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Chapter 0

Introduction

0.1 Organization

0.1.1 Syllabus

These notes are for two courses: MAS31002 and MAS61022.

Some sections of the course are included in MAS61022 but not in MAS31002. These sections
are marked with a (A) symbol. We will not cover these sections in lectures. Students taking
MAS61022 should study these sections independently.

Some parts of the notes are marked with a (%) symbol, which means they are off-syllabus. These
are often cases where detailed connections can be made to and from other parts of mathematics.

0.1.2 Problem sheets

The exercises are divided up according to the chapters of the course. Some exercises are marked
as ‘challenge questions’ — these are intended to offer a serious, time consuming challenge to the
best students.

Aside from challenge questions, it is expected that students will attempt all exercises (for the
version of the course they are taking) and review their own solutions using the typed solutions
provided in the online version of these notes, in Appendix

At three points during each semester, an assignment of additional exercises will be set. About
one week later, a mark scheme will be posted, and you should self-mark your solutions.

0.1.3 Examination

The course will be examined in the summer sitting. Parts of the course marked with a (A) are
examinable for MAS61022 but not for MAS31002. Parts of the course marked with a (%) will
not be examined (for everyone). Some advice on how to structure your revision can be found in

Appendix

0.1.4 Website

Further information, including the timetable, can be found on

https://nicfreeman1209.github.io/Website/MASx50/.


https://nicfreeman1209.github.io/Website/MASx50/

0.2 Preliminaries

This section contains lots of definitions, mostly from earlier courses, that we will use later on. It
should be familiar to you but there may be one or two minor extensions of ideas you have seen

before.

1. Set Theory.
Let S be a set, with subsets A, B and A,,.
Complement: A° = {z € S;x ¢ A}.
Union: AUB ={x € S;x € Aorz € B}.
Intersection: ANB ={z € S;z € Aand x € B}.
Set theoretic difference: A\ B = AN B°.
Finite unions and intersections: | J;; 4; = AjUAsU. . .UA, and () 4; = A1NAaN...NA,.
More generally, if I is some set and A; C .S for all ¢ € I then we define
UAZ' ={z;x € A; for some i € I} ﬂAi: {z;x e A;foralliel}.
i€l i€l
Countable unions and intersections are precisely the case I = N, usually written as (J;2; 4;
and (J:2, A;.
De Morgan’s laws state that:

5\<ﬂAi>:U5\Ai,

el el

S\(UAi):ﬂS\Ai.

iel iel
The Cartesian product of sets S and T is the set S x T = {(s,t); s € s,t € T'}.

2. Sets of Numbers

o Natural numbers N = {1,2,3,...}.
« Non-negative integers Z, = NU {0} = {0,1,2,3,...}.
o Integers Z.
o Rational numbers Q.
e Real numbers R.
e Complex numbers C.
A set X is countable if there exists an injection between X and N. A set is uncountable if

it fails to be countable. N, Z,7Z and Q are countable. R and C are uncountable. All finite
sets are countable.



3. Images and Preimages.

Suppose that S7 and S are two sets and that f : S; — S is a mapping (or function).
Suppose that A C S;. The image of A under f is the set f(A) C Sy defined by

f(A) ={y € S2;y = f(x) for some = € S;}.
If B C S the inverse image or pre-image of B under f is the set f~(B) C Sy defined by
fY(B) ={z e S; f(x) € B}.

Note that f~!(B) makes sense irrespective of whether the mapping f is invertible.

Key properties are, with A, A1, A3 C 51 and B, By,By C S5 :

SN BLUBy) = fH(B1) U f71(Ba),
I (B1ﬂB2) S B N fH(B),
—HAY) = 1A
(A1UA2) (A1) U f(As2),
f(A1 N A2) C f(A1) N f(A2),

Note also that if A C B then f(A) C f(B) and f~1(A4) C f~4(B).
4. Extended Real Numbers

We will often find it convenient to work with oo and —oo. These are not real numbers, but
we find it convenient to treat them a bit like real numbers. To do so we specify some extra
arithmetic rules:

e forall z € R we have co +x = = + 0o = oo,
e for x > 0 we have x X 0o = 00 X T = 00,

o forall z € R we have == =0 and =2 = oo,
e 00X (—1)=—o00and (—o0) x (—1) = 0.

Combining these rules and using the usual properties of real arithmetic (e.g. a x b =b X a)
allows us to deduce further properties, for example for x < 0 we have x x 0o = (—1) x (—z) x
o0 = (—1) X 0o = —oo. Any arithmetic expressions involving +oco that are not specified by
the above rules are undefined. In particular, co — 0o, 0 X oo and 3> are undefined.

We write R = {—00} UR U {oo}, which is known as the extended real numbers. We also
specify that, for all x € R,
—00 <z < 00.

5. Analysis.

 sup and inf. If A is a bounded set of real numbers, we write sup(A) and inf(A) for the
real numbers that are their least upper bounds and greatest lower bounds (respectively.)
If A fails to be bounded above, we write sup(A) = oo and if A fails to be bounded below
we write inf(A) = —oo. Note that inf(A) = —sup(—A) where —A = {—x; x € A}.
If f:5 — Ris a mapping, we write sup,cg f(z) = sup{f(z);z € S}. A very useful
inequality is

ilelg\f(l’) g(x )!<§jép!f( )!+igplg( x)|.



o Sequences and Limits. Let (a,) = (a1,a2,as,...) be a sequence of real numbers. It
converges to the real number a if given any € > 0 there exists a natural number N so
that whenever n > N we have |a — a,| < €. We then write a = limy,_,o0 ap.

A sequence (ay) which is monotonic increasing (i.e. a, < ap41 for all n € N) and
bounded above (i.e. there exists K > 0 so that a, < K for all n € N) converges to
SUpP, ey An-

A sequence (a,) which is monotonic decreasing (i.e. ant+1 < ay for all n € N) and
bounded below (i.e. there exists L > 0 so that a, > L for all n € N) converges to
inf,en ap.

A subsequence of a sequence (a,,) is itself a sequence of the form (a,, ) where r, < 41
for all n € N.

o Series. If the sequence (s,) converges to a limit s where s, = a1 + ag + -+ + a, we
write s = > >, a, and call it the sum of the series. If each a, > 0 then the sequence
(sn) is either convergent to a limit or properly divergent to infinity. In the latter case

we write s = oo and interpret this in the sense of extended real numbers.

o Continuity. A function f : R — R is continuous at a € R if given any € > 0 there exists
d > 0sothat [zr—al <= |f(x)— f(a)] < e. Equivalently f is continuous at a if given
any sequence (a,) that converges to a, the sequence (f(a,)) converges to f(a).

f is a continuous function if it is continuous at every a € R.



Chapter 1

Measure Spaces

1.1 What is measure theory?

Measure theory is the abstract mathematical theory that underlies all models of measurement
of ‘size’ in the real world. This includes measurement of length, area and volume, weight and
mass, and also of chance and probability. Measure theory is a branch of pure mathematics, in
particular of analysis, but it plays key roles in both calculus and statistical modelling. This is
because measure theory provides the foundation of both the modern theory of integration and of
the modern theory of probability.

Suppose that we wish to measure the lengths of several line segments. We represent these as
closed intervals of the real number line R so a typical line segment is [a, b] where b > a. We all
agree that its length is b — a. We write this as

m([a,b]) =b—a

and interpret this as telling us that the measure m of length of the line segment [a, b] is the number
b — a. We might also agree that if [a;, b1] and [ag, b] are two non-overlapping line segments and
we want to measure their combined length then we want to apply m to the set-theoretic union
[al, bl] U [GQ, bg] and

m(lax, b1} U [ag, bo]) = (b2 — az) + (b1 — a1) = m([ay, b1]) + m([az, ba]).

An isolated point ¢ has zero length and so
m({e}) = 0.
If we consider the whole real line in its entirety then it has infinite length, i.e.
m(R) = oo.

The key point here is that, if we try to abstract the notion of a ‘measure of length, then we should
regard it as a mapping m defined on subsets of the real line, that takes values in the extended
non-negative real numbers [0, co].

We might wonder why there is any mathematical difficulty involved here, since it appears that
we can easily agree on how how long a line is. The problem is that subsets of R may arise naturally
and still be rather complicated.



Example 1.1.1 (The Cantor Set) Let Cy = [0, 1]. Given C,,, define C),41 by taking each sub-
interval of C),, cutting this sub-interval into three parts of equal length and removing the open
interval corresponding to the middle third. So, for each n, C,, is a set of 2" closed intervals each
of length (3)™.

Let C = ()2, Cn. Clearly Chi1 € Cp, so this is a decreasing sequence of sets, and C' is
precisely the points that ‘never end up in the middle thirds’ For example, 0 € C,, and % € Chy.

The total length of the intervals in C, is 2"(3)™ = (2)", which tends to zero as n — ooc.
This suggests C' should have ‘length’ zero, but how can we make this intuition into rigorous

mathematics?

The Cantor set is a ‘fractal’, which is a general term for any shape with very detailed structure.
It is somewhat contrived — in fact, it was first introduced precisely as a contrived example of an
odd looking shape that appeared to exist within the real line, but with no obvious purpose. Today,
we know that fractal-like objects appear frequently within nature, which means that we also need
to deal with them within our theory of measure.



1.2 Sigma fields

We need to be more ambitious that just measuring the length of intervals of R. More generally,
we want to work with a function m such that the map A — m(A) corresponds to our intuitive
idea of measuring how ‘big’ the object A is. Length is one example of this, ‘weight’ and ‘volume’
are other examples. The function m will be known as a measure, and we say that m measures
the length/volume/size/weight /etc of A.

To do this rigorously, the first question we must answer is: which objects are we going to
measure? This question has a reasonably straightforward answer. We are going to take a set .S,
and we are going to ‘measure’ subsets A of the set S. Note that at this stage we don’t specify
what property of A we are going to measure. We might measure length, or volume, or some other
property that might be more difficult to express in words.

However, there is a caveat. In many cases, particularly if the set S is very large (such as R
itself, which is uncountable) we will not be able to measure the size of every subset of S. The
reasons for this caveat are difficult, and we will come to them in Section Instead, we do the
next best thing. We specify precisely which subsets of S we are going to measure.

Definition 1.2.1 Let S be a set. A o-field on S is a set %, such that each A € ¥ is a subset of
S, satisfying the following properties:

(S1) P e ¥ and S € %.
(S2) If A € ¥ then A€ € X.

(S3) If (Ap)nen is a sequence of sets with A,, € ¥ for all n € N then [ J72; A, € X.

Definition 1.2.2 Given a o-field X, a set A € X is said to be measurable with respect to 3. We
will often shorten this to ‘X-measurable’, or simply ‘measurable’ if the context makes clear which
> is meant.

The purpose of (S1)-(S3) is to capture some of our intuition on what it means ‘to measure’
Let us go through them carefully. The first part of (S1) says that we should be able to measure a
set () that is empty (and, when the time comes, we will force () to have measure zero). Property
(S2) is a statement that if we are going to be able to measure A, we also want to be able to
measure its complement A° = S\ A. This is very natural from a physical point of view: if you
have a lkg bag of flour and you take 450g out, then you expect to be able to measure how much
flour you have left. The complement of () is )¢ = S\ ) = S, so this means we also need to be able
to measure S itself, thus leading us to the second half of (S1).

Property (S3) is a bit more subtle. Firstly note that if we can measure A and B then it
is reasonable (again, think flour) to want to measure their union A U B. Similarly, if we can
measure Ap, ..., A, then it is reasonable to want to measure their union U}, A,,. However, we
can’t stop here. We need our theory of measure to handle infinite objects, like the interval [0, 2]
which contains infinitely many elements (even though it only has length 2!). For this reason we
also allow countable unions, of the form US° ;... in (S3).

Remark 1.2.3 We cannot ‘upgrade’ to allowing uncountable unions in (S3). Doing so would,
unfortunately, break our entire theory of measure, for a reason that we cannot easily see, yet. We
will discuss this point further in Section (1.6

10



Remark 1.2.4 The term o-algebra is used by some books, with the same meaning as o-field. 1
prefer o-field, you may use either.

Let us briefly note a few properties of o-fields, which build on the properties (S1)-(S3).

o We have seen in (S3) that ¥ is closed under countably infinite unions, meaning that taking
a countable unions of sets in ¥ gives back a set in 3. The same is true of finite unions. To
see this let Aj,..., A, € ¥ and define A; = @) for i > n. By (S1) we have A; € ¥ for all
i € N. Note that | J;2; A; = U~ A;, and thus by (S3) we have | J' ; 4; € .

e X is also closed under countably infinite intersections. To see this we can use the laws of
set algebra to write (oo 4; = (U;2; A$)“, and then apply (S2) and (S3) to the right hand
side. By the same ideas as above, X is also closed under finite intersections.

« 3 is also closed under set theoretic differences. To see this note that A\ B = AN B¢, and
apply (S2) along with closure under intersections to the the right hand side.

We can summarise the above properties as follows: if we have a o-field ¥, and sets Ay, Ao, ... € X,
then applying any finite or countable number of set operations to the A; will simply give us back
another set in . We call this fact ‘closure under countable set operations’. We will use it
repeatedly throughout the course.

Definition 1.2.5 A pair (S5,%) where S is a set and ¥ is a o-field of subsets of S is called a
measurable space.

Given a set S, there are typically many possible choices of 3. The choice of ¥ is determined
by what it is that we want to measure.

11



1.2.1 Examples of o-fields
The following examples are all o-fields.

1. For any set S, the power set P(S) is a o-field. Recall that P(S) is the set of all subsets of
S, so (S1)-(S3) are automatically satisfied.

2. For any set S, ¥ = {0, S} is a o-field, called the trivial o-field.

3. If S is any set and A C S then ¥ = {0, A, A°, S} is a o-field. Checking (S1)-(S3) in this
case is left for you.

4. Similatly, if A, B € S then © = {0, A, B, AUB, (AUB), AN B, (ANB)°, A\ B, (A\ B)*, B\
A, (B\A), (AUB)\(ANB),((AUB)\(ANB))¢,AUB¢ A°UB, S} is a o-field. I suggest
not checking this one.

I hope this is a convincing demonstration that we cannot hope to simply write down o-fields,
for the most part. Instead we need a tool for constructing them, without needing to write them
down. This is done as follows.

Lemma 1.2.6 Let I be any set and for each i € I let 3; be a o-field on S. Then

DESRP (1.2)

el
is a o-field on S.

PrOOF: We check the three conditions of Definition [[L2.1] for F.

(S1) Since each ¥; is a o-field, we have () € ;. Hence () € N;3;. Similarly, S € 3.

(S2) If A € ¥ =, F; then A € 3; for each i. Since each ¥; is a o-field, S\ A € 3; for each 1.
Hence S\ A € N;%;.

(S3) If A; € X for all j, then A; € ¥; for all 4 and j. Since each ¥; is a o-field, U;A; € %; for
all 4. Hence UjA; € N;%;. [ |

Example 1.2.7 Thanks to Lemma[1.2.6| we can construct a o-field by making a statement along
the lines of

“Let X2 be the smallest o-field on R containing all the open intervals.”

By this statement we mean: let ¥ be intersection of all the o-fields on R that contain all of the
open intervals, in the style of equation . We know that at least one o-field exists with this
property, namely P(R). Therefore Lemma applies, and tells that 3 is indeed a o-field. The
o-field resulting from this example is very special. It is known as the Borel o-field on R, and it is
much smaller than P(R). We will introduce it formally in Definition [1.4.2] and study it in Section
L4l

12



1.3 Measure

The next question we need to ask is: what does it mean to measure an object? We want a general
framework that we can use for concepts such as length, weight and volume. From the last section,
we know that we are looking for a function m : ¥ — [0, 00] where ¥ will be an appropriately
chosen o-field.

Definition 1.3.1 Let (S5,%) be a measurable space. A mapping m : ¥ — [0,00] is known as a
measure if it satisfies

(M1) m(0) = 0.

(M2) If (An)nen is a sequence of sets where each A, € ¥ and if these sets are pairwise disjoint
(meaning that A, N Ay, =0 if m # n) then

m (U An) => m(Ay).
n=1 n=1

Note that (M2) relies on property (S3), to make sure that [ J;7 ; A, € X. Property (M2) is often
known as c-additivity. Crucially, it will allow us to take limits in ways that involve measures,
thanks to the fact that (M2) considers a (countably) infinite sequence of sets (A4,). Limits are
how we rigorously justify that approximations work — consequently we need them, if we are to
create a theory that will, ultimately, be useful to experimentalists and modellers.

Property (M2) encapsulates the idea that if we take a collection of objects, then their total
measure should equal to the sum of their individual measures — providing they don’t overlap with
each other. For example, we might take 1kg of flour and divide it into 3 piles weighing 100g, 250g
and 650g. We could also imagine dividing our 1kg of flour into an infinite sequence of piles, with
sizes 500g, 250g, 125g, 67.5g, .., that sum (as an infinite series) to 1kg.

Property (M1) is much less remarkable. It simply states that the empty set has zero measure.
This represents our feeling that an empty region of space has zero length/weight /volume/etc.

Definition 1.3.2 A triplet (S, %, m) where S is a set, ¥ is a o-field on S, and m : ¥ — [0, oo] is

a measure is known as a measure space.

Definition 1.3.3 The extended real number m(.S) is called the total mass of m. The measure m
is said to be finite if m(S) < oo.

Let us now assume that (5,3, m) is a measure space, and record some useful properties of
measures.

o If Ay,..., A, € ¥ and are pairwise disjoint then
m(AiU...UA,) =m(A1) + ...+ m(Ay).

This is known as finite additivity of measures. We'll often think of it as part of (M2).

To prove it we use the same idea on (M2) as we used, for o-fields, on (S3). Define A, = A;
for i <n and A} = 0 for ¢ > n. By (M2) we have m ({J;2; 4;) = >_.2, m(A4]). By (M1) we
have m(0)) = 0, so this reduces to m(|J;—, 4;) = > i m(4;).

13



o« If A,B € ¥ with A C B then m(A) < m(B). This property is known as the monotonicity
property of measures.

To prove it write B as the disjoint union B = (B '\ A) U A and then use that from part 1 we
have m(B) = m((B\ A)U A) =m(B\ A) + m(A).
Note that if m(A) is finite then we can subtract m(A) from both sides, and obtain that
m(B\ A) = m(B) —m(A) (1.3)
However, this only works if m(A) is finite!
o If A, B € ¥ are arbitrary (i.e. not necessarily disjoint) then
m(AU B) +m(AN B) =m(A) + m(B). (1.4)

The proof of this is Problem part (a). Note that if m(AN B) < co we have m(AUB) =
m(A) + m(B) — m(AN B), which you might recognize as similar to something you’ve seen
before in probability.

14



1.3.1 Examples of measures

Here are three important first examples of measure spaces. We can’t yet introduce examples based
on length or volume; this will come later in the course.

1. Counting Measure Let S any set and take ¥ = P(S). For each A C S the counting
measure m = # is given by

#(A) = the number of elements in A.

I hope its intuitively obvious to you that this is a measure. We’ll omit checking the details.

2. Dirac Measure This measure is named after the physicist Paul Dirac. Let (S,3) be an
arbitrary measurable space and fix x € S. The Dirac measure m = d, is defined by

5.(A) = 1 ifzeA
T o ifaé¢ A

Checking properties (M1) and (M2) in this case is left for you.

A useful fact: if S is countable then we can write the counting measure # in terms of Dirac
measures, as #(A) = > ¢ d:(A).

3. Probability

Consider a finite set S = {z1,...,2,}, which we’ll call the sample space and call each of the
x; an outcome. Let ¥ be the set of all subsets of S. Let (p;)}_; be set of numbers in [0, 1]
such that ) " ; p; = 1. For A € ¥ we define a measure m = PP by setting

PLA) = 3" pidi (A). (15)
=1

In words, to each outcome x; we assign probability p;, that is P[{x;}] = p;. If a set A contains
several outcomes, then its outcome is precisely the sum of their individual probabilities.
Finding the probability of an event is just another kind of measuring!

We could treat a countable set S similarly, with a countable sequence of p; and a countable
summation (i.e. an infinite series) in . Probability, however, mostly requires uncountable
sample spaces (e.g. the normal distribution on the real line). In this case breaks down
completely, because there is no such thing as an uncountable sum. One of the outcomes of
this course will be a rigorous basis for probability theory with uncountable sample spaces.

In general, a measure m is said to be a probability measure if its total massis 1 i.e. m(S) = 1.

4. Integration

In previous analysis courses you viewed Riemann integration as a way of calculating area —
that is, measuring the area of two-dimensional shapes. You've probably also viewed various
types of integrals as ways of calculating volumes, at some point. So, we should expect
integration to fit naturally into our theory of measures.

In Chapter [4] we will introduce Lebesgue integration. Lebesgue integration is ‘the’ modern
theory of integration on which mathematical modelling now relies. We will see that Lebesgue

15



integration interacts nicely with measure theory, whilst Riemann integration doesn’t. In fact,
Lebesgue integration will also be the key tool for setting up a rigorous basis for probability
theory.

16



1.4 The Borel o-field

In this section introduce another example of a measure space, which will represent the notion of
measuring the ‘length’ of subsets of R. For an interval [a, b] it is clear that the length should be
b— a, but as we saw in Section [[.1] for more complicated subsets of R the situation is not so clear.

Example 1.4.1 Consider, for example, the irrational numbers I and the rational numbers Q.
Both T and @Q are found throughout R, but they are both full of tiny holes. Can we find a
meaningful way to decide what is the ‘length’ of I and Q7 In fact, we will see that we can — to
come in Section [I.5] But in Section [L.6] we will also show that it is possible to construct subsets
of R for which there is no meaningful idea of length.

In this section we take S = R. The first question is: which o-field should we use? The power set
P(R) is too big, for reasons that we will make clear in Section However, for practical purposes
we do need our o-field to contain all open and closed intervals, and also unions, intersections and
complements of these. This provides a starting point.

Definition 1.4.2 The Borel o-field of R, denoted by B(R), is the smallest o-field on R that
contains all open intervals (a,b) where —oco < a < b < co. Sets in B(R) are called Borel sets.

Note that B(R) also contains isolated points {a} where a € R. To see this first observe
that (a,00) € B(R) and also (—oo,a) € B(R). Now by (S2), (—o0,a] = (a,0)¢ € B(R) and
[a,00) = (—00,a)¢ € B(R). Finally as o-fields are closed under intersections, {a} = [a,00) N
(—00,a) € B(R). You can show that B(R) also contains all closed intervals — see Problem [1.6]
With open and closed intervals in hand, the closure of o-fields under countable set operations
gives us a way to construct a huge variety of Borel sets.

As a general rule, all ‘sensible’ subsets of R are Borel sets. We might hope to find some sort of
formula for a general element of B(IR), but this is not possible. Unless you deliberately set out to
find a non-Borel subset of R you will never come across one — and even when you look for them
it is hard work to find them, as we will see in Section [1.6
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1.5 Lebesgue measure

The measure that precisely captures the notion of length is called Lebesgue measure in honour
of the French mathematician Henri Lebesgue (1875-1941), who founded the modern theory of
integration. We will denote it by A. First we need a definition.

Let A € B(R) be arbitrary. A covering of A is a finite or countable collection of open intervals
{(an,bpn),n € N} so that

AC D(an,bn). (1.6)
n=1

Definition 1.5.1 Let C4 be the set of all coverings of the set A € B(R). The Lebesgue measure
A on (R, B(R)) is defined by the formula:

/\(A) = lcrifZ(bn - an)a (17)
n=1

where the inf is taken over all possible coverings of A, with notation as in (|1.6)

It would take a long time to prove that A really is a measure, and it wouldn’t help us understand
A any better if we did it, so we’ll omit that from the course. You can find a proof in any standard
text book on measure theory e.g. Cohn, Schilling or Tao. Instead, let’s check that the Definition
agrees with some of our intuitive ideas about length.

(L1) If A = (a,b) then A((a,b)) = b — a as expected, since (a,b) is a covering of itself and any
other cover will have greater length.

(L2) If A = {a} then A({a}) = 0. To see this, choose any € > 0. Then (a — €/2,a + €¢/2) is a
cover of a and so A({a}) < (a+€/2) — (a — €/2) = e. But € is arbitrary and so we conclude
that A({a}) = 0.

(L3) Combining (L2) with (M2), we deduce that for a < b,
A(la, b)) = A({a} U (a,0)) = A({a}) + Al(a, b)) = b —a.
Similarly, A([a,b]) = A((a,b]) = b — a.

(L4) If A =[0,00), write A = [ J;2;[n—1,n). Then by (M2) we obtain A([0,00)) = > 77 | 1 = cc.

)
By a similar argument, A((—o0,0)) = co and so A(R) = A((—00,0)) + ([0, 00)) = 0.

(L5) If A e B(R), and for some z € R we define A, = {x +a; a € A}, then A\(A) = A\(Az).

In words, if we take a set A and translate it (by z), we do not change its measure. We'll
often refer to this property as the translation invariance of Lebesgue measure. It is easily
seen from ((1.7)), because any cover of A can be translated by = to be a cover of A,.

Example 1.5.2 In simple practical examples on Lebesgue measure, it is best not to try to use
(1.7) directly, but to just apply the properties listed above. For example, to find A ((—3,10) \ (—1,4)),
use (L3) and (M2) to obtain
A((=3,10)\ (=1,4)) = A((=3, -1 U [4,10))
= (1)~ (-3)) + (10— 4) =5,
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It is possible for a set to be quite ‘large’” and still have Lebesgue measure zero. The next two
lemmas give examples of such sets.

Lemma 1.5.3 Let A C R be countable. Then A\(A) = 0.

PROOF: Since A is countable we may write A = {a1, ag,...} =, —,{an}. Since A is a countable
union of singletons, it is in B(R). Then, using (M2) and (L2)

A(A4) = A (U {an}) = Z AM{an}) = 0.
n=1 n=1

It follows that
AN) =X(2Z) =XQ) =0.

Further, for any A € B(R) we have A(AN Q) < A(Q), which implies A(AN Q) = 0. Thus also,
if A has finite measure, A(A) = A(ANI) = A(A\ (ANI) = A(ANQ) = 0. This is particularly
intriguing as it tells us that

A(A) = MANTD),

so the only contribution to length of sets of real numbers comes from the irrational numbers.
Hence also for all n, A(I) > A(I N [-n,n]) = A([—n,n]) = 2n, and letting n — oo gives that
A(I) = oo.

Lemma 1.5.4 The Cantor Set has Lebesque measure zero.

PROOF: Recall the construction of the Cantor set C' = (2, Cy, given in Example and
the notation used there. Recall also that the (), are decreasing, that is C,11 C (), and hence
also C' C (), for all n. Since C), is a union of 2" disjoint intervals of length 37" using (M2) and
(L3) we have A(Cy,) = 2"(3)" = (2)". Using monotonicity of measure we thus have 0 < A(C) <
ACp) = (%)" Letting n — oo, and applying the sandwich rule we obtain A(C') = 0. |

We'll tend to use (L1)-(L5) without explicitly referencing them, from now on. Hopefully, by
this point, you're happy to trust that Lebesgue measure matches your intuitive concept of length
within R.

Remark 1.5.5 If I is a closed interval (or in fact any Borel set) in R we can similarly define
B(I), the Borel o-field of I, to be the smallest o-field containing all open intervals in I. In fact,
it holds that B(I) = {BNI; B € B(R)}. The Lebesgue measure Ay on (I,B(I)) is obtained by

restricting the sets A in (1.7)) to be in B(I). It can be seen that for A C I we have A;(A) = A(A).
We won’t include a proof of these claims.
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1.6 An example of a non-measurable set (x)

Note that this section has a (%), meaning that it is off-syllabus. It is included for interest.

We might wonder, why go to all the trouble of defining the Borel o-field? In other words, why
can’t we measure (the ‘size’ of) every possible subset of R? We will answer these questions by
constructing a strange looking set 7 C R; we will then show that it is not possible to define the
Lebesgue measure of 7.

As usual, let Q denote the rational numbers. For any = € R we define

Qe ={r+q;q€Q}. (1.8)

Note that different x values may give the same Q.. For example, an exercise for you is to prove
that (@\/5 = Q1+\/§' You can think of Q, as the set QQ translated by .

It is easily seen that Q, N [0, 1] is non-empty; just pick some rational ¢ that is slightly less
than x and note that z + (—q) € Q, N[0, 1]. Now, for each set Q,, we pick precisely one element
r € Qz N[0,1] (it does not matter which element we pick). We write this number r as 7(Qy).
Define

V= {r(QIE) ;T € R}7
which is a subset of [0, 1]. For each g € Q define
Yg={qg+m;me ¥V}

Clearly 7" = 7y, and ¥ is precisely the set ¥ translated by ¢q. Now, let us record some facts
about 7.
Lemma 1.6.1 [t holds that

1. If 1 # q2 then Y5, N Vg, = 0.

2. R=U,eo %
3. [0’ 1] - qu(@m[—l,l} %J < [_172]'

Before we prove this lemma, let us use it to show that ¥  cannot have a Lebesgue measure. We
will do this by contradiction: assume that A(¥) is defined.

Since ¥ and ¥ are translations of each other, they must have the same Lebesgue measure. We
write ¢ = A(¥) = A(¥;), which does not depend on ¢. Let us write Q N [-1,1] = {q1,¢2,..., },
which we may do because Q is countable. By parts (1) and (3) of Lemma and property
(M2) we have

MU s =20 =2

qum[_lvl}
Using the monotonicity property of measures (see Section and part (3) of Lemma we

thus have
(o)
1<) e<3.
i=1

However, there is no value of ¢ which can satisfy this equation! So it is not possible to define of
the Lebesgue measure of #'. Since we know that we can define the Lebesgue measure on all Borel
sets, the set ¥ is not a Borel set.
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The set ¥ is known as a Vitali set. In higher dimensions even stranger things can happen with
non-measurable sets; you might like to investigate the Banach-Tarski paradoz.
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ProOF: [Of Lemma [1.6.1}] We prove the three claims in turn.
(1) Let q1,¢2 € Q be unequal. Suppose that some x € ¥, N ¥, exists — and we now look for
a contradiction. By definition of ¥ we have

T=q+ T(Qzl) =q2+ T(sz)- (19)

By definition of Q, we may write 7(Q,,) = x1 + ¢} for some ¢] € Q, and similarly for z3, so we
obtain z = q1 + 1 + ¢ = g2 + x2 + ¢4 where ¢, ¢’ € Q. Hence, setting ¢ = q2 —q1 + ¢4 — ¢} € Q,
we have x1 + ¢ = w2, which by means that Qz, = Qg,. Thus r(Qg,) = 7(Qx,), so going
back to (|1.9) we obtain that ¢; = ¢g2. But this contradicts our assumption that g # ¢go. Hence x
does not exist and ¥, N ¥, = 0.

(2) We will show D and C. The first is easy: since #; C R it is immediate that R D quQ Yy

Now take some z € R. Since we may take ¢ = 0 in (1.8]) we have z € Q.. By definition of
r(Q,) we have r(Q,) = x + ¢’ for some ¢’ € Q. By definition of ¥ we have r(Q,) € ¥ and since
z =1(Qy) — ¢ we have x € ¥_y. Hence x € J,cq 74-

(3) Since ¥ C [0,1], we have ¥; N [0,1] = () whenever ¢ ¢ [—1,1]. Hence, from part (2) and
set algebra we have

RN[01] = | J% |01 =U%np01y= |J %nbiyc U 7%
q€Q q€Q q€QN([-1,1] q€QN[-1,1]

This proves the first C of (3). For the second simply note that " C [0,1] so #; C [—1, 2] whenever
q € [-1,1]. [ ]

Remark 1.6.2 We used the axiom of choice to define the function r(-).

22



1.7 Measures and limits

In this section we return to the consideration of arbitrary measure spaces (5,3, m). Let (4,) be
a sequence of sets in Y. We say that it is increasing if A, C A,11 for all n € N, and decreasing
if Apy1 C A,. When (A,,) is increasing, it is easily seen that (AS) is decreasing.

When (A,,) is increasing, a useful technique is the disjoint union trick whereby we can write
U2 An = U, By where the Bps are all mutually disjoint by defining By = A; and for
n>1B,=A,—A,_1. eg. R=J7",[-n,n] and here By = [-1,1], B, = [-2,—1) U (1, 2] etc.

Lemma 1.7.1 Let A, € X for all n. It holds that:
1. If (Ay) is increasing and A = J;7 | Ay then m(A) = limy, 0o m(Ay).

2. If (Ay) is decreasing and A = (2, An, and m(A1) < oo, then m(A) = limy, o m(Ay).

Proor: We will prove the first claim here. The second claim can be deduced from the first,
which is for you to do in Problem We use the disjoint union trick and (M2) to find that

o e N N
m(A) =m (TLL:JI Bn> = ;m(Bn) = J\;gnoonzz:lm(Bn) = A}E}noom <nL:J1 Bn> = A}gnoo m(An).
Here we use that Ay = BiUBy U ---U By. [ |

Lemma 1.7.2 (Union bound) If (A,) is an arbitrary sequence of sets with A, € ¥ for all

n € N then . .
m (U An> < Zm(An)
n=1 n=1

PROOF: From Problem [1.4] we have m(A; U A2) + m(A; N A2) = m(A1) + m(Az) from which
we deduce that m(A; U Az2) < m(A;) +m(A2). By induction we then obtain for all N > 2,

N N
m ( An> < Zm(An)
1 n=1

n—

Now define Xy = ngl A;,. Then Xy C Xy and so (X ) is increasing to (o | X, = U, | An.
By Lemma |1.7.1] we have

oo o) N N 00
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1.8 Null sets

Sets of measure zero play an important role in measure theory, and in advanced probability. In
fact, there is a special terminology for them, which we introduce in this section. In a general
measure space (S, X, m) we say that a set £ € ¥ is a null set if m(E) = 0. If we need to specify
which measure is involved we might say e.g. m-null or Lebesgue null. We've already seen some
examples of Lebesgue null sets in Section

Lemma 1.8.1 For each n € N let E,, be a null set. Then Uzozl FE, is a null set.

