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Preface

| INCOMPLETE WORK |

This booklet is an exposition on the Lebesgue integral. I originally started it as a
set of notes consolidating what I had learned on on Lebesgue integration theory, and
published them in case somebody else may find them useful.

I welcome any comments or inquiries on this document. You can reach me by
e-mail at (steve@gold-saucer.org).

Philosophy

Since there are already countless books on measure theory and integration written
by professional mathematicians, that teach the same things on the basic level, you
may be wondering why you should be reading this particular one, considering that
it is so blatantly informally written.

Ease of reading. Actually, I believe the informality to be quite appropriate, and
integral — pun intended — to this work. For me, this booklet is also an experiment
to write an engaging, easy-to-digest mathematical work that people would want to
read in my spare time. I remember, once in my second year of university, after my
professor off-handed mentioned Lebesgue integration as a “nicer theory” than the
Riemann integration we had been learning, I dashed off to the library eager to learn
more. The books I had found there, however, were all fixated on the stiff, abstract
theory — which, unsurprisingly, was impenetrable for a wide-eyed second-year
student flipping through books in his spare time. I still wonder if other budding
mathematics students experience the same disappointment that I did. If so, I would
like this book to be a partial remedy.

Motivational. I also find that the presentation in many of the mathematics books
I encounter could be better, or at least, they are not to my taste. Many are written
with hardly any motivating examples or applications. For example, it is evident
that the concepts introduced in linear functional analysis have something to do with
problems arising in mathematical physics, but “pure” mathematical works on the
subject too often tend to hide these origins and applications. Perhaps, they may be
obvious to the learned reader, but not always for the student who is only starting his
exploration of the diverse areas of mathematics.



0. Preface: ii

Rigor. On the other hand, in this work I do not want to go to the other extreme,
which is the tendency for some applied mathematics books to be unabashedly unrig-
orous. Or worse, pure deception: they present arguments with unstated assumptions,
and impress on students, by naked authority, that everything they present is perfectly
correct. Needless to say, I do not hold such books in very high regard, and probably
you may not either. This work will be rigorous and precise, and of course, you can
always confirm with the references.

Update on May 2025

This is a work that I had started writing more than 20 years ago as a university
student as an aid to my study. At the time, I was taking a half-semester ”short course”
which had pretty much followed the plan of the first few chapters here.

Of course, much has changed since then: newer, more accessible treatments of
the topic — written by professionals — probably have become available since then,
perhaps even open-source. (And 20 years ago there was also hardly any social media.)

Todya, I work in an industry where this kind of “high-powered” math occasion-
ally remains relevant, but do not have that much motivation or time to continue
an exposition on the theory. Therefore, please consider the main content to be basi-
cally finished. I may rarely do some minor edits or make corrections, which would
certainly be warranted should a mistake be found in a proof.

For a number of years, this work just dropped off the Internet, but I have dusted
off its source code — which I had not worked on since 2008 — from my archives
recently. I hope somebody out there still finds it useful.



Organization of this book

The material presented in this book is selected and organized differently than many
other mathematics books.

Level of abstraction. The emphasis is on a healthy dose of abstraction which is
backed by useful applications. Not so abstract as to get us bogged down by details,
but abstract enough so that results can be stated elegantly, concisely and effectively.

Style of exposition. We favor a style of writing, for both the main text and the
proofs, that is more wordy than terse and formal. Thus some material may appear to
take up a lot of pages, but is actually quick to read through.

Order of presentation. To make the material easier to digest, the theory is
sometimes not developed in a strict logical order. Some results will be stated and
used, before going back and formally proving them in later sections. It seems to work
well, I think.

Order for reading. I almost never read any non-fiction books linearly from front
to back, and mathematics books are no exception. Thus I have tried writing to
facilitate skipping around sections and reading “on the go”.

Exercises. At the end of each chapter, there are exercises that I have culled from
standard results and my own experience. As I am a practitioner, not a researcher, I
am afraid I will not be able to provide many of the pathological exercises found in the
more hard-core books. Nevertheless, I hope my exercises turn out to be interesting.

Prerequisites. The minimal prerequisites for understanding this work is a thor-
ough understanding of elementary calculus, though at various points of the text we
will definitely need the concepts and results from topology, linear algebra, multivari-
ate calculus, and functional analysis.

If you have not encountered these topics before, then you probably should en-
deavour to learn them. Understandably, that will take you time; so this text contains
an appendix listing the results that we will need — it may serve as a guide and
motivation towards further study.

Level of coverage. My aim is to provide a reasonably complete treatment of the
material, yet leave various topics ready for individual exploration.

Perhaps you may be unsatisfied with my approach. Actually, even if I could just
arouse your interest in measure theory or any other mathematical topic through this
work, then I think I have done something useful.

ii



Chapter 1

Motivation for Lebesgue integral

The Lebesgue integral, introduced by Henri Lebesgue in his 1902 dissertation,
“Intégrale, longueur, aire”, is a generalization of the Riemann integral usually studied
in elementary calculus.

If you have followed the rigorous definition of the Riemann integral in R or R”,
you may be wondering why do we need to study yet another integral. After all, why
should we even care to integrate nasty things like the Dirichlet function:

)1, x€Q
D(x)_{o, ¥€R\Q.

There are several convincing arguments for studying Lebesgue integration theory.
Closure of operations. Recall the first times you had ever heard of the concepts of
negative numbers, irrational numbers, and complex numbers. At the time, you most
likely had thought, privately if not announced publically, that there is no such use for

/7] 7

“numbers less than nothing”, “numbers with an infinite amount of decimal places’
(that we approximate in calculation with a finite amount anyway), and “imaginary
numbers” whose square is negative. Yet negative numbers, irrational numbers, and
complex numbers find their use because these kinds of numbers are closed under
certain operations — namely, the operations of subtraction, taking least upper bounds,
and polynomial roots. Thus equations involving more “ordinary” quantities can
be posed and solved, without putting the special cases or artificial restrictions that
would be necessary had the number system not been extended appropriately.

The Lebesgue integral has the similar relation to the Riemann integral. For
instance, the D function above can be considered to be the infinite sum

1, x=xy

D<x>=ilEn<x>f EW‘):{O X #£x

where {x,}?; is any listing of the members of Q. The function D is not Riemann-
integrable, yet each function E, is. So, in general, the limit of Riemann-integrable
functions is not necessarily Riemann-integrable; the class of Riemann-integrable
functions is not closed under taking limits.

1



1. Motivation for Lebesgue integral: 2

This failure of the closure causes all sorts of problems, not the least of which is
deciding when exactly the following interchange of limiting operations, is valid:

fim [ () dx = [ Jim fu()

In elementary calculus, the interchange of the limit and integral, over a closed and
bounded interval [g, b], is proven to be valid when the sequence of functions { f, } is
uniformly convergent. However, in many calculations that require exchanging the
limit and integral, uniform convergence is often too onerous a condition to require, or
we are integrating on unbounded intervals. In this case, the calculus theorem is not
of much help — but, in fact, one of the important, and much applied, theorems by
Henri Lebesgue, called the dominated convergence theorem, gives practical conditions
for which the interchange is valid.

It is true that, if a function is Riemann-integrable, then it is Lebesgue-integrable,
and so theorems about the Lebesgue integral could in principle be rephrased as results
for the Riemann integral, with some restrictions on the functions to be integrated. Yet
judging from the fact that calculus books almost never do actually attempt to prove
the dominated convergence theorem, and that the theorem was originally discovered
through measure theory methods, it seems fair to say that a proof using elementary
Riemann-integral methods may be close to impossible.

Abstraction is more efficient. There is also an argument for preferring the
Lebesgue integral because it is more abstract. As with many abstractions in mathe-
matics, there is an up-front investment cost to be paid, but the pay-off in effectiveness
is enormous. Cumbersome manipulations of Riemann integrals can be replaced by
concise arguments involving Lebesgue integrals.

The dominated convergence theorem mentioned above is one example of the power of
Lebesgue integrals; here we illustrate another one. Consider evaluating the Gaussian

probability integral:
too 2
/ e 2" dx.

The derivation usually goes like this:

+oo 2 +oo +oo0
</ e dx) = / e 2% dx e 2 dy
+o0
= / / e 2V gy dy

e~ 1 (P +7?)
= Rz dx dy

2 poo
= / / e 2" rdrdo (using polar coordinates)
o Jo

=27 [—e*%ﬂ e
r=0

=27T.
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So oo
/ e ¥ dx = V2.

The above computation looks to be easy, and although it can be justified using
the Riemann integral alone, the explanation is quite clumsy. Here are some questions
to ask: Why should [*2" [*% be the same as [,? Is the polar coordinate transfor-
mation valid over the unbounded domain R?? Note that while most calculus books
do systematically develop the theory of the Riemann integral over bounded sets of
integration, the Riemann integral over unbounded sets is usually treated in an ad-hoc
manner, and it is not always clear when the theorems proven for bounded sets of
integration apply to unbounded sets also.

On the other hand, the Lebesgue integral makes no distinction between bounded
and unbounded sets in integration, and the full power of the standard theorems
apply equally to both cases. As you will see, the proper abstract development of the
Lebesgue integral also simplifies the proofs of the theorems regarding interchanging
the order of integration and differential coordinate transformation.

New applications. Finally, with abstraction comes new areas to which the integral
can be applied. There are many of these, but here we will briefly touch on a few.

The Lebesgue theory is not restricted to integrating functions over lengths, areas
or volumes of IR". We can specify beforehand a measure  on some space X, and
Lebesgue theory provides the tools to define, and possibly compute, the integral

/de;t,

that represents, loosely, a limit of integral sums

Zf(xi) 1(4A;), {A;}isapartition of X, and x; is a point in A;.
i

When integrating over R" with the Lebesgue measure, the quantity u(A;) is simply
the area or volume of the set A;, but in general, other measure functions A — p(A)
could be used as well.

By choosing different measures y, we can define the Lebesgue integral over curves
and surfaces in R", thereby uniting the disparate definitions of the line, area, and
volume integrals in multivariate calculus.

In functional analysis, Lebesgue integrals are used to represent certain linear
functionals. For example, the continuous dual space of C|a, b], the space of continuous
functions on the interval [a, b] is in one-to-one correspondence with a certain family
of measures on the space [, b]. This fact was actually proven in 1909 by Frigyes Riesz,
using the Riemann-Stieltjes integral, a generalization of the Riemann integral — but
the result is more elegantly interpreted using the Lebesgue theory.

And finally, the Lebesgue integral is indispensable in the rigorous study of proba-
bility theory. A probability measure behaves analogously to an area measure, and in
fact a probability measure is a measure in the Lebesgue sense.

Having given a small survey of the topic of Lebesgue integration, we now proceed
to formulate the fundamental definitions.



Chapter 2

Basic definitions

This chapter describes the Lebesgue integral and the basic machinery associated with
it.

2.1 Measurable spaces

Before we can define the protagonist of our story, the Lebesgue integral, we will need
to describe its setting, that of measurable spaces and measures.

We are given some function y of sets which returns the area or volume — formally
called the measure — of the given set. That is, we assume at the beginning that such a
function y has already been defined for us. This axiomatic approach has the obvious
advantage that the theory can be applied to many other measures besides volume in
R". We have the benefit of hindsight, of course. Lebesgue himself did not work so
abstractly, and it was Maurice Fréchet who first pointed out the generalizations of
the concrete methods of Lebesgue and his contemporaries that are now standard.

A general domain that can be taken for the function y is a c-algebra, defined
below.

2.1.1 DEFINITION (MEASURABLE SETS)
Let X be any non-empty set. A o-algebra® of subsets of X is a family M of subsets of
X, with the properties:

® M is non-empty.
@ Closure under complement: If E € M, then X \ E € M.

® Closure under countable union: If {E, }°_; is a sequence of sets in M, then their
union J;— E, is in M.

The pair (X, M) is called a measurable space, and the sets in M are called the
measurable sets.

TRead as “sigma algebra”. The Greek letter ¢ in this ridiculous name stands for the German word
summe, meaning union. In this context it specifically refers to the countable union of sets, in contrast to
mere finite union.
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REMARK (CLOSURE UNDER COUNTABLE INTERSECTIONS). The axioms always im-
ply that X,® € M. Also, by De Morgan’s laws, M is closed under countable
intersections as well as countable union.

EXAMPLE. Let X be any non-empty set. Then M = {X, @} is the trivial o-algebra.
EXAMPLE. Let X be any non-empty set. Then its power set M = 2% is a c-algebra.

Needless to say, we cannot insist that M is closed under arbitrary unions or
intersections, as that would force M = 2% if M contains all the singleton sets. That
would be uninteresting. More importantly, we do not always want M = 2X because
we may be unable to come up with sensible definitions of “area” for some very wild
sets A € 2%,

On the other hand, we want closure under countable set operations, rather than
just finite ones, as we will want to be taking countable limits. Indeed, you may recall
that the class of Jordan-measurable sets (those that have an area definable by a Riemann
integral) is not closed under countable union, and that causes all sorts of trouble
when trying to prove limiting theorems for Riemann integrals.

To get non-trivial c-algebras to work with we need the following very uncon-
structive(!) construction.

If we have a family of o-algebras on X, then the intersection of all the c-algebras
from this family is also a c-algebra on X. If all of the c-algebras from the family
contains some fixed G C 2%, then the intersection of all the o-algebras from the family,
of course, is a o-algebra containing G.

Now if we are given G, and we take all the o-algebras on X that contain G, and
intersect all of them, we get the smallest o-algebra that contains G.

DEFINITION (GENERATED 0-ALGEBRA)
For any given family of sets G C 2%, the c-algebra generated by G is the the smallest
o-algebra containing G; it is denoted by o(G).

The following is an often-used c-algebra.

DEFINITION (BOREL 0-ALGEBRA)
If X is a space equipped with topology 7 (X), the Borel o-algebra is the o-algebra
B(X) = o(T (X)) generated by all open subsets of X.

When topological spaces are involved, we will always take the c-algebra to be the Borel
o-algebra unless stated otherwise.
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B(X), being generated by the open sets, then contains all open sets, all closed
sets, and countable unions and intersections of open sets and closed sets — and then
countable unions and intersections of those, and so on, moving deeper and deeper
into the hierarchy.

In general, there is no more explicit description of what sets are in B(X) or
o(G), save for a formal construction using the principle of transfinite induction from
set theory. Fortunately, in analysis it is rarely necessary to know the set-theoretic
description of ¢(G): any sets that come up can be proven to be measurable by
expressing them countable unions, intersections and complements of sets that we
already know are measurable. So the language of o-algebras can be simply viewed
as a concise, abstract description of unendingly taking countable set operations.

The Borel c-algebra is generally not all of 2X — this fact is shown in Theorem
5.5.1, which you can read now if it interests you.

2.2 Positive measures

DEFINITION (POSITIVE MEASURE)

Let (X, M) be a measurable space. (Thus M is a o-algebra as in Theorem 2.1.1.) A
(positive) measure on this space is a non-negative set function p: M — [0, o] such
that

@ u(@) =0.

@ Countable additivity: For any sequence of mutually disjoint sets E,, € M,
M(U En> = 2 H(En).
n=1 n=1

The set (X, M, u) will be called a measure space.

For convenience, we will often refer to measurable spaces and measure spaces
only by naming the domain; the c-algebra and measure will be implicit, as in: “let X
be a measure space”, etc.

EXAMPLE (COUNTING MEASURE). Let X be an arbitrary set, and M be a c-algebra
on X. Define pi: M — [0, c0] as

the number of elementsin A, if A is a finite set,
u(A) = o
0, if A is an infinite set.

This is called the counting measure.
We will be able to model the infinite series )’ ; a, in Lebesgue integration theory
by using X = IN and the counting measure.
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Figure 2.1: Schematic of the counting measure on the integers.

2.2.3 EXAMPLE (LEBESGUE MEASURE). X = R", and M = B(IR"). There is the Lebesgue
measure A which assigns to the rectangle its usual n-dimensional volume:

A([al,bl] X - X [an,bn]) = (bl —Ell) ... (bn —an) .

This measure A should also assign the correct volumes to the usual geometric
figures, as well as for all the other sets in M. Intuitively, defining the volume of the
rectangle only should suffice to uniquely determine the volume of the other sets, as
the volume of any other measurable set can be approximated by the volume of many
small rectangles. Indeed, we will later show this intuition to be true.

In fact, many theorems using Lebesgue measure and integrals with respect to
Lebesgue measure really depend only on the definition of the volume of the rectangle.
So for now we skip the fine details of properly showing the existence of Lebesgue
measure, coming back to it later.

2.2.4 EXAMPLE (DIRAC MEASURE). Fix x € X, and set M = 2X. The Dirac measure or
point mass is the measure d,: M — [0, oo] with

1, xe€ A,
‘Sx(A):{O xé¢ A

The Dirac measure, considered by itself, appears to be trivial, but it appears as a basic
building block for other measures, as we will see later.

The name “Dirac” is attached to this measure as it is the realization in measure
theory of the (in)famous “Dirac delta function”. The layman’s definition of the
Dirac delta “function”, é,, states that it should satisfy, for all continuous functions
f:R—=R,

| fwamdy=fx), xeR.

Our measure 6, will behave similarly: since the mass of the measure is concen-
trated at the point x, our eventual definition of the Lebesgue integral with respect to
the measure J, will satisfy:

| Fwdsty) = fx), xeRr.

Before we begin the prove more theorems, we remark that we will be manipulat-
ing quantities from the extended real number system (see section A.1) that includes co.
We should warn here that the additive cancellation rule will not work with co. The
danger should be sufficiently illustrated in the proofs of the following theorems.
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THEOREM (ADDITIVITY AND MONOTONICITY OF POSITIVE MEASURES)
Let 2 be a measure on a measurable space (X, M). It has the following basic proper-
ties:

@ It is finitely additive.
@ Monotonicity: If A,B € M, and A C B, then uu(A) < u(B).
® If A,B e M,with A C Band u(A) < oo, then u(B\ A) = u(B) — u(A).

Proof Property @ is obvious. For property @, applying property ® to the disjoint sets
B\ A and A, we have

u(B) =pu((B\A)UA) =u(B\ A)+u(A);

and p(B\ A) > 0. For property ®, subtract y(A) from both sides.
Note that B\ A = BN (X \ A) belongs to M by the properties of a o-algebra. u

The preceding theorem, as well as the next ones, are quite intuitive and you
should have no trouble remembering them.

B

Figure 2.2: The sets and measures involved in Theorem 2.2.5 and Theorem 2.2.7.

THEOREM (COUNTABLE SUBADDITIVITY)
For any sequence of sets Ej, E, ... € M, not necessarily disjoint,

u(f] E)) < 3 u(ED),

Proof The union (J,, E, can be “disjointified” — that is, rewritten as a disjoint union —
so that we can apply ordinary countable additivity:

u(Qm) ~u(UBA\EUBU - UE)

n=1
= iy(En\(EluEzu---uEn_l)) < iﬂ(En)-
n—1 n=1

The final inequality comes from the monotonicity property of Theorem 2.2.5. m
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2.2.7 THEOREM (CONTINUITY FROM BELOW AND ABOVE)
Let (X, M, i) be a measure space.

@ Continuity from below: Let E; C E; C E3 C - - - be subsets in M with union E.
The sets E,, are said to increase to E, and henceforth we will abbreviate this by
E, /" E. Then

u(®) = (U B ) = fim pes).

n—oco
n=0

@ Continuity from above: Let E; O E; D E3z O - - - be subsets in M with intersection
E. The sets E,, are said to be decrease to E, and this will be abbreviated E,, ~\, E.
Assuming that at least one Ey has u(Ey) < oo, then

= n( (V8 = Jim (e

Proof Since the sets Ey are increasing, they can be written as the disjoint unions:

E, = E1U(E2\E1) E3\E2> U(Ek\Ek_1>, Ey =0,
E—E1U(E2\E1) E3\E2>

so that
V(E):Z (Ex \ Ex—1) = Z (Ex \ Ex_1) —hmy( n) -
k=1 k=1
This proves property @.

For property @, we may as well assume p(E;) < oo, for if p(Ey) < oo, we can just
discard the sets before Ej, and this affects nothing. Observe that (E; \ E,) /* (E1 \ E),
and u(E) < u(E,) < u(E;) < o0. so we may apply property @:

p(Er) = p(E) = p(Er \ E) = lim p(E1\ Ey) = p(E1) — lim p(Ex),

and cancel the term y(E;) on both sides. n

Though the general notation employed in measure theory unifies the cases for
both finite and infinite measures, it is hardly surprising, as with Theorem 2.2.7, that
some results only apply for the finite case. We emphasize this with a definition:

2.2.8 DEFINITION (FINITE MEASURE)
= A measurable set E has (u-)finite measure if ji(E) < co.

= A measure space (X, y) has finite measure if y(X) < oco.
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2.3 Measurable functions

To do integration theory, we of course need functions to integrate. Given that not
all sets may be measurable, it should be expected that perhaps not all functions
can be integrated either. The following definition identifies those functions that are
candidates for integration.

DEFINITION (MEASURABLE FUNCTIONS)
Let (X,.A) and (Y, B) be measurable spaces (Theorem 2.1.1). Amap f: X — Y is
measurable if

w forall B € B, theset f1(B) = {f € B} isin A.

This definition is not difficult to motivate in at least purely formal terms. It is
completely analogous to the definition of continuity between topological spaces. For
measure theory, the relevant structures on the domain and range space, are given by
o-algebras in place of topologies of open sets.

EXAMPLE (CONSTANT FUNCTIONS). A constant map f is always measurable, for
f~Y(B) is either @ or X.

THEOREM (COMPOSITION OF MEASURABLE FUNCTIONS)
The composition of two measurable functions is measurable.

Proof This is immediate from the definition. n

Recall that c-algebra are often defined by generating them from certain elemen-
tary sets (Theorem 2.1.5). In the course of proving that a particular function f: X — Y
is measurable, it seems plausible that it should be atomatically measurable as soon
as we verify that the pre-images f~!(B) are measurable for only elementary sets B.
In fact, since the generated c-algebra is defined non-constructively, we can think of
no other way of establishing the measurability of f~1(B) directly.

The next theorem, Theorem 2.3.4, confirms this fact. Its technique of proof appears
magical at first, but really it is forced upon us from the unconstructive definition of
the generated c-algebra.

THEOREM (MEASURABILITY FROM GENERATED 0-ALGEBRA)
Let (X, .A) and (Y, B) be measurable spaces, and suppose G generates the o-algebra
B. A function f: X — Y is measurable if and only if

= for every set V in the generator set G, its pre-image f~!(V) isin A.
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Proof The “only if” part is just the definition of measurability.
For the “if” direction, define

H={VeB: f{V)c A}.

It is easily verified that H is a c-algebra, since the operation of taking the inverse
image commutes with the set operations of union, intersection and complement.
By hypothesis, G C H. Therefore, 0(G) C o(H). But B = 0(G) by the definition
of G, and ‘H = o(H) since H is a o-algebra. Unraveling the notation, this means
fY(V) € Aforevery V € B. -

COROLLARY (CONTINUITY IMPLIES MEASURABILITY)
All continuous functions between topological spaces are measurable, with respect to
the Borel o-algebras (Theorem 2.1.6) for the domain and range.

REMARK (BOREL MEASURABILITY). If f: X — Y is a function between topological
spaces each equipped with their Borel o-algebras, some authors emphasize by saying
that f is Borel-measurable rather than just measurable.

If X = R", there is a weaker notion of measurability, involving a c-algebra £
on R” that is strictly larger than B(R"); a function f: R” — Y is called Lebesgue-
measurable if it is measurable with respect to £ and B(Y).

