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Chapter 1

Probability Spaces

Idea: the mathematical formalism of chance.

The mathematical theory which formalizes chance is called probability theory. Probability theory
provides mathematical structures that can be thought of as abstract versions of “real world exper-
iments” (tossing a coin, gambling) with multiple possible outcomes (Heads/Tails, winning/losing a
certain amounts), along with measurements of “chances” of the various outcomes. These structures
are called probability spaces, and in this chapter we will develop them.

1.1 Measurable spaces

Throughout this chapter 2 will be assumed to be a nonempty set, which intuitively represents the set
of possible outcomes in some experiment. The set 2 is called the sample space, suggesting that we
view the experiment as a way to sample an outcome, an element of ). For example, the outcome of
each coin toss is a sample from the sample space {H, T}, and the outcome of a roll of a dice (assuming
we observe the number on the top face) is an element from the sample space {1,2,...,6}. We start
by developing the “language” we will use to describe possible outcomes. An explanation will follows
the definition.

Definition 1.1.1. A collection A of subsets of Q) is called an algebra, if
1. (not empty) Q € A.
2. (closed under complements) If A € A then A° (the complement of A) is in A.
3. (closed under finite unions) If A,B € A, then AUB € A.

By deMorgan’s laws an algebra is necessarily closed under finite intersections. Indeed, AN B =
(AN Be)c. If A, B are elements in an algebra A, then so is their difference: A — B := AN B¢, and of
course their symmetric difference, AAB := (A — B) U (B — A).

The elements of an algebra (and later o-algebra), each being a set of outcomes in the sample space,
should be viewed as statements we can make on the outcome of the experiment, and which can be
determined by the information available to us at the conclusion of the experiment. Think of rolling
a dice and observing the number on the top face. Then the sample space is Q = {1,2,...,6}. Let’s
assume we have complete information. There is exactly one outcome (a single number), but we can
make multiple statements on it which will be determined as true or false at the conclusion of the
experiment. Here are several examples:

e ‘“landed a 3”, the set A = {3}.

e “Not landed a 3”7, A°.

e “Landed an even number”, B = {2,4,6}.
e “Landed an even number or 37, AU B.

e “Landed both on an even number and on 3", AN B = = Q°.
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Let’s now change the experiment a little and assume that we are only told the parity of the number
on the top face. Though the sample space has not changed, we have less information on the outcome,
and there are only 4 valid statements on the outcome that we can determine as true or false at the
conclusion of the experiment: @) (“nothing”), {2,4, 6} (landed even), {1,3,5} (landed odd), {1,2,3,4,6}
(anything). So each version of the experiment corresponds to a different algebra of sets.

There’s a correspondence between an algebra 4 and the set of indicator functions of elements in
A. Recall that 14 is the indicator function of the set A, if it is a function from Q to {0,1} which is
equal to 1 on A and 0 otherwise. For a collection A of subsets of €2, let I 4 denote the set of indicator
of functions of elements in A. Then A is an algebra if and only if the constant function 1 € I 4, for
any A€ A, 1 —14 € I4, and for any A, B € A the “addition” 14 @ 1p, defined as max(14,15), is
also an element in I 4 (you can also replace this by a product of the functions. Why?).

As examples of algebras, consider the collection of subsets of €2 which are finite or have a finite
complement. Another example? Take 2 = [0,1) and consider all finite unions of intervals of the form
[a,b) for 0 < a < b < 1. Why is this closed under complements? Draw such a set. Look at your
drawing. Now write your proof.

Here’s an important property of algebras.

Proposition 1.1.1. Let Ay, As, ... be elements of an algebra. Then there exists a sequence of disjoint
elements in the algebra By, Bs, ... such that for every n € N, U?zlAj =Uj_, B;.

Proof. Exercise. U

Though the first object defined in this book, algebras are not going to be used very much in our
class. In order to prove nice theorems (nearly anything involving limits: Law of Large Numbers,
Central Limit Theorem. After all probability is a branch of analysis) we need richer structures that
allow to take limits. This leads to the definition of a o-algebra (AKA o-field, I term I will not use).

Definition 1.1.2. A collection F of subsets of Q2 is a o-algebra if
1. Qe F.
2. If A€ F then A € F.
3. If Ay, Ag,--- € F, then U2, A; € F.

Thus a o-algebra is a nonempty collection of subsets of ) closed under complements and countable
unions. Note that this automatically implies being closed under finite unions, and under countable (and
finite) intersections. Of course, every o-algebra is an algebra, but the converse is not true (example?).

In probability theory we use o-algebras, not algebras, as the collection of statements on the outcome
of the experiment which we, the observers, can determine whether true or false at the conclusion of
the experiment. The additional requirement allows to form a rich collection of statements. When ) is
finite every algebra is automatically a o-algebra.

Here are some examples of o-algebras.

1. The collection {f},Q}, also known as the trivial o-algebra.
2. The power set of €, all subset of §2, denoted by 2.

3. The collection of all subsets of © which are countable (this includes finite) or have a countable
complement.

Exercise 1.1.1. Show that the last object in the list above is a o-algebra. When is it the power set?

Definition 1.1.3. A measurable space is a pair (Q, F) of a nonempty set Q, the sample space, and a
o-algebra F on . Given a measurable space, the elements of F are called events.

A measurable space therefore represents the set of outcomes in the experiment, §2, and the information

we have on the outcome at the conclusion of the experiment, F. By “information” we mean: all

statements on the outcome which we can determine as true or false at the conclusion of the experiment.
o-algebras have some very nice properties.

Proposition 1.1.2. Suppose that I is a set of indices and that for each i € I, F; is a o-algebra on €.
Then F = NijerF; is a o-algebra.
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Proof. Exercise. O
Exercise 1.1.2. Is the union of o-algebras a o-algebra?

Let’s look at some events obtained through countable operations.
Definition 1.1.4. Let Ay, Ao, ... be events.

1. limsup; ., Aj == Np2 U >, Aj. That is, the limsup is the set {w € Q : w € infinitely many A;}.
For obvious reasons, this event is also denoted by {A; ifinitely often} or {A; i.0.}. Similarly,
the complement of this event is also denoted by {A; f.o.} (f.o. for finitely often).

2. iminf; o A; = U321 N;>nA;. That is, iminf is the set {w € Q:w € all A;’s from some j onwards}.

Note that any collection of subsets of 2 is a subset of the power set. This leads us to the following
definition:

Definition 1.1.5. Let G be a collection of subsets of Q2. The intersection of all o-algebras containing
G is called the o-algebra generated by G and is denoted by o(G).

Sometimes we refer to o(G) as the minimal o-algebra or smallest o-algebra containing G. This
leads us to some very important o-algebras.

Definition 1.1.6. o Let T be a topology on Q (if you're not familiar with the notion, suppose
that we have a metric on  and T is the collection of all open sets). The Borel o-algebra
(corresponding to T ) is o(T).

o Specifically, we write B(R™) for the Borel o-algebra on R™ when the latter is equipped with the
standard Euclidean metric.

Definition 1.1.7. Let F; and F2 be o-algebras on the sample spaces 1 and o, respectively. The
product o-algebra is the o-algebra on thev product space Q1 X Qo generated by the sets of the form
Ax B= {(wl,wg) €M xQy:wp €A wsy € B}

Exercise 1.1.3. Eztend Definition 1.1.7 to a product of three o-algebras.
Exercise 1.1.4. Show that B(R?) = B(R) x B(R).

There are also infinite products. In fact, much of our work will be in these measure spaces. Let’s
introduce one that will serve as faithfully and is perhaps the most important one, as nearly any result
in probability theory can be realized on it.

Example 1.1.1 (Infinite Coin Tossing). Though traditionally, the outcomes of tosses are labelled as
Heads or Tails, we will use 0 and 1. We introduce an important measurable space that will follow us
a very long way.

Let Q = {0, 1}, that is elements in Q are sequences of the form w = (wy,wa, . ..), where w; € {0,1}.
We will refer to w; as the j-th coordinate of the infinite sequence w, and we refer to the function
w3 Q —w; €{0,1} as the j-th coordinate mapping.

We now introduce an algebra on this space, the algebra generated by the coordinate mappings,
the smallest algebra (intersections of algebra is also an algebra - there is less to check than for o-
algebras!) which contained all sets determined by a single coordinate, namely all events of the form
{weQ:w; e A} for some A C {0,1}, when ranging over all j € N. There is an explicit description
of this algebra, which we now provide. For every n, let Ay,..., A, be each subsets of {0,1} and define
the corresponding cylinder set I, .. a,:

IA17~';A7L = {OJ EQ:w €Aq,...,w, € An}

Now let A be the set of finite unions of cylinder sets. Clearly QQ € A. Also, by construction A is closed
under unions. What about complements? First observe that the intersection of any two cylinder sets
1s a cylinder set. Next, every cylinder set is a finite intersection of cylinder sets, each determined by
a single coordinate. For example 1a, a, = Ia, N I01},4,- Note that the complement of a cylinder
set involving a single coordinate is also such a set. Namely I3 = [AE”I{COJ},AQ = I{0,13,45, et
Therefore by deMorgan’s laws, the complement of any cylinder set is the finite union of cylinder sets
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each involving one coordinate. Using this and the distributive properties of intersections of unions, we
conclude that the complement of any element in A is... in A. Done. In words (and you are welcome
to make this into a precise mathematical statement. It is an excellent exercise to identify the meaning
of “depenends” in the following statement): a subset of Q2 is an element of A if and only if it depends
on a finite number of coordinates.

The infinite product o-algebra F is o(A). This is also the o-algebra generated the coordinate
mappings (all sets determined by a single coordinate). Why?

What the difference between A and F? A world of difference, because the latter allows us to make
statements about the entire sequence, not only a finite number of coordinates. Word of warning, F
is not the power set. Again: there are sets not in F, but due to the extensive reach of iterations of
unions, intersections and complements, we need the axiom of choice to find such sets. We will show
how later.

Consider all of the following statements, each being an example of an element in F but not in
A. To do this, let’s define a sequence of elements in A: A; = {w: w; =1}, j € N. All are events
determined by a single coordinate. Hence Aj € A. Now, let’s consider all of the following statements:

o “1 appears”, namely U?‘;lAJ’. This is a countable union of elements in A. Its complement is
pretty boring. It consists of one element the constant sequence 0, the sequence (0,0,...). Clearly
{0} is not a finite union of cylinders, because it has one element, and every nonempty cylinder
has infinitely many elements.

o “I appears infinitely many times”. This is, by definition (Definition 1.1.4), lim SUp;_, o Aj or
{wj =1 i.0.}. Why? Let’s rewrite what we said in words: For every n € N, there exists some
J > n such that w; = 1. In terms of set operations, this set is

A=, U?in Aj; = limsup A;.

j—o0

o “The proportion of 1’s in the first n coordinates tends to a limit as n — oo”. This one is harder
to express through set operations (yet completely possible), and we will develop other methods to
show it is an event when we discuss random variables.

As a closing comment (or exercise for you), a o-algebra is either finite or uncountable. It can never
be countably infinite (to prove, consider an infinite o-algebra. Then you have an countable sequence of
disjoint events, from which we can form an uncountable collection of sets through countable unions).
Therefore, though we can describe some or many elements in an infinite o-algebra, we can rarely
describe all elements in the o-algebra.
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1.2 Measures and Probability measures

We are ready to introduce the main subject of this chapter. By now we know what events are. We
now present the mathematical notion formalizing chance. It is pretty mundane: a function. Basically
a mathematical scale, assigning any event a “weight”, the probability of the event, representing how
“likely” the event is, in a scale of [0,1]. We will define the slightly more general notion of a measure
first.

In this section we assume that (2, F) is a measurable space.

Definition 1.2.1. A measure is a function pu: F — [0, 00] which has the following properties:
1. u@) =0
2. (o-additivity) If Ay, Az, ... are disjoint events, (U3 Aj) =372 ju(A;j).

A measure is called a finite measure if u(Q) < co. A measure is called a probability measure if u(2) = 1.
The triple (0, F, u) is called a measure space, or a probability space if p is a probability measure.

Note that the o-additivity requires events to be disjoint, which is not really an obstacle, due to
Proposition 1.1.1: any union can be partitioned to a disjoint union through set operations.

Note that if we just wanted to define a probability measure we could replace the first item in the
definition by p(2) =1 (why?).

In the sequel we will use mostly P and @ for probability measures.

As you see, measures are functions whose domain is a o-algebra. Why restrict to o-algebra and not
work with the entire power set? Sometimes we can use the power set (most often when 2 is finite),
but when € is infinite, and we want additional properties from the measure (analogy: not “just” a
continuous function, but a continuously differentiable function), then almost always there will be some
serious obstacles which will not allow to define the measure on the power set. We will get to that later.
Time for some examples.

Example 1.2.1. Suppose that Q) is uncountable. Let F be the o-algebra generated by the finite sets.
Then an element of F is a set which is either countable or has a countable complement. On F define:

0 A is countable; o . .
{ . This is an infinite measure.

oo otherwise

0 A is countable;
. This is a probability measure.

2. P(A) = {

1 otherwise

Exercise 1.2.1. Show that the functions defined in Example 1.2.1 are as claimed.

Example 1.2.2. Uniform measure. Let Q be finite, equipped with the power set. Define P(A) = %.
Then P is a probability measure known as the uniform measure.

Example 1.2.3. Discrete probability measure. Let Q be countable and F = 2, and let p: Q — [0,1]
satisfy Y, p(w) = 1. Define P(A) = Y _ap(w). The uniform measure is a special example of a
discrete probability measure.

Example 1.2.4. Dirac’s Delta measure. Let xy € R™. On the measurable space (R™, B(R™)), define

P(A)Z{l QIQEA

0 otherwise

Exercise 1.2.2. Show that the object defined in Example 1.2.4 is a probability measure.
Exercise 1.2.3. Let uy and ps be measures on a measurable space.

1. Show that if ¢ > 0, then cuy and py + po are also measures (in fact, an infinite sum of measures
is a measure, if you want to challenge yourself. We’ll be able to show this easily as an application
of the Monotone Convergence Theorem later).

2. Is max(p1, t2) necessarily a measure?
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1.2.1 Basic Properties of Measures
Proposition 1.2.1. Let u be a measure. Then
1. (Monotonicity) For events A C B, we have pu(A) < u(B).
2. (Subadditivity) If A1, As,... are events, then (U3, A4;) < Z;il w(A;).
3. (Continuity from below) If Ay C Ay C --- are events, then p(U52, A;) = lim; . p(A;).
4. (Continuity from above) If By C By C - are events and u(B1) < oo, Then pu(N32,B;) =
lim; e 1(By).
Proof. Exercise. O
Proposition 1.2.2. Let P be a probability measure. Then
1. P(A%) =1- P(A).
2. (Inclusion/Exclusion) P(AU B) = P(A) + P(B) — P(AN B).
Proof. Exercise. O

Exercise 1.2.4. 1. State and prove the Inclusion/Exclusion Principle: the extension of Proposition
1.2.2-2 for a finite number of events.

2. State and prove Bonferroni inequalities (do some research).

Next we present ways to define new measures from existing measures. There are multiple ways,
but at this stage we present only two.

Definition 1.2.2. Let F € F. The restriction of the measure p to F, denoted by u|p is the measure
defined as follows:
Hlp(A) == p(ANF), A€ F.

Exercise 1.2.5. Show that p|p defined above is indeed a measure.

Definition 1.2.3. Let P be a probability measure and let F' € F satisfy P(F) > 0. The measure @,

defined through
P(ANF
Q) = T,

is a probability measure called P conditioned on F. It is denoted by P( - |F) (that is we write P(A|F)
instead of Q(A)).

Conditional probabilities are the mathematical objects representing our model when some concrete
information is given. Let’s look at a simple example. Consider the uniform probability measure on
{1,2,...,6}, a roll of a dice. The probability of any number is %. If T tell you that the the dice was
rolled and landed on an even number, then with this new information, the probabilities are different.

The probability of {1,3,5} is now zero, and the probability of each of 2,4,6 is % Given this extra

information, the set B = {2,4, 6}, the probability of each event is now P(A|B).
1.2.2 Completion of a measure

To avoid “going out of bounds” when taking limits some types of limits, we need the following technical
but important extension result. It is a “set and forget” type of thing.

Definition 1.2.4. A measure space (Q,F, i) is complete if for each N € F satisfying i(N) = 0, all
subsets of N are in F.

We will now show how to start from a measure space (2, F, 1) and extend it to a complete measure
space. A null event is an event N satisfying p(N) = 0. Let A be the collection of null events in F.
We start by defining

F={AUL:A€ F,LCN for some N € N'}.
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Proposition 1.2.3. 1. F is a o-algebra which contains F.

2. Every subset of a null event is in F.

Proof. Clearly Q = QU@ € F. Next, for A€ F, (AU L) = A°N L°. Now L C N for some null event
N. So N¢ C L°. We can therefore write

A° N LE = (A° N N°) U (A° N (L° N N)).

The first inserction is in F and the second is a subset of N, therefore we have an element in (AUL)® € F.
The fact that F is closed under countable unions is triv_ial.
The second assertion follows from the definition of F. O

Next define fi a function on F through fi(AU L) := u(A).
Exercise 1.2.6. Show that [i is a measure.
We conclude with what seems to be the obvious conclusion:
Proposition 1.2.4. The measure space (0, F, i) constructed above is a complete measure space.

We call the measure space constructed above the completion of (2, F,u), and refer to i as the
completion of y. Because we can easily complete every measure space, in the sequel - unless specifically
indicated otherwise - we will assume that all measure spaces are complete.

1.2.3 The Lebesgue Measure and the Infinite Product Measure

In this section we record the existence and some basic properties of two very important measures. The
proofs will not be given in this course.
We begin with the Lebesgue measure.

Theorem 1.2.1. There exists a unique measure m on B(R) satisfying m([a,b]) = b—a for all a < b.

The completion of this measure is called the Lebesgue measure. We will abuse notation and use
m for the Lebesgue measure as well. The domain of the Lebesgue measure is called the Lebesgue
o-algebra, and is denoted by L.

The Lebesgue measure will be very useful for integration on the real line and beyond. You'll see.
This is the single most important measure.

Exercise 1.2.7. 1. What is the Lebesgue measure of a countable set?

2. Show that for any bounded interval with endpoints a < b (open.closed,clopen), the Lebesgue
measure of the interval is equal to b — a.

3. What is the Lebesgue measure of all irrational numbers in the interval [a,b]? What about (a,b)?

With the Lebesgue measure introduced it would be easier (and useful) to present another method to
generate measures from the ones we discussed before. A function f : R — R is called Borel measurable
if for every B € B(R), f~!(B) € B(R). That is the pre-images of Borel sets are... Borel sets.

For any function f : R — R, the collection of sets Fy := {B : f~1(B) € B(R)} is a o-algebra
(why?).

1. Recall that f is continuous then the pre-image of any open interval is open, and therefore F
contains all open intervals, and so Fy O B(R) which also implies that f is Borel measurable.

2. If f is piecewise continuous (continuous possibly except for finitely many jumps) then a short
argument shows that it is also Borel measurable.

3. If f is monotone (nondecreasing or non-increasing), then the pre-image of any interval is always
an interval, and so Fy C B(R), and, yet again: f is Borel measurable.

Definition 1.2.5 (Pushforward measure). Let p be a Borel measure on R. Let f : R — R Borel-
measurable. The pushforward measure pg is a Borel measure defined through ps(A) := u(f=*(A)) =

m({zx e R: f(x) € A}.
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Exercise 1.2.8. Show that ps is a measure.

Example 1.2.5. Consider the restriction of m to the interval (0,1). This is a Borel probability
measure.

1. Let f(x) = 1yp). The pre-image of 0 under f is the interval (p,1) whose measure is 1 — p, and
the pre-image of 1 is the interval (0,p) whose measure is p. Therefore, my is the measure on
all subsets of {0,1} assigning measure p to 1 and 1 — p to 0. Looks familiar? (Hint: Bernoulli
random variable).

2. Let f(z) =In{L-. Then for any y € (0,1), the pre-image of the interval (0,y] is {z : In = <
y} ={z: = < e¥} = {z: 2 <1—e—y}, and therefore has measure 1 — e~Y. Thus my is a

measure on the Borel subsets of (0,00) satisfying my({z :x <y}) =1—e Y. Is that familiar?
(Hint: Ezponential random wvariable).

We continue to an infinite product measure.

Theorem 1.2.2 (Infinite Product Measure). Consider the infinite product space (2, F) of Erample
1.1.1, of infinite coin tosses.

Let p € (0,1). There exists a unique probability measure P on F satisfying that for every n € N
and wy, ..., wy, € {0,1}: P{w:wi = wi,...,wy = wy, })p>i=1 i (1 — p)"~2i=1"s

As mentioned before, we can think of each element in ) as of an infinite sequence of coin tosses.
The probability measure thus defined has the following properties:

Proposition 1.2.5. 1. For every j, P{w : w; = 1}) =p =1— P({w : w; = 0}). That is the
probability of each toss being 1 is p and being 0 is 1 — p.

2. For every cylinder set Ia,... a,, P(Ia,,. . .4,) = H?:l P(14,), that is, probabilities of cylinder
events are products of the probabilities of the individual statements on each coordinate.

Why can’t we define the infinite product measure on the power set of 27 Here’s why. This is a
sketch, not a complete proof. First, we will make our life a little simpler by replacing the underlying
sample space by {0,1}%, all infinite sequences of zeros and ones, indexed by the integers. An element
in this space is of the form (...,w_1,wp, w1, ...). We can define the product o-algebra and the product
measure on this space similarly to how we did it for {0,1}", as the o-algebra generated by cylinder
sets. We omit the simple details. Let’s consider the case p = 3 (this does not matter). Define
S :{0,1}%2 — {0,1}% to be the right shift: (Sw); = wj_1. Observe that by construction, P is shift
invariant: P(SA) = P(A) for all A which are cylinder sets. You will be able to show later (Exercise
1.3.1) that this property holds for all A € F. We will now show that there is a set not in F. We argue
by contradiction, assuming F is the power set. Write S~'w for the left shift (inverse of right shift),
and more generally S/w for the shift of w |j| times to the right or left according to whether j > 0 or
j < 0. Of course S%w is w.

Clearly P({w}) = 0 (why?). For every element w € {0,1}Z, let [w] := {S7w : j € Z}, be the set
of all shifts of w. The set [w] is finite if and only if w is periodic. As there are only countably many
periodic elements in our uncountable sample space, the probability the union of set [w] which are finite
is zero. Note that for every two elements w,w’, either [w] = [w'] or [w]N[w'] = 0. Now pick one exactly
one element from each of the distinct infinite sets [w] (this requires the axiom of choice) and form a
set from all these elements (one from each [w]). Call this set A. Every nonperiodic element in our
sample space is in the union UjezS7 A. Clearly, for j # j/, STAN S3"A =, and by our assumption,
P(S7A) = P(A). Combining these observations, 1 = P(U;ezS7A) = djez P(STA) = > jez P(A). Oh
shift! That’s a contradiction. To what? the assumption that F is the power set. The set A is therefore
not in F. We can’t really describe concretely, but it’s out there in the wild.

Bottom lime: we can’t construct a probability measure which is both shift invariant and is defined
on the power set. Bummer. Have to stick to o-algebras.

Let’s look at a nice result we will later complement with a partial converse and plays an important
role in probability.

Proposition 1.2.6 (Borel-Cantelli I Lemma). Let u be a measure. Suppose that Ay, As, ... are events
satisfying Y0~ pu(Aj) < co. Then p(A; i.0.) = 0.
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Proof. For n € N, let B, := U;j>,A;. Then B; C By C - -+, and by the subadditivity property,
p(Ujznd;) < u(4;) < oo,
j=n

Since p(B1) < 00, it follows from continuity from above, that

pllimsup Ay) = p(M72y By) = lim p(By) < lim > 7 p(A;) =0,
j=n

where the last equality follows from the fact that the tail of a convergent series tends to zero. O

Example 1.2.6. Consider the infinite product measure of Theorem 1.2.2 with p = % For each n, let
A, be initial segmnet of the sequence of length n is repeated from the n+ 1-th coordinate. This is better

explained in symbols:
Ay ={w:iwptk =wr 1 k=1,...,n}.

We have P(Ay) = 2", and therefore the Borel-Cantelli lemma P(A, i.0.) = 0.

Let’s remove the restriction of repeating the initial segment from the n + 1-th coordinate, and
define instead By, as the event that the initial segment of length n is repeated infinitely(!) many times
(anywhere along the sequence). We have P(B,) = 1, and therefore P(N32,B,,) = 1. Thus, each initial
segment is repeated infinitely many times a.s.

Patience pays?

Exercise 1.2.9. Prove the second assertion in Example 1.2.6.
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1.3 Monotone Class and II — A Theorems

Time for our first theorem. As og-algebras are often elusive, it may be a good idea to find tools that
will allow us to extend results from smaller and easier to manage collections of sets to an entire o-
algebra. One such tool is the monotone class theorem. To understand the need for such a tool, consider
Theorem 1.2.1. It tells us that there exists a measure on B(R) with a certain property: the measure
of an interval is its length. It also says that there’s only one such measure. But why? B(R) is much
more than just intervals.

Definition 1.3.1. A collection M of subsets of Q) is a monotone class if both of the following hold:
1. If Ay C Ay C ... are elements in M, then U;A; € M.
2. If Ay O Ay D ... are elements in M, then N;A; € M.

In words, a monotone class is a collection of subsets which is closed under monotone limits. Every
o-algebra is a monotone class.

Theorem 1.3.1 (Monotone Class Theorem). Let A be an algebra and let M be a mononone class
satisfying A C M. Then o(A) C M.

Before moving to the proof (I think you’ll appreciate its beauty), let’s consider an application.

Proposition 1.3.1. Let A be an algebra on a sample space Q. Suppose that P and Q are probability
measures on o(A), which satisfy P(A) = Q(A) for all A€ A. Then P = Q.

Proof. Let M = {B € o(A); P(B) = Q(B)}. Then M is a monotone class due to the continuity
of probability measures with respect to monotone limits. Also, by assumption A C M. The result
follows immediately from the Monotone Class Theorem. O

As a practical application, let’s consider the restriction of the Lebesgue measure to the interval
[0,1), and define the algebra consisting of all finite unions of sets of the form [a,b) for 0 <a < b < 1.
It is easy to see that this is indeed an algebra: it is not empty, it is closed under finite unions, as for
the complements, draw a picture, then write a proof: they’re also of this form. The restriction of the
Lebesgue measure to [0,1) is a probability measure, and the uniqueness statement holds: there is no
other way to form a measure on the Borel subsets of [0, 1) which assigns each interval its length. You
can push this argument a little further to prove the uniqueness of the Lebesgue measure on R. Give
it a try! The key idea is to exhaust each unbounded set by bounded sets increasing to it.

Proof. As with o-algebras the intersection of monotone classes all containing some non empty collection
of subset of €2 is by itself a monotone class. To avoid noise, there is no loss of generality assuming that
M is the intersection of all monotone classes containing 4, informally, the monotone class generated
by A, or the “smallest” monotone class containing A. Remember that.

The proof continues in two steps. The first step is to identify all elements in M whose intersection
with elements of A remains in M. Formally, define

Mi:={BeM:ANBe M, forall Ae A}

Now guess what? M is a monotone class because M is. Check! Oh, and A is an algebra, so clearly
A C M. Now here’s the magic. By construction M; C M, but by the minimality assumption on M,
necessarily M C M. So equality holds. What did we just prove? The intersection of any element in
M with any element in A is in M.

The next step is pushing this further. Let

My:={BeM:ANBe M, forall A e M}.

Only one thing changed from the definition of M;: now we look at all element in M whose intersection
with any element in M (not “just” A) is again in M. Bold move. It is no surprise that Mj is a
monotone class. Also, we showed in the first step that the intersection of every element in A4 with any
element in M is in M, so necessarily A C Ms. Or, M5 is a monotone class containing A. As in the
first step, we conclude that My = M.
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Let’s digest what we have just proven: the intersection of any two elements in M is in M. That’s
it. M is closed under finite intersections. Nice property. What about complements? Well, I guess by
now you know what we’re going to do:

Mgz :={BeM:B e M}

Yes. This is a monotone class (this explains why we require both monotonicity in both directions,
right?), and it contains A. The minimality of M dictates that M3 is M.

