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Preface

This book originates from a set of lecture notes for graduate classes I delivered
since 2005, first at the Paul Sabatier University in Toulouse, and then at Pur-
due University in West Lafayette. The lecture notes benefited much from the
input and criticism from several students and have been modified and expanded
numerous times before reaching the final form of this book.

My motivation is to present at the graduate level and in a concise but
complete way the most important tools and ideas of the classical theory of
continuous time processes and at the same time introduce the readers to more
advanced theories : the theory of Dirichlet forms, the Malliavin calculus and
the Lyons rough paths theory.

Several exercises of various levels are distributed throughout the text in
order to test the understanding of the reader. Results proved in these exercises
are sometimes used in later parts of the text so I really encourage the reader
to have a dynamic approach in his reading and to try to solve the exercises.

I included at the end of each chapter a short section listing references for
the reader wishing to complement his reading or looking for more advanced
theories and topics.

Chapters 1,2,5 and 6 are essentially independent from Chapters 3 and 4.
I often used the materials in Chapters 1,2,5 and 6 as a graduate course on
Stochastic calculus and Chapters 3 and 4 on their own as a course on Markov
processes and Markov semigroups assuming some of the basic results of Chapter
1. Chapter 7 is almost entirely independent from the other chapters. It is an
introduction to Lyons rough paths theory which offers a deterministic approach
to understand differential equations driven by very irregular processes including
as a special case Brownian motion.

To conclude, I would like to express my gratitude to the students who
pointed out typos and inaccuracies in various versions of the lecture notes
leading to this book and to my colleague Cheng Ouyang for a detailed reading
of an early draft of the manuscript. Of course, all the remaining typos and
mistakes are my own responsibility and a list of corrections will be kept online
on my personal blog. Finally, I thank Igor Kortchmeski for letting me use his
nice picture of a random stable tree on the cover of the book.

West Lafayette, January 2014 Fabrice Baudoin
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Introduction

The first stochastic process that has been extensively studied is the Brownian
motion, named in honor of the botanist Robert Brown, who observed and de-
scribed in 1828 the random movement of particles suspended in a liquid or gas.
One of the first mathematical studies of this process goes back to the mathe-
matician Louis Bachelier, in 1900, who, in his thesis [?], presented a stochastic
modelling of the stock and option markets. But, mainly due to the lack of
rigorous foundations of probability theory at that time, the seminal work of
Bachelier has been ignored for a long time by mathematicians. However, in his
1905 paper, Albert Einstein brought this stochastic process to the attention
of physicists by presenting it as a way to indirectly confirm the existence of
atoms and molecules. The rigorous mathematical study of stochastic processes
really began with the mathematician Andrei Kolmogorov. His monograph [?]
published in Russian in 1933 built up probability theory in a rigorous way from
fundamental axioms in a way comparable to Euclid’s treatment of geometry.
From this axiomatic, Kolmogorov gives a precise definition of stochastic pro-
cesses. His point of view stresses the fact that a stochastic process is nothing
else but a random variable valued in a space of functions (or a space of curves).
For instance, if an economist reads a financial newspaper because he is inter-
ested in the prices of barrel of oil for last year, then he will focus on the curve
of these prices. According to Kolmogorov’s point of view, saying that these
prices form a stochastic process is then equivalent to saying that the curve that
is seen is the realization of a random variable defined on a suitable probability
space. This point of view is mathematically quite deep and provides existence
results for stochastic processes as well as pathwise regularity results.

Joseph Doob writes in his introduction to his famous book ”Stochastic
processes” [?]:

A stochastic process is any process running along in time and controlled by
probability laws...more precisely any family of random variables where a random
variable ... is simply a measurable function...

Doob’s point of view, which is consistent with Kolmogorov’s and built on the
work by Paul Lévy, is nowadays commonly given as a definition of a stochastic
process. Relying on this point of view that emphasizes the role of time, Doob’s
work, developed during the 1940’s and the 1950’s has quickly become one of
the most powerful tools available to study stochastic processes.

Let us now describe the seminal considerations of Bachelier. Let X; denote
the price at time ¢ of a given asset on a financial market (Bachelier considered
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a given quantity of wheat). We will assume that Xy = 0 (otherwise, we work
with X; — Xo). The first observation is that the price X; can not be predicted
with absolute certainty. It seems therefore reasonable to assume that X; is a
random variable defined on some probability space. One of the initial problems
of Bachelier was to understand the distribution of prices at given times, that is
the distribution of the random variable (X, ..., Xy, ), where t1, ..., t,, are fixed.

The two following fundamental observations of Bachelier were based on
empirical observations:

e If 7 is very small then, in absolute value, the price variation X;4, — X;
is of order o+/7, where o is a positive parameter (nowadays called the
volatility of the asset);

e The expectation of a speculator is always zero! (nowadays, a generaliza-
tion of this principle is called the absence of arbitrage).

Next, Bachelier assumes that for every ¢ > 0, X; has a density with respect
to the Lebesgue measure, let us say p(t,x). It means that if [z — e, 2 + €] is a
small interval around z, then

P(X; € [x — e,z +¢]) ~ 2ep(t, x).

The two above observations imply that for 7 small,

p(t+71,2) ~ %p(t, x —o\T) + %p(t, T+ o).
Indeed, due to the first observation, if the price is z at time t + 7, it means
that at time ¢ the price was equal to  — o+/T or to x + o+/7. According to the
second observation, each of this case occurs with probability %
Now Bachelier assumes that p(¢, ) is regular enough and uses the following
approximations coming from a Taylor expansion:

0
p(t+ 7,2) ~ p(t,z) + 78—12(& x)

N dp 1, &
N dp 1, 9

This yields the equation

O 1 ,0%
— =0’ (tz). (0.1)
ot 2 Ox
1Quoted and translated from French: It seems that the market, the aggregate of specu-
lators, can believe in neither a market rise nor a market fall, since, for each quoted price,
there are as many buyers as sellers..
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This is the so-called heat equation, which is the primary example of a diffusion
equation. Explicit solutions to this equation are obtained using the Fourier
transform, and by using the fact that at time 0, p is the Dirac distribution at
0, it is computed that:

22

(t.a) = <
p(t,z) = ——.

oV 2mt
It means that X; has a Gaussian distribution with mean 0 and variance o2.
Let now 0 < ¢; < ... < t,, be fixed times and Iy, ..., [, be fixed intervals. In
order to compute P(X;, € I1,..., X;, € I,,) the next step is to assume that the
above analysis did not depend on the origin of time, or more precisely that the
best information available at time ¢ is given by the price X;. That leads first
to the following computation

P(th € Ihth S 12) :/ P(th eI, Ith = Il)p(tl,l‘l)d.’lil
I

— [ Bt € B | Xy = w)p(tn )y
I

= / Pt —t1, 20 — x1)p(t1, z1)dr 1 das,
Iy x1Io

which is easily generalized to

P(Xy, € Ih,..., X, €1,) (0.2)
=/ p(tn —th—1,n — Tn_1) - p(t2 — t1, 22 — x1)p(t1, x1)dw1day - - - dxy,.
Iy X X1y

In many regards, the previous computations were not rigorous but heuristic.
One of our first motivations is to provide a rigorous construction of this object
X; on which worked Bachelier and that is called a Brownian motion.

From a rigorous point of view the question is: Does there exist a sequence
of random variables {X;,¢ > 0} such that ¢ — X, is continuous and such that
the property (0.2) is satisfied ? Chapter 1 will give a positive answer to this
question. We will see how to define and construct processes. In particular
we will prove the existence of Brownian motion and then study several of its
properties.

Chapter 1 sets the foundations. It deals with the basic definitions and
results that are required to rigorously deal with stochastic processes. We intro-
duce the relevant o-fields and prove the fundamental Daniell-Kolmogorov the-
orem which may be seen as an infinite dimensional version of the Carathéodory
extension of measure theorem. It is the basic theorem to prove the existence
of a stochastic process. However, despite its importance and usefulness, the
Daniell-Kolmogorov result relies on the axiom of choice and as such is non-
constructive and does not give any information or insight about the stochastic
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process that has been proved to exist. The Kolmogorov continuity theorem
fills one of those gaps and gives a useful criterion to ensure that we can work
with a process whose sample paths are continuous. Chapter 1 also includes a
thorough study of continuous martingales. We focus on Doob’s theorems: The
stopping theorem, the regularization result and the maximal inequalities. Mar-
tingale techniques are essential to study stochastic processes. They give the
tools to handle stopping times which are naturally associated to processes and
provide the inequalities which are the cornerstones of the theory of stochastic
integration which is presented in Chapter 5.

Chapter 2 is devoted to the study of the most important stochastic process:
The Brownian motion. As a consequence of the Daniell-Kolmogorov and Kol-
mogorov continuity theorems, we prove the existence of this process and then
study some of its most fundamental properties. From many point of views,
Brownian motion can be seen as the continuous random walk in continuous
time. This is made precise at the end of the chapter where we give an al-
ternative proof of the existence of the Brownian motion as a limit of suitably
rescaled random walks.

Chapter 3 is devoted to the study of Markov processes. Our goal is to em-
phasize the role of the theory of semigroups when studying Markov processes.
More precisely, we wish to understand how one can construct a Markov process
from a semigroup and then see what are the properties inherited from the semi-
group to the sample paths properties of the process. We will particularly focus
on the class of Feller-Dynkin Markov processes which are a class of Markov
processes enjoying several nice properties, like the existence of regular versions
and the strong Markov property. We finish the chapter with a study of the
Lévy processes which form an important subset of the class of Feller-Dynkin
Markov processes.

Chapter 4 can be thought an introduction to the theory of symmetric Dirich-
let forms. As we will see, this theory and the set of tools attached of it belong
much more to functional analysis than probability theory. The basic problem
is the construction of a Markov semigroup and of a Markov process only from
the generator. More precisely, the question is: Given a diffusion operator L,
does L generate Markov semigroup P; and if yes, is this semigroup the tran-
sition semigroup of a continuous Markov process 7 We will answer positively
this question in quite a general framework under the basic assumption that L
is elliptic and essentially self-adjoint with respect to some Borel measure.

Chapter 5 is about stochastic calculus and its applications to the study of
Brownian motion. Stochastic calculus is an integral and differential calculus
with respect to Brownian motion or more generally with respect to martingales.
It allows to give a meaningful sense to integrals with respect to Brownian
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motion paths and to define differential equations driven by such paths. It is
not a straightforward extension of the usual calculus because Brownian motion
paths are not regular enough, they are only y-Hélder continuous with v < 1/2.
The range of applications of the stochastic calculus is huge and still growing
today. We mention in particular that the applications to mathematical finance
have drawn a lot of attention on this calculus. Actually, most of the modern
pricing theories for derivatives on financial markets are based on It6-Do6blin’s
formula which is the chain rule for stochastic calculus.

Chapter 6 deals with the theory of stochastic differential equations. Stochas-
tic differential equations are the differential equations that correspond to It6’s
integration theory. They give a very powerful tool to construct a Markov
process from its generator. We will prove the basic existence and uniqueness
results for such equations and quickly turn to the basic properties of the so-
lution. One of the problems we are the most interested in is the existence of
a smooth density for the solution of a stochastic differential equation. This
problem gave birth to the so-called Malliavin calculus which is the study of the
Sobolev regularity of Brownian functionals and that we study in some details.

Chapter 7 is an introduction to the theory of rough paths that was developed
by Lyons in the 1990’s. The theory is deterministic. It allows to give a sense
to solutions of differential equations driven by very irregular paths. Stochastic
differential equations driven by Brownian motions are then seen as a very spe-
cial case of rough differential equations. The advantage of the theory is that
it goes much beyond the scope of It6 calculus when dealing with differential
systems driven by random noises and comes with powerful estimates.



Chapter 1
Stochastic processes

In this chapter we set the rigorous foundations on which the theory of general
stochastic processes is built. Our first task will be to to build a measure theory
in infnite dimension and then to study sample paths properties of stochastic
processes. The second part of the chapter is devoted to the study of martin-
gales. Martingales techniques will be used in amost every parts of this book.

1 Measure theory in function spaces

Stochastic processes can be seen as random variables taking their values in a
function space. It is therefore important to understand the naturallly associ-
ated o-algebras.

Let A(Rxo,R?), d > 1, be the set of functions R>o — R%. We denote by
T (R>o, R?) the o-algebra generated by the so-called cylindrical sets

{f S A(Rzode)mf(tl) € 117 7f(tn) S In}

where
t1,..,tn € Rxg
and where I, ..., I,, are products of intervals: I; = HZ:l(a’C br].

R

Remark 1.1. As a o-algebra T (Rxo, R?) is also generated by the following
families:

{f € A(RZOaRd)vf(tl) € By, af(tn) S Bn}

where t1,...,t, € R>o and where By, ..., B,, are Borel sets in R4,

{f € AR>0,RY), (f(t1), ., f(ta)) € B}
where 1, ...,t, € R>¢ and where B is a Borel set in (R%)®",
Exercise 1.2. Show that the following sets are not in T ([0,1],R):
1.
{f € A([0,1],R), sup f(t) <1}

tefo,1]

{f € A(]0,1],R), 3t € [0,1]f(¢t) = 0}
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The above exercise shows that the o-algebra T (R0, R?) is not rich enough
to include natural events; this is due to the fact that the space A(Rxq, R?) is
by far too big.

In this book, we shall mainly be interested in processes with continuous
paths. In that case, we use the space of continuous functions C(Rxo, R?) en-
dowed with the o-algebra B(R>o, R?) generated by

{f € C(R50,RY), f(t1) € I, e, f(ty) € I}

where t1, ..., t, € R>g and where Iy, ..., I, are products of intervals IT¢_, (a¥, b].

This o-algebra enjoys nice properties. It is generated by the open sets of the
(metric) topology of uniform convergence on compact sets.

Proposition 1.3. The o-algebra B(Rszd) is generated by the open sets of
the topology of uniform convergence on compact sets.

Proof. We make the proof when the dimension d = 1 and let the reader adapt
it in higher dimension. Let us first recall that, on C(R>¢,R) the topology of
uniform convergence on compact sets is given by the distance

+oo 1 )
d(f,g) = n; o mm(oggpn | f(t) —g(t) |, 1).

This distance endows C(R>¢,R) with the structure of a complete, separable,
metric space. Let us denote by O the o-field generated by the open sets of this
metric space. First, it is clear that the cylinders

{f S C(Rzo,R),f(tl) <ai, ,f(tn) < an}

are open sets that generate B(R>q,R). Thus, we have B(R>o,R) C O. On the
other hand, since for every g € C(R>o,R), n e N,n>1and p >0

{f € C(R>0,R), sup | f(t) —g(t) |< p}
0<t<n

=Niego<e<n {f € C(R>0,R), | f(2) — g(t) [< p},

we deduce that

{f € C(Rxo,R), sup [ f(t) —g(t) [< p} € B(R>0,R).

0<t<n

Since O is generated by the above sets, this implies O C B(R>o, R). o

Exercise 1.4. Show that the following sets are in B([0,1],R):

1.

{re C([U,ll,R)7t21[(l)p1]f(t) <1}

{f €C([0,1],R), 3t € [0,1]f(t) = 0}.
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2 Stochastic processes
Let (2, F,P) be a probability space.

Definition 1.5. On (Q, F,P), a (d-dimensional) stochastic process is a se-
quence (X;);>0 of R%valued random variables that are measurable with respect
to F.

A process (X;)¢>0 can also be seen as an application
X (w) € A(Rsg,RY), t — Xy (w).

The applications t — X;(w) are called the paths of the process. The applica-
tion X : (Q,F) = (AR>0,R%), T(R>o,R?)) is measurable. The probability
measure defined by

u(A) =P(X"'(4)), A € T(Rz0,RY)
is then called the law (or distribution) of (X;)¢>o.

For ¢t > 0, we denote by m; the application that transforms f € A(R>o, Rd)
into f(t): m : f — f(t). The stochastic process (m;)¢e r-, Which is thus defined
on the probability space (A(Rxq,R), T (R>0,RY), 1) is called the canonical pro-
cess associated to X. It is a process with distribution pu.

Definition 1.6. A process (X;);>0 is said to be measurable if the application
(t,w) = Xi(w)
is measurable with respect to the o-algebra B(R>¢) ® F that is, if
VA € BRY), {(t,w), X¢(w) € A} € B(R>) ® F.

The paths of a measurable process are, of course, measurable functions
RZO — R4,

Definition 1.7. If a process X takes its values in C(R>o,R?), that is if the
paths of X are continuous functions, then we say that X is a continuous process.

If (Xi)¢>0 is a continuous process then the application
X : (2 F) = (C(Rsp,R?Y), B(R>q, R))

is measurable and the distribution of X is a probability measure on the space
(C(R>0,RY), B(R>o, R?)). Moreover, a continuous process is measurable in the
sense of the Definition 1.6:
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Proposition 1.8. A continuous stochastic process is measurable.

Proof. Let (X;)i>0 be a continuous process. Let us first prove that if A is a
Borel set in R, then

{(t,w) € [0,1] x ©, X (w) € A} € B(Rs0) © F.

For n € N, let
X' = Xy, t €10,1],
oM

where [z] denotes the integer part of x. Since the paths of X™ are piecewise
constant, we have

{(t,w) € [0,1] x Q, X;"(w) € A} € B(R>0) ® F.
Moreover, Vt € [0,1],w € ©Q, we have

lim X7'(w) = Xi(w),

n—-oo
which implies
{(t,w) € [0,1] x Q, Xy(w) € A} € B(R>0) @ F.
In the same way we obtain that Vk € N,
{(t,w) € [k, k+1] x Q, Xy (w) € A} € B(R>¢) @ F.
Observing
{(t,w) e Rx Q, Xy(w) € A} = Ugen{(t,w) € [k, k + 1] x Q, X;(w) € A},

yields the sought of conclusion. m]

3 Filtrations

A stochastic process (X;);>o may also be seen as a random system evolving
in time. This system carries some information. More precisely, if one observes
the paths of a stochastic process up to a time ¢ > 0, one is able to decide if an
event

Aco(X,,s<t)

has occured (here and in the sequel o(X,s < t) denotes the smallest o-field
that makes all the random variables {(X;,, -, X ),0 <t <---<t¢, <t}
measurable). This notion of information carried by a stochastic process is
modeled by filtrations.

Definition 1.9. Let (2, F,P) be a probability space. A filtration (F;);>0 is a
non-decreasing family of sub-o-algebras of F.
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As a basic example, if (X;)¢>0 is a stochastic process defined on (2, F,P),then
.Ft = U(XS,S S t)

is a filtration. This filtration is called the natural filtration of the process X
and often denoted by (F;¥);>o0-

Definition 1.10. A stochastic process (X;);>0 is said to be adapted to a
filtration (F);>o if for every ¢ > 0, the random variable X is measurable with
respect to Fi.

Of course, a stochastic process is always adapted with respect to its natural
filtration. We may observe that if a stochastic process (X¢);>o is adapted to a
filtration (F%)¢>0 and that if Fy contains all the subsets of F that have a zero

probability, then every process (Xt)tzo that satisfies
P(X;=X,) =1, t>0,

is still adapted to the filtration (F;)¢>o.

We previously defined the notion of measurability for a stochastic process.
In order to take into account the dynamic aspect associated to a filtration, the
notion of progressive measurability is needed.

Definition 1.11. A stochastic process (X;);>o that is adapted to a filtration
(Fi)e>0, is said to be progressively measurable with respect to the filtration
(Ft)e>o if for every t > 0,

VA € B(R), {(s,w) € [0,] x 2, X,(w) € A} € B([0,1]) ® F.

By using the diagonal method, it is possible to construct adapted but not
progressively measurable processes. However, the next proposition whose proof
is let as an exercise to the reader shows that an adapted and continuous stochas-
tic process is automatically progressively measurable.

Proposition 1.12. A continuous stochastic process (Xi)i>o0, that is adapted
with respect to a filtration (Fi)i>o, is also progressively measurable with respect
to at.

4 The Daniell-Kolmogorov extension theorem

The Daniell-Kolmogorov extension theorem is one of the first deep theorems
of the theory of stochastic processes. It provides existence results for nice
probability measures on path (function) spaces. It is however non-constructive
and relies on the axiom of choice. In what follows, in order to avoid heavy
notations we restrict the presentation to the one dimensional case d = 1. The
multidimensional extension is straightforward.
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Definition 1.13. Let (X;);>0 be a stochastic process. For t1,...,t, € R>¢ we
denote by i, ...+, the probability distribution of the random variable

(Xtyy oo Xt )-

It is therefore a probability measure on R™. This probability measure is called
a finite dimensional distribution of the process (X¢):>o0.

If two processes have the same finite dimensional distributions, then it is
clear that the two processes induce the same distribution on the path space
A(R>p,R) because cylinders generate the o-algebra T (R>o,R).

The finite dimensional distributions of a given process satisfy the two follow-
ing properties: If ¢4, ..., %, € R>o and if 7 is a permutation of the set {1,...,n},
then:

1.

My, ity (A1 X ... X An) = ‘U,t‘r(l)P”’tT(”) (AT(l) X ... X AT(n))’ Al S B(]R)

Pyt (A1 X o X Ay XR) = gy (A1 X o x Ap1), A € B(R).

Conversely, we have

Theorem 1.14 (Daniell-Kolmogorov theorem). Assume that we are given for
every ti,...,tn € R>q a probability measure pu, ... ¢, on R™. Let us assume that
these probability measures satisfy:

1.

,,,,,

Mtl,..‘,tn(Al X ..o X An) = /Ltr(l)’m,tﬂ_(n) (AT(I) X ... X A‘r(n))7 Az S B(R)

Pty (A1 X o X Ay XR) = pgy g (A XX Apq), A € B(R).

Then, there is a unique probability measure p on (A(R4,R), T(Ry,R)) such
that fO’/‘ t1,...,tn € Rzo, Al, ceey A, € B(R)

/,L(?Ttl c Al; vy Ty, c An) = Mth...,tn(Al X ... X An)

The Daniell-Kolmogorov theorem is often used to construct processes thanks
to the following corollary:

Corollary 1.15. Assume given for every ty,...,t, € R>o a probability measure
Hiy,...t, on R™. Let us further assume that these measures satisfy the assump-
tions of the Daniell-Kolmogorov theorem. Then, there exists a probability space
(Q, F,P) as well as a process (X¢)e>o0 defined on this space such that the finite
dimensional distributions of (X;)i>0 are given by the pu, . .+, ’s.
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Proof. As a probability space we chose
(Qv ]:a P) = (A(RZO7 R)a T(RZ()) R)a :u)

where p is the probability measure given by the Daniell-Kolmogorov theorem.
The canonical process (7);>o defined on A(Rx>¢,R) by 7(f) = f(¢t) satisfies
the required property. O

We now turn to the proof of the Daniell-Kolmogorov theorem. This proof
proceeds in several steps.

As a first step, let us recall the Carathéodory extension theorem that is often
useful for the effective construction of measures (for instance the construction
of the Lebesgue measure on R):

Theorem 1.16 (Carathéodory theorem). Let Q be a non-empty set and let A
be a family of subsets that satisfy:

1. Qe A;
2. IfAJBe A, AUB € A;
3. IfAc A Q\Ac A

Let o(A) be the o-algebra generated by A. If o is o-additive measure on
(Q,.A), then there exists a unique o-additive measure p on (2, 0(A)) such that
for Ae A,

fo(A) = p(A).
As a second step, we prove the following fact:
Lemma 1.17. Let B, C R", n € N be a sequence of Borel sets that satisfy

Bni1 C By x R.

Let us assume that for every n € N a probability measure p., is given on
(R™, B(R™)) and that these probability measures are compatible in the sense
that

pn(A1 X oo X A1 XR) = pp—1 (A1 X ... x Ap_q),  A; € B(R).

and satisfy:
,Un(Bn) > g,

where 0 < € < 1. There exists a sequence of compact sets K, C R", n € N,
such that:

e K, CB,
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o K, C K, xR.
o iy (Ky) > 5.
Proof. For every n, we can find a compact set K C R" such that

K! C B,

and
€

n(Ba\K;) < 5o
Let us consider
K,=(KxR""Hn.n(K: xR NK;.
It is easily checked that:
e K, CB,
o K,i1 C K, xR,

Moreover, we have

,un(Kn)
=pn(Bn) = pin(Bp\Ky)
=pn(Bn) — pin (Bx\ (Kf x R*™ M n..n(K:_; xR)NK}))
> (Bp) = pin (Ba\ (K7 X R™™Y))) = oo = i (By\ (K _y X R)) — pin(Bn\K,)
Zpn(Bn) — p1(BiI\KT) — ... — tn(Bn\K7y)
25—1— T ont
>

O

With this in hands, we can now turn to the proof of the Daniell-Kolmogorov
theorem.

Proof. For the cylinder

Ct1>---7tn(B) = {f S A(R+7R)7 (f(tl)a 7f(tn)) € B}

where
t1, ...ty € RZO

and where B is a Borel subset of R”, we define

t(Ciy,...ot, (B)) = piay,...1, (B).
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Thanks to the assumptions on the fi, ... ¢.’s, it is seen that such a p is well
defined and satisfies:

(AR>o,R)) = 1.

The set A of all the possible cylinders Cy, .. ., (B) satisfies the assumption of
Carathéodory theorem. Therefore, in order to conclude, we have to show that
p is o-additive, that is, if (C,),, oy is a sequence of pairwise disjoint cylinders
and if C' = U,enCy, is a cylinder then

+00
p(C) = 3 (C).

This is the difficult part of the theorem. Since for N € N,
wC) =p (C\ Ur]LV:O Cn) tu (Ufy:ocn) )
we just have to show that

where Dy = C\ UY_, C,,.
The sequence (u(Dy))nen is positive decreasing and therefore converges.
Let assume that it converges toward £ > 0. We shall prove that in that case

NnenDn # 0,

which is clearly absurd.

Since Dy is a cylinder, the event Uy enD n only involves a coutable sequence
of times 1 < ... < ¢, < ... and we may assume (otherwise we can add convenient
other sets in the sequence of the Dy’s) that every Dy can be described as
follows

DN = {f S A(RZOaR)7 (f(tl)v '~-af(tN)) € BN}

where B,, C R™, n € N, is a sequence of Borel sets such that
B,11 C B, xR.

Since we assumed p(Dpy) > €, we can use the previous lemma to construct a
sequence of compact sets K, C R", n € N, such that:

e K, CB,
L] n+1CKn><R.

4 lf/th...,tn(Kn) 2 %
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Since K, is non-empty, we pick
(¥, ...,z € Kp.

The sequence (27) ey has a convergent subsequence (27 ™)

le'l(”)v m;’1(”))

neN that converges

toward x; € Kj;. The sequence (( neN has a convergent subse-
1

quence that converges toward (z1,z2) € Ks. By pursuing this process' we
obtain a sequence (Z,)nen such that for every n,

(21, .0y p) € Kp.

The event

{f € ARLR), (f(t1),..., ftn)) = (21, ...,xN)}
is in Dy, this leads to the expected contradiction. Therefore, the sequence
(u(Dn))Nen converges toward 0, which implies the o-additivity of p. i

The Daniell-Kolmogorov theorem is the basic tool to prove the existence of a
stochastic process with given finite dimensional distributions. As an example,
let us illustrate how it may be used to prove the existence of the so-called
Gaussian processes.

Definition 1.18. A real-valued stochastic process (X¢):>¢ defined on (9, F,P)
is said to be a Gaussian process if all the finite dimensional distributions of X
are Gaussian random variables.

If (Xt)i>0 is a Gaussian process, its finite dimensional distributions can be
characterized, through Fourier transform, by its mean function

m(t) = E(X)
and its covariance function
R(s,t) = E ((X: —m(t))(Xs —m(s))).

We can observe that the covariance function R(s,t) is symmetric (R(s,t) =
R(t,s)) and positive, that is for a1, ...,a, € R and t1, ..., ¢, € R>o,

> @Rt t) = Y aaE (X, —m(t) (X, —mlt;)))

1<i,j<n 1<i,5<n
n 2
—E (Z(Xti - m(ti))>
=1
> 0.

Conversely, as an application of the Daniell-Kolmogorov theorem, we let the
reader prove as an exercise the following proposition.

1This is here that the axiom of choice is needed.
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Proposition 1.19. Let m : Ry>g — R and let R : R>g x R>p — R be a
symmetric and positive function. There exists a probability space (2, F,P) and
a Gaussian process (Xy)i>o defined on it, whose mean function is m and whose
covariance function is R.

Exercise 1.20. Let (X;)o<i<r be a continuous Gaussian process. Show that
the random variable foT Xds is a Gaussian random variable.

5 The Kolmogorov continuity theorem

The Daniell-Kolmogorov theorem is a very useful tool since it provides existence
results for stochastic processes. However this theorem does not say anything
about the paths of this process. The following theorem, due to Kolmogorov,
precises that, under mild conditions, we can work with processes whose paths
are quite regular.

Definition 1.21. A function f : R>g — R is said to be Holder with exponent
o > 0 if there exists a constant C' > 0 such that for s,t € R>,

[f@&) = fl)l<Clt—s]|".
Holder functions are in particular continuous.
Definition 1.22. A stochastic process (Xt)tzo is called a modification of the
process (X¢)>o if for ¢ > 0,
P (Xt - f(t) —1.
Remark 1.23. We can observe that if (Xt)tzo is a modification of (X;)¢>0
then (X;);>0 has the same distribution as (X¢):>o.

Theorem 1.24 (Kolmogorov continuity theorem). Let a,e,¢ > 0. If a d-
dimensional process (X¢)ie[0,1] defined on a probability space (2, F,P) satisfies
for s,t €10,1],

E (|| X — Xs[|%) S e |t —s [,

then there exists a modification of the process (Xi)iepo,1] that is a continuous
process and whose paths are y-Hélder for every v € [0, £).

Proof. We make the proof for d = 1 and let the reader extend it as an exercise
to the case d > 2. For n € N, we denote

k
D, ={— k=0,..2"

D= UnGNDn-

and
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Let v € [0, £). From Chebychev inequality:

37

v ( max [ Xu —Xial2 2_771) =F (U1<k<2”|XL —Xka| > 24”)
1<k<L2" 27 ="= o o

on

<Y P (|X L~ X | > 2*7")
P ST
k=1

Therefore, since ya < €, we deduce

+oo
Z]P’( max X — Xea|> 2—W> < +oc.
RANE:
=

From the Borel-Cantelli lemma, we can thus find a set Q* € F such that
P(Q*) = 1 and such that for w € *, there exists N(w) such that for n > N(w),

max | X & (w) — Xp—a(w)] <2777
1<k<2n 27 m

In particular, there exists an almost surely finite random variable C' such that
for every n > 0,

max | X & (w) — Xior (w) <c27m

1<k<2n 27
We now claim that the paths of the restricted process X ,qo- are consequently
~v-Hélder on D. Indeed, let s,t € D. We can find n such that

1
We now pick an increasing and stationary sequence (si)g>n converging
toward s, such that s, € Dy and
| Spp1 —sp |= 27 %D or 0.
In the same way, we can find an analogue sequence (t;)r>, that converges
toward ¢t and such that s,, and t,, are neighbors in D,,. We have then:

+oo +oo
Xt - XS = Z(X811+1 - Xsi) + (Xsn, - th) + Z(th - Xt1,+1)7

where the above sums are actually finite.



6 Stopping times 19

Therefore,

“+o0
X, — X,| <0277 42 Z c2—v(k+1)

k=n
+oo
<20y 27k
k=n
2C .,
S 1-27

Hence the paths of X . are y-Holder on the set D. For w € QF, let

t — X;(w) be the unique continuous function that agrees with ¢t — X;(w)
on D. For w ¢ QF, we set X;(w) = 0. The process (X¢)e[o,1] is the desired
modification of (X¢)e(0,1]- m]

Exercise 1.25. Let a,e,¢ > 0. Let (Xt)epo,1] be a continuous Gaussian pro-
cess such that for s,t € [0, 1],

E(|Xe - Xs]|*) < el t—s [,

Show that for every v € [0,e/a), there is a positive random variable n such that
E(n?) < oo, for every p > 1 and such that for every s,t € [0,1],

[Xe = Xl <mlt = s, as.

Hint: You may use the Garsia-Rodemich-Rumsey inequality which is stated in
Theorem 7.34, Chapter 7, in greater generality: Let p > 1 and o > p~ !, then
there exists a constant Cop, > 0 such that for any continuous function f on
[0,T], and for allt,s € [0,T] one has:

T p
1F() = ()P < Caplt — |7~ / / ”f|x_ |ap+)1' dady.

6 Stopping times

In the study of a stochastic process it is often useful to consider some properties
of the process that hold up to a random time. A natural question is for instance:
For how long is the process less than a given constant ?

Definition 1.26. Let (F;):>o be a filtration on a probability space (Q, F,P).
Let T be a random variable, measurable with respect to F and valued in
R>o U {+00}. We say that T is a stopping time of the filtration (F3):> if for
t>0,

{T <t} eF.
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Often, a stopping time will be the time during which a stochastic process
adapted to the filtration (F;):>o satisfies a given property. The above definition
means that for any ¢ > 0, at time t, one is able to decide if this property is
satisfied or not.

Among the most important examples of stopping times, are the (first) hit-
ting times of a closed set by a continuous stochastic process.

Exercise 1.27 (First hitting time of a closed set by a continuous stochastic
process). Let (X¢)i>0 be a continuous process adapted to a filtration (Fy)i>o-
Let

T:1nf{t20,Xt€F}7

where F is a closed subset of R. Show that T is a stopping time of the filtration
(Ft)e>o0-

Given a stopping time T', we may define the o-algebra of events that occur
before the time T":

Proposition 1.28. Let T be a stopping time of the filtration (Ft)¢>o. Let
Fr={Ae FVt>0,An{T <t} € F}.
Then Fr is a o-algebra.

Proof. Since for every t > 0, ) € F;, we have that (§ € Fr. Let us now consider
A € Fr. We have

CAN{T <t} ={T <t}\(ANn{T <t}) € F,
and thus A € Fp. Finally, if (A,)nen is a sequence of subsets of Fr,
(MnenAn) T <t} = Mpen(An N{T < t}) € F.

O

If T is a stopping time of a filtration with respect to which a given process is
adapted, then it is possible to stop this process in a natural way at the time 7.
We let the proof of the corresponding proposition as an exercise to the reader.

Proposition 1.29. Let (F;)i>0 be a filtration on a probability space (2, F,P)
and let T be an almost surely finite stopping time of the filtration (F;)i>o. Let
(Xt)it>0 be a stochastic process that is adapted and progressively measurable
with respect to the filtration (Fi)i¢>0. The stopped stochastic process (Xiar)i>o0
is progressively measurable with respect to the filtration (Fiar)i>0-
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7 Martingales

We introduce and study in this section martingales in continuous time. Such
processes were first introduced and extensively studied by Joseph Doob. To-
gether with Markov processes they are among the most important class of
stochastic processes and lie at the hearth of the theory of stochastic integra-
tion.

Definition 1.30. Let (F;);>0 be a filtration defined on a probability space
(Q, F,P). A process (M;);>o that is adapted to (F;)¢>0 is called a submartin-
gale with respect to this filtration if:

1. For every t > 0, E (| M; |) < +o0;

2. Foreveryt > s >0
E(Mt | -'rs) Z Ms~

A stochastic process (M;);>o that is adapted to (F;)¢>0 and such that (—M;)¢>0
is a submartingale, is called a supermartingale.

Finally, a stochastic process (M;):>o that is adapted to (F¢)¢>0 and that is
at the same time a submartingale and a supermartingale is called a martingale.

The following exercises provide some first properties of these processes.

Exercise 1.31. Let (Fi)¢>0 be a filtration defined on a probability space (Q2, F,P)
and let X be an integrable and F-measurable random variable. Show that the
process (E(X | Ft));>¢ is a martingale with respect to the filtration (F)¢>o-

Exercise 1.32. Let (Fi)i>0 be a filtration defined on a probability space (Q2, F,P)
and let (My)i>0 be a submartingale with respect to the filtration (Fi)¢>o. Show
that the function t — E(M;) is non-decreasing.

Exercise 1.33. Let (Fi)i>0 be a filtration defined on a probability space (Q2, F,P)
and let (My);>0 be a martingale with respect to the filtration (Fi)i>0. Let now
¥ : R = R be a convez function such that fort >0, E (] Y (M) |) < +oo. Show
that the process (Y(My))i>o0 is a submartingale.

The following theorem, which is due to Doob, turns out to be extremely
useful. It shows that martingales behave in a very nice way with respect to
stopping times.

Proposition 1.34 (Doob stopping theorem). Let (F;)i>0 be a filtration de-
fined on a probability space (Q, F,P) and let (M;)i>0 be a continuous stochastic
process that is adapted to the filtration (Fi)i>0. The following properties are
equivalent:

1. (My)i>0 is a martingale with respect to the filtration (Fy)i>o0;
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2. For any, almost surely bounded stopping time T of the filtration (Fi)i>0
such that E(|Mr|) < +o0, we have

E(Mr) = E(Mo).

Proof. Let us assume that (M;);>o is a martingale with respect to the filtration
(Ft)t>0. Let now T be a stopping time of the filtration (F;)¢>o that is almost
surely bounded by K > 0. Let us first assume that T takes its values in a finite
set:

0<ti <...<ty, <K.

Thanks to the martingale property, we have

E(Mr) =E (Z MTszti>
i=1
= Z E(Mti 1T:ti>
i=1

=Y E(M;, 17=y,)
i=1

=E(M,,)
= E(My).
The theorem is therefore proved whenever T takes its values in a finite set.
If T takes an infinite number of values, we approximate T by the following
sequence of stopping times:

on

kKl
T”—Z on {ESRE << kK-
k=1

The stopping time 7, takes its values in a finite set and when n — +oo, 7,, — T
To conclude the proof of the first part of the proposition, we therefore have to
show that

lim E(M,, ) =E(Mr).

n——+o0o

For this, we are going to show that the family (M, )nen is uniformly integrable.

n

Let A > 0. Since 7, takes its values in a finite set, by using the martingale
property and Jensen’s inequality, it is easily checked that

E(IMx1ar,, >4) > E(IMy, |16, > 4)-

Therefore,

E(MT" 1M"'n ZA) < E(MKlsupogsgx MSZA) —Astoo 0.
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By uniform integrability, we deduce that

lim E(M,,) =E(Mrp),

n—+oo

from which it is concluded
E(M7) =E(Mp).

Conversely, let us now assume that for any, almost surely bounded stopping
time T of the filtration (F;)¢>0 such that E(| My |) < +o00, we have

E(M7) =E(Mp).
Let 0 < s <tand A € F,. By using the stopping time
T =51la+tlcy,

we are led to
E ((Mt - MS)IA) = 07

which implies the martingale property for (M;);>o0. O

The hypothesis that the paths of (M;);>o be continuous is actually not
strictly necessary, however the hypothesis that the stopping time 7" be almost
surely bounded is essential, as it is proved in the following exercise.

Exercise 1.35. Let (F)i>0 be a filtration defined on a probability space (Q2, F,P)
and let (My)>0 be a continuous martingale with respect to the filtration (F;)i>o0

such that Mo = 0 almost surely. For a > 0, we denote T, = inf{t > 0, M; = a}.

Show that T, is a stopping time of the filtration (Fi)i>0. Prove that T, is not

almost surely bounded.

Exercise 1.36. Let (F;)>0 be a filtration defined on a probability space (Q2, F,P)
and let (M;)i>0 be a continuous submartingale with respect to the filtration
(Fi)i>0. By mimicking the proof of Doob’s stopping theorem, show that if Ty
and Ty are two almost surely bounded stopping times of the filtration (Fi)i>o0
such that Ty < Ty and E(] Mp, |) < +o0, E(| Mp, |) < 400, then,

E(MT1 ) < ]E(MTQ)

By using a similar proof, the Doob’s stopping theorem is easily extended as
follows:

Proposition 1.37. Let (F;)i>0 be a filtration defined on a probability space
(Q, F,P) and let (My)i>0 be a continuous martingale with respect to the filtra-
tion (Fi)i>o0. If Th and Ty are two almost surely bounded stopping times of the
filtration (Fi)e>o0 such that Ty < Ty and E(| My, |) < 400, E(| Mz, |) < 400,
then,

]E(MTz ‘ ‘7:T1) = MTI'
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Finally, as a direct consequence of Doob’s stopping theorem, we finally have
the following result that shall repeatedly be used in the sequel.

Proposition 1.38. Let (F;)i>0 be a filtration defined on a probability space
(Q, F,P) and let (My)i>0 be a continuous martingale with respect to the filtra-
tion (Fi)i>o0- If T is a bounded stopping time of the filtration (F;);>o then the
stopped process (Miar)e>0 s @ martingale with respect to the filtration (Fi)¢>o.

Proof. Let S be a bounded stopping time of the filtration (F;);>0. From Doob’s
stopping theorem, we have E(Mgar) = E(My). Since S is arbitrary, we con-
clude also from Doob’s theorem that (Miar)i>0 is a martingale with respect
to the filtration (‘Ft)tZO' O

We now turn to convergence theorems for martingales. These convergence
results rely on the notion of uniform integrability that we now remind.

Definition 1.39. Let (X;);ez be a family of random variables. We say that
the family (X;);cz is uniformly integrable if for every € > 0, there exists K > 0
such that

VieZ, E(|Xl ‘ 1\X¢\>K)<€'

We have the following properties:
e A finite family of integrable random variables is uniformly integrable ;

e If the family (X;);cz is uniformly integrable then it is bounded in L%,
that is sup7; E(| X; |) < 4o0;

o If the family (X;);cz is bounded in LP with p > 1, that is supz E(] X; |P
) < 400, then it is uniformly integrable.

Thanks to the following result, the notion of uniform integrability is often used
to prove a convergence in L':

Proposition 1.40. Let (X,,)nen be a sequence of integrable random variables.
Let X be an integrable random wvariable. The sequence (X, )nen converges to-
ward X in LY, that is lim,,_, 1o E(] X, — X |) = 0, if and only if:

1. In probability, X,, —n—+00 X, that is for every e > 0,

lim P(| X, — X |>¢)=0;

n—-+oo

2. The family (Xp)nen s uniformly integrable.

We have seen in Exercise 1.31 that if X is an integrable random vari-
able defined on a filtered probability space (€2, (F¢)¢>0,F,P) then the process
(E(X | F¢));>( is a martingale with respect to the filtration (F;)¢>o. The fol-
lowing theorem characterizes the martingales that are of this form.
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Theorem 1.41 (Doob convergence theorem). Let (F;)i>0 be a filtration defined
on a probability space (Q, F,P) and let (M)i>0 be a martingale with respect
to the filtration (Fy)i>0 whose paths are left limited and right continuous. The
following properties are equivalent:

1. When t = +o00, (M;)i>0 converges in L';

2. When t — +oo, (M)i>0 almost surely converges toward an integrable
and F-measurable random variable X that satisfies

M, =E(X | F),t > 0;

3. The family (My)i>o is uniformly integrable.

Proof. As a first step, we show that if the martingale (M;);>o is bounded in
L', that is

supE(] My |) < o0
>0

then (My)¢>0 almost surely converges toward an integrable and F-measurable
random variable X.
Let us first observe that

t——+oo

{w € Q, M;(w) converges} = {w € Q,lim sup Mi(w) = limt in+f Mt(w)}
—+o0

Therefore, in order to show that (M;);>¢ almost surely converges when ¢ —
+o00, we may prove that

P <{w € Q,lim sup M;(w) > lim inf Mt(w)}) =0.

t—+oo t—+o0

Let us assume that

P ({w € Q,lim sup M;(w) > limt ir}rf Mt(w)}> > 0.
—+00

t——+o0
In that case we may find a < b such that:
P <{w € Q,lim sup M;(w)>a>b>lim inf Mt(w)}> > 0.
t—~400 t——+o0

The idea now is to study the oscillations of (M;);>o between a and b. For
N e N, N >0 and n € N, we denote

kN
Doy = {Qn,o<k<2n},

and
D =UpnDyn.
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Let N(a,b,n, N) be the greatest integer k for which we may find elements
of ,Dn,N»
0<p <rmM<@p<rn<.<gqg<r<N

that satisfy

My, <a, M, >b.
Let now

2’”

YN = ;C%(M@% = Me_nn),
where Cy, € {0, 1} is recursively defined by:
Ci = 1py<a,
Cr = 1Ck_1:11M(k;# <+ 1c,€_1:01M(k;# <a-
Since (M;)¢>0 is martingale, it is easily checked that
E(Y, n)=0.
Furthermore, thanks to the very definition of N (a,b,n, N), we have
Yo~ > (b—a)N(a,b,n,N) — max(a — My,0).
Therefore, we have

(b—a)E(N(a,b,n,N)) < E (max(a — My,0))
<la|+E(| My |)
<la|+supE(] M, ),

and thus

(b o)E <supN<a,b,n,N>> <la | +supE(| M, |).
n,N t>0

This implies that almost surely sup,, y N'(a,b,n, N) < 400, from which it is
deduced

P ({w € Qlim  sup My(w)>a>b>lm inf Mt(w)}> =0.

t—+o0,teD t—~4o00,teD

Since the paths of (M;);>¢ are right continuous, we have

P ({w € Qlim  sup Mi(w)>a>b>lm inf Mt(w)}>

t——+o0,teD t—~+o0,teD

=P <{w€Q,lim sup Mt(w)>a>b>limtir£f Mt(w)}>
—+0o0

t——+oo
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This is absurd. Thus, if (M;);>0 is bounded in L', it almost surely converges
toward an F-measurable random variable X. Fatou’s lemma provides the in-
tegrability of X.

With this preliminary result in hands, we can now turn to the proof of the
theorem.

Let us assume that (M;);>0 converges in L'. In that case, it is of course
bounded in L', and thus almost surely converges toward an F-measurable and
integrable random variable X. Let ¢ > 0 and A € F;, we have for s > ¢,

E(M14) = E(M;1a)
By letting s — 400, the dominated convergence theorem yields
E(X14) =E(M1a).
Therefore, as expected, we obtain
E(X | Ft) = M.

Let us now assume that (M;);>o almost surely converges toward an F-measurable
and integrable random variable X that satisfies

M, =E(X | Fp),t > 0.
We almost surely have sup,>, | M; |< 400 and thus for A > 0,

E(| Mt | Ljar>a) = E(|E(X | F2) | 11ar)>4)
<E(] X [ 1jar)4)
< E(| X ‘ 1SUptZO‘Mt|ZA)'

This implies the uniform integrability for the family (M;)¢>o .

Finally, if the family (M;);>¢ is uniformly integrable, then it is bounded
in L' and therefore almost surely converges. The almost sure convergence,
together with the uniform integrability, provides the convergence in L'. o

Exercise 1.42. By using the same reasoning as in the previous proof, show that
a right continuous and left limited positive supermartingale needs to converge
almost surely when t — oco.

When dealing with stochastic processes, it is often important to work with
versions of these processes whose paths are as regular as possible. In that
direction, the Kolmogorov’s continuity theorem (see Theorem 1.24) provided
a sufficient condition allowing to work with continuous versions of stochastic
processes. For martingales, the possibility of working with regular versions, is
related to the regularity properties of the filtration with respect to which the
martingale property is satisfied.
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Definition 1.43. Let (F;);>0 be a filtration on a probability space (Q2, F,P).
If the following assumptions are fulfilled :

1. If A € F satisfies P(A) = 0, then every subset of A is in Fo;
2. The filtration (F3)¢>o is right continuous , that is for every ¢ > 0

]:t = ﬁa>0~7:t—|-57

the filtered probability space
(@, (F)ez0, F,P)
is said to satisfy the usual conditions.

Remark 1.44. The above set of assumptions are called the usual conditions
because, as we will see it in a next section, these are the conditions under which
it is convenient to work in order to properly define the stochastic integral

Remark 1.45. Let (F;)¢>0 be a filtration on a probability space (2, F,P) and
let (My)i>0 be a (sub, super) martingale with respect to the filtration (F3)i>0
whose paths are right continuous and left limited. The filtered probability
space

(Qv (]:t)tZO’]:v P)

may canonically be enlarged into a filtered probability space

(2, (Gt)1>0,6,P)

that satisfies the usual conditions. Indeed, G can be taken to be the PP-
completion of F and

G = Nusto(Fu, N)
where A is the set of events whose probability is zero. Moreover (M;);>¢ is
a (sub, super) martingale with respect to the filtration (G;)¢>o (this is not
straightforward and let to the reader as an exercise ). The filtered probability
space

(Qv (gt)t207 g7 P)
is called the usual completion of
(Qa (]:t)tZOa ]:7 IP)

Exercise 1.46. Let (Q, (Fi)i>0, F,P) be a filtered probability space that sat-
isfies the usual conditions and let (Xy)i>0 be stochastic process adapted to the
filtration (Fi)i>0 whose paths are left limited and right continuous. Let K be
compact subset of R. Show that the random time

T=inf{t>0,X, € K}

is a stopping time of the filtration (Fi)i>o-
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Theorem 1.47 (Doob regularization theorem). Let (2, (F)i>0, F,P) be a fil-
tered probability space that satisfies the usual conditions and let (My)i>o0 be a
supermartingale with respect to the filtration (F;)i>0. Let us assume that the
function t — E(My) is right continuous.

There exists a modification (M;)i>o of (My)i>o such that:

1. (Mt)tzo is adapted to the filtration (Fi)i>0;

2. The paths of (Mt)tzo are locally bounded, right continuous and left lim-
ited;

3. (Mt)tzo is a supermartingale with respect to the filtration (Fi)i>0-

Proof. As for the proof of Doob’s convergence theorem, the idea is to study the
oscillations of (M;);>o. In what follows, we will use the notations introduced
in the proof of this theorem that we remind below.

For N € N, N > 0 and n € N, we denote

kN
Dy N = {W70Sk§2n}7

DN = UnDn,N

and
D= Un,ND7L,N-

For a < b, let N'(a,b,n, N) be the greatest integer k for which we can find
elements of D), v,

0< <M< @p<rn<.<qg<ry<N

such that
Mgy, < a,M,, >b.

Let now Q* be the set of w € Q such that V¢t > 0,lim,_y; s5¢ sep Ms(w)
exists and is finite.
It is easily seen that

0" = Ng peoNNen~ {w € Q, sup | My(w) |< 400 et supN(a,b,n,N) < —l—oo} .
teDN neN

Therefore, * € F. We may prove, as we proved the Doob’s convergence
theorem that P(Q*) =1.
For t > 0, we define (M;);>¢ in the following way:

o If we QF
M(w) = lim  M(w)

s—t,s>t,s€D
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o fwd QF,

It is clear that the paths of (Mt)tgo are locally bounded, right continuous
and left limited. Let us now show that this process is the expected modification
of (Mt)tZO-

We first observe that for ¢ > 0, the random variable

lim M,
s—t,s>t,s€D
is measurable with respect to Ng:Fs = F;. Furthermore, Q\Q* has a zero
probability and is therefore in Fy, according to the usual conditions. This
shows that the process (Mt>t20 is adapted to the filtration (F;)¢>o.
We now show that (Mt)tzo is a modification of (M;);>o. Let t > 0. We

have almost surely
lim M, = M.
s—t,s>t,s€D
Let us prove that this convergence also holds in L'. To prove this, it is enough
to check that for every decreasing family (s, )nen such that s, € D and that
converges toward ¢, the family (Mj, )nen is uniformly integrable.

Let € > 0. Since u — E(M,,) is assumed to be right continuous, we can find
s € R such that ¢ < s and such that for every s > u > t,

0 < E(M,) ~ E(M,) <
For s > u >t and A > 0, we have:
E(| Mu | 1jar,152) = —E(Mular, <) +
< —E(Mslar, <—x) +
<E(| Ms | Laz,>a) +

Now, since M, € L', we can find § > 0 such that for every F € F that satisfies
P(F) < d, we have E(| M, | 1r) < 5. But for t <u <s,

E(| M, |)  E(M,)+ 2E(max(—M,,0))
P(| My [>X) € === = 3 .

From Jensen inequality, it is seen that the process (max(—M,,0))icu<s is a
submartingale, therefore

E(max(—M,,0)) < E(max(—M;,0)).
We deduce that for t < u < s,

E(M;) + 2E(max(—M;,0))
A

P(| My > A) <
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It is thus possible to find A > 0 such that for every t < u < s,
P(| M, |> A) <,
For t < u < s, we have then
E(] My | Ljaz,52) <€

This implies that for every decreasing family (s,)nen such that s, € D and
that converges toward t, the family (M;, )nen is uniformly integrable. The
convergence
lim M, = M,
s—t,s>t,s€D
thus also holds in L'. Now, since (My;)¢>0 is a supermartingale, for s > ¢ we
have
E (M | F) < M.

This implies,
hm E(MS ‘Ft)SMta

s—t,s>t,s€D

and
E (Mt | }'t) < M,

Hence, since ]\;[t is adapted to the filtration JF;
Mt S Mt7
Due to the fact that the function v — E(M,,) is right continuous, we have

lim  E(M,) =E(M,).

s—t,s>t,s€D

But from the L' convergence, we also have

lim E(M,)=E ( lim Ms) =E(M,),
s—t,s>t,s€D s—t,s>t,s€D
This gives ~
E(M;) = E(My).

