a

convergent series (by Parseval’s identity) and that it can be bounded by fot |G(s, *)||3ds,
which has finite expected value (so we can apply the dominated convergence theorem).
Thus, (Z™); converges to X; in L'().

With this in mind, we conclude that

E[|(Z0)? — (2" — 22+ X,|] <E[|(Z7) - Z2|] +E[{Z"): — X.[] = 0.

Thus, the process {Z7 — X;: t € [0,T]} is the L'(Q)-limit of continuous martingales
and hence, a continuous martingale itself (with respect to the same filtration). By
uniqueness of the quadratic variation, we conclude that X is the quadratic variation
process of G - W. O

3.2.3 Some other properties

Given that the stochastic integral is defined via It6 integrals, many of the properties
satisfied by the latter are passed onto the former. We shall mention a couple of them
in this section without giving the proofs.

Lemma 3.2.3. Let G and G® be two stochastic processes satisfying conditions (i)-
(#) so that their stochastic integrals are well defined and such that, on some F € F,
for dP-a.a. w € F, GY(s,y,w) = G¥(s,y,w) for dsdy-a.a. (s,y) € [0,T] x D (the
sample paths are the same P-a.s. in F'), then, for all t € [0,T],

t t
llp/ /G(l)(s,y)W(ds,dy)ZHF/ /G(Q)(S,y)W(ds,dy), P-a.s.
0 D 0 D

Lemma 3.2.4. Let Dy C D be a domain (non-empty connected open set) and {v;: i >
1} an orthonormal basis of Vi = L*(D;). Let G = {G(s,y): (s,y) € [0,T] x D1} be
a stochastic process satisfying assumptions (i)-(iii) in Dy instead of D so that the
stochastic integral is well defined. We extend G to [0,T] x D by setting G(s,y) = 0
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for all s € [0,T), y € D\D;. Then assumptions (i)-(iii) are fulfilled by the extension
of G in D and

> [ G W) = 3 [ (Gl evdbi(ey

where both series converge in L*(Q).

Lemma 3.2.5. Let 7 be an {F;};-stopping time (where the filtration satisfies the
conditions (i) and (ii) seen before Lemma 3.1.5) with values in [0,T] and let G be a
stochastic process satisfying conditions (i)-(iii) so that its stochastic integral is well
defined. Then

(G- W), = /O /D Ton(s)G(s,y)W (ds, dy), P-a.s.

3.2.4 An approximation result

As in the case of the stochastic integral with respect to the Brownian motion, in
this section we will prove an analogous result to the one seen in Section 2.3.4 for the
Gaussian white noise. That is, we will be considering a sequence of random noise
{W,}, that will approximate in some sense a Gaussian space-time white noise W
and see that, for some suitable family of processes f = {f(t,z): (t,z) € [0,T] x D},
D C RF, the laws of the integrals of f with respect to the noises W, converge, as n
approaches infinity, to the law of the integral of f with respect to the Gaussian white
noise.

For this part, we will follow the ideas in [2], but we will assume some extra
regularity on the process f in order to simplify the proofs. Thus, from now on, we
will assume that £ = 1 and that D = [0, L] for some L > 0 and that the process f
is deterministic and continuous. This in particular implies that the function f is in
L*([0,T] x [0, L]) and that, by the observation made right after Proposition 3.2.1 and
(3.1.3), the stochastic integral of f with respect to the space-time white noise can be
thought as an integral with respect to the Brownian sheet. Hence, we need to provide
an example of sequence of stochastic processes that approximates the Brownian sheet.
For this last purpose, we recall that the main result of Section 2.3.4, Theorem 2.3.11,
was motivated by the fact that the standard Brownian motion could be approximated
by the random walk. A similar result also holds in the plane, more particularly,

Theorem 3.2.1. Let {Zy }renz be a sequence of i.i.d. centered random variables with
unitary variance. For any n € N we define

Ou(t,x)=n Y Ll _ypywpe-1a(tn,an),  (tx) € [0,7] x [0, L]

k=(k! k2)EN2
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" W(t, ) // W(s,y)dyds,  (t,z) € [0,T] x [0, L].

Then C, = {zn(t,x): (t,z) € [0,T]x][0, L]} converges in law, in the space of continuous
functions C([0,T] x [0, L]), to a Brownian sheet as n approaches infinity.

For a proof of this result we refer to [12], Corollary 1 in page 683. Observe that
this, in particular, implies that the finite dimensional distributions of (,, converge in
law to the ones of the Brownian sheet as n approaches infinity.

As in the proof of Theorem 2.3.11, we will require the extra condition that
E [Z]"] < oo for some even integer m € N large enough.

With all this, we are now ready to state the main result of this section.

Theorem 3.2.2. Let f = {f(t,x): (t,x) € [0,T] %[0, L]} be a deterministic, stochas-
tic process and, for each n € N, let

I(t,x) = /t /z f(s,9)0,(s,y)dyds.

= {L,(t,x): (t,z) € [0,T] x [0,L]} converge in law to the
x) €10,T] x [0,L]} defined by

I(t,7) = / | s uwias.an)

in the space of continuous functions C([0,T] x [0, L]), as n approaches infinity.

Then, the processes I,
process 1 = {I(t,z): (t,

To prove this result, we will again prove that the sequence {I,}, is tight and
that the corresponding finite dimensional distributions converge to the ones of 7. In
the meantime, we will be proving as well that, for each n € N, the process I,, has a
continuous modification, so that we can think of such processes as random functions
in C([0, 7] x [0, L]).

To prove the tightness of the sequence, we will be using the following result, which
generalizes the already used Billingsley’s Criterion (see [13], Proposition 2.3 in page
95).

Theorem 3.2.3. Let { X, }nen be a family of random functions in C([0,T] x [0, L]).
The family is tight if there exist ¢,p > 0, § > 2 and a positive constant C' such that

sup E [|X,,(0,0)|] < oo,

n>1
and, for every t,s € [0,T] and x,y € [0, L],
sup B [| X, (¢, ) — Xo(s,9)P] < C (Jz —y| + |t — s])°. (3.2.6)

n>1
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In our setting, the first condition is clearly satisfied, so we will only have to worry
about the second one.
Now recall that in the proof of Theorem 2.3.11, it sufficed to prove that, for any
0<t; <..<ty, <T, the sequence of random vectors
() _ (7)) (n) (n)
19 = (10,1~ 1

tl Y t1 P

converged in law to the random vector
[f = ([t17 [t2 — [t17 ceey [tm — [tm—l)

as n approaches infinity. This was done so that we could consider a slight modification
of the vectors [ ](cn), the vectors A which had the property that its components were
mutually independent. To do this, the fact that we were working in a one dimensional
space, [0, T, was strongly used. Unfortunately, there is no natural way to extend these
arguments in the context of several dimensions, so we will have to resort to other types
of arguments to prove the convergence of the finite dimensional distributions. This
is the purpose of the lemma that we state below.

Lemma 3.2.6. Let (F,|| - ||) be a normed vector space and {J"}nen and J linear
maps from F to L*(Q) such that

sup B [[.7*(f)[] < ClIf]]

n>1

and
E[[J(HI < ClIfl|

for any f € F and for some positive constant C'. Moreover, assume that there is a
dense subset D of F with respect to the norm ||-|| such that J"(f) converges in law to
J(f) as n approaches infinity for any f € D. Then, for any f € F, J"(f) converges
in law to J(f) as n approaches infinity.

Proof. Recall that a sequence of random variables {X,},en converges in law to a
random variable X if, and only if, for any Lipschitz function g: R — R,

E [9(X,)] = E [9(X)].
Thus, we shall see that, for any € > 0, there is n € N large enough such that

Efg (J*"(IN]=Elg (Sl <e, (3.2.7)
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where ¢ is any Lipschitz function as before. Consider any h € D such that ||f — hl| <

ﬁ, where L, > 0 is the Lipschitz constant of g, and apply the triangle inequality

to obtain
E[g (J"(N] =Elg (S < [Elg (J*(f))] - E
g (J"(h)] — E [g (J(h))]
+[Elg (J(h)] = Elg (J(HII-
Now observe that
Elg (J"(F)] = E[g (") < Ellg (J"(F)) — g (J" ()]
< LE[[T(f = h)]]
< LyCllf = hl| <

Similarly,
Elg (J()] =Elg (S]] < LyC|If = hll < %

Finally, given that J"(h) converges in law to J(h) for h € D, we have that, for n
large enough,

" 5
[Elg (J" ()] —Elg (J(R)]] < 5.
Thus, for n large enough, we obtain (3.2.7) as desired. O

The following, and last, preliminary result we introduce allows us to bound the

moments involved in (3.2.6) and to apply the previous lemma in the case where
(F,||-1]) = (L*([0,T] x [0, L)), || -||2) where ||-||2 is the usual norm in L?([0, T] x [0, L]).

