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Jean Jacod, Paris
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Preface to the First Edition

We present here a one semester course on Probability Theory. We also treat
measure theory and Lebesgue integration, concentrating on those aspects
which are especially germane to the study of Probability Theory. The book
is intended to fill a current need: there are mathematically sophisticated stu-
dents and researchers (especially in Engineering, Economics, and Statistics)
who need a proper grounding in Probability in order to pursue their primary
interests. Many Probability texts available today are celebrations of Prob-
ability Theory, containing treatments of fascinating topics to be sure, but
nevertheless they make it difficult to construct a lean one semester course
that covers (what we believe) are the essential topics.



VIII Preface to the First Edition

Chapters 1-23 provide such a course. We have indulged ourselves a bit
by including Chapters 24-28 which are highly optional, but which may prove
useful to Economists and Electrical Engineers.

This book had its origins in a course the second author gave in Perugia,
Italy in 1997; he used the samizdat “notes” of the first author, long used
for courses at the University of Paris VI, augmenting them as needed. The
result has been further tested at courses given at Purdue University. We
thank the indulgence and patience of the students both in Perugia and in
West Lafayette. We also thank our editor Catriona Byrne, as well as Nick
Bingham for many superb suggestions, an anonymous referee for the same,
and Judy Mitchell for her extraordinary typing skills.

Jean Jacod, Paris
Philip Protter, West Lafayette
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1 Introduction

Almost everyone these days is familiar with the concept of Probability. Each
day we are told the probability that it will rain the next day; frequently we
discuss the probabilities of winning a lottery or surviving the crash of an air-
plane. The insurance industry calculates (for example) the probability that
a man or woman will live past his or her eightieth birthday, given he or she
is 22 years old and applying for life insurance. Probability is used in business
too: for example, when deciding to build a waiting area in a restaurant, one
wants to calculate the probability of needing space for more than n people
each day; a bank wants to calculate the probability a loan will be repaid;
a manufacturer wants to calculate the probable demand for his product in
the future. In medicine a doctor needs to calculate the probability of success
of various alternative remedies; drug companies calculate the probability of
harmful side effects of drugs. An example that has recently achieved spec-
tacular success is the use of Probability in Economics, and in particular in
Stochastic Finance Theory. Here interest rates and security prices (such as
stocks, bonds, currency exchanges) are modelled as varying randomly over
time but subject to specific probability laws; one is then able to provide in-
surance products (for example) to investors by using these models. One could
go on with such a list. Probability theory is ubiquitous in modern society and
in science.

Probability theory is a reasonably old subject. Published references on
games of chance (i.e., gambling) date to J. Cardan (1501-1576) with his book
De Ludo Alae [4]. Probability also appears in the work of Kepler (1571-1630)
and of Galileo (1564-1642). However historians seem to agree that the subject
really began with the work of Pascal (1623-1662) and of Fermat (1601-1665).
The two exchanged letters solving gambling “paradoxes” posed to them by
the aristocrat de Méré. Later the Dutch mathematician Christian Huygens
(1629-1695) wrote an influential book [13] elaborating on the ideas of Pascal
and Fermat. Finally in 1685 it was Jacques Bernoulli (1654-1705) who pro-
posed such interesting probability problems (in the “Journal des Scavans”)
(see also [3]) that it was necessary to develop a serious theory to answer
them. After the work of J. Bernoulli and his contemporary A. De Moivre
(1667-1754) [6], many renowned mathematicians of the day worked on prob-
ability problems, including Daniel Bernoulli (1700-1782), Euler (1707-1803),

J. Jacod et al., Probability Essentials
© Springer-Verlag Berlin Heidelberg 2004



2 1 Introduction

Gauss (1777-1855), and Laplace (1749-1827). For a nice history of Probabil-
ity before 1827 (the year of the death of Laplace) one can consult [21]. In the
twentieth century it was Kolmogorov (1903-1987) who saw the connection
between the ideas of Borel and Lebesgue and probability theory and he gave
probability theory its rigorous measure theory basis. After the fundamental
work of Kolmogorov, the French mathematician Paul Lévy (1886-1971) set
the tone for modern Probability with his seminal work on Stochastic Pro-
cesses as well as characteristic functions and limit theorems.

We think of Probability Theory as a mathematical model of chance, or
random events. The idea is to start with a few basic principles about how
the laws of chance behave. These should be sufficiently simple that one can
believe them readily to correspond to nature. Once these few principles are
accepted, we then deduce a mathematical theory to guide us in more com-
plicated situations. This is the goal of this book.

We now describe the approach of this book. First we cover the bare essen-
tials of discrete probability in order to establish the basic ideas concerning
probability measures and conditional probability. We next consider proba-
bilities on countable spaces, where it is easy and intuitive to fix the ideas.
We then extend the ideas to general measures and of course probability mea-
sures on the real numbers. This represents Chapters 2-7. Random variables
are handled analogously: first on countable spaces and then in general. In-
tegration is established as the expectation of random variables, and later
the connection to Lebesgue integration is clarified. This brings us through
Chapter 12.

Chapters 13 through 21 are devoted to the study of limit theorems, the
central feature of classical probability and statistics. We give a detailed treat-
ment of Gaussian random variables and transformations of random variables,
as well as weak convergence.

Conditional expectation is not presented via the Radon-Nikodym theo-
rem and the Hahn—Jordan decomposition, but rather we use Hilbert Space
projections. This allows a rapid approach to the theory. To this end we cover
the necessities of Hilbert space theory in Chapter 22; we nevertheless extend
the concept of conditional expectation beyond the Hilbert space setting to
include integrable random variables. This is done in Chapter 23. Last, in
Chapters 24-28 we give a beginning taste of martingales, with an applica-
tion to the Radon—Nikodym Theorem. These last five chapters are not really
needed for a course on the “essentials of probability”. We include them how-
ever because many sophisticated applications of probability use martingales;
also martingales serve as a nice introduction to the subject of stochastic pro-
cesses.

We have written the book independent of the exercises. That is, the im-
portant material is in the text itself and not in the exercises. The exercises
provide an opportunity to absorb the material by working with the subject.
Starred exercises are suspected to be harder than the others.



1 Introduction 3

We wish to acknowledge that Allan Gut’s book [11] was useful in providing
exercises, and part of our treatment of martingales was influenced by the
delightful introduction to the book of Richard Bass [1].

No probability background is assumed. The reader should have a good
knowledge of (advanced) calculus, some linear algebra, and also “mathemat-
ical sophistication”.

Random Experiments

Random experiments are experiments whose output cannot be surely pre-
dicted in advance. But when one repeats the same experiment a large number
of times one can observe some “regularity” in the average output. A typical
example is the toss of a coin: one cannot predict the result of a single toss,
but if we toss the coin many times we get an average of about 50% of “heads”
if the coin is fair.

The theory of probability aims towards a mathematical theory which
describes such phenomena. This theory contains three main ingredients:

a) The state space: this is the set of all possible outcomes of the experiment,
and it is usually denoted by f2.

Examples:

1) A toss of a coin: 2 = {h,t}.

2) Two successive tosses of a coin: 2 = {hh,tt,ht,th}.

3) A toss of two dice: 2 ={(4,5):1<i<6,1<j<6}.

4) The measurement of a length L, with a measurement error: 2 = R,
where R denotes the positive real numbers [0, 00); w € {2 denotes the

result of the measurement, and w — L is the measurement error.
5) The lifetime of a light-bulb: 2 = Ry.

b) The events: An “event” is a property which can be observed either to
hold or not to hold after the experiment is done. In mathematical terms, an
event is a subset of (2. If A and B are two events, then

the contrary event is interpreted as the complement set A¢;

the event “A or B” is interpreted as the union A U B;

the event “A and B” is interpreted as the intersection A N B;

the sure event is §2;

the impossible event is the empty set (;

an elementary event is a “singleton”, i.e. a subset {w} containing a
single outcome w of (2.

We denote by A the family of all events. Often (but not always: we will
see why later) we have A = 2, the set of all subsets of £2. The family A
should be “stable” by the logical operations described above: if A, B € A,
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then we must have A€ A, ANB e A, AUB € A, and also 2 € A and
0e A

c) The probability: With each event A one associates a number denoted by
P(A) and called the “probability of A”. This number measures the likelihood
of the event A to be realized a priori, before performing the experiment. It
is chosen between 0 and 1, and the more likely the event is, the closer to 1
this number is.

To get an idea of the properties of these numbers, one can imagine that
they are the limits of the “frequency” with which the events are realized: let
us repeat the same experiment n times; the n outcomes might of course be
different (think of n successive tosses of the same die, for instance). Denote
by fn(A) the frequency with which the event A is realized (i.e. the number
of times the event occurs, divided by n). Intuitively we have:

P(A) = limit of f,(A4) as n T +oo. (1.1)

(we will give a precise meaning to this “limit” later). From the obvious prop-
erties of frequencies, we immediately deduce that:

1. 0<P(A) <1,
2. P(R) =1,
3. P(AUB)=P(A)+P(B) if AnB=0.

A mathematical model for our experiment is thus a triple ({2, A, P), con-
sisting of the space 2, the family A of all events, and the family of all P(A)
for A € A; hence we can consider that P is a map from A into [0, 1], which
satisfies at least the properties (2) and (3) above (plus in fact an additional
property, more difficult to understand, and which is given in Definition 2.3
of the next Chapter).

A fourth notion, also important although less basic, is the following one:

d) Random variable: A random variable is a quantity which depends on
the outcome of the experiment. In mathematical terms, this is a map from {2
into a space E, where often £ = R or E = R%. Warning: this terminology,
which is rooted in the history of Probability Theory going back 400 years,
is quite unfortunate; a random “variable” is not a variable in the analytical
sense, but a function !

Let X be such a random variable, mapping (2 into E. One can then
“transport” the probabilistic structure onto the target space F, by setting

P¥(B)=P(X YB)) for BCE,

where X ~1(B) denotes the pre-image of B by X, i.e. the set of all w € 2
such that X (w) € B. This formula defines a new probability, denoted by PX,
but on the space E instead of (2. This probability PX is called the law of
the variable X.
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Example (toss of two dice): We have seen that 2 = {(4,5) : 1 <i<6,1 <
j <6}, and it is natural to take here A = 2 and

#(A)

P =6

it Ac o,

where #(A) denotes the number of points in A. One easily verifies the prop-
erties (1), (2), (3) above, and P({w}) = 35 for each singleton. The map
X : 2 — N defined by X(4,5) = ¢ + j is the random variable “sum of the
two dice”, and its law is

number of pairs (¢, j) such that i + j € B
36

(for example P*({2}) = P({1,2}) = 55, P*({3}) = &, etc...).

Px(B) =

We will formalize the concept of a probability space in Chapter 2, and ran-
dom variables are introduced with the usual mathematical rigor in Chapters
5 and 8.



2 Axioms of Probability

We begin by presenting the minimal properties we will need to define a Prob-
ability measure. Hopefully the reader will convince himself (or herself) that
the two axioms presented in Definition 2.3 are reasonable, especially in view
of the frequency approach (1.1). From these two simple axioms flows the en-
tire theory. In order to present these axioms, however, we need to introduce
the concept of a o-algebras.

Let £2 be an abstract space, that is with no special structure. Let 2%
denote all subsets of {2, including the empty set denoted by #. With A being
a subset of 22, we consider the following properties:

1. e Aand 2 € A;

2. If A € A then A°¢ € A, where A°¢ denotes the complement of A;

3. A is closed under finite unions and finite intersections: that is, if A4, ...,
A, are all in A, then U?_; A; and N_, A; are in A as well (for this it is
enough that A be stable by the union and the intersection of any two

sets);
4. A is closed under countable unions and intersections: that is, if Ay, Ao,
As, ... is a countable sequence of events in A, then U2, A; and N2, A;

are both also in A.

Definition 2.1. A is an algebra if it satisfies (1), (2) and (3) above. It is a
o-algebra, (or a o-field) if it satisfies (1), (2), and (4) above.

Note that under (2), (1) can be replaced by either (1'): @ € A or by (1”):
2 € A. Note also that (1)+(4) implies (3), hence any o-algebra is an algebra
(but there are algebras that are not o-algebras: see Exercise 2.17).

Definition 2.2. IfC C 27, the o-algebra generated by C, and written o(C),
is the smallest a-algebra containing C. (It always exists because 2 is a o-
algebra, and the intersection of a family of o-algebras is again a o-algebra:
See Exercise 2.2.)

Example:
(i) A={0, 2} (the trivial o-algebra).
(ii) A is a subset; then o(A) = {9, A, A¢, 2}.

J. Jacod et al., Probability Essentials
© Springer-Verlag Berlin Heidelberg 2004



8 2 Axioms of Probability

(iii) If 2 = R (the Real numbers) (or more generally if (2 is a space
with a topology, a case we treat in Chapter 8), the Borel o-algebra is
the o-algebra generated by the open sets (or by the closed sets, which is
equivalent).

Theorem 2.1. The Borel o-algebra of R is generated by intervals of the
form (—o0, a|, where a € Q (Q = rationals).

Proof. Let C denote all open intervals. Since every open set in R is the
countable union of open intervals, we have ¢(C) = the Borel o-algebra of R.

Let D denote all intervals of the form (—oo, a], where a € Q. Let (a,b) € C,
and let (a,)n>1 be a sequence of rationals decreasing to a and (b,),>1 be a
sequence of rationals increasing strictly to b. Then

(a,b) = UpZy(an, bn]
= Upz ((—00,b,] N (=00, a,]),
Therefore C C o(D), whence ¢(C) C o(D). However since each element of D

is a closed set, it is also a Borel set, and therefore o(D) is contained in the
Borel sets B. Thus we have

B=o(C)Co(D)CB,

and hence o(D) = B. O

On the state space (2 the family of all events will always be a o-algebra A:
the axioms (1), (2) and (3) correspond to the “logical” operations described
in Chapter 1, while Axiom (4) is necessary for mathematical reasons. The
probability itself is described below:

Definition 2.3. A probability measure defined on a o-algebra A of §2 is a
function P : A — [0,1] that satisfies:

1. P() =1
2. For every countable sequence (Ay)n>1 of elements of A, pairwise disjoint
(that is, Ay, N Ay, = 0 whenever n # m), one has

U, Ay) Z P(A
Axiom (2) above is called countable additivity; the number P(A) is called the

probability of the event A.

In Definition 2.3 one might imagine a more naive condition than (2),
namely:

ABeA ANB=0 = P(AUB)=P(A)+P(B). (21)
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This property is called additivity (or “finite additivity”) and, by an elemen-
tary induction , it implies that for every finite Ay, ... A,, of pairwise disjoint
events A; € A we have

P(nglAn) = iP(An)'

Theorem 2.2. If P is a probability measure on (£2, A), then:

(i) We have P(0) = 0.
(ii) P is additive.

Proof. If in Axiom (2) we take A, = 0 for all n, we see that the number
a = P(0) is equal to an infinite sum of itself; since 0 < a < 1, this is possible
only if @ = 0, and we have (i). For (ii) it suffices to apply Axiom (2) with
Ay = A and Ay = B and A3 = Ay = ... =, plus the fact that P() = 0, to
obtain (2.1). O

Conversely, countable additivity is not implied by additivity. In fact, in
spite of its intuitive appeal, additivity is not enough to handle the mathe-
matical problems of the theory, even in such a simple example as tossing a
coin, as we shall see later.

The next theorem (Theorem 2.3) shows exactly what is extra when we
assume countable additivity instead of just finite additivity. Before stating
this theorem, and to see that the last four conditions in it are meaningful,
let us mention the following immediate consequence of Definition 2.3:

A, Ce A, AcC = P(A) <P
(take B =A°NC, hence ANB =0 and AU B = C, and apply (2.1)).

Theorem 2.3. Let A be a o-algebra. Suppose that P : A — [0,1] satisfies
1) and is additive. Then the following are equivalent:

(
(i) Aziom (2) of Definition (2.3).

(i) If A, € A and A,, | 0, then P(A,,) ] 0.

(i) If A, € A and A, | A, then P(Ay,) | P(A).
(iv) If A, € A and A, T 02, then P(A,) T 1.

(v) If Ay, € A and A, 1 A, then P(A,) T P(A).

Proof. The notation A,, | A means that A,1; C A,, each n, and NS, A, =
A. The notation A,, T A means that A, C A,4+; and US4, = A.

Note that if A, | A, then A§ 1 A°, and by the finite additivity axiom
P(A¢) =1— P(Ay). Therefore (ii) is equivalent to (iv) and similarly (iii) is
equivalent to (v). Moreover by choosing A to be 2 we have that (v) implies
(iv).

Suppose now that we have (iv). Let A, € A with A, 1 A. Set B,, =
A, UA°. Then B, increases to {2, hence P(B,,) increases to 1. Since A,, C A
we have A, N A° = (), whence P(A4, U A¢) = P(A,) + P(A¢). Thus
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1= lim P(B,) = lim {P(A,)+ P(A°)},
n—oo n—oo
whence lim,, o, P(4,) =1— P(A¢) = P(A), and we have (v).

It remains to show that (i) is equivalent to (v). Suppose we have (v). Let
A, € Abe pairwise disjoint: that is, if n # m, then A,NA,, = 0. Define B,, =
Ui<p<ndp and B = U2 | A,,. Then by the definition of a Probability Measure
we have P(B,) = >/, P(A,) which increases with n to 7 | P(A,), and
also P(B,,) increases to P(B) by (v). We deduce lim,,_,, P(B,,) = P(B) and

we have
oo

P(B) = P(Up2 Ay) = ) P(An)

and thus we have (i).
Finally assume we have (i), and we wish to establish (v). Let A, € A,
with A,, increasing to A. We construct a new sequence as follows:

Bl = Al»
By = Ay \ A1 = Ao N (A9),

Bp= Ay \ Ap_1.

Then U2, B,, = A and the events (B),),>1 are pairwise disjoint. Therefore
by (i) we have

P(4) = lim i P(B,).

But also Y°°_, P(B,) = P(A,), whence we deduce lim,, o, P(A,) = P(A)
and we have (v). O

If A €22 we define the indicator function by

lifwe A,
1A(”){01fw¢A.

We often do not explicitly write the w, and just write 14.

We can say that A, € A converges to A (we write 4, — A) if
limy, 00 14, (W) = 1a(w) for all w € (2. Note that if the sequence A, in-
creases (resp. decreases) to A, then it also tends to A in the above sense.

Theorem 2.4. Let P be a probability measure, and let A, be a sequence of
events in A which converges to A. Then A € A and lim,,_,o, P(A,,) = P(A).

Proof. Let us define

limsup A, = NS, Up>n A,
n—oo -

liminf A,, = US2 ) Ny>n A
n—00 -
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Since A is a o-algebra, we have limsup,,_, 4, € A and liminf, ,. A4, € A
(see Exercise 2.4).

By hypothesis A,, converges to A, which means lim,_,o 14, = 14, all
w. This is equivalent to saying that A = limsup,,_,., A, = liminf, . A4,.
Therefore A € A.

Now let B, = Np>ndm and C), = Up>nA,,. Then B, increases to A
and C,, decreases to A, thus lim,, . P(B,) = lim,_, . P(C,) = P(A), by
Theorem 2.3. However B,, C A,, C C,, therefore P(B,,) < P(A4,) < P(C,),
so lim,, oo P(A,) = P(A) as well. O
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Exercises for Chapter 2

2.1 Let 2 be a finite set. Show that the set of all subsets of 2, 2%, is also
finite and that it is a o-algebra.

2.2 Let (Ga)aca be an arbitrary family of o-algebras defined on an abstract
space {2. Show that H = NyecaGy is also a g-algebra.

2.3 Let (An)n>1 be a sequence of sets. Show that (De Morgan’s Laws)

a) (UnZ1An)® = Mol AL
b) (MRZ1An)¢ = UpZ A7

2.4 Let A be a o-algebra and (A,,),>1 a sequence of events in 4. Show that

liminf A, € A; limsup A4, € A; and liminf A, C limsup A4,.

n— 00 n—oo n—oo n—oo

2.5 Let (A,)n>1 be a sequence of sets. Show that

liIILSUp lAn - hnni}o%f 1An = 1{lirn sup,, A, \liminf, A, }
n—o00

(where A\ B = AN B° whenever B C A).

2.6 Let A be a o-algebra of subsets of 2 and let B € A. Show that F =
{ANB: A€ A} is a g-algebra of subsets of B. Is it still true when B is a
subset of {2 that does not belong to A 7

2.7 Let f be a function mapping (2 to another space F with a o-algebra &.
Let A = {A C £2: there exists B € £ with A = f~1(B)}. Show that A is a
o-algebra on (2.

2.8 Let f : R — R be a continuous function, and let 4 = {A C R: there
exists B € B with A = f~1(B)} where B are the Borel subsets of the range
space R. Show that A C B, the Borel subsets of the domain space R.

For problems 2.9-2.15 we assume a fired abstract space 2, a o-algebra A,
and a Probability P defined on (£2, A). The sets A, B, A;, etc... always belong
to A.

2.9 For A, B € Awith AN B =0, show P(AU B) = P(A) + P(B).
2.10 For A, B € A, show P(AU B) = P(A) + P(B) — P(AN B).
2.11 For A € A, show P(A) =1 — P(A°).

2.12 For A, B € A, show P(AN B°) = P(A) — P(AN B).
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2.13 Let Aq,..., A, be given events. Show that
L A;) =) P(A) =) P(AiNAy)
i i<j
+ ) PANANA) — .+ ()" P(A N AN .. N Ay)
i<j<k

where (for example) >
1< J.

i<; means to sum over all ordered pairs (7, j) with

2.14 Suppose P(A) = 3 and P(B) = L. Show that always & < P(ANB) <
1

g.

2.15 (Subadditivity) Let A; € A be a sequence of events. Show that

each n, and also

PUZ A < S0 P(A).

2.16 (Bonferroni Inequalities) Let A; € A be a sequence of events. Show
that

a) P(UL,4;) > Y P(A;) = > P(A;N A))
=1 1<j

b) P(Up  A;) <3 P(A) =Y P(AiNA;) + Y P(A;NA;NA).
i=1 1<j i<j<k

2.17 Suppose that {2 is an infinite set (countable or not), and let A be the
family of all subsets which are either finite or have a finite complement. Show
that A is an algebra, but not a o-algebra.



3 Conditional Probability and Independence

Let A and B be two events defined on a probability space. Let f,,(A) denote
the number of times A occurs divided by n. Intuitively, as n gets large, f,(A)
should be close to P(A). Informally, we should have lim,, o, f,(A) = P(A)
(see Chapter 1).

Suppose now that we know the event B has occurred. Let P(A|B) denote
“the probability of A occurring given knowledge that B has occurred”. What
should P(A|B) be? If we look at f,(A), it is silly to count the occurrences
of AN B¢, since we know B has occurred. Therefore if we only count those
occurrences of A where B also occurs, this is nf,(A N B). Now the number
of trials is the number of occurrences of B (all other trials are discarded as
impossible since B has occurred). Therefore the number of relevant trials is
nfn(B). Consequently we should have

nfa(ANB) _ fu(ANB)
nfa(B)  fu(B)

and “taking limits in n” motivates Definition 3.2 which follows.

Next imagine that events A and B are “independent” in the sense that
knowledge that B has occurred in no way changes one’s probability that A
will occur. Then one should have P(A | B) = P(A); this implies

P(A|B) ~

P(ANB)

b = P, or PLANB) = PAP(D).

This motivates Definition 3.1 which follows; the definition is a little more
complicated in order to handle finite collections of events.

Definition 3.1. (a) Two events A and B are independent if P(AN B) =
P(A)P(B).

(b) A (possibly infinite) collection of events (A;)icr is an independent col-
lection if for every finite subset J of I, one has

ZE]A HP

icJ

The collection (A;)icr is often said to be mutually independent.

J. Jacod et al., Probability Essentials
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Warning: If events (A;);c; are independent, they are pairwise indepen-
dent, but the converse is false. ((A;);cr are pairwise independent if A; and
A; are independent for all 4, j with ¢ # j.)

Theorem 3.1. If A and B are independent, so also are A and B¢, A¢ and
B, and A° and B°.

Proof. For A and B¢,

P(AN B%) = P(A) — P(AN B) = P(A) — P(A)P(B) = P(A)(1 — P(B))
= P(A)P(B°).

The other implications have analogous proofs. O
Examples:

1. Toss a coin 3 times. If A; is an event depending only on the ith toss, then
it is standard to model (A4;)1<i<3 as being independent.

2. One chooses a card at random from a deck of 52 cards. A = {the card is
a heart}, and B = {the card is Queen}. A natural model for this experi-
ment consists in prescribing the probability 2 for picking any one of the

52
cards. By additivity, P(A) = 13 and P(B) = & and P(ANB) = &,
hence A and B are independent.

3. Let 2 = {1,2,3,4}, and A = 29, Let P(i) = %, where i = 1,2,3,4.

Let A = {1,2}, B = {1,3}, C = {2,3}. Then A, B,C are pairwise
independent but are not independent.

Definition 3.2. Let A, B be events, P(B) > 0. The conditional probability
of A given B is P(A| B) = P(AN B)/P(B).

Theorem 3.2. Suppose P(B) > 0.

(a) A and B are independent if and only if P(A | B) = P(A).
(b) The operation A — P(A | B) from A — [0,1] defines a new probability
measure on A, called the “conditional probability measure given B”.

Proof. We have already established (a) in the discussion preceding the the-
orem. For (b), define Q(A) = P(A | B), with B fixed. We must show Q
satisfies (1) and (2) of Definition 2.3. But

P(2NnB) P(B)

Q) = P(2| B) = == = i = 1

Therefore, @) satisfies (1). As for (2), note that if (Ay),>1 is a sequence of
elements of A which are pairwise disjoint, then
PURZ14n) N B) _ P(URZ (AN B))

Q(Upl,A,) = P(Up 1 An | B) = n;)(B) - P(B)
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and also the sequence (A4,, N B),>1 is pairwise disjoint as well; thus

_y A0 B) A”B ~3 P4, 1B =Y Q4

n=1 n=1
([l

The next theorem connects independence with conditional probability for
a finite number of events.

Theorem 3.3. If Ay,..., A, € Aand if P(A1N...NA,_1) >0, then

P(Al n... ﬂAn) = P(Al)P(AQ | Al)P(A3 | Ay ﬁAg)
P(An | AL (... Ay s).

Proof. We use induction. For n = 2, the theorem is simply Definition 3.2.
Suppose the theorem holds for n — 1 events. Let B=A;N...N A, _1. Then
by Definition 3.2 P(BN A,) = P(A,, | B)P(B); next we replace P(B) by its
value given in the inductive hypothesis:

P(B) = P(A)P(As | A1) ... P(Ap_y | AL N ... 0 An_s),

and we get the result. O

A collection of events (E,,) is called a partition of 2 if E,, € A, each n,
they are pairwise disjoint, P(E,) > 0, each n, and U, E,, = 2.

Theorem 3.4 (Partition Equation). Let (E,),>1 be a finite or countable
partition of 2. Then if A € A,

=Y P(A|Ey)P(Ey).

Proof. Note that
A=ANN=AN(U,E,) = U (ANE,).
Since the E,, are pairwise disjoint so also are (AN Ey),>1, hence

P(A) = P(Un(ANE,)) ZPAmE = P(A| E,)P(Ey).
0

Theorem 3.5 (Bayes’ Theorem). Let (E,) be a finite or countable parti-
tion of 2, and suppose P(A) > 0. Then

P(A| En)P(En)
Yom PA T En)P(Em)

P(E, | A) =
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Proof. By Theorem 3.4 we have that the denominator

Therefore the formula becomes

P(A|E,)P(E,) P(ANE,)
P(A) =~ p@y ~TEIA

O

Bayes’ theorem is quite simple but it has profound consequences both in
Probability and Statistics. See, for example, Exercise 3.6.
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Exercises for Chapter 3

In all exercises the probability space is fixed, and A, B, A, etc... are events.

3.1 Show that if AN B = (), then A and B cannot be independent unless
P(A)=0or P(B)=0.

3.2 Let P(C) > 0. Show that P(AUB | C') = P(A | C)+P(B | C)—P(ANB |
Q).

3.3 Suppose P(C) > 0 and A44,..., A, are all pairwise disjoint. Show that

P(UfAi| C) =) P(A; | O).

i=1

3.4 Let P(B) > 0. Show that P(AN B) = P(A | B)P(B).

3.5 Let 0 < P(B) < 1 and A be any event. Show
P(A)=P(A| B)P(B)+ P(A| B°)P(B°).

3.6 Donated blood is screened for AIDS. Suppose the test has 99% accuracy,
and that one in ten thousand people in your age group are HIV positive. The
test has a 5% false positive rating, as well. Suppose the test screens you as
positive. What is the probability you have ATDS? Is it 99%7 (Hint: 99% refers
to P (test positive|you have AIDS). You want to find P (you have AIDS|test
is positive).

3.7 Let (An)n>1 € Aand (By)n>1 € Aand A,, — A (see before Theorem 2.4
for the definition of A,, - A) and B,, — B, with P(B) > 0 and P(B,) > 0,
all n. Show that

a) limp_o P(A, | B) = P(A| B),
b) limy, o0 P(A ‘ Bn) = P(A ‘ B)
¢) limy, o P(A, | By) = P(A | B).

3.8 Suppose we model tossing a coin with two outcomes, H and T, repre-
senting Heads and Tails. Let P(H) = P(T) = 1. Suppose now we toss two
such coins, so that the sample space of outcomes {2 consists of four points:
HH, HT, TH, TT. We assume that the tosses are independent.

a) Find the conditional probability that both coins show a head given that
the first shows a head (answer: 3).
b) Find the conditional probability that both coins show heads given that at

least one of them is a head (answer: 1).

3.9 Suppose A, B, C are independent events and P(A N B) # 0. Show
P(C|AnB)=P(C).

ol



20 3 Conditional Probability and Independence

3.10 A box has r red and b black balls. A ball is chosen at random from the
box (so that each ball is equally likely to be chosen), and then a second ball is
drawn at random from the remaining balls in the box. Find the probabilities
that

a) Both balls are red |Ans.: %}

b) The first ball is red and the second is black [Ans.: Wﬂ_b_l)

3.11 (Polya’s Urn) An urn contains r red balls and b blue balls. A ball is
chosen at random from the urn, its color is noted, and it is returned together
with d more balls of the same color. This is repeated indefinitely. What is
the probability that

a) The second ball drawn is blue? [Ans.: b }

b+r
b) The first ball drawn is blue given that the second ball drawn is blue?
. _btd
[Ans.. b+r+d}

3.12 Consider the framework of Exercise 3.11. Let B,, denote the event that
the nth ball drawn is blue. Show that P(B,,) = P(B;) for all n > 1.

3.13 Consider the framework of Exercise 3.11. Find the probability that the
first ball is blue given that the n subsequent drawn balls are all blue. Find

the limit of this probability as n tends to oc. [Ans.: %; limit is 1}

3.14 An insurance company insures an equal number of male and female
drivers. In any given year the probability that a male driver has an accident
involving a claim is «, independently of other years. The analogous prob-
ability for females is 3. Assume the insurance company selects a driver at
random.

a) What is the probability the selected driver will make a claim this year?

[Ans.: aT%}

b) What is the probability the selected driver makes a claim in two consec-

2432
2

utive years? [Ans.:

3.15 Consider the framework of Exercise 3.14 and let Ay, Ao be the events
that a randomly chosen driver makes a claim in each of the first and second
years, respectively. Show that P(As | A1) > P(A;).

[Ans.: P(Ay | A1) — P(Ay) = (2?075[)3)}

3.16 Consider the framework of Exercise 3.14 and find the probability that

a claimant is female. [Ans.: %iﬁ}

3.17 Let Aj, As,..., A, be independent events. Show that the probability
that none of the Ay, ..., A, occur is less than or equal to exp(— > ., P(4;)).

3.18 Let A, B be events with P(A) > 0. Show P(ANB | AUB) < P(ANB |
A).



4 Probabilities on a Finite or Countable Space

For Chapter 4, we assume {2 is finite or countable, and we take the o-algebra
A =29 (the class of all subsets of (2).

Theorem 4.1. (a) A probability on the finite or countable set {2 is charac-
terized by its values on the atoms: p, = P({w}), w € £2.

(b) Let (po,)wen be a family of real numbers indexed by the finite or count-
able set £2. Then there ezists a unique probability P such that P({w}) = py,

if and only if p, >0 and ) ,p, = 1.

When (2 is countably infinite, >  p,, is the sum of an infinite number of
terms which a priori are not ordered: although it is possible to enumerate
the points of {2, such an enumeration is in fact arbitrary. So we do not have
a proper series, but rather a “summable family”. In the Appendix to this
chapter we gather some useful facts on summable families.

Proof. Let A € A; then A = U,eca{w}, a finite or countable union of pairwise
disjoint singletons. If P is a probability, countable additivity yields

P(A) = P (Uuea{w}) = Y P({w}) = D po-

wEA weA

Therefore we have (a).
For (b), note that if P({w}) = p., then by definition p,, > 0, and also

1= P(Q) = P(Uscalw}) = 3 Plw)) = Y p.

wes? we

For the converse, if the p,, satisfy p, > 0and ) ., p. = 1, then we define a
probability P by P(A) = >°_ . 4 Po, with the convention that an “empty” sum
equals 0. Then P(§) = 0 and P(£2) = >_ ., po = 1. For countable additivity,
it is trivial when {2 is finite; when (2 is countable it follows from the fact that
one has the following associativity: > ;1> ca, Pw = 2o, 4, Po if the
A; are pairwise disjoint. a

Suppose first that (2 is finite. Any family of nonnegative terms summing
up to 1 gives an example of a probability on {2. But among all these examples
the following is particularly important:

J. Jacod et al., Probability Essentials
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Definition 4.1. A probability P on the finite set {2 is called uniform if p,, =
P({w}) does not depend on w.

In this case, it is immediate that

)

Then computing the probability of any event A amounts to counting the
number of points in A. On a given finite set {2 there is one and only one

uniform probability.
We now give two examples which are important for applications.

a) The Hypergeometric distribution. An urn contains N white balls and
M black balls. One draws n balls without replacement, so n < N 4+ M. One
gets X white balls and n — X black balls. One is looking for the probability
that X = x, where « is an arbitrary fixed integer.

Since we draw the balls without replacement, we can as well suppose
that the n balls are drawn at once. So it becomes natural to consider that an
outcome is a subset with n elements of the set {1,2,..., N+ M} of all N+ M
balls (which can be assumed to numbered from 1 to N+ M). That is, 2 is the
family of all subsets with n points, and the total number of possible outcomes

is #(02) = (NZM) = % recall that for p and ¢ two integers with
p < g, then
q q!
p!l=12...(p—1).p, ():
=e ) = H -
The quantity (g), often pronounced “q choose p,” can be thought of as the

number of different ways to choose p items from q items, without regard to
the order in which one chooses them.

Next, it is also natural to consider that all possible outcomes are equally
likely, that is P is the uniform probability on 2. The quantity X is a “random
variable” because when the outcome w is known, one also knows the number
X (w) of white balls which have been drawn. The set X ~!({z}), also denoted
by {X = x}, contains (];[) (n]fr) points if z < N and n — z < M, and it is
empty otherwise. Hence
M

N
M if 0<z<N and 0<n—z<M
P(X =2) = (

0 otherwise.

—

3 +H

We thus obtain, when x varies, the distribution, or the law, of X. This
distribution is called the hypergeometric distribution, and it arises naturally
in opinion polls: we have N + M voters, among them N think “white” and
M think “black”, and one does a poll by asking the opinion of n voters (see
Exercise 4.3 for an extension to more than 2 opinions).
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b) The Binomial distribution. From the same urn as above, we draw n
balls, but each time a ball is drawn we put it back, hence n can be as big as
one wishes. We again want the probability P(X = x), where z is an integer
between 0 and n.

Here the natural probability space is the Cartesian product 2 = [T | =°
where 5% = {1,2,..., N+ M} for all i,1 < i < n; that is, 2 = {1,2,..., N+
M}", with again the uniform probability. Thus the number of elements in
12, also called the cardinality of {2 and denoted #({2), is given by #(£2) =
(N + M)™. A simple computation shows that the cardinality of the set of all
w such that X (w) = z, that is #(X = z), equals () N*M"~*. Hence

P(X = = f =0,1,...n.
( x) <x> <N—|—M> (N—i—M) or z=0,1,...n

Upon setting p = ]\H_LM, we usually write the result as follows:

PX=xz) = (n) p*(1—p)" % for z=0,1,...n.
x

This formula gives the Binomial distribution with size n and parameter p. A

priori p is arbitrary in [0, 1] (in the previous example p is a rational number,

but in general p may be any real number between 0 and 1). This distribution,

which is ubiquitous in applications, is often denoted by B(p,n).

¢) The Binomial distribution as a limit of Hypergeometric distribu-
tions. In the situation a) above we now assume that n is fixed, while N and
M increase to 400, in such a way that M_LM tends to a limit p (necessarily
in [0, 1]). One easily checks that

PX=2z) — <Z) p*(l—p)~ " for z=0,1,...,n.

That is, the hypergeometric distributions “converge” to the binomial dis-
tribution B(p,n). (Comparing with (b) above, the result is also intuitively
evident, since when N + M is big there is not much difference in drawing n
balls with or without replacement).

Some examples with a countable state space.

1. The Poisson distribution of parameter A > 0 is the probability P defined
on N by
ATL

7'7 ’I’L:O,1,2,3,....
n!

Pn = e_A

2. The Geometric distribution of parameter o € [0,1) is the probability
defined on N by

pn = (1 — a)a™, n=20,1,2,3,....
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Note that in the Binomial model if n is large, then while in theory
(?)pj (1 — p)™~7 is known exactly, in practice it can be hard to compute.
(Often it is beyond the capacities of quite powerful hand calculators, for ex-
ample.) If n is large and p is small, however (as is often the case), there is an
alternative method which we now describe.

Suppose p changes with n; call it p,. Suppose further lim,_, ., np, = A.
One can show (see Exercise 4.1) that

Jm ()@= g

and thus one can easily approximate a Binomial probability (in this case)
with a Poisson.

N
:e)\

ﬁa

Appendix: Some useful result on series

In this Appendix we give a summary, mostly without proofs, of some useful
result on series and summable families: these are primarily useful for studying
probabilities on countable state spaces. These results (with proofs) can be
found in most texts on Calculus (for example, see Chapter 10 of [18]).

First we establish some conventions. Quite often one is led to perform
calculations involving 400 (written more simply as oo) or —oo. For these
calculations to make sense we always use the following conventions:

4+o0o+00 = 400, —00—00=-—00, a+oo=+00, a—oco=-— if a € R,

O0xo0o=0, a€]0,00] = aXoo=+00, a€[-00,0] = aXoo=—00.

Let u,, be a sequence of numbers, and consider the “partial sums” S,, =
U+ ... + Up.

S1: The series ), u, is called convergent if S, converges to a finite limit
S, also denoted by S = )" wu, (the “sum” of the series).

S2:  The series ) u, is called absolutely convergent if the series ) |u,|
converges.

S3:  If u, > 0 for all n, the sequence S, is increasing, hence always con-
verges to a limit S € [0, 00]. We still write S = ) uy,, although the series
converges in the sense of (S1) if and only if S < co. The summands u,
can even take their values in [0, 00] provided we use the conventions above
concerning addition with oo.

In general the convergence of a series depends on the order in which the
terms are enumerated. There are however two important cases where the
ordering of the terms has no influence, and one speaks rather of “summable
families” instead of “series” in these cases, which are S4 and S5 below:
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S4:  When the u,, are reals and the series is absolutely convergent one can
modify the order in which the terms are taken without changing the absolute
convergence, nor the sum of the series.

S5:  When u, € [0,00] for all n, the sum >, u, (which is finite or infinite:
cf. (S3) above) does not change if the order is changed.

S6:  When u, € [0,00], or when the series is absolutely convergent, we
have the following associativity property: let (A;);er be a partition of N*,
with I ={1,2,..., N} for some integer N, or I = N*. For each ¢ € I we set
v; = Zne A, Unt if A; is finite this is an ordinary sum, otherwise v; is itself
the sum of a series. Then we have ) u, =), ;v; (this latter sum is again
the sum of a series if I = IN*).
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Exercises for Chapter 4

4.1 (Poisson Approximation to the Binomial) Let P be a Binomial proba-
bility with probability of success p and number of trials n. Let A = pn. Show
that

P(k successes)
SEVOED (e

Let n — oo and let p change so that A remains constant. Conclude that for
small p and large n,

)\k
P(k successes) = ﬁe’A, where A = pn.
[Note: In general for this approximation technique to be good one needs n
large, p small, and also A = np to be of moderate size — for example A < 20.]

4.2 (Poisson Approximation to the Binomial, continued) In the setting of
Exercise 4.1, let pr, = P({k}) and ¢ = 1 — pg. Show that the g are the
probabilities of singletons for a Binomial distribution B(1 — p,n). Deduce a
Poisson approximation of the Binomial when n is large and p is close to 1.

4.3 We consider the setting of the hypergeometric distribution, except that
we have m colors and N; balls of color i. Set N = Ni+...+N,,, and call X; the
number of balls of color ¢ drawn among n balls. Of course X; +...+ X,,, = n.
Show that
CH-Gm)
P(Xlle,...,Xm:(Em): (1;,)
0 otherwise.

if v14+...4+xm=n
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In Chapter 5 we again assume {2 is countable and A = 2. A random vari-
able X in this case is defined to be a function from (2 into a set T. A
random variable represents an unknown quantity (hence the term variable)
that varies not as a variable in an algebraic relation (such as z2 —9 = 0), but
rather varies with the outcome of a random event. Before the random event,
we know which values X could possibly assume, but we do not know which
one it will take until the random event happens. This is analogous to algebra
when we know that x can take on a priori any real value, but we do not know
which one (or ones) it will take on until we solve the equation 2 —9 = 0 (for
example).

Note that even if the state space (or range space) T' is not countable, the
image T of 2 under X (that is, all points {¢} in T for which there exists an
w € 2 such that X (w) = 1) is either finite or countably infinite.

We can then define the distribution of X (also called the law of X) on the
range space 17" of X by

PX(A) = P{w: X(w) € A}) = P(X"1(A)) = P(X € A).

That this formula defines a Probability measure on 7’ (with the o-algebra 27"
of all subsets of T”) is evident. Since 7" is at most countable, this probability
is completely determined by the following numbers:

pf=PX=j= > p.
{w: X (w)=5}

Sometimes, the family (p;* : j € T") is also called the distribution (or the law)

of X. We have of course Px(A) =Y., p;. If P¥ has a known distribution,
for example Poisson, then we say that X is a Poisson random variable.

Definition 5.1. Let X be a real-valued random variable on a countable space
2. The expectation of X, denoted E{X}, is defined to be

E{X} =) X(w)pw,
w
provided this sum makes sense: this is the case when §2 is finite; this is also
the case when (2 is countable, when the series is absolutely convergent or

J. Jacod et al., Probability Essentials
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X > 0 always (in the latter case, the above sum and hence E{X} as well
may take the value +00).

This definition can be motivated as follows: If one repeats an experiment n
times, and one records the values Xl, X5, ..., X, of X corresponding to the n
outcomes, then the empirical mean (X, —|— A Xn) i Y e X (W) fa({w)),
where f,({w}) denotes the frequency of appearance of the singleton {w}.
Since f,({w}) “converges” to P({w}), it follows (at least when (2 is finite)
that the empirical mean converges to the expectation F{X} as defined above.

Define £! to be the space of real valued random variables on (2, A, P)
which have a finite expectation.

The following facts follow easily:

(i) L' is a vector space, and the expectation operator E is linear,

(ii) the expectation operator E is positive: if X € £! and X > 0, then
E{X} > 0. More generally if X, Y € £! and X <Y then E{X} < E{Y}.

(iii) £ contains all bounded random variables. If X = a, then E{X} = a.

(iv) If X € L, its expectation depends only on its distribution and, if 7" is
the range of X,

E{X} =Y jP(X =j). (5.1)
JET!
(v) If X = 14 is the indicator function of an event A, then E{X} = P(A).
We observe that if Y- (X (w))?p,, is absolutely convergent, then

YIX@he Y X@pet+ Y X@p

IxX(@)l<1 X(@)]>1
< pr + Z )*pus < o0,

and X € L! too.
An important family of inequalities involving expectation follow from the
next theorem.

Theorem 5.1. Let h : R — [0,00) be a nonnegative function and let X be
a real valued random variable. Then

Plw:h(X(w)) > a} < E{n(X)}

a
for all a > 0.
Proof. Since X is an r.v. so also is Y = h(X); let
A=Y"([a,00)) = {w: h(X(w)) > a} = {h(X) > a}.
Then h(X) > aly, hence
E{h(X)} > E{ala} = aB{14} = aP(A)

and we have the result. O
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Corollary 5.1 (Markov’s Inequality).

P{x| > a < HH

Proof. Take h(x) = |z| in Theorem 5.1. O

Definition 5.2. Let X be a real-valued random variable with X2 in £L'. The
Variance of X is defined to be

0? =o% = E{(X — B(X))?}.

The standard deviation of X, ox, is the nonnegative square root of the vari-
ance. The primary use of the standard deviation is to report statistics in the
correct (and meaningful) units.

An example of the problem units can pose is as follows: let X denote the
number of children in a randomly chosen family. Then the units of the vari-
ance will be “square children”, whereas the units for the standard deviation
ox will be simply “children”.

If E{X} represents the expected, or average, value of X (often called the
mean), then E{|X — E(X)|} = E{|X — p|} where p = E{X}, represents the
average difference from the mean, and is a measure of how “spread out” the
values of X are. Indeed, it measures how the values vary from the mean. The
variance is the average squared distance from the mean. This has the effect of
diminishing small deviations from the mean and enlarging big ones. However
the variance is usually easier to compute than is E{|X — u|}, and often it has
a simpler expression. (See for example Exercise 5.11.) The variance too can
be thought of as a measure of variability of the random variable X.

Corollary 5.2 (Chebyshev’s Inequality). If X2 is in L', then we have
EB{X?}
o2

(a) P{|X|>a} < for a>0,

(b) P{|X — E{X}| >a} < Z—% for a>0.

Proof. Both inequalities are known as Chebyshev’s inequality. For part (a),
take h(z) = 2 and then by Theorem 5.1

PUX| > a} = P{(X) = o2} < 2000
For part (b), let Y = |X — E{X}|. Then
PUX — E{X}| > a} = PIY > a} = P{Y? > 2} < D00 _ 0%

a

Corollary 5.2 is also known as the Bienaymé-Chebyshev inequality.
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Examples:

1) X is Poisson with parameter A\. Then X: {2 — N (the natural numbers),

and p
P(X € A)=) P(X = M-,

JjEA JjEA

The expectation of X is

BE{x} =Y jP(X Z]

7=0
Z 1 =Aete ™ =\
= (j—

2) X has the Bernoulli distribution if X takes on only two values: 0 and 1.
X corresponds to an experiment with only two outcomes, usually called
“success” and “failure”. Usually {X = 1} corresponds to “success”. Also
it is customary to call P{X =1}) =pand P{X =0}) =¢=1—p
Note

E{X}=1P(X =1)+0P(X =0)=1p+0qg=p

3) X has the Binomial distribution if PX is the Binomial probability. That
is, for a given and fixed n, X can take on the values {0,1,2,...,n}.

PUx =) = )k -,

where 0 < p <1 is fixed.
Suppose we perform a success/failure experiment n times independently.
Let

- J 1if success on the ith trial,

* 7] 0if failure on the i1 trial.

Then X =Y; + ...+ Y, has the Binomial distribution (see Chapter 4).
That is, a Binomial random variable is the sum of n Bernoulli random
variables. Therefore

E{X} =E{ZY} =2 E{Yi} =) p=mp.

Note that we could also have computed E{X} combinatorially by using
the definition:

B{X} = giP(X =) = §i<?)pi(l —p)"

but this would have been an unpleasant calculation.
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4) Suppose we are performing repeated independent Bernoulli trials. If in-
stead of having a fixed number n of trials to be chosen in advance, suppose
we keep performing trials until we have achieved a given number of suc-
cess. Let X denote the number of failures before we reach a success. X
has a Geometric distribution, with parameter 1 — p:

P(X =k)=(1—-p)p, k=0,1,2,3,...
where p is the probability of success. We then have

B{X} =3 kP(X = k) = > kp(1 = p)* = p(1 — p) = L.
k=0 k=0 p p

5) In the same framework as (4), if we continue independent Bernoulli trials
until we achieve the rth success, then we have Pascal’s distribution, also
known as the Negative Binomial distribution. We say X has the Negative

Binomial distribution with parameters r and p if

P(X =j) = (j :i; 1)19’“(1 —p)’

for 7 = 0,1,2,.... X represents the number of failures that must be
observed before r successes are observed. If one is interested in the total
number of trials required, call that r.v. Y, then Y = X + r.

Note that if X is Negative Binomial, then

X = Z Z;,
i=1

where Z; are geometric random variables with parameter 1 —p. Therefore

E{X} = ZE{ZZ»} - T(lp_p).

