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Preface

Our motivation when we started to write the Handbook was to provide a reference
book easily accessible without needing too much background knowledge, but at
the same time containing the fundamental notions of the probability theory.

We believe the primary audience of the book is split into two main categories
of readers.

The first category consists of students who already completed their graduate
work and are ready to start their thesis research in an area that needs applications
of probability concepts. They will find this book very useful for a quick reminder
of correct derivations using probability. We believe these student should reference
the present handbook frequently as opposed to taking a probability course offered
by an application department. Typically, such preparation courses in application
areas do not have the time or the knowledge to go into the depth provided by the
present handbook.

The second intended audience consists of professionals working in the industry,
particularly in one of the many fields of application of stochastic processes. Both
authors’ research is concentrated in the area of applications to Finance, and thus
some of the chapters contain specific examples from this field. In this rapidly
growing area the most recent trend is to obtain some kind of certification that will
attest the knowledge of essential topics in the field. Chartered Financial Analyst
(CFA) and Financial Risk Manager (FRM) are better known such certifications,
but there are many others (e.g., CFP, CPA, CAIA, CLU, ChFC, CASL, CPCU).
Each such certificate requires completion of several exams, all requiring basic
knowledge of probability and stochastic processes. All individuals attempting these
exams should consult the present book. Furthermore, since the topics tested during
these exams are in fact the primary subject of their future work, the candidates
will find the Handbook very useful long after the exam is passed.
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This manuscript was developed from lecture notes for several undergraduate
and graduate courses given by the first author at Purdue University and Stevens
Institute of Technology and by the second author at the Université de Paris 1
Panthéon-Sorbonne and at the Université de Lille 1. The authors would like to
thank their colleagues at all these universities with whom they shared the teaching
load during the past years.

TonuT Frorescu anp CiprIAN TUDOR
Hoboken, U.S. ¢ Paris, France
April 18, 2013



Introduction

The probability theory began in the seventeenth century in France when two great
French mathematicians, Blaise Pascal and Pierre de Fermat, started a correspon-
dence over the games of chance. Today, the probability theory is a well-established
and recognized branch of mathematics with applications in most areas of Science
and Engineering.

The Handbook is designed from an introductory course in probability. How-
ever, as mentioned in the Preface, we tried to make each chapter as independent
as possible from the other chapters. Someone in need of a quick reminder can
easily read the part of the book he/she is concerned about without going through
an entire set of background material.

The present Handbook contains fourteen chapters, the final two being appen-
dices with more advanced material. The sequence of the chapters in the book
is as follows. Chapters 1 and 2 introduce the probability space, sigma algebras,
and the probability measure. Chapters 3, 4, and 5 contain a detailed study of
random variables. After a general discussion of random variables in Chapter 3,
we have chosen to separate the discrete and continuous random variables, which
are analyzed separately in Chapters 4 and 5 respectively. In Chapter 6 we discuss
methods used to generate random variables. In today’s world, where computers
are part of any scientific activity, it is very important to know how to simu-
late a random experiment to find out the expectations one may have about the
results of the random phenomenon. Random vectors are treated in Chapter 7.
We introduce the characteristic function and the moment-generating function
for random variables and vectors in Chapters 8 and 9. Chapter 10 describes the
Gaussian random vectors that are extensively used in practice. Chapters 11 and
12 describe various types of convergence for sequences of random variables and
their relationship (Chapter 11) and some of the most famous limit theorems (the
law of large numbers and the central limit theorems), their versions, and their
applications (Chapter 12). Appendices A and B (Chapters 13 and 14) focus on
the more general integration theory and moments of random variables with any
distribution. In this book, we choose to treat separately the discrete and continu-
ous random variables since in applications one will typically use one of these cases
and a quick consultation of the book will suffice. However, the contents of the
Appendices show that the moments of continuous and discrete random variables
are in fact particular cases of a more general theory.

Xix



XX Introduction

Each chapter of the Handbook has the following general format:

¢ Introduction
¢ Historical Notes
¢ Theory and Applications

o Exercises

The Introduction describes the intended purpose of the chapter. The Historical
Notes section provides numerous historical comments, especially dealing with
the development of the theory exposed in the corresponding chapter. We chose
to include an introductory section in each chapter because we believe that in
an introductory text in probability, the main ideas should be closely related to
the fundamental ideas developed by the founding fathers of Probability. The
section Theory and Applications is the core of each chapter. In this section we
introduce the main notion and we state and prove the main results. We tried
to include within this section as many basic examples as was possible. Many of
these examples contain immediate applications of the theory developed within the
chapter. Sometimes, examples are grouped in a special section. Each chapter of the
Handbook ends with the Exercises section containing problems. We divided this
section into two parts. The first part contains solved problems, and the second part
has unsolved problems. We believe that the solved problems will be very useful
for the reader of the respective chapter. The unsolved problems will challenge and
test the knowledge gained through the reading of the chapter.



Probability Space

1.1 Introduction/Purpose of the Chapter

The most important object when working with probability is the proper defini-
tion of the space studied. Typically, one wants to obtain answers about real-life
phenomena which do not have a predetermined outcome. For example, when
playing a complex game a person may be wondering: What are my chances to
win this game? Or, am I paying too much to play this game, and is there perhaps a
different game I should rather play? A certain civil engineer wants to know what is
the probability that a particular construction material will fail under a lot of stress.
To be able to answer these and other questions, we need to make the transition
from reality to a space describing what may happen and to create consistent laws
on that space. This framework allows the creation of a mathematical model of the
random phenomena. This model, should it be created in the proper (consistent)
way, will allow the modeler to provide approximate answers to the relevant ques-
tions asked. Thus, #he first and the most important step in creating consistent models
is to define a probability space which is capable of answering the interesting questions
that may be asked.

We denote with €2 the set that contains all the possible outcomes of a random
experiment. The set 2 is often called sample space or universal sample space. For
example, if onerollsadie, 2 = {1, 2, 3, 4, 5, 6}. The space 2 does not necessarily
contain numbers but rather some representation of the outcomes of the real
phenomena. For example, if one looks at the types of bricks which may be used
to build a house, a picture of each possible brick is a possible representation of
each element of Q.

Handbook of Probability, First Edition. Ionug Florescu and Ciprian Tudor.
© 2014 John Wiley & Sons, Inc. Published 2014 by John Wiley & Sons, Inc.



2 CHAPTER 1 Probability Space

A generic element of © will be denoted by w. Any collection of outcomes
(elements in €2) is called an event. That is, an event is any subset of the sample
space Q. We will use capital letters from the beginning of the alphabet (4, B, C,
etc.) to denote events.

In probability, one needs to measure the size of these events. Since an event
is just a subset, we need to define those subsets of € that can be measured. The
concept of sigma algebra allows us to define a collection of subsets of the sample
space on which a measure can be defined. In this chapter we introduce the notion
of algebra and sigma algebra and we discuss their basic properties.

1.2 Vignette/Historical Notes

The first recorded notions of Probability Theory appear in 1654 in an exchange
of letters between the famous mathematicians Blaise Pascal and Pierre de Fermat.
The correspondence was prompted by a simple observation by Antoine Gombaud
Chevalier de Méré, a French nobleman with an interest in gambling and who was
puzzled by an apparent contradiction concerning a popular dice game. The game
consisted of throwing a pair of dice 24 times; the problem was to decide whether
or not to bet even money on the occurrence of at least one “double six” during
the 24 throws. A seemingly well-established gambling rule led de Méré to believe
that betting on a double six in 24 throws would be profitable (based on the
payoff of the game). However, his own calculations based on many repetitions
of the 24 throws indicated just the opposite. If we translate de Méré problem
in todays language, he was trying to establish if the event has probability greater
than 0.5. Today the confusion is easy to pinpoint to the proper definition of the
probability space. For example, the convention at the time was that rolling a three
(two and one showing on the dice) would be the same as rolling a two (a double
one). Puzzled by this and other similar gambling problems, de Méré wrote to
Pascal. The further correspondence between Fermat and Pascal is the first known
documentation of the fundamental principles of the theory of probability.

The first formal treatment of probability theory was provided by Pierre-
Simon, marquis de Laplace (1749-1827) in his Théorie Analytique des Proba-
bilités published in 1812. (Laplace, 1886, republished). In 1933 the monograph
Grundbegriffe der Wahrscheinlichkeitsrechnung by the Russian preeminent mathe-
matician Andrey Nikolaevich Kolmogorov (1903-1987) outlined the axiomatic
approach that forms the basis of the modern probability theory as we know it
today (Kolmogoroff, 1973, republished).

1.3 Notations and Definitions

The following notations will be used throughout the book for set (event) opera-
tions. In the following, w isany elementand A, B are any sets in the sample space 2.



1.3 Notations and Definitions 3

We describe a set or a collection of elements using a notation of the form
{x | x satisfy property P}.

The first part before the | describes the basic element in this collection, and
the part after | describes the property that all the elements in the collection
must satisfy.

{} is a notation for the set that does not contain any element. This set is called

the empty set.

* w € A denotes that the element w is in the set A; we say “w belongs to A.”
Obviously, w ¢ A means that the element is not in the set.

e A C B denotes that A is a subset of B; that is, every element in A is also in
B. The set A may actually be equal to B. In contrast, the notation 4 C B
means that 4 is a proper subser of B; that is, A is strictly included in B.
Mathematically, A C B is equivalent to the following statement: Any x € A
implies x € B.

Union of sets:

AU B = {set of elements that are either in A or in B}
={weQ|weAdorwe B}.

o Intersection of sets:

AN B = AB = set of elements that are both in A and in B
={weQ|weAand w € B}.

* Complement of a set:
A° = A = set of elements that are in Q butnotin A = {w € Q | w ¢ A).
* Difference of two sets:

A\ B = set of elements that are in 4 but not in B
={weQ|weAd w¢ B}
o Symmetric difference:
AAB = (A\ B)U (B\ A).

* Two sets A, B such that AN B = §J are called disjoint or mutually exclusive
sets.

¢ A collection of sets A;, Ay, ..., A, such that A; UA, U---UA, =Q and
A; N A; = ¥ for any i # j is called a partition of the space Q.

Every set operation may be expressed in terms of basic operations. For
example,

A\B=ANB and (A\B) =A°UB.



4 CHAPTER 1 Probability Space

There is a distributive law for intersection over union. If A, B, C are included in
2, then

ANBUC)=ANBUMANC)
and
AUBNC)=AUBNAUCQC).
Furthermore, Q¢ = J and ¥J* = , and for all A C Q we have
AUA =Q, ANA° =@, and (A°) =A.
The De Morgan laws are also very important:

(AUB) = A° N B,
(AN B)* = A° U B". (1.1)

All of these rules may be extended to any finite number of sets in an obvi-
ous way. More details and further references about set operations may be found

in Billingsley (1995) or Chung (2000).

1.4 Theory and Applications

1.4.1 ALGEBRAS

We introduce the notion of o-algebra (or o-field) to introduce a collection of
sets which we may measure. In other words, we introduce a proper domain of
definition for the (soon to be introduced) probability function. First let us denote

PQ)={4]Ac Q)

that is, P(2) is the collection of all possible subsets of €2, a set containing all
possible sets in €2. This collection is called the parts of €2.

An algebra on Q is a collection of such sets in P(€2) (including €2) which is
closed under complementarity and finite union.

Definition 1.1 (Algebra on ) Let Q2 be a nonempty space. A collection oo
of events in 2 is called an algebra (or field) on Q2 if and only if:

i Qe
i, If A € o, then A° € o¢f.
ii. If A, B € o/, then AU B € o/.
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Let us list some immediate property of an algebra.
Proposition 1.2 Let o/ be an algebra on Q. Then:

1 0 e
2. IfA,B e/, then AN B € /.
3. For any n natural number in N, if Ay, . .., A, € ot, then | J,_, A; € /.

Proof: Note that these are properties of the collection of sets. The collection ¢/
must contain these. Specifically, @ = Q¢ and since 2 € o7 the second point in
Definition 1.1 says that @ € 7. Since

(AN B = A° U B,

by the DeMorgan laws (1.1), points ii and iii in Definition 1.1 imply that (4 N B)*
is in o7 and so AN B is in A. The proof for the third part is a simple induction
on 7 > 2, with the verification step already provided in iii of Definition 1.1. W

1.4.2 SIGMA ALGEBRAS
A o-algebra on  is a generalization of an algebra on €.
Definition 1.3 (o-Algebra on R) A o-algebra F on QQ is an algebra on Q

and in addition it is closed under countable unions. That is, the first two points in
Definition 1.1 remain the same, and the third property is replaced with:

#ii. Ifn € N is a natural number and A, € F for all n, then

UA" e F.

neN

Definition 1.3 implies other properties of a o-algebra. For example, if a sigma
algebra contains two elements A and B, it also contains A N B and AU B. The
fact that the intersection must be in the o-algebra is an easy consequence of point
ii in the above definitions. For the o-algebra case the intersection can be extended
to a countable number of events as the next result shows.

Proposition 1.4 Let F be a o-algebra on Q2. Then:

1. peF
2. If{A;}ien are elements of the o-algebra F, then

mAl‘EF.

ieN
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Proof: Since ¥ = Q° and Q € F, it follows that
helF.

For the second part, we note that

() -us

ieN ieN

and since for every i € N, Af € F from the second part of the definition, their
countable union is |,y A € F, and thus its complementis ();.y4; € 7. W

The o-algebra is a very nice collection of sets. Using simple the operations
union, intersection, complementarity, and difference applied to any sets in the
o-algebra, we end up with a set still in the o-algebra. In fact, we may apply these
simple operations in any combination a countably infinite number of times and
we still end up with a set in the o-algebra.

However, a noncountable intersection or union of the elements of a o-algebra
does not necessarily belongs to it (although it may). This can only happen when
the index 7 is in some continuous set—for example, # € (0, 1). Such situations are
advanced: however, they become relevant when talking about stochastic processes.
Extra care has to be observed in these cases. In the context of stochastic processes,
we will introduce filtrations, which are simply increasing o-algebras.

Because of these nice properties, a o-algebra provides a suitable domain of
definition for the probability function (and thus defines probabilities of random
events). However, a o-algebra is a very abstract concept which, in general, is hard
to work with. To simplify notions, we introduce the next definition. It will be
much easier to work with the generators of a o-algebra.

This will be a recurring theme in probability; in order to show a property for a
big class, we show the property for a small generating subset of the class and then use
standard arguments to extend the property to the entire class.

Definition 1.5 (o-algebra generated by a class ¢ of sets in ) Ler
¢ be any collection of sets in Q2. Then we define o(¢) as the smallest o-algebra on Q2
that contains €. That is, 0(€) satisfies the following properties:

1. It contains all the sets in ¢: ¢ C o(%).
2. 0(%€) is a o-algebra.

3. It is the smallest -algebra with this property: If € < & and & is another
o-field, then 0(¢) C .

The idea, as mentioned earlier, is to verify some statement on the set €.
Then, due to the properties that would be presented later, the said statement will
be extended and be valid for all the sets in o (%).
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Proposition 1.6 Let ¢ C P(Q). Then

(%) = ﬂ F.

Fo-algebra.7>¢
Proof: The proof is left as an exercise (see Exercise 1.12). [ |
Proposition 1.7 (Properties of g-algebras) The following are true:

» P(Q) is a 0-algebra, the largest possible o-algebra on Q.

o [fthe collection ¢ is already a o-algebra, then o0(€¢) = €.

o If'¢ ={Q}or ¢ = {Q}, theno(€) = (D, Q}, the smallest possible o-algebra
on 2.

o If¢ C ¢, theno (%) C o(¢).

If¢ €€ Co(¥), theno(¢') = o(€).

Again, these properties are easy to derive directly from the definition and are
left as exercise.

In general, listing all the elements of a o-algebra explicitly is hard. Only in
simple cases is this is even possible. This explains why we prefer to work with the
generating collection ¢ instead of directly with the o-algebra o (%).

1.4.3 MEASURABLE SPACES

After introducing o-algebras, we are now able to give the notion of a space on
which we can introduce probability measure.

Definition 1.8 (Measurable space) A pair (2, F), where Q is a nonempty
set and &7 is a c-algebra on 2 is called a measurable space.

On this type of space we shall introduce the probability measure.

1.4.4 EXAMPLES

I EXAMPLE 1.1 The measurable space generated by a set

Suppose a set A C . Let us calculate 0(A). Clearly, by definition, €2 is in
0(A). Using the complementarity property, we clearly see that A° and ¢ are
also in 0(A4). We only need to take unions of these sets and see that there
are no more new sets. Thus,

o(A) = {Q, 0, A, A).
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@ EXAMPLE 1.2 The space modeling the rolls of a six sided die

Roll a six-sided die. Then use 2 = {1, 2, 3, 4, 5, 6} to denote the space of
outcomes of rolling the die. Let A = {1, 2}. Then

o) = {{1,2}, (3,4, 5,6}, 9, Q}.

I EXAMPLE 1.3 The measurable set generated by two sets

Suppose that ¢ = {4, B}, where A and B are two sets in Q such that 4 C B.
List all the sets in o(€).

Solution: A common mistake made by students who learn these notions is the
following argument:

A C B; therefore, using the fourth property in the proposition above, we
obtain 0(4) € o(B) and therefore the o-algebra asked is 0(A4, B) = o(B) =
{Q, 9, B, B°}.

This argument is wrong on several levels. Firstly, the quoted property refers
to collections of sets and not to the sets themselves. While it is true that A C B, it
is not true that {4} C {B} as collections of sets. Instead, {4} C {A, B} and indeed
this implies 0(4) € o(4, B) (and similarly for o(B)). But this just means that the
result should contain all the sets in 6(4) (the sets in the previous example).

Second, as this example shows and as the following proposition says, it is not
true that 0(4) U o(B) = o(A4, B), so we can’t just simply list all the elements in
0(A4) and o (B) together. The only way to solve this problem is the hard way—that
is, actually calculating the sets.

Clearly, 0(4, B) should contain the basic sets and their complements; thus

o4, B) D {,¥,4, B, A°, B°}.

The o-algebra should also contain all their unions according to the definition.
Therefore, it must contain

AUB =B,
AU B,
A‘UB=Q,
AU B = A,

where the equalities are obtained using that A C B. So the only new set to be
added is A U B° and thus its complement as well: (4 U B°)* = A° N B. Now we
need to verify that by taking unions we do not obtain any new sets, a task left for
the reader. In conclusion, when A C B we have

o(A, B) = {Q, 0, A, B, A°, B°, AU B°, A° N B).
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Remark 1.9  Experimenting with generated o-algebras is a very useful tool ro
understand this idea in probability: We typically work with the generating sets of the
o-algebras, (A and B in Example 1.3), and then some standard arguments will take
over and generalize the work to the entire o-algebra automatically.

Proposition 1.10 (Intersection and union of o-algebras) Suppose
that Fy and F, are two o-algebras on Q. Then:

1. FiNF, is a o-algebra.

2. F1 UF, is not a o-algebra. The smallest 0-algebra that contains both of them
is o(F1 U Fy) and is denoted F1 v F)

Proof: For part 2 there is nothing to show. A counterexample is immediate from
the previous exercise. Take F; = 0(4) and F, = o(B). Example 1.3 calculates
0(A, B), and it is simple to see that F; U F; needs more sets to become a o-
algebra. It is worth mentioning that in some trivial cases the union may be a
o-algebra, such as for example when F; C F, and they both contain a countable
number of elements.

For part 1 we need to verify the three properties in the definition of the
sigma algebra. For example, take 4 in F; N F,. So A belongs to both collections
of sets. Since F; is a o-algebra by definition, we have A° € F;. Similarly, A° €
F,. Therefore, A° € F1 N F,. The rest of the definition is verified in a similar
manner. |

Remark 1.11  Part 1 of the proposition above may be generalized to any countable
intersection of o-algebras. That is, if {Fi}ier is any sequence of o-fields and I is
countable, then

N7

iel

is a o-field.

1.4.5 THE BOREL 0-ALGEBRA

Let © be a topological space (think geometry is defined in this space, and this
assures us that the open subsets exist in this space).

Definition 1.12 We define:

DB () = The Borel o-algebra
= o-algebra generated by the class of open subsets of 2. (1.2)
In the special case when Q = R, we denote %3 = 2 (R), the Borel sets of

R. This % is the most important o-algebra. The reason is that most experiments
on abstract spaces 2 may be made equivalent with experiments on R (as we shall
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see later when we talk about random variables). Thus, if we define a probability
measure on 93, we have a way to calculate probabilities for most experiments.

There is nothing special about using the open sets as generators, except for
the fact that the open sets can be defined in any topological space. The Borel sets
over R may be generated by various other classes of intervals; in the end the result
is the same o-algebra. Please see problem 2.10 for these classes of generators.

Pretty much, any subset of R you can think about is in 7. However, it
is possible (though very difficult) to explicitly construct a subset of R which is
not in 73. See (Billingsley, 1995, page 45) for such a construction in the case
€ = (0, 1]. These sets are generally constructed using a Cantor set argument.

B EXAMPLE 1.4

Let Q # @ and let Ay, ..., A, be a partition of €2 with a finite number of
sets. We denote

T=3J4l/ci.2.....n
ief

We will show that <7 is the o-algebra generated by the sets in the partition—
that is in fact the same as (41, . . ., 4,).

Solution: We start by proving that &7 is a o-algebra. First,

Q == OAZ‘,
i=1

which implies that Q € 7.
Suppose that A = (J,; 4; is an element of &7~ Then its complement is

A =4 =4

ief i€/

This is easy to see since A; form a partition of Q. Thus 45 = [ J ; ;4 and the
intersection of these gives exactly the sets not indexed by /. Therefore, A° € 7.
Moreover, for any integer p € N.

which implies that 7 is closed under finite number of unions, and &7 is an algebra.
Furthermore, since the total index set {1, 2, . . ., 7} is finite, any countable union
U;ozljp of subsets /, is also included in {1,2, ..., 7} and &7 is closed under

countable unions, thus it is in fact a o-algebra.
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Since <7 is a o-algebra which contains the events A4;, it must also contain the
sigma algebra generated by A4y, ..., 4,. This means that &7 D o(4y, ..., 4,).

Conversely, a(4y, . .., A,) is a o-algebra, thus by definition it must contain
any countable (in particular finite) union of 4,’s. But the set of finite unions is
precisely 7, which shows that &7 C a(4,, ..., 4,).

The double inclusion above then shows that &7 is the o-algebra generated
by Ay, ..., A, [ |

@ EXAMPLE 1.5 Examples of algebras and o-algebras on R

Let & be the o-algebra generated by the finite subsets of R (i.e., all subsets
in R with a finite number of elements). Denote by ¢ the set of subsets
A C R such that 4 is countable or A¢ is countable.

1. Show that ¢ is a 0-algebra.
2. Show that &7 and € coincide.
3. Compare <7 and the Borel o-algebra B.

Solution: 1. We need to verify the three properties of a -algebra. Clearly § € ¢,
and by the definition of ¢ we have A° € ¢ if A € €.

Let A, be asequence of events included in . We have two possibilities: Either
all 4,’s in the sequence are countable, or there exist an event in the sequence (4,,),
which is not countable.

If every A, is countable, then clearly

U

n

is countable (a countable union of countable sets is countable) and consequently
U, 4, isin €.

Suppose that there exists at least some set, say 4,, that is not countable. Since
A, € ¢, then A; is countable. By DeMorgan laws (1.1) we have

(UAW) =4 c 4,

where the last inclusion holds because A; is countable. Thus, the complement of

the set (U nAn)[ is at most countable and therefore it belongs to ¢

2. Clearly &7 C €. Recall that any finite set is also countable and so € is a
o-algebra that contains all the finite parts of R. Since @7 is the smallest o-algebra
that contains these finite parts, the inclusion follows.
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Conversely, we will prove that &7 contains every set A C R such that 4 or
A° is finite or countable. Indeed, if A is countable, then A can be written as

A=UML

x€A

Since every singleton {x} is in <7 and &7 is stable under countable union, we
deduce that 4 € &7 If A° is countable, the same argument applied to it will imply
that A° € &7 But &7 is a o-algebra and so A € 7. In either case we deduce that
any set 4 in ¢ belongs to 7. Therefore ¢ C <7, and by double inclusion the
two are the same.

3. The Borel o-algebra contains all the finite subsets of R. Therefore, we have
<7 C AB. This inclusion is strict. Indeed, the interval (0, 1) is in 93, but it is not
in ¢ because neither (0, 1) nor its complement is countable. Since <7 is the same
as ‘¢, it is a proper subset (included strictly) of Z3. [ |

1.5 Summary

In this chapter we introduce the space on which probability is defined. This
beginning chapter introduces the notion of o-algebra, which is going to be the
domain of definition for the probability measure. We need to know what we
can measure and what we cannot. The sets that can be measured and given
a probability will always be in the o-algebra. Furthermore, this chapter intro-
duces the basic notions of the set operations such as inclusion, intersection, and
so on.

EXERCISES

1.1 Show that if A, B are two event in €2, then

AUB=(A\B)U(B\A)UANB).

1.2 If (A;);es is any collection of events in €2, then show that

()0

iel iel

and

(ﬂA,)f = UA;.

iel iel
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1.3

1.4

1.5

1.6

1.7

1.8

1.9

Roll a six-sided die. Use Q2 ={1,2,3,4,5,6} to denote the pos-
sible outcomes. An example of an event in this space Q is A=
{Roll an even number} = {2, 4, 6}. Find the cardinality (total number of
elements) of P(2).

Suppose two events A and B are in some space 2. List the elements of the

generated o algebra o(4, B) in the following cases:

(a) ANB=40.

(b) A C B.

(c) ANB+W@,A\ B+ ¥,and B\ A + 0.

An algebra which is not a o-algebra

Let % be the collection of sets of the form (41, 2]] U (a2, 2,] U -+ - U

(am, )], for any m e N*={1,2...} and all 2, <a] <2, <4} <
- < day < a, in Q= (0, 1]. Verify that 7 is an algebra. Show that

9 is not a o-algebra.

Let F = {A C Q| A finite or A° is finite}.

(a) Show that F is an algebra.

(b) Show that if Q is finite, then F is a o-algebra.

(c) Show that if © is infinite, then F is not a o-algebra.

A o-algebra does not necessarily contain all the events in Q
Let F={A C Q| A countable or A° is countable}. Show that F is a
o-algebra.

Note that if €2 is uncountable, this implies that it contains a set 4 such
that both 4 and A¢ are uncountable, thus A ¢ F.

Show that the Borel sets of R 73 = o ({(—00, x] | x € R}).

Hint: Show that the generating set is the same; that is, show that any set
of the form (—00, x] can be written as countable union (or intersection)
of open intervals and vice versa that any open interval in R can be written
as countable union (or intersection) of sets of the form (—o0, x].

Show that the following classes all generate the Borel o-algebra; or, ex-
pressed differently, show the equality of the following collections of sets:

c((a,b):a<beR)=0c(a,bl:a<beR)=0c((—00,6):b6cR)
=0((-00,0):6€Q),

where Q is the set of all rational numbers.

Let A, B, C be three events in a probability space. Express the following
events in terms of elements in A, B, C using union, intersection, comple-
mentarity, etc.

(@) Only the event A happens.
(b) At least one of the three events happens.
(c) At least two event happen.
(d) At most one event happen.
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1.13

1.14
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(e) Exactly two events happen.

Hint:

(@ ANB°NC*

(b) AUBUC

() ANBUUAUNCYUBNC)

d (ANBUUNC)UBNQC)

(e) (UNBUMUNC)UBNO)YNUANBNCO)

(Note that these expressions are not the only way to write the sets.)
Let B, C be collections of subsets of 2.

(@) If B C C, prove that 6(B) C o(C).

(b) If B C o(C) C o(B), show that o(B) = o(C).

Give a proof for Proposition 1.6.

Hint. Use exercise 1.11 for one of the two inclusions (the other one is
obvious).

This problem gives the structure of the Borel o-algebra on R2.

(@) Let R be the set of open rectangles in R? with extremities in Q—that
is, the set of the form (p, ¢) % (1 5), where p, ¢, s € Q. Show that R is

countable.

(b) Let U be an open set in R2. Prove that

U=UR;

ReR,RCU
that is, the open sets may be written as countable unions of elements
inR.
(c) Finally, conclude that the o-algebra generated by the open rectangles
in R? coincides with the Borel o-algebra on R?.

Prove the claim stated in Remark 1.11.



Probability Measure

2.1 Introduction/Purpose of the Chapter

The previous chapter presents the concept of measurable space. A measurable
space is a couple (2, F) with € a non-empty set and F a o-algebra. Such a
measurable space is ready for a probability measure. This is a measure defined on
the events in the o-algebra F, taking values in the unit interval [0, 1]. This setup
then can be applied to any random phenomena, from simple ones—for example,
rolling a dice or tossing a coin—to complex ones such as running a survey to
ascertain whether or not each person in a sample supports the death penalty, or
modeling a laboratory investigation to study the best amount of a certain chemical
and its effects on the yield of a product.

The probability measures the size of the events. Any probability measure is
defined by two properties: the probability of © must equal to 1 and the measure
must be countably additive. What is the reason for these two properties? The first
one implies that all possible outcomes of the experiment are accounted for in Q—
the universe of the experiment. The second property is very logical. It is natural
to have P(AU B) = P(4) + P(B) for two disjoint events A and B in F; that
is, probability that A or B is happening is equal to the sum of the probabilities
of A and B. The countable additivity is needed to extend this property to the
entire o-algebra as well as provide a way to go from calculating probability on the
generators to the entire o-algebra.

Handbook of Probability, First Edition. Ionug Florescu and Ciprian Tudor.
© 2014 John Wiley & Sons, Inc. Published 2014 by John Wiley & Sons, Inc.
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2.2 Vignette/Historical Notes

Any probability model has two essential components: (a) the sample space and its
associated o-algebra which defines what can be measured and (b) a probability law
which defines how to measure. A natural question to ask is, Where do the numerical
values for such a probability law come from? There are primarily three points of
view on this aspect of how to connect the theory and reality. The probabilities
could be assigned directly from data, following some models, or be assigned in a
subjective manner. The frequentist approach considers any given experiment as
one of a possible infinite replications of the experiment. The objectivist approach
sees probabilities as adapting to the real aspects of the universe; thus the experiment
in fact keeps changing and adapting itself to these laws of the universe. Finally,
the subjectivist view describes probabilities as a way of characterizing beliefs about
the world, rather than as having any external physical significance. The later two
view of probability adhere to the Bayesian principles.

Throughout this book we will present views and examples primarily from the
frequentist and objectivist perspective. In these historical notes we shall give an
example related to subjectively assigning probabilities. The example is reproduced
from Wild and Seber (1999).

The Tenerife airport disaster which occurred on March 27, 1977, when a Pan
Am jet collided with a KLM Boeing 747 jet on the airport’s runway in the Canary
Islands is the deadliest recorded accident in the aviation history. Five hundred
and eighty-three lives were lost in the accident. Naturally, the aviation officials
at the time were trying to calm potential passengers and educate them about the
dangers of flying. The famous Australian statistician, Terence Paul Speed, noticed
the following wire service report in “The West Australian” published shortly after
the accident.

“NEW YORK, Mon: Mr. Webster Todd, Chairman of the American
National Transportation Safety Board said today statistics showed that
the chances of two jumbo jets colliding on the ground were about 6
million to one .....-AAP”

It seems clear from the report that the National Transportation Safety
Board has performed a scientifically based assessment based upon hard data
(““.. . statistics showed. . .”). The conclusion likewise is very definite. Terry Speed,
who has strong research interests in probability, was intrigued by this and won-
dered how the Board had calculated their figure. So Terry wrote to the Chairman.
He received the following reply from a high government official which Wild and
Seber (1999) reproduce in their book with Terry Speed’s permission:

Dear Professor Speed, In response to your aerogram of April 5, 1977, the
Chairman’s statement concerning the chances of two jumbo jets colliding
(6 million to one) has no statistical validity nor was it intended to be a
rigorous or precise probability statement. The statement was made to
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emphasize the intuitive feeling that such an occurrence indeed has a very
remote but not impossible chance of happening.

2.3 Theory and Applications

2.3.1 DEFINITION AND BASIC PROPERTIES
Definition 2.1 (Probability measure, probability space) Given a
measurable space (2, F), a probability measure is any functionP : F — [0, 1] with
the following properties:

(1) P(Q) = 1.

(i) (Countable additiviry) For any sequence {A,},en of disjoint events in F (i.e.

P (U An) => P4,).
n=1 n=1
The triple (2, F, P) is called a probability space.

Note that the probability measure is a set function (i.e., a function defined
on sets). In many ways, probability measures behave in a way similar to that of
length, area, and volume measures. These analogies provide clues about model-
ing experiments and choosing the appropriate numbers between 0 and 1. Many
other reasonable properties follow from the definition of probability measure. For
example:

Proposition 2.2 (Elementary properties of probability measure)
Let (2, F, P) be a probability space. Then:

1. Forallsers A, B € F with A C B, then
P(B\ A) = P(B) — P(A).
2. We haveNA, B € FwithAC B,
P(A) < P(B), PA)=1-PUA), P@) =0.

3. PAUB) =P(A) + P(B) —P(ANB), VA, B € F.
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4. (General inclusion—exclusion formula, also named Poincaré’s formula):

PA UAU---UA,) = Z (—1)'”“P(ﬂA,-> (2.1)
}

1<{1,2,..,n iel
=> PU)— Y PUANA)
i=1 i<j<n

+ D> PUNANA) =+ (-1)'PANA-N4)  (22)

i<j<k<n

Note that successive partial sums are alternating between over-and-under esti-
mating.

5. (Finite subadditivity, sometimes called Booles inequality):

P(OA,) Sip(l‘l,), VA],Az,...,A,,Ef.

Proof: 1. Since
B=AU(B\A)
and A, B \ A are disjoint, we immediately obtain
P(B) =P(A) + P(B\ A).

Property 2. follows from the first part directly.
For part 3., let A, B € F and note that

AUB=(A\B)U(B\ A UMANB)
and since the sets (4 \ B), (B \ 4), (A N B) are disjoint,
PAUB) =P(B\ A) +PA\ B) +PAN B). (2.3)
Moreover,
P(A\ B) = P(A) —P(AN B)
and
P(B\ A) = P(B) —P(ANB).

Putting them together these last two relations into (2.3), we obtain the inclusion
exclusion with two sets.

Part 4. is an extension of part 3 to 7 sets. It is proven using induction over 7.
We skip this part as it does not bring much in terms of ideas.

To show finite subadditivity, set

Bi=A,, By=MNA, ..., B,=A,NA_ N. NA.
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Then,
B;NB; =0, ifi+#j

and
UB = UA

Now, using point 2. we have P(B;) < P(4;) for every i and

P(QAZ) =P< ) ZP(B) < ZP

@ EXAMPLE 2.1 Simple operations with probabilities

A random experiment with a finite set of outcomes is modeled by the set
2 and the probability P. Let 4, B be two events in P(€2) such that

PA) =06, PB)=04, and PUANB)=0.2.
Calculate the probabilities of the following events:

AUB, A, B, BNA°, AUB‘ and A UB".

Solution: We have
PAUB) =PA) +PB)—PUANB) =0.8,

PA)=1—-PA) =04,P(B)=1—-P(B) =0.6.

Since
B=BNQ=BNAUA)=BNA)UBNA),
we have
P(B)=PBNA)+PBNA)
)
P(BNA) =P(B) —P(ANB) =0.2.
Also

PAUB)=P(BNA))=1—-PBNA)=0.8
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and

PAUB)=PANBX=1—-PANB)=0.8.

@ EXAMPLE 2.2 A coin example

Two fair coins are tossed; find the probability that two heads are obtained.

Solution: Each coin has two possible outcomes let us denote them H (heads) and
T (tails). The sample space € is given by

Q={HT),(H H),(T.H), (T, T)}.

Since we know that the coin is fair, then it is equally likely to land on either
outcome H or T'. Let E be the event “two heads are obtained.”
Then E = {(H, H)}. Since all are equally likely, we have

_IE] 1

P(E) = - h

@ EXAMPLE 2.3 Rolling two dies

In an experiment, two fair six-sided dice are rolled. Find the probability
that the sum of the numbers shown on the dice is

(@) equalto 1
(b) equal to 4
(c) less than 13

Solution: (a) The sample space Q2 of the outcomes when rolling the two dice is
shown below.

Q={(1,1),(,2),(1,3), (1,4, (1,5),(1,6),(2,1),(2,2), (2,3), (2,4, (2,5),
(2,6),(3,1),(3,2),3,3),3,4),3,5),3,6), (4, 1), (4, 2), (4, 3), (4, 4,
(4,5), (4,6), (5. 1), (5,2),(5,3), (5,4, 5. 5), (5, 6), (6, 1), (6, 2), (6, 3),
(6, 4), (6, 5), (6, 6)}.

As in the previous example, since the dice are fair, all outcomes are equally likely
(have the same probability of occurrence).



2.3 Theory and Applications 21

Let £ be the event “sum equal to 1.” There are no outcomes which corre-
spond to a sum equal to 1, hence

£l 0
PE)= — = — =
) 2] 36

(b), three possible outcomes give a sum equal to 4:
E = {(1’ 3)’ (27 2)7 (3’ 1)}

hence

]
P(E) = — =3/36=1/12.
(E) 1] / /

(c) All possible outcomes, £ = S, give a sum less than 13, hence.

|E]
P(E) = — =36/36 = 1.
|€2]
Next, we introduce the notion of partition of a space. |

Definition 2.3 (A partition of aset) A partition of any ser 2 is any collection
of sets {2}, which are disjoint (i.e., Q; N\ Q; = 0, if i % j) such that their union

recreates the original set:
Uai=«.
i

The probability of an event can be expressed in terms of the intersections of
the event with a partition of the entire sample space €2. This rule is also known
as the “law of total probability.”

Proposition 2.4 (The law of total probability) Let(A,);cs be a partition
of Q2. Then for every event B € F, one has

P(B)= > P(BNA).

iel

Proof: We can write

B:BﬂQ:Bﬁ(UAl) = JBn4)

iel iel
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by the distributive property of the intersection and union. Since the sets (B N 4;);
are disjoint, we obtain

P(B) = ZP(B NA;).

iel

2.3.2 UNIQUENESS OF PROBABILITY MEASURES

The results in this section are concerned with equality of two probability measures.
Let us start with the following definition.

Definition 2.5 A family of events U C P(2) is called a A-system if:

1. Qel
2. Forany A, B € U, with A C B, we also have B\ A € U.
3. If(A,), € U is any sequence of disjoint events (A; N A; = O if i # j), then

UA” elu.

Sometimes, a A-system is called a Dynkin system (named after Eugene Boriso-
vich Dynkin, who introduced the concept).

Proposition 2.6  The following are true:

(a) Ao-field is a h-system.
(b) Every \-system closed to finite intersections is a sigma-field.

Proof: Both parts a and b are immediate consequences of the definition of a

o-field. [ |

Definition 2.7 [f'a collection of sets M S P(S2), then we denote by U(M) the
smallest L-system which contains M.

Theorem 2.8 If M C P(2) and M is closed under finite intersections, then
UM) = o(M).

Proof: The inclusion
o(M) D UM)

is immediate because o(M) is a A-system, being a o-algebra (Proposition 2.6)
and it contains M. For the converse inclusion, it suffices to check that U(M)
is a o-algebra (and so it will contain the smallest o-algebra o(M)). Due do
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Proposition 2.6, it is enough to show that U(M) is closed under finite intersec-
tions. Let A € U(M) and denote

Us={BelUM)| AN B e UM},

the collection of sets such that their intersection with 4 is in the A-system. To
show that U(M) is closed under finite intersections, it is enough to show that
AN B € UM) for any A, B € U(M). We note that by definition we have

Bely ifand only if A € Up.

It can be easily shown that the collection of sets U is a A-system for any set A.

Now, take a generic set A € M. Since we know from the hypothesis that M
is closed under finite intersections, by definition we then have U4 D M. Since
Uy, is a A-system, we must then have

Uy D UM),

since U(M) is the smallest possible with this property. Hence Uy D U(M) for
any A € M. One can further show that Uy D U(M) for any A € U(M). We
conclude that U(M) is stable under finite intersections. |

Theorem 2.9  Consider Py, P, two probability measures on (2, F). Assume that
a collection of sets M closed to finite intersections is given by

F=0oM).
Assume that Py and P, coincide on M. Then Py and Py coincide on F = o(M).
Proof: Let us define
U={AeT|P(4) =PA)},

that is, the sets on which the measures coincide. This set I/ satisfies the following
properties:

1. Q el
2. Forevery A, B € U, with A C B, we have B\ A € U.
3. If (4,), € U, withA; N A; =P if i # j then | J, 4, € U.

Indeed, part 1 is clear since
Pi(Q) =P(Q) = 1.
Take two sets A, B € U with A C B. Then
P (B\ A) = Pi(B) — Pi(4) = Py(B) — Py(4) = P2(B\ A),

which implies B\ 4 € U.
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For the last part consider (4,), € U, with A; N A; = @ if i # j. Then

P, <UAn) =Y Pi4) =) Py4,) =P (UAn)

andso | J, A4, € U.

Properties 1-3 show that U is a A-system (by definition). Recall that the
probabilities agree on M by hypothesis, thus ¢/ includes U(M) (the smallest -
system containing M). Recall the result in Theorem 2.8 and that M is closed
for finite intersections. Therefore,

U UM) =o(M).
Since M generates the entire o-algebra, we thus have

U=0M)=F.

Corollary 2.10 Let Py, Py be two probability measures on F. Then if
F=0(A)

where N = (A;); is a partition with a countable number of sets in Q2 then Py = P,
on the entire F if and only if

P (4)) = Py(4))
for every .

Proof: We apply the previous theorem for M containing the sets in the partition
A augmented with the #. u

2.3.3 MONOTONE CLASS

This concept is a variant of the notion of A-system presented before in our expo-
sition. The concept of monotone class plays an important role in the probability
theory. For example, it is used in the proof of the Caratheodory theorem, and it
is also related to the uniqueness of probability measures.

Definition 2.11 (Monotone class) A class (collection) ol of subsets in Q
is monotone if it is closed under the formation of monotone unions and intersections,
ie.:

(@) A\, A, ... €oll and A, € Appr, U, An=A= A€ol
(ii) A1, Ay, ... € oll and A, D A,y = (), An € .

The next theorem is only needed for the proof of the Carath¢odory theorem.
However, the proof is interesting, and that is why it is presented here.
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Theorem 2.12 [fF is an algebra and ol is a monotone class, then if Fy € o/,
then o(Fy) C o/l

Proof: Let m(Fp) = minimal monotone class over Fy = the intersection of all
monotone classes containing F.

We will prove that
o(Fo) C© m(Fo).

To show this, it is enough to prove that m(Fp) is an algebra. Then exercise 2.20
will show that m(F) is a o-algebra. Since o(Fp) is the smallest o-algebra which
contains o#, the conclusion follows.

To this end, let
&G ={A: A € m(Fy)}.

(i) Since m(Fy) is a monotone class, so is .

(ii) Since Fy is an algebra, its elements are in & = Fy € .

(i) and (ii) = m(Fp) € &. Thus m(Fp) is closed under complementarity.
Now define

&G =1{A: AU B € m(Fy), VB € Fy}.

We show that 9, is a monotone class:

Let A, / an increasing sequence of sets, 4, € &7,. By definition of &7, for
alln,AnUB € m(fo),VB € fo.

But

(An U B) 2 (An—l U B)

and thus the definition of m(F) implies

U (A, UB) e m(Fy), VBeFy= (UA”) UB e m(Fy), VB,

n n

and thus

UA” €Y.
n

This shows that &7 is a monotone class. But since Fq is an algebra, its
elements (the contained sets) are in &,! thus Fy € &/;. Since m(Fy) is the
smallest monotone class containing Fy, we immediately have m(Fj) € 5.

Let &7, = {B: AU B € m(Fy), VA € m(Fyp)}
&, is a monotone class. (identical proof—see exercise 2.18).

! One can just verify the definition of &, for this.
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Let B € Fy. Since m(Fy) € &, for any set, we have
A e m(Fy) = AU B € m(Fy).

Thus, by the definition of &5, = B € &5, = Fy C 5.

The previous implication and the fact that &7, is a monotone class implies
that m(Fy) C &).

Therefore,

VA, B e m(Fy) = AU B € m(Fy) = m(Fy)
is an algebra. [ |

2.3.4 EXAMPLES

I EXAMPLE 2.4 An “equally likely outcomes” probability
measure
Let Q be a finite set, F = 2°(R2), and define P : F — [0, 1] by

P(A) = ﬂ
2

Then P is a probability measure.

Please note that in the previous example, since the space is finite, the number
of elements in 2 is finite, || < 00. Thus, the probability of any outcome in the
space is the same; that is, for any @ € Q we have

el _ 1
Ple) ="ar = iar

I EXAMPLE 2.5 Discrete probability space

Let © be a countable space. Let F = 97(R2). Let p: @ — [0, N) be a
function on €2 such that

Zp(w)=N< 00,

we2
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where /V is a finite constant. Define:

P = 3 p(@)

weA

We can show that (€2, F, P) is a Probability Space for any such p(w). In
fact this way we may define any discrete probability space.

Solution: Indeed, from the definition we obtain

1 1
P(Q) = NZp(a)) = NV=1

weR

To show the countable additivity property, let A be a set in € such that 4 =
U2, A4;, with A; disjoint sets in €. Since the space is countable, we may write

A= {a)i,a)é,...},

where any of the sets may be finite, but a)]’ *+ a)f forall, j, k, / where either i # &
or j # /. Then using the definition, we have

P = Y pe)=y O pe)

wel 2, 4; iz1,j>1
1 . .
= 2 (@) +p@) + )
>1
=Y P,).
i>1

These simple examples show how to use the probability properties learned
thus far.

Remark 2.13  The previous exercise gives a way to construct discrete probability
measures (distributions).

For example, let us take 2 = N the natural numbers and take N =1 in the
definition of probability of an event. Then

l1—p ifw=0
pw)=1p fo=1 gives the Bernoulli(p) distribution.

0 otherwise
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n wl_ n—w 7 )
P(w)zi(()w)ﬂ P ifo s

, gives the Binomial(n, p) distribution.
otherwise

) = { () =pe ifo=r gives the Negative Binomial(r, p)

otherwise distribution.

w

pw) = —'e_)‘, gives the Poisson (\) distribution.
!

See Chapter 5 for more details on these probability distributions.

I EXAMPLE 2.6 Uniform distribution on o,

As another example let Q@ = (0, 1) and F = 93((0, 1)) the Borel o-algebra.
Define a probability measure A as follows. For any open interval (a, ) <
(0, 1) let

M(a, 0) = b — a,

which is in fact the length of the interval. We can expand this definition to
any other open interval O as

A(0) = 10N (0, 1)).

Note that we did not specify A(A) for all Borel sets A. Rather, we specified
the measure only for the generators of the Borel o-field. This illustrates the prob-
abilistic concept mentioned before. In our specific situation, under very mild
conditions on the generators of the o-algebra any probability measure defined
only on the generators can be uniquely extended to a probability measure on
the whole o-algebra (Carath¢odory extension theorem). In particular when the
generators are open sets, these conditions are true and we can restrict the defi-
nition to the open sets alone. This example is going to be expanded further in
Section 2.4.

2.3.5 MONOTONE CONVERGENCE PROPERTIES
OF PROBABILITY

The o-algebra differs from the regular algebra in that it allows us to deal with
countable (not finite) number of sets. In fact, this is a recurrent theme in probabil-
ity: learning to deal with infinity. On finite spaces, things are more or less simple.
One has to define the probability of each individual outcome and everything pro-
ceeds from there. However, even in these simple cases imagine that one repeats
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an experiment (such as a coin toss) over and over. Again, we are forced to cope

with infinity. This section introduces a way to deal with this infinity problem.
Let (2, F, P) be a probability space.

Lemma 2.14 The following are true:

1. IfA,, A € Fand A, 1 A (that notation means, Ay C A, € ... A, < ..., and
A= U”Zl A,), then P(A,) 1 P(A) as a sequence of numbers.

2. IfA,,Ae FandA, | AGie, Ay 24,2 ...4,2...and A=), A.),
then P(A,) | P(A) as a sequence of numbers. B

3. (Countable subadditivity) If Ay, Ay, ..., and \J;o) A, € 7 with A;s not

necessarily disjoint, then

P <[OJ An) < i P(4,).
n=1 n=1

Proof: 1.LetBy = Ay, B, = A, \ A1, ..., B, = A, \ A,—1.Because the sequence

is increasing, we have that the B;’s are disjoint:
P(4,) =P(B{UB,U---UB,) = > P(B)).
i=1

Thus using countable additivity we obtain

(Us) =r(Us)

= iP(Bi) = 1520 XW:P(Bz‘)
i=1 i=1

= lim P(4,)

n—0o0

2. Note that 4, | A & A, 1 A°, and from part 1 this means
1-PA,) 1 1—-PA.
3. Let
B = Aj, By=A1UA,...,B,=A1U---UA,,....

Recall that we proved the finite (not countable) subadditivity property in Propo-
sition 2.2. Applying that result, we obtain
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But {B,},>1 is an increasing sequence of events, thus from part 1 we get that

P(JB,) = lim P(B,).
n=1

Combining the two relations above, we obtain

P(J4) =P(JB) < lim ®A) +--- +P(A,)

n=1 n=1

- ZP(An).
n=1
[

Definition 2.15 (Null set) Any set N in the probability space (2, F,P)
which has the property

P(N)=0

is called a P-null set. If it is clear which probability measure is referred, the set may
Just be named a null set.

Clearly, ¥ is a null set. However, it may not be the only one in the space .
To see an example of this situation, we need to look at probability spaces which
are not finite. For instance, in Example 2.7 we introduced the Uniform measure.
For any set A = {p} where p is some number between zero and one, the measure
of A is equal to zero (because the length of the interval [p, p] is zero).

Lemma 2.16  The union of a countable number of P-null sets is a P-null set.

Proof: This lemma is a direct consequence of the countable subadditivity (Propo-
sition 2.14). |

Thelemma is important in that it tells us that no matter how many zeros, they
never add to anything else but zero. In R and its associated Borel o-algebra B, it
also allows us to deal with those troublesome sets that could not be included in the
Borel sets. All those sets have probability zero, and by extending the probability
space definition a little we just include them all into the o-algebra, which means
we do not have to worry about them at all. The following definition is formalizing
this concept.

Definition 2.17 (Complete probability space) A probability space
(2, F, P) is said to be a complete probability space if all subsets of sets of proba-
bility O are in F. Mathematically, if M C N for some N € F withP(N) = 0, then
MeF.



2.3 Theory and Applications 31

2.3.6 CONDITIONAL PROBABILITY

In some cases the probability of an event happening depends not just on the
experiment itself but on other information as well. Conditional probability forms
a framework in which this additional information can be incorporated.

Let (2, F, P) be a probability space. Then for A, B € F with P(B) # 0 we
define the conditional probability of A given B by

PANB
ey = FAOD)

We note that the condition P(B) # 0 is important not only mathematically
but also conceptually. The conditioning part means that B is given to have hap-
pened. But when we condition by a set of probability 0 (which cannot happen),
then any result is possible (even crazy and contradicting conclusions).

We can immediately rewrite the formula above to obtain the multiplicative
rule:

P (AN B) = P(A| B)P(B),
P (ANBNC) =P BN C)PB|CP(C)
P (ANBNCND)=PA BN CNDPB| CNDPCIDPD), etc.

This multiplicative rule is very useful for stochastic processes and estimation of
parameters of a distribution.

@ EXAMPLE 2.7 Anurn problem

We have two urns, I and II. Urn I contains 2 black balls and 3 white balls.
Urn II contains 1 black ball and 1 white ball. One of the two urns is chosen
at random and a ball is drawn at random from it. If a back ball is chosen,
what is the probability it came from urn I?

Solution: To start formalizing this problem, let B be the event “a black ball is
g p

drawn,” and I the event “urn I is chosen.” To calculate the conditional, we need

the numerator in the formula.

The joint probability of both these events happening is

21 1
PBNI)=PB|HP(U)=—-==—.
( ) =P(B | PU) 573
Here we used the multiplicative rule above since this simplifies the problem con-
siderably. Note that if we know the ball came from urn I, then it is very simple
to calculate the probability that the ball is black—that probability is exactly the
conditional probabilicy P(B | 7).
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However, we need to calculate the other conditional (P(/ | B)) using the
definition

PU B)_P(IﬂB) B P(I N B)
1B)= P(B)  PBNID+PBNI)
_ 4
+3

O | & =

The expression above is in fact Bayes’ formula, which we will see in a minute.
In the denominator we also used a particular case of the next proposition.

Proposition 2.18 (Total probability formula) Given A, Ay, ..., A, a
partition of Q (i.e., the sets A; are disjoint and Q = | J_| A;), and suppose P(4;) > 0
Joreveryi=1,...,n Then

P(B)=> P(B|A)P(4). VBeF (2.4)
i=1

Proof: The proof is immediate using Proposition 2.4 and the multiplicative
rule. [

I EXAMPLE 2.8 Another conditional example

Stanley takes an oral exam in statistics by answering 3 questions written on
an examination card. There are 20 such examination cards and Stanley will
receive one of them drawn at random. Of the 20 there are 8 favorable cards
(Stanley knows the answers for all 3 questions written on the card), all the
others contain at least a question that Stanley has no clue how to answer.
Stanley will get an A if he answers all 3 questions on the card correctly.
What is the probability that Stanley gets an A if he draws the card

() firse?
(i1) second?
(iii) third?

Solution: Let A denote the event that Stanley draws a favorable card (and conse-
quently gets an A).

(i) If he draws the card first, then clearly P(4) = 8/20 = 2/5.
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(ii) If Stanley draws second, then one card was already taken by the student
in front of him. That first card taken might have been favorable (call that
hypothesis H;) or unfavorable (hypothesis ;). Obviously, the hypotheses
Hj and H, partition the sample space since no other type of cards is possible.
Note that the probabilities of A and H, for that first card are 8/20 and
12/20, respectively.

Now, Stanley goes ahead and draws a second card after one card has
already been taken. If /1 had happened, the probability of Ais 7/19, and if
H, had happened, the probability of A is 8/19. But these are just conditional
probabilities P(A|H;) = 7/19 and P(A|H,) = 8/19, and using the total
probability formula, we obtain

P(A) = 7/19 x 8/20 + 8/19 x 12/20 = 8/20 = 2/5

(iii) Thisisverysimilar with the previous case but there are 4 possible hypotheses.
* H; = both cards taken in front of Stanley were favorable,
* H, = exactly one card was favorable
e H; = none of the cards taken before him were favorable.

Using the same rule as before we readily see:

8 7 1211
P(H) = 2019° P(H;) = ——

Furthermore, P(A|H;) = 6/18, P(A|H,) =7/18, and P(A|H;) =
8/18. Finally,

P(A) = 6/18 x 7/19 x 8/20 + 7/18 x - -+ 8/18 x 11/19 x 12/20 = 8/20.

Moral of this example: Stanley should concentrate more on the exam rather than
worrying about the order in which the examination cards are drawn.

Note that this analysis is done before any drawing takes place. If Stanley waits
and then checks with the person in front of him and finds out if the card was
favorable or not that changes the samples space to worse (7 good out of 19) if the
guy in front of him was lucky or better (8 out of 19) in the other situation. The
whole sample space is changed from the moment the situation is clarified. W

Proposition 2.19 (Bayes’ formula) Let Ay, A,, ..., A, form a partition
of Q withP(A;) > 0 foreveryi =1, ..., n. Then for any set B € F we can write

P(B| 4)P(4))
> P(BIAYPA)

P(4;| B) = (2.5)
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Proof: Using the definition of conditional probability and
P(B N A) = P(BIP(4;|B) = P(4)P(B|4)),

we obtain

o PUAPBIA)  P(BIA)PA)
P41 B) = P(B) YL PBIA)PA)

This theorem can be interpreted as: All of a sudden we find out that B
happened. In the light of this new information there should be a simple way to
update all the probabilities of the sets in the partition (P(A4;|B)). Indeed, the Bayes
rule provides just that.

B EXAMPLE 2.9

There are two urns each containing two types of colored balls. The first
urn contains 50 red balls and 50 blue balls. The second urn contains 30
red balls and 70 blue balls. One of the two urns is randomly chosen (both
urns have probability 50 percent of being chosen), and then a ball is drawn
at random from one of the two urns. If a red ball is drawn, what is the
probability that it comes from the first urn?

Solution: In probabilistic terms, what we know about this problem can be for-
malized as follows:
1

3
P(red | urnl) = > P(red | urn2) = 0"

1
P(urnl) = P(urn2) = N

The unconditional probability of drawing a red ball can be derived using the law

of total probability:

P(red) = P(red | wrnl)P(red) + P(red | urn2)P(urn2)
_ 11 + 31 _ 2
T 22 102 5
Using Bayes’ rule, we obtain

P(red | urn)P(urnl) %% 5

P(urnl | red) = Poed) =5 =3
5
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B EXAMPLE 2.10 De Mére’s paradox

As a result of extensive observation of dice games the French gambler
Chevaliér De Mére noticed that the total number of spots showing on
3 dice thrown simultaneously turn out to be 11 more often than 12. How-
ever, from his point of view this is not possible since 11 occurs in six ways:

(6:4:1)3(6:3:2);(5:5:1);(5:4:2);(5:3:3);(4:4:3),
while 12 also in six ways:
(6:5:1)(6:4:2);(6:3:3);(5:5:2);(5:4:3);(4:4:4).

What is the fallacy in the argument?

Solution due to Pascal: The argument would be correct if these “ways” would
have the same probability. However, this is not true. For example, (6:4:1) occurs
in 3! ways, (5:5:1) occurs in 3, ways and (4:4:4) occurs in 1 way.

If we keep this in mind, we can easily calculate

P(11) = 27/216,
P(12) = 25/216.

Indeed De Mére’s observation is correct and he should bet on 11 rather than on
12 if they have the same game payoff. |

@ EXAMPLE 2.11 Another De Mére’s paradox
What is more probable?

1. Throw 4 dice and obtain at least one 6, or

2. Throw 2 dice 24 times and obtain at least once a double 6?

Solution: For option 1: 1 — P(No 6’s)=1 — (5/6)* = 0.517747.
For option 2: 1 — P(None of the 24 trials has a double 6)= 1 — (35/36)** =
0.491404 [

@ EXAMPLE 2.12 Bertrand’s box paradox

This problem was first formulated by Joseph Louis Frangois Bertrand in his
Calcul de Probabilités (Bertrand, 1889). Solving this problem is an exercise
on understanding Bayes’ formula.
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Suppose that we know that three boxes contain the following: One box
contains two gold coins, a second box contains two silver coins, and a third
box has one of each. We chose a box at random, and from that box we
chose a coin also at random. Then we look at the coin chosen. Given that
the coin chosen was gold, what is the probability that the other coin in the
box chosen is also gold? At a first glance it may seem that this probability
is 1/2, but after calculation this probability turns out to be 2/3.

Solution: We plot the sample space in Figure 2.1. Using this tree, we can calculate
the probability:

P(Second coin is gold| First coin is gold)
P(Second coin is gold and First coin is gold)

P (First coin is gold)
Now, using the probabilities from the tree, we continue:
1 1
351+ 351
11
1+ 11

o=

1

2
3

+ [ro1—

11
32

SHES
No—

Now that we have seen the solution, we can recognize a logical solution to the
problem as well. Given that the coin seen is gold, we can throw away the middle
box. If this would be box 1 then we have two possibilities that the other coin is

Box choice First coin Second coin

G

173

SS

173

FIGURE 2.1 The tree diagram of conditional probabilities.
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gold (depending on which we have chosen in the first place). If this is box 2, then
there is one possibility (the remaining coin is silver). Thus the probability should
be 2/3 since we have two out of three chances. Of course this “logical” argument
does not work if we do not choose the boxes with the same probability. |

I EXAMPLE 2.13 Disease testing instrument

A blood test is 95% effective in detecting a certain disease when it is in fact
present. However, the test yields also a false-positive result for 1% of the
people tested. If 0.5% of the population actually has the disease, what is
the probability that the person is diseased given that the test is positive?

Solution: This problem illustrates once again the application of Bayes’ rule. One
does not need to use the rule literally. Instead if we work from first principles
we will obtain Bayes’ rule every time without memorizing anything. We start by
describing the sample space. Refer to Figure 2.2 for this purpose.

So, “given that the test is positive” means that we have to calculate a condi-
tional probability. We may write

P(DN+) P(+|D)P(D) 0.95(0.005)
P(D = = = = 0.323.
(D) P(+) P(+) 0.95(0.005) + 0.01(0.995)
+
0.95
D
0.003 0.05
+
0.99
0.01
DC
0.99

FIGURE 2.2 Blood test probability diagram.
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How about if only 0.05% (i.e., 0.0005) of the population has the disease?

0.95(0.0005)
PD|+) = = 0.0454
DI+ 0.95(0.0005) + 0.01(0.9995)
This problem is an exercise in thinking. It is the same test device. In the first case
the disease is relatively common, and thus the test device is more or less reliable
(though 32% right is very low). In the second case, however, the disease is very
rare and thus the precision of the device goes way down. |

We shall see the next example many times throughout this book. We do not
know who to credit with the invention of the problem since it is so mentioned so
often in every probability treaties.?

I EXAMPLE 2.14 Gambler’s ruin problem

The formulation of this problem is simple. A gambler plays a game of heads
or tails with a fair coin. The player wins 1 dollar if he successfully calls the
side of the coin which lands upwards and loses $1 otherwise. Suppose the
initial capital is /V dollars and he intends to play until he wins M dollars
but no longer. What is the probability that the gambler will be ruined?

Solution: We will perform what is sometimes called a first step analysis. The idea
is to see to define a proper quantity and analyze what happens with this quantity
if one random step is taking place.

Let p(x) denote the probability that the player is going to be eventually ruined
if he starts with x dollars.

If he wins the next game, then he will have x 4+ 1 dollars and he is ruined
from this position with prob p(x + 1).

If he loses the next game, then he will have x — 1 dollars so he is ruined from
this position with prob p(x — 1).

Let R be the event he is eventually ruined. Let W be the event he wins the
next toss. Let L be the event he loses the next toss. Using the total probability
formula we can write

P(R) = P(R|W)P(W) + P(R|L)P(L).
Now from position x the same equation is
pl) = plx +1)(1/2) + plx — 1)(1/2).

However, this is true for almost all x. More precisely the relation is true for
x> landx <M — 1. Whenx = 0 or x = M we obviously have p(0) = 1 and
p(M) = 0, which give the boundary conditions for the equation above.

2 The formalization may be due to Huygens (1629-1695).
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This is a linear difference equation with constant coefficients. The theory on
how to solve these is similar to the theory on differential equations with constant
coefficients. One looks for solutions of the type p(x) = y*. Substituting gives a
characteristic equation which is then solved.

Applying this method in our case gives the characteristic equation

1 1
=P AT =S Y H1I=05 0D =0 p=n=1

In our case the two solutions are equal; thus we seck a solution of the
form p(x) = (C 4 Dx)1” = C + Dx. Using the initial conditions, we get p(0) =
l=C=land pM)=0=C+DM =0= D =—-C/M = —1/M, thus
the general probability of ruin starting with wealth x is

x
=1-—.
p(x) T,
[ |
2.3.7 INDEPENDENCE OF EVENTS AND o-FIELDS
Let us now introduce the concept of probabilistic independence.
Definition 2.20 Two events A and B are called independent if and only if
P(AN B) = PAP(B).
The events Ay, Ay, As, . . . are called mutually independent (or sometimes sim-
Pply independent) if for every subset | of {1, 2, 3, ...} we have
j€/ je/
The events Ay, Ay, As, . . . are called pairwise independent (sometimes jointly

independent) if
P (4; U4) = P(A)P)), Vi, j.

Remark 2.21  Note that jointly independent does not imply independence. See the
Example 2.16 for a counterexample.

We now define the concept of independent for two o-algebras.
Definition 2.22 Two o-fields &7, o/’ € F are P—independent if'

P(GUH) =P(G)P(H), YG e %, ,VH ¢ %,
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The o-algebras F, . . ., Fy are mutually independent (or simply independent) if

k k
P (UAz') = HP(I‘L‘)
i=1 i=1
JoreveryA; € Fi,i=1, .., k.

It is also possible to define the independent for an arbitrary (not necessary
finite or countable) family of o-fields.

Definition 2.23 An arbitrary family of o-fields (F);e; is independent if any
Jinite sub-family is independent in the sense of Definition 2.23.

We refer to Billingsley (1995) for the precise mathematical formulae for
independence of £ > 2 o-algebras.

I EXAMPLE 2.15 Unbalanced Coin

Suppose that we have a coin which comes up heads with probability p,
and tails with probability ¢ = 1 — p. Now suppose that this coin is tossed
twice. Using a frequency interpretation of probability, it is reasonable to
assign to the outcome (H, H) the probability p?, to the outcome (H, 7))
the probability pg, and so on. Let E be the event that heads turns up on
the first toss and F the event that tails turns up on the second toss. We will
now check that with the above probability assignments, these two events
are independent, as expected. We have

P(E)=p"+pg=p.P(F)=pg+q" =q.
Finally P(E N F) = pq, so
P(ENF)=PE)PF).

The following criteria is useful in order to check the independence of a family
with an infinite number of elements.

Theorem 2.24 Let (F))ic; be a family of o-fields on the probability space
(2, F, P). Assume that for every i € I there exists a family M; C F; satisfying
the following:

i. M, is closed to finite intersections and
Fi=o0M))
Jor every i € L.
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i1, Foreveryn > 1, foreveryiy, ..., i, € I, andforeveryA; € ./\/li].,j =1,...,m
it holds that

k k
i=1 i=1

Then the family of o-fields (F;);er is independent.

Proof: Note first that we can assume that
Qe M,;, Viel

Indeed, if we replace M; by M; N , then properties 7 and 77 are still satisfied.
Consider a finite subset of indices

J= . €1

and let us show that the indexed family (F));e; is independent. We consider the
events

AieM;,i=1,....,n—1andA € Fj,.
We will prove that
PAN...NA1UA) =PA)...P(A,—1)PA). (2.6)
If we have
PAN...NA, ;) =PA)...PA, ) =0,
then relation (2.6) is clearly satisfied. Therefore, suppose that
PAN...NA,4)>0.

We will show that the two probabilities P and P (-|[4; N ... N A,_1) coincide on

the o-field Fj,. It suffices to check that they coincide on M;, . This is due to

Theorem 2.9 since M;, generates F;, and is closed under finite intersections.
We can write using property 7, for every A € M;,

PANAN...NA, )
PA N...NA,1)
_ PAPW)...P(4, 1)
 PA)...P(4,)
and this shows that P and P (-|4; N...N A, ) coincide on M);,. Therefore
relation (2.6) is satisfied. Following the same procedure, we can replace in (2.6)

Ay1 € M;,_ by A, € F;,_, and we will obtain, step by step, that the equality
(2.6) is valid for 4; € F, forevery i = 1,..., n. |

PAAN...NA) =

=P(),

We will show that the independence of o-fields is associative.
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Theorem 2.25 Let (F;)ies be an independent family of o-fields and let (I;)jc;
be a partition of the set I (that is, [, U1 = 0 ifj % [ and Uje] I; = I). For every
j € J we define

G =o|llUx

iel;

Then the family of o-fields (G));c; is independent.
Thus no matter how we associate (or group) o-algebras which are independent
the groups still are independent as long as there is no overlap.

Proof: To prove the theorem, define for every j € J
M :={AN...NA, | A; € F;,i € I},
where 7; is the number of o algebras F; indexed by /;. Then we have
o(M;) =G

for every j € /. Since the family (M;); satisfies assumptions i and ii from Theo-
rem 2.24), we only need to check that

P(B,N...B;,) =P(B;)...P(B;) (2.7)
for every B; € M; forr =1, ..., n. Let us consider

with i1, ..., 4, € [, Aj € F;,j € Fj,. Then

n i(r)
P(B,N...NB;) = P(ﬂ ﬂA;)

r=1u=1

I

r=1 u=1

= ]_[P(Bj,)
r=1

and thus (2.7) is true. |

The following property is usually called the disassociativity of the indepen-
dence.

Theorem 2.26  Ler (G))je be an independent family of o-fields and for every
jejlet (F)ie ;< Gj be an independent family of o-fields where

[/1 mlfz =y lfjl 7&]2
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Then the family
(]:i)z'EU ey 1
is an independent family of o-fields.
Proof: Thus independent families included in bigger independent families remain
independent. It is in some way the reverse of the associativity property presented

earlier.
Let us set

I .= U I
je/
and let us consider the sets A; € F; such that the set
{iel|A; #Q}
is finite. Then

mAi € G foreveryj e/

iel;
and the set

el )4+

i€l;

is also finite. We then have

P(ﬂAi) =p[(4

iel J€J i€l
=T =T]][Pu) =]]Pu)
jeJ i€l; Jj€J i€l iel
which shows the independence of the family (F;) ieUes &y |

Let us return to the notion of independence for events. We next give an
extension of Definition 2.20 using what we learned in the meantime about inde-
pendence of o-algebras.

Definition 2.27 We will say that the events (A;);e; are independent if and only
if the family of o-fields (0(A;));c; is independent.

Remark 2.28  Recall that for any event A € F its generated o-algebra is
o(A) ={0,Q,A, A}
It follows that the events (A;)ie; are independent if and only if’
P(B, N...NB,) =P(B,)...P(B,)
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Joreveryiy, ..., i € I and for every B; € {A,_»/, Ag, Q}. We avoid the @ because the

result is trivially true in that case.

Remark 2.29 [n the case of finite families, Definitions 2.20 and 2.27 are coherent.
That is, the events

Ary ooy Ay, e
are independent if and only if
P4, N...NA4,) =PA,)...PA,) (2.8)
Jor every iy, ..., i. To see this, apply Theorem 2.24 to the sets M; = {0, A;}.

Recall the definition of a partition of €2, Definition 2.3.

Proposition 2.30 Let Ay, ..., A, be partitions of Q with a countable number
of elements. Then the o-fields (0(A;))i>1 are independent if and only if

PA N...NA,) =PA)...P4, (2.9)
JoreveryA; € A;, i=1,2, ...

Proof: The “if” part is an immediate consequence of the definition, while the
“only if” part is a consequence of Theorem 2.24 with M; = {A;, #}. |

Remark 2.31 As a particular case, we obrain that three events A, B, C are
independent if and only if

P(ANB) =PAP(B),P(AN C) =PAP(C),P(BN C) =P(B)P(C)
and
P(ANBNC) =PAPBP(C),
because these are all the possibilities.

An explicit example of three events is considered below. It shows that even if
events are pairwise independent they are not necessary mutually independent.

¥ EXAMPLE 2.16 Pairwise independent is not independent

In relation (2.8) it is crucial the fact that the equality is satisfied for every
possible subset of indices 71, . . ., 7. Indeed, consider

Q={a,b,c,d},A={a, b},B={a,c}, C ={a d}
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and let P be the uniform probability, that is P(X) = % Clearly,

P(AﬁB):P(AﬁC):P(CﬂB):%,

which is equal to
P(A)P(B) = P(B)P(C) = P(AP(C).
However,
PANBNCQC) = % #PAPB)P(C) = %
In this case, the events 4, B, C are pairwise independent but not mutually

independent.

We finish this section on independence by discussing the relationship between
independence and a finite product of probability measures.

If (21, F1, P1), ..., (R, F,, P,) are n probability spaces, then the product
probability measure

P=P,QP,®...0P,
is defined as the unique probability on (£2; x - -+ x 2,,) such that
P(Al Xoee XAn) = PI(AI) Pn(An)

forevery A; € Fi,i=1,...,n.

Proposition 2.32  Let (2, F, P) be a probability space and let Fi, . .., F, be
sub-o-fields of F. Then the o-algebras F1, . . ., F, are independent if and only if’

Pod '=P,® ---QP,, (2.10)
where P; denotes the restriction of P to F; for everyi =1, ..., n and
d:(QFP)—-> Qx---xQF® - QF,,PI® ---QP,)
is the diagonal mapping defined by
dw) = (o, ..., o).
Proof: We know that the set

M:{A1X"'XA”|AZ‘€E}
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is a generator for the o-field 71 ® ... F,, which is closed under finite intersec-
tions. Therefore, it suffices to check the equality of the probabilities (2.10) for all
the sets in M. We have

Pod HNA x--xA,)=Pd (A4 x--xA4,))
=PA;N...NA,)

since

AV A x - xA)=A;N...NA,.

2.3.8 BOREL-CANTELLI LEMMAS

Recall from analysis: For a sequence of numbers, {x,}, lim sup and lim inf
are defined:

lim sup x, = inf{sup x,} = lim (sup x,),

n>m n>m

lim inf x, = sup{i1>1f x,} = lim (i1>1f X)),

and they represent the highest (respectively lowest) limiting point of a subsequence
included in {x,},.

Note that if z is a number such that z > lim sup x,, then x, < z eventually.?
Likewise, if z < lim sup x,, then x,, > z infinitely often.?
These notions are translated to probability in the following way.

Definition 2.33 Let A, As, . .. be an infinite sequence of events, in some prob-
ability space (2, F, P). We define the events:

o0
limsup A, = ﬂ U Ay =A{w : 0 € A, for infinitely many n}

—
n—00 n>1 m=n

= {A,, infinitely often},

o0
IIZI_I)ngn = L;Jl O A, ={w : w € A, for all n large enough}

= {A, eventually}.

Let us clarify the notions of “infinitely often” and “eventually” a bit
more. We say that an outcome w happens infinitely often for the sequence

3 That is, there is some 79 very large so that x, < z for all 7 > #y.
4That is, for any # there exists an 7 > 7 such that x,, > z.



2.3 Theory and Applications 47

A, A, ..., A,, ... ifwisin the set ﬂzil UmZnAm' This means that for any 7
(no matter how big) there existan m > nand w € 4,,.