Let’s record a few things we know by know about M. It (i) contains  (because A does); (ii) is
closed under complements; (iii) is closed under finite intersections. Of course, with (i) and (ii) (and
deMorgan’s laws), (iii) is equivalent to “closed under finite unions” Sounds familiar? Yes, M is an
algebra. To show that is is a o-algebra, it remains to show it is closed under countable unions. But
this is obvious: Let Aj, As,... be elements in M. For every n, the finite union B, := U}_;4; is in
M. Of course, By C By C .... Therefore the union U2, B; = Uj2; A4; is in M.

Time to finish: M is a g-algebra. It contains A. Because every o-algebra is a monotone class, the
minimality of M dictates that M C o(A). But hey, o(.A) is also minimal (intersection of all o-algebras
containing A). So M = o(A). O

Exercise 1.3.1. Consider the probability space presented in the discussion below Proposition 1.2.5.
Show that

1. SAe€ F forall Ae F.
2. P(SA) = P(A) forall Ae F.

Careful inspection of the monotone class theorem, leads to the proof of another (and perhaps even
more useful) theorem. We had an algebra A contained in a monotone class M. In the first two steps
of the proof, we only used the fact that an algebra is closed under finite intersections. This suggests
that we may be able to leverage the ideas to prove a different version in which some of the assumptions
on A are passed to over M. Specifically, we define the following:

Definition 1.3.2. 1. A collection P of subsets of Q2 is called a mw-system if it has at least one
element, and for any A,B € P, ANB e P.

2. A collection L of subsets of Q2 is called a \-system if

(a) Qe L
(b) (Closure under relative complements) If B,A € L and A C B, then B— A€ L
(c) If Ay C Ay C--- € L, then U;-’ilAj eL.

So a m-system requires less than an algebra (and every algebra is a w-system), and a A system
requires more than a monotone class (every A-system is a monotone class, why?). Following arguments
we’ve seen before, if P is a w-system, the intersection of all A-system containing it is also a A-system,
the minimal A-system containing P. We have the following:

Theorem 1.3.2 (7 — A Theorem). Let P be a w-system and let L be a A-system with P C L. Then
o(P) C L.

Proof. This is a sketch. Without loss of generality £ is the minimal A-system containing P. Repeating
the argument in the first two steps of the proof of the Monotone Class Theorem 1.3.1 (those involving
M1, Ms), we have that L is closed under finite intersections. Since by assumption £ contains 2 and
is closed under complements, all that remains to complete the proof (showing that it is a o-algebra)
is to show that if (A4, : j € N) is a sequence in £, then U2, A4; € L. Thus, if A, B € £ we have that
AUB = (A°N B°)° € L. Now look at our sequence (A4, : j € N). As A; € L, so is every finite union
Uj_;1A;, and by the third assumption we have that U2, A4; € L. O

Exercise 1.3.2. Review the proof and find where we use the second assumption (relative complements)
in the definition of a A-system (it’s hidden!)
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1.4 Independence

In this section we fix a probability space (2, F, P).

Independence is one of the most important notions in probability theory. It allows to do (many)
computations and prove the classical limit theorems. Some would even go as far to say that it is what
distinguishes probability from measure theory. So what is it all about? Actually, products. Let’s begin
with the classical definition you’re probably familiar with. Then delve into a more general definition.

Definition 1.4.1. Let I be an index set and let (A; : i € I) be events. We say that these events are
independent of for any finite subset J of I, P(NjesAj) = [[;c 5 P(4;).

To see some examples of independent events, let’s take our infinite product space from Theorem
1.2.2. Let I =N, and for ¢ € N, let A; be an event determined by the i-th coordinate of w, w;. Then
by construction, (A; : i € N) are independent. This can be recast as: the individual coin tosses in this
model are independent.

When looking at only two events, say A and B, independence is equivalent to the following: either
P(B) =0 or P(A|B) = P(A). Note that independence is symmetric in A and B, so we can swap the
roles. Either way, “knowing” B does not alter the probability of A.

Note that in general we can have A and B independent, B and C independent, A and C inde-
pendent, but not A, B, C. So this definition really requires looking at all finite intersections, not just
intersections of pairs.

It is a simple exercise to show that if (A; : ¢ € I) are independent then the same applies to
(B; i € I) where for each i, B; = A; or B; = A¢, with the choices made arbitrarily.

Let’s prove a partial converse to the Borel-Cantelli I Lemma 1.2.6.

Proposition 1.4.1 (Borel-Cantelli II). Suppose that Ay, As,... are independent events satisfying
Z(;il P(A;) =o00. Then P({4; i.o}) =1.

Proof. We will use the following inequality:
l—z<e®zxelR.

We will show that the probability of the complement of the event in question is zero. By definition
of limsup A;, and deMorgan’s laws, the complement is U32; Nj>n A Because of subadditivity, it is
enough to prove that for each n € N, P(O]>nA ) = 0. By contlnulty from above independence, the
inequality above, and our assumption,

P(N5nAS) = lim P(N

m—00 jzn

Aj) = Tim J] P(AS) < e 27 P = = =g,
j=n

m—00 -

O

Example 1.4.1. Suppose that Ay, Ao, ... are independent events wzth P(A;) < 1 for all j and
P(U,Aj) = 1. We will show that P({A; i.0.}) = 1. Clearly, P(N32,A%) = [[;,(1 — P(4;)) =0,
and therefore 3772 | P(A;) = oo, so Borel Cantelli II holds.

Here’s a nice way to see the difference between the two Borel-Cantelli Lemmas:

Example 1.4.2. Suppose we performing the following sequence of experiments. In the n-th experiment
we pick an integer from {1,...,n} uniformly, independently of previous experiments.

1. What is the probability that 1 will be selected infinitely often? Let A,, be the event that 1 is selected
in the n-th experiment. Then P(A,) = % By Borel-Cantelli II, we have P(A, i.0. ) =1, and
so we we will see 1 infintely often a.s.

2. What is the probability that 1 will be repeated successively infinitely many times? Well, the
event 1 is sampled at the n-th and the n + 1-th times is A, N A,+1 and therefore has probability
%n_li_l < n% By Borel-Cantelli I, the probability of 1 being selected successively infinitely often
is 0. Or: we will have only finitely many successive pairs of 1 (or any number!) a.s.

We move to an important generalization of independence of events.
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Definition 1.4.2. Let I be an index set and let (F; : i € I) be o-algebras with F; C F for all i € I.
The family (F; : i € I) is independent if every family (A; :i € I, A; € F;) is independent.

Example 1.4.3. Consider the infinite product measure of Theorem 1.2.2. Forn € N, let F,, = o({w :
wpn, = 1}). That is F,, is the o-algebra generated by the n-coordinate mapping (it has four elements: all
statements that can be made on the n-th coordinate). By construction (F, : n € N) are independent
o-algebras.

Let’s consider two different applications of the IT — A theorem, Theorem 1.3.2, both of which
involving independence.

Theorem 1.4.1. Let (P, : n € N) be a sequence of independent I1-systems. That is for any n € N
and A; € Py, j=1,...,n

P(np_, A;) = [[ P4y

Then (o(Pr) : n € N) are independent.

Proof. Since independence is determined by finite intersections, it is sufficient to show that for every
n, the o algebras in the finite sequence (o(P; : j = 1,...,n) are independent. To do that, fix any n
and define the following:

L={Aca(P): P(AN/_y A;) = P(A) [[ P(4)), A; €P;, j=2,...,n}.
j=2

By assumption, P; C L. Also, as you may have already guessed, £ is a A-system. Indeed, if A C B
are events in £, then

P((B—A)NM"_yA;) = P(BNN_yA;) — P(BNMT_,A;).

As A,B € L, and A C B, the righthand side is equal to P(B — A)[[j_, P(4;), and so B — A € L.
Next, let L1 C Ly C ... be a sequence in £. Then the monotonicity of the measure guarantees that

N —o00 N—o00

P2, Ly NNI_yA;) = lim P(Ly NNJ_yA;) = lim P(Ly) [[ P(4;) = P(Ui2, L) H
J=2 j=2

Thus, £ = o(P1), and so o(P1),Ps,..., P, are indepednent. Repeat the argument for this new
sequence, now working on Ps, and iterate until the result follows. O

Here’s another theorem, whose proof is essentially the same.

Theorem 1.4.2. Let (G, ; : n € N,i = 1,2) be independent o-algebras. Let H = o(U321Gy.2). Then
(H,Gn1 :n € N) are independent.

Note that without loss of generality we may assume that one or both of the sequences (G, ; : n € N)
is finite by letting Gy, ; = {0, Q} for all but finitely many £’s.

Proof. Let P be all sets which are finite intersections of elements in U2, G, . This is a m-system.
Now Let L be the set of all elements in H which are independent of (G, : n € N). By assumption
P C L. We claim £ is a A-system. Why? It contains €2, it is closed under increasing limits (continuity
of probability with respect to monotone limits), and it is closed under relative complements. Indeed,
take n € N and G, ..., Gy, satisfy G € G;1, then letting G = N}J_,G;, and taking elements ACBin
L we have

P(GN(B—-A))=P(GNB)—-P(GNA)=P(G)P(B)— P(G)P(A) = P(G)P(B — A).
Therefore the m — X\ theorem asserts that £ contains o(P) = H. O

We're about to reveal an interesting truth. We need a definition:

Definition 1.4.3. Let (F,, : n € N) be sub-o-algebras. Define Fy, oo as 0(Up>nFk), and let T =
N1 Fn.oo- Then T is called the tail o-algebra and events in T are in the Tail o-algebra.
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Let’s continue Example 1.4.3. The tail o-algebra consists of all events which do not depend on any
finite set of coordinates. This may sound weird at first, but all events we introduced in Example 1.1.1
are tail events. Why? Each such event is in F,, o, and also the events in Example 1.2.6. What events
are not in 77 Every nontrivial (# 0, Q) cylinder event. Tail o-algebras of independent o-algebras have
an interesting property:

Theorem 1.4.3 (Kolmogorov’s Zero-One Law). Let (F, : n € N) be independent o-algebras and let
T be the corresponding tail o-algebra. Then T is degenerate: for every A € T, P(A) € {0,1}.

Proof. We will show that every A € T is independent of itself. That is P(A) = P(ANA) = P(A)?, or
P(A) €{0,1}.

By Theorem 1.4.2, F,41 0 is independent of Fi,...,F,. Since T is a subset of F, i1, it is
independent of Fi,...,F, for every n which in turn implies it is independent of (F,, : n € N). A
second application of the theorem then gives T is independent of o(F, : n € N), which contains 7. O
Example 1.4.4. We continue Example 1.4.3. Let I C (0,1) be an interval. Define S, = Zj<n
and let Ay = {w : lim,, 00 %(w) € I}. Thus, Ag is the event that lim, o, Sp/n exists and is in the
interval I. This is a tail event, and therefore P(Ay) is either 1 or 0. No need for further calculations!
As you probability know the value is determined according to whether p € I or not. We will get there
soon.

wj,



Chapter 2

Random Variables

Not random and not variables. Just an old name that stuck. A more fitting description would be
“measurable functions”. The idea: assign numerical values to elements in our sample space. This is
so we can quantify outcomes (e.g. for assigning a monetary or other value to an outcome in a game of
chance).

In this chapter we will introduce the mathematical notion of RVs and will present the Lebesgue
integral which is the tool through which define expectations of RVs.

2.1 Definitions and Basic Properties

Throughout this section we’ll assume (€2, F) is a measurable space. In this section, we stress that we
do not (and will not) use any specific probability measure to define a RV. The relation between RVs
and probability measures will be presented later.

We'’ve already seen random variables. Here. If A is an event, the indicator function 14 is a random
variable. In fact, these are the building blocks of all random variables and Lebesgue integration theory.
More later.

Definition 2.1.1. A function X : Q — [—00,00] is a random variable (RV AKA Borel measurable
function) if for any Borel subset B of [—00, 00| the preimage of B, X 1(B) := {w: X (w) € B}, is an
event.

The Borel o-algebra on [—o0, 00|, denoted by B([—o00, o0]) is the o-algebra generated by the all sets
of the following forms (a,b), [—00,b), (a, 00|, ranging over —co < a < b < oo (equivalently, all intervals
of the first form and the singletons {£oc}). Every interval of any type is in this o-algebra because it
can be obtained by countable unions and intersections.

Point is: a given function is a RV if statements you can make about its values (Borel sets) are
events.

Trivial but important: Pre-images (unlike images!) commute with set operations: X ~!(A¢) =
(X71(A)°, X"1(AUB) = X }(A) U X~1(B). Same with intersections and countable unions and
intersections.

We don’t really need to go through all Borel sets to verify that a function is indeed a RV. There’s
an easy solution.

Proposition 2.1.1. Let X :  — [—00,00]. Then X is a RV if and only if X ~'([—oc0,b]) € F for all
beR.

Proof. Tf X is an RV, then because [—00, b] is a Borel set, it follows that the condition in the theorem
holds.

Let’s prove that the condition is sufficient. Let G = {A € B([~o00,]) : X~1(A) € F}. Clearly
Q€ G (take A = [—00,00]), clearly G is closed under complements (X ~1(A¢) = (X~1(A))¢), and G is
closed under countable unions (why?). So it’s a o-algebra. It is enough to show it contains all sets of
the three forms generating the Borel o-algebra. This is done by simple manipulations. Let’s go.

1. First [—00,b) = U32[—00,b — L1]. Therefore, X ~([—00,b)) = U3, X ~!([—00,b — 1]), a count-
able union of events.

19
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2. Clearly, (a,00] = [~o0,a], so X ~1((a,]) = (X~1([~00,a])¢, an event.
3. Finally, (a,b) = [~00,b) N (a,c], and so X ~!((a,b)) is the intersection of two events. Done.

O

Of course, we can replace the intervals [—oo, b] with intervals [—oco,b) or intervals (a,oo] or even
restrict a,b to any dense set (e.g. rationals). We just gave one choice. The idea should be clear now.

We did allow infinite values because this is the right thing to do, but in the sequel, we will often
reduce the discussion to RVs taking only real values or such that may take infinite values but (after
we make the connection with probability spaces) this happens with probability zero (think of the first
time a coin lands Heads. Theoretically can take - literally - forever).

We will also often use less cumbersome notation. For example instead of writing X ~!((a,b)) we
will write {w : X (w) € (a,b)} or {X € (a,b)} or {a < X < b}.

Indicators are so important that we will reintroduce them. If A is an event, the indicator of A (in
other areas of analysis it may be called the characteristic function. Not a good choice in probability,
as this name is already taken by some other object) is the function:

1A(w):{1 weA

0 otherwise.

Why is this a RV? The pre-image of any set is one of the following events: empty, 2, A or A°
according to whether the set does not include 0 or 1, includes 1 but not 0, includes 0 but not 1, or
includes both. Simple. Indicators are also called Bernoulli RVs.

Definition 2.1.2. A RV X is called simple if its image X() = {X (w) : w € Q} is a finite subset of
R.

Of course, every indicator is a simple RV. We have the following simple proposition.

Proposition 2.1.2. Let X be a RV with values in R. Then X is simple if and only if it is a lin-
ear combination of indicators. Specifically, there exists n € N, constants ci1,...,¢, € R and events
Aq,..., A, so that X = Z;L:1 cjly,.

Here’s how to say that using algebraic notions: the vector space of simple functions is spanned by
indicators.

Proof. It X is simple, let {cy,...,¢c,} be the distinct elements in its image, and for j € 1,...,n, let
Aj = Xﬁl({Cj}). Then X = Z?:l Cj]-Aj-

Conversely, suppose that X is of the given form. We will rearrange it in a way that will lead a
a linear combination of indicators of disjoint events. This will be then much simpler. We will not
write the details, but describe the algorithm. First we will look at all elements in U;‘zlAj which are
exclusive to A;. This is A1 N (Uj214;)¢, an event. Call it By. Then all events exclusive to As,..., Ay,
with respective resulting events Bs, ..., B,. This step gives all elements in exactly one of the events.
We continue to all elements which are in exactly two of the events, starting with all events in A; N As
but not in any other pair. More complicated, but still an event (write it down). Call this By 2, and
continue for all other pairs. Move to all elements in exactly three, etc. Generally for k € 1,...,n, and
1 <4 <ig < -+ <y, By, i, is the set of all elements which are in A;, N---N A;, but in no other
intersection of the A;’s. If you're following B, ., is the elements in all events, namely ﬂ?zlAj. Now
by construction all the B’s are disjoint and their union is U?ZIA]-. On each such event, say By, i,....i\»
the value of X is ¢;; +-- -+ ¢;,. Thus, the pre-image of any set is a union (possibly empty) of the B’s,
an event. O

We moved from indicators to simple functions by taking linear combinations. We now introduce
new operations that allow to generated even more (and eventually all) RVs:

Proposition 2.1.3. Let X1, Xs,... be RVs. Then sup,, X,, is in RV.
Proof. {sup,, X,, > b} = U, {X,, > b}. O
Proposition 2.1.4. Let X be a RV with values in R and f : R — R continuous. Then f(X) is a RV.
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Proposition 2.1.5.

{w: f(X(w)) b} ={w: X(w) € fTH((=00,0])) = X7 (f (=00, b])).

Because f is continuous the pre-image f~'((—oc,b]) of the closed set (—oo,b] is closed, hence a Borel
set, and because X is a RV, the pre-image of that set is an event.

Therefore, if X is a RV, so are all polynomials of X, sin(X), e¥, etc. Well, we can’t stop here. We
need some basic algebraic operations such as sums, products, etc. The idea is pretty much the same,
but a little more involved.

Proposition 2.1.6. Let X,Y be real-valued RVs, and let f : R? — R be continuous. Then f(X,Y) is
a RV.

Proof. What do we need to show? As mentioned earlier we can replace the weak inequality with
the strict ineequality, and show that {f(X,Y) < b} = {w : (X,Y)(w) € f~1((—00,b))} is an event
for every b € R. Because f is continuous, f~!((—oo,b)) is open in R%. To complete the proof it is
enough to show that if U is open in R?, then {w : (X,Y)(w) € U} is an event. Any open set in R? is
necessarily a countable union of sets of the form (a,b) X (¢, d). Because pre-images commute with set
operations, the pre-image of U under the function w — (X,Y)(w) a countable union of events of the
form X ~1((a,b)) N Y ~1((c,b)), therefore an event. a

We gathered enough results to prove a theorem that states exactly what we said in words earlier.
It’s easy but it’s very important. We first present some notation. Let X be any RV. Write X for the
random variable max(X,0) and X_ for the random variable (—X); = —min(X,0). Why both are
RVs? Because each is a continuous function of the RV X. Moreover, X, > 0,X_ >0, X, X_ =0 and
X =X, —X_. Or: X is a difference of two nonnegative RVs, with the property that their product is
zero. Here’s our result:

Theorem 2.1.1. Let X be a nonnegative RV. Then there exists a sequence (p, : n € N) of nonegative
simple RVs increasing to X. Moreover, for every M > 0, the convergence is uniform on {X < M}.

Proof. Define
n2™
on(w) :=nlix>ny + Z k27" xeka—n (k+1)2-7)} -
k=0

Simply said: ¢, (w) is the largest dyadic number with denominator expressible as 27" if < X (w) or n
according to whether X < n or X > n. Then ¢, is simple, because it is a RV and its image is finite.
It is non-decreasing (you check), and if X (w) < M, then for n > M we have 0 < X —p,, <277, hence
the claimed uniform convergence holds. O

The pre-images of a RV form a o-algebra:

Definition 2.1.3. 1. Let X be a RV. The o-algebra generated by X, o(X), is defined as
o(X):={X"Y(B) : B Borel}.
2. Let I be a set of indices and (X; : i € I) be RVs. The o-algebra generated by (X; : i € I),
o(X; 14 € 1) is the o-algebra generated by all events in (o(X;) : i € I).

In words, o(X) is the smallest o-algebra with respect to which X is measurable. For example if
AeF,o(la)={0,A, A°,Q}, even if F has more elements. While we're at it, let’s define

Definition 2.1.4. Let (X, : n € N) be a sequence of RVs. The sequence is called independent if the
corresponding o-algebras (o(X,,) : n € N) are independent.

Example 2.1.1. Let (2, F) be the infinite coin tossing space of Example 1.1.1 and here denoted by
F. Recall the coordinate mappings: for n € N, let X,, : Q@ — {0,1} be defined as X, (w) = wy, the
value of the n-th coin toss.

e Note that 0(X,,) is a cylinder event, and therefore X,, is a RV. In particular, (X, :n € N) C F.
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e Conversely, every cylinder is in o(X,, : n € N), and therefore F C o(X,, : n € N).

Conclusion: F is the o-algebra generated by the coordinate mappings. Let’s look at some examples of
new RVs we can form:

1. For each n € N, the partial sum S, = X1+ ---+ X,, is a RV, as a finite sum of RVs, and so is
Sn/n, as a continuous function of S, (multiply it by the constant 1/n).
2. limsup Sy, /n is also a random variable. Why? It is sup,, infy>, %

3. Also, let T :=inf{n : X,, = 1}, the index of the first appearance of 1 (by convention, inf ) = o).
This is a RV. Why? For every b € R, {T > b} = U,<,{X,, = 0}, a finite intersection of events.

Moreover, the RVs (X,, : n € N) are independent. This is because for each n € N, o(X,,) is Fy, from
Ezxample 1.4.3, and those are independent by construction.

Exercise 2.1.1. Continue the example. Prove that all of the following are RVs:
1. For k € N, the k-th appearance of 1 or co if 1 appears less than k times.
2.5 127" X,,.

Exercise 2.1.2. Let S, be as in Example 2.1.1. Consider the RV X := limsup,,_,., Sn/n, Forn € N,
let Fr, = 0(X,), and let T be the corresponding Tail o-algebra, Definition 1.4.3.

1. Show that o(X) C T.
2. Can you find an event in T which is not in o(X)?

Proposition 2.1.7. Let (X,, : n € N) be independent and let (f, : n € N) be Borel measurable
functions from R to R. Then the sequence of RVs (fn,(Xy) : n € N) is independent.

Proof. For any n € N and Borel set B, we have

{fn(Xn) € B} = {Xy € £ (B)} € 0(Xy).

Therefore o(f,(Xy)) C 0(X,), and the result follows from the definition of independent o-algebras. O

2.2 Lebesgue Integral and the Expectation

The expectation is the mathematical notion generalizing arithmetic averages. The Lebesgue integral is
the tool through which we define expectation. Nearly all areas of mathematical analysis use Lebesgue
integration, probability is just one. Lebesgue integration is more general than Riemann integration
(not restricted to Euclidean space), and provides a much more robust structure (limit theorems). In
this section we introduce and present the basic properties of the Lebesgue integral with respect to a
(general - not restricted to probability) measure.

Throughout this section we fix a measure space (2, F, ).

2.2.1 Construction of the Integral

We define the Lebesgue integral of a RV X with respect to p in three steps. Recall that if X is a RV,
then its positive part X and negative part X_ are, respectively, the nonnegative RVs X := max(X,0)
and X_ := max(—X,0). We have X, X _=0and X =X, — X_.

Definition 2.2.1. 1. Let X be a simple RV. The integral of X, denoted by [ Xdpu, is defined as

> ku(X =k),

0£keX ()

provided the sum is well-defined (no oo — 0o0), even if infinite.
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2. Let X be a nonnegative RV. The integral of X, denoted by [ Xdpu, is defined as

sup / pdp,
]

where the supremum is taken over all nonnegative simple RVs ¢ satisfying p < X.

3. Let X be a RV. The integral of X, denoted by [ Xdp, is defined as [ X dp — [ X_dp, provided
at least one of the integrals is finite. If both integrals are finite, then we say that X is integrable,
also denoted by X € L'(u).
If 1 is a probability measure, we often write E[X] for [ Xdu and refer to the integral as the
expectation of X (under p).

If A e F we write [, Xdu for [ X1adp, the integral of X on (or over) A, and if  is a probability
measure, we will often write F[X, A] for the same thing.

Note that if p is a finite measure (p(£2) < 0o) - which includes all probability measures - then the
integral of any simple RV is always well-defined, and that the expectation of a simple RV is weighted
average of the values X, with the weights being the probabilities. This simple definition which relies
on the notion of a measure and is not specific to any particular space (like R™) leads to a rich and
complete theory of integration.

Proposition 2.2.1. Let X be a RV. Then

1. X is integrable if and only if [|X|du < oco.

2. (triangle inequality) If X is integrable, then | [ Xdu| < [ |X|du.
Exercise 2.2.1. Prove the proposition.

Let’s conisder some examples.

Example 2.2.1. Consider the measure 09 on the Borel subsets of R. Let X be any simple function.

Then
/Xd60 = > kéo(X =k).
0#kEX (R)
Now 0p(A) =1 if 0 € A and zero otherwise and is otherwise = 0. There is at most one k # 0 in the
image of X whose preimage {X = k} contains 0, and for such k, kéo(X = k) = X(0)1. For all other
k’s k6(X = k) =k*0=0. Thus, [ Xdéy = X(0). Since this is true for all simple functions, by taking
the limits in the construction, it holds for all RVs X.

Example 2.2.2. Let Q be finite, F the power set and p any measure. For w € Q, write p, for p({w}).
Then

[ xau= Y Xutx =

k+#£0

= Z MWX((U),

weN
a weighted sum of the X (w)’s.
Let’s take this a little further:

Example 2.2.3. Let Q = N, F the power set and p the counting measure: u(A) := |A|, the number
of elements in A. Any function X : N — R is a RV (pre-image of any set is in F, because the latter
is the power set).

Let X be a nonnegative simple function, and let’s assume that the nonzero elements in the image of
X are0<¢1 <cg <---<cy. By constreution, p(X = ¢j) = [{w : X(w) = ¢;}|, number of times c; is
repeated in the image of X. Then either all c;’s are repeated finitely many times, or at least one of them
is repeated infinitely many times. In either case a simple argument shows that [ Xdu = > X (w).
Therefore in this context we can think of X as a nonnegative sequence (any function from N to R is a
sequence) X (1), X(2),..., and its integral as the corresponding series | X (w).

When thinking of a general RV X (or sequence in this setting), then the proposition tells us that X
is integrable if and only if the corresponding series converges absolutely. To a large extent, the theory
of Lebesgue integration generalizes the notion of absolute summability.
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Exercise 2.2.2. Let (¢, : n € N) be a nonnegative sequence. For any subset A of N, let p(A) :=
ZnGA ¢n (by convention, a sum over an empty set is zero).

1. Prove that p is a measure on the power set of N.

2. Show that X : N — R is integrable with respect to p if and only if Y .- | cu|X(n)| < oo and in
this case [ Xdp =73 ", c, X(n).

2.3 Monotone Convergence and Linearity

In this section we present the two most important features of the Lebesgue integral: continuity (in a
specific setting, but not too restrictive) and linearity.

The following theorem is probably the key justification for the Lebesgue integral. It is called
Lebesgue’s Monotone Convergence Theorem (MCT).

Theorem 2.3.1 (Monotone Convergence Theorem, MCT). Let p be a measure. Let 0 < X7 < Xo <
. be a sequence of RVs. Then

lim Xnduz/ lim X, du.
n— oo n— oo

In words, the integral we have defined (expectation of a RV) commutes with monotone limits (of
nonnegative RVs). This is not true for Riemann integrals. This can be viewed as continuity result:
integral of the limit (of an increasing nonnegative sequence) is the limit of the integrals. And as you’ll
see from the proof, the theorem is nothing but an extension of continuity from below of measures,
extending the notion from indicators of increasing events to general sequences of nonndecreasing RVs.

Let’s highlight one difference from the Riemann integral. If (¢, : n € N) is a sequence containing all
rationals in [0, 1] and f,(z) = >, <, 1{q,.}(2), then f,, 7 1gnp,1], and f,, is Riemann integrable with a
Riemann integral fol fn(x)dz = 0. Since f,, is a simple nonnegative function, the Lebesgue integral of
frn with respect to the Lebesgue measure, f fndm exists and is = 0. Now let’s look at lim,, o fr, AKA
the Dirichlet function. This is the first example we all saw of a nonnegative bounded function which
is not Riemann integrable, so we can’t take the limit inside the integral... But from the perspective
of the Lebesgue integral? No problem. An easy calculation shows that the [lim, o f,dm = 0, as
expected (or we just apply the theorem).

Proof of Theorem 2.5.1. Let X = lim,,_ oo X;,. Clearly [ X,du < [ Xdu. Let Y be a simple nonneg-
ative RV which is < X. Let ¢; < ¢3 < -+ < ¢, be the nonzero elements in the image of Y. Then
Y = Z?:l cjla,, where A; ={Y =c¢;}, j=1,...,n. Fixe> 0. The fact that X (w) = lim, 00 Xy (w)
implies that for every w € 2, X,,(w) > (1—¢)Y for sufficiently large n. Let N = N (e, w) be the smallest
integer that X, (w) > (1 —€)Y. Then N is a RV (why?). Now

/Xndp Z /Xn]_{n>N}d/L Z (1 — E)/Yl{n>N}d,u,

> (1= ¢u(4;0 {n > N}).

