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Preface

This text is an essentially self-contained treatment of material that is
normally found in a first-year graduate course in real analysis. Although the
presentation is based on a modern treatment of measure and integration, it
has not lost sight of the fact that the theory of functions of one real variable is
the core of the subject. It is assumed that the student has had a solid course in
Advanced Calculus. Although the book’s primary purpose is to serve as a
graduate text, we hope that it will also serve as useful reference for the more
experienced mathematician.

The book begins with a chapter on preliminaries and then proceeds with a
chapter on the development of the real number system. This also includes an
informal presentation of cardinal and ordinal numbers. The next chapter
provides the basics of general topological and metric spaces. Thus, by the
time the first three chapters have been concluded, the students will be ready
to pursue the main thrust of the book.

The text then proceeds to develop measure and integration theory in the
next three chapters. Measure theory is introduced by first considering outer
measures on an abstract space. The treatment here is abstract, yet short,
simple, and basic. By focusing first on outer measures, the development
underscores in a natural way the fundamental importance and significance of
o-algebras. Lebesgue measure, Lebesgue-Stieltjes measure, and Hausdorff
measure are immediately developed as important, concrete examples of outer
measures. Integration theory is presented by using countably simple func-
tions, that is, functions that assume only a countable number of values.
Conceptually they are no more difficult than simple functions, but their use
leads to a more direct development. Important results such as the
Radon-Nikodym theorem and Fubini’s theorem have received treatments
that avoid some of the usual technical difficulties.

A chapter on elementary functional analysis is followed by one on the
Daniell integral and the Riesz Representation theorem. This introduces the
student to a completely different approach to measure and integration the-
ory. In order for the student to become more comfortable with this new
framework, the linear functional approach is further developed by including a
short chapter on Schwartz Distributions. Along with introducing new ideas,
this reinforces the student’s previous encounter with measures as linear
functionals. It also maintains connection with previous material by casting

vii



viii PREFACE

some old ideas in a new light. For example, BV functions and absolutely
continuous functions are characterized as functions whose distributional
derivatives are measures and functions, respectively.

The introduction of Schwartz distributions invites a treatment of func-
tions of several variables. Since absolutely continuous functions are so
important in real analysis, it is natural to ask whether they have a coun-
terpart among functions of several variables. In the last chapter, it is shown
that this is the case by developing the class of functions whose partial
derivatives (in the sense of distributions) are functions, thus providing a
natural analog of absolutely continuous functions of a single variable. The
analogy is strengthened by proving that these functions are absolutely con-
tinuous in each variable separately. These functions, called Sobolev func-
tions, are of fundamental importance to many areas of research today. The
chapter is concluded with a glimpse of both the power and the beauty of
Distribution theory by providing a treatment of the Dirichlet Problem for
Laplace’s equation. This presentation is not difficult, but it does call upon
many of the topics the student has learned throughout the text, thus pro-
viding a fitting end to the book.

We will use the following notation throughout. The symbol (7 denotes the
end of a proof and a := b means a = b by definition. All theorems, lemmas,
corollaries, definitions, and remarks are numbered as a.b where a denotes the
chapter number. Equation numbers are numbered in a similar way and
appear as (a.b). Sections marked with * are not essential to the main devel-
opment of the material and may be omitted.

The authors would like to thank Patricia Huesca for invaluable assistance
in typesetting of the manuscript.

Bloomington, USA William P. Ziemer
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CHAPTER 1

Preliminaries

1.1. Sets

This is the first of three sections devoted to basic definitions, notation, and
terminology used throughout this book. We begin with an elementary and
intuitive discussion of sets and deliberately avoid a rigorous treatment of “set
theory” that would take us too far from our main purpose.

We shall assume that the notion of set is already known to the reader,
at least in the intuitive sense. Roughly speaking, a set is any identifiable
collection of objects, called the elements or members of the set. Sets will
usually be denoted by capital roman letters such as A, B, C, U, V,..., and
if an object x is an element of A, we will write x € A. When z is not an
element of A we write © ¢ A. There are many ways in which the objects
of a set may be identified. One way is to display all objects in the set. For
example, {x1,Za,...,x} is the set consisting of the elements 1, xa, ..., .
In particular, {a,b} is the set consisting of the elements a and b. Note that
{a,b} and {b,a} are the same set. A set consisting of a single element x is
denoted by {z} and is called a singleton. Often it is possible to identify a
set by describing properties that are possessed by its elements. That is, if
P(z) is a property possessed by an element x, then we write {z : P(z)} to
describe the set that consists of all objects = for which the property P(z) is
true. Obviously, we have A = {z : x € A} and {z : z # x} = (), the empty
set or null set.

The union of sets A and B is the set {z : © € A or x € B}, and this is
written as AU B. Similarly, if A is an arbitrary family of sets, the union of
all sets in this family is

(1.1) {z:2 € Afor some A € A}
and is denoted by

(1.2) U A orby UJ{4:A4c€A}.
AcA

Sometimes a family of sets will be defined in terms of an indexing set I, and
then we write

(1.3) {z:z €Ay forsomeaecl}= ] A,.
acl

© Springer International Publishing AG 2017 1
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2 1. PRELIMINARIES

If the index set I is the set of positive integers, then we write (1.3) as
(1.4) U A
i=1

The intersection of sets A and B is defined by {z : x € Aandz € B} and
is written AN B. Similar to (1.1) and (1.2) we have

{r:xecAforall Ac A} = (| A=N{4: A A}
AeA

A family A of sets is said to be disjoint if A; N Ay = () for every pair A; and
Ay of distinct members of A.

If every element of the set A is also an element of B, then A is called a
subset of B, and this is written as A C B or B D A. With this terminology,
the possibility that A = B is allowed. The set A is called a proper subset
of Bif AC B and A # B.

The difference of two sets is

A\B={z:xz € Aand z ¢ B},
while the symmetric difference is
AAB = (A\B)U(B\ A).

In most discussions, a set A will be a subset of some underlying set X,
and in this context, we will speak of the complement of A (relative to X)
as the set {z : € X and = ¢ A}. This set is denoted by A, and this
notation will be used if there is no doubt that complementation is taken with
respect to X. In case of possible ambiguity, we write X \ A instead of A.
The following identities, known as de Morgan’s laws, are very useful and
easily verified:

(aLgIAa)N =N Aa,
U Ao

(0+)
ael acl

We shall denote the set of all subsets of X, called the power set of X,
by P(X). Thus,

(1.6) P(X)={A:AC X}

(1.5)

The notions of limit superior (lim sup) and lim inferior (lim inf)
are defined for sets as well as for sequences:

o0 o0
limsupE; = () U E;,
i—00 k=1i=k

(1.7) - o

i—00 k=1i=k
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It is easily seen that

limsup E; = {x : « € E; for infinitely many 7 },
(1.8) o : .
liminf E; = {« : € E; for all but finitely many ¢ }.

i—00
We use the following notation throughout:
() = the empty set,
N = the set of positive integers (not including zero),
Z = the set of integers,
Q = the set of rational numbers,

R = the set of real numbers.

We assume that the reader has knowledge of the sets N, Z, and Q, while R
will be carefully constructed in Section 2.1.

Exercises for Section 1.1

1. Two sets A and B are said to be equal if all the elements of set A are in
set B and vice versa. Prove that A = B if and only if A C B and B C A.
2. Prove that A C B if and only if A = AU B.
3. Prove de Morgan’s laws, (1.5).
4. Let E;, i =1,2,..., be a family of sets. Use definitions (1.7) to prove
liminf E; C limsup E;.

71— 00 71— 00
1.2. Functions

In this section an informal discussion of relations and functions is given, a
subject that is encountered in several forms in elementary analysis. In this
development, we adopt the notion that a relation or function is indistinguish-
able from its graph.

If X and Y are sets, the Cartesian product of X and Y is

(1.9) X xY ={ all ordered pairs (z,y) :xz € X,y € Y}.

The ordered pair (z,y) is thus to be distinguished from (y,z). We will
discuss the Cartesian product of an arbitrary family of sets later in this
section.

A relation from X to Y is a subset of X x Y. If f is a relation, then
the domain and range of f are

dom f=XnNn{z: (z,y) € f for somey €Y },
mgf=YnN{y: (z,y) € f for somez € X }.
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Frequently symbols such as ~ and < are used to designate a relation. In
these cases the notation x ~ y or z < y will mean that the element (z,y) is
a member of the relation ~ or <, respectively.

A relation f is said to be single-valued if y = z whenever (z,y) and
(z,2z) € f. A single-valued relation is called a function. The terms map-
ping, map, transformation are frequently used interchangeably with func-
tion, although the term function is usually reserved for the case in which the
range of f is a subset of R. If f is a mapping and (x,y) € f, we let f(x)
denote y. We call f(z) the image of x under f. We will also use the notation
2 +— f(x), which indicates that = is mapped to f(z) by f. If A C X, then
the image of A under f is

(1.10) f(A) ={y:y= f(x), for some z € dom f N A}.
Also, the inverse image of B under f is
(1.11) fYB)={r:zcdom f, f(z) € B}.

If the set B consists of a single point y, or in other words B = {y}, we will
simply write f~1{y} instead of the full notation f~*({y}). If A C X and f
is a mapping with dom f C X, then the restriction of f to A, denoted by
fL A, is defined by fL A(z) = f(z) for all z € ANdom f.

If f is a mapping, then we have dom f = D C X and rng f C Y. We use
the notation f: D — Y to denote a mapping. The mapping f is called an
injection or is said to be univalent if f(x) # f(z') whenever z, 2’ € domf
with & # 2/. The mapping f is called a surjection or onto Y if for each
y € Y, there exists z € X such that f(x) = y. In other words, f is a surjection
if f(D) =Y (i.e., mg f =Y), while it is not a surjection if rng f # Y. Finally,
we say that f is a bijection if f is both an injection and a surjection. A
bijection f: D — Y is also called a one-to-one correspondence between
D and Y.

If f is a mapping from X to Y and g a mapping from Y to Z, then the
composition of g with f is a mapping from X to Z defined by

(1.12) gof={(z,2):(z,y) € f and (y,z) € g for some y € Y}.

There is one type of relation that is particularly important and is so often
encountered that it requires a separate definition.

1.1. DEFINITION. If X is a set, an equivalence relation on X (often
denoted by ~) is a relation characterized by the following conditions:

i) x ~ x for every z € X, reflexive
(i) y

(ii) if  ~ y, then y ~ z, (symmetric)
(iii) if # ~ y and y ~ 2, then = ~ 2. (transitive)

Given an equivalence relation ~ on X, a subset A of X is called an
equivalence class if there is an element x € A such that A consists precisely
of those elements y such that x ~ y. One can easily verify that distinct
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equivalence classes are disjoint and that X can be expressed as the union of
equivalence classes.

A sequence in a space X is a mapping f: N — X. It is convenient
to represent a sequence f as a list. Thus, if f(k) = zj, we speak of the
sequence {xx}7>, or simply {zx}. A subsequence is obtained by discarding
some elements of the original sequence and ordering the elements that remain
in the usual way. Formally, we say that xy,, Tk,, Tk, - - - iS a subsequence of
Z1,%2,Ts, ... if there is a mapping g: N — N such that for each i € N, zy, =
Ty and g(i) < g(j) whenever i < j.

