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Chapter 0

Notation, conventions
and terminology

In this preliminary chapter we briefly present the notation, terminology and con-
vention to be used throughout this text.

0.1 Usual mathematical symbols

Throughout, we use N to denote the set {0, 1, ...} of all non-negative integers, and
write Ny to denote the set {1,2,...} of all positive integers. We also write R to
denote the set of all real numbers, while the notation R is reserved to represent
the set {x € R : z > 0} of all non-negative numbers. We introduce the extended
real line to be the set R augmented with 400, namely R = [~o0, +00] = R U
{—00, +0oo}, and we write R, to denote the extended positive real line, namely
Ry =R U {+o00}.

0.2 Countability vs. uncountability

A set S is said to be countable if there is a one-to-one (or injective) mapping
f S — Ny - In other words, the set f(.5) is a subset of Ny. The countable set S
is said to be finite (resp. countably infinite) if | f(S)| < oo (resp. |f(S)| = 00). We
refer to a set that is not countable as being uncountable. When |f(S)| < oo, say
|f(S)] = N for some positive integer N, the elements of S can always be labelled
sothat S = {s1,...,sny}. When |f(S)| = oo, the elements of S can always be
labelled so that S = {s1,..., sy, ...} — Such labelings are not unique.
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0.3 Displayed equations

0.4 Set theory

This section presents a brief review of some notions of Set Theory: We use () to
denote the empty set. Throughout, with S an arbitrary non-empty set, let P(.5)
denote the collection of all subsets of .S’ (including the empty set) — We also refer
to P(S) as the power set of S (sometimes also denoted 2°).

Elementary set-theoretic operations With £ and F subsets of S, we write & C
F when every element of E is also an element of F', and refer to this situation by
saying that F is contained in F' or that F is a subset of F' (resp. F' is a superset of
E).

The union and intersection of the subsets £ and F’ are subsets of S which are
denoted E U F' and E N F', respectively. They are defined by

FUF={seS: scForseF}

and
ENnF={seS: scFandsec F}

We also define the following basic operations:
(i) the complement E° of E (in S):
E‘={seS: s¢E}.
(i1) the (set) difference £ — F:

E—-F=ENF‘={seS: s¢FE}.

(iii) the symmetric difference EAF":

EAF=(E-F)U(F-E)=(ENF°)U(E°NF).

De Morgan’s Laws Let I denote an arbitrary index set. With {E;, i € I} a
collection of subsets of .S, we have

(Uier B)© = Nier B

and
(Nie1 EB)¢ = Uier Ef.
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Distributivity Let I denote an arbitrary index set. With {E;, i € I'} a collection
of subsets of .S and a subset F' of .S, we have

(UierE;) N F = Ujer (E; N F)  [Set intersection is distributive over set union]
and

(NierE;) UF = Nier (E; UF)  [Set union is distributive over set intersection]

0.5 Collections of sets

Since subsets of S are elements of the power set P(.S), we can think of a ollection
of subsets of S as a subset of P(S). With this in mind we have the following

Subsets If H; and Ho are collections of subsets of S, we write H1 C Hs to
express the fact that every subset of S’ that belongs to H; also belongs to Hy. We
then say that ; is a subset of Ho, or conversely that Ho is a superset of H;.

Intersections and unions If {#,;, i € I} is a non-empty family of collections of
subsets of S, i.e., H; C P(S) for each ¢ in I, then their intersection N;cH,; is the
collection of subsets of S given by

NiectHi ={E €P(S): E€H;,ie€l}.

In other words, the collection N;c;H; comprises all the subsets of .S that belong
simultaneously to each of the collections {H;, i € I}. In this definition the index
set I can be taken to be arbitrary.

0.6 Cartesian products

Let S, and S be two arbitrary sets (possibly identical). The Cartesian product of
S, and Sy, denoted S, X Sy, is the set of ordered pairs defined by

S, X Sp = {(sa,sb) : Sq € Sg,8 € Sb} .

We refer to S, and Sy, as the factors of the Cartesian product S, x Sp. If S is a
third set (possibly identical to either S, or Sp), we identify (S, x Sp) x S, with
Sa X (Sp X S¢) in the obvious manner and write S, X S x S, for either set. The
generalization to more than two factors is straightforward.

In particular, it is customary to write the Cartesian product of p copies of the
same set S, as Sy X ... x S, or simply as S%.
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Chapter 1

Modeling random experiments:
The Kolmogorov model

A random experiment £ is understood as an activity with the following character-
istics: It typically has multiple possible outcomes, and the outcome of a realization
of the experiment is revealed only after the experiment has been realized. Classical
examples include the throw of a dice, the price of a commodity at the end of a
trading day on some stock exchange, the temperature taken at noon on January 1
at the top of the Empire State Building, etc.

In these notes we use a widely accepted approach to modeling random experi-
ments that is based on the measure-theoretic formalism proposed by Kolmogorov:
According to this approach, a random experiment £ is modeled through a proba-
bility triple (2, F,P) where

e The set (2 lists all (elementary) outcomes (also known as samples) generated
by the experiment &; it is known as the sample space for the experiment.

e Events are collections of elementary outcomes, and so are subsets of 2. The
collection of events to which likelihood of occurrence can be assigned is a
collection F of events on {2. In many cases of interest one is forced for
mathematical reasons to take JF to be strictly smaller than the collection of
all subsets of .

e The “likelihood” of occurrence of events is assigned only to the events in F,
and is given by means a probability measure [P defined on F .

These objects will be given precise mathematical meanings in what follows.
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1.1 Fields and o-fields

Throughout, with .S a non-empty set, let S denote a non-empty collection of subsets
of S, sothat S C P(S5).

Definition 1.1.1
The collection S is said to be a field (also known as an algebra in some litera-
ture) on S if the conditions (F1)-(F3) hold where

(F1) D eS.
(F2) Closed under complementarity: If £ € S, then E¢ € S.

(F3) Closed under union: If E € Sand F € S,then FEU F' € S.

The De Morgan’s Laws have straightforward implications: The conditions (F1)
and (F2) automatically imply that S'is an element of the field S. Furthermore, (F2)
and (F3) automatically imply

(F4) Closed under intersection: If E € Sand F' € S,then ENF € S

(F5) Closed under differences: If E € Sand F € S,then E—F € S, F—FE € S
and FAF €S

Note that (F3) implies (is in fact equivalent to) the seemingly more general state-
ment

(F3b) Closed under finite union: Foreachn = 1,2,...,if b1 € S,...,E, € S,
then U E; € S.

while (F4) implies (is in fact equivalent to) the seemingly more general statement

(F4b) Closed under finite intersection: Foreachn = 1,2,...,if 1 € S,..., B, €
S,then N F; € S.

For technical reasons that will soon become apparent a stronger notion is needed.

Definition 1.1.2
The non-empty collection of S of subsets of S is a o-field (also known as a
o-algebra) on S if

(F1) 0 € S.
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(F2) Closed under complementarity: If £ € S, then ¢ € S.

(F6) Closed under countable union: With I a countable index set, if £; € S for
eachi € I, then U E; € S.

Any o-field is always a field since the additional property (F6) surmises (F3b)
(which is itself equivalent to (F3)) — Just take I to be finite. Again, using De
Morgan’s Laws we conclude under (F1) and (F2) that (F6) is equivalent to the
following statement:

(F6b) Closed under countable intersection: With I a countable index set, if &, € S
foreachi € I, then Njcr F; € S.

Any set S always carries at least two o-fields, namely the trivial o-field {(), S}
and the full o-field P(S). With an arbitrary set S and a o-field S on S, it is
customary to refer to the pair (S,S) as a measurable space. This is meant to
suggest that it is now possible to “measure” the sets in S by means of a measure
defined on S, an idea formalized in the next section.

1.2 Additivity and measures

Let S denote a non-empty collection of subsets of some non-empty set S. Mea-
suring the sets in S means that a notion of “size” (also referred to as “length” or
“volume” or “weight” depending on the context) can be associated with such sets.
This is done through a set function which maps any set .S in S to a non-negative
(possibly infinite) value u[S]. Of course we expect such a set function to satisfy
some natural properties. Additivity is the most obvious one as it reflects the nat-
ural idea that the size of an object can be evaluated as the sum of the sizes of its
“non-overlapping” components; this is formalized next.

Definition 1.2.1
With arbitrary index set I, the subsets { E;, 7 € I} of S are said to be pairwise
disjoint, or simply disjoint, if

; .
E; N Ej = @, i ]#GJI

We start with the weakest form of additivity known as finite additivity.
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Definition 1.2.2
Given a collection S of subsets of S, a set function p : S — [0, <] is finitely
additive, or simply additive, on S if for any finite collection {E;, i € I} of ele-

ments in S we have
UZEIE E /L
el

whenever the sets { F;, i € I} are disjoint, and their union U;c 7 E; belongs to S.

The natural setting for this definition is for S to be a field on S since then the
union set U;c 7 F; automatically belongs to S when the sets in the finite collection
{E;, i € I} are elements of the field S.

In order to deal with situations where the sample space is countably infinite
or uncountable, we extend the definition of a finitely additive set function in very
much the same way that we extended the notion of a field to that of a o-field — This
is done by allowing the additive evaluation of unions of countably many, not just
finitely many, disjoint events.

Definition 1.2.3
Given a collection S of subsets of S, a set function i1 : S — [0, o0] is countably
additive, or simply o-additive, on S if for any countable collection {E;, i € I} of
elements in S we have
UzEIE Z N

el

whenever the sets { E;, i € I} are disjoint, and their union U;c 1 E; belongs to S.

This time the natural setting for this definition is for S to be a o-field on S since then
the set U;cr F; automatically belongs to S when the countably many sets { E;, ¢ €
I'} are elements of the o-field S. On the other hand, according to Definition 1.2.3
a countably additive set function u : S — [0, 00] when defined on a field S is
automatically finitely additive there.

Definition 1.2.4
Let S be an arbitrary non-empty set equipped with a o-field S. A o-additive

measure 4 on S is a set function u : S — [0, 00| which satisfies the properties
(M1)-(M2) where

(M1) (0] = 0.
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(M2) o-additivity: For any countable collection { E;, i € I} of disjoint subsets in

S, we have
UZEIE Z M
iel

A o-additive measure is often referred simply as a measure; this terminology
always assumes that its domain of definition S is a o-field. Obviously any mea-
sure is also finitely additive. The qualifier “on & is usually dropped once it is
clear from the context what is the o-field S on .S being used throughout the discus-
sion. However, sometimes the qualifier “on (5, S)” is added when there might be
ambiguity as to the measurable space being considered.

A measure is said to be finite if ;1 [S] < oo, in which case (M1) is automatically
satisfied as a consequence of (M2) since u [S] = w[S] + w[0] by additivity on
account of the obvious relations S = S U@ and SN O = .

With a o-field S on an non-empty set S and a measure 1 : S — [0, +0o0]
defined on S, it is customary to call the triple (S, S, ) a measure space.

1.3 Probability measures

Specializing Definition 1.2.4 we obtain the notion of a probability measure, a no-
tion that will occupy a central place in further developments.

Definition 1.3.1
Let S be an arbitrary non-empty set equipped with a o-field S. A probability
measure (1 : S — R4 on S is a finite measure on S with  [S] = 1.

Collecting earlier definitions and remarks we readily see that the set function
p: S — Ry, is a probability measure on (S, S) (where S is a o-field) if and only
if it satisfies the following properties:

(P1) p[S] = 1.

(P2) o-additivity: For any countable collection {E;, i € I} of disjoint subsets in

S, we have
ZGIE Z M
i€l
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As mentioned earlier, the condition x[S] = 1 implies x[()] = 0. Moreover, if E
is any event in the o-field S, then its complement E° is also in the o-field S with
E U E° =5, whence

plE]+ p[E] =p[S]=1

by additivity. It follows that
plEl=1-plE], E€S
and
0<ulE]<1, Ec€S.

In other words, {¢ [E], E € S} C [0, 1] and a probability measure is a set function
w:S — [0, 1], note merely p: S — R4 !

1.4 Probability models

As likelihood assignments are implemented through probability measures, we are
now ready to introduce the basic model that we will adopt in the study of random
phenomena (with the usual change of notation).

Definition 1.4.1

A probability model for the random experiment £ is a triple (2, F,P) where
the set {2 is the sample space for the experiment, F is a o-field of events on {2 and
IP is a probability measure on (2, F) (or simply on F).

We refer to (2, F,P) as a probability space (or as a probability triple). An event
E in F such that P[E] = 1 is called a certain event, whereas an event E in
F such that P[E] = 0 is called a null event. Next we present simple, yet useful,
consequences of the definitions (F1)-(F5) and (P1)-(P2); proofs are elementary and
left to the interested reader as exercises [Exercise 1.8] — Some have already been
given.

Given a probability triple (€2, F,P), with events F and F in F, we have

(i) Complementarity:
P[El=1-P[E].

(i1) Generalizing additivity:
PI[EUF])=P[E]|+P[F]-P[ENF]

so that
PI[EUF])<P[E]+P[F].
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(iii)) Monotonicity (I):

P[F|=P[F - E|+P[E], ECF

(iv) Monotonicity (II):

(v) Monotonicity (III):
0<P[E]<1.

1.5 Discrete probability models and pmfs

In many applications a major question is concerned with determining the probabil-
ity measure P that captures the salient features of the experiment £ under consid-
eration once its sample space €2 has been identified. This requires that the o-field
F of events be judiciously chosen.

A situation of particular importance arises when €2 is countable, in which case
it is customary to take & = P(£2) — This choice reflects the natural desire to
assign the likelihood of occurrence to the individual outcomes {{w}, w € Q} (so
that anticipating on the material of Section 1.7 we must have o ({{w}, w € Q}) =
P(Q) [Exercise 1.14]). We refer to such models as discrete probability models.

As we now argue, specifying IP on (£2, P(£2)) is equivalent to specifying

(1.1) {P{w}], w e Q}.

Indeed, if P has been specified on (€2, P(£2)), then obviously the values (1.1) are
known since {w} is (an event) in P(£2) for every sample w in 2. Conversely, if the
values {P [{w}], w € Q} were only available, then the obvious relation

E=Usep{w), EcP©)

implies

P[E]=) P[{w}], EeP(Q)

welE

by the o-additivity of IP since every subset of the countable sample space {2 is nec-
essarily countable. This shows that the values {P [{w}], w € Q} indeed uniquely
specify P on the whole o-field P(£2), an observation which leads to the following
elementary fact.
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Fact 1.5.1 With Q) a countable set, any probability measure IP on the o-field P({2)
can be uniquely represented by a collection {p(w), w € Q} satisfying

(1.2) 0<pw) <1, we and > pw) =1,
we

with the identification P [{w}] = p(w) for each w in Q2. We necessarily have

(1.3) PIE] =) pw), E€cPE).

wekE

We often refer to a collection {p(w), w € Q} satisfying (1.2) as a probability mass
Sfunction (pmf) on Q, written (p(w), w € Q).

1.6 Uniform probability assignments

Let €2 be an arbitrary set to be used as the sample space of a probabilistic exper-
iment £ whose outcomes are known or believed to be equally likely to occur —
In many literatures an outcome of €2 so selected is said to be selected at random.
We will avoid this usage and use instead the more accurate terminology whereby
the outcomes are uniformly generated. A natural question is how to construct the
corresponding probability measure P, hereafter referred to as the uniform probabil-
ity measure. Obviously such a construction also requires that we simultaneously
identify the appropriate o-field F of events on which P is defined.

In a first step it may seem intuitively reasonable to start building this uniform
probability measure by assigning the same probability of occurrence to all out-
comes. This would necessarily require that {{w}, w € Q} C F,i.e.,

(1.4) {w}eF, we
with
(1.5) Plul=p, weQ

for some p in [0,1]. Again, anticipating on the material of Section 1.7 we must
have o ({{w}, w € Q}) C F.

Under the requirement (1.4) any countable subset E of {2 must belong to the
o-field F as a consequence of the decomposition £ = U,cgp{w}. By o-additivity
we then conclude that

(1.6) PIE] =) PHw}],

wek

ECQ
Countable.

Several cases arise:
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Finite case (|Q2| < co) The set {2 contains a finite number of elements, labelled
wi,...,wy for some finite NV, so @ = {wy,...,wn}. As pointed out in Section
1.5 the requirement (1.4) leads to F = P(£2). Using (1.5) into (1.6) we get

P[E]=) P{w}=|Elp, EcP(Q)
wek

whence p = |©2|~! upon taking E = € in this last relation. It immediately follows
that

E
(1.7) P[E] = ||Q|| E e P(Q).

Much of elementary Probability Theory is concerned with computing such prob-
abilities through combinatorial arguments that help evaluate the size of various
subsets (e.g., ) of a discrete set (e.g., {2).

Countably infinite case (|Q2] = oo) The set  contains countably infinite many
elements, say = {w,, n = 1,2,...} for some labeling Ny — Q : n — w,.
Again, as pointed out in Section 1.5 the requirement (1.4) leads to F = P(£2). The
same argument as above, based on (1.5) and (1.6), shows that

E eP(Q)

. = <
(1.8) PIE]=[Blp<1, g

Now it is always possible to select a sequence {F,,, n = 1,2,...} of subsets of
Q such that |E,| = n for all n = 1,2,... — Indeed, with the labeling introduced
earlier, just take F,, = {w1,...,w,} in which case |E,| = n. Applying (1.8)
with £ = E,, we conclude that p < n~! foralln = 1,2,..., whence p = 0. A
contradiction immediately arises: Indeed, by virtue of (1.6) (with £ = §2), we get
P[Q] =3 ,cqr =0, and yet we must have P[] = 1 because IP is a probability
measure. In other words, on a discrete sample set 2 with |Q2| = oo it is not possible
to construct a probability measure that satisfies the uniformity constraint (1.5). W

Uncountably infinite case When 2 is uncountable, the same arguments as above
will still show that p = 0, and the conclusion

ECQ

P[E] =0, Countable

again follows from (1.6) by o-additivity.
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What can we say concerning [P [E] if the subset F is not countable? While the
decomposition £ = U,cp{w} always holds for any subset E of (2, there is no
guarantee that

ECQ
Uncountable

P[E]=) P[{w}],

weE

since PP is only required to be o-additive. In fact, were this last relationship indeed
hold for every subset of 2 (including €2) we would have to conclude that P [E] = 0
for every subset of () (including 2, hence already a contradiction) This would
certainly define a measure on P(€2), namely the zero measure, definitely not a
probability measure on P(£2).

This discussion strongly suggests that when defining probability measures on
non-countable sample spaces (2, under the uniformity constraint (1.4) it may not
be feasible to take F = P(2) — This will be further discussed in Chapter 5. This
can be traced back to the fact that the o-additivity of P on P(£2) imposes too many
constraints — They cannot all be simultaneously satisfied if IP is to be defined on
P(£2), thereby forcing a reduction of P(12) to a strictly smaller o-field!

However, the analysis so far does not preclude the possibility of constructing a
probability measure P which reflects constraints naturally associated with uniform
selection other than (1.4) and (1.5) — This is illustrated on two examples, namely
infinitely many coin tosses of a fair coin in Section ?? and selecting a point at ran-
dom in the interval [0, 1] in Section ??. However, such constructions will have to
be done on a o-field strictly smaller than P(£2). [ ]

The reader may wonder as to why the conclusions reached in the countably
infinite and uncountable cases differ: In the countable case the equivalence em-
bedded in Fact 1.5.1 forces the construction of the desired uniform probability
measure to pass through the constraints (1.4)-(1.5). While this leads to a complete
characterization, namely (1.7), when €2 contains a finite number of samples, the
situation is quite different in the countably infinite case: The constraints (1.4)-(1.5)
are now incompatible with §2 being countably infinite. In the non-countable case,
the construction of the desired uniform probability measure cannot pass through
the constraints (1.4)-(1.5) — They are too weak as will be illustrated in Section ??,
leaving open the possibility that additional constraints reflecting uniformity could
possibly be added to characterize the desired probability measure.
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1.7 Generating o-fields

On a number of occasions it will be helpful to consider the smallest o-field contain-
ing a given collection of subsets of a non-empty set .S. The following elementary
fact provides the basis for this notion; its proof is left as an exercise [Exercise 1.11].

Fact 1.7.1 If {F;, i € I} is a non-empty family of o-fields on S (with I arbitrary,
countable or not), then the intersection N;c1S; is a o-field on the set S.

Using Fact 1.7.1 it is a simple matter to define the desired concept by leveraging
the following easy result [Exercise 1.12].

Lemma 1.7.1 Let G denote a non-empty collection of subsets of S. There exists a
unique o-field on S, denoted o (G), with the following properties:

(i) The o-field o (G) contains G;

(ii) The o-field o (G) is minimal in the sense that any other o-field S on S
containing G must necessarily contain o (G), i.e., 0 (G) C S.

We refer to the o-field o (G), whose existence is established in Lemma 1.7.1, as the
o-field on S generated by G. In fact o (G) coincides with the o-field N;c;G; where
{Gi, © € I} denotes the family of all the o-fields on S containing the collection G
— Note that {G;, i € I} is never empty as it contains the power set P(S).

Definition 1.7.1

Let G and S be two collections of subsets of S with G C S. If S is a o-field on
S with § = o (G), we say that G generates the o-field S, or equivalently, that G is
a generating family (or a generator) for S.

The following fact is elementary [Exercise 1.13].

Fact 1.7.2 If G, and Gy are two collections of subsets of S such that G; C G,
then o (G1) C o (G2). Moreover, if Gy is already a o-field, then o (G2) = Go and
o (G1) C Ga.

1.8 Exercises

Ex. 1.1 Let S be a o-field on some non-empty set S with a finite number of ele-
ments, i.e., |S| < oc.

a. Let S* denote the collection of all non-empty elements of S which do not
contain another non-empty element of S. Explain how S can be generated from



18CHAPTER 1. MODELING RANDOM EXPERIMENTS:THE KOLMOGOROV MODEL

S* — We can think of S* as the “atoms” of S [HINT: Remember that S is a o-field
on S].

b. Using Part a show that we necessarily have |S| = 2™ with |S*| = m.

c. Claim: Any o-field on a non-empty finite set S necessarily has 2™ subsets
of S in it for some positive integer m.

Ex. 1.2 Let H be a field on some set S. For any additive set function p : H —
[0, 00] show that u[()] = 0 as soon as there exists H in H such that u[H] < oc.

Ex. 1.3 In Definition 1.2.2 show that it suffices to check that the simpler pairwise

conditions
EFeS
hold.

Ex. 1.4 Let S denote a countable set. With F = P(.5), define the set function
T F = R+ by
ulE]=|E|, EcF

where |E| denotes the number of elements in £. Show that the set function y :
F — R, is a measure on F — It is known as the counting measure.

Ex. 1.5 Let S be a countably infinite set, say S = N. Define the collection F of
subsets of S to be F = {F C S : Either |F| < oo or |F¢| < o0 }.

a. Show that F is an algebra on S. Is it a o-algebra on S? Explain.

b. Define the mapping p : F — R by

0 if|E] < oo

plE] =
1 if |E°| < oo.

Show that p is finitely additive. Is p also o-additive on F? — Prove or give a
counterexample!

Ex. 1.6 Let S be an uncountable set, say .S = R. Define the collection F of subsets
of Stobe F = {E C S: Eiscountable or E¢is countable} where countable
means here either finite or countably infinite.

a. Show that F is an algebra on S.

b. Is F a o-algebra on S? Prove or give a counterexample!

c¢. Define the set function i : 7 — R by

0 if E is countable

nlE] =
1 if E€is countable.
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Is this set function p : ' — R4 o-additive on F? Prove or give a counterexample!

Ex. 1.7 Let S be a countable set. With ¢ > 0 show that there exists a unique
measure . : P(S) — [0,+o0] such that p[{s}] = c for all sin S. Give an
expression for y [E] for E in P(S).

Ex. 1.8 Give proofs to the elementary properties (i)-(v) of probability models given
in Section 1.4.

Ex. 1.9 Additional elementary properties of a probability measure: Given a prob-
ability triple (2, 7, P), with events £, F' and G, we have

P[ENF]>P[E]+P[F] -1,

and
P[EAF)=P[E]+P[F]—-2P[EN F]

where EAF denotes the symmetric difference of £ and F' (defined as FAF =
(ENF° U (E°N F)). Furthermore, the following “triangle inequality’

P[EAG] < P[EAF]|+P[FAG]|
holds.

Ex. 1.10 Let S denote a finite set, say S = {1,...,n} for some positive integer n.
The random experiment £ consists in selecting uniformly an ordered pair A and B
of (possibly empty) subsets of .S.

a. Construct an probability model for this experiment — Clearly specify the
sample space 2, the o-field F of events and the probability assignment IP. Using
the ideas developed in Section 1.6, compute the following probabilities:

b. For any subset B of S, compute the probability of the event Zp given by

Ip={(A,B) € P(S)xP(S): AC B}.
c. Compute the probability of the event Z given by
I={(A,B)eP(S)xP(S): AC B}

[HINT: Note that 7 = UpcsZp]. See Exercise 2.28 for another take on this
problem using conditional probabilities.

Ex. 1.11 Prove Fact 1.7.1.
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Ex. 1.12 Prove Lemma 1.7.1.
Ex. 1.13 Prove Fact 1.7.2.

Ex. 1.14 Let S be an arbitrary non-empty set. Let G denote the collection of all its
singletons, namely G = {{s}, s € S}.

a. If S is a finite set, what is 0(G)?

b. If S is a countably infinite set, what is ¢(G)?

c. If S is an uncountably infinite set, what is o(G)?

Ex. 1.15 With S an arbitrary non-empty set, let G be a collection of subsets of
S. If E denotes a subset of S, define the trace of G on E as the collection Gy of
subsets of E given by

Ge={GNE: Geg}.

a. Show that G is a field (resp. a o-field) on F whenever G is a field (resp.
o-field) on E regardless of whether F is an element of G.
b. Show that generating the smallest o-field and taking a trace are commutative

operations, i.e., 0 (Gr) = (¢ (9)) g-

Ex. 1.16 Let {E;, i € I} denote a countable decomposition of a non-empty set .S,
i.e., the sets { E;, ¢ € I} are not empty with U;jc/E; = S and E; N E; = () for all
distinct ¢ and j in I. Discuss the cardinality of the o-field o (E;, i € I).



Chapter 2

Elementary Probability Theory

In Chapter 1 we introduced the notion of a probability model for a random experi-
ment in the sense of Kolmogorov as a triple (€2, F,P) where 2 lists all elementary
outcomes of the experiment, and the collection F identifies the subsets of {2 (or
events) whose likelihood can be evaluated by means of the probability measure P
defined on F.

In the present chapter we present some of the most basic concepts often found
in textbooks covering elementary Probability Theory. Throughout we are given a
probability triple (€2, 7, P) which is held fixed during the discussion.

2.1 Bounding probabilities

With I a finite index set, let {E;, ¢ € I} denote any collection of events in F.
At this point the reader may wonder how to evaluate the probability of the union
Us;erE; when the events are not disjoint (since in that case it is unclear how to
invoke o-additivity).

A formula by Poincaré The next result is attributed to Poincaré and gives a
formal answer to this question. It states that

]

2.1 PlUicr B =Y (-1 ’f—l( IP[ b E])
(2.1) [Uzel z] kz_l( ) Zj1<j2<...<jk My L4,
where for each k = 1,...,|I|, the summation }; ., _ _, is over all ordered

k-uples drawn from I. This formula is an expression of the Inclusion-Exclusion
Principle.

21
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By complementarity this expression is often used in the form

PlNierE;] = 1—-PUerk]
11|
(2.2) - Z(_l)k <Zj1<j2<..‘<jkp [ﬂf:lEjé])
k=0

with the understanding that the term corresponding to & = 0 is set to 1. The expres-
sions (2.1) and (2.2) are easily derived by induction on the size of the cardinality
|1| [Exercise 2.1].

While exact, the expressions (2.1) and (2.2) are often too unwieldy to be useful.
Instead only the upper and lower bounds given next suffice in many cases; they are
also established by induction on the size |I| [Exercise 2.3].

Boole’s inequality This bound, also known as the union bound, is commonly
used in Information Theory and theoretical Computer Science, and states that

(2.3) P [Uies Ei] < ZZ—GIP [Ei].
The union bound (2.3) also holds when I is countably infinite [Exercise 3.2].

The Bonferroni Inequality This bound gives a lower bound on the probability
P [U;jer E4] in the form

(2.4) ZZEIP [E;] — ZMEI: o PIEN B <PUier B

Combining the inequalities (2.3) and (2.4) we get

ZieIP [Ei] ~ Zi,jel: i<j]P> [E; N Ej] <PUierEy] < ZieIP [E;] .

This opens the door to the possibility that P [U;c; F;] might be well approximated
by >_;c/P[Ei] whenever the term >, /. ;P [E; N Ej] is smaller than 3, /P [E;]
in a suitable sense. This idea is commonly used in many settings. Sometimes it is
more convenient to express these two inequalities in the following equivalent form

0= ZieIP [Bi] = PUierEil < Zm’el: i<i [Ei 0 Byl

2.2 Independence

The notion of independence introduced next is key to probabilistic modeling. It
is perhaps what makes Probability Theory not just a special case but rather a very
rich subarea of Measure Theory.
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In this section we consider a collection {E;, i € I'} of events in F where I is
an arbitrary index set, and present the several notions of independence commonly
discussed.

Pairwise independence The events { £;, i € I} are said to be pairwise indepen-
dent if the conditions

P[E; N Ej] = PE]P[Ej], Z-,Zji]]
all hold. With [ finite, this constitutes a set of w conditions. When con-
sidering only two events, i.e., = 2, this set of conditions reduces to a single
condition, in which case the qualifier “pairwise” is dropped and the two events are
simply said to be independent.
The terminology may be misleading. Indeed, if two events are independent,

it does not necessarily mean that their outcomes are not influencing each other in
any way; see Exercise 2.9 for an illustration of this point.

Mutual independence (with I finite) The events {E;, ¢ € [} are said to be
mutually independent if the conditions

JcI
mJEJE H]P) ’ |J‘21
jeJ

are all satisfied — This represents 2/l — (|I|41) non-trivial conditions. In Exercises
2.7 and 2.8 situations are given (with |I| = 3 so that 21/l — (|I| +1) = 2% —4 =
4 conditions) where some of the inequalities are satisfied but others are not. In
particular, Exercise 2.7 already shows that pairwise independence may not imply
mutual independence.

Mutual independence (with I arbitrary, countable or uncountable) The events
{E;, i € I} are said to be mutually independent if for each finite subset J C I
with 0 < |J| < oo, the events {E;, j € J} are mutually independent. It is easy
to check that this definition is equivalent to the following requirement [Exercise
2.10].

Fact 2.2.1 When [ is an uncountable index set, the collection {E;, i € I} of
events in F are mutually independent. if and only if the conditions

KCI

PlwexEr]l = [[ PIE], |K|<oo
keK |K|>1
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are all simultaneously satisfied.
Set-theoretic operations preserve independence in the following sense.

Theorem 2.2.1 Consider a collection {E;, i € I} of events in F where I is an
arbitrary index set. If the events {E;, i € I} are mutually independent, then the
following statements hold:

(i) For every subset J C I, the events { E;, j € J} are mutually independent.

(ii) Taking complements does not affect mutual independence: For any subset
C C I (possibly empty), the events {E;, i € C;Ef, j € I — C} are mutually
independent.

(iii) Partitioning does not affect mutual independence: The events {Gy, k €
K} are mutually independent where K is an index set, {Iy, k € K} is a partition
of I and for each k in K, the event Gy, is defined by set-theoretic operations ex-
clusively on the events { E;, i € I}, } — Here set-theoretic operations refer to taking
the complement of a set, union and intersection.

Part (i) is trivial, and although Part (ii) is subsumed by Part (iii), we invite the
reader to provide a direct proof in Exercise 2.12. The proof of (iii) is more delicate
and will not be given here.

The next two sections provide examples where the notion of independence
plays a major role.

2.3 Modeling repeated coin tosses

In this section we discuss a class of random experiments associated with a well-
known game of chance, namely the repeated throw of a coin. Historically this situa-
tion has provided much impetus for the early development of Probability Theory. It
illustrates a probabilistic paradigm that recurs in many applications where the ran-
dom experiment of interest consists of repeated random trials (or sub-experiments),
each with exactly two possible outcomes, carried out under identical and indepen-
dent conditions.

To set the stage, we first describe the random experiment of interest in some
more detail: A two-sided coin is tossed repeatedly n times (with n a positive in-
teger). Each toss results in one of two outcomes, say H = “Head” and T = “Tail”
— It is often convenient to label the outcomes as H = 1 and T = 0 or even as
H =1and T = —1. Furthermore we assume that the n successive tosses do form
independent trials, each carried out under identical conditions. This implies that
the likelihood of occurrence in each trial remains the same throughout the n trials,
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say p (resp. 1 — p) for any coin toss resulting in H (resp. 1') with p a scalar in
[0, 1].

From now on we use the labeling convention H = 1 and T" = 0 so that the
outcome of the random experiment can be represented by a binary sequence, i.e.,
a sequence of 0’s and 1’s, of length n. Put differently, each outcome is a word of
length n with entries drawn from {0, 1}. This leads to taking 2 = {0, 1}" for the
sample space with generic element w given by w = (wy,...,wy,) Where w; is an
element of {0, 1} for each i = 1,...,n. Following the approach in Section 1.5,
with F = P () as usual, we will construct the appropriate probability measure P
on P(2) by identifying a pmf (p(w), w € {0,1}") which reflects the probabilistic
properties described earlier.

To do so, for each k = 1, ..., n we define the events
(2.5) Hy={w"€Q: w, =1}
and
(2.6) Ty ={w' €Q: w, =0}

The event H), (resp. T};) contains the outcomes of the n tosses for which the k"
toss results in [ (resp. T'). The disjoint sets [} and T}, are complements of each
other in  since Hy U T, = {0,1,}", hence T}, = Hf. That the n successive
tosses form independent trials, each carried out under identical conditions, natu-
rally translates into the events {Hy, k = 1,...,n} being mutually independent
with
2.7 P[H| =p=1-P[T}], k=1,...,n.

Now pick w in €2, and introduce the index sets H(w) ={k=1,...,n: wy =
1} and T(w) = {k = 1,...,n : wi = 0}. The disjoint index sets H(w) and
T'(w) are obviously complement of each otherin {1, ...,n} since H(w)UT (w) =
{1,...,n}. Noting the representation

{w} = (Mkenw)Hr) N (Neerw Te) »

we get
PH{w} = P[(Mkerw Hr) N (Neerw)Tr)]
= [[ pl- I] riz
k€H (w) LeT (w)
2.8) = pHEI L (1 p)T)

upon invoking Part (ii) of Theorem 2.2.1, namely that taking complements does not
change mutual independence. In the last expression, |H (w)| (resp. |T'(w)|) denotes
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the number of trials (or equivalently, coin tosses) in the sample w that result in [/
(resp. T).

In conclusion the assumptions that the n successive tosses form independent
trials, each carried out under identical conditions, lead to the pmf (p(w), w €
{0,1}™) being given by

plw) = pH@I. (1= p)T@
(2.9) = pH@I q —pyn=HI e {01}

since |H (w)| 4 |T'(w)| = n. The case p = 3 is often referred to as the fair case
and is explored in Exercise 2.18.

2.4 A probabilistic proof of a formula by Euler
The Riemann function ¢ : (0,00) — [0, +0o0] is defined by

(2.10) ((s) = Z mi s> 0.

m=1
It is easy to show that {(s) = oo on the range 0 < s < 1 and that ((s) < oo for
s > 1. The following identity was established by Euler.

Theorem 2.4.1 It holds that

(2.11) C(s) = H% s>1

—S ?
peEP p
where P denotes the set of prime numbers.

We will now provide a probabilistic proof of this remarkable identity, thereby il-
lustrating the power of probabilistic thinking!

Proof. Fix s > 1. The basic idea of the proof is to construct a discrete probability
model (€2, F, P,) tailored to the value ((s) of the Riemann function: Take {2 = Ny
and F = P(Np). Following the approach developed in Section 1.5 we define s
on P(Np) through the pmf (ps(n), n =1,2,...) given by
n—S
ps(n) = ——, n=12,...

=
From the definition (2.10) of ((s) this definition is well posed and the collection
(ps(n), n=1,2,...) is indeed a pmf on Ny.
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Next, for each k = 1,2, ..., we introduce the subset M}, of Ny given by M}, =
{kn, n =1,2,...}. An elementary calculation then shows that

> = (kn)~* 1
Py [Mi] = ps(kn) =) =,
n=1 n=1 C(S) ke
Foreach ¢ =2,3,...,if p1,.. ., py are positive integers with no common divi-
sors, then it is the case [Part (i) of Exercise 2.21] that
(2.12) ﬂfi:lM r Mplpz---pe'
It then follows that
Py [ﬂleM T} = Ps [Mplpz.--pe]
B 1
(P1p2 - - pe)*
¢
(2.13) = [[?: M)
r=1
As this conclusion obviously holds for any collection of prime numbers p1, . . ., ps,

the events {M),, p € P} are mutually independent; see also Fact 2.2.1.

Now label the prime numbers by increasing size, say P = {p1, po, ...} with
p1 < p2 < .... By Part (ii) of Theorem 2.2.1 the mutual independence of the
events {M,, p € P} implies the mutual independence of the complementary
events { My, p € P}. Thus, forany £ = 1,2,.. ., it holds that

)4 1
(2.14) P, g | = TTPs [ ] =TT (-
r=1 1

r—=

Let £ go to infinity in (2.14): On one hand we get
14 00
@15)  lim P | My | = Jim [T -p) =TT (1=p7).
r=1 r=1
On the other hand we have Myep My = {1} [Part (ii) of Exercise 2.21] and
@.16)  lim Py [Ny My | = P[22, 05, ] = Py [{1}] = C() 7
The first equality expresses the continuity from above of the probability measure

P, discussed in Lemma 3.1.2 (applied with £, = ﬂleM;jT forall / = 1,2,...).
The proof of Theorem 2.4.1 is now complete upon combining (2.15) and (2.16). &
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2.5 Conditional probabilities

Conditional probabilities naturally arise when independence does not hold. We
begin with a classical definition.

Definition 2.5.1
Consider an event B in F such that P [B] > 0. The conditional probability of
the event A in F given B is defined as the ratio

P[AN B]

(2.17) PlA|B] = — 5]

When P [B] = 0 it is customary to take P [A| B] to be arbitrary in [0, 1]. How-
ever, the relation
(2.18) P[A|B]P[B]=P[ANB], AeF

is always true regardless of whether P[B] > 0 or not: When P [B] > 0 this is
clear from (2.17), while if P [B] = 0, then P[AN B] = 0 and P[A|B]P[B] = 0,
irrespective of the arbitrary value selected for P[A|B]. The following fact is an
easy consequence of the definitions.

Fact 2.5.1 WithP[B] > 0, the mapping Qp : F — [0, 1] defined by

:PMmm

QB(A) = P[B] , Aec F

is a probability measure on F.

Pairwise independence can be easily characterized in terms of conditional prob-
abilities.

Fact 2.5.2 Let A and B be two events in F. Under the condition P [B] > 0, the
events A and B are independent if and only if P[A|B] = P [A].

In other words, the events A and B are independent if the conditional probability
of A given B coincides with its unconditional probability P [A]. This is a simple
consequence of (2.18) and of the definition of pairwise independence; its proof is
left as an exercise [Exercise 2.30].

We close this chapter with two easy, but important, consequences associated
with the notion of conditional probability.
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Definition 2.5.2
With [ a countable index set, the events { B;, i € I} in F form an F-measurable
partition of ) whenever

AB, = niel B —
B, N B; =0, P and U;er B; = Q.
This definition does not preclude that P [B;] = 0 for some i in I. However, the

second condition yields
ZP [Bi] =1,
el
a fact which implies IP [B;] > 0 for at least one index ¢ in I.

The Law of Total Probability For each A in F, the obvious decomposition
A= UieI(A N BZ) yields

PlA] = Y P[ANB
el
(2.19) = Y P[AIB|P[B], AcF.
el
Put differently,
P[A] =) Qp(AP[B], AcF
el
in the notation used in Fact 2.5.1.

Bayes’ rule — From prior probabilities to posterior probabilities Consider any
event A in F such that P[A] > 0. For each k in I, we have

P[A]
P [A|By] P [By]
P[A]
P[A|By| P [By]
> ic1 P[A|Bi] P [Bj]

P[BglA] =

(2.20) =

upon using the Law of Total Probability to evaluate the denominator. This last re-
lation, which gives the posterior probability P [By|A] in terms of the likelihoods
{P[A|B;], i € I} and of the prior probabilities {P [B;], i € I}, is a celebrated re-
lation known as Bayes’ rule or Bayes’ law. It plays a central role in many branches
of Statistics and Data Science.
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2.6 Exercises

Unless otherwise specified a probability triple (€2, F,P) is assumed given. Exer-
cises 2.1-2.6 assume the setting of Section 2.1.

Ex. 2.1 Prove Poincaré’s formulae (2.1) and (2.2) [HINT: The result is true when
|I| = 2, and then use an induction argument on the size of I].

Ex. 2.2 What happens to Poincaré’s formula (2.1) when the events {E;, i € I}
are disjoint?

Ex. 2.3 Prove the bounds (2.3) and (2.4) [HINT: The results are true when |I| = 2,
and then use an induction argument on the size of I].

Ex. 2.4 Prove the bound

P [Uier ] < min ZIP’[EZ-]— > P[E.NE]
il el ik

due to Kounias.

Ex. 2.5 The bounds (2.3) and (2.4) take a particularly simple form when for each
k = 1,2, the individual probabilities P [N}_, E},] do not depend on the index set
11 < ... < 1. In such situations, show that

_ M =1
2

Ex. 2.6 Show that

PMierEi] > ) P[E] - (|I] - 1).
i€l
a. First proof: The result is true when || = 2 by virtue of Exercise 1.9. Then
proceed with an induction argument on the size of 1.
b. Second proof: Apply the union bound to the collection {Ef, i € I}.

Ex. 2.7 An item is selected uniformly from a set comprising four distinct objects
labelled 1,2, 3, 4. To model this experiment we take 2 = {1,2,3,4}, F = P(Q)
and P given by the uniform pmf p(1) = ... = p(4) = i. On this probability
space define three events, say A, B and C, such that the events A, B and C' are
pairwise independent but not mutually independent, i.e., P [A N B] = P[A] P[B],
P[BNC] =P[B]P[Cland P[ANC] = P[A]P[C] and yet P[ANBNC| #
P[A]P[B]P[C].
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Ex. 2.8 An item is selected uniformly from a set comprising eight distinct objects
labelled 1, . . ., 8. We model this experiment by taking Q@ = {1,...,8}, F = P(Q)
and PP given by the uniform pmf p(1) = ... = p(8) = %. On this probability
space define three events, say A, B and C, such that P[AN B] = P[A]|P[B],
P[ANC]=P[A]P[C]and P[ANBNC] =P[A]P[B|P[C],yet P[BNC] #
P[B]P[C]. In other words, the pairs of events A and B, and A and C are each
pairwise independent and the condition P[A N BN C] = P[A]P[B]P[C] holds.
However, the events B and C' are not pairwise independent — This illustrates that
the three events A, B and C' are not mutually independent.

Ex. 2.9 Two identical six-facetted dice are cast one after the other under identical
and independent conditions, and the outcomes recorded. We model this experiment
by taking Q = {(k,¢), k, 0 =1,...}, F = P() and P given by the uniform pmf
p(k,0) = 3—16 (k,£=1,...,6). Consider the events A and B given by

A = [ The sum of the two outcomes is 7 |

and
B = [ The first outcome is 3 | .

Show that the events A and B are independent. Although there is intuitively a
form of “influence” between the events A and B — After all getting a “3” in the
first outcome obviously affects the second outcome that could produce a sum “7”,
these events are independent according to definition given in Section 2.2 because
the realization of one event does not affect the probability of the other.

Ex. 2.10 Prove the equivalence stated in Fact 2.2.1.

Ex. 2.11 Let {E;, i € I} denote a collection of events in F.
a. With I countably infinite, explain why the definition of independence re-
quiring

JCI
(2.21) NiesEsl = [ PIE)], <]
jeJ

is equivalent to the one given in Section 2.2 (and equivalent to the one given in Fact
2.2.1) — However, note that when J is countably infinite the conditions (2.21) are
usually not informative.

b. With I uncountable, explain why a definition of independence requiring

JCI
HJEJE H]P) ) 1§’J|
jeJ

makes no mathematical sense.
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Ex. 2.12 Prove Part (ii) of Theorem 2.2.1 [HINT 1: It suffices to consider the
case when [ is finite] [HINT 2: Proceed by induction on the size of the index set
C when evaluating the probabilities

P [(NjecEf) N (Nier-cEi))]
where C' C I. Start with the case |C| = 1].

Ex. 2.13 If the events F1, ..., E, in F are mutually independent events such that
P[U?_, E;] = 1, show that P [E)] = 1 for some index k = 1,...,n. Is the index k
unique?

Ex. 2.14 Let E, I’ and G denote three events in F which are mutually indepen-
dent, and assume that 0 < P [E],P[F] < 1. Under what conditions are the events
E NG and F N G independent?

Ex. 2.15 Let A, Fy and E5 denote three events in F. Assuming that for each
k = 1,2, the events A and F, are independent, show that the events A and E1 N Ey
are independent if and only if the events A and Fy U F5 are independent.

Ex. 2.16 Let A denote an event in F with 0 < P[A] < 1 (in order to avoid trivial
situations of limited interest). Define the collection F 4 of events in F by

Fa={FeF: P[FNA]=P[F] P[A]}.

a. Show that both €2 and the empty set () belong to F4.

b. Show that F,4 is closed under complementarity, i.e., if F' is an element of
F 4, then so is its complement F'°.

c. Is the family F 4 a o-field on 2? Prove or give a counterexample!

Ex. 2.17 Consider the probability triple (€2, F,P) where (i) Q = {1,...,p} for
some prime number p; (ii) F is the power set of 2; and (iii) the probability assign-
ment [P is uniform in the sense that P [A] = % for every subset A of (2. Consider
now two independent events A and B, neither of which is empty. What can you
say concerning these sets?

Ex. 2.18 Consider the situation discussed in Section 2.3. The pmf (p(w), w €
{0,1}"™) described at (2.9) was obtained by translating the requirement that the n
successive tosses form independent trials, each carried out under identical condi-
tions. This was done by positing the mutual independence of the events { Hy, k =
1,2,...,n} defined at (2.5) with probability assignment (2.7).
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If the coin is fair, i.e., p = %, then the expression (2.9) reduces to
(2.22) plw)=2"", we{0,1}".

Since 2 = {0, 1}" for this model, hence Q2| = 2"), we conclude from the discus-
sion in Section 1.6 that the pmf (2.22) corresponds to uniform selection.

Conversely, if we consider the uniform probability assignment (2.22), show
that the events {Hy, k = 1,2,...,n} defined at (2.5) are necessarily mutually
independent.

Ex. 2.19 The situation discussed in Exercise 2.18 can be further generalized: Con-
sider n probability triples, each with a finite sample space, say (21, P(Q1),Py),
ooy (25, P(Q),Py,). Consider the measurable space (€2, F) where Q = ) x
... X Qyand F = P(Q).

a. Show that there exists a unique probability measure P on P(£2) such that

n E, e P(Q
(2.23) P[Elx.-.xEn]Zl}_[lPk[Ek]a kk:1(kr)L

and give an expression for the probabilities
P[E], E e€P(Q).

[HINT: What is the value of P [{w}] for each w in Q7].
b. Show that the unique probability measure [P satisfying is uniform on P(€2)
if and only if each probability measure Py, is uniform on P(Q), k= 1,...,n.

Ex. 2.20 A fair coin is rolled n times under identical and independent conditions,
as in Exercise 2.18. We adopt the model discussed in Section 2.3 (with p = %).

With distinct 4, 5 = 1,...,n, define the event £;; as the event where the out-
comes of the i*" and j** tosses are identical (e.g., both are heads). Show that the
n(nT_l) events {E;;, 1 < ¢ < j < n} are pairwise independent but not mutually
independent!

Ex. 2.21 In the proof of Theorem 2.4.1:

(1) Prove the set equality (2.21) [HINT: Prove it first for £ = 2, and use induc-
tion on / to establish the general case].

(ii) Show that Npep Mg = {1}.

Ex. 2.22 Establish Fact 2.5.1

Ex. 2.23 In Definition 2.5.1 show through examples that both inequalities P [A] <
P[A|B] and P [A|B] < P [A] are possible — Assume that P [B] > 0.
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Ex. 2.24 Given are three scalars «, 3 and 7y in (0, 1). Construct a probability triple
(Q, F,P) and a pair of events F and F in F such that P [F'] = 8, P [E|F| = aand
P(BIF =y

Ex. 2.25 Let E and F' be events in F with P [E] > 0 and P[F] > 0. We say that
event E is positively correlated with event F' if P [E|F| > P [E].
a. Show the equivalence of the following three statements (i)-(iii) below:

(i) Event E is positively correlated with event F'
(i) Event F'is positively correlated with event £/
(iii) Event E° is positively correlated with event F*°

b. Construct a probability triple (€2, 7, P) and three events E, F' and G in F
such that P [E|F| > P[E] [Event E is (strictly) positively correlated with event
F1P[F|G] > P[F] [Event E is (strictly) positively correlated with event F'] but
P[E|G] > P[E] [Event E is not positively correlated with event G] [HINT: Take
02 ={1,2,3}, F = P(Q) and the uniform probability assignment on F].

Ex. 2.26 The decomposition formula for conditional probabilities: Given three
events E/, F' and G in F such that P[FFN G] > 0 and P [F' N G°] > 0, show that

P [E|F] = P[G|F]P[E|F UG] + P[G|F|P[E|F UGY.

Ex. 2.27 Consider events F1, ..., F, in F that are disjoint with P [E;] > 0 for all
¢t =1,...,n. For any event F in F show that the bounds

min P [F|E;] <P[E|U} E;] < max P[E|E;]

1=1,....n =1,...,n

hold [HINT: Let o, . . . , o, be non-negative scalars such that oy + ... + o, = 1.
Then, for any x1, ..., x, in R the inequalities

n
min x; < E oy < max x;
i=1,...,n , i=1,...,n
=1
are satisfied].

Ex. 2.28 We return to Exercise 1.10: Let S denote a finite set, say S = {1,...,n}
for some positive integer n. The random experiment £ consists in selecting uni-
formly an ordered pair A and B of (possibly empty) subsets of S. Using the model
developed there, evaluate PP [Z] by first evaluating the conditional probabilities

P[Z|B], BCS,

and then using the Law of Total Probability.
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Ex. 2.29 The following fact is useful when modeling situations associated with
sequential decision making: Given a probability model (2, F,P), with events
Ay, ..., A, in F, show that

PlAiN...NA)] =P[Al]- [[P[AilA1 0.4 q).
=2

[HINT: The observation
Pl[A1N...NA, =P[AJA1N...NA, 1] - P[AIN...N Ap_1]
suggests a proof by induction on n].

Ex. 2.30 Establish Fact 2.5.2

Ex. 2.31 Your cupboard contains six cups and six saucers. There are two blue cups
and two blue saucers, two red cups and two red saucers, two white cups and two
white saucers. As you are setting the table for a dinner party, you randomly assign
cups to saucers.

a. Construct a probability model (€2, 7, P) that would model this situation.

b. Compute the probability that each of the six cups is assigned to a saucer of
the same color!

c. Compute the probability that none of the six cups is assigned to a saucer of
the same color!

We close with several urn problems:

Ex. 2.32 An urn contains R red balls and B blue balls (with R > 1 and B > 1).
A ball is drawn at random from the urn and then put aside. A second ball is then
drawn again at random from the urn (which now contains one less ball).

a. Construct a probability model (€2, 7, P) that would model this situation.

b. Consider the event E and F' informally defined as F' = [The first ball drawn is red]
and F' = [The second ball drawn is red]. Are they independent?

Ex. 2.33 Consider two urns, say U; and Us, each of which contains contains R red
balls and B blue balls. A ball is drawn at random from urn Uy, and put in urn Us.
Urn Uy is then well stirred and shaken, and a ball is drawn at random from urn Us.
a. Describe a complete probability model (€2, F, P) to model this situation.
b. Compute the probability that the ball drawn from urn Us is red.



36 CHAPTER 2. ELEMENTARY PROBABILITY THEORY

Ex. 2.34 There are three urns, say U, Uy and Us. Urn U; contains R; red balls
and Bj blue balls, urn Us contains Ry red balls and B> blue balls, and urn Us
contains R3 red balls and Bj blue balls. An urn is selected at random, and then a
ball is selected at random from it.

a. Describe a complete probability model (€2, 7, P) to model this situation.

b. Compute the probability that the selected ball came from urn U; if the ball
selected is red.

Ex. 2.35 An urn contains B blue balls and R red balls. They are removed one by
one at random and not replaced until the urn is empty.

a. Construct a probability model (2, 7, P) that would model this situation.

b. Compute the probability that the first red ball drawn is the (k + 1)-th ball
drawn — What is the range of £?

¢. Compute the probability that the last ball drawn is red.

Ex. 2.36 Consider N urns (with N > 2), say Uy, ..., Uy, each of which initially
contains R red balls and B blue balls. Each of the urns has been well stirred and
shaken! A ball is drawn at random from urn Uy, and put in urn Us which is then
well stirred and shaken! Then, a ball is drawn at random from urn Us and put in
urn Us. The process is repeated until a ball is finally drawn at random from last urn
Un.

a. Describe a complete probability model (2, 7, P) to model this situation.

b. Compute the probability that the ball selected from urn U is red.

Ex. 2.37 There are two urns, U; and Us, each containing /N — 1 blue balls and one
(1) red ball.

a. From each urn, n balls are randomly selected without replacement (with
1 < n < N), and the selections at urns U; and Us are carried out independently
from urn to urn:

Construct a probability model (2*, F*,P*) that would model this situation.
Compute the probability P*(E) of selecting at least one red ball among the 2n
balls that have been drawn.

b. Combine all 2NV balls into a third urn Us and let 2n balls be randomly
selected from urn Us without replacement:

Construct a probability model (€2, F,, P,) that would model this second situ-
ation. Compute the probability P, (F) of selecting at least one red ball among the
2n balls drawn from urn Us.

¢. Compare P*(FE) and P, (F). Is it surprising?

In Exercises 2.38-2.40 we consider an urn containing n balls, some of which
are red with the remaining ones being blue. Although the exact composition of the
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urn is not known a priori, it is believed that the values 0,1, ..., n for the number
of red balls are equally likely.

Ex. 2.38 First draw a ball at random from the urn and record its color.

Construct a probability model (€21, F;,P;) to compute the probability that k
red balls (k = 0,1,...,n) were initially in the urn given that the ball drawn was
red.

Ex. 2.39 First draw a ball at random from the urn, throw it away and then draw a
second ball at random from the remaining n — 1 balls.

Construct a probability model (€22, F2,P2) to compute the probability that k
red balls (k = 0,1, ...,n) were initially in the urn given that the two balls drawn
were red and blue in that order? Is the probability model (€21, F7,P;) appropriate
to answer this question? If not, explain!

Ex. 2.40 First draw a ball at random from the urn, throw it away and then draw
a second ball at random from the remaining n — 1 balls. This time, compute the
probability that £ red balls (k = 0, 1, ..., n) were initially in the urn given that the
two balls drawn were red and blue, but the order is unknown.
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Chapter 3

Limits of probabilities
vs. probabilities of limiting events

In many applications we are confronted with the following situation: On some
probability triple (€2, F,P), there is a need to examine the probabilistic behavior
of a sequence of events {E,,, n = 1,2,...} in F as n becomes large. Specifically,
we are interested in understanding how the sequence of probabilities {P [E, ], n =
1,2,...} behaves — Does this sequence converge and if so, what is the limit?

A typical example arise when trying to assess the performance of statistical
procedures. In such a situation, the event F,, describes an event where the pro-
cedure provides an acceptable level of performance when n samples are used.
Special attention is then given to situations where either lim,,_,o P [E,] = 0 or
lim, oo P[E,] = 1.

In the present chapter we start developing some understanding of these issues
by presenting some basic facts concerning the limiting behavior of these probabil-
ities. In particular, we present conditions under which the limit lim,,_, P [E,,],
exists, and identify this limit.

3.1 Monotonicity and o-additivity

Consider a sequence {E,,, n = 1,2,...} of events in F.

Lemma 3.1.1 (Continuity from below) If the sequence is monotone increasing in
the sense that E,, C E,, 11 foralln = 1,2, ..., thenlim,_,. P[E,| = P[US2, E,].

39
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Proof. Note the relation
Une1Bn = U1 Fin
where
Fo.=FE,—F,1, m=12,...
(under the convention Ey = (). The events {F,,, m = 1,2,...} being pairwise

disjoint, we get

PlUpiiEn] = PlUn_iFnl
oo

= Z [F,] [By the o-additivity of P]

m=1
= > (P[En] —P[En1))
m=1
= lim > (P[Ey —]P’[Ek—l])>
k=1
@.1) — lim_(F[Ey] ~ P[Bo)) = lim P[E,].

This result can be interpreted as a continuity result for P in the following sense: If
we define lim,,_,oc B, = U2 E,,, then Lemma 3.1.1 states that lim,,_,o, P [E,] =
P [lim;,—so0 Ey]. The analog of Lemma 3.1.1 for sequences of events which are
monotone decreasing is given next.

Lemma 3.1.2 (Continuity from above) If the sequence is monotone decreasing in
the sense that E,, 11 C E,, foralln = 1,2, .., thenlim,_, P [E,] = P[22, E,].

This result can also be recast as a continuity result for P: This time, if we
define lim,, .o E, = N2, £y, then lim,,_,oo P [E,] = P [lim, .« E,] by virtue
of Lemma 3.1.2. The proof of this result is similar to the one given for Lemma
3.1.1. In fact, these two results are equivalent once we observe that a sequence
{En, n = 1,2,...} is monotone increasing (resp. decreasing) if and only if its
complementary sequence {ES, n = 1,2,...} is monotone decreasing (resp. in-
creasing).

We stress that in Lemma 3.1.1 and Lemma 3.1.2 the existence of the limit
lim,, oo P [E,] is trivially guaranteed by the monotonicity of the sequence
{P[E,], n = 1,2,...}. The added information provided by these results is an
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identification of the limit as the probability of the well-defined events U2, F,, and
Moy Ep, respectively.

We close this section by pointing out an inherent equivalence between Lemma
3.1.1 and Lemma 3.1.2, on one the hand, and o-additivity of the underlying prob-
ability measure on the other; see Proposition 5.1.1 for a formal statement of this
equivalence in the context of arbitrary measures.

3.2 Limsup, liminf and limits —
Continuity of probability measures

In analogy with the convergence of sequences on R, these continuity results for
monotone sequences of events can be extended to arbitrary sequences of events as
follows: Let { E,,, n = 1,2, ...} be an arbitrary collection of events in F. Define

limsup E, = N5, (UX_, Em) =N, Ey,

n—oo
with
E,=UX_En, n=12...
Similarly,
liminf B, = Uy, (N, Em) = Une B,
n—o0
with

E, =0y _En, n=12 ..

The sets lim sup,, ,,, £y, and liminf,,_, F,, are well defined and always ex-
ist; we refer to them as the limit sup and limit inf, respectively, of the collection
{En, n=1,2,...} in analogy with similar notions for real-valued sequences.

