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Basic concepts of probability theory

This lecture contains basic concepts from probability theory and fix notation that will be used through-
out the course. The first part of the lecture introduces some tools from measure theory — with particular
regard to Fourier transform in R™ — of special interest in probability. Later, we consider random vari-
ables X and introduce some probabilistic concepts. Several textbooks exist on the subject, and our
introduction by no means is intended to be complete; for further details, we refer (among others) to
Billingsley [Bi95], Dudley [Du02] or Kallenberg [Ka02].

Let £2 be a set. A collection G of subsets of (2 is called field (or algebra) if it satisfies: 2 € G; A € G
implies A° = 2\ A (the complement of A in {2) belongs to G; G is stable under finite intersections of
elements of G. The collection G is called o-field (or o-algebra) if is a field and in addition it is stable
under countable intersections of elements. A pre-measure i on a field G is a function p : G — [0, +00]
which is additive (i.e., for any A, B € G with AN B = () we have u(AU B) = u(A) + u(B)). A
pre-measure p is o-additive if for any sequence {A,} C G such that A = nLiO A, eGand A;NA; =0,

for i # j, one has u(A) = 3 u(An). A pre-measure y is said to be finite if p(£2) < +oo.
n>0

Let F be a o-field of subsets of 2. A g-additive pre-measure on F is called a measure on F (or on
(2, F)). A probability measure P on the space (£2, F) is a measure on ({2, F) with total mass P({2) = 1.
We shall denote by (§2, F,P) the reference probability space. Each A € F will be called an event.

There is no loss of generality in assuming, since now, that the reference probability space is
complete. By definition, a probability space ({2, F,P) is complete if F contains all P-null sets. Recall
that N C {2 is a P-null set if there exists B € F such that N C B and P(B) = 0. Actually, it is
always possible to enlarge the o-field F and extend the probability measure in order to get a complete
probability space.

An Fuclidean space is a subset of R, n € N, endowed with the topology induced by the euclidean
metric of R”; it will be denoted by E. The Borel o-algebra of E (i.e., the smallest o-algebra which
contains all open sets of E) will be indicated by £ or B(E). We denote by |- | and (-,-) respectively
the euclidean norm and the inner product in R”.
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1.1 Measure theory in Euclidean spaces

Let M(E) be the set of all Borel finite measures on (E,E). Every u € M(E) is necessarily regular,
i.e., for any B € £ and for every € > 0, there exists a compact set K C B such that u(B\ K) < e.
For a given u € M(FE) we define:

/f w(dy),  f e Co(E);

here Cy(FE) denotes the Banach space of all real continuous and bounded functions on E endowed
with the supremum norm.

The weak convergence of measures in M(E) is defined as follows:
weak convergence: p, — u if  p,(f) — pu(f) VfeC(E).

Uniqueness of weak limit follows from the fact that Cp(E) is rich enough to distinguish two measures.
Namely, if for two measures p and v in M(F) it holds

[ ot utae) = [ ot@viea
for all ¢ € Cp(E) then p = v.

Finally, note that if the sequence {,, } which weakly converge to u consists of probability measures
then p is a probability measure as well.

1.1.1 Fourier transform

Let u € M(R™); its Fourier transform or characteristic function, denoted by fi, is a mapping from R™
into C defined by

fi(u) = /eimw),u(dx), u € R". (1.1)

Lemma 1.1. Let p be a Borel probability measure on R™; then its Fourier transform is a uniformly
continuous and bounded mapping, with [(0) = 1.

Proof. Since |e{**)| = 1 for any choice of (real) vectors u and z, we get

1(u)] < /|ei<“>f>|u(dm) _ /lu(dm) —1, ueR",

and, in particular, the equality holds for £i(0).

Let us show that 4 is uniformly continuous. Fix € > 0. Since p is regular there exists a compact set
K such that u(R™\ K) < ¢ (K is contained in a ball B(0, ) for some « > 0). Using that |<x u>| < |z|e,
for u € K, we get that there exists § > 0 such that |e!(®1w) — el{z2w)| = |1 — el{(z2=21).u)| < ¢ for
|zg — x1] < ¢ and for any u € K. Therefore

i) — fle2)]| < / i) it u(du) + / i) it ()
K R\ K

<ep(K) 4+ 2uR"\ K) < 2e +epu(R™), for |z1 —a2] <.
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Uniqueness and continuity theorem

A basic result in the theory of characteristic functions concerns the continuity of the mapping p +— ji
with respect to the weak convergence of measures. This theorem is placed in the very center of
probability theory and statistics. As a corollary, we obtain that a characteristic function (or Fourier
transform) uniquely determines the measure it comes from.

Theorem 1.2 (Lévy continuity theorem). Given a sequence {p,} of Borel probability measures
on R™, the following hold:

a) if pn, weakly converges to up € M(R™), then i, — i uniformly on compact sets in R™;
Iz 2 iz

(b) if the sequence of Fourier transform [i, converges (pointwise) to a function ¢ in R™, and moreover
¢ is continuous in 0, then there exists a unique Borel probability measure p such that ¢ = i and
o — b 1N weak sense.

In particular, if we take u,, = v, we conclude that a Borel probability measure p on R” is uniquely
determined by its characteristic function ji.

1.1.2 Dynkin’s w-A theorem

We present in this section the m-A theorem of Dynkin. It is an important tool, which allows to extend
a result proved in a class C of event to the generated o-field o(C). An application of this result is
called monotone-class argument. We first introduce some notation.

Let O be a class of subsets of 2. We denote by o(O) the smallest o-algebra which contains O.
This is given by the intersection of all g-algebras in {2 containing O (note that the collection of all
subsets in {2 is a o-algebra which contains O).

A class A of subsets of (2 is called a 7-system if it is closed under the action of finite intersections:

for any A,B € A, AN B € A. Further, a class £ is called a A-system if it verifies the following
properties

1. 2 €L
2. L is closed under the action of complement: A € £ implies A¢ € A;
3. L is closed under countable union of disjoint sets: if {A; € £, j € N} and A; N Aj =0 for i # j,
then UN A, L.
ne

Problem 1.1.
1. Prove that a class that is both a m-system and a A-system is a o-field.
2. Prove that if a A-system £ contains both A and A N B, it contains also A N B€.
3. Given two probability measures Py and P2 on (§2, F), prove that A= {A € F : P1(A) =P3(4)}
is a A-system.

We can now state the Dynkin’s m-\ theorem.

Lemma 1.3. If A is a w-system and L is a A-system, then A C L implies that o(A) C L.
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Proof. We denote £(A) the minimal A-system over A, i.e., the intesection of all A-systems that contains
A. Further, for any set A, let G4 denote the class of sets B such that AN B € £(A).

To get the result, we prove that £(A) is a m-system; due to exercise 1.1(1), this means that it is
a o-field, hence it contains o(A) (due to the minimality of the o-algebra o(.A)); on the other hand,
if £ is a A\-system containing A, it also contains £(.A), again for the minimality of the A-system £(.A).
Therefore, we have the following sequence of inclusions:

AcCao(A) CclA) CL,

which shows the result.

We proceed with the first step in our construction. If A € £(A), G4 is a A-system. In fact we
have: 1. AN 2 = A € £(A), hence 2 € Ga; 2. B € G4 means AN B € £(A) then, by exercise
1.1(2), AN B¢ € ¢(A) and B¢ € {(A); 3. if {B,, n € N} C G4 is a sequence of disjoint sets, then
{ANB,, ne N} Cl(A), so that U(AN B,) = A(UB,,) € ¢(A) which means (UB,,) € Ga4.

Now take A € A; then for any B € A we have B € G4, hence A C G4 and ¢(A) C Ga, due to the
minimality of the A-system £(A). In turn, this implies that for B € £(A) C G4, AN B € ¢(A). This
implies that A € A implies A € Gg, hence A C Gg and £(A) C Gp.

We have then: if A € £(A) and B € £(A), then A € Gp, i.e., AN B € {(A), which means that ¢(A)
is closed under finite intersection, i.e., it is a m-system.

O

Problem 1.2. Using (3) in Exercise 1.1 and Lemma 1.3 prove that two Borel probability measures
on R which coincide on bounded intervals are equal.

1.1.3 Caratheodory’s extension theorem

In this section, we recall the celebrated Caratheodory’s extension theorem; we shall let some details
from measure theory as exercises. This result will be used in constructing gaussian measures on the
space (R*>, B(R*°)), as well as in the proof of Kolmogorov’s extension theorem.

We define R* as the vector space of all real valued sequences, endowed with the product topology;
it becomes a complete separable metric space by considering the distance

d _ N "ok [T — k| _ _ c R
(,9) ; e © @by = :

which induces exactly the product topology.
On the space R*® we consider the family R of all cylindrical sets Iy, .., A, where n € N,
k1,...,k, € Nand A € B(R"),

Ikl,...,kn,A = {xGR‘X’ : (xkl,...,xkn) EA}
It is clear that the family R of cylindrical sets is an algebra. For instance,
Ty oo, A) = Thy, b, A

Note that the o-algebra generated by the algebra R of cylindrical sets coincides with the Borel
o-algebra generated by all open sets of R*. Indeed, any closed ball with respect to the metric d is a
countable intersection of cylindrical sets.
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The following definition concernes the continuity of a measure.
Definition 1.4. Let R be an algebra of subsets of 2. We say that a collection {A,} C R decreases
to 0 if Apt1 C Ay, for eachn and () A, = 0.

n=1
A pre-measure p: R — [0,1] is continuous in 0 if for every sequence {A,} C R decreasing to 0, it
follows that (Ayp) — 0 as n — 0.

Problem 1.3. We are given an algebra R; every pre-measure p on R which is continuous in 0, is also
o-additive. On the other hand, every finite o-additive pre-measure p is continuous in 0.

The main result in this section deals with the following problem: given a probability pre-measure u
on a space {2, that is g-additive on an algebra R, is it possible to extend it univocally to a o-additive
measure defined on a g-algebra which contains R? The answer is positive, if we take, as o-algebra
containing R, the o-algebra o(R); this result is stated in the next Caratheodory’s extension theorem.

Theorem 1.5. Let u be a pre-measure on ({2, R), where R is an algebra; assume that p is continuous
in 0 and that p(§2) = 1. Then, there exists a unique probability measure (that we will still denote by
w) which extends p to the o-algebra o(R).

1.2 Random variables

A function X : 2 — FE which is measurable from ({2, F) into (E,€) is called a random wvariable on
(2, F) with values in E. The o-field generated by X, denoted by o(X), is the smallest o-field which
makes X measurable. It is clear that o(X) coincides with the set {X ~!(B), B € £}; moreover the
assertion that X is a random variable is equivalent to say that o(X) C F.

In general, given a set {X;, t € T} of random variables, where T is a set of indices, the smallest
o-algebra with respect to which all the random variables X; are measurable is called the o-algebra
generated by {X,} and is denoted with o(Xy, t € T).

For any set A € &, (X € A) or {X € A} will denote the event X 1(A) = {w € 2 | X(w) € A}.
The law of X is the probability measure pux on (E, &) defined as

px(A) =P(X € 4), AcE€.

A random variable X is said to have a property 7 P-almost surely (abbreviated as a.s.) or with
probability 1, if
A={we 2 : X(w) has the property 7} € F
and further P(A4) = 1.
For a random variable X taking values in R?, we define the distribution function F : R? — [0,1]

F(z1,...,zq) =P(X1 < z1,...,Xq < 24g).

F' determines the law of the random variable.

An important class of random variables is given by those X whose law is absolutely continuous
with respect to the Lebesgue measure. In that case, there exists a density function f : R* =R, f >0
and [pq f(x)dz = 1, with the property

M(A):/Af(x)dx, A € B(RY).
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1.2.1 Integration

The ezpected value or mean of a random variable X on (£2, F,P) is the Lebesgue integral

E[X] = /Q X (w) P(dw).

All the definitions and results from integration theory apply. If X is real valued, non-negative, its
expected value always exists (eventually equals +00); if X is real valued, we say that X has (finite)
mean if at least one (resp., both) of E[X ] and E[X 7] is finite, in which case we set E[X] = E[X ] —
E[X ~]. In the same way, given an E-valued random variable X, we shall say that | X| has finite mean
if | X| is integrable, i.e., if E[|X|] < co. In a natural way, we can say that X has finite p-th moment if
X € LP(2,E), 1 < p < +oo (the norms of LP(£2, E) is given by || X||, = E[|X|P]'/?, 1 < p < 4+00); X
is bounded if X € L (2, E).

We shall frequently refer to the following change-of-variables formula for integrals, which allows to
evaluate the expected value of a random variable X using an integral in X.

Proposition 1.6. Given X : 2 — E a random variable having law u, let f: (E,€) — (R, B(R)) be
a measurable function. Then f is p-integrable if and only if f o X is P-integrable, and in this case it
holds

/Ef(x) p(dz) = /Q f(X(w)) P(dw) = E[f(X)].
For a one-dimensional random variable X, the k-th (absolute) moment of X is determined by
BIX) = [ fof* u(da), ke,
If the first two moments of X exist finite, we define the variance of X
Var(X) = E[|X — E[X]|?] = E[|X ] - [E[X]%.

In case X has a density function f, it holds

for any Borel measurable function g provided that g - f is integrable.

Example 1.7. There is an interesting relationship between moments and tail probability. Assume that
X is a real valued random variable with X > 0 a.s., having a density function f; an application of
Fubini’s theorem implies

E[X?] :/OOO o f() do = /OOO (/Ozptp_ldt) f(z)dz

:/ ptp_ldt/ f(m)dx:/ ptPIP(X > t)dt, p>0.
0 t 0
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Moreover, if X is a random variable with distribution p, then its characteristic function px is
given by

px(w) =B = [ ¢=u(ds) = i(w), ue R

Remark that the existence of finite moments for X implies also regularity of the characteristic
function ¢ x. For instance, assume that X has finite mean; then ¢x is differentiable and

8 3 i(u,x
s =i [, u(ds).
J

In particular, V,¢x(0) = iE[X].
This result extends to higher order moments as well. If X has finite second moment, then the
Hessian matrix of ¢x (u) computed in u = 0 is equal to minus the covariance matrix* of X.

Among all the results about integration, there stand two specific inequalities of probability mea-
sures.

Proposition 1.8 (Jensen’s inequality). Let X be an integrable R%-valued random variable and let
@ : RY — R be a convex function. Then Y = ®&(X) is a real valued random variable, lower semi-
integrable, and

E(9(X)) > P(E(X)). (1.2)

Proposition 1.9 (Chebyshev’s inequality). Let X be a real valued, square integrable random vari-
able. Then for every a > 0:

1
P(X ~E(X)| > 0) € S V(X) (1.3)
If further X has finite p-th moment, then it holds
E(X]7)
P(X| > a) < 21 (1.4)

for every a > 0.

1.2.2 Convergence in law

Let {X,} be a sequence of random variables taking values in some Euclidean space (E, &) (a priori,
there is a different reference probability space for each X,,). The sequence {X,,, n € N} converges in
law to some random variable X if the relative sequence of distribution laws {p,,} is weakly convergent
to the law p of X, i.e., for every ¢ : E'— R continuous and bounded,

[ s@mn(an) — [ ole)utda)  asn—oc.

E E

It is natural to compare the convergence in law with other type of convergence for random variables.
Assuming that all the random variable X,, are defined on the same probability space, we say that

! the covariance matriz of a random vector X = (X1,...,X,) is the symmetric matrix Q = (qij) with entries

gi; = E[(Xi — E[X:])(X; — E[X;])], i,j=1,...,n.
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(1) {X,, n € N} converges a.s. to X if P(lim X, =X) =1,
(2) {X,, n € N} converges in probability to X if for any ¢ > 0, P(|X,, — X| >¢) — 0, as n — o0;
(3) {X,, n € N} convergesin LP, p > 1, to X (assuming in addition that X,, and X are in L? ({2, E))

if lim E[|X, — X[?] = 0.

It turns out that (1) = (2) = (convergence in law) and moreover (3) = (2). In general, these
implications can not be reversed.

1.2.3 Independence

In general, the idea of independence can be formulated for events A € F, for random variables and
for o-algebras.

1. Given two events A and B (elements of F), we say that they are independent if P(AN B) =
P(A)P(B).
2. Given two random variables X and Y : 2 — FE, they are independent if, for every F,G € &:

P(X e F,Y € G) =P(X € F)P(Y € G),

where asusual (X e F,Y € G)={we 2 : X(w) e F, Y(w) € G}.
3. We shall say that two sub-c-algebrae ' and G’ of F are independent if for any F' € F' and
G € G, F e G are independent.

Previous definition of independence easily extends from two to any finite number of objects. For
instance, 3. becomes

3. given Fi,...,F,, sub-o-fields in F, they are (globally) independent if for any choice of Fy €
Fi,...,F € Fin, F1,..., F,, are independent (in particular, thanks to the arbitrariety of our
m

choice of F,..., Fy,, it is enough to show that P( () F;) = [[ P(F;)).
1 i=1

1=

It will be also necessary to talk about independence for an infinite number of objects; then, we shall
require that any finite subset of objects consists of independent objects.

Problem 1.4. Show that two events A and B are independent if and only if the random variables
14 and 1p are independent (hence 1. is a special case of 2.).

Further, it is easy to show that also 2. is a special case of 3., i.e., two random variables X and Y
are independent if and only if o(X) and o(Y") are such.

Finally, we say that a random variable X is independent from a sub-o-field G if the o-field generated
by X, i.e., o(X), is independent from G.

As an application of Dynkin’s 7\ theorem, we can prove the following property of random vari-
ables.

Problem 1.5. Let X, ..., X,, be random variables with values in R* and laws 1, . . ., i, respectively.
Set X = (X1,...,X,) that is a random vector with values in R™*.
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(a) Prove that Xi,..., X, are independent if and only if px = 11 ® -+ @ py, on B(R™*) (i.e., ux is

the product measure of u1, ..., fn)-
(b) Assume that k = 1; then the random variables Xy, ..., X,, are independent if and only if for any
choice of intervals (a1,b1),. .., (an,by) it holds

Pla; < X1 <bi,...,an < Xy, <by) = H]P(ai < X, < by).
i=1

(c) Assume again that k& = 1; then the random variables Xi,...,X,, are independent if and only if
for any choice of functions fi,..., f, : R — R, Borel measurable and bounded, it holds

E[fi(X1) ... fa(Xo)] = E[f1 (X1)] . .. E[fn(X5)].

(d) Let @x, be the characteristic function of X; and ¢x the characteristic function of the vector X.
Then Xi,..., X, are independent if and only if

ox(u) =ox,(u1) ... ¢x, (u1), u € R

Problem 1.6.
(a) If real random variables X1,..., X, are independent and belongs to L2, then

Var(X; + -+ X,,) = Var(Xy) + - - - + Var(X,,).
(b) Let X and Y be real valued random variables, independent and such that XY is integrable; then
E[XY] = E[X]E[Y].

Construct two random variables which show that the converse implication does not hold in
(2, F,P), where 2 = [-1/2,1/2)?, F = B([-1/2,1/2]?) and P is the two-dimensional Lebesgue
measure.

1.3 Conditional expectation

It is customary to link the idea of conditional probability with the concept of “partial information”;
in this section we consider what happens to a random variable in case we modify the information, i.e.,
we condition with respect to a sub-o-algebra.

Let G be a given sub-o-field in F and let X be an integrable random variable; note that X in
general is not measurable with respect to G. Assume first that X > 0 a.s. Then we may define
Q(A) = E[X14] for any A € G; since @ is a positive measure on ({2, G), absolutely continuous with
respect to the restriction of P to G (still denoted by P), we know by the Radon-Nykodim theorem that
there exists an G-measurable integrable random variable Z = %. For any A € G, we get

E[14Z] = Q(A) = E[14X). (15)

Moreover Z is unique a.s. In the general case, we write X = X4 — X_, where X4 = X V0 and
X_ = (-=X) V0, and consider as before Z; and Z_. Define Z = Z, — Z_ € L*(2,G,P). It is clear
that Z verifies (1.5) and Z is unique a.s. We have just proved the following result.
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Theorem 1.10 (Existence and uniqueness of conditional expectation). Let X be a real-valued,
integrable random variable on (£2,F,P) and let G be a sub-o-field in F; then there exists a random
variable Z = (X | G) which is integrable, G-measurable, and verifies (1.5). Further, Z is unique: if
Z1 and Zs are integrable, G-measurable, random variables which satisfy (1.5), then Z1 = Zs almost
surely.

Definition 1.11. Let X be an integrable random variable. The integrable G-measurable random vari-
able Z which verifies (1.5) is called the conditional expectation of X given G. We set Z =E(X | G).

Notice that the conditional expectation is an “equivalent class” of random variables; hence all the
statement below shall be meant to hold almost surely (or, “there exists a version of E(X | G) such
that...”).

The following result may be useful in some applications. To prove it, use properties of 7-systems
from section 1.2.3.

Theorem 1.12. Assume that

1. Z is G-measurable;
2.E(Z1p) = E(X1p) as D varies in a w-system D C G which contains 2 and generates G, i.e.,
o(D) =G.
Then Z =E(X | G).
Ezample 1.13. Let us show how elementary conditional probability P(A | B), A, B € F, is related to
our new terminology. To this purpose, let X be an integrable random variable on ({2, F) — that, in
particular, we can think as the indicator function of the event A € F — and let G be a sub-o-algebra in

F. Assume that G is generated by a partition {B;, i € I'} of 2, where I is a numerable set of indices
(in particular, we can consider G = Gy = {2, B, B¢, (}); then (almost surely) it holds

E(X |G) =3 Ep, (X)L, (1.6)

icl

where Ep, (X) is the mean of X on B;:

£5,(X) = 553

/ X P(dw), if P(B;)>0
B;

while we set Ep, (X) = 0 if P(B;) = 0. Notice that E(X | G) is constant on each B;.
Thus, as a special case of (1.6), we have, for any w € B,

P(A|B) :=E(L4 | Go)(w) = ﬁ /B LaPldw) = %

The next result provides some general properties of the conditional expectation. The proof is

immediate and we leave it to the reader.

Proposition 1.14. Let X and Y be real-valued, integrable random variables on (2, F,P) and let G
be sub-o-field in F; we have, a.s.,
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(1)E(aX +8Y |G)=aE(X |G)+PE(Y |G), o, feR;

(2)E(X | G) =X if X is G-measurable;

(3)E(X | G) =E(X) if X is independent from G;

(4)E(XY | G) = XE(Y | G) if X is G-measurable and bounded.

Proposition 1.15. If X is integrable and the sub-c-fields G and G' of F satisfy G C G', then E(E(X |
G 1G) =E(X | G) with probability 1.

This result is known as “absorbing property” of conditional expectation. Heuristically, it says that
averaging X with respect to a o-field G’, then taking another averaging with respect to a smaller
o-field G is the same that taking the average directly with respect to G.

Proof. Let us denote Y =E(X | G) and Y' = E(X | G'). For any B € G we have E[X1g] = E[Y15];
since obviously B € G’, it holds E[X 1 5] = E[Y'15], so that
E[Y'Llg] =E[Y1lp] forany B € G,
hence Y =E(Y' | G) =E(E(X | G') | §).
O
The following result is a generalization of Jensen’s inequality for the conditional expectation.

g
g
|

Proposition 1.16. Let X be a real-valued, integrable random variable on (£2,F,P) and let G be a
sub-o-field in F. If & is a conver real function such that ®(X) is an integrable random variable, then

E(@(X) | &) = o(B(X | £)).

The above property is formally written as the usual Jensen’s inequality for the expectation. How-
ever, we shall not forget that the conditional expectation is a random variable, while mathematical
expectation is a number.

Notice that for every p > 1 the mapping x — |z|P is a convex function on R. As a consequence of
Jensen’s inequality we obtain, for every X € LP:

E(X | &) <E(X[P|€)
and also
EE(X | &) <E(X[?),

which shows that
XelP()) =EX|E) eL’(N).

Moreover the conditional expectation is a linear contraction in each LP({2), p > 1.

Problem 1.7.
1. Prove Theorem 1.12.
2. Prove the following converse of property (3) in Proposition 1.14: let X be a d-dimensional random
variable and D C F a o-algebra such that

E[eM%) | D] = E[eMY)]  as.

for any A € R%. Then X and D are independent.
3. Prove the following form of property (4) in Proposition 1.14: if X is G-measurable, and Y and
XY are integrable, then E[XY | §] = XE[Y | G].
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1.4 Stochastic processes

Given an Euclidean space F and a set of indices T', we consider a mapping X : (2, F) — (ET,&T),
where £7 is the minimal sigma-field which makes measurable the coordinate variables 7; : E7 — E,
mef = f(t). X is measurable if and only if X; = m 0 X : {2 — E is measurable for every t € T'.

Further, there exists on {2 a minimal o-field which makes measurable all the coordinate random
variables X; : 2 — E. We can see X as a collection X = {X;, t € T'} of random variables, taking
values in F, but also as a function X = X (t,w) : T x 2 — E. We shall call X a stochastic process if
T is a subset of the real line, and ¢ € T' is meant to represent time.

The space E is called the state space. Intuitively, using the identification w — {t — X;(w)} we
can consider 2 C ET; thus, 2 can be thought of as a path space. Sometimes, we will proceed with
the identification 2 = ET. The examples of interest for us will be T = N, Z, [0, 00), R while E will
be a discrete set (Poisson process), or the Euclidean space R™ (n > 1).

Poisson process

Let us consider a telephone exchange; calls arrive in sequence, one after the other, and we may count
both the number of calls Ny arrived before (or at) time ¢, or the (random) time of awaiting X,, between
call n — 1 and call n. Fix an initial time ¢ = 0, and let S, = X7 + --- + X,, the time of arrival of
n-th call. In general, any possible choice of the random variables X, is allowed, with no restriction on
being identically distributed or independent; we shall only assume the following

Xjw) >0, > Xp(w)=o0, (1.7)

n=1
for (almost) every w € £2. The same can be expressed in terms of the S, asking that

S1(w) > 0, Sp(w) > Sp-1(w), sup Sy, (w) = oo.

The number of calls occurring in the interval [0, ¢] is denoted by N;; { Ny, t > 0} is a stochastic process,
said the counting process, having continuous time and countable state space. Hence {N¢, t > 0} is
given by
Nt(W) = Z ]]-{Snﬁt}(w) = Znﬂ{sngt<5n+1}(u}), w € Q,
n>1 n>1

where X, are given random variables defined on the reference probability space ({2, F,P), such that
(1.7) holds and S, = X1 + - -+ + X,,, n > 1. Note that N; takes values in N and moreover Ny = 0 a.s.

By definition, a Poisson process is a counting process related to a sequence of waiting times X,
which are independent, identically distributed and have exponential distribution of parameter A > 0,
ie, X, : 2 — (0,400), a.s., and

P(X,>t)=e  t>0

(the exponential distribution of parameter A > 0, has density function Ae=** on (0, c0)).
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As a first step, we compute the distribution of S,,. Notice that we have {S,, > t} equals {N; <
n}. Using the independence of {X}, we know that the density function f,(z) of S, is the n-time
convolution of fi(x) = e ™%, x > 0. We claim that

!

In(t) = Ae (=1

t>0, n=1,2,...
To prove this it is sufficient to see that

Fux Fo(t) = / fult = $)f1(5) ds = foan(1).

Using the density f,(t), we compute

|
MS‘
—
CDl
>
=t
—~
>
~
S—
B

P(S, >t) = /tOO fn(s)ds =

Now, for any ¢t > 0, the event {N; = 0} means that nothing happens in the interval [0,¢], that is,
{X; >t} and so P(N; = 0) = P(X; > t) = e~ . We can easily compute the distribution of N;:

P(N; =n) =P(S, <t < Spt1) =P(S, <t, Spp1 >t) =P(Sp1 > t) —P(S, > 1) = e_)‘t%.

Lemma 1.17. A Poisson process verifies the following properties:
(1)f07’0<t1 < .- <tn, Ntl, Nt2 —Ntl, ey Ntn _Nt'n.—l

At — tg—1))"
(2) P(Ntk — Ntk71 = TL) = e_)\(tk_tkfl)w, fOT’ n € N.

are independent, and

Assertion (1) says that the Poisson process has independent increments; assertion (2) says that the
increment Ny — Ny has a Poisson distribution of parameter A(t — s), for any t > s > 0.

Proof. We can fix t > 0 and see what happens after time ¢t. By definition, Sy, <t < S, 41, where
SN, (W) := SN, (w)(w) for w € §2; the waiting time before the first call after ¢ is Sn,11 — ¢, the waiting
times between the first and the second call after ¢ is Xy, 42 = (Sy,4+2 —t) — (Sn,+1 — t), and so on.
Therefore, we can define a new sequence of waiting times

Xf = SNrH- —t, X; = XNt+27 s

and a new counting process
t
Ns = Nt+s - Nt

such that N! > n if and only if X{ +---+ X! <s, or
N! =max{n : X{ +---+ X! < s}.

Notice the similarity between the definitions of Ny and N ;, which differs only for the use of different
(“shifted”) random waiting times.
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We show next that {N!, s > 0} is again a Poisson process, proving that X} are independent,
identically distributed and with exponential distribution of parameter A. This will immediately imply
the assertion (2).

We first verify that X} is exponentially distributed; to this purpose we fix n and ¢, and consider
the probability

P(Sn <t< Sn+1, Sn+1 —t> S) = ]P)(Sn < t,Xn+1 +S5,>s +t)
= E[]l(07t) (Sn) ]1(5+t,+oo) (Sn + Xn+1)]-

In order to compute the last expectation, we use the independence of S;, and X, 1. This gives that
the law of the random variable (S,,, X,,11) with values in (0, +00)? is the product of the laws of S,
and X,,+1. Hence we have

P(Sp, <t < Snt1, Snp1—t>s) = E[ﬂ(o,t)(sn) L (stt,400) (S + X))

)
t n—1 [e'e)
:/ )\e_M(()\L du/ ]1(S+t7oo)(u+v))\e_m dv
0 : 0

n—1)!
t by n—1 00 t A n—1
:/ )\ef)\u(ui' du / )\ei)\v dv = / )\ei)‘U( u) |e*>\(8+t7u) du
0 (Tl - 1) s+t—u 0 (TL — 1)
At)"
— efksef)\t% — e s ]P’(Sn <t< Sn+1). (1.8)

Now, setting Sy = 0,

P(X{>R) =) P(Sn41—t>R Ny=n)=Y P(Spi1—t>R, S, <t<Sni1)

n>0 n>0
tA)"
= Z e*)‘Re*)‘tq e M R>0.
= n!

This shows that X} is exponentially distributed. It is easy to check that also X ;, j > 2, are exponen-
tially distributed with parameter A.

Concerning the independence of X}, we only verify that X{ and X§ are independent. The proof of
the independence of any finite subset of {th} follows in the same way. For any R, M > 0, we get

P(X{ >R, X5>M)=> P(Sn,41—t> R, Xn,42 > M, N, = n)

n>0
= ZP(Sn+1 —t> R, Xn+2 > M, Sn <t< Sn+1)
n>0
_ m g N
= B(Xon > M) 3 B(Suar — > RSy <1< Sy) =W 3 oM

n>0 n>0
=e MM —P(X] > R)P(XE > M).

Let us come back to formula (1.8). This formula can be generalized as follows.



1.4 Stochastic processes 17

P(Sp <t < Sny1, Sng1r —t> 81, Xnyo > 82, .., Xngj > 55)
=P(S, <t < Sppr)e Moo >

Introducing the set H = (s1,00) X --- X (s;,00), previous formula can be equivalently written as

P(Sp <t < Spy1, (Xi,...,Xj) € H) =P(S, <t < Sn1)P((X7,...,X}) € H)

(we have also used that X?,..., X ; are independent and identically exponentially distributed) or
P(N; =n, (Xi,... ,th-) € H) =P(N; = n)P((X{,. ..,th-) € H). (1.9)
Since the events {(X{,..., X Jt) € H} form a m-system, the above equality can be extended to the case

of general H € B(R/).
Consider next the event {N! = m} = {N; — Ny = m}: we can express it as {(X},..., X! ) € H},
where H is the set in R™*! of points x1,. .., Zme1 such that

T+ F T, <s<z1+- -+ Tmy-
Hence, for any n, m € N, (1.9) gives
]P(Nt =mn, Nyps — Ny = m) = ]P(Nt = n)]P(NtJrs - Ny = m)7 (1'10)

which implies at once that N; and Ny, — IV; are independent. The extension to the case of 3 or more

increments is quite similar.
O

Corollary 1.18. Ny is a process with stationary increments, i.e., for any s,t,u,v € Ry, 0 < s <t <
400, 0 <u<v <400, such that t —s = v —wu, the law of Ny — Ny is the same as the law of N, — N,,.

We leave as an exercise to prove the following equivalent characterization of a Poisson process.

Problem 1.8.
1. The Poisson process with rate A > 0 can also be characterized as an integer-valued process,
starting from 0, with non-decreasing paths, with independent increments, and such that, as h — 0,
uniformly in ¢,

P(Neop — Ny = 0) =1 — A+ o(h),
P(Nepn — Ny = 1) = A+ o(h).

2. The following properties show that even if you know the number of arrivals in an interval, nothing
can be said to the distribution of their times.
Let {Ny, t > 0} be a Poisson process. Assume that exactly one jump happens in the interval
[0,¢], i.e., Ny = 1. Show that conditioned on this, X; is uniformly distributed in [0, ¢]: P(X; < s |
Ny =1) = s/t for 0 < s < t. This can be eneralized as follows: if we know that exactly n jumps
happen in the interval [s, s + t]; the times at which jumps occur are uniformly and independently
distributed on [s, s + t].
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Brownian motion

This second lecture is devoted to introduce two main subjects in probability theory: Gaussian measures
and Brownian motion. In the first section, we shall introduce the class of Gaussian probability measures
on E = R", while the second section will be devoted to study Gaussian processes. Both these classes
of objects are fundamental in modern probability theory and shall return frequently in the following.

There are several technical points from abstract measure theory involved in the definition of
Browian motion. In this lecture, we shall see Brownian motion as an special case of Gaussian process.
This characterization will provide useful in the proof of existence of this process, which is the object
of third section. We shall appeal to some fundamental theorems due to Kolmogorov in order to prove
the result. First, Kolmogorov’s existence theorem 2.13 proves the existence of a stochastic process
with the same finite dimensional distributions as Brownian motion; this does not suffice, since our
definition requires continuity of sample paths: but finally we can appeal to Kolmogorov’s theorem of
continuity, Theorem 2.16, and conclude the proof of existence.

2.1 Gaussian measures

We start with the simple one dimensional case E = R; we shall say that a Borel probability measure
pon R is a Gaussian law (or a Gaussian distribution) N(a,0?), for a € R, 0% > 0, if its density with
respect to the Lebesgue measure exists and is given by the function

f(a:)zﬁexp(—%(x—ay), x €R.

If 62 = 0 we set

N(a,0) = 4,,

where §, is the Dirac measure (concentrated) in a. If a = 0, then A/(0, 02) is called a centered Gaussian
measure.

Let X : 2 — R be a random variable; we say that X is a Gaussian random variable if its law p is
a Gaussian measure; in particular, if u = N(a,0?) we write X ~ A(a,0?). In this case, X has mean
E[X] = a and variance Var(X) = 2. The characteristic function of X (i.e., the Fourier transform of
1) is given by
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fi(6) = E[eiXO] _ / el (dz) = plfag—30°0%
R

Problem 2.1. Given a sequence {0y, n € N} of real numbers, converging to 0, let {X,,} be a sequence
of centered Gaussian random variables, each with variance o2. Show that the sequence {X,,} converges
in law to Dirac’s measure in 0.

Recall that for given Borel probability measures on R p and v, the convolution measure p * v is
defined by

(u*v)(B) = /R,u(B — x)v(dx), B € B(R).

It is known that Fourier transform maps convolution of measures into pointwise product of character-
istic functions; using this fact, and the above expression of characteristic function for a Gaussian law,
we obtain easily the following result.

Proposition 2.1. Given two Gaussian laws u = N(a,0?) and v = N (b, 72), it holds

-

(1% 1) (0) = 2(0)(0) = @) exp <—%(02 + 72)92) .

Hence, p v is the Gaussian law N'(a + b,0? + 72). In particular, if X and Y are real independent
Gaussian random variables, also X +Y is a Gaussian random variable.

We consider next the multidimensional case. We are given n random variables X7y, ..., X,,, inde-
pendent, with Gaussian law A (0,1); setting X = (X3,...,X,,), the law of the random vector X has
density

flo) = etz L gmatp L g

wor o e (2.1)

and characteristic function ,
1
—1ig

1pn2
e 2 1...e_§0

1 2
n — e_§|0| .

If @ is a matrix in LT(R™) (the space of symmetric non-negative defined n x n matrices), it can be
expressed as Q = AA*, where A is a n x n matrix and A* denotes the adjoint matrix of A; moreover
A is uniquely determined in the class of symmetric matrices: in this case, A is also denoted as Q'/2.
For given a € R™ and Q € L*(R™), then Q'/2X + a has characteristic function

¢(9) _ ei<07a>67%<Q1/29’Q1/29> ei(97a>efé<QG,9>7 0 c R™. (22)
A Borel probability measure p on R™ is a (multidimensional) Gaussian law N (a, Q) if its characteristic
function is given by (2.2).

Remark that if the matrix Q is invertible then also Q'/2 is invertible, and so there exists a density
g for Z = QY/2X + a; this density is given from (2.1) by a change-of-variables formula

1

_ -HQ ' (y—a),(y—a))
9(y) (271')”/2(Det(Q))1/2e : :
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Conversely, if the covariance matrix @ is singular, Q'/2 shall be singular as well, and the law of
Z = Q'Y2X + a is supported by some proper affine subspace of R”, so it cannot have a density. As a
special case, we mention the law A (a, 0), Dirac’s delta measure concentrated in a, having characteristic

function § — ei{?>a),

The following result can be easily proved by using the Fourier transform.

Proposition 2.2. Let X be a Gaussian random variable in R™ with distribution N(a,Q); consider
the random variable Y = AX +b, where A € L(R",R¥) and b € R*. Then'Y has Gaussian distribution
N(Aa + b, AQA*).

Applying the previous result, we get that, for each Gaussian random variable Z with values in R™,
Z ~ N (a,Q), there exists a random variable X such that Z = a4+ Q/?X and X ~ N(0,I) (I denotes
the identity matrix in R™). Computing the derivatives in 0 of the characteristic function, we get that
a is the mean of Z and @ is the covariance matrix.

In general, two random variables X7, X5 : {2 — R are said uncorrelated if their covariance matrix
is diagonal. Of course, if they are independent then they are also uncorrelated, but in general the
converse does not hold. However, for Gaussian families the following holds:

if (X1, X2) is a Gaussian family, then (2.3)
X, and X5 Gaussian are independent <= they are uncorrelated. '

In fact, if X7 and X5 are uncorrelated, then the characteristic function of the vector X = (X1, Xs)
has the form ¢x (h) = exp(i(h, m) — 3(Qh, h)) where Q is the diagonal covariance matrix. Hence ¢x
is equal to the product ¢x, - ¢x,, so that X; and X, are independent, see Problem 1.5.

More generally, if X; and X, are respectively R%-valued and R"-valued random variables with
joint Gaussian distribution such that

¢i; = E[(X{ — E[Xi])(X] — E[X]])] =0, i=1,....,dj=1,...,n,

then they are independent.

A similar result holds for n random variables as well; for instance, if (X;,...,X,,) is a Gaussian
family of real random variables, then they are independent if and only if their covariance matrix is
diagonal.

2.2 Stochastic processes

Let (£2, F,P) be the reference probability space; in this section we mainly consider stochastic processes,
taking values in the Euclidean space E = R, d > 1, endowed with the Borel o-field & = B(E).

Recall that a stochastic process X = {X;, t € T} with values in E is a collection of random
variables X; : 2 — E, t € T It can be equivalently defined as a measurable mapping X : (£2,F) —
(ET,ET), where €T is the minimal o-field which makes measurable all the projections 7 : ET — E,
m(f) = f(t), f € ET. We can also see X as a collection of random variables taking values in the
space of paths ET, since {X;(w), t € T} is just an ordinary function of time (for every w).

A stochastic process {X;, t € T'} is called continuous or almost surely continuous if its trajectories
(or paths) t — X;(w), T — E, are continuous (respectively, if almost every trajectory is continuous).
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Similar definitions hold for right continuous, almost surely right continuous stochastic processes, and
SO on.

Let {F,t € T} be a filtration, i.e., a family of sub-o-fields of F increasing in time
if s <t then Fs C Fy.

Intuitively, “F; contains all the information which are available up to time ¢”, i.e., all the events whose
occourence can be established up to time t.
We add to the filtration {F3, ¢t € T} the o-algebra

Foo = \/]-'t.
teT

Recall that the right hand side stands for the minimal o-field which contains all F; this is not the
same as UT Fi. Define, for every t € T
te

Fio= N\ Fo=[) F

t<seT t<seT
We have clearly, for each t € T', 7y C Fyy.
Definition 2.3. The filtration {F:, t € T} is right-continuous if for every t € T, Fy = Fiy.

Assume we are given a stochastic process X = {X;, t € T} and a filtration {F;, t € T} on
(92, F,P). We say that the process X is adapted to the filtration {F;, t € T'} if, for any ¢ € T fixed, the
random variable X; is F;-measurable on £2; equivalently, we say that X is adapted to (2, F,{F:},P).

Notice that it is always possible to construct a filtration with respect to which the process is
adapted, by setting F/X = o(Xs, s < t); FiX is called the natural filtration of X. A stochastic process
X is adapted to a filtration {F;, t € T'} if and only if one has FX € F, t € T.

Let X = {Xy, t€ T} and Y = {Y}, t € T} be two stochastic processes on (2, F). If the random
variables X; coincide almost surely with Y%, i.e.,

foreacht € T : P{X; #Y:} =0,

X is called a wversion (or a modification) of the process Y.

In general, this does not imply that if X is adapted to a filtration F;, t € T, then also Y is adapted
to the same filtration. It may happen, in fact, that the set of zero measure {X; # Y;} does not belong
to F, so that Y; is not F;-measurable.

To avoid this and other technical difficulties, we shall always require that the filtration satisfies in
addition the so called standard assumptions , i.e.,

(1) the filtration is right continuous, that is, for any ¢ € T: Fy = Fpy;
(2) the filtration is complete, that is, for any t € T, F; contains all P-null sets.

Remark that each filtration {F;, ¢t € T'} can be completed in order to satisfies hypothesis (2). Indeed,
it is enough to enlarge each F; by considering the smallest o-algebra F; V N which contains F; and
the family N of all P-null sets.
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Given a process X, the completion of the natural filtration {F;, t € T'} will be called the completed
natural filtration of X and still denoted by {F~, t € T'}.

The completed natural filtration of any Brownian motion satisfies the technical hypothesis (1); we
will return on this later on.

Definition 2.4. A filtered probability space or a stochastic basis is the quadruplet (2, F,{F:},P),
where the filtration {Fi} verifies the standard assumptions.

When we say that a stochastic process X = {X;, t € T} is defined on a stochastic basis
(2, F, {F:},P), (implicitly) we also require that it is adapted to {F}.

Brownian motion
In the following, we introduce the main object of our investigations, namely Brownian motion.

Definition 2.5. A d-dimensional Brownian motion B = {By, t > 0} defined on a filtered probability
space (£2,F,{F, t > 0},P) is a continuous stochastic process such that

1. Bp =0 a.s.;

2. for every 0 < s < t the random variable By — B is independent from Fs;

3. for every 0 < s < t the random variable By — By has Gaussian law N(0, (t — s)I4), where I, is the
(d-dimensional) identity matriz.

We shall again underline that, as opposite to Poisson process, we have just given a formal definition
of Brownian motion without providing a construction of it, and we shall return later to the proof of
its existence.

Remark 2.6. In the following, if the filtration {F;} is not explicitly mentioned, we can assume that
we are using the completed natural filtration {Ff} of B. Remark that in Protter [Pr04] it is shown
that the completed natural filtration of any Brownian motion is right continuous and so it satisfies
the standard assumptions. A Brownian motion B defined on (2, F,{FF, t > 0},P) is also called a
natural Brownian motion.

Problem 2.2. (a) Shows that if in Definition 2.5 we consider the completed natural filtration {FF},
then condition 2. is equivalent to the following one:

2. for any choice of times 0 < 1 < -+ < tp,
Bt17 Bt2 - Btl’ M Btnr - Btnzfl

are independent random variables.

This condition says the Brownian motion is a process with independent increments (compare with (1)
in Lemma 1.17 on the Poisson process).

(b) Consider a Brownian motion B = {By, t > 0} defined on (2, F, {F:, t > 0},P); let G be a o-field
independent from F. Setting G; = F; V G, show that B is a {G;}-Browian motion.
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Remark 2.7. To conclude this introduction, we compute the moments of a real Brownian motion B;
for fixed ¢. Since B; has a Gaussian distribution N(0,t), for every n € N there exists a constant

O, = 2! guch that

2nn!

E|Z|2n _

= e

In particular, for n =1 and n = 2, we have

o2n  —x? /2t __4n 1 / 2n_ —y2/2 _ n
e de =t"— e dy = C,t".
o Je () Y

E[|B:|*] = t, E[|B:|*] = 3t>.

2.2.1 Gaussian processes

Definition 2.8. A stochastic process X = {X;, t € T} is called a Gaussian process if for every choice
of times t1,...,tm € T and scalars v1,...,vm € R, the random variable v1 Xy, + -+ + vm X, has
Gaussian distribution.

The following proposition expresses a different characterization of Gaussian processes.

Proposition 2.9. X = {X;, t € T} is a Gaussian process if and only if for every choice of times
t1,... tm €T the random vector (Xy,,..., Xy, ) has a Gaussian distribution in R*™,

Proof. We will use Proposition 2.1. First, assume that X is a Gaussian process and fix times
ti,...,tm € T. We introduce & = (Xy,...,Xt,,) and prove that ¢ has a Gaussian distribution.
Take d = 1 for simplicity. For every vector v = (71,...,7m) € R™, the scalar product {7, &) is a real
Gaussian random variable with mean a and variance o2, so that its characteristic function verifies

E[e!18)0] = ¢lad =o%0*/2 g c R, (2.4)

Note that in particular each X;, is a Gaussian random variable. We can compute a and o2 in terms
of the mean p and the covariance matrix I" of the random vector &:

a=E[(v, )] =E>_vXe,] =Y %EXy] =D vim, = (v, 1),
j=1 j=1 j=1
and similarly
02 = E[(<’77 €> - <A/7 M>)2] = E[<’77€ - M>2] = E[ Z YiYj (Xti - E[Xtt])(Xt_] - E[th]) = <F77 A/>'
ij=1
By (2.4) with € = 1, we find that the characteristic function of £ is
fi(y) = E[e8)] = eltrm =3I

and we recognize the characteristic function of a Gaussian random variable.

Conversely, if £ = (X,,...,X;,,) is a random vector, then for every vector v € R™ the mapping
& — (v,€) is a linear transformation hence, by Proposition 2.2, maps Gaussian distributions into
Gaussian distributions. It follows that X is a Gaussian process.
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d

Given two stochastic processes X = {X;, t € T} and Y = {Y;, t € T} on (£2, F,P), we can express
their independence in terms of the generated filtrations: the process { X, ¢t € T'} is independent from
{Y;, teT}if o(Xy, t €T) is independent from o(Y;, t € T).

Proposition 2.10. Consider two families X = {X;, t € T} and Y = {Y;, t € T} such that X UY is
Gaussian. Then X is independent from Y if and only if

E[X.Y:] = E[X/] E[Y.], (2.5)
for every t,s € T.

Proof. From (2.5) it follows that for any ¢,s € T, the Gaussian random variables X; and Y; are
independent, see (2.3). By a similar criterium, thanks to the arbitrariness of ¢ and s, we have that any
two random vectors (X;,,..., X, ) and (Ys,,...,Ys, ) are independent.