Our final topic in this section is the Cartesian product of a family of sets.
Let X be a family of sets X, indexed by a set I. The Cartesian product
of X is denoted by

I x.

and is defined as the set of all mapz)ei;gs

x: I = JXa
with the property that
(1.13) z(a) € Xq

for each a € I. Each mapping z is called a choice mapping for the family
X. Also, we call z(a) the ath coordinate of x. This terminology is perhaps
easier to understand if we consider the case I = {1,2,...,n}. As in the
preceding paragraph, it is useful to represent the choice mapping z as a list
{z(1),2(2),...,2(n)}, and even more useful if we write (i) = ;. The map-
ping x is thus identified with the ordered n-tuple (z1,zs,...,z,). Here, the
word “ordered” is crucial, because an n-tuple consisting of the same elements
but in a different order produces a different mapping z. Consequently, the
Cartesian product becomes the set of all ordered n-tuples:

(1.14) [[Xi ={(@1 22, 20) 2 € Xsi=1,2,...,n}.
i=1
In the special case X; = R,i = 1,2,...,n, an element of the Carte-

sian product is a mapping that can be identified with an ordered n-tuple of
real numbers. We denote the set of all ordered n-tuples (also referred to as
vectors) by

Rn:{(xhx%"';xn):zi GR,i:1,2,...,’n}.

The set R”™ is called Euclidean n-space. The norm of a vector x is defined
as

(1.15) |x|:\/x§+x§+...+x%;

the distance between two vectors x and y is |z — y|. As we mentioned earlier
in this section, the Cartesian product of two sets X; and X5 is denoted by
X1 X Xg.
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1.2. REMARK. A fundamental issue that we have not addressed is
whether the Cartesian product of an arbitrary family of sets is nonempty.
This involves concepts from set theory and is the subject of the next section.

Exercises for Section 1.2

1. Prove that fo(goh)=(fog)oh for mappings f, g, and h.

2. Prove that (f o g)7'(A) = g7 [f~1(A)] for mappings f and g and an
arbitrary set A.

3. Prove: If f: X — Y is a mapping and A € B C X, then f(A) C
f(B) C Y. Also, prove that if E C F C Y, then f~Y(E) C f~}(F) C X.

4. Prove: If A C P(X), then
fFOU A)= U f(4) and f( N 4)C N f(A)
AcA AcA

AcA AcA

and

AU A) = U f71A) and f7H( N A) = N fTH(A).
AcA AcA AcA AcA
Give an example that shows that the above inclusion cannot be replaced
by equality.
5. Consider a nonempty set X and its power set P(X). For each z € X,
let B, = {0,1} and consider the Cartesian product [], .y B.. Exhibit a
natural one-to-one correspondence between P(X) and [,y Ba-

6. Let X 2. ¥ be an arbitrary mapping and suppose there is a mapping
Y %5 X such that fog(y) =y for all y € Y and that go f(z) = z for all
x € X. Prove that f is one-to-one from X onto Y and that g = f~1.

7. Show that A x (BUC) = (A x B)U (A x C). Also, show that in general,
AU(BXxC)#(AUB) x (AUC).

1.3. Set Theory

The material discussed in the previous two sections is based on tools found in
elementary set theory. However, in more advanced areas of mathematics this
material is not sufficient to discuss or even formulate some of the concepts
that are needed. An example of this occurred in the previous section during
the discussion of the Cartesian product of an arbitrary family of sets. Indeed,
the Cartesian product of families of sets requires the notion of a choice map-
ping whose existence is not obvious. Here, we give a brief review of the axiom
of choice and some of its logical equivalences.

A fundamental question that arises in the definition of the Cartesian
product of an arbitrary family of sets is the existence of choice mappings.
This is an example of a question that cannot be answered within the context
of elementary set theory. At the beginning of the twentieth century, Ernst
Zermelo formulated an axiom of set theory called the axiom of choice, which
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asserts that the Cartesian product of an arbitrary family of nonempty sets
exists and is nonempty. The formal statement is as follows.

1.3. THE AxioM OF CHOICE. If X, is a nonempty set for each element
a of an index set I, then
I ¥a

acl
s nonempty.

1.4. PROPOSITION. The following statement is equivalent to the axiom
of choice: If {Xa}aca is a disjoint family of nonempty sets, then there is a
set S C UgeaXy such that SN X, consists of precisely one element for every
a € A.

PRrROOF. The axiom of choice states that there exists f: A — Uypeca Xy
such that f(a) € X, for each & € A. The set S := f(A) satisfies the
conclusion of the statement. Conversely, if such a set S exists, then the
mapping A N Uaea X, defined by assigning the point S N X, the value of
f(a) implies the validity of the axiom of choice. O

1.5. DEFINITION. Given a set S and a relation < on S, we say that < is
a partial ordering if the following three conditions are satisfied:

(i) x < x for every x € S, (reflexive)
(i) if <y and y < z, then z =y, (antisymmetric)
(iii) if * <y and y < 2, then z < 2. (transitive)

If, in addition,
(iv) either z < y or y < z, for all z,y € S, (trichotomy)

then < is called a linear or total ordering.

For example, Z is linearly ordered with its usual ordering, whereas the
family of all subsets of a given set X is partially ordered (but not linearly
ordered) by C. If a set X is endowed with a linear ordering, then each subset
A of X inherits the ordering of X. That is, the restriction to A of the linear
ordering on X induces a linear ordering on A. The following two statements
are known to be equivalent to the axiom of choice.

1.6. HAUSDORFF MAXIMAL PRINCIPLE. Every partially ordered set has
a maximal linearly ordered subset.

1.7. ZorN’S LEMMA. If X is a partially ordered set with the property
that each linearly ordered subset has an upper bound, then X has a maximal
element. In particular, this implies that if € is a family of sets (or a collection
of families of sets) and if {UF : F € F} € € for every subfamily F of € with
the property that

FcG or GCF whenever F.Ge F,
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then there exists E € £ that is maximal in the sense that it is not a subset of
any other member of £.

In the following, we will consider other formulations of the axiom of
choice. This will require the notion of a linear ordering on a set.

A nonempty set X endowed with a linear order is said to be well ordered
if each subset of X has a first element with respect to its induced linear
order. Thus, the integers, Z, with the usual ordering is not a well-ordered
set, whereas the set N is well ordered. However, it is possible to define a
linear ordering on Z that produces a well ordering. In fact, it is possible to
do this for an arbitrary set if we assume the validity of the axiom of choice.
This is stated formally in the well-ordering theorem.

1.8. THEOREM (The Well-Ordering Theorem). Every set can be well
ordered. That is, if A is an arbitrary set, then there exists a linear ordering
of A with the property that each nonempty subset of A has a first element.

Cantor put forward the continuum hypothesis in 1878, conjecturing that
every infinite subset of the continuum (i.e., the set of real numbers) is either
countable (i.e., can be put in one-to-one correspondence with the natural
numbers) or has the cardinality of the continuum (i.e., can be put in one-
to-one correspondence with the real numbers). The importance of this was
seen by Hilbert, who made the continuum hypothesis the first in the list of
problems that he proposed in his Paris lecture of 1900. Hilbert saw this as
one of the most fundamental questions that mathematicians should attack in
the twentieth century, and he went further in proposing a method to attack
the conjecture. He suggested that first one should try to prove another of
Cantor’s conjectures, namely that every set can be well ordered.

Zermelo began to work on the problems of set theory by pursuing, in
particular, Hilbert’s idea of resolving the problem of the continuum hypothe-
sis. In 1902 Zermelo published his first work on set theory, which was on the
addition of transfinite cardinals. Two years later, in 1904, he succeeded in
taking the first step suggested by Hilbert toward the continuum hypothesis
when he proved that every set can be well ordered. This result brought fame
to Zermelo and also earned him a quick promotion; in December 1905, he
was appointed to a professorship in Gottingen.

The axiom of choice is the basis for Zermelo’s proof that every set can
be well ordered; in fact, the axiom of choice is equivalent to the well-ordering
property, so we now know that this axiom must be used. His proof of the
well-ordering property used the axiom of choice to construct sets by transfi-
nite induction. Although Zermelo certainly gained fame for his proof of the
well-ordering property, set theory at that time was in the rather unusual posi-
tion that many mathematicians rejected the type of proofs that Zermelo had
discovered. There were strong feelings as to whether such nonconstructive
parts of mathematics were legitimate areas for study, and Zermelo’s ideas
were certainly not accepted by quite a number of mathematicians.
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The fundamental discoveries of K. Gédel [32] and P.J. Cohen [15], [17]

shook the foundations of mathematics with results that placed the axiom
of choice in a very interesting position. Their work shows that the axiom
of choice, in fact, is a new principle in set theory because it can neither be
proved nor disproved from the usual Zermelo—Fraenkel axioms of set theory.
Indeed, Godel showed, in 1940, that the axiom of choice cannot be disproved
using the other axioms of set theory, and then in 1963, Paul Cohen proved
that the axiom of choice is independent of the other axioms of set theory.
The importance of the axiom of choice will readily be seen throughout the
following development, as we appeal to it in a variety of contexts.

Exercises for Section 1.3

1.

Use a one-to-one correspondence between Z and N to exhibit a linear
ordering of N that is not a well ordering.

. Use the natural partial ordering of P({1, 2, 3}) to exhibit a partial ordering

of N that is not a linear ordering.
For (a,b), (c,d) € N x N, define (a,b) < (¢, d) if either a < ¢ or a = ¢ and
b < d. With this relation, prove that N x N is a well-ordered set.

. Let P denote the space of all polynomials defined on R. For py,ps € P,

define p; < p if there exists g such that p;(x) < po(x) for all x > xg. Is
< a linear ordering? Is P well ordered?

. Let C denote the space of all continuous functions on [0, 1]. For f, fo € C,

define f1 < fo if fi(x) < fa(x) for all z € [0,1]. Is < a linear ordering? Is
C well ordered?
Prove that the following assertion is equivalent to the axiom of choice: If A
and B are nonempty sets and f: A — B is asurjection (that is, f(A) = B),
then there exists a function g: B — A such that g(y) € f~1(y) for each
y € B.
Use the following outline to prove that for every pair of sets A and B,
either card A < card B or card B < card A: Let F denote the family
of all injections from subsets of A into B. Since F can be considered, a
family of subsets of A x B, it can be partially ordered by inclusion. Thus,
we can apply Zorn’s lemma to conclude that F has a maximal element,
say f. If a € A\ dom f and b € B\ f(A), then extend f to AU {a}
by defining f(a) = b. Then f remains an injection and thus contradicts
maximality. Hence, either dom f = A in which case card A < card B, or
B = rng f, in which case f~! is an injection from B into A, which would
imply card B < card A.
Complete the details of the following proposition: If card A < card B and
card B < card A, then card A = card B.

Let f: A — B and g: B — A be injections. If a € ANrng g, we
have g~*(a) € B. If g7'(a) € rng f, we have f~1(g7'(a)) € A. Continue
this process as far as possible. There are three possibilities: the process
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continues indefinitely, it terminates with an element of A\ rng g (possibly
with a itself), or it terminates with an element of B \ rng f. These three
cases determine disjoint sets Ao, A4, and Ap whose union is A. In a
similar manner, B can be decomposed into B.,, Bp, and B4. Now f
maps A onto B, and A4 onto By, and g maps Bg onto Ag. If we
define h: A — B by h(a) = f(a) if a € Axx U As and h(a) = g~ 1(a) if
a € Ap, we find that h is injective.



CHAPTER 2

Real, Cardinal, and Ordinal Numbers

2.1. The Real Numbers

A brief development of the construction of the real numbers is given in terms
of equivalence classes of Cauchy sequences of rational numbers. This con-
struction is based on the assumption that properties of the rational numbers,
including the integers, are known.

In our development of the real number system, we shall assume that
properties of the natural numbers, integers, and rational numbers are known.
In order to agree on what those properties are, we summarize some of the
more basic ones. Recall that the natural numbers are defined as

N: ={1,2,...,k,...}.