PROOF: By Lemma we have m(U,~; En) <> o0 m(E,) =0. ]

If a set E € ¥ is such that its complement is null (i.e. m(S\ E) = 0) then we say that E has
full measure. You can prove an analogue of Lemma for sets of full measure in Exercise [1.8]

We say that a property holds for almost all x € S if the set of x for which the property holds
has full measure. This is best understood by example: in Section [1.5| we deduce that the rational
numbers Q were a Lebesgue null subset of R. Therefore the set of irrational numbers has full
measure. We can rephrase this statement as ‘almost all x € R are irrational numbers’. If we
needed to be specific that we meant to use Lebesgue measure, we might say ‘Lebesgue almost all
x € R are irrational

Remark 1.8.2 (%) Those of you taking courses in topics such as topology, metric spaces and
functional analysis may wonder what relationships exist between sets of full measure and dense
sets, when using the Borel o-field on some metric or topological space as in Remark The
surprising answer is that in general a dense set might not have full measure, and a set of full
measure might not be dense. The perspectives of measure theory (i.e. a set of full measure) and
topology (i.e. a dense set) turn out to be quite different.
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1.9 Product measures

We calculate areas of rectangles by multiplying products of lengths of their sides. This suggests
trying to formulate a theory of products of measures. Let (S7,31,m1) and (S2, X2, m2) be two
measure spaces. Form the Cartesian product S; x S2. We can similarly try to form a product of
o-fields

Y1 x¥e={Ax B;A€ X, Be Xy},

but it turns out that ;1 X Y9 is not a o-field in general e.g. take 31 = ¥ = R and note that
((0,1) x (0,1))¢ is not a rectangle. Instead the object we want is 31 ® Yo, which is defined to be
the smallest o-field containing all the sets in ¥ x .

Theorem 1.9.1 There ezists a measure my X mg on (S1 X S2, X1 ® X9) such that

(my1 x mg)(A x B) = my(A)ma(B) (1.10)
forall A€ ¥1,B € 3.
Definition 1.9.2 The measure m; X my is called the product measure of my and mso.

We won’t include a proof of Theorem within this course. For example, consider R? =
R x R. We equip it with the Borel o-field, B(R?) = B(R) ® B(R). Then the product Lebesgue
measure Ao = A X A has the property that

Xo((a,b) x (¢,d)) = (b—a)(d—c).

Of course, (b — a)(d — ¢) is the area of the rectangle (a,b) X (¢,d). In fact, from a mathematical
point of view the measure Ao is the definition of area. Similarly, A3 = A X A X A is how we define
volume, in three dimensions.

Remark 1.9.3 After thinking about A x A x A, we might ask if, given measures m1, mo, ms, we
have (m1 X mg) X m3 = my X (mg x mg). It is true, but we won’t prove it. Consequently we
write both these as simply m; X me X mg, without any ambiguity.

We can go beyond 3 dimensions. Given n-measure spaces (S1, X1, m1), (S2, X2, m2), ..., (Sn, Xn, M),
we can iterate the above procedure to define the product o-field ¥1 ®¥s®- - -®¥,, and the product
measure mj X meo X - -+ X my, so that for A; € ¥;,1 <1i < n,

(m1 XMmg X -+ X mn)(Al X A2 X oo X An) = ml(Al)mg(AQ) e mn(An)

In particular n-dimensional Lebesgue measure on R may be defined in this way.

Of course there are many measures that one can construct on (S x S2,%; x ¥g) and not all
of these will be product measures. In probability spaces, product measures are closely related to
the notion of independence, as we will see later. If you write m; = mg = P in you might
be able to see why.
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1.10 Exercises on Chapter

* 1.1 Let S = {1,2,3,4}. Show that the set A = {0,{1,2,3},{4},{1,2},{1,2,4},{3},S} is not
a o-field on S.
* K 1.2 Let X7 and X5 be o-fields of subsets of a set S. Note that

ElﬂEQZ{AgS;A€ElandAEEQ},
21U22:{AQS;A62101“A622}.

(a) Show that ¥; N3y is a o-field.
(b) Why is 31 U X9 not in general a o-field? Give an example to demonstrate this.

* % 1.3 Let (S,X) be a measurable space and let X € ¥. Show that ¥x = {ANX;Aec X} isa
o-field on X.
* % 1.4 (a) Let (S,%, m) be a measure space. Show that for all A, B € ¥,

(i) m(AU B) +m(AnN B) =m(A) + m(B),
(i) m(AU B) < m(A) +m(B).
(b) Use (a)(ii) to prove that if Ay, Ag, ..., A, € X then m (U, 4i) < >oi, m(A4;).

* % 1.5 Let (5,3, m) be a measure space.

(a) Let £ > 0. Show that km is also a measure on (5, %) where for all A € ¥,

(km)(A) = km(A).

Hence show that if m is a finite measure and m(S) > 0, then P(A) = % defines a

probability measure for A € 3.
(b) Let B € ¥. Show that mp(A) = m(AN B) for A € ¥ defines a measure on (S, %).

(¢) Suppose that m is a finite measure and m(B) > 0. Deduce that Pp is a probability
measure where

mp(A)
m(B)

How does this relate to the notion of conditional probability?

Pp(A) =

* 1.6 Using the definition and properties of B(R) in Section [1.4] show that B(R) contains all closed
intervals [a, b], where —oco < a < b < 0.

* x Kk 1.7 (a) Let m be a finite measure on the measurable space (S, ).
(i) Let A € 3. Show that m(S\ A) = m(S) — m(A).
(ii) Let (An)nen be a decreasing sequence of sets in ¥.. Show that m(A4,) — m(N;A4;)
as n — oo.
Hint: Apply part of Lemma to the sets B, = S\ A,.
(iii) Combining (ii) with the result shown in another question above proves part 2 of

Lemma, Which question above is needed for this?

(b) Take S =N, let ¥ = P(N) and let m = # be counting measure. Give an example of a
decreasing sequence of subsets A,, C ¥ for which m(N;A4;) # limy, o m(Ay).

26



*x 1.8 Let (S,%,m) be a measure space and for each n € N let E,, have full measure. Show that
M.~ Ex has full measure.

*x 1.9 Prove that if S is a set containing n elements, then the power set P(.S) contains 2" elements.

Hint: How many subsets are there of size r, for a fired 1 < r < n? The binomial theorem
may also be of some use.
Challenge Questions

1.10 Let S be a finite set and ¥ be a o-field on S. Consider the set
II={AeX;if Be X and B C A then either B= A or B = }. ()

(a) Show that II is a finite set.

(b) Using (a), let us enumerate the elements of IT as IT = {II;, Iy, - - - , I}, where each II;
is distinct from the others.

(i) Show that II; NII; = 0 for i # j. Hint: Could II; N1I; be an element of 117
(ii) Show that UX_,II; = S. Hint: If C = S\ UE_,TI; is non-empty, is C € 117
(iii) Let A € ¥. Show that

A=Jm

el
where I = {i=1,...,k; ANII; # 0}.
1.11 Prove that both of the following claims are false.

(a) The Cantor set C' contains an open interval (a,b) C C, where a < b.

(b) If a Borel set has non-zero Lebesgue measure then it contains an open interval.
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Chapter 2

Real Analysis

In this chapter we cover a small amount of content that would (mostly) fit more naturally within
a course on real analysis, but which was not covered as part of earlier courses due to lack of time.
We'll first put together a natural way of dealing with limits that might take the values oo, and
then we’ll think about convergence of sequences of functions.

Given a set A C R, or more generally a subset A C S for some measurable space (S,X), we
define the indicator function 14 : S — R by

1 ifxzeAd
ﬂA(x)Z{

0 ifz¢A

We will study indicator functions a little in this chapter, in Exercise They will become very
important to us in Chapters [3] and
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2.1 The extended reals

The extended reals are the real numbers, with 4oo included,
R=RU{-00,00}.

We have already seen that measures take values in [0, 00], and we’ll need to learn how to deal
naturally +oo within this course. Let’s recap a few key definitions.
You should remember the definition of a convergent sequence a,, — a of real numbers:

‘eventually’

Ve >0 IN e NVn >N, |a, —a|] <e.

The best way to understand this is definition is by thinking about the terms marked as the word
‘eventually’. By eventually we mean that, if you look far enough down the sequence, we will see
some event happen for all remaining terms. So convergence means that for all € > 0, eventually
|an, — a|] < e. Note that we can use < € or < € here — it is straightforward to show that these give
equivalent definitions.

We also need to think about limits that have the value +co. In real analysis we might call
this ‘divergence’ because +o0o are not elements of R, but when we work within the extended real
numbers R = R U {co0, —00} we can also use the term ‘convergence to 400’ for this case. We
won’t be fussy about that point of language within this course. The definition of a,, — oo is that

VM € (0,00) AN € NVn > N, a, > M.

In words, for all M € (0,00), eventually a, > M. For the case a,, - —o0 we use M € (—o0,0)
and require instead that a,, < M.

You already know that a bounded monotone sequence of real numbers converges. Working in
R allows us to remove the boundedness requirement.

Lemma 2.1.1 Let (a,) be a monotone sequence of extended real numbers. Then there exists
a € R such that a,, — a.

PrROOF: Without loss of generality we can assume that (a,,) is monotone increasing i.e. ap+1 > ap,
for all n € N, or else we could consider (—ay,) in place of (a,). Note that in real analysis you have
already proved the case where (ay,) is a bounded sequence. If (a,) is unbounded and increasing
then sup,, a, = oo, so for any M € (0, —o0) there exists N with ay > M, which implies that
M <ay <any41 < anto <.... In words, eventually a,, > M. Hence a,, — co. |

Remark 2.1.2 (%) The extended reals are a compact metric space, for example with the metric
given in Exercise This provides a better way to study convergence in R where the points
+00 do not need to be viewed as special cases. Metric spaces are not pre-requisite to our course,
however for this reason we will tend to omit treating the ‘special cases’ o0 within proofs involving
R, for example in Lemma m

We can do arithmetic in R in natural ways, for example if a € R then a + oo = co. We have
to be careful though, some objects like co — oo and 52 do not make sense (formally, they are
undefined) but otherwise it works as you’d expect. Such restrictions are necessary. They exist to
prevent nonsensical calculations like 1 = & = %+ — >+ 2 =1+1=2. You can find the

o [e.e]

precise rules for arithmetic in R in Section
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2.1.1 The Borel o-field and Lebesgue measure on R

Recall that we defined the Borel o-field B(R) in Section We extend the Borel o-field to R by
defining

B(R) = o(B(R), {o0}, {—00}),
that is the smallest o-field that contains all elements of B(R) and the singleton sets {co} and
{—o0}. The following lemma summarizes the connection.

Lemma 2.1.3 Let A CR. Then A € B(R) if and only if ANR € B(R).

Proor: We'll prove the forwards and backwards implications in turn. We’ll start with the
reverse implication. Let A C R and assume that ANR € B(R). We can write

A=(ANR)U(AN{oo})U(AN{—0o0}).

Note that AN {co} is either empty or equal to {oo}, which in either case is an element of B(R).
Similarly, AN {—o0o} € B(R). Hence A € B(R), as required.
For the forwards implication, define

S = B(R)U {Au {00}; Ac B(R)} U {Au [~oo};Ac B(R)} U {Au {—o0,00}; A€ B(R)}.

(2.1)
It is straightforward (but tedious) to check that ¥ is a o-field on R. We have {c0} € ¥ and
{—o00} € X, and for all A € B(R) we have A € B(R). Hence, using that B(R) is the smallest

o-field generated by such sets, we have B(R) C 3. In particular, if A € B(R) then A € ¥, which
means that A is within one of the sets making up the right hand side of (2.1). In all four such
cases we have ANR € B(R), as required. |

Recall that we defined Lebesgue measure A(A) for A € B(R) in Section We extend
Lebesgue measure to A € B(R) by setting

A(A) = MANR). (2.2)

Lemma ensures that ANR € B(R), so the right hand side of (2.2) may be used to define
the left. In words, we don’t put any weight at +oo. It is straightforward to check that this gives
a measure on (R, B(R)), in very similar style to part (b) of Exercise
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2.2 Liminf and limsup

The main difficulty with limits is that, in general, limits do not exist. Most sequences do not
converge to anything. However there are two closely related concepts that always exist. They are
much easier to work with but they take more care to define.

Let (a,) be a sequence of real numbers. Note that the sequence b, = supj>,, ax is monotone
decreasing, because as n gets larger the set {ax ; k > n} contains less terms. Lemma implies
that this sequence has a limit, with the caveat that the limit might be infinite. The sequence (b;,)
is monotone decreasing, so its limit is equal to inf,en b,. With this is mind we make the following

limsupa, = lim (supay | = inf | supay | . (2.3)
n—00 n—=00 \ k>n neN \ g>n

Heuristically, lim sup,, a,, is the smallest value that the tail of the sequence (a,) stays below.

definition:

We can do the same construction the other way up, which gives

liminfa, = lim <inf ak> = sup (inf ak> . (2.4)

n—00 n—oo \ k>n neN \k>n

Heuristically, liminf, a,, is the largest value that the tail of the sequence (a,) stays above. Note
that (2.3) and (2.4]) are always well defined, as extended real numbers, and that liminf, a, <

lim sup,, ap,.

Example 2.2.1 It is helpful to see a picture:

44
[
24 L
L [
L
L]
L ] o ° Y
0,
]
®
o * P
—2 L
L J
® a
4 SUPRKk = n Gk
L limsup an
—6 1 infi=pag
liminf an

— T T T T T T T T T T T T T T T T T
1 2 3 4 5 6 7 8 910111213 14 15 16 17 18 19

The sequence displayed is a sample of a,, = cos(n) + 10#[],1, where (Up,) are i.i.d. uniform
random variables on [0, 1]. This is chosen to make a clear picture. As n — oo the cos(n) term will
oscillate within [—1, 1] and the second term will tend to zero. Note that the dotted lines converge

downwards to limsup,, a,, = 1 (in red) and upwards to liminf,, a,, = —1 (in green).
We will spend the rest of this section making connections between lim inf, lim sup and lim.
Lemma 2.2.2 Let (ay,) be a sequence of extended reals. Then:

1. The sequence (an) converges if and only if liminfa, = limsup a,.
n—00 n—00

2. If (ay) converges then liminfa, = limsupa, = lim a,.
n—00 N—00 n—00
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PROOF: Suppose first that (a,) converges, say a, — a. We will consider the case a € R here;
the case a = o0 is similar and we will omit it, as discussed in Remark For all € > 0 there
exists n € N such that |a — a|] < e for all K > n. Hence a — € < ay, < a+ € for all £ > n, which
implies that
a—e < infar < supap < a+¢
k>n k>n

Without loss of generality we may choose n > =. Letting ¢ — 0, upon which n — oo, gives that

o [=

a = liminfa, = limsup a,.
n n
We have therefore proved both part 2 and the forwards implication of part 1.
We need to prove the reverse implication from part 1. Suppose that lim inf, a,, = limsup,, a,, €
R (and we don’t yet know that (a,) converges). For all n € N we have

0 <a, — inf ap < supag — inf ag. 2.5
> Qp K>n k> kzg k k>n k ( )
Note also that
lim (sup ap — inf ak> = limsup a,, — liminfa,, = 0. (2.6)
n—00 \ k>n k>n n—00 n—o0

Combining (2.5)) with (2.6 and using the sandwich rule, we have

nh—>12<> (an - égia’“> = 0. (2.7)

We can write a, = (an — infg>, ax) + infy>, ag, and we know that both of these terms have
a limit as n — oo. The first tends to zero by (2.7) and the second converges to liminf, a,.
From the algebra of limits we thus obtain that (a,) converges and lim,, a,, = liminf, a,,. Since

lim inf, a,, = limsup,, a,, was our assumption, this completes the proof. |
Lemma 2.2.3 Let (ay,) be a sequence of extended reals. Then limsup,,(—ay) = — liminf, ay,.
PROOF: You already know from real analysis that sup,,(—a,) = —inf, a, for real a,. This

equation also holds for extended reals, but we’ll omit checking the extra cases involving infinities
here. The result follows from this along with (2.3 for limsup, and with (2.4)) for lim inf. |
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2.3 Convergence of functions

We've thought about convergence of (extended) real numbers in Sections and In this
section we will think about convergence of functions, defined on a general measure space (S, X, m).
We will write this section for functions taking values in R, but it applies equally to functions taking
values in R.

First we need to introduce pointwise definitions of functions. This is best done by example.
If f and g are functions defined from S — R then we define the function f+g¢ : S — R by
setting (f + g)(z) = f(x) + g(z). We can apply the same idea to fg to define the function

(f9)(x) = f(z)g(zx), and so on.

Definition 2.3.1 Let f,, and f be functions defined from : S — R. We say that f,, — f pointwise
if fr(x) = f(z) asn — oo, for all z € S.

Pointwise convergence is the simplest type of convergence of functions. You’ve already seen
one other type: if sup,c 4 |fn(z) — f(2)] = 0 as n — oo, then we say that f,, — f uniformly on
the set A. We will use pointwise and uniform convergence within this course, but for us the most
interesting type of convergence is something slightly different. Recall the term ‘almost all’ from
Section A property holds for almost all x € S if the set of z on which it fails is a null set.

Definition 2.3.2 Let f, and f be functions defined from : S — R. We say that f, — f almost
everywhere if f,(z) — f(z) for almost all x € S.

We will sometimes abbreviate f,, — f almost everywhere as f,, = f. Unpacking the termi-
nology in Definition we have that f, % f if and only m({z € S; fu(z) - f(2)}) = 0.

Convergence almost everywhere is very similar to pointwise convergence. The difference is that
we allow f,(z) — f(x) to fail on some null set of z € S. This is much more natural from the
perspective of measure theory, because we want to forget about things that have measure zero.

Example 2.3.3 Let f, : R = R by f,(z) = e " and let f(x) = 0. We take our measure space
to be (R, B(R), \), and note that as n — oo we have f,(z) — 0 for all x € R except x = 0 (at
which f,(0) = 1). The set {0} is Lebesgue null, so f,, >3 f.

Lemma 2.3.4 Let f,, and f be functions from S — R.
1. If fr, — [ uniformly then f, — f pointwise.

2. If fn — f pointwise then fn, — f almost everywhere.

PrOOF: For the first claim, if sup,c 4 | fn(2) — f(2)| — O then, for any x € A, we have f,(z) —
f(z). For the second claim, pointwise convergence implies that the set {x € S'; f,,(x) - f(x)} is
empty, hence it has measure zero. |

Example [2.3:3]shows that we can have convergence almost everywhere without having pointwise
convergence. Exercise[2.7|gives an example of functions that converge pointwise but not uniformly.
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2.4 Exercises on Chapter
2.1 Let (ay,) be a sequence of extended reals. Show that (a,) is bounded if and only if we have
—oo < liminf, a,, <limsup,, a,, < co.

Hint: Recall from real analysis that sequences which converge in R are necessarily bounded.
2.2 Let f, : R > R by fn(z) =nlp 1j(z). Show that f, — 0 almost everywhere.

2.3 Let (5,3, m) be a measure space. Let f, g and, for each n € N, f,, and g,, be functions from
S to R. Suppose that f, — f almost everywhere, and g, — ¢ almost everywhere. Show
that f, + gn — f + g almost everywhere, and f,g, — fg almost everywhere.

2.4 (a) For each n € N let ay,, by, € [0, 00]. Show that

Zan + an = Z(an + by).
n=1 n=1 n=1

If ayn, b, € R and the summations converge in R, implying absolute convergence because
all terms are non-negative, then you already know this. The point of this question is to
work in R.

(b) Let m and n be measures on (S,3). Deduce that m + n is a measure on (S, %), where
(m+n)(A) =m(A) +n(A) forall A e X.

(c) Let S = {x1,z2,...,2,} be a finite set and ¢y, c2, . .., ¢, be non-negative numbers. Let

n
m = E ¢i0z, -
i=1

(i) Show that m is a measure on (S, P(S)).

(ii) What condition should be imposed on {cj,ca,...,¢,} for m to be a probability
measure?

2.5 Let S be a set.

(a) Let A, B C S. Show that:
(1) Tavp =1a+1p — lans.
(ii) Lanp = 1alp.
(ﬁi) If B C A then ]1A\B =14—1p.
(b) Let (A;) be a sequence of disjoint subsets of S and let A = ;2 A,,. Explain how the
function "> 14, is defined and show that 14 =) 7, 14

n=1

n*

2.6 Let (a,) and (by,) be a sequences of extended reals.

(a) Show that:
(i) limsup,, a,, + limsup,, b, < limsup,, (a,, + by,)
(ii) (limsup,, ay) (limsup,, b,) < limsup,, a,b,
(iii) climsup,, a,, = limsup,, (ca,) for ¢ € [0, 00)
)

(iv) if a,, < by, for all n, then limsup,, a,, < limsup,, by,.
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(b) Derive similar relationships for lim inf.

2.7 Let f, : R — R be given by f,,(z) = e ™ and let f : R — R be given by f(z) = Loy ().
Show that f,, — f pointwise but not uniformly.

Challenge questions

2.8 This question involves metric spaces and is off-syllabus for that reason. (%)

(a) Show that (R,d) is a metric space, where d(x,y) = |arctan(z) — arctan(y)|. Here we
set arctan(—oo) = —1 and arctan(oo) = 1.

(b) Show that (RR,d) is compact.
(c) Let (an) be a sequence of extended real numbers. Show that the following are equivalent:
(i) ap — a

(ii) If (a,,) is a convergent subsequence of (a,) then a,, — a.

2.9 Let (ay) be any sequence within R and let
% ={a € R; there exists a subsequence (a,,) of (a,) with a,, — a}.

Show that liminf, a,, = inf ¥ and limsup,, a,, = sup .Z.

Part (¢) of Exercise will help. If you prefer to avoid using that, you should impose the
extra condition that a,, € R is a bounded sequence and use[2.1]
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Chapter 3

Measurable Functions

In this chapter we restrict ourselves to studying a particular kind of function, known as a mea-
surable function. For measure theory, this is an important step, because it allows us to exclude
some very strangely behaved examples that would disrupt our theory.

More specifically, in Section we saw the existence subsets of R that were not measurable,
with respect to Lebesgue measure. These sets had no meaningful concept of ‘length’. It is clear
that integration is closely connected to length, for example integrating the indicator function

14 (x) 1 ifzecAd
xr) =
4 0 ifz¢gA

in the case A = [a,b] using a naive ‘area under the curve’ approach gives [, 1a(z)de =b—a =
A(A). If A is non-measurable then integrating the function 14 would be dangerously close to
trying to measure the length of A, which we know we cannot do. We conclude that, just as with
sets, we need a similar concept of a measurable function.
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3.1 Overview

In this section, we deal with functions f : S — R, where (S, %) is a measurable space. The key
definition is the following.

Definition 3.1.1 We say that f : S — R is measurable if f~1(A) € ¥ whenever A € B(R).

We will sometimes wish to restrict to the case S = R, in which case we would normally take
Y = B(R) as the Borel sets. In this case, measurable functions f : R — R are often known as
Borel measurable. Note that in Definition f~! refers to the pre-image (and not the inverse
function, which may not exist). You can find the definition and properties of pre-image within
earlier courses, and summarised within Section [0.2]

We can’t yet explain exactly why Definition [3.1.1]is a sensible class of functions to be interested
in. This will become clear in Section when we begin to construct the Lebesgue integral. Note
that the o-field ¥ is the key object in Definition If we were to use a different o-field ¥ on
the same set S, then we might change whether f : S — R was measurable.

Example 3.1.2 Let X € 3. Then 1y is measurable. To see this let us write f = 1x and note
that f(z) takes the values 1 if x € X and 0 if z ¢ X. Therefore we have

0 if0¢ Aand1¢ A
_ S if0ecAandl1e A
F7H(4) = .

X if0¢g Aand 1€ A

S\X if0eAandl¢ A

In all cases we have that f~!(4) € X.
A interesting special case is provided the indicator function 1g of the rational numbers, defined
from R — R. This function is discontinuous at all points, because between any pair of rationals

there is an irrational number, and vice versa. Since Q € B(R), the function 1g is Borel measurable.

Example 3.1.3 (%) It is possible to construct non-measurable functions, for example if we take
(5,%Y) = (R,B(R) and define f : R - R by f(z) = 1y(x) where ¥ is the non-measurable set
constructed in Section Then f~1({1}) = ¥ ¢ B(R).

It is usually impossible to use Definition to check directly that some function f is mea-
surable, because B(R) is too big to check f~1(A) for all A € B(R). In fact it is sufficient to check
a much smaller class of subsets, for example using the following result.

Lemma 3.1.4 Let f: S — R. Then the following statements are equivalent.

1. f is measurable.

- = =
L
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PrROOF: It is immediate that part 1 = all of the other parts. We will show here that parts 2,
3, 4 and 5 are all equivalent to each other. Proof that these (all) imply part 1 can be found in
Section which is marked with a (A) for independent study.

Note first that part 2 < part 5, as f~1(A)¢ = f~1(A°) and ¥ is closed under taking comple-
ments. The fact that part 3 < part 4 is proved similarly. To see that part 2 = part 3 we use
that [a,00) =2, (a — 1/n,00) and so

fﬁl([av OO)) = ﬂ fﬁl((a - 1/71,00))
n=1

and the result follows since X is closed under countable intersections. Similarly, to see that part
3 = part 2 we use that

F((a,00)) = |J f([a+ 1/n, 00))
n=1

and the fact that X is closed under countable unions. We thus have part part 5 < part 2 < part
3 & part 4. |

There is nothing special about half-open intervals in Lemma Lots of other types of
subset of R will do and we will encounter a few more within this course, such as in Exercise [3.2]
or Lemma within the independent reading.

Lemma provides a direct way of showing that functions are measurable, but an indirect
way is often easier: we can use measurable functions to construct more measurable functions. In
fact, nearly everything that combines measurable functions together will create more measurable
functions — much like the situation we already established for measurable sets. There are also
similarities to the algebra of limits from real analysis, which gives the next theorem its name.

Recall the ‘pointwise’ notation for functions that we introduced in Section e.g. f+g means
the function with values (f + g)(z) = f(x) + g(x).

Theorem 3.1.5 (Algebra of measurable functions) Let f,g: S — R be measurable and let
a € R. The following functions are measurable:

f+g, fg,  of, 1/f, fVvy, fAg. (3.1)

In the case of 1/ f we must assume f(x) # 0 for all x € S.
If fn: S = R for all n € N then the following functions are measurable:

inf f, sup fn liminf f,, lim sup fp, lim f, (3.2)
n n n—00 n—00 n—00

In the case of lim,, f, we must assume that the limit exists (pointwise).

If G : R — R is Borel measurable then G o f, defined by (G o f)(x) = G(f(x)), is measurable.

PrOOF: The proof is in Section which is marked with a (A) for independent study. |

The functions in are defined pointwise, as introduced in Section The functions in
(3.2]) are also defined pointwise, for example (inf, f,,)(z) = inf,, f,,(x), and similarly for the others.
Note that in the case of lim, the function (lim, f,)(z) = lim, f,(z) is only defined if the limit
exists for all z. Strictly, at this point we treat only real valued functions so we should require
that the infs, sups, and so on are not oo, but we will remove this restriction in Section [3.6
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3.2 Borel measurable functions

To make use of the various parts of Theorem we need some functions that we already know
are measurable. Example [3.1.2] is a good start and you’ll find some more examples within the
exercises at the end of this chapter. In the special case of functions f : R — R the following

lemma is very useful.

Lemma 3.2.1 If f : R — R is continuous then f is Borel measurable.

PrOOF: The proof is in Section which is marked with a (A) for independent study. |

The most important fact to realize about functions f : R — R is that, although it is possible
to construct non-measurable examples, essentially all examples of functions f : R — R that we
encounter in practice are Borel measurable. We have now set up all these tools to prove this,
for the functions that we commonly use. There are several examples in Exercise Here’s one
more.

Example 3.2.2 The function

fz) =

sinz if x € [FF, 5],
0 otherwise,

is Borel measurable. To see this, note that the function sin is continuous on R, and hence
measurable by Lemma which is a good start. To make the link to f we note that

flx) = ]1[*7"

Example gives that 1;_= =) is measurable, because intervals are Borel sets. Theorem

272
(in particular, the multiplication part) then gives that f is Borel measurable.

|(z) sin(x).

(MIE]

)

We could reach the same conclusion in many different ways. For example, the function

-1 if v < 57,
g(x) = q{sinz  if x € [5F, 5],

1 ifw> 3,
is continuous and hence measurable by Lemma We can write f as
f(@) = 9(2) = 1(z 00) () + Lo =) ()

and Theorem (this time, the addition part) tells us that f is Borel measurable.
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3.3 Measurable functions and open sets (A)

In this section we prove the remaining part of Lemma in particular that part (1) of that
lemma is equivalent to the other parts. We will also prove Lemma Note that this section is
marked with a (A), meaning that it is off-syllabus for those taking MAS31002 and is independent
reading for those taking MAS61022. Our arguments will use open subsets of R. For purposes of
this course we work from the following definition.

Definition 3.3.1 A set O C R is open if for every z € O there is an open interval I C R
containing x, with I C O.

Some of you will have seen open sets in more general contexts e.g. metric or topological spaces.
We won’t use those more general contexts within this course, but if you are familiar with metric
spaces you will know that some of the results in this section are true in greater generality than
we include here.

It follows immediately from Definition that every open interval in R is an open set. We
might ask what other kinds of open subset we can find within R. The following result gives a
surprisingly clear answer, a consequence of which is that all open subsets of R are Borel sets.

Proposition 3.3.2 Every open set O in R is a countable union of disjoint open intervals.

ProoF: Note that a ‘countable union’ includes the case where we only need finitely many
intervals. Let us first note that if O; are opens sets for all ¢ € I then (even if I is uncountable)
the set O = U;0; is open. See Exercise for a proof of this fact.

For x € O, let I, be the union of all open intervals containing = for which I, C O. Then I,
is open. Also, I, is an interval, because if a < b < ¢ with a,c € I, then there are open intervals
(a —€1,x + €2) and (x — €3, ¢ + €4) within I, and b is within their union, so b € I.

If x,y € O and = # y then I, and I, are either disjoint or identical. To see this, note that if
I, N1, is non-empty then I, U I, is a non-empty open interval contained within O, which implies
I, U I, is also contained within both I, and I,. Thus I, = I,.

However, there can only be countably many different I, because we can only fit at most
countably many (non-empty) disjoint open intervals within R. We now select a rational number
r(z) in every distinct I, and rewrite O as the countable disjoint union over intervals I, labelled
by distinct rationals r(x). |

Lemma 3.3.3 Let O = o(O C R; O is open) be the o-field generated by the open subsets of R.
It holds that O = B(R).

PROOF: Recall that, by Definition [[.4.2] B(R) is the smallest o-field that contains the open
intervals (a,b) for —oo < a < b < oco. It follows immediately that B(R) C O, because O is a
o-field containing all the such intervals and B(R) is the smallest such o-field. To see the reverse
inclusion, note by Proposition every open set is an element of B(R). Thus O C B(R),
because B(R) therefore contains any o-field that contains the open sets, and O is the smallest
such o-field. [

Remark 3.3.4 (x) In advanced textbooks on measure theory, Lemma is usually used as the
definition of the Borel o-field, because open sets make sense in a more general context than open
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intervals. In particular this definition makes sense for all metric spaces, and more generally for
all topological spaces.

Lemma 3.3.5 Let f : S — R. Then f is measurable if and only if f~1(O) € ¥ for all open sets
O in R.

ProOOF: We will prove the forwards and backwards implications in turn. Suppose first that f is
measurable. Let O C R be open, and note that Proposition implies that O € B(R). Hence,
by Definition we have f~1(0) € ¥, as required.

For the reverse implication, suppose instead that f=1(O) € X is for all open O C R. Let
A={ECR; f1(E) € £}. We will first show that A is a o-field, by checking (S1)-(S3).

(S1): Re Aas S = fY(R).
(S2): If E € A then E° € Asince f~1(E°) = f~1(E)¢ € X.
(S3): If (A,) is a sequence of sets in A then |, o An € A since f71 (U, An) =U, fH(4n) € X

We are now ready to finish the proof. By our assumption, O € A for all open A C R. Writing
O =0(0 CR; O is open) as in Lemma by Lemma we have that O C A, because A
is a o-field containing all the open subsets and O is the smallest such o-field. By Lemma [3.3.3
we thus have B(R) C A. By definition of A, this gives that f~}(E) € ¥ for all B(R), so f is
measurable. |

PROOF OF LEMMA [3.1.4] PART 2 IMPLIES PART 1: With Lemma [3.3.5] we can finish the proof
of Lemma [3.1.4] Using the notation from that lemma, assume that part 2 holds. From what we
have already proved of Lemma [3.1.4] part 4 therefore also holds. By Proposition we may
write any open set O as O = Uyp(an,by,) for some —oo < a, < b, < oo, where the union is
countable. Hence,

-t O) = Uf_l((ana n Uf ) I~ ((an’ ))

The right hand side of the above is in ¥ by parts 2 and 4, which means that f~1(0) € ¥ for any
open set O C R. From this, Lemma [3.3.5| gives that f is measurable. |

The above completes the proof of Lemma [3.1.4] as promised from Section We now move
on to the proof of Lemma [3.2.1] starting with a proposition that links continuous functions to
open sets.

