CHAPTER 1

Review of Measure Theory

1.1. Basic Definitions

Let E denote a set and P(F) denote the power set of E, that is, the set of all subsets
of E. In what follows we will use calligraphic letters to denote a class of subsets of F,
that is, a subset of P(FE). Moreover, the reference set F will be called a space.

DEFINITION 1.1. A c-algebra on E' is a nonempty class € C P (E) satisfying:

(1) Eeé.
(2) If B € € then B°:= E\B € €.

(3) f B; € £,i=1,2,3,..., then | JBi € €.
i=1
DEFINITION 1.2. We say that a o-algebra G is a sub-o-algebra of £ if G C &, i.e.,
AegG=Act.

DEFINITION 1.3. The pair (F,£) is called a measurable space. The elements of £ are
the measurable sets of (F,&).

EXAMPLE 1.4. For any set F, both the power set P(F) and the class {&, E} are o-
algebras, the largest and the smallest that can be defined on FE, respectively.

EXAMPLE 1.5. If E is a set such that #FE := {number of elements of F} < oo, we
usually take the o-algebra P(FE) which has 2#F elements.

It is easy to show that an arbitrary intersection of o-algebras is a o-algebra again. This
fact motivates the following definition.

DEFINITION 1.6. Given G any class of subsets we define 0(G) the o-algebra generated
by G as the smallest o-algebra containing G, which coincides with the intersection of
all o-algebras containing G.

DEFINITION 1.7. Let (E, &) a measurable space. A measure p on (E, &) is a mapping
p: € — [0, +o00] satisfying p(@) = 0 and

1 <UBl) = Z wu(B;), (o-additivity),
i=1 i=1

whenever {B; },>1 is a sequence of elements of £ that are disjoint (B;NB; = &, if i # j).

The quantity u (E) is called the total mass of p. If u(F) < +oo, we say that the measure
w is finite. If there exists { B; };>1 disjoint such that £ = U, B; and u(B;) < +00,1 > 1,
we say that the measure p is o-finite. Usually we will make an abuse of notation and
we will say a measure p on E instead of a measure on (E, &), particularly when it is
clear from the context which is the o-algebra on E.



DEFINITION 1.8. Let E be an space, £ be a o-algebra of E and p be a measure on .
The triple (E, &, i) is called a measure space.

EXAMPLE 1.9. Any measurable space with the measure y = 400 or y = 0 are measure
spaces.

DEFINITION 1.10. If #F < oo, then we can define a measure p by assigning a positive
number p(z) to each element z of the set F, that is,

uw(B) =S u(x), BePE),

rEB
and (E,P(E), ) is a measure space.

DEFINITION 1.11. Let (E, &, 1) be a measure space and N C P(E). We say that N is
negligible if there exists A € £ such that N C A and u(A) = 0. We denote the set of
all negligible sets by N,,.

DEFINITION 1.12. A measure space (E, &, ) is complete if all negligible sets are mea-
surable.

EXAMPLE 1.13. The following are some non trivial examples of measures and measur-
able spaces.

(1) Borel measures: Let (F,d) be a separable metric space (we will usually con-
sider R? with the Euclidian distance). Consider the Borel o-algebra of subsets
of E, denoted by B (F). This o-algebra is the smallest o-algebra containing
all the open sets in E. More generally, let S € B(FE), its Borel o-algebra is
defined as

B(S)={ANS:AeB(E)}.

Elements of B (S) are called Borel sets and any measure on (S, B (5)) is called
a Borel measure. The paradigmatic example of Borel measure on R? is given
by the Lebesgue measure. The Lebesgue measure, denoted by A4, is defined by

d

Ad(A) = H (b — ai),

i=1
where A = (a1, b1) X (ag,bs) X -+ X (ag,bq) and —oo < a; < b; < oco. Note that
Ag 1s not finite but it is o-finite.

(2) Lebesgue-Stieltjes measures: A Lebesgue-Stieltjes measure pu on R? is a
Borel measure p such that p(A) < oo for any A € B(R?) bounded. The
Lebesgue measure is a particular case of Lebesgue-Stieltjes measure. Lebesgue-
Stieltjes measures are generated by distribution functions, that is, right-continuous
non-decreasing functions.

(3) Probability measures: Here we use the notation (E,&) = (©,F). The
elements of §2 represents the outcomes of a random experiment and the elements
of F are called events. Any measure P on (£, F) with P (2) = 1 is called a
probability measure. P(B), B € F is the probability that the outcome belong
to the event B.

(4) Counting measures: Let FE be a countable set and consider the o-algebra
given by its power set P (E). For any A € P (A) denote the cardinality of
the set A (which may be infinite) by #A. The counting measure is defined as
w(A)=#AAeP(E).
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1.2. Measurable Mappings and Functions

Let T': E — F be a mapping/transformation from a space E to another space F. The
inverse image 7' B of a subset B C F is defined to be

T'B={z € E:T(z) € B}.

DEFINITION 1.14. Let (E,€) and (F,F) be two measurable spaces. An mapping 7" :
E — F is called (€, F)-measurable if T~'B € £ whenever B € F. If the o-algebras
involved are clear from the context it is called measurable.

Note that if £ = P (E) then any mapping is measurable. The following theorem sim-
plifies checking if a transformation is measurable.

THEOREM 1.15. Let (E,E) and (F,F) be two measurable spaces and T : E — F a
mapping. Let G be a class of subsets of F such that o(G) = F. Then, T is (€, F)-
measurable if and only if T~'B € £ for all B € G.

DEFINITION 1.16. Let (E,€) be a measurable space and F a space. A function f :
E — R is called Borel measurable if it is (£, B(R))-measurable.

DEFINITION 1.17. Let (F,F) be a measurable space, F a space and T : £ — F
a transformation. We define o(T'), the o-algebra generated by T, as the o-algebra
generated by the family of sets {T1(B) : B € F}, which is a o-algebra on E.

o(T) is the smallest o-algebra on E that makes the transformation 7" measurable.

THEOREM 1.18. Let (E, &), (F,F) and (G,G) be measurable spaces and T : E — F and
S F — G, two measurable transformations. Then SoT : E — G is (€,G)-measurable.

The following lemma simplifies to check if a particular function is measurable.

THEOREM 1.19. Let (E,&) be a measurable space and f : E — R a function on E.
Then, f is measurable if and only if {x € E: f(x) <a} € € for all a € R.

THEOREM 1.20. Let f, g measurable functions on (E,E). Then,

(1) af +gf,a,b € R is a measurable function.

(2) fg and f/g are measurable functions.

(3) The functions f* := max(0, f(x)) and f~ := —min(0, f(x)) are positive mea-
surable functions. Note that f = f* — f~ and |f| = fT+ f~.

(4) The sets {z € E: f(z) =g(zx)},{r € E: f(zx) < g(x)} and {x € E: f(z) <
g(x)} are measurable.

THEOREM 1.21. Let { f,}n>1 be a sequence of measurable functions. Then, the following
functions are measurable

(1) SUp;,>1 fu().
(2) infnzl fn($)
(3) limsup,, ., fu(x) := infp>1supgs, fi(2).
(4) liminf, o fn(2) := sup,>; infr>p fu(2).

The following result shows how to induce a measure on a measurable space from a
measure space through a measurable transformation.
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DEFINITION 1.22. Let (E, &, p) be a measure space, (F, F) be a measurable space and
T : F — F be a measurable transformation. Then, the set function

pr(B) = poT ' (B)=u(T'B), BeF,

is a measure in F. The measure pr is called the image measure induced by 7" on F or
the push-forward measure.

DEFINITION 1.23. Let (E, &, 1) be a measure space and suppose that some property
hold at all point of B € € where u(B¢) = 0. Then, this property is said to hold almost
everywhere (abbreviated a.e. or p-a.e.). The set B¢ is called the exceptional set for
that property. If u(E) = 1, we say that the property holds almost surely (abbreviated
a.s. Or [i-a.s.).

1.3. Integration Theory

Assume that we have a measure space (E, &, ).

DEFINITION 1.24. Let f(z) =Y., a;1p,(x) be a nonnegative simple function defined

on E, where {B;}i=1,. ., C & are disjoint and E = UBi' Then, the integral of f with
i=1
respect to p is defined to be

n

[ s [ 5@t =3 antB),

i=1

DEFINITION 1.25. Let f a nonnegative measurable function. The integral of f with

respect to p is defined to be
[ gdn=tim [ fd
E n—oo E

where { f,}n>1 is the sequence of measurable simple functions defined by

Soaf S< fla) < g, i=1,..,n2"

T
ful@) { noif f(@) > n
Note that f,(x) is an increasing sequence that converges pointwise to f(x).