We have the memnonic notation

limsup E,, = [ E, infinitely often (i.0.) ]

n—oo

and
liminf E,, = [ Eventually all £, |.

n—oo

Both limsup,,_, ., Ey, and liminf,,_,, E,, are events in F, and the inclusion

(3.2) liminf F£,, C limsup E,,

n—oo n—00

holds [Exercise 3.1]
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Definition 3.2.1
The collection {E,,, n = 1,2,...} of events is said to converge if the condition

3.3) limsup E,, = liminf E,
n—oo

n—oo

holds, in which case we define its limit, denoted lim,,_,~, F,, to be the event at
3.3).

With this definition of set continuity, we have the following continuity property
for probability measures.

Proposition 3.2.1 If the collection {E,,, n = 1,2,...} of events in F converges
according to Definition 3.2.1, then we have the continuity result

lim P[E,] =P | lim E,

Proposition 3.2.1 requires no monotonicity assumption on the collection { E,,, n =
1,2,...}, only the convergence condition (3.3), in contrast with both Lemma 3.1.2
and Lemma 3.1.2 which are in fact special cases of this result [Exercise 3.3]. A
different take to Proposition 3.2.1 can be found in Exercise 3.6.

Proof. For eachn = 1,2, ... the monotone inclusions £,, C E, ., and En C
E, flow from the definitions. The continuity of P on monotone sequences implies
lim, o P[E,] = P[liminf, o Ey] by Lemma 3.1.1 and lim, o P [Ey] =
P [limsup,,_,, Fn| by Lemma 3.1.2. Under the assumed convergence condition
(3.3) satisfied by the collection of events { E,,, n = 1,2,...}, the equality

(3.4) lim P[E,] = lim P[E,]

n—oo n—oo

then follows. On the other hand, we have
P[E,) <P[E,) <P[E,], n=12,...

by virtue of the obvious inclusions E,, C E,, C E,. Let n go to infinity in this
last chain of inequalities: A standard sandwich argument yields the desired result
as we make use of (3.4). [ ]
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3.3 Borel-Cantelli Lemmas

The Borel-Cantelli Lemmas given next constitute an example of a zero-one law;
they play a central role is the derivation of various convergence results. Recall that
it {E,, n=1,2,...} is a collection of events in F, then

limsup B, = [Epi.0. ] =N, Uso_ En,.

n—oo

Lemma 3.3.1 If{E,, n=1,2,...} is a collection of events in F such that

S P (B < .
n=1

then it is always the case that P | E,, i.0. ] = 0.

Proof. Obviously,
P[E, i.o.]
— P, U, Bl
= lim P[U;_,En,] [By monotonicity in n and Lemma 3.1.2]

n—o0

n—o0 \ k—oo

= lim ( lim P [U"erknEmD [By monotonicity in k& and Lemma 3.1.1]

IN

n—o0 \ k—oo
m=n

- e ()

The result follows since lim,, o0 » v, P[Ey,] = 0 under the summability con-
dition 7 | P[E,] < occ. [ |

n+k
lim < lim P [Em]> [By the union bound on P [U%HF E,, 1]

It is natural to wonder what happens to the conclusion of Lemma 3.3.2 when
the condition > ° , P [E,] = oo holds instead. If we add independence, then the
following result holds.

Lemma 3.3.2 When the events {E,,, n = 1,2,...} in F are mutually indepen-
dent, then P[ E,, i.0. ] = 1 under the condition

> PIE,) = .
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Proof. Our point of departure is the observation that
[Enio0. " =Ue, N> E°.
By arguments similar to the one given in the proof of Lemma 3.3.1 we get
1-P[E,i.o.]
= PlUzii Nimn Bl

= lim P[N¥_,Er] [By monotonicity in n and Lemma 3.1.1]
n—o0

m=n-—m

= lim ( lim P [O"Jrk E; }) [By monotonicity in k£ and Lemma 3.1.2].

n—oo \ k—oo m=nm

Foreachn =1,2,...and k = 1,2, ..., we see that

n+k

P [HZ@Z’“RE;} = H P[E;] [By mutual independence]
m=n
n+k
- T a-PE
m=n
n+k

< H e FlEm] [Because 1 —xz < e %, x > 0]
m=n

(3.5) = e S PlEm]

Thus, limy_,oo P [N42 ES] = 0 since Y00 P[E,] = oo, and the desired con-

m=n m
clusion follows. [}

Without the assumption of independence the conclusion of Lemma 3.3.2 may
not hold as the following example shows.

Counterexample 3.3.1 Consider the probability triple (€2, F,P) (see Chapter 5)
where 0 = [0,1], F is the Borel o-field on [0, 1] and P is Lebesgue measure \
on F. As explained in Chapter 4, the Borel o-field on [0, 1] contains all closed
intervals of the form [a,b] with 0 < a < b < 1 and A([a,b]) = b — a. Now

consider the collection of events {E,,, n = 1,2,...} with E,, = [0,n~!] for each
n = 1,2,.... Itis easy to check that [E, i.0.] = N°°,E,, = {0} [See Exercise
3.3]. Therefore, P [E, i.0.] = 0,and yet ), P[E,] = >0 | 1 = cc. [ |

We refer the reader to Exercise 3.9 for a more general version of this counterexam-
ple.
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3.4 Exercises
All exercises assume an underlying probability triple (2, 7, P).
Ex. 3.1 Show the validity of (3.2).

Ex. 3.2 Show that the union bound (2.3) also holds when I is countable, finite or
not [HINT: The union bound in the countably infinite case follows from the fact
that it holds for any finite I and an easy application of Lemma 3.1.1].

Ex. 3.3 On the way to show that Proposition 3.2.1 subsumes both Lemma 3.1.2
and Lemma 3.1.2, consider a monotone sequence of events {E,, n =1,2,...} in
F.

a. Under the monotone increasing assumption of Lemma 3.1.1, show that
limsup,,_,, By = liminf, o B, = U2 E),.

b. Under the monotone decreasing assumption of Lemma 3.1.2, show that
limsup,,_,, Ep = liminf, o By, = N02 E),.

Ex.34 Let {E,, n = 1,2,...} and {F,, n = 1,2,...} be two collections of
events in F.
a. Show that

limsup (E, N F,) C <lim sup En> N <lim sup En>

n—oQ n—oo n—oo

and
<lim sup En> U <lim sup Fn> C limsup (E, U Fy)

n—oo n—o0 n—oo

b. Give examples where the inclusions are strict and where they hold as equal-
ity.

Ex. 3.5 Repeat Exercise 3.4 for the liminf operation.

Ex. 3.6 A different route to Proposition 3.2.1:
a. With {E,,, n = 1,2,...} an arbitrary collection of events in F, show the
validity of the inequalities

i [lim inf En} < liminf P [E,]

n—oo n—o0

and
limsupP [E,] <P [lim sup En} .

n—oo n—oo
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b. Use Part a to construct another proof of Proposition 3.2.1. In particular
show that the result holds under a condition weaker than the set-theoretic condition
(3.3), namely

P [(hm sup En> A (lim inf En>] =0.

n—00 LA

Ex.3.7 Let{E_,E,,E,, n =1,2,...} be a collection of events in F such that
E_CE,CE foralln=1,2,.... fP[E_] = P[E,], show that

P [lim inf En} —P [lim sup En] —P[E_] =P[E,].

n—00 n—o00

Ex. 3.8 Consider a sequence of events {E,,, n = 1,2,...} such that P[E,| = 1
foralln=1,2,...
a. Show that

JC{1,2,...}
P[mjeJEj} =1 and P[UjeJEj] =1, 1< ’J‘ < o0,

b. What can you say concerning the value of P[ E,, i.0. ]? Can the answer be
obtained by making use of the Borel-Cantelli Lemmas?

Ex. 3.9 Generalizing Counterexample 3.3.1: Consider a monotone decreasing se-
quence of events {F,, n = 1,2,...} Assume that 0 < P[E,] < 1 for all
n=12,....

a. Under such circumstances show that the events {E,,, n = 1,2,...} cannot
be mutually independent.

b. It follows by Lemma 3.1.2 that P[ E,, i.0. | = P[>, E,] = limy, oo P [Ey].
Use this fact to conclude that the entire range 0 < P [ E), i.0. | < 1 of values is pos-
sible under the condition > > |, P [E,] = oo when the events {E,,, n =1,2,...}
fail to be independent.



Chapter 4

Measurable mappings:
A tale of o-fields

Many situations of interest naturally require that the sample space be uncountable
— For instance, for some models it is appropriate for the sample space to be R?
(or a subset thereof); see Chapter 6 for some concrete examples. Unfortunately
in such cases determining the appropriate o-field of events on which to define the
probability measures is technically more delicate: In a nutshell the required o-
additivity imposes too many constraints if the probability measure is to be defined
on the entire power set of the sample space. This precludes that the power set of
the sample space be used as the o-field (as we did for the countable case in Section
1.5).

In the present chapter we start to address the challenge of constructing o-fields
on uncountable sample spaces such as (subsets of) RP. The basic idea is to tie the
definition to the underlying topological properties of the sample space. This arises
from the need to assign a likelihood of occurrence to certain subsets of the sample
space, said subsets being building blocks of the standard topology on RP. This
leads to the important notion of the Borel o-field on R? and to the related concept
of Borel measurability.

The narrative continues in Chapter 5 and in Chapter 6: In Chapter 5 we intro-
duce an approach due to C. Carathéodory (originally developed to define Lebesgue
measure), and explain how it can be leveraged to construct the desired measures.
Chapter 6 then presents a number of extension results that can be used in the con-
text of some important applications.
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4.1 Measurable mappings

We begin by discussing the notion of measurability of a mapping: To fix the no-
tation, let S, and .S, be arbitrary sets (but possibly identical). For any mapping
g : Sq — Sp, recall that

gV Ey) = {54 €50 g(sa) € By}, EypeP(S).

With H,;, denoting a collection of subsets of Sy, it will be natural to extend this
notation to collections of subsets by writing

g (He) = {97 (Ep) : By € Mo}

Consider now the situation where the sets .S, and \S;, are equipped with o-fields
S, and S, respectively — Thus, the pairs (S,,S,) and (Sp, Sp) are measurable
spaces. In cases where S, = S, = .S we could in principle have distinct o-fields
S, and S, on S.

Definition 4.1.1
When the sets S, and Sy are equipped with o-fields S, and Sy, respectively,
the mapping g : S, — S is said to be (S, Sp)-measurable if the conditions

(4.1) 9By €Sy, Eb€Sy

all hold.

The conditions (4.1) can be rewritten more compactly as
4.2) g '(S) C S

Adding a third set S, equipped with a o-field S., we consider now a situation
where there are now three measurable spaces (S, S,), (Sp, Sp) and (S, S.). With
mappings g : S, — Sy and h : S, — S., we associate the composition mapping
hog:S, — S. given by

(h © g) (Sa) = h(g(sa))a 5q € Sa-
The measurability of the composition mapping is straightforward.

Fact 4.1.1 If the mapping g : S, — Sp is (Sa, Sp)-measurable and the mapping
h: Sy — Scis (S, Sc)-measurable, then the composition mapping hog : S, — S,
is itself (S,, S¢)-measurable.
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Proof. The conclusion follows from the elementary set-theoretic fact
(4.3) (hog)™ (Be) =g (W' (Ec), Ec€P(S)

when coupled with the (S, S¢)-measurability of & and the (S,, Sp)-measurability
of g. Details are left to the interested reader [Exercise 4.2]. |

Lemma 4.1.1 given next is key to showing that the measurability of a mapping
can often be determined by checking a reduced set of conditions.

Lemma 4.1.1 Let H;, be a collection of subsets of Sy. For any mapping g : S, —
Sy, the following statements hold:

(i) If Hy, is a o-field on Sy, then the collection g~ (Hy) is a o-field on S,;

(ii) More generally, we always have

(4.4) g (0(Hy) =0 (97" (Hp)) -

Proof. Claim (i): We leave it as an exercise [Exercise 4.1] to check that the
collection g~ (H;) is a o-field on S, when Hy, is a o-field on Sy,

Claim (ii): We now turn to establishing (4.4): By Part (i) applied to the o-field
o(Hy), the collection g~! (o(Hy)) is a o-field which contains g~ (H;), and the
inclusion o (97 (#s)) € g~ (0(Hy)) is straightforward by virtue of Fact 1.7.2.

To establish the reverse inclusion g~ (6(Hy)) € o (97 (Hs)), consider the
collection H;; , of subsets given by

(4.5) Hy, ={EeP(S): g (By) €97 (M)}

It is easy to check that 7—[; p is a o-field on S [Exercise 4.1] containing Hyp. There-
fore, H; , contains () and we get

g (o(He)) S g™t (Hpy) Co (97 (Hy))

where the last inclusion follows by the definition of Hj o~ This completes the proof
of (4.4). [ |

We now use Lemma 4.1.1 to obtain an equivalent definition of measurability.
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Lemma 4.1.2 If the o-field S, on Sy is generated by the collection Hy, of subsets
of Sy, i.e., Sy = o (Hy), then the mapping g : S, — Sp is (S4, Sp)-measurable if
and only if the conditions

(4.6) g (Ey) €Say Eyp€Hy

all hold.

In the same way that the conditions (4.2) are equivalent to (4.1), we can write the
conditions (4.6) in the equivalent form

“.7) 9~ (M) C Sa.

The equivalence stated in Lemma 4.1.2 is operationally useful in that only the re-
duced subset (4.6) of conditions (associated with the generator H;, for Sp) needs to
be checked instead of the entire set (4.1) — An important example will be discussed
shortly in the next section.

Proof. The condition (4.2) obviously implies (4.7) since H, C &p. Conversely,
assume that the mapping g : S, — S, satisfies (4.7): The equality g~ (Sy) =
g 1 (0 (Hp)) obviously holds since S, = o (H;) by assumption, while the equality
g Yo (Mp)) = o (97 (Hs)) follows from Lemma 4.1.1 — Combining these two
equalities gives g~ *(S,) = o (¢~ '(Hs)). Finally, under condition (4.7) we con-
clude that o (g7 (H,)) C S, as we use the fact that S, is itself a o-field; see Fact
1.7.2. This complete the proof of Lemma 4.1.2. |

4.2 The Borel o-field on R

We refer to a subset [ of R of the form (a, b) (with a < b in R) as a bounded open
interval. Let T (R) denote the collection of all bounded open intervals of R.

As can be seen from the discussion in Section ??, it is quite natural to consider
assigning a measure to such intervals. This requires at minimum that we consider
the o-field generated by Z (R) as we do next.

Definition 4.2.1
The Borel o-field on R, denoted B (R), is the smallest o-field on R containing
all bounded open intervals of R, i.e., B(R) = o (Z (R)).
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The Borel o-field B (R) can be generated in many different ways. To see this
consider the following collections of subsets of R:
The bounded open intervals

o ={wn. 42 -1,

The bounded closed intervals

H, (R) = {[a, B, afbﬁebR }

The bounded open-closed intervals

Ho (R) = {(a,b], Srew }

The bounded closed-open intervals

m®={en. 2% |

The open semi-intervals

Hy (R) = {(—00,a), a € R}.
The closed semi-intervals

Hs (R) = {(—00,a], a € R}.
The open semi-intervals

He(R) = {(a,+0) : a € R}.
A key observation is contained in the following result.

Lemma 4.2.1 With the notation above, it holds that

(4.8) B(R) =0 (Hr(R)), k=0,1,...,6.
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The approximation arguments given in the proof of Lemma 4.2.1 can also be used
in the multi-dimensional setting of Section 4.4.

Proof. Fix aand binR witha < b. The set-theoretic facts [a, b] = N2 (a— 2, b+

Lyand (a,b] = N2, (a,b+ L) readily imply H; C o (Ho) and Ha C o (Ho). On
the other hand we also have

1 1 1
(@,b) = UnZ(ap) [a +5b- n} = Unln(ab) <a, b~ n]
with n(a,b) = [2(b — a)~!]. These two equalities readily imply Ho C o (H1)
and Ho C o (Hz), respectively. It immediately follows that o (Ho) = o (H1) and
o (Ho) = o (Hs2). A similar argument also shows that o (Hg) = o (Hs), and we
conclude that B (R) = o (Hy,) for k = 0,1,2,3.

In the same vein, upon noting that (—o0, a] = NS (—00, a+21) and (—o0, a) =
U4 (—00, a— 1], we conclude that Hs C o (H4) and Hy C o (Hs), respectively,
and the equality o (H4) = o (Hs) follows. The fact that o (He) = o (Hs) is an
easy consequence of the fact that the complement of any subset in Hg is a subset
in Hs5, and vice versa.

Next, the inclusion H4 C o (H2) holds since (—o0, a] = U (a—(n+1),a—
n], hence o (H4) C o (H2) = B(R). To get the reverse inclusion, start with the
observation that (a,b) = (—o0,b) N (—o0,al®. This shows that Hy C o (H4) =
o (Hs), hence o (Ho) = B(R) C o (H4). The equality o (Ho) = o (H4) follows,
and the proof of (4.8) for k = 4, 5 is complete.

|

In spite of its seemingly simple definition, namely B (R) = o (Z (R)), the
Borel o-field constitutes an extremely large and rather unwieldy collection of ob-
jects. To make this point even more apparent we now provide a characterization of
B (R) in terms of a generator much larger than the ones appearing in Lemma 4.2.1.

We set the stage with a well-known definition from the standard topology on
R:

Definition 4.2.2

A subset U of R is open if for every x in U, there exists a bounded open interval
I, (in Z(R)) containing x (i.e., € I,) and contained in U (i.e., I, C U). A set I’
is said to be closed if its complement F'° (in R) is open.

Let O (R) denote the collection of all open subsets of R. It is elementary to
check that bounded open intervals and all open semi-intervals in #4(IR) are open
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sets, and that bounded closed intervals in #; (R) and all closed semi-intervals in
Hs(R) are closed sets. However the bounded open-closed intervals in Hy(R) and
closed-open intervals in 73(R) are neither open nor closed.

The key technical point that highlights the importance of bounded open inter-
vals as building blocks for the usual topology on R is given next; see [?] for a
proof.

Fact 4.2.1 Any open subset U in R can be expressed as the union of a countable
collection of non-overlapping open intervals, i.e., there exists a countable collec-
tion {J;,i € I} of open intervals of R such that

. k#1L
4.9) U=Uerd; with J,NJy= @, k,éi I

Fact 4.2.1 leads easily to the following characterization of B (R) in terms of
open sets.

Lemma 4.2.2 The smallest o-field on R containing all open subsets of R coincides
with the Borel o-field B (R) on R, i.e., B(R) = o (O (R)).

Proof. As pointed earlier, we already have Z (R) € O (R), hence o (Z (R)) C
o (O (R)), and the inclusion B (R) C o (O (R)) holds. To obtain the reverse in-
clusion, note that O (R) C o (Z (R)) by Fact 4.2.1, hence 0 (O (R)) C o (Z (R)).
In other words, o (O (R)) C B (R), and the proof is complete. [ |

In short, the collection of all open sets on R generates the Borel o-field B (R),
thereby highlighting its connection with the standard topology on R.

4.3 Cartesian products

Before discussing the multi-dimensional case we introduce some facts concerning
cartesian products: Let S, and Sy be two arbitrary sets (possibly identical). If H,
and H; are collections of subsets of .S, and Sy, respectively, it is natural to set

/HQX/HbE{EaXEb: EGE/H,Z,EbE/Hb}.

Aset B, x Eyin H, X Hy is called a rectangle with sides F, in S, and Ej in Sp.
These notions generalize to more than two factors in an obvious manner.

In general the collection H, x H;, is not a o-field (resp. a field) on the Cartesian
product S, x Sy, even if each of the collections H, and Hj, is itself a o-field (resp.
a field) [Exercise 4.4]. The next result shows how generators on the individual
factors give rise to a natural notion of measurability on Cartesian products.



54 CHAPTER 4. MEASURABLE MAPPINGS: A TALE OF o-FIELDS

Lemma 4.3.1 Let S, and Sy be two arbitrary sets. If H, and H;, are collections of
subsets of S, and Sy, respectively, then it holds that

(4.10) 0 (Ha X Hp) =0 (0 (Ha) X 0 (Hp)) -

On the basis of (4.10) it is customary to write
O’(Ha X Hb) = O‘(Ha) ®O‘(7‘[b).
Proof. As the inclusion H, X Hy C o (H,) X o (Hp) obviously holds, we im-

mediately get the inclusion o (Hq X Hp) C 0 (0 (Ha) X 0 (Hsp)). To establish the
reverse inclusion

(4.11) (0 (Ha) x o (Hp)) Co(Ha x Hp),

we proceed as follows: Define the collections

4.12) Hy ={E, €P(Sa): Eqgx Sp €0 (Ha X Hp)}
and
4.13) ’H; ={Ey € P(Sp): Sa X Ep € 0(Ha X Hp)} -

Itis a simple matter to check that H; and H; are o-fields on S, and S, respectively
[Exercise 4.5].

Pick an arbitrary subset £ of S, X Sy, that belongs to H; x Hj. Thus, E = E, x
Ey, with E, in H}, and Ej, in H;. By definition both cartesian products F, x .Sj and
Sa % Ep belong to the o-field o (H, x Hy), hence their intersection also belongs
to o (Ha X Hp). However, as we note that (E, x Sp) N (S, X Ep) = E, X Ep, we
conclude that F is also an element of o (H, x H;). Put differently, we have just
shown that
(4.14) Hy x Hy Co(Ha X Hyp)-

Obviously H, C H}, hence o (H,) C H;, since H is o-field on S, [Exercise
4.5]. We similarly have o (H;) C Hj. It follows from (4.14) that

o (Ha) X o (Hp) Co(Hg x Hyp) -

and the conclusion (4.11) follows. The proof of (4.10) is now complete. [ ]
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The discussion easily generalizes to more than two factors. For instance, con-
sider sets .S, Sp and S, and let S, Sp and S, be collections of subsets of S, Sy
and S., respectively. Applying Lemma 4.3.1 repeatedly we get

g (Sa X (Sb X Sc)) = 0 (U (Sa) X o (Sb X Sc))
= 0(0(8) x0(0(Sp) xo(Se)))
4.15) = 0(0(8) X (0 (Sp) x0(Se))),

while similar arguments (applied to S, x (Sp x S)) show that
4.16) 0 (Sa X (Sp x S¢)) = 0 ((0(Sa) X 0 () X 0 (Se))-

In the same vein that S, x (Sp x S,) is identified with S, x (Sp x S.), a fact
summarily written S, X S x S, we identify o (¢ (Ss) X (0 (Sp) X 0 (S¢))) with
o ((0(Sa) x 0 (S)) x 0(Sc)) and write o (0 (Sg) x 0 (Sp) x 0 (Sc)). Combin-
ing these conventions we shall write

0 (S X Sp xS) =0 (8) @0 (Sp) 0o (Se) -

These conventions and notation readily generalize to situations with multiple fac-
tors.

4.4 The Borel o-fieldson R” (p =2,3,...)

As we turn to the multi-dimensional case, let p denote a fixed positive integer. In
higher dimensions it also quite natural to consider assigning a measure to certain
subsets of RP, say subsets of the form

By x ... x By,

where for each & = 1,...,p, the set By is a subset in one of the collections
Ho(R), ..., Hs(R) introduced in Section 4.2. Specializing this definition to Ho(R)
we get the following definitions.

Definition 4.4.1
An bounded open rectangle R in RP? is a product set of the form I; x ... x I,
where for each k = 1,.. ., p, the factor set I is a bounded open interval (ay, by)

(with a;, < b, in R). In other words,

R:{(yl,...,yp)G]Rp: ar < Y < b, k:1,2,...,p}.
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Let Ropen (RP) denote the collection of all bounded open rectangles in R?.
Obviously we have Ropen (R?) = Ho (R) x ... x Ho (R) = Ho(R)?, orina
slightly different notation, Ropen (R?) = Z (R) x ... x Z (R) = Z (R)?, the latter
clearly showing that Ropen (RP) is a natural multi-dimensional generalization of
Z (R). In analogy with Definition 4.2.1 given for p = 1 we now introduce the
notion of a Borel o-field on R?.

Definition 4.4.2
The Borel o-field on RP, denoted B(IRP), is the smallest o-field on R? contain-
ing all bounded open rectangles in R?, i.e., B(R?) = o (Ropen (R?)).

Not too surprisingly, the Borel o-field B(RR?) is related to the usual topology
on RP (as the Borel o-field B(R) was to the usual topology on R). To clarify
this connection further consider next the usual notion of an open set in R” whose
definition is analogous to Definition 4.2.1 given for p = 1.

Definition 4.4.3

A subset U of R? is open if for every x = (z1,...,z,) in U, there exists
a bounded open rectangle R, (in Ropen(RP)) containing z (i.e., z € R,) and
contained in U (i.e., Ry C U). A set F' is said to be closed if its complement F'°
(in RP) is open.

In the notation of Definition 4.4.1, the set U is open in RP? if for every z =
(1,...,2p)in U and each k = 1, ..., p, there exist scalars aj(x) and by(x) such
that ay(x) < zj < bi(x) and

{(ty1,.. - yp) ERP :aqp <yp < by, k=1,...} CU.

Let O(RP) denote the collection of all open sets in RP.

In the scalar case, according to Fact 4.2.1 the bounded open intervals are the
building blocks of the standard topology on R. A similar situation holds in higher
dimensions in that open rectangles in R” are now the building blocks of the stan-
dard topology on RP. This is the message of the following well-known fact from

topology [?].

Fact 4.4.1 For any open set U in RP there exists a countable family of bounded
open rectangles {R;, i € I} in Ropen(R?) with countable I such that U =
Uier R;.
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Fact 4.4.1 easily leads to a characterization of B(RP) in terms of the usual
topology on RP; the proof, left as an easy exercise, mimics that of Lemma 4.2.2
(with Z(R) replaced by Ropen (RP) and leveraging this time Fact 4.4.1) [Exercise
4.6].

Lemma 4.4.1 The smallest o-field on RP containing all open subsets of RP coin-
cides with the Borel o-field B (RP) on R?, i.e., B (RP) = ¢ (O (RP)).

As in the scalar case discussed in Section 4.2 the Borel o-field B (R?) can be
generated in many different ways; we leave it to the reader to explore the appropri-
ate multi-dimensional generalization of Lemma 4.2.1. However, for reasons that
will soon become apparent in later chapters, there is one generating family that oc-
cupies a central place in developing the notion of probability distribution functions
for random variables [Chapter ??]: Let Rgw_closed (R?) denote the collection of
all closed southwest rectangles, namely

Ji = (—00, ay]
RSW—Closed(Rp) =¢Jpx... X Jp, ar € R
k=1,....p

This family is the p-dimensional analog of the one-dimensional family H5(R), as
can be seen from its representation as the p-fold Cartesian product

Rsw—closed(RP) = H5(R) x ... x H5(R) = H5(R).

Leveraging the ideas of Section 4.3 we obtain the following alternate represen-
tion of the Borel o-field B(RP).

Lemma 4.4.2 The representation B(RP) = o (Rsw—_closed (R?)) holds.

Proof. By Lemma4.2.1 we already have B(R) = o (Ho(R)) = o (7—[5 (R)). Using
these facts and the representation Rew—ciosed (RP) = Hs(R) x ... x H5(R), we
readily get

0 (Rsw—Closed (R?))

— o (Ha(R) x ... x Hs(R))
= o(o (H5(R)) .x 0o (Hs(R))) [ByLemma4.3.1]
= o(0(Ho(R)) x...x0o(Ho(R))) [ByLemma4.2.1]
= o(Ho(R) x...x HO(R)) [By Lemma 4.3.1 ]
= 0 (Ropen(R” ))

4.17) = o (B(R?)) [By Definition 4.4.2 |
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An inspection of the proof of Lemma 4.4.2 leads to the following observation.

Lemma 4.4.3 The representation
(4.18) B(RP) =0 (B(R) x...x B(R)) =BR)®...® B(R)
holds.

4.5 Borel mappings

We specialize the definitions of Section 4.1 to the situation when the domain of the
mapping is a measurable space (S, S) and its range space is R? for some positive
integer p: Thus, in Definition 4.1.1 we write (S, S) for (5,4, Ss), Sy = R? and it is
understood (unless specified otherwise) that S, = B(RP).

Definition 4.5.1

A mapping g : S — RP defined on a measurable space (S,S) is a Borel
mapping if it is an (S, B(R?))-measurable mapping in the sense of Definition 4.1.1,
namely that the conditions

(4.19) g '(B)eS, BeB(RP)
all hold.

With (S, S.) = (R?, B(R?)) for some positive integer ¢, Fact 4.1.1 takes the
following form.

Fact4.5.1 Ifg: S — RP and h : R? — R? are Borel mappings, then the compo-
sition mapping h o g : S — RY is also a Borel mapping.

In this restricted context Lemma 4.1.2 leads to the following fact which is cru-
cial for understanding the importance of probability distributions.

Lemma 4.5.1 Let H denote any collection of subsets of RP which generates the
Borel o-field B(RP), i.e., B(RP) = o (H). The mapping g : S — RP is a Borel
mapping if and only if the conditions

(4.20) g E)eS, EeH
all hold.
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We close this section by investigating how the measurability of one-dimensional
mappings informs the measurability of vector-valued mappings. We begin by not-
ing that any mapping g : S — RP can also be viewed as a p-tuple of mappings
91,---,9p : S — R where foreach k = 1, ..., p, the mapping gi : S — R picks
up the k" coordinate of g(s) so that

9(s) = (1(5), ... gp(s), s €S,

Lemma 4.5.2 The mapping g : S — RP is a Borel mapping if and only if the
mappings g1, . .., gp : S — R are all Borel mappings.

Proof. We begin with an easy observation: Consider the rectangle R given by
4.21) R=DBy xByx...x B,
where By, Bo, ..., B), are subsets of R. It is elementary to see that

G UR) = {se5: g(s) € B}
{s€S: g(s)e By, L=1,...,p}
= ﬂ;?:l {S es: gg(S) S Bg}
(4.22) = M_,9;, " (By).

First assume that the mapping g : S — RP is a Borel mapping according to
Definition 4.5.1. Fix kK = 1,...,p and use (4.22) with By = Rfor/ =1,...,p
whenever ¢ # k and By = (—o00, ay] for some aj in R. It is plain that a set so
constructed is also a Borel subset of R? — See the proof of Lemma 4.4.2 where
it is shown (among other things) that o (o (H5(R)) x ... x o (H5(R))) coincides
with B (RP). It is also plain that g~'(R) = g; '((—0o0, ax]) since for eack ¢ #
k we have g, '(B;) = g;*(R) = S. But g~'(R) being an element of S by
the Borel measurabiity of g, it follows that g; ' ((—oo, ag]) is also an element of
S. Therefore, aj, being arbitrary we conclude that g; *(Hs5(R)) C S, hence gy, :
S — R is Borel measurable by virtue of Lemma 4.5.1 and the fact that B(R) =
o (H5(R)) by Lemma 4.2.1.

Conversely, assume that the mappings g1,...,gp : S — R are all Borel map-
pings. By Lemma 4.4.3, the subset 2 defined at (4.21) will be a Borel subset
of RP whenever the sets By,..., B, are all Borel subsets in R. In that case the
assumed Borel measurability of the component mappings implies that the sets
g Y(B1),. .. ,9, 1 (By) all belongs to S, whence Mo_,9; ' (Be) also belongs to S
and we conclude that g~!(R) is an element of S. [ |
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4.6 Extended Borel mappings and limits

Sometimes the notion of a Borel mapping defined in Section 4.5 will fail to cover
important situations that arise in applications when the mapping can assume the
values -oco. Recall that the extended real line is defined as R = [—00,00] =
RU {—o00, +00}.

Definition 4.6.1 —
Consider a measurable space (5,S). A mapping g : S — R is said to be an
extended Borel mapping if

g ' (B)eS, BeBR)
where the extended Borel o-field B(R) on R is defined as

(4.23) B(R) = o (B(R), {—o00}, {+00}).

The Borel measurability of the mapping ¢ : S — B(R) according to Definition
4.6.1 is easily checked [Exercise 4.9] to be equivalent to the conditions

(4.24) {seS:g(s) e (—o0,a]} €S, acR
and
(4.25) Siec ={s€S: g(s) =t} €S.

Furthermore, any Borel mapping g : S — R is necessarily an extended Borel
mapping [Exercise 4.10]

Lemma 4.6.1 Consider a sequence of extended Borel mappings {g,, n = 1,2, ...}
which are all defined on the same measurable space (S,S). The following map-
pings S — [—00,+00| derived from the sequence {g,, n = 1,2,...} are all
extended Borel mappings:

(i) The maximum mappings S — R defined by

_>
s max  gm(s), ses

(ii) The minimum mappings S — R defined by

s — min  gp(s) n=12...
m=1,...n m ’ se s
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(iii) The supremum mapping S — R defined by

S — sup gm(s), se€S.
m>1

(iv) The infimum mapping S — R defined by

5 — Jlnzflgm(s), s€S.

(v) The limsup mapping S — R defined by

s — limsupgn(s), se€ 8.

n— o0
(vi) The liminf mapping S — R defined by

s — liminf g,(s), se€S.
n—oo

Proof. Fixn =1,2,.... For each a in R, we note that

{SES: max gm(s)ga}:ﬂﬁzl{ses: gm(s) <a} eS8

m=1,....n
and
{SES: n}in gm(s) >a} =Mr_1{s€S: gn(s) >a}eS
m=1,....n
since for each m = 1,2,..., the mapping g,, : S — R is an extended Borel

mapping with {s € S': g (s) < a}and {s € S: gn(s) > a} both being subsets
in §. The extended Borel measurability of the maximum and minimum map-
pings follows from Lemma 4.5.1 upon noting that the closed unbounded intervals
Hs5(R) = {(—0o0,al], a € R} generate the o-field B(R).

[Exercise 4.11]. The Borel measurability of the limsup and liminf mappings is
now straightforward; the details of the proof are left to the interested reader. [ |

It is a simple matter to check [Exercise 4.11] that

n—0o0 n—00

S* = {s € S : liminf g,(s) = limsupgn(s)} €S

and that on the set S*, the limit lim,,_, », g, ($) exists (possibly as an element in R),
and is the common value assumed by lim inf,,_, g, and limsup,,_, . gn.
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4.7 Exercises

Ex. 4.1 In the proof of Lemma 4.1.1 show that
a. the collection g~ 1(S) is a o-field on S, if Sy is a o-field on S,
b. the collection H;, defined at (4.5) is a o-field on Sj.

Ex. 4.2 Prove the validity of (4.3) and fill in the details of the proof of Fact 4.1.1 .

Ex. 4.3 Consider the setting of Definition 4.1.1: Let y1, : S, — [0, +00] a measure
defined on S,, and define the set function y, : S — [0, +00] by

[y [Ey) = pia [971 (B)] . Ey € Sp.

Show that the set function pp : S, — [0, +00] is a measure defined on Sp,. It is a
probability measure if y,, is a probability measure.

Ex. 4.4 Let F, and Ej be strict non-empty subsets of the sets S, and Sy, respec-
tively. Show that the complement of £, X Ej in S, X S is usually not a rectangle
with sides in S, and S, i.e., E, X Ej cannot be written as G, x G} with G, and
Gy, subsets of S, and S,

Use this fact to conclude that if H, and H,, are collections of subsets of S, and
Sy, repectively, then the collection H, x H; cannot be a field (o-field) on S, x .Sy
even if H, and H; are fields (o-fields) on S, and Sp, respectively.

Ex. 4.5 Show that the collections H}, and #H; defined at (4.12) and (4.13), respec-
tively, are o-fields.

Ex. 4.6 Give a proof of Lemma 4.4.1.

Ex. 4.7 Usually the topology on R? is characterized in terms of open balls rather
than open bounded rectangles — This allows for natural generalizations to general
metric spaces. With this in mind, with » > 0 and x in RP, define the open ball
centered at x of radius r to be the subset B, (x) given by

Br(z) ={y e RP: [z —y| <r}

where ||z = /37, 27

for every z = (21,...,2,) in RP. Let Hopen—Ban(R?)
denote the collection of all such open balls, namely

HOpen—Ball(Rp) = {BT(JJ) cr>0,x¢€ Rp} .

Show that B(RP) = o (Hopen—Ban (RP)) [HINT: Use Fact 4.4.1].
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Ex. 4.8 Most (if not all) mappings R? — R? encountered in applications are Borel
mappings. In particular, any continuous mapping R” — R? can be shown to be a
Borel mapping! [HINT: Use the fact that a mapping g : R? — R is continuous if
and only if g=! (O(RY)) C O(RP)].

Ex. 4.9 Consider the mapping g : S — R defined on the same measurable space
(S,S). Show that this mapping is an extended Borel mapping if and only condi-
tions (4.24) and (4.25) all hold.

Ex. 4.10 Show the validity of the following statements:

a. The collection B(R) of subsets of R defined by (4.23) is a o-field on R.

b. Show that the o-field B(R) is also generated by the collections {[—o0, a], a €
R} and {(a, +0), a € R} of subsets of R.

¢. Any Borel mapping g : S — R is necessarily an (extended) Borel mapping
S —R.

Ex. 4.11 Consider the extended Borel mappings g, h : S — R defined on the same
measurable space (S, S).

a. Show that the mapping S — R : s — —g(s) is also an extended Borel
mapping.

b. Show that the set S* = {s € S : g(s) = h(s)} belongsto S.
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Chapter 5

Constructing (probability)
measures: Carathéodory at work

As already mentioned in Chapter 1, determining the appropriate o-field of events
on which to define probability measures is technically more delicate when the sam-
ple space is uncountable, say R” (or subsets thereof). In such commonly encoun-
tered situations, the required o-additivity of the probability measure precludes the
power set of the sample space be used as the o-field (as we did for the countable
case in Section 1.5).

In Chapter 4 we discussed how assigning a measure to certain “natural” subsets
of RP, say intervals in R or more generally “rectangles” in R”, leads to the notion
of Borel o-fields. We now explore whether the assignments on these generating
families (intimately associated with the usual topology on these sample spaces)
can indeed be “extended” to a full measure that is well defined on the generated
o-field. As we shall see shortly the existence of such extensions will be guaranteed
with the help of ideas introduced by Carathéodory.

5.1 Facts concerning general measures

In this section we summarize some useful facts concerning general measures. They
are analogous to properties that were discussed earlier for probability measures;
see Chapter 1. Let (S, S, 1) be a measure space as described in Section 1.2 with
the understanding that S is a o-field on the non-empty set S and the set function
p: S — [0,400] is a measure defined on S.

Proposition 5.1.1 Consider a finitely additive set function p : S — [0, +0o0] de-
fined on some o-field S carried by the set S; see Definition 1.2.2. The properties

65
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(1)-(iii) listed below are equivalent where

(i) The set function j1 : S — [0, 400| is continuous from below on S: For
every monotone increasing collection {E,, n = 1,2,...} of subsets in S (i.e.,
E, C En4 foralln = 1,2,...), it holds that lim,,_, oo it [Ey] = p [US2 Ey].

(ii) The set function  : S — [0, +0o0] is continuous from above on S: For
every monotone decreasing collection {E,,, n = 1,2,...} of subsets in S (i.e.,
Eni1 C E, foralln = 1,2,...), it holds that lim,,_, o it [Ey] = p [N Ey]
provided there exists some index n* such that ji [E,«] < +o0.

(iii) The set function p : S — [0, 400] is o-additive on S: For every disjoint
collection { E,, n = 1,2,...} of subsets in S, it holds that

(5.1) Up2y B Zu

The need for the finiteness condition in Part (ii) is explored in Exercise 5.1.

Proof. It is easy to see (say by complementarity and finiteness condition) that
(1) and (ii) are equivalent, and that (iii) implies (i) and (ii) — The arguments are
essentially the same as the ones given in Section 3.1.

Therefore it remains to show that (i) implies (iii): Thus, assume that (i) holds
and consider a collection { E,,, n = 1,2, ...} of disjoint subsets in S. We introduce
the monotone increasing collection {F,,, n = 1,2, ...} of subsets in S given by

FnEUnmzlEm, n:1,2,...

The additivity of i on S yields

(5.2) plFy)=> plEn), n=12,...
m=1

Let n go to infinity in this last relation: We get

n o0
Tim > u[En] =) plEnl
m=1 m=1
On the other end, using (i) with the sequence {F},, n = ...} we find
lim p[Fp] = p[UnZy Fn] = p[UnZ, B
n—oo

as we note that U2 | F,, = US2 | E,,. This establishes (5.1) and (iii) holds. [ ]
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Lemma 5.1.1 For any measure yi : S — [0, +00] defined on S the following
properties hold:
(i) Monotonicity: For any sets E and F' in S, it holds that

(5.3) plE)<ulFl, ECF
(ii) Sub-additivity: For any countable collection {E;, i € I} in S, it holds that

(5.4) plUicr B <) ulEi.
el

The inequality (5.4) is the form the union bound (2.4) takes in this more general
context.

Proof. For any subsets F and F' in S the decomposition E U F' = EU (F — E)
holds with E N (F — E) = (), hence

(5.5) plEUF] = plE]+ p[F — E]
by the additivity of ;. When E C F', then £ U I’ = I and (5.5) becomes
p[F] = plE]+ p[F - EY,

so that (5.3) is an immediate consequence of the fact that p [F' — E] > 0. This
establishes Claim (i).

We now turn to Claim (ii): For arbitrary subsets £ and F' in S, we note from
(5.5) that u [F' — E] < p [F] by the monotonicity of x and the inequality

plEUF] < plE]l+ p[F]

follows. This establishes Claim (ii) when I has two elements. An easy proof by
induction gives the result when I is finite but arbitrary.

Consider now the case where I is countably infinite, say I = {1, 2, ...} with-
out loss of generality. The union bound for finite collections (which we have just
established) already implies

n
/‘L[UZ:lEk]SZ:u[Ek]a ’I’L:]_,2,...
k=1

Let n go to infinity in this inequality: We note that the subsets {U}_, E}, n =
1,2,...} form a sequence of non-decreasing sets. By Claim (i) of Proposition
5.1.1, namely the continuity from below of y, we conclude that

lim g1 (U, i = U2, B
n—oo
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On the other hand, limy,_, 4o Y p_q i [Ex] = >z ¢ [Ek]. Combining these ob-
servations completes the proof of Claim (ii). |

There are important situations where 1 [S] = +oo but much of measure theory
can still be developed as in the finite case through localization arguments. This
arises when the measure . : S — [0, 4+00] is o-finite in the following sense:

Definition 5.1.1

Given a collection S of subsets of S, a set function p : S — [0, +00] is o-finite
There exists a sequence of sets { E},, n = 1,2,...} in the o-field S, said sequence
being monotone increasing, i.e., £, C E, 41 foralln = 1,2, ..., which “exhausts”
S in that U2 | B, = S and for which p [E,] < 4ooforalln =1,2,.. ..

It might be surprising at first but subsets of a set of measure zero are not nec-
essarily themselves measurable (i.e., members of the o-field where the measure
is defined), in which case they are not of measure zero since no measure can be
assigned to them. The next definition formally addresses this issue.

Definition 5.1.2

A measure space (S, S, p) is said to be complete (or simply that the measure
w is complete on S) if whenever a set E in S has zero measure under y, i.e.,
w[E] = 0, then every subset E’ of E is also in S (in which case we automatically
have p [E'] = 0).

There are strategies to construct a complete measure space from a measure space
(S, S, u); one such approach is described in Exercise 5.4.

5.2 The extension problem

Let .S denote a non-empty set, and consider two collections 1 and Hs of subsets
of S.

Definition 5.2.1
With H; C Ho, the set functions p1 : H1 — [0, +00] and pa : Ho — [0, +00]
are said to agree or coincide on H1, written p; = po on Hy, if

p [Fl = po [F],  F € Hi.
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It is customary to say that 1 is a restriction of p on H and that us9 is an extension
of py to Ho if 13 = po on Hy.

The extension problem can be formulated as follows: Find extensions (in the
sense of Definition 5.2.1) of a set function p; : H; — [0, +00] which preserve
some of its properties. Here we are concerned with extending a o-additive set
function into a measure: The set function p; : Hq — [0, +00] is known to be
o-additive on the collection #; which has minimal structure and is not a o-field.
We seek to extend the set function p; : H1 — [0, +00] into a measure pg : Ho —
[0, +00] where Hs is a o-field which contains ar the very least the o-field o (H1)
generated by H.

The main difficulty in carrying out such extensions lies in the following obser-
vation: Even when Ho = o (H1), no obvious constructive way exists for identify-
ing sets which are in Hz but not in 1; only the existence of o (1) as the smallest
o-field containing H; can be asserted; see Section 1.7. As a result it is hard to
imagine how to construct the extension to p; to sets in o (H;) that are not in ;.
Instead we shall settle in the main for establishing the existence of such extensions.
As shown by C. Carathéodory, there is a way out of this difficulty by invoking the
notion of outer measure and a related idea of measurability.

5.3 Outer measures
Let S be a non-empty set.

Definition 5.3.1
An outer measure on S is a set function p* : P(S) — [0, +00]| that satisfies
the following properties:

(OM1) u* [0] =0

(OM2) Monotonicity: If E € P(S) and F' € P(S) such that E C F, then p* [E] <
w* [F].

(OM3) Countable subadditivity: With I a countable index set, if E; € P(S) for
each 7 in I, then

(5.6) W Uier ] < ZM* [Ei] .
iel
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The condition (5.6) can be rephrased as saying that the union bound holds for the
set function p* : P(S) — [0,+oc]. Therefore, a measure defined on the entire
power set of .S is an outer measure since a measure always satisfies union bounds;
see Lemma 5.1.1.

Following Carathéodory, with an outer measure p* : P(S) — [0, 400] we
associate the following notion of p*-measurability.

Definition 5.3.2
A subset E of S is p*-measurable if

(5.7) p* [Fl=p*[FNE|+u*[FNE], FeP(S).

Let M (p*) denote the collection of all subsets of S which are p*-measurable.

For any pair of subsets E and F' of S, the sets F'N F and F' N E° are disjoint with
F = (FnNE)J(FnNE). Therefore, by (OM3) it is always the case that

(5.8) P F) <p [FNE)+p* [FNE], FeP(S).

Thus, to establish the p*-measurability of the subset F it suffices to show the re-
verse inequality, namely

(5.9) P [F) > p* [FNE|+u* [FNEY, FeP(S).

The next result, due to Carathéodory, is remarkable for its generality; in partic-
ular it shows how an outer measure always induces a measure on a o-field!

Theorem 5.3.1 If the set function p* : P(S) — [0, +00] is an outer measure on
S, then M(u*) is a o-field on S, and the restriction of ;1* to M(u*) is a measure.

While it is plain from (5.7) that the empty set is contained in M (p*) and that
M () is closed under complementation, establishing that M (p*) is closed under
countable union is more involved. We refer the reader to References [?, ?, ?, ?] for
a complete proof that the collection M (p*) is indeed a o-field on S and that the
restriction of p* to M (p*) is a measure. This measure is complete in the sense of
Definition 5.1.2.

Lemma 5.3.1 For any outer measure p1* : P(S) — [0, +oc], the measure space
(S, M(p*), p*) is complete.
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Proof. Consider a set F in M (p*) with p* [E] = 0, and let E’ be any subset of E.
For any subset F' of S, we note that FNE’' C E' C E, hence p* [F N E'] < pu* [E]
by (OM2). Starting with (5.8) we get

pF] < pt [FOE]+pt [F(B)]
< pt[E] 4t [F (B
= p[FN(E)]
(5.10) < p*[F]

where the last inequality is again a consequence of (OM2) since F' N (E')¢ C F.
It follows that

pFl=p" [FNE|+p [FN(E)], FeP(9),

and the set F’ is therefore p*-measurable. Using (OM2) again we conclude that
p* [E'] = 0since 0 < p* [E'] < p* [E] = 0. m

Going back to the extension problem formulated in Section 5.2 we now present
a way to exploit Theorem 5.3.1 by associating an outer measure with most set
functions.

5.4 Induced outer measures

Outer measures on S are quite easy to find through a construction which associates
an outer measure on .S with (almost) any set function defined on a collection of
subsets of S. The following terminology will simplify the presentation.

Definition 5.4.1

Let H denote a collection of subsets of S. For any subset E of S, the collection
{E;, i € I} of sets in H is called a countable covering of E by sets in H if I is a
countable index set and the covering condition

E C Uil B

holds. We refer to such a covering of E' as a countable H-covering of E.

Let H g denote the collection of all countable #-coverings of E; the collection H g
may be empty for some set E.
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Definition 5.4.2
Let H denote a collection of subsets of S. With any set function v : ‘H —
[0, 400] we associate the set function % : P(S) — [0, +00] given by

(5.11) pi[El=  inf (Zu[Eﬂ), E cP(S)

pu— ; k I
{E;, icl}eHE el

with the usual convention that the infimum in (5.11) is set to +oo if the collection
‘H g is empty.

The properties of set functions defined by (5.11) are presented next.

Theorem 5.4.1 If the collection H of subsets of S contains the empty set () and the
set function v : H — [0, 00| has the property that v [()] = 0, then the set function
w2 P(S) — [0, +0oc] defined by (5.11) is an outer measure on S known as the
outer measure induced by v.

Proof. Obviously, since # contains the empty set (}, we have p; [)] = 0 under the
assumption v [()] = 0, hence (OM1) holds.

To show that (OM2) holds, pick subsets E and F'in P(.S) such that £ C F. A
countable H-covering of E is also a countable H-covering of F', hence Hr C HE,
and the conclusion pJ [E] < u) [F] follows.

As we turn to (OM3), let {E;, i € I} be a countable collection of subsets of
S. We need to show that (5.6) holds. If 1} [E;] = +oo for some i in I, then (5.6)
automatically holds.

Next consider the situation where uy [E;] < +oo for all ¢ in I: For each ¢
in I, let the collection {Fi| ks k € K;} of sets in H be a countable H-covering
of E;. Obviously UserE; C User (Uke K, FZ-‘ k), so that the countable collection
{E~|k, i €I, k € K;} is a countable H-covering of U;cr E;, and the inequality

wh UierB] <> [ Y v [Fiyl
i€l keK;

obtains by definition. For each i in I, the finiteness of u [E;] implies that the
collection {Fy, k € K;} can always be selected so that

> v[Fy] < E]+e-a
keK;
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where € > 0 for some a; > 0. It is always possible to select the scalars {a;, i € I}
so that ) . ; a; < +o00. Combining these facts easily leads to

wy Vier B <Y (i [Bi] +eai) <[] + ¢ (Z az‘) ;

el icl icl

and € > 0 being arbitrary we obtain (5.6) upon letting £ > 0 go to zero. [ ]

5.5 Combining Theorem 5.3.1 and Theorem 5.4.1

With a non-empty set S, let 7 denote a collection of subsets of S which contains
the empty set (), and let the set function v : H — [0, +00] have the property that
v [0] = 0 As before, let i : P(S) — [0, 400] denote the outer measure on S
induced by v. Applying Theorem 5.3.1 to the outer measure y5, we conclude that
the collection M (}) is a o-field on S, and that the restriction of p} to M (i) is
a measure — This measure is known as the Carathéodory measure induced by v.
A solution to the problem of extending the o-additive set function v : H —
[0, +00] to a measure p : o (H) — [0, +00] is now in sight provided the following
issues can be resolved:
(i) Does the inclusion
(5.12) HC M)
hold? After all there is no guarantee that the sets in 7 are indeed y)-measurable.

Note that (5.12) would imply o(H) € M(u}).
(i) Can we conclude that the conditions

(5.13) wy(E)=v(E), EeH

hold? This last condition complements (5.12) and expresses the fact that the mea-
sure u; is indeed an extension of v.

We first address condition (5.13). Pick E in H: We always have 1, (F) < v(FE)
since F is trivially a countable H-covering of itself. The validity of the reverse
inequality v(F) < p}(F) is equivalent to requiring

(5.14) v[E] <> v[E]

el

for every countable H-covering {E;, i € I} of E. Although this condition is
reminiscent of the union bound, a word of caution is in order here: Even if the set
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function v : H — [0, +oc] were o-additive on H (as is necessary for an extension
to exist), it would satisfy both monotonicity and the union bound property on H
(see comment following Lemma 5.1.1). With this in mind it is tempting to argue
that the following chain of inequalities

v[E] <v|UierE;i] < Z v |E;]
el

holds, the first inequality by virtue of the covering condition £ C U, E; and the
second inequality by a union bound argument, in which case (5.14) would auto-
matically hold. However, there is no guarantee that U;c7 E; belongs to H (which
typically is not going to be a o-field), and both steps may fail to be valid. If this
were the case then (5.14) would automatically hold — See the proof of Theorem
6.1.1 where H is a o-field and the aforementioned issue disappears. Therefore, if
condition (5.14) were to hold, additional conditions are needed.

We now turn to condition (5.13). In many (important) applications the collec-
tion H is not even a field of subsets of S. Yet, weaker structural properties can be
imposed on the collection of sets H to ensure the validity of condition (5.13) — One
such notion is introduced in the next section.

5.6 Semi-rings, etc

The notion introduced next expands on the approach originally used for defining
Lesbegue’s measure on RP.

Definition 5.6.1
The collection H of subsets of S is said to be a semi-ring on H if the conditions
(SR1)-(SR3) hold where

(SR1) 0 € H.
(SR2) Closed under intersection: If £ € H and F' € H,then ENF € H.

(SR3) Relative complements as a finite disjoint union: If ' € ‘H and F' € H, then
there exists a finite collection F1, ..., F,, of disjoint sets in H such that the
representation &/ — F' = U} F; holds.

Again (SR2) implies (is in fact equivalent) to the seemingly more general statement
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(SR2b) Closed under finite intersection: Foreachn =1,2,...,if By e H,..., E, €
H, then N, F; € H.

There is no guarantee that the set S = ()° is an element of # since a semi-ring may
not be closed under taking complements — Only the weaker requirement (SR3)
needs to be satisfied. However, in some literature condition (SR3) is replaced by
the following requirement:

(SR3b) Closed under complements: If £ € H, then there exists a finite collection
Fi, ..., F, of disjoint sets in H such that the representation £ = U}, F;
holds.

As discussed below, this condition is stronger than (SR3).

Fact 5.6.1 If the collection H of subsets of S satisfies (SR1), (SR2) and (SR3b),
then (SR3) holds as well and ‘H is a semi-ring.

Proof. We need only show that (SR3) holds under (SR1), (SR2) and (SR3b): Thus,
pick sets E and F'in H. Under (SR3b), there exists a finite collection F1, ..., Fy,
of disjoint sets in H such that the representation F'° = U, F; holds. Therefore,

and (SR3) holds because the sets £ N F1,..., E N F, are in A under (SR2); they
are obviously disjoint since the sets F1, ..., F}, are disjoint under (SR3b). [ ]

However, under (SR1) and (SR2) the conditions (SR3) and (SR3b) are equiv-
alent when S belongs to S: In that case (SR3) with £ = S and F' arbitrary in H
yield S — F = SN F¢ = F° = U, F; where the sets I, ..., F), are disjoint in
‘H. Thus, F'° can be represented as a finite union of disjoint sets in / and (SR3b)
holds.

Even under the stronger condition (SR3b) (applied to E = () it is not possible
in general to ascertain that S belongs to S, but only that S = U}'_, F; for disjoint
sets F1,..., F, in H. To smooth out this technical point, some authors augment
the notion of semi-ring by requiring that S be included in the semi-ring, in which
case such collections are called semi-fields.

A key fact associated with semi-rings is given next and already sheds some

light as to their usefulness in the Carathédory program outlined in Section 5.5.

Lemma 5.6.1 If the collection H of subsets of S is a semi-ring on S, let H* denote
the collection of all unions of finite disjoint collections of sets in H. Then, H* is
a field of subsets of S containing H. In fact it is the smallest field of subsets of S
containing H, i.e., if G is a field of subsets of S containing H, then H* C G.
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5.7 Exercises

Ex. 5.1 Consider the following measure space (S,S, ) where S = Ny, § =
P(Np) and the measure 1 : S, — [0, +00] is the counting measure; see Exercise
1.4. Consider the monotone decreasing sequence of sets { £,,, n = 1,2, ...} where
E,={keNy: k>n}foreachn =1,2,.... Show that lim,_, o p [Ey] = 00
while p [U2, E,] = 0. Does this contradict Part (ii) of Proposition 5.1.1?

Ex. 5.2 Show that any measure defined on the entire power set of S is necessarily
an outer measure.

Ex. 5.3 Show that a finitely additive outer measure p* : P(S) — [0,+o0] is
necessarily a measure on P(.5).

Ex. 5.4 Completing a probability space: Given a probability triple (Q, F,P), let N/
denote the collection of all null events (under P),i.e.,, N = {N € F: P[N] = 0}.
Consider now the collection N'* of all subsets of € that are subsets of P-null events,
i.e.,

N*={M e P(Q): M C N forsome N € N } = UnyenP(N).

Subsets in N'* are not necessarily events in F.

Show that the collection F* = {E UM : E € F, M € N*} is also a o-field
on €2 (which contains F).

b. Define the set function P* : 7* — [0, 1] by

el E*x=FEuUM

P*[E"] = P[E], EeF, MeN*
Show that this definition is well posed in the following sense: If E* admits the two
representations 1y U My and Ey U My with By, € F and M, € N*, k = 1,2,
then P [E] = P [E?y], thereby yielding an unambiguous value for P* [E*] [HINT:
Make use of the following observation: If for each k = 1,2, M} C N where Ny
is an element of NV, then the equality F1 U M; = FE5 U M> implies the inclusions
FEi1 C My U Ny and E5 C M7 U Nq].

c. Show that the set function P* : F* — [0, 1] (which is well defined as per
Part b) is a probability measure on F* which coincides with P on F.

d. Show that the probability measure P* is complete on F* in the sense that if
P* [E*] = 0 for some E* in F*, then for any subset E** of E*, it holds that E**
belongs to F* with P* [E**] = 0.
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Ex. 5.5 Consider the set function p* : P(S) — [0, +-00] defined by

|E| if E is finite

1w (E) =
+oo if FE is not finite.

a. Show that this set function p* : P(S) — [0, +00] is an outer measure on S.
b. Determine the p*-measurable sets of S.

Ex. 5.6 Define the set function y* : P(S) — [0, +o0] by p* [#] = 0 and p* [E] =
+oo for E # (.
a. Show that this set function p* : P(S) — [0, +-00] is an outer measure on S.
b. Determine the p*-measurable sets of S.

Ex. 5.7 With S a non-countable set, define the set function p* : P(S) — [0, +0o0]
by p* [E] = 0if E is countable and * [E] = 1 if E is not countable.
a. Show that this set function p* : P(S) — [0, +00] is an outer measure on S.
b. Determine the p*-measurable sets of S.

Ex. 5.8 Start with an outer measure p* : P(S) — [0,+occ] on S. For a given
subset G of S, define the set function v/, : P(S) — [0, +00] given by

va[El=pw [ENG], GeP(S).

a. Show that this set function v/ : P(S) — [0, +00] is an outer measure on S.
b. Determine the relation between the *-measurable sets and yif;,-measurable
sets.

Ex. 5.9 With H = {0, S, {s}, s € S}, consider the set function v : H — [0, +0o0]
given by
0 ifE=0
v[E] = +x ifE=S
1 ifE#0,E#S.

Describe the outer measure u) : P(S) — [0, +oc] induced by v.

Ex. 5.10 Assume S to be uncountable. With H = {0, S, {s}, s € S}, consider
the set function v : H — [0, +o0] given by

_[1 ifE=S
”m:{OﬁE¢s

Describe the outer measure i, : P(S) — [0, +o0] induced by v.
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Ex. 5.11 Assume that H is a o-field on S and the set function v : H — [0, +0o0]
is a measure on H.

a. Show that /* and v agree on H.

b. Show that every set in H is p};-measurable.

c. These two facts imply that 4 is an extension of v on M (p;;) which may be
larger than the initial o-field . Give an example when this will happen!