Proposition 3.3.6 A mapping f : R — R is continuous if and only if f=1(O) is open for every
open set O in R.

PrOOF: First suppose that f is continuous. Choose an open set O and let a € f~1(O) so that
f(a) € O. Then there exists € > 0 so that (f(a) — €, f(a) + ¢) € O. By definition of continuity
of f, for such an e there exists § > 0 so that x € (a — d,a +0) = f(z) € (f(a) — ¢, f(a) +€).
But this tells us that (a — 6,a+6) C f~1((f(a) —¢, f(a) +¢€)) € f~H(O). Since a is arbitrary we
conclude that f~1(0) is open.

Conversely, suppose that f~1(0) is open for every open set O in R. Choose a € R and
let € > 0. Then since (f(a) — ¢, f(a) + ¢€) is open so is f~1((f(a) — ¢, f(a) + €)). Since a €
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Y ((f(a) — €, f(a) + ¢€)) there exists 6 > 0 so that (a — 6,a + ) C f~((f(a) — ¢, f(a) + ¢)).
From here you can see that whenever |z — a| < § we must have |f(z) — f(a)| < e. But then f is

continuous at a and the result follows. [ |

PrOOF OF LEMMA 3.2.1} Let f : R — R be continuous and O be an arbitrary open set in R. By
Proposition f~YO) is an open set in R. Hence, by Proposition we have f~1(0) € B(R)
for all open O C R. Lemma [3.3.5] gives that f is measurable. |
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3.4 Algebra of measurable functions (A)

In this section we prove Theorem [3.1.5] That is, we will show that, sums, products, limits etc of
measurable functions are themselves measurable. The proof will be split across several lemmas.
Throughout this section, (S, X) is a measurable space.

Lemma 3.4.1 Let f, g be measurable functions from S — R. Then fVg and fAg are measurable.

PrRoOOF: Note that for all ¢ € R we have
(f Vg) M (e,00)) = f((¢,00)) U g™ ((¢, 00))
(f Ag) (e, 00)) = fH((e,00)) N g™ (e, 00)).
1

We have that f~!((c,00)) and g~!((c,00)) are in ¥, hence the right hand side is in ¥. By parts
2 and 4 of Lemma [3.1.4] fV g and f A g are measurable. |

We write {f > g} ={z € S; f(x) > g(x)}. We’ll use similar notation for multiple inequalities
of all types, and for constants. For exampleifa,b € Rthen{a < f<c}={x € S5;a < f(z) < c}.

Lemma 3.4.2 Let f,g be measurable functions from S — R. Then:
1. {f>g}eX.

2. f+g and fg are measurable.

PROOF: We will use the results of Exercise within this proof. For the first part, recall that
the rational number Q are countable, and let {r,,n € N} be an enumeration of Q. Recall also
that there is a rational number between any two distinct real numbers. Hence,

{(r>gt=UJ{>m>g

neN

= U{f>7’n}ﬂ{g<rn}
neN

= J £ ((rn,00)) N g~ (—00,m)) € X
neN

The right hand side is in X, hence so is {f > g}.
For the second part, let us first consider f + g. From part (a) of Exercise , we have that
«a — g is measurable for all @ € R. Hence

(f+9) "((,00) ={f+g>a}={f>a—g}

is a measurable set by part 1 of the present lemma, so Lemma [3.4.2 gives that f+ ¢ is measurable.
It remains to consider fg. Note that

fg=l(F+97~ (/ ~ )" (33)

From part (c) of Exercise we have that a composition of measurable functions is measurable.
In particular, if G(x) = 22 then G o h = h? is measurable whenever h is measurable. We have
already shown that sums of measurable functions are measurable. Part (b) of Exercise tells
that ah is measurable whenever a € R and h is measurable. Thus f + ¢ is measurable, and
f—g= f+(=1) x g is measurable, hence so are both of these squared, hence so is the right hand
side of . This completes the proof. |
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Remark 3.4.3 (x) Equation (3.3)) is known as the polarization identity and is often useful when
connecting multiplication and addition. A more general version of the same identity is used in
functional analysis to connect norms with inner products.

Lemma 3.4.4 For eachn € N let f, : S — R be a measurable function. Then, providing that all

of the following are real valued:
1. inf, f, and sup,, f, are measurable.
2. liminf, f, and limsup,, f,, are measurable.

3. If (fn) converges pointwise to f as n — oo, then f is measurable.

PRroOOF: For part 1, note that for all ¢ € R,

—1
(mf fn> (les00)= {9, fu> e} = (V= et = () M (les o)),

neN
neN neN
-1
(su1)  (Gevoe)= G, fo > b = > = U fi (00
ne neN neN

In both cases the right hand is in ¥, hence so is the left hand side. By Lemma both inf,, f,
and sup,, fn, are measurable.

For part 2, recall from Sectionthat liminf, f, = sup,, infy>, fr and limsup,, f, = inf, supy>,, fi-
By several applications of part 1, we have that liminf,, f,, and lim sup,, f,, are measurable.

For part 3, if f,, — f pointwise then by Lemma we have f(x) = liminf, f,(z) for all
x € S, so f is measurable by part 2. |
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3.5 Simple functions

In this section we are interested in the following class of functions.

Definition 3.5.1 Let (S, X) be a measurable space. We say that a function f : S — R is simple
if it has the form

[= ZcﬂlAi (3.4)
i=1
where ¢; € R and A; € X, with 4; N A; = () whenever i # j.

In words, a simple function is a (finite) linear combination of indicator functions of non-overlapping
measurable sets. It follows from Example [3.1.2] and Theorem that every simple function is
measurable. Exercise shows that sums and scalar multiples of simple functions are themselves
simple, so the set of all simple functions forms a vector space.

Our next theorem explains the purpose of simple functions. They are a natural class of
functions with which to approximate measurable functions. This will be a key ingredient of
Lebesgue integration. Loosely, we will (in Chapter |4 specify how to integrate simple functions,
and then use an approximation scheme to extend the same idea to measurable functions.

Our pointwise notation for functions, from Section [2.3] is also useful for inequalities involving
functions. For example, we say that f : .S — R is non-negative if f > 0, meaning that f(z) > 0
for all x € S. Similarly, we write f < g to mean that f(z) < g(x) for all . It is easy to check
that a simple function of the form is non-negative if and only if ¢; > 0 for all 4.

Theorem 3.5.2 Let f : S — R be measurable and non-negative. Then there exists a sequence
(sn) of non-negative simple functions on S with s, < sp41 < f for alln € N so that (sy,) converges
pointwise to f as n — oco. Moreover, if f is bounded then the convergence is uniform.

PrOOF: We split this into three parts.
Step 1: Construction of (s,). Divide the interval [0,n) into n2" subintervals {I;,1 < j <

n2"}, each of length o by taking I; = {j_l J ) .Let Ej = f~1(I;) and F,, = f~!([n, 00)). Then

2n 2n 9 27

S = U;Lil E; UF,. We define for all x € S

sn(@) = nf: (j;) 15, (x) + nlp, (x).

Step 2: Properties of (s,). For x € Ej, s,(x) = j2_n1 and j2_n1 < f(z) < 2% and so
sn(z) < f(x). For x € F,,, sp(z) =n and f(z) > n. So we conclude that s, < f for all n € N.

=1
2n 9 92n

To show that s,, < s,41, fix an arbitrary j and consider I; = { ) For convenience, we

write I; as I and we observe that I = I; U Iy where Iy = [223112, 22{—:11) and Iy = [223—111, 23%) Let
E=f~NI),Er = f7(I1) and Ey = f~*(I2). Then s,(z) = &+ for all @ € E, sp41(w) = L for
all z € Eq, and s,41(x) = % for all z € Fs. It follows that s, < s,41 for all x € E. A similar

(easier) argument can be used on Fj,.

Step 3: Convergence of (s,). Fix any = € S. Since f(x) € R there exists ng € N so that

f(x) < np. Then for each n > ng, f(x) € I; for some 1 < j < n2", ie. ]2;”1 < flx) < 277 But

sp(z) = J;l and so |f(z) — sp(2z)| < 5= and pointwise convergence follows. Note that if f is
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bounded we can find ng € N so that f(z) < ng for all z € R. Then the argument just given yields

|f(z) — sn(x)| < o for all 2 € R which gives uniform convergence |
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3.6 Extended real functions

Let (S,X, m) be a measure space. An extended real function on S is a mapping f : S — R, which
might take the values £00. We introduced extensions of the Borel o-field and Lebesgue measure
to R in Section Using these extensions, all of theory that we have developed in this Chapter
can also be made to work for extended real functions. In that context, in Lemma we would
use half-open intervals that contained +oo e.g. (a, oo] instead of (a, c0), but everything else works
essentially the same.

Remark 3.6.1 (%) To extend Section to extended real functions we would need to use conti-
nuity and open sets involving 4-0o. This happens naturally when treating R as a metric space (as
in Exercise , but this course does not assume knowledge of metric spaces and such arguments
are outside of what we can cover here.
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3.7 Exercises on Chapter

3.1 Show that the following functions are Borel measurable, as maps from R to itself.

(a) The constant function f(z) = «, where a € R.
0 forz<O

(b) g(@) = {ex for x > 0.

(¢) h(z) = sin(cos(x))
(d) i(z) = sin(z* Ly o) (@)
3.2 Let (S, X) be a measurable space and let f : S — R. Show that f is measurable if and only
if f~((a,b)) € X for all —co <a < b < co.

3.3 Let (S5,%) be a measurable space and let f : § — R be measurable. Show that |f]| is
measurable.

3.4 Let f:R— R and let a € R.
(a) Suppose that f is Borel measurable. Show that the mapping h : R — R is measurable,
where h(z) = f(z + ).

(b) Suppose that f is differentiable. Explain why both f and its derivative f’ are measurable
functions.

(c) Suppose that f is monotone increasing. Show that f is measurable.

Hint: Show that f~((c,00)) is an interval. Recall that I C R is an (open, closed or
half-open) interval of R if, whenever a,b € I and a < ¢ < b we have ¢ € I.

3.5 Let (S,X) be a measurable space. Show that the set V of simple functions f : S — R, with
pointwise addition and scalar multiplication, is a real vector space.
3.6 (A) Let (S,X) be a measurable space and f : S — R be measurable. Let o € R.

In this question you may not use the algebra of measurable functions (Theorem or any
of the results in Section[3.4, We use the results (a)-(c) in the proof of Theorem [3.1.5,

(a) Show that g = f + « is measurable.
(b) Show that g = af is measurable.
(c) Let G : R — R be Borel measurable. Show that G o f : S — R is measurable, where
(Go f)x) =G(f(x)).
3.7 (A) Recall the definition of an open set, from Definition [3.3.1]

(a) Let O1 and Oy be open subsets of R. Show that O; U Oz and O N Oy are also open.
(b) For each n € N let O,, be an open subset of R. Consider the following claims:

(i) A =U,enOn is open.

(ii) B = ,en On is open.

Which of these claims are true? Give a proof or a counterexample in each case.

(c) A set C C R is said to be closed if R\ C is open. Which of your results from parts (a)
and (b) hold for closed sets?
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Challenge questions

3.8 A function f: R — R is said to be upper-semicontinuous at x € R, if given any € > 0 there
exists 6 > 0 so that f(y) < f(z) + € whenever |z — y| < 4.
(a) Show that f = Ljg,00) (Where a € R) is upper-semicontinuous for all x € R,

(b) Deduce that the floor function f(x) = |z, which is equal to the greatest integer less
than or equal to x, is upper-semicontinuous at all z € R.

(c) Show that if f is upper-semicontinuous for all € R then f is measurable.
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Chapter 4

Lebesgue Integration

The concept of integration as a technique that both acts as an inverse to the operation of differ-
entiation and also computes areas under curves goes back to the origin of the calculus and the
work of Isaac Newton (1643-1727) and Gottfried Leibniz (1646-1716). It was Leibniz who intro-
duced the [ ---dz notation. The first rigorous attempt to understand integration as a limiting
operation within the spirit of analysis was due to Bernhard Riemann (1826-1866). The approach
to Riemann integration that is often taught (as in MAS2004/2009) was developed soon after by
Jean-Gaston Darboux (1842-1917). At the time it was developed, this theory seemed to be all
that was needed, but as the 19th century drew to a close, some problems appeared:

e One of the main tasks of integration is to recover a function f from its derivative f’. But
some functions were discovered for which f’ existed and was bounded, but where f’ was not
Riemann integrable.

» Suppose (fy) is a sequence of functions converging pointwise to f. People wanted a useful
set of conditions under which

/f(ac) dx = nh_)Holo fn(x)de. (4.1)

but weren’t able to find any suitable conditions. Problem illustrates some of the
difficulties here; it gives an example of f,, f such that f,(x) — f(z) for all z, but in which

(4.1]) fails.

¢ Riemann integration was limited to computing integrals over R™ with respect to Lebesgue
measure. Although it was not yet apparent, the emerging theory of probability would re-
quire the calculation of expectations of random variables X using the formula E(X) =
Jo X (w)dP(w). This requires a version of integration that works on a general measure space.

A new approach to integration was needed. In this chapter, we’ll study Lebesgue integration,
which allow us to investigate [q f(z)dm(x) where f: S — R is a ‘suitable’ measurable function
defined on a general measure space (S, %, m). It was developed by Henri Lebesgue (pronounced
‘Leb-eyg’) and first published in 1902.

We will see that if we take m to be Lebesgue measure on (R,B(R)) then we recover the
familiar integral fR f(x) dz but we will now be able to integrate a much bigger class of functions
than Riemann and Darboux could. Most importantly, the Lebesgue integral solves all three of
the issues discussed above.
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4.1 The Lebesgue integral for simple functions

We’ll present the construction of the Lebesgue integral in three steps. We’ll work over a general
measure space (5,3, m) for most of Chapter [4] and we’ll integrate functions f : S — R. The
first step will involve simple functions. In the second step we extend to non-negative measurable
functions, and the final step we extend to what are known as ‘Lebesgue integrable’ functions.

Definition 4.1.1 (Lebesgue Integral, Step 1) If A € ¥ then the integral of the indicator
function 14 is defined as

/ 14dm =m(A). (4.2)
S

More generally, if f =>""" ; ¢;14, is a non-negative simple function (i.e. all ¢; > 0) then we define

/ fdm =" cim(4). (4.3)
S i=1

Note that m(A;) might be infinite, so [4 fdm € [0, oc].

Note that we can represent f in more than one way as a simple function. For example if
J =1, then also f = ]1[0’%) + ]l[%’l]. It is easy to guess that the value of does not depend
on the choice of representation. We'll omit a formal proof of this fact. Note also that equations
and are consistent with each other, in the sense that if we take n =1 and ¢; = 1 in
then we obtain . We restrict to non-negative simple functions to make sure ‘co — o0’
does not occur in .

When we work with the theory of integration we will tend to write |, g J dm for the Lebesgue
integral of f. We will sometimes use the shorthand notation

7(5) = | fam.

to make our proofs easier to read. For calculations it is often more helpful to write [¢ f(z) dm(z),
which is closer to the notation you’ve used before in the case S = R. We’ll come back to this
point after we’ve reached Step 2 of the construction.

In each step of defining the Lebesgue integral, we’ll establish some useful properties of the
integral. Because we expand the amount of functions we can integrate at each step, this will
mean that we carry several properties with us as we go, and we do some work in each step to
upgrade them. We begin this process with the next lemma.

Lemma 4.1.2 If f and g are non-negative simple functions then:

1. Linearity: for all a, 5 € R
/(af—kﬂg)dmza/fdm—kﬁ/gdm,
S S S

2. Monotonicity:
f<g = /fdmg/gdm.
S S
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PROOF: Let us write f = > ; ¢;14,. Note that we can assume without loss of generality
that |J;~, A4; = S by including an extra term with ¢,41 = 0 and A, = S\ (U;; 4;) into the
summation. Similarly, write g = 7", d;1p, where |Ji_; B; = S. By the definition of simple
functions we have A; N A; =0 and B; N B; = () for all i # j.

We have

n

n m
f= Z cilans = Z cilanyre, B, = > cilyr (ainB,) = d > lans
i=1  j=1

i=1 i=1
= Z Z ¢ila,n;- (4.4)
i=1 j=1

Here, we use that (JI_, B; = S and part (a)(i) of Exercise (note that A; N Bj, and A; N Bj,
are disjoint whenever j; # ja). We can obtain a similar expression for g, giving

=> dilanz,. (4.5)

i=1 j=1

It follows that

n m

af +B9="> > (aci+ Bd;)Lanz,. (4.6)

i=1 j=1
Using (4.3), and the representations of f,g and af + B¢ as simple functions in (4.4))-(4.6]),

Z(af + Bg) = ZZacH—Bd (4; N By), (4.7)
=1 j=1
ZZQ (A; N Bj)
=1 j=1
:Zn:idjm(AiﬁBj).
i=1 j=1

From these formulae we have Z(«f + 8g) = aI(f) + BI(g), which proves linearity.

For monotonicity, we now assume that f < g. Hence g — f is non-negative. Putting a = —1
and 8 = 1 into , we have that g — f is a non-negative simple function, and that ¢; < d;
whenever A; N B; # (). Hence, from (4.7)), we have I(g — f) > 0. Linearity gives that

1(f) = 1(9) +1(g = f)
and thus I(f) < I(g), as required. [ |
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4.1.1 Integration over subsets

Integrals over the real numbers are commonly written in the form fab, which denotes integration
over the interval [a,b] € R. We now introduce some notation for this, in the general case.

Definition 4.1.3 If A € ¥, whenever |, g fdm is defined for some f : S — R we define

Zu(h) = [ Fm = /S 1af dim.

We call Z4(f) the integral of f over the set A. In general there is no guarantee that I4(f) is
defined for some function f. We need f to be one of the types of functions that we work with in
the steps used to define the integral.

The following lemma is another property of the Lebesgue integral that we will carry with us
as we build up the definition.

Lemma 4.1.4 Let f: S — R be a simple function. Then v :3% — R by
v(X) —/ fdm
X
1S a measure.

PROOF: Let us write f =" | ¢;14,. Note that 1xf =>"",¢;la,lx => 1" ¢;la,nx, where
we have used the identity 1415 = 14np from Exercise By Definition and (4.3)) we have

n
/ fdm=>Y"cm(A;NX). (4.8)

X i=1
By part (b) of Exercise we have that X — m(A; N X) defines a measure, for all 7. Using part
(a) of the same exercise, X — ¢;m(A; N X) also defines a measure. In Exercise we showed

that a finite sum of measures was also a measure, hence in fact the right hand side of (4.8)) defines

a measure. This completes the proof. |
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4.2 The Lebesgue integral for non-negative measurable func-
tions

We continue to work over a general measure space (S, %, m). When f : S — R is measurable and
non-negative, it is tempting to try and take advantage of Theorem by defining “ [ gfdm =
limy, 00 f g Sndm”, where (sn) is increasing sequence of simple functions, converging pointwise to
f. There is a problem with this idea: many different choices of simple functions could be used
for s,, which risks making the limiting integral depend on that choice. We’d need to show that
didn’t happen — which it doesn’t, but proving that turns out to be very difficult. Lebesgue’s key
idea was to work around the problem, using the weaker notion of the supremum to ‘approximate
f from below’ as follows.

We say that function f : S — R is non-negative if f > 0. Equivalently, if f : S — [0,00). In
this section we focus on non-negative measurable functions.

Definition 4.2.1 (Lebesgue Integral, Step 2) Let f : S — [0,00) be measurable. The inte-
gral of f is defined as

/ fdm = sup {/ sdm; s is a simple function and 0 < s < f} . (4.9)
S S

With this definition [, f dm € [0, 00].

We would like to upgrade the monotonicity and linearity properties from Lemma The
use of the sup makes it easy to prove some properties but hard to prove others, so we’ll only make
partial progress for now. In particular, we’ll have to postpone the upgrade of linearity until the
next section.

Lemma 4.2.2 Let f,g: S — [0,00) be measurable functions.

1. If f < g then [ fdm < [4 gdm.
2. IfA,BeXY with ACB theanfdmngfdm,

PRrOOF: For part 1, if f < g then any simple function s with s < f also satisfies s < g. Hence

/fdm:sup{/sdm;sissimple,ogsgf}
S S

§sup{/sdm; s is simple,Ogsgg}
S

:/gdm.
S

Part 2 follows by noting that 14 < 1p, hence 14 f < 1pf and applying part 1. |

Lemma 4.2.3 (Markov’s Inequality) Let f : S — [0,00) be measurable and let ¢ > 0. Then

m({z € 8 f(x) > ¢}) < i/sfdm
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PrOOF: Let E = {x € S; f(z) > c}. Note that E = f~!([c,0)) € ¥ as f is measurable. By
part 1 of Lemma and the linearity property (for integrals of simple functions) from Lemma

E1.2
/SfdmZ/S]lEfdmz/Sc]lEdm:c/SllEdm:cm(E),

and the result follows. [ |

You have already seen Markov’s inequality in the context of probability theory, that is P[X >
] < LE[X] for ¢ > 0 and a random variable X > 0. In Exercise we will see how the
probabilistic version can be deduced from Lemma [4.2.3] For now, it is a useful tool within our
development of integration, because it allows us to control how often some function f takes large
values.

4.2.1 Almost everywhere equality

In Section we introduce the concept of convergence almost everywhere. The idea behind %3
was that we can allow pointwise convergence to fail on a null set, and from the point of measure
theory that will tend not to matter. We will see this in practice within the next section, but first
let us note that we can also apply ‘almost everywhere’ to the concept of equality, as follows.

Definition 4.2.4 Let f,g : S — R be measurable. We say that f = ¢ almost everywhere if
f(z) = g(x) for almost all x € S.

We will often abbreviate f = g almost everywhere to f = ¢. In symbols, f *= g means that
m({z € S; f(z) # g(x)} = 0. In Problem you can show that = is an equivalence relation
on the set of measurable functions from S to R. You should think of f “= ¢ as saying ‘as far as
measure theory is concerned, f and g might as well be equal’.

Lemma 4.2.5 Let f : S — [0,00) be measurable. If fsfdm — 0 then [ ™2 0.

PROOF: Suppose that [o fdm = 0. Let A = {z € S; f(x) # 0} and for each n € N, 4,, =
{z € S;f(z) > 1/n}. Note that A = J;~; A,. By Lemma we have we have m(A) <
> o021 m(Ay), hence it is sufficient to show that m(A,) = 0 for all n € N. By Lemma we
have m(A,) < n [¢ fdm = 0, which completes the proof. |

Lemma 4.2.6 Let f,g: S — [0,00) be measurable. If f “= g then fS fdm= fsgdm,

PROOF: Let us write E = {z € S; f(x) # g(x)} and note that m(E) = 0. Let s = Y 1" ; ¢;1 4,
be a simple function such that 0 < s < f. We claim that s* =" | ¢;ily,\ g 1s a simple function:
this follows because we have A;, E € ¥ so A;\E € ¥, and disjointness of the A; implies disjointness
of the A; \ E. By definition of E' we have

s*(x) = < g(x).

f(z) ifzeS\E

0 ifrek o itrekE
g(x) ifzeS\FE

Hence s* is a simple function such that 0 < s* < g. Using that m(F) = 0, from (4.3) we can
deduce that fs sdm = fs s"dm, which by (4.9) implies that fs fdm < fsgdm.

We can apply the same argument with the roles of f and g swapped to deduce that [ ggdm <
f g fdm, hence in fact they are equal. |
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We can apply the same idea to inequalities too. For example, we say that f < ¢ almost
everywhere if m({z € § — f(z) < g(z)}) = 0.
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4.3 The monotone convergence theorem

It is helpful to work with non-negative measurable functions for a bit longer, before we take the
final step of defining the Lebesgue integral. We continue to work over a general measure space
(S,2,m).

In this section we will see interaction between integrals and limits for the first time. In
particular we establish a set of conditions under which, for the Lebesgue integral, we can deduce
that |, g Jndm — /. g Jdm. This marks a key step in our development of the Lebesgue integral.
It is the first point at which we see Lebesgue integration do something that Riemann integration
cannot.

We say that a sequence (fy,) of functions is monotone increasing if f, < fn41 for all n € N.
Note that in this case by Lemma the pointwise limit f = lim, .o f, automatically exists,
is non-negative and measurable, and may take values in [0,00]. Similarly, we say that (f,) is
monotone decreasing if f,, > fny1 for all n.

Theorem 4.3.1 (Monotone Convergence Theorem) Let f,, f be measurable functions from
S to [0,00). Suppose that:

1. for allm € N we have fn, < fot1,
2. fn — [ almost everywhere.

Then,
/andm—>/sfdm (4.10)

as n — o00.

PROOF: Since (fy,) is increasing, f*(z) = lim,_~ f(x) exists for all z € R. By Lemma we
have that f* is measurable. We have f = f* by our second assumption, which by Lemma
means that [ fdm = [ f*dm. Hence we may assume, without loss of generality by using f* in
place of f, that f, — f pointwise.

We now aim to prove . Since (fy,) is increasing and pointwise convergent to f, we have
f =sup,, fn. We have f; < fo < ... < f, so by monotonicity from Lemma we have

/Sfldmﬁ/sfzdmﬁ-“ﬁ/sfdm.

Hence n — [ fn dm defines an increasing sequence that, by Lemma has a limit in [0, oo]
and

lim fndmg/fdm. (4.11)
S S

n—o0

In order to establish we must also prove the reverse inequality. To simplify notation,
let us write a = lim,, fs fndm. So, we need to show that a > fs fdm. Let s be a simple function
with 0 < s < f and choose ¢ € R with 0 < ¢ < 1. Our plan is to show that a > cfssdm and
then take a sup over c and s.

For each n € N, let

E,={x€S; fu(z) > cs(x)}.
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Note that F, € ¥ because by Theorem the function f, — cs is measurable, and FE, =
(fn —es)71(]0,00)). We claim that

o
E, C Epy forallneN and U E, =5. (4.12)
n=1

The first claim in follows because (fy,) is increasing. To prove the second claim in ([4.12)),
note first that if « € S with s(z) = 0 then z € E, for all n € N. If z € S with s(x) # 0 then
f(z) > s(z) > cs(x), and since f,(z) is monotone increasing to f(z) we must therefore have
N € N such that f,(x) > cs(x) for all n > N. For such n we have = € E,,.

By parts 1 and 2 of Lemma we have

aZ/fndmz/ fndmz/ csdm. (4.13)
S E, E,

The function s is simple, and it is easily checked that this means cs is also simple. Hence by Lemma

v(X) = [y csdm defines a measure. By (4.12) and Lemma we have v(E,) — v(S),
that is [, csdm — [gcsdm as n — oo. Letting n — oo in (.13)) thus gives

a z/csdm.
S

Lemma m gives [gcsdm = ¢ [¢sdm, hence

azc/sdm.
S

This holds for any ¢ € (0,1) and any simple function s with 0 < s < f. Letting ¢ T 1, and using
that limits preserve weak inequalites, gives

az/sdm.
S

Taking a supremum over all simple functions s with 0 < s < f and using Definition [£.2.7] gives

that
a> / fdm.
S
This provides the reverse inequality to (4.11]) and completes the proof. [

We will look at examples of calculating integrals, using tools like the monotone convergence
theorem, in Section For now we press onwards with developing the Lebesgue integral, and
upgrade the linearity property to cover non-negative measurable functions. Theorem m (which
have not used until now!) turns out to be crucial here.

Lemma 4.3.2 Let f,g: S — [0,00) be measurable. Then for all o, 5 € [0,00) we have

/Saf—l—ﬂgdm:a/sfdm—i-ﬁ/sgdm.

Proor: By Theorem we can find an increasing sequence of simple functions (s,) that
converges pointwise to f and an increasing sequence of simple functions (¢,) that converges
pointwise to g. Exercise gives that as, + fBt, is a simple function, and it is clear that
asy + Bt, is an increasing sequence of functions that converges pointwise to a.f + Sg.

By Lemma@part 2 we have [ asp+fBt, dm = a [¢ spdm+p [¢t, dm. Letting n — oo and
using Theorem to take the limit of all of the integral terms, we obtain that | gaf+Bgdm =
ozfsfdm+ﬁfsgdm as required. |
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4.4 Integration as a measure

In Lemma we saw that integrals of simple functions gave us a way of constructing measures.
We’ll now carry that property over to integrals of non-negative functions. In this case the upgrade
to non-negative measurable functions provides the final version of the property. Other properties,
such as monotonicity and linearity, will receive one more upgrade in Section We continue to
work over a general measure space (5,2, m).

Theorem 4.4.1 Let f: S — [0,00) be measurable. Then v : % — [0,00] by

v(A) —/ fdm
A
1S a measure.

PROOF: We check the two properties in Definition We have v(0) = [, fdm = [ 1gf dm.
Since 1y = 0 this gives v(0) = fS 0 dm. The zero function is a simple function 0 = 01g, and
gives that it has integral zero. Thus v (@) = 0.

We need to show that v is countably additive. Let (E,)nen be pairwise disjoint subsets of
S and let E = (J;2, Ep. Set F, = U, Es. Then F,, C F,q; and hence 1y, < 1p,,,, so
1p,f < 1p,.,f. Also, Us2, Fn = Uy En, so 1p, — 1 pointwise. Hence 1p,f — Lgf
pointwise so by Theorem [4.3.1] we have

/ anfdm—>/]1Efdm. (4.14)
S S
The right hand side of the above is equal to [}, f dm = v(E). By Lemma the left hand side
is equal to
n n n n
[ tnsan=Y" [1afin=3 [ ram=>"vE.

Si=1 =175 i=1 7 Ei i=1

Putting these into ([4.14) gives that lim, >, v(E;) = v(U;2; Es), as required. [ ]

Example 4.4.2 The Gaussian measure on R is obtained by taking f = ¢ where ¢ : R — R is

given by ¢(x) = \/%76_‘”2/2

with probability theory:

and taking m as Lebesgue measure. We note an explicit connection
14(0) = [ e ax@)
A 2w
which you should recognize as equal to P[Z € A] where Z ~ N(0,1). Thus A — [, ¢dX is the

law of a standard normal random variable. Normal random variables are often known as Gaussian
random variables.
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4.5 The Lebesgue integral

At last we are ready for the final step in the construction of the Lebesgue integral, which extends
our current framework to a class of measurable functions that are real-valued, instead of just non-

negative. This step requires a little preparation. We continue to work over an arbitrary measure
space (5,3, m).

For a function f:S5 — R we define

f+ :max(f,O), f— :max(—f,O),

which are pointwise definitions of functions fi, f— : S — R. It is easiest to see what is going on
here with a picture:

5 f
K A W f.
\ ’r""\\ .
\‘ 7 X f
\ 7 \
\ / \'.
14 ‘, ’f \ ,
\ p \ /
\ ’ \ Vo
\ ! i Vo
vy v 1 {;
W, \ \ \,
\/ Y] \ \
Do  rerereeees i, B U L SRR
_1 -
_2 -
T T T T T T T T T
—4 =3 -2 -1 0 1 2 3 4
Note that
f=r+-r-

and that by Theorem both fi and f_ are non-negative measurable functions from S to R.
Step 2 (Definition {4.2.1)) tells us the values of [ fi dm and [¢ f- dm, which are extended real

numbers in [0, co]. Note also that |f| = f+ + f—, and that fS | fldm is also covered by Step 2.

Definition 4.5.1 (Lebesgue Integral, Step 3) Let f : S — R be measurable. If at least one
of [¢ f+dm and [¢ f- dm is not equal to +o0, then we define

/Sfdmzfgf+dm—/gf—dm,

which is an extended real number.

(4.15)

If both [¢ fy dm and [¢ f- dm are equal to +-00 then [¢ f dm is undefined. Note that in this
case (4.15)) would give co — oo, which is undefined.

It is important that we have a way to avoid handling infinities. This is provided by the following
definition:

L= {f : S = R; f is measurable and /|f|dm < oo}. (4.16)
S
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It is common to refer to f € L' as Lebesque integrable functions. We will not call them that
within this course, because of potential confusion with Definition We will mostly work with
functions in £! from now on. We might write £1(S) or even £1(S, %, m) if we need to be specific
about which measure space we mean to use as the domain. The following lemma explains the

connection between (4.15)) and (4.16]).

Lemma 4.5.2 Let f : S — R be measurable. Then f € L' if and only if both fS f+dm and
fS f— dm are finite.

PrROOF:  We have 0 < fi < [f[and 0 < f_ < |f|, hence if [4|f|dm < oo then Lemma
4.2.2| gives that both | g [+ dm and /. ¢ [ — dm are finite. The reverse implication follows because
|f| = f+ + f—, which are all non-negative measurable functions, hence by Lemma we have

fs|f|dm:f5f+dm+fsf7dm<oo. n

We will begin to look at examples where we evaluate integrals in Section First, let us
complete the process of establishing the key properties of the Lebesgue integral.