We say that an outcome @ happens eventually for the sequence
A, As, ... A, ... ifwisinthe set U:il (=, Am- This means that there exists
an 7 such that for all m > n, v € A,,; so from this particular # and up, w is in all
the sets.

Why do we chose to give such complicated definitions? The basic intuition
is the following: Say you roll a die infinitely many times, then it is obvious what it
means for the outcome 1 to appear infinitely often. Also, we can say the average
of the rolls will eventually be arbitrarily close to 3.5 (this will be shown later). It
is not so clear-cut in general. The framework above provides a generalization to
these notions.

2.3.8.1 The Borel Cantelli Lemmas. With this definitions we are now
capable to give two important lemmas.

Lemma 2.34 (First Borel-Cantelli) [f A, A;, ... is any infinite sequence
of events with the property Y _, P(4,) < 00, then

n>1

<m U A ) =P A events are true infinitely 0ﬁm) =0.

n=1m=>n

Thislemma essentially says that if the probabilities of events go to zero and the
sum is convergent, then necessarily 4, will stop occurring. However, the reverse
of the statement is not true. To make it hold, we need a very strong condition
(independence).

Lemma 2.35 (Second Borel-Cantelli) [fA,, A,, ... isan infinite sequence
of independent cvents, then

Y PU)=00 & P, i0)=1.
n>1
First Borel—Cantelli:

P(A,io)=P (ﬂUA)fP(GAm)fiP(Am), Y,

n>1m=n

where we used the definition and countable subadditivity. By the hypothesis the
sum on the right is the tail end of a convergent series, and therefore it converges
to zero as 7 — 00. Thus, we are done. [ |

Second Borel-Cantelli: ‘=7 Clearly, showing thatP (A, i.0.) = P(limsup A4,) =
is the same as showing that P ((lim sup 4,)°) = 0.
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By the definition of lim sup and the DeMorgan’s laws, we have

(limsup 4,)" = <ﬂ OA,,,) = U ﬁAfn

n>1m=n n>1 m=n

Therefore, it is enough to show that P(ﬂfﬂo:n AS) =0 for all n (recall that a
countable union of null sets is a null set). However,

o0 r o0
P(ﬂ Ajn) = rhiﬁ‘op(ﬂ Ajn) = lim []P ()
by independence
r r
~ tim [T P04 = iy [T
m=n m=n
1—x<e ™ if x>0

— lim o SomPU) — =S, PU) _ g
r—>0o0

The last equality follows since Y P(4,,) = co.
Note that we have used the inequality 1 — x < ™, which is true if x € [0, 00).
One can prove this inequality with elementary analysis.

“«=” This implication is the same as in the first lemma. Indeed, assume by
absurd that )" P(4,) < o0. By the First Borel-Cantelli Lemma, this implies that
P(4, i.0.) = 0, a contradiction with the hypothesis. |

2.3.9 FATOU’S LEMMAS

Again assume that Ay, A, . . . is a sequence of events.

Lemma 2.36 (Fatou’s lemma for sets) Given any measure (not necessarily
Jinite) |4, we have

w(A, eventually) = p(liminf A,) < liminf w(4,).

Proof: Recall that

liminf 4, = (_J ﬁ Ay,

n>1 m=n

and denote this set with A. Let
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which is an increasing sequence (the sets contain less intersections as 7 increases)
and B, 1 A =. By the monotone convergence property of measure (Lemma 2.14),
we have u(B,) — u(A). However,

w(B) = (A < udn).  Ym=n,

thus w(B,) < inf,,>, n(A,,). Therefore,

w(A) < lim inf w(4,,) = liminf w(4,).

n—00 m=>n

Lemma 2.37 (The reverse of Fatou’s lemma) If' P is a finite measure
(e.g., probability measure), then

P(A, i.0o.) =P(limsupA,) > limsupP(4,).

n—00 n— 00

Proof: This proof is entirely similar. Recall that limsup, A, =
ﬂnzl Uf:”/lm, and denote this set with A. Let B, =J. A,. Then

m=n
clearly B, is a decreasing sequence and B, | A =. By the monotone convergence
property of measure (Lemma 2.14) and since the measure is finite, we obtain

P(B;) < oo so P(B,) — P(A). However,

P(B,) =P(| 4, =PU,), VYm=n

m=n
thus P(B,) > sup,,-., P(4,,), again since the measure is finite . Therefore,

P(A) > lim supP(A4,,) = limsupP(4,).

=0 1>y n— 00

Remark 2.38  Please note that the Fatou’s lemma is applicable for any measurable
set. However, the reverse of the lemma works only in probability spaces (i.e., spaces

that have the total probability equal to 1).

2.3.10 KOLMOGOROV’S ZERO-ONE LAW

We like to present this theorem since it introduces the concept of a sequence of
o-algebras, a notion which is essential for stochastic processes.

For a sequence Ay, A, . . . of events in the probability space (€2, F, 2°) con-
sider the generated o-algebras

C'% = J(AnvAn+lv s )9
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as well as their intersection

||
I 38

o0
T, = ﬂ Ay, Apits - ),

which is called “the tail” o-field.

Theorem 2.39 (Kolmogorov’s 0—1 law) [f A, A,, ... are independent,
then for every event A in the tail o field (A € o7) its probability P(A) is either 0
or 1.

Proof: Here we only present the sketch of the proof. The idea is to show that 4 is
independent of itself and thus P(A N A) = P(A)P(A) = P(A) = P(4)* = P(A)
is either 0 or 1. The steps of this proof are as follows:

1. Firstdefinec7, = o(A4, ..., A,) and show that is independent of 7,1 ; for
all 7.

2. Since &7 € 7,41 and o7, is independent of &7, then oo/, and &7 are
independent for all 7.

3. Define o7 = (A, Az, . ..). Then from the previous step we deduce that
o o and &7 are independent.

4. Finally since &7 C ot/ by the previous step, 7 is independent of itself and
the result follows. |

Note that lim sup A, and lim inf A, are tail events. However, it is only in the

case when the original events are independent that we can apply Kolmogorov’s
theorem. Thus in that case P{4,, i.0.} is either 0 or 1.

2.4 Lebesgue Measure on the Unit Interval (0,1]

We conclude this chapter with the most important probability measure. This is
the unique measure that makes things behave in a normal way (e.g., the interval
(0.2, 0.5) has measure 0.3).

Let 2 = (0, 1]. Let Fy = class of semiopen subintervals (4, 6] of 2. For an
interval / = (a, b] € Fo define A(I) = |I| = b — a. Let & € F; the element of
length 0. Let 93¢ = the algebra of finite disjoint unions of intervals in (0,1]. We
also note that problem 1.5 shows that this algebra is not a o-algebra.

IfA=73""_,1, € By with I, disjoint Fj sets, then

MA) =Y ML) =Y.
i=1 i=1

The goal is to show that A is countably additive on the algebra 93. This
will allow us to construct a measure (actually a probability measure since we are
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working on (0,1]) using the next result (Carathéodory’s theorem). The con-
structed measure is well-defined and will be called the Lebesgue measure.

Theorem 2.40 (Theorem for the length of intervals) Ler [ =
(a, b] C (0, 1] be an interval and let I}, denote intervals of the form (ay, by] which
are bounded but not necessarily in (0, 1].

@) If U, L € I and I are disjoint, then ), |1 < |1|.
(i) If I C U, Iy (with the I, not necessarily disjoint), then |I| <Y, |1;].
(i3z) If I = \J, Iy and I} disjoint, then |I| =), |I|.

Proof: Exercise (Hint: use induction) [ |
Note: Part iii shows that the function A is well-defined.

Theorem 2.41  The measure A defined previously is a (countably additive) prob-

ability measure on the field . A is called the Lebesgue measure restricted to the

algebra X .

Proof: Let

and since

ANJy =Jy = 1ANJy | =Y 1N Tl = Usl.

i=1
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The expression above is continued:

oo my o0
=2 > Ugl=) a4y
k=1 j=1 k=1
N ——
=|Al

The next theorem will extend the Lebesgue measure to the whole (0, 1]. In
this way we define the most used probability space: ((0, 1], 93 ((0, 1]), A). The
same construction with minor modifications works in the (R, 23 (R), A) case.

Theorem 2.42 (Carathéodory’s extension theorem) A probability
measure on an algebra has a unique extension to the generated o -algebra.

Note: Carathéodory’s theorem practically constructs all the interesting prob-
ability models. However, once we construct our models, we have no further need
of the theorem. It also reminds us of the central idea in the theory of probabili-
ties: If one wants to prove something for a big set, one needs to look first at the
generators of that set.

Proof: Skipped here because it is in the exercises. [ |

EXERCISES
Problems with Solution

2.1 We roll two dies and we consider the events:

A: “The result of the first die is odd.”
B: “The result of the second die is even.”
C: “The results of the two dies have the same parity.”

Study the pairwise independence of the events 4, B, C, then the mutual
independence.

Solution: Clearly
Q={1,2,...,6)
and |2| = 36. Also

|| = |B] = |C| =18
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2.2

while
[ANB|=]ANC|=|BNC|=09.

Therefore, A, B, C are pairwise independent but they are not mutually
independent since

ANBNC=40.

Let (€2, F, P) be a probability space and let A, B € F. Prove that
P(AUB) +P(AU B°) +P(A° U B) +P(A° U B°) = 3.
Solution: One has

P(AUB) =P(A) +P(B) —P(ANB),
P(AU B) =P(A) + P(B°) — P(AN BY),

P(A°U B) = P(A") + P(B) — P(4° N B),
and

PA°UB) =PA) +P(B —PUA NB).
By adding the above probabilities,

P(AUB) + P(AU B°) + P(4° U B) + P(A° U B)

= 2P(A) + 2P(B) + 2P(A°) + 2P(B°)

—P(ANB) —P(AN B°) — P(A° N B) — P(A° N BY)
=4—PANB) —PAN B) —P(A N B) — PA N B).

But
A=ANQL=ANBUB)=ANBUMANB)
so
P(A) =P(AN B) +P(AN B).
Similarly,

P(A°) = P(A° N B) + P(A° N B°).
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2.3

2.4
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Finally
P(AUB)+P(AU B°) + P(A° U B) + P(4° U B°)
=4—-PANB)—PANB)—PA NB)—PA NB)
=4—PA) - PUA)

= 3.
|
Let A, B, C be three events on (22, F, P). Prove that
P(ANB) = PA) —P(B)
and
PANBNC) > 1—P(A) —P(B) —P(C).
Solution: As in the previous exercise,
P(4A) = P(ANB) +PAN B).
Thus
P(A) —P(AN B = P(AN B).
Since AN B° C B, we have
P(AN B) < P(B)
$O
P(ANB) =P(A) —P(AN B°) > P(4) — P(B).
To prove the second inequality, we use the above one twice:
PANBNC)=PANB) —P(C)
> P(A) - P(B) - P(CY)
=1—-PA) —P(B) — P(C).
|

A box contains five white balls and 3 red balls. We extract at random one
ball and we put it back in the box together with two balls of the same
color with the ball that has been not extracted. Given that the second ball
extracted is red, what is the most likely color of the first ball?

Solution: Denote by R; the event “the ith extracted ball is red.” We have

P(R)P(R|R))

P(R||R,) = PRy
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2.5

2.6

and
P(R) = P(R)P(R|R)) + P(R))P(R|RY)
_33 .55
810 810
34
~80°
Then
98 9
PRR) = — — = —.
RilR) = 2034 = 32

A medical laboratory test ensures with a probability 0.95 the detection
of a certain disease M, when the disease effectively exists. Meanwhile, the
test also indicates a positive result for one percent of the people without
the disease that have tried the test. We assume that 0.5 percent of the
population has the disecase M. We choose at random a person for which
the test was positive. What is the probability that the person is ill?

Solution: Denote “M = the person has the disease M” and “T = the

test is positive.” We have
P(T|M) =0.95,P(M) = 0.005, P(T|M) = 0.01.
Then

P(T) =P(M)P(T|M) +PM)P(T|M")
=0.0147
and

P(M)P(T|M) _ 0.00475
P(7) T 0.0147

PM|T) =

From previous data analysis, it was found that:

1. When the machine operates well, the probability of producing good-
quality products is 0.98.

2. When the machine has certain problems, the probability of producing
good-quality products is 0.55.

3. Every morning, when the machine is launched, the probability of the
machine adjust to normal operation is 0.95.
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If on one morning, the first product produced by the machine is of good
quality, what is the probability that the machine is adjusted to normal
operation in that morning?

Solution: Define the following events:
Event A = “The product is of good-quality.”
Event B = “The machine is adjusted to normal operation.” Then

P(4/B) = 0.98, P(B) = 0.95,
P(4/B) = 0.55 P(B°) = 0.05.

We need to compute

_ P(4/B)P(B)
P(A/B)P(B) B 0.98 x 0.95 e
P(A/B)P(B) + P(A/B)P(B) ~ 0.98 x 0.95+0.55 x 0.05
[

2.7 A secretary sent IV letters to N persons, but it turns out she put the

letters in the envelopes randomly. To model this situation, we choose a
probability space €2,y which is the set of all permutations of {1, 2, ..., N}
endowed with the uniform probability Py (this is every permutation has
the same chance 1/N!).

For 1 <j < N we denote by 4; the event “the jth letter is in the
good envelope.”

(a) Calculate Py (4;).

(b) We fix k integers 7 < i < .... < i; between 1 and N. Compute
the number of permutations o of the set {1, ..., N} such that 6(7;) =
By eenns , 0 (i) = 4. Use this number to deduce

(c) Denote by B the event “at least one letter is in the good envelope.”
Express B in terms of A;.

(d) Use Poincaré’s formula to compute Py(B) and its limit when
N — oo.

Proof: (a) Let’s compute the cardinality of the set 4;. The probability re-
quired is then simply this number divided by /V!. The problem is equiva-
lent to counting the number of permutation 0 € Qpy with o(j) = ;. This
is the same as the number of permutations of the other elements, and that
number is (N — 1)!, thus

A4l (N-1! 1
Qv N!' N’

Py(4j) =



Exercises 57

2.8

(b) Now we have to count the number of permutations of {1, ..., NV}
with fixed # elements. Again this is the same as permuting all the other
elements and that number is (N — £)!. Therefore

I’]\I(/ll'1 N..... ﬂAi,e) ==

(c) This set is written as

(d) From Poincaré’s (inclusion exclusion) formula

N
Py(B) =Y (D' 3 Py, N ... 4y)
k=1

1<ii<...<i <N

N
PG IEDY —(Nl\;!k)!

1 1<i<...<ip<N

- ,€+1(N—/e)1<zv)
=1 N! k

~
Il

I
M=

~
I

1

1
k1
(=1 7

I
M=

>~
Il
_

and this converges as N — o0 to

f:(—l)“11 =1-—¢".
— k!

Do the following parts.

(-2

n — k

(b) Each one of two people toss a coin 7 times. What is the probability
P, that they obtain the same number of tails?

(a) Prove that

(c) Give the limit of P, when 7 goes to infinity.

Solution: (a) We use the identity
1+8"0+0"=104+".



58 CHAPTER 2 Probability Measure

We develop both sides using the formula
(ﬂ+ b)n — Xn: n ﬂkbn—/e
k=0 k

and we identify the coefficient of #” in both sides.
(b) We define the probability space

Q= {h, t}*

endowed with the uniform probability. Let A be the event “both have
the same number of tails.” Then

|A| = |{ both zero tails }| + |{ both one tail }| + .... + |{ both # tails }|

~()6)+ () 0) =)0

2n
p 1 _G)
1 27

(c) We recall Stirling’s formula
nl = 2" 7 exp(—n(l + &,,))
with
liin ne, = 0.

It will follow that

P, —>,50 0.

Problems without Solution

2.9  Show that the Borel sets of R is generated by intervals of the type (—o0, x],
ie, B =0 ({(—o00, x]| x € R}).

Hinz: Show that the generating set is the same; that is, show that
any set of the form (—o00, x] can be written as a countable union (or
intersection) of open intervals and, vice versa, that any open interval in R
can be written as a countable union (or intersection) of sets of the form
(—o0, x].
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2.10

2.12

2.13

2.14

2.15

2.16

2.17

Show that the following classes all generate the Borel o-algebra; or, put
differently, show the equality of the following collections of sets:

0((a,b):a<beR)=0(a bl:a<beR)
=0 ((—00,b): b6 eR)
=J((_OO, b) : b € @)7
where Q is the set of rational numbers.

Properties of probability measures
Prove properties 1-4 in Proposition 2.2.

Hint: You only have to use the definition of probability. The only
thing nontrivial in the definition is the countable additivity property.

Let (2, F, P) be a probability space and let A, B, C be events in F. Prove
the following particular case of Poincaré’s formula:

P(AUBUC) =P+ PB)+ P(C)
—PANB)—PANC)—-PBNC)
+P(ANBNCQC).

Suppose that (4;);>1 is a collection of events in F. Prove that
P(N4)z1-Y[1-PW).
j=z1

Hint: Apply the subadditivity property to (4f);>1.
Let (4,,),>1 be asequence included in F. Prove that if P(4,) = 1 for every

n > 1, then
i>1

Hint: Use problem 2.13.
Suppose that A and B are events with P(4) = 1. Prove that

P(AN B) =P(B).

Let (A;);e; be an infinite family of mutually disjoint events in F. Prove
that the set

S={ieP4) > 0)

is countable.

No matter how many zeros, do not add to more than zero.
Prove Lemma 2.16.

Hint: You may use countable subadditivity.
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2.18

2.19

2.20

2.21

2.22
2.23

2.24

2.25
2.26

2.27
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If Fy is an algebra, m(Fy) is the minimal monotone class over Fj and 5,
is defined as

&> ={B:AUB € m(Fy), VA € m(Fy)}.

Then show that %, is a monotone class.

Hinz: Look at the proof of Theorem 2.12, and repeat the arguments
therein.

A student answers a multiple choice examination question that has
4 possible answers. Suppose that the probability that the student knows
the answer to the question is 0.80 and the probability that the student
guesses is 0.20. If student guesses, probability of correct answer is 0.25.

(a) What is the probability that the question is answered correctly?

(b) If the question is answered correctly, what is the probability that the
student in fact knew the correct answer and was not guessing.

A monotone algebra is a o-algebra.
Let F be an algebra that is also a monotone class. Show that F is a
o-algebra.

Prove the rotal probability formula [equation (2.4)] and Bayes formula
[equation (2.5)].

If two events are such that A N B = @, are A and B independent? Justify.

Show that P(A|B) = P(A) is the same as independence of the events 4
and B.

Prove that if two events A and B are independent, then so are their com-
plements.

Generalize the previous problem to 7 sets using induction.

One urn contains w; white balls and &; black balls. Another urn contains
w, white balls and &, black balls. A ball is drawn at random from each
urn, and then one of the two balls is selected at random.

(a) What is the probability that the final ball selected is white?

(b) Given that the final ball selected was white, what is the probability
that in fact it came from the first urn (with w; and 4; balls)?

At the end of a well-known course, the final grade is decided with the help
of an oral examination. There are a total of 7 possible subjects listed on
some pieces of paper. Of them, 7 are generally considered “casy.”

Each student enrolled in the class, one after another, draws a subject
at random and then presents it. Of the first two students, who has the
better chance of drawing a “favorable” subject?
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2.28

2.29

2.30

2.31

2.32

2.33

Using Cantelli’s lemma, show that when you roll a die the outcome {1}
will appear infinitely often. Also show that eventually the average of all
rolls up to roll 7 will be within € of 3.5 where & > 0 is any arbitrary real
number.

Two (now retired) famous tennis players Andre Agassi and Pete Sampras
decide to play a number of games together. They play non-stop and at the
end it turns out that Sampras won 7 games while Agassi won 7, where
n > m. Assume that in fact any possible sequence of games was possible to
reach this result. Let P, ,, denote the probability that from the first game
until the last, Sampras is always in the lead. Find:

L. Py P31 Py
2. P33 Py Py
3. Pi3; P53 P54
4. Make a conjecture about a formula for P, .

A bag contains 3 black, 5 white, and 2 red marbles. A marble is selected at
random. It turns out to be black; find the probability that the next marble
selected (without replacing the first) is also black.

My friend Andrei has designed a system to win at the roulette. He likes
to bet on red, but he waits until there have been 6 previous black spins
and only then he bets on red. He reasons that the chance of winning is
quite large since the probability of 7 consecutive back spins is quite small.
What do you think of his system? Calculate the probability that he wins
using this strategy.

Actually, Andrei plays his strategy 4 times and he actually wins 3
times out of the 4 he played. Calculate the probability of the event that
just occurred.

Toss a nickel and a dime at random and record the result as an ordered
pair. A = heads on both nickel and dime, B = having at least one head,
C = heads appears on the nickel, and D = tails appears on the nickel
Then calculate

P(A|B), P(C|B), P(D|B).

Ali Baba is caught by the sultan while stealing his daughter. The sultan is
being gentle with him and he offers Ali Baba a chance to regain his liberty.
There are 2 urns and m white balls and 7 black balls. Ali Baba has to put
the balls in the 2 urns however he likes with the only condition that no
urn is empty. After that the sultan will chose an urn at random and then
pick a ball from that urn. If the chosen ball is white, Ali Baba is free to go;
otherwise Ali Baba’s head will be at the same level as his legs.

How should Ali Baba divide the balls to maximize his chance of
survival?
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2.34

2.35

2.36

2.37
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Consider the probability space ([0, 1], 930, 1], A) with A denoting the
Lebesque measure. Define

w=loa)UG2)U- USRS 50

Show that the sets 4,,, 7 > 1 are independent.

Let pe (0, 1). Construct a probability space (2, F, P) and a sequence
(4,),, included in F such that

ZP(A,,) =00

and

P(limsup4,) = p.

Hint: Use the probability space ([0, 1], B[O, 1], A).

A Pap smear is a screening procedure to detect cervical cancer. For women
with this type of cancer, 16 percent of tests are false negatives. For women
without this cancer, about 19 percents are false positives. In the United
States, there are about 8 women in 100,000 who have this type of cancer.
A woman tests positive on this screening test. Calculate her probability of
having cancer.

We want to analyze the gender distribution in a family with 7 children.
We consider the probability space

={g. b6} ={(x1,....x) |xs€{g b}, i=1,...,n}

(“g” is girl and “b” is boy). On 2 we consider the uniform probability.
Define the events

A = {the family has children of both gender}
and

B = {the family has at most one girl}.

(a) Show that for every n > 2, we have

2" —2 1
and P@B) =1
27 27

(b) Deduce that A and B are independent if and only if n = 3.

PA) =



CHAPTER THREE

Random Variables:

Generalities

3.1 Introduction/Purpose of the Chapter

Random variables (or stochastic variables) are used in mathematics and many other
sciences to understand and model events based on data obtained from scientific
experiments. A random variable is typically describing some phenomenon whose
value, size, volume, and so on, is not known before it is produced and depends
on the particular hazard. Random variables are described completely by their
probability distribution. This probability distribution associated with a random
variable quantifies the chance that a certain value, size, and so on, occurs for a
given random variables.

3.2 Vignette/Historical Notes

The origin of the word stochastic is the word stokhastikos (Greek), which means
capable of guessing. The word literally comes from szokhos, which was a pointed
stick set up for archers to shoot at.

Let us point out some important dates in the history of the study of random
variables. An important moment is constituted by the publication in 1713 of
Bernoulli’s work entitled Ars Conjectandi (The Art to Guess), where, for the first
time, sequences of Bernoulli random variables are considered and a first variant of

Handbook of Probability, First Edition. Ionug Florescu and Ciprian Tudor.
© 2014 John Wiley & Sons, Inc. Published 2014 by John Wiley & Sons, Inc.
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the Central Limit Theorem is stated and proved. The concept of “independence”
is mainly due to De Moivre. Another important moment in defining random vari-
ables is the appearance of Laplace’s monograph Théorie Analitique des Probabilités
(1812), where the current state of the art of the theory at the time is described. The
fundamental limit theorems are presented in the monograph in a rather complete
formulation. Siméon Denis Poisson (1781-1840) later introduced the probability
law which was named after him. Carl Friedrich Gauss (1777-1855) is credited
with first introducing normally distributed errors, which have the distribution
carrying his name.

3.3 Theory and Applications

3.3.1 DEFINITION

The first step is to give the following definition.

Definition 3.1 (Measurable function) Les (2, F) be a measurable space
and let (21, F1) be another measurable space. An application X : Q — Q is called
measurable if and only if for any A € Fy one has

X' erF

Definition 3.2 (Random variable on R) Let (2, F, P) be a probabil-
ity space and consider R with the Borel sets on R: B (R). A measurable function
X : Q — R is called a random variable. The set of its values is the image of Q
through X and it is denoted by X (2). Note that a random variable is simply a
measurable function with co-domain (R, 75 (R))

Consequence: Since the Borel sets in R are generated by (—00, x], we can have
the definition of a random variable directly by

X:Q— R suchthat X '(—o00,x]€F or
{w: X(w) <x} e F, Vx € R.

We shall sometimes use {X(w) < x} or just X (@) < x to denote the preim-
age of (—oo, x]: X ~1(—00, x). Traditionally, the random variables are denoted
with capital letters from the end of the alphabet X, ¥, Z, ..., and their values
are denoted with corresponding small letters x, y, z, . ... In practice it is diffi-
cult to construct functions which are not measurable, and almost every function
considered in this book will be measurable.

If one rolls three dies, one can denote by X, ¥, X the result of the first, second,
and third die, respectively. The introduction of random variables allows us to study
inan easier way thesum § = X + ¥ + Z. Itis possible to use only events to scudy
S, but with the help of random variables the sum can be handled much easier.
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Remark 3.3 A sum, product, or composition of measurable functions is a mea-
surable function. Therefore, if X and Y are random variables, XY, X + Y, and
sin(X), X2e¥ are examples of random variables. If (X;);=1 denotes a sequence of
random variables, then

inf1 Xu, supX,, lim ilnf Xy, limsupX,
n> n>

n>1 = n>1
are random variables.
Remark 3.4 The notation X ' (A) simply denotes the preimage of the set A. The

notation does not imply that the function X has an inverse in the usual sense. For
example, let us look at the finction X () = sin(w) for o € R is measurable. The set

x'(0.5) =

2keZ

|:(2k—1)7r (Zk—l—l)n]
2 ’ 2

is simply a union of intervals in R. Yer the function sin(w) is not invertible on R.

3.3.2 THE DISTRIBUTION OF A RANDOM VARIABLE

Definition 3.5 (Distribution of random variable) Let (2, F,P) bea
probability space and let X : Q@ — R be a random variable.

The law (or the distribution) of X, denoted by Py, is an application defined on
the Borel sets of R denoted 75 (R), with values in [0, 1] by

Px(B) =P ({o: X(w) € B) =P (X '(B)) =Po X '(B)
for every B € B [R).

An example will make clear the relationship between random variables and
probability distributions. Suppose you flip a coin two times. This simple statistical
experiment can have four possible outcomes: HH, HT', TH, and 77 . Now, let
the variable X represent the number of heads that result from this experiment.
The variable X can take on the values 0, 1, or 2. In this example, X is a random

variable because its value is determined by the outcome of a statistical experiment.

Proposition 3.6  The set function Px defined above is a probability on the
measurable space (R, 73 (R)). Consequently,

(R, B(R), Px)

is a probability space.
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Proof: We have
PxR)=PoX '(R)=Pwe Q,X(w) e R) =P(Q) = 1.
Let (4,);>1 be a sequence of disjoint sets in 3 (R). Then

PX (UizlAi) = (P OX_l) (Uz'zlAi) =P (X_I(UizlAl'))
=P (Ui X7'A) =Y PXT'(4)

i>1
= Z(P OX_I(AZ‘) - ZPX(Ai)7
i>1 i=1

where we used that the sets X 7! (4;) are disjoint. If they are not, and there exists
an @ common to two such sets, say X (4;) and X! (4;), then X (w) would be
in both A; and 4; and thus in intersection, which is empty by hypothesis. |

The probability set function Py is called the distribution of the random
variable X.

There is one more simplification we can make. If we recall the result of
exercises 2.23 and 2.24, we know that all Borel sets are generated by the same
category of sets (semiopen, open, closed, etc.). Using the same ideas, it is enough to
describe how to calculate Py = P o X! for the generators of the o-algebra (that
is, for one such category of intervals). We can do this for any type of generating
sets we wish (open sets, closed sets, etc.); but it turns out that the simplest way
is to use sets of the form (—00, x], since we only need to specify one end of the
interval (the other is always —00). With this observation, we only need to specify
the probability measure Py = P o X! directly on the generators to completely
characterize the probability measure.

Remark 3.7 (About random variables)

1. If'A is a Borel set in R, we will sometimes use the short notation {X € A} to
indicate the set

{weQ|Xw) eA=X"1A).

2. Theset {X € A} is included in Q. 10 be able to compute its probability, the ser
should be an element of the sigma F. Since X is measurable, this is true, and so
we can calculate the probability for any Borel set.

3. Clearly, the law of the random variable X depends on the probability P.

4. Please do not confuse a random variable X with its law. For example, if one rolls
two dies and denote by X, respectively Y, their outcomes, then clearly X and Y
have the same law. On the other hand, P(X = Y) < 1 and therefore the two
random variables are different even though their law is identical.
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3.3.3 THE CUMULATIVE DISTRIBUTION FUNCTION OF A
RANDOM VARIABLE

Definition 3.8 (The cumulative distribution function of a random
variable) The (cumulative) distribution function (cdf) of a random variable X is
a function F : R — [0, 1] with

Flx) =Px(—00,x] =P ({w: X(w) € (—00,x]}) =P ({w: X(w) < x}).

Usually one uses the abbreviation “c.d.£.” or “CDF” or simply “cdf” for
the cumulative distribution function.

As the value x increases, the function F(x) cumulates all the probability
related to outcomes less than or equal with the number x.

Let us return to the coin flip experiment. If we flip a coin two times, we
might ask: What is the probability that the coin flips would result in one or fewer
heads? The answer would be a cumulative probability. It would be the probability
that the coin flip experiment results in zero heads plus the probability that the
experiment results in one head.

PX <1)=PX =0)+P(X = 1) = 0.25 + 0.50 = 0.75.

We present the basic properties of a c.d.f.

Proposition 3.9  The distribution function for any random variable X has the
Jollowing properties:

(i) F is increasing (i.e., if x < y, then F(x) < F(y)).
(i2) F is right continuous (i.e., limy, o F(x + h) = F(x)).
(222) lim,_ _oo F(x) = 0 andlim,_, o F(x) = 1.

Proof: The first property is a consequence of the fact that a probability is a non-
decreasing function; that is, if A C B, then P(4) < P(B). Clearly if x < y, then

X =<x)SX <y

and thus F(x) < F(y).

Denoteby A, = (X < x + ). This sequence of sets is decreasing with respect
to 4 | 0and N, 04, = (X < x). Then by the monotone convergence property
of the measure, we obtain

lim F(x 4+ h) = lim P(A4),)
510 540
=P(N,04)) =P(X < x)

= F(x).
Finally
lim Flx) =PX <o0) =PX e R) =P(Q) =1

x—> 00
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and
lim F(x) =PX < —o0) =P() = 0.

x—>—0Q0

Remark 3.10  [n other mathematical books an increasing function is sometimes
called nondecreasing ro distinguish it from strictly increasing functions (if x < y, then
F(x) < F(y)).

Proving the following lemma is elementary using the properties of the prob-
ability measure (Proposition 2.2) and is left as an exercise.

Lemma 3.11 Let F be the distribution function of X. Then:

i) PX >x)=1—F(x).
(i) Plx < X <y)=F(x) — F(»).

(iii) P(X = x) = F(x) — F(x—), where F(x—) = lim, . F(y) the left limit of
F arx.

Remark 3.12  Suppose that F (xy) = 0 where F is a c.d.f. Then

Flx)=0 Jor every x < xp.

M EXAMPLE 3.1 Using the c.d.f. for a discrete random variable

Suppose we roll a fair six-sided die (the probability of landing on each face
is equal). We ask, What is the probability that the die will land on a number
that is smaller than 52

Solution: When a die is tossed, there are 6 possible outcomes represented by
S =1{1,2,3,4, 5, 6}. Each possible outcome is equally likely to occur.

This problem involves the cumulative probability function. However, pay
attention to whether the outcome is included or not. The probability that the die
will land on a number smaller than 5 is equal to

PX<5) =F@) =PX =1)+PX =2)+P(X = 3) + P(X = 4)
=1/64+1/6+1/6+1/6=2/3.

There exists a “reciprocal argument” to Proposition 3.9.

Theorem 3.13 Let F be a function satisfying conditions i to i1 in Proposition 3.9.
Then, there exists a probability space (2, &7, P) and a random variable X defined
on this probability space such that F is the c.d.f of X.
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Proof: We choose the probability space to be = (0, 1) with &7 the Borel o-
algebra of subsets of the unit interval and P = A the Lebesque measure on the
intervals. Define

X(w) = sup{z | F(2) < w}.
For any number ¢ such that X (w) > ¢ the definition implies that @ > F(c). On

the other hand, if @ > F(c), then, since F is right continuous, for some € > 0
we obtain

o> F(c+¢)
and this implies
Xw)>c+e>c
It follows that X (w) > ¢ if and only if > F(c). Therefore
PX(w) > c] =Plw > F(o)] = 1 — F(c),
and thus obviously
P[X(w) < c] = F(o).

Therefore, we have found a random variable X such that 7 is the cumulative
distribution function of X. [ |

@ EXAMPLE 3.2 Indicator Random Variable

Let 1,4 be the indicator function of a set A C 2. This is a function defined
on 2 with values in R. Therefore, it may be a random variable. According
to the definition, it is a random variable if the function is measurable. It
is simple to show that this happens if and only if A € F the o-algebra
associated with the probability space. Assuming that A € F, what is the
distribution function of this random variable?

Solution: To answer this question, we have to calculate P o 121((—00, x]) for
any x. However, the function 1, only takes two values 0 and 1. We can calculate
immediately:

) ifx <0,
1,'(—o0,x]) = 1 A°  ifx € [0, 1),
Q ifx> 1.



70 CHAPTER 3 Random Variables: Generalities

Therefore,
0 ifx <0,
F(x) = { P(AY) ifx €0, 1),
1 ifx>1.

We have defined a random variable as any measurable function with image
(codomain) (R, Z3 (R)). A more specific case is obtained when the random vari-
able also has the domain equal to (R, 73 (R)). In this case the random variable is
called a Borel function.

Definition 3.14 (Borel measurable function) A functiong: R — R
is called Borel (measurable) function if g is a measurable function from (R, 2 (R))
into (R, 2B (R)).

B EXAMPLE 3.3

Show that any continuous function g : R — R is Borel measurable.

Solution: This is very simple. Recall that the Borel sets are generated by open sets.
So it is enough to see what happens to the preimage of an open set B. Since g is a
continuous function, g~ ' (B) is an open set and thus ¢~!(B) € Z3 (R). Therefore
by definition g is Borel measurable. |

Let us define the o-algebra generated by a random variable.

Definition 3.15 (o-algebra generated by random variables) For
X : Q@ — R a random variable, define

oX) = {X"'(B), Be BR)}.

Note that o(X) is the smallest o-algebra such that X is a measurable function
with values in R.

3.3.4 INDEPENDENCE OF RANDOM VARIABLES

We defined in Section 2.3.7 the notion of independence of two o-algebras. We
define now the independence of random variables.

Definition 3.16 7wo random variables X, Y : Q : R are independent if and only
if their generated o-algebras 0(X) and o(Y) are independent. Thar implies, for every
A, B Borel sets in R, it holds that

P(X €A,Y € B)=PX € AP(Y € B).
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Remark 3.17  Since the Borel o-algebra is generated by intervals, the above
definition is equivalent to:

Foranyx,y € R,
P(X <x ¥ <y) = P(X < JP(Y <),

As in the case of o-fields, the above definition can be extended for a finite or
countably infinite number of random variables.

Definition 3.18 The random variables X\, X, . .., X, are (mutually) indepen-
dent if the fields 0(X1), 0(Xa), . .., 0(X,) are independent. This is equivalent to

P (ﬂ(x e B») e e 5
i=1

i=1

for every Borel set By, ..., B,.

Definition 3.19 An arbitrary family of random variables (X;);e; is (mutually)
independent if every finite subfamily is independent.

This definition is an analogue of Theorem 2.24.

Remark 3.20  The random variables X1, . . ., X, are (mutually) independent if
and only if

PXi <a,....X,<a,)= P(Xl <a)...PX, <a,).
A weaker notion of independence is that of pairwise independence.

Definition 3.21 The random variables X1, X, . . . , X,, are pairwise independent
ifforeveryi,j =1, .., nwith i % j the random variables X; and X; are independent.

Remark 3.22  [fthe random variables X, . .., X, are (mutually) independent,
then they are pairwise independent. The converse implication is not true (see, e.g.,

Exercise on 238).

EXERCISES
Problems with Solution

3.1 We roll a fair die twice. Let X be the random variable equal with the
maximum of the results of the first and the second roll.

(a) Calculate the image of € through X and the probability distribution
of X.

(b) Calculate the c.d.f. F of X.
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Solution: We have
Q={w=(jl,j2),ji€{1,...,6} X{1776}}

and || = 6 x 6 = 36. Let P the uniform probability on €2, that is, for
every w € 2,

1 1

(a) The random variable X can be expressed as follows:
Yw = (ji, j2) € Q, X(w) = max(ji, )
s0
X:Q—{1,...,6}.
Let us compute the law of X. First,

1
PX =1 =Px({1}) =Pw=(1,1) = 36

and then
P =2) =P(lo= (1.2} U{o= (2 D} Ulo=2.2) = =

In this way

P =3) = P (U], {0 = G, DI U UL [ = (h,3))) = .
7
36’
9

PX =5 =P(U_{w=G50UU_ {w=(k5)}) = 36

11
PX =6) =P (Uj_{w=(6,k}UU,_{w=(k06)}) = TR

PX =4) =P (U_{lw= 4 A UU_ {w=(k4)) =

(b) The cumulative distribution function of X is

F(b) =P(X < b) =P(X € (—o0, b)) N X(2))
=PX € (—o0, 6] N{1,...,6}).

Therefore
Fb)y=0ifb < 1,

1.
Flb)=PX = 1)=3—61be (1, 2),
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Fb)=PX €{1,2} =PX = 1)+P(X=2):34—6if/76 (2, 3),
F(b)=PX €{1,2,3}) = % ifbel3,4),
16 .
Flb)=PX €{1,2,3,4} = 3% if 6 € [4,5),

2
Flb)=PX €{1,2,3,4,5} = 3—2 ifoe[5,6),

6
F(Za):P(Xe{l,2,3,4,5,6}=;—6=1ifbe[5,oo).

3.2 Arandom variable X denotes the number of books bought by a customer
in a bookstore. We know that the random variable has the distribution

8 10
PO<X<l)=—>. Pl<xX<2=-L. PO<X<3=1 2
12 12 12

P(X =3) = P(X > 4).

Compute

foreveryi = 0,1, 2, 3.
Solution: We have

P@§X§D=P@=m+ﬂX=D=E,

12
P(l§X§2)=P(X=1)+P(X=2)=l—72,
P(0§X<3):P(X=0)+P(X=1)+P(X:2)=%.

From the last two relations we get

3

Next, from the first relation we have

5
PX =1)=—
( ) =1
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and replacing this in the second identity we obtain

2

Moreover,

1=ZP(X=k)=P(O <X <3) +PX =3)+PX > 4)
k>0

$0
2
P(X=3)+P(X24)=E

and since P(X = 3) = P(X > 4) it holds that

Let X, Y be two random variables such that
X(w) < Y(w) for every w.
Show that
Fx(a) > Fy(a) for every a € R.

Note this relationship is called stochastic dominance of the first order.

Solution: Since X(w) < Y (w) for every w, it holds that if Y (w) < a4, then
necessarily X(w) < a. Therefore the set {¥V < a} C {X < a} for every
a € R. Thus:

Fx(a) =P(X <a) 2 P(Y < a) = Fy(a).

[ |
Let F be given by
0 ift <0,
b ifr € [0,2),
F(z) = .
2c+ b ift € [2,3),
d ifr > 3.

(a) Under which conditions on 4, b, ¢, 4 is the function F a cumulative
distribution function?

(b) For the rest of the problem we assume that F is the c.d.f. of an r.v. X.
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Express in terms of F the probabilities
P(X > 2.5), P(—1 <X <1.9)
() We give
P(X>25) =025  P(-1 <X <1.5)=0.25.
Compute 2, b, ¢, d.
(d) Compute the law of X.
Solution: (a)

lim Fix) =1=d=1

x—> 00

lim Flx)=0=a=1.

¥——00
Since F is increasing, we get
b<2c+b=c>0.

Vx e R, F(x) €[0,1]=0<b6<1 and 0<2c+6b<1.

(b)

PX>25=1-PX <25 =1—-FQ5) =1—-2c—56

and

P(-1 <X <15 =F15) —-F(-1)=b—a=b.

(c) We obtain the following system:

a=0,
1—2c—6=0.25,

b =0.25,

d=1,

$0
a=0, b =10.25, c=0.25, d=1.
(d) We use
Vie R PX =1¢) = F(¢r) — /}E&F(t —h).
Then
P(X =0)=56=0.25,
PX=2)=2c+b—56=0.5,
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PX =3 =1-2c—b=0.25,

and
P(X = ) = 0 otherwise.
This implies
X(©) = {0, 2, 3}.
[
3.5 LetX,...., X, beindependent identically distributed random variables

and define, for X; > 0

Xi

Yi=—21  Vi=1,....n
X4+ X,

Prove that V7, ..., Y, are identically distributed and calculate E(Y)).

Solution: For every a € R, one has

P(Y1 <a) =P <alXi+---+X,)
=P(a—-DXi+ - +alo+---+X,) >0
=P(a—- D)X +aXi+X5+---+X,) >0
=P\, <a)

where we used that the X’s are i.i.d. Thus Y7 and Y, have the same c.d.f.
and therefore the same law. For the second part, use the linearity of the
expectation and

[X1+-.-+Xn]
X+ +X,

Problems without Solution

3.6 Prove the Proposition 3.9. Specifically, prove that the function F in Defi-
nition 3.8 is increasing, right continuous and taking values in the interval
[0, 1], using only Proposition 2.2.

3.7 Show thatany piecewise constant function is Borel measurable. A function
f+ @ — Ris called piecewise constant if there exist constants a1, a3, . . .
and disjoint sets Ay, Az, ... in F such that

fl) =) aly,
i=1
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3.8

3.9

3.10

3.11

3.12

Let g = Y ;0| b;1p, where the sets B; are not necessarily disjoint. Show
that this function can be written as a piecewise constant function as in the
previous problem.

Give an example of two distinct random variables with the same distribu-
tion function.

Let X, Y be two continuous random variables such that
Py ({x}) =Py({x}) =0
for every x € R (that means that X Y are continuous r.v.). Show that

PX=Y)=0.

Let X, ..., X, be independent random variables. Show that there exists
a € R such that

PX i+ +X)=a=1
if and only if for every 7 there exists 2; € R with
PX,=a)=1

(i.e., all random variables are constants).

An aircraft engine fails with probability 1 — p where p € (0, 1), indepen-
dently of the other engines. To complete its flight, the aircraft needs that
the majority of its engines works.

(a) Calculate the probability to successfully complete the flight for an
aircraft with 3 engines.

(b) Calculate the probability to successfully complete the flight for an
aircraft with 5 engines.

(c) Find the value of p for which the aircraft with 5 engines is preferable
(ie., has greater probability of completing its flight).

Hint: Let M; be the event “the engine i works,” for i =1, 2, 3.
Clearly
P(M;) = p, i=1,2,3

and

PM)=1—p i=1273.
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For a 3-engine plane, the probability of a successful flight is

P (M, N M, N M) U (M N Ms N M3) U (Mo N Mz 0 M)
U (M, N M, N M)
= P(M, N M, N M5) + P(M; N Ms N M)
+P(M, N Ms N M{) +P(M; N M,y N Ms)
=3p"(1—p) +p°.



CHAPTER FOUR

Random Variables: The

Discrete Case

4.1 Introduction/Purpose of the Chapter

This chapter treats discrete random variables. After having introduced the general
notion of a random variable, we discuss specific cases. Discrete random variables
are presented next, and continuous random variables are left to the next chapter.
In this chapter we learn about calculating simple probabilities using a probability
mass function. Several probability functions for discrete random variables warrant
special mention because they arise frequently in real-life situations. These are the
probability functions for, among others, the so-called geometric, hypergeometric,
binomial, and Poisson distributions. We focus on the physical assumptions un-
derlying the application of these functions to real problems. Although we can use
computers to calculate probabilities from these distributions, it is often convenient
to use special tables, or even use approximate methods in which one probability
function can be approximated quite closely by another function. We introduce
the concepts of distribution, cumulative distribution function, expectation, and
variance for discrete random variables. We also discuss higher-order moments of
such variables.

Handbook of Probability, First Edition. Ionug Florescu and Ciprian Tudor.
© 2014 John Wiley & Sons, Inc. Published 2014 by John Wiley & Sons, Inc.
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4.2 Vignette/Historical Notes

Historically, the discrete random variables were the first type of random outcomes
studied in practice. The documented exchange of letters in 1964 between Pascal
and Fermat was prompted by a game of dice which essentially dealt with discrete
random outcomes (faces of the dies). Even earlier, the 16th-century Italian math-
ematician and physician Cardano wrote “On Casting the Die,” a study dealing
with discrete random variables; however, it was not published until 1663, 87
years after the death of Cardano. He introduced concepts of combinatorics into
calculations of probability and defined probability as “the number of favorable
outcomes divided by the number of possible outcomes.”

In 1655 during his first visit to Paris the Dutch scientist Christian Huygens,
learned of the work on probability carried out in this correspondence. On his re-
turn to Holland in 1657, Huygens wrote a small work De Ratiociniis in Ludo Aleae
(hard to translate dative in English—approximate translation On Reasonings in
Dice Games) the first printed work on the calculus of probabilities. It was a treatise
on problems associated with gambling, once again dealing with discrete random
variables. Because of the inherent appeal of games of chance, probability theory
soon became popular, and the subject developed rapidly during the 18th century.

One of the major contributors during this period was Jacob Bernoulli (1654—
1705). Jacob (Jacques) Bernoulli was a Swiss mathematician who was the first to
use the term 7ntegral. He was the first mathematician in the Bernoulli family, a fam-
ily of famous scientists of the 18th century. Jacob Bernoulli’s most original work
was Ars Conjectandi (The Art of Conjecturing—The art of drawing conclusions)
published in Basel in 1713, eight years after his death. The work was incomplete
at the time of his death, but it still was a work of the greatest significance in the
development of the Theory of Probability.

In the late 18th century, it became increasingly evident that analogies exist
between games of chance and random phenomena in physical, biological, and
social sciences. Thus the theory of probability and discrete variables, in particular,
exploded in the following two centuries; and even today, particle interaction
models coagulation and fragmentation models are initially described in a discrete
setting to make them easier to understand.

4.3 Theory and Applications

4.3.1 DEFINITION AND BASIC FACTS

After defining the discrete random variables, we list their basic properties. In fact,
we will translate the general notion introduced in the previous chapter to the
particular case of random variables with a finite or countable possible number of
outcomes.

Definition 4.1 We will say that a random variable is discrete if its image X (Q2)
is a finite or countable subset of R.
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As a simple example, if a coin is tossed three times, the number of heads
obtained can be 0, 1, 2, or 3. In this example, the number of heads can only take
4 distinct values {0, 1, 2, 3}, and so the variable is discrete.

Remark 4.2 [n the case of discrete random variables the law of X is completely

determined by the sex X(2) and the probabilities Px ({x}) = P(X = x) for every
x € X(R2). Further, we have

Z P(X =x) = 1.

xeX(Q)

Remark 4.3  The cumulative distribution function (c.d.f-) is given by

F(r)=P(X <1) = Z P(X = x).

{xeX(Q)|x=t}

A cdf of a discrete random variable is a piecewise constant function (e.g.,
Figure 4.1).

1.0

0.6

0.4
I

0.2
I

0.0

0 5 10 15 20

FIGURE 4.1 A general discrete c.d.f. The figure depicts a Binomial(20,0.4).
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W EXAMPLE 4.1 Calculating the c.d.f. of a discrete random
variable

A die is rolled repeatedly until a 6 is obtained. Let X be the random variable
representing the number of times we roll the die.

P(X:l):%.

Clearly, if we only roll the die once and we get a 6 on our first roll, this is
the only case when X = 1. The probability of this is 1/6. Furthermore,
1
P()(=2)=2X—=i
6 6 36
If we roll the die twice before getting the first 6, we must have rolled
something that isn’t a 6 with our first roll, the probability of which is 5/6,
and we must roll a 6 on our second roll, the probability of which is 1/6.
Compute the c.d.f. of X.

Solution: Let us compute the cumulative distribution function F(¢) for some
values of 7.

F))=PX <1)

is the probability that the number of rolls until we get a 6 is less than or equal
to 1. Thus, this number must be either 0 or 1. Since, P(X = 0) = 0 and P(X =
1) = 1/6., we obtain P(X < 1) = 1/6.

Similarly,

PX <2)=PX =0)+PX =1)+PX =2)
=04 1/6+5/36 = 11/36.

This calculation can proceed like this, and we readily obtain the c.d.f. F(z)
for all 7. In fact, we shall encounter this particular distribution again when we talk
about geometric random variables. The c.d.f. may be calculated in general using
geometric sums. As an exercise, the reader is left with calculating P(X < 6). W

The cumulative distribution function has particular properties in the case of
discrete random variables.

Proposition 4.4 Let X : Q — R be a discrete random variable on (2, F, P).
Then the cumulative distribution function Fx is piecewise constant, and it has a finite
or countable number of jumps. That is, the function is constant almost everywhere;
in other words, there exists at most a countable sequence {ay, ay, . ..} such that the
Sfunction F is constant for every point except these a; .



4.3 Theory and Applications 83

Proof: Let us show that the number of jumps is countable. Recall that a c.d.f. is
right continuous. Let us denote by

D ={ae R | Fx(a—) < Fx(a)}.
Letan 2 € D, thus
Fy(a—) < Fx(a).
Between any two reals we can find a rational; therefore there exists an 79 > 1

integer such that

1
Fx(d) — Fx(él—) > —.
7o

Denote by
D, = {a € R| Fx(a) — Fx(a—) > —} .

We just saw that
pc| )b, c| D
n=noy n>1

To show that D is countable, it suffices to check that every set D, is countable (a
countable union of countable sets is countable). Since the cumulative distribution
function Fy is increasing and takes values in [0, 1], it cannot have more than 7

jumps with length bigger than 1. Therefore
1Dl < m,

where we denoted |D,| = Card(D,) the cardinality (number of elements)
of D,,. |

Remark 4.5  Since a discrete random variable X only takes a finite or countable
number of values, its distribution is entirely determined by X (). In fact, the law of
X is determined by

P(X =x) = Fx(x) — Fx(x—)
Jor every x € X ().

These discrete values are formalized next.

Definition 4.6 (Probability mass function) A discrete random variable
X with X(Q) = {ar, az, . .. } is completely characterized by the probabilities:

pi =PX =a).
The collection of these numbers is called the probability mass function (or p.m.f.) of

the random variable X .
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4.3.2 MOMENTS

We made in this handbook the choice to treat independently the moments of
discrete and continuous random variables. In this section we present the moments
of discrete random variables.

Definition 4.7 Let X be a discrete random variable on a probability space
(2, F, P). We will say that X is integrable (or admits an expectation) if’

Z x| P(X = x) < o0.

x€X ()

In this case, its expectation (or mean) is defined by

E(X) = Z x P(X = x). (4.1)

x€X(Q)

Using the p.m.J- notation, this is expressed as
E(X) = Z a;p;.

If X is a random variable with a finite number of values, then it will always
have an expectation (a finite sum of real numbers is finite). If X has a countable
(nonfinite) number of values, then its expectation is given by a series and we
naturally need to assume that the series is convergent.

The series

> Ixl P(X =x)

xeX ()

is a series of real numbers with positive terms. Its convergence implies the con-
vergence of the series ) v () ¥ P(X = x).

The expectation of X can be interpreted as a weighted average of all the values
X takes with the weights given by the probabilities that X take these values.

In a geometrical interpretation, E(X) is the position of the center of mass
for the particles with positions at the values of the random variable and mass the
corresponding weights.

Proposition 4.8 (Properties of the expectation) 7he following hold.

a. The expectation is linear. That is, if X, Y are two discrete integrable random
variables on the same probability space (2, F, P), then

E(aX + bY) = aE(X) + bE(Y)
Jor every a, b € R. In particular, if a is a constant, then

E(2) = a.
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b. If X > 0 (i.e., if X(w) = 0 for every w € ), then
EX) > 0.
In particular, if X > Y, then
E(X) > E(Y).
Proof: 1. Let us first show that, if 2 € R and X is a discrete random variable
admitting an expectation, then «X has an expectation and E(ax) = 2E(X). This

is clear for 2 = 0. Suppose @ # 0 and let Z = aX. It is clear that Z is a discrete
random variable since Z(£2) is at most countable. We have

E(Z) = ) |av[P(Z = ax)

xeX(2)
=la| Y |x[PaX =ax)=la] Y  |x[P(X =x)
xeX () x€X ()

using 2 # 0. Hence Z has an expectation and a similar calculation shows that
E(aX) = 4E(X).

Consider now two random variables X and Y and let us show that Z = X + ¥V
admits expectation. It is an easy exercise to see that Z is discrete. Now,

Y kIPZ=2= ) [P U X =xY =y

z€Z(Q2) z€Z(2) (x,9)eX(Q)x Y (), x+y=2

= Y > PX =x,Y =)

z€Z(82) (x,)EX(Q)X Y (RQ),x+y=2

- Z Z IZP(X =x, ¥V =)

z€Z(Q) (x9)eX(Q)x Y (Q),x+y=2

= Z Z lx +yPX =x,Y =y)

zeZ(Q) (x9)eX(Q)x Y (Q),x+y=2

> > (x| + PIPX =x, ¥ =)

zeZ(Q) (x9)eX(Q)x Y (Q),x+y=2

A

Consequently,
Y EPZ=2< ) 3 WIP(X =x, ¥ =)
z€Z(Q) 2€Z(Q) (x))eX(Q)x Y (Q),x+y=2

+ > > WP =x, ¥ =)

2€Z(Q) (x))€X(Q) x ¥ (Q).x+y=2
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Let us see why the first sum above is finite (the second could be treated analo-
gously). We have

> > Ix[PX =x, Y =)

2€Z(Q) (x,y)eX(Q)x Y (R),x+y=2

= Z Z xPX =x,Y =2z —x)

zeZ(Q) xeX(R)

Z > kP =x7Z=2)

z€Z(RQ) xeX(R2)

= Y P& =x)

x€X(R)

using the total probability formula (Proposition 2.4) and the fact that the sets
{Z = z},e2( form a partition of the 2. Again, repeating the same computation,
we will obtain E(X + ¥) = E(X) + E(Y).

Finally, combining the two results (E(X + ¥) = E(X) + E(Y) and E(2X) =
aE(X)) gives the general linear formula.

2.X > 0 meansx > 0 forevery x € X(£2). The conclusion is obtained using
just the definition of the expectation (a sum of positive numbers is positive).

Of course, if X (w) > Y (w) forall w, then by defining Z(w) = X(w) — Y(w)
we see that E(Z) > 0 and using linearity from the first part the conclusion easily
follows. ]

The expectation of a function of a random variable may be computed in the
following way.

Theorem 4.9 (Transfer Formula) Let X be a discrete random variable on

(2, F, P). Assume thar ¢ : R — R is a measurable function. Thenp(X) : 2 — R
is a random variable and this random variable is integrable if and only if

> lp)] PX =x) < 0.
)

xeX(Q

In this case
E(e(X) = ) ¢(x) P(X =x).
xeX ()

Proof: Let ¢ : R — R be a measurable function. Let us denote by Z = ¢(X).
Since only the restriction: ¢ : X(£2) — Z(£2) takes nonzero values and since X (2)
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is discrete, it follows that Z is discrete. Thus we obtain

Z ZP(Z=2)= ) PlpX)=2)

z€Z(Q2 z€Z(2)
= > | J x=x
z€Z(Q2) x€p~1({z})

= > lal Y PX=x

z€Z(Q2) xep~1({z})

:Z Z o) |P(X = x)

z€Z(Q) xep~1({z})

= Y p@IPX = ).

xeX(Q)

For the last equality we use the fact that the restriction ¢ : X(2) — Z(Q) is
surjective. Therefore, (¢! ({2})).ez(q) is a partition of X (£2). Analogously,

E(Z) = Z ZP(Z = 2)

2€2(Q)

= Y PpX) =2)
z€Z(R2)

= Z zP U X =x)
z€Z(R2) xep~1({z})

-y Y

z€Z(Q) xep~1({z))

=Y ) ¢WPX=x)

z€Z(Q) xep~1({z})

= ) ¢WPX =x).

xeX ()

Remark 4.10 The following are notations.

1. Note that the integrability condition from Definition 4.7 can be written in the
equivalent way

E |X| < oc.

This condition is identical with the one assumed in the case of continuous random
variables (see the next chapter).
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2. Take ¢(x) = x*. Then X* is integrable if and only if

Z WP(X = x) < 00

x€X(R)

and, in fact,

E(X?) = Z PX = x).

xeX(Q)

I EXAMPLE 4.2 A basic example

Let X be a random variable with the law

X 1 2 3
») | 02 ] 03] 05
Then
EX)=1x0242x03+3x0.5
and

EX?) =1>%x02+2>%x0.3+5 x0.5.

Generally, we can compute the expectation of any function of X using the
transport formula. For example,

E(sin X) = sin(1) x 0.2 + sin(2) x 0.3 4 sin(3) x 0.5.

Definition 4.11 (Variance of a random variable) Let X be a discrete
random variable with outcomes{ay, ay, ...} and p.m.f p1, p2, . . .. The variance of

X is defined as
Var(X) = E[(X — EX)’] = B(X?) — (EX)*.
Using the p.m.f notation and denoting u = EX = ). a;p;, we obtain
Var(X) = > (a; — 1) ps

= Zﬂiz]’i - Mz
i

= E[X?] — (EX)%.
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Definition 4.12 (Standard deviation) Wz define the standard deviation
of a random variable as

StdDev(X) =V (X) = |3 (@i — 1) pi.

z

4.4 Examples of Discrete Random Variables

4.4.1 THE (DISCRETE) UNIFORM DISTRIBUTION

This distribution arises in any situation where outcomes are discrete and equally
likely. Let us present an example.

I EXAMPLE 4.3

Roll a six-sided fair die. Say X (w) = 1 if the die shows 1 (w = 1), X =2
if the die shows 2, and so on. Find F(x) = P(X < x).

Solution: If x < 1, then P(X < x) = 0.
Ifxe[1,2),thenPX <x)=PX =1) =1/6.
If x € [2,3), then P(X < x) =PX(w) € {1,2}) =2/6.
We continue this way to get

0 ifx <1,
Flx) =4i/6 ifxelii+1)withi=1,...,5,
1 ifx > 6.

|

For discrete random variables it is generally simple to give the probability mass

function instead of the c.d.f. since it will describe completely the distribution.
Recall that the distribution function is piecewise linear.

Definition 4.13 (Discrete uniform distribution) A random variable

is said to have the Discrete Uniform distribution if it takes values in a discrete set of
numbers X (2) = {x1, x2, . . ., x,,} and the probabilities for these numbers are equal to

1
P(X = .X'l') = —, Vi.
n

We denote a random variable X with this distribution with X ~ DU (n).
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FIGURE 4.2 The p.d.f. and c.d.f. of the discrete uniform distribution.

Remark 4.14 W name this uniform distribution discrete to differentiate from
the continuous case when the random variable takes values in an interval (this case
will be presented in the next chapter). Traditionally, that distribution is simply called
the uniform distribution. Figure 4.2 plots the density and distribution of this random
variable.

Remark 4.15  The outcomes {x1, x3, . . ., x,} are not important, and generally
we use {1, 2, ..., n} to denote them. This is a general trend for all discrete random
variables where the outcomes may be put in one-to-one correspondence with discrete

sets of the type {1,2, ..., n}.

The probabilities clearly define a probability density (3_"_; + = 1), and in
the case when the outcomes are {1, 2, ..., #n} we may calculate the expectation
and variance as

n

EXziiiz—Z 1n(n+1) ngrl
=1

and

n

v - 21 n+1)\?
V(X) = E(X?) — (E(X)) —;n < > )

1+ 1D2n+1) <n+1)2
7 6 2
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_7l+1<2ﬂ+1 n+1>

2 3 2
_n+l1ln—1
26
n—1
T2
Please note that in the general case when the outcomes are {xi, x2, .. ., x,} the

formulas need to be recalculated every time.

4.4.2 BERNOULLI DISTRIBUTION

Before we give the formal definition let us present a couple of examples of situations
where this distribution was encountered previously.

¥ EXAMPLE 4.4 Indicator r.v. (continued)

This indicator variable is also called the Bernoulli random variable. No-
tice that the variable only takes values 0 and 1, and the probability that
the variable takes the value 1 may be easily calculated using the previous
definitions:

Po1;'({1}) = Plw: 14(0) = 1} = P(A).

Therefore the variable is distributed as a Bernoulli random variable with
parameter p = P(A4). Alternately, we may obtain this probability using the
previously computed distribution function:

Plw:14(w) =1} =F(1) - F(1-) =1—-PA°) =P(4).

Let us formalize this example.

Definition 4.16 (Bernoulli distribution) A random variable with a
Bernoulli distribution with parameter p € (0, 1) takes only two values:

1 with PX = 1) = p,
X = ,
0 with PX =0)=1—p.

We denote a random variable X with this distribution with X ~ Bernoulli(p).

Clearly the sequence p, 1 — p defines a probability mass function since

p+1—p =1
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A random variable with Bernoulli(p) distribution has mean p since
E(X) = 0P(X = 0) + IP(X = 1) = p
and the variance is given by

Var(X) = B(X?) — (B(X))* = p — p* = p(1 — p).

4.4.3 BINOMIAL (7, p) DISTRIBUTION

In probability theory and statistics, the Binomial distribution is the discrete prob-
ability distribution of the number of successes in a sequence of 7 independent
yes/no experiments, each of which yields success with probability p € (0, 1). Such
a success/failure experiment is also called a Bernoulli experiment or Bernoulli trial.
In fact, when # = 1, the Binomial distribution reduces to a Bernoulli distribution.

Definition 4.17 (Binomial distribution) A binomial random variable
with parameters n and p takes values in N with

P(X = k) = { (et =yt foramyke(0.1.2.....n)
0 otherwise.
We denote a random variable X with this distribution as follows: X ~ Binom(n, p).

Remark 4.18 A Binomial(n, p) random variable X has the same distribution as
i+ Y, where Y; ~ Bernoulli(p).

Recall that for 2, & € R we have
@+ =Y (Z)ﬂ%”, (4.2)
k=0
the binomial expansion.

Proposition 4.19 Thesequencep, = P(X = k), k =0, 1, ... defines a discrete
probability distribution.

Proof: Since p; > 0 for every 4, it suffices to check that ), p = 1. Applying
(42)toa=pand b =1 — p, we get

Zpk = Z (Z)pk(l )" =+ 0 —-p) =1.
k

k=0
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(a) Binomial(20,0.3) p.d.f. (b) Binomial(20,0.3) c.d.f.

FIGURE 4.3 The p.d.f. and c.d.f. of the binomial distribution.

Figure 4.3 presents the density and distribution for a Binomial(20, 0.3) ran-
dom variable.
Let us calculate the expectation and variance of the binomial law.

Proposition 4.20 Suppose X ~ Binom(n, p). Then
EX) =, Var(X) =mnp(1 —p).
Proof: Using formula (4.1), we can write
“ n n
EX — k /? 1 _ 7!*/? — k k 1 _ 7!*/?
Z;{ (k)P( =Y <k>p( ?

k>1

n

— L ki1 _ \n—k
_Z(/e—l)!(n—k)lp (1=p)

k=1

_ - (n — 1! k=177 _ \n—k
_@Z(k—l)!(n—/e)zp (1=2)

=m Z k'( P (1 )n—/e—l

=rp(p+( - 1=rgv
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using again (4.2). Next,

E[X(X —1)] Z/e —1)() F1—py*
= Z/e(k - 1)(2);/@(1 —prt
k=2

because the first two terms of the sum vanish. Thus,

n

-2
E[X(X—l)]:Zn(ﬂ—l)(Z_2> (1 P) —(k=2)

k=2

== 02 (Z _ i)PH“ =)
_n(n—lpZ( . ) P)

= n(n— 1)p°
again from (4.2). Finally,
Var(X) = EX? — (EX)? = E[X(X — 1)] + EX — (EX)?
=n(n—1)p* +mp—n’p> = mp(1 — p).
|

If X ~ Binom(n, p), then its cumulative distribution function is given by

[x]
Fx)=PX <x)=)_ (Z)pm -t

k=0

Remark 4.21 The c.d.f of a binomial r.v. F(x) can be also expressed in terms of
the incomplete beta function as follows:

1—
Flk)=(n— /e)(n> / ! A (L
*/) Jo

We will prove that the sum of two independent binomially distributed ran-
dom variable with the same parameter p is a binomially distributed random vari-
able. Intuitively, this is easy to understand taking into account the experiment
described by the binomial law (number of successes in 4 trials plus number of
successes in other, independent 7 trials should be the number of successes in the
total 7 + £ trials).
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Proposition 4.22 If X ~ Binom(n, p) and Y ~ Binom(m, p) and X, Y are
independent, then

X + Y ~ Binom(n + m, p).
Proof: Note that
X+1)(Q)={0,1,2,...,m+n}.

For every £ between 0 and m + 7 we have

k
P(X+Y:/e):ZP(X=z')P(Y=k—z’)

— Z ( )P (1 _ (k;f Z.)Pk_i(l _p)m—/e+z’
Lk _ \mtn—k n m
)

We will use the relation

}1 m

k
i=0
and we will get

PX+Y =4 = ( : m)pku —prtrt

forevery # =0, ..., n+ m, which means that X + Y ~ Binom(n + m, p).
The relation in terms of combinatorial terms used will be proven a bit

later, when we show that the hypergeometric distribution is a probability

distribution. |

4.4.4 GEOMETRIC (p) DISTRIBUTION

Definition 4.23 (Geometric distribution) Lez the law of a random vari-
able X be defined by

P(X:/e)z{(1 _P)k_IP foranyk € {1,2---},

0 otherwise.

We will write X ~ Geometric(p) to denote that the random variable X has this
distribution.
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Remark 4.24  The geometric distribution is the law of the total number of tosses
of a biased coin needed to obtain the first head (counting the toss of the head). The
parameter p of this law is a real number between 0 and 1 and represents the probability
of success.

Since the number X is exactly the number of trials to get the first success, its
distribution is sometimes called the geometric “number of trials” distribution. We
can also talk about the geometric “number of failures distribution” distribution,

defined as
_\k
P(Y:/e):{(l pfp  foranyke€{0,1,2,...},

0 otherwise,

and also talk about modeling just the number of tosses leading to the first head.
Figure 4.4 presents the density and distribution for a Geometric(0.2) random
variable.
In this book when we write X ~ Geometric(p) we will mean that X has a
geometric number of trials distribution with the probability of success p. In the rare
cases when we use the number of failures distribution, we will specify very clearly.

Proposition 4.25  The sequence P(X = k) defines a probability distribution.

Proof: Indeed, since for every ¢ € (0, 1) we have

o1
Zq _1_q’

k>0
& e
Sl =]
Lo ©
Sl o]
e ©
51 =
8 p
= ‘ 31
8._ “H“llllll:.. N
S o
0 5 10 15 20 25 30 0 5 10 15 20 25 30
(a) Geometric(0.2) p.d.f. (b) Geometric(0.2) c.d.f

FIGURE 4.4 The p.d.f. and c.d.f. of the geometric distribution.
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we get

Y PX =k = Z( —p=p> 1 =pt

k>1 =1 k=0

To compute the expectation of a random variable X ~ Geometric(p), we need
the following result. It is a general result for discrete random variables with positive
values.

Proposition 4.26 Let X be a random variable with values in N. Then X is
integrable if and only if the series

Z PX > n)
n=0
is convergent, and in this case
o0 o0
EX =) kP(X =k =) PX>n).

k=0

Proof: By definition we have

o0 00 k—1
EX:Z/eP(X:k Z( 1>P(X:/e)

k=0 k=0 \n=0
=S Y Px=k= Z X =4
k=0 n<k 0 />

= iP(X> n),
n=0

where we changed the order of summation which is valid since the sum exists (the
random variable has finite expectation). |

Let us recall some elements concerning power series. These are useful in
order to compute the characteristics of the geometric distribution. If x € (0, 1),
the power series

2

n>0
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is convergent and its sum is 1—; It is possible to “differentiate under the sum,”
which means

n—I_i 1 _ 1
an _dx<1—x>_(1—x)2' (4.3)

n>1

By differentiating once more, we obtain

Z n(n— 1)x"2 = 2z (4.4)

et 1—x)3

It is also possible to change the order of summation and integration.

/Ol_xdx—/Zx”dx—Z/ x"dx = Zn—l—l L4

n>0 n>0

Consequently,

1
_ln(l_d):ZrH-lﬂnH

n>0
for every 2 € (0, 1).

Proposition 4.27 Let X ~ Geometric(p). Then

l—p

1
EX = —, Var(X) = >
p ?

Proof: We use Proposition 4.26. We first compute P(X > 7).

PX>n= Y PX=4k= Zp — !

k=n+1 k=n+1
=p(1—=p)" > p—p) " =(1—p)
k=n+1

by (4.2). Now,

EX = ZP(X>n Z(l—

nn>0 n>0
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Alternative proof for the expectation:

EX = Z@(l _p)/e—l

k>1
:sz(l _p)k—l

k>1
_ 1 _!
“Pa—a-p2 " p

by relation (4.3) above. Concerning the variance, we compute, as usual, the ex-
pectation of X (X — 1).

EX(X — 1) =Y k(k— Dp(1 — p)*~!

k>1
= > k(k—1)p = p)~!
k>2
=p(1=p) Y k(=11 — p)t~
k>2
2 21 -p)
=p(1 —P)E = 2

using the identity (4.4). Consequently,

2(1 - 2—
EXzz—(zp)—{—EX: Z‘D
P

~

which implies

[ |
The cumulative distribution of the Geometric(p) can be computed as follows.

Proposition 4.28 Let X ~ Geometric(p). Then
Fx(n)=PX <n)=1-(1-)p)

Jor every n > 1 integer.
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Proof: Indeed, for every n > 1 integer we have

n

n—1
PX <m=> p—p " =p> (1-pt
k=1 k=0
_ 1=A=-2"
_pl—(l—p)_l (I—=p".

I EXAMPLE 4.5 Calculations using the Geometric distribution

A New Zealand Herald data report quoted obstetrician Dr. Freddie Graham
as stating that the chances of a successful pregnancy resulting from implant-
ing a frozen embryo are about 1 in 10. Suppose a couple who are desperate
to have children will continue to try this procedure until the woman car-
ries a successful pregnancy. We will assume that each individual attempt
is independent of any other. The probability of “a successful pregnancy”
at any attempt is p = 0.1. Let X be the number of times the couple tries
the procedure up to and including the successful attempt. Then X has a
geometric distribution.

(a) The probability of first becoming pregnant on the 4th try is

P(XX =4) =0.9° x 0.1 = 0.0729.

(b) The probability of becoming pregnant before the 4th try is

PX <3)=PX =1 +PX =2)+PX =3)
=0.140.9x 0.1 +0.9%2x0.1 =0.271.

(c) The probability of a successful attempt occurring at either the second,
third, or fourth attempt is

P2 <X <4)=PX =2)+PX =3)+PX =4)
=0.9%0.14+0.9x0.1+4+0.9®x 0.1 =0.2439.

The important thing in the example above is to realize the utility of probabil-
ity distributions and probability in general. The probability distribution is useful
regardless of the nature of the area, be it gambling or biology. In the subsections
which follow, we will meet several simple physical models which have widespread
practical applications. Each physical model has an associated probability distri-
bution.
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4.4.5 NEGATIVE BINOMIAL (7, p) DISTRIBUTION

Definition 4.29 (Negative binomial distribution) Forp € (0, 1) define
the law of X as follows:

(/::})(1 — ) foranyk € {nr+1,...},

0 otherwise.

PX =#k) = (4.6)

We will denote a random variable with this distribution X ~ Negative Binomial
(1 p).

Similarly with the Geomerric(p) distribution we can talk about “number of
failures” distribution, and the formulation is similar.

Figure 4.5 presents the density and distribution for a Geomerric(0.2) random
variable.

Remark 4.30  Let us stop for a moment and see how these distributions are related.
Suppose we do a simple experiment, and we repeat this experiment many times. The
experiment has only two possible outcomes: “Success” with probability p and ‘failure”

with probability 1 — p.

o The variable X that takes value 1 if the experiment is a success and 0 if it is a
Jailure has a Bernoulli(p) distribution.

8 e
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(a) NegBinom(4,0.2) p.d.f. (b) NegBinom(4,0.2) c.d.f.

FIGURE 4.5 The p.d.f. and c.d.f. of the NBinom distribution.
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* Repeat the experiment n times in such a way that no experiment influences the
outcome of any other experiment' and we count how many of the n repetition
actually resulted in successes. Let Y be the variable counting this number. Then
Y ~ Binom(n, p).

o Suppose that instead of repeating the experiment a fixed number of times n, we
repeat the experiment as many times as are needed to see the first success. The
number of trials needed is going to be distributed as a Geometric(p) random
variable. If we count failures until the first success, we obtain the Geometric(p)
‘number of failures” distribution.

o [Ifwe repeat the experiment until we see r successes, the number of trials needed is
a NegativeBinomial (, p) random variable.

Here are two examples for your practice.
Exercise 1. Prove that equation (4.6) defines a probability distribution.