Ex. 5.12 Given a non-empty family {S;, ¢ € I} of o-fields (resp. fields) on some
arbitrary set S, show that the collection N;cS; is a o-field (resp. field) on S.



Chapter 6

Constructing (probability)
measures: Extension results and
examples

In Chapter 4 we discussed how assigning a measure to certain “natural” subsets
of RP, say intervals in R or more generally rectangles in R?, leads to the notion
of Borel o-fields. In Chapter 5 we explored whether the assignments on these
generating families (intimately associated with the usual topology on these sample
spaces) can indeed be “extended” to a full measure that is well defined on the
generated o-field. The existence of such extensions was guaranteed with the help
of ideas introduced by Carathéodory. In the current chapter we present several
examples of extension results, apply them on various examples.

6.1 Extension results

In this section we build on the ideas developed in Section 5.5. and present various
extension results under progressively weaker conditions; when the proofs are not
given they can found in the cited references.

The setting is as in Section 5.5: With a non-empty set S, let  denote a col-
lection of subsets of S which contains the empty set ), and let the set function
v : H — [0,+00] have the property that v [()] = 0. With p} : P(S) — [0, 4]
denoting the outer measure on S induced by v, Theorem 5.3.1 applied to ) yields
that the collection M (y}) is a o-field on S, and that the restriction of 115 to M (1)
is a measure, the so-called Carathéodory measure induced by v.

We proceed with a number of extension results under increasingly weaker con-
ditions on the collection H of subsets of S over which the set function v : H —
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[0, +00] is originally defined. Obviously, for an extension to a measure to exists it
is necessary for the set function v : H — [0, +00] to be o-additive on H.

The first result confirms the fact that the Carathéodory measure induced by any
measure is indeed an extension of that measure.

Theorem 6.1.1 Assume that H is a o-field of subsets of S and that the set function
v:H — [0,4+00] is a measure on H. Then, the inclusion

6.1) HC M(up)

holds and the Carathéodory measure 1, : M(u}) — [0, +0o0] induced by v coin-
cides withv on H, i.e.,

(6.2) v(F) = ui(F), Fe.

In other words, the measure ) extends the measure v to the larger o-field M (u},).
The proof of Theorem 6.1.1 is available in Section 6.6. Note that pu)5 is complete on
M () while the initial measure v may not have been complete on #, therefore
creating the possibility that the inclusion (6.1) is strict.

The next result assumes only that the collection H is a field on .S; a proof is
available in the references [?][Thm. 11.2, p. 164] and [?][Thm. 1.14, p. 31].

Theorem 6.1.2 Assume that H is a field of subsets of S and that the set function
v:H — [0,400] is o-additive on H with v [)] = 0. Then there exists a measure
Vixt @ 0 (H) — [0,+o00] which is an extension of the set function v : ‘H —
[0, +00] to the smallest o-field o (H) generated by H: The inclusion

(6.3) o (H) € M)
holds and
(6.4) vext(F) = iy, (F), Fe€o(H).

Furthermore, if the set function v : H — [0, 400 is o-finite on H, then vy is the
unique extension of v to the o-field o (H) and it is o-finite on o (H).

In many situations of interest the collection H is not even a field of subsets of
S. Instead the collection H has a weaker structure; in particular there are important
applications where H is only a semi-ring on .S as defined in Section 5.6. [?][Thm.
11.3, p. 164]. A proof is given in Section 6.7.
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Theorem 6.1.3 Assume that H is a semi-ring of subsets of S and that the set func-
tionv : H — [0,+oc] is both finitely additive and countably subadditive on H
with v [)] = 0. Then there exists a measure vgy : o (H) — [0, +o0c] which is
an extension of the set function v : H — [0, +o0] to the smallest o-field o (H)
generated by ‘H: The inclusion

(6.5) o (H) € M(u;)
holds and
(6.6) vixt(F) = u(F), Feo(H).

Furthermore, if the set function v : H — [0, 4+00]| is o-finite on H, then vy is the
unique extension of v to the o-field o (H) and it is o-finite on o (H).

6.2 Example 1 - Infinite coin tossings and its generaliza-
tion

Consider a random experiment £ modeled by the probability triple (€2, 7, P) where
the sample space €2 contains a finite number N of distinct elements, say s1, ..., Sy,
the o-field F is the power set P(£2), and the probability measure P is described
through the probability mass function p = (p(s1,...,p(sn)). See Section 1.5.

This experiment is repeated infinitely many times under “identical and inde-
pendent conditions.” Let the resulting random experiment be denoted by ... We
now explore how to build an appropriate probability triple (2o, Foo, Poo) to model
experiment E.

The sample space For ease of notation, let {2y, . .., ), ... denote identical copies
of 2. It is appropriate to take {2, to be the Cartesian product

Qoo = X1 =0 X Q2 X oo x Oy XL

(sometimes also denoted QM0). The set (2 is the collection of all infinite length

words drawn from the alphabet {s1, ..., sy}, and its generic element wq, is of the
form
wr € Q= {81,...,8]\[}
Woo = (W1, w2, ..., wn,...)
oo ( 9 9 9 mns 9 k — 17 2, .

The o-field of events To construct F, we proceed as follows: For each n =
1,2, ... let F,, denote the collection of subsets of 2., defined by

Fn = {Bl,27._.7n X Qn—i—l X Qn+2 X ...: By 2,.n € P(Ql X .. Qn)}

)



82CHAPTER 6. CONSTRUCTING (PROBABILITY) MEASURES: EXTENSION RESULTS AND EX.

It is a simple matter to check that F,, is a o-field on Q.. Let FJ denote the
collection of subsets of {2, given by

Fi =Us 1 Fn.

While the collection FJ is a field on {2, it is not a o-field on Q. [Exercise
6.1]. This leaves us no choice but to introduce the smallest o-field containing F7_,
namely

Foo =0 (FL).

The probability measure To define P, on F,, we first define it on the field
F7 and then invoke Theorem 6.1.2 to ensure its extension on F.

Pick E in FZ_. As this set must be in F,, for some n = 1,2, ..., it is therefore
of the form
(6.7) E = B]_727m7n X Qn—i—l X Qn+2 X ...
forsome set By 2, in P(x...€,). Inparticular, take By, = {(w1,...,wn)}
with wy, . .., wy, arbitrary in €2, in which case it is appropriate to take
n
Poo [{(w1, -, wn)} X Qi1 X Quyg X .. = p(wr) ... p(wn) = [ [ plwr)
k=1

to reflect the fact that the experiment is repeated under “identical and independent
conditions” as in the coin tossing experiment of Section 2.3. This a modeling as-
sumption reflecting the conditions under which the experiment is carried out! Us-
ing the additivity of P, on F,, it is now straightforward to evaluate the probability
of the sets (6.7), namely

Po [E] = > plwi) ... p(wn).

,,,,,

It is easy to check that P, is well defined on F7 in the following sense: If the
event I in F,, were viewed as an event in F,,, for some m > n, then (6.7) become

(68) E = Bl,Q,...,m X Qm+1 X Qm+2 X ..
for some set By 2, min P( X ... Q) related to By o, through

Bio

1Ly 9Ly

X Q1 XX Q.

It is then elementary to check that

©9 > p(wn) - plwm) = > plwn).plwn)
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since

Z plwg) =1, k=n+1,....,m.
wker

With By, ..., B, subsets of {2, we easily check that the events El, R
given by

Ekzﬁlx...Qk_lkakaHx...xan..., k=1,...,n

are mutually independent under P!

Example 1 — Tossing a coin infinitely often When Q2 = {0, 1}, the model dis-
cussed here captures the situation when a coin is tossed infinitely often under iden-
tical and independent conditions — See the discussion in Section 2.3 where the coin
was tossed a finite number of times. In that setting, 2o, = {0,1}"° and with p
(resp. 1 — p) denoting the probability that the outcome of an individual toss is
Head (= 1) (resp. Tail (= 0)), the previous calculations become

Poo [{(w1,...,wn)} x {0,1} x {0,1} x .. ]
— pzzzlwk(l _p)Ezzl(l—wk)

foreveryn = 1,2,... and every (wi,...,wy) in {0,1}". As expected we recover
the model presented in Section 2.3.

6.3 Example 2 — Borel measures on 53(R)

The Borel o-field B(R) supports an important class of measures — The terminology
will not surprise you!

Definition 6.3.1
A measure i : B(R) — [0, +o0] is called a Borel measure.

With any Borel measure 11 : B(R) — [0,400], we associate the mapping
F, :R — R given by

(6.10) Fu(z) = p[(—o0,z]], zeR.

The mapping F}, : R — R is monotone increasing and right-continuous [Exercise
6.2], and the additivity of u yields

a<b

Fu(b) :FM(CL)‘F,U[(ava? a,beR.
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Furthermore, if the Borel measure y is finite (i.e., 4 [R] < oo, then

a<b

6.11) ul@,bl] = Fub) = Fu@), 5 g

It is natural to wonder whether this process can be reversed: Consider a map-
ping F' : R — R which is monotone increasing and right-continuous. Monotonic-
ity guarantees the existence of left limits at every point, i.e., limy, F'(z) = F(z—)
for every x in R, and the limits lim,_,  F(z) = F(—o0) and lim,_, o F(x) =
F(+00) are both well defined, possibly infinite. Does there exist a measure jp :
B(R) — [0, 4o00] such that

el = PO~ Fl0.

as we take our cue from (6.11). The case where F'(z) = x for all z in R would
correspond to the usual “length” measure.
To answer this question, consider the collection H of subsets of R given by

H = Ha(R) UHs(R) UHg(R)

where the collections Ha(R), H5(R) and He(R) were introduced in Section 4.2
— Thus, subsets in H are either of the form (a,b] or (—o0,b] or (a,+o00) with
—00 < a < b < 4o0. Itis easy to check that # is a semi-ring [Exercise 6.3].
With the mapping F' : R — R we associate the set function vg : H — [0, +00]
given by
vr[(a,b]] = F(b) — F(a), —oo<a<b<+4oo

and
vr [(a,00)] = F(4+00) — F(a), —c<a

6.4 Example 3 — Product measures

6.5 Examples

Examples of semi-rings include
On R:
a<b
Ha(R) = {(“’b]’ a,beR }

H5(R) = Ha(R) U{(— + 00, b], b € R} U{(a,+o0), a € R}

and
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On RP:
HQ(R) X ... X HQ(R)

and
5(R) x ... x H5(R)

On {0, 1}}o

6.6 A proof of Theorem 6.1.1

Start with the definition of the set function y, : P(S) — [0, +o0]: It is given by

(6.12) pi[El=  inf <Zy[Ei]>, E cP(5)

T (E;, el
{E;, i€l}eHg el

where H g denotes the collection of all countable #-coverings of F.

Pick E in H. Obviously, E is a countable #-covering of itself, hence p}; [E] <
v[E]. To prove that v [E] < u}[E] we proceed as follows: Let {E;, i € I}
be a countable H-covering of E. Since & C U;erE;, we obviously have E =
(Uier ;) N E = Ujer (E; N E). But v is a measure on the o-field 7, hence

V[E] =v[Uicr (BN E)] <) v[ENE]
el

by the union bound, while

d vIENE <) vIE)

i€l icl
by the monotonicity of the measure v on ‘H. Combining these inequalities we
conclude that

v[E] <Y v[E].
i€l

and the conclusion v [E] < uf [E] follows since this inequality is valid for any
countable H-covering of E.

In order to show the inclusion # C M (u}), we need to show that any subset
E in H is p)-measurable, namely that

wh (] = w3 [FAE) + iy [FNE),  F e P(S).
As per the discussion following Definition 5.3.2, it suffices to show that

(6.13) p, [F] =y [F O E] + g [FOEY], F € P(S).
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Pick F'in P(S). By definition, with H r denoting the collection of all countable
‘H-coverings of I, we get

wlFl = inf (;H&])
- inf <Z(V[EHE]+V[FMEC])>

{Fi, i€I}eHF

el
6.14 = inf v|IF;NE]+ v[F;NE°
( ) {F;, i€l}eHr <Z€ZI [ ] ZEZ[ [ ]>

where the following observation was used: For each ¢ in I, F; is in H and so is
B, therefore F; N E and F; N E° are disjoint sets which both are in the o-field
H with F; = (F; N E) U (F; N E€). It then follows by additivity that v [F;] =
v[F;NE]+v[F;NE‘.

Next, standard properties of the infimum operation yield

*F > inf nne
:U’lz[ ] - {Fi,iIEI}}GHF (Z;V[ }>

6.15 inf F,NnE|.
(619 +{Fi,ig}}%(2” i 1)

iel

If {F}, i € I} is a countable H-covering of F', then because E is in the o-field H,
it is plain that {F; N E, i € I} is a countable H-covering of F' N E, hence

(6.16) inf (Zy[FmE]> > ps[FNE].

F;, i€l
{1716 }EHF icl

A similar argument, with £ replacing F, leads to

(6.17) inf (Z v[F;n EC]> >k [F N E9

{F;, icI}eHF el

Combining the inequalities (6.15), (6.16) and (6.17) we conclude that (6.13) holds.
|
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6.7 A proof of Theorem 6.1.3

A natural definition We start by defining the set function p : H* — [0, +o0]:
Pick any set E in the field H#*. By Lemma 5.6.1 membership of E in the field H*
implies that it can be represented as a finite union of disjoint sets {E;, ¢ € I} in
H, i.e., E = U;cr E;. Additivity suggests that we define

(6.18) plE =) vE].

el

A well-posed definition This definition is well posed and independent of the
representation used for E: Indeed, let ¥ admit another representation as a finite
union of disjoint sets {G;, j € J} in H such that £ = U;c ;G ;. Note the obvious
set equalities

EZ':EOEZ':UJ‘EJ(EZ‘OG]'), 1el

where for each 7 in I and j in J the intersections F; N G are elements of H.
Therefore,

Y viE] = ) vIENE]

el i€l
= Z Z v[E;N G]]
il \jeJ
= Z <Zl/ [E; N GJ]>
jed \iel
(6.19) = > v[G)]
jeJ

as we repeatedly use the assumed additivity of v on H.

Uniqueness Let i : H* — [0,400] denote another extension of v which is
additive on #H. If E is any element in 7*, then there exists {E;, ¢ € I} disjoint
sets in H such that £ = U, F;. By the additivity of & on H*, hence on H, we get

(6.20) plEl =Y @B =) v[E]=ulE
iel i€l

where the second equality follows from the fact that [ is an extensions of v. This
shows that the extensions p and ji coincide on H.
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Additivity From the definition (6.18) it is easy to see that the set function p :
H* — [0, +00] is additive on the field H*.

Next, if we assume that the set function v : H — [0, +0o0] is o-additive on
H, we now show that the set function p : H* — [0, +00] is itself o-additive on
H*: Let {E;, i € I} denote a countable collection of disjoint elements of #*, and
assume that ¥ = U;¢ 1 E; is itself an element of 7*. We need to show then that

ulE] =S ulBl].
icel

Since E is an element of H*, it admits a representation of the form F = U;c s Fj
for some finite union of disjoint sets {F;, j € J} in H, i.e., E = Ujc;F}. Note
that

(6.21) Ei:EZ'QE:EZ‘Q(U]'GJFJ‘):UjEJ(EiﬂFj), 1€1

with the sets {E; N Fj, i € I, j € J} all being disjoint sets in H. Using these
facts we get

d plE] = D> plEiNE]

i€l el
= > | D_nlEnF
il \jeJ
= Z(ZM[EWFJ‘O
jes \iel
= > ulF]
JjeJ
(6.22) = ulE].

For each j in J, the equality > . ; p [E; N Fj] = p[F}] is a consequence of the
o-additivity of v on H. This completes the proof of Theorem 6.1.3. |

6.8 Exercises

Ex. 6.1 In the discussion of Section 6.2 show the following facts:
a. Foreachn = 1,2, ..., the collection F, is a o-field on 2.
b. The collection F3, = US| F), is a field on 2.
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c. Although the collection FJ is a field on ., it is not a o-field on
[HINT: Take the countable collection {E,,, n = 1,2, ...} given by

E,={w}x. .. x{w} x Qi1 X Qa2 x ..., n=1,2...

for some w in €2. For each n = 1,2, ..., the set F,, belongs to F,, hence to F.
Identify the set N2, I, and determine whether it belongs to 7 .]

Ex. 6.2 Consider the mapping F}, : R — R associated via (6.10) with a Borel
measure i : B(R) — [0, 4+0c]. Show that this mapping is monotone increasing
and right-continuous with left limits.

Ex. 6.3 With the collections Ha(R), H5(R) and Hg(R) introduced in Section 4.2,
check that H = Ha(R) U H5(R) U He(R) is a semi-ring.
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Chapter 7

Random variables and their
distributions

So far we have been concerned with modeling the full random experiment £, and
this has led us to introduce the notion of a probability triple (€2, 7, P). However, in
many settings there is interest not in the full model itself but rather in various nu-
merical characteristics associated with the experiment. This is formalized through
the notion of random variable (rv) and of its probability distribution, notions which
we introduce next and which we study in some generality in Chapter 7. The discus-
sion will be specialized to discrete rvs in Chapter 8 and to (absolutely) continuous
rvs in Chapter 9.

7.1 Random variables

Throughout we assume given a probability triple (€2, F,P) which is held fixed
during the discussion. Also let p be an arbitrary positive integer.

Definition 7.1.1
A mapping X : Q — RP is a random variable (rv) defined on (2, F) if the
conditions

(7.1) X'B)={weQ: X(w)eB}cF, BecB(RP)

all hold.

In other words, the mapping X : {2 — RP is arv if it is a Borel mapping X : Q) —
RP? in the sense of Definition 4.5.1 with S = € (the sample space) and S = F

91
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(the o-field of events). It is customary to write [X € B] in lieu of X ! (B) and
P[X € B]for P[[X € B]].

As in Section 4.5, the rv X : Q — RP can also be viewed as a p-tuple of
mappings X1i,..., X, : & — R where foreach k£ = 1,...,p, the mapping X}, :
Q — R picks up the k" coordinate of X so that

X(w) = (X1(w), ..., Xpw)), weQ

Translating Lemma 4.5.2 to the setting of Definition 7.1.1 we conclude that the
mapping X :  — RP is then a rv if and only if each of the component mappings
X1:Q—=R,..., X, :Q— Risarv. This requires that the conditions

(72) {weQ: Xp(w)<azp, k=1,...,p} €F, (z1,...,2p) €RP

all be satisfied. Sometimes it is convenient to rewrite them in equivalent form as
either

(7.3) mi:l [Xk < ka] e F, (331, - ,l'p) € RP,
or

(7.4) (X € R(z)]e F, (z1,...,2p) €RP
where

R(z) = (—o0,x1] X ... X (—00,xp).

7.2 Probability distribution functions

Consider an RP-valued rv X : 0 — RP? as given in Definition 7.1.1. Thus far,
this is a deterministic object. We attach to it probabilistic content by taking into
account the probability measure P under which the likelihood of events for the
experiment & is evaluated.

Definition 7.2.1
The probability distribution (function) of the rv X (under PP) is the mapping
Fx : RP — [0, 1] defined by

Fx(z) = P[X € (—o0,z1] X ... x (—00,zp]]
(7.5) = PXi<az,...,Xp, <z,], z=(x1,...,2p) € R

with the notation X = (X7,...,X)).
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This definition is well posed in view of the equivalent conditions (7.2)-(7.4). Note
that the the values
(7.6) {P[X € B], B € B(RP)}

constitute the entire probabilistic information concerning the rv X (under P). How-
ever it turns out that there is as much probabilistic information in the probability
distribution Fy : RP — [0, 1] as in the entire collection (7.6). This is quite for-
tunate since the probability distribution is a mapping R? — [0, 1] whereas (7.6)
describes a set function B(RP) — [0, 1].

In fact, knowledge of F'x : RP — R uniquely determine the values (7.6):
Indeed, it is a simple matter to check that the set function Py : B(RP) — [0, 1]
defined by
(7.7) Px [B]=P[X € B], B e B(R?)

is a probability measure on B(IRP) [Exercise 7.1]. The probability distribution
Fx : RP — R thus specifies Px on the collection of all semi-infinite boxes

{H(—oo,xk], (1,...,2p) E]Rp},

k=1

and therefore can be uniquely extended to B(IR?) as a consequence of Carathéodory’s
Theorem ??.

The fact that the set function Px : B(RP) — [0, 1] defined by (7.7) is a proba-
bility measure on B(RP) suggests the following useful interpretation: The probabil-
ity triple (2, F,P) was selected as a model for the underlying random experiment
E. Therv X : Q — RP can be viewed as itself inducing a random experiment,
denoted Ex, whose elementary outcomes are the values { X (w),w € Q} — After
all, if the outcome w in £ can only be known if the experiment £ is realized, then
outcome X (w) of the experiment £x will be known only after w has been observed
and the numerical value X (w) evaluated.

With this in mind it is natural to think of the triple (RP, B(RP),Px) as a
natural probability model associated with the random experiment £x. If there
is interest only in this associated experiment (and not in the underlying experi-
ment &), we need only focus on the triple (R?, B(RP),Px) since the probability
measure Py carries all the probabilistic information related to it. Working with
(RP, B(RP),Px) instead of with (§2, F,P) often affords an advantageous model
reduction. Furthermore, the equivalence between P x and F'y means that for many
purposes it will suffice to learn about the properties of the probability distribution
function F'x.

In what follows, unless stated otherwise all rvs are defined on the same proba-
bility triple (2, F,P).
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7.3 Marginalization

The following situation arises in many settings: Consider % distinct rvs X7 : Q@ —
RP1 ... X+ Q — RPr with py,...,p positive integers. We can alternatively
view this collection of rvs as a single rv X : 2 — RP given by

X = (X1,...,Xz)

with p = p; + ... + px — In this notation we implicitly assume that all vectors are
row vectors. As usual we have

By, e B(Rm)

P[XGB]:]P)[X1€Bl,~--,Xk€Bk;]a /=1 k

when taking rectangles of the form
B:le...XBk.

In particular, by taking By = (—o0, 2| with arbitrary z, in RP¢ for each ¢ =
1,...,k, we conclude that the probability distribution function of the rv X :
) — RP (or equivalently, the joint probability distribution function of the rvs
Xi1,...,X})is given by

Fix,,..xo(@1,. .., 7o)
xp € RP¢

(1.8) = Pi<an,.. Xe<al, 2000

Now, pick any subset J C {1,...,k} with 1 < |.J| and note that
(X1 <@y, Xie S @] = (Nees [Xe < ae]) 0 (Neege [Xe < @) -

for each x = (x1,...,x) in RP. Next, let the coordinates xy each go (componen-
twise) monotonically to +oo for each £ € J¢ (where J¢ is the complement of J
with respect to the index set {1, ..., k}). It is elementary to check that

lim F, Ti,..., Tk
zp—00, bEJC (Xl’m’Xk)( ’ ’ )

= lim P[Xlgxl,...,ngack]
zy—00, LEJC

= lim P [(Nees [Xe < z6]) N (Neege [Xe < x4])]
Tp—>00, LEJC

= P[ngxg,feﬂ

xy € RP¢
(7.9 = Fx, ten)(@e, L€ J), 26 ;



7.4. POPERTIES OF PROBABILITY DISTRIBUTION FUNCTIONS (P = 1)95

This is an easy consequence of Lemma 3.1.1 when combined with the observation
that

lim Neege [Xe < xp] = Npege [Xp € R] = Q.
Tp—00, bEJC

The passage from F(x, . x,) to F(x, ¢cs) is known as marginalization, and is
implemented by setting (the components of ) zy = +o00 in F(x, . x,) for each £
in J¢.

Through marginalization the joint probability distribution of the RP-valued
v X = (Xi,...,X})) determines the probability distribution of any subset of
components of X. However, we stress that the converse is not true in general
— The marginalization process cannot be reversed unless additional assumptions
are in place, the most common one being the mutual independence of the rvs
{X1,...,X}; see Section 7.9. Put simply, in general knowledge of the indi-
vidual probability distributions of the rvs {Xj,..., X;} will not be sufficient to
reconstruct the probability distribution of the concatenated rv X = (X7,..., Xj).

7.4 Poperties of probability distribution functions (p = 1)

It is easy to see that the following properties hold when p = 1.

Proposition 7.4.1 Given arv X : 0 — R with probability distribution function
Fx : R — [0, 1] under P, the following properties hold:

(i) Monotonicity:
r<y

Fx(z) < Fx(y), JER.

(ii) Right-continuity:

hmFx(y):Fx(.’L'), x € R.
ylz

(iii) Existence of a left limit:

lyigchX(y):FX(x—) with P[X =z| = Fx(y) — Fx(z—), x€R.

(iv) Behavior at infinity: Monotonically we have lim,_,_~, Fx(z) = 0 and
lim, o0 Fix(x) = 1.
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Proof. (i) The monotonicity of F'x is inherited from that of P once we note that
with z and y in R, we have [X < z] C [X < y] as soon as x < y, whence

PIX <y|=P[X <z|+Plx < X <y

or equivalently,
Fx(y) — Fx(z) =Pz < X <y] > 0.

(ii) Pick z in R, and let {y,,, n = 1,2, ...} denote a decreasing sequence in R
such that x < y,, foreachn = 1,2, ... with lim,,_, ¥y, = . By comments in (i)
we have

Fx(yn) — Fx(x) =Pl < X <y, n=12,...

The sets {[x < X < y,]|, n=1,2,...} form a decreasing sequence of events with
Mo [z < X < y,] = 0. The conclusion lim,, o P [z < X < y,] = 0 follows
from Lemma 3.1.2. This last limit being independent of the sequence used, we
have lim,, o F'x (yn) = Fx(x) as desired.

(iii) Similarly, pick z in R, and let {y,, n = 1,2,...} denote an increasing
sequence in R such that y, < x for each n = 1,2,... with lim,, ¥y, = =x.
Again, by comments in (i) we have

Fx(x) — Fx(yn) =Ply, < X <2z], n=12,...

The sets {[y, < X < z], n = 1,2,...} form a decreasing sequence of events
with N2 [y, < X < z] = [X = z]. This time, using Lemma 3.1.2, we get
limy, oo Plyn < X < 2] = P[X = z|. The limit P[X = ] being independent
of the sequence used, we conclude that the limit lim,,_,~ Fx(yy) exists and is
independent of the sequence used. The desired result follows.

(iv) Finally, let {y,, n = 1,2,...} denote an increasing sequence in R with
lim,,_,00 ©, = 00 monotonically. It is plain that the events {[X < z,], n =
1,2,...} form a increasing sequence of events with

Unt[X <ynl = [X € R} =0

and applying Lemma 3.1.1 yields the desired result.

Similarly, let {z,, n = 1,2,...} denote a decreasing sequence in R with
lim;, ;00 Z, = —00 monotonically. The events {[X < y,], n =1,2,...} form an
increasing sequence of events with N°,[X < x,,] = (), and the desired result is
obtained by applying Lemma 3.1.1. [ |

Similar arguments lead to the following useful fact which complements Claim
(iii) of Proposition 7.4.1 [Exercise 7.3].
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Fact 7.4.1 Given arv X : 2 — R with probability distribution function Fx :
R — [0, 1] under P, it holds that

PX <z] =Fx(z—), zeR

Definition 7.4.1
Let C(F'x) denote the set of points in R where F'x : R — [0, 1] is continuous,
ie.,

C(Fx) = {.’L‘ eR: Fx(SU—) = Fx(fL‘)}

The complement C(Fx)¢ of C(Fx) in R consists of the points where Fx :
R — [0, 1] is not continuous. It is customary to call C(F'x) (resp. C(Fx)°) the set
of continuity (resp. discontinuity) points of the probability distribution function of
the rv X.

Lemma 7.4.1 For any rv X : 2 — R, its probability distribution function Fx :
R — [0, 1] has the property that C(F'x )€ is a countable subset of R.

Proof. Foreachn = 1,2,..., let D, denote the collection of points of disconti-

nuity in C(Fx )¢ whose discontinuity jump lies in the interval (%H, %] ie.,

D, = {a: € C(Fy)" - n—li—l < Fx(z) — Fx(a—) < ;} .

Noting that

L < S (Fx() - Fx(@-) <1,

‘Dn’ : =
n+ 1 xEDn

it follows that |D,,| < n + 1. The desired result is now immediate since C(Fx )¢ =
U, Dy. m

7.5 Poperties of probability distribution functions (p > 1)

The case p > 1 is more involved: As the quantity P [z < X} < yi] can be ex-
pressed solely in terms of F'x : RP — [0, 1], it provides a constraint that a prob-
ability distribution function must satisfy! For instance with p = 2, it is easy to
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check that

Pla < X7 <b,a < Xy <f]
= PX;<ba<Xy<p]-PX; <a,a< Xy <[]
= (P[X1<b,Xo <p]-P[X; <b, X2 <ql)
—(P[X1 <a, X2 <B]-P[X; <a, X2 <al)
= (Flx,x)(0,8) = Fix, x,) (b))

<b
(7.10) — (Fix, x0) (@, 8) = Fix, xpy(@, ), @

a<p

We list below the properties that characterize the probability distribution

Proposition 7.5.1 Given arv X : Q — RP with probability distribution function
Fx : RP — [0, 1], the following properties hold:

(i) Monotonicity:

(ii) Right-continuity: With the understanding that y;, | xj, foreachk = 1,...p,
we have

llmFx(y):Fx(Z’), x € RP
ylz

(iii) Existence of a left limit: With the understanding that y; 1 xj for each k =
1,...,p, we have

li%nFX(y) = Fx(z—) with P[X =2z]=Fx(y) — Fx(z—), ze€RP
ytz

(iv) Behavior at infinity: Monotonically we have

li F =0
min(xk,kzli?..,p)—)—oo X(SC)
and
lim Fx(x) =1.

min(zg, k=1,...,p)—00

7.6 Probability distribution functions (p = 1)

For p = 1, we turn the four properties established in Proposition 7.4.1 into a def-
inition and introduce the concept of a probability distribution (function) with no
reference to a measurable mapping defined on some probability triple (2, 7, P).
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Definition 7.6.1
A probability distribution (function) on R is any mapping F' : R — [0, 1] such
that

(i) Monotonicity:

(i1) Right-continuity:
lim F(y) = F(x), x€R.
ylz

(iii) Existence of left limits:

li{nF(y) =F(x—) zeR
ytz

(iv) Behavior at infinity: Monotonically, we have

lim F(z)=0 and lim F(z)=1.

T—r—00 T—00

Obviously, if X : 2 — Ris arv, then its probability distribution function Fy :
R — [0, 1] is a probability distribution function in the sense of Definition 7.6.1.
The converse given next shows that any probability distribution function in the
sense of Definition 7.6.1 can always be understood as the probability distribution
of arv defined on some probability triple as defined in the sense of Definition 7.2.1.
To present this construction we need the following notion that formalizes how to
“invert” an arbitrary monotone increasing mapping R — R ..

Definition 7.6.2

Consider a mapping ' : R — Ry which is monotone non-decreasing, i.e.,
F(z) < F(y) whenever x < y in R. The generalized inverse associated with F is
the mapping F' : Ry — [—o00, +00] given by

(7.11) Fouw) =inf(zeR: u<F(z)), u>0

with ¥ (u) = +ooif the set {x € R: u < F(z)} is empty.
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Lemma 7.6.1 For any probability distribution function F' : R — [0, 1], there ex-
ists a probability triple (2*, F*,P*) and arv X* : * — R defined on it such that
its probability distribution under P* coincides with F, i.e.,

P*[X*<z]=F(x), zeR.

This is the basis of Monte-Carlo simulation. There exists a multi-dimensional
analog to this fact to be discussed later on.

Proof. Take 2* = [0,1], 7* = B([0, 1]) and P* = A. Define the rv X* : Q* — R
by setting

X*(w") =F (W), w"e0,1]
where F'< : [0, 1] — [—o00, 00] is the generalized inverse of F' defined at (7.11). It

is easy to check that
P*[X*<z|=F(z), z€R

and the probability distribution of the rv X™* under P* is indeed the probability dis-
tribution function F' : R — [0, 1]. [ |

7.7 Probability distribution functions (p > 1)

7.8 Functions of rvs

Consider arv X : Q — RP. For any Borel mapping g : R? — R for some positive
integer ¢. define the mapping Y : 2 — R? by composing the rv X : 2 — RP with
g, namely

(7.12) Y(w)=9(X(w)), we.

We know that Y : & — R?is a rv. A natural question is how to determine the
probability distribution function Fy : RP — [0,1] of the rv Y in terms of the
probability distribution function Fx : RP — [0, 1] of the rv X. The basic idea is
contained in the following observation: For any Borel subset B in RY, it holds that

P[Y € B] =
(7.13) =

[9(X) € B]

P
P[X e g '(B)], BeR.
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It immediately follows that

Fy(y) = P[Y <y
(7.14) = Plg(X)<y]=P[g " ((—o0,9])], yeR

as we take B = (—o0, y| in (7.8). From this last expression it is plain that in general
there is no simple relationship between the probability distribution function of Y
and the probability distribution function of X. In order to make progress additional
assumptions are needed. Here is one example, but others will be discussed in the
next two chapters.

Fact 7.8.1 Assumep =q = 1.
(1) If the mapping Borel mapping R — R is strictly monotone increasing, i.e.,
g(x) < g(y) whenever x < y in R, then

Fy(y)=Fx(g'(¥), yeR yeR

(ii) If the mapping Borel mapping R — R is strictly monotone decreasing, i.e.,
g(y) < g(x) whenever x < y in R, then

Fy(y)=1-Fx(g'(¥)-), yeR

Proof. The proof is elementary: Use (7.14) with the following observation based
on the strict monotonicity of g: For Claim (i) we have Y < y if and only if
X < g~ !(y), and for Claim (i) we have Y < y if and only if g~ 1(y) < X.
|

7.9 Independence of rvs

Consider a collection of rvs { X;, 7 € I} which are all defined on some probability
triple (€2, F,P). Assume that for each i in I, the rv X is a RPi-valued rv for some
positive integer p;.

Definition 7.9.1
With [ finite, the rvs { X, i € I} are mutually independent if for any selection
B; in B(RP?) for each i in I, the events

{[Xz c Bi], 1 € I}

are mutually independent.
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Applying the definitions given in Section 2.2, we see that the rvs {X;, i € I}
are mutually independent according to Definition 7.9.1 if the conditions

Bj € B(RP), jeJ
(7.15) P[X; € B;, jeJ] = [[PIX; € By, JCI
jeJ 1< [J[ <1

all hold. It is now easy to see that the rvs {X;, ¢ € I'} are mutually independent if
and only if the smaller set of conditions

. B; € B(RRP:
(7.16) IP’[XZ-GBi,ZGI]:HIP’[XiGBZ»], 11,6([ )
el
hold. Indeed, while (7.15) implies (7.16), it is easy to see that (7.16) implies (7.15)
— Just take B; = RP7) for jin I — J!

Definition 7.9.2

More generally, with I arbitrary (and possibly uncountable), the rvs {X;, i €
I'} are mutually independent if for every finite subset J C I, the rvs { X, j € J}
are mutually independent.

In view of the previous comments, it is plain that the rvs {X;, 7 € I'} are mutually
independent if and only if

. pi
(117 PIX;e By iel]=]]PX; € B, Bffﬁ)
el
hold.

With & some fixed integer, in what follows consider a collection { X1, ..., X}
of rvs which are all defined on the same probability triple (2, 7,P). For each
t=1,...,k, the rv X; is a RPi-valued rv for some positive integer p;. Again we
concatenate these & rvs into a single RP-valued rv, denoted (X1, ..., X}y), where
p=p1+...+ Dk

The following characterization of the mutual independence of a finite number
of rvs is useful.

Lemma 7.9.1 Thervs {X1,..., Xy} are mutually independent if and only if

k
T, € Rpi
(7.18) FXL.__,X,Q(a:l,...,xk):Hlin(xi), s 1k
P

where for eachi = 1,...,n, Fx, : RP" — [0,1] is the probability distribution
function of the rv X;, while Fx, . x, : RP — [0, 1] is the probability distribution
function of the RP-valued rv (X1, ..., Xg).
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Proof. If the rvs {X;,..., X} are mutually independent, then (7.16) holds. For

everyi=1,...,k,use B; = (—o0, z;] with ; in RP%, and (7.16) becomes
b x; € RPi

(7.19) PIX; <z, i=1,...,k| :HlP[XZ- < ], izzl,...,k:
1=

This shows that (7.18) indeed holds.
Conversely, assume that (7.18) holds, or equivalently, that

k
(720) PIX; < i=1,... .k =]][P[Xi <=,
=1

x; € RPi
i=1,...,k

7.10 Taking limits

Tailoring Definition 4.6.1 to the context of probability models we introduce the
notion of an extended rv.

Definition 7.10.1 —
A mapping X : 0 — R is said to be an extended rv if it an extended Borel
mapping in the sense of Definition 4.6.1, i.e., we have

X' (B)eF, BeB(R)

where the extended Borel o-field B(R) on R is defined by (4.23).

Consider a sequence {X,,, n = 1,2,...} of of extended rvs which are all
defined on the same probability triple (2, F,P). Using Lemma 4.6.1 we readily
conclude that the following mappings {2 — [—00, 00| are rvs in the extended sense:

The maximum mappings S — R defined by

n=12...
5 mI:nlE,lX,n Xm(w)’ weN
The minimum mappings S — R defined by
n=12...

5 minll,n,n Xm(w)’ w e N
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The supremum mapping 2 — [—o0, oo] defined by

w—sup X;p(w), we
n>1

The infimum mapping {2 — [—o0, co| defined by

w— inf Xp,(w), we .
n>1

The limsup mapping 2 — [—o00, 00| defined by

w — limsup X, (w), w €.

n—oo
The liminf mapping 2 — [—o00, co] defined by

w — liminf X, (w), w € .

n—oo
It follows that

Q* = |liminf X,, = limsup X,,| € F

n—oo n—o00

and on Q*, lim,,_, ., X,, exists (possibly as an element in [—o0, ]), and is the
common value assumed by lim inf,,_, X,, and limsup,,_,. Xp.

When P [Q2*] = 1 it is customary to say that the sequence {X,,, n =1,2,...}
converges almost surely (a.s.) (under IP), written

lim X, P-as.

n—oo

In that case, for any rv X : {2 — R such that
X(w) = lim X,(w), we”

we shall write
lim X, =X DP-as.

n—0o0

Such a rv X always exists when P [(2*] = 1 but is not unique. Existence is imme-
diate since we can always take

liminf, o X, (w) = limsup,,_ . Xn(w) ifw e Q*
Z(w) ifw¢ Q"

where Z : Q) — R is some arbitrary rv, and non-uniqueness is obvious.



7.11. EXERCISES 105

7.11 Exercises

Ex. 7.1 Show that the set function Py : B(RP) — [0, 1] defined by (7.7) is a
probability measure on B(IR?). See also Exercise 4.3.

Ex. 7.2 Consider a pair of rvs X, Y : 2 — R. Give direct arguments to show that
the following mappings {2 — R are rvs:

a. U=|X|

b. V = max (X,Y).

c. W =min(X,Y).

d. Z = aX + Y with « and 3 arbitrary in R.

Ex. 7.3 Give a proof of Fact 7.4.1.

Ex. 7.4 Consider a mapping F' : R — R which is monotone non-decreasing, i.e.,
F(z) < F(y) whenever < y in R. Recall the definition (7.11) of the generalized
inverse associated with F'. Assume that F' is a probability distribution function
F:R—[0,1],

a. What is the value of F*"(u) when F(z—) < u < F(z) for some x in R
(which is a point of discontinuity for £")?

b. Find the generalized inverse associated with

ifz <0
Flz)=< 1—-p if0<z<10
if10 <z

with 0 < p < 1. Draw the graph of F* : R} — [—00, 00]. Compute F< (F(z)
for all z in R.
c. Find the generalized inverse associated with

F(z)=1- e zeR
with A > 0 and + = max(0, x) for all z in R. Compute F'* (F(x) for all z in R.

Ex.7.5 Let I, ..., F, denote probability distribution functions R — [0, 1]. De-
termine which of the following mappings G : R — R defined below is also a
probability distribution function:

a. With oy, ...,y in (0,1) such that a; + ... + ay, = 1, the convex combi-
nation

G(x) = Zaka(a:), reR
k=1
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b. The product
G(x)=F(z)...Fy(x), ze€R.

¢. The product
G(x) = Fi(z—)F1(z), z€R.

d. With0 < u < 1,
Gz)=1-u"®  zeR.

e. Withry >0,...,r, >0,
n
G(z) = [[ Fu(@)™, =zeR.
k=1

f. Withr; >0,...,7, >0,

n

G)=1-J] - F)™), zeR

k=1

Ex. 7.6 Let F' denote a probability distribution function R — [0, 1]. Determine
which of the following mappings R — R defined below is also a probability dis-
tribution function:

H(z)=F(x)+ (1 - F(x))log(l - F(z)), z€R

and
K(z)=—-(1-F(z)e+e @ geR.

Ex. 7.7 For k = 1,2, consider the rv X : {2 — RP defined on the probability
triple (g, Fk, Pr). Assume the rvs X; and X5 to have the same probability dis-
tribution under Py and Py, respectively, written (X7, Py) = (Xa,Py). If the proba-
bility triples (21, F1,P;) and (Qg, F2,Py) are identical, we write X =4 X5. For
any Borel mapping g : R? — RY, show that the rvs g(X;) and g(X3) have the
same probability distribution under IP; and o, respectively.

Exercises 7.8-7.8 deal with the notion of a symmetric rv: Arv X :  — RP is
said to have a symmetric probability distribution (or more simply to be a symmetric
random variable) if the rvs X and — X have the same probability distribution (under
P), i.e., X st -X.
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Ex. 7.8 Consider a symmetric rv X : 2 — RP. Give necessary and sufficient
conditions on Fx : R — [0,1] for the rv X to have a symmetric probability
distribution.

Ex. 7.9 Assume the rv X : 2 — RP defined on the probability triple (€2, F, P)
to be a symmetric rv. For any Borel mapping g : RP — R, show that the rv
g(X) : Q — R?is also a symmetric rv if the mapping is odd symmetric, i.e.,
g(—z) = —g(x) for all x in RP.

Ex. 7.10 Consider a symmetric rv X : 2 — R. Fix a > 0. With the rv X, we
associate the rv Y, : 2 — R given by
X if|X|<a
1

~X ifa<|X|.

If X has a symmetric probability distribution, show that the rv Y, has the same
distribution as the rv X. This problem is often formulated with X ~ N(0, 1) but
the result holds more generally and requires very little computation. Again the
power of probabilistic thinking at work!

Ex. 7.11 This problem deals with joint probability distribution functions.

a. Consider two rvs X,Y : Q — R defined on some probability triple
(Q, F,P), and as usual let F'yy : R? — [0, 1] denote their joint probability distri-
bution function (under P). If X = Y a.s. (under IP), show that

FX,Y(l':y) :H(min(:n,y)), vaUER

for some mapping H : R — [0, 1]. Identify this mapping!
Next you are told that the function F' : R? — [0, 1] is of the form

F(z,y) = K(min(z,y)), z,y€R

for some mapping K : R — [0, 1].

b. What properties should the mapping K : R — [0, 1] exhibit in order for the
function F' : R? — [0, 1] to be the joint probability distribution of a pair of rvs U
and V' defined on some probability triple (2, F,P)?

c. If the function F' : R? — [0, 1] is indeed the joint probability distribution of
apair of rvs U and V' defined on some probability triple (€2, F, P), discuss whether
the rvs U and V can be independent under P?

d. Under the conditions obtained in Part b, is it always the case that U = V'
a.s.? Explain [HINT: Note that [U < V] = Uzeq[U < 2V], compute P [U < zV]
and use the union bound].
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Ex.7.12 Consider arv X : Q — R defined on some probability triple (2, F,P),
Show that if P[X > 0] > 0, then there exists 6 > 0 such that P[X > ] > 0
[HINT: Combine the continuity from below of P with the fact that U2 ; A, =
[X, 0] where A, = [X > L] foreachn =1,2,...].



Chapter 8

Discrete random variables

A particularly important class of rvs is the class of discrete rvs. They are explored
in this chapter.

8.1 Discrete distributions

Definition 8.1.1
Arv X : Q — RP is a discrete rv if there exists a countable subset Sxy C RP
such that

P[X € Sx]=1.

We refer to the countable Sx entering this definition as the support of the discrete
rv X. Itis often more convenient to characterize the distributional properties of the
rv X through its probability mass function (pmf) py = (px(z), © € Sx) given
by
px(z) =P[X =2z], ze€Sx.
The importance of the pmf of a discrete rv is easily understood from the fol-
lowing easy fact.

Fact 8.1.1 For any discrete rv X : {0 — R? with support S, it holds that

PIXeB] = > P[X=u
r€BNSx

(8.1) = Y px(z), BeBR).

r€BNSx

109



110 CHAPTER 8. DISCRETE RANDOM VARIABLES

Proof. Pick B in B(RP). Under Definition 8.1.1, write Sx = Uzcg, {2} and note
that P[X ¢ Sx| = 0. With this in mind we have
PXeB] = P[XeB,XeSx]+P[XeB, X ¢S]
= P[X € B, X € Upcg, {z}]
(8.2) = Y P[X€B,X=aq

TESx

by o-additivity since Sx is countable. This complete the proof of (8.1). [ ]

Note that
OSPX($)§17 re€Sx and pr(x):]_'
rESx

This observation and Fact 8.1.1 together lead to the following definition:

Definition 8.1.2
With S a countable subset of RP, a pmf with support on .S is any collection
p = (p(z), © € S) such that

0<p(x)<1l, z€S and Y p(z)=1.
zeSs

Lemma 7.6.1 has the following analog for pmfs; its proof is elementary and
does not require the use of the generalized inverse of a monotone increasing func-
tion.

Lemma 8.1.1 With S a countable subset of R?, for any pmf p = (p(x), x € S)
with support on S, there exists a probability triple (0, F*,P*) and a rv X* :
* — R defined on it such that

P*[X* =z]|=p(z), xz€S.

It follows that X* is a discrete rv with support S and pmfp = (p(z), x € S).

Proof. Take Q* = S, F* = P(S) and as was done in Section 1.5, define the
probability measure P* on P(.S) by setting

P*[E]= > pw), EcP(S)

wr*ek



8.2. MARGINALIZATION 111

The rv X* : ¥ — RP defined by
X (w) =w", w'e”
is clearly a discrete rv supported by S. For each z in S we have [X* = z] = {z}
so that
P*[X* =z]=p(x), z€S
and p is indeed the pmf of X* under P*. [ |

8.2 Marginalization

We revisit the process of marginalization in the context of discrete rvs; the setup
is that of Section 7.3: With positive integers p1, ..., pg, consider k distinct rvs
X1 :Q = RPr X 0 0 — RPE. Again we view this collection of rvs as a
singlerv X : Q — RP givenby X = (X1,..., X)) withp=p1 +... + pr—In
this notation we implicitly assume that all vectors are row vectors.

The first observation is straightforward, and states that therv X : Q@ — RPisa
discrete rv if and only if foreach ¢ = 1,...,k, the rv X, : ) — RP¢ is a discrete
rv. More precisely:

Lemma 8.2.1 (i) If foreach ¢ = 1,...,k, therv X, : Q — RP¢ is a discrete rv
with support Sx, C RP* and pmf px,, then the rv X : Q — RP is necessarily a
discrete rv whose support Sx C RP satisfies the inclusion

k
(8.3) Sx € ] Sx.-
=1
(ii) Conversely, if the rv X : @ — RP is a discrete rv with support Sx C RP and
pmf py, then foreach ¢ = 1,... k, therv X, : Q — RP¢ is a discrete rv with
support Sx, C RP¢ satisfying the inclusion
(84) SXZ g PI‘OjRpg (SX> .

The pmf px, is given by

*£
85) px,(x) =Y px(1,... 21,30 Teq1,. ., Tk), B¢ € Sx,
with the summation Z*é taken over the set countable set S_y given by

S_y= {xl S SXI,...,Q‘@,1 < SX2—17xf+1 S SX14+17---7$I€ S SXk}
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Proof.

8.3 Independence of rvs

We now discuss the notion of independence for discrete rvs by specializing the
results obtained in Section 7.9: Consider a collection of discrete rvs {X;, ¢ € I}
which are all defined on some probability triple (€2, F,P). Assume that for each 4
in I, with some positive integer p;, the rv X; — RP: is a discrete rv with support
Sx, € RPi and pmf py,.

The following characterization of the mutual independence of a finite number
of rvs is useful.

Lemma 8.3.1 If for each ¢/ = 1,...,k, therv X, : Q — RP¢ is a discrete rv
with support Sx, C RP¢ and pmf py,, then the rvs {X1,..., Xy} are mutually
independent if and only if

k
x; € SXZ
(8‘6) p(X1,,Xk)(:B17’:Ek’) :1:[1le(7~%)’ Z: 1,,k

where px, . x,) is the pmf of the discrete RP-valued rv (X1, ..., Xj) with sup-
port Sx given by

k
(8.7) Sx =] Sx.-
(=1

Note the contrast with the situation encountered in Lemma 8.2.1 where only the
inclusion (8.3) could be asserted.

Proof. The mutual independence of the rvs X7, ..., X} implies
i xp € RP¢
]P’[Xlzq:l,...,Xk:xk]:HP[Xg:ng (=1 ok

as we make use of (7.16) with the singletons By = {z1},..., B = {zx}. Itis
also immediate that (8.7) holds.
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Conversely, assume that (8.6)—(8.7) hold. As already noted earlier, e.g., in the
proof of Fact 8.1.1, we have

P[X,€5%,]=0 (=1,... k

It follows that For any choice B; in B(RP'), ..., By, in B(RP*), this last fact allows
us to write

P[Xl GBl,...,XkEBk]
(8.8) = P[Xl GBlﬂSXl,...,Xk EBkﬂSXk]

It then follows that

]P’[XleBl,...,XkeBk]
= Z Z P[X, € By,..., X, € By]

$1EBlﬁSX1 $kEBlﬂSXk

(8.9) = Yoo D PXi=a,.., X =1

1’163105}(1 IkEBlﬂSXk

Through marginalization the joint probability distribution of the RP-valued rv X =
(X1, ..., X)) determines the probability distribution of any subset of components
of X. However, we stress that the converse is not true in general as the marginal-
ization process cannot be reversed unless additional assumptions are in place, the
most common one being the mutual independence of the rvs { X, ..., X}; see
Section 7.9. Put simply, in general knowledge of the individual probability distri-
butions of the rvs { X1, ..., X} will not be sufficient to reconstruct the probability
distribution of the concatenated rv X = (X7,..., Xg).

8.4 Functions of discrete rvs

We return to Section 7.8 where functions of rvs, not necessarily discrete, were
discussed: Consider arv X : 2 — RP. For any Borel mapping g : R? — R?, we
introduced the rv Y : €2 — R? defined at (7.12) by composing the rv X : 2 — R?
with g. For any Borel subset B in RY, the relationships

8.10) P[Y e B]=P[g(X)eB|=P[Xeg '(B)], BeR!

were shown to hold.
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Fact 8.4.1 Consider a discrete rv X : {0 — RP with support Sx C RP and pmf
px = (px(x), x € Sx). Then, for any Borel mapping g : RP — RY, the rv
Y : Q — R defined at (7.12) is a discrete rv with support Sy = {g(z) : = € Sx}
and pmf py- = (py (YY), y € Sy) determined through

8.11) py()= Y. px(@), yeESy.
z€Sx: g(x)=y

Proof. Under the assumptions on the rv X, the set Sy = {g(z) : = € Sx}isa
countable subset of R?, hence a Borel subset of R?. From (8.10) we also note that

PlY € Sy] = P[X €g ' (Sy)]
= P[Xeg ' (Sy)nSx]+P[X € g '(Sy)NnSk]
= P[X €g ' (Sy)n Sx]
(8.12) P[X € Sx] =

since Sy C g~! (Sy), and the rv Y is therefore a discrete rv with support Sy

To determine the pmf of the rv Y pick y in Sy and consider the set B, = {z €
Sx : g(x) = y} — Note that B, = g~ ({y}) N Sx. Using Fact 8.1.1 with B, we
then conclude from (8.10) that

PlY=y] = P[Xeg'({y})]
= P[X eg'({y}) N Sx]

= Y P[X =u4]

z€By

= > PIX =g

z€Sx: g(x)=y

and the relation (8.11) is established. [ ]

Note that a non-discrete rv X : {2 — RP can also give rise to a discrete rv when
composed with a mapping as discussed here, the obvious case occurring when the
mapping g : R? — R itself has a countable range, i.e., the set g(RP) is countable.

In Sections 8.5-8.9 we present well-known discrete rvs and their probability
distributions through their pmfs. Unless mentioned otherwise we
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8.5 Uniform rvs

Discrete uniform rvs are characterized by a finite range in Z, say {a,a+1,...,b—
1,b} witha < bin Z. Therv U, : © — R is said to be a discrete uniform rv over
the range {a,a + 1,...,b — 1,b}, written X ~ U ({a,a+1,...,0—1,b}),if a
Bernoulli rv with parameter p (0 < p < 1), written B(p) ~ Ber(p), if

1

8.13 PlU,p=2=——,
®.13) Wap =2 = 377

z=a,a+1,...,b1,b.

8.6 Bernoulli rvs

Bernoulli rvs arise naturally in the modeling of coin tossing, and are the simplest
of discrete rvs. With p in [0, 1] the rv B(p) : 2 — R is said to be a Bernoulli rv
with parameter p (0 < p < 1), written B(p) ~ Ber(p), if

(8.14) P[B(p) =1 =1-P[B(p) = 0] = p.
This is a discrete rv with support S = {0, 1} and pmf given by
(8.15) p(l)=p and p(0)=1-p.

In some contexts binary rvs taking the symmetric values 1, known as Walsh
rvs, are more appropriate: With p in [0, 1] the rv W(p) : © — R is said to be a
Walsh rv with parameter p (0 < p < 1), written W (p) ~ Walsh(p), if

(8.16) PW(p) =1 =1-P[W(p) = -1] =p.
This is a discrete rv with support S = {—1, 1} and pmf given by
(8.17) p(l)=p and p(—1)=1-—p.

The Bernoulli rv and the corresponding Wlash rv are easily related to each other
through the relations

Wp) =2B(p) ~1 and Bp)="" P,

8.7 Binomial rvs

Binomial rvs are discrete rvs whose pmfs are parametrized by a positive integer n
and a probability parameter p in [0,1]. A rv X is said to be a Binomial rv with
parameters n = 1,2,...and p (0 < p < 1), written X ~ Bin(n, p), if

n

(8.18) P[X =2] = <$

>px(1 )", x=0,1,...,n.



116 CHAPTER 8. DISCRETE RANDOM VARIABLES

This is a discrete rv with support S = {0, 1,...,n}.

Binomial rvs naturally occur as follows: Consider n mutually independent
Bernoulli rvs X1 (p), ..., X, (p) with parameter p which are defined on the same
probability triple (€2, 7, P) — A natural setting is the model introduced in Section
2.3. Their sum Sy, (p) is the rv given by

(8.19) Su(p) = Xi(p).
k=1

This rv is a discrete rv with support S = {0,1,...,n}. Withz = 0,1,...,n,
the event Sy, (p) = x can occur in exactly (Z) ways, where x of the n Bernoulli
rvs assume the value 1 while the remaining n — x take the value 0. Each of this
situation is occurring with probability p®(1 — p)"~* as we invoke the fact that the
n Bernoulli rvs X1 (p), ..., X,,(p) are mutually independent. With this in mind we
get

k=1
_ ("\p Xikp)=1,k=1,...,x
x Xe(p)=0,l=z+1,...,n
n —
(8.20) = <m>p$(1 -p)" "

8.8 Poisson rvs

Arv X : Q — Nis said to be a Poisson rv with parameter A > 0, written X ~
Poi(\), if

ATy
PX =z = —e x=0,1,...
x!
The fact that
Z—ef)‘— Z— e =t e =1
z! a z! B N

shows the family py, = (pa(z), x =0,1,...) given by
(8.21) pa(z) = —e ", x=0,1,...

is a pmf with support N. We refer to this pmf as the Poisson pmf with parameter A.
The Poisson pmf naturally emerges through the following limiting process: Let
{pn, n = 1,2,...} denote a collection of scalars in (0,1) Fix x = 0,1,... and
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consider the rv Sy, (py,) defined at (8.19). For each n = z,x + 1,..., we observe
that
n T n—x
RIS, =a = (1) st (1- 0
n!

= m 'pi'(l_pn)n_x
_ n(n—l)...(n—m%—l)pi'(1_pn)n_x

1 . z!
~ (H(n - apn) (L pa
=0
_ (npn)z (m_l E ) n—x
(8.22) = . 1-— (1 —=pp)"".
k! EO ( n) P

Assume that lim,, .o, np, = \: Itis easy to see that lim,, (”IZ})x = % and that
lim,,— 00 H?;ol (1 — %) = 1. On the other hand, standard facts lead to

(823)  lim (1-p,)"" = lim ((1 - %)") Sy

n—oo n
Letting n go to infinity in (8.22) we get
. N I S
nlggoP[S”(p”) =zx]= ¢

and the Poisson pmf emerges!

8.9 Geometric rvs

Arv X : QQ — Nis said to be a geometric rv with parameter p (0 < p < 1), written
X ~ Geo(p), if

PX=z]=p(1—p)* 1, =z=12...

The fact that

0 o0 1
p(l=p)t=pY 1-p'=r—==1
™ e e
shows that the family p, = (p,(z), * =0,1,...) given by

(8.24) pp(x) =p(1—p)" ', z=12,...
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is a pmf with support Ng. We refer to this pmf as the geometric pmf with parameter

D.
Sometimes it is more appropriate to consider a related pmf, namely the pmf

P} = (pp(x), =0,1,...) given by
(8.25) pp(x)=p(l—p)*, z=0,1,...

with support N.

Geometric rvs occur naturally in the context of the game of chance where a
two-sided coin is tossed infinitely many times under identical and independent con-
ditions. If we assume that on a single toss the likelihood of head (resp. tail) is p
(resp. 1 — p with 0 < p < 1), then the probability model (2, F,P) developed in
Section 6.2 adequately model this random experiment — Here we take 2 = {0, 1}
with the usual understanding that the outcomes Head and Tail are encoded as 1 and
0, respectively. In that model consider the mapping X : Q@ — NU {400} given by

The number of tosses before
X(w) = { the first Head appears in the sample w } wel

with X (w) = +oo if Heads never appears in the in the sample w. It is easy to show
that

PX =z]=p(1-p)* ", z=12...

8.10 Exercises

Unless specified otherwise, all rvs are assumed to be defined on the same probabil-
ity triple (2, F,P).

Ex. 8.1 Consider arv X : Q — R which is uniformly distributed over the interval
(—a, a) for some a > 0.

a. Give its probability distribution function Fy : R — [0, 1].

b. Find the probability distribution function Fiy+ : R — [0,1] of therv X+ =
max (0, X). Is the rv X a discrete rv?

Ex. 8.2 This is a continuation of Exercise 7.8: Consider a symmetric rv X : Q —
RP. Specialize your answer obtained in Exercise 7.8 to the case when X is a
discrete rv with support S C R? and pmf p = (p(z), = € S). In particular, show
that a discrete rv with support S C R? and pmf p = (p(z), = € S) is symmetric
if and only if S = —S and p(z) = p(—=z) forall x in S.
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Ex. 8.3 Consider two independent discrete rvs X and Y which are identically dis-
tributed; their common p = (p(z), z € Z) has support S = Z.

a. Compute P [X = Y] explicitly in terms of (p(z), z = 0,£1,£2,...).

b. Without doing any calculations show that P [ X < Y] =P[Y < X].