6) A distribution common in the social sciences is the Pareto distribution,
also known as the Zeta distribution. Here X takes its values in N*, where
1

P(X:]):Cjaﬁ, j:1,2,3,...

for a fixed parameter o > 0. The constant c is such that ¢ Z;’il ja% =1.
The function

=1
s) = —, s>1,
C(s) ;k

is known as the Riemann zeta function, and it is extensively tabulated.

Thus ¢ = ﬁ, and
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1 1

PE=0)= v

The mean is easily calculated in terms of the Riemann zeta function:

o0

1
Cla+1)

J
ja+1

E{X}=) jP(X =)=
j=1 j=1
BT SO
et ) g (et 1)
7) If the state space E of a random variable X has only a finite number of
points, say n, and each point is equally likely, then X is said to have a
uniform distribution. In the case where

then X has the Discrete Uniform distribution with parameter n. Using

that Y7 i = @, we have

= . 1 1. nn+1l n+1
E{X}:ZJP(X:]):ZJEZEZJ: (n~2): 5
j=1 j=1

Jj=1
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Exercises for Chapter 5

5.1 Let g : [0,00) — [0, 00) be strictly increasing and nonnegative. Show that

EHg(IXD}

P(X| 2 a) < S

for a > 0.

5.2 Let h: R — [0, ] be a nonnegative (bounded) function. Show that for
0<a<a,
E{h(X)} —a

a—a

P{h(X) > a} >

5.3 Show that 0% = F{X?} — F{X}?, assuming both expectations exist.
5.4 Show that E{X}? < E{X?} always, assuming both expectations exist.

5.5 Show that 0% = E{X (X — 1)} +pux — pu%, where ux = E{X}, assuming
all expectations exist.

5.6 Let X be Binomial B(p,n). For what value of j is P(X = j) the greatest?
(Hint: Calculate %).
[Ans.: [(n + 1)p], where [z] denotes integer part of z.]

5.7 Let X be Binomial B(p, n). Find the probability X is even. [Ans.: (1 +
(1-2p)")]
5.8 Let X,, be Binomial B(p,,n) with A = np,, being constant. Let A4,, =

{X,, > 1}, and let Y be Poisson (A). Show that lim,_,. P(X, =j | An) =
P(Y=j|Y>1).

5.9 Let X be Poisson (A). What value of j maximizes P(X = j)7
[Ans.: [A].] (Hint: See Exercise 5.6.)

5.10 Let X be Poisson (A). For fixed j > 0, what value of A maximizes
P(X =j)?
[Ans.: j.]

5.11 Let X be Poisson (A) with A a positive integer. Show E{|X — A|} =
2())\\*7@1*)? , and that Ug( =\

5.12* Let X be Binomial B(p,n). Show that for A > 0 and € > 0,
P(X —np > ne) < E{exp(A(X —np —ne))}.

5.13 Let X,, be Binomial B(p,n) with p > 0 fixed. Show that for any fixed
b >0, P(X, <b) tends to 0.
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5.14 Let X be Binomial B(p,n) with p > 0 fixed, and a > 0. Show that
X 1-—

P (‘n —p‘ > a) < VEUZP) i { /o). avi}
and also that P(]X — np| < ne) tends to 1 for all € > 0.
5.15* Let X be a Binomial B(%,n), where n = 2m. Let

4m
Show that limy, e (a(m, k)™ = e+
5.16 Let X be Geometric. Show that for 7,5 > 0,
PX>i+j|X >i)=PX >j).

5.17 Let X be Geometric (p). Show

1 »
E{——7 =1 1—p)r-T).
{125} =owt@ -7
5.18 A coin is tossed independently and repeatedly with the probability of

heads equal to p.

a) What is the probability of only heads in the first n tosses?

b) What is the probability of obtaining the first tail at the nth toss?

¢) What is the expected number of tosses required to obtain the first tail?
[Ans.: -]

1-p

5.19 Show that for a sequence of events (A,)n>1,

5 {i 1,%} S P4,
n=1 n=1

where oo is a possible value for each side of the equation.

5.20 Suppose X takes all its values in N (= {0,1,2,3,...}). Show that

B{X} = ip(x > n).

n=0
5.21 Let X be Poisson (A). Show for r =2,3,4,...,
E{X(X-1)...X—r+1)}=)".
5.22 Let X be Geometric (p). Show for r =2,3,4, ...,

B{X(X -1)...(X —r+1)} =




6 Construction of a Probability Measure

Here we no longer assume (2 is countable. We assume given {2 and a o-
algebra A C 27. (2, A) is called a measurable space. We want to construct
probability measures on A. When (2 is finite or countable we have already
seen this is simple to do. When (2 is uncountable, the same technique does
not work; indeed, a “typical” probability P will have P({w}) = 0 for all w,
and thus the family of all numbers P({w}) for w € 2 does not characterize
the probability P in general.

It turns out in many “concrete” situations — in particular in the next
chapter — that it is often relatively simple to construct a “probability” on an
algebra which generates the o-algebra A, and the problem at hand is then
to extend this probability to the o-algebra itself. So, let us suppose A is the
o-algebra generated by an algebra Ap, and let us further suppose we are
given a probability P on the algebra Ajg: that is, a function P : Ay — [0, 1]
satisfying

1. P(2)=1.
2. (Countable Additivity) for any sequence (4,) of elements of Ay, pairwise
disjoint, and such that U, A, € Ao, we have P(U,A,) =5, P(Ay).

It might seem natural to use for A the set of all subsets of {2, as we did
in the case where {2 was countable. We do not do so for the following reason,
illustrated by an example: suppose 2 = [0, 1], and let us define a set function
P on intervals of the form P((a,b]) = b — a, where 0 < a < b < 1. This is a
natural “probability measure” that assigns the usual length of an interval as
its probability. Suppose we want to extend P in a unique way to 2% = all
subsets of [0, 1] such that (i) P(£2) = 1; and (ii) P(US2,A,) = > 0-, P(A,)
for any sequence of subsets (Ay,),>1 with A, N A, = ¢ for n # m; then one
can prove that no such P exists! The collection of sets 201 is simply too
big for this to work. Borel realized that we can however do this on a smaller
collection of sets, namely the smallest o-algebra containing intervals of the
form (a, b]. This is the import of the next theorem:

Theorem 6.1. Each probability P defined on the algebra Ay has a unique
extension (also called P) on A.

J. Jacod et al., Probability Essentials
© Springer-Verlag Berlin Heidelberg 2004
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We will show only the uniqueness. For the existence on can consult any
standard text on measure theory; for example [16] or [23]. First we need to
establish a very useful theorem.

Definition 6.1. A class C of subsets of {2 is closed under finite intersections
if for when Ay,..., A, €C, then A;NAaN...NA, €C as well (n arbitrary

but finite).
A class C is closed under increasing limits if wherever Ay C Ay C Az C
... C A, C...isa sequence of events in C, then US>, A, € C as well.

A class C is closed under differences if whenever A, B € C with A C B,
then B\ A € CL.

Theorem 6.2 (Monotone Class Theorem). Let C be a class of subsets of
12, closed under finite intersections and containing (2. Let B be the smallest

class containing C which is closed under increasing limits and by difference.
Then B =0o(C).

Proof. First note that the intersection of classes of sets closed under increasing
limits and differences is again a class of that type. So, by taking the intersec-
tion of all such classes, there always exists a smallest class containing C which
is closed under increasing limits and by differences. For each set B, denote
Bp to be the collection of sets A such that A € B and AN B € B. Given the
properties of B, one easily checks that Bp is closed under increasing limits
and by difference.

Let B € C; for each C' € C one has BN C € C C B and C € B, thus
C € Bp. Hence C C B C B. Therefore B = Bg, by the properties of B and
of BB.

Now let B € B. For each C € C, we have B € B¢, and because of the
preceding, BN C € B, hence C' € Bg, whence C C Bg C B, hence B = Bp.

Since B = Bp for all B € B, we conclude B is closed by finite intersec-
tions. Furthermore (2 € B, and B is closed by difference, hence also under
complementation. Since B is closed by increasing limits as well, we conclude
B is a o-algebra, and it is clearly the smallest such containing C. O

The proof of the uniqueness in Theorem 6.1 is an immediate consequence
of Corollary 6.1 below, itself a consequence of the Monotone Class Theorem.

Corollary 6.1. Let P and Q be two probabilities defined on A, and suppose
P and Q agree on a class C C A which is closed under finite intersections. If
o(C) = A, we have P = Q.

Proof. 2 € A because A is a o-algebra, and since P(2) = Q(§2) = 1 because
they are both probabilities, we can assume without loss of generality that
2CC. Let B={A € A:P(A) = Q(A)}. By the definition of a Probability
measure and Theorem 2.3, B is closed by difference and by increasing limits.

! B\ A denotes BN A®
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Also B contains C by hypothesis. Therefore since o(C) = A, we have B = A
by the Monotone Class Theorem (Theorem 6.2). O

There is a version of Theorem 6.2 for functions. We will not have need of
it in this book, but it is a useful theorem to know in general so we state it
here without proof. For a proof the reader can consult [19, p. 365]. Let M be
a class of functions mapping a given space {2 into R. We let o(M) denote
the smallest o-algebra on {2 that makes all of the functions in M measurable:

o(M)={f""(A);n€EBR); f €M}

Theorem 6.3 (Monotone Class Theorem). Let M be a class of bounded
functions mapping (2 into R. Suppose M is closed under multiplication:
fyg € M implies fg € M. Let A = o(M). Let H be a vector space of
functions with H containing M. Suppose H contains the constant func-
tions and is such that whenever (f,)n>1 is @ sequence in H such that
0< fi< fo< fs<..., thenif f= nleréofn is bounded, then f is in H.

Then H contains all bounded, A-measurable functions.

It is possible to do a little bit better that in Theorem 6.1: we can extend
the probability to a o-algebra slightly bigger than A. This is the aim of the
rest of this chapter.

Definition 6.2. Let P be a probability on A. A null set (or negligible set)
for P is a subset A of {2 such that there exists a B € A satisfying A C B
and P(B) = 0.

We say that a property holds almost surely (a.s. in short) if it holds
outside a negligible set. This notion clearly depends on the probability, so we
say sometimes P-almost surely, or P-a.s.

The negligible sets are not necessarily in A. Nevertheless it is natural to
say that they have probability zero. In fact one even can extend the proba-
bility to the o-algebra which is generated by A and all P-negligible sets: this
is what is done in the following theorem, which we do not explicitly use in
the sequel.

Theorem 6.4. Let P be a probability on A and let N be the class of all
P-negligible sets. Then A’ = {AUN : A€ A, N € N'} is a o-algebra, called
the P-completion of A. This is the smallest o-algebra containing A and N,
and P extends uniquely as a probability (still denoted by P) on A, by setting
P(AUN)=P(A) for Ac Aand N € N.

Proof. The uniqueness of the extension is straightforward, provided it exists.
Also, since () belongs to both A and N, the fact that A’ is the smallest o-
algebra containing A and N is trivial, provided A’ is a o-algebra. Hence it is
enough to prove that A’ is a o-algebra and that, if we set Q(B) = P(A) for
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B=AUN (with A € Aand N € N), then Q(B) does not depend on the
decomposition B = AU N and Q is a probability on A’.

First, 2 € A C A’ and we have seen already that § € A’. Next, since A
and N are stable by countable unions (to verify this for A/, use subadditivity
(cf. Exercise 2.15)), A’ is also stable by countable unions. Let B = AUN € A’,
with A € A and N € N. There exists C € A with P(C) =0 and N C C. Set
A’ = A°NC* (which belongs to A) and N’ = N°NA°NC (which is contained
in C' and thus belongs to N); since B¢ = A’ U N’, we have B¢ € A’, and A’
is stable by complementation: hence A’ is a o-algebra.

Suppose now that A; UN; = Ay U Ny, with 4; € A and N; € N. The
symmetrical difference A1 AAs = (A;NAS)U(ASNA2) is contained in NqUNo,
which itself is an element C' of A with zero probability: hence P(A4;) = P(Az),
which shows that ) is defined unambiguously, and obviously coincide with
P on A. Finally, the fact that ) is a probability on A’ is evident. O
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This chapter is an important special case of what we dealt with in Chapter 6.
We assume that 2 = R.

Let B be the Borel o-algebra of R. (That is, B = ¢(O), where O are the
open subsets of R..)

Definition 7.1. The distribution function induced by a probability P on
(R, B) is the function
F(z) = P((~0,a]). (7.1)

Theorem 7.1. The distribution function F' characterizes the probability.

Proof. We want to show that knowledge of F' defined by (7.1) uniquely de-
termines P. That is, if there is another probability @ such that

G(z) = Q((—o00, z])

for x € R, and if F' = G, then also P = Q.

We begin by letting By be the set of finite disjoint unions of intervals of
the form (z,y], with —oo < 2 < y < 400 (with the convention that (z,00] =
(z,00); observe also that (z,y] = 0 if z = y). It is easy to see that By is an
algebra. Moreover if (a,b) is an open interval, then (a,b) = U2y (a,b— 1],
for some N large enough, so o(By) contains all open intervals. But all open
sets on the line can be expressed as countable unions of open intervals, and
since the Borel sets (= B) are generated by the open sets, o(By) D B (note
also that N3 (a,b+ +) = (a,b], so By C B and thus B = o(By)).

The relation (7.1) implies that

P((z,y]) = F(y) — F(2),
and if A € By is of the form
A = Ui<icn (@4, y3] with y; < 241,

then P(A) = Z1gign{F(?Ji) — F(z;)}.
If @ is another probability measure such that

F(z) = Q((—o0,x]),

J. Jacod et al., Probability Essentials
© Springer-Verlag Berlin Heidelberg 2004
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then the preceding shows that P = @ on By. Theorem 6.1 then implies that
P =@ on all of B, so they are the same Probability measure. O

The significance of Theorem 7.1 is that we know, in principle, the complete
probability measure P if we know its distribution function F' : that is, we can
in principle determine from F' the probability P(A) for any given Borel set
A. (Determining these probabilities in practice is another matter.)

It is thus important to characterize all functions F' which are distribution
functions, and also to construct them easily. (Recall that a function F is right
continuous if lim,|, F(y) = F(z), for all 2z € R.)

Theorem 7.2. A function F is the distribution function of a (unique) prob-
ability on (R, B) if and only if one has:

(i) F is non-decreasing;
(if) F is right continuous;
(iii) limg— oo F(z) =0 and lim,_ o, F(z) = 1.

Proof. Assume that F is a distribution function. If y > z, then (—oo,z] C
(—00,9], so P((—o0,z]) < P((—o0,y]) and thus F(z) < F(y). Thus we have
(i). Next let x, decrease to x. Then N2, (—o0,z,] = (—o0,z], and the
sequence of events {(—oo,z,];n > 1} is a decreasing sequence. Therefore
P(N2 (=00, zy,]) = limy oo P((—00, x,]) = P((—00,2]) by Theorem 2.3,
and we have (ii). Similarly, Theorem 2.3 gives us (iii) as well.

Next we assume that we have (i), (ii), and (iii) and we wish to show F is
a distribution function. In accordance with (iii), let us set F(—o0) = 0 and
F(+00) = 1. As in the proof of Theorem 7.1, let By be the set of finite disjoint
unions of intervals of the form (z,y], with —co < x < y < 400. Define a set
function P, P : By — [0, 1] as follows: for A = Uy<;<n(®i, ys] with y; < 41,

P(A) = Z {F(ys) — F(za)}

1<i<n

(Note that since y; < x;4+1, there is a unique way to represent a set A € By,
except for A = (), for which the above formula trivially gives P(}) = 0
whatever representation is used.) Condition (iii) gives us that P(R) = 1.
We wish to show that P is a probability on the algebra By; if we can show
that, we know by Theorem 6.1 that it has a unique extension to all of B, and
Theorem 7.2 will be proved.

To show P is a probability on By we must establish countable addi-
tivity: that is, for any sequence (A,) € By, pairwise disjoint, and such
that U2, A, € By, then P(US2,A,) = Y02, P(A,). Now, finite additiv-
ity (that is, for any finite family A,,..., A4, € By, pairwise disjoint, then
P(U,A;) =>""  P(A;)) is a trivial consequence of the definition of P, and
Theorem 2.3 gives equivalent conditions for a finitely additive P to be a prob-
ability on a o-algebra B; however it is simple to check that these conditions
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are also equivalent on an algebra By. Thus it suffices to show that if A,, € By
with A,, decreasing to () (the empty set), then P(A,,) decreases to 0.
Let A,, € By and let A,, decrease to (). Each A,, can be written

Ap = Ur<i<k, (7, 97'],

with yi* < xf, ;. Let € > 0. By hypothesis (iii) there exists a number z such
that F(—z) < e and 1 — F(z) < e. For each n,i there exists a} € (zI', y}]
such that F'(aj) — F(2}) < 55, by (ii) (right continuity). Set

By, = Ui<i<i, {(a], 4] N (=2, 2]}, Ba=Um<aBy,.

Note that B!, € By and B!, C A,, hence B,, € By and B,, C A,,. Furthermore,
A \By C Upm<n(An\B,), hence

M=

P(Ay) = P(Bn) < P((=2,2]) + ) P((Am\B,) N (=2, 2])

.k
< P((—Z,Z]C) + Z ZP((:EZ 7az])
n  ky
< F()+1-F +Z {(F(a 21} < 36 (7.2)

Furthermore observe that B,, C A,, (where B,, is the closure of B,,), hence
N, B, = 0 by hypothesis. Also B, C [~2, 2], hence each B,, is a compact
set. It is a property of compact spaces’ (known as “The Finite Intersection
Property”) that for closed sets Fj, NgepF # 0 if and only if NgecFz # 0
for all finite subcollections C' of B. Since in our case N, B, = ), by the
Finite Intersection Property we must have that there exists an m such that
B,, = ¢ for all n > m. Therefore B,, = ¢ for all n > m, hence P(B,,) = 0 for
all n > m. Finally then

P(A,) = P(A,) — P(B,) < 3¢

by (7.2), for all n > m. Since € was arbitrary, we have P(A,) | 0.

(Observe that this rather lengthy proof would become almost trivial if the
sequence k, above were bounded; but although A,, decreases to the empty
set, it is not usually true). O

Corollary 7.1. Let F be the distribution function of the probability P on R.
Denoting by F(x—) the left limit of F' at x (which exists since F' is nonde-
creasing), for all x <y we have

! For a definition of a compact space and the Finite intersection Property one can
consult (for example) [12, p.81].
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(i) P((x,y]) = F(y) — F(x),

(i) P([z,y]) = F(y) - F(z—),
(iii) P([z,y)) = F(y—) = F(z=),
(iv) P((z,y)) = F(y=) — F(z),
v) P({a}) = F(a) - Fa-),

and in particular P({z}) = 0 for all x if and only the function F is continu-
ous.

Proof. (i) has already been shown. For (ii) we write

by (i). The left side converges to F(y) — F(x—) as n — oo by definition of the
left limit of F'; the right side converges to P([z,y]) by Theorem 2.3 because
the sequence of intervals (z — 1 4] decreases to [z,y]. The claims (iii), (iv)
and (v) are proved similarly. O

Examples.
We first consider two general examples:

1. If f is positive (and by “positive” we mean nonnegative; otherwise we
say “strictly positive”) and Riemann-integrable and ffooo f(x)dx =1, the
function F(x f f(y)dy is a distribution function of a probability on
R; the functlon fis called its density. (It is not true that each distribution
function admits a density, as the following example shows).

2. Let @« € R. A “point mass” probability on R (also known as “Dirac
measure” ) is one that satisfies

lifae A,
P(4) = { 0 otherwise.

Its distribution function is

0ifzr < a
F(x):{lifx>a.

This probability is also known as the Dirac mass at point «.

In the examples 3 through 10 below we define the distribution by its
density function f; that is, we specify f (), and then the distribution
function F' corresponding to f is F(x f f(uw)du. For f to be a
density we need f > 0 and ffoo flz dx = 1, which the reader can check
is indeed the case for examples 3-10. We abuse language a bit by referring
to the density f alone as the distribution, since it does indeed determine
uniquely the distribution.
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1
i <z<
3. f(x)Z{b—alfaxb’

0 otherwise,
is called the Uniform distribution on [a, b].
The uniform distribution is the continuous analog of the idea that “each
point is equally likely”; this corresponds to a flat density function over
the relevant interval [a, b].
Be P if & >0,
4. f(x){o if 2 <0,
is called the Ezponential distribution with parameter 3 > 0.
The exponential distribution is often used to model the lifetime of objects
whose decay has “no memory”; that is, if X is exponential, then the
probability of an object lasting ¢t more units of time given it has lasted s
units already, is the same as the probability of a new object lasting ¢ units
of time. The lifetimes of light bulbs (for example) are often modeled this
way; thus if one believes the model it is pointless to replace a working
light bulb with a new one. This memoryless property characterizes the
exponential distribution: see Exercises 9.20 and 9.21.
/60(
5. f(x) = { I'(a)
0 z <0,
is called the Gamma distribution with parameters o, 8 (0 < a < oo and
0 < 3 < oo; I' denotes the gamma function) 2.
The Gamma distribution arises in various applications. One example is
in reliability theory: if one has a part in a machine with an exponen-
tial (8) lifetime, one can build in reliability by including n — 1 back-up
components. When a component fails, a back-up is used. The result-
ing lifetime then has a Gamma distribution with parameters (n, 8). (See
Exercise 15.17 in this regard.) The Gamma distribution also has a rela-
tionship to the Poisson distribution (see Exercise 9.22) as well as to the
chi square distribution (see Example 6 in Chapter 15). The chi square
distribution is important in Statistics: See the Remark at the end of
Chapter 11. o)
afez® e~ (B2)" if 2 >0,
6. f<””)_{0 it 2 <0,
is called the Weibull distribution with parameters o, § (0 < o < 00,0 <
B < 0).
The Weibull distribution arises as a generalization of the exponential
distribution for the modeling of lifetimes. This can be expressed in terms
of its “hazard rate”; see for example Exercise 9.23.

7. f(x) = \/21—7706_@_#)2/202 if —oo < & < oo is called the Normal distri-

bution with parameters (p,0?), (—o0o0 < p < 00,0 < 02 < 00). It is also

2 e P 1 >0,

2 The Gamma function is defined to be I'(a) = fooo z* e ™"dz, o > 0; it follows
from the definition that I'(e) = (v — 1)! for @ € N, and I'(3) = /7.
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known as the Gaussian distribution. Standard notation for the Normal
with parameters p and o2 is N(u,0?).

We discuss the Normal Distribution at length in Chapters 16 and 21; it is
certainly the most important distribution in probability and it is central
to much of the subject of Statistics.

Let g, o2 (x) = \/21706_(3:_”)2/2027 the normal density. Then

1 .
Fz) = ;gﬂygz (logz) if z > 0,
0 if x <0,

is called the Lognormal distribution with parameters u, o*(—oo < p <
00,0 < 0? < 00).

The lognormal distribution is used for numerous and varied applications
to model nonnegative quantitative random phenomena. It is also known
as the Galton—McAlister distribution and in Economics it is sometimes
called the Cobb—Douglas distribution, where it has been used to model
production data. It has been used to model drug dosage studies, lengths
of words and sentences, lifetimes of mechanical systems, wildlife popula-
tions, and disease incubation periods.

B

flz) = 567’8“*‘1‘ if —oo < = < oo is called the double exponential

distribution with parameters o, f (—oo < av < 00,0 < f < 00). (It is also
known as the Laplace distribution).
f(z) = % ;22
ml+ (z—a)?/8
bution with parameters o, 8 (—o0 < a < 00,0 < 3 < 00).
The Cauchy distribution (named after Baron Louis—Augustin Cauchy
(1789-1857) ) is often used for counter-examples in Probability theory
and was first proposed for that reason,® since it has very “heavy tails”,
which lead to the absence of nice properties. Nevertheless it is used in me-
chanics and electricity and in particular is useful for calibration problems
in technical scientific fields.

if —oo < x < oo is called the Cauchy distri-

Indeed Poisson used it as early as 1824 to demonstrate a case where the Central

Limit Theorem breaks down (the Central Limit Theorem is presented in Chap-
ter 21). Later it was central in a large dispute between Cauchy and Bienaymé.
It was this dispute that gave rise to its name as the Cauchy distribution.
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Exercises for Chapters 6 and 7

7.1 Let (Ay)n>1 be any sequence of pairwise disjoint events and P a proba-
bility. Show that lim, ., P(A,) = 0.

7.2* Let (Ag)sep be a family of pairwise disjoint events. Show that if
P(Ag) > 0, each § € B, then B must be countable.

7.3 Show that the maximum of the Gamma density occurs at x = %‘17 for
a>1.

=i,

7.4 Show that the maximum of the Weibull density occurs at x = %(
for a > 1.

7.5 Show that the maximum of the Normal density occurs at x = pu.

7.6 Show that the maximum of the Lognormal density occurs at x = ele=’ .

7.7 Show that the maximum of the double exponential density occurs at
T =q.

7.8 Show that the Gamma and Weibull distributions both include the Ex-
ponential as a special case by taking a = 1.

7.9 Show that the uniform, normal, double exponential, and Cauchy densities
are all symmetric about their midpoints.

7.10 A distribution is called unimodal if the density has exactly one absolute
maximum. Show that the normal, exponential, double exponential, Cauchy,
Gamma, Weibull, and Lognormal are unimodal.

7.11 Let P(A) = [%_1a(x)f(z)dz for a nonnegative function f with

[7 f(x)dz = 1. Let A = {xo}, a singleton (that is, the set A consists
of one single point on the real line). Show that A is a Borel set and also a
null set (that is, P(A) = 0).

7.12 Let P be as given in Exercise 7.11. Let B be a set with countable
cardinality (that is, the number of points in B can be infinite, but only
countably infinite). Show that B is a null set for P.

7.13 Let P and B be as given in Exercise 7.12. Suppose A is an event with
P(A) = 3. Show that P(AU B) = 1 as well.

7.14 Let Ay,...,A,,... be a sequence of null sets. Show that B = U2, A4;
is also a null set.

7.15 Let X be a r.v. defined on a countable Probability space. Suppose
E{|X|} = 0. Show that X = 0 except possibly on a null set. Is it possible to
conclude, in general, that X = 0 everywhere (i.e., for all w)? [Ans.: No]
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7.16 * Let F be a distribution function. Show that in general F' can have
an infinite number of jump discontinuities, but that there can be at most
countably many.

7.17 Suppose a distribution function F' is given by

1 1 1

Let P be given by
P((—o0,z]) = F(x).

=
=
12
=

find the probabilities of the following events:

Il

—

|
==
[N
~— —

IR
® o Qwe
NN
N e S~
O wi

NI

g
S~—"

¢
w

X
=

Suppose a function F is given by
= L,
=2 ilibeor
Show that it is the distribution function of a probability on R.

Let us define P by P((—oo,z]) = F(z). Find the probabilities of the
following events:

a) A=1[1,00)
)B:[ma )
¢) € = {0}
d) D=[0,3
e) B =(—00,0)
f) G =(0,00)



8 Random Variables

In Chapter 5 we considered random variables defined on a countable prob-
ability space ({2, A4, P). We now wish to consider an arbitrary abstract
space, countable or not. If X maps {2 into a state space (F,F), then what
we will often want to compute is the probability that X takes its val-
ues in a given subset of the state space. We take these subsets to be ele-
ments of the o-algebra F of subsets of F'. Thus, we will want to compute
P{w: X(w) € A}) = P(X € A) = P(X~1(A)), which are three equivalent
ways to write the same quantity. The third is enlightening: in order to com-
pute P(X~1(A)), we need X !(A) to be an element of A, the o-algebra on
{2 on which P is defined. This motivates the following definition.

Definition 8.1. (a) Let (E, &) and (F,F) be two measurable spaces. A func-
tion X : E — F is called measurable (relative to & and F) if X 1(A) € &,
for all A € F. (One also writes X 1(F) C £.)

(b) When (E,E) = (£2,A), a measurable function X is called a random
variable (r.v.).

(¢) When F = R, we usually take F to be the Borel o-algebra B of R. We
will do this henceforth without special mention.

Theorem 8.1. Let C be a class of subsets of F' such that o(C) = F. In order
for a function X : E — F to be measurable (w.r.t. the o-algebras £ and F),
it is necessary and sufficient that X ~1(C) C £.

Proof. The necessity is clear, and we show sufficiency. That is, suppose that
X7YC) € & for all C € C. We need to show X 1(A) € € for all A € F.
First note that X ~1(U,A4,,) = U, X~1(4,), X~ 1(N,4,) =N, X 1(A,), and
X7HA) = (X71(A))°. Define B = {4 € F: X }(A) € &}. Then C C B,
and since X ! commutes with countable intersections, countable unions, and
complements, we have that B is also a o-algebra. Therefore B D o(C), and
also F D B, and since F = ¢(C) we conclude F = B, and thus X ~1(F) C
o(X~YC)) cé&. O

We have seen that a probability measure P on R is characterized by
the quantities P((—oco,a]). Thus the distribution measure PX on R of a
random variable X should be characterized by PX((—o0,a]) = P(X < a)
and what is perhaps surprisingly nice is that being a random variable is
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further characterized only by events of the form {w: X (w) < a} = {X < a}.
Indeed, what this amounts to is that a function is measurable — and hence
a random variable — if and only if its distribution function is defined.

Corollary 8.1. Let (F,F) = (R,B) and let (E,E) be an arbitrary measur-
able space. Let X, X,, be real-valued functions on E.

a) X is measurable if and only if {X < a} = {w: X(w) < a} = X~ 1((—o0,a))
€&, for each a; or iff {X <a} €&, each a € R.

b) If X, are measurable, sup X,,, inf X,,, limsup,,_, . X, and liminf, . X,
are all measurable.

c) If X,, are measurable and if X,, converges pointwise to X, then X is
measurable.

Proof.

(a) From Theorem 2.1, we know for the Borel sets B on R that B = ¢(C)
where C = {(—00,a];a € R). By hypothesis X 1(C) C &, so (a) follows
from Theorem 8.1.

(b) Since X,, is measurable, {X,, < a} € &. Therefore {sup,, X,, < a} =
Nn{Xn < a} € & for each a. Hence sup,, X,, is measurable by part (a).
Analogously {inf, X,, < a} = U,{X,, < a} € £ and thus inf, X,, is mea-
surable by part (a). Note further that limsup,,_, ., X,, = inf,, sup,,,~,, Xm
= inf, Y,, where Y, = sup,,>, Xm. We have just seen each Y, is
measurable, and we have also seen that inf, Y, is therefore measur-
able; hence lim sup,,_, ., X, is measurable. Analogously lim inf,, . X, =
sup,, inf,;, >, X, is measurable.

(c) If limy oo Xy, = X, then X = limsup,,_,. X, = liminf, ,- X, (be-
cause the limit exists by hypothesis). Since lim sup,,_, ., X, is measurable
and equal to X, we conclude X is measurable as well.

O

Theorem 8.2. Let X be measurable from (E,E) into (F,F), and Y mea-
surable from (F,F) into (G,G); then Y o X is measurable from (E,E) into
(G,G).

Proof. Let A € G. Then (Y o X)71(A) = X~1(Y~1(A)). Since Y is measur-
able, B =Y !(A) € F. Since X is measurable, X 1(B) € £. O

A topological space is an abstract space with a collection of open sets;!
the collection of open sets is called the topology of the space. An abstract
definition of a continuous function is as follows: given two topological spaces
(E,U) and (F,V) (where U are the open sets of E and V are the open sets of

L A “collection of open sets” is a collection of sets such that any union of sets in
the collection is also in the collection, and any finite intersection of open sets in
the collection is also in the collection.
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F), then a continuous function f: E — F is a function such that f=1(A) e U
for each A € V. (This is written concisely as f~(V) C U.) The Borel o-
algebra of a topological space (E,U) is B = o(U). (The open sets do not form
a o-algebra by themselves: they are not closed under complements or under
countable intersections.)

Theorem 8.3. Let (E,U) and (F,V) be two topological spaces, and let £,
F be their Borel o-algebras. Every continuous function X from E into F is
then measurable (also called “Borel”).

Proof. Since F = o(V), by Theorem 8.1 it suffices to show that X (V) C &.
But for O € V, we know X ~1(0O) is open and therefore in £, as £ being the
Borel g-algebra, it contains the class U of open sets of E. ([

Recall that for a subset A of E, the indicator function 14(z) is defined to

be
lifx € A,

]A@>:{0ﬁx¢A'

Thus the function 14(z), usually written 14 with the argument x being im-
plicit, “indicates” whether or not a given z is in A. (Sometimes the function
14 is known as the “characteristic function of A” and it is also written x a;
this terminology and notation is somewhat out of date.)

Theorem 8.4. Let (F,F) = (R,B), and (E,&) be any measurable space.

a) An indicator 14 on E is measurable if and only if A € £.

b) If X4,..., X, are real-valued measurable functions on (E,E), and if [ is
Borel on R™, then f(X1,...,X,) is measurable.

c) If X, Y are measurable, so also are X +Y, XY, X VY (a short-hand for
max(X,Y)), X AY (a short-hand for min(X,Y")), and X/Y (if Y #0).

Proof. (a) If B C R, we have

if 0¢ B, 1¢ B
if 0¢B,1€B
if 0eB,1¢B
if 0e B,1€B

(1a)~1(B) =

oS

The result follows.

(b) The Borel o-algebra B™ on R™ is generated by the quadrants
[L;<,(—00,a;], by the exact same proof as was used in Theorem 2.1. Let
X denote the vector-valued function X = (Xi,...,X,). Thus X: E — R"™.
Then X ([1;<,, (=00, a;]) = Ni<n{X; < a;} € €, and therefore X is a mea-
surable function from (E,€) into (R™, B™). The statement (b) then follows
from Theorem 8.2.

(c) Note that the function f1:R? — R given by fi(x,y) = = + y is
continuous. So also are fa(x,y) = zy; f3(z,y) = xVy = max(x,y); fa(z,y) =
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x Ay = min(z,y). The function f5(z,y) = ¢ is continuous from R x (R '\
{0}) into R. Therefore (c) follows from (b) together with Theorem 8.3 (that
continuous functions are Borel measurable). (]

If X is a r.v. on (£2, 4, P), with values in (E,€), then the distribution
measure (or law) of X is defined by

PX(B)=P(X Y(B))=(PoX ')(B)= P(w: X(w) € B) = P(X € B),

VB € &. All four different ways of writing PX (B) on the right side above are
used in mathematics, but the most common is

PX(B)=P(X € B)

where the “w” is not explicitly written but rather implicitly understood to be
there. This allows us to avoid specifying the space {2 (which is often difficult
to construct mathematically), and simply work with Probability measures on
(E, ). Sometimes P¥X is also called the image of P by X.

Since X! commutes with taking unions and intersections and since
X~Y(E) = 02, we have

Theorem 8.5. The distribution of X, (or the law of X), is a probability
measure on (E,E).

When X is a real-valued r.v., its distribution P¥ is a probability on R,
which is entirely characterized by its distribution function:

Fx(z) = PX((—o0,z]) = P(X < z).

The function Fx is called the cumulative distribution function of the r.v. X.
When Fx admits a density fx (i.e. Fx(z) = [7_ fx(y)dy for all z € R),
we also say that the function fx is the probability density of the r.v. X.
Often the cumulative distribution function is referred to as a “cdf”, or simply
a “distribution function.” Analogously the probability density function is
referred to as a “pdf”, or simply a “density.”



9 Integration with Respect to a Probability
Measure

Let (£2, A, P) be a probability space. We want to define the expectation, or
what is equivalent, the “integral”, of general random variables. We have of
course already done this for random variables defined on a countable space
2. The general case (for arbitrary (2) is more delicate.

Let us begin with special cases.

Definition 9.1. a) A r.v. X is called simple if it takes on only a finite
number of values and hence can be written in the form

X = aila, (9.1)
=1

where a; € R, and A; € A, 1 <4 < n (Such an X is clearly measurable;
conversely if X is measurable and takes on the values ay, ..., a, it must have
the representation (9.1) with A; = {X = a;}; a simple r.v. has of course
many different representations of the form (9.1).)

b) If X is simple, its expectation (or “integral” with respect to P) is the
number

EB{X} =) a;P(4). (9.2)
i=1

(This is also written [ X (w)P(dw) and even more simply [ XdP.)
A little algebra shows that E{X} does not depend on the particular rep-
resentation (9.1) chosen for X.

Let X,Y be two simple random variables and 3 a real number. We clearly
can write both X and Y in the form (9.1), with the same subsets A; which
form a partition of {2, and with numbers a; for X and b; for Y. Then X and
X +Y are again in the form (9.1) with the same A; and with the respective
numbers fBa; and a; +b;. Thus E{fX} = 0E{X} and E{X +Y} = E{X} +
E{Y'}; that is expectation is linear on the vector space of all simple r.v.’s. If
further X <Y we have a; < b; for all 4, and thus F{X} < E{Y'}.

Next we define expectation for positive random variables. For X positive
(by this, we assume that X may take all values in [0, 0c], including +oo: this
innocuous extension is necessary for the coherence of some of our further
results), let

J. Jacod et al., Probability Essentials
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E{X}=sup(E{Y}: Y asimpler.v. with0 <Y < X). (9.3)

This supremum always exists in [0, 0o]. Since expectation is a positive oper-
ator on the set of simple r.v.’s, it is clear that the definition above for E{X}
coincides with Definition 9.1.

Note that E{X} > 0, but we can have E{X} = 0o, even when X is never
equal to 4o0.

Finally let X be an arbitrary r.v. Let XT = max(X,0) and X~ =
—min(X,0). Then X = X+ — X~ and X, X~ are positive r.v.’s. Note
that | X|=X*+ X .

Definition 9.2. (a) A r.v. X has afinite expectation (is “integrable”) if both
E{X™"} and E{X "} are finite. In this case, its expectation is the number

B{X} = B{X*+} - B{X"}, (9.4)

also written [ X (w)dP(w) or [ XdP. (If X >0 then X~ =0 and X* = X
and, since obviously E{0} = 0, this definition coincides with (9.3)).

We write L' to denote the set of all integrable random variables. (Some-
times we write L1(£2, A, P) to remove any possible ambiguity.)

(b) A r.v. X admits an expectation if E{X T} and E{X~} are not both
equal to +o00. Then the expectation of X is still given by (9.4), with the
conventions +00 + a = 400 and —o0 + a = —oo when a € R. (If X > 0 this
definition again coincides with (9.3); note that if X admits an expectation,
then F{X} € [—o00,+0o0], and X is integrable if and only if its expectation is
finite.)

Remark 9.1. When {2 is finite or countable we have thus two different defi-
nitions for the expectation of a r.v. X, the one above and the one given in
Chapter 5. In fact these two definitions coincide: it is enough to verify this
for a simple r.v. X, and in this case the formulas (5.1) and (9.2) are identical.

The next theorem contains the most important properties of the expec-
tation operator. The proofs of (d), (e) and (f) are considered hard and could
be skipped.

Theorem 9.1. (a) L! is a vector space, and expectation is a linear map
on L', and it is also positive (i.e., X > 0 = E{X} > 0). If further
0<X <Y aretwo rv. andY € LY, then X € L' and E{X} < E{Y'}.

(b) X € £ iff |X| € L and in this case |E{X}| < E{|X|}. In particular
any bounded r.v. is integrable.

(c) If X =Y almost surely* (a.s.), then E{X} = E{Y}.

(d) (Monotone convergence theorem): If the r.v.’s X,, are positive and in-
creasing a.s. to X, then lim, oo E{X,} = E{X} (even if E{X} = c0).

'X=Yas. if PX=Y)=P({w: X(w)=Y(Ww)}) =1
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(e) (Fatou’s lemma): If the r.v.’s X, satisfy X, >Y a.s. (Y € LY), all n, we
have E{liminf, . X, } < liminf, . E{X,}. In particular if X,, > 0
a.s. all n, then E{liminf, . X,} <liminf, . E{X,}.

(f) (Lebesgue’s dominated convergence theorem): If the r.v.‘s X,, converge
a.s. to X and if | X,| <Y a.s. € LY, alln, then X,, € L', X € L, and
E{X,} = E{X}.

The a.s. equality between random variables is clearly an equivalence rela-
tion, and two equivalent (i.e. almost surely equal) random variables have the
same expectation: thus one can define a space L! by considering “£! modulo
this equivalence relation”. In other words, an element of L' is an equivalence
class, that is a collection of all r.v. in £' which are pairwise a.s. equal. In
view of (c) above, one may speak of the “expectation” of this equivalence
class (which is the expectation of any one element belonging to this class).
Since further the addition of random variables or the product of a r.v. by a
constant preserve a.s. equality, the set L' is also a vector space. Therefore we
commit the (innocuous) abuse of identifying a r.v. with its equivalence class,
and commonly write X € L' instead of X € £!.

If 1 < p < oo, we define LP to be the space of r.v.’s such that | X|P € £!;
LP is defined analogously to L!. That is, L? is £P modulo the equivalence
relation “almost surely”. Put more simply, two elements of £P that are a.s.
equal are considered to be representatives of one element of LP. We will use
in this book only the spaces L! and L? (that is p =1 or 2).

Before proceeding to the proof of Theorem 9.1 itself, we show two auxiliary
results.

Result 1. For every positive r.v. X there exists a sequence (Xp)n>1 of pos-
itive simple r.v.’s which increases toward X as n increases to infinity. An
example of such a sequence is given by

X, () = R IT RS X(0) < (h 4127 and 0 <k <n2" — 1,
(A T X(w) >n.
(9.5)

Result 2. If X is a positive r.v., and if (X, )n>1 15 any sequence of positive
simple r.v.’s increasing to X, then E{X,} increases to E{X}.

To see this, observe first that the sequence E{X,,} increases to a limit a,
which satisfies a < E{X} by (9.3). To obtain that indeed a = F{X}, and
in view of (9.3) again, it is clearly enough to prove that if Y is a simple r.v.
such that 0 <Y < X, then F{Y} < a.

The variable Y takes on m different values, say ay, ..., a,,, and set Ay =
{Y = ax}. Choose ¢ € (0,1]. The r.v. Y, . = (1 — )Y 1{1—c)y<x,} takes
the value (1 — €)ay, on the set Ap . = A N{(1 —¢)Y < X,,} and 0 on the
set {(1 —e)Y > X, }. Furthermore it is obvious that Y;, . < X,,, hence using
(9.2), we obtain
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BV} = (- 8) 3 anP(Apns) < B{X, ). 96)
k=1

Now recall that Y < lim,, X,,, hence (1 — €)Y < lim,, X,, as soon as Y > 0,
hence clearly Ay, . — Ar as n — oo. An application of Theorem 2.4 yields
P(Agne) = P(Ag), hence taking the limit in (9.6) gives

(1-2¢) iak P(Ar) =(1—¢e)E{Y} <a.
k=1

Letting £ — 0 in the above, we deduce that E{Y} < a, hence our Result 2.

Proof. (a) Let X,Y be two nonnegative r.v.’s and a € R.. By Result 1 above
we associate with X, Y simple r.v.’s X,,,Y,, increasing to X,Y respectively.
Then aX, and X, +Y,, are also simple r.v.’s increasing respectively to aX
and X + Y. Using that expectation is linear over simple r.v.’s and Result 2
above, we readily obtain E{aX} = «E{X} and F{X+Y} = E{X}+E{Y}.
If further X <Y, that E{X} < E{Y} readily follows from (9.3).

From this we first deduce the last two claims of (a). Since for (possibly
negative) r.v.’s X and Y and a € R we have that (aX)T+(aX)™ < |a[(X T+
X )and (X +Y)T+(X+Y)" <Xt 4+ X~ +YT +Y~, we deduce next
that £ is a vector space. Finally since E{X} = E{X*} - E{X~} we deduce
that expectation is linear.

(b) If X € £, then E{X*} < oo and E{X~} < oo. Since |z| = 2T + 27,
we have E{|X|} = E{X T} + E{X~} < o0 as well, so | X| € £*. Conversely if
E{|X|} < oo, then E{X* 4+ X~} < 00, and since E{X+t+ X~} = F{X T} +
E{X~} and both terms are nonnegative, we have that they are also both
finite and X € L.

(c) Suppose X = Y a.s. and assume first X > 0, Y > 0. Let A =
{w: X(w) #Y(w)} = {X #Y}. Then P(A) = 0. Also,

E{Y} = E{YlA + YlAc} = E{YIA} + E{YlAc} = E{YIA} + E{XlAc}.

Let Y,, be simple and Y,, increase to Y. Then Y, 14 are simple and Y,,14
increase to Y14 too. Since Y,, is simple it is bounded, say by N. Then

0< E{Y,1} < E{N14} = NP(A) = 0.
Therefore E{Y14} = 0. Analogously, E{X14} = 0. Finally we have
B{Y} = E{Y1a} + E{X1a} =0+ B{X14} = B{X 14} + E{X14}
= E{X}.

We conclude by noting that if Y = X a.s., then also Y+ = XT a.s. and
Y~ =X~ as., and (c) follows.

(d) For each fixed n choose an increasing sequence Y,, s, k =1,2,3,... of
positive simple r.v.’s increasing to X,, (Result 1), and set
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Zy =max Yy, k.
n<k ’

Then (Zx)r>1 is a non-decreasing sequence of positive simple r.v.’s, and thus
it has a limit Z = limy_, o, Z. Also

Yo <Zp, <Xpx; <X as. forn<k
which implies that
X, <Z<X as.
Next if we let n — 0o we have Z = X a.s. Since expectation is a positive
operator we have
E{Y,r} < E{Zy} < E{X}} forn <k
Fix n and let £ — oco. Using Result 2, we obtain
E{X,} < FE{Z} < klin;o E{X}.
Now let n — oo to obtain:

lim E{X,} < B{Z} < lim E{X)},
n— 00 k—o0

and since the left and right sides are the same, they must equal the middle;
by (¢) and X = Z a.s., we deduce the result.

(e) Note that we could replace X,, with X, = X, — Y and then X,, >
0, X, € L', and E{liminf, . Xn} < liminf, E{Xn} if and only if
E{liminf, . X,} <liminf,, . E{X,}, because

liminf X,, = (liminf X,,) — Y.
n—oo n—oo
Therefore without loss of generality we assume X,, > 0 a.s., each n.
Set Y, = inf;>, X;. Then Y, are also random variables and form a non-
decreasing sequence. Moreover

lim Y,, = liminf X,,.
n—oo n—oo

Since X,, > Y,,, we have E{X,,} > FE{Y,}, whence

hnrr_l)gf E{X,}> nh_)rrolo E{Y,} = E{nh_{rolO Y.} = E{lhrri){,%fX"}
by the Monotone Convergence Theorem (part (d) of this theorem).

(f) Set U = liminf, ,. X,, and V = limsup,,_,., X,. By hypothesis
U=V =X as. We also have |X,| <Y a.s., hence |X| <Y as well, hence
X, and X are integrable. On the one hand X,, > —Y a.s. and —Y € £!, so
Fatou’s lemma (e) yields
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E{U} <liminf E{X,}.
n—oo

We also have —X,, > —Y a.s. and —V = liminf,,_.,, —X,,, so another appli-
cation of Fatou’s lemma yields

—B{V} = B{=V} > liminf B{-X, } = — limsup F{X,,}.

Putting together these two inequalities and applying (c) yields

E{X} = B{U} < liminf E{X,,} < limsup B{X,,} < E{V} = B{X}.

This completes the proof. O

A useful consequence of Lebesgue’s Dominated Convergence Theorem
(Theorem 9.1(f)) is the next result which allows us to interchange summa-
tion and expectation. Since an infinite series is a limit of partial sums and
an expectation is also a limit, the interchange of expectation and summation
amounts to changing the order of taking two limits.

Theorem 9.2. Let X,, be a sequence of random variables.

(a) If the X, ’s are all positive, then

E{ixn} = iE{XnL (9.7)

both sides being simultaneously finite or infinite.
(b) If 307 E{|X,|} < oo, then Y, " | X, converges a.s. and the sum of this
series is integrable and moreover (9.7) holds.

Proof. Let S, = > _, | Xx| and T,, = Y _;_; X}. Then

B{5,) = E{z Xkl} S B,

k=1

and the sequence S, clearly increases to the limit S = > 77, |Xx| (which
may be finite for some values of w and infinite for others). Therefore by the
Monotone Convergence Theorem (Theorem 9.1(d)) we have:

B{S} = lim B{S,} = 3 B{1X]} < co.
k=1

If all X,,’s are positive, then S,, = T}, and this proves (a). If the X,,’s are not
necessarily positive, but Y02 | E{|X,|} < oo, we deduce also that E{S} <
00.
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Now, for every € > 0 we have 1yg_} < &S, hence
P(S = OO) = E{l{S:oo}} < EE{S}

Then E{S} < oo and since the choice of ¢ is arbitrary, we have that P(S =
00) = 0: we deduce that Y 7~ | X}, is an absolutely convergent series a.s. and
its sum, say 7T, is the limit of the sequence T;,. Moreover

Tl < S0 < S

and S is in L'. Hence by the Dominated Convergence Theorem (Theo-
rem 9.1(f)) we have that

B {ixk} - B{lin T.} = B(T},
k=1

which is (9.7). O

Recall that L' and L? are the sets of equivalence classes of integrable
(resp. square-integrable) random variables for the a.s. equivalence relation.