Now the thesis follows thanks to Dynkin’s theorem 1.3. One uses that o(X) = (X, t € T)
and o(Y) = o(Y;, t € T) are generated by the m-systems of events {X;, € A1,...,X;, € A,} and
{Ys, € By,...,Ys, € By} respectively, and that these events are independent due to the independence
of the random vectors (X¢,,..., X, ) and (Ys,,..., Y5, ).

a

Problem 2.3. Give the details of the proof of Proposition 2.10.
Hint: first fix Ay,..., A, € B(R?) and set B = {X;, € A1,..., X, € A,}. Define
A ={A € o(Y) such that A is independent from B}.

Show that A is a A-system. Since A contains the events {Ys, € By,...,Ys, € By} one deduces that A = o(Y).
How can we finish the proof?

Using the above definition, it is possible to prove that a Brownian motion is a Gaussian process.
Choose real numbers ay, ..., q, and times 0 < t; < --- < t,,,: the goal is to prove that a; By, +--- +
am B, is a random variable with Gaussian law. For m = 1 the claim obviously holds. By induction,
we suppose that the claim holds for m — 1; thus, we can write

alBtl + T + athm = [alBtl + e + (amfl + am)Btnzfl] + am(Btm, - Btmfl)
and the conclusion follows since the sum of two Gaussian, independent random variables again has a
Gaussian distribution.
We may characterize a Brownian motion as a Gaussian process in the following way.

Proposition 2.11. Given a real Brownian motion B = {B;}, then

a) Bo=0 as.;

b) for any choice of times 0 <ty <ty < --- < t,, the m-dimensional random variable (By,, ..., By,,)
has a centered Gaussian law;

c) E(B:Bs) =sAt.
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Conversely, if a continuous process { B¢} verifies the above conditions a), b) and c), then it is a natural
Brownian motion (i.e., it is a Brownian motion with respect to its completed natural filtration).

Proof. If B is a Brownian motion, condition a) is obvious, condition b) follows by the characterization
of Gaussian processes stated in Proposition 2.9 and condition ¢) holds since, for s < ¢, we have

E[B:B;] = E[(B; — Bs)Bs] + E(BZ) = s = s A t.

Conversely, if a Gaussian process B satisfies conditions a), b) and ¢), then property 1. of Definition
2.5 holds; also, the law of B; — B, is Gaussian thanks to condition b), it is centered since B; and By
are, and its variance is equal to

E[(B; — B,)?] = E[B?] — 2E[B;B,| + E[B} =t —2t As+s=1—s,

hence B; — B, has Gaussian law N(0,¢ — s). Finally, to show that B, — B; is independent from FZ,
thanks to Proposition 2.10 it is enough to prove that, for each 7 < s, E[(B; — Bs)B.] = 0:

E[(B, — Bs)B;] = E[B:B;] —E[Bs;B;] =t AT —sAT=7—7=0.

2.3 Kolmogorov’s existence theorem

Often, a stochastic process X = {X, t € T'} on a probability space (£2,F,P) is described by means

induces on B(E™), for each m € N and any choice of times t1 < to < -+ <, in T:
Mt1,~~~7tm(A1 X X Am) = ]P)(Xh S Ala cee 7Xtm € Am)a A17 .- '7Am ef€.

We say that two stochastic processes with values in E (even defined on different probability spaces)
are equivalent or that they are equal in law if they have the same finite dimensional distributions.

Remark 2.12. Let us give a heuristic justification of the term equality in law. A stochastic process
X ={X;, t € T} can be seen as a random variable with values in ET. Hence, we may define the law
pux of X on ET endowed with the product o-algebra £7, ie., ux(F) = P(X € F), F € £T. Now,
since ux is completely determined by its values on the sets of the form

{f€ET | f(th) € Ayy,..., f(tm) € As ), A, €€i=1,...,m,
we have that the finite dimensional distributions of X characterize the law px.

If {X;, t € T} is areal Gaussian process, then its (finite dimensional) distributions are determined
by the mean function
m(t) = E[Xi]

and the covariance function

p(t,s) = E[(X; —m(t))(Xs —m(s))].
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Indeed, the joint density of Xy, ,..., X;, is just
Pty,ootn (A1 X oo X Ay) = N(m(t), 2)(Ar x -+ x Ay) (2.6)
where X' is the symmetric n X n matrix

p(ti,t1) p(tiste) ... p(ti,tn)
p(t2,t1) p(ta,tz) ... p(t2,tn)

p(tnatl) p(tn7t2) s p(tnatn)
z is the row vector (z1,...,x,) and m(t) is the row vector (m(t1),...,m(t,)).
Problem 2.4. Compute the finite dimensional distributions of the Poisson process V.

Hint: first, see Exercise 1.8, it holds
(A)"

n!

P(N; =n) =e , n € N.
Next, for any finite sequence of times top = 0 < ¢t1 < --- < ti, using the fact that N; has independent
increments, show that
- (At —t52))"™ "
yNey, =ng) = e Mt —t-1) A
no=m) =1 (nj —nj-1)!

Myt (M1, me) = P(Ny =ng, ...

)

j=1

for any integers no =0 <ni <... < ng.

Notice that the finite-dimensional distributions of a stochastic process {X;, ¢t € T'} always satisfy
the following consistency condition:

Byt (A1 X0 X A) = eyt b (A1 X0 X Ay X B, (2.7)

with t1 <to < -+ - <ty inT.

More interesting is the converse problem: given a family of probability measures pi, .. +,, on B(E™),
for any choice of m and t; < ¢ < --+ < t,, in T, which satisfies (2.7), does there exist a stochastic
process (defined on some ({2, F,P)) having these as finite dimensional distributions? The answer is
affirmative and is given by the Kolmogorov existence theorem. To formulate this we introduce some
notation.

Let T be an arbitrary set of indices and ET be the collection of all functions from 7" into E; ET
can be thought of as a product space of many copies of E, indexed by T'. On this space we consider
the projections m, m¢(z(+)) = x(t), x € ET, t € T. Recall that there exists a natural extension to
ET of the Borel o-field for vector spaces E*, that we denote by £T; this is the smallest o-field which
makes each 1; : ET — E measurable.

Let us define on (ET,&T) the coordinate process Z = {Z;, t € T},

Z, - ET - B, Z,(z) =m(z) = z(t), reET.

If we provide the space (ET,ET) with a probability measure P, we obtain that {Z;, t € T} is a
stochastic process.
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Theorem 2.13. Let {p,....+,.} be a family of Borel probability distributions satisfying the consistency
condition (2.7). Then there exists a unique probability measure P on (ET,ET) such that the coordinate
process {Z;, t € T} on (ET,ETP) has finite dimensional distributions which coincide with py, 4.,
for any choice of t1 <ty <--- <ty inT.

For our pourposes, it is not essential to prove this theorem (the interested reader is referred, for
instance, to Billingsley [Bi95]). Hence, we only make a remark on the proof in the case T'= N.
First one defines P on the algebra A of all cylindrical sets

Itl,...,tn,A = {33 S EN : (xtu .. ')xtn) € A}a
where n € N, t; < ... <t, € Nand A € B(E™), setting

]P(Itl,...,tn,A) = ,Utl,...,tn(A)- (2-8)

This definition is meaningful thanks to the consistency condition. It is easy to check that P is a pre-
measure on 4. The crucial step of the proof is now to show that P is continuous (to this purpose, one
also uses that Borel measures on E are regular). After the main step is achieved, an application of
the Caratheodory extension theorem allows to get that there exists a unique probability measure P
on the o-algebra generated by A, which coincides with £, such that (2.8) holds. Finally, it is clear
that finite dimensional distributions of the coordinate process Z; coincide with the measures pi,,.. ¢, -

Next, we investigate a question arising from the previous result.

Remark 2.14. It must be noticed that in the above construction the choice of E7 is unsatisfactory
under several points of view. Let T' = [0,00) and E = R. Tt turns out that on the space RI*>) finite
dimensional distributions do not characterize important properties of the trajectories of a process, as
for instance continuity.

Indeed, the set C of continuous functions from [0, c0) into R does not belong to £7. This fact can
be explained as follows: given a real function on [0, 00) it is not possible to establish if it is continuous
by looking only to its values on a countable set of points in [0, 00).

In the next exercise we propose to show a characterization of the o-algebra £, when T = [0, 00)
and £ = R".

Problem 2.5. Let us consider €7, when T' = [0,00) and E = R". Show that the family H of all sets
of the form
{z € ET : (2(t1),z(t2),...,z(tn),...) € B},

for any choice of sequences of times t; < ... <t, <...in T and of sets B € [[,.y(€): (here J],.(E):
denotes the product o-algebra, where (£); = £, i € N) is a o-field in ET.

Deduce that A € €7 if and only if there is a sequence of times ¢; < ... <t, <...in T and a set
B € [[;en(€)i so that A= {z € ET : (z(t1),z(t2),...,x(tn),...) € B}.

Ezxample 2.15. Let us show that it is possible to construct a process with the same finite-dimensional
distributions of the Poisson process { Ny, ¢ > 0}, but which exhibits completely different properties of
the paths (for instance, they are neither right-continuous, nor monotone non-decreasing).

Take the function f(¢) =t if ¢ is rational, f(¢) = 0 otherwise. Let X be the first waiting time in
the definition of the Poisson process {IV;} and consider the process M; = N + f(t + X1). We have
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P(f(t + X1) = 0) = 1, since the complementary event is X; € Q — ¢t (Q is the set of rational point),
and the probability that a continuous random variable takes value in a countable set is zero. Thus

P(M;=N;) =1 for all t > 0,

and the process M; has the same finite-dimensional distributions of IV, but its paths are everywhere
discontinuous, are not integer valued nor monotone.

2.3.1 A construction of Brownian motion using Kolmogorov’s theorem

Since a real Brownian motion is a Gaussian process, its finite dimensional distributions are specified
by the mean function m(t) = 0 and covariance function p(¢,s) = min{s,t} as in (2.6): for 0 < #; <
tg <--- <ty

ty,.t, (A1 X X Ay)

1 / ( 1 1
= exp| — ={z, X z)dx coodx,, (2.9
2 Avaes p(—35f ) ) da (2.9)
A X XA,
where X' is the n X n matrix

t1t1... 11

t1ty ... to

t1to ... t,
detX =t - (ta —t1)...(tn — tn—1) > 0 and @ is the row vector (z1,...,z,). Consistency in this case

is obvious. Thus Kolmogorov’s theorem 2.13 applies: there exists a stochastic process {By, t > 0}
corresponding to the finite dimensional distributions gy, . ., (see (2.9)) on the probability space
(R[0:+00) gl0:+20) P) with a suitable probability measure P.

Note that a similar construction can be applied, more generally, for proving the existence of a
Brownian motion with values in R%, d > 1.

n

However, the Kolmogorov construction does not provide continuity of trajectories of Brownian
motion. Actually, we have already observed that the set of continuous functions is not contained in
ET. A second theorem, again due to Kolmogorov, allows to overcome this difficulty.

2.4 Continuity of Brownian motion paths

Recall that a function f: E — R is called a-Hélder continuous on D C E, a € (0, 1), if there exists a
constant ¢ > 0 such that

|f(x) = f(y)| < clz —y|* for all z,y € D.

Let {X;, t € T} be a stochastic process (but the result holds, more generally, for a random field
indexed by T C R%, d > 2); the following result, due to Kolmogorov, asserts that a certain degree of
regularity in the mean implies some regularity (Holder continuity) of the trajectories.
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Theorem 2.16. Let X = {X;,t € T} be a stochastic process in an Euclidean space (E,E) and assume
there exist positive constants o, B and ¢ such that

E (| Xt — X,|7) < eft — st (2.10)

Then there exists a version Y of X with continuous sample paths. Further, for any v < % trajectories
t — Yi(w) are y-Hélder continuous on every bounded interval, for any w € (2.

We give the proof in the particular case of T' = (0, 1) for simplicity of notation. The proof uses the
following purely deterministic lemma.

Lemma 2.17. Let D be the set of all dyadic numbers in (0,1), i.e., D = {2% :neN, k=
1,...,2" —1}. Let f: D — R be a function and let o« € (0,1]. Consider the quantity

5.

cnzsup{w s x,y €D, |m—y|:1/2"}, n € N.

Then sup,cy cn < 400 if and only if f is a-Holder on D.

Proof (Theorem 2.16). Assume T' =)0, 1] and denote by D the set of dyadic numbers in T'; also, denote
by D,, C D the set of points with coordinates k/2™, for k = 1,...,2" — 1. Finally, fix some v < %

Step 1. Set
B, ={w : |X; — X;| > 27" for some i,j € D,, with [i — j| =1/2"}.

Then, using (2.10) and Chebyshev inequality, we have, for ¢, j € D,, such that |i — j| = 1/2",
P(|X; — X;| > 27™) < 2P E[|X; — X;|P] < 2B o nlatl) — gn(vB-a=1)

This implies that
P(B,) < 22" 2nf-a=l) = go=(@=fnn e N, (2.11)
for some C > 0.

Step 2. Consider B = limsup,, B,, = (,—; Ur—,, Bx; by (2.11) we know that Y P(B,) converges,
hence P(B) = 0 by the first Borel-Cantelli lemma. Hence P(£2\ B) = 1 and for any w € {2\ B there
exists v = v(w) such that, for any n > v we have

| X (w) — X, (w) for any i,j € Dy, |i —j| =1/2".

| S Y
2y

It follows that, for any w ¢ B, there exists M = M (w) > 0 such that, for any n > 1,

1
[Xi(w) = Xj@)| < M(w) 57y forany @, j € Dy, i = j = 1/2"

Step 3. By Lemma 2.17, for every w ¢ B the trajectory i — X;(w) is y—Holder continuous as i varies
in the set D of dyadic points of T, i.e., there exists C' = C'(w) > 0 such that, if 4, j € D then

[ Xi(w) = Xj (W) < Cw)li — 4.
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In particular, the trajectory is uniformly continuous on D.
Step 4. For every w ¢ B there exists a unique extension of X;(w), i € D, to a trajectory X, (w) defined
for t € T. This extension is Holder continuous of exponent .
Step 5. It remains to prove that X; = X, with probability 1, ¢t € T'. This clearly holds when ¢t € D;
now take ¢t € T and a sequence of dyadic rationals (¢,) such that ¢, — ¢. Using again (2.10), we show
that X; — X; in probability; hence, passing if necessary to a subsequence, X;, — X; almost surely.
But since X;, = Xt,, almost surely, it is X; = X; almost surely, ¢t € T', which concludes the proof.

O

Let now B = {By, t > 0} be a Brownian motion. Recall, from Remark 2.7 that for every n > 1
E[|B; — B4|?"] < Cy(t — 5)™.

By applying Kolmogorov’s continuity theorem 2.16 we have that trajectories of the Brownian motion
are continuous, and Holder continuous of exponent vy for every v < ”2—;1, i.e., due to the arbitrarity of
n, for every v < %

Exercises

Problem 2.6. Provide a complete proof of Lemma 2.17.

Problem 2.7. Given a real Brownian motion { B, ¢ > 0} on a filtered probability space (£2, F, {F:},P),
we can construct several other processes which share the same property.

1. (Omogeneity) For any fixed s > 0, the process X; = Byys — By is a Brownian motion with respect
to the filtration {Fits, t > 0}.

2. (Simmetry) The process Y; = —B; is a Brownian motion with respect to the initial filtration {F;}.

3. (Scale change) Given a real number ¢ > 0, the process W; = cBy /.2 is a Brownian motion with
respect to the filtration {F/c2, t > 0}.

Next proposition is somewhat surprising; we can phrase it by saying that if we let time flow
backward, we still have a Brownian motion.

Proposition 2.18. Given a real Brownian motion {By, t > 0} on a filtered probability space
(2, F {F:},P). The stochastic process Y = {Y;, t > 0} defined by

}/t: tBl/t t>0
0 t=0

is again a Brownian motion with respect to the completed natural filtration FB = {FFP, t > 0}.

Proof. We verify that Proposition 2.11 applies. Property a) is obvious; property b) follows easily since
Y is again a Gaussian family. Indeed, for any choice of times 0 < t; < to < --- < t,;,, We can write
(Yy,...,Y:,) as a linear transformation of (By,, ..., B, ) and then apply Proposition 2.2.

Finally, if s < ¢
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1 1
E[Y;Y,] = stE[By By /s] = st— A J=85=5s At
s

and property c) follows.

Thus, it remains to prove that sample paths are almost surely continuous. This clearly holds for
t > 0, i.e., there exists a P-null (or negligible) set N* such that, for every w € 2\ N*, the mapping
t — Y;(w) is continuous on (0, 400). We shall now show that there exists a negligible set NV such that
outside N, the mapping ¢ — Y;(w) is continuous on [0, +00).

Notice that, since Y; — Yy has Gaussian law A (0,t — s),

E[lY; - Yi|*] = 3(t — 5)*.

Thanks to Kolmogorov’s theorem 2.16, there exists a modification Y of Y with continuous paths;
hence, for every t > 0, there exists a P-null set N; such that

Y (w) = Y3 (w) Yw e 2\ Ny

Let N be the union of N* and the sets N, as 7 varies in the positive rational numbers; N is a
countable union of negligible sets, hence its probability is zero. For every w € 2\ N, trajectories
t + Y;(w) and t — Y;(w) are continuous functions on ]0, co| which coincide on the rational numbers,
hence they must coincide on the whole half line [0, oo[. But since fft(w) is continuous up to 0, so it is
Yi(w), and the proof is complete.

O

Addendum. The Borel-Cantelli lemmas

For the sake of completeness, we recall here the Borel-Cantelli lemma. Actually, it consists of two parts,
sometimes called the first (second) Borel-Cantelli lemma. Both results concern the limit behaviour of
a sequence of events, and as such they are often useful instruments in proving almost sure properties.

Lemma 2.19 (Borel-Cantelli).
(a) Assume that {A,, n € N} is a sequence of events such that

Z P(A,) < +o0.
n=1

Then

P(limsup A4, ) = P( ﬂ U Ar) =P({w: w € A, for infinite indices n}) = 0.
neN n=1k=n

(b) Assume that {A,, n € N} is a sequence of pairwise independent events such that

i P(A,) = +o0.

Then

P(limsup 4,,) = 1.
neN
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Sample paths of the Brownian motion

In this lecture we discuss which properties are shared, with probability 1, by sample paths of the
Brownian motion. We have already seen that there are positive results (paths are continuous, and
Hoélder continuous with arbitrary parameter ~ less that % on bounded intervals, with probability 1).
We can ask about differentiability. The answer is surprising: the sample paths are (almost surely)
nowhere differentiable. If continuous, nowhere differentiable functions are considered as pathological
in mathematical analysis, they seem to be the norm for trajectories of Brownian motion.

We can give a taste of the construction by considering differentiability at 0. Remember that, by
Proposition 2.18, the process Y; = tB;/; is a Brownian motion, with Y5 = 0. Since

Y,
L =B
; 1/t

the derivative of Y; exists for ¢ = 0 if and only if B; has a limit as ¢t — co. But, in fact, we have

sup B, = +o0, inf B, =-00 (3.1)
n—oo n—0o0
with probability 1; hence, almost surely, paths of the Brownian motion Y; are not differentiable at
0. A similar argument, using Exercise 2.7(1), shows that with probability 1, Brownian paths are
nondifferentiable everywhere. Of course, this can be phrased by saying that Brownian particles show
at no point a velocity, thus can only be regarded as a model of the physical reality.

Maxima for Brownian paths

The material contained in this lecture can be found in many classical textbooks, as Doob [Dob53],
Freedman [Fr71] or Lévy [Lé54, Lé65).

Proposition 3.1. For almost every w, the function B(-,w) is monotone in no interval.

Proof. We can simplify the situation. First, it sufficies to prove the result for an interval with ra-
tional extremes; then, thanks to Exercise 2.7, we can reduce to prove that no paths are monotone
nondecreasing on [0, 1].

Define, for every n, the events
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Ap={B(*)-B(£)>0 fori=0,...,n—1}

2
n

such that the set of nondecreasing paths is contained in N A,,. But
n

P(A,) = — — 0 (3:2)

and the proof is complete.
O

Problem 3.1. Prove claim (3.2).

Let us recall that a continuous function f has a local maximum at t means that there is € > 0
such that f(s) < f(t) for all s € (t —,t 4 €). The maximum is strict if the inequality is strict, i.e.,
f(s) < f(t) for all s € (t —e,t +¢€).

We shall need the following properties of continuous functions.

Problem 3.2. Let f be a continuous function on [0, 1], monotone in no interval. Then f has a local
maximum in [0, 1]. Further, the set of local maxima is dense in [0, 1].

We can state the main result of this section.

Theorem 3.2. For almost every w, all local mazima of {Bi(w), t € [0,1]} are strict and constitute a
dense set in [0,1].

Proof. Let us denote Ma, b] the maximum value taken by the Browian motion B; as ¢ varies in [a, b].
We claim that for consecutive intervals a < b < ¢ < d,

P(Mla,b] # Mlc,d]) = 1. (3.3)

This implies the thesis, since every trajectory whose maximum are all strict verifies M|a, b] # M|c, d]
for every choice of a < b < ¢ < d.
Let us prove (3.3). Setting

X = B(c) — B(b), Y =max{B(c+t) — B(c), t € [0,d— ]},

we have
{M]a,b] # M|ec,d]} = {X # MJa,b] — B(b) = Y}.

Notice that F},, X and Y are independent, M|a,b] and B(b) are Fj,-measurable; therefore
P(X # Mla,b] — B(b) — V) = /]P’(X £ 2, Ma,b] — B() — Y = 2)da

:/]P’(X;éx)]P’(M[a,b]—B(b)—Y:x)dle

since X has a gaussian distribution and P(X # z) = 1.
O
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The zero set of Brownian motion

We have seen the link between behaviour of the Brownian motion for ¢ near zero and the asymptotic
behaviour as t — oco. Before we proceed with the study of the set of zeroes for the Brownian motion,
let us exploit some more this link. First, we propose the following exercise.

Problem 3.3.
1. Prove claim (3.1):
sup B, = +o0, inf B, = —oo0.

n— 00 n—oo

2. Prove that law of large numbers applies:

B
lim = =0 as.

t—o0

Hint: write (sup,, |Bn| < 00) = k(le(supn |Br| < k) so that the probability of the event on the left is bounded

by the series of the probabilities ‘on the right. But

P(sup |Bn| < k) < limP(|B,| < k) = lim P(|B:| < k/n*/?)...

Let us consider the following consequence of (3.1). Writing W; = tB; ; as t — 0, for almost every
path there exist two sequences {t,} and {s,} such that t,411 < sp41 < t, < sp, and W(t,) > 0,
W (sy) < 0. Since the Brownian paths are almost surely continuous, there exists a sequence {7, } with
tn, < Tn < sp and W(r,) = 0. We have thus proved that

Corollary 3.3. With probability one, Bronwian motion returns to the origin infinitely often.

Let us denote
Z(w)={t>0: B(w) =0}

and remark that Z is a random variable (taking values in B(R.)). Notice that 0 € Z(w) for every w,
and previous corollary shows that, with probability one, 0 is an accumulation point for Z(w).

Theorem 3.4. With probability one, the set Z(w) is closed, of Lebesque measure 0, perfect, nowhere
dense in Ry.

Proof. For simplicity, we suppress the phrase “with probability one” in the following. Since Z(w) =
B(w,-)"Y(R4) is the inverse of a closed set through a continuous mapping, it follows that it is closed.
Let A denote Lebesgue measure on R ; using Fubini’s theorem

BNZ(@)] = (< P){(t0) : Brlw) =0} = [ B(Biw) =0}t =0

since B; takes every given value with probability zero.

Let I be an interval of the positive real line; since ¢ — Bi(w) is continuous on I, if the set
Z(w) N1 were dense in I then necessarily B; = 0 on I, which is absurd, since (otherwise B; would be
differentiable). Hence Z(w) is not dense in any interval I.
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It remains to prove that Z(w) is dense in itself, that is, for any point ¢ € Z(w) there exists a
sequence t,, € Z(w), t, # t, such that t,, — t. We already know that it is true for ¢ = 0.
For a general z > 0, let us define

T, =inf{t >z : Bi(w) =0}
this means that 7, is the first zero after time x. Notice that
{ro <s}€o(B, : u<s)=FB, (3.4)

a random variable like 7., non negative, and verifying (3.4) is called a stopping time. We shall return
on this in next lectures; for the moment we claim that

W, = BTers - -BTQC
is again a Brownian motion (by the way, notice that Wy = 0 and W has continuous paths by construc-
tion, so it remains to prove that its finite dimensional distributions agree with those of a Brownian
motion).

Now, let t = 7, (w) be the first zero in Z(w) greater or equal to x. Since W(w) is a trajectory
of a Brownian motion, there is a sequence of positive times s,, — 0 such that W (w) = 0, and so
Bits, (w) =0, which means that {¢ + s,,} is a sequence in Z(w) converging to ¢, as required.

O

3.1 Regolarity of sample paths

Of particular interest is the study of variation of sample paths, since if it were the case, it would have
been possible to define a (Lebesgue) integral with respect to them. However, we shall see that this is
not the case.

In Section 3.2 we provide the beautiful analysis of P. Lévy about regularity of the Brownian
trajectories. We will present the law of iterated logarithm, and we prove that the Holder exponent
v < % cannot be improved.

3.1.1 Quadratic variation

Let f : R4 — R be a given function; for any interval [s, t] and partition 7 =tg = s <t; <+ <t, =t

we set
V(o fs.) = 32 |76 — fein)|

i=1
We denote ||| = max{¢; —t;—1} the norm of the partition; then we call f a finite quadratic variation
function on [s, ] if the following limit exists

qV(f,[s,t]) = lm ¢V (f, 7, [s,t]) < .

[|w][—0

We begin presenting a link between quadratic variation and Hélder continuity.
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Proposition 3.5. Fiz an interval [s,t]; then every function f : [s,t] — R Hélder continuous of
parameter o > 1/2 verifies ¢V (f,[s,t]) = 0.

Proof. Take a partition 7 of [s, t]; then

2

fti) — f(ti-1)

t—t._ 20
( 7 ) 1) (tz _tifl)a

‘ 2

NE

P HOEICEY

1

.
Il

C%(t; — ti_1)**

M=

1

.
Il

n
< C? max [t; — t¢,1|2°‘71 Z [t; — ti—1]
i=1

=t—s

hence
gV (f,m,[s,t]) < C*(t — s)||m|>*~
and, passing to the limit as ||7|| — 0, the thesis follows.
O

The next step is the study of quadratic variations for the trajectories ¢t — By(w) of a Brownian
motion on an interval [s,t]. If we set A[,4(w) = ¢V (B.(w), [s,]), it results to be a random variable
Fi-measurable. Surprisingly enough, it happens that this random variable is constant with probability
1, and it holds A, =1t — s.

In order to simplify the proof, we give a weaker result, taking convergence in L2, from where
convergence in probability (and convergence almost surely for a subsequence) follows.

Proposition 3.6. Let B = {B,, 7 > 0} be a Brownian motion, [s,t] be a given interval and m a
partition of [s,t]. Then
lim ¢V (B.(w),m,[s,t]) =t—s in L?.

f|w]—0

Proof. Since t —s =), ti — tx—1 we have
V(B [s,8]) = (L =) = > [(Bu, = Bu ) = (b — ti-n)]
k

and
E|gV (B.m[s.1) — (t — 5)|

=Y E{[Bu — Bu) = (e — 1) [(By, — Bl = (4 t0)]
4.k

= ZE[(Btk — By _,)? — (tr — tk—l)r
k

since random variables (By, — By, _,)? — (ty — te—1) and (By, — By, ,)? — (t; — tj—1), for j # k, are
independent with mean 0, the expected value of their product is 0;
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2

B; B; )
tr —ti_1)’E Tt k-1 -1
Dtk —ti1) < T ]

k
= CZ(tk — tk_l)Q
k
By, —B;
where, for each k, ﬁ is a standard Gaussian distribution, hence
2

c=F (M)Q 1| = /(x2 _ 1)2ie*w2/2 dr — 2

Vie —te_1 R V2T '

Then we have )
E‘qV(B.,w, [s,8]) — (t s)‘ <2l|nl/(t—s) — 0

as ||| — 0.
O

3.1.2 Bounded variation

Let f : R4 — R be a given function; for any interval [s, t] and partition 7 =tg = s <t; < -+ <t, =t
we set

n
1=

Z‘f zl)'

1

We call f a function with bounded variation on [s,t] if the following limit exists

V(f,[s:1]) = lim V(f,m[s,t]) < oo.

[l=ll—0
We call f a function with total bounded variation if there exists V(f, [0, 00)) < oo.

We also set

n

)= [r) - st v—<f,w,[s,t]>=i[f(m-)—fm_l)] ,

i=1 =1

vt

and similarly

V+(fa [Svt]): lim V+(fa [ ]) V_(fv [Sat]): lim V_(fvﬂ-a [Svt])'

[|w][—0 l| (=0

Take a function f with bounded variation, with f(0) = 0; we set V*t(z) = V*(f,[0,2]) and V~(x) =
V=(f,[0,z]), V(x) = V(f,]0, z]). Then we can write f as a difference between two increasing functions

fl@)=V*(z) -V (2)

while the variation of f is given by V(z) = V*(z) + V™ (z).
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Proposition 3.7. Trajectories of a Brownian motion are, with probability 1, of unbounded variation
on every interval.

Proof. Fix a partition 7 of the interval [a, b]; the quadratic variation of B.(w) is

qV(B~a T, [av b]) = Z(Btk - Btk—1)2
k

< m]?x |Btk - Btk—l | Xk: |Btk - Btk—1|

Since trajecotries are continuous we have

lim max |By;, — By,_,| =0.
||w]|—0 Kk

Assume that there exists an event {2, ;], with positive probability, such that trajectories B.(w) have
bounded variation for w € 2, ). Then for such w, quadratic variation of the trajectory should be 0,
having a contradiction with Proposition 3.6.

We consider the sequence of intervals [a, b] with rational extreme points. Define the set

2= U Quy
0<a<beQ

it holds that £2 € F and P(£2) = 1. Therefore, for each w ¢ 2, B;(w) has unbounded variation on

every nontrivial interval [s, t] with real valued extreme points (each such interval contains an interval

[a, b] with rational end points, and the variation increases with the interval). This concludes the proof.
O

Corollary 3.8. The above results, together with Proposition 3.5, imply that there exists a set of prob-
ability 1 such that the corresponding trajectories t — By(w) are nowhere a-Hélder continuous for
arbitrary exponent o > %

3.2 The law of the iterated logarithm

We present in this section the fine results about regularity of Brownian sample paths. In the proceeding
of the course we will not make use of them, and our presentation will try to avoid much technicalities
and to give the spirits of the results.

The first result is the law of the iterated logarithm, which describes the oscillations of the Brownian
sample paths near zero and infinity.

Theorem 3.9. For w in a set of probability 1

maxlim% =1 (3.5)

t—0+ /2tloglog(1/t)
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Before we proceed with the proof, we shall notice the following consequences of the theorem. By
simmetry,

Bt (CU)

min lim ————— = —
=0t /2tloglog(1/t)

and time inversion provides the following
Bi(w)

B
max lim Hw) min lim ————— = —1.

_ = 17 =
t—+oo /2tloglogt t—+oo /2tloglogt

For almost every trajectory, we can construct two sequences {t,} and {s,}, increasing and diverging
to +o00, with s, < t, < sp+1, such that

B(tn) > V ty 10g10gtn7 B(Sn) < —\/ Sn 10g10g Sn -

Then we see that the oscillations of every path increase more and more; further, due to continuity, we
see that the trajectories touch each real value infinitely often.

In preparation for the proof, we propose the following exercises.

Problem 3.4. Compute the tail of the normal distribution: for every x > 0 we have

xr 72/2 o0 72/2 1 72/2
e T/ L e Y/ idy < —e "/, (3.6)
1+ 22 w x
Problem 3.5. A maximal inequality for the Brownian motion. Consider first a sequence of Gaussian
random variable, with zero mean, {X,,, n € N} and the partial sums S,, = X; 4+ - - - + Xj. Show that
for positive x it holds
P(max S > x) < 2P(S,, > z).
k<n

Show that this implies

P( sup (B; — Bs) > ) < 2P((B: — Bs) > z). (3.7)

s<t<t

Hint: Brownian motion has continuous paths, hence the probability on the left can be studied for 7 in the set
of dyadic rational numbers; now, the increments are independent and Gaussian distributed...

Proof (Proof of Theorem 3.9). We shall prove first that

B
max lim Hw)

A S |
t—0+ /2t loglog(1/t)

With the notation h(t) = /loglog(1/t) and fixed § € (0,1), we choose 6 € (0,1) such that A =
0(1 + 6)? > 1. Define a sequence of times t,, = 0" decreasing to 0 and consider the events

(3.8)

Ay = {te[max B> (1+ 6)h(t)} .

tn+1 7tn]

If we prove that P(A4,,) is a converging sequence, we have from Borel-Cantelli lemma that for w outside
a set of measure 0, for every t € [tyy1, tn]
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max lim Bi(w)
t—0t h(t)

<(1+49)

and from the arbitrariety of § it follows (3.8).
To estimate the probability of A,, we notice the following inclusion

A, C { max By > (1+ 5)h(tn+1)} .
te[0,t,]
Using (3.7) we have the following estimate on the probability of this event:

P({tg[loalet > (14 0)h(tni1)}) < 2P(By, > (14 0)h(tni1))

By, _ (1+0)h(tni1)

< 2P >

SRR
the random variable on the left hand side has a Gaussian standard distribution, so we can use (3.6):
set for simplicity x, = mﬁ)hf\/tﬁ’“’l) and we get

P{ max By > (1+ 6)h(tns1)}) < /2 m—e"a/2,

t€[0,tn] Tn

Compute z2: using the above notation we have x,, = 2Xlog|[(n + 1) log(1/6)] hence

1

We prove next the converse inequality. The proof is based on an application of the second part of

the Borel-Cantelli lemma. With the same notation of the first part, choose first € and 6 € (0,1); we

define the events
Al ={By, — By,,, > (1—e)h(ta)}.

Let us prove that )~ Pr(A],) diverges. The idea is to use the left inequality of (3.6), which yields, for
any x, the estimate

B B
P( tn tnt1 > {E) Z 1 lewa/Z
tn tn+1 227 x
so, taking © =z, = (1 — e)ﬁh(%%, we have
Btn Btn+1 1

—_— >C .
tn — tn+1 o n(1—5)2/1—0\/ 1og(n)

If we take § < 1 — (1 — ¢)? this term is the general term of a diverging series. Then by Borel-Cantelli
lemma we have
P(B¢, — By, > (1 —¢)h(t,) infinitely often) = 1.

But since from (3.8) we have proved that B;, ., > —(1 + ¢)h,,, definitely as n — oo, we get for
infinite indices n
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B, > (1 _ E)h(tn) _ (1 + €)htn+1 = h(tn) <1 —c— (1 + E)%)

Using the limit lim hf{;—:l = v/ and choosing ¢ + (1 +¢)v0 < § we have

By, > (1 —0)h(t,) infinitely often
O

3.2.1 Modulus of continuity

We have seen that Brownian sample paths are a-Hdélder continuous for every o < % and, by Corollary
3.8, they are nowhere a-Holder continuous for every o > % This section will treat the limit case
1
The modulus of continuity of a real function f : I — R, where I C R is a given interval, is defined
as the function

w(d) = suwp  |f(z) = fy)l

@,y€l, lv—y|<6
Of course, the modulus of continuity of the Brownian sample paths is bounded above by C§“ for any
a > %, since the trajectories are nowehere a-Holder continuous for such «. On the other hand, it shall

be larger that /loglog(1/d) by the law of the iterated logarithm. The exact modulus of continuity
for the Brownian sample paths is determined from the following theorem. We omit its proof but refer
the interested reader, for instance, to [KS88, Theorem 2.9.5].

Theorem 3.10 (Lévy). For every T > 0, on the interval I = [0,T] we have

. |Bt - Bs|
P< lim sup — =1, =1 3.9
{sw v <5 B Tog(1/5)172 39

The above theorem states that, given w(-,w) the modulus of continuity of the Brownian path B;(w)
as t € [0,T], then a.s.
) w(d, w)
lim ————————~——
5—0+ (28log(1/6))1/2
This result defines completely the regularity of Brownian trajectories, and we state it in next corollary.

=1

Corollary 3.11. For w outside a set of zero measure, every Brownian path is never a-Hdélder contin-
uous with exponent o > 1/2 in a time interval I C Ry with nonempty internal part.

Proof. Take an interval J = [g¢, ], with rationals ¢ < r € Q,

. |Bt - Bs|
lim sup ———— =1 as. 3.10
50t g<pe,|t—s|<s (20 log(1/6))1/2 ( )

Let us denote N, the set of trajectories where (3.10) is not verified, and we know that N, is a

negligible set. Letting N = U N, ,, N is again a negligible set.
g<reQ4+

Now, assume I is an interval with nonempty internal part such that the Brownian path B(-,w) is
a-Holder continuous on I with « > 1/2. Necessarily, there exists an interval J = [g, 7] with rational
extremes such that J C I, hence it must be w € N, which proves the claim.

O
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3.3 The canonical space

Let us consider a real, standard Brownian motion { By, ¢ € [0, 1]}, defined on the space (2, F, {F:},P).
Having chosen a finite interval helps to simplify some technical details and may be removed if necessary.
Without loss of generality, we can assume that {B;} has continuous paths (by taking a modification of
the process, if necessary). We consider the mapping £ : w — {t — B;(w)} which associates to each w
the trajectory, as an element in the space C = Cy([0, 1]) of real valued, continuous functions vanishing
at 0. C, endowed with the distance

d(w,n) = sup |w(t) —n(t)]
te(0,1]
is a complete, separable metric space. Let G’ the Borel o-field generated by the open sets of C.
Define on the space C, the coordinate mapping functions X (¢, -)(w) = w(t) for every ¢ € [0,1] and
w € C. We consider the g-algebra G generated by the finite-dimensional cylindrical sets

{wel :wlt) € A,...,w(ty) € A},

with #1,...,t, € [0,1]. It has the property that all the coordinate mapping functions X (¢) are G-
measurable, and G is the smallset o-field with this property.

Lemma 3.12. G =G’

Proof. The inclusion G C G’ is obvious; let us check the other one. The space C is separable, hence

d(w,n) = sup |w(t) —n(t)};
teQn(o,1]

this implies that the spheres U = {w € C : |wy — v| < € V¢ € [0,1]} are in G. But every open set
A € G’ can be written as a countable union of spheres, hence it is in G.
O
As a corollary we have the following result, whose prove we let to the reader.

Problem 3.6. The mapping £ : (2, F) — (C,G) is measurable, i.e., { is a random variable taking
values in C.

Thanks to the above result, on the space (C,G) we can define the image measure P = p o B~
that is called the Wiener measure. Define, on the probability space (C, G, P), the coordinate mapping
process X (t,w) = w(t) for every t € [0,1] and w € C. X is equivalent to B and is often called the
canonical Brownian motion.

Addendum. A second construction of Brownian motion

Here we propose an explicit way to construct a real Brownian motion. This construction is due to
Lévy and Ciesielski (see, for instance, Karatzas and Shreve [KS88] or Zabczyk [Za04]). It does not
require to appeal to the Kolmogorov existence theorem.

We proceed in some steps and ask to complete the details as exercise.
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I step. We first define the Haar functions hy : [0,1] - R, k € N,

ho(t) =1, t€[0.1],
B 1 for t € [0,1/2]7
hi(t) = {_1 for t € (1/2,1]

and, if n € Nand 2" < k < 2"*1,

2 k—2" k—2"+41/2
277'/ for t € om s om |

hi(t) =4 —27/2 fort e (k72;j1/2, ’“32“},

0 otherwise.

The sequence (hy) forms an orthonormal and complete system in L2(0,1).

II step. Define the Schauder functions s : [0,1] = R, k € N,

sE(t) = /Ot hi(s)ds, keN.

Note that all s are non-negative; moreover we have

1

s =2 "L <k <2 (3.11)

Isklloc = sup [s(t)| = 2"/
t€(0,1]

IIT step. Let us consider a probability space ({2, F,P) on which it is well defined a sequence {X,,, n €
N} of independent real Gaussian random variables such that the law of each X, is A(0,1).
For instance, we can take £2 = ] (R); the product of infinite copies of the real line R; =R, i € N,
i€N
endowed with the product o-algebra F = B(R) x ... x B(R) x .... Moreover, we take as measure P the
infinite product of Gaussian laws N(0,1). We define X,,(w) = wy, for any w € 2, n € N. It is clear
that (£2,F,P,{X,}) satisfies our assertion.

IV step. Consider the previous sequence of independent Gaussian random variables (X,,). One has
that

| Xk (w)| is O(y/logk) for k — oo, a.s.

Indeed, we have P(|X| > 4y/logk) < ce~4!°8% = ¢ 'k € N, and, applying the Borel-Cantelli lemma,
for any w a.s., there exists kg = ko(w) such that, if k > ko then | Xj(w)| < 4y/Togk.

V step. Define
Bt(w):ZXk(w)sk(t), we R, telo,1].
k>0

One verifies that {By, t € [0, 1]} is a Brownian motion (note that By(w) = 0 for any w).
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VI step. We extend the previous definition of By when ¢ € [0, 00).
Consider a sequence of infinite copies of the same probability space:

(Qk,Fk,Pk):(Q,f,]P)), kZO

where (2, F,P) is the probability space on which is defined By, ¢ € [0, 1]. Let us introduce the product
probability space

Q: szo 2,
-?: = szo}—kv
]P’:HkZOPk.

Let us denote by Bf the Brownian motion on ({2, Fi, Px), t € [0, 1]. Define in a recursive way:

B, = B}, te[0,1],
B =B, + B! tenn+1], n>1
Hence, for w = (wy) € 12,
Bi(w) = B, (w1), t €10,1],

By(w) =Y Bf(wk) + B" (wny1),  t€n+1].

One checks that {B;, t > 0} is a real Brownian motion on (£2, F, P).
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Martingales

In this lecture we introduce in Section 4.1 a new class of random variables, namely the stopping times,
and in Section 4.2 the class of stochastic processes named martingales. Stopping times and martingales
have a clear interpretation in gambling and we will adopt sometimes this terminology; this will allow
us to explain the ideas which motivate the mathematical definitions. Notice that the french martingale
denotes the strategy of doubling the bet after a loss.

Both these objects will play a fundamental role in the following, starting from the end of this
lecture where we show that a Brownian motion is a continuous time martingale and we prove some
properties of Brownian motion related to its filtration.

Stopping times enter in a natural way in the theory of Markovian processes, where they define
the important class of strong Markov processes. It is worth mentioning since now that definition
and properties of a stopping time are independent from the probability measure and are rather set-
theoretical concepts.

The ideas in this lecture have a central position in all textbooks on the stochastic processes and
stochastic integration; for a comprehensive introduction, which contains also the important [limit
theorems for martingales, we refer to Ethier and Kurtz [EKS86] or the other books listed in the
bibliography.

4.1 Stopping times

Suppose that a gambler decide to continue playing roulette against the house until a certain value
happens. Let 7 be the time at which he will stop playing: the event {r < ¢} will depend only on the
observations of the gambler up to time ¢. This is a good example of what we call a stopping time, that
is a random variable such that “its happening does not depend on the future”.

Definition 4.1. Let (2, F,{F;,t € T},P) be a filtered probability space. A random variable T : 2 —
T U {400} is called a stopping time if for each t € T the event

{r<t}={we 2 : 71(w) <t}
belongs to Fy. We further set
Fr={AecF  : An{r <t} eF foreachtecT}.
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We list below some consequences of the general definition. Recall that T denotes a general subset
of Ry and, in particular T' could be N.

1. A stopping time can be deterministic if 7(w) = ¢, for w € 2 (but also 7(w) = 400 is a stopping
time).

2. Actually, the measure P plays no role here; the only important thing is the filtration {F;, t € T'}.

3. It is not difficult to check that F, is a o-field (for instance, if A € F. then A° € F. since

An{r<tt={r<ti\(An{r<t}) € F).

Heuristically, .- stands for the collection of events for which, at the random time 7, we can decide
whether they have occurred or not.
4. Note that also {r <t} € F, t € T, since

(r<t)= U{Tgt—%}.

n>1

Remark 4.2. In case the filtration {F%, t € T} does not satisfies the standard assumptions (in particular
if it is not right-continuous), it is natural to introduce the following definition of optional time, see
for instance Karatzas and Shreve [KS88].

A random variable 7 : 2 — T U {400} is an optional time if {r < t} € F;, t € T. Clearly any
stopping time is an optional time. Viceversa, in general an optional time 7 is a stopping time only
with respect to the filtration {Fyy}, ie., {7 <t} = oo{T <t+e} € Fiy.

We proceed by considering examples and properties of stopping times.

Problem 4.1. We are given two stopping times o and 7, defined on the same filtered probability
space (2, F,{F:},P). Then

1. 7 is Fr-measurable.
2. 0V 7 (i.e., the maximum between o and 7), ¢ A 7 (i.e., the minimum between o and 7) are two
stopping times.
3. If o <7, then F, C F,.
Hint: We only note that 1. holds since {7 < s} N {7 <t} € Fins, for t,s € T, and so {7 < s} € Fr.

We have seen that the minimum of two stopping times is again a stopping time. This can be
extended to the infimum of a sequence of stopping times {7,}, i.e.,

it s
Indeed, we have

{r<ty=Hm<tter

and now {7 <t} = ({7 <t+e} € Fiy = F;. Thus, if the filstration satisfies the standard
assumptions, 7 is a stopping time.

We assume next that 7 is a stopping time, and ask wether it is possible to approximate it in a
shrewd way. Then we set
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Tn =277 2" + 1]
where | x| stands for the integer part of . For instance, taking 7(w) = 3/7, then
T(w) =7w) =mWw) =1/2, mn(w)="1w)="15(w)="7/16,

{mn} is a sequence of random times taking countable many values (actually, taking values in 27 "N);
moreover 7, > T, T, | 7 and, since

k k
(<t =17 <50} € Fipor,
Tn, 18 a stopping time. We summarize the above construction in the following statement.

Corollary 4.3. For any stopping time T, there exists a sequence of stopping times {T,} with respect
to the same filtration, such that T, | 7.

Also the sum of two stopping times ¢ + 7 is a stopping time. Consider for each ¢

{o+7<t} = U {o<r, 7<t—r}
reQnIo,t]

since each member of the union if in F; so is the union.

Ezample 4.4. We have met the Poisson process {N;, ¢t > 0} in the first lecture. Let
T=if{t>0: N,=1}

be the first jump time (recall that X; = 7). Then 7 is a stopping time with respect to the completed
natural filtration {F}, t > 0} since

(r>1) = 0 AN, =0}

belongs to F~, t > 0. Notice that {F}, t > 0} satisfies the standard assumptions (the reader should
verify this, however see Protter [Pr04, page 22]). The stopping time 7 may be also called the first
passage time from level 1, or the hitting time of the set B = [1, c0).
Let {B:, t > 0} be a real Brownian motion on the filtered probability space (£2,F, {F:},P); for
given A > 0, let
=inf{t >0 : By > \}

be the first passage time from level A. This is again a stopping time (with respect to the filtration

Problem 4.2. Show that 7, is a stopping time.
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4.1.1 Progressively measurable processes

In the last two examples, we have started to relate stopping times and stochastic processes. We already
mentioned that for stopping times it is the filtration that matter, so we shall investigate properties of
stochastic processes related to the filtration.

Recall that a stochastic process {X;, ¢t € T'} with values in (E, ) defined on a stochastic basis
(2, F,{F:, t € T} P),in general, does not show any regularity with respect to time ¢ (since we impose
a condition on w for each fixed t). To overcome this point, we introduce the concept of progressive
measurability. To simplify notation, we give the definition for T' = R,..

Definition 4.5. A stochastic process X = {X;,t > 0} is called progressively measurable if, for every
s> 0, the mapping (t,w) — Xi(w) is measurable from [0, s] x §2, endowed with the product o-algebra
B([0, s]) ® Fs, into (E,E).

A progressively measurable process is always adapted, but the converse does not hold in general.
The following proposition shows a useful sufficient condition for this to happen.