We mostly will not care for this technical distinction (which will be later explained
in section 5.6), for B(IR") already contains the measurable sets we need in practice.
We only raise this issue now to stave off confusion when consulting other texts.

We are mainly interested in integrating functions taking values in R or R. We can
specialize the criterion for measurability for this case.

THEOREM (MEASURABILITY OF REAL-VALUED FUNCTIONS)
Let (X, M) be a measurable space. A map f: X — R is measurable if and only if

w forallc € R, theset {f >c} = f~1((c, +0]) is in M.

Proof Let G be the set of all open intervals (a,b), fora, b € R, along with { —oo}, {+c0}.
Let H be the set of all intervals (c, +o0] for ¢ € R.
Evidently H generates G:

(a,b) = [—o0,b) N (a,+0],

G

[—o0,b) = [—oo,b—%]:fjﬁ\(b—%,—koo].
n=1

n=1

{+oo} = () (m,+oo].

n=1

(oo} =R\ U (-n,+oo].

3 |l
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Because every open set in R can be written as a countable union of bounded open
intervals (a,b), the family G generates the open sets, and hence the Borel o-algebra
on R. Then H must generate the Borel o-algebra too.

Applying Theorem 2.3.4 to the generator H gives the result. m

The “countable union with 1/n” trick used in the proof (which is really the
Archimedean property of real numbers) is widely applicable.

REMARK. We can replace (c,+o0], in the statement of the theorem, by [c, +-o0],
[—o0, c], etc. and there is no essential difference.

The next theorem is especially useful; it addresses one of the problems that we
encounter with Riemann integrals already discussed in chapter 1.

THEOREM (MEASURABILITY OF LIMIT FUNCTIONS)
Let f1, f2, ... be a sequence of measurable R-valued functions. Then the functions

sup fp, inf f,, limsup f,, liminf f,
n n n n

(the limits are taken pointwise) are all measurable.

Proof If g(x) = sup,, fu(x), then {g > c} = U, {f» > c}, and we apply Theorem 2.3.7.
Likewise, if g(x) = inf, f,(x), then {¢ < ¢} = U, {fn < c}.

The other two limit functions can be expressed as in terms of supremums and
infimums over a countable set, so they are measurable also. n

THEOREM (MEASURABILITY OF POSITIVE AND NEGATIVE PART)
If f: X — Ris a measurable function, then so are:

fH(x) =max{+f(x),0} (positive partof f)
f~(x) =max{—f(x),0} (negative partof f).

Conversely, if f* and f~ are both measurable, then so is f.

Proof Since {—f < ¢} = {f > —c}, we see that — f is measurable. Theorem 2.3.9 and
Theorem 2.3.2 then show that f* and f~ are both measurable.

For the converse, we express f as the difference f* — f~; the measurability of f
then follows from the first half of Theorem 2.3.11 below. -

We will need to do arithmetic in integration theory, so naturally we must have
theorems concerning the measurability of arithmetic operations.
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THEOREM (MEASURABILITY OF SUM AND PRODUCT)
If f,g: X — R are measurable functions, then so are the functions f + g, fg,and f/g
(provided g # 0).

Proof Consider the countable union

{frg<ct=U{f<e—rin{g<r}.
reQ

The set equality is justified as follows: Clearly f(x) < ¢ —r and g(x) < r together
imply f(x) + g(x) < c. Conversely, if we set g(x) = ¢, then f(x) < ¢ —t, and we can
increase t slightly to a rational number r such that f(x) < c—r,and g(x) <t <.

The sets {f < ¢ —r} and {g < r} are measurable, so {f + g < c} is too, and by
Theorem 2.3.7 the function f + g is measurable. Similarly, f — ¢ is measurable.

To prove measurability of the product fg, we first decompose it into positive and
negative parts as described by Theorem 2.3.10:

fe=U" =g -8 )=f¢" ~fg —feg+fg.
Thus we see that it is enough to prove that fg is measurable when f and g are
assumed to be both non-negative. Then just as with the sum, this expression as a

countable union:
{fg<ct=Ulf <e/rin{g<r},
reQ

shows that fg is measurable.
Finally, for the function 1/g with g > 0,

{1/g<c}:{{g>1/c}, c>0,

@, c<0.
For ¢ that may take negative values, decompose 1/gas1/¢g" —1/g". m
REMARK (RE-DEFINING MEASURABLE FUNCTIONS AT SINGULAR POINTS). You prob-

ably have already noticed there may be difficulty in defining what the arithmetic
operations mean when the operands are infinite, or when dividing by zero. The
usual way to deal with these problems is to simply redefine the functions whenever
they are infinite to be some fixed value. In particular, if the function g is obtained by
changing the original measurable function f on a measurable set A to be a constant c,
we have:

{geB} = ({geB}nNA)U({ge B}NA,

A, ceB

€B}INA=
{g € B} {@, c¢B,
{geB}NA“={feB}nNAS,

so the resultant function g is also measurable. Very conveniently, any sets like
A = {f = +oco} or {f = 0} are automatically measurable. Thus the gaps in Theorem
2.3.11 with respect to infinite values can be repaired with this device.
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24 Definition of the integral

The idea behind Riemann integration is to try to measure the sums of area of the
rectangles “below a graph” of a function and then take some sort of limit. The
Lebesgue integral uses a similar approach: we perform integration on the “simple”
functions first:

DEFINITION (SIMPLE FUNCTION)
A function is simple if its range is a finite set.

DEFINITION (INDICATOR FUNCTION)
For any set S C X, its indicator function® is a function I(S): X — {0,1} defined by

1, x€8,

I(S)(x) = I(x € ) = {0 s

The indicator function will play an integral role in our definition of the integral.

REMARK (MEASURABILITY OF INDICATOR). The indicator function I(S) is a mea-

surable function (Theorem 2.3.1) if and only if the set S is measurable (Theorem
2.1.1).

For brevity, we will tacitly assume simple functions and indicator functions to be
measurable unless otherwise stated.

REMARK (REPRESENTATION OF SIMPLE FUNCTIONS). An R-valued simple function
@ always has a representation as a finite sum:

o= al(E),
k=1

where aj are the distinct values of ¢, and Ex = ¢~ !({a;}).

Conversely, any expression of the above form, where the values a; need not be
distinct, and the sets Ej are not necessarily ¢! ({ax}), also defines a simple function.
For the purposes of integration, however, we will require that E; be measurable, and
that they partition X.

*The indicator function is often called the characteristic function (of a set) and denoted by xs rather
than I(S). I am not a fan of this notation, as the glyph x looks too much like x, and the subscript
becomes a little annoying to read if the set S is written out as a formula like {f € E}. However, the
notation adopted here is perfectly standard in probability theory. Also, the word “characteristic” is
ambiguous and conflicts with the terminology for a different concept from probability theory.
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DEFINITION (INTEGRAL OF SIMPLE FUNCTION)
Let (X, u) be a measure space. The Lebesgue integral, over X, of a measurable simple
function ¢: X — [0, 0] is defined as

du = na]IEd:na E.).
/Xfpu /kaik(k)ﬂ k;k#(k)

We restrict ¢ to be non-negative, to avoid having to deal with co — co on the right-hand
side.

Needless to say, the quantity on the right represents the sum of the areas below
the graph of ¢.

REMARK (MULTIPLICATION OF ZERO AND INFINITY). There is a convention, con-
cerning oo for the extended real number system, that will be in force whenever
we deal with integrals.

0-+c0o=0 always.

In particular, this rule affects the interpretation of the right-hand side in the defining
equation of Theorem 2.4.5. It is not hard to divine the reason behind this rule:

When integrating functions, we often want to ignore “isolated” singularities, for
example, the one at the origin for the integral fol dx/+/x. The point 0 is supposed to
have Lebesgue-“measure zero”, so even though the integrand is co there, the area
contribution at that point should still be 0 = 0 - co. Hence the rule.

Similarly, if ¢ is a constant then we should have [, cdx = c¢- A(A), where A(A)
is the Lebesgue measure of the set A. Obviously if ¢ = 0 then the integral is always
zero, even if A(A) = oo, e.g. for A = R. To make this work we must have again
0=0-c0.

REMARK (INTEGRAL IS WELL-DEFINED). It had better be the case that the value of
the integral does not depend on the particular representation of . If ¢ = Y, a,I(A;) =
¥ bjl(B;), where A; and B; partition X (so A; N B; partition X), then

Yoaiu(A) =3 ) ain(AinB)) =) ) bju(AiNBj) =) bju(B)).
i i ] o1 ]

The second equality follows because the value of ¢ is a; = b; on A; N Bj, so a; = b;
whenever A; N B; # @. So fortunately the integral is well-defined.

Using the same algebraic manipulations just now, you can prove the monotonicity
of the integral for simple functions: if ¢ < ¢, then [, odu < [, pdu.

Our definition of the integral for simple functions also satisfies the linearity
property expected for any kind of integral:

LEMMA (LINEARITY OF INTEGRAL FOR SIMPLE FUNCTIONS)
The Lebesgue integral for simple functions is linear.
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Proof That [, cody = c [y ¢dy, for any constant ¢ > 0, is clear. And if ¢ =
Yiail(A;), ¢ = Y b I(B)), we have

/X @dp+ /X pdu = Zijam(Az-) + ]me(Bj)
= Zj:;aiy(Ai NBj) + ;;bjﬂ(Bj NA;)
= ;]Z(ﬂi + bj) u(Ai N B;)
= [+ p)an. .
Next, we integrate non-simple measurable functions like this:
2.4.9 DEFINITION (INTEGRAL OF NON-NEGATIVE FUNCTION)

Let f: X — [0, 00| be measurable and non-negative. Define the Lebesgue integral of f
over X as

/fdy:sup{/ qody‘gosimple,oggogf},
X X

([x ¢ dp is defined in Theorem 2.4.5.)

Intuitively, the simple functions ¢ in the definition are supposed to approximate
f, as close as we like from below, and the integral of f is the limit of the integrals
of these approximations. Theorem 2.4.10 below provides a particular kind of such
approximations.

2.4.10 THEOREM (APPROXIMATION BY SIMPLE FUNCTIONS)
Let f: X — [0, 0] be measurable. There are simple functions ¢,: X — [0, 00) such
that ¢, / f, meaning ¢, are increasing pointwise and converging pointwise to f.
Moreover, on any set where f is bounded, the ¢, converge to f uniformly.

Proof Forany 0 < y < n, let ¥,(y) be y rounded down to the nearest multiple of 277",
and whenever y > n, truncate ¥, () to n. Explicitly,

n2"—1

k k k+1
Tn = I;) 27]]:( |:271’ 271)) —|—TZ]I([1’1,00]) .
Set ¢, to be the measurable simple functions ¥, o f. Then 0 < f(x) — ¢n(x) < 27"
whenever n > f(x), and ¢,(x) = n whenever f(x) = oco. This implies the desired
convergence properties, and clearly ¢, are increasing pointwise. m

And in case you were worrying about whether this new definition of the integral
agrees with the old one in the case of the non-negative simple functions, well, it does.
Use monotonicity to prove this.
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Figure 2.3: In Theorem 2.4.10, we first partition the range [0, c0]. Taking f~! induces a
partition on the domain of f, and a subordinate simple function. The approximation to f
by that simple function improves as we partition the range more finely. In effect, Lebesgue
integration is done by partitioning the range and taking limits.

Figure 2.4: [, f du is the “algebraic area” of the regions bounded by f lying above
and below zero.

DEFINITION (INTEGRAL OF MEASURABLE FUNCTION)
For a measurable function f: X — IR, not necessarily non-negative, its Lebesgue
integral is defined in terms of the integrals of its positive and negative part:

/deu = /}(f*dﬂ—/xf‘dy,

provided that the two integrals on the right (from Theorem 2.4.9), are not both oo.

REMARK (NOTATIONS FOR THE INTEGRAL). If we want to display the argument of
the integrand function, alternate notations for the integral include:

| f@dn, [ f@dn(, [ e ux).
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For brevity we will even omit certain parts of the integral that are implied by context:

[0 |f [ran [ s,

although these abbreviations are not to be recommended for general usage.

2.4.13 EXAMPLE (INTEGRAL OVER LEBESGUE MEASURE). If A is the Lebesgue measure (The-
orem 2.2.3) on R", the abstract integral [ f dA that we have just developed specializes
to an extension of the Riemann integral over IR". This integral*, as you might expect,
is often denoted just as:

/Xf(x)dx (XCR") or /abf(x)dx (—c0<a<b <o),

without mention of the measure A.

2.4.14 REMARK (INTEGRATING OVER SUBSETS). Often we will want to integrate over sub-
sets of X also. This can be accomplished in two ways. Let A be a measurable subset
of X. Either we simply consider integrating over the measure space restricted to
subsets of A, or we define

/AdeZ/XfJI(A)dﬂ.

If ¢ is non-negative simple, a simple working out of the two definitions of the
integral over A shows that they are equivalent. To prove this for the case of arbitrary
measurable functions, we will need the tools of the next section.

2.4.15 THEOREM (MONOTONICITY OF INTEGRAL)

For a measurable function f: X — R on a measure space X, whose integral is
defined:

® Comparison: If g: X — R is another measurable function whose integral is
defined, with f < g, then [, f < [, g

@ Monotonicity: If f > 0,and A C B C X are measurable sets, then [, f < [5 f.

® Generalized triangle inequality: ’ Jxf ‘ < [x|fl-

(“Generalized triangle inequality” alludes to the integral being a generalized
form of summation.)

fThere is no consensus in the literature on whether the term “Lebesgue integral” means the abstract
integral developed in this section, or does it only mean the integral applied to Lebesgue measure on R”.
In this book, we will take the former interpretation of the term, and explicitly state a function is to be
integrated with Lebesgue measure if the situation is ambiguous.
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Proof Assume first that 0 < f < g. Because we have the inclusion

{g simple, 0 < ¢ < f} C {¢ simple, 0 < ¢ < g},

from the definition of the integral of a non-negative function in terms of the supre-
mum, we must have [, f < [, g.
Now assume only f < g. Then f* < ¢t and f~ > g, so:

=== s e = L

This proves property @.
Property @ follows by applying property @ to the two functions fI(A) < fI(B).
Property ® follows by observing that —|f| < f < |f|, and from property ® again:

— Jast= [ =< [ r< 11, .

Naturally, the integral for non-simple functions is linear, but we still have a small
hurdle to pass before we are in the position to prove that fact. For now, we make
one more convenient definition related to integrals that will be used throughout this
book.

DEFINITION (MEASURE ZERO)
= A (u-)measurable set is said to have (y-)measure zero if u(E) = 0.

15 A particular property is said to hold almost everywhere if the set of points
for which the property fails to hold is a set of measure zero.

", 1

For example: “a function vanishes almost everywhere”; “f = ¢ almost every-
where”.

Typical examples of a measure-zero set are the singleton points in R”, and lines and
curves in R",n > 2. By countable additivity, any countable set in R"” has measure
zero also.
Clearly, if you integrate anything on a set of measure zero, you get zero. Changing
a function on a set of measure zero does not affect the value of its integral.
Assuming that linearity of the integral has been proved, we can demonstrate the
following intuitive result.

THEOREM (VANISHING INTEGRALS)

A non-negative measurable function f: X — [0, o0] vanishes almost everywhere if
and only if [, f = 0.
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Proof Let A = {f =0}, and u(A°) = 0. Then

/Xf:/xf-(ll( )+ I(A)) /fl[ +/fIIAC—/f+/ACf:O+0.

Conversely, if [, f =0, consider {f >0} = U,{f > }. We have

1
H > ) {r>1} . {f>1yn f>n}f " f

for all n. Hence u{f > 0} = 0. [

2.5 Exercises

(Inclusion-exclusion formula) Let (X, e a finite measure space. For any finite
n

u)b
number of measurable sets Eq,...,E,;, C X,
n
y(U Ek) — Z |5‘ -1 (ﬂ Ek)
k=1 @£SC{1,...n } kes

For example, for the case n = 2:

w(AUB) = u(A)+u(B) —u(ANB).

(No deep measure theory is necessary for this problem; it is just a combinatorial
argument.)

(Limit inferior and superior) For any sequence of subsets Ej, Es, ... of X, its limit
superior and limit inferior are defined by:

limsupE, = ﬂ U Ex, hmmen = U ﬂ Ex.

n—reo n=1k>n n=1k>n

The interpretation is that limsup,, E, contains those elements of X that occur “in-
finitely often” in the sets E,, and lim inf, E,, contains those elements that occur in all
except finitely many of the sets E;.

Let (X, u) be a finite measure space, and E, be measurable. Then the limit superior
and limit inferior satisfy these inequalities:

p(iminf E,) < liminfu(E,) < limsup p(E,) < p(limsupE,) .
n n n n

(Relation between limit superior of sets and functions) Let f, be any sequence of
R-valued functions. Then for any constant ¢ € R,

{limsupf,1 > c} Climsup{f, > c} C {limsupfn > c} .
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(The inequality in the middle need not be strict, but the inequalities on the left and
right cannot be improved.)

These relations can be useful for showing pointwise convergence of functions,
particularly in probability theory. If we want to show that f,, converges to a function
f almost everywhere, it is equivalent to show that the set

limsup {|f, - £] > ¢}
n
has measure zero for every ¢ > 0.

(Continuity of measures) If a finitely additive “measure” function is continuous
from below (see Theorem 2.2.7), then it is countably additive. Analogously, provided
the space has finite measure, then continuity from above implies countable additivity.

(Measurability of monotone functions) Show that a monotonically increasing or de-
creasing function f: R — IR is measurable.

A curious observation: the limiting sums for the Lebesgue integral of an increasing
function f: [a,b] — R are actually Riemann sums. Not coincidentally, such f is
always Riemann-integrable.

(Measurability of limit domain) Let f,: X — R be a sequence of measurable func-
tions on a measurable space X. The set of x € X where li_1>n fn(x) exists is measurable.
n—oo

(Measurability of limit function) If f,: X — R is a sequence of measurable func-
tions, then their pointwise limit lijn fn is also measurable. (If the limit does not exist
n—oo

at a point, define it to be some arbitrary constant.)

(Measurability of pasted continuous functions) Let (x,y) — 0(x,y) be the mapping
from a point in IR? to its polar angle 0 < 6 < 27. Also set §(0,0) = 0. Defined in
this way, 6 is not continuous on the non-negative x-axis; nevertheless, it is still a
measurable mapping.

More generally, of course, any function manufactured from pasting together
continuous functions on measurable sets is going to be measurable.

(Measurability of uncountable supremum) If {f,} is an uncountable family of R-
valued measurable functions, sup, f, is not necessarily measurable.
However, if f, are continuous, then uncountability poses no obstacle: sup N fais
measurable.

(Symmetric set difference) If E and F are any subsets within some universe, define
their symmetric set difference as EAF = (E°NF) U (EN F°).
If E and F are measurable for some measure y, and p(EAF) = 0, then u(E) =

u(F).
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F

Figure 2.5: Symmetric set difference

2.11 (Metric space on measurable sets) Let (X, M, u) be a measure space. Forany E, F €
M, define d(E,F) = u(EAF). Then d makes M into a metric space, provided we
“mod out” M by the equivalence relation d(E, F) = 0.

2.12 (Grid approximation to Lebesgue measure) Let B > 1 be some scaling factor. For
any positive integer k, we can draw a rectangular grid G(87%) on the space R”
consisting of cubes all with side lengths 3% (Like on a piece of graph paper; we may
have B = 10, for example.)

If E is any subset of IR", its inner approximation of mesh size B~F consists of those
cubes in G(B7F) that are contained in E. Similarly, E has an outer approximation of
mesh size B~ consisting of those cubes in G(B7¥) that meet E.

@ For any open set U C IR", the inner grid approximations to U increase to U (as
k — o0).

@ The volume (Lebesgue measure) of U is the limit of the volumes of the inner
approximations to U.

® Similarly, for any compact set K C IR", the outer grid approximations to K
decrease to K.

@ The volume of K is the limit of the volumes of its outer approximations.

® There are measurable sets E whose volumes are not equal to the limiting
volumes of their inner or outer approximations by rectangular grids.

For example, if the topological boundary of E does not have measure zero, the
limiting volumes of the inner approximations must disagree with the limiting
volumes of the outer approximations. Note that this is precisely the case when
E is not Jordan-measurable (I(E) is not Riemann-integrable; see also the results
of section 7.1).

2.13 (Definition of integral by uniform approximations) Figure 2.3 strongly suggests that
the integrals of the approximating functions ¢, from Theorem 2.4.10 should approach
the integral of f.



2.14

2. Basic definitions: Exercises 23

This intuition can be turned around to give an alternate definition of [ f for
bounded functions f on a finite measure space. If ¢, are simple functions approaching f
uniformly, define [ f = lim [ o

Show that this is well-defined: two uniformly convergent sequences approaching
the same function have the same limiting integrals. Also prove that linearity and
monotonicity holds for this definition of the integral.

(Bounded convergence theorem) Let f,: X — R be measurable functions converg-
ing to f pointwise everywhere. Assume that f, are uniformly bounded, and X is a
finite measure space. Show that li_r>n Jxlfa—fI=0.

n—oo

This is a special case of the dominated convergence theorem we will present in the
next chapter. However, solving this special case provides good practice in deploying
measure-theoretic arguments. Hint: Exercise 2.2 and Exercise 2.3.
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Chapter 3

Useful results on integration

Here are collected useful results and applications of the Lebesgue integral. Though
we will not yet be able to construct all of the foundations for integration theory, by
the end of this chapter, you can still begin fruitfully using Lebesgue’s integral in
place of Riemann’s.

3.1 Convergence theorems

This section presents the amazing three convergence theorems available for the
Lebesgue integral that make it so much better than the Riemann integral. Behold!

Both the statement and proof of the first theorem below can be motivated from
Theorem 2.4.9 of [, f dyu for non-negative functions f. That definition says [ f du is
the least upper bound of all [}, ¢ du for non-negative simple functions ¢ lying below f.
It seems plausible that ¢ here can in fact be replaced by any non-negative measurable
function lying below f.

THEOREM (MONOTONE CONVERGENCE THEOREM)
Let (X, ) be a measure space. Let f,,: X — [0, 00| be non-negative measurable
functions increasing pointwise to f. Then

[ fan= [ (tim f.) an = tim [ fdp.

n—o0

Proof f is measurable because it is an increasing limit of measurable functions. Since
fn is an increasing sequence of functions bounded by f, their integrals is an increasing
sequence of numbers bounded by [, f dy; thus the following limit exists:

lim/andyg/dey.

n— 00

Next we show the inequality in the other direction.
Take any 0 < t < 1. Given a fixed simple function 0 < ¢ < f, let

An={fn > to}.

24
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The sets A, are obviously increasing.

We show that X = |J, A,. If for a particular x € X, we have ¢(x) = 0, then
x € A, for all n. Otherwise, ¢(x) > 0,s0 f(x) > ¢(x) > te(x), and there is going to
be some n for which f,,(x) > te(x),i.e. x € A,.

For all y-measurable sets E C X, define

v(E) = /Ef(Pdﬂ =t yk(ENEr), ¢=) wl(E), y>0.
k=1 k=1

It is not hard to see that v is a measure. Then

n—oo n—oo

todu = v(X) =v(|J An) = lim v(A,) = lim [ ted
/XGDV v(X) V(gl ) = lim v(A,) im | tgdy

n— 00

< 1i /nd.
_1mey

n—oo

< lim / fudu, sinceon A, wehave tp < f,
Ap

t/ gdu < lim / fadu, and take the limitt 1.
X X

n—oo

/ pdu < lim / fudy, and take supremumoverall0 < o < f. n
X X

n—oo

Using the monotone convergence theorem, we can finally prove the linearity of
the Lebesgue integral for non-simple functions, which must have been nagging you
for a while:

THEOREM (LINEARITY OF INTEGRAL)

If f,¢: X — R are measurable functions whose integrals exist, then
@ [(f+g) = Jf+ | g (provided that the right-hand side is not co — o).
@ [cf =c [ f forany constant ¢ € R.