DEFINITION 1.26. Let f be a measurable function. We say that the integral of f with
respect to p exists if [, ffdu < oo or [, f~du < oo and it is defined to be

[ gau= [ rran= [ ran

We say that f is integrable if [, fdu exists and it is finite and we say that f €
LY(E, &, p).
Note that f is integrable if and only if [, |f|du < oo.

THEOREM 1.27. Let f,g be measurable functions such that f = g, a.e.. Then, if the
integral of f exists then the integral of g also exists and they coincide. In particular, if
f is integrable then g is also integrable.
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From the previous theorem one deduces that f only need to be defined a.s. to consider
its integral with respect to p. That is, it may exist a set N € & with u(N) = 0 such
that f is not defined on N. Define g = f1xc + 01y. The function g is measurable and
defined for all x € E. We can define, in a consistent manner, the integral of f with

respect to p by
/ fdu = / gdp.
E E

THEOREM 1.28. Let f, g be integrable functions. We have that

(1)
/ fdﬂ‘ < / |fldp.
E E
(2) af + bg is integrable and

[ (a+gydn=a [ fanst [ gdn,

(3) If f > g, a.e. then
d dpu.
éfuzégu

[Efduz/Egdu~

(5) If B €&, then flp is measurable and we may define

/de,u:/EledH-

Moreover, if fB fdpu =20 for all B € & then f =0, a.e.

DEFINITION 1.29. For p > 1, we define the space LP = LP(E,E, u) to be the set of
equivalence classes of measurable functions f : E — R such that [, |f|” du < oo, where
two measurable functions are equivalent if they are equal p-a.e.

(4) If f =g, a.e. then

One can prove that LP is a vector space. Moreover, in L? we can define a norm ||-||,,

by
1/p
1l = ( /E If\pdﬂ> .

THEOREM 1.30. For p > 1 the normed vector space (L?,||-||) is complete, i.e., every
Cauchy sequence is convergent to an element of LP. That means, if imy, m—oo || fro — finll 1o =
0 then there exist f € LP such that lim,_. || fn — f/;» = 0.

THEOREM 1.31. L*(E,&,u) is also a Hilbert space with the inner product (f,g) =
[ fadp.
THEOREM 1.32. The following inequalities hold.
(1) (Minkowskz): If f,g € LP,p > 1, then f + g € L? and
1f 4+ 9lle < Ul + gl -
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(2) (Holder): Let p,q > 1 such that pq = p+q. If f € L? and g € L%, then
fge L' and

gl < 1A lgllz -

If p = q = 2, this result is known as Cauchy’s inequality.

(3) (Chebyshev-Markov): Let f be a measurable function and let g be a measur-
able function that is nonnegative and nondecreasing on the range of f. Then,
for allt > 0 we have

p({z€E: f(x)>1)) < —

g(t)

The following is a general change of variable formula.

Aguu»mw»

THEOREM 1.33 (Image Measure). Let (E,E, ) be a measure space, (F,F) a mea-
surable space, T : E — F a measurable transformation and f : FF — R a measurable
function. Then, the integral of f as a function on (F,F,ur) exists if and only if the
integral of foT as a function on (E,E, ) ezists, and if this is the case

[ roran= | fau.

In particular, f is integrable if and only f o T is integrable in their respective spaces.

The previous theorem is a powerful tool to compute integrals of functions defined on
an arbitrary measure space (E,E&, ). The idea is to find an equivalent integral on
(R, B(R), \). Assume that we have a measurable function g defined on a measure space
(E,&, 1) and we want to compute its integral with respect to pu. Applying the image
measure theorem with 7= g and f = Id (the identity function) we get that

/gdu:/Idogdu:/lddug:/mug(da:).
E E R R

1.4. Modes of Convergence

The following are the most basic notions of convergence for sequences of measurable
functions.

DEFINITION 1.34. Let {f,}>1 be a sequence of measurable functions and let f be a
measurable function. We say that

(1) {fu},>1 converges to f almost everywhere (a.e.) if there exists a measurable
set N with p (N) = 0 such that

lim fu(e) = f (), a¢N
n—oo
) {fn}ns1 converges to f in LP if
lim / |fn— fIPdu=0.
n—o0 E
(3) {fu},>1 converges to f in measure if

JE&M({xGE:‘f”(:ﬁ)_f(x”>5}):0’ Ve > 0.
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The following results relate the operation of taking limits and integration.
REMARK 1.35. We have the following relationships between modes of convergence:

(1) Convergence in L” implies convergence in measure.

(2) Convergence in measure (or in LP) implies the existence of a subsequence con-
verging a.e..

(3) If u(F) < oo, convergence a.e. implies convergence in measure.

(4) If {fn}n>1 is such that |f, (z)| < g (z), where g € LP then convergence a.e. (or
in measure) implies convergence in L.

THEOREM 1.36 (Monotone convergence). Let {f,},>1 be sequence of non-negative
measurable functions that is a.e. increasing. Then, the integrals of f,,m > 1 and
lim,, o0 fr(x) exist and

/ lim f,(x)du = lim/fndu.
ETL‘)OO n—o0 E

In particular, if lim,,_, fE fadp < 400 then f,,n > 1 and lim,,_, fn(x) are integrable.

THEOREM 1.37 (Fatou’s lemma). Let {f,},>1 be a sequence of non-negative measur-
able functions. Then, the integrals of f,,n > 1 and liminf,_, f.(x) exist and

/lim inf f,(z)dp <lim inf /fndu.
E n—o0 E

n—oo
In particular, if liminf,_, fE fadp < 400 then liminf, ., f(x) is integrable.

THEOREM 1.38 (Dominated convergence). Let { f,},>1 be a sequence of measurable
functions such that | f.(x)| < g(x), a.e., where g € L',p > 1. Then, f :=1lim, o fu(x)
(where the convergence is either a.e. or in measure) is integrable and

/fd,u = lim [ f.dpu.
E n—oo E

1.5. The Radon-Nikodym Theorem

DEFINITION 1.39. Let (E, &, 1) be a measure space. Let f: E — R, be a measurable
function. We define on £ the measure

v(B) :/fdu ::/ 1gfdy, BeE.
B E
We say that f is the density of v with respect to u and it is written f = g—;. We also
say that f is the Radon-Nikodym derivative of v with respect to p.

DEFINITION 1.40. Let p and v be two measures on a measurable space (E, ). We say
that v is absolutely continuous with respect to u if and only if

VA € £ such that p(A) =0=rv(A4) =0,

and we write v < p. If p < v and v < p we say that the two measures are equivalent
and we write p ~ v.

THEOREM 1.41 (Radon-Nikodym). Let p and v be two measures on a measurable
space (E,&) and p being o-finite. Then, the following statements are equivalent:
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(1) v<p.
(2) There exists a measurable function f: E — R, such that f = j—:.

PROPOSITION 1.42. Let (E,&E, p) be a measure space. Let v < p with density f = g—;.
Let g : E — R measurable. Then the integral of g with respect to v exists if and only if
the integral of gf exists and, if this is the case,

/EngZ/ngdu-

In particular, f is integrable with respect to v if and only if gf is integrable with respect
to L.

1.6. Measures on Product Spaces

DEFINITION 1.43. Let {(E;,&;)}ier a family of measurable spaces. Let E := X E; the
iel

Cartesian product of the family {E;};c;. Let m; : E — E;,i € E;, the projection of F

into its factors. We call the product o-algebra of {&;}ic; the o-algebra generated by

{mi}icr and we will denote it by £ = ® &;. That is,

il

®gz:U<{7TZ_1<Az)Az€gz, ZGI})

iel
A set of the form 7; '(A;) is called a cylinder of base A;. (E, £) is called the measurable
product space of {(E;, &) }ier-

Observe that if (£2, F) is another measurable space, then ¢g : @ — E is measurable iff
Viel, mof:Q — E;is measurable.

When we have finite product of measurable spaces the product o-algebra can be defined,
equivalently, in terms of rectangles.

DEFINITION 1.44. Let (E, £) the measurable product space of {(E;, &) }iz1,. n. A mea-
surable rectangle is a subset of E of the form A; x --- x A,, with A; € &;.