Theorem 4.5.3 Suppose that f,g € L}(S,%,m) and A, B € X.
1. Domain additivity: If AN B =0 then

2. Linearity: For all o, B € R we have oof + g € LY and

/Aaf—i-ﬂgdm—a/Afdm—i-ﬂ/Agdm.

3. Montonicity: If f < g then
/ fdm < / gdm.
A A

‘Afdm‘éA\fldm-

5. Almost everywhere equality: If f = g then fA fdm = ngdm.

4. Absolute values:

PROOF: For non-negative measurable functions part 1 is contained within Theorem [4.4.1) Thus
S frdm+ [5 frdm = [, p f+dm. Subtracting the f_ case from the f case gives

[ peim= [ fams [ feam— [ pam= [ feam— [ fam

which by (4.15) is exactly what we need to prove part 1.
For parts 2-5, it suffices to prove the case S = A. Note that in view of Definition we can
recover the general case by replacing f and g by 14f and 14¢. Part 5 follows immediately from

Lemma [4.2.6{ and (4.15)). Several of the remaining parts are left for you as excerises. Part 3 is
Exercise part (c). Part 4 is Exercise part (a). For part 2, Exercise part (d) shows

that
a/sfdm:/sozfdm (4.17)
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for all f € £'. In order to prove part 2 it remains only to show that

/Sf+gdm:/sfdm—|—/sgdm. (4.18)

We will prove here. Note that we may assume that both f, g are not identically 0, because
f g 0dm = 0. The fact that f + g is in LY if f and g are follows from Exercise part (b).

To show we first need to consider six different special cases. Writing h = f + g, these
cases are (1) f > 0,9 > 0,h >0, (2) f < 0,9 < 0,h <0, (3) f > 0,9 <0,h >0, (4
f<0,g>0h>0, 05)f>09<0h<0,(6)f<0,9g>0h<0. Note that case (1) is
precisely Lemma We'll just prove case (3) here, and note that the others are similar. To
show case (3) we write f = h 4+ (—g) and, noting that all these are non-negative functions, from
Lemma we obtain [¢ fdm = [4(f + g)dm + [¢(—g) dm, and hence from we have
Js(f+9)dm = [y fdm — [((—g)dm = [ fdm+ [¢gdm, which proves case (3).

For a general f € L1, we write S = S1 U Sy U S3U S, U S5 U Sg, where S is the set of all z € S
for which case (1) holds for [ = 1,2,...,6. These sets are disjoint and measurable. We then have

/S(f+g)dm:g/si(f+g)dm:g[qifdm+g[qigdm:/Sfdm+/sgdm.

In the above, the first and last equalities use part 1 of the present lemma, and the middle equality
uses cases (1)-(6) above. This completes the proof of part 2. [
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4.6 The dominated convergence theorem

We continue to work over a general measure space (S,%, m). Let f,g: S — R be measurable.
We say that g dominates f if | f| < |g| almost everywhere. This concept is naturally connected to
L' via the following lemma.

Lemma 4.6.1 Let g € L' and suppose that f : S — R is measurable with |f| < |g| almost
everywhere. Then f € L.

PROOF: By part 1 of Lemma we have [¢|f|dm < [¢|g|dm, which completes the proof.
(Exercise: Why don’t we use Theorem here?) [

We now present the second of our convergence theorems, the famous Lebesgue dominated
convergence theorem - an extremely powerful tool in both the theory and applications of modern

analysis.

Theorem 4.6.2 (Dominated Convergence Theorem) Let f,, f be functions from S to R.
Suppose that f, is measurable and:

1. There is a function g € L' such that | f,| < |g| almost everywhere.
2. fn — [ almost everywhere.

Then f € L' and

/andm—>/sfdm

The monotone convergence theorem is the basis of the interaction of Lebesgue integrals with

as n — oQ.

limits, but it has the disadvantage that it only applies to monotone sequences of functions. The
dominated convergence theorem does not require monotonicity but does require that all functions
involved are dominated by some g € £!. For this reason g is often known as a dominating function
for the (fy,). The monotone and dominated convergence theorems are often known for short as the
MCT and DCT. The proof of the DCT appears in Section This completes our development
of the Lebesgue integral.

We’re now in a position to use Lebesgue integration for doing calculations with integrals. We’ll
do so in Section which will include examples of both the MCT and DCT.
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4.6.1 Proof of the DCT (%)

The proof of the DCT is off-syllabus, although we might cover it in lectures if we have time. We'll
begin with a famous lemma before we give the main proof. It is called Fatou’s lemma after the
French mathematician and astronomer Pierre Fatou (1878-1929). It tells us how liminf and [
interact. Understanding this is they key step for moving from monotone seqences of functions;
non-monotone sequences of functions might not have pointwise limits but they do always have
pointwise lim infs.

Lemma 4.6.3 (Fatou’s Lemma) If (f,) is a sequence of non-negative measurable functions
from S to R then

lim inf/ fndm > / lim inf f,, dm
S S

n—o0 n—oo

PrOOF:  Define g, = infy>, fr. Then (g,) is an increasing sequence which converges to
liminf, o fn. Now as f; > infy>,, fi for all [ > n, Lemma M(l)) we have that for all{ > n
dm > inf frd
/sz m = /Slggnfk m,
and so

. N . ‘
ll§£ /S fidm > /S klgfl frdm

Take limits on both sides of this last inequality and then apply the monotone convergence theorem
(on the right hand side) to obtain

lim inf/ fndm > lim inf fr dm
S

n—00 n—oo Jgk>n

:/ lim inf frdm
S

n—oo k>n

n—oo

= / lim inf f, dm
S

as required. |

Note that we do not require (f,) to be a bounded sequence, so liminf, . f, should be

interpreted as an extended measurable function, as discussed at the end of Chapter 2. The
corresponding result for limsup, in which case the inequality is reversed, is known as the reverse
Fatou lemma and can be found as Exercise [4.12]
PROOF OF THEOREM m Note that we didn’t assume explicitly that f, € £, because this
fact follows immediately from the first assumption and Lemma[4.6.1] For the same reason as in the
proof of Theorem we may assume without loss of generality that f,, — f pointwise and that
|fnl < |g| pointwise. Thus f is measurable by Theorem We may further assume without
loss of generality that |f,| < g, by using |g| in place of g and noting that g € £L! < |g| € L.

Since f, — f pointwise, |f,| — |f| pointwise. By Fatou’s lemma (Lemma and mono-
tonicity from Theorem [4.5.3] we have

/|f|dm:/liminf|fn|dm
S S n—o0
Sliminf/ | | dm
n—oo S
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S/gdm<oo,
S

so feLh
For all n € N, since |f,| < g we have g + f,, > 0, so by Fatou’s lemma
/ liminf(g + f) dm < liminf/(g + fn) dm. (4.19)
S n—oo n—oo S

As pointwise limits we have lim inf,, (g + f,) = g + lim,, f,, = g + f so by linearity from Theorem
[4.5.3] we have

n—o0 n—o0

liminf/(g—i—fn)dm—/gdm+liminf/ frndm

/liminf(g—i—fn)dm = / g + liminf f,, dm = / gdm—i—/liminffn dm,
s s o s s

n—oo

Putting these two equations in (4.19) gives that

fdm < liminf/ fndm. (4.20)
S

S n—o0

Next, we repeat the argument with g+ f,, replaced by g — f,,. Note that |f,| < g gives that g — f,
is also non-negative for all n € N. The result of doing so is

— [ fdm <liminf <—/ fndm)
S n—oo S
which from Lemma rearranges to

fdm > limsup/ fndm (4.21)
S

S n—oo

Combining (4.20) and (4.21)) we see that

limsup/ fndm < | fdm < liminf/ fndm. (4.22)
S S S

n—00 n—o0

Recall that liminf, a,, < limsup, a, for any sequence, so in fact all three terms in (4.22) are

equal. It now follows from Lemma that [ fdm = lim, [ fudm. [ |
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4.7 Calculations with the Lebesgue integral

From now on, we'll often write [, f () dm(z) in place of [ f dm. This notation has the advantage
that we can write an expression like [g e~ d\(z) without having to specify the function f(x) =

2
e %

in advance. We follow common convention and write [ ...dz for integration with respect
to Lebesgue measure, which we would formally write as [...dX\(z). We'll allow ourselves to do
this in cases where its clear from the context that we mean to integrate with respect to Lebesgue

measure.

Remark 4.7.1 (x) In some countries (e.g. France) it is common to write [gdm f instead of
Jg fdm. We won’t use that notation within this course. The notation [y f(z)m(dz) in place of
Jg f(z) dm(z) is also widely used.

We will show in Theorem that, if f : [a,b] — R is Riemann integrable, over a closed
bounded interval [a,b] € R, then f is also Lebesgue integrable (i.e f € £!), and in this case
the value of the two integrals is equal. Consequently, you may use all the facts you already
know about Riemann integration on R to evaluate integrals of the form f[a’b] f(x) dx, which we

would normally write as ff f(x)dz. This includes integration by substitution, by parts, the
Fundamental Theorem of Calculus, and so on. A word of warning is necessary: such results only
apply on bounded intervals [a, b] and in general are not true on unbounded intervals.

The Lebesgue integral also gives us the MCT and DCT, for when we need limits and integrals
to interact. In this section we look at a few examples of using the major results of Chapter
to integrate particular functions. We'll begin with the testing for £! and using the monotone
convergence theorem, before moving on to the dominated convergence theorem.

Example 4.7.2 We aim show that f(z) = 2~% is in £! on [1,00) for a > 1.
For each n € N define f,(z) = 2711, (). Then (f,(x)) increases to f(z) as n — oco. We

have ~ " )
o (x)dx = Yy = 1—nl"®).
/1 fn(z)dx /1 x” dx a—l( n =)

By the monotone convergence theorem,

& 1
/ 7%z = —— lim (1 —n'™%) = .
1 a—1n—oo a—1
Example 4.7.3 We aim to show that f(z) = 2% is in £! on [0, 00) for a > 0.

The key idea here is that e™* tends to zero very quickly as x — oo, and we can use this fast
convergence to overpower the ‘opposing’ fact that x* — oco. We’ll use this fact in the following
form. Choose M such that M > 1+« and note that M > 0. We have lim,_,oo 2e~* = 0, hence
given any € > 0 there exists R > 0 so that

aMe ™ < ¢ for all z > R.

For our purposes, it will be enough to take e = 1.
We now split up into z > R, which we can control using the above, and x < R. Write

o _ —X

%" = :cae*x]l[o’pb] (z) + xaefxﬂ(R,oo) (z).
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By part (b) of Exercise the sum of two £! functions is in £!, so we’ll aim to prove that both
terms on the right hand side are in £!. The first term on the right clearly is, because it is bounded
on [0, R] and zero elsewhere. For the second term we use that fact that for all x > R,

o, —x M 796.%,an < exan — osz.

T e =T e x

We choose M such that o — M < 1, hence the right hand side of the above is in £! by Example

Hence also 2%¢™"1 (g o) () is in L' by Lemma m

Example 4.7.4 We want to calculate

] 1 na:2
lim dz.
n—oo Jo nx + 5

We'll work in the measure space ([0, 1], B([0, 1]), A) and consider the sequence of functions (f,)

where fp(z) = n’;fff) for all z € [0,1],n € N. Each f, is continuous, hence also measurable by

Lemma It is straightforward to check that lim, ,~ fn(z) = x for all x € [0,1] and that
|fn(x)] <1 foralln € N,z € [0,1]. So in this case, we can take K = 1, and apply the DCT with

dominating function g = 1 to deduce that f(z) = x is in £, and

’I’L.'I)2
lim dr = / zdx.
n=00 Jip,1] 7T 45 [0,1]

211
We finish by evaluating f[o e dr = [%} .= %

Example 4.7.5 Summation of series is a special case of Lebesgue integration. Suppose that we
are interested in y - | a,, where a, > 0 for all n € N. We consider the sequence (a,) as a
function a : N — [0,00). We work with the measure space (N, P(N), m) where m is counting
measure. Then every sequence (a,) gives rise to a non-negative measurable function a and

gan:/Na(n) dm(n),

which is for you to show in Problem The same formula holds for general (a,,) C R provided
that > |an| < oo i.e. that a € LY(N).

In this context the monotone and dominated converge theorems provide tools for working with
sequences of series. For example, suppose that for each m € N we have a sequence (an,(n))nen,

given by

1 1
am(n) = 3 + T e

We can’t easily compute the value of }° _yan(n) for any given m. But we can note that

am(n) — 2 as m — oo, for all n, and that |am(n)| < g(n) = 5 + &, We know from analysis

that >, -& and >°, -5 are both finite, so g € LY(N,P(N), m) — which in this setting is just the
claim that ) g(n) < oo. So the Dominated Convergence Theorem applies, and we obtain

. 1 1 1
Tr}gnoo% (ng * 1+m2n2> B Zﬁ

neN
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4.8 Lebesgue integration of complex valued functions (A)

The definition of the Lebesgue integral can be extended to complex valued functions. Let (S, X, m)
be a measure space and f : S — C. We can always write f = f1 + ifo, where the real and
imaginary parts are f; : S — R (i = 1,2). If both f; and fy are measurable then we say that f
is measurablcﬂ If both f; and fo have integrals according to Definition then we define

/Sfdm:/sfldmﬂ/sfzdm.

Recall that for z = x + iy € C, where x and y are the real and imaginary parts of f, we define
|z| = (2% + »?)Y/2. Correspondingly, we make the pointwise definition that when f : S — C,
|fl=(f1+ f2)1/2. Note that |f| : S — R. This allows us to define a complex version of £, given
by

E}C:{f:S%(C; f is measurable and /|f|dm<oo}. (4.23)
S

When we need to specify that we mean the complex/real versions of £! we will write ﬁ(lc and E%&.
When it is clear which one we mean we will simply write £!. The extension of Lemma is as
follows.

Lemma 4.8.1 Let f : S — C be measurable, with real part fi : S — R and imaginary part
fo: S — R. Then the following are equivalent:

1. feLt,
2. |fl € Ly,

3. fie ,C]ﬁ and fa € [’I%R'

PROOF: Parts 1 and 2 are equivalent by (4.16) and (4.23]). Parts 2 and 3 are equivalent by
Lemma [4.5.2 |

All of our results so far may be applied to the real and imaginary parts of a complex valued
function f : S — C, or to its absolutely value |f|. It is often more convenient when we can apply
them directly, so let us make some notes on this.

e There is no ‘less than or equal to’ for complex numbers. This means that some results have
no natural equivalents in C, essentially anything involving <, min, max, inf, sup, liminf or
limsup. For example, there is no monotonicity of integrals and no monotone convergence
theorem.

o Several results continue to work without any modification, with the understanding that we
must interpret | - | as the complex modulus and use E(lc in place of £}. Most importantly,
Lemma and the dominated convergence theorem continue to hold, as do all of the
properties in Theorem |4.5.3| except monotonicity.

In such cases, the results for C can be proved by applying the result for R to both real and
imaginary parts.

1(x) Following on from Remark [3.3.4] it can be shown that this definition is equivalent to asking that f : S — C be
measurable with respect to B(C), where B(C) is generated by the open sets of the metric space (C, d) where d(z,w) = |z—w]|.
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e Theorem m (integration as a measure) has no equivalent in C, because measures must
have real values?|

2(%) In fact, there is a theory of complex and even vector valued measures, but it is outside of what we can cover.
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4.9 Multiple integrals and function spaces (x)

This section is included for interest. It is marked with a (x) and it is off-syllabus. It includes two

separate topics.

4.9.1 Fubini’s Theorem (x)

Fubini and Tonelli’s theorems let us deal with expressions involving multiple integrals, for example
of the form |, s, /. s, f(z,y) dx dy. They give different sets of conditions under which we can change
the order of integration. Loosely, Tonelli’s theorem is an analogue of the MCT and Fubini’s
theorem is an analogue of the DCT. Before introducing them we need to handle some measure
theoretic details.

For i = 1,2 let (S;,%;,m;) be measure spaces and recall the product measure space (S; X
Sa,31 ® Yo, my X mg) introduced in Section If f: 57 x5 — R is measurable then the
coordinate projections x — f(z,y) and y — f(x,y) are measurable for almost all z € S; and
y € So. Moreover, if f € £L1(S1 x So) then these coordinate projections are respectively in E(Sl)
and ﬁl(SQ), again for almost all x € S and y € S5, and the same is true of the functions
= [g f(z,y)ma(dy) and y — [g f(x,y)ma(dr). We won’t include a proof of these claims
here. They put us a in a position to state the key result of this section.

Theorem 4.9.1 Let f : S; x Sy — R be measurable. Suppose that at least one of the following
conditions holds.

1. Fubini’s Theorem: f € L1(S1 x Sa).
2. Tonelli’s Theorem: f > 0.

Then

/51x32 fd(my x mg) = /1 < . f(z,y) dm2(y)> dma ()

In the case of Fubini’s theorem | 5,xs, | d(m1xms) is a real number, whilst in the case of Tonelli’s
theorem it is in [0, 00]. These results are named after the Italian mathematicians Guido Fubini
(1879-1943) and Leonida Tonelli (1885-1946). They are very important results, equal in stature
to the MCT and DCT, but we omit a full treatment of them from our course in order to progress
on to thinking about probability.

4.9.2 Function Spaces (%)

This section is aimed at those taking courses in functional analysis. An important application of
Lebesgue integration is to the construction of Banach spaces LP(S, %, m) of equivalence classes
of real-valued functions, where the equivalence relation f *= g is used on £P(S, 3, m), and which

171l = (/S|frpdm)” < oo,
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where 1 < p < co. The function || - ||, is a norm on LP(S, 3, m) if p € [1,00), but it is not a norm
for p < 1. This is the reason why, in Section [7.2] we will only define £P convergence for p > 1.
When p = 2 we obtain a Hilbert space with inner product:

(f.9) = /ng dm.

There is also a Banach space L>(S, ¥, m) where
| flloo = Inf{M > 0;|f(z)] < M a.e.}.

Variants of all of these spaces exist with C in place of R, using Lebesgue integration over C as
defined in Section These spaces play important roles in functional analysis.

71



4.10 Riemann integration (x)

In this section, our aim is to show that if a bounded function f : [a,b] — R is Riemann integrable,
then it is measurable and Lebesgue integrable. Moreover, in this case the Riemann and Lebesgue
integrals of f are equal. We state this result formally as Theorem In this section we will
prefer to say ‘f is Lebesgue integral’ rather than f € L', simply because it makes for better
grammar when we compare Riemann and Lebesgue integrability within the same sentence.

We begin by briefly revising the Riemann integral. Note that this whole section is marked
with a (%), meaning that it is off-syllabus. It will be discussed very briefly in lectures.

4.10.1 The Riemann integral ()

A partition P of [a, b] is a set of points {xg,x1,..., 2} Witha =29 <21 < -+ <zp_1 < zp =0.
Define m; = infy; ,<y<q; f(2) and M; =sup,.  <,<,, f(z). We underestimate by defining

L(f7 P) = Z m](‘rj - l‘jfl)v
j=1
and overestimate by defining
U(f,P) = Mj(x; —xj1),
A partition P’ is said to be a refinement of P if P C P’. We then have

L(f,P) < L(f,P), U(f,P)<U(f,P). (4.24)

A sequence of partitions (P,) is said to be increasing if Pp41 is a refinement of P, for all
n € N.

Now define the lower integral L,y f = supp L(f, P), and the upper integral U, f = infp U(f,P).
We say that f is Riemann integrable over [a,b] if Lqpf = Ugpf, and we then write the common
value as ff f(z)dz. In particular, every continuous function on [a, b] is Riemann integrable. The
next result is very useful:

Theorem 4.10.1 The bounded function f is Riemann integrable on [a,b] if and only if for every
€ > 0 there exists a partition P for which

U(f,P)—L(f,P) <e. (4.25)
If (4.25)) holds for some P, it also holds for all refinements of P. A useful corollary is:

Corollary 4.10.2 If the bounded function f is Riemann integrable on [a,b], then there exists an
increasing sequence (Pp,) of partitions of [a,b] for which

n—o0

b
lim U(%.P) = lim (o) = [ flado

ProoF: This follows from Theorem (4.10.1)) by successively choosing e = 1,1, L .. L1 If

DRICE] P
the sequence (P,) is not increasing, then just replace P,, with P,, U P,_1 and observe that this
can only improve the inequality (4.25]). |
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We can integrate many more functions using Lebesgue integration than we could using Rie-
mann integration. For example, with Riemann integration we could not conclude that f[a b] ]lR\Q(x)dx =
(b — a), but with Lebesgue integration we can.

4.10.2 The connection (%)

Theorem 4.10.3 If f : [a,b] — R is Riemann integrable, then it is Lebesgue integrable, and the
two integrals coincide.

PrROOF: We use the notation A for Lebsgue measure in this section. We also write M =

SUPze[a,b] |f(x)| and m = infxe[a,b] |f(1,‘)|
Let P be a partition as above and define simple functions,

n n
gp = ijﬂ(fﬁj—lﬂ?j]’ hp = Z Mj]l(xj,l,:cj]-
Jj=1 j=1

Consider the sequences (g,,) and (hy,) which correspond to the partitions of Corollary [4.10.2 and
note that

L,(f) = / gndX, Upf = hndA,
[a,b] [a,b]
where Uy, (f) = U(f,Pyn) and L,(f) = L(f,Py). Clearly we also have for each n € N,
9n < f < hae (4.26)

Since (g, ) is increasing (by (4.24))) and bounded above by M, it converges pointwise to a measur-
able function g. Similarly (h,,) is decreasing and bounded below by m, so it converges pointwise
to a measurable function h. By (4.26]) we have

g<f<h (4.27)

Again since maxyen{|gnl, |hn|} < M, we can use dominated convergence to deduce that g and
h are both integrable on [a, b] and by Corollary [4.10.2

b
/[a,b] gd)\ = lim Ln(f) = /a f(SU)dJ? = nh_}ngo Un(f) — / hd\.

n—o0 [a,b]

Hence we have

| -gir-o,
[a,b]

and so by Corollary 3.3.1, h(z) = g(z) (a.e.). Then by (4.27) f = g (a.e.) and so f is mcasurablcﬂ
and also integrable. So f[a y fAX = f[a p) 997, and hence we have

b
- fd/\:/a f(z)dx.

3T’m glossing over a subtlety here. It is not true in general, that a function that is almost everywhere equal to a measurable
function is measurable. It works in this case due to a special property of the Borel o-field known as ‘completeness’.
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4.10.3 Discussion (%)

An important caveat is that Theorem [4.10.3| only applies to bounded closed intervals. On un-

bounded intervals, there are examples of functions are Riemann integrableﬁ but not Lebesgue
sinx

integrable. One such example is fooo p

dx. The function % oscillates above and below 0 as

x — 00, and the Riemann integral fooo % dr = Xlim fOX % dx only exists because these oscilla-
—00

tions cancel each other out. In Lebesgue integration this isn’t allowed to happen, and *2* fails to

be Lebesgue integrable because [ [¥2£|dx = oo. In fact, [;°(222)_dx = [;°(322), dz = oo,

so [;° [®22] dz is undefined for the Lebesgue integral.

Let’s discuss these ideas in the context of infinite series which, as we showed in Example [£.7.5]
are a special case of the Lebesgue integral. That is,

/N an d#(n) = gjlan

where a : N — R is a sequence, and # is the counting measure on N. Note that (a,) is integrable

if and only if ), |a,| < oo, which is usually referred to as ‘absolute convergence’ in the context
of infinite series. The key is that when infinite series are absolutely convergent they are much
better behaved, as the following result shows. A ‘re-ordering’ of a series simply means arranging
its terms in a different order.

Theorem 4.10.4 Let (ay,) be a real sequence.

1. Suppose Y 2 |an| = oo and a, — 0. Then, for any o € R, there is a re-ordering by, = ap(y)
such that y ;" | by — a.

2. Suppose Y, |an| < oo. Then, for any re-ordering b, = ay,), we have S ian=>,bn €
R.

Imagine if we allowed something similar to case 1 was allowed to happen in integration, and let
us think about integration over R. It would mean that re-ordering the z-axis values (e.g. swap
[0,1) with [1,2) and so on) could change the value of [, f(x)dz! This would be nonsensical, and
mean that integration over R no longer had anything to do with ‘area under the curve’. So we
have to avoid it, and we do so by restricting to integrable functions. Only then can we find nice
conditions for ‘limit’ theorems like the dominated convergence theorem. Lebesgue integration
solves this problem; Riemann integration cannot.

4Strictly, we should say ‘improperly’ Riemann integrable.
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4.11 Exercises on Chapter
On integrals of simple functions and non-negative functions

4.1 Let f: R — R be defined as follows

1
fla) =
(@) 3 if x €1,2)
-5 ifx €[2,3).
(a) Write f explicitly as a simple function and calculate [, f(z) dx.

(b) Write down fy and f_ and confirm that they are non-negative simple functions. Calcu-
late [ f1(z)dz and [, f—(z) dx and check that [ fi(z)dz— [; f—(z)dz = [, f(x)dz.

4.2 Let (S,%,m) be a measure space, A € ¥ and f : S — R be a simple function. Show that
14f is also a simple function.

4.3 Use Lemma m (Markov’s inequality) to prove the following version of Chebychev’s in-
equality. If f: S — R is a measurable function and ¢ > 0 then

m({e € S:|f(@) = e}) < 5 [ fam.

2

Formulate and prove a similar inequality where ¢* is replaced by ¢ for p > 1.

4.4 This question contributes to the proof of Theorem Let f,g € LY(S,%,m) and let
a € R. Note that the integrals of f and g are defined by (4.15} - Using the properties of
integrals of non-negative functions that were proved in Sections [4.2 and [4.3] show that:

(a) | [ fdm| < [g|f]dm

() Jglf +gldm < [g|fldm+ [g]g]dm

(¢) afgfdm = [gafdm
Hint: First consider o > 0, then o = —1 and then combine to handle o < 0.

(d) If f < g then fsfdm < fsgdm.
In part (d) you may use linearity (of the full Lebesgue integral) because parts (b) and
(c) provide the missing pieces that complete the proof of linearity.

On £! and the convergence theorems

4.5 Let (S,%,m) be a measure space and suppose that m is a finite measure. Suppose that
f:S — Ris bounded. Show that f € £!.

4.6 Determine if the function g : (0,1) — R by g(z) = logz is in £

4.7 Consider the sequence (f,) on the measure space (R, B(R), A\) where f, = nl(g /). Show
that (f,) converges pointwise to zero, but that [ f, dA =1 for all n € N.

Does either of the monotone or dominated convergence theorems apply to this situation?
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4.8 Show that if f € £} then so is the mapping z — cos(ax) f(x), where a € R. Prove that

lim cos(a:/n)f(x)da::/Rf(x)dac.

n—o0 R

4.9 Let (S, %, m) be a measure space and (A4,) be a sequence of disjoint sets with A, € ¥ for
each n € N. Set A =J;7, A, and let f: S — R be measurable. Show that

/A|frdm=gjl/& /] dm.

Hint: Use the monotone convergence theorem.

4.10 Let (an)nen be a real valued sequence, viewed as a function a : N — R with a,, = a(n). We
work over the measure space (N, P(N), #), where # denotes counting measure.

(a) Suppose that a, > 0 and fix N € N. Let a%N) = L{p<nyan. Show that a™) is a simple

function, write down its integral, and use the monotone convergence theorem to deduce

that -
/ ad# = an (4.28)
N n=1

(b) Now consider a general a = (ay,)neny C R. Explain briefly why a € £}(N) if and only if
> lan] < 0o and deduce that (4.28) holds in this case too.

4.11 Show that f *= ¢ defines an equivalence relation on the set of all real-valued measurable
functions defined on (.5, %, m).

4.12 (%) Prove the reverse Fatou lemma: if (f,,) is a sequence of non-negative measurable functions
for which f,, < f for all n € N, where f € £!, then

lim sup / fndm < / lim sup f,, dm.
S S

n—oo n—oo
Hint: Apply Lemmal[4.6.3 to f — fy.

On integration of complex valued functions

4.13 (A) Write down a version of the dominated convergence theorem applicable to functions
f 8 — C. Prove it using the real case.

4.14 (A) Let a € R. Calculate the value of [ " dy.

4.15 (A) Of Exercises and which of these results have natural extensions to

complex valued functions? Justify your answers briefly.

You will need to solve those exercises first!
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Challenge questions

4.16

4.17

4.18

Let (S, %, m) be a measure space and f : [a,b] x S — R be a measurable function for which

(i) The mapping x — f(t,) is in £ for all ¢ € [a, b],

(ii) The mapping t — f(¢,x) is continuous for all z € S,
(iii) There exists g € L' such that |f(t,2)| < g(x) for all t € [a,b],z € S.
Use the dominated convergence theorem to show that the mapping t — [ f(t,z) dm(z) is
continuous at all ¢ € [a, b].
Hint: Use continuity in terms of sequences, that is show that lim, fsf(tn,x) dm(z) =
fS f(t,x)dm(x) for any sequence (t,) satisfying lim, oo t, = t.

Let (S, 3, m) be a measure space and f : [a,b] x S — R be a measurable function for which

(i) The mapping  — f(t,) is in £ for all ¢ € [a, b],
(ii) The mapping t — f(t,x) is differentiable for all x € S,
of(t,x)

(iii) There exists h € L1 such that < h(z) for all t € [a,b],z € S.

Show that the mapping t — [, f(t,x) dm(x) is differentiable on (a,b) and that

% /S F(t,2) dm(z) = /S 8fgt’m)dm(gc).

Hint: Use the mean value theorem.

Let
flz) = —2ge %
fn(fU) = Z (—2r233€_r2g;2 4 2(7‘ + 1)21‘6_(r+1)2x2>

r=1

for all z € R.

(a) Show that f(x) = lim, e fn(z) for all z € R.
(b) Let a > 0. Show that f and f,, are Riemann integrable over [0, a] for all n € N but that

a a
/ f(z)dx # lim / fn(x)dz.
0 n—oo 0
Neither the monotone or dominated convergence theorems can be used here (follow up ex-

ercise: explain why not). This example illustrates that things can go badly wrong without
them, even when f,(x) — f(x) for all z.
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Additional questions (x)

These questions explore the definition and properties of the Fourier transform. They are off
syllabus but you may find them interesting. They involve integration in C, as described in Section
and you will need extensions of several key results (e.g. linearity, dominated convergence) to

that setting.

419 Let f : R — R. If f € LY(R,B(R),\), where X is Lebesgue measure, define its Fourier
transform f(y) for each y € R, by

flo) = [ e faa
_ /IR cos(zy) f(x)dz — i /R sin(ey) f (z)de.

Prove that \f(y)] < 00 and so [ is a well-defined function from R to C. Show also that the
Fourier transformation Ff = f is linear, i.e. for all f,g € £! and a,b € R we have

af/—i-\bg = af: bg.

4.20 Recall Dirichlet’s jump function 1g. Does it make sense to write down the Fourier coefficients
an = 2 [T 1g(x)cos(nz)dz and b, = % [" 1g(z)sin(nz)dz as Lebesgue integrals? If so,
what values do they have? Can you associate a Fourier series to 1g? If so, (and if it is

convergent) what does it converge to?

4.21 Fix a € R and define the shifted function f,(z) = f(x —a). If f € £, show that f, € L1,
and deduce that f,(y) = e~ f(y) for all y € R.

4.22 Show that the mapping y — f(y) is continuous from R to C.

4.23 Suppose that the mappings * — f(x) and x — xf(x) are both in £!. Show that y — f(y)
is differentiable and that for all y € R,

~

() (y) = —ig(y),
where g(z) = zf(x) for all x € R.
Hint: Use the inequality |e?® — 1| < |b| for b € R.
4.24 Assume that f,g € L'(R, B(R),\) and that g is bounded. Define the convolution f * g of f
with g by
(F=9)la) = [ fa =iy
for all z € R. Show that |(f * g)(x)| < oo, and so f * g is a well-defined function from R to

R. Show further that f * g € £!, and that the Fourier transform of the convolution is the
product of the Fourier transforms, i.e. that for all y € R,

Fxaly) = Fw)ay).

Remark 4.11.1 Analogues of the results of Problems 4.24] with slight modifications, also
hold for the Laplace transform Lf(y) = [ e ¥ f(x)dx, where y > 0 and 2 — e ¥ f(x) is
assumed to be in £1((0,00)).

78



Chapter 5

Probability with Measure

In this chapter we will examine probability theory from the measure theoretic perspective. The
realisation that measure theory is the foundation of probability is due to the Russian mathemati-
cian A. N. Kolmogorov (1903-1987) who in 1933 published the hugely influential “Grundbegriffe
der Wahrscheinlichkeitsrechnung” (in English: Foundations of the Theory of Probability). Since
that time, measure theory has underpinned all mathematically rigorous work in probability theory
and has been a vital tool in enabling the theory to develop both conceptually and in applications.

We have already noted that a probability is a measure, random variables are measurable
functions and expectation is a Lebesgue integral — but it is not fair to claim that “probability
theory” can be reduced to a subset of “measure theory”. This is because in probability we model
chance and unpredictability, which brings in a set of intuitions and ideas that go well beyond
those of weights and measures.

The Polish mathematician Mark Kac (1914-1984) famously described probability theory as
“measure theory with a soul.” A less eloquent observation is that the notation tends to be much
easier to handle in probability. We introduced probability measures as an example in Section
but let us give a formal definition here.