Jj=1

Now A;N{n >N} 1 A, and therefore using the continuity of measures with respect to increasing

n—oo
sequences, the measures on the righthand side increase to the measure of A;. Bottom line,
lim [ X,dp> (1—¢) /Ydy.
n—oQ

Note that the limit on the lefthand side exists because n — [ X, du is a nondecreasing sequence. By
definition the integral of a nonnegative RV, we conclude the lim,,_, f Xpdp > (1—¢) f Xdu. Since
€ > 0 is arbitrary, our work is done. O

Want to see an example? Here’s one.
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Example 2.3.1. Recall that for every |x| < 1,

0 k
n(1 + z) Z k+1x
k=1

The radius of convergence of the power series on the right is 1, and it clearly diverges at x = —1. What
about x = 17 Well, the series converges due to the alternating sequence test, but is its value equal to
In(141)? For that we need to show that as x 1, the values of the series converge to the value of the
series at X = 1.

Let’s go. First let’s get rid of the alternating signs by combining every two successive terms odd k

followed by even k into one:
$2w—1 B ﬁ _ x2w—1 1 B i .
2w—1 2w 2w—1 2w

Note that because |x| < 1, each of these terms is nonnegative. Also note (differentiate the lefthand
side) that each of these terms increases as a function of x.

Now left find a nice measure space. We will take Q2 = N, and equip it with the counting measure.
As discussed in Ezample 2.2.3 the integral of nonnegative X is [ Xdp = Yoo X(w). Next, let

P w—1 2w

(rn : n € N) be a sequence in (0,1) strictly increasing to 1. For each n € N, let X, (w) 1= - — 2

(remember that w is a natural number). From the discussion above 0 < X1 < X5 < ... and the integral
2w—1 2w
of Xy is [ Xndp =001 X, ( ) =32 o — — n From the discussion above, this is In(1 +r,).

w=1 2w—1

As limy, o0 X (w) = 2w1_1 — ﬂ, the MCT gives us

oo

: 1 I (=
nl;rréoln(1+rn)— hm Xndp = /nlggoX"du_wz_:l2w—1_2w_Zk'

Because the function x — In(1 + x) is continuous at x = 1, the lefthand side is equal to In 2.
Nice, right?

Let’s consider another example.

Example 2.3.2. Let (Q, F,p) be a measure space and let X be a nonnegative RV. Let I, = [nIn(1+
X/n)du. Let’s find lim, o0 I,,. Flirst, recall from calculus (if not, prove), that for every ¢ > 0, the
sequence n — (14 £)" increases asn — oo to e®. Forn € N, define the RV X,, := In(14+X/n)". Then
0< X, <Xsy..., and lim,_oo X,, = IneX = X. Therefore, the MCT guarantees that lim, o I,, =

[ Xdp.

The next result establishes monotonicity and linearity of the integral, both extremely important in
all that will follow.

Theorem 2.3.2. 1. If X andY are RVs with X <Y and Y integrable, then [ Xdu < [Ydpu.
2. If X is integrable and ¢ € R, then [c¢Xdp=c [ Xdpu.
8. If X and Y are integrable, then X +Y is integrable, and

/XJrYdu:/Xdqu/Ydu (2.3.1)

Proof of part 1. Clearly X <Y and so if X >0, Y > 0. This leads us to X4 = X1x>0 < Y1x>g
Ylyzo = Y+, therefore fX+d/L < fY+dM < o0. Slmllarly, -Y = Y]-YSO > lego > X]-XSO
—X_, thatis Y. < X_. We have [ Xdp= [Xydp— [X_ dp < [Yidp— [Y_dp= [Ydp.

O I IA

We leave part 2 as an exercise.
Before we prove the last part, we need the following lemma.

Lemma 2.3.1. Let X and Y be RVs. Then (2.3.1) holds in each of the following cases:

1. X, Y are both simple and integrable.
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2. X,Y are both nonnegative.

Proof. Let’s first assume that X = Z?Zl cjl4, with A;’s disjoint and that Y is of the form c1,4 for
some ¢ # 0. Clearly,

X+Y = Z(Cj + C)].Aij + ZCJ-].A].,A + C]-A—U;P:lA]w
j=1 j=1

Note that all events are disjoint and therefore, the definition of the integral of a simple function gives

n

/X +Ydp =3 (5 + (A N A) + 3 eiu(A; — A) + eu(A— U, A;),

j=1 j=1

(we may need to consider the case ¢ = ¢; for some j separately, but we’ll omit the details).
Separating the first sum we obtain

chu(Aj) +cu(A) = /X +Ydu.
j=1

Iterating this, we have that the expectation of the sum of two simple integrable RVs is the sum of their
expectations. To obtain the conlcusion for nonnegative RVs, apply the MCT. O

Proof of Theorem 2.3.2 part 3. First, |X + Y| is a nonnegative RV, and by the triangle inequality,
| X + Y| < |X]|+|Y]. The lemma gives [ |X|+ |Y|dp = [|X|dp + [|Y]dp < oo, and therefore
X +Y is integrable with [|X + Y|dp < [|X|du + [|V|du. Let Z = X +Y. We can rewrite
this equality as equality on sums of nonnegative RVs: Z, + X_ +Y_ = Z_ 4+ X, + Y. Therefore
[Zi+X_+Y_du= [Zy+ X, + Y, du. But since each side is expectation of a sum of nonnegative
RVs we have the equality [Zydy — [Z_dp = [ Xidp — [ X_dp+ [Yidp — [Y_dp, which, by
definition, reads [ Z = dp [ Xdp + [ Ydu, the desired outcome. O

If you followed the proof you’d notice that we also proved the triangle inequality:

Corollary 2.3.1. Let X and Y be RVs. Then

/|X+Y|d,LLS/|X|d/l+/‘Y‘d[L.

We close this section with a very important corollary of linearity, domain additivity of the integral.

Corollary 2.3.2. Let X be a nonnegative or intgerable RV. Let A be an event. Then fXd,u =
o Xdp+ [, Xdp.

Exercise 2.3.1. Use the definition of the integral to show that if X is any RV and N is an event with
w(N) =0, then the integral of X over N is defined and is equal to zero.

2.4 Fatou’s Lemma and Dominated Convergence

While we're at it, let’s prove a few other useful results. First, we can relax the monotonity assumption
in the MCT at a price of an equality:

Theorem 2.4.1 (Fatou’s Lemma). Let (X, : n € N) be nonnegative RVs. Then liminf,, andu >
[ liminf X, du.

Proof. Let Y,, = inf>, X. Clearly, Y,, < X,,, so [ X,,du > [ Y, dp. Next observe that 0 <Y; <Y; <
..., with lim, .~ Y,, = liminf X,,, and by taking limits we have
Jim inf / X, dp > lim / v, dp MET / lim Y, dy = / lim inf X,,dju.

n— oo
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Exercise 2.4.1. We proved Fatou’s lemma from the MCT. Show that the reverse implication also
holds: Fatou’s lemma implies the Monotone Convergence Theorem.

The last two results in this batch are the dominated and bounded convergence theorems, both
consequences of the above, and both very useful.

Before we continue present some language that will be used very often. A statement about RVs in
our measure space is said to hold almost everywhere (abbreviated a.e.) if it holds possibly except on a
set whose measure under 4 is zero. For example, the Dirichlet function (indicator of rationals in [0, 1])
is equal to 0 a.e. with respect to the Lebesgue measure. When p is a probability measure, we will
use “almost surely” (abbreviated a.s.) for “almost everywhere”. Due to Corollary 2.3.2 and Exercise
2.3.1, for integration purposes, statements that hold a.e. should be viewed as holding everywhere. We
will demonstrate this in the proof of the next theorem.

Theorem 2.4.2 (Dominated Convergence Theorem, DCT). Let (X, : n € N), X andY be RVs, withY
integrable and sup,, | X,,| <Y a.e. Suppose thatlim,_,oc X, = X a.e. Thenlim,_, [ |X,—X|du =0,
and in particular, X is integrable and lim,,_,o [ Xndp = [ Xdp.

Example 2.4.1. Let Z be an integrable RV. We show that lim,, f\z|>n |Z|dp = 0.
We apply the DCT with X, = |Z|1§z|>n} and let Y = |Z|. Clearly, X := lim, 00 X, =
|Z|1{|z|=0c}- Now X is integrable, but equal to colyz|—xc}, S0 the construction of the integral of

a nonnegative RV garantees that [ Xdp = 0. Therefore the claim follows from the DCT.
Since in a probability space any constant function is also integrable, we have

Corollary 2.4.1 (Bounded Convergence Theorem, BCT). Suppose that u is a finite measure. Let
(X, € N), X be RVs and M a positive real number satisfying sup,, | X,,| < M, a.e. andlim, o0 X, = X
a.e. Then the conclusions of the DCT hold.

The proof of the Corollary from the DCT is immediate, because if u is finite, any constant function
is integrable.

Proof of Theorem 2.4.2. This uses Fatou’s lemma and a little trick. Clearly | X,,—X| < |X,,|+|X| < 2Y
a.e. Therefore, the sequence 2Y — | X,, — X| is nonnegative a.e. Let N be the event on which it is
negative (which may be empty). Then pu(N) = 0. Fatou’s lemma gives

n—oo

liminf/ 2Y — |X,, — X|dp > / 2Y dpu.
c Ne

and since the integral of any RV on N is zero (exercise 2.3.1), each of the integrals above is equal to
the integral of the function (over the entire sample space, not just over N¢). In the sequel (including
the next paragraph) we skip the intermediate step of integrating over null sets where an a.e. statement
fails to hold.

Use the linearity of the expectation to conclude that the lefthand side is [ 2Y dpu—limsup,, . [ |X,—
X |dp, and therefore we obtain limsup [ |X,, — X|du < 0. Next, note that by Fatou’s lemma [ | X|dy <
liminf,, o [ |Xn|dp < [Ydp < co. Therefore, X is integrable, and we have

[ i~ [ xaul =1 [ %, - Xl < [1, - Xla

and the assertion follows from the first. O

2.5 Connection with Riemann Integratrion

Though the new notion of the Lebesgue integral is more abstract than the Riemann integral, both are
intricately related. Though it is easy to confuse: the Lebesgue integral is always with respect to a
measure. The Lebesgue measure is a special measure on R.

Let us now consider the measure space (R, B(R)). Fix a bounded interval [a, b]. Any step function
¢ on [a,b] is a simple function, and its Riemann integral coincides with our definition of the Lebesgue
integral of the simple function [ ¢dm with respect to the Lebesgue measure. Since Riemann integra-
bility is obtained through approximations of integrals of step functions (lower and upper Darbeaux
sums), the following result is not surprising, and its proof is not hard.
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Theorem 2.5.1. Let a < b be real numbers and f : [a,b] — R. Then

1. f is Riemann integrable if and only if f is bounded and the set of points where f is not continuous
has Lebesgue measure Q.

2. If f is Riemann integrable on [a,b], then it is Lebesgue integrable with respect to the Lebesgue mea-
sure and its Lebesgue integral on [a, b], f[a ] fdm coincides with its Riemann integral f: f(t)de

Corollary 2.5.1. Suppose that f > 0 is Riemann integrable on R. Then it is Lebegsue integrable and
[ 10yt = [ fdm.

Proof. Let fn(t) := 1|_p n)(t)f(t). Then (f,, : n € N) is a sequence of nonnegative functions increasing
to f. Since f is Riemann integrable on any bounded interval, it is Riemann integrable on [—n, n], and
therefore [ f(t)dt = f[_n o fdm = J frndm. Now take n — oo. The lefthand side tends to [ f(t)dt
and the MCT gives that the righthand side tends to [ fdm. O
Example 2.5.1. Let’s find lim,_ oo fol mdx

We are going to apply the DCT utilizing the theorem. First let’s do some manipulation of the
Riemann integral:

! nx” Loopgn—t
: 3/2d.’E = sinx 1 de
o sinx+z 0o B+t /

= [ 1
B /0 M tl/(2n)dt

t1/n

Forn € N, let f,(t) := 1jo,3 (t)m This is a Riemann integrable on [0,1]. Let ¢ be the

infimum of the function 2 on (0,1]. Then ¢ > 0, and we clearly have 0 < f,,(t) < 1o 1(t)2. Also
Sn(t) = 1j0,1(t )m m-a.e. (the limit exists at all t # 0), and the DCT imlies limy, o0 [ fodp =
f[o 1 51111+1dm By the theorem, the lefthand side is lim,_ fo m, and the righthand side is

1
dt sin1+1°

fO sin 1+1

The next result allows to calculate Lebesgue integrals (not necessarily with respect to the Lebesgue
measure!) through improper Riemann integrals. In what follows we fix a measure space (92, F, u).

Theorem 2.5.2. Let Z be a nonnegative RV. Then

/Zdu: /Ooou(z > t)dt

We note since t — u(Z > t) is non-increasing, on the interval it is finite, it is continuous possibly
expect for a countable number of jumps. Any countable subset of R has Lebesgue measure zero, and
therefore on any bounded subinterval of this interval, the function is Riemann integrable.

Here’s a sketch of the proof. The statement is valid for simple Z by direct computation, and
the result follows by approximating Z by simple functions from below and applying the MCT to the
righthand side. As an immediate corollary we have

Corollary 2.5.2. The integral of Z (with respect to u is defined if and only if fo (Z > t)dt < oo or
IS 1w(Z < t)dt < oo and in this case

/Zd,u/OOO,u(ZZt)dt/Ooou(th)dt.

Example 2.5.2. Let’s revisit some calculus. Suppose we want to calculate fol z'/"dx, where n is any
integer. Of course, we already know this is equal to 5.
Let’s use the results of this section to obtain this value (we will assume we can calculate the Riemann
integral of a polynomial). Our integral is f[o,l] '/ mdm = [ Zdm, where Z = 1y 1 (z)z'/™. Now for
€ (0,1]
{(Z>ty={xe(0,1): 2" >t} ={z € (0,1): z > t"}.
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The Lebesgue measure of this set is 1 —t™. Fort > 1, {Z >t} = 0. Therefore,

/Omm(ZZt)dt:/Olm(Zzt) :/01(1—t")dt.

The righthand side is 1 — %H =25

2.6 Distributions of RVs

In probability theory, a distribution is synonymous with a probability measure, often with some distin-
guishing specific characteristics. In this section we will review some common probability distributions.
We assume that (2, F, p) is a measure space.

Definition 2.6.1. Let f be a nonnegative RV. The measure with density f (WRT to p), which we
denote by pt, is defined as

p (A) ::/ fdu, A€ F.
A
Exercise 2.6.1. Prove that p/ defined above is indeed a measure.
Note that if [ fdu = 1, then u/ is a probability measure.

Proposition 2.6.1. Let Z be a RV. Then Z is integrable with respect to u! if and only if [1Z|fdp < oo.

In this case
/ Zdu! = / Z fdp.

The following two examples represent some common probability distributions as probability mea-
sures with density with respect to the Lebesgue measure on R or the counting measure on Z.

Exercise 2.6.2. Prove the proposition.

Example 2.6.1. A lot of common probability measures are obtained through this procedure with p
takes as the Lebesgue measure on R and f a Riemann integrable function satisfying ffooo f(x)dx =1
(which - as we saw earlier - implies f is Lebesque integrable with respect to m and [ fdm =1):

| Parameter(s) | f(z) | Notation | Description ‘
A>0 Ljo,c0)(@)Ae ™ | Eap()\) | Ezponential with parameter A
peR,0?2>0 % N(p,0?) | Normal (Gaussian) with mean p and variance o
—o0<a<b<oo 1[%]56) Ula,b] | Uniform on [a,b]

Example 2.6.2. Let p be the counting measure on the nonnegative integers, Z. = {0,1,2,...}. Here
is a list of some common probability distributions of the form p! for f > 0 with [ fdp=1. Recall that

ffdﬂ = fo:of(n)-

| Parameter(s) | f(zx) | Notation | Description

1—-p z=0

p€(0,1) P x=1 Bern(p) | Bernoulli with probabilityp.
0 otherwise

Mp®(1l —p)"~* 0,1,...
neN,;pe(0,1) ()p*(1 =) red T ) Bin(n,p) | Binomial with parameters n and p
0 otherwise
1—p)*! N
p € (0,1) (1=p)*"p =€ , Geom(p) | Geometric with parameter p
0 otherwise
A>0 e’)‘i‘:—f Pois(X\) | Poisson with parameter A
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2.7 RVs and their Distributions

In this section (2, F, P) is a probability space.
Definition 2.7.1. Let X be a RV taking values in R.

1. The distribution of X is a Borel probability measure on R given by the push-forward measure
Px. Specifically:
Px(B) = P(X € B), B € B(R).

2. The Cumulative Distribution Function (CDF) of X, Fx is defined as

Fx(z):= Px((—o0,z]) = P(X <z), z €R.

Why is this so important? Because no matter what the underlying probability measure is the
distribution is always a Borel probability measure. That is: a probability measure on (R, B(R)).

We will say that X has distribution “blah” if its distribution Px is “blah”. Recall, for example, the
exponential distribution with parameter A from Example 2.6.1. We will say that X is exponentially
distributed with parameter A if Px is the exponential distribution with parameter A\, and we will
express this statement in symbols by writing X ~ Exp(A). Another example: X ~ Bin(n,p) means
that the distribution of X Binomial with parameters n and p, a distribution we defined in Example
2.6.2.

Example 2.7.1. Consider the infinite product measure with p = L. Let X be the first coordinate

2
mapping. So X ~ Bern(3).
Now consider the Lebesque measure restricted to [0,1] and let Y be the indicator of the interval

[i %] Then again'Y ~ Bem(%),
Though the two RVs live in different probability spaces, their distributions are the same.

Proposition 2.7.1. Let X and Fx be as in Definition 2.7.1. Then

1. Fx is non-decreasing, right continuous, im,_, o Fx(z) =0, and lim,;_,o Fx(z) = 1.

2. P(X € (a,b)) = Fx(b—) — Fx(a) and P(X = a) = Fx(a) — Fx(a—) (Fx(z—) := limyy Fx(x)).
Exercise 2.7.1. Prove the proposition.

As an application of the IT — A theorem we have the following:

Proposition 2.7.2. Let X be a RV taking values in R. Then its distribution Px is determined by its
CDF Fx.

If P is any Borel probability measure on R and X is the identity mapping, then Py = P. Equiv-
alently, X, the identity, has distribution P, and in this case Fx(x) = P((—o0,z]). We also have the
following:

Proposition 2.7.3. Let F : R — [0,1] satisfy all conditions listed in 2.7.1-1. Then there exists a
unique Borel probability measure P such that P(X < x) = F(z) for all x € R.

Distributions of RVs are categorized into three groups:
Definition 2.7.2. Let Fx be the CDF of some RV X. Then the distribution of X is

1. Continuous if Fx is continuous, and absolutely continuous if Px has a density with respect to
the Lebesgue measure.

2. Discrete if there exists a countable set K such that P(X € K) = 1, equivalently, Fx increases
only through jumps.

3. Mixed, otherwise.
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Since Fx is right continuous at all points and has left limits at every point, it is continuous at a
point z if and only if P(X = 2) = Fx(z) — Fx(x—) = 0. Thus the distribution of X is continuous if
and only if P(X =) =0 for all © € R. As for the discrete case, we have some countable K such that
P(X € K)=1,0r ), x Fx(k) — Fx(k—) = 1, which is the same as saying that all the increase of
Fx from 0 to 1 is through jumps at the elements in K.

All distributions in Example 2.6.1 are continuous and all distributions in Example 2.6.2 are discrete.
Here is an example of a mixed distribution.

Example 2.7.2. Suppose that X ~ U[0,1]. Let Y = max(X,3). Then P(Y = ) = 1, so Y is not

continuous. But for all © # %, PY =y) =0, soY is not discrete. Therefore Y is mized. What is

the CDF of Y ?
0 y <
F =
v {min(y, 1) y=

N N~

We continue to some calculations with distributions.

Example 2.7.3. Suppose that X ~ N(0,1). We will show that for p € R and o > 0, the RV
Y :=0X + u satisfies Y ~ N(p,02).

2
The distribution of X has density f(z) = e\/27:2 with respect to the Lebesgue measure. Therefore
its CDF Fx satisfies

Fx(z) = P(X < z) :/

(7007:”]

Fx(B)dm = [ et

Now let’s express the CDF of Y, Fy, in terms of the CDF of X. Why? Because the CDF determines
the distribution, and hope it is of the form we want.

Fy(y)=PloX+p<y)
= P(x < *-5)

Y

1 C
= — e
v 2T /_oo

Yy
egtin 1 / o)/ (26%) g
V2ro? J -

Therefore the CDF of Y is the same as the CDF of N(u,0?).

—t2/2dt

Suppose X is a RV and ¢ is nonnegative Borel measurable function and we want to calculate
E[¢(X)] = [ ¢(X)dP. We do not need to work directly with P, but instead work with its distribution
which - we recall - is a Borel probability measure on R. This makes our life simpler!

Theorem 2.7.1. Let X be a RV and let ¢ : R — [0,00) be Borel measurable. Then E[¢(X)] =
J o(x)dPx

Corollary 2.7.1. Suppose that X is a RV and ¢ : R — R is Borel measurable. Then ¢(X) is integrable
if and only if E[|$|(X)] < co and in this case E[¢p(X)] = [ ¢(x)dPx.

Proof of Theorem 2.7.1. Use Theorem 2.5.2 to obtain:

e The lefthand side is equal to [;° P(¢(X) > t)dt.

e The righthand side is equal to [;° Px({z € R: ¢(z) > t})dt.

Now
Px({z € R: ¢(x) > t}) = Px (47 ([t,00)] = P(X € ¢ ([t,00)) = P(¢(X) > t).

Thus the two Riemann integrals above are of the same function. O
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Example 2.7.4. Suppose that X ~ Exp()\). Let’s find the expectation of X.
Since the distribution of X has density 1[0,00))\6_” with respect to the Lebesgue measure, apply the
corollary with ¢(x) = x, and use Proposition 2.6.1 to obtain
e 1
E[X] = )\/ re Mdr =
0 A
where the last equality was obtained through integration byb parts.

Example 2.7.5. Let’s calculate the expectation of Y ~ N(u,0?). Since we already know that this
distribution is the same as for Z := o X + p where X € N(0,1), we will apply Proposition 2.6.1 to Z.
To obtain

E[Z] = /aX+,qudm =FE[lcX +u|=0E[X]+ p.
Now -
E[X] :/;Efx(x)dm:/ rfx(x)dz =0,

— 00

because fx is symmetric.

2.8 Independent RVs

Definition 2.8.1. The sequence of RVs (X, : n € N) is independent if the corresponding sequence of
o-algebras (o(Xy) : n € N) is independent.

Example 2.8.1. Consider the infinite coin tossing measure from Theorem 1.2.2, and let (X, : n € N)
be the coordinate mappings. Then by definition of the product measure this sequence is independent.

Corollary 2.8.1. Let (X,, : n € N) be a sequence of RVs. Then the sequence is independent if

and only for any finite subsequence 1 < i1 < iy < --- < iy, of indices and real numbers by, ..., b,
P {Xi, <b;}) =TI P(Xi, <by).
Proof. This is a corollary to Theorem 1.4.1. We omit details. O

The next result states that independence is preserved under functions applied to RVs individually.

Corollary 2.8.2. Suppose that (X,, : n € N) are independent. Let (f, : n € N) be sequence of Borel
measurable functions. Then the RVs (fn(X,) : n € N) are independent.

Proof. For every borel set B and n € N {f,,(X,,) € B} = {X,, € f,;1(B)} € o(X,). Therefore,
o(fn(Xn)) C o(X,)}, and the result follows from the definition of independent o-algebras. O

Theorem 2.8.1. Let (X, : n € N) be independent integrable RVs. Then for everyn € N, E[H?Zl X =
H?:l E [Xj]'

Proof. We will prove the statement in two stages. First we show that if X and Y are independent and
integrable, then E[XY] = E[X]E[Y], and then we generalize through an inductive argument.

For the first step, we can assume without loss of generality first that X and Y are simple. Why?
Theorem 2.1.1 shows that for any nonnegative RV X (you complete the details for a general RV), for
each n € N there is a Borel measurable function ¢,, such that ¢, (X) is simple, |¢,(X)| < |X| and
lim,, o &, (X) = X with the analogous statements for Y.

Then, assuming both X and Y are simple, then X = ZkeX(Q) klix—pyandY = Zk’eY(Q) K lgy—iy
with both sums over finite sets. Then

E[XY]= E[Z kE' L x—pyniy =]

=Y kKP(X =kY =F)
K.k’

= kK'P(X =k)P(Y =k
K.k’

=Y kP(X=k)) KPY =F)
k K’

= E[X]E[Y].
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In fact, the same argument shows that F[|XY|] = E[|X|]E[|Y]|]. Through monotone convergence the
equality holds for all nonnegative X and Y. If X and Y are both integrable RVs, then this argument
gives E[|XY|] = E[|X||E[|Y]], which in turn implies that XY is integrable. Also, the second corollary
states, X1 are both independent of each of Y. Write X = X4y — X_ and Y = Y, —Y_. Then
XY =Xy - X )Yy -Y)=X.Y, - X,V — X Y, +X,Y,. Each of the four summands is a
product of two independent RVs and is an integrable RV. Therefore,

E[XY] = E[X+Y+] E[X,Y_] - E[X_Y,] + E[X,Y,]
E[XL]E[Y,] - BEIX{]E[Y_] - E[X_]E[Y,] + E[X]E[Y,]
:E[X]E[Y].

It remains to expand the statement to finite products. We do it by induction, with the base case n = 2
already proved. We want to show that if Xy,..., X,,, X,,41 are indepenent and integrable, then so is
their product and its expectation is the product of the expectations. Let X = Hn X;. Then by the
induction hypothesis X is integrable and E[X] = [];_, E[X;]. Now by Theorem 1.4.2, we have that
o(X1,...,X,) and 0(X,,11) are independent, so X and X,,1; are independent mtegrable RVs so that
B[XX,41] = E[X)E[Xos1] = [T, E[X,). O
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Chapter 3

Laws of Large Numbers

We know that probability spaces can be viewed as mathematical modeling of chance. To be more
precise, the set 2 consists of all outcomes in an experiment, and a probability measure weighs sets of
outcomes, those which we can observe, AKA events.

As you know from coin tossing, we cannot tell anything about the outcome of a single experiment,
but if we repeat it, some interesting patterns appear. To make the connection, we need some math-
ematical notion for “repeating” the experiment. Actually, we have already defined it. This notion is
already hidden in concepts we defined before including product spaces and independence, both repre-
senting different aspects of it. If we are looking repeat the experiment twice, then our natural sample
space is §2 x €2, the set of all ordered pairs of the form (w1, ws), representing the outcome of the first
and the second. If we want an infinite sequence, like we did with the coin tossing, then we may want
to use an infinite product space QF, equivalently, the set of all functions from N — Q. Since any finite
or infinite sequence of experiments can be viewed as one large experiment, we can simply assume that
our sample space is large enough to support what we’re interested in without providing a concrete
description. This may seem somewhat vague, but will be clearer soon. Now that we have this out of
our way, let’s ponder “repeating an experiment”. We basically want each of the experiments to be
such that observation of each has no impact on the observation of the others, and that all are identical
namely what we see in each is described by the same probability distribution. The mathematical
interpretation of the first is independence of the experiments and the second is all experiments having
identical distributions. To put this into a concrete setting, let’s simply assume that the outcome of
each experiment in out sequence is represented by some numerical value. The mathematical interpre-
tation of this is that we represent the outcome of the n-th experiment by a random variable, say X,.
Going back to independence, we assume that the RVs in the sequence (X, : n € N) are independent.
Adding to this the identical distribution for each experiment, we obtain an IID sequence. The infinite
product measure and the sequence of coordinate mappings provide the simplest example of what we
have just described. However, we can also go in the reverse direction: any IID sequence (X, : n € N)
can and should be viewed as resulting from repeating a certain experiment infinitely many times,
independently, regardless of the underlying sample space.