We have that the o-algebra generated by the measurable rectangles coincides with £.

DEFINITION 1.45. Let {(E;, &, i) izt

measure on ( X FE;; ® &), denoted by ® p;, is the measure satisfying
i=1,...,n i=1,...,n i=1,...,n

----------

:u1®"'®:un(AlX"‘XAn>:/~L1(A1) """ Nn(An)a
where A; € &,i=1,...,n.

THEOREM 1.46 (Tonelli-Fubini). Let (Ey, &1, 1) and (Eq, &, pia) be two o-finite mea-
sure spaces and f: Ey X Fy — R be a & & Ey-measurable function. If either

[El ( . |f (@) o (dy)) 11 (d) < oo,

/EZ ( 17 @l (d@) i (dy) < oo,
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then, f € L' (E1 X E9, & ® &, j1 @ p2) and

/EleQ f(z,y) 1 @ po (dz, dy) = /E1 ( . f(z,y) e (dy)) 1 (dx)

= [ ([ remma) .

1.7. The Monotone Class Theorem and Dynkin’s 7-A Theorem

In this section we present some fundamental technical results know as mononone class
theorems. These allow to prove that certain families of sets are o-algebras.

DEFINITION 1.47. A family of subsets M of another set F is said to be a monotone
class of I/'if A € M whenever {A,}, ., is a sequence of sets in M with either

(1) Ay C Apyy and U5, A = A, or
(2) A1 € A, and ﬂn21 A, = A.

Given K a family of sets, there exists a smallest monotone class containing .

THEOREM 1.48 (Monotone Class Theorem). Let E be a set, and A an algebra of subsets
of E. Suppose M is a monotone class of subsets of E wich contains A. Then M contains
the o-algebra o (A). Furthermore, o (A) is the smallest monotone class containing A.

The usual way of applying the previous result is to consider a simple algebra A, and to
define M to be the collection of sets in o (LA) where some property holds. Then, if we
show that

e the algebra A lies in M,
e limits of monotone sequences in M lie in M,

then Theorem 1.48 allows us to conclude that M contains all of o (A).

Next we give a monotone class theorem for functions.

DEFINITION 1.49. A monotone vector space H on a space F is defined to be the col-
lection of bounded, real-valued functions f on FE satisfying the three conditions:

(1) H is a vector space R,

(2) 15 € H (that is, constant functions are in H), and

(3) if {fu} o CH,and 0< fy < fo < -+ < fu < -+, and limyyo0 f = f, and f
is bounded, then f € H.

DEFINITION 1.50. A collection M of real functions defined on a space F is said to be
multiplicative if f, g € M implies that fg € M.

For a collection of real-valued functions M defined on E, we let o (M) denote the
space of functions defined on F which are measurable with respect to the o-algebra on

E generated by {f71(A): A€ B(R), f e M}.

THEOREM 1.51 (Monotone Class Theorem for Functions). Let M be a multiplicative
class of bounded, real-valued functions defined on a space E. If H is a monotone vector
space contaning M, then H contains all bounded, o (M)-measurable functions.

15 Last updated: May 29, 202/



The following results are sometimes also referred to as the monotone class theorem.

DEFINITION 1.52. A collection A of sets is called a A-system (or d-system) on E' if

(1) E € A,
(2) For any A,B e Awith AC BB\ A€ A,
(3) If {A.},5, € Aand A, C A,y for all n, then |5, A, € A.

A collection A of sets is called a m-system if AN B € A whenever A, B € A.

LEMMA 1.53. A collection K of subsets of E is a o-algebra if and only if it is both a
w-system and a \-system.

THEOREM 1.54 (Dynkin’s m-A-Systems Lemma). If A is a w-system, then any \-system
containing A contains o (A).

1.8. Exercises

(1) Is the family £ consisting of all finite subsets of E and their complements
always a o-algebra?

(2) Let E and E be arbitrary sets and X : £ — E be any mapping. Show that if
£ is a o-algebra on F then £ = {X1(A): A € £} is a o-algebra on E.

(3) Let € be a o-algebra on E and let A C E. Show that £4 :={ANB: B €&}
is a o-algebra on A.

(4) Show that if {&;};cs is any collection of o-algebra defined on the same set E,
then their intersection N;c;&; is also a o-algebra on E.

(5) Let (E,€&) be a measurable space. We define the upper limit or limit superior
of a sequence of sets {4, },>1 C E by

limsupA,, = ﬁ OA’“

o0 n=1lk=n

and the lower limit or limit inferior by

ligr_l}glfAn = [OJ ﬁAk.

n=1lk=n
Show that if {A4,},>1 C &, then
limsupA, € £, liminfA, € £.

n—o0 n—0o0

Show that

lim supA,, = {A,, occurs for infinitely many n},

n—oo

liminfA,, = {A, occurs for all but finitely many n}.

n—oo

and that liminfA, C limsupA,,.

n—oo n—00
(6) Let Q@ = N, and let F = P () . Set P({i}) = a;,i = 1,2,... Extend P to a
probability measure defined on F. What conditions have to be imposed on the
numbers «;? Can they all be chosen the same?
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(7) Let (E, &, 1) be a measure space. Show that p is finitely subbaditive, that is,
for any {A,,}n=1...~ C € where N € N, one has that

7 (Uz%) <> Ay,

(8) Let f: E— R be a measurable function such that f > 0, y-a.e.. Prove that if
fE fdu =0 then f =0, pu-a.e..
(9) Let f € L' (E, &, ). Prove that if [, fdu =0,YA € £ then f =0, p-a.e..
(10) Consider the measure space ([0,1],B(R),\).Let f(z) =0,0 <z <1 and

1 i 0<x<1/n
f”(x)_{o if n<z<l

Does {f,},>, converge to f

(a) for all 7

(b) a.e.?

(¢) in measure?

(d) in LP?
(11) Let P and @ be two probability measures defined on the same measurable

space (€, F). Show that P ~ @ iff Q < P and P(%@ = 0) = 0. What is the

aQ

relationship between % and %?

(12) Let (E,&, 1) be a measure space. Let I C R be an open interval and tq € 1.
Let {fi}ier be a family of measurable functions from E to R satisfying:
(a) f.(x): 1 — R is differentiable on I, y-a.e.
(b) There exists a measurable function g such that |f;|+ !% ft| < g, pa.e. vVt €
1.
Show that the function
F: 17 — R
oo [y fdn

is well defined, differentiable at to with F'(tg) = [, 4 ft]t:to dp.

-----
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CHAPTER 2

Review of Probability Theory

2.1. Basic definitions

DEFINITION 2.1. A probability space (€2, F, P) is a measure space such that P() = 1.

DEFINITION 2.2. A random variable with values in R? (or d-dimensional random vector)
X :Q — R? is a (F, B(R?))-measurable mapping.

DEFINITION 2.3. The (joint) law of a random vector X = (Xi,..., X4)?, denoted by
L(X), is the image measure (or push-forward measure) Py on (R?, B(R?)), that is,

Px(B)=PoX " (B)= P(X'B), BeBR").

In this context, the law of X; is called the marginal law of X;. Note that Px is a
Lebesgue-Stieltjes measure on B(R?).

DEFINITION 2.4. The (joint) distribution function Fy(x) of a random vector X is the
following distribution function associated to the Lebesgue-Stieltjes measure P :

Fx(21,...,xq) = Px((—00, 1] X -+ X (=00, 24])
=P{X, <a,...Xy<xq}), (x1,...,24) € RL

We note that the joint law of X determines the marginal laws of X, but not viceversa.
Moreover,

FXZ('TZ) = rh—1>noo Fx(.Z’l, veey md).
J

DEFINITION 2.5. We say that a random vector X has an absolutely continuous law
(with respect to the Lebesgue measure) if Py (B) = 0 for any B € B (R?) such that
Ai (B) = 0. We write Py < \q.

The following two definitions make sense thanks to the image measure theorem and the
Radon-Nikodym theorem.

DEFINITION 2.6. Let Px < A;y. Then, we define the density fx of X to be the Radon-

Nikodym derivative fy = % and

PX(B):/BCZPX:/BfXdAd, B € B(RY).