Theorem 9.3. a) If X,Y € L%, we have XY € L' and the Cauchy-Schwarz
inequality:
[E{XY} < VE{X?}E{Y?};
b) We have L?> C L', and if X € L?, then E{X}? < E{X?};
c) The space L? is a linear space, i.e. if X, Y € L? and a,3 € R, then

aX + Y € L? (we will see in Chapter 22 that in fact L? is a Hilbert
space).

Proof. (a) We have | XY | < X2/2+Y?2/2, hence X,Y € L? implies XY € L1.
For every x € R we have

0 < B{(zX +Y)?} = 2?B{X?} + 22E{XY} + E{Y?}. (9.8)
The discriminant of the quadratic equation in z given in (9.8) is
VA{(B{XY})? - B{X2}E{Y?}},

and since the equation is always nonnegative,

BE{XY}* - B{X*}E{Y?} <0,

which gives the Cauchy-Schwarz inequality.

(b) Let X € L2 Since X = X -1 and since the function equal to 1
identically obviously belongs to L? with E{12} = 1, the claim follows readily
from (a).

(c) Let X,Y € L?. Then for constants «, 3, (aX+8Y)? < 2a2X2+23%Y2
is integrable and aX + Y € L? and L? is a vector space. (Il
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If X € L?, the variance of X, written 0%(X) or 0%, is
Var(X) = 0?(X) = B{(X — E{X})?}.

(Note that X € L? = X € L', so E{X} exists.) Let p = E{X}. Then
Var(X) =

B{(X — )’} = BE{X?} - 2uB{X} +
= B{X?} - 2u® + 1i?
= B{X?} — u°.

Thus we have as well the trivial but nonetheless very useful equality:
o?(X) = B{X?} - B{X}~.
Theorem 9.4 (Chebyshev’s Inequality).

P{xX| > ap < 20

Proof. Since a*1y| x4} < X?, we have E{a®1{|x|>q}} < E{X?}, or
a’P(|X| > a) < B{X?};

and dividing by a? gives the result. O

Chebyshev’s inequality is also known as the Bienaymé-Chebyshev inequal-
ity, and often is written equivalently as

o*(X)
a? ’

P{X - B{X}| > a} <

The next theorem is useful; both Theorem 9.5 and Corollary 9.1 we call
the Expectation Rule, as they are vital tools for calculating expectations.
It shows in particular that the expectation of a r.v. depends only on its
distribution.

Theorem 9.5 (Expectation Rule). Let X be a r.v. on (£2, A, P), with
values in (E,E), and distribution PX. Let h: (E,£) — (R, B) be measurable.

a) We have h(X) € L1(£2, A, P) if and only if h € LY(E, &, PX).
b) If either h is positive, or if it satisfies the equivalent conditions in (a), we
have:

E{h(X)} = /h(x)PX(dx). (9.9)

Proof. Recall that the distribution measure PX is defined by PX(B) =
P(X~1(B)). Therefore
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B{15(X)) = P(X"'(B) = PX(B) = [ 1a(e)P¥ (do).

Thus if & is simple, (9.9) holds by the above and linearity. If h is positive, let
h, be simple, positive and increase to h. Then

B{h(X)} = B{ lim_h,(X)}
= lim E{h.(X)}

n—oo

= lim [ hy,(z)PX(dx)

n—oo

= / lim h,(z)PX (dz)

= / h(z) P~ (dx)

where we have used the Monotone Convergence Theorem twice. This proves
(b) when h is positive, and applied to |h| it also proves (a) (recalling that a
r.v. belongs to £! if and only if the expectation of its absolute value is finite).

If h is not positive, we write h = h™ — h~ and deduce the result by
subtraction. (]

The next result can be proved as a consequence of Theorem 9.5, but we
prove it in Chapter 11 (Corollary 11.1) so we omit its proof here.

Corollary 9.1 (Expectation Rule). Suppose X is a random variable that
has a density f. (That is, F(z) = P(X < ) and F(z) = [*__ f(u)du, —o0 <
z < 00.) If E{|h(X)|} < 00 orif h is positive, then E{h(X)} = [ h(z)f(z)dx.

Examples:

1. Let X be exponential with parameter o. Then

E{h(X)} = /OOO h(z)ae™ **dx.

In particular, if h(z) = x, we have

e 1
E{X}= / are” *dr = —,
0 a
by integration by parts. Thus the mean of an exponential random variable
is 1/a.
2. Let X be normal (or Gaussian) with parameters (u, 02). Then E{X} = y,
since

(o]
1
E{X} = / maxe_(w_“)z/z"zdx.
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To see this, let y = x — p; then x = y + p, and

E{X}:/Oo Tomy Wt me w2 gy

o0 1 2 2 1 2 2
= e V27 dy + / ——e Y /2y,
/_oo 27roy v —0o V21O Y

The first integral is the integral of an odd function, so it is zero; the
second is equal to p [ f(z)dz =p-1=p
Let X be Cauchy with density function

1 1
1@ =217
We have E{X T} = F{X~} = E{|X|} = oo and the mean F{X} of a
Cauchy random variable does not exist. Indeed

n o x 0 0
E{XT}= —d ——d
e R e e et
1 /1
>f/ —dxr =00
™ J1 2x
since 755 > O forallz > 0 and %5 > oL for x > 1. That E{X "} = 00

is proved similarly.
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Exercises for Chapters 8 and 9

9.1 Let X : (2, 4) — (R, B) be ar.v. Let
F={A:A=X"YB), some B e B} =X"1(B).
Show that X is measurable as a function from (2, F) to (R, B).

9.2 * Let (12, A, P) be a probability space, and let F and G be two o-algebras
on 2. Suppose F C A and G C A (we say in this case that F and G are sub
o-algebras of A). The o-algebras F and G are independent if for any A € F,
any B € G, P(AN B) = P(A)P(B). Suppose F and G are independent, and
ar.v. X is measurable from both (£2, F) to (R, B) and from (£2,G) to (R, B).
Show that X is a.s. constant; that is, P(X = ¢) = 1 for some constant c.

9.3* Given (2, A4,P),let A/ = {AUN:A € A N € N}, where N are the
null sets (as in Theorem 6.4). Suppose X =Y a.s. where X and Y are two
real-valued functions on 2. Show that X: (2, 4’) — (R, B) is measurable if
and only if Y: (2, A") — (R, B) is measurable.

9.4* Let X € L' on (12, A, P) and let A, be a sequence of events such that
lim,,_, 0 P(A,) = 0. Show that lim,_, . E{X14, } = 0. (Caution: We are not
assuming that lim, . X14, =0 a.s.)

9.5 * Given ({2, A, P), suppose X is a r.v. with X > 0 a.s. and F{X} = 1.
Define @ : A — R by Q(A) = E{X14}. Show that @ defines a probability
measure on ({2, A).

9.6 For @ as in Exercise 9.5, show that if P(A) = 0, then Q(A) = 0. Give
an example that shows that Q(A) = 0 does not in general imply P(A) = 0.

9.7 * For @) as in Exercise 9.5, suppose also P(X > 0) = 1. Let Eg denote
expectation with respect to Q. Show that Eq{Y} = Ep{YV X}.

9.8 Let @ be as in Exercise 9.5, and suppose that P(X > 0) = 1.

(a) Show that + is integrable for Q.
(b) Define R: A — R by R(A) = Eg{+14}. Show that R is exactly the
probability measure P of Exercise 9.5. (Hint: Use Exercise 9.7.)

9.9 Let @ be as in Exercise 9.8. Show that Q(A) = 0 implies P(4) = 0
(compare with Exercise 9.6).

9.10 Let X be uniform over (a,b). Show that B{X} = 2£b.

9.11 Let X be an integrable r.v. with density f(z), and let u = E{X}. Show
that

o0

Var(X) = 0?(X) = / (x — p)? f(x)d.

— 00
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_ (b=a)®
=12 -

9.12 Let X be uniform over (a,b). Show that o(X)

9.13 Let X be Cauchy with density
defined, and E{X?} = co.

m. Show that o%(X) is not

I'(r)I(s)
I'(r+s)

9.14 The beta function is B(r, s) =
Equivalently

, where I' is the gamma function.

1
B(r,s) = / 1=t YAt (1> 0,5 > 0).
0

X is said to have a beta distribution if the density f of its distribution measure
is

xrfl(]_ _ x)sfl

———if0 <2 <1,

f@)=1 " Bls 0

0 ifx <0ora>1.

Show that for X having a beta distribution with parameters (r, s) (r > 0,s >
0), then

(r+k,s)  I'(r+k)I(r+s)

B(r,s) — I'(r)[(r+s+k)’

B{X*} = B

for k£ > 0. Deduce that
r

B{X} = r+s’

o%(X) =

(r+s)2(r+s+1)

The beta distribution is a rich family of distributions on the interval [0, 1]. It
is often used to model random proportions.

9.15 Let X have a lognormal distribution with parameters (i, 2). Show that
B{X"} = enmtio’’

and deduce that E{X} = ¢/729" and 6% = €27 (¢" —1). (Hint: E{X"} =
fooo a2 f(x)dx where f is the lognormal density; make the change of variables
y = log(x) — u to obtain

o0 1 2 2
Ty (ru+ry—y=/20%)
E{X"} = /_OO 27“72@ dy.)

9.16 The gamma distribution is often simplified to a one parameter distribu-
tion. A r.v. X is said to have the standard gamma distribution with parameter
« if the density of its distribution measure is given by

xa—le—x

—ifzr>
f@) = T if x >0,
0 if z < 0.
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That is, 8 = 1. (Recall I'(ar) = [~ t* 'e~'dt.) Show that for X standard
gamma with parameter «, then

I'la+k)

Deduce that X has mean « and also variance a.

E{X"} =

9.17 * Let X be a nonnegative r.v. with mean g and variance o2, both finite.
Show that for any b > 0,

1
P{X > bol < ———.
X =znt U}—1+b2

(Hint: Consider the function g(x) = % and that E{((X — u)b+
0)?} =a?(b* +1).)

9.18 Let X be a r.v. with mean z and variance o2, both finite. Show that

1
P{p—do <X < p+do} Zl—ﬁ.
(Note that this is interesting only for d > 1.)

9.19 Let X be normal (or Gaussian) with parameters g = 0 and o2 = 1.
Show that P(X > z) < z\}ﬂ e=2%" for x> 0.

9.20 Let X be an exponential r.v.. Show that P{X > s+t | X > s} =
P{X >t} for s > 0, t > 0. This is known as the “memoryless property” of
the exponential.

9.21 * Let X be ar.v. with the property that P{X > s+t | X > s} = P{X >

t}. Show that if h(t) = P{X > t}, then h satisfies Cauchy’s equation:
h(s+t) = h(s)h(t) (s >0,t>0)

and show that X is exponentially distributed (Hint: use the fact that h is

continuous from the right, so Cauchy’s equation can be solved).

9.22 Let a be an integer and suppose X has distribution Gamma («, 3).
Show that P(X < z) = P(Y > a), where Y is Poisson with parameter
A = z8. (Hint: Recall I'(a) = (o — 1)! and write down P(X < z), and then
use integration by parts with v = t*~' and dv = e~t/8dt.)

9.23 The Hazard Rate of a nonnegative random variable X is defined by
Pt<X <t X >t
h(t) = lim TES X <tFe[X 20

e—0 9

when the limit exists. The hazard rate can be thought of as the probability
that an object does not survive an infinitesimal amount of time after time ¢.
The memoryless property of the exponential gives rise to a constant rate. A
Weibull random variable can be used as well to model lifetimes. Show that:
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a) If X is exponential (\), then its hazard rate is hx () = A;
b) If X is Weibull («, 3), then its hazard rate is hx (t) = a3t~ 1.

9.24 A positive random variable X has the logistic distribution if its distri-
bution function is given by

1

Fz)=P(X <2) = =575

(z >0),

for parameters (u, 3), 8 > 0.
a) Show that if 4 =0 and § = 1, then a density for X is given by

—T

e

f(x):m;

b) Show that if X has a logistic distribution with parameters (u, 3), then X
has a hazard rate and it is given by hx(t) = (%) F(t).
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Recall that two events A and B are independent if knowledge that B has
occurred does not change the probability that A will occur: that is, P(A |
B) = P(A). This of course is algebraically equivalent to the statement P(AN
B) = P(A)P(B). The latter expression generalizes easily to a finite number
of events: Ay, ..., A, are independent if P(N;—;A;) = [[,_, P(A;), for every
subset J of {1,...,n} (see Definition 3.1).

For two random variables X and Y to be independent we want knowledge
of Y to leave unchanged the probabilities that X will take on certain values,
which roughly speaking means that the events {X € A} and {Y € B} are
independent for any choice of A and B in the o-algebras of the state space of
X and Y. This is more easily expressed in terms of the o-algebras generated
by X and Y: Recall that if X:(2,4) — (E,€), then X~1(€) is a sub o-
algebra of A, called the o-algebra generated by X. This o-algebra is often
denoted o(X).

Definition 10.1. a) Sub o-algebras (A;)ier of A, are independent if for
every finite subset J of I, and all A; € A;, one has

P (NiesAs) = [ P(A).

ieJ

b) Random variables (X;)icr, with values in (F;, E;), are independent if the
generated o-algebras X; ' (&;) are independent.

We will next, for notational simplicity, consider only pairs (X,Y) of ran-
dom variables. However the results extend without difficulty to finite families
of r.v.’s.

Note that X and Y are not required to take values in the same space: X
can take its values in (E,€) and Y in (F,F).

Theorem 10.1. In order for X andY to be independent, it is necessary and
sufficient to have any one of the following conditions holding:

a) P(Xe€eAYeB)=P(XecAPYeB) foralAcE, BeF;

b) P(X € AAY € B)=P(X € A)P(Y € B) for all A€ C, B € D, where
C and D are respectively classes of sets stable under finite intersections
which generate £ and F;

J. Jacod et al., Probability Essentials
© Springer-Verlag Berlin Heidelberg 2004
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c) f(X) and g(Y) are independent for each pair (f,g) of measurable func-
tions;

d) B{f(X)g(Y)} = E{f(X)}E{g(Y)} for each pair (f.g) of functions
bounded measurable, or positive measurable.

e) Let E and F be metric spaces and let £, F be their Borel o-algebras.
Then E{f(X)g(Y)} = E{f(X)}E{9(Y)} for each pair (f,g) of bounded,
continuous functions.

Proof. (a) This is a restatement of the definition, since X ~!(€) is exactly all
events of the form {X € A}, for A € £. (a)=(b): This is trivial since C C &
and D C F.

(a)=-(b): This is evident.

(b)=-(a): The collection of sets A € £ that verifies P(X € A,Y € B) =
P(X € A)P(Y € B) for a given B € D is closed under increasing limits and
by difference and it contains the class C by hypothesis, and this class C is
closed by intersection. So the Monotone Class Theorem 6.2 yields that this
collection is in fact & itself. In other words, Assumption (b) is satisfied with
C = £. Then analogously by fixing A € £ and letting J = {B € F: P(X €
AY € B)=P(X € A)P(Y € B)}, we have J D o(D) and thus J = F.

(¢c)=>(a): We need only to take f(x) =z and g(y) = y.

(a)=(c): Given f and g, note that

FX)THE) = XTHFHE) c XTHE).

Also, g(Y)"Y(F) c YY(F), and since X () and Y ~1(F) are independent,
the two sub o-algebras f(X)™1(€) and g(Y) ! (F) will also be.

(d)=(a): Take f(z) = La(x) and g(y) = 15(y).

(a)=(d): We have (d) holds for indicator functions, and thus for simple
functions (i.e., f(z) = Zle a;l4,(x)) by linearity. If f and g are positive,
let f,, and g,, be simple positive functions increasing to f and g respectively.
Observe that the products f,,(X)g,(Y) increase to f(X)g(Y). Then

B{f(X)g(V)} = E{ lim fu(X)ga(Y)} = lim E{fu(X)g.(V)}
= lim B{fa(X)}E{gn(Y)} = B{f(X)} E{g(¥)}

by the monotone convergence theorem. This gives the result when f and g are
positive. When f and g are bounded we write f = f* — f~ and g =g — ¢~
and we conclude by linearity.

(d)=-(e): This is evident.

(e)=>(b): It is enough to prove (b) when C and D are the classes of all
closed sets of E and F' (these classes are stable by intersection). Let for
example A be a closed subset of E. If d(x, A) denotes the distance between
the point  and the set A, then f,(x) = min(1,nd(z, A)) is continuous, it
satisfies 0 < f,, < 1, and the sequence (1 — f,,) decreases to the indicator
function 14. Similarly with B a closed subset of F' we associate continuous
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functions g, decreasing to 1p and having 0 < g, < 1. Then it suffices to
reproduce the proof of the implication (a)=(d), substituting the monotone
convergence theorem for the dominated convergence theorem. (|

Example: Let E and F be finite or countable. For the couple (X,Y) let

PYY =P(X =i,Y =)
=P{w: X(w)=1and Y(w) =j})
=P{(X=0i)n(Y =4)}.

Then X and Y are independent if and only if Pff Y = pX PjY7 as a conse-
quence of Theorem 10.1.

We present more examples in Chapter 12.

We now wish to discuss “jointly measurable” functions. In general, if &£
and F are each o-algebras on spaces FE and F respectively, then the Cartesian
product ExF ={AC ExXF:A=AxI,A€ and I € F}is not a o-algebra
on E x F. Consequently we write (€ x F) to denote the smallest o-algebra
on E x F' generated by £ x F. Such a construct is common, and we give it a

special notation:
ERF =0(ExF).

Theorem 10.2. Let f be measurable: (E x F,E ® F) — (R, R). For each
x € E (resp. y € F), the “section” y — f(x,y) (resp. x — f(z,y)) is an
F-measurable (resp. £-measurable) function.

Note: The converse to Theorem 10.2 is false in general.

Proof. First assume f is of the form f(z,y) = l¢(z,y), for C € £ @ F. Let
H={C e E®Fy — le(z,y) is F-measurable for each fixed z € E}.
Then H is a o-algebra and H contains €& x F, hence o(€ x F) C H. But by
construction H C o(€ x F), so we have H = £ ® F. Thus we have the result
for indicators and hence also for simple functions by linearity. If f is positive,
let f,, be simple functions increasing to f. Then g,(y) = fn(x,y) for x fixed
is F-measurable for each n, and since

g(y) = lim gn(y) = f(z,y),

n—oo

and since the limit of measurable functions is measurable, we have the result
for f. Finally if f is arbitrary, take f = f* — f—, and since the result holds
for T and f, it holds as well for f because the difference of two measurable
functions is measurable. O

Theorem 10.3 (Tonelli-Fubini). Let P and Q be two probabilities on
(E,&) and (F,F) respectively.

a) Define R(A x B) = P(A)Q(B), for A € £ and B € F. Then R extends
uniquely to a probability on (E x F,E ® F), written P ® Q.
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b) For each function f that is € ® F-measurable, positive, or integrable with
respect to P ® Q, the function x — [ f(z,y)Q(dy) is E-measurable, the
function y — [ f(z,y)P(dz) is F-measurable and

[raraa= [{ ] swmaan} pa)
-/ { / f(x,mP(dx)}Q(dy).

Proof. (a) Let C € € ® F, and let us write C(z) = {y:(z,y) € C}. If
C = A x B, we have in this case C(z) = B if z € A and C(z) = () otherwise,
hence:

R(C) = P& Q(C) = PLAQ(EB) = [ PanQIC(w).

Let H ={C € E@F:x — Q[C(x)] is E-measurable}. Then H is closed under
increasing limit and differences, while ExF C H C EQF, whence H = EQF
by the monotone class theorem. For each C € H = £ ® F, we can now define
(since Q[C(x)] is measurable and positive)

R(O) = [ Plan)lC().
We need to show R is a probability measure. We have

R(2) = R(E x F) = / Pldz)Q[F] = 1.

E

Let C),, € £ ® F be pairwise disjoint and set C = US2Z,C),. Then since
the Cp(z) also are pairwise disjoint and since @ is a probability measure,
Q[C(z)] = 07, Q[Cr(x)]. Apply Theorem 9.2 to the probability measure

P and to the functions f,(x) = Q[Cy(x)], to obtain
> R(C,) = Z/fndP
n=1 n=1

_ / (3 fu)ap
_ / P(dz)Q[C(x)] = R(C).

Thus R is a probability measure. The uniqueness of R follows from Corol-
lary 6.1.

(b) Note that we have already established part (b) in our proof of (a) for
functions f of the form f(z,y) = l¢(z,y), C € £€® F. The result follows for
positive simple functions by linearity. If f is positive, £ ® F-measurable, let
fn be simple functions increasing to f. Then
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En(f) = lim En(f,) = lm_[ { [ e yaia) }P(da:)-

But  — [ fn(z,y)Q(dy) are functions that increase to z — [ f(z,y)Q(dy),
hence by the monotone convergence theorem

/{ tim [ £u(e,)Qdy) }P(da:),

and again by monotone convergence

= [{ [ s tutentan y piao) = [{ [ se.naran | o).

An analogous argument gives

:/{/f(a:,y)P(dl")}Q(dy)-

Finally for general f it suffices to take f = fT — f~ and the result follows.
O

Corollary 10.1. Let X andY be two r.v. on (§2, A, P), with values in (E,£)
and (F,F) respectively. The pair Z = (X,Y) is a r.v. with values in (E x
F.ERF), and the r.v.’s X, Y are independent if and only if the distribution
PEY) of the couple (X,Y) equals the product PX @ PY of the distributions
of X and Y.

Proof. Since Z71(Ax B) = X~ Y(A)NY~1(B) belongs to A as soon as A € £
and B € F, the measurability of Z follows from the definition of the product
o-algebra £ ® F and from Theorem 8.1.

X and Y are independent iff for all A € £ and B € F, we have

P((X,Y)e Ax B)=P(X € A)P(Y € B),

or equivalently
PXY)(A x B) = PX(A)PY(B).

This is equivalent to saying that P5Y)(A x B) = (PX @ PY)(A x B) for
all A x B € £® F), which by the uniqueness in Fubini’s theorem is in turn
equivalent to the fact that PXY) = PX @ PY on £E® F. (]

We digress slightly to discuss the construction of a model with independent
random variables. Let p be a probability measure on (E,E&). It is easy to
construct a r.v. X, with values in E, whose distribution measure is p: simply
take 2 = E; A=&; P = p; and let X be the identity: X (x) = x.

Slightly more complicated is the construction of two independent random
variables, X and Y, with values in (E,€&), (F,F), and given distribution
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measures p and v. We can do this as follows: take 2 = E x F; A =€ ® F;
P=pu®v,and X(x,y) =x; Y(x,y) =y, where (z,y) € E x F.

Significantly more complicated, but very important for applications, is
to construct an infinite sequence of independent random variables of given
distributions. Specifically, for each n let X,, be defined on (£2,,.4,,P,), and
let us set

oo

N = H 2, (countable Cartesian product)

n=1
0o

A=) A,
n=1

where ®92 ;.A,, denotes the smallest o-algebra on {2 generated by all sets of
the form

AlXAQX...XAkXQk+1XQk+2X...7 A; e A k=1,2,3,....

That is, A is the smallest o-algebra generated by finite Cartesian products
of sets from the coordinate o-algebras.

The next theorem is from general measure theory, and can be considered
a (non trivial) extension of Fubini’s theorem. We state it without proof.

Theorem 10.4. Given (2,, Ay, P,) probability spaces and 2 =[]~ (2,
A = ®52, A, then there exists a probability P on (2, A), and it is unique,
such that

k
P(Al XA2 X oo, XAk X Qk+1 X Qk+2 X ):sz(Az)

i=1
forallk=1,2,... and A; € A;.
For X,, defined on (£2,,A,, P,) as in Theorem 10.4, let X,, denote its

natural extension to 2 as follows: for w € 2, let w = (w1,wa,...,wn,--.)
with w; € (2;, each i. Then

X (w) = Xn(wy).

Corollary 10.2. Let X,, be defined on (£2,,An, P,), each n, and let X,
be its natural extension to (£2,A,P) as given above. Then (X,,)n>1 are all

independent, and the law of )Z'n on (2, A, P) is identical to the law of X, on
(er“An,Pn)
Proof. We have

X (Bo) = 210 % oo X 21 X X7 H(By) X Qg1 X Qo X

n

and by Theorem 10.4 we have for k =1,2,...:
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P(NE_ X N (By) = P (X7 (B1) % ... X5, (Br) X 2pg1 % ...)
ﬁ (X, € By)

and the result follows. O

Next we wish to discuss some significant properties of independence.
Let A, be a sequence of events in A. We define:

limsup 4, = Ny (Um>ndm) = Im (Up>ndn) .

n—oo n—oo

This event can be interpreted probabilistically as:

limsup 4, = “A,, occurs infinitely often”,
n—oo

which means that A,, occurs for an infinite number of n. This is often abbre-
viated “i.0.”, and thus we have:

limsup A4,, = {4,, i.0.}.

Theorem 10.5 (Borel-Cantelli). Let A, be a sequence of events in
(2,A,P).

a) If >0 P(A,) < oo, then P(A, i.0.) =0.
b) If P(A, i.0.) = 0 and if the A,’s are mutually independent, then
S P(4,) < .

n=1

Note: An alternative statement to (b) is: if A,, are mutually independent

events, and if Y7, P(A,) = oo, then P(A, i.0.) = 1. Hence for mutually
independent events A,,, and since the sum ) P(A,) has to be either finite
or infinite, the event {A,, i.0.} has probability either 0 or 1; this is a particular
case of the so-called zero-one law to be seen below.
Proof. (a) Let a, = P(A,) = E{14,}. By Theorem 9.2(b) > >°, a, < o0
implies Y 2 14, < 0o a.s. On the other hand, >, 14, (w) = oo if and
only if w € limsup,,_, ., A,. Thus we have (a).

(b) Suppose now the A,’s are mutually independent. Then

P(limsup 4,) = lim lim P(

n—00 n—o00 k—oo

= lim lim (1-P(nf_,4%))

m=n m
n—oo k—oo

Anm)

m=n

m=n

k
1= lim lim ( [Ta- P(Am))>

by independence;
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where a,, = P(A,). By hypothesis P(limsup,,_,., 4,) =0,
so lim,, o0 limy_s oo Hl:nzn(l — @) = 1. Therefore by taking logarithms we
have

n—o00 k—o00

k
lim lim > log(1 - a,m) =0,

or

nh%néo z; log(1 —an) =0,

which means that ), log(1—a,,) is a convergent series. Since |log(1—z)| > x
for 0 < x < 1, we have that )  a,, is convergent as well. g

Let now X, be r.v.’s all defined on (2, A, P). Define the o-algebras
B, =o(X,)
C, =0 (UPZTLBP)
Coo =N 1Cyp
C is called the tail o-algebra.

Theorem 10.6 (Kolmogorov’s Zero-one law). Let X,, be independent
r.v.’s, all defined on (§2, A, P), and let C, be the corresponding tail o-algebra.
If C € C, then P(C) =0 or 1.

Proof. Let D), = 6(Up<nBp). By the hypothesis, C,, and D,, are independent,
hence if A € C,,, B € D,,, then

P(ANB) = P(A)P(B). (10.1)

If A € Coo we hence have (10.1) for all B € UD,,, hence also for all B € D =
o(UD,,), by the Monotone Class Theorem (Theorem 6.2). However Co, C D,
whence we have (10.1) for B = A € Cs, which implies P(A) = P(A)P(A) =
P(A)?, hence P(A) =0 or 1. O

Consequences:

1. {w : limy 00 Xy (w) exists} € Co, therefore X, either converges a.s. or
it diverges a.s.
2. Each r.v. which is C,, measurable is a.s. constant. In particular,

lim sup X, lim inf X,,

n—oo n—oo

I 1 X lim i f1 X

imsup — g iminf — E

n~>oopn = P n—oo N p P
p=n p<n

are all a.s. constant. (Recall we are still assuming that X, is a sequence
of independent r.v.’s)
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Exercises for Chapter 10

10.1 Let f = (f1, f2): 2 = E x F. Show that f: (2, A) = (Ex F,EQ F)
is measurable if and only if f; is measurable from (2, .4) to (E,&) and fs is
measurable from (£2,.4) to (F,F).

10.2 Let R? = R x R, and let 32 be the Borel sets of R?, while B denotes
the Borel sets of R. Show that B? = B® B.

10.3 Let 2 = [0,1], A be the Borel sets of [0,1], and let P(A) = [14(z)dx
for A € A. Let X(x) = z. Show that X has the uniform distribution.

10.4 Let 2 =R and A = B. Let P be given by P(A) = \/% S La(z)e=="/2dz.
Let X (x) = x. Show that X has a normal distribution with parameters ;1 = 0

and 02 = 1.

10.5 Construct an example to show that E{XY} = E{X}E{Y} does not
imply in general that X and Y are independent r.v.’s (we assume X,Y and
XY are all in L').

10.6 Let X,Y be independent random variables taking values in N with
P(X:i):P(Y:i):§ (i=1,2,...).
Find the following probabilities:

a) P(min(X,Y) <) [Ans.:1— L]

b) P(X =Y) [Ans.: 1] v

d) P(X divides Y) [Ans.: &]
e) P(X > kY) for a given positive integer k& [Ans.: ﬁ]

10.7 Let X,Y be independent geometric random variables with parameters
A and p. Let Z = min(X,Y). Show Z is geometric and find its parame-
ter. [Ans: A\u.]

10.8 Let X,Y € L2. Define the covariance of X and Y as
Cov(X,Y) = B{(X — p)(Y — 1)}
where E{X} = p and E{Y'} = v. Show that
Cov(X,Y) = E{XY} — v
and show further that X and Y independent implies Cov(X,Y") = 0.

10.9 Let X,Y € L'. If X and YV are independent, show that XY € L'. Give
an example to show XY need not be in L! in general (i.e., if X and YV are
not independent).
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10.10 * Let n be a prime number greater than 2; and let X, Y be independent
and uniformly distributed on {0,1,...,n — 1}. (That is, P(X =14) = P(Y =
i) =1 fori=0,1,...,n —1.) For each r, 0 < r < n — 1, define Z, =
X + 7Y (mod n).

a) Show that the r.v.’s {Z,. : 0 < r < n — 1} are pairwise independent.

b) Is the same result true if n is no longer assumed to be prime? [Ans: No.]

10.11 Let X and Y be independent r.v.’s with distributions P(X = 1) =
P(Y =1)=1and P(X =—-1) = P(Y = —1) = 1. Let Z = XY. Show that
X,Y, Z are pairwise independent but that they are not mutually independent.

10.12 Let A, be a sequence of events. Show that

P(A4, i.0.) > limsup P(A,).

n—oo

10.13 A sequence of r.v.’s X1, X5, ... is said to be completely convergent to
X if

oo

ZP(|Xn — X|>¢€) < oo for each & > 0.

n=1
Show that if the sequence X,, is independent then complete convergence is
equivalent to convergence a.s.

10.14 Let pu, v be two finite measures on (E, £), (F, F), respectively, i.e. they
satisfy all axioms of probability measures except that u(E) and v(F) are
positive reals, but not necessarily equal to 1. Let A = p®v on (E X F,E® F)
be defined by A(A x B) = u(A)v(B) for Cartesian products A x B (4 € &,
Be F).

a) Show that A extends to a finite measure defined on € ® F;

b) Let f : E x F — R be measurable. Prove Fubini’s Theorem: if f is
A-integrable, then z — [ f(z,y)v(dy) and y — [ f(z,y)u(dz) are re-
spectively £ and F measurable, and moreover

/fdA = //f(w,y)u(dw)V(dy) = //f(w,y)l/(dy)u(dw)-

(Hint: Use Theorem 10.3.)

10.15* A measure 7 is called o-finite on (G, G) if there exists a sequence of
sets (Gj);>1, Gj € G, such that U2, G = G and 7(G;) < oo, each j. Show
that if u, v are assumed to be o-finite and assuming that A = p ® v exists,
then

a) A= p® v is o-finite; and
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b) (Fubini’s Theorem): If f:E x F — R is measurable and A-integrable,
then  — [ f(z,y)v(dy) and y — [ f(z,y)u(dx) are respectively £ and
F measurable, and moreover

[rix= [ [ t@pn@nvay = [ [ f v,

(Hint: Use Exercise 10.14 on sets E; x Fj, where u(E;) < oo and v(Fy) <
00.)

10.16 * Toss a coin with P(Heads)= p repeatedly. Let Ay be the event that
k or more consecutive heads occurs amongst the tosses numbered 2%, 2% +
1,...,281 — 1. Show that P(Ayi0.) = 1if p > % and P(Ag i.0.) = 0 if
p<3.

10.17 Let Xg, X1, Xs,... be independent random variables with P(X,, =
H)=PX,=-1)= %, all n. Let Z,, = II* , X,. Show that Z,, Z5, Zs3, ... are
independent.

10.18 Let X,Y be independent and suppose P(X +Y = «) = 1, where « is
a constant. Show that both X and Y are constant random variables.
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We have already seen that a probability measure P on (R, B) (with B the
Borel sets of R) is characterized by its distribution function

F(z) = P((—00,z]).
We now wish to use the tools we have developed to study Lebesgue measure

on R.

Definition 11.1. Lebesgue measure is a set function m: B — [0,00] that
satisfies

(i) (countable additivity) if A1, As, As,... are pairwise disjoint Borel sets,
then

m (U2 4;) = Zm(Ai)

(ii) #fa,b e R, a <b, then m((a,b]) =b—a.
Theorem 11.1. Lebesgue measure s unique.
Proof. Fix a < b in R, and define

AN (a,b
may(A) = TAD@D) g
b—a
Then my is a probability measure on (R, B), and the corresponding “dis-
tribution” function F,; is given by

0 ifz<a
Fop(@) = map((—00,2]) ={ = ifa<z<b (11.1)
1 ifb<a.

Therefore m,  is uniquely determined (since Fy ; has a given formula and is
thus unique). Moreover since

m(A) = Z Mnnt1(A), any A € B, (11.2)
neZ
we have that m is uniquely determined as well. O

Now that we know Lebesgue measure is unique, we need to know it exists!

J. Jacod et al., Probability Essentials
© Springer-Verlag Berlin Heidelberg 2004
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Theorem 11.2. Lebesgue measure exists.

Proof. The function F, ; given in (11.1) clearly exists, and it is nondecreasing,
continuous and equals 0 for x small enough, and it equals 1 for = large enough.
Therefore the probability measure m, ; also exists by Theorem 7.2. Thus it
suffices to define m by (11.2). The verification of countable additivity and
that m((a,b]) = b — a are all immediate. O

The theory of integration that we sketched in Chapter 9 remains true
for Lebesgue measure: the only difference is that m(R) does not equal 1
but equals +oco: all the results of Chapter 9 remain valid except for the
statements that any bounded Borel function is integrable (Theorem 9.1(b))
and that L? C L' (Theorem 9.3(b)), which are now false!

If f is a Borel measurable function which is integrable for Lebesgue
measure, then its integral is written [ f(x)dz. Recall that f is integrable
if [ft(z)dz < oo and [ f~(x)dz < co, where f = f+ — f~. The Lebesgue
integral exists more generally than does the Riemann integral, but when they
both exist then they are equal.

Definition 11.2. The density of a probability measure P on (R,B) is a
positive Borel measurable function f that verifies for all x € R:

P«—ammnzz/f.ﬂyﬂy=1/funu,w@mwdy (11.3)

If P = PX, the distribution measure of a r.v. X, then we say f is the density
of X.

Warning: As already stated in Chapter 7, not all probability measures
on (R,B) have densities. Indeed, (11.3) implies that F' is continuous, and
not all F' are continuous. Actually (11.3) is much stronger than continuity,
and there are even continuous distribution functions F' whose corresponding
probabilities do not have densities.

Theorem 11.3. A positive Borel measurable function f on R is the density
of a probability measure on (R, B) if and only if it satisfies [ f(x)dx =1. In
this case it entirely determines the probability measure, and any other positive
Borel measurable function f' such that m(f # f') = 0 is also a density for
the same probability measure.

Conversely a probability measure on (R, B) determines its density (when
it exists) up to a set of Lebesgue measure zero (i.e., if f and f' are two
densities for this probability, then m(f # f’) = 0).

Proof. Let f be a density for a probability measure P. By (11.3) we have

[ff@Myzpuﬂmwu
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Let x increase to oo, and we see that
[twas= [ fwy=tim [ swiy=1.

Thus [ f(z)dx = 1.

For the sufficient condition one could give a very short proof based upon
the distribution function. Nevertheless we give a longer but more direct proof
which readily extends to probabilities on R™. Let f be a positive Borel func-
tion with [ f(z)dx = 1. For every Borel set A we put

P(A) = /A f(y)dy = / ) Lal)dy. (11.4)

This defines a function P : B — R which clearly has P(R) = 1. Further if
Ay, Ag, ..., Ay, ... are all pairwise disjoint, then

P(UEA) = [ el a @do

_ / (Z f(x)lAi(x)> dx

since the A; are pairwise disjoint;
D3 RICINETEED SIN
i=1 i=1

by using Theorem 9.2. Therefore we have countable additivity and P is a
true probability measure on (R, B). Taking A = (—oo, | in (11.4) yields

P((-o.a) = [ " )y,

that is P admits the density f.

We now show that P determines f up to a set of Lebesgue measure zero.
Suppose f’ is another density for P. Then f’ will also satisfy (11.4) (to see
this, define P’ by (11.4) with f’ and observe that both P and P’ have the
same distribution function, implying that P = P’). Therefore, if we choose
e>0andset A={z: f(z)+¢e < f(x)} and if m(A) > 0, then

P(A) + em(A) = / (f(2) + ) la@)dz < / f(2)La(z)dz = P(A),

a contradiction. We conclude m({f + & < f'}) = 0. Since {f +¢ < f'}
increases to {f < f’} as € decreases to 0, we obtain that m({f’ < f}) =
0. Analogously, m({f" > f}) = 0, hence f' = f almost everywhere (dm).
[“Almost everywhere” means except on a set of measure zero; for probability
measures we say “almost surely” instead of “almost everywhere”.] (I
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Remark 11.1. Since the density f and the distribution function F satisfy
F(z) = [*__ f(y)dy, one is tempted to conclude that F is differentiable, with
derivative equal to f. This is true at each point x where f is continuous.
One can show — and this is a difficult result due to Lebesgue — that F is
differentiable dm-almost everywhere regardless of the nature of f. But this
result is an almost everywhere result, and it is not true in general for all
x. However in most “concrete” examples, when the density exists it turns
out that F' is piecewise differentiable: in this case one may take f = F’ (the
derivative of F') wherever it exists, and f = 0 elsewhere.

Corollary 11.1 (Expectation Rule). Let X be an R-valued r.v. with den-
sity f. Let g be a Borel measurable function. Then g is integrable (resp. admits
an integral) with respect to PX, the distribution measure of X, if and only if
the product fg is integrable (resp. admits an integral) with respect to Lebesgue
measure, and in this case we have

Blg()} = [ g()P* (o) = [ gla)f(a)da, (115)

Proof. The equality (11.5) holds for indicator functions by Theorem 11.3,
because it reduces to (11.4). Therefore (11.5) holds for simple functions by
linearity. For g nonnegative, let g,, be simple functions increasing to g. Then
(11.5) holds by the monotone convergence theorem. For general g, let g =
gt — ¢, and the result follows by taking differences. (I

We presented examples of densities in Chapter 7. Note that all the exam-
ples were continuous or piecewise continuous, while here we seem concerned
with Borel measurable densities. Most practical examples of r.v.’s in Statis-
tics turn out to have relatively smooth densities, but when we perform simple
operations on random variables with nice densities (such as taking a condi-
tional expectation), we quickly have need for a much more general theory
that includes Borel measurable densities.

Let X be a r.v. with density f. Suppose Y = ¢g(X) for some g. Can we
express the density of Y (if it exists) in terms of f7 We can indeed in some
“good” cases. We begin with a simple result:

Theorem 11.4. Let X have density fx and let g be a Borel measurable
function. Let Y = g(X). Then

Fwwzmysw:Afﬂwm

where Ay = {u: g(u) < y}.
Note that if Fy is differentiable, we can use Theorem 11.4 to find the
density.

Example: Let X be uniform on [0,1] and let Y = —% log(X), where A > 0.
Then
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(i log(X) < y)

(log(X) > —\y)
(X > exp(—Ay))
1—e M fory >0
0 otherwise.

Fy (y)

|
—— 99

Therefore (cf. Remark 11.1):

d Xe M if y >0

and we see that Y is exponential with parameter .

Caution: The preceding example is deceptively simple because g was injective,
or one to one. The general result is given below:

Corollary 11.2. Let X have a continuous density fx. Let g:R — R be
continuously differentiable with a non-vanishing derivative (hence g is strictly
monotone). Let h(y) = g~ 1(y) be the inverse function (also continuously
differentiable). Then'Y = g(X) has the density

fy () = fx(h(y)IW ()]

Proof. Suppose g is increasing. Let Fy (y) = P(Y < y). Then

Fy(y) = P(9(X) <y) = P(h(g(X)) < h(y)),

since h is monotone increasing because g is. Then the above gives
h(y)

— P(X < h(y)) = Fx(h(y)) = / f(x)d.

—0o0

It is a standard result from calculus (see, e.g., [18, p.259]) that if a function g
is injective (one—to—one), differentiable, and such that its derivative is never
zero, then h = g~ is also differentiable and h/(z) = m Therefore Fy (y)
is differentiable and

d

d—yFy(y) = f(h(y)' (y) = f(h(y))|W (y)].

If g is decreasing the same argument yields

d—yFy(y) = f(h() (=N (y)) = f(h(y)IW (y)]-
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Corollary 11.3. Let X have a continuous density fx. Let g:R — R be
piecewise strictly monotone and continuously differentiable: that is, there exist
intervals I, I, . . ., I, which partition R such that g is strictly monotone and
continuously differentiable on the interior of each I;. For each i, g : I; - R
is invertible on g(I;) and let h; be the inverse function. Let Y = g(X) and
let AN={y:y = g(z),z € R}, the range of g. Then the density fy of Y exists
and is given by
n

Fr) =Y Fx )R W) 1gr,) (w)-

=1

Remark: The proof, similar to the proof of the previous corollary, is left to
the reader. Our method uses the continuity of fx, but the result holds when
fx is simply measurable.

Example: Let X be normal with parameters = 0; 02 = 1. Let Y = X?2.
Then in this case g(z) = x?, which is neither monotone nor injective. Take
I = [0,00) and Iy = (—00,0). Then g is injective and strictly monotone
on I; and Ir, and I UI; = R. g(I1) = [0,00) and g(I2) = (0,00). Then
hy :[0,00) = R by hi(y) = /y and hy : [0,00) = R by ha(y) = —\/¥.

1

1
1) = || = 5 Tori= 1.2,
2/ 2%
Therefore by Corollary 11.3,
1 1 1 1
= e /2 + e /2 >0

1 1 _
— e/
V2 Y

The random variable Y is called a x? random variable with one degree of
freedom. (This is pronounced “chi square”.)

The preceding example is sufficiently simple that it can also be derived
“by hand”, without using Corollary 11.3. Indeed,

1(0,00) (¥)-

Fy(y) = P(Y <y)=P(X* <y)
= P(-yF < X < D)
= Fx(y) — Fx(=Y);

Vol

and

Fx(Vy) = Ee*f/?dx.
Thus differentiating yields
d 1 —y/ 1

“r - 2~ 1 )
dy X(\/ﬂ) /7271_6 2\/@ (y>0)
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Similarly,
VY1
—Fx(— =— ——e 2,
v =- [ =
whence
d 1 -1
Z(—F(— -~ e¥/2_— 1
dy( ( \/ﬂ)) \/ﬂe 2\/@ (y>0)

_ 1 e Y/2

1
= —1
Var 2y
and adding yields the same result as we obtained using the Corollary.

Remark: The chi square distribution plays an important role in Statistics.
Let p be an integer. Then a random variable X with density

1

_ 2-1 —2
f(x)—Wl‘p/ e 2z, 0<xr<oo

is called a chi squared density with p degrees of freedom. This is usually
denoted xf). Note that it is a special case of a Gamma distribution: indeed X
is also Gamma (5, 3). We have just seen in the example that if X is x7, then
X equals Z?2 in distribution, where Z is N(0,1). We will see in Chapter 15
(Example 6) that if X is x2 then X = Y7 | Z2 in distribution, where Z;
are i.i.d. N(0,1), 1 <1 < p. Such a distribution arises naturally in Statistics
when one tries to estimate the (unknown) variance of a normally distributed
population. (See in this regard Exercise 15.13).

Let us also note that a x2 is simply an exponential random variable with

-1
parameter A = 3.
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Exercises for Chapter 11

11.1 Use the density for a chi square r.v. to show that I'(3) = /7.

11.2 Let X be uniformly distributed on [—1, 1]. Find the density of Y = X*
for positive integers k. [Ans: for k odd, fy(y) = iy%_ll[,m] (y); for k even,
fy(y) = %y%ﬂl[o,u (v)]

11.3 Let X have distribution function F. What is the distribution function

of Y = |X|? When X admits a continuous density fx, show that Y also
admits a density fy, and express fy in terms of fx.

11.4 Let X be Cauchy with parameters «, 1. Let Y = ¢ with a # 0. Show

aa lal ]
1+a?7\ 142l

Y is also a Cauchy r.v. and find its parameters. [Ans:

11.5 Let X have a density fx, and let Y = & with a # 0. Find the density
of Y in terms of fx. [Ans: fy(y) = L%fx(%)]

11.6 Let X be uniform on ( M, 77) and let Y = sin(X + ). Show that the
density for YV is fy(y) = \/7 1)

11.7* Let X have a density and let Y = asin(X + ), a > 0. Show that:

fy(y) = Z (fx(hi(y)) + fx(ki(y)) L —a,q (v)

1_—00
for appropriate functions h; and k;.

11.8* Let X be uniform on (—m,7) and let Y = atan(X), a > 0. Find
Fr(y). [Ans: fy(y) = -7 )

11.9* Let X have a density, and let

Y = Ceiaxl{x>o}, (Oé > O, c> 0)

Find fy(y) in terms of fx. [Ans: fy(y) = wl(o o ()]

[0}

11.10 A density f is called symmetric if f(—z) = f(x), for all z. (That is, f
is an even function.) A random variable X is symmetric if X and —X both
have the same distribution. Suppose X has a density f. Show that X is sym-
metric if and only if it has a density f which is symmetric. In this case, does it
admit also a nonsymmetric density? [Ans.: Yes, just modify f on a non-empty
set of Lebesgue measure zero in R;]. [Note: Examples of symmetric densi-
ties are the uniform on (—a,a); the normal with parameters (0,0?); double
exponential with parameters (0, 3); the Cauchy with parameters (0, 3).]
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11.11 Let X be positive with a density f. Let Y = %ﬂ and find the density
for Y.

11.12 Let X be normal with parameters (i, c?). Show that Y = e has a
lognormal distribution.

11.13 Let X be a r.v. with distribution function F' that is continuous. Show
that Y = F(X) is uniform.

11.14 Let F' be a distribution function that is continuous and is such that
the inverse function F~! exists. Let U be uniform on (0,1). Show that X =
F~1(U) has distribution function F.

11.15* Let F be a continuous distribution function and let U be uniform
on (0,1). Define G(u) = inf{x : F(z) > u}. Show that G(U) has distribution
function F'.

11.16 Let Y = —<In(U), where U is uniform on (0,1). Show that Y is
exponential with parameter A\ by inverting the distribution function of the
exponential. (Hint: If U is uniform on (0, 1) then so also is 1 —U.) This gives
a method to simulate exponential random variables.
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In Chapter 11 we considered the simple case of distributions on (R, B). The
case of distributions on (R™, B™) for n = 2,3, ... is both analogous and more
complicated. [B"™ denotes the Borel sets of R™.]

First let us note that by essentially the same proof as used in Theorem 2.1,
we have that B" is generated by “quadrants” of the form

ﬁ(—oo,ai]; a; € Q;

i=1

note that B B® ... ® B = B™; that is, B" is also the smallest o-algebra
generated by the n-fold Cartesian product of B, the Borel sets on R.
The n-dimensional distribution function of a probability measure on

(R™,B™) is defined to be:

F(x1,...,xq) =P <H(oo,xl]> .

i=1

It is more subtle to try to characterize P by using F for n > 2 than it is for
n = 1, and consequently distribution functions are rarely used for n > 2.

We have also seen that the density of a probability measure on R, when
it exists, is a very convenient tool. Contrary to distribution functions, this
notion of a density function extends easily and is exactly as convenient on
R"™ as it is on R (but, as is the case for n = 1, it does not always exist).