This long introduction was necessary to explain the idea behind laws of large numbers. The key
idea is this: repeating an experiment a large number of times (e.g. tossing a coin) allows to reveal
the underlying distribution (e.g. the probability that a coin lands Heads). Technically this is done by
looking at the “time averages” or “empirical means” of the sequence of the experiments, that is RVs
of the form % Zfl\’:l X, which as N — oo tend (in some appropriate sense) the sample space average,
namely the expectation, E[X;]. At first sight, it may not seems as “revealing” the distribution, just
its expectation, but as we will see this is enough. A great deal of statistics is based on this type of
results: even if we do not know the distribution of something (proportion of left handed people in the
population), we can recover it by repeatedly sampling people independently. The empirical proportions
will get closer and closer to the answer.

We begin with some basic inequalities, a discussion on convergence of random series, the weak law
of large numbers and the strong law. We will close with applications.

35
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3.1 Markov’s & ChebyChev’s Inequalities

Very often expectations are more accessible than probabilities. For example, we can explicitly calcu-
late the expectation of many functions of the normal RVs, but (with one exception) there’s no closed
form formula for the probability a normal RV is larger than a certain real number... This is a typical
situation.

The most effective tools for getting bounds on probabilities are the Makrov inequality and is many
derivatives. It may seem too naive, but it can go pretty far.

Proposition 3.1.1 (Markov’s inequality). Let Z be a nonnegative RV. Then for z > 0,
2P(Z > 2) < E|Z,Z > 2] < E|Z].
The proof is a one-liner obtained by taking expectations on the following two inequalities:
2liz>.y < 21z < Z.

The bounds Makrov’s inequality provides are usually very crude, but often we can improve them
significantly.

Corollary 3.1.1. Let ¢ : R — [0,00) be nondecreasing. Then for every z > 0

Elp(2)]

P(Z>2) < o)

To prove the corollary, observe that {Z > z} C {¢(Z) > ¢(z)}. Now apply Makrov’s ineqaulity. To
get the best bound from this method we can try minimize the righthand side in the corollary. There’s
an entire industry of inequalities based on this. Let’s present some of the most typical.

Definition 3.1.1. Let X be a RV. The Moment Generating Function of X, px, is defined as
ox(t) == E[e'™], t e R.
Applying the Corollary, we have that for anty x > 0,
>x) < i iz,
P(X>zx) < %I;fo’cpx(t)e

Example 3.1.1. Let X ~ Pois(\). Then
ox(t) =e" ,;_Oet i et —1).

Therefore
P(X>zx)< %I;f(;exp()\(et —1) —ta).

the exponent we need to minimize is equal to 0 at t = 0 and to 0o as t — co. Therefore a minimum
exists. The derivative is et — x, which has one root. Plug this solution into the expression to obtain

P(X >z) <exp(z — A —zln(z/))) = e Ner(I-n@/2),

The bound is useless (> 1) for x < X, but for large x it is pretty good. It can be also used obtain
an upper bound on the error term in the Taylor expansion for x — e (why?).

Another inequality that’s very handy is Chebychev’s inequality. To introduce it we need to quickly
review the notion of the variance. The variance is a very important concept, and will be a key figure
on the developments below. The reason is that among all nonlinear functions, the square is the most
accessible.
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Definition 3.1.2. Let X be a RV. If X is integrable, define the variance of X, Var(X) as
Var(X) := E[(X — E[X])?].
Proposition 3.1.2. Let X be a RV. Then

1. Var(X) € [0,00] and is finite if and only if E[X?] < oo and is zero if and only if the distribution
of X is 6 for some xz € R.

In the next parts we assume Var(X) < oco.

2. Var(X) = E[X?] — E[X]2.
3. For a constant ¢ € R, Var(cX) = ¢® Var(X) .
4. If X and Y are independent and with finite variance, then
Var(X +Y) = Var(X) + Var(Y).
In particular for any constant ¢ € R, Var(X + ¢) = Var(X)
We have the following.

Proposition 3.1.3 (Chebychev’s inequality). Let X be a RV with finite variance. Then for x > 0,

X
P(X ~ BIX]| 2 ) < VX
Proof. Apply Corollary 3.1.1 to Z = | X — E[X]| with ¢(2) = 1j,«)(2)2>. O

This very simple result is quite important. It is clear that the variance measures deviation from
the expectation, but inequality adds a quantitative layer to it. In fact, letting o := /Var(X), the
standard deviation of X, and replacing x with ox, the inequality becomes

1
P(X — EIX]| 2 02) < =,

Thus, measuring the distance from F[X] by units of standard deviation “standardizes” the upper

bound in Chebychev’s inequality. As with Markov’s inequality, Chebychev’s inequality is by no means
tight, but it is something we can work with.

3.2 Convergence in Probability

3.2.1 Basic Properties

The proof of the result in the title in its weakest form is immediate from Chebychev’s inequality.
However, we will first describe a mode of convergence of RVs which we will use to describe the behavior
observed in the result.

Definition 3.2.1. Let (Z, : n € N) and Z be RVs. We say that the sequence (Z,, : n € N) convergence
to Z in probability if for every ¢ > 0

lim P(|Z, — Z| >¢€)=0.
n—oo
Convergence in probability does not imply a.s. convergence.

Example 3.2.1. Let (A, : n € N) be a sequence of events with lim,,_,~, P(A,) = 0.

1. Then the sequence of indicators 14, converges in probability to the constant RV 0.
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2. If, in addition, the events are independent and Y > | P(A,) = oo, then it follows from the Borel-
Cantelli 1T lemma that limsup,,_,., 14, = 1 a.s., therefore the sequence does not converge to 0
a.s.

As the next example shows that convergence in probability does not imply convergence of the
expectations.

Example 3.2.2. Let Z be any RV taking values in R. Let Zy, := 1{171<n} Z.

1. Then {|Z, — Z| > €} C{|Z| > n}. Yet, P(|Z] >n) =1—P(|Z]| <n) - 1—-P(|Z] < ) =
1—1=0. Therefore (Z, : n € N) converges to Z in probability.

2. If Z is integrable, then E[|Z, —Z|] = E|Z,|Z| > n] — 0 due to dominated convergence. However,
if Z is nonnegative and not integrable, then E[|Z, — Z|| = E[Z,Z >n] > [~ P(Z > t)dt = .

8. Even worse, let X be a nonintegrable RV, and for eachn € N, let B,, ~ Bem(%). Let Z, == B, X.
Then (Z,, : n € N) converges in probability to 0, but Z, is not integrable.

There are some connections between the convergence modes we mentioned above:

Theorem 3.2.1. Let (Z, :n € N) and Z by RVs.
1. Iflimy, o0 E[|Z, — Z|P] = 0 for some p > 0, then then (Z, : n € N) converges to Z in probability.
2. Iflim, 00 Zp = Z a.s., then (Z, : n € N) converges to Z in probability.

3. If (Z,, : n € N) converges to Z in probability, then there exists a subsequence (Zp, : k € N) which
converges to Z a.s.

Proof. 1. This follows directly from Markov’s inequality.

2. Because (|Z, — Z| : n € N) converges to zero a.s. for every € > 0, and for every w € Q possibly
except on a set of measure zero, there exists N = N(e,w) such that |Z, — Z| < e for n > N(e,w).
Let A, = {N(e,w) < n}. A C Ay C ... and P(U2,A,) = 1. Therefore P(A,) — 1.
Equivalently, P(AS) — 0. But {|Z, — Z| > ¢} C A¢, and the result follows.

3. Let ny :=min{n : P(|Z, — Z| > 1) < 3}. Continue inductively, letting
Npy1 := min{n > ny, : P(|Z, — Z| > 207F=D) < 27k=1},

Now let Ay := {|Z,, — Z| > 27%}. By construction P(A;) < 27* and so by Borel-Cantelli, we
have that P(Ay i.0.) =0, or |Z,, — Z| < 27% eventually, a.s. That is lim,, oo Z,, = Z a.s.
O

3.2.2 Convergence Theorems

It important to record the following results.

Proposition 3.2.1 (Fatou’s Lemma (in probability)). Let (X, : n € N) and X be nonnegative RVs
and suppose that (X, : n € N) converges to X in probability. Then liminf F[X,] > E[X].

Proof. Let (ng : k € N) be a subsequence attaining the lim inf. Then there exists a further subsequence
along which the RVs converge a.s. to X. Apply Fatou’s lemma to that sequence to obtain the
conclusion. m

Proposition 3.2.2 (Dominated Convergence Theorem (in probability)). Let (X, : n € N), X and
Y be RVs with Y integrable, | X,,| <Y a.s. and (X, : n € N) converging to X in probability. Then
lim, 0 E[| X, — X|] = 0.

Exercise 3.2.1. Prove the theorem.
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3.3 Uniform Integrability and Vitali’s Theorem

In this section we will provide the Vitali’s Theorem, the “ultimate” convergence theorem: necessary
and sufficient condition to guarantee the conclusion of the dominated convergence theorem. So why
do we still used DCT so heavily? The necessary and sufficient condition is uniform integrability. The
domination condition is a relatively accessible condition to verify that implies uniform integrability.

We begin with a simple lemma that’s quite central in the sense that it gives us some “uniformity”
property of integrable RVs.

Lemma 3.3.1. Let X be an integrable RV. Then for every € > 0 there exists 6 > 0 such that
E[|X|,A] < € for every event A with P(A) < 4.

Proof. Then for any event A, and M > 0, we have
E[IX]] < B[ X],An{|X| < M}] + E[|X],|X]| > M].

Noe pick € > 0. The DCT asserts that we can find M large enough so that the second summand on
the righthand side is bounded above by €/2. The first summand is bounded above by M P(A), and
therefore picking § such that Md < €/2 then gives E[|X|, A] < § 4 § = ¢, completing the proof. [

We now define the main concept of this section.

Definition 3.3.1. Let (X, : n € N) be a sequence of RVs. The sequence is uniformly integrable (UI)
if
lim sup E[|X,],|X.| > M] =0.
M—00 p

Proposition 3.3.1. A sequence of integrable RVs (X,, : n € N) is Ul if and only if

lim limsup E[|X,/|, |X,| > M] = 0.
M—00 pn—oco

Proof. If the sequence is Ul, then the stated condition automatically holds because lim sup of a sequence
is < than its sup. Next, suppose that the stated condition holds. Fix some ¢ > 0. Then there
exists M7 = Mi(e) such that limsup,,_, E[|X.|, | Xn| > M] < €/2. Therefore, there exists some
N = N(Mj,e¢) such that for n > N, E[|X,]|,|X,| > M;1] < e. But since each of the RVs X7,..., Xy
are integrable, the dominated convergence theorem guarantees the exists of My such that E[| X[, | X,| >
M’ <eforallje {1,...,N}. Thus, for every M > max(M;, M), we have that E[| X,,|, | X,| > M] <€
for all n € N. As € > 0 is arbitrary, the result follows. O

The domination condition in the DCT implies Ul:

Example 3.3.1. Suppose that (X, : n € N) is a sequence of RVs and Z is an integrable RV with
|Xn| < Z for allm € N. Then (X, : n € N) is UL Indeed, for every n € N, E[|X,|,|X,| > M] <
E|Z,Z > M]. By dominated convergence, the righthand side tends to zero, and the result follows.

However, there are simple examples of Ul sequences which are not dominated by any integrable
RV.

Example 3.3.2. Let (I, : n € N) be disjoint intervals in [0,1] with US I, = [0,1], and with length
|I,| = ¢/n? for alln € N (thus c = (30, )"t =6/7%). Let U ~ U[0,1] and define X,, := nly, (U).
Then for each M > 0, E[|X,|,|Xn| > M] if 0 if M > n, and is equal to nP(A,) = ¢/n otherwise.
Therefore the supremum over n € N is bounded above by ¢/M, and tends to 0 as M — oo. However,
on the event {X,, > 0}, X,, = 0 for all m # n, which implies that if Z > X, for all m, then
Z >3 | X,. The expectation of the righthand side isc .-, L — o0. Therefore there does not exist

n
an integrable RV dominating the sequence.
Here is a nice criterion for uniform integrability.

Proposition 3.3.2. Suppose that () is a function satisfying lim |, @(z)/|z| = oo. Ifsup, Elp(X,)] <
00, then (X, :n €N) is UL
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Proof. Let € >0 and let M be such that ¢(z)/|z| > L for |z| > M. Then

Blp(X,)] > ElXalo(X0)/1Xal, 1X,] > M] > LE[X, X, > M)

Therefore,
sup E[| Xn|, [ Xn| > M] < esup E[p(X,)].

The result now follows by taking M — oo as € is arbitrary. O

Example 3.3.3. Let (X,, : n € N) be as in Ezampled 3.5.2. Take o(x) = X2. Then E[p(X,)] =
E[X2] = n?%c/n? = ¢, and the UI follows from the proposition.

We'd like to give one more result before our main course. It’s a nice and simple property of Ul
which will help down the road when we discuss the optional sampling theorem, for example, and is a
generalization of Lemma 3.3.1.

Proposition 3.3.3. Let (X,, : n € N) be UL Then for every € > 0 there exists 6 > §(e) such that
sup,, E[| X,|, 4] < € for all events A with P(A) < 4.

Proof. The Ul assumption reduces the proof to an argument identical to the proof of Lemma 3.3.1.
For any event A and M > 0,

E[|Xn|, A] < B[| Xn|, AN{|Xn| < M}] + E[| Xy, | Xn| > M] < MP(A) + E[| Xy, [ Xn| > M].

Take M large enough so that the second summand on the righhand side is < ¢/2 for all n € N, which
is what we get from UI for free. Next all we need now is to pick ¢ such that M§ < €/2, and our work
is done. O

Now for the promised result.

Theorem 3.3.1 (Vitali’s Convergence Theorem). Let (X, : n € N) be RVs converging in probability
to an integrable random variable X. Then the following are equivalent.

1. (Xp:neN)is UL

2. lim, o F[|X,|] = E[|X]].

3. limp_ye0 E[| X, — X[ = 0.
Proof.

1 = 2. By Fatou’s lemma liminf E[|X,,|] > E[|X|]. By UI,

E[| X0l = E[|Xal, [Xa| < M] + E[[ X, [Xn| > M],

and so

limsup E[| X, |] < limsup E[|X,|, | X,| < M] + sup E[| X,|, | X,| > M].
Clearly | X, [1qx,1<m} < | Xn|lqx,|<m+1} < M + 1, (we replaced M by M + 1 and replaced
the weak inequality with a strict inequality (can you see why?). Now apply the DCT for

convergence in probability on the sequence in the middle of the inequalities to conclude that
limsup E[| X, |, | X,| < M] < E[|X|,|X| < M + 1]. Thus,

limsup E[|X,|] < E[| X[, [X]| < M + 1] + sup E[| X, |, | Xn| > M].

Now take M — oo on the righthand side. Monotone convergnece applied to the first summand
and the UI applied to the second summand give

lim sup B[ X,[] < E[|X]].
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2 = 3. By the triangle inequality, | X,,|+ |X| —|X,, — X| > 0. By Fatou’s lemma, liminf E[| X, |+ |X| —
| X, — X|] > E[2|X]|]. By the lefthand side is F[2|X|] — limsup E[|X,, — X]|], and thed result
follows from the algebra.

w
4

Again, triangle inequality gives

E[|Xnl, | Xn| > M] < E[|X — Xn|,|X0| > M] + E[|X],|Xn| > M]. (3.3.1)

We now bound each of the summands on the righthand side. To do that, fix € > 0. Then there
exists N = N(e) such that E[|X,, — X|] < /2. Next, by Markov’s and the trjangle inequality,

P(|Xn| > M) < E[|Xy[l/M < E[| X, — X[+ [X]]/M,

but since sup,, E[|X,, — X|] < co and X is integrable, there exists a constant independent of n,
such that
sup P(|1 X, | > M) < C/M.

As a result of Lemma 3.3.1, we can therefore find M = M (e) large enough so that E[| X, | X,| >
M) < ¢/2 for all n. Putting both together, we have

E[|Xo|,|Xn| > M] < ¢/2+¢/2, n> N(e), M > M(e).

This therefore gives limsup,,_, . E[|Xy|, | Xn| > M] < e if M > M(e). By letting M — oo, we
then obtain lims_ o limsup,, ., ., E[|X,|, | Xn| > M] =0. As E[|X,|] < E[| X, — X|]+ F[|X]|] <
00, Proposition 3.3.1 gives the result.

O

3.4 Weak Law of Large Numbers

The proof of this result is a an immediate application of Chebychev’s inequality. It is weak because it
gives convergence in probability, not almost surely.

Theorem 3.4.1 (Weak Law of Large Numbers). Let (X,, : n € N) be independent and uncorrelated
with finite expectation p and finite nonzero variance 0. For n € N, let X,, = % be the
empirical mean. Then for every e > 0,

2

- o
P(|Xn —pl>¢€) < e

In particular, (X, : n € N) converges in probability to .

Proof. Apply Chebychev to X,,, noting that E[X,,] = u and Var(X,,) = %. O

Even with this very simple result, we can prove some intersecting things.

Let’s take some continuous function f : [0,1] — R. Now let (X,, : n € N) be some IID sequence
taking values in [0, 1] with mean z. Let’s estimate E[f(X,)], and see how far it is from f(u). Because
f is continuous on a closed bounded interval it is bounded, [|f[| := maxgejo,1)|f(z)] < 0o and it is
uniformly continuous: for any € > 0 there exists § > such that if |z — y| < ¢, then |f(z) — f(y)]| < e.

This gives

[E[f(Xn) = f(W)]| < eP(1 X0 — p| < 0) + 2 flloc P(1Xn — pa] = 9).
Applying Chebychev’s inequality, we have

Var(Xl)
né?

Note that the lefthand side is independent of the choice of €. Now let = € [0,1] and pick X; ~
Bern(z). Then Var(X;) = z(1 —z) < 1.

[E[f(Xn)] = F(1)] < €+ 2] flloo (3.4.1)
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Observe that
= Zf(k/n) (Z)J;k(l —z)" 7k,
k=0

Note that as a function of z, this is a polynomial, we denote it by pf (). Therefore, (3.4.1) becomes

(3.4.2)

1
(@) = f(2)] < €4 2| floo -

The righthand side is independent of x, and therefore

lim sup max |pf, () — f(z)] <e.

n—oo TG[O
As € was arbitrary, we proved the following:

Theorem 3.4.2 (Bernstein’s Polynomials). Let f be a contmuous function on [0,1]. For n € N,
define the Bernstein polynomial py,,(z) :== Y j_o f(£)(})a* x)""*. Then (pf.n : n € N) converges
uniformly to f.

Let’s get another classic result: confidence intervals. The problem here is to find a distribution
through repeated sampling. Let’s suppose that in a sequence of experiments we’re looking at a certain
feature (e.g. person sampled is left-handed), and that our resulting IID sequence is the respective
indicators of that feature for the samples. Therefore, the distribution of X; + --- + X,, is binomial
with parameters n and p, but p is unknown. Now, we already know that Var(X;) = p(1 — p) < i, a
fact we used in our derivation of the result above. So Chebychev gives us:

. 1
P(X, —p|>6) < .
(%n-plZ )<

Rewrite this as a lower bound on the probability of the complement gives the following;:
Theorem 3.4.3. Let (X, :n € N) be IID Bern(p). Fiz e > 0. Then

1

Plpe (X, —6X,+e€)>1-— el

The righthand side is independent of p. The meaning of this statement is this: Fix ¢ > 0 and n
and consider the random interval with width 2¢, X,, — ¢, X, +¢). This random interval is known as the
confidence interval. Without any assumptions on p, it lies in the confidence interval, with probability
larger or equal to the expression on the right and which is only a function of our pre-determined
parameters € and n. This probability is often referred to the confidence level (95% confidence = 0.95
probability). After we cover the strong law of large numbers we will be able this probability, you’ll
be convinced that the practical meaning of this probability is that if we repeat this procedure many
many times, then the confidence level gives the proportion of times that the unknown parameter was
within the confidence interval. In order words, we obtained a method for estimating the unknown p.

To give an illustration: the unknown parameter is within 5% (0.05) from our empirical mean with
confidence level which is at least 1 — m =1- %. It is enough to take 2000 samples to have
a confidence level of at least 95%. This bound is pretty crude, but it shows that a relatively small
sample can give a lot of information!

One can use Chebychev’s inequality under less restrictive conditions. In fact, even when the RVs
don’t have a finite expectation. This is done through truncation. Here’s one such result, which presents
the idea. We will push this idea further in the next section.

Theorem 3.4.4. Suppose that (X, : n € N) are identically distributed and independent RVs satisfying

lim zP(|X1| > z) =0.

T—0o0

Let pi, == E[X1,|X1| < n]. Then (X, — pn : n € N) converges in probability to 0.
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Proof. Let Xgn = Xpl{x,|<n), and let S, = %22:1 Xkn. Then E[S,] = p, and Var(S,) =

Var(xi )

. Let A, :={|S, — pn| > €}, Chebychev’s inequality gives
P(A,) < Var(X1.,)/(né®).

Now Var(X;,) < E[X?,|X;| <n] < f0n2 P(X? > t)dt =2 [, tP(|X1| > t)dt. By assumption, this is
o(n) as n — oo.

Let By, := {X, # S} CUZ_{|Xkn| > n}. Therefore, P(X,, # S,) <nP(|X;1| >n)— 0.

Clearly, {|X,, — pn| > €} € (A, NBE)UB, C A, UB,. As P(A,) + P(B,) — 0, the result
follows. O

Example 3.4.1. Lets assume that for x > 0, P(X; > z) = m (note that in this case X

has a density. What is it?). Clearly, the condition in the theorem holds, but we also notice that the
expectation of X1 is infinite because fooo P(X; > t)dt = 00. Now

n
L, :/ P(Xy > t)dt = elnln(e +n),
0

and therefore X, —elnln(e+n) — 0 in probability. Note that this implies, but is a stronger statement
than ln)fﬁ — e in probability.

3.5 Kolmogorov’s Maximal Inequality

There is a nice and clever way to get a result much stronger than Chebychev’s inequality, under similar
assumptions.

Theorem 3.5.1 (Kolmogorov’'s Maximal Inequality). Let Xi,..., X, be independent, each with zero
expectation and finite variance. For n € N, let S, := Y_}'_| X) be the partial sum. Then for every
x>0,

E[S}]

5 -

>x) <
P(r}glgazc\Sﬂ z2) < T

Proof. Let A be the event in question:

= > .
A {Iggngk\ >}

We can write it as a disjoint union according to the first k£ satisfying Sy > x. More precisely, let

Ay = {|Sk| > x,r}1<alg<|Sl| <z}

Then A = U}_, A, and the union is disjoint. Now use domain additivity (or additivity of the integral
to write):

k=1

To estimate each summand on the righthand side, write
S2 = (Sk + (Sp — Sk))* > SE +2(Sy — Sk).

Now note that Ay € o(Xy,...,Xk), and S, — Sk € 0(Xg41,...,Xn). These two o-algebras are
independent, and so E[S,, — Sk, Ax] = E[S, — Sk]P(Ay) = 0% P(Ay). This gives

n

E[S}] > Y E[SR, Ayl > 2° > P(Ax) = 2*P(A).
k=1 k=1
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Example 3.5.1. Let (X, : n € N) be IID with mean pu and finite variance o> > 0. Let M, =
maxg<n | Sk — E[Sk]|. From the theorem we have P(Mp2 > €l) < % = % From Borel-Cantelli 1T

we have P(M2/12 > € i.0.) = 1, or limsup A;[f < € a.s. Since this is true for all rational €, it follows
that lim ]\7212 =0 a.s. Now for everyn € N there’s a unique | € N such that [> < n < (I+1)2. We have
2 M 2
M l < Mu Moy (+1)°

2 U r12 S T St e
Take n — 0o and apply the squeeze theorem to conclude that M, /n to0 a.s. Let’s write this.

maxg<n | Sk — k| 0 as

n

In particular, % — w a.s. (a statement we can prove by applying the argument directly to Chyebychev
- no need for the mazximal inequality). This gives us a strong law, under the assumption of finite
variance. Much of work in the proof of the strong law of large numbers would be to get rid of this
additional assumption.

Exercise 3.5.1. Repeat the argument in the example above, but now fizing some o > 0 and looking at
1
My /13 RO+ - for k satisfying ka > 1, to conclude that M, /n'/?>T* = 0 a.s.

Here’s another application.

Theorem 3.5.2 (Kolmogorov’s Two Series Theorem). Let X1, Xo, ... be independent with expectation
zero. If 307 | E[X?2] < oo then Y .o X,, converges a.s.

Proof. Define the partial sum Sy := Zi\;l Xp. Now fix M and n and let’s look at P(maxg<p |Sar4r —
Sar| > ). By the maximal inequality, this is bounded above by E[(Sarsn —Sar)?]/2? < Tar/2?, where
Tv = hsnu ¥ [X?]. Use the continuity of probability measures from below to obtain

P(sup |Snrtr — Sm| > 2) < Tar /2>
keN

For N,N’ > M, the triangle inequality gives |Sy — Sn/| < |Sn — Sm| + |Sm — Shy|, and therefore,
supy nv [Sn — Sn/| < supy Sy — Su| +supys [Sy — S| < 2sup Sy — Sul. It follows that

T
P( sup |Sy — Sn/| >2z) < P(sup |SN—SM|2:L‘)§—A2/I.
N,N'>M N>M x

)

Take z = % and observe that the supremum on the lefthand side is decreasing,
2 2
P( sup |Sy —Sn/|<=)>1—n"Ty.
N,N">M n
The event on the left is decreasing as M — oo. Also, limy; oo Ths = 0. We therefore have
. 2
P(lim sup [Sy—Sw<—)=1
M— oo N,N'>M n

As this is true for all n, we have proved that limas oo SUpy N> [Sv — Sn/| = 0 as. That is
(Sy : N € N) is a Cauchy sequence, a.s. As every Cauchy sequene in R is convergent, the result
follows. O

(=n"

The next example is a true classic. We all know that >,
the periodic pattern of signs we will “sprinkle” signs randomly?

converges. What if instead of

Example 3.5.2. Let (B,, : n € N) be IID Ber(p) for somep € (0,1). Consider the series Y -, (=P~

n

Observe that E[(-1)P"] = p— (1 —p) = 2p— 1. Let X,, := %. Then E[X,] = 0 and
B[x2) = == 0oe) — 2200) gy follows from the theorem that 300 | X, = 300 (ﬂ - M).

n=1 n n
2p—1

converges a.s. Since the deterministic series y .-, is either 0 or infinity according to whether
1

p=50rp# %, it follows that our original series converges a.s. if p = % and diverges a.s. if p # %
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3.6 Kolmogorov’s Three Series Theorem

Theorem 3.6.1. Suppose that (X, : n € N) is a sequence of independent RVs. Let A > 0 and let
Y, = Xo1yx,|<a}- Then the series oo 1 Xy converges a.s. if and only if all of the following three
series converge:

LY, P(IXa| > 4)
2. S0, BV,
8. 0, B2,

Proof. Since {X,, # Y,} C {|X,| > A}, the convergence of the first series and the Borel-Cantelli
lemma imply that X,, =, for all but finitely many n-s, a.s. In particular, Y | X,, converges if and
only if >°°° | 'Y, converges.

We will therefore assume the first series converges, and continue showing the sufficiency of the
convergence of the remaining two series.

Let Z, =Y, — E[Y,]. Then E[Z,] = 0 and Var(Z,) < E[Y,?]. As the third series converges, we
have that Y~ Z, converges a.s. As Y, F[Y,] converges, we have that >~ V, = > Z, +

n=1 n=1

>0 | EY,] converges a.s.
We will leave the necessity to a later stage.

O

Example 3.6.1. Let’s revisit Example 3.5.2, but in greater gemerality now. Let (a, : n € N) be a

sequence of positive numbers satisfying lim, o a, = 0o (we do not assume monotonicity), and let

(Bp : n € N) be IID Bern(p) for some p € (0,1). We want to consider the convergence of the random
Bn

series Yoo, (_i) . Without loss of generality we can assume a, > 1 for all n. We apply the three

series theorem. By choosing A = 1, all the terms of the first series are zero. Also, Y, = X,. Now

E[X,] = 152”, and E[X?2] = a% Let’s continue case by case:

n

1. If p= %, then all three series converge a.s. if and only if fozl a% < 00.

%) 1 . . .
ne1 g converges, which then implies
1

Qn

2. Ifp # % The second series convergence if and only if >
that fo:l a%\ converges. Thus, in this case our series converges a.s. if and only if Zzo:l

converges. Or: in this case the random series converges if and only if it converges absolutely.
Not really interesting.

Finally, due to Kolmogorov’s zero-one law, if the series does not converge a.s. then it diverges a.s.