Proof Assume first that f, ¢ > 0. By the approximation theorem (Theorem 2.4.10), we
can find non-negative simple functions ¢, /* f,and ¢, ,/* g. Then ¢, + ¢, /" f + g,

and so
/f+g:,}i££‘o/%+%=,}grgg/<pn+/¢n=/f+/g.

(The second equality follows because we already know the integral is linear for simple
functions (Theorem 2.4.8). For the first and third equality we apply the monotone
convergence theorem.)
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For f,g not necessarily > 0,seth™ —h~ =h=f+g¢=(f"—f )+ (g7 —g ).
This can be rearranged to avoid the negative signs: h™ + f~ + ¢~ =h™ + f + g™.
(The last equation is valid even if some of the terms are infinite.) Then

/h++/f‘+/g‘:/h—+/f++/g+.
Regrouping the terms gives [h = [ f + [ g, proving part ®. (This can be done
without fear of infinities since h* < f* + ¢*,soif [ f* and [ ¢ are both finite, then
sois [ht))
Part @ can be proven similarly. For the case f,c > 0, we use approximation by
simple functions. For f not necessarily > 0, but still ¢ > 0,

Jer=[en=[ery = [ef' = [ef =c[r=c[r=c[r.

If ¢ <0, write cf = (—c)(—f) to reduce to the preceding case. n

There are many more applications like this of the monotone convergence the-
orem. We postpone those for now, in favor of quickly proving the remaining two
convergence theorems.

THEOREM (FATOU’S LEMMA)
Let f,: X — [0, 00| be measurable. Then

/ liminf f, < liminf / Fu.

Proof Set gn = infy>, fi, so that g, < f,;, and g, " liminf, f,,. Then
/ limin f, = / limg, = lim / gn = lim inf / gn < lim inf / f

by the monotone convergence theorem. n

The following definition formulates a crucial hypothesis of the famous dominated
convergence theorem, probably the most used of the three convergence theorems in
applications.

DEFINITION (LEBESGUE INTEGRABILITY)
A function f: X — R is called integrable if it is measurable and [, |f| < co.
Observe that

fl=F+f 1= F%,
so f is integrable if and only if /™ and f~ are both integrable. It is also helpful to
know, that [|f| < co must imply |f| < co almost everywhere.
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o s
3l 3
) £
| i
111 1
4 3 2

Figure 3.1: A mnemonic for remembering which way the inequality goes in Fatou’s lemma.
Consider these “witches” hat” functions f,. As n — oo, the area under the hats stays constant
even though f,(x) — 0 for each x € [0,1].

THEOREM (LEBESGUE’S DOMINATED CONVERGENCE THEOREM)

Let (X, i) be a measure space. Let f,: X — R be a sequence of measurable functions
converging pointwise to f. Moreover, suppose that there is an integrable function g
such that |f,,| < g, for all n. Then f,, and f are also integrable, and

lim /X|fn—f|dy:0.

n—oo
(The function g is said to dominate over f,.)

Proof Obviously f, and f are integrable. Also, 2¢ — |f, — f| is measurable and non-
negative. By Fatou’s lemma (Theorem 3.1.3),

[timinf(2g — |, - £I) < liminf [ (28~ [fu ~ ).

Since f,, converges to f, the left-hand quantity is just [ 2g. The right-hand quantity

lim in (/Zg—/\fn—f\) — [ 2g+ linyint (—/Ifn—f|>

:/Zg—limnsup/|fn—f’-
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Since [ 2g is finite, it may be cancelled from both sides. Then we obtain

timsup [1f, — £l <0, thatis, lim [1fu— f| =0.
n n—oo

REMARK (ALMOST EVERYWHERE). We only need to require that f, converge to f
pointwise almost everywhere, or that | f,| is bounded above by ¢ almost everywhere.
(However, if f, only converges to f almost everywhere, then the theorem would not
automatically say that f is measurable.)

REMARK (INTERCHANGE OF LIMIT AND INTEGRAL). By the generalized triangle in-
equality (Theorem 2.4.15), we can also conclude that

,}grgo/andu = /deu,
which is usually how the dominated convergence theorem is applied.

The dominated convergence theorem can be vaguely described by saying, given
that the graphs of the functions f,, are enveloped by +g, if f, — f, then the integrals
of f, are forced to converge to that of f because the area under the graphs of f, have
no opportunity to “escape” out to infinity.

For the functions in fig. 3.1, the functions f,, do have an opportunity to escape to
infinity, and indeed the limit of integrals does not equal the integral of the limit.

The dominated convergence theorem is a manifestation of the seemingly ubig-
uitous principle in analysis, that if we can show something is bounded or absolutely
convergent, then we get nice regularity properties.

REMARK (CONTINUOUS LIMITS FOR DOMINATED CONVERGENCE). The theorem also
holds for continuous limits of functions, not just countable limits. That is, if we have
a continuous sequence of functions, say f;, 0 < t < 1, we can also say

}gq/}(lﬂ—f!dy:o,'

for given any sequence {a, } convergent to 1, we can apply the theorem to f,,. Since
this can be done for any sequence convergent to 1, the continuous limit is established.

In the next sections, we will take the convergence theorems obtained here to
prove useful results.
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3.2 Interchange of summation and integral

THEOREM (BEPPO-LEVI)
Let f,,: X — [0, o0] be non-negative measurable functions. Then

[Er=5 [

Proof Let gy = Y0 fu,and § = Y ; fu. By monotone convergence:

N IS
J 5= [ Jimen = tim fanv=tim 3 [fi= 3 [ o

THEOREM (GEL\TERALIZATION OF BEPPO-LEVI)
Let f,: X — R be measurable functions, with" [Y,|f,| = ¥, [|fu| being finite.

Then - -
Y=Lk

Proof Let gy = Yol foand h = Y0 |fu]- Then |gn| < |h|. Since [|h| < oo by
hypothesis, |h| < oo almost everywhere, so gy is (absolutely) convergent almost
everywhere. By the dominated convergence theorem,

(<) N (o)
Y[ = tm Y [ fa=tim [an= [rmeupgn = [ Y

N—oo

EXAMPLE (DOUBLY-INDEXED SUMS). Hereis a perhaps unexpected application. Sup-
pose we have a countable set of real numbers a;, ,,;, for n,m € IN. Let  be the counting
measure (Theorem 2.2.2) on IN. Then

(e o]
an’m d‘l/l - an’m .
/me]N Z

m=1

Moreover, Theorem 3.2.2 says that we can sum either along # first or m first and get
the same results,

(o] (o] (o] (o]
Z Z Anm = Z An,m »
n=1m=1 m=1n=1

as long as the double sum is absolutely convergent. (Or the numbers a,,, are all non-
negative, so the order of summation should not possibly matter.) Of course, this fact
can also be proven in an entirely elementary way.

*The first Beppo-Levi theorem, Theorem 3.2.1, shows that always [ Y5 ;| fu| = X0 [|fa|, whether
it is finite or not.
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3.3 Mass density functions

3.3.1 THEOREM (MEASURES GENERATED BY MASS DENSITIES)
Let ¢: X — [0, 0] be measurable in the measure space (X, A, it). Let

V(E):/Egdy, Ec A.

Then v is a measure on (X, .A), and for any measurable f: X — R,

/dev = /ngd%

often written as’ dv = gdyu.

Proof We prove v is a measure. v(©®) = 0 is trivial. For countable additivity, let {E,, }
be measurable with disjoint union E, so that I(E) = Y- I(E,), and

B)= [ gdn— [ g1(E)d
v(E)= | gdp= | gI(E)dy
= [ L gUE)du =Y [ gUEdn= Y v(E,).
X =1 n=17X
Next, if f = I(E) for some E € A, then
dv= [ 1(E)dv=v(E) = [ WE)gdn = [ fedn.
/va (E)dv=v(E) = | WE)gdp= | fgdy
By linearity, we see that [ fdv = [ fgdu whenever f is non-negative simple. For

general non-negative f, we use a sequence of simple approximations ¢, " f, so
¢ng /" fg. Then by monotone convergence,

/}{fdvz,}gr;o/)(fpndvzgggo/)(@ngdﬂz/}(,}ggoqvngdﬂ:/xfgd%

Finally, for f not necessarily non-negative, we apply the above to its positive and
negative parts, then subtract them. n

3.3.2 REMARK (PROOFS BY APPROXIMATION WITH SIMPLE FUNCTIONS). The proof of The-

orem 3.3.1 illustrates the standard procedure to proving certain facts about integrals.
We first reduce to the case of simple functions and non-negative functions, and then
take limits with either the monotone convergence theorem or dominated convergence
theorem.

This standard procedure will be used over and over again. (It will get quite
monotonous if we had to write it in detail every time we use it, so we will abbreviate
the process if the circumstances permit.)

*The function g is sometimes called the density function of v with respect to y; we will have much
more to say about density functions in a later section.
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Also, we should note that if f is only measurable but not integrable, then the
integrals of f or f~ might be infinite. If both are infinite, the integral of f is not
defined, although the equation of the theorem might still be interpreted as saying that
the left-hand and right-hand sides are undefined at the same time. For this reason,
and for the sake of the clarity of our exposition, we will not bother to modify the
hypotheses of the theorem to state that f must be integrable.

Problem cases like this also occur for some of the other theorems we present, and
there I will also not make too much of a fuss about these problems, trusting that you
understand what happens when certain integrals are undefined.

3.4 Change of variables

THEOREM (CHANGE OF VARIABLES)
Let X, Y be measure spaces, and g: X — Y, f: Y — R be measurable. Then

/X(fog) d — /dev, v(B) = u(g~'(B)) for measurable B C Y.

v is called a transport measure or pullback measure.

Proof First suppose f = I(B). Let A = g 1(B) C X. Then f o g = I(A), and we have

[ fav= [ 1B)av = v(B) = u(g'(B)) = n(4) = [ (Fog)dn.
Since both sides of this equation are linear in f, the equation holds whenever f is
simple. Applying the “standard procedure” mentioned above (Theorem 3.3.2), the
equation is then proved for all measurable f. n

REMARK (CHANGE OF VARIABLES IN REVERSE). The change of variables theorem
can also be applied “in reverse”. Suppose we want to compute [, f dv, where v is
already given to us. Further assume that g is bijective and its inverse is measurable.
Then we can define y(A) = v(g(A)), and it follows that [, fdv = [,(fog)dpu.

REMARK (ALTERNATE NOTATION FOR CHANGE OF VARIABLES). This alternate no-
tation may help in remembering the change-of-variables formula. To transform

[ rwv@ay & [ () piax),

substitute
y=g(x), v(dy)=pu(dx), dx=g '(dy).

If ¢! is also a measurable function, then we may also write dy = g(dx).
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differentiable mapping g

‘small Erect‘iangle Q

_.._,,,.'?-app'f(.)xirflation to iinage 9(Q)

Figure 3.2: Explanation of the change-of-variables formula dy = |det Dg(x)|dx. When an
image ¢(Q) is approximated by the linear application y + Dg(x)(Q — x), its volume is scaled
by a factor of |detDg(x)|.

Our theorem, especially when stated in the reverse form, is clearly related to the
usual “change of variables” theorem in calculus. If g: X — Y is a bijection between
open subsets of IR”, and both it and its inverse are continuously differentiable (that
is, g is a diffeomorphism), and A is the Lebesgue measure in R", then, as we shall
prove rigorously in Lemma 7.2.1,

AMg(A)) = /A\deth] dr . ®

Then we can obtain:

3.4.4 THEOREM (DIFFERENTIAL CHANGE OF VARIABLES IN R")
Let g: X — Y be a diffeomorphism of open sets in R". If A C X is measurable, and
f:Y — R is measurable, then

J o0y = [ F(2()30dx) = [ f(5(x)) - |detDg(x) dx.

(Substitute y = g(x) and dy = g(dx) = |detDg(x)|dx.)

Proof Take v = A and p = v o g as our abstract change of variables, appealing to
Theorem 3.4.1 and Theorem 3.4.2. Then

[ fan= [ (Fogrdrog).

We have d(A o g) = |detDg|dA from equation %, so by Theorem 3.3.1,

[ (Fegdaog) = [ (Fog)-|detDglda.
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If we replace f by fI(g(A)), then

/g(A)f”” = /A(fog) |detDg| dA..

3.5 Integrals with parameter

The next theorem is the Lebesgue version of a well-known result about the Riemann
integral.

3.5.1 THEOREM (FIRST FUNDAMENTAL THEOREM OF CALCULUS)
Let X C R be an interval, and f: X — R be integrable with Lebesgue measure on R.

Then the function ;
= [ sy
a

is continuous. Furthermore, if f is continuous at x, then F'(x) = f(x).

Proof To prove continuity, we compute:

F(x+h)— / f(t)dt = /f I(t € [x,x+h])dt.
In this proof, the indicator I(¢ € [x, x + h]) should be interpreted as —I(t € [x + &, x])
whenever 1 < 0, so that fxerh =— fxerh as in calculus.

Since |f - I([x, x + h])| < |f], we can apply the dominated convergence theorem,
together with Theorem 3.1.8, to conclude:

llqiir})l-“(x%—h)— —}gf(l)/f I(t € [x,x+h])dt
—/X}g%f I(t € [x,x + h]) dt
= [ £ 1t € {x})at

The proof of differentiability is the same as for the Riemann integral:

HW”Z-H@_fw):LﬁMUwgf@Dﬂ
S F(0) = () dt
- A
< Supte[x,x+h]|f(t) _f(x>| ’ |h’ )
- ]

which goes to zero as h does. n
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You may be wondering, as a calculus student does, whether the hypothesis of
continuity of the integrand may be weakened in Theorem 3.5.1. The answer is
affirmative; in chapter 10 we shall prove a great generalization due to Lebesgue
himself. For now, this theorem is all we need to compute integrals over the real line
analytically in the usual way.

The following theorems are often not found in calculus texts even though they
are quite important for applied calculations.

THEOREM (CONTINUOUS DEPENDENCE ON INTEGRAL PARAMETER)
Let X be a measure space, T be any metric space (e.g. R"),and f: X x T — R, with
f(-,t) being measurable for each t € T. Then

Foy=[_ flxn
is continuous at ty € T, provided the following conditions are met:
@ For each x € X, f(x,-) is continuous at f.
@ There is an integrable function g such that |f(x, )| < g(x) forallt € T.

Proof The hypotheses have been formulated so we can immediately apply dominated
convergence:

lim [ flxt) = / lim f(x,t) = /xexf(x,to).

t—=to JxeX cX t—=to

THEOREM (DIFFERENTIATION UNDER THE INTEGRAL SIGN)
Let X be a measure space, T be an open interval of R”, and f: X x T — R, with
f (-, t) being measurable for each t € T. Then

Fy = [ fxn),

is differentiable with the derivative:

d

F'(t) = —
() dt xeX

Flxt) = / . aat F(x 1),

X

provided the following conditions are satisfied:

® Foreach x € X, %f(x,t) existsforallt € T.

@ There is an integrable function g such that ’% f(x, t)‘ < g(x)forallt € T.
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Proof This theorem is often proven by using iterated integrals and switching the order
of integration, but that method is theoretically troublesome because it requires more
stringent hypotheses. It is easier, and better, to prove it directly from the definition of
the derivative.

limF(t+h)_F(t> — lim f(x,t+h)— f(x,t)

h—0 h—0 Jxex h
_ . fx,t+h) = f(x,t) 0
 Jxex }zli% h N /xex gf(x, 2k

Note that W’ can be bounded by g(x) using the mean value theorem of
calculus. n

REMARK. Itis easy to see that we may generalize Theorem 3.5.3 to T being any open
set in IR", taking partial derivatives.

EXAMPLE. The inveterate I function, defined on the positive reals by

I'(x) :/ e 't ldt,
0

is continuous, and differentiable with the obvious formula for the derivative.

3.6 Exercises

(Hypotheses for monotone convergence) Can we weaken the requirement, in the
monotone convergence theorem and Fatou’s lemma, that f,, > 0?

If f, are measurable functions decreasing to f, is it true that lim,, [ f, = [ f? If
not, what additional hypotheses are needed?

(Increasing classes of measures) Let y, be an increasing sequence of measures be
defined on a common measurable space. (That s, p,,(E) < p,+1(E) for all measurable
E.) Then y = sup p, is also a measure.

n

(Jensen's inequality) Let (X, u) be a finite measure space, and g: I — R be a (non-
strict) convex function on an open interval I C R. If f: X — I is any integrable

function, then . .
g(y(x)/xfdu) < y(x)/x(gOf)d#-

The inequality is reversed if g is concave instead of convex.

(Limit of averages of real function) If f: [0,00) — R be a measurable function, and
lim f(x) = a, then
X—>00 1 N

;13010;/0 F(tydt =a.



3.5

3.6

3.7

3.8

3. Useful results on integration: Exercises 36

(Continuous functions equal to zero a.e.) If f: R" — R is continuous and equal to
zero almost everywhere, then f is in fact equal to zero everywhere.

(Weak convergence to Dirac delta) Let g: R” — [0, 00] be an integrable function
with [, §(x) dx = 1. Show that for any bounded function f: R"” — R continuous at

4

. x
lim | S (g) dx = f(0) = [ f(x)do(x)
Thus, as € \, 0, the measures v¢(A f PX: ¢(x/¢€) dx converge, in some sense, to 6,
the Dirac measure around 0 descr1bed in Theorem 2.2.4.

(Dominated convergence with lower and upper bounds) Given the intuitive inter-
pretation of the dominated convergence theorem given in the text, it seems plausible
that the following is a valid generalization. Prove it.

Let L, < f, < U, be three sequences of R-valued measurable functions that
converge to L, f, U respectively. Assume L and U are integrable, and [ L, — [ L,
J U, — [ U. Then f is integrable and [ f, — [ f.

(Weak second fundamental theorem of calculus) Prove the following.
Suppose F: [a,b] — R is differentiable with bounded derivative. Then F' is inte-
grable on [a,b] and

/ab F'(x)dx = F(b) — F(a).

This result manages to avoid requiring F’ to be continuous.

However, the hypothesis that F/ be bounded cannot be completely removed,
though it can be weakened. There are functions F that oscillate so quickly up and
down that |F’| is not integrable. The typical counterexample found in calculus
textbooks is the function illustrated in Figure ??.
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Chapter 4

Some commonly encountered
spaces

4.1 Space of integrable functions

This section is a short introduction to spaces of integrable functions, and the proper-
ties of convergence in these spaces.

DEFINITION (L?P SPACE)
Let (X, #) be a measure space, and let 1 < p < co. The space L? () consists of all
measurable functions f: X — R such that

/|f\f’dy<oo.
X

17 = ([l an) "

(If f: X — R is measurable but |f|” is not integrable, set || f||, = c0.)

For such f, define

As suggested by the notation, [|-||, should be a norm on the vector space L?. In the
formal sense it is not, because ||f||, = 0 only implies that f is zero almost everywhere,
not that it is zero identically. This minor annoyance can be resolved logically by
redefining L7 as the equivalence classes of functions that equal each other except on
sets of measure zero. Though most people still prefer to think of L? as consisting of
actual functions.

Only the verification of the triangle inequality for [|-||, presents any difficulties —
they will be solved by the theorems below.

DEFINITION (CONJUGATE EXPONENTS)
Two numbers 1 < p,q < oo are called conjugate exponents if % + % =1

37
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THEOREM (HOLDER’S INEQUALITY)
For R-valued measurable functions f and g, and conjugate exponents p and g:

[ 12| = [17181 < sl

Proof The first inequality is trivial. For the second inequality, since it only involves
absolute values of functions, for the rest of the proof we may assume that f, g are
non-negative.

If || f||, = O, then |f|? = 0 almost everywhere, and so f = 0 and fg = 0 almost
everywhere too. Thus the inequality is valid in this case. Likewise, when ||g||; = 0.

If || f||, or || g]l4 is infinite, the inequality is trivial.

So we now assume these two quantities are both finite and non-zero. Define
F = f/|fllp, G = g/llgllg, so that ||F||, = [|G]|; = 1. We must then show that
JFG <1

To do this, we employ the fact that the natural logarithm function is concave:

1 1 s t
—logs+ —logt <lo <+>, 0<s,t<o0;
p & q & & 2

or,
/p /g « s 4 ¢
S t p—i—q.

Substitute s = F?, t = G, and integrate both sides:

1 1 1 1 1 1
/FGS—/PP+7/G‘7:—HFH;’;JrfIIGHZ:—+f:1.
p q p q p 19

The special case p = g = 2 of Holder’s inequality is the ubiquitous Cauchy-
Schwarz inequality.

THEOREM (MINKOWSKI’'S INEQUALITY)
For R-valued measurable functions f and g, and conjugate exponents p and g:

1f +8llp < I fllp +ligllp-

Proof The inequality is trivial when p = 1 or when ||f + g||, = 0. Also, since
If+gllp < IlIf] + 18lllp, it again suffices to consider only the case when f, ¢ are
non-negative.

Since the function t — t7, for t > 0 and p > 1, is convex, we have
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This inequality shows that if || f + g[|, is infinite, then one of || f||, or ||g[|, must also
be infinite, so Minkowski’s inequality holds true in that case.
We may now assume || f + g||, is finite. We write:

Jr+er=[fr+er+ [sr+or.
By Holder’s inequality, and noting that (p — 1)g = p for conjugate exponents,
_ _ 1/q
£+ < Ul |r 877 = 1A ([ 15+ 8P) 7 = 1Al + sl
A similar inequality holds for [ ¢(f + ¢)?~!. Putting these together:

1f +gllb < (Al + Igllp)IIf + gllh?.

Dividing by || f + gHz/q yields the result. n

4.1.5 REMARK (MINKOWSKI'S INEQUALITY FOR INFINITE SUMS). Minkowski’s inequality
also holds for infinitely many summands:

|15
n=1

and is extrapolated from the case of finite sums by taking limits.

[ee]

< X fullp,

p n=1

Among the L7 spaces, the ones that prove most useful are undoubtedly L! and L.
The former obviously because there are no messy exponents floating about; the latter
because it can be made into a real or complex Hilbert space by the inner product:

(f.8) = /sz?du-

A simple relation amongst the L? spaces is given by the following.

4.1.6 THEOREM
Let (X, u) have finite measure. Then L? C L” whenever 1 < r < p < co. Moreover,
the inclusion map from L? to L” is continuous.

Proof For f € L?, Holder’s inequality with conjugate exponents £ and s = % states:

0= 1< (i) () = sty oy,

fllr < 1Flp pCOM™ = [1f1lp (X0

To show continuity of the inclusion, replace f with f — ¢ where ||f —g[|, <& m

and so

=

_1
P < 00,
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EXAMPLE. fol x“1dx =2 < 00, so automatically fol x~1dx < 0. On the other hand,

the condition that j(X) < oo is indeed necessary: [, x >dx < oo, but [;” x 1 dx =
co.

THEOREM (DOMINATED CONVERGENCE IN LF)

Let f,: X — R be measurable functions converging (almost everywhere) pointwise
to f,and |f,| < g forsome g € L¥,1 < p < co. Then f, f, € L?, and f,, converges to
f in the L norm, meaning:

i ([ 1= 717)"" =t 1o = £1, = .

n—o0

Proof |fu — f|P converges to 0and |f, — f|P < (2¢)? € L!. Apply the usual dominated
convergence theorem on these functions. n

In analysis, it is important to know that the spaces of functions we are working
are complete; L? is no exception. (Contrast with the Riemann integral.)

THEOREM
L?, for 1 < p < oo, is a complete normed vector space, that is, a Banach space.