They form a well-ordered set when endowed with the usual ordering. The
ordering on N satisfies the following properties:

(i) x <z for every x € S.
(ii) If x <y and y < x, then x = y.
(iii) If x <y and y < z, then z < z.
(iv) for all z,y € S, either x <y or y < x.

The four conditions above define a linear ordering on S, a topic that was
introduced in Section 1.3 and will be discussed in greater detail in Section. 2.3.
The linear order < of N is compatible with the addition and multiplication
operations in N. Furthermore, the following three conditions are satisfied:

(i) Every nonempty subset of N has a first element; ie., if ) # S C N,
there is an element x € S such that = < y for every element y € S. In
particular, the set N itself has a first element that is unique, in view of
(ii) above, and is denoted by the symbol 1.

(ii) Every element of N, except the first, has an immediate predecessor. That
is, if x € N and x # 1, then there exists y € N with the property that
y < x and z <y whenever z < z.

(iii) N has no greatest element; i.e., for every = € N, there exists y € N such
that z # y and = < y.

The reader can easily show that (i) and (iii) imply that each element of
N has an immediate successor, i.e., that for each x € N, there exists y € N
such that z < y and that if x < z for some z € N where y # z, then y < z.

© Springer International Publishing AG 2017 11
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The immediate successor y of x will be denoted by z’. A nonempty set S C N
is said to be finite if S has a greatest element.

From the structure established above follows an extremely important
result, the so-called principle of mathematical induction, which we now
prove.

2.1. THEOREM. Suppose S C N is a set with the property that 1 € S and
that x € S implies ' € S. Then S = N.

PROOF. Suppose S is a proper subset of N that satisfies the hypotheses
of the theorem. Then N\ S is a nonempty set and therefore by (i) above has
a first element x. Note that  # 1, since 1 € S. From (ii) we see that x has
an immediate predecessor, y. Since y € S, we have y' € S. Since z =y, we
have x € S, contradicting the choice of z as the first element of N\ S.

Also, we have z € S, since x = 3. By definition, x is the first element of
N — 5, thus producing a contradiction. Hence, S = N. g

The rational numbers Q may be constructed in a formal way from the
natural numbers. This is accomplished by first defining the integers, both
negative and positive, so that subtraction can be performed. Then the ratio-
nals are defined using the properties of the integers. We will not go into this
construction but instead leave it to the reader to consult another source for
this development. We list below the basic properties of the rational numbers.

The rational numbers are endowed with the operations of addition and
multiplication that satisfy the following conditions:

(i) For every r,s € Q, r+s € Q, and rs € Q.
(ii) Both operations are commutative and associative, i.e., r +s = s +
r,rs=usr, (r+s)+t=r+(s+t), and (rs)t = r(st).
(iii) The operations of addition and multiplication have identity elements 0
and 1 respectively, i.e., for each r € Q, we have

O+r=r and 1-r=nr.
(iv) The distributive law is valid:
r(s+t)=rs+rt

whenever r, s, and t are elements of Q.

(v) The equation r + z = s has a solution for every r, s € Q. The solution
is denoted by s — r.

(vi) The equation rz = s has a solution for every r, s € Q with r # 0. This
solution is denoted by s/r. A set containing at least two elements and

satisfying the six conditions above is called a field; in particular, the
rational numbers form a field. The set Q can also be endowed with
a linear ordering. The order relation is related to the operations of
addition and multiplication as follows:
(vii) If r > s, then for every t € Q, r +t > s+ ¢.
(vii) 0 < 1.
(ix) If r > s and t > 0, then rt > st.
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The set of rational numbers thus provides an example of an ordered field.
The proof of the following is elementary and is left to the reader; see Exercise 6
at the end of this section.

2.2. THEOREM. Every ordered field F' contains an isomorphic image of
Q, and the isomorphism can be taken as order-preserving.

In view of this result, we may view Q as a subset of F'. Consequently,
the following definition is meaningful.

2.3. DEFINITION. An ordered field F is called an Archimedean ordered
field if for each a € F' and each positive b € Q, there exists a positive integer
n such that nb > a. Intuitively, this means that no matter how large a is and
how small b, successive repetitions of b will eventually exceed a.

Although the rational numbers form a rich algebraic system, they are
inadequate for the purposes of analysis, because they are, in a sense, incom-
plete. For example, a negative rational number does not have a rational
square root, and not every positive rational number has a rational square
root. We now proceed to construct the real numbers assuming knowledge of
the integers and rational numbers. This is basically an assumption concern-
ing the algebraic structure of the real numbers.

The linear order structure of a field permits us to define the notion of
the absolute value of an element of that field. That is, the absolute value

of = is defined by
r ifx>0,
|z = .
—x ifx <O.

We will freely use properties of the absolute value such as the triangle
inequality in our development.

The following two definitions are undoubtedly well known to the reader;
we state them only to emphasize that at this stage of the development, we
assume knowledge of only the rational numbers.

2.4. DEFINITION. A sequence of rational numbers {r;} is Cauchy if for
each rational € > 0, there exists a positive integer N(e) such that |r; —rg| < e
whenever i, k > N(e).

2.5. DEFINITION. A rational number r is said to be the limit of a sequence
of rational numbers {r;} if for each rational € > 0, there exists a positive inte-
ger N(e) such that

|ri —r| <e
for i > N(e). This is written as

lim r; =7

1— 00

and we say that {r;} converges to r.
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We leave the proof of the following proposition to the reader.

2.6. PROPOSITION. A sequence of rational numbers that converges to a
rational number is Cauchy.

2.7. PROPOSITION. A Cauchy sequence of rational numbers, {r;}, is
bounded. That is, there exists a rational number M such that |r;| < M
fori=1,2,....

PROOF. Choose ¢ = 1. Since the sequence {r;} is Cauchy, there exists a
positive integer N such that
|ri —r;| <1 whenever 4,j > N.

In particular, |r; — ry| < 1 whenever i« > N. By the triangle inequality,
|ri| — |rn| < |r; — ral, and therefore,
|ri| <|rn]+1 forall ¢>N.
If we define
M = Max{|r1|, |’I“2|7 e, ‘7“1\[,1|7 |T‘N‘ + 1}7
then |r;| < M for all ¢ > 1. O

The reader can easily provide a proof of the following.

2.8. PROPOSITION. Every Cauchy sequence of rational numbers has at
most one limit.

The fact that some Cauchy sequences in Q do not have a limit (in Q)
is what makes QQ incomplete. We will construct the completion by means of
equivalence classes of Cauchy sequences.

2.9. DEFINITION. Two Cauchy sequences of rational numbers {r;} and
{s;} are said to be equivalent if

lim (r; — s;) = 0.
71— 00
We write {r;} ~ {s;} when {r;} and {s;} are equivalent. It is easy to
show that this, in fact, is an equivalence relation. That is,

(i) {rit ~ {ri}, (reflexivity)
(ii) {r;} ~ {s;} if and only if {s;} ~ {r;}, (symmetry)
(iii) if {r;} ~ {s;} and {s;} ~ {t;}, then {r;} ~ {t;}. (transitivity)

The set of all Cauchy sequences of rational numbers equivalent to a fixed
Cauchy sequence is called an equivalence class of Cauchy sequences.
The fact that we are dealing with an equivalence relation implies that the
set of all Cauchy sequences of rational numbers is partitioned into mutually
disjoint equivalence classes. For each rational number r, the sequence each of
whose values is r (i.e., the constant sequence) will be denoted by 7. Hence, 0
is the constant sequence whose values are 0. This brings us to the definition
of a real number.
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2.10. DEFINITION. An equivalence class of Cauchy sequences of rational
numbers is termed a real number. In this section, we will usually denote
real numbers by p, o, etc. With this convention, a real number p designates an
equivalence class of Cauchy sequences, and if this equivalence class contains
the sequence {r;}, we will write

p={ri}
and say that p is represented by {r;}. Note that {1/i}32; ~ 0 and that every
p has a representative {r;}72, with r; # 0 for every i.

In order to define the sum and product of real numbers, we invoke the
corresponding operations on Cauchy sequences of rational numbers. This
will require the next two elementary propositions, whose proofs are left to
the reader.

2.11. PrOPOSITION. If {r;} and {s;} are Cauchy sequences of rational
numbers, then {r; £ s;} and {r; - s;} are Cauchy sequences. The sequence
{ri/s:i} is also Cauchy, provided s; # 0 for every i and {s;}2; # 0.

2.12. PROPOSITION. If {r;} ~ {ri} and {s;} ~ {s}}, then {r; £ s;} ~
{ri £ st} and {r; - s;} ~ {rl - si}. Similarly, {ri/s;} ~ {r}/s;}, provided
{s:} %0, and s; # 0 and s; # 0 for every i.

2.13. DEFINITION. If p and o are represented by {r;} and {s;} respec-
tively, then p &+ o is defined by the equivalence class containing {r; + s;},
and p-o by {r; - s;}. The class p/o is defined to be the equivalence class
containing {r;/s;}, where {s;} ~ {s}} and s # 0 for all 7, provided {s;} 7 0.

Reference to Propositions 2.11 and 2.12 shows that these operations are
well defined. That is, if p’ and o’ are represented by {r;} and {s,}, where
{ri} ~{ri} and {s;} ~ {s;}, then p+o0 = p' + o', and similarly for the other
operations.

Since the rational numbers form a field, it is clear that the real numbers
also form a field. However, we wish to show that they actually form an
Archimedean ordered field. For this we first must define an ordering on
the real numbers that is compatible with the field structure; this will be
accomplished by the following theorem.

2.14. THEOREM. If {r;} and {s;} are Cauchy, then one (and only one)
of the following occurs:
(i) {ri} ~ {si}.
(ii) There exist a positive integer N and a positive rational number k such
that r; > s; + k fori> N.
(iii) There exist a positive integer N and positive rational number k such that
s; >1; +k fori> N.
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PROOF. Suppose that (i) does not hold. Then there exists a rational
number k£ > 0 with the property that for every positive integer N there
exists an integer ¢+ > N such that

|ri — si| > 2k.
This is equivalent to saying that
|ri — s;| > 2k for infinitely many ¢ > 1.

Since {r;} is Cauchy, there exists a positive integer N such that

|r; —rj| < k/2 forall i4,j> Nj.
Likewise, there exists a positive integer Ny such that

|si —sj| <k/2 forall i,j> Ns.
Let N* > max{Nj, N2} be an integer with the property that

|Pn+ — sn+| > 2k.

Either ry« > sy« or sy« > ry+. We will show that the first possibility leads
to conclusion (ii) of the theorem. The proof that the second possibility leads
to (iii) is similar and will be omitted. Assuming now that ry- > sy=-, we
have

ry- > sy + 2k.
It follows from (2.1) and (2.4) that

|ry= —ri| <k/2 and |sy« —s;| <k/2 forall i> N*.
From this and (2.6) we have that
ri >rys —k/2> sy« +2k—k/2=sn-+3k/2 for i> N".
But sy« > s; — k/2 for i > N*, and consequently,
r; >8;+k for i>N*.
0

2.15. DEFINITION. If p = {r;} and o = {s;}, then we say that p < o if
there exist rational numbers ¢; and g2 with ¢; < ¢2 and a positive integer N
such that r; < q1 < g2 < s; for all ¢ with ¢ > N. Note that ¢; and ¢ can be
chosen to be independent of the representative Cauchy sequences of rational
numbers that determine p and o.

In view of this definition, Theorem 2.14 implies that the real numbers
are comparable, which we state in the following corollary.