3.7 Strong Law of Large Numbers

The difference from the results presented earlier is that the strong law gives convergence almost surely.
We will present one proof, based on Kolmogorov’s maximal inequality and truncation.
Let’s begin with a calculus result.

Lemma 3.7.1 (Kronecker’s Lemma). Let Zf;l an be a convergent sequence. Let 0 < by < by < ...
satisfy lim,, oo by, = 0o. Then lim, tTln Son brag = 0.

Proof. Let T, := >_}'_, ax. The convergence of the series is equivalent to (7, : n € N) being a
convergent sequence and in particular it is bounded by some constant C' and is a Cauchy sequence.
That is, for any € > 0 there exists N = N(e) such that supy<, <y [Tn — Tn/| < €. Set Ty := 0 and
define T}, ,,» := T}, — T,,. Observe that o

Z brar = 01Ton + (ba —b1)T1 0 + -+ + (bn — bn—1)T0n
k=1

= Z (b — bk—1)Then, + Z (b, — bk—1)Th . = (%)

k<N k>N
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Apply the triangle inequality to obtain
|(%)] < 2Cby + €by,.

Divide by b,, to obtain
@ < 2Chy
I

Take n — oo and then € — 0. O

+ €.

Theorem 3.7.1. Suppose that (X,, : n € N) are independent RVs satisfying S # Var(X,,) < oo.
Let X, := 130 | Xy, and let p,, := E[X,]. Then

lim X, — pn =0 a.s.

n—oo

Proof. Let Z,, := X, — E[X,]. Then E[Z,] = 0, and we also have 3 °" Var(%2) < oco. There-

fore Theorem 3.5.2 gives Y >, %Zn < oo a.s. Use this and Kronecker lemma to conclude that

lim,, o0 %Zzzl Z =0 a.s.. O

The conclusion does not have any reference to the variance. It was just a technical condition. We
will get rid of it through truncation. For this we need yet another calculus lemma.

Lemma 3.7.2. Suppose that (a, :€ N) is a nonnegative sequence satisfying Y o _, m/m < co. Then

n

i n?2 Z Ay, < O0.
n=1

m=1

Proof. Without loss of generality we may assume that a, > 0 for all m. Write the inner sum as
> mo1 10,0 (M), and move n~? inside this sum. Now use the monotone convergence theorem to
conclude that the double sum is equal to

o

Z Z :
—a
n2 "

m=1n>m

Because ), -, # < %, it follows that the entire sum is bounded above by C'y>°_ %m O

m=1"m

Corollary 3.7.1. Let X be integrable. Then

Zn_QE[|X|27 |X] < n] < oo.

n=1

Proof.
n
E[X],|X[<n] <> mPP(m—1<|X|<m).
m=1
Let ap, := m?P(m — 1 < |X| < m). Then a,,/m = mP(m —1 < |X| < m) and so > ~_, ay/m <
E[|X|] + 1. Therefore, the result follows from the Lemma. O

We are ready for the main result of this section.

Theorem 3.7.2 (Strong Law of Large Numbers). Let (X, : n € N) be IID and integrable RVs. Let
p:= E[X]. Then

1. limy 00 Xpn = @ a.s.

2. limy, 00 E[| X, — p|] = 0.



3.7. STRONG LAW OF LARGE NUMBERS 47

Proof. Let Y, := Xnlyx,|<n}- Then Var(¥,) < E[Y?] = E[X{,|X1| < n]. It follows from the
Corollary that Y ", 2 Var(Y,) < oco. Thus theorem 3.7.1 gives that Y, — 1 3} | E[Y,] = 0 as.
Now E[Y,] = E[X,,|X,| < n] = E[X1,|X1] < n] = E[X;], by dominated convergence, and so
LS 1 E[Y,] — E[X1] = 0. Next, P(Y, # X,,) < P(|X,| >n) = P(|X1| > n). But

> P(IX1| = n) < /Ooo P(|X1| > t)dt = E[|X1]] < o0

n=1

, therefore Y;, = X,, eventually a.s. and as a result Y;, — X,, — 0 a.s. We therefore have X,, —E[X;]—0
a.s. This prove the first part. -
To conclude, let | X|, := |Xi|+---+|X,|. Then the first part gives | X|, — E[|X1]] a.s. Now look
at
Zy = |X], + B[|X1] — | X0 — B[X4]|-

By the triangle inequality, Z, > 0. Apply Fatou’s lemma to obtain

liminf E[Z,] > 2E[| X4|].

n—oo

But E[Z,] = 2E[|X1]] — E[|X,, — E[|X1]], and so liminf,,_,, F[Z,] = 2E[|X;|] — limsup,,_, ., F[|X, —
E[X1]]], and the result follows. O

An important application is the following:

Theorem 3.7.3 (Glivenko-Cantelli). Let (X, : n € N) be IID with distribution function F. Forx € R,
let Fr(z) = 2370 1 1o 4 (Xk). Then sup,cg |[Fo(z) — F(z)| =0 a.s.

Let’s parse this: the random function F,, is called the empirical distribution function. For each z,
it gives the proportion of the first samples which are < z. It is a bonafide distribution function, yet
random. The expectation of F},(z) is P(X < x) = F(z). The theorem states that the sequence of
empirical distribution functions converges uniformly to F', a.s. Or, the underlying distribution can be
recovered through repeated samples.

Proof. We will give the proof in the special case of (X,, : n € N) are uniformly distributed, with the
general case obtained as a corollary in Assignment #3. In this special case the CDF F' is given by

0 z<0
Flz)=<z 0<z<1
1 1<z

It is clearly uniformly continuous with |F(z) — F(y)| < |x — y|. To prove the theorem in this setting
it is enough to consider x € [0, 1], as outside this interval F,, = F.

Next, for every | € N and k € Zy let 1 = % Also define T; := {x; : £k = 0,...,1} and
T := U2, Tj. By the strong law of large numbers for each = € R, F,(z) — F(z) a.s. (this event may
depend on ). Since T is countable, it follows that F;, — F for all x € T', a.s. (as the event in question
is a countable intersection of events, each with probability 1). Denote this event by A.

Let w € A and € > 0. Pick [ > % Note then that the uniform continuity implies F(z;x) —
F(z141)| < €. Next, pick N = N(w, €) such that for all n > N, |F,,(z) — F(z)| < € for all z € T}. Now

pick any z € [0,1]. Clearly, there exists k € T} such that z;, < z < 2 x4+1. Let’s do the calculations:

Fo(x) — F(z) < Fpy(zip41) — F(aig) = Fo(@igs1) — F@ipsr) + F(@ips) — Fzg) < e+ e = 2,

with the first inequality obtained from the convergence on 7; and the uniform continuity of F. A
similar argument gives a lower bound of —2¢. Therefore we have shown that for any w € A and € > 0,
there exists N = N(w,€) € N such that for all n > N, |F,(x) — F(x)| < 2¢ for all z € [0, 1], hence for
all z € R. This complete the proof. O
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Chapter 4

Central Limit Theorems

4.1 Introduction

The law of large numbers gives the connection between the empirical means obtained by repeatedly
and independently sampling from some distribution and the distribution itself. It states that the
empirical means (or time averages) converge to the expectation, the sample space mean. The central
limit theorem provides a correction, describing how far the empirical means are from the expectation.
A hint on how to identify this correction is given by the following simple argument.

Suppose that (X, : n € N) are IID with expectation u and variance 0. Let S, be the partial sum
Sp = X1 + -+ X,. Then Var(S,/n®) = o>n'~2*. This tends to zero if @ >  (including the case

a = 1), equal to 1 if a = %, and to infinity otherwise. Therefore, & = 1 seems as the right scale to

1
27 2
look for a “correction term” for the law of large numbers. Write Y, := 2 "\;ﬁn“ = /n(X,, — u). Then

the above argument shows that Var(Y;,) = o2. By construction E[Y,,] = 0. We can therefore express
X, as

1
Xn:,u+ Yo,

NG
now thinking of Y;, as a RV with zero expectation and variance o2. The Central Limit Theorem
describes the distribution of Y,, as n — oo, asserting that for large n it is nearly N(0,02), regardless
of the underlying distribution. In this chapter we make this statement precise.

4.2 Weak Convergence

The first step towards the central limit theorem is a discussion on convergence of probability distri-
butions. The standard notion of convergence that we will use in the statement and the proof of the
Central Limit Theorem is called weak convergence. We will now describe it.
Recall that if X is a RV its distribution is a Borel probability measure Px defined as the pushforward
measure of X:
Px(A):=P(X € A).

Conversely, if P is a Borel Probability measure on R, and X : R — R is the identify function, then the
distribution of X, Py, is P.

The notion of the distribution of a RV allows us to standardize the discussion and instead of
looking at probability measures on different and possible abstract spaces, restrict the discussion to
Borel probability measures on the real line. As a concrete example, the indicator of Heads in a fair
coin toss and the indicator that a uniform RV on [0,1] is < % may be RVs on distinct probability
spaces, but their distributions are the same.

In light of this, the notion of convergence we will define and study will be for Borel probability
measures. Let’s look at a simple example.

Example 4.2.1. Let P, be the Borel probability measure which is uniform on T, := {k/n : k €
{0,...,n — 1}}, equivalently, P, = % Z;ol Ok/n- These measures have finite support. Letting T =
U T,. Then P,(T) = 1. If P is the uniform measure on [0,1], P(T) = 0 because T is countable.
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In particular, we do not have P,(A) — P(A) for all Borel sets A. However, if we lift our gaze from
the wild collection of Borel sets to integrals of “nice” functions, a connection between P, and P will
appear. Indeed, if we take any bounded and continuous function f, then [ fdP, = %ZZ;S f(k/n) —

fol f@®)dt = [ fdP. Therefore, at least from the perspective of expectations of bounded continuous
functions, the measures (P, : n € N) do approach the measure P.

This motivates the following definition:

Definition 4.2.1. o Let (P, :n € N) and P be Borel measures on R. We say that the sequence
converges to P weakly if [ fdP, — [ fdP for any continuous and bounded function f. We
denote this convergence by P, = P.

o We say that the distributions of the RVs (X, : n € N) converge weakly to the distribution of the
RV X if Px, = Px, or, equivalently

lim E[f(X,)] = E[f(X)]

n—oo

for every continuous and bounded f. Weak convergence of random wvariables is also known as
convergence in distribution and convergence in law.

We have the following Fatou-type characterization of weak convergence.

Proposition 4.2.1. Let (P, : n € N), P be Borel probability measures on R. Then P, = P if and
only if lim inffgdPn > fgdP for every nonnegative, bounded and continuous g.

Proof. If P, = P, the condition automatically holds. Assume that the condition holds then, and let
f be continuous and bounded. Then there exists some M > 0 such that |f(z)] < M for all z € R. Let
g:=M — f. Then g is nonnegative, bounded and positive and therefore liminf [ gdP, > [ gdP. But
the lefthand side is equal to M —limsup,, . f fdP, and the righthand side is M — f fdP. Therefore,
limsup [ fdP, < [ fdP. To show the liminf [ fdP, > [ fdP apply the same argument to the function
g:=f+M. O

Weak convergence follows from convergence in different modes we have mentioned before:
Proposition 4.2.2. Suppose that (X, : n € N) and X are random variables.

1. If X,, = X in probability then the convergence also holds in distribution.

2. If ¢ is a constant and X,, = ¢, then X,, — X in probability.
Proof. 1. Apply the dominated convergence theorem for sequences converging in probability.

2. Fix € > 0. Let f. be a function taking values in [0, 1] which is continuous, which is is equal to 1
outside the interval (¢ — ¢, c+ ¢€) and equal to 0 at ¢. As {|X,, —¢| > €} C{fe(X,) > 1}, and so
P(|X, —¢c| > €) < E[f.(X,,)]. But since X,, = ¢, it follows that E[f.(X,)] = [ fed. = fe(c) = 0.

O

We will now present several alternative characterizations of weak convergence.

Theorem 4.2.1. Let (P, : n € N) and P be Borel probability measures on R. Then the following are
equivalent.

1. P,= P.

2. limsup P, (F) < P(F) for all closed F'.

3. liminf P, (U) > P(U) for all open U.

4. limy, o0 Py (A) = P(A) for all A with P(0A) = 0.

Before proving the theorem, we present the following corollary which is used by some authors as the
definition of weak convergence. Recall that the cumulative distribution function of a Borel probability
measure P is the function F(z) := P(X < x). We have the following, which some authors use as a
definition for weak convergence.
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Corollary 4.2.1. Let (P, : n € N) and P be Borel probability measures, and let (F,, : n € N), F' be the
respective distribution functions. Then P, = P if and only if lim,,_, o Fy,(x) = F(x) at all continuity
points of F.

Proof of Corollary 4.2.1. For x € R, welet A, := (—o0,z]. If P, = P and « is a continuity point of F,
then A, = {z}, and since P(0A;) = F(z) — F(z—) =0, we have F,,(z) = P,(A;) — P(A;) = F(z).

Conversely, let U be any open set. Without loss of generality, U = U2, (a;, b;) where the union is
disjoint. Now P, ((a;,b;)) = Fy,(b;—) — Fy,(a;). Since F is nondecreasing, the set of points where it is
discontinuous is countable. In particular, its complement in dense. Let € > 0. Then for each i we can

find continuity points of F' such that (a;,b;] C (a;,b;) and F(b;—) — F(b;) + F(a;) — F(a;) < €/2% (we
use the fact that F' has left limit at b; and is right continuous at a;). Thus,

Po(U) > Po(U2 (@i, b:]) = Y Pal(@i,bi]) = Y (Fu(b:) — Fu(@s).
i=1 i=1
Apply Fatou’s lemma to the righthand side to obtain
it P,(0) 2 3(F(G) = F(@) 2 S (F(bi-) = Flai) — = PU) =
The result now follows as € > 0 is arbitrary. O

Proof of Theorem 4.2.1.1 = 2 If F is empty, there’s nothing to prove. Suppose then that F' is nonempty
closed set. Let dp(z) := inf{|ly — x| : y € F'}. Note that if y € F, then dp(z) < |y — |, and
in particular, the infimum can be taken over F'N [z — y,z + y], a closed bound set. As a result,
there exists a point yr € F, satisfying dp(x) = |yp — x|. Next we show that dg is continuous.
For any z,2’ we have dp(2') < |yr — 2’| < dp(z) + |2’ — x|. By switching the roles of z and 2’
we then have |dp(z) — dp(2’)| < |z — 2'|. For € > 0, let h¢(t) be the function which is equal to 1
on [1,00), to zero on (—oo, 1 —¢€) and increases linearly on (1 —¢,1). Clearly h(1 —dp A1)(z) is
a continuous function which is equal to 1 on F, and is < 1 on F'®. Moreover, as € — 0, he — 1p.
Next,

limsup P, (F) < lim [ hdP, = /thP7
n—00 n—00
where the equality follows from the assumption that P, = P. Now take ¢ — 0 and use dominated
convergence to conclude the proof.

2 = 3 As the complement of every open set is a closed set, this implication follows immediately, and so
does 3 = 2.

3 =4 Let A be any Borel set with P(0A) = 0. Recall that A° C A° U JA, where A° is the interior
of A, which is open, and the righthand side is the closure of A which is closed. Thus P(A°) <
P(A) < P(A°) + P(0A) = P(A°), or P(A) = P(A°®). Using this and part 3), we have

liminf P,(A) > liminf P, (A°) > P(A°) = P(A).

4 = 1 To complete, suppose that f is continuous, bounded and nonnegative function. For ¢ > 0, let
Ay ={z: f(z) > t}. We have 0A; = {z : f(x) = t}. Next, the function ¢ — P(f > t) is non-
increasing and therefore has at most a countable number of discontinuities, all of which are jump
discontinuities. The point ¢ is a discontinuity if and only if P(A;) > 0. Therefore from 4) we
have that lim,,_,, P,(A4;) = P(A;) for all but countably many ¢. In particular, the sequence of
functions t — P,,(A4;) converges a.e. with respect to the Lebesgue measure on R to the function
t — P(A;). This and Fatou’s lemma give

lim inf/fdPn = lim inf P.(f > t)dm > /

n—oo n— oo [0700) [0700)

P(f = tjam = [ fP.

which completes the proof due to Proposition 4.2.1.
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4.3 Convergence to Poisson

We’ll take a break from all the technical results characterizing weak convergence and present something

different. We recall that a RV X is Pois(\)-distributed if P(X = ¢) = e_’\%f, ¢ € Zy. A simple
calculation gives the following:

Lemma 4.3.1. Let X ~ Pois(\) and Y ~ Pois(u) be independent. Then X +Y ~ Pois(\ + )
Exercise 4.3.1. Prove the lemma.

Proposition 4.3.1. Let (X, : k=1,...,n) be independent with Xy ~ Bern(py) for some py, € (0,1),
and let X = ZZ:1 Xi. Then there exists a probability space and on it random variables X and S
such that:

1. X has the same distribution as X .
2. S ~ Pois(3p_, pr)-
3. P(X # S) < Zz:l pi'

This results is obtained by a technique we call coupling: we will construct random variables on the
same space forcing them to be the same on events whose probability we will then estimate.

Corollary 4.3.1 (Le Cam’s Theorem). Let (X : k= 1,...,n) be independent with Xj, ~ Bern(py).
Let X\=3"}_, pr. Then

D IP(X =1£) — P(Pois(\) = ()| <23 _pj.
€7, k=1
We first prove the Corollary:
Proof. Let S ~ Pois(A) Then
[P(X =6) = P(S = ()| = [P(X =) = P(S = 0)] = |E[1,(X) — 1,(5)]]

< E[14(X) + 14(5), § # X]
— BL(X),5 # X] + E[14(9),5 # X]
Now sum over ¢ € Z, to obtain the bound. O

Now let’s prove the proposition.

Proof of Proposition 4.3.1. Let (Uy, : k= 1,...,n) be IID U[0,1]. Define X}, := 1;1-p,,1)(Ux). There-
fore (Xj : k = 1,...,n) have the same distribution as (Xj : k= 1,...,n). Let X = >7_, Xj.

Next, we define a RV Y}, ~ Pois(py) as follows. Let ap = 0 and continue inductively letting
aj+1 = aj+ P(Pois(py) = j). Thus (a; : j € Z,) is a strictly increasing sequence with lim;_, a; =1,
and P(U € [aj,a;11)) = aji1 — a; = P(Pois(py) = j). Let Yy := > 7=01a;.a;.1)(Ur). Then by
construction, Yj, ~ Pois(py). Let S =Y 7_, Yi. Then S ~ Pois(3r_, pr)-

We were able to define both X, and Y}, as functions of the same RV U, &, and we will now examine
the event on which they differ.

1. X5, = 0 if and only if Uy, € [0,1—p;] and is 1 otherwise. Now U, = 0 if and only if Uy, € [0,e7Pr).

Since e~ Pk >1—pk7P(Xk:YkZO):P(XkZO):P(U}cE[0,1—pk]):(1—pk).

2. Now {Yj, = 1} = {Uy_€ [e7P*, e P*(1 + pi))} C {Ux € [1 — p,1]} = {X) = 1}. Therefore
P(Xk =Y, = 1) = P(Yk = 1) = e Prpy.

Putting these together, P(X) = Y3) = 1 — pg(1 — e P*). Therefore P(Xy # Y3) = pr(1 — e P*) < P3.
Finally,

P(X #8) < P(U_{ Xk # W) <D P(Xp #Y2) < i
k=1 k=1
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4.4 Tightness and Weak Convergence

Next we show that weak convergence is not that hard to attain. We need a definition.

Definition 4.4.1. A sequence of Borel probability measures (P, : n € N) is tight if for every e > 0,
there exists M > 0 such that inf,, P,((—M,M)) > 1 —e.

Tightness is simply the mathematical statement that no mass (probability) escapes to oo.

Example 4.4.1. Let (z, : n € N) be a sequence of real numbers. The sequence (05, : n € N) is
tight if and only if the sequence is bounded. Indeed, 0, ((—M, M)) = L(_prary(xn). Therefore for any
e € (0,1), the infimum is > 1 — € if and only if |x,| < M for all n, in which case the infimum is 1.

Exercise 4.4.1. Show that (P, : n € N) are tight if and only if limp;_,o liminf, o P, ((—M, M)) = 1.

Exercise 4.4.2. Let (X,, : n € N) be RVs, and let ¢ : R — [0,00] be Borel measurable satisfying
lim|y 00 @() = 00. Show that if limsup,, . E[p(X,)] < oo, then the distributions of (X, : n € N)
are tight.

Tightness is a necessary condition for weak convergence.
Lemma 4.4.1. P, = P implies that (P, : n € N) are tight.

Proof. Fix ¢ > 0. Let M; be such that P((—My,M;)) > 1 —¢€/2, and let N = N(¢) be such that
P, ((—=My, My)) > P((—My, My)) —€/2 for n > N. Now choose My > M such that P,((—Mas, M3)) >
1 —efor all n < N. Thus, P,(—Mas, M3)) > 1 — € for all n. O

The next result is a partial converse, and yet another justification for the notion of weak conver-
gence.

Theorem 4.4.1 (Helly-Bray Selection Theorem). Let (P, : n € N) be Borel probability measures on
R and (F, : n € N) their respective distribution functions.

1. There exists a subsequence (ny : k € N) and a right-continuous nondecreasing function G : R —
[0,1] such that limy_, oo Fy, () = G(x) for every continuity point of G.

2. (P, :n €N) is tight if and only if lim,, oo G(2) =0 and lim,_,, G(x) = 1.

Proof. 1. By diagonalization, we can find a subsequence (nj : k € N) such that limy_, o Fp, ()
exists for every x € Q. Denote this limit by G. Extend G to R by letting G(z) = inf{G(q) : ¢ €
Q,q > z}. Note that G(q) > G(q) for all ¢ € Q. Clearly G : R — [0,1] and is nondecreasing.
Next we show that it is right-continuous. Fix any z and let € > 0. Then G(z) + € is not a lower
bound on {G(q) : ¢ € Q,q > x} and therefore there exists ¢ > z such that G(q) < G(x) + €. But
then if y € [z, q), then G(y) < G(q) < G(z)+e€. Thus, for all y € [z,q), G(z) < G(y) < G(x) +e.
This proves the right-continuity.

Finally, we need to show convergence at all continuity points. Let z € R. By construction,
there exists a rational ¢ > x such that G(q) < G(z) + ¢, and therefore limsupy_, . Fp, (z) <
limsupy,_, . Fn, (¢) = G(q) < G(z) + e. This shows that limsup,_, ., Fp, (z) < G(x). Now if =
is a continuity point, fix ¢ > 0 and let § be such that G(z — §) > G(z) — €. Pick any rational
q € (x —6,z). Then

liminf F,, (z) > liminf F,, (¢) = G(q).

k— o0 k— o0
But since ¢ > 2 — §, G(z) — e < G(z — §) < G(g), and so liminfy_,, Fy,, (v) > G(x) —e. Thus
lim supy,_, o Fr, (2) > G(2).

2. Suppose that the sequence is tight. Let € > 0. Pick continuity points —M;j, M2 of G such that
infn Pn((_Mla Mg)) 2 1—¢. Then1—¢ S hmn_mo Fnk (Mg) - Fnk(_Ml) = G(MQ) - G(—Ml)
Take M, My — oo to obtain lim,_,+ (G(z) — G(—x)) > 1 —e. Since € > 0 and G takes values in
[0, 1], the result follows.

Conversely, if lim, o, G(z) = 1 and lim,,_ G(x) = 0, then G is the distribution function
of a Borel probability measure, say P, and then the first part gives P,, = P. Lemma 4.4.1,
completes the proof.

O
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4.5 Characteristic Functions

Although we have multiple equivalent characterizations of weak convergence they are not very easy to
work with, and do not offer a simple way to deal with sums of independent RVs. In this section we
discuss yet another characterization, the all-mighty characteristic function, which also addresses these
deficiencies. The characteristic function of a Borel probability measure is also known as the Fourier
transform of the measure, so you may have seen similar objects elsewhere.

Definition 4.5.1. Let P be a Borel probability measure on R. The characteristic function of P, pp
18 defined as

op(t) = / ¢t dP(z) / cos(tz)dP + i / sin(tz)dP(z).

If X is a random variable with distribution P, then we will also write px for pp and refer to it as the
characteristic function of X. Then

ox(t) = E[e"™] = E[cos(tX)] + i E[sin(tX)).

As every Borel probability measure is the distribution of some RV. We will very often adopt the
second approach, namely view the characteristic function as of the RV. Let’s first observe some very
basic properties of characteristic functions.

Proposition 4.5.1. Let ¢ be a characteristic function of some RV X. Then
1. ¢(0) =1 and |o(t)] <1 for allt € R.
2. ¢ is uniformly continuous.

8. If X has a finite n-th moment. Then ¢ is differentiable at O up to the n-th order, with ©*(0) =
i*E[XF*], k =1,2,dots,n.

We comment that the differentiability of the characteristic function at 0 does not automatically
imply that X has finite expectation. One such example is a RV satisfying P(X = +n) = %
for n = 2,3,..., where C is a normalization constant. It is clear that X is not integrable, yet, a
straightforward calculation shows that characteristic function is differentiable at 0 wirth derivative
equal to 0.

Proof. The first statement follows directly from the definition. The second from dominated conver-
gence. Let’s look at differentiation of ¢ at 0.

From the Fundamental Theorem of Calculus (written in complex form - view it as shorthand for the
respective expression with cosines and sines):

tX
etX 1= z/ e"ds.
0

Now |e**| = 1 and therefore \6“);‘1| < |X|. Since 4£e"X|,_g = iX, it follows from dominated
convergence that if X is integrable, ¢’(0) exists and is equal to iE[X]. O

The behavior of the characteristic function near zero gives information about the tail of the RV.
In most cases, this information is more useful for qualitative analysis than for quantitative analysis,
as we will see below.

Proposition 4.5.2. Let ¢ be the characteristic function of X. Then for all T > 0,

1)

P(X]| > 2/8) < %/5 1 — p(t)dt.
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Proof. The function z — 5‘% has a removable singularity at zero. Remove it to obtain a continuous
function equal to 1 at 0. First, observe that 5= fé(l —cos(tX))dt =1— %(;X). By taking Riemann

sums and using dominated convergence,

1 [° 1
%E[[a 1 — cos(tX)dt] = % [5 1 — p(t)dt.

Therefore 5
1 B sin(6X)

For all |z| > 2, [822] < Sin2(2) < 1. Therefore,

sin(6X)
0X

_M75|X|22}>

E[l -
[ 0X -

1> E[l %P(6|X| > 9).

Thus,
2. 1 [°
P(X]|>>)< —/ 1 — (t)dt.
=5/
O

Corollary 4.5.1. Suppose ¢x(t) =1 for allt in some open interval centered at 0. Then X =0 a.s.

Proof. Suppose ¢ is equal to 1 on on (—d,d). Then P(|X| > 2/6) = 0. That is X has bounded
support and in particular has finite first and second moment. But then Proposition 4.5.1-3 gives that
0= ¢'(0) = iE[X] and 0 = ¢"(0) = —E[X?]. Therefore X has both expectation and variance equal
to zero which implies X = 0. O

The next step is to show that the characteristic function determines the distribution. This will be
done through an inversion formula. What does “inversion” actually mean here? We need to recover
a Borel probability measure from a characteristic function. Since any Borel probability measure is
determined by the values it assigns to intervals, it is enough to find a formula that will output the
measure of every interval.

Our goal is to express indicator of an interval as a linear function of complex exponentials. We will
then take the expectation to obtain the probability of the interval. Easier said than done.

The starting point is the following calculus fact, which we won’t prove here (nice exercise though):

. T sing ™
lim dr = —.
T—o0 0 x 2

This yields the following:

Lemma 4.5.1. Let o < 8 be real numbers. Then

8 win(T BT . T o a<0<p
fim [ SR g, / =3z a=00rp=0 (4.5.1)
T—o0 a v aT u .
0 otherwise

Now for some manipulation that will bring us to the promised land.

e .

sin(Tv) eTv — g=iTv 1 /T
v 2v 2/ r

Therefore, the lefthand side of (4.5.1) is equal to

1 P T 1 T 8
lim 7/ e dtdu lim f/ e dudt

T Ja

1 T eita _ eit,B
lim = / R
-T 1t

1 T e—ita _ e—it,(i’
[,
-T 1t

|
g
I
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where in the last step we changed variables ¢ — —t¢. Taking any reals a < b and z, and letting o := a—=z
and § := b — x we proved the following;:

Proposition 4.5.3. Fiz real a < b and x. Then
1 T _—ita _ ,—ith 1
lim 7/ e = 1o (2) + 510y (2)
T 1t ’ 2 ’
All that’s left is to use this to prove the inversion formula. That’s the easiest step:

Theorem 4.5.1. Let X be a RV with characteristic function @. Then
1 T e—ita _ e—ztb
P(X € (a,b)) + P(X € {a,b}) = hm —/ —————p(t)dt.
T—oo 21 J_p it
Proof. From the proposition,

1 T e—ita _ o—ith
P(X € (b)) + 2p(X € {.0)) = lim —E[/ e e X gy,

T—o00 27 -7 1t

We want to move the expectation inside the integral. To do that, observe that the integral is of the
form f_TT f(t)elXdt, where f is a continuous function. This integral is the limit of Riemann sums.