The random variable M; — M, is therefore non-negative and has a zero
expectation. This implies that almost surely M, = M,. The stochastic process
(M;);>0 is therefore a modification of (M;)i>o. Finally, since a modification
of a supermartingale is still a supermartingale, this concludes the proof of the
theorem. a

The following exercise shows that martingales naturally appear when study-
ing equivalent measures on a filtered probability space. We first recall a basic
theorem from measure theory which is known as the Radon-Nikodym theorem.
Let € be a set endowed with a o-field F.
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Definition 1.48. Let P and Q be probability measures on (2, F). It is said
that I is absolutely continuous with respect to Q if for every A € F, Q(A) =0
implies P(4) = 0. We denote then P < Q. If P <« Q and Q < P, it is said
that P and Q are equivalent: In that case we denote P =< Q.

Theorem 1.49 (Radon-Nikodym). Let P and Q be two probability measures
on (2, F). We have P < Q if and only if there is a random variable D, which
is F-measurable and such that for every A € F,

P(A) = / DdQ.
A
D is called the density of P with respect to Q and we denote
p="
dQ

Moreover, under the same assumptions P < Q if and only if D is positive P-a.s.
In that case:
aQ _ 1

dP D’
Exercise 1.50. Let (Q, (Fi)i>0, F,P) be a filtered probability space that satis-
fies the usual conditions. We denote

foo:U(ft,tZO)

and fort > 0, P, x, is the restriction of P to Fy. Let Q be a probability measure
on Fu such that for everyt >0,

Q/}_t < P/]:t'

1. Show that there exists a right continuous and left limited martingale
(D¢)i>0 such that for every t >0,

_ dQ r,
dP/]:t ’

Dy P—a.s.

2. Show that the following properties are equivalent:
(Cl) Q/]:(x, < ]P)/]-(x, ;
(b) The martingale (Dy)i>o s uniformly integrable;
(¢) (Dy)i>0 converges in L';
(d) (Di)i>0 almost surely converges to an integrable and Fo,-measurable

random variable D such that

D, =E(D|F), t=>0.
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8 Martingale inequalities

In this section, we prove some fundamental martingale inequalities that, once
again, are due to Doob

Theorem 1.51 (Doob maximal inequalities). Let (F;)i>0 be a filtration on
a probability space (Q, F,P) and let (My)i>0 be a continuous martingale with
respect to the filtration (Fi)t>o-

1. Letp>1and T > 0. If E(] My |P) < +oo, then for every X > 0,

E (| Mr |P
P(sup |Mt|>)\><(|T).
0<t<T AP

2. Letp>1andT > 0. IfE(]| My |P) < 400, then

¢ <<o?§£’T | ¥4 >p> < (pﬂ)pEﬂ My ).

Proof.

1. Let p>1and T > 0. If E(| My |P) < 4+00) then, from Jensen inequality
the process (| M |P)o<i<r is a submartingale. Let A > 0 and

7 =1inf{s > 0 such that | M, |[> A} AT,

with the convention that inf ()} = +oco. It is seen that 7 is an almost surely
bounded stopping time. Therefore

E(] M |7) < E(| Mz [7).
But from the very definition of 7,
| M7 P2 Lsupy, gl M2 AN + Lsupy oy op v < | Mo [P,

which implies,

IE3(|M'T|pll . M>,\) p
P( sup | Mt |Z >\> S Supg< §T| t|> S ]E(| MT | )
0<t<T AP AP

2. Let p>1and T > 0. Let us first assume that

P
E(( sup | M, |> ><+oo.
0<t<T
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The previous proof shows that for A > 0,

> < E <| My | 1SUPD§ng|Mt|Z)\)

P(sup FIAES .

0<t<T

We deduce,

+oo
/ AHP( sup | M; |> A) d\
0

0<t<T

+oo
S/ XP?E (| Mr | 15Upo<t<T\Mt|Z/\) dA.
o <t<

From Fubini theorem we now have

+oo
/ )\p_llP’< sup | M |> )\) dA
0

0<t<T

suPg< ;<7 | Me|(w)
:/ / AP dP(w)
Q 0
1 p
E(( sup | M, |> >
p 0<t<T

Similarly, we obtain

+oo
/ NT2E (| Mr | 15upo<t<T|Mt\Z>\> dA
o <t<

1 p-1
— e ( (s 100 1) 0.
p—1 0<t<T
Hence,

p D p—1
E((sup |Mt|)>§E (sup |Mt|) | Mr || .
0<t<T p—1 0<t<T

By using now Holder’s inequality we obtain,

p—1 . P\ 5
E(<sup M, ) |MT|>SE<|MT|P>pE<(sup |Mt|)) 7
0<t<T 0<t<T

which implies

p—1

p p . P\ 5
B (s, 1001) ) < 2w i ((sw 1an1) )
0<t<T p—1 0<t<T
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As a conclusion if E ((supg<,<p | My |)p) < 400, we have:

() )< ) e

Now, if E ((supg<;<r | M; )”) = +oco, we consider for N € N, the stop-
ping time 7y = inf{t > 0,| M; |> N} AT. By using the above result to
the martingale (Miary )t>0, We obtain

p p p
]E <( Sup | Mt/\TN |> ) S () E(| MT |p)7
0<t<T p—1

from which we may conclude by using the monotone convergence theorem.

O

Notes and comments

We mostly restricted our attention to continuous stochastic processes but a gen-
eral theory of left limited right continuous processes can similarly be developed,
see the books by Jacod-Shiryaev [?] and by Protter [?] for a detailed account
on jump processes. As pointed out in the text, most of the material concerning
filtrations, martingales and stopping times is due to Doob and was exposed
in his extremely influential book [?]. Further readings about the general the-
ory of stochastic processes and martingales include the classical references by
Dellacherie-Meyer [?], Tkeda-Watanabe [?], Protter [?] and Revuz-Yor [?].



Chapter 2

Brownian motion

The chapter is devoted to the study of the Brownian motion. This is without
doubt the most important continuous stochastic process and will serve as a
canonical example in most of the developments of the next chapters. It is at
the same time a Gaussian process, a martingale and a Markov process. In
the first part of the chapter we prove the existence of the Brownian motion
as a consequence of the Daniell-Kolmogorov and of the Kolmogorov continu-
ity theorem. We apply the martingale techniques developed in Chapter 1 to
study basic properties of the Brownian motion paths like the law of iterated
logarithm. The second part of the chapter focusses on the point of view that
the Brownian motion can be seen as a continuous random walk in continuous
time. More precisely, we will prove that the Brownian motion is the limit of
suitably rescaled symmetric random walks. The study of random walks will
then allow us to obtain several properties of the Brownian motion paths by a
limiting procedure.

1 Definition and basic properties

Definition 2.1. Let (2, F,P) be a probability space. A continuous real-valued
process (By)¢>o is called a standard Brownian motion if it is a Gaussian process
with mean function

and covariance function

E(BsB:) = min(s, t).

Remark 2.2. It is seen that R(s,t) = min(s,t) is a covariance function, be-
cause it is obviously symmetric and for a4, ...,a, € R and ¢4, ...,t, € R>p,

“+oo
Z a;a; min(t;, t;) = Z aiaj/ l[oyti](s)l[o_’tj](s)ds
0

1<ij<n 1<i,j<n
o0 n 2
/ Zail[o,ti](s) ds > 0.
0 i=1

Definition 2.3. The distribution of a standard Brownian motion, which is
thus a probability measure on the space of continuous functions C(R>¢,R) is
called the Wiener measure.
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Remark 2.4. A n-dimensional stochastic process (By);>¢ is called a standard
Brownian motion if

(Bo)izo = (By, -+, Bi')izo
where the processes (B});> are independent standard Brownian motions.

Of course, the definition of Brownian motion is worth only because such an
object exists.

Theorem 2.5. There exist a probability space (2, F,P) and a stochastic process
on it which is a standard Brownian motion.

Proof. From the Proposition 1.19, there exists a probability space (Q,F,P)
and a Gaussian process (X;);>0 on it, whose mean function is 0 and covariance
function is

E(XsX;) = min(s, t).

We have forn >0 and 0 < s < ¢:

E (X, - X)) = 2!

~ 2np) (t=s)"

Therefore, by using the Kolmogorov continuity theorem, there exists a modifi-
n—1

cation (By)¢>0 of (X¢)s>0 whose paths are locally y-Hélder if v € [0, %5=). O

Remark 2.6. From the previous proof, we also deduce that the paths of a
standard Brownian motion are locally v-Holder for every v < % It can be
shown that they are not i-Holder (see Exercise 2.12 and Theorem 2.23).

The following exercises give some first basic properties of Brownian motion
and study some related processes. In all the exercises, (By)i>0 is a standard
one-dimensional Brownian motion.

Exercise 2.7. Show the following properties:
1. Bp =0 a.s.;
2. For any h > 0, the process (Biyn—Bn)i>0 s a standard Brownian motion;

3. For any t > s > 0, the random wvariable By — By is independent of the
o-algebra o(By,u < s).

Exercise 2.8 (Symmetry property of the Brownian motion).
1. Show that the process (—By)i>o is a standard Brownian motion.
2. More generally, show that if
(Bi)izo = (Bf,-+ B )20

is a d-dimensional Brownian motion and if M is an orthogonal d x d
matriz, then (M By)i>o s a standard Brownian motion.
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Exercise 2.9 (Scaling property of the Brownian motion). Show that for every
¢ >0, the process (Bet)i>0 has the same law as the process (v/¢By)i>o-

Exercise 2.10 (Time inversion property of Brownian motion).

1. Show that almost surely, limg_, 4 oo % =0.

2. Deduce that the process (tB%)tZO has the same law as the process (By)i>0-
Exercise 2.11 (Non-canonical representation of Brownian motion).

1. Show that for t > 0, the Riemann integral f; %ds almost surely exists.

2. Show that the process (Bt — fot %ds) 18 a standard Brownian motion.
>0

Exercise 2.12. Show that

|Bt — BS|
Pl sup —— =400 | =1
(s,te[o,u Vi—s

Hint: Divide the interval [0,1] in subintervals [k/n, (k + 1)/n] to bound from
below sup; 4¢10.1 |B&£SI by the supremum of the absolute value of independent

Gaussian random variables.

Exercise 2.13 (Non-differentiability of the Brownian paths).

1. Show that if f : (0,1) — R is differentiable at t € (0,1), then there exist
an interval (t—9,t+0) and a constant C > 0 such that for s € (t—4,t+9),

|f(t) = f(s)] < Clt —s|.
2. Forn>1, let

My,
= 1I<r}ci§n{max{|3k/” — B—1y/nls IBks1y/m — Brynls |Bs2)/n — Bryi/nl}}-

Show that lim,,_, 4 - P(M,,) = 0.
3. Deduce that

P (3t € (0,1), B is differentiable at t) = 0.

Exercise 2.14 (Fractional Brownian motion). Let 0 < H < 1.



1 Definition and basic properties 39

1. Show that for s € R, the function

1 _1
Fs@) = (1t = s["72 = 1 oo @117 2) (oo s)(1)
is square integrable on R.

2. Deduce that

R(s,t) = = (8*T + 2" — |t —s|?"), s,t>0

N =

is a covariance function.

3. A continuous and centered Gaussian process with covariance function R
is called a fractional Brownian motion with parameter H. Show that such
process exists and study its Holder sample path reqularity.

4. Let (By)i>o be a fractional Brownian motion with parameter H. Show
that for any h > 0, the process (Bitn — Bn)e>0 is a fractional Brownian
motion.

5. Show that for every ¢ > 0, the process (Bet)i>0 has the same law as the
process (¢ By)i>o

Exercise 2.15 (Brownian bridge). Let T > 0 and x € R.

1. Show that the process

t t
Xt:Tx“i’Bt*TBTa 30§t§T7

is a Gaussian process. Compute its mean function and its covariance
function.

2. Show that (X;)o<i<r is a Brownian motion conditioned to be x at time
T, that is for every 0 <t; <.--<t, <T, and Ay,--- , A, Borel sets of
R,

P(th (S Al, cee ,th (S An) = P(Btl (S Al, ce 7Btn (S AnlBT = .Z‘)

3. Let (an)n>0, (Bn)n>1 be two independent sequences of i.i.d. Gaussian
random wvariables with mean 0 and variance 1. By using the Fourier
series decomposition of the process By —tB1, show that the random series

+oo
X, =tag+ \@; (;:;l(cos(%mt) -1+ Qi—nn sin(27mt)>

is a Brownian motion on [0,1].
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Exercise 2.16 (Ornstein-Uhlenbeck process). We denote
Xt = G%Blfe—t,, t 2 0.

1. Show that (Xy)i>0 is a Gaussian process. Compute its mean function and
its covariance function.

2. Show that the process

1 t
Xt—f/ Xudu
2 0

is a Brownian motion.

2 Basic properties

In this section, we study some basic properties of the Brownian motion paths.
Proposition 2.17. Let (B;)i>0 be a standard Brownian motion.
P <inf B, = —oo,sup B; = +oo> =1.
t>0 t>0

Proof. Since the process (—B;);>o is also a Brownian motion, in order to prove
that

P (inf B; = —oo,sup By = +oo> =1,
>0 t>0

we just have to check that
P (sup B, = +oo> =1
>0
Let N € N. From the scaling property of Brownian motion we have
P <csuth < N> =P <suth < N) ,c> 0.
t>0 t>0

Therefore we have

P (suth < N) =P (suth = 0) .
t>0 >0

Now, we may observe that

P (sup B; = 0)
t>0

<P (B1 < 0,sup B; < 0)
t>1

=P (Bl < 0,sup(By1 — By) < Bl) .
>0
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Since the process (B;y1 — B1)¢>0 is a Brownian motion independent of B; (see
Exercise 2.7), we have, as before, for ¢ > 0,

P (31 < 0,sup (Biy1 — By) < _Bl> =P <B1 < 0,esup(Biy1 — Br) < _B1> -
>0

t>0

Therefore we get
P <B1 < 0,sup(Bi1 — Br) < —31) =P <B1 < 0,sup(Bi1 — B1) = 0>
t>0 >0

=P(B1<0)P (SUP(BtH —B1) = 0)
>0

1
=_P (suth = O> .
2 \t>0

Thus,

1
P (suth = O> <-P (Suth = O> ,
>0 2 \t>0
and we can deduce that

P (sup B; = O) =0,
>0

and

P (suth < N) =0.
t>0

Since this holds for every N, it implies that
P (suth = —|—oo) =1.
t>0
O

By using this proposition in combination with Exercise 2.7 we deduce the
following proposition whose proof is let as an exercise to the reader.

Proposition 2.18 (Recurrence property of Brownian motion). Let (B;)i>0 be
a Brownian motion. For everyt >0 and v € R,

P(3s >t,B; =x) =1.

Martingale theory provides powerful tools to study Brownian motion. We
list in the Proposition below some martingales naturally associated with the
Brownian motion.

Proposition 2.19. Let (B;);>0 be a standard Brownian motion. The following
processes are martingales (with respect to their natural filtration):



42 2 Brownian motion

1. (By)i>o0;
2. (Bt2 —t)tzo,'

3. (e’\Bt_gt) ,AeC.
>0

Proof.

1. First, we note that for ¢ > 0, E(| B; |) < +00 because B; is a Gaussian
random variable. Now for ¢ > s,

E(B; — Bs | Fs) =E(B; — Bs) =0,

therefore we get
E(B; | Fs) = Bs.

2. Fort >0, E(B?) =t < +o0 and for t > s,
E((B; — By)? | Fo) = E((B: — Bs)?) =t — s,
therefore we obtain

E(B? —t| F,) = B? —s.

2
3. Fort > 0, E (‘e’\Bt_%tD < 400, because B; is a Gaussian random

variable. Then we have for t > s,
E(eA(Bt—BS) | ]_-S) _ E(eA(Bf,—Bs)) — e%(t—s)

, and therefore
A2 A2
E (eABt77t | 7_—8) ABs—s

O

Remark 2.20. The curious reader may wonder how the previous martingales
have been constructed. A first hint is that the functions (¢t,z) — x, (t,z) —

2?2 —t, and (t,x) — exp <)\x — %t) have in common that they satisfy the

following partial differential equation

of 10%f

ot 20z
The full explanation will be given in the Theorem 3.9 in Chapter 3.

Exercise 2.21. Let (Bt)t>0 be a standard Brownian motion. Let a < 0 < b.
We denote
T =inf{t > 0,B; ¢ (a,b)}.
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1. Show that T is a stopping time.

2. Show that .
—a
P(Br =b) = .
b—a’ (Br ) b—a

3. Deduce another proof of the recurrence property of the standard Brownian
motion, that is for everyt >0 and x € R,

P(3s>t,B; =x) = 1.

]P(BT:(I):

The previous martingales may be used to explicitly compute the distribution
of some functionals associated to the Brownian motion.

Proposition 2.22. Let (B;);>0 be a standard Brownian motion. We denote
fora >0,
T, =inf{t >0, B; = a}.

For every A > 0, we have
E (e_)‘T“) ="V,
Therefore, the distribution of Ty, is given by the density function

a _a2
W@ 2t dt, t>0.

Proof. Let a > 0. For N > 1, we denote by T the almost surely bounded
stopping time:

P(T, € dt) =

Tn =T, ANN.
0/2 .
Applying the Doob’s stopping theorem to the martingale (e“Bt_Tt) yields:
>0

E (6aBTa,\N7‘*—22(Ta/\N)) —1
But for N > 1, we have

2
eO(BTa/\NfaT(Ta/\N) S eaa.

Therefore from Lebesgue dominated convergence theorem, n — +o00, we obtain
E (eo‘BTa_aTzT“) =1.
Since by continuity of the Brownian paths we have,
Br, = a,
we conclude, ,
E (e_aTT“) =e %

The formula for the density function of T, is then obtained by inverting the
previous Laplace transform. O
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3 The law of iterated logarithm

We already observed that as a consequence of Kolmogorov’s continuity theorem,
the Brownian paths are y-Holder continuous for every v € (0, %) The next
proposition, which is known as the law of iterated logarithm shows in particular
that Brownian paths are not %—Hélder continuous.

Theorem 2.23 (Law of iterated logarithm). Let (B;);>0 be a Brownian mo-
tion. For s >0,

B s_Bs . B s_Bs
P | lim inf —25 =% — 1 hmsupwizl =1.

t_)o,/Qtlnln% 75ﬁo,/Qtlnlm%

Proof. Thanks to the symmetry and invariance by translation of the Brownian
paths, it suffices to show that :

B
P 1imsup7t =1]=1
=0 /2tInln 2
Let us first prove that
B
P [ lim sup ! <1]=1

t—=0 ,/Qtlnln% a
1
h(t) = 4/2tInln T

Let o, 8 > 0, from Doob’s maximal inequality applied to the exponential mar-

a2
tingale (eaBt_Tt) , we have for ¢t > 0:
>0

o2
]P’( sup (BS — %s) > ,6’) = ]P’( sup BT > eaﬁ) <e 9B,

0<s<t 0<s<t

Let us denote

Let now 6,6 € (0,1). Using the previous inequality for every n € N with

N ¢ ) 1) N B
t=0" 0= 2 B = Ch(0"),

yields when n — 400,

(020 ) o ).
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Therefore from Borel-Cantelli lemma, for almost every w € Q, we may find
N(w) € N such that for n > N(w),

sup (Bs(w) _ (1”)}‘(9)3) < Lhem)
0<s<on 20m 2
but (L+8)h(E™) \ 1
+ n
su Bi(w) — ———~—25s | < =h(O"
implies that for 7! < ¢t < 6,
1 (2+9)h(t)
B < By < —(24+0)h(O™) <
(W) < S (w) < 5(2+0)h(6") /i
We conclude
P | lim sup B 246

<
t—0 ,/2tlnln% T2V

Letting now § — 1 and § — 0 yields

B
P | limsup ———— < 1| =1.

t—=0 w/?tlnln% B

Let us now prove that

B
P limsup775 >1] =1

t—0 \/Ztlnln% B

Let 6 € (0,1). For n € N, we denote

A, = {w, Byn (w) — Bgas1 (w) > (1 — \/é)h(on)} .

Let us prove that

Z P(A,) = +oc.

neN
The basic inequality

oo 2 a a2
/ e 2du> ——e 7, a>0,
o 1+a

too e 1 [T .2
/ —26_7du < —2/ e 2 du,
a u a a
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implies

with

When n — o0,

therefore we proved,
D P(A,) = foc.

As a consequence of the independence of the increments of the Brownian motion
and of Borel-Cantelli lemma, the event

Bgn — Bgns1 > (1 — VO)R(6™)

will occur almost surely for infinitely many n’s. But, thanks to the first part
of the proof, for almost every w, we may find N(w) such that for n > N(w)

Byns1 > —2h(0"1) > —2vV6h(0™).
Thus, almost surely, the event
Bgn > h(6™)(1 — 3V0)

will occur for infinitely many n’s. This implies

P limsupLzl—?ﬂ/@ =1.

t_’01/2tlnln%

B
P limsupit >1] =1

t—=0 ,/Ztlnln% B

We finally get

by letting 6 — 0.
O

As a straightforward consequence, we may observe that the time inversion
invariance property of Brownian motion implies:

Corollary 2.24. Let (B:)i>0 be a standard Brownian motion.

. B, . By )
P(lim inf ————=—-1, lim sup ——=1|=1
( t—=+oo \/2tInlnt t—>+poo V2tInlnt
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4 Symmetric random walks

In the previous section, the existence of the Brownian motion was proven as a
consequence of Daniell-Kolmogorov theorem. However, as it has been stressed,
the proof of Daniell-Kolmogorov theorem relies on the axiom of choice. As
a consequence, it does not provide any insight of how Brownian motion may
explicitly be constructed or simulated by computers. In this section, we provide
an explicit construction of Brownian motion as a limit of a sequence of suitably
rescaled symmetric random walks.

Definition 2.25. A random walk on Z is a sequence of Z-valued random
variables (S,)- that are defined on a probability space (€2, F,P) for which the
following two properties hold:

1. (Sn)s( has stationary increments, that is for m,n € N, Sy,4,, — Sy, has
the same distribution as S,

2. (Sn)s( has independent increments, that is for m,n € N, Sy, 1, — Sy, is
independent from the o-field o (So, ..., Sym) -

For instance, let us consider a game in which we toss a fair coin. If this
is heads, the player earns 18, if this is tails, the player loses 1$. Then the
algebraic wealth of the player after n tosses is a random walk on Z.

More precisely, let us consider a sequence of independent random variables
(Xi),>, that are defined on a probability space (€2, F,P) and that satisfy

1
PX,=-1)=P(X;=1)= 3
Consider now the sequence (Sn)n>0 such that Sy = 0 and for n > 1

For n > 0, we will denote by F,, the o-field generated by the random
variables Sy, ..., Sp.

Proposition 2.26. The sequences (Sy),~, and (=Sn),~, are random walks
on Z. B -

Proof. As a consequence of the independence of the X;’s, the following equality
holds in distribution

(X1, s X)) = (X1 ees X

Therefore, in distribution we have

n+m n

Spam —Sm= Y Xp=> Xp=S5,.
k=m+1 k=1
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The independence of the increments is shown in the very same way and the
proof that (—S,,),,~ is also a random walk is identical.
B O

The random walk (S,),,~ is called the symmetric random walk on Z and
is the one which shall be the most important for us. Its distribution may be
computed by standard combinatorial arguments.

Proposition 2.27. Forne N, k € Z:

1. If the integers n and k have the same parity:

1 n
]P)(Sn—k)_2n<n+k >7
2

where ( Z > = p,(;ﬂp)! is the binomial coefficient.

2. If the integers n and k do not have the same parity

Proof. We observe that the random variable ”"’25 2 js the sum of n independent

Bernoulli random variables, therefore the distribution of % is binomial with
parameters (0,n). The result follows directly.
O

Exercise 2.28. Forx € R, by using Stirling’s formula (n! ~ e~™n"\/27n) give

an equivalent when n — 0o of P (Sa, = 2[x]), where [x] denotes the integer part

of x.

Several interesting martingales are naturally associated to the symmetric
random walk. They play the same role in the study of (S,,)n>, as the martin-
gales in Theorem 2.19 for the Brownian motion.

Proposition 2.29. The following sequences of random variables are martin-
gales with respect to the filtration (Fy),q-

1. (Sn)ps0
2. (5721 - ”)n>0

3. exp (—AS, —nln(cosh(N))),n > 1,1 > 0.

Proof.
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1. Forn>m

E (S, — Sm) + Sm

= Sm

2. First, let us observe that

E (20, X0)°)
= E 223:1 Xin)
- Z?:l E (XE) + ZZj:l,i;ﬁj E (Xz) E (Xj)

= n

E (S7)

Now, for n > m, we have

E ((Sn — 5| ]—'m> —E ((sn - sm)Q) —E(S2_,)=n-m
But, on the other hand we have

E((S0=Sm)’ | Fn) = E(S2|Fn) = 2E(SuSm | F) +E (2 | Fn)
= E(S2|Fmn)—252+ 52
E(ngl]:m)_sgw

We therefore conclude

E(S2—n|Fn) =52 —m.

3. Similarly, we have for n > m

]E (eiA(Sn*Sm)

Fpn) = E(eM5n=5m))
E (e~ ASn-m)
E (e7AX)"™™
= (cosh \)"™™,

which yields the expected result.
O

The following proposition shows that the symmetric random walk is a
Markov process.

Proposition 2.30 (Markov property of the random walk). For m <n, k € Z,

P (S, =k|Fm)=P(Sn=k|Sn).
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Proof. We have for A > 0,
E (e | Fm) = (cosh )" ™™ e~ ASm,

Thus, we have
E (e | F) =E (e | Sp).

Since the the conditional distribution of S,, given F,, is completely character-
ized by its conditional Laplace transform, we obtain the claimed result. O

A random variable T, valued in NU {400}, is called a stopping time for the
random walk (S,),,~, if for any m, the event {T'" < m} belongs to the o-field
Fum- The set -

Fr={AecF, VmeN, An{T <m} € F,}
is then a sub o-field of F.

Proposition 2.31. Let T be a stopping time for the random walk (Sy,)n>0 such

that P(T < +o0) = 1. The sequence (Sp+r — ST),,>( 5 @ symmetric random
walk on Z that is independent from Fr. B

Proof. Let us denote _
Sp = n+T — St

and consider the stopping time
Ty =T1T+m.

From the Doob’s stopping theorem applied to the martingale ((cos A" ei/\s")
n>0

and the bounded stopping time T, A N where N € N, we get, Vn € N
E ((COS )\)771 ez’)\(SnJrTmAN—STmAN) ‘ ]:Tm/\N) - 1.
Letting N — 400 yields Vn € N

E ((cos A" e (Snm=Sm) | fT+m) =1. (2.1)

This implies that the increments of §n are stationary and independent. Hence

(§n> - is a random walk on Z which is independent from Fr.

Let us finally prove that this random walk is symmetric.The random vari-
able S;,+1 — Sy, is valued in the set {—1,1} and satisfies,

E (e")‘(g’l*l*g")) = cos \.
This implies

P (§n+1 ~ 35, = f1) =P (§n+1 ~ 35, = 1) -1
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As a corollary of the previous result, we obtain the so-called strong Markov
property that reinforces the Markov property.

Corollary 2.32 (Strong Markov property). Let T be a stopping time for the
random walk (Sy)n>0 such that P (T < 4+o00) = 1. For every k € Z

P(ST+1 :kl]:T):P(ST+1 :I{/’|ST)

Proof. Since the sequence of random variables (S, — S7),,5 is a symmetric
random walk on Z that is independent from Fr, for A > 0,

E (e 7+ | Fr) = (cosh \) e ™57
Therefore
E (75T | Fr) =E (e 7+ | S7),
and we conclude as in the proof of Proposition 2.30. ]
The next proposition shows that with probability 1, the symmetric random
walk visits each integer of Z. This property is called the recurrence property

of the symmetric random walk. A similar result for the Brownian motion was
proved in Proposition 2.18.

Proposition 2.33 (Recurrence property of the symmetric random walk).
VkeZ,VmeN PEn>m, S,=k)=1

Proof. We do not give the simplest or the most direct proof (see for instance
Exercise 2.34 for a simpler argument and Exercise 2.35 for still another proof),
but the following proof has the advantage to provide several useful further
informations on the random walk.

We first show that

PV ke[l,2n], S; #0)=P(S2, =0).
We have

P(V k€ [1,2n], S #0)
= 2P(Vke[L,2n], Sp>0)
250 B(VE€E[1,2n], Sk >0 Sa = 2))P (Son = 29)
23701 2P (S2n = 2j)

2n
= 22J1n2271(n+j>

Now, we have the following binomial identity which may, for instance, be proved

inductively,
2n
Zj ( n+j ) 2 ( n )
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This yields
P(Vke[l,2n], S #0)=P(Sy, =0).

Since

—~

2n)! 1
(n')g ﬁ _>n~>+oo 07

P (S, =0) =
we deduce that
PEn>1,5,=0)=1.

The random variable
Zy =inf{n > 1, S, =0},

is therefore finite. Let us denote
Ty =inf{n >0, S, =1}

and
T 1 =inf{n >0, S, = —1}.

It is clear that T3 and 7, are stopping times for the random walk (S, )n>0.
Our goal will be to prove that

P (T1 < -|—OO) =1
Thanks to the Markov property, for n > 1, we obtain

== lP(Zl2n|51=1)+%]13’(212n|51:—1)
= P(Mi>2n—-1)+iP(T-1>2n—-1)

Now, since we have the following equality in distribution

(Sn)nzo = (_S”L)n207

it is clear that P (T} < 400) = 1 if and only if P(T_; < 400) = 1, in which
case the following equality in distribution holds

T =T_.
Thus, from
P(Z; < +o0) =1

we deduce that
P (Tl < +OO) =1.
Now, we may apply the previous result to the random walk (S,4+7, —1)n>0-

This gives
PEn>165,=2)=1.
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By a straightforward induction, we obtain
VEeNP3n>1, S,=k)=1.
Then, by symmetry we get
VEeNP3n>1, S,=-k)=1
By using this with the random walk (Sy, 1, —Sm )n>0, we finally get the expected
VkeZ,YmeNPE3n>m, S,=k)=1.
0O

Exercise 2.34. By using a method similar to the method of Exercise 2.21, give
another proof of the recurrence property of the symmetric random walk.

Exercise 2.35 (Law of iterated logarithm for the random walk).

1. Let (Bi)i>0 be a one dimensional Brownian motion. Consider the se-
quence of stopping times inductively defined by To = 0 and

Tpi1 = inf{t > T, |B; — Br,| = 1}.

Consider then the process (Sp)n>0 defined by S, = Br,. Show that
(Sn)n>o0 is a symmetric random walk.

2. Deduce that if (Sp)n>0 s a symmetric random walk,

P(lim inf L*fl lim su Snl) =1
n—=+oo 4/ 2nlnlnn ’ n%+poo V2nlnlnn '

Let us consider for k € Z, the stopping hitting time
T, =inf{n >1, S, = k}.
A straightforward consequence of the previous proposition is that
P (T} < +o0) = 1.

This sequence of hitting times (T})r>0 enjoys several nice properties, the
first being that it is itself a random walk.

Proposition 2.36. The sequence (T})k>0 is a random walk on Z.
Proof. For 0 < a < b, we have
T, =T, +inf{n > 1,5, 1, =b}.

Now, since (Sp41, — a)n>0 is a random walk on Z which is independent from
T,,we deduce that:
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1. inf{n > 1, Sp4+7, = b} is independent from Fr,.
2. The following equality holds in distribution

mf{n Z 1, Sn+Ta == b} = Tb—a~
O

The distribution of T} may explicitly be computed by using the method of
generating series.

Proposition 2.37. ForO<z <1, and k € Z,

k
S BT, = n) = (1— M)
n=0

T
Proof. Let A > 0. Applying the Doob’s stopping theorem to the martingale

((cosh )" e_’\s")

n>0
with the stopping time T, AN , N € N, yields

E (ef)\SN/\ka(Tk/\N) lncosh)\) =1.

The dominated convergence theorem implies then:
E (ef)\kak In cosh )\) -1

This yields,
E (ef(lncosh A)Tk) — Mk

By denoting

r=e" In cosh A

we get therefore

which is the result we want to prove. O

From the previous generating series, we deduce the following explicit dis-
tribution:
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Corollary 2.38. Forke N, neN,

1 1 1 211 — 1 2 — 1
P(T, =n)= — . .
(T n) 2"221‘1*1 Qik1<11 > (Zk >7

I
where )
I = {(il, ,Zk) S Nk7i1 + ...t = ’I’L;} .
In particular, forn € N,
]P)(Tl = 2n) =0
1 2n —1 1
IEJ’(T12711)2n_1(n >22n—1'

Proof. The proof reduces to the computation of the coefficients in the Taylor
expansion of the function

(1\/1:52)19
r— [ ——m—

xT

Exercise 2.39. Show that

P(Ty =2n—1) ~pst00 REYEE

where C' > 0 is a constant to be computed.
Exercise 2.40. Let
Zy=0,Zp41 = inf{n > Zy, S, =0}
Show that:
1. The sequence (Zx)yq i a random walk on Z.
2. For k > 1, the following equality in distribution holds
Zy =k + Tk.

The following proposition is known as the reflection principle for the random
walk.

Proposition 2.41 (Reflection principle). For n > 0, let

M, = max Sk.
0<k<n

We have for k,n € N,

P(M, >k, S, <k)=



56 2 Brownian motion

Proof. Let k,n € N. We first observe the following equality between events,

(T < n} = {M, > k.

Let us now consider the random walk (§m> defined by
0

m>
Sm = Pm+T, — k.

As we have already seen it, this sequence is a symmetric random walk for which
n — T, An is a stopping time. Now, the following equality holds in distribution

Sn—Tk/\n = _Sn—Tk/\n-

Therefore
P (Tk <, Snm, < o) —P (Tk <n,Snm > o) :

which may be rewritten
P(Tp <n,S, <k)=P(T, <n,S, >k).
We finally conclude
2P (T, <n, S, <k)+P(S,=k)=P(T, <n),
which is our claim. a

As a corollary of the reflection principle, we immediately obtain the follow-
ing expression for the distribution of M,,.

Corollary 2.42. For k,n € N
P(M, > k)=2P(S, >k)—P(S, =k).

Exercise 2.43 (Local time of the symmetric random walk). For n € N we
denote
19 =Card{0<i<n, S;=0}.

1. Show that forn € N and k € N*

P(13, =k) =P (5,41 = k) =P (Sapt1-k =k —1)

2. Deduce that when n — +oo the following convergence takes place in dis-

tribution
0

% SV (0, 1)
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5 Donsker theorem

After this study of the symmetric random walk on Z, we now turn to the
Donsker invariance principle which says that the Brownian motion may con-
structed as a limit of conveniently rescaled random walks. Before stating this
theorem, we need some general results about weak convergence of probability
measures in infinitely dimensional spaces. Let us first recall the definition of
convergence in distribution for a sequence of random variables that are valued
in a Polish space':

Definition 2.44. A sequence (X, )nen of random variables, valued in a Polish
space F, is said to converge in distribution toward a random variable X if for
every continuous and bounded function f: EF — R, we have:

Equivalently, the sequence of the distributions of the X,’s is said to weakly
converge to the distribution of X.

You may observe that the random variables X, do not need to be defined on
the same probability space. A usual strategy to show that a sequence (X, )nen
converges in distribution is to prove that :

1. The family (X, )nen is relatively compact in the weak convergence topol-
ogy ;

2. The sequence (X,,)nen has a unique cluster point.

Since a stochastic process is nothing else but a random variable that is
valued in C(R>o,R), we have a notion of convergence in distribution for a
sequence of stochastic processes and, due to the fact that the distribution of
stochastic process is fully described by its finite dimensional distributions, we
can prove the following useful fact:

Proposition 2.45. Let (X™),en be a sequence of continuous processes and let
X be a continuous process. Let us assume that:

1. The sequence of the distributions of the X™’s is relatively compact in the
weak convergence topology;

2. For every ty,....t;, € RF, the following convergence holds in distribution

(thﬂ 7Xt7:€) _>n—>+(x> (th’ ...7th).

Then, the sequence (X™)nen converges in distribution toward X .

LA Polish space is a complete and separable metric space
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In order to efficiently use the previous proposition, we therefore need to
characterize the relatively compact sequences in the weak convergence topology.
A first ingredient is the Prokhorov theorem .

Theorem 2.46 (Prokhorov theorem). Let P be a family of probability measures
on a Polish space E endowed with its Borel o-field £. Then, P is a relatively
compact set for the weak convergence of probability measures topology if and
only if the family P is tight, that is for every e € (0,1), we can find a compact
set K. C E such that for every P € P,

P(K.)>1—e.

The second ingredient is Ascoli theorem that describes the relatively com-
pact sets in C(R>o,R) for the topology of uniform convergence on compact
sets.

Theorem 2.47 (Ascoli theorem). For N € N, f € C(R>o,R) and 6 > 0, we
denote:

VY(f,8) = sup{| f(t) = f(s) .|t —s|< 8, s,t <N}
A set K C C(Rxo,R) is relatively compact if and only if:
1. The set {f(0), f € K} is bounded;
2. For every N € N,
lim sup VN (f,8) = 0.

6—0 fex

As usual, we denote C(R>po,R) the space of continuous functions and the
associated Borel o-field is denoted B(R>o,R). Also, (m;);>0 denotes the coor-
dinate process. Combining Prokhorov and Ascoli’s theorems we obtain:

Proposition 2.48. On the space C(R>0,R), a sequence of probability measures
(P,)nen is relatively compact in the weak convergence topology if and only if:

1. For everye > 0, there exist A > 0 and ng € N such that for every n > ny,

P, (| mo [> A) < &;

2. For every n,e >0 and N € N, we may find § > 0 and ny € N such that
forn > ng,
P, (V*(m,d) >n) <e.

Proof. Assume that the sequence (P,,),en is relatively compact in the topology
of weak convergence. From Prokhorov’s theorem, this sequence is tight , that
is for € € (0,1), we can find a compact set K. C C(R4,R), such that for n € N:

P,(K.)>1—e.
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By writing K. in the form given by Ascoli’s theorem, it is easily checked that
properties (1) and (2) are satisfied with ng = 0.

Let us now assume that (1) and (2) are satisfied. First, as a finite sequence is
relatively compact, we may assume that the properties (1) and (2) are fulfilled
with ng = 0. Also, thanks to Prokhorov’s theorem, we only need to show that
the sequence is tight. Let ¢ > 0 and N € N. For every k > 1, we can find
An > 0 and dy j such that:

sup P, (| mo |> AnN)

< 3
neN — 2N+

1 €
N
P (Vim0 > ) < e

We consider then
1
K. = ﬂ {f S C(R+7R),| f(O) |§ AN,VN(ﬂ}(;N’k) < E’Vk > 1}
NeN

Ascoli’s theorem implies that K. is relatively compact, and it is easy to see
that for n > 0,
P, (K.)>1—e.

O

Exercise 2.49. Let (X™),en be a sequence of continuous stochastic processes
such that:

1. The family formed by the distributions of the Xi'’s, n € N is tight;
2. There exist a, B,y > 0 such that for s,t >0 andn > 0,
E(|X;-X0[")<Blt—s]'.
Show that the family of the distributions of the X™’s n € N is relatively compact
in the topology of the weak convergence.

We are now in position to prove the Donsker’s approximation theorem, that
constructs Brownian motion as a limit of symmetric random walks on Z.

Let (Sn)nen be a symmetric random walk on Z. We define the sequence
(S#)tef0,1), 7 € N, as follows:

1 1
St”:\/ﬁ((t_k)sk+l+(k+_t>5’k>7 Egtgki_
n n n n

The process (S]');>o is therefore the piecewise affine continuous interpolation
of the rescaled discrete sequence (S,,)n>0-
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Theorem 2.50 (Donsker theorem). The sequence of processes (Sf')ief0,1], 7 €
N, converges in distribution to a standard Brownian motion (By)icjo,1-

Proof. We need to check two things:

1. For every t1,...,t; € [0, 1], the following convergence in distribution takes
place
(S&...,S{;) —notoo (Btyy s Bt,)-

2. The family of the distributions of the (Sf')icjo,1, » € N, is relatively
compact in the weak convergence topology.

The first point (1) is let as exercise to the reader: It is basically a consequence
of the multidimensional central limit theorem. Let us however point out that
in order to simplify the computations, it will be easier to prove that for every
t; < - <t; €[0,1], the following convergence in distribution takes place

(5,88 = Si e S = 81, ) “nosioo (Buys Biy = Buyos By, = Buy.,).

So, we turn to the second point (2). Let A > 0. The process (S2),en is a
submartingale, therefore from Doob’s maximal inequality, for n > 1,

E(SY)  3n2-2n _ 3
IP’<II?§aT>L(|Sk |> )\\/ﬁ> < = SF'

Adn2 Adn2

Thanks to the stationarity of the increments of (S,)nen, we deduce that for
k,n>1, A>0,

3
P <I}1<a;< | Sivr — Sk |> )\\/5> Ve

Let now ¢, € (0,1). From the previous inequality we can find § > 0 such that
for every k,n > 1

P(max | Sitrk — Sk |> a/ﬁ) < 7d.

i<[nd]

Let N,e,nm > 0. From the definition of S™ we deduce that we can find ¢ € (0,1)
such that for every n > 1 and t < N,

IP’( sup | S;— 5S¢ |277) < eé.
t<s<t+4

For0§i<%etn21,let

Al =qweQ, sup | Si5s— St |>np.
16<s<(i+1)SAN
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We may check that
N; A C {sup{| S} — SZ |,|t—s|< 4, s,t <N} < 3n}.
Therefore, for every n > 1,

P(sup{| S = ST |,|t—s|< 4, s,t < N} > 3n)

()

<(1+[N671)de
<(N +1)e.

This implies the expected relative compactness property thanks to Proposition
2.48. m]

Besides its importance to simulate Brownian motion on a computer for
instance, it is interesting that Donsker’s theorem may also be used to explicitly
compute some distributions of Browian functionals.

Theorem 2.51 (Arcsine law). Let (By)i>0 be a standard Brownian motion.
Fort > 0, we denote

t
At = / 1[0,+oo)(Bs)d8~
0

P(A; <z)= 2 arcsin \/f
71'

Proof. Let (Sp)nen be a symmetric random walk on Z. We denote by T} the
hitting time of 1 by (Sp)nen, and

We have for x < t:

Z; =inf{n > 1,5, = 0}.
Exercise 2.40 proved that the following equality in distribution takes place
Zy =Ty + 1.
Let us denote
A, = Card{l < i < n,max (S;_1,5;) > 0}.
We will prove by induction that for 0 < k < n,
P(As, = 2k) =P (Sar, = 0) P (So,—or = 0)
First,
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As seen before:

P(Sl 7é 0, ...,Sgn 7é 0) = ]P)(Sgn = 0) .
Thus,
P(As, =0) =P (S, =0).
In the same way
IP)(A2" = 2?’2,) =P (Sgn = O) .
For1<k<n-1,
{AQn = 2k} - {Zl < 2]45},

thus:
k
P (Agp = 2k) = > P(Ag, =2k | Zy = 2i) P (Zy = 2i)
1=1
1 k
=3 > P (Zy = 2i) (P (Agn—2i = 2k) + P (Agn_2; = 2k — 2i)).
=1

Thanks to the induction assumption at the step n we have,

P (A = 2k)
= L300 P (Zy = 2i) (P(Sek = 0) P (San—2t-2; = 0)
+P (Sar—2i = 0) P (S2n_2r = 0)).

The Markov property then implies

k
D P (Z1 =20)P(Sok—0i = 0) = > _P(Z1 = 20)P(So = 0| Zy = 2i)
; i=1

=P (Sq =0).
In the same way, we can prove
> P(Zy = 2i) P (San-ak—2i = 0) = P (San_ax = 0).
Thus
P (As, = 2k) =P (Sox = 0) P (Sop—2r = 0)

which completes the induction. As a conclusion, we have for 0 < k < n,

P (Az, = 24) = P (S = )P (Sar-ar = 0) = o = ZE OO

The Stirling’s formula

n

n! ~peo neT "V 21N,
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implies that for z € [0, 1]:

nz]
A2n
Since

/w L arcsiny/x
o myu(l—w) T

we deduce that for z € [0, 1]:

n—-+oo

lim P (AM < ;v) = 2 arcsiny/z.
2n s

It is now time to use Donsker’s theorem. We consider the sequence

1 1
S?:\/ﬁ((t—k)SkHJr(H—t)Sk),kgt Frl
n n n n

It is easy to see that

IN

1
Agn
1 SHdt = ——.
/0 [0’+00)( t) m

Donsker’s theorem implies therefore that
2 .
P(A; < x) = = arcsin /.
T

The distribution of A; is then finally deduced from the distribution of A; by
using the scaling property of Brownian motion.
O

Exercise 2.52.
1. Let (Sp)nen be a symmetric random walk on Z. We denote
A, = Card{l <i < n,max(S;_1,S5;) > 0}.

(a) Show that for 0 < z,y <1

400 n

2
P (As, = 2k, Sa, = 0) 2%F9?" =
TLX:OICZO 2n 2n ) \/1—y2+\/1—$2 B}

(b) Deduce that, conditionally to Sa, = 0, the random variable Asy, is
uniformly distributed on the set {0,2,4,...,2n}.
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2. Let (Bt)i>0 be a standard Brownian motion. By using Donsker’s theorem
show that conditionally to B; = 0, the random variable

1
/0 1[0$+00) (Bs)ds,

is uniformly distributed on [0, 1].

Exercise 2.53. Let (By);>0 be a standard Brownian motion. The goal of the
ezercise is to compute the distribution of the random variable

g1 =sup{t € [0,1], B, = 0}.
1. Let (Sp)nen be a symmetric random walk on Z. For n € N, we denote
dp, = max{l < k <n,S, =0}
Show that for 0 <k <mn

P (day, = 2k) = P (Say = 0) P (Sap_op, = 0).
2. Deduce that for x € [0,1]

dp, 2
lim P ( < :c) = = arcsiny/x.
T

n—-+oo n

3. Deduce the distribution of g;.

Notes and Comments

There are many rigorous constructions of the Brownian motion. The first one is
due to Wiener [?]. A direct construction of the Wiener measure is given by Ito
in [?]. Many properties of Brownian motions were known from Paul Lévy [?].
For more details about random walks, we refer to Durrett [?], Lawler-Vlada [?]
and the classical reference by Spitzer. For further reading on Donsker theorem
and convergence in distribution in path spaces we refer to Section 6, Chapter
IT in [?] or to the book by Jacod and Shiryaev [?].



Chapter 3

Markov processes

In this chapter we study continuous time Markov processes and emphasize the
role played by the transition semigroup, to study sample paths properties of
Markov processes. The class of processes we shall particularly be interested in
are the Feller-Dynkin processes, which are Markov processes admitting regular
versions and enjoying the strong Markov property. We will show that Feller-
Dynkin processes admit generators and that this generator is a second order
differential operator if the process is continuous. We finish the chapter with
the study of the Lévy processes which are Feller-Dynkin processes associated
to convolution semigroups.

1 Markov processes

Intuitively, a stochastic process defined on a probability space (92, F,P) is a
Markov process if it is memoryless, that is if for every bounded and Borel
function f: R™ — R,

]E(f(Xt+S) | ‘7:‘;)() = E(f(XtJrs) |Xs)> s,t > 0.

Let us turn to the more precise definition that relies on the notion of tran-
sition function. A transition function for Markov process is the analogue in
continuous time of the transition matrix associated to a Markov chain.

Definition 3.1. A transition function {P;,t > 0} on R™ is a family of kernels
P : R x B(R") — [0, 1]
such that:
1. For t > 0 and « € R", P,(z,) is a probability measure on R";

2. For t > 0 and A Borel set in R™ the application  — P;(z, A) is measur-
able;

3. For s,t > 0, z € R™ and A Borel set in R",

Piis(z,A) = - Pi(y, A)Ps(z, dy). (3.1)

The relation (3.1) is called the Chapman-Kolmogorov relation.
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Given a transition function, we can define a one parameter family of linear
operators (P;);>o from the space of bounded Borel functions into itself as
follows:

(P.f)(x / ()P, dy).

If {P,t > 0} is a transition function, then the following properties are
satisfied:

° Ptlzl,

e For every t > 0, P, is a positivity preserving operator, in the sense that
if f is non negative, so is Py f;

e For every t > 0, P; is a contraction from the space of bounded Borel
functions into itself (that is, it is a continuous operator with a norm
smaller than 1);

e The semigroup property holds: For every s, > 0,
Pt+s = PtPS, S,t Z 0.

Definition 3.2. A stochastic process (X;);>o defined on a probability space
(Q, F,P) is called a Markov process if there exists a transition function {P;,t >
0} on R™ such that for every bounded and Borel function f: R” — R,

E (f(Xits) | FX) =Pif(Xs), s,t>0,

where F¥ denotes the natural filtration® of the process (X;)¢>o. The family
of operators (P;);>0 is called the semigroup of the Markov process.

Remark 3.3. We may also speak of the Markov property with respect to a
given filtration. A stochastic process (X;);>o defined on a filtered probability
space (Q, F, (F¢)i>0,P) is called a Markov process with respect to the filtration
(Fi)e>o if there exists a transition function { P, ¢ > 0} on R™ such that for every
bounded and Borel function f: R™ — R,

E (f(Xiys) | Fs) = Pief(Xs), s,t>0.
Brownian motion is the primary example of a Markov process.

Proposition 3.4. Let (By)i>0 be a (one-dimensional) stochastic process de-
fined on a probability space (2, F,P) such that By =0 a.s. Then, (By)i>0 is a
standard Brownian motion if and only if it is a Markov process with semigroup:

_(z—y)® y)

Po=1d, (P.f)(z /f 5yt >0,z ER.

'Recall that FX is the smallest o-algebra that makes measurable all the random variables
(Xtg, 3 Xty ), 05t <o <ty <o
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Proof. Let (By)i>0 be a Markov process defined on a probability space (£2, F, P)
with semigroup:

_@—y? y>2

Po=1d, P:f)(z /f dy,t>0x€R

Thanks to the Markov property, by denoting F; the natural filtration of (B;);>0,
we have for s,t >0, A € R,

M

_Y

Eei}\BH,S fs :/ iX(Bs +y) 21 dy
@i | 7y = [ e L

it

This implies

B0 | 5 = [
R

In particular, the increments of (B;):>¢ are stationary and independent. Now,
for AMi,..., \p €ER, 0 <ty < ... <ty

n

E (eizzzl,\k(BtkH—Btk ) H ]E( iXe (Bt — Btk)>

=1

ﬁ E( iAe Bty - fk)

=1
— LS (b1 —tr)A2
= e 2 Zuk=1\"k+17 k)AL

ko

E

Hence (B;):>0 is a standard Brownian motion.
Conversely, let (B;):>o be a standard Brownian motion with natural filtra-
tion F;. If f is a bounded Borel function and s,t > 0, we have:

E(f(Btts) | Fs) = E(f(Btys — Bs + Bs) | Fs)-
Since B4 s — B, is independent from F;, we deduce that
E(f(Biss) | Fs) = E(f(Biys) | Bs)-
For x € R, we have
E(f(Biss) | By = ) = E(f(Brss — B+ B.) | B, = 2) = E(f(X; + 1)),

where X; is a random variable independent from B, and normally distributed
with mean 0 and variance t. Therefore we have

E(f(Biss) | Ba = 17) = / @)=y
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and
_y2
e 2t

V27t

E(f(Biss) | Fo) = / F(Be+9)—dy.

O

Exercise 3.5 (Multidimensional Brownian motion). Let (B;);>o be a n-dimensional
stochastic process defined on a probability space (0, F,P) such that Bo = 0 a.s.
Show that (By)i>o is a standard Brownian motion on R™ if and only if it is a
Markov process with semigroup:

o Hw;tsz

———=dy,t >0 R™.
@z >0,z €

Po=1d. (Pif)e)= [ f(

Exercise 3.6 (Ornstein-Uhlenbeck process). Let (By);>o be a one-dimensional
Brownian motion and let 8 € R\{0}. We consider the process

Xt = eetBl,efzet .

20

Show that (X;)i>0 is a Markov process with semigroup

200 _ -
(Ptf)($)=Af<€9tx+ c 5 1y> e\/ﬁdy.

Exercise 3.7 (Black-Scholes process). Let (B;)i>0 be a one-dimensional Brow-
nian motion and let p € R, 0 > 0. We consider the process

P

Show that (X¢)i>0 is a Markov process with semigroup

2

(#”22)‘5*%) e
f (xe wady.

Exercise 3.8 (Bessel process). Let (By)i>0 be a n-dimensional Brownian mo-
tion. We consider

®if)e) = [

R

n

> (B2

i=1

Xi =Bl =

Show that (X¢)i>0 is a Markov process with semigroup given by

®n =1 [ 10 (D) ree () vy
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for x>0, and

2172 1
PO = oyars [, S W

where I' is the Buler Gamma function and Iz _y is the modified Bessel function
of the first kind with index 5 — 1, that is the solution of Bessel’s equation

, o1 2 1
y' oy (14 (5-1) 5 )y=0,
T 2 T

-1

such that
s

y($> ~z—0 7271/21_‘(“/2) .

The semigroup of the Brownian motion is intimately related to solutions of
the heat equation. The next proposition shows how to construct martingales
from solutions of the backward heat equation.