2.16. COROLLARY. If p and o are real numbers, then one (and only one)
of the following must hold:
(1)p=o,
(2)p <o,
(3)p>o.
Moreover, R is an Archimedean ordered field.
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The compatibility of < with the field structure of R follows from Theorem
2.14. That R is Archimedean follows from Theorem 2.14 and the fact that Q
is Archimedean. Note that the absolute value of a real number can thus be
defined analogously to that of a rational number.

2.17. DEFINITION. If {p;}2°, is a sequence in R and p € R, we define
lim p; = p
1— 00
to mean that for every real number £ > 0 there is a positive integer NV such
that

|pi —p| <& whenever ¢> N.

2.18. REMARK. Having shown that R is an Archimedean ordered field,
we now know that Q has a natural injection into R by way of the constant
sequences. That is, if » € Q, then the constant sequence 7 gives its corre-
sponding equivalence class in R. Consequently, we shall consider QQ to be a
subset of R, that is, we do not distinguish between r and its corresponding
equivalence class. Moreover, if p; and py are in R with p; < po, then there
is a rational number 7 such that p; <r < ps.

The next proposition provides a connection between Cauchy sequences
in Q with convergent sequences in R.

2.19. THEOREM. If p = {r;}, then
lim r; = p.
71— 00

PRrROOF. Given € > 0, we must show the existence of a positive integer N
such that |r; — p| < € whenever i > N. Let ¢ be represented by the rational
sequence {e;}. Since € > 0, we know from Theorem (2.14), (ii), that there
exist a positive rational number k£ and an integer N; such that ¢; > k for
all ¢ > Nj. Because the sequence {r;} is Cauchy, we know that there exists
a positive integer Ny such that |r; — ;| < k/2 whenever ¢,j > N». Fix an
integer ¢ > Ny and let r; be determined by the constant sequence {r;,r;,...}.
Then the real number p —r; is determined by the Cauchy sequence {r; —r;},
that is,

p—r;={r; —r}.
If j > Na, then |r;—r;| < k/2. Note that the real number |p—r;| is determined
by the sequence {|r; — r;|}. Now, the sequence {|r; — r;|} has the property
that |r; —ri| < k/2 < k < g; for j > max(Ny, N2). Hence, by Definition
(2.15), |p — ri] < e. The proof is concluded by taking N = max(Ny, N3). O

2.20. THEOREM. The set of real numbers is complete; that is, every
Cauchy sequence of real numbers converges to a real number.
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PRrROOF. Let {p;} be a Cauchy sequence of real numbers and let each p;
be determined by the Cauchy sequence of rational numbers, {r; x}3>,. By
the previous proposition,

lim Tik = Pi-
k—o0
Thus, for each positive integer i, there exists k; such that
1
(2.1) I7ie; = pil < -
Let s; = r; x,. The sequence {s;} is Cauchy because
|si = s;| < [si = pil + pi = psl + |p; — 55
<1/i+ |ps — pj| + 1/4.

Indeed, for € > 0, there exists a positive integer N > 4/¢ such that i, > N
implies |p; — p;| < €/2. This, along with (2.1), shows that |s; — s;| < ¢ for
i,j > N. Moreover, if p is the real number determined by {s;}, then

lp— pil < lp—si| +[si = pil
<lp—si|+1/i.

For € > 0, we invoke Theorem 2.19 for the existence of N > 2/e such that
the first term is less than /2 for ¢+ > N. For all such 4, the second term is
also less than /2. O

The completeness of the real numbers leads to another property that is
of basic importance.

2.21. DEFINITION. A number M is called an upper bound for for a
set ACRif a < M for all a € A. An upper bound b for A is called a least
upper bound for A if b is less than all other upper bounds for A. The
term supremum of A is used interchangeably with least upper bound and
is written sup A. The terms lower bound, greatest lower bound, and
infimum are defined analogously.

2.22. THEOREM. Let A C R be a monempty set that is bounded above
(below). Then sup A (inf A) exists.

ProOOF. Let b € R be any upper bound for A and let a € A be an
arbitrary element. Further, using the Archimedean property of R, let M and
—m be positive integers such that M > b and —m > —a, so that we have
m < a <b< M. For each positive integer p let

k
I, = {k : k an integer and o» is an upper bound for A} .

Since A is bounded above, it follows that I, is not empty. Furthermore, if
a € A is an arbitrary element, there is an integer j that is less than a. If k
is an integer such that & < 273, then k is not an element of I, thus showing
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that I, is bounded below. Therefore, since I, consists only of integers, it
follows that I, has a first element, call it k,. Because

%, k,

v+l g7
the definition of k,,; implies that &k, < 2k,. But

2%, —2  kp—1

9p+1 2P

is not an upper bound for A, which implies that k,y1 # 2k, — 2. In fact, it
follows that k,41 > 2k, — 2. Therefore, either

kp+1 = Qkp or kp+1 = 2kp —1.

k
Defining a, = -2, we have either

2P

2k, 2k, -1 1
Upt1 = op37 = 4 OF Gp1 = opiq— = Gp = 5pi
and hence 1
apy1 < ap with ap —appq < o1

for each positive integer p. If ¢ > p > 1, then

0 <ap—ag=(ap—aps1) + (apt1 — api2) + - + (ag-1 — aq)

1 1 1
S T Tty
_l 1
Som \I Tttt
1 1

Thus, whenever ¢ > p > 1, we have |a, — a4 < 2%,, which implies that {a,}

is a Cauchy sequence. By the completeness of the real numbers, Theorem
2.20, there is a real number ¢ to which the sequence converges.

We will show that ¢ is the supremum of A. First, observe that c is
an upper bound for A, since it is the limit of a decreasing sequence of upper
bounds. Second, it must be the least upper bound, for otherwise, there would
be an upper bound ¢’ with ¢ < ¢. Choose an integer p such that 1/2P < ¢—¢'.

Then
1> 1 , _
ap—2—p_c—2—p>c—|—c —c=c,

which shows that a, — L

55 is an upper bound for A. But the definition of a,
implies that

1 k-1
W T T

a contradiction, since is not an upper bound for A.

The existence of inf A if A is bounded below follows by an analogous
argument. O
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A linearly ordered field is said to have the least upper bound property

if each nonempty subset that has an upper bound has a least upper bound
(in the field). Hence, R has the least upper bound property. It can be shown
that every linearly ordered field with the least upper bound property is a
complete Archimedean ordered field. We will not prove this assertion.

Exercises for Section 2.1

1. Use the fact that

N={n:n=2k for some k€ N}U{n:n=2k+1 for some k€ N}

to prove ¢ - ¢ = ¢. Consequently, card (R™) = ¢ for each n € N.

. Prove that the set of numbers whose dyadic expansions are not unique is
countable.

. Prove that the equation 22 — 2 = 0 has no solutions in the field Q.

. Prove: If {x,}22, is a bounded increasing sequence in an Archimedean
ordered field, then the sequence is Cauchy.

. Prove that each Archimedean ordered field contains a “copy” of Q. More-
over, for each pair r; and 7o of the field with r; < 79, there exists a
rational number r such that v <r < rs.

. Consider the set {r+¢v/2 : r € Q,q € Q}. Prove that it is an Archimedean
ordered field.

. Let F be the field of all rational polynomials with coefficients in Q. Thus,

pP
a typical element of F' has the form ngg, where P(x) = E apz® and
x
k=0

Q(z) = 377"y bja’, where the ay and b; are in Q with a,, # 0 and by, # 0.
P(x)

number. Prove that F' is an ordered field that is not Archimedean.
. Consider the set {0,1} with + and x given by the following tables:
+][o]1 xJ[0]1
0101 0100
11110 1101

We order F' by saying that is positive if a,b,, is a positive rational

Prove that {0,1} is a field and that there can be no ordering on {0,1}
that results in a linearly ordered field.
. Prove: For real numbers a and b,
(a) |a+0b] <af + ],
(b) [la] = (bl < |a — b],
(c) [ab] = |a [b].
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2.2. Cardinal Numbers

There are many ways to determine the “size” of a set, the most basic being
the enumeration of its elements when the set is finite. When the set is infinite,
another means must be employed; the one that we use is not far from the
enumeration concept.

2.23. DEFINITION. Two sets A and B are said to be equivalent if there
exists a bijection f: A — B, and then we write A ~ B. In other words, there
is a one-to-one correspondence between A and B. It is not difficult to show
that this notion of equivalence defines an equivalence relation as described
in Definition 1.1, and therefore sets are partitioned into equivalence classes.
Two sets in the same equivalence class are said to have the same cardinal
number or to be of the same cardinality. The cardinal number of a set A is
denoted by card A; that is, card A is the symbol we attach to the equivalence
class containing A. There are some sets so frequently encountered that we
use special symbols for their cardinal numbers. For example, the cardinal
number of the set {1,2,...,n} is denoted by n, card N = Xy, and card R = ¢.

2.24. DEFINITION. Let A be a nonempty set. If card A = n, for some
nonnegative integer n, then we say that A is a finite set. If A is not finite,
then we say that it is an infinite set. If A is equivalent to the positive
integers, then A is denumerable. If A is either finite or denumerable, then
it is called countable; otherwise, it is called uncountable.

One of the first observations concerning cardinality is that it is possible
for two sets to have the same cardinality even though one is a proper subset
of the other. For example, the formula y = 2z, x € [0, 1], defines a bijection
between the closed intervals [0, 1] and [0,2]. This also can be seen with the
help of the figure below.

—®

o @

Another example, utilizing a two-step process, establishes the equivalence
between points = of (—1,1) and y of R. The semicircle with endpoints omitted
serves as an intermediary.
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A bijection could also be explicitly given by y = % , x € (0,1).

Pursuing other examples, it should be true that (0,1) ~ [0, 1], although
in this case, exhibiting the bijection is not immediately obvious (but not
very difficult; see Exercise 7 at the end of this section). Aside from actually
exhibiting the bijection, the facts that (0, 1) is equivalent to a subset of [0, 1]
and that [0, 1] is equivalent to a subset of (0, 1) offer compelling evidence that
(0,1) ~ [0,1]. The next two results make this rigorous.

2.25. THEOREM. If A D Ay D As and A ~ Ay, then A ~ A;y.

PROOF. Let f: A — A, denote the bijection that determines the equiv-
alence between A and As. The restriction of f to Ay, f | A, determines a
set As (actually, A3 = f(A1)) such that Ay ~ Az, where A3 C A;. Now we
have sets A; D As D Az such that A; ~ A3z. Repeating the argument, there
exists a set Ay, Ay C As, such that As ~ A,. Continue in this way to obtain
a sequence of sets such that

A~ Ay~ Ay~ Aoy~ -
and
Ay~ Az~ A~ v Agipg e
For notational convenience, we take Ag = A. Then we have
(2.2) Ag=(Ap— A1) U (A1 — As)U (A — A3)U - -
U(AgNAiNnAsn---)

(2.3) Ay =(A1 — A) U (Ay — A3)U (A3 — Ay U---
U(A1NAsNnAzn---).
By the properties of the sets constructed, we see that
(2.4) (Ag — A1) ~ (Ag — A3), (A — A3) ~ (A4 — A5),... .
In fact, the bijection between (Ay— A;) and (Az — As) is given by f restricted
to Ag — A;. Likewise, f restricted to A — A3 provides a bijection onto

A, — As, and similarly for the remaining sets in the sequence. Moreover,
since Ag D A1 D Ay D ---, we have

(AgNA NAsN---)= (A NA3NAsN---).
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The sets Ag and A; are represented by a disjoint union of sets in (2.2) and
(2.3). With the help of (2.4), note that the union of the first two sets that
appear in the expressions for A and A; are equivalent; that is,

(Ap — A1) U (A1 — Ag) ~ (A1 — A) U (Ag — A3).
Likewise,

(Ay — A3) U (Ay — A5) ~ (A3 — Ay) U (A5 — Ag),

and similarly for the remaining sets. Thus, it is easy to see that A ~ A;. [

2.26. THEOREM. (Schroder—Bernstein) If A D Ay, B D By, A ~ By,
and B ~ Ay, then A ~ B.

PrROOF. Denoting by f the bijection that determines the similarity
between A and By, let By = f(A;) to obtain A; ~ By with By C Bj.
However, by hypothesis, we have A; ~ B and therefore B ~ By. Now invoke
Theorem 2.25 to conclude that B ~ B;. But A ~ B; by hypothesis, and
consequently, A ~ B. O

It is instructive to recast all of the information in this section in terms
of cardinality. First, we introduce the concept of comparability of cardinal
numbers.