Specifically,
Z f(k/,/n)eik/nX.
|kn|<[T]

These Riemann sums are bounded, and therefore it follows from the Dominated convergence theorem
that their expectations converge to the expectation of their limit, the integral. However, as finite sums,
and because of the linearity of the expectation, the expectation of each Riemann sum is equal to

" leni<iT)
Because ¢ is continuous, this is a Riemann sum for the integral in the statement of the theorem. [
Corollary 4.5.2. The characteristic function uniquely determines the distribution.
Proof. We provide a simple algorithm utilizing the inversion formula and which gives the CDF.

1. iP(X =) =lim, 00 P(X € (z—1,2))+1P({z— L ,2}). This is because the events {X € (z—
L. x)} decrease to ) and "7 | P(X = z— 1) converges and therefore lim,,,oc P(X =2—21) = 0.

2. Similarly, P(X < z) + 3P(X = z) = lim,, oo P(X € (—n,2)) + 1 P({z — 1,2}).
3. Now add the two.
O

So we know that a characteristic function determines a distribution. Next we show that weak
convergence is determined by convergence of characteristic functions. This theorem is key to our proof
of the Lindberg-Feller Central limit theorem in the next section.

Theorem 4.5.2 (Levy’s Continuity Theorem). Let (P, : n € N) be a sequence of Borel probability
measures with respective characteristic functions (g, : ninN). Then there exists a Borel probability
measure P such that P, = P if and only if there exists a function o(t) continuous at 0 such that
lim,, o0 o0 () = ©(t) for all t.

Proof. One direction is trivial. If P, = P, then from the definition of weak convergence, for every
t € R, pn(t) = ©(t), where ¢ is the characteristic function of P, and as such, is continuous at 0.

The converse requires two steps. The first is to show that (P, : n € N) (and therefore any
subsequence) is tight. To do this we use Proposition 4.5.2. Fix ¢ > 0 and pick § > 0, so that

5 f t)dt < ¢/2. This is possible because ¢(0) = 1 (why?) and ¢ is continuous at 0. Next, pick
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N = N x (¢,0) such that

fracld ffé 1—p,(t)dt < % fis 1—p(t)dt+€/2 for all n > N. This is possible because of the pointwise
convergence and the dominated convergence theorem as |1 — ¢, (t)| < 2 and we are integrating over a
bounded interval. Putting both together, we have

1 5
f/ 1—pu(t)dt <e
0J-s

for all n > N. By Proposition 4.5.2, P,((—2/6,2/0)¢) < € provided n > N. Decrease § (and such
decreasing the probabilities on the lefthand side) so that this also holds for n > N and set M := 2/6.
We proved that P, ([-M, M]) > 1 — € for all n, thus tightness holds.

It follows that every subsequence of (P, : n € N) has a weakly convergent subsequence. But the
assumed convergence of the seqeuence of characteristic functions to ¢ implies that the limit along
every convergent subsequence has ¢ as its characteristic function, and as a result of Corollary 4.5.2,
the limit is the same for all convergent subsequences. Call it P.

Finally, let g be a bounded nonnegative and continuous function. Then lim inf f gdP, is attained
along some subsequence (P,, : k € N). Without loss of generality we may also assume that P,, = P.
Therefore lim inf f gdP, = limg_, o f gdP,, = f gdP, and the weak convergence is established due to
Proposition 4.2.1. O

4.6 The Normal Distribution Revisited

Recall that a random variable X is normal (Gaussian) with mean (expectation) p and variance o2,

denoted by X ~ N(u,0?) if it has the density fx(z) = \/17267(17”)2/(202). The special case = 0

2mo

and 02 =1 is called the standard normal distribution.

Exercise 4.6.1. Prove that if X ~ N(u,02), then the characteristic function of X, px is given by

5242

el (4.6.1)

px(t) =e"'™
We will use characteristic functions to derive the following properties of normal distributions:

Proposition 4.6.1. 1. Let X ~ N(u,0?) and let Z ~ N(0,1). Then the distribution of X is equal
to the distribution of cZ + p. Conversely, the distribution of Z is equal to the distribution of

(X — /o
2. If Xy ~ N(u1,0%) and X ~ N(p2,03), are independent, then X1 + Xo ~ N(uy + p2,0% + 03).
Exercise 4.6.2. Prove the proposition using (4.6.1).

There are a lot of interesting properties of normal distributions, particularly when considering their
analogs in higher dimensions (normally distributed random vectors or fields).

4.7 Lindberg-Feller Central Limit Theorem

In this section we state and prove the central limit theorem. Before stating and proving the result, we
two preliminary results that will be used in the proof. The main difficulty in the proof is establishing
the existence of some limits of complex-valued objects.

Lemma 4.7.1. Let wy,...,w, and z1,...,2, be complex numbers satisfying |w;|,|z;| < 1 for all
j=1...,n. Then |IT;_y wj — TTj_; 2| < 325wy — 2l

Proof. We prove the claim by induction on n. The base case n = 1 is trivial. We move to the induction
step, assuming the inequality holds for n, we prove it for n + 1:

n+1 n+1

n n
[Twi=T12=wnii [T ws =2 T2
j=1 j=1 j=1 j=1

n n n
= (Wps1 = zop1) [ Jws — 2ara([[ 25 = [T wo)-
j=1 j=1 Jj=1
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Now take absolute value on both sides and apply the triangle inequality to separate the two summands
on the righthand side. Since for any complex numbers |¢1 (2| = [(1]|¢2], we obtain

n+1 n+1 n

n n
T wi = T 2! < lwars = 2ol T wsl + lzniall [T 25 = T sl
j=1 j=1 j=1 j=1 j=1

n n
< |wn+1_zn+1‘*1+|HZj_ij‘
j=1 j=1
n

< |wWpyr — Znga] + Z |25 — wy|
j=1

where the last line was obtained from the induction hypothesis. O
The next lemma gives us bounds on the error term in the Taylor expansion of e'*.

Lemma 4.7.2. Let z € R. Then

T 2 K O
i _ < 2L min(—=2).
e = > < D min(— - 2)

m! n!

m=0

Proof. The idea is iterative application of the fundamental theorem of calculus. This is one way to prove
Taylor theorem. We will apply it specifically to the function z — e**. Clearly, e** =1 + fow e"rdxy.
Repeat to obtain

i T T . T T .
e =1 +/ i(1 Jr/ e dxg)dry = 1 +ix +/ / e drodr;.
0 0 o Jo

n s \m T rT Tn
, iz . )
e = Z ( m)' * / / B / ey - day.
. 0 0 0

m=0

By induction,

To complete the proof we need to bound the absolute value of the iterated integral on the right. We
give two different bounds, which in turn give the desired result. Both utilizing the triangle inequality
for integrals | [ f(z)dz| < | [i|f(z)|dx].

e The first bound is trivial: since |[i"*lef®n+1| = 1, the absolute value of the iterated integral is
bounded above by the absolute value of iterated integral of the constant function 1, which is
equal to |z|"*1/(n + 1)L

e The second is also trivial. we first integrate the innermost integral to obtain

T pxy Tp-1 )
/ / e / i"t(en — 1)day, - - - day.
o Jo 0

Now, |i"t1 (et —1)| = | cos(z,,) +isin(z,) — 1| < 1+1 = 2, and iterate this to obtain the bound
2|z|™/n!

O
We're finally ready to state and prove the theorem.

Theorem 4.7.1. Suppose that for each n € N, (X,,, : m = 1,...,n) are independent Random
variables satisfying

1. E[Xym]=0.
2. limy, o0 dop—y E[X7 ] = 0% € [0, 00).
8. For every € > 0, limy o0 Y BIXZ [ Xy m| > €] = 0.

Let Zp =3 _ Xpm. Then Z, ,m = N(0,02).

m=1
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Before we prove the theorem we state the most useful corollary, the “standard” central limit theo-
rem:

Corollary 4.7.1. Let (X,, : n € N) be IID with expectation p and variance o* € [0,00). Let S, =
S Xom. Then

m=1

Sn — np

Vn
I want to repeat the statement of the central limit theorem. If we denote the expression on the
lefthand side by Z,, then we observe that it is equal to /n(X, — u), with X,, = Zm#l the
or X,, is 1 with a “correction” which is roughly N(0,02)/\/n

= N(0,0?%).

empirical mean. That is X,, = pu +
(or N(0,02%/n)).

\/77

Proof of Corollary 4.7.1. Let Xy, pm = Xm—t  (Clearly the RVs (Xn,m :m=1,...,n) are independent.

e
Also, E[Xy, ] =0and E[X? ] = 2® This gives the first two numbered conditions. As for the third,
E[X nm,\Xnm| > € = 1E[(X; - ,u) | X1 — pl > ey/n]. Therefore Y0 | E[X72 [ Xpm| > € =
E[(Xl )2, | X1 — p| > ey/n] = 0 as n — oo by dominated convergence. O

Proof of Theorem 7?7. By Levy’s continuity theorem it is enough to prove that the characteristic func-
tion of Z,,, ¢,, converges to that of N(0,0%). We therefore need to show that for t € R,

|on(t) — e~tnm/2| = 0,

where o7, := E[X?, ]. By the triangle inequality, this will follow if we show
lon(t) = [ (01— 02 ,,t2/2)] = 0 and (4.7.1)
m=1
| H (1= 02 ,t2/2) — e Tnnt™/2| 55 0, (4.7.2)

To prove (4.7.1) observe that its lefthand side is equal

n

n n
| IT Bl = [T (0 =on nt?/2)] < D [Ele"* ] = (1 = ap ,17/2)|
m=1 m=1

m=1

<3 il )

On the event | X, ;| < €. The minimum < e. On the event | X,, ;| > €, the minimum is < 2. Therefore

| Xom| > €.

n,m?

-X’er
E[X] .. min(%, 2)] < eB[X2,.)+ E[X?

Taking the sum, we obtain the upper bound

€Y BIXZ .+ D ElX s [ Xnml > €.
m=1 m=1

The second expression tends to zero by the third condition. The first tends to eo?. As € is arbitrary,
we established (4.7.1).
To prove (4.7.2), recall that for nonnegative c,

1—c§e_0§1—c—|—c2/2.

This gives [e™¢ —1—¢| < ¢?/2. Taking ¢ = 0. ,, /2 with this we obtain the following upper bounds on
the lefthand side of (4.7.2)

n n

ST =02, 12/2) — et 2 <N g

m=1 m=1
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Now

o2 = E[X2,| < e+ EIX2 | Xnm| > € <e—|—ZE X2 i | X m| > €.

n’
m=1

For n large enough the righthand side is bounded above by 2¢. Therefore

lim sup max 02 m < 2,
n—oo M<n

which in turn implies max,, <y, o}, ,,, — 0. Thus,

ianm/4<maxa Z = 0 x o2

m<n
m=1 m=1

We finished the proof. O

Example 4.7.1. Let (X, : n E N) be independent with P(X, = n) = P(Xn = —n) = 3. Then
E[X,,) =0 and Var(X,,) = m?. As a result Var(} 5 _, Xmm) = >0 _,m? ~n?/3. Setting Xpm =
X, /032, it follows that E[X,, m] =0andlim, oo Y,y E[XZ ] = 5. Inaddition, E[X2 ., | Xy m| >
el = LE[XZ2,|Xm| > n%?]. Ifn > 2, this is equal to zero for allm = ,n. Therefore all conditions

in the theorem hold and we have ZﬂT = N(0,3).

;
3
1,.

4.7.1 Central Limit Theorem: The Swapping Method

With slight stronger assumptions we can get much more.

Theorem 4.7.2. Let (Y,, :m =1,...,n) be independent, satisfying that for allm=1,...,n
1. E[Y,,]=0
2. oy = E[Y2] €]0,00)
3. pm = E[|Y]3] < 00

Let 0 := %" _ 02, and let Sy, := > _ Yy,. Then for every function g : R — R with bounded third
derivative,

(3) n
Blosu)) = ElgN0.7)]| < 5= 32 g

What does the theorem mean in the IID case? Let’s suppose that (X, : n € N) are IID with mean
p, variance 02 € [0,00) and p = E[|X1|%] € [0, ). Now fix n € N and set Y,,, := (X,;, — p)/+/n. Then
E[Y,] =0, E[Y2] = 0?/n and E[|X,.|*] = p?/n3/2. Therefore ¢ in the theorem is ¢ here (sorry
about the notation!), and p,, in the theorem is p/ n3/2. Rewriting the conclusion of the theorem:

Corollary 4.7.2. Suppose that (X,, : n € N) are IID with mean p, variance o* and p == E[| X1 %] < cc.
Let g have bounded third derivative. Then for every n € N

X1+ + X, gl p
Vn 2 n

Proof of Theorem 4.7.2. The key is replacing each of the Y;,’s in the sum with a normal N (0, o +m?)
one by one and estimating the error thus created. Let (Z,, : m = 1,...,n) be independent of the Y,,’s
with Z,,, ~ N(0,02,), defined on the same probability space as (Y, : m = 1,...,n), and independent
of the Y, s Define S, 0:=> . _, Y,,, and set

m=1

Elg( — ) — Blg(N(0,6*)| <

Snkt1 = Snk + (Zkt1 — Yig1).

Y and Sy = S0 Zy ~ N(0,02).

m=1

In words, we replace Yj, by Zj, one by one: S, 0=> " _,
Clearly,
E[g(sn)} - E[g(N(Oa 02)] = E[g(sn,O)] - E[g(sn,n)]



4.7. LINDBERG-FELLER CENTRAL LIMIT THEOREM 61

This allows us to use a telescoping technique:

n

E[Q(Sn,O)] - E[Q(Sn,n)] = Z E[Q(Sn,k) - g(Sn,k-‘rl)]'

k=0

The next step to estimate the differences inside this expectation. Let S‘n,k = Sy — Y. Then

Snk =Sk +Ye, Snkt1=Snk+ Z.

Use Taylor expansion to obtain

~ 5 7 S’n g(s) S;z
g(Sn,k:) = g(Sn,k) + g/(Sn,k)Yk: + g (2 7k)Yk2 + (6 7k)Yk3.
Similarly,
~ ~ 103 (3) S/
oSnkir) = 9(5ni) + 9/ (5 2+ L) 72 T i) 7

Here S;L, k> S;lc . are random points, obtained from Lagrange error term in Taylor’s theorem. We there-
fore have

. Y.—-Z -
9(Snr) = 9(Snps1) = g’(sn,k)%g’%sn,k)@fﬁ —Z})+

9(3)(S;L,k:)yk3 - 9(3)(5;{,1@)22
5 .

Taking expectations and using the fact that Snk is independent of both Y3 and Zj, as well as the fact
that E[Yy] = E[Z;] and E[Y?] = E[Z}], we have

(3)
E19(S08) — gSnicrn)ll < L0 By 4 17,

A direct calculation shows that E[|Z|] = 203. Putting everything together we have
g™ lso < -
Elg($n)] = Blg(N(0,0%)] < === B[]+ 207).
k=1 k=1

However, by Jensen’s inequality, o} = E[Y;2]*/2 < [|Y3|?], and therefore 203 < 2E[|Y%|?], so the upper
®
bound becomes % S ohei Pk O

The restriction of g is the theorem and the corollary was necessary to obtain the error estimate.
It does to pose any restriction when it comes to weak convergence. We record the following, which
allows to conclude that under the assumptions of the corollary, weak convergence holds.

Lemma 4.7.3. Let (Z, : n € N), Z be RVs satisfying liminf,,_,o E[g(Z,)] — Elg(Z)] for every
nonnegative bounded g with bounded third derivative. Then Z, = Z.

Proof. Let U be any open set. Then U is a countable union of disjoint open intervals, say U2, (a;, b;).
For every N € N, P(Z, € U) > P(Z, € UY (a;,b;)). There exists a sequence of nonnegative
continuous functions (g,, : m € N) each with bounded third derivative increasing to vazl 14, ,)- As
a result

P(Z, €U) > P(Z, € UN (a;, b)) > E[gm(Z,)].

By by assumption lim inf,, oo E[gm(Zn)] = E[gm(Z)], and therefore, liminf P(Z, € U) > E|gm(Z)].
Now take m — oo and apply dominated convergence to obtain liminf P(Z, € U) > E[P(Z €
UN  (a;,b;)]. Now take N — oo, to complete the proof. O
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Chapter 5

Martingales

Martingales are a simple mathematical model for a “fair” game of chance. They turn out to be very
useful in numerous applications, and have a structure that allows to prove a rich collection of results
beyond the IID setting.

5.1 Conditional Expectations

In this section we will assume that (2, F, P) is a probability space. We will use the term sub-sigma
algebra to describe a sigma algebra G C F. If X is a random variable, we write X € G (poor notation,
yes) to mean that X is measurable with respect to G, namely

{XeB}eg
for every Borel set B (enough to check for B of the form (—oo,z] with € R or even in Q. Why?).

Definition 5.1.1. Let X be an integrable RV and let G be a sub-sigma algebra. The conditional
expectation of X with respect to G is a random variable Y satisfying the following:

1.Yeg.
2. E|Y,A] = E[X, A] for every event A € G.

Theorem 5.1.1. Let X and G be as in Definition 5.1.1. Then the conditional expectation of X with
respect to G exists and is unique up to events with probability zero. We denote it by E[X|G].

By taking A = Q, we conclude that E[E[X|G]] = E[X]. What else? Can you show that E[X|F] is
integrable?

The uniqueness statement simply means that if Y and Y satisfy the conditions in the definition,
then Y = Y’ a.s. So in fact the precise way to think of the conditional expectation is as of an equivalence
class of RVs. We defer the existence proof in the theorem to the end of the chapter. The proof of
the uniquness is very simple. Suppose Y,Y’ both satisfy the conditions, Let A, = {Y > Y’} € G.
Then E[Y,Ay] = E[Y’, A4] and therefore E[Y — Y’ , A;] = 0. This implies P(A;) = 0. Similarly
P(Y <Y’) =0, and the uniqueness follows.

The uniqueness automatically gives us linearity. We record this as a result:

Proposition 5.1.1. Let X1, X5 be integrable RVs and let G be a sub-sigma algebra. Then for every
c€eR,
E[Xl + CXQIQ] = E[Xﬂg} + CE[X2|g2]

Again, the precise statement here is the anything in the lefthand side is equal to anything on the
righthand side.

Proof. Let Y; := E[X;|G], j = 1,2. Clearly the RV Y; + ¢Y> € G. Also, for every A € G, the
linearity of the expectation gives E[Y] + cYa, A] = E[Y1, A] + cE[Y3, A]. The righthand side is equal to
E[X,, Al+cE[X,, A] = E[X; +¢Xa, A], again by linearity. Therefore, Y7 4 cY5 satisfies both conditions
in the definition of conditional expectation of X7 + ¢Xo. O

63
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Example 5.1.1. Let U ~ U[0,1], and let p € (0,1). Let G, := o({U < p}). What is E[U|Gp|? First
G, has four elements: {0,{U < p},{U > p},Q}. Therefore, any G,-measurable RV'Y takes at most
two distinct values and can be written as Y = y11iy<py +y2liuspy- Since

ElY,U <p] =y P(U <p) =yip, and E[Y,U > p] = y2(1 — p),

and since )

g P ' 1—p
E[U,ng}z/ udu = —, E[U,U>p}=/ udu = ,
0 2 » 2
it follows that Y = E[U|Gp) if and only if y» = E[U,U < p| = E[U|U < p| and y» = E[U|U > p]. The
respective numerical values are p/2 and (1 — p)/2, respectively but this is not so important. What is
important? The value of E[Y|G,] on each of the two disjoint events generating G, is the expectation
of U, conditioned to be on the event. Note, however, that the conditional expectation is a random
variable.

Let’s record some basic properties of conditional expectation.
Proposition 5.1.2. 1. (positivity) If X > 0, E[X|G] > 0.

2. (invariance) If X € G, E[X|G] = X.

3. (independence) If X is independent of G, then E[X|G] = E[X].

4. Let Z € G. If ZX is integrable, then E[ZX|G) = ZE[X|G].

5. (tower) Let H C G be a o-algebra. Then E[E[X|G]|H] = E[X|H].

Note that in particular if ¢ is a constant (viewed as a RV), E[c|g] = ¢
Exercise 5.1.1. Prove the the first three items in the proposition.

Proof. We only prove the last two statements. By linearity we may assume that both Z and X are
nonnonegative, Let (¢, : n € N) be simple and increasing to Z. Write ¢, = > cxla,. Then

ElpnB[X|G], Al =) ek E[X|G, AN Ay]
=Y aB[X,ANA] =E[X ) crla,, Al
k
= E[Xy,, 4].

By monotone convergence, the righthand side converges to E[X Z, A] and the lefthand side converges
to E[ZE[X|G], A].

To prove the last property, Let Y := E[X|G]. Then by definition, E[Y,A] = E[X, A] for all
A€ G. As H C G, this holds for all A € H. For such A, the definition of E[X|H] gives, F[X, A] =
E[E[X|H], A]. Therefore reading the equalities from left to right we have

ElY,A] = E[E[X|H],A], A€ H.
As E[X|H] € H, we have proved that E[Y|H] = E[X|H]]. O
Corollary 5.1.1. Let X be integrable. Then E[|X| |G] > |E[X]F]].
Proof. The RV |X|£X is nonnegative and therefore E[|X|£X|G] > 0. Thus E[|X| |G] > £E[X|G]. O
Let’s do another simple example.

Example 5.1.2. Let Xq,...,X, be IID with finite expectaion and let S, = 22:1 Xi. What is
E[X1|S,]? For any statement on Sy, namely an event in o(S,) we have that E[X1, A] = E[X3, A] =
--o = E[X,,A]. Since these add up to E[Sp,A], and E[S,|0(S,)] = S (why?), it follows that
E[X1, Al = LE[S,, A]. Therefore E[X1|S,] = %

Next, what is E[Sp|X1] ¢ This is easier: Xy + (n — 1)E[X1]. Why?
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If you follow closely, key properties that hold for the expectation as linearity, positivity and the
triangle inequality carry over to conditional expectation. Let’s get some more of these. This is just a
sample.

Proposition 5.1.3. Let X be an integrable RV.
1. (Conditional Markov’s Ineqaulity) Suppose that X is nonnegative. Then for every x > 0,
Ell{xsq|0] < ZE9
2. (Conditional Jensen’s inequality) Let ¢ be convexr. If o(X) is integrable, then E[p(X)|G] >
e(E[X]9])
Proof. As 21{x>,y < X, the first statement follows from the positivity of the conditional expectation.
As for the second, recall (see, Assignment #2 Problem #5), that for ¢(b) > ¢(a) + (b —a)¢’(a+). So
far so good. Now we can try to take conditional expectation of both sides of
P(X) 2 $(BIX|G]) + (X - BIX|G)g (BIX|G)+),
—_—
=Z
alas, the righthand side has elements which may not be integrable and so we cannot use any of the
previous results. So fix M and let X, := X when |X| < M and 0 otherwise. Now,
@(Xn) = o(B[Xum|G]) + (X — E[Xu|G]) ¢ (E[X0|G]+).
—_——

=:Zm

As everything is bounded on both sides, we can take conditional expectations to and apply Proposition
5.1.2-1,4 to the first term and second term on the righthand side, respectively, to obtain

Elo(Xm)|G] = o(E[XMm|G]) + ZuE[(Xm — E[XMm|G)IG] = ¢(E[XMm[G]) + Zn + 0.
Note that we have used the first part of the proposition to obtain the zero in the last equality. Next,
|E[X|G] - E[Xm|G]| < E[IX[1{x)>a3/G]-

Taking expectations on both sides and letting M — oo, we obtain E[X/|G] — E[X|G] in probability as
M — oo. Similarly limps o0 E[p(Xar)|G] converges in probability to E[p(X)|G]. Take a subsequence
along which both converge a.s. and the result follows. O

We now discuss an important and concrete example of a conditional expectation in a case we can
prove its existence trivially. We recall the “undergraduate” conditional expectation. If G is any event
with P(G) > 0, we define(d) E[X|G] as E[X, G]/P(G). In our language, this is simply the expectation
of X with respect to the conditional probability measure P(- |G) from Definition 1.2.3.

Proposition 5.1.4. Suppose that Q is the disjoint union of the events (G, : n € N), and let G :=
o((Gp : n € N)) be the sub-sigma algebra generated by the sequence. Let X be an integrable RV. Define

n -

a E[X|G,] P(Gp)>0
0 otherwise.
Then E[X|G] = 307 ynla, -

Proof. Any event in G is a union of some (possibly none) elements in the sequence (G, : n € N). Let
A be such an event. Then A = U,,¢;G,, for some subset I of N. Let I' = {n € I : P(G,) > 0}. Then

E[X,Al= > E[X,G,]

nel’

= Z E[X|Gn]P(Gn)

nel’

= Z E[yn]-Gn]

nel
=E[> ynla,, Al
n=1

This completes the proof. O
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The next useful result is monotone convergence.

Proposition 5.1.5 (Conditional Monotone Convergence). Let (X, : n € N) be nonnegative integrable
RVs increasing to X. Then lim, o E[X,|G] = E[X|F] a.s.

Proof. Let Y,, := E[X,|G]. Then (Y,, : n € N) increases to some RV Y. Let A € G. By monotone
convergence, FE[Y,, A] — E[Y, A]. However, E[Y,, A] = E[X,, A] and by monotone convergence the
righthand side tends to E[X, A]. Therefore E[Y, A] = E[X, A], and the proof is complete. O

5.2 Martingales

Throughout this section we fix a probability space (2, F, P). In this context, a sub-sigma algebra G is
any subset of F which is itself a sigma-algebra.

We need a bunch of definitions. At this stage it is good to recall that N = {1,2,3,...} is the set
of (strictly) positive integers and Z; = {0,1,2,...} is the set of nonnegative integers.

Definition 5.2.1. 1. A stochastic process (AKA process) X is a sequence of RVs indexed by Z,
X := (X, :n€Zy). We say that X is integrable if E[|X,|] < oo for alln € Z.

2. A filtration § is a nondecreasing sequence of sub-sigma algebras § := (F,, :n € Zy). That is

FoS F1C---CF.
3. The stochastic process X is adapted to the filtration § if for alln € Z4, X,, € F,,. That is

{X,, € B} € F,, for all Borel sets B andn € Z,..

When discussing stochastic processes it is very often a good idea to view them as describing
evolution of some random system in time, where X,, represents the state of the system at time n € Z.
Let X be any process, and define F,, := 0(Xo, X1, ..., Xp). The resulting filtration § := (F,, : n € Zy)
is called the natural filtration for X. We will often work with it.

Definition 5.2.2. Let M be an integrable process adapted to the filtration §. We say that M is a
martingale (resp. sub-martingale, super martingale) if E[M,1|Fn] = My, (resp. >, <) for alln € Z.

That is, a martingale has successive conditional expectations that are constant. When § is the
natural filtration, the martingale condition simply means that the expected value in the next time unit
given the entire history is the current value of the process. One very simple example is when M, is
the partial sum of IID RVs with expectation zero.

Before moving on, let’s record some basic properties.

Proposition 5.2.1. Let M be an integrable process, adapted with respect to § and let ¢ be a conver
function, satisfying (M) := (p(M,,) : n € Z) is integrable. Then (M) is a sub-martingale if one
of the following conditions holds:

1. M is a martingale.

2. M s a sub-martingale and ¢ is nondecreasing.

Note that the conditions listed are sufficient, not necessary.
Exercise 5.2.1. Prove the proposition.
Example 5.2.1. Consider:

1. A martingale M with E[M?] < oo for alln € Zy. The (M?:n € Zy) is a sub-martingale.

2. a sub-martingale M and let p(x) := (x — a); = max(z — a,0). This is a non-decreasing convex
function and |p(x)| < |z| + |a|, and therefore (M,, — a)y : n € Z4) is a sub-martingale.
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5.2.1 Some Concrete Martingales

Conditional Expectations

Let X be an integrable random variable and let § be a filtration. Then M,, := E[X|F,] is a martingale.
Indeed,
E[My1|Fn) = M,

by the tower property. What can we say about (M, : n € Z;)? Does it converge? To what? We will
answer this in Assignment #5.