Theorem 3.9. Let (B;)¢>0 be a standard Brownian motion. Let f : R>oxR —
C be such that:

1. f is once continuously differentiable with respect to its first variable and
twice continuously differentiable with respect to its second variable (we
write f € C12(Rso x R, C)).

2. For t > 0, there exist constants K > 0 and o > 0 such that for every
zeR

sup | f(s,z) |< Keolel,
0<s<t

The process (f(t, Bt))t>0 is a martingale if and only if:

of 19 _

ot = 2 0z?
Proof. Let t > 0. In what follows, we denote by F the natural filtration of the
Brownian motion. Thanks to the Markov property, we have for s < t,

_ (y—Bs)?
2(t—s)

E(f(t, B,) | F.) /f LTy,

V27t —s)

Therefore the process (f(t, B;))i>o is a martingale if and only if for 0 < s < ¢
and = € R,

_y==)?

/ Fty)— ey = f(s,2).

V27t —s)
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We are thus let to characterize the functions f that satisfy the above functional
equation and the given growth conditions.

So, let f be a function that satisfies the required regularity and growth
conditions and such that for 0 < s < ¢t and = € R,

_(—=2)?
2(E—s)
/fty ——dy = f(s, ).
V27t —s)
For a fixed ¢t > 0, the function
_==)?
e 209
g:(s,x —>/f (t,y) dy
V27t —s)

which is defined on [0,¢) x R is easily seen to satisfy the equation

dg 108%

=0
55+28x2 ’

so that f, of course, satisfies the same equation.
Now, assume that f is a function that satisfies the required growth condi-
tions and the equation:

af 18f

ot 2022
Let ¢t > 0 be fixed. If we still denote

_ (y—=)?

e 20—
(s,z) — t, dy,
/f y\/27rt75) Y

we quickly realize that h = f — g satisfies

% + 1@ =0
ds = 2022
on [0,¢) x R with moreover the boundary condition:
Ve e R, limh(s,z)=0.
s—t

From classical uniqueness of solutions results for the heat equation, we deduce
that h = 0. O

Exercise 3.10. Let (By)i>0 be a n-dimensional standard Brownian motion.
Let f : R>g x R™ = C be such that:

1. f S Cl’Q(RZO X Rn,(C)
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2. Fort >0, there exist constants K > 0 and o > 0 such that

sup | f(s,z) |< Kexl®ll,
0<s<t

Show that the process (f(t, By))i>o0 is a martingale if and only if:

af 1.,
o TRA =0

In particular, if f is a sub-exponential harmonic function (that is Af =0),
then the process (f(Bt))i>o0 is a martingale.

Exercise 3.11. Let (X;);>0 be a Markov process with semigroup P,. Show that
if T > 0, the process (Pr—:f)(X:))o<t<T 95 a martingale. By using Doob’s
stopping theorem, deduce that if S is a stopping time such that S < T almost
surely, then

E(f(X1)|Fs) = Pr_sf(Xs).

Exercise 3.12 (Self-similar semigroups). A transition function {P;,t > 0} on
R™ is said to be self-similar with index H > 0 if for everyt >0, ¢ > 0, x € R"”
and every Borel set A C R",

Py(x, 8 A) = Py (7. 4).

where A, is the dilation of R™ defined by A.(y) = cfy.

1. Show that the transition function of the Brownian motion is self-similar
with index H = %

2. Show that if (Xi)i>0 s a Markov process whose transition function is
self-similar with index H > 0 such that Xog = 0, then the two processes
(Xet)i>0 and (¢ Xy)i>0 have the same distribution.

3. Show that a transition function {Pi,t > 0} is self-similar with index
H > 0, if and only if for everyt > 0, ¢ > 0 and every bounded and Borel
function function f,

(Petf) oA =Pi(f o AL).

Exercise 3.13 (Rotationally invariant semigroups). A transition function { P, t >
0} on R™ is said to be rotationally invariant if for every t > 0, M € SO(R")
and every Borel set A C R",

Py(z,M - A) = P, (M 'z, A),

where SO(R™) is the set of n x n matrices such that MM = 1,, and det(M) =
1, and where M - A is the set {Mx,x € A}.
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1. Show that the transition function of the Brownian motion is rotationally
mvariant.

2. Show that if (Xy)i>0 is a Markov process whose transition function is
rotationally invariant such that Xo = 0, then for every M € SO(R™) the
two processes (M X;)i>0 and (Xi)i>0 have the same distribution.

3. Show that a transition function {P;,t > 0} is rotationally invariant, if
and only if for every t > 0, M € SO(R"™) and every bounded and Borel
function function f,

(Pif)o M =Py(foM).

It is remarkable that given any transition function, it is always possible to
find a corresponding Markov process.

Theorem 3.14. Let {P;,t > 0} be a transition function on R™. Let v be
a probability measure on R™. There exist a probability space (2, F,P) and a
stochastic process (X¢)i>o such that:

1. The distribution of Xg is v ;

2. If f:R™ = R is a bounded and Borel function
E(f(Xeys) | FY) = (Pf)(Xs), 5,620
where FX is the natural filtration of X.

Proof. For 0 = tg < t1 < ... < tm, A a Borel set in R™ and B Borel set in
(R™)®™ we define

ito .o (AXB) = / / Poy (22 di2) Pryty (21, i) - Py g, (nr. di)(d2).
AJB

The measure fi, ¢+, is therefore a probability measure on R™ x (R™)®™.
Since for a Borel set C in R™ and z € R™ we have

PtJrS(x’C): e Pt(y7C)PS($7dy)7

we deduce that this family of probability satisfies the assumptions of the
Daniell-Kolmogorov theorem. Therefore, we can find a process (X;)i>o de-
fined on some probability space (2, F,P) whose finite dimensional distributions
are given by the p, +,,...+,’s. Let us now prove that this process satisfies the
property stated in the theorem. First, the distribution of Xg is v because

1o (A) = /Au(dz) — U(A), A € B(R").
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We now have to prove that if f : R™ — R is a bounded and Borel function and
if 0 < s,t, then

E (f(Xs+t) | féx) = (Ptf)(Xs)'

For this, we have to prove that if f: R" — R, F': (R")®™ — R, are bounded
and Borel functions and if 0 = tg < t; < ... < t,,, then

E (f(Xt,)F(Xtg, s Xty 1)) = B ((Pryy—tyy /) (Xt )V F (Xigs o0 Xt,)) -

But thanks to Fubini’s theorem, we have

E (f(Xe, ) F(Xtg, -y X1, 1))

:/ f@m)F (2,21, ooy Ti1)
(Rn)®(m+1)
Py, (z,dx1)Pry—t, (x1,dxe) -+ - Pr, ¢, (X1, dXm )v(d2)

/n/n)®m ot 1 L) (@m-1)F (2,21, s Tpp—1)

Pt1 (Zv d:cl) e Ptm—l_tm,—2 (xm—Q’ dxm—l) (d'z)
=E ((Ptm,_tm,—lf)(Xt‘m.—l)F(Xt07 [EE) Xtm,—l)) .

This conclude the proof of the theorem. o

Remark 3.15. Observe the degree of freedom we have on the distribution
of Xg: This reflects the fact that the transition function characterizes the
distribution of a Markov process up to its initial distribution.

To finish the section, we introduce the notion of sub-Markov process, a
notion which is very useful in many situations. A family of operators (P;):>0
from the space of bounded Borel functions into itself is called a sub-Markov
semigroup is the following conditions are satisfied:

e For every t > 0, P; is a positivity preserving operator;

e For every t > 0, P, is a contraction from the space of bounded Borel
functions into itself;

e The semigroup property holds: For every s,t > 0,

Pt+s = PtPS, S,t 2 0.

Observe that unlike Markov semigroups which are associated with Markov
processes, we do not necessarily have P;1 = 1 but only P;1 < 1. It turns
out that a sub-Markov semigroup (P;);>o can always be embedded into a
Markov semigroup which is defined on a larger space. Indeed let us consider a
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cemetery point . If f is a bounded Borel function on R”, then we extend P, f
to R™ U {x} — R by defining

P.f(x) =0.

Also any smooth and compactly supported function f on R™ is automatically
extended to R"U{*} — R by setting f(x) = 0. If f is a bounded Borel function
on R" U {x} — R, we then define for z € R"

Q:f(z) =P f(z) + f(*)(1 — Pyl(x)),

where f is the restriction of f to R™. It is an easy exercise to check that Qq is
now a Markov semigroup on the space of bounded Borel functions R"U{x} — R.
By definition, a sub-Markov process (X;):>o on R™ with transition semigroup
(P¢)¢>0 is a Markov process on R"U{x} — R with transition semigroup (Q:):>0
. If (X7)e>0 is a sub-Markov process with transition semigroup (P¢):>¢ such
that X§ = x and if we define e(z) = inf{t > 0, X = x}, then we have for any
bounded and Borel function f on R™,

Ptf(‘r) =E (f(XtT)lt<e(x)) )
in particular, observe that we have
P,1(z) =P(t < e(x)).

The random time e(x) is called the extinction time of (X7);>¢. Killed Markov
processes are canonical examples of sub-Markov processes.

Exercise 3.16 (Killed Markov process). Let (X;)i>0 be a Markov process in
R™ and K C R™ be a non-empty set. Let Tx = inf{t > 0, X; € K}. Consider
the following process (Yi)i>o such that:

Xe, t<T
th: ty > 4K
*, t>Tk.

Show that (Yi)i>o0 is a sub-Markov process.

Exercise 3.17 (Killing at an exponential time). Let (Xy);>0 be a Markov
process in R™. Let T be an exponential random variable with parameter A which
is independent from (X;)¢>0. Consider the following process (Yi)i>o such that:

Xy, t<T
Yt: ts =
*, t>T.

Show that (Yz)i>o0 is a sub-Markov process and compute its semigroup in terms
of the semigroup of (X¢)i>0-
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2 Strong Markov processes

In the study of martingales, we already stressed and illustrated that in the
study of stochastic processes, it is often important to know how the process
behaves with respect to the stopping times of the underlying filtration. For
Markov processes, this naturally leads to the notion of strong Markov process.

Definition 3.18. Let (X;):>0 be a Markov process with transition function
{P;,t > 0}. We say that (X;);>0 is a strong Markov process if for any bounded
Borel function f : R — R, and any finite stopping time S of the filtration
(F)i>0, we have:

E(f(Xsst) | F&) = (Pef)(Xs), t > 0.

Remark 3.19. As for the definition of the Markov property, we may of course
define the strong Markov property of a process with respect to a filtration that
does not need to be the natural filtration of the process.

In general, it is not straightforward to prove that a given Markov process
satisfies the strong Markov property and not all Markov processes enjoy the
strong Markov property.

Let us first focus on the Brownian motion case. In that case, as for the
symmetric random walks, the strong Markov property is a consequence of the
following result.

Proposition 3.20. Let (B;):>o be a standard Brownian motion and let T' be
a finite stopping time. The process,

(Br+t — Br)i>o0
is a standard Brownian motion independent from FZ.

Proof. Let T be a finite stopping time of the filtration (F2);>0. We first assume
T bounded. Let us consider the process

By = Byt — By, t>0.
Let A € R, 0 < s <t. Applying Doob’s stopping theorem to the martingale

2
<ei)\Bt+%t)

with the stopping times ¢t + 7" and s + T, yields:

b
>0

E (ei)\BT+t+¥(T+t) | ]_—T+S> _ eiABT+S+¥(T+s).

Therefore we have

E (ei,\(BTHfBTJrS) |]:T+8> — €f§(tfs).
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The increments of (Bt)tzo are therefore independent and stationary. The con-
clusion thus easily follows. If T is not bounded almost surely, then we can
consider the stopping time T'A N and from the previous result the finite dimen-

sional distributions (B, +7AN — Bran, -+ Bt,+7AN — Bran) do not depend
on N and are the same as a Brownian motion. We can then let N — +o0 to
conclude. O

As a corollary, we obtain the strong Markov property of the Brownian
motion:

Corollary 3.21. Let (By)i>0 be a standard Brownian motion. Then (Bt)i>o0
is a strong Markov process.

Proof. Let f : R — R be a bounded and Borel function ¢ > 0 and let S be a
finite stopping time. From the previous proposition, we have:

E(f(Btys) | Fs) = E(f(Bty.s — Bs + Bs) | Fs).
Since B;+g — Bg is independent from Fg, we first deduce that
E(f(Bt+s) | Fs) = E(f(Btys) | Bs).
Now for = € R,
E(f(Bit+s) | Bs = x) = E(f(By+s — Bs + Bs) | Bs = z) = E(f(X; + x)),

where X, is a Gaussian random variable independent from Bg which has mean
0 and variance t. Thus,

_y
e 2t

V2t

E(f(Buiys) | Bs =) = /R fa+9) Sy

and
_y?
e 2t

dy.
V2mt Y

E(f(Byys) | Fs) = / J(Bs +y)

O

The following exercises show some applications of the strong Markov prop-
erty.
In the following exercises, (B;)>o is a standard Brownian motion and for
a € R, we denote
T, = inf{t > 0, B; = a},

and for t > 0,
St = sup{Bs, s < t}.



2 Strong Markov processes 7

Exercise 3.22 (Reflection principle for the Brownian paths). Let a € R. Show
that the process
Bt - Bt, t < Ta
= 2a — Bta t > Tcm

is a Brownian motion.
Exercise 3.23. Show that fort >0,a >0, z < a,

2(20 — ) _(a—n)?
——¢ 2t dadx.
vV 2mt3

Exercise 3.24. Show that the two processes (Sy — By)i>0 and (| By |)i>0 have
the same distribution and that (| By |)e>o0 @s a strong Markov process whose
semigroup s given by:

]P)(St € da, Bt S dl’) =

z?4y?

(Pf)(x) = \/% /O+OO e~ 20 cosh (xt—y> f(y)dy, t > 0.

Exercise 3.25 (Local time of the Brownian motion).

1. Lete > 0. We denote U = inf{t > 0,S; — B; > €}. Show that the random
variable Sy has an exponential distribution.

2. We recursively define the following sequence of stopping times:
Ti(e) =0, T,(e)=inf{t > T, (), St — By > ¢},

T'. 1 (e) = inf{t > Ty (c), S, — By = 0}.

We denote
U(t,e) = max{n, T,(e) < t}.

Show that, almost surely,

lim 27"U(t,27") = S,.

n—-+oo

3. Deduce that there exists a continuous and non-decreasing process (Li)¢>o
such that (| By | —L¢)¢>0 is a Brownian motion. Show that the process
(L¢)t>0 tncreases only when By = 0. The process (Li)¢>o is called the
local time of Brownian motion at 0.

4. Compute the distribution of L.
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3 Feller-Dynkin diffusions

From their very definition, Markov processes are associated to semigroups.
More precisely, a multi-dimensional stochastic process (X;);>o is a Markov
process if and only if there exists a contraction semigroup of operators (Pt)tzo
on the Banach space L*°(R", R) such that:

e For 0< f<1,0<P;f <1,
.Pt].zl,

and
E(f(Xits) | FX) = Pif(Xs), s,t>0.

In general for an arbitrary f € L*°(R"™ R), the map t — P.f fails to be
continuous in the strong topology. However, for many interesting examples
of Markov processes, this continuity issue is solved by restricting (Py);>0 to
a closed subspace X of L*°(R",R) that densely contains the set C.(R™,R) of
smooth and compactly supported functions R™ — R. In what follows, we
denote by Cy(R™,R) the Banach space of continuous functions f : R” — R
such that lim‘|a:”%+oo f(x)=0.

Exercise 3.26. Let

G y)
(Pef)(x /f dy,t>0:c€R
be the semigroup of the Brownian motion.

1. Give an example of f € L*(R,R) such that the map t — P f fails to be
continuous in the strong topology.

2. Show that Vf € Co(R,R)
tim [Py f — fll = 0.

The previous exercise leads to the following definitions.

Definition 3.27 (Feller-Dynkin semigroups).

o Let (P)i>0 be a contraction semigroup of operators on the Banach space
L (R™ R) such that:

1. For0< f<1,0< P, f < 1
2. P;1=1.

We say that (P¢);>¢ is a Feller-Dynkin semigroup if it satisfies the fol-
lowing additional properties:
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1. Py : Co(R™,R) — Co(R™, R);

2. Vf € Co(R"™,R)
lim [P f — fllc = 0.
t—0

e A Markov process (X;);>0 is said to be a Feller-Dynkin process if its
semigroup is a Feller-Dynkin semigroup.

We know from Theorem 3.14 that it is always possible to associate a Markov
process to a transition function. For Feller-Dynkin semigroups, we can more-
over work with regular versions that enjoy the strong Markov property.

Theorem 3.28. Let {P;,t > 0} be a Feller-Dynkin transition function. For
every probability measure v on R™, there exist a filtered probability space and a
stochastic process (Xy)i>o0 defined on that space such that:

1. The distribution of Xy is v;
2. The paths of (X)i>0 are right continuous and left limited;

3. With respect to the filtration (Fi)i>o0, (X¢)e>0 is a strong Markov process
with transition function {P;,t > 0}.

Proof. Let {P;,t > 0} be a Feller-Dynkin transition function. We denote by
P, the corresponding semigroup. We already know from the Theorem 3.14
that there exist a filtered probability space (2, (F;)i>0,F,P) and a stochastic
process (X¢)i>0 defined on that space such that:

1. The distribution of Xy is v;

2. With respect to the filtration (F;)i>0, (X¢)i>0 is a Markov process with
transition function {P;,t > 0}.

So, we need to prove that (X;);>0 admits a right continuous and left limited
modification. The idea is to use the so called resolvent functions of the semi-
group. For oo > 0 and f € Co(R™,R), consider

+oo
Udsf(x) = / e P, f(x)dt.
0
If f >0, we have for t > s,
E (eiatUaf(Xt) | f@) = eiatPt—sUaf(Xs)

+oo
= e*at/ e P siuf(Xs)du
0

+oo
= e_as/ e Py f(Xs)du
¢

—S

< e ULf(Xs).
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Therefore, if f > 0, then e~**U, f(X;) is a supermartingale. From the Doob’s
regularization theorem (Theorem 1.47), we deduce that for every o > 0, and
every f € Co(R™,R), f > 0, the process U, f(X:) has almost surely right limits
along Q. Let now Z be a countable set of non negative functions in Co(R",R)
that separate the points in the sense that for x,y € R™ with = # y, we always
can find f € Z such that f(x) # f(y). Since, it is easily proved that for
f € Co(R™,R), we always have

laUaf = flloe =0,

lim
a— 00

we deduce that the countable set
A={Uyf,a €N, feT}

also separate points. Since for every a € A, the process a(X;) has almost surely
right limits along @, we conclude that the process X, itself has almost surely
right limits along Q. This allows to define

X, = lim X,.
sN\t,s€Q

For every bounded functions g, f on R™ and every 0 <t < s, we have

E (g(X:) f(Xs)) = (9(Xe)Pi—s f(Xy)) -

Therefore, by letting s \(t, s € Q, we deduce

E (9(X0) (X)) = (9(X0)f(X0)).

Since the previous equality should hold for every bounded functions f and g,
we deduce easily by the monotone class theorem that for every ¢ > 0, X, =X,
almost surely. As a conclusion (Xt)tzo is a right-continuous modification of
(Xt)¢>0. Finally, by using once again the Doob’s regularization theorem for
the supermartingales (a(X;));>0, a € A, we conclude that (X;);>o almost
surely has left limits at any points.

Let us now prove that (Xt)tzo is a strong Markov process. We need to
check that for any Borel function f : R — R, and any finite stopping time S of
the filtration (F;)¢>0, we have:

E(f(Xs1:) | Fs) = (Pof)(Xs), t > 0.

Without loss of generality we may assume S to be bounded (otherwise, just
consider S, = S An and let n — 00).

As a first step, let us assume that S takes a finite number of values s1, - - , s5,.
Let Z be a bounded random variable measurable with respect to Fg. We ob-
serve that the random variable 1;g_g, } Z is measurable with respect to Fs, and
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deduce that

I
[M]=

E(f(Xs4+:)2) E (f(X8k+t)Zl{S:Sk}>

k

1

B ((Pef) (X) 2150

I
=0

(Pf)(Xs) )

This yields 5 3
E(f(Xste) | Fs) = (Pef)(Xs), t>0.
If S takes an infinite number of values, we approximate S by the following
sequence of stopping times:

on

kKl

Tp = — 1 @-

n Z on {UZ#SSK% ’
k=1

where K is such that S < K almost surely. The stopping time 7, takes its
values in a finite set and when n — 400, 7,, \( S. As before, let Z be a bounded
random variable measurable with respect to Fg and let f € Co(R™,R). Since
Tn > S, we have from the above computation

E(f(Xr,4¢)Z) =E ((Ptf)(f(m)Z) .

Since P; is a Feller semigroup, P;f is a bounded continuous function. By
letting n — 400 and using the right continuity of (X;);>¢ in combination with
the dominated convergence we deduce that

E(f(Xs+07) = E ((P.f)(X5)Z) .

By using the monotone class theorem, we see that the previous equality then
also holds for every bounded function f. This concludes the proof of the theo-
rem. u

The Markov process of the previous theorem may not be continuous. Ac-
tually, many interesting examples of Feller-Dynkin process are discontinuous.
This is for instance the case of the Lévy processes that will be later studied.

Exercise 3.29. (Quasi-left continuity) Let (Xi)¢>o be the Feller-Dynkin Markov
process constructed in Theorem 3.28.

1. Let T be a stopping time of the natural filtration of (X;)i>0. Show that if
T, is an increasing sequence of stopping times almost surely converging
to T, then almost surely on the set {T < +oo}, we have

lim XT = XT

n—-+o0o
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2. Deduce that for any T > 0, the set {X;(w),0 <t < T} is almost surely
bounded.

The following proposition gives a useful criterion for the continuity of the
Markov process which is associated to a Feller-Dynkin transition function.

Proposition 3.30. For x € R™ and € > 0, we denote by B(x,¢) the open ball
in R™ with center x and radius €. Let {P;,t > 0} be a Feller-Dynkin transition
function that satisfies the condition

1
lim sup - P;(z,° B(x,¢)) = 0,
t—0 €K t

for every e > 0 and every compact set K. The stochastic process (X¢)e>o0 given
by Theorem 3.28 is then continuous.

Proof. If K is a compact set, n € N, n > 1 and € > 0, we define

An, K,¢) = {“”og%%’f_l Hxi (@) - Xs (w)” > e, Vs € [0,1], Xs(w) € K} :

By using the Markov property, it is easily checked that

P (A(n, K,¢e)) < nsup P/, (z,°B(z,¢)).

rzeK

As a consequence, if

1
lim sup - P;(z,° B(x,¢€)) = 0,
t—0 z€K

we have
lim P(A(n, K,e)) = 0.

n—r oo

Since from Exercise 3.29 the set {X;(w),0 <t <1} is almost surely bounded
and thus contained in a compact set, we deduce from the Borel-Cantelli lemma
that with probability 1, the set of n’s such that

ot [Xent) - Xy @) > =

is finite. This implies that (X;)o<<1 is continuous. |

A fundamental property of Feller-Dynkin semigroups is that they admit
generators.

Proposition 3.31. Let (P;)¢>0 be a Feller-Dynkin semigroup. There exists a
densely defined operator

L:D(L) C Cy(R™,R) — Co(R™, R)
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where

D(L) = {f € C(R™,R), lim w exists} )

t—0

such that for f € D(L),

P.f—f _
i U

lim
t—0

The operator L is called the generator of the semigroup (P;)i>0. We also say
that L generates (Py)>0.

Proof. Let us consider the following bounded operators on Co(R",R) :

1 t
At = — / PSdS.
t Jo

For f € Co(R™,R) and h > 0, we have
1 1 ("
F P = Anf) = o [ (Pusef ~ Puf)ds
0

1 t
- /0 (Posnf — P.f)ds.

Therefore, we obtain

lim (P S — Auf) = 7 (Pof — f).

t—0 t

This implies,

{Anf, f € Co(R™,R), h > 0} C {f € Co(R™,R), lim y exists}

t—0

Since limy,_,q Apf = f, we deduce that

t—0

{f € Co(R™,R), lim y exists}

is dense in Co(R™,R). We can then consider

Lf =lim 2L =S
t—0 t

)

which is of course defined on the domain

D(L) = { fECy(R™,R), Tim y exists}.

t—0
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If (X¢)¢>0 is a Feller-Dynkin process, the generator of its semigroup is also
called the generator of the Markov process (X;)¢>o.

Exercise 3.32. Let (By)i>0 be a n-dimensional standard Brownian motion.
Show that (By)i>o is a Feller-Dynkin process, that the domain of its generator
L contains C.(R™,R) and that for f € C.(R",R),

Lf:%Af.

An interesting sub-class of Feller-Dynkin processes is the class of Feller-
Dynkin diffusion processes. Let us recall that we denote by C(R>o,R™) the
space of continuous functions R>o — R™. As usual (m);>0 will denote the
coordinate process on this path space and :

gt:U(WSaOSSSt)7 t207 gOO:O.(ﬂ-SMSEO)'
Definition 3.33 (Diffusion process).

o Let (Py);>0 be a Feller-Dynkin semigroup. We say that (P;);>0 is a
(Feller-Dynkin) diffusion semigroup, if the domain of its generator con-
tains C.(R™,R) and if for every probability measure v on R"™, there exists
a probability measure P” on G, such that:

1. The distribution of my under P” is v;
2. On the filtered probability space (C(Rgo, R), (Gt)i>0, Goo, IP”’), (m1) >0
is a Markov process with semigroup (Py):>o.

e A continuous Markov process (X;);>o is said to be a (Feller-Dynkin)
diffusion process if its semigroup is a Feller-Dynkin diffusion semigroup.

As a consequence of Theorems 3.28 and 3.30, it is immediate that if (Py);>0
is a Feller-Dynkin semigroup such that

. 1 o
lim sup T P(@,B(z,€)%) =0,

for every € > 0 and every compact set K, then (P¢);> is a diffusion semigroup.
Exercise 3.34 (Brownian motion with drift). Let (B;);>0 be a Brownian mo-

tion on (2, (Fi)i>0,F,P). For p € R, show that the process (By + ut)i>o is
diffusion process with infinitesimal generator L such that for f € C.(R,R),
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Exercise 3.35 (Ornstein-Uhlenbeck process). Let (B;)¢>o be a Brownian mo-
tion on (Q, (Fi)e>0, F,P). Let 8 € R\{0} and consider the process

Xt = eetBlfe—26t .

260

Show that (X;)i>0 is a diffusion with infinitesimal generator L such that for
feC(R,R),

Diffusion processes admits canonical martingales.

Proposition 3.36. Let (X;):>0 be a diffusion process defined on the probability
space (Q, (F)i>0, F,P). Let us denote by { P, t > 0} its transition function and
by L its generator. For f € C.(R™,R), the process

(rx0- [ t(Lf)(Xs)d8> .

is a martingale with respect to the filtration (Fy)i>0.

Proof. For f € C.(R™,R) and ¢ > 0, we have

m PtJref B Ptf _ Pef B f)
N 3

lim — el ~ Pt<lim =P,Lf.
e—0 I3 e—0

Thus, we get
t
P.f= P, Lfdu.
=1+ [ PuLfin
This yields:
E (f(Xt) | fs) = (Ptfsf)(Xs)

— e+ [ T PuLS)(X)du
— F(X)+ / (P oL f)(Xo)du
—F(X) + / E((Lf)(X.) | )

— J(X)+E ( / (L) (K| fs) |
0O

The following very nice theorem which is due to Dynkin states that infinites-
imal generators of diffusion semigroups need to be second order differential
operators.
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Theorem 3.37 (Dynkin theorem). Let (X;)i>0 be a n-dimensional diffusion
process with generator L. There exist continuous functions b : R™ — R and
a;j : R™ = R, such that the matriz (a;;(x))i1<i j<n is semidefinite non negative
and such that for f € C.(R",R):

Lf= Z il Z 3:1728%

1,j=1

Proof. We make the proof in dimension n = 1 and let the reader extend it
as an exercise in higher dimension. Let (X;);>0 be a one-dimensional diffu-
sion process with generator L which is defined on a filtered probability space
(Q, (Fi)t>0, F,P). Our strategy will be to prove that L needs to satisfy the
following three properties

1. L:C.(R,R) — Co(R,R) is a linear operator;

2. L is a local operator, i.e. if f,g € C.(R,R) agree on a neighborhood of
z € R, then (Lf)(z) = (Lg)(x);

3. L satisfies the positive maximum principle: If f € C.(R,R) attains a
maximum at z € R with f(z) > 0, then (Lf)(z) <0.

Then we will show that the only operators that satisfy the three above prop-
erties are second order differential operators.
The linearity of L is obvious so let us focus on the local property of L.
Let f,g € C.(R,R) that agree on a neighborhood of € R. We have

(Pef)(x) = E*(f(m)),
where E7® is the expectation under the probability measure P* such that:
e Under P?| the distribution of g is the Dirac mass at x;

o On the probability space (C(R>o,R), (G¢)t>0, Goo, PY), (m1)1>0 is a Markov
process with transition function {P;,t > 0}.

We also have,
(Pig)(z) = E*(g(m)).

Since (m;);>0 is a continuous process, we deduce that there is a positive and
finite, P* almost surely, stopping time 7', such that

flm) =g(m), t<T.
This implies

o ) B (g(m) _ B (f(lierm) = B (g(leerm))
t—0 t t—0 t

=0.
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On the other hand, we have

lim Ex(f(ﬂ-t)) - ]Ex(g(ﬂ-t)) — (Lf)(.’l?) _ (Lg)(sc)

t—0 t

We deduce that

(Lf)(x) = (Lg)(=),
so that L is indeed a local operator.
Let us now show that L satisfies the positive maximum principle. Let
f € C.(R,R) that attains a maximum at z € R with f(x) > 0. As before, let
P be the probability measure such that:

e Under P*, the distribution of 7 is the Dirac mass at z;

e On the probability space (C(R>0,R), (Gt)t>0, Goo, P¥), (7t)1>0 is a Markov
process with transition function {P;,¢ > 0}.

From the previous proposition, under P*, the process

(rm)- [ t(Lf)(ﬂs)dS)tZO

is a martingale with respect to the filtration (G;);>o. Therefore, for every ¢ > 0,

E*(f(m)) = f(z) + / E* (Lf) (ma))du.

Since for every t > 0,
E*(f(m)) < f(),
we deduce that

1,
: [ E@nE)a<o.

Letting t — 0 yields:
(Lf)(x) < 0.

As a conclusion, L is linear and local operator that satisfies the positive
maximum principle. Let us now show that such operators are second order
differential operators. Let z € R. Let ¢y be a compactly supported C'*
function such that in a neighborhood of z, ¥y = 1. Since P;1 = 1, it is easy to
deduce from the local property of L that:

(Lpo) () = 0.

Let now 97 be a compactly supported C*° function such that in a neighborhood
of z, ¥1(y) = y — x. Let us denote

b(x) = (Lip)().
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The function 1? attains a local minimum in z, therefore
(Lei)(z) = 0,
and we can define o such that
o*(x) = (L) ().

These functions b and o are well defined and seen to be continuous. Let us now
prove that for every f € C.(R,R),

(L)) = o)/ (2) + o) ).

Let f € C.(R,R). From the Taylor expansion formula, we can write in a
neighborhood of z,

Fl) = F@hinly) + 1@ (y) + 3" @) + Rubi)

where R is a continuous function.
We therefore have

(L) (@) = f(z)(Lapo)(x) + f'(x)Lapr) () + %f "(2)(LY7) (@) + (LRYY) (2).
Since we already know that Ly = 0, it remains to prove that
(LRYY)(x) = 0.
For € > 0 which is small enough,
y = R(y)Ui(y) —ely — )
has a local maximum in x, thus
(LRYY)(2) < e0?(x).
By letting € — 0, we get therefore
(LRYY)(x) < 0.
In the very same way, considering the function
y— Ry)¥i(y) +ely —a)?,

we obtain that
(LRy7)(x) > 0.

As a consequence we established that
(LRy?)(z) = 0,

which concludes the proof of the theorem. O
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Exercise 3.38. Let L be the generator of a Feller-Dynkin semigroup. We
assume that C.(R™,R) C D(L). Show that L satisfies the positive maximum
principle: If f € C.(R™,R) attains a mazimum at © € R with f(x) > 0, then
(Lf)(x) <0.

According to the previous exercise, if L is the domain of a Feller-Dynkin
process and if C.(R™, R) C D(L), then L satisfies the positive maximum prin-
ciple (see the previous exercise for the definition). Operators satisfying the
positive maximum principle have been classified by Courrege in a theorem gen-
eralizing Dynkin’s and that we mention without proof. The interested reader
will find the proof in the book by Jacob [?].

In the following statement B(R™) denotes the set of Borel sets on R™ and a
kernel g on R™ x B(R™) is a family {p(x,-),z € R"} of Borel measures.

Theorem 3.39 (Courrége theorem). Let (X;);>0 be a Feller-Dynkin process
with generator L. If D(L) contains C.(R™,R), then there exist a symmetric
and non negative matriz (0,;(x))1<i j<n, functions b;, ¢ : R” — R, with ¢ > 0

and a kernel p on R™ x B(R™) such that for every f € C.(R",R) and z € R",

Lf(@) = 3 oyle) g+ Do ha) 3 —cla) (0

i,j=1 i=1

+/n fy) = x(y — =) f(x) - Zgi(x)x(y—m)(yj — ) | plz, dy),

where x € C.(R™,R), 0 < x <1, takes the constant value 1 on the ball B(0,1).
In addition, the functions b; and c are continuous and for every y € R", the
function x — Y, ; 04 ()yiy; s upper semicontinuous.

4 Lévy processes

Lévy processes form a fundamental class of Feller-Dynkin processes. They are
the Markov processes associated with the so-called convolution semigroups.

In what follows, we consider a filtered probability space (2, (F¢)i>0,F, P).

Definition 3.40 (Lévy process). Let (X;);>0 be a stochastic process. It is said
that (X¢)i>0 is a Lévy process on (€, (F¢)¢>o0, F,P) if the following conditions
are fulfilled:

1. Almost surely Xy = 0;
2. The paths of (X;);>0 are left limited and right continuous;

3. (Xi)i>0 is adapted to the filtration (F;)¢>o;
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4. For every T > 0, the process (X117 — X7)i>0 is independent of the
o-algebra Fr;

5. For every t,T > 0, Xy+7 — X7 has the same distribution as X;.
Remark 3.41. Of course, the notion of Lévy process in R" is similarly defined.

Exercise 3.42. Show that if (X¢)i>0 is a Lévy process defined on (Q, (Ft)i>o0,F, P),
then it is also a Lévy process on the space (2, (FiX)i>0, F,P), where (FiX)i>o
is the natural filtration of (Xy)i>o0

The two following exercises provide fundamental examples of Lévy pro-
cesses.

Exercise 3.43. (Brownian motion) Let (By)i>0 be a standard Brownian mo-
tion. Show that it is a Lévy process with respect to its natural filtration.

Exercise 3.44 (Compound Poisson process). Let (T}, )nen be an i.i.d. sequence
of exponential random variables with parameter \:

P(T,, € dt) = e *dt,t > 0,n € N,
defined on a probability space (0, F,P). We denote

and So = 0. Fort >0, let
Ny = max{n > 0,5, <t}

1. Show that the process (Ny)i>o is a Lévy process on the space (0, (FN)i>0, F,P),
where (FN)i>o is the natural filtration of (Ny)i>o0-

2. Show that for t > 0, the random variable Ny is distributed as a Poisson
random variable with parameter \t, that is:

(At)"

| ,neN.
n!

P(N; =n) = e M

The process (Ni)i>o s called a Poisson process with intensity A > 0.

3. Let now (Yp)n>o0 be an i.i.d. sequence of random variables with distribu-
tion v and independent from (Ny)y>o . We define fort > 0,

Ny
Xt =1n,>1 (Z Yi) .

i=1

Show that the process (X;)i>o is a Lévy process on the space (Q, (FN )i>o0, F,P),
where (FX)i>o is the natural filtration of (Xt)i>o-
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4. Show that for @ € R and t > 0:

E(e?Xt) = exp (t)\/R(eie’ch - l)p(dm)) .

The process (Xi)i>o is called a compound Poisson process.

In the study of Lévy processes, one of the most important tools is the Lévy-
Khinchin theorem that we remind below. We first recall the following basic
definition.

Definition 3.45. A random variable X is said to be infinitely divisible if for
every n > 1, we may find independent and identically distributed random
variables X1, ..., X,, such that in distribution

X, + ...+ X, =l X

The Lévy-Khinchin theorem, which is admitted here, completely character-
izes infinitely divisible random variables in terms of their characteristic func-
tion. A proof using Lévy processes may be found in the book by Applebaum

7).

Theorem 3.46 (Lévy-Khinchin theorem). Let X be an infinitely divisible ran-
dom variable. There exist p € R, o0 > 0 and a Borel measure v on R\{0} such
that

/(1 A z?)v(dx) < 400,
R
) 1 N
YAeR, E(e?¥)=exp (i)\u — 50—%2 + /(e”\”“ -1- i)\a:1|r§1)u(dx)> .
R

Conversely, let p € R, o > 0 and v be a Borel measure on R\{0} such that

/(1 A 2% v(dx) < 4oo0.
R
The function:
, 1 510 e .
A —exp | A — P A+ [ (e =1 —idxl g < )v(dx)
R
1s the characteristic function of the distribution of an infinitely divisible random

variable.

In what follows, we consider a Lévy process (X;);>o. Since for every n > 1,

n

Xi=) (X - Xia),
k=1
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and since the increments Xr — X&x-1 are independent and identically dis-

tributed, we deduce that the random variable X 1 is infinitely divisible. There-
fore, from the Lévy-Khinchin theorem, there exist ¢ > 0, 4 € R and a Borel
measure v on R\{0} such that:

/(1 Az v(dz) < 400
R
and 4

E(e?¥1) = M X eR,

where

1 .
P(N) = ip — 502)\2 + /(e’)‘x — 1 =izl <q)v(de).
R

The function 1) is called the characteristic exponent of the Lévy process, and
the measure v the Lévy measure. For instance, for a Brownian motion, we have

w=0, o=1, v=0,

whereas for a compound Poisson process as defined in Exercise 3.44,

= — /71 zp(dr), o=0, v(dx)=p(dr).

The characteristic exponent of a Lévy process characterizes the law of such a
process. Indeed, let A € R and let us consider the following function:

f(t) =E(e™), t>o0.
Since (Xy)i>0 is a Lévy process, for s,¢ > 0,
F(t+s) = E(eMr)
— RN Kers— X0+ X0
— (e Xtrs =X )R (X0
= E(eM X )E(erX0)
= f(t)f(s).

Moreover, since (X¢):>0 has right continuous paths at 0, the function f is itself
right continuous at 0. From f(1) = e? M| we may then deduce that for ¢t > 0,

f(t) =™t >0.
We finally conclude that for A € R and ¢ > 0,
E(e*¥t) = V™. (3.2)

With this in hands we can now turn to the Feller-Dynkin property of Lévy
processes and also characterize the Lévy processes as being the Markov proceses
associated to the convolution semigroups.
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Proposition 3.47. Let (X;);>0 be a Lévy process. Fort >0, let p,(dx) be the
distribution of the random variable X;. The family (p:(dz))>0 is a convolution
semigroup of probability measures, that is

Di+s =Dt ¥Ps, S, 0 2>0.

Moreover the process (Xi)i>o is a Feller-Dynkin process with semigroup

P, f(x) = / Fl@+ y)peldy).

Conversely, let (p,(dz))i>0 be a convolution semigroup of probability measures
that is right continuous at 0 in the topology of convergence in distribution with
po(dz) = 6o (Dirac distribution at 0). Then, there exists a filtered probability
space (2, F, (Fi)i>0,P) and a Lévy process (Xi)i>0 on it such that the distri-
bution of X; is pi(dx).

Proof. The family (p;(dx));>0 is seen to be a convolution semigroup of prob-
ability measures from (3.47), by taking inverse Fourier transform. From this
last property, we deduce that the family of operators (P;);>o defined by

P, f(z) = / F(x+ y)pe(dy)

enjoys the semigroup property. Finally due to the fact that p;(dz) is a proba-

bility measure, it is easily checked that (P;);>¢ is a Feller-Dynkin semigroup.
Let us now prove that it is the semigroup corresponding to the process

(Xt)t>0. Let f be a bounded and Borel function, we have for s,¢ > 0,

E(f(Xt+S) | -7:5) = E(f((XtJrs - XS) + XS) | —7:5)~

But the random variable X4 s — X, is independent from F, and distributed as
pt(dz), therefore

E (f(Xo1s) | Fo) = / Fy+ X)pi(dy) = Pof(X,).

We now turn to the proof of the second part of the proposition. As above, the
family of operators (P;)¢>o defined by

P, f(z) = / Fl@ + y)peldy).

defines a Feller-Dynkin semigroup. From Theorem 3.28, there exists a proba-
bility space (£, F,P) and a stochastic process (X;):>o such that:

e The distribution of Xg is dg;
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o (X;)¢>0 is a Markov process with transition function {P;,¢ > 0}.
e The paths of (X;);>0 are right continuous and left-limited.

Let us check that this process (X;);>0 is a Lévy process with respect to its
natural filtration. Let A € R and s,¢ > 0, we have

E (ei,\(XtJrFXS) |]_—;X> ) (eiAXt+s

F)
:efiAXs/eiA(Xery)pt(dy)
R

= / ei’\ypt(dy)~
R
We deduce therefore that if f is a bounded and Borel function, then
E (f(Xt+s - XS) | }—QX) = Ptf(0)~
We conclude that, as expected, the process (X;);>0 is a Lévy process. O

Since Lévy processes are Feller-Dynkin processes, according to Proposition
3.31, they have an infinitesimal generator. The next proposition computes the
generator in terms of the Lévy measure.

Proposition 3.48. Let (X;);>0 be a Lévy process with characteristic exponent

1 )
(X)) = ipA — 502)\2 + /(e’)"” — 1 =izl <q)v(de).
R

The domain D(L) of the infinitesimal generator L of (X¢)i>0 contains the space
S of smooth and rapidly decreasing functions and for f € S,

Lf(z) = pf'(x)+ %sz”(w) + /R(f(w +y) = flx) —yf (@)1)y<1)v(dy).

Proof. Let A € R and denote
iAT

ex(z) =e

We have
Piex(z) = / N py(dy) = ex(w)e ™.
R

Therefore, we obtain
Piey —e
m AT A

2 = y(Nea.

This last equality proves the proposition by using the inverse Fourier transform
that maps S into itself . O

i
t—0 t
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Exercise 3.49. Let (X;):>0 be a Lévy process in R™. Show that (X;)i>0 is a
Feller-Dynkin process whose generator can be written on the space of rapidly
decreasing functions

1 n a2f
L) =, Vi) +5 3ty ()
ig=1 7 J

4 [ () = 1@) ~ 0. VI )v(dy),

where (1 € R™, (aij)o<i,j<n i a non negative symmetric matriz and v is a Borel
measure on R™ — {0}.

An important class of Lévy processes is the class of subordinators.

Definition 3.50 (Subordinators). A non-negative Lévy process (S¢)i>o is
called a subordinator.

For instance the Poisson process (see Exercise 3.44) is a subordinator. Since
for Lévy processes the following identity in distribution holds: S, — S, =lew
Si_s, t > s, we deduce that the paths ¢ — S; of a subordinator are almost
surely non decreasing. If (S;)¢>0 is a subordinator, then there exists a function
¥ : R>9 = R>q such that for every ¢, A > 0,

E(e %) = e7 "™, (3.3)
Actually, we have U(A\) = (i)\), where ¢ is the analytic extension of the
characteristic exponent of (St)¢>o on the upper half plane of the complex plane.
From the representation (3.3), we can see that ¥ needs to be a Bernstein
function, that is for every A > 0 and k > 1,
(DM <o

Berstein functions are characterized by the following well-know theorem of
Bernstein (see [?] for a proof).

Theorem 3.51 (Bernstein theorem). A smooth function f : (0,4+00) — Rx>g
is completely monotone, that is for every A > 0 and k > 0,

(=1F P =0,

if and only if there exists a non negative Borel measure m on [0, +00) such that

fN) = /;OO e *m(dz), > 0.
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As consequence of the Bernstein theorem, any Berstein function ¥ such
that U(0) = 0 can be written as

“+oo
T(A) =aA —I—/O (1 —e ) u(dz),

where a > 0 and where p is a Borel measure on (0, +00) such that
—+o0
/ (1A 2)u(dz) < +o0.
0

Conversely, given any Bernstein function ¥, we can find a corresponding
subordinator (S;);>0. Indeed, let ¥ be a Bernstein function such that ¥(0) = 0,
then for every t > 0, the function A — e *¥) is completely monotone and, as
a consequence of the Bernstein theorem, we can find a probability measure m;
on such that

+oo
/ e Mmy(dz) = e 1YW,
0

It is then seen that (m;)>0 is a convolution semigroup of probability measure.
As a consequence of Proposition 3.47 we can thus find a Lévy process asso-
ciated to my. Since my is supported on [0,+00), this process needs to be a
subordinator. As a conclusion, there is a one to one correspondence between
subordinators and Bernstein functions.

Exercise 3.52 (a-stable subordinators). Let 0 < a < 1.
1. Show that ¥, (\) = A* is a Bernstein function.

2. A subordinator (S7)i>o0 associated to the Bernstein function ¥, is called
an a-stable subordinator. Show that for ¢ > 0, the processes (S$)i>0 and
(c*S¢)e>0 have the same distribution.

3. Show the subordination identity:

2
- —ta?

A B P
_2\/77_0 3/2 ?y I I

and deduce the distribution of S’tl/z, t > 0. We mention that there is no
such simple expression for the distribution of S§, o # 1/2.

Exercise 3.53 (Subordinated Brownian motion). Let (B;)¢>o be a standard
Brownian motion in R™ and let (S;)¢>0 be an independent subordinator. The
process

Xt = BSH t Z 03

18 called a subordinated Brownian motion.
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1. Show that (X)i>0 is a Lévy process with characteristic exponent U (H)‘QHQ ) ,

where U is the Bernstein function of the subordinator.

2. Let L be the generator of (Xy)i>o0. Compute the Fourier transform of Lf
in terms of the Fourier transform of f when f is a smooth and rapidly
decreasing function.

3. Let my be the probability distribution of Sy at time t > 0 show that the
distribution of Xy has a density which is given by

_l=y?

Foo e T 2s

if the integral is convergent. Compute this density if (St)i>o0 45 a 1/2-
stable subordinator (see Exercise 3.52).

The following theorem which finishes the section characterizes the continu-
ous Lévy processes. It is remarkable that the only such Lévy processes are, up
to a renormalization factor, the Brownian motions with drift.

Theorem 3.54 (Lévy theorem). Let (X;)i>0 be a continuous Lévy process
defined on (2, (Fi)i>0,F,P). Then, the Lévy measure of (X;)i>0 is 0, and
therefore (Xi)i>0 may be written

Xt = oB; + pt,
where (By)i>o is a standard Brownian motion.

Proof. Let

1 )
P(A) = ipA — 502)\2 + /R(e”‘z — 1 —idxljy<1)v(de)

be the characteristic exponent of (X;);>¢. For € € (0,1), we have

¢ = ws + ¢5:
where )
Ve(N) = iu) — =02 \? +/ (e —1 —idz)v(dx),
2 2| <e
and

b (\) = /| N (e —1 — izl <)v(dz).

This decomposition of 1 will actually correspond to a pathwise decomposition
Of (Xt)t20~
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For t > 0, let uy be the probability measure on R with characteristic func-
tion:

/ ey (da) = V=N X e R.
R

We have for s,t > 0
Mt * fhs = [htts-

From Proposition 3.47, we therefore can find a probability space (€2, (]:'t)tzo, F, If”)
and a process (Y:):>o that is a Lévy process with characteristics exponent

Ye(A).

_ In the very same way, we may, by enlarging the filtered probability space
(Q, (Fu)i>0, F,P), construct a Lévy process (Z;);>o that is independent of
(Y2)t>0 and whose characteristic exponent is ¢.. We have

b)) = /| T i)

= /| ‘ (e — 1) (dx) — i) vl <1v(dr),
x|>€

|z|>e

and
v({z,| z |>e}) < Fo0.

Therefore, from Exercise 3.44
Zy =Ly — t/ rli < v(dr),
|z|>e N

where (L;)t>0 is a compound Lévy process. We deduce that the paths of
the process (Z;)i>0 only have a finite number of jumps within any finite time
interval. Moreover the size of these possible has to be larger than e.

Since the two processes (Y;):>0 and (Z;)i>0 are independent, the process

X, =Y+ Z

is a Lévy process that has the same distribution as (X;);>¢. Also, almost surely,
the possible jumps of (Y;);>0 and (Z;);>0 do not intersect. Thus, every jump of
(Y:)e>0 induces a jump of (Xt)tzo. Since (Xt)¢>0 is assumed to be continuous,
(Y2)¢>0 has no jumps. This implies

v({z,| z |>e}) =0.
Since it should hold for every &, we deduce v = 0. O

Exercise 3.55. State and prove a multidimensional extension of Theorem 3.54.
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Notes and Comments

Sections 1,2,3. One of the first major actors of the rigorous and general
theory of continuous time Markov processes as presented here, is Dynkin, we
refer to his book [?] for an overview of the origins of the theory. The theory of
Markov processes and diffusion processes is now very rich and numerous refer-
ences are available to the interested reader. We wish to mention in particular
the books by Bass [?], Chung [?], and Ethier and Kurtz [?]. For the connec-
tion between pseudo-differential operators satisfying maximum principle and
Markov processes, we refer to the books by Jacob [?] and [?].

Section 4. Lévy processes have been widely and extensively studied and
several results of Chapter 2 can be extended to Lévy processes. We refer to
the books by Applebaum [?], Bertoin [?] or Sato [?] for further details.



Chapter 4
Symmetric diffusion semigroups

As we have seen in Theorem 3.37, the generator of a Feller-Dynkin diffusion
process is of the form

- 0 - 0?

i=1 ,j=1

where b; and o0;; are continuous functions on R" such that for every z € R", the
matrix (0;;(x))1<i,j<n IS a symmetric and non negative matrix. Such second
order differential operators are generically called diffusion operators.

Conversely, it is often important to know if given a diffusion operator, there
is a unique transition function that admits this operator as a generator. This
problem is difficult to answer in all generality. As we will discuss it in Chapter
6, the theory of stochastic differential equations provides a fantastic proba-
bilistic tool to study this question (see Theorem 6.15 and Proposition 6.16 in
Chapter 6) but the theory of Dirichlet forms and associated symmetric diffusion
semigroups that we introduce in this chapter applies in much more general sit-
uations. We assume here some basic knowledge about the theory of unbounded
operators on Hilbert or Banach spaces and at some points some basic knowl-
edge about the local regularity theory for elliptic operators. Elements of these
theories are given in the appendices at the end of the book.

1 Essential self-adjointness, Spectral theorem

Throughout the section, we consider a second order differential operator that
can be written

L= Z 71 () O0z,;0x; * Z bi() oz’
1,7=1 =1

where b; and o;; are continuous functions on R" and for every z € R", the
matrix (045())1<i,j<n i & symmetric and non negative matrix. Such operator
is called a diffusion operator.

We will assume that there is Borel measure p which is equivalent to the
Lebesgue measure and that symmetrizes L in the sense that for every smooth
and compactly supported functions f,g: R™ — R,

/ ~gLfdp= A fLgdp.

In what follows, as usual, we denote by C.(R™,R) the set of smooth and com-
pactly supported functions f : R™ — R.
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Exercise 4.1. Show that if p is a symmetric measure for L as above, then in
the sense of distributions
L'pu=0,

where L' is the adjoint of L in distribution sense.

Exercise 4.2. Show that if f : R® — R is a smooth function and if g €
C.(R™ R), then we still have the formula,

ngdu::j/ gLfdp.
R’VL n

Exercise 4.3. On C.(R™ R), let us consider the operator
L=A+(VUV),

where U : R™ — R is a C' function. Show that L is symmetric with respect to
the measure
p(dz) = V@ dz.

Exercise 4.4 (Divergence form operator). On C.(R™,R), let us consider the
operator
Lf =div(eVY),

where div is the divergence operator defined on a C' function ¢ : R™ — R™ by

— ¢,
div g =)
i—1 Oz;

and where o is a C' field of non negative and symmetric matrices. Show that L
1s a diffusion operator which is symmetric with respect to the Lebesgue measure
of R™.

For every smooth functions f,g : R™ — R, let us define the so-called carré
du champ', which is the symmetric first-order differential form defined by:

I(f.9) = § (L(fg) ~ FLg — oLf).

A straightforward computation shows that

ﬁé af dg
F(fag) = Ul(x) y
=1 J a.’ﬂz &nj

so that for every smooth function f,

L(f,f)>0.

1The litteral translation from French is square of the field.
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Exercise 4.5.