Lemma 3.2.7. There is a positive constant C,, such that, for any function f €
L*([0,T) x [0, L]), we have

E K/OT /OL f(t,x)en(t,x)d:cdt)m] <Cpn (/OT /OL f2(t,m)dxdt)

for any n € N.
Proof. We have that

E K/OT /OL f(t,x)@n(t,x)dxdt> m] (3.2.8)

= / f(t1,$1) Ca f(tm,l‘m)E
[0, 7)™ x[0,L]™

m
2

Hen(tj,xj)] dty...dtdzy ...dz,y,

Jj=1
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with

m

H en(tj’ xj)

Jj=1

=" Y EZ e D] ] T (60 T a2 (m).

k1,..., km €N2 Jj=1

E

Now observe that E[Z, - ... - Zk, ] = 0 when there is some j € {1,...,m} such that
k;j # k; for all i € {1,...,m}\{j}. Thus, we have that

E

H@n(tj, 55])] =n" Z EZ .- Zk,] HH[kjl.—l,kjl-)(tjn)l[[k?—l,k?)(xjn)
(k1

=1 1 (k.. km)EA™ Jj=1

where A™ is the set of (ki,..., k) € (N?)™ such that for all I € {1,...,m}, there is
some j € {1,...,m}\{l} such that k; = k;. In this set A™, we have that

|E [Zkl Teeet ka” S E [|Zk1 Teee” Zk'mH = ]E [|Z|a1] ' ]E [|Z|ar]

where «; € {0,1,...,m} for each i € {1,...;r}, oy + ... + @ = m and Z is a random
variable with the same law as 7 for each k& € N?. Given that E[Z™] < oo, we have
that |E[Zy, - ... - Z,,|]| < Cy, for some positive constant C,, which does not depend
on ajy, ..., a, and for all (kq,...,k,,) € A™. Thus, we have

H en(tﬁ $J)]

j=1

<nCo Y [T i () ey g2y (5m).

(k1yeoskim ) EA™ j=1

E

Now observe that
> HH[k;—m;)(tjn)ﬂ[kg—Lk;)(%n) <Ipm(tyy ey tins 1, ooy )

where D™ denotes the set of points (¢y, ..., ty; T1, ..., &) € [0,T]™ x [0, L]™ such that,
for all [ € {1,...,m}, there is some j € {1,...,m}\{l} such that [¢t; — ]| < n~' and
|z; — 2] < n~! and that, if there is some r # j,1 such that |[t;, — ¢,| < n~! and
lz; — .| <n~ ' then |[t; —t,| < 2n~ ! and |x; — x| < 2n~!. Indeed, suppose there is
some (ki, ..., k) € A™ such that

H]I[k]l—ijl)(tj”)ﬂ[k]‘%—l,k?)(mj”) # 0.
j=1
This in particular means that ]I[k;_mjl_)(tjn)]l[ka_lka_)(:cjn) # 0 for all j € {1,....m}

and thus, that
kP —1 k! k2 —1 k2
)€ |22 ) x |22,

n n n n
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Now recall that, in A™, for each j € {1,...,m}, there is some [ € {1,...,m}\{j} such
that k; = k;. For such pair (j,1), we will have that, letting k; = k; = k = (k', k?),

E'—1 k! k2 —1 k2
(tjaxj)v(tlvxl) € |: n 7_) X |: 7_)'

n n n

Hence, |t; — ;] < n~ ! and |x; — ;| < n~'. As for the second part, suppose there is
some r # 7,1 verifying the previously mentioned property. Then, the claim follows
directly from the triangle inequality.

Next, we have that Ipm(ty, ..., t,; 1, ..., Tp,) can be bounded by a finite sum (whose
number of summands depends only on m) of products of indicators of the form

H[07n—1)2<|tj — tl‘, |Z’j — LClD, H[072n—1)2(’t]’ — tT|, ’Q?j — l’r|),

or

o121t — i, |75 — 2 o n-1y2 ([t — t0], |20 — 20 [) o 2n-1)2 ([t — ], |25 — 22 ])

Moreover, in each product, all of the variables (t1, ..., t,,; x1, ..., T,,) appear and they
do it in only one of the previously specified indicators.

Indeed, in D™, it can happen that, for [ = 1, the corresponding j is 2 and that
there is no r # j,1 such that |t — ¢,|] < n~! and |z; — z,| < n™!, that for [ = 3,
the corresponding j is 5 and that for r = 4 and r = 6, we have |t; — ¢,| < n™! and
|#; — x| < n~1, that for [ = 7, the corresponding j is 8 and that r = 9 is the only one
that satisfies |t; — ¢,| < n~' and |z; — z,| < n™!, etc. In this case, the corresponding
product of indicators is

Ljon-1y2([t2 — t1|, |22 — 1)) - Lo u-1y2([t5 — t6|, |75 — 6]) - Ljo,on-1)2(|t3 — tal, |23 — 24])
X Lo n-1y2(|ts = t7], [ws — 27|) Lo n-1)2(Jt7 — tol, |w7 — 29|)Lj0,2n-1)2(|ts — to|, |25 — T9])...

The point of doing this being that we can group the pairs (¢;, ;) in groups of two or
three. Taking into account all the possibilities (which are finite and depend only on
the number m) leads to the bound for Ipm(tq, ..., tm; 1, ..o, Tpn)-

Thus, (3.2.8), or its absolute value, can be bounded by a finite sum of products
of terms of the form (up to some positive multiplicative factor C,)

n2 / ’f(tj, $j)Hf(tl, xl>’]1[07n—1)(’tj _tl|)]1[0,n—1)(’13j — xl|)dtjdtld:cjdxl, (329)
[0,712x[0,L]?

nQ/ f @y ) 1S (s ) Do 2n1) ([t — 0o 201y (|25 — 2 ])d ity diz iy,
[0,T)2x[0,L]?
(3.2.10)
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or

] N R [/ O [T eS|
[0,7]3 x[0,L]3

X Tjo,n-1) ([t; = tul)To,n-1) ([t = &)L 20-1) ([ — L)
X ]I[Oyn—l)ﬂxj — xl|)H[0,n*1)(|$l — ZET|)H[O,2"—1)(|ZL’]‘ — l‘r|)dtjdtldtrdl‘jd$ldxr. (3.2.11)

Observe that, in each summand, the total number of terms that constitutes the
product is such that the factors n®, « € {1,2}, in the previous expressions, when
multiplied, give n™ (that is, n® - ..n* = n™ where s is the number of elements
that constitutes each product). Thus, it suffices to show that the first two types of
terms, (3.2.9) and (3.2.10), can be bounded, up to some factor independent of n, by
|| 113, while the terms of the form (3.2.11) can be bounded, again, up to some factor
independent of n, by || f||5.

Using that, for any a,b > 0, ab < 2ab < a® + b2, we obtain that the integrals in
terms like (3.2.9) can be bounded as follows

/ |f (g, 2) | f (s )| Doy (I8 — G o1y (|75 — 24|)dtjdtyd jdiy

[0,772x[0,L]?

< / F2 (5, 25) o -1y ([t — i) To,n-1) (|2j — 24| )dtdtyda jdary
[0,772x[0,L]?

-+ / fZ(tl, xl)H[O,n—l)(’tj — tl|>]1[0,n—1)(’xj — xl\)dtjdtldxjd:cl
[O,T]2><[0,L]2

5 / P2t )Ty (1t — ti) oty (|2; — 21l)dt dtrdedey
[O,TPX[O,L]2

T L T L
— 2/ / fz(tl, xl) (/ ]I[O,n_l)(’tj — tlDdt]) (/ H[o,n—l)(’%’ — LEZDCZI']) Clﬂ?ldtl
0 0 0 0

2 T rL
S —2/ / f2<tl,$l)d$ldtl.
n=Jo Jo

The second type of terms, (3.2.10), can be treated in a similar way (an extra factor 2
might appear, but this is no problem). Finally, for the integrals in (3.2.11), we have,
using that abe < ab?® + ac?® for any a,b,c > 0,

/ ()| ) [ (o 2,)
[0,T]3x[0,L]3

X Lo,y (It; = tu)) 0,1y ([t — 20,201y ([t — t)
X Lo -1y (|75 — 210 -1y (|20 — 20| )Mo 20 1) (|25 — 2, |)dt;dtidt, dx jdada,
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<2 )l P a) e (1t — D)ot~ t Dozt — )
[0,T]3x[0,L]3