¢. Using Parts a and b show that P[X < Y] =1 (1 -3, p(2)?).

Ex. 8.4 Consider a collection {X,,, n = 1,2,...} of discrete rvs with X,, dis-
tributed uniformly over the set {1,...,n} foreach n = 1,2, .... For any positive
integer k compute the probability that an infinite number of the rvs will assume the
value k, namely P [X,, = ki.0.].

Ex. 8.5 Let X1,..., X, be n discrete rvs 2 — N defined on the same probability
triple (€2, F,P). They are assumed to be mutually independent. Define the sum rv
S,=X1+...+X,.

a. Compute the pmf of the rv S,, if for all &k = 1,...,n, X ~ Ber(p) for
some 0 < p < 1.

b. Compute the pmf of the rv S, if forall k = 1,...,n, X} ~ Bin(ng, p) for
some 0 < p < 1 and positive integer ng. Can you use Part a to conclude without
having to do any calculations?

c. Compute the pmf of the rv S, if for all k = 1,...,n, X; ~ Poi(\g) for
some A\ > 0.

Ex. 8.6 This problem arises in the context of Eschenauer-Gligor random key pre-
distribution scheme: Let P and K be two positive integers such that K < P. Given
is a pool of P distinct keys, labelled 1,2, ..., P — Write P = {1,..., P}. Each of
n devices selects uniformly at random exactly K keys from the key pool P, said
selections being mutually independent. For each ¢ = 1,... n, let I'; denote the
random set of K keys selected by device ¢. According to the Eschenauer-Gligor
scheme, two devices that can communicate wirelessly will be able to do so securely
if they share at least one key in common.

a. Construct a probability model (€2, F,P) to study this situation.

b. Compute

ScPp
Pl =5], S| = K.
Now define the binary rvs
i F]
xij = 1[Ny 7 0], ij=1,...,n.

Note that x;; = 1 (resp. x;; = 0 ) means that nodes 7 and j have a key in common
(resp. do not have a key in common) in their key rings.
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c. Compute the probabilities
=PI, AT, — i 7]
Pl =1 =P[lnT; =0], hL,j=1,...,n.

d. Do the rvs {x1j, j = 2,...,n} form a collection of mutually independent
rvs?
e. Are the rvs X132, X23 and x3; mutually independent?

Ex. 8.7 This problem deals with the following random experiment: A coin is

tossed infinitely many times under identical and independent conditions. It is as-

sumed that on a single toss the likelihood of head is p (with 0 < p < 1). To

model this experiment use the probability model (€2, F,P) developed in Section
6.2 (where Q = {0, 1}M0),

a. Define the mapping X : Q — N U {400} given by
The number of tosses before
X(w) = { the first Head appears in the sample w } wel

with X (w) = +oc if Heads never appears in the in the sample w. Explain why the
mapping X : {2 — R so defined is indeed a rv. Is it a discrete rv?

c. Find the pmf of thisrv, i.e., {P[X =m], m=1,2,...}.

d. On the probability triple used here (and discussed in Section 6.2), is it
possible to define a rv Y :  — R which is nor a discrete rv? In the affirmative
give an example.

Ex.88 Arv X : Q — R is said to have a symmetric probability distribution
(or more simply to be a symmetric random variable) if the rvs X and — X have the
same probability distribution (under P), i.e., X =, —X. Specialize your answer to
the case when X is a discrete rv with support S C R” and pmf p = (p(z), = € 9).

Ex. 8.9 Let X and Y be two independent Poisson rvs 2 — R, say X ~ Poi(\)
and Y ~ Poi(u) with A\, u > 0. Show that the rv Z = X + Y is also a Poisson
rv and identify its parameter, i.e., Z ~ Poi(v) for some v > 0. Generalize to K
mutually independent Poisson rvs X7, ..., Xk with

A >0

Xk =st POi(/\k) k -1 K

Carefully explain your reasoning.
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Ex. 8.10 Let N be a Poisson rv, and let {B,,, n = 1,2,...} be a collection of
Bernoulli rvs with

n=12,...
If the rvs {N, B,,, n = 1,2...} are mutually independent, show that (i) the rvs X
and Y defined by

N N
X:=) B; and Y:=)» (1-B)
=1 =1

are independent, and that (ii) the rvs X and Y are Poisson rvs with parameters Ap
and A(1—p), respectively. Can you use this result to provide an alternative solution
to Exercise 8.9. Explain! Again a case of probabilistic reasoning at work!

Ex. 8.11 Consider the discrete rv Z : Q — Z whose pmf p, = (pz(2), z € Z)
(under P) is given by
pz(2)=C¢¥, zez

forsome C' > 0and 0 < ¢ < 1.
a. Determine the value of C' as a function of g.

Ex.8.12 Let B and X be two independent rvs Q2 — N with B ~ Ber(3) and
X ~ Geo(p) with0 < p < 1,ie.,P[B=1] =pand P[B =0] = 1 — p, while
P[X =4 =p(1—p)~'forl=1,2,....DefinethervY : Q — [0, +o0) given
by
1 X ifB=1

Y=B-X+(1-B) &=
X1 ifB=0
a. Determine its support Sy of the discrete rv Y and find its pmf py-.
b. Introduce the discrete rv Z : Q — [0, +00) given by Z = Y 1. Determine

the support S of the discrete rv Z. and find its pmf p,.

Ex. 8.13 Let X1,..., X, be ndiscrete rvs {2 — N defined on the same probability
triple (£2, F,P). They are assumed to be mutually independent and to be geomet-
rically distributed in the sense that for each & = 1,...,n, we have X}, ~ Geo(py)
for some 0 < pr < 1 (not necessarily identical).

a. Foreach k =1,2,...,n, compute P [ X} > z] foreachxz =0,1,....

b. Find the pmf of the rv V,, = min{ Xy, ..., X,,} [HINT: Compute P [V, > z]
for each x = 0, 1, . .. and identify the pmf!].
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Ex. 8.14 Let P, Uy, ..., U, be n+1 mutually independent rvs defined on the same
probability triple (2, F,P). Assume that the rvs Uy, ..., U, are uniformly dis-
tributed on the interval [0, 1], and that the rv P is simple rv of the form

P=> pl[Ag]

el

for some finite F-partition { A;, 7 € I} and scalars {p;, ¢ € I} in [0, 1] all distinct.
Define the discrete rvs X1, ..., X}, tobe

X,=1[U,<P], k=12,...

a. Assume first that || = 1. What is the common pmf of the rvs X1, ..., X,,?
Are the rvs X1, ..., X, pairwise independent? Are they mutually independent?

Assume next that |I| > 2 with {p;, i € [} C (0,1).

b. Find the common pmf of the rvs X7,..., X,,.

c. Are the rvs X7, ..., X, pairwise independent? Are they mutually indepen-
dent?



Chapter 9

(Absolutely) continuous random
variables

A particularly important class of rvs is the class of discrete rvs. They are explored
in this chapter.

9.1 Continuous distributions

Definition 9.1.1
Arv X : Q — RP is a continuous rv if such that

9.2 Marginalization

9.3 Exercises

Unless specified otherwise, all rvs are assumed to be defined on the same probabil-
ity triple (Q, F,P).

123
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Chapter 10

Mathematical expectations:
Definitions

The probability distribution function of arv X : 2 — R is a complicated object —
For all intent and purposes, it is an infinite-dimensional object since it needs to be
specified at every point x in R. Yet much information concerning the probabilistic
behavior of the rv can already be gleaned from lower-dimensional measures associ-
ated with its probability distribution. In the frequentist context, such quantities can
be viewed as averages. In this chapter we make sense of them through the notion
of expected value or expectation of a rv. This requires us to appeal to Lebesgue
integration (and its generalization) as developed in the context of Measure Theory.
This is developed in the next section under the following algebraic conventions:
No meaning is attributed to oo — oco. Furthermore, we shall make the following
conventions:
0-(+o0) = 20,

ctoo==200, c€eR
and

¢ (£o0) =sgn(c) - (£o0), Eég

10.1 Natural requirements

Throughout the discussion we assume given a probability triple (€2, 7, P) on which
all rvs are defined. Whenever possible, with any rv X : © — R we seek to
associate a (possibly infinite) scalar in [—o0, o], denoted E [X]; this value can
be interpreted as an average value for X as weighted by its probability distribution

125
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Fx. We shall refer to E [ X], when it exists, as the expectation of X. This definition
for the expectation operator is guided by the following requirements.

R1. Expectation is determined solely by the probability distribution of X —
The expectation [E [ X] should be determined solely by the probability distribution
Fx : R — R: Thus, if X’ : @ — R is another rv (possibly defined on some
different probability triple (Q', ', ")) with distribution Fy+ : R — R (under ),
then the distributional equality Fx = Fy implies E [X] = E'[X’] (when it exists).
Put differently, the existence of E [X] is determined, and its value computable, on
the basis of F'x alone.

The definition of the quantity E [X| does not depend on the fype of distribu-
tion of the rv X, say discrete or absolute continuous, but does coincide with the
usual definitions given in elementary courses in Probability Theory. The first step
towards realizing this requirement will follow from the next requirements.

R2. Expectation generalizes probabilities — The expectation of the indicator
function of an event A in F should coincide with its probability under [P, namely
if X = 1[A], then

R3. Expectations for non-negative rvs — The expectation of non-negative rvs
is always well defined (although it could be infinite) with E [X] > 0 whenever
X >0.

R4. Linearity — The expectation operator is /inear in the following sense: Con-
sider rvs X, Y :  — R defined on the same probability triple (2, F,P). If their
expectations exist, then for any scalars a and b, the equality

E[aX + bY] = aE [X] + bE[Y]

holds whenever the expression aE [X] + bE [Y] is well defined. In particular this
will happen when E [X] and E [Y] are both finite. When at least one of the expec-
tations E [X] and E [Y] is infinite, this requirement may put conditions on the sign
of a and b for the right-hand side to be well defined.

A definition of E [X] that meets the requirements R1-R4 is given through a
three-stage process discussed in the next sections:

e Step 1: For indicator rvs and for simple rvs.
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e Step 2: For non-negative rvs through an approximation argument (via a lim-
iting process) in terms of simple rvs (to be defined next).

e Step 3: For arbitrary rvs through a decomposition in positive and negative
parts.

As will become shortly apparent, this three-step definition is quite concrete in
spite of the many mathematical details (which can be omitted in first reading) that
need to be considered. We shall see that the expectation operation so constructed
has a couple of useful by-products:

Monotonicity The operation that associates an expectation with a rv is monotone
in the following sense: If two rvs X,Y : 2 — R are ordered in the sense that
X <Y, thenY — X > 0. If in addition both expectations E [ X| and E [Y] are well
defined and finite, then E[Y — X] > 0by R3while E[Y — X] = E[Y]| — E [X]
by linearity R4. As a result, E [X] < E [X]. It turns out that a somewhat stronger
result holds when the expectations are not finite.

Interchange of limits and expectations Consider a sequence of rvs { X, X,,, n =
1,2, ...} all defined on the probability triple (€2, F, P) such that lim,,_, o Xy (w) =

X (w) for each w in an event €2, in F with P [Q2,] = 1. Furthermore assume that the

expectations of the rvs {X, X,,, n = 1,2,...} are all well defined. Under certain

conditions we shall see that the first limit below exists, and that the interchange of
limit and expectation

lim E[X,] =E [ lim Xn] (=E[X])

n—oo n—0o0

is valid.

10.2 Simple rvs

Simple rvs to be defined shortly are the building blocks of this construction. First
a couple of definitions and some terminology.

Definition 10.2.1
With I an index set, an F-partition of ) is a collection {A;, ¢ € I} of events
in F such that

; .
A; N Aj =0, i,j?éejf and Ujer A; = Q.
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Such an F-partition is said to be finite (resp. countable) if the index set I is
finite (resp. countable). In most cases of interest, the events {A;, i € I} are
non-empty.

Definition 10.2.2
Arv X : Q — Ris said to be a simple rv if it is of the form

(10.1) X =) allA]

el

for some finite F-partition {A;, ¢ € I} and a collection {a;, i € I} of scalars in
R.

A simple rv X is well defined due to the fact that { 4;, ¢ € I} is an F-partition:
Indeed, for each w in 2, there exists exactly one index ¢ in I such that w belongs to
A;, in which case X (w) = a;. In this definition, some of the events in the partition
could be empty and the scalars values {a;, ¢ € I} are not necessarily all distinct
of each other. Thus, the representation (10.2.2) of a simple rv is not necessarily
unique. However, in many arguments there is no loss of generality in assuming the
values {ay, k € I} to be distinct scalars and the events { Ay, k € I} forming the
JF-partition to be all non-empty, in which case {X (w), w € Q} = {ay, k € I}
with

Ak:[X:ak], kel

We refer to this representation as the generic representation of the simple rv. It is
easy to see that it is unique.
Here are some easy facts concerning simple rvs; the proofs are left as exercises.

Fact 10.2.1 If X,Y : Q — R are simple rvs, then the rvs X + Y and cX (with
scalar c) are also simple rvs.

A number of proofs (including that of Fact 10.2.1) will rely on the following
simple observation (mentionned here for easy reference): Assume that X : Q@ — R
is a simple rv with finite F-partition {A;, ¢ € I} and collection {a;, i € I} of
scalars in R, and that Y : Q — R is a simple rv with finite F-partition { B;, j € J}
and collection {b;, j € J} of scalars in R. It is plain that

X = ZZCLJ.[AZQB]] and Y = ZZbJ].[AZﬁB]] .
i€l jed i€l jed

In other words, the rv X (resp. Y) can be interpreted as a simple rv with finite
F-partition {C;;, (¢,5) € I x J} and collection {a; ;, (i,j) € I x J} (resp.
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{bi;, (i,5) € I x J}) of scalars in R where for each pair (¢, j) in I x J, we have
defined C; ; = A; N B; with scalars a; ; = a; and b; ; = b;. Put differently, when
considering two simple rvs, there is no loss of generality in assuming that they are
constructed on the same finite J-partition.

10.3 Approximating with simple rvs

The next definition is central to the definition of expectation presented in later
sections.

Definition 10.3.1
The sequence of rvs {X,,, n = 1,2,...} is called a (monotone) staircase ap-
proximation from below for the rv X :  — R if foreachn = 1,2,..., the rv
X, : Q — Ris a simple variable such that
(1) The sequence is pointwise non-decreasing in the sense that for every w in
, the sequence { X,,(w), n = 1,2,...} is non-decreasing with

(102) Xn(w) < Xn+1(w) < X(W), n= 17 27 ce-
(ii) The sequence converges pointwise with

(10.3) lim X, (w) =X(w), we.

n—o0

The existence of the limit (10.3) is ensured by the monotonicity (10.2).

Throughout we shall drop the qualifiers monotone and from below. For the
purpose of defining expectations the key observation concerning simple rvs is con-
tained in the following lemma which deals with non-negative rvs.

Lemma 10.3.1 For any non-negative rv X : () — R, there always exists a stair-
case approximation {X,, n = 1,2,...} of X made of simple non-negative rvs
Q — R, with

Xn=gn(X), n=12...

for some Borel mapping g, : R — R,.
The sequence {X,,, n = 1,2,...} whose existence is announced in Lemma

10.3.1 is not unique as can be seen by a careful examination of the proof below
[Exercise 10.2].
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Proof. Foreachn = 1,2, ..., consider the rv X,, : 2 — R, given by

—n < —-n
(10.4) X, = I
0 if X > 2™,

The reader will readily check that the rv X, is a simple rv associated with the
F-partition {A,, 5, k=0,1,...,4" —1,4"} given by

k2" < X < (k+1)27"] ifk=0,1,...,4"—1
(10.5) App =
(X > 27 if b = 4n

and associated values {a, , k =0,1,...,4" — 1,4"} given by

k27" ifk=0,1,...,4" — 1
Qn Lk =

0 if K =4".

The partition (10.5) is an F-partition by virtue of the fact that X is a rv.
Parts (i) and (ii) are immediate consequence of the following observation (whose
proof is left as an exercise): Fix x arbitrary in R, and set

kp(x) = 22" and x, = k,(2)27", n=12,...

As we note that 2k, (z) < x2"*1, it is a simple matter to check that 2k, (z) <
kn+1(z), whence x,, < xp41 < x with z,, < = < z, + 27". The sequence
{zn, n=1,2,...} is therefore monotone increasing with lim,,_,~ ,, = . Obvi-
ously we have z,, > Oforalln =1,2,...ifz > 0. [ ]

Note that for eachn =1, 2,..., therv X,, in Lemma 10.3.1 can be defined as

| X227 if 0 < X < 27
(10.6) X, =
0 otherwise.

Therefore, it is indeed the case that X,, = g, (X) with Borel mapping g,, : R —
R given by

|x2" 27" if0 <z <27
(10.7) gn(z) =

0 otherwise.
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10.4 Defining the expectation of a rv

We are now ready to define the expectation of arv X : Q — R. This will be done
according to the three steps announced earlier.

Step 1 — Simple rvs
Consider a simple rv X : 2 — R of the form (10.1) for some finite F-partition

{A4;, i € I} with associated collection {a;, i € I} of scalars in R. We define its

expectation E [X] by

(10.8) E[X] =) aP[A].

icl

It follows immediately that if X = c for some scalar ¢ in R, then E [X] = x.
Furthermore, given the requirements laid down in Section 10.1 the definition (10.8)
is the only definition possible: Indeed, we must have

EX] = E|) aill4]
- Z a;E[1[A;]]  [By linearity R4]
el
(10.9) = Y aP[A] [ByR2
el

The definition (10.8) does not depend on the particular representation used for the
simple rv X, and is therefore well posed [Exercise 10.2].

Linearity and monotonicity of expectation both hold on the class of simple rvs.
This follows by an easy use of the observation concluding Section 10.2, and is left
as an easy exercise.

Lemma 10.4.1 Assume the rvs X,Y : {0 — R to be simple rvs. The following
holds:
(i) Linearity: For arbitrary scalars a and b in R,

E[aX +bY] = aE [X] + bE Y]

where the rv aX + bY is also a simple rv by Fact 10.2.1;
(ii) Monotonicity: If X <Y, thenE [X] < E[Y].
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Step 2 — Non-negative rvs

Consider a non-negative rv X : Q — R, and let {X,,, n = 1,2,...} denote
any collection of simple non-negative rvs which form a staircase approximation of
X: We define E [X] by the limiting process

(10.10) E[X] = lim E[X,].

n—o0

The expectation [E [ X] defined at (10.10) always exists as an element in [0, +00];
this is a consequence of the fact that the sequence {E [X,,], n = 1,2,...} is non-
decreasing in R by Part (ii) of Lemma 10.4.1 (since the sequence {X,, n =
1,2,...}) is monotone non-decreasing).

At this point the reader may wonder whether this definition is independent of
the staircase approximation sequence {X,, n = 1,2,...} being used in (10.10).
Before showing that it is indeed the case, we prove the following fact whose proof
is given in Section 10.6.

Lemma 10.4.2 Consider a non-negative rv X : Q@ — R, and let {X,,, n =
1,2,...} denote any collection of simple non-negative rvs which form a staircase
approximation for X. For any simple non-negative rv'Y : (0 — R, such that
Y < X, it holds that

(10.11) EY] < lim E[X,].

n—oo

This observation has the following consequence:

Lemma 10.4.3 Consider a non-negative rv X, and let { X1 ,, n = 1,2,...} and
{X2n, n = 1,2,...} be collections of simple non-negative rvs which form a
staircase approximation of X, i.e., foreachk = 1,2, we have X}, , < X}, ,11 < X
forn =1,2,... withlim, . X}, = X pointwise. It holds that
(10.12) lim E[X1,] = lim E[Xs,)].

n—oo

n—o0

This indeed shows that the definition (10.10) of E [X] is independent of the
staircase approximation sequence for X being used.

Proof. Fix k = 1,2 and note that X}, ,, < X foralln =1,2,.... For¢ = 1,2 with
¢ # k, Lemma 10.4.2 yields E [ Xy ,,,] < limy, o0 E[X}, ] foreachm = 1,2,...
(when applied with Y = X/ ,,,). It immediately follows that
lim E[Xy,,] < lim E[X;,].
n—o0

m—0o0



10.5. THE EXPECTATION OF A RV DEPENDS ONLY ON ITS PROBABILITY DISTRIBUTION133

Exchanging the role of &k and ¢ in this last inequality we conclude to the validity of
(10.12). |

Step 3 — The general case
Setting X+ = max (0, X) and X~ = max (0, —X), we recall the decomposi-
tions

(10.13) X=X"-X" and |X|=XT+X".
We define
(10.14) EX]=E[X']-E[X]

with the understanding that at least one of the terms E [X ] and E [X 7] is finite.
This definition is indeed the natural definition if one is to expect the expectation to
have a chance to be linear.

There are four possible cases: (i) If both E [X ] and E [X ] are finite, then
E[|X|]] = E[XT)+E[X] < oo; (il) If E[XT] = oo with E[X ] finite, then

E[X] = oo; (iii) If E[X~] = oo with E[X*] finite, then E[X] = —oo. in
both these cases E[|X|] = E[Xt] + E[X | = oo. (iv) Finally, if E[X ] =
E[X~] = oo, then E [X] cannot be defined, yet E[|X|] = co. We summarize

these observations through the following definition:

Definition 10.4.1
The expectation E [X] of the rv X is said to exist if

min (E [XJF] ,E [X*]) < 00.

It will be finite if the stronger condition E[X ] + E[X | < oo holds, in which
case the rv X is said to be integrable.

10.5 The expectation of a rv depends only on its probabil-
ity distribution

As we now show the expectation operation defined in Section 10.4 does satisfy the
requirement R1.

Lemma 10.5.1 For any rv X : 2 — R, whenever it exists, the expectation E [ X|
is fully determined by the probability distribution F'x of the rv X.
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Proof. We start with the case where X is a non-negative rv. Let {X,,, n =
1,2, ...} denote the collection of simple non-negative rvs introduced in the proof
of Lemma 10.3.1 to show the existence of a staircase approximation to X. For
eachn =1, 2,... we note that

4" -1
E[X, = > k2 "PR27"<X < (k+1)27"
411:—01
= > k2 (Fx((k+1)27"—) - Fx(k27"-)),
k=0

and E [ X,,] indeed depends only on F'x. The definitional equality E [X] = lim,,—,oc E [X},]
thus implies that E [ X] depends only on the probability distribution F'y of X.

For the general case, introduce the non-negative rvs X+ and X ~. By the first
part of the proof, we conclude that the expectations E[X ] and E [X ], while
possibly infinite, are determined by the probability distributions F'x+ and F'y—,
respectively. However, it is plain that the probability distribution of X is deter-
mined by that of X since

(10.15) P[XT<z] =
0 ifx <0

by elementary calculations. Therefore, the expectation E[X ] depends only on
the probability distribution F'y of X. A similar argument shows that the expecta-
tion IE [ X ~] depends only on the probability distribution F’x of X, and the desired
conclusion concerning E [ X ] (when well defined) follows |

10.6 A proof of Lemma 10.4.2

The expectations E [Y] and E [X,,], n = 1,2, ..., are well defined since they in-
volve simple rvs, and lim,,_,~ E [X,,] is well defined by monotonicity (see Part (ii)
of Lemma 10.4.1).

Pick ¢ > 0, and fix n = 1,2,...: Define the event A, (¢) = [X,, > Y —¢].
The rv X, being non-negative it is plain that

X, > X, 1[A,(¢)]
> (Y —¢)-1[A,(e)]
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1[An(e)] — - 1[An(e)
1[An(e)] - '1[ n(€)]
1[An(e)®

(10.16) >

<

-Y - 1[4,
-C-1]A

(e
n(€)] —
where C' = maxye ¢y if the simple rv Y has the representation Y = e Ck1 [Ck]
with F-partition {C%, k € K} and non-negative associated scalars {c, k € K}.

Take expectations in (10.16) and note that all the rvs involved, namely X,,, Y
and 1 [A,,(¢)€], are all simple rvs. Therefore, using Lemma 10.4.1 repeatedly, we
readily conclude that

(10.17) E[X,] >E[Y] - C P[A,(e)] —e.

We now let n go to infinity in the inequality (10.17): The sequence { A, (¢), n =
1,2,...} is amonotonically increasing sequence of events (with A,,(¢) C A, 41(e
foralln =1,2,...since X,, < X,,+1) such that

Un:1,27...An(5) =Q.

Using continuity from below of Lemma 3.1.1 we get lim,, .o, P [A,,(¢)] = P[] =
1, or equivalently, lim,,,~, P [A,,(£)¢] = 0, and the conclusion lim,,_,~ E [X,,] >
E [Y] — € obtains. The desired result (10.11) follows upon observing that ¢ > 0 is
arbitrary.

10.7 An alternate definition of E [ X'| when the rv X is non-
negative

In this section we return to the case of non-negative rvs: Let {X,,, n =1,2,...}

denote a(ny) staircase approximation for the non-negativerv X : 2 — R . By Part

(ii) of Lemma 10.4.1, the sequence {E [X,,], n = 1,2, ...} being non-decreasing,
the definitional limit lim,,_, - E [X,,] exists with

(10.18) E[X] = lim E[X,] = sup E[X,].

n—ro0 n=12,...
Since lim,,_,, X;, = X monotonically, it is also the case that

(10.19) X =Ilm X, = sup X,.

n—0o0 n=1,2,...
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Combining these two simple observations we can rewrite (10.18) as an interchange
of the supremum and integration operations, namely

(10.20) IE[X]:IE[ sup Xn} = sup E[X,].
n=1,2,... n=1,2,...

However, Lemma 10.4.3 implies that the quantity sup,,_;  E[X,] is inde-
pendent of the sequence {X,,, n = 1,2,...} used as a staircase approximation
for the rv X. As a way to understand why this may occur consider the following
arguments: With the non-negative rv X :  — R, we associate the set S(X) of
simple non-negative rvs which are bounded above by X, namely
Y <X

S(X) = {Y Q=R Simple non-negative rv } .

Lemma 10.3.1 ensures that S(X) is not empty, and the equality

(10.21) X= sup Y
YeS(X)
is easily seen to hold [Exercise 10.4]. Comparing (10.19) and (10.21) it is then

not unreasonable to expect (10.20) to generalize in the form of the following inter-
change:

Lemma 10.7.1 For any non-negative rv X : () — R, it holds that

(10.22) E = sup E[Y]

Yes(X)

sup Y
YeS(X)

Proof. Set
Sup(X) =sup{E[Y]: Y € S(X)}.

Note that Sup(X) is well defined by Step 1 since the rvs in S(X) are all non-
negative and simple. It is plain that (10.22) is equivalent to

(10.23) Sup(X)=E | sup Y| (=E[X])

Yes(X)

where the last equality is a direct consequence of the observation (10.21)
Let {X,, n = 1,2,...} denote any collection of simple non-negative rvs
which form a staircase approximation for X. Obviously, for each n = 1,2,...,
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the rv X, is an element of S(X), whence E [X,,] < Sup(X), and the conclusion
E [X] < Sup(X) follows by virtue of (10.18).

To establish the reverse inequality we proceed as follows: By the very defi-
nition of Sup(X) as a supremum, there exists a sequence of simple non-negative
rvs {Y,, n = 1,2,...} in S(X) such that lim,,_,o E[Y,] = Sup(X). The rvs
{Y,, n = 1,2,...} may not form a monotone sequence, but the simple non-
negative rvs {Z,,, n = 1,2,...} defined by

Zy = max (Xp,max (Y1,...,Y,)), n=12 ...

form a non-decreasing sequence in S(X). Noting that X,, < Z,, < X for each
n=1,2,..., we conclude that lim,,_,, Z,, = X by the fact that the rvs {X,,, n =
1,2,...} form a staircase approximation for X. Thus, the rvs {Z,, n = 1,2,...}
also form a staircase approximation for X, and we have lim,,_,- E [Z,] = E[X]
by definition (10.10) (and Lemmas 10.4.3).

From the definitions we conclude that E [Y,] < E[Z,] (since Y,, < Z,,) for
eachn = 1,2,... with lim,,_, E[Y,,] = Sup(X) by construction while we al-
ready have lim,,_, E [Z,,] = E[X]. Therefore, we have Sup(X) < E[X] upon
using the fact that lim,, o, E [Y;,] < lim,,_,~ E[Z,]. This complete the proof of
10.23. |

Lemma 10.7.1 provides an alternate definition for the expectation of non-negative
rvs, namely

(10.24) E[X]= sup E[Y]
YeS(X)

for any non-negative rv X. While compact, this alternate definition is not construc-
tive and therefore lacks any operational meaning for evaluating expectations.

10.8 Exercises

All rvs are defined on the same probability triple (€2, F, P).
Ex. 10.1 Prove Fact 10.2.1.

Ex. 10.2 By revisiting the proof of Lemma 10.3.1 show that the staircase approx-
imation {X,,, n = 1,2,...} whose existence is discussed there is not unique, i.e.,
show an alternative construction.
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Ex. 10.3 Consider the simple rv X : (2 — R, and assume it admits two represen-
tations, namely for k = 1, 2, it holds that

X = Z ak,ikl [Alk]

[INST IR

for some finite F-partition {A;, , i € I;} with associated collection {ay;, , ix €
I;.} of scalars in R. Show by a direct argument that we necessarily have

Z aljiI]P’ [Ah] = Z a?,iQ]P)[AiQ]

1€l io€ls

so that the expectation [E [ X ] of the simple rv X defined at (10.8) is independent of
its representation.

Ex. 10.4 Establish (10.21).

Ex. 10.5 Letthe rv X : ) — R be a symmetric rv, i.e., X =4 —X.

a. Can E [X ] and E [X ~] assume different values?

b. Give conditions under which E [ X] is well defined and finite, and show that
E [X] = 0 in that case.

c. Give an example of a symmetric rv X for which E [X] is not well defined.

Ex. 10.6 With positive scalar M > 0, therv X : Q — R is said to be M -bounded
if | X] < M, ie., |X(w)] < M for all win §2. Show that the expectation of an
M-bounded rv X always exists and is finite with |E [X]| < M.

Ex. 10.7 Consider tworvs X, X’ : QO — R with the property that P [X £ X'] = 0.
Show that E [X] and E [X'] are both well defined simultaneously, in which case
E[X] = E[X'] (finite or not), or neither is well defined [HINT: Use Lemma
10.5.1].

Ex. 10.8 Let X : Q — R be a rv with finite expectation, i.e., E [| X|] < oc.

a. If X > 0, show thatlim,,_,o, nP [X > n] = 0(so thatlim,,_,o, nP [X > n] =
0 as well). [HINT: If X > 0, recall that the value E [X| does not depend on the
approximating staircase sequence used in defining the expectation!]

b. What happens to this statement when X can take both positive or negative
values?

c. If E[|X|"] < oo for some r > 0, show that lim,, o, n"P[|X| > n| = 0.
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Ex. 10.9 Let X : Q — R be a discrete rv such that P[X € N] = 1. Using the fact
that X = " >° /1 [X > n] and the Monotone Convergence Theorem shows that

}E[X]:iIP’[X>n]

n=0

regardless of whether E [X] < oo or not. Compare with the proof suggested in
Exercise 2?.

Ex. 10.10 Let X : Q — R be a discrete rv such that P[X € N] = 1. Show that
E [X] can also be evaluated as

regardless of whether E [X] < oo ornot. [HINT: Note that P [X = n] =P[X > n|—
P[X >n+1]foreachn =0,1,...].

Ex. 10.11 Let X : Q — R be a rv with finite expectation, i.e., E [| X|] < oc.

a. If X > 0, show that lim,,_,, nIP[X > n] = 0 (so that lim,,_,oc P [X > n| =
0 as well). [HINT: If X > 0, recall that the value E [X] does not depend on the
approximating staircase sequence used in defining the expectation!]

b. What happens to this statement when X can take both positive or negative
values?

Ex. 10.12 With arv £ : Q — R, we define the rvs X,Y, Z : 0 — R given by
X =sin(§),Y = # and Z = ¢ - cos (§).

a. For each of these three rvs, determine whether the expectation exists and
whether it is finite if no additional assumption is imposed on the probability distri-
bution function of £. In each case justify your answer!

In what follows, assume £ to be a symmetric rv under P in the sense that the
rvs ¢ and —¢ have the same probability distribution under P.

b. Evaluate E [X] and E [Y] — This can be done without any calculations and
without knowing anything more about the rvs!

c. Give an example that shows that E [Z] may not always exist. Give an addi-
tional condition on ¢ to ensure that the expectation [E [Z] can be evaluated and find
its value.
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Chapter 11

Mathematical expectations (I):
Basic properties

The present and next chapters are devoted to a discussion of useful properties of the
expectation operator introduced in Chapter 10. The basic properties discussed in
Chapter 11 are easy consequences of the three step definition of expectation given
in Section 10.4. Proofs have been included for the sake of completeness; they are
straightforward, albeit at times tedious, and can be omitted in a first reading.

Throughout we are given rvs all defined on the same probability triple (2, F, IP).

11.1 Basic properties (I)

A. Mutiplying by a constant

If E[X] exists, then for each ¢ in R, E [cX] also exists and it holds that
E[cX] = cE[X].

The desired conclusion is clearly true for simple rvs — See the first part of
Lemma 10.4.1 with a = cand b = 0.

If X is a non-negative rv, let the rvs {X,,, n = 1,2,...} be the simple non-
negative rvs associated with X in Lemma 10.3.1, so that E [X] = lim,,_, E [X},]
by definition. For each ¢ in R, the rvs {¢X,,, n = 1,2, ...} are also simple rvs and
E[cX,] = cE[X,] foralln = 1,2,... by the first part of the proof.

If ¢ > Othervs {cX,,, n = 1,2,...} are non-negative and non-decreasing with
lim,, o ¢X,, = ¢X pointwise. Therefore, using the definition for non-negative
rvs, we get

141
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ElcX] = le E [cX,]
= lim E[X,]
n—oo
= ¢ lim E[X,] =cE[X].
n—oo

If ¢ < 0, then (cX)" =0and (cX)” = —cX = |¢|X. Asaresult, E[(cX)T] =0
and E[(cX)™] = E]|c|X] = |¢|E[X] by the earlier part of the proof, and we
conclude E [X] = —E[(¢X)~] = —|¢|E [X] = cE [X] as desired.

For the general case, first consider ¢ > 0. Noting that (¢X)" = ¢X* and
(cX)™ = ¢X~, we obtain E[(¢X)] = E[cXT] = cE[XT] and E [(¢X)] =
E[cX~] = cE[X ] by the result for non-negative rvs. Therefore, E [cX] is well
defined as soon as E [X] is well defined with E [cX] = E [(¢X)T] = E[(cX)"] =
cE[XT] — cE[X ] = ¢E[X]. The case ¢ < 0 is handled mutatis mutandi and is
left to the interested reader. [ |

B. Monotonicity

If X <Y, then E[X] < E[Y] as soon as both E [X] and E [Y] exist (possibly
infinite). In particular, (i) if —oco < E [X], then —oco < E[Y]and E [X] < E[Y],
or (i) if E[Y] < oo, then E [X] < coand E [X] < E[Y].

We start with X and Y being both simple rvs, in which case the desired result
is simply Part (ii) of Lemma 10.4.1.

Next we consider the case when the rvs X and Y are non-negative rvs satisfy-
ing X <Y.Letrvs {X,,, n=1,2,...} (resp. {Y,, n =1,2,...}) form a stair-
case approximation for the rv X (resp. Y'). The rvs {max(X,,Y,), n=1,2,...}
are simple non-negative rv which also form a staircase approximation for the rv
Y: Indeed, since lim,, . X,, = X and lim,_~, Y;, = Y by construction, it holds
that

lim max(X,,Y,) = max( lim X,, lim Y,) =max(X,Y) =Y,

n—oo n—oo n—oo
while the monotonicity of the staircase approximations for X and Y also yields
max(Xp, Y,) < max(X,41,Ynt1) foreachn = 1,2, .. .. In particular, E[Y] =
lim,, 00 E [max(X,, Y;,)] by the usual construction (independent of the staircase
approximation used). However, we note that X,, < max(X,,Y,,) for each n =
1,2,..., whence E [X,,] < E[max(X,,Y,)] by the first part of the proof. Letting
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n go to infinity we readily conclude that E [X] < E[Y]. The desired result holds
for non-negative rvs.

Finally we turn to arbitrary rvs X and Y such that X < Y. By direct in-
spection we have X+ < Y* and Y~ < X, whence E[XT] < E[Y™'] and
E[Y~] < E[X ] since monotonicy of expectations was shown to always hold for
non-negative rvs. The desired conclusion

EX]=E[X*]|-E[X |<E[Y*]-E[Y | =E[Y]

follows (under the usual caveat that the expectations E [X] and E [Y] are well de-
fined). |

C. Taking absolute values
If E [X] exists, then |E [X]| < E[|X]].

Note that —| X| < X < |X| and apply Property B twice, once to —| X | < X
and once to X < | X|. [ ]

D. Localization
If E [X] exists, then E [ X1 [A]] exists for any event A in F. Furthermore, if
E [X] is finite, then E [ X1 [A]] is also finite.

For any A in F, introduce the rv X4 = X1 [A]. We have 0 < X7 = X*1[4]
by direct inspection so that X5 < X*. Obviously E [X75] < E[X*] by Prop-
erty B, whence min (E [X 1] ,E [X;]) < min (E[XT],E[X"])and E [X[] +
E[X;] <E[X*]+ E[X]. The conclusions are now straightforward from Def-
inition 10.4.1 as min (E[X*],E[X7]) < oo (resp. E[XT] + E[X] < o0)
implies min (E [X}],E [X}]) < oo (resp. E [X ] + E [X ;] < c0). u

E. Adding rvs
We have E [ X + Y] = E[X] + E[Y]if (i) the rvs X and Y are non-negative
or (i) if E [X] and E [Y] are both finite.

We start with X and Y being both simple rvs, in which case the desired result,
namely E [X + Y] = E [X] + E [Y] was already established as Part (i) of Lemma
10.4.1 witha =b = 1.
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Next we consider the case when the rvs X and Y are non-negative rvs, and let
the rvs {X,,, n = 1,2,...} (resp. {Y,,, n = 1,2,...}) form a staircase approxi-
mation for the rv X (resp. Y). The simple rvs { X, +Y,,, n =1,2,...} also form a
staircase approximation for therv X+Y ,hence E [X + Y| = lim,,, o E [ X, + Y3,].
By the first part of the proof we have E [X,, + Y,,] = E[X,,] + E[Y,,] for each
n = 1,2,... and letting n go to infinity in these equalities we conclude that
E[X+Y] = E[X] + E[Y] as we recall that E[X]| = lim,_, E[X,], and
E[Y] = lim,,—,c E [Y},] by construction.

Finally, we turn to the case when X and Y are arbitrary rvs with E [X] and
E [Y] both finite, or equivalently, E [|X|] < oo and E[|Y|] < oo. Decomposing
each of the rvs X, Y and X + Y according to (10.13) we find

X+Y=(X"-X)+(¥t-Yv")

as well as
X+Y=X+Y)" - (X+Y)".

Combining these two expressions for the sum X + Y and rearranging terms, we
obtain

XT YT 4+ (X4+Y) =X 4+Y +(X+Y)".

Taking expectations on both sides of this last relationship between non-negative
rvs yields

(L) EXT+Y T+ (X +Y) | =E[X +Y +(X+Y)7]
where each of these expectations can be expressed as
EXT+YT+(X+Y) | =E[XT]|+E[YT]|+E[(X+Y)7]
and
EX +Y +(X+Y) | =E[X |+E[Y ] +E[(X +Y)"]
upon using the first part of the proof — Indeed all the rvs involved are non-negative,
so all the expectations exist and additivity holds.

Returning to (11.1) we conclude to the equality

EX*]+E[YT]+E[(X+Y)7]
(11.2) = E[X|+E[Y ]+E[(X+Y)"].
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Note that | X + Y| < |X| + |V, whence E[|X + Y] < E[|X]|] + E[]Y]] by
Property B and again by the first part of the proof. Therefore, under the assump-
tion that E [|X|] < co and E[|Y]] < oo, we have E [|X + Y|] < oo with both
E[(X + Y)+] and E [(X +Y)~ | being finite. The representation

EX+Y]=E[X+Y) ]| -E[(X+Y)7]
thus holds with E [X + Y] finite, and (11.2) can now be rewritten as

E[(X+Y)"]-E[(X+Y)]
= E[XT]+E[YT]-E[X|-E[Y].

In other words, E [X + Y] = E [X] + E [Y] as desired. ]
Extensions are discussed in Exercises 11.2 and 11.3.

11.2 Basic properties (II)

The next group of properties will make use of the following notion: We consider
situations where a property P may or not hold for every sample w in £2. We shall
say that property P holds almost surely (under P) if the event

{w € Q: Property P holds at w}

has probability one. We shall often write P holds a.s. or P holds P-a.s. when we
wish to emphasize the fact that relevant probabilities are evaluated under PP. For
instance, for rvs X,Y : Q@ — R, we write X = Y as. (resp. X < Y as.) to
express the fact that P[X = Y] =1 (resp. P[X < Y] =1).

F.

If X =0 a.s., then E [X] is well defined with E [ X]| = 0.

First assume the rv X to be simple with X = . _; a;1 [A;] for some finite F-
partition {4;, ¢ € I} and a collection {a;, i € I} of scalars in R. The condition
X = 0 a.s. implies P[A4;] = 0 whenever a; # 0 [Exercise 11.4], whence E [X] =
s aiP[A)] = 0.

If X > 0, then any staircase approximation {X,,, n = 1,2,...} satisfies 0 <
X, < X foralln =1,2,..., and the constraint X = 0 a.s. implies X,, = 0 a.s.
foralln = 1,2,..., whence E [X,,] = 0 by the first part of the proof. Therefore,
E [X] = lim,, o0 E [X},] = 0 by the definition of E [X].
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For arbitrary rv X, note that X* = 0 a.s. if X = 0 a.s., whence E [X*] = 0
and E[X] = E[X+] - E[X ] = 0. n

Another proof of this result uses the fact outlined in Exercise 10.7: Recall that
E [X] = cif X = ¢ for some scalar ¢, whence E [X]| = cif X = ca.s.

G. Almost sure (a.s.) equality
If X =Y as. withE[|X]|] < oo, thenE[|[Y]] < ccand E[X] =E[Y].

Write
E={weQ: X(w)=Y(w)}.

Recall that X = X1[E]+ X1[EandY = Y1[E] + Y1[E“], so that

E[X] E[X1[E]+ X1[E]]
= E[X1[E]]+E[X1[E‘]] [By Property D and Property E]
= E[Y1[E]]+E[X1[E]] [Since X =Y on E]
= E[Y1[E]] [By Property F]

as we note that X1 [E€] = 0 a.s. But it is also the case that Y1 [E€] = 0 a.s.,
hence E [Y'1 [E€]] = 0 by Property F and we conclude that E [X] = E[Y'1[E]] +
E[Y1][E¢]]. These arguments applied to | X| and |Y'| (instead of X and Y") also
show that E[| X |] = E[|Y|1[E]] + E[|]Y|1 [E€]] = E[|Y|] by Property E, hence
E[Y|] < occ. It follows that E [X] = E [Y1 [E]] + E [Y1 [E¢]] = E[Y] by Prop-
erty D and Property E. |

Another proof of this result is outlined in Exercise 10.7.

H

If X > 0withE[X] =0, then X =0 a.s.

Consider the sets £ = {w € Q: X(w) > 0} and

Enz{weflz X(w)zl}, n=12...

n

These events clearly belong to . We need to establish that P [E] = 0.
Foreachn = 1,2,..., define the rv X,, = X1 [E,]. Itis plain that 0 < X, <
X sothat 0 < E[X,] < E[X] by Property B. Fix n = 1,2,... The assumption
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E[X] = 0 implies E [X,,] = 0, and the obvious inequalities 0 < 11 [E,] < X,
then yield

1
0<-P[E,)<E[X,]=0
n
upon using Property B again, whence P [E,,] = 0. Finally, the sequence of events

{E,, n =1,2,...} being increasing with £ = U2, E,,, it follows that P [E] =
lim;,_,o P [E,] = 0 by invoking continuity from below of Lemma 3.1.1. [ |

Assume E[|X|] < coand E[|Y]] < co. If E [ X1 [A]] < E[Y1[A]] forall A
in F,then X <Y a.s.

By Property D, the condition E [|.X|] < oo (resp. E[|Y|] < oo) implies the
finiteness of E [ X1 [A]] (resp. E[Y'1[A]]) for all A in F. Define the event B by

B={weQ: Y(w) < X(w)}.

It is plain that Y1 [B] < X1 [B] whence E [Y'1 [B]] < E[X1[B]] by Property B,
while E [X1 [B]] < E[Y'1[B]] by assumption, and the conclusion E [X1 [B]] =
E [Y'1 [B]] follows, or equivalently, E [(X — Y)1[B]] = 0. But (X -Y)1[B] >0
and Property H yields (X —Y)1[B] = 0 a.s.

With A = [(X —Y)1[B] = 0], pickwin A so that (X (w)—Y (w))1 [B] (w) =
0. If w also lies in B, then 1 [B](w) = 1 and the equality X (w) = Y (w) fol-
lows. On the other hand, we also have X (w) — Y (w) > 0 by the definition of B,
and a contradiction occurs. Thus, A N B = () or equivalently, A C B¢, whence
P[A] < P[B¢] with P[A] = 1. In fine, P [B¢] = 1 and the conclusion X <Y a.s.
follows. [

J. Extended rvs
For any extended rv X : Q — [—o00, o], the condition E [| X|] < oo implies
|X| < o0 a.s.

With A = {w € Q : |X(w)| = oo}, assume that P[A] > 0. Then, by
Property D we have E [| X |1 [A4]] < E[|X]]. But oo - P[A] < E[|X|1 [A]] while
E[|X]] < oo by assumption, and a contradiction follows. Thus, P [A] = 0 neces-
sarily. [ ]
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11.3 Simple variables vs. discrete rvs

The notion of simple rv is a set-theoretic one, as it requires only the existence of
the measurable space (€2, ) on which it is defined. On the other hand, defining
discrete rvs requires the existence of a probability measure P on the underlying
measurable space (€2, 7). While a simple rv is always a discrete rv (with finite
support), a discrete rv (even with finite support) is not necessarily a simple rv. This
is made clear by the following example.

Example 11.3.1 Take 2 = [0,1], F = B([0, 1]) and with a < b in [0, 1], define
the probability measure P on F by setting

E b
P[E] = |F72{a,}]7 E e F.
Therv X : @ - R : w — w is not a simple rv since X (2) = [0, 1] but it
is definitely a discrete rv with support S = {a,b} since P[X € S] = 1 by the

definition of P.

The next result shows that the evaluation of the expectation of a discrete rv
can be carried out by using the expression presented in the elementary treatment of
Probability Theory.

Proposition 11.3.1 If X : ) — R is a discrete rv with (countable) support S, then
(11.3) E[X]=) z-P[X=
TES

if either the rv X is a.s. non-negative (with S C R, ) or if the absolute summability
condition

(11.4) > x| PIX = 2] < o0
€S
holds.

Proof. Assume first that the set S contains only finitely many elements. The rv
X*: Q — R defined by

X = z-1[X=2]+0-1[X ¢5]
z€S
is a simple rv with expectation given by

=Y x-PX=

€S
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Note that X = X* on [X € S|, hence X = X* as.. Using Property G, we
conclude that E [| X |] < oo since E[|X*|] < oo and the equality E [X] = E [X*]
follows, hence
E(X]=) z-P[X =a].
TES

Assume now that S is countably infinite. If S C Ry, then X = X1[X € 5]
a.s. with X1[X € S] > 0. Introduce the simple non-negative rvs {X,,, n =
1,2,...} given by

n
XnEZJ:g-l[X:xg], n=12,...
=1
where {zy, £ = 1,2,...} is a labeling of S. By the first part of the proof we have
n
E[Xu) =) a-P[X=x], n=12,...
=1

The sequence {X,,, n = 1,2,...} is monotone increasing with lim,,_,o, X,, =
X1[X € 5], and is therefore a staircase approximation for the rv X1 [X € S|
(albeit not necessarily the one presented in Lemma 10.3.1). The constructive defi-
nition of E [ X1 [X € S]] then yields

EX1[X eS| = limE[X,]
= nh_}rgo <ng-IF’[X—xg]>
/=1
= Z{L‘g-P[szg]
/=1
= Zx-IP’[X:a:]
z€eS

where in the equality before last the series converges (possibly to +o00) by mono-
tonicity since S C R . Using Property G, if E[X1[X € S]] < oo, thenE [| X |] <
oo and we conclude

EX]=E[X1[XeS]|=) z-P[X =a1.
€S

Finally, for an arbitrary discrete rv X, it is plain that X and X~ are both
discrete rvs with P[X* € S.] = 1 where St = {z € S: 2 > 0} and S~ =
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{z € S: x <0}, respectively. The previous discussion yields

E[X*] =) (+2)-PIX =],

TESL
whence
EX] = E [X*] —E [X_]
= > zPX=a2- > (-2)-P[X=a]
z€S: >0 z€eS: <0
(11.5) = Y 2-P[X =z
z€S
where the last step is justified under the condition (11.4). |

11.4 Exercises

Ex. 11.1 Use the alternate definition (10.24) for the expectation of non-negative
rvs to establish Properties A and B.

Ex. 11.2 Regarding Property E, explain why E [X + Y] = E [X]|+E [Y] may fail
to hold for rvs X and Y whose expectations E [X] and E [Y'] are well defined but
possibly infinite.

Ex. 11.3 Generalizing Property E: Show that E[X + Y| = E[X] + E[Y] still
holds forrvs X and Y for whichE [X]+E[Y ] = ocoand E [X T |+E[Y ] < 00
(resp. E[X7]+E[Y"] = ccand E[XT] + E[Y '] < 00). What is the value of
E[X +Y]?

Ex. 11.4 Consider a simple rv X with X = % . ;a;1[A;] for some finite F-
partition {4;, ¢ € I} and a collection {a;, i € I} of scalars in R. Show that the
condition X = 0 a.s. implies P[A4;] = 0 whenever a; # 0 [HINT: Make use of
the set Qg = [X = 0]].

Ex. 11.5 Compute the expectation

1
]E -
[1+Y+]

whenthervY : Q — Ris
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a. a binomial rv Bin(n; p) withn =1,2,...and 0 < p < 1,
b. a Poisson rv Poi(\) with A > 0,
c. a geometric rv Geo(p) with 0 < p < 1,

In each case explain why the expectation [E [ﬁ} always exists.
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Chapter 12

Mathematical expectations (II):
Advanced properties

12.1 Independence and expectations

The next fact is used in many calculations. It highlights the usefulness of indepen-
dence when evaluating the expectation of expressions formed through products of
independent rvs.

Proposition 12.1.1 Consider two independent rvs X, Y : £ — R. It holds
(12.1) EXY]=E[X]|E[Y]

if either (i) the rvs are a.s. non-negative or (ii) both expectations E [X] and E [Y]
exist and are finite.

Proof. Assume first that both rvs X and Y are simple rvs, say

X=Y"a1[4;] and Y =Y b;1[B|]

el jeJ

with a finite F-partition {A4;, ¢ € I} with associated collection {a;, i € I}
of scalars in R, and a finite F-partition {B;, j € J} with associated collection
{bj, j € J} of scalars in R. There is no loss of generality in assuming that the
scalars {a;, ¢ € I} (resp. {b;, j € J}) are distinct so that [X = a;] = A; for each
iin I, and [Y = b;] = Bj for each j in J. The rvs X and Y being independent, it
follows that

P[4;NB;]=P[A]P[B;], i€l,jeJ

153
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since the events [X = a;] and [Y" = b;] are independent.
Noting that

XY =3 > abl[A]L[Bj] =) > aibj1[A;N By,
iel jeJ el jeJ

we conclude that

E[XY] = E|> > aibjl[A;N By
. ZgZ;E[HAmBM
- ggaibjP[AmBj]
- ggaibjP[Ai]P[Bj]
iel jeJ
_ (ZaiP[AiO ijIF’[BJ]
_ EE;]E[Y]. -

Next we assume that both rvs X and Y are non-negative, so that XY is also
a non-negative rv. Let {X,,, n = 1,2,...} and {Y,,, n = 1,2,...} denote the
monotone non-negative staircase approximations of X and Y identified in Lemma
10.3.1. Note that the rvs {X,,Y,,, n = 1,2,...} form a monotone sequence of
staircase approximations for the rv XY since

0 S XnYn S Xn+1Yn § Xn+1Yn+1, n = 1, 2, e

by the non-negativity of the rvs involved, and by the monotone nature of each
sequence. For each n = 1,2,..., the rvs X, and Y, are independent rvs since
Xpn = gn(X) and Y,, = g,(Y") with Borel mapping g,, : R — R defined at (10.7)
— See the construction in the proof of Lemma 10.3.1. Obviously, lim,, o X, Y, =
(limy,—y00 Xp) (limy, o0 Yy,) = XY, whence

E[XY] = hm E[X,Y,

= hm (E [X,]

n]

E
= (i) (im 206)
= E[X]E[Y]. [By the definition of E [X]and E [Y]]

[By the definition of E [X Y]]
[Y,]) [By independence and the first part of the proof]
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It follows from this proof that E [XY] is finite if and only if both expectations
E [X] and E [Y] are finite.

For the general case, start with the decompositions X = XT — X~ and Y =
Y+ — Y, and note that

XY = (XtT-X")(¥Yt-v")
(12.2) = XTYT - XY - X YT4+XY".

The R%-valued rvs (X', X~) and (Y*,Y ") are independent, a fact inherited
from the independence of the rvs X and Y. If the expectations E [X] and E [Y]
are both finite, then the expectation E [X*] and E [Y*] are all finite, whence by
the earlier part of the proof (for non-negative rvs) the expectations E [XTY *],
E[XTY"],E[X"Y "] and E[X Y 7] are all finite and given by E [X ] E [Y ],
E[XT|E[Y |, E[XT]E[Y "] and E[X]E[Y ], respectively. Thus, by Prop-
erty E we get

EXY] = E[X'Yt-XTY - XYt +X V|
= E[X'Y']-E [X+y—} ~E[XYT]|+E[X" Y]
= E[XYE[YT]-E[XT]E[Y ]
~E[XT]E[Y*] +E[X"]E[Y7]
= EXT)-EXT])) BT -E[7])
(12.3) = E[X]E[Y]
as announced. |

Proposition 12.1.1 has the following often used consequence.

Lemma 12.1.1 Consider the mutually independent rvs X7 :  — RP1, .. X} :
Q0 — RP:_ With Borel mappings g1 : RP* — R, ..., g; : RPr — R, define the rvs

Yo=giXe), £=1,....k

The R-valued rvs Y1, . . ., Y} are mutually independent, and
k

EHYg

k

=[[EM

whenever E [|Y;|] < oo forall{ =1,... k.
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A seemingly more involved version of the impact of independence on the
evaluation of expectations is given next: In the setting of Lemma 12.1.1, parti-
tion the index set {1,...,k} into r subsets, say I1,..., I, with Iy N I, = () for
distinct s,t = 1,...,r and U,_;I; = {1,...,k}. Foreach s = 1,...,r, set
s = Zee I, Pe
Lemma 12.1.2 Consider the mutually independent rvs X : 8 — RP .. X} :
Q0 — RPk. With Borel mappings h; : R — R, ..., h, : R — RY, define the

rvs
Zs=hs((Xy, L€1y)), s=1,...,r

The R-valued rvs Zy, . .., Zs are mutually independent, and

T S
E[]v:| =]]EZ]
s=1 s=1
whenever E [|Z;] < oo foralls =1,...,r.

The proof of Lemma 12.1.1 and Lemma 12.1.2 is left as an exercise [Exercise
12.1]

12.2 Convergence results for expectations and interchange

In this section we are interested in conditions that allow the interchange of the ex-
pectation and limit operations. To set the stage consider a collection { X, Y, Z, X,,, n =
1,2,...} of R-valued rvs which are all defined on the same probability triple
(Q,F,P).

Monotone Convergence Theorem We begin with the situation when the rvs
{X,, n = 1,2,...} are monotone; the non-decreasing and non-increasing cases
are both discussed.

Theorem 12.2.1 (i) Assume that X < X,, < X, foralln = 1,2,.... If the
expectation E [ X] exists with —oo < [E [X], then we have

(12.4) lim E[X,] = E [ lim Xn}
n—oo n—oo
monotonically.
(ii) Assume that X,11 < X,, < Y foralln = 1,2,.... If the expectation

E [Y] exists with E [Y] < 400, then we have

(12.5) lim E[X,] =E [ lim Xn}

n—oo n—oo
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monotonically.

Under the assumptions of Theorem 12.2.1 in both settings, the limit lim,,_,~, X,
exists pointwise (and is a (possibly extended) rv), the expectations [E [ X, ] exist for
alln = 1,2,... and the limit lim,_,~ E [X,] also exists by monotonicity. It is
plain that Claims (i) and (ii) are equivalent Exercise 12.2]. The integrability condi-
tions on either X or Y can not be dropped as the following counterexample shows:

Counterexample 12.2.1 Consider a discrete rv Z with support Sz = N with pmf
py = (pz(z), 2=0,1,...) given by
C

:71+22’ 22071,...

pz(2)

for some C' > 0. This rv Z is defined on some probability triple (€2, F,P), say the
probability triple used in the proof of Lemma 8.1.1. First we note that

[e.e]

E[(Z-n)t] = > (z=n)Tpz(2)
z=0
= > tpz(n+t)
t=n-+1
- t
(12.6) = C) —F 5=
Mo s (t+n)
For Claim (i), define X, = — (Z —n)" forn = 1,2,.... The rvs {X,,, n =

1,2, ...} form an increasing sequence with lim,, ,~, X,, = 0so that E [lim,, o, X,,] =
0. On the other hand, we have E [X,,] = oo for each n = 1,2, ... and the inter-
change (12.4) fails! The condition that there exists a rv X such that X < X, for
allm = 1,2,... and E [ X] | exists with —oo < [E [X] does not hold here since we
automatically would have E [X] = —oc.

Similarly, for Claim (ii), define X,, = (Z —n)" forn = 1,2,.... The rvs
{X,, n = 1,2,...} form a decreasing sequence with lim,,_,~, X;, = 0 so that
E [lim;, 00 X5,] = 0. On the other hand, we have E [X,,] = —oo for each n =
1,2, ... and the interchange (12.5) fails! There cannotbe arv Y suchthatY < X,
foralln = 1,2,... and E Y]] exists with —oo < E[Y] for it would necessarily
satisfy E [Y] = oo. [ |

An important consequence of the Monotone Convergence Theorem is its use
on series with non-negative terms: Let {X,,, n = 1,2,...} denote a sequence of
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R -valued rvs. It follows from the Monotone Convergence Theorem that

(12.7) E an] = iE[Xn].
n=1 n=1

This is because, with

n
Sp=_ Xp, n=12,...
k=1

non-negativity implies 0 < S, < S,y forallm = 1,2, ..., whence
lim E[S,] = E [ lim Sn}
n—oo n—o0

by (12.4) (with X = 0 here). By linearity, we have E[S,,] = > ;| E [X}] for
eachn = 1,2,..., so that lim, o E[S,] = > 7, E[X,], while lim,, s, S, =
> o2 Xy, — Both limiting statements are valid by the monotonocity implied by the
non-negativity of the summands. The interchange (12.7) holds.