1. Show that if f,g: R™ = R are C' functions and ¢1,¢2 : R — R are also
C' then,

C(¢1(f), d2(9)) = 61(f)d5(9)T(f, 9)-

2. Show that if f : R™ = R is a C? function and ¢ : R — R is also C?,

Lo(f) = ¢'(F)Lf +¢"(F)T(S, f)-

In the sequel we shall consider the bilinear form given for f,g € C.(R",R)
by

E(f.9) = / I'(f, g)dp.
This is the so-called Dirichlet form associated to L. It is readily checked that
£ is symmetric:
E(f.9) =E(g. /),

and non negative

E(f. f) = 0.
We may observe that thanks to symmetry of L,

£(9) =~ [ Slgdn=- / oL fdp.

n

The operator L on its domain D(L) = C.(R™,R) is a densely defined non
positive symmetric operator on the Hilbert space Li (R™,R). However, it is of
course not self-adjoint, indeed Exercise 4.2 easily shows that

{F € C=®"R), | flluz @) + LS iz e m) < 00} € D(LY).

A famous theorem of Von Neumann asserts that any non negative and
symmetric operator may be extended into a self-adjoint operator. The following
construction, due to Friedrichs, provides a canonical non negative self-adjoint
extension.

Theorem 4.6 (Friedrichs extension). On the Hilbert space L7.(R™,R), there
exists a densely defined non positive self-adjoint extension of L.

Proof. The idea is to work with a Sobolev type norm associated to the energy
form €. On C.(R™,R), let us consider the following norm

IF1E = 1/1Lz @r gy + E(F )



1 Essential self-adjointness, Spectral theorem 103

By completing C.(R™ R) with respect to this norm, we get a Hilbert space
(H,(-,-)e). Since for f € C.(R™,R), ||fl[Lz®nr) < [[fle, the injection map ¢ :
(C.(R™,R), ||-]le) = (L2 (R, R), |- IL2 (n ) ) is continuous and it may therefore
be extended into a continuous map 7 : (H, | - [l¢) = (L2 (R™,R),|| - L2 (Rn R))-
Let us show that 7 is injective so that H may be identified with a subspace
of LZ(R™,R). So, let f € H such that z(f) = 0. We can find a sequence
fn € Cc(R™,R), such that [|fn — flle = 0 and || fn[lLz ®n,r) — 0. We have

Iflle = lm (fn,fm)e

m,n—-+0o0

= lim lim <fn7fm>Li(R",]R) +5(fnufm)

m——+oo n—-+oo
= dm ngf}rlooﬁm fm)rz @n ®) = (fr, Lfm)rz mn R)
= O,
thus f = 0 and 7 is injective. Let us now consider the map

B=1-1":L(R",R) —» L2 (R",R).

It is well defined due to the fact that since 7 is bounded, it is easily checked
that
D(r*) = L2.(R",R).

Moreover, B is easily seen to be symmetric, and thus self-adjoint because
its domain is equal to LZ (R™,R). Also, it is readily checked that the injectivity
of 7 implies the injectivity of B. Therefore the inverse

A=B'":R(-1*) c L}(R",R) — L2 (R",R)

is a densely defined self-adjoint operator on L?(R",R) (see the appendix on
unbounded operators on Banach spaces). Now, we observe that for f,g €
C.(R™, R),

Thus A and Id — L coincide on C.(R™,R). By defining,
—L=A-1d,
we get the required self-adjoint extension of —L. O

Remark 4.7. The operator L, as constructed above, is called the Friedrichs
extension of L. Intuitively, it is the minimal self-adjoint extension of L.



104 4 Symmetric diffusion semigroups

Definition 4.8. If L is the unique non positive self-adjoint extension of L,
then the operator L is said to be essentially self-adjoint on C.(R™ R). In that
case, there is no ambiguity and we shall denote L = L.

We have the following first criterion for essential self-adjointness.
Lemma 4.9. If for some A > 0,
Ker(—L* + MId) = {0},
then the operator L is essentially self-adjoint on C.(R™,R).

Proof. We make the proof for A =1 and let the reader adapt it for A # 0.
Let —L be a non negative self-adjoint extension of —L. We want to prove
that actually, —L = —L. The assumption

Ker(—L* 4+ 1d) = {0}
implies that C.(R™,R) is dense in D(—L*) for the norm

IF1E = 1/1E2 @r ) — (f: 2" P2 e -

Since, —L is a non negative self-adjoint extension of —L, we have

D(~L) € D(~L*).

The space C.(R",R) is therefore dense in D(—L) for the norm || - ||¢.

At that point, we use some notations introduced in the proof of the Friedrichs
extension (Theorem 4.6). Since C.(R™, R) is dense in D(—L) for the norm ||-||¢,
we deduce that the equality

(f,9)2@nm) — (Lf gz @nm = ()i (9))e,

which is obviously satisfied for f,g € C.(R™,R) actually also holds for f,g €

D(L). From the definition of the Friedrichs extension, we deduce that L and L

coincide on D(L). Finally, since these two operators are self adjoint we conclude
L=1L. m

Remark 4.10. Given the fact that —L is given here with the domain C.(R", R),
the condition
Ker(—L* + Md) = {0},

is equivalent to the fact that if f € LZ(R", R) is a function that satisfies in the
sense of distributions
—Lf+Af =0,

then f = 0.
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As a corollary of the previous lemma, the following proposition provides a
useful sufficient condition for essential self-adjointness that is easy to check for
several diffusion operators. We recall that a diffusion operator is said to be
elliptic if the matrix o is invertible.

Proposition 4.11. If the diffusion operator L is elliptic with smooth coeffi-
cients and if there exists an increasing sequence h,, € C.(R",R), 0 < h,, <1,
such that hy, /1 onR™, and ||T'(hn, hn)lleoc = 0, as n — oo, then the operator
L is essentially self-adjoint on C.(R™,R).

Proof. Let A > 0. According to the previous lemma, it is enough to check that
if L*f = Af with A > 0, then f = 0. As it was observed above, L*f = \f
is equivalent to the fact that, in sense of distributions, Lf = Af. From the
hypoellipticity of L, we deduce therefore that f is a smooth function. Now, for
h € C.(R™",R),

[ TG i =~ 02 D st
= —(L"f, h2f>Lg(Rn,R)
= —)\<f> h2f>L§(Rn,R)
= =M% h*) L2 &n m)
<0.

Since
L(f,hf) = h*T(f, f) + 2fhT(f, h),
we deduce that
<h2a F(f7 f)>Lﬁ(R",R) + 2<fh7 F(fa h)>L;"L(]R",]R) <0.

Therefore, by Cauchy-Schwarz inequality
(B2, D(f, )Lz @ my < AIF1BIT Ry 7)o

If we now use the sequence h, and let n — oo, we obtain I'(f, f) = 0 and
therefore f = 0, as desired. m]

Exercise 4.12. Let
L=A+(VU,V),

where U is a smooth function on R™. Show that with respect to the measure
p(dx) = eV @ dz, the operator L is essentially self-adjoint on C.(R™, R).

Exercise 4.13. On R", we consider the divergence form operator

Lf =div(eVf),
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where o is a smooth field of positive and symmetric matrices that satisfies
al|z||* < (z,0x) <b||z]*, 2 eR",

for some constant 0 < a < b. Show that with respect to the Lebesgue measure,
the operator L is essentially self-adjoint on C.(R™, R)

Exercise 4.14. On R"™, we consider the Schrédinger type operator
H=L-YV,

where L is a diffusion operator and V : R™ — R is a smooth function. We
denote

L(f,9) = % (L(fg) — fLg—gLf).

Show that if there exists an increasing sequence h, € C.(R™",R), 0 < h,, < 1,
such that hy, /1 on R, and [|T'(hn, hn)|leec — 0, as n — oo and that if V' is
bounded from below then H is essentially self-adjoint on C.(R™ R).

From now on, we assume that the diffusion operator L is essentially self-
adjoint on C.(R™,R). Its Friedrichs extension is still denoted by L. The fact
that we are now dealing with a non negative self-adjoint operator allows us
to use spectral theory in order to define e!’. Indeed, we have the following
so-called spectral theorem whose proof can be found in [?].

Theorem 4.15 (Spectral theorem). Let A be a non negative self-adjoint oper-
ator on a separable Hilbert space H. There is a measure space (Q,v), a unitary
map U : L2(Q,R) — H and a non negative real valued measurable function \
on Q such that

Ut AU f(x) = A(z) f(x),

forx € Q, Uf € D(A). Moreover, given f € L2(Q,R), Uf belongs to D(A) if
only if [o N f2dv < +o0.

We may now apply the spectral theorem to —L in order to define e**. More
generally, given a Borel function g : R>g — R and the spectral decomposition
of —L:

UT'LU f(x) = —A(z) f(2),

we may define an operator g(—L) as being the unique operator that satisfies

U™lg(=L)Uf(x) = (g0 M) (2)f ().

We may observe that g(—L) is a bounded operator if ¢ is a bounded function.
As a particular case, we define the diffusion semigroup (Py);>o on L7 (R™, R)

by the requirement
UP,Uf(z) = e f(x).

This defines a family of bounded operators P, : L2 (R",R) — L2 (R™,R) whose
following properties are readily checked from the spectral decomposition:
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For f € L2(R",R),
HPtfHLi(R",R) < HfHLfL(R",lR)-

e Py =1Id and for s,t > 0, P,P; = P,4.

For f € L2(R",R), the map t — P, f is continuous in L?(R",R).

For f,g € Li(R”,R),
[ ®ngdn= [ sig)an
RW RW,

We summarize the above properties by saying that (P;);>0 is a self-adjoint
strongly continuous contraction semigroup on LZ (R",R).

From the spectral decomposition, it is also easily checked that the operator
L is furthermore the generator of this semigroup, that is for f € D(L),

=0.
L2 (R" R)

lim
t—0

Pif—f
— U

From the semigroup property, it implies that for ¢ > 0, P;D(L) C D(L), and
that for f € D(L),

d
%Ptf =P, Lf =LP.f,

the derivative on the left hand side of the above equality being taken in
LZ(R”,R).

Exercise 4.16. Let L be an essentially self-adjoint diffusion operator on C.(R™,R).

Show that if the constant function 1 € D(L) and if L1 =0, then

Pt]. = ].

Exercise 4.17. Let L be an essentially self-adjoint diffusion operator on C.(R™, R).

1. Show that for every A > 0, the range of the operator \Id — L is dense in
Li(]R",]R).

2. By using the spectral theorem, show that the following limit holds for the
operator norm on Li(R”,R)

P, = lim (Id — tL) .
n

n—-+oo



108 4 Symmetric diffusion semigroups
Exercise 4.18. As usual, we denote by A the Laplace operator on R™:
n
52
A= —.
Z Ox?
i=1 2

The Mac-Donald’s function with index v € R is defined for x € R\ {0} by

1oy [+ ¢St
Ko =5 (3) /0 —i At

1. Show that for A € R™ and a > 0,

L [ e (I T Ky (Vallelde = — L
o O (Va) K- T TP

2. Show that forv e R, K_, = K,,.

3. Show that

s

Kl/g(ﬁﬁ) = %671.

4. Prove that for f € L2(R™,R) and a > 0,

(ald - 8)7 f() = | Gulw— ) f ().
where L
Galo) = s (1) Kya (Ve
= e \Va ;
(You may use Fourier transform to solve the partial differential equation
ag—Ag=f).

5. Prove that for f € L?(R™,R)

t \ " 1 lle—yl2
li Id - —-A = — T dy.
nHHJIrloo ( n > ! (47Tt)5 /Rn € f(y) Y

the limit being taken in L?(R™ R). Conclude that almost everywhere,

1 ==y
Pif(x) = W/R” e — f(y)dy.

Exercise 4.19.

1. Show the subordination identity:

2
_YT a2
o —ta

evlel = _Y_ /+0<> ;dt’ y>0,a€eR.
27 Jo 13/2
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2. The Cauchy’s semigroup on R™ is defined as Q; = e *V~2. By using
the subordination identity and the heat semigroup on R™, show that for
f e L*(R",R)

Quf@) = [ altix ) f(0)dy,

where

I (ot t
Q(tam) = ﬂ(_n+21 ) n+1 °

= (2 ]?)

2 Existence and regularity of the heat kernel

In order to study the regularization properties of diffusion semigroups, we apply
the theory of local elliptic regularity which is sketched in the Appendix B.

Proposition 4.20. Let L be an elliptic diffusion operator with smooth coeffi-
cients that is essentially self-adjoint with respect to a measure u . Denote by
(P)i>0 the corresponding semigroup on L (R™, R).

o If K is a compact set of R™, there exists a positive constant C such that

for f € LZ(R™,R):

"

1
sup [P, f(z)] < C (1 + ﬁ) (PR EYCERST
rzEK

where K is the smallest integer larger than 7.

e For f € LZ(R™,R), the function (t,x) — P f(x) is smooth on (0, +00) x
Rn .

)

Proof. Let us first observe that from the spectral theorem that if f € Li (R™, R)
then for every k > 0, LFP, f € Li(]R”,]R) and

IZ4P sy < (sup N ™ ) Ll

Now, let K be a compact set of R™. From Proposition 7.65, there exists there-
fore a positive constant C' such that

2 K
(sup Pusa) <c (Z 1P S (Rn,R>> -
zEK k=0
Since it is immediately checked that

E\F
sup \re M = () ek,
A>0
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the bound )
sup [Pef ()] < € (14 52 ) Il ens,
zeK t ®
easily follows.

We now turn to the second part. Let f € L2 (R",R).

First, we fix t > 0. As above, from the spectral theorem, for every k > 0,
LFP,f € L2 (R*,R) C Hlee(Q2), for any bounded open set 2. A recursive
application of Lemma 7.62 shows that, therefore P;f € NysoH'0¢(Q2), which
implies from Sobolev lemma (Theorem 7.58) that P;f is a smooth function.

Next, we prove joint continuity in the variables (¢,x) € (0, +00) x R™. It is
enough to prove that if ¢y > 0 and if K is a compact set on R”,

Sullz Py f(x) — Py f(x)] =it O.
xEe

From Proposition 7.65, there exists a positive constant C' such that
sup |P:f(z) — Py f(z)| < C (Z ILFPf — Lthof||ii(R"7R)> :
(S k=0

Now, again from the spectral theorem, it is checked that
. k k 2 _
tliglokZOHL Pif = L"Py, fliz @n ry = 0-

This gives the expected joint continuity in (¢, ). The joint smoothness in (¢, z)
is a consequence of the second part of Proposition 7.65 and the details are let
to the reader. m|

Remark 4.21. If bound
sup [Py f(z)| < C)| fllrzmn r)

rzeK

uniformly holds on R™, that is if the operator norm
[Ptz reR)—Lee (7 R) < 00,

then the semigroup (P;);>0 is said to be ultracontractive. The study of ul-
tracontractive semigroups is intimately related to the beautiful theory of log-
Sobolev inequalities. We refer the interested reader to the book [?].

Exercise 4.22. Let L be an elliptic diffusion operator with smooth coefficients
that is essentially self-adjoint with respect to a measure p . Let o be a multi-
index. If K is a compact set of R™, show that there exists a positive constant
C such that for f € L2 (R",R):

1
sup [P (0)| < € (14 par ) I legeemne

reK t|a\+n

where r is the smallest integer larger than 7.
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We now prove the following fundamental theorem:

Theorem 4.23. Let L be an elliptic and essentially self-adjoint diffusion op-
erator. Denote by (Pt)i>o the corresponding semigroup on LZ(R",R). There
is a smooth function p(t,x,y), t € (0,400),2,y € R™, such that for every
feL2(R"R) and x € R™ ,

Pif(a) = [ pltin ) fW)du(y).

The function p(t, x,y) is called the heat kernel associated to (Py)i>0. It satisfies
furthermore:

o (Symmetry) p(t,x,y) = p(t, y, x);

e (Chapman-Kolmogorov relation) p(t+s,x,y) = [, p(t,z, 2)p(s, z,y)du(z).

Proof. Let x € R™ and t > 0. From the previous proposition, the linear
form f — P.f(x) is continuous on LZ(R”,R), therefore from the Riesz rep-
resentation theorem, there is a function p(¢,x,-) € Li(R",R), such that for
f € L2 (R".R)

Pif(e) = [ plto)fW)du(y).

From the fact that Py is self-adjoint on L2 (R", R):

/n (Pif)gdu= | f(Pig)dpu,

R

we easily deduce the symmetry property:

p(t,z,y) = p(t,y,z).

And the Chapman-Kolmogorov relation p(t+s, z,y) = [p. p(t,x, 2)p(s, 2,y)du(z)
stems from the semigroup property P,ys = P;P,. Finally, from the previous
proposition the map (t,2) — p(t,z,-) € L%(R",R) is smooth on (0, +00) x R™
for the weak topology on LZ (R™ R). This implies that it is also smooth on
(0, +00) x R™ for the norm topology. Since, from the Chapman-Kolmogorov
relation

p(t, €L, y) = <p(t/2, T, ),p(t/Q, y")>Li(R",R)7

we conclude that (¢,z,y) — p(¢, x,y) is smooth on (0, +00) x R™ x R™. |

3 The submarkov property

In the previous section, we have proved that if L is a diffusion operator that
is essentially self-adjoint on C.(R™,R), then by using the spectral theorem we
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can define a self-adjoint strongly continuous contraction semigroup (Py);> on
L’ (R™,R) with generator L.

In this section, we will be interested in the following additional property of
the semigroup (P;);>0 : If f € LZ(R",R) satisfies almost surely 0 < f < 1,
then almost surely 0 < P, f <1, ¢t > 0. This property is called the submarkov
property of the semigroup (P;)¢>0. The terminology stems from the fact that
this is precisely this property that makes the link with probability theory be-
cause it is equivalent to the fact that (P;);>0 is associated to the transition
function of a sub-Markov process.

As a first result, we prove that the semigroup (P;);> is positivity preserving.
This property may actually be seen at the level of the diffusion operator L, and
relies on the following distributional inequality that is satisfied by L.

Lemma 4.24 (Kato inequality). Let L be a diffusion operator on R™ with
symmetric and invariant measure . Let u € C.(R™,R). Define

sgnu=0 ifu(z)=0,
= if u(z) # 0.

In the sense of distributions, we have the following inequality
L|u| > (sgn u)Lu.

Proof. If ¢ is a smooth and convex function and if u is assumed to be smooth,
it is readily checked that

Lo(u) = ¢ (u)Lu + ¢ (w)T(u,u) > ¢ (u)Lu.

By choosing for ¢ the function

d(x) =22 +e2, >0,

we deduce that for every smooth function u € C.(R™, R),

u
Lo.(u) > —————="Lu.
¢€< ) — \/m

As a consequence this inequality holds in the sense of distributions, that is for

every f € C.(R™,R), f >0,

u
Lo (u)du > - ILud
/“f b= (u)dp ]R”f\/lﬂ—ﬂ_2 udp

Letting € — 0 gives the expected result. O

We are now in position to state and prove the positivity preserving theorem.
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Theorem 4.25. Let L be an essentially self adjoint diffusion operator on
C.(R™,R). If f € L2(R™,R) is almost surely nonnegative (f > 0), then we
have for everyt > 0, P.f > 0 almost surely.

Proof. The main idea is to prove that for A > 0, the operator (\Id — L)~!
which is well defined due to essential self adjointness preserves the positivity
of function. Then, we may conclude by the fact that for f € Li(R”, R), in the
L’ (R™,R) sense

-n
P:f = lim (Id - tL) f.
n—-4o0o n
Let A > 0. We consider on C.(R™,R) the norm
IFI3 = 1122 g ) + AECS )

— Il sy + X [ TS P
R"n,

and denote by H, the completion of C.(R™ R). Using Kato’s inequality, it is
seen (multiply the inequality by v and integrate by parts, details are let to the
reader) that if u € #H,, then |u| € H, and

E(Jul, ul) < E(u,u). (4.1)
Since L is essentially self-adjoint we can consider the bounded operator

Ry=(Id—AL)™"

that goes from LZ(R™,R) to D(L) C Hy. For f € Hy and g € L2(R",R) with

g > 0, we have

(IF[,Rag)x = (/. Rag)rz ren ) — M| f], LRAG)L2 (7 )

(If], Id = AL)Rag)12 (r" R)

(

|

|

fl, 9z & )

Y

f; 9>L3(Rn,R)|
fiRag)Al

Moreover, from inequality (4.1), for f € Hj,

FLALIR = LA IE: @y + AECS] D)
2 ||f||%§(Rn,R) +XE(f, f)
> |I£I3-
By taking f = Rg in the two above sets of inequalities, we draw the conclusion

[(Rag, Raghal < ([Ragl, Rag)x <[ [Rag| [[A[Ragllx < [(Rag, Rag)al-

(
(

>
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The above inequalities are therefore equalities which implies
Rig = [Ragl.
As a conclusion if g € L2 (R™,R) is > 0, then for every A > 0, (Id—AL) g > 0.

Thanks to spectral theorem, in L (R", R),

P,g= lim <Id — tL) g.
n

n—-+oo

By passing to a subsequence that converges pointwise almost surely, we deduce
that P,g > 0 almost surely. O

Exercise 4.26. Let L be an elliptic diffusion operator with smooth coefficients
that is essentially self-adjoint. Denote by p(t,z,y) the heat kernel of Py. Show
that p(t,z,y) > 0. (Remark: It actually possible to prove that p(t,x,y) > 0).

Besides the positivity preserving property, the semigroup is a contraction
on L{°(R™, R). More precisely we have

Theorem 4.27. Let L be an essentially self adjoint diffusion operator on
C.R™R). If f € LZ(R”,R) NLP(R"™R), then P, f € LY (R™,R) and

IPeflloc < N1flloc-
Proof. The proof is close and relies on the same ideas as the proof of the
positivity preserving Theorem 4.25. So, we only list below the main steps and

let the reader fills the details.
As before, for A > 0, we consider on C.(R™,R) the norm

7R = 1/1Lz @ gy + AECS )
= /g + A [ T i
and denote by H, the completion of C.(R",R).

e The first step is to show that if 0 < f € H,, then 1A f (minimum between
1 and f) also lies in H and moreover

EANFINS) <E(S )

o Let f € LZ(R",R) satisfy 0 < f < land put g = Ryf = (Id— L)~ f
)

S
Hy and h = 1 A g. According to the first step, h € Hy and E(h,h) <
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E(g,9). Now, we observe that:

lg = Al
=lglX = 2(g, h)x + 1211
=(Raf, Flrz@e r) — 2(f, MLz &e &) + 1RlIE2 o gy + AE (R, 1)
=(Raf, Flrz@er) = IFIIEz ey + I1f = hllEs e gy + AE(R, B)

fhz
<(Rxf, flrz®n ) — Hf”iﬁ(]R",]R) +f - g”ia(R”,R) +AE(g,9) = 0.

As a consequence g = h, that is 0 < g < 1.

e The previous step shows that if f € Li(R”,R) satisfies 0 < f < 1 then
for every A > 0, 0 < (Id — AL)~!f < 1. Thanks to spectral theorem, in
Li (R™,R),

t —n
P f= lim_ <Id - nL) 1.

By passing to a subsequence that converges pointwise almost surely, we
deduce that 0 < P, f < 1 almost surely.

4 LP theory: The interpolation method

In the previous section, we have seen that if L is an essentially self-adjoint
diffusion operator with invariant and symmetric measure p, then, by using the
spectral theorem we can define a self-adjoint strongly continuous contraction
semigroup (Py);>0 on Li(R",R) with generator L.

Our goal, in this section, is to define, for 1 < p < +oo, P; on LE(R™,R).
This may be done in a natural way by using the Riesz-Thorin interpolation
theorem that we state below. We refer the reader to the book [?] for a proof.

Theorem 4.28 (Riesz-Thorin interpolation theorem). Let 1 < pg,p1,4o,q1 <
00, and 0 € (0,1). Define 1 < p,q < oo by
1 1-60 0 1 1-6 0

P P mq q0 ¢

If T is a linear map such that
T : Lzo — LZO, ||THLZO—>LZ° = M,
T: Lﬁl — Lﬁl, ”T”LﬁlaLZ? = M,

then, for every f € Lo N L,

ITfllq < Mo~ M7 £l
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Hence T' extends uniquely as a bounded map from LE, to Li with
1-0 716
1T|lLe g < My~ " M.

Remark 4.29. The statement that T is a linear map such that

T : Lﬁ" — L%

[Tl

IT|Lzo g0 = Mo

T: Lﬁl — Lﬁl, ”T”LﬁlaLf} = My,
means that there exists a map 7": Li® N LY — LI N L with

sup ITfllgo = Mo
FELEOALEL || llpy <1

and

sup 1T fllqy = M.
FELLONLEL || fllp, <1

In such a case, T' can be uniquely extended to bounded linear maps T : LI —
L, Ty : Lir — L. With a slight abuse of notation, these two maps are both
denoted by T in the theorem.

Remark 4.30. If f € Lfp N LI and p is defined by % = 1;09 + p%, then by
Hélder’s inequality, f € LI, and

—0 0
£ 1lp < £ 1o 1 11, -

One of the (numerous) beautiful applications of the Riesz-Thorin theorem
is to construct diffusion semigroups on LP by interpolation. More precisely, let
L be an essentially self-adjoint diffusion operator. We denote by (P):>o the
self-adjoint strongly continuous semigroup associated to L constructed on Li
thanks to the spectral theorem. We recall that (P;);> satisfies the submarkov
property: That is, if 0 < f < 1 is a function in Li, then 0 < P.f <1.

We now are in position to state the following theorem:

Theorem 4.31. The space Lllt N Ly is invariant under Py and P; may be

extended from Llll N LY to a contraction semigroup (P,Ep))tzo on L for all
1 <p<oo: For f€LE,

IPeflluy < [Ifllg-

These semigroups are consistent in the sense that for f € L NL{,

P = PO)f
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Proof. If f, g € L}L N L;° which is a subset of L}L N Ly, then from Theorem
4.27,

/ (Ptf)gdu’ = ‘/}R f(Ptg)du‘
< [ flley IPeglluye
< Iflly llglluge-

This implies
IPefllry < [Ifllese-

The conclusion follows then from the Riesz-Thorin interpolation theorem. O

. : 2011
Exercise 4.32. Show that if f € LE, and g € L, with stg=1 then,

/ ng‘I)ng:/ 9P fdu.
Rn R’n
Exercise 4.33.

1. Show that for each f € LL, the Lt-valued map t — Pgl)f 18 continuous.

2. Show that for each f € L, 1 < p <2, the LL -valued map ¢t — ng)f i
continuous.

3. Finally, by using the reflezivity of L, show that for each f € LI and
every p > 1, the L -valued map t — ng)f 18 continuous.

We mention, that in general, the LY valued map t — P§°°)f s not continuous.

5 LP theory: The Hille-Yosida method

In the previous subsections we learnt how to construct a semigroup from a
diffusion operator by using the theory of self-adjoint unbounded operators on
Hilbert spaces. In particular, we proved the following result.

Theorem 4.34. Let L be a elliptic diffusion operator with smooth coefficients
on R™. If:

e There is a Borel measure p, symmetric for L on C.(R"™,R);

e There exists an increasing sequence h, € C.(R™/R), 0 < h, < 1, such
that hy, 1 on R™, and ||T(hpn, hn)|lee — 0, as n — co.

Then, by using the spectral theorem we can define a self-adjoint strongly contin-
uous contraction semigroup (Py)y>o on L7 (R™,R) with generator L. Moreover,
P; is a submarkov semigroup.
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In this section we will work under the assumptions of the above theorem.
Our goal will be to define, for 1 < p < +o0, P; on L (R™,R). This can be
done by using the interpolation method described in the previous subsection
but also by using so-called Hille-Yosida theory of contraction semigroups on
Banach spaces.

5.1 Semigroups on Banach spaces

Let (B, |- ||) be a Banach space (which for us will later be LF (R",R), 1 <p <
+00). We first have the following basic definition.

Definition 4.35. A family of bounded operators (T3);>p on B is called a
strongly continuous contraction semigroup if:

(] TQ = Id and for S,t > 0, z;_;,.t = TSTt;
e For each x € B, the map t — Tz is continuous;
e For each x € B and ¢t > 0, | Tx|| < ||z

Now, let us recall that a densely defined linear operator
A:D(A)c B— B

is said to be closed if for every sequence z, € D(A) that converges to x € B
and such that Az, — y € B, we have © € D(A) and y = Az. We observe
that any densely defined operator A may be extended into a closed operator.
Indeed, let us consider on D(A) the norm

)l a = [l + | Az,

and let us complete D(A), to obtain a Banach space B. Since ||z|| < ||z||a, we
may identify B as a subset of B. Moreover ||Az|| < |||l 4, therefore, A can be
extended into an operator A : B — B, and it is readily checked that A with
domain B is a closed extension of A. The operator A is called the closure of A.

In this situation, we have the following proposition that extends the The-
orem 3.31, and whose proof is pretty much the same and therefore let to the
reader.

Proposition 4.36. Let (T}):>0 be a strongly continuous contraction semigroup
on B. There exists a closed and densely defined operator

A:D(A)c B— B
where

t—0

Top —
D(A) = {x € B, lim y ea:ists} ,
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such that for x € D(A),

Tix —x

lim — Azx|| = 0.
t—0

The operator A is called the generator of the semigroup (T;)i>0. We also say
that A generates (Ty)1>0-

Remark 4.37. We may observe that the proof of the above result does not
involve the contraction property of (T3);>0, so that it may be extended to
strongly continuous semigroups.

The following important theorem is due to Hille and Yosida and provides,
through spectral properties, a characterization of closed operators that are
generators of contraction semigroups.

Let A: D(A) C B — B be a densely defined closed operator. A constant
A € R is said to be in the spectrum of A if the operator AId — A is not bijective.
In that case, it is a consequence of the closed graph theorem? that if A is not
in the spectrum of A , then the operator A\Id — A has a bounded inverse. The
spectrum of an operator A shall be denoted p(A).

Theorem 4.38 (Hille-Yosida theorem). A necessary and sufficient condition
that a densely defined closed operator A genmerates a strongly continuous con-
traction semigroup is that:

® p(A) - (—O0,0],'
o [|(AId — A)~1|| < L for all A > 0.

Proof. Let us first assume that A generates a strongly continuous contraction
semigroup (7})¢>0. Let A > 0. We want to prove that \Id — A is a bijective
operator D(A) — B.

The formal Laplace transform formula

—+o0
/ e Metddt = (\Id — A) 71,
0
suggests that the operator
“+ o0
R, = / e MTydt
0

is the inverse of A\Id — A. First, let us observe that R is well-defined as a
Riemann integral since ¢ — T} is continuous and ||T;|| < 1. We now show that

2An everywhere defined operator between two Banach spaces A : By — Bz is bounded if
and only if it is closed.
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for x € B, Ryz € D(A). For h > 0,

T, —Id Foo T, — Id
h R,z :/ e*)‘thTTtxdt
0

+o0
T
= / e~ hat T 7t b dt
0

h
=M /+OQ e#‘s%xd{s
h

e h +o00
=— [ Rz — / e MTxds — / e MT,_pads

h 0 h

A A b
= ¢ . Ryz — 67 e MT.xds

0

By letting h — 0, we deduce that Ryz € D(A) and moreover
ARz = AR 2z — z.

Therefore we proved
(AId — AR, =1d.

Furthermore, it is readily checked that, since A is closed, for € D(A),

+o0 +oo +oo
ARz = A/ e MTadt = / e MAT,zdt = / e MT, Azdt = Ry Az.
0 0 0

We therefore conclude
(Md — ARy =R,(A\Id — A) = 1d.

Thus,
Ry = (\Nd - A",

and it is clear that 1
Rl < 5.

Let us now assume that A is a densely defined closed operator such that
* p(A) C (—o0,0;
o ||((AId — A)7!|| < £ for all A > 0.
The idea is to consider the following sequence of bounded operators
Ap = —nld +n?(nId — A)™H,

from which it is easy to define a contraction semigroup and then to show that
A, — A. We will then define a contraction semigroup associated to A as the
limit of the contraction semigroups associated to A,,.
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First, for x € D(A), we have
Apx = n(nld — A)*le —n—too 0.

Now, since A,, is a bounded operator, we may define a semigroup (77"):>0
through the formula
+o0o tkAfL

T = k!

k=0
At that point, let us observe that we also have

n _ _ntz 2ktk nId A)

As a consequence, we have

+too ok —1|k
_ n*"||(nId — A)~||
1T <e ™

Z !
< —nt = nktk
=€ !

k=0

<1

and (T}")>0 is therefore a contraction semigroup. The strong continuity is also
easily checked:

1Ty, = T8 = 1T (T = 1d)]|

< IITZZ —1d)|
k k

. Z =h 4]

—h—0 0.

We now prove that for fixed t > 0, z € D(A), (T}'x)n>1 is a Cauchy sequence.
We have

\Tre - Ty = \

t
g/ |Anz — Apx||ds
0

< t|Apz — Anz.

td
| e aas

¢
/ T (Apx — Apyx)ds
0
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Therefore for x € D(A), (I]'x)n>1 is a Cauchy sequence and we can define

Tix = lim T]=z.
n—-+o0o

Since D(A) is dense and the family (T}"),>1 uniformly bounded, the above limit
actually exists for every « € B, so that (T})¢>¢ is well-defined on B. It is clear
that (T})i>0 is a strongly continuous semigroup, inheriting these properties
from (T7*)i>0 (the details are let to the reader here).

It remains to show that the generator of (7});>0, call it A is equal to A. For
every t >0, z € D(A) and n > 1,

¢
Tz = x—l—/ 1" Axds,
0

therefore ,
Tz ==z —|—/ T Axds.
0

Hence D(A) € D(A) and for r € D(A), Az = Az. Finally, since for A > 0,
(AMd — A)D(A) = B = (A\Id — A)D(A), we conclude D(A) = D(A). O

Exercise 4.39. By using the proof of Theorem 4.38, show the following fact: If
Ay and Ay are the generators of contraction semigroups (T})i>0 and (T?)i>o0,
then for x € B, the two following statements are equivalent:

e VA>0, (Md-—Ay) tz=A\d— Ay) a;
e Vit>0, Tlz=T:x.

As powerful as it is, the Hille-Yosida theorem is difficult to directly apply
to the theory of diffusion semigroups. We shall need a corollary of it that is
more suited to this case.

Definition 4.40. A densely defined operator on a Banach space B is called
dissipative if for each x € D(A), we can find an element ¢ of the dual space
B*, such that:

* [loll = ll=ll;
o o(x) =|l=|*
o ¢(Ax) <0.

With this new definition in hands, we have the following corollary of the
Hille-Yosida theorem:

Corollary 4.41. A closed operator A on a Banach space B is the generator
of a strongly continuous contraction semigroup, if and only if:
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o A is dissipative;
e For A\ > 0, the range of the operator \XId — A is B.

Proof. Let us first assume that A is the generator of a contraction semigroup
(T})t>0. From the Hahn-Banach theorem, there exists ¢ € B* such that ||¢| =
|z| and ¢(z) = ||z||>. We have, at t = 0,

d
%(b(th) = ¢(Ax),

but
[¢(Te)| < |8l Tex]| < llollllz]l < [|=]1? < (=),

thus, at t =0,

d

—o(Tix) <

dt¢( tx) = 07
and we conclude

¢(Azx) < 0.

The fact that for A > 0, the range of the operator A\Id — A is B is a straight-
forward consequence of Theorem 4.38.
Let us now assume that A is a densely defined closed operator such that:

e A is dissipative;
e For A > 0, the range of the operator A\Id — A is B.

Let z € D(A) and let ¢ € B*, such that:

o lloll = ll=ll;
o o(x) = [z|*
e ¢(Ax) <0.
For A > 0,
Mlzl* < Ad(z) — ¢(Az)
< ¢((Ald — A)x)
< [lz[[[[(AId — A)z|.
Thus,

[(AId = A)z|| = Allz]].

This implies that the range R of the operator A\Id — A is closed and that this
operator has a bounded inverse from Ry to D(A) with norm lower than %

Since Ry = B, the proof is complete. O
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5.2 Applications to diffusion semigroups

After this digression on the theory of contraction semigroups on Banach spaces,
we now come back to the case of diffusion semigroups. Let us recall that we
consider an elliptic diffusion operator L on R™ with smooth coefficients such
that:

e There is a Borel measure p, symmetric and invariant for L on C.(R™, R);

e There exists an increasing sequence h, € C.(R" R), 0 < h,, < 1, such
that hy, 1 on R™, and ||T'(hy, hn)|lec — 0, as n — oo.

Let 1 < p < +00. We want to apply the previous theorems for the operator
L on the Banach space L (R",R). We denote by L®) the closure in LE(R™,R)
of the operator L, densely defined on C.(R™ R).

First, we have the following lemma.

Lemma 4.42. Let 1 <p < q < +co and A > 0. If f € LE(R",R) + LI (R",R)
and satisfies in the sense of distributions

Lf=Af,
then f = 0.

Proof. We use an idea already present in the proof of Proposition 4.11. Let
us first observe that if f € L (R",R) + L{(R",R), satisfies in the sense of
distributions

Lf=Af,

then it is actually a smooth function, due to the ellipticity of L. Now, let
h € C.(R",R), h > 0, and let ¢ be a smooth nonnegative function to be
precised later. We have

[ vt =~ [ FLo(r) fd

=3 [ w2
<0.
But
DU W6(1)1) = KT (1,00 f) + 26(F) /IS, )
= 126 ()] + SN 1) + 2000 ST ),
therefore

[ BT+ 6T+ 26D W <0,
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which implies
[ i@+ opnt e < -2 [ snmeimd.  @2)

From the Cauchy Schwarz inequality, we have

o(f)fRI(f, h)du‘ < 2\/||F(h,h)||oo\// o(f)RL(f, f)du\// o(f)f2dp,
Rn R” K
(4.3)

where K is any compact set containing the support of h. Let us now assume
that we may chose the function ¢ in such a way that for every z € R,

¢'(z)z + ¢(x) = Co(x),

with C' > 0. In that case, from (4.2) and (4.3), we have

4
[ SPITDd< G [ o )
We now proceed to the choice for the function ¢. For 0 < e <1, let

e (@) = |2|P72, 2] > 1

= (22 + %)L |z] <1—e.

We then extend ¢. in a smooth way to R in such a way that there is a constant
C > 0, independent of € such that for every x € R,

¢e(2)z + ¢e(2) = Coe(2).

The proof of the possibility of such an extension is let to the reader.
By using the inequality (4.4) for ¢., we obtain

ST, £)dn < G5 ITh e [ o)
K

Rn

By letting € — 0, we draw the conclusion

ol PIRPT(f, F)dp < — T (k1) oo / oo ) F2dp,
R™ O K
where

¢o(x) = |aP~2, || =1

= |a]"7, ] < 1.
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Due to the assumption, f € LF (R",R)+L% (R"™, R), the function ¢y is integrable
on R"”, thus

4
So(FT(S. P < IO W [ onlF
R’Vl Rn
By using the previous inequality with an increasing sequence h,, € C.(R",R),
0 < hy, <1, such that h, /1 on R and ||T'(hn, hn)||ee — 0, as n — oo, and
letting n — 400,

$o (ST (S, f)dp = 0.

R"

As a consequence, since u charges the open sets, if f # 0, I'(f, f) = 0. Since

f=3Lf, we conclude that f = 0. )

We are now in position to prove the main result of this section. For 1 < p <
+00, be denote by L(®) the closure in LL(R™,R) of the operator L, originally
only densely defined on C.(R™, R).

Proposition 4.43. The operator LP) is the generator of a strongly continuous

contraction semigroup (ng))tzo on LE(R™,R). Moreover, for 1 <p < q < +o0
and f € L (R",R) N LI (R™, R),

P f =P,
Proof. We apply Corollary 4.41. We have to show that:
o L) is dissipative;
e For \ > 0, the range of the operator A\Id — L") is LE(R™, R).

We first check that L®) is dissipative. Since it is easily seen that the closure
of a dissipative operator is dissipative, we have to check that L is dissipative
on C.(R™,R).

Let f € C.(R™ R) and

1

[F{[-

g |FP2f

where % + % = 1. We have:
hd ||g||LZ(R",]R) = Hf||Lf;(Rn,JR);

o Jrngfdn=1fl3p @ g
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Since L{(R™,R) is the dual space of LE(R",R), it remains to prove that
Jgn 9Lfdp < 0. For e > 0, let

B () = (22 + 2% 1a.

We have
[ ecninsan=— [ @) nan=- [ enri <o

From the Lebesgue dominated convergence theorem applied when € — 0, this
implies

[ ursLsan <o

As a conclusion, L is dissipative on C.(R™,R) and L is dissipative on its
domain.

We now show that for A > 0, the range of the operator \Id — L) is
LE(R™,R). If not, we could find a non zero g € Lf(R",R), % + % = 1 such
that, in the sense of distributions,

Lg = )\g.

But, according to Lemma 4.42, the above equation implies g = 0. The range
of the operator \Id — L) is therefore LP (R, R).

We conclude from Corollary 4.41, that L) is the generator of a contraction
semigroup (P{"));5¢ on L2 (R™, R).

We finally show that for 1 < p < g < +o0, (Pip))tzo and (qu))tzo coincide
on L2(R",R) N L% (R",R). Let f € L(R",R) N LI(R",R). For A > 0, the
function

g=\Id - LWP)~tf — (\Id — L\D)~1f

is a function that belongs to LF(R",R) + L7 (R",R) and that satisfies in the
sense of distributions
Lg = )\g.

From Lemma 4.42, we get g = 0. As a consequence for every A > 0,
(AId — L)1 f = (A\Id — L)~ 7,
This implies that for ¢t > 0, ng)f = P,Eq)f (See Exercise 4.39). o

Exercise 4.44. Show that on L2 (R",R), the semigroup (P§2))t20 coincides
with the semigroup (Py¢)i>0 that was constructed with the spectral theorem (You
may use Ezrercise 4.89).
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Remark 4.45. Let us observe that the Hille-Yosida methods fail in the limiting
cases p=1, p = +o0.
Since, (P{");>0 and (P{”),> coincide on L?(R™,R) N LY (R", R), there is

no ambiguity and we can safely remove the superscript (p) from (ng ))tZO- So
that we can use only the notation (P;);>o, but will precise on which space it
is defined if there is ambiguity. The following duality lemma is then easy to
prove.

Lemma 4.46. Let f € L) (R™,R) and let g € LE(R™, R), with % —|—% =1. For
t>0,

/, (P f)gdp =/ (Pig)fdp.
Proof. Let us first assume that g € C.(R",R). The linear form ¢ : L? (R",R) —
R, f = [pu(Pef)gdp — [o. (Prg) fdp is continuous and vanishes on the dense

subspace C.(R",R), it is therefore zero on L (R",R). This proves that for
f e LE(R"R) and g € C.(R",R),

| ®ingin= [ ®ig)sin.

The same density argument applied on the linear form g — [, (P¢f)gdp —
Jgn (Ptg) fdp provides the expected result. O

6 Diffusion semigroups as solutions of a parabolic Cauchy
problem

In this section, we connect the semigroup associated to a diffusion operator L
to the parabolic following Cauchy problem:

% = Lu, u(0,2)= f(z).

As before, let L be a elliptic diffusion operator with smooth coefficients on R™,
such that

e There is a Borel measure p, symmetric for L on C.(R™ R);

e There exists an increasing sequence h, € C.(R™ R), 0 < h,, < 1, such
that hy, 1 on R™ and ||T'(hy, hyp)|leo — 0, as n — oo.

Proposition 4.47. Let f € L,’;(R",R), 1<p< oo, and let
u(t,z) = Pf(x), t>0,z€R"™

Then u is smooth on (0,400) X R™ and is a solution of the Cauchy problem

% =Lu, u(0,z)= f(x).
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Proof. For ¢ € C.((0,400) x R™ R), we have

(s

N /]R / _% (Peo(t, ) f(x)) dodt
=0.

ou

129

Therefore u is a weak solution of the equation &% = Lu. Since we already know

ot
that u is smooth it is also a strong solution.

We now address the uniqueness question.
Proposition 4.48. Let v(x,t) be a non negative function such that

ov
— < L =
0 < Lo, ofe,0) =0,

and such that for everyt >0,
HU('>t)||Lﬁ(Rn,R) < 400,

where 1 < p < +o00. Then v(z,t) = 0.

O

Proof. Let o € R™ and h € C.(R™,R). Since v is a subsolution with the zero

initial data, for any 7 € (0,7),
/ B2 (@)oY (2, £) Lo(x, ) dpu(x)dt
0o Jrn

2/ hQ(x)vp_l@d,u(x)dt
0 Jre ot

:11) /ngt </ hZ(x)vpdu(:zz)) dt

:1 /n R (2)0P (z, 7)dp(x).

p
On the other hand, integrating by parts yields

/T R2(z)vP Y (@, t) Lo (x, t)du(x)dt
0o Jre

:_/ / 2hvi"_11“(h,v)dudt—/ / h%(p — 1)vP 2T (v)dudt.
0 R™ 0 n
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< )

EF(h)v + 20 (h, v)ho + Tr( v)h?,

we obtain the following estimate.

/T /ﬂ R2(z)vP ! (z, t) Lo (, t)dp(x)dt

/ / h)vPdpdt — / / P12 2T (v)dpdt
n p - n
/ / h)oPdpdt — ; / / KT (vP/?)dpudt.
np— p 0 n

Combining with the previous conclusion we obtain ,

/n R (2)vP (2, 7)dp(z) + 2(1);1) /OT /n BT (vP/?)dpdt
2p 5 7 »
<ol [ [ vdu

By using the previous inequality with an increasing sequence h,, € C.(R",R),
0 < hy, <1, such that h, /1 on R™ and ||T'(hn, hn)||ce — 0, as n — oo, and
letting n — +o00, we obtain [, v¥(z, 7)du(z) = 0 thus v = 0. O

Observing that

As a consequence of this result, any solution in L#, (R"R), 1 <p < 40

of the heat equation %—7; = Lu is uniquely determined by its initial condition,
and is therefore of the form wu(¢,x) = P, f(z) (apply the above lemma with the
subsolution |u]). We stress that without further conditions, this result fails

when p =1 or p = +o00.

7 The Dirichlet semigroup

In this section we will construct the Dirichlet semigroup associated to a sym-
metric diffusion operator which is given on some a relatively compact domain
of R™. A later application of this construction will be the proof of the existence
of a continuous Markov process associated with the given symmetric diffusion
operator.

Let L be an elliptic diffusion operator on R™ with smooth coefficients. We
assume that L, defined on C.(R™,R), is symmetric with respect to a measure
with smooth and positive density u. Let £ C R™ be a non empty open set
whose closure € is compact and whose boundary 9 is smooth. We recall that
the following Green’s identity holds for L (see for instance [?]):
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Proposition 4.49 (Green’s identity). There exists a never vanishing first order
differential operator v defined on OS) such that for every C? functions f,g: Q —
R

)

A fLgdp = —/Qf(f, g)du+/mf(l/9)dus,

where, as usual, T'(f, g) = %(L(fg) —fLg—gLf) and pg is the surface measure
induced by p on 90

The basic result to construct the Dirichlet semigroup associated to L on 2
is the following fact.

Proposition 4.50. The operator L is essentially self-adjoint on the set
C(Q) = {u:Q =R, usmooth on Q, u=0 on ON}.
Proof. According to Lemma 4.9, it is enough to prove that

Ker(—L* 4 1d) = {0}.

Let f € Ker(—L*+1d) = {0}. Since C§°(£2) contains the space of smooth and
compactly supported functions inside €2, we have in the sense of distributions
Lf = f. By ellipticity of L, it implies that f is smooth in 2. From Green’s
identity, we now have for g € C5°(9)

/Qngdu—/QgLfdu+/aQ f(vg)dus.

Since f € D(L*), the square of the right hand side must be controlled, for every
g, by ||g||ii(07R). This is only possible when f = 0 on 0€2. Thus, f € C§°(2).

Since Lf = f, from Green’s identity, we have

/szd":/Qfodu:—/QHf,f)dugo.

This implies f = 0 and, as a conclusion, L is essentially self-adjoint on C§°(€2).
O

The self-adjoint extension of the previous proposition is called the Dirichlet
extension of L on 2 and shall be denoted by Lg. The semigroup generated by
Lgq is called the Dirichlet semigroup and denoted by (P?)@O. By using the
same Sobolev embedding techniques as in the previous sections (see Theorems
4.20 and 4.23), it is seen that the semigroup P$! has a smooth heat kernel
p(t,z,y). It is then easy to see that for f € Li(Q,R), Pf € Co(Q), t > 0.
In particular if z or y are on 99, then p(t,z,y) = 0, t > 0. This also implies
that P$21 # 1, that is P{ is a strictly sub-Markov semigroup.

It is important to observe that Lg is not the unique self-adjoint extension
of L on the space of smooth and compactly supported functions inside ).
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The Neumann extension presented in the following section is also particularly
important.

It turns out that the compactness of € implies the compactness of the
semigroup P$ (see Appendix A for further details on compact operators).

Proposition 4.51. Fort > 0 the operator P? is a compact operator on the
Hilbert space Li(Q,R). It is moreover trace class and

Te(PY) = /Qp%x,x)du(x).

Proof. From the existence of the heat kernel, we have

P f(x) :/pQ(t,x,y)f(y)du(y)-
Q

But from the compactness of Q, and the continuity of p(¢,-,-) on Q x Q, we
have

[ [ 9" duta)duts) < o
Therefore, from the Theorem 7.54 in the Appendix A
PP L2(Q,R) — L2(Q,R)

is a Hilbert-Schmidt operator. It is thus in particular a compact operator.

Since P{! = P?/2P?/2, P$! is a product of two Hilbert-Schmidt operators.

It is therefore a class trace operator and,

Te(PY) = / / P2(t/2, 2, )P (12, g, 2)dpu(x) ().

We conclude then by applying the Chapman-Kolmogorov relation that

Te(PY) = /Qp%x,x)du(x).

We have the following expansion of the Dirichlet heat kernel:

Theorem 4.52. There exists a complete orthonormal basis (¢n)n>1 of L2 (Q,R),

consisting of eigenfunctions of —L, with ¢,, € C° () having an eigenvalue \,
with finite multiplicity and
O< A<l <A < S oo,

Moreover, fort >0, z,y € Q,

+oo
P2t y) =3 e M (@)da(y),
n=1

where the convergence is absolute and uniform for each t > 0.
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Proof. Let t > 0. From the Hilbert-Schmidt theorem (see Theorem 7.50 in
Appendix A), for the non negative self adjoint compact operator P$, there ex-
ists a complete orthonormal basis (¢n(t))n>1 of L2 (€2, R) and a non increasing
sequence o, (t) > 0, ay,(t) N\ 0 such that

P?(Z)n(t) = an(t)¢n(t)'

The semigroup property P?+S = P{PY implies first that for k € N, k > 1,

6n (k) = 6u(1), an (k) = an (D).

The same result is then seen to hold for £ € Q, kK > 0 and finally for k € R,
due to the strong continuity of the semigroup. Since the map ¢ — HP?HL%},(Q,R)

is decreasing, we deduce that o, (1) < 1. Thus, there is a A, > 0 such that
an(1) =e M,

As a conclusion, there exists a complete orthonormal basis (¢, )n>1 of L2 (Q,R),
and a sequence A, satisfying

0< A <A< Moo,

such that
Pt¢n = eiAntd)n-

If f € L3(Q,R) is such that PP f = f, it is straightforward that f € D(Lq)
and that Lo f = 0, so that f = 0. Therefore we have A; > 0.

Since P$!¢,, = e *t¢,,, by differentiating as t — 0 in LZ(Q,R)7 we obtain
furthermore that ¢,, € D(Lq) and that Log, = —A,d,. By ellipticity of L, we
deduce that ¢,, € C§°(Q).

The family (z,y) — ¢n(x)dm(y) forms an orthonormal basis of LZ@W(Q X
Q,R). We therefore have a decomposition in L2 ,(Q x Q,R),

pﬂ(t,x,y)z Z Cmn®m (T)dn(y).

m,neM

Since p*}(t, -, -) is the kernel of the symmetric semigroup P, it is then straight-
forward that for m # n, ¢mn = 0 and that ¢,, = e *»*. Therefore in LZ(Q, R),

“+o0
Pt a,y) =Y e g (@) dn(y).

n=1

The continuity of p, together with the positivity of P$* imply, via Mercer’s
theorem that actually, the above series is absolutely and uniformly convergent
for t > 0. O
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As we stressed it in the statement of the theorem, in the decomposition

—+oo

Pt m,y) =D e o (2)én(y),

n=1

the eigenvalue )\, is repeated according to its multiplicity. It is often useful to
rewrite this decomposition in the form

400 dpn
POt y) =D e Y oR(a)dr (v),
n=1 k=1

where the eigenvalue «,, is not repeated, that is
O<ay<ag<---

In this decomposition, d,, is the dimension of the eigenspace V,, corresponding
to the eigenvalue o, and (¢} )1<k<d, 1S an orthonormal basis of V,. If we

denote,
dn

Kn(z,y) = o7 ()67 (v),
k

=1
then K, is called the reproducing kernel of the eigenspace V,. It satisfies the
following properties whose proofs are let to the reader:

Proposition 4.53.

o [C,, does not depend on the choice of the basis (¢} )i<k<d,;
o If f €V, then [, Kn(z,y)f(y)du(y) = f(z).

We finally observe that from the very definition of the reproducing kernels,
we have

+oo
Pt a,y) =Y e ().

n=1
Exercise 4.54.
1. Let f € Li(Q,R). Show that uniformly on Q, when t — +oo, P$f — 0.
2. Let f € C°(Q). Show that uniformly on Q, when t — 0, P$Lf — f.