Partial Sums

Let (X, : n € N) be a sequence of RVs. Set Sy to be a constant (hence measurable with respect to any
sub-sigma algebra) and for n € N, let S,, := Sy + >_,_, Xx. Consider the process S := (S,, : n € Zy),
equipped with the natural filtration.

e When is S a martingale? Clearly, E[S,+1|Fn] = Sn + E[Xn+1|Fn]. Therefore S is a martingale
if and only if E[X,,+1|F,] = 0 for all n € Z. For example, if (X,, : n € N) are all independent
with mean zero.

e Similarly, S, would be a sub-martingale if the E[X,,+1|F,] > 0 for all n € Z,, for example if
(Xy :n € N) are independent with nonnegative means (not necessarily all the same).

Let’s go back to the general setup. There’s a nice way to “center” S so we obtain a martingale by
subtracting some process. Let’s see how. Suppose that D = (D,, : n € Z4) is a process such that
(Sp, — Dy, :n € Z,) is a martingale. Then

E[Sn+1 - Dn+1|]:n] = Sn - Dn

Equivalently,
E[Sn+1 - Sn|Fn] = E[Dn-l-l']:n] - Dn

By construction, the lefthand side is equal to E[X,,11|F,], and to make the righthand side less am-
biguous, let’s assume for the moment that D, € F,. In this case, we necessarily have D, 1 — D,, =
E[X,+1|Fn], which results in D,, = Do + Y.} E[Xy|Fi_1]. If we let Dy := 0, and define

M, =S, — D, n€Zy,

then rewriting the equations above we conclude that M = (M,, : n € Z; ) is a martingale. We actually
proved the following:

Proposition 5.2.2. Let (X,, : n € N) be integrable RVs. Define the partial sums process S as follows.
Set Sy to be some constant, and define S, := Sy +ZZ:1 Xk, n € N. Let § denote the natural filtration
for S. Then the process D = (D,, : n € Z), given by

Dy =0, Dy =Y  E[Xg|Fr], n€N.
k=1

18 the unique process satisfying all of the following conditions:
1. Dy =0
2. Dpy1 € Fp foralln e Zy.
3. (Sp — Dy, :n € Zy) is a martingale.

As an example, let’s suppose that (X, : n € N) are IID with expectation p. Then D,, = nu and
s0, S, —np is a martingale. Ok, so what about (52 : n € N) in this case? Let’s further assume p = 0,
so that S is a martingale. We have

E[572L+1|]:n] = E[(Sn + Xn+1)2|]:n]
=52 +25,0+ E[X2, ] > S2.
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Therefore (S2 : n € Z,) is a submartingale. Similar analysis reveals that the process M = (M,, : n €
Zy)
M,:=S8:— > E[X}], n€Z,
1<k<n

is a martingale. In other words, the sub-matringale (S2 : n € Z, ) has a representation of the form

5727, = M, + Z E[Xlz]a
1<k<n
a martingale plus a non-decreasing process. As we will see later, any submartingale has a decomposition
as a sum of a martingale and a non-decreasing process (both may be random!).

“The” Martingale

Here’s a game we’re playing. Each round you bet some nonnegative amount b on Heads. I toss a fair
coin. If it lands Heads, I pay you b. If it lands Tails, you pay me b. We repeat. Is there a way for
you to guarantee a win? Let’s first analyze. If b, is the amount you bet in the n-th round, then your
net gain after that round is b, or —b,, each with probability 3. Letting (X, : n € N) be IID with
PX,=1)=PX,=-1)= %, then your net gain after n rounds, M,,, is given by

M() = O, Mn = Zkak = Zbk(Sk — Sk,l),n c N7
k=1 k=1
where Sp := 0 and for n € N, S,, := >}_| Xj. Let § be the natural filtration for S = (S, : n € Zy).
When is the process M := (M,, : n € Z;) a martingale? Let’s see.

E[Mn+1|]: = n] = M, + E[bn+1Xn+1|]:n]'

It we could “pull out” b,,41, then the fact that X, is independent of F,,, to conclude that M is a
martingale. We can do that if b,,41 € F,,. Namely, the amount we bet depends only on the events
prior to the coin toss following the bet. Very reasonable! We can only bet based on what we’ve seen,
not what hasn’t happened yet... One concrete example is b,, = 1 for all n € N. But there many other
choices.

Thus, in what follows we will assume that b,, € F,,_1 for all n € N, in which case M is a martingale.
In particular, E[M,] =0 for all n € N. Is it a fair game then?

Not quite. There is a way for you to pick (b, : n € N) so that you guarantee a win no matter what.
Pick b; := 1, and continue inductively,

2b, X, =-1
bn+1 -
0  X,—=1or M, >0.

In words: if you lose, you keep doubling the bet, until you win for the first time and then you don’t bet
anything, effectively exiting the game. This betting system is called the martingale (what martingales
are named after).

Let’s find your net gain with this betting system. There are two cases to consider:

1. Xy =1,80 M; =1, and so b = b3 = --- = 0, that is, you exit the game after one round with
net gain 1.

2. X; = —1. Your keep losing until round N, the first satisfying Xy = 1. Your net gain at the
conclusion of round N is then —1 — 2! — 2(¥=2) for rounds 1,..., N — 1 which you lost, plus
2N=1 for game N which you won. Add these two together, to get a net gain of 1. After the N-th
round you keep betting 0, effectively existing the game.

Bottom line: You can guarantee a net gain of 1. Note that there’s some interesting discrepency. While
E[M,] =0 for all n, M,, =1 for all n > N. In particular E[My] = 1. So the game is not fair.

Not quite. To be able to implement this strategy, you need to bet a total of 142+ - -+2V "1 = 2N _1,
This amount has to come from somewhere. The random variable IV is a Geometric RV with parameter
3, and therefore the expected value of the amount you need to bet to guarantee a win is E[2" —1] = ooc.
Why is this expectation relevant? If you want to replicate this game n times, then the law of large
numbers says that the amount you’ll need to bet per game until a win will eventually exceed your

fortune, so eventually... you’ll go bankrupt playing the game.



5.2. MARTINGALES 69

Polya’s Urn

An urn initially contains r red balls and g green balls. Each unit of time we sample a ball from the urn
uniformly, and return it along with an extra ball of the same color. Let R,, denote the proportion of
red balls in the urn after the n-th sample (meaning Ry := ﬁ, as we haven’t sampled yet). As usual,
let’s consider the natural filtration for the model. We will show that (R, : n € Z;) is a martingale.
Let S, denote the number of red balls in the urn after the n-th sample, then S, = r + >, _, I,
where I is the indicator of k-th sample was red. Now because Fy is a finite sigma-algebra, we can
calculate the conditional expectation E[Ij|Fi_1] quite easily. Note: we’re cheating and will calculate
E[Ik|Sk—1] instead. Let’s find E[I;|Sk—1 = p]. Conditioning on Sx_1 = p ( note: number of balls in
the urn at the same time is p/(r + g + k — 1)), the probability of I = 1 is p/(r + g + (k — 1)), and
I, = 0 with the remaining probability. Therefore, E[I}|Sx—1 = p] = p/(r + g+ k — 1). In other words,
Sp = S0 Sk1/(r+ g+ (k—1)) is a martingale. In other words, (r + g + n)R, — Y p—o Ry, is a
martingale. Let’s see what this means,

n n—1
El(r+g+n+1)Ru1 — ZRk‘}-n] =(r+g+n)R, — ZRk]‘
k=0 k=0

Or, after moving »_)'_, Rk, which is F,-measurable to the righthand side, and taking care of the
resulting cancellations:

Elr+g+n+1)Rpt1|Fn]=0+g+n)R, + Ry,

Divide both sides by (r + g + n) to obtain E[R,t1|Fn] = R,. That is (R, : n € Z4) is a martingale.
Note that R, is not a partial sum of RVs, despite the fact that we proved that it is a martingale
by using techniques for partial sums.

Exercise 5.2.2. Show directly that (R, : n € Z4) is a martingale.

Branching Process

At time zero we have a population of, say, 1. We continue inductively. Each member of population
at time n gives birth to a random number of individuals with some fixed distribution, independent
of anything else, and dies. The population at time n 4+ 1 is the sum of all these individuals. More
precisely,

Zn
ZO = ]-7 ZTL+1 = E Bn+1,k‘7
k=1

where (B, k, m,k € N) are IID Z -valued RVs. Note that if Z,, = 0, then Z,41 = 0. That simple.
Let’s assume E[By 1] = p € (0,00). By conditioning on Z,,, we obtain

E|Zpsr|Fn) = 1y,

Therefore a quick calculation reveals that (Z,,/u™ : n € Z,) is a martingale. Clearly, (Z,, : n € Z) is
a martingale. Though the analysis is similar to what we would do for products of independent RVs,
the structure is very different.

5.2.2 The Martingale Transform

We define a discrete version of an integral where the integration is with respect to a martingale, a
sub-martingale or a super-martingale. One key property of this operation is that it allows to create
new (sub- or super-) martingales from existing ones, and among other benefits, will allows us to control
them. We already introduced a special version of it in the previous section when we described the
gambling system.

Definition 5.2.3. Let § := (F, : n € Z4) be a filtration, and M = (M, : n € Zy) an adapted
process, and H := (H,, : n € N) a integrable process satisfying H, € Fn_1 for all n € N. The integral
transform of H with respect to M is the process H - M defined as follows:

(H-M)o:=0, (H-M)y:=> Hp(Mp— My_y).
k=1
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You can think of this as the analog of an integral of the form fon HdM?”. An intuitive way to parse
this integral transform is as follows. M, represents the value of a stock at the end of the n-the trading
period, and H,, represents the number of stocks purchased at the beginning of the n-th trading period,
and therefore can only depend on information from the previous trading periods. If at the beginning
of the n-the trading period we purchase H,, units of stocks at the price M,,_1, then sell them at the
end of the period, our net gain at the end of the period is H, (M, — M,,—1). Our net gain from the
first n periods is then (H - M),, = > ,_, Hy(M,, — M,,_1). The key observation is the following:

Proposition 5.2.3. Let §, M and H be as in definition 5.2.53. Suppose that sup,, |H,| < oo a.s. Then
1. If M is a martingale, H - M is a martingale.
2. If Hy, > 0 for alln € N and M is a sub- or super-martingale then H - M is sub- or super-
martingale, respectively.
5.2.3 Stopping Times

Stopping times are Z, U{oo}-valued random variables which have an adaptability property. A stopping
time should be viewed as a time representing the appearance of some event, like winning (or going
bankrupt) in a game of chance. A key observation allowing to control martingale is the fact that a
(sub- or super-) martingale frozen after a stopping time remains a martingale. This allows to control
martingales and prove convergence and other results.

Definition 5.2.4. Let § be a filtration. A random variable T taking values in Zy U {oco} is called a
stopping time if for alln € Zy, {T < n} € F,.

Example 5.2.2. Let M be a process equipped with its natural filtration.

1. T := 10 is a stopping time, because {T" < n} is either empty of ), events which belong to any
o-algebra.

2. T :=inf{n € Zy : M,, > 0}, the first time M, is nonnegative, is also a stopping time. Indeed,
{T' <n} ={T >n}°=N7_o{Mi <0}, a finite intersection of events in F,.

3. Let T be as before and define S := inf{n > T : M, < 0}, the first time after T the process is
strictly negative, is also a stopping time. This requires a more elaborate proof. As before, we look
at the complement of {S < n}.

{S>n}={T>n}U{T <n,S>n}
The first event is in F,. We turn to the second. We write it as a union.
{T'<n,S>n} =Up_o{T =k}n (N {M >0}).
Again, this is a union of intersections of events in JF,.

4. Let’s suppose My = 0 and let T := max{n < 10 : M,, < 0}. That is, T is the last time before
time n the process is nonnegative. The event T =1 is then {M; > 0} N (N}_,0M}, < 0}. With
the exception of some freak processes, this is not an event in Fi. Think about it. By observing
the process up to time 1 you cannot tell if that was the last time it was nonnegative. You simply
have no sufficient information...

Note the following simple observation.

Proposition 5.2.4. Let § be a filtration and let T be a Z4 U {oco}-valued random variable. Then T is
a stopping time if and only if {T =n} € F,, for alln € Z,.

Exercise 5.2.3. Prove the proposition.
Here are some very easy and basic properties of hitting times.

Proposition 5.2.5. 1. For any constant ¢, T := c is a stopping time.
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2. If T and S are stopping times, then T + S is a stopping time.
3. If (T}, : n € N) are stopping times, then inf,, T,, and sup,, T,, are stopping times.
Exercise 5.2.4. Prove the Proposition.

Suppose that M is adapted to the filtration §. For a borel subset B of R define 75, the hitting
time of B as follows:
T :=inf{n € Z; : M,, € B}.

Then 75 is a stopping time. Indeed, for every n € N, {rg > n} = N}_,{M,, € B} € F,.

Stopped Processes

In this section we fix a filtration §, an adapted process M and an a.s. finite stopping time T

Definition 5.2.5. The stopped process M1 := (MI € Z,) is the process defined by MI = Mg,
n e Z+.

Thus M7 is basically the process M, but frozen at time 7. An example would be the following: M
describes the net gain of a player in some game of chance and T is the time the player quits the game
(e.g. whenever my net gain is negative). So the net gain remains constant remains constant after the
player quits the game.

Proposition 5.2.6. If M is a (sub- or super-) martingale so is M” .

The proof is a simple application of the integral transform.

Proof. Let Hy, := 1{p>p). By Proposition 5.2.3 the process Mo + H - M is then a (sub- or super-)
martingale. However, this process is equal to

Mo+ Y Hy(My—M1)=Mo+ > (My— My 1)=Mran.
1<k<n 1<k<TAn

Let’s put this into use.

Example 5.2.3 (Simple Symmetric Random Walk). Let X € Z, (X,, : n € N) IID with P(X; =
1)=P(X;=-1)= % Define the simple symmetric random walk on Z starting from x as the process
S=(Sp:ne€Zy) with Sy :=x+> ., Xi. Then S is a martingale.

For y € Z, define -

Ty = mf{n S Z+ . S’n = y}7

the hitting time of {y}.

Now pick a,b € Z with a < x < b, and define Top, = Ty ANTy,. We first show that P(T, < 00) = 1.
Let L > b — a. Therefore for every n, on the event Ay 1 = {Xn, = Xpy1+ -+ Xptr = 1}. Then
on An.n, Sner — Sn > (b—a). In particular, {T,, = co} NU  Agr. = 0. But P(U2 Agr,n) =
1= P(M2,Afyp ) = 1= (1=27%)> =1. Thereforfe, P(Tyap = 00) = 0.

With this let’s consider the martingale STav. As Top < 00 a.s. we have that lim, oo ST, \An =
St,, a.s. But since a < St,, < b, it follows that |St, | < |a| + |b], and it follows from dominated
convergence that lim, o E[ST, ,an] = E[ST, ,]. Now, because of the martingale property, the lefthand
side is equal to E[So] = x. In other words,

Xr = E[STa,b]'

But the righthand side is aP(Typ = Ty) + bP(Typ =Tp). Let o := P(Typ = Ty) = P(T, < Tp). Then
have © = aa + (1 — a)b. Doing the algebra, we obtain

b—=z
b—a

P(T, < Ty) = (5.2.1)
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Neut, let’s find E[T, ). Clearly, (Si—n :n € Z( is a martingale, Therefore so is (57, T pAn:

n € Zy). In particular,

AR
E[S’%’a,b/\n] - E[Ta,b A TL} = (E2,

(the righthand side obtained by taking n = 0). Rewriting, we have
E[Top An] = E[S7, , nn) — 2%

Now take n — oo, and apply monotone convergence to the lefthand side and dominated convergence to
the righthande side (7, ., < a*+4b?), to conclude

E[T.;) = E[S%, ] — 2*.

The expectation on the righthand side is equal to a*P(T, < Ty) + b*P(Ty, < T,), and therefore, using
(5.2.1), we conclude that the righthand side is a quadratic polynomial of x with leading coefficient equal
to —1. Yet, if t = a or x = b, the lefthand side is equal to 0. Therefore we proved:

ElT,p] = (x —a)(b—2) (5.2.2)

Long live martingales.

5.3 Doob’s Upcrossing and Convergence

The next topic we will discuss is a.s. convergence. This is all based on a clever observatrion and the
integral transform. Let M be a process adapted to §. Let a < b be real numbers. Define T := —1
and define inductively a sequence of stopping times as follows:

T2k+1 = mf{n > Top : M, < a}, ke Z+Tgk+2 = mf{n > T2k+1 M, > b}, ke Z+

That is, T7 is the first time M is less than or equal to a, T5 is the first time after 77 that the process
crosses the interval [a, b], and so on. We define U,,, the number of upcorssings of [a, b] up to time n as

U, := max(sup{k : Tox < n},0). (5.3.1)

Our first goal is get upper bounds on the expectation of U,,. This will be used control the oscillations
of M, and eventually resulting in a convergence result. We have the following;:

Theorem 5.3.1 (Doob’s Upcrossing Inequality). Let M be a submartingale, a < b real numbers. Let
U, be as in (5.3.1). Then
E[(My, — a)4] — E[(Mo — a)+]
b—a '
In other words, the number of upcrossings can be controlled by the expected value of (M,, — a)+.
We will put that in use very soon, but let’s first prove this beautiful result.

EU,] <

Proof. The first step is a reduction. The sequence of times (7} : | € Z,) is not changed if we replace
M and a,b by M — a and 0,b — a, respectively. The same applies if we replace the submartingale in
the latter by the submartingale (M — a)4, Proposition 5.2.1. We will therefore proceed working with
the latter, which wed denote by M.

(oo}
Hm = Z 1{T2k+1<m§T2k+2}’ m & N
k=0

Each of the events in the indicators we sum over is an intersection of two events in F,,_1. Therefore
H - M is a sub-martingale. We have

(M, — )y — (Mo — ) == (H - M), + (1 — H) - ).

As both summands on the righthand side are sub-martingales equal to zero at n = 0, taking expectation
we have

E[(My —a)+] = E[(Mo — a)+] == E[(H - M),] + E[(1 — H) - M),] > E[(H - M),] + 0.
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Where the inequality was obtained by replaced the expectation at time n with the expectation at tome
0. In addition, (HM),, > (b — a)U,, because each completed upcrossing contributes at least (b — a).
For incomplete or between the completion of an upcorssing and before the beginning of a new one, the
contribution is always nonngative, and so E[(H - M),] > (b — a)E[U,], completing the proof. O

Theorem 5.3.2 (Doob’s Sub-Martingale Convergence Theorem). Let M be a sub-martingale satisfying
sup,ez, El(My)+] <oo. Then limy, o My, evists a.s. and is an integrable RV.

Proof. (M, : n € Zy) converges in the extended real line if and only if lim inf M,, = limsup M,,. The
negation of this statement is lim inf M,, < liminf M,,. Equivalently, there exists some rationals a < b
such that liminf M,, < a and limsup M,, > b. Implying that for some rational a,b, M upcrosses [a, b]
infinitely many times. We show that the latter event has probability zero. It is enough to show that
if a < b are rationals, the number of times the process upcrosses [a, b] is finite a.s.

The proposition implies that E[U,] < E[(M,, — a)+]/(b — a). However, M,, —a < M,, + |a|, and
because the function x — x is nondecreasing and x < z for all z, we have (M,,—a)y < (M, +|a|); <
(M) ++]a|. Now let Uy := limy,— 00 Uy, the number of upcrossings of the interval [a, b]. By monotone
convergence E[Uy] = lim,_, E[U,] < sup W < 00. Therefore Uy, < 00 a.s.

We therefore proved that lim,, ., M, exists a.s. in the extended sense. Denote the limit by M.
By Fatou, liminf, . E[(M,)+] > E[(Mx)+]. In addition, E[M,,] = E[(M,)+] — E[(M,)-] > E[My].
Therefore, E[(M,)-] < E[(M,)+] — E[My], applying Fatou again, we conclude that E[(M)_-] <
0. O

The first application is the following:
Corollary 5.3.1. Let M be a nonnegative super-martingale. Then lim,, ., M, exists a.s.

Proof. Let —M is a non-positive sub-martingale and hence its positive part is identically zero. The
result follows from the Theorem. O

Now for some examples. The first two were introduced in Section 5.2.1

Example 5.3.1 (Polya’s Urn). We saw that R,,, the proportion of Red balls after n samples, is a
martingale. Since R, < 1, it follows from the theorem that it converges a.s. One interesting observation
is that unlike the law of large numbers, the limit is not a constant (unless initially all balls in the urn
are of the same color).

Example 5.3.2 (Branching Processes). Recall that p is the expected number of birth for an element
of the population and that X,, is the size of the population in generation n. We saw that X, /u™ is a
martingale.

Suppose that p is either < 1 (the critical regime) or =1 (the subcritical regime). In the latter case
we will exclude the case that a member of the population has exactly one birth with probability 1.

Since X, /u™ is automatically a nonnegative super-martingale, it converges almost surely (this is
true for all positive values of ). In the subcritical case, the denominator converges to zero, and
therefore the ratio has a limit if and only if the numerator tends to 0. But as X, is integer valued,
it tends to zero if and only if it is eventually equal to zero. Therefore, the process hits 0 a.s. (and
stays there forever). In the critical case lim, o X,, exists a.s. Since the process is integer valued, the
convergence means that it remains constant eventually, or, there exits ¢ € Z4 and n € Z4 such that
Xntm = ¢ for allm € Zy. But for ¢ # 0, and for any n € N, the event NS°_y{ X, + m = ¢} implies
that each of the ¢ elements in the n-th generation has exactly one birth, and then again for each of the
c elements in the n + 1’th generation, etc. In other words it an infinite intersection of independent
events, all with the same probability which is < 1. In other words, the event has probability zero. This
leave ¢ = 0 as the only candidate for the limit.

5.4 Optional Stopping

Proposition 5.2.6 guarantees that a stopped (sub- or super-) martingale remains as such. Optional
stopping goes one step beyond. Let’s assume for the sake of the discussion that M is a martingale
and so, the proposition implies that the stopped process M is also a martingale. What else can
we ask for? A closure, intuitively, including the “last time” n = oo to our stopped martingale, and
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making the resulting process indexed by Z, U {oo} a martingale. Specifically, a result of the form
E[M7|F,] = Mra, =. This condition clearly does not always hold. For example, if we consider the
simple symmetric random walk of Example 5.2.3, starting from = = 1, then P(T} < o0) > P(Ty <
Ty) =87 — 1. And so T < oo a.s. As a result, Sg, = 0, and E[Sq,|F,] = 0 for all n. But Span
is a non-degenerate RV for all n. Specifically for n = 1 we have St rn, = S1 which is equal to 0 and
2 with probability % each. In fact, the fact that S0 is a martingale implies E[Spyan] = E[So] = 1.
Bottom line, we need some additional conditions...

Let T be a stopping time. What are the events we can determine whether occurred or not by
only observing the process up to time 7?7 Mathematically, any event A with the the property that
AN{T = n} € F, for all n. That is, if T'= n, then our information up to that time, namely F,, is
sufficient to determine whether A occurred or not. This leads to a definition.

Definition 5.4.1. Let T be a stopping time with respect to the filtration mathfrakF. The sigma-
algebra of events determined by time T, Fr, is defined as

Fr={AeF:AN{T =n} € F,, for alln € N}.
Exercise 5.4.1. Show that Fr defined above is a sigma-algebra.

Note that when T is deterministic, that is for some n € Z, T = n a.s., Fr = F, (as mentioned
a long time ago, all of our sigma-algebras are complete with respect to the underlying probability
measure), so this notion really extends the filtration to indexing by stopping times. To state the
optional stopping theorem, we need an additional assumption. Recall the definition of a uniformly
integrable sequence of RVs, Definition 3.3.1. Though there we indexed the RVs by N, the definition
naturally extends to the index set Z, , which is the one we use here. A sub-martingale M which is also
uniformly integrable automatically satisfies the conditions of the sub-martingale convergence theorem,
Theorem 5.3.2 and therefore M, := lim,, o, M, exists a.s. and M is integrable. By Vitali’s theorem,
Theorem 3.3.1, the limit also holds in L!, that is lim,, o E[|M,, — M|} = 0. With this, we are ready
to state the optional stopping theorem.

Theorem 5.4.1. Let M be a uniformly integrable sub-martingale and let S < oo a.s. be a stopping
time. Then Mg is integrable and E[My|Fs] > Mg a.s.

Corollary 5.4.1. Suppose that M’ is a sub-martingale and that S < T < oo a.s. are stopping times
and M'" is uniformly integrable. Then MY is integrable and E[M5|Fg] > M§ a.s.

Note that if M is a martingale, then it is a sub-martingale and —M is also a sub-martingale, and
therefore, if we assume in Theorem 5.4.1 or Corollary 5.4.1 that M is a martingale, then the inequalities
become equalities.

Word of warning: as we saw in the example opening this section, integrability of My does not
imply that M7 is uniformly integrable.

Proof of Corollary 5.4.1. Let M := M'". Then by assumption M'T is UI and M}y = lim, o0 M,
Thus, the theorem gives E[My|Fs] > Mg. The lefthand side is E[M/|Fg] and the righthand side is
Mg. O

Proof of Theorem 5.4.1. Let A € Fg and let n € Z

E[M,, Al =Y E[M,, An{S =k}| + E[M,,An{S > n}].

n

k=0
For k <n,
E[M,,AN{S =k} > E[My, AN{S =k} = E[Ms, AN{S = k}].

Therefore,

> E[M,,An{S =k} = E[Ms, AN {S < n}].

k=0
Thus,

E[M,, Al > E[Ms, AN{S < n}]+ E[M,,An{S > n}]. (5.4.1)

We will now squeeze (5.4.1) to obtain what we need to complete the proof.
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1. Let A :={Mg > 0}, and then let n — oo in (5.4.1). Then the uniform integrability (on lefthand
side and second summand on the righthand side) and choice of A, and monotone convergence
(right summand on righthand side) to conclude:

E[Mw, A] > E[(Ms) 4]
. Therefore E[(Mg)+] < occ.

2. Apply (5.4.1) to the sub-martingale M’ := ((M,,)+ : n € Z) and the stopping time S’ := SAN
for some N € Z;. Thus, for A € Fgr and n = N, (5.4.1) reads

E[(My)4, A] 2 E[(Ms')+, A].
In particular, letting A := 2, we have

E[(My)+] = E[(Msan)+]-

We use these two facts to prove that Mg is integrable. As the first gives E[(Mg)4] < oo, it remains to
prove E[(Mg)_] < oo. Use the sub-martingale property of the stopped martingale M5V to conclude
obtain E[Mg] < E[MS/\N] = E[(MS/\N)+] — E[(MS/\N)_], and so

E[(Msn)-] < El(Msnn)+] = E[My] < E[(My)+] - E[My),
where we have used the second fact to obtain the second inequality. Therefore, by Fatou,

B[(Ms)-] < sup B[(My) ] = E[Mo] < oc.

Thus Mg is integrable. Now return to (5.4.1) for the third time, and take the limit as n — oco. Vitali’s
convergence theorem, Theorem 3.3.1 gives that the lefthand side tends to E[My, A]. Also, UI and
Proposition 3.3.3 gives that the second summand on the righthand side tends to zero. Finally, the
integrability of Mg and the dominated convergence theorem give that first summand on the righthand
side tends to E[Mg, A], completing the proof. O

We need some sufficient conditions for uniform integrability. Here is one result in this direction.

Proposition 5.4.1. Let M be a sub-martingale and T < oo a.s. a stopping time. Let K > 0. Then
each of the following implies that MT is uniformly integrable.

1. T<K.
2. E[T] < o0 and |My11 — M| < K.

Proof. In the first case we have that MT = (Mg, M1, ..., Mg, Mg, ...). That is, M has at most
K + 1 distinct elements. Any finite collection of integrable RVs is uniformly integrable. In the second
case, |Mrp,| < TK, an integrable RV and therefore M is uniformly integrable. O

It is worth also noting the following.

Proposition 5.4.2. Let M be a Ul sub-martingale and let T < oo a.s. be a stopping time. Then MT
is UL

Proof.