Fatou’s Lemma Fatou’s Lemma given next deals with situations when the limit
either does not exist or is not known (yet) to exist.

Theorem 12.2.2 () If X < X,, foralln = 1,2, ... and E [X] exists with —oco <

E [X], we have
(12.8) E [lim inf Xn} < liminfE[X,].
n—oo n—oo
() If X,, <Y foralln =1,2,... and E[Y] exists with E [Y] < oo, we have
(12.9) limsupE [X,] <E [lim sup Xn} .
n—oo n—oo

As with the Monotone Convergence Theorem, under the assumptions of Theo-
rem 12.2.2 in both settings, the expectations E [X,,] exist foralln = 1,2,.... The
proof of Fatou’s Lemma is an easy consequence of the Monotone Convergence
Theorem.

Proof. We establish only Claim as it is easy to check that Claim (i) and Claim (ii)
are in fact equivalent [Exercise 12.3].

With the sequence {X,,, n = 1,2,...} we associate the sequence {X,,, n =
1,2,...} given by
(12.10) X, = inf X,,, n=12,...

n
m>n
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This sequence of rvs is monotonically increasing with X < X  for all n =
1,2,.... As we have assumed that E [X] exists with —oo < [ [X], we can now
apply the Monotone Convergence Theorem, namely Part (i) of Theorem 12.2.2, to
the sequence {X,,, n = 1,2,...}. This yields

ns

(12.11) lim E[X,]=E [ lim LL] .
n—oo n— o0
Obviously X, < X,, foralln = 1,2,..., hence E [ X

o < E[X,] forall n =
1,2,.... As aresult,

(12.12) liminf E[X, ] < liminf E[X,,].
n—oo n—oo

Combining (12.11) and (12.12) readily implies (12.8) because lim, oo X, =

liminf, o X, and liminf,, o E[X,,] = lim,_,~ E[X,,] as these limits both

exist. [ |

The following example shows that the bounding conditions cannot be elimi-
nated.

Counterexample 12.2.2 Take Q2 = (0, 1) and F = B((0, 1)) with P being Lebesgue
measure \. The rvs {X,,, n =1,2,...} are given by

0 ifwd [}, 2]
Xp(w) = ,
—n ifwe [, 2]

weN
n=273...

Obviously, E [X,,] = n~1(—n) = —1foralln = 1,2,...,sothatliminf, .. E[X,] =
—1, while lim inf,, o, X, = 0 so that E [liminf,,_,~ X,,] = 0. ]

An interesting consequence of Fatou’s Lemma is obtained by combining both
parts.

Corollary 12.2.1 Consider a sequence of rvs {X,,, n = 1,2,...} such that X <
X, <Y foralln =1,2,.... Assume that E [ X] exists with —oo < E [X] and that
E[Y] exists with E [Y] < oo. Iflim,,_, X, exists, then the interchange

(12.13) E [ lim Xn] = lim E[X,,]
n—odo

n—o0

holds

The next two results are illustrations of this fact.
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Bounded Convergence Theorem The Bounded Convergence Theorem shows
that the interchange always holds when the rvs { X,,, n = 1,2, ...} form a bounded
sequence.

Theorem 12.2.3 Assume there exists arv X : €} — R such that lim,_.,, X,, =
X. If there exists M > 0 such that | X,| < M, foreachn = 1,2, ..., then E [X]
exists and is finite with

(12.14) E { lim Xn} = lim E[X,] = E[X].

n—o0

Dominated Convergence Theorem The Dominated Convergence Theorem gen-
eralizes the Bounded Convergence Theorem by requiring only that the sequence of
rvs {X,,, n = 1,2,...} can be uniformly bounded by a positive rv whose expec-
tation is finite.

Theorem 12.2.4 Assume there exists arv X : {0 — R such that lim,,_,~, X,, =
X. IfthereexistsarvY : Q — Ry with E[Y] < oo such that | X,,| <Y for each
n=1,2,..., then E [ X] exists and is finite with

(12.15) E [ lim Xn} — lim E[X,] = E[X].

n—oo n—o0

We close this section with a discussion of counterexamples to Theorem 12.2.3
and Theorem 12.2.4

Counterexample 12.2.3 Take Q2 = (0, 1) and F = B((0, 1)) with [P being Lebesgue
measure \. The rvs {X,,, n =1,2,...} are given by

0 f0<w<l-—ay,
Xn(UJ): ’
b, ifl—a,<w<l1

w e
n=12...

where 0 < a,, < 1 and b,, # 0. Foreach n = 1,2, ..., it is plain that E [X,,] =

anby. If lim, o a, = 0, then lim, ., X,, = 0. However, it is possible to
drive lim,, o, E[X,,] to any value ¢ # 0 by suitably selecting a,, and b,: If
we select b, = ca, !, then lim, .o E[X,] = ¢, and with b, = a2, then

lim,, 00 E[X,] = £00. [ |
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12.3 Change of variable formula for discrete rvs

We are in the setting of Section 8.4: Consider a discrete rv X : 2 — RP with
support Sy C RP and pmf py = (px(x), € Sx). For any Borel mapping
g : RP — R, we introduced the rv Y : (2 — R defined at (??) by composing the rv
X : Q — RP with g, namely Y = g(X).

According to Fact 8.4.1, the rv Y : 2 — R is a discrete rv with support
Sy = {g(z) : = € Sx} and pmf py- = (py(Y), y € Sy) determined through
(8.11), namely

(12.16) py(y) Y., px(@), yESy.

zeSx: g(x)=y

We seek to evaluate the expectation E [Y'] or equivalently, E [g(X)]. By Propo-
sition 11.3.1 we have

(12.17) EY]= )y py(®
yESy

if either the rv Y is a.s. non-negative (with Sy C R, ) or if the absolute summa-
bility condition }_ .. [y|py (y) < oo holds.

The difficulty with this approach is that it requires the availability of the pmf of
the rv Y before one can even attempt to evaluate the sum (12.17). In many instances
it is preferable to use a different computational strategy that we now explore and
which requires only that the pmf of the rv X be available.

The point of departure is still the expression (12.17) but this time we use the
expression (12.16) for the pmf of the rv Y: More precisely,

Elg(X)] = Y y-pr(y)

yESy

= >y > px(=)
yESy z€Sx: g(x)=y

= Yy | D 1lg@) =ylpx(x)
yESy z€Sx

= Y | Y y1lg@) =yl | px@)

xGSX yGSy

= Z Zg(z)l[g(ﬂﬁ):y] px ()

TESx yeSy



162CHAPTER 12. MATHEMATICAL EXPECTATIONS (11):ADVANCED PROPERTIES

(12.18) = > | D 1@ =y | g(@)px(x).

CL’ESX yESy

12.4 Change of variable formula

In view of the definition we have developed it is natural to write

E[X] = /Q X (w)dP(w)

whenever [E [X] exists as this notation mimics the expression used for simple rvs.
However, as shown in Section 10.5 this quantity depends only on the probability
distribution F'x : R — [0, 1].

Recall that any rv X : 2 — RP naturally induces a probability triple on its
range, namely (RP, B(RP),Pyx) where Px : B(RP) — [0, 1] is the probability
measure defined by

Py [B]=P[X € B], B € B(RP).

In fact, the identity mapping Id : R? — RP : x — x defines a rv RP — RP whose
probability distribution (under Px) coincides with the probability distribution of
X (under IP) since

Py [Id € B] =Px [B] =P[X € B], B € B(RP).

Obviously, say with p = 1, the expectation of X computed under P has to coincide
with that of the rv Id computed under Px with the understanding that if one exists
(resp. and is finite) so it is for the other, leading us to write

E[X]:/[RdeX(x).

Finally, by Carathéodory’s Theorem that F'x and Px contain the same proba-
bilistic information concerning the rv X, we shall often adopt the notation

E[X] = /R 2dFy(z).

Proposition 12.4.1 Consider an RP-valued rv X : Q) — RP. With Borel mapping
g : RP — R, it holds that

(12.19) E[g(X)] = /R g(@)dFx (@)

with the understanding that if one of the quantities is well defined, so is the other
and their values coincide.
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Proof. If g : R? — R is of the form
glx) =1z e B], zeRP

for some Borel set B in B(RP), then

B[o(X)] = P[X € B] = Px[B] = Exly()] = | g(e)dFx(z)

Assume now that g : R” — R is simple in the sense that

g(x) :;gil[:neBi], z €RP
Then,
Elg(X)] = E Z;gil [X € By
= ZZE [1[X € Bi]
— ggﬂ? X € By

el

= Yoo [ 1B @)aFx (@)

el Rp

(12.20) = /Rp g(x)dFx(x)

If g : R? — R, then we generate the sequence of simple mappings {g,, n =
1,2,...} where foreachn = 1,2, .. ., the Borel mapping g,, : R? — R is given by

We already have

E[gn.(X)] = /RP gn(z)dFx(z), n=1,2,...

and the conclusion
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follows by the Monotone Convergence Theorem (under P and Py).
In the general case g : RP — R, write

P —g(x)”, xzcRP

12.5 Riemann-Stieltjes vs. Lebesgue integration

12.6 Exercises
Ex. 12.1 Prove Lemma 12.1.1 and Lemma 12.1.2

Ex. 12.2 Show that Claim (i) and Claim (ii) of the Monotone Convergence Theo-
rem 12.2.1 are equivalent — This is already apparent in the Counterexample 12.2.1.

Ex. 12.3 Show that Claim (i) and Claim (ii) of Fatou’s Lemma [Theorem 12.2.2]
are equivalent.

Ex. 12.4 Let Wy, ..., W, denote n mutually independent Walsh rvs with same
parameter p (in (0, 1)) all defined on the same probability triple (€2, F,P), i.e., for
eachk =1,...,n, we have

P ifw=1

1—p ifw=-1.

For each k = 1,...,n, write W for the product of the k rvs Wy,..., Wy, ie.,
Wi = H?:l Wg.

a. Foreach k = 1,2,...,n, explain why the rv W;" is a Walsh rv.

b. For each k = 1,2,...,n, let p denote the parameter of the rv Walsh
W} Find a recursive relationship between pj_ ; and py. Can you find an explicit
expression for p}, ..., py, say by iterating this recursion?

c. An elegant way to find pj,...,p} is as follows: Foreach k = 1,...,n,
compute E [W}] and use Part a.
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Ex. 12.5 Compute the first two moments E [X] and E [X 2] (and the variance
Var[X]) when the discrete rv X : Q — Riis

a. a Binomial rv Bin(n;p) withn =1,2,...and 0 < p < 1.

b. a Poisson rv Poi(\) with A > 0.

c. a Geometric rv Geo(p) with 0 < p < 1.
In each case explain why the expectations always exist.

Ex. 12.6 Using the change of variable formula, compute the expectation

1
El—
[1 + YJ
when the discretervY : Q — Riis
a. a Binomial rv Bin(n;p) withn =1,2,...and 0 < p < 1.

b. a Poisson rv Poi(\) with A > 0.
c. a Geometric rv Geo(p) with 0 < p < 1.

In each case explain why the expectation E [ } always exists.

1
Y+
Ex. 12.7 A non-empty subset of {1,...,n} (for some finite n) is selected uni-
formly at random.
a. Propose a probability model (€2, F, P) for this random experiment.
Consider the discrete rvs X, Y : 0 — Ny given by

X(w)=max{k: k€w} and Y(w)=min{l: {€w}, weN.

b. Find the joint pmf py y- of the discrete rv (X, Y') : 2 — Ng x Ng — Specifiy
its support Sx y.

c. Find the pmf py of the rv X — Specifiy its support Sx. Evaluate E [X] and
Var [ X].

d. Find the pmf py- of the rv Y — Specifiy its support Sy . Evaluate E [Y] and
Var [Y].

e. Show that the rvs X and n + 1 — Y are equidistributed. f. Find the pmf
px_y of the discrete rv X — Y — Specifiy its support Sx_y. Evaluate E [X — Y],
Cov [X,Y] and Var [X — Y.
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Chapter 13

Moments and inequalities

All rvs are defined as Borel measurable mappings {2 — R on the same probability
triple (€2, F,P), and all probability distributions are computed under PP.

13.1 Moments

Consider the rv X : Q — R. Withp = 1,2, ..., we define the p"* moment my, of
X by
(13.1) my = E [X7?]

provided the expectation exists.
For any p > 0 the absolute p'" moment of X is given by

(13.2) uy =E[|IX]7].

This quantity is always well defined, and may possibly be infinite. Note that (13.2)
in general cannot be defined for non-integer p > 0 (unless X > 0 a.s.)

Definition 13.1.1

When p = 1 we refer to m; as the first moment of X. When p = 2, mo always
exists but may be infinite. We say that the rv X is a second-order rv if the second
moment is finite, namely if E [| X |?] < oc.

When the first moment of X exists and is finite, the definitions (13.1) and (13.2)
lead naturally to the centered expectations given by

(13.3) mi=E[(X —E[X])?”], p=12,...

*
p

167
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and

(13.4) py=E[X -E[X][], p>0

provided these expectations exists.

Fact 13.1.1 With1 < p < q (not necessarily integers), we have
E[X[P]<1+E[X]T].

In particular, the finiteness of E [| X'|9] implies that of E [| X |P].

Proof. With v > 0 the inequality u? < 1 4 u? holds whenever 1 < p < ¢ (not
necessarily integers), and the result follows by the monotonicity of integration. W

13.2 Variance and covariance

If the rv X : Q@ — R is a second-order rv, then E [|X|] < oo by virtue of Fact
13.1.1, and both E [ X] and E [| X |] exist and are finite. The centered moment (13.3)
for p = 2 occupies an important place in Statistics and the Data Sciences where it
referred to as the variance.

Definition 13.2.1
The variance Var [X] of the second-order rv X is given by

(13.5) Var[X] = E [(X _E [X])ﬂ

and is well defined and finite. It is also customary to refer to the square-root of this
quantity as the standard deviation o(X) of the second-order rvs X , namely

o(X) = +/Var[X].

Noting that (X — E [X])? = X2 — 2E [X] X + E[X]?, we conclude that

Var[X] = E[X2—2E[X]X+E[X]2
= E[X? -2E[X]E[X]+E[X]?
(13.6) = E[X* -E[X].
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Since (X — E [X])? > 0it follows that Var [X] > 0, and the inequality (E [X])* <
E [X 2} therefore holds between first and second moments. It should also be noted
that Var [X] = 0is equivalent to X —E [X] = 0 a.s. In other words, a second-order
rvX has zero variance if and only if it is degenerate with X = [E [X] a.s.

Definition 13.2.2
Let X,Y : Q — R be a pair of second-order rvs. The covariance Cov [X,Y]
between the rvs X and Y is defined by

(13.7) Cov[X,Y] =E[(X —E[X]) - (Y —E[Y])].

The quantity (13.7) is well defined by virtue of the fact (|a| — |b|)? = a4+ b —
2|al - [b| > 0 for arbitrary scalars a and b in R, so that |a| - [b] < (a? + b%). As
was done for the variance, we can write

(X-EX]) - (Y-E[Y])=XY-E[X|]Y-E[Y]X+E[X]E[Y].
Taking expectations we get
(13.8) Cov[X,Y]=E[XY]-E[X]E[Y]

as an alternate definition for the covariance between the rvs X and Y. Note that
Cov [X, X] = Var [X].
‘We close this section with a classical definition.

Definition 13.2.3

Let X,Y : Q© — Rbe a pair of non-degenerate second-order rvs., i.e.. Var [X] >
0 and Var [Y] > 0. The coefficient of correlation p(X;Y') between the rvs X and
Y is defined by

. _ Cov [X, Y] _ Cov [)(7 Y]
(122 pX;Y) = VVar[X]-y/Var[Y] o(X)-o(Y)

We stress that the probability distribution of the rv X (resp. Y') determines
Var [X] and (X)) (resp. Var[Y] and o(Y)), while Cov [X, Y] and p(X;Y) are
determined by the joint distribution of the pair of rvs X and Y.
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13.3 Sums of rvs

Consider a collection of rvs Xq,..., X, : © — R. We already know that if
E[|X;|] < oo foreachi = 1,...,n, then the expectation of the sumrv X; + ...+
X, exists and is finite with

EXi+...4+ X =E[X1]+... +E[X,].

It is certainly natural to wonder what would be the analog of this fact for the vari-
ance. This is discussed next.

Lemma 13.3.1 Ifthervs Xq,..., X, are second-order rvs, then
(13.10) Var [X] + . . ZVar Xy +Z Z Cov [ Xy, X .
k=1¢=1, £k

Proof. We start by noting that the rv X7 +. ..+ X, is also a second-order rv since
X1+ 4+ X)) <n (X2 +.. 4+ X))

by the convexity of the mapping ¢t — ¢2 on R. Noting that

n

X1+ +X, —EX1+... 4+ Xa] =Y (X —E[X3]),
k=1

elementary calculations give

(Xi4...+ Xp—E[X1+... 4+ X,))?

= ZZ Xy —E[Xk]) - (X — E[Xd])
=1 (=1

= > (X —E[Xy)’

k=1

+Z Z (X — E[Xz]) - (Xp —E[XY]).

k=1 (=1, (£k

Taking expectations on both sides of this last relation, we conclude that

Var [ X1 +...+ X,] = f:E[(Xk—E[Xk]ﬂ
k=1

£ Y B[ —E[Xy)- (X¢ — E X))

k=10=1, (#k
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and the desired conclusion (13.10) follows. [ |

13.4 Uncorrelated rvs

We begin with a definition.

Definition 13.4.1

The second-order rvs X and Y are said to be uncorrelated if Cov [X,Y] = 0. It
is customary to say that the rvs X and Y are positively correlated (resp. negatively
correlated) if Cov [X,Y] > 0 (resp. Cov [X,Y] < 0).

Second-order rvs which are pairwise independent are necessarily uncorrelated.

Fact 13.4.1 If two second-order rvs X andY are independent, they are necessarily
uncorrelated.

Proof. The rvs X and Y being independent, the centered rvs X — E[X] and
Y — E[Y] are also independent, whence

E[(X -E[X])- (Y -E[Y])]=EX -E[X]]-E[Y —E[Y]] =0

by virtue of Lemma ?? |

However, the converse is not true even when the rvs X and Y are second-order
rvs as the following counterexample shows.

Example 13.4.1 With the rv U uniformly distributed on [0, 1], consider the bounded
(hence second-order) rvs X and Y given by X = cos (2nU) and Y = sin (27U),
so that X - Y = 3 sin (47U). Note that
cos(2km) — cos(0)
2km

1
E [sin 2knU] = / sin(2kmu)du = =0, k=12
0
(since cos(2¢m) = 1forall £ =0,1,2,...)whence E[Y] =0and E[X - Y] = 0,
leading to Cov [X, Y] = 0. However, the rvs X and Y are not independent as can
be seen from the fact that X? + Y2 = 1: Knowledge of cos (2rU) determines
sin (27U) (up to a sign) with Y = ++/1 — X2, See Exercise 13.10 for another
take on this counterexample. |
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The next result shows the usefulness of being uncorrelated in calculations deal-
ing with the variance of sums of rvs. As a direct consequence of (13.10) we get the
following often used fact.

Fact 13.4.2 Ifthe rvs Xy, ..., X, are pairwise uncorrelated, i.e.,
_ k#{L
Cov X, Xel =0, p v 21
then
n
(13.11) Var [Xy + ...+ X, =) Var [Xy].
k=1

In other words, the variance of a sum of uncorrelated rvs is indeed the sum of
their individual variances.
13.5 The Cauchy-Schwarz inequality

We now present in this and the next two sections several important inequalities
concerning expectations

Theorem 13.5.1 (Cauchy-Schwarz inequality) For any pair of second-order rvs
X,Y : Q — R we have

(13.12) E[X Y] < VE[X? - VE[[Y]?]

with equality if and only if there exist constants a and b in R not simultaneously
zero (i.e., a®> + b%> > 0) such that aX + bY =0 a.s.

The moment [E [ X - Y] is well defined and finite as pointed out in a comment
following (13.7).

Proof. The inequality (13.12) trivially holds when either E [| X |*] = 0orE [[Y]?] =
0 since then X = 0 a.s. or Y = 0 a.s,, resulting in XY = 0 a.s. Therefore from
now on we assume that E [|X|?] > 0 and E [|Y|?] > 0. With this in mind, con-
sider the quadratic form ) : R — R given by

O\ =E [(X + AY)2] , AER

Note that Q()\) is well defined and finite (since (a + b)2 < 2(a? + b?) for all
a,b>0).
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Obviously,

(13.13)  Q(\) = E[X’]+2\E[XY]+NE[Y?], AeR

The roots of this quadratic form are determined by the sign of the discriminant
A= (E[XY])’ - 4E [X*]E[Y?] =4 (E[XY]* - E[X?]E[v7]).

By its very definition, Q(\) > 0 for all \ in R, hence the quadratic equation
Q(A) = 0 on R cannot have two real distinct roots, say A\; < Ag, as this would
imply Q(\) < 0 in the interval (A, A2) under the condition E [Y2] > 0. In other
words, it is not possible for A > 0 to occur. Note that the alternative, namely
A <0, is equivalent to the Cauchy-Schwarz inequality.

If (13.12) holds as an equality, then we necessarily have A = 0, in which
case there exists a unique \* in R such that Q(A\*) = 0. As this is equivalent to

E [(X + )\*Y)ﬂ = 0, we conclude that X + A\*Y = 0 a.s., hence aX +bY =0

a.s. with @ = 1 and b = A\* — Obviously, a® + b? = 1 + (\*)? > 0.

Conversely, assume that there exist constants a and b in R not simultaneously
zero such that a X + bY = 0 a.s. For instance, assuming a # 0 for the sake of
concreteness, we have X + a1y = 0 a.s. and Q(a~'b) = 0. Thus a !bis a
real root of the quadratic form, in fact its only real root. As this requires A = 0 we
get equality in the Cauchy-Schwarz inequality. The case where b # 0 is handled
similarly, and details are left to the interested reader. [ ]

The inequality (13.12) yields a little more: Indeed, as we apply the Cauchy-
Schwarz inequality to the second-order rvs | X | and |Y'| we get

E(IX]- Y]] < VE[IXP]- VE[IY]Y,

whence
(13.14) E[X Y] <E[X]- Y]] < VE[X]]- VE[Y]?].

The Cauchy-Schwarz inequality yields the following interesting consequence
concerning the range of correlation coefficients.

Fact 13.5.1 Let X,Y : Q — R be a pair of non-degenerate second-order rvs., i.e..
Var [X] > 0 and Var [Y| > 0. The coefficient of correlation p(X;Y") between the
rvs X and Y satisfies

(13.15) lp(X;Y) <1

with equality if and only if there exist constants a and b in R not simultaneously
zero (i.e., a> +b? > 0) such that a (X —E[X]) +b(Y —E[Y]) =0 a.s.
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Proof. This fact is a straightforward consequence of Theorem 13.5.1 applied to
thervs X —E[X]andY — E[Y]. [ ]

13.6 The Holder inequality and its consequences

The Cauchy-Schwarz inequality admits the following generalization known as Holder’s
inequality

Theorem 13.6.1 (Hoélder’s inequality) Consider a pair of rvs X, Y : Q — R such
that E [| X |P] < oo and E[|Y']9] < oo forp,q > 1. Whenever

1 1

(13.16) —+=-=1,

P q
it holds that ) )
(13.17) E[X|- Y]] <(E[X|P])? - (E[|Y]|])«.

Definition 13.6.1
Pairs of integers p and ¢ such that (13.16) holds are said to form a conjugate

pair. Holder’s inequality reduces to the Cauchy-Schwarz inequality when p = ¢ =
2.

Under the conditions E [| X |P] < co and E [|Y]9] < oo, the inequality (13.17)
necessarily implies E [| X |- |Y|] < oo, hence E [XY] exists as a finite quantity
satisfying

1 1
EXY) <E[X]- Y]] < E[X[P)> - E[]Y]1)e
by the usual arguments. It should also be noted that (13.17) automatically holds if

either E [| X|P] = co or E [[Y]9] = o0.

Proof. The inequality (13.17) trivially holds when either E [| X |P] = 0or E [|Y|9] =
0 since then X = 0 a.s. or Y = 0 a.s., resulting in XY = 0 a.s.

From now on assume that E [| X |P] > 0 and E [|Y'|?] > 0, and consider the rvs
X, and Y " defined by

X|P Y|
X* = | and Y = .
PE[IXP] ¢ E[Y]
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Obviously, we have E [X;] =land E [Yq*] =1.
For each x > 0 and y > 0, the inequalities

(13.18) oyl < e+ (1= Ny, 0<A<1

hold since equivalent to Alogz + (1 — A)logy < log (Az + (1 — \)y) (which
holds by virtue of the concavity of the function ¢ — log ¢ on (0, 00)).
Fix Ain (0, 1). Using (13.18) with z = X and y = Y* we conclude that

(X)) () T < axg + (- Y,

whence
E|(x)" ()" 7] < AE[X]+ (- NE[Y;]
(13.19) = A+(1-)N=1

With A\ = p~! (so that 1 — X\ = ¢~!) the integrand in (13.19) can be rewritten
as

jpoa_ X

X (vr . .
L) (E[X[P)> (E[Y]4])q

and (13.19) becomes

I
1 1| =
(EflX[P)>  (E[Y]9])s
This completes the proof of (13.16) |

Minkowski’s inequality The following result is a consequence of Holder’s in-
equality and gives an important fact concerning the geometry of the set of rvs
whose p!* moment is finite.

Theorem 13.6.2 (Minkowski’s inequality) Forrvs X, Y : Q0 — R such thatE [| X |P] <
oo and E[|Y'|P] < oo for some p > 1, we have the inequality

S

(13.20) E[IX +Y]P))7 < (E[X]P])7 + B[V .
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Proof. The identity |z + y[P < 2P~! (|z|P + |y[P) is valid for all 2, > 0 by the
convexity of the mapping ¢ — |¢t|P on R. Therefore, E[|X + Y |P] < oo if both
E [|X|P] and E [|Y |P] are finite.

The case p = 1 being immediate by the last identity (which then reduces to
the triangular inequality), we assume from now on that p > 1. Moreover, as the
result automatically holds if X +Y = 0 a.s., we need only consider the case when
E[|X + Y|P] > 0. Under these conditions, we begin by writing

X +YP = | X+Y|- | X+Y]P?
< XX +YPTLEY] X Y P

whence

E[|X + Y]
(13.21) < E[|X] [ X+YP Y +E[Y]- X +YPY].

Choose g > 1 conjugate to p so that ¢ = ]% by (13.16), and note that
E[(X+YPP ) =E[X +YP] < cc.

Applying Holder’s inequality to the rvs | X | (with E [| X|P] < oo) and | X + Y |P~1
(with E [(|X + Y[P~1)?] < c0) we conclude that

EX|-IX+YP7] < @IXF)?- (E[(1X+YP)])e

(13.22) = ENXP)7 - B[X + Y.

Similarly, we have

(1323)  E[Y[-IX+YPY] < E[YP)7 - E[X + Y]]
Combining (13.21), (13.22) and (13.23) we conclude that

E[X+YP] < (EIXPD? +E[YF)?) - EIX +YP)s.

Upon dividing both sides by (E [|.X + Y|p])%, we obtain
1 1 1
ENX+YP)'"7 < E[XP)? + E[Y P>,

and the proof of (13.20) is now complete since 1 — % = ]l). [ |
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13.7 Jensen’s inequality and its consequences

Several useful bounds involving moments of rvs are a byproduct of convexity; in its
general form this is expressed through Jensen’s inequality which is now discussed.

Recall the definition of convexity: A mapping g : R — (—o0, +00] is convex
if the conditions

A€ 0,1]

(1= Nzo +Az1) < (1= Ng(zo) + Aglan), " g 4o

hold. The effective domain Dom(g) of g is the subset of R given by
Dom(g) ={z € R: g(x) € R}.

Theorem 13.7.1 (Jensen’s inequality) Considerarv X : Q — R such thatE [| X|] <
oo. For any convex mapping g : R — (—o00, +00|, whenever E [X]| belongs to
Dom(g), it holds that

(13.24) g(E[X]) <E[g(X)]

ifE[g(X)7] < oc.

The assumption E [|X|] < oo ensures that E [X] is well defined and finite.
As will become apparent in the forthcoming proof, E [g(X)] is not well defined if
E [¢g(X)~] = oo for then it is necessarily the case that E [g(X )] = co. However,
under the condition E [g(X)™] < oo, the expectation E [g(X)] is well defined,
though possibly infinite; see an example below.

Proof. If E [X] belongs to Dom(g), then the sub-differential of g is well defined
at that point and non-empty. Therefore, for any v in dg(IE [X]) it holds that

gEX]) +v(z -E[X]) <g(z), zeR

Evaluating this last inequality at x = X and using the decomposition g(X) =
g(X)™ — g(X)~ we conclude that

(13.25) JE[X])+v(X -E[X]) +9(X)” <g(X)".

Taking expectations we note the following: Under the assumption E [|.X|] < oo,
the expectation of the rv g(E [X]) 4+ v (X — E [X]) 4+ ¢g(X)~ is well defined and
given by

g(E[X]) +vE[X —E[X]] + E [¢(X)"] = g(E[X]) + E [¢(X)"].
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Thus, (13.25) now gives
(13.26) IEX) +E[9(X)"] <E[g9(X)"];

this holds even if E [¢(X) "] = oo and E [g(X) ™| = oo. However, if E [g(X) 7] is
finite, then IE [¢(X)] is well defined in the usual manner as E [¢(X)] = E[g(X)T]—
E [g(X)~], and the desired conclusion (13.24) follows from (13.26). [ |

Back to the variance We have shown earlier that if X is a second-order rv, then
(E[X])* < E [X?]. Note that this is also a simple consequence of Jensen’s in-
equality applied to the mapping g : R — R : ¢t — t?> —Here E [g(X)~] = 0 and
obviously there is no guarantee that E [X?] < oo simply because E [| X|] is finite
as discussed above. In fact, it is trivially the case that (E [X])? < E [X?] when
E [X?] = oo as soon as E [X] exists, finite or not.

Lyapounov’s inequality In Section 13.1, with 1 < p < ¢ we noted that E [| X |P] <
oo holds whenever E [| X'|9] < oo, thereby suggesting a possible monotonicity for
E [| X|P] as a function of p. Lyapounov’s inequality given next is an easy conse-
quence of Jensen’s inequality, and provides a more precise version of this sugges-
tion.

Lemma 13.7.1 (Lyapounov’s inequality) For any rv X : 2 — R, the monotonicity
property
(13.27) E[XP)? < E[xX)7 1<p<q

holds.

Proof. Pick p and ¢ such that 1 < p < ¢, and introduce A > 1 such that ¢ = Ap.
The mapping 2 — |x|* being convex on R, we conclude with the help of Jensen’s
inequality that

E(XI] =E[(XPP)] = @1XP])*.

Exponentiating both sides of this last inequality to power ¢~ ! yields (13.27) since
A t=gplgt=p7h m
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13.8 On the way to normed spaces of rvs
Forany rv X : 2 — R we write
(13.28) 11, = (X7, p>1.
With this notation, Lyapounov’s inequality (13.27) states that the mapping [1, co) —
[0, 00] : p — || X]|, is non-decreasing.
A semi-norm Fix p > 1: Let £, denote the set of all rvs X : {2 — R such that
E[| X ] < co. Equivalently, £, can be defined as
L,={RvX:Q—=>R: || X|, <oo}.

Obviously, for arbitrary rvs X and Y in £, it holds that
(13.29) [t~ Xllp = [¢]- [ X1lp, teR
while Minkowsk’s inequality gives
(13.30) X+ Yl < ([ Xl + 1Yl

The properties (13.29) and (13.30) are known as (positive) homogeneity and the
triangle inequality, respectively; they turn the mapping X — || X]||, into a semi-
norm on L,. While it is always the case that ||.X||, > 0, the condition || X||, = 0
only implies X = 0 a.s. (and not X = 0 on (), and the mapping X — ||X||, is
therefore not a norm on £, (as this would require X = 0 on {2).

Constructing a norm There is a simple way to turn this semi-norm into a bona
fide norm. Note that a.s. equality (under P) defines an equivalence relation, de-
noted ~p, on all rvs 2 — R defined on the probability triple (£2, F,P): For rvs
X,Y : Q — R defined on the probability triple (€2, F,P), we write

X ~pY ifandonlyif P[X #Y]=0.
With rv X : Q — R, the equivalence class [X]p of X under ~p is given by
(Xlp={RvY : Q—=R:Y ~p X}.

Note that [X]p = [Y]p whenever X ~p Y, so that ||Y||, = || X]|, for every rv
Y in [X|p. It follows that [ X]p is a subset of £, whenever X belongs to £,. The

definition
L, = {Xp: X € Ep}
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is therefore well posed, and set
XTIl = 1Y llp, [X]e € Ly

where Y is any element in £, belonging to [X|p. It is easy to check that this
definition is also well posed (and independent of the selection of Y in [X]p), and
that it defines a semi-norm on L,,. Moreover, ||[X]p|, = 0is equivalent to ||[X]p =
[0]p, hence it is a norm on L,, (since [0]p is the zero element in Ly).

13.9 In the limit

Pick arv X : Q — R such that E [|X|?] < oo for all ¢ > 1. The monotonicity
property (13.27) ensures that the convergence lim,_,, ||-X ||, takes place monoton-
ically with the limit identified as

(1331) lim |||, = sup | X,
q—0 1

The question naturally arises as to whether this limiting value can be given a more
operational (and therefore more useful) form.
To that end we introduce the quantity

(13.32) | X||oo = inf{a>0: P[|X]|>a] =0}

with the understanding that || X || = oo if the set {a > 0: P[|X]| > a] =0} is
empty. This definition is well posed as an element of [0, co] upon noting that
P[|X| > a] decreases with increasing a.

The reader with some knowledge of Measure Theory will identify || X || as
the P-Essential Supremum of the rv | X|. The main result concerning this quantity
is given next.

Proposition 13.9.1 For any rv X : Q) — R it holds that

(13.33) sup [ X|[g = [[ X |loo-
q>1

Proof. Assume first that || X ||oc = 0: Then, foralla > 0 we have P[| X| > a] = 0,
or equivalently P [|X| < a] = 1. Obviously X = 0 a.s., and || X||; = 0 for all
q > 1, so that (13.33) automatically holds.



13.10. HOLDER’S INEQUALITY WHEN P = 1 181

For the remainder of the proof we assume || X ||oc > 0. Fix ¢ > 1 and pick
a > 0 arbitrary. The easy decomposition

(13.34) E[X]7] =E[X|“1[[X]| < al] + E[[X|*1[|X] > a]]

implies the bound
a’ - E[1[]X] > a]] <E[IX]7].

It then follows that
(13.35) a-(B[IX|>a)7 < E[X)7, ¢> 1.

If || X||oo = 00, then the set {a > 0: P[|X| > a] = 0} being empty, we have
P[|X]| > a] > 0 for all @ > 0, in which case limg_,o (P [| X| > a])% = 1. Letting
q go to infinity in (13.35) we conclude that @ < sup,>; || X||, for each a > 0.
Therefore, sup,>; || X ||, = oo and we obtain (13.33).

If 0 < || X||loo < 00, thenontherange 0 < a < || X ||oo, we have P[| X | > a] >

0 and again it follows that lim,_, (P [|X| > a])% = 1. Letting ¢ go to infinity in
(13.35) we conclude that a < sup,>; || X[, whenever 0 < a < [|X ||, whence
[ X1[oo < sup,>q [[X||q- This shows that (13.33) holds.

Next, still under the condition || X || < oo, for a > ||X || it holds that
P[|X]| > a] = 0, or equivalently E [1[|X]| > a]] = 0sothat 1[|X]| > a] =0 a.s.,
whence | X |71 [| X | > a] = 0 a.s. It then follows from (13.34) that

E[XI7 = EIXILIX| <al) <o PIX| < a) =ar, 1=
and we obtain the bounds (E HX|‘1])% < a on the range || X || < a. It follows that
SUpP;>1 | X|lq < a whenever || X || < a, whence SUpP;>1 1 Xl < [|X]|oc. Com-

bining with the earlier conclusion we get the equality (13.33) under the condition
0 < || X oo < o0. |

13.10 Holder’s inequality when p = 1

The attentive reader may have noticed that Holder’s inequality was given only for
conjugate pairs p and g such that p,q > 1, and it is therefore natural to wonder
what happens when p = 1: Formally the defining relation (13.16) suggests that the
conjugate q of p = 1 should be taken to be ¢ = oc.
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Theorem 13.10.1 (Holder’s inequality when p = 1) Forrvs X,Y : 0 — R such
that E[| X|] < oo and ||Y ||sc < 00, it holds that

(13.36) E{IX|- Y] < E[X[] - [|Y ]|oo-

Proof. First note that whenever ||Y'|| is finite, then ||Y||; < oo forall ¢ > 1
by virtue of Proposition 13.9.1. Next we pick n = 1,2,... and fix p > 1: Itis
plain that || min (n, | X|) ||, < co. Applying Holder’s inequality for p > 1 and its
conjugate q = ﬁ we get

E(|min (n, |X1) - Y]] < E [ min (n, |X]) "] - E[[Y]9)1 .

Now let p go down to 1, say p | 1 (so that ¢ T 00), in this last inequality: Bounded
convergence yields

lim B {| min (n, |X) 7] = E [min (n, [X])],

whence limy,|; E [| min (n, | X|) \p]% = E [min (n,|X])]. On the other hand, we
1

get limgpoo E[|Y|9¢ = ||Y|ls by Proposition 13.9.1. Collecting these facts we
conclude that

E[|min (n, |X|) - Y]] < E [min (n, [X])] - |V ]lo, n=1,2,...

Let n go to infinity in this last inequality. By monotone convergence we get
both

lim E [ min (n, | X]) - Y]] = E | lim min (n, |X[) - V]| = EX]-[Y]

n—oo

and lim,,_, o0 E [min (n, | X|)] = E[|X|]. The conclusion E[| X |- Y]] < E[|X]] -
||Y |l follows, and the proof of (13.36) is now complete. [ |

13.11 Exercises

All rvs are defined on the same probability triple (2, F, P).
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Ex. 13.1 (Optimality of the first moment) The following fact lies at the root of the
popular Minimum Mean Square Estimation (MMSE) procedures: For a second-
orderrv X : 2 — R, show that

E [|X —E[X]ﬂ <E [yX —aﬂ , acR
In other words, the first moment E [ X | solves the minimization problem
Minimize {]E [|X - a|2] L ac R} .

Ex. 13.2 Consider two second-order rvs X, Y : Q@ — R such that either E [X] =
E[Y]or E[X] = —E[Y] . Give conditions for the rvs X —Y and X + Y to be
uncorrelated.

Ex. 13.3 Let N be a discrete rv with support contained in Ny (i.e., P[N € Ny| =
1) with a finite second moment, i.e., E [N?] < co. Also let {X,, n =1,2,...}
denote a collection of second-order rvs. Assume the rvs {N, X,,, n =1,2,...} to
be mutually independent.

a. Compute the first moment E {Zﬁle Xn} .

b. Compute the variance Var {Zﬁle X n} .

c. Specialize the results of Parts a and b when the rvs {X,,, n = 1,2,...}
have identical mean and variance, namely ¢ = E[X;] = E[X;3] = ... and 02 =
Var[X;] = Var[Xs] = ...

Ex. 13.4 Let N be a discrete rv with support contained in Ny (i.e., P[N € Ny| =
1) with a finite second moment, i.e., E [NQ} < o0. Also let {X,,, n =1,2,...}
denote a collection of second-order rvs. Assume the rvs {N, X,,, n =1,2,...} to
be mutually independent.

a. Compute the first moment

2=

b. Compute the variance

| N
Var N Z Xnl .
n=1
c. Specialize the results of Parts a and b when the rvs {X,,, n = 1,2,...}
have identical mean and variance, namely u = E[X;] = E[X;3] = ... and 0? =

Var[X] = Var[Xs] = ...
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Ex. 13.5 We start with a collection Uy, Us, ..., U, of n rvs, each uniformly dis-
tributed over the interval (0,1). Also available is a rv P with the property that
P[0 < P <1] = 1. Assume that the n + 1 rvs P,Uy,...,U, are mutually in-
dependent rvs, and that the rv P is a discrete rv with P[P € S] = 1 for some
countable subset S C (0, 1].!

a.Fori,j =1,2,...,n,compute E [1[U; < PJ]and Cov [1[U; < P],1[U; < P
(in terms of momnents of P)

b. Fori,j =1,2,...,n,arethervs 1 [U; < P]and 1 [U; < P] uncorrelated?

c. Under what conditions are the rvs 1 [U; < PJ,...,1[U, < P] uncorre-
lated? pairwise independent? mutually independent?

Ex. 13.6 The setting is that of Exercise 13.5. Under the assumptions there, we are
interested in the rv X defined by

Xzzn:I[UiSP}.
=1

a. Compute E [X] in terms of E [P].

b. How many moments of P are needed to compute Var [X]?

c. When S contains at least two elements, are thervs 1 [U; < P],...,1[U, < P]
(1) mutually independent (ii) pairwise uncorrelated ?

d. Compute the probabilities

PX =k], k=0,1,...,n.
How many moments of P are needed?

Ex. 13.7 Consider two second-order rvs X,Y : 2 — Rsuchthat X +Y = a a.s.
for some constant a.

a. Show that it is always the case that Cov [X, Y] < 0.

b. Under what conditions are the rvs X and Y negatively correlated?

Ex.13.8 With 0 < p < 1, let X(p),Y (p) : 2 — R be a pair of independent
Bernoulli rvs with P[X(p) =1] = 1 —P[X(p) =0] = pand P[Y(p) =1] =
1—P[Y(p) = 0] = p.

a. Compute the covariance Cov [| X (p) — Y(p)|, X (p) + Y (p)] between the
rvs | X (p) — Y(p)| and X (p) + Y (p) as a function of p.

"The results of Exercises 13.5 and 13.6 also hold for any rv P, discrete or not, satisfying 0 <
P < 1 as. However the general case is best handled through the use of conditional expectations
discussed in Chapter 2?.
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b. Find all the values of p in (0, 1) such thatrvs | X (p)—Y (p)| and X (p)+Y (p)
are uncorrelated rvs.

c. Find all the values of p in (0, 1) such that rvs | X (p) — Y (p)| and X (p) +
Y (p) are independent rvs. [HINT: For the values of p in Part b, compute the
joint probability P [|.X (p) — Y (p)| = 0, X (p) + Y (p) = 0] and compare it to the
product P [| X (p) — Y (p)| = 0] P [X (p) + Y (p) = 0].]

Ex. 13.9 Consider four second-order rvs Xi, Xo,Y7,Ys : © — R. If the two-
dimensonal rvs X : Q@ — R? and Y : Q — R? are independent where X =
(X1, X2) and (Y7, Y2), show that

Cov [Xl +Y, X0+ YQ] = Cov [Xl,Xz] + Cov [Yl,YQ] .

Ex. 13.10 We start with the rv U : Q — R which has a symmetric distribution, i.e.,
U =4 —U (where as usual =, refers to equality in distribution). Given are two
Borel mappings f, g : R — R with the following properties: f(—z) = —f(z) and
g(—z) = g(z) for all z in R. Assume that E [|f(U)|?] < co and E [|g(U)|?] <
o0,

a. Show that Cov [f(U),g(U)] = 0,i.e., thervs X = f(U) and Y = g(U) are
always uncorrelated.

b. Consider now the case when f(z) = sin (z) and g(z) = cos () for all z in
R (in which case |f(x)|? + |g(x)|> = 1). In the spirit of Exercise 13.7, show that
Cov [|f(U)%,19(U)|*] < 0 with the implication that the rvs | X |? and |Y'|? are not
independent, and a fortiori X and Y cannot be independent!

Ex. 13.11 Let A and B be events in F, and let X4 = 1[A] and Xp = 1[B]
denote their indicator functions.

a. Compute the covariance Cov [X 4, X ]

b. Show that rvs X 4 and X are uncorrelated if and only if the events A and
B are independent.

c¢. Show that the rvs X 4 and X p are independent if and only if the rvs X 4 and
X p are uncorrelated.

Ex. 13.12 Consider two second-order rvs X, Y : 2 — R which are independent
with E [X] = E[Y] = 0. Define the rvs U,V : Q@ — Rby U = min(X,Y) and
V = max(X,Y).

a. Compute E [UV].

b. Are the rvs U and V second-order rvs?.

¢. Are the rvs U and V uncorrelated? Are they independent?
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Ex. 13.13 Consider two second-order rvs X,Y : {2 — R. We assume that (i) the
rvs X and Y are independent rvs and that (ii) each has a symmetric distribution,
ie, X =4 —XandY =g —Y. Definethervs U,V : @ — Rby U = min(X,Y)
and V = max(X,Y).

a. Show that V = —U.

b. Compute Cov [U, V]

¢. Under what additional conditions are the rvs U and V uncorrelated?

Ex. 13.14 Consider three second-order rvs X,Y, Z :  — R such that (i) X +
Y +Z =1as. and (ii) Var [X] < Var [Y] < Var [Z].
a. Show that the rvs X and Z (resp. Y and Z) are negatively correlated in the
sense that Cov [X, Z] < 0 (resp. Cov [Y, Z] < 0).
b. Show that Cov [X,Y] > 0 (i.e., the rvs X and Y are positively correlated)
if and only if
Var [X] + Var [Y] < Var [Z].

c. Show that it is always the case that |Cov [ X, Z]| < |Cov [Y, Z]|.

Ex. 13.15 Considerarv X : Q — R.
a. Show that there always exists a scalar M in R such that

1 1
PX<M]>; and PIX>M]>_.

Such a scalar is called a median for the probability distribution function of the rv
X. Is such scalar unique?

b. Let Fiy : R — [0, 1] denotes the probability distribution function of the rv
X. If Fx : R — [0, 1] is a strictly increasing and continuous function, show that
there is only one median and it is characterized by

c. If E[|X|] < oo, then show that
E[X - M[]<E[|X —a]], acR
for every median M of X.

Ex. 13.16 The following (important) inequality happens to be true: With f, g :
R — R monotone non-decreasing mappings,” it holds that

(13.37) ELf(X)]-Elg(X)] <E[f(X) - g(X)]

This means f(x) < f(y) and g(x) < g(y) whenever z < y in R
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whenever the expectations are well defined, e.g., when f and g take non-negative
values.

a. Try to give a proof of this fact when X is a discrete rv with support on some
countable set S C R with pdf py = (P[X =z], z € S). So you will need to
show that

(Z f($)px(»’v)> : (Z Q(JJ)PX(@“)) < f@)g(@)px (x).

z€S €S €S

It is feasible but not a pleasant exercise. Just think about it for a few minutes!
Here is now a probabilistic proof in a few lines, said proof illustrating the power
of probabilistic thinking!

b. Explain why it is always the case that

Ay, 2) = (f(y) — f(2) - (g(y) —g(2)) =20, y,zeR

c. Let Y and Z be two independent rvs {2 — R, each with the same probability
distribution as X. What is the sign of E [A(Y, Z)]?
d. Use Part ¢ to conclude that (13.37) holds!

Ex. 13.17 Consider arv X : 2 — R defined on the probability triple (2, F,P).
The quantity || X || is completely determined by the probability distribution of the
rv | X| (through the probability triple (£2, F,P)). More precisely: For k = 1,2, the
v X : Qr — Ris a rv defined on the probability triple (Qy, Fi, Px). If the dis-
tribution of | X | under P; coincides with that of | X2 | under Py, then the quantities
| X1]|co (computed under 1) and || X3 ||« (computed under P2) coincide.

a. Show that || X ||oc < sup{|X(w)|: w € Q}.

b. Give an example when this inequality is strict with both quantities || X0
and sup {| X (w)| : w € Q} finite

c. Give an example when || X || is finite but sup {| X (w)| : w € Q} = .

Ex. 13.18 For any rv X : Q@ — R, it was noted that E [| X|P] < oo for all p in
the interval [1, ¢] as soon as E [| X'|?] < oo for some ¢ > 1, an observation which
translates into the nested inclusions £, C £, C £; when 1 < p < g. It is natural
to wonder as to what is the set Ny>1L,. In view of Proposition 13.9.1 it might be
tempted to conclude that Ny>1 L, = Lo Where

Loo={RvX:Q—-R:[X]|c <o0}.

Show by a conterexample that this guess is incorrect and that £ is a strict subset
of Ng>1L, — In other words, it is possible for E [| X |7] < oo for every ¢ > 1 and
yet || X ||oo = co. [HINT: Consider a Gaussian rv or an exponetial rv.]
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Ex. 13.19 Show that (13.32) defines a semi-norm on the linear space of all rvs
defined on (2, F,PP), namely for arbitrary rvs X,Y : © — R, it holds that
1t X oo = |t]|| X ||oo foreach ¢ in R and || X + Y|oo < | X |loo + |¥ || o-

a. Prove these facts by a limiting argument based on (13.31) and Proposition
13.9.1

b. Prove these facts by a direct argument based on the definition (13.32).



Chapter 14

Bounding probabilities

All rvs are defined as Borel measurable mappings {2 — R defined on the same
probability triple (2, F,P), and all probability distributions are computed under
P.

14.1 Markov’s inequality and consequences

In this section we present a number of inequalities that prove useful in many con-
texts. They are all implied by the very simple observation embedded in Markov’s
inequality.

Theorem 14.1.1 (Markov’s inequality) For any rv X :  — R with X > 0 a.s., it

holds that 1
(14.1) P[th]g;E[X], t > 0.

Markov’s inequality can be quite poor for some values of ¢ > 0: Indeed the
bound will be useless whenever E [X] > ¢ (as will occur for small ) since yielding
a right hand side greater than unity! However, even for large values of ¢ the bound
may not capture the tail behavior of P [X > t|. Here is an example: If X is an
exponential rv with unit parameter, then P[X >t] = e~ for all ¢ > 0 while
E[X] = 1. Clearly e~ decays much faster than ¢ L.

Proof. As the bound trivially holds if E [X] = oo, it suffices to consider the case
when E [X] is finite: Fix ¢ > 0, and note that

X = X 1[X<t|+X -1[X >
> X1 X >t] a.s.
> t-1[X >t] a.s.
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Taking expectations in this last inequality, we find that ¢ - E [1 [X > ¢]] < E[X],
and the conclusion (14.1) follows. [ ]

Markov’s inequality gives rise to several useful inequalities.

The Bienaymé-Tchebychev inequality Consider a second-order rv X. Apply-
ing Markov’s inequality to the rv (X — E [X])? we get

1
IP[(X—IE[X])2 th] < E [(X—E[X])2 . t>0.
This is often written in the equivalent form
1
(14.2) P[\X—E[X]\Zt]gt—2~Var[X}, t>0

and is known as the Bienaymé-Tchebychev inequality.
A particularly useful form arises when using (14.2) with t = Ao (X) for some
A > 0, in which case we get

1

(14.3) PIX —E[X]| 2 Ao(X)] < 55,

A > 0.

This easy fact is often used in statistical studies to assert that the probability that
an observed rv X deviates from its mean E [X] by at least 3 standard deviations is
less than 1/9.

Chernoff bounds As another application of Markov’s inequality consider the
following observation: Fix ¢ in R. With § > 0, we note that X > ¢ if and only if
e?X > % hence

PX > ] :P[eex 26“} :

Applying Markov’s inequality to the rv /X yields

P [eex > e@t} < e OR [eex} .
Collecting these facts we conclude that
(14.4) PIX >t < e *E [e"X] .

Such a bound is known as a Chernoff bound. Note that E [¢?X] always exists,
although possibly infinite. However, only when E [66X ] < oo with 8 > 0 will the
bound just derived be useful.
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Thus far, > 0 is a free parameter, hence we can seek to optimize the bound
(14.4) by selecting # > 0 that achieves the best possible upper bound. This yields

o mxsiz(enle i)

A general Markov inequality The idea behind the Bienaymé-Tchebychev in-
equality and the Chernoff bound can be further generalized as follows: Consider
a non-decreasing function g : R — R, such that E [g(X)] is finite. Fix ¢ in
R. Under these conditions, we note that X > t implies g(X) > g¢(t), whence
P[X >t] < Plg(X) > g(t)], and the basic Markov inequality (applied to g(X))

yields
Elg(X)]

P < =00

whenever g(t) > 0.

14.2 Concentration inequalities

Hoeffding’s inequality
Bernstein’s inequality
Bennett’s inequality

Azuma’s inequality

14.3 [Exercises
All rvs are defined on the same probability triple (£2, F,P).

Ex. 14.1 Isit possible for a non-negative rv X to satisfy Markov’s inequality (14.1)
as an equality for all t > E X, namely

IP’[XZt]:E[t], t>E[X].

Explain!

Ex. 14.2 (14.1) still holds.
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Ex. 14.3 If the rv X satisfies E [2X] = 4, show that P[X > 3] < %

Ex. 14.4 Consider a collection {X,,, n = 1,2,...} of second-order R-valued rvs
such that E [|Xn]2} =c>0foralln=1,2,....

a. Show that P[X,, > ni.0.] = 0.

b. Still assuming that E [\Xn|2] = a, < ooforallm = 1,2,..., find a
strictly weaker condition on the second moments, hence on the sequence {a,,, n =
1,2,...}, that ensures P [X,, > ni.0.] = 0.

¢. Assume now that there exists v > 0 such that E [| X,|'*"] = a,, < oo for

allm = 1,2, ..., find a condition on the sequence {a,, n = 1,2,...} that ensures
P[X, > nio.)] = 0.

Ex. 14.5 Foranyrv X :  — Rsuchthat P[X € N] = 1,i.e., X € Na.s., show
that the inequality P [X > 0] < E [X] always holds. This simple observation is the
basis for the method of first moment often used in the theory of random graphs and
in Combinatorics.

Ex. 14.6 For any second-order rv X : Q — R such that P[X > 0] = 1, i.e.,
X > 0 a.s., show that

(E[x])”

E[X?]
provided E [X?] > 0 [HINT: Note that X = X - 1[X > 0] a.s. and apply the
Cauchy-Schwartz inequality]. This inequality is the starting point for the method
of second moment often used in the theory of random graphs and in Combinatorics
where it is applied to integer-valued count rvs in the form

(E[X])”
E[X2]

<P[X >0

PX=0]<1-

Ex. 14.7 With Hélder’s inequality generalizing the Cauchy-Schwartz inequality,
Exercise 14.6 suggests the following inequality:

a. Considerarv X : Q — Rsuchthat P[X > 0] = 1,i.e,, X > 0 a.s. with
E[|X|P] < oo for some p > 1. With ¢ the conjugate of p, show that

q
<EW%> <P[X >0
(E[XP])»
provided E [|X|P] > 0 [HINT: Note that X = X - 1[X > 0] a.s. and apply
Hélder’s inequality].
b. Apply the result of Part a when X is an exponential rv with unit parameter
and p is an integer, and explore how the bounds improve as p increases.



Chapter 15

Conditional expectations:
The case of partitions

We now turn to the important notion of conditioning in its various forms. In this
chapter the focus will be on the notion of conditional expectations with respect
to a partition. The general notion of conditional expectation is then developed in
Chapter 16.

Throughout we assume given a probability triple (€2, F,P), and all the rvs are
defined on it.

15.1 Conditional distributions and their expectations

We first return to the definitions given in Section 2.5: Let D be an event in F — We
shall often refer to D as the conditioning event. With P [D] > 0, the conditional
probability measure Qp : F — [0, 1] is a well-defined probability measure given
by

P[E N D]

PD] EeF.

Qp(E) =

When P[D] = 0, it is convenient to take Qp : F — [0, 1] to be an arbitrary
probability measure on (2, F) — This issue will be revisited at some later time.

Assume P [D] > 0. It is now possible to define the conditional expectation

of the rv X given D, denoted E [X|D]: It is simply the expectation of the rv X

evaluated under the conditional probability measure Qp defined on (€2, ). The

requirement E [1 [E] | D] = Qp [A] has to be satisfied for any event E in F when

constructing the mathematical expectation operator associated with Qp. These

193
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conditions imply that

E[1[E][D] = QplE]

P[EN D)
P[D]

E[1[D]1[E]]

This observation leads readily to the following characterization.

Lemma 15.1.1 Let D be an event in F such that P [D] > 0. Forany rv X : Q —
R, the conditional expectation of X given D exists (resp. exists and is finite) if the
expectation E [ X| exists (resp. exists and is finite), in which case the relation

(15.2) E[X|D] =

holds.

Proof. The proof is carried out through the usual three step process: It holds for
indicator rvs by virtue of (15.1), thus for simple rvs by linearity of expectation.
Non-negative rvs are handled via a staircase approximation argument with simple
rvs, and the case of arbitrary rvs uses the standard decomposition into the positive
and negative parts. Details are left to the interested reader. [ ]

When P [D] = 0, it is convenient to take Qp : F — [0, 1] to be an arbitrary
probability measure on (€2, F), say even P, for the sake of concreteness; such a
choice will allow us to make sense of E [ X | D] as an expectation of the rv X under
the selected probability measure. However, regardless of the choice made for Qp
it is always the case that

(15.3) E[1[D] X] =E[X|D]-P[D]

as this is true for indicator rvs. More generally it can also be seen as follows:
By Property F of expectation we have E [1 [D] X] = 0 if P[D] = 0 since then
1[D] X = 0 a.s. — See Section 11.2.

15.2 Conditioning with respect to a partition

The next step on our way towards a general notion of conditional expectation
passes through the notion of conditional expectation given a countable partition.
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Given is a countable F-partition {D;, ¢ € I'} of €; see Definition 10.2.1 where
I is now a countable index set (instead of a finite index set as was required in the
definition of simple rvs). The condition U;c; D; = €2 implies

(15.4) Y 1[Di]=1.
icl
The events in the partition are assumed to be non-empty although it is possible to

have P [D;] = 0 for some 7 in I (but not for all indices since P[Q2] = 1). If the
event D in F is of the form

D = UjeJDj
for some J C I, then the decomposition
(15.5) > 1[D;] =1[D]
jeJ

generalizes (15.4) and will be used on several occasions.

Definition 15.2.1

Consider arv X : Q@ — R such that E [X] exists. The conditional expecta-
tion of X given the countable F-partition {D;, i € I} is the extended rv Q@ —
[—00, 00| defined by

(15.6) E([X|D;, i € I]=) E[X|Di]1[Dj]
el

where for each ¢ in I, E[X|D;] is the expectation of X under the conditional
probability distribution of X given D).

Definition 15.2.1 is well posed as a result of Lemma 15.1.1. In particular,
the rv E [X|D;, i € I] is an R-valued rv as soon as E [X] is finite. We stress that
E [X|D;, i € I]is arandom variable and not merely a constant — See (15.7) below.
This rv compactly encodes all the conditional expectations {E [X|D;], i € I},
hence the notation E [X|D;, ¢ € I]. The advantage of collecting all these con-
ditional expectations into a single mathematical construct will become apparent
when carrying out computations.

15.3 Elementary properties

We now present some elementary properties of the conditional expectation of X
given the countable F-partition {D;, i € I}. The key observation, derived from
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(15.6), is that for every ¢ in I, the equality
(15.7) E[X|D;, i€ I]=E[X|D;] onD;

holds. It is therefore not surprising that the elementary properties given below do
hold; in fact Properties A—D are immediate consequences of similar properties for
expectations which were discussed in Section 11.1 and Section 11.2. The proofs
are elementary and therefore omitted.

A. Mutiplying by a constant
For any X : Q — R with E [|X|] < oo, and any scalar c in R, we have

Elc- X|Dy, i€ I]=c-E[X|D;, i € I].