Definition 5.0.1 A measure m is said to be a probability measure if it has total mass 1.

A measure space (S, X, m) is said to be a probability space if m is a probability measure.
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5.1 Probability

In Chapters we will work over general probability spaces of the form (2, F,P). An event is a
measurable set A € F. We have P[2] =1 so

P =1 and 0<P[A]<1forall Aec F.

Intuitively, P[A] is the probability that the event A € F takes place. We will generally assign
a special status to probability measures and expectations by writing their arguments in square
brackets e.g. P[A] instead of P(A). This just a convention — there is no difference in mathematical
meaning.

In probability we often use ‘complement’ notation, that is A = Q\ A. The standard formulae
P[A¢] = 1—-P[A] and P[AUB] = P[A]+P[B] —P[AU B] are simply restatements of equations
and in probabilistic notation. We sometimes write P[A and B] = P[AN B] and P[A or B] =
P[AN BJ.

Let us first update the results of Section into the language of probability. Recall that a
sequence of sets (Ay) with 4,, € F for all n € N is increasing if A4,, C A,41 for all n € N, and
decreasing if A, O A, for all n € N.

Lemma 5.1.1 Let A,, B, € F.
1. Suppose (Ay) is increasing and A =J,, An. Then P[A] = lim, o P[A,].

2. Suppose (By,) is decreasing and B = (1, By,. Then P[B] = lim;,,_,o P[B,,].

PROOF: This is just Lemma [I.7.1] rewritten in the notation of probability. Note that the
condition of part 2 holds automatically here, because in probability all events (i.e. measurable
sets) have finite measure. [

The intuition for the above theorem should be clear. The set A,, gets bigger as n — oo and,
in doing so, gets ever closer to A; the same is true of their probabilities. Similarly for B,,, which
gets smaller and closer to B. This result is a probabilistic analogue of the well known fact that
monotone increasing (resp. decreasing) sequences of real numbers converge to the respective sups
and infs.

Definition 5.1.2 A random variable X is a measurable function X : Q — R, where we use the
measure spaces (€2, F) and (R, B(R)).

If A€ B(R), it is standard to use the notation {X € A} to denote the event X 1(A). This
event is an element of F, by Definition which in turn means that the probability P[X € A]
is defined. Writing X € A allows us to think of X as an object that takes a random value, and
this random value might (or might not) fall into the set A C R. We can thus connect our intuition

for probability to the formal machinery of measure theory.
The law or distribution of X is given by px(B) = P[X~1(B)] for B € B(R). Thus

px(B) = PIX € B = B([X (B)] = P{{w € % X(w) € BY).

This equation is the fundamental connection between probability and measure theory. As the
next lemma shows, random variables are just another way to think about measures, designed to
make it easy for us to think about ‘objects that take a random value’.
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Lemma 5.1.3 Let X : Q — R be a random variable. The law of X is a probability measure on
(R, B(R)).

ProOOF: We have px(R) = P[X € R] = 1 and px(0) = P[X € 0] = 0, so the total mass is
1 and (M1) holds. It remains to check (M2). Let (A,)nen be a sequence of disjoint Borel sets
and set A = U, A,. Define B, = U | A,,, which makes (B,,) an increasing sequence of subsets
of R such that U, B,, = U, A,,. Hence {X € B,} is an increasing sequence of subsets of 2, with
Un{X € B,} = {X € U,B,} = {X € UpA,}. From Lemma [5.1.1] we have

px(B,) =P[X € B,] = P[X € A] = px(A). (5.1)

Also,
px(Bn) = P[X € B, ZIP’XGA => px(4i). (5.2)
Combining (5.1) and (| gives Y -2 px(A4;) = px(A), which proves (M2). [

Definition 5.1.4 The expectation of X is the Lebesgue integral

- [ X ape)

According to Definition this is possibly undefined, and when it is defined it is an extended
real number. Two cases cases are worth pointing out:

e X >0, in which case Definition defines E[X] € [0, o).
e X € L', which occurs precisely when E[X] € R.

Note also that for all A € F
E[14] = P[4]
by Definition because 14 : Q — R is a simple function.

By Theorem essentially anything we can think of doing with random variables will
just give us back more random variables. In particular, any Borel measurable function f from
R to R enables us to construct a new random variable f(X), which is defined pointwise via
f(X)(w) = f(X(w)) for all w € Q. For example we may take f(z) = 2" for any n € N, giving
rise to the random variable X™. If E[X,,] exists then it is known as the n'* moment of X.

We often write ux = E[X], when it is defined. If X has a finite second moment then we also
write var(X) = E[(X — u)?], called the variance of X, which is always defined in this case as a
consequence of Problem When it is clear which random variable we mean, we might write
simply p and o in place of ux,ox.

We will study convergence of random variables in Section[7.2] For now, note that in probability
we use the term almost surely in place of the measure theoretic almost everywhere. The meaning
is the same, for example X =Y means that P[X = Y] = 1, and X,, ¥ X means that P[X,, —
X]=1.

The monotone and dominated convergence theorems, Markov’s inequality, all the properties
of integrals, and so on, can all be re-written in the language of probability. This is for you to do,
with several examples in Exercise

(A) Those of you taking MAS61022 can now begin your independent reading of Chapter |§|,
after solving Exercises and [5.2] Chapter [6] does not depend on the rest of Chapter
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5.2 The cumulative distribution function

Let X : 2 — R be a random variable. Its cumulative distribution function or cdf is the mapping
Fx : R — [0, 1] defined for each z € R by
Fx(z) =P[X < z].

When X is clear from the context we might write F' instead of Fx. Note that if x < y then
{X <z} C{X <y}, which by monotonicity of measures implies that Fx(z) < Fx(y). That is,
the function Fx is monotone increasing. It is straightforward to check that for z < y we have
PX >z]=1- Fx(x) (5.3)
Plxr < X <y| = Fx(y) — Fx(x) (5.4)
and this is left for you in Exercise part (a).

Our next result gathers together some analytic properties of Flx. Recall that if f : R — R, the
left limit at x is limyy, f(y), and the right limit at x is lim, |, f(y). In general left and right limits
might not exist, but they always do if the function f is monotonic increasing (or decreasing).
When the limits do exist, limyy, f(2) = limy—oo f(2 — an) and limyp, f(z) = lim, o0 f(2 + an)
where a,, > 0 and a,, — 0 as n — oo.

Lemma 5.2.1 Let X be a random variable having cdf F.
1. PIX = x| = F(x) — limy, F'(y)
2. The map x — F'(x) is right continuous: F(x) = limy , F(y) for all x € R.
3. zgr_nooF(x) =0 and zlggo F(z)=1.

PrOOF: We prove the first two parts here. The third part is left for you in Exercise |5.4] part
(b).

For the first part, let x € R and let (a,) be a monotone sequence of positive numbers that
decreases to zero. For each n € N define B, = {z —a, < X <z}. Then A, € F and A, 11 C A,

with (,, B, = {X = z}. By Lemma and (5.4) we have
(5.
n

PX=z]=P = lim P[B,] = F(z) — lim F(z — a,),

n—oo n—oo

and the result follows.
For the second part, again let x € R and let (a,,) be a monotone sequence of positive numbers
that decreases to zero. For each n € N define 4,, = {X > z+ay,}. Then A4,, € Fand A,, C 4,11,

with J,, A = {X > z}. By Lemma and (5.3 we have
U

and the result follows. [}

1-F(x)=P = lim P[4,] =1- lim F(z+ a,),

n—oo n—oo

Remark 5.2.2 By combining the first two parts of Lemma we have that P[X = z¢] = 0 if
and only if Fx(x) is continuous at x = xy.

Remark 5.2.3 (x) It can be shown that a function F' : R — R is the cdf of some random variable
X if and only if it is monotone increasing and satisfies properties 2 and 3 of Lemma [5.2.1
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5.3 Discrete and continuous random variables

You will probably recall that many useful random variables are found in two special cases. For-
mally, we say that a random variable X is a:

1. continuous random variable if its cdf Fx is continuous at every point x € R;

2. discrete random variable if Fx has jump discontinuities at a countable set of points and is
constant between these jumps.

Note that if Fx is continuous at = then P[X = z] = 0 by Remark In particular, this applies
to all x € R for continuous random variables.

Many random random variables are neither discrete nor continuous. They occur in rather
mundane ways. For example, suppose that we toss a fair coin, on heads we set X = 1 and on
tails we set X = U where U is a uniform random variable on [0, 1]. The c.d.f. of X is then

0 forxz<O
Fxy(z)=q% forzel0,1)
1 forxz>1.

Thus X is neither discrete nor continuous. Random variables of this nature after often said to have
a mized type, particularly in statistics, because we have used a combination of discrete random
variables (the coin toss) and continuous random variables to construct them.

We now point out a technicality that is often forgotten in less rigorous courses: a continuous
random variable does not need to have a probability density function! Strictly speaking, those
that do have a special name; we say X is an

3. absolutely continuous random variable if there exists a measurable function fx : R — [0, 00)
such that Fx(z) = [*_ fx(y)dy for all z € R.

The function fx is called the probability density function or p.d.f. of X. Since P[X € R] =1 we
have ffooo fx(y)dy = 1.

Lemma 5.3.1 FEvery absolutely continuous random variable is a continuous random variable.

PRrOOF: Note that .
/ fx(y)dy = /R Lyen fx(4) dy.

We want to prove this is a continuous function of z, for which we’ll use the dominated convergence
theorem and the definition of continuity in terms of sequences. Let (z,,) C R be any sequence such
that x,, — . Note that |Ly<,.)fx ()| < [fx(y)| with [ [fx(y)|dy =P[X € R] =1 < oo. If
y # = then we have 1(,<, ) — 1(y<z) Which means that 1(,<, )fx(y) = Ly<q)fx(y) for almost
all y € R. Hence by the dominated convergence theorem we have [*7 fx(y)dy — [*__ fx(y)dy
as n — 00, as required. [

It is rare to come across examples of continuous random variables that are not absolutely
continuous, but they do exist. For practical purposes most useful continuous random variables are
absolutely continuous; examples that you may have encountered previously include the uniform,
exponential, normal, Student t, gamma and beta distributions. Typical examples of discrete
random variables are the binomial, geometric and Poisson distributions.
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5.4 Independence

In this subsection we consider the meaning of independence for infinite sequences of events and
random variables. A useful heuristic is ‘independence means multiply’. Recall that two events
Ay, Ay € F are independent if

P[Al N AQ] = P[Al]P[AQ]

For three events we would use P[A; N Ag N As] = P[A;|P[A2]P[As] and so on.

For many applications, we want to discuss independence of infinitely many events, or to be
precise a sequence (Aj,) of events with A,, € F for all n € N. The definition of independence is
extended from the finite case by considering all finite subsets of the sequence. Formally:

Definition 5.4.1 We say that the events in the sequence (A,,) are independent if the finite set
{4;,,4,,...,A;, } is independent for all finite subsets {i1, 2, ..., iy} of the natural numbers, i.e.

P[Azl n AiQ M--- 7Aim] = P[AZI]P[AZ2] cee ]P)[Azm]

Two random variables X and Y are said to be independent if P[X € A)Y € B] = P[X €
AJP]Y € B] for all A, B € B(R). This idea is extended to three or more random variables in the
same way as above. For an infinite sequence of random variables (X,,), we say that the X,, are
independent if every finite subset X;,, X;,, ..., X;  of random variables is independent, i.e.

P[Xil S Ai“Xz'Q S AZ'Q, ... 7Xz'm € Aim] = P[Xz'l € Ail]P[Xi2 € Aw] .. P[X,m S Aim]

for all A;,, A;,, ..., A;, € B(R) and for all finite {i1,42,...,%m} C N.

We often want to consider random variables in R?, where d € N. Let us consider the case
d = 2. A random variable in R? Z = (X,Y) is a measurable function from (£2, F) to (R?, B(R?))
where B(R?) is the product o-field introduced in Section The law of Z is the function pz(A) =
P[Z € A] where A € B(R?). The joint law of X and Y is pz(A x B) = P[X € A,Y € B] for
A, B € B(R), and the marginal laws of X and Y are px(A) = P[X € A] and py(B) = P[Y € BJ.
From the definitions above, we have that X and Y are independent if and only if

pz(A x B) = px(A)py(B),

i.e. if the joint law factorises as the product of the two marginals. The same ideas extend to R3
with e.g. W = (X, Y, Z) and so on.

Theorem 5.4.2 Let X and Y be random variables.

1. If X and Y are independent and f,g : R — R are measurable functions then f(X) and g(Y)

are independent.
2. If X,Y € LY with XY € L1 then E[XY] = E[X]E[Y].
3. The following two conditions are equivalent:

(a) X and Y are independent;
(b) E[f(X)g(Y)] =E[f(X)]E[g(Y)] for all bounded measurable functions f,g: R — R.
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PrOOF: The first part is left for you in Exercise [5.8
(x) The proof of the second and third parts uses the result of a tricky exercise and also Fubini’s
theorem, so we will view them as off-syllabus but we will cover them within lectures. For the

second part,

Bxv) = [ aypatdody) = ([ epxtan)) ( [yprian) = 2pxEy)

Here, the first equality is the two-dimensional version of Problem and we have used Fubini’s
theorem (from Section in the second equality to write the integral over R? as a repeated
integral.

For the final part, recall that bounded random variables are in £', so combining parts 1 and
2 gives that (a)=-(b). To see that (b)=(a), take measurable sets A, B € B(R) and set f = 14
and ¢ = 1p. Then we have E[f(X)g(Y)] = P[X € AY € B] and E[f(X)] = P[X € A],
Elg(Y)] =P[Y € B], so (b) gives P[X € A,Y € B] =P[X € A|P]Y € B]. |

Regarding part 2 of Theorem [5.4.2] note that dependent random variables X and Y can also
satisfy E[XY] = E[X]E[Y]. See Exercise for an example of this.
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5.5 Exercises on Chapter

On probability as measure

5.1 Write down probabilistic versions of the following results, using the notation of probability
theory that was introduced in Section You should use probability in place of measure,
random variables in place of measurable functions, expectation in place of integration, etc.

(a) The monotone and dominated convergence theorems (Theorems and [4.6.2)).

(b) Markov’s and Chebyshev’s inequalities (Lemma and Exercise [4.3)).
)
)

(¢) Theorem [4.4.1]
(d) () Fatou’s lemma (Lemma [4.6.3)).

5.2 Using the version of Chebyshev’s inequality that you found in Exercise show that if X
is a random variable satisfying var(X) < oo then

X
P|X — E[X]| > o < 20,
c
Within probability, this is the most common form in which to apply Chebyshev’s inequality.

5.3 Let a,b € R with a < b and let U be a continuous uniform random variable on [a, b], which
means that the p.d.f. of U is the function f(u) = ]l(al,)(a:)ﬁ. Let A € B([a,b]). Find
P[U € A] in terms of the Lebesgue measure of A.

5.4 Let X : QQ — R be a random variable with cumulative distribution function F.

(a) Deduce that P[X > z] =1— F(x) and Plz < X < y|] = F(y) — F(x) for all x < y.

(b) Prove the last part of Lemma show that F(z) — 0 as ¢ — —oo and F(x) — 1
as r — 00.
Hint: Use the same method as for the first two parts of the lemma.

5.5 Let X be a random variable. Show that there are at most countably many x € R such that
PX =z] > 0.
Hint: What happens to Fx(x) at x such that P[X = x] > 07

5.6 Let (©, F,m) be a measure space, where m(2) < co. From Problem recall that P[A] =
)

% defines a probability measure on (S,3). Show that E[X] = #S) Js X dm for all

X € LYQ, F,m).
Hint: Try simple functions first.

On independence

5.7 (a) Let (Ay) be a sequence of independent events. Show that

N4

neN

P

oo
=[] Pl4n]. (5.5)

n=1
(b) Recall that we define independence of a sequence of events (4,) in terms of finite
subsequences (e.g. as in Section . An ‘obvious’ alternative definition might to be

use (5.5)) instead. Why is this not a sensible idea?
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5.8 (a) Let A and B be independent events. Show that their complements A€ and B¢ are also
independent.
(b) Let X and Y be independent random variables and f, g : R — R be Borel measurable.
Deduce that f(X) and ¢g(Y) are also independent.

5.9 (a) Let U be arandom variable such that P[U = —1] = P[U = 1] = 3 and let V be a random
variable such that P[V = 0] = P[V = 1] = 3, independent of U. Let X = UV and
Y =U(1—-V). Show that E[XY] = E[X]E[Y] but that X and Y are not independent.

(b) Let X,Y,Z be random variables, where X and Y are independent of each other with
PX =1]=P[X =-1]=P[Y =1] = —P[Y = —1] = 1, and Z = XY. Show that any
pair within {X,Y, Z} are independent of each other, but that {X,Y, Z} is not a set of
independent random variables.

On properties of random variables

5.10 Let M € [0,00). Suppose that (X,,) is a sequence of random variables such that for each n
we have | X,,| < M, and suppose that X,, 3 X. Show that E[X,,] — E[X].

5.11 (a) Let X be a random variable that takes values in NU{0}. Explain why X = 7%, Ty>
and hence show that

E[X] = ip[x > .

(b) Let Y be a random variable taking values in [0,00). Use part (a) to deduce that
D PY > k] < E[Y] < 143757, P[Y > k]

5.12 (a) Suppose that X and Y are random variables and both X2 and Y2 are in L. Prove the
Cauchy-Schwarz inequality:
ELxY])| < (E[x%%) (BY?):).

Hint: Consider g(t) = E[(X + tY)?] as a quadratic function of t € R. Note that a
quadratic function ax® + bx + ¢ with at most one real root must satisfy b*> — dac < 0.
(b) Deduce that if X2 € L' then also X € L', and in fact |E[X]|? < E[X?].
(c) Let X be any random variable with a finite mean E[X] = p. Show that E[X?] < oo if
and only if var(X) < oo.

Xl < 00, where a > 0.

5.13 A random variable is said to have an a' ezponential moment if E[e

(a) Let X be a non-negative random variable and a > 0. Show that E[e=%%X] < 1.

(b) Let X be a random variable with an exponential moment. Show that E[|X|"] < oo for
all n € N.

5.14 Let X be a real-valued random variable with law px defined on a probability space (2, F,P).
Show that for all bounded measurable functions f: R — R,

| 1)) = [ f@ dpxo).
What can you say about these integrals when f is non-negative but not necessarily bounded?

Hint: Begin with f an indicator function, then extend to simple, bounded non-negative and
general bounded measurable functions.
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Challenge questions

5.15 (a) Let € > 0. Let (E,) be a sequence of independent events such that P[E,] > ¢ for all
n € N. Show that PlUpenEy] = 1.

(b) Let (2, F,P) be a probability space and let € > 0. Suppose that (E,)nen is a sequence
of independent events, with P[E,] € (¢,1 — ¢€) for all n € N. Show that P[w] = 0 for all
w €  and, hence, deduce that 2 is uncountable.
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Chapter 6

Inequalities for Random Variables

(A)

We've seen several examples of useful inequalities in Chapters [4] and [f] including Markov’s and
Chebyshev’s inequalities (Lemma and Exercise , Fatou’s lemma (Lemma and the
Cauchy-Schwarz inequality (Exercise . These inequalities can all be written in terms of
general integrals, as well as in terms of random variables and expectations. In this chapter we
will include some further examples of inequalities that are useful in probability theory.

We will look only at inequalities that apply to general random variables. It is worth noting
that beyond what is included here there are several more specialized types of inequality (such as
those that apply only to martingales, or to Markov chains, or to some particular distributions)
that are also well known in probability theory.
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6.1 Chernoff bounds (A)

Chernoff bounds are based on applying Markov’s inequality to the exponential function e,

where X is a random variable, then choosing ¢ € R to make the resulting bound be as strong as
possible. Perhaps surprisingly, it is known that that this method gives near optimal bounds in

many situations.
Lemma 6.1.1 (Generic Chernoff Bound) Let X be a random variable. Then
1. For allt > 0 we have P[X > c] < e *E[e!X].

2. For allt < 0 we have P[X < ¢] < e E[e!X].

PROOF: Note that e/* > 0 so E[e!X] is well defined as a non-negative extended real number.
We prove the two claims in turn. For the first, for ¢ > 0, from Markov’s inequality (Lemma [4.2.3))

we have

L E[etX)

elc
as required. For the second, note that for t < 0 we have P[X < c] = P[e!* > ¢!¢] (using t < 0
reverses the inequality) and then proceed as before. |

P[X > ¢] = P! > €] <

The function ¢ ~ E[e!X] is known as the moment generating function or m.g.f. of the random
variable X. Its value is an extended real number and it is possible that E[e!*] = oo for all ¢ # 0.
However, in many cases the moment generating function is finite for ¢ in (at least) some interval

(—¢,€) where € > 0. That is often enough to derive a Chernoff bound.

Example 6.1.2 Let X have a Binomial(n, p) distribution. We will take p = %, so E[X] = %,
var(X) = 2, and E[e"X] = (§ + 3€')". We will derive a Chernoff bound for P[X > 3%], but first
let us try Markov’s and Chebyshev’s inequalities. Markov’s inequality (Lemma [4.2.3)) gives us

plxsdn] o L on_4_2
~— 4]~ (3n/4)2 6 3
which provides very little information. Chebyshev’s inequality (Exercise [5.2]) gives

P[Xz?ﬂ :P[X—gz%] gP[|X—E[X]|z%] ng)Qvar(X):i.

This is significantly better and tends to zero as n — oo. Lastly, Chernoft’s bound gives us that

>0 < — 4= .
P [X ] e 5 T3¢ (6.1)

for all ¢ > 0. Choosing ¢ to minimize the right hand side (which can be done via differentiating,
finding turning points, and checking for minima) gives that the maximum occurs when e! = 3.
Putting this value for e’ into the above equation and simplifying results in

3n —3n/4/o\n _ i TLN n
]P’{lel] < 373n/4(2) _<33/4> ~ (0.88)".

This bound converges to zero much faster than the bound in (6.1)).
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6.2 The Paley-Zygmund inequality (A)

Recall that Markov’s and Chebyshev’s inequalities controlled how large P[X > ¢| could become,
using the moments of the random variable X. The Paley-Zygmund inequality is similar in style,
but it seeks to control how large X can become relative to E[X].

Lemma 6.2.1 (Paley-Zymund Inequality) Let X be a non-negative random variable and sup-
pose that 0 < E[X?] < oo. Then for any 6 € [0,1],

L E[X]?

PIX > 0B(X]) 2 (1 - 0 e

PROOF: Note that X = X1 y<pgx]} + X Lx>gr)x] and take expectations to obtain

E[X] =E [X]l{XgeE[X]}] +E [Xﬂ{X>9]E[X]}] . (62)

We will bound the two terms on the right hand side of the above. If 1¢y<gg(x]} is non-zero then
X < OE[X], so also X1 x<grix)y < OE[X]. Hence we have E[X1x<grx]] < 0E[X]. For the
second term, we apply the Cauchy-Schwarz inequality (Exercise [5.12]) and obtain that

1/2
E [X1xompay] < (EIXIEM s gp])

Indicator functions are either zero or one, hence 1% = 14, and by ([({.2) satisfy E[14] = P[A]. We
thus obtain that above equation is bounded above by (E[X?|P[X > 0E[X]])'/2. Putting all this

into we obtain
E[X] < 0E[X] + (E[XYP[X > 0E[X]))"/”

which rearranges to the required result. |
The most common application of the Paley-Zymund inequality is to set § = 0 and obtain

E[X]?

P[X > 0] > el

(6.3)

&=

In combination with upper bounds on E[X] and lower bounds on E[X?], equation is often
used to show that X is not identically zero. This technique is particularly useful when the random
variable X is known to be a limit of some sequence (X,,), and bounds on E[X] and E[X?] can
be obtained from corresponding bounds on E[X,,] and E[X2] via the monotone and dominated
convergence theorems.

More generally simply provides a lower bound on the probability that some random
variable is non-zero. It is often called the second moment method.

Example 6.2.2 Consider a graph with n vertices. For each (unordered) pair of distinct vertices
(v1, v2), the edge from v to vy is present in the graph with probability p, independent of all other
pairs of vertices. This graph is known as the Erdés-Renyi graph, often denoted by G(n,p). We
are interested in whether G(n,p) contains isolated vertices, which are vertices that have no edges
connected to them, as n — oco.

Let E; be the event that vertex ¢ is isolated, and let Y;, = Z?:l 1g, be the number of isolated

)nfl

vertices. The probability of each vertex being isolated is P[E;] = (1 — p , so the expected

number of isolated vertices is E[Y,,] = >0 P[E;] = n(1 —p)" L.
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A pair of distinct vertices, that is i # 7, is part of 2n — 3 edges (and not 2n — 2, because
they are both part of the edge between them), so P[E; N E;] = (1 — p)?"~3. We can calculate the
second moment too, with the help of Exercise as

n
EYZ = 3 PIE N E]
ij=1

— n(L— "+l — 1)1~ p?

Note that since Y takes integer values, P[Y > 0] = P[Y > 1]. The Paley-Zygmund inequality
gives that
n2(1 _ p)Qn—Q 1

]P’[Y > 1] > n(l —p)n_l + n(n _ 1)(1 _p)2n—3 - %(1 _p)fnf?) + anl(l —p)*l'

m — 0, or equivalently n(1 — p)" — oo, as

n — oo then we must have P[Y > 1] — 1 as n — oo. If that condition holds, then for large n it
is very likely that G(n,p) contains at least one isolated vertex.

Allowing p to depend on n, it follows that if

92



6.3 Jensen’s inequality (A)
A function g : R — R is convexz if it satisfies

gtz + (1 —t)y) < tg(z) + (1 —t)g(y) (6.4)

for all x,y € R and ¢ € [0,1]. Equation (6.4 is best understood with a picture.

- g
30 + -—- (1-1t)g(—2) + tg(3) for t€[0,1]
® gitx+(1-1ty)fort=0.3,0.6,0.9
254 ----- tangent at x= —3

204

Convex functions are often described as having the shape of a smile. The key point is that the
red dots, corresponding to the left hand side of , sit below the red line, corresponding to the
right hand side of . Here we have shown for £ = —2 and y = 3, on the convex function
flx)=1+2%+ % max(0, 2%). The tangent line at —3 is shown in green. Note that f sits above
its own tangent lines.

Jensen’s inequality relates expectation with convex functions. It is a tool that requires a
specific situation to apply, but when it does apply it is often the only tool available.

Lemma 6.3.1 (Jensen’s Inequality) Let X € £! and let g : R — R be a conver measurable
function. Then g(E[X]) < E[g(X)].

We will give a proof of Lemma under the additional assumption that g is differentiable.
This is not a very big restriction — in fact, convex functions are necessarily differentiable at all
but countably many x € R (we won’t prove that). However, restricting to differentiable g allows
us to give a much more intuitive proof than is possible in the general case. The following lemma
explains why, and we’ll give the proof of Jensen’s inequality below. It says that a differentiable
convex function sits above all of its tangent lines, as you can see in the example of the tangent at
x = —3 pictured in the graph above.

Lemma 6.3.2 Let g: R — R.
1. If g is differentiable then g is convex if and only if " (x) > 0 for all x.

2. 1If g is convex and differentiable then for all x,y € R we have (y — x)g'(z) < g(y) — g(x).
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ProoF:  We'll omit a proof of the first claim. It should help you understand (and check)
convexity, but the proof doesn’t provide us with any useful intuition. In the picture below
you can see an example where ¢’ (z) > 0 for all .

For the second claim, we can rewrite as (t+1—t)gte+ (1 —t)y) <tg(z)+ (1 —1)g(y),
which rearranges to

tlg(te + (A —t)y) —gla)] <A —1) [9(y) —g(tz + (1 —t)y)] .

Let us first consider when y > z. In this case, for t # 1, dividing through by (1 —t)(y — z) leads

to
gtz + (1 =t)y) —g(x) _ g(y) —g(tz+ (1= t)y)

(1—t)(y—x) - (1=t)(y —x) (6.5)
The point is that t + (1 — t)y — 2 = (1 — t)(y — 2), so letting ¢ 1 1 leads to
§(x) < L =9) (6.6)
Yy—x

The result follows after multiplying both sides by y — x.

When z < y the same calculation leads to the same result, but the direction of the inequality
in and is reversed, then reverses back again when we multiply both sides by y —z. The
case x = y is trivial. [ |

PROOF OF LEMMA [6.3.1] FOR DIFFERENTIABLE g: By part 2 of Lemma we have (y —
x)g (x) < g(y) — g(z) for all z,y € R. Therefore we may put E[X] in place of 2 and X in place
of y, leading to

(X — E[X))g/ (BIX]) < g(X) — g(E[X))

Taking expectations, using linearity and monotonicity,
(E[X] - E[X])¢'(E[X]) < E[g(X)] — g(E[X]).
The left hand side is zero, and the result follows. |

Example 6.3.3 Setting g(z) = 22 in Jensen’s inequality gives E[X]? < E[X?]. We derived this
inequality already in Exercise as a consequence of the Cauchy-Schwarz inequality. Setting
g(x) = |z|P for p > 1 gives that E[|X|P] < E[|X]|]P, which we will make use of in the proof of
Lemma Note that for p € [1,2), the function = — |z|P is convex but is not differentiable at
z = 0.

Remark 6.3.4 Jensen’s inequality also holds if the convex function g is only defined on some
interval I of R, but [ is large enough that P[X € I]| = 1. The proof is the same as above, except
that the first inequality in the proof only holds almost surely. Lemma still holds, but with
x and y restricted to I.

Jensen’s inequality is surprisingly far reaching in its consequences. For example it provides
the key ingredient used to prove most of the basic inequalities of functional analysis e.g. Holders
inequality, Minkowski’s inequality, Young’s inequality, and so on. The road towards those in-
equalities is fairly long and begins with Exercise but we won’t include those inequalities in
this course.
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6.4 Exercises on Chapter [6] (A)

6.1 Let X, have a Poisson distribution with mean nA > 0. Show that E[e!X»] = ¢mAe—1),
Hence construct a Chernoff bound for P[X,, > nA?], where n € N.

6.2 Let (Ey)nen be a sequence of events and let X;,, = " | 1,. Suppose > 2, P[E;] = co and
that P[E; N E;] < P[E;|P[E;] for all i # j. Show that P[X,, > 1] — 1 as n — oo.

6.3 In each case, determine whether the two quantities given satisfy an equality of the form
a < b, b < a, or if no such inequality holds in general.

X4 and E[X]*, where X is a random variable.

(a)
(b)
()
(d)

|
E[X /4] and E[X]'/4, where X is a non-negative random variable.
E[eX] and ®X] where X is a bounded random variable.
E[cos(X)] and cos(E[X]), where X is a random variable.

T1+...Tp
n

6.4 Let {z1,...,2,} C (0,00). The mean average of these values is , which is more

precisely known as the arithmetic mean. In some situations it is advantageous to instead use

the geometric mean, {/x1x2...x,.

By applying Jensen’s inequality to a random variable with the discrete uniform distribution
on {x1,...,zy} and the function g(z) = —log z, deduce that

T+ ...%p
- .

1T .. Ty <

This equation is known as the AM-GM inequality.
6.5 Let 1 < p < ¢ and let X be a random variable. Use Jensen’s inequality to show that if
E[|X|7] < oo then E[|X|P] < oo.

Challenge questions

6.6 Let X be a non-negative random variable with E[X?] € (0,00). Show that E[X] > 0 and

that
EYY E[XP}‘

EX? 7 E[X?

P[X = 0] < min{
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Chapter 7

Sequences of Random Variables

In this section we think about sequences of random variables, and about taking limits of random
variables. As with real numbers, sequences and limits are our main tool for justifying the use of
approximations. Approximations allow us to better understand complicated models, by giving
us a way to replace complicated random objects with simpler ones (whilst still maintaining some
degree of accuracy). As such, this theory underpins much of stochastic modelling.

7.1 The Borel-Cantelli lemmas

The Borel-Cantelli lemmas are a tool for understanding the tail behaviour of a sequence (E,,) of
events. The key definitions are

{E, i.0.} = {E,, infinitely often} = ﬂ U E, = {w:w € E, for infinitely many n}

m n>m
{E, ev.} = {E,, eventually} = U m E, = {w:w € E, for all sufficiently large n}.
m n>m
The set {E,, i.0.} is the event that infinitely many of the individual events E, occur. The set
{E, e.v.} is the event that, for some (random) N, all the events E,, for which n > N occur.

For example, we might take an infinite sequence of coin tosses and choose E,, to be the event
that the n'" toss is a head. Then {E, i.0.} is the event that infinitely many heads occur, and
{E,, e.v.} is the event that, after some point, all remaining tosses show heads.

Note that by straightforward set algebra,

Q\{E, 0.} = {Q\ E, ev.). (7.1)

In our coin tossing example, Q \ E,, is the event that the n'® toss is a tail. So (7.1) says that
‘there are not infinitely many heads’ if and only if ‘eventually, we see only tails’.

The Borel-Cantelli lemmas, respectively, give conditions under which the probability of { E}, i.0.}
is either 0 or 1.

Lemma 7.1.1 (First Borel-Cantelli Lemma) Let (E,)nen be a sequence of events and sup-
pose > o2 | PE,] < co. Then P[E, i.0.] =0.