Exercise 2. Let X be a random variable with distribution given by (4.6). Prove
that

EX:P(V_/e) and VarX:p(r_k).
1—p (1—p)?

4.4.6 HYPERGEOMETRIC DISTRIBUTION (N, m, n)

The Polya urn scheme named after George Pélya is any model where we represent
objects of real interest (people, cars, atoms, etc.) by balls of different colors. The
way the balls are drawn create many interesting models applicable to real problems.
For example, a single ball (or multiple balls) may be drawn and then recolored
and put back, multiple urns may be used for drawing the balls, and so on.

In the simplest such urn model we have an urn containing N balls split
between two colors; call them black and white. There are a total of m black
balls (where obviously 0 < m < V) and of course IV — m white ones. We pick a
random sample of a fixed size 7 and we count how many black balls (or equivalently
white ones) we have chosen. It turns out that X has a distribution that is worth
knowing,.

Definition 4.31 (Hypergeometric distribution) 7his distribution is
defined by the probabilities

m\ (N—m
() G20)
()
We denote a random wvariable X with this distribution as X ~

Hypergeometric(N, m, n).

PX =#k) = ,ke{0,1,..., m} 4.7)

!This is the idea of independence which we already discussed in Chapter 3.
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Proposition 4.32  The probabilities in (4.7) define a valid probability distribu-

tion.

Proof: The proof comes from the Vandermonde identity:

<m+>=;(,z>(_k)

for , n, m € N. To prove this identity, one considers the identity
(a+b)"" =(a+b)"(a+b)",

which uses the binomial expansion for all the binoms in the expression then
identifies the coefficients of the power terms. [ |

Figure 4.6 presents the density and distribution for a Geometric(0.2) random
variable.

Remark 4.33  Despite its simplicity, this particular urn model is appropriate for
modeling any population of size N where we want to know the count m of individuals
who have a characteristic of interest by looking at the random number X obtained in
a random sample. For example, in a sample survey in San Francisco the black balls
and white balls may correspond to people who are (black balls) or are not (white balls)
HIV positive, people who do or do not smoke, or people who will or will not vote for
a particular presidential candidate. Using the previous notation, N is the size of the

10 o
@ ] ~
S _l_
&
: ©
o P
0
IS
-
©
5 =3
-
re}
g <
o S A
=
S
N
0 S
< |
IS
o
O. i O. . _,_
o o
T T T T T T T T T T T T T T
0 1 2 3 4 5 6 0 1 2 3 4 5 6
(a) Hypergeometric(30,20,5) p.d.f (b) Hypergeometric(30,20,5) c.d.f

FIGURE 4.6 The p.d.f. and c.d.f. of the hypergeometric distribution for 30 total balls of
which 20 are white and we pick a sample of 5.
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population, m is the number of individuals in the population with the characteristic
of interest, and X counts the number with that characteristic in the chosen sample of
size n. In all such cases the distribution of X is the Hypergeometric(N, m, n).

Naturally, the reason for conducting such surveys is to estimate m, or equivalently
the proportion of “black” balls p = m/N, from an observed value of X. However,
before we can do this we need to be able to calculate probabilities associated with the
hypergeometric distribution. This method is practical and relevant when the numbers
N and m are relatively small.

Remark 4.34 In gmem/ the situation where the /Jypergeometric distribution is
ﬂpplzmb[e (and useful) is either when the populanon N is small or when the sample
size n is comparable with the population size (e.g., n = N/10).

However, if the population is large enough and the sampling of individuals is
random enough and the sample size n is small relative ro the population, one may use
a binomial distribution as an good approximate for the distribution. 1o understand
why, consider the change in probability of drawing a black ball from an urn containing
1, 000, 000 black and 1, 000, 000 white balls. The first ball is black with probability
0.5. Depending on whether the first ball was black or white, the chance that the second
is black is 999,999/1, 999, 999 = 0.49999975 or 1, 000, 000/1, 999, 999 =
0.50000025, both extremely close to 0.5. The binomial distribution is much easier to
work with; and it may be further approximated using the Poisson distribution or the
Gaussian distribution; both of these distributions are also much easier to work with.

Proposition 4.35  Suppose X follows a hypergeometric distribution with
parameters (IN, m, n) as in the definition. Then

m mN—mN —n
EX =n— and VarX = n—
N N N N-1

Proof: Left as an exercise (see exercise 4.14). [ |

4.4.7 POISSON DISTRIBUTION

Definition 4.36 (Poisson distribution) Suppose that the random variable
X takes values in N and

PX = k) = —e, k=0,1,2,... (4.8)

A random variable with values in N and the probability distribution given by (4.8) is
called a Poisson distributed random variable with rate (or intensity) . > 0. We will
use the notation X ~ Poisson()).

Proposition 4.37  The sequence p, =P(X = k), k=0,1,2, ... defines a
discrete probability distribution.
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Proof: pp > 0 for every # > 0 and

e M
2=ty

k>0 k>0

=t =1.

The Poisson distribution is a good model for many situations where we count
the number of events occurring in a fixed time interval—for example, counting the
number of cars passing by a particular point on a highway in an hour, counting the
number of telephone calls arriving to a central switchboard in a minute, and so on.

In real applications, X is bounded; for instance, it is hard to conceive having
10 trillion cars passing by in an hour, given that the total earth population is a
fraction of that. Although the Poisson distribution gives positive probabilities to
all values of X going to infinity, it is still useful in practice as an approximation.
Due to the exponential decay in the formula, the Poisson probabilities rapidly
become extremely small.

For example, if A = 1, then P(X = 50) = 1.1 x 107% and P(X > 50) =
1.7 x 107! (which are essentially zero numbers for all practical purposes).

Figure 4.7 presents the density and distribution for a Geometric(0.2) random
variable.

Exercise 3. Using the Poisson probability formula, verify the following: If A = 1,
then P(X = 0) = 0.36788 and P(X = 3) = 0.061313.
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(a) Poisson(5) p.d.f. (b) Poisson(5) c.d.f

FIGURE 4.7 The p.d.f. and c.d.f. of the Poisson distribution with mean 5.
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W EXAMPLE 4.6 A practical application of the Poisson
distribution

Consider a type of event occurring randomly through time—say, for ex-
ample, earthquakes. Let X' count the number of events occurring in a spe-
cific unit interval of time—for example, yearly number of earthquakes in
California.

Under the following conditions, X may be shown mathematically to
have a Poisson(A) distribution.

1. The events occur at a constant average rate of A per unit time.
2. Occurrences are independent of one another.

3. More than one occurrence cannot happen at the same time.

With earthquakes, condition 1 would not hold if there is an increasing or de-
creasing trend in the underlying levels of seismic activity. We would have to be able
to distinguish “primary’” quakes from the aftershocks they cause and only count
primary shakes; otherwise condition 2 would not hold. Condition 3 is probably
true for this example. However, if we were looking at car accidents, we could not
count the number of damaged cars without condition 3 being violated since most
accidents involve collisions between cars and several cars are often damaged at the
same instant. Instead, we would have to countaccidents as whole entities no matter
how many vehicles or people were involved. It should be noted that except for the
rate, the above three conditions required for a process to be Poisson do not depend
on the unit of time. If A is the rate per second, then 60X is the rate per minute.
The choice of time unit will depend on the questions asked about the process.

The Poisson distribution often provides a good description of many situations
where points are randomly distributed in time or space—for example, the number
of microorganisms in a given volume of liquid, the number of errors in collections
of accounts, the number of errors per page of a book manuscript, the number of
stars in a quadrant of space, cosmic rays at a Geiger counter, telephone calls in a
given time interval at an exchange, mistakes in calculations, arrivals at a queue,
faults over time in electronic equipment, weeds in a lawn, and so on and so forth.
In biology, a common question is whether a spatial pattern of where plants grow,
or the location of bacterial colonies, is in fact random with a constant rate (and
therefore Poisson). If the data do not support a randomness hypothesis, then in
which way is the pattern nonrandom? Do the organisms tend to cluster (attraction)
or be further apart than one would expect from randomness (repulsion)?

Let us compute now the law and the variance of Poisson’s law.

Proposition 4.38 Suppose X ~ Poisson(L) with A > 0. Then

EX = A and VarX = A.
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Proof: According to Definition 4.7, we have

A o A
k=0
= A.
To obtain the variance, we first compute EX (X — 1). We have
EX(X — 1) =) k(k—1)e” "
k=2
< k=2 0 k
A A
—Aq2 —Aq2
=e¢ "A Z =e¢ A Z —
p (k—2)! — k!
=22

So

VarX = EX(X — 1) + EX — (EX)?
=AM 4+ArA—A=x.

The Poisson distribution satisfies the following “additivity” property.

Proposition 4.39 Let X ~ Poisson(r1) and Y ~ Poisson(r;). Suppose that X
and Y are independent. Then

X + Y ~ Poisson(A; + Ay).
Proof: For every k > 0 integer we have

k
P(X—i—Y:/e):ZP(X:i)P(Y:k—i)

i=0

)\’kl

_Z nY )‘ll 42
k=)
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i k—i
—(}»1+)»z) Z )\' }\'2
— il (b—1i)!

l )\'/? i k'
—(}»1+)»z)
; Al (k —)! P

—(M+22) A
_ ¢ E : i k—i
TR (z'))”kz
—

e~ Rith2) '
= /6' ()"1 + )\'2) 5

where we used the Newton formula (4.2). [ |

An alternative proof will be given later with the help of the characteristic
function of the Poisson distribution.

Remark 4.40 Another property to be noticed for Poisson random variables with
parameter . > 0 is that for every k > 2\ — 1, one has

PX> k) <PX =4k).

Thus the probability of the entire tail of the distribution gets extremely small. For the
proof we refer to exercise 4.13.

EXERCISES
Problems with Solution

4.1  For the experiment in exercise 3.1, compute the expectation and the vari-
ance of the random variable X

Solution: We have

6
2k —1 161
EX = f—— = —
R T
=1
6
2k —1 791
EX? =) £k =,
Z 36 36
=1
and
2555
Var(X) = ==
arX) = 196



Exercises 109

4.2 Let X be a discrete random variable. Prove that for every 2 € R,

4.3

EX —2)? = Var(X) + (EX — a)*.
Deduce from this result the minimum of the mapping
a — E((X — a)?).
Solution: The first part is easy since
E(XX — 2)? = EX? — 24EX + &*
and

Var(X) + (EX — 2)* = Var(X) + (EX)? — 24EX + &*
= EX? — 24EX + &°

from the formula for the variance. Then

inf EX — 2)? = Var(X) + inf (EX — 2)?
a€R a€eR
= VarX

since the above infimum is obtained for # = EX. Another way to interpret
this result is to say that EX is the constant that approximates the random

variable X best in the L? sense. [ |
Let X, Y be uniform random variables on {0, 1, ..., }, that is,
1
PX=0=PX=1)= =PX =n =
n+1

and the same for V. Assume that X and Y are independent. Compute
PX =Y)
and

PX <Y).
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Solution: First

PX=Y)=) PX=*kY=4h

k=0

=Y PX =AP(Y =4)
k=0

kzon—f—ln—l—l

n+1 1

- n+12 n+1"

Next,

PX<Y)=PX=0,Ye{0,....,n)) +PX =1,Y €{1,...,n})
+- - +PX =nY =n)

=Y PX =k P(Y=)
k=0 =k

n

<

4.4 Let X ~ Geometric(p) with p € (0, 1). Prove that for every 2, 6 € N we

have

PX=a+b|X>a)=PX=0).

Solution: Since a, b are positive, we obtain

PX =a+b)

PX=a+b|X>a)= P~ 1)

and using Proposition 4.28, we will have

PX =a+6) =p(1—p)**"! and P(X>a)= (1 —p)*
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4.5

4.6

SO
PX =a+b|X>a)=p1-p’=PX=0).
|

Remark 4.41  The above exercise shows that the geometric distribution is
a distribution “withour memory.” It is like the variable restarts itself at a if a
is the current time. The same property is satisfied by the exponential law (see

Chapter 5).

Let X be a Geometric(b) random variable, with 0 < & < 1. Let m > 1
integer and define

Y = max(X, m)
and
Z = min(X, m).

(a) Find the probability distribution of Y.
(b) Provethat Y +2 =X + m.
(c) Find E(Y) and E(2).

Solution: Note that for every £ > 1 integer
Y=h=(X=<mm=~UX=mX=k).

It suffices to compute P(Y = £) for every k > 1 integer. Suppose £ < m.
Then

PY=k=PX<mm=k+PX>mX==F)
=P +PW) =0

and for b > m
PY=hH=PX>mX=k=PX==F=p01-p""
Finally, when 7 = % we obtain
P(Y = k) =P(X =m) = p(1 —p)" .
|

Let Xi, ..., X, be independent random variables with the same distribu-
tion given by

P(K:O):P(Xi:z):%
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and
PX,=1) = !
i = —2
Let
Sy =X 4+ X,

(a) Find E(S,) and Var(S,).
(b) Find Var(S,)

Solution: Clearly for every i = 1, ..., n we have

X(€2) ={0,1,2}

and
EX, = OP(X, = 0) + IP(X; = 1) + 2P(X; = 2)
1 1
=—-—+4+2-=1.
2 + 4
Thus
ES, =Y EX,=n.
i=1
Also, since
X7 (Q) ={0, 1,4},
EX? = 0P(X? = 0) + 1P(X? = 1) + 4P(X? = 4)
=0PX; =0+ 1P, =1)+PX; =2)
1 1 3
2 42
Therefore,
1
Vﬂr(Xi)zé—l=—
2 2
and

Var(S,) = Y Var(X) = g

i=1

using the fact that the r.v. X; are independent. |
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4.7 Let X be a random variable with distribution Poisson(1). Define the r.v.

Y by
Y=0 if X is zero or even
and
Y = X+l if X is odd.
2
Find the law of Y.

Solution: We have
P(Y = 0) = P(Y is zero or even )
=PX =0+ Y PX=4k

k=2:k 1s even

A A)"k
=t ) Ty

k=2;k €Vven
he
- —A
Ly
Jj=1 2] )'

and for every £ > 1,
. )\‘Zkfl
QF -1
Clearly Y(©2) =0,1,2,.... [ |

PV =k =PX =2k—1)=c¢"

4.8 Let X be a random variable with a geometric distribution with parameter

p. Calculate E (1+X)

Solution: By the definition of the expectation and using (4.5) we obtain

1 k—1
E(1+—X> Z/e—l—lp(l ?)

k—H
szH
(1— (Zk+1 P = =p)

=5 fp)z (—=In(1 = p) — (1 = p)).
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4.9 Let X be a discrete r.v. with the following distribution:
5 5
PX =-3) = PX=-2)=—,PX=-1)=64b PX=0)=—
( 3) =a, P( ) 32’ ( ) =06, P( ) T
and

1
PX=1) =g P(XZZ):S_Z'

We know that

1 5
EX) = -3 and Var(X) = “

(a) Find 4, b, .
(b) Calculate

E(3 + 2X),
E(3 4+ 2X)?,
Var(3 + 2X).

Solution: (a) From

2 1 , 3
Y PX=kh=1 EX=-—-, EX =3

2
k=—3
WCgCt
a+b+c =3,
—3a—b+c =-—1,
9a=0b+c =%,
SO
1
a=—, b:i, L‘:i
32 16 32
(b)
E(B+2X)=3+2EX =2
and
E(3 4+ 2X)* = E(9 + 12X + 4X?) = 9.
Then

Var(X) = 5.
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4.10 Let X be a discrete random variable distributed as a Bernoulli with

4.11

parameter % and let
Y=1-X
Give the law of Y. Calculate EY and Var(Y).

Solution: Note that ¥ = ¢(X) with ¢() = 1 — u. Let us find the law of
Y. Since X(2) = {0, 1} we see that

Y(€2) = {¢(0), (1)} = {0, 1}.
Therefore
P(Y =1)=PlplX) =1 =PX € ¢ ({1})).
Since
e (1) ={x e R, 1 —x =1} = {0}

we have
2
P(Y:l):P(X:O):g.
In the same way, we obtain
1
PY=0=P1—-X=0=PX = 1)=§.
Consequently, Y follows a Bernoulli law with parameter % Moreover,

2 2
EY =—- and Var(Y) = -.
9 9

Let X be a discrete random variable with

P(X:—l):%, P(X:O):%, P(X:l):g.

Show that the r.v.s. ¥ = X? and Z = |X| have the same distribution and
find this distribution.

Solution: We have
X(Q)={-1,0,1} andthus Y(2) = {0, 1}
and

P(Y:l):P(XZ:1):P(X:—1)+P(X=1)=%
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1
PY=0=PX*=0=PX =0)= T
We deduce that Y ~ Bernoulli (%) Similarly, Z follows the same law. W

4.12  Let X be a random variable with Poisson distribution with parameter
A > 0.Let ¢ : R — R be a bounded function. Show that

EXp(X) = AEp(X + 1)

Solution: Since ¢ is bounded, the expectation of ¢(X) exists and

EXp(X) = ) kp(b)P(X = k)

k>0
= k(WP = k)
k>1
)\’k
—_ A
= ; 7= l),tp( )

4.13  Suppose that X follows a Poisson distribution with parameter A > 0.
(a) Show that

k41
PX > k) <P(X=/€)/e+l%)» forevery k> 1 — 1.

(b) Deduce that for every # > 2A — 1, one has
PX>Fk) <PX =k).

Solution: (a) Let £ > L — 1. We have

Y
P(XZk)—E_)\ -
—
j=k
—AM<1+ . » + )
R F+1 . (k+D)k+2)

M N
7)\_
=¢ /e'Z(/eJrl)f

j=0
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Using the fact that for £ > A — 1 the series Z;io ﬁ is convergent and

o0

Z by _ 1 k1
k+1y  1— 2 " k4+1-—2

=0 k+1

we get the conclusion of part (a).
Concerning point (b), we have

PX>k)=PX >k —-—PX=4F)

k+1
X=k)———PX =
<P =B —PUX =)
A
=PX=k——
( )/e—{-l—)»

and we conclude the result since

A

— <1 for k> 21 — 1.
k+1—A

Problems without Solution

4.14 If X follows a hypergeometric distribution with parameters (V, m, n),
show that
mN—mN —n

m
EX =n— and VarX =n— .
N N N N-1

4.15 Let Y be a random variable with law Poisson()). Define the r.v. Z by

Y
Z = — if Y is even

2

and
1-Y
J =— if Y is odd.

2

Find the law of Z.

4.16  Let X ~ Geometric(p). Define
X
U=4|:Ei| —2X +1,

where [x] is the integer part of x (the biggest integer less or equal than x).
Find the law of U.
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4.17  Please answer the following questions:

(a) What is the probability to obtain a “double” when we roll two fair
dies (both faces show the same outcome)?

(b) We roll two dies repeatedly until we get the first double. We denote

by X the random variables counting the number of rolls. What is the law
of X?

(c) Letn > 1. Compute directly the probability to have no double in the
first # rolls. Deduce P(X > n).

Hint: For question (a), the answer is p = 3% = ¢ because we have 6 favorable
cases and 36 possible outcomes. Therefore, X follows a geometric law with p = %



CHAPTERI/FIVE

Random Variables: The

Continuous Case

5.1 Introduction/Purpose of the Chapter

In the previous chapter we discussed the properties of discrete random variables
which map events to values in a countable set. In many cases, however, we need
to consider variables which take values in an interval. Think about the following
experiment: Choose a random point on a segment from the origin to some point
A and let be X the abscissa of the chosen point. Then X(€2) = [0, |A4|,], where
|Al, is the x-coordinate of the point A and this set is not countable. A continuous
random variable is not defined at specific values. Instead, it is defined over an
interval of values. Informally, a random variable X is called continuous if its
values x form a “continuum,” with P(X = x) = 0 for each x.

5.2 Vignette/Historical Notes

Historically the continuous random variables appeared as approximations of the
discrete random variables. The 1756 edition of The Doctrine of Chance contained
what is probably de Moivre’s most significant contribution to probability, namely
the approximation of the binomial distribution with the normal distribution in
the case of a large number of trials—which is now known by most probabil-
ity textbooks as “The First Central Limit Theorem.” Pierre-Simon de Laplace

Handbook of Probability, First Edition. Ionug Florescu and Ciprian Tudor.
© 2014 John Wiley & Sons, Inc. Published 2014 by John Wiley & Sons, Inc.
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(1749-1827) published Théorie Analytique des Probabilités in 1812. In this book
he introduces what is now known as the Laplace transform in applied mathemat-
ics, and we will know it as the moment-generating function in this book. This
function provides a universal tool to work with distributions of variables—and is
most useful for continuous variables.

More recently (1933), Kolmogorov published Grundbegriffe der Wahrschein-
lichkeitsrechnung his most fundamental book. In it he builds up probability theory
in a rigorous way from fundamental axioms in a way comparable with Euclid’s
treatment of geometry. This theory can deal with discrete or continuous or in fact
any kind of random variables. However, in practical (numerical) applications we
typically assume some density for random variables since this makes it simpler.
The Markov processes and the whole advent in connecting PDE’s and stochastic
processed has started with continuous random variables.

5.3 Theory and Applications

A crucial notion in the theory of continuous random variables is the concept of

probability density function.

5.3.1 PROBABILITY DENSITY FUNCTION (p.d.f.)

Definition 5.1 A function f : R — R is called a probability density if it is
integrable, positive and

/Rf(x)dle.

We mention that a function which is continuous with the possible exception
of a countable number of points is integrable. This will be the case of all the
examples treated in this book.

In the remainder of this section we give examples of density functions.

B EXAMPLE 5.1

Let f — R be a function defined by

f(x) = (x + %)1[0,1](36).

Then f is a probability density (see Figure 5.1).
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©
<

1.0

-0.5 0.0 0.5 1.0 1.5
FIGURE 5.1 Density of the function in Example 5.1.

Solution: Note that f(x) > 0 for every x € R and f is continuous (except the
two points 0 and 1). Moreover,

! 1 1 17!
x) dx = x+—)=|=x>+- =1.
Jrwrae= [ (3) =[50 +1] =

W EXAMPLE 5.2

Let ¢ > 0 be a constant and define

fx) = exlio(x) + (2 —x) 1 ().

Find ¢ that makes /" a probability density function (see Figure 5.2).

Solution: We have that f is clearly positive and continuous almost everywhere (it
may not be continuous at 1 and 2). We compute

! 2 c 1
/f(x)afx:c/ xdx+/(2—x)dx=_+_7
R 0 1 2 2

and this implies ¢ = 1. |
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1.0

0.8
!

0.4

0.2

0.0

0.0 0.5 1.0 1.5 2.0

FIGURE 5.2 Density of the function in Example 5.2.

B EXAMPLE 5.3
Define f : R — R by

F6) = 211 0.
X

Then f is a probability density (see Figure 5.3).

Solution: f is positive and

L

So what is the connection between random variables and these functions?

Definition 5.2 (Continuous random variable) Ler X : Q — R be a
random variable on the probability space (2, 7, P). We say that the random variable
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Q
-

0.8

0.6

0.4

0.2
1

5 10 15 20

FIGURE 5.3 Density of the function in Example 5.3.

X is continuous (or X has a density ) if there exists a probability density function f
such that

b
Pu<X< b):/ f(x) dx

Joreverya, b € R, a < b.

Remark 5.3  The probability that the continuous random variable, say X, has
any exact value a value a is 0. Indeed, formally
PX =a) = AlimOP(a <X <a+ Ax)
a+Ax

= lim Jx(x) dx

Ax—0 [,

=0.
In general, for continuous random variables, we have
PX = a) # fx(a).

Let us state a proposition which will be used to identify distributions of
functions of random variables.
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Proposition 5.4 Let X and Y two random variables with respective probability
densities fy andfy. The two random variables have the same distribution (i.e., fx (z) =
fr(2), Yz) if and only if for any measurable bounded finction F we have

Ex[F(X)] = Ey[F(Y)],

where each expectation is calculated with respect to the the subscripted random variable
or written in integml terms:

/F(z)ﬁ((z) dz = /F(z)fy(z) dz.

Proof: Exercise. Use the standard construction in one direction and the delta
function in the other direction. [ |

5.3.2 CUMULATIVE DISTRIBUTION FUNCTION (c.d.f.)

The cumulative distribution function of a continuous random variable X is still

defined by Fy(x) = P(X < x). But in the case of continuous r.v., it can be ex-
Yy

pressed in terms of the density as follows.

Proposition 5.5 Let X be a random variable with density f. Then
=P <0 = [ £0)b
for every x € R.
Proof: It is an immediate consequence of Definition 5.2. ]
You may read this as follows: The density (p.d.f.) £ is the derivative of the

distribution (c.d.f.) Fx (however, not everywhere). The exact details will be for-
malized in the next proposition.

B EXAMPLE 5.4

Let X be a random variable with density function

S ) =x1j01(x) + (2 — %) 111,2(x).
Calculate FX(%) =PX < %)

Solution: We have seen in the Example given on page 121 that f is indeed a
density. Then, by Proposition 5.5, we have

1 2 2 1
P<X§E>=/Oof(x)afx:/0 xa’x:i.
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Proposition 5.6 (Properties of the c.d.f. of the continuous random
variables) The probability distribution of a continuous random variable X has
the following properties.

i. Fx is a continuous and increasing function, Fx : R — [0, 1].
i, lime_ _ooFx(x) = 0 andlim,_, o Fx(x) = 1.
iti. Foreverya < b,a,b e R,

b
F(b) — F(a) =/ f () du.

. F is differentiable in any point a where f is continuous, and in this case
F'(a) = f(a).

Proof: The first two properties (parts i and ii in the proposition above) are valid
for any general random variable. We refer to the proof of Proposition 3.9. Part iii
is an easy consequence of Proposition 5.5. Part iv is left as an exercise. |

Remark 5.7  The first point of the above proposition explains where the name is
coming from: A continuous random variable is a random variable whose distribution
is continuous (as opposed to right continuous in the general case). In fact the precise
terminology is absolutely continuous with respect to the Lebesque measure and admits
a Radon—Nykodim derivative (which is the density). We mention that several books
on probability theory define the density as the derivative of the cumulative distribution
Sfunction.

Remark 5.8 [ff isa probability density function, note that

lim f(x) = lim f(x) = 0.

x—>—00 x—> 00

If this is not the case, then the p.d.f. cannot possibly integrate to a finite value.

i EXAMPLE 5.5

Let X be a continuous random variable with density function

f(x) = 2x1(,1)(x).

7

Calculate

ISE
IA
S
IA

b |

SN—
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So/utz'on: By Proposition 76, we have
P = X) dx

=[]

3

16

ENEESIE

B EXAMPLE 5.6

Let

fi) =5
if x € (1, 2) and assume

f)=0

otherwise. Here 2 denotes a real constant.

1. Find the parameter « in order to obtain a probability density function.

2. Find the probability
p1=x<2).
2

Solution: From the definition of the density, we need
a>0.

Since

15
/Rf(x)dx = 6—44

we obtain ¢ = % Using the value of 2 we just found, we obtain

3

64 [:
P(l<X<3/2)= —/ xdx
1

15
3
G4 1 T3
= — ——x_4 ’
15|: 4 ]x—l
208
2437
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5.3.3 MOMENTS

Remember that for a discrete random variable we defined

EX = Z xP(X = x).
x€X ()

For a continuous random variable we substitute the sum by an integral and P(X =

x) by the density f (x). That is,

EX = / ¥ (x) dx
R
whenever the above integral is well-defined. In fact, the definition of the moments
ofa continuous random variable is a particular case of the general notion developed
in Appendix B. The general approach is relegated there since, while important, it
requires general work with measures and Lebesque integration.
In order to give an unitary, more intuitive approach in the context of contin-

uous random variables, we will adopt the following definition.

Definition 5.9 Let X be a random variable on (2, 7, P) having a density f .
Leth : R — R be a measurable function such that

/ |h(x)|f (x) dx < 00.
R
Then

E[H(0)] = /R D () ds.

In particular, if X € L'(S2) (see Appendix B for the definition), then X admits
an expectation and

E(X) = /R *f () dx.
If X € I7(2), then the moment of order p of X exists and
E(X?) = /}R S F(x) d.
For X € I*(Q) the variance of X exists and it is given by
Vi) = /}R (v — ECO)2£ () d = E[X?] — (EX)*.

Furthermore, as in the discrete case the standard deviation of X also exists
and is the square root of the variance.

StdDev(X) = / V(X).



128 CHAPTER 5 Random Variables: The Continuous Case

W EXAMPLE 5.7 Continuing the Example on page 120

Let X be a rv. with density f as in Example 5.1. Let us compute the
expectation of X.

We will compute the moments for several classical random variables later in
this chapter.

5.3.4 DISTRIBUTION OF A FUNCTION OF THE RANDOM
VARIABLE

The purpose of this paragraph is to discuss the following question: How do you
find the density of a random variable ¥ constructed as a function 4(X), where X
is a random variable with a given density function? An explicit and useful formula
is given below.

Theorem 5.10 Ler (2, F, P) be a probability space and let X : @ — R be a
random variable with density f. Let h : D C R — R (D is an open set) satisfying

the following assumptions:

1. ) is differentiable on its domain D.
2. b is injective; that is, h(x) = h(y) implies x = y.
3. The support of [ (or of X),

Supp(f) = {x; £ (x) > 0}

is contained in D.

Then the density of the random variable Y = h(X) is given by

fY()’)

/7,(/] ‘f(h YW Lyenn)

for all points y such that f is continuous at b~ (y).
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Proof: Since 5 is injective and continuous (differentiable), then either 4 is in-
creasing or is decreasing. Let us assume that it is increasing (the decreasing case is
similar). We compute the distribution function of Y

P(Y <)) =P(h(X) <)) =P(X < /7' (y))
)

—0o0

and now using the change of variables x = b~ (z), we obtain

y /

P(Y <) =/ FO @) (07 () de
y /

=/ FO7@ |7 )| de

because / is increasing. Now suppose that 4~ (y) is a continuity point for f. Then
Fy is differentiable at y with derivative

-1
B (h=1(y)) (/7 ‘f )
and the formula is thus proven. n

In the particular case when 4 is an affine function (h(x) = ax + 6), we have
the following.

Corollary 5.11 Let X be a rv. with density f and let
Y=aX+1b

with a # 0. Then the density of Y is

#) = o (220),

Proof: We apply the result in the previous theorem to the function

h(x) = ax + b.

Remark 5.12  Ler X be a random variable with density




130 CHAPTER 5 Random Variables: The Continuous Case

Using Corollary 5.11, show that the density of Y = 06X + p (with 0 > 0) is given
by

1 =2

fry) = e .

202

As we shall see in the next section, X follows a standard normal distribution
N(0, 1) and the resulting random variable Y = oX + p has the same normal law
but with mean | and variance o* (N (1, 02)).

5.4 Examples

In this section we will present some of most used continuous probability distri-
butions and discuss their basic properties.

5.4.1 UNIFORM DISTRIBUTION ON AN INTERVAL [4,5]

The uniform distribution models continuous random variables which take values
in an interval without any particular preference within that interval. It is the
equivalent of the discrete uniform distribution presented in Chapter 4. As an
example, suppose that buses arrive at a given bus stop every 15 minutes. If you
arrive at that bus stop at a particular random time, the time you have to wait
for the next bus to arrive could be described by a uniform distribution over the
interval from 0 to 15. It is different from a discrete uniform because the time
can be anywhere in the interval. However, if we only consider the minutes—to
the nearest integer—we obtain a discrete set of outcomes and the corresponding
distribution is the discrete uniform.! We hope you can see the advantage of using
the whole number and not just the rounded value.

In general, for an arbitrary interval [4, 6] the random variable with a uniform
distribution represents the position of a point taken at random (without any
preference) within the interval [4, 6].

Definition 5.13 Wesay that a random variable X follows the uniform distribution
on the interval [a, b] if its probability density function is given by

1 .
b—a’ l](‘x € [d, é]!
= 5.1
S 0, otherwise. G-1)
We will use the notation
X ~ Ula, b).

1Technically, in the example we should round to the nearest middle of the minute, i.e.,
0.5, 1.5, ..., 14.5 to obtain the discrete uniform—otherwise the ends 0 and 15 will have less prob-
ability than the rest.
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FIGURE 5.4 The p.d.f. and c.d.f. of the uniform distribution on the interval [0, 1].

Figure 5.4 presents the density and distribution for a Ungorm(0, 1) random
variable.

Proposition 5.14 The function defined by (5.1) is a probability density function.

Proof: It is immediate that f is positive and

b
/f(x)afx:b;/‘ dx = 1.
R —aJ,

Proposition 5.15 Let X be a random variable with uniform distribution; that
is, its density is given by (5.1). Then

N2
E(X):d-;b od Vo) = 12") .

Proof: We have

1 b 1 12x=b a+b
E(X)—/Rxf(x)dx—m'/d‘ xdx—b_ﬂ[zx] =

x=a
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and
1 b
E(X?) = /xzf(x)dx = / x2dx
R b —aJ,
1 [1 3]"—” -  Ptab+ b’
= —X = = .
b—al|l3 |._, 3(b—a) 3
Thus

e , @A tab+ 6 (a+b)?  (b—a)
V(X) =EX") — (EX))” = 3 - [

Concerning the c.d.f. of the uniform law, we have the following proposition.

Proposition 5.16 LetX ~ Ula, b]. Then the cumulative distribution function

of X is
0 if t<a,
Fx(t) = § 7= ifr € [a, b],
1 ift> b.

Proof: Using the formula of the density of X, we obtain
Fx(t) = P(X < 1)

1 t 1 tAb
= 14 =
b—a/_oo (o) (%) b—a_/a e

and the conclusion follows.

B EXAMPLE 5.8

Let X ~ U[0, 1]. Compute
p( )

Solution: This is an immediate application of the result above. Indeed,

== o))

3 1 1

4 4 2

=X=

A=
o~
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5.4.2 EXPONENTIAL DISTRIBUTION

Definition 5.17 Let A > 0. Then the density of the exponential distribution is
given by

flx) = Ae x> 0. (5.2)
We will use the notation
X ~ Exp(A)

to indicate that the r.v. has an exponential distribution with parameter ). > 0.
Proposition 5.18  The function given by (5.2) is a probability density.

Proof: Indeed, f'(x) > 0 for every x € R and

/f(x) dx = )\/00 e M dy = [_e—xx]:go =1.
R 0 N
|

The exponential distribution has been used extensively to model lifetimes of
organisms. As we see in the next proposition, the average lifetime of an organism
thus modeled is 1/A.

Figure 5.5 presents the density and distribution for an Exponential(A = 0.2)
random variable.
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(a) Exponential(0.2) p.d.f. (b) Exponential(0.2) c.d.f

FIGURE 5.5 Exponential distribution.
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Proposition 5.19 Let X be a random variable with exponential distribution;
that is, its density is given by (5.2). Then

1 1
Proof: Let us compute first the expectation. We have

ELY):(/‘ Atae M db.
0

We will integrate by parts with u = £,/ = Ae ™™ sou =1,v=—e M, and
we get

o0
- 1
_ —ar]t=00 —at g,
E(X) = [—e ] _, +f0 e Mdr = -
Let us compute now E(X?). It is given by

E(X?) = )»/ x2e ™ dyx
0

and by integrating by parts (» = x%and v = Ae ™ with o/ = 2x, v = —e™™),
we obtain

E(X?) = [—xze_)”x]xzoo + 2/ xe M dx
0

x=0
w 2
= 2/ xe My = —
0 A2
using the calculation done for E(X). Then
2 1 1
V00 = BOC) - (BEOP = — = = o

In fact, as we will mention later, the exponential distribution is a particular
case of the gamma distribution. The results in this paragraph can be deduced
from the general derivations in Section 5.4.4 (which follows shortly).

Let us compute the c.d.f. of the exponential law.

Proposition 5.20  Suppose X ~ Exp(A), A > 0. Then
Fx(x) =0 ifx<0
and

Fy(x) =1— ¢, ifx > 0.
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Proof: The first part is obvious because the support of the density of X is the set
of positive real numbers. If x > 0, then

Fy(x) = / re Mdr =1— .

0

Remark 5.21  The exponential distribution satisfies the following ‘memoryless
property.” If we call the random variable lifetime, this property may be interpreted in
the following way: Given that the lifetime of the organism is greater than a number
t, the probability that the organism will survive s more time units is the same as if the
organism is being reborn at s.

Mathematically, for any s > 0 and t > 0,

PX >s54+¢tX>5)=PX >1¢).

For a proof of this result, see exercise 5.11. There is also a converse result: If X is a
random variable such that

PX>0=1 and PX>1¢ >0
Jor every t > 0 and
PX>t+s5X>1t)=PX>y5) for every s, t > 0,

then X has an exponential distribution. See exercise 5.12.

B EXAMPLE 5.9

The lifetime of a radioactive element is a continuous random variable with

the following p.d.f.:

fel) = e

100
for # > 0 and zero otherwise. Recognizing the exponential distribution, we
see immediately that the lifecime has an average of 100 years.
The probability that an atom of this element will decay within 50 years
is
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5.4.3 NORMAL DISTRIBUTION (u, 0%)

The normal distribution is the most widely used distribution in practice. There
are several reasons for this. The errors associated with any repeated measurements
are normally distributed, so the distribution appears quite often in practice. Fur-
thermore, the result that will be presented in the limit theorems section (the
central limit theorem) shows that the distribution appears quite naturally as the
limit of averages of random variables with arbitrary distribution. Finally, despite
its complicated form, it has certain properties that allow analytical work with this
distribution.

Definition 5.22 (Normal distribution) A random variable normally dis-
tributed has the density

fo)=——cF, xeR 5.3

X) = ———¢ 27 X , .
v 2702

where i € R is called the mean parameter and o > 0 is called the standard devia-
tion parameter. We use the notation X ~ N (i, 0%) to denote this distribution. The
distribution is also known as the Gaussian distribution.

Remark 5.23  Please note thar we shall always use the variance and nor the
standard deviation in the notation. For example, if we write X ~ N (0, 2), we mean

that the variance of X is equal to 2 and correspondingly the standard deviation is V2.

Figure 5.6 presents the density and distribution for a Normal(0, 1) random
variable.
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(2) Normal(0,1) p.d.f. (b) Normal(0,1) c.d.f

FIGURE 5.6 Normal distribution.



5.4 Examples 137

The normal distribution is commonly encountered in practice, and it is used
throughout statistics, natural sciences, and social sciences as a simple model for
complex phenomena. For example, the observational error in an experiment is usu-
ally assumed to follow a normal distribution, and the propagation of uncertainty
is computed using this assumption. Note that a normally distributed variable has
a symmetric distribution about its mean. Quantities that grow exponentially, such
as prices, incomes, or populations, are often skewed to the right, and hence may
be better described by other distributions, such as the log-normal distribution or
Pareto distribution. In addition, the probability of seeing a normally distributed
value that is far from the mean (i.c., extreme values) drops off extremely rapidly.
As a result, statistical inference using a normal distribution is not robust to the
presence of outliers (data that is unexpectedly far from the mean). When data
contains outliers, a heavy-tailed distribution such as the Student’s # distribution
may be a better fit for the data.

Proposition 5.24  The function given by (5.3) is a probability density function.

Proof: Let us show that

7(x w?

o dx = 1.

/\/W

We first write

1

1 ——p)? —<x—m2 21e
— ¢ 2% dx T2 dx
R /2702 R 27102

—(x u) 70 u %
- |:27m2 dx/ :|
~ V2no? U / e dm’y} ’

where we used the change of variables ' = x —  and y' = y — %. Now, using
polar coordinates x = 7 cos6 and y = rsin 6, we obtain

1
/ (x;)dx 1 |:/m/2n —’ided}z
= — re 2 'y
\/27102 V2mo? LJo Jo
1
1rre 2 1
=—|:/ re_202d7:|
o LJo
1
2
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Proposition 5.25 Let X be a random variable with density given by (5.3). Then
EX)=p and V(X)=o>
Proof: Using the change of variables x — . =y,

—e #)2 © _2
xe 202 ()/ —+ ,LL)E 20261)/

1
EX) =
A/ 27102 v 2n0? J-x

1
yﬁ”“’“‘m o
—00

B V27TO'2 —0o0

2
. . . . _r
The first integral is zero because we integrate over R an odd function ye™ 27 . Thus

EX) =

1 © 7
" e 2wldy = %
V2mo? J-oo ?
by using Proposition 5.24. Now,

—(x—, u)

f(x—E(X e 22 dx

VX)=

1
N 2mo?
e

x—,u) e 27 dx

1
B V2mo?

1 2 _id
= 14 202 s
N 2mo? Jr ! ?
again by the change of variables x — u = y. We w111 integrate by parts with » =

and v/ = ye 202@/ (thus #/ = 1 and v = —0?

1 , AP
V(X)) = —o%ye 202
X) v2n02|: ! ]

e 2"2) and we obtain

202 dy = o>
v 2o i

Remark 5.26 [f X ~ N(0,1), then —X ~ N(0, 1). Indeed, for any odd,
bounded measurable function F : R — R, the following holds:

EF(—X) = «/_/ —x)e” 7dx
«/E/ (x)e™ 7

with the change of variables — )
Recall that a function F : R — R is odd if and only if F(—x) = —F (x) for all
x € R.
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Remark 5.27  Remark 5.12 says thar if X ~ N(0,1), then oX + u ~
N(w, 0?). Conversely, if Y ~ N (i, 0%), then

— i

~ N(0, 1).

This is the so-called standardization of a normal random variables. That is, any
Gaussian r.v. with arbitrary parameters can be transformed into a standard normal
random variable.

We will prove later (see Proposition 7.29) that the sum of independent normal
random variables is still a normal random variables with parameters equal to the
sum of parameters. That is, let X ~ N(u1, 07) and ¥ ~ N(u,, 03). Assume X
and Y are independent. Then

X +Y ~ N(us + pa, 07 + 03).

Remark 5.28  The above property extends by induction to a finite sum of inde-
pendent Gaussian random variables. Specifically, X; ~ N (i, 01.2) fori=1,...,n:

n

Zﬂin‘ ~N (2”: a;X;, Xn: ﬂl.zoiz).
i=1 i=1

i=1
In Chapter 8 a different proof, sensibly easier, of the above property will be

given by using the characteristic function of the normal law (see exercise 8.2).

5.4.4 GAMMA DISTRIBUTION

We start by introducing the gamma integral. For every x > 0 the gamma integral
(or the gamma function) is defined by

I'x) = /OO ey (5.4)
0

Remark 5.29 It is not trivial to see why the function inside the integral above
is integrable for x > 1. We include this derivation in the paragraph containing the
exercises.

Proposition 5.30  The gamma function satisfies the following properties:

(a) Foreveryx > 0 we have I'(x + 1) = xI"(x).
(b) For everyn € N* we have I'(n 4 1) = nl.
)T (%) = /7.
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Proof: (a) We have

x4+ 1) =/ et dr
0

Integrating by partswith # = #* and v’ = ¢™*, which gives ' = x#*~!, v = —¢ ™",

we obtain

=0

F(x + 1) — [_efttx]t:oo +/ xtx—leftdt
0
= xI"(x).

(b) We will use induction to prove this part. First let us verify the relation for
n = 1. We need to show that I'(2) = 1. Repeating the integration by parts from
above (with x = 1) gives

r'@) =/ te”tdt = [—te™ |7 +/ e dr = 1.
0 0

Thus 7 = 1 is verified. Assume as the induction hypothesis I'(z + 1) = #!. Then
from part (a) we have

I''n+2)=mr+1DI'r+1)=0n+ n=@m+1).

(o) This part follows from Proposition 5.24 with a change of variables

Vi=y. u

Definition 5.31 W say that a random variable X has gamma distribution with
parameters a > 0 and ). > 0 if its density is given by

Aﬂ
I'(a)

with a, . > 0. We will denote X ~ T'(a, L), meaning that the random variables X
Jollows a gamma distribution with density (5.5).

Jailx) = e 5" (0,00 (%) (5.5)

Figure 5.7 presents the density and distribution for a Gamma(10, 0.2) ran-
dom variable.

Proposition 5.32  The function (5.5) is a probability density.

Proof: Clearly, f; 5 (x) > 0 for every x € R and

)»ﬂ /voo . i 1 /w _ .
e Mx T dy = —— ey T dy =1,
r@ Jy ralto ©7 7%

where we used the change of variables Ax = y. [ |

/ﬁl,,\(x)dx=
R
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FIGURE 5.7 Gamma distribution.

Proposition 5.33 Let X ~ I'(a, 1). Then

a a

Proof: We have

A’ﬂ o0 N )\'a . o0
EX = Yo Mdy = —— AT e d
r(a)fo v I'(2) /o Jend

- Tatn=t
=@ “TVE3

using Proposition 5.30, point (a). Next,

A4 ° 1 1
EXZ — / xa—t—le—kxdx — —F(ﬂ + 2) — (ﬂ + )ﬂ
I'(a) Jo AT (a) A2

again by Proposition 5.30, point a. Finally,

(a+1Da 4> a

Remark5.34 [fu = 1, thenthelawT (1, L) is the exponential law with parameter
A (with expectation )l\ ).
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An important particular case of the gamma distribution is when the parame-

tersare 4 = A = % In this situation, we have the law of the square of a standard

normal random variable.

Proposition 5.35  Suppose that X is a standard normal random variable, that
is, X ~ N(0,1). Then
11
X*~T(=. )
22

Proof: Let Fy: be the distribution function of the r.v. X%. Then for any # < 0 we
have

Fa(t) =P(X* < 1) =0,
while for # > 0 we obtain
Fx2(5) = P(—Vt < X < /1) = 2P(X < V1) = 2Fx (V).
By Proposition 5.6, the density function fy> of the r.v. X is given by
fx2(z) =0 ifr<0

and for # > 0 we have

1
fie ) = (Fe@) = QW) = 2ﬁ((\/;)2—ﬁ

which implies
fe) =fi 1)
forevery t € R. [ |

1
2

The law I (%, %) is also called chi-square distribution with 1 degree of free-
dom. In general the sum of squares of # Gaussian random variables with mean 0
and variance 1 is a chi-square distribution with 7z — 1 degree of freedom. Let us
formalize this distribution in a definition (which is also a I (%, %))
Definition 5.36 We say that a random variables X follows a chi-squared distri-
bution with n degrees of freedom if its density function is:

1
272T(3)

x2 7l

We will use the notation X ~ x?.

Figure 5.8 presents the density and distribution for a 7, random variable.
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FIGURE 5.8 2 distribution.

Remark 5.37 Note that if X ~ I'(a, ) and Y ~ T'(b, X) are independent, then
X+Y ~T(a+b, 7).
We will give a proof of this result in Chaprer 8.

If X ~ I'(a, A), then the random variable

Y =—
X

follows an inverse gamma distribution. This is a probability law appearing in
several practical applications. The density of the inverse gamma distribution with
parameters @, A > 0 is defined by

a a+1
flx) = Fx(ﬂ) <1) e, (5.6)

X

Figure 5.9 presents the density and distribution for an InverseGamma(10, 0.2)
random variable.

The relation between the laws gamma and inverse gamma is proven in the
following resul.

Proposition 5.38 Let X ~T'(a, A). Then Y = )i( is a random variable with
inverse gamma distribution with parameters a and 5.
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FIGURE 5.9 Inverse gamma distribution.

Proof: For any bounded measurable function F we have

1
erir 5] (1)]
= M OOF(l) e
F(ﬂ) 0 X

and by making a change of variables—namely, y = 1 with dx = — yiz dy—we

obtain

EF(Y) all OOF( ) ~31-a L P!
= J _—
; J)e vy 7 1,

I'(a)

a

_ OO *f —1—a

Since this is true for any bounded measurable function using the Proposition 5.4,
we obtain the density of ¥ as given by (5.6). |

5.4.5 BETA DISTRIBUTION

We introduce first the beta integral or the beta function. For every 2, 6 > 0 we

define

1
Bla, b) = / (1 — )
0
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Proposition 5.39 Leta, b > 0. Then

(@) PBla, b) = B(b, a).

INIX)
) Bl b) = %

Proof: Point (a) is immediate from the definition of the beta integral and the
change of variables 1 — x = y. For part (b), just substitute the definitions. W

Definition 5.40 A random variable X follows a beta distribution with parameters
a, b > 0 if its density is given by
xafl (1 _ x)bfl

Bla, b)

with a, b > 0. We use the notation X ~ Beta(a, b) to distinguish from the beta
Jfunction.

Jap(x) = Lio,1)(x). (5.7)

Figure 5.10 presents the density and distributions for various Beza random
variables.
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FIGURE 5.10 Beta distributions for various parameter values.
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Proposition 5.41  The function given by (5.7) is a probability density function.

Proof: Since the density f; 4 is a positive function, we need only to verify that it
integrates to 1. Bur this integral is

b—1 ﬁ(d’b)_
ab)/ =9y = g =

Proposition 5.42 Let X ~ Beta(a, b) with a, b > 0. Then

EX = —" and V(X)= ab
Tare T @t et bt 1)
Proof: We have
1
17 1 _
ﬂ(a 5 dx = B b)ﬁ(a-i- 1, b)

B I'(a+ b) F(a—{—l)F() a
C T@U(b) Ta+b+1) T at b

where we used Proposition 5.39, part b, and Proposition 5.30, part a. To compute
the variance, let us compute first the expectation of X 2 We have

_ a+1 b—1
= 5 b)/ —x)"" dx
_ Bla+2, 17) ala+1)

Bla,b) ~— (a+b+1)a+b)

using the properties of the beta and gamma integrals. Then

V) = (@+1) _( a )2_ ab
T a+b+D)a+b \a+b) @+ a+b+1)
m

Remark 5.43 Ifa=0b=1, then B(1,1) is the uniform distribution on the
interval [0, 1] Gust substitute in the formula). Because of this generalization and the
Jact that the beta distributed random variable takes values in the interval [0, 1], the
distribution is widely used as a distribution for probabilities p.

Remark 5.44 [fX Y are independent random variables such that X ~ T'(a, 1)
and Y ~ (b, 1), then 2~ ‘v ~ Beta(a, b). We shall give a proof of this result at a

later time.

Y
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5.4.6 STUDENT’S ¢ DISTRIBUTION
Definition 5.45 A random variable with p.d.f:

This distribution has a very interesting history. To start, we remark that if
one takes X1, . .., X, standard normal random variables and forms the expression

X
S2(X)

then this expression has a # distribution with 7 — 1 degrees of freedom.
In the previous formulation, we have

g Tk
n

the sample average, and

2 _ 1 )2
S(X)_n_ll;(xl X2

the sample variance.

In 1908 William Sealy Gosset published a derivation of the distribution of

X
75
normals Student (1908). He was working for the Guinness Brewery in Dublin,
Ireland at the time. Guinness forbade members of its staff from publishing sci-
entific papers to not allow the competition to acquire secrets of its famous brew
manufacturing. Gosset realized the importance of his discovery and decided such
a result deserved to be known even under a pseudonym. The distribution became
popular when applied by Sir Ronald Aylmer Fisher (Fisher, 1925) who calls it
Student’s ¢ distribution.

this expression when the original variables X, ..., X, are standard

Definition 5.46 Ler

3 r) 2\ 7T
f = s (1+—> , (5.8)

where n > 0 is a parameter called degree of freedom and T (x) is the usual gamma
Sfunction. A random variable X with probability density given by (5.8) is called a
t distributed random variable with n degrees of freedom. We shall use the noration
X ~t,.

Figure 5.11 presents the density and distribution for a 19 random variable.
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FIGURE 5.11 # distribution (continuous line) overlapping a standard normal (dashed
line) to note the heavier tails.

Remark 5.47 The p.d.f may be written in terms of the beta function as well:
1 2\
et (1)
VB (3. 5) "

The shape of this distribution resembles the bell shape of the normal; however,
it has fatter tails. In fact a #, distribution has no moments greater than 7. One
more interesting fact is that the #, p.d.f. converges to the normal p.d.f. as » — oo.

Proposition 5.48 The mean and variance of a t,, distributed random variable

are
0 ifn>1,
E[X] = { >
00 otherwise
and
2 ifn>2,
V(X) = { 2 4 .
00 otherwise.

The proofs of these facts are left as exercises (exercise 5.39).
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5.4.7 PARETO DISTRIBUTION

Definition 5.49 A random variable is distributed as a Pareto random variable
with parameters a, b > 0 ifits probability density is given by

ab”®

[0 = oo ®)- (5.9)

We shall use the notation X ~ P(a, b) to denote a random variable with this distri-
bution.

Figure 5.12 presents the density and distribution for a P(10, 1) random
variable.

Proposition 5.50 Function (5.9) is a probability density function.

Proof: We have

/f(x) dx = ab” /Oox"ldx
R b

— b T o

a x=b
|

=
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FIGURE 5.12 Pareto distribution.



150 CHAPTER 5 Random Variables: The Continuous Case

Proposition 5.51 Let X ~ P(a, b). Then

1. Ifa> 1, then X is integrable and

ab

EX = .
a—1

2. Ifa > 2, then X is square integrable and in this case

ab?

Y= ey

Proof: Let us first calculate the expectation. We have

ab” / x “dx
b

ab® ab

T (@a—=1Db a—1

EX

Note that the function ¥ is integrable at infinity if and only if 2 > 1. We

compute now EX?. It holds

o0
EX’ = ab”/ x~ T dx
b

ab® ab?

T G@—-2k2 a-2

with the same remark about the second moment existing only if 2 > 2. In this
case we can calculate

V) = ab? o ab ab?
a-2 <¢—1>__(4—1)2(a—2)‘

Remark 5.52  [f'a <1 in a Pareto density (5.9), the corresponding random
variable has infinite expectation and indeed no moment of any order.

The following result shows a link between the Pareto and the exponential
distributions.

Proposition 5.53 LetZ beanr.v. with law Exp(a), a > 0 and let b > 0. Define
X = beé”.

Then X has Pareto distribution P(a, b).
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Proof: Recall that the density of Z is given by
Sfz(x) = ae” " 1(=0).

Consider F : R — R a bounded measurable function. Then

Emmzmwﬁ:/ﬂwﬁww

R

= / F(be¥)ae™ % dx,
0

and by using the change of variables
be" =y with x = logy — log &

we obtain
WW:M/FW”W
b

Finally, using Proposition 5.4, we obtain that the density of X is given by
(5.9). |

5.4.8 THE LOG-NORMAL DISTRIBUTION

In probability theory, a log-normal distribution is a probability distribution of a
random variable whose logarithm is normally distributed. If X is a random variable
with a normal distribution, then ¥ = ¢* has a log-normal distribution. Likewise,
if Y is log-normally distributed, then X = /og(Y) is normally distributed. By
formalizing, we obtain the following:

Definition 5.54 A random variable X with density function

1 _ (logx—p)?
f(x) = e 202 1(0’00) (510)
xo~/ 21

is called a log-normal random variable. The parameters are i € R and o > 0. We
shall denote X ~ LogN (i1, 0%) a distribution with these parameters.

Figure 5.13 presents the density and distribution for a LogNormal(0, 1) ran-
dom variable.

Proposition 5.55  The function defined buy the formula (5.10) is a probability
density function.

Proof: Since 0 > 0, we can see that f(x) > 0 for every x. Next, by using the
change of variables

logx =y, x=é
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FIGURE 5.13 LogNormal distribution.
we obtain

X x e 2?2
\/_ o

1 f T oy
= 14 20° =
V2o J-x

since this is the density of a normal random variable with mean @ and variance
o? (which we have proven is integrating to one). The calculation of the variance
is left as an exercise. n

The cumulative distribution function of the log-normal distribution can be
written in terms of the cumulative function of the normal distribution. Specifi-

cally,
logt — 1
Fx(t)=o| — ),
o

P(z) =P(Z < 2)

where

is the c.d.f. of anormal 0, 1 (Z ~ N(0, 1)). Therefore the probabilities involving
the log-normal random variables can be obtained from the probability table of
the standard normal distribution.
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Proposition 5.56 Let X be a random variable with density given by (5.10).
Then

1.2 2 2
EX = €KL+20 , VX = (eo' _ 1) 62;/,4»0 .

Proof: We compute the expectation using the same change of variable used in the
previous proof (log x = y):

1 | legew?
EX = X e 202
2o Jo

1 *© g-w?
= )/g 202 = I,L’
N2mo J -
again using the formula for the expectation of a normal. [ |

In the following result we show the relation between the log-normal distri-
bution and the normal distribution.

Proposition 5.57 LetZ be ar.v. with N (i, ) distribution. Then the random
variable

X=¢F
follows a log normal distribution with parameters . and .

Proof: The derivation follows easily by computing EF(Z) (for an F arbitrary
bounded measurable function) using the density of Z and the change of variables
x = logy. |

Remark 5.58 The reciprocal is also true: if X has log normal law with parameter

W and o then the rv. Y = log X ~ N(u, 02). Again the proof is simply retracing
the argument in the proposition above.

5.4.9 LAPLACE DISTRIBUTION

Definition 5.59 We will say that a random variable X has Laplace distribution
if'its density is given by

flx) = ge—em’ (5.11)

with 0 > 0. We will denote X ~ Laplace(6).

Figure 5.14 presents the density and distribution for a Laplace(1) random
variable.
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FIGURE 5.14 Laplace distribution.

Proposition 5.60  7he function in (5.11) is a probability density function.

Proof: The function is positive and

6
x)dx = — [ e
fRf() 2/R
_Q 0079:( 0 Ox
—2</(; e dx+/_oo€ dx)

=9/ e Pde = 1.
0

Proposition 5.61 Let X be an r.v. with Laplace(0) distribution. Then

1
EX =0 and EX|=_.

Proof: First

EX = /xe_exldx =0
R
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since the function xe =%l is odd and therefore its integral on a symmetric interval
around the origin vanishes. Moreover,

E|X| = / |xc|e =%
R

o 1
= 9/ xe Py = —.
0 6
[ ]

The Laplace distribution may be obtained as the product of a random variable
with exponential distribution and an independent random variable with uniform
distribution (discrete).

Proposition 5.62 Let X be an r.v. with distribution exp(0), 0 > 0 and let S be
an r.v. with uniform law over {—1, +1}, independent of X (i.c., S takes values £1
with probability 1/2). Set Y = XS. Show that Y has a Laplace distribution with
parameter 0.

Proof: Since the random variable S takes only values —1 and 1 and

PS=-1)=PS=1)= %

let us compute the cumulative distribution function of ¥ by the law of total
probability. For every # € R we can write, using the independence of X and S,

PY<H=PE=1,X<t)+PE=—-1,—-X <1
=PS=1PX <t)+PS =-1)PX > —1)
= %(P(XE H+1—-PX < —1)

and by differentiating with respect to # we obtain that the density of V" is given

by

1 9
fr) = E(ﬁ((t) + fx(=1) = 5[9|t|’

which indeed is the function in (5.11). [ |

5.4.10 DOUBLE EXPONENTIAL DISTRIBUTION

The double exponential is a slight generalization of the Laplace distribution. We
mention it here since it has its uses in mathematical finance where it is utilized to
model the jump distribution.
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Definition 5.63 A random variable X with density,

poe”x fx>0

) ) 0, 5.12
(1= Poze®™  ifx <0 a2 = 612

Fl) = {

is said to have a double exponential density.

We can easily obtain that (5.12) defines a valid probability density by observ-
ing that the density is nothing more than a weighted sum of exponential densities.
Furthermore, using the same observation, we easily obtain the mean respectively
variance of this distribution as

EX — 1 (1 ) 1
_pal ? (0%
and
1 1
V) = po (1 p)s.
o o3
EXERCISES

Problems with Solution
5.1 Consider the function f : R — R such that

2

S :
01 [0,00) (%)

fx)
(a) Show that f is a probability density function.

(b) Take X a random variable with density /. Show that the expectation
of X does not exist.

Solution: Point (a) follows since the antiderivative of x—lz is arctan(x) and
arctan(oco) = 7, arctan(0) = 0. Concerning point (b), by definition we

have
2 o0
EX = — / al dix;
T Jo 1 =+ X2
But the function #‘7 is not integrable on [0, 0o[. Its primitive is In 2(1 +
x?) which explodes at infinity. |

5.2 Let X be an r.v. with uniform distribution on [0, 1]. Show that X? ~
Beta(%, 1).
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5.3

5.4

Solution: Let F : R — R be an arbitrary bounded measurable function.
Then

1 1 1
EFX2=/F24=/F—4
X9 i (x7) dx i (y)zﬁy

where we made the change of variables x = N/l with dx =75 dy. This
implies that the density of X7 is

L o) = =y 11— ) ()
2 G o
which is exactly the density of the beta distribution Betﬂ(%, 1). |

Let X be a continuous random variable with density f.
(a) Show that ¥ = X? is a continuous random variable with density

1
ar(y) = NG (F(/D) + £ (=D) 10,00 ()

(b) Retrieve the results in exercise 5.2 and in Proposition 5.35.

Solution: We study the distribution function Fy of the rv. ¥ = X2, If
x < 0 then obviously

Fy(x) = P(X? < x) = 0.
For x > 0 we have

Fy(x) = P(—y/x < X < /x) = Fx(J/x) — Fx(—+/x),

where Fy denotes the distribution function of X. The expression of the
density gy is obtained when we differentiate with respect to x. [

1
14x2°

Suppose X is a Cauchy random variable with density %
(a) Is the r.v. X integrable?
(b) Compute the density function of the r.v. ¥ = %.

(c) Let V be an r.v. with uniform law on the interval (—%, %) Find the
lawof W = tan V = 0¥

cos V' *

(d) Find the value 2, = P (X < é), fork=1,2,3.
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Solution: Let us compute the density of ¥ = )l( Take F bounded mea-

surable and
EF(Y)—EFU)—/F( -
- o x w1+ x2
1 [ 1
=_/ F(~ )__
T J x7r1+x

1 [ 1
- — dx
+7‘(./ ( ) w1+ x?

—00

dx

We separate the integral over R into two parts so that we can make the
change of variable }C = y (note that the function x — ch is not bijective
on R but its restrictions to the positive and negative axis are). Thus

EHY%—I/MFU L 1,
A yn1+2ﬁy

1 [0 1 1
+—/ U— — d
/ +}y2y

/ W1+2

which implies that ¥ follows also a Cauchy distribution. Therefore, 1/Y
the inverse of a Cauchy law has also a Cauchy distribution.
Let us look at part (c). Note that the density of V' is

glx) = % (-39

and the density of W is computed as follows. For any F bounded mea-
surable, we have
1
EH%:—/ ~Flan(v) do

T )z
2

1 1
= — F(x) dx
n’/Rl—I—xz G

with the change of variable

1
tan(v) = x, v = arctan(x), dv = o2
The meaning of point (c) is to show that the tangent of a uniformly
distributed random variable on the interval (—m/2, 7/2) has a Cauchy

distribution.
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5.5 LetX ~ N, 1).
(1) Calculate the distribution of
Y=X* and Z=/".
(2) Foreveryt € R calculate the expectation and the variance of ¥ = ¢

(3) For which values of 2 > 0 the r.v. Z = ¢ is integrable? In this case,
compute the integral.

. 2. .
(4) Forwhich valuesofz > Other.v.Z = ¢ is square integrable? Com-
pute its variance.

Solution: About part (2) we can write

EY = Ee™ =

1 / fx —%dx 1 é / —%(x—t)zd
fye— e e = e (4 X
V2 Jr 2T R

1 ﬁ/ _ﬁd 2
= e? e 2 :gz’
A2 R 7

where we used the change of variables x — r = y.
In part (3), since Z is a positive random variable, we obtain

1 2«2
E|Z| :EZ:—/e”xezafx
V2 Jr

1 21
— x*(a—3)
= | &gy
«/27[/11{

and this integral is finite if and only if

1

a< —.
2

Using the change of variables x, / % —a= \/Ey, we obtain that

1
J1=2a

Part (4) follows from part 3 since

EZ =

1
V1 —4a

E(eﬂXZ)Z — EeZtZXZ —

which is finite if and only if
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Let 2 > 0. Define
Ff:R—->R
by
Fx) = ae™ 01 o)),

(a) Prove that f is a density
(b) Compute EX and V' (X), where X is an r.v. with p.d.ff.

Solution: For xy = 0, we are in the case of the exponential law with
parameter 2. Follow the proofs of Propositions 5.18 and 5.19. |
Let X be a random variable with probability distribution ¢[0, 1]. Set

Vi =max(X;1 —X) and Y; = min(X,1—X).

(a) Compute the cumulative distribution functions of ¥; and ¥5.
(b) Calculate E (¥; — Y3)

Solution: We compute the cumulative distribution function of Y;. For
every ¢ € [0, 1]
Fr(t)=P("1 =) =PX = 1-X <1)
==P(1—-—r<X<1y).

and this is zero if 1 — # > ¢ that means # < % while for z > % we obtain

Fy, (2) =/ dx =2t — 1.
1—¢

For t > 0 we clearly have Fy,(¢) = 0 while for # > 1, Fy, () = 1. By
differentiating with respect to # we see that the density of Y} is

2 )

and thus Y] has uniform distribution on the interval [%, 1]. Similarly ¥,

will have a uniform distribution on [0, %].
For the second question, use the identity

max(a, b) — min(a, b) = |a — b|

ifa, b e R. u

5.8 Let X be a random variable with density

1
flx) = 2 cos(x)l(%,%)(x).
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Calculate the expectation and the variance of the random variable

Y =sinX

Solution: The expectation is

1 (3
EY:/xf(x)dx:—/ X COS X dx
R 2)x

=0

because we integrate an odd function x cosx on an interval symmetric
around the origin. Then we can write:

1 2
V(Y)=EY? = 5/ x? cos x dx

ps
2

. xX= .
= [x2 smx]x_jl — 2/ x sin x dx
=1 -

5.9 Let U be a random variable with uniform distribution on the interval
[0, 1] and let A > 0. Set

X = —% In U.
Find the cumulative distribution function and the law of X.
Solution: Since P (U € (0, 1)) = 1 it follows easily that
P(nU>0)=1.
Therefore, for any for any # > 0

1
1 — Fx(2) =P(_X1HU2 t) =1.

For ¢+ > 0, we have

PX >1)=P(nU < —x) =P(U < ™)

e—)\t
= / dx = e,
0

Fx(1) = (1 — ¢ ) 1,5o.

Consequently
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Note that this is the c.d.f of an exponential therefore X follows an
exponential law with parameter A. |

Show that the #-th moment of the log normal distribution with parameters
w and o is given by

EX" = e,

Solution: Recall the density of the log normal distribution from the for-
mula (5.10). Using this density we obtain:

1 o . ng u)
EX" = / x"e dx

B 2mo

— 2
= ! /6”9/5_@25 dy.
2no Jr

Notice that the above expression means that

EX" = Ee"’

where ¥ ~ N (i, 0%). Completing the square under the integral we obtain

EX" = ¢ 215 ! /E Pl (”'*'”"))Zdy
2no

1u (o2 +)*

= ¢ 2dl¢ 20

nMJr 1 ”202

Let X be with law Exp(A), A > 0, that is, with density

Ae M if x>0,

fo) = {0 otherwise.

(a) Prove that for every s > 0 and ¢ > 0,

PX >s+tlX >5) =PX > 1).

Remark 5.64 Do you recall this property from somewhere? This property
of the distribution is useful when modeling the time to break of a material
where no external signs of aging are detected, or the waiting time (of a bus
at a stop, etc.) when no other extra information is given besides the time of
individual’s arrival.

(b) X arrives in a bank. There are # customer service counters which are
all occupied. The service time for the counters are independent exponen-
tially distributed random variables with parameter A > 0. The moment
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a customer service window becomes available X will be served. What is
the average waiting time before being served? Compare this time with the
expected time in the situation when there is only one customer office and

n people are before X (one at the office and 7 — 1 in the queue).

(c) A deposit is lighted by # light bulbs continuously on. The lifetime of
each light bulb is exponentially distributed with parameter A > 0. What
is the average time after which the first bulb burns out? What is the average
time after which the deposit is not lit at all if the maintenance department

does not change the burnt out bulbs?

Solution: We only give the solution for the first part. It is immediate to

calculate for every £ > 0
o0
PX>1t) = A/ e My = M
t
and for every r < 0
PX>1¢) =1.

Fix s, t > 0. We have

PX>s5s+tX>5)

PX >s+¢tX>5)=PX >1¢) = P 5)
k)

. PX>s+1¢)
T OP(X>5)
f—)\(:+t)

=PX > ).

If X is a random variable such that
PX>0=1 and PX>1¢) >0
for every > 0 and
PX>t+s5|X>1t)=PX>y) for every s, t > 0,

then X has an exponential distribution.
Compare with exercise 5.11.

Solution: Let us define the function 4 : Ry — R,

h(t) =PX > 1)
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forall # > 0. Notice that 4 is decreasing, #(0) = 1 and A(z) > 0 for every
t > 0. Using the definition of conditional probability and the hypothesis,
bt +s5) = h(£)h(s) foralls, z > 0.
This can be extended by induction to

bty + - +1t,) =hn)... h,) forall#,...,2, > 0and » € N*,
(5.13)
Relation (5.13) implies that

h(1) = [f @)] Vi e N*.

Therefore, for every positive rational numbers § withp, g e N,g#0

1 ?
)T
q q
We choose A > 0 such that #(1) = ¢~ and then

h(r) = e for every r € Q1.

For an arbitrary £ € Ry \ Q4 we choose 75 € Q4 such that r <z < 5
and since 4 is decreasing

e = h(r) > h(z) > hs) = .
By taking s — 7 arbitrary small, and since 4 is continuous, we get
h(t) = e forall £ > 0.
For ¢ < 0 we have by monotonicity and positivity of the c.d.f; that
0<F()<F0)=1-PX=>0) =0.

then, F(z) = Ofor¢ < 0.Asaconsequence, X has exponential distribution
with parameter

A=—InPX>1).
[ |
5.13  Consider (Y,, » > 1) a sequence of independent identically distributed
random variables with common law U([4, 6]). For every n > 1 we define
I, =inf(Y;.....Y)
and

M, =sup(Yi, ..., Y,).
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(a) Calculate the c.d.f. of M,,.
(b) Derive the expression of the density of M.
(c) Derive the expression of the density of 7,.

Solution: We calculate the cumulative distribution function of M,,. For
every ¢ we have

WM, <t)=PY1 =t h<t...,Y,<1)

and

by the independence of ¥;’s. From Proposition 5.16, for every i we have

0 if t< a,
P(Y;<t) =14 = ifr € [a, b]
1 ift > b.
and thus
0 if t<a,
PM, <1 =1 (52)" ifrelab] (5.14)
1 ift> b.

Now, differentiating with respect to # in (5.14), we obtain the following
expression for the density of M,,:

if t<aort>b,
n(t_”)"_1 L ift € [a, b)

b—a b—a

an (#) =

For the random variable 7, it is easier to compute P(/, > ¢) rather than
the c.d.f. We have

Pl,>t)=P(11 >¢...,Y,>1)
=PY) >1)....P(Y, > 1)

1 if t<a,
PY,>n={1-—= ift € [a, b]
0 ift > b.
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we get
1 if t<a,
P,z =1 (1-52)" iftelab
0 ift>b.

We differentiate with respect to ¢ and we obtain
0 if t<aort> b,

n(1—=2)"" 2L ifr e (abl.

£, = {

The triangular distribution Let
flx)=c — |x|) ifx € [-1,1]

and f(x) = 0 otherwise. Find the constant ¢ that makes f a probability
density function.

Solution: f is positive and

0 1
/f(x)dx:c/ (l—l—x)dx—l—c/(l—x)dx
R -1 0

1 ! +c|1 1) =
= 5 4 5 = ¢,
soc=1. |
Leta € R. For each of the next functions, determine if they can be consid-

ered as density functions. If yes, give the necessary and sufficient conditions
on a, compute the c.d.f, the expectation and the variance.

(a)
f(x) = axe™ ifx>0

and f(x) = 0 otherwise.
(b)

flx) = X ifx € [—a, 4]

and f(x) = 0 otherwise.
(c)

f(x) = aln(x) ifx €[1, el
and f(x) = 0 otherwise.
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Solution: (a) Note that 2 should satisfy # > 0. Then, by integrating by

parts, we obtain

/R Fx) dv = fo " e

a [eix]x;((;o =4

thus
a=1
The c.d.f. is
F(b)=0 if6>0
and

b
F(b) =/ xe “dx=1—(b+1)e? ifb> 0.
0

Integrating by parts we will find
EX=2 and V(X)=2.

(b) We will show that £ is not a probability density function. In fact, the
condition f'(x) > 0 for every x € R implies in particular

f(a)>0 and f(—a)>0
S0
2>0 and -4 >0

and this gives 2 = 0. So f(x) = 0 for every x € R and we cannot have

/Rf(x)dx: 1.

(c) we will show that /" is a density if and only if 2 = 1. First, 2 should
be bigger or equal than 0 and

/f(x)dx:a/eln(x)dx
R 1
:[xlnx]‘i—ﬂ/ % i
1 X

=ae—ale—1)=a
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soa = 1. Then

b
F(b):P(be):f f(x) dx

0 if b<1
=414+56In(b)— 64 ifbell,e]
1 ifb>e

An integration by parts yields

Zez—l—l EX2_263—|—1
4 9
and
2 7 1 1
VX_—3 e Sy
K =5 14~ 16° " 5°
[ |
Let

Flx) =122 — 124,

when x lies in the interval (0, 1) and assume f'(x) = 0 otherwise.
(a) Verify that f is a probability density function.
(b) Find the probability P(1/4 < X < 3/4).

Solution: Note that
Fx)=12x*(1—-x) >0

for every x € (0, 1) and

o) 1
/ f(x)dx = / (12x — 12x%) dix
—00 0
40} [,
=1.
Also

P(1/4 <X <3/4) = -/:4(12x2 —12x%) dx

3

/4
= [4T)5 = [3+']1-
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5.17 Let X be a continuous r.v. with density f given by

f6) = e+ 2P i le] < b
and f(x) = 0 otherwise.

(a) Find £
(b) Give the density of the random variables

Y=+vX+2 and Z=|X]|.

(c) Compute EY, V(Y).
(d) Compute EZ, V(Z).