X H[Oanfl)(pjj - xl|)ﬂ[0,n’1)<|xl - $r|)]1[0,2n*1)(|$j - xr|)dtjdtldtrd$jdl’ld$r

: 2/ LG @) (s ) Do) (1t =t o) (18 — £])
[0, 713 x[0,L]3

X H[O,n—1)<|xj — $l‘)ﬂ[07n—1)(|$l — xr\)dtjdtldtrda:jda:ldm

- 2/ £t 2L (s )T (1t — 8 Tg -y (J; — 1))
[0,T]2%[0,L]2

T L
(/0 ]I[Omrl)(‘tl — tr‘)dtr) (/0 ]I[Ojn_g(]a:l — er|)d$r) dtjdtldl'jdﬂfl

2
S — |f(tl, ZEl)lfQ(tj, l’j)ﬂ[g’nfl)ﬂt]‘ — tl|)ﬂ[0,n*1)<|xj — I‘l|)dtjdtldl‘jdl'l
[0 T]Z 2

= / / |f tlaxl
X (/ / fQ(tj, ZEj)]I[Ovn—l)qtj — tl|)ﬂ[o7n—1)(|£ﬂj — [L’l|)d$jdtj) dl‘ldtl.
0 0

By the Cauchy-Schwartz inequality, this last expression can be bounded by

AT [/ / (/ / 12t 2T (1t —m)Hmn1<|x]—xl|>dx]dt> dxzdtz]

But

[

X

2
</ / Pt 2o (1t — ) Lon- 1)(|xj—xl|)dxjdt> daydty

T3 (0,1 f2(tju xj)fZ(t]H IP)H[O,n—l)(‘tj — tll)H[O,n—l)(‘.ij o $l|)
X

)(‘t — tl|) [O,n—1)<|xp — xl|)dtjdtpdtld;€jdl’pdl’l

\\

[o,

X

(VAN
\f‘

A P2t 25) [, 2p) om0 (1t — i) o1y (|25 — 21])dtjdt,dtida jdu,da,
0 x [0

I
=

0T x 0.1 f2(tja xj)fQ(tpa xp)
X19,

T L
/ Io.n-1)(|t; — tl|)dtl> (/ Iion-1)y(J2; — a:l|)dxl) dt;dt,dz;dz,
0 0

/ fQ(tj,lﬁj)f (tp,xp)dt dt,dx;dr, = Hf“?
[0,772x[0,L]2

X
VR

IN
3| =
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Proving that terms like (3.2.11) can be bounded, up to some factor, by ||f|3 and
thus, finishing the proof of this lemma. O]

With all this, we are now ready to prove Theorem 3.2.2.

Proof of Theorem 3.2.2.

Tightness and existence of a continuous version
For fixed (¢, z) € [0, T]x[0, L], consider the function Hy 5 (s, ) = Ljo.q(s)lj0..1(y) f(s, ),
(s,y) € [0,T] x [0, L]. Then, for any (¢,z), (t,z") € [0,T] x [0, L], we have that

Lt 2 — L,(t,z) = /0 /0 (Hy (8,y) — Hy2(8,v)) On(s, y)dyds.

Since f is continuous, we have that H,, € L*([0,T] x [0, L]) and similarly for Hy .,
so their difference will be in L([0, 7] x [0, L]). Then, by Lemma 3.2.7, we have that

m
2

(1)~ 10" < o ([ [ Goslonn) = a0 s

(3.2.12)
for some positive constant C,. Now observe that

2
(H[O,t’}<s)ﬂ[0,x’] (?/) - H[O,t}(S)H[O@] (y)) < ]I[o,tAt'](S)H[x/\a;’,xVx’} (y) + H[t/\t’,t\/t’](s)]l[o,x/\:c’](y)'

One can draw a picture to convince himself about this last inequality. With this in
mind, we have that

(Ht’,w’(87 y) - Ht,x(37 y))2 < ||f||§o (H[O,t/\t’](S)]I[x/\x’,xV:c’] (y) + ]I[t/\t',tvt'](s)ﬂ[o,x/\z’} (?J)) s

which implies that (3.2.12) can be bounded by

vl3

T L
Collfllo ( / / (Lio,tne) (8)Lpnar ovar) () + Lpawr ever (5) Lo onar (¥) dde)
0 0

< Cull I (A2 — 2| + (x At — 1)) 7

m
2

<(TV L)ZCullfIl% (Jo —a'| + [t = 1])2 .
Thus, for m € N even and large enough, we have that the sequence is tight and, by

Kolmogorov’s Continuity Criterion, that there is a continuous version of the processes
I,, for each n € N.
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Convergence of the finite dimensional distributions
First observe that, by Holder’s inequality and Lemma 3.2.7,

(/OT /(]Lg(ta~’Jﬁ)9n(t,x)ala:dt)2 < (]E K/OT /OLg(taﬂf)Qn(t,x)dxdt)mDi

T L
<o, / / g3 (t, w)ddt = Cylg] 2
0 0

E

for some positive constant C,, and for any g € L*([0,T] x [0, L]). Now consider the
normed space (F,||-||) = (L*([0,T] x [0, L]), || - ||2) and the linear operators

J"(9) Z/OT/OLQ(S,y)Gn(S,y)dyds, J(9) Z/OT/OLQ(S,y)W(d&dy)-

Which are well defined for any g € F. By the observation we have just made and
Holder’s (or Cauchy-Schwarz’s) inequality, one has that

sup B [|.7%(g)[] < Cllgll2

for some positive constant C' and for all g € F. Moreover, Holder’s inequality again
and the isometry formula, Proposition 3.2.1, imply that

E[lJ(9)ll < Cllgll2

as well. Now recall that simple functions of the form

k—1
9t ) =Y gl i) (D wr 0001 () (3.2.13)
i=0
with £ > 1, g0,...,0b 1 ER, 0=ty < ... <ty =T and 0 =2y < ... < 1, = L are
dense in F' with respect to the norm || - ||o.

Now recall that the finite dimensional distributions of a sequence of random func-
tions {X,}, in C([0,7] x [0,L]) converge in law to the ones of another random
function X in the same space if, and only if, for any m > 1, aq,...,a,, € R and
($1,%1)s -5 (Smy Ym) € [0,T] x [0, L], the random variables

a; Xn(55,Y;)

NE

1

<.
Il

converge, in law, to the random variable

NE

a; X (s5,Y;)-
1

<.
Il
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In our case, X,, = I,,, so

m m 5j Y
> a;Xn(s;,y5) = Zaj/ / f(t, )0, (L, x)dxdt
= ‘= Jo Jo

/ / ( 08]1<>H[o,yj1(w>f(t,x>> 0, (t, 7)ddt
_Jn

where
m

K(t,z) = f(t.2) Y ajlp. )0y, (@),

J=1

which is an element of L?([0,T] x [0, L]) because f is so. Similarly, we have that,
since X = 1,

ZCL] (s5,45) = J(K)

for the same function K.
So, by Lemma 3.2.6, it suffices to show that the finite dimensional distributions
of J"(g) converge to the ones of J(g) for g of the form (3.2.13). For such functions

g, one has
T L (k-1
N / / <Z giﬂ(tivtiﬂ]<t)]1($z‘7wi+1]<x>> On(t, z)dzdt
0 J0 \i=0
k—1 tiv1  fZit1
= Zgz/ / 0,.(t, z)dxdt. (3.2.14)
i=0 ti ;

But notice that
k=1 tit1  [Tig1 k—1
=0 t; T =0

where h: R* — R is the continuous function defined by h(z,y,2,w) =2 —y — 2z +w
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and

tit1 Tit1
= / / 0, (t, x)dxdt,
0 0
t; Tit+1
= / / 0,(t, x)dxdt,
i+1
/ / W (t, x)dxdt,
/ / L (t, x)dzdt.

By Theorem 3.2.1, the random vector
(len(o)a }/én(o)’ 5/3"(0)7 YZL(O), s len(k" o 1)7 }/Qn(k - 1)7 }/én(k - 1)7}/?(]{7 o 1))
converges in law to the random vector

with

141 Tit+1
/ W (dt, dz),

xz-&-l
/ W (dt,dz),

141
—/ / W (dt, dz),
0 0
t; x;
:/ / W (dt,dx).
0 0

Since convergence in law is preserved under continuous transformations, we conclude
that (3.2.14) converges in law to

k-1 k-1 tit1 pxit1
> Gh(Yi(0), Yai), Ya(0). Vi) = > i [ W(dt, d)
i=0 i=0 ti i

:/OT/OLg(t,g;)W(dt,dm) =J(g).

Finishing the proof. [
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3.3 More classes of integrators and generalizations

As in the case of the stochastic integral with respect to the Brownian motion (or any
other continuous square integrable martingale), the class integrands for which the
integral with respect to the space-time white noise can be extended by considering
processes G = {G(s,y): s € [0,T],y € D} satisfying the corresponding measurability
conditions and the condition

P{/OT/DG2(s,y)dyds < oo} 1

However, the resulting process (G - W) is no longer a martingale, but a local one and
the resulting integral is defined as a limit in probability, rather than an L?(Q)-limit.