Definition 12.1. The Lebesgue measure m,, on (R"™, B™) is defined on
Cartesian product sets Ay X As X ... x A, by

Mn (H Ai> = [[m(4)), all A; € B, (12.1)
=1 =1

where m is the one dimensional Lebesgue measure defined on (R,B). As in
Theorem 10.8, one can extend the measure defined in (12.1) for Cartesian
product sets uniquely to a measure m, on (R™,B"™), and m, will still have
countable additivity. This measure m,, is Lebesgue measure, and it is char-
acterized also by the following seemingly weaker condition than (12.1):

J. Jacod et al., Probability Essentials
© Springer-Verlag Berlin Heidelberg 2004
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Mn, <H(ai7bi]> = H(bi —a;), all —oo < a; <b; < oo.

i=1

If A € B™, one can view m,(A) as the “volume” of the set A, a property
which is apparent for “rectangles” of the form (12.1).
We write

/f(:c)dx:/f(xl,...,xn)dxld:cg...dxn

to denote the integral of f with respect to m,, and also [, f(x)dx for the
integral of the product f14 when A € B", as in the one-dimensional case.

Definition 12.2. A probability measure P on (R™,B™) has a density f if f
s a nonnegative Borel measurable function on R™ verifying

PA) = [ S = [ f@)a@

= /f(xl,...,zn)lA(xl,...,zn)dzl...dxn,

for all A € B™.

Once more, we warn the reader that not all probabilities on (R™, B™) have
densities!

The next theorem is the exact analogue of Theorem 11.3, and the proof
is similar and is not repeated here:

Theorem 12.1. A positive Borel measurable function f on R™ is the density
of a probability measure on (R™, B™) if and only if it satisfies [ f(x)dz = 1.
In this case it entirely determines the probability measure, and any other
positive Borel measurable function [’ such that m,(f # f') = 0 is also a
density for the same probability measure.

Conversely a probability measure on (R™,B™) determines its density
(when it exists) up to a set of Lebesgue measure zero (i.e., if f and f' are
two densities for this probability, then m,, (f # f') = 0; we also write: f = f’
Mp-a.e.).

For simplicity, we now let n = 2. That is, we restrict our discussion to
random variables taking their values in R?; Theorem 12.2 below generalizes
easily to R™, n =3,4,....

Let X be an R?-valued r.v. with components Y and Z; that is, X = (Y, Z).

Theorem 12.2. Assume that X = (Y, Z) has a density f on R%. Then:
a) BothY and Z have densities on (R, B) given by:

fet) = [ T s fa(e) = / T wady. (122)
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b) Y and Z are independent if and only if

fly,2) =fr(W)fz(z)  (dm2 a.e.).

¢) The formula below defines another density on R at every point y € R such
that fy(y) # 0:

fr=y(z) =

Before we prove Theorem 12.2 we digress a bit to explain part (c¢) above:
the densities fy(y) and fz(z) are called the marginal densities of f. Note
that one cannot in general recover what f is from knowledge of the marginals
alone. (The exception is when Y and Z are independent.) Thus the “oint
density” f of X = (Y, Z) in general contains more information than do the
two marginals.

The function fy—,(2) is called the “conditional density of Z givenY = y”.
This cannot be interpreted literally, because here P(Y = y) = 0 for each y,
and conditional probabilities of the type P(A | Y = y) have no meaning when
P(Y = y) = 0. Nevertheless the terminology has a heuristic justification as
follows. Let Ay and Az denote very small changes in y and z. Then

fly,2)AyAz = Py <Y <y+ Ay;2 < Z < z+ Az)
and
fy(y)Ay = P(y <Y <y+ Ay);

in this case P(y <Y < y+ Ay) can be assumed to be strictly positive, and
then by division:

Ply<Y <y+Ay;2< Z < 2+ A2)

- Az ~
Jr=y(2)4z P(y<Y <y+ Ay)
mP:z<Z<z4+Az|Y =y).

Proof of Theorem 12.2: a) For each Borel set A € B, we have

P(YEA):P(XEAXR)://A Rf(y,z)dydz

[ | O; F(y, 2)d>

- /A dy fy (4),

and since this holds for all A € B, and since densities on R are characterized
by (11.4), fy as defined in (12.1) is a density of Y. The proof for fz is the
same.
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b) Suppose £(y,2) = fy (4)fz(2). Then

P(YEA,ZGB)://1Axg(y,z)f(y,z)dydz

- / / LA(W)15(2)f(y, 2)dy dz

- / / La(0)15(2) fr () f2 () dy dz

:/1A(Z/)fY(Z/)dy/1B(Z)fz(z>d2

= P(Y € A)P(Z € B),

and since A, B are arbitrary Borel sets, we have Y and Z are independent.
Now suppose Y and Z are independent. Let

_{CGBQ;//Cf(Z/,z)dydz/ CfY(y)fZ(z)dydz}_

Then since Y, Z are independent, if C = A x B with A € B and B € B, then

P((V.2) € C) = / /C F(y, 2)dy dz
while

P(Y,Z)eC)=P(Y €A, Z€B)
= P(Y € A)P(Z € B)

/fY dy/fz )dz
=[], i

by the Tonelli-Fubini Theorem (Theorem 10.3). Therefore H contains the
class of all products C = A x B where A, B € B, while this latter class
is closed under finite intersections and generates the o-algebra B2. Since
further H is closed under increasing limits and differences, we deduce from
Theorem 6.2 that H = B2. Therefore

P(Xe(C)= /Cf(y,z)dydz = /ny(y)fz(z)dydz
for all Borel sets C' € B2. Then the uniqueness of the density (Theorem 12.1)

gives

fy,2) = fy()fz(2), a.e. dms.
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¢) We have

[ frasteri = [ I8y
1

o0 1
= s S = i =1

Since fy =y (2) is positive, Borel measurable, and integrates to 1, it is a density.
|

Definition 12.3. Let X,Y be two real valued random variables, each with
finite variance. The covariance of X,Y is defined to be

Cov(X,Y) = E{(X — E{X})(Y — BE{Y})} = B{XY} — B{X}E{Y}.

Note that E{XY} exists: since X and Y have finite variances they are
both in L?, and Theorem 9.3a then gives that XY € L'. We remark that

Cov(X, X) = Var(X) = 0?(X).
Theorem 12.3. If X and Y are independent, then Cov(X,Y) = 0.

Proof. X and Y independent implies that E{XY} = E{X}FE{Y}, and the
result follows. ]

Warning: The converse to Theorem 12.3 is false in general: if one has
Cov(X,Y) =0 it is not true in general that X and Y are independent.

Definition 12.4. Let X and Y be two r.v.’s, both with finite variance. The
correlation coefficient of X and Y is the number
_ Cov(X,Y)
T oXe(v)

(0(X) =+/c?(X) and o(Y) = y/o2(Y).)

Note that by the Cauchy-Schwarz inequality (Theorem 9.3a) we have
always that —1 < p < 1, and if X and Y are independent then p = 0 by
Theorem 12.3.

Definition 12.5. Let X = (Xy,...,X,,) be an R"™-valued random variable.
The covariance matrix of X is the n X n matriz whose general term is

Cij = COV(Xi7Xj).

Theorem 12.4. A covariance matriz is positive semidefinite; that is, it is
symmetric (c;j = cji, alli,j) and also > aajc;; > 0, for all (aq,...,a,) €
R”.
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Proof. The symmetry is clear, since Cov(X;, X;) = Cov(Xj;, X;) trivially. A
simple calculation shows that

Zaiajcij = Var (zn: aiXi> ’
=1

and since variances are always nonnegative, we are done. (I

Theorem 12.5. Let X be an R™-valued r.v. with covariance matriz C. Let
A be an m x n matriz and set Y = AX. Then'Y is an R™-valued r.v. and
its covariance matriz is C' = ACA*, where A* denotes A transpose.

Proof. The proof is a simple calculation. O

We now turn our attention to functions of R"-valued random variables.
We address the following problem: let g: R™ — R™ be Borel. Given X =
(X1,...,X,) with density f, what is the density of Y = g(X) in terms of f,
and to begin with, does it exist at all? We will need the following theorem
from advanced calculus (see for example [22, p.83]).

Let us recall first that if ¢ is a differentiable function from an open set G
in R™ into R", its Jacobian matriz Jg(x) at point x € G is Jy(x) = %(m)
(that is, Jg(x)s; = (% L(x), where g = (91,92, --.,9n)). The Jacobian of g at
point z is the determmant of the matrix Jy(x). If this Jacobian is not zero,
then g is invertible on a neighborhood of x, and the Jabobian of the inverse
g~ ! at point y = g(x) is the inverse of the Jacobian of g at z.

Theorem 12.6 (Jacobi’s Transformation Formula). Let G be an open
set in R™ and let g:G — R™ be continuously differentiable.! Suppose g is
injective (one to one) on G and its Jacobian never vanishes. Then for f
measurable and such that the product fly is positive or integrable with
respect to Lebesgue measure,

/ e dy—/f )l det(J, (x))|dz

where by g(G) we mean:
9(G) = {y € R": there exists x € G with g(z) = y}.

The next theorem is simply an application of Theorem 12.6 to the density
functions of random variables.

Theorem 12.7. Let X = (Xy,...,X,) have joint density f. Let g:R™ —
R be continuously differentiable and injective, with non-vanishing Jacobian.
Then'Y = g(X) has density

L A function g is continuously differentiable if it is differentiable and also its deriva-
tive is continuous.
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fy(y) = {gx(gl(y))l det J,-1(y)| if y is in the range of g

otherwise.

Proof. We denote by G the range of g, that is G = {y € R™: there exists
x € R™ with y = g(x)}. The properties of g imply that G is an open set
and that the inverse function g—! is well defined on G and continuously
differentiable with non-vanishing Jacobian. Let B € B", and A = g~ 1(B).
We have

P(XeA)= /AfX(;v)dx

:/ fx(x)dx
9-1(B)
/fX x))| det Jy-1 (z)|dw,

by Theorem 12.6 applied with g—!. But we also have P(Y € B) = P(X € A),
hence

P(X € A) = /B fr (9)dy

Since B € B" is arbitrary we conclude

Fx (g7 (@)l det Jy-1(2))| = fy (2),
a.e., whence the result. O

In analogy to Corollary 11.3 of Chapter 11, we can also treat a case where
g is not injective but nevertheless smooth.

Corollary 12.1. Let S € B™ be partitioned into disjoint subsets Sy, S1, ...,
Sm such that U™ ,S; = S, and such that m,(So) = 0 and that for each i =
1,...,m, g:S; — R™ is injective (one to one) and continuously differentiable
with non-vanishing Jacobian. Let Y = g(X), where X is an R™-valued r.v.
with values in S and with density fx. Then'Y has a density given by

Fr() =3 Fx (g ()l det Jy (y)]

where g; ' denotes the inverse map g; ':g(Si) — Si and J,—1 is its corre-
sponding Jacobian matriz.

Examples:

1. Let X,Y be independent normal r.v.’s, each with parameters p = 0,
0? = 1. Let us calculate the joint distribution of (U, V) = (X +Y, X -Y).
Here
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g(x’y) = (x+y,x—y) = (u,v),

1 _futv u—v
o = (15015,

The Jacobian in this simple case does not depend on (u,v) (that is, it is
constant), and is

and

11
2 2
Jy-1(u,v) = ,
g 1( ) }71
2 2
and 1 1 1 1 1
dt -1 = = —_— = - - — = ——.
w=5(-3) - (3) (3) =
Therefore

u+v u—v

f(U,V)(u,v):f(x,y)< 53 )|det,]|
u

= rx () o (52 )

_ L e L e 1

e 2 2
V2 V2m 2

1 «2 1 02

4

— T
Var vV

for —oo < u, v < co. We conclude that U,V are also independent nor-
mals, each with parameters 1 = 0 and o2 = 2.

2. Let (X,Y) have joint density f. We want to find the density of Z = XY
In this case h(z,y) = xy maps R? to R!, and it appears we cannot use
Theorem 12.7 We can however by using a simple trick. Define

9(x,y) = (zy, x).

We can write Sp = {(z,y):x = 0,y € R} and S; = R?\Sp. Then
ma(Sp) = 0 and g is injective from S; to R? and g~ '(u,v) = (v, %).
The Jacobian

1
O —
Jg—l(uvv> = Uu )
L=

and det(Jyg—1) = —1. Therefore Corollary 12.1 gives

_ Sy (v 3) i v#0
UCADRR if v=0.
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Recall that we wanted fiy(u), whence

u) = /Z ny(U,u/v)ﬁdv

. Sometimes we can calculate a density directly, without resorting to The-
orem 12.6 and (for example) the trick of Example 2 above.

Let X,Y be independent and both be normal with parameters ;4 = 0 and
02 =1.Let Z=X?+Y?2 What is fz(2)?

By Theorem 12.2(b) the density of the pair (X,Y) is

1 CC2+y2
f(x7y)_27rcxp<_ ) )7

and therefore

P(Z € A) = B{14(2)} = B{1a(X* + Y?)}

//1A + ) f (x, y)dz dy.
2
=// 1A(~T2+yz)§€_ f)dxdy

By changing to polar coordinates we have

1 ) 27 o 2/2
= — 1a(r®)e™ /% rdrdf
271'
— dH/ 12y dr

:/ 1a(r )eT/ rdr.

0
Now let z = r2; then dz = 2r dr:

:/ La(2) e gy,
O 2

and we see that Z has the density 1e~(*/2) of an Exponential r.v. with
parameter % Note that the polar coordinates transformation is not bi-
jective from R? into its range, so to straighten out the above argument
we have to resort again to Corollary 12.1: this transformation is bijec-
tive from S; = R?\{0} into (0,00) x (0,27, while the set Sy = {0} is
of Lebesgue measure zero. This argument will be used without further
notice in the sequel.

. When a function g transforms n random variables to one, we can some-
times avoid combining Theorem 12.6 with the trick of Example 2, known
as auxiliary random variables, by using instead the distribution function.
More specifically, if Y = g(Xi,...,X,) and if f is the joint density of
(X1,...,X,), then
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fwwzmyswzf f(z)dz.

g(x1,...,p )<y

Suppose there exists a function h(y; za,. .., x,) such that
g(z1,22,...,2,) < yif and only if z1 < h(y;x2,...,2n)-
Then

ﬂ@=4mmjmm

h(y T2,.. ,xn)
/ / / fz1, ..., xn)day pdas,. .. de,.

If we differentiate both sides with respect to y and assume that h is
continuously differentiable in y and f is continuous, then we get

h@:iﬂﬁ (12.3)

/ / 8hy,x2,..., )

f(h(y,za,..., 20 ) Xoy.o., Tp)dxs ... dTy.

An example of this technique which is useful in deriving distributions
important in statistical inference is as follows: Let X,Y be independent
r.v.’s, and let X be normal (¢ = 0,0% = 1) and let Y be Gamma (o =
n/2;0 = %; assume n € N). [Note: YV is also the “chi-square with n
degrees of freedom”.] What is the distribution of
__ X
Y/n

xT

Here g(z,y) = T and since \/2/7 < zif and only if x < zy/y/n, we

have h(z;y) = z+4/y/n. By independence we have that the joint density
fof (X)Y)is

5-1le—3Y
f@40=fx@U&@)=<V%f_2)<y w>>

for —oo < x < o0 and 0 < y < 00, and f(z,y) = 0 otherwise.
We can now apply (12.3) to obtain

1 R <1+z )
fz(z) = / Yy Ze dy (12.4)

—00 < z < 00.
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We note that the density of Z in (12.4) above is called the density for
the Student’s t-distribution with n degrees of freedom.

The Student’s t-distribution was originally derived as the distribution
of a random variable arising from statistical inference for the mean of
a normal distribution. It was originally studied by W. Gosset (1876—
1937)writing under the pseudonym “Student”.

. Let XY be independent normal r.v.’s with mean g = 0 and variance
02 <oo. Let Z=+/X2+Y2 andW:% ifY#0and W=0ifY =0.
We wish to find f(z w)(z,w), the joint density of (Z, W). Here

ste.n) = (VAL ) = )

and ¢ is not injective. We have

g7 ew) = <\/1er27 V1 Jer2> = (50

A second inverse would be

—Zw —z
ht(z,w) = , .
(=) (\/1+w2 \/1+w2>
The Jacobian Jg -1 is given by

w 1
VIi+w? V14 w?
z —zw

(14+w?)2 (14 w?)2

—Z2

and its determinant is e
w

Therefore by Corollary 12.1 we have

faw)(zw) = — {f < il : )
Z,W) = —5 )
(W) T+ w? "\ VT T w? VI w2

—ZW —Z
e ViFw? Vi+w?) )

In this case the normal density is symmetric:

f(X,Y)(xa y) = f(X,Y)(—fa ),
hence we get

2z 1 22

fzw(z,w) = 15 w2 202 e 202 1(,50).

Note that the density factors:
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1 1 L
ot = 2 (5w ) (1)

Therefore we deduce that Z and W are independent (which is not a
priori obvious), and we can even read off the densities of Z and W if we
can infer the normalizing constants from each. Indeed, since m is
the density of a Cauchy random variable (with a = 0 and § = 1), we
conclude:

z _=%
fz(z) = Pk 202 1(50)

and
1

Jw(w) = At w?)

—00 < w < 00,

and Z and W are independent. The distribution density fz above is
known as the Rayleigh density with parameter o* > 0. This example
shows also that the ratio of two independent normals with mean 0 is a
Cauchy r.v. (¢ =0and §=1).
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Exercises for Chapter 12

12.1 Show that

o0 X @24y 9
e 202 dxdy=2mo°,

—00 J —00
and therefore that ﬁe*(mzﬂﬁ)/z"z is a true density. (Hint: Use polar coor-

dinates.)

12.2 Suppose a joint density fix y)(z,y) factors: fix y)(z,y) = g(x)h(y).
Find fx(z) and fy(y).

12.3 Let (X,Y) have joint density

1
2wo109V1 — 12

X exp <_2(1ir2) {(w—éu)z _ (e — )y —pe) (y_52)2}) .

o7 0102 93
Find fx—.(y). [Ans: M/ﬁ GXP(—Wl,Tz){Z/ — p2 — 22 (z — p1)}?)]

fz,y) =

12.4 Let px y denote the correlation coefficient for (X,Y). Let a > 0, ¢ > 0
and b € R. Show that

PaX+b,cY+b = PX,Y -

(This is useful since it shows that p is independent of the scale of measurement
for X and Y.)

12.5 If a # 0, show that
a
PX,aX+b = T,
|a
so that if Y = aX +b is an affine non-constant function of X, then px y = £1.

12.6 Let X,Y have finite variances and let

g _ (1>y_ (W)X,
gy Jx

Show that 0% = 1 — p%X y, and deduce that if pxy = +1, then Y is a
non-constant affine function of X.

12.7* (Gut (1995), p. 27.) Let (X,Y) be uniform on the unit ball: that is,
1
—ifa?+y? <1
fxn(@y) =47
0 if 22 +9% > 1.

Find the distribution of R = v/ X2 +Y2. (Hint: Introduce an auxiliary r.v.
S = Arctan (%).) [Ans: fr(r) = 2rlg1)(r)]
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12.8 Let (X,Y) have density f(z,y). Find the density of Z = X + Y.
(Hint: Find the joint density of (Z, W) first where W = Y.) [Ans: fz(z) =
ffooo f(X7y)(Z —w,w)dw.]

12.9 Let X be normal with i = 0 and 02 < oo, and let @ be uniform on
(0,7): that is f(6) = 21(9,x)(6). Assume X and © are independent. Find the
distribution of Z = X + acos(©). (This is useful in electrical engineering.)

[Ans: fz(z) = 77”“1/% Iy e_(z_“cosw)2/2”2dw.]

12.10 Let X and Y be independent and suppose Z = g(X) and W = h(Y),
with g and h both injective and differentiable. Find a formula for fz w (2, w),
the joint density of (Z, W).

12.11 Let (X,Y) be independent normals, both with means p = 0 and
variances 2. Let

X
Z=+X2+YZand W = Arctan (=), -~ <W <.
Y 2 2
Show that Z has a Rayleigh distribution, that W is uniform on (-7, 7), and
that Z and W are independent.

12.12 Let (X4,...,X,) be random variables. Define

Y1 =min(X;;1<i<n)
Y5 = second smallest of X1,..., X,

Y, = largest of Xq,...,X,.

Then Y7,...,Y, are also random variables, and Y; < Y5 < ... <Y,. Thus
the Y random variables are the same as the X ones, but they are arranged
in order. They are called the order statistics of (X1,...,X,) and are usually
denoted

Yi = X(py-

Assume the X; are i.i.d. with common density f. Show that the joint density
of the order statistics is given by

FxX X)) Wis - Yn) =

T, fly)  foryr <ya <...<uyn
0 otherwise .

12.13 Let (X1,..., X,) bei.id. uniform on (0, a). Show that the order statis-
tics (X(1), ..., X(n)) have density

n!

f(yla"'ayn): {8"

fory; <yo <...<ypn
otherwise .

(Hint: Use Exercise 12.12.)
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12.14 Show that if (X3,...,X,,) are i.i.d. with common density f and dis-
tribution function F, then X ;) (see Exercise 12.12) has density

oo ) = k(1) F1 = )P

12.15 (Simulation of Normal Random Variables.) Let Uy, Us be two indepen-
dent u niform random variables on (0, 1). Let 8 = 27Uy and let S = —In(Us).

a) Show that S has an exponential distribution, and that R = v/2S has a
Rayleigh distribution.

b) Let X = Rcosf, ¥ = Rsinf. Show that X and Y are independent
normals.

(Hint: For part (a), recall that an exponential is a special case of a Gamma
distribution: indeed, it is x3. Then for part (b) reverse the procedure of
Exercise 12.11.)

Remark: Exercise 12.15 is known as the Box—Muller method for simulating
normal random variables.



13 Characteristic Functions

It often arises in mathematics that one can solve problems and/or obtain
properties of mathematical objects by “transforming” them into another
space, solving the problem there, and then transforming the solution back.
Two of the most important transforms are the Laplace transform and the
Fourier transform. While these transforms are widely used in the study of
differential equations, they are also extraordinarily useful for the study of
Probability. They can be used to analyze random variables (e.g., to compute
their moments), and they can be used to give short and elegant proofs of the
Central Limit Theorem (see Chapter 21). The Fourier transform is the more
sophisticated of the two, and it is also the most useful.

Let us write (x,y) for the scalar product of x,y € R™. That is, if x =
(x1,...,2p) and y = (y1,...,Yn), then

n
(z,y) = ijyj'
j=1

(This is often written -y and called the “dot product” in Calculus courses.)

Definition 13.1. Let p be a probability measure on R™. Its Fourier trans-
form is denoted i and is a function on R™ given by

flw) = [ ¢ (o).

In the above definition ¢ denotes the square root of negative one (i =
v/—1). We integrate the complex-valued function = — e!{w:?) . however, no
difficulty is involved here, since we have

e = cos((u, z)) + isin((u, x)), (13.1)

and in particular |e?**| = 1. (The equation (13.1) can be verified in an el-
ementary way by using the power series expansions of e*, cos z, and sin z.)
Now, both functions z — cos({u, z)) and = — sin({u,z)) are bounded and
Borel, hence integrable, and the formula of Definition 13.1 becomes

() = [ cos((u,a))(dn) + i [ sinf(u,2))(ds).

J. Jacod et al., Probability Essentials
© Springer-Verlag Berlin Heidelberg 2004
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As a matter of fact, all results of Chapter 9 hold for complex-valued functions
just by taking separately the real and imaginary parts. These results will be
used without further mention in the sequel (the only result which is more
subtle to get in the complex case is that | [ fdu| < [ |f|dp for the modulus).

Definition 13.2. Let X be an R™-valued random variable. Its characteristic
function ¢x defined on R™ is

px(u) = B{e' M},

We note that
ox (1) = / ¢il0m) pX () — PX (u) (13.2)

where PX is the distribution measure of X. Therefore characteristic func-
tions always exist because they are equal to Fourier transforms of probability
measures, which we have just seen always exist.

Theorem 13.1. Let i be a probability measure on R™. Then i is a bounded,
continuous function with j1(0) = 1.

Proof. We have already seen that [i always exists; that is, its definition always
makes sense. Since \ez<“’“’>| =1 for all real u, x, we have

] < [ 1 (o) = [ 1) = 1.

Moreover
() = [ 0 ) = [ 1utdn) = 1.

Finally suppose u, tends to u; we wish to show fi(u,) tends to ji(u). The func-
tions e*("r®) converge pointwise to e/(**) and since z — €*{“*) is bounded in
modulus by 1, the continuity follows from Lebesgue’s dominated convergence
theorem (Theorem 9.1(f)). O

Actually one can show that [ is uniformly continuous, but we do not need
such a result here.

Theorem 13.2. Let X be an R"™ wvalued random wvariable and suppose
E{|X|™} < oo for some integer m. Then the characteristic function @x
of X has continuous partial derivatives up to order m, and

am

—_— =i"E{X, ...X; e{uX),
ale . axjm 1.4 (u) ¢ { J1 Jm € }

Proof. We prove an equivalent formulation stated in terms of Fourier trans-
forms of probability measures. (To see the equivalence, simply take p to be
PX the distribution measure on R" of X as in (13.2).) Let u be a probability
measure on R™ and assume f(x) = |z|™ is integrable:
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/ |z|™ p(dx) < 0.

Then we wish to show that ji(u) is m-times continuously differentiable and
o™ [
8le e a.’L‘jm

(u) = im/le oy, T (dr).

We give the proof only for the case m = 1. The general case can be established
analogously by recurrence.

In order to prove that g—fj exists at point u, it is enough to prove that for
every sequence of reals ¢, tending to 0, and with v = (v1,...,v,) being the
unit vector in R™ in the direction j (i.e. with coordinates vy = 0 for k # j
and v; = 1), then the sequence

eit;, T ]

F Gt o) i)} = [ e ). (133)

converges to a limit independent of the sequence ¢,,, and in this case this limit

6“1’? -1 ( -th

equals gT’l(u). The sequence of functions z — where z; is the j
J

coordinate of z € R™) converges pointwise to iz; by differentiation; moreover

eitpmj -1

‘ < 2|zl,
P

and
/2|x|u(dx) < 00

by hypothesis. Therefore by Lebesgue’s dominated convergence theorem
(Theorem 9.1(f)) we have that (13.3) converges to

i/xjei<“’z>u(dz).

Therefore 9i

ga(:?) = i/e““’”mj,u(dx). (13.4)
The proof that the partial derivative in (13.4) above is continuous is exactly
the same as that of Theorem 13.1. (]

An immediate application of the above is to use characteristic functions
to calculate the moments of random variables. (The kR moment of a r.v. X
is E{X*}.) For the first two moments (by far the most important) we note
that for X real valued (by Theorem 13.2):

E{X} = —i¢/x(0) if B{|X|} < 00 (13.5)
E{X?} = —¢%(0) if B{X?} < . (13.6)



106 13 Characteristic Functions

Examples:

1. Bernoulli (p): If X is Bernoulli with parameter p, then

pxc(u) = B{e™X} = 60(1 = p) + i =

2. Binomial B(p,n): I X is Binomial with parameters n, p, then

ox(w) = By = 3 (Mo -y = [ 1]

=0

We could also have noted that

where Y7,...,Y, are independent and Bernoulli (p). Then
. y n n . n .
px(u) = B{e™X} = B{e" 2 5} = B T e b = [ B}
j=1 j=1
by the independence of the Y}’s;
=[] ey, (W) = (pe™ + 1 —p)".
j=1
3. Poisson (\):

ox(u) = BE{e™X} = Zei“kP(X =k)
k=0

_ ieiuk)‘:e—/\ _ S (Aeiu)ke—,\
! !
poars k! = K

_ 67A6A6¢1L _ e)\(ei“fl) ’

4. Uniform on (—a,a):

) 1 a iua _ ,—iua
px(w) = B} = oo [ evrdn = S

2a J_, 2atu

using that e = cos z + isin z, and that cos(a) = cos(—a), this equals

21 sin au sin au

2aiu au
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5. The Normal (1 = 0;02 = 1): Calculating the characteristic function of
the normal is a bit hard. It can be done via contour integrals and the
residue theorem (using the theory of complex variables), or by analytic
continuation (see Exercise 17 of Chapter 14); we present here a perhaps
non-intuitive method that has the virtue of being elementary:

; 1 2
ox(u) = /e““ e 2y
V2m

2T

cosuTr _ 2 . [ sinux __ 2
e " /de—i—z/ie 24,

- V2T 21

—z2/2

Since sinuz e is an odd and integrable function, we have that

o0
. _ 2
/ sinuze* 2dz = 0,
— 00

and thus

1 o0
ox(u) = \/ﬂ/ cosuz e 2dz.

By Theorem 13.2 we can differentiate both sides with respect to u to
obtain:
/

1 oo
Px(u) = E/ —rsinuze ™ 2da.

Next integrate by parts to get:

1 o0
B _E/ wecosuze™™ 2dz = —upx (u).
—o0

This gives us the ordinary differential equation

x
Yx

= —u7

and anti-differentiating both sides yields

u2
Infx(u)] = =2 +C,

and exponentiating gives

px(u) = eCe 12,

Since px(0) = 1, we deduce e“ = 1, whence
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Theorem 13.3. Let X be an R™-valued random variable and a € R™. Let
A be an m x n matriz. Then

Patax(u) =D ox (Amu),
for all u € R™, where A* denotes A transpose.

Proof. One easily verifies that
i(u,a+AX)

e ez(u,a)€z<A u,X>7

and then taking expectations of both sides gives the result. O

Examples (continued)

6. The Normal (u,0?): Let X be N(u,0?). Then one easily checks (see
Exercise 14.18) that YV = % is Normal (0,1). Alternatively, X can be
written X = 1+ oY, where Y is N(0,1). Then using Theorem 13.3 and
example 5 we have

ox = eiu#7u202/2

7. The Ezponential (A): Let X be Exponential with parameter A\. Then

<pX(u):/ e e A,
0

A formal calculation gives

- /oo AelTU=N@ gy — A
0

A —u

but this is not mathematically rigorous. It can be justified by, for example,
a contour integral using complex analysis. Another method is as follows:
It is easy to check that the functions

A
We_)‘x(—)\ cos(ux) + usin(ux)),
u
A -z :
Yt (—ucos(ux) — Asin(uzx)),
have derivatives Ae~** cos(ux) and Ae™** sin(ux) respectively. Thus
oo A (o)
A —Az . dr = — Az -\ . + . ,
/0 e cos(ux)dx e (=X cos(ux) + usin(ux)) )
oo A oo
e 2 sin(uz)de = ————e *(—u cos(ux) — A sin(uz
/ () = S5z (~ucos(ur) ~ Asinur))|
Hence we get
A2 Au A

ox(u) = Naur Nrw T A—iu
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8. The Gamma («,3): One can show using contour integration and the
residue theorem in the theory of complex variables that if X is Gamma

(a, B) then

/BCK

_ iu)a :

One can also calculate the characteristic function of a Gamma random
variable without resorting to contour integration: see Exercise 14.19.



14 Properties of Characteristic Functions

We have seen several examples on how to calculate a characteristic function
when given a random variable. Equivalently we have seen examples of how to
calculate the Fourier transforms of probability measures. For such transforms
to be useful, we need to know that knowledge of the transform characterizes
the distribution that gives rise to it. The proof of the next theorem uses
the Stone-Weierstrass theorem and thus is a bit advanced for this book.
Nevertheless we include the proof for the sake of completeness.

Theorem 14.1 (Uniqueness Theorem). The Fourier transform [i of a
probability measure pu on R™ characterizes p: that is, if two probabilities on
R™ admit the same Fourier transform, they are equal.

Proof. Let
1 2 2
_ = —l=l*/20
f(0.7 x) - (27_[_0_2)"/26 I

and

floww) = e,

Then f(o,z) is the density of X = (Xi,...,X,), where the X,’s are inde-
pendent and N(0,0?) for each j (1 < j < n). By Example 6 of Chapter 13
and the Tonelli-Fubini Theorem, we have

n 22
f(o, )™ dy = / H L e(ZF W) g da,

R 27T
n 1 22
_ ( % +iujz;) .
= e 20 d.’l?
]1;[1 /R o2 /
n “2{72
= H e ]2 = f(o" u)
j=1
Therefore

_ (it )
= W - f(O', m)e o2 dx.

J. Jacod et al., Probability Essentials
© Springer-Verlag Berlin Heidelberg 2004
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Next suppose that u; and po are two probability measures on R™ with the
same Fourier transforms fi; = fig = fi. Then

[ #ou = vmaw

1 Y=g
/(szn/z {/f(o,w)e e >drﬂ}u1(dU)
X _,i<L'«l'>
/f“” n/2“( )¢ e

(the reader will check that one can apply Fubini’s theorem here), and the
exact same equalities hold for pe. We conclude that

[ s@mmdn) = [ gomatis)

for all g € H, where H is the vector space generated by all functions of the
form v — f(o,u — v). We then can apply the Stone-Weierstrass theorem?! to
conclude that # is dense in Cy under uniform convergence, where Cy is the set
of functions “vanishing at co”: that is, Cy consists of all continuous functions
on R™ such that limz| o [ f(2)| = 0. We then obtain that

[ s@mdn) = [ gou(ds

for all g € Cy. Since the indicator function of an open set can be written as
the increasing limit of functions in Cy, the Monotone Convergence Theorem
(Theorem 9.1(d)) then gives

p1(A) = ua(A), all open sets A C R".
Finally the Monotone Class Theorem (Theorem 6.2) gives
p1(A) = pa(A)  for all Borel sets A C R”,

which means p; = ps. (]

Corollary 14.1. Let X = (X4,...,X,) be an R"™-valued random variable.
Then the real-valued r.v.’s (X;)1<j<n are independent if and only if

@X(ul""aun) = HQDX]‘(U’]') (141)
=1

! One can find a nice treatment of the Stone-Weierstrass theorem in [20, p. 160].
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Proof. If the (X;)1<;<, are independent, then

QOX(U) — E{ei<u,X>} _ E{eizj—l ujxi}

- F H €iquj — ﬁ E{eiquj}
j=1

by the independence;

Next suppose we have (14.1). Let pux denote the law of X on R" and let ux;
denote the law of X; on R. Then

/:LX = (I'LXI ® 125 ¢ ®...0 MXVL)A’
and therefore by Theorem 14.1 we have
Hx = KX, ®,UX2®~-~®,UJX"7

which is equivalent to independence. (I

Caution: In the above, having ¢ x (u,u, ..., u) =[]\, ¢x, (u) for all u €
R is not enough for the r.v.’s X; to be independent.
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Exercises for Chapters 13 and 14

Note: The first three exercises require the use of contour integration and
the residue theorem from complex analysis. These problems are given the
symbol “4”.

14.1° Let f(z) = 7y, @ Cauchy density, for a r.v. X. Show that

7r(1+x
@X(u) = ei‘ula

by integrating around a semicircle with diameter [—R, R] on the real axis to
the left, from the point (—R,0) to the point (R,0) over the real axis.

14.2% Let X be a gamma r. v with parameters (o, 3). Show using contour
integration that px(u) = C=me w) . [Hint: Use the contour for 0 < ¢ < d on
the real axis, go from (d, 0) back to (¢,0), then descend vertically to the line
y = —*L and descend southeast along the line, and then ascend vertically to
(d.0)]"

14.3% Let X be N(0,1) (i.e., normal with = 0 and 02 = 1), and show that
ox(u) = e~"*/2 by contour integration. [Hint: use the contour from (R, 0) to
(—=R,0) on the real axis; then descend vertically to (—R, —iu); then proceed
horizontally to (R, —iu), and then ascend vertically back to the real axis.]

14.4* Suppose E{|X|?} < oo and E{X} = 0. Show that Var(X) = 02 < oo,
and that )
px(u)=1- 2u202+0( u?)

as u — 0. [Recall that a function g is o(t) if lim;_ £ L0} ( I — =0]
14.5 Let X = (Xq,...,X,,) be an R" valued r.v. Show that

a) px(u,0,0,...,0) = ¢x, (u) (u e R)
b) ox(u,u,u,...,u) =px,+.+x,(u) (vER)

14.6 Let Z denote the complex conjugate of z. That is, if z = a + @b then
Z=a—1b (a,b € R). Show that for X ar.v.,

px(u) = px(—u).

14.7 Let X be a r.v. Show that px(u) is a real-valued function (as opposed
to a complex-valued function) if and only if X has a symmetric distribution.
(That is, PX = P=X where PX is the distribution measure of X.) [Hint:

3

Use Exercise 14.6, Theorem 13.3, and Theorem 14.1.]

14.8 Show that if X and Y are i.i.d. then Z = X — Y has a symmetric
distribution.
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14.9 Let X;,..., X, be independent, each with mean 0, and each with finite
third moments. Show that

n 3 n
E (ZlX> :;E{XE}.

(Hint: Use characteristic functions.)

14.10 Let pq, ..., p, be probability measures. Suppose A; > 0 (1 < j < n)
and 377 Aj = 1. Let v = 377 | Aju;. Show that v is a probability measure,
too, and that

D(u) = Z)\jﬂj(u)-

14.11 Let X have the double exponential (or Laplace) distribution with
a=0, =1
1
fx(x) = ie_lc”l —o0 <z < 00.
Show that px(u) = H—ﬁ
(Hint: Use Exercise 14.10 with p; the distribution of Y and uo the dis-
tribution of —Y, where Y is an Exponential of parameter A = 1. (Take

M o=dp=1)

14.12* (Triangular distribution) Let X be a r.v. with density fx(z) =
(1 — |&)1(_11)(z). Show that ¢x(u) = 21295 (Hint: Let U,V be in-

u2
dependent uniform on (—%,1) and consider U 4+ V. Observe further that

(ezu/Z_-efiu/2>2 _ (2sin(u/2))2.)

14.13 Let X be a positive random variable. The Mellin transform of X is
defined to be

Tx(0) = E{X"}
for all values of 6 for which the expected value of X? exists.

a) Show that
0
Tx(0) = Prog x (Z)

when all terms are well defined.
b) Show that if X and Y are independent and positive, then

Txy(0) = Tx(0)Ty (0).

¢) Show that Ty,x« () = bTx (af) for b > 0 and af in the domain of definition
of TX .
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14.14 Let X be lognormal with parameters (u,o?). Find the Mellin trans-
form (c.f. Exercise 14.13) Tx (6). Use this and the observation that T'x (k) =

E{X*} to calculate the kR moments of the lognormal distribution for
k=1,2,....

14.15 Let X be N(0,1). Show that E{X?"*1} =0 and

2n)!
(an)! =(2n—-1)(2n—-3)...3-1.

B{X?"} =

14.16 * Let X be N(0,1). Let

M(s) = E{e’*} = /O; \/% exp (sx - ;xQ) dz.

Show that M (s) = e /2. (Hint: Complete the square in the integrand.)

14.17 * Substitute s = iu in Exgrcise 14.16 to obtain the characteristic func-
tion of the Normal ¢ x (u) = e =" /2; justify that one can do this by the theory
of analytic continuation of functions of a complex variable.

14.18 Let X be N(u,0?). Show that Y = 2=£ is N(0, 1).

14.19* (Feller [9]) Let X be a Gamma r.v. with parameters (a, ). One
can calculate its characteristic function without using contour integration.
Assume § =1 and expand e'* in a power series. Then show

L - (Zu)n Ooe—mxn a—1 T = — F(n+a) i)™
F(a); n! /0 T _nz::o n!F(a)( )

and show this is a binomial series which sums to ﬁ



15 Sums of Independent Random Variables

Many of the important uses of Probability Theory flow from the study of
sums of independent random variables. A simple example is from Statistics:
if we perform an experiment repeatedly and independently, then the “average
value” is given by T = % 2721 X, where X; represents the outcome of the

jth experiment. The r.v. T is then called an estimator for the mean p of each

of the X;. Statistical theory studies when (and how) Z converges to p as n
tends to co. Even once we show that x tends to ¢ as n tends to oo, we also need
to know how large n should be in order to be reasonably sure that x is close
to the true value p (which is, in general, unknown). There are other, more
sophisticated questions that arise as well: what is the probability distribution
of 7 If we cannot infer the exact distribution of Z, can we approximate it?
How large need n be so that our approximation is sufficiently accurate? If
we have prior information about x4, how do we use that to improve upon our
estimator T? Even to begin to answer some of these fundamentally important
questions we need to study sums of independent random variables.

Theorem 15.1. Let X,Y be two R-valued independent random variables.
The distribution measure pz of Z = X +Y is the convolution product of the
probability measures px and py , defined by

s s (4) = [ [ Lata + phx(doyy (dy). (15.1)

Proof. Since X and Y are independent, we know that the joint distribution
of (X,Y) is ux ® py. Therefore

Blo(X, V) = [ [ gt px(dony (@),
and in particular, using g(z,y) = f(z + y):

E{f(X +Y)} = / / F( + y)px (do)uy (dy), (15.2)

for any Borel function f on R for which the integrals exist. It suffices to take

F(@) = 1a(). O

J. Jacod et al., Probability Essentials
© Springer-Verlag Berlin Heidelberg 2004
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Remark 15.1. Formula (15.2) above shows that for f : R — R Borel mea-
surable and Z = X + Y with X and Y independent:

E{f(2)} = / F(2) (e # ) (d2) = / / F 4y (e (dy).

Theorem 15.2. Let X,Y be independent real valued random variables, with
Z = X +Y. Then the characteristic function @z is the product of ¢x and
py; that is:

pz(u) = ¢x (u)py (u).
Proof. Let f(z) = ¢*®#) and use formula (15.2). O

Caution: It Z = X +Y, the property that pz(u) = px(u)py (u) for all
u € R is not enough to ensure that X and Y are independent.

Theorem 15.3. Let X,Y be independent real valued random variables and
let Z=X+Y.

a) If X has a density fx, then Z has a density f; and moreover:
fz(z) = /fx(z — y)py (dy)
b) If in addition Y has a density fy, then
f22) = [ 1x( =) ey = [ fx(@) e - 2)da.
Proof. (b): Suppose (a) is true. Then
F22) = [ Fx(z = wv ().

However py (dy) = fy (y)dy, and we have the first equality. Interchanging the
roles of X and Y gives the second equality.
(a): By Theorem 15.1 we have

jz(4) = / / La(e + y)ux (dz)py (dy)

/{/1A(x+y)fx(x)dx} py (dy).

Next let z =z + y; dz = dx;

:/{/IA(z)fx(z—y)dZ}MY(dy)

and applying the Tonelli-Fubini theorem:

= [{ ] 16 = wurtan f1ac=

Since A was arbitrary we have the result for all Borel sets A, which proves
the theorem. O

The next theorem is trivial but surprisingly useful.
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Theorem 15.4. Let X, Y be independent real valued random variables that
are square integrable (that is E{X?} < oo and E{Y?} < o0). Then

By =+l

Proof. Since X and Y are independent we have E{XY} = E{X}E{Y}, and
0%y = BIX?} 4 2B(XY} + B{Y?} — (B{X} + E{Y})? = 0% + 0.

O

Examples:

1. Let Xq,...,X,, be ii.d. Bernoulli (p). Then Y = Z?Zl X, is Binomial
B(p,n). We have seen

B{Y}=EQ> X;p=> E{X;}=) p=np.
j=1 j=1 j=1

Note that
ok, = B{X;} - E{X;}* =p—p* = p(1 - p).

Therefore by Theorem 15.4,

n
0% =Y 0% =np(l-p).
j=1

Note that the above method of computing the variance is preferable to
explicit use of the distribution of Y, which would give rise to the following

calculation: .
) ny\ i
oy =Y (j —np)? <j)p’(1 —p)" .
j=0

2. Let X be Poisson (A\) and Y be Poisson (1), and X and Y are indepen-
dent. Then Z = X + Y is also Poisson (A + u). Indeed, ¢z = ¢xpy
implies

o) = XE D n(e =1) _ L0t 1)

)

which is the characteristic function of a Poisson (A + p). Therefore Z is
Poisson by the uniqueness of characteristic functions (Theorem 14.1).

3. Suppose X is Binomial B(p,n) and Y is Binomial B(p,m). (X and Y
have the same p.) Let Z = X + Y. Then

Yz = PXPY,

hence
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oz(u) = (pe™ + (1 —p))"(pe™ + (1 = p))" = (pe" + (1 —p))"*™,

which is the characteristic function of a Binomial B(p,m + n); hence
Z is Binomial B(p,m 4+ n) by Theorem 14.1. We did not really need
characteristic functions for this result: simply note that

X=>U ad Y=>V,
j=1 j=1
and thus

n m
7= U;j+>_V
j=1 j=1

where U; and V; are all i.i.d. Bernoulli (p). Hence

where W; are i.i.d. Bernoulli (p). (The first n W;’s are the U;’s; the next
m W;’s are the V}’s.)

4. Suppose X is normal N(u,0?) and Y is also normal N (v, 72), and X and
Y are independent. Then Z = X +Y is normal N(u+v,0? +72). Indeed

Yz = PXPXx
implies

(PZ(U) _ eiuu—u202/2eiuu—u272/2 — eiu(u—i—l/)—uz(t72+7—2)/2
which is the characteristic function of a normal N(u + v,0% + 72), and
we again use Theorem 14.1.

5. Let X be the Gamma («, ) and Y be Gamma (4, §) and suppose X and
Y are independent. Then if Z = X + Y, vz = ¢x ¢y, and therefore

/Ba ﬂé ﬂaJré
SDZ(U) = (ﬁ—zu)o‘ (ﬂ—zu)‘s = (ﬁ_iu)a+57

whence Z has the characteristic function of a Gamma (a+4, ), and thus
by Theorem 14.1, Z is a Gamma («a + 6, 3).

6. In Chapter 11 we defined the chi square distribution with p degrees of
freedom (denoted x?), and we observed that if X is x7, then X = Z?
in distribution, Where Z is N(0,1). We also noted that if X is X%, then
X is Gamma (%, %) Therefore let X be X and let Zq,...,Z, be iid.

N(0,1). If Y = 3P | Z2, by Example 5 we have that since each Z? is
Gamma (3, %), then Y is Gamma (8, 3) which is x2. We conclude that if
X is x2, then X = 7" | Z? in distribution, where Z are i.i.d. N(0,1).



Exercises 121

Exercises for Chapter 15

15.1 Let X;,..., X, beindependent random variables, and assume E{X;} =
pand 0(X;) = 0% <o00,1<j<n.Let

1 n 1 n
==Y X, d S?==-0% (X; -7
T n; j an nZ( i —T)

j=1

(7 and S? are also random variables, known as the “sample mean” and the
“sample variance”, respectively.) Show that

W) BE =
b) Var (T) = %
c) B(S?) =2"102

15.2 Let X;,..., X, beindependent with finite variances. Let S,, = E;-lzl X;.
Show that

and deduce that if Ug(] =02,1<j <mn, then O'?%Sn =0o?/n.
15.3 Show that if X4,...,X,, are i.i.d., then

s, (u) = (px (u)",
where S, =377 X;.

Problems 4—8 involve the summation of a random number of independent
random variables. We let X1, Xo, ... be an infinite sequence of i.i.d. random
variables and let N be a positive, integer-valued random variable which is
independent from the sequence. Further, let

Sn:ZX“ and SN:X1—|—X2+...—|—XN,
with the convention that Sy = 0 if N = 0.

15.4 For a Borel set A, show that

P(Sy € A| N =n)=P(S, € A).
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15.5 Suppose E{N} < co and E{|X;|} < co. Show

E{Sn} =Y E{S.}P(N =n).

(Hint: Show first that

E{Sx}=FE {Z Snl{N—n}} = ZE{Snl{N:n}}7
n=0 n=0

and justify the second equality above.)

15.6 Suppose E{N} < oo and E{|X;|} < oo. Show that E{Sy} =
E{N}E{X,}. (Hint: Use Exercise 15.5.)

15.7 Suppose E{N} < co and E{|X;|} < co. Show that

psy (u) = E{(¢x, (w)™}.
(Hint: Show first

sy (u) = Y E{e™ Linany})
n=1

15.8 Solve Exercise 15.6 using Exercise 15.7. (Hint: Recall that E{Z} =
ip,,(0), for ar.v. Z in L1.)

15.9 Let X,Y be real valued and independent. Suppose X and X + Y have
the same distribution. Show that Y is a constant r.v. equal to 0 a.s.

15.10 Let f,g map R to Ry such that

/00 f(z)dr < oo and /OO g(z)dr < oo.

Show that

a) fxg(@)= [ flz—y)g(y)dy exists;
b) fxg(xz) =gx f(x) (f * g is called the convolution of f and g)
c) If one of f or g is continuous, then f * g is continuous.