Solution: (a) We have

k
/]Rf(x)dxz %/k(x—i—Z)zdx

_i l 3x=/e
= [3(x+2)]

1
= — (B + 12k).
32( + 12k)

x=—k

We need to have
i(ﬁ + 12k) =1,
32
which is equivalent to
K+ 12k —32=0.
The function £ (k) = k° + 12k — 32 is increasing (its derivative is strictly

positive) and satisfies /(2) = 0. So, # = 2 is the unique solution.
(b) First we obtain the c.d.f. of X

b
F(b)=P(X < b) = / F(x) dx

0 if b€ (—o0,—2]
=1 g +2)? if b € (—2,2]
1 ifo>2
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Then the c.d.f of ¥ will be
Gy) =PWX+2<y)
0 if y € (=00, 0],
= 6%)/6 ify € (0, 2],
1 ify>2.

By differentiating G with respect to y we obtain the density of ¥V’

0 if y e (—o00,0],
0 ify > 2.

The r.v. Z can be treated similarly. The expectation of ¥ is:

26 12
EY = | —y°dy= —.
/064yy 7

Let X be a random variable with uniform law U[0, 1] and set ¥ = 2X
Compute the density of the random variable X + Y.

Solution: Obviously
X+Y=3X

and the random variable Z = 3X follows an uniform distribution on the
interval [0, 3]. this can be seen, for example, by using the c.d.f. Then

1
Fz(x) = 3 110,31 (x).

Could the following functions be the cumulative distribution functions
of a continuous random variable?

(a)
0 if x<0,
F(x) = % ifx €[1, 2],
1 otherwise.
(b)
F(x)_{o %fx<0,
x ifx > 0.
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(©)
if x<O,
Flx) =1« ifx € [0, 1),
1 ifx>1.

Solution: (a) F is not a c.d.f. because F is not continuous at x = 1 and
F is not increasing on [1, 2).

(b) F is not a c.d.f because

blim F(b) = 0.
(c) F could be a c.d.f, it does satisfy the required conditions. [ |

5.20 Let X be an r.v. with density

and
fx)=0 ifx < 0.

(a) Identify the law of X
(b) Give the law of ¥ = X?
(c) Compute EY and VY.

Solution: (b) We compute the c.d.fof V.
G() =P =)
=PX* <y)
= P(X € (=5, V).
Therefore,
G =0 ify<o0
and
G(y) = F(/y) — F(=/),
where F denotes the cdf of X. By differentiating we find the density of ¥
zZ» =0 ify<o0
and

1
g0) = 5 exp (=) ify>o0.
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Consequently, ¥ follows an exponential law with parameter % and thus
EY =2 and V(Y)=4.

[ ]

Let 2 € R and define

f)=—x*+(a+bx—ab ifxela,b]
and
fx)=0 otherwise.
Prove that f is a p.d.f. if and only if
b=a+6:.

Solution: By factorizing the function —x? + (a2 + b)x —ab = (x —
a)(b — x) we will see that it is always positive. On the other hand,

AT
/ fx)dx = — (@ )
R 6
and this gives the conclusion. |
Let
flx) = —x? + bx

on [0, 1] and f'(x) = 0 otherwise.

(a) Find the parameter b.

(b) Find the probability that the random variable lies between 0 and 1.
(c) Find the probability that the random variable lies between 0 and 1.

Solution: Since

/()dx—/l(—2+b)d——l+b
fo = ; x x) dx = )

we obtain 6 = %

Clearly
PO<X<1=
while
1 172 1 8 7
Plo<X<-])= X bx)dx = —— + — = —.
(— —z> /0(x+x) 2% 24 24
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5.23 Let X be an r.v. with law Exp(1). Define
Y=1-¢".
Find the law of Y.
Solution: The c.d.fof ¥ can be written as
Gp)=1-Pl ™ <1-y).
Thus
Gp)=1-0ifl—y <0
and
Ghp)=1—(1—-PX < —In(1—y) ify <1

Finally,
Gy)=1lify>1,G@x) =0 ify<o0
and
Gy) =y ify € (0, 1).
We recognize the cdf of the uniform law U(0, 1). [ |

Problems without Solution

5.24 Let X be a random variable with uniform distribution U[—1, 1]. Show
that the density of the random variable ¥ = X? is given by

1
T 11, ().
6y3

Hint. Study the cumulative distribution function of ¥

frin =

Fy(y) = P(X° <y)

with y € R. Distinguish the cases y < —1, -1 <y < 0,0 <y <1 and
y=>1
5.25 Buffon’s needle problem. Suppose that a needle is tossed at random
onto a plane ruled with parallel lines a distance L apart, where the length
of the needleis / < L.
What is the probability that the needle intersects one of the parallel
lines?

Hint: Consider the angle that is made by the needle with the parallel
lines as a random variable & uniformly distributed in the interval [0, 27]
and the position of the midpoint of the needle as another random variable
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& also uniform on the interval [0, Z]. Then express the condition “needle
intersects the parallel lines” in terms of the position of the midpoint of
the needle and the angle «.

A random variable X has distribution function

F(x):a—i—barctang, —00 < x < Q.

Find:
(a) The constants z and 4.
(b) The probability density function of X.

What is the probability that two randomly chosen numbers between 0

and 1 will have a sum no greater than 1 and a product no greater than 5?

Choose a point 4 at random in the interval [0, 1]. Let L; (respectively Lj)
be the length of the bigger (respectively smaller) segment determined by
A on [0, 1]. Calculate:

(a) P(L; < x)forx € R.

(b) P(L, < x) forx € R.

Two friends decide to meet at the Castle gate of Stevens Institute. They
each arrive at that spot at some random time between # and 2 + 7. They

each wait for 15 minutes and then leave if the other did not appear. What
is the probability that they meet?

Recall the Laplace density:

fo)= %ke_)‘x, ifx>0

(a) Find the distribution function F(x) for a Laplace random variable.

Now, let X and ¥ be independent exponential random variables with
parameter A. Let 7 be independent of X and Y and equally likely to be 1

or —1.

(b) Show that X — Y is a Laplace random variable.
(c) Show that X is a Laplace random variable.

(d) Show that W is a Laplace random variable where

X, ifli=1,

W= Y if7l=—1.

For any random variable X,
(a) Show thatif X > 0 and EX = 0 then X = 0 almost surely.
(b) Show that if V(X) = 0 then X = EX almost surely.
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5.32

5.33

5.34

5.35

5.36

5.37

Recall that Laplace’s law with parameter 6 > 0 has the density
0
Flx) = 55—9"".

(a) Compute the c.d.f. F of Laplace’s law. Calculate its inverse F~'.
(b) Letp € (0, 1). Check that the binary variable defined by

X=1 ifU<p
and

X=0 otherwise

follows Bernoulli’s law with parameter p.

Let X be a random variable with density
(&) = K1 _g.0)(2).

(a) Find X in terms of c.

(b) Find the cumulative distribution function of X.
(c) Calculate P(X > 9).

(d) Calculate EX.

Let X a uniformly distributed r.v. on [0, 1].
(a) Find the law of X? using its cumulative distribution function.
(b) Calculate the density of this law.

Let X : 2 — [0, +00) a positive continuous random variable and for
every t € R let

F)=PX <)

the c.d.f. of X. Show that

+o0
EX) = / [1 — F(2)] dr.
0
Let X : Q@ — R be an integrable continuous r.v. Show that

+00 0
EX) = / P(X > t)dt —/ P(X < t)dr.
0

—0o0

Hint: Use the previous problem
Let  be a density function defined:

fx) = Axe™ forx >0

and zero otherwise.
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(a) Find the parameter A.
(b) Find the probability that a random variable X with density f* lies
between 0 and 1.

Hint: One gets

2
A=1 and PO<X<1)=1-—-.
e

Let X be a random variable with Gamma law I'(a, A), 2, A > 0. Prove
that the r.v. X follows the Gamma law I'(z, %) for every ¢ > 0.

Let X ~ t#, a ¢ distributed r.v. with pdf given by Eq. (5.8). Calculate the
first two moments of the density (E[X] and E[X?]) when 7 > 2. Show
that the expectation does not exist when 7 = 1 and likewise show that the
variance does not exist unless 7 > 2.



Generating Random Variables

6.1 Introduction/Purpose of the Chapter

In this chapter we talk about methods used for simulating random variables. In
today’s world where computers are part of any scientific activity, it is very impor-
tant to know how to simulate a random experiment to find out what expectations
one may have about the results of the phenomenon. Applying the Central Limit
Theorem (Chapter 12) and simulation methods allows us to draw conclusions
about the expectations even if the distributions involved are very complex. How-
ever, in order to apply simulation methods, we need to be capable of generating
random variables with the needed distribution.

Throughout this chapter we assume as given a Uniform(0,1) random number
generator. Any software is capable of producing such random numbers, and the
typical name for a uniform random variable is RAND. For a more recent de-
velopment and a very efficient way to generate exponential and normal random
variables without going to uniform, we refer the reader to Rubin and Johnson
(2006). The ziggurat method developed by Marsaglia and Tsang (2000) remains
one of the most efficient ways to produce uniforms, and it is used in Matlab. The
Mersene twister is another efficient way to create these random numbers (this is
the default method in R).

Handbook of Probability, First Edition. Ionug Florescu and Ciprian Tudor.
© 2014 John Wiley & Sons, Inc. Published 2014 by John Wiley & Sons, Inc.
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6.2 Vignette/Historical Notes

Before modern computers, researchers requiring random numbers would either
(a) generate them through rolling dice and shuffling cards or (b) use tables of
random numbers generated previously.

The first atctempt to provide researchers with a supply of random numbers
was in 1927 when the Cambridge University Press published a table of 41,600
digits developed by Leonard H. C. Tippet. In 1947, the RAND Corporation
generated numbers by the electronic simulation of a roulette wheel; the results
were eventually published in 1955 as A Million Random Digits with 100,000
Normal Deviates (Corporation, 2001, reprinted). John von Neumann was a pi-
oneer in computer-based random number generators. In 1949, Derrick Henry
Lehmer invented the linear congruential generator, used in most pseudo-random
number generators today. With the advances and the widespread use of com-
puters, algorithmic pseudo-random number generators replaced random number
tables. Today, “true” random number generators capable of generating numbers
without using a cycle as most pseudo-random number generators are very rare
and indeed not used on a large scale.

6.3 Theory and Applications

6.3.1 GENERATING ONE-DIMENSIONAL RANDOM
VARIABLES BY INVERTING THE CUMULATIVE
DISTRIBUTION FUNCTION (c.d.f.)

Let X be a one-dimensional random variable defined on any probability space
(2, F, P) with cumulative distribution function F(x) = P(X < x). Before we
proceed with the main lemma which provides the most classical generation
method, let us formalize the notion of a quantile of a distribution.

Definition 6.1 Suppose F is a distribution function. Let o € (0, 1) be a constant.
Define

xT(a) =inflz e R: F(z) > a},
x (o) =inf{z e R: F(z) > «a},

where x™ () is defined as the a-percentile (or a-quantile) of the distribution F.

Note that since « is fixed, there is nothing random in the definition above,
and x™ () and x~ (@) are just numbers.

Furthermore, if F is continuous at the point, then x™ (@) = ¥~ (@) := x, and
in this case the distribution admits a unique a-percentile (equal to x,).

However, if the function F is discontinuous at the point which happens in
one of the two cases described in Figure 6.1, then we need to have a general
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\

0 : 0
X' (@) =X"(®) X (@) ’ X* (@)
(a) A point of discontinuity for F (b) An interval where the function F is constant

FIGURE 6.1 Points where the two variables X* may have different outcomes.

definition of a-percentile. This is why we chose x™ (o) = inf{z € R : F(z) > o}
as the choice for the percentile.

In fact, look at Figure 6.1a. In this situation there is no problem since x ™ (&) =
x7 (). The issue appears when the « level is corresponding to the horizontal line
in Figure 6.1b. In this case, any point between x~ () and x™*(«) is in fact an
a-percentile. In this situation, F~!(a) is the whole interval [x~ (@), x T (c)].

A percentile as defined above is a special case of a quartile. Both notions were
born in statistics from observing practical applications. In statistics, one tries to
infer the distribution of a random variable by observing repeated outcomes of the
variable. Quantiles are outcomes corresponding to dividing the probabilities into
equal parts. To be more specific, if we divide the probability into 2 equal parts,
we obtain three points of which only the middle one is interesting (the others are
minimum and maximum). This point is the median.

Similarly, if we divide the total probability into three equal parts, the two
points that correspond to the 0.33 and 0.67 probability are called terciles. Quar-
tiles are the best-known percentiles, with 0.25 and 0.75 probability correspond-
ing to the first and third quartiles, respectively. The second quartile is again the
median. To sum up, here are the most popular types of quantiles:

* The 2-quantile is called the median denoted M.

* The 3-quantiles (77,73) are called terciles.

 The 4-quantiles (Q;, M Qs) are called quartiles.

* The 5-quantiles (QUj, . .., QUy) are called quintiles.

¢ The 6-quantiles (Sy, . . ., S5) are called sextiles.

e The 10-quantiles (Dy, ..., Do) are called deciles.

¢ The 12-quantiles (Dd}, . .., Ddy;) are called duo-deciles.
* The 20-quantiles (V1, ..., Vi9) are called vigintiles.
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¢ The 100-quantiles are called percentiles (denoted %).
¢ The 1000-quantiles are called permilles (denoted %o).

Now that we understand what is a percentile, we come back to random
numbers generation methodologies. All the distribution generation methods in
this section are based on the following lemma.

Lemma 6.2 The random variable U = F(X) is distributed as a U (0, 1) random
variable. If we let F~'(u), denote the inverse function, that is,

F'u)={x e R| Fx) = u},
then the variable F(U) has the same distribution as X.

Note: The F~'(u) as defined in the lemma is a set. The set may contain a
single number when the function is continuous. Please recall the discussion above
and the issue when the distribution function is not continuous.

Proof:  The proof is simple if F is a bijective function. Note that in this case we
have

P(U <u) =PFX) <u.

But recall that F is a probability itself so the result above is zero if # < 0 and 1 if
u>1.1f0 < u < 1 since F is an increasing function, we can write

P(U<u)=PX < F'(w)=FF ') =u,

and this is the distribution of a U(0, 1) random variable.

If F is not bijective, the proof still works but we have to work with sets. The
relevant case is once again 0 < # < 1. Recall that F is increasing. Because of this
and using the definition of F~! above, we have

FH (=00, ul) = {x e R | F(x) < u}.

If the set F~ ! («) has only one element (F is bijective at #), there is no problem; the
set above is just (—00, F~!(u)] and the same proof works. If F~1(x) = {x € R |
F(x) = u} has more than one element, then let x,,,, be the maximum element in
the set (this exists and is in the set since # < 1) and we may write

F_l ((—OO, u]) = (_oo?xma_x]-
Thus we have

PU<uw=PFX)<u)=P(X e F " ((—o0,u])
=P (X € (—OO, xmax]) =P oxil((_oo, xmax])
= F(xmax)
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by the definition of distribution function. Now recall that xp. € F~'(u),

thus F(xma) = #. Once again we reach the distribution of a uniform random
variable. |

This lemma is very useful for generating random variables with prescribed
distribution. We only have to calculate the function F~! to be able to generate
any distributions using only the uniform random number generator. This method
works best when the distribution function F and its inverse £~ have analytical
formulas easy to compute. The best example of this situation is the exponential
distribution.

W EXAMPLE 6.1 Generating an exponential random variable

Suppose we want to generate an Exponential(A) random variable—that is,
a variable with density:

f(x) = )»Eikxl{,bo}.

Note that the expectation of this random variable is 1/X. This distribution
can also be parameterized using A = 1/6, in which case the expectation will
be 6. The two formulations are equivalent.

We may calculate the distribution function in this case as

Fx) = (1 — e )10

We need to restrict this function to F : (0, 00) — (0, 1) to have a bijection.
In this case for any y € (0, 1) the inverse is calculated,

1
F(x): 1 —E_)Lx:yixz—xlog(l _)/)

1
= Fl(y) = — log(1 — y).

So, to generate an Exponential(A) random variable, first generate U (a
Uniform(0,1) random variable) and simply calculate

1
- log(1 — U);

this will have the desired distribution.

As a note, a further simplification may be made since 1 — U has the
same distribution as U; we obtain the same exponential distribution by
taking

1
——log U.
A
We use one or the other formulation to generate exponentials and never

both. Even though using U and 1 — U will produce two exponentially
distributed numbers, they are going to be related—not independent.
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For all discrete random variables the distribution function is a step function.
In this case the c.d.f. F is not bijective, thus we need to restrict it somehow
to obtain the desired distribution. The main issue is that the function is not
surjective, so we need to know what to do when a uniform is generated.

B EXAMPLE 6.2 Generating rolls of a six-sided fair die

Suppose we want to generate the rolls of a fair six sided die. The c.d.f. is
easy to calculate as

0 ifx <1,
F(x) =13 i/6 fxelii+)withi=1,...,5,
1 ifx > 6.

The inverse function is then

F*I(O) = (—OO, 1)7

F! (é) =[1,2),
P (%) ~[5.0).

F'(1) = [6, o0).

We can pick a point in the codomain, but that would not help since the in-
verse function will only be defined on the discrete set {0, 1/6, ..., 5/6, 1}.
Instead we extend the inverse function to (0, 1) in the following way:

l(y) 1 ifye(O,é)
F~ =
i+1 ifye[é,%) withi=1,...,5.

Thus, we first generate U a Uniform(0,1) random variable. Depending
on its value, the roll of die is simulated as

i i+1
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M EXAMPLE 6.3 Generating any discrete random variable with
finite number of outcomes

The example above can be easily generalized to any discrete probability
distribution. Suppose we need to generate the outcomes of the discrete
random variable ¥ which takes 7 values 41, . . ., a, each with probability
1, - .-, pn respectively so that 27=1 pi=1

To generate such outcomes, we first generate a random variable U as
a Uniform(0,1) random variable. Then we find the index j such that

ptFpa=sU<pr+-+p +

The generated value of the Y variable is the outcome ;.

Note that theoretically, the case when the generated uniform values of U
are exactly equal to p; do not matter since the distribution is continuous and the
probability of this event happening is zero. However, in practice, such events do
matter since the cycle used to generate the random variable is finite and thus the
probability of the event is not zero—it is extremely small but not zero. This is
dealt with by throwing away 1 if it is generated and keeping the algorithm as
above.

Remark 6.3  Theprevious example also covers the most commonly encountered need
Jor generating random variables—the tossing of a coin or generating a Bernoulli(p)
random variable. Specifically, first we generate U, a Uniform(0,1). If U < p output
1, else output 0.

6.3.2 GENERATING ONE-DIMENSIONAL NORMAL
RANDOM VARIABLES

Generating normal (Gaussian) random variables is important because this dis-
tribution is the most widely encountered distribution in practice. In the Monte
Carlo-type methods, one needs to generate millions of normally distributed ran-
dom numbers; in practice, this means the precision with which these numbers are
generated is crucial. Imagine if one in 1000 numbers are off, which means that
in 1 million simulated numbers about 1000 are bad and thus the simulated path
has 1000 places where the increment distribution is off.

Let us remark that if we know how to generate X, a normal variable with
mean 0 and variance 1, that is, with density

I _
f(x)=me

then we know how to generate any normal variable ¥ with mean p and standard
deviation o by simply taking ¥ = pu + oX.

NS
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Thus, it is enough to learn how to generate /V(0, 1) random variables. The
inversion methodology presented in the previous section cannot be applied
directly since the normal CDF does not have an explicit functional form and
therefore inverting it directly is impossible. However, one of the fastest and better
methods (in fact the default in the R programming language) uses a variant of the
inversion method.

Specifically, the algorithm developed by Wichura (1988) calculates quantiles
corresponding to the generated probability values. The algorithm has two sub-
routines to deal with the hard-to-estimate quantiles from the tails of the gaussian
distribution. First, the algorithm generates a probability p using a Uniform(0,1)
distribution. Then it calculates the corresponding normally distributed value z,
by inverting the distribution function:

% 1 _2
= f_w Tt = (),

2z, = ®~1(p). The respective subroutines PPND7 or PPND16 are chosen de-
pending on the generated uniform value [p — 0.5] < 0.425or [p — 0.5] > 0.425.
These routines are polynomial approximations of the inverse function ® ' (-). The
algorithm has excellent precision (of the order 1071°), and it runs relatively fast
(only requires a logarithmic operation besides the polynomial operations).
Other methods of generating normally distributed numbers are presented
below. All of them take advantage of transformations of random variables. Some
are particular cases of more general methodology presented later in the chapter.

6.3.2.1 Taking Advantage of the Central Limit Theorem. Generate a
number 7 of Uniform(0,1) random numbers. Then calculate their sum ¥ =
> 1 Us. The exact distribution of Y is the so-called frwin—Hall distribution,
named after Joseph Oscar Irwin and Philip Hall, which has the probability density

n

1
FO)=5—7 Z(—l)k@ (y — k)" 'sign(y — 4,

(n—1)! —

where sign(x) = |x|/x is the sign function (taking value —1 if x is negative and
1 if x is positive). This particular distribution has mean 7/2 and variance 7/12,
as is very easy to see using the individual values for the uniforms. However, the
Central Limit Theorem (Chapter 12) guarantees that as # — oo the distribution
of ¥ approaches the normal distribution. A simple algorithm designed around
this result would generate, say, 12 uniforms and then it would calculate:

_Z}ilw—lz/z_ZU ‘
R IV

This new number is approximately distributed as an N (0, 1) random variable.
Since we use the 12 uniform numbers the range of the generated values is [—6, 6],
as opposed to the real normally distributed numbers which are taking values in R.
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Of course, taking a larger 7 will produce normals with better precision; however,
observe that we need 7 uniform numbers to create one normal so the algorithm
slows down considerably as 7 gets larger.

6.3.2.2 The Box—Muller Method. This method of generating normally
distributed random numbers is named after George Edward Pelham Box and
Mervin Edgar Muller, who developed the algorithm in 1958. The algorithm uses
two independent Uniform(0,1) random numbers U and V. Then two random
variables X and Y are calculated using

X=v-2InUcos2nV,

Y=v—-2lnUsin2xaV.

Then the two random numbers X and ¥ have the standard normal distribution
and are independent.

The independence and normality is easy to derive since for a bivariate normal
random vector (XY), the variable X? + Y2 is distributed as a chi-square random
variable with two degrees of freedom. This is the same as an exponential random
variable, and note that the quantity —2In U has this exact distribution. Fur-
thermore, the projection on the axes is determined by the angle between [0, 7],
and this angle is chosen by the random variable V. Please note that the method
produces two independent random numbers that can both be used later, but
the method requires calculating the logarithm and the square root and applying
trigonometric functions; thus the practical implementation may be quite slow.

6.3.2.3 The Polar Rejection Method. This method is due to Marsaglia and
is 2 modification of the Box—Muller algorithm, which does not require compu-
tation of the trigonometric functions sin and cos. In this method, two random
numbers U and V are drawn from the Uniform (—1, 1) distribution, and then
§ = U? + V?is calculated. If § is greater or equal to one, then the method starts
over by regenerating two uniforms; otherwise two new numbers

InS
X=U,|-2—,
S
InS
Y=Vv,/—2——
S
are calculated. These X and Y are independent, standard normal random num-
bers. The Marsaglia polar rejection method is both faster and more accurate
(because it does not require the approximation of three complicated functions)
than the Box—Muller method. The drawback, though, is that unlike the Muller
method, it may reject many generated uniforms until it reaches values that are
acceptable.
In fact, a simple calculation shows that the probability of the generated pair

representing coordinates of points inside the unit circle is 77/4, or about 79% of
generated pairs lie inside the circle.
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6.3.3 GENERATING RANDOM VARIABLES. REJECTION
SAMPLING METHOD

The polar method is in fact a particular case of the more general rejection sam-
pling method presented next. In rejection sampling (also named the accept—reject
method), the objective is to generate a random variable X having the known
density function f'(x). The idea of this method is to use a different but easy-to-
generate-from distribution g(x). The method is very simple and originally was
presented by John von Neumann. The idea of this algorithm lies with the Buf-
fon needle problem (throwing the needle and accepting or rejecting, depending
whether or not the needle touches the lines).

First, determine a constant M such that

M < M, Vx
g2(x)

Once such M is determined, the algorithm is

Step 1. Generate a random variable ¥ from the distribution g(x)

Step 2. Accept X = Y with probability f(Y)/Mg(Y). If reject go back to
step 1.

The accept—reject step can be easily accomplished using a Bernoulli random
variable. Specifically, step 2 is as follows:

Step 2. Generate U ~ Uniform(0, 1) and accept the generated Y if

f¥)

< ;
Mg(Y)

go back to step 1 if reject.

Proposition 6.4  The random variable X created by the rejection sampling
algorithm above has the desired density f (x).

Proof: Let N be the number of necessary iterations to obtain the final number X.
Let us calculate the distribution of X. Since each trial is independent, we have

g oy _P(r=an{u =)
= Mgm} plu<in]

IA

P{XSx}:P{YSx

<
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Now the numerator is

F(1)
p({ug W} | {st})Panx})

x f(}/) } )
fOOP<{ = M) H{Y =1}) e d
x f(}’) 1 /x
/oo A@(}’)g(y) 4 M 7oof(y) !

Similarly the denominator is

Y o0
P{U< f(—)} =/ P{U< SO | {Y=y}}g(y)ﬁé'

~ Mg(Y) oo ~ Mg(y)
< f 1 /0" 1
B TEn L vl AL

Taking the ratio of the two probabilities shows that X has the desired
distribution. [ |

Note that calculating the denominator in the proof above shows that the proba-
bility of accepting the generated number is always 1/M. So if the constant M is
close to 1, then the method works very efficiently. However, this is dependent on
the shape of the densities / and g. If the density g is close in shape with f, then
the method works very well. Otherwise, a large number of generated variates are
needed to obtain one random number with density f.

Corollary 6.5 (Slight generalization) Suppose that we need to generate
Sfrom density f(x) = C fi(x) where we know that the functional form fi and C is a
normalizing constant, potentially unknown. Then suppose we can find a density g(x)
easy to generate from and a constant M such that

o)

< M, Vx.
g(x)

Then the rejection sampling procedure described above will create random numbers

with density f .

The corollary is proven in exactly the same way as the main proposition.
Sometimes the constant is hard to calculate, and this is why the corollary is useful
in practice.
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M EXAMPLE 6.4 Generating from densities where only the
functional form is known

Let us exemplify the practical value of the corollary. Suppose I want to
generate from the density:

flx)= Cx? (sin x) ¥ | log x|, x € (Z, z)
6 2
The constant C is chosen to make the density f integrate to 1. Note
that actually calculating C is impossible. A plot of this density may be
observed in Figure 6.2.

We wish to apply the rejection sampling to generate from the distribution
/. To this end, we will use the uniform distribution on the interval (%, %), and
we shall calculate the constant M so that the resulting function is majoring the

distribution. To do so, we calculate the maximum of the function, namely

m = r?ax xz(sinx)costogxI = 1.113645,
xe(%3

1.0

0.6
I

0.4

0.2

0.0

FIGURE 6.2 The function defining the density £(-) (continuous line) and the uniform
distribution M % g(-) (dashed line) without the scaling constant C.
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and we take
weon(3-)

With this constant M we are guaranteed that f(x) < Mg(x) for every x €

(2, Z). To see this, recall that the density of the uniform on the desired interval
1 .

z— E) . Furthermore, the ratio that needs to

6’2
x € (%, %) is'constant g(x) = (2 ¢
be calculated is

f(x) . x%(sin x)*| log x|

Mg (x) - m
Obviously, this ratio is very good (approaches 1) when x is close to /2, and it is

close to 0 (as it should) when x is close to 1.
The following code is written in R and implements the rejection sampling

for the example. The output of this code may be seen in Figure 6.3. Any line
which starts with the # character is a comment line.

Histogram of estimated.dist

o
T T T
0.8 1.0 1.2 1.4 1.6

0.6
estimated.dist

FIGURE 6.3 The resulting histogram of the generated values. This should be close in shape
to the real function if the simulation is working properly. Note that this is a proper distribution

and contains the scaling constant C.
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##Example 6.4: Rejection Sampling R code
#We calculate the constant m used later

m=max (x"2* (sin (x) "cos (x) ) *abs (log (x) ) )
# Next defines the function used to calculate the ratio f(x)/M*g(x)

ratio.calc=function (x)
{return (x"2* (sin(x) "cos (x) ) *abs (log(x)) /m) }

#The next function returns n generated values from the distribution
f(x)

random. f=function (n)
{GeneratedRN=NULL;
for(i in 1:n)
{0K=0;
while (OK!=1){
Candidate=runif (1,pi/6,pi/2);
U=runif (1) ;
if(U<ratio.calc(Candidate)){OK:l;GeneratedRN:c(GeneratedRN,
Candidate) }}

return (GeneratedRN) }

#Now we call the function we just created to generate 10,000
numbers

estimated.dist=random.f (10000)

#Finally, to check here is the histogram of these numbers

hist (estimated.dist,nclass=75)

Next we present a seemingly more complex example which has a simpler
solution than the rejection sampling method.

I EXAMPLE 6.5 An example generating from a beta mixture

As another exemplification let us generate from the mixture of beta distri-
butions:

f(x) =0.58(x; 10, 3) + 0.25 B(x; 3, 15) + 0.25 B(x; 7, 10), x € (0, 1),

where the B(x, 4, 6) denotes the Beta distribution p.d.f. with shape param-
eters 2 and &:

Fa+6) ,,

Y=
rare” 079

Blx, a, b) =
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and I'(-) is the gamma function:

I'(x) :f F e dy,
0

A plot of the resulting distribution may be observed in Figure 6.4.

The mixture of distributions is always a distribution since the individual
pdf’s integrate to 1. Please note that the beta distribution is always distributed
on (0, 1); and since we can use the uniform distribution on (0.1) to generate
candidate values, the constant M can be chosen as the maximum value of the
mixture gamma density function f. The code presented next uses the rejection
sampling to generate random numbers from the desired distribution.

#We implement the mixture density
f=function (x)
{return (0.5*dbeta (x,10,3)+0.25*dbeta (x,3,15)+0.25*dbeta (x,7,10))}

#We calculate the constant M
M=max (f (x) )

1.5

1.0

Gamma mixture

0.0

0.0 0.2 0.4 0.6 0.8 1.0

FIGURE 6.4 The mixture gamma density function (continuous line).
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Histogram of estimated.dist
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FIGURE 6.5 The resulting histogram of the generated values from the gamma mixture
density. We had to use 100,000 generated values to see the middle hump.

#The next routine generates n numbers with desired distribution
random.mixturebeta=function (n)

{GeneratedRN=NULL;

for(i in 1:n)

{ OK=0;

while (OK!=1){

Candidate=runif (1) ;

U=runif (1) ;

if (U<f (Candidate) /M) {OK=1;GeneratedRN=c (GeneratedRN, Candidate) }}

}

return (GeneratedRN) }

#Finally we verify by plotting the histogram of generated values
estimated.dist=random.mixturebeta (100000)

hist (estimated.dist,nclass=100, freqg=F)

The resulting histogram may be observed in Figure 6.5. Once again the
simulated values look good. However, we want to remark that the generation of
simulated values may be made faster by taking advantage of the specific form of
the distribution.
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We note that the distribution in Example 6.5 is a type of distribution obtained
by mixing three classical distributions. Such random variables are much easier to
generate (and much faster) as the next section details.

6.3.4 GENERATING FROM A MIXTURE OF
DISTRIBUTIONS

Suppose that the density we need to generate from is a mixture of simple, easy to
generate from distributions. Specifically,

n

) =" wifixl6),

i=1

where the weights w; sum to 1, and the densities f; may all be different and
dependent on the vectors of parameters 6;. It is much easier to generate from such
distributions, provided that we have implemented already generators for each of
the distributions f;. The idea is that the weights determine which distribution
generates the respective random number.

Specifically, we first generate a random variable U as a Uniform(0,1) random
variable. Then we find the weight index j such that

wi+two = U<w +- +wi +uw.

Next, the desired random number is generated from the distribution f;. Let us
exemplify this generating strategy by continuing Example 6.5.

¥ EXAMPLE 6.6 (Continuation of Example 6.5)

The objective is once again to generate random numbers from the mixture
beta distribution:

f(x) =0.5B(x; 10, 3) + 0.25 B(x; 3, 15) + 0.25 B(x; 7, 10), x € (0,1)

We will implement the code in R once again and we will take this oppor-
tunity to display some advanced R programming features.

The following code implements the generation of random numbers one by
one, just as one would do it in C or in some other low-level language.

## Method of generation for mixture distributions.

random.mixturebeta.v2=function (n)

{GeneratedRN=NULL;

for(i in 1:n)

{U=runif (1) ;

RandomVal=ifelse (U<0.5,rbeta(1,10,3),ifelse(U<0.75,rbeta(1,3,15),
rbeta(1,7,10)))
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GeneratedRN=c (GeneratedRN, RandomVal)

}

return (GeneratedRN) }

#And calling the function

random.mixturebeta.v2 (100000)

The functon  ifelse( CONDITION, VALUEIFYES, VALUEIFNO) s
R-specific, but the code above does not take advantage of the amazing strength
of R which is working with vectors and large objects. The next function
accomplishes the same thing, but it is much faster as we shall see.

## Method of generation for mixture distributions (optimized code).
random.mixturebeta.v2.optimal=function (n)

{U=runif (n); GeneratedRN=rep (0,n)

betal=(U<0.5) ;beta2=(U>=0.5) & (U<0.75) ;beta3=(U>=0.75) ;
nl=GeneratedRN|[betal]; n2=GeneratedRN[beta2];n3=GeneratedRN[beta3];
GeneratedRN [betal]=rbeta(nl,10,3);
GeneratedRN[beta2]=rbeta(n2,3,15)

GeneratedRN[beta3]=rbeta (n3,7,10)

return (GeneratedRN) }

In the code above, the betal, beta2, and beta3 are vectors containing values
TRUE and FALSE, depending on whether the respective condition is satisfied.
When such vectors (containing TRUE and FALSE values) are applied as indices
as in GeneratedRN [betal], they select from the vector GeneratedRN only those
values which correspond to the TRUE indices. This allows us to operate inside
vectors very fast without going through vectors one by one. Furthermore, the
code takes advantage of the internal R method of generating beta distributions,
one of the best and fastest available in any statistical software.

We did not plot the resulting histograms of the generated values for the later
two functions since they are very similar with Figure 6.5. However, the next table
provides running times for the two methods as well as the optimized algorithm
above.

Table 6.1 presents some interesting conclusions when looking at the two
method and at the special optimized R implementation. Each of the three methods
was run 30 times and a garbage collection was performed before each run so
that interferences from the other processes run by the operating system were
minimized. The first two columns directly compare the two methods.

TABLE 6.1 Average Running Time (in Seconds) for 30 Runs of the
Three Methods”

Rejection Sampling Mixture Gen Mixture Gen (Optimal)
Average time (sec): 20.122 20.282 0.034
Standard deviation: 0.409 0.457 0.008

“Each run generates a vector of 100,000 random numbers.
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For each number having the desired distribution, the rejection sampling
procedure generates minimum two uniform random numbers; and since it may
reject the numbers produced, the number of uniforms generated may actually
be larger. On the other hand, the mixture-generating algorithm always generates
one uniform and one beta distributed number. Both algorithms produce numbers
one after another until the entire set of 100,000 values is produced. The fact that
the times are so close to each other tells us that generating uniforms only (even
more than two) may be comparable in speed with generating from a more complex
distribution.

When comparing the numbers in the second column with the numbers in
the third column and we recall that it actually is the same algorithm, the only
difference being that the optimized version works with vectors, we can see the true
power of R on display. The 100,000 numbers are generated in about one-third
of a second; this basically means that simulating a path takes nothing at all if
done in this way and thus long simulations may be made significantly quicker by
rethinking the code.

6.3.5 GENERATING RANDOM VARIABLES. IMPORTANCE
SAMPLING

Rejection sampling works even if one only knows the approximate shape of the
target density. As we have seen from the examples, any candidate distribution
g(-) may be used, but in all examples we used the uniform distribution for it.
This happens to always be the case in practice. There are two reasons for this.
One is the fact that generating random uniforms is the most common random
number generator as well as the fastest. Two, the constant A/ must be chosen so
that /' (x) < Mg(x) for all x in the support of /. This is generally hard to assess
unless one uses the uniform distribution and the constant M becomes related to
the maximum value of /() over its support as we have already seen. However, this
translates into rejecting a number of generated values which is proportional with
the difference in the area under the constant function M and the area under f(-)
(look at the ratio between the difference in areas and the area under the dashed
line in Figure 6.2).

As we have seen, this is not so bad for one-dimensional random variables.
However, it gets really bad really quickly as the dimension increases. Importance
sampling tries to deal with this by sampling more from certain parts of the f(-)
density.

It is important to realize that, unlike the methods presented thus far, the
importance sampling method does not generate random numbers with specific
density f'(+). Instead the purpose of the importance sampling method is to estimate
expectations. Specifically, suppose that X is a random variable (or vector) with
known density function f (x) and 4 is some other known function on the domain
of the random variable X, then the importance sampling method will help us
estimate:

E[/(X)].
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If we recall that the probability of some set A may be expressed as an expectation,
namely

P(X € A) = E[1,(X)],

then we see that the importance sampling method may be used to calculate any
probabilities related to the random variable X as well. For example, probability
of the tails of the random variable X is

P(1X| > M) = E[1(—cc,—11)(X)] + E[1(a,00)(X)],
for some suitable A4, and both may be estimated using importance sampling.

6.3.5.1 Theldeaand Estimating Expectations Using Samples. The laws
of large numbers (either weak or strong) say that if X, ..., X, are i.i.d. random
variables drawn from the distribution f'(-) with finite mean E[X;], then the sample
mean converges to the theoretical mean E[X] (in probability or almost surely).
Either way, the theory says that if we have a way to draw samples from the
distribution f'(-), be these x1, . . ., x,, then for each function A(-) defined on the
codomain of X we must have

! Z o) — [ Hof ) de = BIBOON

Therefore the idea of estimating expectations is to use generated numbers
from the distribution f'(-). However, in many cases we may not draw from the
density /" and instead we use some easy to sample from density g. The method is
modified using the following observation:

E/ [H(X)] //J(x (x) dx = //J(x —zg(x)dx E, [ (X)fEXJ

where we used the notations E¢ and E, to denote expectations with respect to
density f respectively g. The expression above is only correct if the support of
g includes the support of f'; otherwise we can have points where f(x) # 0 and
g(x) = 0 and thus the ratio f'(x)/g(x) becomes undefined.

6.3.5.2 The Algorithm Description. Combining the approximating idea
with the expression above, it is now easy to describe the importance sampling
algorithm to estimate E7[/(X)].

1. Find a distribution g which is easy to sample from, and its support includes
the supportof f* (i.e., if f(x) = 0 for some x will necessarily imply g(x) = 0).

2. Draw 7 sampled numbers from the distribution g: x1, . .., x,,.
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3. Calculate and output the estimate:

_Z/J

‘ f(xi)
E h(x;) .
i=1

ng (x;)

xz)

The reason this method is called importance sampling is the so-called impor-

f( f( )

tance weight + == given to x;. The ratio * 75 may be interpreted as the number

modifying the orlglnal weight 1/7 given to each observation x;. Specifically, if the

two densities are close to each other at x; then the ratio Lt E ; is close to 1 and the

overall weight given to x; is close to the weight 1/7 (the weight of x; if we would

be able to draw directly from ). Suppose that x; is in a region of /', which is very

f(,

unlikely (small values of f'). Then the ratio ) 1S going to be close to 0, and thus

the weight given to this observation is very low On the other hand, if x; is from a

f(

region where [ is very likely, then the ratio ) 1s going to be large and thus the

weight 1/7 is much increased.
6.3.5.3 Observations. First note that the weights % may not sum to 1.
However, their expected value is 1:

B [/00] - [£0

x) dx = x) dx =

thus the sum Zl 15 (x ) tends to be close to 1.

Second, the estimator

Z ﬂg(X )

=1
is unbiased and we can calculate its variance. That is,
E[A] = E/[H(X)].

1 X)
Var(fl) = - Varg< (X)fEX)> (6.1)

Third, the variance of the estimator obviously depends on the choice of the
distribution g. However, we may actually determine the best choice for this distri-
bution. Minimizing the variance of the estimator with respect to the distribution
£ means minimizing:

NSy FOOV?
Var, (b(X (X)> =E, [/ﬁ(x) (‘@> } — E;[h(X)].
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The second term does not depend on g, while using the Jensen inequality in the
first term provides

5| (055 | = (s oR]) = (oo )

However, the right side is not a distribution, but it does provide the optimal
importance sampling distribution:

= P
f |h(x)|f (x) dx

This is not really useful from a practical perspective since typically sampling
from f (x)/(x) is harder than sampling from f (x). However, it does tell us that the
best results are obtained when we sample from f'(x) in regions where |5(x)|f (x) is
relatively large. As a consequence of this, using the importance sampling is better
at calculating E[4(X)] than using a straight Monte Carlo approximation (i.c.,
sampling directly from f* and taking a simple average of the A(x;) values).

6.3.5.4 Practical Considerations. In practice it important that the estima-
tor has finite variance (otherwise it never improves with 7). To see this, please
observe the formula for variance in (6.1). Here are sufficient conditions for the
finite variance of the estimator [i:

* There exists some M such that f (x) < Mg(x) for all x and Vars (h(X)) < oo

or

¢ The support of f is compact, f is bounded above, and g is bounded below
on the support of f.

Remark 6.6  Choosing the distribution g is crucial. For exﬂmp/e, if f* has support
on R and has heavier tails than g, the weights w(X;) = f(X;)/g(X;) will have infinite
variance and the estimator will fail.

6.3.6 APPLYING IMPORTANCE SAMPLING

B EXAMPLE 6.7

For this example we will showcase the importance of the choice of distri-
bution g. The example (distributional form) is due to Nick Whiteley in his
lecture notes on machine learning.

Suppose we want to estimate E[|X |] where X is distributed as a Student-
¢ random variable with 3 degrees of freedom. In the notation used above,
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h(x) = |x| and f (x) is the z-density function

with degrees of freedom v = 3, and I'(x) is a notation for the gamma
function used earlier in this chapter.

Please note that the target density does not have compact support; thus the
use of a uniform density for g is not possible (see the Remark 6.6). To exemplify
the practical aspects of the importance sampling algorithm, we shall use two
candidate densities:

1. gi(x), the density of a # distribution with 1 degree of freedom.
2. g¢(x), the standard normal density (N(0,1)).
To compare we will also use the following:

3. A straight Monte Carlo where we generate directly from the distribution f.

The plot of these densities may be observed in Figure 6.6.

We know that the optimal choice is |4(x)|f (x) (plotted in Figure 6.6); how-
ever, generating from this density is very complex. We may also observe that while
the # density with 1 degree of freedom dominates the tails of the target distribu-
tion £, the candidate normal density is bellow the tails of the density so we expect
the estimator produced using the normal density to perform badly (the weights
f(X)/g(X;) have infinite variance).

Next, we present the R-code used for the importance sampling example.

#Straight Monte Carlo:
n=10:1500
nsim=100

straightMC=NULL;

for (i in n)

{mu=NULL;

for(j in 1l:nsim)

{a=rt(i,3) ;mu=c(mu, mean (abs(a)))}
straightMC=cbind (straightMC, ¢ (i, mean (mu), sd (mu)))

}

#Importance Sampling using first candidate:

usingtl=NULL;

for(i in n)

{mu=NULL;

for(j in l:nsim)
{a:rt(i,l);mu:c(mu,mean(abs(a)*dt(a,B)/dt(a,l)))}
usingtl=cbind (usingtl,c (i, mean (mu),sd(mu)))

}
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<
o P N Desired density f(x) = t(df = 3)
K v g(x) = t(df = 1)
] Voo g(x) =N(0,1)
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FIGURE 6.6 Candidate densities for the importance sampling procedure as well as the target
density.

#Importance Sampling using second candidate:

usingnorm=NULL;

for(i in n)

{mu=NULL;

for(j in 1l:nsim)
{a:rnorm(i);mu:c(mu,mean(abs(a)*dt(a,3)/dnorm(a)))}
usingnorm=cbind (usingnorm, ¢ (i, mean (mu) , sd(mu)))

}

We plot the results of this code in Figure 6.7. To see the evolution of the
estimator, we use 7 (the number of generated samples) between 10 and 1500.
The images present the behavior of this estimator as 7 increases. The estimator
should converge to the right number, and the best estimator would have the
tightest confidence bounds. To calculate the confidence intervals, we repeat the
process 100 times for each value of 7, which produces an estimate for the standard
deviation of the estimator.

To have meaningful comparisons, we also generate from the f distribution
and we simply use the average of / calculated at the generated values (this is the
straight Monte Carlo technique).

Looking at the first two plots (Figures 6.7a and 6.7b), we see that in fact the
importance sampling estimator is much better (superoptimal) than the straight
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FIGURE 6.7 The evolution of different importance sampling estimators of E[|X|]. The
black line is the estimator while the gray lines give the estimated 95% confidence interval for the
estimator.

Monte Carlo estimator. The reason is easy to see by looking at the plot of densities
(Figure 6.6) and observing that the density g; is in fact closer to the optimal
density |A(x)|f (x) than /. Furthermore, Figure 6.7c displays the suspected poor
performance of the importance sampling estimator obtained when generating
observations from the normal density. The confidence intervals never decrease in
width (since the variance never converges), and the convergence of the estimator
itself to the right value is very slow.

6.3.7 PRACTICAL CONSIDERATION: NORMALIZING
DISTRIBUTIONS

Oftentimes, in practical application, only the functional form of the distribution
is known. For instance, the importance sampling methodology may be used to
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estimate an integral of the form

'[4 h(x)f (x) dx,

for some domain A. However, what if the function f* does not integrate to 1 on
the domain A? Or what if it integrates to a finite value but is not a density (it does
integrate to 1 on the whole domain)? It turns out we can still use the methodology
in this case as well. However, we need to use the so called self-normalizing weights.
Specifically, suppose that we need to estimate the expectation, namely:

E[H(X)] = / h)f ()

but the density £ is only known up to a constant f(x) = Cre(x), where the
function ¢(-) is known but the constant Cr is unknown.

The idea is to estimate the constant Cr as well. Note that since f is a density,
we must have

1 1
Cr = = .
4 [ o(x) dx “’(3 g(x) dx

Thus, Cy is approximately estimated by taking samples x; from the distribution
£ and constructing;

1
Z” Pl
=1 g(x;)
So proceeding exactly as in the straight importance sampling case, an estima-
tor is

(X))
2im1 hX, )g(X )
S (X))
i=1 ¢(X;)
Note that the estimator does not depend on the unknown constant Cr. Further
note that the weights associated with each variable X; drawn from the distribution

¢ are normalized (the weights sum to 1).
Thus, the algorithm to estimate E¢[4(X)] is:

Q=

1. Find a distribution g which is easy to sample from and with its support
including the support of f'.

2. Draw 7 sampled numbers from the distribution g: x1, . .., x,,.

3. Calculate and output the estimate:
Z hix;) w(x/
=1 g(x)
nooel)
D=1 500)
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The estimator obtained is strongly consistent (it converges fast to the right
estimate); however, the estimator is biased (the expected value of the estimator is
under or over the target it estimates).

Lemma 6.7 Suppose we are given a random variable X with density f(x) =
Cro(x) and a function h defined on the support of the function f. Let g be another
density function such that its support includes the support of the function f, and define
w(x) = @(x)/g(x). Suppose that X, . .., X, are i.i.d. random variables with density
g. Then the estimator

o= Tiey HKulx)
Z?:l w(X;)

is strongly consistent, that is,

L = Ep[h(X)] =

Sfurthermore,
1) = 0 £V = Cowld) BV oy
Vi = VIO — o)
n

The consistence result is immediate using the strong law for each of the two
integrals in the estimator’s formula. However, the proof of the biasedness of the
estimator is quite computational, and we refer the reader to recent work (Whiteley
and Johansen, 2011) for more details and a proof.

You may also wonder how it is possible for the estimator to be biased but
still converge to the right place. Just look at the expressions in Lemma 6.7 and
observe that the bias goes to 0 with 7.

6.3.8 SAMPLING IMPORTANCE RESAMPLING

As we mentioned, the importance sampling technique is primarily used to calcu-
late expectations. However, it is possible to adapt the technique to obtain samples
from the distribution . To do this, recall that

P(X € A) = Ef[1,(X)].

Thus, following the procedure already detailed, one approximates the probability
with

P(X € A) = Z Loyl (x:)

Thus only the generated random numbers that fall into the set A are actually
counted.
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One may take this argument further and obtain an approximate discrete
distribution for f by

Zf(xl xl}(x) Z w(xi)l{xi}(x)’

i=1

where the x; values are generated from the density g and obviously the corre-

)_f x;)

sponding weights w(x; 7 may not sum to 1. To generate M/ independent

random variables from the dlstrlbutlon /> one normalizes this discrete distribu-
tion p and just generates from it M values where M is much larger than V. Once
the M new values are obtained—denoted, say, {51, . . ., yas}—the new estimated
f distribution is

1 M
= — Y 15,
M i=1

Please note that since the values y; are generated from the x; values, the new
sample {y1, y2, . . ., yar} contains repeated observations. This method is known
as “sampling importance resampling” and is due to Rubin (1998). In fact, the
technique is a simple bootstraping technique and it is not clear to us whether
the technique is better than simply using the p distribution directly to generate
random variables. However, the paper is cited extensively in computer vision and
machine learning literature, so we decided to include the technique here.

6.3.9 ADAPTIVE IMPORTANCE SAMPLING

As we have shown in Example 6.7, the proper choice of g can lead to super-
efficient estimation algorithms. Specifically, using a ¢ distribution which is close
to |h(x) [f(x) is much more efficient than using a straight Monte Carlo method
(ie., with g(x) = f(x)). However, as the dimension of x increases (x becomes a
random vector w1th many dimensions), it becomes more complicated to obtain a
suitable g(x) from which to draw the samples. A strategy to deal with this problem
is the adaptive importance sampling technique, which seems to have originated in
the structural safety literature (Bucher, 1988).

The method considers a parameterized distribution g(x|6), where 6 is a pa-
rameter vector which is adaptable depending on the sampling results. The idea of
the method is to try and minimize the variance of the estimator fi. Specifically,
consider a parameterized distribution g(x|60). We want to minimize

E,[f2(X)w?(X)] — E;[h(X)],

S
g&10)”

depend on ¢ at all and that minimizing involves calculating the derivative of
the first term with respect to 6. Since derivative and expectation commute on
a probability space if the expectation exists, the problem reduces to finding the

with respect to g where w(x|0) = Note that the second term does not
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roots of the derivative:
0
D) = 2E, [fz(x)w(xw)a—:(xw)]

A Newton—Raphson iteration procedure would find the minimum of the
original expression by using

0,41 =0, — (VD))" D@®,).

However, the expectation D(8,) is hard to compute exactly. Furthermore,
the inverse of the gradient of D (or the hessian) of the original expression to
be minimized is even harder to calculate. Instead, the algorithm simply replaces
the expression (VD(®,))" ! witha learning constant and the D(0,,) with its sample
value.

To describe the algorithm, we give a pseudo-code below. The technique starts
with a general distribution g (x|60) capable of many shapes as the 6 parameter varies
in some parameter space ©. Then the method adaprs the parameter 6 to fit the
problem at hand. To this end:

e Start with an initial parameter value 6, (which produces some indifferent
shape of the distribution g), and let n = 0.

* Do the following until the difference |6,4; — 6,| < &, where ¢ is a prespeci-
fied tolerance level.

— Generate V values x1, ..., xy from the distribution g(x|6,).

— Update the 6 value using

N
1 ) ow
Ot =0, — o ; f () (xl6,) 50 (516,)-

¢ Check the condition |6, — 0,| < €. If not satisfied, let » = »+ 1 and
repeat the loop.

6.4 Generating Multivariate Distributions
with Prescribed Covariance Structure

This section talks about a multivariate distribution problem. Suppose that we have
a random number generator (from any distribution) and thus we can generate a
vector with all components independent. But what if we want to generate a vector
with a given correlation structure?

We look at a related problem involving normals.

6.4.1.1 Question. How do we generate a normal vector with known and
given mean vector W and covariance matrix X?



206 CHAPTER 6 Generating Random Variables

Suppose that we can generate X = (X), ..., X,) a vector of # independent
standard normal random variables (X; ~ N (0, 1)). Clearly the correlation (and
covariance matrix) is /,, the identity matrix with 1 on the diagonal and 0 every-
where else. The mean vector is all 0.

Suppose that we can find a #-dimensional square matrix R such that R” R =
¥. RT denotes the transpose of the matrix R.

Then the vector RTX + . is an n-dimensional vector of normals having the
required structure.

This claim is very easy to prove by just using the properties of the mean and
covariance of vectors. First, note that R” X + 1 is a vector with 7 dimensions and
that each component is a linear combination of independent normals. We know
that this is a normal. Therefore the Gaussian vector is determined completely by
its mean and covariance matrix.

Now by simply calculating the mean and covariance of the vector RT'X + pu,
we see that we obtain the desired distribution.

The practical application of the theory then involves finding the matrix R.
The decomposition presented next is an implementation of exactly this.

Cholesky Decomposition. Given a symmetric positive definite matrix X,
there exists U, an upper triangular matrix, and D, a diagonal matrix, such that

> =U'DU

If we can calculate the U and D matrices from the Cholesky decomposition,
then we can write

> =U"DU = (UTVD)~DU) = DU (~¥DU),

where +/D is the diagonal matrix having the elements on the diagonal equal to
the squared root of the respective diagonal elements in D. Therefore the matrix
R is just simply

R=+/DU.

Cholesky Decomposition in Practice. If one wants to code the Cholesky
decomposition in C, one has to look at the method or to use libraries that readily
compute the U and D matrices. A source is the numerical recipes book Press
et al. (2007). The 2nd edition from 1992 is still free and available online. Section
2.9 in the older edition presents an algorithm written in C which performs the
Cholesky decomposition.

You may also use MATLAB or R. In both programs the command is
“chol()’—the argument of the function is the ¥ matrix for which the decom-
position is required. Also note that the R function provides the upper triangular
matrix R = /DU directly, skipping the D and v/D calculation. The matrix R is
normally all that is needed in practice.
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As a remark, please note that the input matrix should be symmetric (easy to
check) and positive definite (harder a bit). Any symmetric positive definite matrix
has positive eigenvalues. So to check if the matrix is positive definite, run the
function “eigen(matrixname)” in R and inspect the resulting eigenvalues. If they
are all positive, then the matrix is good to go.

6.4.1.2 Generating a Vector of Correlated Normals—Practice. If you
followed the theoretical presentation above, it should be easy to generate the
vectors required. The researcher would generate a sample of 7 standard normals
and put them in an #-dimensional vector X;; then R? X; + w is the fi

1 1 + w is the first vector
with the desired correlation structure. The process is repeated M times to create
a sample of M observations.

6.4.1.3 Extension to Generating Correlated Brownian motions. Since

a popular problem is to generate Brownian motions, we shall give a pseudo-code

that will accomplish this. When generating Brownian motions, one needs to take

advantage of the fact that that the increments of a one-dimensional Brownian mo-

tion over any interval of length Ar are independent and distributed as V (0, Ar).
Using this, the goal is to generate

B (2)
B, (2)

B,(2)

such that the correlation matrix of the Brownian motion is pz for some given
matrix p.
The algorithm generates the increments and then it sums them.

e First calculate the Cholesky decomposition of the correlation matrix p =
RT R.Please note that we can calculate very easily the Cholesky decomposition

of the matrix pAz by simply muldiplying R with ~/A¢.
¢ Start with the initial values and decide on a time increment At.

* For every interval [z, # + At], do the following:

1. Generate 7 independent Normal(0,1) random variables and construct a
vector AX with these components.

2. Calculate the vector of increments on the interval as
AB(¢) = RT Axv/At,

where RT Ax represents regular multiplication of two matrices and the
last operation is multiplication with a scalar (all elements of the matrix
get multiplied with Az).
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3. The process value at some time 7" = kAt is

k

B(T) = Z AB(iA?)

i=1

Please note that R = /DU is upper triangular and we are multiplying with
RT which should be lower triangular. If at step 2 the matrix multiplying the
normals is anything else, you have a mistake in the code. Of course you could also
generate independent Normal(0,/7) in step 1 directly and only multiply with
R to obtain the right increments.

EXERCISES

6.1 Look at the Box-Muller and the two resulting variables X and Y. Calculate
the joint and marginal distributions of these variables and show that they
are independent.

6.2 Look at the polar rejection method. Show that the two variables given by
this algorithm are independent.

6.3 Consider the following normal mixture density:

1 =22 1 (et 1)?
x) =07——¢ B +03———¢ 5 .
f V279 274

(a) Calculate the expected value of a random variable with this distribution.

(b) Write code and implement to generate random variables with this dis-
tribution. Use your mind or whatever methods you learned in this chapter.

(c) Use the previous part to generate 1000 independent random num-
bers with this density. Calculate the sample mean (average of generated
numbers). Compare with answer in part a.

(d) Repeat the previous part, but this time generate 10,000 numbers.
Comment.

6.4 Consider the random variable X with the density:
f(x) = C cos(x) sin(x), x € [0, /2].

(a) Calculate the constant C which makes above a probability density.
(b) Sketch this density.

() Implement the importance sampling method to generate random num-
bers from the density. Create a histogram by generating 1000 such numbers
and compare with the previous part.

(d) Generate 1000 such numbers and use them to estimate the probability:

P(X > 7/12).
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(e) Calculate the same probability by integrating the density. Are the two
numbers close?

(f) Generate 10, 000 and use them to estimate
E [esin(x)].
6.5 Repeat the previous exercise for the density

flx) = Cem ™, x € [0, 7/2].
Skip part (e) in the previous problem.



CHAPTER SEVEN

Random Vectors in R”

7.1 Introduction/Purpose of the Chapter

Often, we have more than one random variable describing the same object. For
example, height and weight of a person are two different random variables. Each
of the variables may be considered separately; but usually they have probabilistic
ties, which means they have to be studied jointly. There is only one case where
considering variables separately or jointly is identical: the case of independent
variables. In probability theory, a random vector is any finite collection of real-
valued random variables. More precisely, a random vector is a measurable function

X : Q — RV, It is usually denoted by
X =UX,%,...,XN),

where each component is one-dimensional. A random vector is sometimes called
a multidimensional random variable. The X;, i = 1, ..., [V, are the components
of the vector X. Each component is a random variable from €2 to R.

7.2 Vignette/Historical Notes

The study of random vectors is very important today. In the big data studies
we deal with many characteristics measures for each individual. In statistics the
study of these vectors is called the multivariate analysis. Anderson (1958), in this
book entitled An Introduction to Multivariate Analysis educated a generation of

Handbook of Probability, First Edition. Ionug Florescu and Ciprian Tudor.
© 2014 John Wiley & Sons, Inc. Published 2014 by John Wiley & Sons, Inc.
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theorists and applied statisticians on the statistical principles of this area. Analysis
of variance (ANOVA), multivariate regression, and principal components analysis
(PCA) are all techniques born from the need of describing the distribution of com-
plex large-dimensional distributions. Today, the evolution of these distributions
in time (multivariate time series) is the subject of intense research.

Interestingly enough, the marginal distributions take their name from the
initial bivariate joint tables (which were discrete) and therefore the distribution of
the individual components was written in the margins of the table—thus marginal
distribution.

7.3 Theory and Applications

7.3.1 THE BASICS

As is the case for random variables, the random vectors are characterized by their
distribution function.

Definition 7.1 Let X = (X1, ..., Xy) be a random vector. Its (cumulative)
distribution function Fy RN — [0, 1] s given by

Fy, ooy =P (06 = 0) ()06 = ) (). X = )
Jorevery x1, ..., xn € R. The right-hand term is usually denoted by
PXi <xi,..., Xy < xn).

The cumulative distributions function of a random vector has the following
properties.

Proposition 7.2 If(Xi, ..., X,) is a random vector with c.d.f F, then:

1. The inclusion—exclusion formula holds:

Pla, <Xi<b,....,0,<X, <0,

:F(blv"'7bﬂ)_zF(blv"'7bi—17ﬂi7bi+lv""bﬂ
i=1

S Flnan gy b~

Lj=1;i<j
+(_1)”F(ﬂla LR dﬂ)

whenever a;, b; € R with a; < b; foreveryi=1,...,n.
2. The function F is increasing in each of its arguments.

3. The function F is left continuous in each argument.
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4, We have

lim  Flx,...,x,) =1,

and for each k € {1, ..., n} we obrain

lim F(x,...,x, =0.

Xp—> —0OQ0

Proof: The proof is left as an exercise. The reader is referred to the proof of
Proposition 3.9 as a reference. |

The random vectors are characterized by the probability distribution which
is defined next. This notion generalizes the distribution of real-valued random
variables to vectors.

Definition 7.3 (Distribution of random vectors) Let (2, F,P) be a
probability space and let X : Q — RN be a random vector.

The law (or the distribution) of X, denoted by Py, is a function defined on the
Borel sets oﬂRN (denoted B (RN)), with values in [0, 1] by

Px(B) =P ({w: X(w) € B) =P (X '(B)) =PoX ' (B)

for every B € BRY).

Proposition 7.4  The application Py is a probability on the measurable space
(RN , BIRY )). Consequently, (RN , BRY), Px) is a probability space.

Proof: The proof is analogous to the proof of Proposition 3.6. |

7.3.2 MARGINAL DISTRIBUTIONS

A random vector is made of several random variables. These random variables are
called the components of the vector. Each subset of components has its own prob-
ability distribution, and all these distributions are called the marginal distributions
of the vector.

Definition 7.5 (Marginal distribution) LetX = (X1, ..., Xy) be a ran-
dom vector. For any subset {iy, . .., i}, the distribution of the vector (X;,, ..., X;,) is
called a marginal distribution and it may be calculated from the overal distribution.
In particulay, the law of the random variable X;, fori € {1, ..., N} is called the i-th
marginal distribution of the vector X.
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W EXAMPLE 7.1 A simple example of a vector with
independent components

Roll independently two dice. Denote by X and V" the outcomes of the two
dice. Define the random vector

Z=XY).

Describe the vector Z.

Recall that any random variable or vector is entirely characterized by its
distribution. To describe the distribution of Z, we first note that Z(2) = X (2) x
Y(Q)={1,...,6} x{1,...,6}, which is a finite set (it has 36 elements), and

1 1 1
P(Z=(z',j))=P(X=z',Y=j)=P(X=z')P(Y=j)=8 X 823_6
for every i,j € {1, ..., 6} because each die is fair and the outcome of one die

is independent of the outcome of the other die. The laws of X and ¥ (which
constitute the two marginal distributions of the vector Z) are given by

X(Q)=Y(Q) ={1,2,3,4,5, 6}
and
P(X:z‘):é=P(Y=j)
for every i,j € {1, ..., 6).

The distribution of the vector (X, ¥) can be represented by the following
table.

Y/X | 1 2 3 4 5 6

1 1/36 | 1/36 | 1/36 | 1/36 | 1/36 | 1/36
2 1/36 | 1/36 | 1/36 | 1/36 | 1/36 | 1/36
3 1/36 | 1/36 | 1/36 | 1/36 | 1/36 | 1/36
4 1/36 | 1/36 | 1/36 | 1/36 | 1/36 | 1/36
5 1/36 | 1/36 | 1/36 | 1/36 | 1/36 | 1/36
6 1/36 | 1/36 | 1/36 | 1/36 | 1/36 | 1/36

Remark 7.6  Given the law of a random vector X = (X, . . ., Xy), the marginal
distributions can be easily obtained. Indeed, concerning the law of X1, we can write

Py(A)=PX eA)=PXeAxRx - - xR)=PyAxRx---xR)

Jor every A € B(R). Moreover, concerning the c.d.f. of the components, the following
rules applies: If (X, Y) is a random vector, then

Fx(x) = lim Fixy(x, )
)/—)00
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and
Fy(y) = xlggo Fixy)(x, )

Jor every x, y € R. Bur the converse direction is not true: That is, if we know each
marginal distribution, we cannot obtain in general the law of the vector. The law of the
vector contains more complex information in the sense that it says how the components
of the vector are connected one to each other.

Remark 7.7  Ifthe components of the vector X are independent, then the law of
the vector can be obtained from the marginal laws. Indeed,

P(XG (A] R XAN)
=P(X1 GAl,...,XN EAN) =P(X1 GAl)-'-P(XN EAN).

We will treat separately the discrete and continuous random vectors.

7.3.3 DISCRETE RANDOM VECTORS

Definition 7.8 We will say that a random vector is discrete if X (2) s a finite or
countable subset of R”.

In the single-variable case, the probability function of a discrete random
variable X assigns nonzero probabilities to a countable number of distinct values of
X such that the sum of the probabilities is equal to 1. Similarly, in the bivariate case
(two-dimensional random vector) the joint probability function p(x, y) assigns
nonzero probabilities to only a countable number of pairs of values (x, y). Further,
the nonzero probabilities must sum to 1.

Remark 7.9  In this case the law of X = (X1, X, ..., Xy) is completely deter-
mined by the sex X (2) and the probabilities

Py({x}) =PX =x) =P(X] =x1, X% =x, ..., Xy = xn)

Jor every x = (x1, x2, . .., xn) € X(2). Further, we have
Y PX=x=1
~eX(Q)
Proposition 7.10 Let Xy, ..., X, be discrete random variables and put

X :=(X,...,X).
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Then the c.d.f of the vector X can be computed as follows:
Fy(xr, oo x,) =PXy S xp,.00, X, < )

= Z Z P(Xlzul,...,Xn:un)

w1 €X1 ()51 <x, 1, €X, ()51, <,

Jor every x1, ..., x, € R.
Proof: This follows since

X <x,....X, <x,) = U

w1 €X1 ()51 <x 1, €X, ()51, <,

X =wm, ... X = uy).

@ EXAMPLE 7.2 Another die example

Consider the experiment of tossing a red and green die where Xj is the

number of the red die and X; is the number on the green die. Let X =
(X1, Xo).

Now let us find the distribution of the vector: Fy (2, 3).
= Z PX) = u, Xy = uy)

u <2,up<3
=PXi=1,%=D+PX=1,X=2)+PX, =1,X,=3)

+PX; =2, =1)+PX1 =2, X,=2)+PX; =2, X, =3)
_ 1 n 1 n 1 n 1 n 1 4 1
36 36 36 36 36 36

6 1

T3 6

Once the joint probability function has been determined for discrete ran-

dom variables X;, X, . .., X, calculating joint probabilities involving the vector
X1,%, ..., X, is straightforward.

The following proposition show how the marginal laws can be obtained from
the law of the vector.

Proposition 7.11 Let Z = (X, Y) be a random vector with values in R*. Then

X(Q) ={x e R, 3y € R such that (x,y) € Z(2}
and

Y(Q) ={y € R, Ix € Rsuch that (x, y) € Z(Q}.
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For every x € X (S2) we have

YEY(Q)

and for every y € Y () we obtain

P(Y=p)= Y PX=xY=y)

xeX(Q)

Proof: The conclusion follows by writing, for every x € X ()
PX=x)=PX =x,Y eR)

=P U X=xY=y)
JEY ()

= Z PX =xY =y).

yeY(@)

Clearly, the result extends to the z-dimensional case. Specifically, if X =
(X1, ...,X,) is a discrete vector in R”, then

Xl—xl ZZ ZP —xl,X2=x2,...,X”=xn)

for every x; € X;(€2). Similarly for any subset of random variables; for instance,

PXi=x,X%=x,X_1=x_1) = ZP(X =x, X =%, ..., X = x,).

B EXAMPLE 7.3 Obtaining the marginal distributions

Consider a random vector (X, ¥) whose distribution is described by the
following table.

X |2 |4 6
0.1 | 0.05 | 0.1
02 | 0.15 | 0.15
0101 | 005

N[ | —

Let’s write the marginal distributions. We have

X(Q)=1{2,4,6}
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and
Y(Q) = {1, 3, 5}.

We next calculate the law of X (the marginal of X). To calculate P(X = 2), we
add the probabilities on the column below the outcome 2.

PX=2)=PX=2,Y=1)4+PX=2,Y=3)+PX=2,Y=5)
=0.14+0.24+0.1=04.

In the same way, we obtain

P(X =4)=0.054+0.15+0.1=0.3
and

P(X =6) = 0.1+ 0.15+0.05 = 0.3.

Proposition 7.12  Let X, Y be two discrete random variables. Then X and Y
are independent if and only if’

PX =xY =y =PX =x)P(Y =y (7.1)

Jor every x € X(Q2) and y € Y ().

Proof: Suppose that X and Y are independent. Then we apply Definition 3.16
to the sets A = {x} and ¥ = {y} and the direct implication follows. For the
reciprocal, assume (7.1) is true for all x and y. Take A, B C X(€2). Then

XeANYeB={XY)eAxB}

and

AxB= |J (&)

x€A,yeB
We can thus write
P(X €A Y €B) = Z PX =xY =x)

x€X(R),yeY(Q)

= Z Z PX =x)P(Y =)
xeX(Q) yeY (Q)

=) PX=x ) P =y
xeX(Q) yeEY(Q)

=PX € AP(Y € B),

which implies the independence of X and Y. [ |
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W EXAMPLE 7.4

Consider a random vector (X, Y) with distribution
X(Q)=Y(Q) = {0, 1}
and
P(X =0,V =0)=(1-p)? PX=1Y=1)=p
and
PX=0,Y=1)=PX=1,Y=0)=p(1—-p).
Here p € (0, 1). Show that X, Y are independent.

Proof: We casily get
PX=0=1-p PX=1)=p
and
PY=0=1—-p, Pyp=1 =p
Then we can check that
PX=xY=))=PX=xP¥ =y

for every x,y € {0, 1}. There are only 4 pairs of outcome, but all need to be
verified. u

# EXAMPLE 7.5 Checking independence

Consider a random vector (X, ¥) whose distribution is described by the
following table.

X1 |2 |3
4 01]02]03
5 01 ]02] 01

Check if the random variables X and Y are independent.

Solution: We have

X(©Q) ={1,2,3} and Y(Q)={4,5}
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with
PX=1)=02PX =2 =04 and P(X =3)=04
while
P(Y =4)=0.6 and P(Y =5)=0.4.
We can see, for example, that
PX=1,Y=4)=01#PX =1)P(Y =4) =0.2x0.6.
Thus X and Y are not independent. |

An important example of a discrete multidimensional law is the so-called
multinomial law.

7.3.4 MULTINOMIAL DISTRIBUTION

The multinomial distribution is a generalization of the binomial distribution.
Specifically, assume that 7 independent trials may each result in one of the
k outcomes generically labeled § = {1, 2, ..., #}. The probability of outcome
1,2,...,k is respectively pi, ..., pp. Now define a vector X = (X, ..., X})
where each of the X; counts the number of outcomes 1, ..., # in the resulting
sample of size 7. We clearly must have X; + - - + X}, = n.

Furthermore, the joint distribution of the vector X is

1
f(xl, ey X/?) = %p? . .pzk 1{x1+...+xk:n}.
XleoooXppe

To see that the probability formula is correct, note that the product of probabilities
is the probability that the sequence of # trials will contain exactly x; outcomes
1, ..., x; outcomes k. Thus one only needs to count how many such outcomes
exist; and the factorial term is precisely the number of ways in which we can
divide the set {1, .. ., 7} into k subsets, each subset having the respective number
of terms.

In the same way that the binomial probabilities appear as coefficients in
the binomial expansion of (p + (1 — p))”, the multinomial probabilities are the
coefficients in the multinomial expansion: (p; + - - - + pz)” so they will sum to
1, thus creating a proper probability mass function. This expansion in fact gives
the name of the distribution.

Remark 7.13 [ is very easy to see that if we label the outcome i as a success and
everything else a failure, then X; simply counts successes in n independent trials and
thus X; ~ Binom(n, p;).

We refer to exercises 7.17 and 7.18 for the proof.
As a consequence of this remark, the expected value of the random vector
and the diagonal elements in the covariance matrix are easy to calculate as 7; and
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np;(1 — p;) respectively. The off-diagonal elements (covariances) are not compli-
cated to calculate either. If we do the calculation, the multinomial’s random vector
first two moments are

7p1
np2
EX] =
Pk
and
mi1(l—p1)  —mpripp ...  —mpipp
—np1p2 mpr(l—p2) ... —nprpk
Cov(X) = ) ] ) )
—prp1 —mpepy oo (1 — py)

Important. As mentioned in the remark, the one-dimensional marginal dis-
tributions are binomial. However, in the joint distribution of (X, ..., X,) the
first » components are not multinomial.

However, if we group the rest of categories into one and we let ¥V =
X1+ -+ - + Xp, we do obtain the multinomial again. It is easy to see that since
the categories are linked (X; + - -+ + X = n) we also have that Y = »n — Xj —
-+ — X,. Therefore, it is easy to see that the vector (X1, ..., X,, ¥) or equiva-
lenty (X3, ..., X,, n — X; — - -+ — X,) will have a multinomial distribution with
associate probabilities (p1, ..., pr, py) = (P1s -« pro pr1 + - - + pi).

Let us present one last result about this distribution. Consider the conditional
distribution of the first 7 components given the last # — » components—that is,
the distribution of

(Xv-'-7XV)|Xr+lan+lv-'-7X/e:7lk

This conditional distribution is also multinomial with 7 the sample size
replaced by #n — 7,41 — - - - — m; and probabilities

Pi

A ithp, = — 20
(o) [

7.3.5 TESTING WHETHER COUNTS ARE COMING FROM A
SPECIFIC MULTINOMIAL DISTRIBUTION

We conclude the section dedicated to this distribution with an important problem.
Suppose we have observed and obtained a sample of 7 observations (71, .. ., 7;)
which we suspect comes from the multinomial distribution with probabilities
(1, . .., ). Assuming that the right probability is the multinomial, suppose we
want to test if all outcomes are equally likely.
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To test the hypotheses

HO: (Plv""P/?) = (T[l,---,n/@),
H, : Not all probabilities are equal

we use the statistic

Z (m; — 777[1')2’

nit;
i=1 ?

which is also called the Pearson’s Chi-squared statistic. This statistic is asymptoti-
cally distributed as a (univariate) Chi-squared random variable with # — 1 degrees
of freedom when the sample size 7 goes to infinity.