We have that fx(xy,...,xq) = ﬁFx(l’l, ey T)-
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DEFINITION 2.7. Let g : RY — R be a Borel measurable function. Then the expectation
of g(X) is defined to be

E[g(X)] :/gonP:/ gdPx.
Q R4
If PX < )\d, then
E(g(X)) = | afxdra
R

DEFINITION 2.8. Let X = (X7, ...,Xd)T HE(|X]] < o00,i=1,...,dthen = (puy, ..., a)? =
(E[X1], ..., E[X4])", the mean vector of X, is well defined. If X; € L?,i =1, ...,d then

X = Cov(X) = (Cov(Xi, X;)); 21 a
= (E[(Xi = 1) (X5 = 1)) jmy. g = B [(X = )(X = p)7],

the covariance matrix of X, is well defined. We will also use the notation Var [X;] :=
COV(XZ‘, Xz), 1= 1, ceey d.

REMARK 2.9. The covariance matrix of a random vector X is a symmetric nonnegative
definite matrix, i.e. X;; = 3;;,4,7 = 1,...,d and y'Sy > 0 for all y # 0,y € R%. If
det > > 0 then the probability distribution of X is a truly d-dimensional distribution
in the sense that cannot be concentrated on a lower dimensional subspace of R% and we
say that the distribution is non-degenerate or regular. If det X = 0 then the probability
distribution of X is concentrated on a lower dimensional subspace of R? and we say
that the distribution is degenerate or singular.

PROPOSITION 2.10. Let X be a d-dimensional random vector with mean vector u and co-
variance matrixz 2. Further, let B be an m xd matriz, let b be a constant m-dimensional
vector, and set Y = BX +b. Then, Y is a m-dimensional random vector with mean
vector and covariance matrix given by

E[Y] = Bu + b, Cov(Y) = BLB”.

THEOREM 2.11. Let S € B(R?) be partitioned into disjoint measurable subsets Sy, Si, ..., Sy,
such that S = U™,S; and such that \g(So) = 0. Assume that for each i = 1,...,m, the
mapping g = S; — R? is injective (one to one) and continuously differentiable with non-
vanishing Jacobian. Let Y = g(X), where X : Q — S is a random vector with density
fx with respect to Ng. Then, Y has density (with respect to \g) given by

Frl) = Y Fxlg7' @) [det Iy (0)]| sy (),

where g;'' denotes the inverse map g; ' : g(S;) — Si and J, -1 its corresponding Jacobian
matric. Z

We have different notions of convergence for sequences of random variables that are
analogous to the ones for sequences of measurable functions. In particular, convergence
almost everywhere is denoted convergence almost surely (a.s.), convergence in L is
also denoted convergence in LP and convergence in measure is denoted convergence in
probability.
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DEFINITION 2.12. Let {y,},~, and p probability measures defined on (5, B (S)), where
S is a complete, separable metric space. We say that {,un}n21 converges weakly to p if

/Q Ftn — /Q fdp,

for all f: Q2 — R continuous and bounded.

We say that sequence of random vectors { X}, converges weakly (or in distribution,

or in law) to the random vector X if Py, converges weakly to Py, as probability
measures on (R%, B (R?)).

This notion of convergence for random variables is the weakest of all, that is, convergence
in probability implies weak convergence. If the limit is a degenerate random variable
(a constant), then convergence in distribution implies convergence in probability. It is
important to note that the weak convergence of random variables only involves their
laws. In particular, the random variables can be defined on different probability spaces.

Besides Minkowski, Holder, Cauchy-Schwarz, Chebyshev-Markov inequalities from gen-
eral measure theory we have the following important inequality for random variables.

THEOREM 2.13 (Jensen’s inequality). Let X be an integrable random variable and ¢
a convex function then

p (E[X]) <Ep(X)].

2.2. Independence

DEFINITION 2.14. Let (€2, F, P) be a probability space. A family of events {A;};,c; C F
are independent iff V.J C I, J finite, one has that

P((A) = [[P4)).
jeJ jeJ
DEFINITION 2.15. Let {&;}ier, & C F, be a family of collections of events. We say that
{&}ier are independent iff every family {A;},.,, with A; € &, is independent.
DEFINITION 2.16. Let {X; : Q — R}, be a family of random variables. We say that
{X}ier is independent iff the family of o-algebras {o(X;)}ies is independent.

Taking into account the previous definitions we have that {X; };c; is independent iff for
all finite subset {i,...,i,} C I, and for all By,...B,, € B(R), one has that
P({X“ c Bl, ...,Xin € Bn}) = P({le S Bl} Nn...N {in c Bn})
=P(X;, €By)----- P(X;, € B,).

The next proposition characterizes the independence of a finite number or r.v.

PROPOSITION 2.17. Let {X;}i—1.. 4 be random wariables with laws Px,,i = 1,...,d,
respectively, and let X = (Xi,...,X4) be the random vector with law Px. Then, the
following statements are equivalent

(1) {Xi}iz1, a are independent;
(2) PX:PXI@@PXC“
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(3) Fx(z1,...,x4) = Fx, (1) - Fx, (24);
Moreover, if we assume that Px < \¢ then {Xi}iz1,..a are independent iff
fx(@1, . a) = fx, (21) -+ fx,(2a).

The next proposition only gives necessary conditions for the independence.
PROPOSITION 2.18.

(1) Let (Ei, &)ier and (G, G;)ier be two families of measurable spaces. Let {X;}ier
be a family of random elements X; : Q — E;, and {g;}icr a family of measurable
transformations g; : E; — G;. Then, {g; o X;}ier is a family of independent
random elements g; o X; : Q — G;.

) Let {X;}iz1...a be independent random variables with finite expectation, i.e,
E[|Xi]] < 00,i=1,..,d, then X;--- Xy has finite expectation and

E[X; - - X4 = E[Xq]- - E[X4].
(3) Let {X;}iz1...a be independent random variables with E[|X;|"] < oo,i = 1,..,d,
then
Var[X1 + -+ Xd] = Var[Xl] + -+ Var[Xd].

2.3. Characteristic Functions

DEFINITION 2.19. Let p be a probability measure on (R?, B (R?)). Its characteristic
function ¢, : R? — C is defined to be

ou(u) == / ey (dr),  ueRY,
R4
T

where (u,z) == u"z = Y0 wz;. If X is a random vector we define its characteristic
function ¢ x as the characteristic function of its law P, i.e.,

ox (u) = / e Py (dz) = E [e““’Xq . u€ R
R4

THEOREM 2.20. X andY have the same characteristic function if and only if they have
the same law, i.e., Px = Py.

LEMMA 2.21. The following properties of px are elementary:

(1) ex (0] <

(2) o (0) =

(3) ¢x is umformly continuous;

(4) px is Hermitian, i.e., px (—u) = ¢x (u), where the bar denotes complex con-
jugation;

(5) X is symmetric (with respect to the origin) if and only if ¢y is real-valued.

(6) If X = (X1,...., Xg)" and E[|X;|"] < oo for some 1 < j < d and n € N, then

E[x)] = aansz( )

u=0
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If Mx (u) := @x (—iu) exists in a neighbourhood of u = 0, then Mx is called the
moment generating function of X. In this case, all the moments of X exist and can be
obtained by partial differentiation of My.

PROPOSITION 2.22. Let X be a d-dimensional random vector with mean vector p and co-

variance matriz 3. Further, let B be an m x d matriz, let b be a constant m-dimensional
vector, and set Y = BX +b. Then,

oy (u) = ei<“’b>g0X(BTu), u e RY.

PROPOSITION 2.23. Let X = (Xy,...,X4) be a random vector. Then {X;}i—1. . 4 are
independent if and only if

(;OX(ula ---,Ud) = ¥x; (Ul) o Pxy (Ud)-

DEFINITION 2.24. Let ¢ : R? — C. We say that

(1) % is positive definite if for all n € N,cy,...,c, € C, and uy,...,u, € R we

have
Z ¢t (uj —ug) > 0.
ij=1
(2) 1 is conditionally positive definite if for all n € N¢y,...,¢, € C such that
S =0, and up, ..., u, € R? we have

n

Z ¢ty (uj — ug) > 0.

ij=1
THEOREM 2.25 (Bochner’s theorem). A mapping ¢ : RY — C is the characteristic
function of a probability measure if and only if ¢ (0) = 1, ¢ is positive definite, and
18 continuous at zero.

THEOREM 2.26 (Schoenberg Correspondence). A mapping 1 : R? — C is Her-
mitian and conditionally positive definite if and only if €'V is positive definite for each
t>0.