Exercise 4.55. Show that if K is a compact subset of €2,

. 1 o
%1_13(1) jg}p{ E(Pt 1B(z,c)ena)(7) = 0.
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8 The Neumann semigroup

In this section we consider another semigroup which is canonically associated
to diffusion operators on sub-domains of R"™: The Neumann semigroup. The
difference with respect to the Dirichlet semigroup is the boundary condition.

The framework is identical to the framework of the previous section. Let L
be an elliptic diffusion operator on R™ with smooth coefficients. We assume that
L, defined on C.(R™,R), is symmetric with respect to a measure with smooth
and positive density p. Let © C R™ be a non empty open set whose closure
Q) is compact and whose boundary 92 is smooth. We list the main results
concerning the Neumann semigroup but leave the arguments as an exercise to
the reader since the proofs are almost identical to the ones of the previous
section.

Proposition 4.56. The operator L is essentially self-adjoint on the set
C(Q) ={u:Q— R, usmooth on Q, vu=0 on IN},

where, as before, v denotes the vector field in the Green’s formula Proposi-
tion 4.49. The self-adjoint extension of L on that set is called the Neumann
extension of L and will be denoted by Lq , .

The semigroup generated by Lq , is called the Neumann semigroup and we
will denote it by (P?’V)tzo. The semigroup P?’” has a smooth heat kernel
P (t,x,y) and for f € Li(Q,R), P f € C(Q), t > 0. The main differ-
ence with the Dirichlet semigroup is that the Neumann semigroup is a Markov
semigroup, that is P$*”1 = 1. It comes from the fact that 1 € D(La,.).

Proposition 4.57. Fort > 0 the operator P?’” 1s a compact operator on the
Hilbert space Li(ﬂ, R). It is moreover trace class and

() = [ P (b )d(e).
Q

Theorem 4.58. There exists a complete orthonormal basis ({n)n>1 of L (€, R),

consisting of eigenfunctions of —L, with ¥, € C(Q) having an eigenvalue X\,

with finite multiplicity and |, = —=

n(Q)’

0=X1 < A

IN

Moreover, fort >0, z,y € Q,

+oo
PP ay) =Y e (@) (y),
n=1

where the convergence is absolute and uniform for each t > 0.
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Exercise 4.59.

1. Let f € L? Q,R . Show that uniformly on Q, when t — +00, PQ’”)‘ —
n t

2. Let f € C(Q). Show that uniformly on Q, when t — 0, P?’Vf — f.

Exercise 4.60. Show that if K is a compact subset of €2,

. 1 Qv
i ven T (P 1B e)ena)(2) = 0.

9 Symmetric diffusion processes

Our goal in this section will be to associate to a symmetric and elliptic diffusion
operator L a somehow canonical continuous Markov process. In general, as
we have seen, L does not generate a Markov semigroup but a sub-Markov
semigroup. The corresponding process will thus be a sub-Markov process (see
the end of Section 1 in Chapter 3 for a definition).

Let L be an elliptic diffusion operator on R™ with smooth coefficients. We
assume that L, defined on C.(R™, R), is symmetric with respect to a measure
which has a smooth and positive density with respect to the Lebesgue measure.

Proposition 4.61 (Neumann process). Let Q C R™ be a non empty open set
whose closure ) is compact and whose boundary O is smooth. For everyxz € Q,
there exists a continuous Markov process (X[)i>o with semigroup (PtQ’V)tZO
(Neumann semigroup) such that X§ = x. Moreover, for every f € C.(Q,R),
the process

t
foxe) -~ [ Leends
0
is a martingale.

Proof. We can use the same arguments as in the proofs of Theorem 3.28, Propo-
sition 3.30 and Proposition 3.36. O

Proposition 4.62 (Dirichlet process). Let Q@ C R™ be a non empty open set
whose closure Q is compact and whose boundary 0 is smooth. For every
x € Q, there exists a continuous sub-Markov process (X[ )i>0 with semigroup
(P)>0 (Dirichlet semigroup) and extinction time eq(x) = inf{t > 0, X¥ €
00}, Moreover, for every f € C.(Q,R), the process

fxE) - / LE(X?)ds, < eq(x)

is a martingale.
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Proof. Let O be a non empty open set whose closure O is compact and whose
boundary 0O is smooth. We also assume that 2 C O. Let z € Q and let
(Y)¢>0 be the Neumann process in O started at z. Let T, = inf{t > 0,Y" €
00} and consider the killed process

Y®, t<T,
ng — t =
*, t>1T,.

It is easily seen that (X7);>0 is a sub-Markov process with semigroup

Q:f(x) = E(f(X{)li<r,)-

Moreover, for every f € C.(O,R), the process

) - / Lf(Y?)ds

is a martingale. Let now f be a smooth function on €2 such f and Lf vanish
on Jf). From the Doob’s stopping theorem, we have

tAT,
E (f(mn) - /0 Lf(Yf)ds> = f(2)

But,
E (f( tg/U\Tm)) =E (f(th)lt<Tz)

E ( /0 o Lf(Yf)ds) -E ( /O t Lf(Xf)ls@ds) ,

thus we obtain

and

Qif(z) = f(z) +/0 QsLf(x)ds.

Applying this with an eigenfunction ¥,, of the Dirichlet Laplacian Lgq, we get
that
t
Qv, =V, - )\n/ QsV,ds.
0

This implies Q,¥,, = e~ **W¥,,. Using then the spectral decomposition of the
Dirichlet semigroup P$* we easily conclude that, actually, Q; = P$. O

With these two preliminaries in hands, we are now in position to prove the
main result of this section.
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Theorem 4.63. For every x € R", there exists a continuous sub-Markov pro-
cess (X7 )i>o0, such that X§ = x, a.s. and for every f € C.(R™,R), the process

f@ﬁfALﬂﬁM&t<d@

is a martingale. If L is moreover essentially self-adjoint on C.(R™R), then
(XF)i>0 admits the semigroup generated by L as a transition semigroup.

Proof. Let x € R™. Let us denote by B,, = B(z,n) the open ball with center
x and radius n. Consider now independent continuous sub-Markov processes
(X?")i>0,yeB,,» n > 1, such that the transition semigroup of (X{");>¢ is the
Dirichlet semigroup PP" and X" = y. Let

T, = inf{t > 0, X' € 9B}

and

. z,1
Xt = lim X™h
0B Ty t

We define then by induction
. Xog, _on
T, =inf<{t>0,X, € 0B,

and

n—1

n . X@Bn_l T
XaB = 11m Xt
" t—T,,

We finally define the sub-Markov process (X});>o as follows: For 0 < ¢ < Ty,

: 1LX] .
X#=X"" and for T,, <t < Tp, X; = th+ 98n By the very construction

of (X7 )i>0, it is clear that it is a continuous sub-Markov process such that for
every n > 1,
T, =inf{t > 0, X} € 0B, },

and such that the killed process defined by

. Xz t<T,
Xt: i <
*x, t>T,

)

is a sub-Markov process with semigroup P? ", In particular, for every f €
C.(B,,,R), the process

f@ﬁ—ALﬂmmat<Tm

is a martingale. This easily implies that for every f € C.(R™,R), the process

F(X9) _/0 Lf(XZ)ds, t<e(x), (4.5)



9 Symmetric diffusion processes 139

is a martingale. This proves the first part of the theorem.

Let us now assume that L is moreover essentially self-adjoint on C.(R™, R).
Let us denote by Q; the transition semigroup of (X7 );>¢. The construction of
(X7)t>0 shows that Q; is limit in L7 (R”, R) of the self-adjoint operators PP
This implies that Q; is a contraction semigroup in Li(R”,R). Let L be the
generator of this semigroup. By using the martingale (4.5), we easily see that
the domain of L contains C.(R™,R) and that for f € C.(R",R),

Lf=Lf.

The operator L is therefore the unique self-adjoint extension of L. O

Notes and Comments

Section 1. For a detailed account on the theory of self-adjointness on Hilbert
spaces we refer the reader to the books by Reed and Simon Vol. I, [?] and
Vol. II [?]. The criterion for essential self-adjointness given in Proposition 4.11
appears in a note by Bakry [?] and relies on the proof by Strichartz [?] that the
Laplace-Beltrami operator on a complete Riemannian manifold is essentially
self-adjoint.

Section 2. The existence of the heat kernel can also be proved by using
the parametrix method, see the book by Friedman [?]. Our method that relies
on a Sobolev embedding theorem has the advantage to extend to more general
operators like subelliptic operators.

Section 3. The fact that the Kato inequality for the generator is equiv-
alent to the positivity preserving property of the corresponding contraction
semigroup is pointed out by Simon in [?] and relies on the theory of Dirichlet
forms developed by Beurling and Deny in [?]. Dirichlet forms provide an ab-
stract framework which allows to generalize some of the results of this section
to much more general situations, see for instance Sturm [?] for the analy-
sis of Dirichlet forms on metric spaces. We refer the reader to the book by
Fukushima-Oshima-Takeda [?] for an extensive account on the general theory
of Dirichlet forms and to the Chapter 1 of the book by E.B. Davies [?] for an
introduction.

Section 4. The Riesz-Thorin theorem was first proved by Riesz in [?] but
the idea to use complex methods to prove the theorem goes back to his student
Thorin. An extension of this theorem to analytic families is due to Stein [?].

Section 5. The Hille-Yosida theorem (Theorem 4.38) was independently
proved by Hille in [?], [?] and Yosida in [?], [?]. The construction of the heat
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semigroup by using Hille-Yosida theory follows the approach of Strichartz [?]
but is extended here in the context of general elliptic operators.

Section 6. The connection between partial differential equations and semi-
group theory goes back to Hadamard [?], [?], [?] who observed the semigroup
property for solutions of the Cauchy problem. However semigroup theory
was not applied systematically to partial differential equations until Hille and
Yosida developed the analytical tools in the late 1940’s. One of the seminal
fundamental papers applying semigroup techniques to diffusion equations is the
paper by Feller [?].

Section 9. By using the theory of Dirichlet forms, it is possible to greatly
generalize Theorem 4.63. We refer the interested reader to the book by Fukushima-
Oshima-Takeda [?] for the construction of continuous Markov processes asso-
ciated with local Dirichlet forms. We also mention the reference [?].



Chapter 5
1t6 calculus

The main goal of the chapter is to construct an integral with respect to the
Brownian motion. This integral may not be defined as a usual Riemann-
Stieltjes integral because Brownian paths are almost surely of infinite variation.
However, by using the full strength of probability methods, it is possible to de-
velop a natural and fruitful integration theory for stochastic processes. Once
the stochastic integral is constructed, we we will prove the change of variable
for this integral: The Doblin-It6 formula. Several applications of the D6blin-1t6
formula are then investigated.

1 Variation of the Brownian paths

We first study some properties of the Brownian paths that will be useful to
develop an integral with respect to Brownian motion. As a first step, we prove
that Brownian paths almost surely have an infinite variation,
If
Ap0,t] ={0=ty <t} <..<t; =t}

is a subdivision of the time interval [0, ¢], we denote by
| A,[0,t] |= max{| 7., —t; |,k=0,...,n—1},
the mesh of this subdivision.

Proposition 5.1. Let (B;)i>0 be a standard Brownian motion. Lett > 0. For
every sequence A,[0,t] of subdivisions such that

lim | A,[0,4] |=0,

n——+oo

the following convergence takes place in L* (and thus in probability),

n 2
Jdm S (8- my ) =t

As a consequence, almost surely, Brownian paths have an infinite variation on
the time interval [0,¢].

Proof. Let us denote

Va

> (Bt;;' - Btz:_l)2 :

k=1
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Thanks to the stationarity and the independence of Brownian increments, we
have:

E ((V, —t)?)
=E (V;}) — 2tE (V,,) +

2 2
= > B ((Bg - Be) (P Ba) ) -

Jk=1
n 4 n 2 2 )
=Yu((By ) )2 X E((By-Bg) (Ba-Ba,) ) -
k=1 1<j<k<n
:Z(tZ*tZ—l)ZE (BY) +2 Z () =5 ) (th —th_y) — 2
h—1 1<j<k<n
=3 Z(t? — 1) +2 Z (] =5 ) (th —th_y) — 2
k=1 1<j<k<n

=2 Z(t}i - tzll)z
k=1
<2t | Ap[0, 1] [—ns 400 0.

Let us now prove that, as a consequence of this convergence, the paths of
the process (Bt):>0 almost surely have an infinite variation on the time interval
[0,t]. Tt suffices to prove that there exists a sequence of subdivisions A,[0, ¢]
such that almost surely

n—-+o0o

n
lim > | By = By, |=+oc.
k=1

Reasoning by absurd, let us assume that the supremum on all the subdivisions
of the time interval [0, t] of the sums

n
lim E | Btn — Btn ‘
n——+oo k k—1
k=1

may be bounded from above by some positive M. From the above result,
since the convergence in probability implies the existence of an almost surely
convergent subsequence, we can find a sequence of subdivisions A, [0, ¢] whose
mesh tends to 0 and such that almost surely,

n

2
Jim > (By — By ) =t

k=1
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We get then

n

2
Z (Bt;» - Btﬁfl) <M sup | Bip —Bin | [=nstee 0,
= 1<k<n

which is clearly absurd. g

Exercise 5.2. Let (B;)i>0 be a Brownian motion. Show that fort > 0, almost
surely
on

2
RETOO,; (Bg —Bogw) =t.

2 Ito6 integral

Since a Brownian motion (B;):>o does not have absolutely continuous paths, we
can not directly use the theory of Riemann-Stieltjes integrals to give a sense to
integrals like fot ©,dB; for every continuous stochastic process (Os)s>0. How-

ever, if (©;)s>0 is regular enough in the Hélder sense, then fg O,dB; can still
be constructed as a limit of Riemann sums by using the so-called Young inte-
gal. In the sequel, we shall denote by C*(I) the space of a- Holder continuous
functions that are defined on an interval I.

Theorem 5.3 (Young integral). Let f € C?([0,T]) and g € CY([0,T)). If
B+~ > 1, then for every subdivision A,[0,T], whose mesh tends to 0, the

Riemann sums
n—1

D9t - 9(t)
i=0
converge, when n — 0o to a limit which is independent of the subdivision t7'.

This limit is denoted fOT fdg and called the Young’s integral of f with respect
to g.

As a consequence of the previous result, we can therefore use Young’s inte-
gral to give a sense to the integral fot O,dB; as soon as the stochastic process
(O5)s>0 has y-Holder paths with v > 1/2. This is not satisfying enough, since
for instance the integral fot B.,dBy is not even well defined. The alternative to
using Riemann sums and study its almost sure convergence is to take advan-
tage of the quadratic variation of the Brownian motion paths and use the full
power of probabilistic methods.

In what follows, we consider a Brownian motion (B;);>o which is defined on
a filtered probability space (€2, (F¢)i>0, F,P). (Bt)i>o0 is assumed to be adapted
to the filtration (F)i>0. We also assume that (€, (F)i>0,F,P) satisfies the
usual conditions as they were defined in Definition 1.43. These assumptions
imply in particular the following facts that we record here for later use :
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1. A limit (in L? or in probability) of adapted processes is still adapted;

2. A modification of a progressively measurable process is still a progres-
sively measurable process.

Exercise 5.4. Let (By);>0 be a standard Brownian motion. We denote by
(FP)i>o0 its natural filtration: FE = o(B,,u > 0) and by N the null sets of
FB. Show that the filtration (o(FL,N))i>o0 satisfies the usual conditions.

We denote by L?(€2, (F¢)i>0,P) the set of processes (u;);>o that are pro-
gressively measurable with respect to the filtration (F;):>0 and such that

“+oo
E (/ ufds) < +o0.
0

Exercise 5.5. Show that the space L*(Q, (F;)i>0,P) endowed with the norm

“+oo
ull2 = E (/ ugds)
0

We now denote by € the set of processes (u;);>o that may be written as:

is a Hilbert space.

n—1
Ut = Z Fil(ti,tprﬂ(t)?
=0

where 0 <ty < ... <t, and where F; is a random variable that is measurable
with respect to F;, and such that E(F?) < +o0c0. The set £ is often called the
set of simple previsible processes. We first observe that it is straightforward to
check that

£ C L*(Q, (F)i=0,P).
The following theorem provides the basic definition of the so-called It6 integral.
Theorem 5.6 (Ito integral). There is a unique linear map
T : L*(Q, (Fi)i>0,P) — L*(Q, F,P)
such that:
1. Foru=Y""0 Filly, 1., €&,
n—1

Z(u) = Z Fi(By,,, — By,);

=0
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2. Foru € L*(Q, (Ft)i>0,P),

E(Z(u)?) =E </O+OO u2d5> .

The map T is called the It6 integral and for u € L*(Q, (Fi)i>0,P), we will use
the notation

—+o0
T(u) = / usdB,.
0
Proof. Since L*(Q, (F;)t>0, P) endowed with the norm

—+oo
Hu||2 =FE (/ uids)
0

is a Hilbert space, from the isometries extension theorem we just have to prove
that

1. For u = 22;01 Filg, 1,1 €€,

n—1 2 +o00
Z Fi(By,,, — By,) =E </ ufds) ;
i=0 0

2. The set & is dense in L2(£2, (F¢)i>0, P).

Let u = Z?;Ol Fil(, 1., € €. Due to the independence of the Brownian
motion increments, we have:

<ZF Bt1+1 - z))

=K Z F,Fj(By,,, — By,)(By,,, — Bt,)
,j=0

1+1 Bti)2> +2E Z FiFj(Btz‘Jrl _Bti)(Btj+1 _Bt]‘)

<; 0<i<j<n-—1
(o
=

Let us now prove that € is dense in L?*(Q, (F;)i>0,P). We proceed in
several steps. As a first step, let us observe that the set of progressively
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measurable bounded processes is dense in L?(Q, (F;)¢>0,P). Indeed, for u €
L?(, (F)i=0,P), the sequence (u¢lj (] w |))e=0 converges to u.

As a second step, we remark that if u € L*(Q, (F;)i>0,P) is a bounded
process, then u is a limit of bounded processes that are in L?(€2, (F3):>0, P) and
such that almost every paths are supported in a fixed compact set (consider
the sequence (u¢1g n)(t)¢>0)-

As a third step, if u € L*(Q, (F;)i>0,P) is a bounded process such that
almost every paths are supported in a fixed compact set, then the sequence

¢ . .
(% ft_% usdsl(%’+oo)(t) pop 15 Seen to converge toward u. Therefore, u is a

limit of left continuous and bounded processes that are in L?(£2, (F¢)+>0, P) and
such that almost every paths are supported in a fixed compact set.

Finally, it suffices to prove that if u € L?(€2, (F;)i>0,P) is a left continuous
and bounded process such that almost every paths are supported in a fixed
compact set, then v is a limit of processes that belong to £. This may be
proved by considering the sequence:

n

+oo
’U,;L = Z’U,%l(%,wl](t).
=0

Exercise 5.7. Let u,v € L*(Q, (F;)i>0,P), show that

“+o0
E (/ uSdBS) =0
0
“+oo “+o0 “+o0
E (/ usst/ ’USdBS) =E (/ usvsds> .
0 0 0

Associated with Itd’s integral, we can construct an integral process, its
fundamental property is that it is a continuous martingale.

and

Proposition 5.8. Let u € L?(, (F)t>0,P) . The process

t —+o0
(/ usst> = (/ Usl[O,t]<S)st)
0 >0 0 >0

is a martingale with respect to the filtration (Fi)i>0 that admits a continuous
modification.

Proof. We first prove the martingale property. If

n—1
Ut = Z Fil(ti,th] (t)
=0
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is in &, then for every t > s,

n—

t 1
E < / wydB, | a) _E ( Fi(Boint — Bund) | fs>
0 i=0

n—1

= Z Fi(Bti+1/\S - Bti/\s)
=0
= / UpydB,,.
0

Thus if u € £, the process

t —+o0
(/ uSdBS> = (/ us 10,4 (S)dBS)
0 t>0 0 t>0

is a martingale with respect to the filtration (Fi);>¢. Since £ is dense in
L3(Q, (Ft)1>0,P), and since it is easily checked that a limit in L?(£2, (F¢):>0, P)
of martingales is still a martingale, we deduce the expected result.

We now prove the existence of a continuous version.

If u € £, the continuity of the integral process easily stems from the continu-
ity of the Brownian paths. Let u € L*(€, (F3)t>0,P) and let u™ be a sequence
in £ that converges to u. From Doob’s inequality, we have for m,n > 0 and
e >0,

: E (| JoFe(un — um)dB, |2>
| = uas. ze> <
0

P (sup 3
t>0 €

E ( Oy — u?’)%ls)
g2 ’
There exists thus a sequence (ng)r>o such that
1 1
P > — | < —.
(s >5) <%

From Borel-Cantelli lemma, the sequence of processes ( fot u;““dBS) con-
>0

t
| e = uzya,

verges then almost surely uniformly to the process ( fot uSdBS> which is
>0

therefore continuous. O

As a straightforward consequence of the previous proposition and Doob’s
inequalities, we obtain

Proposition 5.9. Let u € L?(Q, (Ft)i>0,P).
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1. For every A > 0,

2 )« EU )

t
P (sup / usdByg
t>0 |Jo
t 2 +oo
E <<sup / usdByg > ) < 4E (/ uids) .
t>0 |Jo 0

Once again, we insist on the fact that It0’s integral is not pathwise in the
sense that for u € L*(Q, (F;)t>0,P), the Riemann sums

n—1

E U Kkt ((B(k+1)t _Bﬂ),
n n n

k=0

need not to almost surely converge to fot usdBs. However the following propo-
sition shows that under continuity assumptions we have a convergence in prob-
ability.

Proposition 5.10. Let u € L?(Q,(F;)t>0,P) be a continuous process. Let
t > 0. For every sequence of subdivisions A,[0,t] such that

lim | A[0,4] |=0,

n—-+o0o

the following convergence holds in probability:

n—1 t
nEIJIrloo E utg (Bterl - Btz) = /(; usst.
k=0

Proof. Let us first assume that u is bounded almost surely. We have

n—1 +
S g (s, - Be) = [ wna,
k=0 0

where u? = Y1) g Liep 4z, 1(s). The It6 isometry and the Lebesgue dom-

inated convergence theorem shows then that fof uldBs converges to fot ugsdByg
in L? and therefore in probability. For general u’s we can use a localization
procedure. For N > 0, consider the random time

Ty =inf{t > 0, |us| > N}.
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n—1 t
P ( Z utz (BtZJrl — Bt2> —/ Usst
k=0 0

> 6)
n—1
S]P’(TN < t) + P (

t
3 g (Bt;;ﬂ - Btg) - /0 usdB,

k=0

n—1 t

E UtzzllutzlgM (Bt2/+1 _Bt2> —/ Usllub‘SMst
0

k=0

ZgaTN >t>

<P(Ty <t)+P (

o).

This easily implies the convergence in probability. a

Exercise 5.11.

1. Show that fort >0,

(B —1).

DO | =

t
/ BsdBg =
0

What is surprising in this formula ?

2. Show that when n — +00, the sequence

n—1
Y B (me . B@),
2 P (oo = By

converges in probability to a random variable that shall be computed.

Exercise 5.12. Show that if f : R>o — R is locally square integrable, that

is fot f?(x)dz < +oo, t > 0, then the process (f(f f(s)st> is a Gaussian
t>0
process. Compute its mean and its covariance.

3 Square integrable martingales and quadratic variations

It turns out that stochastic integrals may be defined for other stochastic pro-
cesses than Brownian motions. The key properties that were used in the above
approach were the martingale property and the square integrability of the
Brownian motion.

As above, we consider a filtered probability space (€, (F;)i>0, F,P) that
satisfies the usual conditions. A martingale (M;);>¢ defined on this space is
said to be square integrable if for every ¢ > 0, E (Mf) < +00.

For instance, if (By);>o is a Brownian motion on (2, (F;)i>0,F,P) and
if (ug)i>0 is a process which is progressively measurable with respect to the
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filtration (F;)¢>o such that for every ¢ > 0, E (fot ufds) < +o0 then, the
process

t
Mt:/ USdBS, tZO,
0

is a square integrable martingale.

The most important theorem concerning continuous square integrable mar-
tingales is that they admit a quadratic variation. Before proving this theorem,
we state a preliminary lemma.

Lemma 5.13. Let (My)o<i<T be a continuous martingale such that
n—1

sup |Mn — — Myn| < 4o00.
An[oyT] kZ:O k+1 k

Then (My)o<t< is constant.

Proof. We may assume My = 0. For N > 0, let us consider the stopping time

n—1
Ty = inf {s €[0,T],|M| > N, sup Y [Myp  — M| > N} AT.
A, 0,s] k—0

The stopped process (Miary Jo<i<T is a martingale and therefore for s < ¢,
E((Minry — Mspry)?) = B(M{p,) — E(MZ, 7).

Consider now a sequence of subdivisions A, [0, 7] whose mesh tends to 0. By
summing up the above inequality on the subdivision, we obtain

n—1

2
E(MT%N) = Z (Mt;;/\TN - Mt;gfl/\TN)
k=0

n—1

< sup | Mypary — Myp  pry|E <§ | Mgy — Mt;_lATND
k=0

< Nsup [Mypary — My aTyl-

By letting n — 400, we get E(M%N) = 0. This implies M7, = 0. Letting now
N — oo, we conclude My = 0. O

Theorem 5.14 (Quadratic variation of a martingale). Let (My);>o be a mar-
tingale on (Q, (F¢)i>0, F,P) which is continuous and square integrable and such
that My = 0.There is a unique continuous and increasing process denoted
((M)y)i>0 that satisfies the following properties:

1. <M>0 = 0,‘
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2. The process (M? — (M);)i>0 is a martingale.

Actually for every t > 0 and for every sequence of subdivisions A,[0,t] such
that
lim | A,[0,¢] |=0,
n—-+oo

the following convergence takes place in probability:

n

2
3 (s ) =

The process ({(M)¢)e>0 is called the quadratic variation process of (My)i>o.

Proof. We first assume that the martingale (M;);>¢ is bounded and prove that
if A,[0,1] is a sequence of subdivisions of the interval [0, ¢] such that

lim | A[0,4 =0,

n——4oo

then the limit

n 2
lim (Mtn — Mt" )
n—+oo k k=1
k=1
exists in L? and thus in probability.
Toward this goal, we introduce some notations. If A[0, 7] is a subdivision

of the time interval [0, T] and if (X;)¢>0 is a stochastic process, then we denote

k
StA[O,T] (X) _ (Xt

%

|
—

- th,)Q + (Xt - th)2a

i+1

I
o

where k is such that ¢t <t < tpy1.
An easy computation on conditional expectations shows that if (Xy);>0 is
a martingale, then the process

x2-sA M (x), <

is also a martingale. Also, if A[0,7] and A’[0,T] are two subdivisions of the
time interval [0, T, we will denote by AV A’[0, T the subdivision obtained by
putting together the points A[0, T] and the points of A’[0,T]. Let now A, [0,T]
be a sequence of subdivisions of [0, 7] such that

lim | An[0,7] |=0.

n—-+oo

Let us show that the sequence Sﬁ »[0.T) (M) is a Cauchy sequence in L?. Since
the process S2»10TI(M) — §22[0TI(M) is a martingale (as a difference of two
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martingales), we deduce that

2
(s30T 00 - 537 ) )
5 (S8 OTSATI ) — 80T (a1)))
SQ (E (SﬁanAP[OvT] (SA" [0,7] (M))) +E (SﬁanAP[OvT] (SAp[OvT] (M)))) .

Let us denote by si’s the points of the subdivision A, V A,[0, 7] and for fixed
sk, we denote by t; the point of A,[0,7] which is the closest to s, and such
that ¢; < s < t41. We have

SonOT () — ST = (M,

= (M

Sk+41

- Mtz)2 - (Msk - Mtz)Q
- Msk)(M5k+l + Msk - 2Mt1)'

Therefore, from Cauchy-Schwarz inequality, we have

E (S?’LVAP[O’T](SA"[O’T](M)))

1/2 A, VAL[0,T 2\ /2
nVApl0,
<E (s%p(MSW + M, — 2Mtl)4> E <<ST OT()) )

Since the martingale M is assumed to be continuous, when n,p — +o0,

E (sup(Msk+l + M,, — 2Mt,)4) - 0.
k

2
Thus, in order to conclude, it suffices to prove that [E ((S:,A«"VAP [0.7] (M)) )

is bounded. This fact is a consequence of the fact that M is assumed to be
bounded and we let the reader work out the details of the argument. Therefore,
in the L? sense the following convergence holds

n

2
(M) = lim 37 (Mg~ My, )

The process (M7 — (M);):>o is seen to be a martingale because for every n and
T > 0, the process

ME2—s&OTan, t<T
is a martingale. Let us now show that the obtained process (M) is a continuous
process. From Doob’s inequality, for n,p > 0 and ¢ > 0,

P < sup_ (s ar) - 50T (0 ) > a)
0<t<T

2
(52070 - 52 )’
<

2
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From Borel-Cantelli lemma, there exists therefore a sequence nj such that
the sequence of continuous stochastic processes (StA "k [O’T](M )>O<t<T almost
surely uniformly converges to the process ((M);)y<,<p. This proves the exis-
tence of a continuous version for (M). Finally, to prove that (M) is increasing,
it is enough to consider a an increasing sequence of subdivisions whose mesh
tends to 0. Let us now prove that (M) is the unique process such that M?— (M)
is a martingale. Let A and A’ be two continuous and increasing stochastic pro-
cesses such that Ag = A} = 0 and such that (M? — A;);>0 and (M? — A})i>0
are martingales. The process (N;);>0 = (A; — A})>0 is then seen to be a mar-
tingale that has a bounded variation. From the previous lemma, this implies
that (IVy);>o is constant and therefore equal to 0 due to its initial condition.

We now turn to the case where (M;);>¢ is not necessarily bounded. Let us
introduce the sequence of stopping times:

Ty = inf{t > 0,|M,| > N}.

According to the previous arguments, for every N > 0, there is an increasing

process A" such that (MfATN — AN);>0 is a martingale. By uniqueness of this

N+1
At/\TN

requiring that A;(w) = AN (w) provided that Tiy(w) > t. By using convergence
theorems, it is then checked that (M? — A;)¢>0 is a martingale.
Finally, let A,[0,¢] be a sequence of subdivisions whose mesh tends to 0.
We have for every € > 0,
1+
> €

P <
N % 2

SP(TN S t) + P At - Z (Mt',';/\TN — Mt}z,l/\TN)
k=1

process, it is clear that = AN therefore we can define a process A; by

n

A=Y (Mt;g - Mtzfl)

k=1

25)

This easily implies the announced convergence in probability of the quadratic
variations to A;. O

Exercise 5.15. Let (M;)i>0 be a square integrable martingale on a filtered
probability space (, (Fi)i>0,F,P). Assume that My = 0. If A[0,T] is a sub-
division of the time interval [0,T] and if (Xi)i>0 is a stochastic process, we
denote

E
[

StA[O’T] (X) _ (Xt

%

- th,)Q + (Xt - th)2a

i+1

I
o

where k is such that tp <t < tg11. Let AL[0,T] be a sequence of subdivisions
of [0, T] such that
lim | A,[0,7]|=0.

n—-+oo
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Show that the following convergence holds in probability,

lim  sup |S2OT A — ()| = o.
Jm sup |5 (M) — (M),

Thus, in the previous theorem, the convergence is actually uniform on compact
intervals.

We have already pointed out that stochastic integrals with respect to Brow-
nian motion provide an example of square integrable martingale, they therefore
have a quadratic variation. The next proposition explicitly computes this vari-
ation.

Proposition 5.16. Let (B;)i>0 be a Brownian motion on a filtered probabil-
ity space (9, (Fi)i>0,F,P) that satisfies the usual conditions. Let (ui)i>obe a

progressively measurable process such that for everyt > 0, E (fg u?ds) < 4o00.

Fort>0: .
</ uSdBS> = / ugds.
0 t 0

Proof. Since the process ( fot u?ds) - is continuous, increasing and equals 0
t>0
when ¢t = 0, we just need to prove that

t t
(/ usst> — / u?ds
0 0
is a martingale.
If u € £, is a simple process, it is easily seen that for ¢t > s:
t s t 2
E ((/ uvdBv> | ]-'5> _E ((/ w,db, + [ uvdBv) | ﬂ)
0 0 s
s 2 t 2
- <</ uvdBv> | ]-'3> +E ((/ uvdBv) | .7:S>
0 s
s 2 t
= (/ uvdBv> +]E</ u%dv|]—'s>.
0 s

We may then conclude by using the density of € in L*(Q, (Ft)i>0, P). O

2

2

As a straightforward corollary of the proposition 5.14, we immediately ob-
tain:

Corollary 5.17. Let (My)i>0 and (N¢)i>o0 be two continuous square integrable
martingales on (Q, (Fi)i>0, F,P) such that My = No = 0. There is a unique
continuous process ((M, N);)i>0 with bounded variation that satisfies:
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1. (M,N)y =0;
2. The process (MyNy; — (M, N);)i>0 is a martingale.
Moreover, fort > 0 and for every sequence A,[0,t] such that

lim | A,[0,¢] |=0,

n—-+oo

the following convergence holds in probability:
lim (Mtz . Mtzil) (th - thfl) — (M, N),.

n——+oo
k_

The process ((M, N)i)i>0 1s called the quadratic covariation process of (My)i>o
and (Nt)tzo.

Proof. We may actually just use the formula

(M,N) = - ((M+N)—(M—N)),

NG

as a definition of the covariation and then check that the above properties are
indeed satisfied due to Proposition 5.14. O

Exercise 5.18. Let (B})i>0 and (B?)i>0 be two independent Brownian mo-
tions. Show that
(B',B*); = 0.

In the same way that a stochastic integral with respect to Brownian motion
was constructed, a stochastic integral with respect to square integrable martin-
gales may be defined. We shall not repeat this construction, since it was done
in the Brownian motion case, but we point out the main results without proofs
and let the proofs as an exercise to the reader.

Let (M}):>0 be a continuous square integrable martingale on a filtered prob-
ability space (€2, (F¢)i>o0,F,P) that satisfies the usual conditions. We assume
that Mo = 0. Let us denote by £3,(S2, (F)t>0,P) the set of processes (us)i>0
that are progressively measurable with respect to the filtration (F3)¢>o and

such that
+oo
E (/ u§d<M>5> < +oo.
0

We still denote by £ the set of simple and predictable processes, that is the set
of processes (u¢);>o that may be written as:

n—1
ur = Filg, (),
1=0



156 5 Ito6 calculus

where 0 < tg < ... <t,, and where F; is a random variable that is measurable
with respect to JF;, and such that E(F?) < +oco. We define an equivalence
relation R on the set £3,(€2, (F)i>0,P) as follows:

“+o0
uRv < E </ (us — vs)2d<M>s) =0.
0
and denote by
L3 (Q, (Fo)e20,P) = L3(Q, (Fo)e20,P)/R,

the set of equivalence classes. It is easy to check that L3,(Q, (F;)i>0,P) en-
dowed with the norm
+oo
=5 ([, ),
0
is a Hilbert space.

The following theorems are then proved similarly as for the Brownian mo-
tion.

Theorem 5.19. There exists a unique linear map

I L?M(Q, (-Ft)t207lp) — LQ(Q’]-"JP)

such that:
o FO'F u = Z?:_Ol Fil(ti,ti+1] (S (‘:,
n—1
I(u) = Z Fi(Mti+1 Mt1)7
=0

o Forue L3,(Q, (Fi)i>0,P),

E (Zy(uw)?) =E (/()+OO u§d<M>S) .

The map Ly is called the Ito integral with respect to the continuous and square
integrable martingale (My);>o . We denote for u € L3,(S2, (Ft)i>0,P),

+oo
Tor(u) = / wydM,.
0

In the case where (M;);>0 is itself a stochastic integral with respect to Brow-
nian motion, we can express the stochastic integral with respect to (My)>o as
an integral with respect to the underlying Brownian motion.
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Proposition 5.20. Let us assume that M; = fg ©,dB, where (By)i>0 is a
Brownian motion on (£, (Fi)i>0,F,P) and where (O)i>0 is a progressively

measurable process such that for every t > 0, E (fg @gds) < 4o0. Then
u € L3, (Q (F)i>0,P) if and only if u® € L% (Q, (Ft)i>0,P) and in that case

for every t > 0,
t t
/ usdMg = / usO4dB;.
0 0

It should come as no surprise, that stochastic integrals with respect to
martingales are still martingales. This is confirmed in the next proposition.

Proposition 5.21. Let (u)i>0 be a stochastic process which is progressively
measurable with respect to the filtration (F;)i>0 and such that for every t > 0,

E (fot u§d<M>S> < +00. The process

t —+oo
(/ Udes) = </ uSl[O,t] (S)dMg)
0 t>0 0 t>0

is a square integrable martingale with respect to the filtration (Fy)i>o that ad-
mits a continuous modification and its qudratic variation process is

</0 udes>t = /Ot u?d(M),.

As in the Brownian motion case, the stochastic integral with respect to a
martingale is not an almost sure limit of Riemann sums, it is however a limit
in probability.

Proposition 5.22. Let u € L3,(Q, (F;)t>0,P) be a continuous stochastic pro-
cess. Lett > 0. For every sequence of subdivisions A,[0,t] such that

lim | A,[0,¢] |=0,

n—-+oo

the following convergence holds in probability:
n—1 t
i Sy (Mg, My ) = /0 usdM;.
k=0

4 Local martingales, Semimartingales and Integrators

The goal of this paragraph is to extend the domain of definition of the It6’s in-
tegral with respect to Brownian motion. The idea is to use the fruitful concept
of localization. We will then finally be interested in the widest class of processes



158 5 Ito6 calculus

for which it is possible to define a stochastic integral satisfying natural proba-
bilistic properties. This will lead to the natural notion of semimartingales.

As before, we consider here a Brownian motion (B;);>o that is defined on a
filtered probability space (2, (F;)i>0, F,P) that satisfies the usual conditions.

Definition 5.23. We define the space L7 (€2, (F:)i>0,P), as the set of the
processes (u;)¢>o that are progressively measurable with respect to the filtration

(Ft)e>0 and such that for every ¢ > 0

t
IP’</ u§d5<+oo>—1.
0

We first have the following fact whose proof is let as an exercise to the
reader:

Lemma 5.24. Let u € L} (Q, (F)i>0,P). There exists an increasing family

loc

of stopping times (Ty,)n>0 for the filtration (Fy)i>0 such that:

1. Almost surely,

lim 7T, = 4o0;
n—-+o00

Ty
E (/ uids) < +o0.
0

Thanks to this lemma, it is now easy to naturally define f(f usdBg for u €
L2 (9, (F)it>0,P). Indeed, let u € LZ (2, (Ft)1>0,P) and let ¢ > 0. According
to the previous lemma, let us now consider an increasing sequence of stopping

times (T,)n>0 such that:

1. Almost surely,

lim T, = +o0;
n—-+oo
2.
T7I,
E / ulds | < 4o0.
0
Since

Tn
E / ulds | < +oo,
0
the stochastic integral

Ty +oo
/ usdBy = / usljo,7,1(5)dBs
0 0
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exists. We may therefore define in a unique way a stochastic process

t
(/ uSst>
0 t>0

such that:
1.

t
(/ usst>
0 t>0

is a continuous stochastic process adapted to the filtration (F;)i>o;

tAT,
/ usdByg
0

is a uniformly integrable martingale with respect to the filtration (F;)¢>0
(because it is bounded in L?) .

2. The stochastic process

t>0

This leads to the following definition:

Definition 5.25 (Local martingale). A stochastic process (M;):>o is called a
local martingale (with respect to the filtration (F;)¢>0) if there is a sequence
of stopping times (7},)n>0 such that:

1. The sequence (T),)n>0 is increasing and almost surely satisfies lim,,_, y oo T}, =
+00;

2. For n > 1, the process (MiaT, )t>0 is a uniformly integrable martingale
with respect to the filtration (F3)¢>o.
Thus, as an example, if u € L}, (€2, (F¢)>0,P) then the process (fot uSdBS)
= >0
is a local martingale. Of course, any martingale turns out to be a local mar-
tingale. But, as we will see it later, in general the converse is not true:
The following Exercise gives a useful criterion to prove that a given local
martingale is actually martingale.

Exercise 5.26. Let (M,);>0 be a continuous local martingale such thatt > 0,

E <sup | M, |> < 400.

s<t

Show that (My)i>0 is a martingale. As a consequence, bounded local martingales
necessarily are martingales.

Exercise 5.27. Show that a positive local martingale is a supermartingale.
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It is interesting to observe that if (M;);>¢ is a local martingale, then the se-
quence of stopping times may explicitly be chosen so that the resulting stopped
martingales enjoy nice properties.

Lemma 5.28. Let (M;):>0 be a continuous local martingale on (Q, (Ft)i>0, F, P)
such that My = 0. Let

T, = inf{t > 0,| M| > n}.
Then, for n € N, the process (Miat, )i>0 i a bounded martingale.
Proof. Let (S, )n>0 be a sequence of stopping times such that:

1. The sequence (S,)n>0 is increasing and almost surely lim, 4o, S, =
+00;

2. For every n > 1, the process (Mips, )¢>0 is a uniformly integrable mar-
tingale with respect to the filtration (Fi)¢>o.

For t > s and k,n > 0, we have:
E (Mt/\Sk/\Tn | fs) - Ms/\Sk/\Tn~
Letting kK — +o0 leads then to the expected result. O

Since bounded martingales are of course square integrable, we easily deduce
from the previous Lemma that the following result holds:

Theorem 5.29. Let (M)¢>0 be a continuous local martingale on (Q, (Fi)i>0, F,P)

such that My = 0. Then, there is a unique continuous increasing process
((M)y)1>0 such that:
1. {(M)o =0;

2. The process (MZ — (M);)i>0 is a local martingale.

Furthermore, for every t > 0 and every sequence of subdivisions A,[0,t] such
that
lim |A,[0,t] |=0,

n—-+oo

the following limit holds in probability:

n 2
i 37 (M = Mg ) = ()

The process ((M)¢)e>0 is called the quadratic variation of the local martingale.
Moreover, if u is a progressively measurable process such that for every t > 0,

P (/Ot u?d(M), < +oo> =1,
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then we may define a stochastic integral (fot udes> N such that the stochastic
>0

¢ . . .
process (fo uSdMS) s a continuous local martingale.
>0

At that point, we already almost found the widest class of stochastic pro-
cesses with respect to which it was possible to naturally construct a stochastic
integral. To go further in that direction, let us first observe that if we add a
bounded variation process to a local martingale, then we obtain a process with
respect to which a stochastic integral is naturally defined.

More precisely, if (X¢);>0 may be written under the form:

Xi = Xo+ Ay + M,

where (A4;);>0 is a bounded variation process and where (M;);>o is a contin-
uous local martingale on (€, (F;)¢>0,F,P) such that My = 0, then if u is a
progressively measurable process such that for ¢t > 0,

P (/Ot u?d(M)s < +oo) =1,

we may define a stochastic integral as

t t t
(/ uSdXS) = (/ usdAg —|—/ uSdMS>
0 >0 0 0 t>0

where fg usdAs is simply understood as the Riemann-Stieltjes integral with
respect to the process (A;)i>o -

The class of stochastic processes that we obtained is called the class of
semimartingales and, as we will see it later, is the most relevant one:

Definition 5.30 (Semimartingale). Let (X:);>0 be an adapted continuous
stochastic process on the filtered probability space (2, (F;)i>0, F,P). We say
that (X);>0 is a semimartingale with respect to the filtration (F;);>0 if (X¢)i>0
may be written as:

Xt = XO + At + Mt

where (A¢):>0 is a bounded variation process and (My):>o is a continuous local
martingale such that My = 0. If it exists, the previous decomposition is unique.

Remark 5.31. It is possible to prove that if (X;);>0 is a semimartingale with
respect to a filtration (F3)¢>o then it is also semimartingale in its own natural
filtration (see [?]).

Exercise 5.32. Let (M;)i>0 be a continuous local martingale on the filtered
probability space (2, (F;)i>0, F,P). Show that (M?)¢>o is a semimartingale.

Since a bounded variation process has a zero quadratic variation, it is easy
to prove the following theorem:
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Proposition 5.33. Let
Xi=Xo+ A +M;,, t>0,

be a continuous adapted semimartingale. For every t > 0 and every sequence
of subdivisions Ay[0,t] such that

lim | A,[0,¢]|=0

n—-+o0o

the following limit holds in probability:

n

35 (5o ) = e

We therefore call (M) the quadratic variation of X and denote (X) = (M).

Exercise 5.34. Let (X;)i>0 be a continuous semimartingale on the filtered
probability space (Q, (Fi)i>o0, F,P). If Al0,T] is a subdivision of the time in-
terval [0,T], we denote

k-1
A[O T] Z f — + (X, — th)27

1=0

where k is such that ty, <t < tgy1. Let A,[0,T] be a sequence of subdivisions
of [0,T] such that
lim | A,[0,T]|=0.

n—-+oo

Show that the following limit holds in probability,

lim sup StA[O’T](X) —(X)¢| = 0.
n—=+o0 o<t<T

Exercise 5.35. Let (X;)i>0 be a continuous semimartingale on (Q, (F;)i>0, F, P).
Let u™ be a sequence of locally bounded and adapted processes almost surely con-
verging toward 0 such that u” < u, where u is a locally bounded process. Show
that for T > 0, the following limit limit holds in probability

t
/

It already has been observed that in the Brownian case, though the stochas-
tic integral is not an almost sure limit of Riemann sums, it is however a limit

in probability of such sums. This may extended to semimartingales in the
following way.

lim sup
n—=+00 0<t<T
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Proposition 5.36. Let u be a continuous and adapted process, let (Xi)i>0 be
a continuous and adapted semimartingale and let t > 0. For every sequence of
subdivisions A,[0,t] such that

lim | A0,4 =0,

n——4oo

the following limit holds in probability:

n—1 t
Jim Sy (X, - X)) = / UsdXs.
k=0 0
Exercise 5.37 (Backward and Stratonovitch integrals). Let (X;)i>o0, (Y:)i>0

be continuous semimartingales.

1. Show that for every sequence of subdivisions A,[0,t] such that

lim | A0,4 =0,

n—-+00

the following limit exists in probability:

n—1 X X
tp T Ay
. +1
nhrf kg . 5 (Yt;g+1 = Y}Z) .

This limit is called the Stratonovitch integral and denoted fot X, o0dYs.

2. Show the formula
t t 1
/ X 0dYy = / XsdYs + (X, Y),.
0 0 2

3. With the same assumptions as above, show that the following limit exists
in probability:

n—1
lim E th )/;:n — thn .
n—-+oo k+1 k+1 k
k=0

The limit is called the backward stochastic integral. Find a formula relat-
ing the backward integral to Stratonovitch’s.

As we already suggested it, the class of semimartingales is actually the
widest class of stochastic processes with respect to which we may define a
stochastic integral that enjoys natural probabilistic properties. Let us more
precisely explain what the previous statement means.

We denote by &, the set of processes (u)i>0 such that:

N
wy = ZFil(S“Ti](t),
=1
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where 0 < 57 < T; < ... < Sy < Ty are bounded stopping times and where
the F;’s are random variable that are bounded and measurable with respect
to Fg,. If (X;)i>0 is a continuous and adapted process and if u € &, then we

naturally define
N

t
[ X = 37 B - Xsine)
0 i=1
We have the following theorem whose proof goes back to Meyer and that can
be found in the book [?] by Protter:

Theorem 5.38. Let (X;)i>0 be a continuous and adapted process. The process
(Xt)i>0 s a semimartingale if and only if for every sequence u™ in & that
almost surely converges to 0, we have for everyt > 0 and € > 0,

t
lim P (/ urdXs| > €> =0.
n—-+oo 0 h

If the previous continuity in probability is not asked, then integrals in the
rough paths sense of Lyons (see Chapter 7) may be useful in applications. This
integral is a natural extension of Young’s integral which coincides with the
Stratonovitch integral (see Exercise 5.37) for semimartingales but which does
not enjoy any nice probabilistic property.

5 Doblin-Ito formula

The Doblin-It6 formula is certainly the most important and useful formula
of stochastic calculus. It is the change of variable formula for stochastic in-
tegrals. It is a very simple formula whose specificity is the appearance of a
quadratic variation term. This reflects the fact that semimartingales have a
finite quadratic variation.

Due to its importance, we first provide a heuristic argument on how to
derive It6 formula. Let f : R — R be a smooth function and z : R — R be a
C' path R — R. We have the following heuristic computation:

f(@irar) = f(xe + (Tprar — 1))
= f(xe) + f'(@e)(@Teyar — 1)
= f(z¢) + f'(z¢)dxy.

This suggests, by summation, the following correct formula:
t
fla) = f(oo) + [ f(@)da.
0

Let us now try to consider a Brownian motion (By);>o instead of the smooth
path z and let us try to adapt the previous computation to this case. Since
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Brownian motion has quadratic variation which is not zero, (B); = t, we need
to go at the order 2 in the Taylor expansion of f. This leads to the following
heuristic computation:

f(Bitar) = f(By + (Bigar — By))
= f(By) + ['(Bt)(Bitat — Bi) + %f”(Bt)((Bt—&-dt - Bt))2
= f(B.) + f/(B)AB, + 31" (B,

By summation, we are therefore led to the formula

F(B) = F(0) + /0 F/(B.)AB, + /0 J"(B.)ds,

which is, as we will see it later, perfectly correct.

In what follows, we consider a filtered probability space (2, (Fi)i>0,F,P)
that satisfies the usual conditions. Our starting point to prove Do&blin-1t6
formula is the following formula which is known as the integration by parts
formula for semimartingales:

Theorem 5.39 (Integration by parts formula). Let (X¢)i>0 and (Yi)i>o be
two continuous semimartingales, then the process (XY:)i>o0 is a continuous
semimartingale and we have:

t t
XY, = XoYo + / X,dY, + / Y.dX, + (X,Y), t>0.
0 0

Proof. By bilinearity of the multiplication, we may assume X = Y. Also by
considering, if needed, X — X instead of X, we may assume that Xy = 0.
Let t > 0. For every sequence A, [0,t] such that

lim | An[0,4] |= 0,

n——+o0o
we have
> (th: - Xt:_l) =X7-2) Xy, (th/ - th_l) :
k=1 k=1

By letting n — oo, and using Propositions 5.33 and 5.36 we therefore obtain
the following identity which yields the expected result.

i
X2 = 2/ XodX, + (X);.
0
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Exercise 5.40. Let

n 2

._ 7 At
L pt ax Bx oz’

be a diffusion operator. Let us assume that there exists a diffusion process
(Xt)e>0 with generator L. Show that for f € C.(R™,R), the quadratic variation
of the martingale

wf =500 - [ Lioxas
is given by .
)= [T s,
where T'(f) = %(sz —2fLf) is the carré du champ.
We are now in position to prove the Déblin-It6 formula in its simpler form.

Theorem 5.41 (D&blin-Ité formula I). Let (X,);>0 be a continuous and adapted
semimartingale and let f : R — R be a function which is twice continuously
differentiable. The process (f(X¢))t>0 is a semimartingale and the following
change of variable formula holds:

F(Xy) = f(Xo) + /f $)dXs + = /f” (5.1)

Proof. We assume that the semimartingale (X;);>o is bounded. If this is not,
we may apply the following arguments to the semimartingale (X;at, )¢>0, where
T, = inf{t > 0, X, > n} and then let n — oo .

Let A be the set of two times continuously differentiable functions f for
which the formula (5.1) holds. It is straightforward that A is a vector space.

Let us show that A is also an algebra, that is also let stable by multipli-
cation. Let f,g € A. By using the integration by parts formula with the
semimartingales (f(X¢))i>0 and (g(X:))t>0, we obtain

F(X0)g(X0) = F(Xo)g(Xo)+ /0 F(X)dg(Xa)+ /0 G(X)AF(X)+(F(X), g(X))s.

The terms of the previous sum may be separately treated in the following way.
Since f,g € A, we get:

/f Jdg(X /f dX+/f d(X),

t t , 1 t N
[ o) = [aaraaax.+ 5 [ oo,
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(F(X), g(X)): = / (X (X)d(X),.

Therefore,
t
F(X0)9(X0) =F(X)g(X0) / F(X.)g (X)X, + / 9(X.) ' (X.)dX,

vy [ 10 / F/(X0) (X)d(X),

— F(X0)g(Xo) + / (fo) (X.)dX, + » / (f9)" (X)d(X)s.

We deduce that fg € A.

As a conclusion, A is an algebra of functions. Since A contains the function
x — x, we deduce that A actually contains every polynomial function. Now in
order to show that every function f which is twice continuously differentiable
is actually in A, we first observe that since X is assumed to be bounded, it
take its values in a compact set.