Such a test would be very useful, for instance, when testing whether or not a
six-sided die is fair—that is, whether all outcomes have the same chance.

¥ EXAMPLE 7.6 Conditions for the multinomial distribution

Consider the following statistical experiment. Toss two dice three times,
and record the outcome on each toss. This is a multinomial experiment
because:

¢ The experiment consists of repeated trials. We toss the dice three times.
e Each trial can result in a discrete number of outcomes, 2 through 12.

e The probability of any of the outcomes is constant; it does not change
from one toss to the next.

* The trials are independent; that is, getting a particular outcome on one
trial does not affect the outcome on other trials.

7.3.6 INDEPENDENCE

The following result is very useful. It shows that the independence of two random
variables implies the independence of every functions applied to these random
variables.

Proposition 7.14 Let X, Y be two discrete random variables on (2, F, P).
Then X and Y are independent if and only if for every functions g : R — R, the
random variables f (X) and g(Y') are independent.

Proof: 1If f(X) and g(Y) are independent for every function £ g, let us to choose
f(x) = x and g(y) = y. This immediately implies X, V" are independent.
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Conversely, suppose X, Y are independent and let x" € £(X)(€2) and y' €
2(Y)(2) outcomes of the random variables /(X) and g(Y¥"). Then

() =)= (X € f7')

and
e¥)=y)=( €g ().
We have
PX)=x,g¥)=y)=PX ef'(x), Y €g'(y)
=PX ef'()P(Y € g7 (y)
=P (X) =x)Pg(Y) =)
and thus f(X) and g(Y) are independent. |

Itis also possible to state a variant of Proposition 7.14 in terms of expectations.

Proposition 7.15 Let X, Y be two discrete random variables on (2, F, P).
Then X and Y are independent if and only if for every function f g : R — R such
that f (X) and g(Y') are integrable, we obtain

E[f(X)g(Y)] = E[f (X)]E[g(Y)]. (7.2)

Proof: If X, ¥ are independent, then relation (7.2) can be obtained from Propo-
sition 7.14. Let us show the converse direction. Let x € X(R2) and ¥ € Y(R2) be
fixed and define

f@ =106, g6=10,
the indicator function of a point. Then
fX) =10,  g¥)=1,Y).
Therefore, by definition we have
Ef (X) =PX =x), E¢(Y) =P =y). (7.3)

On the other hand,

Ef (X)g(Y) = Blxmol(yy = Elxmryoy =PX =x, Y =j). (7.4
Using (7.3) and (7.4), we obtain

PX =x, ¥V =y =PX =x)P(Y =)

and thus X is independent by Y. |
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Remark 7.16 As a particular case of Proposition 7.15, we obtain that if X and
Y are two independent integrable random variables, then XY is integrable and

E(XY) = EXEY.
Consequently,
Cov(X,Y) = 0.
Also it can be seen that, if X, Y are square integrable, then
VIX+Y)=VX)+ V().
This follows from the fact that
VIX+Y)=VX)+V'Y)+2Cw(X Y).

Remark 7.17  The fact that Cov(X, Y) = 0 does not imply the independence of
X andY.

7.3.7 CONTINUOUS RANDOM VECTORS

The following definition is an extension of Definition 5.1.

Definition 7.18 A function f : R” — R is called a probability density on R”
if it is Lebesque integrable and positive and we have

/Rnf(x)dx:/R'“/Rf(xu---,xn)dx]...dxn:L

Definition 7.19 A random vector
X=X,...,X,)

has a density | : R* — R if for any Borel set D in R”, we have
P((Xl, ...,Xn) ED) = ff(xl,...,xn)dxl dxn
D

It follows that the distribution function of the vector X is given by

Fx(x) = Fx,.x,(x1, ..o ,%) =P (X1 <31, ..., X, < x,)

=/ ---/nf(xl,...,xn)dxl---dx,,.

As in the case of discrete random vectors, we define the marginal distributions
of the components of the random vector X = (Xi, ..., X,).
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Proposition 7.20 Ler (Xi, ..., X,) = X be a random vector with density f .
Then the density of the random variable X; (1 < 1 < n) is given by

S () = S, oo x)dxy - Xy dxign - - - dix, (7.5)

Rn—1

Joreveryl <i < n.

Proof: Indeed, for every 2 € R, we obtain
P()(l Sﬂ) =P<)(l Sd’le"'s)(i719)(i+ls--‘7Xn GR)
=P<(X1,...,Xn)/(Rx]R--- X (—00,a) xR --- XR))

=/dx1-~-/dx,-_1/ dxi/dxi+1-~-/dx”f(x1,...,xn)
R R —00 R R

== / dx,‘ < dxl . -x,;ldxiﬂ e dx”f(xl, ey X,,))
—00 Rn—l
and this shows that the density of X; is by (7.5). [ ]

The above result can be generalized as follows.

Proposition 7.21 Let (X, ..., X,) be a continuous random vector with c.d.f-
Fanddensity . If iy, ..., 0 € {1, ..., nfwithiy < ip < --- < i, then:

1. The function

given by

.....

i,z(xil,...,xik)z hm 'F(xl,...,xn)
X

Xy e X
2. The joint density of the vector
()(il 3 e ey )(lk)
is given by
ﬁl ..... i,e(xil,---,xi,e)= f(xl,---,xn)éi?g"'dxjn,k

Rr—*

whereji, ... ju—k € {1, ...om}\ i1, ... b} andji < - < ju,_p.
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# EXAMPLE 7.7 Uniformly distributed vector
Let f : R — R be given by

1
f(xs}/) = ml[a,é](x)l[f,d]()/),

where 2 < b and ¢ < d. Then f is a density function on R?.

Indeed, f(x, y) > O for every x, y € R and

1 b d
Xy = — dx dy=1;
A/Ky) w—wu—aﬁ [ =1

therefore f is a proper density.

In fact the above density is corresponding to the coordinates of a point uni-
formly distributed over the rectangle [, 4] X [¢, 4] in R2.

More general, a random vector (X, ..., X,) has an #-dimensional uniform
distribution on the rectangle:

[ = [éll,bl] X - X [ﬂnv bn]

in R”, where 4; < b; for every i = 1, ..., n if the joint density of said vector is
given by

1
1 ’
by —ar) - (by—a)

Fle, . x) =

where we use the indicator notation.

¥ EXAMPLE 7.8 Standard normal vector

Letf : R?2 — R be given by

1 _ xz +yz

flop)= 5o

Then £ is a density function on R2.

A random vector with such a density is called a two-dimensional stan-
dard normal vector or a bivariate normal vector. A detailed study of Gaussian
random vectors is performed in one of the next chapters.

The two examples presented above are of densities coming from one-
dimensional probability density functions. Recall that if the individual random
variables are independent, the joint distribution is just the product of marginals.
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Specifically, if £ ¢ are two densities on R, then

h(x,y) = fx)gy)
is a density on R%. And of course this can be generalized to R”.
Proposition 7.22 Let X, Y be two continuous random variables and assume that

the couple (X, Y') admits a density fix y). Let us denote by fx and fy the probability
density functions of X and Y respectively. Then X and Y are independent if and

only if
Joen () = &)f () (7.6)
Jor every x, y € R.

Proof: Suppose that relation (7.6) is true. Then for every a, & € R, we have
a b
PX <a Y <)) =/ / Sy (e, y)dydx

a b a b
_ / / Gy )y = / () f A )
=PX <aP(Y <b)

and then X is independent by Y. Suppose that X, ¥ are independent and let us
show (7.6).

a b
P(X <a ¥ <b)=PX <aP(Y < b) = f d»y%(X)/ A )

o0
a b
= [ [ o) das
—00 o0
and this implies that fx(x)fy (y) is the density of the vector (X, ¥) by Defini-
tion 7.19 and using the fact that the indicator functions 1(—oo,4)x(00,5)> 4, & € R
generates the Borel sets of R?. [ |

The above result extends to a #-dimensional random vector.

Corollary 7.23 Ler X;, i =1, ..., n be independent random variables with
densities fx, respectively. Then the density of the vector X = (X, ..., X,) is

filorox) = [ o)
i=1

Jor every x1, ..., x, € R.

Proof: The proof can be easily done by induction. |
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The following examples contain situations where the joint is not the product
of the marginals. That is, the components are not independent.

i EXAMPLE 7.9
Letf : R2 > R,
1
flx,y) = E(x +4y)10,2(x)10,1)(p)-

Check that f is a probability density function on R, If (X, Y) is a random
vector with density £, compute the marginal densities of X and V.

One can easily check that f ref (%, y) dxdy = 1. We can calculate the marginal
densities by integrating out the other variable:

1
) = 1oa)®) / Lot )
0
= 1(0‘2) (x) [X_)/ + Zyz]iié

1
= E(X + 2)1(0,2)(x)

while

2
A0 = lon®) / dez(e+4)
0

1
= 22+ 8oy

Obviously f'(x, y) # fx(x)fy(y), and thus the two components of the vector are
not independent.

B EXAMPLE 7.10

Define f : R? > R,
Fle,y) = 12 ™ 11000,

where A > 0. This function £ is a density on R?. Check that the function
defines a proper density and calculate the marginal distributions.
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Indeed, f is clearly positive and

/ f(x, y) dxdy = )»2/ dx/ dye_M
R2 0 0
= }\2/ xe Mdx =1,
0

where we used integration by parts to obtain the last value.

Let us compute the marginal densities. The density of the random variable
X is

F) = /R ey
= )»Ze_kxl(,po) / 6{)/ = )sze_)hxl(,po).
0

We note that this is the density of the law I'(2, 1).
The density of ¥ is

A = f Flx,y) ds
R

00

= )»21(},>0)/ e_)‘xdx
J

= )\,f_)"}ll(y>0),

which is an exponential law with parameter A.

Please note that the two random variables X and Y are not independent
because the joint is not equal to the product of the marginals. This is typically
true when the function f'(x, y) cannot be separated as a product of functions of x

and y only.
@ EXAMPLE 7.11 Uniformly distributed point on the disk

Let

1
flxy) = ;IA(O,I)(xa_y)s

where A(0, 1) denotes the unit disk centered in (0, 0) and radius 1. Math-
ematically,

A0, 1) ={(x,y) e R? | x* +y* < 1}.

This is the density of the random vectors (X, Y), which represent the coor-
dinates of a point uniformly chosen from the unit disk A(0, 1).
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Using polar coordinates x = 7 cos8, y = rsin 6, we have

1 1 2
/f(x,y)dxdy=—/ dr dor =1,
R2 0 0

i

which shows that this is a proper density. The reader is left with the calculation of

marginals and the verification whether or not the random variables representing

the coordinates X and Y are independent of each other (they should not be).
Let F : R” — R” be such that all its partial derivatives exist. Let

Fl,Fz,...,Fm:Rn—)R

be the real-valued component function of F. Then the Jacobian matrix associated
with F is denoted by / and is a matrix with 7 lines and 7 rows whose coefficients
are given by

oF;

Ur)ij = B_xJ

foreveryi=1,...,mandj=1,..., 7

7.3.8 CHANGE OF VARIABLES. OBTAINING DENSITIES OF
FUNCTIONS OF RANDOM VECTORS

The following result is very useful. It gives a formula to obtain the density of a
random variable ¥ which can be written as a function of X if only the density of
the random vector X is known.

Theorem 7.24 [ Change of variables] Let X be a random vector with density fx
with support an apen set O C R, Let O be another open set in R? and let

:0— 0O

1

be a diffeomorphism (i.e., @ is bijective and both ¢ and its inverse 9~ are differen-

tiable). Then the density of the random vector Y := @(X) is given by
fr) = @ ()

’

where ] denotes the Jacobian'.

Proof: In the first place, let us recall the definition of the Jacobian. If ¢ : R” — R”
and

w(xlﬁ"wxn) = ((pl(xla"'7xn)7---v(pn(xly"wxn))’

! The differentiability condition is needed to make sure that the Jacobian exists
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then its Jacobian is defined as the determinant of the matrix of first-order deriva-
tives or

o1 o1 1

Ox1 0xy e 0,

s dp g2

Ox1 0xy e 0x;,
] 0 =

30y 3o 9y

Ox1 0xy e ox,,

Now, let X = (Xj,...,Xy). For any F : R — R arbitrary bounded and

measurable function, we have
EF(Y) = EF (p(x)
= / Floley, .oy x))fx (1, ooy xg)dxy .. .dxy
O

=/O,F(y1,...,yd> @ 03D |l 0n - 30)

using the change of variables ¢(x, ..., x7) = (1, ..., ya)-

Note that it is fine if you do not remember which order to take deriva-
tives since in the end we use the absolute value of the determinant (if the
order is changed that may only change the sign of the determinant not the
magnitude). |

W EXAMPLE 7.12
Let X, ¥ be two independent random variables with the same density

1
fle) = ;1[1,00)(96)- 7.7)

Define

X
U=XY and V =—.
Y

Using Theorem 7.24 find the joint density of the random vector (U, V).

First let us note that the density of the couple (X, Y) is

11
Joor (e y) = ;Pl[l,oo)(x)l[l,oo)()’)

from the independence of X and Y. We will consider the transformation:

@(x,y) = (xy f)
Y
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which is a bijective function from [1, 00) x [1, 00) into the domain D where
D= {(u,v)e [1,00) x [1,00) | £ > 1}.
v

The inverse is defined on D with values in [1, 00) X [1, 00) and it is calculated

as
(p_l(u, V) = («/uv, ﬁ) .
v

The Jacobian matrix is

Vv 1
—1 _ 2Ju 2/ uv
](p (u’ y) - sqrtu —2Ju
el

and its determinant is

det Jo~  (u, v) = i
4v
Applying the Theorem 7.24, we obtain the density of the random vector (U, V)

as

Jiwwn(w, v) = focr) (97" (u, v)detfp™ (u, v)1p(u, v)
15

= ﬁalD(u, 7/).

7.3.9 DISTRIBUTION OF SUMS OF RANDOM VARIABLES.
CONVOLUTIONS

Any sum has at least two components. Let us start by analyzing the distribution
of a sum containing only two variables. Let X, ¥ be two random variables. Let
F, G be the distribution functions of X and Y, where F(x) = P o X " !(—o00, x],
G(x) =P o Y 1(—00, x]. We are interested in the distribution of X + ¥/

Definition 7.25 (Convolution) 7he convolution is the distribution function
of the random variable X + Y. We denote this distribution function with

FxG=(FGos'=Po(X+Y)",

where:

X(),Y ()

))=x+
Q R RZ s(x,y)=x+y

R.

The next proposition presents properties of general convolution operators.

Proposition 7.26 (Properties of convolution) Let F, G be two distri-
bution functions. Then:
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G FxG=GxF.

(i) Fx(GxH)=F*G)*H.
(14) 8, % 8y = 8,qp witha, b € R, and §,, 8, are delta distribution functions.
(iv) IfF, G are discrete, then F x G is discrete.

This proposition is easy to prove from the definition, and the proof is left as
an exercise (exercise 7.14).

In the special case when the random variables involved are independent and
have densities, we can obtain the density of a sum of two independent random
variables as a much simpler formula.

We next introduce the definition of a convolution of two functions.

Definition 7.27 (Convolution of two functions) Suppose that f, g are
two functions from R ro R. The convolution of f with g is defined by the function

(% g)(x) = / FO)gle— ) dy = / (@ (¢ — 2) de.
R R

We note that the last equality is obtained by performing a change of variables
z = x — y. Clearly this last inequality implies that the convolution product is

commutative (i.e., (f * g)(x) = (g * f)(x).

Returning to the random variables, in the special case when X and ¥ have
joint density /', applying Theorem 7.24, then the sum of the random variables
X + Y also has a density and

fear(®) = /f<z 3D,

If, in addition, X and Y are independent and have densities fx and fy, then
we have the density of X + V-

Foar (@) = fi #fy(a) = / e = ) dys

in other words, the density of X + Y is obtained as the convolution of the density
functions fy and fy (as in Definition 7.27). Let us prove this result.

Proposition 7.28 Let X, Y be two independent random variables with densities
denoted by fx and fy respectively. Then the density of the rv. X + Y is given by

Feor() = / B G =0y = G ) (0),
R

where x denotes the convolution product.
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Proof: Since the random variables are independent, the density of the couple
(X, Y)is

S y) =y ()

for every x, y € R.
Consider the function ¢ : R? — R? defined as

P, y) = (x +.7).
Then ¢ satisfied the assumptions in the Theorem 7.24 and

(p_l(u, v) =(u—v,v)

Jo~\(a, v)z( : 0).
—1 1

We then conclude using Theorem 7.24 that the density of (X, ¥V) = (X + ¥ )

1S

with

Jixrr(u, v) = fixy)(u — v, v) = fx(u — v)fy(v)

and therefore the marginal distribution of the first component in (X, ¥ (which
is the density of the random variable X + Y) is

Seqr(n) = /f(x+xy>(u, v) dv
R

:A;ﬂu—@ﬁ@nw

which concludes the proof. n

As an application, we next show that the sum of independent normal random
variables is still a normal random variables with parameters equals to the sum of
parameters.

Proposition 7.29 Let X ~ N(u,, 0'12) and Y ~ N (i, O'%). Assume X and
Y are independent. Then

X+ Y ~ N + pa, 07 + 03).

Proof: We will use Theorem 7.28, which gives the density of the sum of two
independent random variables. Suppose first that

U1 =u, =0 and oy =0, =1.
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By Theorem 7.28 we can write that the density of X + ¥ is

R
= Le_xj/‘g (}’ zx) dye%
2 R
1 2
— 3_7’

where we used the change of variables y — %x = \% Therefore, X + Y ~
N(0, 2). In other words, we have just shown that if X ~ N(0,1) and ¥ ~

N(0,1),then X + Y ~ N(0, 2).
In the same way when X, ¥ ~ N(0, 1) but using the function ¢(x, y) =
(ax 4 by, y) we obtain the distribution:
aX +bY ~ N0, a* + b*).
Suppose now that X ~ N (i1, 07) and ¥ ~ N(u,, 03). Then we may write
X = M1 + 0121 and Y = 12%) + O’zZz
where Zy, Z, are two standard normal random variables. The independence of X

and Y implies the independence of Z; and Z,. Therefore. using Remark 5.12,

we obtain
ZlaZZ ~ N(()’ 1)
and thus by the first part of the proof we have Z; + Z, ~ N(0, 2) and 071 +
0,7, ~ N(0, 07 + 0*). We then obviously obtain X + ¥ ~ N (i1 + u, 07 +
2
62)' [ |

Remark 7.30  From the proof of Proposition 7.28 we can deduce more general
results.

(a) If (X, Y) is a random vector with density f(x.v), then the density of X + Y is

Serr(z) = /f(x,y)(y,z— u) du
R

Jfor almost every z € R.
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(6) More generally, if X1, X, ..., X, are independent, then the density of Xi +
oo+ X, is given by

f)‘(l+"')(rt =ﬁ(1 e *ﬁ(n'

Part (b) in the remark can be easily obtained by induction.

We can also express the density of a product and of a ratio of two random
variables.

Proposition 7.31  If the random vector (X, Y') has joint density fx y), then the
density of the product XY is

Sfxr(z) = ; ﬁf(x,y) (u, z) du

u
Jor almost everywhere z € R and the density of % is
fé (2) = / [v|fix v) (ve, v) dv
R

fora.e.z € R.
Proof: The proof follows the lines of the Example 7.12. [ |

Remark 7.32  As a consequence, if X, Y are independent random variables with
density functions fx and fy respectively, then

fr@ = [ o () do

r |#

fora.e.z € R and

f);(z):/Iv[ﬁ((vz)fy(y)dv
R

fora.e z € R.
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EXERCISES

Problems with Solution

7.1

Let X, Y be two random variables such that

P (X:O,Y:l):%
1
P (X=0Y=2=
1
P (X=1,Y=0)=§;
P (X:l,Y:l):é
P (X:l,Y:Z):%.
(a) Find the law and the c.d.f. of X.
(b) Find the law and the c.d.f. of V.
(c) Are the r.v. X and Y independent?
(d) Find the law and the c.d.f. of the r.v.

Z=X-Y

Solution: The sum of the five probabilities in the statement of the problem

is 1 and therefore the space is
X Y)() = {(0,1),(0,2), (1,0), (1, 1), (1, 2)}.
Consequently,
X(Q2)=1{0,1} and Y(Q)={0,1,2}.
To calculate the marginals:

PX=0=PX=0,Y=1)+PX=0,Y=2)

and

For Y we get

p(y:m:% and P(Y =1)=P(Y =2) =
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The random variables X and Y are not independent, because for example
1 22
- =PX=0,Y=1D)#PX=0PY =1)=—--.
5 55
The r.v. Z = X — Y has the sample space:
Z() ={-2,-1,0,1}

with
P(Z=—2)=P(X=0,Y=2)=%,
P(Z=—1)=P(X=0,Y=1)+P(X:1,Y=2)=%
P(Z:O):P(X:l,Y:l):%,
P(Z=1)=P(X=1,Y=0)=%.

7.2 Let(X, ¥) be a random vector with joint density

1
[l y) = 81[0,2]x[0,31-

(a) Check that /" is a proper density.
(b) Calculate the probability:
P(l1<X<3-1<Y<2).

Solution: We can easily see that £ is positive and f]RZ fx,y) dxdy = 1.
Next,

3 1
P(1§X§3,—1§Y§2)=/ [ (x, y) dydx
1 —1

2 11
— dydx
/I/OU
1

8.

7.3 LetA > 0,and let (X, ¥) denote a random vector with joint density /* on
R? given by

£ 9) = C Luso, v ¢
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(a) For which values of C is the function /" a proper density?
(b) Find the marginal distributions of X and Y. Calculate the mean,

variance, and covariance of the variables X and Y.

Solution: First note that, since f should be positive, we must have C > 0.

Then

//fmww@
RJR

o0 X o0
= C/ dx aﬁ/e_)\x = C/ dxe " 2x
0 —x 0
-2 = 2 > 2 [
=C— [xe_)‘x] _OO + C—/ e Mde = C= f e M d
)\. x=0 )\, 0 )\. 0
2C
a2
This gives the value C = %
For the marginal distribution of X, we write

22 x
i) = [ fond =10 ™ [ &
R —x

X

= A2 1(0.00) (%) xe .

The marginal density of ¥ is

)\42 o0
fry) = /f(x,y) dx = = dxe ™ dx
R yl
— &efllyl.
2

We leave the rest of the exercise for the reader; we note, however, that X
has a gamma distribution with parameters 2 = 2and A = 1 and ¥ hasa
Laplace distribution. u

7.4 Let Xj, X; be two independent random variables both with uniform dis-
tribution on {—1, 41}, meaning that

PXi=1)=PX =-1)=PX; =1) =P, = —1),
and let

X =XX.

(a) Are the three random variables pairwise independent?
(b) Are the three random variables mutually independent?
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Solution: First note that

POG=1)=PX =1,%=1+PX =—1,% =—1)
=PX; = D)PX, =1) +PX; = —1DPX, = —1)
1

>

Let us prove that the three random variables are two by two (pairwise)
independent. Clearly X; and X; are independent by hypothesis. We show
that Xi, X3 are independent.

PXi=1,X%5=1)=PX=1,XX=1)
=PX1=1,X%=1)
=PX; =1DPX; =1)

1

4

and this is clearly equal to the product:
PG = P, = 1).
In a similar way we can show that
PXy =4 X =j) =P = )P(X; =)

for every 7,j € {—1, 1}, which means that X; is independent by X;.
We have

PO = 1) = P0G = 1) =

fori=1,2,3and

POG=1,X=1X=1)
=PXX=1,X=1,X%=1)=PX =1,X%=1)
=P, = )P, —1)—11—1
R T T2 4
On the other hand the product of all three probabilities is

PO = DP(Y, = DP(G = 1) = 220 = 1

222 8
+PX;=1,X=1X =1).

We conclude that the random variables Xj, X;, X5 are not mutually
independent. u
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7.5 Let(X, Y) bearandom vector with probability density function f : R? —

R given by
fl,y) =271+ + e )73,

where x, y € R.

(a) Find the marginal distributions of X and Y. Are X and Y indepen-
dent?

(b) Define

Z=X-Y

Give the law of the random vector (Z, —Y)?
(c) Calculate the density of Z.

Solution: The density f is symmetric with respect to its two variables x
and y. It is therefore clear that the densities of X and Y are the same
(integrating out one variable with give the same result). We compute the
density function for X.

filx) = 2€_X/ e (147" 4+ e_}')_sﬂﬁ/
R
y=00

1
=2 [E(l +e "+ e_y)_2:|

y=—00
— X 1
(14 e>)2
since
lim(Q1+e*+e?)2=(1+4¢%)>?
y—>00
and

lim (14+e*+¢7)2=0.

y—>—00

By the previous observation we also have

—
K=oy
for every y € R.
The random variables X and Y are not independent because the
product of the marginals is obviously not the joint density.

Let us find the density of the couple (Z, —Y). Define the function
¢ : R? - R? by

Ol y) = (x —y, —y).
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This function ¢ satisfies the hypotheses of Theorem 7.24 and

o u, v) = (u— v, —v)

Jo~ (u,0) = (_11 _01>

Applying Theorem 7.24 we find the density of (Z, —Y) as
fiz—n(u,v) = F@ " (u,v) detJo~ (u, v)

— zey—uey(l +ev—u +ev)—3
— 2€2ve—u(1 +€v—u+ev)—3

with

for every u, v € R.
To calculate the density of Z, we write

) = / iyt 0) do
R
= / 2e ™" (67” +e "4+ 1)_3 dv
R

=e¢ " [(e_” +e "+ 1)_3]

=e“(1+e )2,

V=00

v=—00

As can be easily observed, the random variable Z = X — Y has the same
distribution as either X or ¥! |

7.6 LetX) and X, be two independent random variables with the same density
f given by

f(X) = 2X 1[0’1]()6).

(a) Find the lawof ¥ = %
(b) Are the variables Y and X; independent?

Solution: Note first that the vector (X, ¥') has the joint probability density
function given by

S (x,y) = 4xylio,1)(0)10,11(p)

(Theorem 7.6). Consider the function ¢ : R> — R? given by

@(x,y) = (J—C,y)-
y
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This mapping is bijective from [0, 1] x [0, 1] into the domain
D = {(u,v) € [0,00) x [0,1] | uv € [0, 1]}
with
¢ ':D—[0,1] x [0, 1]
given by
0 Nu, v) = (uv, u).

The Jacobian matrix of ¢! is

and det Jo~'(u, v) = v. By Theorem 7.24, the density of the random
vector (%, Xz) is
hu, v) = 4u031[0,1](v)1[0,1](uv).

We can now obtain the density of %
o (u) = / h(u, v) dv
X, R

1AL
= 4u1(x20)/ Py
0

= ulemg [+]2

(1)
=ullA—-],
u

where x A y denotes the smaller of the two numbers x and y. This gives
the final expression

fj(?l () = 01 (1,00) (1) + uljo1) ().

7.7  Assume that the vector (X7, X2) has joint density
f 1, x2) = 22267 10, 0<s0r<1)

(@) Check that f defines a proper probability density.
(b) Find the marginal laws of X; and X;.
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Solution: For the marginal distribution of Xj,

1
Jx (1) = >0 / 2x2e" " dx;
0

— —x [,.27%=1
= lezoe ™ %],

= =06
In the same way, we find

S (x2) = 2x3110.17(x2).
|

7.8 LetX beastandard normal random variable V (0, 1) and let &€ be arandom
variable independent of X such that
1

Pe=+41)=Ple=-1)= 7

Set

Y =X

(a) What is the law of Y2

(b) Give the law of the random vector (X, ¥)?

(c) Calculate Cov(X, Y).

(d) Are the random variables X and Y independent?

Solution: We compute the cumulative distribution function of Y. For
every x € R,

PY<x)=PV<x,e=1)+PY<x,e=-1)
=PX<x,e=1)+P(-X<x,e=1)
=PX < —x)Ple=1)+P(—X<x)Ple =-1)

1 1
= 5P(X< X) + EP(—X< x),

where we used the independence of X and €. Since X and —X have the
same law, namely N (0, 1) (see Remark 5.26), we get

PY<x)=PX < x)
for every x € R; therefore Y is also a standard normal NV (0, 1) . Next

Cov(X, Y) = EXY — EXEY = EXY
=EXeX =EX?’¢ =EX’Eec=1x 0= 0.

We see that the random variables X and Y are uncorrelated.
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7.9

7.10
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About the last question, we note that
EX’Y? =EX%e’ =EX‘Ee’ =3 x1=3
since
EX‘=3 and P(E’=1)=1.
On the other hand,
EX’EYV’=1x1=1.

Since EX?Y? #+ EX?EY?, we easily see that the random variables X and
Y cannot be independent.
This exercise provides an example of two uncorrelated standard normal

random variables which are not independent. We will refer to this example
later in the book. [ |

Let (X, Y) be a continuous random vector with density
[0 =227, o)
with A > 0. Compute the density of
Z=X+Y

Solution: Prove first that X, V" are independent. Use Proposition 7.28 and
check that

fz(z) = Mze ™2,

Consider the function
S y) = Kyljo(x)10,11(p)-

(a) Find K so that f defines a proper density on R2.

(b) Assume that the random vector (X, ¥) has the density f with the X
computed in the previous part. Compute the marginal densities of X and
Y. Are the random variables X and V" independent?

(¢) Let Z = X + Y with X, Y as above. Compute the density of Z and
its cumulative distribution function (c.d.f.).

Solution: We have

Lot 1,77 K
//dxdyf(x,yhl(/ dx/ dw=1<[—y2} ==
RJR 0 0 21 2
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7.11

and then K = 2. The density of X is

1
1
fx(x) = 21[0,1](x)f dy = 21[0,1](96)5 = 1,1} (x).
0

So, X follows an uniform law over the interval [0, 1]. The density of ¥ is

1
fry) = 2)/1[0,1]()/)[ dx
0
= 2y1p0,1(p)-

It is immediate to see that

Soen(x, ) = fe()fr ()

for every x, y € R so X and Y are independent.
The density of ¥ is

Fr)=2y1p1().
To find the density of X + ¥ we apply Proposition 7.28 and we obtain

Feor () = / A=) d
R

1
- / 21010 — ) .
0
|

Let X, Y be two independent random variables with the same density
function

1
flx) = —21[1,00)(x)-
x
Let
X
U=XY and V = —.
Y

(a) Give the law of the vector (U, V).
(b) Give the marginal densities of U and V. Are they independent?
(¢) Compute

(72
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Solution: The first part follows from Example 7.7. We obtain the density
of (U, V) as

15
Sy (u, v) = =% 1p(u, v)
with
D={(u0)€l,00) x[1,00) | = > 1}.
v

We obrtain the marginal densities as:

Frl) = / fon (. v) du

:_lloo)y)f

5

=4 111,00)(#),

100)( )Z:@

and similarly (left for the reader),

fU(”) = /ﬁuv)(u, v)du
R

7.12  Let (X, Y) be a random vector with joint density
f(x7 _)/) = aze_@ll{0<x<y} .
(a) Prove that f is a density
(b) Compute the marginal distributions
(c) Find the density of the couple

XX -=7).

(d) Give the law of X — Y. Are the r.v.’s X and X — Y independent?
(e) Find the density of the couple

X 2X -7Y).
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Solution:
/ [ (x, y) dxdy =a2/ afx/ dye™?
R2 0 0
=4 dyye™®
0
= azl / ” e Y4
aJo Y

ot

The density of Y is

£0) =a e y10,00()
so Y ~ T'(2, a) and the density of V" is

Fe) = ae" 1 g m0(x)
so X ~ Exp(a) = I'(1, a). Define the function

¢:D={=(x;0<x<y}> D = (0,00 x (—09,0),

which is a bijection from D to D’ with

0 Yu, v) = (u, u— v).
Since detJo ™' (u, v) = —1 the density of (X, X — Y) is

g(u,v) = 421(0,00)(u)l(_oo,o)(y)e_”(”_”).

The density of X — Y is the second marginal density of the vector
X, X —Y). Itequals

o0
Sx—y(v) = 421(_0070)(7,)/”/ e "du = al_,0)(v)e”.
0

We can see that

2w, v) = fx(W)fx—y ),

so X and X — Y are independent.
For the last part, define

Y:D— D" ={(u,v);u>v,u> 0}
This function ¥ is a bijection from D to D" and

VN u, v) = (u, 2u, v).
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Again det/\y " (u, v) = —1 and we obtain that the density of (X, 2X — ¥)

1S
h(u, v) = a*e "> 1 p(u, v).

7.13  Suppose that the random vectors (X, ¥) have the joint density given by

s :PX: ’Y: =—1<<x<n
flony) =PX =x ) on 1) L=
(a) Find the constant 4 that makes /" a proper distribution.
(b) Find the marginal distributions.

(c) Are X and Y independent?

(d) For z =5 find the probabilities:

PX <4,Y <4), P(X < 4), P(Y > 3).
Solution: We need to have

Y ey =1
xJy

or equivalently

n n k n n 1
122_:2_: n(n—+1) =/€ZZ_: n(n+1)
y=1 x=y y=1 x=y

i n—y—1
A N
; n(n+1)
—ki 1
o\ n(n+1)
_ofi- 1 n(n+1)
B n(n+1) 2
_/e
=3
which implies £ = 2.
(b) Foreveryx =1, ..., n, we have
a 2
PX =x) =
( %) ;n(n—l—l)
2x

T an+1)
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and
PX=x)=0 if x > n.
Foreveryy =1, ..., n, we obtain
2
P =y) = ; n(n+1)
. 2m—y+1)
n(n+1)
and

P(Y =y =0ify> n
(¢) Clearly, in general
P(X =x, ¥ =) # P(X = )P(Y =),

which means that X and Y are not independent.
(d) We can write

34, 3
P(XS4,Y53)=ZZSX6=g
=1 x=y
and
p(X<4)—Z4: 2
T ~5x6 3
and

3
26—y+1) 1
(Y>3) (Y =3) yél 5% G 5

Problems without Solution

7.14  Prove Proposition 7.26.
7.15  Suppose the random vector (X, ¥') has the joint density

1
) =—1 )
[ y) - Alx, )
where the set is the unit disk:

A={xy eR ¥+ <1}
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7.16

7.17

7.18

7.19

7.20
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(a) Calculate

(b) Compute

p(x=Zr=—).

Are the r.v. X, ¥ independent?
(c) Compute P(X > Y).

Let X, ¥ be independent identically distributed random variables with a
uniform distribution on [0, 1]. Denote by

Z=X+Y

(a) Calculate EZ.
(b) Find the density of Z.
(c) Show that for every x € (0, 1) the events

Z>1 and (—x<Z<1+4x)

are independent.

Write down an expression for the density of the random variable defined
in Example 7.6. Show that it defines a probability distribution.

Prove that the marginal distributions of the multinomial law are binomial
distributions. See Example 7.6.

Let C, o > 0. Let X be an r.v. with values in N* such that
C
P(X:k):k—a, Vk e N*.

(a) Find conditions on o and C such that the expression above defines a
proper probability distribution.

(b) For what values of & the random variable X is integrable (has a finite
expectation)?

Suppose X ~ Exp(0) (exponentially distributed random variable with
parameter 6 > 0) and let § be a uniformly distributed random variable
on {—1, +1}. Assume S and X are independent and set

Y =X§.
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7.21

7.22

7.23

7.24

7.25

(a) Show that Y follows a Laplace distribution with parameter 6. Recall
that the Laplace law with parameter 6 > 0 has density

0
flx) = 2 exp(—0 |x]).

Let Z be an r.v. with Laplace law with parameter . We further define
random variables 7" and ¢ by

T +1 ifZ >0,
] =1 ifZ <0,

¢=1Z].

(b) Show that 7" follows a discrete uniform distribution on {—1, +1},
(c) Prove that ¢ has an exponential distribution Exp(6).
(d) Prove that the random variables 7" and ¢ are independent.

We know that the random variables X and Y have a joint density given
by the function f'(x, ). Assume that P(Y = 0) = 0. Find the densities of
the following variables in terms of the function f:
(@ X+Y
(b) X —-Y
(0 XY
d %
All children in Bulgaria are given IQ tests at ages 8 and 16. Let X be the
IQ score at age 8 and let ¥ be the IQ score at age 16 for a randomly
chosen Bulgarian 16-year-old. The joint distribution of X and ¥ can be
described as follows. X is normal with mean 100 and standard deviation
15. Given that X = x, the conditional distribution of ¥ is normal with
mean 0.8x + 30 and standard deviation 9.

Among Bulgarian 16-year-olds with ¥ = 120, what fraction have
X > 1202

Find a density function f'(x, y) such that if (X, ¥) has density f, then
X2 4+Y?%is uniformly distributed on (0,10).

Let X beaunitexponential random variable (with density f(x) = ¢, x >
0) and let ¥ be an independent U0, 1] random variable. Find the density
of T =Y/X.

You have two opponents A and B with whom you alternately play
games. Whenever you play A4, you win with probability p4; whenever you
play B, you win with probability pg, where pp > p4. If your objective is to
minimize the number of games you need to play to win two in a row, should
you start playing with A or with B?

X
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7.26

7.27

7.28

7.29
7.30
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Let X; and X, be independent, unit exponential random variables (so the
common density is f(x) = ¢™*, x > 0). Define

i=Xi—X, and Y, =X/X —X)).

Find the joint density of ¥; and 5.

Let Z be an r.v. with an exponential distribution Exp(#) with 2 > 0 and
define

X = be”
with & > 0.
(a) Show that the density of Xis given by
ab” .
atTs ifx > b,
S0 = 0, otherwise.

We will say thar X follows a Paréto distribution denoted P(a, b).

(b) For which values of # is the r.v. X integrable (i.e., has finite expecta-
tion)? In this case, compute its expectation.

(c) For what values of # is the r.v. X square integrable (i.e., X* has finite
expectation)? In this case, compute the variance of X.

(d) Let ¥, W be two independent random variables following Paréto dis-
tributions (4, 1) and P (4, 1) respectively, witha £ 6,4, b > 0. Calculate
the density of (U, V'), where

Y
U=YW and V =—.
w

(e) Derive the marginal laws of U and V.
(f) Are U and V independent?
Let

fo=K(1+ xy(x? —yz)) 11 &)=, ().

(a) Find K such that /" is a density.

(b) Compute the marginal densities.

(c) Compute Cov(X, Y).

(d) Are X, Y independent?

() Let U =XV and V = )7( Compute the density of the random vector
(U, V).

Prove Proposition 7.2 on page 211.

Let (X, Y) be a Gaussian random vector such that X and Y are standard
normal random variables N (0, 1). Suppose that

Cov(X,Y) = p.
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Let 6 € R. We set

U =X cosO — Ysin6, V =Xsinf + Y cosB.

(a) Show that |p| < 1.

(b) Calculate E(U), E(V), Var(U), Var(V), and Cov(U, V). What can
be said about the vector (U, V) ?

(c) Suppose that p # 0. Are there values of 6 such that U and V are
independent?.

(d) Suppose p = 0. Give the marginal densities of U and V'? Are U and
V independent in this case?

731 Let X and Y be two independent exponentially distributed ran-
dom variables with parameter A > O—that is, with density f(x) =
)Le’}‘xl(o,Jroo) (x). Let

Y
X+7V

S=X+Y and Q:

(a) Identify the law of X as a gamma law. Give its parameter values.
Calculate the law of S.

(b) Give the density of the couple (S, Q) ? What is the density of Q?
(c) What can be said about the r.v.’s S and Q?

7.32  Let D be the set in R? defined by D = {(x,y) e R* : 1 < y < x}. Let
(X, Y) be a random vector with density f given by

C
flx,y) = 51p(x ).
X

(a) Draw the set D.

(b) Calculate the density of ¥ in terms of C and deduce the value of C.
(c) Calculate the density of X.

(d) Are X and Y independent? Do the r.v.’s X and Y have finite expec-

tations?

(e) Let A be the subset of D defined by
A:{(x,y)eR2:1<y<x—l}.
Draw an image of A and calculate the probability:

P((X,Y) € 4).

7.33  Let (X, Y) be a vector with density /:

Fley) = % e y)
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7.34
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where D is the domain
D={(x,y)€]R2 : x>0,y>0,y2>x}.

(a) Compute the distribution of ¥ and then deduce C.
(b) Calculate the density of X.

() Are X and Y independent?

(d) Are the r.v’s X and Z independent, where

Z =Y —JX?

(e) Identify the law of Z as a distribution we learned about.
(f) Define

T = ik
Are T and Y independent?
(g) Calculate E(T).
We assume that the random vectors (X, Y) have the distribution
PX =Y =) a
=1, = - -
PG+

for every (4, j) € N2.
(a) Explain why X and ¥ have the same law.
(b) Let S = X + Y. Show that

P@:@:%

forall £ € N.

(c) Derive the value of @ which makes a proper density.
(d) Calculate P(X = 0). Are X and Y independent?
(e) Calculate P(X = Y) and derive P(X > Y).
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Characteristic Function

8.1 Introduction/Purpose of the Chapter

The characteristic function of a random variable is a powerful tool for analyz-
ing the distribution of sums of independent random variables. To some readers,
characteristic functions may already be familiar in a different form: If a random
variable is continuous and thus it has a probability density function f'(x), then its
characteristic function is the Fourier transform of the function f'(x).

8.2 Vignette/Historical Notes

According to Kenney (1942) and (Todhunter, 1865, pp. 309-313), the first use of
an analytic method substantially equivalent to the characteristic functions is due
to Joseph Louis de Lagrange in his work Réflexions sur la résolution algébrique des
équations, published around 1770 de Lagrange (1770). In this work, de Lagrange
introduces a simple form of the Fourier transform. The Fourier transform and
the Fourier series was properly introduced and refined by Joseph Fourier in his
Mémoire sur la propagation de la chaleur dans les corps solides. He applies the series
to find the solution for the heat equation.

The first general definition of the characteristic function is due to Pierre-
Simon marquis de Laplace in his classic “Théorie analytique des probabilités”
(Laplace, 1812, pp. 83-84). He first introduces the generating function as
“fonction generatrice” (described in the following chapter on moment generating

Handbook of Probability, First Edition. Ionug Florescu and Ciprian Tudor.
© 2014 John Wiley & Sons, Inc. Published 2014 by John Wiley & Sons, Inc.
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function). Laplace is recognized with the introduction of the moment-generating
function—or, in its more traditional name, Laplace transform. However, by set-
ting #* = ¢ in the generating function, Laplace comes up with an equivalent
form of the Fourier transform (the characteristic function) to which he does not
assign a name. Perhaps this is done on purpose since Laplace was familiar with
the Fourier transforms and he uses the function throughout his work to solve
differential equations (which was exactly the purpose Fourier had in mind when
he introduced it in the first place). However, there are two important differences
between Laplace’s approach and that of Fourier. First, the definition Laplace in-
troduces can deal with discontinuities in the probability distributions; thus his
definition (unlike Fourier) can deal with any random variables (not only contin-
uous), a fact he explicitly recognized in his book. Second, he writes the inversion
formula—what we now call the inverse Fourier transform, and once again this
transform is written explicitly for discontinuous points as well. This creates a new
way to solve differential equations without explicitly requiring that all functions
be written as a fourier series (a requirement which is not possible because of those
discontinuities).

The name characteristic function is due to Paul Levy in his book Calcul des
probabilités Lévy (1925) who reintroduces the same function as Laplace. Since
that time, the characteristic function is one of the primary tools of the probability
theory. In fact an entire class of distributions (the Lévy distribution) is introduced
through the characteristic function rather than via the distribution function.

8.3 Theory and Applications

8.3.1 DEFINITION AND BASIC PROPERTIES
Definition 8.1 IfX : Q — R is a random variable, then its characteristic func-
tion
ox :R— C
is defined by
ox (L) = E(e™), for every A € R.

Note that the random variable Ee*¥ is complex-valued. In previous chap-

ters we defined the expectation only for real-valued random variables. To take

advantage of these definitions, recall that the complex exponential can be
written as

i

"™ = cos(tx) + i sin(zx)
Thus, we can write

@x(A) = Ecos(AX) + /Esin(AX),
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where both expectations are now of real-valued random variables. This is the
meaning of the expectation that appears in Definition 8.1.

Remark 8.2  Since |¢"™X )| = 1 for every t € R and w € Q it is clear that the
expectation introduced in Definition 8.1 exists and

lox(A)] < 1.

This is easy to prove using Jensen inequality (see Appendix B) for the convex function

|x|.

If X has a probability density fx(x), then the characteristic function reduces
to

ox(3) = / e fr () db. 8.1)
R

Formula (8.1) with —A replacing A is known as the Fourier transform of fx.

The Fourier transform is in fact defined for any integrable function f', not
only for those which happen to be probability densities. Concretely, the Fourier
transform of the function fx is given by

Foy = / e ™M f (x) dx (8.2)
R
for every A € R, so

ox () = f(=2).

The Fourier transform is well-defined for every function f" integrable in the sense
that

/ FO) dy < 00
R

since [e?¥| = 1.

Remark 8.3  In books and papers on analysis, pdes, and mathematical physics,
slightly different definitions of the Fourier transform are often used—for example,

fo) = Lo (x) .

1
—— [ e
21 /1;
The constant /27 is typically irrelevant.

We next list basic properties of the characteristic function.

Proposition 8.4 Let X be a random variable and let px denote its characteristic
Sfunction. Then



258 CHAPTER 8 Characteristic Function

i. ox(r) <1 foreveryt € R.
it (px(O) =1.
iti. For every r € R we have

px(=1) = ¢_x(2) = px(2).
Proof: The first two parts are obtained very fast. For every r € R

ox(2) < lox(r)| < E[e™]
=1

and
ox(0) = B = 1.

For the last part, obviously

ox(—1) = Ee™™ = ¢_x (1) = px ().

Proposition 8.5 The function @x is absolutely continuous.

Proof: For every h > 0 we can write

‘E FEHDX x| < g |ethx _ i
— g | (gi};X _ 1)‘ —E |:|€itXi ‘(ei/yX _ 1)”
=E ‘eil’x — 1) .

Note that as # — 0 the quantity X

bounded convergence theorem, since

— 1 converges to zero for every w. By the

S _ 1‘ <2
we can conclude that E |ei/7X — 1| — 0, and therefore |px(x + 5) — p(x)] — 0
as » — 0 and thus the function @y is absolutely continuous. |

Proposition 8.6 If X, Y are two independent random variables, then
Px+y(A) = ox(Mey (1).

Proof: Indeed,

@x 1y () = BHEHD

= EME™ = px Wy (L)
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forevery A € R, where we use the independence to be able to write the expectation
of the product as product of expectations. |

Remark 8.7  The result above extends easily to a finite sum of random variables;
that is, if X1, . .., X, arve independent r.v.s, then

Pxittx,(A) = ox, (Mex, V) . .. ox, ().

This can be proved by induction (we leave the proof to the reader).
In particular, if X, ..., X, are independent random variables with common
distribution (i.i.d. random variables) and

X=X+ - +X,,
then
ox(t) = (x,(1)”

Joreveryi=1,...,n

The problem of existence of the derivative of the function ¢y is straightfor-
ward. The next theorem allows us to express the derivatives of the characteristic
function in terms of the moments of random variable. Since |@x| < 1, we do not
need any extra boundness assumption around 0 for the characteristic function.
Instead, we require a finiteness condition on the moments of the random varjable
considered.

Theorem 8.8 Suppose X is a random variable such that
E|X|* < oo.
Then for any j such that 0 < j < k, the function ¢x has the j-th derivative given by
o) (1) = E ((iXYe™) .
In particular,
0 (0) = FEX/,

and this expression connects the moments of the random variable with the characteristic
Jfunction.

Proof: We will use an induction argument. The result is clear for j = 0. Suppose
that the statement is true for j — 1 and denoted by

F(2) = (iXy ™.
Then
|F'(£)] = |(iXY ™| = |XV.
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Since E|X || is finite, we have that E[X}/| < oo for any j < k. Moreover,

o d -1 d_ . i1
@y (1) = Z%ﬁ (1) = —E(XY LeX
d .
= EZ(iX)/_le”X = E(GXY ™,

thus the statement is true for step ;.

Since the verification step j = 0 is true and for any j — 1 assumed true we
showed that the statement is going to be true at/, then, by the induction argument,
it follows that the statement is true for any j € N. u

Remark 8.9 As a particular case of Theorem 8.8, we get
EX = —ig(0)

and
EX? = —¢}(0).

Proposition 8.10 Let X be a random variable and let px denote its characteristic
function. For every a, b € R

Puxs = oy (ar).

Proof: Clearly

(PaX+b(f) — Eez’z(aXJr&) — ez‘theimX

= " gy (ar).

8.3.2 THE RELATIONSHIP BETWEEN THE
CHARACTERISTIC FUNCTION AND THE DISTRIBUTION

The characteristic function of a random variable uniquely characterizes the ran-
dom variable (hence the name). If you recall, a random variable is uniquely char-
acterized by its distribution. The clear consequence is that two random variables
with the same characteristic function will have the same law (distribution). When
the random variable has a density, this density can be recovered from the charac-
teristic function. These statements will be proved next.

Theorem 8.11 (Fourier inversion theorem) Let X be a continuous
random variable. Suppose that the characteristic function of X, fx given by (8.2) is
integrable on the real line. Then, X admits a density fx and fx is continuous and
bounded and given by

_ i 7 ixA
flx) = e /Rf()\)e d.
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This theorem is the classic Fourier Inversion Theorem and it is proven in any
functional analysis textbook (e.g., for a probability see Billingsley (1995)).

Remark 8.12  Here is an example where the relationship does not hold. Suppose
that X is distributed as an Exp(1). Then

1
px(t) = ,
1 — it

and @x is not integrable since

1
lox ()| ~ —
2]

as |t| — o00. This is consistent with the above theorem because the density of X is

f(x) = e 1,00)(x),
which is not continuous (at zero).

Clearly, the definition of the characteristic function (which is explicit) implies
that two random variables with the same distribution have the same characteristic
function. What is interesting and very useful in practice is that the reciprocal
implication is also true. From Theorem 8.11, it follows immediately that if the
random variable is continuous, the p.d.f. of the random variable f (x) is uniquely
determined by the characteristic function of the random variable.

However, this statement remains true even if the characteristic function is
not integrable; in fact, it can be extended to random variables which are not
necessarily continuous.

Theorem 8.13 (Uniqueness theorem) If rwo random variables X, Y
have the same characteristic function

Yx = v,
then they have the same distribution function (c.d.f.).

Proof: Let Z be a standard normal random variable (Z ~ N(0, 1)), independent
of X and Y. Define two new random variables:

X, =X+ aZ,
Y=Y +aZ

If the original variable X, ¥ have the same characteristic function, then these new
variables X, and Y, will also have the same characteristic function. Indeed, for
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every t € R we have

ox (1) = Ee'™Xe — EeXTitaZ E[eitX]E[eimZ]

2242

i _a _d?
=EeXe 7 = ox(t)e” 2
2,2

= gy(t)e”
= @y, (1),

where we used the independence of Z from X and Y.

The difference now is that the random variables X, and ¥, have an integrable
characteristic function (this is easy to show and left as an exercise). Using Theorem
8.11 we obtain that X, and ¥, have the same density. Therefore, by the definition
we must have

Eg(X,) = Eg(Y,),

for any continuous bounded function g : R — R. Now, we let 2 — 0. From the
Monotone Convergence Theorem we get

Eg(X) = Eg(Y) (8.3)

for any continuous bounded function g. For an arbitrary x € R, let us choose

1 ify € (00, x),
g =1 1—=nly—x) ifye[x,x+%],
0 ify>x+1

This function is continuous and bounded (plotted in Figure 8.1). Applying the
result, we obtain

El(_oo’x_,’_%)(X) = El(—oo,x+];)(Y)7 Vx € R

1.0

a(y)
04 06

FIGURE 8.1 A plot of the function g used in Theorem 8.13.
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Letting » — 00 and again applying the Monotone Convergence Theorem, we
obtain

El(_0)(X) = El(_c0(Y)
for any x and that means that X, ¥ have the same c.d.f. [ |

In the next section we will show that a random variable is IV (it, o) distributed
if and only if its characteristic function is

022

ox(t) = M2

for every ¢ € R. This result can also be proven using that the sum of two inde-
pendent r.v. normally distributed is normal (see exercise 8.2).

Theorem 8.14 (Uniqueness theorem for moments) Let X, Y be two
r.v. and denote by Fx, Fy their cumulative distribution functions. If

(1) X and Y each have finite moments of all orders,
(ii) their moments are the same, that is, EX* = EY* := o, Jorall k > 1, and

ees . . ko,
(iii) the radius R of the power series Y oo | 04 T is nonzero,

then the two random variables have the same distribution,
Fy = Fy.

Remark 8.15  This theorem says that in principle two distributions are the same
if all the moments identical. Recall that having the same distribution is also the same
as having the same characteristic function.

Houwever, all conditions are needed. It is possible for two random variables to have
the same moments but not the same distribution.

# EXAMPLE 8.1 Identifying a Normal by calculating its
moments

Here is an example of the applicability of the theorem. Let X be a random
variable such that its moments
oy = EX*
satisfy
[ 1x3x5x (k=3 x (k=1 =L ifkiseven = 2p,

o = 27p!

0 if £ is odd.
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Then, applying the theorem, the random variable X is NV (0, 1) distributed.
Indeed, the distribution of a standard normal has these moments; and the
series in the theorem,

i .

Ap—,
!

p 4

has the radius of convergence R = 00.

If the random variable is not continuous (or, in any other case), it is possible to
state an inversion-type formula similar to the Fourier inversion theorem (Theorem
8.11) for the cumulative distribution function of a random variable.

Proposition 8.16 i. Let X be a random variable with distribution function Fx,
density fx, and characteristic function Qx. Suppose @x is integrable. Then

1 e _ e—itb
Fx() — Fy@) = 5 / e e
T Jr 123

ii. Drop the assumption that @x is integrable. Then

1 e _ e—itb 2.
Fx(6) — Fx(a) = lim —/ —px (e 2 dt
=0 27 R it

Proof: Use Theorem 8.11. [ |

If the random variable is discrete (the distribution is made of a points with
corresponding probability mass function), an inversion formula can be found in
Exercise 8.9.

Proposition 8.17 Let X be an r.v. and let ox be its characteristic function. Then
the law of X is symmetric if and only if px is real-valued.

Remark 8.18 Here, ‘symmetric” means that the distribution is symmetric about
zero: the distribution of X is symmetric if X and —X have the same distribution. This
is the same as saying that P(X > a) = P(X < —a) for all a. In particular, if the
random variable is continuous and has a density function f, it is symmetric if and

only if f is an even function (recall that this means f (—x) = f (x)).

Proof: Consider the case when X admits a continuous density /. In this case

ox(t) = f cos(zx)f (x) dx + z'f sin(zx)f (x) dx.
R

R
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If f is an even function, then
x — sin(zx)f (x)

is odd and consequently

/ sin(zx)f (x) dx = 0.
R

So @y is real-valued.
Conversely, if ¢y is real-valued, by Proposition 8.4,

p_x(t) = px(—1t) = 90)(_(1«‘) = @x(2)

and the uniqueness theorem (Theorem 8.13) implies that X and —X have the
same distribution.

The general case is identical, but the integrals are expressed in terms of the
c.d.f. F(x), that is,

/ sin(zx) dF (x),
R

and

/ cos(zx) dF (x).
R

8.4 Calculation of the Characteristic Function
for Commonly Encountered Distributions

In this section we provide examples of calculating characteristic functions for some
distributions presented earlier.

8.4.1 BERNOULLI AND BINOMIAL

Proposition 8.19  Suppose X is a Bernoulli random variable with probability
of success p. Then

ex(r) =1—p(1 —").
Proof: Using the formula for the expectation of finite random variables, we obtain

ox() =""PX =0+ ""PX =1)=1—p+ e
=1—p(1—¢").
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Proposition 8.20 IfY follows a binomial distribution with parameters (n, p),
then

pr(t) = (1—p(1—e")".
Proof: This is a consequence of the above result since ¥ can be written as
Y =X+ +X,

where X; are independent Bernoulli random variables with parameter p. Then
just apply Remark 8.7. |

8.4.2 UNIFORM DISTRIBUTION

Proposition 8.21 IfX ~ UJ0, 1], then

e —1
t) = .
ox (2) -
More generally, if X ~ Ula, b), then
eit/? — ot
ox () = m-

Proof: Since the density of the law U0, 1] is g(x) = 1}o,1)(x), we get

1
i 1 ine]x=1
ox(s) = /O e = L[]

et —1

it

The more general result is obtained by noting that X ~ Ula, 6] can be written
as

X=a+0b-al,

with U ~ UJ0, 1]. [ |
Remark 8.22 [fa = —b (i.e., X has a symmetric distribution X ~ U[—b, b)),
then
eité _ efz‘tb
ox(t) = Hb— (b))
__sin th
th

and note that this is a real-valued function. This is in accord with Proposition 8.17.
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8.4.3 NORMAL DISTRIBUTION

Proposition 8.23  Suppose Z is a standard normal random variable. Then

o

t

pz(t) =e 7.
Proof: We can use a direct “calculation”:

ztx—f

E X __

“

+(x—it)?) /de

tZ
\/ 2 /
gi%
\/ 2

where we made the formal change of variables y = x — iz. To mathematically
justify this change of variables (which replace a real variable by a complex one!),
we would need more complicated arguments from complex function theory. W

Remark 8.24  Even though the proof needs more arguments, the result is correct.
A different proof of this result, based on differential equations, is given in Exercise 8.5.

Proposition 8.25  Suppose X is a normal random variable with expectation p
and variance 6*, X ~ N (i, 02). Then its characteristic function is

22
2

it —

=¢

ox(t) =e

Proof: Since X can be written as X =  + 0Z, where Z is a standard normal
random variable, the result is obtained using Propositions 8.23 and 8.10. |

8.4.4 POISSON DISTRIBUTION

Proposition 8.26  If' X denotes a Poisson random variable with parameter
A > 0, then

ox () = 0=,

Proof: Using the definition of the Poisson law, for every A € R

)\k
Ee™X = Z oM
k>0 k!
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()»e”
I

k>0
_ __ it
—¢ Al—e )

8.4.5 GAMMA DISTRIBUTION

Proposition 8.27 IfX ~ I'(a, A), then

1 a
<px(t)=< _,-_t> :
A

Proof: Recall that the density of the gamma distribution is (see Section 5.4.4)

a

A
flx)= mx‘z_ L= (0.00)(x).

We use the power series expansion of the exponential function

n>0

and then (the interchange of the sum and of the integral can be rigourously argued)

. al—xx(”")

_ Z )"a(lt)” / e—Axxa+n—1dx
.~ F(&Z)}’l' 0
A lt)”
— dve —y a+n—1
Z I'(a) n' / 9e

_ A",
- Xzo: I'(a)n! * [ln+a)

rals)

n>0

( 1 )d
= it ’
x

using the properties of the gamma function and the power series expansion of the
function (1 — x)“. |
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Remark 8.28  Recall that the distribution T'(1, A) corresponds to the exponential
distribution with parameter .. > 0. Therefore, if X ~ Exp()), then

1

it
1 A

px(2) =

Jor every t € R.

Remark 8.29  Using Proposition 8.27, it is easy to check that if X ~ T'(a, A) and
Y ~T(b, ), then

X+ Y ~T(a+ b, ).
Indeed,

Ox+y (1) = ox()ey(2)

a b
1—z) \1-%
1 at+b
= it ’
( - 7)

which means that X + Y ~ T'(a + b, 1). This proof is much easier than a direct
proof based on the density of the gamma distribution.

8.4.6 CAUCHY DISTRIBUTION

Proposition 8.30  Suppose X has a Cauchy distribution. Then

[#]

px(2) =",

Proof: We will use the integral formula:

® cos(tx) T,

N e =
0 bZ + X2 Zb
for every & € R. Note that the function under the integral is even, and so we have

cos(#x) T _y,
dx = —e "
L Bt <2 A

Recall that the density of the Cauchy distribution is

1 1
7l +x2

fx) =
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Since the imaginary part of @x vanishes (the law of X is symmetric) for # > 0,
we have

1 ) 1
) = — L dx
exlt) n/Re 1+

1 1
= —/cos(tx)—
T JRr 1 + x2

="
In a similar way for # < 0, we obtain
t
px(t) =¢,

which concludes the result. [ |

8.4.7 LAPLACE DISTRIBUTION

Proposition 8.31  Suppose X is Laplace distributed, that is, with density

1
Srlx) = Efi‘xl.
Then
1
=1

Proof: The formula follows from direct computation, using the fact that the law
is symmetric and thus

1 )
— ztx—lxldx
o =3 [ ¢
1
= E/Rcos(tx)e_lxdx
=/ cos(zx)e *dx
0

and finally using integration by parts two times. |

Using the above result, we can prove a very interesting property of the Cauchy
random variable.

Proposition 8.32  Suppose X1, . .., X, are independent Cauchy distributed r.v.
LetS, =X\ + ...+ X, and

Then, the average X,, is Cauchy distributed for every n.
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Proof: Following Proposition 8.30, we obtain the characteristic function of S, as

—nlt|

s, (5) = e
and from Proposition 8.10 we obtain

t

t _
oz (1) = @5, (=) = L.
n
Therefore, X, has a Cauchy law. [ |

This property in fact leads to Levy distributions—a distribution defined
entirely using its characteristic function. The final section in this chapter tells the
story of this distribution.

8.4.8 STABLE DISTRIBUTIONS. LEVY DISTRIBUTION

In finance, the continuously compounded return of an asset is one of the most
studied objects. If the equity at time ¢ is denoted with S,, then the continuously
compounded return over the period [z # + At] is defined as R, = log S;4a, —
log S,. There are two major advantages to studying return versus the asset itself.
First, in the regular Black Scholes model (Black and Scholes, 1973) the returns
are independent, identically distributed as a Gaussian random variable. Second,
the return over a larger period, say [z, r + nAt], is easily expressed as the sum
of the returns calculated over the smaller periods [ 4 iAz, £ + (i + 1) Az]. If we
denote X; the return over [¢ 4 iA¢, ¢ + (i + 1) At], then clearly

X(nAr) = log Syna; — log S, = ZX’

i=1

Since the sum of i.i.d. Gaussians is a Gaussian, this model provides a very easy
way to work with distribution.

It is well known today that the Black Scholes model is not a good fit for
the asset prices. This is primarily due to the nature of the Gaussian distribution.
When plotting histograms of the actually observed returns, the probability of
large observations is much greater than that of a normal density (the leptokurtic
property of the distribution). However, if we use a different density, we may lose the
scaling property of the normal—that is, the ability of re-scaling the larger period
returns to the same distribution. Is it possible to have a different distribution with
this property?

Definition 8.33 (Stable distribution) Consider the sum of n independent
identically distributed random variables X;, and denote it with

XAy =X +X%+X+ -+ X,.
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Since the variables are independent, the distribution of their sum may be obtained as
the n-fold convolution,

PX(nA1)] = P(X1) @ P(X,) - - - @ P(X,).

The distribution of the X;5 is called stable if the functional form of the
PIX(nAr)] is the same as the functional form of P|X(Az)]. More specifically, if
Jor any n > 2, there exists a positive C, and a D,, so that

P[X(nAt)] = PIC,X + D],

where X has the same distribution as X; fori = 1,2, ..., n. If D, =0, then X is
said to have a strictly stable distribution.

The writing in the definition is generic, but refer to the distribution as the
c.d.f.
It can be shown (e.g., Samorodnitsky and Taqqu (1994)) that

C,=n«

for some parameter o, 0 < o < 2. This « is an important characteristic of the
processes of this type (which is in fact called a-stable), but we shall not talk about
it here.

Paul Lévy (Lévy, 1925) and Aleksandr Khintchine (Khintchine and Lévy,
1936) found the most general form of the stable distributions. The general repre-
sentation is through the characteristic function ¢(#) associated to the distribution.

It is very easy to understand why this form of characteristic function de-
termine the stable distributions. The characteristic function of a convolution of
independent random variables is simply the product of the respective charac-
teristic functions; thus, owing to the special exponential form above, all stable
distributions are closed under convolutions for a fixed value of «. Specifically,
recall that (using our previous notation)

Pxnan () = ((2))"

and

@c,x+p,(t) = P p(Cyt).

Thus, setting them equal in principle can provide the most general form for the
stable distributions. It took the genius of Paul Lévy to actually see the answer.

The most common parametrization of Lévy distributions is given in the next
definition.
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Definition 8.34 (Lévy distribution) A random variable X is said to have
a Lévy distribution if its characteristic function is given by

it — el [1 —~ B tan(%)] ifa € (0,2]\ {1},

In(1) = '
it — | [1 + iﬂﬁ;mﬂ] ifa=1.

The parameters of this distribution are as follows:

o « is called the stability exponent or the characteristic function.
* y is a positive scaling factor.
* W is a location parameter.

o B e [—1, 1] is a skewness (asymmetry) parameter.

Remark 8.35 Al such distributions are heavy tailed (leprokurtic) and have no
second moments for any o < 2. When o < 1 the distribution does not even have
the first moment. Please note that neither third nor fourth moments-exist for these
distributions, so the usual measures of skewness and kurtosis are undefined.

The characterization above is due to (Khintchine and Lévy, 1936). If we take
B =0, we obtain a (Lévy) symmetric alpha-stable distribution (Lévy, 1925). The

distribution is symmetric about (L.

8.4.8.1 Special Cases. In general, there is no formula for the p.d.f. £(x) of a
stable distribution. There are, however, three special cases which reduce to known
characteristic functions (and therefore to known distributions).

1. When o = 2 the distribution reduces to a Gaussian distribution with mean
w and variance 02 = 2y2. The skewness parameter 8 has no consequence.

1 —Ge=p)?
e 4
Vamy

2. When o = 1 and B = 0, the distribution reduces to the Cauchy (Lorentz)
distribution.

fl) =

P P

TV — @)

This is the distribution of yX + u, where X is the standard Cauchy we
defined before (u = 0.y = 1).

3. When o = 1 and B = 1 we obtain the Lévy—Smirnov distribution with lo-
cation parameter (4 and scale parameter y.

“ \/7€y/2<xm "
X) = P ——— Irx = u
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8.4.9 TRUNCATED LEVY FLIGHT DISTRIBUTION

The leptokurtic property of the stable distributions for o < 2 is very desirable
in finance. In practice, when working with daily and more frequently sampled
returns, their marginal distribution has heavy tails. However, recall that the Lévy
distribution in general does not have a second moment for any o < 2; therefore,
if distributed as Lévy, the returns have infinite variance. This is an issue when
working with real data. In order to avoid this problem, Mantegna and Stanley
(1994) consider a Lévy-type distribution truncated at some parameter /. That
is, for any x > / the density of the distribution, f'(x), equals zero. Clearly this
distribution has finite variance.
This distribution was named the truncated Lévy flight (7LF):

T(x) = cP(x)1 (),

where P(x) is any symmetric Lévy distribution (obtained when 8 = 0) and 14(x)
is the indicator function of the set A.

The truncation parameter / is quite crucial. Clearly, as / — 00, one obtains
a regular Lévy distribution. However, the 7LF distribution itself is not a stable
distribution for any finite truncation level /. However, this distribution has finite
variance; thus independent variables from this distribution satisfy a regular Central
Limit Theorem (as we shall see in later chapters). If the parameter / is large the
convergence may be very slow (Mantegna and Stanley, 1994). If the parameter /
is small (so that the convergence is fast), the cut that it presents in its tails is very
abrupt.

In order to have continuous tails, Koponen (1995) considered a 7ZFin which
the cut function is a decreasing exponential characterized by a separate parameter
/. The characteristic function of this distribution when & # 1 can be expressed as

o) =
(2 +1/1%)2

1 cos(rar/2) cos(avarctan(/|¢))(1 + #/|¢| B tan(¢ arctan 1|¢|))} ,
COS

exp {co —

with ¢; a scale factor:
27 cos(mra/2)
“ 7 ol (@) sin(ma)
and
[~ 27

- cos(mwa/2) 4= ol (o) sin(a) -

In the case of symmetric distributions we have 8 = 0. In this case, the variance
of this distribution can be calculated from the characteristic function:

2o P 24r-0) o,
3t |,_, T(a)sin(ra)

The remaining presentation is for this symmetric case of the 7LF.
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If we use time steps Az apart, and 7 = NAz, following the discussion about
returns, at the end of each interval we must calculate the sum of NV stochastic
variables that are independent and identically distributed. Therefore, the new
characteristic function will be

N(t2 + 1//2)5{/2

— N = -
@(t, N) = ¢(t)" = exp {CON T Cos(ma/2)

cos(a arctan(/|¢])) } .

The model can be improved by standardizing it. If the variance is given by

2 82(/)(1')
o —Wh:o,
we have that
Fo(t/o) 1 9¢(2)
—— === —F5 =0 =1
ot o? 0ot

Therefore, a standardized model is

2 2ya/2
Ings(z) =lng ( t) = —q (/o) +1/1) cos (a arctan ([%'))

o cos(mwa/2)

We leave it as an exercise to write the characteristic function in a more condensed
form.

EXERCISES
Problems with Solution
8.1 Let Y be an uniform random variable on {—1, 1}. Show that
@y (2) = cos(z)

for every t € R.

Solution:
EcY = MP(Y =1) 4 ¢ PX = —1)
1 . .
— () + —ity _ P
2(€ e~ ") = cos
—it

because ¢ = cost + isint and ¢ ¥ = cost — isint. [ |

8.2 Using characteristic functions, prove that if

X ~ N{a, 012)
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and
Y ~ N(b,03)
then
X+Y ~N(a+ b, 0} + )

Solution: It holds

g 1p2.2 g 1022
ita— 507t eztb 305t

ox1v(t) = x(D)y(2) = e
_ ez’r(a+la)+§r2(a%+a§)

This implies X + ¥ ~ N(a + b, 07 + 03). Compare this proof with the
proof given in Chapter 5. |

83 Let X, Y be two independent random variables with uniform law
Ul-1,1].
(a) Give the density of X + Y.
(b) Calculate the characteristic function of X + Y.
(c) Show that the function

is a density.

Proof: (a) Using Theorem 7.28, we find that

1 1
Sy (x) = 2(2 +x)1(2.0(x) + 2(2 — x)1(,2)(x).

(b) Using Remark 8.22, we obtain

ox () = py(r) = %t

and thus

. 2
Oxsr(2) = ox(Dey (1) = <512x) .

(c) We have, for every z,

A 1 .
/ f)e ™ dx = - / Pxty(x)e” dx
R

R
= 2fx1v(2)
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8.4

and thus

/f(x) dx = 2 y(0) = 1.
R

Let (X, Y) be a random vector with joint density

1
fx,y) = 7 [1 + xy(x? —)/2)] L (x1<1, 1<)

(a) Compute the marginal distributions of X and Y.
(b) Are X and Y independent?

(c) Compute the characteristic functions of X and Y.
(d) Compute the characteristic function of

Z=X+Y

(e) What can you conclude?

Proof: (a) We have

1 1
F) =11 W) / 4 [1 + (> — )]
-1

1
= 51(71,1)(96)

and similarly

1
fri = 51(—1,1)(}')-

So X and Y have uniform laws on [—1, 1].

(b) From part a, we can easily see that X and Y are not independent.
(c) Using Remark 8.22, we obtain

sin ¢

ox(t) = py(2) = T

(d) After calculation, we get

. 2
02 (1) = (%)

for every ¢.
(e) We notice that

@z (t) = @x()py ()
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for every ¢, but X and Y are not independent. This is a counterexample
for the reciprocal of Theorem 8.6. |

Problems without Solution

8.5

8.6

8.7

8.8

8.9

In this problem we shall derive the characteristic function of a normal

using a differential equation approach.
2

(@) Letf(x) = ¢~ 7. Show that the function [ satisfies

d
— =0.
i

(b) Show thatif Z ~ N (0, 1), then its characteristic function ¢ satisfies
the same equation.

(c¢) Deduce that

2

@z(1) = Ce 7.
(d) Compute the constant C from the relation
C=¢z(0)=1.

Hint: Part (a) is trivial since

dx

Compute the first four moments of a standard normally distributed ran-
dom variable using the characteristic function.

Let X, ¥ be two independent random variables. Denote by ¢x, ¢y their
characteristic functions respectively. Then

oxy (t) = Epx(tY) = Epy (£X) for every + € R.

Suppose the random variable X has characteristic function ¢. Show that

c

PX =x) =Clim / ™ o(r) dbr.
— 00 —-C

Let X be an r.v. with characteristic function ¢. Then for every x € R we
have

1t
PX =x)= lim — T .
o= = fim g [ et

Deduce that if ¢(¢) — 0 as |¢| — o0, then

PX=x)=0 forall x € R.



Exercises 279

8.10

8.11

8.12

8.13

8.14

8.15

Use exercise 8.9 to calculate P(X = £) in the case when X has a binomial
distribution B(#, p).

Let X be an r.v. with density
f&x) =0 = IxDL—1, k).

This X is said to have a triangular distribution, (see exercise 5.14).
(a) Compute the characteristic function of X
(b) Let Xi, X be two independent random variable with uniform distri-
bution on [—%, %]. Give the law of
S = Xl + Xz.

Let ¥ be a random variable with density

fl) = Ce bl
Calculate C and show that the characteristic function of Y is
1
Oy(t) = ——.
r) 1+ 2

State the name of the distribution with this characteristic function and
density.

LetX;, 1 < i < 4,beindependentidentically distributed NV (0, 1) random
variables. Denote with

D—d X X
- o X5 X))

the determinant of the matrix.
(a) Show that the characteristic function of the random variable X7 X, is

1
o) =

V1t

(b) Calculate the characteristic function of D and state the law of D.