15.11 Let X,Y be i.i.d. Suppose further that X +Y and X — Y are inde-
pendent. Show that ¢x (2u) = (¢x (u))3px (—u).

15.12* Let X,Y be as in Exercise 15.11, and also that E{X} = 0 and

E{X?} = 1. Show that X is Normal N(0,1). (Hint: Show that for some
a > 0 we have p(u) # 0 for all v with |u| < a. Let ¢(u) = ;E(fu) for |u| < a,
and show (u) = {1(u/2")}?"; then show this tends to 1 as n — oo. (See
Exercise 14.4.) Deduce that o(t) = {p(t/2")}*" and let n — oc.)
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15.13 Let X1, Xo,..., X, beii.d. Normal N(u,0?). Let T = % Z?Zl X; and
let Y; = X; — Z. Find the joint characteristic function of (%, Y1,...,Y,). Let
5% = L3 | Y. Deduce that T and % are independent.

15.14 Show that |1 — €2 = 2(1 — cosz) < z? for all x € R. Use this to
show that |1 — px(u)] < E{|uX|}.

15.15 Let A =[—1 1] Show that

12
/AxQIuX(dx) < m{l —Re px(u)}.
(Hint: 1 —cosz > 0 and 1 —cosz > %xz — ix‘l, all x € R; also if z = a + b,
then Re z = a, where a,b, € R.)

15.16 If ¢ is a characteristic function, show that |¢|? is one too. (Hint: Let
X,Y beiid. and consider Z =X —Y.)

15.17 Let X;,...,X, be independent exponential random variables with
parameter (3 > 0. Show that ¥ = Y7 | X; is Gamma (o, 3).



16 Gaussian Random Variables (The Normal
and the Multivariate Normal Distributions)

Let us recall that a Normal random variable with parameters (u, 02), where
p € R and 02 > 0, is a random variable whose density is given by:

1

2mo

flz) = e~ @m0t o <2 < 0. (16.1)
Such a distribution is usually denoted N (u,0?). For convenience of notation,
we extend the class of normal distributions to include the parameters p € R
and 0% = 0 as follows: we will denote by N(u,0) the law of the constant
r.v. equal to g (this is also the Dirac measure at point ). Of course, the
distribution N (u,0) has no density, and in this case we sometimes speak of a
degenerate normal distribution. When p = 0 and 02 = 1, we say that N (0, 1)
is the standard Normal distribution.

When X is a r.v. with distribution N(u,o?) we write X E4 N(p,0?), or
alternatively £(X) = N(u,0?), where £ stands for “law”: that is, “the law
of X is N(u,0?)”. The characteristic function px of X is

02'u2

px(u) = ™2, (16.2)

When o2 > 0 this comes from Example 13.6, and when o2 = 0 this is trivial.
Let us recall also that when £(X) = N(p,0?), then

BE{X}=p,  Var(X)=o% (16.3)

At first glance it might seem strange to call a distribution with such an
odd appearing density “normal”. The reason for this dates back to the early
18" century, when the first versions of the Central Limit Theorem appeared
in books by Jacob Bernoulli (1713) and A. de Moivre (1718). These early
versions of the Central Limit Theorem were expanded upon by P. Laplace
and especially C. F. Gauss. Indeed because of the fundamental work of Gauss
normal random variables are often called Gaussian random variables, and the
former 10 Deutsche Mark note in Germany has a picture of Gauss on it and
a graph of the function f given in (16.1), which is known as the Gaussian
density. (This use of Probability Theory on currency, perhaps inspired by the
extensive use of probability in Finance, has disappeared now that the Mark
has been replaced with the Euro.) The Gaussian version of the Central Limit

J. Jacod et al., Probability Essentials
© Springer-Verlag Berlin Heidelberg 2004
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Theorem can be loosely interpreted as saying that sums of i.i.d. random vari-
ables are approximately Gaussian. This is quite profound, since one needs
to know almost nothing about the actual distributions one is summing to
conclude the sum is approximately Gaussian. Finally we note that later Paul
Lévy did much work to find minimal hypotheses for the Central Limit theo-
rem to hold. It is this family of theorems that is central to much of Statistical
Theory; it allows one to assume a precise Gaussian structure from minimal
hypotheses. It is the “central” nature of this theorem in Statistics that gives
it its name, and which in turn makes Gaussian random variables both impor-
tant and ubiquitous, hence normal. We treat the Central Limit Theorem in
Chapter 21; here we lay the groundwork by studying the Gaussian random
variables that will arise as the limiting distributions.

For a real-valued random variable X the definition £(X) = N(u,o?) is
clear: it is a r.v. X with a density given by (16.1) if 02 > 0, and it is X = u
if 02 = 0. For an R™-valued r.v. the definition is more subtle; the reason is
that we are actually describing the class of random variables that can arise
as limits in the Central Limit Theorem, and this class is more complicated
in R™ when n > 2.

Definition 16.1. An R"-valued random wvariable X = (Xi1,...,X,) is
Gaussian (or Multivariate Normal) if every linear combination Z;;l a; X
has a (one-dimensional) Normal distribution (possibly degenerate; for exam-
ple it has the distribution N(0,0) when a; =0, all j).

Characteristic functions are of help when studying Gaussian random vari-
ables.

Theorem 16.1. X s an R™-valued Gaussian random variable if and only
if its characteristic function has the form

() = explifu, i) — 5, Qu)} (16.4)

where p € R™ and Q is an nxn symmetric nonnegative semi-definite matriz.
Q is then the covariance matriz of X and p is the mean of X, that is p; =
E{X;} forallj.

Proof (Sufficiency): Suppose we have (16.4). Let
Y =) a;X;=(a,X)
j=1

be a linear combination of the components of X. We need to show Y is
(univariate) normal. But then for v € R:

v ) = pxtva) = exp finfas) — % (0. Qa) )
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and by equation (16.2), ¢y (v) is the characteristic function of a normal
N({a, u), {a,Qa)), and thus by Theorem 14.1 we have Y is normal.

(Necessity): Suppose X is Gaussian, and let
Y=Y a;X;=(a,X)
j=1

be a linear combination of the components of X. Let @ = Cov (X) be the
covariance matrix of X. Then

E{Y} = (a, 1)
where u = (u1,...,pu,) and E{X;} = p;, 1 <i < n; and also
UQ(Y) = (a, Qa),

by Theorem 12.4. Since Y is normal by hypothesis, by (16.2) again we have

ov(0) = exp {ivta, ) - 0.0}

Then
ey (1) = ¢,x)(1) = E{exp(ifa, X))} = px(a),

and we have equation (16.4). O

Notation: When X is as in the previous theorem, we denote by N(u, Q) its
law. Its depends on the two parameters: u, the mean vector, and @, the covari-
ance matriz. The terminology “mean vector” is clear from the previous proof,
in which we have seen that u; = E{X;}. For the matrix Q = (Qi ;)1<i,j<n, by
differentiating Equation (16.4) twice and by using Theorem 13.2 we obtain

B{X;X;} = pipj + Qi -

Then we see that Q; ; = Cov(X;, X;).

Example 1:

Let Xq,...,X, be R-valued independent random variables with laws
N(pj,03). Then X = (Xy,...,X,,) is Gaussian (i.e., Multivariate Normal).
This is easy to verify, since

n
@X(ula e aun) = H(pXj (u])
j=1

by Corollary 14.1; therefore
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n
H POl —u;‘-)ojz/2
Jj=1

ox(u)

n n
. 1
= exp g it = E ujz-ajz-
J=1 j=1
— ilusp) =3 (u,Qu)

where p = (1, ..., p,) and @ is the diagonal matrix

Since px (u) is of the form (16.4), we know that X is multivariate normal.
The converse of Example 1 is also true:

Corollary 16.1. Let X be an R™-valued Gaussian random wvariable. The
components X; are independent if and only if the covariance matriz Q@ of X
1s diagonal.

Proof. Example 1 shows the necessity. Suppose then we know @ is diagonal,
i.e.

By Equation (16.4) of Theorem 16.1 it follows that ¢x factors:
px(u) =[] ex, (u)),
j=1

where .
ox, (uj) = exp {iuj,uj - ZU?JJQ} .

Corollary 14.1 then gives that the X, are independent, and they are each
normal (N(u;,0?%)) by Equation (16.2). O

J

The next theorem shows that all Gaussian random variables (i.e., Multi-
variate Normal random variables) arise as linear transformations of vectors
of independent univariate normals. (Recall that we use the terms normal and
Gaussian interchangeably.)



16 Gaussian Random Variables 129

Theorem 16.2. Let X be an R"™-valued Gaussian random wvariable with
mean vector u. Then there exist independent Normal random variables Y7,
.o, Y, with

and an orthogonal matriz A such that X = u+ AY.

Important Comment: We have assumed in Theorem 16.2 only that A; > 0.
Some of the \; can sometimes take the value zero. In this case we have
Y; = 0. Thus the number of independent normal random variables required
in Theorem 16.2 can be strictly less in number than the number of non-trivial
components in the Gaussian r.v. X.

Proof of Theorem 16.2: Since @) is a covariance matrix it is symmetric, non-
negative semi-definite and there always exists an orthogonal matrix A such
that Q@ = AAA*, where A is a diagonal matrix with all entries nonnegative.
(Recall that an orthogonal matriz is a matrix where the rows (or columns),
considered as vectors, are orthonormal: that is they have length (or norm)
one and the scalar product of any two of them is zero (i.e., they are orthog-
onal).) A* means the transpose of the matrix A. Since A is orthogonal, then
A* is also the inverse of A.

We set
Y = A*(X - p)

where p; = E{X,} for X; the jth component of X. Since X is Gaussian by
hypothesis, we have that Y must be Gaussian too, since any linear combina-
tion of the components of Y is also a linear combination of the components
of X and therefore univariate normal. Moreover the covariance matrix of ¥
is A*QA = A, the sought after diagonal matrix. Since X = pu+ AY (because
A*~1 = A), we have proved the theorem. O

Corollary 16.2. An R™-valued Gaussian random variable X has a density
on R™ if and only if the covariance matriz @Q is non-degenerate (that is,
there does not exist a vector a € R™ such that Qa = 0, or equivalently that

det(Q) # 0).

Proof. By Theorem 16.2 we know there exist n independent normals Y7, ...,Y,
of laws N(0,);), (1 < j < n), with @ = AAA*, for an orthogonal matrix
A. If det(Q) # 0, we must have A\; > 0, for all j (1 < j < n), because
det(Q) = det(A) = [T, \i. Since A; > 0 and L(Y;) = N(0,\;), we know
that Y has a density given by

- 1 2
fy(y) = e Vi /2
jI;II A/ 27T/\j

and since X = p+ AY, we deduce from Theorem 12.7 that X has the density
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1
- 2r/2,/det Q

Next suppose @ is degenerate: that is, det(Q)) = 0. Then there exists an
a € R", a # 0 such that Qa = 0 (that is, the kernel of the linear transforma-
tion represented by @) is non-trivial). The random variable Z = (a, X) has a
variance equal to (a, Qa) = 0, so it is a.s. equal to its mean (a, u). Therefore
P(X € H) =1, where H is an affine hyperplane orthogonal to the vector a
and containing the vector p, that is H = {z € R™ : (x — p,a) = 0}.) Since
the dimension of H is n — 1, the n-dimensional Lebesgue measure of H is
zero. If X were to have a density, we would need to have the property

Fx(x) e~ 3 (e—mQ  (w—p)) (16.5)

1:P(XEH):/Hf(x)dac:/Hf(xl,...,a:n)dxl...dacn. (16.6)

However
/1H(x1,...,xn)dazl co.dr, =0

because H is a hyperplane (see Exercise 16.1), hence (16.6) cannot hold;
whence X cannot have a density. O

Comment: Corollary 16.2 shows that when n > 2 there exist normal (Gaus-
sian) non constant random variables without densities (when n = 1 a normal
variable is either constant or with a density). Moreover since (as we shall see
in Chapter 21) these random variables arise as limits in the Central Limit
Theorem, they are important and cannot be ignored. Thus while it is tempt-
ing to define Gaussian random variables as (for example) random variables
having densities of the form given in (16.5), such a definition would not cover
some important cases.

An elementary but important property of R™-valued Gaussian random
variables is as follows:

Theorem 16.3. Let X be an R"™-valued Gaussian random variable, and let
Y be an R™-valued Gaussian r.v. If X and Y are independent then Z =
(X,Y) is an R" ™ -valued Gaussian r.v.

Proof. We have
pz(u) = ox(w)ey (v)

where
u=(w,v); weR" veR™

since X and Y are independent. By Theorem 16.1

patu) = exp {itw i) — Jw.@%u) Lo {ito, ) - S 0,070}

— exp { il(w, 0), (1%, 1Y) — 2 (0, Quy b
{ yinau |
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where <

_(Q" 0
Again using Theorem 16.1 this is the characteristic function of a Gaussian
r.v. (]

We say that two random variables X, Y are uncorrelated if Cov (X,Y) = 0.
Since

Cov (X,Y) = B{XY} — E{X}E{Y},

this is equivalent to saying that F{XY} = E{X}E{Y}. This of course is
true if X and Y are independent (Theorem 12.3) and thus X, Y independent
implies that X, Y are uncorrelated. The converse is false is general. However
it is true for the Multivariate Normal (or Gaussian) case, a surprising and
useful fact.

Theorem 16.4. Let X be an R"-valued Gaussian random wvariable. Two
components X; and X of X are independent if and only if they are uncor-
related.

Proof. We have already seen the necessity. Conversely, suppose that X; and
X, are uncorrelated. We can consider the two dimensional random vector
Y = (11,Ys), with ¥ = X, and Y5 = Xj,. Clearly Y is a bivariate normal
vector, and since Cov(Y7, Y2) = 0 by hypothesis we have that the covariance
matrix of Y is diagonal, and the theorem reduces to Corollary 16.1. d

A standard model used in science, engineering, and the social sciences is
that of simple linear regression.' Here one has random variables Y;, 1 < i < n,
of the form

Y, = a+ Bx; + ¢, (1<i<n) (16.7)

where «, (3, and x; are all constants, and &; are random variables. A typical
model is to think that one is measuring a+ (3x; and one makes a measurement
error €;. Because of the Central Limit Theorem (see Chapter 21), one often
assumes that (¢;)1<i<n have a multivariate normal distribution. Following
Berger and Casella [5] we call z; the predictor variable (again, x; is non-
random), and we call Y; the response variable.?
Let us assume that E{e;} = 0, 1 < ¢ < n. Then taking expectations in
(16.7) we have
E{Y;} = a+ Bx;. (16.8)

Typically one wishes to learn the nature of the linear relation between Y; and
x;; this would be obvious if ¢; were not present to obscure it. That is, one

! The “linearity” refers to the linear nature of the dependence on the parameters
a and (; not of x;.

2 Sometimes x; is called the “independent variable” and Y; the “dependent vari-
able”. We do not use this terminology because of the possible confusion with
independent random variables.
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wants to find a and (8 by observing Y; and knowing z;, 1 < i < n. And to
begin with, we rule out the case where all x;’s are equal, because then we can
at best find the constant a+ Gx; and we cannot discriminate between o and
$: in other words, we suppose that >_; | (z; —Z)? > 0, where z = 1 "% | ;.

One can treat these models quite generally (see Chapter 12 of [5] for
example), but we will limit our attention to the most important case: where
the “errors” are normal.

Indeed, let the random variables (;)1<;<n be i.i.d. N(0,0?) random vari-
ables. An estimator U for o or V for 3 is a random variable which depends on
the observed values Y7, ..., Y, and possibly on the known numbers 1, ..., z,,
but not on the unknown « and . Among all possible estimators, the simplest
ones are the so-called linear estimators, which are of the form

n n
U:u0+2uiYi, V = Vo +ZUZY;‘ (169)

i=1 =1
for some sequences of constants UQy vy Up and Voy+-+yUn. The estimators U

and V are said to be unbiased if E{U} = o and E{V} = (. Since E{¢g;} =0,
this is the case if and only if

a=FEU)=u+« (Zn: ul> +p (i u1xz> (16.10)
B=EV)=v +a (iv) + 6 (ivx) (16.11)

These equations should be satisfied for all choices of o and 3, and this is the
case if and only if

up=0 Y u;=1 and > wm;=0, (16.12)
=1 =1

vo =0 v =0 and > wvw; =1 (16.13)
1=1 =1

Among those estimators U (resp. V) of the form (16.9), which satisfy
(16.12) (resp. (16.13)), how do we choose one? A standard method is to com-
pare squared error loss: that is, U; and V; can be considered to be “better”
than Us and V5 if

E{(U1 —a)*} < E{(U: —)?}, E{(Vi - 8)*} < E{(Va—5)*}. (16.14)

It is a standard exercise in a statistics course to show that

($i 7?) 1 _
J:
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minimize the squared error losses, subject to the unbiasedness conditions
(16.12) and (16.13), and thus give the best estimators among linear unbiased
estimators. See, e.g., [5, pp.557-564]. Because of (16.15) these best estimators
take the following form, with ¥ = 1 Y% v}

l‘ —x —
B= —_ Y, A=Y —zB. (16.16)
Z D ST

We can now determine the distributions of the estimates B and A for
the Gaussian case. It is a spectacular property of the Gaussian that A and
B are also themselves jointly Gaussian! Thus we can not only determine the
distributions of our estimato

Theorem 16.5. Let (g;)1<i<n be i.i.d. N(0,0?%) and suppose
Y = a+ Bx; + ey, (1<i<mn).

The estimators B for 8 and A for o given in (16.16) are jointly Gaussian,
with means o and (8 respectively, and covariance matrix given by

Var (A
() = s _xzzxj,

0'

i@y —7)?
—oz

Z;L (2 — 7))

Var (B) =
Cov (4,B) =

T—=15" .
where T = 3 >0, x;.

Proof. Since the (g;)1<i<n are independent and Gaussian, they form a Gaus-
sian vector by Example 1. Now, A and B are both equal to a constant plus
a linear combination of the €;’s, so the pair (A, B) is Gaussian by the very
definition. By construction they are unbiased estimators for o and 3, that is
they have a and (3 for their respective means.

Since for any r.v. U we have Var (uU + v) = u?Var (U), we can write

Var (B) = Var (i Uﬂ@)
i=1
= Var (i visl)

i=1

n
= Z v?Var (g;) by independence of the g;’s
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Similarly, we have

Var (A) = Zv?\/ar (&4)
i=1
- 1 Tv;
= 0'22 <’[’L2 +E2'Ui2 — 2n>
i=1
1 n
_ o2t 22 2
=0 (n +T ;vz>

_ 02 Z?:l xl2

Y (e —m)?
Cov (4, B) = Cov (Z uisi,ZUiEZ)
i=1 i=1
Z u;v; Var (g;)
i=1

n n
Us
o? E (—l —fviz) =0T g v? = —ZVar (B)
n
i=1 i=1

O

We end this chapter with an example that serves as a warning: X can
be an R"-valued random variable, with each component being univariate
normal, but not be multivariate normal (or Gaussian). Thus the property
of being multivariate normal is stronger than simply having each component
being normal.

Example 2. Let £(Y) = N(0,1), and set for some a > 0:
Z =Y1yia) = Y1y |>a)-

Then Z is also N(0,1) (see Exercise 16.2), but Y + Z = 2Y 1}y |<,} which is
not normal, since (for example) P(Y + Z > 2|a|]) =0 and Y + Z is not a.s.
equal to a constant. Therefore X = (Y, Z) is an R2-valued r.v. which is not
Gaussian, even though its two components are each normal (or Gaussian).

It is worth emphasizing that the Multivariate Normal has several special
properties not shared in general with other distributions. We have seen that
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1. Components are independent if and only if they are uncorrelated;

2. We have that the components are univariate normal: thus the components
belong to the same distribution family as the vector random variable;

3. A Gaussian X with an N(u, Q) distribution with @ invertible can be
linearly transformed into an N(0,I) r.v. (Exercise 16.6); that is, linear
transformations do not change the distribution family;

4. The density exists if and only if the covariance matrix is nondegenerate,
giving a simple criterion for the existence of a density; and finally

5. We have that the conditional distributions of Multivariate Normal dis-
tributions are also normal (Exercise 16.10).

These six properties show a remarkable stability inherent in the Multi-
variate Normal. There are many more special features of the normal that we
do not go into here.

It is interesting to note that the normal distribution does not really exist
in nature. It arises via a limiting procedure (the Central Limit Theorem),
and thus it is an approximation of reality, and often it is an excellent approx-
imation. When one says, for example, that the heights of twenty year old
men in the United States are normally distributed with mean g and variance
o2, one actually means that the heights are approzimately so distributed.
Indeed, if the heights were in fact normally distributed, there would be a
strictly positive probability of finding men that were of negative height and
also of finding men taller than the Sears Tower in Chicago. Such results are
of course nonsense. However these positive probabilities are so small as to be
equal to zero to many decimal places, and since zero is the true probability
of such events we do not have a contradiction to the result that the normal
distribution is indeed an excellent approximation to the true distribution of
men, which is itself not precisely known.
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Exercises for Chapter 16

16.1 Let a € R™, a # 0, and p € R"™. Let H be the hyperplane in R" given
by
H={xeR": (xr—p,a) =0}

Show that m,(H) = 0 where m,, is n-dimensional Lebesgue measure, and
deduce that

/Hf(x)dx:/_O:O"'/OCf(mla-~a$n)1H(X1,...,xn)dx1...dwn:0

oo
for any Borel function f on R™.

16.2 Let £(Y) = N(0,1), and let a > 0. Let

g _ Y if Y| <a,
1 -Yit|]Y]>a

Show that £(Z) = N(0,1) as well.

16.3 Let X be N(0,1) and let Z be independent of X with P(Z = 1) =
P(Z =-1)=1 Let Y = ZX. Show L(Y) = N(0,1), but that (X,Y) is not
Gaussian (i.e., not Multivariate Normal).

16.4 Let (X,Y) be Gaussian with mean (ux, puy) and covariance matrix @
and det(Q) > 0. Let p be the correlation coefficient

Cov (X,Y)
V/Var(X)Var(Y)

Show that if —1 < p < 1 the density of (X,Y") exists and is equal to:

1 -1 x — ,uX>2
x,y) = ex
foen ) 2roxoyJI— 7 { 2(1 - p?) (( ox

2z —p)ly =) ((y—w))2> }

0X0y oy

Show that if p = —1 or p = 1, then the density of (X,Y) does not exist.

16.5 Let p be in between —1 and 1, and p;, JJZ (j = 1,2) be given. Construct
X1, X5 Normals with means p1, po; variances o, 03; and correlation p. (Hint:
Let Y1, Y2 be i.i.d. N(0,1) and set U; = Y7 and Us = pY; + /1 — p? V5.
Then let Xj = /LJ‘ + O’jY}‘ (j = 1,2).)
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16.6 Suppose X is Gaussian N (i, Q) on R™, with det(Q) > 0. Show that
there exists a matrix B such that Y = B(X — ) has the N(0, I) distribution,
where I is the n xn identity matrix. (Special Note: This shows that any Gaus-
sian r.v. with non-degenerate covariance matriz can be linearly transformed
into a standard normal.)

16.7 Let X be Gaussian and let

where X = (X1,...,X,,). Show that Y is univariate N(u,0?) where

p=>_ a;E{X;}

j=1
and .
o? = Z a?Var(Xj) +2 Z a;arCov (X5, X).
j=1 i<k
16.8 Let (X,Y) be bivariate normal N(u, @), where
Q _ 0'%( pPOXOYy
pPOXOY 0'32/

and p is the correlation coefficient (|p| < 1), (det(Q) > 0). Then (X,Y) has
a density f and show that its conditional density fx—.(y) is the density of
a univariate normal with mean py + p2-(x — px) and variance o2.(1 - p?).
(cf. Theorem 12.2.)

16.9 Let X be N(p, Q) with = (1,1) and Q = (? ;) Find the conditional

distribution of Y = X7 4+ X5 given Z = X; — X5 = 0.

1 1(y—2)?
V24 / 23—0 3
16.10 Let £(X) = N(u,Q) with det(Q) > 0. Show that the conditional
distributions of any number of coordinates of X, knowing the others, are

also multivariate normal (cf. Theorem 12.2). [This Exercise generalizes Ex-
ercise 16.8.]

16.11 (Gut, 1995). Let (X,Y) have joint density

Answer: fz_o(y) =

fxyy (@ y) =cexp{—(1+2*)(1+4%)}, —oo<mz,y<oo,

where c¢ is chosen so that f is a density. Show that f is not the density of a
bivariate normal but that fx—,(y) and fy=,(z) are each normal densities.
(This shows that the converse of Exercise 16.10 does not hold.)
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16.12 Let (X,Y") be Bivariate Normal with correlation coefficient p and mean
(0,0). Show that if |[p| < 1, then Z = 2 is Cauchy with parameters a =
pZE and B = Z2X\/1—p? (Note: This result was already established in
Example 12.5 when X and Y were independent.) We conclude that the ratio
of two centered Bivariate Normals is a Cauchy r.v.

16.13 * Let (X,Y) be bivariate normal with mean 0 and correlation coeffi-
cient p. Let 3 be such that

cosf=p (0<B<m)

and show that
P{XY <0} =

SRS

(Hint: Recall from Exercise 16.12 that if Z = % and z = pZ&, then

1 1 —
Fz(z) ==+ ;Arctan <w> .

2 ox\/1— p?

Let o = Arcsinp (=% < a < ) and show first P(XY < 0) = % — & using

T
that Arctan 1” — = Arcsinp.)
-

16.14 Let (X,Y), o and p be as in Exercise 16.13. Show that

1
P{X>0,Y>0}:P{X<07Y<0}:14_%7
1
P{X>07Y<0}:P{X<O7Y>0}:Z—%,
16.15 * Let (X,Y) be bivariate normal with density
_ 1 22 2pay i
fxy(z,y) = ! ~c 207 (”3( Txoy ToZ )

2roxoy\/1—p
Show that:

a) E{XY} =poxoy

b) B{X?Y?} = B{X?*}E{Y?} + 2(E{XY})?

¢) E{|XY|} = 22X% (cos o + asin ) where o is given by sina = p (=3 <
a < 7) (cf. Exercise 16.13).

16.16 Let (X,Y) be bivariate normal with correlation p and 0% = 0. Show
that X and Y — pX are independent.

16.17 Let X be N(u, Q) with det(Q) > 0, with X R™-valued. Show that

(X =)' Q"X —p) is x*(n).
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16.18 Let X1,..., X, be iid. N(0,02), and let

__1¢ 2 1 2
xzﬁlejandS = 1Z(Xjfx).
J:

n—1:¢
Jj=1

Recall from Exercise 15.13 that T and S? are independent. Show that

n n

X7 =) (X; -7+ na

j=1 j=1
and deduce that (n — 1)52/0? has a x2_, distribution and that nz?/o? has
a x7 distribution.

16.19 Let &1,...,¢, be iid. N(0,02) and suppose Y; = a + Bx; +&;, 1 <
i < n. Suppose also that all x;’s are not equal, and set 7 = > | x;. We
define regression residuals to be

¢ =Y; — A— B,

where A and B are given in (16.16).

a) Show that F{&;} =0,1<i<n
b)* Show that

n—1 (v; — )2 )
no Vi (e —T)?
16.20 Let e1,...,¢, and é1,...,é, be as in Exercise 16.19. Suppose o is
unknown, and define
1 n
6% = - > e
i=1

Show that E{6%} = =242 (Since E{6%} # o2, 62 is said to be a biased
estimator for 0; an unbiased estimator for o is 5% = —562.)

Var (¢;) = o* (

16.21 Let ey,...,en, A, B, S? be as in Exercises 16.19 and 16.20. Show that
(A, B) and S? are independent.



17 Convergence of Random Variables

In elementary mathematics courses (such as Calculus) one speaks of the con-
vergence of functions: f,: R — R, then lim,, o f, = f if lim, e frn(z) =
f(z) for all  in R. This is called pointwise convergence of functions. A ran-
dom variable is of course a function (X:{2 — R for an abstract space (2),
and thus we have the same notion: a sequence X,,: {2 — R converges point-
wise to X if lim, 00 Xp(w) = X (w), for all w € 2. This natural definition
is surprisingly useless in probability. The next example gives an indication
why.

Example 1: Let X,, be an i.i.d. sequence of random variables with P(X,, =
1) =p and P(X,, = 0) = 1 —p. For example we can imagine tossing a slightly
unbalanced coin (so that p > 1) repeatedly, and {X,, = 1} corresponds to
heads on the nth toss and {X,, = 0} corresponds to tails on the nth toss. In
the “long run”, we would expect the proportion of heads to be p; this would
justify our model that claims the probability of heads is p. Mathematically
we would want

lim Xi(w)+... + X,(w)

n—00 n

=p forallwe .

This simply does not happen! For example let wy = {T,7T,T,...}, the se-
quence of all tails. For this wq,

Z Xj(wo) = 0.

1
lim —
n—oo N
More generally we have the event
A ={w: only a finite number of heads occur}.
Then

RS
nl;rr;oﬁlej(w)—Ofor all w € A.
j=

We readily admit that the event A is very unlikely to occur. Indeed, we
can show (Exercise 17.13) that P(A) = 0. In fact, what we will eventually
show (see the Strong Law of Large Numbers [Chapter 20]) is that

J. Jacod et al., Probability Essentials
© Springer-Verlag Berlin Heidelberg 2004
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1
P w.nILrI;OEZXj(w):p =1
j=1
This type of convergence of random variables, where we do not have conver-
gence for all w but do have convergence for almost all w (i.e., the set of w
where we do have convergence has probability one), is what typically arises.

Caveat: In this chapter we will assume that all random variables are defined
on a given, fixed probability space ({2, .4, P) and takes values in R or R™.
We also denote by |z| the Euclidean norm of = € R"™.

Definition 17.1. We say that a sequence of random variables (X,,)n>1 con-
verges almost surely to a random variable X if

N = {w: lim X, (w) #X(w)} has P(N)=0.

n—oo

Recall that the set N is called a null set, or a negligible set.

Note that

n—oo

N¢=A= {w :lim X, (w) = X(w)} and then P(A4) = 1.
We usually abbreviate almost sure convergence by writing

lim X,, = X a.s.

n—oo
We have given an example of almost sure convergence from coin tossing pre-
ceding this definition.

Just as we defined almost sure convergence because it naturally occurs
when “pointwise convergence” (for all “points”) fails, we need to introduce
two more types of convergence. These next two types of convergence also
arise naturally when a.s. convergence fails, and they are also useful as tools
to help to show that a.s. convergence holds.

Definition 17.2. A sequence of random variables (X, )n>1 converges in L?
to X (where 1 <p < o0) if | X,l|, |X| are in LP and:

. ) —
nILH;oE{|X" XPP}=0.

h

Alternatively one says X, converges to X in pt mean, and one writes

x, B x.

The most important cases for convergence in pth mean are when p = 1
and when p = 2. When p = 1 and all r.v.’s are one-dimensional, we have
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B{X, — X}| < B{|X, — X[} and |E{| X[} — B{IX|}| < E{|X, — X[}
because ||z| — |y|| < |z — y|. Hence

XnL—1>X implies E{X,} — F{X} and E{|X,|} — E{|X]|}. (17.1)

Similarly, when X, 5 X for p € (1,00), we have that E{| X, [P} converges to
E{|X|P}: see Exercise 17.14 for the case p = 2.

Definition 17.3. A sequence of random wvariables (X,),>1 converges in
probability to X if for any € > 0 we have

nhﬁngo P{w: | Xn(w) — X(w)| >€}) =0.

This is also written
lim P(|X, — X|>¢) =0,
n—oo

and denoted
X, 5 x.

Using the epsilon-delta definition of a limit, one could alternatively say
that X,, tends to X in probability if for any € > 0, any § > 0, there exists
N = N(6) such that

P(X,—X|>e)< 0

for all n > N.

Before we establish the relationships between the different types of con-
vergence, we give a surprisingly useful small result which characterizes con-
vergence in probability.

Theorem 17.1. X, Bx if and only if

. |Xn*X|
lim B ——2 211 —0.
n—300 {1+Xn—X|

Proof. There is no loss of generality by taking X = 0. Thus we want to show

X, 20 if and only if lim,, o F{ 1J‘r)‘(XL|} = 0. First suppose that X, o,

Then for any € > 0, lim,,_,oc P(|X,| > €) = 0. Note that

[Xul  _ _1Xal
1+ X, = 1+ |X,|

Lix, 1>er elgx,|<er < Lfix, > T €
Therefore

{1‘4 |‘<n| - { {|X"\>a}} € (| ”L| >€) €

Taking limits yields
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, 1X,0|
lim E <e
00 {1+X|

. . . X, |
since £ was arbitrary we have lim,,_,~ E{ I }=0.

1+|X I
Next suppose lim,, ;o E{ 1|+)|(;(‘ ‘} = 0. The function f(z) = I is strictly
increasing. Therefore
£ | Xn| Xl

1
14 ¢ {|X7,\>5}71+|X| {1Xn |>5}7 1+|X|

Taking expectations and then limits yields

| X
lim P(| X, < 1 Ed— 5 =0.
1+en5réo (1Xal > €) < lim {1+|Xn 0

Since € > 0 is fixed, we conclude lim,,_, P(|X,| > ¢€) = 0. O

Remark: What this theorem says is that X, Ex it E{f(| X, — X|)} =0
for the function f(z) = 7 +\m A careful examination of the proof shows that
the same equivalence holds for any function f on R which is bounded, non-
decreasing on [0, 00), continuous, and with f(0) = 0 and f(z) > 0 when
2 > 0. For example we have X,, 5 X iff E{|X, — X| A1} — 0 and also iff
E{arctan(|X,, — X|)} — 0.

The next theorem shows that convergence in probability is the weakest of
the three types of convergence (a.s., LP, and probability).

Theorem 17.2. Let (X,)n>1 be a sequence of random variables.

a) If X 2 X, then X, 5 X.
b) If X, 23 X, then X,, 5 X.

Proof. (a) Recall that for an event A, P(A) = E{14}, where 14 is the indi-
cator function of the event A. Therefore,

P{X, — X|>e} =E {lyx, —x|>¢} } -

Note that M
&

> 1 on the event {|X,, — X| > €}, hence

‘Xn — X|p
<E {510 L{x, —X|>e}

1
- E?E {|Xn o X|p1{‘X727X‘>€}} I’

and since | X, — X|? > 0 always, we can simply drop the indicator function
to get:

! The notation iff is a standard notation shorthand for “if and only if’
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1
— _ p
< S B{X. — XP}.

The last expression tends to 0 as n tends to co (for fixed e > 0), which gives
the result.

(b) Since % < 1 always, we have

. |X’I'L_X‘ |X7L_X|
lim B —=r 2L Lo pdgim 22— 21 4 = E{o} =0
e {1+|Xn—X| oo 1+ | Xp — X| {0}

n—r oo

by Lebesgue’s Dominated Convergence Theorem (9.1(f)). We then apply The-
orem 17.1. (]

The converse to Theorem 17.2 is not true; nevertheless we have two partial
converses. The most delicate one concerns the relation with a.s. convergence,
and goes as follows:

Theorem 17.3. Suppose X,, L X. Then there exists a subsequence ny such
that limy o0 Xp, = X almost surely.

Proof. Since X, £ X we have that lim,, o0 E{%} = 0 by The-

orem 17.1. Choose a subsequence nj, such that E{Hlxi_xl} < 2k . Then

oo 1E{1+IX } < 0o and by Theorem 9.2 we have that y ,- 1%
"k

< 00 a.8.; since the general term of a convergent series must tend to zero, we
conclude
lim |X,, —X|=0as.

ng —00

O

Remark 17.1. Theorem 17.3 can also be proved fairly simply using the Borel-
Cantelli Theorem (Theorem 10.5).

Example 2: X, £ X does not necessarily imply that X,, converges to X
almost surely. For example take 2 = [0,1], A the Borel sets on [0,1], and
P the uniform probability measure on [0, 1]. (That is, P is just Lebesgue
measure restricted to the interval [0, 1].) Let A,, be any interval in [0, 1] of
length a,, and take X,, = 14, . Then P(|X,| > €) = a,, and as soon as

an — 0 we deduce that X,, 2 0 (that is, X,, tends to 0 in probability). More
precisely, let X,, ; be the indicator of the interval [7 ! J] 1<j<n,n>1
We can make one sequence of the X, ; by ordering them first by increasing
n, and then for each fixed n by increasing j. Call the new sequence Y,,. Thus
the sequence would be:

X11,X21,X002,X31,X32,X33,X41,...
Yl 7)/2 7Y3 7}/4 3Y5 3Y6 7Y7 AR
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Note that for each w and every n, there exists a j such that X, j(w) = 1.
Therefore limsup,,,_,o, Ym = 1 a.s., while liminf,, ,~ Y, = 0 a.s. Clearly
then the sequence Y,,, does not converge a.s. However Y,, is the indicator of
an interval whose length a,, goes to 0 as n — oo, so the sequence Y,, does
converge to 0 in probability.

The second partial converse of Theorem 17.2 is as follows:

Theorem 17.4. Suppose X, L X and also that | X, <Y, alln, andY €
LP. Then |X| is in LP and X, 5 X.

Proof. Since E{|X,,|P} < E{YP} < oo, we have X,, € LP. For € > 0 we have

{IX[>Y +e} C {|X]> [X,[+¢}
CH{IX| = | Xn| > ¢}
c{IX — X,| > e},
hence
P(IX|>Y +¢) < P(|X — X,| >¢),

and since this is true for each n, we have
P(X|>Y +¢e) < nler;oP(\X — X, >e)=0,
by hypothesis. This is true for each € > 0, hence
P(X|>Y)< mliglooP(|X\ >Y + %) =0,

from which we get |X| <Y a.s. Therefore X € L? too.

Suppose now that X, does not converge to X in LP. There is a subse-
quence (ng) such that E{|X,, — X|’} > ¢ for all k, and for some £ > 0.
The subsequence X,,, trivially converges to X in probability, so by Theorem
17.3 it admits a further subsequence Xnk_j which converges a.s. to X. Now,
the r.v.’s ch]. — X tend a.s. to 0 as j — oo, while staying smaller than 2Y,
so by Lebesgue’s Dominated Convergence we get that E{|Xm_j - X|P} =0,

which contradicts the property that E{|X,, — X|’} > ¢ for all k: hence we
are done. 0

The next theorem is elementary but also quite useful to keep in mind.

Theorem 17.5. Let f be a continuous function.

a) Iflim, oo X,, = X a.s., then lim,,_, o, f(X,) = f(X) a.s.
b) If X, & X, then f(X,) & f(X).
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Proof. (a) Let N = {w : lim, 00 Xpn(w) # X(w)}. Then P(N) = 0 by
hypothesis. If w ¢ N, then

lim f(Xa(w)) = f (lim X,()) = F(X(@)),

n—oo

where the first equality is by the continuity of f. Since this is true for any
w¢ N, and P(N) =0, we have the almost sure convergence.
(b) For each k > 0, let us set:

{lf(Xn) = F(X) > e} CH{If(Xn) = F(X) > &, [ X] < R} UL{|X] >k} (17.2)

Since f is continuous, it is uniformly continuous on any bounded interval.
Therefore for our € given, there exists a § > 0 such that |f(z) — f(y)| < e if
|x —y| <6 for x and y in [—k, k]. This means that

{If(Xn) = f(X) > &, | X| <k} C {| Xy = X[ > 6, | X[ <k} C{|Xn—X]| > 6}
Combining this with (17.2) gives
{If(Xn) = F(X)] > e} C {|Xn — X[ >} U{|X]| > k}. (17.3)
Using simple subadditivity (P(AUB) < P(A)+ P(B)) we obtain from (17.3):
P{lf(Xn) = f(X)| > e} < P(|Xn — X[ > 0) + P(IX] > k).

However {|X| > k} tends to the empty set as k increases to oo so
limg oo P(|X| > k) = 0. Therefore for v > 0 we choose k so large that
P(|X] > k) <. Once k is fixed, we obtain the § of (17.3), and therefore

lim P (|f(X,) ~ /(X)| > &) < lim P(X, ~X|>8)+7=7.

n— oo

Since v > 0 was arbitrary, we deduce the result. ([l
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Exercises for Chapter 17

17.1 Let X, ; be as given in Example 2. Let Z,, ; = n%Xn,j. Let Y,,, be the
sequence obtained by ordering the Z,, ; as was done in Example 2. Show that
Y., tends to 0 in probability but that (Y,)m>1 does not tend to 0 in LP,
although each Y,, belongs to L”.

17.2 Show that Theorem 17.5(b) is false in general if f is not assumed to
be continuous. (Hint: Take f(x) = 1yoj(z) and the X,,’s tending to 0 in
probability.)

17.3 Let X, be i.i.d. random variables with P(X,, = 1) = % and P(X, =
—1) = 3. Show that

converges to 0 in probability. (Hint: Let S,, = Z?Zl X, and use Chebyshev’s
inequality on P{|S,| > ne}.)

17.4 Let X,, and S,, be as in Exercise 17.3. Show that #S,ﬂ converges to
zero a.s. (Hint: Show that Y o° | P{-5[S,2| > ¢} < oo and use the Borel-
Cantelli Theorem.)

17.5 * Suppose | X,,| <Y a.s., each n, n = 1,2,3...Show that sup,, | X,,| <Y
a.s. also.

17.6 Let X, £> X. Show that the characteristic functions ¢x, converge
pointwise to px (Hint: Use Theorem 17.4.)

17.7 Let X4,..., X, bei.i.d. Cauchy random variables with parameters a =
0 and 8 = 1. (That is, their density is f(z) = m, —00 < z < 0.) Show
that %2?21 X, also has a Cauchy distribution. (Hint: Use Characteristic
functions: See Exercise 14.1.)

17.8 Let X1,...,X,,... be ii.d. Cauchy random variables with parameters
a = 0and 8 = 1. Show that there is no constant - such that % Z?:l X; Lt 5.
(Hint: Use Exercise 17.7.) Deduce that there is no constant  such that
lim,, o0 % Z?:1 X, = as. as well.

17.9 Let (X,,)n>1 have finite variances and zero means (i.e., Var(X,) =
0%, < oo and E{X,} = 0, all n). Suppose lim, ,o 0% = 0. Show X,
converges to 0 in L? and in probability.

17.10 Let X, be ii.d. with finite variances and zero means. Let S, =
Z?zl X;. Show that 15, tends to 0 in both L? and in probability.
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17.11* Suppose lim,, oo X, = X a.s. and | X| < 0o a.s. Let Y = sup,, | X,|.
Show that ¥ < 0o a.s.

17.12* Suppose lim,, o, X, = X a.s. Let Y = sup,, | X;, — X|. Show YV < o0
a.s. (see Exercise 17.11), and define a new probability measure @ by

1 1 1
A)=-FE«q1 h =FE{——/.
Q(A) - {A1+Y},Werec {1+Y}

Show that X,, tends to X in L! under the probability measure Q.

17.13 Let A be the event described in Example 1. Show that P(A4) = 0.
(Hint: Let
A,, = { Heads on n'" toss }.

Show that Y °, P(A,) = co and use the Borel-Cantelli Theorem (Theo-
rem 10.5.))

17.14 Let X, and X be real-valued r.v.’s in L?, and suppose that X,, tends
to X in L?. Show that E{X2} tends to E{X?} (Hint: use that |2? — y?| <
(r — y)? + 2|y||z — y| and the Cauchy-Schwarz inequality).

17.15 * (Another Dominated Convergence Theorem.) Let (X,,),>1 be random

variables with X, B x (limy, 00 X, = X in probability). Suppose | X, (w)| <
C for a constant C' > 0 and all w. Show that lim,,_, F{|X,—X|} = 0. (Hint:
First show that P(|X| < () =1.)



18 Weak Convergence

In Chapter 17 we considered four types of convergence of random variables:
pointwise everywhere, pointwise almost surely, convergence in p** mean (L?
convergence), and convergence in probability. While all but the first differ
from types of convergence seen in elementary Calculus courses, they are nev-
ertheless squarely in the analysis tradition, and they can be thought of as
variants of standard pointwise convergence. While these types of convergence
are natural and useful in probability, there is yet another notion of conver-
gence which is profoundly different from the four we have already seen. This
convergence, known as weak convergence, is fundamental to the study of Prob-
ability and Statistics. As its name implies, it is a weak type of convergence.
The weaker the requirements for convergence, the easier it is for a sequence
of random variables to have a limit. What is unusual about weak conver-
gence, however, is that the actual values of the random variables themselves
are not important! It is simply the probabilities that they will assume those
values that matter. That is, it is the probability distributions of the random
variables that will be converging, and not the values of the random variables
themselves. It is this difference that makes weak convergence a convergence
of a different type than pointwise and its variants.

Since we will be dealing with the convergence of distributions of random
variables, we begin by considering probability measures on R%, some d > 1.

Definition 18.1. Let p,, and p be probability measures on RY (d > 1). The
sequence pi,, converges weakly to p if [ f(x)pn(dz) converges to [ f(x)u(dz)
for each f which is real-valued, continuous and bounded on RY.

At first glance this definition may look like it has a typographical error:
one is used to considering

Jim [ futdn) = [ r@ude)
but here f remains fixed and it is indeed p that varies. Note also that we do
not consider all bounded Borel measurable functions f, but only the subset
that are bounded and continuous.

Definition 18.2. Let (X,),>1, X be R¥-valued random variables. We say
X, converges in distribution to X (or equivalently X,, converges in law to X )

J. Jacod et al., Probability Essentials
© Springer-Verlag Berlin Heidelberg 2004
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if the distribution measures PX converge weakly to PX. We write X, z X,
. L
or equivalently X,, = X.

Theorem 18.1. Let (X,)n>1, X be R-valued random variables. Then
X, B x if and only if

lim E{f(X,)} = E{f(X)},

n—oo
for all continuous, bounded functions f on RZ.

Proof. This is just a combination of Definitions 18.1 and 18.2, once we observe
that

E{f(Xn)} :/f(x)PX” (dz),  E{f(X)} :/f(x)PX(dx)-

O

It is important to emphasize that if X,, converges in distribution to X,
there is no requirement that (X,,)n>1 and X be defined on the same probability
space (£2, A, P)! Indeed in Statistics, for example, it happens that a sequence
(Xn)n>1 all defined on one space will converge in distribution to a r.v. X
that cannot exist on the same space the (X,,),>1 were defined on! Thus the
notion of weak convergence permits random variables to converge in ways
that would otherwise be fundamentally impossible.

In order to have almost sure or L? convergence, or convergence in proba-
bility, one always needs that (X,,)n>1, X are all defined on the same space.
Thus a priori convergence in distribution is not comparable to the other kinds
of convergence. Nevertheless, if by good fortune (or by construction) all of
the (X,,)n>1 and X are all defined on the same probability space, then we
can compare the types of convergence.

Theorem 18.2. Let (X,,),>1, X all be defined on a given and fized proba-
bility space (12, A, P). If X,, converges to X in probability, then X,, converges
to X in distribution as well.

Proof. Let f be bounded and continuous on R%. Then by Theorem 17.5
we know that f(X,) converges to f(X) in probability too. Since f is
bounded, f(X,) converges to f(X) in L' by Theorem 17.4. Therefore
lim, oo E{f(X,)} = E{f(X)} by (17.1), and Theorem 18.1 gives the re-
sult. d

There is a (very) partial converse to Theorem 18.2

Theorem 18.3. Let (X,,),>1, X be defined on a given fized probability space
(2, A, P). If X,, converges to X in distribution, and if X is a r.v. equal a.s.
to a constant, then X,, converges to X in probability as well.
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Proof. Suppose that X is a.s. equal to the constant a. The function f(z) =

|z—al| . . . : | X —al _
Tila—a] 19 bounded and continuous; therefore lim,, E{il—s-lxn —a] } =0, and

hence X,, converges to a in probability by Theorem 17.1. (]

It is tempting to think that convergence in distribution implies the fol-

lowing: that if X, B X then P(X,, € A) converges to P(X € A) for all
Borel sets A. This is almost never true. We do have P(X,, € A) converges to
P(X € A) for some sets A, but these sets are quite special. This is related
to the convergence (in the real valued case) of distribution functions: indeed,

if X,, are real valued and X,, = X, then if F,(z) = P(X, < z) were to
converge to F(z) = P(X < z), we would need to have P(X,, € (—o0,z])
converge to P(X € (—oo,z]) for all z € R, and even this is not always true!

Let us henceforth assume that (X,,),>1, X are real valued random vari-
ables and that (F},)n>1, F' are their respective distribution functions. The
next theorem is rather difficult and can be skipped. We note that it is much
simpler if we assume that F', the distribution of the limiting random variable
X, is itself continuous. This suffices for many applications, but we include
a proof of Theorem 18.4 for completeness. For this theorem, recall that the
distribution function F' of a r.v. is nondecreasing and right-continuous, and
so it has left limits everywhere, that is limy,_,, y<, F(y) = F(z—) exists for
all © (see Exercise 18.4).

Theorem 18.4. Let (X,,)n>1, X be real valued random variables.

a) If X, B X then limy,_ o0 F,(x) = F(x) for all x in the dense subset of
R given by D = {x : F(z—) = F(2)}. (Fo(z) = P(X,, < 2); D is
sometimes called the set of continuity points of F'.)

b) Suppose lim, o F,(x) = F(x) for all x in a dense subset of R. Then

X, 2 x.