THEOREM 2.27 (Glivenko). Let {j,},~, be a sequence of probability measures and
be a probability measure, all defined on (Rd, B (Rd)), Then, ¢, (u) — @, (u),u € R?
if and only if u, converges weakly to . The convergence of the characteristic functions
s uniformly on compacts.

THEOREM 2.28 (Lévy’s continuity theorem). If (,),,5, is a sequence of characteris-
tic functions and there exists a function ¢ : RY — C such that for all u € R, (u) —

¥ (u) and 1 is continuous at 0 then ) is the characteristic function of a probability
measure.

2.4. The Multivariate Normal Distribution

DEFINITION 2.29. A d-dimensional random vector X is Gaussian (or multivariate nor-
mal) iff every linear combination a” X = Y27 a,X; has a (one dimensional) Gaussian
distribution (possibly degenerate). The notation X ~ N (u,Y) is used to denote that
X has a multivariate normal distribution with mean vector p and covariance matrix .
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We say that X is a standard multivariate normal random vector if X ~ N (0, I;) where
1, is the d-dimensional identity matrix.

THEOREM 2.30. Suppose that X ~ N (j, %) and set Y = BX +b. ThenY ~ N (Bu +
b, BLBT).

The previous theorem is useful to obtain a random vector with X ~ N (u,Y) from an
affine transform of a random vector Z ~ A(0, I;). One has that X = X/2Z + i, where
¥1/2 is a square root of the covariance matrix ¥, that is, /2 is a matrix B such that
BBT =%

THEOREM 2.31. Let X ~ N (11, X) and det ¥ > 0. Then Px < A\g and

P 1 1
L 370 D - (——(x TS e - m)  semt
dXg 2

fx(z)
(2m)" det X2

THEOREM 2.32. Let X ~ N (1, ). Then {X;}iz1,...a are independent iff ¥; ; = Cov(X;, X;) =
0. If, in addition, det X2 > 0 then

- 1 (& — )’
fX(x):H 22”exp - N .

2.5. Borel-Cantelli Lemma

Here we give one of the most important /useful results on sequences of measurable sets.

THEOREM 2.33. Let (2, F, P) be a probability space and {A,},~, be a sequence of sets
. Then -

(1) If X251 P (An) < oo, then it follows that

P (lim SupAn> —P (ﬁ GAk> — 0.

N0 n=1lk=n

(2) If 32,51 P (An) = 00 and the events {A,},5, are independent, then

()} ((004)) -

n=1lk=n
2.6. Conditional Expectation

The concept of conditional expectation is crucial in many areas of modern Probability
Theory. Important types of stochastic processes, like martingales and Markov processes,
are defined using conditional expectation.

DEFINITION 2.34. Let (€2, F, P) be a probability space, let G be a sub-c-algebra of F
and X € L' (Q, F, P). The conditional expectation of X given the o-algebra G, denoted
by E[X|G], is the (P-a.s unique) G-measurable random variable satisfying

E[15X] = / XdP = / E[X|G]dP = E[1;E[X|G]], VB eg.

24 Last updated: May 29, 202/



One can show, using the Radon-Nikodym theorem, that the conditional expectation is
well defined.

LEMMA 2.35. Assume that X,Y € L.

(1) Conservation of the expectation: E[E[X|G]] = E[X].
(2) Linearity: E[aX + bY|G] = aE[X|G] + bE[Y|G], for all a,b € R.
(3) Conditional Jensen’s inequality: Let p : R — R be a convez function, o(X) €
L'. Then,
e(E[X]G]) < E[p(X)|F].
(4) Tower property: Let H C G be a sub-o-algebra of G. Then,

E[E[X|G][H] = E[E[X[H]|G] = E[X[H].

(5) “What is measurable goes out”: Assume that XZ € L' and that Z is G-
measurable. Then,
E[XZ|G] = ZE[X]G].

In particular, if X is G-measurable then E[X|G] = X.
(6) “Role of independence”: If H is a o-algebra independent of o(G,o(X)), then

E[X|o(g, H)] = E[X]F].

In particular, if X is independent of H then E[X|H] = E[X].
(7) Substitution property: Let h : R x R — R be a measurable function. If X is
G-measurable, h(X,Y)e L', and Y is independent of G then

E[A(X,Y)|G] = E[h(a,Y)]| a=x-

PROPOSITION 2.36 (Doob-Dynkin lemma). If Y : Q — R?, then X : Q — R is o(Y)-
measurable if and only if there exists a measurable function ¢ : R — R such that

X =¢(Y).

2.7. Exercises

(1) Let X be a discrete random variable, that is, X only can take a countable
number of values. Describe how is the o-algebra o(X). Describe how are the
o(X) measurable functions.

(2) Let X be a random variable and Y = X?. Show that Y is also a random
variable. Is X measurable with respect to o(Y")?

(3) Let @ be the distribution on (R, B(R)) given by

Q«mM%:Lbégam(—g)d@ a<beR.

Construct a probability space and a random variable Z defined on it such that
the law of Z is given by (). We say that the random variable Z is a standard
Normal (or Gaussian) random variable. Compute its mean and variance. Let
X =0Z + pu, where p € R and ¢ > 0. Check that X is a random variable,
find its distribution function and compute E[X] and Var[X]. We say that X
is normal random variable with mean j and variance o? and we denote it by

X ~ N(u,0?).
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(4) Let X ~ N(u,0?%) defined on some probability space (2, F, P). Compute
() = E[e?X] for § € R. Define L(X;0) := e’ /1)(#) and show that Qa(A) =
E[L(X;60)14],A € F defines a probability measure on (€2, F). Show that
Qs < P. Find the law of X under )y, that is, the law of X as a random
variable defined on (2, F, Qy).

(5) Let X ~ N (u,0?). Define Y = exp(X). Show that Y is a random variable. The
law of Y is called lognormal with mean ;i and variance o2, show that Py < A
and find its density function 2¥. Compute E[Y"],n > 1 and Var[Y].

(6) Let X and Y be two independent and identically distributed (i.i.d.) random
variables with law A (u,0?). Find the density of (U,V) = (X +Y, X —Y).
Under which conditions on p and o2 are U and V independent?

(7) Let X and Y be two i.i.d. random variables with law A(0,0?) independent
random variables. Find the density of (U,V) = (VX2 +Y?% X/Y), where V is
defined as zero if Y = 0. Are U and V independent?

(8) Let Y ~ N(0,1) and for a > 0 define Z = Y1y |<q} — Y 1{jy|>q}. Show that Z
is Gaussian r.v. but (Y, Z) is not multivariate Gaussian.

(9) Let X be a random variable and f : R — R, an increasing, Borel measurable
function. Let a € R such that f(a) > 0. Prove that

E[f(X)]
fla) =
(10) Let Y € L2(Q, F, P). Show that if E[Y|X] = X and E[Y2|X] = X? then
X =Y, P-as.
(11) In the setup of Exercise 4, let G be a sub-c-algebra of F. Show that for any
Y € L', F,Qq) one has that

E[YL(X;0)|9]

E[L(X;0)|g] °

(12) Let X ~ N (p,0?) and K > 0. Compute
E[max(0, e — K)].

You can express the solution in terms of the cumulative distribution function
of a standard normal random variable

oo [ (L)

P(X >a) <

EQ& [Y‘g] = Q@-&.S.
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CHAPTER 3

Review of Stochastic Processes

3.1. Basic Definitions

DEFINITION 3.1. Let (E, ) be a measurable space and [ a set. An E-valued stochastic
process X indexed by [ is a family of E-valued random variables X = {X,},c; defined
on the same probability space (2, F, P).

We can think of a stochastic process as a function

X: IxQ — FE
(tw) = Xy(w)’

For every w € Q fixed, the process X defines a function

X(: 1 — E
t = Xi(w)’

which is called a trajectory or a sample path of the process. Hence, we can look at X
as a mapping
X: Q — K
w = X(w)’

where E' is the cartesian product of I copies of E, which is the set of all functions from
I to E. That is, we can see X as a mapping from 2 to a space of functions.

REMARK 3.2. We will usually take £ = R or £ = R?. Moreover, we will usually take
I=R.,I=Norl=[0,T], where T € R,.