Determine the formula for the distribution with characteristic function
®O(z) = cost

for every ¢t € R.

Determine the distribution with characteristic function

t+sint
o) = 4+ sin
2t

for every t € R.



CHAPTER NINE

Moment-Generating Function

9.1 Introduction/Purpose of the Chapter

We chose to introduce the generating function and the moment-generating
function after the chapter on characteristic function. This is contrary to the tradi-
tional and historical approach. In modern-day probability the characteristic func-
tions are much more widespread simply because they exist and can be constructed
for any random variable or vector regardless of its distribution. On the other hand,
generating functions are defined only for positive discrete random variables. The
moment-generating function does not exist for many discrete or continuous ran-
dom variables. Despite this fact, when these functions exist, they are much eas-
ier to work with than the characteristic functions (recall that the characteristic
function takes values in the complex plain). Thus, we feel that the knowledge
of these functions cannot miss from the culture of anyone applying probability
concepts.

9.2 Vignette/Historical Notes

According to Roy (2011), Euler found a generating function for the Bernoulli
numbers around 1730’s. That is, he defined numbers B, such that

t t”
et — 1 - ZB”J

Handbook of Probability, First Edition. Ionug Florescu and Ciprian Tudor.
© 2014 John Wiley & Sons, Inc. Published 2014 by John Wiley & Sons, Inc.
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Around the same time, DeMoivre independently introduced the method of gener-
ating functions in a general way (similar to our definition). He used this method
to encode all binomial probabilities in a simple polynomial function. Laplace
(1812) applied the Laplace transform to probability, in effect creating the moment-
generating function.

9.3 Theory and Applications

9.3.1 GENERATING FUNCTIONS AND APPLICATIONS

First, we introduce a generating function for discrete probability distributions.
This function in fact can be defined for any sequence of numbers.

Definition 9.1 (Regular generating function) Lera = {4;};c00,1,2,.}
be a sequence of real numbers. Define the generating function of the sequence a as

G,(5) = iaixi.
i=0

The domain of definition of the function G,(s) is made of values s € R for which the

series converges.

Remark 9.2 Please note that we can obtain all the terms of the sequence if we
know the generating function. Specifically,

_GY0)

7!

where we denote with Gy) (x0) the i-th derivative of the function G, calculated ar x.

B EXAMPLE 9.1 A simple generating function

Take the sequence « as
a, = (cosa + isina)” = cos(na) + 7 sin(na) (De Moivre’s Theorem).

Then its generating function is

G,(s) = Zs” ca, = Z(s(cosa + isina))”
n=0 n=0

_ 1

1 —s(cose + isina)’

provided that the power term converges to 0. This holds if |s] < 1 for all
o; and obviously the radius of convergence may be increased, depending
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on the value of a. The DeMoivre theorem may be proven easily by taking
derivatives of this expression and calculating them at s = 0.

Definition 9.3 The convolution of two sequences {a;} and {b;} is the sequence
{Cl'} with

Cp = ﬂObn + ﬂlbn—l + -4 ﬂnbo.

We write c = a * b.

Lemma 9.4 If two sequences a and b have generating functions G, and Gy, then
the generating function of the convolution ¢ = a % b is

G.(s) = Gu(5)Gp(s).

Proof: We have

G.(s) = Z c,s" = ZS” ayb,_p = Z Z(ﬂ/eJ'k)(bn—/eSn_k)
n=0 n=0 k=0 n=0 k=0
o0 oo
Fubini Z ast Z by_ps"* = Ga(s)Gp(s).
k=0 n=*k

9.3.1.1 Generating Functions for Discrete Random Variables.

Definition 9.5 (Probability generating function(discrete)) IfX is
a discrete random variable with outcomes i € N and corresponding probabilities p;,

then we define

Gy() =E(") =) PN =i)=) p.

i i

This is the probability-generating function of the discrete random
variable X .

Remark 9.6  The first observation we want to make is that the definition is only
Jor discrete random variables with positive integer values. However, the definition can
be extended to any discrete random variable taking values in any countable set. Recall
that the countable sets all have the same number of elements, so to use the definition
we need to first relabel the outcomes of the random variable as xo — 0, x; — 1,
xy — 2, and so on, then the definition above will apply.

Lemma 9.7 Suppose that two independent discrete random variables X and
Y have associated probability distributions p = {p,} and q = {q,} and generating
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Sunctions Gx(s) = Y, 5'p; and Gy (s) = Y, s'q; respectively. Then the random vari-
able X +'Y has distribution the convolution of the two probability sequences p x q
as in Definition 9.3 and its generating function is

Gx+v(s) = Gx(5)Gy (s).
Proof: The proof is an exercise. Just use the preceding lemma and calculate
PX +Y =n),
in terms of p; and ¢;. |

This definition and the lemma above explain the main use of the generating
functions. Recall that the probability distribution may be recovered entirely from
the generating function. On the other hand, the generating function of a sum
of two random variables is the product of individual generating functions. Thus,
while the distribution of the sum using the convolution definition is complicated
to calculate, calculating the generating function of the sum is a much simple
process. Once calculated, the probability distribution of the sum may be obtained
by taking derivatives of the generating function.

Proposition 9.8 (Properties of probability-generating function)
Let Gx(s), Gy(s) be the generating functions of two discrete random variables
XandY.

(7)) There exists R > 0, a radius of convergence such that the sum is convergent
if'|s| < R and diverges if |s| > R. Therefore, the corresponding generating
Sfunction Gy exists on the interval [—R, R].

(i) The generating function Gx(s) is differentiable at any s within the domain
Is| < R.

(i) If two generating functions Gx (s) = Gy(s) = G(s) forall |s| < R where R =
min{Ry, Ry}, then X and Y have the same distribution. Furthermore, the
common distribution may be calculated from the generating function using

PX =»n) = % G"(0).

(tv) As particular cases of the definition, we readily obtain that
Gx(0) =P(X = 0),
Gx() =) pi=1.

The last relationship implies that the probability-generating function always
exists for s = 1, thus the radius of convergence R > 1.

Proof: Exercise 9.8. |
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9.3.1.2 Generating Functions for Simple Distributions. Bellow we
present the generating function for commonly encountered discrete random vari-

ables.
Once again we stress that the generating functions are very useful when
working with discrete random variables (basically when they exist).
(1) Constant variable, identically equal to ¢ (i.e., P(X =¢) = 1):
G(s) = E(s") = s°.

(i) Bernoulli(p):

(iii) Geometric(p):

k=1

=p- ) ((1—p)*"

k=1

_ P

1 —s(1—p)
(iv) Poisson(A):
Gi) = Zsk . Ee_k =M. eh =MD
k=1

Lemma 9.9 If'X has generating function G (s), then:

() EX) = G'(1).
(i) EXX —1)---(X —k+ 1] = GP), the k-th factorial moment of X.

Proof: Again these results are easy to prove and are left as exercises. [

9.3.1.3 Examples. In the next examples we show the utility of the generating
functions.

B EXAMPLE 9.2 Using generating function for Poisson
distribution

Let X, ¥ be two independent Poisson random variables with parameters A
and p. What is the distribution of Z = X + ¥
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Solution: We could compute the convolution f7 = fx * fy using the formulas
in the previous section. However, calculating the distribution using generating
functions is easier. We have

Gx(s) = 7Y,
Gy(s) = "V,

By independence of X and Y and from the Lemma 9.7 above, we have
Gz (s) = Gx(5)Gy(s) = D071 = Lol

Buc this is the generating function of a Poisson random variable. Identifying the
parameters imply that Z has a Poisson(A + ) distribution.

M EXAMPLE 9.3 Using generating function for Binomial
distribution

We know that for a Binomial(n, p) random variable X may be written
as X = X3 + -+ + X, where X;’s are independent Bernoulli(p) random
variables. What is its generating function? What is the distribution of a
sum of binomial random variables?

Solution: Again applying the Lemma 9.7, we obtain the generating function of a
Binomial(z, p) as

Gx(s) = Gx, () Gx,(5) -+ - Gy, (s) = (1 = p 4+ 9)".

What if we have two independent binomially distributed random variables
X Binomial(m, p) and Y Binomial(#, p)? Note that p the probability of success is
identical. What is the distribution of X 4+ Y in this case?

Gxry(®) =0 =p4+9)"0—p+ 9t =0—p+p"

We see that we obtain the generating function of a Binomial random variable
with parameters 7 + £ and p.

This is of course expected. If X can be written and a sum of 7 Bernoulli(p)
and Y can be written along with a sum of # Bernoulli(p), then of course X + Y
is a sum of # + & Bernoulli(p) random variables. Even more intuitively, suppose
X is the number of heads obtained in 7 tosses of a coin with probability p, and
Y is the number of Heads obtained in £ tosses of the same coin (separate tosses).
Then of course X + Y is the total number of heads in 7 + £ tosses. |

Let us expand this results in which we presented the distribution of a sum
of a fixed number of terms. Consider the case when the sum contains a random
number of terms. The next theorem helps with such a situation.
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Theorem 9.10 Let Xy, X5, . .. denote a sequence of i.i.d. random variables with
generating function Gx (s). Let N be an integer-valued random variable independent
of the X; s with generating function Gy (s). Then the random variable

S=X+---+Xy
has generating function:

Gs(s) = Gn(Gx(5))

Now let us give an example of application of the previous theorem.

¥ EXAMPLE 9.4 A chicken and eggs problem

Suppose a hen lays V eggs. We assume that /V has a Poisson distribution
with parameter A. Each egg then hatches with probability p independent of
all other eggs. Let XK be the number of chicken that hatch. Find E(K'|V),
E(V|K), and E(K). Furthermore, find the distribution of K.

Solution: We know that

S v (k) = (Z)pk(l —p)

The last distribution is the distribution of the number of eggs hatching if we know
how many eggs were laid.
We may then calculate the conditional expectations. Let

k

since that is the formula for the expectation of a Binomial(#, p) random variable.
Therefore, E(K|N) = ¢(IN) = Np. Recall that E[E[X|Y]] = E[X]. Using this

relation, we get

E[E[K|N]] = E[K] = E[Np] = Ap.



9.3 Theory and Applications 287

To find E(V|K), we need to find fx:

PN =n, K =F)
PK =Fk)

_ P(K = kN =n)-P(N = n)

B P(K = F)

__ @a—prte

Xk (P = gy e

_ )t 0
(n— k)

fvknlk) =P(N =nlK = k) =

if 7 > % and 0 otherwise, where ¢ = 1 — p and for the denominator we have used
the following:

PK =F) = ZP([( =k N=m= ZP([( = k|IN = mP(N = m)
m=0 m=0

=Y P(K = kIN = mP(N = m)

m=k

since P(K = £|N = m) =0 for any 4 > m (it is not possible to hatch more
chicks than eggs laid).
Consequently, we immediately obtain

. (qk)”_k i change of_var. n—k=m
(n— k) -

ENIK=k=) n
n>k

=7 Z(m + /e)—(q)t?m

m=0 :

m

g
m=0 m=0

1

- o] (qk)m_
=0+ ke | = gh + k
e (+qm=l(m_l)!+e) qr + &,

which gives us E(NV|K) = gA + K.

Note that in the previous derivation we kind of obtained the distribution of
K. We still have to calculate a sum to find the closed expression. Even though this
is not that difficult, we will use generating functions to demonstrate how easy it
is to calculate the distribution using them.
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Let K =X, + - -+ + Xy, where the X; ~Bernoulli(p). Then using the the

above theorem, we obtain

Gk (s) = Gn(Gx(5)),
GN(S) — anxe—)\. — 6).(:—1)7

n!
n=0

Gx(s) =1—p+ps
Using the above equations, we conclude that
Gi(s) = Gy(1 — p + ps) = 22771 = Jol=D),

Buct since this is a generating function for a Poisson r.v., we immediately conclude
that

K ~ Poisson(Ap).

Bl EXAMPLE 9.5 A Quantum mechanics extension

In an experiment a laser beam emits photons with an intensity of A
photons/second. Each photon travels through a deflector that polarizes
(spin up) each photon with probability p. A measuring device is placed
after the deflector. This device measures the number of photons with a spin
up (the rest are spin down). Let NV denote the number of photons emitted by
the laser bean in a second. Let X denote the number of photons measured
by the capturing device. Assume that V is distributed as a Poisson random
variable with mean A. Assume that each photon is spinned independently
of any other photon. Give the distribution of K and its parameters. In
particular, calculate the average intensity recorded by the measuring device.

Solution: Exercise. Please read and understand the previous example. [ |

9.3.2 MOMENT-GENERATING FUNCTIONS. RELATION
WITH THE CHARACTERISTIC FUNCTIONS

Generating functions are very useful when dealing with discrete random variables.
To be able to study any random variables, the idea is to make the transformation
s =¢' in G(s) = E(s*). Thus, the following definition is introduced.

Definition 9.11 (Moment-generating function) 7The moment-
generating function of a random variable X is the function M : R — [0, 00) given
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by
Mx (1) = E(e"),
defined for values of t for which Mx (r) < oo.

The moment-generating function is related to the Laplace transform of the
distribution of the random variable X.

Definition 9.12 (Laplace transform of the function f) Suppose we
are given a positive function f (x). Assume that

/OO e " f(x) dx < 00
0

for some value of xo > 0. Then the Laplace transform of [ is defined as

ﬁ{f}(t):/o e "f(x) dx

Jor all t > 1. If the random variable X has distribution function F, the following
defines the Laplace—Stieltjes transform:

LostFY0) = / e dF (),
0

again with the same caution about the condition on the existence.

With the previous definitions it is easy to see that the moment-generating
functions is a sum of two Laplace transforms (provided either side exists). Specif-

ically, suppose the random variable X has density f(x). Then,

oo

My (t) = E(e”) = / e™f (x) dx

—00

_ /_io ¢*F (¥)dx + /OOO ¢*F (x) dx

- / h ¢ " F(—x)dx + / N U (x) dx
0 0
= L{}(0)1(0.00)(8) + LU} (E) 1 (—o0.01(8),
where

f(—x), ifx >0,

0, else

and

f(x), ifx >0,

0, else.

i) = {
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This result is generally needed to use the theorems related to Laplace and specially
inverse Laplace transforms.

Proposition 9.13 (Properties) Suppose that the moment-generating func-
tion of a random variable X, Mx (¢) is finite for all t € R.

(2) Ifthe moment-generating function is derivable, then the first moment isE(X) =
M (0); in general, if the moment generating function is k times derivable, then

E(xXY) = MP0).
(i) More general, if the variable X is in I? (the first p moments exist), then we
may write (Taylor expansion of ¢*):

o0 k
M) = Z E(Zf )tk.
k=0 ’

(ii) If XY are two independent random variables, then Myiy(r) =
My (£) My (2).

Remark 9.14 [t is the last property in the above proposition that makes it desirable

to work with moment-generating functions. However, as mentioned these functions

have a big disadvantage when compared with the characteristic functions. The expec-

tation and thus the integrals involved may not be finite and therefore the function may

not exist. Obviously, point iii in the Proposition 9.13 generalizes to any finite sum of
independent random variables.

Remark 9.15 Another important fact concerning the moment-generating function

is that, as in the case of the characteristic function, it characterizes the law of a random
variable completely. See exercise 9.16.

¥ EXAMPLE 9.6 Calculating moments using the M.G.F.
Let X be an r.v. with moment-generating function

1
Mx () = 5(1 +éh).

Derive the expectation and the variance of X.

Solution: Since

1
M)/((t) = Eft,
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we get for # = 0 and Proposition 9.13
1
EX = My (0) = 2
By differentiating My, twice, we obtain
M) = let
X 2
and
1
EX? = My(0) = >
Thus

VarX =

NI —
AN
AN

Let us compute the moment-generating function for certain common prob-
ability distribution.

Proposition 9.16  Suppose X ~ N (0, 1). Then

My(r) = e*
Jorevery t € R.

Proof: For every ¢ € R, we have

Proposition 9.17 IfX ~ N(u, 0%), prove that for every t € R, we have
2202
Mx(t) = €IU+T.
Proof: See problem 9.3. |

Proposition 9.18 IfX ~ Exp(A) with . > 0, then
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Proof: See exercise 9.5. |

Proposition 9.19 IfX ~ I'(a, A) (gamma distribution with parameters a, . >
0), then the moment-generating function My exists for t < A and in this case we have

Mx(t)=<1i£) .
A

Proof: By the definition of the gamma density, we have

o0 A‘ﬂ
My (t) = / e x T e™ gy
0

I'(a)
= /OO —)Lﬂ e gy
o I'a)
Use the change of variables y = x(A — ) to conclude. [ |

9.3.3 RELATIONSHIP WITH THE CHARACTERISTIC
FUNCTION

If the moment-generating function of a random variable X exists, then we obvi-
ously have

x () = Mx(it).

We recall that just as the moment-generating function is related to the Laplace
transform, the characteristic function was related to the Fourier transform.

We note that the characteristic function is a better-behaved function than
the moment-generating function. The drawback is that it takes complex values
and we need to have a modicum of understanding of complex analysis to be able
to work with it.

9.3.4 PROPERTIES OF THE MGF

The following theorems are very similar with the corresponding theorems for the
characteristic function. This is why if the moment-generating function exists, it
is typically easier to work with it than the characteristic function. We will state
these theorems without proofs. The proofs are similar with the ones given for the
characteristic function.

Theorem 9.20 (Uniqueness theorem) If the MGF of X exists for any ¢
in an open interval containing 0, then the MGF uniquely determines the c.d.f. of X.
That is, no two different distributions can have the same values for the MGF’s on an
interval containing 0.

The uniqueness theorem in fact comes from the uniqueness of the Laplace
transform and inverse Laplace transform.
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Theorem 9.21 (Continuity Theorem) Ler X,, X, ... a sequence of
random variables with c.d.f’s Fx, (x), Fx,(x), ... and moment generating functions

My, (2), Mx,(2), ... (which are defined for all t). Suppose that
Mx, (t) — Mx(z)

Jorallt asn — 00. Then, Mx () is the moment generating function of some random
variable X. If Fx(x) denote the c.d.f of X, then

F,(x) = Fx(x)
for all x continuity points of Fx

We note that the usual hypothesis of the theorem include the requirement that
My (¢) be a moment-generating function. This is not needed in fact, the inversion
theorem stated next makes this condition obsolete. The only requirement is that
the MGF be defined at all x.

Recall that the MGF can be written as a sum of two Laplace transforms. The
inversion theorem is stated in terms of the Laplace transform. This is in fact the
only form in which it actually is useful.

Theorem 9.22 (Inversion theorem) Letf be a function with its Laplace
transform denoted with f*, that is,

10 = LU0 = / oL (x) d.
0

Then we have

c+iT

flx) = L lim e”f(2) dt,
T

2mi T—oo J._;

where ¢ is a constant chosen such that it is greater than the real part of all singularities

of f*. The formula above gives f as the inverse Laplace transform, f = L™{f*}.

Remark 9.23  In practice, computing the complex integral is done using the
Residuals Theorem (Cauchy residue theorem). If all singularities of f* have neg-
ative real part or there is no singularity then ¢ can be chosen 0. In this case
the integral formula of the inverse Laplace transform becomes identical to the in-
verse Fourier transform (given in the chapter abour the characteristic function,

Chapter 8).

If no complex analysis knowledge is available, the typical way of computing
Laplace transform and inverse Laplace is through tables.
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EXERCISES

Problems with Solution

9.1

9.2

Suppose that X has a discrete uniform distribution on {1, 2, ..., n},
that is,
1
PX =i =-
n
foreveryi=1,...,n.

(a) Compute the moment-generating function of X.
(b) Deduce that

n-+1 2=(77—|-1)(2n—i-1)

EX = and EX <

Solution: We have

1 .
Mx(l') = ;ey

¢ — 1)

nlet —1)
By differentiating with respect to ¢,

1 n+1
EX=M)’((0)=;(1+2+--'+71)= 7

and

_ (n+1)Q2n+1)

1
EX? = My(0) = —(1* 4+ 22 + -+ n?) <
n

Suppose X has uniform distribution Ula, 6] with 2 < 4. Show that for
every t € R\ {0}, we have
etb — o

Mx(2) = 2

and My (0) = 1.
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Solution: Clearly, Mx(0) = 1. For z # 0,

1 b
; / e dx
—al,

1 [, 1
= —e
b—alr |,_,

Mx () =

etb — o
tb—a)
[ |
9.3  Prove Proposition 9.17.
Solution: For every ¢, we have
o0 1 _o-w?
Mx(t) = / e e 22
—00 27T0
o
_ gw+ngz / 1 e*ﬁ[(}*ll«)zfgztz]
—00 27'[(7
2202
— em+ 5
since
L hi-wr—o]
e 202 VTR o = 1
V2o
(density of a normal law). [ |

9.4  Use the moment-generating function of X ~ N (i, 6%) to prove that
EX=p and VarX =o’
Solution: From exercise 9.3, we get
12(12
My(r) = 2 (u+071)
and thus
My (0) = p.

Also,

2,2 2,2
M)/(/(t) — e;LH—’TO,Z + g/LH—’T(M + 0'21‘)2
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and thus EX? = M (0) = 0* 4+ u?. Then

VarX = o + p* — o = o°.

|
9.5  Prove Proposition 9.18.
Solution: We have
oo
My () = ™ re M dx
0
o0
= )»/ e~ D%y
0
A
A—t
for every r € R. [ |

9.6  Suppose that X admits a moment-generating function M. Prove that
PX > x) < e " Mx(z) for every t > 0
and
P(X <x) < e ™Mx(z) for every ¢ < 0.
(These are called the Chernoff bounds.)
Proof: One has
PX > x) =P(* > ™) ift> 0
and
PX <x)=P(* > ™ ifr<0.
We can use Markov’s inequality to conclude. |

Problems without Solution

9.7 It X ~ Binom(n, p), use the moment generating function to get

EX =m and VarX =mp(l —p).

9.8  Prove Proposition 9.8.
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9.9

9.10

9.11

9.12

9.13

9.14

Show that
(cos O + isinB)” = cos 16 + i sin n0

forany » € N and 0 € [0, 27], using generating functions.

Find the generating functions, both ordinary and moment-generating
function, for the following discrete probability distributions.

(@) The distribution describing a fair coin.

(b) The distribution describing a fair die.

(c) The distribution describing a die that always comes up 3.
Let X, Y be two random variables such that

1 2
PX:1:—, PX=4=—
( ) 3 ( ) 3
and

P(Y:Z):%, P(Y =5)=-.

(a) Show that X and Y have the same first and second moments, but not
the same third and fourth moments.

(b) Calculate the moment generating functions of X and Y.

Let X be a discrete r.v. with values in {0, 1, ..., n}. Let Mx denote
its moment-generating function. Find in terms of My the moment-
generating functions of

(a —X
(b) X + 1.
(o) 3X
(d) aX + b.

Use Proposition 9.19 to show that X ~ I'(a, A) and ¥ ~ T'(4, A) are two
independent random variables, then

X+Y ~T(a+ b 1)
Suppose X has the density
a
fx) = Wl(pl),

where 2 > 0. This means that X follows a Pareto distribution (power law).
(a) Show that M () = oo for every ¢ € R.
(b) Show that

EX" < o0

ifand only if 2 > 7.
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9.15

9.16

9.17
9.18

9.19

9.20

CHAPTER 9 Moment-Generating Function

Suppose X ~ Poisson(a) with a > 0. Use exercise 9.6 to show that

PX >x) <™ (z)n.

- n

Let X, Y be two random variables with moment-generating functions My
and My respectively. Show that X and Y have the same distribution if
and only if

Mx(¢) = My(2)

forany z € R.
Let X ~ Exp(A). Calculate EX? and EX*. Givea general formula for EX™.

Using the properties of the MGF, show that if X; are i.i.d. Exp(X) random
variables, then

S=Xi+ - +X,

is distributed as a gamma random variable with parameters 7 and A.

Prove the following facts about Laplace transform:
@)
L0 =
A+t
(b)
o I'(n)
L 1 —Ax £) = ,
e 0 =

where I'(#) denote the gamma function calculated at 7.

Suppose f* denotes the Laplace transform of the function /. Prove the
following properties:
(@)
X *(t)
ot o =L
0
(b)

L{f )} @) = o () — £(04),

where f(0+) denote the right limit of / at 0.
()

E{][(”)(X)}(t) — tnf*(t) _ r”‘lf(0+) N tn—Zf/(0+) _ .f(”)(0+).
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9.21

9.22

Suppose that X; ~ Exp(A;) and X; ~ Exp(Ay) are independent. Given
that the inverse laplace transform of the function —- is ¢™* and that the
inverse Laplace transform is linear, calculate the p. &L f.of X; +X.

Repeat the problem above with three exponentially distributed random
variables, that is, X; ~ Exp(X;), i = 1, 2, 3. As a note, the distribution of
a sum of 7 such independent exponentials is called the Erlang distribution
and is heavily used in queuing theory.



Gaussian Random Vectors

10.1 Introduction/Purpose of the Chapter

Gaussian random variables and Gaussian random vectors (vectors whose
components are jointly Gaussian, as defined in this chapter) play a central role in
modeling real-life processes. Part of the reason for this is that noise like quantities
encountered in many practical applications are reasonably modeled as Gaussian.
Another reason is that Gaussian random variables and vectors turn out to be
remarkably easy to work with (after an initial period of learning their features).
Jointy Gaussian random variables are completely described by their means and
covariances, which is part of the simplicity of working with them. Estimating
these joint Gaussians means approximating only their means and covariances.

A third reason why Gaussian random variables and vectors are so important is
that, in many cases, the performance measures we get for estimation and detection
problems for the Gaussian case often bounds the performance for other random
variables with the same means and covariances. For example, the minimum mean
square estimator for Gaussian problems is the same as the linear least squares esti-
mator for other problems with the same mean and covariance and, furthermore,
has the same mean square performance. We will also find that this estimator has
a simple expression as a linear function of the observations. Finally, we will find
that the minimum mean square estimator for non-Gaussian problems always has
a better performance than that for Gaussian problems with the same mean and
covariance, but that the estimator is typically much more complex. The point
of this example is that non-Gaussian problems are often more easily and more
deeply understood if we first understand the corresponding Gaussian problem.

Handbook of Probability, First Edition. Ionug Florescu and Ciprian Tudor.
© 2014 John Wiley & Sons, Inc. Published 2014 by John Wiley & Sons, Inc.
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In this chapter, we develop the most important properties of Gaussian random
variables and vectors, namely the moment-generating function, the moments, the
joint densities, and the conditional probability densities.

10.2 Vignette/Historical Notes

The Gaussian distribution is named after Johann Carl Friedrich Gauss (30 April
1777-23 February 1855), one of the most famous mathematicians and physical
scientists of the 18th century. Besides probability and statistics, Gauss contributed
significantly to many other fields, including number theory, analysis, differential
geometry, geodesy, geophysics, electrostatics, astronomy, and optics.

Gauss work on a theory of the motion of planetoids disturbed by large planets,
eventually published in 1809 as Theoria motus corporum coelestium in sectionibus
conicis solem ambientum (Theory of motion of the celestial bodies moving in conic
sections around the sun), contained an influential treatment of the method of least
squares, a procedure which is used today in all sciences to minimize the impact of
measurement error. Gauss proved the method under the assumption of normally
distributed errors, a methodology that today is the first step in analysis of errors
produced by very complex processes.

With the proper formulation of the Brownian motion (Wiener process) by
Norbert Wiener in the 1950s the Gaussian process became mainstream for the
theory of stochastic processes. The chaos theory developed in the 1970s owes
a lot of gratitude to Gaussian processes to be able to produce useful formulas
and bounds. Most of the machine learning theory uses assumptions about errors
behaving like Gaussian processes. For all these reasons, learning about them is a
crucial skill to be acquired by any aspiring student in probability.

10.3 Theory and Applications

10.3.1 THE BASICS

Let us first recall that a random variable follows the normal law N (i, 0?) with
o > 0 if its density is given by
1 b
flx) = e w2,
v 2mo?
Before introducing the concept of Gaussian vector, let us list some properties of
Gaussian random variables, which are already proven in the previous chapters of

this book.

* The parameters ¢ and o completely characterize the law of X.
e X ~ N(u, 0?) if and only if

X =pn+oz,
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where Z ~ N(0, 1) is a standard normal random variable (a V(0, 1) r.v.).
See Remark 5.27.

If X ~ N(u, 0%) and we denote uy, = E(X — EX) = E(X — u), the p-

central moment, then

M2k+1 =0

and

Q! [o2\*
Hak = =0 <7) ‘

Note in particular that the third central moment is zero, and the fourth
central moment is equal to 304, We point this out because these are crucial
to describe the shape of distributions. The third standardized moment of a
random variable X is defined as

EX\3 3
Skeweness(X) = E |:(X_—) :| =E |:<X _ M) i|
V(X) o

and is a measure of the skew of a distribution (how much it deviates from
being symmetric). This measure is typically compared to 0 which shows very
liccle skew. A negative value of the measure indicates that the random variable
is more likely.

The fourth standardized moment of a random variable X is defined as

EX 4 4
Kurtosis(X) = E |:<X_—> :| =E |:<X_ M) :|
V(X) o

and is a measure of the tails of the distribution compared with the tails of a
Gaussian random variable. Once again, recall that the kurtosis for a Gaussian
is equal to 3.

A random variable with Kurtosis(X) > 3 is said to have a leptokurtic
distribution—in essence the random variable takes large values more often
than an equivalent normal variable. These random variables are crucial in
finance where the observed behavior of returns calculated from price pro-
cesses have this property. The Cauchy and ¢ distributions are examples of
distributions having this property.

A random variable with Kurtosis(X) < 3 is said to have a platykurtic
distribution (extreme observations are less frequent than a corresponding
normal). An example is the uniform distribution on a finite interval.
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o If X ~ N(u, 0?), then

P(a<X</7)=<D<b_M>—<I>(ﬂ_M>
o o

forevery a, b € R, a < b, where

1 X 2
D(x) / e 2du

:g -

is the cumulative distribution function of the standard normal N (0, 1) (its
values can be usually found in the table of the normal distribution).

* The sum of two independent normal random variables is normal; that is, if
X ~ N(u1,07), Y ~ N(uz, 03) and X, Y are independent, then

X+Y ~ N + pa, 07 +03).

The result has been proven in Proposition 7.29. Clearly, the result can be
easily extended by induction to finite sums of independent Gaussian random
variables. That is, if X; ~ N (u;, Ul.z) fori=1,...,n, then

Xl—{—---—l—Xn’vN(Z,ui,Zaf).
i=1 i=1

e The characteristic function of X ~ N (i, 0?) is

2.2
@x(¢) = exp (z’m - %) (10.1)

for every t € R.
¢ The moment-generating function of X ~ N(0, 1) is (see Proposition 9.16)

Mx(t) =e2

for every r € R.

10.3.2 EQUIVALENT DEFINITIONS OF A
GAUSSIAN VECTOR

Let us now define the Gaussian vector.

Definition 10.1 A random vecror X = (X1, ..., Xy) defined on the probability
space (2, F, P) is Gaussian if every linear combination of its components is a Gaussian
random variable. That is, for every oy, ..., ay € R the ro.

Xy + -+ oagXy
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is Gaussian.
The following two facts are immediate.
Proposition 10.2

L If X =X, ..., Xy), then X; is a Gaussian random variable for every i =
1,...,d.

2. If X; is a Gaussian random variable for everyi =1, ..., d and the rv. X; are
mutually independent, then the vector

X=X,....X)

is a Gaussian vector.

Proof: 1. Indeed, this follows from the definition by choosing a; = 1 and &tj = 0
foreveryj #i,j=1,...,d.

2. It is a consequence of the definition of the Gaussian vector and of the
Proposition 7.29. We mention that the assumption that X; are independent is
crucial. In this chapter, we will see examples showing that it is possible to have
random vectors with each component Gaussian which are not Gaussian. |

Remark 10.3 A standard normal Gaussian vector is a random vector
X=UX,....,X2)

such that X; ~ N(0, 1) foreveryi =1, ..., d and X; are independent. In this case
the mean of X is EX =0 € R? and the covariance matrix is I;, the unit matrix
(matrix with 1 on the main diagonal and zero everywhere else). We denote

X ~ N(0, 1,).

As we mention above, the mean and the variance characterize the law of a
Gaussian random variable (one-dimensional). In the multidimensional case, the
mean (which is a vector) and the covariance matrix will completely determine the
law of a Gaussian vector.

Recall that if X = (X, ..., X}) is a random vector, then

EX = (EX, ...,EX;) € R?

and the covariance matrix of X, denoted by Ax = (Ax( /))ij=1..... is defined

by

,,,,,

Ax (i, j) = Cov(X;, X;)

foreveryij=1,...,d.
Let us first remark that the mean and the covariance matrix of a Gaussian
vector entirely characterize the first two moments (and thus the distribution) of
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every linear combination of the components of the vector. We recall the notation
of a scalar product of two vectors:

d
(x,y) = xT)/ = in)'z
i=1

fx=0,..sx),y=01,...,94) € R“, and we denoted by x the transpose
of the 4 x 1 matrix x.

Proposition 10.4 Let X = (X, ..., Xy) be a d-dimensional Gaussian vector
with mean vector |4 and covariance matrix Ax. Letat = (a1, . .., ) € R Define

Y= X1+ -+ Xy,
a linear combination of the vector components. Then
Y ~ N ({e, ), (e, Axar)).
Proof: It follows from Definition 10.1 thar Y is a Gaussian r.v. (a linear combination

of Gaussian random variables). It remains to compute its expectation and its variance.
First

EY = o1EX| + .... + o 4EX}
= (o, EX) = (o, 1)

and

d d
VarY = Cov(z X, Z%‘Xj)

i=1 j=1

d
= Z a,'OleM/()(,', X)

ij=1
d d

= o | Y ajCou(x, X))
i=1 j=1

= (o, Axa)

by noticing that the components of the vector Axa € R? are

d
> a;Cov(X;, X))
j=1

Using Proposition 10.4, it is possible to obtain the characteristic function of
a Gaussian vector.
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Theorem 10.5 Let X = (X1, ..., Xy) be a Gaussian vector and denote by i its
expectation vector and by Ay its covariance matrix. Then the characteristic function

of X is

ox () = ¢l =3 A (10.2)

Jor every u € R?. Here we applied Proposition 8.23.

Proof: By definition, we have
px() = E (¢459).
Using Proposition 10.4, we have that, by Eq. (10.1),
Y ~ N((e, EX), (o, Axa)),
where ¥ = (X, u). It suffices to note that

ox(u) = py(1) = ¢EY 3V

— )= Ay

for every u € R?. u

Remark 10.6  Ofien in the literature, a Gaussian vector is defined through its
characteristic function given in Theorem 10.5. That is, a random vector X is called a
Gaussian random vector if its characteristic function is given by

(PX(M) — ei(u,,u)fé(u,Zu)

Jfor some vector |1 and some symmetric positive definite matrix .

Theorem 10.7 I X is a d-dimensional Gaussian vector, then there exists a vector
m € R? and a d-dimensional square matrix A € My(R) such that

X =% m+ AN,

=D stands Jor the equality in distribution) where N ~ N (0, I,).

(where

Proof: Let A € M;(R) and define
Z =m+ AN.
For every u € R? we have

02() = B
gi<m’u)Egi<”’AN)

_ ei(m,u)Eei(ATu,N)

= "o (AT u).
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Suppose that X is a Gaussian vector. Since Ay is symmetric and positive definite,
there exists A € My;(R) such that

Ay = AAT.

Let N ~ N(0, 1). We apply Theorem 10.5 and the beginning of this proof. It
follows that X and m + AN; have the same characteristic function and therefore
the same law. |

The converse of Theorem 10.7 is also true.

Theorem 10.8 If
X =m+ AN
withm € RY, A € My(R), and N ~ N(0, 1), then X is a Gaussian vector.

Proof: Let
— ( Rd
a=(a,...,ay) €
and consider the linear combination

Y=611X1 +"'+ﬂdXd
= ai(m + (AN)1) + - - + a4(my + (AN),),

where (AN); is the component 7 of the vector AN € R4 i=1,...,d. Then,
due to Proposition 10.4, we have

Y ~ N(a'm,at AAT a).

So every linear combination of the components of X is a Gaussian random vari-
able, which means that X is a Gaussian vector. |

By putting together the results in Theorems 10.5, 10.7, and 10.8, we obtain
three alternative characterization of a Gaussian vector.

Theorem 10.9 Let X = (X4, ..., Xy) be a random vector with i = EX the

mean vector and Ny the covariance matrix. Then the following are equivalent.

1. X is a Gaussian vector.

2. The characteristic function of X is given by

ox () = /=3 (wAxm)

for every u € R?.
3. There exist a vector m € R? and a matrix A € My(R) such that

X =9 m+ Az

(equality in distribution), where Z ~ N (0, 1) is a standard Gaussian vector.
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Proof: The implication 1 + 2 follows from Theorem 10.5. The implication
2 > 3 is a consequence of the proof of Theorem 10.7. The implication 3 + 1
has been showed in Theorem 10.8. [ |

Remark 10.10 Let us notice that the sum of two independent Gaussian vectors
is a Gaussian vector. This follows easily from the definition of a Gaussian vector and
the additivity property of the Gaussian random variables.

I EXAMPLE 10.1 A vector with all components Gaussian but
which is not a Gaussian vector

Let us give an example of a vector with each component Gaussian which
is not a Gaussian vector. Consider N; ~ N (0, 1) and define the random
variable N, by

N, = -V if N, € [—ﬂ, tZ]
(a > 0 is some fixed constant) and
N =N, otherwise.

Let us show that /V; is a Gaussian random variable. We compute its cumu-
lative distribution function. It holds that

FNz (x) = P(N2 < x)
=P((V; <x)N((V2 € [—a,4]) U (N, ¢ [—a, a])))
=P (M, <x)N(V; € [~a, a]))
+P (V2 < x) NV, ¢ [—a, a]))
=P((V; < x) N (N, € [~a,a]))
+P (V2 < x) N (V) ¢ [—a, a]))
= P(N1 < x).
As a consequence, N, has the same law as V}, so
N2 ~ N(O, 1)
However, the vector
(va NZ)

is not a Gaussian vector. Indeed, the sum

S=NM+N
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(which constitutes a linear combination of the components of (IVq, IV;) )
is such that

PE=0)=PN,+ N, =0)=P(N, € [—a,4]) >0,

so S has strictly positive probability for a fixed value; thus it cannot be a
random variable with a normal density (or any other continuous density).

Remark 10.11  See also Example 10.5 for a situation when a non-Gaussian
random vector has Gaussian marginals.

10.3.3 UNCORRELATED COMPONENTS
AND INDEPENDENCE

One of the most important properties of a Gaussian vector is the fact that its
components are independent #f and only if they are uncorrelated. One direction is
always true for every random variable: If two random variables are independent,
then they are uncorrelated. On the other hand, the converse is strongly related
to the structure of the Gaussian vector, and it does not hold in general for other
random variables. In Example 10.5 we show that that there exist Gaussian random
variables (without the gaussian vector structure) which are uncorrelated but are
not independent.

Theorem 10.12 Let X = (X4, ..., X)) be a d-dimensional Gaussian vector.
Thenforeveryi,j =1, ...,d, i % j, the random variables X; and X; are independent

if and only if’
Cov(X;, X;) = 0.
Proof: 1f X; is independent by X, then clearly Cov(X;, X;) = 0, i # ;.

Suppose that Cov(X;, X;) =0, i #j. Denote by u =EX and Ay =
(Aij)ij=1....4 the mean vector and covariance matrix of the vector X. Since the
individual covariances are zero, this matrix is a diagonal matrix and we have

o () = Eel8X) = il ;= (A

. —d A
=/ ijl u]l’L]_% Zj:l }‘17”_7'2
d
=[Tex
J=1

for every u = (uy, ..., uy) € R“. We used the fact that for everyj=1,...,d,
one has

X} ~ N(M]‘, )\‘ﬁ")'
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Since the characteristic function of the vector is the product of individual
characteristic functions, the components of the vector X are independent. [ |

 EXAMPLE 10.2

Let X, Y be two independent standard normal random variables and define
U=X+4+Y and V=X-Y
Then U and V are independent.

Solution: Indeed, it is easy to see that (U, V) is a Gaussian vector (every linear
combination of its components is a linear combination of X and ¥ and (X, ¥) is
a Gaussian vector). Moreover,

Cov(U, V) =EUV — EUEV
=E[(X+ V)X —Y)]
=EX*’-Y)=1-1=0

and the independence is obtained from Theorem 10.12. |

B EXAMPLE 10.3

Let X1, X2, X3, X4 be four independent standard normal random variables.
Define

n=X+X,
1

Y, = Z(Xl X+ X+ Xy,
1

;= E(Xs —Xy).

We will show that (17, Y2, ¥3) is a Gaussian vector with independent
components.

Solution: Let us first show that Y is a Gaussian vector. We note that

X =X, X, X3, Xy)
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is a Gaussian vector with zero mean and covariance matrix /4. Take o1, >, a3 € R.

Then
a1+ ozl
1 1
= <061 + 20!2> X+ (061 - Z“z) X
+ ! + ! X3+ ! ! X
40l2 20!3 3 4052 2013 4

and this is a Gaussian r.v. since X is a Gaussian vector. Moreover,

Cov(11, Y>)

1 1 1 1
=-VX) — ZC(W(Xl,Xz) + ZCOU(XlaX3) + ZCOV(Xl,X4)

4
1 1 1 1
—ZCOT/(Xz,XO - ZVXZ + ZCW(Xz,Xﬁ + ZC0V(X2,X4)
1 1
=-VX) —--VX) =0.
7 (X1) 7 (X2)

In the same way, we have
Cov(Y3, ¥3) = Cov(1, Y3) = 0,

so Y1, Y2, Y3 are independent random variables. In fact, the vector Y is a Gaussian
vector with EY = 0 and covariance matrix

2.0 0
Ay=[0 1 0
0 0 1

B EXAMPLE 10.4

Let (X, Y) be a Gaussian couple with mean the zero vector such that
VarX = o} and VarY = o}. Find a scalar o such that X —aY and ¥
are independent random variables.

Solution: Since X — oY and Y are Gaussian random variables, it suffices to im-
pose the condition

E(XX —aY)Y = 0;
this implies
EXY Cov(X, Y) ox

EVZ ol Zp;’

o =
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where we denoted with

Cov(X,Y)
pi=——
OxOy
the correlation coefficient between X and Y. [ |

I EXAMPLE 10.5 Two uncorrelated normals which are not
independent

Let X ~ N(0, 1) and let & be a random variable such that

Pe=1)=Ple=-1) = %

Suppose that X and ¢ are independent and define
Y =eX

Then, both of these random variables (X and Y) are normal, they are
uncorrelated but they are not independent.

Solution: Let us show first that
Y ~N(,1).

Indeed, by computing the cumulative distribution function of ¥, we get for every

teR
Fy(t) =P(Y <) =P(eX <1
=PX <te=1)+P(—-X<te=-1)
=PX <)P(e=1)+P(—X <t)P(e = —1)
1
= E(P(X <H)+P(=X <1)
=PX <1
by using the fact that —X ~ N(0, 1). So X, ¥ have the same law N (0, 1). Let us
show that X, ¥ are uncorrelated. Indeed,
Cov(XY) = EXY = E(X?¢)
=EX’Ee =0
since E¢ = 0. Buct it is easy to see that X and V" are not independent.
This example shows that it is possible to find two Gaussian uncorrelated r.v

which are not independent. The reason why they are not independent is that the
vector (X, Y) is not a Gaussian vector (see exercise 7.8). | |
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A more general result can be stated as follows. The proof follows the arguments
in the proof of Theorem 10.12.

Theorem 10.13  Suppose X ~ N(0, Ax) with Ax € M,(R). Suppose that
the components of X can be divided into two groups (X;)ie; and (X;)j¢1, where
I C{1,2,..., n}, and further suppose that

Cov(X;, X)) = 0

foralli € I andj ¢ I. Then the family (X;)icr is independent of the family (X;)jq¢1.

Remark 10.14 A Gaussian vector X is called degenerated if the covariance matrix
Ax is not invertible (i.e., det Ax = 0). For example, the vector

X =(X,X),

with X\ a Gaussian r.v., is a degenerated Gaussian vector.

10.3.4 THE DENSITY OF A GAUSSIAN VECTOR

Let X = (X, ..., X,) be a Gaussian vector with independent components. As-
sume that for every i = 1, ..., d we have

In this case it is easy to write the density of the vector X. It is, from Corollary

7.23,

G —p)” #1 Ceg—1g)” “d
Forneony = —A )
(277)201 .04

In the case of a standard normal vector X ~ N(0, 1), we have

=30 tag)

f(xl,...,x,{)Z

When the components of X are not independent, we have the following.

Theorem 10.15 Let X = (X4, ..., Xy) be a Gaussian vector with u = EX
and covariance matrix denoted by Ax. Assume that Ay is invertible. Then X admits
the following probability density function:
[ P T (10.4)
(27) 2 (det(Ax))?

for any x € R?,
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Proof: From Theorem 10.7 we can write
X=AN+pn
where
N ~N(0,1;) and A¥ =AA4".
We apply the change of variable formula (Theorem 7.24) to the function 4 :
RY — R%:
h(x) = Ax + 1.
We have
h 1 x) = A7 (e — ).
We obtain
S () = fu (b~ ()| det J-1 ()]
where fy denotes the density of the vector N ~ N(0, ;). Since

1
detJ,-1(x) = /AL = T

and
JA™ e — 1> = (x — M)TA;?l(x — 1),

we obtain the conclusion of the theorem. [ |

Remark 10.16  The above result applies only to non-degenerated Gaussian vectors.
Indeed, ifdet Ax = 0, the formula (10.4) has no sense. In fact, if X is a degenerated
Gaussian vector, then X does not have a probability density function.

However, in the case of degenerated Gaussian vectors, we have the property
stated by the next proposition. We need to recall the notion of rank of a matrix. The
rank of a matrix is the dimension of the vector space generated by its columns (or
its rows). It is the largest possible dimension of a minor with determinant different
from zero. A minor in a matrix can be constructed by eliminating any number of
rows and columns. Obviously, if the #-dimensional matrix is invertible, then the
rank of the matrix is 4.

Proposition 10.17  Let X ~ N (i, Ax) in R? and assume thar
rank(Ax) = k < d,

a degenerated random vector.
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Then, there exists a vector space H C R? of dimension d — k such that (a, X) =
al X is a constant random variable for every a € H.

B EXAMPLE 10.6

Let X = (Xi, X)) with X; Gaussian one-dimensional. Then clearly

rankAy =1 < 2.
Let

H={C=(c,—c),ce R} cR%L
Then H is a subspace of R? and (C, X) = CTX = 0 for every C € H.

I EXAMPLE 10.7

Let X be a two-dimensional Gaussian vector with zero mean and covariance

matrix
A — 4 1
*~\1 4)

Let us write the density of the vector X. First deztAy = 15 and

Afl_i |
X7 1s\=-1 4 )

Therefore
1 Lo
(x,9) = o~ 30 0N Ay ()
Sy 2mA/15
= 1 6_3%(4)(2_2;9/_,’_4},2)‘
2mA/15
Remark 10.18

1. As we mentioned, we can see that |4 and Nx completely characterize the law of
a Gaussian vector. This is not true for other types of random vectors.

2. [tis easy to see that in the case when the components of X are independent, formula
(10.4) reduces to (10.3).

In the case of a Gaussian vector of dimension 2 (a Gaussian couple), we have
the following:
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Proposition 10.19 Ler X = (X, X3) be a Gaussian couple with

EX = u = (11, n2)

A o? Cov(X1, %) o} poioy
= Cov(X;, X3) 0%. o PO107 0%. ’

where we denoted the correlation,

and

Cov(X1, X5)
pi=—""""

0102

Assume p* # 1. Then the density of the vector X is

1 (x1—1t1)27 (xp—pp)xp—p2) (xz—uz)z
1 ¢ 2(17p2)|: o} 2p 0102 + o2 ’

(X1, X)) = ———F——
A o703/1 — p?

Proof: This follows from Theorem 10.4 since

Al 1 o5 —po1oz\
X 6203(1 — p2) \ —poi0; 7.

10.3.5 COCHRAN’S THEOREM

Recall that if X ~ N(0, 1), then X? ~ I'(3, %), the gamma distribution with
parameters 2 = 3 and A = 3. This law is called the chi square distribution and is

usually denoted by x*(1), with 1 denoting one degree of freedom. More generally,
if Xj, ..., Xy are independent standard normal random variables, then

XN = X7+ + X;

follows the law F(%’, %) and this is called the chi square distribution with & degrees
of freedom, denoted by x?().

This situation can be extended to nonstandard normal random variables.

Definition 10.20 fX = (X, ..., Xy) is a Gaussian vector with EX = u and
Ax = I, then the law of | X ||* is denoted by

X, | l?)

and it is called the noncentral chi square distribution with d degrees of freedom and
noncentrality parameter jn. When || 1| = 0, then obviously x*(d, 0) = x*(d).
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Recall that the modulus (or the Euclidean norm) of a 4-dimensional

vector iS
/2 2
”/’L” “1+..._|_“ .

Remark 10.21  The law of the random variable | X ||> depends only on || || and
d. Indeed, if Y € R? is such that

Y ~ N, 1)
with || W] = |||, then there exists an orthonormal matrix U such that
w= U
Therefore,
UY ~ N(u, 11)
and

Y112 = 1OY)* ~ 1X]1%.

Remark 10.22  We know that the density of the x*(d) law is

%r(ﬁ)*lt,*%x%*l

f0 =271

1(0,00) ().

In the case of the noncentral chi square distribution x*(d, a) we can prove that the

density is
> AR
g(x) = ;f 2 (5) Efykﬂi(x) (10.5)

where Y, denotes a random variable with distribution X2(q).
We can now state the Cochran theorem.

Theorem 10.23 (Cochran’s theorem) Assume
R=FE, @& - ®E,

where E;, i =1, ..., r are orthogonal subspaces of R? with dimension d, . .., d,
respectively. Denote by

the orthogonal projection of X on the subspace E;.
Then Xg,, ..., Xg, are independent random vectors, | Xg, ||*, .. ., | Xz ||* are
also independent, and

(X 1%, - 1XE 1%) ~ (@ g 1), - X2 g 1))
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where L, is the projection of (L on E; for everyi =1, ..., 7.
Proof: Let

(ejl EEE g]d])
be an orthonormal basis of Ej. Then

4

XE] = Zejk(fij)t.

k=1

The random vectors (¢;, X)" are independent of distribution N ((¢j, i), 1), so the

random vectors Xz, , . . . , Xz, are independent. To finish, it suffices to remark that
4
1XE 112 =) (X))
k=1
foreveryj=1,...,d. [ |

Let us give an important application of the Cochran’s theorem to Gaussian
random vectors.

Proposition 10.24 Let X = (X1, ..., X,) denote a Gaussian vector with
independent identically distributed N (1, 0°) components. Let us define

i} 1 <
&=;;&
and
53 = i()(l _)_(n)27
i=1

the sample mean and sample variance respectively.
Then

1. X, and S? are independent.
2. X, ~ N, %)
3 %~ 2 (n—1).

Proof: Wesetforeveryi=1,...,n
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Then Y; are independent identically distributed NV (0, 1). We also set
e=(1,...,1) e R" and E = Vect(e)
(by Vect(e) we mean the vector space of R” generated by the vector ¢). Then
R"=E®E".
The projections of Y = (Y1, ..., ¥,) on E, E*+ are independent and given by

and
Y; Y; ! Xﬂ: Y, Y, ! Xn: Y;
1= - iv e dp ™ T il -
: . i=1 —

We therefore have

1 _

_(Xn_M) X e= YE

o
and

L = ” YEl ”2’

which gives the conclusion. [ |

10.3.6 MATRIX DIAGONALIZATION AND
GAUSSIAN VECTORS

We start with some notion concerning eigenvalues and eigenvectors of a matrix.

Definition 10.25 Let A be a matrix in M,(R). We say that . is an eigenvalue
of the matrix A if there exists a vector u € R”, u = 0 such that

Au = hu.

In this case we will say that u is an eigenvector of the matrix A.

Remark 10.26  For every vector u € R” we have I,u = u (where we denoted
with I, the identity matrix in M,(R)). This implies that every vector u € R” is an
eigenvector of the identity matrix I, associated to the eigenvalue A = 1.

IfD = Diag(D, ..., D,) is a diagonal matrix, then every D;, i = 1,..., n,
is an eigenvalue of the matrix D and every vector e; = (0,0, ...,1,...,0) of the
canonical basis of R” is an eigenvector of D associated to the eigenvalue D;.

Proposition 10.27 I\ is an eigenvalue of the matrix A € M,(R), then the set
E; of the eigenvectors of A associated to A is a vectorial subspace of R”.
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Proof: Let A be an eigenvalue of A. If # € E; is a corresponding eigenvector, then
for every @ € R, @ # 0 we have

Alau) = aAu = aru = AMawu)
)
oau € E)L, (106)

which shows that £} is closed under multiplication with scalars.
If v is another vector in £, then

Alu+v) =Au~+Av = hu+ rv = AMu+v)
s0
u+vek,. (10.7)
Relations (10.6) and (10.7) show that £} is a vector space in R”. |

Definition 10.28 The vector space E), is called the eigenspace associated with the
eigenvalue ).

Definition 10.29 [fA € M,(R) is an n-dimensional matrix, we define
KerA = {u € R", Au = 0},
the kernel or the null space of the matrix A.

Proposition 10.30 Ler A € M,(R). Then the cigenvalues of A are solutions of
the equation

det(A— \1,) = 0,
and the eigenvectors associated with A are the elements of Ker(A — AlL,).

Proof: If A is an eigenvalue for A, there exists # # 0, # € R” such that Au = Au;
therefore

(A— AI)u=0.

This implies that the matrix 4 — A7, is not invertible and thus det(4 — AZ,) = 0.
Conversely, if det(4 — 11,) = 0, then A — AZ, is not invertible so there exists
u € R” nonidentically zero such that (4 — AZ,)u = 0.
Finally, if 1 is an eigenvalue of A, then the set of associated eigenvectors are
the vectors # € R” satisfying (A — AJ,)u = 0, which in fact is the definition of
Ker(A — AL,). |
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i EXAMPLE 10.8

Let

then
1—A -3
A— AL =
-2 2—A

and det(4 — AL;) = A* — 3\ — 4. The solution of the equation det(4 —
Alp) = (which are the eigenvalues of A) is

Ar=-—1 and A, =4.
Further,
{(,9) e R, A, )" = —(x, )}
= {(x,y) € R?, 2x — 3y = 0}
and

E)Q = {(x,)/) € szA(xa_y)T = 4(x,}/)T}
={(x,y) € Rz,x—l—y=0}.

Definition 10.31 A mawix A € M,(R) is diagonalisable if there exists a matrix
P € M,(R) invertible such that

P'AP = D,

where D is a diagonal matrix.

In the case when A is diagonalizable, every column of the matrix P represents
an eigenvector for A and the diagonal matrix D contains on its diagonal the
eigenvalues of A. Each column 7 is an eigenvector for the eigenvalue i on the
diagonal of D.

The following results apply to any random vector and not only the Gaussian
random vectors. We shall review the requirement of a covariance matrix.

Definition 10.32 A matrix A is called symmetric iff it is equal to its transpose
A= A" or element-wise a; = aj; for all i, j. Note that from definition a symmetric
matrix needs to be a square matrvix (number of columns equal to the number of rows).

A d x d-dimensional matrix A is called positive definite if and only if

ul Au > 0,
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uy
foranyu= | : eRY u0.

Uy
The matrix A is called non-negative definite if and only if’

ul Au > 0.

Please note that #7 Au is a number, thus its sign is unique. Further, we always
consider vectors in R? as matrices having dimension 4 x 1.

Xi
Proposition 10.33 Ler X = | : | be a random vector with mean |1 and

X4

covariance matrix Nx. Then the matrix Ax is symmetric and non-negative definire.

Proof: To prove this proposition, let us first remark that the covariance matrix is
a square matrix. Next, the element on row 7 column j is

AX(Za]) = Cﬂl/()(i,){]') = E[()(l - /’LZ)(X] - M])] = COU()Q’)(Z') = AX(j? Z)a

thus the matrix must be symmetric.
U

About the positive definiteness for any # = | : | € R?, we can construct

U4
the one-dimensional random variable: #? X. Since this is a valid random variable,
its variance must be non-negative. So let us calculate this variance:

Var(u' X) = E[(u” X — u” )?).

Since the number squared is one-dimensional, and a one-dimensional number is
equal to its transpose, we may write

Var(w'X) = E[(u" X — u" )" X — u" )"
=B [ (/X = w) (o X = )|
=B [(X = 0 X =) u
=u’ Ayu.

Thus, the condition that variance is non-negative translates into the condition
that the covariance matrix is non-negative definite. [ |

Remark 10.34  The distinction between non-negative and positive definite matri-
ces is important for random variables. If it is possible to create a random variable which
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is identically zero, then its variance will be zero. If the components are independent,
then the covariance matrix will be positive definite.

As asimple example, consider the random vector X = (X1, —Xq) for some random
variable Xi. The covariance matrix of the vector will be non-negative definite since
there exists the vector u = (1, 1) € R? and u” X = 0 and thus its variance will be
zero.

Checking that a square matrix is positive definite can be complicated. How-
ever, there is an easy way to check involving the eigenvalues of the matrix.

Lemma 10.35 A matrix A € My(R) is positive definite if all its eigenvalues are
real and positive. A matrix is non-negative definite if all eigenvalues are non-negative.

The following result is important because it can be applied to the covariance
matrices.

Theorem 10.36 Let A be a symmetric, positive definite n X n matrix. Then A

is diagonalizable by an orthonormal matrix P. That is, there exists an orthonormal
matrix P (i.e., PT = P~) such that

A=P'Dp
with D € M,(R) a diagonal matrix.

The above result says that every symmetric positive definite matrix is diago-
nalizable in an orthonormal basis. That is, it can be transformed by elementary
transformations into a diagonal matrix.

Definition 10.37 Two vectorsx = (x1, ..., x,) andy = (y1, ..., y,) in R" are
called orthogonal if

(%}’) = in)’i =0.

i=1

A vector is called with norm 1 if |x||* = (x,x) = xF + - +x2 = 1.
The vectors x and y are called orthonormal if they are orthogonal and || x| =
Iyl =1.

Theorem 10.38 Let X be a d-dimensional Gaussian vector with zero mean and
covariance matrix Ny. Then there exists a matrix B € My(R) such that BX is a
Gaussian vector with independent components.

Proof: The proof follows by using Theorem 10.36. Since Ay is a symmetric
matrix, it can be diagonalizable in an orthonormal basis. That is, there ex-
ists an orthogonal matrix B such that BAxB T s diagonal. The covariance of
BX is BAxB”, so the components of BX are independent Gaussian random
variables. [ |
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 EXAMPLE 10.9

Let X be a centered Gaussian vector with

(32
*~\2 3)

Note first that this matrix is symmetric. To be a valid covariance matrix, it
needs to be positive definite, which can be checked by looking at the sign of
the eigenvalues (all eigenvalues should be positive) so it can diagonalizable.
Then two eigenvalues are the solution of the equation

3—-Ax 2

del’(Ax—)\Jz)=( 2 3.1

)=A2—6A+5=0

and thus
AM=1 and XA, =5.

The matrix therefore is positive definite and symmetric. To find the eigen-
vectors, we need to solve using the definition Ax# = A,;u for both 7 =1
and 7 = 2. This gives

B, ={(xy) e R* x+y =0}
and
E,={kxy € R?, x —y =0}

The eigenspace £, is generated by the vector (1, —1), while £}, is generated
by the vector (1, 1). This two vectors are orthogonal but not orthonormal
(their euclidian norm is not 1). To make them ortonormal, we normalize
them. We define

_ - _<L _L>
Ty -\ 2

S (1)
“Ta 1 -\ V2

and therefore the matrix P given by

and
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where D is the diagonal matrix with the eigenvalues of Ay on the diagonal

o=(5 %)

Remark 10.39  Ifthe matrix Ax is small, then the decomposition shown above
will work. However, if the dimensionality of the matrix is large while the methodology
presented here will still work, it will become very tedious. In this case, one will enroll the

use of a computer and reach the same decomposition using the methodology presented
in Section 6.4.

EXERCISES
Problems with Solution
10.1  Suppose
(X1,X) ~ N(0, L)
and define
i=aXi+X, and Y, =X +bX,.

(a) Find 4, & € R such that ¥ = (17, ¥5) is a Gaussian vector with
independent components.

(b) Write the density of the vector Y.

Solution: Y is clearly a Gaussian vector since ¥ = AX with

4 a 1
~\1 )’
where each component of Y is a linear combination of the original

independent components Gaussian vector. To have the components of
Y independent we need to impose the condition

Cov(Y7, ¥2) = 0.
But

Cov(Y1, V3) = aV (X)) + abCov(X;, X5) + Cov(X;, X5) + 6V (X))
=aV(Xy) +b6V(G,) =a+ b
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Therefore if 2 + & = 0, the components Y7, ¥, are independent. Since
Y1 ~N(©,2*+1) and Y, ~N(0,6*+1)
we will have in this case (¢ + & = 0)

X J

1 7( 2 n 2 )
Y(x’ ) = e \2+1) 202+
) = e T DT

10.2  Let X = (X, X3, X3) be a random vector in R? with density

1
[ (x1, %2, x3) = kexp {—5 (3x12 + 2x22 + x32 + dx1x) — 2x1x3 — 2x2x3)} .

(a) Find the law of X. Derive # which makes the law a proper density

function.

(b) Let
)?2 = éZXl + sz and )N(g, = CX] + dX2 + €X3.

Find the parameters 4, b, ¢, d, e such that the covariance matrix of
(Xh X21 X3) iS ]3‘

(c) What can be said about the variables X7, )?2, and )?3 ?

Solution: Note that

X1
(3x12 + 2x5 + x5 + dxixa — 235 — 2xy3) = (x1, 20, )M | x2 |,
X3
where
3 2 -1
M = 2 2 -1
-1 -1 1

To see this decomposition, please think about how the polynomial terms
appear. It helps to note that the diagonal elements give the squares in
a unique way and thus they are easy to recognize. For the off diagonal
elements note that twice the element gives the coefficient (because the
matrix is symmetric).

Once we write it in this form, we recognize the density of a Gaussian
vector X with zero mean and covariance matrix

Ay =M1,
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Consequently,

b 1 _ v det M

(27)3/det(M 1) ()3

To solve part (b), we need to impose that

Cov(X;, %) = Cov(X1, X3) = Cov(X, X3) = 0
and
VX = VX =V =1.
To impose these conditions, we need to calculate the covariance matrix:
Ay =M"".

Thus we need to know how to invert a matrix or to use a software
program to do so. Using R gives

1 -1 0
Ay =M"'=solveM)=1]| -1 2
0 1 2

The command “solve(M)” is the R command to find the inverse of the
matrix M. We can now read the covariances between the original vector
components Xj, Xz, X3.

Now, using the matrix above and the formulas for the vector, the
conditions are

Cov(X1, %) = aV (X)) + bCov(X1, Xo) =a— b= 0,
Cov(X1, %) = V(X)) 4+ dCov(Xy, X5) + eCov(X,, X3) = c —d = 0,
Cov(Xs, X3) = ac — ad — bc + 2bd + be = 0,

VX,) =a* +26* —2ab =1,

V(G) = &+ 2d* + 2% — 2cd + 2de = 1.

V(Xy) is already 1. Using 2 = 6 and ¢ = d from the first two equations,
the later equations become

alc+e)=0,
a2 =1,
242624+ 2ce = 1.

The first two equations are incompatible with 2 = 0, so we must have
¢ = —eandeithera = 1 ora = —1. Using this in the last equation gives
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¢ = 1. Thus the problem has more than one solution. Either of these
vectors

X, X, X3) = (X0, Xi + X, = X1 — Xa + X3),
X, X0, X3) = (X1, Xi + X0, X1 + X0 — X3),
X1, %, X3) = (X1, X1 — Xa, = X1 — X0 + X3),
X1, %, X3) = (X1, =X — X, X 4+ Xa — X;3)

will have the desired properties.

Finally, for part (c), since either one of these vectors is Gaussian by
requiring that the covariance matrix is the identity, we found components
which are mutually independent. [ |
Let X, X, Z be independent standard normal random variables. Denote

U=X+Y+Z
and

V=X-Y)?+X-2?%*4+(Y -2)0°. (10.8)

Show that U and V are independent.

Solution: Define
A=X Y 2).
Clearly, A is a Gaussian vector with EA = 0 € R? and covariance matrix
Ag=1
the identity matrix. It follows that the vector
B=(X+Y4+ZX-YX-ZY—-2)

is also a Gaussian vector (every linear combination of its components is
a linear combination of X, ¥, Z). We will show that the first component
is independent of all the other three. To prove this since the vector is
Gaussian, it suffices to show that the first component is uncorrelated
with the other three. We have

CooX+Y+2ZX-Y)=

V(X)~+ Cov(Y, X) + Cov(Z,X) — Cov(X, YY) —V(Y)— Cov(Z,Y)=0

and in a similar way
CoX+Y+ZX-2Z)=CowX+Y+2Z Y —-2Z)=0.

Therefore the r.v. X + Y + Z is independent of X — ¥, X — Z, and
Y — Z respectively. By the associativity property of the independence,
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we have that X + Y + Z is independent of (X — VX —Z, YV — 2)
and, thus, independent of V. [

Let Xi, ..., X, be independent NV (0, 1) distributed random variables.
Let 2 € R”. Give a necessary and sufficient condition on the vector « in
order to have X — (4, X)a and (4, X) independent.

Solution: The vector
(X - <ﬂa X>ﬂa <ﬂv X))

is an (z + 1)-dimensional Gaussian vector and for every i = 1,...,7n
we obtain

n n
Cov | X; = Y aXiar, »  arX,
j=1 k=1

n

= aCov(X:. X)) —a; ) ey Cov(X;, X0)
k=1 Jik=1

n

=a; — a; Zﬂjz
j=1
n

=qa;(1 — Zajz).

j=1
Therefore if we impose the condition

n

Zajz =1,

j=1

then all covariances between (z, X') and the other terms of the vector will
be zero. This will accomplish what is needed in the problem. n

Let X =(X1,X5,...,X,) denote an n-dimensional random vector
with independent components such that X; ~ IV (pL, 02) for every
i=1,...,n Define

_ 1 <&
L=;Z&

(a) Give the law of X,
(b) Let ay,...,a, in R. Give a necessary and sufficient condition

(in terms of a,...,a,) such that X, and #,X; + --- + ,X, are
independent.
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(c) Deduce that the vector (X; — XX =X, ....X,—X,) is inde-
pendent of X,,.

Solution: As a sum of independent normal random variables, X, is a
normal random variable. Its parameters can be easily calculated as mean

A 2
p and variance Z-. So

Note that the vector

(Xnv dIXl +---+ ﬂan)

is a Gaussian random vector. Indeed, every linear combination of its
components is a linear combination of the components of X, so it is
a Gaussian random variable. Therefore, X, and #1.X; + - - - + @,X,, are
independent if and only if they are uncorrelated; and after calculating
the covariance, this is equivalent to

a+---+a,=0.
Hint for part (¢): W, is invariant by translation: W,(X) = W,(X + )

if X+a=X+a,....,X,+a) for acR. Consider also
Proposition 10.24. |

Let (X, Y) be a Gaussian vector with mean 0 and covariance matrix

"=(, 1)

with p € [—1, 1]. What can be said about the random variables
X and Z=Y -—pX?

Solution: Clearly, (X, Z) is a Gaussian vector as a linear transformation
of a Gaussian vector. Since

Cov(X,Z) =EXY — pEX* = p—p =0,

we note that the r.v.’s X and Z are independent. [

Suppose X ~ N(0, 1). Prove that for every x > 0 the following inequal-
ities hold:

1 _2/1 1 1 2l
e |l-——= ) <PX>x)< e 7 —,
X

2 x %3 2

ol
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Solution: Consider the following functions defined on (0, 00):

1 _2/1 1
Gl(x) = ,_27[6 2 <)_c — ;)

and

Gz(x) = e

We need to show that
Gilx) <1 —F(x) < Gy(x)

for every x > 0, where F is the c.d.f. of an V(0, 1) distributed random
variable.

Since the normal c.d.f. does not have a closed form, we look at the
derivatives of these functions. We need to check that for x > 0:

Gi(x) > —f(x) > G)(x),

42 . . .
*°/2 is the standard normal density. Therefore, inte-

where f = ﬁe

grating the respective positive functions on (0, 00), we obtain

Gi(x) — (1 = F(x) < lim Gi(x) = (1 = F(x)) =0

and

(1= F(x) = Ga(x) < lim (F(x) = G2(x)) = 0.

Problems without Solution
10.8  Suppose
(X, Y) ~ N(0, ).
Show that XY has the same law as %(X2 — Y.

Hint: Use the polarization formula

XY = (X+7Y)?-X-Y)).

ANy

10.9  Prove the expression of the density function of the noncentral chi square
distribution (10.5).

10.10 Let (X, Y) be a two-dimensional Gaussian vector with zero expectation
and [, covariance matrix. Compute

E [max(X; Y)].
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Let X, Y be two independent /V(0, 1) distributed random variables.
Define

X2
U=X>+Y? and Y=z7

(a) Prove that U and V are independent.
(b) Show that U ~ Exp(%)
(c) Show that the function

1 1
f(x) = ;—'—x(l )

defines a probability density.

1,1)(x)

(d) Show that V' admits as density the function f above (this distribution
is called the arcsin distribution).

Let Xi, ..., X, beiid. N(0, 1) random variables. Define
1 n
o
n

i=1

Compare and calculate EU and EV.
10.13 Let (X1, X5) ~ N>(0, X) with

2

o 010

2:( ngﬁ and p € [—1,1].
pO102 O

U=

1 n
d v=-Y"1x|.
an n§||

(@) Let (Y7, Y2) astandard Gaussian vector (i.e., Y7, Y5 are independent
standard Gaussian random variables). Find a function

(1, 1) = (X1, X0) = (aly, bY1 + c1))

such that (X7, X5) ~ N>(0, Z).

(b) Let ® ~ U«<(0, 27]) and R ~ Eog)(%) two independent random
variables with the respective distributions. Let R > 0 be the square root
of R2.

Prove that the random variables X = R cos(®) and ¥ = Rsin(®) are
standard Gaussian and independent.

(c) Deduce that if U;, U, are independent ([0, 1]), then the r.v.s

X =+/—=2InU; cosQ2nU,)
and
Y =+v—-2lnUj sinQnU,)

are standard Gaussian and independent.
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(d) Consider U;, U, independent with law U((0, 1]). Construct from
Uy, U, a vector (X, X3) with law A5 (0, ).

10.14  Suppose X ~ N (0, A) where

7 1
7 2 1
Ay=[31 5 0
-1 0 3

Let

n=X+X,

, =X +X;,

;=X +X.

(a) Givethelawof ¥;,i =1, 2, 3.
(b) Write down the density of the vector

Y =(I, 1, 1)
10.15 Let X = (X;, X5, X3) be a Gaussian vector with law N3(m, C) with
density
_ L e
f(x) = Wé’
where

xl2 7x22 3x32 x1%  2xx3  x1 2% 4x; 13

6 15 10 3 5 315 5 15

(a) Calculate 7 and CL.
(b) Calculate C and the marginal distributions of X3, X5, Xj.
(c) Give the law of

¥ = 1 -3 0 X+ 0
4 2 1 1)’
10.16 Let (X, Y) be a normal random vector such that X and Y are standard
normal N (0, 1). Suppose that Cov(X, ¥) = p. Let 8 € R and put

U =XcosO — Y sin6, V =Xsinf + Y cosB.

(a) Show that |p| < 1.
(b) Calculate E(U), E(V), Var(U), Var(V'), and Cov(U, V). What can
we say about the vector (U, V) ?

Suppose p # 0. Do there exist values of 6 such that U and V are
independent?
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(c) Assume p = 0. Give the laws of U and V?
(d) Are the r.v. U and V independent?

Let (X, ¥, Z) be a Gaussian vector with mean (1, 2, 3) and covariance
matrix

Set
U=X-3Y and V=X+2Y

(a) Give the law of the couple (U, V). What can be said about U and
V'? Write without calculation the density of (U, V).

(b) Find constants ¢ and 4 such that the rv. W =2 4+ cU + 4V is
independent by (U, V).
(c) Write the covariance matrix of the vector (U, V, W).

If X is a standard normal random variable N (0, 1), let ¢ denote its
characteristic function and F its c.d.f. For every p > 1 integer, denote
the p moment with

C(p) = E(IX]).

Let (Y,, n > 1) be a sequence of independent r.v. with identical distri-
bution NV (0, 1). For every £ > 1 and # > 1 integers, let

k n
Xe=)Y% and S,=) X.
k=1

j=1

(a) Give the distribution of Xj.
(b) Calculate Cov (X, Xpt1). Are the variables (X, # > 1) independent?

(c) ShowthatS, =)",_, (n+ 1 — k) ¥;. Deduce that for every integer
n > 1 the r.v. S, follows the law

N <O, én(n—k 1) 2n+ 1)) .

Hint: We recall the formula

Xn:/ez— nn+1)Q2n+1)
N 6
k=1

(d) For every integer p > 1, calculate E(|S,|?) in terms of C (]J)
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(e) Leta > % Show that the sequence (#7“S,,, n > 1) converges to 0
in L2, that is,

as a sequence of numbers.

(f) Show that for every B > 0 and for every p > 1 integer, there exists
a constant K, > 0 such that

P 1S, = n?) < Ky (72 70),

(g) Show that the sequence (% S,, n > 1) converges almost surely to
an r.v. and identify this limit.

(h) Calculate the characteristic function ¢g, of S, using ¢.
(1) Let

T,=n2S,

Deduce the expression of the characteristic function of 7.

(j) Show that the sequence (7, » > 1) converges in law to a limit and
identify this limit.