Proposition 4.6. An adapted stochastic process with right continuous paths is progressively measur-
able.

Proof. For given v € T and s < u we set

XM (s) = {

Xkt for sé€ [fu B2ul, k=0,...,2" -1,
2"1

X for s=u.

We have X(")(s) — X(s), as n — oo, for every s < u, w € 2. Moreover, X (") is progressively
measurable, since for any I" € £ the set

{k kE+1

{(s,w) : sgu,XS(”)(w)EF}: U Z—RU,Q—RU[X{XW EF}U{u}x{XUEF}

k<2m

belongs to B([0, u]) ® Fy,. Therefore, the mapping (s,w) — X (w) is (B([0, u]) ® F,)-measurable, being
pointwise limit of (B([0,u]) ® F,)-measurable functions.
O
Therefore, both the Brownian motion and the Poisson process are progressively measurable pro-
cesses. In the following result, we link progressive processes and stopping times.

Proposition 4.7. Let {X;,t > 0} be a progressively measurable process with values in E and T be
a stopping time; define Xr : 2 — E, X-(w) = X, (w), for w € 2. Then X, is a Fr-measurable
random variable.

Proof. We have that X, is a random variable, being the composition of the measurable mappings
w — (w,7(w)) and (w,t) — X¢(w) (here the assumption of X being progressively measurable is not
necessary, it is sufficient that X is measurable from Ry x {2 into E).

Define 2, = {r < t}. Then X, is measurable as a mapping from ({2;, ;) in (E,E) being the
composition of the measurable mappings

w — (w, 7(w)) from (£2¢, F) into (£2¢ x [0,¢], Fx @ B([0,¢]))
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nd
’ (w,8) = Xs(w) from (£2; x [0,¢], Fx ® B([0,¢])) into (E,E).

Hence, if A € &:
{r<t}n{X,eA}={we: X, (w)eA}eF,

for each ¢ which implies {X, € A} € F;.
O

Corollary 4.8. Assume that {X,, n € N} is a stochastic process adapted with respect to the filtration
{Fn, n € N}. Then X, is Fr-measurable for any stopping time T with respect to the filtration {F,}.

4.2 Martingale

To motivate the introduction of martingales, we discuss a very simple example in terms of a gambler
playing at a casino. The successive outcomes of the chosen game are independent each other, and
results in a sequence of independent random variables {A,,} which represent the amount of win (and
loss) of the n-th stake. Let X be the initial fortune of the gambler; at each play he stakes a quantity
W, > 0 and wins W, A,,: for instance, playing a number on a roulette table, A,, = 35 if he gets the

number, and P(4A, = 35) = 2=, and A, = —1 if he looses, and P(A, = —1) = 1 — 5. Playing red

(or black) on1 9the same table leads to 4A,, = 1 with probability p = % and A, = —1 with probability
g=1-p= 3.

After n — 1 plays, the gambler’s capital is X,y = Xo + W1 A1 + --- + W14, 1. He next
decides the amount W,, to stake on n-play: its decision shall depend only on Xy, X1,...,X,,—1 and
Ay,...,An_1, s0 W, € F,,_1 is independent from A,.

Example 4.9. Suppose that the gambler choose to bet one stack each time, and he decides to stop
after the first loss; let 7 be the first time for which A, < 0. Then 7 is a stopping time; further, the
betting system is W,, = 1 if n < 7, and W,, = 0 otherwise.

In the simplest example with A,, = £1 with equal probability p = q = %, the martingale betting
system is defined by W,, = W,,_; if A,,_1 = +1 and W,, = 2W,,_; otherwise, that is, if we loose, then
we double the stack (W is left to be chosen arbitrarily). It is easily seen that E[X,,] = X for every n.
The sequence {X,,, n > 1} of the gambler’s capital is an example of the class of stochastic processes
that we call martingale.

The interest for martingale in stochastic analysis, however, goes far beyond this example. In par-
ticular, martingale theory gives rise to several powerful inequalities that we shall exploit in connection
with Brownian motion, Markov processes and in the construction of stochastic integrals. Also, much
of the theory can first be proved for discrete times martingale and then extended to the continuous
time case, due to some standard approximation procedure.

Definition 4.10. Let {X;, t € T} a stochastic process with values in E, adapted to a filtration
{Fs, t € T}. We say that X; is a martingale if

1. for each t € T, Xy is integrable, and
2. for each s <teT,E(X;|Fs) =Xs as. (martingale property).
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If the filtration is not explicitly stated, we shall assume that it is the natural filtration. If we want to
stress the dependence on the filtration {F, t € T}, we write that X is an Fy-martingale.

Definition 4.11. Let {Xy, t € T'} a real valued stochastic process, adapted to a filtration {Fy, t € T'}.
We say that Xy is a submartingale if

1. for each t € T, Xy is integrable, and
2. for each s <teT, X <E(X:|F;) as. (submartingale property).

The process {X¢, t € T} is a surmartingale if —X; is a submartingale (i.e., the inequality in 2. is
reversed).

Ezxample 4.12. If T = N and {¢;, i € N} is a sequence of independent, zero mean random variables,
setting

defines a martingale. Actually, X,, = X,,_1 + &, where &, is independent from X1,..., X,_1 and also
from F,—1 = o(X1,...,Xn_1), S0 one gets

E[Xn | -:anl] = E[anl | -:anl] +E[§n | -:anl] = anl + E[gn] = anl'

Ezxample 4.13. If X,, is the capital of a gambler after the n-th play and F,, represents his information
about the game, then X,, = E(X,,41 | F,) says that his expected fortune after next play is the same
as his present one. This models for a fair game. Also, if we consider any betting strategy {W,,, n € N}
that is predictable, i.e., W,, is F,,_1 measurable, and &, = W,, A,, has zero mean (which implies —since
W, > 0 is independent from A,— that E[A,] = 0, another justification for the name “fair game”)
then previous example shows that

Xp=Xo+ WA +--- + W, A,

is again a martingale. If the game is unfair to the gambler, that is, if F[A,] < 0, then X,, is a
submartingale.

In general, linear combination of martingales is again a martingale and linear combination (with
positive coefficients) of sub- (sur-)martingale remains a submartingale (resp., a surmartingale).

Assume further that X is a martingale (resp. a submartingale) and @ : R — R a convex function
(resp. an increasing convex function) such that @(X;)) is still integrable; then {$(X;), t € T} is a
submartingale (it is enough to apply Jensen’s inequality). In particular, if {X;, ¢ € T'} is a martingale,
{|X¢], t € T} is a submartingale and if X; € L? for each ¢, then {X?, t € T} is a submartingale (with
respect to the same filtration).

Remark 4.14. Let {My, t € T} be a martingale; then E[M;] = E[E(M; | Fs)] = E[M,] so that E[M;]
is constant for each t € T'.

In particular, if X; is a positive martingale, i.e. X; > 0 a.s., then {X;, ¢t € T} is bounded as a
subset of L: E[|X;|] = E[X¢] = const.
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4.2.1 Inequalities for martingales

In this section we consider a filtered probability space (£2, F,{F,, n € N},P) on which it is defined
a discrete time submartingale {X,,, n € N}. We also deal with F,,-stopping times (with values in N).
With start with a useful result.

Proposition 4.15. Let X = {X,,, n € N} be a martingale and 7 be a stopping time for the filtration
{Fn, n € N}. Then the stopped process Y = {Xnnr, n € N} is again a martingale with respect to the
filtration {F,, n € N}.

Proof. Note that {7 > n+ 1} = {7 < n}° € F,; moreover X, n, and X, 1), coincide on {7 < n}.
Hence we find, a.s.,
E(X(nJrl)/\T — Xnnr | ]:n)
= E([X(n+1)/\7' - Xn/\‘r] ]]-{7'277,+1} | fn) = ]]-{TZn+1}E(Xn+1 - X, | fn) =0.

O
We leave as an exercise to prove the following simple fact that will be useful later on.

Problem 4.3. Let X = {X,,, n € N} be a submartingale with respect to the filtration {F,, n € N}.
Let 7 be a stopping time with respect to {F,, n € N}, bounded by a constant N € N. Prove that

X: <E[Xn | F/] a.s.
If we integrate both sides of last formula, we obtain in particular that
E[X,] <E[Xy].

Thanks to next theorem, we see that martingale property still holds if we consider bounded stopping
times instead of fixed times; this is an important result with several consequences.

Theorem 4.16 (Optional Sampling Theorem). Let X = {X,,, n € N} be a submartingale and
T, o be two stopping times for the filtration {F,, n € N} bounded by a constant N € N and such that
7 <0 a.s. Then

X: <E[X, | F] a.s. (4.1)

Proof. First, note that X, and X,, are both integrable. Indeed, |X,| < Z;\f:l | X;], a.s., and similarly
for X,.
We have to prove that, for any A € F,

/AXT]P’(dw) S/AX(,]P’(dw).

N

Letting A; = AN {7 = j} € F;, one has thet A is given as a union of disjoint sets A = _U1 A;. Thus
J:

it is sufficient to show that, for any 7 = 1,..., N, it holds

/Aj X P(dw) = /Aj X, P(dw) = /Aj X, P(dw).
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Notice that in A; it holds o > j, therefore

/A j Xonj P(dw) = /A j X; P(dw).

We can show that, for j < m < N, we have

/ Xy pom () = / X, P(dw) + X, Pdw)
Aj Ajﬂ{ogm} Ajﬁ{o'>m}

< / X, P(dw) + / X1 P(dw)
Ajn{oc<m} Ajn{o>m}

Aj
since A; N {o > m} € F,,. Using a recursive argument, from previous inequality follows

/ X () = / XaonyBld) < / Ko Blds) = / X F@

as required.
O

Remark 4.17. Obviously, if {X,,} is a martingale then (4.1) becomes an equality; for a surmartingale
the inequality is reversed. Further, taking expectation in both sides of (4.1) we have

E[X,] < E[X,], for bounded stopping times 7 < o a.s.

We provide now an interesting consequence of Theorem 4.16. Observe that this result provides an
equivalent definition of martingales that does not require conditional expectation.

Corollary 4.18. Consider a sequence {X,,, n € N} of real, integrable random variables, adapted to a
filtration {F,,,n € N}. Then {X,} is a martingale if and only if for each bounded stopping time T it
holds E[X;] = E[X].

Proof. Tt {X,,} is a martingale, the thesis follows from the Optional Sampling Theorem. Let us consider
the converse inequality. Fix m < n and A € F,,: then we aim to prove that E[X,,14] = E[X,,1 4].
Let us choose stopping times 7 and ¢ such that

m forwecA
T(w) = .
n forweA

and o(w) = n, so that 7 < ¢ a.s. and
E[X,] = E[Xo] = E[X,] = E[X,]. (4.2)

Now, since
E[X;] =E[X,14] + E[X 1 4¢] = E[X,, 1 4] + E[X,, 1 4¢]
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and E[X,] = E[X,,14] + E[X,, 1 ac], equality (4.2) implies
E[X,n14] = E[X,14]

and the proof is complete.
O

The following inequalities play a fundamental role in the theory of martingales. We are given a
sequence X = {X,, n € N} of integrable random variables, adapted to a filtration {F,,, n € N};
define X; = sup |X;|; then X} is integrable and Chebychev’s inequality implies

Jj<n

1
P(X;20) < -E[X],  a>0,

In case X is a positive submartingale, we can substitute the mean of X with that of X,,.

Theorem 4.19 (Maximal inequality). Let {X,,n € N} be a positive submartingale. Then for
every A > 0 we have

B(X: > A) < SE[X,]. (43)
Proof. Let A = (max;=1,..,X; > A); we define a partition {A;} for A setting

A ={w [ Xi1(w) = A}
As ={w | X1(w) < A < Xs(w)}

and, in general

so that

P(A) = Z/ dwgii/X]P’dw

i:

If we apply submartingale property we get

then

which gives (4.3).
O



56 4 Martingales

Lemma 4.20. Let {X,,,n € N} be a positive submartingale, p-integrable for some p > 1. Then, for
every n € N,

p
E[|X*?] < (L> E[X?], where X! = max X.
p—1 1<k<n

Proof. Let us define, for A > 0

() = inf{l1 <k<n : Xg(w)> A}
P T i Y=o

With the notation introduced in the above proof, it is Ay = Ax(A) = Ly, —py. It is

D iy = Lixssy

k=1
which implies, for every p > 1,
| X|P = p/ ATES Wy gy dA (4.4)
0 k=1
Since it holds that A < X on Ay, we have
APt Z ]]‘{T)\:k} < P2 Z Xk]l{r/\:k}- (4.5)
k=1 k=1

Now we know that X is a submartingale while 1(;, _, is Fx-measurable, hence
XL, —py SEXy | Fo)Lir =gy = E(Xp L =gy | Fr)

Using the above inequality and taking expectation in (4.5) we obtain (recall the property of the mean
of a conditional expectation)

E lvl D iy

<E

k=1 k=1

e

integrating in A in the last inequality we get

/ MU PP ¢ P, d)\]
0

k=1

E[|X5[P] < pE

=pE {Xn/o DU FRPTON! d)\} = %Enxmf’—lxn];

finally, using Holder’s inequality we have

! we use the identity p” = [ pAPT dA = [ pAP T sy dA
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E[|X;7) < —E<E[1X; 7] E[XZ]F
-

which proves the thesis.
O

As a direct consequence of the lemma, we get the following result

Theorem 4.21 (Doob’s inequality). Let X = {X,,, n € N} be a martingale such that sup E[| X, |P] <
neN
00, for some 1 < p < oco. Then

P
E [sup|Xn|p] < (L> supE [| X, |7]. (4.6)
neN p— 1 neN

4.2.2 Continuous time martingales.

Now we extend the main results proved in previous sections to the case of continuous time martingales,
where T is an interval of Ry and trajectories are right-continuous. We will see that Brownian motion
is a square integrable process with continuous paths on the set of times 7' = R..

Theorem 4.22. Let X = {X;, t € T} be a right-continuous submartingale on the filtered probability
space (2, F,{F:},P).

(1) If T and o are stopping times for the filtration {F;} with 7 < o a.s., and o is bounded a.s., then
X, <E(X,|F;) a.s. (4.7)

(2) If [a,b] is an interval in Ry, for every A >0, we have

P( sup X, > \) <
s€la,b]

E[| Xo]]. (4.8)

>| =

We just provide an outline of the proof of (2). Take any finite sequence (t) C [a,b], to = a < t1 <
... <t, =05, Theorem 4.19 implies

P(sup Xy, > A) < B[ Xs|];

>| =

now the thesis follows since trajectories are right-continuous and so

sup X; = sup X;.
QNla,b] [a,b]

Using Proposition 4.15, we get

Corollary 4.23. Let X = {Xy, t € T} be a right-continuous martingale and T be a stopping time for
the filtration {Fi, t € T}. Then the stopped process Y = {Xinr, t € T} is a martingale with respect
to the same filtration {F;, t € T'}.
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Theorem 4.24. Let X = {Xy, t € T} be a right-continuous martingale on the filtered probability

space (2, F,{F:},P), such that {X;} is bounded in LP, p > 1. Then, setting X* = sup|Xy|, it holds
teT

X* e LP and

1/p
et < L (su P . .
EIXP)” < L (supE]x,r) (49

A Brownian motion {B;} defined on a stochastic basis (2, F, {F;},P) is an F;-martingale. Indeed
we have
E(B; | Fs) =E(B: — Bs | Fs) + E(Bs | Fs) = Bs,

since B; — B, is independent from F; and with mean 0, while B is Fs-measurable. Also, some
transformations of Brownian motion are martingales.

Proposition 4.25. Define the processes Y = {Y; = B2 —t, t > 0} and Z = {Z, = e*Br=2""t { > 0};
Z s called geometric Brownian motion. Then both Y and Z are martingale processes with respect to
the same filtration {Fy, t > 0} of the Brownian motion {By, t > 0}.

Proof. We only prove the assertion concerning Z. The other can be proved similarly.
Take s < t; since B; — By is independent from Fg, it follows

E(eth—%VQt | -7:5) _ ]E(euBs—%VQSeu(Bt—BS)—%vz(t—s) |]_~S)

2 2
_ eVBs*%V SE(elI(BthS)f%V (tfs)).

It remains to prove that
E(ev(Bt—Bs —%VQ(t—S)) -1

Setting h =t — s, since B; — B has Gaussian distribution A(0, k), we have

E(eu(Bths)félﬂ(tfs uw7%1/2hefw2/2h dz

1
)):_/e
V2rh Jr
1 /e ( 2?2 — 2vhz + V2h?
= —— X —
Varh Jx O 20

1 2

—(z—vh)?/2h

= e de =1
vV2mh /R

)dx

where the last equality follows since \/;T—he’(”””’h)2/ 2h is the density of the Gaussian distribution
N (vh,h).
O

Problem 4.4. Prove that Y = {Y; = B? — ¢, t > 0} is an F;-martingale.

There is also an equivalent characterization of Brownian motion in terms of martingale property:
see for instance the book [IW81].
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Theorem 4.26. A continuous d-dimensional process {X;, t > 0} defined on a filtered probability
space (2, F, {F:, t > 0},P) is a d-dimensional Brownian motion if Xo = 0, and, for any A\ € R?,

1
Y = exp(i(\, Xy) + §|/\|2t) is an Fi-martingale. (4.10)
Proof. Formula (4.10) implies that
. 1
Elexp(iX - (X; — X)) | Fo] = Elexp(=5A*(t = 9))].
Thanks to Exercise 1.7 we know that this implies that X; — X is independent from Fj; further, from
the uniqueness of characteristic function, it has a Gaussian distribution with zero mean and covariance

matrix (¢t — s)I. Hence properties (a)—(c) of Definition 2.5 holds and X; is a Brownian motion.
O
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Markov processes

In this lecture, we are concerned with Markov stochastic processes. Markov property have an appealing
intuitive description in terms of conditional expectation, as it is usually expressed by saying that the
future after time ¢, given the present state at time ¢, is independent from the past before time ¢,
and the process evolves like it is starting afresh at the time ¢ of observation. The Brownian motion,
the Poisson process and more generally solutions to stochastic differential equations satisfies such
property.

This lecture will provide an introduction to the main results, as we are not in search for the greatest
possible generality; important references about this subject are certainly the books by Ethier and
Kurtz [EK86] or Blumenthal and Getoor [BG68], where also hystorical remarks are provided.

5.1 Preliminaries

In this lecture we deal with the positive half-line of continuous times T' = [0,00); in the same way,
however, we could have considered the case of T' = [s, 00), for some s € R.
Consider a stochastic processes X = {X;, t > 0} defined on a filtered probability space
(92, F,{F:, t > 0},P), taking values in a euclidean space E endowed with the Borel o-field £ = B(E).
We say that X has initial distribution p (where p is a Borel probability measure on E) if the law
of the random variable Xj is p, i.e.,

P(XoeI') = pu(l), Ieé.

If the initial measure is concentrated in a single point, i.e., u = ¢, is Dirac delta measure at = € F,
we say that X starts from x a.s.
In particular a Brownian motion with values in R¢ and initial distribution p is a stochastic process

satisfying the assumptions of Definition 2.5 except the first one which is replaced by P(By € I') = p(I),
I'eé&.

Ezample 5.1. Given a Brownian motion B = {B;, ¢t > 0}, with values in R?, defined on a stochastic
basis (2, F,{F;, t > 0},P), the family of processes {Bf := z + B;, t > 0,7 € R} is a family of
Brownian motions starting from € R? (each Brownian motion is still defined on (2, F,{F;, t >

0}, P)).
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Problem 5.1.Let B = {B;, t > 0} be a Brownian motion, with values in R? defined on
(2, F,{F:, t > 0}, P). Let i be a Borel probability measure on R%. On the probability space (R%, K, u)
we consider the random variable 7, n(z) = x, * € R? (here K is the completion of £ with respect to
). Show that the process {B; :=n + By, t > 0} is a Brownian motion with initial distribution u on
(xRLFQKA{FR K, t>0}LPou).

Hint: using Definition 2.5, search for the distribution of B: — Bs,.

In the first lecture, we have introduced the conditional expectation E(X | D) of a real random
variable X with respect to a o-field D C F. Clearly, this conditional expectation can be defined
componentwise for random variables X taking values in F.

A particular case of conditional expectation is E(f(X) | D), where f : E — R is any Borel
measurable, bounded function.

If f is the indicator function of a set I' € £, we define the conditional probability of the event
{X eI} given D as

P(X el | D):=E(1p(X)|D). (5.1)

Let Y : 2 — F be another random variable; with an abuse of notation, we shall write E(X | Y) :=
E(X | 0(Y)) and similarly for P(X € I' | Y) = P(X € I" | 0(Y)) (recall that o(Y) is the smallest
o-algebra which makes Y measurable).

5.2 The Markov property

We begin with a pictorial description of Markov property for a Brownian motion B = {B;, t > 0}
defined on (£2,F,{F:, t > 0},P). Assume that we can follow its path up to some time s > 0 and
in particular to observe the value B,. Conditioning to this observation, what can we say about the
probability of finding at a later time ¢ the process B, € I for a given I' € £7 Since B; = (By— B;)+ B
and the increment (B; — By) is independent from the path history up to time s, we shall be able to
express the probability of the event (B; € I) in terms of the initial distribution B and the distribution
of B; — Bs (which equals to B;_). This can be expressed formally by saying that

PBiel|Fs)=P(B:el|Bs), 0<s<t, I'e& (5.2)

However, for a rigorous proof of (5.2), we need the following technical tool, that is a sort of “freezing
lemma”, which is often useful.

Lemma 5.2. We are given a probability space (2, F,P) and a sub-c—field G such that X : 2 — E
is G-measurable and Y : 2 — E is independent from G. Then, for any Borel and bounded function
Y : Ex E— R, setting ¥(x) = E[t(z,Y)], it holds

E((X,Y) [ G) = #(X). (5:3)

Proof. First note that the result is true when ¢ = 14 x 1p, ie., ¥(z,y) = La(z) - Lp(y), for any
x,y € E, with A, B € £. Indeed in this case we have

E@(X,Y) [G) = La(X)E(Ap(Y) | §) = La(X)E[Lp(Y)] = ¥(X).
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The general case follows by a standard approximation argument. Indeed f is a pointwise limit of a
sequence f, of elementary functions, i.e., linear combinations of functions of the type 14 x 1pg, with
A, B € &, which verify sup |f,(x)] < sup |f(z)|, n € N.
zeE el
O
We can now check (5.2). Setting f(z,y) = 1p(x + y), it holds

=Ds

) dz=P(B, € I'| By), (5.4)

B(B, € | £,) = B(f(By, (B — By)) | ) = B[Lr(B, — By +y))
2= B2
y:Bs R4 27r (t —s)? xp< 2(t—s)

= 1 |z—B;
sice f]Rd mexp( 2(t—s) ) dz € U(B )

Equation (5.2) expresses the Markov property of Brownian motion.

=E[1r(Bi—s +y)]

The definition of Markov property for stochastic processes expresses in a formal way the idea that
the present state allows to predict future states as well as the whole history of past and present states
does — that is, the process is memoryless.

Definition 5.3. A stochastic process X = {X;, t > 0} defined on a stochastic basis (2, F,{Fz, t >
0},P), taking values in a euclidean space E, is a Markov process (with respect to {F, t > 0}) if the
following condition holds:

P(Xiyps €I | Fs) =P(X4q5 € T'| Xs), forany s,t >0, I € £. (5.5)
An approximation argument shows that condition (5.5) is equivalent to the following one
E(f(Xtts) | Fs) =E(f(Xixs) | Xs), for any Borel and bounded function f: E —R.  (5.6)
In the discussion preceding Definition 5.3 we have proved

Theorem 5.4. A d-dimensional Brownian motion B with any initial distribution p is a Markov pro-
cess.

Notice that a Brownian motion is both a martingale and a Markov process. This is rather excep-
tional. For instance, one can prove that Poisson process {Ny, t > 0} verifies the Markov property
(with respect to its natural completed filtration), see the following problem, but it is not a martingale
(the expected value is strictly increasing in time).

Problem 5.2. Prove that every process {X;, ¢ > 0} defined on a stochastic basis (2, F,{F:, t >
0},P) with independent increments (i.e., X; — X is independent from F, for 0 < s < t) is a Markov
process.

Remark 5.5. Let us introduce the family of o-fields
Fl'=o0(Xs, s>1t)

sometimes called the post-t filtration. Notice that the present state X; belongs both to F; and JF°.
Markov property (with respect to the natural filtration {FX, t > 0}) can be equivalently written in
each of the following forms:
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(i) for any A € Fy, B € F! it holds P(AN B | X;) = P(A | X,)P(B | Xy).

In this form we clearly realize the (conditional) symmetry between past and future when the present
is known (see, for instance, Wentzell [Ve83]).

(ii) for any B € F' it holds P(B | X;) = P(B | F).
This formulation is a (rather obvious) consequence of (5.5) and a monotone class application.

Problem 5.3. As stated in K.-L. Chung [Ch02], “... big mistakes have been caused by the misun-
derstanding of the exact meaning of the words “when the present is known”. For instance, it is false
that P(Bs € (0,1) | Bo € (0,1), By € (0,1)) is equal to P(Bs € (0,1) | By € (0,1)). Why there is no
contradiction with formula (5.2)7

5.3 Markov processes with transition functions

A time-homogeneous Markov transition probability function on E (briefly, a transition probability
function on E or a t.p.f. on E) is a function p(t,z, A) with ¢ > 0, x € F and A € &£, such that

1. for fixed ¢ and A, the map: x — p(t,x, A) is E-measurable;
2. for fixed t and z, p(t, x,-) is a probability measure on (E,£);
3. the Chapman-Kolmogorov equation holds:

p(t—l—s,:mA)z/p(s,y,A)p(t,x,dy), Vt,s >0, z€ E, Ack. (5.7)
E

4. p(0,z,-) =0,, x € E.

Definition 5.6. A Markov process with transition probability function p is a family of E-valued
stochastic processes X* = {XF, t > 0}, possibly depending on x € E, which are defined on a stochastic
basis (£2, F,{F:, t > 0},P*) (note that here only the probability measure P* may depend on x) such
that

1.PP(XF eI')=0,(I"), for everyx € E, I' € £ (i.e. X* starts from x, P*-a.s.);
2. for any s,t >0, x € E, and I' € &,

PHXP el | Fs) =p(t, X7, 1), P? — a.s. (5.8)

Note that condition (5.8) implies that P*(X[F, , € I' | Fy) = P*(X?,, € I' | X7) so that, in particular,
each process X7 satisfies the Markov property (5.5).

The following remarks are important in order to clarify previous definition. We show first that the
t.p.f. p(t, x,) associated to a Markov process X is, summing up, the law of the random variable X7.
However, it is not always possible to associate to a Markov process a transition probability function
identifying it via the law of the process.

Remark 5.7.
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(i) Let us consider equation (5.8). Putting s = 0 and taking the expectation E* with respect to P*
E*[PY(XY € I'| Fo)l = E*[Up(X{)] = P*(X{ € I') = p(t, , I). (5.9)

Hence p(t, z,-) is the law of the random variable X}.

(ii) In our course, an important example of Markov processes with t.p.f. is provided by the solutions
of stochastic differential equations; such processes are X* = {X7, t > 0}s defined on a fixed
stochastic basis (£2, F, {F:},P). In that case, we are taking P* = P, z € E, while the assumption
that X7 starts from = means that X7 = z, P-a.s.; moreover (5.8) becomes

P(X[, el | Fs) =pt, X7, 1), P—a.s.,

and (5.9) becomes P(XF € I') = p(t,z, ), t >0, ' € £.
(iii) Sometimes, it is convenient to fix the process and let the probability measures vary with x in such
a way that the mapping:

x+— P?(A) is a Borel mapping for any A € F. (5.10)

Then, we may also consider the random variable w — PX¢ () (F), for any F' € F. Using (5.9), we
can write the Markov property in the following “suggestive” form

P* (Xt € A| F) = p(s, Xy, A) = PXI (X, € A). (5.11)

Ezample 5.8. The d-dimensional Brownian motion starting from z, i.e., the family of processes { BY :=
r+By, t >0}, x € RY, defined on (£2, F,{F;, t > 0},P)) is rather a special example of Markov process
with transition probability function. Indeed, in this case we can explicitly compute the t.p.f. p

= (5

In addition, in this case there exists a density for the t.p.f. p(t,z,-), t > 0, € R?, with respect to
the Lebesgue measure.

p(t,z, A) =P(Bf € A

) dy, AeBRY, t>0, zeRY (5.12)

It turns out that for a Markov process associated to a transition probability function p, this function
allows to determine all the finite dimensional distributions of the process. For simplicity of notation
we shall make the computations in case when X* = X, x € E. We have, fort >s>0, A,B € ¢,

P*(X; € A, X, € B) = E*[15(X,) 14(X;)] = E*[15(X,) E*[L4(Xy) | F]

EI[HB(Xs)p(t_SaXs;A)]:Lp(t_svyaA)p(Samady)

where in the last equality we are using the fact that p(s,z,-) is the distribution of X, under P*.
More generally, using induction, we find, for 0 <ty <t; < - - <tp, with 4; € &€,i=0,...,n:

PI(XtO S Ao, R ,th S An)

:/ p(to,x,dxo)/ p(tl_t0;3307d$1)---/ p(tn — tn—1,Tn—1,dzy,). (5.13)
Ao Al

n
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We conclude the section with a general result about the existence of Markov processes associated
with a given t.p.f.. Indeed, the transition function p(¢, z, A) uniquely determines a (unique) stochastic
Markov process through its finite dimensional distributions. This result follows from Kolmogorov’s
theorem 2.13.

Theorem 5.9. Consider a transition probability function p(t,z, A) on E. Then, for any Borel prob-
ability distribution p on E, there exists a process X = {X;, t > 0} defined on some probability space
(02, F,PF) taking values E and with initial law p, such that

PH( Xy €T | FX)=pt,Xs, ), T €E (5.14)
(here {FX, t > 0} denotes the natural completed filtration of X ).

Proof. We only sketch the proof which is divided in two steps.
First, define the family of finite dimensional distributions g, +,,..+,, for 0 =ty < t; < -+ < 1,
setting

! thtl,...,tn (410 X Al X oo X An)
/ [L(d:CO) / p(tl to, To, d:m) . / p(tn —tp—1,Tp-1, dxn)

n

(compare with (5.13)). Chapman-Kolmogorov’s equation (5.7) implies that the system of measures
o t1,....t,, Verifies the compatibility assumption. Then there exists a process X on a probability space
(2, F,P*) (we may take 2 = Fl%*l and F the completed o-algebra generated by all cylindrical
sets) with the prescribed finite dimensional distributions.

In the second part of the proof one shall verify that this process is actually a Markov process with
the prescribed transition probability function and the given initial distribution p. This last condition
is easily checked, but the first one is rather lengthy and we shall omit its verification here.

O

In case when y = 6, x € E, one simply writes P* instead of P,

Remark 5.10. The completed natural filtration 77X in Theorem 5.9 is not necessarily right-continuous
(hence, in general, it does not satisfy the standard assumptions). Therefore, the theorem does not
clarify if the stochastic process X is defined on a stochastic basis.

However, we shall see that for a large class of processes, like Feller processes with right continuous
paths (which are rather mild additional assumptions to impose), one can replace in (5.14) the filtration
{F, t > 0} with the larger filtration {7;*,, ¢ > 0} which satisfies the standard assumptions, see for
instance Wentzell [Ve83]. This way we obtain a Markov process defined on a stochastic basis.

5.4 Strong Markov property

Recall that, by definition, a stopping time 7 on a stochastic basis (2, F,{F;, ¢t € T},P) is a random
variable with values in TU{+o00} such that (7 < t) € F; for every ¢. For a stopping time 7, we define F,
the o-field of sets A € F such that AN{r <t} € F. If 7 =t is constant, F, = F;+ = F;. Recall that
the filtration {F;, ¢t € T'} satisfies the standard assumptions and so in particular is right-continuous.
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We give now directly the definition of strong Markov property for a Markov process associated to
a transition probability function; the (preliminary) definition of strong Markov process —mimicking
Definition 5.3 is left to the reader.

Definition 5.11. A strong Markov process with transition probability function p is a family of E-
valued progressively measurable stochastic processes X* = {XF, t > 0}, possibly depending on x € FE,
which are defined on a stochastic basis (£2, F,{F:, t > 0},P*) such that

1.PY(XF el)=0,(I), for everyx € E, I' € &;

2. for any stopping time T finite P*-a.s., for anyt >0, x € E,

PY(XF €| F.)=p(t,X*,T), P*—as., [eE. (5.15)

Since constant 7 = s is a stopping time, we notice that (5.8) is satisfied: that is, strong Markov
processes are, in particular, Markov processes. In general, the converse does not hold, as (5.15) is
stronger than the corresponding condition in Definition 5.3.

In the following result we prove that a Brownian motion is a strong Markov process. Indeed, we
show more, proving that Brownian motion starts afresh not only at every fixed time, but also starting
from a stopping time 7.

Theorem 5.12. Assume T is a stopping time, a.s. finite, for the filtration {F¢, t > 0} associated to a
Brownian motion B taking values in R? and having a given initial distribution p. Then, setting

Wy = Bt+7- — B, t >0,

the stochastic process W = {Wy, t > 0} is a standard Brownian motion on the filtered probability
space (2, F, {FWV, t > 0},P), where {F}V, t > 0} is the natural completed filtration of W ; moreover
for every choice of times tg < t1 < --- <t, the o-algebras fg/lv, el TXLV and F. are independent.

Proof. For simplicity we consider the case d = 1. Assume further that 7 is bounded a.s.; the general
case can be obtained by considering a suitable sequence of approximating stopping times.

We shall show that the process W; is gaussian and independent from F,; this will follow if we
show that for every choice of times tg < t; < --- < t,, and real numbers A1, ..., \, it holds!

E (exp <izn:)\k(W(tk) - W(tk_l))> | ]-'T> - f[ exp(—%/\i(tk ~ti1)). (5.16)
k=1 k=1

Recall that given a Brownian motion B, the process M; := exp(iAB; + 3A%t) is a (complex valued)
martingale with respect to the filtration {F;}. Using Theorem 4.16 we get

]E(eiAW(t) |-7:‘r) _ ]E(eiA(B(T+t)—B(‘r) |-7:‘r) — e—iAB(T)]E(eiAB(T+t) |-7:‘r)

. 1
= OB I Blexp(AB(r + 0) + TA(r +0) |

E[Miyr|Fr]=M;
_ e—i)\B(‘r)—%Az(T+t)eiAB(T)+%A27' _ e%)\Qt

! compare with Exercise 1.7(2) and Definition 2.8 of Gaussian processes; further, the process has independent
increments since formula (5.16) implies that the covariance matrix is diagonal
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and also
N (t—tr_1)

]E(eiA(W(tk)_W(tk—l)) | Frit, ) =e2

From this identity, formula (5.16) follows easily and the theorem is proved.
O
Arguing as in the proof of Theorem 5.4, using Lemma 5.2, we deduce from the previous theorem

Corollary 5.13. A d-dimensional Brownian motion starting from x is a strong Markov process with
transition probability function p given in (5.12).

5.5 Applications of Markov property to Brownian motion

We have already seen that first passage time for the Brownian motion is a stopping time with respect
to the natural filtration, compare Exercise 4.2. In the following result, we apply optional sampling
theorem to characterize its properties.

Theorem 5.14. For fized X\ # 0, let us denote T the stopping time
T\ = inf{s > 0 : B, = A},

™ =400 if { } = &. Then 7\ is a stopping time, called the first passage time in \, 7 is finite a.s.
and its law is characterized by the Laplace transform

Ele ] = e~ V23, (5.17)

Proof. Assume for simplicity A > 0. Consider the martingale Z; = e¥Bi=3vt: gince 1y is a stopping
time, so it is 7\ At for all t > 0, and

E[Zy ne] = E[Zo] = 1.

We observe the estimate
1 2 vA
ZTA/\t = exp VB‘r)\/\t - §V (TA A t) < e’

Moreover, on the set {7y < co} we have
lim Zoy ny = Zn,
t—o0

while, if 7, = oo, we have tlim Zr,at = 0 and an application of dominated convergence theorem leads
— 00
to
E[]]'{T)\<OO}ZT>\] = ]-7
that is to say
127 —vA
E []l{ﬂ«,o}e 2 A:| =e€ .

Letting v | 0 we get
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P(ry < 0) =1
and also that L
E[eifl[ -r,\] _ efu)\.
With the change of variable z = ”72 we obtain (5.17). Moreover, the expectation of ) can be obtained
by computing the derivative in z of (5.17)
e~V 2x 2

E[me ™ =2
[TAe ] m

and letting = | 0 we get E[r)\] = +o0.
O

Reflection principle
Let {By, ¢t > 0} be a standard Brownian motion; for given A > 0, let
Th=inf{t >0 : B, > \}

be the first passage time in A. Then we can establish the following relation, known as reflection
principle:
YA>0: P( sup B > X)) =P(7\ <T)=2P(Br > \). (5.18)
0<t<T

Therefore, we also provide the distribution function of the random variable 7:

tef)\2/23
P(ry <t :/\/ —ds.
(<) 0o V2ms3

In order to prove (5.18), we introduce some preliminary material. To simplify exposition, we let A
be fixed and suppress the index A\ everywhere; recall that 7 < oo a.s., since sup,,~; B, = +00, a.s.
Let X; = By, be the Brownian motion absorbed at level \: on (7 < t) it holds X; = . Let further
Y; = Bitr — B; then by the strong Markov property, Y = {Y;, ¢ > 0} is a Brownian motion which is
independent from F.. A simple application of symmetry implies that also —Y is a Brownian motion.
Notice that B; is equals to R
Zy = Xe + Y L(y>y, t >0

define the process

Bt; tSTa

t> 0.
2B, — B, t>1

Zi =X = Yirlgon) = {

Using the properties of the processes Y and —Y, it is not difficult to check that
the process {Z;, t > 0} is a Brownian motion. (5.19)

This is known as D. André reflection principle; it was the first form of strong Markov property for
Brownian motion.
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We next consider the event (By < A\;7 < T). Define o as the first passage time for Z at level
A: it holds that o = 7 (since both depends only on the paths of X; before reaching A, and at last
both equals the first passage time for the Brownian motion B at level \). Since the processes B and
Z are equal in distribution and ¢ = 7, the probability of (Br < A\,7 < T') coincides with that of
(Zp < Ao <T). This implies

PBr < A7<T)=PZr <N <T)=PA—Yp_. < Ao <T)=PA<Yr_,+A\7<T)
=P\ <Br,7<T). (5.20)

Problem 5.4. Finish to check relation (5.18). Show that 7, has the same distribution as A\?/N?Z,
where N is a standard Gaussian distribution.

Hint. The first equality is quite obvious. As far as the second is concerned, notice that
(M <T)=Br>An<T)U(Br <A\,mn<T)

then apply (5.20).

Notice that this improves estimate (3.7) — a formula which was used in the proof of the Law of the
Tterated Logarithm.

Brownian motion on a finite interval

The following construction concerns with a particular class of stopping times defined in terms of a
real valued Brownian motion. We consider a family of Brownian motions B* = { B, t > 0}, starting
from = € R. Let (a,b) be a given finite interval.

We define 7% = T(“”mb) be the first exit time from (a,b), i.e.,
7" =inf{t >0 : Bf & (a,b)}.

It is clear, by continuity of sample paths of the Brownian motion, that 7% = 0 a.s. for every
x & [a,b] and ™ > 0 for every z € (a,b). It is not clear, a priori, what happens at the interval
extremal points.

At the exit time 7%, B;~ shall be equal to a or to b, hence we have 7% = min{7?, 77}, where 77
is the first passage time from a and 7; is the first passage time from b. Further, if we let a — —o0 it

follows lim 7,4 = 7 a.s. The following proposition precises the behaviour of the stopping time 7.
a——00

We shall see that it behaves better than 7, compare Theorem 5.14.
Proposition 5.15. 7% is a stopping time with finite moments of all orders.

Proof. We proceed to show that 7% has moment generating function M()\) = E[e*""] that it is finite
in a domain —e < A\ < ¢, for some € > 0. This will easily imply that 7 has finite moments of all
orders.

The starting point is the inequality

sup P(7* > 1) < sup P(BY € (a,b)) :=4.
z€(a,b) z€(a,b)
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The number § can be actually computed, but for our purposes it is sufficient to notice that 0 < § < 1.
The next step uses the Markov property for the Brownian motion; it holds, for = € (a,b),

P(7* > n) =P(B} € (a,b)Vt € (0,n])
=P(B} € (a,b)Vt € (0,n — 1)) P(B} € (a,b)Vt € (n—1,n] | Fn-1)

The first event is equal to {7* > n — 1} and it is F,,_;-measurable, while the second event can be
written as {7%»-1 > 1}(?) and its probability is bounded by d, hence

P(r% > n) = P(7% > n— 1)P(rB-1 > 1) <P(7° > n — 1)4.
It follows by induction on n that
P(r% > n) < 6"

By letting n — oo, we obtain that P(7* = co) = 0, i.e., almost surely every path will leave the
interval (a,b). Further, for A small enough such that e*é < 1 it is

E[e*” Ze)‘"PT € (n—1,n)) Ze)‘"dn <

n=1

This means that the moment generating function for 7% exists and the proof is complete.
O

Problem 5.5. Let us fix z € (a,b).
(a) We are interested in the exit points from the interval (a, ). Let us denote p,, respectively py, the
probability that the exit point is a (resp. b):

pa = P(B% = a).

It is obviously p, + p» = 1. Use the martingale property of Brownian motion to prove that
apg + bpy = x, so that we can solve the system for p, and pp.
Hint: compute E[BZ:].

(b) The next step is to compute E[7%]. Use the martingale property of (B*)? —t to show that E[7*] =
a’pa + b*py — 2?; this implies E[7%] = (z — a)(b — ).
Hint: apply Doob’s theorem to show that 2 = E[(BfA,)? — (t A 7%)], then let t — co.

5.6 Brownian diffusions

In this section, we shall present examples of Markov processes related to Brownian motion, and discuss
some of their properties.

In the following, let {B¥, ¢ > 0} be a family of real Brownian motions starting from = € R. Recall
the transition probability function p(t, z, A) related to {B¥, ¢t > 0}

2 we use Markov property for Brownian motion in the special form given in Remark 5.5(ii)
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1
p(t,z,dy) = Nz exp(—|z — y|2/2t) dy,

The more general brownian kernel p,(t,z,y) = \/ﬁexp(—M) (o # 0) is the t.p.f. for

202t
{oB}, t > 0}, i.e., a Brownian motion with diffusion coefficient o; note that p, (¢, z,y) is the funda-
mental solution of the parabolic equation

%u(t, x) = or;g—gjﬂt(t,x), t>0, zeR
limp(t, x, ) = d;. (521)
t10

Hence, we say that {oB¥, t > 0} is a diffusion process related to the second order operator

2 92
o® 0
A= — D(A) = C*(R).
s DA =C®)
This is a very simple example of diffusion process. The next lecture will provide a precise definition
of diffusion processes and a more complete analysis of their properties.

Historical note. Einstein’s interpretation of Brownian movement

In this section, we shortly discuss the physical significance of Einstein’s result, contained in 1905’s
paper [Ei05], which had a dramatic impact on modern physics.

At the beginning of 1900s, molecular bombardment was the most likely cause of Brownian move-
ment. The verification was attempted by several researcher, but the results were disappointing: the
gap between kinetic energy of the particle and that of the fluid was of the order of a hundred thou-
sand times. The key problem was the measurement of the velocity of a particle undergoing Brownian
mouvement, since its trajectory appears highly irregular —like it was a nowhere differentiable curve—
how one can compute the tangent at each point? Einstein’s approach identified the mean-square dis-
placements of suspended particles rather than their velocities as suitable observable quantities, thus
showing a way to circumvent this difficulty.

We start with a suspension of Brownian particles in a fluid, subject to an external force F', in
equilibrium. The real form of the force F' is unimportant and does not enter in the argument below.
In equilibrium, the force F' is balanced by the osmotic pressure forces of the suspension

F =Y, (5.22)
14

where v is the number of particles per unit volume, 7" is the absolute temperature and & is Boltzmann’s
constant (energy per degree).
The Brownian particles in their movement are subject to a resistence due to friction, and the

F
force F' gives to each particle a velocity (following Stokes’ law) of the form G where 7 is the fluid
wrn

vF
viscosity and r is the Stokes radius of the particle. Therefore, Py is the number of particles passing
r

through a unit area per unit of time due to the presence of the force F. On the other hand, if the
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Brownian particles were subject only to diffusion, v would satisfy the same diffusion equation as (5.21)
(notice that the density p is the number density v divided by the total number of particles)

0 5 02

—V=0"==V

ot Ox?
so that —o?Vv particles pass a unit area per unit of time due to diffusion. In equilibrium, these
quantities must sum to zero, so that

vF

67rn -

V. (5.23)

Now we can eliminate F' and v between formulae (5.22) and (5.23), thus giving the formula

kT
2= . 24
7 6mrn (5.24)

According to (5.21), the root mean square displacement of a particle is given by Vo2t (¢ being the
time of observation) and Einstein opened a new promising way for validating atom’s theory.

Perrin’s group started on 1908 to measure the diffusion of the particles, confirming the square root
of time law and validating Einstein’s kinetic-theory approach. In further experiments over the following
five years, Perrin produced a wealth of measurements that could not be contested. His experiments
determined Avogadro’s number within 19% of currently accepted value (obtained by other means),
thus leading Perrin to win the Nobel prize in physics in 1926.
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Analytic aspects of Markov properties

There are a number of connections between Markov processes and elliptic and parabolic partial differ-
ential equations, with particular regard to semigroup theory approach. In this lecture we develop the
analytic theory of Markov processes, which was hidden under the probabilistic approach in previous
lecture.

We are concerned with a Markov process X? = {X[F, ¢t > 0} with transition function p(¢,z, A)

p(t,z, A) = P(X}) € A), (6.1)

defined on a probability space (2, F,P), adapted to a filtration {F;, ¢ > 0} satisfying the usual
assumptions. Our aim is to study a Markov process through its associated transition Markov semigroup
{T%, t > 0} of bounded operators on the space M,(E) of Borel measurable, bounded functions from
F into R

T, : My(E) — My(E), Tif(z) =Ef(X]).

Loosely speaking, if X* is a Markov process with transition probability function p, then {T}, t > 0}
is a semigroup of linear operators.

Once we have introduced Markov transition semigroups associated to Markov processes, we con-
centrate on the infinitesimal generator and investigate some of its properties.

Finally, we define the diffusion processes, which are — as introduced in last lecture talking about
Brownian motion — a class of strong Markov processes with continuous sample paths, whose infinites-
imal generator is a second order, possibly degenerate, elliptic differential operator.

Preliminaries

Here we introduce basic functions spaces which will be used in the rest of the lecture; we assume that
the reader is familiar with the basis of functional analysis, and as standard reference we use the book
of Rudin, [Ru91], Reed and Simon [ReSi] and Dudley [Du02].

We are dealing with real-valued functions defined in a domain F in R™, endowed with the Borel
o-field. We say that f : F — R belongs to M,(FE) if it is Borel measurable and bounded; this space,
endowed with the sup-norm ||f|lcc = sup|f(z)| is a Banach space. Many of the other spaces of

€E

x
functions we shall deal with are Banach spaces; here are some examples
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(a) the space Cy(F) of continuous and bounded functions on F, endowed with the norm || - ||oo;
(b) the space C(F) of continuous functions on F is a Banach space if and only if F is compact;
(¢) the space Cy(FE) of continuous functions that vanish at infinity

Co(E)={f € C(E) : for each € > 0, the set {|f(z)| > €} is compact}.

6.1 Markov semigroups

From the viewpoint of this lecture, transition functions are a convenient way to study Markov pro-
cesses. In fact, we begin with associating to a transition function a family of bounded linear operators
acting on the space Mp(E). As we shall see later, this family forms a semigroup of operators and this
fact is connected with the Chapman-Kolmogorov equation for transition functions.

The definition that we introduce below is somewhat more general than the one given in last lecture;
in fact, we require only that p(¢,z, E) is possibly less than one.