Proof It suffices to show that every absolutely convergent series in L” is convergent.
Let f, € L? be a sequence such that Y7 || fu||, < oo. By Minkowski’s inequality
for infinite sums (Theorem 4.1.5), |7 |full|, < co. Then ¢ = Y 7" fu converges
absolutely almost everywhere, and

N )
|57l =1 X Al

meaning that ;" ; f, converges in L¥ norm to g. m

[ee]
< 2 | fullp =0 asN — oo,
n=N+1

For completeness (pun intended), we can also define a space called “L*":

DEFINITION

Let X be a measure space, and f: X — R be measurable. A number M € [0, o] is an
almost-everywhere upper bound for | f| if | f| < M almost everywhere. The infimum
of all almost-everywhere upper bounds for |f| is the essential supremum, denoted

by || flle or esssup|f].
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DEFINITION
L® is the set of all measurable functions f with || f||c < co. Its norm is given by

[/ lleo-

“g = 00” is considered a conjugate exponent to p = 1, and it is trivial to extend
Holder’s inequality to apply to the exponents p = 1,4 = co. In some respects, L*
behaves like the other L? spaces, and at other times it does not; a few pertinent results
are presented in the exercises.

We wrap up our brief tour of L? spaces with a discussion of a remarkable property.
For any f € LP”, let us take some simple approximations ¢, — f such that |¢| is
dominated by |f| (Theorem 2.4.10). Then ¢,, converge to f in L” (Theorem 4.1.8), and
we have proved:

THEOREM
Suppose we have f € LP(X,u), 1 < p < oo. For any ¢ > 0, there exist simple
functions ¢: X — R such that

o= o= (flo—rran) " <e.

This may be summarized as: the simple functions are dense in L? (in the topological sense).

In this spruced up formulation, we can imagine other generalizations. For exam-
ple, if X = R" and y = A is Lebesgue measure, then we may venture a guess that
the continuous functions are dense in L?(IR", A). In other words, R-valued functions
that are measurable with respect to the Borel o-finite generated by the topology for
R" can be approximated as well as we like by functions continuous with respect to
that topology.

We can even go farther, and inquire whether approximations by smooth func-
tions are good enough. And yes, this turns out to be true: the set Ci° of infinitely
differentiable functions on R" with compact support! is dense in LP(R", A).

At this time, we are hardly prepared to demonstrate these facts, but they are
useful in the same manner that many theorems for Lebesgue integrals are proven
by approximating with simple functions. Some practice will be given in the chapter
exercises.

4.2 Probability spaces

4.3 Exercises

The infimum of almost upper bounds in the definition of || f|| is attained.

IThe support of a function : X — R is the closure of the set {x € X : ¥»(x) # 0}. “¢ has compact
support” means that the support of ¢ is compact.



4. Some commonly encountered spaces: Exercises 42

4.2 Fatou’s lemma holds for L*: if f,, > 0, then ||liminf f,||c < liminf || f;|co-
n n

4.3 (Borel’s theorem) Let X, be a sequence of independently identically-distributed
random variables with finite mean. Then X, /n — 0 almost surely.
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Chapter 5

Construction of measures

We now come to actually construct Lebesgue measure, as promised.

The construction takes a while and gets somewhat technical, and is not made
much easier by making it less abstract. However, the pay-off is worth it, as at the end
we will be able to construct many other measures besides Lebesgue measure.

5.1 Outer measures

The idea is to extend an existing set function y, that has been only partially defined,
to an “outer measure” pu*.

The extension is remarkably simple and intuitive. It also “works” with pretty
much any non-negative function y, provided that it satisfies the trivial conditions in
the following definition. Only later will we need to impose stronger conditions on y,
such as additivity.

DEFINITION (INDUCED OUTER MEASURE)
Let A be any family of subsets of a space X, and p: A — [0, o] be a non-negative set
function. Assume @ € A and (@) = 0.

The outer measure induced by y is the function:

W (E) = inf{z u(An) | A1, Az, ... € Acover E} ,
n=1

defined for all sets E C X.

As our first step, we show that u* satisfies the following basic properties, which
we generalize into a definition for convenience.

DEFINITION (OUTER MEASURE)
A function 6: 2X — [0, c0| is an outer measure if:

® 08(®) = 0.

43
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@ Monotonicity: 6(E) < 6(F) when E C F C X.
® Countable subadditivity: If E1, Ep, ... C X, then 6(U,, Ex) < ¥, 0(E,).

THEOREM (PROPERTIES OF INDUCED OUTER MEASURE)
The induced outer measure p* is an outer measure satisfying p*(A) < p(A) for all

A e A

Proof Properties ® and @ for an outer measure are obviously satisfied for y*. That
1w (A) < u(A) for A € Ais also obvious.

Property ® is proven by straightforward approximation arguments. Let ¢ > 0.
For each E,, by the definition of y*, there are sets { A, }m C A covering E,, with

Y Aun) < 1 (E) + 5

All of the sets A, ;, together cover J,, E;, so we have

V*(U E,) < ZV(An,m) = ZZ.“(AHM) < Z.“*(En) te.

Since ¢ > 0 is arbitrary, we have u* (U, E») < Y, #*(Ey). m

Our first goal is to look for situations where 6 = u* is countably additive, so that
it becomes a bona fide measure. We suspect that we may have to restrict the domain
of 6, and yet this domain has to be “large enough” and be a c-algebra.

Fortunately, there is an abstract characterization of the “best” domain to take for
6, due to Constantin Carathéodory (it is a decided improvement over Lebesgue’s
original):

DEFINITION (MEASURABLE SETS OF OUTER MEASURE)
Let 6: 2X — [0, 0] be an outer measure. Then

M={Bec2X|0(BNE)+6(B°NE)=6(E) forallEC X}

is the family of measurable sets of the outer measure 0.
Applying subadditivity of 6, the following definition is equivalent:

M={Bec2X|0(BNE)+6(B°NE)<O(E) forallEC X}.

The intuitive meaning of the set predicate is that the set B is “sharply sepa-
rated” from its complement. (Compare with the fact that a bounded set B is Jordan-
measurable (i.e. I(B) is Riemann-integrable) if and only if its topological boundary
has measure zero.)

The appellation “measurable set” is justified by the following result about M:
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THEOREM (MEASURABLE SETS OF OUTER MEASURE FORM 0-ALGEBRA)
M is a o-algebra.

Proof It is immediate from the definition that M is closed under taking complements,
and that ® € M. We first show M is closed under finite intersection, and hence
under finite union. Let A, B € M.

0((ANB)NE)+0((ANB)°NE)

=0(ANBNE)+0((A“NBNE)U(ANB NE)U(A°NB°NE))
<H(ANBNE)+6(A*NBNE)+0(ANB NE)+60(A°NB°NE)
=0(BNE)+6(B°NE), by definition of A € M
=0(E), by definition of B € M.

Thus ANB € M.

We now have to show that if By, By,... € M, then |J,B, € M. We may
assume that B, are disjoint, for otherwise we can disjointify — consider instead

B;, = B, \ (ByU---UBy,_1), which are all in M as just shown.
For notational convenience, let:

N 0
Dy=|JB.€M, Dy /Do=|JBs.

n=1 n=1
We will need to know that:

N N
9<UBnﬂE>:ZQ(BnﬂE), foralEC X,and N =1,2,.... ®
n=1 n=1

This is a straightforward induction. The base case N = 1 is trivial. For N > 1,
Q(DN N E) = Q(DN_l N (DNQE)) —I—@( N_1 M (DN N E))
= G(DN 1M E) +9(BN ﬂE)

N
E (BxNE), frominduction hypothesis.

Using equation %, we now have:

0(E) = 0(Dy NE) + 6(D$, N E)

I
1=

8(B, NE) +6(DS, NE)

3
Il
—_

%
™=z

6(B,NE)+6(Dx,NE), from monotonicity.

3
Il
—

Taking N — oo, in conjunction with countable subadditivity, we obtain:
2 (B,NE)+68(DSNE) >0(DeNE)+6(D,NE).

But this implies Do = U, By € M. m
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THEOREM (COUNTABLE ADDITIVITY OF OUTER MEASURE)
6 is countably additive on M. That is, if By, By, ... € M are disjoint, then 6(U,, B,) =

Zn 0<Bn)'

Proof The finite case (|J)_; B,) = YN, 6(B,,) has already been proven — just set
E = X in equation %.

By monotonicity, Y, 8(B,) < 0(UU; By). Taking N — oo gives Yo ; 8(B,) <
6(Up=1 Bx). The inequality in the other direction is implied by subadditivity. m

REMARK. More generally, the argument above shows that if a set function is finitely
additive, is monotone, and is countably subadditive, then it is countably additive.
We will be using this again later.

We summarize our work in this section:

COROLLARY (CARATHEODORY’S THEOREM)
If 0 is an outer measure (Theorem 5.1.2), then the restriction of 8 to its measurable
sets M (Theorem 5.1.4) yields a positive measure on M.

5.2 Defining a measure by extension

Let u be a set function that we want to somehow extend to a measure. In the last
section, we have successfully extracted (Theorem 5.1.8), from the outer measure p*, a
genuine measure y*| ¢ by restricting to a certain family M.

However, we do not yet know the relation between the original function p and
the new u*, nor do we know if the sets of interest actually do belong to M.

In order for u* to be a sane extension of y to M, we will need to impose the
following conditions, all of which are quite reasonable.

DEFINITION (PRE-MEASURE)
A pre-measure is a set function y: A — [0, 0] on a non-empty family A of subsets
of X, satisfying the following conditions.

@ The collection A should be closed under finite set operations. Any such collection
A is termed an algebra.

@ (@) =0.

® We have finite additivity of u on the algebra A: if By, ..., B, € A are disjoint,
then (UL Bi) = iy w(Bi)-
It follows that y is monotone and finitely subadditive.
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@ Also, if By, By, ... € A are disjoint, and |J;2; B; happens to be in A, then we
must have countable additivity of u there: u(Uie; B;) = Yo (Bi).

(If 4 were not countably additive on .4, then it could not possibly be extended
to a proper measure.)

These conditions are exactly just what we need to make the extension work out:

5.2.2 THEOREM (CARATHEODORY EXTENSION PROCESS)
Given a pre-measure ji: A — [0, 0], set u* to be its induced outer measure. Then
every setin A € A is measurable for y*, with p*(A) = u(A).

Proof Fix A € A. For any E C X and ¢ > 0, by definition of p* (Theorem 5.1.1),
we can find By, By, ... € A covering E such that }_, y(B,) < u*(E) + &. Using the
properties of induced outer measures (Theorem 5.1.3), we find

WANE) + i (AnE) < ' (AnUB.) +p (4N UB)
< Zn:y*(A N By) +Zn:y*(AC N By)
<Y u(ANBy)+ ) u(A°NB,)
= Zn: #(By), frorr:l finite additivity of ,
< u*(E) +e.
Taking £ ~\, 0, we see that A is measurable for p* (Theorem 5.1.4).

Now we show u*(A) = u(A). Consider any cover of A by By, By, ... € A. By
countable subadditivity and monotonicity of y,

#(A) = u(UANB) < L r(ANB) < Y p(Ba).

This implies u(A) < u*(A); the other inequality u(A) > p*(A) is automatic. n

Thus p*| o is a measure extending u onto the o-algebra M of measurable sets for
p*. M must then also contain the o-algebra ¢(.A) generated by A, although M may
be strictly larger than o(.A).

Our final results for this section concern the uniqueness of this extension.

5.2.3 THEOREM (UNIQUENESS OF EXTENSION FOR FINITE MEASURE)
Let y2 be a pre-measure on an algebra A. Assume y(X) < oo. If v is another measure
on o (.A), that agrees with y* on A, then y* and v agree on 0 (A) as well.
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Proof Let B € o(.A); it is measurable for u* by Theorem 5.2.2.

p*(B)= inf Y u(A,) =inf) v(A,) > il’lfl/(U An) > infv(B).
g " "

So u*(B) > v(B). Applying this inequality for B replaced by X \ B, we find
wH(X) —p*(B) = p*(X\ B) 2 v(X\ B) = v(X) —v(B) = p*(X) —v(B),

so 1*(B) < v(B) after cancellation. n

But the hypothesis that y has finite measure seems troublesome; it does not hold
for Lebesgue measure (X = R"), for instance. An easy fix that works well in practice
is:

DEFINITION (0-FINITE MEASURES)
A measure space (X, u) is o-finite, if there are measurable sets X1, X, ... C X, such
that U, X, = X and pu(X,) < co for all n.
Clearly, we may as well assume that the sets X,, are increasing in this definition.
If y1 is only a pre-measure defined on an algebra, then the sets X, are assumed to
be taken from that algebra.

EXAMPLE (LEBESGUE MEASURE IS 0-FINITE). Lebesgue measure is o-finite. Take X,
to be open balls with radius #, for instance.

The definition of o-finiteness is made to facilitate taking limits based on results in
the finite case, as illustrated by the proof below.

THEOREM (UNIQUENESS OF EXTENSION FOR 0-FINITE MEASURE)
The conclusion of Theorem 5.2.3 also holds when (X, p) is o-finite.

Proof Let X, /* X, u(Xy) < co as in the definition of o-finiteness. For each B € c(.A),
Theorem 5.2.3 says that p*(BN X,) = v(B N X,). Taking the limit n — oo yields

w*(B) = v(B). n

Finally, we can state the uniqueness result without referring to the induced outer
measure. (Exercise 5.16 gives an alternate proof without intermediating through
outer measures.)

COROLLARY (UNIQUENESS OF MEASURES)
If two measures y and v agree on an algebra .4, and the measure space is o-finite
(under y or v), then u = v on the generated c-algebra c(.A).
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5.3 Probability measure for infinite coin tosses

Now that we have Carathédory’s extension theorem in hand (Theorem 5.2.2), we
can begin constructing some measures. However, there is some grunt work to do
to verify that the hypotheses of Carathédory’s extension theorem are satisfied. In
particular, proving that a pre-measure y is countably additive on its algebra is not a
mere triviality, as we will see.

Though our goal remains to construct Lebesgue measure on IR", in this section
we tackle a simpler problem of constructing the probability measure for infinite coin
tosses.

We want to construct a probability space (), F,P), with random variables

X,: Q—{0,1}, forn=1,2,...,

representing either heads or tails from a coin toss, such that each coin toss is fair and
independent from each other:

P(Xi=x1,.... X =x) =P(Xy=x) - P(Xp=x) =27%, x,=0orl. ®

To the non-probabilists amongst us, this may seem to be a uninteresting detour,
but in fact its solution can be used in turn to construct Lebesgue measure, and it will
involve a prototype of the argument we will use later to construct Lebesgue measure
more directly. (The impatient reader may skip directly to the next section.)

Definition of sample space. Let
Q=T]{o,1} = {0, 1}N
n=1

be the countably infinite product of the two-point set {0,1}. The random vari-
ables X, are defined to be simply the coordinate functions on () (projections):
Xn(w) = wy.

Definition of algebra. A set (event) A C () to said to be a cylinder set if it is of the
form A = B x {0,1}™N where B C {0, 1} for some k. In words, we are allowed
the stipulate the results of a finite number k of coin tosses, but the results of all
the tosses after the k' one remain unknown (they can be heads or tails).

The algebra A is defined to consist of all cylinder sets. It is elementary that A is
closed under finite union, intersection, and complement. For example, if A is
represented as B x {0,1}N as above, then A = B¢ x {0,1}N.

Definition of pre-measure. Also, define P(A) to be the number of elements in B
divided by 2, i.e. the probability of any w € A occurring as in equation #.
Elementary counting shows that P(A) is well-defined, and is finitely additive on

A.
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Countable additivity of pre-measure. Now we come to the big question: is P count-
ably additive on .4? It may come as a pleasant surprise, but in actuality there
are no genuine disjoint countable unions in .4 — all countable unions collapse
to finite unions, so countable additivity is automatic.

We use compactness. Begin by putting the discrete topology on {0,1}. The

singleton points {0} and {1} are open.

Observe that every cylinder set is some finite union of the intersections:
{Xi=x1}n---nN{Xy=x,}, n=12,....

which so happen to form the basis for the product topology on the sample space
Q. Thus every cylinder set is open in the product topology. Since A is closed
under complements, every cylinder set is also closed.

The component spaces {0, 1} are compact as each has only four open sets in
total. By Tychonoff’s theorem, the sample space () under the product topology
is also compact.

IfE=U,A, € Afor A1, A, ... € A, this means {A, } forms an open cover of
E. The set E is compact because it is a closed set of (2; hence there is a finite
sub-cover which gives the finite union.

Now all we have to do is apply Carathédory’s extension theorem, to obtain a
measure P that satisfies %, defined on some c-algebra F.

Relation to Lebesgue measure. The coin-toss measure can be transported to
the Lebesgue measure on [0,1]. There is the most obvious way of corresponding
sequences of binary digits w to numbers:

Xy (w) .

Tw = 0.wiwows - =) _ 5
n=1

This mapping T: Q) — [0, 1] can be shown to be measurable. Then for any Borel set
E C [0,1], we can take its Lebesgue measure to be

ME)=P{w e Q| Tw € E}) =P(T"YE)).

That this is Lebesgue measure can be illustrated by example. If E = [%, 3], then
those w that correspond to elements of E begin with one of the following prefixes:

0.001 wywswsg - - -
0.010 wywswg - - -
0.011 wawswg - - -
0.100 wawswg - - -
0.101 wawswg - - -

(The number 3 = 0.110 is included in this list because 0.101111 - - - = 0.110000 - - - .)
But the probability of these w occurring is 5/2% = 3 = 3 — % = A(E), just as we
expect.

The details of generalizing this example to all Borel sets E are left to you (Exercise
5.5).
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5.4 Lebesgue measure on R"

In this section we construct the n-dimensional volume measure on IR". As hinted be-
fore, the idea is to define volume for rectangles and then extend with Carathéodory’s
theorem (Theorem 5.2.2).

Our setting will be the collection R of rectangles I; x - -- x I, in R", where I is
any open, half-open or closed, bounded or unbounded, interval in R. The following
definition is merely an abstracted version of the formal facts we need about these
rectang]les.

DEFINITION (SEMI-ALGEBRA)
Let X be any set. A semi-algebra is any R C 2% with the following properties:
® The empty setisin R.
@ Closure under finite intersection: The intersection of any two sets in R is in R.

® The complement of any set in R is expressible as a finite disjoint union of other
sets in k.

It is graphically evident that the collection of all rectangles is indeed a semi-
algebra. Translating this to an algebraic proof is easy:

THEOREM (SEMI-ALGEBRA OF RECTANGLES)
The set of rectangles form a semi-algebra.

Proof Property @ for a semi-algebra is trivial. For property @, observe:
A=Lx---xI,, B=J1x---xX]J, = ANB=(LHNJ1)x---XI,N]y).
Property @ follows by induction on dimension, expressing
(AxB)* = (A°xB)U (A x B°) U (A® x B)

as a finite disjoint union at each step. m

From a semi-algebra, we can automatically construct an algebra A:
THEOREM
The family A of all finite disjoint unions of elements of a semi-algebra R is an algebra.

Proof We check the properties for an algebra. Let A, B € A be finite disjoint unions of
R; € Rand §; € R respectively.

® The empty set is trivially in A.
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® ANB = (U;Ri) N (U;$S;) = U;j RiNSj, and the final union remains disjoint —
so A is closed under finite intersection.

® A° = (U;Ri)" = N; RS, and each RS is a finite disjoint union of rectangles by
definition of a semi-algebra. The outer finite intersection belongs to A by step
@, so A is closed under taking complements.

@ Closure under finite intersection and complement implies closure under finite
union. n

By the way, the o-algebra generated by A will contain the Borel o-algebra: every
open set U € R" obviously can be written as a union of open rectangles, and in fact a
countable union of open rectangles. For, given an arbitrary collection of rectangles
covering U C IR", there always exists a countable subcover (Theorem A.4.1).

Having specified the domain, we construct Lebesgue measure.

Volume of rectangle. The volumeof A = I; X - - - X I, isnaturally defined as A(A) =
A(L) - A(I,), with A(Ix) being the length of the interval I;. The usual rules
about multiplying zeroes and infinities will be in force (Theorem 2.4.6).

Additivity on R. Suppose that the rectangle A has been partitioned into a finite
number of smaller disjoint rectangles By. Then Y, A(By), as we have defined it,
should equal A(A).

For example, in the case of one dimension, a partition always looks like:
[a0, am] = lag,a1) U [a1,a2) U - - - U [am—1, am],
so the sum of lengths telescopes:

Alag, am) = (a1 —ao) + (ag —a1) + -+ + (am — ay—1) = am — agp .

The intervals here may be changed so that the left-hand side becomes open
instead of the right, etc., without affecting the result.

For higher dimensions, we resort to an inductive argument. If we write the sets
A=A x...x A%and By = B,l X -+ x B}l as products of intervals, then

I(x € A)=) I(x € By)
k

I(x' € A)---T(x" € A") =Y I(x' € B)---I(x" € BY).
k
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Let us fix the variables x?, x"*; then both sides are simple functions of the
variable x!. We can mtegrate both sides with respect to x!. Although A in
one d1mens10n is not yet known to be countably additive, taking integrals of
simple functions is okay because the relevant properties depend only on finite
additivity — see Theorem 2.4.7 and Theorem 2.4.8.

I(x! € A1) .. T(x" € A") = / I(x! € Bl).. I(x" € B
it ea cawean =¥ [ a6t e B 1 € B

AMANI(x* € A%)---T(x" € A™) 2/\ Bl)I(x* € B})---I(x" € B}).

Repeating this n — 1 more times thus shows A(A) = Y, A(By).

Volume on A. The volume of a disjoint union of rectangles is obviously defined
as the sum of the volumes of the component rectangles. This volume is well-
defined: if we have different decompositions, U; R; = U; Sj, then taking the
common refinement R; N S;, we have }; A(R;) = ¥; 1 A(R; N S;) by additivity
on each individual rectangle R;. But }; A(S;) equals this double sum also.

Countable additivity. It is clear that A is finitely additive on A; we now prove
countable additivity.

According to Theorem 5.1.7, it suffices to prove countable subadditivity in place
of plain additivity. Thus we suppose that C € A, and C C (2, By for By € A.

If we assume C is compact, and By are open, then we can use compactness
to obtain a finite sub-cover: C C |/, By for some finite m. Then countable
subadditivity follows from finite subadditivity:

AC) < Y AGBY) < Y A(B.
k=1 k=1

Suppose next that C is a bounded set in R". Then its closure C is compact, and
it evidently belongs to .A too. The sets By may not be open, and they may not
cover C, but each set By can be slightly expanded and made open, in such a way
that the volumes A(By) increase by at most e/2*, and the new B now cover C.
The argument in the previous paragraph applies:

A(C) Z (Bk) + ¢, then take € N\, 0.

Finally, consider a set C that is unbounded. But countable subadditivity applies
to the bounded set C N [—a,4]" € A:

ACN[—a,a") < Y A(By).
k=1

Direct computation shows that li_r>n ACN[—a,a]") = A(C) for C € A.
a—o0
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Applying Carathéodory’s theorem we conclude:

THEOREM
Lebesgue measure in R" exists, and it is uniquely determined by the assignment of
volumes of rectangles. It is translation-invariant.

Invariance under translations is readily verified by looking at formula for the
induced outer measure (Theorem 5.1.1); or it can be proven axiomatically.

It is intuitive that Lebesgue measure should also be invariant under other rigid
motions such as rotations and reflections. As our construction of Lebesgue measure is
heavily coordinate-dependent (it “hard-codes” the standard basis of IR"), invariance
under rigid motion is hardly obvious, but it will be a consequence of Theorem 7.2.1.