Proof of (a): Assume X, B X. Let D= {z: F(x—) = F(z)}. Then D is a
dense subset of R since its complement (the set of discontinuities of F') is at
most countably infinite (see Exercises 18.4 and 18.5), and the complement of
a countable set is always dense in R.

Let us fix z € R. For each integer p > 1 let us introduce the following
bounded, continuous functions:

1 ify<z

1
r—y)+1 ife<y<az+-
foly) = p( Y) Y »

. 1
0 ife+-<y
p
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1
1 ify<aoz-—-
b
- 1
9(y) = p(z —y) ifr—-<y<z
p
0 ifx <y.

Then
nh_{I;O E{fp(Xn)} = E{fp(X)}> nh_{r;o E{gp(Xn)} = E{gp(X)}
for each p > 1. Note further that

E{gp(Xn)} < Fu(z) < E{fp(Xs)}
and hence

E{g,(X)} <liminf F,(z) < limsup F,,(z) < E{fp(X)}, eachp>1.
n—oo

n—oo
(18.1)
Now limy 00 fp(¥) = 1(—soe](¥) and limy, o0 gp(y) = 1(—co,x) (), hence by

Lebesgue’s dominated convergence theorem (Theorem 9.1(f)) we have that
Jim B{fp(X)} = B {1002 (X) }
= P(X <x)
= F(z),

and similarly lim, ., E{g,(X)} = F(xz—) (the left limit of F' at point x).
Combining these and (18.1) gives

F(xz—) < liminf F,(z) < limsup F,(z) < F(z). (18.2)

Therefore if x € D, since we have F(x—) = F(z), we readily deduce that
Proof of (b): Now we suppose that lim, o Fp(z) = F(z) for all x € A,
where A is a dense subset of R. Let f be a bounded, continuous function on
R and take € > 0. Let r, s be in A such that

PX¢g(r,s]))=1—F(s)+ F(r) <e.

(Such r and s exist, since F'(x) decreases to 0 as x decreases to —oo, and
increases to 1 as x increases to +o00, and since A is dense). Since F), converges
to F on A by hypothesis, there exists an N; such that for n > Ny,

P(X, & (r,s]) =1—F,(s) + Fn(r) < 2e. (18.3)

Since [r, s] is a closed (compact) interval and f is continuous, we know f is
uniformly continuous on [r, s]; hence there exists a finite number of points
r=r9<rs <...<rg=ssuch that
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|f(x) = f(r;)] <e if rj1 <o <y,

and each of the r; are in A, 1 < j < k. (That we may choose r; in A follows
from the fact that A is dense.)
Next we set

k
=2 ),y (@) (18.4)
j=1

and by the preceding we have |f(x) — g(x)| < € on (r,s]. Therefore if o =
sup, | f(z)|, we obtain

[E{f(Xn)} = E{g(Xn)}| < aP(Xn & (r,5]) +¢, (18.5)

and the same holds for X in place of X,,.
Using the definition (18.4) for g, observe that

E{g(Xn)} = Zf ri){Fn(r;) = Fa(rj-1)}

and analogously

o

E{g(X Z (ri){F(rj) = F(rj-1)}-

Since all the r;’s are in A, we have lim,,_,o, F,,(r;) = F(r;) for each j. Since
there are only a finite number of r;’s, we know there exists an Na such that
for n > No,

[E{9(Xn)} — E{g(X)}| <e. (18.6)

Let us now combine (18.5) for X,, and X and (18.6): if n > max(Ny, Na),
then

[E{f(Xn)} — E{f(X)}|
< |E{f(Xn)} — E{g(Xn)} + [E{g(Xn)} — E{g(X)} + |E{9(X)}
- E{f(X)}]
< (aP(X, & (r,s])+e)+e+ (aP(X & (r,s]) +¢)
< (2ae+¢e)+e+ (ae+e)
< 3ae + 3e.

Since € was arbitrary, we conclude that lim,_,. E{f(X,)} = E{f(X)} for
all bounded, continuous f; hence by Theorem 18.1 we have the result. (]
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Examples:

1. Suppose that (un)n>1 is a sequence of probability measures on R that
are all point masses (or, Dirac measures ): that is, for each n there exists
a point a,, such that p,({a,}) =1 and

:u‘n({an}c) = NN(R\ {Oln}) =0.

Then p,, converges weakly to a limit p if and only if «,, converges to
a point «; and in this case p is point mass at «. [Special note: “point
mass” probability measures are usually written €, or J,, in the literature,
which is used to denote point mass of size one at the point «.] Note that
Fo(2) = 14, 00)(7), and therefore lim, . F,(v) = F(x) on a dense
subset easily implies that F' must be of the form 1j, (x), where a@ =
lim, o0 Q.

2. Let
. 1
0 if o< ——
n
1 1 1
F,(x)= LA T =
2 2 nl n
1 if x> —.
n
Then

lim F,(z) = F(x) = 1j0,00) ()
n—0o0
for all z except 2 = 0; thus the set D of Theorem 18.4 is D = R\ {0}.

Thus if £(X,,) is given by F,,, then we have X, z X, where X is constant
and equal to 0 a.s. (£(X) is given by F.) What we have shown is that
a sequence of uniform random variables (X,,),>1, with X,, uniform on

(f%, %), converge weakly to 0 (i.e., the constant random variable equal
to 0 a.s.).

3. Let (X,)n>1, X be random variables with densities f,(x), f(z). Then
the distribution function

P(z) = [ ; Fu)du

is continuous; thus F(z—) = F(z) on all of R. Suppose f,(x) < g(z), all
nand z, and [*_g(z)dz < oo, and lim,,_,c fn(z) = f(z) almost every-
where. Then F),(x) converges to F(x) by Lebesgue’s dominated conver-

gence theorem and thus X, 2 X.
Note that alternatively in this example we have that

lim [ h(z)P*" (dz) = lim [ h(z)f,(z)dx

n—oo n—oo

_ / () lim f,, (2)d
- / h(z) f(zx)de = / h(z) P~ (dx)
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for any bounded continuous function h by Lebesgue’s dominated conver-

gence theorem, and we have another proof that X, 2 X. This proof
works also in the multi-dimensional case, and we see that a slightly
stronger form of convergence than weak convergence takes place here:
we need h above to be bounded and measurable, but the continuity is
superfluous.

The previous example has the following extension, which might look a
bit surprising: we can interchange limits and integrals in a case where the
sequence of functions is not dominated by a single integrable function; this
is due to the fact that all functions f,, and f below have integrals equal to 1.

Theorem 18.5. Let (Xp)n>1, X be r.v.’s with values in RY, with densities
fns [ If the sequence f,, converges pointwise (or even almost everywhere) to

f, then X, B X.

Proof. Let h be a bounded measurable function on R%, and a = sup,, |h(z)|.
Put hy(x) = h(z) +« and he(z) = a— h(z). These two functions are positive,
and thus so are hy f,, and hsf,, all n. Since further for i = 1,2 the sequence
h; frn, converges almost everywhere to h; f, we can apply Fatou’s Lemma (see
Theorem 9.1) to obtain

E{hi(X }_/f dx<hm1nf/fn gc—hmme{h( n)}-

(18.7)
Observe that E{h(X,,)} = E{h1(X,)} —a and E{h(X,,)} = a— E{h2(X,)},
and the same equalities hold with X in place of X,,. Since liminf(x,) =
— limsup(—=x,,), it follows from (18.7) applied successively to ¢ =1 and i = 2
that

E{h(X)} <liminf, o E{h(X,)},
E{h(X)} > limsup,,_, ., E{h(X,)}.

Hence F{h(X,)} converges to F{h(X)}, and the theorem is proved. O

The next theorem is a version of what is known as “Helly’s selection
principle”. It is a difficult theorem, but we will need it to establish the relation
between weak convergence and convergence of characteristic functions. The
condition (18.8), that the measures can be made arbitrarily small, uniformly
in n, on the complement of a compact set, is often called tighitness.

Theorem 18.6. Let (fin)n>1 be a sequence of probability measures on R and
suppose
lim sup iy, ([—m, m]°) = 0. (18.8)

m—o0 p

Then there exists a subsequence ny, such that (fin, )g>1 converge weakly.
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Proof. Let F,,(z) = pn((—o00,2]). Note that for each z € R, 0 < F,(2) <1
for all n, thus (F,(z)),>1 is a bounded sequence of real numbers. Hence by
the Bolzano-Weierstrass theorem there always exists a subsequence ny such
that (Fy, (z))r>1 converges. (Of course the subsequence ny a priori depends
on the point ).

We need to construct a limit in a countable fashion, so we restrict our
attention to the rational numbers in R (denoted Q). Let r1,7g,...,7;,... be
an enumeration of the rationals. For rq, there exists a subsequence n ; of n
such that the limit exists. We set:

G(ry) = leI{:O Fn, (1)

For 75, there exists a sub-subsequence ng i such that the limit exists. Again,
set:

G(rq) = kli_)n;o Fr, . (r2).

That is, no is a subsequence of n ;. We continue this way: for r;, let n;
be a subsequence of n;_; ; such that the limit exists. Again, set:

G(ryj) = lm Fy, (r).

We then form just one subsequence by taking nj := ny . Thus for r;, we
have
G(rj) = lim Fy,, (r;),

k— o0

since ny, is a subsequence of n; ; once k > j.
Next we set:
F(z) = inf G(y). (18.9)

YEQ
y>x

Since the function G defined on Q is non-decreasing, so also is the function
F given in (18.9), and it is right continuous by construction.
Let € > 0. By hypothesis there exists an m such that

i (=, m]°) < &
for all n simultaneously. Therefore

Fo(z) <eifz <—m, and F,(z) > 1—cif x >m;
therefore we have the same for G, and finally

F(z)<e if < —m} (18.10)

Flz)>1-¢ if >m.

Since 0 < F' < 1, F is right continuous and non-decreasing, property (18.10)
gives that F' is a true distribution function, corresponding to a probability
measure 4 on R.
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Finally, suppose z is such that F(z—) = F(z). For £ > 0, there exist
Y,z € Q with y < x < z and

F(z) —e<G(y) < F(z) <G(z) < F(z) +e.
Therefore for large enough k,
F(z)—2e < F,, (y) < F, () < F,, (2) < F(z) + 2¢. (18.11)
The inequalities (18.11) give that
F(z) -2 < F(y) < likrgior;ank (z)
<limsup Fy,, (z) < F(z) < F(x) + 2¢

k— o0

and by the pinching theorem the liminf and limsup above must be equal
and equal to limg_o0 Fyy, () = F(x). Thus p,, converges weakly to p by
Theorem 18.4. O

Remark 18.1. This theorem also has a multi-dimensional version (the proof
is similar, but more complicated): let p, be probabilities on R?. Then it
suffices to replace the condition (18.8) by

lim sup p,({z € R*: |z| >m}) =0. (18.12)
m— o0 n
A useful observation is that in order to show weak convergence, one does
not have to check that [ f du, converges to [ f du for allbounded, continuous
f, but only for a well chosen subset of them. We state the next result in terms
of the convergence of random variables.

Theorem 18.7. Let (X,,),>1 be a sequence of random variables (R or R-

valued). Then X, B X if and only if lim,_s0 E{9(X,)} = E{g(X)} for all
bounded Lipschitz continuous functions g.

Proof. A function g is Lipschitz continuous if there exists a constant k such
that |g(z) — g(y)| < k|lz — y||, all z,y. Note that necessity is trivial, so
we show sufficiency. We need to show lim, . E{f(X,)} = E{f(X)} for
all bounded, continuous functions f. Let f be bounded continuous, and let
a = sup, | f(z)]. Suppose there exist Lipschitz continuous functions g;, with
—a < g; <gi+1 < f,and lim; , gi(xz) = f(z). Then

liminf B{f(X,,)} > liminf E{gi(X,.)} = E{g:(X)}.

for each fixed i. But the Monotone Convergence Theorem applied to g;(X)+«
and f(X) 4 « implies
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Tim B{gi(X)} = B{/(X)}.

Therefore
liminf E{f(X,)} > E{f(X)}. (18.13)

Next, exactly the same argument applied to —f gives

lim sup B{f(X,)} < E{f(X)}, (18.14)

n— oo

and combining (18.13) and (18.14) gives

lim E{f(Xn)} =E{f(X)}.
n—oo
It remains then only to construct the functions g;. We need to find a sequence
of Lipschitz functions {ji, j2,...} such that supy ji(z) = f(z) and ji(x) >
—q; then we can take g;(x) = max{ji(z),...,j;(z)}, and we will be done.
By replacing f(z) by f(z) = f(x) + o if necessary, without loss of gener-
ality we can assume the bounded function f(z) is positive for all z. For each

Borel set A define a function representing distance from A by
da(z) = inf{[|lz —yl;y € A}.

Then for rationals r > 0 and integers m, define

(@) =1 A (mdpy o< (@) -

Note that [da(x) —da(y)| < ||z —yl| for any set A, hence |jm, (%) = jm.»(y)| <
m||z — y||, and 0 j, , is Lipschitz continuous. Moreover jy, ,(z) < r, and it
is zero if f(x) <r, so in particular 0 < j, ,(z) < f(z).

Choose and fix a point z and € > 0. Choose a positive rational r such that
f(z)—e < r < f(x). Since f is continuous, f(y) > r for all y in a neighborhood
of x. Therefore dyy.ru)<r3(x) > 0, hence jp, () = r > f(x) — ¢, for m
sufficiently large. Since the rationals and integers are countable, the collection
{jm,r;m € N,r € Q4 } is countable. If {j;},>1 represents an enumeration, we
have seen that sup, j;(z) > f(x). Since j; < f, each i, we have sup, j;(x) =
f(z) and we are done. O

Corollary 18.1. Let (X,)n>1 be a sequence of random variables (R or R?

valued). Then X, B X if and only if lim, o E{g(X,)} = E{g(X)} for all
bounded uniformly continuous functions g.

Proof. If g is Lipschitz then it is uniformly continuous, so Theorem 18.7 gives
the result. O
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Remark 18.2. In Theorem 18.7 we reduced the test class of functions for R or
R? valued random variables to converge weakly: we reduced it from bounded
continuous functions to bounded Lipschitz continuous functions. One may ask
if it can be further reduced. It can in fact be further reduced to C*° functions
with compact support. See Exercises 18.19-18.22 in this regard, where the
solutions to the exercises show that X, converges to X in distribution if and
only if E{f(X,)} converges to E{f(X)} for all bounded, C* functions f.

A consequence of Theorem 18.7 is Slutsky’s Theorem, which is useful in
Statistics.

Theorem 18.8 (Slutsky’s Theorem). Let (X,,)n>1 and (Y3)n>1 be two
sequences of R? valued random variables, with X, B X and | X =Yl =0
in probability. Then Y, B X.

Proof. By Theorem 18.7 it suffices to show lim, E{f(Y,)} = E{f(X)} for
all Lipschitz continuous, bounded f. Let then f be Lipschitz continuous. We
have |f(x) — f(y)| < k|jz — y|| for some real k, and |f(z)| < « for some real
«. Then we have

Tim [E(f(X,) ~ F(Y)}] < lim E{|f(X,) - F(¥)]}
< ke +lm E{|f(Xo) = f(Ya)[Lx, -y, 52}

But lim,, s E{|f(Xn) — f<Yn)|1{HXn -Y, H>5}} < lim,— QOzP{HXn — Yn” >
e} = 0, and since € > 0 is arbitrary we deduce that lim, o |E{f(X,) —
f(Y,)}| = 0. Therefore

lim B(f(Y.)} = lim B{f(X,)} = B{/(X)},

and the theorem is proved. ([l

We end this section with a consideration of the weak convergence of ran-
dom variables that take on at most a countable number of values (e.g., the
binomial, the Poisson, the hypergeometric, etc.). Since the state space is
countable, we can assume that every function is continuous: this amounts to
endowing the state space with the discrete topology (Caution: if the state
space, say FE, is naturally contained in R for example, then this discrete
topology is induced by the usual topology on R only when the minimum of
|z —y| for x,y € EN[—m,m] is bounded away from 0 for all m > 0, like when
E = N or E = Z, where Z denotes the integer). The next theorem gives a
simple characterization of weak convergence in this case, and it is comparable
to Theorem 18.5.

Theorem 18.9. Let X,,, X be random wvariables with at most countably
many values. Then X, B X if and only if
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lim P(X, = j) = P(X = j)

n—oo

for each j in the state space of (Xy)n>1, X.
Proof. First suppose X, B X. Then
lim B{A(X,)} = E{f(X)}

for every bounded, continuous function f (Theorem 18.1). Since all functions
are continuous, choose f(x) = 1y;;(x) and we obtain the result.

Next, suppose lim,, o, P(X,, = j) = P(X = j) for all j in the state space
E. Let f be a bounded function with a = sup; |f(j)|. Take € > 0. Since

> o -
jEE
is a convergent series, there must exist a finite subset A of E such that
Z P(X ) >1—¢
jEA
also for n large enough we have as well:
> P(X, >1— 2.
jeA

Note that

E{f(X)} =Y F()HP(X =),
JEE
so we have, for n large enough:

LX)} = Zyea JOPX = j)| < ae

(18.15)
B{S(Xa)} = Zjen FG)P(Xn = )| < 20e.
Finally we note that since A is finite we have
lim Y f()P(Xn =34) =) fGPX =3). (18.16)

jeA jea
Thus from (18.15) and (18.16) we deduce
limsup [E{f(Xy)} — E{f(X)}] < 3ae.
n—0o0

Since € was arbitrary, we have

lim E{f(X,)} = E{f(X)}

n—00

for each bounded (and a fortiori continuous) function f. Thus we have X, 3
X by Theorem 18.1. (]
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Examples:

4. If py denotes the Poisson distribution with parameter A, then

. ey

M (]) =e Aﬁ’
and thus if A\, — A\, we have uy, (j) = px(j) for each j =1,2,3,... and
by Theorem 18.9 we have that uy, converges weakly to p.

5. If p, denotes the Binomial B(p,n) distribution and if p — p, as in
Example 4 and by Theorem 18.9 we have that p,, converges weakly to
Hop-

6. Let uy, p denote the Binomial B(p,n). Consider the sequence p, ,, where
lim,, o0 7P, = A > 0. Then as in Exercise 4.1 we have

=5 () ) () -2)

for 0 < k < n. Therefore for k fixed we have

)\k
lm pn p, (k) A

= —e¢
n—00 k! ’

and hence by Theorem 18.9 we conclude that (i, ,, converges weakly to
the Poisson distribution with parameter A\, where A\ = lim,, o np,,.
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Exercises for Chapter 18

18.1 Show that if X,, 2 X (p > 1), then X,, 3 X.

18.2 Let a € RY. Show by constructing it that there exists a continuous
function f : R — R such that 0 < f(x) <1 for all z € R%; f(a) = 0; and
f(z) =1if |x—a| > ¢ for a given € > 0. (Hint: First solve this exercise when
d =1 and then mimic your construction for d > 2.)

18.3 Let X be a real valued random variable with distribution function F.
Show that F(x—) = F(z) if and only if P(X =z) = 0.

18.4* Let g: R — R, 0 < g(a) < 1, g nondecreasing, and suppose g is right
continuous (that is, limy_,4 4~z g(y) = g(x) for all z). Show that g has left
limits everywhere (that is, lim,_,, y<, g(y) = g(x—) exists for all ) and that
the set A = {x : g(x—) # g(x)} is at most countably infinite. (Hint: First
show there are only a finite number of points z such that g(z) — g(z—) > 1;
then let k tend to o).

18.5* Let F' be the distribution function of a real valued random variable.
Let D = {z : F(z—) = F(x)} (notation of Exercise 18.4). Show that D is
dense in R. (Hint: Use Exercise 18.4 to show that the complement of D is at
most countably infinite.)

18.6 Let (X,,)n>1 be a sequence of real valued random variables with £(X,)
uniform on [—n,n]. In what sense(s) do X,, converge to a random variable
X? [Answer: None.]

18.7 Let f,,(x) be densities on R and suppose lim,, o0 fn(2) = ™ 1(550). If
fn is the density for a random variable X,,, each n, what can be said about
the convergence of X,, as n tends to co? [Answer: X, g X, where X is

exponential with parameter 1.]

18.8 Let (X, )n>1 be iid. Cauchy with @« = 0 and § = 1. Let Y,, =
W Show that Y;, converges in distribution and find the limit. Does
Y,, converge in probability as well?

18.9 Let (X,)n>1 be a sequence of random variables and suppose
sup,, E{X2} < oo. Let p, be the distribution measure of X,. Show that
the sequence p, is tight (Hint: use Chebyshev’s inequality).

18.10 * Let X,,, X and Y be real-valued r.v.’s, all defined on the same space
(2, A, P). Assume that

Jim E{f(Xn)g(Y)} = E{f(X)g(Y)}

whenever f and g are bounded, and f is continuous, and g is Borel. Show that
the sequence (X,,,Y") converges in law to (X,Y"). If furthermore X = h(Y)

for some Borel function h, show that X, B x.
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18.11 Let p, denote the Pareto (or Zeta) distribution with parameter «. Let
o, — a > 0 and show that p,, tends weakly to p,.

18.12 Let u, denote the Geometric distribution of parameter «. Let a,, —
o > 0, and show that p,, tends weakly to piq.

18.13 Let p(n,p,n) be a Hypergeometric distribution, and let N go to oo in
such a way that p = % remains constant. The parameter n is held fixed.
Show as N tends to oo as described above that u(y ;) converges weakly to

the Binomial distribution B(p,n).

18.14 (Slutsky’s Theorem.) Let X,, converge in distribution to X and let
Y., converge in probability to a constant c¢. Show that (a) X, Y, B X (in
distribution) and (b) i(,—" z 2 (in distribution), (¢ # 0).

18.15 Let (X,,)n>1, (Yo )n>1 all be defined on the same probability space.

Suppose X, B X and Y,, converges in probability to 0. Show that X, + Y,
converges in distribution to X.

18.16 Suppose real valued (X,,),>1 have distribution functions F,, and that
X, B X. Let p > 0 and show that for every positive IV,

N N
/ |z|PF(dx) < limsup/ |z|P F,, (dx) < oo.
_N n—oo J_N

18.17 * Let real valued (X,,),>1 have distribution functions F,,, and X have
distribution function F'. Suppose for some r > 0,

oo

li_>m |y (z) — F(x)|"dx = 0.

Show that X, B x. (Hint: Suppose there exists a continuity point y of F
such that lim,_, F,,(y) # F(y). Then there exists ¢ > 0 and a subsequence
(nk)r>1 such that |y, (y) — F(y)| > €, all k. Show then |F,, (z) — F(z)| > §
for either x € [y1,y) or x € (y, yo] for appropriate y1, y2. Use this to derive a
contradiction.)

18.18 * Suppose a sequence (F},),>1 of distribution functions on R converges
to a continuous distribution function F' on R. Show that the convergence is
uniform in z (—oo < z < 0). (Hint: Begin by showing there exist points
Z1,...,&m, such that F(z1) < e, F(z;11) — F(z;) <e, and 1 — F(a,,) < €.
Next show there exists N such that for n > N, |F,(z;) — F(z;)] < e, 1 <
j<m.)

18.19 Let f be uniformly continuous and X, Y two R-valued random vari-
ables. Suppose that |f(z) — f(y)| < € whenever |z — y| < §. Show that

[E{f(X)} = B{f(X +Y)} < e+ 2sup |f(2)| P{[Y] = 0}
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18.20 * (Pollard [17]) Let (X,,)n>1, X, Y by R-valued random variables, all
on the same space, and suppose that X,, + oY converges in distribution to
X + oY for each fixed ¢ > 0. Show that X,, converges to X in distribution.
(Hint: Use Exercise 18.19.)

18.21 (Pollard [17]) Let X and Y be independent r.v.’s on the same space,
with values in R and assume Y is N(0,1). Let f be bounded continuous.
Show that

E{f(X +0Y)} = E{fs(X)}

where

folz) = ¢217m [ flz)em g/ gz

Show that f, is bounded and C*°.
18.22 Let (X,,)n>1, X be R-valued random variables. Show that X,, con-

verges to X in distribution if and only if E{f(X,)} converges to E{f(X)}
for all bounded C*° functions f. (Hint: Use Exercises 18.20 and 18.21.)



19 Weak Convergence and Characteristic
Functions

Weak convergence is at the heart of much of probability and statistics. Limit
theorems provide much of the justification of statistics, and they also have a
myriad of other applications. There is an intimate relationship between weak
convergence and characteristic functions, and it is indeed this relationship
(provided by the next theorem) that makes characteristic functions so useful
in the study of probability and statistics.

Theorem 19.1 (Lévy’s Continuity Theorem). Let (uy)n>1 be a se-
quence of probability measures on R?, and let (fin)n>1 denote their Fourier
transforms, or characteristic functions.

a) If p, converges weakly to a probability measure u, then fi,(u) — [(u) for
all v € RY;

b) If fi,(u) converges to a function f(u) for all u € R, and if in addition
f is continuous at 0, then there exists a probability i on R% such that
fw) = ji(u), and p, converges weakly to .

uT

Proof. (a) Suppose i, converges weakly to p. Since e** is continuous and

bounded in modulus,
finlw) = [ e )
converges to
) = [ e tdo)

by weak convergence (the function x + e™? is complex-valued, but we
can consider separately the real-valued part cos(uz) and the imaginary part
sin(ux), which are both bounded and continuous).

(b) Although we state the theorem for R?, we will give the proof only
for d = 1. Suppose that lim, e fin(u) = f(u) exists for all u. We begin by
showing tightness (cf Theorem 18.6) of the sequence of probability measures

- Using Fubini’s theorem (Theorem 10.3 or more precisely Exercise 10.14)
we have:

[ o= [}

J. Jacod et al., Probability Essentials
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A

= cos(ux) + i sin(ux),

_ [ O:O { [ Z cos(ua) +isin(u:c)du} i (d).

Since sin(uxz) is an odd function, the imaginary integral is zero over the
symmetric interval (—c, o), and thus:

U

and using that e

_ / - %sin(aw)un(dl’).

Since [ 1du = 2, we have

é/a (1 = fin(u))du = 2 — /OO %sin(am)un(dx)

—Q — 00

) /_ D:O (1 _ Sinoijx)) i ().

Now since 2(1 — S22) > 1 if |v| > 2 and 2(1 — 22) > 0 always, the above is

> / 112 9)c (ax) i (d)

— 00

= / 1[_2/%2/0‘]0 (ac),un(dx)

()

Let 8 = % and we have the useful estimate:

o B
(=587 £ 5 [ (= )i (19.1)

Let € > 0. Since by hypothesis [ is continuous at 0, there exists o > 0 such
that |1 — f(u)| < /4 if |u] < 2/a. (This is because f,(0) = 1 for all n,
whence lim,, o, fi,(0) = f(0) = 1 as well.) Therefore,

2/a 2/
o e € €
_ < = —du = —. .
5 /2/a(1 f(u))du 5 /2/a 4du 5 (19.2)

Since fi, (u) are characteristic functions, |fin(u)| < 1, so by Lebesgue’s domi-
nated convergence theorem (Theorem 9.1 (f)) we have

2/ 2/a

lim (1= fpn(u))du = / (1 - f(u))du.

n=oo J_2/q —2/a
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Therefore there exists an N such that n > N implies

2/a 2/a
' [ = hn@ydu= [ - fde

—2/a —2/a

<

b

€
@
whence § ffé(;a(l — fin(u))du < e. We next apply (19.1) to conclude
tn([—a,a]¢) <eg, foralln > N.

There are only a finite number of n before NV, and for each n < N, there
exists an ., such that p, ([—an, an]®) < e. Let a = max(ayq, ..., ap; «). Then
we have

tn([—a,a]) <e, forall n. (19.3)

The inequality (19.3) above means that for the sequence (un,)n>1, for any
€ > 0 there exists an a € R such that sup,, pu,([—a,a]®) < e. Therefore we
have shown:

lim sup sup g, ([—m, m]¢) =0

m—0o0 n
for any fixed m € R.

We have established tightness for the sequence {p}n>1. We can next

apply Theorem 18.6 to obtain a subsequence (n)g>1 such that y,, converges
weakly to u as k tends to co. By part (a) of this theorem,

lim iy, (u) = fu(u)
— 00
for all w, hence f(u) = i(u), and f is the Fourier transform of a probability
measure.

It remains to show that the sequence (i, ), >1 itself (and not just (pn, )k>1)

converges weakly to p. We show this by the method of contradiction. Let
F,,, F be distribution functions of yu,, and u. That is,

Fo(z) = pn((—00,2]);  F(x) = p((—o0, z]).
Let D be the set of continuity points of F': that is,
D={z:F(z—)=F(x)}.

Suppose that u, does not converge weakly to u, then by Theorem 18.4 there
must exist at least one point * € D and a subsequence (ny)r>1 such that
limy 00 F, () exists (by taking a further subsequence if necessary) and
moreover limy_, o Fp, () = # # F(x). Next by Theorem 18.6 there also
exists a subsequence of the subsequence (ny) (that is, a sub-subsequence
(nk;)j>1), such that (,unkj )j>1 converges weakly to a limit v as j tends to oco.
Exactly as we have argued, however, we get

lim fi, (u) = D(u),
Jj—o0 J
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and since lim fi, (u) = f(u), we conclude (u) = f(u). But we have seen that
f(u) = fi(w). Therefore by Theorem 14.1 we must have p = v. Finally, u,,

<

)

converging to v = p implies (by Theorem 18.4) that lim;_, Fo, () =F(x

~

since x is in D, the continuity set of p, by hypothesis. But limjgoo Fnkj (x)
8 # F(x), and we have a contradiction.

o

Remark 19.1. Actually more is true in Theorem 19.1a than we proved: one
can show that if y,, converges weakly to a probability measure p on R, then
fin, converges to i uniformly on compact subsets of RY.

Example. Let (X,),>1 be a sequence of Poisson random variables with
parameter A, = n. Then if

L
Jn

To see this, we have

Zn=—(Xpn—n), Z, 27 where L(Z)=N(0,1).

71’[14 ’I’L

by Example 13.3.
Continuing and using a Taylor expansion for e*, we have the above equals

2

_ minvagn (i)
. ) h
efzu\/ﬁJrzu\/ﬁequ/Qe—%

5 ~ h(u.n)
— e U /26 Vo

where h(u,n) stays bounded in n for each u and hence lim, h(\?z) =0.
Therefore,
2
lim ¢z (u)=e¢" /2,
n—oo

and since e~""/2 is the characteristic function of a N(0,1), (Example 13.5),

we have that Z,, converges weakly to Z by Theorem 19.1 b.
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Exercises for Chapter 19

19.1 Let (X,,)n>1 be N(pn, 02) random variables. Suppose p, — p € R and
o2 — 02 > 0. Show that X,, > X, where £(X) = N(u,o?).

19.2 Let (X,,)n>1 be N(p,,02) random variables. Suppose that X, B x
for some random variable X. Show that the sequences p,, and o2 have limits
p € R and 0% > 0, and that X is N(u,0?) (Hint: px, and ¢x being the
u205
characteristic functions of X,, and X, write ¢y, = e ~—2" and use

N 1120'2
Lévy’s Theorem to obtain that ¢x(u) = e™*~ "= for some p € R and

a2 >0).

19.3 Let (Xy,)n>1, (Yn)n>1 be sequences with X, and Y,, defined on the

same space for each n. Suppose X, B X and Y., z Y, and assume X,, and
Y,, are independent for all n and that X and Y are independent. Show that

X, +Y, B x+vY.



20 The Laws of Large Numbers

One of the fundamental results of Probability Theory is the Strong Law of
Large Numbers. It helps to justify our intuitive notions of what probability
actually is (Example 1), and it has many direct applications, such as (for
example) Monte Carlo estimation theory (see Example 2).

Let (X,,)n>1 be a sequence of random variables defined on the same prob-
ability space and let S,, = E?:1 X;. A theorem that states that %Sn con-
verges in some sense is a law of large numbers. There are many such results;
for example L? ergodic theorems or the Birkhoff ergodic theorem, considered
when the measure space is actually a probability space, are examples of laws
of large numbers. (See Theorem 20.3, for example). The convergence can be
in probability, in LP, or almost sure. When the convergence is almost sure,
we call it a strong law of large numbers.

Theorem 20.1 (Strong Law of Large Numbers). Let (X,,)n,>1 be inde-
pendent and identically distributed (i.i.d.) and defined on the same space. Let

p=E{X;} and o®= a§(j < 00.
Let Sy, =377 Xj. Then

n
lim & = lim lE:Xj =4 a.s. and in L.
n—oo N n—oo M =
Remark 20.1. We write u1, 02 instead of p;, Ug(j, since all the (X;);>1 have
the same distribution and therefore the same mean and variance. Note also
that lim,, . ST" = 1 in probability, since L? and a.s. convergence both imply
convergence in probability. It is easy to prove lim,,_, % = u in probability
using Chebyshev’s inequality, and this is often called the Weak Law of Large
Numbers. Since it is a corollary of the Strong Law given here, we do not
include its proof. The proof of Theorem 20.1 is also simpler if we assume only
X; € L3 (all j), and it is often presented this way in textbooks. A stronger
result, where the X,,’s are integrable but not necessarily square-integrable is
stated in Theorem 20.2 and proved in Chapter 27.

Proof of Theorem 20.1: First let us note that without loss of generality we
can assume 4 = E{X;} = 0. Indeed if 1 # 0, then we can replace X, with

J. Jacod et al., Probability Essentials
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Zj = X; — p. We obtain lim,, %Z?Zl Zj = 0 and therefore

1§
3006 - = i (530) -
j=
from which we deduce the result.
We henceforth assume p = 0. Recall S5, = 2?21 X; and let Y,, = ==,
Then E{Y,} = +>"_ E{X;} = 0. Moreover E{Y;?} = 5> .cp
FE{X;Xy}. However if j # k then o

B{X; X1} = B{X;} E{X} = 0

since X; and X}, are assumed to be independent. Therefore

E{Y;}

% f: E{X}} (20.1)

and hence lim E{Y,?} = 0.

Since Y;, converges to 0 in L? we know there is a subsequence converging
to 0 a.s. However we want to conclude the original sequence converges a.s.
To do this we find a subsequence converging a.s., and then treat the terms
in between successive terms of the subsequence.

Since E{Y,?} = ‘772, let us choose the subsequence n?; then

ZE{ Z—<oo

therefore by Theorem 9.2 we know Y~ ° | Y% < oo a.s., and hence the tail of
this convergent series converges to 0; we conclude

lim Y,: =0 as. (20.2)

n— oo

Next let n € N. Let p(n) be the integer such that
p(n)? <n < (p(n)+1)>

Then

p(n)? 1

——Y = - X;
hor =1 z ,

(m)2+1



20 The Laws of Large Numbers 175

and as we saw in (20.1):

5 { (Yn B p(z)QYP(n)Q)Q} _ %;(71)202

<2()+12

S— 7 ¢

S2\/>+12§i32
n2 n2

because p(n) < /n.
Now we apply the same argument as before. We have

TiE{@n—Wf p<n>2>} i_o: i

Thus by Theorem 9.2 again, we have

2

o) (TL) 2
Z (Yn — pnY})(n)?> < 00 a.s.

which implies the tail converges to zero a.s. That is,

2
lim {Yn — () Y;,(n)g} =0 a.s.
n

n— oo

However since limy, o0 Ypn)2 = 0 a.s. by ( 0.2) and M — 1, we deduce
lim,, s Y, = 0 a.s. as well. Recall Y, so the theorem is proved. ([l

We give two other versions of Strong Laws of Large Numbers.

Theorem 20.2 (Kolmogorov’s Strong Law of Large Numbers). Let
(X;) be ii.d. and p € R. Let S,, = Z?:l X;. Then lim, o % =p a.s. if
and only if E{X;} = p. In this case the convergence also holds in L'.

Remark 20.2. Note that Kolmogorov’s strong law needs the (minimal) as-
sumption that (X;);>1 are in L'. An elegant way to prove Theorem 20.2 is to
use the backwards martingale convergence theorem (see, e.g., Theorem 27.5).

Let (12, A, P) be a probability space, and let T : {2 — (2 be one to one (i.e.,
injective) such that T'(A) C A (i.e., T maps measurable sets to measurable
sets) and if A € A, then P(T'(A)) = P(A) (i.e., T is measure preserving). Let
T?(w) = T(T(w)) and define analogously powers of T. A set A is invariant
under T if 14 (w) = 14(T(w)).
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Theorem 20.3 (Ergodic Strong Law of Large Numbers). Let T be a
one-to-one measure preserving transformation of {2 onto itself. Assume the
only T-invariant sets are sets of probability 0 or 1. If X € L' then

lim % Y X(TIw) = B{x}

a.s. and in L.

Theorem 20.3 is a consequence of the Birkhoff ergodic theorem; its advan-
tage is that it replaces the hypothesis of independence with one of ergodicity.
It is also called the strong law of large numbers for stationary sequences of
random variables.

Example 1: In Example 17.1 we let (X;);>1 be a sequence of i.i.d. Bernoulli
random variables, with P(X; = 1) =p and P(X; =0) =¢=1—p (all j).
Then S,, = Z;—;l X is the number of “successes” in n trials, and %S’n is the
fraction of successes. The Strong Law of Large Numbers (Theorem 20.1) now
tells us that g

lim — = E{X;} =p as. (20.3)

n—oo N

This gives, essentially, a justification to our claim that the probability of
success is p. Thus in some sense this helps to justify the original axioms of
probability we presented in Section 2, since we are finally able to deduce the
intuitively pleasing result (20.3) from our original axioms.

Example 2: This is a simple example of a technique known as Monte Carlo
approzimations. (The etymology of the name is from the city of Monte Carlo
of the Principality of Monaco, located in southern France. Gambling has long
been legal there, and the name is a tribute to Monaco’s celebration of the
“laws of chance” through the operation of elegant gambling casinos.) Suppose
f is a measurable function on [0,1], and fol |f(z)|dx < co. Often we cannot

obtain a closed form expression for o = fol f(z)dx and we need to estimate
it. If we let (U;),;>1 be a sequence of independent uniform random variables
on [0,1], and we call I, = - 37, f(U;), then by Theorem 20.2 we have

n

n—oo

tm 3" A(0) = BUW)} = [ 1wy

a.s. and in L?. Thus if we were to simulate the sequence (U;);>1 on a computer
(using a random number generator to simulate uniform random variables,

which is standard), we would get an approximation of fol f(x)dx for large

n. This is just one method to estimate fol f(x)dz, and it is usually not the
best one except in the case where one wants to estimate a high dimensional
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integral: that is, if one wants to estimate fRd f(z)dx for d large. The exact
same ideas apply.

Example 3: ([7, p.120]) Let {2 be a circle of radius 7 = 5-. Let A be the
Borel sets of the circle and let P be the Lebesgue measure on the circle (One
can identify here the circle with the interval [0,1)). Let « be irrational and T
be rotation of {2 through « radians about the center of the circle. Then one
can verify that T is injective, measure preserving, and that the invariant sets
all have probability zero or one (this is where the irrationality of o comes
in). Therefore by Theorem 20.3 we have

RS . !
nli)ngon‘ZIX(L()—i—joz)—/0 X(x)dx
=

for any X € L' defined on 2, for P-almost all z.
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Exercises for Chapter 20

20.1* (A Weak Law of Large Numbers). Let (X;) be a sequence of random
variables such that sup; E{ij} =c<ooand E{X;Xi} =0if j # k. Let
Sn = Z;vl:l Xj.

a) Show that P(|i5,|>¢) < ne? 5> for ¢ > 0;
b) limy, o0 & S =01in L? and in probablhty

(Note: The usual i.i.d. assumptions have been considerably weakened here.)

20.2 Let (Y;);>1 be a sequence of independent Binomial random variables,
all defined on the same probability space, and with law B(p,1). Let X,

Z?:l Y;. Show that X; is B(p,j) and that L converges a.s. to p.

20.3 Let (X;);>1 be ii.d. with X; in L. Let Y; = eXi. Show that

n

11
j=1

converges to a constant « a.s. [Answer: a = eP{X1} ]

20.4 Let (X;);>1 be i.id. with X; in L' and E{X;} = p. Let (Y;);>1 be
also i.i.d. with Y; in L' and E{Y; } = v # 0.Show that

lim X; = a.s.
n— o0 Z] 1Y Z

20.5 Let (X;);j>1 be i.id. with X; in L' and suppose ﬁZ}Ll(Xj —v)
converges in distribution to a random variable Z, Show that

1 n
lim — E X;=v as.
n—oo N
=1

(Hint: If Z,, = ﬁ Z;‘zl(Xj —v), prove first that ﬁZn converges in distri-
bution to 0).

20.6 Let (X;);>1 be iid. with X; in L?. Show that
lim lZH:X’-’ = E{X?} as
n—oo N 4 J .
Jj=1
20.7 Let (X;)j>1 beiid. N(1,3) random variables. Show that

lim Xi+Xo+...+ X, _las
nsoo X+ XZ+...+X2 47
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20.8 Let (X;);>1 be i.i.d. with mean y and variance 0. Show that

20.9 Let (X,);>1 be ii.d. integer valued random variables with E{|X;|} <
00. Let S,, = E?Zl X;. (Sn)n>1 is called a random walk on the integers. Show
that if E(X;) > 0 then

lim S, = oo, a.s.
n—oo



21 The Central Limit Theorem

The Central Limit Theorem is one of the most impressive achievements of
probability theory. From a simple description requiring minimal hypothe-
ses, we are able to deduce precise results. The Central Limit Theorem thus
serves as the basis for much of Statistical Theory. The idea is simple: let
Xi1,...,Xj,... be a sequence of i.i.d. random variables with finite variance.
Let Sn = > 71 X;. Then for n large, £(S,) ~ N(nu, no?), where E{X;} = u
and 02 = Var(X;) (all j). The key observation is that absolutely nothing
(except a finite Varlance) is assumed about the distribution of the random
variables (X;);>1. Therefore, if one can assume that a random variable in
question is the sum of many i.i.d. random variables with finite variances,
that one can infer that the random variable’s distribution is approximately
Gaussian. Next one can use data and do Statistical Tests to estimate p and
o2, and then one knows essentially everything!

Theorem 21.1 (Central Limit Theorem). Let (X;);>1 be i.i.d. with
E{X;} = p and Var(X;) = 0 (all j) with 0 < 0® < 00. Let Sy, = >7_ ) X
Let Y, = SZ;\/%’“ Then Y, converges in distribution to Y, where L(Y) =
N(0,1).

Observe that if 0% = 0 above, then X; = u a.s. for all j, hence 7;‘ =
a.s.

Proof. Let ¢; be the characteristic function of X; — u. Since the (X;);>1 are
ii.d., ¢; does not depend on j and we write ¢. Let Y,, = ;\/%“ Since the
X are independent, by Theorem 15.2

ey, (u) =

o () (21.1)

S
= H Px (af)

n
o u
B (“’ (oﬁ )) '
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Next note that E{X;—u} = 0 and E{(X;—u)?} = 02, hence by Theorem 13.2
we know that ¢ has two continuous derivatives and moreover

o' (u) =iE {(Xj - u)ei“(xj_“)} ,

¢"(w) = —E{(X; — )X L.

Therefore ¢’ (0) = 0 and ¢ (0) = —c2. If we expand ¢ in a Taylor expansion
about u = 0, we get (see Exercise 14.4)

o?u?

pu) =14+0— + u?h(u) (21.2)

where h(u) — 0 as u — 0 (because ¢ is continuous). Recall from (21.1):

o= (22))

— log (=)

v h( =),

2
u?
= enlOg(1_2"+na o

where here “log” denotes the principal value of the complex valued logarithm.
Taking limits as n tends to co and using (for example) L’Hopital’s rule gives
that

u? /2

lim oy, (u) =e” :
n—oo

Lévy’s Continuity Theorem (Theorem 19.1) then implies that Y;, converges
in law to Z, where ¢ (u) = e~**/2; but then we know that £(Z) = N(0, 1),
using Example 13.5 and the fact that characteristic functions characterize
distributions (Theorem 14.1). O

Let us now discuss the relationship between laws of large numbers and
the central limit theorem. Let (X;);>1 be i.i.d. with finite variances, and let
u = E{X1}. Then by the Strong Law of Large Numbers,

S,
lim =% =p as. and in L?, (21.3)
n—oo N
where S,, = Z?ZI X;. Thus we know the limit is p, but a natural question

is: How large must n be so that we are sufficiently close to u? If we rewrite
(21.3) as

Sn
~ —pul=0 as. andin L? (21.4)
n

lim
n—o0

then what we wish to know is called a rate of convergence. We could ask, for
example, does there exist an a € R, a # 0, such that

lim n®
n—oo

Sn—,u‘:c a.s. (c#£0)?
n
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In fact, no such « exists. Indeed, one cannot have na(% — i) convergent
to a non-zero constant or to a non-zero random variable a.s., or even in
probability. However by the central limit theorem we know that if o = %,
\/ﬁ(% — 1) converges in distribution to the normal distribution N(0,0?). In
this sense, the rate of convergence of the strong law of large numbers is /7.

One can weaken slightly the hypotheses of Theorem 21.1. Indeed with

essentially the same proof, one can show:

Theorem 21.2 (Central Limit Theorem). Let (X;);>1 be independent
but not necessarily identically distributed. Let E{X;} = 0 (all j), and let
2 2

0j =o0X,. Assume

sup E{|X;|*T*} < 0o, some & >0,
J

oo
E 2 _
O'j—OO.

j=1
Then
lim L =7
o

where L(Z) = N(0,1) and where convergence is in distribution.

While Theorem 21.1 is, in some sense, the “classical” Central Limit The-
orem, Theorem 21.2 shows it is possible to change the hypotheses and get
similar results. As a consequence there are in fact many different central limit
theorems, all similar in that they give sufficient conditions for properly nor-
malized sums of random variables to converge in distribution to a normally
distributed random variable. Indeed, martingale theory allows us to weaken
the hypotheses of Theorem 21.2 substantially. See Theorem 27.7.

We note that one can also weaken the independence assumption to one
of “asymptotic independence” via what is known as mixing conditions, but
this is more difficult.

Finally, we note that Theorem 21.1 has a d-dimensional version which
again has essentially the same proof.

Theorem 21.3 (Central Limit Theorem). Let (X;);>1 be i.i.d. R-
valued random variables. Let the (vector) p = E{X;}, and let Q denote
the covariance matriz: Q = (qk¢)1<k,0<d, where g ¢ = Cov (X;-",Xf), where

Xf is the kth component of the R*-valued random variable X;. Then

li Sn_nu
Y

where L(Z) = N(0,Q) and where convergence is in distribution.
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It is important to note that there is no requirement for the common
covariance matrix ) to be invertible in Theorem 21.3. In this way we see
that the Central Limit Theorem gives rise to gaussian limits without densities
(since an RY valued Gaussian r.v. has a density if and only if its covariance
matrix @ is invertible).

Examples:

1. Let (X;);>1 be iid. with P(X; =1) =pand P(X; =0) =¢q=1-—
p. Then S, = 377, X; is Binomial (£(S,) = B(p,n)). We have u =
E{X;} =pand ¢% = og(j = pq = p(1 — p). By the Strong Law of Large
Numbers we have

. n
lim — =p a.s.
n—oo N

and by the Central Limit Theorem (Theorem 21.1) we have (with con-
vergence being in distribution);

Sn —np 2}
np(1 —p)

where £(Z) = N(0,1).

2. Suppose (X;);>1 are i.i.d. random variables, all in L?, and with (common)
distribution function F'. We assume F' is unknown and we would like to
estimate it. We give here a standard technique to do just that. Let

Yj(2) = Lix; <a)-

Note that Y; are i.i.d. and in L?. Next define
Fo(x) 1zn:Y() for  fixed
(z) = = (), for x fixed.
n J

The function F),(x) defined on R is called the empirical distribution func-
tion (it should indeed be written as F,(z,w), since it depends on w!). By
the Strong Law of Large numbers we have

lim F,(z) = lim % Z Y;(z) = B{Yi(z)}.

n— oo

However,
E{Yi(2)} = E{l{x,<s}} = P(X; < 2) = F(2),
and thus we can conclude

lim F,(z) = F(z) a.s.

n—oo
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That is, the empirical distribution function converges to the actual dis-
tribution function a.s. and in L?. With a little more work we can ob-
tain a stronger result: lim,_, sup, |Fn(z) — F(z)] = 0 a.s.. This is
known as the Glivenko—Cantelli Theorem. Using the Central Limit The-
orem we can moreover show that the rate of convergence is y/n: indeed,
since Fy,(x) — F(z) tends to 0, we can hope to find a rate by showing
n®(F,(z) — F(z)) converges for some «. But

ViFu (@) = (@) = Vit | " ¥;(0) = B{Yi(e)}

YL Y (@) - nE{Yi ()}

= T
and hence by Theorem 21.1 it converges to a normal random variable
Z with £L(Z) = N(0,02%(x)), and where 02(z) = Var(Yi(z)) = F(z)(1 —
F(x)).