Definition 6.1. A time-homogeneous Markov transition function on E (briefly, a transition function
on E or a t.f. on E) is a function p(t,z, A) witht >0, x € E and A € £, such thal

(a) for fized t and A, the map: x — p(t,x, A) is E-measurable;

(b) for fixed t and x, p(t,x,-) is a finite measure on (E,E) such that p(t,xz, E) < 1;
(c)p(0,z,-) =0,, x € E;

(d) the Chapman-Kolmogorov equation holds:

p(t+s,x,A) = / p(s,y, A) p(t, z,dy), Vt,s >0,z € E, Ack. (6.2)
E

On the space M, (FE) we define the family of operators

T,f(z) = /E f@p(tx.dy),  f e My(E), t>0. (6.3)

Condition (a) of Definition 6.1 implies that this operator is well defined from M (E) into itself.

Problem 6.1. Show that T3 : My(E) — M,(E).
Hint: first prove that when f = 1p, I' € £, then P, f € By(E) and then use an approximation argument.

Using condition (b) of Definition 6.1, it follows, for each ¢ > 0, that T} is a non-negative, contraction
linear operator on M;(E):

feEM(E), 0<f<lonE = 0<Tif<1lomnkE.

Thanks to the Chapman-Kolmogorov condition we have
Tvf(e) = [ e+ s fo) = [ [ pltad2) (5,200 50
= [ plt.02) T ) =TT o)

so that the operators {1}, t > 0} form a semigroup: T;Ts = Tis, t, s > 0. We have also, by condition
(¢) of Definition 6.1, that Ty = I the identity operator on M;(E).
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Definition 6.2. The semigroup T = {T%, t > 0} defined by the transition function p in (6.3) is called
a (transition) Markov semigroup on E. If in addition Ty1 =1, ¢t > 0, then T is called a conservative
Markov semigroup.

Before proceeding, we remind the fundamental link between t.p.f. and Markov processes. We recall
that a t.p.f. (transition probability function) is a t.f. which verifies p(t,z,E) = 1,2 € E, ¢ > 0. In
literature, a t.f. satisfying this condition is called conservative: see also Definition 6.7 below. Clearly,
a conservative Markov semigroup is associated to a transition probability function (t.p.f.) p on E.

Theorem 6.3. To each t.p.f. we can associate a unique Markov process.

Consider the family of processes X* associated to p. We have:
P(XP el)=p(t,x,I).
Hence the relation between the semigroup 7" and X?* is given by
Tif(@) =Ef(X*(1)], [ € My(E). (6.4)
Note that Markov property can be written, in terms of {T}}, as
E(f(Xtts) | Fo) = E(f(Xigs) | Xo) = To f(X2) (6.5)

for all s,t > 0 and f € My(E).
We also say that {Ty, t > 0} is the (conservative) Markov semigroup associated to the Markov
process {X*}.

6.2 The infinitesimal generator of a Markov semigroup

We consider a Markov semigroup {7}, ¢t > 0} on the Euclidean space £ C R d > 1. The dynamic
of this semigroup can be described by means of an operator, which represents the (right)-derivative
of the semigroup T; for t = 0. We define the infinitesimal generator (briefly, the generator) A for the

semigroup {73, ¢ > 0} setting
Tif(z) — f(=)

Af(x) = ltlfg ; (6.6)
for every f in the domain of definition
B . Lif -t
D(A) ={f e My(E)| Af(x) is well defined for each x € F and moreover sup || ; loo < o0}
>0

The operator A is, in general, linear and possibly unbounded. If the semigroup {73, ¢ > 0} is
associated to the Markov process X*, x € E, we can formulate (6.6) in an equivalent form

Af(x) = lim w

i : (6.7)

Our definition of generator is a variant of the weak generator introduced by Dynkin [Dy65].
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Remark 6.4. Given a Markov transition semigroup {73} on M;y(E), Dynkin introduces the space
MP(E) = {f € My(E) such that lim Tif(z) = f(2), @€ E}.

Moreover he defines the weak generator A of {T;} in the following way. Let

D(A) = {f € My(E) : there exists g € M{(E), lirgl+ T f(z) — f(x)) = g(z), z € E,
t—
and sup || [T, f — flloc < M, for any t > 0}.
>0

Then, for any f € D(A), Af(z) = limy_o+ [T} f(z) — f(z)], z € E.

Example 6.5. As an easy example, let us consider the Markov semigroup associated to the right trans-
lation process, and construct the infinitesimal generator of the process.

The (deterministic) right translation process on R is defined by
X*(t)y=x+t, xzcR, t>0.
This process is associated to the transition semigroup

Tif(x) = f(z +1),
The infinitesimal generator is given by

fla+t) - fz),

)

Af(z) = lim

t—0t+ t

and we see then that it is identified with the right derivative

for all functions which are Lipschitz continuous.

For every conservative Markov semigroup {7;} on M,(E) with infinitesimal generator A, the
fundamental mazimum principle holds.

Proposition 6.6. Let {1}, t > 0} be a conservative Markov semigroup on E. Let f € D(A) have an
absolute mazimum in x (i.e., f(z) > f(y) for ally € E, y # z). Then Af(x) <0.

Proof. Since {T}} is conservative we have, for any ¢ > 0,

=D 2 11w - s@pteaay) <o

d

Problem 6.2. The above result eliminates a number of possible generators. Prove that in R the
operator Af = f) the k—derivative, can not be a generator of a Markov semigroup if k > 3.
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Problem 6.3. Show that for a Markov semigroup {7;} on M,(E), the conservative property 731 =1
holds if and only if 1 € D(A) and A1 = 0.

There are cases where the transition semigroup {7;} acts naturally on functional spaces other than
M, (E); for instance, the space Cy(E) of bounded continuous functions can be invariant for {T;} and
so {T;} acts on Cp(E).

Let L be a closed subspace of My (E) which is invariant for {73}, i.e. Ty(L) C L, t > 0. In this case,
we consider {T;} as a semigroup of linear contractions on L and modify the definition of generator A
as follows:

D(A) = {f € L : there exists g € L such that sup $|T;f — f|loc < o0
>0
and tlirgl+ HTif (z) — f(z)) = g(x), x € E}, (6.8)
Af(x) = lim HTf @)~ J(@), [ €D(A), z € E.

In other words, we are considering the part of A in L.

In the proceeding of this lecture, we are interested in characterizing the infinitesimal generator of
a Markov process in terms of its transition function and/or its transition semigroup. Our construction
will culminate in a definition of diffusion processes in terms of the infinitesimal generator; this will
open the way to the inverse problem of characterize the Markov process associated to a given (second
order, differential) operator.

6.2.1 Example: Poisson process

In this section we take as example the real Poisson process { Ny, ¢ > 0} introduced in first lecture. We
recall that a Poisson process has indepedent and stationary increments, then Nyys = (Negps — Ny)+ Ny
is the sum of independent random variables, with Poisson distributions of parameter At and s,
respectively; then we obtain (see Exercise 5.2) that z + N; is Markov with transition probability
function

p(t,x, A) = P(x + N; € A).

For any t > 0 we consider the operator T; acting on Borel and bounded functions u(z) by
Tiu(x) = Elu(z + Nt)).

As a simple exercise, let us show directly that {73} satisfies the semigroup law; the idea is to use
the freezing lemma as we have done for Brownian motion. Later we will compute its infinitesimal
generator.

The semigroup property is

Elu(z + Neys)] = E[E(u(z + Niys — Ni) + Ne) | Fo)] = E[E[u(z +y + Nt)]‘y:Nt+s—Nt

= E[E[u(e +y+ N))| )= TTu)

where we use respectively independence, Lemma 5.2 and stationarity of increments.

For a Poisson process, the infinitesimal generator can be given explicitly; it holds, for any u € M(R)
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C Tau@—u@) St k)—u@) 0
lalﬂ} € —1;?01];) € e k!
N~ w@ k) —ur) (@)
_1511%1]; . e x = AMu(z + 1) — u(x)).

Therefore A is a difference operator, non local, which maps u(z) into A(u(x 4+ 1) — u(x)). The operator
A is a bounded operator on M (R).

6.2.2 Sub-markovian processes

Heuristically, the class of processes that we aim to introduce is given by those stochastic processes
X ={X}, t > 0}, z € E, which take values in an Euclidean space E only up to some random time 7%
(for instance, one can think to a solution of a differential equation which “explodes” in a finite time).
We have
™" =inf{t >0 : X € E}

with the usual convention that 7% (w) = oo if the infimum is taken on an empty set. 7 is called lifetime
of the process because it is the instant in which the process ceases to be live in E. Probabilists kill
the process once its clock has reached 7.

The above situation can be rigorously described if we introduce an extra point oo attached to E
either as an isolated point or as the one-point compactification of E. Thus we denote Eo, = EU{o0},
where co ¢ FE, endowed with the o-field £ = o(€,{o0}), and consider the process { X;} taking values
in Fw, compare with Ikeda and Watanabe [IW81, Chapter IV].

If F is locally compact, then oo is the “point at infinity” and a system of neighborhoods of oo is
given by the complements of compact sets in E. If FE is compact, then oo is an isolated point in F.
Any real valued function f on E can be extended to Eo, = E U {00} by setting f(o0) = 0.

A family of processes X = {X*}, starting from = € E, but taking values in E is called a
sub-markovian process with transition function p if there exists a transition function p(t,z, A) on E
associated with X* by the formula

p(t,x, A) = P(X] € A), Aeg, t>0, z€E, (6.9)
and such that
P(X{, € A|Fs) =p(t, X7, A), P—a.s.

It is possible to extend the transition function p, originally given on E, and obtain a t.p.f. on Fy, as

follows:
P (t,z, A) = p(t,x, A), t>0, z€E, Ae€é&

p'(t,x, {OO}) =1 —p(t,x,E), x 7& o0
p/(t,oo,E) = 07 p/(t,oo, {OO}) =1.

The associated Markov process on (Ex, ) shall be denoted by X ={X? t>0},z € Ex. The
point oo is an absorbing state for the process X, i.e.,

{X? =00} C{X} =00 Vt>s}.
Notice that X = XZ on {7% > t}.
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Problem 6.4. Let B = {B}, t > 0} be a family of real Brownian motions starting from = € R. For
any x > 0, denote 7§ the first passage time from the level 0 of the Brownian motion B*. Consider the
process {W7, t > 0}, « € (0,00), defined by

This process is called the Brownian motion absorbed at the origin.
1. Prove that W is a Markov process with transition function
b- (tv Zz, dy) = [p(ta xz, y) - p(tv Zz, _y)] dya

xz>0,y>0.
2. Notice that for fixed > 0, {p_(¢,x,+), t > 0} is a family of measures on E = (0, 00). We ask to
compute the total mass of the measure

/Ep_ (t,x,dy).

Hint: use reflection principle to show that for any I' C (0,00), P(Bf € I') =P(Bf € I, B > 0for 0 < s <
t)+P(Bf € —-I).

The process W on E = (0, +00) is a first example of properly sub-markovian processes, i.e., non-
conservative stochastic processes. In this case, the cemetary point is equal to the origin 0. Indeed we
have the following definition.

Definition 6.7. The sub-Markovian process X = {X*}, x € E, will be called conservative if and only
if the lifetime T is almost surely +oo, for any x € E.

Hence a conservative process never reaches the attached point oo (it is strictly Markovian).

We have already defined a conservative transition semigroup; let us see that these definitions are
equivalent, by proving that

P(1* =00) =1 ifandonlyif T31 =1, ¢>0. (6.10)
This can be shown easily:
1> Tlg(x) =Elg(X))]=P(XS € E) =P(7° > t) > P(r* = )
and passing to the limit
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6.3 Feller processes and Feller semigroups

In this section we turn our attention on a special class of Markov processes, named after W. Feller.
A process X belongs to this class if the transition semigroup on M;(E) leaves Cp(F) invariant. This
also implies some nice continuity properties; it will not be surprising to find that Brownian Motion is
a prototype of such processes.

Definition 6.8. Let X = {X7, t > 0}, € E, be a sub-Markovian process with transition function
p(t,x, I'). We say that X (or equivalently p) has the Feller property if, for any f € Cy(E), t > 0, the
function

© > E[f(XF)] = /E F(9) p(t, x,dy) = To f ()

belongs to Cy(E) and moreover, for any f € Cy(E), the mapping t — T,f(x) is continuous on [0, 00).
The Markov semigroup associated to X (or p), i.e. {Tt, t > 0}, is called a Feller semigroup.

The right hand side of the above equality is —by definition— the transition semigroup associated
to the process X. Feller property implies that given a function f € Cy(E), then the mapping T} f(z)
shall be continuous with respect to = for each ¢ > 0; if z,, — x¢ then it must hold

/ Pt 2y dy) f(y) — / Pt 70, dy)f (), [ € C(E).
FE FE

Therefore, an equivalent formulation of the Feller property is that the measure valued mapping = —
p(t,x,-) is weakly continuous. Altough this may seem a natural condition, one can easily convince
itself that it does not necessarily hold.

Example 6.9. Construct a Markov process that does not verify Feller condition.

Proof. Consider the case E = R; we define a family of stochastic processes {XF, ¢ > 0, x € R}

setting:

o if x <0, then X} = x — ¢ is the left translation process; also, if > 0, then process defines a right
translation: X = x 4 t;

e if x =0, the process has the same probability to leave to the left or to the right:

P(X) =t)=P(X? = —t) = %
Then, we have
flz+1), x>0
Tif(x) = B[f(XP)] = ¢ 5lf(O) + f(-1)], ==0
flz—1), z <0.

Now one can easily verifies that fot arbitrary functions f € Cy(R) the function T} f(x) is discontinuous
inxz=0.
O

Under some additional mild assumptions on regularity of paths, each Feller process is a strong
Markov process.
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Theorem 6.10. Let {X7, t > 0} be a Feller processes associated to a transition probability function
p(t,x, A). Assume that the process has right continuous paths. Then, for each stopping time T < +00,
it holds

E(f(X*(t+7)) | Fr) = To f(XT). (6.11)

Proof. Let us drop the dependence on . We approximate 7 with a sequence of stopping times taking
values in the discrete set of dyadic numbers, setting
[2"7] +1

277.

Tn =

Asn—oom, | 7.1tis

Fr=Fpp = K Fr .

n=1

For every time d € D and for every A € F., the event A; = AN {7, = d} belongs to F4, and Markov
property implies
Ela,f(Xatu)] = E[1a,Tuf(Xa)]

Further, since 7,, takes a finite number of values, and 7,, = d on Ay, we have

E[Laf (Xr )] = 3 Ella, f(Xawn)] = 3 EllLa, Tuf (Xa)] = E[L4Tof(X,)].
deD deD

Since both f and T, f are continuous functions, and X; has right continuous paths, passing to the
limit as n — co we have

IE[]lAf(X7.+u)] = E[HATuf(XT)]

Now, using definition of conditional expectation, since A € F. is arbitrary, the above equation implies
the thesis.
O

We leave as an exercise the proof of the following corollary.

Corollary 6.11. If the stopping time T takes values in a discrete set (possibly infinite), then property
(6.11) holds for every Markov process {X;, t > 0}.

Problem 6.5. Prove Corollary 6.11.

Recall the definition of infinitesimal generator (6.8) (for the present case where L = Cy(E))

for every f in the domain of definition
1
D(A)={f € Cy(E)|Af(z) is well defined for each x and sup ;Hth — fll < oo}
>0

The generator of a Feller semigroup has some useful properties as it is shown in the next results.
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Proposition 6.12. Let {1}, t > 0} be a Feller semigroup on E. Then f € D(A) if and only

Tif(x) — f(z) = /0 T, Af(x)ds, t>0, z€E. (6.12)

Moreover if f € D(A) then Af = g in (6.12).

Proof. Tt is clear that if (6.12) holds then f € D(A) and Af = g. Let us prove the converse.
Remark that f € D(A) implies that Ty f € D(A), t > 0. Indeed let A, = h=1(Ty — I), for h > 0.
There exists M > 0 such that, for any ¢t > 0, h > 0,

[AW(Tef)loo = [ITH(AR oo < |1 ARS]loc < M.

Moreover
hlilé1+ Ap(Tef)(z) = hlggg Ty (Anf)(z) = TtAf(z), x € E.

Thus T; f € D(A) and moreover AT, f =T, Af.

Now fix € F and consider the mapping: ¢ — T} f(x). By the previous argument, there exists the
right derivative %th(x) =T Af(z) at any t > 0. Moreover the mapping: ¢t — T; A f(z) is continuous
on [0, +oo[. By a well known lemma of real analysis, we obtain the assertion.

O

Remark 6.13. The previous proof shows also that if f € D(A), where A is the generator of a Feller
semigroup {7}, t > 0} on RY, then it holds:

T,f(z) — f(x) = /Ot AT, f(z)ds, t>0, z € R (6.13)

Hence u(t,z) := T f(x) “solves” to the following parabolic Cauchy problem

Ou(t,x) = Au(t,x), t>0,
u(0,2) = f(z), T € RY

We will return on this connection between Feller semigroups and parabolic Cauchy problems.

Theorem 6.14. Let {1y, t > 0} be a Feller semigroup on E associated to a Feller process X* =
{X?F, t >0}, x € E. Then f € D(A) if and only if there exists g € Cy,(E) such that

M = fXP) = fz) — /t g(X7)ds is a P-martingale (6.14)
0

t,x

(with respect to the same filtration {F} of {X[}) for any x € E. Moreover if f € D(A) then Af =g
in (6.14).
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Proof. Assume first that (6.14) holds. Applying the expectation, we have

t t
0=E[£(X7) ~ (o) - | 98] = Tif(e) ~ f(o) ~ [ Tglos,
0 0
t >0, z € E. By Proposition 6.12 we get that f € D(A) and Af = g.
Let now f € D(A). We have, for 0 < s < t, using the transition function p,

E(M{, — MI, | F.) = E((F(XF) — F(X?) / 9(XZ)dr) | F)

=—f(X§)+/p(t—stZ,dy)f(y)—/ (/Ep(r—saXZ,dy)g(y))dT

E

=T ()~ 150 = [ Tua(xa

(to prove that E((fst g(XZ)dr) | F) = fst ([zp(r—s,XZ,dy) g(y)) dr we may use an approximation
argument by means of Riemann sums). Now, since f € D(A), by (6.12) we deduce that E(Mtfz -MS

Fs) = 0. This completes the proof. ’
O

Problem 6.6. Prove that the Poisson process N* = {N; +z, t > 0} (see Section 6.2.1) starting from
r € R and a d-dimensional Brownian motion B* = {B; + x, t > 0} starting from = € R? are both
Feller processes.

Problem 6.7. Let {T}, t > 0} be the Feller semigroup associated with a Brownian motion B*, taking
values in RY, x € R?, i.e., {T;} is the classical heat semigroup. Show that C?(R%) C D(A) and also
that Af = %Af, f € C2(RY).

6.3.1 Feller semigroups: another approach

Let E,, be the one-point compactification of E. We define the space of functions Co(F) as the
subspace of Cy,(E) which consists of all functions satisfying lim f(x) = 0. It turns out that Coo (E) is

a closed subspace of C(E), and moreover the two spaces can be identified if F is compact. Note also
that Coo (E) can be identified with Co(E).

Definition 6.15. We say that a Feller semigroup T = {1}, t > 0} on E has the Coo-property (or
that the corresponding transition function p has the Coo-property) if the space Coo(E) is an invariant
subspace for T.

The literature is somehow discording about the precise definition of the family of Feller semigroups.
We shall mention, for instance, Ethier and Kurtz [EK86], Schilling [Sc98], Jacob [Ja0l] or Durrett
[Du96], where Feller property means a transition function having the Coo-property. Following the
literature, we shall call the Feller processes with the Co.-property Feller-Dynkin processes.

Notice further that there is no doubt that a strong Feller semigroup should map the bounded
measurable functions My (F) into Cy(E).
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In this section we study some properties of C-transition functions. We begin by proving that
Coo-property implies that the corresponding Markov semigroup {73, t > 0} is strongly continuous on
the space Co (E) (endowed with the sup norm).

Proposition 6.16. A Feller semigroup {Ty, t > 0} which leaves Coo(E) invariant is strongly contin-
uous when acts on Coo(E).

Proof. In our assumptions, the following pointwise convergence holds:
VfeCOx(E), Yz e E : Tif(x) — f(x) ast—0T. (6.15)

Note that the topological dual of C'o (F) is the space of all finite Borel signed measures on E (endowed
with the variation norm). Hence (6.15) implies that

/ T, f(x)uldr) — / f@)u(dz) ast— 0%,
E E

for any p finite Borel signed measure on E. We have just proved that weakly T;f — f as t — 0". By
a well known result from semigroup theory (called “weak=strong”, see Pazy [Pa83, Theorem 2.1.3]),
this implies that {7}} is strongly continuous on Co(E).

O

The following result shows in particular that any conservative Feller-Dynkin semigroup is also a
Feller semigroup; for a proof, see Schilling [Sc98, Corollary 3.4].

Theorem 6.17. Every Feller-Dynkin semigroup {T3, t > 0} on E satisfying Ty1 € Cp(E), t > 0, is
** a Feller semigroup.

Remark 6.18. In the following lectures, we shall consider Feller processes arising from stochastic dif-
ferential equations. In such situation the additional C-invariance property is not always true and,
even if it holds, it is not easy to prove. A discussion of this problem can be found in Ethier and
Kurtz [EK86, page 373] and in the survey paper by Metafune, Pallara and Wacker [MPWO02]. This
motivates our choice of Feller processes in Definition 6.8.

In the next proposition, we show that Feller processes with the Co-property are uniformly stochas-
tically continuous , i.e.,

for every compact set K C E we have

lim sup[1 — p(t,x, De(x))] =0 (6.16)
t—)OweK

for every € > 0, where D.(z) is the open ball of radius € around z: D.(z) ={y € E : |z —y| < €}.

Proposition 6.19. If p is a Feller transition function with the Cu-property, then p is uniformly
stochastically continuous.
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Proof. Let K be a compact set in E and define the family of mappings

11—z — ifle—y|<e
f(x):{ zle =yl if o —yl

0 otherwise

Then f, belongs to C.(FE) and
1
[fz = fzlloo < g|$_z| (6.17)

Since K is compact, there are a finite number of points {zx} such that

K = | J Bseya(an);
k=1

hence every point in E verifies
min |z, x| < de/4.
k<n

Thus we obtain a similar bound for the family of functions f,:
Notice that

plt, 2, Ua() = /E Pt 2, dy) Ly (1) > /E p(t, 2, dy) fuly) = Tofo(a)

hence
1—p(t,z,Uc(x)) < fo(x) = Tifa(x);
it remains to prove that the right hand side converges to 0 as ¢ — 0 uniformly for x € K, that is,

there exists £y such that
|fo(x) = Tifo(z)] <0 Ve e K, t <t

take the sup-norm and observe that

and notice that if we choose witly x, the first and the third terms are bounded by the sup-norm, and
that T} is a contraction, hence, using (6.18),

”fw - thw” < 5/2 + ”fwk - thu”

but since {T}} is strongly continuous on C (F), the last term is bounded by ¢/2 for sufficiently small
t, from where the thesis follows.
O

Remark 6.20. It is possible to prove (see for instance Ventsel [Ve83, Theorem 9.3]) that a Markov
process with a uniformly stochastically continuous transition probability function possesses a cadlag
version (right continuous sample paths with left limits).

Other results for regularity of paths of Markovian processes associated with t.p.f. will be given
later; however, they are not of the upmost importance for us, since in case of solutions of stochastic
differential equations we will prove such results directly.



88 6 Analytic aspects of Markov properties
6.4 Further properties of the infinitesimal generator

Let us briefly explain the content of this section, by appealing to the examples discussed so far.

If a process, like the Brownian motion, has continuous paths, it is natural to think that X} is
near x for small times ¢, so that Af(z) = }gr(l) 1E[f(X]) — f(x)] is a local operator, i.e., it depends
only on the values of f in a neighborhood of z. Conversely, if we analyze a jump process like the
Poisson process, then the increments depend on the values of X near x but also near the possible
points where the process have moved, which may be far from z: so the operator A is not local. Most
important here is the fact that we can provide a condition that implies, at once, the continuity of the
sample paths of X — Theorem 6.25 — and that the infinitesimal generator is local — Proposition 6.21.

We say that an operator A : D(A) C My(E) — My(E) is local if the value of Af(z) depends only
on the behaviour of f in a neighborhood of z. The next result provides a sufficient condition for the
infinitesimal generator A associated to a Markov process X to be local.

Proposition 6.21. Let p be a transition probability function. Assume that for x € E

1
lt%l tp(t x, Bg(x)) =0 for every R > 0. (6.19)

Then A is a local operator.
Proof. Take f € D(A); then Af(x) is given by
_ o Tif(x) — fx)
Afta) =t AL i [ 17) = 1@ ot ).
We split the integral in two parts, so that

1

P LW s@ipena =g [ 5w =@t [ 5w - @)t

and use (6.19) in the last integral

1 t—0

1 c
P W = @ d) < G B o

which shows that Af(x) is well defined if and only if the limit

1

lim BR(z)[f(y) — f(@)]p(t, z,dy)

exists and, finally, this limit depends only on the behaviour of f in a neighbourhood of x.
O

Under condition (6.19), we may characterize the form of the infinitesimal generator A of the
Markovian semigroup P;. Let us define the space C2(E) as the completition of C?(E) N C.(E) with

respect to the norm
HfH+ZII =)+ Z e
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Proposition 6.22. Given a Markov process associated to a (conservative) Markov semigroup {1t}
with infinitesimal generator A, assume that condition (6.19) holds, and that C?(E) C D(A). Then
d

9 d
AS@) = 3 onlo) g 1) + 3 b (6.20)

k

for all f € C2(E), and the matriz (a;;(x)) is of positive type.
A matrix a = (aj;) is of positive type if for any complex vector ¢ € C? it holds

d
(a¢,¢) = Y aiG¢; > 0.
ij=1
However, the operator A needs not to be elliptic, since the matrix a may be singular.

Proof. The idea is that in our assumptions, A is a local operator such that the maximum principle
holds; we aim to prove that the operator A can be at most of second order. Let f € C?(R¢) be such
that f and its first and second derivatives vanishes in z; we claim that Af(z) = 0. This implies that
Af(z) is of the form (6.20) for certain real numbers a;;(z), b;(z) (since if A would involve higher order
derivatives, they will give a non zero contribution to Af(x)); further, with no loss of generality we
can assume that the a;; are symmetric.

Let us prove the claim. Let g € C2(E) be such that g(y) > 0 and g(y) = |y—z|? in a neighbourhood
of z; for € > 0 let U.(x) be a small ball surrounding = such that

y € Ue(z) = |f(y)| < eg(y).
Using (6.19) we have

1
—ltlf? /f p(t,z,dy) = 13?3 ; Us(w)f(y)p(t,x,dy)
1
< lim — eg(y)p(t, z, dy) = eAg(x).
tl0t U. ()

Since ¢ is arbitrary, the claim Af(x) = 0 follows.
Now if f € C?(E) and f(x) = 0 then the positivity of the semigroup implies

AP @) = lim $BIT (@) 2 0.

On the other hand, formula (6.20) together with f(z) = 0 implies
3 A YRR < VRPN
= 32 o) 110+ 3 10

d
-2 o D )5 (@)
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Then, since we can choose & = 6%1 f(x) to be arbitrary real numbers, and since a(z) is a real,
symmetric matrix, it follows that it is of positive type.
O

Proposition 6.23. Given a Markov process associated to a (conservative) transition semigroup {1t}
with infinitesimal generator A such that C*(E) C D(A), assume that condition (6.19) holds. Assume
further that, for x € E, the following limits exist for arbitrary R > 0:

1

lim — (yi — x;)p(t, z,dy) = b;(x) (the drift coefficients) (6.21)
tl0t Br(z)
1
lgﬁ)l n (yi — xi)(y; — x;)p(t, x,dy) = a;(z)  (the diffusion coefficients). (6.22)
Br(z)

Then these limits identify the infinitesimal generator A in (6.20) for all f € C?(E).

Proof. Using (6.19) we get

lim l[Tt f(x) — f(x)] = lim % p(t, @, dy)(f(y) — f(x))

t—0+ t t—0t

= lim -
t—0+ t Br(z)

p(t,x,dy)(f(y) - f(x))

Using second order Taylor’s formula for f

d ) 1< o
(@) + > ( Y = 2k) 5 - f@) + 5 Z(yi—mz')(yj—xj)Wf(ﬂf)ﬁLOWf—yP)
k=1 ij=1 ij

we obtain

Jim %[th(x)—f( ) = Af(z) + lim 1/ p(t,z,dy) ol |z — y[?).
Br(z)

t—0+ t—0+

This last limit equals zero, since

1
max lim — p(t, z,dy) 0(|9C - y|2)
t—0+ Br(z)

. o(RY)1 . o(R?) &
Smﬁfolim R? g,/BR(w)p(t’x’dy) =l = Zaii(x)

which concludes the proof, since R is arbitrary.
O

Remark 6.24. The drift and diffusion coefficients can be interpreted heuristically in the following
manner: if d = 1, then for f(x) = x we obtain from (6.7)

E[X: — 2] = tb(t) + o(t)
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while for g(z) = 22,
o E[(X; — x)?] = ta(z) + o(t)

as t | 0. In other words, the drift b(z) measures locally the mean velocity of the random movement
modeled by X, and a(z) approximates the rate of change in the covariance matrix of the vector X; —z,
for small values of ¢ > 0.

Needless to say, the assumptions of the above proposition are rather restrictive. It is possible to
apply it to Brownian motion (which is the standard example for almost every proposition in the
course) but we were not able to give a different example, with a stochastic process of some interest in
the applications.

We next state the important Dynkin-Kinney theorem. This result shows that the above condition
(6.19) implies continuity of the trajectories for the associated Markov process.

Theorem 6.25. Assume that p(t,z, ") is a transition probability function such that condition (6.19)
holds. Then there exists a Markov process associated to p with continuous trajectories a.s.

For reason of space we will not prove the result, but we give a reference to the book of Ventsel
[Ve83, Theorem 9.1.1].

6.5 Diffusions

The term diffusion is associated with the class of continuous Markov processes which can be charac-
terized in terms of their infinitesimal generator.

Definition 6.26. A diffusion process associated to a differential operator Agy

d 82 d 8
”zz:l aij(z) 007, f(z) + ; by, (x)a—xk (z)

is a stochastic process X = {Xy, t > 0} such that

1. is Feller,
2. trajectories are continuous, and
3. C2(E) C D(A) and Af = Aof, f € C*(E).

Recall that we have already proved that a Feller process with (right-) continuous paths has the
strong Markov property. In literature it is sometimes required this property at point 1.; also, there
are different requirements also the other points: for instance, Ikeda and Watanabe states 3. in the
martingale form

FOXE() — ) — / (Af)(X?) ds

is a P-martingale for every f € D(A) and z € E.






7

Harmonic functions and Dirichlet problem

In this lecture we shall go into some model problems as examples of the important links connecting
probability theory and functional analysis.

Solutions to several classes of problems in partial differential equations, both in the elliptic as in
the parabolic case, can be represented as expected values of specific stochastic processes (which are,
usually, solutions to suitable stochastic equations). Such representations allow to study properties of
solutions by means of stochastic analysis; however, also the converse holds. As we have seen in Section
6.2, diffusion processes are defined in terms of their infinitesimal generator.

In classical potential theory, a number of interesting problems had their origin in electromagnetism.
In this lecture we concentrate on harmonic functions. These are naturally related to Brownian mo-
tion. In particular, we will study the Dirichlet problem: find a function u harmonic in a domain D,
continuous up to the boundary, with given boundary values f € C(9D).

7.1 Preliminaries

For this lecture we take £ = R?, d > 1. A domain D C E is a nonempty, connected open set; 0D will
denote its boundary and D its closure. To begin with, we generalize some results from Section 5.5.

Throughout this lecture we consider the canonical Brownian motion By with values in R?, defined
on the canonical stochastic basis (2, F,{F;, t > 0},{P*, = € R}, where 2 = C([0,+oc[; RY),
compare also with Section 3.2.

To define this canonical Brownian motion, we begin with a family of Brownian motions { B¥, t > 0},
starting from x € RY, with values in R?, defined on some stochastic basis (12, F, {F;, t > 0},P}.

Then we note that 2 = C([0, +oo[; R?) is a complete separable metric space endowed with the
metric d,

1 SUPgeg, ) lwi(z) — w2 ()]

27 14 8Up,c (g ) w1 (7) — wa ()]

d(wl,wg): , Wi, we € §2.

n>1

F denotes the Borel o-algebra of (2. Moreover, we introduce the canonical process

Bi(w) =w(t), t>0, we (7.1)



94 7 Harmonic functions and Dirichlet problem

We complete the o-algebra o(Bs, s € [0,t]) and we obtain the o-algebra F, ¢ > 0. The filtration {F;}
satisfies the standard assumptions.

It is not difficult to show that, for each x € R B* ={B¥, t>0}isa measurable mapping from
(£2,F) into (£2, F), i.e., for each w € {2, we have: B¥(w) = f(t), where f(t) = Bf (w), t > 0.

Define the probability measures P*, x € R?, as the image measures of P under the application B*,
ie.,

P*(A)=Pwe N : B*(w)€ A), A€ F.

We also set PY = P. The measure P is called the Wiener measure. We have P*(w € 2 : w(0) = z) =1,
i.e. P* is concentrated on the paths leaving from z. Note that on (£2, F, {F;, t > 0},P®) the canonical
process given in (7.1) is a Brownian motion starting from x. Finally the expectation with respect to
P* will be indicated by E*.

Next we will generalize some results from Section 5.5. For a domain D C E, we introduce the first
exit time
Tp(w) = inf{t > 0 : By(w) = w(t) € D°}.

If { } =0, then we set 7p(w) = +o0.

Problem 7.1.

(i) Show that, for any A € F, the mapping: x — P*(A) is Borel measurable.

(ii) Let {B:,t > 0} a canonical d-dimensional Brownian motion. Let I" C R? be a closed set and 7 be
the first hitting time of I":

B _Jinf{t >0 : By(w) € I'}
W) =re(w) = {+oo, if{. ) =2

Show that 7 is a stopping time with respect to the filtration {F;}.
The next result shows in particular that, for any bounded domain D, 7p is finite a.s.
Proposition 7.1. For a bounded domain D C R?, it holds

sup E*[1p] < o0. (7.2)
x€D

Proof. Let x € D. We first reduce the problem to a simpler one, where we can appeal to the stron
markov property of Brownian motion. For every T' € N, it holds

{rp >T}C ({B. € D}.

n=1
If we compute P*(By € D), z € D, we obtain the upper bound
sup P*(B; € D) —bup/ exp (—|z—y?/2)dy =0 < 1
zeD z€D

altough it is possible to actually compute 0, it is sufficient to use the bound € < 1 that is a consequence
of the boundedness of D. Next, if we consider the case T = 2
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P*(B; € D, By € D) = E*[E*(1p(B;) Lp(By — By + By) | F1)]
= E*[1p(B1)E*[Lp(Bs — Bi + y)ly=5,] = E*[1p(B1)E" [1p(B})]] < ¢

where we use the homogeneity of the Brownian motion: B; = B, — B; is independent from F; and B’
is again a standard Brownian motion, and the uniform bound proved above. We obtain by induction

that .
P* (ﬂ{Bn € D}) <o

n=1
We use then a little trick for the mean value of random variables: if X is nonnegative, then E[X] <

S P(X > j)t; it follows
j=0

oo [eS) 1
T x T _

Since 6 is independent from z, also the above estimate remains true taking the supremum as x varies
in D.
O
Since in the above definition of 7p we take the infimum on all times ¢ > 0, it is not clear what
happens when z € dD. Actually it could well be 7p > 0 if the trajectory enters immediately D and
leaves only after some times.

Definition 7.2. We say that a point a € 9D is regular if P*(7p = 0) = 1.

Then, we call irregular every point a € 9D that is not regular, i.e., if P*(r7p = 0) < 1; for the
sake of completeness, we remark that by Blumenthal’s zero-or-one law?if a point a is irregular then
necessarily it holds P*(7p = 0) = 0.

The following result concerns regularity of points in the one dimensional case.

! exercise: convince yourself of this estimate, by taking a random variable with density f(z), z > 0, and
actually writing the expectation of X:

B[] —/O°°xf<x>dx—/Om/wau)dxdysi/:“mx > y)dy

2 Suppose that B is a Brownian motion defined on a stochastic basis (£2,F, {F:, t > 0},P), satisfying
the standard assumptions. The o-field Fy coincides with Fo4 = tﬂo JF: contains the events which happen
>

instantaneously, i.e., those events whose occouring can be stated ad arbitrary time ¢ > 0.

Then this o-field is trivial, i.e., for any A € Fy either one has P(A) = 0 or P(A) = 1. This result is known
as Blumenthal 0-1 law; for a proof, we refer to Chung [Ch82]. In fact, more generally, we have:

Theorem 7.3. Assume that {B:} is a Brownian motion. Setting F; = o(Bu, s <u <t) and Fir = N\ Fi,
t>s
then F2, is trivial.
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Proposition 7.4. With probability 1, a real Brownian motion {By, t > 0} (starting from 0) changes
sign infinitely often on every interval [0,€], € > 0.

Proof. Let 7 be the first hitting time for (0, 00) and, similarly, 7" be the first hitting time for (—o0, 0).
Both 7 and 7’ are stopping times (we use the assumption that the filtration {F;} satisfies the standard
assumptions); further, the symmetry of Brownian motion implies that P°(7 = 0) = P%(7/ = 0) and
this value shall be equal to 0 or 1 by Blumenthal’s 0-1 law (Theorem 7.3), since the events {7 = 0}
and {7/ = 0} both belong to Fy. If it were 0, it should be P*(B, = 0, Vt € [0,¢]) = 1, hence
almost surely trajectories of B; have a derivative in ¢ = 0, which is not. But then it must hold
PO(7 = 0) = P(7/ = 0) = 1, hence for every w there exist two sequences of times s,,,t, — 0 such that
B, <0, B, >0 for every n > 0.
a

Let D = (a,b) be an interval of the real line; then almost surely trajectories starting from a (and
b) enters instantaneously in D¢. We have thus proved the following

Corollary 7.5. In the one dimensional case, every point a € R is reqular.

For every r > 0 we denote D, the open ball of R%, d > 2, centered in the origin with radius r
and D,(z) = z + D,.. On the boundary 0D, = {z € R? : |z| = r} we consider the surface measure

Ar := Aop,; the surface area of 9D, is S, = sqrd—1 (for a constant s; = F(;/Q) depending only on the

dimension d) and the volume of D, is V/(D,) = cqr.

We recall below an identity concerning the Lebesgue integral of a function f on a ball D,(z) and
the integral of f on the surfaces x + 9D,

[0, [ i

The exit time from the ball D, of radius  will be denoted by 7. = 7p,..

Proposition 7.6. For a canonical Brownian motion B starting from the origin, the random variables
7 and B(7,) are independent. Furthermore, B(7,) is uniformly distributed on 0D,

Proof. Let 6 be a rotation in R? and © be the corresponding mapping on §2, given by (Qw)(t) =
O(w(t)). Since 6 preserves distances, it is clear that

Tr(w) = 7 (Bw).
Now we claim that continuity of paths implies
B(7) € 9D, on {7 < o}.
Let A C 0D, and define the event
A=Aw : 1(w) <t, B(1r(w))(w) = w(1-(w)) € A} (7.4)

and the “rotation” of A
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' ={w: 17(0w) <t, (BW)(1,(Ow)) = B(w(r.(Bw))) € A}
which is equal to
O ' N={w: (W) <t, w(r(w)eb A} (7.5)
We claim the identity
P(A) = P(O1A)

which is a consequence of the following fact
the process B;(Ow) is again a Brownian motion starting from 0 (7.6)

(this follows by the symmetry of the Gaussian measure in RY). Using formulae (7.4) and (7.5) we

obtain
P(r. <t, B(r,) € A) =P(r,. <t, B(r) € 9_1A) (7.7)

For fixed ¢, the left hand side defines a measure u(A) on the sphere 9D, that is rotation invariant,
thanks to the arbitrariety of 6 on the right hand side. Thus u(A) must coincide, up to a scalar factor,
with the surface measure on 9D,

L (4

sqrd—1""

and the identity u(0D,) = P(7, <t) implies that this number is the required scalar factor, hence

1
P(’TT S t, B(Tr) S A) = W}\T(A)]P)(Tr S t)

We obtain from this formula, at once, that 7. and B(7,) are independent and that

1
P(B(r.) € A) = ——\-(A
(B(r) € 4) = —r A (4)
which concludes the proof.
O

The above construction implies that the measure

pr(dz) =P(B(7) € dz) = Ar(dz)

sqrd—1
is a probability measure on 0D,.. In terms of this measure, we obtain the following average-on-sphere

property for the Brownian motion

F() o (dy) = /8  JWPB() € dy) = Bl (B(rn)L (7.8)

dD,.
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7.2 Harmonic functions

We record the classical definition of harmonic functions in a domain D.

Definition 7.7. A function u on D is harmonic if it belongs to C?(D) (the class of twice continuously
differentiable functions on D) and

2

d
Au = Z %u(x) =0 nD.
i=1 7

As we shall see in the following, an harmonic function necessarily belongs to the class C*°(D) and
it possesses the averaging property. It is this property that allows Brownian motion to enter into play.

Definition 7.8. We say that a function u : D — R possesses the sphere-averaging property if for
every x € D and r > 0 such that x + D, C D it holds

1

we) =~

/ u(z +y) Ar(dy).
aD,.

The equivalence between harmonic property of Definition 7.7 and sphere-averaging property of
Definition 7.8 is well known in potential theory. In the following result we give a short (probabilistic)
proof of one implication.

Proposition 7.9. Assume that v : D — R is an harmonic function; then u verifies the averaging
property.

Proof. Let x € D and r > 0 be such that = + D,. C D. Arguing as is Theorem 6.14 we have that for
given f € C?(R%) the process

b = (8 = f2) =5 [ ArB.)ds (79)

is a martingale with respect to the filtration {;} under the measure P*, for each z € R%.

We claim that for u € C?(D) there exists an extension f € C2(R?) such that f = u on x + D,..
Using such f in (7.9), we get that h(t) (defined above) is a martingale. Hence the stopped process
h(t A7) is again a martingale, see Corollary 4.23, and it verifies

h(t A7) =u(BEAT)) —u(x)

since the function f = w is harmonic in x + D,.. Further, since By = z, P*-a.s., E?[h(t)] = E*[h(0)] =0
hence
E*[u(B(t Ap))] = B*[u(Bo)] = u(x);

passing to the limit ¢ — oo, since 7, is finite a.s., formula (7.8) yields the thesis.
a
We do not know a probabilistic verification of the opposite implication. A proof, using classical
tools from potential analysis, can be found for instance in Dynkin and Yushkevich [DY69] or Durrett
[Du96, page 148].
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We show next that an harmonic function is smooth. Let u : D — R be harmonic; the above
proposition shows that for every r > 0 it holds

1

u(w) =E*u(B(rm)] = —5=

/ u(z +y) Ar(dy)
0D,

Let p be a test function in C°°(E) such that p(z) = p(|z|), p = 0 for |z| > ¢ and [ p(z)dz = 1. We
have then

/ p(r)sqrdtdr =1.
0

Now, if 2 and § are such that « + Ds C D, it follows from the averaging property that

u(zr) = /000 [# /am u(z +y) )\T(dy)} p(r)sqrd=tdr

sqrd—1

hence

u() = / /8 e ) A dy)o(r) dr = / /8 o M0l ) ar

which is, thanks to (7.3) and the assumed properties of p, equal to

u(x) = /E u()o(ly — =) dy. (7.10)

Proposition 7.10. Given an harmonic function u: D — R, then u is of class C*°(D).

Proof. Tt is sufficient to differentiate u in (7.10); on the right hand side, the function p(|x — y|) has
continuous and bounded derivatives of all orders and so the same shall hold for the left hand side.
O

A lot of examples of harmonic functions are easily constructed. In one dimension, for instance,
harmonic functions are just the linear functions.

Problem 7.2.
1. Show that u verifies the averaging property if and only if for any z € R?, r > 0 it holds

1
u(z) = 0N /DT u(z + y) dy.

2. Show that if w is harmonic, then the same holds for all its partial derivatives of all orders.

3. Show that in dimension d > 3, every radial harmonic function u(z) = u(|z|) has the form ¢; |z|>~7+
¢y for constants c1, co € R. These functions are called fundamental radial solutions of the Laplace
equation Au = 0. Find the same for d = 2.

Hint: write (and solve) the Laplace equation in radial coordinates.
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7.3 Dirichlet problem

The classical form of Dirichlet problem (D, f) is the following: given a bounded domain D C R* and
a bounded continuous function f : 9D — R, find a function v : D — R which is continuous on D,
harmonic on D and equal to f on the boundary 9D, i.e.,

{Auzo in D,

u=jf indD. (7.11)

Several physical problem can be stated with the above equation; for instance, the stationary temper-
ature of a region whose boundary is maintained at the given temperature f.
Previous sections show that a natural candidate for the solution is given by

u(z) = E*[f(Brp)], reD. (7.12)

Let D, be a small ball such that x + D, € D and 7, := Tz+D, be the first exit time from this
neighbourhood of x. Then we have, by the strong Markov property

By =B, — B, + B, =Bl +B,,

The process B’ is again a Brownian motion, independent from F,, , and its paths will exit from D at
its stopping time 77,. We have, by temporal homogeneity

EY[f(Brp)] = B [f(B7,))] = u(y)

where the first y stands for By = y, the second one stands for B} = B, = y.
Therefore, using the strong Markov property, we have

u(x) = E*[f(B(rp))] = / P*(B(r,) € dy) EV[f(B'(r}))] = / P*(B(r) € dy) uly)

hence u verifies the sphere-averaging property, compare (7.8), and as a consequence we have that it
is harmonic in D; it remains to study the behaviour of u(z) as x approaches the boundary 9D.
In order to prove continuity up to the boundary, we shall characterize those boundary points
a € 0D such that
lim E*[f(Br,)] = f(a) (7.13)

zeD, z—a

actually holds for every measurable, bounded function f : D — R continuous in a. This characteri-
zation will be given in terms of regular points, see Definition 7.2. In general, a domain D will be called
reqular if all its boundary points are regular; it will turn out that this definition is consistent with the
classical definition of regular domain as “a domain in which the Dirichlet problem (D, f) is solvable
for every f € Cp(0D)”.

The representation (7.12) yields naturally a uniqueness result for the Dirichlet problem (D, f).
Proposition 7.11. Assume that
P%(1p < 00) =1, Yae D. (7.14)

Given a continuous bounded function f on 0D, every bounded solution of problem (D, f) has the
representation (7.12).
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Proof. Take any bounded solution u(x) of problem (D, f); the idea, as in the proof of Proposition 7.9,
is to apply again Theorem 6.14, since u is harmonic. Let D,, a sequence of domains invading D

D, = D : inf |z— 1/n}.
{y e zIG%DI’I y| > 1/n}

Then u(B(tATp,)) —u(x) = h(t A7p, ) is a martingale and taking expectation we obtain E*[u(B(t A
7D, ))] = u(z) for every x € D,,.

We pass to the limit as t — oo and n — oo, so that B(t A 7p,,) converges to B(7p): since on the
boundary 0D the function u verifies u(B(7p)) = f(B(7p)) we see that the representation (7.12)

u(z) = E*[f(B-p )]
holds.
O
In order to prepare the main existence result for the Dirichlet problem (D, f), we state the following
property of regular points.

Problem 7.3. If a is a regular point for D, then for every € > 0 it holds
lim P(rp >¢) =0. (7.15)

zeD,x—a

Hint: If we show that the function g(x) = P*(7p > €) is upper semicontinuous then we have done (why?).
However, the function gs(z) = P*(Bs € DVJ < s < ¢) is continuous (use the strong Markov property) and

gs(x) | g(x)...