5.5 Existence of non-measurable sets

Are there any sets that are not Borel, or that cannot be assigned any volume?
The following theorem gives a classic example, and should also serve to convince
you why our strenuous efforts are necessary.

THEOREM (VITALI'S NON-MEASURABLE SET)
There exists a set in [0, 1] that is not Lebesgue-measurable. In other words, Lebesgue
measure cannot be defined consistently for all subsets of [0, 1].

Proof The key premise in this proof is translation-invariance. In particular, given any
measurable H C [0, 1], define its “shift with wrap-around”:

Hex={h+x:heH h+x<1}U{h+x—1:he H h+x>1}.

Then A(H @ x) = A(H).

Let x ~ y for two real numbers x and y if x — y is rational. The interval [0, 1] is
partitioned by this equivalence relation. Compose a set H C [0, 1] by picking exactly
one element from each equivalence class, and also say 0 ¢ H. Then (0, 1] equals the
disjoint union of all H &, for r € [0,1) N Q. Countable additivity leads to:

1=AM01)= )Y AH@®r)= )., AH),

rel0,1)NQ rel0,1)NQ

a contradiction, because the sum on the right can only be 0 or co. Hence H cannot be
measurable. u

It has become obligatory to alert that the set H in the proof of Vitali’s theorem
comes from the axiom of choice. Robert Solovay has shown in 1970, essentially, that
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if the axiom of choice is not available, then every set of real numbers is Lebesgue-
measurable. Since not having the axiom of choice would severely cripple the field of
analysis anyway, I prefer not to make a big fuss' about it.

The famous Hausdorff paradox and the Banach-Tarski paradox are related to Vitali’s
theorem; they all use the axiom of choice to dig up some pretty strange sets in R>.

5.6 Completeness of measures

Here we settle some technical points that were glossed over before.

Up to this point, whenever we discussed Lebesgue measure A on R”, we have
assumed that the domain of A is B(R"). Certainly A can be defined on B(IR"), but as
we had remarked, the o-algebra M that comes out of the Carathéodory extension
process may be bigger than B(IR").

The mystery is resolved by this observation: if § is an outer measure (Theorem
5.1.2), and 6(B) = 0, then (A) = 0 for any subset A C B. If, furthermore, B € M,
then we see in Theorem 5.1.4 that A € M automatically for any A C B. We give a
name to this phenomenon:

DEFINITION (COMPLETENESS OF MEASURE)
A measure y is complete if given any set of B of y-measure zero, every subset of B is
p-measurable (and necessarily must have measure zero).

Thus, A defined on the c-algebra M is complete.

On the other hand, it seems a bit tad unlikely that A restricted to B(IR") is com-
plete, seeing that the definition of B(IR") does not even involve measure functions.
The proof will be left to you.

Knowing that a measure is complete is sometimes convenient. If a sequence of
measurable functions f, converges to some arbitrary function f pointwise almost
everywhere, it does not follow that f is measurable unless the measure space is
complete. (See also Theorem 3.1.6.)

THEOREM
Suppose the measure space X is complete.

@ If f: X — Y is a measurable function and f = g almost everywhere, then g is
measurable.

@ If f,: X — R are measurable functions that converge to another function g
almost everywhere, then ¢ is measurable.

tFor example, even standard calculus texts blithely assert the equivalence of continuity for real
functions and sequential continuity, without noting the proof requires the axiom of choice, or certain
weaker forms of it.
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Proof Let f(x) = g(x) for x € A, where A has measure zero. For any measurable
ECY,

¢ (E) = (s (E)NA)UB = (F (E)NA)UB, B=g '(E)n A,

and B is measurable since B C A¢ under a complete measure space. Thus ¢~ !(E) is
measurable, and this proves part @. For part @, set f = limsup,, f,. m

Nevertheless, if a measure space is not complete, for integration purposes we
ought to be able to assume g (in Theorem 5.6.2) is measurable anyway, since the “bad”
sets “really” have measure zero anyway. Formally, it can be done by this procedure:

THEOREM
Let (X, M, u) be a measure space. Define

M={AUN| A€ Mand N C B for some B € M with u(B) =0},

and define 7i(A U N) = u(A) for any E € M represented as E = A U N as above.
Then (X, M, i) is a complete measure space, called the completion of (X, M, u);
and 7 is the unique extension of # onto M.

THEOREM

Let (X, M, i) be a measure space, and (X, M, %) be its completion. If f: X — R
is M-measurable, then there is a M-measurable function g: X — R that equals f
almost everywhere.

Another way to get at the completion of a measure is to plug it in the Carathédory
extension procedure:

THEOREM
Let (X, A, i) be a o-finite measure space. Then the measure space (X, M, u*| )
obtained from the Carathéodory extension is exactly the completion of (X, A, u).

The Lebesgue measure A is usually considered to be defined on £ = B(R"),
though in practical applications the difference between £ and B(IR") is almost hair-
splitting. See also Theorem 2.3.6. Sets in L are called Lebesgue-measurable.
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5.7 Exercises

(Characterization of Lebesgue measure zero) Elementary textbooks that talk about
measure zero without measure theory all use the following definition. A set A € R"
has (Lebesgue) measure zero if and only if,

i for every € > 0, the set A can be covered by a countable number of open (or
closed) rectangles whose total volume is < e.

Show how this follows from our definition of Lebesgue measure.

(Proof of finite additivity for Lebesgue measure) The short proof of the finite addi-
tivity of the Lebesgue pre-measure A given in section 5.4 seems almost miraculous.
What is actually happening in that proof?

It is not hard to see intuitively that finite additivity for rectangles basically only
involves the fundamental properties of real numbers such as commutativity of
addition, additive cancellation, and distributivity of multiplication over addition.
But if you had wanted to explicitly write down a summation, that when its terms are
rearranged, would show finite additivity, what is the partition on the rectangles you
would use?

(Probabilities of coin tosses) Using the probability measure P appearing in section 5.3,
compute the probabilities that:

@ all the coin tosses come up heads.

@ every other coin toss come up heads.

@ there is eventually a repeating pattern of fixed period in the coin toss sequence.
@ infinitely many heads come up.
®

the first head that comes up must be followed by another head.

o0
. —1)Xn .
® theseries Y, % converges, where X, are the coin-toss outcomes represented
n=1
as 0 or 1.

(Homeomorphism of coin-toss space to unit interval) Verify the claim in section 5.3,
that the binary-expansion mapping T: {0,1}N — [0, 1] is measurable.

In fact, it is a continuous mapping. If we identify those sequences that are binary
expansions of the same number (those that end with 0111 - - - and the corresponding
one ending with 1000 - - - ), then the quotient space of {0,1}N is homeomorphic to
[0,1] via T.

(From coin tosses to Lebesgue measure) Show that the measure A transported from
the coin-toss measure (section 5.3) is a realization of the Lebesgue measure on [0, 1].
Also, extend this A so that it covers the whole real line.
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(From Lebesgue measure to coin tosses) Do the reverse transformation: construct
the coin-toss measure using Lebesgue measure on [0, 1] as the raw material — that is,
without invoking Carathéodory’s extension theorem separately again.

(Infinite product of Lebesgue measures) Construct a probability space (Q), F,P) and
random variables X,,: ) — [0, 1] on that space, such that

P(Xy €E,...,Xy € Ey) =P(Xy € Ey)-+-P(Xy € Ey) = A(E1) - - - A(Ep)

for any n, where A is Lebesgue measure on [0, 1]. Schematically, P =A® A ® - - -, the
analogue of the finite product studied in chapter 6.

Interpretation: the random variables X, are independent and identically dis-
tributed, with the uniform distribution on [0, 1]. This result can be used, in general,
to construct a probability space containing a countable number independent random
variables, with any distributions.

Hint: Take Q) = [0, 1]N. Alternatively, take Q) = {0, 1}, the coin-toss space.

(Measurable sets for coin tosses) Identify the o-algebra F constructed for the coin-
toss measure in section 5.3.

(Borel’s normal number theorem) The binary digit space {0,1} used for the coin-
toss probability space can obviously be replaced by {0,1,...,5 — 1} for any digit
base B.

A number x € [0,1] is normal in base B if every digit occurs with equal frequency
in the base-p expansion of x:

I number of the first n digits of x thatequalk _ 1
s n o B’

Show that almost every number in [0, 1] (under Lebesgue measure) is normal for any
base.

(Shift invariance) Consider the coin-toss measure P on Q) = {0, 1} from section 5.3.
Define the left-shift operator

L(wy,wy,...) = (wy,ws,...).
Then L: Q — Q) is measurable, and P(L~'E) = P(E) for all events E C Q.

(Translation invariance) Prove translation invariance of Lebesgue measure axiomat-
ically.

(Cantor set) Show that the Cantor set has Lebesgue-measure zero.
(Lebesgue-Cantor function)

(o-finiteness hypothesis for uniqueness) Is the o-finiteness hypothesis for the unique-
ness of measures necessary?
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5.15 (Approximation by algebra) Demonstrate the following without outer-measure tech-
nology.
Let y be a finite pre-measure defined on an algebra A, and A be some extension of
utoo(A). Forevery E € 0(A) and € > 0, there exists A € A such that A(AAE) < «.
Phrased in another way, every set in 0(.4) can be approximated by the generating
sets in A, and the approximation error, measured using A, can be made as small as
we like.
Hint: If I gave you an explicit representation of a set in E € ¢(.A) as a countable
union of sets in .4, how would you actually go about finding an approximation to E
given some error tolerance €?

5.16 (Uniqueness of measures) Use Exercise 5.15 to prove uniqueness of the extension of
a o-finite pre-measure defined on an algebra.
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Chapter 6

Integration on product spaces

This chapter demonstrates the ever-useful result that integrals over higher dimen-
sions (so-called “multiple integrals”) can be evaluated in terms of iterated integrals
over lower dimensions. For example,

X, dxd // X, dxd // X, d
/[O,a]x[o,b]f( y)dxdy = f(xy) y = f(x,y) y

Compared to the machinations required for the analogous result using Riemann
integrals, the Lebesgue version is conceptually quite simple. The hard part is showing
all the stuff involved to be measurable.

6.1 Product measurable spaces

Since a two-variable function is naturally seen as a function over a product space, we
begin by studying such spaces.

DEFINITION (MEASURABLE RECTANGLE)
Let (X, A) and (Y, B) be two measurable spaces. A measurable rectangle in X x Y
is a set of the form A x B, where A € Aand B € B.

The o-algebra generated by all the measurable rectangles A x B is the product
o-algebra of A and B, and is denoted by A ® B. This will be the c-algebra we use
for X x Y.

DEFINITION (CROSS SECTIONS)
Let E be a measurable set from (X x Y, A ® B). Its cross sections in Y and X are:

E*={yeY:(xy) €E}, xeX.
EV={xeX:(xy)€E}, yeY.

60
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THEOREM (MEASURABILITY OF CROSS SECTION)
IfEc A® B,thenEY € A,and E* € B.

Proof We prove the theorem for EY; the proof for E* is the same.

Consider the collection M = {E € A® B : EY € A}. We show that M is a
o-algebra containing the measurable rectangles; then it must be all of A ® B, and this
would establish the theorem.

® Suppose E = A X B is a measurable rectangle. Then EY = A wheny € B,
otherwise EY = @. In both cases EY € A,so E € M.

@Y ={xeX:(xy) €D} =0 € A, so M contains Q.

® If Ey,Ey,... € M, then (UE,)Y = UE; € A. So M is closed under countable
union.

@ IfEe M,and F =ES, thenFY = {x e X: (x,y) ¢ E} = X\ EY € A. So M is
closed under complementation. n

THEOREM (MEASURABILITY OF FUNCTION WITH FIXED VARIABLE)
Let (X x Y, A® B) and (Z, M) be measurable spaces.

If f: X XY — Z is measurable, then the functions f,: X — Z, fo: Y — Z
obtained by holding one variable fixed are also measurable.

Proof Again we consider only f,. Let I,: X — X x Y be the inclusion mapping
Iy(x) = (x,y). Given E € A® B, by Theorem 6.1.3 [,'(E) = EY € A, s0 I, is a
measurable function. But f, = f o I,. m

If X and Y are topological spaces, such as R" and R™, then they come with their
own product topology. Thus we have two structures that are relevant:

B(X xY) and B(X) @ B(Y).

In general, it seems that B(X x Y) should be the bigger of the two structures.
For the rectangles U x V, for open sets U C X and V C Y, form a basis for the
topology of X x Y, but topologies allow arbitrary unions while the o-algebras only
allow countable unions. However, if arbitrary unions always reduce to countable
ones, the two structures should be equal.

LEMMA (GENERATING SETS OF PRODUCT 0-ALGEBRA)
LetX e A/ C2XandY € B C2'. If A = 0(A’) and B = ¢(B'), then A® B =
c{UxV]iueA,vebB}).
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Proof Clearly,
M=c{UxV|UeA,VveB})Co({AxB|AcA,BeB})=AxB.

Next, consider the family {A C X | A x Y € M}. Itis evidently a 0-algebra that
contains A’ and hence A. In other words, A X Y € M forall A € A.

Switching the roles of X and Y and repeating the argument, we have X x B € M
for B € B. Thus (AxY)N (X x B) = A x Bisin M too, and this shows M D
A® B. n

THEOREM (PRODUCT BOREL 0-ALGEBRA)

If X and Y are second-countable topological spaces (e.g. R"), then B(X x Y) =
B(X) @ B(Y).

Proof Let {U;} and {V;} be countable bases for the topological spaces X and Y respec-
tively. Then {U; x V;} is a countable basis for the product topological space X x Y.
Then B(X x Y) C B(X) ® B(Y) since U; x V; € B(X) ® B(Y).

On the other hand, by Theorem 6.1.5,

BX)@B(Y)=c({UxV|UCX,VCYopen}) CB(XxY). -

6.2 Cross-sectional areas

We would like to take the cross-sections defined in Theorem 6.1.2, and calculate their
areas a la Cavalieri’s principle. So we want to have a theorem like Theorem 6.2.3
below.

Its proof requires the following technical tool, which comes equipped with a
definition.

DEFINITION (MONOTONE CLASS)
A family A of subsets of X is a monotone class if it is closed under increasing unions
and decreasing intersections.

The intersection of any set of monotone classes is a monotone class. The smallest
monotone class containing a given set G is the intersection of all monotone classes
containing G. This construction is analogous to the one for c-algebras, and the result
is also said to be the monotone class generated by G.

THEOREM (MONOTONE CLASS THEOREM)
If A be an algebra on X, then the monotone class generated by A coincides with the
o-algebra generated by A.
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Proof Since a c-algebra is a monotone class, the generated c-algebra contains the
generated monotone class M. So we only need to show M is a o-algebra.

We first claim that M is actually closed under complementation. Let M’ = {S €
M :X\'S e M} C M. This is a monotone class, and it contains the algebra A. So
M = M’ as desired.

To prove that M is closed under countable unions, we only need to prove that
it is closed under finite unions, for it is already closed under countable increasing
unions.

Firstlet A € A, and N(A) = {B € M : AUB € M} C M. Again thisis a
monotone class containing the algebra A; thus N'(A) = M.

Finally, let S € M, with the same definition of N(S). The last paragraph,
rephrased, says that A C N(S). And N (S) is a monotone class containing A
by the same arguments as the last paragraph. Thus N (S) = M, proving the claim.g

6.2.3 THEOREM (MEASURABILITY OF CROSS-SECTIONAL AREA FUNCTION)
Let (X, A, u), (Y, B,v) be o-finite measure spaces (Theorem 5.2.4). If E € A® B,

® v(E*) is a measurable function of x € X.

@ u(EY) is a measurable function of y € Y.
Proof We concentrate on p(EY). Assume first that u(X) < co. Let
M ={E € A® B: u(E,) is a measurable function of y} .
M is equal to A ® B, because:

@ If E = A x Bis a measurable rectangle, then y(EY) = u(A)I(y € B) whichisa
measurable function of y. If E is a finite disjoint union of measurable rectangles
E,, then u(EY) = ¥, u(E};) which is also measurable.

The measurable rectangles form a semi-algebra, analogous to the rectangles
in R". Then M contains the algebra of finite disjoint unions of measurable
rectangles (Theorem 5.4.3).

@ If E, are increasing sets in M (not necessarily measurable rectangles), then
u((UyEn)Y) = u(U, En) = lim 1(E;) is measurable, so U, E, € M.

Similarly, if E,, are decreasing sets in M, then using limits we see that (), E, €
M. (Here it is crucial that E;, have finite measure, for the limiting process to be
valid.)

® These arguments show that M is a monotone class, containing the algebra
of finite unions of measurable rectangles. According to the monotone class
theorem (Theorem 6.2.2), M must therefore be the same as the o-algebra A ® B.

Thus we know yu(EY) is measurable under the assumption that y#(X) < co. For the
o-finite case, let X,, /* X with u(X,) < co, and re-apply the arguments replacing y
by the finite measure y,,(F) = u(F N X,). Then u(EY) = lgn n(EY) is measurable.g

n—oo
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6.3 Iterated integrals

So far we have not considered the product measure which ought to assign to a
measurable rectangle a measure that is a product of the measures of each of its sides.
Such a measure can be obtained from the Carathéodory extension process, but it is
just as easy to give an explicit integral formula:

THEOREM (PRODUCT MEASURE AS INTEGRAL OF CROSS-SECTIONAL AREAS)
Let (X, A, 1), (Y, B,v) be o-finite measure spaces. There exists a unique product
measure 4 @ v: A® B — [0, 00|, such that

(u®V)(E) = /xeX/er]I((x'y) € E)dvdu= /er/xeXH((x'y) € E)du dv.

v(E¥) p(EY)

Proof Let A1(E) denote the double integral on the left, and A, (E) denote the one on
the right. These integrals exist by Theorem 6.2.3. A; and A; are countably additive by
Beppo-Levi’s theorem (Theorem 3.2.1), so they are both measures on A ® B. More-
over, if E = A x B, then expanding the two integrals shows A1 (E) = u(A)v(B) =
A2 (E).

It is clear that X x Y is o-finite under either A; or A;, so by uniqueness of measures
(Theorem 5.2.7), A1 = A on all of A ® B. -

There is not much work left for our final results:

THEOREM (FUBINI)
Let (X, A, u) and (Y, B,v) be o-finite measure spaces. If f: X x Y — Ris y ® v-
integrable, then

o fdpey) :/xex[ yeyf(x,y)dv} d;llZ/yey[/xexf(x,y)dy} dv .

This equation also holds when f > 0 (if it is merely measurable, not integrable).

Proof The case f = I(E) is just Theorem 6.3.1. Since all three integrals are additive,
they are equal for non-negative simple f, and hence also for all other non-negative f,
by approximation and monotone convergence.

For f not necessarily non-negative, let f = f™ — f~ as usual and apply linearity.
Now it may happen that fer f*(x,y) dv might be both co for some x € X, and

SO Jyey f(x,y) dv would not be defined. However, if f is y ® v-integrable, this can

happen only on a set of measure zero in X (see the next theorem). The outer integral
will make sense provided we ignore this set of measure zero. n
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THEOREM (TONELLI)
Let (X, A, 1) and (Y, B, v) be o-finite measure spaces, and f: X x Y — Rbe y ® v-
measurable. Then f is y ® v-integrable if and only if

/xex [/yey‘f(x,]/)‘ dV} dy < o

(or with X and Y reversed). Briefly, the integral of f can be described as being
absolutely convergent.

Consequently, if a double integral is absolutely convergent, then it is valid to
switch the order of integration.

Proof Immediate from Fubini’s theorem applied to the non-negative function |f|. m

EXAMPLE. When f is not non-negative, the hypothesis of absolute convergence is
crucial for switching the order of integration. An elementary counterexample is the
doubly-indexed sequence a,,,, = (—m)" /n! integrated with the counting measure.
Wehave Y, amn =€ ", s0Y,, Y, amn = (1 — e‘l)_l, but ), a,, diverges for all n.

ExAMPLE. This is another counterexample, using Lebesgue measure on [0, 1] x [0, 1].
Define
2=y
F(0) = g (59) £ 00

We have

0 y o2 —yr 9 —Xx

Y\ +y*)  (P+y)? ox Py
giving

y /1 dx o
// x2 dyd 0o 1+x2 4

y _ [ty _
// [T /01+y2_ i

Thus f cannot be integrable. This can be seen directly by using polar coordinates:
1 /1
bd

6.4 Exercises

x2_y2

/2 11
m dxdyZ/O |C0529‘d9/0 ;dr:OO

6.1 (Alternative construction of product measure) Construct the product measure y @ v

using Carathéodory’s theorem.
Hint: we have already done a similar thing before.
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(o-finiteness is necessary for Fubini’s theorem) Cook up a counterexample to show
that Fubini’s Theorem does not hold when one of the measure spaces in the product
measure space is not o-finite.

(Infinite product o-algebra) There is a definition of the product c-algebra that works
with any finite or infinite number of factors. It parallels the construction of the product

topology.
If {(Xa, My) }aen are any measurable spaces, then

QR My =0c({m;"(E) |a € A E € M,}),

nEN

where 71, are the coordinate projections from the product space to X,. Observe that
R uen My is the smallest o-algebra such that the projections 7, are measurable.

Show that this definition coincides with the definition in the text for the case of
two factors. Also extend Theorem 6.1.5 and Theorem 6.1.6 to cover the infinite case;
you may need to assume A is countable.

(Measurability of sum and product) Give a new proof using product c-algebras,
thatif f,¢: X — IR are measurable, thensois f + g, fg, and f/g. The new proof will
be conceptually easier than the one we presented for Theorem 2.3.11, when we had
not yet introduced product measure spaces.

(Measurability of metric) Suppose X is a measurable space, and Y is a separable
metric space with metric d. Let there be two measurable functions f,g: X — Y. Then
the map d(f,g): X — R is measurable.

(Functions continuous in each variable) Suppose f: R" x R" — R is a function
such that:

@ f(x,y) is measurable as x is varied while y is held fixed;
@ f(x,y) is continuous as y is varied while x is held fixed.

We can re-construct f on its entire domain as a limit using only countably infinitely
many of the functions x — f(x,y,). Thus, a function of multiple real variables that
is only continuous in each variable separately is still measurable in B(R X - - - X R).

(Associativity of product measure) Prove that ® is associative for c-algebras and
o-finite measures.

(Lebesgue measure as a product) If A" denotes the Lebesgue measure in n dimen-
sions, we might try to summarize the result for product measures as:

AT = AT @ AT

However, strictly speaking this equation is not correct, since a product measure is
almost never complete (why?), while the left-hand side is a complete measure. Show
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that if we take the completion of the right-hand side, then the equation becomes
correct.

This, of course, gives yet another method to construct Lebesgue measure in n
dimensions starting from one: A" =A@ .- @ AL

(Sine integral) Compute
. Ysint
lim —dt
x—o0 Jo t
by considering the integral [;° [, ™" sint dt dy and switching the order of integra-
tion. However, you will need to be careful about the switch because [, |sin(t)/¢t| dt

diverges.

(Area under a graph) Prove rigorously this statement from elementary calculus:

“The integral fab f(x)dx, for any non-negative Riemann-integrable f, is the area
under the graph of f.”

(You will have to show that the region under a graph is Lebesgue-measurable in
IR? in the first place.)

My friend once suggested that the Lebesgue integral [, fdu could have been
more simply defined as the measure of the region “under the graph of f”, once we have
in hand the measure y (the theory in chapter 5 is entirely separate from integration).
Unfortunately this idea falls down on one crucial point. What is the obstacle?