2.27. DEFINITION. If o and (3 are the cardinal numbers of the sets A and
B, respectively, we say that o < [ if there exists a set By C B such that
A ~ Bj. In addition, we say that a < § if there exists no set A; C A such
that A1 ~ B.
With this terminology, the Schréder—Bernstein theorem states that
a<p and (<« implies «a=/.

The next definition introduces arithmetic operations on the cardinal numbers.

2.28. DEFINITION. Using the notation of Definition 2.27, we define
a+B=card(AUB) where ANB=10
a-f=card (A x B)
a® = card F,
where F is the family of all functions f: B — A.
Let us examine the last definition in the special case a = 2. If we take

the corresponding set A as A = {0,1}, it is easy to see that F' is equivalent
to the class of all subsets of B. Indeed, the bijection can be defined by

f— T,
where f € F'. This bijection is nothing more than a correspondence between
subsets of B and their associated characteristic functions. Thus, 27 is the
cardinality of all subsets of B, which agrees with what we already know in
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the case that § is finite. Also, from previous discussions in this section, we
have
N0+N0:No, NO'NOZNQ and c+c=c.
In addition, we see that the customary basic arithmetic properties are
preserved.

2.29. THEOREM. If o, B, and v are cardinal numbers, then

2
@
=2
I
£}
=
2

The proofs of these properties are quite easy. We give an example by
proving (vi):

PROOF OF (vI). Assume that sets A, B, and C respectively represent the
cardinal numbers «, 3, and 7. Recall that (o) is represented by the family
F of all mappings f defined on C, where f(c): B — A. Thus, f(c)(b) €
A. On the other hand, o®7 is represented by the family G of all mappings
g: B xC — A. Define

p: F—=G
as ¢(f) = g, where
g(b, ) := f(c)(b);
that is,
o(F)(b.) = F(O)B) = glb.0).
Clearly, ¢ is surjective. To show that ¢ is univalent, let f1, fo € F be such
that f; # fo. For this to be true, there exists ¢y € C such that

fi(eo) # fa(co).
This, in turn, implies the existence of by € B such that

f1(co)(bo) # f2(co)(bo),

and this means that ¢(f1) and ¢(f2) are different mappings, as desired. O
In addition to these arithmetic identities, we have the following theorems,
which deserve special attention.

2.30. THEOREM. 280 = ¢,

PRrOOF. First, to prove the inequality 2% > ¢, observe that each real
number r is uniquely associated with the subset @, :={g: ¢ € Q, ¢ <r} of
Q. Thus mapping 7 — @, is an injection from R into P(Q). Hence,

¢ = cardR < card [P(Q)] = card [P(N)] = 2%,
because Q ~ N.
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To prove the opposite inequality, consider the set S of all sequences of
the form {zj}, where z; is either 0 or 1. Referring to the definition of a
sequence (Definition 1.2), it is immediate that the cardinality of S is 2%,
We will see below (Corollary 2.36) that each number x € [0, 1] has a decimal
representation of the form

x=0mx22..., 2; €{0,1}.

Of course, such representations do not uniquely represent x. For example,
1
3= 0.10000...=0.01111....

Accordingly, the mapping from S into R defined by

o0

i'k lf T 0 fOr all but ﬁnltely many k
§ : 9k ’

Z % + 1 if 23 = 0 for infinitely many k,
k=1

is clearly an injection, thus proving that 2% < ¢. Now apply the Schréder—
Bernstein theorem to obtain our result. O

The previous result implies, in particular, that 2% > Rg; the next result
is a generalization of this.

2.31. THEOREM. For every cardinal number o, 2% > a.

PROOF. If A has cardinal number «, it follows that 2% > «, since each
element of A determines a singleton that is a subset of A. Proceeding by
contradiction, suppose 2% = «. Then there exists a one-to-one correspon-
dence between elements x and sets S,, where € A and S, C A. Let
D={xeA:xz ¢ 5S,}. By assumption there exists zyp € A such that xg
is related to the set D under the one-to-one correspondence (i.e., D = S,,).
However, this leads to a contradiction; consider the following two possibilities:

(1) If g € D, then zg ¢ S, by the definition of D. But then, zo ¢ D,
a contradiction.
(2) If zy ¢ D, similar reasoning leads to the conclusion that o € D. O

The next proposition, whose proof is left to the reader, shows that Vg is
the smallest infinite cardinal.

2.32. PROPOSITION. Every infinite set S contains a denumerable subset.

An immediate consequence of the proposition is the following character-
ization of infinite sets.

2.33. THEOREM. A nonempty set S is infinite if and only if for each
x € S the sets S and S — {z} are equivalent.
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By means of the Schroder—Bernstein theorem, it is now easy to show that
the rational numbers are denumerable. In fact, we show a bit more.

2.34. PROPOSITION. (i) The set of rational numbers is denumerable,

(ii) If A; is denumerable for i € N, then A := |J A; is denumerable.
€N
PRrROOF. Case (i) is subsumed by (ii). Since the sets A; are denumerable,

their elements can be enumerated by {a;1,a;2,...}. For each a € A, let
(ka, ja) be the unique pair in N x N such that

ke =min{k :a =a;}
and
Jo =min{j:a=ak, ;}
(Be aware that a could be present more than once in A. If we visualize A as
an infinite matrix, then (k,, j,) represents the position of a that is farthest
to the “northwest” in the matrix.) Consequently, A is equivalent to a subset
of N x N. Further, observe that there is an injection of N x N into N given by
(i,7) — 2'37.
Indeed, if this were not an injection, we would have
2i=7'31-1" = 1

for some distinct positive integers 4, 7', j, and j’, which is impossible. Thus,
it follows that A is equivalent to a subset of N and is therefore equivalent to
a subset of Ay because N ~ A;. Since A; C A, we can now appeal to the
Schréder-Bernstein theorem to arrive at the desired conclusion. 0

It is natural to ask whether the real numbers are also denumerable. This
turns out to be false, as the following two results indicate. It was G. Cantor
who first proved this fact.

2.35. THEOREM. If I} D I D I3 D ... are closed intervals with the
property that length I; — 0, then

oo
N Ii = {xo}
i=1

for some point xy € R.

PRrROOF. Let I; = [a;b;] and choose z; € I;. Then {z;} is a Cauchy
sequence of real numbers, since |z; — ;| < max[lengthl;,lengthl;]. Since R
is complete (Theorem 2.20), there exists ¢ € R such that
(2.5) lim z; = xo.

71— 00

We claim that

(2.6) zo € ) I
i=1

1=
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for if not, there would be some positive integer iy for which zg ¢ I;,. There-
fore, since I;, is closed, there would be an n > 0 such that |z¢ —y| > 7 for
each y € I;,. Since the intervals are nested, it would follow that zo ¢ I; for
all ¢ > ig and thus |zg — ;| > n for all i > 4. This would contradict (2.5),
thus establishing (2.6). We leave it to the reader to verify that z is the only
point with this property. O

2.36. COROLLARY. Fvery real number has a decimal representation rel-
ative to any basis.

2.37. THEOREM. The real numbers are uncountable.

PRrROOF. The proof proceeds by contradiction. Thus, we assume that
the real numbers can be enumerated as aq, as,...,a;,.... Let I; be a closed
interval of positive length less than 1 such that a; ¢ I;. Let I C I; be a
closed interval of positive length less than 1/2 such that ay ¢ I. Continue
in this way to produce a nested sequence of intervals {I;} of positive length
less than 1/i with a; ¢ I;. By Lemma 2.35, we have the existence of a point

o0
xo € ﬂ I;.
i=1
Observe that zg # a; for every i, contradicting the assumption that all real
numbers are among the a;’s. O

Exercises for Section 2.2

1. Suppose «, 8, and § are cardinal numbers. Prove that
5O =g 5P,

2. Show that an arbitrary function R 4 R has at most a countable number
of removable discontinuities; that is, prove that

A:={aeR: liin f(z) exists and ligl f(@) # f(a)}

is at most countable.

3. Show that an arbitrary function R 4 R has at most a countable number
of jump discontinuities; that is, let

FH@ = lm (@)
and
J7(@) = Tim f(z).

Show that the set {a € R: f*(a) # f~(a)} is at most countable.

4. Prove: If A is the union of a countable collection of countable sets, then
A is a countable set.

5. Prove Proposition 2.33.

6. Let B be a countable subset of an uncountable set A. Show that A is
equivalent to A\ B.

7. Prove that a set A C N is finite if and only if A has an upper bound.
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8. Exhibit an explicit bijection between (0,1) and [0, 1].

9. If you are working in Zermelo—Fraenkel set theory without the axiom of
choice, can you choose an element from ...
a finite set?
an infinite set?
each member of an infinite set of singletons (i.e., one-element sets)?
each member of an infinite set of pairs of shoes?
each member of an infinite set of pairs of socks?
each member of a finite set of sets if each of the members is infinite?
each member of an infinite set of sets if each of the members is infinite?
each member of a denumerable set of sets if each of the members is infi-
nite?
each member of an infinite set of sets of rationals?
each member of a denumerable set of sets if each of the members is denu-
merable?
each member of an infinite set of sets if each of the members is finite?
each member of an infinite set of finite sets of reals?
each member of an infinite set of sets of reals?
each member of an infinite set of two-element sets whose members are sets
of reals?

2.3. Ordinal Numbers

Here we construct the ordinal numbers and extend the familiar ordering of the
natural numbers. The construction is based on the notion of a well-ordered
set.

2.38. DEFINITION. Suppose W is a well-ordered set with respect to the
ordering <. We will use the notation < in its familiar sense; we write x < y
to indicate that both x < y and = # y. Also, in this case, we will agree to
say that z is less than y and that y is greater than x.

For x € W we define

Wi(x)={yeW .y <z}
and refer to W (x) as the initial segment of W determined by .

The following is the principle of transfinite induction.

2.39. THEOREM. Let W be a well-ordered set and let S C W be defined
as

S:={z:W(x) C S implies x € S}.
Then S =W.

ProOOF. If S # W then W — S is a nonempty subset of W and thus
has a least element 2. Then W (xg) C S, which by hypothesis implies that
o € S, contradicting the fact that xg € W — S. O
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When applied to the well-ordered set Z of natural numbers, the hypoth-
esis of Theorem 2.39 appears to differ in two ways from that of the principle
of finite induction, Theorem 2.1. First, it is not assumed that 1 € S, and
second, in order to conclude that x € S we need to know that every prede-
cessor of x is in S and not just its immediate predecessor. The first difference
is illusory, for suppose a is the least element of W. Then W(a) =0 C S and
thus a € S. The second difference is more significant, because in contrast to
the case of N, an element of an arbitrary well-ordered set may not have an
immediate predecessor.