Theorem 7.12. If a is a regular point and f : 0D — R is continuous in a, then the function u(x)
defined in (7.12) satisfies
lim  u(x) = f(a). (7.16)

zeD,x—a

In particular, if f: 0D — R is a continuous and bounded function, there exists a unique solution
to Dirichlet problem (D, f), which is expressed by the representation (7.12).

Proof. The starting point is a consequence of the reflection principle for the Brownian motion. For
every r > 0, the probability

. _ _ 0
P (012?%(5 |B; — Bo| <r)=P (Oléliigxs |Bi| < )

is independent from x and converges to 1 as € — 0. Therefore
P*(|B(tp) — B(0)| <r) > P <(Or£?%(€ |B: — Bo| <r)N(1p < 6))

> PY(max |By| < 1) —P*(1p > ¢).
0<t<e

Letting  — a from the interior of D, and then letting ¢ — 0, we obtain from (7.15)

lim  P*(|B(rp) — B(O)| <r)=1, V¥r>0. (7.17)

zeD,x—a

From the assumed continuity of f in a we obtain the thesis.
O
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Problem 7.4. Starting from formula (7.17), finish the proof of the theorem.

In the 1-dimensional case Dirichlet problem is always solvable, and the solution is piece-wise linear.
This may be proved directly, without mentioning regularity of boundary points. One may wonder if
the assumption: a is regular, is strictly necessary. The following result answers affermatively to the
question in dimension d > 2.

Corollary 7.13. Assume that a is an irregular point; then there exists a function f : 0D — R,
bounded and continuous, such that, letting u be the harmonic function defined in (7.12), it holds

minlim u(z) < f(a).

zeD,x—a

Proof. Let f be a function on 0D such that f(a) =1 and f(z) < 1 for every z # a: we can take, for
instance
fl)=QQ—la—=[)VO0.

By assumption a is irregular, while the set {a} is polar (see the Addendum to this lecture) for the
Brownian motion in 2 dimensions; it follows

P*(B(tp) = a) = 0.
Then, since f < 1 on 9D \ {a}, we have
1> E*[f(B(mp))]

further, if 7, is given by 7, = inf{¢ > 0 : |B(t) — B(0)| > r} we have, from 1imo P*(r, < 7p) =1 and
the strong Markov property applied at 7., the identity

E*[f(B(mp))) = Im E*[1 (7, <,y u(B(7))]
but the last quantity is bounded below, as follows

. @ > lim PO . .
Em B[, oy u(B(r))] 2 I P(r, <7p) _ inf ulx)
Then, collecting the above inequalities, we have the thesis.
O

Ezxample 7.14. Let us consider the punctured unit ball D = {x : 0 < |z| < 1}. The origin is a polar
set (see the Addendum to this lecture), hence it is irregular for D. A Brownian path starting from the
origin leaves D, almost surely, from the external boundary.

The function u defined as in (7.12) is determined only from the values of f on the external boundary
{]z| = 1}, hence it coincides with the harmonic function

u(z) =E*[f(B(rp,)] = E*[f(B(p)], @€ D; (7.18)

on the other hand, since U is a solution of Dirichlet problem (D, f), it must satisfy »(0) = f(0), hence
u is continuous in the origin if and only if @(0) = f(0).



7.3 Dirichlet problem 103

There are different way of stating conditions for regularity of boundary points € 9D. We limit
ourselves to consider the case of 2-dimensional domains. We have seen in previous example that an
“isolated” point is irregular for the domain D; the following construction shows —roughly speaking —
that this is a necessary and sufficient condition.

Proposition 7.15. Let D C R?, and assume that for every point a € 0D there exist a different point
b # a in 0D and a simple arc contained in D€ joining a and b. Then the domain D is regular.

Fig. 7.1. (a): a punctured ball; (b): a ball without a radius; (c): our construction below

For the sake of semplicity, we give the proof in the case when D is the unit ball without a radius
S = {0} x [0,1). We claim that every point in D is regular. This is obvious in case a € 9D is in the
external boundary; then, the way we prove that the origin is regular will show clearly that all to the
points of the segment S are such.

We consider a small ball V' centered in the origin, with small radius n; set T = V' NS and
T, =V Nn({y=0}\59) is the reflection of T with respect to the origin; their union is Tp = T UT;. We
define the stopping times

or=inf{t>0: B, €T}, mn=inf{t>0: B, €T}, 7p=inf{t>0: B €Tp}.

Now the proof works as follows. We know — see for instance Proposition 7.4 — that the second
component By(t) of the Brownian motion B(t) is zero infinitely often in the time interval [0, €], for
every € > 0. Therefore, we can choose a sequence t,, — 0 such that Bs(t,) = 0. It remains to prove
that, possibly passing to a subsequence, Bi(t,) € T with positive probability, and we have done.

The following points will leave to the thesis:

. {o1 =0} Cc {rp =0}

Ar=0}={n =0}U {01 =0};

. P01 = 0) = P(1y = 0);

. PO(rp = 0) > 3P%(7y = 0);

. P19 = 0) > PY( sup |Bi(t)] <n) > 0, for any positive e.
0<t<e

T W N =

Problem 7.5. Complete the above proof, by giving the details of the construction in points (1)—(5).
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7.3.1 Existence of a density

In this section we consider the Dirichlet problem in the half-plane D = {(z,y) : « > 0}; this domain
is easily seen to be regular, so existence and uniqueness of the solution follows from Theorem 7.12. We
can go further and prove the existence of an explicit analytic formula for the solution of the Dirichlet
problem.

Let {B(t) = (B'(t), B%(t)), t > 0} be a two-dimensional canonical Brownian motion; let 7 = 7p
be the first exit time for B(t) from the domain D, that is

T=inf{t >0 : B(t) ¢ D} =inf{t >0 : B'(t) <0}

and we see that 7 only depends on the first component of B(t).
Notice that the exit points from D have the form (0,7). Hence formula (7.12) can be written as

u(z,y) = ECVf(B(r))] = BV [f(B(r))).

Note that 7 is F,-measurable and the process { Ba(t), ¢ > 0} is independent from F. (since 7 depends
only on the first component of { B(t), ¢t > 0} and moreover the processes { B*(t), t > 0} and {B?(t), t >
0} are independent). Using also a variant of Lemma 5.2, see for instance [EK86], we get

u(z,y) = ECV[f(B*(r(w),w))] = ECVECY[f(B2(r(w),w)) | F7]]

~E VBB s, ]mr] = B [ 0) = explg (e =)

27T 27
B[ [ 1) g expl(— (e = 9)?) ]

where P* is a Wiener measure on C([0, +oo[,R), z > 0, and

71 (w) =inf{t >0 : w(t) =0}, we ([0, +oc],R).

To continue the proof we need to compute the distribution function s — P*(7; < s); notice that the
event {7} < s} coincides with the event {Itn<1n B(t) < —z}, which is (by the symmetry of the Brownian
SSs

motion) equivalent to {r{1<ax Bl(s) > x}; further, the reflection principle implies
<s

P*(1; < 5) = P(max B'(t) > z) = 2P(B'(s) > z) = 2/ eV /2 dy

t<s 2ms

and the required density function is obtained by taking the derivative of the above expression

xr _ .2
Zem v /25 s,

P*(r € ds) = 55
s

Hence, we get

we) = [ 10 [ fzew (g0 -0 +a)) ds)a
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using the change of variable u = —1/s

= /Rf(t)(/_oOO % exp <—%((t —y)? +x2)u> du)dt

1 T
:/R;i(y_t)g_'_xzf(t)dt.

7.4 Addendum. Recurrence and transience of the Brownian motion

The following result is concerned with recurrence of Brownian motion. Let a € R? and consider the
passage time 7(,} from the singleton {a}. In the 1-dimensional case, continuity of paths implies that
P?(7(q) < 00) = 1. We say that the 1-dimensional Brownian motion is recurrent.

From classical results, it is known that a random walk — which is a kind of discrete Brownian
motion, in a sense that can be made precise — is recurrent in both the 1-dimensional case and the
2-dimensional case, while it is transient in higher dimensions. Here “recurrence” means that the
probability of a return in finite time is 1, hence almost every path returns infinitely often on every
point, while “transience” means that there is a positive probability of never returns.

In the case of a Brownian motion, recurrence in the two dimensional case is a delicate matter.
The results in literature show that the singletons are transient sets; however, if we enlarge them,
considering small disks D(a,e) with positive radius € > 0, then these sets are recurrent.

More easily, in dimensions 3 or higher, Brownian motion is transient. Actually, this follows from
the 2-dimensional case, since otherwise we obtain an absurd: if the Brownian motion returns infinitely
often to the origin in R?, d > 3, then its first 2 components should return infinitely often to 0 in
dimension 2, which is not the case.

We begin with the observation that in dimension 2, the function h(zx) = log|z| is harmonic in
R?\ {0}, hence the same holds for ¢; + c2log|z|. For any domain circular domain D with internal
radius 7 and external radius R, we can choose ¢; and co such that the function f is zero on the outer
boundary and equal to 1 on the inner boundary.

Since f is harmonic in D, it verifies f(x) = E*[f(B;,)], so that

f@)=1-P(B:p| =7) +0-P(|Br,| = R)
is the probability of escaping from D through the inner boundary. Some computation shows that

_ log(R) —log(|z|)
fle) = log(R) — log(r)

As an immediate consequence, we obtain the following.

Proposition 7.16. A Brownian motion on the plane has zero probability of hitting a fixed point a
(and never returning to the initial point x).

We say that a set A is polar if for any = € R? it holds P*(74. < 0o0) = 0. The above proposition
states in particular that in dimension 2 every singleton {a} (and in particular the origin) is a polar
set.
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Proof. 1t is clear that we can start from some point x and examine the probability to ever reach 0.
Further, for any r > 0, we have that the probability of reaching 0 is less or equal than the probability
of entering in the ball centered at the origin with radius r. But, for arbitrary 0 < r < |z| < R, the
probability of entering in the inner circle before reaching the outer one tends to 0 as r — 0 for fixed
R.

If the particle starts from z, it will certainly reach the level |x| + 1 before reaching 0, then it will
reach the level |x| + 2 before reaching 0, then it will reach the level |z| + 3 and so on. But the motion
is continuous, then it takes an infinite time to reach each of the infinite levels {|z| 4+ n, n € N}, and
the particle shall pass through each of them before reaching 0: so it will never return to the origin.

O
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8

Probability theory in infinite dimensional Hilbert spaces

In this chapter H is a real separable Hilbert space, endowed with a scalar product (-, -) and norm | - |,
B(H) stands for the o-algebra of Borel subsets of H, L(H) is the space of linear continuous operators
from H into H endowed with the operatorial norm || - ||.

After some preliminary results, we introduce the concept of Gaussian measure on (H, B(H)). Then,
we shall consider the white noise operator, which is a central element of our future analysis.

Throughout this lecture we also define basic probabilistic concepts in the Hilbert space setting.
Many of these concepts were already introduced in the finite dimensional case treated in the initial
lectures.

8.1 Preliminaries

Let M(H) denote the set of all probability measures on (H, B(H)). Recall that p is a Borel probability
measure if p is a Borel positive measure with pu(H) = 1. Our next results show that, also in the
infinite dimensional case, any measure y € M(H) is regular and it is possible to use compact sets in
the approximation result.

Proposition 8.1. Let u € M(H). Then for any Borel set B € B(H) we have
w(B) =inf{u(A) : A open D B} =sup{u(C) : C closed C B}. (8.1)

Actually, the proof shows that this result still holds, in more generality, assuming only that H is
a metric space with distance d and endowed with the Borel o-field B.

Proof. Let us define the class of sets K = {B € B(H) : (8.1) holds}. The proof will consist of the
following steps

1. K is a o-field.
2. K contains the open sets of H.

Of course, K contains H itself; further, if B € K, then B¢ belongs to K. Let us now prove that X is
closed under a countable union of sets. Let {B,,, n € N} C K and fix ¢ > 0; we have to show that
there exist a closed set C' and an open set A such that
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cclyB.cA  wA\C)<e

It holds, for each n € N, that there exist C,, closed, A, open sets such that

Cn C Bn C Anv /L(A" \ Cn) < E27’L+1 ’

Setting A = [JA,, and S = |JC), we obtain that S C |JB, C A and u(A\ S) < ¢/2. However, A is

k
open but S is not necessarily closed. We then consider its approximations S = |J Cy,: Sk is closed as

a finite union of closed sets and converges to S, hence p(S;) — p(S) and there is k = k. such that
C := Sy, verifies u(S\ C) < £/2, so that

ccSclJB.cA,  uA\C)<e

To prove that each open set A belongs to I, we need to construct a sequence of closed sets C,,
such that C,, C A and u(A\ C,) — 0 as n — oo. It is easily seen that it is sufficient to take the
following definition:

1
Cp={zxecH:dx A°) > ﬁ}

where d(z, A°) is the distance from = to the complementary set A€ of A.
O

Proposition 8.2. Let uy € M(H). Then for arbitrary € > 0, there exists a compact set K. such that
wH\K,) <e.

Proof. In the finite dimensional case, the previous proposition implies that we can take a bounded
closed set C such that u(H\ C) < e: since closed and bounded sets are compact, the proof is complete.
In the infinite dimensional case, we use that totally bounded sets are relatively compact; we recall
that a set S is totally bounded if for any e there exists a covering of S given by a finite number of
balls of radius e: see for instance Dunford and Schwartz [DS88].
Let us fix a basis A = {a;, j € N} in H (more generally, it would be enough to take as A a
countable dense set in H). For any k € N there exists m = my, such that

my
Fk = U B(aj, %)

j=1
verifies pu(Fy) > 1 —27%¢. Define

F= ﬁ Fy..
k=1

F is totally bounded by construction, hence it is relatively compact, and it is closed (as it is an
intersection of closed sets), which means that F' is compact. Further,
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W(Fe) = p <G F,j) < i2_k8 <e.
k=1

k=1

a

We are going to introduce the (finite dimensional) projections in H. Let {ex} be a complete
orthonormal basis in H; define P, : H — P, (H), for each n € N, setting

n

P,z = Z(x,ek> €k, x € H. (8.2)
k=1

Notice that P,z — x as n — oo, for each x € H.
Given a probability measure p € M(H), we denote by u, the image measure of y on P,(H)
induced by the transformation P,, i.e., u, = P, o pu,

pn(B) = u(P(B)), B € B(Py(H)).
The following result still concerns uniqueness of a probability measure.
Proposition 8.3. Let p,v € M(H) be such that
Wn = Uy for each n € N.
Then p = v.

Problem 8.1. Provide a complete proof of Proposition 8.3.

Trace class operators

Take a linear operator @ from H into H, symmetric and non-negative, i.e., () verifies

(Qz,y) = (,Qu), (Qv,r) >0, Vuz,ycH.

We shall denote L™ (H) the class of such operators. A special case, of some interest for us is played
by the trace class operators

LI(H)={Q e LT (H) : Tr(Q) < oo},
where the trace of @ is
Tr(Q) = Z(Qek, ek)
k=

1

for a complete orthonormal system {ex} in H. If Tr(Q) < oo, then its value is independent from the
given system {e}. In particular, trace class operators are compact, and the trace of @ is the sum of
all eigenvalues repeated according to their multiplicity.
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Random variables

Let H and E be separable Hilbert spaces, 4 € M(H) be a probability measure on the space (H, B(H));
set £ = B(E).
By a random variable with values in the space (F, ) we mean a measurable mapping X : H — E
such that
Ac& = X YA) eB(H).

The probability measure £(X) := X o u induced by X on E is denoted by X o u,
(Xop)(A) = p(X~'(4)), Ack.

The measure X o p is said to be the law of the random variable X.

We recall the change of variables formula. Let ¢ be a real bounded Borel mapping ¢ : E — R;
then

/ (X (@)) ju(dw) = / () (X o ) ().
H

E

Independence of random variables X, ..., X,, holds if the law of the vector (X1, ..., X,) coincides
with the measure product of the laws X1,..., X,:

L(X1, o Xp) = L(X1) X -+ % L(Xn).

In general, a family of random variables { X,,, « € T'} indexed by some set T, is said to be independent
if any finite subset of the family is independent.

Definition 8.4. Let p be a probability measure on (H,B(H)); we define the mean of p (if it exists)
as the vector a € H such that

(a,h) = / (. h) p(dz),  VheH. (8.3)

If u has mean a, then we introduce the covariance operator of p (if it exists). This is a linear operator
Q on H such that

(Qh, k) = / (= a,h) (z — a, k) p(da),  Vh k€ H. (8.4)
The Fourier transform (or characteristic function) of p is defined as follows
f(x) = /exp(i(x,y)) w(dy), Vz € H. (8.5)

In general, mean and covariance operator of a probability measure do not necessarily exist. How-
ever, if y is a probability measure on (H, B(H)) with finite first momentum,

/ 2] pde) < +oo,
H

then there exists the mean of p. Indeed, the linear functional F': H — R defined as
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F( = [ (@ hhulde),  heH,
H
is countinuous, since
PO < W | falutaa).
By the Riesz representation theorem, there exists a unique element a € H such that

(a,h) = /H (. h) p(dz),  he H

Therefore, a is the mean of . Suppose further that the second momentum of p is finite,

/ |z p(dx) < +oc.
H

By using Holder’s inequality it holds that

</H |x|#(dx))2 < /H (22 j(dar) < +o0

and so p has mean a. Then we can consider the symmetric bilinear form G : H x H — R defined as
Glh, k) = /H<x Cah) (@ —a k) p(de), ke H.
G is continuous, since
(GO )| < [l [ o = af* ().
Again, this implies the existence of a unique linear bounded operator @ € L(H) such that

<Qh,k>:/H<a:—a,h> (@ —a,k)p(dz),  hke H.

Q is the covariance operator of p.

Proposition 8.5. The covariance operator @) related to a probability measure p € M(H) is a sym-
metric, positive and trace class operator.

Proof. The symmetry and positivity of Q are clear. It remains to show that @ is a trace class operator.
Fix a complete orthonormal system {ey, £ € N} in H. Then

(Qeg, er) = / |z — a,ex)? pu(dw), ke N.
H
From the monotone convergence theorem and the Parseval’s identity it follows that

_Oo r —a,e 2 ) = x—a2 X 0.
Tr(Q)—kX_;/HK o) p(dz) /H| 2 p(d) < +

O
Finally, we collect some properties of the Fourier transform of .
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Proposition 8.6. The Fourier transform i of a probability measure p verifies

1. jl0) = 1;
2. [ is uniformly continuous on H;
3. [1 is a positive defined functional, i.e.,

J,k=1
for everyn>1, z1,...,0, € H, a1,...,a, € C.
Proof. Only the last point deserves some attention. Given n > 1, x1,...,x, € H and aq,...,a, € C,
we have
n n
Z Tj — Tk ajak = Z / i(xj—xk,y) dy) ajak
7,k=1 k=1
n
— Z / 1(I]’y> akel(rk Y ) (dy)
j k=1
7=l L2(H,p;C)
n
= / Zajel<rj’y> u(dy) > 0.
j=1
O

Remark 8.7. In the above proof we have encountered the space L?(H, u; C) of mappings f : H — C

such that
/ (@) plde) < oo

In probabilistic terms, f is a complex, square integrable random variable on the probability space
(H,B(H), p).-

Remark 8.8. In the finite dimensional case, the classical Bochner theorem shows that properties 1.-3.
of Proposition 8.6 are also sufficient to characterize probability measures using characteristic functions,
see Theorem 1.2.

The same does not hold in the infinite dimensional case, as an additional hypothesis is required:
we propose in Exercise 8.2 below to construct a counterexample. For a complete characterization of
Fourier transforms of probability measures on infinite dimensional Hilbert spaces we refer, for instance,
to Theorem 2.13 in Da Prato and Zabczyk [DZ92].

We conclude with another uniqueness principle for probability measures.
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Proposition 8.9. The Fourier transform identifies univocally the measure: if u and v are probability
measures on (H,B(H)) such that ji = U, then p = v.

Proof. We already know the result for the finite dimensional case, compare with the Lévy Theorem
1.2. In the general case we consider the projections P, (see (8.2)); then, for each h € H,

ﬂ(Pnh) :/ ei(w,Pnh) u(dx) :/ ei(in,Pnh) Nn(dx) _ ﬂn(Pnh)
H P,(H)
and similarly for v:

D(Poh) = D (Pyh).

Hence, the measures u,, and v, have the same Fourier transform, so they coincide by teh Lévy Theorem
1.2, and the conclusion follows from Proposition 8.3.
O

8.2 Gaussian measures

In this section we introduce the family of Gaussian measures in an infinite dimensional, separable,
Hilbert space H. Recently, this subject has gained some interest from the mathematical analysis
point of view; indeed this theory is also linked to infinite dimensional heat equations and even to
heat equations perturbed by a linear drift term, see for instance the book by Da Prato and Zabczyk
[DZ02] and the lecture notes by Da Prato [Da0l] and Rhandi [MRO04].

By definition, u € M(H) is a Gaussian measure if, for any x € H, the real valued random variable
X :(H,B(H),n) - R, X(w) = (z,w), w € H, possesses a Gaussian law.

To investigate Gaussian measures our main tool will be the Fourier transform.

Given a trace class operator Q € L] (H), there exists a complete orthonormal system {e;} in H
and a sequence {07} of non-negative real numbers such that

Qek = U]%@k, ke N7
and also

Tr(Q) = ZU,% < 4o00.
k=1

To simplify our exposition, we will assume that Ker(Q) = {0}, i.e., o7 > 0 for each k € N. Therefore,
we may and will suppose that all the eigenvalues are ordered in a decreasing order. Set further

xp = (z, ex), so that
o0 oo
x:Zxkek, || :in
k=1 k=1

We introduce the natural isomorphism ~ between H and ¢2(1):

r € Hs~y(z) ={x} € %
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In the following, we shall identify H with £2.

Note that {2 is a Borel subset of R>® = [*°. Recall that R> is the vector space of all real valued
sequences, endowed with the product topology; it is also a complete separable metric space, endowed
with a suitable distance, see the first lecture. We denote by B(R>) the Borel o-algebra of R>.

Theorem 8.10. We are given a trace class operator Q € LT (H) and a vector a € H. Then there
exists a (unique) probability measure p on (H,B(H)) such that

/ TR 1y (dg) = eoh) o= (@RI, (8.6)
H

Further, i is the restriction to {2 of the product measure

N(a,Q) = H/\/(ak, )
k=1

defined on (R, B(R>)).

Proof. Since Fourier transform uniquely determines a probability measure, it remains to show existence
of p (this is not immediate, compare with Remark 8.8.
Consider the sequence of real Gaussian measures ux = N (ay, a,%), k € N, and take the product

measure u = [[ N(ax,0}) on the algebra R C B(R>) of all ** cylindrical sets I, .k, 4, where
k=1

neN, ki, ... .k, € Nand A € B(R"),
Ikh...,kn,A = {CC cR*® : (xkl, - ,xkn) S A}

Note that

Ty o) = (T 1) (A)
i=1

Clearly, p is additive on R and it is continuous in 0, since each component is such. Then, by
Caratheodory’s theorem 1.5, it can be extended to a o-additive measure on (R*°, B(R>)).

Next, we show that u is concentrated on ¢?; to this purpose, it is enough to notice that
Jze 12]3; 1(dz) < co. Indeed, we have easily:

[ la (o) = 15(Q) + I (8.7)

Hence p(1?) = 1 and so (8.7) holds also when R is replaced by H.

Finally, we consider the restriction of y to ¢2, that we continue to denote with p. Our goal is to
show that formula (8.6) holds. Let P, : £2 — R™ be the projection on the first n coordinates, and
n

Vp = [] tk- Then
k=1

1 ¢% is the space of real valued, square integrable sequences, endowed with the scalar product (z,y)2 = 3. Ty
k=1

for =,y € £2.
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/ e @M y(da) = lim el (Pne:Pah) 1y (dg)
02

n—oo [
= lim P Puh) ()
n—oo Jpn
i(Paa,Puh)=3(QPuh,Pub) _ ,ila,h)—3(Qh,h)

= lim ¢
n—oo

a

Problem 8.2. Show that if dim H = oo there exists a functional ¢ : H — C which is continuous,
positive defined and such that ¢(0) = 1, but ¢ is not the Fourier transform of a probability measure
pon (H,B(H)).

Hint: think about the hypothesis we use in the above theorem...

Problem 8.3 (Computing some Gaussian integrals).

1. Conclude the proof of Theorem 8.10 by showing that equality (8.7) holds.
2.Fix a € H, Q € LT (H) with KerQ = {0}. Setting 1 ~ N(a,Q), show that a is the mean and Q

the covariance operator of p, i.e.,
[ zntdn) =a.
H

/@M@mmmzwmw
H

3. p has finite variance, in the sense that

and, for h,k € H,

/Wx—aﬁm¢w=1ﬂQ) (3.8)
H

4. Assume T € L(H) is a bounded operator and fix b € H; define the affine mapping I'v = Tz + b.
Then, the law imagine of y under I' is given by the formula

I'oN(a,Q)=N(Ta+b,TQT™).

5. Show that, for any h € H, we have

/ T y(dr) = el g3 (Qh), (8.9)
H

Take (2, F, u) as the reference probability space, where {2 is a separable Hilbert space and yu is a
Gaussian measure on {2. We consider random variables taking values in a separable Hilbert space H;
the space L2(§2, u; H) is the space of (equivalence classes of) random variables such that

BIXP] = [ X a(do) < o

Of course a random variable X on ({2, F, ) is called Gaussian if its law is a Gaussian measure on H.
Gaussian random variables form a closed set in the space of square integrable random variables, as
the following proposition shows. This result will be useful often in the sequel.
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Proposition 8.11. Let {X,,, n € N} be a sequence of Gaussian random variables with values in an
Hilbert space H, having distributions N (an, Q). Assume that X,, — X in L*(2,u; H); then X is a
Gaussian random variable, with mean a = lima,, and covariance operator

(Qh, h) = lim (Qnh, ).

n—oo

Proof. We compute the characteristic function of X, i.e., E[e“X (@)y)u ] and we approximate with X,,,
using the assumed convergence, to get

E[ei<X(w)7y)H] — lim E[ei<Xn(w)7y>H]

n—oo
but since X,, has Gaussian distribution, the equality becomes

E[ei(X(W),wH] — lim ei{en ) —3{Qnyy) _ oiay)—5(Qyy)

n—oo

This proves at once all the claims.
O

8.3 White noise

In this section we fix a real separable Hilbert space H and a Gaussian measure

N:N(OaQ)

on (H,B(H)), where Q € L] (H) verifies Ker(Q) = {0}. We let {ex, k € N} be a complete orthonormal
system in H associated to the eigenvalues o7 of Q. The idea of “white noise analysis”, due to Hida
[Hi80], is to consider white noise, rather than Brownian motion, as the fundamental object to study:
a complete treatment of this approach can be found in references [Hi93] or [Ho96].

Also, a related approach to white noise analysis is given by the so-called isonormal Gaussian
processes, see Dudley [Du02, page 350] and Nualart [Nu95, Chapter 1].

Let us denote Q(H) the image of H under (). Notice that Q(H) is a subset of H, strictly contained
in H. Actually, setting y = Qx, we get

[e%e} 2 [e7]
Z (y_;;) =) (71)? < oo,
=1 \%k k=1
hence . )
Q(H):{yEH : Z(ig) <oo}
k=1

Proposition 8.12. We have pu(Q(H)) = 0.
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Proof. For any n,k € N set

e 2
Un:{yeH:Z%<n2}

i=1 ¢
and
2k 2
Umk: yEH: —12<TL2 .
i=1 ¢

Since U,, T Q(H) as n — oo and U, i, | Uy, as k — oo, it is enough to show that
w(U,) = klim wUn ) =0 (8.10)

The measure of U, j, is a finite dimensional integral with respect to the Gaussian measure N(0, 5'2),
where S? = diag(o?,...,03,)

(U p) = / . N(0.5%)(dy)
{yeR2k ; 372k

y?
i 2

155<n }
k2

by the change of variables x; = y;/0; we have

u(Une) = [ N, I) ()
{zeR2k : |z|2<n2}

where Ioj is the identity matrix of size 2k; passing to polar coordinates we have

U, )_71 /ne*’g/gr%*ldr—il /"2/26,0 k=1q <i(ﬁ)k—>0
PEmE) =11, TSI A A

as k — oo and (8.10) follows.
O

Now we define the operator Q'/2? by setting
Q1/2(x):20k<x,ek>ek, x € H.
k=1

Clearly, Q'/?(H) C H. This space is the so-called reproducing kernel related to the measure (0, Q).

Lemma 8.13. The reproducing kernel space Q'/?(H) is dense in H.

Proof. We use that Ker(Q) = {0}. Assume that 2o € H is such that (Q'/?z,x¢) = 0 for every = € H:
this means that Q'/?(2¢) = 0 hence Q(z() = 0. But since Ker(Q) = {0} this implies 29 = 0.
O
Further, one can show that

o 2
Ql/Q(H)z{yEH : Zg—’;<oo}.
k=1
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Let us now consider (H,B(H), ) as the reference probability space.

For every z € Q'/2(H), the mapping W, : H — R, W, (z) = (Q~/?2,z), defines a (real) Gaussian
random variable, centered, with variance |z|%,, this remark can be extended to a any finite choice of
elements in the reproducing kernel space Q*/ 2(H).

Problem 8.4. Let zy,...,2, € QY/?(H) and consider the random variables W.,, on (H, B(H), 1)
W, (2) = (Q7'/?z, ).
The law of the random variable (W,,,..., W, ) in R" is a Gaussian measure with covariance operator
Q= (4i5)
Qi7j:<2iazj>7 i,j:].,...7n.
In particular, the random variables W, ..., W, are independent if and only if the vectors z1,..., 2,

forms an orthonormal system.

Hence, the mapping W : z +— W, is well defined as a mapping from Q'/?(H) into the space of
square integrable random variables L2(H, u) = L?(H, i, R). Our aim is to extend this mapping to the
whole space H. The resulting application W : H — L2(H, u) will be called the white noise mapping;
it will be important in the sequel, for instance in defining the Brownian motion.

Consider again the mapping W : QY/?(H) — L?(H, p):

W.(z) = (z,Q/?2);

since for z1,z9 € H we have
BW.Wer) = [ We (o)W, (0) 1(de) = (21,22

it holds that W is an isometry between Q'/2(H) and L?(H, u). Since its domain Q'/2(H) is dense in
H, it can be uniquely extended to an isometry W : H — L2(H, u).

We left as an exercise to verify the properties of the white noise mapping. The proof follows easily
using finite-dimensional projections.

Problem 8.5. Fix n € N, and a sequence f1,..., f, € H.

1. (Wy,,...,Wy,) is a Gaussian random variable in R”, centered, with covariance operator
Qlj:<f17fj>) Z.ajzla"'vn'
2. Wy, ..., Wy, are independent if and only if (fi,..., fr) is an orthonormal system in H.

We conclude introducing the exponential mapping f +— ¢"Vs. Choose first f € QY/?(H). Then

/e<w7Q‘1/2f>u(dm) _ HQQTPEQT ) _ If12/2)
Further, the mapping is continuous on Q'/?(H). Indeed, for f,g € Q'/?(H), we have
/[ve — o2 (da) = 217 — 2elfH9P/2 o (291" = [ol/1” _ glol*12 4 el fPHIgI* ] _ o= IF—al*/2]

which shows the continuity in f of e"/. By using a similar computation as above we obtain the
following proposition.

Proposition 8.14. The map f +— "7 from H — L?>(H, ) is continuous.
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8.4 A construction of Brownian motion using the white noise mapping

Fix the set of times 7" = [0,00), and let H = L?(T). Fix an arbitrary operator Q € L (H), with
ker(Q) = {0}, and let u = NM(0,Q) be a Gaussian measure on (H,B(H)). We have thus defined the

reference probability space
(H,B(H), ) = (2, F,P).

Theorem 8.15. Set B(0) =0 and B(t) = W (1), t € T, where

1, for s € 0,¢],
l =
0.0(5) {O, otherwise,

and W is the white noise mapping introduced in Section 8.3. Then B = { By, t € T'} is a real Brownian
motion on (H,B(H), ) (with respect to its natural completed filtration,).

Proof. We verify the properties stated in Definition 2.5. Condition 1. is obvious. Let 0 < s < ¢: since
B(t) = B(s) = W (L),
it follows from Exercise 8.5 that B(t) verifies condition 2. Further, since the functions

Lio,60, Dty ta]s -+ > Lty )

are orthogonal in H, condition 3. follows again from Exercise 8.5. We would have finished if we know
that the process B (or a version of B) has continuous sample paths. This part of the proof is the
object of next section.

O

8.4.1 The factorization method

In this section we prove continuity of the trajectories of the Brownian motion using the factorization
method by L. Schwartz (in the finite dimensional case) and Da Prato and Zabczyk (in the gen-
eral situation). This is a purely analytic approach which does not require the continuity theorem of
Kolmogorov 2.16.

The starting point is provided by the following identity

t
t—0)* Y o—s)"%do = <s<t 11
L (t—o0)* Yo —s)"do sngray | 0Se<th (8.11)
which holds for each o €]0, 1[. We can also write, for 0 < s < ¢,
. t
sin(ra a —a
L g(s) = ET ) /0 (t —0)* Mjg,0)(s) (0 — 5)~* do.

Then, formula (8.11) may be written in the following form

sin(ma)

¢
Loy = / (t — o) g, do,
0

™
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where
9o(8) = Ljo,0](s) (0 — 8) 7
Choose a < %, g, € H and ||g,||* = ‘{1:22: since the mapping

Q2 — L*(2,p), f— Wy
is continuous, we get the following representation for the Brownian motion B:

sin(m

B(t) = a)/o(t—a)a1W(gg)da. (8.12)

™

Now it is enough to show that o — W, € L*™(0,T) P-a.s. for each T' > 0 and for some m > %
Indeed, then the continuity of the trajectories of B shall follow from next Lemma 8.16.

Notice that W, is a Gaussian random variable with normal law N (0 g2

s m), hence

/ Wy, ()P B(dw) = C, ™12,
H

Now since am > %, from Fubini’s theorem we obtain

[ 1) waean] ao= [ [/OT|W90|2mdg] P(d) < +00.

Hence o — W, € L?>™(0,T) P-a.s. for each T > 0, and we get the thesis.
O

Lemma 8.16. Let H be a real separable Hilbert space; let T > 0, and consider a function f €
L*™(0,T; H) where m > 1. Set moreover

F(t):/o (t—0)* ' f(o)do,  tel0,T),

where o €]5=,1[. Then F € C([0,T]; H).
Proof. Using Hélder’s inequality (notice that 2ma — 1 > 0) we have

(2m—1)/2m

t
|F(t)| < </0 (t — O_)Qm(oz—l)/(2m—1) da) | £l Lom (0,7 0)- (8.13)

Therefore F' € L*°(0,T; H). We still have to prove that F' is continuous.
Continuity in 0 follows directly from (8.13), hence it remains to show that F is continuous in [to, T']
for each to € (0,T]. Set, for € < to,

F.(t) = /0 76(t—0)a71f(0)d0, t € [to, T).

F. is obviously continuous in [tg, T]. Moreover, using again Hélder’s inequality, we have
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e(zma_l)/QmHfHL2m(O,T;H)'

2m — 1 (2m—1)/2m
2ma —1

F(t) — F(t)] < M(

Therefore lirr(l) F.(t) = F(t) uniformly on [to,T], so that F is continuous as required.
D €—>

Problem 8.6. Using a suitable modification of the above argument, prove that Brownian sample
paths are Holder continuous.
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Foundations of Malliavin calculus and stochastic integration

In this chapter we introduce the general concepts that form the basis of the differential calculus on
a Gaussian space. The material of this lecture was mainly inspired by the introduction to Malliavin
calculus provided by D. Nualart [Nu95] as it was applied in the Ph.D. thesis [Bon98]. It is quite
difficult to cite some names among the vast literature on the subject, however it was a rich source of
inspiration also the book by Bogachev [Bo98]. We should of course mention the monograph [Ma97]
which presents the original approach by Malliavin.

As in Chapter 8 we start with a real separable Hilbert space H of the form L?(T, B(T), \), where
T C R? is the set of times (usual choices are T' = [0,1] or T = R,) and \ is Lebesgue measure on 7.
We denote the norm and the inner product on H by |- | and (-, ).

On the space (H,B(H)) we consider an irreducible, trace class operator @) and we consider a
Gaussian probability measure P = N (0, Q); we will denote this space with the usual notation (2, F, P);
it is a complete probability space. In that case we can consider the white noise W(14) = Wy, based
on \, for A € B(T'). As we have seen in previous lecture, W is an isometry between H and the space
of real Gaussian random variables defined on ({2, F,P). Following the literature, we call the space
(2,F,P,H) a Gaussian probability space.

Throughout this lecture we will always work on

(97 f’ P? H)'

When T = Ry, we introduce the real Brownian motion B = {B;} (starting from 0) defined by
By = W(lljpy), t € T. Then we focus our interest on the Wiener integral of a square integrable
function f € L2(T, A). This is defined via the white noise mapping as W(f). We also write

W) = [ £ dB.
This integral generates the family of Gaussian variables

Hy ={W(f), feH}
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White noise analysis

For completeness, we mention that in the white noise analysis, the above space H; is called the first
Wiener chaos. The fundamental result in this direction is that the space L?(f2) admits a unique
decomposition into orthogonal spaces H,,:

L*(2,F,P) = P Hn
n=0

where H; is the previous space of Gaussian random variables.

The theory of multiple It6-Wiener integrals was initiated by Ité in [It53]; due to its interest, we
provide here a very short introduction to it.

The main interest is in the representation of square integrable random variables in terms of
(multiple) Wiener integrals. We can define the multiple Wiener-Ité integral for a function f,, in
H®m — L2(Tm) by

Im(fm) = . f(th cee 7tm) dB(tl) . dB(tm)
by a standard procedure: we first define the integral for step functions a;,, .4, La, x..-xa,,, (t1,- - tm),
then we prove that these functions are dense in L?(7™) and finally we extend the integral to a linear
and continuous operator on L?(T™).

As a consequence, it is possible to prove that any square integrable random variable F' € L%(£2)
can be expanded into a series of multiple stochastic integrals

F=> In(fm) (9.1)

m=0

with fo = E[F], for suitable functions f,, € H®™ which can be taken symmetric in order that the
expansion is unique. Since the orthogonality E[I,,(fm)I.(gn)] = 0 holds, each term in the series
corresponds to a different Wiener chaos.

Remark 9.1. There is interest in studying white noise also from the view point of the possible ap-
plications. In physics, one frequently encounters Gaussian processes and, among them, not only the
Brownian motion has a preminent position. Langevin first introduced the Gaussian white noise pro-
cess, that is a process characterized by

El&] =0,  E[&&] =0t —s),

where d is the Dirac measure. White noise process is not a stochastic process in a strict mathematical
sense; however, in physics it is often used as a model for very fast oscillations.

The above process enters in the physical construction of the Ornstein-Uhlenbeck process. This
process was first introduced as a model for Brownian movement in the 1920’s; for an hystorical
introduction we refer for instance to Nelson [Ne01].

The last part of the lecture introduces the derivative operator of random variables F' € L?(§2)
with respect to w, which is treated as a parameter. The original presentation is due to P. Malliavin,
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who first introduced a notion of derivatives of Wiener functionals and applied it to the absolute
continuity and the smoothness of density of the probability law induced by the solution of the stochastic
differential equation at a fixed time; a basic reference on Malliavin calculus is the monograph [Ma97].
The notation D F, which we will use for this weak derivative of F', has been introduced in [NZ86]; it
well represents the idea of partial derivative with respect to the infinite dimensional vector w = wy,
teT

9.1 Wiener integral

The aim of this section is to define a stochastic integral for elements f € H = L?(Ry,d)),ie. T = Ry,
W) = [ ). 9.2)
T

By construction, W(f) is a Gaussian random variable with law N(0, | f|?).

Remark 9.2. Suppose that f is a step function
F) =2 a;lla,(b),
j=0
where a; € R and A;j = [t;,t;41) € B(Ry). Then one has
W(f) = a;(B(tj11) — B(ty)).

j=0
Note that, for given f € H, we have the following adaptedness property: W(f) is Fi-measurable if
and only if f =0 on [t, o).

We define, as time ¢ > 0 varies, the family of random variables

I - / f(r)dB, = /T L (1) () dB,.

By construction, it follows that this process is adapted to the filtration {F;, ¢ > 0} of Brownian
motion, hence the stochastic process I = {I;,t > 0} is well defined.

Proposition 9.3. The stochastic process {I,t > 0} is a Gaussian process with correlation function

E(II,) = /0 TfQ(s) ds.

Proof. Since fljg; € H, it holds that I; is a centered Gaussian random variable with variance
o2(t) = | FLo.9f2

We show next that it is a Gaussian family. We claim that for every choice of times ¢1,...,t, and
real numbers aj, ..., a,, the random variable a1I(t1) + -+ + a,I(t,) has a Gaussian distribution.
However, this follows from the linearity of the white noise mapping.
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It remains to compute the correlation E(I;1,.). Take r < ¢t € T, then we have

E(I,1;) = E [W(fLpg)W(fLpm)]

and the properties of the white noise mapping implies

tAT
E(I:1;) = (fLio.4, fljor) = / f?(s)ds
0
O
Problem 9.1. Let f € C'([0,t]); by using a suitable approximation of f show that it holds, a.s.,

/f dB, = f(t)B; — /f ) B, dr. (9.3)

9.1.1 Multidimensional Brownian motion

Consider the following construction. Suppose that the parameter space is T = Ry x {1,...,d} and
the measure A is the product of the Lebesgue measure times the uniform measure that gives mass
one to each point 1,2,...,d. Then we have H = L*(T,)\) = L*(R,;R?). In this situation we have
that B; = (B},..., BY) is a standard d-dimensional Brownian motion, where B} = W(l,gxq), t >0,
1 < i < d, are real standard Brownian motions. Furthermore, for any h € H, the random variable
W (h) can be obtained as the stochastic integral

z [ wwast
Ry
We list some properties of the d—dlmenswnal Browman motion in Problem 9.4.

Exercises
Problem 9.2. Let us consider the following process, called the Brownian bridge
X, =By —tBy, t €[0,1].

Prove that it is a centered Gaussian process and compute its mean and covariance functions.

T
exp </0 f@) dBt>

Problem 9.4. Let {X;, t > 0} be a d-dimensional Gaussian process;

Problem 9.3. Given f € L%(0,T), compute E

1. show that it is a Brownian motion if and only if
E[X;X7] = 6;;(t A s).

2.Let A: Ry — M(d,n) (the space of all real d x n matrices) and z : Ry — R"™ be a bounded
measurable functions. Let {By, t > 0} be an n-dimensional Brownian motion.
Show that Y; = A;B; + z; is a Gaussian process and compute its mean and covariance functions.
3. Let { By, t > 0} be a d-dimensional standard Brownian motion; show that for any z € R, ||z|| = 1,
the process X; = (z, B) is a real standard Brownian motion respect to the same initial filtration.
4. Let {W;, t > 0} be a d-dimensional standard Brownian motion; determine the class of matrices
A € M(d,d) such that Y; = AW, is again a standard Brownian motion.
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9.1.2 Ornstein-Uhlenbeck theory of Brownian movement

The theory of Brownian movement developed by Einstein is, in some sense, unsatisfactory. For in-
stance, he supposed that the deplacement in the time interval (s, ) is independent from the past, thus
it shall also be independent from the velocity at time s. Starting from Langevin, a new theory was
developed in the 1920’s, culminating with the Ornstein-Uhlenbeck theory of Brownian movement,
where a different physical quantity, the impulse of the particle, was the central object of interest.

In this model, a faster time scale is considered; therefore, the time interval At is small with respect
to the time needed in the Einstein model by the particle to lose memory of the velocity, but still great
enough such that the number of hits in that interval is large.

Formally, the relevant equation is

X, aaXt
a2 ot

which means that the force acting on the particle is split in two parts, the first of which depends
on the viscosity of the fluid with viscous coefficient ma (1), while the second term is a white noise
process —formally, the derivative of a Brownian motion {B;, t > 0} (defined on a stochastic basis

(2, F,{F;},P)) with variance 02 > 0: & = 02%'

We can give a meaning to the above equation by introducing the velocity V; = 0X;/0t. Then, the
velocity field V' verifies the Langevin equation

oV;
8—; =—aVi + &, (9-4)

Given an initial condition Vj = vy, (9.4) is understood in the integral sense, i.e., we have, a.s.,
t
Vt—vo—a/ VstZUQBt, t>0.
0
One solves equation (9.4) using the variation-of-constants formula, and the solution is given by
t
Vi = ey, +/ e =3) 52 4B,. (9.5)
0
Indeed, if we introduce Z;, = V; — 02 B, we get that
t
thvo—i—oz/ (Zs + 0*B,) ds, t>0.
0

Hence, a.s., Z; is a C'-solution to the Cauchy problem

Zt = Oé(Zt + O'QBt)
Z() = 9.

which can be explicitly solved. Now, using (9.3), we readly arrive at (9.5).

1 a > 0 is a constant with the same dimension of frequency
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By (9.5), we see that V; = V,*°, t > 0, is a Gaussian process with mean e~ *'vg and covariance
eQas -1
E[V;V,]=e @92~ t>5>0.
2a
Its Fourier transform is given by

. —at 1 _21-e29t o
E[e!"*¥] = e® " V02 —2a W, u € R.

Therefore, the law of V; converges weakly, as ¢t — o0, to a zero mean Gaussian distribution with
) 2
variance 5.
(0%

Proposition 9.4. The Ornstein-Uhlenbeck process {VF¥,t > 0}, x = vo € R is Markovian with
transition function given by

p(t,z, A) = P(VF € A) = / m) )dy, AeBR). (9.6)

A ( 2mo2(1 — e~ 2ot

V2a ( a(y —e tx)?
xp | —
)
Proof. The formula for the law of V* follows easily by taking the Fourier transform. Let us prove
that, for f =14, with A € B(R) we have
E[f (Vi) | Fol = p(t, VS, A)

We write, using the freezing lemma (see Lemma 5.2)

s t+s
]E(f(Vtﬁ_s) -7:5) =K (f(ea(tJrs)x_'_/ efa(tJrsfr) dB, _|_/ efa(tJrsfr) dBr) | ]_-S>
0 s

t+s
=K (f (y + e—altts) + / o—a(t+s—r) dBT)>
s y:efat IOS e—a(s—r) dB,
t+s
_ N(efat(‘/sw _ efasx) + efa(tJrs)x’/ ef2a(t+sfr)d,r,) (A)
ot
_ N(e—at(‘/sr _ e—asx) + e_a(t+5)m,/ e—2audu) (A)
0
- p(t7 ‘/;17 A)a
where N (a, q) denotes the Gaussian measure with mean a € R and variance ¢ > 0. The assertion is
proved.
O

If we fix the initial position X (0) = x¢, then since

¢
X(t):mo—F/ Vs ds
0

we have that the position of the particle subject to Brownian movement following the Ornstein-
Uhlenbeck theory is a Gaussian process X (t) with constant mean x¢ and covariance operator
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2 2
E[X(#)X(s)] = % min{¢, s} + ;7 (—2 + 2e7 4 9e7s _gmalt=sl _ e*a(t“)) .

It follows that the variance of X (¢) is

o2 o?

?t + T.ég (—2 + 4870“5 — 8720[1&) .

The first term in the sum is just the variance of the position following the Einstein’s theory; the
correction is, in percentage, of order % A typical value for the friction coefficient is a1 = 10785~
in the observation we make a small error if we adopt Einstein’s value for the variance.

The next result shows in particular that the integral of an Ornstein-Uhlenbeck process is not
Markovian.

Problem 9.5. Let f,g € H = L?(0,T), and define

X(t) = / fs)dB.,  Y(1) = / X(s)g(s) ds.

Prove (Y;) is a Gaussian process in [0, 7], with mean function m(¢) = 0 and covariance function

s = [ rw ([Cawar) ([ swa)

Further, show that this process is neither a Markov process, nor a martingale.

Hint: a Gaussian process is Markovian if and only if its correlation function verifies p(t1, t3) = p(t1, t2)p(t2, t3)
for t1 < tg < t3, see Feller [Fe53]. This problem is taken from Shreve [Sh, pp. 289-].