B. Addition
Foranyrvs X, Y : Q - Rwith E[|X|] < oo and E[|Y]] < oo, we have

E[X +Y|D;, i € I]=E[X|D;, i € |+ E[Y|D;, i €1].

C. Monotonicity
Consider rvs X, Y : © — R with E[|X|] < oo and E[|Y|] < co. Whenever
X <Y as., we have

E[X|D;, i € I) <E[Y|D;, i € I].

D. Taking absolute values
For any rv X : Q — R with E [| X|] < oo, we have

IE[X|D;, i € ]| <E[|X||D;, i € 1].

The forthcoming sections develop additional properties of conditioning with
respect to a partition. Although proofs are provided for the sake of completeness,
they are somewhat tedious and can be safely omitted in a first reading. Moreover,
the notion of conditioning with respect to a partition is generalized in Chapter 16
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where the corresponding properties are shown with typically shorter proofs which
better highlight the structure of conditioning.

In the discussion we shall often make use of the following facts inherited from
the definition: It holds that

E[X|D;, i €1]=Y E[X|D]-1[D,]

icl
where E[1(D]- X] ;
(15.8) EIX|D]) = =5 P[Z)j o
However, it is always the case that
(15.9) E[1[D;]-X|=E[X|D;]-P[D;], i€l

15.4 The localization lemma

Lemma 15.4.1 ConsiderarvX : Q — R withE[|X|] < cc. Lettherv Z : Q —
R be of the form
(15.10) Z =Y c¢;1[Dj]
jeJ
for some countable subset J C I and scalars {cj, j € J}. Whenever E [|ZX|] <

00, we have
(15.11) E[ZX|D;,ie€l]=Z72 -E[X|D;, i€ ] as.

In other words, when Z is a rv of the form (15.10) it acts as a constant in the

conditioning process and can therefore be taken out of the conditional expectation.

Proof. The proof proceeds by considering three separate cases, namely when the
index J is a singleton, has a finite size and is countably infinite, respectively.

J is a singleton We start with Z = 1 [D;] for some j in I. Note that

E[ZX|D;,ic€I] = E[Q[D;]-X|D;, i€ 1]
= Y E[1[Dj]- X|Di]-1[D)]
el
(15.12) = > EQR[Dj]-X|D;]-1[Dj] as.

i€l: ]P’[Di]>0
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with

E[1[D;]1[D;] - X]
P[D;]

E[1[D; N D;]- X]
P[D;]

- . BN

E[1[D;] X|Di] =

i€l
P[D;] > 0.
Combining this information in (15.12) with the fact that §(¢, 7)1 [D;] = 1 [D;] 1 [D;]
for all 7 in I, we conclude that
E[ZX|Di,iel] = Y 68(i,5) E[X|D]-1[Dj]
i€l: P[D;]>0

= > 6(i,j) - E[X|Di]-1[Dy] as.
i€l

= Y E[X|Di1[Di]-1[D;]
Iel
(15.13) = 1[Dj]-E[X|Ds, i € I]

This establishes (15.11) when Z = 1 [D;] for some j in I. [ |

= 0(i,5) - E[X|Di],

Finite J Next we consider the case when Z is of the form (15.10) for some finite
index set J C I. By linearity we get

E(ZX|Diicl] = E|[> ¢1(D)) -X‘Di, iel
jeJ
= Y GE [1 D]] -X‘DZ-, iell
jed
= ch E[X|D;, i € I] as.
jeJ
by the first part of the proof. Noting that

> 1D E[X|Dy, i€l] = | ¢1[Dy]|-E[X|D;, i€ 1]
jeJ jeJ

= Z-E[X|Di, i€l],
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we obtain (15.11) when Z is a rv of the form (15.10) with J finite. [ |

Countably infinite J Finally we turn to the case when Z is of the form (15.10)
for some countably infinite index set J C I. There is no loss of generality in as-
suming that J = Ny. Foreachn = 1,2,.. ., write J, = {1,...,n} and introduce
the rv Z,, given by

n

Zn = Z Cj]_ [D]] = chl [Dj] .

J€JIn Jj=1
This rv Z,, is of the form (15.10) with finite index set .J,,. Direct inspection re-
veals that |Z,X| < |ZX]| with [Z,X| = >0 [¢; - X| - 1[Dj] and |ZX| =
> 521 lej - X[ 1[Dj]. Under the assumed integrability condition E [|ZX|] < oo,
the convergence lim,, ., Z,, = Z yields

lim E[|Z,X[] = E[|ZX]]

n—oo

by the Dominated Convergence Theorem.
Fixn = 1,2,.... By an earlier part of the proof we have

E[Z, - X|D;, i€ lI|=2,-E[X|D;, i €I] as.
Let n go to infinity in this last relation. It is plain that

lim E(Z,- X|Di,i€l] = lim (Z-E[X|D;,i€l]) as.

n—oo

(15.14) = Z-E[X|D;, i€l].

We next show that

(15.15) lim E[Z, - X|D;, i€ I|=E[Z-X|D;, i €I],
n—oo

in which case combining (15.14) and (15.15) we obtain (15.11) when Z is a rv of
the form (15.10) with J countably infinite.
To establish (15.15), for eachn = 1, 2, ... we note that

E(Z, X|Di,ic€I] = Y E[Z,-X|Dj]-1[Dj]
el
(15.16) = > E[Z, - X|Dj]-1[D] as.
iEI:]P)[Di}>O
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with

E[Z, X -1[Dy]] iel

E[Z, - X|D] P[Dj] " P[D;] >0,

Letting n go to infinity and invoking again the Dominated Convergence Theorem
we get lim, s E[Z, - X -1[D;]] =E[Z - X - 1[D;]], and the conclusion

. vel
nl;rgoE[Zn-X|D,]—]E[Z-X\Dl], P(D;] >0
follows.

Finally let n go to infinity in (15.16): Using the fact that the collection {D;, i €
I} is a partition, we obtain

lm E(Z,-X|Di,icl] = Y (nli_)rgo]E[Zn-X]Di]) 1[D;] as.
i€l P[Di]>0
= > E[Z X|Di]-1[Dj]
icl: P[D;]>0
= E[Z-X|D;,ie€l] as.
and this immediately yields the desired result (15.15). |

15.5 Taking the expectation of conditional expectations
The evaluation of the expectation of a conditional expectation with respect to a

partition is discussed next. Below we give a direct proof of this result but it can
also be viewed as a special case of iterated conditioning discussed in Section 15.6.

Lemma 15.5.1 ForanyrvX : Q — Rsuch thatE [| X|] < oo, thervE [X|D;, i € I]
has a finite expectation with

(15.17) E[E[X|D;, i € I]] = E[X].

Proof. The proof proceeds along the usual steps.
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Non-negative rvs If X > 0, then E [X|D;] > 0 for all 7 in I. Apply the Mono-
tone Convergence Theorem to the series ) ;. ; E [X|D;] - 1 [D;] with non-negative
terms and observe that

E[E(X|D;,i€I]] = E ZE[X!DA-HDA]

el

= Y E[X|D]-E[1[D]

el
= Y E[X|D]-P[D)]
el
(15.18) = Y E[1[Dj] X]
el

as we make use of (15.8).
Using the Monotone Convergence Theorem once again we obtain

S ERD]-X] = E Zl[DZ-].X]
(15.19) = E (Zl[Dd)-X] =E[X]

by virtue of (15.4). Combining (15.18) and (15.19) yields (15.17) for non-negative
rvs. It also follows that when X > 0, then the non-negative rv E [ X |D;, 7 € I] has
a finite expectation.

Arbitrary rvs For the general case, write X = X — X~. The finiteness as-
sumption E [| X |] < oo is equivalent to E [X*] < oo, and the rv E [X*|D;, i € I]
therefore has a finite expectation with
(15.20) E[E[X*|D;, i € I]] =E [X*]
by the first part of the proof. Direct inspection gives
E(X|D;,iel] = Y (E[X*|D;]-E[X |Di])-1[Dj]
il
= E [X*]DZ-, i€ I] —E [X_\Di, 1€ I]
by linearity. The desired conclusion follows upon noting that
EE[X|D;,iel]] = E [(E [XJ“|DZ‘7 i€ I] —E [X*]Di, i€ I])]
= E [E [X+|DZ~, 1€ IH —E [E [X*]DZ-, RS [H
= E[X]
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with the help of (15.20). |

15.6 Iterated conditioning

The properties discussed in this section are the ones that make conditioning such
a powerful tool when carrying out calculations: Consider the situation where two
countable F-partitions {D;, i € I} and {D’, j € I'} are available where I and I’
are countable index sets.

Definition 15.6.1
The countable F-partition {D’, j € J'} is said to be finer than the countable
F-partition {D;, i € I} if for every i in I there exists a subset J'(i) C I’ such that

(15.21) D; = Uje iy DS,

Equivalently, the partition {D;, i € I} is said to be coarser than the partition
{D;, jel'}.

It is plain that the index sets {.J'(¢), i € I} must be disjoint since both collections
{Di, j € I} and { Dy, j € J'} are F-partitions of (2. The following properties of
iterated conditioning can be shown by direct arguments.

Lemma 15.6.1 Assume the countable F-partition {D’;, j € I'} to be finer than
the countable F -partition {D;, i € I'}. Foranyrv X : Q — R such thatE [| X|] <
00, it holds that

(1522)  E[E[X|D;, i €I]|D}, jel'| =E[X|Dy, i €I] as.

and
(1523)  E[E[X|D}, jel'||D;,icl]=E[X|D;, icl] as.

Proof.



15.6. ITERATED CONDITIONING 203

A proof of (15.22) In the notation of Definition 15.6.1 we note that

1[D]= Y 1[Dj], iel

JeJ' (4)
so that
E[X|D;, i€l] = Y E[X|D]-1[Dj]
i€l
= Y EXIDi-| Y 1[D}]
iel jeJ (%)
(15.24) = Zc;.-1[D;]
Jer
with
d= > EIXIDj], jerI.

iel: jeJ! (i)
Thus, the rv E [X|D;, i € I] is of the form (15.10) with respect to the finer par-
tition {D’, j € I'}, and Lemma 15.4.1 (applied with Z = E [X|D;, i € I] and
X = 1) yields the desired result (15.22) provided

(15.25) E || ¢-1[Dj]]| < oo
i€l

This inetgrability condition is automatically satisfied by virtue of (15.24) and the
integrability condition E [| X || < oo (which automatically implies E [|E [X|D;, i € I]]] <
0. |

A proof of (15.23) We start with the case of non-negative rvs. So assume first
that X > 0. Applying the definition we start with

E[E[X|Dj, jeI']|D;, i€l
(15.26) = Y E[E[X|D}, jeTI']|Di|-1[Dj]
i€l
where the rv E [X|D§-, je€ I’} is given by

(15.27) E[X|Dj, jeI'] =) E[X|Dj]-1[D}].
jer
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Fix i in [ with P [D;] > 0, and consider the corresponding term in (15.26):
Again applying the definition we find

E[E[X|D), jel'||D;] = E X;E[Xm;]'l[p;] |D;
(15.28) = ZJI; E [X|D}] -1 [Dj] |Di]
(15.29) = EE[XD}]E[l (D3] 1D:]
with -

oy o) - =L {?'[}D;f ] f%f Ljer

The equality (15.28) is a consequence of the Monotone Convergence Theorem
applied to a series with non-negative terms. But D, being of the form D; =
Uje (i) D} for some subset J'(i) C I, it follows that

e "y
P[D}] ifje ()
0 ifj ¢ J>i).
As a result, we conclude from (15.29) and (15.30) that

E [IE [X\D’~, JjEe I’] |D,]

(15.30) P[DjNnD;| = {

D/
= > E[X|D]] } 1[j e J )]
Jer ]
- 557 | X EXID-P(D]
JeJ'(1)
= p&)i} Z E[X'l[Dé‘H
JeJ' (1)
(15.31) = ]P’[i?'} E|X- Z 1[D}]
! JET (i)
E[X -1[Dy]]



15.7. CONDITIONING AND INDEPENDENCE 205

where the equality (15.31) follows by an application of the Monotone Convergence
Theorem applied to a series with non-negative terms. This completes the proof of
(15.23) when X is a non-negative rv.

The case of an arbitrary rv X is treated in the usual manner: With X = X+ —
X 7, the first part of the proof for non-negative rvs yields

(1532)  E[E[X*|D), jel']|Di, i€ I| =E[XF|D;, i€l
while we have

E[X|D}, jel'| =E[X*|Dj, jel'l| -E[X"|D}, jel'].
Therefore,

E[E[X|D}, jeI']|D;, i€l
= E[E[XT|D), jel'| -E[X|D}, j€I']||D;, i €1
= E[E[X'D), jel'||D;,iel] —E[E[X|D}, jel'||D; i€l
= E[XT|D;,iel] —E[X|D;, i€l
E[X|D;, i € 1]

by the usual arguments. This completes the proof of (15.23) when X is an arbitrary
rv. |

15.7 Conditioning and independence
The next result explores the interplay between conditioning and independence.

Lemma 15.7.1 Consider a rv X : 2 — R which is independent of the the F-
partition {D;, i € I}. IfE[|.X|] < oo, then

(15.33) E[X|D;, i € I]=E[X] as.

Here, the independence of the rv X from the F-partition {D;, i € I} means that
for each ¢ in I, the rvs 1 [D;] and X are independent rvs. Under the assumption
E[|X|] < oo this independence condition implies

(15.34) E[X -1[D;]]=P[D;]-E[X], iel
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Proof. Using (15.8) with (15.34) yields

el
It then follows that

E[X|D;,i€l] = Y E[X|Di]-1[Dj]
el
= > E[X|D]-1[Dj] as.
iEI:]P’[Di]>0

since ) ;e ;. P[D;]>0 1 [Di] = 2ier 1[Di] = 1as. u

15.8 Characterizing the conditional expectation with re-
spect to a partition

The following characterization foreshadows forthcoming developments in the gen-
eral case discussed in Section 16.2.

Lemma 15.8.1 Foranyrv X : Q — R with E [| X|] < oo, it holds that
(15.35) E[Q[D|E[X|D;, i € I]] = E[1[D] X]

for any event D in F of the form

(15.36) D =Ujc;D;

for some index set J C I.

The conditions (15.35)-(15.36) collectively characterize the rv E [ X |D;, i € I]
given in Definition 15.2.1 as essentially the only rv Z of the form

(15.37) Z=> c¢1[D|]
el

with scalars {¢;, ¢ € I'}. This is a consequence of the next result.
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Lemma 15.8.2 Consider arv X : Q — R such that E[| X|] < oo, and let Z1, Z :
Q — R be rvs of the form (15.37) such that both E [Z1] and E [Z5] exist. If both
rvs satisfy the conditions

DeD

(15.38) E[1[D|Z]=E[L[DIX], 7,

then they have finite expectations with E [| Z1]] < oo and E [|Z5]] < oo, and Z, =
7 a.s.

As this result is subsumed by Claim (ii) of Theorem 16.2.1, its proof will not
be provided; see also Section 16.7 to map conditioning with respect to a partition
into the general notion of conditioning.

15.9 A proof of Lemma 15.8.1

Throughout fix D in F of the form D = U;¢ ;D; for some J C I.

Non-negative rvs We first assume that the rv X is non-negative, say X : {2 —
R4, in which case we have E [X|D;] > 0 for each i in I. Fix D in F of the form
D = Uje;Dj for some J C I. Thus,

E[1[D]X] = E|[[Y 1[D;]| X
jeJ
(15.39) = Y E[1[D;]X]
jeJ

= > E[X|D)]-P[Dy]

jeJ: P[D;]>0
= >, EQR[D]-E[X|Dj)]
jeJ: PD;]>0
= E[1[D)]-E[X|D;, i € I]]
jGJ:P[Dj}>O
(15.40) = E > 1[Dj]-E[X|Dy, i€ 1]
| jeJ: P[D;]>0
= E 1[Dy] | -E[X|Ds, i €1
| \J€J: P[D;]>0
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= E|[D 1[D)]| -E[X|D;, i € 1]
jedJ
= E[1[D] -E[X|D;, i€ I

as desired — Both (15.39) and (15.40) are validated by monotone convergence if J
is countably infinite. In the equality before last we have used the fact that

> 1[D]=>1[D;]=1[D] as.

jEJ: P[D;]>0 jeJ

Arbitrary rvs To obtain the result in the arbitrary case, use the usual decompo-
sition X = X* — X~ with E [X*] finite since E [|X|] < oo. Therefore, starting
with the definition we find that E [X*|D;, i € I] is finite with
E[X*D;, i€l =) E[X*|Di]-1[Dj]
icl
It is now plain that
E[XT|D;, i€ I] —E[X|Dy, i €1

= Y E[XFID] 1D - > E[X"|Di] 1[D;]

iel iel
Y (E[X*1D] B[ ID]) - 1[D]
iel
= Y E[X|Di]-1[Dy]
iel
(15.41) — E[X|D;, i€l

as we make use of the fact E [X|D;] = E [X*|D;] — E[X ~|D;] for each i in I.
The first part of the proof yields
(15.42) E[1(D]-E[X*|D;, ieI]] =E[1[D] - X*].

Noting that E [X*|D;, i € I] > 0 a.s., we conclude from (15.42) (with D = Q)
that the rv E [X*|D;, i € I] has finite expectation and so does E [X|D;, i € I] by
virtue of (15.41). Using (15.41) again we conclude that

E[1[D]-E[X|D;, i € I]]
= E[1[D] (E[XT|D;, i€l —E[X"|Dy i€ I])]
= E[1[D]-E[X"|D;, iell] -E[1[D]-E[X"|D;, i€l
(1543) = E[1[D]- X*]-E[1[D]- X~ |
= E[1[D]X]
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where (15.43) follows from the validity of the result for non-negative rvs. This
completes the proof of Lemma 15.8.1. |

15.10 Exercises

Ex. 15.1 Considerarv X : Q — R with E [| X|] < oc.
a. Compute E [X|D] when D = Q.
b. Compute the conditional expectation of X given the F-partition {Q2}.

Ex. 15.2 Let X denote a geometric rv with parameter 0 < a < 1, namely
PX =k =(1-a)d" k=0,1,...
a. Compute the conditional probabilities
PX=k+{X >k, kt=01,...

b. (Converse) Consider now a discrete rv Y with support {0, 1, ...} and pmf
(pr, 7=0,1,...). Define

G =P =k+ LY >k, k£=0,1,...

Foreach k = 0,1,..., (qqx, £ =0,1,...) can be viewed as the pmf for a discrete
rv with support {0, 1,...}. Determine all the pmfs (p,, » = 0,1,...) with the
property that

QZ\k = Py, ]{J,E:O,l,...

simultaneously!

Ex. 15.3 With a in (0, 1), consider a collection of mutually independent Bernoulli
rvs { Bk, k=1,2,...} with

PXpy=1=1-P[Xp=0=a, k=1,2,...

Foreachn =1, 2,.. ., define the partial sums S, = B + ...+ B,,.
a. Foreachn = 1,2, ... compute the conditional probabilities

b=0,1
P[B,=0|S,=s], s=0,1,...,n
k=1,....,n
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Is the result surprising?
b. For each n = 1,2, ... compute the conditional probabilities

bk,bgé{o,l}
P [By = by, Be = by| Sy = s], s=0,1,...,n
k£l kt=1,....n

Are the rvs By, and By conditionally independent given that S,, = s?

Ex. 15.4 Consider arv X : © — R of the discrete type with P[X € S] = 1
where S = {a;, i € I} for some countable index set I. Let B an event such that
P[B] > 0 —Obviously both X and B are defined on the same sample space €2 with
B in F. Define the function F'(-|B) : R — [0, 1] by

F(z|B)=P[X <z|B], zeR.

If this probability distribution function were to be of the discrete type, show that
its atoms are also atoms for the discrete rv X, i.e., if P [X = a|B] > 0 for some a
inR, thenP[X =a] > 0.

Ex. 15.5 If the discrete rv X : 2 — R has pmf given by

define the rv Y = 1 + (—1)% Show that the atoms of the conditional distribution
of Y given X = 1 form a strict subset of the set of atoms of Y.

Ex. 15.6 Let the second-order rv N be a discrete rv whose support is contained
in Ny (i.e., P[NV € Ng|] = 1), and let {X,,, n = 1,2,...} denote a collection of
second-order rvs. Assume the rvs {N, X,,, n = 1,2,...} to be mutually indepen-

dent.
a. Using pre-conditioning arguments compute the expectation

1 N
¥ Xn] :
n=1
b. Using pre-conditioning arguments compute the variance

1N
-5 "X,
anl "]

E

Var




Chapter 16

Conditional expectations:
The general case

We are now ready to define the general notion of conditional expectation. Rather
than conditioning with respect to a single event (as in Section 15.1) or even with
respect to a family of events forming a partition (as in Section 15.2), it turns out
that the appropriate setting is that of conditioning with respect to a o-field.

The rvs introduced next are all defined on the probability triple (€2, F, P).

16.1 Sub-o-fields generated by rvs

The following terminology will be useful throughout.

Definition 16.1.1
A collection D of subsets of €2 is called a sub-o-field of F if D is a o-field on
Q such that D C F.

We begin with a simple definition.

Definition 16.1.2
Let D be a sub-o-field of . An rv RP-valued rv X : Q2 — IRP is said to be
D-measurable if

[X € Ble D, Be B(RP)

(and not merely in F as required in the definition of X as a rv).

211
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These definitions are often used when the o-field D is itself generated by some
rvY : Q — R?in the following sense: This o-field, denoted o(Y), is defined by

o(Y)={Y10): C e BRY)}

as expected. We have the following important operational characterization of o (Y)-
measurability.

Lemma 16.1.1 Assume the o-field D is generated by thervY : {0 — RY, so that
D=o(Y):

(i) For any Borel mapping g : R? — R, the rv Z = g(Y") is D-measurable.

(ii) Conversely, any D-measurable rv Z : £} — R can be written in the form
Z = g(Y) for some Borel mapping g : R? — R.

A proof is available in Section 16.10.

16.2 The general definition of conditional expectations

We now present a general definition for the conditional expectation given an arbi-
trary o-field.

Theorem 16.2.1 Let D be a sub-o-field of F, and consider arv X : €2 — R such
that E [| X|] < oo.

(i) (Existence) There exists a D-measurablerv Z : Q — R with E[|Z|] < oo
such that
(16.1) E[1[D]Z]=E[1[D]X], DeD.

(ii) (Uniqueness) Let Zy, Z : 2 — R be D-measurable rvs such that E [Z]]
and IE [Z5] exist. If they both satisty (16.1), namely

k=12

(16.2) EQ[D]Z) =EQ[DIX], " p

then E[|Z,|] < oo and E [|Z2|] < o0, and Z1 = Z3 a.s.

Proof. Claim (i): We consider first the case when X > 0: Introduce the set
function Q : D — [0, +00) given by

(16.3) Q[D)=E[1[D)X], DeD.

The following three facts hold for the set function Q : D — [0, +-00):
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Q is a measure Obviously, we have Q [)] = 0. Next, consider a countable col-
lection {E;, ¢ € I} of disjoint events in F, so that 1 [U;cr E;] = > ., 1 [F;]. We
have

el

QUierEi] = E[1[UierE] - X]
= E (ZHEZ-])-X]
el
= E

where the equality before last is validated by the Monotone Convergence Theorem
applied to a series with non-negative random summands. [ ]

Absolute continuity For any event event D in D we have the bounds
E[1[D]min(X,n)] <nP[D], n=1,2,....

If P[D] = 0, then E[1[D]min (X,n)] = 0 forall n = 1,2,..., and it follows
that lim,,_,oc E[1 [D]min (X, n)] = 0. Using the Monotone Convergence The-
orem and the fact that lim, o 1 [D]min (X,n) = 1[D] X we conclude that
E[1[D]X] = 0. Thus, whenever P[D] = 0 for an event D in D, we have
Q[D] =0, and Q is absolutely continuous with respect to Q on D. [ |

Finiteness Both the measure Q : D — [0, 00) and the underlying probability
measure [P are finite measures with Q [2] = E[X] and P [Q] = 1. [ |

The celebrated Radon-Nikodym Theorem can now be applied to the pair of
measures Q and P (restricted to D): It implies the existence of a D-measurable rv
L :Q — [0,+00) such that

(16.4) Q[D]=E[1[D]L], D eD.
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Combining (16.3) and (16.5) we conclude that
(16.5) EQ[D]L]=E[1[D]X], DeD.

Using D = 2 in (16.5) we see that E [L] is finite since E [X] is finite. Obviously,
the D-measurable rv L is a candidate for the D-measurable rv Z which satisfies
(16.1).

To handle the case of an arbitrary rv X : |2 — R, we proceed in the usual
manner: Write X = X+ — X~ and use the earlier part of the proof. There exist
D-measurable rvs L* : Q — [0, +00) such that

(16.6) E[1[D]L*] =E[1[D]X*], DeD.

with E [L¥] < oo by the first part of the proof. It is now immediate from (16.6)
that

E[1D)(L" ~L7)] = E[1(D)X*]~E[1(D]X]
(16.7) = E[1[D]X], DeD.

This time the D-measurable rv L™ — L~ is a candidate for the desired D-measurable
rv Z which satisfies (16.1).

Claim (ii): The condition E [|X|] < oo guarantees that E [1[D] X] is finite
for any event D in D. Therefore, for each £ = 1, 2, introducing the D-measurable
events D,j = [Z; > 0]and D, = [Z}, < 0]in (16.2), we conclude that E [1 [D,ﬂ Zk]
is finite. Since Z;” = 1[D;"| Z;, while Z,, = —1[D; | Z, it immediately fol-
lows that the rv Z ,;t has a finite expectation, and so does the rv Zj.

By linearity the condition (16.2) now implies

(16.8) E[1[D]Z] =0, DeD

with D-measurable rv Z = Z; — Zs. Using (16.8) with D-measurable events
Dy =1[Z>0]and D_ = [Z < 0], we readily conclude that 1 [D;]Z = ZT =0
as,and1[D_]Z=—-Z" =0as.,whence Z =2t —Z~ =0a.s. [ |

The D-measurable rvs with finite expectation satisfying (16.1) form an equiv-
alence class; any one of its representatives will be denoted by E [ X |D].

16.3 Elementary properties

We now list several basic properties of conditional expectations. They can all be
derived through the characterization and uniqueness of Theorem 16.2.1.
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A. Mutiplying by a constant
For any X : Q — R with E [| X|] < oo, and any c in R, we have

Elc- X|D] =c E[X|D] as.

Indeed, for any event D in D,

E1[D]E[c-X|D]] = E[1[D]c-X]
= E[[D]X]
= ¢ -E[1[D]E[X[D]]
= E[ [D]c-E[X|D]]

and the conclusion follows by uniqueness as we note that the rv ¢ - E [X|D] is D-
measurable. [

B. Addition
Foranyrvs X,Y : Q - Rwith E[|X|] < co and E [|Y|] < oo, we have

E[X +Y|D] =E[X|D] +E[Y|D] as.

For any event D in D, both rvs E [ X |D] and E [Y'|D] are integrable. Next note
that

EQDIEX +Y[D]] = E[[DI(X+Y)]
ERQ[DIX]+E[1[D]Y]
= EQ[DIE[X[D]]+E[1[DIE[Y|D]]
(16.9) = E[[D|(E[X|D]+E[Y|D])]

and the conclusion follows by uniqueness since the rv E [X|D] + E [Y'|D] is D-
measurable. [ |

C. Monotonicity
Consider rvs X, Y : Q@ — R with E[|X|] < oo and E[|Y|] < oo. Whenever
X <Y as., we have

E[X|D] <E[Y|D] as.
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For any D in D, the inequality X < Y a.s. implies E[1 [D] X| < E[1[D]Y]
and using (16.1) we get

E[L[D]-E[X|D] <E[1[D]-E[Y|D].
and using linearity we obtain

0 < EQ[D]-E[Y[D]] -E[1[D]-E[X|D]]

1
= E[1[D]- (E[Y|D] - E[X|D])]
= E[1[D]-E[Y — X|D]].

Using the D-measurable event D~ = [E[Y — X|D] < 0] in this last expression
we get
0<E[1[D7]-E[Y - X|D]] <0
since 1[D~]-E[Y — X|D] <0. Therefore, we have E[1[D~]-E[Y — X|D]] =
0 and the conclusion 1 [D~] - E[Y — X|D] = 0 a.s. follows.
]

D. Taking absolute values
If E[|X]|] < oo, then |E[X|D]| < E[|X]|D] as.

The result is a simple consequence of Property C as we note that —| X| < X <
| X.

16.4 The localization lemma

Lemma 16.4.1 Foranyrvs X,Z : Q — R withE[|X|] < co and E[|ZX|] < oo,
we have
(16.10) E[ZX|D] = ZE[X|D] a.s.

whenever the rv Z is D-measurable.

In other words, when Z is a D-measurable rv it acts as a constant in the condi-
tioning process with respect to the partition, and can therefore be taken out of the
conditional expectation.

Proof.
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Simple rvs Let D denote an event in D. If the D-measurable rv Z is of the
form Z = 1 [D'] for some event D’ in D, then by repeated application of Theorem
16.2.1 we get

E[1[D]-E[1[D]-X|D]] = E[1[D] (1[D'] X)]
— E[1[DND] X]
= E[1[DnD']-E[X[D]]
(16.11) = E[1[D]- (1[D] -E[X|D])]

since the event D N D' is in the o-field D given that both are in it. It follows that
(16.10) holds for a D-measurable rv Z of the form Z = 1 [D'] with D" in D.

If is now straightforward by linearity that (16.10) also holds for any simple D-
measurablerv Z, i.e.,arv Z of the form Z = ), _; ¢;1 [D;] for a finite D-partition
{D;, i € I} and scalars {¢;, ¢ € I}.

Non-negative rvs Now assume that the rv Z is non-negative. Lemma 10.3.1
guarantees the existence of a staircase approximation {Z,, n = 1,2,...} of Z
made of simple non-negative D-measurable rvs @ — R,. Foreachn = 1,2,...,
we have |7, X| < |ZX]|, hence the integrability condition E [|ZX|] < oo insures
E[|Z,X]|] < oo and we conclude to

E[Z, - X|D] = Z,-E[X|D] as.

by the first part of the proof.

Arbitrary rvs |

16.5 Taking expectations and iterated conditioning

The first result is a simple consequence of the characterization (16.1) with D = ().

Lemma 16.5.1 Foranyrv X : Q — R such that E [| X || < oo, the rv E [X|D] has
a finite expectation with
(16.12) E[E[X|D]] = E[X].

The next result forms the basis of the operational usefulness of conditioning
through pre-conditioning.
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Lemma 16.5.2 Let D and D’ be two sub-o-fields of F with D C D’. For any rv
X : Q= RwithE[|X]|] < oo, we have

(16.13) E [E[X|D]|D'] =E[X|D] as.
and
(16.14) E[E[X|D']|P] =E[X|D] as.

Proof. Obviously, the rv E [ X |D] is D-measurable, hence D’-measurable. Using
the localization property of conditional expectation given in Lemma 16.4.1 we get
(16.13).

Pick D in D, and note that

E[1[DIE[E[X|D']D]] = E[1[D]E [X|D]]
= EN[D]X]
(16.15) = E[1[D]E[X|D]]

The first equality used (16.1) when taking the conditional expectation of the rv
E [X|D'] with respect to the sub-o-field D, while the second equality uses (16.1)
when taking the conditional expectation of the rv X with respect to the sub-o-field
D’ — Recall that the D-measurable event D is also D’-measurable. The final equal-
ity uses (16.1) when taking the conditional expectation of the rv X with respect to
the sub-o-field D. The desired conclusion then follows by uniqueness. [ |

16.6 Conditional expectations and independence

Lemma 16.6.1 Consider arv X : Q@ — R with E[|X|] < oco. If the rv X is
independent of the o-field D, then

(16.16) E[X|D]=E[X] as.

Here, the independence of the rv X from the o-field D means that for each D in
D, the rvs X and 1 [D] are independent.
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Proof. By independence we note that
E[1[D]X]=P[D|E[X]=E[1[D]E[X]], DeD

and the conclusion follows by uniqueness since the defining condition (16.1) holds
for the constant rv E [X] (which is of course D-measurable). |

Lemma 16.6.1 is often used when the conditioning o-field D is generated by
somervY : Q — R?, thus D = o(Y), and the rvs X and Y are independent (in
which case the o-field D and the rv X are independent in the sense used earlier).

Consider a Borel mapping h : RP x R? — R, and rvs X :  — RP and
Y : Q — R%such that E[|h(X,Y)|] < co. Define the mapping h: RY — R given
by R

h(y) =E[h(X,y)], yeR.

This definition is always well posed, and produces a Borel mapping R? — R.
Lemma 16.6.2 If the rv X is independent of the o-field D and the rv Y is D-

measurable, then R
E[h(X,Y)|D]=h(Y) as.

Proof. The proof proceeds according to the usual pattern.

Case I Consider first the case where the Borel mapping h : RP x R? — R is of

the form
Tz € RP

with Borel mapping g : R? — R such that E [|g(X)|] < oo and Borel subset C' in
B (R?). For every D in D, the event DN[Y € C|] belongs to D under the foregoing
assumptions. It follows that

ER[DIE[A(X,Y)P] =

(16.17)
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as we made use of the fact that the rv X is independent of the o-field D. By the
usual uniqueness argument, we conclude that

E[h(X,Y)|D] =1[Y € C|E[g(X)] = h(Y) as.

upon noting that here

~

hy) =E[MX,y)=E[1lye€ Clg(X)] =1y € CIE[g(X)], yeR%

Case Il The result immediately follows for any Borel mapping h : RP x R? — R
of the form

r €RP
May) =3 1y € Clgi@), ) C g
i€l

with [ a finite index set, and for each ¢ in I, Borel mapping g; : RP — R such that
E[|g:(X)|] < oo and Borel subset C; in 5 (R?). By additivity, we get

EW(X,Y)D] = E|) 1[Y €Cig(X)D| as.
= Zgl[l Y € Clg:(X)[D]  as.
= §1[Y€Oi]E[gi<X)] as.

(16.18) _ {(;) s

as we note that

=
S
I

E[h(X,y)]
= E [Zl ly € Ci] gi(X)]
el
(16.19) = Y 1y ClE[6(X)], yeR"

el

Case 111 -
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16.7 The o-field generated by a countable partition

At this point the reader may wonder as to what is the connection between the
conditioning with respect to a partition discussed in Chapter 15 and the notion of
conditioning with respect to a o-field defined in Section 16.2. The easiest way to
understand how the latter indeed subsumes the former is to associate a sub-o-field
with the countable partition.

To that end, let {D;, ¢ € I'} be a countable F-partition of 2, and consider the
sub-o-field D = o (D;, i € I) generated by the partition {D;, i € I}. It is easy
to check that every element D of D is of the form

(16.20) D = UjEJDj
for some countable subset .J C I (possibly empty if D = @ or J = I if D = Q).

Fact 16.7.1 Consider an D-measurablerv X : Q — RP where D = o (D;, i € I).
Foreachi in I, the rv X is constant on the event D;, and the values { X (w), w € Q}
achieved by X form a countable set of points in RP.

Proof. For each x in RP, the D-measurability of X implies that the event [X = z]
is an element in D. The result follows since any element D of D is necessarily of
the form (16.20) for some countable subset J C 1. [ |

In particular, the rv E [X|D;, ¢ € I]is an R-valued rv as soon as E [ X] is finite;
as an extended rv, it is D-measurable rv in the sense that

[E[X|D;,iclIleCleD, CeB(R).

This is a consequence of the observation that for each j in I, we have E [X|D;, i € I] =
E [X|Dj] on the event D).

In view of Lemma 15.8.2, the rv E [X|D;, i € I] belongs to an a.s. equiva-
lence class of D-measurable rvs which all satisfy (15.38). It is just a representative
of this equivalence class. Following usage we shall refer to this equivalence class
as the conditional expectation of the rv X given the o-field D, here o (D;, i € I),
and we denote any of its representative by E [X|D].

16.8 Countable partitions and discrete rvs

We briefly discuss how F-partitions are induced by discrete rvs, and how this ul-
timately relates to conditional expectations with respect to such rvs: Consider a
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discrete rv Y : 2 — RY. By definition there exists a countable subset S C R?
such that P [Y" € S] = 1. For ease of notation, with I countable we shall use the
representation S = {y;, @ € I} where the elements are distinct and each of the
events {[Y = y;], ¢ € I} is non-empty. So far we can only assert that the event

Qy =Uier [Y =yl

has probability one, or equivalently, that the complement {5, has zero probability.
Nothing precludes the set of values

{Y(w), w¢ Qy}

to form an uncountable set. Only when that set is empty, will the collection {[Y" =
yi], © € I} be an F-partition of (2.
To remedy this difficulty, pick an element b not in S and define the discrete rv
Yy : Q — R by
Y(w) ifwe Qy
Yy(w) =
b ifwd¢ Qy.

The collection {[Y = b], [Y = y;], i € I} is now an F-partition of 2. The
following facts are easy consequences from the following observation

P[Y # Y3 <P[Q5] 0.

(1) The rvs Y and Y} have the same probability distribution under P. If X :
Q — RP is another rv, the pairs (X,Y) and (X,Y}) have the same probability
distribution under P.
(ii) Consider a Borel mapping i : RP x R? — R such that E [|A(X,Y)|] < o0
With
Sy ={yi, € I; b} = SU{b},

and Dy, = o([Y = 0], [Y = wi], @ € I), we note that

E [h(X,Y)|Dy]

= E[h(X,Y;)|Dy]

" ER(X, Y)Y = )1 [% = o]

YESH

= Y EX, Y)Yy =y 1[Y; = y] + E [W(X,Y;)[Ys = 0] 1Y} = b]
yeS

= Z E[1[Y, [ ]:;] )]1[}/’7:3/]+E[h(Xva)\Yb=b]1[Yb:b]
yeS
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ZE[l Y =yl X W) 1y o B [h(X, Y)Y = B 1 [V, = ]

= P[Y, = y]
ZEU [E;yihy(]X,yﬂl YV =y] +E[A(X,Y,)|Ys = b] 1 [Y, = b]
yes

It follows that

yes

1Y =y] P-as.

(iii) In light of this last calculation, with Borel mapping i : R? x R? — R such
that E [|[A(X,Y)|] < oo, for distinct values b # ¢ in R?, we have

E[h(X, Y;)|Dy] = E[h(X.Y.)[D.] P-a.s.

where we use the notation D, = o([Y =], [Y =), it € I)and D, = o([Y =
C], [Y = yi], 1€ I)

In other words, although the two conditional expectation rvs are not necessarily
identical (as mappings {2 — R), they are equal to each other except on a set of
zero probability measure (under IP). As this notion defines an equivalence relation
on rvs, we write E [A(X,Y)|Y] (or sometimes E [h(X,Y)|o(Y)]) to denote any
representative in the equivalence class.

(iv) One standard representative in that class of P-equivalent rvs is given by

(16.21) Y ERX, Y)Y =y|1[Y =y
yeSs

Note that all the terms in (16.21) are well defined in terms of Y'! It is convenient
to use this expression when representing the conditional expectation of h(X,Y")
given Y.

(v) Next, observe that

yes
_ EMY =y]h(X,Y)] . _
- ; Py —y 0 Y
E[1]Y =y|h(X,
_ 2; | [p[yly(] Wiy —y
(16.22) = Y ERX,yY =y 1Y =y
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This last expression suggests introducing the mapping h:RI R given by

Eh(X,y)lY =y] ifyecS

h*(y) ify ¢S

where h* : R? — R is an arbitrary Borel mapping such that E [|[2*(Y)|] < oc.
This definition is always well posed, and produces a Borel mapping R? — R.
With this notation we conclude that

Y ERX Y)Y =y|1[Y =y
yeSs

= ) ER(X,y)|Y =y]1[Y =y
yes

= Y h1[y =

yeSs

= Y RY)LY =y

yes

= hY) Y 1]y =

yes
(16.23) = h(Y) P-as.

since
Y1y =y=1[y €85 =1 Pas.
yes

(vi) Symbolically, this last discussion can be summarized as follows:

ERX,Y))Y] = (ERX. Y)Y =y]),_
(16.24) = ERX, Y =y]),_y Pas.

16.9 The absolutely continuous case

Considerrvs X : 0 - RPand Y : 2 — RY. If the rv Y is absolutely continuous,
then
PlY =y]=0, yeR

since

fy(n)dn = 0.
{v}
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As a result, for each y in R? we cannot define the conditional probabilities

P[X € B,Y =y

PIX € BIY =3 =~ 2.

B € B(RP).

With y in RY, the ball centered at y with radius ¢ > 0 is denoted by B:(y), i.e.,
Be(y) ={neR?: [n—yl <e}.
Pick y in R? such that fy (y) > 0 and assume there exists g > 0 such that
P[Y € B:(y)] >0, 0<e<eo.

The basic idea is as follows: Pick B in B(RP). Whatever definition is given
to the conditional probability P [X € B|Y = y], it is reasonable to expect that it
should be compatible with the limiting value lim. o P [X € B|Y € B.(y)] if it
exists.

With this in mind we note that

P[[X € B] N Be(y)]
P[B:(y)]

fBXBs(y) fXY(éa U)dfdﬁ
st(y) fy(n)dn

T (S v (€ mydn)
fBg(y) fy(n)dn

P[X € BlY € B(y)] =

Ixy (§,m)dn
(16.25) _ / fBE(y) xv(§,m) e
B st(y) fy (n)dn
Note that
lim [xy(§mdn=0, {cRP
10 JB.(y)
and
lim fy(n)dn = 0.
10 JB. ()

However, in many cases of interest in applications, we find that these limits have
the same rate of convergence so that the limit

fBe(y) fxv (&m)dn
el0 fBE(y) fy (n)dn
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in fact exists. This is analogous to the situation handled by L’Hospital’s rule when
the indeterminate form 8 arises. Indeed note that under broad conditions it holds

lim fBE(y) Ixy(&n)dn
€l0 A(B:(y))

= fxy(&y), (€RP

and

. fBE()fY(n)d??
B Nmw)

where A\(B:(y)) denotes the Lebesgue measure of the ball B (y). It now follows
that

Jb. ) Fxv (Emdn

. Fxv (& m)dn . NB-))
S a8 T h
€ y\n)an € Be(y)
Be(v) TABw)
(16.26) = M, £ € RP.
Ty (y)

This suggests

d
limP[X € BIY € B:(y)] = lim Jp.1 fxv (&) 77) "

(16.27)

under the assumption that the interchange of limit and integration is permissible.
With y in R, define the mapping fx|y (-ly) : R” — Ry by

e ) >0

Ixy (zly) =
g9(x) if fy(y) =0

where the Borel mapping g : R? — R, is a probability density function, hence

satisfies
/ g(z)dr = 1.
RP
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Computing conditional expectations (I) Consider a Borel mapping v : RP —

R such that that E [|u(X)|] < oo, and pick a Borel set C' in B(R?). Note that
Py e CIn[fy(Y)=0]] =0

since

Py (V) = 0] = / Fy (m)dn = 0.
{neRr9: fy(n)=0}

With
C ={neR: fy(n) >0},

this becomes
PY ¢ C] =P[fy(Y)=0]=0.

We find
E[1[Y € Olu(X)] = E[1]Y € C, fy(Y) > 0] u(X)]
-/ wl(€) ey (€, m)dédy
RP x(CNCYY)

-/ - ( / pU(é)fxy(f,n)d€> di

by Fubini’s Theorem.
If fy(n) > 0, then

/ W) fxv(En)de = / u(€) iy (Eln) fy (m)dé
RP RP

(16.28) = u(n)fy(n)

as we define u : R? — R given by

a(y) = /R (P (Ely)de, y e R,

It can be shown that the mapping @ : RY — R is well defined and Borel.
It follows that

BOY eClux)] = [ a)h

- /C an) fy (n)dn
(16.29) = E[1[Y € C]a(Y))].
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Recalling that o(Y) = {Y € C, C € B(R?)}, we conclude that
Eu(X)lo(Y) =u(Y) P-as.
Computing conditional expectations (II) In a similar way, consider a Borel
mapping v : RP x R? — R such that E [|[v(X,Y)|] < oo, Then,
(16.30) EQY eClv(X,Y) = E[1]Y € C]o(Y)].

where we define v : R? — R given by

o) = [ vl fld yere

It can be shown that the mapping v — R is well defined and Borel. Here as well

we have
Ep(X,Y)lo(Y)]=0(Y) P-as.

16.10 A proof of Lemma 16.1.1
Claim (i): The conclusion is immediate from the fact that

[ZeB] = [g(Y)e€ B]
= [Yeg'(B)eD, BecBR).

since Y is D-measurable and g~*(B) belongs to B(IRP) by the Borel measurability
of g.

Claim (ii): Conversely, assume that the rv Z : 2 — R is D-measurable. The
proof proceeds in three standard steps:

Simple rvs First assume that Z = 1[D] for some D in o(Y’), in which case
D =[Y € C] for some C in B(RY). It is now plain that Z = g¢(Y') with Borel
mapping gc : R? — R given by

0 ify¢C
(16.31) go(y) =

0 ifyecC.

The desired conclusion is readily seen to hold for simple D-measurable rvs of

the form
Z = Z az-l [Dz]
el
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where I is a finite index, {D;, i € I} form a D-partition of 2 and {a;, i € I} are
the associated scalars. Indeed, for each ¢ in I, we have D; = [Y € C}] for some C;
in B(RP), so that Z = ¢(Y") with Borel mapping g : R? — R is given by

g(y) = Z aigc; (y)v y € RY
il
where the mapping gc, : R? — R is associated with C; through (16.31).
Non-negative rvs For any non-negative D-measurable rv Z : Q@ — R, we in-

troduce the usual monotone increasing sequence of simple rvs {Z,,, n =1,2,...}
given by

with lim,,_,~ Z, = Z. Obviously, the simple rvs {Z,,, n = 1,2,...} are all D-
measurable, hence by the last part of the proof, for each n = 1,2, ..., there exists
a Borel mapping g,, : R? — R such that

Zn=ga(Y), n=12,...
with the point wise convergence implying

Z(w) = lim Z,(w) = lim ¢g,(Y(w)), w €.
n—oo n—oo
Now define the subset L C R?by L = {y € R? : lim,_,o gn(y) exists in R} .

The set L being a Borel subset of RY, it readily follows that the mapping g : R? —
R given by

lim, 00 gn(y) ify € L

9(y) =

0 ifydL
is a Borel mapping. By construction it is plain that Z = g(Y") since Y (w) lies in L
for each w in (2.

The general case The case of an arbitrary D-measurable rv Z : 2 — R is
handled in the usual manner: Just write Z = Z* — Z~, and apply the last con-
clusion to each of the rvs ZT and Z~. In particular, there exist Borel mappings
gy :RI - R,andg :RY— Ry suchthat Z* =g, (Y)and Z~ = g_(Y). The
desired Borel mapping g : R? — R is then simply given by

9(y) = g9+(y) —g9-(y), yeRL
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Note that it is not necessarily the case that g4 (y) = max (0, £g(y)). [ ]

16.11 Exercises

Ex. 16.1 Considerarv X :  — R such that E [| X|] < oc.
a. Compute E [X|7| where T denotes the trivial o-field on €.
b. Compute E [ X|F].

Ex. 16.2 With D a sub-o-field of F, let X : Q — RRP denote a D-measurable
rv. List all the rvs €2 — RP which are D-measurable when D is the trivial o-field
D = {0,Q}.

Ex. 16.3 Let D; and D5 be two sub-o-fields of F such that D; C Dy (so D; is a
sub-o-field of D,).
a. Show that arv X : Q — RP which is D;-measurable is also Dy-measurable.
b. Consider now arv X : 2 — RP which is Dy-measurable. Is it automatically
D;-measurable? Either prove or give a counterxample.

Ex. 16.4 With Q@ = N, consider the o-fields F and D on (2 defined by F =
oc({n}, n=0,1,..)and D =0 ({2n,2n+ 1}, n=10,1,...).

a. Show that D is a strict sub-o-field of F by giving an event E in F which is
not in D.

b. Givearv X : Q — Ron (£2, F) which is not D-measurable.

c. Givearv X : Q — Ron (Q, F) which is D-measurable.

Ex. 16.5 We start with a collection {Uy,Us,...,U,} of n rvs, each uniformly
distributed over the interval (0, 1), and let P denote a rv with the property that
P[0 < P < 1] = 1. Moreover assume that the n+1rvs P, Uy, ..., U, are mutually
independent rvs. Under these assumptions we are interested in the rv X defined by

Xzznjl[UigP}.
=1

Using pre-conditioning arguments to answer the following questions:
a. Compute E [X] in terms of E [P].
b. How many moments of P do you need to know in order to compute Var [X]?
c. Arethervs 1 [U; < PJ,...,1[U, < P] (i) mutually independent (ii) pair-
wise uncorrelated when S contains at least two elements?
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d. Compute the probabilities
PX =k], k=0,1,...,n.
How many moments of P are needed?

Ex. 16.6 Thervs X, X, ..., X,, all defined on the same probability triple (2, F, P),
are i.i.d. rvs with E [| X|] < oo.
a. Compute

for each i = 1,...,n. The answer does not depend on the (common) probability
distrubition function of Xy,..., X,,! [HINT: Does the probability distribution of
the pair (X;, X1 + ...+ X,,) depend on i?]

b. When 1 < k < n, compute

EXi+...+ X X1 +...+ X,
¢. When 1 < k < n, compute
EX)+...+ X X1+ ...+ Xi]

Ex. 16.7 Thervs X, X4,..., X,, Y, Y1,...,Y,, all defined on the same probabil-
ity triple (2, F,P). We assume the following: (i) Thervs X, X1,..., X,,, Y, Y1,...,Y,
are mutually independent; (ii) The rvs X, X1, ..., X,, are i.i.d. rvs with E [| X|] <
oo; and (iii) The rvs Y, Y7, ..., Y, are i.i.d. rvs with E [|Y|] < oo — The rvs X and
Y do not necessarily have the same probability distribution.
By using basic properties of conditional expectations, compute

[ X1 4+...+X,
E|Xih+...+X,.Y, Yit.. . 4Y, }

[HINT: Use iterated conditioning and compute

E Xi1i+...+ XY,

X1,..., X,
Vi+...+Y, |

Ex. 16.8 Consider the R-valued rvs U, Uy, ..., U, which are all defined on the
same probability triple (2, F,P). The rvs U, Uy, ..., U, are assumed to be i.i.d.
rvs, each of which is uniformly distributed on the interval (0, 1). Now define the
R-valued rv X by

X=> 1[0, <U]
k=1
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a. With this definition as starting point, use direct probabilistic arguments to

show that 1
PX=kl=—— k=0,...,n
n+1

b. Using conditioning arguments compute the conditional probability
PX =k|U], k=0,...,n.

c. Use Parts a and b to evaluate the integrals

1
In(k)z/o (-t kdt, k=0,...,n



Chapter 17

Probability distributions and
their transforms

A number of developments concerning rvs and their probability distribution func-
tions are sometimes best handled through transforms associated with them. There
are a number of such transforms with varying ranges of applications. Here we
focus mainly on the notion of characteristic function.

17.1 Definitions

All rvs are defined on some probability triple (€2, 7, P). For any element v in R?
(viewed as a column vector), we write v’ for its transpose, so that v'u is simply
the scalar product Z’;Zl u;v; between the two (column) vectors v and v. We begin
with a basic definition.

Definition 17.1.1
With any rv X :  — RP, we associate its characteristic function ®x : RP —
C given by

(17.1) Dy(f)=E [ei‘”} ., OcRP.

Characteristic functions are always well defined regardless of the type of prob-
ability distribution function for the rv X: Indeed the definition (17.1) is well posed
since for each § in R?, the rvs Q@ — R : w — cos (0 X (w)) and @ - R : w —

233
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sin (0°X (w)) are both bounded. As a result, their expected values I [cos (6°X)]
and IE [sin (' X)] are well defined and finite with
|E [cos (0°X)]| <1 and |E[sin(8'X)]| <1.
This fact allows us to make sense of (17.1) by linearity through the relations
E "] = Efcos (6'X) +isin (6'X)]
(17.2) = E[cos (0"X)] +E [sin (0'X)], 6€cR".

Characteristic functions are akin to Fourier transforms. For instance, if the rv X
admits a probability density function fx : R? — R, then

By (0) = / ¢ fr (2)dz, 6 € R,
RP
If the rv X is a discrete rv with support S C RP, then
Ox(0) =Y P[X =a], OeRP.

€S

Obviously, the characteristic function ®x of the rv X is determined by its
probability distribution function Fy : RP — [0, 1]. In fact we could rewrite (17.1)
as

(17.3) Dy (0) = / ¢ dFy (x), 6¢€RP.
Rp
This suggests writing ® x as ® ., and leads to the following definition.

Definition 17.1.2
With any probability distribution function F' : RP — [0, 1], we associate its
characteristic function @z : RP — C defined by

(17.4) @F(e)z/ " dF(z), 6 cRP.
RP

17.2 An inversion formula and uniqueness

The next result provides an inversion formula when p = 1 [?, Thm. 6.2.1, p. 153].
This result is of theoretical importance, and establish a one-to-one correspondence
between a probability distribution function and its characteristic function. We give
it here without proof. A more general version is also available; see [, Thm. , p. ].
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Theorem 17.2.1 Consider a probability distribution function F' : R — [0, 1], and
let & : R — C be its characteristic function. For a < b in R, it holds that

Fa) - Fla=) | F(b) = F(b-)

F(b—)-F

(b—=) — F(a) + 5 5
1 Tefita_efztb

17.5 = lim — [ ———— Dp(t)dt

a7.3 dm g [ e

with the integrand being defined by continuity att = 0.

Thus, when the probability distribution function F' : R — [0, 1] is a continuous
function, then (17.5) yields

T _—ita _ itb
(17.6) F@-F@:lm,l/ T Pp(t)dt

In the language of rvs, Theorem 17.2.1 can be reformulated as follows: For any
rv X : © — R with characteristic function ® x : R — C, it holds that

P[X =a] P[X =1

P X <b
[a < X < 0]+ 5 + 5
1 T e*ita —e itb
17.7 = lim — — Oy (t)dt
a7.7) A5 /_ . i x(®)

with arbitrary @ < bin R.
The usefulness of the notion of characteristic function comes in part from the
following uniqueness result which an easy byproduct of the inversion formula.

Theorem 17.2.2 Let F,G : R? — [0, 1] be two probability distribution functions
on RP. If their characteristic functions coincide, namely

Or(0) = D(0), 6cRP,
then the two probability distribution functions coincide, namely

F(z) =G(z), zeRP.

Thus, & = P implies F' = G. In other words, if a function R? — C is
known to be the characteristic function of some probability distribution function,
there is no other probability distribution function that can generate this character-
istic function. In the language of rvs, Theorem 17.2.2 states that if two rvs X and
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Y (possibly defined on different probability triples) taking values in RP have the
same characteristic function, say ®x = ®y, then their probability distributions
must coincide, namely F'x = Fy.

Sometimes a function ® : R — C arises in the discussion, and it is imperative
to know whether it is the characteristic function of some rv. The terminology given
next should facilitate the discussion of this issue presented in Sections 17.3 and
17.4.

Definition 17.2.1
A function ® : R — C is said to be a characteristic function if there exists a
probability distribution ' : RP — [0, 1] such that

(17.8) @(9):/ e dF(z), 6cRP
RP

in which case & = & by Theorem 17.2.2.

Alternatively, a function ® : R — C is said to be a characteristic function if
there exists arv X : 2 :— RP such that

(17.9) () =E [ew*X} = By(0), 0cRP.

17.3 Basic properties

Not every function RP — C is a characteristic function. That much is clear from
the basic properties derived in Theorem 17.3.1 given next.

Theorem 17.3.1 Consider a rv X : 0 — RP with characteristic function ®x :
RP — C given by (17.1). It satisfies the following properties:

(i) Boundedness: We have
(17.10) |Px(0)| < Px(0)=1 60 €cRP.

(ii) Uniform continuity on RP: We have

(17.11) %in(l)sup(@x(H—ké)—@X(Gﬂ, 0 € RP) = 0.
ﬁ
(iii) Positive semi-definiteness: For everyn = 1,2, ..., we have
n n
(17.12) DY x (0 — Ozt =0
k=1 (=1

with arbitrary z1, . .., z, in C and arbitrary 01, . .., 0, in RP,
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(iv) Hermitian symmetry: We have

(17.13) Oy (—0)=dx(0)", 0ecRr

Much of the discussion makes use of the elementary relation

X
(17.14) ewf—lz/mwa%w, z,0 eR
0

x
ez@x_llg/ ‘ieezes
0

so that the bounds

(17.15) ds < |0|x

hold.!
Proof. (i) It is plain that ® x (0) = 1. Next,

ox(0) <E|

eiGtXH —1, 0cRrr.
(ii) Fix 8 and ¢ in RP. Since
GHO+O)IX _ Li0'X _ LiotX (ewtx _ 1) :
it follows that
|Dx(0+0)— Dx(0) = ‘IE _ei(9+5)tX} K [eiOtX} ‘
- e[ )]

< E [ (ewx - 1) ethH

],

X _ IH .

= E[ei‘stx—l

so that

(17.16) sup (|®x (0 +8) — dx(0)], § € RP) <E [

Uniform continuity follows if we can show that

1mE[JW—1H:L

6—0

"With ab in R, we have

la +b| = vVa? + b2 < |a| + |b].
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This last statement is a simple consequence of the Bounded Convergence Theorem.
as we note that lims_,¢ cos (6°X) = 1 and lims_,o sin (6'X) = 0.
(iii) Fix n = 1,2, ... and pick arbitrary z1, ..., 2, in C: It is plain that

n n
Z Z D x (0 — 0p)zi2)
k=1 ¢=1
n n
- 2 B[N
k=1 (=1
[n n
= E Z Z ej(kaae)tXZkzz
Lk=1 (=1
[n n
-t ot
= E Z eI X e=0X 5 %
Lk=1 r=1

n n *
_ E Zej%sz> (Z 6j92XZZ> ]
/=1
2
(17.17) = E

k=

—_

(iv) Fix 6 in RP. We note that

y(—0) = E [e—‘”*ﬂ
= E [cos (—QtX)] +iE [sin (—QtX)]
= E [cos (GtX)] —iE [sin (HtX)]
= (E [cos (HtX)] +E [Sin (QtX)} )*
(17.18) = Ox(0)"

as desired. [ |

17.4 Bochner’s Theorem

Interestingly enough the first three properties given in Theorem 17.3.1 turn out to
be sufficient. This is a consequence of a deep result of Harmonic Analysis, known
as the Bochner-Herglotz Theorem [?, Thm. 6.5.2, p. 179].
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Theorem 17.4.1 A function ® : RP — C is a characteristic function if it is (i)
bounded with |®(0)| < ®(0) = 1 for all § in RP; (ii) uniformly continuous on RP;
and (iii) positive semi-definite.

The property of positive semi-definiteness already implies the boundedness
property (i). It also implies uniform continuity if ¢ : R — C is continuous at § = 0
[2, Thm. 6.5.1, p. 178]. This gives rise to the following sharp characterization.

Theorem 17.4.2 A function ® : RP — C is a characteristic function it and only if
it is positive semi-definite and continuous at = 0 with ®(0) = 1.