As mentioned in the previous chapter, this is done by a localisation argument and,
again, we will omit the details.

Nevertheless, the purpose of this section will be to briefly see how we extend the
class of integrators. As mentioned at the beginning of the chapter, for this part we
will follow the construction provided by John B. Walsh in [11].

The main object of this section will be what we will call martingale measures,
which might be though as a generalization of the white noise in R, x D (being
D C R¥ a non-empty open connected set) seen in previous sections.

3.3.1 Martingale measures and worthy measures

As mentioned after Prop.3.1.1, one of the issues that forces us to develop the already
seen theory of stochastic integration with respect to the white noise is that the latter
cannot be thought (w by w) as a real-valued signed measure. However, it could be
thought as a vector-valued measure. More precisely, given that the white noise was
defined with respect to a o-finite measure, the white noise was a particular case of
what is called a o-finite L?-valued measure, which we define in a more general setting
below.

From now on, we will work on (F, ) where E is a Polish space and &€ the Borel
o-field on £ and A C £ will be an algebra of sets (family of sets containing the empty
set, closed by complementation and by finite unions).

Definition 3.3.1. A set function U: AxQ — R is (finitely) additive if U(AUB,w) =
U(A,w)+ U(B,w) P-a.s. w € Q whenever AN B =10 for A, B € A.

In the previous definition and in the following ones, and as it is customary, we
will omit the dependence on w € Q. From now on, we will assume that p(A) =
E [U?(A)] < oo for any A € A, making U an L?-valued set function.
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Observe that in the case where U is a white noise, u corresponds to the underlying
o-finite measure under which it is defined. This will be much clearer with the following
two definitions, where we will define the o-finiteness and o-additivity of such functions
in terms of u, which we shall think of as a usual deterministic measure.

Definition 3.3.2. A set function U: Ax Q — R is o-finite if there exists an increas-
ing sequence {Ey}neny C E such that

(i) Uy Bn = E;
(ii) for alln € N, &, C A, where &, ={E,NS: S €&} isa sub-o-field of E;
(111) for allm € N, sup{u(A): A€ &,} < oc.

Definition 3.3.3. A o-finite additive set function U is countably additive on &, as
an L*-valued set function if for any decreasing sequence {A;}; C &, with N, A =10
we have lim;_, j1(A;) = 0.

If U is countably additive on each &, and A € £\ A, then we define U(A) as the
L*limit as n approaches infinity of U(A N E,) whenever this limit exists. If A € A,
then the value of U(A) obtained via this new definition coincides with the original
value U(A), providing a possible extension of U to sets A € £\ A.

From now on, we will assume that all o-finite countably additive (on each &,) set
functions U have been extended in such way.

Definition 3.3.4. A o-finite L?-valued measure is a o-finite countably additive (on
each &,) set function.

Definition 3.3.5. Let {F;}+ be a right-continuous filtration. A process M = {M(A): t >
0,A € A} is a martingale measure if

(1) Mo(A) =0 P-a.s. for each A € A;
(ii) fort >0, M, is a o-finite L*-valued measure;
(111) M(A) = {M(A): t >0} is an {F}¢-martingale for each A € A.

Observe that, since M, is a o-finite L?-valued measure for each ¢ > 0, the mar-
tingales {M;(A): t > 0}, A € A, are square integrable when we restrict ourselves to
one of the (E,,¢&,), that is, if we only consider A € &, C A. Moreover, by doing
this, the o-finite L2-valued measures M;, t > 0, will be finite in the sense that the
corresponding measure pi;(A) == E[M2Z(A)] will be finite (because of (iii) in Definition
3.3.2).
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In the case of the space-time white noise, the corresponding martingale measure
would be constructed from the processes

My(A) = W([0,t) x A), t>0,A€ A (3.3.1)

Indeed, by recalling that the underlying measure was given by v(ds, dx) =
I, (s)Ip(z)dsdx, we have that the process M defined above is Gaussian with mean
and covariance functions

E[M,(A)] =0, E[M/(A)M/(B)] = (sAt)|ANB|, (3.3.2)

where | - | denotes the Lebesgue measure in D. In particular, for each ¢ > 0, M, is
a o-finite L?-valued measure and, for each A € A, the process {M;(A): t > 0} is a
Brownian motion with variance t|A|.

From now on, we shall assume that M is finite (M, is finite for each ¢ > 0) by
restricting ourselves to one of the (E,,&,) if necessary. We will restrict our study to
a finite time interval [0,T], T > 0, as well.

Definition 3.3.6. The covariance functional of a martingale measure M is
Qi(A,B) = (M(A),M(B));,, A BeA

From the definition, it is easy to check that the covariance functional is symmetric
with respect to A, B: Q(A, B) = Q4(B,A) P-a.s. for each ¢ > 0 (which is a con-
sequence of the corresponding property for the covariation process). One can also
check that it is biadditive: for fixed A and t > 0, Q:(A,-) and Q(-, A) are (finitely)
additive set functions, which can be proved by using the additivity of the martingale
measure M and the bilinearity of the covariation process.

We also have the following Cauchy-Schwarz-type inequality

‘Qt(Av B)P S Qt(A7 A)Qt(B7 B)

Which is a consequence of the corresponding property for the covariation process. In
the above inequality it is implicitly stated that Q;(A, A) > 0 for any A € A, which is
a consequence of the fact that the quadratic variation process is non-negative.

From the covariance functional one can then define a set function defined on
rectangles of the form A = A x B x (s,t] C € x & x [0,T] as follows:

Q(A) = Qi(A, B) — Qs(A, B) (3.3.3)

1Recall that all o-finite L2-valued measures on A can be extended to E.
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and extend this last definition by additivity to finite unions of pairwise disjoint rect-
angles A; = A; x Bj % (s;,t;], j =1,...,n:

Q (U Aj) = Z Q(A;)

As it is done in the case where () is a product measure, one can check that this
extension is well defined. That is, if

R A XB X(Sj,tj];

= Al x B! x (s, £].

-Un
U Z’ (2
With R, N R; = 0 and RiNR; = 0 for i # j and A = A, then Q(A) = Q(N)
P-a.s. (this can be proved by finding a common refinement for A and A’ and using
the biadditivity of the covariance functional).

This last set function @) is positive definite in the following sense: if a4, ...,a, € R,
Ay, ..., A, € & are pairwise disjoint and s < ¢, then

Zala]QA x Aj % (s,1]) Zala] M(Aj)): — (M(A;), M(A))s)

= <Za,~M(Ai),ZajM(A]—)> - <Za,~M(Ai),ZajM(A]—)> >0 (3.34)

S

where we have used the bilinearity of the covariation process and the fact that the
quadratic variation is a non-decreasing process.
In the case of the Gaussian white noise, we obtain that

Q.(A, B) = t|{AN B|.

To see this, we first observe that if |A| = 0 (or |B| = 0), then M;(A) (or M(B)),

as defined in (3.3.1), vanishes for all ¢ > 0 with probability 1, so the covariance

functional (Definition 3.3.6) vanishes as well. On the other hand, since AN B C A

(or AN B C B), we have that |[AN B| < |A] =0 (or |[AN B| < |B| = 0), obtaining

the desired result when A or B are null sets with respect to the Lebesgue measure.
On the other hand, if |A N B| = \/|A]| - |B|, we will have that

/D Ly(2)p(2)dz = \/ /D Ly(z)dz /D Iy (x)da.




That is, the equality in the Cauchy-Schwarz inequality is attained, meaning that
I4(z) = Mp(z) for some constant A € R. But [4(x) only takes the values 1 and 0,
meaning that A can only be one of those values.
If A = 1, then we have that I4(x) = Ip(z) for all x € D, so A = B and thus,
M (A) and M(B) define the same process, meaning that Q;(A, B) will simply be the
quadratic variation of M (A), which is t|A| = t|AN Bj.
If A =0, then this implies that [4(z) = 0 for all x € D, implying that A is a null set,
which is what we have studied in the previous scenario.

Now let us consider the case where

and define the processes

Wp'=—F=, W, ,
VAl B

which are standard Brownian motions with correlation

E [WS(”Wt@)} = p(s A1)
This can be seen by using Eq.(3.3.2).