3.2. Law of a Stochastic Process

If we think of a stochastic process as a mapping X : Q — R®+ and we put on R®+ a
o-algebra such that X is measurable, we will have an R®+-valued random variable and
we can talk about the law of the process X. We expect the law of the process X to
be related to the laws of the random variables X;. For instance, what is the value of
P(X, € B) should make sense as a question on the r.v. X; as well as a question on the
law of X. Moreover, the answer must coincide.

We will consider in R®+ the product o-algebra of R, copies of B(R), denoted by B(R)%+.
Recall that this o-algebra is the smallest o-algebra that makes the projections {7}, g,
that is,
m: Rf+ — R
fooe f)

Borel measurable functions for all ¢ € R,.
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PROPOSITION 3.3. If X = {X;}, . is a stochastic process and we consider in RE+ the
product o-algebra B(R)®+, then the application X : Q — RE+ is measurable.

DEFINITION 3.4. The law of real stochastic process X = {X;},.p, defined on a prob-
ability space (2, F,P) is the law of the random variable X : Q — R®+ where the
o-algebra on R+ is B (R)™* .

Let 1 be a probability measure on (R¥+, B (R)**). We can consider, for each J C R,
finite, the image measure of y by the projection 77, which we will denote by p;. That is,
fy is the probability measure on (R#*/, B(R)#”) defined by ps(B) = u(r;'(B)), B €
B(R)#”.

DEFINITION 3.5. The family of probabilities {p; : J C Ry, #J < 400} is called the
family of finite dimensional distributions of .

This family satisfies that if K C J then

(3:2.1) iic(B) = s (m7k(B)), B € BR)#,

where 7 is the natural projection of R#*/ on R#X.

THEOREM 3.6 (Kolmogorov’s Extension). Let {uy : J C Ry, #J < +oo} be a family
of probabilities satisfying the consistency property (3.2.1). Then there exists an unique
probability measure p on (RRﬂB(R)R*) such that the family of its finite dimensional
distributions coincides with the initially given family. The probability measure p is

called the projective limit probability measure of the family.

COROLLARY 3.7. The law of a stochastic process it is completely determined by the
associated family of finite dimensional distributions, that is, by

fxy..0,(B) = P((Xy,,..., X)) € B), BeBRY, t,.,tqcR deN

The previous theorem shows that provided we have a reasonable (consistent) family of
finite dimensional distributions we can construct a real stochastic process (actually a
probability space containing it) such that its law has as family of finite dimensional
distributions this family. Note that we can always realize the process on (Q, F, P) =

(R®+, B (R)]R+ , i) where g is the projective limit probability measure and the process
is X(f) = f, where f € R+,

The following set of definitions only depend on the law of a process X.

DEFINITION 3.8. Let X be a stochastic process. Then

(1) X is called Gaussian if its family of finite dimensional distributions are multi-
variate Gaussian distributions.
(2) X has independent increments if X; — X is independent of X, — X, for all
u<r<s<t.
(3) X is stationary if for all h > 0 and for all ¢1,...,¢, € Ry, n € N, we have that
ﬁ(th, ceey th) = E(th—i-h; ceey th+h).
(4) X is stationary in wide sense if E[X7?] < oo and for all h > 0
EX)] = E[Xi],
COV (Xt,Xs) = COV (Xt+h7Xs+h) y t73 c R+.
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(5) X has stationary increments if for all s <t € R, we have that
;C (Xt - X5> = L(Xt_5>.

Note that, as the multivariate Gaussian distributions are characterized by the moments
of first and second order, the law of a Gaussian process X is characterized by E[X}]
and Cov (X, Xg),s,t € Ry.

3.3. Equivalence of Processes and Path Properties

Suppose that we have two processes X and Y defined on the same probability space
and with the same law. As application from Q to R®+ X and Y may be very different.
For instance, Let X; be Unif[0, 1], independent and we define ¥; = 1 — X;. Then, X and
Y have the same law, but P(X; =Y;) =0 for all t € R,. We need stronger concepts of
equality for processes than equality in law.

DEFINITION 3.9. Let X and Y be two processes defined on the same probability space
(Q,F, P). We say that Y is a modification or a version of X if

VteR,, P(X,=Y,) =1

DEFINITION 3.10. Let X and Y be two processes defined on the same probability space
(Q, F, P). We say that Y is indistinguishable of X if the set

{w: Xi(w) #Y(w), VteR,},
is a negligible set.

If X and Y are indistinguishable then one is a version of the other. If X is a version of
Y then X and Y have the same law.

THEOREM 3.11 (Kolmogorov’s continuity criterion). Let X be a stochastic process de-
fined in some probability space (Q, F,P). Assume that for every T > 0, there exist
a>0,r>0 and K > 0 such that

EX, - X, ]<K|t—s|""™, 0<s<t<T.

Then, there exists a modification X of X with all the paths being continuous.

Regarding path regularity properties the most important classes of processes are the
following.

DEFINITION 3.12. Let X = {X,},cr, be a real valued stochastic process.

(1) We say that X is continuous if its sample paths are continuous.

(2) We say that X is cadlag or RCLL if its sample paths are continuous from
the right and have limits from the left. That is X; = Xy := limy; X and
X = limgy X exists and is finite.

(3) We say that X is caglad or LCRL if its sample paths are continuous from
the left and have limits from the right. That is X; = X,_ := limy; X, and
Xt = lim,; X exists and is finite.
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The properties in the previous definition may hold only P-a.s and then we will say that
a process P-a.s continuous or P-a.s. RCLL, etc... Finally, if we have a process Y that
is version of a process X and both are P-a.s. RCLL (or P-a.s. LCRL) then X and
Y are indistinguishable. In particular, if X and Y are P-a.s. continuous and Y is a
version of X then X and Y are indistinguishable.

3.4. Measurability Properties of Stochastic Processes

Note that from the measurability of each X} is not possible to deduce the measurability
of X as a function from R, x €2 to R.

DEFINITION 3.13. We say that a process X is (jointly) measurable when it is (B(R;) ® F, B(R))-
measurable, that is, it is measurable as a function X : R, x 2 — R.

THEOREM 3.14. Let X be a measurable stochastic processes. If
/ X ()| A ® P(dt, dw) < oo,
R+><Q
where A is the Lebesque measure, then

/RXQX(t,w)AQ@P(dt,dw)/R E[Xt]thUR Xtdt] < 0.

DEFINITION 3.15. Let (2, F, P) be a probability space. A filtration on (2, F, P) is a
family F = {Ft}t€R+ of sub-o-algebras of F such that F, C F; if s < t. We say that
(Q, F,TF, P) is a filtered probability space.

DEFINITION 3.16. A filtration F = {F; },er, is called right continuous if F, = F, for
every t € Ry, where F;y = N.soFtpe. The o-algebra F;y represents what we know if
we look ahead an infinitesimal amount of time.

DEFINITION 3.17. A filtered probability space (€2, F,F, P) is said to satisfy the “usual
conditions” if (2, F, P) is complete and

(1) Fo contains all negligible sets in F.
(2) F is right continuous.

DEFINITION 3.18. A stochastic process X is F-adapted if for all t € R, the r.v. X; is
JFi-measurable.

Note that we can always find a filtration with respect to which a process X is adapted.
We can consider the natural filtration generated by X, denoted by FX and defined by

FX — {]:tX =0(Xs,5 <) hier, -

The natural filtration FX represents the information revealed by the process X as time
evolves. For instance, the process Y = {Y; := X?}ier, is FX-adapted while the process
Z ={Z; = X1 + X}? }1er, is not F*-adapted.

Given a process X, the filtration F* does not need to satisfy the usual conditions.
However, we can always consider (and we do it) the minimal augmented (also know as
the usual augmentation of the) filtration generated by X, which is the smallest filtration
satisfying the usual conditions and with respect to which the process X is adapted. This
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is done by enlarging F* with Np, the P-negligible sets in F, and then taking its limit
from the right, that is, considering the filtration

{mg(ﬁ)—f—eUNp)} :

e>0

We will use the same notation to denote the natural filtration generated by X and the
minimal augmented filtration generated by X, that is, FX. Moreover, all the processes
that we will be dealing with in this course are examples of the so called strong Markov
processes: Brownian motion, solutions of stochastic differential equations, Lévy pro-
cesses... For these processes, it suffices to augment their natural filtration with the
P-negligible sets of F to automatically get a right continuous filtration. Many results
that we will see in this course need the filtration under consideration to satisfy the usual
conditions to be true, but not all. That the filtration I contains all the P-negligible
sets ensure, for instance, that if a process X is F-adapted and Y is a version of X, then
Y is also F-adapted.