9.2 The law of the Brownian motion in space of trajectories

Let H = L?(0,1) endowed with the Borel o-field B(H), u ~ N(0,Q) a Gaussian measure on H
and B = {By, t € [0,1]} be the Brownian motion on the time interval [0, 1], defined on the space
(H,B(H), p). Our aim is to consider B as a random variable on the space of trajectories, as in Section
3.3; however, in this section, we shall see the trajectories in the space L2(0,1) of square integrable
functions with respect to the Lebesgue measure. We use the notation of Lecture 8.

First, clearly the mapping B : £2 — L?(0,1), B(w)(t) = Bi(w) is well defined, since

E[/OHB”th} :/9/01|Bt(w)|2dtu(dw):/01/Q|Bt(w)|2u(duJ)dt:/Oltdt:%

so that B(w) € L?(0,1) for almost all w. Moreover, we have
B € L*(02; L*(0,1)).

We define the law of B on L?(0,1), i.e., the measure P = p o B~!, the Wiener measure in L?(0,1).
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Proposition 9.5. P is a Gaussian measure on L?(0,1), with zero mean and covariance operator R
given by

t):/olmin{s,t}h(s)ds, he L2(0,1), te(0,1). (9.7)

Proof. To show that P is a Gaussian measure, define for n € N and ¢ € (0,1)
Bn(t;w):W(Pn]l[OJ])(w): <W7Q_ Ot] Zak w, ex) 0t]7€k>a

where P, is introduced in (8.2) and the mapping B, : 2 — L%(0,1) given by B, (w)(t) = Bn(t;w).
B, is a linear, bounded operator, so it is a L?(0, 1)-valued random variable with Gaussian law £,, =
Po B! ~ N(0, B,QB;), where B} is the transpose of B,,. We have in fact

/ L, (d€) = / i(Bnw,h) P(dw) = / oi(w,Brh) P(dw) = o~ 3{QBLh,Bh) _ —3(BaQB} h,h)
L2(0 1) [ 2

which shows the claim.
Next step is to prove that

lim B, =B  in L*(02,u; L*(0,1)). (9.8)

n—oo

Then from Proposition 8.11, it will follow that B has a Gaussian distribution.
Let us compute, using Fubini’s theorem,

EllBa — Bl220.)] = //unw Bt ) dt p(dw)
L/L/ W (1= Pu) o) (@) dt u(dw)
L/‘J/'VV 1= P, (@) P pu(dw)

:/0 [(1 = Pa) o720,y

0 (9.8) follows from the dominated convergence theorem.
It remains to compute the covariance operator R. We have

(Rh,h) = E[(B, h)*]

o wtats) ([ v o)
//wwﬁwméwmmmwmwmmwﬁ

:/O /0 dtds {h(t)h(s) min{s,t}}

and the conclusion follows.
O
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Exercises

The next problem deal with the covariance operator of the Wiener measure. It gives a different taste
of the relation between Brownian motion and differential operators.

Problem 9.6. Let R be the covariance operator of the Wiener measure defined in (9.7) and set
A =TR~! be an unbounded operator on L2(0,1). Show that

D(A) = {h € H*(0,1) : h(0) = K'(1) = 0}
Ah(t) = —h"(t) Yhe D(A).

Now we extend the result to a different process. Let us recall the Brownian bridge, introduced in

Exercise 9.2
X; = By —tBq, t €10,1].

Problem 9.7. Prove that the law of {X;, t € [0,1]} in L?(0, 1) is a Gaussian measure with zero mean
and covariance operator S defined by

Sh(t) = /OlK(t,s)h(s) ds, h e L*0,1), telo,1],

where the kernel K (t,s) : [0,1] x [0,1] — R is given by
1-— <s<

K(t,s) = s(1—t) 0<s<t

t(1 <s .

Problem 9.8. Referring to previous exercise, let B = S~! be an unbounded operator on L2(0,1).

Show that
D(B) = H?(0,1) N H(0,1)
Bh(t) = =h"(t) Vh e D(B).

9.3 The derivative operator

In this section we define the stochastic derivative DF of a square integrable random variable F' : 2 —
R, that means, we want to differentiate F' with respect to w, which we treat as a chance parameter,
via a weak notion of derivative, and without assuming any topological structure on the space {2 (see
Nualart [Nu95, section 1.2]).

Recall that the white noise W maps H into Hy C L2({2); the Malliavin derivative will be an
unbounded operator from L2({2) into H which verifies

DW(g)=g, geH.
In particular, since H = L?(T'), we can write the above identity pointwise

DW(g)=g(t), g€H, teTl.
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We denote by C;°(R™) the set of all infinitely differentiable functions f : R — R such that f
together with all its partial derivatives is bounded on R™.
Let S denote the class of smooth random variables, i.e., a random variable F' € S has the form

F= f(W(hl)v"'7W(hn))7 (9'9)

where f € Cg°(R") and hy,...,h, € H. Note that the class S is dense in L?({2). The derivative of
such a random variable F' is the stochastic process {D:F, t € T'} given by the formula

DF =5 2L win). . wh ). 9.10)

We consider DF as an element of the space L*(T x 2) = L?(2; H). Actually, DF € 0, LP(2; H).
P

We fix an element h € H. We introduce the directional derivative D" on the set S, defined by the
formula
D"F = (DF,h).

We note the relation

DhF — lim f(W(hl) + €<h7 h1>7 EEE) W(hn) + 5<h7 hn>) - f(W(hl), ey W(hn)) )
e—0 9

We have the following important integration by parts formula.
Lemma 9.6. Suppose that F € § is a smooth functional and h € H. Then
E[D"F] = E[F W (h)].

Proof. We may assume that there exists orthogonal elements in H h = hq,...,hy, with |h;| = 1,
i=1,...,n,and a f € C§°(R™) such that F' = f(W(h1),...,W(hy)). Then

E[(DF, )] = E[0, f (W (h1), ..., W (hn))].

Let p, ~ N(0,1,) be the law of (W (hy),..., W (hy)); then an integration by parts in R™ leads to
E[(DF,h)] = A Oz, [ () pn(dx) = /]R f(@)x1 pp(dz) = E[FW (hy)]

and from this we get the thesis.
O

From this lemma, taking into account that D(F'G) = (DF)G + F(DG) we obtain
E[F(DG, h)] + E[G(DF, h)] = E[FGW (h)]. (9.11)
Applying the previous result, it is possible to prove

Proposition 9.7. The derivative operator D (with domain S) is closable as an operator from LP({2)
to LP(§2; H), for any p > 1.
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Proof. We give the proof in case when p > 1. Let {F,,, n € N} C S be such that F,, — 0 in LP({2) and
DF,, — G in LP({2, H); our aim is to prove that G = 0. Take h € H and F = f(W(h1),...,W(h,)),
where f € Cg°(R™). Then we obtain

E[F(G,h)] = lim E[F(DF,,h)] = lim E[F,FW(h)] — E[F,(DF,hL)].
Now, since F,, — 0 in LP, and W (h) belongs to each L?(2), p > 1, we get that E[F(G, h)] = 0, which
yields G = 0 and the proof is complete.
O
We will denote the domain of D in LP(§2) by DYP. This means that D7 is the closure of the class
of smooth random variables § with respect to the norm

1/p
Q;H)}

IFllp = [EQFI) + DI,

For p = 2, the space D2 is a Hilbert space with the scalar product
(F,G)12 =E(FG)+E(DF,DG)py.

Remark 9.8. Of particular interest is the following result, that is proved in [Nu95]. Take F € D'? and
assume it is F4 measurable, for some A € B(T'). Then D.F is zero almost everywhere in A° x (2. In
case T' = R, there above has the following interpretation: if F' is Fs-measurable, then its Malliavin
derivative Dy F is zero almost surely for ¢ > s.

More generally, we can introduce iterated derivatives of (weakly differentiable) random variables.
For a smooth random variable F' and an integer k, we set

th...,th =Dy Dy, ...Dy F.

Note that the derivative D*F is a measurable function on the product space T* x £2. For every p > 1
and natural number k& > 1 we denote by D*P the completition of the family S with respect to the
norm

1
& /p

|Fllkp = [E(FP) + Y EIDIF|L. 00,
j=1

We end up this section with two important tools in applications. The first one is a chain rule for
the Malliavin derivative operator. The proof of this result follows easily by approximating the random
variable F' by smooth random variables.

Proposition 9.9. Let ¢ : R® — R be a continuously differentiable function with bounded partial
derivatives and fixr p > 1. Suppose that F' = (F1, ..., F,) is a random vector whose components belong
to the space DVP. Then ¢(F) € DYP and

DO(F) = Y 52(F) DF:. (0.12)

The last result heuristically states that a random variable is “smooth” if we can approximate it
with a sequence of “smooth” random variables.
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Proposition 9.10 ([Nu95], Lemma 1.5.3). Let {F,,, n > 1} be a sequence of random variables in
D*P with k > 1 and p > 1. Assume that F,, converges to F in LP(§2) and

sup [ Eylk,p < oo.
n

Then F belongs to D*P.
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It6 stochastic calculus

In this lecture we show how it is possible to “integrate” a sufficiently large class of stochastic processes
X = {X;,t € T} with respect to a fixed Brownian motion {B;, ¢ > 0} (defined on a reference
stochastic basis (2, F,{F, t > 0},P)). The process X will be always defined on the same space
(2,F,{F:, t > 0},P). In other words, we will construct a stochastic integral with respect to the
Brownian motion. This integral, due to K. It8, will also allow to introduce in the sequel the stochastic
differential equations.

The discussion of the properties of the Brownian paths shows that, in general, it is not possible to
1

define the integral [ X, dB; in the Lebesgue-Stjelties sense, arguing “w by w”. If the paths of process
0

X were of bounded variation on each bounded interval a.s., one may use an integration by parts to
define

1 1
/ XSdBS:XlBl—/ B, dX;.
0 0

However, this way leaves aside a large number of interesting processes X, like the Brownian motion
itself. A way to circumvent this difficulty, and to define a stochastic integral, was introduced in the
1940’s by K. Itd. His idea was to introduce the It stochastic integral not “w by w” but instead in a
“global way” as a limit in L?(£2) of suitable random variables defined in terms of stochastic integrals
involving elementary processes.

1
Recall that the Wiener integral f — W(f) = [ f(s)dB, provides an isometry between the space
0

L?(0,1) and the space of Gaussian random variables; Ito integral provides an isometry between the
class M?2(0, 1) of square integrable, adapted processes and the space of square integrable and centered
random variables.

10.1 The It6 integral

To simplify the notation, in the following we shall consider real valued processes defined on the time
interval [0, T']. The extensions to other time intervals, like R4, [a, b] or ¢ € R are rather straightforward.
In the last part of the lecture we shall descrive the extension to the multidimensional case.
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Definition 10.1. M?(0,T), p > 1, is the class of real valued stochastic processes X = {Xy, t € [0,T]}
which satisfy the following conditions

i) X is progressively measurable (with respect to (2, F,{F:, t € [0,T]},P)), and
M)E[/‘|qud%<<+am
0

Among the elements of MP we find in particular the elementary processes

n—1
Xt(w) = Z gi(w)]]'[ti,ti+1)(w)
=0

where & € LP({2) are random variables, F;,-measurable, and 0 =tg < t; < ... <t, =T.
Recall that any adapted stochastic process with right-continuous trajectories is also progressively
measurable.

Lemma 10.2. Given a process X € M?(0,T) there exists a sequence of elementary processes
{X™) n e N} in M?(0,T) which approzimate X, i.e.,

T
mlE/|&—X@F&:0
0

n—-+o0o

We begin with a general result on approximation with step functions, which we shall use often in
the following.

Problem 10.1. Let us fix the time interval [0, T'], and denote by [z] the integer part of the real number
x. For arbitrary h € (0,T), we introduce the partition 7 = {tc = 0,¢1,...,tn+1 = T} on [0,T], where
n=[%] and, for any k =1,...,n, t; = kh.

Given f € L?(0,T), we define the step functions
0 if 0<t<ty

o kh
PO fwr =4 [ s i tst<nn
(k—1)h

(10.1)

Then f;, — f in L?(0,T) as h — 0 and moreover

T T
/O | fn(t)] dtS/O |£(2)]? dt.

Proof (Lemma 10.2). Let X € M?(0,T), define the family of step functions

k/n
X(")(t,w)zn/ X(s,w)ds for k/n<t<(k+1)/n,
(k=1)/n

for w € 2 such that the integral is finite, and X (™) (t,w) = 0 otherwise; notice however that, by
assumption, the second case occurs with probability 0. Using Exercise 10.1 we get
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T T
/ |X§”>|2dtg/ X, |2 dt
0 0

T
/ X" — X 2dt — 0
0

and

for all trajectories ¢ — X (t,w) which are square integrables on (0,7). However, since X € M?, the
sequence X (™ is uniformly integrable, so that, using the Lebesgue theorem, we get

T
IE/ |X,5(")—Xt|2dt—>0 as n — oo.
0
O

10.1.1 Stochastic integral for elementary processes

Definition 10.3. Given an elementary process X = {X;,t € [0,T]} € M?>

n—1
Xt(w) = Zgi(w)l[ti;t'i+1)(w)’
1=0

T
we define the stochastic integral of X, denoted by [ X;dB, as the random variable
0

n—1
IT = Zfi(BtH-l - Bti)'

i=0

Lemma 10.4. Given an elementary process X = {X;,t € [0,T]} € M2, the following properties hold:

T
IE/ X;dB; =0 (10.2)
0
T 2 T
E / X, dB;| = E/ X2 dt. (10.3)
0 0
Proof. Since, for each i = 1,...,n, & is F;,-measurable, the centered random variable By, , — By, is

independent from &;; this easily implies (10.2).
Moreover, we have

T
E [/ X dBy
0

2 2

=E

n—1
Z &(Bti-u - Bti)
=0

n—1

= E|:€7,2(Bt1+1 - Bti)z} + 2ZE[§i§j(Bti+l - Bti)(Btj+1 - Btj) :

i<j

-
Il
=]



140 10 It6 stochastic calculus

Whenever i < j, since t; < t;, it holds that (By,,, — By, ) is independent from &;&;(By,,, — By,) hence

i+1

E[éi&j (Bti+1 - Bti)(Btj+1 - Btj )] = E[&&j (Bti+1 - Bt'i)]E[Btj+1 - Btj] =0

which implies

T 2 n—1 n—1
E / X dBy = Z E[&Z(Btwl - Bti)2] = Z E(SE)E(BMJA - Bti)g
0 i=0 i=0
n—1 n—1 T
=) Bty —t) =EY &tin—t;) =E [ X7dt.
i=0 i=0 0

10.1.2 The general case

We have defined the stochastic integral for elementary processes in the class M?2(0,T); our aim is
to extend this definition to the whole class. Recall that elementary processes are dense in M?2(0,T),
thanks to Lemma 10.2: for each X € M?(0,T) there exists a sequence of elementary processes { X (M},
contained in M?(0,T), such that

T
IE/ X" — X, 2dt — 0 (10.4)
0

as n — +00.

We consider the sequence of square integrable random variables I = fOT Xt(") dB;. In order to
define the stochastic integral for the process X, it will be sufficient to show that the sequence I is
convergent in L?(§2): we shall define stochastic integral of X this limit.

Now, it is easy to see that the sequence {I(™} is a Cauchy sequence. Actually, an elementary

process remains unchanged if we add points to the original partition; hence, by considering the union
of the partitions of [0, 7] which define respectively X and X (™| it holds

2

T
E[I™ — [™]> = E / (X"~ x"™)dB,| | (10.5)
0

but the difference of elementary processes is again of such kind, hence we can apply Lemma 10.4 to
get

T
B - 1 =B [ (- xR
0

But this implies that there exists the limit (in mean square sense) of I(™ as n — oo; we shall denote
T

by I = [ X;dB, this limit.
0

Further, we can prove that this limit is independent from the chosen approximating sequence
X1, To this aim, let Y™ be a different sequence of elementary processes which approximate X
Yy Pp PP
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T T
in the sense of (10.4). In order to prove that [ Y,;(H) dB; has the same limit as [ Xt(") dBy, for n — oo,
0 0

we introduce one more sequence of elementary processes

(n) x™ if n is even
f if n is odd;

the sequence {Z(™} again verifies (10.4), and the above reasoning implies the existence of the limit

T
for the sequence of random variables [ Zf") dB;, which by construction must be equal to both the
0

T T
limit of [ v, ™ dB, and to the limit of Ik X™ dB,, as required.
0 0

Problem 10.2. Verifies (10.5).

Theorem 10.5. Let X € M?(0,T). It is clear that the stochastic integral defined above is linear on
M?(0,T); moreover we have

T
IE/ X,dB, =0 (10.6)
0

T
/ X: dB;
0

Proof. By definition, there exists a sequence of elementary processes {X ) ne N} € M? such that

2 T
E :IE/ X7 dt. (10.7)
0

T
1imE/ X" — X,2dt =0
n 0

T 2
limE (/ (x{™ - Xt)dBt> — 0.
n 0

The assertion follows since (10.6) and (10.7) hold for elementary processes and then it is straightfor-
ward to pass to the limit.
O

and

Problem 10.3. Let X = {X;} and Y = {V;} € M?(0,T). Show that

T T
/ X,dB; - / Y, dB;
0 0

T
E :IE/ X,V ds. (10.8)
0
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10.2 The stochastic integral process

In the following, we consider a stochastic process X € M?(0,T) and, for any t € [0, 7], we define the
family of random variables

t
It:/ X, dB,.
0

By construction, it follows easily that I; is Fi-measurable, hence I = {I;,t € [0, T]} defines a stochastic
process.

In the following, we shall study properties of the stochastic integral process {I;, t € [0,T]}. As
in previous section, our study naturally divides in two steps: first we consider integrals of elementary
processes, then we proceed to the general case by an approximation argument.

The proof of the following result is elementary and it is left as an exercise to the reader.

Problem 10.4. Let X be an elementary process in M?2(0,7). Then the integral process I = {I;,t €
[0,T]} has continuous trajectories.
Proposition 10.6. Let X be an elementary process in M?(0,T). Then the integral process I = {I;,t €

[0,T1} is a square integrable martingale (with respect to {F:}).

The interest of this proposition (and of Theorem 10.9 below) is that it guarantees the possibility
of using —to study integral processes— the powerful inequalities that martingale theory provides.

Proof. Recall that for an elementary process X in M?2(0,7) it holds

t n—1
def
I = / X, dB, = Zfi(Btm = By,) + (B — By,,).
0 i=0
For s < ¢, we shall verify that E(X; | Fs) = X,. Take k be such that tx < s < tx41: then

t s
/XTdBT:/ X, dB, + &(Bu,, — Bo) 4+ (B — By,).
0 0

We take the conditional expectation with respect to Fs of the terms on the right-hand side; we recall

S
that [ X, dB, is Fs-measurable so that property b) in Proposition 1.14 implies
0

IE(/ XTdBT|]-'S>:/ X, dB,.
0 0

Next, we are concerned with the second term. We have that & is Fs-measurable and the increments
of the Brownian motion are independent from the past, hence

]E(é-k(Btk-#l - Bs) | '7:5) = é-k?E(Btk+1 - BS) | '7:5) = é-k?E(Btk+1 - BS) =0.

Since t; > s for i > k + 1, it follows that Fs C Fy,, so that property d) in Proposition 1.14 implies



10.2 The stochastic integral process 143

E(&(Bti+1 - Bti) | ]:S) = E(E(&(BtH-l - Bti) | ftz) | ]:S) =0.

We have thus proved the equality

E(I, | Fe) (/XdB|.7-'):/XTdBT:IS
0

which concludes the proof.
O

Remark 10.7. Let X = {X, t € [0,T]} be an elementary process in M?(0,T). We consider
t
AZ/XA&, te[0,7].
0

We have just proved that {I;} is a martingale. Hence Y; = |I;|? is a submartingale and by the maximal
inequality we have

1
P sup ¥i>A\| < <E(|Yz)).
te[0,T A

2
/XdB

Since

E(|Yz) —E/IXF®—HMWWT

/XdB

we obtain

P | sup /XdB > A ( sup
te[0,T te[OT]

10.2.1 Continuity of trajectories

1 T
> \?) < FIE/ | X4|* ds.

We shall now extend the regularity properties proved previously for elementary processes to the general
case of X € M?2(0,T). We start with the continuity of trajectories.

We recall that a stochastic process Y = {3, t € [0,T]} is called a version of a stochastic process
{X¢, t €[0,T]}, defined on the same stochastic basis of Y, if we have X; = Y; a.s., for any ¢ € [0, 7.

Theorem 10.8. Let X be a stochastic process in M?(0,T). Then the integral process I = {I;, t €
0,7}, It = fot X, dB;, has a version {J;, t € [0, T} with continuous trajectories.

Proof. Consider a Cauchy sequence {X (™ n € N} of elementary processes in M?2(0,T), converging to
X in mean square norm:

T
E/ |x(H+p) — x(™)12dr — 0
0

as n — oo. We know that the approximating process X (") defines a stochastic integral process I(™
with continuous paths, and that integral process I is defined as the L2-limit of the processes I(™).
If we show that, for almost every w
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sup sup

t
/ [(x(*P) — X(M]dB,| — 0 (10.9)
peNt€[0,T]

0

as n — oo, then the functions: t — It(”) (w) define a Cauchy sequence which is convergent in C([0,T7).
Let us denote by ¢t — Ji(w) such limit in C([0,T]). Clearly, {J;, t € [0,T]} is an adapted stochastic
process and moreover we have J; = I; a.s., for ¢ € [0,T]. It follows that {J;} is the version of {I;} we
are looking for.

Let us prove (10.9). Thanks to Proposition 10.6, for each p > 0 the process {(I("+2) — 1)), ¢ €
[0,T]} is a martingale, and since x — |z|? is a convex function, then {|(I("+2) — (™), |2 ¢ € [0,T]}
is a submartingale; we apply Doob’s inequality (4.8) to this last process and, recalling the isometry
(10.3), we obtain

P(sup

t 1 T
/ (X — Xﬁ"))dBr‘ > )\) < — sup E/ (X (nFm) (Y2 g,
+<T |Jo 0

A2 meN

as n — 00, as shown in Section 10.1.2.

Let us choose two sequences {\;} and {ej}, positive, converging to 0 and such that > (A\g+¢x) <
E>1
o0; we fix next a sequence ny such that for every p > 0 it holds

P (sup
t<T

Then we can define the sequence of events

t
0

> )\k) < €k.

t
Ay = {w | sup / (X (ern) Xﬁ”ﬂ)dBr} > )\k}.
0

t<T

Since {e1} is a summable sequence, we have Y P(Ax) < Y ek < 400; we apply Borel-Cantelli lemma
k k
2.19 to get
t
/ (X (rern) — x(ne)) dBT‘ > A, infinitely often) =0.
0

P <sup
t<T
Therefore, for every w in a set of probability 1, there exists a value x(w) such that, for every k > k(w),

it holds

sup
t<T

t
/ (x(mesn) — XﬁnmdBr\ =M
0

Since the subsequence X ("*) converges to X in L?-norm, noticing that, for p > 0

k+p—1
iowen o) =3 () (00
i=k

we get
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t
/ (Xr("kﬂn) _Xr(nk))dBr‘

sup
t<T |Jo
k+p—1 t k+p—1 [e’s)
< Z sup / (X£7Li+1) —Xr(m))dBr' < Z A < Z)\i — 0,
i=k 'ST170 i=k i=k

as k — oo, and the thesis follows.
O
According to the previous result, we shall always deal with the continuous version of the integral
process {I;}.

10.2.2 Martingale property

Theorem 10.9. Let X be a stochastic process in M?*(0,T). Then the integral process I = {I,t €
[0,T]} is a martingale.

Proof. Once more, the proof will follow from an approximation procedure. Assume that X ¢
M?(0,T) is a sequence of elementary processes, converging to X in L((0,7) x £2); define (™ the
corresponding sequence of integral processes. We know that the process {It(”), t € (0,7)} is a mar-
tingale, hence the identity IE(It(n) | Fs) = §”>, t > s, holds a.s.; it remains to prove that, if we take
the limit as n — oo, this identity is maintained.

In particular, it will be sufficient to prove that

EE(L — I | Fo)? =0;
we know that this identity holds for elementary processes, thus, for t > s,
BE(l — I, | F)* = BE(L — I, | F) = E(I” — IV | )P
—EE(L — I — I, + 1™ | F))?
=E[E(L, — 1" | F) = (I — 1{V))”
<2E[E(L — I[") | Fo)]? + E[(I, — I{)]?.

Now, using Jensen’s inequality for conditional expectation (!) we obtain E(E(X | F5)?) < E(X?);
therefore, since 1) converges in L2-norm to I, we obtain the thesis.
O
Having established the martingale property for the stochastic integral, we can use Doob’s inequality
(4.9), which implies the following result.

Corollary 10.10. Let { X, t € [0,T]} be a stochastic process in M?(0,T). Then it holds

t T
/ X, dB, / |XS|2ds] . (10.10)
0 0

! for every convex mapping & it holds ®(E(X | F)) < E(®(X) | F)

2

E | sup < A4E

t€[0,T]
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10.3 Ito processes

In this section, we slightly modify our notation, in order to conform it to the existing literature.
Let 0 = {0y, t € [0,T]} be a stochastic process in M?(0,T), and define the stochastic process

X ={X:, t€[0,T]}
t
XtZ/ 0sdDBs.
0

Intuitively, we can think X; as the description of a (stochastic) dynamical system, such that the
infinitesimal variation dX; is of order o dB;. In other words, the variance of the process increases of
o2dt, while the expected value remains constant. In literature, we often read that this differential is
of order %

It is natural, then, to add, to the description of the system, a differential of order 1. That is, we
are given a stochastic process b = {b;, t € [0,T]} € M'(0,T) such that the infinitesimal variation
of the mean of X; is E[b;] dt. However, this choice does not affect the infinitesimal variation of the
variance, as it is easily seen.

We are thus lead to the following definition

Definition 10.11. Let b = {b;, t € [0,T]} € M' and o = {0+, t € [0,T]} € M? be given stochastic
processes; further, let X be a random variable Fo-measurable (hence independent from By, for every
t>0).

We call It6 process the stochastic process X = {X;, t € [0,T]} defined by

t t
Xt:X0+/ bsds—i—/ o, dB;. (10.11)
0 0

We shall also use the following differential form
dXt = bt de¢ + o0y dBt

which is by definition equivalent to (10.11). We say that the stochastic differential of the Ité process
{Xt} 18 bt dt + oy dBt

Notice that X is a continuous process, since both the integrals in (10.11) are continuous in ¢.

Exercises

Problem 10.5. Let {X;, t € [0,T]} be a stochastic process in M?(0,T). Then it holds

t t 2 t
IE(/ X.dB, | F,) =0, IE(</ XudBu) |]-"S):E(/ X2du | Fy).

Hint: one can start by proving the assertion for elementary processes X...
Before we introduce the It6 formula, it is instructive to compute the following elementary integrals.

Problem 10.6. Let B = {B,, t > 0} be a real standard Brownian motion. Compute the following
integrals
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T
1
1. / B;dB; = 5(3% — T). In particular, this shows that {BE} is an Ito process, with stochastic
0

differential
d(B?%); = dt + 2B; dB;. (10.12)

T
2. In connection with the above formula, compute / r dB,.. This shows that
0
d(tB:) = By dt + tdB;.
t
3. Compute E [BS/ B, dBu}

‘ 2
4. Compute E l(BS/ B, dBu)

10.4 Ito fomula

Theorem 10.12. Let X = {X3, t € [0,T]} be an Ité process defined by the stochastic differential

t t
Xt:Xo—F/der—F/UTdBT
0 0

Let @ : [0, T] x R — R be a continuous function in (t,x), differentiable with continuity one time in t
e twice in x, having bounded derivatives.
Then &(t, Xy) is again an Ité process with stochastic differential

t t
sl')(t,Xt)—q’J(O,XO):/ até(r,XT)dr—i—/ 8, ®(r, X, )b, dr
0 0

1 t t
+§/ 35(15(7‘,Xr)afd7“+/ 0, 9(r, X, )0, dB,. (10.13)

Proof. First note that it is enough to show (10.13) when {b,;} and {o,} are elementary processes; the
general case will then follow by an approximation argument (which is however necessary in order to
define the stochastic integral in the formula). Further, notice that we can take b and o to be constant
processes in time, since the formula (10.13) can be proved separately on each interval of the partition
defining the processes. Actually, there is a common partition such that b and o are constant random
variables in each subinterval of the partition; with no loss of generality, we can set this time interval
equal to [0, 7).
Then the initial process has the form

X = Xg+ bt + 0By, t€[0,T],

where Xy, b and o are Fy-measurable random variables, which means that they are independent from
By, t > 0. Further, we shall deal with the process Y; = &(¢, X;) given by
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Y, = &(t, Xo + bt + 0By), t€0,T].
We fix a time ¢ € [0,7] and a partition 7 = {0 =ty < t; < -+ < tp41 = t} with modulus

|| = Jnax. |tk — til.

We have

Y=Yy =Y B(tnpr, X(trs)) — D(tr, X (). (10.14)
k=0

Applying Taylor’s formula to @, we find that there exists numbers 0 < dj, d}, < 1 such that

D(tpr1,X (trey1)) — P(te, X(tr))
= 04D (b, + di(trr1 — tr), X () [thr1 — tr] + 0uP(tr, X () [ X (try1) — X (tn)]

+ %33964’(% X (tr) + dig (X (trg1) = X () [X (trr1) — X ()]

Thanks to the continuity of the functions 9;®, 92,4 and the continuity of the trajectories of {X;}, we
get, w a.s.,
PD(t di(t —tr), X(t — 0P (tr, X (t
1?,?5"”02&)21'& (tk + di(te+1 — t), X (k) — OuP(t, X (tr))| — 0,

as || — 0% and

max |02, P(tr, X (te) + (X (tegr) — X (t))) — 02,P(t, X (te))| — 0,

1<k<n

as |m| — 0T. If we set in the previous expressions d; = 0, dj, = 0, we introduce an error which becomes
negligible in the limit as |7| — 07. Write

Vi m Yo =3 Bt X (b)) — Bt X(12)

k=0
= i OB (th, X (1)) [thr1 — ta] + > 0u®(th, X (t))[X (try1) — X (1))
k=0 k=0

£y SO P(ti, X (1) [X (1) — X (1))
k=0

Passing to the limit as || — 07,

n

t
S 0B (b, X (t4) [t 41 — —>/ 0, 8(s, X.)ds, w a.5.
0

k=0

and also
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n

Z 0P (try X (1)) [ X (1) — X (tr)]

k=0

t t
—»/ 8z¢(s,Xs)bds+/ 0.P(s,X,)odB, in L*(2). (10.15)
0 0

It remains to treat the last term. Notice that
(X (ths1) = X (t)]? = 0% (tegr — t1)* + 260 (thr1 — te) (B(try1) — B(tr)) + 0 (B(trt1) — B(ty))?

then we substitute this formula to get

Z B(t, X (t5))[X (trs1) — :—bQZ D(ty, X (1)) (tesr — tr)?
+ba§j D(t, X (t) (trg1 — tr) (Blti1) — B(tw))

Z D(tr, X (tr))(B(tri1) — B(tr))*.

The continuity of 92,® and the continuity of trajectories of { B;} imply that the first two sums converge
to 0, w a.s., as || — 0T. Finally, we are lead to prove that

Z (b, X (1)) (B(trs1) — B(ty))? — /0 02 (s, X,) ds.

Recall that we are assuming that 92, ®(s, ) is bounded in [0,7] x R. It is enough to show that, as
|r| — 07,

S = Z D(tr, X (1) [(B(tr41) — B(tk))* = (tesr — te)] — 0 in L*(92).

Let, for any k = 1,...,n ex = (B(tpy1) — B(tr))? — (tkr1 — tr); they define a Gaussian family of
independent random variables, centered and with variance

]E[(—Zz] = 2(tk+1 — tk)z.

Moreover, for each k, € is independent from 92, ®(ty, X (tx)). It follows that for a given sequence of
partitions converging to zero: 1| — 0T, the random variables S; have zero mean and converge to 0
in L?(92), i.e.,

E(S7) < 20102,Pllo0 Y (trs1 — ti)? < 2t|7] [07,8ll0c — O (10.16)

k=0
Note that, eventually passing to a subsequence of partitions (m,,) of [0, ¢] such that |7,| — 0 as n — oo,
we may assume that the limits in (10.15) and (10.16) are limit a.s. as n — oo. This completes the
proof.
a
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Remark 10.13. There is a simple way to remember and use It6 formula.
Let dX; = by dt + 04 dBy; to compute d®(t, X;) we write Taylor’s formula for (¢ + dt, X; + dX;) in a
neighborhood of (¢, X;) to get

1
do(t, X;) = 0,D(t, X¢) dt + 0,P(t, X;)d Xy + 58;@(75, X;)d(X?);.

It remains to understand the term d(X?2);: we have
d(X?); = b2 (dt)? + o7 (dBy)?* + 20b; dt dB;.

Negletting infinitesimal terms of order greater than one: (dt)? and dtdB;, and substituting (dB;)?
with d¢, we arrive at It6 formula

1

dd(t, X,) = [8@(16, Xo) + b0, Bt Xe) + 507020t X2) | dt + 0:0,0(t, X¢) dB:.

10.5 Multidimensional It6 integral

Let {W;, t > 0} be a d-dimensional standard Brownian motion; we assume that W is defined on a
probability space (£2, F, {F:},P) equipped with a filtration {F;} which satisfies the standard assump-
tions. We put Wy = (W}, ..., W¢). The aim is to define

t
/sﬁ(s)dWs, £>0,
0

where @ is a stochastic processes taking values in the space L(R?, R™) of linear operators from R? into
R™.

Definition 10.14. We say that ¢ = (¢;;), i =1,...,n, j = 1,...,d, belongs to MP(0,T; L(R% R™))
if, for any i and j, the process {¢;;(s), s € [0,T} is progressively measurable and

T
E/ |@ij ()P ds < +o0.
0

The construction can be carried over like in Section 10.1. For & € M?(0,T; L(R% R™) we have that

T d T 4 ’
/ng(s)dW(s): ;/0 Gij(s)dWi | . i=1,....n

i

is a n-dimensional random variable; using the one dimensional results, it is clear that the mapping

tos /0 B(s) AW (s)

is a continuous martingale.
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Problem 10.7. Prove that for real processes X1, Xo € M?(0,7) and independent Brownian motions

W' and W2, it holds
T 1 g 2\ | _
E K/O Xl(s)dWS> (/O XQ(s)dWSﬂ —0. (10.17)

Hint: start with elementary processes then use density.

Lemma 10.15. For & € M?(0,T; L(R?,R") we have the following isometry formula

t 2 t
E /0 D(s) dW (s) :IE/O ®(s)||% ds, (10.18)

where for any operator ® € L(RY, R™),

m d
I12I1Fs =D D Iyl

i=1 j=1

Remark 10.16. We can also notice that the norm || - ||gs can be equivalently described as ||®||%¢ =
d

Trd®* or [|D]|%5 = 3 [Pe;|?, where {e1,...,e4} is any orthonormal basis of RY.

Jj=1

Proof. Let X; the n-dimensional random variable

¢
X, = / B(s) AW (s);
0
the idea is to use the covariance matrix I' and in particular the relation
E|X,*>=Tr I (10.19)

Thus the first step is to compute the covariance matrix:

t d t d
R— 0. (s k ih\S h
Iy =E l(/{) ;Q%k( )dWs> </0 h221¢Jh( )dWs>‘|

but, using (10.17), all the elements outside the diagonal h = k disappears, and it remains

r, - EijE I ()65 (5) as).

Now, summing on the diagonal i = j, we get (10.18).
O

Next result provides the actual form of Doob’s estimate for the multidimensional stochastic inte-
gral.
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Lemma 10.17. For & ¢ M?(0,T; L(R?,R") we have the following estimate

/ (s aw (s

Proof. We compute the norm and obtain

/0 (s aw (s

2

E | sup

T
§4IE/ | ®(5)||% ds. (10.20)
te[0,T) 0

2

2
] sup / Zqﬁlj ) dw?

E | sup
[ te[0,7] ;=

t€(0,T]

2
_ZE sup /Z(b” ) dw?

te[0,T]

Each term of the sum is bounded by Doob’s theorem 4.24

2
E | sup /Z@j()dWJ <4E/ Z% dwi _4IE/ Z|¢U )2 ds

te[0,7)

Putting together this estimates we obtain

/thﬁ()dW

2

< 4E ZZ/ |ij (5)]% ds

Elsup
=1 j=1

t€[0,T]

10.5.1 Multidimensional It6’s formula
Assume we are given a n-dimensional It6 stochastic process, defined by the It6 differential

dX; = b(t)dt + o(t) dW; (10.21)
where {b(t), t € [0,T]} is a n-dimensional process which belongs to M*(0,T;R"), {o(t), t € [0,T]}

belongs to M?(0,T; L(R?,R™)) and W is a d-dimensional Brownian motion. As in the one-dimensional
case, identity (10.21) means that

t t
Xt = Xo +/ b(r) dr—!—/ o(r)ydW,, tel0,T].
0 0

The following result extends It6 theorem 10.12 to the case of multidimensional stochastic processes.
We shall not give the proof, as it is a direct, lenghty extension of the one-dimensional case.
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Theorem 10.18. Consider a continuous and bounded function u(t,x) defined on [0,T] x R™ and

; : : - el o) 2 o?
taking values in R, such that the partial derivatives dyu = zpu, Oz, u = z-u and 05 , u = By U are

continuous and bounded functions su [0,T] x R™.
Then if { X, t € [0,T1} is a n-dimensional stochastic process, defined by the Ité differential (10.21),
the process
}/t = U(t,Xt), te [O,T],

Y is a one-dimensional stochastic process with stochastic differential

dy; = <6tu(t,Xt) + ) bi(t)0x,ult, Xy)
i=1
n d n d
Z Z ou(t)oj (t)airju(t, X;) | dt+ Z Z T, (t, X¢) AW/, (10.22)
ij=11=1

i=1 =1

+

N~

Remark 10.19. Define the gradient
Vu= ((Op,ty...,0u)

and the Hessian matrix
Viu = (829510) .
iz W)
7,j=1 n

.....

Then using also the inner product (-,-) in R™, we can write Itd’s formula (10.22) in the form
1
dy; = <8tu(t,Xt) + (b(t), Vu(t, Xy)) + 5 Tr[o(t)o* (t)(V2u)(t, Xt)]> dt + (Vu(t, Xy), o(t) dWs).

Remark 10.20. The case u : [0,T] x R® — R which implies that Y; = u(t, X;) is a k-dimensional
vector, can be handled easily by the application of formula (10.22) on every component.

An interesting application of the previous theorem concernes the case u(z,y) = xy. Suppose that
X and Y are real It6 processes

dXt :btdt—f—()’t dBt, dYt :Ctdt+9tdBt

defined on a stochastic basis on which it is defined a real Brownian motion {B; }. Assume for simplicity
that the real processes b = {b;, t € [0,T]}, ¢ = {c;, t € [0,T]}, 0 = {01, t € [0,T]} and § = {6, t €
[0, T} belong to L>((0,T) x {2). Applying Itd formula to u (?), we have:

d(Xt}/t) = Xt d}/t + Y; dXt + at0t dt
= (Xtct + }ftbt + O'tet) dt + (Xth + }fto't) dBt

This formula is an integration by parts rule for stochastic calculus. In integral form it is

—e(@24y?

2 to be precise, we should first apply It6 formula to the functions u(x,y) = zye )| for every ¢ > 0,

and then pass to the limit as € — 0T
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t t t
X@®)Y ()= X(0)Y(0)+ / X (s)dY (s) + / Y (s)dX(s) + / 0505 ds.
0 0 0

Comparing with the similar formula for deterministic integrals, we notice the additional (It6) term
¢ 015 dt.
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Stochastic differential equations with additive noise

Let us start with a simplified physical model in which stochastic differential equations appear in a
natural way (see also Flandoli [F193] and Klebaner [K199]).

We consider a microscopic particle moving in a bidimensional fluid. For simplicity, we only deal
with one component of the position vector of the particle.

If X (t) denotes the position of the particle at time ¢, its shift between ¢ and ¢+ At will be indicated
by AX = X (t + At) — X(t). We can express AX in the following way:

X(t+ At — = b(t, X(1) At + o(t, X (1))(B(t + At) — B(1)),

where b and o are (regular) functions and B(t) denotes a Brownian motion (or more precisely, a
trajectory of a Brownian motion).

Recalling the physical interpretation of Brownian motion (as elaborated by Einstein e Smolu-
chowski at the beginning of 1900) we know that the term o (¢, x)(B(t + At) — B(t)) indicates the ran-
dom movement of the particle in the time interval (¢,¢ + At) due to the collisions with the molecules
of the fluid (o(¢,x) measures the effect of temperature of fluid in point x at time ¢). On the other
hand, b(t, z) At measures the shift of the particle due to the motion of the fluid, whenever we indicate
with b(t, ) the velocity of fluid in point z at time ¢.

We say that b is the drift coefficient and o the diffusion coefficient. Passing to the limit as At — 07T,
we find (formally) the equation

AX(8) = b(t, X(1)) dt + o(t, X (£))dB,, >0, (11.1)

usually endowed with an initial condition Xy = z € R. It is not clear how to give a meaning to
equation (11.1). Indeed, we can not simply divide by d¢ and argue “w by w” since the “white noise”
4B is not defined in that sense (remember that trajectories of B(t) are not differentiable, a.s.).

To give a meaning to expression (11.1), Itd proposed to consider it in an integral sense, i.e., to

treat . .
Xy =2 +/ b(s, Xs)ds +/ o(s,Xs)dBs, t>0. (11.2)
0 0

As already mentioned, It gave a precise meaning to the stochastic integral fot o(s,Xs)dB;s as a
limit in L?(£2) of “elementary stochastic integrals”. Nowadays, stochastic differential equations are
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an important part of probability theory. Examples and applications can be found in many books: for
instance, we refer to [KS88], IW81], [EK86], [SVT79], [Kr95].

In this lecture we will treat stochastic differential equations with additive noise, i.e., o does not
depend on t and z. Hence we are concerned with equation like

dXt = b(Xt) de + UdBt.

The point here is the choice of ¢ independent from X;; the fact that b does not depend on ¢ is not a
crucial simplification, but it is done only to simplify the statements and notation.

To prove existence and uniqueness for stochastic equations with additive noise the It6 integral is
not needed. However, stochastic equations with additive noise give a useful introduction to the more
general equations (11.2), which are called stochastic equations with multiplicative noise. As mentioned
in Lecture 6, solutions to stochastic differential equations are an important class of diffusion processes;
we shall return on this aspect in the following lectures.

11.1 Preliminaries

In this section we shall consider stochastic differential equations with additive noise, i.e., equations of
the following kind

{dXt:b(Xt)dt—i—adBt, tels T, (11.3)

X,=xzcR" s>0,

where {B;, t > 0} is a fixed d-dimensional Brownian motion, defined on a stochastic basis (2, F,{Fz,
t > 0},P), satisfying the usual assumptions. Recall that, in particular, {F;} can be the natural
completed filtration generated by the process {B;}.

Here o is a given real n x d matrix and b : R® — R" is a given Borel measurable function.

Definition 11.1. A continuous process {X;, t € [s,T]}, defined and adapted on (2, F,{F, t €
[s,T]},P) and taking values in R™, is a (pathwise) solution for equation (11.8) if for allt > s >0 it
holds, almost surely,

Xt—x:/tb(Xr)dr—l—a(Bt—Bs), tels,T]. (11.4)

Sometimes, we write X (t;s,z) or X;** to denote explicitly the dependence of the solution on the initial
conditions s and x.

Notice that the trajectories of the solution {X;} have the same regularity of those of Brownian
motion. In particular these trajectories are not differentiable almost surely.

We start by mentioning a basic result concerning the case of (globally) Lipschitz continuous coef-
ficients b.

Theorem 11.2. Let b : R™ — R"” satisfy a Lipschitz condition
|b(x0) — b(x1)| < L|x0 — x1|, Vxg, 1 € R™. (115)

Then, for each initial condition x € R™, there exists a unique solution {X;} of problem (11.3).
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We shall not go, for the moment, in the proof of the theorem. In fact, this result follows directly
as a corollary from Theorem 11.5 below. Moreover the previous result will be also generalized in
the following lectures when we shall consider stochastic differential equations (SDEs for short) with
multiplicative noise and Lipschitz continuous coefficients.

11.2 Existence and uniqueness under monotonicity conditions

Since, with probability 1, sample paths of the Brownian motion are continuous functions, we may
consider equation (11.3) in a pathwise sense by searching a solution “w by w”; thus, equation (11.3) is
transformed in a family of ordinary differential equations depending on the parameter w. As we shall
discuss, this approach has a drawback, namely that it will be necessary to prove adaptedness of the
solution process. Moreover this approach of arguing “w by w” can not be used for general stochastic
differential equations with multiplicative noise, where Itd integrals (as opposite to Wiener integrals)
are in charge of being used.

We present now a result of existence and uniqueness for the solutions of (11.3) under the following
assumptions.

Hypothesis 11.3. The mapping b satisfies the following assumptions
(i) b € CHR™,R").
(i) There exists a constant K > 0 such that
(b(z +y) = b(y),z) < K(1+[z*),  x,yeR", (11.6)
where (-,-) and | - | denote the scalar product and the euclidean norm in R™.

Let us discuss the above assumptions.

Remark 11.4. (a) Condition (i) can be generalized, by requiring that the mapping b is locally Lipschitz.
Also, condition (ii) is a monotonicity condition, which is used in the theory of ordinary differential
equations in order to assure the existence of a maximal solution for all times.

(b) If condition (i) holds, and, in addition, b is a Lipschitz continuous mapping on R™ (hence L =
sup,cpn | Db(x)| < 0o, where Db stands for the Jacobian matrix of b) then also (ii) is satisfied, with
K = L. Actually, it holds

(b(x +y) —b(y),z) < L|z|?, x,y € R™
Hence the assumptions of Theorem 11.2 are a special case of Hypothesis 11.3.
(¢) In dimension n = 1, if bis of class C*(R) then condition (ii) holds provided that sup ¥’ (z) = k < oo.

z€R
As an example, consider the equation

dX, = (aX — X¥dt +dB,, Xo=z€R, t>0,

for some constant a € R.
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Theorem 11.5. Under Hypothesis 11.3, for every x € R™, there exists a unique solution { X", t > s}
of equation (11.3).
Further, for every T > s, it holds

sup E|X; 7|2 = Cr(x) < 0. (11.7)

te(s,T)

To prove the result we shall consider the integral equation (11.4) as a deterministic equation with
a continuous pertubration By (w), for fixed w; in this way, we can rely on some analytic tools, that we
recall below. On the other hand, this approach requires some extra work in order to prove that the
solution is F;-adapted.

The proof of the uniqueness for the solution relies on the following well known result.

Lemma 11.6 (Gronwall’s Lemma). Consider a continuous function v : [s,T] — R and constants
¢, d> 0. If, for every t € [s,T], it holds

u(t) < c—|—d/t v(s)ds

then
o(t) < cedT=9), tels,T).

Further, next lemma will be useful in the proof of existence of the solution.

Lemma 11.7. Let f : [s,00) — R™ be a continuous function, s € R. Suppose that b € C'(R",R")
verifies condition (11.6) and consider the integral equation below in the space of continuous functions
from [s, 00) into R™:

u(t) = f(t) —|—/ b(u(r))dr, t>s. (11.8)

(1) There exists a unique solution u for problem (11.8) on [s,00);
(2) assume further that b is a Lipschitz function on R™. Then the following Picard’s iteration scheme

uo(t) = f(t), unt1(t) = f(t) —|—/ b(uy(r))dr, t>s, neN,

converges to the solution u, uniformly on every bounded interval [s,T), T > s.