Let X1, X5, and Xj be three i.i.d. random variables where their distribution
has zero mean and variance 62 > 0. Denote

Y =X — 2X + 3X;,
=X —X.

(a) Calculate the covariance matrix of the vector (X, Y7, 12).
(b) Give an upper bound for

a=P(}| = 100)

using Bienaymé-Tchebychev inequality in Appendix B.

(c) Suppose that X;, X;, and Xj are Gaussian. In this case, give another
upper bound for 2 and compare with the previous question.

(d) Give an upper bound for

b=PY, <Y, +o0).

Hint: Use Jl—% ~ 2.67 and ﬁ ~ 0.32.

IfX ~N(©,1) and ¥ ~ x*(n, 1) and X, Y are independent, show that

7 =

Rals
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has a Student # distribution (#,) with 7 degrees of freedom. Specifically,
show that the probability density function of Z is given by

_ F(”%l) 2\ T
flx) = W—Fg) (1 + ;) .

Assume X and Y are two independent N (0, 1) random variables. Find
the law of

X4y
X -l

Hint: We know (how to prove) that X + Y and X — Y are inde-
pendent and each has V (0, 2) distribution. Then, once we show that
vy
2

4
is x2(1) distributed, we will obtain

X+Y
V2

W ===
NZ

which follows a Student distribution with one degree of freedom

(see exercise 10.20).
6 1
A= .
1 2.

(a) Find the eigenvalues of 4.

Consider the matrix

(b) Find the eigenspaces associated with each eigenvalue.
(c) Diagonalize the matrix A.

(d) Let X be a Gaussian random vector with covariance matrix 4 and
zero mean. Find a linear transformation that transforms X in a Gaussian
vector with independent components.

Consider the matrix

S
Il
N O
NGRSV N
SU N

(@) Check that A; = 8 is an eigenvalue of A.
(b) Find the other eigenvalues of A.
(c) Find the eigenspaces associated with each eigenvalue.



Exercises

10.24

337

(d) Diagonalize the matrix A.
(e) Can there exist a Gaussian random vector with covariance matrix A?

Let the matrix X be defined as

Y=

[SSIEN (SR O]
BN
o A W

Check that the matrix is symmetric and positive definite. Find its eigen-
values and the associated eigenvectors. Now, let X be a Gaussian random
vector with covariance matrix X and zero mean. Find a linear trans-
formation that transforms X in a Gaussian vector with independent
components.



CHAPTER ELEVEN

Convergence Types. Almost
Sure Convergence.
[?-Convergence. Convergence

in Probability

11.1 Introduction/Purpose of the Chapter

In probability theory, there exist several different notions of convergence of ran-
dom variables. The convergence of sequences of random variables to some limit
random variable is an important concept in probability theory, and it is a very
important application to statistics and stochastic processes. The same concepts
are known in more general mathematics as stochastic convergence, and they for-
malize the idea that a sequence of essentially random or unpredictable events
can sometimes be expected to settle down into a behavior that is essentially un-
changing when items far enough into the sequence are studied. The different
notions of convergence relate to how such a behavior can be characterized. We
can talk about a sequence that approaches a random variable exactly, with proba-
bility one and looking at the moments of the distribution. In this chapter we will
talk about a notion of convergence defined purely by the distribution of random
variables.

Handbook of Probability, First Edition. Ionug Florescu and Ciprian Tudor.
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11.2 Vignette/Historical Notes

In their development of the calculus both Newton and Leibniz used ‘infinites-

imals,” quantities that are infinitely small and yet nonzero. They found it con-
venient to use these quantities in their computations and their derivations of
results. Cauchy, Weierstrass, and Riemann reformulated Calculus in terms of
limits rather than infinitesimals. Thus the need for these infinitely small (and
nonexistent) quantities was removed and was replaced by a notion of quantities
being “close” to others. The derivative and the integral were both reformulated

in terms of limits of functions. In probability theory the notion of convergence is
fundamental, and in fact the entire construction of the probability theory is based
on limits. Historically, measure theory gave birth of the notions used in probabil-
ity theory. However, because the space is finite (has probability one), the theorems
are much more precise and more results may be generated for this simpler case.
Without the convergence results in probability, there would be no statistics and
the problem of estimating distributions and parameters by observing real-life data
would be impossible to solve.

11.3 Theory and Applications: Types

of Convergence

Let (€2, F, P) be a probability space and let X, : 2 — R be a sequence of random
variables and X : € — R be a target random variable. Throughout this chapter
we shall take #» € N. In the theory of the stochastic processes in continuous time
the index may be ¢ € (0, 00). The notations and notions introduced here extend
to that case as well.

11.3.1 TRADITIONAL DETERMINISTIC CONVERGENCE
TYPES

Before we introduce notions taking advantage of the structure of the probability
space, we would like to recall the more traditional Real analysis types of conver-
gence. Any random variable is essentially a function from € — R. The following
two definitions are a reminder of these classic types of convergence.

Definition 11.1 (Uniform convergence) 7he sequence of random vari-
ables {X,} nen is said to converge to X uniformly if and only if:
Jor all & > 0 there exists an n, € N such that

[Xo(w) —X(@)| <&, Vn=n, Vo€ Q.
Note that in the previous definition the number 7, is the same for all points

w € Q. Thus, it does not depend on w; therefore the convergence takes place sim-
ilarly throughout the entire space. There exists no pointin £ where the sequence is
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farther than the target at some 7. This is why the convergence is called uniform—
uniform on the whole €2. This type is the most powerful convergence mode. Next,
we drop the restriction that the convergence is uniform on the space.

Definition 11.2 (Pointwise convergence) 7The sequence {X,}, is said to
converge to X pointwise if and only if*
Jor any w fixed, for all & > O there exists ne(w) such that

X, (w) — X ()] < ¢, Vn > ne(w).

Note that as in the previous type, we have convergence for each point in €.
However, for some points it may take a larger 7 to be close enough to the limit
than for other points.

Both these definitions are related to the concept of a// the points—this is in fact
the reason why they are called deterministic notions. Specifically, if the convergence

does not hold for a single point, then the convergence pointwise or uniform does
not hold. In other words, one point determines the fate of the whole concept.

B EXAMPLE 11.1
Let 2 = [0, 1] and define
X,(w) = (1 + 9) .
n

Prove that X, converges pointwise on €2 as # — 00 to the r.v. X given by

X(w) = €.

Solution: This follows easily since for every w € Q = [0, 1]

. w\”
lim <l + —) = %,
n—>00 7

W EXAMPLE 11.2

Let 2 = [0, 1] and define
X,(Q) = o, Yo.

Let X(w) = 0 for every w € Q. Is the sequence X, converging pointwise
to X?
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Solution: Note that for every € [0, 1) we have

n

w' — 0

as n — 00. However, when w = 1 we obtain X, (w) = 1, which converges to
1. Therefore, the sequence X, does not converge pointwise to X. It converges
pointwise to the r.v. ¥ given by

0, ifw € [0, 1),
1, ifo=1.

11.3.2 CONVERGENCE OF MOMENTS OF AN
1.v.—CONVERGENCE IN 1?

Unlike the classic mathematical world, in the real-world things do not happen
strictly. Probability theory allows for this, and a statement does not need to hold
at all points in the space in order to be true. If the points for which a statement
occur very rarely then, in reality, we do not need to care about them.

In Real Analysis there is a notion of convergence which is applicable to
Probability theory. That concept is looking at the convergence of integrals of
functions instead of the convergence of the functions. The integrals may have
a limit even though the functions themselves may not converge at some points.
The integral of a random variable with respect to the probability density is called
a moment in Probability Theory. If we look at the convergence of moments, we
are referring to convergence in 7.

Definition 11.3 (Convergence in I?) Letp > 0. The sequence of random

variables {X,}, is said to converge to X in I (X, N X or X, — X inI?) if and
oy if

lim EJX, — X|” = 0.

n—00

The particular case when p = 2 is special. This case is known by several
names such as convergence in L?, convergence in the quadratic mean (or, simply
quadratic convergence), convergence in mean squared, and so on.

Remark 11.4  The concept of mean-square convergence (or convergence in mean-
square) is based on the following intuition: Two random variables are “close to each
other” if the square of their difference is, on average, small.

Any I? space is a complete normed vector space. This is interesting from the
Real Analysis perspective. In probability theory the Z7-norm of a random variable
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X defined on (2, F, P) is

X1, = (E[1X1])7 = < /Q deF(»o)}’ - ( fg F ) dx);,

with the last equality valid if the random variable X has a density f'(x). For our
purposes the following result is important:

Proposition 11.5 Let X denote a random variable on (2, F, P). Then the
sequence of norms || X ||, is nondecreasing (increasing) in p. In other words, | X |, <
XN, for any p1 < pa.

This immediately implies that if a variable is in L7 for some q fixed, then it also
is in any L with r < q. Therefore, as spaces of functions we have

LYQ) D L*(Q) D I*(Q)....

Proof: Let py < p,. Then the function f(x) = |x[72/P is convex on [0, 00). This
is true since p2/p1 > 1, and we can apply Jensen’s inequality (Lemma 14.5) for
the convex function f(x) and the non-negative r.v. ¥ = |X|”'. The inequality
immediately yields the desired result. [ |

Corollary 11.6 If X, -5 X and p > g then X, = X.

Proof: This follows from the inequality
E|Xn _X|q = E|Xn _le
(see Lemma 13.11). [ |

11.3.3 ALMOST SURE (a.s.) CONVERGENCE

The next two definitions are convergence types on probability spaces. The con-
cepts mimic the definitions of uniform and pointwise convergence. As we shall
see, one of the concepts is superfluous in probability spaces (finite total measure
spaces).

Definition 11.7 (Almost uniform convergence) 7he sequence of ran-

dom variables {X,}, is said to converge to X almost uniformly (X, N XorX, > X
a.u.) if for all € > 0 there exists a set N € F with P(N) < € and {X,} converges ro
X uniformly on N*.

This concept mimics the uniform convergence for probability spaces. The
next concept presented—the almost sure convergence (or a.s. convergence)—is a
corresponding type to the concept of pointwise convergence in the whole space.
As we have seen, a sequence of random variables X, X5, ..., X, ... is pointwise
convergent if and only if the sequence of real numbers {X,,(w)}, is convergent for
all w € Q. Achieving convergence for all the omega points in Omega is a very
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stringent requirement and does not use the probability at all. This requirement
is weakened, by requiring only the convergence for the points which are relevant
to the probability measure.

Definition 11.8 (Almost Sure Convergence ) The sequence of random

variables {X,}, is said ro converge to X almost surely (X, S X or X, > X as.)
if for all € > 0O there exists a set N € F with P(N) = 0 and {X,,} converges to X
pointwise on N*, or written mathematically:

P{w e Q: |X,(w) — X(w)| > &, Vn > n.(w)} =PUV) = 0.
An alternative way to write the a.s. convergence is

Plw e Q: lim X,(0) = X()} = P(N°) = 1.

n— 00

In other words, the convergence has to happen only for the points w € N°,
since this set has probability 1. We do not care about the rest of the points in
N = Q\ N° since the probability of this set is zero.

Remark 11.9 [t turns out that almost uniform and almost sure convergence,
despite their apparent different forms, are completely equivalent on a finite measure
space (probability space has total measure 1, thus finite). This is the reason why most
books and papers never even mention almost uniform convergence. The following
proposition (due to Egorov) has this result.

Proposition 11.10 (Egorov Theorem) [fthe space Q has a finite measure,
then the sequence {X,}, converges almost uniformly to X if and only if it converges
almost surely to X.

The proof of the theorem uses measure theory, and it is not all that illustrative
for our purpose. The interested reader is directed to Theorem 10.13 in Wheeden
and Zygmund (1977).

11.3.3.1 Complete Probability Space. Here is the time to talk about a
technical aspect of probability spaces.

It is possible to construct a sequence of random variables X, which has a limit
in the a.s. sense; however, the limiting variable is not a random variable itself. More
specifically, it is possible that the limit is not 93 (R)-measurable anymore. The
main issue lies in the following problem. Suppose that a set A has probability 0.
Then you would think that any set B included in A4 also has probability 0. This in
fact would be true if any B C A is in the o-algebra F. If it is not, then we cannot
calculate its probability.

To avoid this technical problem, we assume that the probability space is
complete (as defined next). And as a consequence, if it exists, the limit of random
variables (in any sense) will always be a random variable.
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Throughout this book we will always assume that the proba-
bility space we work with is complete.

Definition 11.11 (Complete probability space) Wz say that the prob-
ability space (2, F, P) is complete if any subset of a probability zero set in F is also
in F. Mathematically: If N € F with P(N) = 0, then for all M C N we have
M e F.

The issue arises from the definition of a o-algebra which does not require
the inclusion of all subsets only of all the unions of sets already existing in the
collection.

We can easily “complete” any probability space (€2, F, P) by simply adding
to its o-algebra all the sets included in sets of probability zero and setting the
probability of any one of them equal to zero.

11.3.4 CONVERGENCE IN PROBABILITY

As we mentionned, different concepts of convergence are based on different ways
of measuring the distance between two random variables (how “close to each
other” two random variables are). Let us go now to the concept of convergence,
in probability. In the definition of a.s. convergence, the limit was inside the
probability. Suppose we want to take the limit out of the probability and instead
look at the measure of /V as 7 — 00. This means that instead of looking at V, we
need to construct a specific set for every 7. But then, the set also needs to depend
on some small . Therefore we look at

Na(e) = {w € Q| |X,(w) — X(w)| > &},

which expressed in words is: For some epsilon, this set is made of the points w for
which the sequence is far from the target. If we require that the probability of this
set of points converge to zero for all €, we obtain the definition of convergence in

probability.

Definition 11.12 (Convergence in probability) 7he sequence of ran-

dom variables {X,,} is said to converge to X in probability (X, LN XorX, — Xin
probability) ifand only if for allfixed e > 0 thesets N.(n) = {w : |X,(w) — X (w)| >
g} have the property P(IN,(n)) — 0 as n — 00, or

lim P{w € Q : | X,(w) — X(w)| > ¢} = 0.

n—> 00

Please compare the definition of convergence in probability with the con-
vergence a.s.. The only difference is the location of the limit (and accordingly
n). However, that location makes a world of difference—the a.s. convergence is
much more powerful than the convergence in probability (as we shall see next).



11.3 Theory and Applications: Types of Convergence 345

¥ EXAMPLE 11.3
Let X be a Bernoulli(1/3) random variable, that is,
2 1
P(X:O):g and P(X:l):g.

For every n > 1, we define

1
X,,:(H——)X.
n

Then the sequence (X,,),>1 converges in probability to the r.v. X.

Solution: Note that

1 1
X, — X| = ‘—X‘ =-X
n n
because X is non-negative. Let &€ > 0 fixed. Then
P(X,—X|>¢&) =P(X,—X| > & X = 0)
TP(X, —X| > & X =1)

1
=P(—X>8,X=0>
n

1
+P<—X> £,X=1>.
n

Therefore, we get

(n<i)

1
P(X,—X|>¢ = 51
which clearly converges to zero as n — o0. n

Definition 11.13 (Bounded in probability, big O,(1) notation) A
sequence of random variables (X,,),=1 is called bounded in probability if for every
& > 0 there exists an M > 0 such that

P(X,| <M)>1—c¢

Jor every n > 1. We denote O,(1) a sequence bounded in probability. Similarly, if
there exists a set of constants a,, > 0 such that for every every € > 0 there exists an
M > 0, and

e

then we say that X, is bounded in probability by a,, and we denote O,(a,,).

X,

<M>>1—s,

an
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Definition 11.14 (Convergent in probability, little 0,(1) notation)
For a set of random variables (X,),>1 we use the notation X,, = 0,(1) if for every
positive & we have

lim P()X,| > &) = 0,
n— o0

or equivalently X,, — 0 in probability. Similar to the notation in the definition above,
we denote X, = 0,(a,) a random sequence such that X,/ a, — 0 in probability.

Remark 11.15  The notions above are important to express the Central Limit
Theorem (next chapter) in a concise manner. We shall see there that for a sequence
(X uz1 of i.i.d. random variables with mean . we will have:

V%, — 1) = (1),

where X, = % Y 1 X; is the average of the first n random variables.

Furthermore, if X,, — X in probability, we may write |X,, — X| = 0,(1). And
of course an o, sequence is also O,; that is, a sequence that converges in probability is
bounded in probability (see exercise 11.12).

Remark 11.16  Normally, in order to check the convergence in probability of X,
to X, we need to know the joint distribution of X,, and X. However, in the case when
X is a constant, this is not needed (obviously). In fact, X,, —, ¢ if for every € > 0 we
have

P(X,—c| <€ —,500 1.

Note that the probability only contains the law of X,,.

11.4 Relationships Between Types of Convergence

First the deterministic convergence types imply all of the probability types of
convergence with the exception of the 7 convergence. That is natural since the
expectation has first to be defined regardless of the deterministic convergence.
As we saw already, almost uniform convergence and almost sure convergence are
equivalent for finite measure spaces (thus in particular for probability spaces). We
will not mention a.u. convergence from now on.

The relations between various types of convergence are depicted in
Figure 11.1. The solid arrows denote that one type of convergence implies the
other type. The dashed arrows imply the existence of a subsequence that is con-
vergent in the stronger type.

In this section we prove the relations between these types of convergence.
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]_? convergence -----------e----ooo o = a.S. convergence

Convergence in Probability

l

Weak convergence

FIGURE 11.1 Relations between different types of convergence. Solid arrows mean imme-
diate implication. Dashed arrows mean that there exists a subsequence which is convergent in the

stronger type.

11.4.1 a.s. AND I?

In general, 7 convergence and almost sure (a.s.) convergence are not related.
The following example shows that a.s. convergence does not necessarily imply 7
convergence.

W EXAMPLE 11.4

Let (2, F, P) = ((0, 1), B((0, 1)), A), where A denotes the Lebesque mea-
sure. On this space, define the variables X, as

Xn((l)) = ﬂl(l! Z)((l))

Then the variables constructed in this way have the property that

X, =5 0 as n — 00 but E(X,) = 1 for all . Therefore, X, 4 X in L',
thus it does not converge in any L? with p > 1.

Solution: To show the a.s. convergence, let us start with some & > 0 arbitrary.
Then, for any number @ € (0, 1) there exists a 7:(w) so that @ ¢ (%, %), Vn >

ns(w). For example, take
2
né‘(w) = [_] )
w

where [x] denotes the integer part of the real number x. Since @ ¢ (%, %), Vn >
ne(w), we have that X, = 0and therefore X,,(w) —> 0. Note that the convergence
is, in fact, pointwise not only almost sure.

On the other hand,

! 12
E(X,] = / ﬂl(l,; (w) dh(w) = nA (—, —) =1, V.
0 i

n n
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Thus, the limit of the expectations is also 1, which is different from E[lim X,,] =
E[0] = 0. Therefore, the sequence converges a.s. but not in L. |

Remark 11.17  The previous example may be read the other way as well to provide
a counterexample to L7 does notimply a.s. convergence as well. Specifically, the sequence
converges in L' to 0, but that does not imply that it converges a.s. to 0.

So, are there conditions which being true would guarantee that a sequence con-
verging almost surely would imply convergence in L? to the same limit?

The answer is yes, and in fact we already know them. These conditions
are the same conditions in the hypotheses of the Dominated Convergence
Theorem (Theorem 13.7) and the Monotone Convergence Theorem (Theorem
13.4) in Appendix A (Chapter 13).

In fact, we have even more: If the sequence is dominated by an integrable
random variable, then the convergence in probability (which is weaker than con-
vergence a.s.) will imply convergence in 7.

Theorem 11.18  Suppose that X, Iox and assume there exists a random
variable Y € LP(QQ) such that |X,| < Y a.s. for all n. Then X, i X

Proof: Since X, converges in probability, by Theorem 11.19—which will be
proven later in this chapter and does not use anything from this theorem—there
exists a subsequence (X, ); that converges almost surely to the r.v. X as # — oo:

X, = h—>o0 X, a.s. (11.1)
Since X, is dominated, we also have
supE|X,| < E|Y],
and from here it follows easily that
XelIY(Q) and |X|<Y

Now, for a fixed € > 0
E|Xn—X|=/ |Xn—X|dP+/ X, — X|dP
(1X,—X|<e) (1X,—X|>¢)

<o+ f X, — X| dP
(1X,—X|>e)

<&+ / 2YdP
(1X,—X|>¢)

in the least inequality we used

sup |.X, — X| <2V
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Now let us pick an arbitrary ¢ > 0. We can write

E|X,-X[<e+ /
(X, —X|>e)N(|Y|=<c)

2YdP —I—/ 2YdP
(X, =X1>e)N(1Y |>c)

§8+2CP(|Xn—X|>6)+2/ YdP.
{IY]=c)

Now look at the two final terms above. The sequence
LyzalY]
converges to zero as ¢ — 00 and since
Eljy>qlY| < EY <00

we apply the dominated convergence theorem and we obtain
y g

/ YdP < ¢
{1Y|>c}

for a ¢ large enough. The other term can be made as small as possible by the
definition of convergence in probability, and therefore for any ¢ there exists an 7
large enough so that

2cP(1X, — X| > €) <e.

Therefore the conclusion of the theorem follows. [ |

The next example shows that a sequence converging in Z* does not necessarily
converge almost surely. In fact, in this example the sequence also converges in
probability beside converging in Z7. However, not even both types of convergence
are enough for almost sure convergence.

I EXAMPLE 11.5 A sequence converging in Z? but not a.s.

Let (2, F, P) = ((0, 1), B((0, 1)), A), where A denotes the Lebesque mea-
sure. Define the following sequence:

Xi(@) = o+ 1,1)(w)
Xz’l((,()) =w+ 1(07 )(a));)(2,2(w) =+ 1(%,1)((1))

1
2

X31(0) =+ 1, )(w);Xa,z(w) =w +1(%,%)(a));X5’3(w)=w +1(§,1)(60);

1
3

and finally we can just re-index the sequence using integers as in ¥; = Xj,
=X, Y3 =X, Y4 =2X;,, and so on. We shall keep the notation

using the X’s since it is easier to follow.



350 CHAPTER 11 Types of Convergence

To understand what is going on, plot a few of the random variables
X;j(w) for w € (0, 1).
Next, take X (w) = w (the candidate limit variable). Then,

1 1
Plw: | X, (0) — X(w)] > €} =P {a) is in some interval of length —} = -
n n

Therefore,

lim Plw : |X, (@) — X(w)| > ¢} =0,
n—0Q
and thus X, 5 X. Furthermore, for any k we have

n’ n n’ n

E[X,, — XI'] = E [(1(ﬁ " )P] —E [1(5 " ] = 1/n,

and again taking # — 00 this shows that X, o x Therefore, X, converge
in both probability and L7 for any p.

However, X, , /> X almost surely. To understand why, just take any
w and any 7. Due to the way we constructed the sequence, there exists an
m > nand a k such that

Xm/?(a)) —X =1

for that particular pair. The sequence at any w alternates between many w
andaw+ 1.

B EXAMPLE 11.6

Let (X,,) ,>1 be a sequence of independent random variables, each uniformly
distributed on ( 1) or

n’n

Find the limit in probability, if it exists, of the sequence X,,.

Solution: Let us write the density of the random variable X;:

11

ﬁ(”(x)zg ifx € <——,—>

n n
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and
Jfx,(x) =0 otherwise.

Since this density seems to be concentrating around x = 0 as » — 00 it seems
reasonable to think that X, converges to zero in probability. Let us try and prove
this claim using the definition. Let € > 0. Then

P((1X, — X| = &) =P(1X,| > ¢)
:1_P(_8§Xn§5)

=1- Sﬁ(n(x)dx

1
EN=
" on
=1- — dx,
_ey_12
where we used the notation —¢ Vv —% = max(—e¢, —%), and the similar one for

the minimum. Since for any € for 7 big we have & > i, we can write
1
. . n n
IimP((|X, — X|>¢)=1—Ilim —dx
n n J_1

n

=1—-1=0,

which shows that the sequence converges in probability to 0. |

11.4.2 PROBABILITY AND a.s./L?

Recall Example 11.5. Over there we presented a sequence that converged in
probability but not almost surely. The next theorem says that even though the
convergence in probability does not imply convergence a.s., we can always extract
a subsequence that will converge almost surely to the same limit. Note that,
in Example 11.5, if we omit the terms in the sequence with values w + 1, the
resulting subsequence converges almost surely.

Theorem 11.19 (Relation between a.s. convergence and conver-
gence in probability) We have the following relations:

1 IfX, 5 X, then X, —> X.
2. IfX, Ly X, then there exists a subsequence ny, such that
X, aN's as kb — o0.

Proof: 1. Let
N ={w: lim |X,(w) — X(w)| = 0}.
n— 00
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From the definition of almost sure convergence, we know that P(/V) = 0. Now
take an & > 0 arbitrary and consider

Ne(n) = {w : |X,(0) — X ()| > €}.

Now let

c

M= {UNetw) | =) Nen) (11.2)

n>k n>k

using De Morgan’s law. We have the following:

e The sets M} are increasing since
My = Ne(k) N My,

which implies My € Mj4;.

e If we take an w € M}, and we look at the way it is defined, we have that for
all # > £ w is in N.(n)°, or in other words:

X, (0) — X(0)| < é.
By definition, this means that the sequence is convergent at w; therefore
M, C N°¢, Vk,
thus

UMk C N°.
k

¢ We leave it as an easy exercise to take an @ € N and to show that there must
exist a kg such that w € M}, . Therefore, we also obtain

N¢C UM/e.
k

Using the double inclusion, we have
M =nNe
k
and therefore

P(LkJM,e) =1,

using the hypothesis.
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Since the sets M} are increasing using the monotone convergence property
of probability, we get that P(M}) — 1 when # — 00. Looking at the definition
of My, in (11.2), this clearly implies that

P UNg(n) — 0, as b — 003

n>k

therefore P (V;(£)) — 0, as # — 00, which is just the definition of the conver-
gence in probability.

2. For the second part of the theorem we will use the Borel-Cantelli lemmas
(Lemma 2.34). Let us take ¢ in the definition of convergence in probability of
the form g, > 0 and make it to go to zero when £ — oo.

By the definition of convergence in probability for every such &4, we can find
an 7, such that

1

Plw: | X,(w) — X(w)| > &} < >

for every n > ny,. We start with 7 = n; and an easy iterative process will con-

struct 7, = min(my_1, 7), so that the subsequence becomes increasing while
still maintaining the above, desired property. Denote

E)

Ny = {o: |X,,(0) — X ()| > &}

Then, from the above we have

1

which implies
1
ZP(N/e) < Z? < 0.
k k

Therefore, applying the first Borel-Cantelli lemma to the V sets, the probability
that V, occurs infinitely often is zero.

This means that with probability one, N} will happen eventually. Or, in
words, the set of @ for which there exists a £y and |ka (w) — X(a))| < & forall
k > Jo has probability 1. Therefore, at each such @ the subsequence is convergent,
and thus the set

{w: X, (0) > X(w)}

has probability 1. But this is exactly what we need to prove to show that the
subsequence converges a.s. [ |

In general convergence in probability does not imply a.s. convergence. A
counterexample was provided already in Example 11.5 buc here is another varia-
tion of that example (written as an exercise).
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W EXAMPLE 11.7 Counterexample. N implies L5

You may construct your own counterexample. For instance, take Q2 = (0, 1)
with the Borel sets defining the o-algebra and with the Lebesque measure
(which is a probability measure for this €2). For every » € Nand 1 < m <
2", we now construct

Xom(@) = 11 n1(@).
We again form a single subscript sequence by taking Y7 = Xp 1,
HL=X1,Y5=XY=X1Ys=X,,Y=X3, ¥, =X 4 andso
on. Once again plot the graph of these variables on a piece of paper for a

better understanding of what is going on.
The example asks that you prove that the sequence { ¥} has the property

? .
that ¥, —> O but ¥} 4 Y a.s. In fact, this sequence does not converge at
any o € Q.

Proposition 11.20  IfX, 3 X for some p then X, —> X.

Proof: This proposition, which says that convergence in L implies convergence
in probability, is an easy application of the Markov inequality (Proposition 14.1).
In that inequality we take g(x) = |x|?, and the random variable as X, — X, for
the particular p for which we have convergence. We obtain
P (X, — X > &) < e 7E|X, — X[
. () . P
Therefore, if X, — X, then we necessarily have X, — X as well. [ |

Remark 11.21  The converse of the previous result is not true in general. Consider
the probability ensemble of exercise 11.23.
Specifically, rake

X”(CL)) = ”1[07%] (a))
Show that X, Ix bur X, +> X in any I with p > 1.

Yer another example of a sequence of random variable that converges in probability
but not in L? may be found in exercise 11.3.

Finally, here is a criterion for convergence in probability using expectations.

Theorem 11.22 X, 5 0 if and only if E (l‘lil()! |) — 0.

Proof: Left as an exercise (exercise 11.13). [ |
Next we look at properties of the convergence in probability. The next propo-

sition says that convergence in probability is stable under summation and multi-
plication.
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Proposition 11.23 If

X, Xandy, L5 ¥
asn — 00, then
X, +Y, > X+Y
and
X,Y, 2> XY (11.3)

Proof: Let us prove the first assertion. The second part is left as an exercise.
For every € > 0 we can write

P(X, +Y)-X+1)>e)=P(X,-X)+ (¥, - V)| >¢
=P(X, —X|+|V, - Y| =¢)

e €
<P(1X%-XIz2)+P (1, - V| = 2)
2 2
and both terms on the right-hand side converge to zero as 7 — oo0. |

Another important property of the convergence in probability is that it is
stable when we apply continuous functions.

Proposition 11.24 Let X, be a sequence of random variables taking values in
a subset V of R, or X, : Q — V., where V' is an open subset of R. Let f : V — R

. . P
be a continuous function. If X, — X as n — 00, then

£ 5 £,

Proof We will sketch the proof in the case when V' is a compact set. Since f
is continuous, f* is uniformly continuous on V. So, for every € > 0 there exists
« > 0 such that for any x, y with the property |x — y| < o we have

&) —fOl <e.
As a consequence
{f X)) = fX)] = &} C{IX, — X]| = ¢}
and therefore
P{lf (X)) —f(X)]| = e} < P{X, — X| > ¢}.
Bug, since X, converges to X in probability, we have

P{X,—X|>¢}—>0
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and clearly

P{f(X,) — f(X)| > &} — 0.
]

Remark 11.25  Sometimes, it is possible to prove the convergence of f (X,,) to f'(X)
without assuming the continuity of f . Indeed, consider the following function:

f:R\{0} > R

given by f (x) = }C Note that the function is not continuous at x = 0. However, if’

X, Ly X and P(X # 0) = 1 (20 avoid problems with the random variable f (X)),
we have that

1 p» 1

X X
Remark 11.26 Wz further note that the convergence in probability
X, —P> c
when c is a constant does not necessarily imply either
EX, —> ¢
or

Var X, — 0.

Indeed, to show a counterexample for the remark above, consider the sequence
of random variables

% n, with probability 3—1,
"o, with probability 1 — 1.

Then X, — 0 in probability (we already showed this in exercise 11.23), but
EX, =1,
and

Var X, = n— 1.

11.4.2.1 Back to Almost Sure versus L7 Convergence. Let us return to
the earlier relations for a moment. We have already shown (by providing coun-
terexamples) that neither necessarily implies the other one. In either of these
examples the limit implied did not exist.

If both limits exist, then they necessarily must be the same.
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Proposition 11.27  IfX, % X and X, - Y, then

X =Y as. .

Proof: (Sketch) We have already proven that both types of convergence imply
convergence in probability. The proof then ends by showing a.s. the uniqueness
of a limit in probability. |

11.4.3 UNIFORM INTEGRABILITY

We have seen that convergence a.s. and convergence in L7 are generally not com-
patible. However, we will give an integrability condition that will make all the
convergence types equivalent. In practice, it is a very desirable property that the

a.s.
moments converge when X, — X.

Definition 11.28 (Uniform integrability criterion) A collection of ran-
dom variables {X,,} 1 is called uniform integrable (U.1L) if

I E[1X, 11,201 ] = 0.
M SUP [ 11,100

In other words, the tails of the expectation converge to O uniformly for all the family.

In general, the criterion for uniform integrability is hard to verify. The fol-
lowing theorem contains two necessary and sufficient conditions for uniform

integrability (U.L.).

Theorem 11.29 (Conditions for U.L) A family of r.v.s {X,} ez is uni-
Jformly integrable if and only if one of the following two conditions are true:

1. Bounded and Absolutely Continuous Family. E[|X,,|] is bounded for
every n € L and for any & > 0, there exists a §(¢) > 0 such that if A € F is any
set with P(A) < §(e), then we must have E [|X,|14] < e.

2. de la Vallée—Poussin Theorem. There exists some increasing function f,

f =0, such that lim,_, « @ = 00 with the property that Ef (|X,|) < C for

some constant C and all n.

The proof of this theorem is tedious, and we skip it here. For the interested
reader, a proof of the first part may be found in Theorem 4.5.3 in Chung (2000),
and a proof for the second part appears in Theorem 7.10.3 in Grimmett and

Stirzaker (2001).
Here is the main result using the U.I. concept.

Theorem 11.30  Suppose that X, N X and for a fixed p > 0, X, € /().
Then the following three statements are equivalent:
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(@) The family {|X,|? }nen is U.L

i) x, 2 x.
(iii) E[X!] — E[X?] < oo.

The theorem shows that for a uniformly integrable family, all types of conver-
gence are equivalent. The proof is once again skipped and we refer the interested
reader to Theorem 4.5.4 in Chung (2000).

@ EXAMPLE 11.8 Examples of U.IL families

1. Any integrable random variable X € L' is U.L
Clearly, E[X| < oo implies that E [|X|1;x(-1] =5 0.

2. Suppose the family {X,} is bounded by an integrable random variable,
[X,| <Y and Y € L'. Then X, is a U.L family.
Indeed, from the boundness we have

E [an|1{\Xn|>M}] <E [Y1{|Y|>M}] ,

which does not depend on 7 and converges to 0 when M — 00 as in
the previous example.

3. Any finite collection of random variables in L' is U.L
This is just an application of the previous point. Suppose that

{XI’X27 "‘?Xﬂ}

is the finite collection of integrable r.v.’s. Then we can find a random
variable that dominates them, for example

Y =X+ X+ -+ X,

Applying the previous part concludes.
4. The family

{a,Y}

is U.L, where ¥ € L' and the sequence 4, € [—1, 1] of nonrandom
constants.

5. Any bounded collection of integrable r.v.’s is U.I.

We conclude the chapter with an example of a family which is not U.L
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W EXAMPLE 11.9 A family of r.v.’s which is noz uniformly
integrable

Consider the probability space of all infinite sequences of coin tosses. As-
sume that the coin is fair—that is, the €2 space of all infinite sequences of
any combination of heads and tails. Consider any o-algebra and probability
on this space.

Define a sequence of random variables:

X, = inf{; : such that i > n and toss i isa H},

in other words, the first toss after the 7th toss where we obtain a head. Let
M > 0 an integer. Using the way we defined the random variable, there
exists another integer 7 greater than M and for this 7 we have

X, >n>M.
Therefore, for this 7 we have
E [|1X,|1x, =] = ELX,] > n,

since the set is always true. This implies by definition that the {X,} family
is not U.L.

EXERCISES

Problems with Solution
11.1 Let 2 = [0, 1] and define for every n > 1

w

Xo(w) = —.
() =+
Find the pointwise limit of the sequence X,.

Solution: Forall w € Q = [0, 1], we have

lim X, () = lim — =0,

4N
so the sequence X, converges pointwise to 0. u
11.2  Let p, be a sequence of numbers in [0, 1] such that

lim p, = 0.

n— 00
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Let X, be a sequence of independent r.v. with Bernoulli law with param-
eter p,,. That s,

(a) Prove that X, converges to zero in probability.

(b) Under which condition on ) p, does the sequence X, converge
almost surely to zero?

Solution: (a) We have for every € > 0
PX,>¢) <p,—> 0

as n — OQ.

(b) Set
A, ={w: X,(w) = 1}.
Then the set

A= limsup A, =0, Upsy, Ay

n

contains the points w € Q for which X, (w) does not converge to zero.
Using Borel-Cantelli, we obtain

P(A)=0 ifandonlyif Y P(A,) < occ.

n

Thus, X, converges to zero almost surely if and only if

an < 0.

Consider X a continuous r.v. with density function

log a
= ——1>,
f ) <log)? 129
with 2 > 1 a constant. Let
X
X, =—, n>1.

n

(a) Show that the sequence (X,,),>1 converges to zero in probability.

(b) Show thart this sequence does not converge to zero in L7, for any
p>0.
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Solution: Fix € > 0. Then

P(X,| >¢) = PX> ns)

o0
1
/‘ oga e
e x(logx)?

log a

log(ne)

> n—>00 0»

so the conclusion of part (a) is obtained.
For part (b), for every p > 0, we obtain

X\?
ey —x(¥)
n

| o0 1
_ loga e —
), x'7?(logx)?

so X, does not converge to zero in L7. [ |
11.4 Let X, be a sequence of r.v.s iid with law Exp(X). Set

. X,
Y = limsup —.
nn

(a) Show that
el X, - 1 <pli X, - 1
lmnsup Py < 1m”sup .23
(b) Show that
Pl X > ! =1
im sup P =1.

(c) Deduce that P(Y > %) =1.
(d) Show that for every € > 0, we obtain

X, 1 X, 1
P ( lim sup > te <P | limsup > te .
. Inn A ” Inn A

(e) Deduce that
1
P (Y = —) =1.
A

(f) Show that li("n converges to zero in probability. Does the sequence

converge almost surely to zero?
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Solution: (a) This part follows from the following fact: If (x,), is a se-
quence of real numbers, then

x, >0 for an infinite number of » = lim sup x,, > 0.
n

(b) We have

X, 1 Inn - 1
P >—)|=P[X,>— |=¢ "= -.
Inn = A A n

Therefore

X, 1 1
;PQMZQ:;;:”

Since the random variables X, are independent, the Borel-Cantelli
lemma implies that

) X, 1
P hmsup—1 ZX =1
n nn

and from part (a) we have

1
p(r=1)-1
A

(c) Follows from the following fact: If (x,), is a sequence of real
numbers, then

limsupx, >0=x,>0 for an infinite number of 7.
n

(d) Now

P X, >l—|-8 _ (o)
Inn A

and

X:P(X'Z > 11_8) :Zn_(1+8) < 00.

Inn
n n

The Borel-Cantelli lemma says that

X, 1
P | limsup > re =0
.  Inn A

and from part (c) we have

1
P<Y> +8)=0
y
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(e) Letting ¢ — 0, we obtain

1
P<Y> —):limP(Y> 1—H?):O.
A £—0 A

Hence

r(r=3)rlr= ) r(r- )10

(f) We have

X,
P( za>=P(Xlzalnn)—>0.

Inn

11.5 Letf : R — R be such that

) = fO)I < Clx —yl, Vx,y € R

for some C > 0.
(@) If X, — X almost surely, prove that

Ef (X,) — Ef(X) as n — 00.
(b) Lete > 0.If X, — X in probability, show that
P(f(X,) —fX0)] = e) — 0.
Solution: (a) We have

|Ef (X)) — Ef (X)| < E|f (X)) —f(X)]
< CEinf(1, |X, — X)).

For almost all @ € €2 we obtain
inf(1, |X, = X|) = 0
and for every @ we have
inf(1, |X, — X|) < 1.
The dominated convergence theorem implies that
Einf(1, |X, — X|) = 0,

so |[Ef (X,) — Ef (X)| — 0.

363
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(b) By Chebyshev’s inequality we have

P (f(X) — f(X)| 2 ) = “E|f (%) — £(X)] = 0.

11.6  Suppose that X, — X in probability and assume that
supE|X,|? < K
for some ¢ > 1, where K > 0 is a constant.

(a) Prove that the family (X,),>; is uniformly integrable.
(b) Show that X, converges to X in L? for every 0 < p < g.

Solution: Let 2 > 0 such that | X,| > 4. Then
X, 1777 < 271,
This implies

E|Xn |p1(X,,>a) < ﬂp_qE|Xn|q
< B,

where B = sup, E|X,|7. Because p — g < 0 we will have
supE|Xn|‘”l(X”>d) —> 0,

as @ — 00. That means that the sequence (X;,), is uniformly integrable.
Part (b) follows from Theorem 11.30. |

11.7 Let X be a continuous random variable with density /. Suppose that f,,
for n > 1 is a sequence of densities such that

fox) = f(x)

for every x € R. Define, for every n > 1,

L)
T

(a) Prove that the sequence X,,, # > 1 converges to 1 almost surely.
(b) Prove that the sequence X,,, 7 > 1 converges to 1 in L.

Solution: The first point is obvious because

f;(x) — 1
fx)
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for every x € R as long as f (x) > 0. Hence

P(X, — 1) > P(f(X) > 0)
=1-P(f(X) = 0)

and

Pwmzmzﬁ)J@”:a

The almost sure convergence implies the convergence in probability. On
the other hand, we have

J2(X)
f&X)

Ja(x)
= x) dx
[Rf(x)f( )
=fﬁww
R

=1

ElX,| =

and we can conclude the ! convergence using the Theorem 11.30. W

Problems without Solution

11.8 Prove the convergence in (11.3).

11.9 Prove the convergence in Remark 11.25.
Hint: The general result in Proposition 11.24 cannot be applied, so
this convergence should be proven starting from scratch.

11.10 Let U be an uniformly distributed r.v. on [0, 1]. Set

V=U-1land W =-U

(a) Calculate the density of V.
(b) Compare the laws of V and W.
(c) Show that for every p > 1 integer we have

E(|VP) < +00

and compute E(V?).

11.11  Let (V,, #n > 1) be a sequence of i.i.d. random variables uniformly dis-
tributed on the interval (—1, 0). For every integer 7 > 1, define the
following sequences of random variables:

X_‘/13+l/23_|_+1/n3

n
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11.13
11.14

11.15
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Y_V'l2+‘/22++1/;12
n = " s

and

_1/13+‘/23++Vv;13
- 1/12_’_1/22_}__'_‘/”2

n

(a) Show that the sequences (X, » > 1) and (Y}, n > 1) converge al-
most surely.

(b) Show that the sequence (Z,, # > 1) converge almost surely. Identify
the limit.

(c) Does the sequence (Z,, n > 1) converge in L'? If the answer is yes,
identify the limit.

Prove that a sequence that converges in probability is bounded in prob-
ability (see Definition 11.13).

Prove Theorem 11.22.

Let (X,,, # > 1) denote a sequence of i.i.d. random variables with mean
0 and variance 1. Let (Z,, #n > 1) be given by

Z, =[]+ bx) .
k=1
(a) Calculate E (Z,) and Var (Z,).
(b) Show that

Z,—> 0

ifa? 4+ 6 < 1.
Maximum and minimum of uniform laws

Leta < bbetwo constants and let (X,,, 7 > 1) denote a sequence of
i.i.d. random variables with common distribution U ([a, b]). Forn>1
we denote

Mn = lm?—X Xi,
Let0 < e < 1.
(a) Calculate

P(M,<b-—c¢).

(b) Deduce that
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11.16

11.17

11.18

11.19

367

(c) Show that
> P (1M, — b = n") < +o0
n>1
for every o € (0, 1).
(d) Deduce that
M, = b.

(e) Calculate the density of M,,.
(f) Does the sequence (M,) converge in L'?

Using the same notations as in the problem above, let

I, = min Xj.
1<i<n

Study the convergence of the sequence (Z,) in probability, almost surely,
and L!.

Let U and V two arbitrary random variables. Prove that
{(lU+ V] >¢e} C{lU| >¢e/2}U{|V] > ¢/2}.

Use the previous problem and derive that if (X,) and (V) are two se-

quences such that X, LN Xand Y, LN Y, then
X, +Y - X+y

Moving average sequence

Let (¢, , 7n > 0) a sequence of i.i.d. random variables with mean 0
and variance 0. For every 2 € R, we consider the sequence (Y,,, 7 > 1)
(called the moving average of X,,) defined by

Kq =¢&,+ ac,_,
for every n > 1.
(a) Compute
Var(Y,),
CﬂU(Yn, Yn+1)a
and a general formula for
Cov(Y,, Yaye), where |£| > 2.

(b) Using the previous part derive the value of

Var(Y,),

where ¥, = ) ; Yi/n denotes the average of the first 7 values.



368

11.20

CHAPTER 11 Types of Convergence

(c) Does the sequence Y, converge in 1?2
(d) Does it converge in probability?

Suppose that the fourth moment of the original random variables
is finite, that is,

4
ns = E(g]) < oo.

Define the sequence
1 n
C=-) 4%, here Z; = 1},
” ; where 41

(e) Calculate the variance of Z;. What is
CoolZ, )

if|i—j| >22?

(f) Calculate E(C,) and Var(C,).

(g) Prove that the sequence (C,) converges in 2.

Estimation of the mean of X when X is observed with probability p.

Let (X, , n > 1) be a sequence of i.i.d. square integrable random
variables. Denote

m = E(X))
and assume that
Var(X;) > 0.

Let (Y, , n > 1) be i.i.d. with Bernoulli law with parameter p, for some
0 < p < 1, and assume that the sequence (Y,) is independent of (X,).
Set

1 n
m=;2&n

and

n

2T
1

(a) Calculate E(Z,) and Var(Z,).
(b) Show that Var(Z,) > 0.

B, =

N



Exercises

11.21

11.22
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(c) Prove that the sequences (4,) and (B,) converge in probability.
(d) Deduce that

XY p

R, = — — m.
20 Y

Interpret the result.

Assume (X,,, n > 0) are i.i.d. random variables such that
EX)) =m
and
E(Xlz) = uy > 0.

Furthermore, assume that the fourth moment of the distribution is finite.
Denote by

s = E(X}) < 4o00.
(a) Prove that
I, , n P
~ (X4 X))
(b) Prove that

1 P 5
;(XIXZ +-+X,00X,) — m.

(c) Find the limit in probability of the sequence

R = XX+ + XX,
" X2+ + X2 ’

Suppose we know that there exists a constant y such that

n

1
Y o —lnm-—y—>0
k
k=1
when 7 — +00. This constant is called the Euler constant.
Let (X,, » > 1) be a sequence of independent random variables
such that for every integer » > 1, the distribution of X, is given by

(o) e )
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Let

oS
k=1

the sum of the random variables for every n > 1.
(a) Calculate

P(LX,| = n™%)

in terms of o > 0.

(b) Does the sequence (X, , 7 > 1) converge almost surely?
(c) Does the sequence (X,,, # > 1) converge in L%

(d) Calculate E(Sf) Is the sequence E(Sﬁ) convergent?

(e) Does the sequence (S,, 7z > 1) converge in L*

(f) Does the sequence

(=)
—,n>1
n

(g) Does the sequence

(5-n=1)
—,n>1
n

converge almost surely?

converge in L?*

Consider the sequence of random variables
¥ - n, with probability %,
"o, with probability 1 — 1.
Show that X, — 0 in probability.

Show that if X, —> X, then E|X,|? — E|X/.
Hint: The || - ||, is a proper norm (recall the properties of a norm).
Let (X,,),>1 such that

PX,=—n) =

212’

and
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(a) Calculate u = EX,,.

(b) Calculate Var X, for every n > 1.

(c) Study the convergence in probability of the sequence (X;,),>1.
(d) Study the convergence of the sequence (E | X, — (t]),>1.

11.26  Show thatif /' : R — R is a continuous function and X, 2 X, then
FX,) 25 F(X) as well.
11.27 Let U ~ U]JO0, 1] and define

Show that the sequence (U,), converges almost surely to U.

11.28 Define
n

) = )

forx € R.

(a) Show that £, is a density.

(b) Let X, be an r.v. with density f,. Compute EX,, and Var X,,.

(c) Show that the sequence X;,, 7 > 1 converges in probability to zero.
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Limit Theorems

12.1 Introduction/Purpose of the Chapter

The notions in the current chapter could be presented together with the previous
chapter concerning types of convergence. We decided to separate this chapter and
present it on its own for two reasons. First, the convergence in distributions (weak
convergence) presented here is special, and it is characteristic for the probability
theory. Second, the two big theorems related to convergence in distribution (the
law of large numbers and the central limit theorem) are the basis of statistics and
stochastic processes, and we believe they deserve to be presented in their own
chapter.

The present chapter is dedicated to the following problem. Suppose we have
an experiment repeating itself with minor changes in the surrounding conditions.
Can we say something about the underlying parameters of the experiment? Can
we gather quantities such as the average or variance and use them to describe the
conditions of the experiment? The notions in this chapter are some of the most
useful in probability, but they have to be presented in the last chapter since they
use all the other probability concepts presented throughout the book.

12.2 Vignette/Historical Notes

The Law of Large Numbers was first proved by the Swiss mathematician Jacob
(Jacques) Bernoulli. Bernoulli was a Swiss mathematician, the first in the Bernoulli

Handbook of Probability, First Edition. Ionug Florescu and Ciprian Tudor.
© 2014 John Wiley & Sons, Inc. Published 2014 by John Wiley & Sons, Inc.
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family, a family of famous scientists of the eighteenth century. Jacob Bernoulli’s
most original work was Ars Conjectandi, published in Basel in 1713, eight years
after his death. The work was incomplete at the time of his death, but it still was a
work of the greatest significance in the development of the Theory of Probability.
The fourth part of his work presents the statement and the proof of the law
of large numbers in a simplified form of what we now call Bernoulli trials (or
Bernoulli(p) random variables). In modern notation he has an event that occurs
with probability p but he does not know p. He wants to estimate p by the sample
proportion p of the times the event occurs when the experiment is repeated a
number of times. Bernoulli discusses in detail the problem of estimating, by this
method, the proportion of white balls in an urn that contains an unknown number
of white and black balls. Repeatedly, he draws samples of 7 balls with replacement
(i.e., each ball drawn is recorded and then replaced in the urn for the next draw). He
estimates p by the sample proportion p obtained at each sequence of # drawn balls.
He shows that, by choosing 7 large enough, he can obtain any desired accuracy
and reliability of the estimate. He also expands the applicability of his theorem to
estimates of probability of dying from a particular disease, of different kinds of
weather occurring, and more. When writing about the number of trials which are
necessary to make a judgment, Bernoulli observes that the “man on the street”
believes the “law of averages.”

Further, it is clear that to make proper judgements, it is not enough to use one
or two trials, but rather a great number of trials is required. And sometimes the
stupidest man “by some instinct of nature per se and by no previous instruction
(this is truly amazing)” knows for sure that the more observations of this sort that
are taken, the less the danger will be of straying from the mark (Bernoulls).

Buthe goes on to say that he must contemplate another possibility. Something
further must be contemplated here which perhaps no one has thought about until
now. It certainly remains to be inquired whether after the number of observations
has been increased, the probability is increased of attaining the true ratio between
the number of cases in which some event can happen and in which it cannot
happen, so that this probability finally exceeds any given degree of certainty; or
whether the problem has, so to speak, its own asymptote—that is, whether some
degree of certainty is given which one can never exceed.! Of course, here he talks
about the consistency of the estimator—a concept proven by the central limit
theorem.

Bernoulli recognized the importance of this theorem, writing: “Therefore,
this is the problem which I now set forth and make known after I have already
pondered over it for twenty years. Both its novelty and its very great usefulness,
coupled with its just as great difficulty, can exceed in weight and value all the
remaining chapters of this thesis.”

The Central Limit Theorem for the Bernoulli trials was first proved by Abra-
ham de Moivre (1667—1754). De Moivre was a French mathematician who lived

1 Source: Grinstead and Snell (1997).
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most of his life in England.? De Moivre pioneered the modern approach to the
Theory of Probability, in his work The Doctrine of Chance: A Method of Calculating
the Probabilities of Events in Play in the year 1718. A Latin version of the book
had been presented to the Royal Society and published in the Philosophical Trans-
actions in 1711. The definition of statistical independence appears in this book
for the first time. The Doctrine of Chance appeared in new expanded editions in
1718, 1738, and 1756. The birthday problem appeared in the 1738 edition, the
gambler’s ruin problem in the 1756 edition. The 1756 edition of The Doctrine
of Chance contained what is probably de Moivre’s most significant contribution
to probability, namely the approximation of the binomial distribution (Bernoulli
trials) with the normal distribution. This result is now known in most probability
textbooks as “The First Central Limit Theorem” (presented and proven in this
chapter). He understood the notion of standard deviation and is the first to write
the normal integral (and the distribution density). In Miscellanea Analytica (1730)
he derives Stirling’s formula (wrongly attributed to Stirling) which he uses in his
proof of the Central Limit Theorem. In the second edition of the book in 1738
de Moivre gives credit to Stirling for an improvement to the formula. De Moivre
wrote:

I desisted in proceeding farther till my worthy and learned friend Mr
James Stirling, who had applied after me to that inquiry, [discovered that

c=+/2].

De Moivre also investigated mortality statistics and the foundation of the
theory of annuities. In 1724 he published one of the first statistical applications
to finance Annuities on Lives, based on population data for the city of Breslau. In
fact, in A History of the Mathematical Theory of Probability (London, 1865), Isaac
Todhunter says that probability:

...owes more to [de Moivre] than any other mathematician, with the
single exception of Laplace.

De Moivre died in poverty. He did not hold a university position despite his
influential friends Leibnitz, Newton, and Halley, and his main income came from
tutoring,.

De Moivre, like Cardan (Girolamo Cardano), predicted the day of his own
death. He discovered that he was sleeping 15 minutes longer each night and
summing the arithmetic progression, calculated that he would die on the day
when he slept for 24 hours. He was right!

2 A Protestant, he was incarcerated between 18 and 21 years of age. At age 21 he was pushed to
leave France after Louis XIV revoked the Edict of Nantes in 1685, leading to the expulsion of the
Huguenots.
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12.3 Theory and Applications

12.3.1 WEAK CONVERGENCE

Let us now discuss the weakest form of convergence, the convergence in distribu-
tion, aptly named as such. It is in fact implied by all other types of convergence.

Definition 12.1 (Convergence in distribution (weak conver-
gence)) Consider a sequence of random variables (X,,),>1 defined on probability
spaces (2,,, Foy, P,,) (which might be all different) and a random variable X, defined
on (2, F, P). Let F,(x) and F(x) be the corresponding distribution functions of the
random variables.

The sequence (X,,) =1 is said to converge to X in distribution (written X, N X
or F, = F) if for every point x ar which F is continuous, we have

li)ngo F,(x) = F(x).

Remark 12.2  This type of convergence is different from the types presented in the
previous chapter. Since we only need the convergence of the distribution functions of the
random variables, each of the random variables X,, may live on a different probabiliry
space (2, F,, P,,) and yet the convergence is valid. As functions, each distribution
F, : R — [0, 11, thus regardless of the underlying probability spaces the distribution
Junctions all live in the same space.

However, if (2, Fr, ) = (2, F, P) foralln, then the variables are all defined
on the same probability space. Only in this case we may talk about relations with the
rest of convergence types.

Remark 12.3  There are many notations for weak convergence which are used

. . . . L .
interchangeably in various books. We mention X,, —> X (convergence in law), X,, =

X, x, 2% x, x, 5 x.

W EXAMPLE 12.1

Why do we require x to be a continuity point of F? The simple answer is
that if x is a discontinuity point, the convergence may not happen atx even
though we might have convergence everywhere else around it. We present
a simple example that illustrates this fact.

Let X, be a 1/#Bernoulli(1/7) random variable. That is, the random
variable X, takes value 1/7 with probability 1/7 and the value 0 with
probability 1 — 1/#. Its distribution function is

0, if ¢

<
1, ifr >

’

Fn(t) =

1
n
1
n
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Looking at this, it makes sense to say that the limit is X = 0 with
probability 1 which has distribution function

0, iftr <0,

Fe) = {1, ifr>0.

Recall that any distribution function must be right continuous (Proposition
3.9). So according to our definition the convergence is valid.

However, look at the discontinuity point of F. We have F(0) =
1 # lim, o F,(0) = 0. So if we insisted on convergence holding at all
the points, we would not have it. This is why one excludes these points
from the definition.

There exists a quantity which we know how to calculate and where the isolated
points do not matter. That is the integral of a function. That is why we have an
alternate definition for convergence in distribution given by the next theorem.
We note that the definition above and the next theorem applies to random vectors
as well (X, X taking values in R%).

Theorem 12.4 (The characterization theorem for weak conver-

gence) Ler X, defined on probability spaces (2,, F,, P,) and X, defined on
(2, F,P). Then

X, 2 X

if and only if for any bounded, continuous function ¢ defined on the range of X we
have:

E[¢p(X,)] = E[@p(X)], asn — 00,

or equivalently:

f $(0) dE,(£) = oo / () dF (0.

A function ¢ with the above properties is also called a test function. In the case when
the variables have densities f,(x) andf (x) respectively then convergence in distribution
is equivalent with

[owrwa— [owroa

Proof: We prove here one implication. The other implication, which is much
simpler, uses the boundness of the c.d.f. or p.d.f. and the bounded convergence
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theorem. Suppose that for any bounded, continuous function ¢ defined on the
range of X we have

E[¢(X,)] — E[¢p(X)], as 7 —> 00.

For every & > 0 consider the function

®,.,:R—>R
given by
1, u =t
b, (u) = {0, u>t+e,
u—t

Then @, is continuous and bounded and

limE®,(X,) = ED,.(X).

On the other hand, since
1(—oo,r] = cpt,e = 1(—c>o,t+8]
we have for every n
Fx, (1) < E®, (X))
and
E®, . (X) < Fx(z).
Therefore,

lim sup Fx, (t) < Fx(z)

n

for every ¢ € R. Next, using the function

0, u<t—e,
gt,é‘(u) = 1’ u =t
1 — =t t—e<u<t

one can similarly prove that

liminf Fy (£) > Fx(r — ¢).



378 CHAPTER 12 Limit Theorems

Letting € — 0, we obtain

lim Fy (£) = Fx(z)

for every # such that Fy is continuous in .

Corollary 12.5 As an immediate consequence of the previous theorem and the
Jact that composition of continuous functions is continuous, we have the following: If

X, B x and g is a continuous function, then g(X,) 2 2(X).

Remark 12.6  The continuity theorem below (Theorem 12.7) gives a criterion
Jor weak convergence using characteristic functions. The result of the theorem is very
useful and explains the main reason why we use characteristic function.

Theorem 12.7 (Levy’s continuity theorem) Zlet X,,n > 1 and X be
random variables with characteristic functions ¢,,, n > 1, and @, respectively. Thus:

1. If X, — X in distribution as n — 00, then
@u(t) —> ¢(2)

Joreveryt € R asn — oo.

2. If,(t) —> @(z) for every r € R and @ is continuous at zero, then X, Bx in
distribution as n — Q.

Proof: Part 1 follows directly from the de definition of convergence in distribution
since the function "™ is a bounded continuous function of x for every t. The proof of
the second part utilizes the Levy inversion formula (Proposition 8.16). We omit the
details. [ |

The following proposition formally states that the convergence in probability
(and thus all the others) will imply convergence in distribution. That is perhaps,

the reason for the name “weak convergence.”

Proposition 12.8  Suppose that the sequence of random variables X, and the
random variable X are defined on the same probability space (2, F, P).

IF X, 2> X, then X, —> X.
Proof: Suppose that for every ¢ > 0 we have
P(|X, — X| > €] = P{w : |X,(w) — X(w)| > &} —> 0, as n — Q.

following the definition of convergence in probability.
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Let F,(x) and F(x) the distribution functions of X,, and X. Then we may

write

F,(x) =PIX, <x] =P[X, <x, X <x+¢]
+PX, <x, X>x+¢]
<PX<x+4+¢el+PX,—X<x—XX—x>c¢]
=Flx+e)+PX,—-X<x—Xx—X< —¢]
<Flx+¢e+PX,—X< —¢]
<Flx+e&+PX,— X< —¢]+P[X,—X> ¢]
=F(x+e¢e) +P[X, — X| > ¢].

We may repeat the line of reasoning above by starting with F and replacing x
above with x — ¢, that is,

Flx—¢&) =PX <x —¢]

P X <x—6X,<x]+PX <x—¢X,> x|

PX, <x]+PX—-X,<x—¢e¢—X,,x—e—X, < —¢]
EF,(x)+PX —X, < —¢]

F,(x) + P[|X, — X| > &].

IAIAIA

Combining the two inequalities, we obtain
Flx —¢&) —P[lX, —X| > €] < F,(x) < F(x +¢&) +P[|X, — X| > ¢].

Now let # — 00 and apply liminf and lim sup separately to it. We use
the lim inf and lim sup since we don’t know whether the limit exists. From the
hypothesis we get

F(x —¢) <liminf F,(x) < limsup F,(x) < F(x + ¢).

n—00

Recall that we are only interested in x the points of continuity of . Since x
is a point at which F is continuous, by taking € | 0 we obtain F(x) in both ends
of inequality and we are done. |

In general, convergence in distribution does not imply convergence in prob-
ability. We cannot even talk about the implication in most cases since the random
variables X, may be defined on totally different spaces. For example, X, may be
counting the total of ones in an experiment where at every 7 even we record 1 if
a head shows up when tossing a coin, and for 7 odd we record 10 if we win at a
game of baccarat.



380 CHAPTER 12 Limit Theorems

However, there is one exception. The constant random variable exists in any
probability space. Suppose that X (w) = ¢ a constant. In this case the convergence
in probability reads

lim P[|X, — ¢| > ¢] = 0,

n—oo
and this statement makes sense even if each X, is defined in a different probability
space.

D . P
Theorem 12.9 If X, —> ¢ where c is a constant, then X, —> c.

Proof: If X(w) = c—in other words, the constant ¢ is regarded as a random
variable—its distribution is the distribution of the delta function at ¢, that is,

0, x <cg,

P[X <x] =1 00)x) = {

1, X > C.
We may write

PllX,—¢c|>¢]=PlX,>c+e]+P[X, <c—¢]
=1—-PX,<c+el+PX, <c—e¢]
<1—F,(c+e&+F,(c—e).

By hypothesis the distribution functions of X,, (F,) converges to this function at
all x = ¢ (the only discontinuity pointis ¢). So, taking #» — 00, we obtain that the
limit above is zero for all € > 0. Done, since this is the definition of convergence

in probability. |

Finally, here is a fundamental result that explains why even though the weak-
est, paradoxically convergence in distribution (or law) is also the most remarkable
convergence type.

Theorem 12.10 (Skorohod’s representation theorem) Suppose

X, 2, X. Then, there exist a probability space (', F , P') and a sequence of random
variables Y, 'Y, on this new probability space, such that X, has the same distribution
as Y,, X has the same distribution as Y, and Y,, — Y a.s. In other words, there is a
representation of X, and X on a single probability space, where the convergence occurs
almost surely.

Thus we can represent the random variables with the same distributions on
a particular space, and in that space the convergence is almost sure.

. D D . .
In general, if X, — X and ¥, — Y, it does not necessarily mean that

(X,, Y, N (X, Y). Recall that the convergence in law is characterized by the
distribution and so what we see above directly relates to the fact that knowing
the marginals does not tell me anything about the joint distribution unless the
variables are independent.
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However, for the convergence in probability, this is in fact true. Specifically, if
X, N Xand Y, LN Y, then we have to have (X,,, ¥, LN (X, Y). This result

is easy to prove since we may write

P((X, Y,) — (X V)| > &) =P((X, — X)* 4+ (Y, — V)’ > &%)
<P(X,—X|>e)+P(V, - Y| >¢),

and both terms on the right go to zero because of the individual convergence.
However, just as in the case of convergence to a constant presented above,

we have an exception and this is quite a notable exception too. The following

theorem is one of the most widely used and useful in all of probability theory.

Theorem 12.11 (Slutsky’s Theorem) Suppose thar {X,}, and {Y,}, are

. D D .
two sequences of random variables such thatr X,, = X and Y, — ¢, where ¢ is a
constant and X is a random variable.

Suppose that [ R? — R is a continuous Sfunctional. Then

£, V) 3 £ o).

Proof: We shall use the Characterization Theorem for convergence in distribution
(Theorem 12.4) throughout this proof. We will also use the Proposition 12.12
stated below. That proposition shows that the limit in distribution is the same for
any two sequences that have the same limit in probability:

We start by showing the weak convergence of the vector (X, ¢) to (X, ¢).
Specifically, let ¢ : R? — R be a bounded continuous function. It we take
2(x) = @(x, ¢), then g is itself continuous and bounded and using the Theorem
12.4 we have

E[¢(X,, 0)] = E[g(X,)] — E[g(X)] = E[¢(X, 0)],

where we use the bounded convergence theorem for the convergence of the
expectations. o

By the representation theorem, we obtain that (X, ¢) — (X, ¢). Next we
have

D
(X, Yo) — (X O = 1Y, —¢c| — 0
D

because Y, — ¢. However, from Theorem 12.9 we also have

X, ¥,) — (X, )] = 0.

Finally, using the Proposition 12.12 we immediately obtain that

X, ¥,) = (X, o).
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Thus, according to Theorem 12.4 we have
E[¢(X,, V)] — E[¢p(X, c)],

for every continuous bounded function ¢. Nowlet ¢ : R — R be any continuous
bounded function. Since f* in the hypothesis of the theorem is a continuous
functional, then ¥ o f is continuous. It is also bounded since ¢ is bounded.
Applying the derivation above to ¥ o f, we obtain

E[y o f(X,, ¥,)] = E[y o f(X o)],

which, once again using Theorem 12.4, proves that f(X,, V,) 3 fX o). |

Proposition 12.12 Let X, and Y, be two random sequences such that X, N X

P D ) )
and | X, — Y,| —> 0. Then, we must have Y, —> X. The conclusion holds even if’
the two sequences are random vectors.

. P . Cg
Proof: Note that if |X, — ¥,,| —> 0, then it also converges in distribution, and
therefore by the weak convergence characterization theorem (Theorem 12.4) we
have for any continuously bounded function g:

/ () dFy, . () — / 21810y (d) = g(0),
]Rd R‘[

where 8o is the delta measure at 0 and we used the definition of this particular

measure to obtain g(0) at the end. In fact, owing to this particular measure, the

same conclusion applies if R? is replaced with any interval in R“ containing 0.
To recall the Dirac delta measure, this is a measure denoted 8y, defined on

R? and the attached Borel o-algebra for any constant 2 € R?. The measure of
any set 4 in the Borel sets (4 € B(R?)) is defined as

1 ifa €A,
da=10 i, ¢ A.

This is a proper probability measure. If a variable (the constant #) has this distri-
bution, we have

E[ﬂ] = / xg{ﬂ}(&ix) =4a,
Rd
which confirms the obvious property of the expectation of a constant. However,

since now it is a properly defined random variable, for any measurable function
g we can define the random variable g (). This will have the expectation

¢(@) = Elg(@)] = / )80 (),
Rd

which is just the property stated above. Now let us return to the proof.
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Let x a continuity point of Fx(x). We may write
,=X,+(Y,—X,)
and therefore we can calculate the distribution of Y, as a convolution:

Fy,(x) =P(Y, <x) =P, + (¥, — X,) <x)

= / Fxﬂ(x — S)dFYn—X,,(S)-
R4

The function Fy (x — s) is bounded but not necessarily continuous at x — 5. How-
ever, since Fy is continuous at x we may find a neighborhood of 0, say denoted by
U, such that Fx(x — s) is continuous forany s € U.Ifs ¢ U, then Fy,_x (s) may
be made arbitrarily close to a constant (either 1 or 0) and thus the integral may be
made negligible. Finally, using the characterization of convergence in distribution
and picking the particular function Fy, as g, we may write

Fy (x) = / Fx (x — s)dFy,_x (s) — / Fx(x — )80y (ds) = Fx(x).
U U

Since x was an arbitrary continuity point of Fy, using the definition we conclude

v, 25 X. n

B EXAMPLE 12.2

With the hypothesis stated in Slutsky’s theorem (Theorem 12.11), let

D D ) . .
X, = X and Y, — ¢ where ¢ is a constant and X is a random variable.
Now take

f&n V) =X+ Y,
and
g, ¥) = X, Y,
Applying the theorem, we immediately obtain
X+ Y, 5 X+
and

XY, 3 X
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12.3.2 THE LAW OF LARGE NUMBERS

In this part we will give several variants of the law of large numbers.

Let us start with the following, so-called weak law of large numbers (WLLN).
The law says that the empirical mean of a sequence of independent r.v. with
common expectation converges in probability to the common expectation. It is
called weak since the convergence is only in probability.

Theorem 12.13 (WLLN) Let Xy, ..., X,, ... be a sequence of independent
random variables with common expectation EX = . For every n > 1 denote S,, by

Sy =X 4+ X,
Then

> 8) — 00 0
Jor every € > 0.

Proof: The proof follows from the Markov inequality (Proposition 14.1 in
Appendix B) since

1{< 1
(i) )2

> (X — EX))
=1
1

= EE(XI — EX)*

1 2
= ZE(XI - M) 5
ne

2

and this clearly converges to zero when 7 — 00. Note that we do not need the
variables to have the same distribution, only be independent and have common
mean and variance (which needs to be finite). [ |

The next result uses a stronger hypothesis (identically distributed random
variables), but it has a stronger conclusion. The result is called the strong law of
large numbers (SLLN).

Theorem 12.14 (SLLN) Let Xy, X;, . .. be independent identically distributed
random variables. Suppose that X; are integrable and denote by | the common expec-
tation. Then, with S, = Y __, X; we have

1
=S, = i almost surely and in !
n

We will actually write the proof of the theorem in several steps. The first step
is to prove the SLLN in the stronger hypothesis when the random variables X;
have a fourth moment which is finite. We will relax this assumption in the later



12.3 Theory and Applications 385

results. Please note that the mean p being substituted by 0 is no restriction; in
fact, replacing the original random variables X; with ¥; = X; — u and proving
the results for ¥; with mean 0 will automatically give all the results for X; with a
general (.

Proposition 12.15 Let X1, X, ... be independent identically distributed ran-
dom variables such that there exists a constant K > 0 with

EX, =0 and EXZ-4§K Jor every i > 1.

1
P(—Sﬂ — O) =1
n

Sy
lim =2 = 0in L%
n—>00 7

Then,

and

Proof: We note that since the fourth moment is finite, we must also have
EX? <00 and EX’ < co.
Then, by using the independence of X;, we have
EX:‘X}a = EX.X,X] = EX.X.X.X; =0

for all distinct indices 7 j, 4, /.
Therefore, after expanding the sum, we obtain

ES! =E ZX ZX ZX,? E:X/

i=1 j=1 k=1

ZX,( +6 Z X x?

i<jiij=1
= Y E[X/] +6 Z E[)gz)gz]. (12.1)
k=1 i<jsij=1

Next, we bound the expectation of the second sum above (clearly the expectation
of the first sum is less than K#). Using the independence and the Cauchy—Schwarz
inequality, we can write for every i < j

E XiZX}Z —E XZ-ZE ij
1 1
4\2 4?2
= (EX)’ (EX')

< K (12.2)
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Relations (12.1) and (12.2) imply the following bound:

ES! < nK + 3n(n — 1)K < 3Kn* (12.3)
n(n—1)

2
(12.3) immediately implies the Z* convergence of S; to zero since

S\ 1 K 3n—DK 3K
o(5) - g K 00K 0K
n n4 n3 n3 n?

(we used the fact that there are terms in the second sum over 7 ;). Relation

as 7 — 00. In order to obtain the almost sure convergence, we use again (12.3)
and we form the series

S\ SO\ 1
E E (7;) = E 13<;;) < 3K'E ;E < Q.
n>1 n>1 n>1

Since the expectation of the random variable is finite, we must have the random
variable finite with the exception of a set of measure 0 (otherwise the expectation
will be infinite), hence

4
2(5_> <o as
n>1

But a sum can only be convergent if the term under the sum converges to zero.
and thus

S 4

— — 0 a.s.,

and immediately S,/7 — 0 almost surely. |

There exists a useful variant for uncorrelated random variables—that is, ran-
dom variables such that Corr(X;, X;) = 0 for all 7 # j, but which are not neces-
sarily independent.

Proposition 12.16 Let X1, X;, ... be random variables with the same distri-
bution. Assume that they are square integrable and denote by

n=EX
and
o’ = Var(Xy).
Suppose that for all indices i # j, we have
Cov(X;, X;) = 0.
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1 Sn a.s.
Pl-S5,—>0)=1, or — —> .
n n

Proof: Again, we can assume without loss of generality that = 0. Recall that
once we prove the result for u = 0, we can obtain the same result for a general
by considering the random variables ¥; = X; — .

Set

Then

Ly = sup X1+ -0+ Xkl
1<k<2m+1

We claim that it suffices to show that

S
lim — =0 a.s. (12.4)
m—00 7
and
Zn
lim — =0 (12.5)
m—00 1y

to prove the theorem. Indeed, this holds because of the inequality

Sn ‘ Zm(n)

n m(n)?

9

< Sm(n)Z
m(n)?

where m(n) is the integer such that
m(n)® < n < (m(n) +1)°.

We next prove that relation (12.4) is true. Using Markov’s inequality, we
obtain
2
P % > e < i
m = = 22

ZP(%) < oo.

Since the sum of probabilities is finite, the relation (12.4) is obtained by applying
the first Borel-Cantelli lemma.
Next we show that (12.5) holds. We set

and therefore

ﬂ/:n =X+ -+ X2tk
We have

Z 2m+1
P(-”z’ > s> < > (| = m’e)

k=1
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and

Q2m + 1)o?

P(la)'| = m’e) < iz

m

again using the Markov’s inequality. Therefore
L
ZP — =z &) <00,
m

and finally the relation (12.5) follows from the same application of the first Borel-
Cantelli lemma. u

The following inequality is sometimes referred to as the Kolmogorov
inequality.

Lemma 12.17 Let Xy, ..., X, be centered (mean 0) independent r.v.5. Set
S =X+ +X,
and denote by s, the variance of S,. Then
PEke(l,....n), S| > 1) <57
Proof: Left as an exercise. [

The next result is the so-called Kronecker’s lemma.