Stopping times are one of the most useful concepts in stochastic analysis as they are
the basic tool for localization procedures.

DEFINITION 3.19. A random variable 7 : 2 — [0, +00] is a stopping time with respect
to the filtration F if {7 <t} € F; for all t € R,.

DEFINITION 3.20. Let 7 be a F-stopping time. Then, the o-algebra of events occurring
up to time 7 can be defined by

F.={AeF: foreacht >0, AN {r <t} € F}.

One can check that if 7 = ¢, P-a.s. then F, = F; and that if 4 < 7, P-a.s. then
Fr, C F,,. Therefore, one can use stopping times to randomize the flow of information,
that is, to randomize a filtration.

The right continuity of the filtration ensure that some random times, for instance the
first time that a F-adapted process with right continuous paths X hits a open set
A € B(R), mathematically defined by 74(w) = inf{t € R, : X;(w) € A}, are actually
stopping times.

DEFINITION 3.21. A stochastic process X is progressively measurable or progressive
with respect to F if, for all t € R, , the restriction

X’[O,t}xQ : [O,t] x Q) — R
(s,w) = X(w)

s (B([0,t]) ® F;, B(R)-measurable.

The notion of progressive measurability is useful to ensure that some processes are
adapted. For instance, if X is progressive then the process Y; = fg X.ds is adapted.
Moreover, if X is progressive and 7 is a stopping time with respect to the same filtration,
then the random variable X, := X, (,)(w) is F;-measurable and the process stopped at
X, defined by X7 := Xjn,r) is also progressive.
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DEFINITION 3.22. A stochastic process X is predictable or previsible with respect to
F if, as a mapping from R, x © to R, X is (P, B(R))-measurable, where P is the
predictable o-algebra, that is, the o-algebra generated by all left-continuous, F-adapted
processes.

The notion of predictability will be essential to contruct the stochastic integral with
respect to processes with jumps.

PROPOSITION 3.23. Let X be a stochastic process. Then,

(1) If X is predictable then it is progressive.

(2) If X is progressive then it is measurable and adapted.

(3) If X is adapted and has right continuous paths (or left continuous paths) then
1t 18 progressive.

4) There are progressive processes that are not predictable.

5) There are adapted processes that are not measurable.

6) There are measurable processes that are not adapted.

7) There are adapted and measurable processes that are not progressive, but one
can always find a modification that it is progressive.

3.5. Examples of Stochastic Processes
Let (92, F,F, P) be a filtered probability space.

3.5.1. Brownian Motion and Related Processes.

DEFINITION 3.24. A F-Brownian motion with variance parameter o2 is a stochastic
process W adapted to F satisfying

(1) W has continuous paths P-a.s.,

(2) Wy =0, P-as,

(3) For all 0 < s < ¢, the random variable W; — W is independent of Fs.
(4) For all 0 < s < ¢, the law of W, — W is a N(0, o%(t — s5)).

REMARK 3.25.

(1) If 02 = 1, we say that W is a standard F-Brownian motion.

(2) We can define a Brownian motion without any reference to a filtration by just
requiring that W has independent increments.

(3) To have a F-Brownian motion is a stronger statement that to only have a
Brownian motion. If W, — W is independent of F; then it is independent from
Wy —W,, 0 <v<u<sand W is a process with independent increments.

(4) If we only have a Brownian motion then we also have a F"W= {Ew}teR W
Brownian motion but W does not need to be a F-Brownian motion where F is
an enlargement of F, i.e., 7}V C F;,t € R,.

(5) One can show that a Brownian motion exists using Daniell-Kolmogorov’ ex-
tension theorem and Kolmogorov’s continuity criterion.

DEFINITION 3.26. A d-dimensional Brownian motion W = {(W}, ..., W) }ier, is a
stochastic process with values in R? such that each component W* i =1,....d is a real
Brownian motion independent of each other.
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For instance the first component W' of a d-dimensional Brownian motion is a FW'-
Brownian motion but it is also a F"-Brownian motion. In general, if we have a [F-
Brownian motion and we enlarge the filtration F with some events independent from F
we still have a Brownian motion with respect to the enlarged filtration.

DEFINITION 3.27. A process Y is a Brownian motion with drift ; and volatility o
if it can be written as

K:Mt+UWt7 t€R+7

where W is a standard Brownian motion.

This process has almost all the properties of Brownian motion. It starts at zero, has
independent increments and the increments have Gaussian laws. However, the Gaussian
law of Y; — Y5, s < t is not centered but has mean p(f — s). Brownian motion with drift
is also a Gaussian process.

This process was used in the first attempt to model stock prices behavior by Bachelier.
Many people consider Bachelier’s PhD dissertation entitled Théorie de la Espéculation
(1900) the beginning of Mathematical Finance. Brownian motion with drift, as a model
for stock prices, allows for negative prices with positive probability, which is major
pitfall.

DEFINITION 3.28. A process S is a geometric Brownian motion (or exponential
Brownian motion) with drift ¢ and volatility o if it can be written as

Sy =exp(ut +oWy), teR,,

where W is a standard Brownian motion.

The law of a geometric Brownian motion is not Gaussian. Actually, the random vari-
able S; has lognormal distribution with mean ut and variance o*t. It does not have
independent and stationary increments like Brownian motion or Brownian motion with
drift. On the other hand, its relative increments

— St 1 St,, — St S, — St
5 5 TG
are independent and stationary. Equivalently,

St St Sty
S, 5, S—to,

S S S
log (Stt” ) ,log (%) , ..., log (S_:l> , 0<ty<ty <<ty
n—1 n—2 0

are also independent and stationary. Moreover, the law of %, s < tis a lognormal distri-

0<ty <ty < - <y,

O§t0<t1<"'<tn,

and

bution with parameters (¢ —s) and o?(t — s) or, equivalently, the law of log (g—z) ,s <t
is N (u(t — s),0%(t — 5)).

This process is the standard model for stock prices. Note that in this case the prices
are always positive. The model was first used by Samuelson (1964) and later on by
Black-Scholes (1973) in their theory of option pricing.
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3.5.2. Poisson Process and Related Processes.

DEFINITION 3.29. A F-Poisson process with intensity /parameter A > 0 is a stochastic
process N adapted to I satisfying:

(1) N has R.C.L.L paths P-a.s.

(2) Ng = 0, P—a.s.,

(3) For all 0 < s < ¢, the random variable Ny — N; is independent of F;.
(4) For all 0 < s < ¢, the law of N; — N, is a Pois(A(t — s)),i.e.,

At —s))"
P(N;— N, =n) = A= s) '8» e M),
mn!
REMARK 3.30.

(1) If A =1, we say that N is a standard F-Poisson process.

(2) We can define a Poisson process without any reference to a filtration by just
requiring that N has independent increments.

(3) As for the Brownian motion, NN it is always a Poisson process with respect to
its natural filtration but it may not be a Poisson process with respect to an
enlarged filtration.

(4) The existence of a Poisson process is again guaranteed by the Daniell-Kolmogorov’s
extension theorem.

DEFINITION 3.31. A process Nisa compensated Poisson process with intensity A

if it can be written as 3
Nt:Nt—)\t, t€R+,
where N is is a Poisson process with intensity A.

Note that E [N;] = At and, therefore, E [Nt} = 0.

DEFINITION 3.32. Given a sequence {Xj},-,of independent, identically distributed
random variables and N an independent Poisson process, the process
Ny
Y, => Xi, teR.,
n=1

is called a compound Poisson process.

3.6. Levy Processes

The Brownian motion and the Poisson process are particular cases of a more general
type of process.

DEFINITION 3.33. A stochastic process L = {Lt}t€R+ is a Lévy process starting at zero
if it satisfies:

(1) Ly =0, P-ass.,

(2) L has independent increments,

(3) L has stationary increments, i.e., for all 0 < s < ¢, the law of L; — L coincides
with the law of L;_;.

(4) L is stochastically continuous, i.e., lims_; P(|L; — Ls| > ¢) =0,Ve > 0,t € R,.
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REMARK 3.34.

(1) Condition (4) in Definition 3.33 serves to exclude processes with jumps at fixed
(nonrandom) times.

(2) Given a Lévy process we can choose a unique modification whose paths are
right continuous and with left limits. This property is satisfied by the Brownian
motion and the Poisson process.