Example 2 raises an interesting question: how large must n be before the
empirical distribution function is “close” to the actual distribution function?
In essence this is equivalent to asking for a rate of convergence result for the
Central Limit Theorem. (Recall that we have already seen that the Central
Limit Theorem itself gives a rate of convergence of \/n for the Strong Law of
Large Numbers.) A classic result is the following:

Theorem 21.4 (Berry-Esseen). Let (X;)j>1 be i.i.d. and suppose
E{X;]?} < oco. Let Gu(z) = P(SJ;\/%“ < ) where p = E{X,} and

o? = O'g(], < oo. Let &(x) = P(Z < z), where L(Z) = N(0,1). Then

EUX P}

Sp G () = P(a)| < =

for a constant c.

The proof of Theorem 21.4 is too advanced for this book. The interested
reader can consult [8, p.108] where it is proved for ¢ = 3. (The current best
estimates are ¢ = 0.7975, see [24], and I.S. Shiganov has shown ¢ < 0.7655.
Also Esseen established a lower bound. Thus current knowledge is 0.4097 <
¢ < 0.7655.)
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Exercises for Chapter 21

21.1 Let (X;);>1 be i.id. with P(X; = 1) = P(X; = 0) = . Let S, =
Z;.lzl X,, and let Z,, = 2S,, — n. (Z, is the excess of heads over tails in n
tosses, if X; = 1 when heads and X; = 0 when tails on the j* toss.) Show

that p
nli}HQlQP <\/ﬁ < o:) = P(x)

1 x
P(z) = E/ e 2 qu.

21.2 Let (X;);>1 be independent, double exponential with parameter 1 (that
is, the common density is 1e71*l, —co < z < 00). Show that

27—1 X
lim v/n fl; =7,
n— 00 (Zj—l XJ2

where £(Z) = N(0, ), and where convergence is in distribution. (Hint: Use
Slutsky’s theorem (Exercise 18.14).)

where

21.3 Construct a sequence of random variables (X;);>1, independent, such
that lim;_,. X; = 1 in probability, and E{XJQ} > j. Let Y be independent
of the sequence (X;);>1, and L(Y) = N(0,1). Let Z; = YX;, j > 1. Show
that

a) E{Z;} =0

b) lim;_ o a%] =00

¢) lim; o Z; = Z in distribution, where £(Z) = N(0,1).

(Hint: To construct X, let (£2;, A;, P;) be ([0,1], B[0, 1], m(ds)), where m is
Lebesgue measure on [0, 1]. Let

Xjw) =0+ Dlpaw) + Lasw),

and take the infinite product as in Theorem 10.4. To prove (c) use Slutsky’s
theorem (Exercise 18.14)). (Note that the hypotheses of the central limit the-
orems presented here are not satisfied; of course, the theorems give sufficient
conditions, not necessary ones.)

21.4 (Durrett, [8]). Let (X;);>1 be i.i.d. nonnegative with E{X;} = 1 and
0%, = 0? € (0,00). Show that

2o v B 7,
with £(Z) = N(0, 1).

(Hz‘nt: S"\/_ﬁ” _ (‘/57"\/%\/5) (/S — ﬁ).)
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21.5 Let (X;) be i.i.d. Poisson random variables with parameter A = 1. Let

Sp ="7_; X;. Show that lim,, e Sf—” = Z, where L(Z) = N(0,1).

21.6 Let Y be a Poisson random variable with parameter A > 0. Show that

i YA—
>\1—>Holo vV

where £(Z) = N(0,1) and convergence is in distribution. (Hint: Use Exer-
cise 21.5 and compare Y with Six) and Spyj41, where [A] denotes the largest
integer less than or equal to \.)

=7

21.7 Show that
. _n " pk 1
Jim e <Z W)=
k=0
(Hint: Use Exercise 21.5.)
21.8 Let (Xj);>1 be iid. with E{X;} = 0 and ag(j = 0% < c0. Let S, =
>, X;. Show that US\% does not converge in probability.

21.9* Let (X;);>1 be iid. with E{X;} = 0 and O'g(j = 0% < oo. Let
Sn = >27_) X;. Show that

lim E{|Sn} = za.
n—00 \/ﬁ ™
(Hint: Let £(Z) = N(0,0?) and calculate E{|Z|}.)

21.10 (Gut, [11]). Let (X;);>1 be ii.d. with the uniform distribution on
(=1,1). Let
B 2j=1%;
= n P} n 3"
Y= XG 2 X

Show that /nY, converges. (Answer: \/nY, converges in distribution to Z
where £(Z) = N(0,3).)

Y,

21.11 Let (X;);>1 be independent and let X; have the uniform distribution
on (_.]7 ]) .
a) Show that

in distribution where £(Z) = N(0, ) (Hint: Show that the characteristic
function of X; is ¢x, (u) = W, compute g, (u), then @g /,3/2(u),

and prove that the limit is e=*"/1® by using > j2 = w)
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b) Show that

. S,
lim L =7
n—00 n 2
Zj:1 03

in distribution, where £(Z) = N(0,1). (Note: This is not a particular

case of Theorem 21.2).

21.12* Let X € L? and suppose X has the same distribution as %(Y +27),
where Y, Z are independent and X,Y, Z all have the same distribution. Show
that X is N(0,02) with 02 < co. (Hint: Show by iteration that X has the
same law as ﬁ Yo X, with (X;) Lid., for n =2™.)
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We suppose given a probability space (£2,F, P). Let L? denote all (equiva-
lence classes for a.s. equality of) random variables X such that E{X?} < cc.
We henceforth identify all random variables X,Y in L? that are equal a.s.
and consider them to be representatives of the same random variable. This
has the consequence that if E{X?} = 0, we can conclude that X = 0 (and
not only X =0 a.s.).

We can define an inner product in L? as follows: for X,Y in L2, define

(X,Y) = E{XY}.

Note that |E{XY}| < E{X2}2E{Y?2}2 < oo by the Cauchy-Schwarz in-
equality. We have seen in Theorem 9.3 that L? is a linear space: if X,Y are
both in L?, and «, 3 are constants, then aX + Y is in L? as well. We further
note that the inner product is linear in each component: For example

(X + BY, Z) = a(X, 2) + B{Y, 7).
Finally, observe that
(X,X) >0, and (X, X) =0 if and only if X =0 a.s.

since X = 0 a.s. implies X = 0 by our convention of identifying almost surely
equal random variables. This leads us to define a norm for L? as follows:

IX] = (X, X)% = (B{X?})?.

We then have || X|| = 0 implies X = 0 (recall that in L?, X = 0 is the same
as X = 0 a.s.), and by bilinearity and the Cauchy—Schwarz inequality we get

|X +Y|? = E{X?} + 2B{XY} + E{Y?}
< XN+ 20X Y]+ (1Y)
= (IXI1+1Y1)?,

and thus we obtain Minkowski’s inequality:

X + Y[ < [[IX]+ 1Y,

so that our norm satisfies the triangle inequality and is a true norm. We have
shown the following;:

J. Jacod et al., Probability Essentials
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Theorem 22.1. L? is a normed linear space with an inner product (-,-).
1

Moreover one has || - || = (-,-)2.

We next want to show that L? is a complete normed linear space; that is,
if X, is a sequence of random variables that is Cauchy under || - ||, then there
exists a limit in L? (recall that X,, is Cauchy if || X, — X, || — 0 when both m
and n tend to infinity; every convergent sequence is Cauchy). Theorem 22.2
is sometimes known as the Riesz—Fischer Theorem.

Theorem 22.2. L? is complete.

Proof. Let X,, be a Cauchy sequence in L?. That is, for any ¢ > 0, there
exists N such that n,m > N implies || X, — X,,|| < e. Choose a sequence

of epsilons of the form Qi Then we have a subsequence (X,,, )x>1 such that
||Xnk - Xnk+1|| < Qik
Define

n
Yn = Z |Xn,, - an+1 |
p=1

By the triangle inequality we have

2
n
B{Y} < (Z 1 Xn, — Xnm) <1
p=1

Let Y = lim,, o Y, which exists because Y, (w) is a nondecreasing sequence,
for each w (a.s.). Since E{Y,?} < 1 each n, by the Monotone Convergence
Theorem (Theorem 9.1(d)) E{Y?} < 1 as well. Therefore ¥ < oo a.s., and
hence the sequence X, —1—22021(an+1 — X, ) converges absolutely a.s. Since
it is a telescoping series we conclude X, (w) converges toward a limit X (w)
as p — 00, and moreover | X (w)| < | X,, (w)| + Y (w). Since X,,, and Y are in
L?, so also X € L2

Next, note that

m

X = i 2 i 3 ),
q=p

Since |ZE | <Y for each p, m, by Lebesgue’s dominated convergence theorem
(Theorem 9.1(f)) we have

: e 1
X = Xl = tim (12 <l X, - X < o
a=p
and we conclude lim, ;o [|[X — X, || = 0. Therefore X,, converges to X

in L2
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Finally,
[ Xn — X < [| X — X, | + | X, — XI|.

Hence letting n and p go to infinity, we deduce that X,, tends to X in L2.
|

Definition 22.1. A Hilbert space H is a complete normed linear space with
an inner product satisfying (z,z)z = |z|, all 2 € H.

We now have established:
Theorem 22.3. L? is a Hilbert space.

Henceforth we will describe results for Hilbert spaces; of course these
results apply as well for L2. From now on H will denote a Hilbert space with
norm || - || and inner product (-,-), while @ an § below always denote real
numbers.

Definition 22.2. Two vectors © and y in H are orthogonal if (z,y) =0. A
vector x is orthogonal to a set of vectors I' if (x,y) =0 for everyy € I'.

Observe that if (z,y) = 0 then ||z + y||* = ||=||* + ||y||?; this is a Hilbert
space version of the Pythagorean theorem.

Theorem 22.4 (Continuity of the inner product). If z, — = and y, —
y in H, then (Tn,yn) — (x,y) in R (and thus also ||z, || — ||z|]).

Proof. The Cauchy—Schwarz inequality implies (z,y) < ||z| ||y||, hence
\(m,y> - <mnvyn>| = |<:L‘ - xnayn> + <CL‘ —Tn,Y — yn> + <xn7y - yn>|
<l =zl ynll + [l = 2znll ly = ynll + [l2nll ly =yl

Note that sup,, ||yn|| < oo and sup,, ||z,| < oo, since z, and y, are both
convergent sequences in H (for example, ||z,| < ||z, —z||+]|z| and ||z] < oo
and ||z, — x| — 0). Thus the right side of the above inequality tends to 0 as
n tends to oo. ]

Definition 22.3. A subset L of H is called a subspace if it is linear (that is,
x,y € L implies ax+ Py € L) and if it is closed (that is, if (xy)n>1 converges
tox in H, then x € L).

Theorem 22.5. Let I' be a set of vectors. Let I'" denote all vectors orthog-
onal to all vectors in I'. Then 't is a subspace of H.

Proof. First note that I'* is a linear space, even if I is not. Indeed, if =,y €
', then (x,z) = 0 and (y, z) = 0, for each z € I". Therefore

(ax + By, z) = alz, z) + Bly, z) = 0,
and ax + By € I'* also. It follows from Theorem 22.4 that I'" is closed. [
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Definition 22.4. For a subspace L of H, let d(z, L) = inf{|jz — y|l;y € L}
denote the distance from x € H to L.

Note that if £ is a subspace, then x € L iff d(z,£) = 0 (recall that a
linear subspace of a closed space is always closed).

Theorem 22.6. Let L be a subspace of H; x € H. There is a unique vector
y € L such that ||z — y|| = d(z, L).

Proof. If x € L, then y = z. If z is not in £, let y,, € £ such that lim,, , ||z —
Yn|l = d(z, L). We want to show that (y,),>1 is Cauchy in H. Note first that

g = ymll* = ll2 = ymll* + |2 = yal|* = 2@ = ym, & — yn)- (22.1)

We use the inequality

m n T —Ym T —Yn
Hx_y ;Ly | 2y (. 21/ [
to conclude that
nlellriloo x—ym;—y” <d(z,L),
hence N
L I L

since d(z, £) is an infimum and ¥21% € £ because L is a subspace. We now
have

2

2 . _ ym + yn
d(ijC) - m71'r1Lr£oo v 2
= lim {llo = yml® + o = yall® + 202 = ym, 7 — ya) } /4
and therefore
lim (% — Y, T — yn) = d(z, L)% (22.2)
n,m—00

If we now combine (22.1) and (22.2) we see that (y,),>1 is Cauchy. Therefore
limy, = y exists and is in £, since £ is closed. Moreover d(z, L) = ||z — y||,
by the continuity of the distance function.

It remains to show the uniqueness of y. Suppose z were another such
vector in L. Then the sequence

Wan =Y,

Wan4+1 = %,

is again a Cauchy sequence in £ by the previous argument, and hence it
converges to a unique limit; whence y = z. O
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We now consider the important concept of projections. We fix our Hilbert
space ‘H and our (closed, linear) subspace L. The projection of a vector x in
H onto L consists of taking the (unique) y € £ which is closest to z. We let
IT denote this projection operator. The next theorem gives useful properties
of IT.

Theorem 22.7. The projection operator I of H onto a subspace L satisfies
the following three properties:

(i) II is idempotent: I1* = II;
(i) Hx =x forx € L; Hx =0 forz € L*;
(iii) For every x € H, v — Ilx is orthogonal to L.

Proof. (i) follows immediately from the definition of projection.

(ii) If z € L, then d(z, L) = 0, and since z is closest to = (||l — x| = 0),
Iz = x. Moreover if ¥ € L+, then ||z —y|?> = (x—y,v—y) = ||z]|®>+|y||?
for y € £, and thus y = 0 minimizes d(z, £); hence ITx = 0.

(iii) We first note that, for y € L:

o — Mz||* < |la — (z +y)|?
= ||z — Iz|” + |ly|* — 2(x — Hz,y),
and therefore
2z — z,y) < ||ly|>.

Since y € £ was arbitrary and since L is linear we can replace y with ay,
any o € R4, to obtain

2(z — Iz, ay) < [layl?,
and dividing by « gives
2(z — Hz,y) < allyl*;

we let a tend to zero to conclude (x — [Tz, y) < 0. Analogously we obtain
(x — Iz,y) > 0 by considering negative «. Thus x — [Tz is orthogonal
to L.

(]

Corollary 22.1. Let II be the projection operator of H onto a subspace L.
Then © = x + (z — IIx) is a unique representation of x as the sum of a
vector in L and one in LY. Such a representation exists. Moreover x — Ilx
is the projection of x onto L*; and (L1)* = L.
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Proof. The existence of such a representation is shown in Theorem 22.7(iii).
As for uniqueness, let x = y+2z be another such representation. Then y—IlTx =
2z — (x — Ix) is a vector simultaneously in £ and £1; therefore it must be 0
(because it is orthogonal to itself), and we have uniqueness.

Next observe that £ C (£L1)1. Indeed, if # € £ and y € L+ then (z,y) =
0,50 x € (L1)L. On the other hand if z € (£+)*, then z = y+ 2z with y € £
and z € £L+. But z must be 0, since otherwise we have (z, 2) = (y, 2) + (2, 2),
and (y,z) = 0 since y € £ and z € L*; and also (z, z) = 0 since z € L+ and
x € (L+)*. Thus (z,2) = 0, hence z = 0. Therefore x = y, with y € £, hence
r €L, and (LY)* C L. O

Corollary 22.2. Let II be the projection operator H onto a subspace L.
Then

(i) (Hz,y) = (z, y),
(ii) IT is a linear operator: Il (ax + By) = allx + SITy.

Proof. (i) By Corollary 22.1 we write uniquely:
T =21+ o, 21 € Lixg € LT,
Y=y + v, y1€Liyp € LT

Then
<Hxay> = <I17y> = <x17y1 +y2> = <‘T17y1>7

since (x1,y2) = 0. Continuing in reverse for y, and using (x9,y1) = O:
= (z1 +22,191) = (z,31) = (z, [Iy).
(ii) Again using the unique decomposition of Corollary 22.1, we have:

ax + By = (axy + By1) + (w2 + By2),
hence
H(az + By) = azy + Py = allx + BIly.
O

We end this treatment with a converse that says, in essence, that if an
operator behaves like a projection then it is a projection.

Theorem 22.8. Let T map H onto a subspace L. Suppose that x — Tx is
orthogonal to L for all x € H. Then T = II, the projection operator onto the
subspace L.

Proof. We can write x = Tz + (z — Tx), with Tz € £ and (z —Tx) € L. By
Corollary 22.1 to Theorem 22.7, Tx must be the projection of x onto £. O
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Exercises for Chapter 22

22.1 Using that (a — b)? > 0, prove that (a + b)? < 2a? + 202

22.2 Let x,y € H, a Hilbert space, with (x,y) = 0. Prove the Pythagorean
Theorem: [lz + y[|* = [lz]* + [ly[*.

22.3 Show that R" is a Hilbert space with an inner product given by the “dot
product” if x= (z1,...,2,) and Y= (y1,...,y,), then (z,y) = > x5,

22.4 Let L be a linear subspace of H and II projection onto £. Show that
ITy is the unique element of £ such that (ITy, z) = (y, z), for all z € L.
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Let X and Y be two random variables with Y taking values in R with X
taking on only countably many values. It often arises that we know already the
value of X and want to calculate the expected value of Y taking into account
the knowledge of X. That is, suppose we know that the event {X = j}
for some value j has occurred. The expectation of Y may change given this
knowledge. Indeed, if Q(A) = P(A|X = j), it makes more sense to calculate
Eq{Y} than it does to calculate Ep{Y} (Egr{-} denotes expectation with
respect to the Probability measure R.)

Definition 23.1. Let X have values {x1,22,...,2Zp,...} andY be a random
variable. Then if P(X = x;) > 0 the conditional expectation of ¥ given
{X =z,} is defined to be

E{Y|X = z;} = Eo{Y},

where Q is the probability given by Q(A) = P(A|X = z;), provided Eq{|Y|} <
00.

Theorem 23.1. In the previous setting, and if further'Y is countably valued
with values {y1,Y2,...,Yn, ...} and if P(X = x;) > 0, then

B{Y|X =a;} =Y uP(Y =yl X = x;),
k=1

provided the series is absolutely convergent.

Proof.

E{Y|X =2;} = E{Y} =Y mQ(Y =yr) = > _yeP(Y = yp|X = z;).
k=1

|

Next, still with X having at most a countable number of values, we wish to
define the conditional expectation of any real valued r.v. Y given knowledge
of the random wvariable X, rather than given only the event {X = z;}. To
this effect we consider the function

J. Jacod et al., Probability Essentials
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_JEYIX =2} if P(X=2)>0
f(x) = {any arbitrary value if P(X =z)=0. (23.1)

Definition 23.2. Let X be countably valued and let Y be a real valued ran-
dom variable. The conditional expectation of Y given X is defined to be

E{Y|X} = f(X),

where f is given by (23.1) provided f is well defined (that is, Y is integrable
with respect to the probability measure @); defined by by Q;(4) = P(A4|X =
x;), for all j such that P(X = z;) > 0).

Remark 25.1. The above definition does not really define E{Y|X} every-
where, but only almost everywhere since it is arbitrary on each set {X = x}
such that P(X = x) = 0: this will be a distinctive feature of the conditional
expectation for more general r.v. X’s as defined below.

Example: Let X be a Poisson random variable with parameter A. When
X = n, we have that each one of the n outcomes has a probability of success
p, independently of the others. Let S denote the total number of successes.
Let us find E{S|X} and E{X|S}.

We first compute E{S|X = n}. If X = n, then S is binomial with param-
eters n and p, and E{S|X = n} = pn. Thus E{S|X} = pX.

To compute E{X|S}, we need to compute E{X|S = k}; to do this we
first compute P(X = n|S = k):

P(S=klX=n)P(X =n)
P(S = k‘)
_ (rra-pn- ’“(2')6 8
ZmZk (7;) (]‘ - ) (%) e
(- P))\)"_ke—u—pn
)

P(X =n|S=k) =

for n > k. Thus,
_ n—k

E{X|S=k}=)_ n((lp))\))e_(l_p))‘ =k+(1-p)A,

n>k ’

hence,
E{X|S} =S+ (1-p)A.

Finally, one can check directly that E{S} = E{E{S|X}}; also this follows
from Theorem 23.3 below. Therefore, we also have that

E{S} = pE{X} = pA.
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Next we wish to consider the general case: that is, we wish to treat
E{Y|X} where X is no longer assumed to take only countably many val-
ues. The preceding approach does not work, because the events {X = z} in
general have probability zero. Nevertheless we found in the countable case
that F{Y|X} = f(X) for a function f, and it is this idea that extends to
the general case, with the aid of the next theorem. Let us recall a definition
already given in Chapter 10:

Definition 23.3. Let X: (2, A) — (R",B™) be measurable. The o-algebra
generated by X is o(X) = X 1(B") (it is a o-algebra: see the proof of
Theorem 8.1), which is also given by

o(X)={AcCR:XY(B)=A, for some B€B"}.

Theorem 23.2. Let X be an R"™ valued random variable and let Y be an
R-valued random variable. Y is measurable with respect to o(X) if and only
if there exists a Borel measurable function f on R™ such that Y = f(X).

Proof. Suppose such a function f exists. Let B € B. Then Y 1(B) =
XY f~YB)). But A = f~1(B) € B", whence X !(A) € o(X) (alterna-
tively, see Theorem 8.2).

Next suppose Y }(B) € o(X), for each B € B. Suppose first ¥ =
Zle a;14, for some k < oo, with the a;’s all distinct and the A;’s pair-
wise disjoint. Then A; € o(X), hence there exists B; € B™ such that
A = XY(By). Let f(z) = Y% ailp,(z), and we have Y = f(X), with
f Borel measurable: so the result is proved for every simple r.v. Y which
is o(X)-measurable. If Y is next assumed only positive, it can be written
Y = lim,, 00 Yy, where Y,, are simple and non-decreasing in n. (See for ex-
ample such a construction in Chapter 9.) Each Y}, is o(X) measurable and
also Y,, = f,(X) as we have just seen. Set f(z) = limsup,, ., fn(z). Then

Y = lim Y, = lim f,(X).

n—oo n

But
(limsup f,)(X) = lim sup(f (X)).
n— oo n
and since limsup,,_, . f»(x) is Borel measurable, we are done.
For general Y, we can write Y = YT — Y~ and we are reduced to the
preceding case. O

In what follows, let (£2,.A, P) be a fixed and given probability space, and
let X : 2 — R™. The space L2(2, A, P) is the space of all random variables
Y such that E{Y?} < co. If we identify all random variables that are equal
a.s., we get the space L?(£2, A, P). We can define an inner product (or “scalar
product”) by

(Y, Z) = E{Y Z}.
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Then L?(§2,A,P) is a Hilbert space, as we saw in Chapter 22. Since
o(X) C A, the set L2(£2,0(X), P) is also a Hilbert space, and it is a (closed)
Hilbert subspace of L?({2, A, P). (Note that L?(§2,0(X), P) has the same
inner product as does L?(§2, A, P).)

Definition 23.4. Let Y € L*(£2, A, P). Then the conditional expectation of
Y given X is the unique element Y in L?(82,0(X), P) such that

E{YZ}=E{YZ} for all Z € L*(2,0(X), P). (23.2)

We write
E{Y|X}

for the conditional expectation of Y given X, namely Y.

Note that Y is simply the Hilbert space projection of Y on the closed lin-
ear subspace L?(£2,0(X), P) of L?(£2, A, P): this is a consequence of Corol-
lary 22.1 (or Exercise 23.4), and thus the conditional expectation does exist.

Observe that since F{Y|X} is 0(X) measurable, by Theorem 23.2 there
exists a Borel measurable f such that E{Y|X} = f(X). Therefore (23.2) is
equivalent to

E{f(X)g(X)} = E{Yg(X)} (23.3)

for each Borel g such that g(X) € £2.

Next let us replace o(X) with simply a o-algebra G with G € A. Then
L?(£,G, P) is a sub-Hilbert space of L?(£2, A, P), and we can make an anal-
ogous definition:

Definition 23.5. Let Y € L%(£2, A, P) and let G be a sub o-algebra of A.
Then the conditional expectation of Y given G is the unique element E{Y |G}
of L*(£2,G, P) such that

E{YZ} = B{E{Y|G}Z} (23.4)
for all Z € L*(02,G, P).

Important Note: The conditional expectation is an element of L2, that
is an “equivalence class” of random variables. Thus any statement like
E{Y|G} > 0or E{Y|G} = Z, etc... should be understood with an implicit “al-
most surely” qualifier, or equivalently as such: there is a “version” of E{Y|G}
that is positive, or equal to Z, etc...

Theorem 23.3. Let Y € L?(2, A, P) and G be a sub o-algebra of A.

a) If Y >0 then E{Y|G} > 0;

b) If G = o(X) for some random variable X, there exists a Borel measurable
function f such that E{Y|G} = f(X);

o) E{E{Y|G}} = E{Y};

d) The map Y — E{Y|G} is linear.
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Proof. Property (b) we proved immediately preceding the theorem. For (c)
we need only to apply (23.4) with Z = 1. Property (d) follows from (23.4) as
well: if U,V are in L?, then

E{(U+aV)Z} = E{UZ} + aE{VZ}
= E{E{U|G}Z} + aE{E{V|G}Z}
= E{(E{U|9} + aE{V|G})Z},
and thus E{U + aV|G} = E{U|G} + aE{V|G} by uniqueness (alternatively,
as said before, E{Y'|G} is the projection of Y on the subspace L?(£2,G, P),
and projections have been shown to be linear in Corollary 22.2).

Finally for (a) we again use (23.4) and take Z to be 1{gy|g} <o}, assuming
Y >0 a.s. Then E{Y Z} > 0 since both Y and Z are nonnegative, but

E{E{Y|Q}Z} = E{E{Y|g}1{E{y‘g}<o}} <0 if P({E{Y|Q} < 0}) > 0.
This violates (23.3), so we conclude P({E{Y|G} < 0}) =0. O

Remark 23.2. As one can see from Theorem 23.3, the key property of con-
ditional expectation is the property (25.4); our only use of Hilbert space
projection was to show that the conditional expectation exists.

We now wish to extend the conditional expectation of Definition 23.4 to
random variables in L', not just random variables in L?. Here the technique
of Hilbert space projection is no longer available to us.

Once again let £1(£2, A, P) be the space of all L' random variables; we
identify all random variables that are equal a.s. and we get the (Banach)
space L'(§2, A, P). Analogously, let LT (2, A, P) be all nonnegative random
variables, again identifying all a.s. equal random variables. We allow random
variables to assume the value +oo.

Lemma 23.1. LetY € LT (£, A, P) and let G be a sub o-algebra of A. There
erists a unique element E{Y|G} of LT(£2,G, P) such that

E{YX} = E{E{Y|G}X} (23.5)

for all X in LT($2,G, P) and this conditional expectation agrees with the one
in Definition 23.5 if further Y € L?(02, A, P). Moreover, if 0 <Y <Y,
then

E{Y|G} < E{Y’|G}. (23.6)

Proof. If Y is in L*(£2, A, P) and positive, we define E{Y|G} as in Defini-
tion 23.5. If X in L*(£2,G, P) then X,, = X A n is square-integrable. Hence
the Monotone Convergence Theorem (applied twice) and (23.5) yield

E{Y X} = lim B{Y X,,}
= liTEnE{E{Y\Q}Xn}
= B{E{Y|G}X} (23.7)
and (23.5) holds for all positive X.
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Let now Y be in L*(£2, A, P). Each Y,;, = Y A m is bounded and hence
in L2, and by Theorem 23.3, conditional expectation on L? is a positive
operator, so E{Y A m|G} is increasing; therefore the following limit exists
and we can set

E{Y|G} = lim_ E{Y,,|G}. (23.8)

If X € L*T(2,G,P), we apply the Monotone Convergence Theorem several
times as well as (23.8)to deduce that:

B{Y X} = lim B{Y,, X}

—E {limE{Ym\g}X}
= E{FE{Y|G}X}.
Furthermore if Y <Y’ we have Y Am < Y’ Am for all m, hence E{Y Am|G} <
E{Y’ Am|G} as well by Theorem 23.3(a). Therefore (23.6) holds.
It remains to establish the uniqueness of E{Y'|G} as defined above. Let U

and V be two versions of E{Y|G} and let A,, = {U <V < n} and suppose
P(A,,) > 0. Note that 4,, € G. We then have

E{Y1,,} =E{Ul,, } = E{V1,,},

since E{Y 14} = E{E{Y|G}14} for all A € G by (23.7). Further, 0 < U1,, <
V1a, <n, and P(A,) > 0 implies that the r.v. V1, and Ul,, are not a.s.
equal: we deduce that E{U1,} < E{V1,}, whence a contradiction. Therefore
P(A,) =0 for all n, and since {U > V} = U,>14,, we get P{U < V}) =0;
analogously P({V > U}) = 0, and we have uniqueness. O

Theorem 23.4. Let Y € LY(2, A, P) and let G be a sub o-algebra of A.
There exists a unique element E{Y |G} of L*(£2,G, P) such that

E{YX} = E{E{Y|G}X} (23.9)

for all bounded G-measurable X and this conditional expectation agrees with
the one in Definition 23.5 (resp. Lemma 23.1) when further Y € L%(12, A, P)
(resp. Y >0), and satisfies

a) If Y >0 then E{Y|G} > 0;
b) The map Y — E{Y|G} is linear.

Proof. Since Y is in L', we can write
Y=Y"-Y"~

where YT = max(Y,0) and Y~ = — min(Y, 0): moreover Y+ and Y~ are also
in L1(£2,G, P). Next set

E{Y|G} = E{Y |G} — E{Y"|G}.
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This formula makes sense: indeed the r.v. Y and Y, hence E{Y "|G} and
E{Y |G} as well by Theorem 23.3(c), are integrable, hence a.s. finite. That
E{Y|G} satisfies (23.9) follows from Lemma 23.1. For uniqueness, let U,V be
two versions of E{Y|G}, and let A = {U < V'}. Then A € G, so 1, is bounded
and G-measurable. Then E{Y1,} = E{E{Y|G}1,4} = E{Ul,x} = E{V1,}.
But if P(A) > 0, then E{U1,} < E{V1,4}, which is a contradiction. So
P(A) =0 and analogously P({V < U}) =0 as well.

The final statements are trivial consequences of the previous definition of
E{Y|G} and of Lemma 23.1 and Theorem 23.3. O

Example: Let (X, Z) be real-valued random variables having a joint density
f(x, 2). Let g be a bounded function and let

Y =g(2).

We wish to compute E{Y|X} = E{g(Z)|X}. Recall that X has density fx

given by
x) = /f(x, z)dz

and we defined in Chapter 12 (see Theorem 12.2) a conditional density for Z
given X = x by:
f(z,2)

fx(z)’

fx=z(2) =
whenever fx(x) # 0. Next consider
o) = [ o) fxma(2)d:

We then have, for any bounded Borel function k(x):
E{HCOKX)) = [ ha)b(a) fx (2)da

_ //g(z)fxzm(z)dzk(w)fx(m)dx
/ / k (2)fx (2)dz da
// (x)f(x,2)dzdz

= E{g(2)k(X)} = E{Yk(X)}.

Therefore by (23.9) we have that

BE{Y|X} = h(X).

This gives us an explicit way to calculate conditional expectations in the case
when we have densities.
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Theorem 23.5. Let Y be a positive or integrable r.v. on (£2,F, P). Let G be
a sub o-algebra. Then E{Y|G} =Y if and only if Y is G-measurable.

Proof. This is trivial from the definition of conditional expectation. O

Theorem 23.6. Let Y € LY(2, A, P) and suppose X and Y are indepen-
dent. Then
E{Y|X}=FE{Y}.

Proof. Let g be bounded Borel. Then E{Y¢(X)} = E{Y}E{g(X)} by in-
dependence. Thus taking f(x) = E{Y} for all z (the constant function) in
Theorem 23.2, we have the result by (23.9). O

Theorem 23.7. Let X, Y be random variables on (£2, A, P), let G be a sub
o-algebra of A, and suppose that X is G-measurable. In the two following
cases:

a) the variables X, Y and XY are integrable,
b) the variables X and Y are positive,

we have
E{XY|G} = XE{Y|G}.

Proof. Assume first (b). For any G-measurable positive r.v. Z we have
E{XYZ} =E{XZE{Y|G}}

by (23.5). Since X E{Y|G} is also G-measurable, we deduce the result by
another application of the characterization (23.5).

In case (a), we observe that XTY ™+ X~YT XTY~ and XY~ are all
integrable and positive. Then E{XTY*|G} = XTE{YT|G} by what pre-
cedes, and similarly for the other three products, and all these quantities are

finite. It remains to apply the linearity of the conditional expectation and
the property XY = XtY+ + X"V~ - XtY- - X-Y*. O

Let us note the important observation that the principal convergence
theorems also hold for conditional expectations (we choose to emphasize be-
low the fact that all statements about conditional expectations are “almost
sure”):

Theorem 23.8. Let (Y,,)n>1 be a sequence of r.v.’s on (2, A, P) and let G
be a sub o-algebra of A.

a) (Monotone Convergence.) If Y, > 0, n > 1, and Y, increases to Y a.s.,
then

lim B{Y,[g} = B{Y|G} a.s.;
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b) (Fatou’s Lemma.) If Y, >0, n > 1, then

E{liminf Y, |G} < liminf E{Y,|G} a.s;
n— oo n—oo

c) (Lebesgue’s dominated convergence theorem.) If lim, ,o Y, =Y a.s. and
V.| < Z (n>1) for some Z € L*(2, A, P), then

li_>m E{Y,|G} = E{Y|G} a.s..

Proof. a) By (23.6) we have E{Y,1|G} > E{Y,|G} a.s., each n; hence U =
lim,, o E{Y,|G} exists a.s. Then for all positive and G-measurable r.v. X
we have:

E{UX}

lim E{E{Y,|G}X}
lim E{Y,X}

n—roo

by (23.5); and
— lim E{YX)

n—oo

by the usual monotone convergence theorem. Thus U = E{Y|G}, again by
(23.5).

The proofs of (b) and (c) are analogous in a similar vein to the proofs of
Fatou’s lemma and the Dominated Convergence Theorem without condition-
ing. O

We end with three useful inequalities.

Theorem 23.9 (Jensen’s Inequality). Let p: R — R be convex, and let
X and o(X) be integrable random variables. For any sub-c-algebra G,

po B{X|G} < E{p(X)|G}.

Proof. A result in real analysis is that if ¢ : R — R is convex, then ¢(z) =
sup,,(anx + by,) for a countable collection of real numbers (ay, b, ). Then

E{ap,X + b,|G} = an E{X|G} + by,.

But E{a,X +0,|G} < E{¢(X)|G}, hence a, E{X|G} + b, < E{p(X)|G}, all
n. Taking the supremum in n, we get the result. 0

Note that ¢(x) = 22 is of course convex, and thus as a consequence of
Jensen’s inequality we have

(BE{X|G})* < E{X?|G}.

An important consequence of Jensen’s inequality is Holder’s inequality
for random variables.
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Theorem 23.10 (Hélder’s Inequality). Let X,Y be random wvariables
with E{|X|P} < oo, E{|Y]?} < oo, where p > 1, and 117 —&—% = 1. Then
[E{XY} < B{XY |} < B{X"}¥ B{|Y|"}7.

(Hence if X € LP andY € L? with p, q as above, then the product XY belongs
to L1).

Proof. Without loss of generality we can assume X > 0,Y > 0 and E{X?} >
0, since E{X?} = 0 implies X? = 0 a.s., thus X = 0 a.s. and there is nothing
to prove. Let C' = E{XP} < co. Define a new probability measure @ by

QU) = SE{(LIX7)

(compare with Exercises 9.5 and 9.7). Next define Z = sa=11{x>0}. Since
o(x) = |z|P is convex, Jensen’s inequality (Theorem 23.9) yields

(Ee{z})" < E{Z7}.
Thus,

1 Y a
G B} = B {Xp}
q

1 Y
_ V4
- OE{(XP1> * }
1 1
— q___ - P
- CE{Y ST }

and ¢ = p’%l while (p — 1)q = p, hence
1 1
= —plyi_—x»
G
1
= —FE{Y1}.
Lprey

Thus
B{XY}! < CI'E{Y},

and taking ¢*" roots yields
B{XY} < C"T E{Y"}7.

Since q%ql = % and C' = E{X?}, we have the result. O
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Corollary 23.1 (Minkowski’s Inequality). Let X,Y be random variables
and 1 < p < oo with E{|X|P} < o0 and E{|Y|P} < co. Then

E{|X +Y[P}v < E{X?}» + E{Y?}7.

Proof. If p = 1 the result is trivial. We therefore asume that p > 1. We use
Holder’s inequality (Theorem 23.10). We have

E{X+Y["} = E{X||X +YP'} + E{|Y[|X +Y["~'}
< E{|XPP}7 E{|X + Y|®*~D9}7 4 B{|Y|P}7 E{|X + Y|®~D1}7.

But (p —1)g = p, and % =1- 1%, hence
= (BUXPY + BAYPY) B(X +YIPYF

and we have the result. O

Minkowski’s inequality allows one to define a norm (satisfying a triangle
inequality) on the space LP of equivalence classes (for the relation “equality
a.s.”) of random variables with E{|X|P} < oco.

Definition 23.6. For X in LP?, define a norm by
1
X1, = E{IX"[}7.

Note that Minkowski’s inequality shows that L? is a bonafide normed lin-
ear space. In fact it is even a complete normed linear space (called a “Banach
space”). But for p # 2 it is not a Hilbert space: the norm is not associated
with an inner product.
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Exercises for Chapter 23

For Exercises 23.1-23.6, let Y be a positive or integrable random variable on
the space ({2, A, P) and G be a sub o-algebra of A.

23.1 Show |E{Y|G}| < E{|Y||G}.

23.2 Suppose H C G where H is a sub o-algebra of G. Show that
E{B(Y|G}H} = B{YIH}.

23.3 Show that E{Y|Y} =Y as.

23.4 Show that if |Y| < ¢ a.s. then |[E{Y|G}| < ¢ a.s. also.

23.5 If Y = « a.s., with « a constant, show that F{Y|G} = «a a.s.

23.6 If Y is positive, show that { E{Y |G} =0} C {Y =0} and {Y = +0} C
{E{Y|G} = +o0} almost surely.

23.7* Let X,Y be independent and let f be Borel such that f(X,Y) €
LY(02,A, P). Let

g(x) = {E{f (0. Y)) i |B{f(,Y)}] < o0,

0 otherwise.
Show that g is Borel on R and that
E{f(X,Y)|X} = g(X).

23.8 Let Y be in L?*(£2, A, P) and suppose E{Y? | X} = X? and E{Y |
X} =X.ShowY =X as.

23.9 % Let Y be an exponential r.v. such that P({Y > t}) = e~ for t > 0.
Calculate E{Y | Y A t}, where Y At = min(¢,Y).

23.10 (Chebyshev’s inequality). Prove that for X € L? and a > 0, P(|X| >
2
alG) < w (by P(A|G) one means the conditional expectation E(14|G)).

23.11 (Cauchy-Schwarz). For X,Y in L? show
(B{XY|G})* < E{X?|G}E{Y?|G}.
23.12 Let X € L?. Show that
B{(X - BE{X|G})*} < B{(X — E{X})?}.

23.13 Let p > 1 and r > p. Show that LP D L", for expectation with respect
to a probability measure.
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23.14* Let Z be defined on (£2,F,P) with Z > 0 and E{Z} = 1. Define
a new probability @ by Q(A) = E{14Z}. Let G be a sub o-algebra of F,
and let U = E{Z|G}. Show that Eg{X|G} = %, for any bounded
F-measurable random variable X. (Here Eg{X|G} denotes the conditional
expectation of X relative to the probability measure @Q.)

23.15 Show that the normed linear space L? is complete for each p, 1 < p <
0o. (Hint: See the proof of Theorem 22.2.)

23.16 Let X € LY(2,F,P) and let G, H be sub o-algebras of F. Moreover
let H be independent of o(o(X),G). Show that E{X|o(G,H)} = E{X|G}.

23.17 Let (X,),>1 be independent and identically distributed and in L*
and let S, = I | X; and G,, = 0(Sy, Sn+1,...). Show that F{X;|G,} =
E{X,|S,} and also E{X,|G,} = E{Xj | S, } for 1 < j < n. Also show that
E{X;|Gn} = E{X1|S,} for 1 < j < n (Hint: Use Exercise 23.16.)

23.18 Let X7, X5,..., X, be independent and identically distributed and in
Ly. Show that for each j, 1 < j <n, we have B{X;|>"  X;} = 25" | X,.
(Hint: Use Theorem 23.2 and the symmetry coming from the i.i.d. hypothe-
sis.)
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We begin by recalling the Strong Law of Large Numbers (Theorem 20.1): if
(Xn)n>1 are iid. with B{X,} = p and 0% < oo, and if S, = E?Zl X,
then lim,,_, .o “%" = u a.s. Note that since the X, are all independent, the
limit must be constant a.s. as a consequence of the tail event zero—one law
(Theorem 10.6). It is interesting to study sequences converging to limits that
are random variables, not just constant.

Let us rewrite the sequence as

Sp—np

lim 0 a.s.
n— 00 n

A key property of this sequence is that if F,, = o{Sk; k < n}, then
B{Susr — (n+ DplFa} = S — g, (24.1)

as will be seen in Example 24.1 below. It is property (24.1) that is the key
to the study of more general types of convergence, where we relax the inde-
pendence assumption.

We assume given and fixed both a probability space (£2,F, P) and an
increasing sequence of o-algebras (Fy,)n>0, having the property that F, C
Fn+1 C F,alln > 0.

Definition 24.1. A sequence of random variables (X,,)n>0 is called a mar-
tingale, or an (F,) martingale, if
(i) E{|Xn|} < oo, each n;

(il) X, is F,, measurable, each n;
(i) E{X,|Fm} = Xm a.s., each m < n.

Note that (ii) is “almost” implied by (iii), which yields that X,, is a.s.
equal to an F,, measurable random variable.

Ezample 24.1. Let (X,)n>1 be independent with E{| X, |} < co and E{X,,}
=0, all n. For n > 1let F,, = 0{Xy;k <n}and S, => ;_, Xy. Forn =0
let Fo = {¢, 2} be the “trivial” o-algebra and Sy = 0. Then (S,),>0 is an
(Fn)n>0 martingale, since

J. Jacod et al., Probability Essentials
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E{S,|Fn} = E{Sm + (Sn — Sm)|Fm}
= Sm + E{Sn — Sm|Fmn}

k=m+1

=Sm+ > B{Xy}
k=m+1
= Sm-

When the variables X,, have p = E{X,} # 0, then using X,, — p instead of
X,, above we obtain similarly that (S, — nu),>0 is an (F,),>0 martingale.

Ezample 24.2. Let Y be F—measurable with E{|Y|} < co and define
X, = E{Y|F.}.
Then E{|X,|} < E{]Y|} < o0 and for m < n,
E{Xu|Fin} = E{E{Y|Fn}|Fm}

= E{Y|Fm}
= Xm

(see Exercises 23.1 and 23.2).

Definition 24.2. A martingale X = (X,)n>0 15 said to be closed by a ran-
dom variable Y if E{|Y|} < 00 and X,, = E{Y|F,}, each n.

Example 24.2 shows that any r.v. Y € F with E{|Y|} < oo gives an
example of a closed martingale by taking X,, = E{Y|F,}, n > 0.

An important property of martingales is that a martingale has constant
expectation:

Theorem 24.1. If (X,,)n>0 s a martingale, then n — E{X,,} is constant.
That is, E{X,} = E{Xo}, alln > 0.

Proof. E{X,} = E{E{X,|Fo}} = E{Xo}. (|
The converse of Theorem 24.1 is not true, but there is a partial converse

using stopping times (see Theorem 24.7).

Definition 24.3. A random variable T:§2 — N = N U {+o0} is called a
stopping time if {T < n} € F,, for all n.

Any constant r.v. equal to an integer, or to +oo, is a stopping time.
Stopping times are often more useful than fixed times. They can be thought
of as the time when a given random event happens, with the convention
that it takes the value +o0 if this event never happens. For example suppose
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(X»n)n>o0 is a martingale and we are interested in the first time it is at least
12. Such a time will be random and can be expressed as

T inf,>o{n: X, > 12} if X, >12 for some n €N
T | +o0 otherwise.

That is,
T(w) = iI;fO{n s X (w) > 12}

if X,,(w) > 12 for some integer n, and T'(w) = +oo if not. Note that the event
{w: T(w) < n} can be expressed as:

(T <n}= O{szm}e}'n

k=0

because { Xy > 12} € F, C F, if k < n. The term “stopping time” comes
from gambling: a gambler can decide to stop playing at a random time (de-
pending for example on previous gains or losses), but when he or she actually
decides to stop, his or her decision is based upon the knowledge of what hap-
pened before and at that time, and obviously not on future outcomes: the
reader can check that this corresponds to Definition 24.3.

Theorem 24.1 extends to bounded stopping times (a stopping time is T is
bounded if there exists a constant ¢ such that P{T < ¢} =1). If T is a finite
stopping time, we denote by X7 the r.v. X7 (w) = Xp(,)(w); that is, it takes
the value X,, whenever T" = n.

Theorem 24.2. Let T be a stopping time bounded by c and let (X,)n>0 be
a martingale. Then E{Xr} = E{Xo}.

Proof. We have Xp(w) = Y7 o Xpn(w)1{7(w)=n}- Therefore, assuming with-
out loss of generality that c is itself an integer,

E{XT} =L {anl{Tn}}
n=0
c
E {Zan{T_n}}
n=0

> B{Xplir—n}-
n=0

Since {T' =n} ={T < n}\{T <n-1} wesee {T =n} € F,, and we obtain

=Y E{B{X|F}(r=ny}
n=0
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= Z B{X:1{r=n}
n=0

c
=F {Xc > 1{T_n}}
n=0

= E{X.} = E{Xo},

with the last equality by Theorem 24.1. O

The o-algebra F,, can be thought of as representing observable events up
to and including time n. We wish to create an analogous notion of observable
events up to a stopping time 7'.

Definition 24.4. Let T be a stopping time. The stopping time o-algebra Fr
1s defined to be

Fr={AecF:An{T <n} € F,, alln}.
For the above definition to make sense, we need a minor result:

Theorem 24.3. For T a stopping time, Fr is a o-algebra.
Proof. Clearly ¢ and (2 are in Fp. If A € Fp, then

A°A{T <n} = {T <n}\ (AN {T < n}),
and thus A° € Fr. Also if (4;);>1 are in Fr, then

(GAZ) N{T <n} = G(Am{T <n}) e Fp,
i=1 i=1

hence Fr is closed under complements and countable unions; thus it is a
o-algebra. ([l

Theorem 24.4. Let S, T be stopping times, with S <T. Then Fs C Fr.
Proof. Since S < T we have {T' < n} C {S < n}. Therefore if A € Fg, then:
AN{T <n}=An{S<n}n{T <n}k

but AN{S < n} € F, and {T < n} € F,, s0 AN{T < n} € F,, hence
A€ Fr. O

Next assume that (X,),>0 is a sequence of random variables with X,
being JF,, measurable, each n. Let T be a stopping time with P(T' < o0) = 1.
Then Xp =Y Xy 1{1=pn}, and we have:

Theorem 24.5. Xt is Fr-measurable.
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Proof. Let A be Borel and we want to show { X1 € A} € Fr; that is, we need
{Xr € A} n{T <n} € F,. But

{XTGA}Q{TS’H}

k=0

- O{Xk e A} N {T =k},
k=0

and {X, € A}N{T =k} € F, C F,, for k < n. O

The next two theorems show that the martingale property holds at stop-
ping times as well as fixed times. This is a surprisingly powerful result.

Theorem 24.6 (Doob’s Optional Sampling Theorem). Let X =
(Xn)n>0 be a martingale and let S, T be stopping times bounded by a constant
¢, with S <T a.s. Then

E{Xle:S} = XS a.s.

Proof. First | Xp| < Y7 _|Xn| is integrable (without loss of generality we
can assume again that ¢ is an integer), as well as Xg, and further Xg is Fg-
measurable by the previous theorem. So it remains to prove that E{XrZ} =
E{XsZ} for every bounded Fs-measurable r.v. Z. By a standard argument
it is even enough to prove that if A € Fg then

E{Xrla}=E{Xsla}

(if this holds, then E{X7rZ} = F{XsZ} holds for simple Z by linearity, then
for all Fg-measurable and bounded Z by Lebesgue’s Dominated Convergence
Theorem).

So let A € Fg. Define a new random time R by

R(w) = S(w)la(w) + T(w)1ge (w).
Then R is a stopping time also: indeed,
{R<n}=An{S <n})U(A°N{T <n}),

and AN{S < n} € F, because A € Fg. Since A € Fg we have A¢ € Fg
and so A° € Fr by Theorem 24.4. Thus A°N{T < n} € F,, and we conclude
{R < n} € F, and R is a stopping time. Therefore F{Xr} = F{Xr} =
E{Xo} by Theorem 24.2. But

E{XR} = E{Xs].A + XT].Azc},
E{X7} = B{X71a + Xrls}
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and subtracting yields

B{Xsl4} — B{Xp1a} = 0.