Proor: We have

P E,| = lim P Eyxy| < lim P[E,] =0,
QnLZJN N—oo nLZJN N N%oor;\[
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Here, the first step follows by applying Lemma to the decreasing sequence of events (By)
where By = Unz ~ En. The second stop follows by Lemma and the fact that limits preserve
weak inequalities. The final step follows because > 7 | P[E,] < oc. |

For example, suppose that (X,) are random variables that take the values 0 and 1, and
that P[X,, = 1] = 4 for all n. Then > P[X,, = 1] = Y, & < oo so, by Lemma
P[X,, = 1i.0.] = 0, which by means that P[X,, = 0 e.v.] = 1. So, almost surely, beyond
some (randomly located) point in our sequence (X, ), we will see only zeros. Note that we did

not require the (X,,) to be independent.

Lemma 7.1.2 (Second Borel-Cantelli Lemma) Let (E,)nen be a sequence of independent
events and suppose that Y7 | P[Ey] = co. Then P[E, i.0.] = 1.

ProoOF: Write ES = Q\ E,,. We will show that P[ES e.v.] = 0, which by (7.1) implies our stated
result. Note that

PES ev] =P | () ES| < iIP’ M E; (7.2)
N n>N N=1 n>N

by Lemma Moreover, since the (F,) are independent, so are the (E¢), so

P|() E;l = ﬁ P[ES] = ﬁ (1—P[E,]) < ﬁ e TIE] — exp (- i P[En]> =0.
n>N n=N n=N n=N n=N

Here, the first step follows by Exercise The second step is immediate and the third step uses
that 1 —x < e™* for # € [0,1]. The fourth step is immediate and the final step holds because

> o PIE,] = co. By (7.2) we thus have P[Ef e.v.] = 0. [ |

For example, suppose that (X,,) are i.i.d. random variables such that P[X, = 1] = % and
P[X, = —1] = 3. Then 3, P[X,, = 1] = co and, by Lemma P[X, = lio] = 1. By
symmetry, we have also P[X,, = 0i.0.] = 1. So, if we look along our sequence, almost surely we

will see infinitely many 1s and infinitely many Os.
Since both the Borel-Cantelli lemmas come down to summing a series, a useful fact to remember
from real analysis is that, for p € R,

oo
Zn_p<oo < p>1.
n=1

Recall that this fact follows from the integral test for convergence of series.
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7.2 Convergence of random variables

Let (X,) be a sequence of random variables, all of which are defined on the same probability
space (2, F,P). There are various different ways in which we can examine the convergence of this
sequence to a random variable X (which is also defined on (£, F,P). They are called modes of
convergence.

When we talk about convergence of real numbers a,, — a we only have one mode of conver-
gence, which we might think of as convergence of the value of a, to the value of a. Random
variables are much more complicated objects; they take many different values with different prob-
abilities. For this reason, there are multiple different modes of convergence of random variables.

We have already mentioned almost sure convergence of random variables in Section We
recall this and introduce three new modes of convergence here. We say that (X,,) converges to X

o in distribution if whenever P[X = z] = 0 we have P[X,, < z] — P[X < z].
o in probability if given any a > 0, we have P[|X,, — X| > a] = 0 as n — oo,
o almost surely if P[X,, - X, asn — oo] =1,

o in LPif E[| X, — X|P] = 0 as n — oo.

When (X,,) converges to X almost surely we sometimes write X,, = X a.s. as n — co. We may

2
also write the type of convergence above the arrow e.g. X, £ X or X, %X,
For L? convergence we are usually only interested in the cases p = 1 and p = 2. The case p = 2
is sometimes known as convergence in mean square. For reasons that are explained in Section

convergence in LP is only defined for p € [1, 00).
Happily, there are some relationships between these different modes of convergence.

Lemma 7.2.1 Let X,,, X be random variables.
1 I Xn 5 X then X, & X
2. If X, 3 X then X, > X.
3. If Xn 55 X then X, 5 X.
Lo Let1<p<q If XoS X then X, & X.

No other relationships exist in general, other than those implied by the above results.

PROOF: The last part follows from the counterexamples in Exercises We’ll give proofs
of parts 1-4 here.
Part 1. Let x € R be such that P[X = z] = 0 and let ¢ > 0. We have

PX <z]=PX <uz,|X, - X|<e+PX <z,]X,, — X| > ¢
<P[X, <z +d +P[|X, — X| > . (7.3)

Putting = — € in place of x we obtain

PX <z—¢ <PX, <z|+P]|X,—X >¢. (7.4)
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Combining ([7.3)) and ([7.4) leads to

PX <z —¢-P[X, - X[>¢ < PX,<z] <PX<z+e+P|X, - X|>¢]
Letting n — oo, and using that X, R X, we obtain

PX <z —¢ < liminfP[X, =z] < limsupP[X, <z] < PX <x+¢.
n n

By Remark and the fact that P[X = x| = 0 we have that y — P[X < y] is continuous at
y = z. Hence, letting ¢ — 0, both P[X < x + €] and P[X < = — €] converge to P[X < x]. We
don’t yet know if the term P[X,, < x] converges as n — 0o, so we need to take liminf on the
left hand side and lim sup on the right hand side. Exercise tells us that liminf and lim sup
preserve weak inequalities, and Lemma tells us that they are equal to the limit, if the limit
exists. We thus have
PX <z] < lin}lianP’[Xn =z| < limsupP[X,, <z] < P[X <],
n

which by Lemma again gives that P[X,, < z| —» P[X < z].

Part 2. Let ¢ > 0 be arbitrary and let A, = |J°_ {|Xm — X| > €}. Then (4,) is a
decreasing sequence of events. Let A = (72, A,. If w € A then X, (w) cannot converge to
X(w) as n — oo and so P[A] = 0, because X,, — X almost surely. By Lemma part (2),
lim,, o0 P[A;] = P[A] = 0. But then by monotonicity,

Pl X, — X| > ¢] <P[A,] — 0 as n — oo.

Part 4. (A) We'll prove part 4 next, because it will be helpful in part 3 below. This part is
marked with a (A) because we need an inequality that comes from Chapter @ It is true that

[E[X][" < E[IX]7] (7.5)

for all p > 1 and all random variables X . For general p, this is a special case of Jensen’s inequality,
which is part of the independent reading in Section marked with a (A). However, the p = 2
case is a consequence of the Cauchy-Schwartz inequality and has already appeared in Exercise
5.12l The p = 1 case is simply |[E[X]| < E[|X]|], which is the absolute value property from
Theorem [4.5.3] written in the notation of probability.

Putting | X,, — X|P into , and then putting ¢/p > 1 in place of p, we obtain that E[|X,, —
X|P|9/P < (R[|X,, — X|Pl4/P)]). Thus E[|X,, — X|?] < (E[|X,, — X|9])?/9. The result follows.

Part 3. Thanks to part 4, it suffices to prove that L' convergence implies convergence in
probability. From Markov’s inequality (Lemma rewritten in probability notation in Exercise

5.1)) for any a > 0 we have

E[| X, — X
P[X, — X| > o] < HEn = XI]
a
If X, £1> X then the right hand side tends to zero as n — 0o, hence so does the left. |

Remark 7.2.2 The following diagram records which modes of convergence imply which other
modes of convergence.
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N

=
1>

In all other cases (i.e. that are not automatically implied by the above), convergence in one mode
does not imply convergence in another.

Recall that for real numbers, if a,, — a and a,, — b then a = b, which is known as uniqueness of
limits. For random variables, the situation is a little more complicated: if X,, L X and X, Ly

then X =Y almost surely. By Lemma [7.2.1} this result also applies to LY and %% However, if
we have only X, 4 X and Xn Y then we can only conclude that X and Y have the same
distribution, that is P[X < z] = P[Y < z] for all z. Proving these facts is Exercise

Establishing convergence in distribution, probability and L? usually comes down to calculating
(or estimating) the important quantities involved: P[X < z], P[|X,, — X| < a] and E[|X,, — X|?],
and then thinking about their limits as n — oco. There are several examples of this type within
the exercises. Almost sure convergence is harder to work with, but here we can often use the
Borel-Cantelli lemmas.

Example 7.2.3 Let (X,,) be a sequence of i.i.d. random variables, each with the uniform distri-
bution on [0,1]. Then P[X,, < 3] = P[X,, > 2] = 1, so (using independence) by two applications
of the second Borel-Cantelli lemma we have P[X,, < & io0] = P[X, > %io] = 1. Hence, with
probability 1, the sequence X,, will oscillate infinitely often between [0, %] and [%, 1], in which case
it cannot converge. Thus (X,,) does not converge almost surely (to any limit) in this case.

Alternatively, consider a sequence (Y;) with P[Y,, = 1] = % and P[Y;, = 0] = 1 — . Since
> # < 00, the first Borel-Cantelli lemma tells us that P[Y;, = 1 i.0.] = 0. Hence P[Y,, =0 e.v.] =
1, which implies that P[Y;, — 0] = 1, or in other words that Y;, “3 0.

Lemma 7.2.4 If X,, — X in probability as n — oo then there is a subsequence of (X,) that
converges to X almost surely.

Proor: If (X,,) converges in probability to X, for all ¢ > 0, given any ¢ > 0, there exists
N(c) € N so that for all n > N(c), P[|X,, — X| > ¢] < e.

In order to find our subsequence:

— First choose, ¢ =1 and € = 1/2, then for n > N(1), P[|X,, — X| > 1] < 1/2.

— Next choose ¢ = 1/2 and € = 1/4, then for n > N(2), P[|X,, — X| > 1/2] < 1/4.

— In general, choose ¢ = 1/r and € = 1/2", then for n > N(r), P[|X,, — X| > 1/r] < 1/2".

Set k, = max{N (1), N(2),...,N(r),r} for r € N. to obtain a subsequence (X, ) so that for
all r € N,

P Xy, — X| > 1/r] < 1/2".

Since Y 5= < 0o, by the first Borel-Cantelli lemma (Lemma we have

P[| Xk, — X| > 1/r i.0] =0,
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and so
Pl Xk, — X|<1/r ev]=1.
Hence, almost surely, there exists some R € N such that for all » > R we have | X}, — X| < 1/r,

which implies that | X}, — X| — 0. Hence X},  — X almost surely. |

Remark 7.2.5 A subtle point is that the subsequence of (X,,) constructed by Lemma is a
deterministic subsequence, in the sense that r — k, is a deterministic function. Of course, X}, is
a random variable for each r.
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7.3 Laws of large numbers

Let (X,,) be a sequence of random variables all defined on the same probability space. We say
that the sequence (X,,) is 4.7.d., short for independent and identically distributed, if it has the
following properties:

e they are independent;

o they are identically distributed, which means that for all A € B(R),
PX; €Al =PXocA]=---=PX, €Al =---
or equivalently that px, = px, for all n # m.

Sequences of this type are very important. From a practical point of view they correspond to a
random trial repeated multiple times, which is a common occurrence in experimental science, but
also in statistics (think of e.g. survey responses). They are also theoretically important, because
the large amount of independence involved makes these sequences easier to study. There are
many examples of limit theorems in probability that were proved first for i.i.d. sequences and
later extended to more complicated situations. We will study two examples of this in Sections
[C.3H7.5]
In this section we are interested in the empirical arithmetic mean
E:X1+X2+~~-+Xn’ (7.6)

n

which in statistics is often known as the sample mean. The standard notation X, is rather lazy,

strictly (- ) is a function whose arguments are the sequence (X1, ..., X,,) and the natural number
n, with value given by .

If X,, € £! for some (and hence all) n € N, with u = E[X,,], then by linearity X,, € £! and
E[X,] = u. It is natural to expect that for the large n the value of X, is typically close to pu,
because some of the X; will fall above u, others below, and to some extent they will balance each
other out. The following two famous results make this idea precise.

Theorem 7.3.1 (Weak Law of Large Numbers) Let (X,,) be a sequence of i.i.d. random
variables with B[X,] = p for all n € N. Suppose that E[X?2] < oo for all n € N. Then
X,, — p in probability as n — oo.

PRrROOF: By the Cauchy-Schwarz inequality (Exercise we have E[| X, X, |] < (E[X2|E[X2])Y? <
00, 50 X, X, € LY. Also by this exercise we have var(X,,) < 0o, so let us write 02 = var(X,,).

Since the (X,,) are independent by Theorem we have E[X,, X,,] = E[X,,]JE[X},,] = 0, so
cov(Xn, Xim) = E[ X, X ] — E[X,]E[X,,] = 0. We may therefore calculate

— 1 - no? o?
var(X,) = - Zvar(Xi) + ZCOV(XZ',XJ‘) =3 +0= pt
i=1 17
Hence, by Chebychev’s inequality (Exercise 5.2)) for all @ > 0 we have that P[|X,, — u| > a] <
% = % which tends to zero as n — oo. [ |
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Theorem 7.3.2 (Strong Law of Large Numbers) Let (X,,) be a sequence of i.i.d. random
variables X, € L' and with E[X,] = p for alln € N. Then X,, — u almost surely as n — oo.

By Lemma the strong law implies the weak law, but the strong law is much harder to
prove. We won’t give a full proof in this course. Instead, we will give a proof in the special case
that E[X}] < .

PROOF OF THEOREM [7.3.2 ASSUMING THAT E[X2] < co:  Without loss of generality we may
assume that 4 = 0. The general case can be obtained from this special case by considering
X, =X, — u.

Let S, = X1+ Xo+---+ X, so that S, = nX,, for all n € N. Consider E[S2]. It contains many
terms of the form E[X; X, X;X,,]. By the same argument as we used in the proof of Theorem
based on the Cauchy-Schwarz inequality, X; X X; X, € LY for all j,k,l,m. If j,k,l and m
are all distinct then by Theorem we have E[X; X, X; X,] = E[X;]E[X;]E[X;]E[X,,], which
is zero because E[X;] = E[X}] = E[X;] = E[X,,,] = 0. A similar argument disposes of terms of
the form E[X;X}] and E[X; X X?], where 4, k, [ are distinct.

The only terms with non-vanishing expectation are n terms of the form X} and (g) (3) =
3n(n — 1) terms of the form Xfij with ¢ # j. By part 1 of Theorem X? and X]2 are
independent for 7 # j and so by part 2 Theorem

E[X?X?] = E[X7)E[X]] = var(X]) var(X}) = 0.
Putting all this together and writing b = E[X;1] and ¢ = ]E[XZ?XJZ},
n
E[Sy] = Y EIX[]+ ) E[X?X]]
i=1 i#j
=nb+3n(n—1)c < Kn?,
where K = b+ 3c. For all a > 0, by Markov’s inequality (Lemma |4.2.3)

— E[S4]  Kn? K
_ 4 4 4 _
P[| X, > a] =P[S,, > a™n"] < a4nz < e i oL

Recall that Yo%, & < co. Hence, by the first Borel-Cantelli lemma, P[|X,,| > a i.0.] = 0 and so
P[|X,| < aev.]=1. It follows that X,, — 0 a.s. as required. [

Remark 7.3.3 (x) The proof, in the general case without Assumption 4.1, uses a ‘truncation
argument’ based on Y;, = X, 1{x, <,). Note that ¥;, <n for all n and so E[Y,] < nkF for all k.
If X,, > 0 for all n, E[Y,] — 1 by monotone convergence. Roughly speaking the argument is to
prove a SLLN for the Y},, then transfer this to the X,,s. It requires much more work.

103



7.4 Characteristic functions (A)

In this section we introduce the main tool that we will need to prove the central limit theorem. It
relies on Lebesgue integration in C, which we studied in Section In this section we will also
use complex versions of exercises that were earlier set for real valued functions. In such cases the
complex version follows by applying the real version to real and imaginary parts.

Definition 7.4.1 Let X be a random variable defined on a probability space (Q2, F,P). The
characteristic function ¢x : R — C of X and is defined, for each u € R, by

by (u) = B [¢X] = / ¢ dpx (y). (7.7)

The integral formula for E[e®*X! on the right hand side of (7.7) follows by Exercise [5.14l Note
also that y — ¥ is measurable since e®¥ = cos(uy) + isin(uy), and in L' by Exercise since
le®¥| <1 for all y € R and py is a finite measure.

Example 7.4.2 Suppose that X ~ N(u,0?), that is X has a normal distribution (sometimes
known as a Gaussian) with mean p and variance o2. In Problem you can show for yourself
that in this case ¢x(u) = exp (i/w - %02u2) for all u € R.

Equation ((7.7) states that the characteristic function of X is the Fourier transform of the
law px of the random variable X. In elementary probability theory courses we often meet the
Laplace transform E[e“X] of X, which is called the moment generating function of X. The moment
generating function has the disadvantage that it only exists when |u| is small enough, because the
function y — €“¥ may not be £!. How small |u] is required to be depends on X, but unfortunately
there are random variables for which E[e%X] is undefined for all u # 0. In such cases the moment
generating function is useless. The characteristic function has the important advantage that it is
always defined for all u € R.

Here is a useful property of characteristic functions, which is another instance of the ‘indepen-

dence means multiply’ philosophy that we developed in Section [5.4]
Lemma 7.4.3 If X and Y are independent random variables then for all u € R,
Px+y (u) = dx(u)dy (u).
PrROOF: We have ¢px1y(u) = E[ei”(x+y)] =E [e"Xe™Y] = E [¢X]E [¢™] = ¢x(u)dy (u),
where the key step follows by the complex version of Theorem |

We'll end this section with two important properties of characteristic functions, neither of
which will be proved within this course. The first says that characteristics are unique to random
variables, in the sense that any random variables with same characteristic function also have the
same law. The second relates characteristic functions to convergence in distribution.

Theorem 7.4.4 If X and Y are two random variables for which ¢x(u) = ¢y (u) for all u € R
then px = py.

Theorem 7.4.5 Let X,,, X be random variables with laws px, and px (respectively), and char-
acteristic functions ¢, and ¢. The following statements are equivalent:

1. X, 3 x,
2. for all w € R we have ¢p(u) — ¢(u).
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7.4.1 Approximating characteristic functions with polynomials (A)

We now an inequality that we will be used in our proof of the central limit theorem. Let z € R
and let R, (z) be the remainder term in the Taylor series expansion of €*,

; ix)k
Rn(x):e”—z( ) )

k!
k=0

n

We start with an upper bound on R, (z), which we then convert into a bound on the distance
between a characteristic function and an approximating polynomial.

Lemma 7.4.6 For alln € NU{0} and =z € R,

| Ry ()] §mln{ F e
PROOF: A simple calculation based on Exercise shows that

fow e dy if x >0,
— [Yievdy if x <0,

Ro(l')zem—lz{

Using that |ie?| < 1 and the absolute values property of integrals (from the complex version of
Theorem [4.5.3) gives that |Ry(z)| < |z|. We have also that

el (L) ([ ve))

Using Theorem can write ( fgc cos Y dy)2 = fox fox cosy cosu du dy and similarly for sin, with
the result that [Ro(z)| = (fy Jo cos(u —y) dudy) Y2 Computing this integral leads to

[ Ro(x)| =

|Ro(x)| = (2(1 — cosz))"/?,

which is bounded above by (2(1 — (—1)))1/2 = 2. Putting all this together, we have |Ry(z)| <
min{2, |z|}.
Another calculation, again using Exercise shows that
Ro(x) = Jo iRn-1(y) dy if x>0,
" — ff iR,—1(y)dy if z <O.

Using this relationship, the result can be shown via induction (which is left for you to check),
starting from the base case n = 0 above. |

Lemma 7.4.7 Let X be a random variable such that E[|X|"] < co and E[X]| = 0. Let ¢ be the

characteristic function of X. Then

|¢<y>—2<y) E[X*]

2y X |7 Xn+1
: SE[mm{ [y X" [yX]| H

n! 7 (n+1)!

for alln € NU{0}.
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Proor: We have

2yX? |yX|"t H

!E[Rn@X)HSEURn@X)I]SE[miH{ T T

The first step uses the absolute value property of integrals, and the second step uses Lemma
7.4.6| (with x = yX) and monotonicity. The required result follows after noting that by linearity
E[R,(yX)] = ¢(y) — > r_p %. We may use linearity here because, by Exercise if
E[|X|"] < oo then E[|X|*] < co for all 1 < k < n. [
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7.5 The central limit theorem (A)

The law of large numbers in Section told us that if (X,,) was an i.i.d. sequence of £! random
variables then the sample mean X,, because close to u = E[X,,], for large n. The central limit
theorem, which we study in this section, examines how close they become.

Let S, = 1" | Xy, and let us write

X, —
Y., —
YN
where p = E[X,,] and ¢ = var(X,,), both assumed to be finite. We saw in Section that
E[X,] = u, var(X,,) = 02 /n, which means that E[Y,,] = 0 and var(Y,,) = 1 for all n € N. For this
reason ([7.8) is often known as a standardization of X,,. If X, = p then Y,, = 0. More generally,
how far away Y, is from zero corresponds to how far X, is away from pu.

(7.8)

Its difficult to underestimate the importance of the next result. It shows that if the X,
have finite variance then Y;, 4N (0,1), where N(0,1) denotes the standard normal distribution,
regardless of the distribution of the i.i.d. random variables X,. This is extraordinarily useful
from an experimental point of view, because it tells you something that you should expect to
see happen in every experiment — provided you can take repeated independent samples and they
have finite variance. It allows statistical tests to be constructed without knowing the precise
distribution of the random quantities involved, and that allows experimental science to quantify
how likely a particular experiment (repeated sufficiently many times) is to have observed some
important fact and not just random chance. In uncertain situations, the scientific basis for how
well we understand the world around us comes primarily from the central limit theorem. We will
discuss its history in Section

Theorem 7.5.1 (Central Limit Theorem) Let (X,,) be a sequence of i.i.d. random variables
each having finite mean p and finite variance o®. Let Yy, be given by (7.8). Then 'Y, converges in
distribution to the N(0,1) distribution, as n — oo.

Our proof will be based on Lemma [7.4.7| and the following lemma, which is a slight extension
of the famous result that lim, (1 + )" — €”.

Lemma 7.5.2 Lety € R and let o, be a sequence of real or complex numbers such that lim,, o, =
0. Then for ally € R, as n — oo we have

O+y29v e (7.9)

The proof of Lemma is an exercise in real analysis, which is included as Problem We
are now ready to prove the central limit theorem.

PROOF OF THEOREM [7.5.1} Without loss of generality we assume that g = 0 and o = 1.
We can recover the general result from this special case by replacing X,, by (X,, — u)/o. Hence
E[X1] = u = 0 and E[X?] = 1. We have also that var(X;) and E[X{] are finite.

Our strategy is to show that the characteristic function of ¢ converges to the characteristic
function of the N(0,1) distribution, and then apply Theorem Let ¢ be the common char-
acteristic function of the X,,, given by ¥(u) = E[e™*1] for all u € R. Let ¢, be the characteristic
function of Y,, for each n € N. Using independence and Lemma [7.4.3| we have that

Bu(w) = E [ O] — g u/my (7.10)
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Applying Lemma to ¢, for all y € R we have

() — (1 +iyE[Xy] — y?E[X))| <E [min {yyxlyQ, |@/X61|3H |

Setting y = u/+/n, using that E[X;] = 0 and E[X?] =

R |

Let us write 0,(u) = E [min {u2|X1|2 Xy }] Putting the above into (7.10]), we obtain

s i
<1 - UZQ - ‘)n(U))n < dn(u) < <1 B UZ2 . en(u)>n
and thus (1 + —u?/2 ;n@n(U)>n < ¢n(u) < <1 N —u?/2 Z n%(u))”. .

We have nf,(u) =E {min{ 21X1)2 X, H Note that min{ 21X, %, (lSX;/Z} € L' by Lemma

) 6n2/2

) 6n2/2

dominated convergence theorem n#,(u) — 0 as n — oo. From and Lemma [7.5.2] we
thus have ¢, (u) — e~z for all u € R. In Exercise . 9| we showed that e~z is the characteristic

function of the N (0, 1) distribution. Hence from Theorem”we have Y, & N (0,1), as required.
|

4.6.1| because |X1]? € L', and that min {u2|X ? X, } — 0 pointwise as n — o0o. By the

7.5.1 Further discussion (%)

The central limit theorem is arguably the single most important result in probability and statistics.
It is likely to be one of the earliest things you learned about, even though we could not give a
rigorous proof until now.

The picture we know today was pieced together gradually by many different people. The
sheer number of mathematicians that were involved in efforts to prove central limit theorems,
particularly in the late 19*" and early 20" century, makes a concise description of its history all
but impossible. The modern statement of Theorem is not attributed to any single author.
The term ‘central limit’ is generally thought to have been introduced by Hungarian mathematian
George Pdlya in 1920.

One of the first examples is the case of tosses of a fair coin (taking e.g. taking +1 for heads
and —1 for tails), studied by de Moivre in 1733 and later extended by Laplace — see Exercise
for this case. Around 1890, Chebyshev was the first mathematician to consider formulating the
central limit theorem in terms of a sequence of independent random variables. Before that point,
the results were formulated in terms of the convergence of particular probabilities. As we noted
at the start of Chapter [5], the foundation of probability theory in terms of Lebesgue measure was
also not established at that time. In fact, early proofs of what became the central limit theorem
were based on extremely difficult calculations. Substantial effort was made to find less convoluted
proofs, eventually leading to the argument given in these notes.

The version given in Theorem has been extensively generalised during the 20*" century.
For example, conditions are known under which the central limit theorem holds for dependent
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sequences of random variables, for martingales, for stochastic processes with independent in-
crements, and for cases where the normalization differs from that of subtracting the mean and
dividing by the standard deviation.

We will discuss only a few such results here. If the i.i.d. sequence (X,,) is such that g = 0 and
E[|X,|3] = p? < oo, the Berry-Esseen theorem gives a useful bound for the difference between the
cdf of the normalised sum and the cdf ® of the standard normal. To be precise we have that for

allz e R,n € N:
Pl <) —a@)| <L
ovn — - /nod
where C' > 0.
We can also relax the requirement that the sequence (X,) be independent. Consider the
triangular array (Xur, k= 1,...,n,n € N) of random variables which we may list as follows:
X11
Xo1  Xoo

X311 X3z Xg3

an Xn2 Xn3 <o Xnn
We assume that each row comprises independent random variables, but we allow random variables
within each row to have dependences. Assume further that E[X,;] = 0 and 02, = E[X%] < o0

for all k,n. Define the row sums S,, = X,;1 + Xp2 + -+ + X,y for all n € N and define 7,, =
var(Sy) = > p_, 02, Lindeburgh’s central limit theorem states that if we have the asymptotic

lim / dP 0,
n—>c>oZ nk|>67n ) ( )

for all € > 0 then 2 S» converges in distribution to a standard normal as n — co.

tail condition

The highlights of this chapter have been the proofs of the law of large numbers and central
limit theorem. There is a third result that is often grouped together with the other two as one of
the key results about sums of i.i.d. random variables. It is called the law of the iterated logarithm
and it gives bounds on the fluctuations of S, for an i.i.d sequence with 4 = 0 and ¢ = 1. The
result is quite remarkable. It states that almost surely,

lim inf S = -1, lim sup S =1.
n—oo . /2nloglog(n) n—oo +/2nloglog(n)
This means that (with probability one) if ¢ > 1 then only finitely many of the events S, >
2nloglog(n) occur but if ¢ < 1 then infinitely many of such events occur. Similarly, the other
way up, at —1. This gives a very precise description of the long-term behaviour of .S,,.
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7.6 Exercises on Chapter

On the Borel-Cantelli lemmas

7.1 Let k € N. Prove that in a sequence of independent coin tosses, infinitely many runs of k
consecutive heads will occur.

7.2 Let (2, F,P) be a probability space. Let (A;) be a sequence of events.

(a) Show that {A, ev.} C {4, i.0.}.
(b) Show that {A,, i.0.}¢ = {A¢ e.v.} and deduce that P[4, i.0.] =1 — P[AS e.v.].
(¢) Show that

P[A, ev.] < liminfP[A4,] < limsupP[A4,] < P[A, io].

n—00 n—o00

On convergence of random variables and laws of large numbers

7.3 Let (X,,) be a sequence of i.i.d. random variables such that P[X,, = 1] = P[X,, = 0] =
Show that X, LA X1 as n — oo, but that this convergence does not hold in probability.

N[ =

7.4 (a) Let (X,) be a sequence of random variables such that P[X,, = n] = - and P[X,, =
0] =1 — L. Show that X, “5 0 and X, % 0.

(b) Let (X,) be a sequence of independent random variables such that P[X,, = n] = 1 and

P[X, = 0] =1— 1. Show that X, does not converge to zero almost surely or in L'.
(c) Let (X,) be a sequence of random variables such that P[X,, = n% = X and P[X,, =
0)=1- # Show that X,, “3 0, and that X,, does not converge to zero in L.

(d) Let (X,) be a sequence of independent random variables such that P[X,, = /n] = 1

n
and P[X,, = 0] =1 — 1. Show that X, L, 0, and that X, does not converge to almost
surely to zero.

(e) Deduce that X, % 0 in all of the above cases.

7.5 Show that the following sequence (X,,) and candidate limit X of random variables converges
in probability but not almost surely.

Take Q = [0,1], F = B([0,1]) and P to be Lebesgue measure. Take X = 0 and define X,, =
14, where Ay =[0,1/2], Ay = [1/2,1], A3 = [0,1/4], Aq = [1/4,1/2], A5 = [1/2,3/4], A¢ =
[3/4,1], A7 = [0,1/8], Ag = [1/8,1/4] etc.

7.6 Let (X,,) be a sequence of random variables, and let X and Y be random variables.

(a) Show that if X, 4 X and Xn %V then X and Y have the same distribution function
i.e. FX = Fy.

Hint: If two right-continuous functions are equal almost everywhere, they are equal
everywhere.

(b) Show that if X, 5 X and X,, 5 Y then X =Y almost surely.

110



7.7 Examine the proof of the weak law of large numbers (Theorem carefully. Show that the
conclusion continues to hold if the requirement that the random variables (X,,) are i.i.d. is
replaced by the weaker condition that they are identically distributed and uncorrelated, that
is E[X,, X,,] = E[X,,]E[X,,] whenever m # n.

7.8 (a) Let X be a random variable and suppose that X > 0. Show that for any a € (0, 1] we

have E[min(1, X)] < a + P[X > q].
(b) Let (X;,) be a sequence of random variables. Suppose that X, > 0 for all n € N. Show

that as n — oo,
X, 50 if and only if E[min(1, X,,)] — 0.

Hint: Recall Markov’s inequality (Lemma .

On characteristic functions and central limit theorem (A)

7.9 (a) Let X be a random variable with the N (0, 1) distribution. Let ¢ be the characteristic
function of X. Show that ¢'(u) = —u¢y (u) and hence show that ¢(x) = e=*"/2,
Hint: Use the result of Exercise to show that the real and imaginary parts of
y — ¢(u) are differentiable.

(b) Extend part (a) to cover X ~ N (u,0?).

7.10 The first central limit theorem to be established was due to de Moivre and Laplace. In this
case each X, takes only two values, P[X,, = 1] = p and P[X,, = —1] = 1—p, where p € [0, 1].
Write down the theorem in this special case, in terms of S, = X7 + Xo + --- + X,,, and
explain how it can be used to justify binomial approximations to the normal distribution.

7.11 The following result, which you do not need to prove, comes from real analysis.

Dini’s Theorem. Leta < b. For eachn € Nlet f,, : [a,b] — R be a continuous function and
suppose that fr, < fni1 for all n. If the pointwise limit f, — f exists, and if f : [a,b] = R
is continuous, then f, — f uniformly.

Let fn(z) = (1+ )" Use the AM-GM inequality from Exercise to show that f,(z) <
frnt1(x) for x > 0 and all n € N. Hence, use Dini’s theorem to prove Lemma

Challenge questions

7.12 (a) Let (X,) be a sequence of random variables and let ¢ € R be deterministic. Suppose
that X, % ¢ Show that Xn L

(b) Let (X,) be a sequence of independent random variables and suppose that X, 5 X.
Show that there exists deterministic ¢ € R such that P[X = ¢] = 1.

7.13 A sequence (X,) of random variables is said to converge completely to the random variable
X if
ZPHXn_X’ >e <oo foralle>0.
n

(a) Show that for sequences of independent random variables, complete convergence is

equivalent to almost sure convergence.

(b) Find a sequence of (dependent) random variables (X,,) that converges almost surely
but not completely.
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Appendix A

Advice for revision/exams

There are two different exam papers, one for MAS31002 and one for MAS61022. For both exams the rubric reads

Candidates should attempt ALL questions. The mazimum marks for the various parts of the questions
are indicated. The paper will be marked out of 50.

Within these notes, material marked with a () is examinable only for MAS61022, and is non-examinable for
MAS31002. Material marked with a (%) is non-examinable for everyone.

You will be asked to solve problems based on the material in these notes. There will be a broad range of
difficulty amongst the questions. Some will be variations of questions in the assignments/notes, others will
also try to test your ingenuity.

You may be asked to state important definitions and results (e.g. more than one past exam has asked for
definition of a measure).

You will not be expected to reproduce long proofs from memory. You are expected to have followed the
techniques within the proofs when they are present, and to be able to use these techniques in your own
problem solving.

There are marks for attempting a suitable method, and for justifying rigorous mathematical deductions, as
well as for reaching a correct conclusion.

If you apply an important result that has a name e.g. ‘the Dominated Convergence Theorem’ you should
mention that name, or something similar e.g. ‘by dominated convergence’ or ‘by the DCT".

Revision activities

The most important activities:

1.
2.
3.

Check and mark your solutions to assignment questions.
Learn the key definitions, results, and examples.

Do the past exam papers, and mark your own solutions.