17.5 Examples

Bernoulli rvs

(17.19) ox(0) = pe’+(1—p), 6€R

Binomial rvs

(17.20) = (1-p —l—peie) . heR

Poisson rvs

0o )\k Ny
ox(0) = de Agikd

(17.21) — M=) geR



240CHAPTER 17. PROBABILITY DISTRIBUTIONS AND THEIR TRANSFORMS

Geometric rvs
OO .
ox(0) = Y p(l—pre
k=0

= ip ((1 *p)’%w)k
k=0

(17.22) - P ger

1—(1-p)e?”
Exponential rvs
S .
ox(0) = / Ae el g
0 o0
= )\/ 0= g
0

_ A / (16 — \)eliV7 g
0

0 — A\
A . 00
_ PR CCENE
0 — A\ [8 }0
(17.23) = A 0ecR
' oA —ib’
as we note that A
lim e(@—Nz —
r—r00

17.6 Independence via characteristic functions

The setting is as follows: Consider a collection of rvs X7, ..., X} defined on some
probability triple (2, F,P). For each ¢ = 1,...,k, the rv X; : Q@ — RP¢ has
characteristic function ®x, : RP* — C. We concatenate the rvs X1, ..., X}, into
the rv X : Q0 — RP given by

X1
¢
where p = p1 + ... + pgr. We denote the characteristic function of the rv X by

®x : R? — C. We have the following useful characterization of independence in
terms of characteristic functions.
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Theorem 17.6.1 If the rvs X1, ..., X} are mutually independent, then

k
0, € RPt
(17.24) Px(0) = H Py, (00), Y :Z 1 k
P ey
with
th
0= :
O

Conversely, if (17.24) holds on RP, then the rvs X1, ..., X} are mutually indepen-
dent.

Proof. Fix 6 in RP. Noting that

k
0iX = Z 0t X,
(=1

we get
E |:ei9tX:| - E |:e’i ZIZ:I GEX5:|
k
- E Heierg]
=1
k .
(17.25) - JIE [e’%?@}

~

=1

by independence. The relation (17.24) follows.
Conversely, if (17.24) holds on R?, then

When p; = ... = pi = p, consider the rv S : {2 — RP? given by
S=X1+...+ X

Theorem 17.6.2 If the rvs X1, ..., X} are mutually independent, then

k
(17.26) O5(0) = [ ®x,(0), 6 <R
/=1
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Proof. Fix 6 in R”. This time noting that 6 = S5 6'X,, we get

E {eié)tS’} - E |:eiZ§:19th:|
[ k
i X]
(=1
(17.27) - [I= [eietxf}
=1
by independence. [ ]
A case of particular interest arises when the rvs X, X1,..., X are i.i..d. rvs.

In that case, Theorem 17.6.2 yields

(17.28) d5(h) = dx(0)*, 6 €RP.

17.7 Easy analytical facts

We consider the case p = 1. We begin with a simple fact that will prove useful in
a number of places.

Theorem 17.7.1 Fix x and 6 inR. Foreachk = 1,2, ..., the expansion
, 1.
(17.29) e?r=3%" 71 (192)" + Ri(;0)

holds with the remainder term given by

T _ 1\k—1 )
(17.30) Ry(a:6) = (z’@)k/o % (alet - 1) dt.

Proof. The proof proceed by induction: Throughout 6 and z in R are scalars held
fixed.
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Basis step For k = 1, we use (17.14) to get

X
et 1 = /z’@ezetdt
0

- /Oxie (eiet—1> dt+/0xz‘0dt
= iz + 0 /I (e'et
0

(17.31) = 0z + Ry(;0)

by direct inspection.

Induction step Now assume that (17.30)-(17.30) holds for some &k = 1,2, .... It
is plain that

T ¢ k—1 )

/ (z—1) ' (ezet _ 1) it
o (E—=1)
T Fk—1 t
/ @7) </ z@e’esds> dt
0 1) 0

= / ( 9€i98d8> dt
0

= / ( x—t Qeiesdt> ds
0

—t .
/ (@ dt) i0e03ds
0 S
(17.32) - /z z—5) ""Sds
0

since

Therefore, we have
oy — oy [T
Ry(x;0) = (10)/0 1) (e 1) dt
T _ o\k
(i@)k+1/ (:B k,'S) ez@sds
0 .
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T k T k
YA A | (x—s) i0s NS (z —s)
= (i0) /0 i (e - 1) ds + (i0) /0 1 ds
k+1 k!
17.33 = R ;0 0
and the proof of the induction step is now completed. |

17.8 Characteristic functions and moments

Since the probability distribution function of the rv X can be recovered from its
characteristic function, it is not unreasonable to expect that there might be simple
ways to recover moments whenever they exist and are finite. This is explored
below.

Consider arv X : {2 — R with characteristic function ®x : R — C given by
(17.1). Fix 0 in R. It follows from Theorem 17.7.1 that

k
(17.34) XN % (i0X)" = Ry(X;0)
=0
Therefore, if the rv X has a finite moment of order k for some k = 1,2, ..., the
expectation
E[Re(X;0)]
exists and is well defined since all the moments of X of order £ = 1,2,..., k exist

and are finite. Thus, the relationship

(17.35) E [ei"X} - i % (i)' E [Xﬂ +E[RL(X;0)]
=0

does hold. This suggests the following result.

Theorem 17.8.1 Consider a rv X : 0 — R with characteristic function ®x :
R — C given by (17.1). If E[|X|"] < oo for some n = 1,2, ..., then for each

k =1,2,...,n, the characteristic function ®x : R — C is everywhere k'" differ-
entiable with "

d .
(17.36) 7 ®x(0) = E [(iX)k eWX} , OeR

In particular,

k
17.37) d

chx(e)) =B [Xﬂ .
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Proof. If k = 1. Fix 6 in R and for each h # 0 note that

By(0+h)—x(0) = E [e“)X (eihX - 1)]

X .
(17.38) = E[ezex / ihe’htdt]
0
so that
1 . X
2 (Px(0+h) = @x(0)) =E [ewx/ iezhtdt} .
0
The bound
(17.39) ¢i0X / z'emtdt‘: eZHX’ / ie’htdt'<|X|
0 0

holds uniformly in h # 0, whence

X
lim (ewx/ ielhtdt> = (iX) "X
h—0 0

by the Bounded Convergence Theorem. We now conclude that

.1 o iox [ int
lim - (2x(0+ 1)~ Dx(0) = mnz[e /0 iehtd|

X
- E[lim <ei9X / z‘ei’“dt>]
h—0 0

(17.40) - E [(iX) 10X ]

by the Dominated Convergence Theorem and the conclusion (??) holds for £ = 1.

If £ > 2, we proceed by induction: The basis step was just established. To
establish the induction step, assume that foreach ¢/ = 1, ..., k—1, the characteristic
function @y : R — C is everywhere ¢*" differentiable with

dZ

(17.41) T

Oy (0) =E [(iX)g eiGX} , OeR.
Under the assumption E [|X|*] < oo, we shall now show that the characteristic
function @y : R — C is everywhere (¢ + 1)"*! differentiable with

! L i0X
(17.42) W@X(Q):E[(IX) e ] 0 € R.
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Indeed, for every h # 0, we have

0 4 r . .
L ac0+n) - Lago = E[x) <el(9+h)X - el"X)]

dgt dgt L
_ K _(iX)e o10X (ez’hX _ 1)]

r X
= E|(X)" e / z‘he”“*dt]
L 0

so that

h \ do* e’

Again we see that

1 (qu))((@ +h) - dé%(@)) —E {(z’X)Z X /0 ) ieihtdt]

X
(ZX)Z ezOX/ ielhtdt‘ < ‘X‘f+l
0

uniformly in h # 0 with E [|X |€+1] < oo by assumption. Invoking the Dominated
Convergence Theorem we conclude that

1 /d d*

X
= limE [(iX)[ eieX/ ieihtdt}
h—0 0

X
= E[(iX)eeleX lim ) ie’htdt}

(17.43) ) [(z’X)”l eiGX} 7

and this establishes (17.42) holds. This concludes the induction step as we have
now shown that (17.41) holds for ¢ =1, ..., k. |

17.9 Moment generating functions

Definition 17.9.1
With any rv X : @ — RP, we associate its moment generating function (MGF)
Mx : RP — R given by

(17.44) Mx(8) =E [em} ., 0eRP.
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While the moment generating function of any rv X is always well defined — After
all ¢ X > 0 for all § € RP, it may not be finite. In fact it is not too difficult to
find examples for which Mx () = oo for all 6 in R? except § = 0,, (in which case
Mx (6) = 1. This limits the use of moment generating functions

17.10 Laplace transforms

Definition 17.10.1
With any rv X : Q — R, we associate its moment generating function (MGF)
Mx : RP — R given by

(17.45) Lx(s) = E [e*““} ., scRP.

17.11 Probability generating functions

Definition 17.11.1
With any rv X : Q — N, we associate its probability generating function
(PGF) Gx : R — R given by

(17.46) Gx(z)=E[z*], z€eR.

17.12 Exercises

Ex. 17.1 If the rv X :  — RP is symmetric, then its characteristic function ® x
is real-valued, i.e., ® x (@) is an element of R for every 6 in RP.

Ex. 17.2 With a > 0 and v > 0, consider the function ®,,, : R — R given by
D, (0) = e geR.

Determine whether the function ®,, : R — R is the characteristic function
associated with a probability distribution F, ,, : R — [0, 1]?

Ex.17.3

Ex.17.4
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Chapter 18

Gaussian random variables

This chapter is devoted to a brief discussion of the class of Gaussian rvs. In par-
ticular, for easy reference we have collected various facts and properties to be used
repeatedly, here and in many applications.

18.1 Scalar Gaussian rvs

Definition 18.1.1

With scalars ¢ (in R) and 0 > 0, arv X :  — R (defined on some probability
triple (€2, F,P)) is a Gaussian (or normally distributed) rv with parameters p and
o2 if either o = 0 and X is a degenerate rv with X = p a.s., or ¢ > 0 and the
probability distribution of X is of the form

p[xq}:/x foor(t)dt, zER

where
o) = S teR
2(t) = ——e 22 | )
e V2mo?

We leave it as a simple exercise to check that
(18.1) / tfuo2(t)dt =p and / tfo2(t)dt = i + o
R R

so that E [X] = p and E [X?] = 4i? + 62, hence Var[X] = o%. This shows that
the parameters £ and o2 are the mean and variance, respectively, of the rv X. In

249
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fact, a Gaussian rv is completely characterized by its first and second moments —
As aresult it is customary to refer to the rv X in Definition 18.1.1 as a Gaussian rv
with mean p and variance o2, written X ~ N(u,o?).

The characteristic function of Gaussian rvs takes a very simple form.

Fact 18.1.1 Ifthe rv X :  — R (defined on some probability triple (2, F,P)) is
a Gaussian rv with mean . (in R) and variance o2 > 0. its characteristic function
®x : R — Cis given by

. 2
(18.2) Oy(0) =E [ewX} — =50 R

This fact is established in Section 18.13. and allows us to give a definition which
is equivalent to Definition 18.1.1 and which covers both cases.

Definition 18.1.2

Arv X : Q — R (defined on some probability triple (2, F,P)) is a Gaussian rv
with mean p (in R) and variance o2 > 0 if its characteristic function @y : R — C
is given by

. 0-2
(18.3) Dx(0) =T geR.

The relations (18.1) can also be established by differentiating the expression
(18.3) and using Theorem 17.8.1. It is a simple matter to check that if X is normally
distributed with mean p and variance o2, then for scalars a and b, the rv a X + b
is normally distributed with mean ap + b and variance a0, In particular, with
o >0, the rv o~ }(X — p) is a Gaussian rv with mean zero and unit variance.

18.2 The standard Gaussian rv

The Gaussian rv with mean zero (1 = 0) and unit variance (62 = 1) is known
as the standard Gaussian rv, and occupies a very special place among Gaussian
rvs. Throughout, we denote by U a Gaussian rv with zero mean and unit variance
(defined on some probability triple (€2, F, P)). Its probability distribution function
is given by

(18.4) PlU < o] = B(z) = / s(t)dt, zE€R
with probability density function ¢ : R — R given by

1 2
(18.5) o(t) = e 2, tel
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As should be clear from earlier comments, for any Gaussian rv X with mean p
and variance o2, it holds that X = w~+ oU, so that

PIX<az] = Plo (X —p) <o}z —p)]
= P[U< o Nz — )]
= (o Hr—p), zeR

The evaluation of probabilities involving Gaussian rvs thus reduces to the evalua-
tion of related probabilities for the standard Gaussian rv. It also follows readily by
differentiation of (18.6) that

fu,aQ(x) = 071¢(071($ - H)), reR

as expected.

The standard Gaussian rv U is a symmetric rv: Indeed, for each z in R,
the symmetry of the probability density function ¢ : R — R, readily implies
P[U < —x] =P[U > x|, so that (—x) = 1 — ®(z), and P is therefore fully de-
termined by the complementary probability distribution function of U on [0, c0),
namely
(18.6) Qx)=1-—P(x)=P[U >2x|, z>0.

The evaluation of the so-called @-function is given in Section 18.10 together with
some of its properties (which are often used in Communication Theory).

In Section 18.12 we evaluate the moments of the standard zero-mean unit Gaus-
sianrv U.

Fact 18.2.1 If U is a standard zero-mean unit variance Gaussian rv, then its mo-
ments are all finite and given by

0  ifk=20+1with¢=0,1,...
(187) mp=E [Uﬂ -

GO ifk=20withf=1,2...

18.3 A little Linear Algebra

Before introducing the notion of a multi-dimensional Gaussian rv, we present some
standard facts from Linear Algebra that are needed in developing the appropriate
definition. Throughout p is a positive integer, and unless specified otherwise, ele-
ments of R? are understood as column vectors. If u is an element in RP, then its
k™" component is denoted by uy, for k = 1,...,p, and u = (uy,...,up,)" with the
superscript ¢ denoting transposition.
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Definition 18.3.1
A square p x p matrix R is said to be

(i) symmetric if R! = R, namely
Rie = Ry, k,£=1,...,p.
(i1) positive semi-definite if

utRUZO, u € RP

(iii) positive definite if it is positive semi-definite and the condition u!Ru = 0
implies v = (0,...,0)".

The facts given next concern the eigenvalues and eigenvectors of symmetric
matrices, and are well known:

Theorem 18.3.1 Let R denote a symmetric p X p matrix. It has p eigenvalues, not
necessarily distinct, all of which are real, say M1, ..., \,. Moreover, there exists
vectors u1, . . ., up in RP with the following properties:

(i) The vectors uz, . . ., u, form an orthonormal family in the sense that

ubug = 6(k,0), k,l=1,...,p.

(ii) For each k = 1, ..., p, the vector uy, is an eigenvector for the eigenvalue
Ak In that
Ruk = )\kuk

(iii) If in addition, the matrix R is positive semi-definite, then A, > 0 for each
k=1,...,p.

The following calculations are standard: It is customary to introduce the p X p
matrix 7' formed by taking its columns to be the eigenvectors w1, . . ., u,, namely

Tz(ul Uy ... up).

The transpose T of T is given by
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From Theorem 18.3.1 we conclude that

RT = ( )\1u1 )\QUQ )\pup )
and
uj
: U
T'RT = . ( )\1U1 )\QUQ )\pup )
U
Aluﬁul )\Qu'iUQ . )\pu'iup
B /\1u§u1 )\guqu .. /\pugup
Alu;ul )\guf,ug coo Mpuduy
(18.8) = Diag(A1,A2,...,Ap)
where Diag(A1, A2, ..., \p) is the diagonal matrix whose diagonal elements are
A1, A2, ..., Ap. A similar line of reasoning also shows that
uj
t
¢ U2
T = . (u1 Uy ... up):Ip
p

where I, denotes the p-dimensional unite matrix. By the uniqueness of the inverse
of a matrix, we conclude that 7 is invertible with 77! = T*. Since 7T~ =
T—T = I, it follows that

TT' =T'T = I,.

The relation T*RT = Diag(A1, Az, ..., A,) yields
R=T (T'RT)T" =T (Diag(A1, A2, ..., \p)) T".

If in addition to being a symmetric matrix, R was also positive semi-definite,
then its eigenvalues are now non-negative and we can write

R = (TDiag(\/)\T, \/)\72, ce m)> . (Diag(\/x, \/)\72, e er)) T!
= (TDiag(\/)Tl, Vg, ..., m)) . (TDiag(\/)Tl, N \/E)y .

The p X p matrix
B = TDiag(v/ 1, VA2 ... v/Ap)

has the property that R = BB?, and is known as the square root of the positive
semi-definite symmetric matrix R.
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18.4 Gaussian random vectors

There are several equivalent ways to define multi-dimensional Gausssian rvs. Through-
out, let x denote a vector in RP and let 3 be a p X p symmetric and positive semi-
definite matrix, thus ¥ = ¥ and 6*$6 > 0 for all 6 in R?.

A definition via characteristic functions The most convenient definition is given
in terms of characteristic functions.

Definition 18.4.1

An RP-valued rv X (defined on some probability triple (€2, F,P)) is said to be
a Gaussian rv (or a p-dimensional Gaussian random vector) with mean vector
and covariance matrix X if its characteristic function is given by

(18.9) E {ei"tx} — (i0'n=30'50 g RP,

We shall write X ~ N(u, X).

For the right-handside of (18.9) to be a characteristic function we must have
[E [7X]| = e <1, gere.

This implies #*30 > 0 for each 6 in R?, making it necessary for the p x p matrix
. to be a positive semi-definite matrix.
Next, fix 6 in RP and use (18.9) with af where a ranges in R. It follows that

(18.10) E e X] L LS

and by virtue of Definition 18.1.2 we conclude that the scalar rv ' X is a Gaussian
rv with mean 61 and variance 6'%6. But 0’ = E [0'X] = 0'E [X] and §'X6 =
Var [#'X] = 6'Cov [X]6. As these equalities hold for all § in R? we conclude
that 4 = E [X] and ¥ = Cov [X]. In other words, the parameters ;. and ¥ indeed
have the interpretation of mean and covariance for the rv X. The latter conclusion
also shows that the matrix > appearing in (18.9) is necessarily symmetric.

A constructive definition We now present another definition of multi-dimensional
Gaussian rvs. This definition is not give in terms of characteristic functions, but
instead uses only the existence of standard (one-dimensional) Gaussian rvs.
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Definition 18.4.2

An RP-valued rv X (defined on some probability triple (€2, F,P)) is said to be
a Gaussian rv (or a p-dimensional Gaussian random vector) if for some positive
integer d, there exists an element b in RP, a p X d matrix B and i.i.d. standard
Gaussian rvs Uy, . .., Uy (defined on (2, F, P)) such that

Ui
(18.11) X—yb+B| :
Uq

By linearity of expectations it is plain from (18.11) that

Uy E U]
E[X]=E |[b+B| : =b+ B : =b
Uy E[Uy)]
and
U, U\’
E[(X-b)(X-b'] = E|B| : . | B
Ud Ud
Ur U \"
= BE ; ; B
Ugq Ugq
= BI,B!
(18.12) = BB

In short we have shown that if the rv X : 2 — RP is Gaussian according to
Definition 18.4.2, then

E[X]=0b and Cov[X]= BB

18.5 Equivalence of the two definitions

We now discuss the equivalence of these two definitions.
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Definition 18.4.2 implies Definition 18.4.1 Next, pick 8 in RP. We note that

U1 Ul

d
0'(X -b)=u0'B| : |[=@B0| : | =) (B
Uy Uy k=1
where foreach k =1,...,d, (B'0) ,, denotes the k" component of the vector B*f

in R?, Tt follows that

E [ewf(xfb)] - E [eizzzl(BtG)kUk}

R ]
E kl;[l e
_ H E [e (B'), }
k=1
by the mutual independence of the rvs Uy, . .., U; with

E [ei(Bte)kUk} — o 3I(BO),

upon using the fact that U, ~ N(0, 1) for each k = 1,...,d. Collecting terms we
conclude that

d
E[eiet(X—b)] _ He 11(Be),
k=1
= €_§Zk:1‘(3t€)k‘2

(18.13) — ¢ 30'BB'
as we note that
d

> 1(B), > =6'BB'.

k=1
We conclude that

E [eietx] — R [ezet(x—b)}

(18.14) = ¢if'e=30"BB'0 g o RP

and X ~ N(b, BB') according to Definition 18.4.1,
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On the basis of this discussion the reader might wonder whether any p X p
matrix X which is both positive semi-definite and symmetric can be realized in this
manner, namely as 3 = BB? for some d x p matrix B. The answer is obviously in
view of the discussion of Section 18.3: There we showed that for any p X p matrix
> which is symmetric and positive semi-definite, there always exists a p X p matrix
B such that ¥ = BB?! — Its square root! This also shows that although the pair
(d, B) may not be unique, there is always one with smallest dimension, namely
d = p in which case B is taken to be the square-root of the target covariance >..

Definition 18.4.1 implies Definition 18.4.2 Consider arv X : 2 — RP defined
on some probability triple (€2, F,P) which is a Gaussian rv with mean vector p
and covariance matrix 3 according to Definition Definition 18.4.1. The matrix X
being symmetric and positive semi-definite, there exists a p X p matrix B such that
¥ = BB, Consider the rv X* : Q — RP given by

Uy
*=p+B|
Up
where Uy, ..., U, are i.i.d. standard Gaussian rvs. As shown earlier in this section,

E[X*] = pand Cov [X*] = BB! = 3, while
E [ewtx*} — 03050 g o RP

Therefore, X* and X have identical characteristic functions, hence they have the
same probability distribution functions and we can write X =, X*, just another
way to say that X is Gaussian according to Definition 18.4.2. [ ]

18.6 Existence of a density

In general, an RP-valued Gaussian rv as defined above may not admit a density
function: To see why, consider a Gaussian rv X : £ — RP with mean vector y and
covariance matrix X.. The kernel Ker(X) of its covariance matrix ¥, also known as
its null space, is the linear subspace of R? given by

Ker(¥) = {z e R : ¥z =0,}.
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Observe that #'30 = 0 if and only if 6 belongs to Ker(2), in which case (18.9)
yields
E [ewt(x_“)} =1

and we conclude that
O'(X —pu) =0 as.

In other words, with probability one, the rv X — y is orthogonal to the linear space
Ker(X%).

To proceed, assume that the covariance matrix 3 is not trivial (in that it has
some non-zero entries) for otherwise X = p a.s. In the non-trivial case, there are
now two possibilities depending on whether the p X p matrix X is positive definite
or not. Note that the positive definiteness of 3, i.e., #*3X0 = 0 necessarily implies
6 = 0y, is equivalent to the condition Ker(X) = 0,,.

If the p x p matrix X is not positive definite, namely only positive semi-definite,
then the mass of the rv X — s is concentrated on the orthogonal space Ker(X)+
of Ker(X), and the distribution of X has its support on the linear manifold ;1 +
Ker(X)* and must be singular with respect to Lebesgue measure — The probability
distribution function of the gausssian rv X does not admit a probability density
function.

On the other hand, if the p X p matrix X is positive definite, then the matrix X is
invertible, det(X) # 0 and the Gaussian rv X with mean vector p and covariance
matrix ¥ admits a probability density function f : RP — R, given by

f@) = b b m e e R
(2m)ddet ()

18.7 Linear transformations

The following result is very useful in many contexts, and shows that linear trans-
formations preserve the Gaussian character:

Lemma 18.7.1 Iet v be an element of R? and let A be an q X p matrix. Then, for
any Gaussian rv RP-valued rv X with mean vector |4 and covariance matrix Y., the
RY-valued rvY given by

Y =v+4+ AX

is also a Gaussian rv with mean vector v + Ay and covariance matrix AX AL,

Proof. First, by linearity we note that

EY]=Er+AX]=v+ Ap
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so that
CovlY] = E[A(X — p) (A(X —p))']
— AE[(X — p)(X — p)'] A
(18.15) = AXAL

Consequently, the R?-valued rv Y has mean vector v + Ay and covariance matrix
AX AL
Pick « arbitrary in RY. We have

F [eiatY:| - T {eioat(u—&-AX)}
_ eiatzlE |:6ioztAX}
_ eiatuE {ei(Ata)tX]

— eiatue—%(Ata)tZ(Ata)

(18.16) — eiatl/e—%atAEAta

as required. [ ]

This result can also be established through the evaluation of the characteristic
function of the rv Y. As an immediate consequence of Lemma 18.7.1 we get the
following fact whose proof is left as an easy exercise.

Corollary 18.7.1 Consider a Gaussian rv RP-valued rv X with mean vector p and
covariance matrix . For any subset I of {1,...,d} with |I| = q < d, the R?-
valued rv X given by X; = (X;, i € I)t is a Gaussian rv with mean vector
(i, © € I)! and covariance matrix (3,5, 1,7 € I).

18.8 Independence of Gaussian rvs

Characterizing the mutual independence of Gaussian rvs turns out to be quite
straightforward: Consider the second-order rvs Xy, ..., X, all defined on the
same probability triple (2, F,P), where for each ¢ = 1,... k,therv X, : Q —
RP¢ has mean vector iy and covariance matrix y. Withp = p; + ... + p,, let X
denote the RP-valued rv obtained by concatenating X1, ..., X, namely

X1
(18.17) xX=1 :
X
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Its mean vector p is simply
M1
(18.18) W= :
223

while its covariance matrix > can be written in block form as

X1 21,2 C ZLk

2271 h) Ce 22,k
(18.19) Y= . . . .

Se1 Sk oo Sk

with the notation
¥ = Cov[X;, X;] 4,j=1,...,k.

Lemma 18.8.1 With the notation above, assume the rv X : Q — RP to be a
Gaussian rv with mean vector p and covariance matrix Y. Then, for each { =
1,...,k, the rv X, is a Gaussian rv with mean vector (i, and covariance matrix Y.
Moreover, the rvs X1, ..., X} are mutually independent Gaussian rvs if and only
they are uncorrelated, i.e.,

(18.20) S =6(6,0)%, ij=1,....k

The first part of Lemma 18.8.1 is a simple rewrite of Corollary 18.7.1. Some-
times we refer to the fact that the rv X is Gaussian by saying that the rvs X, ..., X,
are jointly Gaussian. A converse to Lemma 18.8.1 is available:

Lemma 18.8.2 Assume that for each ¢ = 1,...,k, therv X; : 2 — RP¢ s a
Gaussian rv with mean vector py and covariance matrix . If the rvs X1, ..., Xj
are mutually independent, then the rv X : Q — RP is a Gaussian rv with mean
vector (. and covariance matrix Y as given by (18.19) with (18.20).

It might be tempting to conclude that the Gaussian character of each of the rvs
X1,..., X} alone suffices to imply the Gaussian character of the combined rv X.
However, it can be shown through simple counterexamples that this is not so. In
other words, the joint Gaussian character of X does not follow merely from that
of its components X1, ..., Xy without further assumptions. A counterexample is
given in Exercise 18.13.
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18.9 Conditional distributions

Consider the following situation: The rv Z : 2 — RP™ is defined on some proba-
bility triple and is of the form
X
=(¥)

with componentrvs X : 2 = RPand Y : Q — RY.

Lemma 18.9.1 There always exists a p x q matrix A* such that thervs V = X —
E[X] — A*(Y —E[Y]) and Y are uncorelated. This matrix is any solution of the
matrix equation

(18.21) Cov [X,Y] = ACov[Y], p x q matrix A.

When Cov [Y] is invertible, then the matrix A is unique and is given by A* =
Cov [X,Y]Cov[Y] "

Proof. For any p x ¢ matrix A, define the rv V4 :  — R? by

Vi=X —E[X] - AY —E[Y]).

Note that
Cov[Vy,Y] = Cov[X —E[X]-AY —E[Y]),Y]
= Cov[X —E[X],Y]—Cov[A(Y —E[Y]),Y]
(18.22) = Cov[X,Y]— ACov[Y].

The condition that the rvs V4 and Y are uncorrelated reads Cov [V, Y] = Opx, or
equivalently, (18.24). If Cov [Y] is invertible, then clearly there is only one solution
to this matrix equation (in A), and it is given by A* = Cov [X, Y] Cov[Y]™'. m
If Cov [Y] is not invertible, then

Some important consequences can be derived from Lemma 18.9.1, and are

given next.

Lemma 18.9.2 Assume the rv Z : Q — RPTY to be a Gaussian rv. With the
notation of Lemma 18.9.1, thervs V = X —E[X]| — A*(Y —E[Y]) and Y are
independent, each of which is Gaussian.
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Proof. Now consider the rv W :  — RP*™4 given by

. ( X -E[X] - 4 -E[V] )

We can rewrite W in a more compact form as

X

won(2

)b:BZb

where the (p + ¢) X (p + ¢) matrix B and the element b of RP™4 are given by

BE<O§;p 7“) and bE<E[X}—O;4*E[Y1>

The Gaussian character of the rv Z implies that the rv W :  — RPTY is also
Gaussian by Lemma 18.7.1. Therefore, thervs V = X —E[X] — A*(Y —E[Y])
and Y being uncorrelated, we can use Lemma 18.8.1 to conclude that they are in-
dependent! |

We shall use these facts and basic properties of conditional expectations to
evaluate the conditional expectation of the rv X given Y.

Lemma 18.9.3 Assume the rv Z : ) — RPTY to be a Gaussian rv. It holds that
(18.23) EX|Y]=E[X]|+ A (Y —E[X|Y]) a.s.

where the p X q matrix A* is any solution of the matrix equation (18.24).

Proof. First, by the independence established in Lemma 18.9.2 we have

E[X —E[X] - A*(Y —E[Y])|Y]
= EX-E[X]-AYY —E[Y])] =(0,...,0)" as.

On the other hand, by linearity of conditional expectations we get

E[X - E[X] - A*(Y —E[Y)])[Y]
= E[X[Y]-E[X] - A*(Y —~E[Y]) as.

Combining these two evaluations we conclude to (18.23). [ ]

Finally, we are in a position to identify the conditional distribution of the rv X
given Y.
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Proposition 18.9.1 Assume the rv Z :  — RPYY to be a Gaussian rv. It holds
that

E [ewtx‘y]
(18.24) —  OE[X]Y] 'ef%Ht(Cov[X]fA*Cov[Y,X})f)’ 0 c RP

The conditional distribution of the rv X given Y is therefore also Gaussian with
(conditional) mean E [ X |Y] and covariance matrix Cov [X] — A*Cov [Y, X].

Proof. Fix 0 in RP. Noting that
X=V4+EX]+A(Y -E[Y]) =V +E[X]|Y]

where A* is as before, we get
E [ o10'X |Y} _

E [ez‘eiv ) eiGtIE[X\Y]D/}
= E
E

{ o0V \Y} . O'EIX]Y]
e

(18.25) =

‘0t 0t
[ i0 v} COEIXIY] oo

where in the last step we used the fact that the rv V' is independent of the rv Y, a
fact established in Lemma 18.9.3.

But, the rv V' is a Gaussian rv {2 — RP as shown in Lemma 18.9.3; its charac-
teristic function is therefore determined by its mean and its covariance: First, we

see that
0

E[V]=E[X -E[X]-A* (Y —E[Y])] =

while
Cov|[V] = Cov[X —E[X]-A(Y —E[Y])]
= E[(X —E[X] - A*(Y —E[Y])) (X —E[X] - A*(Y —E[Y]))']
= Cov[X] - Cov[X,Y](A*)! — A*Cov Y, X]| + A*Cov [Y] (A*)
(18.26) = Cov[X]— A*Cov[Y, X]
as we note that
A*Cov [Y] (A*)! = Cov [X, Y] (A%)".

This is a simple consequence of the equation (18.24) satisfied by A*.
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Thus,
E [eietv] _ e*%Gt(Cov[X]fA*Cov[Y,X})H’

and combining with (18.25) we get (18.24). |

A case of particular interest arises when Cov [Y] is invertible in which case
A* = Cov [X,Y]Cov [Y] !, whence

Cov [V] = Cov [X] — Cov [X, Y] Cov [Y] ™ Cov [Y, X]

18.10 Evaluating Q(z)

The complementary distribution function (18.6) repeatedly enters the computation
of various probabilities of error. Given its importance, we need to develop good
approximations to )(z) over the entire range x > 0.

The error function In the literature on digital communications, probabilities of
error are often expressed in terms of the so-called error function Erf : R, — R
and of its complement Erfc : R, — R defined by

2 z 2
(18.27) Erf(z)=—= [ edt, >0
VT Jo
and 5 -
(18.28) Erfe(z) = / e dt, z>0.
VT Jo

A simple change of variables (¢t = %) in these integrals leads to the relationships

Erf(z) =2 (@(mﬁ) - ;) and Erfe(z) = 2Q(zV?2),

so that
Erf(z) =1 — Erfe(z), = >0.

Conversely, we also have

o(z) = % (1 + Exf (%)) and Q(z) = %Erfe (\%) .

Thus, knowledge of any one of the quantities @, (), Erf or Erfc is equivalent to
that of the other three quantities. Although the last two quantities do not have a
probabilistic interpretation, evaluating Erf is computationally more efficient. In-
deed, Erf(x) is an integral of a positive function over the finite interval [0, ] (and
not over an infinite interval as in the other cases).



18.10. EVALUATING Q(X) 265

Chernoff bounds To approximate (Q(x) we begin with a crude bound which
takes advantage of (??): Fix > 0. For each § > 0, the usual Chernoff bound
argument gives

PlU>z < E [eaU} e 0"

6701+§
22 (6-w)?
(18.29) = e Te 2
where in the last equality we made use of a completion-of-square argument. The
best lower bound

(18.30) Qr)<e z, >0

is achieved upon selecting = x in (18.29). The bound (18.30) is referred to as a

Chernoff bound; it is not very accurate for small = > 0 since lim,_,0 Q(z) = %

»

2
. . —_z
while lim,_,ge™ 2 = 1.

Approximating Q)(z) (z — oo) The Chernoff bound shows that Q)(x) decays
2

to zero for large x at least as fast as e~ 2. However, sometimes more precise
information is needed regarding the rate of decay of Q(x). This issue is addressed
as follows:

For each x > 0, a straigthforward change of variable yields

Q) = /Oo¢<t>dt

= /00 oz + t)dt
0
(18.31) = ¢(x) /OO e_xte_édt.
0

With the Taylor series expansion of e~ 2z in mind, approximations for Q(z) of
increased accuracy thus suggest themselves by simply approximating the second
exponential factor (namely e %) in the integral at (18.31) by terms of the form

(18.32) zn: (_1)kt2k n=01
. il n=0.1...
k=0

To formulate the resulting approximation contained in Proposition 18.10.1 given

next, we set
Qu(z) = ¢() /OO (Z (_1)kt2k> e~"tdt, x>0
0

2k k!
k=0
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foreachn =0,1,....

Proposition 18.10.1 Fixn = 0,1,.... For each x > 0 it holds that

(18.33) Qant1(z) < Q(x) < Qan(z),
with .-
where . )
(18.35) Qn(a) = ¢(2) Y (_12)192!2]{)!33—(%—%-1)'

A proof of Proposition 18.10.1 can be found in Section ??. Upon specializing
(18.33) ton = 0 we get

e 2 1 e 2
18.36 1—-=)<Q(x) < , x>0
( ) x27r< $2>_Q()_x 2
and the asymptotics
12
(18.37) Qz) ~ S (2 — 0)
TV 2w

follow. Note that the lower bound in (18.36) is meaningful only when x > 1.

18.11 Ryvs derived from Gaussian rvs

Rayleigh rvs A rv X is said to be a Rayleigh rv with parameter o (o > 0) if

(18.38) X =g VY2 + 22

with Y and Z independent zero mean Gaussian rvs with variance o2. It is easy to
check that

22

(18.39) PX >z]=¢ 22, >0
with corresponding density function
d _2?
(18.40) CPX <a]= —e 57, z>0.
dx o2

It is also well known that the rv © given by

A
(18.41) © := arctan <Y)
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is uniformly distributed over [0, 27) and independent of the Rayleigh rv X, i.e.,

z2
(1842) P[X <z,0<0]= ; (1—6‘%2) , 0el0,2m), x> 0.
Yis

Ricervs A rv X issaid to be a Rice rv with parameters « (in R) and o (o > 0) if
(18.43) X=gV(a+Y)2+ 22

with Y and Z independent zero mean Gaussian rvs with variance o2. It is easy to
check that X admits a probability density function given by

d T _z2+a? ax
(18.44) ZPX <a]= e g (?) x>0
Here,
1 27
(18.45) Io(z) == 2/ erstdt, reR
™ Jo

is the modified Bessel function of the first kind of order zero.

Chi-square rvs Foreachn =1, 2,.. ., the Chi-square rv with n degrees of free-
dom is the rv defined by

=g U ...+ U2

where Uy, ..., U, are n i.i.d. standard Gaussian rvs.

18.12 Evaluating the moments of the standard Gaussian
distribution

In this section we evaluate the moments of the standard zero-mean unite variance
Gaussian rv U. Recall that its probability density function ¢ : R — R is given by

1 o2
(b(x):—z-e_T, reR
s

As before we write
(18.46) E U] L [ beSde, k=01

. my = =— /| z"e x, =0,1,...

F V2T JR

and note by symmetry that mey+; = 0 for every £ = 0,1, . ... Therefore we need

only focus on the moments of even order K = 2¢ with £ = 1,2,.. ..
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To that end, fix £ = 0,1,.... Standard arguments using integration by parts
yield

2 oo 2
/ 2D~ F g — 9 / L2 =% g
R 0

21 o0 22
= 2 <|:.T2e+16_2:| + / (20 + 1):6%6_2(155)
0 0

o0 ac2
(18.47) = m%+¢%/ 2?e™ 7 d.
0

20

22
by virtue of the fact that lim,_,,, x**¢” 2 = 0. In other words, multiplying both

sides by v/ 27, we conclude that
Mo(p4+1) = (2£ + 1)m24, {=0,1,...
Iterating we easily get

mae = (20— 1)mgyg_y)
= (2£ — 1)(2f — 3>m2(g_2)

(18.48) = (20—1)(20—3)(20—5)-...-5-3-1-my.

Obviously mg = 1, and the conclusion
20)! !
may = 29 :(26), £=0,1,...
(20)(2(—-1))(2(t—2))---(2-3)(2-2)(2-1) 260!
follows. The expressions (18.7) are now established. |

18.13 Evaluating the characteristic function of Gaussian
rvs
As we seek to establish the expression (18.2) for the characteristic function of

Gaussian rvs, we need only consider the case of zero-mean unit variance standard
Gaussian rvs, i.e., u = 0 and 02 = 1.
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We seek to evaluate

. 1 . 1.2
_ WU | _ 0 —=x
@U(G)—E{e }—M/Re e 2" dx, 0eR.

Fix 6 in R. Our starting point is the Taylor series expansion

) o0 .0 k
elexzz(z @) , xecR.

k!
k=0

Assuming a valid interchange of integration and summation (to be justified

below), we get
/ewme_%ﬁda: = / Z (i) e 2% dy
R R k!

k=0

B (Z@x)k 1,2
= kz R e dx
=0

= Z (Zk') /xkeé"ﬁdm
. R

N

k=0
— (i)
(18.49) = Vor (kz - mk>
=0

with the notation (18.46).
Using the expressions (18.7) we conclude that

e 1 1.0 = (ih)k
i0x 3274 — § : .
/]Re Vo ! R
0

k=0
_ f:“ )* (20!
(200 20!
1 (—6)2
(18.50) = Zﬂ( zl)
/=0

and the desired conclusion
E [ewU} =e 2z, HeR

follows. The general case is now immediate once we recall that if X ~ N(u, 02),

X—y . . . .
then the rv T" is a standard zero-mean unit variance Gaussian rv. [ ]
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18.14 Exercises
Ex. 18.1 Establish the relations (18.1) through direct integration.

Ex. 18.2 Let U denote a zero-mean unit variance Gaussian rv. With the help of
Theorem 17.8.1 use the moment information contained in the characteristic func-
tion (18.2) to evaluate all the moments E [UP] (p = 1,...). You may want to
compare your results with those obtained in Section

Ex. 18.3 Find all the moments E[U?] (p = 1,...) where X is a x2-rv with n
degrees of freedom.

Ex. 18.4 Derive the relationships between the quantities ®, @), Erf or Erfc which
are given in Section 18.10.

Ex. 18.5 Given the covariance matrix >, explain why the representation (??)—(2?)
may not be unique. Give a counterexample.

Ex. 18.6 Give a proof for Lemma 18.8.1 and of Lemma 18.8.2.

Ex. 18.7 Construct an R2-valued rv X = (X1, X2) such that the R-valued rvs X3
and X, are each Gaussian but the R2-valued rv X is not (jointly) Gaussian.

Ex. 18.8 Derive the probability distribution function (18.39) of a Rayleigh rv with
parameter o (o > 0).

Ex. 18.9 Show by direct arguments that if X is a Rayleigh distribution with pa-
rameter o, then X2 is exponentially distributed with parameter (202)~! [HINT:

Compute E [e_eX 2] for a Rayleigh rv X for 8 > 0.]

Ex. 18.10 Derive the probability distribution function (18.44) of a Rice rv with
parameters « (in R) and o (o > 0).

Ex. 18.11 Write a program to evaluate Q,,(z).

Ex. 18.12 Let X3, ..., X,, be i.i.d. Gaussian rvs with zero mean and unit variance
and write S,, = X1 + ...+ X,,. For each a > 0 show that

na2

e 2
av2mn

This asymptotic is known as the Bahadur-Rao correction to the large deviations
asymptotics of .S,,.

(18.51) P[S, > na| ~ (n — o0).
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Ex. 18.13 Consider three rvs mutually independent rvs Y, Z and U defined on
some probability triple (2, F,P). We assume that (i) The rv U : Q@ — Ris a
Bernoulli rv with

PU=1=p=1-P[U =0

for some p in (0, 1); (ii) The rvs Y, Z : 2 — R? are two-dimensional zero-mean
Gaussian rvs with covariance matrices R, and Ry, respectively, given by

R*:<1 p*>7 *:a,b
px 1

with p, # pp. The conditions |p,| < 1 and |p,| < 1 are assumed in order to ensure
that the matrices R, and R, are legitimate covariance matrices.
a. Compute the characteristic function ®x : R — C of therv X : Q — R?
given by
X=UY+(1-U)Z

b. If X = (X1, X3), show that the component rvs X; and X are each standard
Gaussian rv.
c. Explain why the rv X is not a Gaussian rv. .

Ex. 18.14 The following arises in classical Statistics: Let X,..., X, denote n
i.i.d. Gaussian rvs, each with mean p and variance o2 > 0. Define the rvs X and
Zl; ey Zn by

1< _
X=-)X; ad Z;=X;-X, k=12,...,n
n
k=1
a. Compute the joint characteristic function of the n + 1 rvs Z1,..., Z, and

X.
b. Use Part a to establish the independence of the rvs X and S? where

n

> (X - X)2

k=1

1

n—1

§? =

Ex. 18.15 Thervs X1, ..., X, are jointly Gaussian, e.g., with X = (X1,...,X,)’,
namely X ~ N(u, R) for some vector ;1 in R™ and n X n covariance matrix R.
With a and b elements in R™, define the R-valued rvs A and B by

n n
A=d'X = Z ap X, and B=bX = Z by X
k=1 k=1
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a. Compute the characteristic function of the R?-valued rv (A4, B)’, namely
o(s,t) =E [ei(SA'HB)} , s, teR.

Carefully explain your calculations!

b. With the help of your answer in Part a derive a necessary and sufficient
condition on the parameters u, a, b and R for the rvs A and B to be independent.
Carefully explain your calculations!

¢. What form does this condition take when the rvs X1, ..., X, are i.i.d. Gaus-
sian rvs, say X ~ N(u, 021,) with 02 > 0?

Ex. 18.16 Consider the bivariate Gaussian rv (X,Y’)" with probability density
function fxy : R? — R, given by

Pr(ay) = goe B R g ) g2
Y0

Evaluate the quantities E [X], E [Y], Var[X], Var[Y] and Cov[X,Y].

Ex. 18.17 Let £, : © — R be independent rvs, each of which is distributed
according to a standard Gaussian distribution. Define the rv (¢%,7*) : Q — R?

given by
< & > iféE>0
e 7]

) e

Show that rvs £* and * are standard Gaussian rvs but that the rv (£*, n*) : Q — R2
is not Gaussian. Contrast with the statement: The rv (£,7) : Q — R? is a jointly
Gaussian rv N(02, I'5) with 02 = (0,0) and I5 is the identity on R%. What explain
the difference?
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Convergence of random variables

We now turn to developing a convergence theory for sequences of rvs. We assume
that all the rvs are defined on the same probability triple (2, F,P). Let {X,,,n =
1,2,...} denote the sequence of rvs 2 — RP whose limiting behavior is being
investigated, and let X : 2 — RP be a possible limit. Most of the discussion will
be given for the case p = 1, as the case general case p > 1 can easily be inferred
from the one-dimensional case; see Section 19.6 for comments and pointers.

We stress that the four modes of convergence to be introduced shortly are com-
patible with the usual convergence on R in the following sense: If the sequence
{Xn,n = 1,2,...} comprises degenerate rvs, say for each n = 1,2,... we
have X,, = a, as. for some scalar a,, then the convergence of the sequence
{X,,n =1,2,...} in any one of the four sense is equivalent to the usual conver-
gence of the deterministic sequence {a,, n =1,2,...}.

Basic notions of convergence in R are reviewed in Appendix 22.

19.1 Almost sure convergence

Almost sure convergence is the mode of convergence that is easiest to understand
as it mimics most closely usual convergence.

Definition 19.1.1
The sequence of rvs {X,,, n = 1,2,...} converges almost surely (a.s.) to the
v X : Q — Rif P[C] = 1 where C is the event

(19.1) C={we: li_>m Xn(w) = X(w) in R}.

We shall write lim,, o X,, = X a.s.

273
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Sometimes the qualifier “almost sure(ly)” is replaced by the qualifier “with
probability one” (often abbreviated as w.p. 1), in which case we write lim,, o X,, =
X w.p. 1. Tt is easy to see that the convergence set C' is indeed an event in F since

1
€ = M2 U 3 1K = X1 < 3

The following notation will prove convenient in what follows: With € > 0, for
eachn =1, 2, ..., we define the events
An(e) = [[Xn — X[ < €]
and
Bn(e) = Nm>nAm(e)
(19.2) = [|[Xm—X|<e,m=n,n+1,..].

Theorem 19.1.1 The sequence of rvs { X,,, n = 1,2,...} converges a.s. to the rv
X if and only if

(19.3) P[Bxo(e)]=1, >0
with
(19.4) Boo(e) = U321 Bu(e).

Proof. With this notation, the characterization of C given earlier can now be
expressed in the more compact form

Note also that By, (') € Boo(g) whenever 0 < €’ < €. Hence, by the continuity
from above of P under monotone decreasing sequences we get

(19.5) P[C] = lim P [Bo(k™1)].
k—o0
As this last convergence is monotonically decreasing as k increases, we conclude
that P[C] = 1 if and only if
P[Bso(k™))] =1, k=1,2,....

The conclusion (19.3) follows since for every € > 0 there exists a positive integer
k such that (k + 1)7! < e < k=1 with Boo((k +1)71) € Boo(e) € Boo(k71). B

This simple observation paves the way for the following simple criterion for
a.s. convergence.
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Theorem 19.1.2 The sequence of rvs {X,,, n = 1,2,...} converges a.s. to the rv
X if for every € > 0, it holds that

(19.6) > PX, - X|>¢] < o0

n=1

Proof. Pick ¢ > 0. Note that By (¢) = liminf,, o A,(g), or equivalently,
By (€)¢ = limsup,,_,~, An(e)°. The first Borel-Cantelli Lemma (Lemma 3.3.1)
now yields P [B(¢)¢] = 0 provided

Z P[A,(e)]] < 0.
n=1

This statement is equivalent to P [ B (¢)] = 1 provided (19.6) holds, and the proof
is completed by invoking Theorem 19.1.1. [ ]

The condition (19.6) is sufficient, but not necessary, to ensure a.s. convergence.
However, it occurs sufficiently often that it has been given a name.

Definition 19.1.2
The sequence of rvs { X,,, n = 1,2,...} is said to be completely convergent to
the rv X if for every € > 0, we have

(19.7) > PX, - X|>¢] < 0.

n=1

Theorem 19.1.2 states that complete convergence implies a.s. convergence.
That complete convergence is only a sufficient condition for a.s. convergence, and
not a necessary condition for it, is confirmed by the next example.

Counterexample 19.1.1 A.s. convergence does not imply complete conver-
gence Take 2 = [0,1], F = B(R) and P is Lebesgue measure \. Define the rvs
{X,, n=1,2,...} tobe

0 if0<w<1-1
Xn =
1 ifl-t<w<l
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foreveryn =1,2,.... Fixwin [0, 1). It is plain that lim,_,. X, (w) = 0, and the
sequence {X,,, n =1,2,...} converges a.s. to the rv X = 0. However, for every
ein (0,1), we get

Pl X, >el==, n=1,2,...

o S|

whence (19.7) fails since )~ ; = = oo by the divergence of the harmonic series.

1
n

19.2 Convergence in probability

The next mode of convergence is closely related to almost sure convergence, but
less demanding, hence more likely to hold.

Definition 19.2.1
The sequence of rvs {X,,, n = 1,2,...} converges in probability to the rv X
if for every € > 0, we have

(19.8) lim P[|X, — X|>¢] =0.

n—o0

We shall write X, im X.

As expected s.s. convergence is a stronger notion of convergence than conver-
gence in probability.

Theorem 19.2.1 Almost sure convergence implies convergence in probability: If
the sequence of rvs {X,,, n = 1,2,...} converges a.s. to the rv X, then it also
converges in probability to the rv X.

Proof. Pick ¢ > 0 arbitrary. We have B, (¢) C Ay(e) foreachn = 1,2,...,
whence
P[B,(e)] <P[An(e)], n=12,...

The sets {B,(¢), n = 1,2,...} being non-decreasing, we readily conclude
that lim,, o0 P [By,(g)] = P [Boo(€)] with By () defined at (19.4). It is now plain
that

P[Bx(e)] = lim P[B,(e)] < liminfP[A,(e)].

n—oo n—0o0
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By Theorem 19.1.1 the a.s. convergence of the sequence {X,,, n = 1,2,...} im-
plies P[B ()] = 1, and this immediately implies lim inf, _, P[A,(¢)] = 1.
Thus, lim,,_,o, P[A,,(¢)] = 1, and the sequence {X,,, n = 1,2, ...} converges in
probability. [ ]

Here is an example of a sequence which converges in probability but not almost
surely:

Counterexample 19.2.1 Convergence in probability does not imply a.s. con-
vergence Take ) = [0,1], F = B(R) and PP is Lebesgue measure \. Define the
rvs {X,, n = 1,2,...} as follows: For each n = 1,2, ..., there exists a unique
integer k = 0, 1, ... such that 2¥ < n < 2¥*1 5o that n = 2¥ + m for some unique
m=0,...,2% — 1. Define

1 ifwel,
X, =
0 ifwé¢l,

where I,, = (m27%, (m + 1)27F).
The set §2;, of boundary points

Qb:{mQ_k,m:O,...,Qk, k:O,l,...}

is countable, hence P [2,] = 0. With w not in £ we note that X,,(w) = 0 and
Xp(w) = 1infinitely often, so that lim inf,,_, o X, (w) = 0 < limsup,,_,o Xn(w) =
1. The sequence {X,, n = 1,2,...} therefore does not converge a.s.. However,
with X = 0, we have lim,,_,o, P [| X;, — X| > ¢] = 0 for every € > 0 since

P[I,] if0<e<1
P|IX, — X|> €] =
0 if1>e.

The sequence {X,,, n = 1,2,...} indeed converges in probability. [

Yet, despite this counterexample which shows that a.s. convergence is strictly
stronger than convergence in probability, there is a partial converse in the following
sense.

Theorem 19.2.2 Convergence in probability implies almost sure convergence but
only along a subsequence: If the sequence of rvs {X,,, n = 1,2, ...} converges in
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probability to the rv X, then there exists a (deterministic) subsequence Ny — N
with
ne < Ng41, k=1,2,...

such that the subsequence of rvs {X,,,, k = 1,2,...} converges almost surely to
X.

The constraint on the subsequence {ny, k£ = 1,2,...} implies limy_, o, ng =
0o. We stress that this subsequence is independent of the sample w (in the appro-
priate certain event) for which the a.s. convergence of {X,, (w), k =1,2,...}is
established.

Proof. The assumed convergence in probability of the sequence of rvs {X,,, n =
1,2,...} to the rv X amounts to
lim P[|X — X,,| >¢]=0, &>0.
n—oo
Fix ¢ > 0: For every § > 0 there exists a positive integer n* (g, d) such that
PIX — X,| >¢] <6, n>n"(e0).

We now use this observation (with ¢ = k~! and § = 27%) as follows: For each
k=1,2,..., there exists a positive integer nj such that

PIX - X, >k7'] <27 n>mny.
It is always possible to recursively select ny as any positive integer satisfying
max (n*(g,0), ng—1) < ng

with the convention ng = 0. This construction guarantees ny < ngyq for all
k=1,2,....

Pick ¢ > 0 and introduce the integer k(¢) = [¢~!|. With the quantities just
introduced we have

o
> P[X, - X|>¢]
k=1

- > P[Xn, —X|>e+ Y P[IXy, — X[ >

k=1,2,.... k=1>¢ k=1,2,.... k—1<e
oo
< k@@)+ > P[Xn, - X[ >k
k=k(e)

o

< k(e)+ Y 27h

k=k(e)
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As the conclusion ) - | P[|X,,, — X| > £] < oo follows, the a.s. convergence of
the sequence of rvs {X,,,, k = 1,2, ...} is now a consequence of Theorem 19.1.2.
]

19.3 Convergence in the /" mean

Definition 19.3.1
With r > 1, the sequence of rvs {X,,, n = 1,2,...} converges to the rv X in
the " mean if the rvs {X,,, n = 1,2,...} satisfy

(19.9) E[|X,|"] <00, n=12,...
and
(19.10) li_>m E[| X, — X|"] =0.

We shall write X, £>n X.

The case r = 2 is often used in applications where it is referred as mean-square
convergence. The case r = 1 also occurs with some regularity, and is referred as
mean convergence. It follows from (19.10) that E[|X,, — X|"] < oo for all n
sufficiently large, whence the rv X necessarily has a finite moment of order r by
virtue of Minkowski’s inequality under (19.9).

Convergence in the 7" mean becomes more stringent as 7 increases.

Theorem 19.3.1 With 1 < s < r, convergence in the r*" mean implies conver-
gence in the s"mean: If the sequence of rvs {X,, n=1,2,...} converges in the
r*" mean to the rv X, then the sequence of rvs { X,,, n = 1,2, ...} also converges
in the s mean to the rv X.

Proof. This is a simple consequence of Lyapounov’s inequality

E[|X, — X|*]* <E[X, - X[']", n=1,2,...

Next, we relate " mean convergence to convergence in probability.



280 CHAPTER 19. CONVERGENCE OF RANDOM VARIABLES

Theorem 19.3.2 Convergence in the " mean implies convergence in probability:
If the sequence of rvs {X,,, n = 1,2,...} converges in r'" mean to the rv X for
some r > 1, then it also converges in probability to the rv X.

Proof. Pick ¢ > 0 arbitrary. Markov’s inequality yields

P[IX, — X|>¢] = P[X,—X|">¢]
E[|X, — X["]

ET

(19.11) . on=1,2,...

and lim,,_, P [|X,, — X| > €] = 0 as soon as lim,, o E[|X,, — X[']=0. =m

The converse is more delicate as the next example already illustrates; see also
Section 19.5.

Counterexample 19.3.1 Consider a collection of rvs {X,,, n = 1,2,...} such
that

«

0  with probability 1 —n™
X, =

07

n®  with probability n~
foreachn =1,2,... where @ > 0 and 5 > 0. Thus,

P Xn| >el=n"% n=12,...

P
as soon as 0 < € < 1 so that X,, —»,, 0.
On the other hand, with r > 1, elementary calculations show that

E[|X,[7=0(1-n"?) + 0P =pfe n=1,2,...

so that
0 ifrB<a
lim E[|X,|"]=¢ 1 ifrf=«
n—oo .
oo ifrg > a.

. . Lr .
It is now plain that X;, —,, 0 when 3 < « but no such conclusion can be reached
when 758 > a. [ ]

We close this section with a simple observation, based on Theorem 19.1.2,
which allows us to determine a.s. convergence in the presence of convergence in
the 7" mean.
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Theorem 19.3.3 If the sequence of rvs { X,,, n = 1,2,...} converges in rt" mean

to the rv X for some r > 1, then it also converges almost surely to the rv X
whenever the condition

(19.12) Y E[IXn - X" < o0
n=1

holds.

The convergence condition (19.10) is automatically satisfied under the summability
condition (19.12).

Proof. As already shown at (19.11), Markov’s inequality leads to

[ Xn — X]"]

E
PlX, — X| > ] < . n=12,...

6T
for every € > 0. The assumed condition (19.12) yields complete the convergence
condition

o0 100
Pl|X, —X|>¢]| < — E[X, — X" <
SR (%o X1 > < 5 S R(K - KT < o0

and the conclusion is immediate by Theorem 19.1.2. [ ]

19.4 Convergence in distribution

For any rv X : © — R, recall the properties satisfied by its probability distri-
bution function Fx : R — [0,1] — See Section 7.4 for details: (i) It is non-
decreasing; (ii) It has left-limit and is right-continuous at every point; and (iii)
The limits lim,_, _ F'x(x) = 0 and lim,_, F'x(x) = 1 hold.

Let C(F'x) denote the set of points in R where F'x : R — [0, 1] is continuous;
see Definition 7.4.1. Recall from Lemma 7.4.1 that C(Fx )¢ is a countable subset
of R.

Definition 19.4.1
The sequence of rvs {X,,, n = 1,2,...} converges in distribution to the rv X

if
(19.13) lim Fy, (z) = Fx(z), z¢€C(Fx).
n—oo
We shall write X,, —,, X or X, im X. Some authors refer to this mode of
convergence as convergence in law or as weak convergence.
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As this mode of convergence involves only the probability distribution func-
tions of the rvs involved, it is sometimes convenient to define this notion without
any reference to the rvs (viewed as mappings):

Definition 19.4.2
The sequence of probability distribution functions {F,,, n = 1,2,...} con-
verges in distribution to the probability distribution function F' if

(19.14) lim F,(z) = F(z), x€C(F)

where C(F') denotes the set of continuity of the probability distribution function
F’; see Definition 7.4.1. This time we write F,, —>,, F or F,, im F.

At this point the reader may wonder as to why the definition of distribution con-
vergence requires the convergence (19.13) only on the set of points of continuity
of the limit. This is best seen on the following example.

Example 19.4.1 The importance of discontinuity points Consider the two se-
quences of rvs {X,,, n =1,2,...} and {Y,,, n =1,2,...} given by

1 1

X,=—— and Y,=—, n=12,...
n n

defined on some probability triple (€2, F,P). Both sequences converge as deter-

ministic sequences with lim,,_, o, X, (w) = 0 and lim,,_,~ Y, (w) = 0 for every w

in €. Yet it is easy to check that

0 ifz<0 0 ifz<0
lim Fy,(z)= and lim Fy, (z) =
n—00 n—oo

1 ifz>0 1 ifx>0.

It should be noted that lim,,_,~, Fx, is a probability distribution function while
lim,, s~ Fy;, is not — This second limit is a left-continuous function with right
limits, and fails to be right-continuous at x = 0. It might be natural to state that
X, =, X butnot that Y;, =—>,, Y even though the sequence {Y,,, n =1,...}
converges pointwise. Compatibility. [ |

The next result relates convergence in distribution to convergence in probability
— The latter always implies the former!
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Theorem 19.4.1 Convergence in probability implies convergence in distribution:
If the sequence of rvs {X,,, n = 1,2,...} converges in probability to the rv X,
then it also converges in distribution to the rv X .