2.40. DEFINITION. A mapping ¢ from a well-ordered set V' into a well-
ordered set W is order-preserving if ¢(v1) < (ve) whenever vy,vy € V
and v; < wy. If) in addition, ¢ is a bijection, we will refer to it as an
(order-preserving) isomorphism. Note that in this case, v; < vo implies
©(v1) < p(ve2); in other words, an order-preserving isomorphism is strictly
order-preserving.

Note: We have slightly abused the notation by using the same symbol <
to indicate the ordering in both V and W above. But this should cause no
confusion.

2.41. LEMMA. If ¢ is an order-preserving injection of a well-ordered set
W into itself, then
w < p(w)

for each w € W.

PROOF. Set
S={weW:pw)<w}.
If S is not empty, then it has a least element, say a. Thus ¢(a) < a, and
consequently p(p(a)) < ¢(a), since ¢ is an order-preserving injection; more-
over, p(a) € S, since a is the least element of S. By the definition of S, this
implies ¢(a) < p(¢(a)), which is a contradiction. O

2.42. COROLLARY. If V and W are two well-ordered sets, then there is
at most one order-preserving isomorphism of V. onto W.

PROOF. Suppose f and g are isomorphisms of V onto W. Then g~' o f
is an isomorphism of V onto itself, and hence v < g~ o f(v) for each v € V.
This implies that g(v) < f(v) for each v € V. Since the same argument is
valid with the roles of f and g interchanged, we see that f = g. a

2.43. COROLLARY. If W is a well-ordered set, then W is not isomorphic
to an initial segment of itself.

PRrROOF. Supposea € W and W N W (a) is an isomorphism. Since w <
f(w) for each w € W, in particular we have a < f(a). Hence f(a) & W(a),
a contradiction. O
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2.44. COROLLARY. No two distinct initial segments of a well-ordered set
W are isomorphic.

PROOF. Since one of the initial segments must be an initial segment of
the other, the conclusion follows from the previous result. O

2.45. DEFINITION. We define an ordinal number as an equivalence
class of well-ordered sets with respect to order-preserving isomorphisms. If W
is a well-ordered set, we denote the corresponding ordinal number by ord(W).
We define a linear ordering on the class of ordinal numbers as follows: if v
= ord(V) and w = ord(W), then v < w if and only if V' is isomorphic to
an initial segment of W. The fact that this defines a linear ordering follows
from the next result.

2.46. THEOREM. If v and vo are ordinal numbers, then precisely one of
the following holds:
(i) o =1,
(ii) v < w,
(iii) 0 > w.

PRrROOF. Let V and W be well-ordered sets representing v, to respectively
and let F denote the family of all order isomorphisms from an initial segment
of V (or V itself) onto either an initial segment of W (or W itself). Recall that
a mapping from a subset of V' into W is a subset of V' x W. We may assume
that V # () £ W. If v and w are the least elements of V and W respectively,
then {(v,w)} € F, and so F is not empty. Ordering F by inclusion, we
see that every linearly ordered subset S of F has an upper bound; indeed,
the union of the subsets of V' x W corresponding to the elements of S is
easily seen to be an order isomorphism and thus an upper bound for S.
Therefore, we may employ Zorn’s lemma to conclude that F has a maximal
element, say h. Since h € F, it is an order isomorphism and h C V x W. If
domain h and range h were initial segments, say V, and W, of V' and W, then
h* := hU{(z,y)} would contradict the maximality of & unless domainh =V
or rangeh = W. If domainh = V, then either rangeh = W (i.e., b < 1)
or range h is an initial segment of W, (i.e., v = w). If domainh # V, then
domain h is an initial segment of V' and rangeh = W, and the existence of
h~! in this case establishes v > tv. O

2.47. THEOREM. The class of ordinal numbers is well ordered.

PROOF. Let S be a nonempty set of ordinal numbers. Let a € S and set
T={peS:p<al

If T =0, then « is the least element of S. If T' # ), let W be a well-ordered
set such that a= ord(W). For each 8 € T there is a well-ordered set Wz such
that 8= ord(W3), and there is a unique zg € W such that Wj is isomorphic
to the initial segment W(xzg) of W. The nonempty subset {zg : 3 € T} of
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W has a least element x5,. The element 3, € T is the least element of 7" and
thus the least element of S. O

2.48. COROLLARY. The cardinal numbers are comparable.

PROOF. Suppose a is a cardinal number. Then, the set of all ordinals
whose cardinal number is a forms a well-ordered set that has a least element,
call it a(a). The ordinal a(a) is called the initial ordinal of a. Suppose b
is another cardinal number and let W (a) and W (b) be the well-ordered sets
whose ordinal numbers are a(a) and «(b), respectively. Either W (a) or W (b)
is isomorphic to an initial segment of the other if a and b are not of the same
cardinality. Thus, one of the sets W (a) and W (b) is equivalent to a subset
of the other. O

2.49. COROLLARY. Suppose « is an ordinal number. Then

a=ord({B : B is an ordinal number and § < a}).

PROOF. Let W be a well-ordered set such that « = ord(W). Let 8 < «
and let W(3) be the initial segment of W whose ordinal number is 8. It is
easy to verify that this establishes an isomorphism between the elements of
W and the set of ordinals less than «. (|

We may view the positive integers N as ordinal numbers in the following
way. Set

1= ord({1}),
2 = ord({1,2}),
3= ord({1,2,3}),

w = ord(N).
We see that
(2.7 n < w for each n € N.

If 5 =ord(W) < w, then W must be isomorphic to an initial segment of N,
i.e., B =n for some n € N. Thus w is the first ordinal number such that (2.7)
holds and is thus the first infinite ordinal.

Consider the set of all ordinal numbers that have either finite or denu-
merable cardinal numbers and observe that this forms a well-ordered set.
We denote the ordinal number of this set by Q. It can be shown that € is
the first nondenumerable ordinal number; see Exercise 2 at the end of this
section. The cardinal number of 2 is designated by N;. We have shown that
2% > Nj and that 2% = ¢. A fundamental question that remains open is
whether 2% = X;. The assertion that this equality holds is known as the
continuum hypothesis. The work of Godel [32] and Cohen [16], [17] shows
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that the continuum hypothesis and its negation are both consistent with the
standard axioms of set theory.

At this point we acknowledge the inadequacy of the intuitive approach
that we have taken to set theory. In the statement of Theorem 2.47 we were
careful to refer to the class of ordinal numbers. This is because the ordinal
numbers must not be a set! Suppose, for a moment, that the ordinal numbers
formed a set, say O. Then according to Theorem 2.47, O would be a well-
ordered set. Let ¢ = ord(0). Since 0 € O we must conclude that O is
isomorphic to an initial segment of itself, contradicting Corollary 2.43. For
an enlightening discussion of this situation see the book by P.R. Halmos [34].

Exercises for Section 2.3

1. If E is a set of ordinal numbers, prove that that there is an ordinal number
« such that o > ( for each § € E.

2. Prove that Q is the smallest nondenumerable ordinal.

Prove that the cardinality of all open sets in R™ is c.

4. Prove that the cardinality of all countable intersections of open sets in R™
isc.

5. Prove that the cardinality of all sequences of real numbers is c.

6. Prove that there are uncountably many subsets of an infinite set that are
infinite.

b



CHAPTER 3

Elements of Topology

3.1. Topological Spaces

The purpose of this short chapter is to provide enough point set topology
for the development of the subsequent material in real analysis. An in-depth
treatment is not intended. In this section, we begin with basic concepts and
properties of topological spaces.

Here, instead of the word “set,” the word “space” appears for the first
time. Often the word “space” is used to designate a set that has been endowed
with a special structure. For example, a vector space is a set, such as R,
that has been endowed with an algebraic structure. Let us now turn to a
short discussion of topological spaces.

3.1. DEFINITION. The pair (X,7) is called a topological space if X
is a nonempty set and 7T is a family of subsets of X satisfying the following
three conditions:

(i) The empty set () and the whole space X are elements of 7.
(i) If S is an arbitrary subcollection of T, then

UH{U:UeSteT.
(iii) If S is any finite subcollection of T, then
(U :UeSteT.

The collection 7T is called a topology for the space X, and the elements of
T are called the open sets of X. An open set containing a point z € X is
called a neighborhood of . The interior of an arbitrary set A C X is the
union of all open sets contained in A and is denoted by A°. Note that A° is
an open set and that it is possible for some sets to have an empty interior.
A set A C X is called closed if X \ A: = A is open. The closure of a set
A C X, denoted by A4, is

A=Xn{z:UnNA%# () for each open set U containing x}
and the boundary of A is 9A = A\ A°. Note that A C A.

These definitions are fundamental and will be used extensively through-
out this text.
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3.2. DEFINITION. A point zg is called a limit point of a set A C X if
ANU contains a point of A different from zy whenever U is an open set
containing xo. The definition does not require xy to be an element of A. We
will use the notation A* to denote the set of limit points of A.

3.3. ExampLES. (i) If X is any set and 7 the family of all subsets
of X, then T is called the discrete topology. It is the largest topology
(in the sense of inclusion) that X can possess. In this topology, all subsets
of X are open.

(ii) The indiscrete is the topology in which 7 comprises only the empty
set ) and X itself; it is obviously the smallest topology on X. In this
topology, the only open sets are X and (.

(iii) Let X = R™ and let T consist of all sets U satisfying the following
property: for each point x € U there exists a number r > 0 such that
B(z,r) C U. Here, B(xz,r) denotes the ball of radius r centered at x;
that is,

B(z,r)={y: |z —y| <r}.
It is easy to verify that 7T is a topology. Note that B(xz,r) itself is an
open set. This is true because if y € B(z,r) and t = r — |y — x|, then an
application of the triangle inequality shows that B(y,t) C B(x,r). Of
course, for n = 1, we have that B(x,r) is an open interval in R.

(iv) Let X = [0,1] U (1,2) and let T consist of {0} and {1} along with all
open sets (open relative to R) in (0,1) U (1,2). Then the open sets in
this topology contain, in particular, [0,1] and [1,2).

3.4. DEFINITION. Suppose Y C X and 7T is a topology for X. Then it is
easy to see that the family S of sets of the form Y NU, where U ranges over
all elements of T, satisfies the conditions for a topology on Y. The topology
formed in this way is called the induced topology, or equivalently, the
relative topology on Y. The space Y is said to inherit the topology from
its parent space X.

3.5. EXAMPLE. Let X = R? and let 7 be the topology described in (iii)
above. Let Y = R2N{x = (x1,72) : z2 > 0} U{z = (z1,22) : 1 = 0}. Thus,
Y is the upper half-plane of R? along with both the horizontal and vertical
axes. All intervals I of the form I = {z = (x1,22) : 21 =0, a < 22 < b < 0},
where a and b are arbitrary negative real numbers, are open in the induced
topology on Y, but none of them is open in the topology on X. However, all
intervals J of the form J = {z = (z1,22) : 1 = 0,a < x5 < b} are closed in
both the relative topology and the topology on X.

3.6. THEOREM. Let (X,T) be a topological space. Then
(i) The union of an arbitrary collection of open sets is open.
(ii) The intersection of a finite number of open sets is open.

(iii) The union of a finite number of closed sets is closed.
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(iv) The intersection of an arbitrary collection of closed sets is closed.
(v) AUB = AU B whenever A,B C X.
(vi) If {An} is an arbitrary collection of subsets of X, then

U4, c U4

(vii) AN B C AN B whenever A,B C X.
(viii) A set A C X is closed if and only if A = A.
(ix) A= AU A*.

PRrOOF. Parts (i) and (ii) constitute a restatement of the definition of a
topological space. Parts (iii) and (iv) follow from (i) and (ii) and de Morgan’s
laws, (1.5).