Observe that these are well defined because p > 0 implies that, by the Cauchy-
Schwarz inequality, 0 < |A N B| < \/|A]| - |B|. The very same inequality and the fact
that p < 1 implies that W™ and W® are two different process. Finally, define

7, — Wt(2) _ th(l)’

1—p?
We first see that Z = {Z;: t € [0,T]} is a Gaussian process, more particularly, it
defines a standard Brownian motion independent of W (). To do so, consider any
vector (Zy,, ..., Zy,) with tq,...,t, € [0,T] and any real scalars aq,...,a, € R. Then
observe that

CLthl 4+ ...+ a,nZtn = b1W(A1) —+ ...+ bmW(Am)

for some real scalars by, ..., b,,, some sets Ay, ..., 4,, € A and where W denotes the
Gaussian white noise. Given that W is Gaussian by definition, the right-hand side of
this last equation is a Gaussian random variable, implying that the left-hand side is
so and thus, proving that Z is a Gaussian process. Its mean and covariance functions
are given by

E[Z]=0
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and

1
E[Z,Z,] = — p2E [W§2)Wt(2) —owOWD _ o ® pst(l)Wt(l)]
sAt—p (s At) —p2(sAt) + p*(s At)
1—p?
=S5 AL.

To see that it is independent of W) it suffices to show that they are uncorrelated.

1 P 1
Ewlz]l = —~ & [W@)W(l)] __ P g [WmW( )}
|: s t} /1 — p2 t s 1— p2 s t
Y P st
V1—=p? 1—p?

Finally, using all this, we have that

(WW W, = pyWh), + py/1 = p2(WD Z), = pt.

Meaning that

(M(A), M(B)): = /|A| - |Blpt = t|AN BJ,
as was to be shown. Observe that, in the case of the Gaussian white noise, the
covariance functional is deterministic (which can be though of an analogous property
of the Brownian motion, whose quadratic variations is deterministic). Moreover, the
covariance functional coincides with the underlying measure considered for the white
noise which, in particular, is a measure.

What we have shown for the case of the Gaussian white noise is not true in general,
that is, the set function () cannot always be extended to a signed measure on & x & x B
(being B the Borel o-field on [0,77]). For instance, there is no guarantee that the o-
additivity holds. To solve this problem, we will dominate () by some measure, which
will allow us to prove, for example, the og-additivity.

Definition 3.3.7. A signed measure K on £ x £ x B is positive definite if, for each
bounded measurable function f: E x [0,T] — R,

/ f(z,s)f(y,s)K(dxdyds) >0 (3.3.5)
ExEx[0,T]

whenever the above integral makes sense.
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When K is symmetric in  and y (K(drxdyds) = K(dydxzds)), one has the
following Cauchy-Schwartz’ and Minkowski’s inequalities (the proofs are essentially
the same as the standard ones, so we will omit them)

‘(fag)KF < (faf)K(gag>K7
(f+g,f+9)x* < (f, Hr'?+ (9,9

Where
(f. 9k = / [z, )9(y, 5)K (do dy ds)
ExEx[0,T]

Definition 3.3.8. A martingale measure M is worthy if there is a random o-finite
measure K(A,w), A € EX E X B, w € Q, such that

(i) K is positive definite and symmetric with respect to x and y (K(dxdyds) =
K(dydzds));

(i1) for fized A,B € £, {K(A x B x [0,t]): t > 0} is predictable (it is measurable
with respect to the o-field generated by all {F;},-adapted processes with P-a.s.
left-continuous sample paths);

(11i) for alln, E[K(E, x E, x [0,T])] < oo,
() for any rectangle A, |Q(A)| < K(A).
We call K the dominating measure of M.

Proposition 3.3.1. If M is a worthy martingale measure as in Definition 3.3.8,
then the corresponding set function Q) can be extended to a (random) positive definite
signed measure on € x € x B (as in Definition 3.3.7) whose total variation, |Q|, will
be bounded by the dominating measure K.

Proof. Since & is separable (can be generated by a countable collection of sets, say
{A,}), we shall first restrict ourselves to a countable sub-algebra G of £ x € x B
formed by sets of the form A x B x (s,t] with A, B € {A,}, and s,t € QN [0, 7]
satisfying 0(G) = € x £ x B and upon which Q(-,w) is finitely additive (this is ensured
by the fact that the sub-algebra is constituted of rectangles).

In this sub-algebra, we have that A .= Q + K is a non-negative finitely additive
set function dominated by the measure 2K, so it is a countably additive in the sub-
algebra. That is, if {R,}, is a sequence of pairwise disjoint sets in G whose union

is contained in the same sub-algebra, then A <U ; Rj> = >_; A(4;). Indeed, one can
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easily check that, by finite additivity, if A C B with A, B € G, then A\(B\A) =
A(B) — A(A). So, by taking B =J; R; and A = Ujvzl R; for fixed N, we have

0<A (U Rj> - iA(Rj)

j>1 j=1
N
=) URj) — A (UR])
i>1 j=1
N
=xUr\ URg
j>1 j=1
()
j=N+1
< 2K < G Rj> T2 0.
j=N+1

However, the previous computation holds P-a.s., where the implicit null set might
depend on the family of rectangles {R,};, for the following argument, we must see
that there is a P-null set, M, independent of the choice of { R;}, for which the previous
computations hold for w € Q\ M.

For each R;, R;, i # j, the additivity property

AMR; U R;) = MR;) + MR;)

holds for every w € Q\M;; with P(M; ;) = 0. However, we have that R; = A,,,
R; = Ay, for some n;,n; € N. In other words, the null sets involved in the previous
computations depend only on the choice of the sub-algebra G, but not on the choice
of the particular family of disjoint sets {R;},. To make this last statement a bit more
clear, let us rephrase it in another way. Given the sub-algebra G = {A,},, we have
that, given any two disjoint sets A,, and A, in G, there is a P-null set M, ; so that

AMAn UA,) = MA,) + A(Ay,)

holds for all w € Q\M, ;. Now this will imply that, given any sequence of disjoint
rectangles {R;}, C G whose union is also in G,

DSTAR) =D MA,) = A (U Anj>

J=1 J=1

82



holds for some pairwise disjoint sets {A,,: j = 1,..., N} and for all w € Q\M, where

M =M,
1,]
Which is a countable (because G is countable) union of P-null sets and thus, a P-null
set. Indeed, say, for instance and to convince ourselves, that N = 3. Then we have
that
MAn, UAL,) = AMAn) + A(An,)

outside M ». Now, since G is an algebra, we will have that A,, UA,, = A, for some
nm € Nand A, NA,, =0 (because A,, N A,, =0 and A,, N A,, = ), so we will
have

AMA,, UA,, UA,) =AA,, UA,,) = AA,,) + A(A,,)

outside M,, 5. Finally, since we have A\(A4,,,) = A\(A,,,) + A(A,,) outside M; 5, we will
have

A(An, U An, U Ang) = A(An,y) + A(Any) + AM(Ay,)

outside M o U M,, 3 for some m € N, leading to the definition of our set M. Outside
this set M, the previous computations regarding the o-additivity of A hold for any w
independently of {R,};.

So we obtain that A is P-a.s. countably additive in G and thus, it is a pre-measure
on G. Then, P-a.s., the desired result is a direct consequence of Carathéodory’s
extension theorem, which will give us an extension for A\ and thus, an extension for
Q) as a signed measure on 0(G) =& x € x B.

Moreover, its total variation, |@|, will be bounded by K (|Q|(A) < K(A) for
any A € & x € x B) by (iv) in Definition 3.3.8 and will be positive definite (in the
sense of Definition 3.3.7). Indeed, (3.3.4) allows us to prove the property for indicator
functions and, by a usual approximating procedure, the result extends to any bounded
measurable function f for which the integral in (3.3.5) (with @) instead of K) is well
defined. O

In the following, we shall refer to this extension as (), without distinguishing it
from the original one. Observe that, for such extension, one has, since () is positive
definite,

(f; (f, N

< /E oo A1 QU dy
< [ Sl G Ky s
= (If[, [fDx- (3.3.6)
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As previously mentioned, for the case of the Gaussian white noise there is no need
to consider any dominating measure K, since () itself already defines a measure.

With this, we are ready to start talking about integrals with respect to worthy
measures.

3.3.2 Integration with respect to worthy measures

The program for this part will be quite similar to the one already seen for the Ito
integral with respect to continuous square integrable martingales. We will first de-
fine the class of functions for which the integral will be defined and then define the
stochastic integral for a rather simple class of functions that will be dense in the
previous class with respect to some topology. Finally, the stochastic integral for any
integrable function will be defined as the limit of stochastic integrals of the simpler
class.

Let us fix a worthy martingale measure with covariance functional ¢) and domi-
nating measure K.

Definition 3.3.9. A function f: E x[0,T] x Q — R is elementary if it is of the form
f(x,5,w) = X(w)[ap(s)la(x) (3.3.7)

for some 0 <a<b<T,Aec& and X a bounded F,-measurable random variable. A
function f is simple if it is a finite linear combination of elementary functions. The
class of simple functions will be denoted by S.

Definition 3.3.10. The predictable o-field on Q x E x [0,T] is the o-field generated
by S, o(S). A function will be predictable if it is o(S)-measurable.