Lemma 12.18 (Kronecker’s lemma) Let (b,) be an increasing sequence of
strictly positive real numbers diverging ro infinity, that s,

lim 4, = oo.
n—00

Let (x,) be another sequence of real numbers, and denote
5n=x1+"‘+xnv

the partial sums formed with the sequence (x,,). Then, if
TE o
n b” ’

we have that

Proof: The first step is to prove the following result about real numbers, known
as the Césaro’s lemma. If 4, is a sequence as in the theorem with 4y = 0 and v,
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is a sequence converging to a finite limit denoted v, then

T Z (b — be—1)ve = voo (12.6)
k=1

To prove (12.6), we take € > 0 and we find an V such that
Vp = Uso — &

forall #> N. Such an V exists from the convergence of v, to v. Then, for any
n > NN, we obtain

n N
1 1
limninf 5 /;—1 (bp = bp_)vp = limninf(b—n E_ (b = bp—1) vy

to Z br — by 1)%)

" k>N
zliminf(b Oy + =9 Z(bk b 1)
" ” k>N
=04 v —¢

Similarly, by picking an M such that v, < v + €, we obtain

hmsup— Z(bk bp_ 1)y < Vo + €
7 =1

and (12.6) follows. Next, define

U, =

a~
1)

By hypothesis, we know that
Uoo = lim u,
n
exists and we have

Xn
Up — Up—1 = b_s or x, = bn(”n - un—l)-
n

Since

Z Z b — wi—1)

k=1

= b, — uoby — Z(bk — e,
kf
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we deduce from (12.6) that

— — 0.
[ |

In the next step we prove the strong law of large numbers under a certain
hypothesis on the variance.

Proposition 12.19  Let (W,,),>1 be a sequence of centered independent random
variables and denote

crﬁ = Var(W,) < oo.
Assume that

o,
—2<OO.

n>

Then

N
lim—E W,=0 as.
n n

k=1

Proof: For every n > 1, let us denote X, by
W,

n

X, =

These X, are also centered (mean zero); and using the property of the o,,’s, we
obtain

Z Var X, < oo.

Set
S,=X,+---+X,.

The proof of the theorem is done in the following steps. The form of the proof
is done this way on purpose. Rarely, one proves a theorem the way it is presented
in books or journal articles. Typically, one reduces the problem to prove to a
(hopefully) simpler problem. The structure below presents this idea in a sequence
of steps.

Step 1. In order to get the result about W;’s, it suffices to show that S,
converges almost surely.
Indeed, if S, converges a.s., then we apply Kronecker’s lemma
with 6, = n and X, = x,, and the result about W, will follow.
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Step 2. To show that S, converges almost surely it is enough to prove that
for every € > 0

lim P(3m, n > ny, |S, — S| > ¢€) =0.

ny—> 00
Indeed, suppose that we showed that the above limit is zero. We have

P(3e > 0,Vny, Am, n > ngy, |S, — S,,| > &)
< Y P(Muo,3mon = my, |S, = Sl > ©)

eeQt

and using the Cauchy criterium of convergence for sequences, it is
enough to show that

P(Vny, Am, n > ng, |S, — S,,| > &) = 0.
However, the probability above may be written as
P(Vng, Im, n = no, 1S, — S, > &) =P(N4,,),
where the set is
Ay = @n,m > ny, |S, — Sl > €)

Note that these sets form a decreasing family of events (4,, 2 4, if
m < n). Therefore, since the intersection is empty,

P(Vny, Am, n > ny, |S, — Syl > €) = lim P(4,,) = 0.

ny—> Q0
Step 3. We prove that
&
P(3k € (mo, o), 1S, = il > 5 ) = P@m.n =m0, 1S, = Sul > ).

and therefore if we show that the probability on the left converges
to zero, so will the probability on the right.
Using the triangle inequality, we can write

A, | (|5 Sl > -).

m=>ny



392 CHAPTER 12 Limit Theorems

Step 3 is now obtained since the sequence of events

Bo= U (15=5u1>3)

m>k>ng

is increasing.

Step 4. We conclude the proof. By the Kolmogorov’s inequality
(Lemma 12.17), we have

P(Elk € 0y ey )y S0 — Sl > ;)
< 4V6ZV(X”0+1 + - +Xm)

g2

4 m
=3 Z Var(Xy).

k=ny+1

To conclude the proof, we take the limit when 7 — 00 and then
when 79 — 00. [ |

The proof presented above can in fact be extended to a more general context.
Specifically, the sequence 7 can be replaced by any 4, sequence increasing and

diverging to infinity.

Proposition 12.20 Let (W,,),>1 be a sequence of centered independent random
variables and denote

orﬁ = Var(W,) < oo.

assume that

where a, is a sequence of positive real numbers that increases ro infinity. Then

N
1

li —E W, —EW; =0 as.

1'Iind”/efl ' 1 S

Proof: The proof follows the lines of the proof of Proposition (12.19). [ |
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In the case when the variables are i.i.d., we obtain an interesting consequence.

Corollary 12.21 IfX,, n > 1 are centered i.i.d. square integrable r.v.5, then

S

Jatnnp O

almost surely for every 8 > %
Proof: It suffices to apply Proposition (12.20) to the sequence

a, = k2 (Inn)?.

To prove the general version of the strong law of large numbers, we need
another auxiliary results (Kolmogorov truncation lemma).

Lemma 12.22 (Truncation) LetXi,Xs, ... be independent identically dis-
tributed random variables. Assume that X is integrable and let i = EXy. Define the
truncation of X, up to n as

Y, =X 1(x,1<n)-

Then
1.
EY, — u.
2.
P(X, =Y, except a finite number of n ) = 1.
3.

Z(@”ﬂ) < 0.

n
Proof: Let us consider the variables
Zy = X1 1qx,12m)-

Since the variables have the same distribution, the law of Z, is the same as the law
of ¥, and therefore E[Y,] = E[Z,]. However, the Z, sequence defined above all
in terms of X; converges almost surely to X; when » — 00. We also note that

E|Z,| = X1, Vn > 1.
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The dominated convergence theorem imply that .
EZ, — E[Xi]=pn

But since Y, and Z, have the same distribution, part 1 follows.
Next,

D P, #Y,) =) P(X,| > n)
=Y _P(x]>n
=Y E(Ljx-n)

:E(Z 1{X]>n}>
=E[ > 1

{IX11>n}
< E|X1| < OQ.

Thus
> P, +Y,) < o0

and the Borel-Cantelli lemma gives the conclusion of part 2.
For part 3, set

1
f@= 3 —.
n=>sup(l,z)

It is not difficult to show that

2
f(z) < ——— for every z. (12.7)
sup(1, z)

Moreover,

Vary, X 121 <n
Z ar EZ%#:E(XIZJFGXID)

712
n

and using (12.7), we get

VarY,
Y =2 < 2EX| < oo.
n
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Let us finally give the general version of the strong law of large numbers.

Theorem 12.23 Let X1, Xz, . .. be independent identically distributed random
variables. Assume thar Xy is integrable and let @ = EXy. Then

1 a.s.
=S, — .
n

Proof: To prove this result we will use the above Kolmogorov truncation lemma
and a version of the strong law of large numbers with a condition on the variance
(Proposition 12.20). Set

Y, = X1y x, 1<)

Then, by the part 2 of the previous truncation lemma, X, = Y, except for a finite
number of #’s. Therefore,

1 1 &
lim — Y, — - X, =0a.s. .
Jim =Y Ve— ) X =0as
k=1 k=1
By the above relation, it is enough to show that
li Ly Y, =
fim 5 2 Y=
k=1
We have the following decomposition of this sum

1 o 1 « 1
lim—E Ykzlim—g EYk—I-—E (Y, — EYp).
n—0o0 71 n—>0o0 7 n
k=1 k=1 k=1

The first point in the Kolmogorov truncation lemma implies that
EY, — u

and then by Césaro’s lemma we have

1 n
lim — = L.
Jlim, o DBV =
k=1
It is sufficient to show that the term

1 n
- (Y —EYp)
n

k=1

converges to zero almost surely when 7 goes to infinity.
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To show that this term goes to zero, we apply Proposition 12.19 and once
again the Kolmogorov truncation lemma. To apply these results, we note that the
random variables W, = Y, — EY}, are centered i.i.d. and

Var(W3,) = Var(Y,).
|

Finally, we conclude this section by showing that the convergence of S,,/7
also holds in L' sense. To prove this claim, we need the Sheffé’s theorem stated
next.

Theorem 12.24 (Sheffé’s theorem) [f (X,),>1 is a sequence of random
variables such that X,, € L' for every n, X,, > 0 for every n and X,, — ,,—.00 X almost
surely where X € L. Also assume that EX,, — 0 EX, then

X, —>, X inL'.

We are now in position to give a proof that the Law of Large numbers hold
in L' as well. The proof is due to Etemadi.

Theorem 12.25 Ler X1, Xa, . .. be independent identically distributed random
variables. Assume that X, is integrable and ler @ = EX;. Then

1
=S, — inL'.
n

Proof: For an r.v. Z, we denote for an outcome w
Z" () = max(Z (), 0)
and similarly
Z"(0) = max(=Z (), 0).
Then, we clearly have
Z=zt-Z".

Apply this notation to our sequence of i.i.d. random variables and consider
the sequence of i.i.d. integrable r.v.’s (X'1),. Then form its partial sum S, =
%(XCL + -+ X1). We know that

S: — EXlJr a.s.

since the variables are integrable (being positive) and using Theorem 12.23. Also,
ESH = EXIJr < oo for all n. Therefore, Sheffé’s theorem (Theorem 12.24) says
that the convergence of S to EX;" also holds in Z!. Repeating the argument for
the sequence X, and combining the two results provides the proof. |
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The next theorem provides the strongest form of the Law of Large Numbers
(under the weakest hypotheses).

Theorem 12.26 Let {X,},, n > 1 be a sequence of pairwise independent, iden-
tically distributed and integrable random variables. Then

1
—Sn —> EX1 a.s.
n
Proof: Without loss of generality, we can assume X; > 0 for every i (otherwise,
we can prove the result for X;" and X, and the general case will follow). Let
Y = Xilxi<i

and let

i=1

Fixan e > 0 and an o > 1, and let 4, = [@”] denote the integer part of o” (the
biggest integer smaller that &”). Throughout the proof, C will denote a generic
positive constant that may change from line to line. Since we are interested in
convergence, the constants will not influence the conclusion. Let

w = Py, the distribution of X;.

Recall that all random variables have the same distribution so the subscript 7 is
not needed. Then
VarS

>r( " scy T =CY g > v

n>1 n>1 n>1 ” i=1

Bl eyl /xu(dx)

i>1 i>1

-y 2/

i>1

1 k+1 5
=CY ) e

k+1
SCZ/ xpu(dx) = CEX] < o0.
k

k+1

On the other hand,

ES;
lim —= p —hmY _l1mf xu(dx) = EXq

n n
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and therefore Borel-Cantelli lemma allows us to conclude that

*

S/e
lim /e_ = EX; a.s. (12.8)

n n

Now, since P(X,, # V,) = P(X, > n), we can write

D P, # V) =) P, > n)

n=1 n>1
00 © > i+1
=3 RS 30 3 AICS
n>1Y" n=1 i=n "’

and by changing the order of summation, we obtain

00 i+1
S g v =Y [

n>1 i=1

< E.X1 < OQ.
Again, we apply Borel-Cantelli and we obtain
P(X, = Y, except a finite number of #’s ) = 1.

This relationship together with (12.8) gives

S
lim % = EX; a.s.

For every n > 1, consider m(n) > 0 such that
/em(n) <n= km(n)+1-

Obviously such m(n) exists for given 7. Since the function » — S, is increasing
(because the X; are positive), we can write, with probability one,

km(n)

Sk
liminf =% > lim inf —22
n n n m(n) km(n)«l»l
Sy 1
lim = = ZEX; < 00.

1
> —
o n /em(n) o

In the same way, we obatin
. Sy
limsup — < oEXj.
.
Thus, with probability one, we have
1

N Sy
—EX; <liminf — <limsup — < ¢EX].
o non n N
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Taking into account that & > 1 is arbitrary, we get the conclusion by taking the
limit o — 1. u

The strong law of large numbers gives immediately the almost sure conver-
gence of the characteristic functions.

Proposition 12.27 Let Y}, k > 1 be a sequence of random vectors in RY, iid,
with characteristic function

o(u) = B¢/ 1), ue R

Then the empirical characteristic function
1 n
0n(u) := — ZE6’<”’Y’“), ueR?
n
k=1

converges for every u almost surely to ¢(u).

Proof: To obtain the result, we apply the Law of Large Numbers (LLN) to the

random variables
X = cos((u, 1))
and
X, = sin((u, Y2)).
[ |

Remark 12.28 [n fact, since the characteristic function is bounded, the proposition
above is a consequence of the LLN for bounded variables.

Applying the strong LLN in the case of Bernoulli random variables, we obtain
the so-called strong law of large numbers for frequencies.

Corollary 12.29 Let X, n > 1, be a sequence of i.i.d. Bernoulli distributed r.v.s
with parameter p € (0, 1). Then

1 n
;;Xl —p a.s.

Proof: We apply the LLN and we note that EX; = p. [
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W EXAMPLE 12.3 Coin tossing

Let us consider the special case of tossing a fair coin 7 times and let S,
denote the number of heads that turn up. Then the random variable S,/ 7
represents the fraction of times heads show up and will have values between
0 and 1. The LLN predicts that the outcomes for this random variable will,
for large », be near 1/2.

B EXAMPLE 12.4

Consider 7 rolls of a die. Let X; be the outcome of the jth roll. Then

construct
Si=X1+- -+ X,
Since each roll is independent of any other one, we obtain
EX; = EX| = g for every ;.

By the LLN,

=35 a.s.

—

Sn
n

SN

B EXAMPLE 12.5

Suppose that we choose at random 7 numbers in the interval [0, 1]. Let us
denote by X; the ith choice. Then X, i =1, ..., n, are independent r.v’s,
each uniformly distributed on [0, 1]. Thus

1 1
EX,= - and VarX, = —.
2 12
Asusual, let S, = X; +--- + X,. Then

S, 1 S, 1
E(—)=- and Var|—)=—.
7 2 n 12n

The LLN says that S,/ 7 converges to 1/2 almost surely.
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12.4 Central Limit Theorem

The second fundamental theorem of probability is the Central Limit Theorem
(CLT). This theorem says that if S, is the sum of 7 independent random vari-
ables, then the distribution function of S, is well-approximated by the Gaussian
distribution.

The theorem was first stated in the context of the Bernoulli random variables.
It was soon proven for general random variables. We will discuss the theorem in the
case when the individual random variables are identically distributed. However,
the theorem remains true, under certain conditions, even if the individual random
variables have different distributions.

Theorem 12.30 (Central Limit Theorem) Lez X, X;, ... be asequence

of i.i.d. random variables with finite mean | and finite nonzero variance o*. Let
S, =Xi+---+X,. Then

S, —
”2” 2, N0, 1).

no

. . v o & .
Equivalently, if we denote X = >, we may rewrite

X—u »p
oI — N(0, 1).

Proof: We first reduce the proof to the case when the random variables in the

i.i.d. sequence have mean 0 and variance 1. To this end, let ¥; = )% Also, let
T, =", Y;. This gives in terms of the original S, and X;:

i&—M_ZXi—nu_Sn—nu
o o o

T, =

i=1

Note that, as promised, the new variables Y; in the sequence are i.i.d. mean zero and

variance one. Due to this reduction, if we prove that that 7,,//n 2N (0, 1),
then the CLT would be demonstrated.

With this idea in mind, let Y} be i.i.d. random variables such that E(Y;) = 0
and Var(Y;) = 1. We need to show that

T, - D
=—)Y Y, — N(0,1).
7 I; 0, 1)

The next idea is to use the Continuity Theorem (Theorem 12.7) and show
that the characteristic function of 7,,//7 converges to the characteristic function

of the N (0, 1).
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Let us calculate the characteristic function of % We denote by ¢(z) the
characteristic function of any of the ¥ variables.

70 = Prisy, (%f) B (‘p (\/LW))
S T R (o))

where we used the Taylor expansion of the function ¢(#) around 0. We can do
this since the characteristic function is well-behaved around zero, and for an #
large enough the term #/./7 becomes sufficiently small.

Furthermore, the terms within parentheses are

@(0) =1,
and

d ) ,
¢'(r) = —E[e"] = iE(V1e™),
At

which gives ¢/(0) = /E[Y;] = 0. For the second derivative, we have
¢ (r) = FE[Y2e™].
Therefore,
¢"(0) = PE[V]] = —1.

Thus, substituting these terms, we obtain

£2 2\
nt)=1—— —
(pﬁ() ( 2n+0<n)>

t

The above sequence converges to ¢~z as 7 goes to infinity, which is the charac-
teristic function of a N (0, 1).

As a result, we obtain @7,/ /(#) — @n.1)(#) and therefore applying the
Continuity Theorem (Theorem 12.7), we obtain

o

T,/n 2 N@©,1),
This concludes the proof of the CLT. [ |

There is one weak point in the proof above. Note that to calculate derivatives
of the characteristic function we had to switch the order of the derivative and the
expectation. Is this even possible? The next theorem shows that exchanging the
order is avalid operation under very general conditions. In particular, the exchange
of derivative and integral is permitted in any finite measure space, provided that
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the result after the exchange results in finite integrals. In our case, this is perfect
since both conditions apply.

Lemma 12.31 (Derivation under the Lebesgue integral) Lesf : R x
E — R, where (E, oK, P) is a finite measure space such that:

(1) Forallt € R fixed, x — f(t, x) : E — R is measurable and integrable.

(1) For all x € E fixed; t — f(t,x) : R — R is derivable with respect to t and
the derivative is fi o(¢, x), a continuous function. Furthermore, there exists a g
integrable on (E, cK, P) such that

fiolt,x)| <glx),  Vr

Then the function
At) = /f(t, x) dP(x) = E[f (¢, X)]
is derivable and its derivative is
HK'(t) = /ﬁ,o(t, x) dP(x).

Proof: We have

K+ h) — K¢
h

By the Lagrange theorem (mean value theorem) we continue:

1
N Jirte b0 = . nape)

= /fl,o(t + 0h, x) dP(x)

for some 6 € (0, 1).
Now if we let 4 | 0 and we use the continuity of f] ¢, we obtain that

S0t +6h,x) = fi0(z x).

Further use of the dominated convergence theorem provides the result we
need. |

We state a “local’” variant of the CLT.

Theorem 12.32 Let X, n > 1 be centered (mean zero) i.i.d. random variables
with variance equal to one. Suppose that the common density g\ is integrable. Denote by
@ the common characteristic function. We assume that this function is also integrable.

Then, the density function g, of
1

U, =
Jn

X+ + X))
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exists and satisfies

Zn(x) —

uniformly with respect to x € R.

Proof: Note that this theorem is identical with the one above except is in the
specific context when the variables have densities (¢1). We will only give the main
line of the proof. We do this theorem since the proof is different than the previous
one. We leave the details to the reader.

Step 1. One can prove that g, exists and satisfies

Z(x) = /n(g % -+ x g1) (%)

The symbol * means the convolution of the functions.

Step 2. Let ¢, be the characteristic function of U,,. The next step is to show
that

l' n
u(t) = w<ﬁ>

and then that
gn(v") 2 / ¢n(z)dl-
7 R

Step 3. It follows that

lp()] < 1 ifr #0.

The inequality above may be proven by reduction to absurd. Assume
that there exists a # such that the above is not true, put () = ¢*,
and regard the real part of the Fourier integral that defines ¢(0) —
ez’ot — ;.

Step 4. Show that there exists a § such that

lo(z)] < 73"

for |¢] < 8. To show this, one can use the inequality 1 — ¢ < e77,

which is true for every ¢ € R.
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Step 5. The next step shows that for every 2 > 0 we have

t n_) _%tz
i e
\ 7

uniformly on ¢ € [—a, a].

Step 6. Show that
1 1. 1
Gnlx) — ——e | < —/
2 2r R

Step 7. Show that

/asrlséﬁ

when 2 — oo.

(p(i)" _ i

NZ

*° 12
dth/ 207174t — 0
a

Step 8. We study the integral 7, over the region |¢| > §./7. Set

n=sup ()| < 1.

[t]>8
Show that
t 1.2 t 1.2
o(—=)"—e7 2" | dr < n”_1/ o(—=)|dt + 2/ e 2 dr — 0.
/r|>6ﬁ Vn ®| N7 8y/n
Step 9. Conclude. |

Remark 12.33 By adapting the previous proof, we can show that the conclusion
holds for d-dimensional random variables as well.

@ EXAMPLE 12.6 Estimate the value of an integral
Suppose we want to estimate the integral
I = [ (x) dx,
[0,114

where " : [0, 117 - R.

To thisend, we take {U1, Us, ..., U, ... },asequenceofi.i.d. U[0, 114
d-dimensional random vectors, with all components uniform on [0, 1]. We
form the sequence

L= 1),

i=1
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By the LLN, if /" is integrable, then we have
I, > I = Ef(U)
and by the CLT; if /2 is integrable, then we obtain

S, — ) 2> N(0, 0?),

where

2
02=/ f(x)zdx—< f(x)dx) .
[0,1)4 [0,1)4

Remark 12.34  Since the result is about convergence, an obvious question is: How
large n should be to get a good approximation? In practice, spanned from medical
application the n is typically chosen greater than or equal to 30, but this is too simple
an answer. A fuller answer is that it depends on the shape of the population, that is, the
distribution of X;, and in particular how much it deviates from the normal density.
If the distribution of X; s is fairly symmetric even though non-normal, then n = 10
may be large enough. If the distribution is heavily skewed (i.e., one long tail), n = 50

or more may be necessary.

@ EXAMPLE 12.7 Normal approximation of the binomial
distribution

Let X; be i.i.d. Bernoulli random variables distributed with parameter p. In
other words, X; is the outcome of a single Bernoulli trial, that is,

PX;=1=p and PX;=0)=1—p.
Then, the sum

is a binomial random variable with parameters 7 and p, X ~ Binom(n, p).
Denote
- X
==

n
As an immediate consequence of the CLT, for large 7# we have

X~N(p,p(l_‘0)>

n
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or

X ~ N (. (1 = p));

this is called the normal approximation to the binomial distribution.

This approximation is heavily dependent on the value of p. When p
is close to 0 or close to 1, this simple distribution is heavily skewed (the
probability of one outcome is much larger than the probability of the other).
The normal approximation does badly in this case unless # is very large. To
summarize this succinctly, we look at the quantities 7 and 7(1 — p).

A commonly quoted rule of thumb is that the approximation can be
used only when both 7 and #(1 — p) are greater than 5.

Note that when p = 0.5 the Bernoulli distribution is symmetric. In
this case both #p and n(1 — p) equal 5 when # = 10, and so the rule of
thumb suggests that » = 10 is large enough.

As p is far away from 0.5 toward either 0 or 1 and the Bernoulli
distribution becomes severely skewed, the 7 needed increase tremendously.
For example, when p = 0.05 or 0.95 the rule of thumb gives » = 100, and
if p = 0.001, then 7 > 5000.

This poses a problem if p is very small as is the case, for example, with
genetic markers. In the coin tossing scenario it only costs a bit of time to
toss a coin several times more but for instance in the case of clinical trials
when the patient gets better or not as a result of medication getting more
observations can be very prohibitive. In these cases one should perform
an approximation using the Poisson distribution. This is applicable when
p is very small (or 1 — p) and # is large (but not large enough to apply
the normal approximation). The distribution of the sum X of 7 trials (the
binomial) is approximated with a Poisson with rate A, = p.

@ EXAMPLE 12.8 Normal approximation for the Poisson

distribution

Let X; be i.i.d. Poisson()\) random variables. Then
pn=EX; =21
and
o® = VarX; = A.
Therefore, the CLT implies that for 7 large enough we have

Xn:Xi ~ N(nk, n))

i=1

407
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But the sum of independent Poisson r.v. is a Poisson r.v. Actually

ZX,- ~ Poisson(nl\) for every n,

i=1

so for 7 large the law Poisson(nA) is close to the law NV (A, n)) or equiva-
lently the law Poisson(1) is close to N (%, 1) for A large.

A rule of thumb for this one is that the approximation is good if A > 5.
Normally, those are the values we are interested anyway (lambda large).

Remark 12.35 (Continuity correction when CLT is used for dis-
crete random variables) When using the normal distribution to approximate
the binomial and the Poisson distributions, which are both discrete, a continuity cor-
rection must be employed. To understand why, suppose we need to approximate the
probability that the binomial random variable takes the value 2. If we use the normal
directly, then this probability will always be zero since for any continuous random
variable X and any number a we have P(X = a) = 0. For a continuous variable,
only the probability that X lies in some interval are positive.

10 allow for this issue a continuity correction is used in these situations. Essentially,
the correction corresponds to treating the integer values as being rounded to the nearest
integer.

1o exemplify, to calculate the probability P(X = 2) of a binomial or Poisson
(or indeed any other discrete distribution) using any continuous density Y, we would
calculate instead P(1.5 < X < 2.5).

We also note that if we use a discrete distribution to approximate another discrete
(for example using Poisson to approximate the binomial), such continuity correction
is not needed.

B EXAMPLE 12.9 Continuity correction in practice

When X ~ Poisson(20) the above approximation using the CLT tells us
that X is approximately V (20, 20). Therefore,

X —-20
V20

To exemplify the correction, let us denote with ¥ an N (20, 20). Then

we write

~ N(0, 1).

Y—-20 155-20
P(X <15 ~P(Y< 15.5)=P< > )

J20 V0

15.5—-2
= P(Z< u) = P(Z < —1.0006).
/20
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where we standardized to Z ~ N(0, 1). This probability is equal to 1 —
0.84279 = 0.1572078 using a normal distribution table or any software
(in R the command is pnorm(—1.006)).

To check the performance of the approximation, we also calculate the
Poisson distribution directly using software (or a c.d.f. table).

P(X <15) =0.1565131

(the R command is pgpois(15, 20)).
Therefore, the error is under 0.0006946504 (about 0.45 percent of

the relative error).

The examples above presenting the normal approximations for the binomial
and the Poisson distributions are the most commonly used in practice. They are
needed as the direct calculation of probabilities is computationally hard without
them. However, CLT can be applied to any distribution.

@ EXAMPLE 12.10 Normal approximation of the Gamma
distribution

Let X; be i.i.d. exponentially distributed with parameter A > 0. Let

v, x.
i=1

The law Exp(X) has mean % and variance % On the other hand, the
sum of 7 exponentials ¥ is a gamma-distributed random variable with
parameters 7, A). Using the CLT, for large 7, it can be approximated by the
normal law N (5, 35).

Since the chi square distribution x?(#) is exactly a Gamma(k/2,1/2)
random variable, an immediate consequence is that the law x?(£) can be
approximated using a normal distribution for large values of 4.

EXERCISES
Problems with Solution

12.1  Let(X,),>1 beasequence of independent random variables with common
distribution Exp(1), A > 0.
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(a) Show that

1

1
o f?ffnx’e — 3 in probability.

(b) Show that

l
Z, = max X} — an
1<k<n A

converges in distribution and determine its limit.

Solution: Let ¢ > 0. We have

1
P—maxXk——>e = maxXk> s—l— Inn
Inn 1<k<n I<h=n A

!]P(Xw( )
P (e5) )

—n(1+Ae)Inn

= ¢

— 0.

We also need to estimate the probability

1 1
Pl— max X, — — < —¢
In 7 1<k<n A

(for the absolute value) and we need to show that it converges to zero
when 7 — o00. Note that this probability is zero if ¢ > 1

T
When ¢ < X’ we obtain

1 1 1 _g)ln "
Pl— max X, — — < —¢ (l—eA ”)—)0.
In#n 1<k<n A

This finishes the convergence in probability.

Let us study the converges in distribution of the sequence (Z,),>1.
We compute the c.d.f. of Z,. For every ¢ < 0, clearly

PZ,<t)=0
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while for > 0 we obtain

1 n
P(Z, < 1) :P(Xl < %%—t)

g—)»t 7
-(-)
7

At

—> e

Consequently, Z, converges in distribution to a random variable with
cd.f.
—Ar

F(l‘) =¢° l[o,m)(t).

Asaside note, this distribution is called the Gumbel law. The density

(p-d.f.) of this law is
F(6) = re ™ e 110,00 (2).
[ |

12.2  Givean example of a sequence (X,,),>1 that converges in distribution but
not in probability.

Solution: Let X ~ N(0, 1). Then, we obviously have —X ~ N(0, 1).
Define

X, = (=1D)"X

for every n > 1. Then dearly X, converges in law to X since all the
random variables in the sequence have the same distribution. However,

X,—X=0 if 7 is odd
and
X, — X =-2X if 7 is even.
Consequently,
P(X, — X| > 1)
does not converge to zero as 7 — 00 (the probability is strictly positive

and constant for # even). |

12.3  Show that if the sequence X, converges in distribution to a constant c,
then X, also convergence in probability to c.

Solution: 1f X, converges to ¢ in law, then

P(X,—¢c|>e)=1—-P(c—e<X,<c+e) — 0.
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To get the final limit, we use the convergence of the c.d.f. at the points
where the limit function is continuous. ]

Let X, be asequence of random variables with an exponential distribution
Exp(A,) for every n > 1. Study the convergence in distribution of the
sequence X, 7 > 1 in each of the following cases:

(@) lim, A, =A > 0.
(b) lim, A, = oo.
(c) lim, A, =0.

Solution: Case a. Let g be a continuous bounded function. We have

Elg(X,)] = / T e Mg ()
0

Since 1,, is convergent, it is bounded. Therefore, there exist A4, A_ finite
real numbers such that

0 <A <A <Ay
Then

Mne M g(x) < llglloohpe ™

for every x > 0. Applying the dominated converge theorem, we obtain

Eg¢(X,) =/ )\nef)‘”xg(x)ﬂfx —>,,/ )uff)‘xg(x) dx.
0 0

We therefore conclude that X, convergence in distribution to a expo-
nential r.v. with parameter A.

Case b. Since A,, — 00 we cannot bound A, from above as we did
in the previous case. We will use a different argument. We first perform
the change of variables y = A,x, which implies

Eg(X,) = /00 eg (%) du.
0 n

Since for any y we have

(2
4 g()\‘n

we can apply the dominated convergence theorem and we get

=< liglleo>

Eg(X,) —>, f 2(0)e*d = g(0) = Eg(0).
0

Therefore, X, converges in law to 0.
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Case c. In this case, 1, = 0 so we cannot bound A, from below by a
strictly positive constant. We will use a characteristic function argument.
Note that

ox, (1) = " — 1(m0)
Ay — iU

This limit is not continuous, so it cannot be the characteristic func-
tion of a random variable. Consequently, X, does not converge in
distribution. [ |

Let X,, n > 1 be i.i.d. random variables with common law Exp(1) where

A > 0. Denote by
- 1
and

1
Zn = =
X,

(a) Show that the sequence Z, converges almost surely to A when
n— 00.

(b) For n large enough, which Gaussian distribution could approximate
the law of X,?

Solution: By the strong law of large numbers, we have

_ 1
Xn—>EX1=—.
A

So
Z, —> A

almost surely.

By the CLT, if S, = nX,,
Sn — nEX1 D 1 1
- = N(-—).
Jn ()» \/Z))

- 1 1
X, ~N|—-,— .
(A v%k)

Thus
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12.7
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Let X,, n > 1 be i.i.d. random variables with law NV (0, 1). Define
1
Y, = —vVkX,.
n

Prove that (V},), convergence in distribution to NV (0, %)

Solution: Using the characteristic function of the standard normal

distribution and denoting by ¢ the characteristic function of v/£X,
we get

2

MOETED

By the independence of the terms in the sequence, we obtain
or, (1) = [ ex(®)
k=1

1+2+--+n,

n+1,
= exp| — 7 t

and as » — 00 this converges to

¢ )

A

which is the characteristic function of the law N (0, 1/2). The Levy’s
continuity theorem (Theorem 12.7) gives the conclusion. [ |

Let Xi, ..., X,, ... beiid. with law Exp(1). Define
Z, = max(Xj, .., X,).
(a) Compute the characteristic function of Z,.
(b) Find the law of
X, 11

n+1°
(c) Find the law of
Xn+1

Y,=2,+ .
n+1

(d) Compare the distributions of ¥, and Z,;.
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Solution: (a) Foreveryx > 0 (otherwise the probability is zero) we have
P(Z, <x) =P <x)"
=0—-e"
Taking the derivative, we obtain
f7, () = ne (1 — )" "1 n0),

which is the desired density.

(b) One can prove that
Xn—H
—— ~ F 1).
n+1 xp(ﬂ +1)

(c) Using convolutions, we obtain the density of ¥, as

fr,(x)=m+ e (1 —e )"

(d) It follows from above that ¥, and Z,,; have the same
distributions. n

Problems without Solution

12.8 Let (X,),>1 be i.i.d. random variable with law N (1, 3).
(a) Show that the sequence

1 n
Y, = ;;Xiex’

converges almost surely and in distribution and find the limiting distri-
bution.

(b) Answer the same question for the sequence

X+t X,
X244 X2

n .

12.9  Let (X,), be a sequence of random variables such that

PX,=1)=PX,=-1) = %

Define

=

2 b

Y, =
k=1

Prove that the sequence (Y,), converges in distribution to ¥ ~
Ul-1,1].
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12.10

12.11

12.12

12.13

CHAPTER 12 Limit Theorems

Consider (Y, 7 > 1) a sequence of independent identically distributed
random variables with common law U ([, #]) (uniform on the interval).
For every n > 1 we define

I, =inf(¥1,...,7,)
and
M, =sup(Y1, ..., Y,).

Recall the expression of the c.d.f. of M, (denoted F,) and 7, (denoted
G,,) from problem 5.13.

(a) Show that for every ¢ the sequence F,(#) converges, and derive that
the sequence of random variables A, converges in distribution to 4.
(b) Show that the sequence of functions G, () converges, and derive that
the sequence of random variables 7, converges in distribution to a.

Let X, n > 1 be a sequence of i.i.d. square-integrable random variables.
(a) Show that the sample variance converges to the theoretical variance,
that is,

n

1
lim= Y (X; —EX)? = VarX,,
lyn;( ) arX

and the limit holds almost surely.

Consider the least squares estimate of the variance. Specifically, de-
note forn > 1

where

is the sample mean.

(b) Compute the variance of V,

(c) Find the almost sure limit of the sequence (V},),;>1.

Let the notation in problem 10.18 prevail. Express the c.d.f. of S, in
terms of F. Derive the expression of the c.d.f. F, of T, in terms of F

and show that for every ¢ € R, the sequence (F,(¢), n > 1) converges to
F(£+/3). What can we deduce from this?

Suppose X, is independent of Y, and X is independent of Y . Use an
argument based on characteristic functions to show that, if X, converges
to X in distribution and ¥}, converges to Y in distribution, then X, + Y,
converges in distribution to X + Y.
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12.14 Let X,, n > 1 be i.i.d. r.v. For every » > 1 we denote

Find the almost sure limit of the sequence (Z,),>1.

12.15 Let (X,, #n > 1) be a sequence of i.i.d. random variables with common
distribution N (i, 02), where it € R and ¢ > 0.
For every n > 1, denote S, := ) ,_; X;.
(a) Give the distribution of S,,.

(b) Compute
E((S,, - nu)4).

(c) Show that for every ¢ > 0,
S, 30
P< — = M‘ > 8) = .

n
(d) Derive that the sequence (
identify the limit.

(e) Do you recognize this resule?

S n

2> 1) converges almost surely and

12.16  Consider the sequence X, defined in exercise 11.10.
(a) Show that the sequence

Tn=ﬁ<Xn+%>

converges in distribution.
(b) Identify the limiting distribution.

12.17 Let Xi, ..., X, be independent random variables with the same distri-
bution given by

P%:mzpm:m:%

and

Let

Si=Xi 4 +X,
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12.18
12.19

12.20

CHAPTER 12 Limit Theorems

(a) Find E(S,) and Var(S,).

(b) Give a necessary and sufficient condition on 7 € N to have

P 1<S"<3 > 0.999
2w T 2) 7 T
Hint: For the first part, see exercise 4.6.
Prove Lemma 12.17.
Let X,,, » > 0 be i.i.d. Bernoulli-distributed random variables with pa-
rameter p € (0, 1). Define
Y, = Xan,1

and

for every n > 1.
(a) Give the distribution of Y.
(b) Calculate EY}, and VarY,.
(c) Show that Y, and Y} are not independent.
(d) Prove that ¥} and Y4, are independent for any m > 1.
(e) Calculate EZ, and VarZz,.
(f) Study the convergence in distribution of the sequence (Z,),>1.
Consider a sequence of iid r.v.’s with Bernoulli distribution on {—1, 1}.
That is
PXi=1)=p and P =-1)=1-—p.
Denote

S, =X+ + X,

(@) Show that if p # %, then the sequence (|S,|),>1 converges almost
surely.
For the rest of the problem we take p = % Leta > 0.

(b) Compute
Ee* | then Ee®".
Deduce that for every # > 1 we have
E[(cosh ot)_"eas”] =1.
(c) Show that

lim [(cosh 01)7”6“5”] =0 a.s.

n— 00
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12.21  Let (X,),>1 be i.i.d. random variables. Suppose that
P(X;=0) < 1.
(a) Show that there exists @ > 0 such that
P(1Xi| > a) > 0.

(b) Show that
P(lim sup{|X,| > o} = 1.

Derive that

P(limsup X, = 0) = 0.
(c) Show that
[o )
E| X | =/ P(Xi| > t) dr.
0

(d) Deduce that X; is integrable if and only if

ZP(|X1| > k) < o0o.
k

(e) Show that Xj is integrable if and only if
P(limsup{X, > n}) = 0.

n

(f) Deduce that if X is integrable, then almost surely
. 1
limsup —X, < 1.
w N

12.22 Let X, be i.i.d. random variables with EX; = 0 and assume that X, are
bounded. That is, there exists a C > 0 such that
X< C a.s.

Show that for every ¢ > 0, we obtain

S 2
P( > 8> < 26Xp<(—7’l%)>.

n
Deduce that S,/ 7 converges in probability to zero.
1223 Let X, Xi,...,X,, ... beiid. with

1
ok
PX =24 =
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12.24

12.25

12.26

12.27

CHAPTER 12 Limit Theorems

fork=1,2,....
(a) Show that EX = oo.
(b) Prove that

Sy 1

—
n log 2

in probability as # — oo.
Let X ~ N(100, 15). Find four numbers x1, x», x3, x4 such that

P(X < x;) =0.125, PX < x) =0.25
and
P(X <x3) =075,  P(X < x;) = 0.875.

A fair coin is flipped 400 times. Determine the number x such that the
probability that the number of heads is between 200 — x and 200 + x
is approximately 0.80.

In an opinion poll it is assumed that an unknown proportion p of people
are in favor of a proposed new law and a proportion 1 — p are against
it. A sample of 7 people is taken to estimate p. The sample proportion
2 of people in favor of the law is taken as an estimate of p. Using the
Central Limit Theorem, determine how large a sample will ensure that
the estimate p will, with probability 0.95, be within 0.01 of the true p.

Write a statement explaining why Skorohod’s theorem (Theorem 12.10)
does not contradict our earlier statement that convergence in distribution
does not imply convergence a.s.
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Appendix A: Integration
Theory. General Expectations

In this appendix we formalize the theory of calculating expectations. We learned
about random variables and their distribution. This distribution completely char-
acterizes a random variable. But in general, distributions are very complex func-
tions. The human brain cannot comprehend such things easily. So the human
brain wants to talk about one typical value. For example, one can give a distri-
bution for the random variable representing player salaries in the NBA. Here the
variability (probability space) is represented by the specific player chosen. How-
ever, suppose we simply want to know the typical salary in the NBA. We probably
contemplate a career in sports and want to find out if as an athlete we should go for
basketball or baseball. Thus, a single number corresponding to each of these dis-
tributions would be much easier to compare. In general, if the distribution is dis-
crete or continuous, then calculating expectations by means we have seen already
(summation or integration using probability mass function ir probability density
function) will suffice. However, suppose the distribution is more complex so that
its c.d.f. is not continuous. For example, suppose that the salary of said athlete de-
pends on whether or not he/she gets injured, whether or not is a male or female, the
severity of the injury, and so on. To be able to calculate expectations in this more re-
alistic case, we need to introduce a more complex theory to deal with this situation.

In this appendix we present the theory which allows us the calculation of any
number we want from a given distribution. Paradoxically, to calculate a simple
number, we need to understand a very complex theory.

Handbook of Probability, First Edition. Ionug Florescu and Ciprian Tudor.
© 2014 John Wiley & Sons, Inc. Published 2014 by John Wiley & Sons, Inc.
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13.1 Integral of Measurable Functions

Not all random variables have p.d.f.’s. However, all random variables have c.d.fs.
The integration theory is centered on learning how to integrate this function.
Recall that any random variable is a measurable function from €2 into R. The
integration theory is constructed for any measurable function.

To this end, let (2, &7, P) be a probability space. We want to define, for any
measurable function f on this space, a notion of integral of / with respect to the
measure P.

Notation. We shall use the following notations for this integral:
| fww = [ e,
Q
for A € ©# we have ff(a))P(da)) = /fdP = fflAdP,
A A

where 14 denotes the indicator function of the set 4 in 2.

Recall the Dirac delta we have defined previously? With its help summation is
another kind of integral. To exemplify, let {2, } be a sequence of real numbers. Let
Q2 =R, 7 = ZB(R) and let the measure on this space for any set A be defined
using

8(A) = Z 8:(A).
i=1

Then the function 7 > 4, is integrable if and only if ) 4; < 00, and in this
case we have

i”” = i/mﬂxdén(x) = /max idén(x) = /Ooaxdé(x)
n=1 n=1Y ~X -0 =1 —00

What is the point of this?

This simple argument above shows that any “discrete” random variable may
be treated as a “continuous” random variable. Thus the unifying theory presented
here will apply to any random variable regardless of the form of its distribution.

13.1.1 INTEGRAL OF SIMPLE (ELEMENTARY) FUNCTIONS

If A € &7, we know that we can define a measurable function by its indicator 14.
We define the integral of this measurable function

f 1, 4P = P(A).

We note that this variable has the same distribution as that of the Bernoulli
random variable. The variable takes values 0 and 1 and we can easily calculate the
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probability that the variable is 1 as
Po1;'({1}) = Plw: 14(w) = 1} = P(A).
Therefore the variable is distributed as a Bernoulli random variable with parameter

p =PA).

Definition 13.1 (Simple function) [ is called a simple (elementary) func-
tion if and only if | can be written as a finite linear combination of indicators. More
specifically, | is a simple function if and only if there exist sets Ay, Az, . .., Ay, all in
&7 and constants ay, ay, . . . , a, in R such that

f@) =) a1 ).
k=1

If the constants ay, are all positive, then f is a positive simple function.

Note that the sets A; do not have to be disjoint, though we can show that
any simple function f can be rewritten in terms of disjoint sets.
For any simple function f* we define its integral using

/ﬁl’P = ZﬂkP(A/e) < Q.
k=1

We adopt the conventions 0 % 00 = 0 and 00 * 0 = 0 in the above summation.
We will need to check that the above definition is proper. Specifically, since
there exist many representations of a simple function, we need to make sure that
any and all such representations produce the same integral value.
Furthermore, using the definition above we can prove that the integral is
linear and monotone. We leave the proof of these results to the reader; however,
we state them in a lemma.

Lemma 13.2 The integral of a simple function has the following properties.

1. The integral is linear; thatis, if fi and f; are two simple functions and ay, a, € R,
then

/mlﬁ +azﬁ)dP:m/ﬁdP+a2/f2dP.
Q Q Q

2. The integral is monotone; that is, if a sequence of simple functions {f,,},, converges
increasingly (or decreasingly) to f for all points w € 2, then the integral does as

well:
/ﬁdP—>ffdP
Q Q

also increasingly or decreasingly.
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13.1.2 INTEGRAL OF POSITIVE MEASURABLE FUNCTIONS

For every f positive measurable function f : Q& — [0, 00), we define

ffdP = sup {/ hdP : b is a simple function, 5 Sf}

In this definition we formalize the construction of the integral for any positive
measurable function. However, we still need to show that the definition is proper.
To this end, can we show that for any given positive measurable function f* there
exists a sequence of simple functions that converge to it? The answer is yes and is
provided by the next exercise:

W EXAMPLE 13.1 A simple construction

Let f : Q — [0, 00] be a positive, measurable function. For all » > 1, we

define
n2"—1 /6‘

flw) =Y 2 b <<} @) + 71 (f(02)- (13.1)
k=0

1. Show that f, is a simple function on (2, &7), for all » > 1.

2. Show that the sets present in the indicators in equation (13.1) form a
partition of 2, forall » > 1.

3. Show that the sequence of simple functions is increasing g, < g,4+1 <

fforalln > 1.

4. Show that g, 1 f as n — 00. Note that this is not an a.s. statement, it
is true for all w € Q.

The solution to this example is not complicated and in fact may be assigned as
a problem. Using this construction, the integral of positive measurable functions
is a well-defined number. Suppose that £ is a positive measurable function. The
example provides us with a sequence of simple functions f, which increase to f at
any point w. Since we know that the integral of simple functions is monotone by
Lemma 13.2, then the sequence of integrals will converge to a number. However,
since the integral of /" is defined as the supremum of such integrals and since the
limit exists, there is no other way than the limit being the integral of f. This will
in fact be the proof of the Monotone Convergence Theorem (below).

The next lemma is a very useful tool going forward.
Lemma 13.3 [ffis a positive measurable function and f fdP =0, then

P{f'> 0} = 0 (or equivalently f = 0 a.s.).
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Proof: We can write
1
0} = — 1.
{f> 0} ngo{f>n}

Since the sequence of events on the right is increasing, by the monotone conver-
q g g, by
gence property of measure we must have

n— 00 n

P(f> 0} = lim P{f> 1}.

Now, assume by absurd that P{f> 0} > 0. Then, there must exist an 7 such
that P{f> 1} > 0. However, in this case by the definition of the integral of
positive measurable functions, we obtain

1
dpP > -1 adP > 0,
f farz / L Le )
which is a contradiction and our absurd assumption is false. [ |

The next theorem is one of the most useful in probability theory. In our immediate
context, it tells us that the integral for positive measurable functions is well-

defined.

Theorem 13.4 (Monotone Convergence Theorem) [ff isa sequence
of positive measurable functions such that f,(w) 1 f(w) for all w € Q, then

/ F(@)Po) 1 f F(@P ()
Q Q

where the symbol 1 denotes convergence from below (increasing sequences).

Note: As mentioned before, this theorem concludes the construction of the
integral for positive measurable function. As we shall see, this result is the key for
all the integration theory.

Proof: First let us show that f is positive measurable. First off, /" is clearly positive
since f () is a limit of positive numbers f;,(w), and this happens for all . Since
[ is positive, we need to look at the domain space ([0, 00), Z3 ([0, 00)).

Let B = (—o00, b] aninterval in R (recall that the Borel sets in R are generated
by these intervals). We need to show that f~!(B) € <7. Since f,(w) < f(w) for
all w and 7, we see that if w ef_l(B), then f (@) < b, which implies £, (w) < &;
therefore € £,7'(B). This immediately implies that

FUB) C£7UB),  forall ns

therefore

@B (3.
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Similarly, if w € £,71(B) for all n, then f,(w) < & for all n; therefore the limit
f(w) = lim f,(w) < b thus we get the other inclusion. Therefore we have

7@ = ®);

and since each set in the right side is measurable and <7 is a o-algebra, we imme-
diately have that f is measurable. Since we showed that f is positive measurable,
then the integral is defined using

/fdP:sup{/de:hisasimplefunction, bff}.

Next we will show that ff dP > lim,_, ffn dP. Since f,(w) < f(w) atall o,

we have
{/ hdP : b is a simple function, 5 §fn}
C {/ hdP : b is a simple function, 4 §f}

since the set on the right simply has more simple functions. Since the supremum
cannot go over the bound, we have

sup {/ hdP : b is a simple function, 4 Sﬁ}
< sup {/ hdP : b is a simple function, 4 ff} ;

and since this is true for any 7 using the definition, we obtain

lim /fndeffa’P.

n— 00

To end the theorem (i.e., prove that the two quantities are equal), we need
to show the reverse inequality. To this end, using Example 13.1, we know there
exists an increasing sequence of simple functions—Ilet us denote it g, such that

2(w) < f(w) and

”li)n;o/gndP = /fdP.
It is enough to show that
/gndP < klim f2dP, \

Indeed, if we show this, then by going to the limit over 7 we will conclude the
inequality needed.
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So, let us consider a simple function g such that g(w) < f(w). We want to
show that

/ga,'P < klim frdP.
To this end, construct the sets for all 4:

Ap ={w € Q| g() < filw)}.

The plan is to use the monotone convergence property of probabilicy measures.

Note:
/gdPg/ﬁdngﬂdP
Ap Ay Q

since the functions f; are positive. Furthermore, since f3(w) < fi11(w), we have
Ap € Apy1, an increasing sequence of sets. The sequence will increase to Q. To
see this, let us take an w € Q.

Suppose that the @ is such g(w) = 0. Then clearly w € A for all £ since f;
is positive.

Suppose that w is such g(w) > 0. Since

g(w) < flw) = liinﬁe(w),

there must exist a # such that g(w) < fi(w); therefore w € Ay fora k large enough.

Therefore, all omega points belong to an A, for a £ large enough; thus |, 4, = Q.
Next we use the fact that ¢ is a positive simple function. We can find a

representation with positive constants #; and disjoint sets B; such that

g(w) = Zﬂjlgj.
J

We have

/ﬁa’PZ/gdP:/ Zaj1@4P=2/ 15dP
Q Ay Ay j j Ap
=¥ [ tsudp = Y apian 5.
j e j

Since A, 1 2 we have A; N B; 1 B; for all j, and thus taking the limit in the
inequality gives:

lim /ﬂsz E ajklim P(4, N B)) = E 4P(B)) :/gdP
Q . —00 ,
j

k—> 00
J

where we used the monotone convergence property of measure.
This finally concludes the proof of the Monotone Convergence Theorem. ll
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13.1.3 INTEGRAL OF MEASURABLE FUNCTIONS

Let f be any measurable function. Then, we can write f () = f T (w) — f~ ()
for any point @, where

f (@) = max{f (), 0},
[ (@) = max{—f(w), 0}.

These f* and £~ are positive measurable functions and |f(w)| = f T (w) +
f~(@). Since they are positive measurable, their integrals are well-defined by the
previous part.

Definition 13.5 Wz define L' (2, 57, P) as being the space of all functions f
such that

/lfldP:/f+dP+/f—dP< 00

For any f in this space which we will shorten to L' (2) or even simpler to L', we

define
/fdp = /f+dp —/f—dp.

13.1.3.1 Note. With the above, it is trivial to show that | [f/P| < [|f|4P.
13.1.3.2 Linearity. If fg € L'(Q) with 2, b € R, then
o +bg € L'(Q)
/(pf + bg) dP = a/fdP + b/gdP.

Next we present two results for general measurable functions. These results
are extremely important for probability theory; but since a random variable is just
a measurable function, these results will apply immediately.

Lemma 13.6 (Fatou’s lemma for measurable functions) Ifone of the
Jollowing is true:

(@) {f2}n is a sequence of positive measurable functions or

®) {f,} C LY(Q)

then
/lim inf f, dP < lim inf /f,, dP

Proof: Note that lim inf, f;, = lim,,—, o0 inf ;> f, where lim,,,_, oo inf ;> , f is an
increasing sequence.
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Letg, = inf,>,, f, and n > m:

ﬁzir;ffm:gm:>/fndPZ/gdP:>/gmdP§igf/fndP.

Now g, increases, so we may use the Monotone Convergence Theorem, and we
get

lim g, dP_ lim /mde lim inf fﬁ,dP:liminf/ﬁa’P.

m—> 00 m—>00 n=>m

Theorem 13.7 (Dominated Convergence Theorem) [f7,. [ are mea-
surable, f,(w) — f(w) forallw € Q2 and the sequencef,, is dominated by g € L' (2):

12 (@) < g(@), Yo € Q,Vn e N,

then
fo—> fin L) (i.e., /[ﬂ —fldP — o)

Thus [£,dP — [fP and f € L}(Q).

13.1.3.3 The Standard Argument. This argument is the most important
argument in the probability theory. Suppose that we want to prove that some
property holds for all functions 4 in some space such as L!(2) or the space of
measurable functions.

1. Show that the result is true for all indicator functions.
2. Use linearity to show the result holds true for all f simple functions.

3. Use the Monotone Convergence Theorem to obtain the result for measurable
positive functions.

4. Finally from the previous step and writing f = f© — f~, we show that the

result is true for all measurable functions.

13.2 General Expectations and Moments
of a Random Variable

Since a random variable is just a measurable function, we just need to use the
results of the previous section in the specific context of a space with probability
one. Any integral with respect to a probability measure is called an expectation.
Let (2, 7, P) be a probability space.
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Definition 13.8 For X an r.v. in L'(2) define
EX) = /XdP = /X(w) dP(w) = /X(a))P(dw)
Q Q Q

This expectation has the same properties of the integral defined before and
some extra ones since the space has finite measure.

Forany other measurable function /' : R — R, we may construct the variable
Y = f(X) and therefore define the expectation:

E[Y] = E[f(X)] = f FX)dP = f F(X)(@) dP(@).
Q Q

In particular when f'(x) = x” we obtain the p-moment of the random vari-

able. Specifically:

E[X?] = /X/’dP = fXP(w) dP(w).
Q Q

However, the expectation needs to exist. We define the space of the variables for
which these types of expectation exist in the next section.

13.2.1 MOMENTS AND CENTRAL MOMENTS. 1? SPACE

We generalize the L' notion presented earlier in the following way.

Definition 13.9 We define L7 (2, &7, P) For 1 < p < 00 as being the space of
all random variables X such that:

E[|X?] = /IXIf’dP = /(XP)+dP + /(XP)dP < 00,

where (XP)t and (X?)™ denote the positive respectively negative parts of the variable
X?. For any X in this space which we will shorten to LF (Q2) or even simpler to L?, we
define

E[X?] = /XPdP = /(XP)+dP - /(XP)dP
Mathematically,
(Q,7,P)=I(Q) = {X :Q — R:E[IXP] = /lef’a’P < oo} :

Definition 13.10 (Moments) For a random variable X € L? we define the
p-moment of the random variable as

E[X7?].
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If we denote with | = E[X], then the central p-moment of the random variable is
E[(X — w)].
On the L? space we define a norm called the p-norm as
1X1l, =B [1x1]"
Lemma 13.11 (Properties of L? spaces) We have the following:

(1) L7 is a vector space. (i.e, if X, Y € I? and a, b € R, then aX + bY € 7).
(i) L7 is complete (every Cauchy sequence in I? is convergent).
(i7i) Ifp < q, then L1 C L and for every X € L7 we have

X1, < 11Xl

The last property means that if a moment p exists, then all moments for
all ¢ < p exist as well. This will imply that the central p-moment exists for any
variables in Z7.

13.2.2 VARIANCE AND THE CORRELATION COEFFICIENT

In the special case when p = 2, we obrtain several particular cases of special interest.

Definition 13.12 The variance or the Dispersion of a random variable X €
L*() is

V(X) = E[(X — w)’] = E(X?) — 2,

where 1 = E(X).

Definition 13.13 Given two random variables X, Y we obtain the covariance
between X and Y the quantity:

Cov(X, Y) = E[(X — ux)(Y — uy)],
where uy = E(X) and uy = E(Y).
Definition 13.14 Given random variables X, Y, we obtain the correlation coef-
ficient:

CovXY) _  EX — )Y — py)]
VVXOVE)  VEIX — ux)2IE[(Y — py)?]

If we apply the Cauchy—Schwartz inequality (Lemma 14.7) to X — wx and
Y — ny, we get

p=Corr(X,Y) =

lp] <1 or pe[—1,1].
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The variable X and Y are called uncorrelated if the covariance (or equiva-
lently the correlation) between them is zero.

Proposition 13.15 (Properties of expectation) The following are true:

(1) IfX andY are integrable r.v.%, then for any constants o and  the r.v.aX + BY
is integrable and ElaX + BY] = «EX + BEY.

(#) V(aX + bY) = 22V (X) 4+ 6>V (Y) + 2abCov(X, V).
(i) If X, Y are independent, then E(XY) = E(X)E(Y) and Cov(X,Y) = 0.
(iv) If X(w) = c with probability 1 and c € R a constant, then EX = c.

() IfX > Y as., then EX > EY. Furthermore, if X > Y a.s. and EX = EY,
thenX =Y as.

Proof (Exercise):  Please note that the reverse of part (iii) above is not true; if the
two variables are uncorrelated, this does not mean that they are independent. l

I EXAMPLE 13.2 Due to Erdés

Suppose there are 17 fence posts around the perimeter of a field and exactly
5 of them are rotten. Show that irrespective of which of these 5 are rotten,
there should exist a row of 7 consecutive posts of which at least 3 are rotten.

Proof (Solution):  First we label the posts 1,2, ..., 17. Now define

1 if post 4 is rotten,
ES .
0 otherwise .
For any fixed #, let R, denote the number of rotten postsamong k + 1, ..., £+ 7
(starting with the next one). Note that when any of £+ 1, ..., £ 4 7 are larger

than 17, we start again from 1 (i.e., modulo 17 +1).

Now pick a post at random; this obviously can be done in 17 ways with
equal probability. Then after we pick this post, we calculate the number of rotten
boards. We have

E(R;) =

|
7

Al
t
+
+
a
+
~
N—
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7
1
= — Z 5 (the sum is 5 since we count all
17 4 h in the f
=1 the rotten posts in the fence)
35
17

Now, 35/17 > 2, which implies E(R;) > 2. Therefore, P(R;, > 2) > 0 (other-
wise the expectation is necessarily bounded by 2) and since R, is integer-valued,
P(R, > 3) > 0. So there exists some % such that R, > 3.

Of course, now that we see the proof, we can play around with numbers and
see that there exists a row of 4 consecutive posts in which at least two are rotten, or
that there must exist a row of 11 consecutive posts in which at least 4 are rotten,
and so on (row of 14 containing all 5 rotten ones). [ |

13.2.3 CONVERGENCE THEOREMS

Rewriting the convergence theorems in terms of expectations, we have

(i) Monotone Convergence Theorem: If X, > 0, X, € L' and X, 1 X, then
E(X,) 1 E(X) < co.
(ii) Fatow: E(liminf,_, o X,) < liminf,_, . E(X,).
(ii) Dominated Convergence Theorem: If |1 X,(w)| < Y (w) on Qwith ¥ € LN(Q)
and X,(w) & X(w) for all w € 2, then E(|X, — X|) — 0.
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Appendix B: Inequalities
Involving Random Variables
and Their Expectations

In this appendix we present specific properties of the expectation (additional to
just the integral of measurable functions on possibly infinite measure spaces). It is
to be expected that on probability spaces we may obtain more specific properties
since the probability space has measure 1.

Proposition 14.1 (Markov inequality) LetZ bearv andletg : R —>
[0, 00] be an increasing, positive measurable function. Then

E[¢D)] = E[gD11z29] = g(0P(Z = o).
Thus

_Eg(2)]

Z
P(Z =¢) =< e

Jfor all g increasing functions and ¢ > 0.

Proof: Take A > 0 arbitrary and define the random variable

Y = L=

Handbook of Probability, First Edition. Ionug Florescu and Ciprian Tudor.
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Then clearly
AY <X
and taking the expectation, we get

AEY = AP(|IX| > 1) < E|X].

 EXAMPLE 14.1 Special cases of the Markov inequality

If we take g(x) = x anincreasing function and X a positive random variable,
then we obtain

E(Z)

c

P(Z >¢) <

To get rid of the condition X > 0, we take the random variable Z = |X]|.
Then we obtain the classical form of the Markov inequality:

p(x| = o) < 2XD
c

If we take g(x) = x%, Z = |X — E(X)| and we use the definition of
variance, we obtain the Chebyshev inequality:

Var(X)
-

P(X —EWX)| =) =<

c

Ifwe denote E(X) = p and Var(X) = o and we take ¢ = ko in the previous
inequality, we will obtain the classical Chebyshev inequality presented in
undergraduate courses:

Proposition 14.2  For every & > 0 and for any random variable X such that
EX? < 00 we have

1
P(X — pl = ko) = 5.

If we take g(x) = ™, with 6 > 0, then
P(Z > ¢) < e "E(5).

This last inequality states that the tail of the distribution decays exponentially in ¢
if Z has finite exponential moments. With simple manipulations, one can obtain
Chernoff’s inequality using it.
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Remark 14.3  In fact the Chebyshev inequality is far from being sharp. Consider,
Jor example, a random variable X with standard normal distribution N (0, 1).

If we calculate the probability of the normal using a table of the normal law or
using the computer, we obtain

P(X >2)=1-0.9772 = 0.0228.

However, if we bound the probability using Chebyshev inequality, we obtain

1 1
PX >2) = P(X|22) < 2 =2 =025

N =
A=

which is very far from the actual probability.
The following definition is just a reminder.

Definition 14.4 A functiong : [ —> R is called a convex function on I (where
1 is any open interval in R, if its graph lies below any of its chords). Mathematically:
Forany x,y € I and for any a € (0, 1), we have

glax + (1 — a)y) < aglx) + (1 —a)g(y).
A function g is called concave if the opposite is happening:

gloax+ (1 —a)y) > aglx) + (1 — a)g(y).

ome examples of convex functions on the whole R: |x|, x*, and ¢, wi
S les of funct the whole R 2 and ¢, with

6> 0.

Lemma 14.5 (Jensen’s inequality) Letf be a convex function and let X be
an r.v. in LN(Q). Assume that E(f (X)) < 0o, then

FEX)) = E(f(X)).

Proof: Skipped. The classic approach indicators — simple functions — positive
measurable — measurable is a standard way to prove Jensen. |

Remark 14.6  The discrete form of Jensen’s inequality is as follows: Letp : R — R
be a convex function and let x, ..., x, € Rand a; > 0 fori = 1, ..., n. Then

0 <Z%1 ﬂz’%‘) < Z?:Inﬂiq)(xi)‘
Qi 4 D 4
If the function @ is concave, we have
0 (Z%l ﬂixi) > Z?:In‘li@(xi)'
Do 4 Do

The remark is a particular case of the Jensen inequality. Indeed, consider
a discrete random variable X with outcomes x; and corresponding probabilities
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a;/ Y a;. Apply the classic Jensen approach above to the convex function ¢ using
the expression of expectation of discrete random variables.

A Historical Remark. The next inequality, one of the most famous and useful
in any area of analysis (not only probability), is usually credited to Cauchy for
sums and Schwartz for integrals and is usually known as the Cauchy—Schwartz
inequality. However,the Russian mathematician Victor Yakovlevich Bunyakovsky
(1804-1889) discovered and first published the inequality for integrals in 1859
(when Schwartz was 16). Unfortunately, he was born in eastern Europe. However,
all who are born in eastern Europe (including myself) learn the inequality by its
proper name.

Lemma 14.7 (Cauchy-Bunyakovsky-Schwarzinequality) /X, Y €
L2(Q), then XY € LY (Q) and

[E[XY]| < E[IXY] < [IX]]2[[Y]]2,

where we used the notation of the norm in L?:
1
IX1l, = (E[IX17])7 .

Proof: The first inequality is clear applying Jensen inequality to the function |x]|.
We need to show

E[|XY]] < (E[X*])"*(E[Y?])/2.
Let
W=|X| and Z=|YI.
Clearly, W, Z > 0.
Truncation. Let W, = W A\ nand Z, = Z )\ n thatis

W(w), if W(w) < n
n, if W(w) > n.

Clearly, defined in this way, W,,, Z, are bounded. Let 4, 4 € R two constants.
Then

0 < E[(aW, + 62,)*] = aE(W}) + 2abE(W,.Z,) + b*E(Z})
If weleta/b = ¢, we get
CE(W) + 2cE(W,Z,) + E(Z}) >0,  VeeR.

This means that the quadratic function in ¢ has to be positive. But this is only
possible if the determinant of the equation is negative and the leading coefficient
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E(W?) is strictly positive; the later condition is obviously true. Thus we must
have

4(E(W,Z,))* — 4E(WHE(Z2) < 0
= (E(W,Z,))* <E(WHE(Z?) <E(WHE(Z*)  Vn,

which is in fact the inequality for the truncated variables.
If we let #n 1 00 and we use the monotone convergence theorem, we get

(E(WZ))* < E(W)E(Z?).

A generalization of the Cauchy—Buniakovski-Schwartz is:

Lemma 14.8 (Holder inequality) If'1/p+1/q9 =1, X € I?(Q), and
Y € L), then XY € LY(Q) and

1 1
EIXY| < IXI,IYl, = (EIXI)” (E[Y|7)7 .

Proof: The proof is simple and uses the following inequality (Young inequality):
If 2 and & are positive real numbers and p, ¢ are as in the theorem, then

al b1
ab < — + —,
? q
with equality if and only if & = 47.
Taking this inequality as given (not hard to prove), define
1| )

X, $ T,

Note that the Holder inequality is equivalent to E[f g] < 1. (Note that [ X]|,
and || Y|, are just numbers which can be taken in and out of integral using the
linearity property of the integral.) To finish the proof, apply the Young inequality
to f > 0 and g > 0 and then integrate to obtain

1 1 1 1
Efgl = -E[f’]+ -E[g/l = -+ - =1,
p q r 19
since E[f?] = 1 and similarly for g.
Finally, the extreme cases (p = 1, ¢ = 00, etc.) may be treated separately, but
they will yield the same inequality. |

This inequality and Riesz representation theorem creates the notion of con-
jugate space. This notion is only provided to create links with real analysis. For
further details we recommend Royden (1988).
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Definition 14.9 (Conjugate space of L?) Forp > 0 let L7 (2) define the
space on (2, 7, P). The number q > 0 with the property 1/p + 1/q = 1 is called
the conjugate index of p. The corresponding space L1(2) is called the conjugate space
of L7(R2).

Any of these spaces are metric spaces with the distance induced by the norm,
that is,

AXY) = X ~ Y, = (E[IX - Y}]) .

The fact that this is a properly defined linear space is implied by the triangle
inequality in Z7—the next theorem.

Lemma 14.10 (Minkowski inequality) /XY € I’ then X + Y € I?
and

X+ Y, < IIXIl, + 1Y,
Proof: We clearly have
X + Y <227 (XP + | YP).

For example, to show this inequality in terms of real numbers, just use the defi-
nition of convexity for the function x” with x = |X|and y = |Y| and a = 1/2.
Integrating the inequality will impliy that X 4+ Y € 7.

Now we can write
IX + Y, =E[X + YP] <E[(IX]|+|YDIX +YP]

=E[IXIIX + YP ]+ E[IVIIX + Y P]

N B[] E[1X + vie-Da))

+(E [|Y|P])1/p (E [|X n Y|(p_1)q:|)1/q

(ri5) (X1, + 171L,) (E[1X + vPP]) '~
E[|X + Y]

IX+ Y,

Il
‘\7

= (IX1, +171,)

Finally, identifying the left and right hand after simplifications, we obtain the
result. |

The Case 0fL2. The case when p = 2 is quite special. This is because 2 is its

own conjugate index (1/2 4 1/2 = 1). Because of this, the space is quite similar
to the Euclidian space. If X, ¥ € L?, we may define the inner product:

<XY>:E[XY]=/XY&{P,
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which is a well-defined quantity using the Cauchy—Bunyakovsky—Schwartz
inequality.

The existence of the inner product and the completeness of the norm makes
L* a Hilbert space with all the benefits that follow. In particular, the notion of
orthogonality is well-defined. Two variables X and Y in L? are orthogonal if and
only if

<X Y>=0.

In turn the orthogonality definition allows a Fourier representation and, in
general, representations in terms of an orthonormal basis of functions in L.
Again, we do not wish to enter into more details than necessary; please consult,
(Billingsley, 1995, Section 19) for further reference.

A consequence of the Markov inequality is the Berstein inequality.

Proposition 14.11 (Berstein inequality) Let X, X;, ..., X, be inde-
pendent random variable square integrable with zero expectation. Assume that there
exists a constant M > 0 such that for everyi =1, ..., n we have

X <M almost surely,
that is, the variables are bounded by M almost surely. Then, for every t > 0, we have

" 2
P <§ X > t) < B

i=1

B EXAMPLE 14.2

A random variable X has finite variance o%. Show that for any number ¢,

2
PWz»s£%%§u T

Show that if £(X) = 0, then

o
PRz 57— Vi>0

Solution: Let us use a technique similar to the Markov inequality to prove the
first inequality. Let F(x) be the distribution function of X. For any ¢ € R we may
write

E[(X + 6)2] = / (x + ¢)* dF (x) + /oo(x—{— o) dF (x).
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The first integral is always positive and if # > —¢, then # 4+ ¢ > 0 and on the in-
terval x € (¢, 00) the function (x + ¢)? is increasing. Therefore we may continue:

E[(X +¢)?’] = /oo(t + 02 dF(x) = (t + O'P(X > 1),

Rewriting the final expression gives the first assertion. To show the second as-
sertion, note that if E[x] = 0, then V(X) = E[X?] and thus E [(X + c)z] =
02 + ¢*. Thus the inequality we just proved reads in this case:

2 2
P(XZt)<G +c

=1 or ift> —c.

Now take ¢ = Z-. This is a negative value for any positive #, so the condition is
satisfied for any ¢ positive. Substituting after simplifications, we obtain exactly
what we need. You may wonder (and should wonder) how we came up with

the value ”7 The explanation is simple—that is, the value of ¢ which minimizes

. 2,2 ., .
the expression %; in other words, the value of ¢ which produces the best

bound. [ |

14.1 Functions of Random Variables. The
Transport Formula

In the previous chapters dedicated to discrete and continuous random variables,
we learned how to calculate distributions—in particular, p.d.f.’s—for continuous
random variables. In this appendix we present a more general result. This general
result allows us to construct random variables and, in particular, distributions on
any abstract space. This is the result that allows us to claim that studying random
variables on ([0, 1], 23 ([0, 1]), A) is enough. We had to postpone presenting the
result until this point since we had to learn first how to integrate.

Theorem 14.12 (General TransportFormula) Let (2, R, P) bea prob-
ability space. Let [ be a measurable function such that

@, L (5, ) % R, BRY),

where (S, ) is a measurable space. Assuming that at least one of the integrals exists,
we then have

/(pofsz /¢dPof_1,
Q N
Jor all ¢ measurable functions.

Proof: We will use the standard argument technique discussed above.
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1. Let ¢ be the indicator function ¢ = 1, for 4 € -

1 ifwe A,

0 otherwise .

14(w) = {

Then we get

/ 14 0f dP = / Li(f (@) dP(w) = / 15104 (@) dP(e)
Q Q Q
—P(fA) =Pof () = /5 Lid®of),

recalling the definition of the integral of an indicator.

2. Let ¢ be a simple function ¢ = ), 4,14, where 4,’s are constant and

A; € h\j’/
/(pofdP /(Zailfll) of dP
Q@ 2\ =1
/Zﬂi(lA, Of)dP = Zﬂ,’/l,qi OfdP
i i=1 Q
(part 1) i 1
= a; 1 idPO
2o fHudees

= /ZﬂilAidPofl = /(de ofﬁl.
s s

3. Let ¢ be a positive measurable function and let ¢, be a sequence of simple
functions such that ¢, ' ¢, then

/S;pofdP _ /(lim ¢,) 0 f dP

Q}'I—)OO
. monotone COnVergenCe .
= /hm((pnof)a’P = lim -/(pﬂofdP
Q}’l_)oo n—oo
1 monotone COnVergCnCe

P2 i /(pﬂdPof_ = /lim @, dPof !

= /(pd(P of .
N

4. Let ¢ be a measurable function then ¢ = max(p, 0), ¢~ = max(—g, 0).
This then gives us ¢ = ¢ — ¢ . Since at least one integral is assumed to
exist, we get that ¢t and [~ exist. Also note that

0" o f(@) = ¢ (7 (@) = max(p(f (@), 0).
max( o (@), 0) = (¢ 0 )" (@).
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Then

/<p+dp of ' = /(p+ o fdP = /(go o f)tdP,
/(de of = /(p o fdP = /((p o f)"dP.

These equalities follow from part 3 of the proof. After subtracting both, we
obtain

/godpof—l = /(pofdP.

I EXAMPLE 14.3

If X and Y are independent random variables defined on (2, R, P) with
X, Y € LY(RQ), then XY € L'(Q):

/XYa’P:/XdP/YdP (E(XY) = EX)E(Y)).
Q Q Q

Solution: Let us solve this example using the transport formula. Let us take f :
Q — R% f(w) = X (@), Y(w)); and ¢ : R? - R, ¢(x, y) = xy. Then we have
from the transport formula the following:

/ X(@)Y () dP(@) L f wdP o (X ¥).
Q R?

The integral on the left is E(XY"), while the integral on the right can be calculated
as

xyd(PoX1,P0Y1)=/deoX1/ydPoY1
R? R R

D / X(w) u’P(a))/ Y(w) dP(w) = EXOE(Y).
o Q
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W EXAMPLE 14.4

Finally we conclude with an application of the transport formula which will
produce one of the most useful formulas. Let X be an r.v. defined on the
probability space (2, &7, P) with distribution function F(x). Show that

E(X):/xdF(x),
R

where the integral is understood in the Riemann-Stielgjes sense.
Proving the formula is immediate. Take f: Q@ — R, f(0) = X(w)
and ¢ : R — R, ¢(x) = x. Then from the transport formula, we have

M

E(X)=/X(w)dP(w)=/on(w)dP(w) = /deoX_l(x)
Q Q R

= /xdF(x).
R

Clearly if the distribution function F (x) is derivable with % (x) = f(x)
ordF (x) = f (x) dx, we obtain the lower-level classes formula for calculating
expectation of a “continuous” random variable:

E(X) :/xf(x)dx.
R
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