(B function) Show, using iterated integration, that the I' function satisfies:

T()T(y) / -1 1
(x, t Y= dt, x,y>0.
Tty Py Y

(Monotone class theorem for functions) Let X be any set; we consider the set RX of
functions from X to IR, which forms a vector subspace under pointwise addition and
scalar multiplication.

For R there are the two “lattice” operations:

fug=max(f,g), \/fo=supfe,
frg=min(f,g), N fu=inffa.

(At first glance, these V (“join”) and A (“meet”) symbols may seem to be extraneous
notation, but they draw the connection to the U and N operations for sets.) A set
A C R¥ is a lattice if it is closed under finite VV and A.

A set A C RX is a monotone class if it is closed under limits of increasing or
decreasing functions (provided that the limits are finite everywhere on X). The
monotone class generated by a set A C RX is the smallest monotone class containing .A.

Then we have this result analogous to the one for sets: If A C R¥ is a vector
subspace that is also a lattice, then the monotone class generated by A is a vector
subspace closed under countable V and A.



Chapter 7

Integration over R”

This chapter treats basic topics on the Lebesgue integral over IR not yet taken care of
by the abstract theory. They may be read in any order.

7.1 Riemann integrability implies Lebesgue integrability

You have probably already suspected that any function that is Riemann-integrable is
also Lebesgue-integrable, and certainly with the same values for the two integrals.
We shall prove this formally.

First, we recall one definition of Riemann integrability. (This definition is different
from most, but is easily seen to be equivalent; it makes our proofs a good deal
simpler.)

Let f: A — R be a bounded function on a bounded rectangle A C R™. Consider
R-valued functions that are simple with respect to a rectangular partition of A,
otherwise known as step functions. Step functions are obviously both Riemann- and
Lebesgue- integrable with the same values for the integral. The lower and upper
Riemann' integrals for f are:

L(f) = sup {/Ald/\ : step functions | < f}

U(f) :inf{/ udA : step functions u Zf} .
JA

We always have £(f) < U(f); we say that f is (properly) Riemann-integrable if
L(f) =U(f), and the Riemann integral of f is defined as L(f) = U(f).

Equivalently, f is Riemann-integrable when there exists sequences of lower simple
functions /,, < f, and upper simple functions u, > f, such that

lim [ I, =L(f) =U(f) = lim [ u,.

n—oo J A n—oo J A

*More properly attributed to Gaston Darboux.
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THEOREM (RIEMANN INTEGRABILITY IMPLIES LEBESGUE INTEGRABILITY)

Let A C R™ be a bounded rectangle. If f: A — R is properly Riemann-integrable,
then it is also Lebesgue-integrable (with respect to Lebesgue measure) with the same
value for the integral.

Proof Choose a sequence [, and u, as above. Let L = sup, [, and U = inf,, u,,. Clearly,
these are measurable functions, and we have

I SL< f<U<uy,.

Lebesgue-integrating and taking limits,

tim (1< [L< [u<tim [u.
n—oo n—oo
But the limit on the two sides are the same, because the Riemann and Lebesgue
integrals for /,, and u, coincide, so we must have f (U—-L) =0. Then U = L almost
everywhere, and U (or L) equals f almost everywhere. Since Lebesgue measure is
complete, f is a Lebesgue-measurable function (Theorem 5.6.2).

Finally, the Lebesgue integral [ f, which we now know exists, is squeezed in
between the two limits on the left and the right, that both equal the Riemann integral

of f. |

Having obtained a satisfactory answer for proper Riemann integrals, we turn
briefly to improper Riemann integrals. Convergent improper integrals can be classed
into two types: absolutely convergent and conditionally convergent. A typical
example of the latter is:

X lsint

*sint T
lim st dt = =, forwhich lim
x—o0 Jo t 2 x—o Jo

dt = c0.

Since the Lebesgue integral is defined by integrating positive and negative parts
separately, it cannot represent conditionally convergent integrals that converge by
subtractive cancellation. A little thought shows that it is an intrinsic limitation of
abstract measure theory: any integrable f: X — R must satisfy

RS RATRAY R

for any partition {E, } of X; yet we can re-arrange E, in any way we like, so the series
on the right is forced to be absolutely convergent.

Thus, in the context of Lebesgue measure theory, conditionally convergent in-
tegrals must still be handled by ad-hoc methods. On the other hand, absolutely
convergent integrals are completely subsumed in the Lebesgue theory:
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THEOREM (ABSOLUTELY-CONVERGENT IMPROPER RIEMANN INTEGRALS)
Let f: R" — R be a function for which the limit of proper Riemann integrals

1i
lim [ 1£(x)]dx
is convergent, for some sequence of bounded rectangles A, increasing to R". Then
the improper Riemann integral of f over R”, if it exists, equals its Lebesgue integral:

lim Anf(x) dx = IRﬂf(x) dx.

n—o0

Proof Theorem 7.1.1 says each proper Riemann integral over A, equals the Lebesgue
integral. The monotone convergence theorem, applied to f, = |f|I(A,), shows that
the Lebesgue integral [, [f(x)| dx is finite. The result follows from the dominated
convergence of f, = fI(A,). n

7.2 Change of variables in R"

This section will be devoted to completing the proof of the differential change of
variables formula, Theorem 3.4.4. As we have noted, it suffices to prove the following.

LEMMA (VOLUME DIFFERENTIAL)
Let g: X — Y be a diffeomorphism between open sets in IR”. Then for all measurable
sets A C X,

Ag(A)) :/g(A)1 :/A]deth|. ®

Proof We first begin with two simple reductions.

@ It suffices to prove the lemma locally.

That is, suppose there exists an open cover of X, {U,}, so that the equation
# holds for measurable A contained inside one of the U,. Then equation %
actually holds for all measurable A C X.

Proof By passing to a countable subcover (Theorem A.4.1), we may assume
there are only countably many U;. Define the disjoint measurable sets E; =
U; \ (U; U---UUj;_1), which also cover X. And define the two measures:

p(A) = A(g(4)), v(4) = [ |detDg].

Now let A C X be any measurable set. We have ANE; C U;, so u(ANE;) =
v(A N E;) by hypothesis. Therefore,

uA) = n(JANE) = Lu(ANE) = L v(ANE) = v(4).
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@ Suppose equation #® holds for two diffeomorphisms g and /, and all measurable
sets. Then it holds for the composition diffeomorphism g o i, and all measurable
sets.

Proof For any measurable A,

1= [ |detDg| = [ |(detDg) o h-|detDh| = [ |detD(goh)].
Ly 1= IdetDs] = [ [(detDg) o1 |det D] = [ [detD(g o)

The second equality follows from Theorem 3.4.4 applied to the diffeomorphism
h, which is valid once we know A(h(B)) = [,|det Dk for all measurable B. g

We proceed to prove the lemma by induction, on the dimension #.

Base case n = 1. Cover X by a countable set of bounded intervals I in R. By reduc-
tion @, it suffices to prove the lemma for measurable sets contained in each
of the I individually. By the uniqueness of measures (Theorem 5.2.7), it also
suffices to show u = v only for the intervals [4, b], (a,b), etc. But this is just the
Fundamental Theorem of Calculus:

b b
1= lg) -l = |['g'1 = [,
Ly =18 —s@I=1["g1= g’

For the last equality, remember that g, being a diffeomorphism, must have a
derivative that is positive on all of [a, b] or negative on all of [a, ].

If the interval is not closed, say (a,b), then we may not be able to apply the
Fundamental Theorem directly, but we may still obtain the desired equation by
taking limits:

1:lim/ 1= lim ':/ .
/g((ﬂ/b)) n—=00 Je(la+1,b—1]) n—=00 Jlat+4,b 1}|g| (ﬂ/b)|g‘

n

Induction step. According to Theorem A.3.3 in the appendix, the diffeomorphism
g can always be factored locally (i.e. on a sufficiently small open set around
each point x € X) as g = hy o - - - o hy o h, where each h; is a diffeomorphism
and fixes one coordinate of IR"”. By reduction @, it suffices to consider this
local case only. By reduction @, it suffices to prove the lemma for each of the
diffeomorphisms h;.

So suppose g fixes one coordinate. For convenience in notation, assume g
fixes the last coordinate: g(u,v) = (hy(u),v), foru € R" 1,0 € R, and h,
are functions on open subsets of R"~!. Clearly &, are one-to-one, and most
importantly, det Dh, (1) = detDg(u,v) # 0.

Next, let a measurable set A be given. It has cross-sections:

Ay ={uecR"1: (u,0) € A}.
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We now apply Fubini’s theorem (Theorem 6.3.2) and the induction hypothesis
on the diffeomorphisms h:

Jen'= Lo ia

g(A) vER Jhy(Ayp)
:/ / |det Dhy (1) |
vER JueA,

_ det De(u, :/dtD.
/m/mje g(u,v)| = [ |detDg .

The proof presented here is an “algebraic” one; the only fact about the determinant
that was ever used is that it is a multiplicative function on matrices. This comes as no
surprise — the determinant can be defined as the unique matrix function satisfying
certain multi-linearity axioms, and those axioms characterize the signed volume
function on parallelograms.

Most treatises on measure theory go for a more direct and “geometric” proof of
Lemma 7.2.1. They first demonstrate that equation % holds for linear transformations
g = T applied to rectangles A, then they show it holds in general by approximation
arguments. We elaborate on these arguments in the exercises.

Our approach, adapted from [ ], has the advantage of not needing nitty-
gritty “e” estimates, and it handles the special case for a linear transformation g = T
in one fell swoop.

7.3 Integration on manifolds

So far, we have worked chiefly only with the measure of n-dimensional volume
on R". There is also a concept of k-dimensional volume, defined for k-dimensional
subsets of R".

A manifold is a generalization of curves and surfaces to higher dimensions.
We shall concentrate on differentiable manifolds embedded in R”; the theory is
elucidated in | Jor | |. Here we give a definition of the k-dimensional
volume for k-dimensional manifolds that does not require those dreaded “partitions
of unity”.

DEFINITION (VOLUME OF k-DIMENSIONAL PARALLELOPIPED.)
Define, for any vectors wy, ..., wx € R" (represented under the standard basis or any
other orthonormal basis),

V(wl,...,wk):\/det[w1 wy ... wk]tr[wl wy ... Uk

This is the k-dimensional volume of a k-dimensional parallelopiped spanned by the
vectors wy, ..., wy in R".
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One can easily show that this volume is invariant under orthogonal transforma-
tions, and that it agrees with the usual k-dimensional volume (as defined by the
Lebesgue measure) when the parallelopiped lies in the subspace R* x 0 C R".

DEFINITION (VOLUME OF k-DIMENSIONAL PARAMETERIZED MANIFOLD)
Suppose a k-dimensional manifold M C R" is covered by a single coordinate chart
a: U— M, for U C RF open. Let Da denote the n-by-k matrix

pa_ [d de o da
o ldt dty T di |

The k-dimensional volume of any E € B(M) is defined as:

V(E) = /ME) V(Da) dA.

The integrand, of course, is supposed to represent “infinitesimal” elements of
surface area (k-dimensional volume), or approximations of the surface area of E by
polygons that are “close” to E. As indicated by the quotation marks, these assertions
about “surface area” are not rigorous, and we will not belabor to prove them. We
take the equation above as our definition of k-dimensional volume. But it should be
pointed out that there are better theories of k-dimensional volume available, such as
the Hausdorff measure, which are intrinsic to the sets being measured, instead of our
computational theory.

DEFINITION (VOLUME OF k-DIMENSIONAL MANIFOLD)
If the manifold M is not covered by a single coordinate chart, but more than one, say
ai: Uy — M,i=1,2,..., then partition M with Wy = aq(Uy), W; = a;(U;) \ Wi_1,

and define
E) = / V(Dg;) dA .
1/( ) ; rxi_l(Eﬁ ) ( 061)

It is left as an exercise to show that v(E) is well-defined: it is independent of the
coordinate charts «; used for M.
Finally, the scalar integral of f: M — IR over M is simply

/Mfdv.

And the integral of a differential form w on an oriented manifold M is

[T av,
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where T(p) is an orthonormal frame of the tangent space of M at p, oriented according
to the given orientation of M.

Again it is not hard to show that the formulae given here are exactly equivalent
to the classical ones for evaluating scalar integrals and integrals of differential forms,
which are of course needed for actual computations. But there are several advantages
to our new definitions. First is that they are elegant: they are mostly coordinate-free,
and all the different integrals studied in calculus have been unified to the Lebesgue
integral by employing different measures. In turn, this means that the nice properties
and convergence theorems we have proven all carry over to integrals on manifolds.

For example, everybody “knows” that on a sphere, any circular arc C has “mea-
sure zero”, and so may be ignored when integrating over the sphere. To prove
this rigorously using our definitions, we only have to remark that v(C) = 0, since
A(a=1(C)) = 0 for some coordinate chart « for the sphere.

7.4 Stieltjes integrals

The definition of the Stieltjes integrals and measures is best motivated by probability
theory. Suppose we have a R-valued random variable Z with distribution y — that
is, for every Borel set B C R,

P{Z € B} = u(B).
Then we can form the the cumulative probability function for the measure p:
F(z) =P{Z <z} = p(—00,7].

The numerical function F is a useful summary of the much more complicated
set function p that can be readily used for computation. (For example, the cumu-
lative probability function for the Gaussian distribution is tabulated in almost all
statistics textbooks and widely implemented in computer spreadsheets and statistical
software.)

It is clear that F determines u on all Borel sets on IR: we have

p(a,b] = p((—o0,b]\ (—o00,a]) = F(b) — F(a),

and the intervals (a, b] generate B(R).
The function F satisfies two key properties:

@ Fisincreasing, for F(b) — F(a) = u(a,b] > 0 whenever a < b.

@ Since F is increasing, it always has only a countable number of discontinuities,
and these discontinuities must all be jump discontinuities. At these jumps, F is
right-continuous, for

F(b) = F(a) = (s, b] = lim p(a, 2] = lim F(x) — F(0).

(F has a jump at b exactly when y has a point mass at b: u[b,b] # 0.)
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We might ask: is it possible to carry out this procedure in reverse? That is, given
an increasing function F, can we find a measure p on B(IR) that assigns, to any interval
(a,b], a “length” of F(b) — F(a)? This section will show that it is possible.

DEFINITION (CUMULATIVE DISTRIBUTION FUNCTION)
Let u be a positive measure on B(RR) that is finite on all bounded subsets of R. A
cumulative distribution function for y is any function F: R — IR such that:

F(b) —F(a) = pu(a,b], a<b.

As demonstrated above, such F is always increasing and right-continuous.

REMARK. If y is a finite measure, then we may take F(z) = pu(—oo,z] as before.

Otherwise, we may use
F<Z>:{y(c,z], z>c¢

—u(z,c], z<c

for any finite centre c € R. Clearly, the particular choice of c is inconsequential and
only changes F by an additive constant.

THEOREM
A function F: R — R that is increasing and right-continuous is a cumulative distri-
bution function for a unique positive measure y on B(RR).

The technique for constructing the measure y is not much different from that for
Lebesgue measure on R, which is not surprising, since the cumulative distribution
function F(x) = x corresponds exactly to Lebesgue measure.

Definition of pre-measure. We will need to deal with unbounded intervals as well,
so extend F with

F(—o0) = lim F(z) =inf F(z), F(4o)= lim F(z) =supF(z).

Z——00 zeR zZ— 400 zeR

These limits may be —oco and +-0o respectively.

Define ji(a,b] = F(b) — F(a) fora,b € Rand a < b. We extend u in the obvious
way to the algebra A of disjoint unions of intervals of the form (a4,b] C R
(Theorem 5.4.3).

It is straightforward to verify the well-definedness and finite additivity of # on
A by arguments similar to those of section 5.4.
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Countable additivity. Countable additivity of y on A requires the typical approx-
imation via finite additivity. It suffices, from Theorem 5.1.7, to prove that
u(l) <Y1 u(Jn) if the sets J, € AcoverI € A.

We first assume that I = (a, ] is a simple bounded interval. And we may as
well assume, without loss of generality, that [, = (a,, b,] are simple bounded
intervals.

Since F is right-continuous, for every € > 0, there exists § > 0 such that
0<F(b)—F(a) < F(b) —F(a+9) +¢.
Also there exists J,, > 0 such that

0 < F(by + 0n) — Flay) < F(by) — F(ay) + 2%

There exists a finite set ny, . . ., 1 such that

k
(a+6,5) € (@, b, + 64,
i=1

since the open sets (a,, b, + 6,) cover the compact set [a + J,b]. Taking u of
both sides, we find

k 00
F(b) — F(a+0) < Y F(by +06) — F(a) < ¥ F(by+6,) — F(an),
i=1 n=1

oz

=
|

| /\

and we take ¢ N\ 0.

If the bounds on the interval I are infinite, then it suffices to apply the bounded
case above and take the limits a — —o0, b — +00 or both. Finally,if € Aisa
disjoint union of simple intervals Iy, .. ., Iy, then

o]

k k oo ok
M(I):Zlu(lm)s ;; wJa L) = Y Y u(Ju 0 1) :2

n=1m=1 n=1

since {J, N Ly }» cover each interval .

Carathéodory’s theorem (Theorem 5.2.2) then yields an extension of u to B(IR); it
is unique as y is o-finite.

The measure y is called the Lebesgue-Stieltjes measure induced from F, while
an integral with respect to y, denoted variously:

[gdu= [gdF = [ g(x)dF(x)
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is called a Lebesgue-Stieltjes integral. The Lebesgue-Stieltjes integral is the general-
ization of the Riemann-Stieltjes integral that is the limits of sums of the form:

Y g(&) - (F(xi) = F(xi—1)), xi-1 <& <xj,

1

first introduced by Thomas Stieltjes in 1894.
Further developments about Lebesgue-Stieltjes integrals may be anticipated if we
observe that:

@ If F is continuously differentiable, then dF really means what the notation
suggests: dF = F'dx and F(b) — F(a) = fab dF.

Is there an analogous formula that applies even when F is not smooth?

@ In the formula F(b) — F(a) = | : F'(x) dx obviously there needs no restriction
that the anti-derivative F has to be increasing.

The anti-derivative F is decreasing whenever its slope F’ is negative. Indeed,
we integrate over a domain where F’ is negative, the area between the graph
of F/ and the horizontal axis is counted negatively, and the cumulative area
function is decreasing.

Perhaps we can articulate a general situation where certain areas are counted
negatively, and construct “measures with sign” corresponding to cumulative
distribution functions F that are not necessarily increasing.

In the next few chapters, we will investigate the answers to these questions.

7.5 Exercises

7.1 (Necessary and sufficient conditions for Riemann integrability) Let A beabounded
rectangle in R™. A bounded function f: A — R is Riemann-integrable if and only if
f is continuous almost everywhere.
This result is usually found with elementary proofs in beginning analysis books,
but the “advanced” proof, using the language of measure theory, may be easier to
grasp. Use these facts:

® Consider these quantities, the continuous analogue of lim inf and lim sup for
discrete sequences:

fx) = lim Hyjrxllf'S JW. fx) = %{% ”ysfifgf ().

We have f(x) = f(x) if and only if f is continuous at x.

@ If the lower and upper step approximations I, and u, for f are determined
by finer and finer partitions with dyadic mesh sizes proportional to 27", then

L=supl, = f,and U = infu, = f almost everywhere.
n - n



7. Integration over IR": Exercises 78

7.2 Is a Riemann-integrable function necessarily Borel-measurable?

7.3 Let p be a finite measure on a metric space X. A bounded function f: X — Ris
p-Riemann-integrable if for every e > 0, there exist continuous functions / < f and
u > fsuchthat [, (u—1)dy <e.

It is possible to generalize the Riemann integral to other

7.4 (Volume of parallelopiped) Show directly, without using Theorem 7.2.1, that the
volume of

P={a+tovy+ - -t,v,|0<t; <1}, fora,vy,...,v, € R",

is |det(vy,...,v4)|-

7.5 (Alternate proof of differential change-of-variables) Theorem 7.2.1 can be proven
by directly estimating the volume A(g(Q)) for small cubes Q, and then appealing to
the Radon-Nikodym theorem and related results from the next chapter.

Assume that ¢: U — V is a continuous differentiable mapping between open sets
U,V of R", with non-singular derivative. Define the measure y = A o g.

@ If E C U has measure zero, then so does g(E). Thus the Radon-Nikodym
derivative % exists.

This part is tricky. Using completeness of the Lebesgue measure, it can be
proven in a few lines.

A more constructive proof is also possible, by bounding the size of ¢(Q) for
small cubes Q. You will need o-compactness to be able to bound the derivative
Dg.

@ Leth > 0, and let

Qu={reR"|[x—a| <h/2}, |ul= max|u

be the cube with centre a4 and sides of length /. Show thatas h — 0,

1(Qn) < |detDg(a)|(h+o(h))".

® Hence Z—K < |detDg].

@ Analogously % < |detD¢|™!, and so conclude with a _ 1detDgl.
gously g, 8 A 4

The constructive proof of part @ should suggest generalizations of the results to
functions g that are merely locally Lipschitz. The interested reader may wish to pursue
this further; the line of argument in this exercise is suggested in [ I
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7.6 (Special case of Sard’s theorem) Let g: X — Y be a continuously differentiable func-
tion on an open set U C R", and

A={x e X |detDg(x) =0}

be the set of critical points of g. Then ¢(A) has Lebesgue-measure zero.

We can prove this theorem using similar techniques to to that of the previous
exercise: estimating volumes of the images of cubes. However, this time around
we require a more careful argument, as the function ¢ may not be bijective, and the
domain A may be large in volume.

@ Tt suffices to show that A(g(Q N A)) = 0 for any closed cube Q C X, not
necessarily small. And then we shall show A(g(Q N A)) = 0 by establishing
A(g(QNA)) < ¢ for arbitrary € > 0.

@ Exploit the uniform continuity of Dg on a compact subset to show,

8(y) —8(x) = Dg(x)(y —x) +o(lly — x[),
as ||y — x|| = 0, uniformly for x,y € Q.
More precisely, for every & > 0, there exists § > 0, such that:

Ly€Q, ly—xl| <o = |g(y) —g(x) —Dg(x)(y —x)|| <elly —x]|.

® Divide the cube Q into small sub-cubes whose sides are shorter than é. If an
individual sub-cube S intersects A, then g(S) is bounded by a box whose height
along some axis is proportional to 6. Consequently, there exists a constant
C > 0, depending only on the dimension 7, such that

A(g(S)) < Ced".

@ Complete the proof.

7.7 (Extended version of change-of-variables) Prove the following intuitively-obvious
generalization of Theorem 7.2.1.
Let g: X — Y be a continuously differentiable function on an open set X C IR",
not necessarily a diffeomorphism. Then for any measurable E C X,

dethdx:/ #el-1(y) dy,
/E! g(x)| - gle (v)dy

where #g]gl (y) counts the number of pre-images of y in E.
(The set {x € X | detDg(x) = 0} can be neglected, according to Sard’s theorem
from the previous exercise.)

7.8 (Yet another proof of differential change-of-variables) Here is a geometrical proof
of Theorem 7.2.1, combining the ideas found in Exercise 7.5 and Exercise 7.6, but
without recourse to the Radon-Nikodym theorem.

Let g: X — Y be a diffeomorphism of open sets in R".
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® Given ¢ > 0, taking S to be a sufficiently small cube with x € S as its centre, we
have
Mg(S)) < (1 +¢)|detDg(x)| A(S).

@ For a cube Q of any size,
Ms(Q)) < [ |detDg|dA.

® The previous inequality continues to hold if Q is replaced by any measurable
set E.

@ Conclude that A(g(E)) = [;|detDg]| dA for all measurable E C X.

This line of argument comes from [ ], which also has a brief survey of some
other proofs of the change-of-variables formula.

(Change-of-variables for Lebesgue-measurable sets) Extend Theorem 7.2.1 to cover
the case when the set A is only Lebesgue-measurable.