The following theorem, which we state without proof, summarizes the approximat-
ing procedure needed to construct the stochastic integral for the predictable functions
f such that || f||y < oo with

113 =E[(f,1f)x] =E UE | (@, $)|[.f (y, )| IS (dz dy ds)

x Ex[0,T7]
Such class of functions will be denoted by Pjy.
Theorem 3.3.1. The following statements hold true:

(1) ||-1|ar is a norm (where we identify indistinguishable functions) and (P, || ||ar)
1s a Banach space.

(i) The set of simple functions S is dense in Py with respect to the norm || - ||ar-
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Definition 3.3.11. The stochastic integral of an elementary function f given by
Eq.(3.3.7) with respect to the martingale measure M, which we shall denote by f- M,
15 the process given by

(/- M)i(B) = X [Miy(AN B) — Myp(ANB)], Be&te0T].  (338)
For f €S, f-M is defined by linearity.

Observe that, for fixed B € &£, the integral process ¢t — (f - M),(B) is simply the
integral of a predictable process with respect to a square integrable martingale.

As in the case of the stochastic integral with respect to the white noise and with
respect to continuous square integrable martingales, we have an isometry formula
for the integral of simple processes that will be crucial when proving that that the
stochastic integral of a simple function is well defined (Lemma 3.3.2) and the existence
of a process that will be called the stochastic integral for a function f € Py.

Lemma 3.3.1. Let f,g € S be any two simple functions, then

E((f - M)(B)(g - M)(B)] = E [ [ sl Qs dy ds>]

x Bx[0,t]

for any t € [0,T) and B € €. In particular, for f = g,

B[] <E| [ jes)satardyds)|.

xBx[0,t]

Proof. We will first prove the result for f = g. The general result will follow from
polarization and the fact that @) is symmetric. Let

flz,s,w) = }ij(x,s,w)7 fi(z,5,w) = X;(w)l, (s)la, (). (3.3.9)

Where X is bounded and F, ,-measurable, I; = (a;,b;] with 0 < a; < b; < T and
A; € € for each j € {1,...,n}. Then we have that

(f - M)F(B) = (fi- M)(B)(f; - M)u(B)
= Y XiX;AM(B)A;M(B) (3.3.10)

1<ij<n

for any ¢t € [0,T], B € £ and where A;M(B) = My, (A; N B) — Mypa,(A; N B).
Expanding the product A;M(B) A;M(B) we obtain

AlM(B) A]M<B) = Mt/\bj Mt/\bi - Mt/\bj Mt/\ai - Mt/\aj Mt/\bi + Mt/\aj Mt/\ai

85



where Minp, = Minp, (A; N B), Myny, = Minp,(A; N B), etc. On the other hand

/BB [Ot]f(x ,8)f(y,9)Q(dx dy ds)

= Y XX Las bilnag b1 (8)La; (2)La, (y) Q(de dy ds)
1<i,j<n BxBx]0,t]
> XiX;Q (AN B x A;n B x 0,410 (a5, bi] N (aj,by]) - (3.3.11)
1<i,j<n

We will see that the expectation of the summand (7, j) € {1,...n}? in (3.3.10) coincides
with the expectation of the same summand in (3.3.11).

Before doing so, we see that, for instance, from (2.3.3), one can show that, if
0 <a < b<T are deterministic and using the same notation as in (2.3.3),

<M, N>§a) — <M(a)’N>t — <M’ N(a)>t — <M(a)7N(a)>t’

where Z(@ = {Z = Zina: t € [0,T]} for any process Z (and analogously with b),
and that
(M, N)(a) — <M(b),N( )>t <M(a),N(b)>t.

With this in mind, observe that, for fixed (z,7) € {1,...,n}?, if a; < b; < a; < b;,

<M~/\b]'7 M~/\bi>t = <M~/\CLJ'7 M’/\b¢>t
<M‘/\bj7 M-/\ai>t - <M'/\(1j7 M-/\ai>t
and thus,
(fi - M)o(B)(fj - M)o(B) = XiX; [My — M3 + My — My],

where

My = Mupo; Miny, — (Monpy s Mons, ),

J KA

We also observe that the corresponding summand in (3.3.11) vanishes for any value
of t € [0,T] since (a;, b;] N (a;,b;] = 0.

Now, if ¢t < a;, then My = My = M3 = My, so the summands (4, 7) in (3.3.10) and
(3.3.11) vanish and thus, their expectations coincide. For a; < t < a;, we have that
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My, = M3 and My = My, so the corresponding summands coincide again.
If t > a;, the martingale property for M; and the law of total expectation tell us that
E[X,X;Mi] = E [X;X,E [M;|F,,]]
=K [XzX] (Maj/\b Ma Nb; <M~/\bj7 M~/\bi>aj)} .
Where we have used that X; is F,,-measurable and that F,, C F,; since a; < aj, so

X;Xj is Fu,-measurable. Similar computations for My, Mz and M, lead to the fact
that

So the expected value of the corresponding summand in (3.3.10) vanishes, coinciding
with the expectation of the corresponding summand in (3.3.11).
If a;, < a; < b; <bj, we will have that

(fi - M)u(B)(f; - M):(B)
= XX [My — Mz + My — My + X; X5 ((M.pp;, Mpo, )t — (Mopa;, Mong, )i)
= X; X, [My — M3 + My — M,]
+ XX ((M(A; N B), M(Ai 0 B))inv, — (M(A; 0 B), M(A; N B))ipa,)
= X;X; [My — M3+ My — My] + X, X;Q (AN B x A;N B x[0,t] N (aj, b)) .

For t < a;, one can follow the same procedure as before to see that both summands
vanish, so the corresponding summands in (3.3.10) and (3.3.11) vanish. For t >
aj, the expected value of X; X, [M; — Ms + My — M,] will vanish (by the martingale
property), while the expected value of the second term in this last equation will be
the same as the expected value of the summand (,7) in (3.3.11). So they coincide
again.

Finally, if a; < a; < b; < b;, we will have that

(fi - M)«(B)(f; - M)+(B)

= X;X; [My — M3+ My — My) + X; X; ((Monn,, Mons, )t — (Mopay, Monp,)t)

= X, X; [My, — M3 + My — M,

+ X X; ((M(A; N B), M(A4; N B))in, — (M(A; N B), M(A; N B))ra,)

= X, X; [My — M3+ My — My + X; X;Q (AN B x A;N B x [0,t] N (a;,bj]).

And the same computations will lead to the desired result. O

Lemma 3.3.2. The stochastic integral f- M does not depend on the particular choice
of the representation of f € S. Moreover, for fited B € £ and t € [0,T], the map
f=(f-M)(B) is linear for f € S.
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Proof. We will only prove the first part, the linearity part follows immediately from
the definition.

Let f,g € S be any two simple functions such that f = g. By the previous lemma
we have that, for any ¢ € [0, 7] and any B € &, setting A = B x B x [0, ],

E [((f - M)y(B) — (g M)t<B))2}

—E { [ 195090+ [ atesigt.1a@ -2 [ 1519t s)d@]
—8 | [ (0:5) = o0, (09) - sl ) 0]

= 0.
Where and d@) = Q(dxdyds) and where we have used that @ is symmetric with
respect to its two first arguments. So (f - M)(B) = (g - M)«(B) P-a.s. O

Lemma 3.3.3. For f € §, f- M is a worthy martingale measure. Its covariance
functional and dominating measure, Qs and Ky respectively, are given by

Qs(dxrdyds) = f(x,s)f(y,s) Q(dxdyds), (3.3.12)
K¢(dzdyds) = |f(z,s)f(y,s)| K (dx dyds). (3.3.13)

Moreover, for any B € € and t € [0,T],
E[(f-M){B)] < |IfIl3- (3.3.14)

Proof. Let f € S be any simple function like in (3.3.9), then we have that (f -
M)o(B) = 0 P-a.s. for any B € & since the X; are bounded and the differences
in (3.3.8) vanish for each j € {1,...,n}. On the other hand, the fact that the X;
are bounded and independent of B € & tells us that B + X; My, (A; N B) and
B — X Mipq, (A; N B) are o-finite L?-valued measures. In particular, their difference
will also be a o-finite L2-valued measure and so it will be their sum.