(v) Since A C AU B, we have A C AU B. Similarly, B C AU B, thus
proving AU B D AU B. By contradiction, suppose the converse is not true.
Then there exists € AU B with 2 ¢ AU B, and therefore there exist open
sets U and V containing z such that UN A = ) = V N B. However, since
U NV is an open set containing z, it follows that

D#£UNV)N(AUB)C(UNA)U(VNB) =10,

a contradiction.

(vi) This follows from the same reasoning used to establish the first part
of (v).

(vii) This is immediate from the definitions.

(viii) If A = A, then A is open (and thus A is closed) because z ¢ A
implies that there exists an open set U containing x with U N A = (); that
is, U ¢ A. Conversely, if A is closed and & € A, then z belongs to some
open set U with U ¢ A. Thus, U N A = () and therefore = ¢ A. This proves
A c (A~ or A C A. But always A C A4, and hence A = A.

(ix) This is left as Exercise 2, Section 3.1. U

3.7. DEFINITION. Let (X,7) be a topological space and {z;}°, a
sequence in X. The sequence is said to converge to o € X if for each
neighborhood U of zg there is a positive integer N such that x; € U when-
ever ¢ > N.

It is important to observe that the structure of a topological space is
so general that a sequence could possibly have more than one limit. For
example, every sequence in the space with the indiscrete topology (Example
3.3 (ii)) converges to every point in X. This cannot happen if an additional
restriction is placed on the topological structure, as in the following definition.
(Also note that the only sequences that converge in the discrete topology are
those that are eventually constant.)

3.8. DEFINITION. A topological space X is said to be a Hausdorff space
if for each pair of distinct points z1,z2 € X there exist disjoint open sets Uy
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and U, containing z; and xo respectively. That is, two distinct points can
be separated by disjoint open sets.

3.9. DEFINITION. Suppose (X,7) and (Y,S) are topological spaces. A
function f: X — Y is said to be continuous at zy € X if for each neighbor-
hood V containing f(z¢) there is a neighborhood U of g such that f(U) C V.
The function f is said to be continuous on X if it is continuous at each
point x € X.

The proof of the next result is given as Exercise 4, Section 3.1.

3.10. THEOREM. Let (X, T) and (Y,S) be topological spaces. Then for a
function f: X =Y, the following statements are equivalent:

(i) f is continuous.
(i) f~Y(V) is open in X for each open setV in'Y.
(iii) f~Y(K) is closed in X for each closed set K in'Y .

3.11. DEFINITION. A collection of open sets, F, in a topological space X

is said to be an open cover of a set A C X if
Ac U U
UeFr

The family F is said to admit a subcover, G, of A if G C F and G is a cover
of A. A subset K C X is called compact if each open cover of K possesses a
finite subcover of K. A space X is said to be locally compact if each point
of X is contained in some open set whose closure is compact.

It is easy to give illustrations of sets that are not compact. For example,
it is readily seen that the set A = (0,1] in R is not compact, since the
collection of open intervals of the form (1/4,2), ¢ = 1,2,..., provides an open
cover of A that admits no finite subcover. On the other hand, it is true that
[0, 1] is compact, but the proof is not obvious. The reason for this is that the
definition of compactness is usually not easy to employ directly. Later, in
the context of metric spaces (Section 3.3), we will find other ways of dealing
with compactness.

The following two propositions reveal some basic connections between
closed and compact subsets.

3.12. PROPOSITION. Let (X,T) be a topological space. If A and K are
respectively closed and compact subsets of X with A C K, then A is compact.

ProoF. If F is an open cover of A, then the elements of F along with
X \ A form an open cover of K. This open cover has a finite subcover, G, of
K, since K is compact. The set X \ A may possibly be an element of G. If
X \ A is not a member of G, then G is a finite subcover of A; if X \ A is a
member of G, then G with X \ A omitted is a finite subcover of A. O

3.13. PROPOSITION. A compact subset of a Hausdorff space (X,T) is
closed.
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Proor. We will show that X \ K is open, where K C X is compact.
Choose a fixed 2o € X \ K and for each y € K, let V,, and U, denote disjoint
neighborhoods of y and x( respectively. The family

F={V,:ye K}

forms an open cover of K. Hence, F possesses a finite subcover7 say {V,, :
i = .,N}. Since V,, NU,, = 0, i = 1,2,...,N, it follows that

ﬂ Uyz N U Vyl = (. Since K C U Vy, it follows that ﬁ Vy,; is an open

set contalnlng o that does not mtersect K. Thus, X \ K is an open set, as
desired. 0

The characteristic property of a Hausdorff space is that two distinct
points can be separated by disjoint open sets. The next result shows that a
stronger property holds, namely, that a compact set and a point not in that
compact set can be separated by disjoint open sets.

3.14. PROPOSITION. Suppose K is a compact subset of a Hausdorff space
X and assume xo & K. Then there exist disjoint open sets U and V' contain-
ing ro and K respectively.

PRrROOF. This follows immediately from the preceding proof by taking

N N
U=NU, and V=UYV,. -
i=1 i=1

3.15. DEFINITION. A family {E, : o € I} of subsets of a set X is said to
have the finite intersection property if for each finite subset F' C I, one
has

N E. #0.
acl

3.16. LEMMA. A topological space X is compact if and only if every
family of closed subsets of X having the finite intersection property has a
nonempty intersection.

PRrROOF. First assume that X is compact and let {C,} be a family of
closed sets with the finite intersection property. Then {U,} := {X \ Cu}
is a family, F, of open sets. If (|C, were empty, then F would form an

open covering of X, and thereforg the compactness of X would imply that
F had a finite subcover. This would imply that {C,} had a finite subfamily
with an empty intersection, contradicting the fact that {C,} has the finite
intersection property.

For the converse, let {U,} be an open covering of X and let {Cy} :=
{X \ Uy}. If {U,} had no finite subcover of X, then {C,} would have the
finite intersection property, and therefore, [ C, would be nonempty, thus

(0%
contradicting the assumption that {U,y is a covering of X. O
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3.17. REMARK. An equivalent way of stating the previous result is as
follows: a topological space X is compact if and only if every family of
closed subsets of X whose intersection is empty has a finite subfamily whose
intersection is also empty.

3.18. THEOREM. Suppose K C U are respectively compact and open sets
in a locally compact Hausdorff space X. Then there is an open set V whose
closure is compact such that

KcVcVcl.

PROOF. Since each point of K is contained in an open set whose closure
is compact, and since K can be covered by finitely many such open sets, it
follows that the union of these open sets, call it G, is an open set containing
K with compact closure. Thus if U = X, the proof is compete.

Now consider the case U # X. Proposition 3.14 states that for each
x € U there is an open set V, such that K C V, and 2 € V,. Let F be the
family of compact sets defined by

F={UnGNnV,:2eU}
and observe that the intersection of all sets in ' is empty, for otherwise, we
would be faced with the impossibility of some 29 € UNG that also belongs to

V4. Lemma 3.16 (or Remark 3.17) implies there is some finite subfamily of F

that has an empty intersection. That is, there exist points z1,29,...,2, € U
such that

UNGNV, NNV, =0
The set
V=GNV, N---NVy,
satisfies the conclusion of our theorem, since

KcvcVcGnV,n---NV, cU. O

Exercises for Section 3.1

1. In a topological space (X, T), prove that A = A whenever A C X.
2. Prove (ix) of Theorem 3.6.

3. Prove that A* is a closed set.

4. Prove Theorem 3.10.

3.2. Bases for a Topology

Often a topology is described in terms of a primitive family of sets, called a
basis. We will give a brief description of this concept.

3.19. DEFINITION. A collection B of open sets in a topological space
(X, T) is called a basis for the topology 7 if B is a subfamily of 7 with the
property that for each U € T and each x € U, there exists B € B such that
x € B C U. A collection B of open sets containing a point x is said to be



3.2. BASES FOR A TOPOLOGY 39

a basis at x if for each open set U containing = there is a B € B such that
x € B C U. Observe that a collection B forms a basis for a topology if and
only if it contains a basis at each point x € X. For example, the collection
of all sets B(z,r), » > 0, x € R™, provides a basis for the topology on R" as
described in (iii) of Example 3.3.

The following is a useful tool for generating a topology on a space X.

3.20. PROPOSITION. Let X be an arbitrary space. A collection B of sub-
sets of X is a basis for some topology on X if and only if each x € X is
contained in some B € B and if x € B1 N By, then there exists By € B such
that x € Bs C B1 N Bs.

PROOF. It is easy to verify that the conditions specified in the proposi-
tion are necessary. To show that they are sufficient, let 7 be the collection of
sets U with the property that for each x € U, there exists B € B such that
x € B CU. It is easy to verify that T is closed under arbitrary unions. To
show that it is closed under finite intersections, it is sufficient to consider the
case of two sets. Thus, suppose x € U; N Us, where U; and U, are elements
of T. There exist By, By € B such that x € By C U; and x € By C Uy. We
are given that there is By € B such that x € By C By N By, thus showing
that Uy NU; € T. O

3.21. DEFINITION. A topological space (X, 7)) is said to satisfy the first
axiom of countability if each point x € X has a countable basis B, at x.
It is said to satisfy the second axiom of countability if the space (X, T)
has a countable basis B.

The second axiom of countability obviously implies the first axiom of
countability. The usual topology on R", for example, satisfies the second
axiom of countability.

3.22. DEFINITION. A family S of subsets of a topological space (X, T)
is called a subbasis for the topology T if the family consisting of all finite
intersections of members of S forms a basis for the topology T .

In view of Proposition 3.20, every nonempty family of subsets of X is a
subbasis for some topology on X. This leads to the concept of the product
topology.

3.23. DEFINITION. Given an index set A, consider the Cartesian product
[loca Xa, where each (Xq, 7y ) is a topological space. For each 3 € A there
is a natural projection

Ps: [] Xa = X5
acA
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defined by Ps(z) = g, where x4 is the Sth coordinate of x (see (1.13) and its
following remarks). Consider the collection S of subsets of [ [, 4 X« given by

PN V),

[e3

where V,, € 7, and o € A. The topology formed by the subbasis S is called
the product topology on [],. 4 X. In this topology, the projection maps
Pgs are continuous.

It is easily seen that a function f from a topological space (Y, 7)) into a
product space [],c 4 Xa is continuous if and only if (P, o f) is continuous
for each a € A. Moreover, a sequence {z;}32; in a product space [[,c 4 Xa
converges to a point zg of the product space if and only if the sequence
{Pu(x;)}2, converges to P,(zg) for each @ € A. See Exercises 4 and 5 at
the end of this section.

Exercises for Section 3.2

1. Prove that the product topology on R™ agrees with the Euclidean topology
on R™.

2. Suppose that X;, ¢ = 1,2, satisfy the second axiom of countability. Prove
that the product space X; x X5 also satisfies the second axiom of count-
ability.

3. Let (X,7T) be a topological space and let f: X — R and g: X — R be
continuous functions. Define F': X — R x R by

F(z) = (f(z),9(z)), z€X.

Prove that F' is continuous.

4. Show that a function f from a topological space (X,7T) into a product
space [],c 4 Xa is continuous if and only if (P, o f) is continuous for each
a € A

5. Prove that a sequence {z;}$, in a product space [] .4 Xo converges to
a point zo of the product space if and only if the sequence {P,(z;)}$2,
converges to P,(z¢) for each a € A.

3.3. Metric Spaces

Metric spaces are used extensively throughout analysis. The main purpose
of this section is to introduce basic definitions.