(Lower-dimensional objects have measure zero) Any k-dimensional differentiable
manifold in R", for n > k, always has Lebesgue-measure zero in IR".

(Pappus’s or Guldin’s theorem for volumes) The solid of revolution in IR?, gener-
ated by rotating a plane figure R in the x"-z plane, about the z axis, has volume
V = ad, where a is the area of R, and d is the distance travelled by the centroid of R
under the rotation.

The centroid of a measurable set E C R", with respect to a (signed) measure v, is
defined as:

= 1/ Fdv
V(E) XeE ’

provided that v(E) # 0, co.

(Pappus’s or Guldin’s theorem for surfaces) The surface of revolution in IR3, gener-
ated rotating a curve vy in the x*-z plane about the z axis, has surface area A = Id,
where [ is the arc-length of <, and d is the distance travelled by the centroid of <
under the rotation.

(Gaussian integral) Compute explicitly
n
/ne_”“x”zdx, a>0, |x|*= lez
i=1

The calculation in chapter 1 is the special case a = §,n = 1.
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(Expectation of Gaussian integral) Let X be a standard Gaussian random variable;
that is, it has the distribution

P(X <z)=®(z) = \/%T /; eI ar.

Compute the expectation E[®(aX + b)] for any constants a,b € R.

(Relation between surface area and volume of ball) Regard S"~1, the (n — 1)-dimensional
unit sphere, as a (n — 1)-dimensional differentiable manifold in R". Let E be measur-
able in S"~1. Let

Er={rx|x€E 0<r<R}CR",

be the cone formed from the spherical patch E with radius R. Using the computational
definitions in section 7.3, show that the Lebesgue measure of Ey is

A(ER) = /OR "o (E)dr,

where ¢ is the surface area measure on S" 1.
What is the intuitive meaning behind this equation?

(Polar coordinates) If x € R" \ {0}, the generalized polar coordinates of x are:

X
r=|x|| € (0,00), P=i—es"
x| € (0,9) o
(The Euclidean norm is used.)
Let ¢: R"\ {0} — (0,00) x S"~! be this polar coordinate mapping. Show, for any
Borel-measurable E C R”, that

Me™H(E)) = (p®@0)(E), dp=r"""dr

where A is the usual Lebesgue measure on R", and ¢ is the surface area measure on
sn-1,

Conclude that for any measurable function f: R" — IR, non-negative or inte-
grable,

[ f)dx= /0 N / R doar

(Formula for surface area and volume of ball) Calculate the surface area of the unit
sphare and the volume of the unit ball in R", by integrating e I” over x € R" with
generalized polar coordinates. (If you get stuck, look at the next exercise for a hint.)

(Evaluating polynomials over a sphere) Amazingly, the trick used in the previous
exercise can be extended to integrate any polynomial over S"~!. It gives the neat
formula:

2F(”‘1+1) .. T ()
/xean’xl‘al""xnwndgz F(M)z P




7.19

7.20

7.21

7. Integration over IR": Exercises 82

The I function was defined in Example 3.5.5.
A related problem is to evaluate, without relying on anti-derivatives,

/2
/ cosk @ sin’ 646 .
0

(Multi-variate cumulative distribution functions) We can generalize the notion of
the Lebesgue-Stieltjes measure and cumulative distribution functions to the setting of
R". It is important in the field of probability and statistics to describe the distribution
of a finite set of random variables that may not be independent.

Define the operator A;(a) acting on functions of n variables:

Aj(a)F(x1,...,xn) =
F(xq,. ., Xi1,Xi,Xi41, -+, Xn) — F(x1,...,Xi1,8,Xi11,---,%n),
for1 <i <mnanda € R. (In words, take a finite difference on the i variable but
leave the other variables fixed.)

Suppose y is a finite measure on R". (We stick to finite measures for simplicity.)
Its cumulative distribution function is:

Fx1,...,x5) = p((—00,x1] X -+ x (—00,x,]) .
Then
y((al,bl] X oo X (ﬂn,bn]) = A](al) o 'AH(HH)F(bl,...,bn).

(What is the geometric meaning of this equation? Note that the operators Ay (a1), ...,
Ay (a,) commute.)

It follows that the necessary conditions for a function F: R” — R to be a cumula-
tive distribution function for a finite measure y on B(R") are:

@ F must be increasing in each variable when the other variables are held fixed.
@ F must be right-continuous in each variable.
® If any of the variables tend to —co, then F tends to 0.

@ Ai(aq)---An(an)E(by,...,by) > 0 for any choice of real numbers a; < by, ...,
a, < by,.

Show that these conditions are also sufficient for constructing the finite measure
u corresponding to the multi-variate cumulative distribution function F.

(Riemann-Stieltjes sums) What are the conditions for the Riemann-Stieltjes sums to
converge to the Lebesgue-Stieltjes integral?

(Mapping of random variables to uniform distribution) It is often required to simu-
late random samples from some specified probability distribution. However, most
computer algorithms only generate uniformly distributed (pseudo-)random samples.
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To get other probability distributions, we can do a mapping to and from the uniform
distribution on [0, 1], as follows.

Let X be a R-valued random variable, and F: R — [0,1] be its cumulative
probability distribution function. Then U = F(X) has the uniform distribution.

If F is invertible, then conversely, given any U uniformly distributed on [0, 1], the
random variable X = F~!(U) has the probability distribution determined by F. If F
is not invertible, the same procedure works provided we define:

Fl(u)=inf{x e R | F(x) > u}, uc(0,1).

(Constructing independent random variables) For any countable set of probability
measures },: B(R) — [0, 1], there exists a probability space (Q2, F,P) having inde-
pendent random variables X,,: (3 — R whose individual probability laws are given
by p, respectively.

Hint: Exercise 7.21 and Exercise 5.7.



Chapter 8

Decomposition of measures

In this chapter, we discuss ways to decompose a given measure in terms of some
other measures. These decompositions are used a fair amount in probability theory,
and also in chapter 10.

8.1 Signed measures

A signed measure is nothing more than measure that is not restricted to take non-
negative values. We have already seen a need for signed measures as we developed
Stieltjes integrals in section 7.4. Mathematically, considering signed measures is
useful as they form a vector space closed under addition and scalar multiplication.
In terms of physical applications, we can, for example, model an electric charge
distribution with signed measures, just as we can model a mass distribution with
ordinary positive measures.

8.1.1 DEFINITION (SIGNED MEASURE)
A signed measure on a measurable space (X, M) is a function v: M — R satisfying

® v(@)=0.

@ Countable additivity: For any sequence of mutually disjoint sets E, € M,

v<n©1 En> = nilv(En) )

Since the set union is commutative, the infinite sum on the right must converge
to the same value no matter how the summands are rearranged. In other words,
we must have absolute convergence.

We disallow infinite values for a signed measure so that no ambiguity can arise
in adding or subtracting values. Infinite values for signed measures are not needed
in most applications anyway.

84
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EXAMPLE (SIGNED MEASURE FROM DENSITIES). If u is a positive measure, and g is
integrable with respect to u, then

v(E) z/lggd%t:/Eg*du—/Eg’du

is a signed measure. This generalizes Theorem 3.3.1 which restricts g to be non-
negative.

EXAMPLE (DIFFERENCE OF MEASURES). If 1 and py are two positive measures on
a measurable space, then their difference v = p1 — 3 is a signed measure.

Despite the seeming generality of the definition, all signed measures turn out
to be instances of these two examples: every signed measure is a difference of two
positive measures. The whole purpose of this section is to reduce the study of signed
measures to the study of the positive measures that we are familiar with.

The idea behind the canonical decomposition of sighed measures is to find parts
of the measurable space X where the signed measure takes the same sign throughout,
positive or negative. This motivates the following definition.

DEFINITION (NULL, POSITIVE, NEGATIVE SETS)

Let v be a signed measure on a measurable space X. A measurable set E C X is:
e null for y if y(F) = 0 for all F C E measurable;
w positive for y if u(F) > 0 for all F C E measurable;

s negative for y if u(F) < 0 for all F C E measurable.

THEOREM (HAHN DECOMPOSITION)
If v is a signed measure on X, then X can be partitioned into two measurable sets,
one of which is positive for v and the other is negative for v.

The partition is unique up to v-null sets.

Proof Let &« = sup{v(E): E C X measurable}. This quantity is finite according to
Theorem 8.1.6 immediately following this theorem.
Take measurable sets E, such that &« — v(E,) < 27". We claim that this set,

P:thLlpEn, thatlsl P:an,Wheran: UEk/
n

n k>n

can be taken as a positive set for v. We will make some estimates to show v(P) = «;
then it follows immediately that P cannot contain any sets of strictly negative measure,
and that any set not contained in P cannot have strictly positive measure.
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Since the sets F, are decreasing as n — oo, we have v(P) = lim, v(F,). (The proof
is the same as for positive measures.) So we estimate v(F,):

v(Fy) = v(Eq) + ) v(En \ Ex) (disjointify the union of Ej)
k=n

v(E,) + Z V(Eks1) — v(Egra N Ey)]

> 1 > 1
_“_27_272]{“ —a, asn — oo.

For the last inequality, we use the fact that v(Eq N E;) < & < v(Egyq) +2- KD,

But this means v(P) > « (and hence = «).

We now show uniqueness. Suppose X has two partitions, {P, N} and {P’, N},
where P, P’ are positive for v, and N, N’ are negative for v. Let E be any measurable
set; then v(ENPN (X \ P)) = v(ENPNN’) is zero since it is both < 0 and > 0.
Similarly, v(E N N N P’) is zero. Thus the difference between P versus P’, and the
difference between N versus N/, are v-null sets. n

8.1.6 LEMMA (FINITENESS OF TOTAL VARIATION)
For any signed measure v on a measurable space X, the set of real numbers

{v(E) | E C X measurable}

is bounded above.
This lemma is really a manifestation of the fact that the total variation |v| (to be
defined shortly) is never infinite; it is certainly more easily remembered this way.

Proof Suppose not. We will construct a sequence of disjoint measurable sets E;,
such that }; v(E;) is conditionally (but not absolutely) convergent, leading to a
contradiction with countable additivity of v.

Take any measurable set E C X such that v(E) > |v(X)| + 1. Then both quantities
lv(E)| and |v(X \ E)| are at least one:

WX\ E)] = [v(X) — v(E)] > W(E)] — v(X)| = v(E) - [v(X)] > 1
V(E)| = v(E) > v(X)] +1> 1.

By hypothesis, one of E or X \ E has subsets of arbitrarily large positive measure
—say X \ E. Set E; = E,and |v(Eq)| > 1.

Repeat the above argument with X replaced by E;, to obtain a measurable set
E, C X\ E; (so E; is disjoint from E;) such that [v(E;)| > 1. Repeat again and again.
Continuing this way, we obtain a sequence of disjoint measurable sets Eq, E, ... such
that |v(E;)| > 1. n
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Not only can we partition the space X into its positive and negative part, we also
aim to partition the signed measure itself into two or more pieces that, in some way,

“disjoint”, “independent” or “perpendicular” from one another. We formalize this
heuristic in the next definition.

DEFINITION (MUTUALLY SINGULAR MEASURES)

Two signed measures y and v are (mutually) singular, denoted by y L v, if there is a
partition {E, F = X \ E} of X, such that:

i y lives on E, that is, F is null for y (see Definition 8.1.4);

5 v lives on F, that is, E is null for v.

ExXAMPLE. Counting measure on IN C IR, and Lebesgue measure on R are mutually
singular measures.

THEOREM (JORDAN DECOMPOSITION)
A signed measure v can be uniquely written as a difference v = v* — v~ of two
positive measures that are singular to each other.

Proof Let P be a positive set for v from the Hahn decomposition, and N = X \ P be
the negative set. For all measurable sets E C X, set:

vt (E)=v(ENP), v_ =-v(ENN).

It is plainly evident that v™ and v~ are positive measures, v* L v~ ,andv =v" —v~.

Establishing uniqueness is straightforward. Suppose v is a difference v = u* — u~
of two other positive measures with y™ L u~. By definition there is some set P’ that
ut lives on, and y~ lives on the complement N'. Then for any measurable E,

v(ENP)Y=u"(ENP), v(ENN')=-u (ENN’),

and this means P’ is positive for v and N’ is negative for v. But the Hahn decompo-
sition is unique, so P, P’ and N, N’ differ on v-null sets. Thus v (E) = v(ENP) =
v(ENP)=u"(ENP) =u"(E),sovt = u". And likewise v~ = p~. n

DEFINITION (VARIATIONS OF SIGNED MEASURE)
For any signed measure v, the positive measures v and v~ in its Jordan decomposi-
tion (Theorem 8.1.9), are called, respectively, the positive variation and the negative
variation of v.

The positive measure |v| = v + v~ is called the (total) variation of v.
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REMARK (INTRINSIC DEFINITION OF VARIATIONS OF SIGNED MEASURE). “Intrinsic”
definitions of v, v~ and |v| that do not explicitly depend on Theorem 8.1.9 can be
given:

v (E) = sup {v(F) | F C E measurable} .
—v~(E) =inf {v(F) | F C E measurable} .

|v|(E) {E\V | | the measurable sets Ej, ..., E, partition E } .

(In the definition of |v|, countable partitions can be used in place of finite partitions.)

DEFINITION (INTEGRAL WITH RESPECT TO SIGNED MEASURE)
Let v be a signed measure on X. A function f: X — IR is integrable with respect to v
if f is measurable and | f| is integrable with respect to |v|. The integral of such f with

respect to v is defined by:
/fdv:/fdlﬁ—/fdv’
X X X

8.2 Radon-Nikodym decomposition

Recall our trusty example, that for any function g integrable with respect to a positive
measure J,

v(E) = /Eng

generates a new signed measure v. This v has the notable property described in the
following definition.

DEFINITION (ABSOLUTE CONTINUITY OF MEASURES)
A positive or signed measure v on some measurable space is absolutely continuous
with respect to a positive measure p on the same measurable space, if

1 Any measurable set E having y-measure zero also has v-measure zero.

v is also said to be dominated by y, symbolically indicated by v < u.

In this section, we show the converse: if v is dominated by y, then v must be
generated by integration of some density function for p.
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REMARK. Absolute continuity is the polar opposite of mutual singularity (Theorem
8.1.7). If v < pand v L p at the same time, then v must be identically zero.

THEOREM (POSITIVE FINITE CASE OF RADON-NIKODYM DECOMPOSITION)

If v and p be positive finite measures on a measurable space X, then v may be

decomposed as a sum v = v, + Vs of two positive measures, with v, < pand vs L p.
Moreover, v, has a density function with respect to .

Proof We present this slick argument, using Hilbert spaces, due to John von Neumann.
The argument can be motivated by the fact that, Hilbert spaces have a general theory
of orthogonal decompositions, that can be readily applied, if we can manage to find
an inner product describing the desired orthogonality relation.

Let A = v + u be the “master” measure. We can consider L?()), which can be
made into a real Hilbert space with the inner product (f,g) = [ fgdA. The map
f+— [ fdvisabounded linear functional on L?(A), so by the Riesz representation
theorem, there exists a ¢ € L2(A) such that

| fav="r.g)= | fgar.

Rearranging terms we have

/Xf-(l—g>d1/=/xfgdu- ®

From this we can see that 0 < ¢ < 1 must hold A-almost everywhere. For if we take
f=1I({g > 1}), the left side is < 0 while the right side is > 0. Similarly, we have the
reverse situation if we take f = I({g < 0}).

For simplicity, we modify g so that 0 < g < 1 everywhere. For measurable E, let

vo(E) =v(ENn{g<1}), v(E)=v(En{g=1}).

Obviously v = v, + v5. By taking f = I(EN{g < 1})/(1 — g) in equation %, we
have

g 1
S dy = —— - (1—-9)dv=v,(E).
/Em{g<1}1—g F= Jengen 13 (1=g)dv =raE)

So v, < i, and v, has density function I({g < 1}) g/(1 —g).
Moreover, if we take f = I(EN {g = 1}), from equation % we get

o=/ Q-gav= [ dp=pEn{g=1}),
ey LW fo o 8an=HEO{g =1))

so pisnull on {g = 1}. And clearly v; is null on the complement of {g = 1}.
Therefore vs L u. -

The proof Theorem 8.2.3 contains the real meat of this section; the rest is mostly
book-keeping:
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THEOREM (RADON-NIKODYM DECOMPOSITION)

Let y be a o-finite measure (Theorem 5.2.4) on a measurable space X. Any other
signed measure or o-finite positive measure v on X can be uniquely decomposed
as v = v, + Vs, where v, < u and vs L p. Moreover, v, has a density function with
respect to p.

Proof

® We dispose of the o-finite case first, assuming that v is positive. Let {X,, } be a
countable partition of X such that v"(E) = v(EN X,) and y"(E) = u(EN X,)
are finite measures. Apply Theorem 8.2.3 to v"* and u" to obtain:

V=l v, v <, vl L.

[ee)
n n
V=Vatvs, Va= )Y vy, vus= ) vl
n=1 n=1

v, < u holds, because u(E) = 0 implies y"(E) = 0 for all n, and hence
v (E) =0and v,(E) = 0.

Let " and v live on disjoint sets A,, and B, respectively. We may assume that
Ay, By € X,. Then p lives on |, Ay, and v; lives on |, By,; these two unions
are disjoint, so vs L p.

@ Now let v be any signed measure. Split v into its positive and negative varia-
tions (Theorem 8.1.10) and apply the positive version of this theorem to each
separately:

vi=v+vl, vi<u, v L.
Vo=t , v, L, v, L.
v = v ) F (v )

Va Vs

v=uv"

That v, < y is clear. Suppose v lives on B, and y lives on its complement A,
Thus vs lives on BY UB~, and p liveson AT N A~ too. But X\ (B" UB™) =
AT N A~; therefore vs L pu.

® In all cases, v, has a density with respect to y, because the density of a sum or
difference of measures is just the sum or difference of the individual densities.

@ Finally, we show uniqueness. If v has two decompositions v, + vs and v, + v,
then v, — v, = v} — v5. The left-hand side of this equation is < y, while the
right-hand side is L. u. Then both sides must be identically zero (Theorem
8.2.2). (If v can take infinite values, apply this argument after restricting the
measures to each X, as above.) m
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EXAMPLE (DISCRETE MEASURES). An atomic measure or discrete measure is one
takes takes non-zero values only on a discrete set of points. (If it is finite or o-finite,
that discrete set must be countable.)

Any atomic measure v is mutually singular to the Lebesgue measure A, so the
Radon-Nikodym decomposition of ¢ = v + A with respect to A will be given by
0, = Aand o5 = v.

EXAMPLE (SINGULARLY CONTINUOUS MEASURES). There are also measures singu-
lar to Lebesgue measure yet are not atomic. A surface measure (section 7.3) on some
set M C IR? is an obvious example of such singularly continuous measures. On R,
the uniform measure on the Cantor set is singularly continuous.

8.3 Exercises

(Properties of variations of signed measure) Show the following basic properties
for a signed measure v:

@ vt = 1(|v] +v).
@ v~ = I(|v] —v).
® [v(E)| < [v[(E).
@ |v+ pu| < |v|+ |ul|. (4 is another signed measure.)

(Intrinsic definitions of variations of signed measure) Demonstrate the equivalence
of the intrinsic definitions (Theorem 8.1.11) of the positive, negative, and total varia-
tions of a signed measure with the definitions in terms of the Jordan decomposition.

Also try showing directly that the formulas for the intrinsic definitions do yield
positive measures.

(Variation of signed measure expressed with densities) For any signed measure v
and o-finite positive measure y,

dvs _ (a\F vl _|dv
dg  \dw) " dp o [dp]’
also p
v< |v] and Wa = 41 almost everywhere.
(Chain rule for Radon-Nikodym derivative) Assume c-finiteness.

@ If v < p < A, then A-almost everywhere

dv_dv du
dA  dpd\
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@ If v < p < v (the measures v and y are said to be equivalent), then

dv _ (dp”"
du — \dv '
8.5 (Integration with a signed measure) Integration with respect to a signed measure v
can also be defined directly instead of reducing it to integrals with respect to v and

v,
Follow these steps.

@ Define [ ¢dv for simple functions ¢: X — R by simple summation, and prove

its basic properties.
o] < [lgldl.

® We say that a measurable function f: X — R is integrable with respect to a
signed measure v if [|f|d|v| < oo.

® Show:

A function f: X — R is integrable with respect to v if and only if there exist
simple functions ¢, converging to f in L!(Jv|). For any such sequence ¢,
converging to f, define:

/fdv:gl_r&/gondv.
Show the limit is well-defined.

@ Show this version of the dominated convergence theorem holds for the new
integral:

If a sequence of measurable functions f,: X — R has limit f, and |f,| < g for
some ¢ € L!(|v]), then
nlgr.}o/fndv = /fdv.

8.6 (o-finite is necessary for Radon-Nikodym decomposition) Find counterexamples to
the conclusion of the Radon-Nikodym theorem if one of the measures is not o-finite.
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Chapter 9

Approximation of Borel sets and
functions

9.1 Regularity of Borel measures

As we have said, we must now approximate arbitrary Borel sets B € B(R") by
compact sets. (We will also need approximation by open sets.) It turns out that
this part of the proof is purely topological, and generalizes to other metric spaces X
besides IR". Henceforth we consider the more general case.

Let d denote the metric for the metric space X.

THEOREM
Let (X, B(X), ) be a finite measure space, and let B € B(X). For every ¢ > 0, there
exists a closed set V and an open set U such that V. C BC Uand u(U\ V) < ¢.

Proof Let M be the set of all B € B(X) for which the statement is true. We show that
M is a sigma algebra containing all the open sets in X.

® Let B € M with V and U as above. Then V¢ open 2 B¢ O U closed, and
(V) —u(Uc) < e. This shows B¢ € M.

@ Let B, € M. Choose V, and U, for each B, such that (U, \ V) < &/2". Let
U =\, U, whichis open,and V = |, V,;, so that V C | J,, B, C U.

Of course V is not necessarily closed, but Wy = U,Ile V, are, and these Wy
increase to V. Hence y(V \ Wy) — 0 as N — oo, meaning that for large enough
N, u(V\Wy) < e.

Next, we have
U\ Wy = (U\ V)@ (V\Wy)
- Un(un \ Vn) U (V\WN)I
p(U\WN) = p(U\V) +p(V\ Wy)
<Y (U \ Vi) +u(V\Wy) <e+e. -

93



9. Approximation of Borel sets and functions: Regularity of Borel measures 94

This shows that | J,, B, € M.

@ Let B be open, and A = B. Also let d(x, A) = inf,cad(x,y) be the distance

fromx € Xto A. Set D,, = {x € X :d(x,A) > 1/n}. D, is closed, because
d(-, A) is a continuous function, and [1/n, co] is closed.
Clearly d(x,A) > 1/n > 0 implies x € A° = B, but since A is closed, the
converse is also true: for every x € A® = B, d(x, A) > 0. Obviously the D,
are increasing, so we have just shown that they in fact increase to B. Hence
#(B\ Dy) < € for large enough n. Thus B € M.

The case that y is not a finite measure is taken care of, as you would expect, by
taking limits like we did for sigma-finite measures in Section 5.1. But since compact
and open sets are involved, we need stronger hypotheses:

@ There exists {K,} * X, with K,, compact and p(Kj,) < oo.
@ There exists {X,,} X, with X;, open and u(X,) < co.

It is easily seen that these properties are satisfied by X = IR"” and the Lebesgue
measure A, as well as many other “reasonable” measures y on B(R"). We will discuss
this more later.

We assume henceforth that X and y have the properties just listed.