Further, given that stopped martingales are martingales and finite linear combinations
of martingales are martingales, we have that Miay,(A; N B) — Mira,(A; N B) is a mar-
tingale and, since X is F, ,-measurable, the process (f;- M)(B) == {(f;- M)(B): t €
[0, T} for fixed B € £ is a martingale as well. Indeed, if ¢ < a;, then (f;-M),(B) = 0,
so it is adapted and the martingale property E [(f; - M).(B)|Fs] = (f;- M)s(B) is sat-
isfied for 0 < s <t < a;. On the other hand, if t > a;, then the random variable X
is F; measurable (because F,, C F;), so (f; - M),(B) is Fi-measurable. Moreover, if
0 < s <a; <t, then, by the tower property,

E[(f; - M)(B)|F.] = E [X;E [Min, (A; 0 B) = Myna, (A; 0 B)| Fo ] | 7]
=0
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Similarly, if a; < s <,
E[(f; - M)«(B)|F,] = X;E [Myny,(A; N B) — Myna,(A; N B)|F]
= X; (Mups, (Aj N B) = Mopg, (A 0 B))
= (fi - M)s(B).

So (f; - M)(B) is a martingale and, all in all, f - M is a martingale measure.

To see that it is worthy, we only need to provide a dominating measure satisfying
the properties in Definition 3.3.8. To do so, we first compute the covariation of f- M.
For this, we will check that, for any B, C € &, the process

(f - M)(B) (f - M)(C) - / £, 5)f (4, 5)Q(dx dy ds) (3.3.15)

BxCx[0,t]
is a martingale. Using the same notation as in Lemma 3.3.1 and defining MS5, =

M, (A; N B), Mg\bj = Myny,(A; N C), etc., we have that

(f - M)(B) (f - M)(C)= > X;X;AM(B)A;M(C)

1<i,j<n

= 0 (i MBS - M)(O)

1<i,j<n

_ B C B C B C B C
- E Xin [Mt/\bth/\bj - Mt/\bth/\aj - Mt/\ath/\bj + Mt/\ath/\aj] .

1<i,j<n

While

/ f(x.8) (. $)Q(dz dy ds)
BxCx|0,t]

= ) XiX;QANBxA;NCx[0,4)NNI;).

1<i,j<n
As in Lemma 3.3.1, we will see that, for each (i,7) € {1,...,n}?,
(fi- M)(B)(f; - M)(C) — X;X;Q(AiNBxANCx[0,¢4]NnL;NI;)  (3.3.16)

is a martingale.
Let us start by assuming that a; < b; < a; < b;. Then

while

(fi - M)(B)(fj - M)i(C) = X; X [My — M3 + My — M,], (3.3.17)
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where

M, = Mt]/g\b Mg\b - <M§b vM?:b >

M2 Mt?\a Mg\a < /\al /\a1>t7
M Mt?\a Mg\b < /\a ) M§b3>t’
My = Mt?\b t/\a <M§b >t

If t < a;, one can easily show that (3.3.17) vanishes, so it is F;-measurable and the
martingale property is satisfied for 0 < s < ¢t. On the other hand, for ¢ > a;, the
product X;X; is Fi-measurable, so (3.3.17) is adapted. Moreover, and as previously
argued (distinguishing the cases cases 0 < s < a; < t and a; < s < t), one shows that

E [(fi- M)(B)(f; - M)i(C)|F] = (fi- M)(B)(f; - M)s(C).

If a; <a; < bj < bi, then
and

(fi- M)(B)(fj - M)o(C) = X; X [My — My + My — My

+ X, X; ((M(A; N B), M(A; N C))epp; — (M(A; N B), M(A; N C))ina,)

= X;X; [My — M3+ My — My + X, X,;Q (AN B x A;NC x[0,t] N (a;,b]).
So (3.3.16) becomes

XiX; [My — M3+ My — My).

Following similar procedures to the ones already seen, one then shows that this is a
martingale. The case a; < a; < b; < b; is done similarly. So we have established
(3.3.12).

Since () is dominated by K, then it is immediate to see that ) is dominated by
K, which is clearly a symmetric and positive definite measure such that [Q((A)| <
K¢(A) for any rectangle A. Moreover, for each n € N,

E[K(Ey x By x [0,T])] = E [ / £, )£y, )| K (da dy ds>]

n X En x[0,T]
< > E|IXIX] K (da dy ds)
1§7;7an AiﬂEnXAjﬁEXIiﬂIj
= 3 E[X[X]K (AN E, x 4, NE x LN 1))
1<i,j<n

< RE[K(E, x E, x [0,T]])] < o0
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where R > 0 is a positive constant such that | X;(w)| < R for almost every w € 2 and
for any ¢ € {1,...,n}. Thus, f- M is a worthy martingale measure with covariance
functional )y and dominating measure K. Moreover, by using (2.3.4) and inequality
(3.3.6), we obtain (3.3.14) for elementary functions f. O

Now, for any f € P, by Theorem 3.3.1 there is a sequence of simple functions
{fn}n C S such that ||f — fullasr — 0 as n approaches infinity. This will mean that,
by (3.3.14), for any ¢t € [0,7] and any B € &,

E [((fo: M)(B) = (fm - M)i(B))’] =E [ ((fa — fm) - M)} (B)]

< ||fn _me?w il 0.

So the sequence of random variables {(f, - M);(B)}, is Cauchy in L?(2) and thus,
convergent to a random variables denoted by (f - M)(B). In particular, for fixed
B € &, the latter converges for any ¢ € [0,T]. By completeness of the space of square
integrable martingales, the limiting process {(f - M),(B): t € [0,T]} will be a square
integrable martingale starting at 0. As usual, one checks that the limit does not
depend on the choice of the approximating sequence. Of course, the obtained integral
acts linearly on Py,.
As usual, the stochastic integral (f - M) (A) is written as

/Ut/Af(x,s)M(dxds)
as well.

Lastly, we check that the limiting process f-M = {(f-M),(B): t € [0,T],B € £}
is a worthy martingale measure whenever f € P,,.

Theorem 3.3.2. If f € Py, then f- M is a worthy martingale measure with covari-
ance functional Q¢ and dominating measure Ky given by

Qs(dxdyds) = f(x,s)f(y,s) Q(dxdyds), (3.3.18)
K¢(dzdyds) = |f(z,s)f(y,s)| K (dx dyds). (3.3.19)

Moreover, if f,g € Py and A, B € &€, then

(MA@ B = [ [yl QUdedyds)  (3320)

AxBx[0,t]

and

E[(f- M);(A)] < [1£1l5
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Proof. Let {f.}n C S be a sequence of simple functions such that ||f — f,||a;s — 0 as
n approaches infinity. For each n € N, and A, B € &, the process

G MUA - M0B) - [ )l QU dyds) (3321

is a martingale by Lemma 3.3.3. Since both (f,, - M){(A) and (f,, - M),(B) converge
in L2(Q) to, respectively, (f - M);(A) and (f - M);(B), we have that their product
converges in L'(Q) to (f - M),(A)(f - M);(B). On the other hand,

?|

<e|[ o Ul M 05) = . Ky )]

/A Bx(od (fulz,s) fu(y,s) — f(x,s)f(y,s)) Q(dx dy ds)

ve|[ o 7 ,8) = 1oy )

::E[ﬂfﬁh|ﬁ1_ﬂﬂ)K]+_E[ﬂfL|fﬁ__fDKl
< W fallmll fo = Fllar + F el o = Flln

n—00

= |lfn = fllar (Ul fnllae + 11 fll2r) — 0.

Where we have used the Cauchy-Schwarz inequality for the norm || - ||5;. So the
integral in (3.3.21) converges in L'(Q) to

| ey
AxBx[0,t]
and thus, (3.3.21) converges in L'(2) to

(F- A IE) = [ flas) . 5)Q(dr dy ds)
AxBx[0,t]

Given that the L' (2)-limit of martingales is a martingale, we conclude that the latter
is a martingale, proving that (3.3.18) holds. It immediately follows that (3.3.19) and
(3.3.2) hold as well and (3.3.20) follows from polarization (we have proved the case
f = g by proving (3.3.18)).

Finally, we check that f- M is a martingale measure. Let {4, },, C £ be a decreas-
ing sequence such that N,A, = 0, then, by (3.3.2) and the monotone convergence
theorem,

E[(f- M)X(A,)] <E [ / F e, 5) (5 9)| K (de dy ds) | 2250,

nXAnx[0,t]
as desired. O

92



3.4 An observation and application to SPDEs

3.4.1 The two definitions coincide

Observe that when the martingale measure corresponds to the one given by the space-
time white noise, in principle, the definition of stochastic integral studied in the
previous section, given in [l 1], and the one by [0] seen in Section 3.2.1 need not be
the same when the latter is restricted to predictable functions.

Fortunately, this is not the case. Indeed, consider an elementary process f as in
(3.3.7) with A C D (being D the set where the space-time white noise takes place).
Walsh’s definition tells us that

(f-W)(B)=X[W([0,t ANb] x AN B) — W ([0,t ANa] x AN B)],

while Definition 3.2.1 leads to
t oo t
/ / Flo, )W (dzds) =Y / (F(s,%)s e dWi(es)
o Jp o1 /0

0 tAb
=X Z/ (Ta, e;)vdW,(e;)
=1 tAa

o0

=X (La, ej)v [Winn(ej) — Wina(e;)]

—

=X [Wt/\b (i(ﬂA,eg‘)‘/@j) — Wina <i<]114a6j>\/ej>]

J=1 J=1

<

= X [Wipp (Ia) — Wina (Ia)]
=X [W([0,t Ab] x A) =W ([0,t Aa] x A)].