ElMranl, |Mranl > M) € B[ Mpaal{T < N} O {[Myanl > MY + E[M,|, T > N].
Let ¢ > 0. By Proposition 3.3.3, there exists N’ = N’(e) such that sup, E[|M,|,T > N] < ¢/2
provided N > N'(e). As for the first term on the righthand side, it is bounded above by

N
Z EHM"?/\n'? |Mk:/\n‘ > M]
k=0
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As each of the RVs My, is integrable, there exists some M’ = M’(N, €) such that this sum is bounded
above by €/2, provided M > M’. Therefore, freezing N > N, and M > M’ we have

SupE[|MT/\7L|a ||MT/\n‘ > M] < 6/2 + 6/2

In particular,
lim sup E[|Mpanl, ||Mran] > M] <€
M—oo p

As € is arbitrary, our work here is done. O

Example 5.4.1. Suppose that M is a martingale, representing the net gain in some (fair) game of
chance indexed by the number of rounds, so My = 0. Let’s also assume that the number of rounds
cannot exceed some deterministic number K. The player is allowed to pick any exit strategy, that is,
will quit the game at some stopping time S < N. The optional stopping theorem then asserts that
E[Mg|Fs] = Mg. Therefore, E]Mg] = E[Mg]| = E[My] = 0. In other words, no strategy can improve
the expected net gain. In other words, under this condition on the number of rounds (one can place
more elaborate conditions, depending on the martingale), the game remains fair. One example where
the uniform integrability is violated is of the ”Martingale” of Section 5.2.1, where we found a strategy,
namely a stopping time, which guarantees a win, despite the process being a martingale.

5.5 Doob’s Maximal Inequalities

The last section showed us that sub-martingales can be stopped. But here we say, not yet! They
also exhibit some very powerful and useful maximal inequalities, inequalities which allow to control
the running maxima of the process. We will present two types of maximal inequalities, one Doob’s
maximal inequality, is a Markov-type inequality, and the second, Doob’s LP maximal inequality gives
bounds on moments.

Theorem 5.5.1. Let M be a submartingale and let A\ > 0. Then for every n € Z.

> < > Al
)\P(Orgnka%(n M >\ < E[(Mn)Jr,OrSnI?é(n My, > A

Proof. Let A be the event in question, and let S = inf{k € N: M} > A}. Then A = {S < n}. First,
E[(Ms)+,S <n] > E[Mg,S <n] > AP(S <n) = AP(A). We now obtain an upper bound on the
expression on the left. Use the sub-martingale property to obtain

E[(Mg)1,S <n]=> E[(M)y, S =k <> E[(My)y,S =k =E[(My)s,S <n.
k=0 k=0

Putting it all together, we have AP(A) < E[(M,)+, 4], as desired. O

An easy corollary is Kolmogorov’s Maximal inequality 3.5.1.

Example 5.5.1. Set Sy := 0 and let S1,55,... be as in Theorem 3.5.1. Then the process S is a square
integrable martingale, and therefore S? := (S2 : n € Z,) is a nonnegative sub-martingale. Let x > 0.
Then Doob’s mazimal inequality with M := 82 and X\ := 22 gives

> < 21
x P(Orgggnsk %) < B[S}]

But the event on the lefthand side is {maxy—¢..., |Sk| > x}, and the result follows.
We now turn to Doob’s maximal L? inequality. Here is the statment

Theorem 5.5.2. Let M be a submartingale and p > 1 satisfying E[(My,)%] < oo. Let M} :=
maxogkgn(Mk)+. Then
p

p—1

E[(M7)] < (

n

JPE[(My)5].



Example 5.5.2. Let S be as in Example 5.5.1. Then

2 2
Ef max |S|"] < 4E[S,).

Proof. The proof is an application of Doob’s maximal inequality. We need take every bit of information
from the righthand side in the inequality, in particular, the integrability of (M,, )% . To simplify matters
we observe that if we all Doob’s inequality t the sub-martingale M, it reads

P(M} >\ < AN 'E[(M,)y, M} > ). (5.5.1)

Next, we recall that for a nonnegative RV, Z, we have
oo — /p oo
E[Z°] = / P(zP > 2)d: V= / P(Z > NpAP~Ldt.

0 0

Fix some K > 0. Then taking Z := M* A K and observeing that P(Z > K) = 0, we have
K
BN AKY)< [ POL = Nax
0

as for A < K, M AK > X\ if and only if M} > A. We inserted K because we do not know that (M)P
is integrable, yet. Next, we plug (5.5.1) into this, and the rest is a general argument that has nothing
to do with martingales, just convexity. Let’s go.

K
M@QAKWSPA X 2E[(My) 4, M > AldA.

Using Riemann sums, we can exchange the integral and expectation to rewrite the righthand side as

K MANK
PRI [ Uy M0~ = o) [ et
0 0

= Bl (M A K.

Therefore,

BI(M; A K)P) < 2 BI(M) (M A K

To finish, we first apply the Holder inequality (Assignment #2, Problem 7, with X := (M,);, Y =
(M} A K) and p := P) to obtain

E[(My)+ (M} AK)) < B[(M,)2 ] P E[(M;; A K) P~ D)3,

= =1 In particular, ¢(p — 1) = p, and so

where 1 =1 -1
q p p

B{(M; AKY] < P BI04} EIOL A K]S,

If the lefthand side is zero for all K there is really nothing left to prove, otherwise, pick K large so
that the lefthand side is strictly positive, to then obtain

E[(M;; A K)P]» < ——B[(My)]>.

Now raise both sides to the power p and take K — oo and monotone convergence to complete the
proof. L

7



Assignment 1

10.

Show that the Borel o-algebra on R?, B(R?), is the product o-algebra B(R) x B(R).

. Complete the details in the discussion below Proposition 1.2.5 showing that the product o-algebra

on {0,1}% is not the power set.

Let (un : n € N) be measures on a o-algebra F. Show that > ° | u, is a measure. We'll return
to this later. You’ll appreciate the monotone convergence theorem...

Let 41 be a Borel measure on R. The support of p, Supp(p), is the set {z € R: u((z —e,z+¢€)) >
0 for all € > 0}.

(a) Show that Supp(p) is closed and that its complement is {x € R : pu((z — e,z +€)) =
0 for some € > 0}.

(b) Find probability measures with the following supports: {0}, Z and {0} U[1,2]. All must be
expressed in terms of objects we discussed in class or in this assignment.

Let = € R. Define 6, : B(R) — {0,1} by letting

reA
%a(4) = {é x ZA

(a) Show that J, is a probability measure. This measure is known as the Dirac delta measure.

(b) Show that any Borel probability measure P on R with finite support is a convex combination
of delta measures. That is, there exist n € N, ¢q,...,¢, > 0 with Z?:I c¢; = 1 and
Z1,...,%, € Rso that P = Z?=1 €0z,

Recall that the completion of a measure space (€2, F,u) is a measure space (Q, F, i), where
F:={AUN : AN e F,u(N)=0and N' C N} and i(AU N) := u(A). Prove that F is a
o-algebra and that i is well-defined and a measure on F.

Let A be an algebra and let P be a probability measure on o(A). Prove the following “approxi-
mation” result: for every B € o(A) and every € > 0 there exists A € A such that P(AAB) < ¢
(recall that AAB := (A — B)U (B — A)).

Let P be Borel probability measure on R. Recall that the distribution function of P is the
function F(x) = P((—o0,x]). Prove that the distribution function uniquely determines P (that
is, if @ is a probability measure with distribution function F, then Q = P).

Let P be a Borel probability measure on R and let F' be its distribution function.

(a) Prove that
i. F' is non-decreasing, right continuous and has left limits.
ii. limy 0o F'(z) =1 and lim,_,_ F(z) = 0.

(b) For < —o0 < a < b < 00, express the probability of each of the following intervals in terms
of the distribution function: {a}, (a,b], (a,b), [a,b), [a, b].

Suppose that F': R — [0, 1] is a function satisfying the conditions listed in the previous question.
For y € (0,1), let G(y) = sup{z : F(z) < y}. Show that the pushforward measure m¢ is a Borel
probability measure on R with distribution function F. To do that, examine the intervals of the
form {y : G(y) < z}.



Assignment 2

1.

(a) Let (an,m : n,m € N) be an infinite array of nonnegative numbers. Use the MCT to prove

m=1n=1

Hint. Let u be the counting measure on N. For n € N, define the RV fy(m) = 25:1 Q-
What is [ fax(m)dp? What is imy a0 [ fy(m)du? What is [limy e fa(m)du?

(b) Use the result from the first part to redo Problem 3 from Assignment #1.
Prove Theorem 2.5.2.

Let f(z) = >0 anx™ be a power series. Assume that the coefficients (a, : n € N) are
nonnegative and decreasing to 0 and that the radius of convergence of the power series is 1. Use
the MCT to show that

o0

lim (@) = 3 (1"
n=0
Let f : [0,00) — [0,00) be Riemann integrable, satisfying fooo f(t)dt = 1, and suppose further
that [~ 2 f(z)dz < oo. For t > 0, define

o(t) :== /000 e f(x)dw

Prove, using the DCT, that ¢'(0+) exists and is equal to — [z f(x)dz. both terms on the
righthand side are finite.

Jensen’s Inequality. Let U be an open interval in R. Recall that a function ¢ : U — R is
called convex if for any z,y € U and A € (0,1), p(Az+ (1 — AN)y) < dp(z) + (1 — N)p(y). Among
other properties, convex functions are continuous, and therefore Borel measurable.

Let (Q, F, P) be a probability space.
Jensen’s inequality states the following. Let ¢ be a convex function and let X be an integrable
RV. Then the expectation of ¢(X) is defined and satisfies
E[p(X)] = p(E[X]).
Prove this inequality and find necessary and sufficient conditions for an equality. Follow these
steps.
(a) Use the definition of convexity to show that for each b,a € R, ¢(b) > p(a) + (b —a)¢’(a+),
where ¢'(a+) = lim.q M eR.
(b) Use the above inequality Wlth b= X and a = E[X] to conclude that E[p(X)] is well defined
and that the inequality holds.
Applications of Jensen’s ineqaulity. You're expected to be familiar with characterization of
convex functions. If you need help, let me know.
In all problems below use Jensen’s inequality in an appropriate setting to prove the claim.

(a) Arithmetic Geometric Means Inequality (AGM). Let n € N, ¢1,...,¢, > 0 and let
Ay Ap € [07 1] with Z?:l >‘j = 1. Then

n n
Aj } :
H Cj S )\jCj.
j=1 j=1

(This can be done directly from the definition - but also describe the relevant probability
space).
In the next parts we assume that (2, F, P) is a probability space and X is a RV.

1



(b) f P(X =0) <1, E[|X|]E[ﬁ] > 1.
(c) For p € [1,00) define | X||P := (E[|X|?])'/?. Show that p — || X || is nondecreasing.

7. Holder’s Inequality. Let (2, F, ) be a measure space. Let p,q € (1,00) satisfy % + % =1
Holder’s inequality states that for RVs X and Y:

[ vau < ([ 1xpaws ([ videt

whenever both terms on the righthand side are finite (this is not necessary, but we want to avoid
0 * oo on the righthand side, which is not really an issue because on this case the lefthand side
is necessarily zero). Prove the inequality by following these steps.

(a) If one of the terms on the righthand side is zero, then the lefthand side is zero.

(b) Suppose both terms on the righthand side are finite and nonzero. Let X’ = X/([ | X [Pdu)*/?
and Y' = Y/([|Y|%du)*/?. Then the inequality is equivalent to | [ X'Y'du| < 1. Now use
the AGM to show that for a,b > 0, ab < %ap + %bq to finish.

(c) State and prove a necessary and sufficient condition for an equality. It’s hidden in your
proof of the previous item.
The case p = g = 2 is called the Cauchy-Schwarz inequality.

8. Consider the infinite product measure with p = % and the coordinate mappings (X, : n € N).

(a) Show that the RV Y :=3 >  27"X, has U0, 1] distribution by identifying its distribution
function.

Hint. Given n € N and z; € {0,1}, j = 1,...,n then there exists some y € [0,1] so that
the event N7_;{X; = z;} is equal to the event {y <Y <y + 27"} almost surely. Use this
to identify the CDF of Y.

(b) Show that you can modify the construction of Y in part a) to obtain an infinite IID UJ0, 1]-
distributed sequence (from the same sequence of coordinate mappings).



Assignment 3

1.

Let (X, : n € N) be independent satisfying P(X,, = n) = P(X,, = —n) = m, P(X, =
0)=1- Show that X,, — 0 in probability but not a.s.

n 1n(4n

Let (A, : n € N) be a sequence of events satisfying P(Ar N Ay) = P(Ag)P(Ay) for k < K
(AKA pairwise independent). Suppose that Y r- ; P(Ay) = oo

(a) Prove lim,, oo % =1 as.

Hint: denote the numerator by S,. Let nj be the smallest index satisfying E[S,,] > k.
Apply Chebychev and Borel-Cantelli along this sequence, and then complete for the full

sequence.
(b) Let (X, : n € N) be IID continuous RVs (the CDF is continuous) and let 4, := {X,, =
max(Xy,...,X,)}. That is, X,, is a “record” value, or: a record is observed at time n.

Prove that P(A,) = * and that (4,, : n € N) are pairwise independent. Let R,, denote the

n

time of the n-th record. Show that % — 1 a.s.

Hint: If X is a continuous RV and Y is an independent RV then P(X = Y) = 0. You
can use this without proof. This reduces all probability calculations into combinatorial
calculations.

Complete the second part in the proof of the Strong Law of Large Numbers.

At time 0 your initial capital Xy is 1. At time n + 1, your capital is X, 41 := R,4+1X,, where
(R, : n € N) are IID nonnegative RVs with finite expectation.

a ow a = converges a.s. to some constant. Lxpress 1t as an expectation or a runction
Show that 12X t tant. E it tation of a functi
of Rl.

(b) Give an example with E[R1] > 1, yet X,, — 0 a.s. When investing, average interest rate is
not a correct measurement.

Let (X, : n € N) be IID with zero expectation. Let Sy, := Y ;_; X}, and let M,, := maxy—1 ., |Sk|
Prove hmn_mo MT =0 a.s. and lim, E[%] =0.

Hint: Use the Strong Law of Large Numbers and Fatou’s Lemma.
Complete the proof of the Glivenko-Cantelli Theorem by following these steps.

(a) Let F' be any distribution function. Let (U, : n € N) be IID UJ0,1]. Let G be the function
from Assignment #2 Problem 10. Then the sequence (X, : n € N) defined as X,, := G(X,,)
is an IID sequence with CDF F'.

(b) Let Fyy be the CDF of the uniform distribution on [0,1], Fys,, the empirical distribution
function for Ui, ...,U,, and F, be the empirical distribution function for Xi,...,X,. To
conclude, express F,, — F in terms of FUn — Fy.

The Strong Law of Large Numbers states that for an IID sequence (X, : n € N), the integra-
bility of X; (X, has finite expectation or, equivalently, E[|X;|] < oo) is sufficient for the a.s.
convergence of the empirical means. We will now show that it is also necessary. Namely: if
E[|X1|] = co then P(lim,, o, X,, exists and is in R) = 0.

To prove assume then that E[|X;|] = co. Now follow these steps:
(a) Show that P(|X,| > ni.o.) =1.

(b) Show that [ X, 41 — X,| > Xetil _ Xal

C ow argue by contradiction assuming lim,_,.c X, exists and is in R on some event wi
N gue b tradicti ing li X t d R t with
positive probability, and use the two steps above to arrive to a contradiction.

1



8. Some Information Theory. Let (X,, : n € N) be IID with finite support S. You should
think of the sequence of the RVs as data transmitted by some source over time (e.g. a rover
on Mars transmitting status signals to earth, S representing all possible signals: error codes,
battery power levels, etc.). For a sequence (si,...,s,) of elements in S, define p(s1,...,Sn)
as the probability of observing this particular sequence in the first n units of time. That is

p(s1,. ..,

sn) = P(X1 = s1,...,X, = s,). In particular, the random variable p(Xy,...,X,,)

gives the probability of the observed sequence.

(a)

Use the law of large numbers to show that
1
—=Inp(Xy,..., Xn)
n

converges as n — oo almost surely to a constant we denote by H, known as the entropy or
information content of the distribution of X;. Express the entropy H as the expectation of
some explicit function of X;. In words, you showed that for n large, with the exception of
a set of “unlikely” sequences, the probability of a sequence of length n is e=*(#+°(1)  Thig
property is called the equipartition property.

Use Jensen’s inequality to show that H € [0,1n S]], and determine necessary and sufficient
conditions for equality to 0 and to |S|.

For p € (0,1] we say that the information content of (X,, : n € N) can be compressed
at a ratio p if for every ¢ > 0 there exists N = N(e, p) such that for each n > N, there
exists a function f, : S — S/#"| and an event A, with P(A,) > 1 — € such that on A,,
(X1,...,Xn) = fn(Xy1,...,X,) is one-to-one. In other words, the bulk of the transmitted
data can be expressed by using sequences which are shorter without loss of information.

Use the equipartition property to prove Shannon’s compression theorem: The infor-
mation content of (X, : n € N) can be compressed at any ratio larger than H/In|S| and
cannot be compressed at any ratio smaller than H/In|S|.



Assignment 4

Note: You must justify your all your steps in all problems below using techniques introduced in this
course.

1. Assume Y,, = Y and X,, — c¢ in probability, where ¢ is some constant. Show that X, Y, = cX.

2. Gumbel Distribution. Let (X, : n € N) be IID Exp()A). Define M, := max(Xy,...,X,).
Show that that (M, —(Inn)/X : n € N) converges weakly. Identify the limit distribution through
its CDF.

3. Let X,, ~ N(0,02), with 02 > 0 for all n € N. Show that X,, converges weakly if and only if
lim,, o, 02 exists and is a nonnegative real number. Identify the distribution of the limit RV.

4. Let U ~ U[-1,1], that is U is uniform on [—31, 1].

(a) Calculate the characteristic function of U.

(b) Use your calculus skills to prove 82t =[] cos(t/2").
(c) Identify the righthand side in (b) as the characteristic function of a series of independent
RVs.

(d) Give an alternative proof to Assignment #2 Problem 8.

5. Let X be a random variable satisfying P(X = 1) = P(X = —1) = 1. Show that X is not a sum

of two independent and identically distributed RVs. Conclude that the function

b(1) = veost if cost >0
" )iy/|cost| otherwise

is not a characteristic function, yet satisfies all the conditions 4.5.1-(1),(2).

Hint: Argue by contradiction, assuming X has the same distribution as Y7 + Y5 where Y7 and Y5
are independent and are identically distributed. Use this to conclude that E[sin(nY7)]? = 1, so

the support of V] is contained in 1 + Z. Show that P(Y = % + k) > 0 if and only if k € {0,1}.

Then show that this implies P(Y; + Y2 = 0) > 0, contradicting the assumption.

6. More on inversion: Point mass. Let X be a random variable with characteristic function ¢.

(a) Use the identity limp e 55 LTT e dt = 140y () to conclude that for all a € R

(b) Let Y be independent of X and identically distributed. Use part (a) to conclude that
P(X =Y) = limr_eo 55 [ [0(8)[2dt.
(¢) Conclude that

z€R,P(X=x)>0
(d) Calculate both sides of the equality above for some discrete random variable which is not a
constant a.s.
(e) Show that if X is a random variable satisfying lim;_, |¢(t)| = 0, then X is a continuous
RV (P(X =z) =0 for all z).

7. Even more on inversion: Integrability and densities. Let ¢ be the characteristic function
of some RV X and suppose that [~ |¢(t)[dt < co. Show that X has a continuous and bounded
density f with respect to the Lebesgue measure given by

f)= /m et 1)t

:ﬂ_oo

by following these steps:



oo

(a) Show that the function R 3 z — 5= [7°e~"#2(t)dt is well-defined, continuous and bounded.

— 00

(b) Apply the inversion formula to obtain that for z > 0

P(X € (0,2)) + P(X € {0,2}) = /0 ’ % L T it () dtde.

State the corresponding statement for negative x.
(¢) Conclude that X has density f.

(d) Give an example of a random variable with bounded density other than normal, and whose
characteristic function satisfies the conditions.

(e) Give an example of a random variable with bounded density and characteristic function not
satisfying the condition.

8. Behavior near zero and moments. Suppose that X is a random variable with characteristic
function ¢ satisfying
1 —
tim 2P0 _ 25 )
t—0 t2/2
(a) Show that F[X?] = ¢% and E[X] = 0.
Hint: First show that X is integrable. Lemma 4.5.2 would be useful. Next show that in this
case 1 — p(t) = E[1 — cos(tX)] + iE[tX — sin(tX)]. Note that the expectation of the real

part of the righthand side is of a nonnegative RV. Use the assumption and Fatou’s lemma
to conclude that E[X?] < oo.

(b) Show that if o2 = 0, then necessarily ¢ = 1.
(c) Use the part (b) to give an example of a function satisfying 4.5.1-(1),(2) but which is not a

characteristic function.

9. One more characterization of weak convergence. Let (X, : n € N) and X be random
variables. Show that one can define RVs (Z, : n € N) and Z all of which are deterministic
functions of a single U[0, 1] RV, with the following properties.

(a) For each n, the distribution of Z,, is the same as the distribution of X,,, and the same holds
for Z and X.

(b) Z, — Z as. if and only if X,, = X.
Hint. Assignment #1 Problem 10.

(c) Fatou’s Lemma. Let X,, = X. Show that for any nonnegative continuous g we have
liminf E[g(X,)] > Eg(X)].



Topics for Essay 1

All references below are from the book: Probability: Theory and Examples, Version 5, 2019-01-11.
You can freely use this book, but you must include at least one other reference. The first topic focuses
on the foundations we covered in the beginning of the course, the second is closely related to laws of
large numbers and the Poisson convergence, and the third is on weak convergence.

Hewitt-Savage Zero-One Law, Sec. 2.5

Define and explain the notion of the exchangeable o-algebra associated with an sequence of identically
distributed RVs. Discuss its connection with the Tail o-algebra, and give concrete examples of invariant
events which are not tail events, at least one not in the book. State and Prove Hewitt-Savage Zero-One
Law, Theorem 2.5.4, with concrete applications, at least one not in the book and which cannot be
done with Kolmogorov’s Zero-One Law.

Occupation Problem, Sec. 2.2.2
Expand Example 2.2.10 to the following:
1. Weak limit for the the number of balls in each box.

2. Strong law of large numbers for the proportion of boxes with k balls for any k € Z..

The Method of Moments, Sec. 3.3.5

Describe the method of moments for weak convergence, including statement and proof of Theorem
3.3.26, at least one application not in the book, and an example showing two distinct distribution with
identical moments and a discussion on why the conditions in the theorem do not hold.


https://services.math.duke.edu/~rtd/PTE/PTE5_011119.pdf

Topics for Essay 2

As with the first essay, all references below are from the book: Probability: Theory and Examples,
Version 5, 2019-01-11. You can freely use this book, but you must include at least two other references.
I’ll be happy to help with references and the work itself.

Large Deviations, Sec. 2.7

State and prove Cramer’s Theorem, Th. 2.7.7. Provide an example for a calculation of the rate
function and give at least one application not in the book.

De-Finetti’s Theorem, Sec. 4.7

Define what an exchangeable sequence of random variables is. Provide some non trivial, not IID
examples (e.g. Polya’s Urn). State and prove De-Finetti’s Theorem, Th. 4.7.9 and Th. 4.7.10. Show
that the conclusion of the latter fails to hold for finite sequences. Find at least one application not in
the book.

Blackwell’s Renewal Theorem, Sec. 2.6

State and prove Th. 2.6.4 and give at least one application not in the book.

Berry Esseen Theorem, Sec. 3.4.4
Warning: A pretty technical project. State and Prove Th. 3.4.17. Present at least one application.

Local Limit Theorems, Sec. 3.5

State and prove Th. 3.5.2, and either Th. 3.5.3 or 3.5.4. Provide at least one application.

Stable Laws (Distributions), Sec. 3.8
State and prove Th. 3.8.2 and Th. 3.8.8, and give at least one example from the book.


https://services.math.duke.edu/~rtd/PTE/PTE5_011119.pdf
https://services.math.duke.edu/~rtd/PTE/PTE5_011119.pdf

Assignment 5

Note: You must justify your all your steps in all problems below using techniques introduced in this
course.

1.

Let X := (X, : n € Z) be a stochastic process. Suppose that (A : k € N) are Borel sets of R.
Define T := inf{n € Z; : X,, € A;}. Continue inductively, letting Ti41 := inf{n > T} : X, €
Ag41}. Show that (T} : k € N) are all stopping times.

Martingales with Bounded Increments

(a) Suppose that M is a martingale with the property that for some C' > 0, sup,, |Mp4+1—M,| <
C a.s. Prove that that event {lim,,_,o, M, exists in R}U{liminf, ,, M,, = —o0,limsup,,_,., M,, =
oo} holds a.s.

Hint: For K € N, let 7_; = inf{n € Z : M,, < —K}. The martingale (M;_,rn : 1 € Z4)
is bounded below. Apply the convergence theorem to conclude that it converges a.s. Thus
on {liminf M,, > —oo}, lim, o M, exists a.s. Prove an analogous statement regarding
{liminf M,, < co}. What is the complement of the union of these two events?
Applications

(b) Use the results above to prove that the simple symmetric random walk satisfies lim inf,, o, S,, =
—oo and limsup,,_, ., Sn, = 00, a.s.

(c) Let (A, : n € N) be a sequence of events. Let Fy := {0, Q} and for n € N define F,, :=
o(Ay,...,A,). Let D := {3 E[14,|F,—1] = co}. Show that the following holds a.s. :
on D, {4, i.0.} and on D¢, {4, fo.}. What two results we have extensively used in the
past this extends?

Biased Simple Random Walk

Let z € Z, p € (0,3) and (X, : n € N) IID with P(X,, =1) =p=1—P(X,, = —1). Let Sp :=z
and continue inductively, letting S, 41 := S, + X41. Forany y € Z, let T, = inf{n € Z, : S,, =
y}. Let a,b € Z with a < z < b.

(a) Find p > 0 such that (p°» : n € Z,) is a martingale.

(b) Find P(T, < Ty).

(¢) Calculate E[T, A Tp).
Backward Martingale and LLN
Let (X, : n € N) be IID with expectation u. Let S := (S, : n € N) be the sequence of partial
sums S, == >.;_; Xj. For k € N, define G_;, := o(Sk, Skt1,...). Thus G, € G_j41 C -+ C
g,1 = J(Sl, SQ, e )7 and let M,k = E[Xl‘g,k]

(a) Show that M_j, = Si/k.

(b) Show that for each N € N, the process (M_n,M_n41,...,M_1) is a martingale with
respect to the filtration (G_n,G-N41,-.-,G-1).

(¢) Apply Doob’s upcrossing inequality to show that for any a < b, the expected number of
upcrossings of [a, b] by the process above is bounded by some constant independent of N.

(d) Conclude that limg_,, M_j converges a.s. and that the limit is constant (a zero-one law).
(e) Show that the constant of the last part is F[X;].

Hint: show that you can assume without loss of generality that X; > 0 and under this
assumption, limps_ o supy, E[(Sk/k), Sk/k > M] = 0. Show how this leads to the desired
conclusion.

We’ve got ourselves another proof of the law of large numbers.

Levy’s Zero-One Law
Recall that a sequence of RVs (X,, : n € N) converges to an integrable RV X, in L' if
lim,, 00 E[| X, — Xoo|] = 0.

Let § = (F, : n € Z4) be a filtration, and let ., be the sigma-algebra generated by U,eny,.
Suppose that X is an integrable random variable measurable with respect to Fo.

1



(a) Prove that lim,_,o, E[X|F,] = X a.s. and also in L!.

Applications

(b) Suppose that (X,, : n € N) are RVs such that lim, o X,, = X, in L!. Prove that
lim,, o0 B[X,|F,] = X in L.

(¢) (Levy’s Zero-One law) Conclude from (a) that for any event A € Fi, E[14|F,] — 14 a.s.
and in L.

(d) Apply the last result to prove Kolmogorov’s Zero-One law.



Assignment 6

The following refer to a single chapter from our lecture notes of your choice. Please fully cite all sources
you have used.

1. Find at least 5 corrections or improvements to the presentation. Examples include: typos and
other errors, missing or incorrect references, missing, incorrect, inconsistent notation.

2. Propose an additional result related to the chapter chosen and which has not been discussed or
presented in the notes.

3. Propose two homework problems which have not appeared in our course and write their solution.
The problems must be directly related to our course and the topic we covered, and should be
above the level of a direct application of an existing result, generally the level of our homework
problems. Math Stack Exchange is a great source of problems.


https://math.stackexchange.com/
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