Proof. We prove (1). Setting v(t) := u(t) — f(t), we search for a C'-function v which verifies

t
o) = [ o)+ S dr ez (11.9)
We write the above equation as a Cauchy problem

{@(t) b(v(t) + f(t)),
v(s) = 0.
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Since F(t,r) := b(x + f(t)) is a C'-function in the z variable, it is known that there exists a unique
solution v for the Cauchy problem defined on a maximal interval [s,T[. Hence v verifies (11.9) on
[s, T]. It is also clear that

u(t) :=v(t) + f(b), te (s, T,

is the unique solution of (11.8) in [s,T'[. It remains to prove, using (11.6), that T = co. Taking the
scalar product with v we have

1d
57 PO =@, v(®) = bu(t) + £(1)), v ()

<b(v() F@) = b(f (), v(t)) + (b(f(t))
K1+ (t)?) + Mlo(t)] < CQ+Jo(t)]?

()
), telsT],

where M = sup |b(f(t))|. Integrating in time on the interval [s, t] we get
te[s,T)

|v(75)|2 <2C(t—s)+2C /t |v(7“)|2 dr

and Gronwall’s Lemma implies that [v(t)|? < 2C(T—s) e2¢T=%) fort € [s, T[. Therefore sup |0(t)| =
tels, T|

Ry < oo and v(t) is a Lipschitz function on [s, T'[. It follows that we can continuously extend v to the

closed interval [s,T], and so T' = +o0.

Consider next the second part of the thesis. Take T > s. It holds, for ¢ € [s, T,

|ug(t) — ug(t |</|b )| dr < B(t —s),

[u2() — (D) < / b)) b plar < BE [ (= s)ar = s

where B = sup [b(f(¢))|. By induction we obtain
te[s,T)

[tnt1(t) —un(t)| < B €ls,T], neN

Thus upt1(t) = f(t) + > (ugs1(t) — uk(t)) converges uniformly on [s,T] to a continuous function u.

Taking the limit for n — o0 in the equation

() = F(8) + / b(un (r)) dr

we get that u is the solution of problem (11.8) for all ¢ > s.
O
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Proof of Theorem 11.5.

For simplicity of notation, we only give the proof when s = 0.

(Uniqueness). Assume that there exists two solutions {X;} and {Y;}. For almost every w, for every
T > 0, we have

X, () — Yiw)] < / IB(X.(w)) — b(Ya(w)| ds < c / X, (@) — Ya(w)| ds.

for t € [0, T], where ¢ is the Lipschitz constant of the mapping b on the closed ball B(0, R) of radius

R = R(w) = n%(?);] (Xt (w)] + |Yi(w)]). From Gronwall’s Lemma we deduce that X;(w) = Yi(w),
telo,

t € [0, 7], and the uniqueness follows from the arbitrariety of T and of w.

In the same way we can prove that uniqueness holds on any stochastic interval [0, T'(w)]. In other
words, assume that {X;} and {Y;} are solutions to (11.4) on [0,T(w)], then X;(w) = Yi(w), t €
[0,T(w)], almost surely.

(Ezistence). At first, we shall prove that for almost every w there exists a solution {X;(w), t > 0}
for (11.4); in order to simplify the notation, we shall not state the dependence on the initial condition
.

The existence of a pathwise solution follows by using Lemma 11.7 with

f(t) =x+ oBi(w)

for almost every w.

We shall prove now that {X;} is adapted to the filtration {F;}, i.e., that X; : (2,F;) — R" is a
measurable mapping for each ¢ > 0.

This is certainly the case if b is a Lipschitz continuous function on R™. Indeed, in that case we have
that X;(w) is — almost surely in w — the limit of the Picard approximation processes {X,(t), t > 0}

Xo(t) =x+ 0By,
Xos1(t) =2+ 0By + [5 b(Xn(s))ds t>0, neN,

the limit being uniform in bounded intervals [0, T]: see part (2) of Lemma 11.7. It is easily seen that
the approximation processes {X,(t), t > 0} are Fi-adapted, and so the above stated convergence
implies that also the limit process {X;, ¢ > 0} is F;-adapted.

Assume next that b is just a locally Lipschitz mapping satisfying the assumptions. We introduce
some Lipschitz continuous approximations {by} for b:

() = b(x), if |z| <k,
R T R

For every k, the mapping by, is bounded and Lipschitz continuous, hence there exists a unique (global)
solution for the stochastic differential equation

dX} = b(X[F)dt + o dB,

Xo=2x€eR", t>0, keN.
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From the above discussion we have that the solution {X*(¢), ¢t > 0} is F;-adapted.

The proof will be complete once we prove that the sequence X} = X (t) converges to X; almost
surely, for every t > 0, i.e.,
Jim XFw) = X (w). (11.10)

The above convergence can be stated as follows: for given ty > 0 and for almost every w, for every
£ > 0 there exists ko = ko(w) such that for all k > ko, | XF (w) — Xy, (w)] < &.
We check (11.10) for every trajectory w such that ¢ — X;(w) is a continuous mapping (we already

know that this happens with probability 1). Let us consider the number N = N(w) > sup |X¢(w)|.
t€[0,to]
By construction, it holds

Xt(w)—m:/() b(Xs(w))ds + oBi(w) :/0 by (Xs(w))ds + oBi(w), t € ]0,to).

Then, the uniqueness of the solution implies that X;(w) = X} (w) for all ¢ € [0, o], but also X;(w) =
XFE(w), t €0,t0], for every k > N. Hence the convergence in (11.10) holds. Actually, we have proved
even more, i.e., the convergence is uniform in time on every bounded interval [0, o], almost surely:

lim sup |XF(w)— X;(w)|=0. (11.11)
k=00 1c10,t0]

(Estimate (11.7)) The last part of the proof is concerned with the estimate (11.7). The key ingredient
in the proof will be Ito formula, applied to the approximating processes {XF}.

At first, one shall control that these processes belong to M?(0,T;R") for arbitrary T' > 0; Since
by, is a bounded Lipschitz continuous mapping, we obtain, for any k£ > 1, a.s.,

| XEI? < 32”4 3¢ |[bk |12, + 3|0 || | By
and so
EIX[]? < Crx(1+ |z)?).
Hence we find r
IE/ |XF|?dt < oo,
0

for every T'> 0 and k € N and this gives that {XF} € M?(0,T;R"), for any T > 0, k € N.
We shall apply Ito formula to the function f(z) = |z|? and the process { X[, t > 0}

t

(DA, (X2 + 3 Tr(eo D) s+ [ (D (xXE). 0B,

fxh) - @) = |

0

As already noticed at the end of previous lecture, a priori it would not be possible to apply It6 formula
to f, which does not belong to Cl? (R™); however, we can use an approximation procedure, working

first with |;zc|2e*€‘””‘2/2 and then sending ¢ to 0, as alrady stated in last lecture. At the end, we get

t t
XEP = Jaf? + / 20X, b (X)) + Tr(o0™)] ds + 2 / (X, 0dB,) (11.12)
0 0
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t > 0, k € N. We show below two different ways of independent interest to conclude the proof.

First conclusion. We leave as an exercise to show that there exists a constant L > 0 (independent
from k € N) such that
(bp(z), ) < L(1 + |z|?), zeR" keN. (11.13)

Taking expectation in (11.12) the stochastic integral disappears, hence we obtain
t
E|XF)? = |z|? + 2E/ (XF br(XF)) ds + t Tr(00™)
0
t
< |z]? + T Tr(oo*) + ZLE/ (1+]X%?)ds, te[o,T].
0

By an application of Gronwall’s lemma there exists a constant Cr(x) = (|z|? +2LT + T Tr(oo*))e?ET,
independent of k € N, such that

E|X;? < Cr(z),  tel0,T).
If we apply Fatou’s lemma we get

E|X:|* = Eflim inf | X7[*] < lim inf E|XF[* < Cr(z),  t€10,7],

which implies the thesis.

Second conclusion. In the following, we show an interesting application of stopping times which allows
to prove estimate (11.7). This method can be generalized to other kind of stochastic differential
equations.

Take a constant ko € N large enough to satisfy |z| < ko, where z is the initial condition in (11.3);
for every k > ko we define the stopping times

(W) = inf{w € 2 : |XF(w)| =k}
>0
with the usual convention that 7 (w) = +o0 if {-} = (). 7 is the first passage time at level |x| = k for
the process { X[, t > 0}.
We define the stopped processes {X/, , t > 0}, where 2 Ay = min{z, y}. These are well defined,

adapted processes on the stochastic basis (£2, F, {F:},P).
By the theory of stochastic integration we know that the process

ts / Xk odB)
is a Fr-martingale. Corollary 4.23 states that the same holds for the stopped process
tATE
t»—>/ (XF odB,).
0

Since | Xf,,, | < k it holds that by (X[, ) = b(X[,,,); we apply Ito’s formula to the process X/,
as in (11.12); taking the expectation we get
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tATE
ElXE, P =|z)* + 21E/0 (XF b(XE)) ds + (t A7) Tr(oo™).

Hypothesis (11.6) implies that there exists a constant L > 0 such that
(b(z),x) < L(1+|z)?), zeR" (11.14)

see Problem 11.1. Using (11.14) we get, for ¢ € [0,T]

E|Xf,, |2 < [2]? +2MT + T Tr(o0™) —|—2M/ E| X%, |?ds.

SATE

By an application of Gronwall’s lemma there exists a constant Cr(z) = (|z|* +2LT + T Tr(co*))e?LT,
independent from k € N, such that

IE|‘Xt/\7-;c|2 < CT(x)v te [O,T].

We claim that klim thATk = X, almost surely: then, an application of Fatou’s Lemma implies
E|X72 = E[lim inf X P < likminfE|Xka|2 < Cr(x), te€]o,T).

and the conclusion follows.

It remains to justify the claim. It is immediate to see that 7 is a.s. an increasing sequence; if we
prove that hm T = +00, a.s., the claim follows. On the contrary, assume that hm Tr(w) = S(w) < 00
a.s.; then we bhould have

+00 = hm |X7k(w)( )| = Xg'(w)(w)v

since X} (w) converges to X;(w) uniformly for ¢ € [0, S(w)], compare with (11.11). But this contradicts
the fact that X is a global solution of (11.3). Then the claim holds and the proof is complete.
O

Along the same lines of the above proof, it is possible to show that the theorem holds assuming a
global boundedness of b, without the monotonicity assumption(11.6).

Proposition 11.8. Assume that b € C1(R"™,R") is bounded on R™. Then for every initial conditions
x € R™ and s € R, there exists a unique global solution {X(t;s;x), t > s} for equation (11.4).
Moreover, for every T > 0, we have

sup E| X7 < cc.
te[s,T)

In particular,

T
/ E| X272 ds < o0.

S

Proof. Tt is sufficient to adapt the proof of Theorem 11.5. Notice the following points:
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1. If
sup |b(z)] = M < o,
rER”™
it holds that |0(t)] = |b(v(t) + f(t))] < M, therefore |v(t) — v(s)| < M(t —s) for t € [s,T[ and it
is possible to extend v by continuity to ¢t = T', hence T' = +o0.
2. From

t
X, :x—i—/ b(X,)dr + o (B, — B,),
it follows
E|X7 [ < 3B(Jef2 + M(T = 5) + |o]*|Bi — Bo)) < Corss € [5,T],

which shows the thesis.

O

Problem 11.1. Show that (11.13) holds with L = 2(K + |b(0)]), where K is the constant from
hypothesis (11.6).

Hint: consider separately the two cases |z| < k and |z| > k. Show that the same estimate holds with by
replaced by b.

Problem 11.2. Show that Theorem 11.5 can be proved more generally when x € R" is replaced by
a random variable n € L?(£2;R™) which is Fs-measurable.

Problem 11.3. Notice that equation (11.3) can be solved —again in a pathwise sense— also in cases
when the Brownian motion {B;} is replaced by some other stochastic process, suitably regular.

In particular consider the case when {B;} is replaced by a Poisson process {N;}, adapted with
respect to a filtration {F;, ¢ > 0}. Show that in this case there exists a unique solution {X;}. This is
by definition a F;-adapted process having cadlag trajectories P-a.s. (i.e., the trajectories are in each
point continuous from the right and have finite left limit) which solves (11.4) almost surely.

11.3 The Ornstein-Uhlenbeck process

The Ornstein-Uhlenbeck process {X7, t > 0}, z € R”, with values in R", is the solution to the
following linear stochastic differential equation

dX; = AX, dt dB t>0
' dtrodB, o t=0 (11.15)
Xy =z € R,
where A is a real n x n matrix. Setting b(x) := Az, v € R", we see that equation (11.15) verifies

the assumptions of Theorem 11.5 and there exists a unique global solution to it. Also, following the
method of the proof of Theorem 11.5, we can find an explicit formula for { X7, ¢t > 0}.

Set X{ = X;. We have
t
thﬂf—f—/AXs—f—UBt, tZO
0
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We introduce the process v(t) = X; — o B;: we find that, a.s.,

{i}(t) = Av(t) + AoB,,

Hence v(t) is given by
t
o(t) = etz +/ =4 Ao B, ds.
0

Using the integration by parts formula in (9.3) we get

td t
v(t) = ety _/ d_(e(t—s)A)UBS ds = et4y — oB; +/ e(tfs)AJdBS
0o @S o

which implies
t

X? = etz +/ =) 45 dB,. (11.16)
0

From the above formula, we deduce that the law of X7 is the Gaussian measure N(e'“x, Q;) with

mean e*“z and covariance operator Qy

t
Qy :/ e Agotesd ds, t>0
0

(o*, resp. A*, denote the adjoint of the matrices o and A). We can therefore compute, for any function
f:R™ — R Borel and bounded,

Ef(X}) = - Fy)N(e e, Q) dy = - fee +y)N(0,Q)dy,  t>0. (11.17)

Problem 11.4. Show that the Ornstein-Uhlenbeck process at time ¢ has Gaussian law N(e!4z, Q)
by using the Fourier transform.

11.3.1 The Ornstein-Uhlenbeck semigroup

Arguing as in Section 9.1.2 one proves that the Ornstein-Uhlenbeck process is a Markov process with
transition probability function

p(t,z, A) = N(etz,Q,)(4), A e B(R").

Let us denote by {P;, t > 0} the (Markovian) Ornstein-Uhlenbeck semigroup acting on Bp(R™),
defined by

Pif(x) =Ef(X7) = | f(eMe+y)NO,Q)dy, =0,
RTL
for every f € By(R™). It is easy to check that

P(Cp(R™)) C Cp(R™), t >0,
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and that {P;, t > 0} is a Feller semigroup. In addition the function space Cy(R™) is invariant for { P;}
and so {P;} is a Feller-Dynkin semigroup according to Lecture 6.

To compute its infinitesimal generator, we fix f € C5°(R™) and apply Ité formula to the process
{f(X?)}. Setting oo™ = ¢ = (¢s55), A = (A;;) and X; = X[, we get

f(X(w)) = f(=) :/0 (Df(Xu(w)), AXy(w)) du

+%/Ot ( i 0020, f(Xu(@))) du+Yilw),  te[0.T], as.

ij=1
where Y; is given by
n t _ t
vi= Y / Do f(Xo)oiydBI = / (Df(X.),0dB.).
=170 0
Let us define the possibly degenerate elliptic Ornstein-Uhlenbeck operator
1 n n
Lf(z) = B Z (Iijaixjf(x) + Z On, () Aijz;
i,j=1 ij=1
1
= 5 Tr(qD*f(2)) + (Df(x), Az),  z €R", feCF(R"); (11.18)
here Tr(B) denotes the trace of a matrix B and D?f(x) is the Hessian matrix of f in . Note that the
matrix ¢ is symmetric and non-negative definite. The operator L is a particular example of elliptic

Kolmogorov operator.
Applying the expectation in the It6 formula we get, using also the operator L,

IE(f(Xf)):f(x)+E/0 LE(XT)ds, >0, (11.19)

By Proposition 6.12 we finally obtain the following result.

Proposition 11.9. Let {P;, t > 0} be the Ornstein-Uhlenbeck semigroup on R™ with generator A :
D(A) C Cp(R™) — Cp(R™). Then C§°(R™) C D(A) and moreover if f € C°(R™) then Af = Lf,
where L is given in (11.18).
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Stochastic differential equations with multiplicative noise

This lecture is dedicated to stochastic differential equations (SDEs for short) with multiplicative noise.
In particular, we will prove two theorems on global existence and uniqueness of solutions. The first
one is standard and assumes that the coefficients are globally Lipschitz continuous. The second, more
advanced result, concerns the case of locally Lipschitz coefficients.

Let B = {B,, t > 0} be a d-dimensional Brownian motion defined on a stochastic basis
(2, F {F:},P).

Recall the definition of the space MP(s,T; E), p > 1, of all progressively measurable processes
{Y;, t € [s,T]} with values in E such that

T
E/ Y 5 dr < oo, 0<s<T.

Here the space (E, |-|) is either the n-dimensional space R™ or the space of matrices L(R¢, R™) endowed
1/2

with the Hilbert-Schmidt norm ||o || ga gn) = ( Doy ;1:1 loij]2

In this lecture we consider the following class of stochastic differential equations

{dxt =b(X;)dt + o(X;)dBy, t € [s,T], (12.1)

X5 =mn, 0<s<T.

As opposite to the case of equations with additive noise, it will not be possible to study this equation
in a pathwise sense; equation (12.1) must be understood in integral sense as

X, = n+/t b(XT)dr—k/ta(Xr)dBr, te s T). (12.2)

Here the coefficients of the equation are b(z), the drift vector and o(x), the dispersion matriz; we shall
always assume that they are Borel measurable functions:
b:R" —» R", o :R" — L(RY,R™);

the initial condition 7 is an Fs-measurable random variable, thus it is independent from the increments
Bt+h - Bt for all ¢ Z S, h Z 0.
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Definition 12.1. A (strong) solution {X;, t € [s,T]} of Equation (12.1) is a continuous stochastic
process defined and adapted on (£2, F,{F},P) such that

(initial condition) P(X, =n) = 1;

(integrability) the process {b(X;), t € [s,T]} verifies

T
/ [b(X,)|dr < oo a.s.

and the process {o(X;), t € [s,T]} belongs to M?(s, T; L(R?,R™)).
e (solution) the integral equation (12.2) is verified a.s.

The solution {X;} depends on 7 and on s > 0. When we want to stress such dependence we write
X" or X(t,s,m).

Problem 12.1 (An approach to diffusions via SDEs). Assume that the coefficients b and o are
bounded and continuous, and suppose that {X;} is a solution to Equation (12.1) with initial condition
Xy = x € R". Define the operator

n

Af(@) = 5 3 ay@2 ., @)+ Y ()2, (),

1,j=1 =1

where a;;(x) is the diffusion matriz, defined by

d
a;j(x) = Z oik ()0 jk ().
k=1

Using It6 formula, show that for every function f € C?(R™) which is bounded together with its first
and second order derivatives, it holds

1
lim ; [E£(X:) — /()] = Af (@)

12.1 Existence of solution: Lipschitz continuous coefficients

If one assume that o = 0, then Equation (12.1) reduces to an ordinary, nonstochastic differential
equation, possibly with a random initial condition. Even in this case, it is well known that conditions
on the coefficients shall be imposed in order to have existence and uniqueness of the solution: for
instance, a typical requirement imposes locally Lipschitz continuity.

In this section, we prove a basic result assuming a global Lipschitz condition on the coefficients b
and o; later we shall generalize such assumption and concentrate on the case when b and ¢ are only
locally Lipschitz continuous.

To treat the case of globally Lipschitz coefficients, it is useful to introduce a suitable space of
stochastic processes in which we will solve the equation by a contraction principle argument.
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Definition 12.2. Given p > 2, we denote by LP(£2; C(s, T;R™)) the set of all continuous processes
{Yi, t €[s,T)} taking values in R™, adapted to the filtration {F:}, such that

E l sup |Y3|P| < +oo.

te(s, T

Identifying two processes {Yi1} and {Y/}, such that P(Y, =Y/) =1, ¢t € [s,T], it is easy to see that
this space is a Banach space with respect to the norm
) 1/p

A process in the space defined above has a stronger regularity than what is required in M?(0, T; R™).
Recall that any adapted continuous process is in particular progressively measurable.
We proceed with our first result.

Yz = (E [ sup [¥;|”

te(s,T)

Theorem 12.3. Assume that b and o are Lipschitz continuous mappings on R™, and take nm €
L?(02,Fs;R™). Then there exists a unique solution process X € L*(2;C(s, T;R™)) of (12.2).

Proof. We give a proof using the contraction principle. By assumption, there exists K > 0 such that
lb(x) = b(y)| + llo(z) —o(W)l| < K|z —yl,  Va,yeR",

where |o(z)| denotes the Hilbert-Schmidt norm of the matrix o(z) € L(R% R") and |b(z)| is the
Euclidean norm of the vector b(z) € R™.
We introduce the following operators from L?(£2; C(s,T;R™)) into itself:

F:iuw (Fu);=0b(u), G:uw— (Gu) = oc(uy), telsT]

Let us verify that F' and G are Lipschitz continuous mappings. We consider F', the other case being
similar: then we aim to compute ||Fu — Fvl|z, i.e.,

1/2
(E l sup [b(ur) — b(”t)ﬂ) <K (E
te(s, T

and we obtain

1/2
sup |ut—vt|2]> = K|lu—vlrz
te[s,T)

| Fu— Fo|lp2 + ||Gu — G|z < Klju — v| 2. (12.3)

Further, we also introduce the following operators from L?(£2; C(s,T;R™)) into itself:
t t
I:uH(Iu)t:/ u, dr, J:uH(Ju)t:/ up dBy, telsT].

Before proceeding with the proof, let us record an useful result for the proceeding.

Problem 12.2. Show that I is well defined as an operator from L2(£2;C(s, T;R")) into itself with
operator norm bounded by (T — s), i.e.

[Hullpe < (T = s)[uflrz,  we L*(2;C(s, T;R™)).
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Further, Doob’s inequality for the Itd integral stated in (10.10) implies that

t T T
/ u, dB,| | <4E / |W|2 dr| <4E / sup |ur|2 dr
s s s r€[s,T]

which proves the estimate
[Jullz < 2VT — s ul 2.

2

E | sup
te[s,T)

Finally the operator
@ : L*(02;C(s,T;R™)) — L*(2;C(s, T;R™)), P=n+IoF+JoG

verifies
|P(u) — ()| < [(T —s)K +2VT — s K| ||u — vl 2.

If we take Ty > s such that [(To — $)K + 2¢/Tp — s K] = o < 1, then there exists a unique solution
{X:} € L?(£2;C(s,To; R™)) defined on [s, Tp).

Notice that the constant « depends only on the length (7 — s) but it does not depend on s; hence,
this constant is not affected if we change the time interval without changing its length. Hence, it is
possible to prove the existence of a solution {X}}, defined on the time interval [Tp, 2Ty — s|, of the

problem

t t

b(XTl)dr—i—/ o(X})dB,.

th :XT0+/
To

To

Clearly, { X!} extends {X;} continuously to the time interval [s, 2Ty — s]; by the same argument in a
finite number of steps it is possible to extend {X;} to the whole interval [s, T.
a

We leave as an exercise to prove the following result, using Doob’s inequality.

Problem 12.3. Assume that b and o are Lipschitz continuous mappings on R™. Assume that {X;} €
M?(s,T;R") satisfies the integral equation (12.2). Then {X;} € L?(£2;C(s,T;R")).

12.2 Lipschitz continuity on bounded sets

In this section we are interested to weaken the global Lipschitz condition imposed in the previous sec-
tion; as in the classical theory of ordinary differential equations, we consider local Lipschitz continuity
as our main assumption.

Hypothesis 12.4. We assume that coefficients b and o are locally Lipschitz continuous, i.e., for any
R > 0 there exists Kg > 0 such that

lb(x) = b(y)| + llo(z) —o(y)l < Lrlz —yl, Vo, yeR" |z| <R, [y| < R. (12.4)



12.2 Lipschitz continuity on bounded sets 171

Notice that in general such condition ensures existence of a local solution as well as its uniqueness.

In the stochastic case, local existence in time means that there exists a stopping time 7, the
explosion time (which, in some good case, can be also equal to +o00 a.s.), such that the solution {X;}
exists for t < 7 and we set X, = 0o, the point at infinity of R™. As we have seen in Lecture 6, this is an
absorbing point: once the solution gets at oo, it remains there forever. We will not develop further this
approach; the interested reader is referred, for instance, to Ikeda and Watanabe [IW81, Chapter IV].
Instead we shall introduce an additional hypothesis which, together with local Lipschitz continuity,
guarantees the global existence and uniqueness of a solution to Equation (12.1).

12.2.1 Lyapunov function

In the theory of dynamical systems, and control theory, Lyapunov functions are a family of functions
that can be used to demonstrate the stability or instability of some state points of a system. In our
construction, Lyapunov function are a key tool in order to prove global existence for the solution.

As it happens in the above-named fields, we shall face the problem of finding a Lyapunov function
for our problem. There is no direct method to obtain a Lyapunov function (in the following we shall
propose some examples).

Definition 12.5. A real function V € C?(R") is called a Lyapunov function for (12.1) if, for some
constant K > 0, it holds:

1. V(z) > 0;

2. LV(z) & (VV(2),b(z)) + 3 Tr(o(2) V2V (2)0*(2)) < KV (x), © € R";

3. lim V(r)=4o0.
|z|—+o00
Ezample 12.6. The basic example of Lyapunov function is of course V(z) = 1 + |z|%. In this case,
condition 2. becomes

2(z, b(x)) + ||o(@)|* < K(1+|z[*), x€R™ (12.5)

Hence, if b and o verify condition (12.5), we say that V(z) = 1+ |z|? is a Lyapunov function associated
to (12.1).

Example 12.7. We next provide an example of coefficients b and o for which there exists a Lyapunov
function. This contruction is somewhat more general than what is needed for our main result Theorem
12.8, see Remark 12.10.

Assume for simplicity d = 1, so the Brownian motion {B;} is a 1-dimensional process and o(z) is
a vector in R™. Let b and ¢ be locally Lipschitz mappings on R"; we impose further the condition

< Ki(1 2
(b)) < Ka(1+ [a) (126)
[{o(x), 2)| = Kalo(x)]|z|
for any € R™, where K7, K are real constants, with 1/\/§ < K9 < 1. Then we can provide explicitly
a Lyapunov function V(z) associated to (12.1) as stated in Definition 12.5.
Let ¢ be an arbitrary function in C?(R, R, verifying p(r) = r in [rg, +00), with a € (0,1— #)
2
and ro > 0. Then, for the mapping V (z) = ¢(|z|?) + ¢ (c is a suitable constant, such that conditions
1. and 2. hold in the ball B(0, /o)) we have, as |z|? > rq,
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LV (x) = 20z|**?(b(z), z) + 20(c — 1)|z]** o (z), 2)* + alz[**?|o(z)?
< 2aK1|x|2a*2(1 + |x|2) + a|x|2a*2|a(x)|2(2K22(a -1)+1)
2&](1

11—«
To

<

1
+ 20K 9(|z]?) < 20K (— + 1)V (x).

o
Then V(z) is a Lyapunov function associated to (12.1) and the proof is complete.

Problem 12.4. In particular, a similar construction with ¢(r) = /r shows the existence of a Lya-
punov function in case £ = R, b = 0 and any o; the non explosion for 1-dimensional stochastic
equations of the form dX; = o(X;)dB; is well known in literature, usually proved with other tech-
niques, see for instance McKean [McK69).

12.2.2 Existence of solution: locally Lipschitz continuous coefficients

We now state the main result of this lecture.

Theorem 12.8. Assume that coefficients b and o in (12.1) are locally Lipschitz continuous and that
there exists a Lyapunov function V' for (12.1) such that E[V (n)] < co. Assume also that

sup ||o(z)] < . (12.7)
TER™

Then there exists a unique global solution {Xy, t € [s,T|} to (12.1). Moreover the following estimate
holds:

sup E[V(Xy)] < 0. (12.8)
te[s,T)

Remark 12.9. Note that if n = z € R™ a.s., then the assumption E[V ()] < oo is automatically
satisfied.

Remark 12.10. One may wonder if assumption (12.7) is really necessary to prove the result. The answer
is no! We were forced to introduce it because we need to treat the stochastic integral fst o(X,)dB;,.
Our construction in Lecture 10 requires that {o(X;)} belongs to M?(s, T; L(RY,R™)), which follows
from (12.7).

However, there is a way to define the stochastic integral also for the class of of all continuous
adapted processes Y : [s, T x £2 — L(RY R™). With this generalization of the stochastic integral, we
can avoid hypothesis (12.7) (indeed, clearly {o(X;)} is a continuous adapted process).

Details for this part of stochastic calculus are given in many textbooks, as for instance Karatzas
and Shreve [KS88] or Kallenberg [Ka02).

In the special case when the Lyapunov function for (12.1) is V(z) = 1 + |2|? (see (12.5)) we can
weaken (12.7) (yet remaining inside the field of applicability of our definition of stochastic integral).
Indeed, in this case, estimate (12.8) shows in particular that the solution { X;} belongs to M?(s, T; R™).
Thus if we replace hypothesis (12.7) with the following one

llo(@)| < C(1+|z)), zeR" (12.9)

(i.e., o has a sublinear growth) it follows that {o(X;)} belongs to M?2(s,T; L(R% R™)) and so the
stochastic integral f; (X)) dB, is well defined.
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Before we proceed with the proof of the theorem we need a technical lemma concerning stochastic
integrals and stopping times.
Lemma 12.11. Let {G(t)} € M?(s, T; L(RY,R")). Let 7 < T be a stopping time. Then the following
assertions hold:

(i) /ST G, dB, = /ST G(r) 1<y dB,;
(ii) E [/ G(r) dBT] —0;
(iii) E [/ ) dBT]Q - E[ 1G()||2dr.

Proof. We only prove the identity (i), since the other ones follow easily from (i). We first note that
the process {G(r) L{,<.y, 7 € [s,T]} € M?(s,T; L(R%,R")).

In case G is an elementary process and 7 takes only a finite number of values, our claims is
a direct consequence of the definition of stochastic integral. We only note that, defining the sets
2 ={w: 7(w) =tx}, k=1,...,m, it holds

T m tr
/ GrdB.=> lg, [ G.dB,
s k=1

S

and moreover {G(r) L{,<-y, 7 € [5,T]} is an elementary process.

Then we consider the case in which 7 takes only a finite number of values and G € M?(s, T; L(R%,R™)).
We consider a sequence of elementary processes {G,(t)} converging to G:

T
E/ |G(r) — Gpn(r)||* dr — 0, n — oo.
We have easily that
T 2 T 2
IE‘ / [G(r) = Gn(r)dB,| + IE‘ / [G(r) — Gn(r)] L{p<ydB,| — 0

as n — 00, and so the claim follows also in this case.

Finally, we consider the general case. If 7 is a stopping time, we may consider a sequence of stopping
times 7, taking only a finite number of values and approximating 7 from the above, i.e., 7 < 7,, a.s.
and 7, — T, as n — 00, a.s. (compare the proof of Theorem 6.10). We can assume that 7, < T (by
considering if necessary 7, A T). Since I(t) = fst G(r)dB, is a continuous process and 7, | T a.s., it
holds I(7,) — I(7) a.s.

It remains to consider the term fST G(r) 1<,y dB,. We find

T T 9 T 9
]E‘/ G(r)ﬂ{rgrn}dBr—/ G(r) Lir<rydB, :E‘/ G(r) (Ugr<r,y = Lir<ry) dB;

T
—E / 1G() 2 s ararny dr — 0,

as n — 00, by the dominated convergence theorem. The proof is complete.
O
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Proof (Theorem 12.8). We assume s = 0 to simplify the notation.

Uniqueness of solution. In this part we only use the hypothesis that coefficients b and o are locally
Lipschitz continuous mappings. Let {X;, ¢t € [0,T]} and {Y3, t € [0,T]} be two continuous processes,
defined and adapted on the stochastic basis (§2, F, {F:},P). Define the stopping time 7 = 7z, R > 0,

_Jinf{t] 0<t <T: |[X¢| > Ror |Yi| > R},
|7 ifitis | X < Rand|Y;] < Rfor0<t<T.

We assume that {X;, t € [0,7T]} and {Y%, t € [0,T]} solve (12.1) in the random interval [0, 7] and we
show that X; =Y} a.s. for all t € [0, 7].

We know that {X;, ¢t € [0,T]} and {Y;, t € [0,T]} both verify the equation

Xt—77+/ b(X dr+/ o(X,)dB,, t €0,7].

Moreover, using Lemma 12.11,
tAT tAT
Xinr — Yipr = / [b(X,) —b(Y;)]dr +/ [c(X;) —o(Y;)]dB,
0 0
t t
= [ 0y dr o+ [ o))~ oV Lr<r) dB-
0 0
Using the inequality (a + b)? < 2a? + 2b2, we get

/0 [0(X,) — 0(Vi)Lgpery dB,|

sup | Xinr — Yinr|? <2‘/ [b(X )|Il{r<f}dr‘ + 2sup

t<s t<s

Denoting by L = L the Lipschitz constant of b and ¢ on the closed ball centered in 0 with radius
R > 0, we have, using also Doob’s inequality,

E [SUP |Xt/\7' - Y;‘//\‘r|2:| < 2TL2E/ |Xr/\7' - r/\7'|2]1{r§7} dr + ZLQ]E/ |XT’/\T - r/\‘r|]1{'r§‘r} dr
0 0

t<s

S 2TL2E/ |Xr/\7' - 7“/\7'|2 d’/’ + 2LQE/V |Xr/\‘r - r/\‘r| d’/’
0 0

Setting g(s) = E [sup | Xenr — Y,;ATP}, we find that g(s) < Cr [; g(r)dr, s € [0,T]. By the Gronwall
t<s
lemma we deduce that g(s) =0, s € [0,T]. The assertion follows.

Ezistence of a global solution. We fix an arbitrary T' > 0 and we show the existence of a solution {X;}
on [0, T]. In connection with our assumptions we consider, for every integer N > 0, the real mappings

() = x, for |[z] < N
N Nz/|x|, for|z|> N
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and the functions by = foyn, oy = gohn. For each N > 0 these mappings are (globally) Lipschitz
continuous. Therefore, for each IV there exists a unique solution {Xy(t), t > 0} to the problem

XN(t):n+/Oth(XN(s))ds+/Ot on(Xn(s))dBs, 130 (12.10)

We call the processes { Xy (t)} the approximating solutions. We define also a family of stopping times

inf <t<T: |X N
TN:{m{ﬂo_t_ (XN ()] > N}, (12.11)

T ifitis [Xn(t)| <N for 0<t <T.
Note that 7y < T, a.s., N € N.
I Step. The approximating solutions have the following properties

1. the solutions Xy (t) = Xn41(t) coincide for any ¢ € [0, 7n];
2. TN S TN+1, a.S..

We start with the solution Xy: (up to time 7x) it verifies

XN(t/\TN)zn—i—/MTN bN(XN(s))ds+/tMN on(Xn(s))dBs,  te0,T].
0 0

Since for ¢ in the random interval [0, 7n] it holds | X n(¢)] < N, we have by (Xn(t)) = dbny1 (XN (t)) =
b(Xn(t)) and similarly for o, so that

tATN tATN
XN(t/\TN):ﬁ—f—/ bN+1(XN(S))dS+/ 0'N+1(XN(S))dBS, te [O,T]
0 0

Therefore, uniqueness of the solution implies that in the random interval [0, 7n] it is Xn (t) = Xn11(t);
further, since Xn4+1(t) = Xn(t) is bounded in norm by N in [0, 7n], it must be 711 > Tn.

II Step. For any t € (0,T], we define the measurable sets

Q= |J{mw =t} (12.12)
N>1

and show that P(£2) = 1, t € (0,T]. It is clear that on {7y > t} it is Xn(s) = Xn41(s) for all
s € [0, t]; however, if N is small, it can easily happen that the set {7x > t} is empty. Since 78 < TN 11,
it follows that §2; is an increasing union and the assertion follows if we verify that

A}iinoo P(ry > t) =1 or equivalently ]\;gnw P(rn < t) =0. (12.13)
To prove (12.13) we first take a function ¢y € C5°(R™) such that |pn ()] < 1 for every z € R,
on(z) =1 for |z] < N and ¢n(x) = 0 for |z| > 2N. Then we define Vy(z) = V(z) - ¢n () (where
V is the Lyapunov function associated to (12.1), which exists by assumption, and K is the bound in
Definition 12.5, point 2.) and then we apply Ito formula to the process e ®*Vy(Xxn(t)) (note that
Vn € CZ(R™)). We find, for ¢t < T,
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tATN
e KAV (XNt ATN)) = Vi(n) + / (= Ke XV (Xn(r) + e K" LVN (XN (7)) dr
0

+ /OWN e F(VVN (XN (), on(Xn(r)dB,). (12.14)
Note that (0; + L)(e 5K'Vy) = —Ke KV + e X! LV, where
LVy(z) = (VVy(x),b(x)) + %Tr(a(m)VQVN(x)a* (x)).
Since, for any z € R" such that |z| < N,

LV (z) = LVN(z) < KVy(2),

the second term in the right-hand side of (12.14) is nonpositive; next, taking expectation in (12.14)
and using Lemma 12.11 to compute the expectation of the stochastic interal, we obtain

< E[Vn(n)].

It follows that, for any t < T, since e K(tATN) > =Kt

M EWVN ()] = E[VN (Xn(tATN))] = E[VN (XN (EATN)) Liry<ty] = BVN (XN (T8)) Ly <ty]

- <{|mi|IifN} V(x)> Flirwen] = <{|ri|IifN} V(x)) Bl <8

Since V' — 400 as x — oo, the quantity My = inf,—ny V() is arbitrarily large for N large enough;
however, V(1) < V(n), so that for every ¢t € [0, 7] it holds

1

Py <t) < — e E[V(n)] -0 as N — o0
My

which shows (12.13).

IIT Step. We define the solution {X;}. Fix ¢ € (0,7T] and define X, : £2 — R™ as follows: if w & (2, we
set Xy(w) := 0; if w € 2, there exists N > 1 such that w € {7y > ¢} and we set

Xi(w) := Xn(t,w).

The definition is meaningful thanks to Step 1. Note that {X;} has continuous trajectories: indeed, if
w € 27, then there exists N > 1 such that w € {ry = T} and we have that t — X;(w) = Xn(t,w) is
continuous on [0, 7] (recall that P(£2r) = 1).

Moreover, it is Fi-adapted for any ¢ € [0,T]. To see this we write, for any A € B(R"),

{w: Xiw)eA}= | ({w: Xi(w) € A} {7y > t})
N>1

= J{w: Xn@®)w) e A}n{ry > t}) € Fe.
N>1
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It remains to show that {X;} is actually a solution to (12.1). We have that, for any t < T, w € p:

XN(t/\TN):’I]-l-/OATNbN(XN(S))dS+AATNUN(XN(S))CIBS

hence
tATN tATN
Xiney = n—!—/ b(X,)ds +/ o0(Xs)dBs, N > 1. (12.15)
0 0

Now if @ € 27, there exists N such that w € {r5 =T}. Thus, computing (12.15) in ©, we get

t t
Xt:n+/ b(XS)ds+/ o(X,)dBs.
0 0

This shows that {X;} is a solution to the SDE (12.1).
O

Remark 12.12. We mention an interesting result proved in a paper by Da Prato, Iannelli and
Tubaro [Da78]. In this paper it is proved the global existence and uniqueness of a solution to the
stochastic differential equation (12.1) without assuming that the coefficients are locally Lipschitz. It
is only assumed the following dissipativity condition: there exists a > 0 such that

2(b(z) = b(y),z —y) + [lo(x) —a(y)|I* < alz —yf, (12.16)

for every x,y € R™. The proof uses suitable approximations of the coefficients by means of Yosida
mappings. Note that condition (12.16) is usually considered in the theory of non-linear contraction
semigroups in Banach spaces.

Related to condition (12.16), we should mention also a general result obtained by Krylov [Kr95],
where the author uses the Euler approximation scheme in order to construct a global solution.

Appendix: an introduction to financial markets

Five years before Einstein’s theory of Brownian movement, a similar model was described by the French
matematician L. Bachelier in his doctorate thesis, in order to describe the random fluctuations in
the stock market of Paris. He was concerned with prices (the macroscopic molecules in Brownian
movement theory) whose movements were influenced by agents in the market (which played the role of
the liquid molecules) and concluded that fluctuations where given by a centered Gaussian distribution
with variance 2Dt, for a positive constant D.

We can not consider such a model as a realistic one, at least due to the fact that the prices can
not assume negative values with positive probability; now we propose a different, yet simple model,
to describe the stock price process.

Let {S, t > 0}, be the price of a given stock (but it can also be any other object in the market);
in order to describe the variation of the price AS; = Syy Ay — Sy, for a small time interval At > 0, we
proceed as follows

ASy  Sirar— S
Si Sy

= At -+ “noise”
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where p is the drift of the process (a value which measure the behaviour in the mean) and the noisy
term models the typical fluctuations of the market.

We may model the prices with the same terminology of the Brownian movement. The particle is the
stock in the market (the fluid); there is a general movement of the fluid (depending on external factors
that we may think to be deterministic) and random, local forces, as is, for instance, the balance between
the numbers of buyers or sellers acting in a certain moment: any movement of this number cause the
price to increase or decrease. However, we do not assume that the action of the noise on the particle
is additive, but rather we assume it to be multiplicative; then the relevant proportional variation As—ft
in the interval A; is given by a deterministic part p At and a stochastic part proportional to the
variation v AB; of the underlying Brownian motion. Therefore, we say that the process S; satisfies
the following stochastic equation

dSt = ,USt dt—f—US,g dBt, (1217)

If {By, t > 0} is a Brownian motion on a filtered probability space (2, F,{F;},P), and p € R, v > 0
and Sy > 0, the process S; is given by

1
Sy = Soexp(ut — 50275—}—03,5). (12.18)

S; is the geometrical Brownian motion, i is called the drift and o2 is the volatility. This model plays
a key role in mathematical finance, since it is at the basis of the renowned Black and Scholes model
for pricing derivatives; however, its simplicity implies in particular that it can not be used in times of
crisis, when sudden jumps may appear in the general behaviour of the market.

Problem 12.5. Compute It6 differential of the geometric Brownian motion (12.18) and show that it
verifies equation (12.17).

Linear stochastic equations

We consider the following linear stochastic differential equation for an R™-valued process X;:

dX, = [A()X, + f(1)]dt + i B;(t)X, + g5(t)| 437 (1)

X, = To, o <t<T

(12.19)

where W, = (8*(t),..., %)) is a d-dimensional Brownian motion defined on a complete filtered
probability space (£2,F,{F:},P). In the above equation, A(t) and Bj;(t) are deterministic n x n
matrices and f(t) and g¢;(t) are R"-valued functions defined on [¢o, T7.

Theorem 12.13. The linear stochastic differential equation (12.19) has, for any initial value zo € R™
a unique continuous solution throughout the interval [to, T] provided only that the functions A(s), f(s),
Bj(s), gj(s) are measurable and bounded on that interval.

The proof of Theorem 12.13 follows easily by a suitable modification of the proof of Theorem 12.3.

Explicit solutions to non-homogeneous linear equations can be obtained, as in the ordinary differ-
ential equation case, by the variation of parameters technique. The following result is totally analogous
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to the ordinary differential equations situation. We introduce the notion of fundamental matrix of the
homogeneous equation corresponding to (12.19).

Theorem 12.14. The linear stochastic differential equation (12.19) with initial value xo has, on [to, T
the solution

t
X, =&, <x0 +/ ot d}g) . (12.20)
to

Here,

d
dY, = [f(t) = > Bi(D)g; (O] dt + Y g;(t) 47 (¢)
j=1 j=1

and the n x n matriz @y is the fundamental matrix of the corresponding homogeneous equation, that
is, the solution of the stochastic differential equation

Ao, = A(t)®, dt + ZdIlBj ()¢ dB7 (t) (12.21)

B(to) = 1.

Proof. We only sketch the proof (see Arnold [Ar74] for more details). The most interesting part is the
proof that the matrix @; is invertible. Indeed, since we already know that a solution to (12.19) exists
unique, to prove the theorem is sufficient to verify directly that the given {X;} verifies the equation.

The problem is well known and can be solved with different approaches. Here, we write ¢ =
(P1,...,D,), where @; are column vectors. Hence we have Y; := (det @) = det(Pq,...,P,) and the
1t6 differential verifies the equation

n 1 n m
dv, = | Y det(®y,..., AD;, ..., Bg) + §ZZdet(¢1,...,Bk@,...,Bk@j,...,@n) dt
i=1 i#] k=1

d n

+3 D det(@r,..., Bidi,..., D) | (1)
k=1 Li=1
Then, we recall the following identities, which hold for any n x n matrix U:

Zdet(@l, LU D) = TeU - det @ (12.22)
=1

> det(Py, ..., UP;,... . UD;, ..., 0y) =

ij=1

[(TrU)? — TeU?] - det @ (12.23)

N =

and we get the following expression for the differential of Y;:

{dy; = [TrA+ § S50, (TeB)? = TeB3| Yy dt + S, TeByYs (1)
Yo=1
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that is,
t d d t
Y, = exp < / [Tr(A(s) - ZB,%(S))} ds+ 3 / Te By (s) dﬁ%)) .
0 k=1 k=170

Since the determinant of &(¢) is strictly positive, the matrix is invertible.
O
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Diffusion processes, Markov semigroups and Kolmogorov
equations

This lecture is dedicated to Markov semigroups associated to diffusion processes which are solutions
of stochastic differential equations with globally Lipschitz coefficients. Although the Markov property
for solutions of SDEs could be proved under the general hypotheses of our Theorems 11.5 and 12.8,
here we only consider the case of globally Lipschitz coefficients for the sake of simplicity. We refer
to more advanced books, like Stroock and Varadhan [SVT79], Karatzas and Shreve [KS88], Ikeda
and Watanabe [IW81], Ethier and Kurtz [EK86] for the study of Markov property in full generality.

13.1 Continuous dependence on data

Our basic framework is the same as in the previous lecture. Let B = {B;, t > 0} be a d-dimensional
Brownian motion defined on a stochastic basis (£2, F,{F:},P). Recall the definition of the space
MP?(s,T; E), p > 1, of all progressively measurable processes {Y;, t € [s,T]} with values in E such
that

T
E/ Y, % dr < oo, 0<s<T.

Here the space (E, |-|) is either the n-dimensional space R™ or the space of matrices L(R¢, R™) endowed
1/2

n d
with the Hilbert-Schmidt norm ||o||pgagny = | > > |o3;|?
1j=1

i=1j=
In this lecture we consider the following class of stochastic differential equations

t t
Xt:n+/ b(Xr)dr+/ o(X,)dB,, t>s, (13.1)

where we assume there exists K > 0 such that
lb(z) = b(y)| + [|o(z) —oy)|| < K|z —yl,  Vz,yeR", (13.2)

and moreover the initial condition n € L?(£2,R") is Fs;-measurable.
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By the results in the previous lecture, we know that, for any T > 0, there exists a unique solution
X = {X;/" t € [s,T]} which belongs to L?*(£2;C(s,T;R")), i.e., {X;"", t € [s,T]} is a continuous
process with values in R™, adapted to the filtration {F;} and such that

E | sup |X;"?| < 4o0.

te(s, T

Recall that in particular X € M?(s, T; R"). Note that we can introduce a continuous adapted process
X = {X;/", t > s}, global solution of (13.1), simply defining for any ¢t > s, X;”7 = Y;, where
{Y2" u € [s,[t] + 1]} denotes the solution to (13.1) on the time interval [s, [t] + 1] ([¢] indicates the
integer part of t).

We proceed with our first result.

Proposition 13.1. Let T' > 0 be fized, and {X;, t > s} be the solution to (13.1) under Hypothesis
13.1. Let p > 2. We have:

P

E /:U(Xr)dBr <c(p,T)E Ut lo(X,)P dr] , t>s, (13.3)

sup
s<0<t

for a constant ¢ = ¢(p, T) which depends only on p and T'.
This proposition is a technical, yet important result; we shall sketch the proof in the appendix.