Other very helpful activities:

4.

Work through, and check your solutions, to non-challenge questions in the notes.

Of course, you should have been working on these questions throughout the year, which is why they are lower
priority now. You do not need to look at the challenge questions as part of your revision — these are intended
only to offer a serious, time consuming challenge to strong students.

In all cases, you are welcome to come and discuss any questions/comments/typos. Please use office hours or
email to arrange a convenient time.
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Appendix B

Solutions to exercises

Chapter

[I.1] For example, {3} U {4} = {3,4}, which is not an element of A, but o-fields are closed under taking (finite
and countable) unions.
1.2] (a) To show 31 N s is a o-field we must verify (S1) to (S3).
(S1) Since S € 7 and S € X2, S € 31 N X

(S2) Suppose (A,) is a sequence of sets in 31 NXz. Then A, € X1 foralln € Nand so |J; An € 21
But also A, € 3 for all n € N and so | ; An € X2. Hence 2 ; An € X1 N Xa.

(83) IfAe>, ﬂZQ,AC € X1 and A° € ¥5. Hence A° € ¥1 N Xo.
(b) 31UX; is not in general a o-field, because if A € X1 and B € X there is no reason why AUB € ¥;UX,.
For example let S = {1,2,3}, %, = {0, {1},{2,3}, S}, X2 = {0,{2},{1,3}, S}, A = {1}, B = {2}. Then
AU B = {1,2} is neither in ¥X; nor .
[I.3] We check S1-S3. Note that we need to show that Xx is a o-field on X (and not a o-field on S).
(S1) Taking A=0 € X wehave )N X =0 € Xx. Taking A=S €3, we have SN X =X € Xx.
(S2) If Ae ¥x then A€ X, and X\ (X NA)=X\A=XN(S\A) € Ex because S\ A € 3.
(S3) If AN X € Sx for all n € N then A, € £, and U2, 4o N X = X N (U2, An) € Sx because
Use, An € X.
4 (a) We can write AUB = (A\ B)U(B\ A)U (AN B) as a disjoint union (draw a diagram!). Hence using
finite additivity of measures we obtain

m(AUB)=m(A\ B) + m(B\ A) + m(AN B).
Hence

m(AU B) +m(AnN B)

m(A\ B) + m(B\ A) +2m(AN B)
[m(A\ B) + m(AN B)] + [m(B\ A) + m(AN B)]
=m(A) + m(B),

where we use the fact that A is the disjoint union of A\ B and A N B, and the analogous result for
B\ A.
Note that the possibility that m(A N B) = oo is allowed for within this proof, because we have not
used subtraction and therefore the undefined quantity co — oo does not arise.

(b) m(AUB) <m(AUB) +m(AN B) =m(A)+ m(B) follows immediately from (a) as m(AN B) > 0.
The general case is proved by induction. We’ve just established n = 2. Now suppose the result holds
for some n. Then

n+1 n n
m (U Ai> =m <U AU An+1> <m <U Ai> +m(Antr)
i=1 i=1 i=1

n+1

< Do mlAn) +m(Angn) = 3 m(As).

The first inequality is justified by the n = 2 case, and the second is justified by the inductive hypothesis.
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(a) We have that (km)(0) = km(0) = 0 because m(f) = 0.
If (An)nen is a sequence of disjoint measurable sets then

Ti(km)( = i =km (U A, ) (km) <Q1An> .

Note that in the second equality above we have used that m is o-additive. Hence km is o-additive.
Thus km is a measure.

it follows immediately that P(-) = () is a measure.

If m is a finite measure, then by taking k = )

1

m(S)
Noting that P(S) = Zg; =1, P is a probability measure.

(b) We have mp () = m(0d N B) = m(0) = 0.
If (An)nen is a sequence of disjoint measurable sets then (A, N B)nen are also disjoint and measurable,
hence

ZmB(An) = Zm(AnﬁB) =m (U AnﬂB) =m <<U An> ﬂB) =mg <U An> .
n=1 n=1 n=1 n=1 n=1
Here to deduce the second equality we use the o-additivity of m.
Thus mpg is a measure.
(c) Applying part (a) to mp, it is immediate that Pp is a probability measure.
If m itself is a probability measure, say we write m = PP, then P (A) is the conditional probability of
the event A given that the event B occurs.
By definition (a,b) € B(R). We’ve shown in the notes that {a},{b} € B(R) and so by S(ii), [a,b] =
{a} U (a,b) U {b} € B(R).
(a) (i) We have that AN A° =0 and AU A° =S, so m(A) + m(A°) = m(S) = M. Because m(S) < oo
we have also that m(A) < oo, hence we may subtract m(A) and obtain m(A°) = M — m(A).

(ii) Let (An) be a decreasing sequence of sets. Then B, = S\ A, defines an increasing sequence of
sets, so by the first part of Lemma we have m(By) — m(B) where B = U; Bj.
By part (a) we have

m(Br) = m(S\ An) = m(S) — m(Ay)
m(B) = m(U; 5\ An) = m(S\ N;A;) = m(S) —m(N;A;)

Thus m(S) — m(An) — m(S) — m(N;A;). Since m(S) < oo we may subtract it, and after
multiplying by —1 we obtain that m(A,) — m(N;A;).

(iii) Problem [L.5|(b).
More precisely, in the notation of Lemma [[.7.1] part 2, we apply [L.5(b) to show that ma, (B) =
m(BNA;) is a measure on (S, X), so (S,3,m4,) is a finite measure space. We can then use part
(ii) to deduce ma, (An) = ma, (A). Since A,, C A; for all n we obtain m(A4,) — m(A4).

(b) Let S = R, ¥ = B(R) and m = X be Lebesgue measure on R. Set A, = (—oo,—n]|. Note that
NnAn =0 so AM(N,An) = 0. However, m(A,) = oo for all n, so m(A,) - m(NyAy) in this case.

[I.8] We have m(S \ E,) = 0 for all n € N. Hence by set algebra and the union bound (Lemma [1.7.2)

m(S\ (m)) _m<[jswn> <> mis\ B
as required.

[L.8 The sets S\ E, are null sets, so by Lemma we have that (J2, S\ En is null. By set algebra we have
S\No—y En =U;2, S\ En, hence (72, En = U,~, has full measure.

There are (") subsets of size 7 for 0 < r < n and so the total number of subsets is >.r_; (*) = (14+1)* =

Here we used the binomial theorem (z +y)™ =Y r_, (%) y" "

[[.I0 (a) Note that each element of II is a subset of S. Hence II itself is a subset of the power set P(S) of S.
Since S is a finite set, P(S) is also a finite set, hence II is also finite.
Part (b) requires you to keep a very clear head. To solve a question like this you have to explore what
you have deduced from what else, with lots of thinking ‘if I knew this then I would also know that’
and then trying to fit a bigger picture together, connecting your start point to your desired end point.
Analysis can often be like this.
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(b) (i) Suppose IT; N1I; # @. Note that IT; N1II; is a subset of both II; and IT;.

By definition of II, any subset of II; is either equal to II; or is equal to (). Since we assume that
II; N II; # @, we therefore have II; = II; N1I;. Similarly, II; = IT; N II;.

Hence II; = II;, but this contradicts the fact that the II; are distinct from each other. Thus we
have a contradiction and in fact we must have II; N1II; = 0.

(ii) By definition of II we have UF_,II; C S. Suppose Ur_II; # S. Then C = S\ UL, is a
non-empty set in .

Since C' is disjoint from all the IT;, we must have C' ¢ II. Noting that C' € X, by definition of II
this implies that there is someEl B; C C such that By # 0.

We have that B; is disjoint from all the I1;, so we must have By ¢ II. Thus by the same reasoning
(as we gave for C) there exists Bo C Bj such that Bs # 0. Iterating, we construct an infinite
decreasing sequence of sets C D By D B2 D Bs... each strictly smaller than the previous one,
none of which are empty. However, this is impossible because C' C S is a finite set.

(iii) Let 4 € I. So II; N A # (). Noting that IT; N A C II;, by definition of II we must have II, N A = II,.
That is, II; C A. Since we have this for all ¢ € I, we have U;crIl; C A.

Now suppose that A\ UserIL; # 0. Since by (ii) we have S = U¥_;II;, and the union is disjoint
by (i), this means that there is some II; with j ¢ I such that A NII; # . However ANII; C II;
so by definition of II we must have II; N A = II;. That is II; C A, but then we would have j € I,
which is a contraction.

Thus A \ UierIl; must be empty, and we conclude that A = U;erIl;.

[LI1] (a) Recall that C, is the union of 2" disjoint closed intervals, each with length 37", and that C = N,C,,
with notation as in Example

Suppose, for a contradiction, that (a,b) C C with a < b. Then (a,b) C C, for all n. Choose n such

1

that (%)7" < 5(b—a). Let us write the 2" disjoint closed intervals making up Cr as I1,...,I2n. The

point ¢ = “717 must fall into precisely one of these intervals, say I;. Since I; has length (%)*"7 which
is less than 1 (b — a), we must have I; C (a,b) (draw a picture!). However, Cpy1 does not contain all
of I;, because the middle part of I; will be removed — so we cannot have (a,b) C Cp41. Thus we have

reached a contradiction.

(b) For a counterexample, consider a variant of the construction of the Cantor set, where instead of

removing the middle thirds at stage n, we instead remove the middle 1—e ™1/ n? (from each component
of Cy). Then, by the same argument as in the proof of Lemma [1.5.4] we would have

n o0
T BT -1 _-1/4_-1/9 —1/n?% _ 1) 1

AC) 7117?1)\(071) 77}5206 e e ...e fnlinéoexp (—222> = exp <_Zn2> .
We have that A\(C) is positive because Y 77 25 < oco.
A similar argument as in part (a) applies here, and shows that C' does not contain any open intervals.
The length of each interval within Cr41 is less than half the length of the intervals in C, (because
each interval of C),, has a middle part removed to become two intervals in Cp41). Thus, by a trivial
induction, each of the 2™ disjoint closed intervals in C,, has length < (%)” You can check that we
can apply the same argument as in (v), but replacing (%)" with (%)"

Chapter

[2.1]1 We will prove the forwards implication first. If (a,) is bounded the there exists M € R with |a,| < M for all
n € N. Hence |sup,s., ax| < M and |infy>, ax| < M for all n € N, which (using that limits preserve weak
inequalities) implies that |limsup,, a,| < M and |liminf, a,| < M. In particular, both are real valued.
For the reverse implication, suppose that both liminf, a,, and limsup,, a, are elements of R. Hence, the
sequences b, = supys, ar and ¢, = infy>, ar are bounded (because sequences that converge in R are
necessarily bounded). In particular, by = supys; ax and ¢1 = infy>, ai, are elements of R, which implies
that the sequence (a,) is bounded. -

If 2 < 0 then fn(z) =0 for all n. If > 0 then for n large enough that £ < x we have fn(z) = 0. Hence
fn(z) = 0 for all z # 0, which means f, — 0 almost everywhere.

(Note that f,(0) = n, which does not tend to zero.)

1X C Y means that X CY and X # Y i.e. X is strictly smaller than the set Y’
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[2.3] We have that f,(x) — f(x) for all z € S\ A, and g, (x) — g(z) for all z € S\ B, where m(A) = m(B) = 0.
Hence m(AUB) < m(A)+m(B) =0,so m(AUB) =0. For all z € S\ (AU B) we have f,(z) — f(z) and
gn(z) — g(z), hence for such = we have (fn + gn)(z) = (f + 9)(z) and (fngn)(z) = (fg)(z). Therefore
fn+9n — f+gand frg, — fg, both almost everywhere.

24 (a) For N € N we have Y0 an + 3N b, = 3N (a0 + bn). Since an,bn > 0, all of these terms are
monotone increasing in N, and therefore have limits (in R) by Lemma as N — oo. The result
follows by uniqueness of limits.

(b) We check (M1) and (M2). For (M1), we have that (m1 + m2)(0) = m1(0) + m2(0) =0+ 0 = 0.
For (M2), if (An)nen is a sequence of disjoint measurable sets then by part (a) we have

Z(ml + mg)(An) = ZTIM(An) + m2(An)

M

Il
-

mi(An) + ZmQ(An)

() (0
:(m1 +m2) <U An> .

Thus m1 + mo is a measure.
(¢) Combining part (b) of this question with the result of Exercise part (a), we can show (by a

trivial induction) that if mi,m2...,m, are measures and ci,ca,...,c, are non-negative numbers
then cymi + cama + - -+ + ¢nmy, is a measure. Apply this with m; = ézj (1 <7 < n) to obtain the
result.

To get a probability measure we need Z;”:l ¢j = 1. Then, as J, is a probability measure for all z, we
have m(S) = > 7_, ¢jdq; (S) =327 _,¢; = 1.
(a) (i) Ifz € A and z € B, the equation becomes 1 =1+1-1=1,
If x € A and = ¢ B, the equation becomes 1 =1+0—-0=1,
If x ¢ A and = € B, the equation becomes 1=0+1-0=1,
If z ¢ A and z ¢ B, the equation becomes 0 = 0+ 0 — 0 = 0, so we have equality in all cases.
(ii) Since A= BU(A\ B) and BN (A\ B) =0, we can apply (i) to obtain that 14 = 1p + L\ 5.
(iii) Note that both sides are non-zero if and only if both € A and x € B, in which case both sides
are equal to 1.

(b) The function $);° 14, is defined as a pointwise limit as N — oo of the partial sums 3.1 1.4, , which

are themselves defined pointwise.
For the last part, if z ¢ A then x ¢ A, for all n € N and so lhs = rhs = 0. If x € A then z € A, for
one and only one n € N and so lhs = rhs = 1.

n?

2.6] (a) (i) For all n € N we have supys,,(ar + bx) < supys,, ar + supg>,, bx. Taking limits on both sides
gives limsup,,(a +n + by) < limsup,, a, + limsup,, bn.

Note that (supkzn ak) (SUszn bk) < supys, (arby) and take limits on both sides.

Note that sup,,~,, cax = csup,,, ax because ¢ > 0, and take limits on both sides.

Note that sup,c;n ar < sup,cz,:bk7 and take limits on both sides.

Putting (—an) and (—bn) in place of (an) and (bn) in part (a)(i), Lemma [2.:2.3] gives that
(= liminf, an)+(— liminf, b,) < —lim inf, (a+n+br), which gives lim inf, (an+b,) < liminf, an+
lim inf, by,.

(ii) Note that (infy>n ax) (infk > nby) > sup;s,, (axbr) and take limits on both sides as in (a)(ii).

(iii) Putting (—an) in place of (a,) in part (a)(iii), Lemma[2.2.3gives that — lim inf, can = c¢(—liminf, an),

hence lim inf, ca, = climinf, a,.
(iv) Note that infyx>, ar < infg>y, bk, and take limits on both sides as in (a)(iv), to obtain lim inf,, a, <
lim inf,, b,.
2.7 1t is clear that 67"”2 — 0 as n — oo for all z # 0, and that 67’”02 =€ = 1 for all n. Hence fn — Lo0)
pointwise.
If the convergence was uniform then, from real analysis, for any sequence a,, — a we would have that
fnlan) — f(a) as n — co. However, if we take a, = ﬁ then fn(an) = e™*, which does not converge to

fimy, an) = f(0) = 1.
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2.8 (a) It is clear that d(z,y) = d(y,x) and that d(x,z) = 0. If x # y then d(z,y) > 0, because arctan is
strictly increasing on [—o00, 00|. For the triangle law we use the triangle law for R to deduce that

d(z, z) = | arctan(z) —arctan(z)| < |arctan(x) —arctan(y)|+| arctan(y) —arctan(z)| = d(z, y) +d(y, 2).

There is nothing special about arctan here. Any function that is a strictly increasing map from R to a
bounded subset of R will do.

(b) Recall that a metric space is compact if and only if it sequentially compact. Let (an) be a sequence in
R. If (ay) within R and (a,) is bounded, then (a,) has a subsequence convergent to some a € R (by
the Heine-Borel theorem). Alternatively, if (a,) is unbounded then there it contains a subsequence
(ar, ) such that |a,,| — co. In particular there must be a subsequence that converges to +o0o or to
—o0. Thus R is sequentially compact, and thus compact.

(c) If (an) converges then any subsequence of (a,) converges to the same limit. Hence (i) = (ii).

For the reverse implication, let (an) be a sequence in R and assume (ii). Recall that a metric space
is sequentially compact if and only if it is compact, hence R is sequentially compact. We will argue
by contradiction: suppose that (a,) does not converge to a. Then there exists € > 0 and an infinite
subsequence (ar, ) of (an) such that |a,, —a| > € for all n € N. By sequential compactness (a,,,) has a
convergent subsequence. By (ii), this convergent subsequence converges to a, which is a contradiction.
Hence in fact a, — a.

It suffices to show that liminf, a,, = inf.#. The corresponding result for limsup follows by multiplying
both sides by —1 and using Lemma [2.2.3

Let (ar,) be a convergent subsequence of a,. Note that this implies 7, > n. It follows immediately that
infy>n ar < infy>n ar,. Hence also liminf, a, < liminf,a,,. By Lemma we have liminf, a,, =
limy, an. Since (ar,) was an arbitrary convergent subsequence we thus have lim inf, a,, < inf.Z.

To complete the proof we need to show the reverse inequality. We will argue by contradiction. Suppose
that liminf,, a,, < inf.Z. Let us write a = liminf,, a,,. Let € > 0 be such that a + ¢ < inf.#. By definition
of liminf, there exists N € N such that for all n > N we have infy>, ar < a + €. Hence we can define a
subsequence (a,,, ) of (an) by setting
ri=inf{k > N; ar <a+e€},
rnt1 = inf{k > rp; an < a+e€}.
We have a,, < a + € for all n, and by part (c) of Exercise the sequence (ar,) has a convergent

subsequence. The limit of this subsequence must be less that or equal to a + €, which implies that . <
a+ e <. %. This is a contradiction, which completes the proof.

Chapter

[3-1] Note that there are very many different ways to solve the various parts of this question, using the results

in Sections B] and
(a) We have f*([c,00)) =0 if a < c and f~!([¢,00)) = R if ¢ < a. In both cases, f~!([c,0)) is Borel.

(b) We can write g(z) = Ljg,00)(z)e”. Indicator functions of measurable sets are measurable, and =

e” is continuous, hence measurable. Products of measurable functions are measurable, hence g is
measurable.

(¢) = — sin(cosz) is a continuous function, because the composition of continuous functions is also
continuous. Hence h is measurable.

(d) The function sin is continuous, hence measurable. A similar method to (b) shows that z*1g o) () is
measurable. The composition of a Borel measurable functions is measurable, hence i is measurable.

If f is measurable then f~*((a,b)) € %, as (a,b) € B(R).
For the reverse implication, we have that f~*((a,b)) € X for all —0o < a < b < co. Take b = co and we
have f~!((a,00)) € ¥ for all a € R. From this, Lemma gives that f is measurable.

B3] Note that |f| = max(0, f) +max(0, —f). Theorem implies that all parts of this formula are operations
that preserve measurability, hence | f| is measurable.

B4 (a) For any a > 0, we have

h™'((a,00)) = {z € R; f(z +y) > (a,00)} = {z —y €R; f(2) > a} = (/7' ((a,00)))—y.
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(c)

Here we use the notation Ay, = {a+ y; a € A} from Section Using that A, € B(R) whenever
A € B(R), we have that h™*((a,o0)) € B(R), and hence h is measurable.

Alternative: Write h = for, where 7,(z) = z+y. The mapping 7, is continuous and hence measurable
and so h is measurable by Lemma |3.2.1

If f is differentiable then it is continuous, hence also measurable by Lemma

For each z € R we have f'(z) = limp—0 M Note that © — f(x+h) is measurable by part (a),
SO & — %H(z) is measurable by Theorem Hence f’ is also measurable, again by Theorem
5. 1.0l

Recall that we have shown all intervals (i.e. sets of the form (a,b), [a,b) and so on) are Borel sets. We
use the description of intervals given in the hint.

Suppose f is monotone increasing. Fix ¢ € R and consider I = f~'((c, 00)). We want to show that I
is an interval. Let a,b € I, so that we have f(a), f(b) > ¢, and let a < d < b. We have a < d so, by
monotonicity of f we have f(a) < f(d). Thus f(d) > ¢, so d € I. Hence I is an interval, so I € B(R).
We thus have that f~'((c,00)) € X for all ¢ € R, so f is measurable by Lemma

We need to show that if f and g are simple functions and «, 8 € R, then af + B¢ is also a simple function.
This follows from the same calculation as leads to equation (?7?), which is the first step in the proof of
Lemma [4.1.2)

3.6 (a)

(b)

For any a € R, we have (f + o) !((a,0)) = {z € R; f(z) +a > a} = {x € R; f(z) > a—a} =
F((a — a,00)). Hence (f + ) !((a,00)) € ¥ by measurability of f, which by Lemma implies
that f is measurable.
First note that if « = 0 then (af)(xz) = 0 for all z, so in this case f is measure by part (a).
Consider when o > 0. For any a € R, we have (af) *((a,00)) = {z € R; af(z) > a} = {z €
R; f(z) > a/a} = f~'((a/a,00)). For k < 0, similarly (af)™'((a,00)) = (af) " ((a,00)) = {z €
R; af(z) > a} = {z € R; f(x) < a/a} = f*((—o0,a/a)). In both cases there are measurable sets,
so Lemma [3.1.4] gives that af is measurable.
Note that (G o f)7!(A) = f~H(G7(A)). For A € B(R), measurability of G implies that G~*(A) €
B(R), and measurabilty of f thus implies that f~'(G~!(A)) € %. Hence G o f is measurable.
Let z € O3 UO3. Consider if x € O1, then there is an open interval I1 containing x. Thus I is an
open interval within O; U Oz containing x. We can do the same for z € Oz, then with = € Iz C Oq,
hence O1 U O3 is open.
Now let x € O1 N Oz. Then for each i = 1,2 we have an open interval I; C O; containing x. Let us
write I1 = (a1,b1), Iz = (a2,b2), and ¢1 = max(a1,b1), c2 = min(az, b2). Then (c1,c2) = I1 N I2, and
since x € I1 N Iz we have z € (c1,c2). In particular this means ¢1 < ¢z, so I1 N Iz is an open interval.
Also I NIz € O1 N O2, so O1 N O3 is open.

1. This is true. We can use exactly the same method as in part (a): let z € U,O,, and the assume

x € O1 (or use O; in place of O1), then we have an open interval I; C O containing z, then
I C U,O,, and we are done.

2. This is false. A counterexample is given by O, = (=, 1+ 1), for which N,O, = [0,1].
Let (Cn)nen be a sequence of closed sets. Then R\ C,, is open, for each n. Using set operations we
have

R\ (C1UC) = (R\C1)N R\ Ca)
R\ (C1NC2) = R\ C1)U(R\ C2)

R\<gcn>—ﬂ(na\cn)

n

R\(an)zum\cn)

n
The first two equations combined with part (a) tell us that both the results of part (a) carry over to
closed sets: both C1 N C2 and C1 U C> are closed.
From the fourth equation, since R\ C\, is open (for all n), using (b)(i) we see that R\ (J, C») is also
open, hence (), Cy, is closed.
However, we can’t do the same for the third equation, because (b)(ii) was false. Instead, we can
take complements of our counterexample in (b)(ii) to find a counterexample here, giving C,, = R\
(=214 1) = (=00, ZL]U[1+ 1, 00). Then U, Ch = (—00,0) U (1, 00) which is not closed (because its
complement [0, 1] is not open).
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B8 (a) It is sufficient to consider the case x = a. Then for any € > 0 and arbitrary 4, f(a—38) =0 < f(a)+e=
l+eand f(a+9d)=f(a) < f(a) +e=1+ce.

(b) Its sufficient to consider the case x = n for some integer n. Again for any € > 0 and arbitrary
Ohfln=d8)=n—-1<f(n)+e=n+ecand f(n+d0)=n< f(n)+e=n+e

(c) Let U = f~'((—o0,a)). We will show that U is open. Then it is a Borel set and f is measurable. Fix
z € U and let € = a — f(x). Then there exists § > 0 so that |z —y| < 6 = f(y) < f(z)+e€=a and so
y € U. We have shown that for each z € U there exists an open interval (of radius ) so that if y is
in this interval then y € U. Hence U is open.

Chapter
BT (a) f=2012-1 = L1 +3Lp2) —5lpy)
fRfdm =2((-)—(-2))—1(1—-(-1)+3(2-1)—-5B-2)=-2
(b) f+ =211_g 1+ 31z and f- =T (_1,1) + 5123
fR frdm=2((-1)—(-2))+3(2—1)=5and fR fodm=11-(-1))+53-2)=7
Let us write f = Z?:l ¢;1a,, where the A; are disjoint measurable sets. Then

n n
Laf = clala=y cilana,
i=1 =1

where we have used 1alp = Lanp (which might be obvious, but it is also from Exercise [2.5)).
Note that if ¢ # j then (A;NA)N(A; NA)=AN(A;NA;)=AND =0, sothe AN A; are disjoint sets.
Hence 14 f is a simple function.

@3] Note that f? is a non-negative function. Applying Lemma to f? gives
1
m({z € 8; |f(z)| > ¢}) =m({z € §; |f(2)*| > *}) < 67/ f*dm.
s

Similarly, applying it to |f|” gives m({z € S; |f(z)| > ¢}) < & [ |f[? dm. Note that in general we need to
use | f| instead of f to ensure non-negativity.

[d4 (a) Noting f+ and f_ are both non-negative, with non-negative integrals, we have

/Sfdmlz /Sf+dm*/sffdm‘S/Sf+dm+/sffdm:/s|f\dm.

(b) By the triangle inequality we have |f(z) + g(z)| < |f(z)| + |g(z)|. Thus by monotonicity and linearity
for integrals of non-negative functions (Lemmas and Lemma [4.3.2) we have

J 1t +aiam < [ 11+ lgldm = [ if1am+ [ lam.

(c) Using linearity for integrals of non-negative functions (Lemma [4.3.2)), if ¢ > 0 then

/Scfdmz/Scijdmf/Scf,dm:c/sf;dmfc/sf,dm:c/sfdm.

If c= —1then (—f)+ = f- and (—f)- = f4, so

[nan=[ soam— [ fean——([ rean- [ gam) == [ am.

Finally for general ¢ < 0 write ¢ = (—=1) x d where d > 0 and use the two cases we’ve just proved.
(d) If f < g then g — f > 0 so by monotonicty for integrals of non-negative functions (Lemma [4.2.2)),
fs(g — f)dm > 0. By linearity (c.f. the hint) this is equivalent to fs gdm — fs fdm > 0, which gives
Jsgdm > [ fdm as required.
Suppose that |f| < C where C € [0,00). By monotoncity and linearity (from Lemmas and we
have [ |f|dm < [ Cdm = C [;1dm = Cm(S) < co. Hence f € L.
Note that we do not use Theorem here because, at the point where we need monotonicty and linearity,
we do not yet know that f € £!.
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By Riemann integration, we have

1
1 1 1 1+1
/ logz dx = [mlogm—x]}/n =(-1)— <*10g7 _ ,) _ 1tlogn
1/n n n n n

Noting that logx € (—00,0) for z € (0,1), multiplying the above by —1 gives

1
/ |log:c|dw=1—1+lﬂ.
1

/n "
We have that gn(z) = |logz|l,e(1/n,1) is a monotone increasing sequence of non-negative functions, with
pointwise convergence to g(z) = |log x| for x € (0,1). Hence, by the monotone convergence theorem,

1
/ |log x| dz = lim (1— M) =1.
0 n— 00 n
Thus logz is in £ on (0, 1).

M7 Let € R be arbitrary. Then we can find ng € N so that nio < |z| and then for all n > ng, fu(z) =
nl,1/n)(x) = 0. So we have proved that lim,, f,(z) = 0. But for all n € N

1
[ 1@ = 0kde = [ s m@rde =0l =1,
R R n

and so we cannot find any function in the sequence that gets arbitrarily close to 0 in the £; sense.

The MCT does not apply here because (f,) is not monotone. The DCT does not apply because, if it did,
then the DCT would give fR fn — fR f = 0 which is not true! We conclude that there is no dominating
integrable function for (f,), because all the other conditions for the DCT do hold.

(%) Extension: Fatou’s lemma does apply, and would give fR liminf,, f, = fR 0 < liminf, fR fn =liminf, 1 =
1 which we already knew because we could calculate the integrals explicitly in this case.

[4.8] Since |cos(-)| < 1 we have |cos(az)f(z)| < |f(z)| for all z € R. Lemma [£:6.1] thus gives that this function
is in £1.
Let fn(z) = cos(z/n)f(z). Note that lim,_,. cos(z/n) = cos(0) = 1 for all z € R. Hence f,, — f pointwise.
Moreover, f € L' is a dominating function for the sequence (f»), so we may use the dominated convergence
theorem to deduce that

lim cos(x/n)f(m)da::/ lim cos(m/n)f(x)dx:/mf(x)dx‘

n—oo Jp R MO0

Let g = |f|1la and gn = |f|]-U;L=1Ai~ Thus 0 < gn < gn+1 and g, — ¢ pointwise. From the monotone
convergence theorem we have [ g, dm — [, gdm. Note that [, gdm = [, |f|dm. Since the A; are disjoint
we have Iyyn_ 4, = > ;" La,. Hence by linearity we have gn = [f|>°7_, 1a, = >, [f|1a4,, so

/gndm:Z/ \f|ILAidm:Z/ fdm.
S i—17/S i=1 "7 Ai
Fitting all this together, we have shown that
LH;OE/A flam = [ |f1am.
M1I0 (a) We can write
a) = i a; 13 (n).
i=1

Noting that {i} is measurable and a; € R, this is a simple function. Since #({i}) = 1, using (4.3]) we

have
N
/a<N) d# = Zai.
N i=1

We have a™) — a pointwise as N — oo, and 0 < a®™) < gVt 50 by the monotone convergence

theorem N
ad# = lim /a(N) d# = ai,

as required.
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(b) We have that a € £' if and only if |a| € £', which from part (a) occurs if and only if >° [an| < oc.
That is, a € £ if and only if it is absolutely convergent.
Lastly, writing a = a4+ — a— we have

/Nad#:/Na+d#f/Na_d#

i max(an,0) — i max(—an, 0)
n=1 n=1

= Z max(an,0) — max(—an,0)
n=1
-
n=1
Here, the third line follows from the second using absolute convergence, which allows us to rearrange

infinite series.

.11 Reflexivity is obvious as f(z) = f(x) for all z € S. So is symmetry, because f(z) *= g(z) if and only if
g(x) =" f(x). For transitivity, let A = {x € S; f(z) # g(z)},B = {z € S;g(z) # h(z)} and C=A{z¢
f(z) # h(z)}. Then C C AU B and so m(C) < m(A) + m(B) = 0. Thus if f = g and g =" h we have
f=h
Note that f — f, > 0 for all n € N, so by Fatou’s lemma

liminf | (f — fn)dm > / liminf(f — fn)dm
s

n—oo S n—oo

Rearranging both sides,

/fdm—l—liminf/(—fn)dm2/fdm+/liminf(—fn)dm,

lim inf — (/ fn dm) > / lim inf(— f,,) dm
Multiplying both sides by —1 reverses the inequality to yield
_ Tim inf— (/ I dm) g/ (—liminf(—fn)) dm
Hence by Lemma we have

lim sup/ fndm < / lim sup fn, dm.
s s

n—00 n— o0

[4.13] Dominated convergence theorem, complex version. Let f,, f be functions from S to C. Suppose that
fn is measurable and:

1. There is a function g € LE such that |f.| < |g| almost everywhere.

/fndm—>/fdm
s s
as n — oo.

To prove this, note that f, — f implies that R(fn) — R(f) and SI(fn) — S(f), all almost everywhere
(in C or R as appropriate). The function [g| : S — R satisfies [, |g|dm < oo because g € LE. We have
R(fr)] < |f] < lg| and |S(fn)] < |f| < |gl, hence |g| serves as a dominating function to apply the DCT to
real and imaginary parts of f. The result then follows by linearity.

M. 14 We have
/ ie' dy = z/ cos(ay) dy — / sin(ay) dy
0 0 0

z%(sin(am) —0)— é(f cos(az) — (—1))
HCERE
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[4.T5] All of them do, where we treat |- | as the complex modulus and replace functions with C valued equivalents.
Details are left for you.

Define f,(z) = f(tn,z) for each n € N,z € S. Then |fn(z)| < g(x) for all z € S. Since g € L', by
dominated convergence

lim f(tn,:v)dm(x):/s lim fn(xz)dm(x)

n— oo S n— o0

g n—roo

- / f(t, 2)dm(z)

where we used the continuity assumption (ii) in the last step.

[M.I7 Let (h,) be an arbitrary sequence such that h, — 0 and define a,(z) = M

n

Since % exists we have an+(x) —> %t (z,t) as n — oo for all z. By the mean value theorem there exists
0, € [0,1] such that ant(x) (t + O0nh,x), hence |fn(z)| < h(z). Thus by dominated convergence

fs an,i(z) dm(z) — fs St x) dm( ).
By linearity of the integral we have

%/Sf(t,x)dm(x) nl;n;g—ﬂ(/ft—i—%w ) dm(z /ftx ) dm(z )

= lim [ an,(x)dm(z)

n—oo Jg

and the result follows.