Proof. Fixn =1,2,... and pick = in R. With € > 0, we note that

Fx, (z) P[X, < z]
PX,<z,X<z+e+PX, <z,z+e<X]
PX <z+¢e+P[|X, — X]| > €]

= Fx(x+¢e)+P[|X, —X|>¢].

IN

In a similar way, we find

Fx(z —¢) PX <z—¢
PX<z—eX,<z]|+PX <z—-cz<X,]
PIX, <z]+P[|X, - X|>¢]

= Fx, (x)+P[|X, - X]|>¢].

IN

Let n go to infinity in these inequalities. Under the assumed convergence
in probability, we find limsup,,_, . Fx,(z) < Fx(z +¢) and Fx(z —¢) <
liminf, ,~ F, (x). Picking = to be a point of continuity for F'x, we obtain

limsup Fx, (z) = lim (lim sup Fx,, (x)>

n—o00 el0 n—o00

IN

lim F

i x(z +¢)
= Fx(z)

and

Fx(z) = lsiigFX(m —¢)

< lim (lim inf Fx, (a:))

el0 n—o0

= liminf Fy, (z)
n—oo

whence lim inf,, o Fx, (x) = limsup,,_, . Fx, (z) = Fx(x). It follows that

lim FXn(ZL‘) = Fx(x), T € C(Fx)

n—o0

and the desired convergence in distribution takes place. |
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Although weak convergence is weaker than convergence in probability, there
is one situation where they are equivalent. With c a scalar in R, we refer to any rv
X such that X = ca.s. as the degenerate rv X = c.

Theorem 19.4.2 With ¢ a scalar in R, the sequence of rvs {X,,, n = 1,2,...}
converges in probability to the degenerate rv X = c if and only if the sequence of
rvs {X,, n=1,2,...} converges in distribution to the degenerate rv X = c.

Proof. In view of Theorem 19.4.1 we need only show that if the sequence of rvs
{X,, n=1,2,...} converges in distribution to the degenerate rv X = ¢, then the
sequence of rvs {X,,, n = 1,2,...} converges in probability to the degenerate rv
X=c

Fix ¢ > 0. Foreveryn = 1,2, ..., we observe that
P X, —X|<e] = Plce—e<X, <c+¢]
= PX,<c+e]-P[X, <c—¢]
(19.15) = Fx,(c+¢e)—Fx,((c—¢e)—)
so that
P|X,—X|>¢] = 1—Fx, (c+e)+ Fx, ((c—e)-)

< 1-Fx,(c+e)+ Fx,(c—e).

Recall that F'x (z) = 0 (resp. Fx(z) = 1) if 2 < ¢ (resp. ¢ < x) so that the
only point of discontinuity of F'x is located at x = c. Thus, under the assumed
convergence in distribution of the sequence of rvs {X,,, n = 1,2,...}, we have
lim,, 00 Flx, (c+¢) = 1 and lim,,_,o Flx,, (c—¢) = 0, and the desired conclusion
limy, 00 P [| X, — X| > €] = 0 follows. [ |

19.5 Uniform integrability

If a rv X has a finite first moment, we know that

(19.16) lim E[1[|X|> B]-|X]|] =0.
B—oo

This is a simple consequence of the Dominated Convergence Theorem since 1 [| X| > BJ-
|X| < |X]|forall B > 0. Thus, for every ¢ > 0, there exists B*(¢) > 0 such that

(19.17) E[1[X]|> B]-|X[|<e, B> B*(e).
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As we consider a collection of rvs {X,,, n = 1,2,...} with finite first mo-
ments, we can certainly assert the following: For each n = 1,2,... and every
e > 0, there exists B*(;n) > 0 such that

(19.18) E[1[|Xn| > B]-|X,[] <&, B> B*(s5n).

This is a direct consequence of (19.17). However, sometimes it is required that
this condition holds uniformly with respect to n = 1,2, ... in that B*(e;n) can
be selected independently of n. This leads to the following stronger notion of
integrability for a sequence of rvs, rather than for a single rv.

Definition 19.5.1
The collection of rvs {X,,, n = 1,2,...} is uniformly integrable if

(19.19) lim < sup E[1[|Xn]>B]-|Xn|]) =0.

B—oo \n=1,2,...

In other words, for every € > 0, there exists B*(¢) > 0 such that

(19.20) sup E[1[|X,| > B]-|X,|] <e, B> B*e).
n=1,2,.

=1,4,...

The uniform integrability of the rvs {X,,, n = 1,2,...} readily implies [Exercise
19.10] the boundedness condition

(19.21) sup E[|X,|] < .
n=1,2,...

While this condition is not sufficient to imply uniform integrability, a slight strength-
ening of it will.

Lemma 19.5.1 The collection of rvs {X,,, n = 1,2,...} is uniformly integrable
if there exists r > 0 such that

(19.22) sup E [|X,[""] < oo.
n=1,2,...

Proof. Fixn =1,2,...and B > 0. Applying Holder’s inequality to the rv | X,
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and 1 [|X,,| > B] (with conjugate exponents p = % and ¢ = 1+ ), we get

E[1[|Xa| > B]- [Xal] = (E[1[|Xa] > B])7 - (E[|X,["*]) ™
= (P[|IX,| > B)™ - (E[|X,["F"]) ™

_r_

< (E00n) " @)

with the help of Markov’s inequality in the last step.
Using the standard inequality E [|X,,|] <1+ E [|X,,|'*"], we obtain

E[1[X,| > B] - |X,|]
< BT (14E [|X,[1]) T (B|X 1)) T
< C.B 71

with finite constant C' given by

C= swp ((1+E[X"]) 7 (E[X]7]) 7).
n=1,2,...

In other words, the uniform bound

sup E[1[|X,| > B]-|X,[]<CB =1, B>0
n=1,2,...

holds, and the uniform integrability condition (19.19) follows. |

Interest in this notion arises from the need to have an easy characterization of
situations where interchange between limits and expectation can take place. This
is captured by the next result.

Theorem 19.5.1 Consider a collection of rvs {X, X,,, n = 1,2,...} such that

lim, oo X, = X a.s. (resp. X, im X, X,, =, X). If the collection of rvs
{Xn, n=1,2,...} is uniformly integrable, then E [| X|] < oo and

(19.23) lim E[X,] =E[X].

n—o0
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19.6 Convergence in higher dimensions

The discussion so far has been in the context of R-valued rvs. We now outline
the corresponding theory for RP-valued rvs with p > 1. The first observation is
that the three first modes of convergence, namely a.s. convergence, convergence in
probability and convergence in the r*"* mean are “metric” notions in the following
sense: Thervs {X,,, n=1,2,...}

e converge a.s. to the rv X if

lim | X, — X|=0 a.s.
n—oo

e converge in probability to the rv X if

lim P[|X, — X|>¢]=0, >0
n—oo

e converge in the r*" mean (for some r > 1) to the rv X if

lim E[|X, — X|"] =0.
n—o0

They are all expressed in terms of the distance | X,, — X| of X,, to X.
In R? there are a number of ways to define the distance between two vectors.
Here we limit ourselves to metrics that are induced by norms, so that distance is

measured by
d(z,y) =z —yll, x,ycR’

where || - || : RP — R, is a norm. Therefore, a natural to define the modes of
convergence for RP-valued rvs as follows:
Consider any norm || - || : R? — R4. The RP-valued rvs {X,,, n =1,2,...}

e converge a.s. to the rv X if

| X, —X||=0 a.s.

lim
n—oo
e converge in probability to the rv X if

lim P[[|X, - X[|>¢]=0, >0
n—00

e converge in the rt" mean (for some r > 1) to the rv X if

lim E[| X, — X|"] = 0.
n—0o0
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Note that all norms on R? are equivalent in the following sense: If ||- ||, : R? — R
and || - ||p : R”? — R are two different norms, then there exists constants ¢, > 0
and C,, > such that

Capllzlla < llzlls < Copllzlla, = €RP.
Norms often used in applications include

e The Euclidean norm (or L{-norm):

|zl = ..., xp) €RP.

e The L;i-norm:
p
Izl = lokl, == (21,...,3,) €RP.
k=1

e The Manhattan norm

|z||oc = max(|zx|, k=1,...,p), x=(x1,...,2p) € RP.

However when it comes to convergence in distribution matters are quite dif-
ferent because this notion does not rely on a notion of proximity in the range of
the rvs under consideration. Furthermore, probability distribution functions on RP
are more cumbersome to characterize. So instead of using the definition given in
Section 19.4 we instead rely on the equivalence given in Theorem 20.4

19.7 Exercises

Unless explicitly stated otherwise, all rvs are defined on some probability triple
(Q, F,P).

Ex. 19.1 (The impact of dependencies on almost sure convergence) Consider a
collection of i.i.d. rvs {U,U,, n = 1,2,...}, all which are uniformly distributed
on the interval [0, 1].

a. Define the rvs {V,,, n =1,2,...} by

Vi =max (Uy,...,U,), n=12...

Show that the sequence {V,,, n = 1,2,...} converges a.s. and identify its limit.
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b. The rvs {W,,, n =1,2,...} are defined by
W, =max (U7,...,Ur), n=12,...

where
U ifn=2p+1withp=0,1,...
1-U ifn=2pwithp=1,...

Show that the sequence {W,,, n = 1,2,...} converges a.s. and identify its limit.
Both sequences {U,,, n = 1,2,...} and {U}, n = 1,2,...} comprise identi-
cally distributed rvs but have very different dependency structures!

Ex. 19.2 Consider the i.i.d discrete rvs {W, k& = 1,2,...} with finite support
S = {—1,1} and common pmf given by

PWr=1=a and PWy=-1]=1—-«a, k=12,...
for some 0 < « < 1. Define the rvs {W}, k =1,2,...} to be

k
wi=[]we k=12,
/=1

a. Show that the rvs {W}, k = 1,2,...} converge in distribution to a rv W, .
Identify the probability distribution function of the limiting rv W_.

b. Is it the case that the rvs {IWW}", k = 1,2, ...} converge in probability? Prove
or disprove!

Ex. 19.3 Thei.i.d. R-valued rvs { X, X,,, n = 1,2,...} have a common probabil-
ity distribution given by
T

PX<z|=1—-e", zeR

Foralln = 1,2, ..., consider the rv Y,, given by

Yo =[] (Xe- 10X >0).
k=1

n
a. Foreachn = 1,2,.. ., show that E [V;,] = 1 while E [/Y;] = <§) .
b. Use Part a to identify a range for § > 0 where the convergence

lim P[Y, > 6"] =0

n—o0
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takes place.

c. Use Part a to show that the sequence {Y,,, n = 1,2,...} converges in
probability (and identify the limiting rv) but that it does not converge in the 7"
mean with r = 1.

Ex. 19.4 Consider a sequence of i.i.d. R-valued rvs {X, X,,, n = 1,2,...} with
E[|X]] < oo.

a. Assume that the sequence {X,,, n = 1,2,...} converges almost surely, i.e.,
there exists an R-valued rv X, defined on the same probability triple such that
limy, 00 Xy, = X« a.s.. Characterize the (probability distribution of the) limiting
v Xo. What does it imply regarding the probability distribution of the rv X.

b. Assume next that the sequence {X,,, n = 1,2, ...} converges in probability
(and not necessarily almost surely), i.e., there exists an R-valued rv X defined on

the same probability triple such that X, Ln X! . Characterize the (probability
distribution of the) limiting rv X’ . What does it imply regarding the probability
distribution of the rv X.

Ex. 19.5 Consider a sequence of i.i.d. R-valued rvs { X, X,,, n = 1,2,...} which
are all defined on the same probability triple (2, F, P).

a. Does the sequence {X,,, n = 1,2, ...} converge in distribution, and in the
affirmative, identify the limit.

b. Determine whether the sequence {%, n = 1,2,...} converges in proba-
bility, and in the affirmative, identify the limit.

¢. Give a condition to ensure that the sequence {%, n =1,2,...} converges
almost surely and identify the limit.

Ex. 19.6 Consider a collection of i.i.d. Ri-valued rvs {X, X,,, n = 1,2,...}
such that P[X > 0] = 1 and E [|X|?] < oo. The rvs {Tp,, n = 0,1,...} are
defined by

n
Ty=0,T,=) Xz 1[X;>0], n=1.2,...
k=1

and set
Dn+1E\/Tn+1—\/Tn, ’I?,:O,l,...

a. Show that the sequence {D,,, n = 1,2,...} converges almost surely and
identify the limit.

b. Does the sequence {D,,, n = 1,2,...} converge in mean-square? In the
affirmative identify the limit. [HINT: There are a number of ways to solve Part b.
In particular it might be useful to note the following facts: (i) Foreachn = 0,1, ...,
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we have D11 =gt VI + X — VT, and Do =g V/Tnr1 + X — /Thy1 with
T, < Ty+1; and (ii) the mapping R, — Ry : # — /z is a concave function.]

Ex. 19.7 (Generalizing Exercise 19.6) Consider a mapping ¢g : R4 — R, which
is concave and strictly increasing. In the framework of Exercise 19.6, set

DZ-i,-lEg(Tn"Fl)_g(Tn)v n:oala"'
Ex. 19.8 Let p be a fixed parameter in (0, 1). Consider a family of Binomial rvs
{X,, n=1,2,...} defined on the same probability triple (£2, F,P) with

n e k=0,1,...,n
pix, =k = () ) -orh FoOl

Define the sequence of rvs {Z,,, n = 1,2,...} given by
Zp =min (X,,n— X,), n=12...

a. Does the sequence {%, n = 1,2,...} converge in probability? Carefully
explain your answer and identify the limiting rv (if appropriate).
b. Does the sequence {%, n = 1,2,...} converge in distribution? Carefully
explain your answer and identify the limiting rv (if appropriate).
c. Show that the limit
: Zn
lim E | —

n—00 n

exists and find its value [HINT: Uniform integrability]

d. Is it possible to construct a probability triple (*, F*,P*) and rvs {Z}, n =
1,2,...} defined on the triple (Q*, F*,P*) such that (i) for each n = 1,2,...,
the probability distribution of the rv Z; under P* coincides with that of the rv Z,,
under P, and (ii) the sequence {ZT’*L, n=1,2,...}is a.s. convergent under P*?

Ex. 19.9 Consider the triangular array of rvs {X,, 1, k=1,...,n; n=1,2,...}
defined on some probability triple (2, F,P). For each n = 1,2,..., we assume

that the rvs X, 1,..., X, 5, are 1.1.d. rvs with
1
P[ka:_\/ﬁ] = [Xn,k::\/ﬁ] :%, k=1,...,n
and .
P[ka—()]:l——’ k‘zl, ,n
n
We write
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a. For each n = 1,2,..., compute E [X,, ;] and Var[X,, ;] for all £ =
1,...,n.

6.b. Does the sequence {%", n = 1,2,...} converge in probability? In the
event it does, identify the limiting rv.

Exercise 20.1 explores a related CLT-like result.

Ex. 19.10 Show that the uniform integrability condition (19.20) implies the bound-
edness (19.21) of the moments.



Chapter 20

From convergence in distribution
to weak convergence

This chapter develops some useful tools to establish convergence in distribution.
We start by recalling the definition of convergence in distribution as given in Defi-
nition 19.4.1

Definition 20.0.1

The sequence of rvs {X,,, n = 1,2,...} converges in distribution to the rv X
if
(20.1) lim Fyx,(z) = Fx(z), z¢€C(Fx).

n—o0

. L .
We shall write X,, —,, X or X;, —,, X. Some authors refer to this mode of
convergence as convergence in law or as weak convergence.

20.1 Weak convergence via characteristic functions

Weak convergence of a sequence of rvs can be characterized through the limiting
behavior of the corresponding sequence of characteristic functions.

Theorem 20.1.1 The sequence of rvs {X,,,n = 1,2,...} converges distribution
to the rv X if and only if

lim @Xn(ﬂ):@x(e), 0 € R.

n—oo

293
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This result suggests the following strategy: Consider the limit
(20.2) ®(0) = lim ¢x, (), R
n—oo

and identify the rv X whose characteristic function coincides with @ : R — C.
However, a word of caution is in order as the limit (20.2) may not necessarily define
the characteristic function of a rv as can be seen from the following example.

Example 20.1.1 The limit of characteristic functions is not always a charac-
teristic function For each n = 1,2, .. ., the rv X, is the uniform rv on the interval
(—n,n). Easy calculations show that

n 0 () if g £ 0
(20.3) dx (0) = / 5 dr =
—n <N 1 if0 =0,
so that
0 ifd+#0
®(0) = lim Py, (0) =
e 1 ifg=o0.
Obviously, there are no rv X whose characteristic function coincides with the limit.

This difficulty can be remedied with the help of the next result by simply check-
ing continuity at = 0 for the limit (20.2). This is a consequence of the Bochner-
Herglotz Theorem.

Theorem 20.1.2 Consider a sequence of rvs {X,,,n = 1,2,...} such that the
limits
®(0) = lim ¢, (0), R
n—oo
all exist. If ® : R — C is continuous at 6 = 0, then it is the characteristic function
of somerv X, and X,, —,, X.

Proof. Foreachn =1,2,..., the function ®x, : R — C is a characteristic func-
tion. Therefore, by Theorem 17.4.1 it is (i) bounded with |®x, (6)| < ®x,(0) =1
for all # in R; (ii) uniformly continuous on R; and (iii) positive semi-definite.
Properties (i) and (iii) are clearly inherited by the limit & : R — C. Therefore,
by Theorem 17.4.2 the assumed continuity of ¢ implies that it is a characteristic
function, i.e., there exists a rv X such that ® = & x. Invoking Theorem 20.1.1 we
conclude that X,, —,, X. [ |
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20.2 Weak convergence via the Skorokhod representation

Consider a collection {F, F,,, n = 1,2, ...} of probability distribution functions
on R. The Skorokhod representation discussed in Section 7.6 provides a natural
connection between convergence in distribution and a.s. convergence. This is de-
veloped in the next result.

Theorem 20.2.1 If the sequence of probability distribution functions {F,,, n =
1,2,...} converges weakly to F', then there exists a probability triple (2*, F*, P*)
and a collection of R-valued rvs {X*, X*, n = 1,2,...} all defined on 2* with
the following properties:

(i) We have
R
_ Y < x €
(20.4) F.(z) =P [X} < x] n=12 .
and
(20.5) F(z)=P"[X*<z|, z€eR.

(ii) The rvs { X}, n = 1,2,...} converges a.s. to X* (under P*), i.e.,

P* Hw* e N T}I—E&X’*‘(w*) = X*(w*)H =1

Proof. The existence follows from the Skorokhod representation described in
Lemma 7.6.1 with Q* = [0, 1], F* = B([0, 1]) and I taken to be Lebesgue measure
A. The rvs {X*, X* n =1,2,...} are taken to be

o ek w* € [0,1]
Xy = Fy (W), n=1,2,...
and

X*=F"(w"), w*elo0,1].

It is easy to check that lim,,_, o X (w*) = X*(w*) for every w* in 2* as a result
of the weak convergence condition lim,,_,,, I, (x) = F(z) for every z in C(F'). B

The a.s. convergence (under IP*) of the sequence of rvs { X, n = 1,2,...} in now
way implies the a.s. convergence of any other collection of rvs { X,,, n =1,2,...}
defined on some other probability triple (£2, F,P) such that the probability distri-
bution function of the rv X,, under P coincides with F'x, fortalln =1,2,....
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20.3 Functional characterization of convergence in distri-
bution

The following equivalent characterizations of distributional convergence have many
use.

Theorem 20.3.1 Consider the R-valued rvs {X, X,,, n = 1,2,...} defined on
some probability triple (2, F,IP). The following three statements are equivalent:
(i) The rvs { X,,, n = 1,2,...} converge in distribution to the rv X , i.e.,

lim FXn(.CIZ):FX(.I‘), .’L’GC(F)()

n—oo

(ii) For every bounded continuous mapping g : R — R, it holds that

(20.6) lim E [g(X,)] =E[g(X)].

n—oo

(iii) The characteristic functions converge in the sense that

(20.7) lim ®x, (0) = ®x(0), 0€R.

n—o0

Proof. It follows from Theorem 20.2.1 that (i) implies the validity of (ii): Indeed,
with the notation used in that result, consider the probability triple (2*, F*, P*)
and the R-valued rvs {X*, X, n = 1,2,...} all defined on 2* such that

(20.8) PX <z]|=P[X*"<z], z€R
and
R
< _ Y < S
(20.9) P[X, <z] =P X} < x] n—1.2...
with

P* |w* e @ lim X (w*) = X*(w*)] =1

n—oo

Consider a mapping g : R — R which is continuous and bounded - Set

By = sup|g(x)] < oo.
zeR

We obviously have E [g(X)] = E* [¢*(X*)] and

E[9<Xn)] =E* [g*<X;)], n=12...
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By the continuity of g we get

lim g(X}) =g(X*) P*-as.
n—oo
with
wr e Q*

*(, ok
<
|g(Xn(w ))‘ — Bg’ n = 1’2’.”

Invoking the Dominated Convergence Theorem we readily conclude that

lim E*[g"(X7)] = E* [¢"(X™)].
n—oo
This completes the proof of the validity of (ii). The proof that (ii) implies (i) is
rather technical and is omitted; see [] for details.
The equivalence of (i) and (iii) is just Theorem 20.1.1. Note that (iii) is a sim-
ple consequence of (ii) since for every 6 in R the mappings x — cos(fx) and
x — sin(fz) are bounded and continuous on R. [ |

An immediate consequence of Theorem 20.4 is the following continuity result
for weak convergence.

Theorem 20.3.2 Consider the R-valued rvs {X, X,, n = 1,2,...} defined on
some probability triple (2, F,P). If the rvs {X,,, n = 1,2,...} converge in dis-
tribution to the rv X, then the R-valued rvs {h(X,), n = 1,2,...} converge in
distribution to the rv h(X) for any continuous mapping h : R — R, namely

hX,) = h(X).

Proof. The proof follows by a simple application of Theorem 20.4: Pick a bounded
continuous mapping g : R — R. Given the continuous mapping h : R — R, we
note that the mapping g o h : R — R given by

goh(z)=g(h(z)), ze€R

is also a bounded continuous mapping R — R. Therefore, by Part (ii) of Theorem
20.4 we conclude from the assumed convergence X,, =, X that

lim E[goh(X,)]=E[goh(X)].

n—oo
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or equivalently,
lim E[g(h(X,))] = E[g(h(X))].

Invoking one more time Part (ii) of Theorem 20.4 we now conclude that h(X,,) =,
h(X) as desired. [ |

20.4 Weak convergence of discrete rvs

In this section we consider a collection of discrete rvs { X, X,,, n =1,2,...} with
PXeS=PX,eS=1 n=12...

where S = {a;,7 € I} is a countable subset of Z.

Theorem 20.4.1 The sequence of discrete rvs X,, =, X converges weakly to
the rv X if and only if
lim P[X,, =a;|=P[X =qa;], 1€l

n—oo

Proof. Assume first that X,, =, X. Let a be a point of discontnuity for F'x. By
assumption a is an element of Z, and therefore € can be selected in (0, 1) so that
both a &+ € are not in Z and are points of continuity for F'x. It follows that

(20.10) lim P[X, <ate]=P[X <axtg].

n=yco
Note however that

2011 PX, <a—¢]=P[X,,<a+¢e|+P[X,=a], n=12,...
and

(20.12) PX<a—¢]|=P[X <a+e]+P[X =d].

since the probability distribution functions are piecewise constant with jumps only
at points in Z.
Let n go to infinity in (20.11). It is plain from (20.10) that lim,,_, - P [X,, = d]
exists and is given by
lim P[X,, =a|=P[X <a+¢|-P[X <a—¢]=P[X =]

n— 00
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as we make use of (20.12). [ |

Conversely, assume that

(20.13) lim P[X,, =a] =P[X =a], a¢C(Fx).

n—o0

With any Borel subset B in R, we shall show that

(20.14) lim P[X,, € Bj]=P[X € B].
n—o0
This will immediately imply X,, =,, X upon specializing B to sets of the form
B = (—o0, x] with z in C(Fx).
To establish (20.14), fix n = 1,2, ... and pick an arbitrary positive integer A:
We see that

P[X, € B]
= P[X,| <A X, eB+P[|X,| > A, X, € B|
(20.15) = ZanmB:\a|§AP (X, =a] +P[|X,| > A, X,, € B]
while
P[X € B] = P[X|<AX¢€B]+P[|X|>A,X € B

= E P[X =a]+P[|X|> A X € B].
a€ZNB:|a|<A
Substracting we conclude that

IP[X, € B] -P[X € B
N ZaEZﬁB:|GL|§A ’P[Xn - CL] _P[X = CL” +]P)UXT7.’ > A] +IPHX’ > A] .

Let n go to infinity in this last inequality: Using (20.13) we get

A ZanmB:MgA [P X = a] =X =a][ =0

since this sum has at most 24 + 1 terms, while

lim P[X,|> 4] = lim (1-P[X,]> A))
(20.16) — 1-P[IX| <A =P[X]| < 4]

by a similar argument.
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Collecting these facts we conclude that

limsup (|P[X, € B] —P[X € B]|) < 2P[|X]| > 4].

n—oo

Now, letting A go to infinity in this last inequality, we note that

limsup |P[X, € B]—P[X € B]|=0
n—oo
since the left handside does not depend on A. The desired conclusion (20.14) im-
mediately follows. |

In the more restrictive setting where S C N, probability generating functions
can be defined, and the following analog of Theorem 20.1.1 holds.

Theorem 20.4.2 The sequence of N-valued rvs {X,,,n = 1,2,...} converges
weakly to the rv X if and only if
lim Gx, (z) = Gx(z), |2| <L

n—oo

The sequence of RP-valued rvs {X,,, n = 1,2,...} converges in distribution
to the RP-valued rv X if for every bounded continuous mapping g : RP — R, it
holds that
(20.17) lim E[g(X,)] = E [g(X)].

n—oQ
Here as well we shall write X,, =—,, X or X, imX . Some authors also refer to
this mode of convergence as convergence in law or as weak convergence.

Theorem 20.4 has the following multi-dimensional analog.

Theorem 20.4.3 Consider the RP-valued rvs {X, X,,, n = 1,2,...} defined on
some probability triple (2, F,P). Then, the rvs {X,,, n = 1,2,...} converge in
distribution to the rv X if and only if

(20.18) lim y,(0) = ®x(6), 6cR.

n—o0

This amounts to

lim E [eie'xn} =E [ei"’X} . HeR.

n—oo

In the same way that Theorem implied Theorem 20.3.2, we readily see that
Theorem 20.4.3has the following important consequence.
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Theorem 20.4.4 Consider the RP-valued rvs {X, X,,, n = 1,2,...} defined on
some probability triple (0, F,P). If the rvs {X,,, n = 1,2,...} converge in dis-
tribution to the rv X, then the R?-valued rvs {h(X,), n = 1,2,...} converge in
distribution to the R%-valued rv h(X) for any continuous mapping h : RP — RY,
namely

h(X,) =n h(X).

20.5 Convergence of Gaussian rvs

Gaussian rvs have a very compact characterization in terms of their characteristic
functions. This can be used to show that the class of Gaussian distributions is stable
under weak convergence in the following sense.

Lemma 20.5.1 Let{X}, k = 1,2,...} denote a collection of RP-valued Gaussian
rvs. Foreachk = 1,2,.. ., let ;. and ¥, denotes the mean vector and covariance
matrix of the rv Xj. The rvs { X}, k = 1,...} converge in distribution (in law) if
and only there exist an element v in R” and a p X p matrix 3 such that

(20.19) lim pp=p and lim X3, =3,
k—o0 k—o00

in which case, X, ==}, X where X is an R?-valued Gaussian rv N(yu, ) with
mean vector p and covariance matrix ..

Proof. Assume first that the conditions (20.19) hold. Using the fact that

0 € Rk

_ 0ty —10'5,0
Px,(0) =e U k=12,

we note that )
=Nt t
lim @y, () = 2020 gcR
k—oo ’

The second half of condition (20.19) ensures that the matrix ¥ is symmetric and
non-negative definite, hence a covariance matrix. Therefore, limy_,o, ®x, is the
characteristic function of a Gaussian rv X with X ~ N(u, X). Applying Theorem
20.1.1 we conclude that X}, =, X where X ~ N(u,X).

Conversely, assume X =, X. Applying Theorem 20.1.1 again we conclude
that
(20.20) lim ®x, () = ®x(6), 6eR.

k—o0
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Using the decomposition into real and imaginary components yields

0 € RP

O, () = cos (Gt,uk) e~ 30" Ek0 + 7 sin (HtNk) k=19, ..

It is plain that the convergence (20.20) is equivalent to the simultaneous validity of
the two convergence statements

(20.21) klgglo cos (6" k) e300 — [cos (6°X)], OeRP

and
20.22 lim sin (0'p;) = E [sin (0'X 0 € RP.
( ) kglolo sm( ,uk) [Sln( )] , €
For any any convergent subsequence {jx,, ¢ = 1,2,...} with limy_,o0 p1, = pt
for some vector p in R?, the convergence (20.22) yields

sin (Ot,u) = Elgélo sin (Ht,uké) =E [Sin (QtX)} , 0ecRP.

Therefore, if p* and p, are accumulation points of the sequence { g, k = 1,2,...}
we must necessarily have

sin (0°p*) = sin (0'px), 60 € R?

and the equality pu* = p, follows. Therefore, all accumulation points of the se-
quence {pg, k= 1,2,...} coincide and the sequence converges, say with limit
in RP.

For any convergent subsequence {3,/ = 1,2,...} with limy_, X, = X
for some p x p matrix X, the convergence (20.21) yields

cos (Gt,u) e=2%%0 — lim cos (Ht,ukﬁ) e 2050 — | [cos (OtX)] , OeRP

£—00

and we conclude that

o~ 3050 _ E [COS (GtX)]

cos () 0 € RP  whenever cos (Ot,u) #0

As a result, all accumulation points of the sequence {¥;, £k = 1,2,...} coincide
and the sequence converges, say with limit 3, said limit being a p X p being nec-
essarily a covariance matrix. [ ]
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20.6 Exercises

Ex. 20.1 As in Exercise 19.9, consider the triangular array of rvs {X,, ,, k =
1,...,m; n = 1,2,...} defined on some probability triple (€2, F,P). For each

n=1,2,..., we assume that the rvs X, 1,..., X, ,, are i.i.d. rvs with
1
P[Xnk—_\/ﬁ]:P[Xnk_\/ﬁ]:%a k=1, 1
and .
PX,r=0=1——, k=1,...,n
n
We write
S n
R,=—"— with S, = Xk, n=12...
" Var [S,,] " Z ok

k=1

Explore the weak convergence of the sequence {R,,, n = 1,2,...}. In particular,
identify a rv R such that R, =—>,, R [HINT: What is the characteristic function
of Poisson rvs?].

Ex. 20.2 Consider a sequence of p x p matrices {Rg, k = 1,2,...} such that
for each £ = 1,2,..., the matrix R} is a covariance matrix. Show that if R =
limy_, o R exists entrywise as a p X p, then R is also a covariance matrix.
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Chapter 21

The classical limit theorems

In this chapter we explore the classical limit theorem of Probability Theory. The
setting of the next four sections is as follows: The rvs {X,,, n =1,2,...} are rvs
defined on some probability triple (£2, F,P). With this sequence we associate the
sums

n
Sn:ZXk, n=12,...
k=1

Two types of results will be discussed: The first class of results, known as Laws of
Large Numbers, deal with the convergence of the sample averages

_ 1 <&
S, = — X, =1,2,...
n n; k n

The second class of results are called Central Limit Theorems and provide a rate
of convergence in the Laws of Large Numbers.

21.1 Weak Laws of Large Numbers (I)

Laws of Large Numbers come in two types which are distinguished by the mode
of convergence used. When convergence in probability is used, we refer to such
results as Weak Laws of Large Numbers. The most basic such result is given next,
and constitutes the Weak Laws of Large Numbers in its original version.

Theorem 21.1.1 Assume the rvs {X,X,, n = 1,2,...} to be i.i.d. rvs with
E [|X[*] < co. Then,

21.1) Sn L2
n

305
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whence g
21.2) 2 Py ElX].
n
Proof. Foreachn =1,2,..., we have
s : 1 I VarlS,]
n ar|{on
E||—-E[X =E |- X —E|X = —
2 e | -2 |13 - mp | - L

By the comments following Lemma 13.3.1 we conclude that Var[S,,] = nVar[X]
since
Cov[ Xy, Xo] = 6(k; ) Var[X], k,4=1,....,n

under the enforced independence assumptions. As a result,

S 2

?"—IE[X]

_ Var[X]

E

and the desired conclusion (21.1) is now immediate, with the convergence (21.2)
following by Theorem 19.3.2. [ |

21.2 Weak Laws of Large Numbers (II)

A careful inspection of the proof of Theorem 21.1.1 suggests a more general result.
Assume that the rvs {X,,, n = 1,2,...} are second-order rvs: For each n =
1,2,...,itis still the case that

1 ’
- Z (Xk —E[Xk])

k=1

_ Var[S,]

E = 2

n

Again making use of Lemma 13.3.1 we now obtain

Zn:(Xk — E[Xk])

k=1

E

1
n

2 n
1 1
== > Var[X,] + — > Cov]Xy, Xi].
k=1 k=1, k#£6

Letting n go to infinity in this last relation we conclude to the next result — Here
as well the passage from mean-square convergence to convergence in probability
is validated by Theorem 19.3.2.
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Proposition 21.2.1 Consider a collection { X,,, n = 1,2, ...} of second-order rvs
such that

BRI
(21.3) Tim EZVar[Xk} =0.
k=1
We have
1 — 2
(21.4) EZ(X,C—IE[X;C]) 5,0
k=1
and
1 — P
21.5 > (X, —E[X 0
(21.5) n;( k— E[Xy]) —

whenever either one of the following conditions holds:
(i) The rvs {X,,, n =1,2,...} are uncorrelated
(ii) The rvs { X,,, n = 1,2,...} are negatively correlated, i.e.,

-y
Cov[X}, X¢] <0, kt=1,... n.

(iii) The rvs { X,,, n = 1,2, ...} satisfy the averaging condition

1
(21.6) Jim — > Cov[Xy, X(] =0.
k=1, k£l

Proof. In each case it suffices to show that

Tlli (X — E[Xk])

k=1

21.7) lim E

n—oo

=0.

Case (i) is already contained in Case (ii) for which we have

n 2
LS (% —E[X)

k=1

0<E

1 n
< 2 Z Var[Xj].
k=1

Letting n go to infinity in this chain of inequalities we get (21.7) by making use of
the conditions (21.3).
In Case (iii) the limit (21.7) holds by virtue of (21.6) and (21.7). [ |
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This result is often applied when the rvs {X,,, n = 1,2,...} have identical
means and variances, namely there exist ; and o2 > 0 such that

E[X, =p and Var[X,]=0¢% n=12...

In that case, condition (21.3) is automatically satisfied and the convergence state-
ments take the simpler form

1< 12 1 « P
(21.8) n;Xk ~5, pu and n;Xk -

21.3 The classical Weak Law of Large Numbers (I1I)

As we now show, in Theorem 21.1.1 the finiteness of the second moments can be
dropped while still insuring the result (21.2) under a finite first moment assumption.
This is done by leveraging the equivalence between convergence in probability and
weak convergence when the limit is a constant, thereby opening up the possibility
to use methods based on characteristic functions.

However note that the mean-square convergence (21.1) is now obviously out
of reach since none of the rvs involved may have finite second moments under the
weaker first moment assumption.

Theorem 21.3.1 Assume the rvs {X, X,,, n = 1,2,...} to be i.i.d. rvs with
E[|X]|] < co. Then, we have

SnP

(21.9) P, EX].

n

Proof. Fix n = 1,2,... and # in R. Note that

E[ew(%fﬁ[ﬂ)} — K [ei%m:l(xk—mxn}

H ez‘Z(Xk—E[X])]

k=1

_ ﬁ E [ei%m—mxn]

(21.10) - (E [ei%(X*E[XDDn.

= E
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Theorem 17.7.1 (for k = 1 and x = X — E [X]) gives
, X-E[X] ,
CPXEIXD) _ | 4 i0(X — E[X])+i0- / (¢ 1) dr.
0
whence

E [ez‘o(XfE[X])} — 1449 -E [/OX_]E[X} <ei0t B 1) dt

upon taking expectations with

= 1+i6-Cy(0)

[ ey

Substituting 6 by % in these relations leads to a rewriting of (21.10) as

E [ew(%_E[X])} = (E [ei%wflﬁ[xn' >”

21.11) = <1+w-cl <9>>n.
n n

By Dominated Convergence, we conclude that lim,, ,~, C (%) = 0, whence

i (s [eCeo])" = i (1421 (1)) =1

It follows that % —E[X] L, .0, and this conclude the proof of (21.9). [ |

C1(0) =E

21.4 The Strong Law of Large Numbers

Strong Laws of Large Numbers are convergence statements in the a.s. sense. The
classical Strong Law of Large Numbers in its strongest form was proved by Kol-
mogorov.

Theorem 21.4.1 Assume the rvs {X,X,, n = 1,2,...} to be i.i.d. rvs with
E[|X]|] < oo. Then,

Sn
(21.12) lim — =E[X] as

n—oo N

We give two proofs of this result under stronger assumptions on the moments
of X. One proof assumes E [| X |*] < oo while the second proof is given under the
condition IE [| X |?] < oo. A proof under the first moment condition I [| X|] < oo
is available in a number of references, see [?, ?].



310 CHAPTER 21. THE CLASSICAL LIMIT THEOREMS

Proof 1 Assume E [|X ]4] < oo — Note that there is no loss in generality in
assuming that E [X] = 0 as we do from now on in this proof. The basic idea of the
proof is as follows: By the Monotone Convergence Theorem it is always the case

that

2[5 (%)

n=1

o
::EE:E
n=1

)]
()]

Therefore, if we could show that

(21.13) iE
n=1

we immediately conclude that

E

[e e} Sn)4
— < Q.
%0

As aresult,

n=1

and the conclusion lim,, o 5;1—” = 0 a.s. is now straightforward.

In order to establish (21.13) our starting point is the observation that
4
S\ 1 -
— =—-FE X
()] 5= | (2

n n n n

n 4
(21.14) E (Z Xk> => > Y D EXiX; XX
k=1

i=1 j=1 k=1 (=1

E

with

Under the enforced independence assumptions it is plain (with E [X] = 0) that
E [X;X;X;X,] = 0 as soon as one of the indices 4, j, k, £ is different from all the
other three, e.g., i ¢ {j, k, ¢}, etc. The only cases when E [X; X; X}, X,] # 0 are
as follows: () If i = j = k = ¢, then E[X;X;X;X,] = E [X*]; there are n
such configurations; (ii) If {, j, k, ¢} contains only two distinct values, say a # b
appearing as aabb, abab and abba in (21.14), then E [X; X; X}, X/] = (E [X?])%

there are 3n(n — 1) such configurations. It follows that

n 4
E (Z Xk> =nE [X*] 4+ 3n(n — 1)(E [X?])?,
k=1
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whence

3(E [X?])?

n2

4 —
() ] = o5 B XY 8T B [X)

The conclusion (21.13) readily follows as we recall that >~ | nl—Q < oo. This

completes the proof. [ ]

Proof 2 Assume E [|X|?] < oo —Foreach k = 1,2, ..., we note that

Si2 Var [X]
Var |:k'2:| = k2

so that

Sz
k?

o
>r|
k=1

It follows from Theorem 19.1.2 that

. S
(21.15) klg{)lo =3

1 <= Var [X
>€]§EQE a2£]<oo, e > 0.
k=1

=E[X] as.

Now assume that the rvs { X, X,,, n = 1,2,...} are non-negative, i.e., X > 0
a.s. (in which case obviously E [X] > 0). The case when the rvs {X, X,,, n =
1,2,...} are non-positive, i.e., X < 0 a.s., can be handed mutatis mutandis.

Fix n = 1,2, .... There exists a unique positive integer k(n) such that
(21.16) k(n)* <n < (k(n) + 1)
Under the non-negativity assumption, we have X, > O a.s. for ¢ = k(n)?,..., (k(n)+

1)2 — 1, and the inequalities
Sk(n)2 S Sn § S(k(n)+1)2 a.s.
hold. It follows that
2 [/ Skn ' 2 S
oLy 0 < K( )2> < S () +1) ( (k(
n

k(n)? n

Using (21.16) we readily get

(21.18)



312 CHAPTER 21. THE CLASSICAL LIMIT THEOREMS

k(n)?

From the first inequality in (21.18) we conclude that lim sup,, . < 1, while
k(n)? k(n)
n

since v < 1forall n =

the second inequality leads to 1 < liminf,,_,
k(n)?
n

1,2,.... Asaresult, lim,,_, = 1 (whence lim,,_,, k(1) = 0o as expected).
Finally let n go to infinity in (21.17): We readily get (21.12) upon combining this
last conclusion with the convergence (21.15).

To complete the proof note that E [(X*)?] < cosince E [|X|*] =E [(X1)?]+
E [(X™)?] (as we note that X "X~ = 0). Thus, it holds that

(21.19) lim L=t Xi

n—00 n

=E[X*] as.

since the rvs {Xi, X,;t, k=1,2,...} form an i.i.d. sequence of second-order rvs.
The desired result (21.12) automatically follows upon noting that

Xo=XI-X,, n=12,...

andE[X]=E[XT]-E[X]. m

21.5 The Central Limit Theorem

The Central Limit Theorem complements the Law of Large Numbers, in that it
provides some indication as to the rate at which convergence takes place.

Theorem 21.5.1 Assume the rvs {X,X,,, n = 1,2,...} to be i.i.d. rvs with
E [|X]?] < oc. Then, we have

(21.20) vn (ST:L -E [X]> =, /Var[X]- U

where U is a standard zero-mean unit-variance Gaussian rv.

Proof. Fixn = 1,2,... and 6 in R. This time, as in the proof of Theorem 21.3.1
we get

E ez‘ex/ﬁ(%”fE[X])} _ (E [61%(;(_13[)(])})71

under the enforced independence.
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This time Theorem 17.7.1 (with k = 2 and x = X — E [X]) yields
O(X—E[X])

92

2

(X —E[X] %) (eiet - 1) dt,

= 1+i0(X —E[X]) -
92 [X—E[X]

2 Jo

(X —E[X])?
21.21)

Taking expectations we get

| 62 62
2122) E [eZ“X*E[XD] =1- 5 - Var[X] - = C5(0)

with

2123)  Cy(0) =E

X-E[x] »
/O (X—E[X]—t)(ee—1>dt].

Substituting 6 by % in this last relation leads to

o [ez%(X—E[X])} —1_ L Var [X] — Ly Cs <9>
n

)

so that

E [ewﬁ(%ﬂ_ [X])} = (1 . Var [X] — ”. Cy <

sl=

Again, by Dominated Convergence, we obtain

. 0
&&@(ﬁ)—o

under the second moment condition E [| X |?] < oo, whence

. 62 62 0 62
nh_)n(f)lon (Zn - Var [X] — on - Cy <ﬁ>> =3 - Var [X]

It follows that 2
lim E [eie\/ﬁ(%_mx})} _ o~ Var(X]

n—o0

This complete the proof of (21.20). [ ]
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21.6 The Central Limit Theorem — An application

We are still in the setting of Theorem 21.5.1. We can rephrase (21.20) as

lim P [\/ﬁ <5: —IE[X]> < x]

(21.24) — P [s/Var[X] U< x} . zeR

as we recall that every point in R is a point of continuity for the rv U (or 1/ Var[X]-
U).
It follows that

e (5 -0) -

n—oo

= P [VVarlX] 0 < o] - [VVarX] U < ]

Y R N G
( Var[X]) ( \/Var[X]>

(21.25) - 20 <x> 1, x>0
Var[X]

Fixxz > 0andn =1,2,...: We have

(-

if and only if

if and only if

as an estimate of E [X] on the basis of the observations Xi,..., X, then the
SLLNs already tells us that the estimate is increasingly accurate as n gets large
since

lim X, =E[X] a.s.

n—0o0
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The calculations above show via (21.25) that

. S AN x
(21.26) - 20— _)-1 z>o0.
Var[X]
In other words, for large n, the unknown value E [X] lies in a symmetric interval
centered at the estimate X, (obtained from the observed data X1, ..., X,,) of width

% with a probability approximately given by

20 (“T) _1,
Var[X]

the accuracy of this approximation improving with increasing n. With « in (0, 1)
given, we can ensure that

IP[IE[X]G {)?n—jﬁ)?wr;ﬁ” ~1-a

for large n if we select z > 0 such that

20 <x> —1=1-a,
Var[X]

ol —2_)=1-%
( Var[X}) 2

With A in (0, 1) let z denote the unique solution to the nonlinear equation

or equivalently,

1-®(z)=X, zeR.
Equivalently,
PU>z]=)X zeR.
With this notation we see that the random interval
S, Z1-g2y/ Var[X] Sn N z1-ga 4/ Var[X]
n M

n o vn n vn

is known as the confidence interval for estimating IE [ X | on the basis data X, ..., X,
with confidence (1 — )%
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Note that this analysis is predicated on knowing the variance Var[X]. When
this value is unknown, we replace Var[X] by the sample variance S? given by

SQ

2 n_lz<X;€ZXg>, n=2.3,...

k=1

21.7 Poisson convergence

The setting is a follows: For eachn = 1,2,..., let X1(p,),. .., X, (py) denote a
collection of i.i.d. Bernoulli rvs with parameters p,, in (0, 1). i.e.,

P Xkn(pn) =1 =1—-P[Xpn(pn) =0 =p,, k=1,...,n
Write .
Sn=Y_ Xi(pn), n=12,...

Theorem 21.7.1 Assume there exists A > 0 such that

(21.27) lim np, = .

n—o0

Then, we have
(21.28) Sn = II(N)

where II(\) denotes a Poisson rv with parameter \.

The convergence (21.28) can be restated as

)\k:
(21.29) lim P[S, = k] = e

n—00 k' ’

k=0,1,...

We give two proofs of this important result.

Proof 1 The first proof uses the characterization of weak convergence for integer-
valued rvs given in Theorem 20.4.1: Fix n = 1,2,.... Under the independence
assumptions, the rv S,, is a binomial rv Bin(n; p,). Thus, Fix £ = 0,1, .... For
every integer n such that k£ < n we have

n

P[S, =k = <k>p§ (1= oy

n! n—k

= m -pﬁ(l—pn)
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% (1 ﬁnpn>k' (n ﬁ!k)! (L =pn)"

1 npn \* n! n
21.30 = = . (1 - .
( ) k! (1—pn> nk(n —k)! (1=pn)
It is plain that
! —1...(n— 1
TR WA Ut R Gl )

while (21.27) implies

n
lim (1—py)" = lim (1 - %) —
n—00 n—o0 n
and
. Pn
lim
n—oco 1 — p,

=A

since lim,,_, o, p, = 0. Collecting we conclude to (21.29) as we make use of The-
orem 20.4.1. [ |

Proof 2 This second proof relies on the characterization of weak convergence
for integer-valued rvs given in terms of probability generating functions: Fix n =
1,2,.... Foreach 6 in R we get

E[c*] - E

—

0 2F=1 Xk <pn>}

ﬁ eieXk (Pn)]

k=1

E |:ei9Xk (pn)}

I
=
1

I
=

1

. n
1—pn+ pnew)

(i)

e
Il

(21.31) =

/N N
—_

Under (21.27) we get that

lim np, (1 — ew) =\ (1 — eie) .

n—0o0
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Thus,
lim E [¢5] =207 g e R

n—oo

and the conclusion (21.28) follows since

E [ewn(,\)] _ Z Lke—x . oik0
=1 o\ k i0
(21.32) _ ( — (Ae*’) ) e =eM1=e) g eR

as we use Theorem 20.4.2. [



Chapter 22
Appendix A: Limits in R

We begin with several standard definitions. We refer to a mapping a : Ng — R as
a (R-valued) sequence; sometimes we also use the notation {a,, n =1,2,...}.

Definition 22.0.1
A sequence a : Ng — R converges to a* in R if for every € > 0, there exists
an integer n*(e) (which depends on ¢) such that

(22.1) la, —a*| <e, n>n*(e).

We shall write lim,,_,~, a,, = a*, and refer to the scalar a* as the limit of the
sequence.

Sometimes it is desirable to make sense of situations where values of the se-
quence become either unboundedly large or unboundely negative, in which case
we shall write lim,, ,~, a,, = 400 and lim,,_,~, a,, = —00, respectively. A precise
definition of such occurences is as follows: We write lim,,_,, a,, = 00 to signify
that for every M > 0, there exists a finite integer n* (M) (which depends on M)
in Ny such that
(22.2) anp > M, n>n*(M).

It is natural to define lim,,_, o0 ay, = —00 if limy, o0 (—ay,) = o0.

If there exists a* in R such that lim,,_,, a, = a*, we shall simply say that
the sequence a : Ny — R converges or is convergent (without any reference to its
limit). Sometimes we shall also say that the sequence a : Ng — R converges in R
to indicate that the limit a* is an element of R (thus finite).

Applying the definition (22.1) requires that the limit be known. Often this
information is not available, and yet the need remains to determine whether the

319
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sequence converges. The notion of Cauchy sequence, which is instrumental in that
respect, is built around the following observation: If the sequence a : Ng — R
converges to a* in R, then for every € > 0, there exists a finite integer n*(¢) such
that (22.1) holds, and by the triangular inequality we conclude that

lan, — am| < lap —a*|+|a* —am| <e4+e=2e, n,m>n*(e).
This observation is turned into the following definition.

Definition 22.0.2
A sequence a : Ng — R is said to be a Cauchy sequence if for every € > 0,
there exists an integer n* (&) such that

(22.3) lan, —am| <&, m,n>n*(e).

As observed earlier, a convergent sequence a : Ny — R in R is always a
Cauchy sequence. It is a deep fact concerning the topological properties of R that
being a Cauchy sequence is sufficient to ensure the convergence of the sequence in
R.

Theorem 22.0.1 (Cauchy criterion) A sequence a : Ny — R is convergent in R if
and only if it is a Cauchy sequence.

This provides a convergence criterion which does not require knowledge of the
limit.
22.1 Two important facts

In addition to the Cauchy convergence criterion, here are two facts that are often
found useful in studying convergence, namely monotonicy and boundedness.

Definition 22.1.1
A sequence a : Ny — R is said to be non-decreasing (resp. non-increasing) if

an < apy1 (@esp. ant1 <ap), n=12 ...

A monotone sequence is a sequence that is either non-decreasing or non-increasing.
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Convergence is automatically guaranteed for monotone sequences.

Theorem 22.1.1 A monotone sequence a : Ny — R always converges and we
have lim,,_,o a,, = sup (an, n=1,2,...) (resp. lim,,_,c a, = inf (ap, n=1,2,...))
if the sequence is non-decreasing (resp. non-increasing).

A convergent sequence in R is always bounded in the following sense.

Definition 22.1.2
The sequence a : Ng — R is said to be bounded if there exists some B > 0
such that

sup (lap|, n=1,2,...) < B.

While a bounded sequence may not be convergent, some of the subsequences
obtained by sampling the original sequence are convergent in R: Consider a se-
quence a : Ng — R. A subsequence of the sequence a : Ny — R is any sequence
of the form Ny — R : £ — a,, where

N < Ng41, k=1,2,...
The strict inequality forces limy_, o ng = 00.

Theorem 22.1.2 (Bolzano-Weierstrass) For any bounded sequence a : Ny — R,
there exists a convergent subsequence Ng — R : k — a,,, withlimy_, ay,, = a*
for some a* in R.

22.2 Accumulation points

Since not all sequences converge, it is important to understand how non-convergence
occurs.

Definition 22.2.1
An accumulation point for the sequence a : No — R is defined as any element
a* in R such that

: *
lim a,, =a
k—o0

for some subsequence Ng — R : & — ay,.
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Obviously a convergent sequence a : Ny — R has exactly one accumulation
point, namely its limit. In fact, were the sequence not convergent, it must necessar-
ily have distinct accumulation points (in R), in which case there is a smallest and a
largest accumulation point. The next definition formalizes this observation.

Definition 22.2.2
Given a sequence a : Ny — R, the quantities

A =limsup 4,, = ir;f <sup am>

n—00 nz m>n

and
A = liminf A,,, = sup < inf am>

n—o00 n>1 m>n

are known as the limsup and liminf of the sequence a : Ng — R.

The following notation is found to be convenient when using liminf and limsup

quantities: For eachn = 1,2, ..., we define the quantities
(22.4) A, =supa, and A, = inf a,
m>n m2n

Note that 4, < A,,, and that the sequences n — A, and n — A, are non-
increasing and non-decreasing, respectively. Therefore, by Theorem 22.1.2 the
limits A = lim,,_,o, A, and A = lim,,_,, A,, both exist, but are possibly infinite,
and we always have A < A.

Theorem 22.2.1 Consider a sequence a : Ng — R. If it converges to a*, then
A = A = a*. Conversely, if A = A = a* for some a* in R, then the sequence
converges to a*.

Ifa,b: Ng — R are two sequences such that
an <by, n=12 ...

then A < B and A < B. The following arguments will often be made on the
basis of this observation: Consider a sequence {p,, n = 1,2, ...} where for each
n=1,2, ..., p, is the probability of some event so that

(22.5) 0<p, <1, n=12...
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If we show that
(22.6) 1 < liminf p,,
n—oo

then we necessarily have convergence of the sequence with lim,,_,., p, = 1: In-
deed, we always have lim sup,,_,. pn < 1 as aresult of (22.5), whence

liminf p, = limsupp, =1
n—00 n—0o0

upon using (22.6). In a similar vein, if we show limsup,, ... p, = 0, then we
necessarily have convergence of the sequence with lim,,_,o, p, = 0.

22.3 Cesaro convergence

With any sequence a : Ng — R we associate the Cesaro sequence a° : Ny — R
given by

1
aflzﬁ(al—i—...—l—an), n=12...

Theorem 22.3.1 (Cesaro convergence) If the sequence a : Ny — R converges to
a*, then the Cesaro sequence a“ : Ng — R also converges with same limit a*.

The convergence of the sequence {a%, n = 1,2,...} is referred to as the Cesaro

convergence of the sequence {a,, n =1,2,...}

Proof. First we assume the convergent sequence a : Ny — R to have a finite limit
a* in R. Note that

n

1
a%—a*:n;(ak—a*), n=12...

Now, for every ¢ > 0, there exists an integer n*(¢) such that |a, — a*| < €

whenever n > n*(¢). On that range, with B(e) = Z;(f ) lar, — a*|, we have

C * 1 g *
@ —a'| < Y fap—a
k=1

*
’

n

1 n*(g) 1
_ = % = %
= - kgl ]ak a |+ " E \ak a

k=n*(e)+1

IN
+
™

(22.7)

N
4
™
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Since lim,, o0 % = 0, for every € > 0, there exists a finite integer n**(¢) such
that

" < BE n > n**(e).

Just take n**(g) = [Bia)]. As aresult, we have |af — a*| < € 4+ ¢ = 2¢ whenever

n > max(n*(g),n**(g)), and the proof is now complete since ¢ is arbitrary. We
leave it as an exercise to show the result when a* = +o0. [ ]

However, the converse is not true:

Counterexample 22.3.1 The sequence a : Ny — R given by a,, = (—1)" for each
n =1,2,... does not converge since liminf,,_, a, = —1 and lim sup,,_,., an =
1. Yet lim, . af, = 0 since

0 ifn=2p
a, = . , p=12,...
—273%1 ifn=2p—1
This example nicely illustrates the smoothing effect of averaging. It might be
tempting to conjecture that such averaging always produces a convergent sequence.
However, this is not so as the following example shows:

Counterexample 22.3.2 Consider the sequence a : Ny — R given by

k k
an = (—1)F 2 <n <2

" ’ k=0,1,...
with a; = 1. Having two distinct accumulation points, namely 1, the sequence
a : Ng — R does not converge. However, it is also not Cesaro convergent.
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Appendix A: Sums, series and
summation

23.1 Series

Starting with a sequence a : Ny — R, we define the partial sums
Sp=a1+...+ay, n=12 ...

where s,, is known as the n'" partial sum. We refer to the sequence s : Ny — R :
n — s, as the sequence of partial sums associated with the sequence a : Ny — R.

Definition 23.1.1

The series 220:1 an s said to converge (or to be summable) if the sequence
s : Np — R converges to some s* in R, in which case we write >~ | a, as its
limit (and refer to s* as its sum).

Summability amounts to the following: For every € > 0 there exists a finite integer
n*(e) such that |s, — s*| < e whenever n > n*(¢). This readily implies the
following fact:

Lemma 23.1.1 For any sequence a : Ng — R whose sequence of partial sums
converges in R, we have lim,,_,oc a, =0
Proof. Since the sequence of partial sums s : Ng — R converges in R, it is

a Cauchy sequence. Thus, for every ¢ > 0, there exists a finite integer n*(¢)
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such that |s, — s,,| < ¢ whenever n,m > n*(¢). Selecting m = n + 1 with
n > n*(e), we get |an+1| = [$Sn — Snt1]| < € whenever n > n*(e), and the con-
clusion lim,, , a,, = 0 follows. [ ]

The following stronger form of convergence is often invoked for series.

Definition 23.1.2

The series s : Ny — R associated with the sequence a : Ng — R is said to be
absolutely convergent if the series associated with the sequence of absolute values
No — Ry : n — |ay| does itself converge in R.

A series which is absolutely convergent is also convergent in the usual sense:
Indeed, note that

m m

al < g m=n+1,...
> ar| < ) el n=1,2,...
k=n+1 k=n+1

and apply the Cauchy convergencce criterion. However, the converse is not true as
is easily seen through the example
—1)»
Ay = u, n=12...
Definition 23.1.3

A series which is convergent in the usual sense but not absolutely convergent
is said to be conditionally convergent.

When the sequence a : Ny — R assumes only non-negative values, i.e., a,, > 0
forallm = 1,2, ..., then the corresponding the sequence s : Ny — R of partial
sums is non-decreasing, so that lim,,_, ., s,, always exists, possibly infinite. Many
tests exist to check the convergence of series with non-negative terms The most
basic one is the Comparison Test given next.

Theorem 23.1.1 (Comparison Test) Consider two sequences a,b : Ng — R such
that
0<ap,<b,, n=12,...

If Y27 | by, converges inR, then > > | a, also converges in R with

oo o
0<> an <) bn
n=1 n=1

On the other hand, if Y | a,, = 0o, then we necessarily have >~ | b, = 0.
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Geometric series play a pivotal role in determining the convergence of series
through the Comparison Test. The geometric series with reason p > 0 is the series
associated with the sequence a : Ny — R given by

ap=p", n=12 ...

It well known that

(- ifp#1
Sp,=a1+...+a, =
n if p=1.

Therefore,

lim s, = . if [p| < 1.

n—00 1— p
When coupled with the Comparisdion Test of Theorem 23.1.1 this observation con-
stitutes the basis for two criteria to dteermine the absolute convergence of series,
namely the criteria of Cauchy and d° Alembert, also known as the Root Test and
Ratio Test, respectively.

Theorem 23.1.2 (Ratio Test) Consider a sequence a : Ny — R. Assume that the
limit
lim [t =

n—o0 ||
exists (possibly infinite). Then, > " | |an| < oo if R < 1and ) ;”, |a,| = oo if
I <R

Theorem 23.1.3 (Root Test) Consider a sequence a : Ng — R. Assume that the

limit
lim {/|an| =R

n—o0

exists. Then, > " |an| < 00 if R<land)  °,|an| = o0 ifl < R.