It is then possible to find a sequence of polynomials P, such that, on this
compact set, P, uniformly converges toward f, P, uniformly converges toward
f" and P! uniformly converges toward f”. We may then conclude by using the
result of Exercise 5.35. a

As a particular case of the previous formula, if we apply this formula with
X as a Brownian motion, we get the formula that was already pointed out at
the beginning of the section: If f : R — R is twice continuously differentiable

function, then
/(B / J'(B.)dB, + / (B

It is easy to derive the following variations of the D6blin-1t6 formula:

Theorem 5.42 (Déblin-Ité6 formula II). Let (Xy);>0 be a continuous and
adapted semimartingale, and let (A;)i>0 be an adapted bounded variation pro-
cess. If f: R xR — R is a function that is once continuously differentiable
with respect to its first variable and that is twice continuously differentiable with
respect to its second variable, then fort > 0:

f(A, Xy) =

f(Ag, Xo)+ Hof

o Ot

Ly t g2
(A, X,)dA, + f(AS,X )dX, + aé

5 (Aw X)d(X)..
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Theorem 5.43 (Doblin-It6 formula III). Let (X})io,...,(X]")i>0 be n adapted
and continuous semimartingales and let f : R™ — R be a twice continuously
differentiable function. We have:

n n S ! af n A
f(thvat ) :f(‘)((h7)(())4_2:‘/0 8m(X5177Xs )dXs
i=1 v

2'j:1 o 00z, srUmeTs ) s-

Exercise 5.44. Let f : R>o x R = C be a function that is once continuously
differentiable with respect to its first variable and twice continuously differen-
tiable with respect to its second variable that satisfies

10%f 0

S )

20x2 Ot
Show that if (My)i>0 is a continuous local martingale, then (f((M)., M;))i>o0
is a continuous local martingale. Deduce that for A € C, the process

1
<6Xp()\Mt — )\2<M>f)>
2 >0

is a local martingale.
Exercise 5.45. The Hermite polynomial of order n is defined as

1 22 d" 2
2 e
n! dx™

z2
2

1. Compute Hy, H,, Hy, Hs.

2. Show that if (B:)i>0 is a Brownian motion, then the process (t”/QHn(%))
= >0

is a martingale.

Bt t  ptn ta
RYCya <\/£) :/ / / dB,,...dB,, .
0 0 0

6 Recurrence and transience of the Brownian motion in
higher dimensions

3. Show that

The purpose of the next sections is to illustrate through several applications
the power of the stochastic integration theory and particularly of the Ddblin-
1t6 formula. We start with a study of the multidimensional Brownian mo-
tion. As already pointed out, a multidimensional stochastic process (B;)i>0 =
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(Bt,--- ,B?)QO, is called a Brownian motion if the processes (B})i>o , - -,
>0 are independent Brownian motions. In the sequel we denote by e
B')¢> ind dent B i ti In th 1 we denote by A th

Laplace operator on R™, that is

Nl\D

Z": o
The following result is an easy consequence of the Do6blin-Ito6 formula.

Proposition 5.46. Let f: R>g x R™ — R be a function that is once continu-
ously differentiable with respect to its first variable and twice continuously dif-
ferentiable with respect to its second variable and let (By)i>0 = (B}, ..., B )i>0
be a n-dimensional Brownian motion. The process

X, = f(t,B) — (/ ZAf(s,B) f(sB)d)

18 a local martingale. If moreover f is such that

i (gi_ (t,m)>2 < (t)elell,

i=1

for some continuous function ¢ and some constant K € R, then (X;)i>0 s a
martingale.

In particular, if f is a harmonic function, i.e. Af =0, and if (B;)¢>0 is a
multidimensional Brownian motion, then the process (f(B:)):>0 is a local mar-
tingale. As we will see it later, this nice fact has many consequences. A first
nice application is the study of recurrence or transience of the multidimensional
Brownian motion paths. As we have seen before, the one-dimensional Brow-
nian motion is recurrent: It reaches any value with probability 1. In higher
dimensions, the situation is more subtle.

Let (Bi)i>0 = (B}, ..., B})i>0 be a n-dimensional Brownian motion with
n > 2. For a > 0 and x € R", we consider the stopping time

=inf{t > 0,|B; + z|| = a}.

Proposition 5.47. For a < |z| <b,

Inb—In ||z|| n=29
x T\ _ Inb—Ina ’ -
P (Ta < Tb ) — HIH27n_b2—n
ey 23

Proof. For a < ||z|| < b, we consider the function

nfef, n=2
|lz||?>~™, n>3.

f@) = W([|]) ={
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A straightforward computation shows that A f = 0. The process (f(Biarsaty))e>0
is therefore a martingale, which implies E ( f(Brs Awa)) = f(x). This yields
V(a)P (T3 <Ty) + Y(O)P (T <Ty) = f(x).

Since
P(T7 <Ty)+P(Ty <T;) =1,

we deduce that

lrib;hinH’ n—=29
P (Tg < Tl;c) = |‘III|‘2in,ILab27n
ey, =3
O
By letting b — oo, we get
Corollary 5.48. For 0 < a < ||z,

1, n =2
Ta2—m > 3.

As a consequence, for n = 2 the Brownian motion is recurrent, that is, for
every non empty set O C R?,

P(3t>0,B,€0)=1.

Though the two-dimensional Brownian motion is recurrent, points are al-
ways polar.

Proposition 5.49. For every z € R”, P(3t > 0,B; =) = 0.

Proof. It suffices to prove that for every z € R, x # 0, P (T < +00) = 0. We
have

{T§ < 400} = Un>o Om> 1 {1y, <17}

Since P (ﬂmzﬁ{Tf/m < T;f}) =lim;, 00 P (Tf/m < T;’f) =0, we get

P(Ty < +o0) =0.
|

As we have just seen, the two-dimensional Brownian motion will hit every
non empty open set with probability one. The situation is different in dimension
higher than 3: Brownian motion paths will eventually leave any bounded set
with probability one.
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Proposition 5.50. Let (Bi)i>0 = (B}, ..., B/)i>0 be a n-dimensional Brown-
ian motion. If n > 3 then almost surely

lim || B = +oc.
t—o0

Proof. Let us assume n > 3. Let ®(x) = W where a € R", a # 0. Since
(Bt)t>0 will never hit the point —a, we can consider the process (®(B;))i>0
which is seen to be a positive local martingale from It6’s formula. A positive
local martingale is always a supermartingale. Therefore from the Doob’s con-
vergence theorem (see Exercise 1.42), the process (®(By));>0 converges almost
surely when ¢ — oo to an integrable and non negative random variable Z.
From Fatou’s lemma, we have E(Z) < liminf;, ., E(®(B;)). By the scaling
property of the Brownian motion, it is clear that liminf; ;. E(®(B;)) = 0.
We conclude Z = 0. ]

Exercise 5.51. (Probabilistic proof of Liouville theorem) By using martingale
methods, prove that if f : R™ — R is a bounded harmonic function, then f is
constant.

Exercise 5.52. Let (B;)i>0 = (B}, ..., B})i>0 be a n-dimensional Brownian
motion. Show that for n > 3, the process (W) o’ is a local martingale
t>0

which is not a martingale.

7 Ito representation theorem

In this section we show that, remarkably, any square integrable random vari-
able which is measurable with respect to a Brownian motion, can be expressed
as a stochastic integral with respect to this Brownian motion. A striking con-
sequence of this result, which is known as It6’s representation theorem, is that
any square martingale of the filtration has a continuous version.

Let (By)¢>0 be a Brownian motion. In the sequel, we consider the filtration
(Ft)e>0 which is the usual completion of the natural filtration of (B;)¢>o (such
a filtration is called a Brownian filtration).

The following lemma is a straightforward consequence of the Doblin-1t6
formula.

Lemma 5.53. Let f : R>g — R be a locally square integrable function. The

process
(exp (/Ot f(s)dBs — ;/Ot f(8)2d8)>t>0

s a square integrable martingale.
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Proof. From the Doblin-I1t6 formula we have

exp ( / ' fs)iB. -} / t f<s>2ds)

=1+ /Ot f(s)exp (/O f(u)dB, — ;/0 f(u)zdu) dB,.

The random variable [; f(u)dB, is a Gaussian random variable with mean 0
and variance [; f(u)?du. As a consequence

E (/Ot f(s)?exp (2 /O f(u)dBu> ds) < +o00

and the process

/ ' f(s) e ([ rwa. 5 [ swran)as.

is a martingale. O

Lemma 5.54. Let D be the set of compactly supported and piecewise constant
functions R>g — R, i.e. the set of functions f that can be written as

n
f= Z ail, 1),
i=1

for some 0 <t; <.--<t, and ay,--- ,a, € R. The linear span of the family

{exp ( / " fs)ap. - 4 / - EXORE D}

is dense in L?(Foo,P).
Proof. Let F € L?(F4,P) such that for every f € D,

E (Fexp </O+OO f(s)dB, — ;/Om f(s)2d5>) =0.

Let t1,--- ,t, > 0. We have for every Ay, -+, A\, € R,

E (Fexp (i )"L(Btz - Bt11)>> =0.
i=1

By analytic continuation, we see that

E <F6Xp (i A?(Btz - Btzl))) =0.
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actually also holds for every Aq,---, A\, € C. By using the Fourier transform,
it implies that
E(F| By, -+ ,Bt,) =0.

Since tq, -, t, were arbitrary, we conclude that E(F | F») = 0. As a conclu-
sion ' = 0. O

We are now in position to state the representation theorem.

Theorem 5.55 (Ito representation theorem). For every F € L*(Fu,P), there
is a unique progressively measurable process (uy)i>o0 such that E (fooo uzds) <
+o00 and

+oo
F=E(F)+ / usdBs.
0
Proof. The uniqueness is immediate as a consequence of the It6’s isometry for
stochastic integrals. Let A be the set of random variables F € L?(F..,P)

such that there exists a progressively measurable process (u:):>o such that
E ([ ulds) < +oo and

+oo
F =E(F) +/ usdBs.
0

From the above lemma, it is clear that A contains the set of set of random

variables
+oo “+o0
{exp </o f(s)dBs — %/0 f(8)2d8> fe D} .

Since this set is total in L2(F.,P), we just need to prove that A is closed
in L?(Fs,P). So, let (Fy,)nen be a sequence of random variables such that
F, € Aand F,, = 00 F in L?(F,P). There is a progressively measurable
process (uf);>o such that E ([, (u?)?ds) < +oo and

“+oo
F, =E(F,) +/ u"dBs,.
0

By using It6’s isometry, it is seen that the sequence u™ is a Cauchy sequence
and therefore converges to a process u which is seen to satisfy

+oo
F =E(F,) +/ u"dBs;.
0
O

As a consequence of the representation theorem, we obtain the following
description of the square integrable martingales of the filtration (F;);>o.
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Corollary 5.56. Let (M;);>0 be a square integrable martingale of the filtration
(Fi)e>0. There is a unique progressively measurable process (u¢)i>o such that

for every t >0, E (fg ufds) < +o00 and

t
M, = E(M,) +/ udB,.
0

In particular, (M;)i>0 admits a continuous version.

Exercise 5.57. Show that if (Mi)i>o is a local martingale of the filtration
(Fit)t>0, then there is a unique progressively measurable process (u¢)i>o such

that for everyt >0, P (fot u2ds < —|—oo) =1 and
t
M; = My +/ usdBs.
0

8 Time changed martingales and planar Brownian motion

In the previous section, we proved that any martingale which is adapted to a
Brownian filtration can be written as a stochastic integral. In this section, we
prove that any martingale can also be represented as a time changed Brownian
motion. To prove this fact, we give first first a characterization of the Brownian
motion which is interesting in itself. In this section, we denote by (F)i>0 a
filtration that satisfies the usual conditions.

Proposition 5.58 (Lévy characterization theorem). Let (M;);>o be a continu-
ous local martingale such that My = 0 and such that for everyt >0, (M) =t.
The process (My)i>0 s a standard Brownian motion.

Proof. Let N; = ¢i*M:i+33°t By using the Doblin-Ité formula, we obtain that
for s <t,

t
N, = N, +/ No,dM,.

As a consequence, the process (N);>o is a martingale and, from the above
equality we get
E (eiA(Mths) |]_—g) L3N (s

The process (M;)¢>o is therefore a continuous process with stationary and
independent increments such that M; is normally distributed with mean 0 and
variance t. It is thus a Brownian motion. O

Exercise 5.59 (Bessel process). Let (B:)i>o be a d-dimensional Brownian
motion d > 2. We denote
Pt = ||m + Bt”a
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d—1
ptf/ ds
0 2ps

1s a standard Brownian motion.

where x # 0. Show that

The next proposition shows that continuous martingales behave in a nice
way with respect to time changes.

Proposition 5.60. Let (Cy)i>0 be a continuous and increasing process such
that for every t > 0, Cy is a finite stopping time of the filtration (Fi)i>o.
Let (My)i>0 be a continuous martingale with respect to (Fy)i>o0. The process
(Mec,)i>0 is a local martingale with respect to the filtration (F¢,)i>0. Moreover
(Mc) = (M)c.

Proof. By using localization, if necessary, we can assume that C' is bounded.
According to the Doob’s stopping theorem (see Theorem 1.34), we need to
prove that for every bounded stopping time T of the filtration (F¢, ):>0, we have
E(Me,) = 0. But Cr is obviously a bounded stopping time of the filtration
(Fi)i>0 and thus from Doob’s stopping theorem we have E(M¢,) = 0. The
same argument shows that M2 — (M)c. ]

Exercise 5.61. Let (Cy);>0 be an increasing and right continuous process such
that for every t > 0, Cy is a finite stopping time of the filtration (Fi)i>o. Let
(Mi)i>0 be a continuous martingale with respect to (Fi)i>o such that M is con-
stant on each interval [Cy—, Cy]. Show that the process (Me, )i>0 is a continuous
local martingale with respect to the filtration (F¢, )i>o0 and that (Mc) = (M)c.

We can now prove the following nice representation result for martingales.

Theorem 5.62 (Dambis, Dubins-Schwarz theorem). Let (M;)i>o be a contin-
wous martingale such that Mo = 0 and (M) = +o00. There exists a Brownian
motion (Bt)i>o0, such that for everyt > 0,

Mt = B<M>f

Proof. Let Cy = inf{s > 0,(M)s > t}. (Ci)i>0 is an increasing and right
continuous process such that for every ¢t > 0, C; is a finite stopping time of the
filtration (F;);>0 and M is obviously constant on each interval [C;_, Cy]. From
the previous exercise the process (Mc,)i>0 is a continuous local martingale
whose quadratic variation is equal to t. From Lévy’s characterization theorem,
it is thus a Brownian motion. O

Exercise 5.63. Show that if (M;)i>0 is a continuous local martingale such
that My = 0 and (M) = +00, there exists a Brownian motion (By)i>o, such
that for everyt > 0,
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Exercise 5.64. Let (u;)¢>0 be a continuous adapted process and let (By);>o be

a Brownian motion. Show that for every T > 0, the process (fot uSdBS) B
0<t<T
has % — ¢ Hélder paths, where 0 < € < %

Exercise 5.65 (Construction of one-dimensional diffusions). Let b : R — R
and let 0 : R — (0,400) be two continuous functions. Let

s(x) = /OaC exp <2 /Oy |:<(§))2|dz> dy, x€R.

and let (By)i>0 be a Brownian motion. For u > 0, we denote

Bs [b(2)]
A, = /" L /u o <2 Jo aWdZ) ds
“ o §'(Bs)o?(Bs) 0 o?(Bs) .

Show that the process
(8_1 (Binf{u,A“,>t}))tZO

is a Markov process whose semigroup is generated by the operator

1
L =b(@)f'(@) + 50" (), | € Co(R.R).
Therefore, all one-dimensional diffusions may be constructed from the Brown-
ian motion.

The study of the planar Brownian is deeply connected to the theory of
analytic functions. The fundamental property of the Brownian curve is that it
is a conformal invariant. By definition, a complex Brownian motion is a process
(Bt)t>0 in the complex plane that can be decomposed as B; = B} + iB} where
B' and B? are independent Brownian motions. The following proposition
is easily proved as a consequence of Doblin-Ité formula and of the Dambins,
Dubins-Schwarz theorem.

Proposition 5.66 (Conformal invariance). Let (By);>0 be a complex Brownian
motion and f : C — C be an analytic function. Then we have for every t > 0,

F(B) = £(0) + /0 F/(B.)dB,.

As a consequence, there exists a complex Brownian motion (By)i>o0 such that
for everyt >0,
F(Be) = f0) + Bre By 2as-

To study the complex Brownian motion, it is useful to look at it in polar co-
ordinates. It leads to the so-called skew-product decomposition of the complex
Brownian motion that we study in the following exercise.
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Exercise 5.67 (Skew-product decomposition). Let (B;)i>o be a complex Brow-
nian motion started at z # 0.

1. Show that fort >0,

"dB
B:zexp(/ S).
t , B,

2. Show that there exists a complex Brownian motion (8;)i>0 such that

o ()
I

where py = | B|.

3. Show that the process (pi)i>0 is independent from the Brownian motion

(ve)e=0 = (Im(B¢))s>0-

4. We denote §; = Im ( Ot d]is) which can be interpreted as a winding num-

ber around 0 of the complex Brownian motion paths. For r > |z|, we
consider the stopping time

T, =inf{t > 0,|B| = r}.
Compute for every r > |z|, the distribution of the random wvariable

1
— 0.

In(r/|2])

5. Prove Spitzer theorem: In distribution, we have the following convergence

20,

— =400 O
Int

where C' is a Cauchy random variable with parameter 1 that is a random

variable with density m

Exercise 5.68. Let (By);>0 be a complex Brownian motion started at z such
that Im(z) > 0. We consider the stopping time

T = inf{t > 0,Im(B;) = 0}.

Compute the distribution of the random variable Re(Br).
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9 Burkholder-Davis-Gundy inequalities

In this section, we study some of the most important martingale inequalities:
The Burkholder-Davis-Gundy inequalities. Interestingly, the range of appli-
cation of these inequalities is very large and they play an important role in
harmonic analysis and the study of singular integrals. These inequalities admit
several proofs. We present here a proof using the Doblin-It6 formula and an
interesting domination inequality which is due to Lenglart.

Proposition 5.69 (Lenglart inequality). Let (Ny);>0 be a positive adapted
continuous process and (Ai)i>0 be an increasing process such that Ay = 0.
Assume that for every bounded stopping time T,

E(N,) <E(A4,).
Then, for every k € (0,1), and T > 0,

N 2-k
E ( sup Nt) < — (A?) .
0<t<T 1-k

Proof. Let x,y > 0. We denote R = inf{0 <t <T,A; >y} and S = inf{0 <
t <T,X; >z} with the usual convention that the infimum of the empty set is
0o. We first observe that

P ( sup Xy >z, Ar < y) <P(X7rasar > )
0<t<T

IN

1
—E (Arasar)
X
1
< E (Ar Ny).

Let now F be a continuous increasing function from R~ into Rso with F(0) =
0. By using the previous inequality and Fubini theorem, we have

+oo
E(F( sup Xt)) =E (/ 15“P0<t<T Xf«>zdF(x))
0<t<T 0 ==

+oo 1
§/ ]P’(sup thx,AT§x>—|—]P’(AT§x)]dF(x)
0 0<t<T

< /O+OO %E (Ar Az) +P(Ap < m)} dF(z)
[

< 9B (F(A7)) +E (AT / Ty (”>

Ar €

IN

%E (Arlap<e) +2P (A7 < x)] dF (x)

Taking f(x) = x*, we obtain the desired result. O
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We now turn to the Burkholder-Davis-Gundy inequalities.

Theorem 5.70 (Burkholder-Davis-Gundy inequalities). Let T' > 0 and (M;)o<i<T
be a continuous local martingale such that My = 0. For every 0 < p < oo, there
exist universal constants ¢, and Cp, independent of T' and (My)o<i<r such that

,E (<M>§) <E << sup |Mt|)p> <C,E (<M>£).

0<t<T

Nl

Proof. By stopping it is enough to prove the result for bounded M. Let ¢ > 2.
From the Doblin-1t6 formula we have

1
d|My|? = q| M, |7 sgn(M,)dM, + §Q(q — 1)|My|*2d(M),
_ 1 _
= gsgn(M,)| My|*'dM; + §Q(q — 1)|M|*2d(M),.

As a consequence of the Doob’s stopping theorem, we get that for every bounded
stopping time 7,

B30 < gala - VE ([ a0,

From the Lenglart’s domination inequality, we deduce then that for every k €
(0,1),

) <<OE?ETMt|q>k> ST <;q(q B 1))kE </oT IMtl“d<M>t>k

We now bound

E (/OT|Mtq2d(M>t>k <E <0335T|Mt|)k(q_2) (/OTd<M>t>

As a consequence, we obtain

o ((zm,er) )
g% (;q(q - 1)>k1E ((0;1% IMtI)kq> o E ((M?)g :
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Letting p = ¢k yields the claimed result, that is

= (o)) =2 (00f).

We proceed now to the proof of the left hand side inequality. We have,
t
M? = (M); + 2/ M,dM,.
0
Therefore, we get

= (0nf) < (5 ( (e a0)) +2 e, |

By using the previous argument, we now have

T p/4
)ngE (/ M§d<M>s>

< B,E (( sup |Mt)p/2 <M>’;/4>

0<t<T

sup
0<t<T

IN

0<t<T

As a conclusion, we obtained

E((an))

p py\ 1/2 1/2
<A, |E << sup |Mt|) >+Bpu5(< sup |Mt|> ) E(<M>1%/2) :
0<t<T 0<t<T

This is an inequality of the form
2 < Ap (y2 + Bpxy) ,

which easily implies
Cp z? <y,

thanks to the inequality 2zy < x + 6y2, with a conveniently chosen 6.

)

B,E (( sup |Mt|>p)1/2E (<M>§/2)1/2.

O

Exercise 5.71. Let T > 0 and (My)o<i<7 be a continuous local martingale.

Consider the process

t
t s
Zt = ef() ‘/sds/ e~ fo Vvu,dud?\fs7
0
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where (Vi)o<i<T 15 @ non positive adapted and continuous process. Show that
for every 0 < p < oo, there is a universal constant C,, independent of T,
(Mt>0§t§T and (V})ogth such thCLﬁ

() )

10 Girsanov theorem

In this section, we describe a theorem which has far reaching consequences in
mathematical finance: The Girsanov theorem. It describes the impact of a
probability change on stochastic calculus.

Let (€, (Ft)t>0,P) be a filtered probability space. We assume that (F;):>0
is the usual completion of the filtration of a Brownian motion (B;):>o. Let Q
be a probability measure on F., which is equivalent to P. We denote by D the
density of Q with respect to P.

Theorem 5.72 (Girsanov theorem). There exists a progressively measurable
process (O4),5q such that for everyt >0, P (fot Ods < —I—oo) =1 and

t 1 t
E(D]:t):exp</ @sst—f/ @§d3>.
0 2 0

Moreover, the process
t
Bt */ @gdS
0

is a Brownian motion on the filtered probability space (Q, (Fi)i>0,Q). As a
consequence, o continuous and adapted process (Xi¢)i>o0 is a P-semimartingale
if and only if it is a Q-semimartingale.

Proof. Since P and Q are equivalent on F, there are of course also equivalent
on F; for every t > 0. The density of Q,x, with respect to P/, is given by
D; = EP (D | F;). As a consequence, the process D; is a positive martingale.
From Ito’s representation theorem, we therefore deduce that there exists a
progressively measurable process (u;)¢>o such that

t
D, =1 —|—/ UsdBs.
0

Let now ©; = g—i. We have then,

t
D=1 +/ 0,D,dB,.
0
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By using D6blin-It6’s formula to the process Dy exp (— fot O©,dB, + % fot @Eds),
we see that it implies

t t
D, = exp </ ©,dB; — 1/ ®§d5> )
0 2 0

We now want to prove that the process B; — fot ©.ds is a Q-Brownian motion.
It is clear the Q-quadratic variation of this process is t. From the Lévy’s
characterization result, we therefore just need to prove that it is a Q local
martingale. For this, we are going to prove that that the process

t t t
Ny = (Bt —/ G)Sds> exp (/ 0,dB, — 1/ egds)
0 0 2 0

is a P-local martingale. Indeed, from the integration by parts formula, it is
immediate that

t
dNt = DtdBt + (Bt - / @sds) th
0

Since Dy is the density of Qz, with respect to Pr,, it is then easy to deduce
that V; is a P-local martingale and thus a P Brownian motion. O

Exercise 5.73. Let (2, (Fi)i>0,P) be a filtered probability space that satisfies
the usual conditions. As before, let Q be a probability measure on Fo, which
is equivalent to P. We denote by D the density of Q with respect to P and
D; =E¥(D | F;). Let (M})i>0 be a P local martingale. Show that the process

* d(M, D)
N:M—/i’ :
A )

is a Q local martingale. As a consequence, a continuous and adapted process
(X1)i>0 is a P-semimartingale if and only if it is a Q-semimartingale.

Exercise 5.74. Let (By)¢>0 be a Brownian motion. We denote by P the Wiener
measure, by (m)i>0 the coordinate process and by (Fi)i>o its natural filtration.

1. Let p € R and P* be the distribution of the process (By + pt)i>o. Show
that for every t > 0,
Py <Pg,

and that .
dP/]:t — epm,—%t.
Pz,

2. Is it true that
Py <Pir. 7
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3. For a € Rxq, we denote
T, =inf{t > 0, B; + ut = a}.
Compute the density function of T, (You may use the previous question).

4. More generally, let f : R>g — R be a measurable function such that for
every t > 0, fot f2(s)ds < +oo. We denote by P the distribution of the

process (Bt + fot f(s)ds) oo’ Show that for every t > 0,
t>

Pf}‘t <Pz,
and that ;
% = o F(e)dme—3 [§ £*(s)ds
dP;F,

Let (9, (Fi)i>0, F,P) be a filtered probability space that satisfies the usual
conditions and let (B)¢>0 be a Brownian motion on it. Let now (0;),5, be a

progressively measurable process such that for every ¢t > 0, P ( fg 02ds < +oo) =

1. We denote
t 1 [t
Zt:exp</ esst—f/ @ﬁds>, t>0.
0 2 Jo

As a consequence of the Doblin-It6’s formula, it is clear that (Z;);>0 is a local
martingale. If we assume that (Z;);>o is a uniformly integrable martingale,
then it is easy to see that on the o-field F.,, there is a unique probability
measure Q equivalent to P such that for every ¢ > 0,

The same argument as before shows then that with respect to Q, the process

t
Bt —/ @Sds
0
is a Brownian motion.

It is thus important to decide wether or not (Z;)¢>o is a uniformly martin-
gale. The following two lemmas provide sufficient conditions that it is.

Lemma 5.75. If for everyt > 0,
E(Z;) =1,

then (Z,)i>o0 is a uniformly integrable martingale.
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Proof. The process Z is a non negative local martingale and thus a super-
martingale. O

The second condition is known as the Novikov condition, it is often easier
to check in practice than the previous one.

Lemma 5.76 (Novikov condition). If

1 [t
E (exp (2 @ids)) < 400,
0

then (Zi)i>o0 is a uniformly integrable martingale.

Proof. We denote M; = fg O,dB;. As a consequence of the integrability con-

dition
1
E (exp (2<M)oo>) < o0,

the random variable (M), has moments of all order. So from Burkholder-
Davis-Gundy inequalities, sup;> | M;| has moments of all orders, which implies
that M is a uniformly integrable martingale. We have then

exp (;Mm) — exp (;MW - i(M}OO> exp (i(M)OO) .

The Cauchy-Scwarz inequality implies then that E (exp (%Moo)) < 4o00. We
deduce from the Doob’s convergence theorem that the process exp (%M ) is a
uniformly integrable submartingale. Let now n < 1. We have

oxp (= 2000 ) = (oo (0= S ) ) e (222)

Holder’s inequality shows then that
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If we can prove that E (cxp (th — §<M>t)> = 1, then by letting n — 1 in
the above inequality, we would get

o o (31 J301)) >

and thus E (exp (Mt — %(M%)) =1.
Let p > 1 such that \/77[3‘/_51 < 1. Consider r = gi and s = —‘/5;1 so that
1/r+1/s =1. Using

exp <th - 7722<M>t)p = exp <\/§th - §n2<M>t> exp ((pn - \/§> Mt)

and then Holder’s inequality, shows that there is a constant C' (depending only
on M) such that for any stopping time T

o s (it - L)) <

By the Doob’s maximal inequality, it implies that the local martingale

exp (th - 77;<M>t>

is actually a true martingale. This implies

E (exp (th - 7722<M>t>> =1

and the desired conclusion follows. O

Exercise 5.77 (Lévy area formula). Let (B}, B?)i>0 be a two dimensional
Brownian motion. The random variable

t
S, = / BldB? — B?dB!
0

is two times the algebraic area swept out by the path s — (BL, B2) in the time
interval [0,1].

1. Show that
(Btla BtQ’ St)tZO = <Btl7 Bt27 5f0t pgds)

>0’

where (B¢)i>0 is a Brownian motion independent from (p;)i>o with p? =
(B})? + (B})*.

Hint: You may write Sy = f(f psdrys where (y;)i>0 is a Brownian motion

. t BldB!4+B2dB?
independent from [ %.
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2. Show that for A € R,
. 2 ot
E (eMS‘ | Btl = aj,Bt2 = y) =F (e_%f" pids | pr = /22 +y2> .

3. Show that the process

A A2t
Dy =exp (2(17? —2t) - 7/ Pzds)
0

4. Consider the probability measure Qr, = D{Pr,. Show that under Q,
(B}, B?)i>0 is a Gaussian process, whose covariance is to be computed.

is a martingale.

5. Conclude that

) A 1
ASe | Rl . B2 ) — RO S _
E (e | Bf =z, B; _y)_sinh)\exp( 2(:1: +y?)(Acoth A 1))

Exercise 5.78. Let (By);>0 be a standard Brownian motion and Y be an in-
dependent random variable such that P(Y = —1) = 1 and P(Y = 1) = 1. We
consider the process Xy = By + utY, where p € R. By using Girsanov theorem

provide the semimartingale decomposition of (X¢)i>o in its own filtration.

Notes and Comments

Section 1. Tt can be shown (see instance [?]) that almost surely

n—1
2
sup Z |Btk+1 - Btk| = +00,
HeA[0,T] .=

that is, the 2-variation of Brownian motion paths is almost surely +oo.

Sections 2,3,4. The study of integrals with respect to Brownian motion
has a long history going back at least to Wiener, but the breakthrough of
understanding the role of adaptedness of integrands is due to It6 in his famous
1944 paper [?]. The general theory of stochastic integration with respect to
martingales, local martingales and semimartingales was later developed and
popularized in particular by Watanabe (see [?]) and Meyer (see [?]). The
hypothesis of the continuity of the integrator process is not strictly necessary
and an integral with respect to a possibly discontinuous local martingale can
be defined (see the book by Bichteler [?] or Protter [?]).
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Section 5. The work by Doblin has long been unknown to mathematicians.
Before being killed during the second world war, in a letter sent to the French
academy of sciences in 1940 and only opened in 2000, D6blin presented a version
of the D6blin-It6 formula. His formula for a Brownian motion (By);>o writes
as

1 t
F(Be) = f(0) + Bt pr(p.y2as + 5/0 f"(Bs)ds,

where [ is another Brownian motion. Observe that this formula is of course
consistent with the formula we stated in the text since, according to the Dambis,
Dubins-Schwarz theorem

t
i 1 (Bs)dB, = ﬂror 77(B.s)2ds

for some Brownian motion 8. What is remarkable is that Doblin obtained his
formula even before stochastic integration was conceived | We refer to [?] and
[?] for more details about the fascinating story of Dblin.

Section 6. Results of this Section may be extended to more general diffu-
sion processes and hint the deep and rich connection between Markov processes
and potential theory. There are several books devoted to the interactions be-
tween potential analysis and Markov processes, we mention in particular the
classical books by Chung [?] and Doob [?] or to the more recent book by Durett

[7].

Section 7. The representation theorem plays a fundamental role in math-
ematical finance, where the integrand appears as a hedging strategy, see the
book by Karatzas and Shreve [?]. A formula for the integrand can be obtained
through Malliavin calculus (see Exercise 6.36 in Chapter 6)

Section 8. There is a deep interaction between planar Brownian motion
and complex analysis, due to the conformal invariance of the planar Brownian
motion paths. Conformally invariant processes in the plane play an important
in statistical mechanics, see the book by Lawler [?] for a detailed account.

Section 9. Martingales techniques in general and the Burkholder-Davis-
Gundy inequalities in particular have been found to play an important role in
the analysis of singular integrals where sharp, dimension free estimates can be
obtained, see the survey [?] by Bafuelos.

Section 10. Girsanov theorem is another pillar of mathematical finance.
As illustrated in the Lévy area formula exercise, it may be used to compute
distributions of Brownian functionals. This formula for the Fourier transform
of the area swept out by the planar Brownian motion is due to Lévy [?]. An
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independent and analytic proof may be found in Gaveau [?]. For many other
computations related to the stochastic area formula we refer to the book by

Yor [?].



Chapter 6

Stochastic differential equations and Malliavin
calculus

In this chapter we study the stochastic differential equations. These are the
equations associated to Ito integral. Stochastic differential equations are a
great device to study the existence of a Markov process with a given generator,
a problem studied in Chapter 4. In the first part of the chapter, we study
existence and uniqueness questions and then prove that solution of stochastic
differential equations are Markov processes. The second part of the chapter
is an introduction to Malliavin calculus which is the Sobolev regularity theory
of functionals defined on the Wiener space. Malliavin calculus is applied to
show the existence of a smooth density for solutions of stochastic differential
equations under an ellipticity assumption.

1 Existence and uniqueness of solutions

As usual, we consider a filtered probability space (€2, (F)i>0, F,P) which sat-
isfies the usual conditions and on which is defined a n-dimensional Brownian
motion (By)i>0. Let b: R™ — R™, and o : R® — R™*" be functions.

Theorem 6.1. Let us assume that there exists C > 0 such that
[b(z) = b))l + llo(z) —o(y)l| < Cllz —yll,z,y € R™.
Then, for every xg € R™, there exists a unique continuous and adapted process

(X[)t>0 such that fort >0

t t
Xpe :$0+/ b(Xfo)der/ o(XZ°)dBs. (6.1)
0 0
Moreover, for every T > 0, we have

IE( sup |X52) < +o00.
0<s<T

Proof. Let us first observe that from our assumptions, there exists K > 0 such
that

L [b(@) = bl + lo(2) = ow)l| < Kz — yll, v,y € R™;
2. b@)] + lo(@)| < K1+ [la]l), = € R™.
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The idea is to apply a fixed point theorem in a convenient Banach space. For
T > 0, let us consider the space Ep of continuous and adapted processes such
that

E( sup ||Xs||2> < +00
0<s<T

endowed with the norm
1% 2= ( sup [XI)
0<s<T

It is easily seen that (£7, ]| - ||) is a Banach space.

Step one: We first prove that if a continuous and adapted process (X;°):>0
is a solution of the equation (6.1) then, for every T > 0, (X{®)o<i<r € Er.
Let us fix T' > 0 and consider for n € N the stopping times

T, = inf{t > 0, | X[°|| > n},
Fort <T,

AT, tAT,
X0 = o —I—/ b(X'STO)ds—l—/ o(X¥0)dBs.
0 0

Therefore, by using the inequality
la + b+l < 3(llall* + [[b]I* + lle]®),

we get
t/\Tn AT, 2
I, 17 <3 (ol + || [ bxzgas| + || [ atxzoas,
0
Thus, we have
E( )
0<u<tATy,
uANT, 2
|zl + E sup / b(XZ0)ds
0<u<tAT, ||Jo
uANT, 2
+E sup / o(XZ0)dB;
0<u<inTyn ||JO

By using our assumptions, we first estimate
uNTy, tAT, 2
/ b(X™)ds|| | < K°E / (1+ |XZ0)ds
0 0

2

E sup
0<u<tAT,
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By using our assumptions and Doob’s inequality, we now estimate

UAT,, 2 AT,
/ o(X®)dB, < 4K’E / (1+ || X,|)3ds | .
0 0

Therefore, from the inequality [la + b||* < 2(||al|? + ||b]|?), we get

E( sup ||X50|2)
0<u<tAT,

t
<3 <||:co|2+2(K2T+4K2)/ <1+E( sup HXiiTnHz) ds>)
0

0<u<sAT,

E sup
0<u<tAT,

We may now apply Gronwall’s lemma to the function

t—>E( sup ||Xff°||2>

0<u<tAT,

and deduce

E( sup IIX;';”°||2>§C

0<u<TAT,

where C' is a constant that does not depend on n. Fatou’s lemma implies by
passing to the limit when n — +oo that

E( sup ||X;f”) <C.
T

0<u<
We conclude, as expected, that
(Xi*)o<t<r € &

More generally, by using the same arguments we can observe that if a contin-
uous and adapted process satisfies

t t
X, :X0+/ b(Xs)d5+/ o(Xs)dBs,
0 0
with ]E(Xg) < 400, then (Xt)OStST € &r.
Step 2: We now show existence and uniqueness of solutions for the equation
(6.1) on a time interval [0,T] where T is small enough.

Let us consider the application ® that sends a continuous and adapted
process (X¢)o<t<r to the process

@(X)t:xo—i—/o b(XS)ds—|—/0 o0(Xs)dBs.
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By using successively the inequalities (a + b)? < 2(a® + b?), Cauchy-Schwarz
inequality and Doob’s inequality, we get

| 2(X) — (V) |]P< 2(K*T% +4K°T) | X - Y |*.
Moreover, arguing the same way as above, we can prove
| @(0) ||I°< 3(xf + K*T? + 4K>T).

Therefore, if T is small enough @ is a Lipschitz map & — &7 whose Lipshitz
constant is strictly less than 1. Consequently, it has a unique fixed point. This
fixed point is, of course the unique solution of (6.1) on the time interval [0, T.
Here again, we can observe that the same reasoning applies if xq is replaced by
a random variable X that satisfies E(X3) < +oo.

Step 3: In order to get a solution of (6.1) on [0, +00), we may apply the
previous step to get a solution on intervals [T,,, T,,4+1], where T}, 1 — T}, is small
enough and T;, — 4o00. This will provide a solution of (6.1) on [0, +00). This
solution is unique, from the uniqueness on each interval [T}, Ty +1]-

O

Definition 6.2. An equation like (6.1) is called a stochastic differential equa-
tion.

Remark 6.3. As it appears from the very definition, solutions of stochastic
differential equations are constructed by using stochastic integrals and thus
probabilistic techniques. A theory developed in the recent years, the rough
paths theory, allows to give a pathwise interpretation of solutions of differential
equations driven by rough signals, including the Brownian motion. We refer
the reader to Chapter 7 for an overview of this theory.

Exercise 6.4. Let (X;°);>0 denote the solution of (6.1). Show that under the
same assumptions as the previous theorem, we actually have for every T > 0,
and p > 1,

E( sup ||XS||p) < 4o00.
0<s<T

Exercise 6.5 (Ornstein-Uhlenbeck process). Let § € R. We consider the
following stochastic differential equation,

dX; = 0Xdt +dBy, Xo==.

1. Show that it admits a unique solution that is given by

t
X, = ez —|—/ e?t=9)qB,.
0
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2. Show that (Xy)i>0 is Gaussian process. Compute its mean and covariance
function.

8. Show that if 0 < 0 then, when t — +o0o, X; converges in distribution
toward a Gaussian distribution.

Exercise 6.6 (Brownian bridge). We consider for 0 < t < 1 the following
stochastic differential equation

Xy
1—t

b 4B,
X =(1- .
= t)/ol—s

dX; = -t dt +dB;, X, =0.

1. Show that

2. Deduce that (X;)i>0 is Gaussian process. Compute its mean and covari-
ance function.

3. Show that in L?, whent — 1, X; — 0.

Exercise 6.7 (Black-Scholes process). Let y € R and o > 0. We consider the
following stochastic differential equation,

dX, = pXydt + 0 X, dB,, Xo=2z>0.
Show that for every t > 0
X, = xe”Bﬁ(”*Lj)t.
Exercise 6.8 (Explosion time). Let b : R"” — R", and o : R® — R™*™ be

locally Lipschitz functions, that is for every N > 0, there exists Cy > 0 such
that

16(z) = o)l + [lo(z) —o¥)l < Cnlz —yl, ,y€[-N,NJ"

Show that for every x € R™ we can find stopping time e(x), almost surely
positive, and a stochastic process (X[)i<e(z) such that:

[ ]
¢ ¢
Xf:x+/ b(Xf)der/ o(X9)dBs, t<e(x). (6.2)
0 0

o The process (X{)i<e(z) is unique in the sense that if £(x) is an almost
surely positive stopping time and if (Y{")i<¢(z) is a stochastic process such
that

t t
Y=z —I—/ b(YS)ds +/ o(YF)dBs, t<f(z),
0 0

then f(z) < e(xz) and for every t > 0, Y{¥1;c¢(p) = X{1licg(x) almost
surely.
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The process (X )i<e(x) is called the solution of the stochastic differential equa-
tion (6.2) up to the explosion time e(x).

The next proposition shows that solutions of stochastic differential equa-
tions are intrinsically related to a second order differential operator, which will
turn out to be the generator of the Markov process (X7);>o.

Proposition 6.9. Let (X[ )i>0 be the solution of a stochastic differential equa-
tion

+ t
X =+ [ bxzds+ [ o(xzds,,
0 0

where b : R™ — R™ and o : R™ — R™*" are Borel functions. Let now f : R" —
R™ be a C? function. The process

M = (X7 - / Lf(X®)ds

s a local martingale, where L is the second order differential operator

n

L= Z bi( (935z Z axlaxj

and ag;(x) = (o(2)0* (2))i5-

Proof. The proof is as an easy application of the Doblin-It6 formula applied to
JXE). O

2 Continuity and differentiability of stochastic flows

In this section, we study the regularity of the solution of a stochastic differential
equation with respect to its initial condition. The key tool is a multimensional
parameter extension of the Kolmogorov continuity theorem whose proof is al-
most identical to the one-dimensional case and let to the reader as an exercise.

Theorem 6.10. Let (©4),c(0,1)¢ be a n-dimensional stochastic process such
that there exist positive constants vy, c,e such that for every x,y € [0, 1]¢

E([0: = 0yl") < Cllz — yl|™*=.

There exists a modification (éw)we[oyl]d of the process (O )ge(o,1)¢ such that for
every o € [0,e/v) there exists a finite random variable K, such that for every
x,y € [0,1]¢

10 = Oyl < Kallz —yl|*.
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As above, we consider two functions b : R™ — R" and o : R™*™ and we
assume that there exists C' > 0 such that

16(z) = b()|| + llo(z) — o) < Cllz —yl, 2,y € R™.

As we already know, for every x € R", there exists a continuous and adapted
process (X[);>o such that for ¢t > 0,

t t
Xz :m—i-/ b(X-:)ds+/ o(X*)dB,. (6.3)
0 0

Proposition 6.11. Let T > 0. For every p > 2, there exists a constant
Cp,r > 0 such that for every 0 < s <t <T and z,y € R",

E (X7 = XY1P) < Cpar (Jlo =yl + It — s17/2)

As a consequence, there exists a modification (X7 )i>0,zcrn of the process (X{)i>0,zcrn
such that fort >0, x € R™,

¢ t
Xr=u +/ b(XT)ds +/ o(X*)dB,.
0 0
and such that (t,x) — XF(w) is continuous for almost every w.
Proof. As before, we can find K > 0 such that
L lo(z) = b(w)ll + lo(z) — o) < Kz —yll, z,y € R™;
2. [lo(@)[| + flo(@)[| < K (1 + [[z]]), = € R
We fix z,y € R" and p > 2. Let
h(t) =E(1X7 = XY|7).
By using the inequality |la + b+ ¢||P < 3P71(||a||? + ||b]|” + ||¢/|P), we obtain

X7 = X7IIP

<t <||z ol ( Ibxe) - b(Xsy)nds)p " \ / (0(XF) — o(X2))dB,

0

)

t p t t
( / ||b<X:>—b<X;/>||ds) <o [ bx-oxleds < kret [ xi-xyas
0 0 0

We now have
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and from Burkholder-Davis-Gundy inequality

E (\ ) <CE (( [ oo - a<X}:>||2ds)p/2>
< C,KE (( / e X;!n?ds)pm)

t
< C,K%tP?71R (/ | X~ X;/||Pds) :
0

/0 (0(X?) — o(X¥))dB,

As a conclusion we obtain
t
h(t) < 3P7! <||:v —y||P + (KPP~ C, K2tP/2 7Y / h(s)ds) .
0

Gronwall’s inequality yields then

h(t) < o(t)lx — yll”,

where ¢ is a continuous function.
On the other side, we have for 0 < s <t < T,

p

/8 t b(X7)ds / t o(X2)dB,

"

IXF - X7|P < 20t (‘

t
[ otxias,

)

and

P P
< KP(t—s)? (1 + sup ||XS||> ,
0<s<T

) < OE (( / t ||a<X$>2du)p/2>

p
<urr(e— e (14 sup 11)).

0<s<T

/S ()

“

The conclusion then easily follows by combining the two previous estimates. O

In the sequel, of course, we shall always work with this bicontinuous version
of the solution.

Definition 6.12. The continuous process of continuous maps U; : x = X7 is
called the stochastic flow associated to the equation (6.3).

If the maps b and ¢ are moreover C', then the stochastic flow is itself
differentiable and the equation for the derivative can be obtained by formally
differentiating the equation with respect to its initial condition. We willl admit
this result without proof (see [?] for a proof):
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Theorem 6.13. Let us assume that b and o are C! Lipschitz functions, then
for every t > 0, the flow U, associated to the equation (6.3) is a flow of dif-
ferentiable maps. Moreover, the first variation process Ji(x) which is defined
as the Jacobian matrix 88\1;” (x) is the unique solution of the matriz stochastic
differential equation:

L ob 801 i
Ji(z) =1d + ; 87( x)ds —I—Z/ (x)dBs..

Exercise 6.14. Forx € R", let (K.(z))i>0 be the unique solution of the matriz
linear stochastic differential equation:

Id+Z/ K, ( (a‘“> j)ds—/OtKS(a:)gz(Xj)ds
_Zl/olKS(m)%(;i (X®)dB..

Show that the process (Ki(x)Ji(x))i>0 is constant and equal to Id. As a con-
sequence, the Jacobian matriz J¢(x) is always almost surely invertible.

3 The Feynman-Kac formula

It is now time to give some applications of the theory of stochastic differential
equations to parabolic second order partial differential equations. In particular
we are going to prove that solutions of such equations can represented by using
solutions of stochastic differential equations. This representation formula is
called the Feynman-Kac formula. As usual, we consider a filtered probability
space (€2, (F¢)e>0,F,P) which satisfies the usual conditions and on which is
defined a n-dimensional Brownian motion (B;);>0. Again, we consider two
functions b : R” — R™ and o : R"*" and we assume that there exists C' > 0
such that

16(z) = b()|| + llo(z) — o) < Cllz —yl, 2,y € R™.

Let L be the diffusion operator

n

L*ibv(:c) 0 1 > av-(x)LQ
N ! 63:1- 2 & * 8:5,»89[:]»’

i=1 i,7=1

where a;;(z) = (o(x)o*(z))4;.
As we know, there exists a bicontinuous process (X{);>0 zera such that for
t>0,

t t
X == —|—/ b(X7)ds —|—/ o(X?)dBs. (6.4)
0 0
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Moreover, as it has been stressed before, for every p > 1, and T' > 0
]E( sup ||XtT|p> < +o00.
0<t<T

As a consequence, if f : R™ — R is a Borel function with polynomial growth,
we can consider the function

P f(z) = B(f(X{)).

Theorem 6.15. For every v € R", (X[);>0.4ere 5 a Markov process with
semigroup (P;)i>0. More precisely, for every Borel function f : R™ — R with
polynomial growth and every t > s,

E(f(XE) [ Fs) = (Prs /)XT).

Proof. The key point, here, is to observe that solutions are actually adapted to
the natural filtration of the Brownian motion (By):>o. More precisely, there ex-
ists on the space of continuous functions [0, +00) — R™ a predictable functional
such that for ¢ > 0:

Xi? = F(xo, (Bu)o<ust)-

Indeed, let us first work on [0, 7] where T is small enough. In that case, as seen
previously, the process (X;°)o<¢<7 is the unique fixed point of the application
® defined by

¢ ¢
(X)) =10 +/ b(XZ0)ds +/ o(X¥0)dBs;
0 0

Alternatively, one can interpret this by observing that (X;°)o<i<r is the
limit of the sequence of processes (X{")o<t<r inductively defined by

X" =@(X™), X°=uz.

It is easily checked that for each X™ there is a predictable functional F;, such
that
X{' = Fy(zo, (Bu)o<u<t),

which proves the above claim when T is small enough. To get the existence of
F for any T, we can proceed analogously on the intervals [T, 2T, [27T,3T] and
SO on.

With this hands, we can now prove the Markov property. Let s > 0. For
t > 0, we have

s+t
X0 = XS+/ b(X) du+/ o(X70)d

t
=X, + Xﬁis du+/ U X"LO u+s - BS)
0 0
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Consequently, from uniqueness of solutions,
X0 = F(X7°, (Buys — Bs)o<u<t)-
We deduce that for a Borel function f: R"™ — R with polynomial growth,
E (f(X30) | Fo) =E(f(F(XP, (Buts — Ba)ocust)) | Fo) = P f(XT"),
because (By+s — Bs)o<u<t is @ Brownian motion independent of Fs. ]

If the coefficients b and ¢ are bounded, then solutions of stochastic differen-
tial equations are more than Markov processes, they are Feller-Dynkin diffusion
processes in the sense of Definition 3.33, Chapter 3.

Proposition 6.16. If the functions b and o are moreover bounded, then, for
every £g € R™, (X7°)i>0 is a Feller-Dynkin diffusion process with infinitesimal
generator

n

1 n
Lf:§Z 63:83:]—’_; L feC.(R"R).

ij=1

Proof. We first need to prove that (P;);>0 is a Feller-Dynkin semigroup. Let
f € Co(R™,R). First, it is clear that the function P; is continuous. We now
have for x € R™ and r > 0,

[Pif(2)] < sup [f(y)| + [[fllocP (IXF — | > 7)

y€B(z,r)
and,

1
P(IXF — 2l > ) < B (IX7 - 2l]?)

<5 [

oM
< TT(Ht?),

t
b(XZ¥)ds
0

) e[ t ||o<X§>|2ds)>

where M is a common upper bound for b and ¢. By letting x and then r to oo,
we conclude that P;f € Co(R™,R). Thus Py is a Feller-Dynkin semigroup. Let
us compute its generator on C.(R™ R). Let f € C.(R™,R). From Itd’s formula
we have

FOXE) = fa) + / LF(X®)ds + M,

where M, is a martingale. As a consequence, by taking expectations, we obtain

P.f(z) = f(2) +/O P.Lf(z)ds
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This implies that

P, f_
i [BL =L el —o.
t—0 t oo
Thus the domain of the generator of P; contains C.(R™,R) and on that space
is equal to L. O

Theorem 6.17. Let f : R®™ — R be a Borel function with polynomial growth
and assume that the function

u(t, z) = (P f)(x)

is CL2, that is once differentiable with respect to t and twice differentiable with
respect to x. Then u solves the Cauchy problem

0
ai:(t’ x) = Lu(t, )
in [0, 4+00) x R™, with the initial condition
u(0,z) = f(x).

Proof. Let T > 0 and consider the function v(t,z) = u(T — t,x). According
the previous theorem, we have

E(f(X7) | F2) = v(t, X7).
As a consequence, the process v(t, X7) is a martingale. But from D6blin-1t6’s

formula the bounded variation part of v(¢, X7) is fg (%(8, XZ)+ Lu(s, X7)) ds
which is therefore 0. We conclude

ov 1 " ov . - B
E(O,x)—i—Lv(O,x) —}g%; ; (875(57X5)-|-L1)(5,XS )> ds = 0.

O

Exercise 6.18. Show that if f is a C? function such that Vf and V2f have
polynomial growth, then the function Py f(x) is C*2. Here, we denote by V2 f
the Hessian matriz of f.

Theorem 6.19. Let f : R™ — R be a Borel function with polynomial growth.
Let w : [0,4+00) x R® = R be a solution of the Cauchy problem

0
6%”(157 ) = Lu(t, )
with the initial condition
u(0,2) = f(x).

If there exists a locally integrable function C' and p > 0, such that for every
t>0 and x € R”,
IVu(t, z)|| < CH)A + [l=]*),

then u(t,x) = Py f(x).
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Proof. Let T > 0 and, as before consider the function v(t,z) = u(T —t,z). As
a consequence of Itd’s formula, we have

v(t, X{) = u(T,x) + My,
where M; is a local martingale with quadratic variation
nooat
Ju ou
i (X)) — (X)) =— (X7 )ds.
> [ o) g S (X2
J :
The conditions on ¢ and u imply that this quadratic variation is integrable. As

a consequence, v(t, X7) is a martingale and thus E(v(T, X7)) = u(T, x). 0

The previous results may be extended to study parabolic equations with
potential as well. More precisely, let V : R — R be a bounded function. If
f:R™ — R is a Borel function with polynomial growth, we define

P! f(z) = E (el VD= p(X7) )

The same proofs as before will give the following theorems.

Theorem 6.20. For every x € R™ and every Borel function f : R™ — R with
polynomial growth and every t > s,

B (e VXD (XY | F,) = ed VODIPYf)(XT).

Theorem 6.21 (Feynman-Kac formula). Let f : R™ — R be a Borel function
with polynomial growth and assume that the function

u(t,z) = (P} f)(x)

is C12, that is once differentiable with respect to t and twice differentiable with
respect to x. Then u solves the Cauchy problem

ou

5 (1) = Lu(t,z) + V(2)u(t, z)

in [0, +00) x R™, with the initial condition

u(0,2) = f(x).