Let us define S(X) = {S(X):, t € [s,T]} the right-hand side of (13.1), for X € L?(2;C(s, T;R")).
The solution of the equation can be obtained as the fixed point X = S(X) from the Picard approxi-
mation scheme X,,;1 = S(X,,). Using Proposition 13.1, we estimate the distance between S(X) and

S(Y) for different X and Y € L?(2; C(s, T;R")).
Fix any p > 2 and assume that the initial condition in (13.1) belongs to LP({2; R™). Then

T

0
/ [0(X;) —o(Y;)]dB,

0
E | sup |S(X)g — S(Y)9|p} <PIEIX, - Y|P+ 3R l sup / [b(X,) —b(Y;)]dr

s<O<t s<O<t

p

+3P7LE | sup
s<0<t

The stochastic integral is bounded, using (13.3), by

(. T)E [ / (X))l dr} ;

we apply Holder inequality in the deterministic integral and we get

P
<E| sup
s<0<t

]
(6 sy / B(X,) — b(Y,)|P dr

|

<(T—s 'R [ / b(x,) - b(i@»?dr} .

0
[ b —vryar

E[sup

s<0<t
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Now, recalling that b and ¢ are Lipschitz continuous functions, with Lipschitz constant K, we obtain
the following estimate

¢
E| sup |S(X)g—S(Y)P| <3P 'E|X, — Yi|P 4+ ¢(p,T,K)E [/ | X, — Y. |P dr] . (13.4)
s<O<t s

Below, we state a useful consequences of (13.4), i.e., we estimate the dependence on the initial condi-
tions. With the usual convention, the constant C may vary from line to line; we write C = C(a, b, ¢)
in order to emphasize the dependence on the parameters listed in brackets.

Proposition 13.2. Assume Hypothesis 13.1 and take n, v € LP(2, Fs;R™), p > 2. Then, for 0 < s <
t < T, there exists a constant C = C(T, K,p) > 0 such that
E| sup | X" — X§’7|p} < eC U= Ry — 4P (13.5)

<0<t

Proof. We set X; = X;”" and Y; = X;7; the proof uses Gronwall’s lemma and estimate (13.4). We
define ¢(t) = E [sup,<p<; | Xo — Y5/?] and we find from (13.4)

t
0 S3P*1E|n—v|P+0/ 60)d9,  T>i>s

so the thesis follows from an application of Gronwall’s lemma:
(t) < DI Elp — 7.
O
The following result will be a key step in order to prove Feller property for the Markov semigroup
associated to (13.1).
Corollary 13.3. Assume Hypothesis 13.1 and take x,y € R™. Then, for anyp > 2 and0 < s <t <T,
there exists a constant C = C(p,T, K) such that

E | sup [X," —X;YP| <Clz—yl. (13.6)

s<0<t

In Lecture 2 we stated a version of Kolmogorov continuity theorem 2.16 for the case of a stochastic
process on T = (0,1). Now we need an extension of that result, stated in terms of a random field
{X?®, © € R™}. The proof follows exactly the one for the 1-dimensional case, and will not be given.

Theorem 13.4. Let {X?®, x € R™} be a family of random variables on (£2,F,P) with values in R™.
Suppose that there exist positive constants a, b and ¢ such that

E[IX* - XY < clr — ™", @, yeR™.

Then, there exists a random field {Y*, x € R™} such that Y* = X%, a.s., x € R™, and the mapping:
x = Y¥(w), is y-Holder continuous on each compact set of R™, for any v < §, w-a.s.
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Now we are able to state our result concerning continuous dependence on the initial condition.
With no loss of generality, we fix the initial condition at time s = 0 and we denote { X[} the solution
of (13.1) with initial condition X§ = z. Applying Corollary 13.3 for p > n + 1 and the previous
Kolmogorov regularity theorem, we obtain the following.

Theorem 13.5. Under Hypothesis 13.1, there exists a process Y = {Y;®, t > 0}, x € R", such that

1. the mapping: t — Y is continuous from [0,00) into R™, for any x € R", a.s.;
2. the mapping: x — Y is continuous from R™ into R", for any t > 0, a.s.;
3.V =X}, as. foranyt >0 and x € R".

Remark 13.6. With a little more effort it is possible to extend the above result to show continuous
dependence of X;** on all three parameters s < t and z € R™. For this, and more refined results on
the regularity of {X;"*} we refer to the bibliography quoted in the introduction.

Remark 13.7. From now on we will always deal with the continuous version of the solution {X,;"*}
whose existence is proved in Theorem 13.5.

Let X*7 be a solution of (13.1) with initial condition n € L?(£2, F5;R™). Next result shows how
each given path of the solution depends on the initial condition.

Lemma 13.8. Assume Hypothesis 13.1 and take the initial condition n € L*(2, Fs;R™). Then, for
0 <s<t, wehave, w a.s.,
thm(w) _ X:an(w)(w)'

Proof. Let us first assume that 1 takes only a finite number of values y1, ...,y € R", ie.,

n= Z L=y} Yi-
i=1

Then we have
XM n=ysy = X7 Ly

Indeed, the process on the left hand side is
t t
X gy = e (0 [ b0 @ [ atxzmaz,

t t
= ]1{77:%} (yz —|—/ b(XTS’n) dr —|—/ O'(Xﬁ’n) dBr)

Let A; = {n = y;}. Now if we work on the probability space (A;,P|4,) we find easily by uniqueness
(using the Lipschitz continuity of coefficients) that X;"" 1y,—,.3 = X" 1{,—,.1; note in particular

that . .
/ (X5 dB, (w) = / o(XSMp ) dB, (), we A,

Since X"V (w) = th’"(w)(w), w € A;, we have the assertion.
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To treat the general case, we first approximate n by a sequence of random variables {n,} C
L?(92, Fs; R™) taking only a finite number of values and such that E|n,, — n|?> — 0, as m — oo, and
lim 9, (w) = n(w), w a.s.. Then we pass to the limit as m — oo in
m—0Q

X (w) = X7 w).

Note that lim X" ) (w) = X7"“)(w), a.s., using that z — X% (w) is continuous. Moreover, by
m—00

Proposition 13.2, we know that, possibly passing to a subsequence, lim,, .., X;"" (w) = X;""(w), w
a.s.. The proof is complete.
O

We can now prove the following important theorem which defines the stochastic flow property of
the solution of (13.1).

Theorem 13.9. Assume Hypothesis 13.1 and fix an initial condition x € R™. Then, for 0 < s <r <t,

we have, w a.s.,
X

X=X, . (13.7)
Proof. We fix r > s and introduce Z; = X:’Xﬁym, t > r. The process {Z;, t > r} solves
t t
Zy = X" —|—/ b(Zu)du+/ o(Z,)dB,
T " : t t
. / B(XE") du + / o(XET) dB, + / b(Z.) du + / (Z.)AB.
If in the previous formula, we replace Z,, with X% for u > r, we get
t t
Zi ==z —|—/ b(X;") du —|—/ o(X;%)dB,, t>r.
It follows that Z; = X', ¢ > r, and the assertion is proved.
O
13.2 The Markov property

Let us consider the process X* = { X7, t > 0}, which solves
t t
XF= X" — g +/ b(XT) dr +/ o(X*)dB,, t>0,z€cR"
0 0

We state the Markov property for X*: we introduce the candidate to be a transition probability
function
p(t,x, ') =P(XF eI

and prove that it verifies the Markov property
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p(s, X7, 1) =P(XZ,, € ' | Fy).

We state the Markov property in the integral form: for any f € M,(R™), = € R"™, ¢,s > 0, it holds
Elf(X¥ ) | Fe] = uls, X¥), where wu(s,y):= [ [f(2)p(s,y,dz), y € R". (13.8)
R’V‘L

The first remark is that it is enough to prove (13.8) when f € Cp(R™), i.e., f is continuous and
bounded on R"™, and the verification of this remark is left as exercise.

Problem 13.1. By using the Dynkin 7 — A lemma, shows that (13.8) holds for any f € M,(R") if
and only if it holds for any f € Cp(R™).

Hint: define H = {A € B(R") such that (13.8) holds when f = 14}; show that H contains all closed sets and
that is a A-system; deduce that H = B(R").

Theorem 13.10. Assume Hypothesis 13.1. Then X* = {X}} is a Markov process on (2, F,{F:},P)
with transition function
p(t,z,A) =P(X} € A), Ae BR").

Proof. We fix f € Cy(R™), t,s >0, x € R", and prove (13.8).

Using the stochastic flow property (13.7), we have E[f(X[,,) | F] = E[f(X; HS ) | Fi]. Hence it
remains to verify that

E[f(X{75) | Fi) = uls, X7), (13.9)

The proof is divided into three steps: first, we prove that the above identity holds when X} =y is a
deterministic point, then we proceed to the general case.

Step I. We have to compare the solutions Y := Xtt Y, and X¥; by construction, they are the limits

of the following Picard approximations

Xyt =S(X")s =y + [y b(X)dr + [y o(X]) dBr
}/Sn+1 _ S/(Xn)s =y+ f()s dT + fO dB’ n >0, (1310)
X0=y, Y=y,

where B’ = {B., s > 0}, B, = By1, — By, is again a standard d-dimensional Brownian motion which
is independent from F; (we consider B’ as a d-dimensional Brownian motion on (£2, F,P) with respect
to its natural completed filtration { F}}). It is easily seen by induction that the random variable Y is
independent from F, for any n > 0, and passing to the limit, by the proof of Theorem 12.3 we know
that
lim E[ sup |X - X =0, VT >0,
m=—o0 pel0,T—t]

and we obtain that the random variable
XY, is independent from F, for any s > 0.

Next, consider the two continuous processes Y = {Y!, s > 0}, V! := y + b(y) s + o(y) B, which
is adapted with respect to {F/}, and and X! = {X}, s > 0}, X! = y + b(y) s + o(y) Bs, which is

s
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adapted with respect to {F;}. We note that the continuous processes (X!, B) and (Y1, B’), both with
values in R"*9 have the same law (i.e., they have the same finite-dimensional distributions).

We claim that the same holds for any n, i.e., the continuous processes (X", B) and (Y™, B') have
the same law. This can be proved by induction, using the lemma below.

Since mean square convergence implies in particular convergence in law for random variables,
passing to the limit as n — oo, we get in particular that the random variables

Xffs and X%¥ = XY have the same distribution. (13.11)

Lemma 13.11. Let b and o satisfies Hypothesis 13.1. Consider two stochastic bases (2, F,{F:},P)

and (2, F,{F{},P) on which are defined two d-dimensional Brownian motions, denoted respectively

by B and B'. Fiz any T > 0 and consider two continuous adapted processes U = {Uy, t € [0,T]} and

V ={W,tel0,T]} € M*(0,T;R"), defined respectively on the stochastic bases (2, F,{F:},P) and

(02, F, {F/},P). Assume that the processes (U, B) and (V, B') with values in R"*?% have the same law.
Let X andY be continuous processes with values in R™ given by

X;=8(U)s=y+ [ bU,)dr + [J o(U,)dB,
{Ys =S(V)s —y+f00 dr+f00 dB’ s e [0,7], (13.12)

Then also the processes (X, B) and (Y, B') have the same law.

Proof. We only briefly sketch the proof and refer to Section 5.4 of Durrett [Du96] for a complete
proof.

At first, assume that U and V' are elementary processes; then the claim follows in view of the
definition of stochastic integral. In the general case, we first approximate U and V with elementary
processes and then pass to the limit.

O

We continue with the proof of Theorem 13.10.
Step II. Step I and (13.11) actually show that the following sequence of identities hold:

E[f(Xp%) | Bl =Elf (X5 = E[f(XD)] = u(s,y),  yeR™ (13.13)

Step ITI. 'We show that (13.13) holds also when the initial condition y is replaced by any random
variable Y € L%(2, F;; R"), i.e.,

E[f(Xei) | Fil = u(s,Y) = E[f(XV)]y=v- (13.14)

It is clear that from this claim we deduce in particular formula (13.11).

m
First assume that Y takes only a finite number of values y1,...,ym € R",ie,Y = Y Liy—y1 v,
i=1

1=
where the family {Y = y;} is a partition of 2 contained in F;. We get, using the previous step and

the independence of Xff; from F,

m m

Elf(Xp2)] =Y B (X0 y—yy] = Y Elu(s, 1:)] P(4;) = Efu(s, Y)].

i=1 =1
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In the general case, take a sequence (Y,,) C L?(§2, F;;R"™) of random variables, taking only a finite
number of values, such that

lim E|Y, —Y|* =0, lim Y, =Y, as.

n—oo

By the continuity properties of y — Xttfs, we know that Xttj:;" converges a.s. to Xttj:; as n — oo.

Hence, since f € Cp(R™), we know that

lim f(X;77) = F(XYD), as.

n—

We write
E[f(X{7) | Fi] = u(s, Ya) = E[f(XY)]y=v,- (13.15)

Passing to the limit as n — oo in (13.15), using also the dominated convergence theorem for conditional
expectation, we finally obtain the claim. The proof is complete.
O

13.2.1 Diffusion Markov semigroups
The semigroup of bounded linear operators {P;, t > 0}, P, : My(R") — Mp(R™),
Pf(z) = ELf(XP)], f€ My(R"), 2 € R” (13.16)

is called the diffusion Markov semigroup associated to {X}.
Using the continuity of the mappings ¢ — XF(w) and ¢t — XF(w) (w-a.s.) together with the
dominated convergence theorem, one easily proves

Proposition 13.12. Assume Hypothesis 13.1. Then the diffusion Markov semigroup {P;} is Feller.

Problem 13.2. Consider a problem with additive noise, i.e., assume that o(x) = o is constant, and
assume that b is bounded and Lipschitz continuous on R”. Show that the diffusion semigroup {P;} is
Feller-Dynkin, i.e., Co(R™) is invariant for {P;}.

Let us compute the generator of { P;}. To this purpose, let us introduce the second order (possibly
degenerate) elliptic Kolmogorov operator L associated to (13.1)

1
Lf(w) = 5 Te(o(@) V2 f(z)o” (2)) + (Vf(2),b(z)), f € CER"), @ € R, (13.17)
where C2(R™) denotes the space of all functions f : R® — R having compact support and first and
second continuous partial derivatives.
Introducing the symmetric non-negative matrix g(x) = o(x)o*(x), x € R™, L can be written as

n

Lf(r) = 3 Te(q(@)V2 () + (V@) b)) = 5 3 a(0)ol, @) + D bula)e f(a), (13.18)

ij=1 i=1
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for any f € C2(R"), x € R™.
Recall the definition of generator for the Feller semigroup {P;} (see also Lecture 6)
D(A) = {f € C,(R™) : there exists g € C,(R™) such that sup }||P.f — f|lec < o0
>0
and tli%1+ H(Pif(x) — f(x)) = g(x), z € R"}, (13.19)
Af(x) = tliré1+ 1(Pif(z) — f(z)), fe€DA), zeR™
Proposition 13.13. Assume Hypothesis 13.1 and consider the diffusion Markov semigroup {P;}, see
(13.16). Then C?(R™) C D(A) and, for any f € C>(R™), Af(z) = Lf(z), * € R".
Proof. Take f € C?(R") and set X; = X{. By It6 formula we have

n

FO@) = 1) = [ (TR bt 5 [ (3 (X))o, FXulw)) du

i,j=1
+Yi(w) = /Ot Lf(Xy(w))du+ Yi(w), as., t>0, (13.20)

*

where ¢(z) = o(x)o(z)* and the process {Y;} is given by

Yt:i,jz_l/o O, f(Xu)oij(Xu)dB], :=/0 (VF(X4),0(X,)dB,).

Since E[Y;] = 0, ¢ > 0, applying expectation in (13.20), we get, for ¢t > 0,
t
BIFCX)] - f(0) = [ BILAXD)]du.
0

Since Lf is bounded on R", we get, for any ¢ > 0, the upper bound

sup w: P f(z) — f(z)
t

< LS loo-
xeR™ t

zER™

Moreover, lim+ w = Lf(z), z € R™ The proof is complete.
t—0

13.3 Kolmogorov equations

In this section we discuss the relation between the diffusion Markov semigroup {P;, ¢t > 0}, see
(13.16), and parabolic equations involving the Kolmogorov operator L introduced in (13.18). We do
not develop the argument in a complete way; we only present some simple basic facts.

We always assume Hypothesis 13.1 and denote by {X?} the solution to (13.1). Hence

Bif(z) =E[f(X7)],  fe My(R").
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We will also use the space CZ(R™) of all functions f : R" — R which are continuous and bounded on
R™ together with its first and second partial derivatives.

In the following result we do not need to use the Markov property of { X'} but only the Ité formula.
Proposition 13.14. Let f € CZ(R™). Then we have:

BUE) = f@)+E [ LAXDds, 20 (13.21)

and
L EO) - BAE)
h—0 h

[LF(XE), z€R" t>0. (13.22)

Proof. We simply apply the expectation in It6 formula (13.20). We only remark that the process {Y;}
in (13.20) is well defined: indeed the estimate

o(X3) VXD < CIVF (L + X717,

shows that the process {o(X2)*V f(XZ), u> 0}, z € R", belongs to M?(0,T;R"), for any T > 0.
O

Remark 13.15. The previous result admits the following PDEs-interpretation. Assume that there exists
the density p(t,z,y) of the law of the random variable X. According to Proposition 13.14, p(t, z,y)
verifies

t
[ ptenf@dy =@+ [ [ poom)L, o) dyas (13.23)
=0 0 JR»
and we say that it is a generalized solution of the so-called Fokker-Planck parabolic equation:

8tp(t,$,y) = Lf/p(t,x,y), t> 0) HARS Rna

limp(t,z,y) = 0x(y), = €R™ (13.24)

This equation involves the formal adjoint L* of L:

Liow) = 3 3 ., (a50)6)) — >0, (o). ¢ € CRR),

in distributional sense, compare with (13.23). For more details on Fokker-Planck equations, see for
instance Krylov [Kr95]. The Fokker-Planck equation (13.24) is also called the Kolmogorov forward
equation.

Let us consider now the following autonomous second order (possibly degenerate) parabolic Cauchy
problem, involving the Kolmogorov operator L,

=1L
Opu(t, x) u(t, ), t>0, (13.25)
u(0,2) = f(z), x € R",
where clearly L acts on the z;-variables and f € Cl? (R™) is the given initial condition.
We want to show that, under suitable assumptions, u(¢, z) := P, f(z) provides the (unique) classical
solution to (13.25).
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Definition 13.16. By a classical solution of (13.25) we mean a continuous and bounded function
u : [0,4+00) Xx R™ — R which has continuous partial derivative Oyu and continuous and bounded partial
derivatives Oy, u and 851,%_10 on (0,400) X R™ and solves (13.25).

Theorem 13.17. Assume Hypothesis 15.1 and consider the Cauchy problem (13.25) with f € CZ(R™).

(i) (uniqueness) Let u be a classical solution of (13.25); then u(t,x) := P,f(x), where {P,} is the
diffusion semigroup associated to (13.1).
(i) (existence) Assume in addition the following property

P,(CZ(R™)) ¢ CZR"), t>0. (13.26)
Then, defining v(t,x) := P.f(z), v is the classical solution to (13.25).

Proof. (i) Let X; = XF. We fix t > 0, z € R", and apply It6 formula to the process {u(t —s, X;), s €
[0,¢]}. We have

t t t
u(0, X¢) = u(t,x) — / Opu(t —r, X, )dr + / Lu(t —r, X,.)dr + / (Veu(t —r, X,),0(X,) dB,)
0 0 0
¢
=u(t,z) + / (Veu(t —r, X,),0(X,)dB,),
0
since u is a solution to (13.25). Applying expectation we infer
u(t, ) = E[u(0, X¢)] = E[f(Xy)] = P f(x), t>0, z €R™
(i) Set X; = X7. We apply It6 formula to the process {f(X;), ¢t > 0} to find
t t
f(Xy) = f(z) +/ Lf(Xr)dr—k/ (Vf(X,),o(X,)dB,).
0 0
Taking expectation, we get
t+h
Bf(Xin) ~Ef(X) = [ BILAX))dr b0,
t

Hence, there exists, for any ¢ > 0,

‘m Piinf(z) — P f(x) _E

8tv(t, m) - }lL—>0 h

[Lf(XP)] = P(Lf)(x). (13.27)

Note that the last formula holds also when ¢ = 0 if we consider the limit for A — 07.
To compute the previous limit, we have used that the mapping: s — E[Lf(X,)] is continuous on
[0, T]. Such continuity follows applying the dominated convergence theorem thanks to the estimate

sup |[Lf(Xs)| <C1+ sup |Xs), a.s..
s€[0,T] s€[0,T]

Now we use Hypothesis (13.26), i.e., P f € CZ(R™), and the semigroup property in order to obtain
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do(t.z) = tim L)@ = P (@)

Rt 5 =LPf(z), >0, zcR" (13.28)

We have just showed that

{&(Ptf)(m)

= L(P.f)(z) = B(Lf)(x), t>0,
Pof(x) = f(x),

r e R™

The proof is complete.
O

Remark 13.18. Let us consider a PDEs-interpretation of Theorem 13.17.

Assume that the law p(t,z, A) = P(X} € A), A € B(R"), has a density p(¢,z,y) with respect to
the Lebesgue measure (this is well known if we assume in addition that there exists v > 0 such that
{q(x)h,h) > v|h|?, z,h € R™). In this case the assertion (ii) says that p(t,x,y) is the fundamental
solution to the parabolic equation (13.25).

The previous results are the starting points for the study of regularity for solutions of parabolic
Kolmogorov equations by probabilistic methods (one important reference on this subject is the book
by Krylov [Kr95]; see also the books of Nualart [Nu95] and Bass [Bas95].

Note that one can start from the Cauchy problem (13.25), where the operator L is given, for any
f € C?(R™), by the formula

n

Lf(z) = %TY(Q(JG)VQJ“(JS)) +(V/f(2),b(z)) = % Y 4i(@)d; 4, @)+ Y bi(2)s, f(2)

ij=1 i=1

(q(x) is a real n x n symmetric non-negative matrix). Assume that b : R — R" is Lipschitz continuous
and assume also that ¢;; € C?(R") with first and second bounded derivatives on R".

Under such assumptions, one can show (see for instance Stroock and Varadhan [SV79]) that there
exists a unique real n X n symmetric non-negative matrix o(x) such that

o(z)? = q(z), € R™, and the mapping: x ~— o(x) is Lipschitz continuous on R".

Hence, using such o(z), we can associate to L a diffusion process which solves a SDE, involving b
and o, and a related diffusion semigroup {P;}. It is clear that regularity properties of {P;} will give
regularity properties for the Kolmogorov equation (13.25).

Problem 13.3. Here we require to check the crucial condition (13.26) of Theorem 13.17 in a special
case, i.e., when there is additive noise. To this purpose, assume that o(z) = o is constant, that
b € C?(R",R") is Lipschitz continuous on R™ and show that

P,(CE(R™)) ¢ CER"), t>0. (13.29)

Hint: Step I. Denote by X* = {Xf, t € [0, T]} the solution of (13.1) on [0,T], with s = 0. Fix w € {2, a.s.,
and introduce the Banach space H = C([0,T];R™). Define the mapping F : R" x H — H,

Fz,Y)t) =Y () —x — /Ot b(Y(r))dr —oB(t), t€[0,T], Y € H.
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Prove by the implicit function theorem that, for any w a.s., the mapping = — X* from R" into H is twice
Frechet-differentiable. Denote by ni and by 1/, ¢ € [0, T], respectively the first derivative at € R™ in the
direction e; and the second derivative at x in the directions e; and ej, 4,7 = 1,...,n (we have not indicated
the dependence on z for simplicity of notation).

Step II. Show that both n{ and 7% are solutions of SDEs (which are called the first and second variation
equation of (13.1)). Deduce that {ni, ¢ € [0,T]} and {5, ¢t € [0,T]} are stochastic processes defined and
adapted on the stochastic basis (2, F, {F:},P) with values in R™. Moreover {n, t € [0,T]} and {n}?, t € [0, T}
€ L*([0,T] x £2;R™) uniformly in x € R™.

Step III. Verify that, for any f € CZ(R"), one has:

0z, Pof(2) = EUVF(XT),m)], 02,0, Pef () = B[V F(XD) ] me) + (VX)) m)], t € 10,7,

Step IV. Deduce (13.29).

Appendix: Proof of Proposition 13.1

We give a proof assuming s = 0 and R™ = R for simplicity. We are concerned with the stochastic
integral of a process X € M?(0,T); our aim is to estimate the quantity (13.3)

p

/09 o(Xy)dB,| | <c(p,T)E [/Ot o (X7l dr}  t<Tip22. (13:30)

E [sup
o<t

This estimate is a version of the celebrated Burkholder-Davis-Gundy inequality, which can be proved,
in larger generality, for martingales: see for instance Kallenberg [Ka02, Corollary 17.7].

If we consider Theorem 4.24 and in particular (4.9), we get

P
< (L> sup E
p—1) o<t

Let I; = fg o(X,)dB,, t € [0,T]. By a localization procedure via stopping times, possibly replacing
Iy with Ijpnry, where 7y = inf{t > 0,: |[;| > N}, N € N, we may assume, that |[;(w)| < K for any
t€10,7T], w-a.s.

Note that z +— |z|P is a convex function, hence |I(X);|? is a submartingale and so t — E|I(X)¢|P
is increasing; it follows that the right-hand side of the last formula is estimated by the quantity

|

In case p = 2, the It6 isometry formula implies that this quantity is equal to

e[ o (X .

p p

E |sup

0<t

/ " o(X,) dB, / o(X,)dB,

p

/0 'o(X,)dB,

which proves that
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/09 o(X,)dB,| | <4E [/Ot o (X,)|? dr] : (13.31)

In order to prove the result for p > 2, we shall use It6 formula. Take f(z) = |z|P; if we apply It6
formula to the process {|I1|P, ¢t € [0,T]}, we get

E |sup
o<t

t 1 t
1 =p [ I sign(L)o(X.)dB. + 5plp—1) [ 1P 2lo(X) ds,
0 0

In our assumptions, the process {|I;|, s € [0, T]} is bounded and the stochastic integral is well defined

and has zero mean, hence
B = ek | [ 1P lo (e as).

A first application of Holder inequality implies

E[IMP]SC(ID)EK A |Is|pds)p " ([ occoras) ]

and next, using again the same inequality (this time with respect to the mean),

= a [ra) " e[ o]

We already know that the mapping t — E[|;|?] is increasing, so we can estimate the first term in the
right hand side with (T E[|Z,[?])®~?/? and, simplifying both sides, we obtain the thesis.
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Malliavin calculus and stochastic equations with additive
noise

This lecture is dedicated to show some applications of Malliavin calculus to the study of regular-
ity of tramsition probability functions associated to solutions of SDEs. We have confined ourselves
to 1-dimensional stochastic differential equations with additive noise. This choice implies a sensible
simplification of the exposition; on the other hand, we are missing many interesting aspects of the
multidimensional case (like the case of stochastic equations with degenerate noise). We refer to the
existing literature on the subject, and in particular to the monograph by Nualart [Nu95], for a com-
plete introduction to Malliavin calculus; we also mention that the second part of this lecture follows
the notes of Da Prato [Da05].

Let us start by mentioning an unexpected relation between the so-called Skorohod integral and
Malliavin calculus.

The theory of Skorohod stochastic integral has been developed from the need to give a meaning to
(stochastic) integrals of processes that are not necessarily adapted to the natural filtration generated
by the Brownian motion with respect to which we integrate. There is a surprising and beautiful
relation between this theory and Malliavin calculus, namely the Gaveau-Trauber theorem [GT82]. In
this theorem it is proved that the adjoint of the Malliavin derivative is equivalent to the definition
of stochastic integral with respect to a generalized Gaussian process introduced by Skorohod [Sk75]
(based on the chaos expansions in terms of multiple Wiener functionals).

Further, in this lecture we also meet the backward It6 integral, where the stochastic processes to
be integrated are adapted to the future filtration of the Brownian motion. For a justification of the
interest of this integral, we refer for instance to Da Prato [Da98].

14.1 The Skorohod integral

Throughout the lecture we fix the time interval [0, 1] (the extension to the case [0, T is straightforward)
and let H = L?(0, 1); we consider, on a Gaussian probability space (2, F, P, H), a real valued Brownian
motion B = {By, t € [0,1]}. We refer to Lecture 9 for basic definitions and notation on Malliavin
calculus.

Let {F;, t € [0,1]}, be the natural completed (right continuous) filtration associated with the
Brownian motion B. Recall that M?2(0,1) is the space of all progressively measurable stochastic
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E[/Oluz(s)ds] < 0.

Next we define the adjoint operator § of the Malliavin derivative D. Recall that the operator D
is a closed and unbounded operator with values in L2([0,1] x {2) defined on the dense subset D2 of
L3(0).

Definition 14.1. Let u € L*([0,1] x 2;R); we say that u € Domd if there exists a positive constant
¢ (possibly depending on u) such that

processes © : [0, 1] x §2 — R such that

1
‘E/ DsFu(s)ds| < c||F|l2 = c(E|F[*)"/?
0

for any smooth real valued random variable F € S.
For u € Dom§ we define §(u) the unique element in L?(2) such that, for any F € DY2:

E[F §(u)] = E/; DyF u(s) ds. (14.1)

The operator ¢ is closed since it is an adjoint operator. It is usually called the Skorohod integral of
the process u and we will use the notation

1
5(u) = /O u(s) dsB(s).

Lemma 14.2. Let F be a smooth random variable in S and f € H = L?(0,1). Then the stochastic
process u(t,w) = F(w)f(t) belongs to Domd and it holds

5(u) = — /01 DoF f(t)dt + W (f) F. (14.2)
Proof. From the integration-by-parts formula (9.11) we have, for any smooth random variable G:
E[F /01 DG f(t)dt] = —E[G /01 DF f(t)df) + E[F GW(f)]
and (14.1) leads to the thesis.
O

We have thus a way to introduce a large class of stochastic processes belonging to Domd. We shall
define S(H) the class of smooth stochastic processes of the form

Zijj(t)v te [071]7
j=1

where F; € S (recall the definition of this space in Lecture 9), f; € H = L*(0,1).

There is a commutativity relation between Malliavin derivative and Skorohod integral, which is
often useful in applications.
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Proposition 14.3. Suppose that uw € S(H) is a smooth stochastic process and h € H = L*(0,1).
Then the Skorohod integral 6(u) belongs to DY2 and we have

(h, D)) w = (u, By ot + /O /O Dyu(s)h(t) dt ds B(s). (14.3)

Proof. Let u € S(H) be given by u(t) = F f(t), with F € S and f € H. Denote by D"G = (DG, h) g
the Malliavin derivative in the direction h. Then it holds

/Olptzs(u) £y di = /1DtFW(f)]h()dt—/ D[ / D.F f(s)ds|h(t) dt

:/0 (D)W dt+/ F() dt—/ DS[/OlDch(t)dt}f(s)ds

= /1 u(t) h(t) dt + D"FW (f) — (D(D"F), f) i
0
= (u,h)g + O(fD"F)

and this implies the thesis.
O

Remark 14.4. When we apply formula (14.3) to h = 1o 4 we obtain the relation

/OtDs5(U)ds=/OtU(S)ds+/ol /OtDTu(s)desB(s);

hence, we also obtain, for almost every ¢ € [0, 1],

Du(6(u)) = u(t) + /O Dyu(r) ds B().

Let us consider two smooth processes u,v € S(H); starting with the duality relationship (14.1) we
have

1
E[5(u) 6(v)] = E / u(t) Dyo(v) dt
0
and the previous remark implies

1 1
E[5(u) 6(v)] = E / w(t) v(t) dt +E / w(t)5(Dyv) dt.
0 0
Using again the duality between the operators § and D we obtain
1 1 1
E[5(u) 6(v)] = E / w(t) v(t)dt + E / / Dyu(t) Dyo(s) ds dt.
0 0 0

As a consequence we get the following estimate for every process in S(H):

E[§(w)*] < E [|ulf + |Dulfren] - (14.4)
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Define L2 as the closure of S(H) in L?([0,1] x £;R) with respect to the norm

1 1 1
ul|?2, = w(t)|? su(t)?dsdt. .
Jul?, E/ fu(t) dt+E/0 / (Dau(t))? ds dt (14.5)

For any u € 12 there exists a sequence {u,} in S(H) such that wu,, converges to u in L?({2; H) and
Du,, converges to Du in L?(£2; H® H). Therefore, §(u,) is a Cauchy sequence in L?(§2) (use estimate
(14.4)) and the closure of the operator § imply that its limit is §(u), hence L2 is contained in Domd.
Note that L1'? is an Hilbert space with respect to the inner product induced by the norm (14.5).

The proposition below is called “isometry formula” and provides an important tool in Malliavin
calculus.

Proposition 14.5. Suppose that u and v are two processes in the space LY'2. Then we have

E[5(u) 6(v)] = E /O u(t) v(t)dt + E /O /O Dyu(t) Dyo(s) ds dt. (14.6)

Suppose that both processes are adapted to the filtration: by Remark 9.8 we have that Dsu(t) = 0
for almost all s > t; consequently, the second term in the right hand side of (14.6) is zero, and we
recover the usual isometry property of the Ito integral.

Proof. We can assume by a density argument that the processes v and v belong to S(H); let us write
uy = Ff, and v, = Gg;. In this case 6(u) = FW(f) — (DF, f)u.
Using the duality relation (14.1) and formula (14.3) we obtain

E[5(u)5(v)] = E (/01 o(8) Dy(1) dt) _E (/01 0 (u(t) + /01 Dyu(s) dsB(s)> dt) .

Finally, we get the thesis applying again the duality relation.
O

Altough it is not true that every adapted process belongs to L2, we can show that M?2(0,1) C
Domd and that on M?(0,1), the operator § is an extension of the Itd integral (with respect to the
reference Brownian motion).

Theorem 14.6. M?2(0,1) is included in Domd and the operator § restricted to it coincides with the
1to integral, i.e.,

5(u) = /O u(s) dB(s).

Proof. Suppose that u € M?(0,1) is an elementary process of the form u; = &1, 4)(t), where (a,b) C
[0,1] and £ is a square integrable random variable, F,-measurable. Suppose first that £ € S. Then for
a smooth random variable 7 it holds

1

E / (D)L (o () dt = E / (Dy(En) — D41 gy (1) dt

=EnSo(Liay)) — /0 NDi€1 (a5 (1) dt)] = E[n§(B(b) — B(a))]
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(we have used that D;§ = 0, t € (a,b), since £ is Fr-adapted). This means, using again the duality
relationship (14.1),
6(&(a,p)) = &(B(b) — B(a)). (14.7)
Now the general case follows by a limit argument, using the density of smooth random variables in
L?(£2) and the closedness of d.
Further, by linearity, the class of elementary processes

Zgl t,,t,+1 ( )

belongs to Domd, and again a limit argument, using the density of elementary processes in M?(0, 1),
implies the thesis.
O

The following proposition concerns with the product of an integral with a random variable.

Proposition 14.7. Let u(t) € Domd and Q € D2 be such that Qu(t) € L*([0,1] x 2) (We don’t
make any assumption about adapteness). Then Qu(t) belongs to Domd and the following equality holds

/ Quit) dsB(t) = Q / B(t) — /O " DiQult) dr. (14.8)

Proof. Consider a smooth random variable G € S; then formula (9.11) and the definition of Skorohod
integral imply

E[/O DtGQu(t)dt]:]E[/o u(t)Dt(GQ)dt—/O W()GD,Q dt]

:IE[G/OI Qu(t)d.B G/ 1D,Q di]

which proves the result.
O

14.2 One dimensional stochastic equations with additive noise

In this section, we shall be concerned with a stochastic differential equation with additive noise (on
the time interval [0, 1])

{dxt =b(X;)dt +dB,,  te s 1], (14.9)

X;=z€R, s>0.
We consider the following assumption on b,
(H) b e C'(R), and, setting b'(z) = £ b(x),
161 = sgg|b'(w)| < 0. (14.10)
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In this section we show that the solution X (¢; s, x), for any t € [0, 1], is differentiable with respect
to the initial condition x and in the Malliavin sense.

The following result is contained as a special case in the last Problem of Lecture 13 and we omit
the proof here.

Theorem 14.8. Assume that Hypothesis (H) holds. Then X (t; s, x) is differentiable in x, P-a.s., and
we have
0: X (t;8,2) = n(t; s, x) (14.11)

is the solution of the variation equation

dn(t;s,x) = (X (¢;8,2)) - n(t; s, z) dt, s<tel0,1],
n(s;s,x) = 1.

Remark 14.9. The representation

n(t: 5,2) = exp </t V(X (r:s,2)) dr)

together with Hypothesis (H) and the regularity of X implies that ¢ — n(t; s, x) is a continuous and
adapted process on (s, 1).

We now consider the Malliavin derivative of the flow X. We can show that the solution belongs to

the space DV = N DLP,
p=1

Theorem 14.10. Assume that hypothesis (H) holds. Let {X (t;s,x), s < t € [0,1]} be the unique
continuous solution of equation (14.9). Then X (t; s, ) belongs to DY for any s < t € [0, 1]; moreover

sup E | sup |D.X(¢;s,2)P| < 00
re(s,1] ter,1]

and the Malliavin derivative D, X (t; s, x) satisfies the following linear equation
t
D, X(t;s,z) =1 +/ b (X(r;8,2))Dp X (158, 2)dr, s<r<tel0,1]. (14.12)

Proof. With no loss of generality, we may assume that s = 0, and for simplicity we suppress the
dependence on the initial condition. We will prove by induction that the approximating processes

Xo(t) =

Xt (t):x+/0tb(Xn(s))ds+B(t), n>1,

satisfies the property

Xi(t)eD"*® and sup E | sup |D,.X,(1)|P| < oo. (14.13)
rel0,1] te[r,1]
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In fact, let us consider the Malliavin derivative of X, 11(¢); the chain rule for Malliavin derivative
implies (recall also that B(t) = fol Ljo,4(r)dB;)

n+1 / b/ TL(S) ds + ]l[nl] (t)

and since the process X,,(t) is adapted to F, we obtain

Dy Xpi1(t) =1+ /t b (X0 (5)) Dy X () ds, telrl].

Then for any r € [0, ¢],

t
E[ sup 1D, Xa(9)P] = ey (14 77 BIEE [ DX, (00 as)

s€[r,t]

and (14.13) holds. Moreover, we obtain also that the derivatives D, X, (t) are uniformly bounded as
n — oo; therefore, by Proposition 9.10 we obtain that X; € D% for any ¢ € [0, 1]. Finally, applying
the Malliavin derivative D to both sides of (14.9) we deduce equation (14.12) for DX.
a
We have, then, the following identity between the process 7 (see (14.11)) and the Malliavin deriva-
tive of the flow:
D, X (t;s,z) =n(t;r,x), s<r<tel01]. (14.14)

14.2.1 Smoothness of the transition function

For fixed time ¢ = 1, we denote by 7(z,-) the law of the random variable X (1, ), so that

Py f(x /f m(x,dy), x€R, feC(R).

In this section we show that m(z,-) has a density with respect to the Lebesgue measure on R. The
argument is based on the following elementary analytic result (which cannot be extended to higher
dimensions).

Lemma 14.11. Let m be a probability measure on (R, B(R)) and assume that there is C > 0 such
that

< C||fllo for all f € CL(R). (14.15)

Then there exists p € L*(R) such that
m(dz) = p(z) dz. (14.16)

Proof. Let m be the Fourier transform of m,

) = [ e ulao)
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Let y € R and set in (14.15)
&) =, weR

We obtain
lym(y)| < C for ally € R.

Since |m(y)| < 1 for all y € R, there is C; > 0 such that,

Ch
1+ |yl

|m(y)| < , forallyeR,

so that m € L?(R). Therefore, setting

pla) = 3= [ ity dy

we can conclude that p € L?(R) and m(dz) = p(z) dz.
O

Theorem 14.12. w(z,-) is absolutely continuous with respect to the Lebesque measure X on R. More-

over, the density % belongs to L*(R).

Proof. In view of Lemma 14.11 we only have to show that there is C' > 0 such that

/Rgo/(y) W(x,dy)‘ = |E[¢' (X (1;2))]| < Cll¢llo, for all ¢ € CL(R). (14.17)

Recalling the chain rule for Malliavin derivative (9.12) and relation (14.14) we write

Drp(X(1, 7))

DTX(l,{E) = DT‘P(X(lvx))@(Tvl)

¢ (X(L,2)) =
with L
O(r,1) =n(l;r,2) "' =exp <—/T b (X (s, 7)) ds) :

Taking the expectation and integrating both sides of the above identity in r between 0 and 1, we
obtain

1
El¢'(X(1,2))] = E[/O Drp(X (1, 2))@(r, 1) dr] = E[p(X (1, 2))5(2(-, 1))]- (14.18)

We claim that
{®(r,1), r €[0,1]} belongs to Domd (14.19)

and that the isometry formula applies, thus yielding

E|6(P(-,1))|* = E/Ol |®(r, 1)|? dr. (14.20)

Notice that
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1 1 1 1
E/ |§Z5(r,1)|2dr:E/ exp <—2/ b'(X(s,x))ds) drgE/ exp (2||b]]1 (1 — 7)) dr < e2lIbl,
0 0 T 0

Using claim (14.19), we apply Holder inequality in the right hand side of (14.18), and we find

B¢ (X(1,€,2)]] < (Elp(X (1,2)*)? (EBl§((-, 1))?) "

< [lpllo et

and estimate (14.17) is proved.
O

Backward Ito integral

We are left with claim (14.19). The process {&(r, 1), r € [0,1]} is adapted with respect to the family
of o-fields {F*, t € [0,1]}, where

F'=0(Bs — By, s >t), te0,1).

Moreover, it has continuous paths and is square integrable on [0, 1] x 2. We call such kind of pro-
cesses backward It6 square integrable processes MZ(0,1); for these processes it is possible to define
a stochastic integral similar to the It6 integral, by means of Riemann sums which are taken in the
opposite (time) direction.

Assume that v € MZ2(0,1) is an elementary process, i.e.,

= XL a,0)(0),

k=1

where X, € Ft+1; notice that X}, is independent from B(tg41) — B(tx). Define
1
Ib(u) = / de ZXk tk+1 B(tk))
0

The random variable I(u) has zero mean and variance equals to H“H%z((o 1)x0)- The construction of
the stochastic backward It6 integral now proceeds most likely as in the case treated in Lecture 10.

It is possible to proceed as in the proof of Theorem 14.6 in order to show that sz(O7 1) € Domd;
we leave the details to the interested reader. Further, notice that, for any u € ME(O, 1), it holds
D,u(t) = 0 for r < t —since u(t) is adapted to F* and it is independent from F, hence the second
term in the isometry formula for Skorohod integral disappears and we get (14.20).

14.2.2 Regularizing effect of the associated diffusion Markov semigroup

Here we prove that the transition semigroup associated to the solution of (14.9) (where s = 0) has
a regularizing effect. This will be a consequence of a representation formula for the derivative of
the semigroup (see (14.22)) which is of independent interest. Recently, extensions of such formula to
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diffusion semigroups in higher dimensions have been much studied; they are called Bismut-Elworthy-Li
formulae (see Elworthy and Li [EL94]).

We again fix time ¢ = 1 for simplicity (but the same argument works for any ¢ > 0, repeating
the construction on the time interval [0, [¢] + 1]). It is clear that for f € C}(R) we have that P f is

differentiable and p
d—gPlf(f) = E[f(X(1;8))n(1;0,8)]; (14.21)

however, this formula contains the derivative of f and it is not useful for our purpose. Our aim is to
provide a formula containing f instead of f’. We denote by UC},(R) the Banach space of all uniformly
continuous and bounded functions f : R — R endowed with the sup-norm.

Theorem 14.13. For all f € UC,(R) we have P, f € C}(R) and

d 1

PO =B 1xo) [ ar0gas|. fevom, (14.22)
0

Further, there exists a bound for the sup-norm of the derivative of the semigroup depending only on

the sup-norm of f and the quantity ||b||1 from Hypothesis (H):

sup
£ER

%Plf(g)' < e2Hb”1 ||f||07 fe Ucb(R) (1423)

Proof.
Step I. Assume first that f € C}(R). The chain rule for the Malliavin derivative implies

D, (f(X(1;€)))

DX(LE) Vr e [0,1].

f(X(158) =
If we substitute the above in (14.21) we obtain

a _ o [ D(f(X(156))
ae I ‘E[ 0L, €)

for r € [0, 1]: integrating both sides in r between 0 and 1 we obtain

n(1;0,¢)

d 1
ThI© = / E (D, (f(X(1:€))) 1(r;0,6)] dr. (14.24)

Recall that 7n(r; 0, &) is a continuous and adapted process hence it belongs to M?2(0,1) and, a fortiori,
to Domd. Therefore, on the right hand side of (14.24) we apply (14.1) to get

d 1
PO =B 1xa) [ o,

0
Step II. We prove estimate (14.23) for f € C}(R). Taking the norm in (14.22) and using Hélder
inequality on the right hand side we obtain
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y o\ 1/2
1/2

}—Plf@‘ < (E[F(x(1:6)2)" (E ) :

1
Tz /O n(r;0,8) dB,

1t6 isometry implies

1 2 1
. _ . 2
]E/O n(r;0,&) dB, —E/O In(r;0,8)|* dr

and since |n(r;0,£)]? < exp(2]|b]|17), substituting in the above formula we get the assertion.
Step I1I. Using the density of C} (R) in UC,(R) and the fact that the right hand side of (14.22) depends
only on f and not on its derivative, it is straightforward to check the first part of the theorem. Also

estimate (14.23) follows easily.
O
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Mb(E)7 75
A-system, 5
m-system, b

absorbing state, 80
adapted process, 22
averaging property, 97, 98

Brownian bridge, 128
Brownian motion, 23
Brownian motion; multidimensional case, 128

canonical Brownian motion, 43
Caratheodory’s theorem, 7
characteristic function, 9
characteristic function, 4
Chebyshev’s inequality, 9
complete probability space, 3
conditional expectation, 12
continuous process, 21
counting process, 14
covariance matrix, 9

diffusion, 72

diffusion Markov semigroup, 188
diffusion process, 91

Dirichlet problem, 100
dispersion matrix, 167
distribution function, 7

drift vector, 167

Dynkin’s -\ theorem, 5

explosion time, 171

factorization method, 121

Feller process, 82

Feller semigroup, 82, 188
Feller-Dynkin semigroup, 188
filtration, 22

filtration; standard assumption, 22
first passage time, 49, 68, 69, 81
Fokker-Plank equation, 190

Gaussian distribution; multidimensional case, 20

Gaussian distribution; infinite dimensions, 115
Gaussian distribution; real case, 19

Gaussian process, 24

geometric Brownian motion, 58

Gronwall’s Lemma, 158

harmonic function, 98
infinitesimal generator, 77
Jensen’s inequality, 9

Kolmogorov operator, 188
Kolmogorov’s theorem for existence, 28
Kolmogorov’s theorem of continuity, 30

Lévy continuity theorem, 5

law of the iterated logarithm, 39
lifetime, 80

local operator, 88

Lyapunov function, 171

Markov process, 63
martingale, 51
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maximal inequality for martingales, 55
measure; continuity in 0, 7
modification of a stochastic process, 22
modulus of continuity, 42

multiple Wiener-It6 integral, 126

operators; trace class, 111
optional time, 48

Poisson process, 14

polar set, 105

positive type matrix, 89
probability measure, 3
probability space, 3
progressively measurable, 50

random variable, 7
random variables; independence, 10

random variables; infinite dimensions, 112

recurrence, 105

reflection principle, 69
regular measure, 109

regular point, 95

reproducing kernel space, 119

right continuous filtration, 22

Skorohod integral, 196
stochastic flow, 185
stopping time, 47, 53, 66, 67
strong Feller semigroup, 85
strong Markov process, 67
strong solution, 168
sub-markovian process, 80
submartingale, 52

transition function, 76
transition function: Cs-property, 85
transition probability function, 64

uniformly stochastically continuous, 86
version of a stochastic process, 22

weak convergence of measures, 4
white noise mapping, 120
Wiener integral, 125

Wiener integral, 127

Wiener measure, 131