Thus, both definitions coincide for elementary functions and, by linearity, for simple
functions. The result for general f € P,; then follows by density.

3.4.2 Stochastic Partial Differential Equations

Recall that one of the purposes of constructing the stochastic integral with respect
to the space-time white noise or, in general, any worthy martingale measure, was to
rigorously define the concept of stochastic partial differential equation driven by such
noises. In this section we shall briefly discuss how this is done in the case where the
partial differential operator is linear.

In the case of ordinary differential equations, to define the stochastic analog, see
Eq.(1.0.2), we made use of its integral representation, Eq.(1.0.1), to then exploit the
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already constructed stochastic integral with respect to a stochastic process (Brownian
motion or, in general, cadlag semi-martingales) to give a meaning to such expressions.

As one might suspect, this approach cannot be used to define the concept of
SPDE, since, in general, there is no integral representation of a partial differential
equation. However, in some cases (for instance, when the PDE is linear), the solution
of a PDE has an integral representation, which we shall use to define the solution of
a randomly perturbed PDE.

In the following, and to focus on the main ideas, we will omit the details regarding
the conditions for which the assertions that we will make hold true. Moreover, we
will be considering SPDEs defined by linear partial differential operators of the form

£:['ma

where L, is a linear partial differential operator in the spatial variable, like in the
case of the Laplace equation,

0
L=— 'Cza
ot "
like in the case of the heat equation, or
92
L= ﬁ + »C;U,

like in the case of the wave equation.
It is well-known that, usually, to find a solution to the problem

Lu(t,z) = f(t,x), (t,z)€ (0,T] x D,

where D C R” is a bounded or unbounded domain and with some initial condition at
t = 0 and, possibly, some boundary conditions on 9D, one first finds a fundamental
solution or a Green’s function associated to the operator £ and the corresponding
boundary conditions, say I' = I'(t, z; s, y) (this function might not depend on ¢ and s,
as in the case of the Laplace operator). Then the solution to the considered problem
is given by

u(t,x) = Io(t, z) + /Ot/DF(t,:c;s,y)f(s,y)dyds, (t,x) € (0,T] x D.

where Iy(t,x) is the solution to the homogeneous PDE, Lu(t,z) = 0, with the same
initial and boundary conditions.

Replacing f(t,z) by the Gaussian white noise, W (t,z), or some other suitable
noise, will lead to what is called a stochastic partial differential equation. In this

94



situation, it is natural to make the following reasoning

/t/ F(t,x;s,y)f(s,y)dyds:/t/ F(t,x;s,y)W(s,y)dyds
o Jp o Jp

:/Ot/DF(t,x;s,y)W(dsad3/>~

Of course, some regularity condition on I' must be satisfied so that the integral
fot [, T(t,z;5,y)W(ds,dy) can be defined as in Def.3.2.1 or as seen in Section 3.3.2.
When W is a space-time white noise, a sufficient condition is that, for all (¢t,z) €
[0,T] x D, the functions

[07 T] x D> (Sa y) = F(tv €; S7y)]1[0,t)<5)7

or
D3y~ T(z;y),
when f = f(z) and I' = I'(x;y) does not depend on the time variables, are Borel

measurable functions and belong to L?([0,T] x D) and L*(D), respectively. This
formulation will lead to what are called random field solutions:

Definition 3.4.1. Let W be a Gaussian space-times white noise on [0,T] x D, or,
i general, a worthy martingale measure. The random field solution to the SPDE
Lu =W on [0,T] x D, with the specified initial and boundary conditions, is the
random field

t
ult.a) = oft,z) + [ [ Tt,wis, )W (ds.dy),
0 D
or

mm=mw+énnwwwx

where Io(t,x) and Iy(z) are the solutions to the corresponding homogeneous PDEs,
Lu = 0, with the same initial and boundary conditions.

Observe that these definitions have been made for the case where the problem is
linear and the noise considered is additive. Nevertheless, these ideas can be used to
define concept of solution of a SPDE of the form

Lu(t,z) = o (t,z,u(t,z)) W(t,x) + b(t,z,u(t,z)), t,xe (0,T]x D

with some given initial and boundary conditions and where £ is a linear partial
differential operator as the ones previously considered. In such cases, a random
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field solution is defined as a jointly measurable, adapted and real valued process
u={u(t,x): (t,x) € [0,T] x D} satisfying

ult,z) = Io(t / / (£, 5,y) (5, . u(s, y)) W (ds, dy)

4 / / D(t, 23 5, 9)b(s, v, u(s, y))dyds
0 D

where (t,x) € [0,T] x D. It is implicitly assumed that the functions I', o and b satisfy
some regularity conditions so that the integrals on the right-hand side of this last
equation can be defined as studied in previous sections.

It is worth mentioning that when the partial differential operator £ is not linear or
spatial dimensions considered are high enough, the PDEs considered might not have
function-valued solutions, thus, making sense of expressions of the form Lu = oW +b
might be a difficult task. For instance, the function I' = T'(¢,x;s,y) for the heat
equation is not square integrable when the spatial dimension is equal or greater than
two.
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Chapter 4

Good integrators

In this work, we have focused all our efforts on defining stochastic integrals with
respect to martingales and martingale measures as limits of Riemann-Stieltjes sums.
However, why do we restrict ourselves to such processes? Can we go a step further
and reproduce the same procedure to construct new integrals with respect to some
other processes?

To answer these questions, we shall ask ourselves what properties must possess
the constructed integral in order to be a “good integral”. More specifically, consider a
stochastic process M = {M,: t € [0,T]} which induces a stochastic integral I);, which
we will think as an operator acting on some space of stochastic processes that returns
a random variable. What properties should the operator I, have? For instance, it
should be a linear operator so that we can say it extends the already known notions
of integral.

Some authors (see, for instance, [10], p.52) assert that, apart from the linearity

property, the integral operator should satisfy some version of the Bounded Con-
vergence Theorem, which is quite reasonable since this is satisfied for the classical
Lebesgue and Lebesgue-Stieltjes integrals. This property is not only chosen for this
purpose: as seen in the previous chapters, the stochastic integrals considered arise as
limits of integrals of much simpler processes. These limits were totally justified by
the Bounded Convergence Theorem, so it is natural to ask for this property to be
fulfilled as well for general processes, not only for the simple ones.
As mentioned a couple times, even though the stochastic integral seen here has been
constructed as an L?(Q)-limit, when one extends the class of integrable functions with
respect to a given process M, the resulting integral is a limit in probability. Hence, a
version of this theorem to be satisfied is that the uniform convergence of a sequence
of processes X(™ towards a certain process X implies the convergence in probability.
One can think that we ask for uniform convergence of the sequences X ™ because the
considered integral is constructed via Riemann-Stieltjes sums.
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Now let S, denote the space of simple functions of the form
Xi(w) = Xolgop(t) + > e ()i, 0,,,1(1)
j=1

for some 0 =t < ... <tpp1 =T, ¢; € L™ (Q,]-"tj,]P’) endowed with the topology of
the uniform convergence and let L°(IP) be the space of random variables endowed with
the topology of the convergence in probability. For given process M and X € S, we
define the linear mapping Ij;: S, — L°(P) as follows

Iy (X) = XoMo+ > ej(My,, — My,).

J
j=1

A “good integrator” M = {M,: t € [0,T]} is then defined as a process such that
its integral operator, I;: S — L°(P), is a continuous linear mapping with the consid-
ered topologies (the continuity condition is equivalent to the Bounded Convergence
Theorem property).

It turns out that if M is a good integrator, then M is a semimartingale with
cadlag sample paths. More specifically,

Theorem 4.0.1 (Bichteler-Dellacherie). An adapted, cadlag process M is a good
integrator if, and only if, it is a semimartingale. That is, M is a good integrator if,
and only if, it can be written as M = N + A where N is a local martingale and A is
a process whose sample paths are of bounded variation.

For a proof of this result we refer to [10], Theorem 47, page 146.

With this, we can give an answer to the previously made questions: semimartin-
gales are the most general processes that induce an integral operator satisfying desir-
able properties like linearity and the Bounded Convergence Theorem.

Of course, this does not give an answer to why we limit our study of stochastic
integration with respect to random fields to integrals with respect to martingale
measures, but, at least, gives us an idea of why it is the case. In addition, martingale
measures are good enough objects to model a large part of the scenarios that one can
witness.
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