Theorem 6.22. Let f: R™ — R be a Borel function with polynomial growth.
Let u : [0,400) x R™ = R be a solution of the Cauchy problem

ou

5; (t:2) = Lu(t,2) + V(2)u(t, )
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with the initial condition
u(0,z) = f(x).
If there exists a locally integrable function C' and p > 0, such that for every
t>0 andx € R™,
IVu(t, z)[ < C)(1 + [lz[”),

then u(t,x) = P} f(x).

Exercise 6.23 (Arcsine law). Let (B;)i>0 be a standard Brownian motion and
A a € R. We denote

(z) = E </0+°O exp (—)\t - a/ot 10400y (B + x)ds) dt) .

1. Show that v is the unique solution of the differential equation
Yy’ = (aljpqo0) + Ay =1,
that satisfies,
1 1

2. Deduce that

/+O° ef)\t]E(efoztAt)dt . + A(O‘ + )\)
0

1A
Aot A+Ma+ N

where Ay = %fot 110, 400)(Bs)ds.

3. Conclude that the density of Ay is given by
1

-

T/ s(1 —s)

This is the arc-sine law for Brownian motion paths that was already
proved in Theorem 2.51, Chapter 2 by using random walks.

s € (0,1).

Exercise 6.24 (Exponential functional). Let (By;);>0 be a standard Brownian
motion and p > 0. We denote

+oo
A = / e 2(Betnt) gy
0

1. Let h(z) = e"”E (exp (—5e72*A)). Show that h is the unique solution
of the differential equation

d2
(de — 6_2:6) h = ,U?h,

such that h(x) ~z— 100 €M7,
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2. Deduce that
)= 2
r)=——
IN(D)
where K,, is the Mac-Donald function

K.(e™),

1 ja\n [T e 5t
Kuw) =5 (3) /0 i &
3. Compute the density of Aso.

4. Consider the process (pi)i>0 such that for every t > 0,

—Bi—pt _
€ - pfot e—2(Bs+us)dg*

t 1
—n+ 1
Pt_/ a sta
0 Ps

is a Brownian motion. The process (pi)i>o0 is called a Bessel process (see

Ezercises 3.8 and 5.59).

Show that the process

5. By using As, compute the density of the stopping time

Ty = inf{t > 0, p; = 0}.

4 The strong Markov property of solutions

In the previous section, we have seen that if (X7);>0 is the solution of a stochas-
tic differential equation

¢ t
X7 =2 +/ b(XT)ds +/ (X*)dB,, (6.5)
0 0
then (X7)i>0 is a Markov process, that is for every ¢,T7 > 0,

E(f(X{r) | Fr) = (Pf)(XT),

where P f(z) = E(f(X[)). It is remarkable that this property still holds when
T is now any finite stopping time; That is solutions of stochastic differential
equations enjoy the strong Markov property. The key lemma is Proposition
3.20 in Chapter 3.

Theorem 6.25. For every x € R", (X[);>0 4era @5 a strong Markov process
with semigroup (P,);>o: For every Borel function f: R"™ — R with polynomial
growth, every t > 0, and every finite stopping time T,

E(f(X{yr) | Fr) = (Pef)(X7).
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Proof. The proof is identical to the proof of Theorem 6.15 with the additional
ingredient given by the Proposition 3.20 in Chapter 2. O

Exercise 6.26. Let b : R" — R"™, and o : R™ — R"™*" be locally Lipschitz
functions and consider the solution of the stochastic differential equation,

t t
Xf:x+/ b(Xj‘)ds—s—/ o(X¥)dB,,
0 0

up to the explosion time e(x) (see Evercise 6.8). Show that (Xi)i<e(n) i @
submarkov process with semigroup

Ptf(x) = E(f(Xf)1t<e(x))

The strong Markov property for solutions of stochastic differential equa-
tions is useful to solve boundary value problems in partial differential equa-
tions theory. Let K be a bounded closed set in R™. For x € ), we denote
T, =inf{t > 0,X, € 0K}. If f is bounded Borel function such that fyx =0,
we define

P f(z) = E(f(X{)Li<r,)

The proof of the following theorem is let to the reader.
Theorem 6.27. Let f: K — R be a bounded Borel function and assume that
the function
u(t,z) = (P{ f)()
is CY2. Then u is the unique solution of the Dirichlet boundary value problem

ou

a(t, x) = Lu(t, x)

in [0,4+00) x R™, with the initial condition
u(0,z) = f(x),
and the boundary condition

u(t,z) =0, =z€IK.

5 Stratonovitch stochastic differential equations and the
language of vector fields

As usual, let (Q, (F;)i>0,P) be a filtered probability space which satisfies the
usual conditions. It is often useful to use the language of Stratonovitch’s in-
tegration to study stochastic differential equations because the It6’s formula
takes a much nicer form. If (Ny)o<i<r, T > 0, is an F-adapted real valued
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local martingale and if (O;)o<¢<7 is an F-adapted continuous semimartingale
then the Stratonovitch integral of (©;)o<t<7 with respect to (Ny)¢>o is given
as

T T 1
/ @tOdNt :/ @tht+7<@7N>T7
0 0 2
where:
1. fOT ©.dN, is the It6 integral of (0;)o<i<r against (N¢)o<i<r;

2. (0, N)r is the quadratic covariation at time T between (©;)o<i<1 and
(Nt)o<i<T-

By using Stratonovitch integral instead of It6’s, we can see that the Doblin-
It6 formula reduces to the classical change of variable formula.
Theorem 6.28. Let (X;)i>0 = (X}, 7th)t>0 be a n- dimensional contin-
uous semimartingale. Let now f : R™ — R be a C? function. We have

noopt
f(Xe) :f(Xo)JrZ/O 38; (Xs)odX!, t>0.
=1 4

Let O C R™ be a non empty open set. A smooth vector field V on O is
simply a smooth map

Ve O - R”
z = (v1(2), ..., vn(2)).

The vector field V defines a differential operator acting on smooth functions
f:O — R as follows:
Vi) = ivz(:ﬂ) of .
3xi

i=1

We note that V' is a derivation, that is a map on C*(O,R), linear over R,
satisfying for f,g € C*°(O,R),

V(fg)=Vfg+f(Vg).

Interestingly, conversely, any derivation on C*(O,R) is a vector field.
Let now

(Bt)tZO = (Btl’ eey Bg)tZO

be a d-dimensional Brownian motion and consider d + 1 C' vector fields V; :
R" - R*, n > 1,4 = 0,..,d. By using the language of vector fields and
Stratonovitch integrals, the fundamental theorem for the existence and the
uniqueness of solutions for stochastic differential equations is the following:
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Theorem 6.29. Assume that Vy,Vi,---, Vg are C? vector fields with bounded
derivatives up to order 2. Let xg € R™. On (Q,(F)i>0,P), there exists a
unique continuous and adapted process (X;°)i>o0 such that fort >0,

d t
XPo=xzo+ ) / Vi(X*) o dB!, (6.6)
: 0

with the convention that BY = t.

Thanks to Doblin-Ito’s formula the Ito’s formulation of a Stratonovitch
equation is

d t
. 1
Xt0=x0+2;/(Jvmw( ds—i—Z/ Vi(X0)dB,

where for 1 < i < d, Vv, V; is the vector field given by
V@ =3 (3ot 2w ) 2 xR
=\= amk oxj’

If f:R"™ — R is a C? function, from It&’s formula, we have for ¢ > 0,

d t
FXE) = flao) + 3 / (Vif)(X20) 0 dB:
i=0 70

and the process

(rxe - [ t(Lf)(Xfo)ds> .

is a local martingale where L is the second order differential operator

d
1 2
L:V0+§;Vi.

Exercise 6.30. Let (B}, B?)i>0 be a two-dimensional Brownian motion. Show
that the process

1 t
X (Bt [ Bas - Bant)
2 Jo t>0
solves a stochastic differential equation that may be written
dX; = Vi(X;) 0o dB} + Vo (X;) o dB?

where V1, Vs are two vector fields to be computed.



5 Stratonovitch stochastic differential equations and the language of vector fields 207
Exercise 6.31. Show that the diffusion operator

J
L:VO‘FEZIV;

is elliptic in R™ if and only if for every x € R™, the vectors Vi(x), -, V,(x)
form a basis of R™.

A general theorem by Phillips and Sarason states that if L is a diffusion
operator

1 < 0? = o)
L=~ () ——— bi(2) ——
2 ijZ:1 a’Z] (I) 6$16$J + ; 1(93) axz ’
where the coefficients a;;’s and b;’s are two times continuously differentiable,
then L can be written as
I~
L=Vy+ B Zl \%
where V7, -+, V,,” are locally Lipschitz vector fields. In this book we are mostly

interested in elliptic operators, in that case we have the following stronger
result:

Proposition 6.32. Let

L= Y ayw > hw
o 2 @ij\® 8;1@1630] =1 S 8:61-’

ij=1

be a diffusion operator on R™ such that the a;;’s and the b;’s are smooth
functions. Let us assume that for every x € R™, the rank of the matrix
(aij(z))1<i j<n is constant equal to n. Then, there exist smooth vector fields
Vo, Vi, -,V on R™ such that V1,---,V,, are linearly independent and

L= VO+ZH:VZ-2.
i=1

Proof. Since the matrix (a;;(z))1<; j<n is symmetric and positive, it admits
a unique symmetric and positive square root v(z) = (vi;(x))1<i j<n. Let us
assume for a moment that the v;;’s are smooth functions, in that case by

denoting
n
0
Vi= Z Vij 7
=1 a:ﬂj

the vector fields Vi, - - -, V,, are linearly independent and it is readily seen that
the differential operator
1= ,s
L-32."
1=
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is actually a first order differential operator and thus a vector field. We therefore
are let to prove that the v;;’s are smooth functions. Let O be a bounded non
empty set of R™ and I' be any contour in the half plane Re(z) > 0 that contains
all the eigenvalues of o(z), © € O. We claim that

1 ~1
_ %/F\/E(U(z) — 1) lde, €O

Indeed, if T is another contour in the half plane Re(z) > 0 whose interior con-
tains I', as a straightforward application of the Fubini’s theorem and Cauchy’s
formula we have

1 . 1 »
%/F\/;(a(o:) —21,) " tdz x | Vz(o(z) — 21,) " 'dz
:# / // @(U(x) —2L,) Yo(z) — 2'L,) " tdzdz!
o)~ L) — (o(a)— L)
47r2/ F,r 7 dzdz
2/ \/7 o() - ) dz'dz
dr r/ z

s o ( o o

1
o r( o(z) = 21,)7"
1 -1
=5 1“(0(:10)—zIn) o(x)dz.

In the last expression above, we may modify T' into a circle I'r = {z,|z] =
R}. Then by chosing R big enough (R > sup,co /||o(x)||), and expanding
Jp(o(x) — 21,)"'dz in powers of z, we see that

1
2 Tr

(;ﬂ /F Vi () — zIn)_ldz)2 = o(x),

so that, as we claimed it,

1 ~1
_ %/F\/;(a(z) )M, zeO.

(o(x) — 21,) " 'dz = o(x).

As a conclusion,

This expression of the square root of o clearly shows that the v;;’s are smooth
functions. |
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Exercise 6.33. Prove the following extension of the above theorem. Let

L—1 z”: a--(ac)i82 +§n:b-(m) 0
n 2 * 8331'8.73]‘ —1 ! 8.231‘7

i,j=1 i=

be a diffusion operator on R™ such that the a;;’s and the b;’s are smooth
functions. Let us assume that for every x € R™, the rank of the matrix
(@ij(x))1<ij<n 18 constant equal to d < n. Then, there exist smooth vector
fields Vo, Vi, -+ Vi on R™ such that V1,--- ,Vy are linearly independent and

d
1 2

6 Malliavin calculus

This section is an introduction to the techniques of the so-called Malliavin
calculus. Our eventual goal will be to prove that if (X7 );>¢ is the solution of
a stochastic differential equation

t t
X7 :x+/ b(Xg)ds+/ o(X¥)dB,,
0 0

where b : R® — R™ and o : R™ — R"*" are smooth functions with bounded
derivatives and if the matrix o(z) is uniformly elliptic, then for every ¢ > 0
the random variable X7 has a smooth density with respect to the Lebesgue
measure (see Theorem 6.51).

This Theorem 6.51 actually provides a probabilistic proof of the hypoel-
lipticity of elliptic operators (see the Appendix on Regularity theory for the
relevant definitions). Indeed, let L be the diffusion operator

L= b+ Y ayw
B N Ox; 2 A dx;0x;’

i=1 i,j=1

where a;;(z) = (o(x)o*(z))s;. If L is elliptic, then Theorem 6.51 implies that
for every x € R™ and ¢ > 0 the random variable X has a smooth density with
respect to the Lebesgue measure. In other words, there exists a smooth kernel
p(t, x,y) such that for every bounded and Borel function f

BUXE) = Puf (o) = [ plta,a) ),
Combining this fact with the interpretation of P, f as the solution of a Cauchy
problem, we see that the operator L — % needs to be hypoelliptic which implies
the hypoellipticity of L. The fact that elliptic operators are hypoelliptic is a



210 6 Stochastic differential equations and Malliavin calculus

special case of a celebrated theorem by Hormander and the motivation of Malli-
avin to introduce his calculus was actually precisely to reprove Héormander’s
result by using probabilistic techniques (see [?]).

We can also observe that Theorem 6.51 implies the Theorem 4.23 that we
proved in Chapter 4 in the case where L is essentially self-adjoint. It should be
observed that the advantage of the probabilistic method is that L is not required
to be symmetric with respect to any measure, however strong assumptions are
required on the coefficients b and o.

6.1 The Malliavin derivative

In this section, we introduce the basic tools of Malliavin calculus, which is a set
of tools devoted to the study of the Sobolev regularity of Brownian functionals.
This is just an introduction to this theory. The interested reader is refered to
the classical book [?] by Nualart for a detailed presentation of the theory.

Let us consider a filtered probability space (€2, (F;)o<t<1,P) on which is de-
fined a n-dimensional Brownian motion (B;)o<i<1. We assume that (F;)o<i<1
is the usual completion of the natural filtration of (B:)o<i<i1-

A F; measurable real valued random variable F is said to be cylindric if it

can be written
1 1
F=f (/ hl(s)st,...,/ hm(s)st)
0 0

where h' € L%([0,1],R™) and f : R™ — R is a C* function such that f and
all its partial derivatives have polynomial growth. The set of cylindric random
variables is denoted by S. It is easy to see that S is dense in L?(F;,P) for
every p > 1.

The Malliavin derivative of FF € S is the R™ valued stochastic process
(D¢ F)o<i<1 given by

Dthihi(t)ggi </01h1(s)st,...7/01 hm(s)st.>.

We can see D as an (unbounded) operator from the space S C L?(Fy,P) into
the Banach space

LP = {(Xt)0<t<1,E <(/01 ||Xt2dt>p> < +oo} .

Our first task will be to prove that D is closable (see the Appendix on un-
bounded operators for the definition of closability). This will be a consequence
of the following fundamental integration by parts formula which is interesting
in itself.




6 Malliavin calculus 211

Proposition 6.34 (Integration by parts formula). Let F € S and (h(s))o<s<1
be a progressively measurable such that E (fol ||h(s)||2ds) < 4o00. We have

E ( /0 1(D5F)h(s)ds> _E (F /0 1 h(s)st> .
F=f (/01 hl(s)st,...,/o1 hm(s)st) €S.

Let us now fix € > 0 and denote

F.=f (/01 h'(s)d <BS + s/os h(u)du) /01 ™ (s)d <Bs + s/os h(u)du)> )

From Girsanov’s theorem (Theorem 5.72 in Chapter 3), we have

E(F.) = E (exp (g /01 h(u)dB, — 522/01 ||h(u)||2du> F) .

Now, on one hand we compute

Proof. Let

lim, + (B(F) — E(F))

e—=0 ¢
:IE( Oli_n: ggﬁ: </01h1(s)st,...,/Olhm(s)st) hi(s)h(s)dt>

and on the other hand, we obtain

lim © (E(F.) — E(F)) = E (F /01 h(s)st) .

e—=0 ¢

O

Proposition 6.35. Let p > 1. As a densely defined operator from LP(F;,P)
into LP, D is closable.

Proof. Let (Fy,)nen be a sequence in S that converges in LP(Fp,P) to 0 and
such that DF,, converges in £P to X. We want to prove that X = 0. Let
(h(s))o<s<1 be a function in L?([0,1]). Let us first assume p > 1. We have

lim E (/Ol(Dan)h(s)ds> =E (/01 Xsh(s)ds> :
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and )
lim E (Fn/ h(s)st> =0.
n—oo 0

As a consequence, we obtain

E (/01 Xsh(s)ds> ~0.

Since h is arbitrary, we conclude X = 0. Let us now assume p = 1. Let i be
a smooth and compactly supported function and let © =7 (fol h(s)st) €S.

We have
D(F,0) = F,(DO) + (DF,)0.

As a consequence, we get

E ( /O 1 DS(FnG)h(s)ds> _E <Fn /0 1(Ds@)h(s)ds> +E (@ /0 1(D5Fn)h(s)ds> ,

and thus
Jim E (/01 Ds(FnG))h(s)ds> =K (@ /01 Xsh(s)ds) .

On the other hand, we have

E (/01 DS(FnG)h(s)ds) =E (FnG)/Ol h(s)st) oo 0.

E (@ /01 Xsh(s)ds) =0.

The closure of D in LP(Fy,P) shall still be denoted by D. Its domain D'?
is the closure of & with respect to the norm

We conclude

O

1
1Pl = (EF?) +E (IDFIa o 115m) )
For p > 1, we can consider the adjoint operator § of D. This is a densely

defined operator £? — LP(Fy,P) with 1/p+ 1/¢g = 1 which is characterized by
the duality formula

1
E(Féu) =F (/ (DSF)uSds> , FeD'r
0
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From Proposition 6.34 and Burkholder-Davis-Gundy inequalities, it is clear
that the domain of § in £? contains the set of progressively measurable processes

1 /2 o
(ut)o<t<1 such that E (fo Hus||2ds) < 400 and that in this case,

1
5u:/ usdBj.

0

The operator § can thus be thought as an extension of the [t6’s integral. It is
often called the Skohorod integral or the divergence operator.

Exercise 6.36 (Clark-Ocone formula). Show that for F € D%2,
1
F =E(F) +/ E(D.F | 7)dB;.
0

More generally, we can introduce iterated derivatives. If F' € S, we set
Dfl,‘..,th =Dy, ..D, F.

We may consider DFF as a square integrable random process indexed by [0, 1]*
and valued in R™. For any p > 1, the operator D* is closable on S. We denote
D*P the closure of the class of cylindric random variables with respect to the
norm

k p

1Flhy = [ B+ 2B (I Fle o) | -
e

D> = () () D"

p>1k>1

and

6.2 The Wiener chaos expansion

As in the previous section, we consider a filtered probability space (€2, (F)o<i<1,P)
on which is defined a Brownian motion (B;)o<:<1, and we assume that (F;)o<¢<1

is the usual completion of the natural filtration of (B¢)o<i<1. Our goal is here
to write an orthogonal decomposition of the space L?(F;,P) that is particu-
larly suited to the study of the space D'2. For simplicity of the exposition,
we restrict ourselves to the case where the Brownian motion (B;)o<i<1 is one-
dimensional but similar results obviously hold in higher dimensions provided
the suitable changes are made.

In the sequel, for n > 1, we denote by A,, the simplex

A, ={0<t; <---<t, <1}



214 6 Stochastic differential equations and Malliavin calculus

and if f,, € L2(A,),

1 tn to
In(fn) =/ / / falti, + ,tn)dBy, ...dBy,
0 0 0

= / fn(t17 ,tn)dBtl...dBt".
Ay,
The set
K, = {/ Jn(ty, -+ tn)dBy,...dBy,, fr € Lz(An)}
Ay,

is called the space of chaos of order n. By convention the set of contant random
variables shall be denoted by Kj.
By using the It6’s isometry, we readily compute that

0 ifp#n
||fn||2L2(An) if p=n.

E (In(fn)jp(fp)) - {

As a consequence, the spaces K,, are orthogonal in L2(F,P). It is easily seen
that K,, is the closure of the linear span of the family

{L.(£97), f e L2([0.1])},

where for f € L2([0,1]), we denoted by f®" the map A, — R such that
fO(ty, - ,tn) = f(t1) -+ f(tn). It turns out that I,,(f®") can be computed
by using Hermite polynomials. The Hermite polynomial of order n is defined
as

By the very definition of H,,, we see that for every ¢,z € R,

t2 +oo
_ k
exp (tx— 2) = E t"Hy ().
k=0
Lemma 6.37. If f € L%([0,1]) then

' f(s dBg
Lu(f%™) = 1 £l 2 o, Hn (fof()> :

Il 2 (f0,17)

Proof. On one hand, we have for \ € R,

1 A2 1 I fl f(s)dBS
xp (A dB, — 2d): NN o Ho | 15— | -
exp ([ S8 = 5 [ 6005) = SNl (nszqo,m
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On the other hand, for 0 <t < 1, let us consider

Mt()\):exp(/\/otf(s B——/f )

From It6’s formula, we have
t
MM\ =1+ /\/ Mf(s)dB
0

By iterating the previous linear relation, we easily obtain that for every n > 1,

Mi(\)
_ - k Rk n+1 !
=L DN+ /OMtfu) (/A

We conclude,

f(t1) - f(tn)dBy, ...dBtn> dBs.
»([0,2])

on _idle _ fOl
L(f®") = 1w (0) = ”fHL2 01] <||f||L2 ([0,1])

O

As we pointed it out, for p # n, the spaces K,, and K,, are othogonal. We
have the following orthogonal decomposition of L?:

Theorem 6.38 (Wiener chaos expansion).

2(F1,P) = P K.

n>0

Proof. As a by-product of the previous proof, we easily obtain that for f €

L(0, 1)),
o (A [ s~ 5 [ 16ras) = iw@m

where the convergence of the series is almost sure but also in L2(F;,P). There-

fore, if ' € L2(Fy,P) is orthogonal to @,>; Kn, then F' is orthogonal to
every exp ()\ fo $)dBs 01 f(s)st), f € L2([0,1]). This implies that

=0. ]
As we are going to see, the space D2 or more generally D*?2 is easy to

describe by using the Wiener chaos expansion. The keypoint is the following
proposition:
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Proposition 6.39. Let F = I,,(f,) € K,,, then F € D" and
D, F = I -1(fa(-,1)),
where for 0 <t <---<t, 1 <1,
Falti, - stae1,t) = fults, o stistytigt, o tae1)  if ty <t < tgyr.
Proof. Let f € L2([0,1]). We have

Jo J(s)dB,
L") = 1f 12 qoap Hn | T | -
(f2") = 11K o,1) <|f||L2([O,1])

Thus F' = L,(f®™) is a smooth cylindric functional and

Iy f(S)st> |

_ n—1 /
Dol = W laqo n SO <||f||Lz<m )

It is easy to see that H) = H,_1, therefore we have

I f(S)st>

DoF = (|11 oy f () Hn—
e = [ Fllgz g0, 17y f () Hn—s <||f||L2([071]>
= f(O)aor (fE).

As a consequence, we compute that

E </01(DtF)2dt> = nE(F?).

We now observe that K,, is the closure in L?(F;,P) of the linear span of the
family

{L.(f%™), f e L([0,1])}
to conclude the proof of the proposition. o
We can finally turn to the description of D2 using the chaos decomposition:
Theorem 6.40. Let F € L?(F,,P) and let
F= ]E(F) + Z Im(fm>7
m>1
be the chaotic decomposition of F. Then F € DY2 if and only if
Z mE (In(fm)?) < +o0,
m>1
and in that case,

D F =EDF)+ Y L1 (fm(-1)).

m>2
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Proof. Tt is a consequence of the fact that for F' € K,,,

E (/Ol(DtF)th> = nE(F?).
O

An immediate but useful corollary of the previous theorem is the following
result:

Corollary 6.41. Let (F),)n>0 be a sequence in DV2 that converges to F in
L2(F1,P) and such that

1
supE </ (DtFn)zdt> < +o00.
0

n>0
Then, F € DY2,

This corollary can actually be generalized in the following way (see [?] for
a proof).
Proposition 6.42. Let (F),),>0 be a sequence in D¥P, k > 1, p > 1, that
converges to F' in LP(Fy,P) and such that

sup || Fr|lk,p < +o0.
n>0

Then, F € DFP.
Exercise 6.43. Let F € L(F,P) and let

F=E(F)+ Z I (fm),
m>1
be the chaotic decomposition of F. Show that that F € D*2 with k > 1 if and
only if
Z MFE (I (fim)?) < +o0.

m>1

Exercise 6.44. Let L = §D. Show that for F € K,,, LF' = nF. Deduce that
the domain of L in L*(Fy,P) is D*?

6.3 Regularity of probability distributions using Malliavin
calculus

We have the following key result which makes Malliavin calculus so useful when
one wants to study the existence of densities for random variables.
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Theorem 6.45. Let F' = (Fy,..., Fy,) be a F1 measurable random vector such
that:

1. for everyi=1,....m, F; € D>®;

2. the matrix

1
— (/ (DsFi7DSFj>Rnds>
0 1<i,j<m

s invertible.

Then F has a density with respect to the Lebesgue measure. If moreover, for
every p > 1,
1
El——| < ,
( det T ) e
then this density is smooth.

Remark 6.46. The matrix I' is often called the Malliavin matrix of the random
vector F'.

This theorem relies on the following lemma of Fourier analysis for which we
shall use the following notation: If ¢ : R®™ — R is a smooth function then for
a = (i1, .. i) € {1,...,n}*, we denote

ak

R

Do =

Lemma 6.47. Let u be a probability measure on R™ such that for every smooth
and compactly supported function ¢ : R — R,

] / 8a¢du‘ < Call9lleo.

where o € {1,...,n}* k> 1, C, > 0. Then u is absolutely continuous with
respect to the Lebesgue measure with a smooth density.

Proof. The idea is to show that we may assume that p is compactly supported
and then use Fourier transforms techniques. Let g € R™, R > 0 and R’ > R.
Let ¥ be a smooth function on R™ such that ¥ = 1 on the ball B(zg, R) and
¥ = 0 outside the ball B(xzg, R’). Let v be the measure on R™ that has a
density ¥ with respect to u. It is easily seen, by induction and integrating by
parts that for every smooth and compactly supported function ¢ : R™ — R,

‘/R D pdv

< Coll@lloos
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where a € {1,....,n}*, k > 1, C’, > 0. Now, if we can prove that under the
above assumption v has a smooth density, then we will able to conclude that
¢ has a smooth density because zg € R” and R, R’ are arbitrary. Let

ily) = [ (o

be the Fourier transform of the measure . The assumption implies that 7 is
rapidly decreasing (apply the inequality with ¢(x) = ¢*(¥*)). We conclude that
v has a smooth density with respect to the Lebesgue measure and that this
density f is given by the inverse Fourier transform formula:

o= [ il
@) = g | o

We may now turn to the proof of Theorem 6.45.

Proof. The proof relies on an integration by parts formula which is interesting
by itself. Let ¢ be a smooth and compactly supported function on R™. Since
F; € D™, we easily deduce that ¢(F) € D> and that

F) = i 0:6(F)DF,
=1

Therefore we obtain
1
/(thﬁ( D F))dt = Zaﬂﬁ /DtFZ,DtF>d
0
We conclude that
n 1
i / (Di6(F), Dy F))dt.

J=1

As a consequence, we obtain

E (0;¢(F)) =E /1 (Dy¢(F), Dy Fj)dt

n

Z]E< 01 (Dyo( )a(r_l)i,thFj>dt>

j=1

Z ~)i;DEy))
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Remark that the integration by parts is licit because (I"l)l;jDFj belongs
to the domain of §. Indeed, from our assumptions, DFj is in D*? and thus in
the domain of § from Exercise 6.44. Also (I'"!); ; € D2 and (I'"'); ;DF; €
L?(F;,P) which easily implies that (I'"!); ;DF; belongs to the domain of é.

By using inductively this integration by parts formula, it is seen that for
every a € {1, ..., n}’“, k > 1, there exists an integrable random variable Z, such
that,

E(9a9(F)) = E(¢(F)Za) -
This finishes the proof. O

7 Existence of a smooth density

As usual, we consider a filtered probability space (€, (F;);>0, F,P) which sat-
isfies the usual conditions and on which is defined a n-dimensional Brownian
motion (By)i>0. Our first purpose here, is to prove that solutions of stochastic

differential equations are differentiable in the sense of Malliavin. The following
lemma is easy to prove by using the Wiener chaos expansion.

Lemma 6.48. Let (us)o<s<1 be a progressively measurable process such that
for every 0 <s <1, ul € DY2 and

1 1
E (/ ||u5||2ds> < 400, E (/ / Dsut||2dsdt) < +o0.
0 o Jo

Then fol usdB, € DV? and

1 n 1
Dt (/ UsdBS> = Uy + Z/ (Dtug)dB;
0 =171

Proof. We make the proof when n = 1 and use the notations introduced in the
Wiener chaos expansion section. For f € L2([0,1]), we have

D L,(f%") = f() La (D).

But we can write,

1
L(f%") = / £(t) ( / Fo B, dB) dB;,
0 Ap—1]0,]

and thus
1
L(fe") = / uydB,,
0
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with Uy = f(t) fA, 1[0, f®(’ﬂ71)dBtl N dBt Since

n—1°

f(t)In—l(f®(n_1)) :f(t) (/ 0.4] f®(n_1)dBt1 U dBtn1>

1
®(n-1)
L f) / £(s) ( /A L peean, dBt,”) dB.,

we get the result when fol usdB; can be written as I,,(f®"). By continuity of
the Malliavin derivative on the space of chaos of order n, we conclude that the

formula is true if fol usdBs is a chaos of order n. The result finally holds in all
generality by using the Wiener chaos expansion. O

We consider two functions b : R — R™ and ¢ : R” — R™*"™ and we assume
that b and o are C*° with derivatives at any order (more than 1) bounded.

As we know, there exists a bicontinuous process (X{);>0 zera such that for
t>0,

t n t
X7 :x+/ b(Xf)derZ/ op(XT)dBY. (6.7)
0 =170

Moreover, for every p > 1, and T' > 0
B ( s 1X7IP) < .
0<t<T

Theorem 6.49. For everyit=1,...n, 0<t <1, Xf’i € D> and forr <t,

t
DIXT = 0, (X7) +Z/ Oy (X5 )DI X ds + Z 0104, (X3)DL X ABY,
kJd=1""
(6.8)

where DI X} is the j-th component of D, X!. If r > t, then DIX{" = 0.

Proof. We first prove that X7 € DY for every p > 1. We consider the Picard
approximations given by X(t) = z and

t
0

By induction, it is easy to see that X,,(t) € D''? and that for every p > 1, we
have

U,(t)= sup E ( sup ||DTXn(s)||p> < 400,

0<r<t s€[r,t]
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and

t
Ui (t) < a+ B / W, (s)ds.
0

Then, we observe that X, (t) converges to X in LP and that the sequence
| X (t)]]1,p is bounded. As a consequence X;"* € DM for every p > 1. The
equation for the Malliavin derivative is obtained by differentiating the equation
satisfied by X[. Higher order derivatives may be treated in a similar way with
a few additional work, the details are let to the reader. O

Combining this theorem with Theorem 6.13 and using the uniqueness prop-
erty for solutions of linear stochastic differential equations, we obtain the fol-
lowing representation for the Malliavin derivative of a solution of a stochastic
differential equation:

Corollary 6.50. We have
DI X} = Joo ()35, (2)0 (X)), j=1,.om, 0<r<t,
where (Jo—(z))i>0 is the first variation process defined by

oX¥
e (x).

We now fix x € R" as the initial condition for our equation and denote by

JO—>t($) =

noo
. . . -/
r=(> / DI X DI X7 dr
— Jo
7=1 1<i,i'<n

the Malliavin matrix of Xj*. From the previous corollary, we deduce that

IWMZJwaAJﬁM@dXﬁdXﬁﬂﬁM@WNmM@f (6.9)

We are now finally in position to state the main theorem of the section:

Theorem 6.51. Assume that there exists A > 0 such that for every x € R",
lo(@)]1* = |,

then for everyt > 0 and x € R"™, the random variable X7 has a smooth density
with respect to the Lebesgue measure.

Proof. We use Theorem 6.45. We therefore want to prove that I';(z) is invert-
ible with inverse in L? for p > 1. Since Jo_+(x) is invertible and its inverse
solves a linear equation (see Exercise 6.14), we deduce that for every p > 1,

E (I1955,@)]]?) < +oc.
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From formula (6.9), we conclude that it is enough to prove that Cy(x) is in-
vertible with inverse in L? where

Cilx) = / 35 (2)o (X2)o(XT) T5L ()" dr.

By the uniform ellipticity assumption, we have

t
Colz) > A / I (@) Tk () dr,
0

where the inequality is understood in the sense that the difference of the two
symmetric matrices is non negative. This implies that C;(x) is invertible. More-
over, it is an easy exercise to prove that if M; is a continuous map taking its
values in the set of positive definite matrices, then we have

t -1 1 t
(/ Msds> <= </ M;lds>.
0 = \Jo

As a consequence, we obtain

t

) 1 )
@) < oy /O Toosn (@) Toon(w)dr.

Since Jo_,(2) has moments in L? for all p > 1, we conclude that Cy(z) is
invertible with inverse in LP. m]

Notes and Comments

Sections 1,2,3,4. Stochastic differential equations were first considered by
It6 [?], with the purpose of providing a pathwise construction of a diffusion
process associated to a given diffusion operator. We have to mention that
another pathwise construction of diffusion processes was made by Ddéblin in
1940, and thus before It6, in a paper that was rediscovered in 2000 (see [?]).
Essentially, to construct the diffusion with generator

1 ,d d

Doblin considers the equation

t
Xi =24 Bt o(x,)2ds +/ b(Xs)ds.
0

Observe that this equation bypasses the theory of stochastic integrals that was
not available at that time but is of course equivalent to It6’s equation when
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keeping in mind the Dambins, Dubins-Schwarz theorem. Concerning the path-
wise construction of diffusion processes, we also have to mention the martingale
problem approach by Stroock and Varadhan [?]. Stochastic differential equa-
tions with respect to general semimartingales may also be considered and we
refer to the book by Protter [?] for an account of the theory. The theory of
regularity of stochastic flows is difficult and the classical reference for these
problems is the book by Kunita [?]. The rough paths theory presented in
Chapter 7 simplifies several proofs of the regularity of flows (see the book by
Friz and Victoir [?]).

Sections 5,6. Malliavin calculus was first introduced by Malliavin in [?]
and later developed by Shigekawa [?]. The motivation was to give a probabilis-
tic proof of Hormander’s theorem. The nowadays classical reference to study
Malliavin calculus is the book by Nualart [?]. For an alternative and more
geometric approach, we refer to the book by Bell [?], to the book by Malliavin
himself [?] or the book by Shigekawa [?] For a more specialized reading, we re-
fer the interested reader to the lecture notes [?] and the very influential papers
by Kusuoka and Stroock [?], [?] and [?] for further details and applications of
Malliavin calculus to stochastic differential equations and partial differential
equations.



Chapter 7
An introduction to Lyons rough paths theory

This chapter is an introduction to theory of rough paths that was conceived
by T. Lyons in the 1990’s. The theory is purely deterministic and offers a
convenient alternative to It6’s calculus to define and study differential equations
driven by Brownian motions. We focus on the main ideas and prove the Lyon’s
continuity result in the linear case and then proves that rough paths theory
can be applied to study stochastic differential equations.

1 Continuous paths with finite p-variation

If s < t, as before, we will denote by Als,t], the set of subdivisions of the
interval [s, ¢], that is IT € A[s, t] can be written

D={s=ty<t1 <---<t,=t}.
The following definition is basic.

Definition 7.1. A continuous path z : [s,t] — R¢ is said to have a bounded
variation on [s, ], if the 1-variation of = on [s, t], which is defined as

n—1
Hx”lfvar;[s,t} = sup Z ||x(tk+1) - .’L‘(tk)”,
MMeA[s,t] k—0

is finite. The space of continuous bounded variation paths z : [s, ] — R?, will
be denoted by C1=v"([s,t],R%).

Of course |[|-[|1—yars[s,¢] 15 not a norm, because constant functions have a zero
1-variation, but it is oviously a semi-norm. If z is continuously differentiable
on [s,t], it is easily seen that

t
12l var o = / 2 (5) | ds.

Proposition 7.2. Letz € C'=v%"([0,T],R?%). The function (s,t) = ||z||1—var, (s,
1s additive, i.e for0 < s<t<u<T,

||mH17var,[s,t] + ||x||17var,[t,u] = ||x||17var,[s,u]7

and controls x in the sense that for 0 < s <t < T,

[2(s) = 2(DI < [[#]l1-var,[s.0

The function s = ||z||1—yar [0,s] 95 moreover continuous and non decreasing.
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Proof. If TI; € Als,t] and IIy € A[t,u], then II; UIls € Afs,u]. As a conse-
quence, we obtain

n—1 n—1
sup Y [le(ther) —atn)ll+ sup Y [|w(tern) — @ ()]
I, €Als,t] k=0 I eAft,u] k=0
n—1

< sup Z ||.Z’(tk+1) - ZE(tk)H,

- HeA[s,u]

thus
(11 —var,(s,] T 1Zl1—var 0] < 21-var[s,u)-
Let now II € A[s, ul:
M={s=tg <ty <-<t,=t}.

Let k = max{j,t; < t}. By the triangle inequality, we have

n—1 k—1 n—1
Do llatio) = 2@l < Y lloltyen) — 2] + Y llz(tea) — ()]
Jj=0 7=0 j=k

< ||-r||17var,[s,ﬂ + ||m||17'uar,[t,u]-

Taking the sup of IT € Als, u] gives

Hxnl—var,[s,t] + ”le—var,[t,u] > ||xH1—UaT,[s,u]7

which completes the proof. The proof of the continuity and monotinicity of
5 = ||z|li—var,j0,s] is let to the reader. O

This control of the path by the 1-variation norm is an illustration of the
notion of controlled path which is central in rough paths theory.

Definition 7.3. Amap w: {0 <s <t <T} — [0,00) is called superadditive
if for all s <t < u,
w(s,t) + w(t,u) < w(s,u).

If, in adition, w is continuous and w(t,t) = 0, we call w a control. We say that
a path z : [0,7] — R is controlled by a control w, if there exists a constant
C > 0, such that for every 0 < s <t < T,

[z(t) = z(s)]| < Cw(s, ).

Obviously, Lipschitz functions have a bounded variation. The converse
is not true: ¢ — 1/t has a bounded variation on [0,1] but is not Lipschitz.
However, any continuous path with bounded variation is the reparametrization
of a Lipschitz path in the following sense.
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Proposition 7.4. Let x € C*=%7([0,T],R%). There exist a Lipschitz function
y:[0,1] = R?, and a continuous and non-decreasing function ¢ : [0,T] — [0,1]
such that x =y o ¢.

Proof. We assume ||z][1—yar [0,7] 7 0 and consider

(b(t) - Hmnl—var,[o,t]

a Hx”lfvar,[QT] .

It is continuous and non decreasing. There exists a function y such that z = yo¢
because ¢(t1) = ¢(t2) implies z(t1) = x(t2). We have then, for s <,

ly(@(0) =y (d())l = (@) =z ()| < [#lli-var(s.) = [Z]1-var,0.77(B(t) = B(5))-
m

The next result shows that the set of continuous paths with bounded vari-
ation is a Banach space.

Theorem 7.5. The space C*=9" ([0, T],R?) endowed with the norm ||z (0)| +
|2]l1—var,[0,1] i @ Banach space.

Proof. Let 2™ € C'=v%"([0,T],R?) be a Cauchy sequence. It is clear that
2" = 2™ oo < [[2"(0) = 2™ (0)| + [[2" = 2™ 1 —var, 0,77

Thus, ™ converges uniformly to a continuous path z : [0,7] — R. We need to
prove that x has a bounded variation. Let

N={0=te<t1 <---<t, =T}

be a a subdivision of [0, 7]. There is m > 0, such that ||z — 2™/ < 5=, thus

2n>

S feltirn) — a0
k=0

n—1 n—1
<Y la(tin) = @™ ) |+ Y la™ () — 2@l + 2™ 1 —varfo.7)
k=0 k=0

<1+ sup [|2"l1—var,f0,7)-
n

Thus, we have

Hm”l—var,[O,T] < 1+ sup ||xn||1—var,[0,T] < 0.
n
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More generally, we shall be interested in paths that have a finite p-variation,
p>0.

Definition 7.6. Let s < ¢t. A path z : [s,#] — R? is said to be of finite
p-variation, p > 0, if the p-variation of  on [s, ¢], which is defined as

n—1 1/p
1] p—vari[s,¢) ¢=< sup lex(tkﬂ)—x(tk)ll”) ;

HeA[st] .7,

is finite. The space of continuous paths z : [s,1] — R¢ with a finite p-variation
will be denoted by CP~v9"([s,¢], R?).

Exercise 7.7. Show that if z : [s,t] — R? is an a-Hélder path, then it has
finite 1/a-variation.

The notion of p-variation is only interesting when p > 1.

Proposition 7.8. Let z : [s,t] — RY be a continuous path of finite p-variation
with p < 1. Then, x is constant.

Proof. We have for s < u <'t,

n—1

lw(u) — 2 ()]l < (max[|z(tsr) — ()] 7F) (Z e (ter) — x@k)l”)
k=0

< (max [Jo(tr1) — @(te) [ 77) |21}

p—var;[s,t]”

Since x is continuous, it is also uniformly continuous on [s,t]. By taking a
sequence of subdivisions whose mesh tends to 0, we deduce then that

[[#(u) —x(s)[| = 0,
so that x is constant. a
The following proposition is immediate and its proof is let to the reader:
Proposition 7.9. Let z : [s,t] — R? be a continuous path. If p < p’ then
[y —varsfs,f) < 1l p—varss,q-
As a consequence the following inclusion holds
CP=ve([5,1], RY) € O 79 ([s, 1], RY)

The following proposition generalizes Proposition 7.2 to paths with finite
p-variation.
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Proposition 7.10. Let x € CP~v"([0,T],R%). Then w(s,t) = ||z|?

p—var;[s,t] &

a control such that for every s <'t,

l(s) = 2(t)[| < w(s,)'/?.
Proof. 1t is immediate that

lz(s) = ()| < w(s,)'/?,

so we focus on the proof that w is a control. If II; € Als,t] and I € Alt, u],
then IT; UTIy € Als,u]. As a consequence, we obtain

n—1 n—1
sup > lla(thry) —a@o)l” + sup Y fe(tern) = 2 ()]l
M eA[s,t]  —5 M2 €A[tu] .=,
n—1

< sup Z lz(trs1) — z(te)l?s

MeA[su] . =,

thus
12117 —ar s, + 1215 —var e, < N2l v s,
The proof of the continuity is left to the reader. m]

P

In the following sense, ”‘er—var'[s n

cr=ver ([0, 7], RY).

Proposition 7.11. Let x € CP~v%([0,T],R%) and let w: {0 < s <t < T} —
[0,00) be a control such that for 0 < s <t <T,

lz(s) — ()] < Cw(s, )7,

is the minimal control of a path z €

then
Hx”pfvar;[s,t] < Cw(s,t)l/p.
Proof. We have

n—1 1/p
2l p—varsis, = ( sup ||z (tera) ﬂﬂ(tk)”p)

MeA[s,t] vo

n—1 1/p
< | sup CPw(ty, tps1)
(HGA[s,t] ];)

< Cw(s,t).
O

The next result shows that the set of continuous paths with bounded p-
variation is a Banach space.

Theorem 7.12. Let p > 1. The space CP~*97([0,T],R?%) endowed with the
norm ||z(0)[| + [|2||p—var,jo,7) 75 @ Banach space.

Proof. The proof is identical to the case p = 1. m]
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2 The signature of a bounded variation path

In this section we introduce the notion of the signature of a path z € C*=v%7 ([0, T],R%)
which is a convenient way to encode all the algebraic information on the path
x which is relevant to study differential equations driven by x. The motivation
for the definition of the signature comes from formal manipulations on Taylor
series.

Let us consider the ordinary differential equation

d t 4
y(0) = y(0)+ " / Viy(u))dar (w),

where the V;’s are smooth vector fields on R™ (see Section 5 in Chapter 6 for
the definition of a vector field). If f : R™ — R is a C*° function, by the change
of variable formula,

d t
Fu®) = Fy) + 3 / Vi f (y(u))da ().
i=1"9%

Now, a new application of the change of variable formula to V; f(y(s)) leads
to

d t d t pu ) )
F60) = S+ Vit wo) [ [ [ Vv o),

We can continue this procedure to get after NV steps

N
P =)+ N VeVl [ de? R

k=1T=(i1,,ix)
for some remainder term Ry (s,t), where we used the notations:
L AF[s,t] = {(t1, - ,tx) € [s5,t]F,s <t1 <tg--- <ty <t}

2. If I = (i1, - ,ix) € {1, ,d}* is a word with length k,

/ ! — / dr' (1) - - - da™* (ty).
Ak[s,t] s<t1<to<- <t <t

If we let N — +o00, assuming Ry (s,t) — 0 (which is by the way true for
t — s small enough if the V;’s are analytic), we are led to the formal expansion
formula:

+o00
F®) = f@E)+> >0 (Vi Vi F)(u(s) /A e

k=1 I=(ix,ix)
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This shows, at least at the formal level, that all the information given by x
about y is contained in the set of iterated integrals [ Ak[s,4] da’

Let R[[X1, ..., X4]] be the non commutative algebra over R of the formal
series with d indeterminates, that is the set of series

“+oo
Y = Yo + Z Z Ay ..., ZkX“sz
k=1T1e{1,...,d}*

Definition 7.13. Let x € C1=v%"([0,T],R%). The signature of 2 (or Chen’s
series) is the formal series:

1+Z Z (/ dmI>Xil-~-Xik, 0<s<t<T.
k=11e{1,...dpr \’ A1

As we are going to see, the signature is a fascinating algebraic object. At
the source of the numerous properties of the signature lie the following so-called
Chen’s relations

Lemma 7.14 (Chen’s relations). Let x € C'=%([0,T],R?%). For any word
(i1ye0ytn) €{1,..,d}™ and any 0 < s <t <u < T,

T il ..... Zn) / ..... k)/ dx(ik+1,...,in)7
\/A”[s,u] Z Ak[st An—k[t ]

where we used the convention that if I is a word with length 0, then fAO[O 4 dx! =
1. ’

Proof. 1t follows readily by induction on n by noticing that
/ dx(il,m,in) :/ (/ dx(il,m,inl)) dx'n (tn)
An[s,u] s An=1[s,t,]

To avoid heavy and cumbersome notations, it will be convenient to denote

dz®F = / de’ | Xy, - X,
Ak[s,t] Z & < Aks,t] ' .

Ie{1,...,d}

O

This notation actually reflects a natural algebra isomorphism between R[[X7, ..., X4]]
and 1@, (RY)®*. With this notation, observe that the signature writes then
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and that the Chen’s relations become

/ dz®™ =
An[s,u]

The Chen’s relations imply the following flow property for the signature:
Lemma 7.15. Let x € C*=97([0,T],R%). For any 0 <s<t<u<T,

n

Z/ dx®k/ dz®—F),
k=0 7 Ak[s,t] A=kt u)

G(x)s,u = 6($)3,t6($)t7u

Proof. Indeed, form the Chen’s relations, we have

+oo n
=1+ / dx®j/ dz®*=7)
ZZ Ads,t] AR=3 [tu)

k=1j=0

= G(x)s,tG(x)t,lr

3 Estimating iterated integrals

In the previous section we introduced the signature of a bounded variation path
x as the formal series

S(x)se =1+ Z/ dx®*.

If now x € CP~v97 ([0, T],R%), p > 1 the iterated integrals fM[S’t] dz®* can only
be defined as Riemann-Stieltjes integrals when p = 1 or Young integrals when
p < 2. As we are going to see, it is actually possible to define the signature of
paths with a finite p variation even when p > 2. For P € R[[X}, ..., X4]] which
can be writen as

+oo
P:P0+Z Z ail,...,ikXil---Xikv
k=1Ie{l,...,d}*

we define

+o00
1Pl =1Pol +> > laiy,.il €[0,00].

k=1TIe{1,...,d}*
It is quite easy to check that for P, Q € R[[X7, ..., X4]]

I1PQI < [IPIIQIl-
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Let z € C17ve"([0,T],R). For p > 1, we denote

n—1 py\ 1/p
H/dm‘g’k =|( sup Z / dax®F ,
p—var,[s,t] eD(s,t] ;—q ||/ AF[ti,tit1]

where DJs, t] is the set of subdivisions of the interval [s,¢]. Observe that for
k > 2, in general

/ dx®k +/ da®k 7&/ dz®k.
Ak[s,t] AF[tu] Ak [s,u]

Actually from the Chen’s relations we have

/ dz®" = / dz®"+ / ®”+Z / / dz®n=h),
A™[s,u] A™[s,t] A" [t,u] ks t] A=k [t,u]

It follows that || [ da®*||
t— fAk[s " dz®*. Tt is however easy to verify that

‘ / s H /dwm
Ak[s, ]

The first major result of rough paths theory is the following estimate:

needs not to be the p-variation of the path
p—uvar,|[s,t]

p—var,[s,t] p—var[s, t]

Theorem 7.16. Let p > 1. There exists a constant C > 0, depending only on
p, such that for every x € C*=v% ([0, T],R%) and k > 0,

/ dz®* / da:®]
Ak[s,t]

By ( ) we of course mean I' (% + 1), where I' is the Euler function. Some
remarks are in order before we prove the result. If p = 1, then the estimate

becomes
/ dzr ®k
Ak [s,t]

which is immediately checked because

/ dz®* / dx!
Ak[st] re{1,...dyx ||/ A%

< Z / d”mi1 Hlfvar.,[s,tl] te deik ||17var,[s,tk]
gV s<t1<tp <<t <t

S

k [P
0<s<t<T.

E 7110,7", s,t]

k
< 7HI||1 var,[s,t]’

<

k
= E Hx”l—var,[s,t]'
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We can also observe that for £ < p, the estimate is easy to obtain because

/ dx@k < H/dl‘®k
Ak[s,t]

So, all the work is to prove the estimate when k > p. The proof is split into
two lemmas. The first one is the following binomial inequality which is proved
as an exercise.

£ —var,[s,t]

Lemma 7.17 (Binomial inequality). For z,y >0, n € N;n >0, andp > 1,

n

xI/P gy (n=i)/p (z +y)"/P
50 G

Proof. See Exercise 7.18. a

Exercise 7.18. Let D be the open unit disc in C, D = {z € C,|z| < 1}. If f
is a continuous on D and holomorphic on D then we denote for £ € R,

f(g) _ f( 21771) 72i7rac§dx.

1
2

1. By writing f(é) as an integral over the unit circle and using the residue
theorem, show that for 0 < a < 2 and 0 < A < 1 the following identities

hold
0 oo 1 a—1
aj _ _ aXsin(am) / (=)
ZZ:O Oé] A ()\) T o ‘ta _ )\ae—iaﬂ'|2dt

-1

Nl gy (T
0

T e—tam _ )\atoz‘Q

j=—00
2. Compute f when f(z) = (1+2)T, T > 0.
3. Show that for a € (0,2) , n € N and 0 < X\ <1 we have

" an .
A4
“2 <aj)
7=0

aX*sin(ar) (1, 1 1
=(1+ )\ - - 7 t& 1 —¢)en - -
( + ) T /(; ( ) |ta _ Aaefwnr|2 + ‘efwm' _
an\ __ (an)!
where (35) = @aa-pan-

4. Give the proof of Lemma 7.17.

)\ata2> dt’
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The second lemma we need is the following resut.

Lemma 7.19. LetT: {0< s <t < T} — RY . Let us assume that:

1. There exists a control & such that

T
lim sup L S’tH =

0;
0@, t)<r T

235

2. There exists a controlw and 0 > 1,€ > 0 such that for0 < s <t <u<T,

ITsull < [T ell + T ll + Eeo(s,u)°.

Then, for all0 < s <t<T,
§
S1 g0

Proof. For € > 0, let us consider the control

ITs.¢ w(s,t)e.

we(s,t) = w(s,t) +ed(s,t).

Define now
U(r)=  sup [ITsul-

s,uwe (s,u)<r

If 5,u is such that w.(s,u) < r, we can find a ¢ such that w.(s,t) < fw.(s,u),
we(t,u) < Lw.(s,u). Indeed, the continuity of w. forces the existence of a t

2
such that w.(s,t) = w(t,u). We obtain therefore

(ITs,ull <2¥(r/2) + 57“97
which implies by maximization,
T(r) < 20(r/2) + &rf.

By iterating n times this inequality, we obtain

n—1

U(r) <20 (57 ) 46 200
k=0

n r 1 6
SQ \Ij(ﬁ) +£71_21_97' .

It is moreover clear that r
lim 2" (—) — 0.

n—o00 on

We conclude

\I/(r)<# o

S1ogt0"
and thus
(s,u)’.

§
IPaull < 1=

21—19(““]E

Sending ¢ — 0, finishes the proof.
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We can now turn to the proof of Theorem 7.16.