9.1.2 THEOREM
Let B € B(X) with u(B) < 0. For every ¢ > 0, there exists a compact set V and an
open set U such that K C B C Uand u(U \ K) < e.

Proof It suffices to show that (U \ B) < € and u(B \ K) < ¢ separately.

Existence of K. Since {BNK,} B, there exists some n such that y(B) — u(BNK,) <
e/2.

For this n, define the finite measure g, (E) = u(ENKj,), for E € B(X). By The-
orem 9.1.1, there are sets V. C B C U, V closed, and g, (B\ V) < ug, (U\V) <
/2. Since K, is compact, it is closed. Then K = V N K, is also closed, and hence
compact, because it is contained in the compact set K,,. We have,

#(B\ K) = u(B) — u(BNKy) + u(BNKy) — u(K)

= u(B) — u(BNKy) + px,(B) — px, (V) < §+§

Existence of U. For every n, define the finite measure ux, (E) =
E € B(X). By Theorem 9.1.1, there are sets V,, C B C U,
px, (Un \ B) < px, (U \ Vi) < /2.
LetU = U, U, N X,, 2 B. We have,

pUNB) < Y, p(Un 0 X0\ B) = X, pix, (U \ B) <. .

u(EnNX,), for
U, open, and
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DEFINITION
A Borel measure y is:

w jnner regular on a set E if t(E) = sup{u(K) | compact K C B}.
i outer regular on a set E if y(E) = inf{yu(U) | open U D B}.

i regular if it is inner regular and outer regular on all Borel sets.

COROLLARY
Let (X, B(X), i) with the same properties as before. Then y is regular.

Proof If u(B) < oo, then inner and outer regularity on B is immediate from Theorem
9.1.2.

Otherwise, (BN X,) < oo, for every n, and so we know there are compact K,
such that u(BN X,) — u(K, N X;) < e. Butif u(BN X,) are unbounded, then so
are i(K, N X,), and K, N X, is compact. This proves the supremum is unbounded.
Obviously the infimum is also unbounded. m

9.2 CJ functions are dense in L”(R")

This section is devoted to the result that the space of C§° functions is dense in L (R"),
which was discussed at the end of Section 4.1.

THEOREM
Let f: R" = R € LP(R"), 1 < p < co. Then for any € > 0, there exists ¢ € C§° such
that

Iy~ flp= ([ Jo-srar)"” <e.

Our strategy for proving this theorem is straightforward. Since we already know
that the simple functions ¢ = ) _; a;x, are dense in L7, we should try approximating
Xg; by C§° functions. Since Cf’ functions are non-zero on compact sets, it stands to
reason that we should approximate the sets E; by compact sets K;. If this can be done,
then it suffices to construct the C§” functions on the sets K;.

Our constructions start with this last step. You might even have seen some of
these constructions before.

LEMMA
Let A be a compact rectangle in R". Then there exists ¢ € C§° which is positive on
the interior of A and zero elsewhere.
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Proof Consider the infinitely differentiable function

eil/xz, x>0

fx) = { 0, x<0.
If A = [0,1], then ¢(x) = f(x)- f(1 — x) is the desired function of C§. (Draw

pictures!)
If A= [ay,b1] X -+ X [ay,b,], then we let
_ X1—a\ Xy — Ay
¢A(x)_¢(bl_al> (P<bn_an)‘ -
LEMMA

For any 0 > 0, there exists an infinitely differentiable function &: R — [0, 1] such that
h(x) =0forx < 0and h(x) =1 for x > ¢.

Proof Take the function ¢ from Lemma 9.2.2 for the rectangle [0, ¢], and let

[ () dt

h(x) = 2=
W= .

THEOREM
Let U be open, and K C U compact. Then there exists ¢ € C§ which is positive on K
and vanishes outside some other compactset L, K C L C U.

Proof For each x € U, let A, C U be a bounded open rectangle containing x, whose
closure A, lies in U. The {A,} together form an open cover of K. Take a finite
subcover { Ay, }. Then the compact rectangles { A, } also cover K.

From Lemma 9.2.2, obtain functions ¢; € C* that are positive on Ay, and vanish
outside Ay,. Let = Y, ¢; € CT. ¢ vanishes outside L = |J; Ay,, which is compact.m

COROLLARY
In Theorem 9.2.4, it is even possible to require in addition that 0 < ¢(x) < 1 for all
x € R"and ¢(x) =1 for x € K.

Proof Let ¢ be from Theorem 9.2.4. Since ¢ is positive on the compact set K, it has a
positive minimum ¢ there. Take the function & of Lemma 9.2.3 for this §. The new
candidate function is i o 9. n

Proof (Proof of Theorem 9.2.1) Let ¢ = Y ;a;xE,, a; # 0 be a simple function such that
lo — fll, < e/2. Letyp; € C§° such that ||¢; — xg, ||, < €/2|a;|. (Note that E; must
have finite measure; otherwise ¢ would not be integrable.) Let i = ) ; a;1;. Then
(Minkowski’s inequality),

1f =¢llp < 1If = ¢llp + llo = ol
<If=ellp+ Xlail - lIxe, — willp <e. n
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Actually, even the last part of theorem can be generalized to spaces other than
R": instead of infinitely differentiable functions with compact support, we consider
continuous functions, defined on the metric space X, with compact support. In this
case, a topological argument must be found to replace Lemma 9.2.2. This is easy:

LEMMA
Let A be any compact set in X. Then there exists a continuous function ¢: X — R
which is positive on the interior of A and zero elsewhere.

Proof Let C = X\ interior A, so C is closed. Then ¢(x) = d(x, C) works. (d(x, C) was
defined in the proof of Theorem 9.1.1.) m

The proof of Theorem 9.2.4 goes through verbatim for metric spaces X, provided
that X is locally compact. This means: given any x € X and an open neighborhood
U of x, there exists another open neighborhood V of x, such that V is compact and
vcu.

Finally, we need to consider when properties (1) and (2) (in the remarks preceding
Theorem 9.1.2) are satisfied. These properties are somewhat awkward to state, so we
will introduce some new conditions instead.

DEFINITION
A measure y on a topological space X is locally finite if for each x € X, there is an
open neighborhood U of x such that u(U) < oo.

It is easily seen that when y is locally finite, then y(K) < oo for every compact set
K.

DEFINITION
A topological space X is strongly sigma-compact if there exists a sequence of open
sets X, with compact closure, and {X, }  X.

If X is strongly sigma-compact, and y is locally finite, then properties (1) and (2)
are automatically satisfied. It is even true that strong sigma-compactness implies
local compactness in a metric space. (The proof requires some topology and is left as
an exercise.) Then we have the following theorem:

THEOREM

Let X be a strongly sigma-compact metric space, and u be any locally finite measure
on B(X). Then the space of continuous functions with compact support is dense in
LP(X,B(X), 1), 1 <p < oo.
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Chapter 10

Relation of integral with derivative

10.1 Differentiation with respect to volume

DEFINITION (AVERAGE OF FUNCTION)

The average of a function f € L} _(R") over a cube of width 7 > 0 is:

Arflx) = fdu.

1
1(Q(x,1)) /Qw)

THEOREM
If f is continuous at x, then A, f(x) — f(x)asr — 0.

Proof Same as that of the first fundamental theorem of calculus (Theorem 3.5.1). g

DEFINITION (HARDY-LITTLEWOOD MAXIMAL FUNCTION)

The Hardy-Littlewood maximal function is this operator acting on L] (IR"):

1
HF(3) = sup A,f(3) = sup s /Q LS

r>0 r>0

THEOREM
A, f is continuous for each r > 0, and Hf is a measurable function (in fact, lower
semi-continuous).
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Proof Let y — x; then I(Q(y,r)) — I(Q(x,r)) pointwise. Since f is integrable,
and I(Q(y,r)) is clearly majorized by I(Q(x,2r)) for y close to x, the dominated
convergence theorem implies

/Q(y,r)de — /Q(x’r)fdy, w(Q(y, 7)) = u(Q(x,r)).

Hence A, f(y) — A/ f(x).
Then we also have {Hf > a} = U,-o{As|f| > a} expressed as a union of open
sets; this shows Hf is measurable. =

LEMMA (CUBIC SUBCOVERING WITH BOUNDED OVERLAP)
Let A C R" be any bounded set, and {Q(x,d(x)) | x € A} be a collection of open
cubes, one for each centre point x € A, with a side length 6(x) > 0 that is selected
from a finite list 0 < 61 < ... < Jy,.

Then there exists a finite subcover of {Q(x,d(x)} that also covers A, where the
cubes from the finite subcover overlap each other at most 2" times at any point of A.

Proof We select the finite subcover
{Q(xi,é(xi)) ’ x,€A,i=1,.. ,k}

as follows: assuming that x1, ..., x;_1 have already been chosen, choose x; to be any
element of A\ (Q(x1,0(x1)) U---UQ(xi_1,6(xi_1))), with the largest possible 5(x;).

We note that this selection process cannot continue indefinitely. For the points
x; chosen will have the open cubes Q(x;,(x;)/2) all disjoint; each of these cubes
contributes a volume of at least (61 /2)". On the other hand, these cubes are contained
in the é,,-neighborhood of A, which is bounded and hence has finite volume. So the
finite subcovering by the open cubes will eventually exhaust A.

Finally, we have to show that each y € A is contained in at most 2" elements
of our finite subcover. Draw the 2" rectangular quadrants with origin at y. In each
quadrant, there is at most one cube from our subcover covering y, whose centre x;
lies in that quadrant. For if there were two cubes, then the cube with the larger width
would swallow the centre of the other cube, and this is impossible from the way we
have chosen the points x;. n

THEOREM (THE MAXIMAL INEQUALITY)
For all integrable functions f and & > 0,

21’[
< — .
pHf > oy < - | |fldp
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Proof LetE = {Hf > a}. Foreach x € E, there exists r(x) > Osuch that A, ,)|f[(x) >
a. Since A,(,)|f| is continuous, there is a neighborhood U (x) of x where

N
pQ(y,r(x))

If K is any compact subset of E, then these neighborhoods U(x) cover K; select a
finite number U(xy), ..., U(x,,) that cover K.

Any y € K is contained in some U(x;); pick one, and let (y) = r(x;). The
collection {Q(y,d(y)) | v € K} satisfies the hypotheses of Theorem 10.1.5. So there
exists a finite subcollection of cubes {Q(y;,d(y;)) | i = 1,...,k} that cover K and
overlap at most 2" times. Then we have

[ Ifldu = Aglf(y) > &, fory € U(x) too.
Q(y,r(x))

k k 1 1 k
u(K) < Qo) < o [ Iflde= [ A Y QU o)) d
<2 [ \fldn.

14 R”

Since K C E is arbitrary, we obtain the desired result. n

10.2 Fundamental theorem of calculus
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Chapter 11

Miscellaneous topics

11.1 Egorov’s Theorem

The following theorem does not really belong in a first course, but it is quite a
surprising and interesting result, and I want to record its proof.

THEOREM (EGOROV)

Let (X, it) be a measure space of finite measure, and f,: X — R be a sequence of
measurable functions convergent almost everywhere to f. Then given any ¢ > 0,
there exists a measurable subset A C X such that (X \ A) < ¢ and the sequence f,
converges uniformly to f on A.

Proof First define

Bn,m: ﬂ [|fk_f| < %}
k=n

Fix m. For most x € X, f,(x) converges to f(x), so there exists n such that
|fi(x) — f(x)| < 1/mforallk > n, so x € By . Thus we see {B,u}, / X\C,C
being some set of measure zero.

We construct the set A inductively as follows. Set Ag = X \ C. Foreach m > 0,
since {Apu—1 N Bum}, / Am—1, wehave u(A;—1\ Bum) — 0, so we can choose 7 (1)
such that ¢

.u(Am—l \ Bn(m),m) < om

Furthermore set
Ayn=A,,_1N Bn(m),m .

Since Ay W (Ap—1\ Bn(m),m) = A,,—1, we have
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The sets A, are decreasing, so letting

we have j(A) > p(X) —¢ or u(X'\ A) < e. Finally, for x € A, x € By, for all m,
showing that |f(x) — fx(x)| < 1/m whenever k > n(m). This condition is uniform
forall x € A. -

11.2 Integrals taking values in Banach spaces

We give an introduction to the Lebesgue integral generalized to vector functions
and vector measures. The vector spaces may be infinite-dimensional; to have vector
analogues of fundamental results such as the Lebesgue Dominated Convergence
Theorem, we will require that a norm is available — so we assume! the vector spaces
are Banach spaces.

First, we consider vector-valued functions f: ) — X, where (Q), X) is a measure
space and X is a Banach space, but keep the measure y to be a real positive measure.

The measurability of vector-valued functions is defined the same way as for
real-valued functions. Since there is no concept of “infinity” in a vector space in
general, when integrating, we restrict attention to functions f such that ||| f|| dp is
finite. (Note that this is an real-valued integral we have already defined.)

However, if X is infinite-dimensional, even the restriction || f||du < co does
not suffice. First, note that since X has no order relation, Definition 2.4.5 does not
carry over; we are forced to define [ f dyu as the limit of | ¢, du for simple functions
@n, which we can compute using basic vector addition and scalar multiplication.
However, Theorem 2.4.10 fails; there does not seem to be a way (outside of simple
spaces such as R") to obtain the simple functions ¢, that converge to f. Therefore,
we postulate this property:

DEFINITION

Let (), X) be a measurable space, and (X, B(X)) be a Banach space together with
the Borel measure. A function f: (3 — X is strongly X-measurable if there exists a
sequence of X-measurable simple functions ¢, : () — X that converge to f pointwise.

PROPOSITION
If f,: O — X is a sequence of measurable functions convergent pointwise to f: (2 —
X, then f is measurable.

1 Although a weaker analogue of Lebesgue integration is also available for topological vector spaces.
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Proof We prove that f~!(U) is measurable in Q) for every open set U in X.

Let Uy = {x € X:d(x,X\ U) > 1/k}, an open set. Evidently, the countable
union of all the sets Uy is U.

Given x € X and w € (), the statement x = f(w) = lim, f,(w) implies that
{fn(w)}n>n lies inside the ball B(x;1/k) when N is large enough. Since B(x;1/k) C
Uy for any x € X, we have

FUU) = {cu € 0: lim f,(w) € uk} C liminf £, (Uy) .

(For a sequence of sets A, C (), the set liminf,, A, is defined to be the set of all w € ()
such that w is in A,, when n is large enough. Formally, liminf, A, = Upy—1 Ny—r Am-)

Moreover, if w € Q) is such that f,(w) € U, then f(w) = lim, f,(w) € Uy C U.
Therefore,

GBS U liminf £, (Ux) € f71(U),
k=1 k=1
and the expression in the middle shows f~!(U) is measurable. m
COROLLARY

A strongly measurable function is measurable.

Proof By definition, a strongly-measurable function is the pointwise limit of measur-
able simple functions. m

There is another observation about a strongly measurable function f. If ¢, are
simple functions convergent to f, then the range of f must be a separable subspace of
X. Thatis, f(Q) C D for a countable set D — in fact, D can be taken as {¢,(w): w €
Q,n € N}.

Even more interestingly, if we examine the proof of Theorem (2.4.10), we see that
it essentially is using the fact that the dyadic rationals (countable in number) are
dense in R. So we speculate in general:

THEOREM
A function f: () — X is strongly measurable if and only if it is measurable and its
range f(Q)) is separable in X.

Proof We already know that the “only if” direction is true. For the “if” direction,
let D = {y,}nen be a countable set such that f(Q) C D, and define the functions
¢n: X — D C X by the following prescription. For x € X, let ¢n(x) = y, where k
is the smallest number that minimizes the distance ||y — x|| amongst the numbers
1<k<N.

For every x € D, we have limy ¢n(x) = x:

[pn(x) — x[| = OgugNHx—ynH N0 asN — oo,
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because {y,} is dense in D.

To show that ¢y is measurable, it suffices to show that ¢! ({yx}) is measurable
for 1 < k < N, since ¢y takes on only the values y,...,yn. This just involves
translating the description of ¢y into formal symbols:

——

k-1 N
v =y = N{xe X llx—wll <llx=yl} 0 N {xe X x—ul < Ix—yl
j=1 j=k+1

The above expression describes a Borel set.
Finally, if we set fy = ¢n o f, then fy — f pointwise, and fy: () — D are
measurable simple functions. m

Although we only required pointwise convergence in our definitions, we can
automatically obtain the sort of convergence required for the Dominated Convergence
Theorem:

THEOREM
A function f: () — X is strongly measurable if and only if there exists a sequence
of measurable simple functions ¢,: Q — X such that ¢, — f and ||¢.|| < ||f]|
pointwise.

Proof Suppose f,,: () — X is a sequence of measurable simple functions that converge
to the measurable function f. Let g,: 3 — R be a sequence of measurable simple
functions that increase to the measurable function || f||. Then

— ||fn||_1gnfn/ fn 7’é 0
(Pn_{ 0, fu=0

are measurable simple functions that converge to f pointwise, and || ¢, || = g» < ||f]|

for all . [}

Now we are ready to define vector integration proper:

DEFINITION
Let (Q, ;1) be a measure space, and X be a Banach space. The space L!(y, X) of
integrable functions consists of all strongly p-measurable functions f: () — X such

that [,,[|f| dy < co.

DEFINITION
For a simple function ¢ € L!(y, X), its integral is defined by the obvious linear
combination

/quu:Zxky(Ek), 9= XkXE, Xk€X,
Q k=1 k=1

provided all y(Ey) are finite quantities.
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It follows as before that this integral is well defined, it is linear, and satisfies the
triangle inequality.

DEFINITION
To integrate a general function f € L!(y, X), compute

du = 1i / o d
/qu M | pndp

using any sequence of simple functions ¢, € L!'(x, X) which converges to f in
L!(y, X) —thatis, [||@, — f||du — 0asn — cc.

The sequence of simple functions ¢, in this definition can be obtained from
Theorem 11.2.5. The Dominated Convergence Theorem for real-valued functions and
integrals shows that sequence converges to f in L. And the limit of [ ¢, exists, for

H/q)”dy_/(/’mdﬂu §/||<Pn—§0m]|dy—>0, asn,m — oo

(|l¢n — @m|| — 0 pointwise with a dominating factor 2|| f||). Thus the sequence | ¢y,
is a Cauchy sequence and converges in the Banach space X. Similarly, if ¢), were
another sequence satisfying the same conditions,

| [ oudn— [ | < [ou— flldu+ [lgh— Flan o,

so the value of the integral is the same regardless of which sequence is used to
compute it.

The vector-valued integral satisfies linearity and the generalized triangle inequal-
ity, and these assertions are easily proven by taking limits from simple functions.

THEOREM
Let (Q), it) be a measure space, and X and Y be Banach spaces. If T: X — Y isa
continuous linear mapping, and f € L'(u, X), then To f € L'(,Y) and

T(/Qfdy> :/QTofdy.

Proof The equation is obvious for simple functions, and get the general case by taking
limits. n




Appendix A

Results from other areas of
mathematics

A.1 Extended real number system

A.1.1 DEFINITION (EXTENDED REAL NUMBER SYSTEM)
The extended real numbers is the set

R=RU/{—00,+0c0},

consisting of the usual real numbers and the infinite quantities in both the positive
and negative direction. The quantity +oco will often be abbreviated as simply “co”.

Although R together with the infinities do not form a field (in the algebraic
sense), some arithmetic operations with infinities can still be reasonably defined, to
be compatible with their usual interpretations of limits of ordinary real numbers:

—co<a<o0, aclk.

00+ 00 = 0.

—(£00) = Foo.
a-c0=-4o0, a>0.
a-00=—o00, a<0.
a/co=0, a# +oo.

Elementary calculus textbooks ostensibly avoid defining R as to not confuse
students with undefined expressions such as “co — co”. These expressions will pose
no problem for us, as we simply will have no use for them, and we can just disallow
them outright.

But the other rules for £co are convenient for packaging results without having
to analyze separately the bounded and unbounded cases. For example, if A denotes
the area of a subset of the plane, then A([0,w] x [0,h]) = wh; while A(R?) = co.
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A.2 Linear algebra
A.3 Multivariate calculus

THEOREM (MEAN VALUE THEOREM)

Let g: U — R" be a differentiable map on an open subset U C R". If x, y are points
in U, and the line segment joining x and y lies entirely in U, then there exists ¢ lying
on that line segment for which

Ig(x) —gW)Il < [IDg(S)(x =yl < [IDg(E)]] [[x —yll-

(The operator norm of any linear transformation T between normed vector spaces is
defined by:

| T
IT] = sup o/ = sup || Tull;
u70 [Jul=1
the supremum is finite if the domain vector space is R”, for the unit sphere in R" is
compact.)

THEOREM (INVERSE FUNCTION THEOREM)

Let f: X — R" be a continuous differentiable function on an open set X C RR".
If Dg(x) is non-singular at some x € X, then f maps some open neighborhood of
x, U C X, bijectively to an open set f(U), and the inverse mapping there is also
continuously differentiable.

LEMMA (FACTORIZATION OF DIFFEOMORPHISMS)
Let g be a diffeomorphism of open sets in R”, for n > 2. For any point in the domain
of g, there is a neighborhood A around that point where g can be expressed as the
composition:

gla=wuov,
of a diffeomorphism u that fixes some 0 < m < n coordinates of R" and another
diffeomorphism v that fixes the other n — m coordinates.

Proof We have to solve the above equation for the appropriate diffeomorphisms
v: A — v(A)and u: v(A) — g(A). Letx € R™ and y € R" " be the coordinate
values. Labelling the first batch and second batch of coordinates with the subscripts
“1” and “2” respectively, we expand:

g(x,y) = u(o(x,y))
( 1(v1(xy), y)),uz(v(x,y))>
(

<u1 v1(x,y),v), u2 (v(x y))) since v fixes last coords

(vl (x,y) y))) since u fixes first coords.
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Or, succinctly:
81 =01, &Z2=U200.

The first equation determines the solution function v trivially. The second equation
can be inverted by the inverse function theorem:

-1
Up=48200 7,

for

Do(x,y) = D1g1(§x,y) ngll(x’y) , detDu(x,y) = detDyg1(x,y) #0.

So given a starting point (xg, 1) in the domain of g, we can define v~ on some

open set B containing v(xo, o). Then take A = v~!(B). n
A4 Point-set topology

THEOREM (LINDELOF’S THEOREM)
If X is a second-countable topological space, then every open cover of X has a
countable subcover.

COROLLARY
Every open cover of an open subset of R” has a countable subcover.

A.5 Functional analysis

A.6 Fourier analysis



Appendix B

Bibliography

First, you need a respectable first-year calculus course, dealing with limits rigorously.
The course I took used [ ] (possibly the best math book ever).

You should be at least somewhat familiar with multi-dimensional calculus, if only
to have a motivation for the theorems we prove (e.g. Fubini’s Theorem, Change of
Variables). I learned multi-dimensional calculus from [ ]land [ ]. As
you’'d expect, these are theoretical books, and not very practical, but we will need a
few elementary results that these books prove.

Point-set topology is also introduced in the study of multi-dimensional calculus.
We will not need a deep understanding of that subject here, but just the basic defini-
tions and facts about open sets, closed sets, compact sets, continous maps between
topological spaces, and metric spaces. I don’t have particular references for these,
as it has become popular to learn topology with Moore’s method (as I have done),
where you are given lists of theorems that you are supposed to prove alone.

The last book, [ ], (not a prerequesite) is what I mostly referred to while
writing up Section 5.1. It contains applications to probability of the abstract measure
stuff we do here, and it is not overly abstract. I recommend it, and it’s cheap too.

I don’t mention any of the standard real analysis or measure theory books here,
since I don’t have them handy, and this text is supposed to supplant a fair portion of
these books anyway. But surely you can find references elsewhere.
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