We can now establish a partial converse of Theorem 24.1.

Theorem 24.7. Let (X,)n,>0 be a sequence of random wvariables with X,
being F, measurable, each n. Suppose E{|X,|} < oo for each n, and
E{Xr} = E{Xo} for all bounded stopping times T. Then X is a martin-
gale.

Proof. Let 0 <m < n < o0, and let A € F,,. Define a random time 7" by:

mifw e A€,
T(w) = .
nifweA

Then T is a stopping time, so
E{Xo} = E{XT} = E{XmlAc + anA}

However also E{Xo} = E{X,,14c + X,n,14}. Subtraction yields E{X,1,} =
E{X.,,14}, or equivalently E{X,,|F,,} = X, a.s. O
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Exercises for Chapter 24

In Problems 24.1-24.11 let S and T be stopping times for a sequence of
o—algebras (Fy,)n>0, with F,, C F, for m < n.

24.1 If T = n, show that Fr = F,.
24.2 Show that S AT = min(S,T) is a stopping time.
24.3 Show that S VT = max(S,T) is a stopping time.
24.4 Show that S + T is a stopping time.
24.5 Show that oT is a stopping time for @ > 1, « integer.
24.6 Show that Fgar C Fr C Fsyr.
24.7 Show that T is a stopping time if and only if {T' = n} € F,,, each n > 0.
24.8 Let A € Fr and define
T(w) ifweA,

TA(w):{oo ifwd A
Show that T4 is another stopping time.
24.9 Show that T is Fr—measurable.
24.10 Show that {S < T}, {S < T}, and {S =T} are all in Fg N Fp.
24.11 * Show that

E{E{Y |F1}|Fs} = E{E{Y|Fs}|Fr} = E{Y|Fsnr}.

24.12 Let M = (M,),>0 be a martingale with M,, € L? each n. Let S,T
be bounded stopping times with S < 7T'. Show that Mg, My, are both in L2,
and show that

E{(My — Ms)?|Fs} = E{M} — M3|Fs},

and that
E{(Mr — Ms)*} = E{M%} — E{M3}.

24.13 Let ¢ be convex and let M = (M,),>0 be a martingale. Show that
n — E{p(M,)} is a nondecreasing function. (Hint: Use Jensen’s inequality
[Theorem 23.9].)

24.14 Let X,, be a sequence of random variables with E{X,,} < oo and
E{X,, | Fn_1} = 0for each n > 1. Suppose further that X, is F,,-measurable,
for each n > 0. Let S,, = >, _, Xi. Show that (S,,),>0 is a martingale for
(fn)nzo
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In Chapter 24 we defined a martingale via an equality for certain conditional
expectations. If we replace that equality with an inequality we obtain super-
martingales and submartingales. Once again (2, F, P) is a probability space
that is assumed given and fixed, and (F,)n>1 is an increasing sequence of
o-algebras.

Definition 25.1. A sequence of random variables (X, )n>0 s called a sub-
martingale (respectively a supermartingale) if

(i) E{|Xn|} < o0, each n;
(ii) X, is Fn-measurable, each n;
(iil) E{Xn|Fm} > Xm a.s. (resp. < X, a.8.) each m < n.

The sequence (Xp),>0 is a martingale if and only if it is a submartingale
and a supermartingale.

Theorem 25.1. If (M,)n>0 s a martingale, and if ¢ is conver and ¢(M,)
is integrable for each n, then (p(My,))n>0 is a submartingale.

Proof. Let m < n. Then E{M,|F,} = My, a.s., so o(E{M,|Fn}) = o(My,)
a.s., and since ¢ is convex by Jensen’s inequality (Theorem 23.9) we have

E{o(Mn)|Fm} = @(E{Mp|Fm}) = @(Mm).
(]

Corollary 25.1. If (M,),>0 is a martingale then X, = |M,|, n > 0, is a
submartingale.

Proof. p(x) = |z| is a convex, so apply Theorem 25.1. O
Theorem 25.2. Let T be a stopping time bounded by C' € N and let (X,,)n>0
be a submartingale. Then E{Xr} < E{Xc}.

Proof. The proof is analogous to the proof of Theorem 24.2, so we omit it.
O

The next theorem shows a connection between submartingales and mar-
tingales.

J. Jacod et al., Probability Essentials
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Theorem 25.3 (Doob Decomposition). Let X = (X,),>0 be a sub-
martingale. There exists a martingale M = (My)n>0 and a process A =
(An)n>o0 with Ap,11 > Ay a.s. and Apq1 being F,-measurable, each n > 0,
such that

Xn:X0+Mn+An, with M():AOZO.

Moreover such a decomposition is a.s. unique.

Proof. Define Ag = 0 and

Ap = B{X)— Xp_1|Fooa} forn>1
k=1

Since X is a submartingale we have E{X} — X;_1|Fr_1} > 0 each k, hence
Agy1 > Ag a.s., and also Agy1 being Fy-measurable. Note also that

E{Xn | fn—l} - Xn—l = E{Xn - Xn—l ‘ Fn—l} = An - An—la

and hence
E{Xn | fn—l} - An = Xn—l - An—l;

but A, € F,_1, so
E{X, —Ap|Fn-1}=Xn-1—Apn_1. (25.1)

Letting M,, = X,, — Xo — A,, we have from (25.1) that M is a martingale and
we have the existence of the decomposition.
As for uniqueness, suppose

X, = Xo+ M, + A,, n>0,
X7L:X0+L7L+C1'L7 n207

are two such decompositions. Subtracting one from the other gives
L,— M, =A,—C,. (25.2)

Since A,,, C, are F,_1 measurable, L, — M, is F,,_1 measurable as well;
therefore

L, —M,= E{Ln - Mn|-7:n—1} =Lp1—-M, 1=A,1-Cy1 as.

Continuing inductively we see that L, — M, = Ly — My = 0 a.s. since
Lo = My = 0. We conclude that L,, = M, a.s., whence A,, = C,, a.s. and we
have uniqueness. O

Corollary 25.2. Let X = (X,)n>0 be a supermartingale. There exists a
unique decomposition

X, =Xo+M,—A,, n>0

with My = Ag = 0, (My)n>0 a martingale, and Ay being Fr_1-measurable
with A > Ap_1 a.s.
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Proof. Let Y,, = —X,,. Then (Y;,),>0 is a submartingale. Let the Doob de-
composition be
Yn = YO + Ln + Cn»

and then X,, = Xog — L,, — Cy; set M,, = —L, and A, = C,, n > 0. [l
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Exercises for Chapter 25

25.1 Show that X = (X,,),>0 is a submartingale if and only if Y,, = —X,,,
n > 0, is a supermartingale.

25.2 Show that if X = (X,,)»>0 is both a submartingale and a supermartin-
gale, then X is a martingale.

25.3 Let X = (X,,)n>0 be a submartingale with Doob decomposition X,, =
Xo + M, + A,,. Show that E{A,} < oo, each n < oco.

25.4 Let M = (M,,)n>0 be a martingale with My = 0 and suppose E{M2} <
0o, each n. Show that X,, = M2, n > 0, is a submartingale, and let X,, =

no

L, + A, be its Doob decomposition. Show that E{M?2} = E{A,}.

25.5 Let M and A be as in Exercise 25.4. Show that A, — 4,1 = E{(M,, —
Mn—1)2|~7:n—1}~

25.6 Let X = (X,,)n>0 be a submartingale. Show that if ¢ is convex and
nondecreasing on R and if ¢(X,,) is integrable for each n, then Y,, = ¢(X,,)
is also a submartingale.

25.7 Let X = (X,,)n>0 be an increasing sequence of integrable r.v., each X,
being F,-measurable. Show that X is a submartingale.
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One of the reasons martingales have become central to probability theory is
that their structure gives rise to some powerful inequalities. Our presentation
follows Bass [1].

Once again ({2, F, P) is a probability space that is assumed given and
fixed, and (F,)n>0 is an increasing sequence of o-algebras. Let M = (M,,)n>0
be a sequence of integrable r.v.’s, each M, being F,-measurable, and let
M = sup;,, |M;|. Note that M is an increasing process and a submartin-
gale (see Exercise 25.7), since

n
E{M*} < E{Z |Mj} < 0.
j=1
By Markov’s Inequality (Corollary 5.1)

E{M*

(e
In the martingale case we can replace M;: with only |M,| on the right side.

Theorem 26.1 (Doob’s First Martingale Inequality). Let M =
(M,)n>0 be a martingale or a positive submartingale. Then

POt > a) < EUMLLY

o
Proof. Let T = min{j : |M,| > «a} (recall our convention that the minimum
of an empty subset of N is +00). Since ¢(z) = |z| is convex and increasing
on R, we have that |M,| is a submartingale (by Corollary 25.1 if M is a
martingale, or by Exercise 25.6 if M is a positive submartingale). The set

{T < n,|Mr| > a} and {M; > a} are equal, hence
| M|

PM! > «a)=P(T <n,|Mr|>a) <E{ 1{T§n}},

and since My = Mpa, on {T < n},
E(|Mraal} _ E{M,]}

e e
by Theorem 25.2. O

1
P(M;: 2 04) S EE{|MT/\7L|1{T§71}} S
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Before we prove Doob’s LP Martingale Inequalities we need a lemma which
is interesting in its own right.

Lemma 26.1. Let X > 0 be a random variable, p > 0, and E{X?} < co.
Then

B{X"} = / pAPTIP(X > A)dA.
0
Proof. We have
/ PAPTIP(X > A)dA :/ PATIE{L (e JA,
o 0

and by Fubini’s Theorem (see Exercise 10.15)

00 X
= E{/ p)\p_ll(X>/\)d)\} = E{/ p)\p_ld)\} = B{XP"}.
0 0

d

Theorem 26.2 (Doob’s L” Martingale Inequalities). Let M = (M,,)n>0
be a martingale or a positive submartingale. Let 1 < p < co. There ezists a
constant ¢ depending only on p such that

E{(M;)P} < cE{|M,|"}.

Proof. We give the proof in the martingale case. Since ¢(z) = |z| is convex
we have |M,,| is a submartingale as in Theorem 26.1. Let X,, = M, 1(|a, |>a)-
For n fixed define

Z; = B{X,|F;}, 0<j<n.

Note that Z;, 0 < j < n is a martingale. Note further that M;; < Z + &,
since
|Mj| = |E{Mn | fj}l
= |E{Mp1(a,> ) + Mul(a, 1<) F5}
= |E{Xn + Mu1(ns, 1<) | Fi}
«
< |E{Xn|fj}| + 5
o
pu— Z .
| ]‘ + 2

By Doob’s First Inequality (Theorem 26.1) we have
e

P(M? > a) < P(Z; > 5)

2 B{12.]} < 2B}

IN

2
= EE{|Mn|1{\Mn\>%}}'
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By Lemma 26.1 we have
oo
E{(M)P} = / pANPTIP(ME > N)dA
0

S/ 2pAP 2 B{| M| 1qjar, 154 3 YA
0

and using Fubini’s theorem (see Exercise 10.15):

2| M, |
= FE {/ 2p)\p_2d)\|Mn|}
0

2Pp
= —F{|M,|?}.
=L B(IM, )

O

Note that we showed in the proof of Theorem 26.2 that the constant
1
c < %. With more work one can show that ¢» = ﬁ. Thus Theorem 26.2
could be restated as:

Theorem 26.3 (Doob’s L[? Martingale Inequalities). Let M =
(M,)n>0, be a martingale or a positive submartingale. Let 1 < p < co. Then

* 1 p 1
E{(M,)P}» < p— E{|M[P}7,
or in the notation of LP norms:

* p
||Man < E”Mnnp

Our last inequality of this section is used to prove the Martingale Conver-
gence Theorem of Chapter 27. We introduce Doob’s notion of upcrossings.
Let (X,)n>0 be a submartingale, and let a < b. The number of upcrossings
of an interval [a, b] is the number of times a process crosses from below a to
above b at a later time. We can express this idea nicely using stopping times.
Define

and inductively for j > 0:
Sj+1 = mm{k > T] X < a}, Tj+1 = mm{k > Sj+1 X > b}, (261)

with the usual convention that the minimum of the empty set is +o0o0; with
the dual convention that the maximum of the empty set is 0, we can then
define

U, =max{j: T; <n} (26.2)

and U, is the number of upcrossings of [a, b] before time n.
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Theorem 26.4 (Doob’s Upcrossing Inequality). Let (X,,)n>0 be a sub-
martingale, let a < b and let U, be the number of upcrossings of [a,b] before
time n (as defined in (26.2)). Then

B(U,)} < 51— B{(X, — a)")

where (X, — a)™ = max(X,, — a,0).

Proof. Let Y,, = (X,, —a)™. Since the function ¢(z) = (z —a)™ is convex and
nondecreasing, we have by Exercise 25.6 that (Y,,)n>0 is a submartingale.
Since S, +1 > n, we obtain:

n

n
Yo =Ys,an+ > Voan = Yoan) + Y (Yspunn — Yoan) . (26.3)

=1 i=1

Each upcrossing of (X,,) between times 0 and n corresponds to an integer
i such that S; < T; < n, with Y5, = 0 and Y1, = Yo, > b — a, while
Y1 an — Ys,An > 0 by construction for all ¢. Hence

n

Z(YTL'/\TL - YSi/\n) > (b - G)Un

i=1
By virtue of (26.3) we get

n

(b - a)Un S Yn - Y51/\n - Z (YS1,+1/\TL - Y'E/\n) )

i=1
and since Yg, nn, > 0, we obtain
(b - Q)Un <Y, - Z (YSi+1/\n - YTi/\n) .
i=1

Take expectations on both sides: since (Y;,) is a submartingale and the stop-
ping times T; An and S;11 An are bounded (by n) and T; An < S;11 An, we
have E{Ys, . an — Yr,an} > 0 and thus
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Exercises for Chapter 26

26.1 Let Y,, € L? and suppose lim, o F(Y,2) = 0. Let (Fx)r>0 be an
increasing sequence of o-algebras and let X = E{Y,|F;}. Show that
limy, 00 E{sup, (X)?} = 0.

26.2 Let X,Y be nonnegative and satisfy
for all & > 0. Show that E{X?} < E{¢XP~'Y}, where % + % =L;p>1.

26.3 Let X,Y be as in Exercise 26.2 and suppose that || X||, < oo and
|Y]l, < co. Show that || X||, < ¢||Y|,. (Hint: Use Exercise 26.2 and Hélder’s
inequality.)

26.4 Establish Exercise 26.3 without the assumption that ||.X||, < ooc.

26.5 * Use Exercise 26.3 to prove Theorem 26.3.
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In Chapter 17 we studied convergence theorems, but they were all of the
type that one form of convergence, plus perhaps an extra condition, implies
another type of convergence. What is unusual about martingale convergence
theorems is that no type of convergence is assumed — only a certain structure
— yet convergence is concluded. This makes martingale convergence theorems
special in analysis; the only similar situation arises in ergodic theory.

Theorem 27.1 (Martingale Convergence Theorem). Let (X,),>1 be
a submartingale such that sup, E{X,[} < co. Then lim, oo X,, = X exists
a.s. (and is finite a.s.). Moreover, X is in L'. [Warning: we do not assert
here that X,, converges to X in L!; this is not true in general.]

Proof. Let Uy, be the number of upcrossings of [a, b] before time n, as defined
in (26.2). Then U, is non-decreasing hence U(a,b) = lim,,_,, U,, exists. By
the Monotone Convergence Theorem

E{U(a,b)} = lim E{U,}

n—oo

< sup E{(Xn —a)*}

b—a

1 c
< h—a (SlrllpE{X:{}—F |CL|) < h—a < o0
for some constant ¢; ¢ < co by our hypotheses, and the first inequality above
comes from Theorem 26.4 and the second one from (z — a)t < 2™ + |a| for
all reals a, z. Since E{U(a,b)} < oo, we have P{U(a,b) < oo} = 1. Then X,
upcrosses [a, b] only finitely often a.s., and if we let

Agp = {limsup X,, > b;liminf X,, < a},
n—oo

n—roo

then P(A4p) =0. Let A=U Aqp where Q denotes the rationals. Then

a<b
a,beQ
P(A) = 0 since all rational pairs are countable; but

A = {limsup X,, > liminf X, },

and we conclude lim,,_, ., X,, exists a.s.
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It is still possible that the limit is infinite however. Since X, is a sub-
martingale, F{X, } > F{Xy}, hence

B{IX.|} = B{X;} + B{X,}
— 2B{X,}} - B{X,}
< 2B{X,}} - B{X,}, (27.1)

hence

E{lim |X,|} <liminf B{|X,|} < 2sup E{X, '} — E{X0o} < oo,
n n— oo n

by Fatou’s lemma and (27.1) combined with the hypothesis that sup,, E{X,I}
< oo. Thus X,, converges a.s. to a finite limit X. Note that we have also
showed that E{|X|} = E{lim,, o | X,|} < 0o, hence X is in L. O

Corollary 27.1. If X,, is a nonnegative supermartingale, or a martingale
bounded above or bounded below, then lim, ... X, = X exists a.s., and X €
L.

Proof. If X,, is a nonnegative supermartingale then (—X,,),,>1 is a submartin-
gale bounded above by 0 and we can apply Theorem 27.1.

If (X,)n>1 is @ martingale bounded below, then X,, > —c a.s., all n, for
some constant ¢, with ¢ > 0. Let Y,, = X, + ¢, then Y,, is a nonnegative
martingale and hence a nonnegative supermartingale, and we need only to
apply the first part of this corollary. If (X,,),>1 is a martingale bounded
above, then (—X,,),>1 is a martingale bounded below and again we are done.

O

Theorem 27.1 gives the a.s. convergence to a r.v. X, which is in L'.
But it does not give L' convergence of X,, to X. To obtain that we need a
slightly stronger hypothesis, and we need to introduce the concept of uniform
integrability.

Definition 27.1. A subset H of L' is said to be a uniformly integrable col-
lection of random variables if

lim sup E{l{x|>c| X[} =0.
XeH

CcC— 00
Next we present two sufficient conditions to ensure uniform integrability.

Theorem 27.2. Let H be a class of random variables

a) If supxcqy E{|X|P} < oo for some p > 1, then H is uniformly integrable.
b) If there exists a r.v. Y such that | X| <Y a.s. for all X € H and E{Y'} <
00, then H is uniformly integrable.
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Proof. (a) Let k be a constant such that supycqy E{|X|P} < k < oo. If
x > ¢ > 0, then 277 < ¢'7P, and multiplying by zP yields z < ¢! ~PzP.
Therefore we have

k
E{|X[1x150} < ¢ PE{X x50} < o5

hence lim, o0 SUP y gy E{| X1 x|5c}1} < limesoo C,,% =0.
(b) Since | X| <Y a.s. for all X € H, we have

IX[1{x5e; < YVgyse

But lim, o Y1{yse = 0 a.s.; thus by Lebesgue’s dominated convergence
theorem we have

. .
Jim ;g%E{|X|1{\X|>c}} < lim E{Y1l{yse}

= E{cll)rgo Yl{y>c}} =0.

]

For more results on uniform integrability we recommend [15, pp. 16-21].
We next give a strengthening of Theorem 27.1 for the martingale case.

Theorem 27.3 (Martingale Convergence Theorem). a) Let (M,,)n>1
be a martingale and suppose (My)n>1 s a uniformly integrable collection of
random variables. Then

lim M, = M., ezists a.s.,
n— o0

My is in L', and M,, converges to My, in L*. Moreover M,, = E{M, | F,}.
b) Conversely let Y € L' and consider the martingale M,, = E{Y|F,}.
Then (My)n>1 is a uniformly integrable collection of r.v.’s.

In other words, with the terminology of Definition 24.2, the martingale
(M,,) is closed if and only if it is uniformly integrable.

Proof. a) Since (M,,)n>1 is uniformly integrable, for € > 0 there exists ¢ such
that sup,, E{|My,|1{a,|>c}} < €. Therefore

E{|Mp|} = E{|Mu|l{ns, 3¢y} + E{IMn|1qas, |<c} }
<e+ec

Therefore (M,,),>1 is bounded in L'. Therefore sup,, E{M,"} < oo and by
Theorem 27.1 we have

lim M,, = M., exists a.s. and M, is in L.
n—roo

To show M,, converges to M, in L', define
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c if z>¢
fel@)=2% o if |z|<e¢
—c if z < —c.

Then f is Lipschitz. By the uniform integrability there exists ¢ sufficiently
large that for ¢ > 0 given:

E{|fe(Mn) — My} < %, all n; (27.2)
€
E{]fe(Mo) = Mocl} < 3. (27.3)
Since lim M,, = M, a.s. we have lim,_, fc(M,) = f.(My), and so by

Lebesgue’s Dominated Convergence Theorem (Theorem 9.1(f)) we have for
n > N, N large enough:

€
E{|fc(Mn) - fc(Moo)”’ < g (274)
Therefore using (27.2), (27.3), and (27.4) we have
E{|M,, — My|} <&, forn>N.

Hence M,, — M, in L'. It remains to show E{M, | F,,} = M,,. Let A € F,,
and n > m. Then
E{MnlA) = E{MmlA}

by the martingale property. However,
|[E{Mn1a} — E{Moc14}| < EX[M; — Moo|1a}
< B{|Mn — M|}

which tends to 0 as n tends to oo. Thus E{M,,14} = F{Ms14} and hence
E{My | Fn} = M, as.
b) We already know that (M,),>1) is a martingale. If ¢ > 0 we have

Mg, >ep = E{Y L{jar, 33 | T}

because {|M,| > ¢} € F,. Hence for any d > 0 we get

E{|M|1qa, 12¢3} < E{Y s, 120}
< E{|Y‘1{|y‘>d}} + dP(|Mn‘ > C)

d
< E{[Y[lyysay} + EE{|Mn|}' (27.5)

Take € > 0. We choose d such that the first term in (27.5) is smaller than
€/2, then ¢ such that the second term in (27.5) is smaller than €/2: thus
E{|Mp|1¢as,)>cy } < € for all n, and we are done. O
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Corollary 27.2. Let (F,,)n>0 be an increasing sequence of o-algebras. That
is, Fp is a sub-o-algebra of Fp11 for eachn > 0. Let Foo = 0(Up>0Fn), the o-
algebra generated by the sequence F,,. If Y € L*(Fy) then lim, o E{Y|F,}
=Y, where the limit is in L*.

Proof. Let M,, = E{Y|F,}. Then M is a uniformly integrable martingale
by part (b) of Theorem 27.3, and it converges to Y in L' by part (a) of
Theorem 27.3. 0

The martingale property is that E{X,, | 7.} = X, a.s. for m > n and it
is natural to think of n,m as positive counting numbers (i.e., integers), as we
did above. But we can also consider the index set —IN: the negative integers.
In this case if |m| > |n|, but m and n are negative integers, then m < n.
To minimize confusion, we always assume that m and n are nonnegative
integers, and we write X_,. So we start with an increasing family of o-
algebras (F_,)neN, meaning here that F_,,_1 C F_,. Then, a backwards
martingale is a sequence (X_,,)nen of integrable r.v., with X_,, being F_,,-
measurable and satisfying

E{X_,|F_-n}=X_,, as, (27.6)
where 0 < n < m.

Theorem 27.4 (Backwards Martingale Convergence Theorem). Let
(X_n, F_n)nen be a backwards martingale, and let F_oo = NSy F_p. Then
the sequence (X_,,) converges a.s. and in L' to a limit X as n — +oo (in
particular X is a.s. finite and is integrable).

Proof. Let U_,, be the number of upcrossings of (—=X_,,)n,>0 of [a, b] between
time —n and 0. Then U_,, is increasing as n increases, and let U(a,b) =
lim,,_, o U_,,, which exists. By Monotone Convergence

< ﬁE{(—XO —a)t} < oo,
hence P{U(a,b) < oo} = 1. The same upcrossing argument as in the proof
of Theorem 27.1 implies X = lim,, ., X_,, exists a.s.

Let p(x) = t = (2 V 0), which is convex and increasing and obviously
»(X_y) is integrable, all n. Then Jensen’s inequality (Theorem 23.9) and
(27.6) imply that X*, < E{XS|F_,}, hence E{XT,) < E{X;}. Then
Fatou’s lemma and the fact that X*, > 0 and XF,, — Xt a.s. yield

E{X"} <liminf E{X* } < E{X{} < cc.
n

Henceforth X+ € L' and the same argument applied to the martingale
(—X_,) shows X~ € L': thus X € L%
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It remains to prove that the convergence also takes place in L'. To this
effect, we note first that in the proof of Theorem 27.3 we have shown that if
X _, — X as., if X € L', and if the sequence (X_,,) is uniformly integrable,
then X_,, — X in L. Part (b) of the same theorem also shows that the
family of r.v. E{Xy|G}, when G ranges through all sub-c-algebras of F, is
uniformly integrable. Since X_,, = E{Xo|F_,}, we readily deduce the result.

O

As an application of Theorem 27.4 we prove Kolmogorov’s Strong Law of
Large Numbers.

Theorem 27.5 (Strong Law of Large Numbers). Let (X,,),>1 be an
i.i.d. sequence with E{|X1|} < co. Then

lim A1t A = E{X1} a.s..
n

n—oo

Proof. Let S, = X1+ ...+ X,,, and F_,, = 0(Sn,Sn+1,Sn+2,.-.). Then
F_n C F_p if n > m, and the process

M_, = E{X1|F_,}

is a backwards martingale. Note that E{M_,,} = E{X;}, each n. Also note
that by symmetry for 1 < j < n:

E{X\|F_,} = E{X;|F_n} as. (27.7)
(see Exercise 23.17). Therefore
M_, = E{X1|F_,) = E{Xo|F_,} = ... = E{X,|F_.},

hence

1 Sn Sy,
Mo =~ ;E{Xﬂ}ln} =E {n|}"n} =" as.

By Theorem 27.4, lim, .o E{ST” | SnsSn+1,Snt1,---} = X a.s., with
E{X} = E{X1}. Moreover X is measurable for the tail o-algebra, hence
by the Kolmogorov zero—one law (Theorem 10.6), we have X is constant
almost surely. Thus it must equal its expectation and we are done. [l

Theorem 27.5, which is known as Kolmogorov’s Strong Law of Large
Numbers, was first published in 1933 [14], without the use of martingale
theory that was developed decades later by J. L. Doob.

An application of martingale forward convergence is as follows.

Theorem 27.6 (Kolmogorov). Let (Y;,)n>1 be independent random vari-
ables, E{Y,,} =0, alln, and E{Y,?} < oo all n. Suppose > - | E{Y,?} < occ.
Let S, = Z?Zl Y;. Then lim, 00 S, = Z;}; Y, exists a.s., and it is finite
a.s.
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Proof. Let F, = 0(Y1,...,Yy,), and note that E{S,+1—Sn | Fn} = E{Yn41 |
Fn} = E{Y,41} =0, hence (S,)n>1 is an F,,-martingale. Note further that
sup, E{S}} <sup, (E{S2}+1) <> 2, E{Y,?} + 1 < cc. Thus the result
follows from the Martingale Convergence Theorem (Theorem 27.1). g

The Martingale Convergence Theorems proved so far (Theorems 27.1 and
27.4) are strong convergence theorems: all random variables are defined on
the same space and converge strongly to random variables on the same space,
almost surely and in L'. We now give a theorem for a class of martingales
that do not satisfy the hypotheses of Theorem 27.1 and moreover do not have
a strong convergence result. Nevertheless we can obtain a weak convergence
result, where the martingale converges in distribution as n — oo. The limit is
of course a normal distribution, and such a theorem is known as a martingale
central limit theorem.

The result below is stated in a way similar to the Central Limit Theorem
for i.i.d. variables X,,, with their partial sums S,,: Condition (i) implies that
(Sp) is a martingale, but on the other hand an arbitrary martingale (.S,)
is the sequence of partial sums associated with the random variables X, =
Sn — Sn—1, and these also satisfy (i).

Theorem 27.7 (Martingale Central Limit Theorem). Let (X,,),>1 be
a sequence of random variables satisfying

(1) E{Xn | fnfl} =0
(i) E{X | Fo}=1
(iii) E{|X,]? | Foo1} < K < c0.

Let S, = > 1, X; and So = 0. Then lim,,_, ﬁSn =7, where Z is N(0,1),
and where the convergence is in distribution.

Proof. Convergence in distribution is of course weak convergence and we
use characteristic functions to prove the theorem. For u € R, recall that
ox(u) = BE{e™X} is the characteristic function of X. Let us define a related
function by

ens(w) = E{e" T | £}
By Taylor’s theorem we have

2

u 3

x2 ok

EETR A (27.8)

eV =14+ iu—X;

NG

where X; is a (random) value in between 0 and X;. Let us next take condi-
tional expectations on both sides of (27.8) to get:

1 u? 9 T —
Pn,(u) =1 +WEE{X;' | Fj—1} — %E{Xj | Fjo1} — &T%E{Xj | Fj—1}

and using hypotheses (i) and (ii) we have:
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u?

ud 3

Therefore since | X ;| < |X;],
Since S, = >"_; X, for 1 < p < n we have:

E{eiu%sp} _ E{eiuﬁspflemﬁxp} (27.10)
= B{" TS p T | Fy )
B E{emﬁs,,_l ( }
= Onp(u) ;.

Using (27.10) and (27.9) we have

. . 2 .3
E {elﬁsp} —ElevSr (1oL xS
2n 6n2 J
and therefore
i-u_ S u2 iU i-u_ S iu3 3
E{eﬁp—<1—)eﬁpl}:E{eﬁpl 3Xj} (27.11)
2n 6nz
and taking moduli of both sides of (27.11) and using hypothesis (iii) gives:
. 2 .
‘E {e“w%sv - <1 - “) emiﬁsﬂ} ’ (27.12)
2n

iu—=5p_1 "LL|3 13 )
S BV E{|XG P | Fioa}
6mn 2

w

< gl

njw

(=2}

mn

Let us fix u € R. Then since n tends to co, eventually n > “72, and so for n
large enough we have 0 < 1 — % < 1. Therefore we reduce the left side of

(27.12) by multiplying by (1 — g—z)”*p for n large enough, to obtain

2\ n—p ) 2\ n—p+1 ) 3
|(1 B ;) E{ew%sp} B (1 B ;) E{ew;ﬁs,,l}‘ <K |“|§.
n n 6n2

(27.13)

Finally we use telescoping (finite) sums to observe
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and thus by the triangle inequality and (27.13) we have (always for n > “72)

. 2\" Kluf? 8
E {ezuﬁ‘sn } (1= U’i <n |u3| = ]{M (2714)
2n 6nz 6\/ﬁ

Since the right side of (27.14) tends to 0 and

u2 " w2
im (1—— ) =e =
i (1-5) =

as can be seen using L’Hopital’s rule (for example), we have that

. iusi _ﬁ
lim E{e"Vr}=e" 7.
n— 00

Sn
/s converges

By Lévy’s Continuity Theorem (Theorem 19.1) we have that

u2 . .
in law to Z, where the characteristic function of Z is e~z ; but this is the
characteristic function of an N(0,1) random variable (cf Example 13.5), and
characteristic functions characterize distributions (Theorem 14.1), so we are

done. O

Remark 27.1. 1If S, is the martingale of Theorem 27.7, we know that strong
martingale convergence cannot hold: indeed if we had lim,,_,., S, = S a.s.
with S in L', then we would have lim,,_, oo % = 0 a.s., and the weak conver-

Sy
Vvn
it not possible to have the strong martingale convergence is the behavior of
the conditional variances of the martingale increments X,, (hypothesis (ii) of

Theorem 27.7). O

gence of to a normal random variable would not be possible. What makes

We end our treatment of martingales with an example from analysis: this
example illustrates the versatile applicability of martingales; we use the mar-
tingale convergence theorem to prove a convergence result for approximation
of functions.

Ezample 27.1. ([10]) Let f be a function in LP[0, 1] for Lebesgue measure re-
stricted to [0, 1]. Martingale theory can provide insights into approximations
of f by orthogonal polynomials.

Let us define the Rademacher functions on [0,1] as follows. We set
Ro(x)=1,0<z<1.Forn>1, weset for 0 <z <1:

Ro(z) 1 if 2 <z <2 somejin {1,...,2"}
xTr) =
" —1 otherwise.

We let the probability measure P be Lebesgue measure restricted to [0, 1],
and F is the Borel sets of [0, 1]. Then
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E{Rn}—/OlR

Var (R,,) = E{RQ}—/R =1.

Finally note that R,, and R, are independent if n # m. (See Exercise 27.7.)
Next we define the Haar functions as follows:

and

Hy(z) = Ro(x),
Hl({E) = Rl(x)

Forn>2letn=1+2+... 4224 Xx=2""1 — 14+ )\ where r > 2 and
1<A<2! Then

V2r-IR, (z) for 272 <z < 2,
Hy(z) =

0 otherwise.

Next let F,, = o(Ho, H1, ..., Hy), the smallest o-algebra making Hy, ..., H,
all measurable. We can then check that

/ H,1(x)dxe =0if A € Fy; (27.15)
A

(see Exercise 27.8.) Moreover we have

/01 H,(z)dx =
/01 H,(z)%dz =1

We now have the following:

Theorem 27.8. Let H,, be the Haar system on [0,1] and let f € LP[0,1] for
p>1. Let

Su(x, f) = onHy (). (27.16)

Then lim, oo Sp(z, f) = f(z) a.e. Moreover if S*(x, f) = sup,, |Sn(z, f)l,

" /01<S*<x pyas < (2 ) / f@)Pde.
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Proof. We first show that S, (z, f) is a martingale. We have

E{Sni1(z, [) | Fu} = Sulz, f) + E{ant1Hnya(z) | Fr}
= Sn(z, f) + an+1E{Hn+1(fE) | fn}
where we used (27.15). However more is true:
Sn(x, f) = E{f | Fu}, (27.17)

which is the key result. Indeed to prove (27.17) is where we need the coeffi-
cients ;. given in (27.16). (See Exercise 27.10.)

Next we show S, (z, f) satisfies sup,, E{S,(z, f)T} < oo, for p > 1
(the hypothesis for the Martingale Convergence Theorem; Theorem 27.1).
We actually show more thanks to Jensen’s inequality (Theorem 23.9): since
o(u) = |ulP is convex for p > 1, we have that

/0 Su(e, PPde = B{EL | Fu}?)

< E{E{|f" | Fu}}
= E{[fI"}

1
— [ @ <o,
0
and thus
sup E{S,(z, f) 7} < sup E{|Sy(z, )P}
< E{|f"} < oo.
We now have by Theorem 27.1 that

lim S, (z, f) = f(z) almost everywhere,
n—oo

and also by Doob’s LP martingale inequalities (Theorem 26.2) we have
1

< (-27) Btse,

p—1

/ (S ) < (&) / V@)
O

We remark that results similar to Theorem 27.8 above hold for classical
Fourier series, although they are harder to prove.

E{S*(f)?} < (pf) B{ISa ()7}

or equivalently
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Exercises for Chapter 27

27.1 (A martingale proof of Kolmogorov’s zero—one law.) Let X,, be inde-
pendent random variables and let C, be the corresponding tail c—algebra (as
defined in Theorem 10.6). Let C' € Co. Show that E{1¢|F,} = P(C), all n,
where F,, = 0(X;;0 < j < n). Show further lim, ., E{l¢|F,} = 1l¢ as.
and deduce that P(C') =0 or 1.

27.2 A martingale X = (X,,)n>0 is bounded in L? if sup,, E{X2} < cc. Let
X be a martingale with X,, in L?, each n. Show that X is bounded in L? if
and only if

Z E{(X, — X,_1)?} < o0
n=1

(Hint: Recall Exercise 24.12.)

27.3 Let X be a martingale that is bounded in L?; show that sup,, E{|X,,|} <
00, and conclude that lim, o X, =Y a.s., with E{|Y|} < oc.

27.4* Let X be a martingale bounded in L?. Show that lim, oo X, = X
a.s. and in L?. That is, show that lim,, ., E{(X, — X)?} =0

27.5 (Random Signs) Let (X,)n>1 be iid. with P(X,, = 1) = P(X,, =
-1)= % Let (an)n>1 be a sequence of real numbers. Show that 220:1 an X,
is a.s. convergent if 7 | a? < oo.

27.6 Let X7, Xo, ... be i.i.d. nonnegative random variables with E{X;} = 1.
Let R, Hl 1 X, and show that R, is a martingale for the o-algebras
fn = O'(Xl, ce 7Xn)

27.7 Show that if n # m, then the Rademacher functions R, and R, are
independent for P = X Lebesgue measure restricted to [0, 1].

27.8 Let H, be the Haar functions, and suppose A € F,, = o(Hy, Hy, ...,

H,). Show that
/ H,1(z)dz =0.
A

27.9 Let f bein LP[0,1]. Let Sy, (x, f) be as defined in (27.16) and show that
E{f | Fn} = Sn(z, f). (Hint: Show that

/ f(@)dx = / Sp(z, f)dx for A € F,
A A

by using that the Haar functions are an orthonormal system; that is,

/H dm—Olfn;émand/H )2dr = 1.)
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27.10 Use Martingale Convergence to prove the following 0—1 law. Let (F,)
be an increasing sequence of g-algebras and G,, a decreasing sequence of o-
algebras, with G C o(U32,F,,). Suppose that F,, and G,, are independent
for each n. Show that if A € N22,G,,, then P(A) =0 or 1.

27.11 Let H be a subset of L'. Let G be defined on [0, 00) and suppose G
is positive, increasing, and
G
lim —(t) =00
t—oo
Suppose further that supycqy F{G(X)} < oo. Show that H is uniformly
integrable. (This extends Theorem 27.2(a).)
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Let (£2,F, P) be a probability space. Suppose a random variable X > 0 a.s.
has the property F{X} = 1. Then if we define a set function Q on F by

Q(N) = E{1,X} (28.1)
then it is easy to see that @) defines a new probability (see Exercise 9.5).

Indeed
QQ) = E{1oX} = B{X} =1

and if Ay, Ay, As, ... are disjoint in F then

Q (U AZ-> = E{lux, 4, X}
=1
:E{iulx}

and we have countable additivity. The interchange of the expectation and
the summation is justified by the Monotone Convergence Theorem (Theo-
rem 9.1(d)).

Let us consider two properties enjoyed by Q:

(i) If P(A) =0 then Q(A) = 0. This is true since Q(A) = E{1,X}, and then
1, is a.s. 0, and hence 1,X =0 a.s.

(ii) For every € > 0 there exists 6 > 0 such that if A € F and P(A) < 4, then
Q(N) <e.

Indeed property (ii) follows from Property (i) in general. We state it
formally.

Theorem 28.1. Let P,Q be two probabilities such that P(A) = 0 implies
Q(A) =0 for all N € F. Then for each € > 0 there exists § > 0 such that if
A€ F and P(N) <6, then Q(A) < e.

J. Jacod et al., Probability Essentials

© Springer-Verlag Berlin Heidelberg 2004
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Proof. Suppose the result were not true. Then there would be a sequence
An € F with P(A,) < g+ (for example) and Q(A,) > ¢, all n, for some
e > 0. Set A = limsup,,_, ., An. By Borel-Cantelli Lemma (Theorem 10.5) we
have P(A) = 0. Fatou’s lemma has a symmetric version for limsups, which
we established in passing during the proof of Theorem 9.1(f); this gives

Q(A) > limsup Q(A,) > &,

n— oo
and we obtain a contradiction. O

It is worth noting that conditions (i) and (ii) are actually equivalent.
Indeed we showed (i) implies (ii) in Theorem 28.1; that (ii) implies (i) is
simple: suppose we have (ii) and P(A) = 0. Then for any € > 0, P(A) < 4
and so P(A) < e. Since € was arbitrary we must have Q(A) = 0.

Definition 28.1. Let P,Q be two finite measures. We say @ is absolutely
continuous with respect to P if whenever P(A) = 0 for A € F, then Q(A) = 0.
We denote this Q < P.

Examples: We have seen that for any r.v. X > 0 with E{X} = 1, we have
Q(N) = E{1, X} gives a probability measure with Q < P.

A naturally occurring example is Q(A) = P(A | A), where P(A) > 0. Tt
is trivial to check that P(A) = 0 implies Q(A) = 0. Note that this example

is also of the form Q(A) = E{1, X}, where X = P(lA) La.

The Radon—Nikodym theorem characterizes all absolutely continuous
probabilities. Indeed we see that if Q < P, then @ must be of the form
(28.1). Thus our original class of examples is all that there is. We first state
a simplified version of the theorem, for separable o-fields. Our proof follows
that of P. A. Meyer [15].

Definition 28.2. A sub o-algebra G of F is separable if G = o(Aq,...,
An,...), with A; € F, alli. That is, G is generated by a countable sequence
of events.

Theorem 28.2 (Radon-Nikodym). Let (£2,F,P) be a probability space
with a separable o-algebra F. If Q is a finite measure on F and if P(A\) =0
implies Q(A\) = 0 for any such A € F, then there exists a unique integrable
positive random variable X such that

Q(N) = E{1,X}.

We write X = Z—g. Further X is unique almost surely: that is if X' satisfies
the same properties, then X' = X P-a.s.

Proof. Since the result is obvious when @ = 0, we can indeed assume that
Q(£2) > 0. Then we can normalize @ by taking QQ = ﬁ@, SO we assume
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without loss that @ is a probability measure. Let Ay, Ao, ..., A, be a count-
able enumeration of sets in F such that F = o(Ay, As, ..., Ay, ...). We define
an increasing family of o-algebras (F,,)n>1 by

Fn=0(A1,..., Ap).

There then exists a finite partition of {2 into F,,-measurable sets A, 1, A, 2,
.., Ay i, such that each element of F,, is the (finite) union of some of these
events. Such events are called “atoms”. We define

k
~ Q(An,i)
X (w) = ; PlA ) e ) (28.2)
with the convention that % = 0 (since Q < P the numerator is 0 whenever
the denominator is 0 above). We wish to show the process (X,),>1 is in fact
a martingale. Observe first that X,, is F,,-measurable. Next, let m < n. Then
exactly as in the proof of Theorem 24.6, in order to get E{X,|F,} = X, it
is enough to prove that for every A € F,,, we have

/ X, dP = / X,dP. (28.3)
A A

We can write

k
~ Q(An,i)
XndP:/ 14, dP
//\ /\;P(An) An.

N

k
_ [N QA
N /; P(A4,) At

N2

a Anz
i=1 ot

Now, since A € F,,, the set A can be written as the union of some of the (dis-
joint) partition sets A, ;, that is A = U;er A, ; for a subset I C {1,...,k,}.
Therefore AN A, ; = Ay, ifi € I and AN A, ; = ¢ otherwise, and we now
obtain

P(A,;NA)

/ X, dP = Z
A iel
=3 QAn:) =Q(N)

icl

P(A,,)

)

where we have used again the fact that Q(A, ;) = 0 whenever P(A4, ;) = 0.
Since A € F,, we get similarly [, X,,dP = Q(A). Hence (28.1) holds, and
further if we take A = (2 then we get [ X,dP = Q(2) =1 < o0, so X, is
P-integrable. Therefore (X,,),>1 is a martingale.
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We also have that the martingale (X,,) is uniformly integrable. Indeed,
we have

/ X,dP = Q(X, > ¢);
{Xn ZC}

by Markov’s inequality

E{X 1

(& &
Let € > 0, and let ¢ be associated with ¢ as in Theorem 28.1 (since Q < P
by hypothesis). If ¢ > 1/§ then we have P(X,, > ¢) < 4, hence Q(X,, >

¢) < g, hence f{Xn>c} XndP < e: therefore the sequence (X,,) is uniformly

integrable, and by our second Martingale Convergence Theorem (Theorem
27.3) we have that there exists a r.v. X in L' such that lim,_, .. X,, = X a.s.
and in L' and moreover

E{X | F.} = X,.

Let now A € F, and define R(A) = E{1,X}. Then R agrees with @ on each
Fn, since if A € Fp,, R(A) = E{1,X} = E{1,X,,} = Q(A). The Monotone
Class Theorem (6.3) now implies that R = @, since F = o(F,;n>1). O

Remark 28.1. We can use Theorem 28.2 to prove a more general Radon—
Nikodym theorem, without the separability hypothesis. For a proof of Theo-
rem 28.3 below, see [25, pp.147-149].

Theorem 28.3 (Radon-Nikodym). Let P be a probability on (£2,F) and
let Q be a finite measure on (£2,F). If Q < P then there exists a nonnegative
r.v. X such that Q(A) = E{1,X} for all N € F. Moreover X is P-unique
a.s. We write X = Z—?’,.

The Radon-Nikodym theorem is directly related to conditional expecta-
tion. Suppose given (£2, F, P) and let G be a sub o-algebra of F. Then for
any nonnegative r.v. X with E{X} < 00, Q(A) = E{X1,} for A in G defines
a finite measure on (£2,G), and P(A) = 0 implies Q(A) = 0. Thus ‘;—g exists
on the space (2,G), and we define Y = %; then Y is G-measurable. Note

further that if A € G, then
E{Y1,} =Q(N) = E{X1,}.

Thus Y is a version of E{X | G}. In fact, it is possible to prove the Radon—
Nikodym Theorem with a purely measure-theoretic proof, not using martin-
gales. Then one can define the conditional expectation as above: this is an
alternative way for constructing conditional expectation, which does not use
Hilbert space theory.

Finally note that if P is a probability on R having a density f, and since
P(A) = [, f(z)dz, then P is absolutely continuous with respect to Lebesgue
measure m on R (here m is a o-finite measure, but the Radon-Nikodym

Theorem “works” also in this case), and we sometimes write f = g—i.
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Exercises for Chapter 28

28.1 Suppose @ and P are finite measures, with @ < P and P < Q). We say
that @ is equivalent to P, and we write Q ~ P. Show that X = ’;—g satisfies
X > 0 almost everywhere (dP). That is, P(X < 0) = 0.

28.2 Suppose @ ~ P. Let X = %. Show that % = % (see Exercise 9.8).
28.3 Let u be a measure such that =Y | a,, P,, for P, probability mea-
sures and a;, > 0, all n. Suppose @, < P, each n, and that v =) > | 3,Q»
and G, > 0, all n. Show that u(A) = 0 implies v(A) = 0.

28.4 Let P, @ be two probabilities and let R = P%Q. Show that P < R.

28.5 Suppose Q ~ P. Give an example of a P martingale which is not a
martingale for (). Also give an example of a process which is a martingale for
both P and @ simultaneously.
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X VY Maximum of X and Y 49
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II Projection operator 193

x? Chi square distribution 82
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[| X || normof X 189

|| X || norm in LP 207
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by finite Cartesian products of sets
70
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70

o-algebra 7

— generated by C 7
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<.,.> Inner product 189
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expectation 28,52
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52
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73,91
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a.s. almost surely 37,52
additivity 9

— o-additivity 8,35
algebra 7,35

atoms 245

Bayes’ Theorem 17

Bernoulli distribution 30, 119, 176,
184

— characteristic function of 106

Bernoulli, Jacob 125

Berry-Esseen 185
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biased estimator 139
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Chebyshev 29, 58
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163, 184
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Bolzano-Weierstrass theorem 158
Bonferroni inequalities 13
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Central Limit Theorem 181,183
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Cobb-Douglas distribution 44
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conditional expectation 197,200
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200

— defined in L' 202
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continuously differentiable 92
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Dirac (mass, measure) 42,156
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Fourier transform 103,111

Fubini’s theorem 67,75
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67

Galton—McAlister distribution 44
gamma distribution 43, 83, 96, 120
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— relation to x2 96,120
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Holder inequality 206
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Helly’s selection principle 157
hypergeometric distribution 22,26
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— random variables 65
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inner product 189

Jacobi’s transformation formula 92
Jacobian matrix 92
Jensen’s inequality 205

Lévy’s continuity theorem 167

Lévy, P. 126
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Laplace, P. 125

law 50
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theorem 53,205
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linear estimator 132
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logistic distribution 64
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marginal densities 89
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martingale 211
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central limit theorem 235
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ity 231
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— jointly 67
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Mellin transform 115
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monotone class theorem 36, 37
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Monte Carlo approximation 176
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point mass probability 42,156
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— characteristic function 106, 119
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positive semidefinite matrix 91

predictor variable 131

probability measure 4,8

projection operator (Hilbert space)
193

projections (Hilbert space) 193

Pythagorean theorem 191

Rademacher functions 237
Radon-Nikodym theorem 244,246
random signs 240

random variable 4,27

random walk on the integers 179
Rayleigh distribution 98
regression 131

— residuals 139
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Riemann zeta function 31
Riesz—Fischer theorem 190
right continuous function 40

simple random variable 51

singleton 21

Slutsky’s theorem 161

Stone—Weierstrass theorem 112

stopping time 212

— bounded stopping time 213
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234
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176
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— distribution 114

— random variable 84

tail o-algebra 72

tail event zero-one law 72
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Tonelli-Fubini theorem 67
topological space 48
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