Proof. Let us denote

[ Vi :
w(s,t) = Z /dz®J .

j=1 L—var,[s,1]

We claim that w is a control. Indeed for 0 < s <t < u < T, we have from the
reverse Minkowski inequality ||z + yll1/p > |zll1/p + ¥l1/p,

/ dr®I / dr®I

1/j 1/j

7] g 7]
w(s,t) +w(t,u) = Z + Z
=1 L —var,[s,1] =1 L —var,[t,u]

(] p/i p/i 1/p
< Z <H/dm®j + H/dx®j )
j=1 E—var,[s,t] E—var,[t,u]
[»] 1/j r
< Z /dx®j = w(s,u).
j=1 L—var,[s,u]

It is clear that for some constant 5 > 0 which is small enough, we have for
k<p,

< ———w(s, t)k/P.

=
~~
RSAES

Let us now consider

’ Alpl+1[s ¢]

From the Chen’s relations, we have for 0 < s <t <u < T,

(]
Pow=Tes+Teu+) / dz® / dp®(Pl+1-)
j=1 AJ[s,t] AlPI+1=3 [t u)
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Therefore, we obtain

[p]
ITell < I, / da® / dz®([P1+1-5)
=1 Ad[s,t] AlPIH1=3 [t u]
L& 1 i/ 1 (pl+1—9)/
J/p pl+1—j)/p
< T ell +1Tesll + 53 B2 2 (1) (s,2) ([p]+1—j>|w(t’ v
Jj=1 P ) !
[p]+1 1
<|Ts $I/P o (t, u) P/
P
1 (w(s, )er(t,u))([p]*l)/?’
< L
< Tsell + 1Tl + ﬂQp <[p]+1>!
p
1 w(s’u)([p]"‘l)/P
<P, s u) T
< e TP (22,
p

On the other hand, for some constant A, we have

ITs el < All]| P14

1—var,[s,t]"
We deduce from the previous Lemma 7.19 that
p (S,t)([p]ﬂ)/p
52 1- (M);

p

sl <

with § = 2 ]p The general case k > p is dealt by induction. The details are
let to the reader. a

Let z € C17ve"([0,T],R¢). Since

[p]

w(s,t) = Z

j=1

1/3

/ dr®I

E—var,[s,t]

is a control, the estimate

k (]
/Ak[s,t] dret <<Ck')| Z

k =
easily implies that for k& > p,

=

1/j

/ dz®I

L —var,[s,1]

< w(s, 1)k,

Ok
1—var,[s,t] (%)'
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We stress that it does not imply a b
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ound on the 1-variation of the path t —

fAk[o,t] dz®*. What we can get for this path, are bounds in p-variation:

Proposition 7.20. Let p > 1. There exists a constant C' > 0, depending only
on p, such that for every x € Ct*=v%7 ([0, T],R%) and k > 0,

/ dx®k
Ak[O,»]

[p]

w(s,t) = Z

Jj=1

p—uvar,|[s,t]

/ dz®I

where
1

/3

L —var,[s,t]

Proof. This is an easy consequence of the Chen’s relations and of the previous

Theorem. Indeed,

/ dx®* — / dx®*
AF[0,t] AK[0,s]

k
~II> / J® / Az ® k1)
o/ ails Ak=3[0,s]
< d$®j / dl'@(k_j)
jz:; Aj[s,t] ’ Ak=3[0,s]
<Ckzk: 1 w(s t)j/p 1 w(s t)(k—j)/p
A i ’ LAV
= (5):
A 1
Sckw(s7 t)l/p Z .7(*}(0) T) G=1)/p . W(Oa T)(k_j)/p
- i k=i )y
X0 )
1o
SCkw(s,t)l/pw(O,T)(k_l)/pz , —.
= (G (5

and we conclude with the binomial inequality.

O

We are now ready for a second major estimate which is the key to define
iterated integrals of a path with p-bounded variation when p > 2.

Theorem 7.21. Letp>1, K >0 and z,y € C1=v*"([0,T],R%) such that

Jor |

[p]
>
j=1

dy®j <1

)

1/j
L —var,[0,T]
J
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and

1/5 P [»]

ey

p .
2 _var,[0,7] =

[p]

>

j=1

1/j

/ dx®I / dy®j

Then there exists a constant C > 0 depending only on p and K such that for
0<s<t<T andk>1

/ d(ﬂ®k 7/ dy®k
Ak[s,] AF[s,1]
[p]

/d,r@j _ /dy®j

(¥

Jj=1

p_
%—wvar,[0,T]

1/5 k

k
gfvar,[O,T] (;) !
o

Aks,t]

and

_|_

k
< i—w(s,t)k/p

/ dz®*
Ak[s,t]

where w s the control

/ /
(S (1 dz® 7 )+ (S a1 )
p
(Z[p Hfd ®]||1./ivar,[O,T]) ( H-fd ®]||1—./ivar [0, T])
[;D] ||fd$®J fdy@)JHl/J P

E—var,[s,t]

ngzl ||fd$®j fdy®]||i/zva7‘ [0,7]

Proof. We prove by induction on k that for some constants C, 3,

/ dx@k _ / dy®k
Ak [s,t] Ak[s,t]

[p] 1
3 / 4 / dy® c*

2 _varj0,1] ) S (%) !

w(s, t)*/?,

and
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For k < p, we trivially have

/ d$®k _ / dy®k
Ak [s,t] Ak[s,t]

k
w(s, t)k/P

(]
< |2
j=1

/d1‘®j _ /dy®j
/dl‘®j _ /dy®j

/ d$®k / dy®lc
AF[s,t] AF[s,t]

Not let us assume that the result is true for 0 < j < k with k£ > p. Let

.= / dp®k+1) _/ dy®(k+1).
’ Ak[s,1] AR[s,]

From the Chen’s relations, we have for 0 < s <t <u < T,

1/j
P
£—var,[0,T]

IN

(s, )"/,

[p] 1/j
> w
i=1 gfvar,[O,T]

and

+ < KF/Py(s, t)k/P,

k
Fs,u :Fs,t + Ft,u + Z/ dm®j / dx®(k+1_j)
j=1 Ad[s,t] A

RLAN

k
,Z/ dy®j/ dy®k+1-7)
VNN AR [t u)

Therefore, from the binomial inequality
j=1

/ dz®i — / dy®j / dp®k+1-7)
AJ[s,t] Ad[s,t] Ak+1=3[t u)
/ dy®j

Ad[s,1]

/ dp®@k+1-7) f/ dy®(k+17j)
ARFL=5t,u] AkR+1=7 [t 1)

1. CI ;
< Tl + ITeull + @0, 7)Y w(s, )P

k
2 .
- J
o = ()
J N oL

k+1=5 )y
!

2p _ w (s, u)FTD/P
< ICarll + [Tl + “’(‘)’T)Om(m),
A

k
|+ Tl +

ITsull <[ITs.¢

k

>

=1

Ck+1—j
ktl-j )
P

w(t,u)kF1=0)/p

w(t, u)FF1=0/p

52
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where
(] ' IR
B(0,7)=>" /dx@ - /dy@’ﬂ :
i=1 gfvar,[(),T]
We deduce
2p - g1 w(s, t)FFL/P
Il € ——a0, )0 22 2
Il < 0D ey
P
with 8 = %. A correct choice of 8 finishes the induction argument. o

The following continuity of the iterated integrals with respect to a conve-
nient topology can then be proved. The proof uses very similar arguments as
in the previous proof, so we let it as an exercise to the reader.

Theorem 7.22. Letp>1, K >0 and z,y € C17v%([0,T],R?) such that

/dm®j 7/dy®j

[p]

>

j=1 L —var,[0,T]

[Pl _ e .
>o| [ [ o
Jj=1 j=1

Then there exists a constant C > 0 depending only on p and K such that for
0<s<t<Tandk>1

’/ dfc®k—/ dy®k

AF[0,] Ak[o,] p—var,[0,T]
Ck [p] 2 0 1/5

< dz®? —/d J
S

k =
This continuity result naturally leads to the following definition.

1/j
<1

i

and

<K.

1/j 1/j
P P
%—var,[0,T] L—wvar,[0,T]

£ —var,[0,T]

Definition 7.23. Let p > 1 and z € CP~*%" ([0, T],R%). We say that z is a p-
rough path if there exists a sequence x,, € C1=v%"([0, T], R?) such that z,, — =
in p-variation and such that for every € > 0, there exists N > 0 such that for

m,n > N,
®jJ ®jJ
/dxnj —/dmmJ

The space of p-rough paths will be denoted Q7 ([0, 7], R9).

[p] 1/3

<e.

L —var,[0,T]
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From the very definition, QP([0, T], R%) is the closure of C*~%7 ([0, T], R%)
inside CP~27 ([0, T],R%) for the distance

/dm®j _ /dy®j

If » € Q7([0,7],R%) and z,, € C1=v"([0,T],RY) is such that z, — z in
p-variation and such that for every ¢ > 0, there exists N > 0 such that for

m,n > N,
/dwf?j —/dxf%j

then we define [ AR5 1] dz®F for k < p as the limit of the iterated integrals

[p]
daw(j0,1),r4) (T, Y) = Z
=1

1/j
2 —var,[0,T]
Fi

[p]

D

Jj=1

1/3
<e
E—var,[0,T)

L—

)

fAk[s,t] dz®*. However it is important to observe that fAk[s,t] dz®* may then
depend on the choice of the approximating sequence x,. Once the integrals
fAk[s 0 dz®* are defined for k < p, we can then use the previous theorem to

construct all the iterated integrals [ AK[s,1] dz®* are defined for k > p. It is then
obvious that if z,y € QP([0, T],R?), then

> >
1+ / dz®% =1+ /
k=1 AF[s,t] k=174

dy®k
]

kst kst

implies that
+oo
1y |
k=174

In other words the signature of a p-rough path is completely characterized by
its truncated signature at order [p]:

(]
6[p]($)s,t =1+ Z/ d.CE@k.
k=17 Ak

s,t]

“+oo
dz®% =1+ / dy®*.
P TA

kst k(s,t]

For this reason, it is natural to present a p-rough path by this truncated signa-
ture at order [p] in order to stress that the choice of the approximating sequence
to contruct the iterated integrals up to order [p] has been made. The following
results are straightforward to obtain by a limiting argument.

Lemma 7.24 (Chen’s relations). Let x € QP([0,T],R9), p > 1. For 0 < s <
t<u<T,andn>1,

dz®™ = / d:c®k/ dz®=Fk),
\/A”[s,u] kZ:O Ak[s,t] A=kt u)
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Theorem 7.25. Let p > 1. There exists a constant C > 0, depending only on
p, such that for every x € QP([0,T],R?) and k > 1,

/ dx®k / dx®7
Ak[s,t]

4 Rough differential equations

Ok [p]
A=

j=

1/j
L—var,[s,1]

We now define solutions of differential equations driven by p-rough paths, p > 1.
We study in details the case of linear equations for which we prove the Lyons
continuity result and, at the end of the section, give, without proof, the full
Lyons result.

Let z € Q7([0,7],R?) be a p-rough path with truncated signature

(]
Z/ dz®k,
k—0 Ak[s,t]

and let x,, € C'="([0, T],R?) be an approximating sequence such that

[p] . k&
Z /daz®] - /dxf?j — 0.
=1 £ —var,[0,T]
Let us consider matrices My, -+ , My € R" ™. We have the following theo-

rem:

Theorem 7.26 (Lyons’ continuity theorem, linear case). Let y, : [0,T] — R
be the solution of the differential equation

d t )
n(® =90 + 3 [ M (s)dai(s).

Then, when n — o0, y, converges in the p-variation distance to some y €
CP=ver([0,T],R™). The path y is called the solution of the rough differential
equation

d t ]
u(t) = y(0)+ Y / Miy(s)da' (s).

Proof. 1t is a classical result that the solution of the equation

d t )
n(® =90+ 3 [ Man(s)di(s).
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can be expanded as the convergent Volterra series:
“+oo
MURTACES S SERUREYA § A AT
k=11I=(i1, i) AFls.t]
Therefore, in particular, for n,m > 0,
+oo
== S My, (/ st~ | dxfn> y(0),
k=1TI=(i1, ,ir) AF[0,t] Ak[0,t)

which implies that

[yn () = ym @) < ZM‘“ 1y (O

/ ;8;14: o / d$®k
Ak[0,t] AF[0,t]

with M = max{||Mi],--- ,||Mq4|}. From Theorem 7.22, there exists a constant
C > 0 depending only on p and

1/j
®j
dz)

p_
L—var,[0,T]

such that for £ > 1 and n, m big enough:

/ dax®k — / dx®k
Ak[O,»] Ak[07-]
1/5 C*

[]
/dmffj — /dm?ﬂf -—-
L —var,[0,T] (%)'

<2
As a consequence, there exists a constant C' such that for n, m big enough:

=1
/d‘an

This already proves that y, converges in the supremum topology to some .
We now have

(yn(t) - yn(s)) - (ym(t) - ym(s))
+oo
— E § . ;[;I S) — .’I}I S
- MZ Mlk </;k[37t]d nyn( ) /Ak[s7t]d mym( )) 9

k=11T=(i1,,ix)

p—var,[0,T]

yn(t) — ym (1)

77'Ua'r [0 T]
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and we can bound
[ daton(e) = [ deln(s)
Ak[s,1] AF[s,t]
/ da? / dat 7/ dx!
Ak[s,t] Ak[s,t] Ak[s,t]
< / da? / dal — / dal,
Ak[s,t] Ak[s,t] Ak[s,t]

Now, there exists a constant C' > 0, depending only on p and

[p]
sup E / dx®7

such that for £ > 1 and n, m big enough

/ d$®k
AF[s,t] " »

/ dI®k _ / dl‘®k
Ak[s,t] " Ak[s,t] "
1/3 k

(p] /
dx%j _/dacf%k
g_q,ar,[O,T] (%)'

<>
j=1

where w is a control such that w(0,T) = 1. Consequently, there is a constant

C, such that

[(Yn (@) = yn(s)) = (Ym(t) = ym(s))]|

[p]
/ dmf?j — / dxf,’ibk

IN

19n(s) = ym ()]l + [[ym (s)]] |

Y0 — Ymlloo,fo.17 + 1¥m oo, 0,77

1/j

2 _yar
%—wvar,[0,T]

k
< C—w(s,t)k/p, 0<s<t<T,

w(s, )7,

1/j

Sé lyn — ymHoo,[O,T] + Z W(Sat)l/p

Jj=1

£—var,[0,T]
This implies the estimate

Hyn —Ym prvar, [0,7]

[p]

<C | lyn — ymlloo,jo.r) + Z

Jj=1

1/j

/d:cf?j — /d:cfik

and thus gives the conclusion. O

p_
£—var,[0,T7]



246 7 An introduction to Lyons rough paths theory
Exercise 7.27. Let y, : [0,T] — R™ be the solution of the differential equation
d t )
0 =y + 3 [ Mign(s)dai (o).
i=170
and y be the solution of the rough differential equation:
d + 4
o(0) =9(0)+ Y [ Miyls)da'(s).
i=170
Show that y € QP([0,T],R™) and that when n — oo,

/dy®j _ /dygj

We can get useful estimates for solutions of rough differential equations.
For that, we need the following real analysis lemma:

(]

>

j=1

1/3
— 0.

p__
% —var,[0,T]

Proposition 7.28. Forx >0 andp > 1,

+o00 k

k=0

Proof. For a > 0, we denote

+oo k

Ea(w) =3 (kxa)!'

k=0

This is a special function called the Mittag-Leffler function. From the binomial
inequality

“+o00 k

- 1 .
Bl =2\ 2 Gayrw =y | **

k=0 \j=0

1R 28 1
<Y oo = ~E.(2°2).
(6
k=0

(ka)!  «

Thus we proved

1 (0%
Eo(7) < — 75 Fa(2 x)1/2.
Iterating this inequality, k& times we obtain

1
Eo(r) € <

v L
—~i=1 2]

Ea(Qak.r)l/Qk.
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It is known (and not difficult to prove, see Exercise 7.29) that

(]
B

Show that

Ea ~Nr—oo T
() ~zes o€
Hint: Compute the Laplace transform of > (k%_kl),

This estimate provides the following result:

Proposition 7.30. Let y be the solution of the rough differential equation:

d t
o(t) =9(0)+ Y [ Miyls)ds'(s).
i=170
Then, there exists a constant C' depending only on p such that for 0 <t < T,

p(sl] 2 ®7 |1/ ?
] < ol N = )

where M = max{||Mi||, -, ||Mall}.

)

Proof. We have

“+o0
— PN . 1'1 .
Y=y +> S M-, ( /A o >y<o>

k=1 I=(i1," i)

Thus we obtain

+oo
lyOl < {1t+> > M

k=11T=(i1, " ix)

Iy O,

/ da’
AK[0,t]

and we conclude by using estimates on iterated integrals of rough paths together
(see Theorem 7.25) with the previous lemma. O
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We now give the Lyons’ continuity result for non linear differential equa-
tions. We first introduce the notion of v-Lipschitz vector field.

Definition 7.31. A vector field V on R” is called -Lipschitz if it is [y] times
continuously differentiable and there exists a constant M > 0 such that the
supremum norm of its kth derivatives k = 0,--- ,[y] and the v — [y] Holder
norm of its [y]th derivative are bounded by M. The smallest M that satisfies
the above condition is the y-Lipschitz norm of V' and will be denoted ||V||vip~.

The non linear version of the Lyons continuity theorem is the following
result that we admit without proof. We refer the interested reader to [?].

Theorem 7.32 (Lyons continuity theorem). Let p > 1. Let z € QP(]0,T], R%)
be a p-rough path with truncated signature

[p]
Z / dz®*,
h—0 v AF[s,t]

and let x,, € C*=v ([0, T],R?%) be an approzimating sequence such that

/dm®j — /dw%j

Assume that Vy,--- V4 are vy-Lipschitz vector fields in R™ with v > p. The
solution of the equation

(]

D

j=1

1/j

— 0.
£ _—var,[0,T)
Fi

d t
n(® =90+ [ Vi), 0<t<T.

converges when n — +00 in p-variation to somey € CP~V*" ([0, T],R™) that we
call a solution of the rough differential equation:

d t
o0 =90+ [ Vi), o<t<T
j=170

Moreover, there exists a constant C' depending only on p, T and ~y such that
forevery0 <s<t<T,

19llp—varisss < C (IV L igr1 IXllp—vars s + IVIE s IXIE o)+ (1)

/ dr®I

Remark 7.33. The estimate (7.1) is often referred to as the Davie estimate.

where we denoted

[p]

HXHp—var,[s,t] = Z

Jj=1

1/3

B

L—var,[s,t]
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5 The Brownian motion as a rough path

It is now time to show how rough paths theory can be used to study Brownian
motion and stochastic differential equations. We first show in this section that
Brownian motion paths are almost surely p-rough paths for 2 < p < 3. The
key estimate is the Garsia-Rodemich-Rumsey inequality.

Theorem 7.34 (Garsia-Rodemich-Rumsey inequality). Let T' > 0 and let
F:{OSS,tST}—)RZO

be a continuous symmetric functional (T's ; = T'y ;) that vanishes on the diagonal
T+ = 0) and such that there exists a constant C > 0 such that for every
0<ty <+ <t, <T,

n—1
Ftl,tn S C (Z Ftiyti+1> . (72)
i=1

For ¢ > 1 and a € (1/q,1), there exists a constant K > 0 such that for all
0<s<t<T,

7, < K|t — s[*~ 1/ / |u_v|1+aqdudv

Proof. Step 1. We first assume T = 1 and prove that

Fgng// ————dudv.

Define I(v fo ez leaq du so that

/ dv—// |u—v|1+°‘qudv'

We can find ¢y € (0,1) such that I(tg) < fo fo mdudu We construct

then a decreasing sequence (t,)n>0 by induction as follows. If ¢,,_; has been

chosen, then we pick t,, € (0, %tn_l) such that

41(tp—1)
————dudv, J,_1(t,) < ———=
rL 1 / / |u - ,U‘l-&-(xq " 1( n) o tn—l
rd
where we have set J,,_1(s) = ‘g_ti% We can always find such ¢,,. Other-

$tn—1) = AU B with

1
A_{te (0, 2tn1> i 1/ / |u—v|1+°“1dUdv}

wise, we would have (0,
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1 41(t,
B = {t S (07 tnl) ,Jnfl(t) > (tnl)}
2 tn—l

But, clearly we have

nl// u—v|1+aqudv</ dt<// u7v|1+aqdudv

where p stands for the Lebesgue measure. Hence, if p(A) > 0, we have p(A) <
$tn—1. Similarly of course, u(B) > 0 implies y(B) < jt,—1. This contradicts
the fact that (O, %tn_l) = AU B. Hence t, is well defined if ¢,,_1 is. We have

then
41 (ty—1
Jn—1(ty) < ————dud

1( ) = tnfl / / |u_v‘1+aq uav.

Coming back to the definition of Jn,l yields then
]‘—‘g t 1
Loz ————dud
|tn_tn—1|1+aq / / u—v|1+aq uav.

But it is easily seen that there a constant C' > 0 such that

‘tn - tn 1‘a+1/q

124
n 1

<caVe 1.

Using then the subaddivity of the functional I' we end up with

T4
Oto SK/ / |U_U|1+aqudU

Similarly, by repeating the above argument on the functional I'y_; ;_; we get
that

]_'\q

o <K// |u—v|1+aqudU

Therefore we proved that for some constant K’

!
1"81<K// |u7v|1+aqdudv

Step 2: We now consider a general functional I' : {0 < s,t < T} — Rxg
and fix 0 < s < t < T. Considered then the rescaled functional I',, =
[y tu(t—s),s+v(t—s) Which is defined for 0 < u,v < 1. From the first step, we

have
q
FolﬁK// ‘u_v|1+aqudU

and the result follows by a simple change of variable. m|
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As we are going to see, for the Brownian motion the natural integral in
rough paths theory is not Itd’s integral but Stratonovitch’s (see Section 5 for
the definition). If (B;)s>0 is d dimensional Brownian motion, we can inductively
define the iterated Stratonovitch integrals fogtlg...gtkgt OdBZi ---0dBy¥, and,
as before, it will be convenient to use a concise notation by embedding the set
of iterated integrals in the algebra of formal series:

0dB®* = / odBT | X;, - Xy, .
/Ak[s,t] Z < Ak[s,t] '

Ie{1,...,d}*

Exercise 7.35. Show that form > 1, andt > 0,

l

The following estimate is crucial to apply rough paths theory to Brownian
motion.

><+oo.

11 ik-
/ odB* --- o dB*
0<t < St <t

Proposition 7.36. Let T > 0, 2 < p < 3 and n > 1. There exists a finite
positive random variable C = C(T,p,n) such that E(C™) < +oo for every
m > 1, and for every 0 < s <t <T,

" 1/k
> < C|t — s|M/P.

k=1

/ od B®F
Ak [s,t]

Proof. Let us consider the functional

n 1/k

Fs,t = Z

k=1

)

/ od B®¥
Ak[s,t]

and prove that it satisfies the chain condition (7.2). Using inductively Chen’s
relations, it is seen that

/ odB®* = Z / odB®1 ... / od B®iN-1,
ARftatn] ity =k Y ATt AN tn 1 tn]
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Therefore we have

/ od B®*

Ak[t17t1\j]

< / odB®% ... / od B®IN-1
i14-Fin_1=k A [ty,ts] AiN_l[thlytN}

< od B®" l/ od B¥'N -1
Z /A"l[tl,tg] AiN_l[thl,tN]

i1+ tin—1=k

§ : i1 IN—1
< Ftl,tz FtN—lytN
i1+ +in_1=k

<(Coptn +--- 4 Ftwfl,tN)h

This yields

FtlatN <n (Ft1,t2 +oee FtN—htN) .

From the Garsia-Rodemich-Rumsey inequality, for ¢ > 1 and « € (1/¢, 1),
there exists therefore a constant K > 0 such that for all 0 < s <t < T,

I, < Kt —s|*" 1/ / ————dudv.

The scaling property of Brownian motion and Exercise 7.35 imply that for some
constant K > 0

E(T?,) = Klu— |2

/ / ‘u_v|1+aqdudv<—|—oo

if o — é < % and the result follows from Fubini theorem. O

As a consequence

With this estimate in hands, we are now in position to prove that Brownian
motion paths are p-rough paths for 2 < p < 3. We can moreover give an
explicit approximating sequence. Let us work on a fixed interval [0,7] and
consider a sequence D, of subdivisions of [0,7T] such that D,+; C D, and
whose mesh goes to 0 when n — +00. An example is given by the sequence of
dyadic subdivisions. The family F,, = o(B,t € D,,) is then a filtration, that is
an increasing family of o-fields. We denote by B"™ the piecewise linear process
which is obtained from B by interpolation along the subdivision D,,, that is

for ¢ <t <17, ,,

noL—t t— tn
Bf = LnBt?L + 7nBtn 1
i+1 t ‘ i+1 t o
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Theorem 7.37. When n — +o00, almost surely

1/2
”Bn - BHp—var,[O,T] + H/dBn7®2 — /OdB®2

— 0.
£ —var,[0,T]

As a consequence, Brownian motion paths are almost surely p-rough paths for
2<p<3.

Proof. We first observe that, due to the Markov property of Brownian motion,
we have for t7 <t <2,

E(B, | F,) =E (Bt | Bt?,Bt?H) .

It is then an easy exercise to check that

T t—¢n
B+ o— By, =
ti+1 - ti ti+1 - t’L

E (Bt | Bt;L7Bt@+1) -
As a conclusion, we get
E (B, | F,) = By

It immediately follows that B} — B; when n — +o00. In the same way, for

i # j we have
t t
E ( / BidBJ |]-"n) = / B™dB™.
0 0

Indeed, for 0 < t < T and ¢ small enough, we have by independence of B* and
Bi

E (B{(B. ~ B]) | Fa) =E(B} | F.) E (Bl,. - B | F) = BU" (B~ B}"),

and we conclude by using the fact that Ito’s integral is a limit in L? of Riemann
sums. It follows that, almost surely,

t t
lim [ BMdB™ = / BldBi.
Since B’ is independent from B’, the quadratic covariation (B?, B7) is zero.
As a consequence we have fg BidB! = fot BiodBJ. For i = j, we have
fot BiodB! = (B})2 So if we collect the previous results, we established that
almost surely

t t
lim (B,?,/ BQ@dBQ) = <Bt,/ Bs®ost>.
n—-+oo 0 0

To prove the convergence with the variation norms, we need a uniform Holder
estimate.
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From Proposition 7.36, we know that there is a finite random variable K3
(that belongs to L™ for every m > 1), such that for every i # j, 0 < s <t < T,

t
/ (B! — BY) o dBl| < Ky|t — s|*/*.
S

t t
e ([ @i-pam 7)) = [ B - i,

we deduce that

Since

t
[ = Brasy| < Kl - s
S

where K5 is a finite random variable that belongs to L™ for every m > 1.
Similarly, of course, we have

1B — BY|| < K|t — s|'/7.

Combining the pointwise convergence with these uniform Holder estimates give
then the expected result. We let the reader work out the details as an exercise.
O

Since a d-dimensional Brownian motion (B;):>o is a p-rough path for 2 <
p < 3, we know how to give a sense to the signature of the Brownian motion. In
particular, the iterated integrals at any order of the Brownian motion are well
defined. It turns out that these iterated integrals, and this comes a no surprise
in view of the previous result, coincide with iterated Stratonovitch integrals.

Theorem 7.38. If (B);>¢ is a d-dimensional Brownian motion, the signature
of B as a rough path is the formal series:

+oo
S(B), =1+ Z/ od B®*
Ak

k=1 A*[0,t]
Sy > (/ B odBy) X, X,
k=1Te{1,.. 0<t1 <. <t <t

Proof. Let us work on a fixed interval [0,7] and consider a sequence D,, of
subdivisions of [0,7] such that D, ; C D, and whose mesh goes to 0 when
n — 4o0o. As before, we denote by B"™ the piecewise linear process which is
obtained from B by interpolation along the subdivision D,, that is for ¢ <
<,

t t—t

n

n __ i+1 — ,

Bt - tn Bt? + _ tn Bth—l :
z+1 z+1
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We know from the previous lecture that B™ converges to B in the p-rough
paths topology 2 < p < 3. In particular all the iterated integrals fAk‘[s 1 dB™®k
converge. We claim that actually,

lim dB™®k = / odB®*.
N0 J AK[s,t] A*[0,t]

Let us denote
/ OB®* = lim dB™®k.
Ak[s,1]

n— 00 A’“[s,t]

We are going to prove by induction on k that fAk[s q OB®k = fAk[s q od B®F.
We have

T n—1 t?+1
/ BQ@dB;L:Z/ B! ® dB?
0 i=0 7t

oot sqn g s—1tn Bin .
= Z/ (fl B+ o— nBtal) ds ® — =—0
i=0 7/t tir — 4 b, — U t

1 n—1
=35> (Bt?ﬂ + Bt?) ® (Bt?ﬂ - Bt?)
1=0

By taking the limit when n — oo, we deduce therefore that fAQ[O 7 0B%? =
fA2[0 T 0dB®?2. In the same way, we have for 0 < s <t < T, fAQ[S 1 0B®? =
fAQ[S 1 0dB®2. Assume now by induction, that for every 0 < s < t < T and
1< <k, fAk[s,t] OB®k = fAk[s,t] odB®*. Let us denote

P / 3B®(k+1) _ / odB®(k+1),
’ AR+H1[5 4] AR+1[s,1]

From the Chen’s relations, we immediately see that
Fs,u = Fs,t + Ft,u-
Moreover, it is easy to estimate
k1
1Dl < Cu(s, )5,
where 2 < p < 3 and w(s,t) = |t — s|. Indeed, the bound

/ oBRKk+L| < Clw(s,t)%
Ak+1[g 4]
comes from Theorem 7.25 and the bound
/ odB®*+ | < C’gw(s,t)%
ARF1[s,1]
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comes from Proposition 7.36. As a consequence of Lemma 7.19, we deduce that
I's,+ = 0 which proves the induction. O

We finish this section by a very interesting probabilistic object, the expec-
tation of the Brownian signature. If

+oo
Y:yo—i-z Z ail,...,ikXiy“Xik'
k=1T1e{1,...,d}*

is a random series, that is if the coefficients are real random variables defined
on a probability space, we will denote

+oo
E(Y) =E(yo) + Z Z E(ai,,...i, ) Xiy - Xiy -
k=1r1e{1,...,d}*

as soon as the coeflicients of Y are integrable.

Theorem 7.39. Fort > 0,

d
E(S(B),) = exp (t (; ZX2>> .

Proof. An easy computation shows that if Z,, is the set of words with length n
obtained by all the possible concatenations of the words

{(,9)}, ie{1,..,d},

E / odB! | =0;
An[0,4]

E / odB! | =

A[0,1] 2% (5)!

1. If I ¢ T,, then
2. If I € Z,, then

Therefore, we have

+oo k
2)"

k=11

()
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Based on the previous results, it should come as no surprise that differ-
ential equations driven by the Brownian rough path should correspond to
Stratonovitch differential equations. This is indeed the case. For linear equa-
tions, the result is easy to prove as a consequence of the previous proposition.

Theorem 7.40. Let us consider matrices My, -+, Mg € R™™™. For yy € R",
the solution of the rough differential equation

d t .
0+3 / Miy(s)dB (s),

coincides with the solution of the Stratonovitch differential equation

d t )
0) + Z/O My(s) o dB'(s).

Proof. The solution of the rough differential equation can be expanded as the
Volterra series:

+Z S MM, (/ aB’)yw),
k=1T1=(i1, i) Ak[0,1]

where [ AK[0,] OB is the iterated integral in the rough path sense. This iterated
integral coincides with the iterated Stratonovitch integral, so we have

+oo
0) + Z Z M;, -+ M;, (/ OdBI> y(0),
k=11=(i1, iz) AFk[0,t]

which is the Volterra expansion of the Stratonovitch stochastic differential equa-
tion. O

The previous theorem extends to the non linear case. We refer the interested
reader to [?] for a proof of the following general result.

Theorem 7.41. Let v > 2 and let Vi,--- , Vg be y-Lipschitz vector fields on
R™. Let g € R™. The solution of the rough differential equation

Xt—:co+2/ ) dBL,

is the solution of the Stratonovitch differential equation:

thonrZ/ s) o dB:.
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To finish we mention that rough paths theory provides a perfect framework
to study differential equations driven by Gaussian processes. Indeed, let B be
a Gaussian process. A lot of the information concerning the Gaussian process
B is encoded in the rectangular increments of R, which are defined by

Ritv =E((B: — Bs) ® (By — Bu)).-
We then call 2-dimensional p-variation of R the quantity

1/p

i (si), (t;) €1 o,

p

Vo(R)=sup ¢ | 3| Rutn
1,J

where II stands for the set of partitions of [0,1]. One has the following funda-
mental Friz-Victoir theorem concerning the Gaussian rough path existence:

Proposition 7.42 (Friz-Victoir). If there exists 1 < p < 2 such that R has
finite p-variation, the process B is a p-rough path for any p > 2p.

As an illustration, the previous result applies in particular to fractional
Brownian motion. Let B = (B!,..., B%) be a d dimensional fractional Brow-
nian motion defined on a complete probability space (Q,F,P), with Hurst
parameter H € (0,1). It means that B is a centered Gaussian process, whose
coordinates are independent and satisfy

. AN 2
E <<Bg - Bg) ) =|t—s?", for s,t>0. (7.3)

For instance when H = 1/2 a fractional Brownian motion is a Brownian motion.
It can then be proved that the hypothesis of Proposition 7.42 is satisfied for
a fractional Brownian motion with Hurst parameter H € (%, 1), and in that
case p = 1/(2H). Thus, by using the rough paths theory, we may define
stochastic differential equations driven by fractional Brownian motions with
Hurst parameter H € (,1).

Notes and Comments

Section 2. The signature of the path is fascinating object at the intersection
between algebraic geometry, topology, Lie group theory and sub-Riemannian
geometry. Several sub-Riemannian aspects of the signature are studied in the
book [?].

Sections 3,4. The rough paths theory is a relatively new theory that
was built in the paper [?] by T. Lyons. There are now several comprehensive
books about the theory: we mention in particular [?], [?] and [?]. At the
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time of writing, the theory is still a very active domain of research. Recent
important applications have been found in the theory of ill-posed stochastic
partial differential equations (see [?]).

Section 5. The expectation of the signature of the Brownian motion as a
rough path can be used to construct parametrices for semigroups and finds ap-
plications to index theory (see [?]). The rough paths point of view on stochastic
differential equations has several advantages. It comes with previously un-
known deterministic estimates like Davie’s and often provides straightforward
proofs and improvements of classical results like the Stroock-Varadhan support
theorem. We refer to the book [?] for an overview of these applications. Besides
stochastic differential equations driven by Brownian motions, rough paths also
applies to stochastic differential equations driven by general semimartingales
because it may be proved that such processes always are p-rough paths for
2 < p < 3. Of course, the advantage is that the theory even applies to equa-
tions driven by very irregular processes that are not semimartingales like rough
Gaussian processes (for instance the fractional Brownian motion, see [?]). In
that case It6’s theory does not apply and Lyons’ theory becomes the only way
to define and study such equations.



Appendix A. Unbounded operators

It is a fact that many interesting linear operators are not bounded and only
defined on a dense subset of a Banach space (think of differential operators
in LP). We collect here some general definitions and basic results about such
operators that are used at some places in this book. The details and the proofs
may be found in the reference book [?].

Let (B, |- |l1) and (Bg, | - ||2) be two Banach spaces. Let T : V — Bj be a
linear operator defined on a linear subspace V' C By. The space V on which T
is defined is called the domain of T and usually denoted by D(T). If D(T) is
dense in By, then T is said to be densely defined.

In the study of unbounded operators like T, it is often useful to consider
the graph:

Gr = {(v,Tv),v € D(T)},

which is a linear subspace of the Banach space By & Bs.

Definition 7.43. The operator T is said to be a closed operator if its graph
G is a closed linear subspace of By & Bs.

The following theorem is known as the closed graph theorem.

Theorem 7.44. Let us assume that D(T) = By . The operator T is bounded
if and only if it is closed.

In general, the closure G of G needs not to be the graph of an operator.

Definition 7.45. The operator 7' is said to be closable if there is an operator
T such that -
Gr =Gyp.

The operator T is then called the closure of T.

If T is densely defined, we define the adjoint of T" as the linear operator
T :D(T") C By — B
which is defined on
D(T") = {u € B;, Jc(u) >0, Yv € D(T), [{u, Tv)| < c(u)||v]1}
and characterized by the duality formula
(u, Tv) = (T"u,v), u e D(T"),v e D).

We have then the following result.
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Proposition 7.46. Let assume that the Banach spaces By and By are reflexive.
A densely defined operator

T:D(T)CBlﬁBQ
is closable if and only if T is densely defined.

Let (H, (-, )3 be a Hilbert space and let A be a densely defined operator
on a domain D(A). We have the following basic definitions.

e The operator A is said to be symmetric if for f,g € D(A),
(f, Ag)w = (Af, 9)n.

e The operator A is said to be non negative symmetric operator, if it is
symmetric and if for f € D(A),

e The adjoint A* of A is the operator defined on the domain
D(A") ={f €M, T c(f) 20,V g € D(A),[{f, Ag)n| < c(f)llglla}

and given through the Riesz representation theorem by the formula

(A" f. g9)n = (f, Ag)n
where g € D(A), f € D(A*).
e The operator A is said to be self-adjoint if it is symmetric and if D(A*) =
D(A).

Let us observe that, in general, the adjoint A* is not necessarily densely de-
fined, however it is readily checked that if A is a symmetric operator then,
from Cauchy-Schwarz inequality, D(A) C D(A*). We have the following first
criterion for self-adjointness which may be useful.

Lemma 7.47. Let A: D(A) C H — H be a densely defined operator. Consider
the graph of A:
Gy ={(v,Av),v € D(A)} CHDH,

and the complex structure

T HOEH—->HOH
(U’w) - (*’LU,U)

Then, the operator A is self-adjoint if and only if
G4 =J(G,).
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Proof. Tt is checked that for any densely defined operator A
Ga-=J (G%),
and the conclusion follows from routine computations. O

The following result is useful in the proof of Friedrichs extension theorem
(Theorem 4.6):

Lemma 7.48. Let A : D(A) C H — H be an injective densely defined self-
adjoint operator. Let us denote by R(A) the range of A. The inverse operator

ATLIR(A) - H
is a densely defined self-adjoint operator.
Proof. First, let us observe that
R(A)*+ = Ker(A*) = Ker(A) = {0}.
Therefore R(A) is dense in # and A~! is densely defined. Now,
Gi=J(G )"
=J (GfA)

=JT(G_a)
=T (Ga-1).

O

Definition 7.49. Let X and Y be Banach spaces, A bounded operator T :
X — Y is called compact if T' transforms bounded sets into relatively compact
sets. That is, T is compact if and only if for every bounded sequence (z,,)nen
in X, the sequence (T'z,,),en has a subsequence convergent in Y.

For instance, an operator whose range is finite dimensional is necessarily a
compact operator.

We have the following results about compact operators: Let X and Y be
Banach spaces and let T': X — Y be a bounded operator.

o If (T),)nen is a sequence of compact operators and T,, — T in the norm
topology, then T is compact.

e If S is a bounded operator from Y to a Banach space Z and if T or S is
compact, then ST is compact.

e T is compact if and only if its adjoint 7" is a compact operator.
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For self-adjoint compact operators, the spectral theorem takes a particularly
nice form:

Theorem 7.50 (Hilbert-Schmidt theorem). Let T be a compact and self-
adjoint operator defined on a separable Hilbert space H. Then, there is a com-
plete orthonormal basis (¢n)nen for H so that

T¢n = /\n¢n7
and N\, — 0 as n — o0.

There are two interesting ideals of the class of compact operators: The
trace-class operators and the Hilbert-Schmidt operators.

Definition 7.51. Let H be a separable Hilbert space, (¢, )nen an orthonormal
basis. Then for every bounded and positive operator T', we define

TI'(T) = Z<¢m T¢n>

neN

This (possibly infinite) number is called the trace of T' and is independent of
the orthonormal basis chosen.

With obvious notations, we have the following properties:
e Tr(A+ B) =Tr(A) + Tr(B).

e Tr(AA) = A\Tr(A).

e If0<A<B, Tr(A) < Tr(B).

Definition 7.52. A bounded operator T defined on a separable Hilbert space
‘H is said to be a trace class operator if

Tr(VT*T) < .

It turns out that trace class operators necessarily are compact operators.
Moreover

e If S is a bounded operator if T is a trace class operator, then ST and T'S
are trace class operators.

e T is a trace class operator if and only if its adjoint 7" is a trace class
operator.

e If T is a trace class operator, and if (¢, )nen is an orthonormal basis, the

series
> (dn, Thn).

neN

converges absolutely and the limit is independent of the choice of the
basis. This limit is called the trace of T' and denoted as above by Tr(T).
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Definition 7.53. A bounded operator T" defined on a separable Hilbert space
‘H is said to be a Hilbert-Schmidt operator if

Te(T*T) < .

Hilbert-Schmidt operator operators necessarily are compact operators. More-
over, we have the following properties

e If S is a bounded operator if T is a Hilbert-Schmidt operator, then ST
and T'S are Hilbert-Schmidt operators.

e T is a Hilbert-Schmidt operator if and only if its adjoint 7" is a Hilbert-
Schmidt operator.

e The set of Hilbert-Schmidt operators endowed with the inner product
(Th,T3)2 = Tr(T7 T2),
is a Hilbert space.

e A bounded operator is a trace class operator, if and only if it is a product
of two Hilbert-Schmidt operators.

The following theorem completely describes the Hilbert-Schmidt operators
of the L? space of some measure .

Theorem 7.54. Let (2, i) be a measure space and H = Li(Q,]R). A bounded
operator K on H is a Hilbert-Schmidt operator if and only if there is a kernel

K eLly, (2xQR),

such that

Kf(z) = / K (2, 9)f (y)n(dy).
Moreover,

K2 = /QK(%y)Qu(dm)u(dy)



Appendix B. Regularity theory

We present some basic facts of the theory of distributions and Sobolev spaces
and applications to elliptic differential operators. Most of these facts will be
stated without proof. The material sketched here is covered in more details in
the books [?] or [?] to which we refer the interested reader for the proofs.

Let Q be a non empty open set in R™. We denote by C.(2,R) the set of
smooth and compactly supported functions on € and by C*(Q,R), k > 0, the
set of functions on (2 that are k times continuously differentiable.

It is convenient to use the multi-index notation, that isif « = (a1, , ) €
{1,--- ,n}™ and f € C¥(Q,R), for |a] = a; + - + a,, < k, we denote

oled

0%q, -+ - 0y,

o°f =

As a first step, we define the notion of sequential convergence on C.(Q2,R). A
sequence ¢, € C.(2,R) is said to sequentially converge to ¢ € C.(Q2,R):

(bn _>S.C. ¢

if the ¢/ s are supported in a common compact subset of Q and 9%¢,, — 9%¢
uniformly for every multi-index a.
If w is linear form on C.(2,R), for ¢ € C.(Q2,R) we denote

(u, ) = u(9).

Definition 7.55. A distribution on  is a linear form u on C.(2,R) that is
continuous in the sense that if ¢, =% ¢ then (u, ¢,) — (u, ). The space of
distributions on 2 is denoted by D’(€Q2). The space D’(Q) is naturally endowed
of the weak topology: a sequence u, € D’'(Q) converges to u € D'(Q) if and
only if for every ¢ € C.(Q2, R).

Distributions may be seen as generalized functions. Indeed, if f is a locally
integrable on Q, then u(¢) = fQ fodx defines a distribution on €2, this corre-
spondence being one to one (if we regard two functions that are almost surely
equal as equal). That’s why it is very common to use the notation

u(o) = [ wods,

even when u is not a function. More generally, any Borel measure on €2 defines
a distribution: u(¢) = [, ¢dpu.

One very nice feature of distributions that make them extremely useful is
that we may differentiate them as many times as we wish. Indeed, let a be a
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multi-index. The operator 9% defined on C.(£2,R) is sequentially continuous,
that is if ¢, =% ¢ then 0%p,, =% 0%¢. We can then define 9* on D'(Q),
through the integration by parts formula:

(0%, ¢) = (=1)*N(u,0%¢).

In the same spirit we may multiply distributions by smooth functions. Let f €
C>° (€2, R). The operator ¢ — f¢ defined on C.(£2, R) is sequentially continuous.
For u € D'(Q) we can therefore define fu € D'(2) by the formula

(fu, @) = (u, f).

In particular, if

L=2 ou@)gge + D @z
i,j=1 T =1 ¢

is a diffusion operator, and u € D’(Q2), we have

(Lu, ¢) = (u, L'¢),

where
L'¢= En > (0ijp) — En 9 (bi9).
=1 8xi8xj / =1 ox;

More generally, of course, any differential operator on 2 can be defined on
distributions. It is then possible to try to solve partial differential equations
in the space D’(§2). We then speak of weak solutions, by opposition to strong
solutions where the unknown is a function.

Clearly, if u € C*(Q,R), the distribution derivatives of u of order < k are
just the pointwise derivatives but the converse is also true; namely, if u €
C°(Q,R) and if its distribution derivatives are also in C°(Q,R), for |a| < k,
then u € Ck(Q, R).

There is a special class of distributions that are of great interest: the tem-
pered distributions. These are the distributions that have a Fourier transform.

To start with, let us first observe that we defined distributions as a linear
forms on the space of real functions C.(2, R), but of course we may define in a
similar way complex distributions by using the set of complex functions C.(€2, C)
as a set of test functions. It is readily checked that what we claimed so far on
distributions may be extended in a trivial manner to complex distributions.

Let us now recall that the Schwartz space S is the space of smooth rapidly
decreasing complex valued functions. This space can be endowed with the
following topology: ¢, — ¢ in S if and only if

sup |xa(36¢n - 3B¢)| — 0,
xER™

for every multi indices @ and § (the notation x® means (" - - - z%").
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Definition 7.56. A tempered distribution on R™ is a linear form » on S that
is continuous in the sense that if ¢, — ¢ in S then (u, ¢,) — (u, ¢). The set
of tempered distributions is denoted by S'.

The space C.(R™,C) is dense in S for the topology of S. Therefore every
tempered distribution is eventually a distribution. The following two facts may
be checked:

e If u € &', then for every multi index o, 9%u € §’.

o If u e & and if f € C®(R™,C) is such that for every multi index 9“f
grows at most polynomially at infinity, then fu € S’.

The importance of tempered distributions lies in the fact that they admit a
Fourier transform. Let us first recall that if f : R® — R is an integrable
function, its Fourier transform is the bounded function on R™ defined by

fo) = [ e oy

The Fourier transform maps S onto itself, is continuous (for the topology on S
described above), and moreover satisfies for f,g € S,

f gdr = fgdx.
R R

It is therefore consistent to define the Fourier transform of a tempered distri-
bution u € 8§’ by the requirement

(i, ) = (u,0), ¢€S.
Definition 7.57. Let s € R. We define the Sobolev space of order s:

Hs(R") = {f € 8, [ is a function and || f|3 =/ IFEP+[1€]%)de < +<>O}-
Rn
The Sobolev space H(R"™) is a Hilbert space with Hermitian inner product

(fg)s= | FOIOM+ ] de,

and the Fourier transform is a unitary isomorphism from #,(R") to L2 (R",C)
where

p(dg) = (1 + [|€]%)°de.
If s < t, we have Hs(R") C H(R™). In particular, for s > 0, H (R") C
Ho(R™) = L2(R", C).

One of the most useful results of the theory of Sobolev spaces is the following
theorem, which is sometimes known as Sobolev lemma. It quantifies the simple
idea that if f is a tempered distribution whose Fourier transform decreases fast
enough at infinity , then f is actually a function that satisfies some regularity
properties. More precisely:
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Theorem 7.58. (Sobolev lemma) If s > k + %, then H(R™) C C*(R™,C).

Proof. The proof is very simple and explains where the k + & comes from.
Let f € Hy(R™), with s > k + §. We have for |a| <k,

/ e f(e) e
Rn

<c / (1+ [€]2)"/2| £ (€)|de
<c/ (1+ €)1 F(©)1( + €72

1/2
<cisl. ([ a+ |§|2>’€-5d5) .

Since, s > k + %, the integral [g, (1+ |£[?)*~*d¢ is finite. We deduce therefore

that if || < k, then [€%f(€)| is integrable, which immediately implies from the
inverse Fourier transform formula that f € C*(R",C). O

As a corollary of Sobolev lemma, we obtain
Corollary 7.59. If f € Hs(R™), for all s € R, then f € C*(R",C).

An important feature of Sobolev spaces is that they may be localized. To
be precise, if for an open set QO C R”, we define H'°¢(Q) as being the set of
distributions f such that for every ¢ € C.(Q2,C), f¢ € Hs(R™), then it may be
shown that

Mo (R™) C HO ().

If Q is an open set in R", we define H?(Q2) as the closure of C.(2,C) in
Ho(R™).

The following compactness result theorem is then often extremely useful.

Theorem 7.60. (Rellich’s theorem) If Q@ C R™ is bounded and s > t, the
inclusion map

L HAQ) — HY(Q)
is compact.

A diffusion operator

n

L=, o) axﬁzb

i,j=1 i=1

where b; and o;; are continuous functions on R™ such that for every z € R",
the matrix (04;(2))1<i,j<n is @ symmetric and postive definite matrix is said to
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be an elliptic diffusion operator. The first and canonical example of an elliptic
diffusion operator is the Laplace operator on R"™:

The Sobolev embedding theorem for elliptic diffusion operators is the fol-
lowing theorem:

Theorem 7.61 (Local Sobolev embedding theorem). Let L be an elliptic dif-

fusion operator with smooth coefficients. Suppose that Q) is a bounded open set

in R™. Then for any s € R, there is a positive constant C' such that for every
l[ulls < C ([ Lulls—2 + [lulls—1)

As a corollary of it, it is possible to show the following regularization prop-
erty for L.

Corollary 7.62. Let L be an elliptic diffusion operator with smooth coeffi-
cients. Suppose that Q is an open set in R"™. Ifu € H!°¢(Q) and Lu € HY¢, (),
then u € H°¢, (Q).

The Sobolev embedding theorem is related to the notion of hypoellipticity:

Definition 7.63. Let A be a differential operator on R™. A is said to be a
hypoelliptic operator if for every open set 2 C R™, and every distribution u

Au e C®(Q,C) = u e C®(Q,C).
A fundamental consequence of the Sobolev embedding theorem, is the fol-
lowing theorem which, in this form is due to H. Weyl.

Theorem 7.64. Any elliptic diffusion operator with smooth coefficients is hy-
poelliptic.

Another consequence of the theory of Sobolev spaces is the following regu-
larization property of elliptic diffusion operators:

Proposition 7.65. Let L be an elliptic diffusion operator with smooth co-
efficients on R™ which is symmetric with respect to a Borel measure p. Let
u e L2(R™,R) such that

Lu,L*u,--- L € L2 (R, R),

for some positive integer k. Ifk > %, then u is a continuous function, moreover,
for any bounded open set 0 C R™, and any compact set K C €, there exists a
positive constant C (independent of u) such that

2 k
(sup ) <0 | S ILulkz 0

rEK =0
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More generally, if k > 5 + 7 for some non negative integer m, then u €
C™(R™,R) and for any bounded open set Q@ C R™, and any compact set K C €,
there exists a positive constant C' (independent of u) such that

2 k
(SUP sup |5O‘U($)> <C Z||Lju|\ig(n,ﬂa)

la|<mzeK =0



Conventions and frequently used notations

Unless specified otherwise, the Borel measures we consider on R™ are assumed
to be Radon measures, that is are finite on compact sets.

Rzo ................................................................. [0, —|—OO)
R P Set of n x p matrices
CA Or AC Complement of the set A
(] e Integer part of =
LAY Minimum between z and y
L) oo D(z) = [/ t" e tdt
A(A,B) oo Set of functions A — B
C(A,B) oo Set of continuous functions A — B
CF(A,B) ............... Functions A — B k-times continuously differentiable
Cc(A,B) oo..... Functions A — B smooth and compactly supported inside A
Co(A,B) wovviiiiiiit Continuous functions A — B whose limits at co is 0
CF(AxB,C) ........ Functions A x B — C which are k-times continuously
differentiable in the first variables and [ times in the second’s

T(AB) oo o-field on A(A, B) generated by cylinders
B(A,B) oo o-field on C(A, B) generated by cylinders
B(A) Borel o-field on A
LE(AB) oo LP space of functions A — B for the measure p
LP(F,P) oo Real LP space of F measurable random variables
An[0] o 0=t< <. <th=t}
JHAM oo It6 integral
JHyodMs ..o Stratonovitch integral
Hs (R e Sobolev space of order n
HO(Q) Closure of C.(€2,C) in Hs(R"™)
D Malliavin derivative
P Divergence operator
DR Domain of D¥ in LP(F,P)
S p-variation norm on s, t]
R 7 T supremum norm on [s, t]
crvar([s, ¢, RY) ..... Continuous paths [s, ] — R¢ with bounded p-variation
fAk[s,t] drl o f8§t1St2§-~StkSt dx™ (t1) - - - da™ (ty,)

QP([0,T],RE) o Space of p-rough paths