MI8] (a) For each z € R,n € N, the expression for f,(x) is a telescopic sum. If you begin to write it out, you
see that terms cancel in pairs and you obtain

fnlz) = —oze™ 4 2(n + 1)21’6_(”“)212.
Using the fact that limy_ e NQeny2 =0, for all y € R we find that

lim fo(z) = f(z) = —2ze " .

n—o00

(b) The functions f and f, are continuous and so Riemann integrable over the closed interval [0,a]. We
can calculate (which is left for you) that [ f(z)dz = =2 [ ze *dr = e=® — 1. But on the other

hand .
/ fu(z)dz = Z/ (721“29664212 +2(r+ 1)2xef(r+1>212) dx
0 —Jo

_ Z ( —r2q _ e—(r+1)2a)

—a2 _ e—(n+1)2a —a?

=e — € as n — o0.

So we conclude that foa f(x)dz # limy— 00 foa fn(z)dz
[A.19] Using the fact that |e”“¥| < 1, by Lemma extended to the complex case we have that

wI< [ f@lde < [ 17@)]de < .

For the linearity, we have

—

af +bg(y)

/R ¢ (af (z) + bg(x)) da

/ zzyf dm+b/efzzy
R R

= af(y) +bg(y).
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4201 & — 1g(x)cos(nz) is L' as |1g(x) cos(nz)| < |cos(nz)| for all z € R and x — cos(nzx) is £' . Similarly
z — lg(x)sin(nz) is £L*. So the Fourier coefficients a, and b, are well-defined as Lebesgue integrals. As
| cos(nz)| < 1, we have a, =0 for all n € Z since,

lan| < l/ 1o(z)|cos(nz)| dx

T™J-n

l/ﬁ To(x)da = 0.

T™J-n

IN

By a similar argument, b, = 0 for all n € N. So it is possible to associate a Fourier series to 1g, but this
Fourier series will be identically zero.
This illustrates that pointwise convergence is not the right tool for examining convergence of Fourier series!

[4.21] Note that f, is measurable by Problem [3.4fa). To show that f, € £, we use

[le@lde = [ 11w =aldo = [ |7@)]do <.

Then
faly) = / e "V f(x — a)dx,
R
and the result follows on making a change of variable u = z — a.

[4.22] Let y € R and (y») be an arbitrary sequence converging to y as n — co. We need to show that the sequence
(f(yn)) converges to f(y). We have

~

Flym) — )] = / e~V f(z)d — / ¢ f(2) da

< [l - e (e do.
R

iy

Now |e ™ #¥n —e™ Y| < |e™*¥ |4 |e~*¥| = 2 and the function z — 2f(x) is £'. Also the mappingy — e~
is continuous, and so limp e [ 7Y™ — e7**¥| = 0. The result follows from these two facts, and the use of
Lebesgue’s dominated convergence theorem.

[423] To prove that y — f(y) is differentiable, we need to show that

~ ~

limp—o(f(y + h) — f(y))/h exists for each y € R. We have

h h

. —ihx __
[ ()

Since |e~*¥| < 1, and using the hint with b = hz, we get

<),

Then we can use Lebesgue’s dominated convergence theorem to get

Y _ 7 . —ihx __
lim —f(y t hf)z f(y) = /Reﬂmy lim <7e 1) f(x)dx

fly+h) —fly) _1 /R(KMH}LL,M)“@ do

fly+h) = Fy)
h

—ihx __ 1
h

€

‘ |f(x)|dz < /R|x\|f(x)|dm<oo.

h—0 h—0 h
S / IV () de = —ig(y),
R

and the result is proved. In the last step we used

—ihx
. e -1 d _;
lim e Y

m— =% = i

y=0

[4.24] First observe that by the hint and Problem part (a), the mapping (z,y) — f(z —y)g(y) is measurable.
Let K = sup,¢g |9(z)| < oo, since g is bounded. Then since f € L' we have

I(f * 9)(@)] S/]le(x—y)llg(y)ldySK/RIJ"’(:c—y)Idy:K/RIf(y)Idy<oo-
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We also have by Fubini’s theorem

[ [ 16 naians < [ ([ 15 llata) a
= [ ([ 116~ lac) w1y

= [Ir@lds [ 1oy < .

from which it follows that f x g € £'.
By a similar argument using Fubini’s theorem, we have that

f/@(y) :Ae_imyAf(x—z)g(z) dz dz

_ /R ( /R e iv(ut?) f(u)du) 9(2) dz

- /R e~ f(u)du. /]R e " g(2) dz

-~

= f(y)a(y),

where we used that change of variable x = u + z.

Chapter

B Monotone Convergence Theorem. Let (X5,) be an increasing sequence of non-negative random variables
that converges almost surely to a random variable X. Then E[X,] — E[X].

Dominated Convergence Theorem. Let (X,) be a sequence of random variables that converges pointwise
to a random variable X. Suppose that there exists a random variable Y € £' such that |X,| < Y almost
surely, for all n € N. Then X € £! and E[X,] — E[X].
Markov’s Inequality. Let X be a non-negative random variable and let ¢ > 0. Then P[X > ¢] < 1E[X].
Chebysheuv’s Inequality. Let X be a non-negative random variable and let ¢ > 0. Then P[X > ¢] < HE[X 2.
Theorem . Let X be a non-negative random variable on the probability space (2, F,P). Then v : F —
[0,00] by v(A) = E[14X] is a measure.
Fatou’s Lemma. Let (X,) be a sequence of non-negative random variables. Then E[liminf, X,] <
lim inf,, E(X,).

Put | X —E[X]| in place of X in the version of Chebyshev’s inequality in Exercise[5.1} to obtain P[| X —E[X]| >
o < 1E[(X - E[X))?] = ©&X),

B3I PU€Al= [, ;5 do = %, where A denotes Lebesgue measure.

B4 (a) PIX>z]=1-PX<z]=F(z)and Plz < X < y] =P[X <y] - P[X < z] = F(y) — F(x).

) —
(b) Let (an) be an increasing sequence that tends to oo. Define A,, = {w € Q; X(w) < an}. Then (4,)
increases to 2 and by Lemma [5.1.1]

lim F(z) = nan;o P[A,] =P[Q] = 1.

Tr—r0o0
Similarly, let B, = {w € Q; X(w) < —an}. Then (B,) decreases to ) and by Lemma

lim F(z)= lim P[B,] =P[}] =0.
r—r—00 n—oo

From Lemma we have that  — Fx(z) = P[X < z] is right-continuous and monotone increasing. At
each z such that P[X = z] > 0 the function « — Fx (z) has an upwards jump. The region it jumps through
is Q» = (Fx(z—), Fx(z)), which is non-empty open interval, and in particular contains a rational number
gz (in fact, infinitely many rationals, but one will do).
Hence, for each x with P[X = z] we have a rational number ¢,, and because F is increasing we have ¢, # ¢y
whenever z # y. Therefore © — ¢, is an injective map from {z € R; P[X = z] > 0} to Q. Since Q is
countable, so is {z € R; P[X = z]| > 0}.
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Recall that E[X] = fQ X dP. If X : Q — R is a simple function given by X (w) = >""_, ¢;14, then

1 1 <
m/ﬂde:W;ci ch ch =E[X].

For non-negative measurable X : 2 — R, by Theorem take a sequence of non-negative increasing
simple functions X, : © — R such that X,(w) — X (w) for all w € Q. From what we have already proved,
we have ﬁ fﬂ Xndm = E[X,,] for all n € N. Letting n — oo, the monotone convergence theorem gives

that Wlﬂ) Js X dm = E[X].

Lastly, if X € £' then we may write X = X, — X_, where X, X_ : S — R are non-negative and
measurable. From what we have already proved we have

1 1 1
m/Qde:m/QX_‘_dm - W/QX_dm:E[XJF}fIE[X_}:IE[X}.

as required.

BT (a) Define B, = ﬂ “1A;. Then (B,) is a decreasing sequence of sets and, since P is a finite measure,
by Lemm we have P[B,] — P[N{2,B;] as n — oo. Since N2 A; = N2, B; we thus have
PN, A = limnﬁOo P[Nj=, A;]. Using independence on the right hand side, we obtain

PNi21 4] = nlirgo P[A1]P[A2] . [An] = HP[A

as required. Note that the limit on the right hand side exists because P[A1]P[A2]...P[A,] is decreasing
as n increases.

(b) There are many ways to answer this question, but they all focus around the possibility that []> | P[A,]
might be zero, in which case might not give us any information.
For example: if 0 < P[A,] < 1 — k for infinitely many n, where x > 0 does not depend on n, then
[152, P[As] = 0 so P[N52, An] = [I52, P[An] would hold in, for example, the case where all the
(A,) were disjoint. Disjoints events with non-zero probability are always dependent (note that if one
occurs then all the others do not!) so clearly this ‘alternative’ definition is not what we want.

B8 (a) We have P[AN B] = P[A] NP[B]. Noting that A°N B° = (AU B)¢, we have

P[A°N B =P[(AUB)‘] =1—-P[AU B]
=1-P[A] — P[B] + P[AN B]
= 1—P[A] - P[B] — P[A]P[B]
= (1 -PA)H(1 -P[B])
= PIA]P[B°].

Hence A and B€ are independent.
(b) If A, B € B(R) and f, g are Borel measurable, then f~'(A), g~ *(B) € B(R) and so

P[f(X) € A,g(Y) € B]=P[X € f'(A),Y € g~ '(B)]
=P[X € f'(A)P(Y € g~ (B)]
=P[f(X) € A)P(g9(Y) € B).

(a) We have XY = U?V (1 — V) = 0 because V(1 — V) = 0, hence E[XY] = 0. Note that E[U] = 0.
By independence of U and V, E[X] = E[U]E[V] = 0 and E[Y] = E[U]E[1 — V] = 0. Hence E[XY] =
E[X]E[Y].

To see that X and Y are not independent, note that {X = 0} = {V =0} and {Y =0} = {V = 1}.
Thus P[X = Y = 0] = 0 but that P[X = 0] = P[Y = 0]}, so P[X = Y = 0] # P[X = 0]P[Y = 0].

(b) It is clear that X and Y are independent. Considering X and Z, for any a,b € {—1,1} we have
PX =a,Z =b] =P[X = a,XY =b] = 3. The same calculation applies to X and Y. We thus have
pairwise independence.

However, PIX =Y = Z = 1] =P[X =Y = 1] =B[X = ¥ = 1] = P[X = |F[Y = 1] = }§ = | and
PX =1]P[Y =1|P[Z = 1] = 314 = 1. Hence {X,Y, Z} is not a set of independent random variables.

[5.10] The constant M provides a dominating functlon for (X,) and we have E[M] = M < oo, so (the constant
function) M is in £'. By the dominated convergence theorem we have E[X,,] — E[X].
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BI1 (a)

(a)

If X =k and k£ € N then
D Tixeny =Y lpsmy =k=X
n=1 n=1

because the first k terms of the sum are 1 and the rest are 0. Since X only takes values in N, we have

oo
n=1

By the monotone convergence theorem

=E [Z H{in}] = Ellxem] =
n=1 n=1

Let X7 = |Y ]| and X2 = [Y], that is Y rounded up and down (respectively) to the nearest integer.
We can apply part (a) to both X1 and X, since they take values in NU {0}.

Note that for n € N we have X; > n if and only if Y > n. Hence

HM&%
:><:
vV
3

iIP’[Y > n] i P[X: > n] = E[X1] < E[Y].

Here, the last line follows by monotonicity, since X; < Y.

For X2 we need to be slightly more careful. We have Y < X <Y +1, hence P[X> > k] < P[Y+1 > k].
Hence

[e o]

E[Y]SE[XQ]:iIP’[ng <> P Y+1>nf]l{y>0}+Z]PY>n]—1+ZIP’ > nl.

n=1 n=1 n=1 n=1

By linearity, the quadratic function g(t) = E[X?] + 2tE[XY] + ¢’E[Y?] > 0 for all t € R. A non-
negative quadratic function has at most one real root, and hence has a non-positive discriminant
(i.e. b* — 4ac < 0). Hence 4(E[XY])? — 4E[X?]E[Y?] < 0 and the result follows.

Put Y =1 in the Cauchy-Schwarz inequality from (a) to get E[|X|] < IE[XQ]% < 0. Thus X € £
By Lemma we have |E[X]| < E[|X|]. Combining our two inequalities gives |E[X]|> < E[X?].

If E[X?] < oo then by part (b) E[|X|] < 0o, so by linearity we have
var(X) = B[(X — u)?] = E[X?] - 2uB[X] + * = E[X?] -

Hence var(X) < oco.

Conversely, suppose that var(X) < oo, and note that by assumption we also have E[X] < oco. We can
write X? = (X —E[X])? +2XE[X] —E[X]? and note that all terms here are in £* by our assumptions,
thus

E[X?] = var(X) + 2E[X]E[X] — E[X] = var(X) — E[X]>.

Hence E[X?] is finite.

Since e~ ** < 1 for all x > 0 we have

E [67,1)(] = /000 e “dpx(x) < /000 dpx(z) = 1.

Using the fact that e®* = e % for all x € R we see that for each n € N, |z|" < ",,!L el and
so by monotonicity

E[|X|"] < %E [e“‘X'] < .

[5.14] If f is an indicator function: f = 14 for some A € B(R):

/S LA(X()dP() = P(X € 4) = px(4) = / 1a(2)px (da),
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and so the result holds in this case. It extends to simple functions by linearity. If f is non-negative and

bounded
[ rx e )—sup{/ §()aB(u)sg simple on 2,0 < g < fo X |
Q
{ h dP(w );hsimpleonR,OghngfoX}
Q
:sup{ h x)px (dx); h simple, oghgf}
R

:/f(l’ dpx

In the general case write f = f4 — f— and similarly for X (details left for you).

It f is non-negative but not necessarily bounded, the result still holds but both [, f(X(w)dP(w) and
Jo f(x) dpx (x) may be (simultaneously) infinite.

(a) Since P[E,] > ¢ we have P[Q\ E,] <1 —e. Hence for all N € N we have

P[unEn]zP[C)En] =1-P Q\CJEn

n=1
In the above the third step is obtained using independence of the (E,). As the above equation holds
for all N € N we obtain that P [U,E,] = 1.

(b) Suppose that there exists w € Q such that Plw] > 0. Define a sequence of events (F;,) by setting
E, =FE,ifw¢ E, and E,, = Q\ E, if w € E,. Clearly w ¢ UnenF;,. By part (a) of exercise
the events (E, )nen are independent of one another. We have P[E,] € (¢,1 —¢€) for all n € N so
from exercise we have that P[U,enE;] = 1. However w ¢ UnenE;, and Plw] > 0, so this is a
contradiction to P[Q] = 1. Hence Plw] = 0 for all w € Q.

For the last part, if Q was countable then we could write Q@ = {wi,w2,...} and by definition of a
measure we would have 1 = P[Q] = >, Plw;]. Hence at least one w; must satisfy Plw;] > 0, but we
have already shown that this may not happen.

:11}»[(%9\&1} :pﬁ]}»{Q\En]zk(ke)N

n=1

Chapter [6]

Let us first calculate the moment generating function of the Poisson distribution (or you could look it up).
If X has the Poisson(\) distribution the P[X,, = k] =

. Hence we have

© yk_—X o ot
)\ )\ _ t t
]E[etX] _ - Z ekl )\ee A — e)\(e 1).
k=0 k=0
Putting n\ as the parameter, we obtain E[etX”] = enMe 1) g required.

To derive the Chernoff bound, note that by Markov’s inequality we have
P[X,, > n\’] = Ple"*" < et">‘2] < eft"AQIE[etX"] =exp (nA(e' —1—At)).

Differentiating the above with respect to t obtains nA(e’ — A) exp (nA(e' — 1 — At)), which is minimized
when A = e’. We thus obtain the Chernoff bound

P[X,, > n)\’] < exp (RA(A —1— Alog\)).

Note that A — 1 — Xlog A < 0 for A > 0, with equality only when A = 1, so this is a useful bound provided
A>1.

By linearity we have E[X,] = > | P[E;] and

E[X2] Z]lE +ZZ]1E 1p, | =E ZJlE +ZZlEmE Z]P’[E +ZZIP’[E N E;].

=1 j=1 =1 j=1 =1 j=1

J#i JF#i J#i
Hence,
n 2
E[X.)? _ (Z1, PIE) _ |
E[X2] XL PE:] + 300, 307 PIE: N Ey] n L EEm R FEOEL
i (XL PE]) T + —=
(X7, PIE:])
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Using that P[E; N E;] < P[E;]P[E;] we have

Z:‘L:I Z;z P[Ei N Ej} Z?:1 ]P[Ei]z + Z?:l Z%& P[Ei]P[Ej]

2 S 2 = 1)
( ?:1 P[EZ]) ( ?:1 ]P)[EZ])
hence
E[X,)? 1
EXZ] = (X, PE]) 4+ 1

The right hand side of the above tends to 1 as n — oo because > .-, P[E;] = co. From the Paley-Zygmund

inequality we have 1 > P[X, > 1] > E%];], so by the sandwich rule P[X, > 1] — 1 as n — 0.

Here we use Lemma [6.3.2] (and Remark [6.3.4) to check for convexity, by calculating the second derivative.
This part is left for you.

(a) The function z — z* is convex, so Jensen’s inequality gives E[X]* < E[X?].

(b) The function z — z'/* is not convex, but z r» —z'/*

—E[X]"* < E[- X4, that is E[X'/*] < E[X]"/*.
(¢) The function z — e® is convex, so Jensen’s inequality gives e*X) < E[eX].

(d) If we take the case P[X = 0] = P[X = Z] = 1 then we have E[cos(X)] = 3(1) + $(0) = 1 and

cos(E[X]) = cos(%) = % Hence E[cos(X)] < cos(E[X]).

If we take the case P[X = 7] = P[X = Z] = 1 then we have E[cos(X)] = £(—1) + $(0) = —1 and
cos(E[X]) = cos(2F) = f%. Hence E[cos(X)] > cos(E[X]).
Therefore no inequality holds in general between E[cos(X)] and cos(E[X]).

is convex for x > 0, so Jensen’s inequality gives

The point here is that x +— cos(z) is convex on [3,n] and x + — cos(z) is convex on [0, 5], which

allows us to produce examples or random variables where the inequality goes both ways.

The function g(x) = —log(x) is convex for z > 0 by Lemma , because g”(x) = m% > 0. Applying
Jensen’s inequality to X, where X has the uniform distribution on {z1,...,z,}, we obtain
_log(ml) + ...+ log(zn)

< .
n

~log (xl +.1.I.+gcn)

Rearranging, we obtain % log(z1xa ... zn) =log( /zT1T2 ... Tn) < log(W). The required result follows
since x +— logx is monotone increasing.

Since p < ¢ the function g(z) = 2%? is convex for > 0, by Lemma m (you should check this). We
apply Jensen’s inequality to | X|? and g(z), which gives that

ENXP)Y" <E[(X]")"*] = E[X]] < co.

Hence E[| X |?] < oo.

We have X > 0. By monotonicity this implies E[X] > 0. If E[X] = 0 then it would follow from Lemma
that X %2 0, which would imply E[X?] = 0. This is a contradiction, hence in fact E[X] > 0.

Rearranging the Paley-Zygmund inequality from (6.3)) gives that P[X =0] <1 — E;;

To obtain the other case of the minimum, note that X = 0 implies that |X — E[X]| < E[X], hence
P[X = 0] < P[|X — E[X]| > E[X]]. Using Chebyshev’s inequality from Exercise with ¢ = E[X] > 0, we

therefore have P[X = 0] < Y2rX) — EXCIEX E[X]z - L

E[X]Z E[X]? E[X]
Chapter [7]
[T1l Let E,, be the event that starting at the mth toss, k consecutive heads appear. Then P[E,,] = 1/2’“.
Set An = Emyrn and then the (A,) are independent. Moreover, Y oo P[A,] = oo, so by the second

Borel-Cantelli lemma P[A,, i.0.] = 1.

[[.2] (a) You might reasonably think that this is obvious - if (A4,) occurs eventually then it occurs for all n
after some N, and of course there are infinitely many such n so then (A, ) occurs infinitely often. Let’s
give a proof anyway.

Suppose w € {An ev.} =, N,>m An- Then, for at least one value of m, we have w € A, for all
n > m. Take any k € N and pick some n > max(m, k). Then w € ;> Ai, but this holds for all ,
which implies w € (N, U;>, A = {4 i.0.}.
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(b) By the laws of set algebra we have

O\{d.ior=0\ [N U A | =2\ [ U 4] | =U[) 2\A ={Q\ Ay ev.}.
m n>m m n>m m n>m
It follows immediately that 1 — P[A, i.0.] = P[A], e.v.].

(c) Define By, = Np>mAn. Note that By, is increasing. Note that P[B,] < P[A.,] because By C Ap,.
Thus by Lemma we have

P[A, ev.] =PlUnBm] = lim P[By] = liminfP[B,,] < liminfP[A,,]. (B.1)

m— oo m—r o0 m—r 00

In the above, we must switch from lim to lim inf before using P[By,] < P[A..], because we cannot be
sure if lim,, P[A4,] exists (and in general it will not).

Using (b), we then have
P[4, i.0] = 1-P[4], e.v.] > 1-liminfP[A4},] = 1-liminf(1-P[A,,]) = — lim inf —P[A,,] = limsup P[A,,,].
m—r o0

m— oo m— oo m—oo

(B.2)
Note that liminfm oo P[Am] < limsup,,_, ., P[An] holds automatically. Putting (B.2) and (B.2)
together completes the argument.
[T.3] The sequence is assumed independent and identically distributed, which means that P[X,, < z] = P[X; < 7]
for all z, and in particular P[X,, < z] — P[X; < z]. Thus X,, < X in distribution.

Let a € (0,1]. Since X,, only takes the value 0 and 1, | X, — Xi| only takes the values 0 and 1. Thus
(X, —X|>a} ={|X, = X| =1} ={X, = 1,X; =0} U{X,, =0,X; = 1}. For n > 1, since X,, and X;
are independent we thus have

11 11 1

which does not tend to zero as n — co. Thus X,, does not converge to X in probability.

[C4 (a) We have

1 1 1

so Xn L, 0. Since )~ - < oo, by the second Borel-Cantelli lemma we have P[X,, = n i.0.] = 0. Since
X, is either equal to n? or 0, this means that P[X, =0ev.] =1. Thus X, 50,
(b) We have
E[| X, — 0] = E[Xn] = n% +0 <1 - %) —1
which does not tend to zero, so X, does not converge to 0 in L'. Since Z% = oo and the X, are

independent, by the second Borel-Cantelli lemma we have P[X,, = n i.0.] = 1. Thus X, does not
convergence almost surely to 0.

(c) We have
1 1
E[|X, — 0] = E[X,] = nzﬁ +0 (1 - ﬁ> =1

which does not tend to zero, so X,, does not converge to 0 in L'. Since 3 % < o0, by the second

Borel-Cantelli lemma we have P[X,, = n? i.o.] = 0. Since X, is either equal to n? or 0, this means
that P[X,, = 0 e.v.] = 1. Thus X, “$ 0.
(d) We have
1 1 1
E[| X, —0|] = E[X,] = —4+0(1—=)=— 0
1%~ 0) = BIX] = vk +0 (1= 1) = - -

1
so Xp L, 0. Since Z% = oo and the X,, are independent, by the second Borel-Cantelli lemma we
have P[X, = y/n i.0.] = 1. Thus X,, does not convergence almost surely to 0.

(e) In cases (a), (c) and (d) this follows from Lemma For case (b), since X,, only takes the values
0 and n we have that {|X,, — 0| > a} = {X,, = n} whenever a < n, in which case P[|X, — 0| > a] =

]P’[Xn:n]:%AOasn%oo. Thuang().
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[7.5] Let us first show that X, — 0. Given any € > 0 and ¢ > 0 we can find m € N such that =2 < e. The key

2’"LC
point is that for n > 2™ the length of the interval A, is less than or equal to Q%n, and since our probability

measure is Lebesgue measure this gives E[14,,] < 2%,, Hence, for all n > 2™, by Markov’s inequality

ElLa,] < L <.

n— = <
PlIXn = 0] > ] = P[1a, > < = e

On the other hand (X,) cannot converge to 0 almost surely since given any n € N, we can find m > n so
that A,, and A, are disjoint, in which case for any w € Q we have X, (w) — Xpm(w) = 14, (w) — 1a,, (w) is
equal to either 1 — 0 or 0 — 1. In either case, | X, (w) — X, (w)| = 1. Since n was arbitrary and m > n, this
means X, (w) cannot converge (to anything) as n — co. In particular, there is no almost sure convergence
to zero.

The best way to think about this question is to rewrite it in terms of probability. Lebesgue measure on [0, 1]
is the distribution of a uniform random variable U. Then X, = 14, is equal to 1 if that uniform random
variable falls into A,, and zero otherwise. Fix some sampled value for U, and then think about how the
sequence X, will behave.

[7.6] (a) We need to show that X and Y have the same distribution (i.e. they have the same distribution
functions Fx (x) = Fy (x)).
If € R is such that P[X = z] = 0 then we have both P[X,, < z] — P[X < z] and P[X, < 2] —
P[Y < z], so by uniqueness of limits for real sequences we have P[X < z] =P[Y < z].

By exercise there are at most countably many = € R such that P[X = z] > 0. Therefore, for all
but a countable set of € R, we have Fx (z) = Fy(z). From Lemma we have that both Fx and
Fy are right continuous. Hence, in fact, Fix (z) = Fy (y) at all z € R.

(b) By definition of convergence in probability, for any a > 0, for any € > 0 there exists N € N such that,
foralln > N,
P[| X, —X|>a]<e and P[|X,—-Y|>a]<e

By the triangle inequality we have
PX —Y|>2a) =P[|X — Xp + X, = Y| > 2a] <P[|X — Xp| + |Xn - Y| >24].  (B.3)
If | X — X,|+|Xn —Y]| > 2a then | X — X,,| > a or | X, —Y]| > a (or possibly both). Hence, continuing

(B-3),
P|X = Y| > 2a] <P[|Xn — X| >a] +P[|Xn — Y] > a] < 2e.
Since this is true for any € > 0 and any a > 0, we have P[X =Y] = 1.

[C7 Without loss of generality (as in the argument given for the general case) we may assume that E(X,) =0
for all n € N. If this is not the case, we consider X,, — p in place of X,.

The proof proceeds in exactly the same way as when the random variables are independent, but needs the

following extra calculation:
2
1 n
var(X,) = EE [(2 Xi> :|

= % > EXX]

i=1 j=1

1 <& 2
= nZ ZE[Xz]
i=1

0,2

n

[7.8] (a) Write
min(1, X) = min(1, X)I1x<qy + min(1, X)I1x>a}
and take expectations, giving
E[min(1, X)] = Emin(1, X)1{x<q}] + E[min(1, X)1{x>a}]
< Ela] + E[L{x>a)]
=a+P[X >al.

To deduce the second line of the above we use monotonicity of E.
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(b) (<) : Suppose that E[min(1, X,)] — 0. For a € (0, 1] we have
P[X,, > a] = Plmin(1, X») > @] < LE[min(1, X,,)]
a

which tends to zero as n — oo. Here we use Markov’s inequality.
For a > 1 we have P[X,, > a] < P[X,, > 1] — 0, where the convergence comes from what we have
already proved for a = 1.
(=) : Suppose that X, 50, Letac (0,1]. Then P[X,, > a] — 0.
From part (a) we have
0 < Emin(1, X,)] < a+P[X, > a].

Let € > 0. Choose a = 5 and let N € N be large enough that PX, > a] < 5 for all n > N. Then

0 < E[min(1, X»)] < § + § = e for all n > N. Hence E[min(1, X,)] — 0.

L9 (a) Write
_ 1 iuy *%yQ
o(u) = 27T/Re e dy

1 / 1,2 1 1,2
= —— [ cos(uy)e” 2¥ d +i—/sinu e 2¥ dy.
i (uy) vtie= | (uy) Y
1,2 1,2 . 12 1,2 S
As |cos(uy)ye™ 2" | < |yle”2Y and |sin(uy)ye 2" | < |yle”2¥ and y — |yle”2¥ is in L, we may
apply Problem to real and imaginary parts, to deduce that u — ¢(u) is differentiable and its
derivative at u € R is

/ _ ) iuy 7ly2
u) = e e 27 dy.
o) = <= [ eryeilay

Now integrate by parts to find that

/ _ { |: iuy 7%y2i|oo 1 /oo iuy 7%y2
u) = —e e - — ue e d
¢ (u) = 7 By~ y
= —ud(u).
d
So we have the ordinary differential equation ou) = —u¢g(u) with initial condition, @y (0) = 1 and

the result follows by using the standard separation of variables technique.
(b) First suppose that we have established the case for Y ~ N(0, 1) i.e. we know that ¢y (u) = e=2%" for
all w € R. Then since X = u+ oY, we have
¢x (u) = E(e0F7))
1.2 2 °

— eiuME(ei(ua)Y) — eiuu7§o w 7

[Z10] In this case u = p and o = /p(1 — p) and so we can write
Sn 4 N, 1)
np(1 —p)

The random variable S,, is the sum of n i.i.d. Bernoulli random variables and so is binomial with mean np
and variance np(1 — p). Hence for large n it is approximately equal to N(np, np(1 — p)) in distribution. If
we take p = % this allows us to approximate normal random variables with binomial random variables.

[7.11] We will apply the AM-GM inequality from Exercise tory =x2=... =2, =14+ 2 and zn41 = 1,
where £ > —n (so that z; > 0). This gives

1 .
n+1 +n+1

(1+£)%+1§n(1+%)+1: T
n

Raising both sides to the power of n + 1 we obtain that f,(z) < fnt1(z), for £ > —n and n € N.

The sequence fn(x) = (14 %)™ is thus a sequence of continuous functions that satisfies fn(x) < fn+1(z) for
all © > —n. The pointwise limit is f(xz) = e®. Hence Dini’s theorem (applied to the sequence (fn))n > M)
gives that the convergence is uniform on all intervals [— M, M] where M € (0, c0).

Note: we don’t have uniform convergence on R. We have to work around this difficulty by restricting to an
interval [—M, M] instead.

Uniform convergence implies that f,(z,) — f(z) whenever x,, — n. In the notation of Lemma [7.5.2] if we
set *n = Yy + an then we have z, — y. Choosing M = sup,, |Zn|, which is finite because the convergent
sequence (z,) is bounded, we obtain that fn(y + on) — f(y), that is (1 + ££22)" — e¥_ as required.
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12l

(a)

For the deterministic random variable X = ¢, the only discontinuity of its distribution function is

at the value ¢, where it jumps from 0 to 1. Therefore, from X, % ¢ we have that for all € > 0,
PX,<c—¢€¢ —>Plc<c—¢=0and P[X, <c+¢ = Plc<c+¢e =1, asn— co. From the second
statement we may deduce that P[X, > ¢+ €] — 0 for all € > 0. We thus have

P|Xn, —c| > €| =PX,<c—¢+PX,>c+e—0

as n — oo, which is to say that X, 5e

Let (X,) be a sequence of independent random variables such that X, 5 X, We will argue by
contradiction: suppose that X is not almost equal to a constant. There there exists c € Rand €,§ > 0
such that P[X <c—¢€ > 6 and P[X > c+¢] > 4.

By Lemma [7.2.4] there is a subsequence (Y;,) of (X,) such that Y, “3* X. By Lemma [7.2.1| we have
that Y, — X.

Since Y;, - X, there exists N € N such that for all n > N we have P[|Y» — X| > €/2] < §/2. For
n > N we thus have P[Y,, < c¢—¢€/2] > /2 and P[Y, > ¢+ €/2] > §/2. Hence also

Z]P’[Yngc—e/Q]:oo and ZIF’[YnZC—i—e/Z]:oo.

The (X,) are independent, hence so are the elements of the subsequence (Y). From the second
Borel-Cantelli lemma we obtain that

P[Y, < ¢ — €¢/2 infinitely often, and Y,, > ¢ + €¢/2 infinitely often] = 1.

However, this contradicts the fact that Y, 28X,
We have therefore reached a contradiction, so in fact there exists some ¢ € R such that P[X =¢] = 1.
We first show that complete convergence implies almost sure convergence. This part does not require

independence. Let A = {| X, — X| <€ e.v.} and note that A,,,, is a decreasing sequence of sets (as
m € N increases), and that

() Aijm =[] Ac = {Xn = X}

meN e>0
If X,, converges completely to X then, by the first Borel-Cantelli lemma, P[| X, —X| > € i.0.] = 0 which
implies that P[4, ,,] =1 for all m € N. Since (A;,,,) is decreasing we obtain that P[NmenAi/m] = 1,
and hence P[X,, — X] =1, so we have almost sure convergence.

Let us now show that if the (X,) are independent then almost sure convergence implies complete
convergence. By part (b) of exerciseX we have that X,, “3 X = ¢ where ¢ € R is deterministic.
For any ¢ > 0, the sequence of events E,(e) = {|X,, —c| > ¢} are independent. The fact that X, “3 ¢
means that P[E, (¢) i.0.] = 0. Hence by the second Borel-Cantelli lemma (here we use independence)
we must have > P[En(e)] < oo, as required.

Let U be a uniform random variable on [0, 1] and define

x, =41 ifU<i
0 otherwise.

Then P[X,, — 0] = P[U > 0] =1, so X, =3 0.

For € € (0,1] we have P[|X,, — 0| > ¢] = P[X, = 1] = 1,50 > P[| X, — 0| > €] = oo, hence X,, does
not converge completely to 0.
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