(3) Obviously, conditions (2) and (3) strongly restrict the possible laws of the
process L and its family of finite dimensional distributions. Actually, a Lévy
process L is determined by the law of L; but this law cannot be arbitrary, it
must be infinitely divisible.

(4) Given a filtration F one can also define a F-Lévy process analogously to the
F-Brownian motion, that is, by requiring that for all 0 < s < ¢, the random
variable L; — L, is independent of F.

3.7. Martingales

The following type of processes will be essential in the theory of stochastic integration
and option pricing.

DEFINITION 3.35. A stochastic process X is a martingale if E[|X;|] < oo,t € R, and
EXo(Xy:0<u<s)|=X,, 0<s<t

We can also define a martingale with respect to a filtration F and this is definition that
we will use the most.

DEFINITION 3.36. Let X be a stochastic process defined on a filtered probability space
(Q, F,F, P). The process X is a F-martingale if E[|X;|] < co,t € Ry, X is F-adapted
and

E[Xi|F]=Xs, 0<s<t.

The martingale property essentially says that the best prediction of the value (or the
expected value) of the process at some future time ¢ given the information up to time
s is precisely the value of the process at time s.

ExXAMPLE 3.37. A F-Brownian motion is a F-martingale: by definition W is F-adapted,
as W; ~ N(0,¢) has finite moments of all orders and

E[W, — W,|F,] = E[W, - W,] =0,

where we have used that W; — W is independent from F;, that if Z is independent
from G we have that E[Z|G] = E[Z] and that E[W;] = 0, for all ¢ € R,. From the
previous equality and using that W; is Fs-measurable and, hence, E [W,|F;] = Wy, we
can conclude.

The following result will be needed in the development of the stochastic integral.

THEOREM 3.38. If {Mt}tzo 1s a martingale with almost surely continuous paths then
we have that:
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(1) For allT >0,A>0andp>1
1
P ( sup |M,| > )\) < —E|[|Mr|"].
0<t<T AP
(2) For allT > 0,p>1

V4
E[M] < E [ sup |Mt|p] < (L) E[|Mof].
0<t<T p—1

3.8. Markov Processes

DEFINITION 3.39. A real-valued stochastic process X = {Xt}tellh is a Markov process
if

P(X; € Blo(Xs,, X5y, s Xs,))2=P(X; € Blo(Xs,)),
forall0 < s; <sy<---<s, <tand B € B(R).

A Markov process is the stochastic analogous of what happens in a system governed by a
differential equation with unique solution: A value given at some time determines what
happens after that time, we do not need more information from the past. Essentially,
a Markov process is independent of the past given the present.

We can also consider the Markov property with respect to a filtration F.
DEFINITION 3.40. Let X be a stochastic process defined on a filtered probability space
(Q, F,F, P). The process X is a Markov process with respect to IF if X is F-adapted
and

P(X; € B|Fs) =P (X; € Blo(Xy)),
forall 0 < s <t and B € B(R).

The following proposition provides an alternative (and more useful for our goals) char-
acterization of the Markov property.

PROPOSITION 3.41. Under the assumptions of the previous definition the following two
statements are equivalent:

(1) For all0 <s <t and B € B(R),

(2) For all g : R — R Borel measurable such that E[|g (X;)|] < co,t € Ry and for
all0<s <t

Note that if a process X is Markov with respect to a filtration F then it is Markov with

respect to its natural filtration.

Let X be a Markov process and for each 0 < s <t < 00, A € B(R),x € R, define
ps,t(fﬂ,A) = P(Xt € A’XS = .13) .

By the properties of conditional probability, we can choose p;.(z, A) to be a transition
probability measure from (R, B(R)) to (R, B(R)), that is, ps; : R x B(R) — [0,1] is a
mapping satisfying
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(1) Ve € R, pss(z,-) : B(R) — [0, 1] is a measure on (R, B(R)).
(2) VA € B(R),ps(+, A) : R — [0, 1] is (B(R), B(R.))-measurable.

They give the probabilities of “transitions” of the process from the point = at time s
to the set A at time t.

THEOREM 3.42 (Chapman-Kolmogorov). If X is a Markov processes then for each
0<r<s<txeR AcBR),

pra(, A) = / Pae(ys Apys(, dy).
R

DEFINITION 3.43. Let {p;+;0 < s <t < 0o} be a family of mappings from R x B(R) —
[0,1]. We say that they are a family of Markov transition probabilities if, for each
0<s<t:

(1) the maps x — ps¢(x, A) are measurable for each A € B(R);
(2) psst(z,-) is a probability measure on B(R) for each = € R.
(3) they satisfy the Chapman-Kolmogorov equations.

THEOREM 3.44. If {ps+;0 < s < t < oo} is a family of Markov transition probabili-

ties and p is a fized probability measure on (R, B(R)), there exists a probability space
(2, F, P,) and a Markov process X = {X;}ier, defined on that space such that:

(1) P(X: € AlX; =) = pss(z, A) for each 0 < s <t ,x € R and A € B(R).
(2) Xo has law p.

DEFINITION 3.45. A Markov process is said to be (time-) homogeneous if

ps,t (.I, A) = pO,t—s (Ia A>7
for each 0 < s < ¢,z € R and A € B(R). For homogeneous Markov processes we will
always write the transition probabilities po+ as p;.

ExXAMPLE 3.46. A F-Brownian motion is a F-Markov process with homogeneous tran-
sition probabilities given by

)= [ o (-5 )

and initial distribution the Dirac’s delta distribution dy.

3.9. Exercises

(1) Recall that X = {X,}icr, is a Gaussian process if for any {¢;}i=1,, C Ry, n €
N we have that the vector (X3, ..., X;,) is multivariate Gaussian. Prove that
the following alternative definition of Brownian motion is equivalent to the one
given in class. A real valued process X is a Brownian motion if X has P-a.s.
continuous paths and is a centered Gaussian process with covariance function
K(s,t) = E[X;X;] = min(s, ).

(2) Let W = {W, }er, be a Brownian motion and a > 0. Let F be the minimal
augmented filtration generated by W. Which of the following processes are
Brownian motions? Which are F-Brownian motions?

(a) Xt = —Wt,t S R+.
(b) Xy = Wopy — Wy, t € Ry,
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(¢) X, = Wye,t € R,.
(3) Let W = {W,}+cjo,r] be a Brownian motion. Prove that the following processes
are F"-martingales:
(a) X; = exp(6W; — %t),t €1[0,77].
(b) Z, =W2—t,t€l0,T].
(4) Let (Q, F,F = {F}icr,,P) and let M = {M,},cr, be a F-martingale such
that E[|M;|?] < oo. Prove that

E[(M, - M,)* |F,] = E[M{|F] - E[MI|F],  s<t.

(5) Let (Q,F,F = {F,}ier,,P) be a filtered probability space. We say that
an F-adapted and integrable process X = {X;}icr, is a submartingale if
E[X:|Fs] > X5,0 < s <t (and we say that X is a supermartingale if —X
is a submartingale). Let M = {M,},cr, be a F-martingale. Show that if ¢ is
convex and Y; = p(M,;) is integrable then Y is a submartingale.

(6) Prove that a process X = {X;}er, with independent increments and with
constant mean is a martingale.

(7) Prove that an integrable process X = {X};er, with independent increments
is a Markov process.

(8) Let (Q, F,F = {Fi }ier, , P) be afiltered probability space and let X € LP(Q2, F, P)

for some p > 1. Show that M, = E[X|F;] is a F-martingale and M, € LP, for
allt € R,

(9) Let M = {M,},>0 be a discrete time martingale with respect to some filtration
{Fntn>o and let H = {H,,},,>0 be predictable process with respect to the same
filtration,i.e., Hy = 0 and H,, is F,,_i-measurable Vn > 1. Show that if H is
bounded (|H,| < C,, P-a.s. for some constants C,,n > 1), then the process
G = {G,}n>0 defined by

Go=0, Gu=(H-M),=> H(M - M),
=1
is a martingale.
(10) Let (Q, Fr, {Ft heo.175 P) be a filtered probability space. Assume that QQ < P

with Zr := % Prove that Q|r, < P|x for all ¢ € [0,7] and, if we define

. dQlF,
= Plr,

Y is a martingale under @ if and only if ZY is a martingale under P.

, then Z, is a F-martingale under P. Prove that a F;-adapted process
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