We already have mentioned two structures placed on sets that deserve the
designation “space,” namely that of a vector space and that of a topological
space. We now come to our third structure, that of a metric space.

3.24. DEFINITION. A metric space is an arbitrary set X endowed with a
metric p: X x X — [0,00) that satisfies the following properties for all x,
y, and z in X:

(i) p(z,y) = 0 if and only if = =y,
(i) p(z,y) = p(y, ),
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(ili) p(z,y) < p(z,z) + p(2,y).

We will write (X, p) to denote the metric space X endowed with a metric p.
Often the metric p is called the distance function, and a reasonable name for
property (iii) is the triangle inequality. If Y C X, then the metric space
(Y,pL (Y xY)) is called the subspace induced by (X, p).

The following are easily seen to be metric spaces.

3.25. EXAMPLE.
(i) Let X =R"™ and with = (z1,...,2,), ¥y = (Y1,.-.,yn) € R™, define

" 1/2
p(x,y) = (Z |z — yi|2> :
i=1
(ii) Let X = R"™ and with & = (z1,...,2,), ¥y = (Y1, .., Yn) € R™, define

plx,y) = max{|z; —y;| :i=1,2,...,n}.

(iii) The discrete metric on an arbitrary set X is defined as follows: for

z,y € X,
(2.9) 1 ifx#y,
m? = .
PRy 0 ifz=y.

(iv) Let X denote the space of all continuous functions defined on [0,1] and
for f,g € C(X), let

p(f,9) =/0 |f(t) —g(t)| dt.

(v) Let X denote the space of all continuous functions defined on [0, 1] and
for f,g € C(X), let

p(f,9) = max{|f(z) — g()| : = € [0, 1]}.

3.26. DEFINITION. If X is a metric space with metric p, the open ball
centered at x € X with radius r > 0 is defined as

B(x,r) =X N{y:p(z,y) <r}.
The closed ball is defined as

B(z,r):=XN{y: plx,y) <r}

In view of the triangle inequality, the family S = {B(z,r) : z € X,r > 0}
forms a basis for a topology 7 on X, called the topology induced by p.
The two metrics in R™ defined in Examples 3.25, (i) and (ii) induce the
same topology on R™. Two metrics on a set X are said to be topologically
equivalent if they induce the same topology on X.
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3.27. DEFINITION. Using the notion of convergence given in Definition
3.7, p. 35, the reader can easily verify that the convergence of a sequence
{z;}22, in a metric space (X, p) becomes the following:

lim x; = zp
1—00
if and only if for each positive number ¢ there is a positive integer N such
that
p(x;, x9) < e whenever 4> N.

We often write x; — x¢ for lim;_ oo 2; = 2g-

The notion of a fundamental sequence, or Cauchy sequence, is not
a topological one and requires a separate definition:

3.28. DEFINITION. A sequence {z;}?2, is called Cauchy if for every € >
0, there exists a positive integer N such that p(x;,x;) < € whenever ¢,5 > N.
The notation for this is
limp(as, ;) = 0.
’L,]‘)OO
Recall the definition of continuity given in Definition 3.9. In a metric
space, it is convenient to have the following characterization, whose proof is
left as an exercise.

3.29. THEOREM. If (X, p) and (Y, o) are metric spaces, then a mapping
f: X =Y is continuous at x € X if for each € > 0, there exists 6 > 0 such
that o[f(x), f(y)] < € whenever p(x,y) < d.

3.30. DEFINITION. If X and Y are topological spaces and if f: X — Y
is a bijection with the property that both f and f~! are continuous, then f
is called a homeomorphism, and the spaces X and Y are said to be home-
omorphic. A substantial part of topology is devoted to the investigation
of properties that remain unchanged under the action of a homeomorphism.
For example, in view of Exercise 12 at the end of this section, it follows that
if U C X is open, then so is f(U) whenever f: X — Y is a homeomorphism;
that is, the property of being open is a topological invariant. Conse-
quently, so is closedness. But of course, not all properties are topological
invariants. For example, the distance between two points might be changed
under a homeomorphism. A mapping that preserves distances, that is, one
for which

olf (@), f(y)] = p(z,y)

for all z,y € X is called an isometry. In particular, it is a homeomorphism.
The spaces X and Y are called isometric if there exists a surjection f: X —
Y that is an isometry. In the context of metric space topology, isometric
spaces can be regarded as identical.

It is easy to verify that a convergent sequence in a metric space is Cauchy,
but the converse need not be true. For example, the metric space Q, consist-
ing of the rational numbers endowed with the usual metric on R, possesses
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Cauchy sequences that do not converge to elements in Q. If a metric space
has the property that every Cauchy sequence converges (to an element of the
space), the space is said to be complete. Thus, the metric space of rational
numbers is not complete, whereas the real numbers are complete. However,
we can apply the technique that was employed in the construction of the
real numbers (see Section 2.1, p. 11) to complete an arbitrary metric space.
A precise statement of this is incorporated in the following theorem, whose
proof is left as Exercise 2, Section 3.4.

3.31. THEOREM. If (X, p) is a metric space, there exists a complete met-
ric space (X*, p*) in which X is isometrically embedded as a dense subset.

In the statement, the notion of a dense set is used. This notion is a
topological one. In a topological space (X, T), a subset A of X is said to be
a dense subset of X if X = A.

Exercises for Section 3.3

1. In a metric space, prove that B(x,p) is an open set and that B(z, p) is
closed. Is it true that B(xz,p) = B(x,p)?

2. Suppose X is a complete metric space. Show that if F} D Fp D ... are
nonempty closed subsets of X with diameter F; — 0, then there exists
x € X such that

fjl Fi = {a}.

3. Suppose (X,p) and (Y,0) are metric spaces with X compact and Y
complete. Let C(X,Y) denote the space of all continuous mappings
f: X =Y. Define a metric on C(X,Y) by

d(f,g9) = sup{o(f(2),9(x)) : x € X}.
Prove that C(X,Y) is a complete metric space.
4. Let (X1, p1) and (X2, p2) be metric spaces and define metrics on X7 x X5
as follows: For = (z1,22), ¥ := (y1,42) € X1 x Xo, let
(a) di(m,y) == p1(x1, 1) + p2(22,42),

(b) da(z,y) := \/(p1(z1,91))% + (p2(w2, 2))2.
(i) Prove that dq and dy define identical topologies.

(ii) Prove that (X; x Xs,d;) is complete if and only if X; and X, are
complete.

(iii) Prove that (X; x Xs,d;) is compact if and only if X; and X, are
compact.

5. Suppose A is a subset of a metric space X. Prove that a point xg € A is
a limit point of A if and only if there is a sequence {z;} in A such that
T; — XQ.
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Prove that a closed subset of a complete metric space is a complete metric

space.

A mapping f: X — X with the property that there exists a number

0 < K < 1 such that p(f(x), f(y)) < Kp(z,y) for all z # y is called a

contraction. Prove that a contraction on a complete metric space has

a unique fixed point.

Suppose (X, p) is metric space and consider a mapping f: X — X from

X into itself. A point zo € X is called a fixed point for f if f(xg) = xg.

Prove that if X is compact and f has the property that p(f(z), f(y)) <

p(x,y) for all x # y, then f has a unique fixed point.

As on p. 276, a mapping f: X — X with the property that p(f(z),

f(@) = p(z,y) for all z,y € X is called an isometry. If X is compact,

prove that an isometry is a surjection. Is compactness necessary?

Show that a metric space X is compact if and only if every continuous

real-valued function on X attains a maximum value.

If X and Y are topological spaces, prove that f: X — Y is continuous if

and only if f~1(U) is open whenever U C Y is open.

Suppose f: X — Y is surjective and a homeomorphism. Prove that if

U C X is open, then so is f(U).

If X and Y are topological spaces, show that if f: X — Y is continuous,

then f(x;) — f(xo) whenever {z;} is a sequence that converges to x.

Show that the converse is true if X and Y are metric spaces.

Prove that a subset C' of a metric space X is closed if and only if every

convergent sequence {x;} in C' converges to a point in C.

Prove that C[0, 1] is not a complete space when endowed with the metric

given in (iv) of Example 3.25, p. 41.

Prove that in a topological space (X, T), if A is dense in B and B is

dense in C, then A is dense in C.

A metric space is said to be separable if it has a countable dense subset.
(i) Show that R™ with its usual topology is separable.

(ii) Prove that a metric space is separable if and only if it satisfies the

second axiom of countability.

(iii) Prove that a subspace of a separable metric space is separable.
(iv) Prove that if a metric space X is separable, then card X < c.

Let (X, 0) be a metric space, Y C X, and let (Y,po L (Y xY)) be the
induced subspace. Prove that if E C Y, then the closure of F in the
subspace Y is the same as the closure of E in the space X intersected
with Y.

Prove that the discrete metric on X induces the discrete topology on X.
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3.4. Meager Sets in Topology

Throughout this book, we will encounter several ways of describing the “size”
of a set. In Chapter 2, the size of a set was described in terms of its cardinality.
Later, we will discuss other methods. The notion of a nowhere dense set and
its related concept, that of a set being of the first category, are ways of saying
that a set is “meager” in the topological sense. In this section we shall prove
one of the main results involving these concepts, the Baire category theorem,
which asserts that a complete metric space is not meager.

Recall Definition 3.24, in which a subset S of a metric space (X, p) is
endowed with the induced topology. The metric placed on S is obtained by
restricting the metric p to S x S. Thus, the distance between any two points
x,y € S is defined as p(zx,y), which is the distance between x,y as points of
X.

As a result of the definition, a subset U C S is open in S if for each
x € U, there exists r > 0 such that if y € S and p(x,y) < r, then y € U. In
other words, B(xz,r)NS C U, where B(x,r) is taken as the ball in X. Thus,
it is easy to see that U is open in S if and only if there exists an open set V'
in X such that U = V N S. Consequently, a set F' C S is closed relative to S
if and only if FF = CN S for some closed set C' in S. Moreover, the closure of
a set E relative to S is EN S, where E denotes the closure of E in X. This
is true because if a point z is in the closure of F in X, then it is a point in
the closure of E in S if it belongs to S.

3.32. DEFINITIONS. A subset E of a metric space X is said to be dense
in an open set U if E D U. Also, a set E is defined to be nowhere dense
if it is not dense in any open subset U of X. Alternatively, we could say that
E is nowhere dense if E does not contain any open set. For example, the
set of integers is a nowhere dense set in R, whereas the set @ N[0, 1] is not
nowhere dense in R. A set F is said to be of first category in X if it is the
union of a countable collection of nowhere dense sets. A set that is not of
the first category is said to be of the second category in X.

We now proceed to investigate a fundamental result related to these
concepts.

3.33. THEOREM (Baire category theorem). A complete metric space X
is not the union of a countable collection of nowhere dense sets. That is, a
complete metric space is of the second category.

Before going on, it is important to examine the statement of the theorem
in various contexts. For example, let X be the set of integers endowed with
the metric induced from R. Thus, X is a complete metric space, and there-
fore, by the Baire category theorem, it is of the second category. At first, this
may seem counterintuitive, since X is the union of a countable collection of
points. But remember that a point in this space is an open set, and therefore
is not nowhere dense. However, if X is viewed as a subset of R and not as a
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space in itself, then indeed, X is the union of a countable number of nowhere
dense sets.

PROOF. Assume, to obtain a contradiction, that X is of the first cat-
egory. Then there exists a countable collection of nowhere dense sets {E;}
such that

X= E.
=1

Let B(x1,71) be an open ball with radius 1 < 1. Since E; is not dense in
any open set, it follows that B(xy,71)\ E1 # (). This is a nonempty open set,
and therefore there exists a ball B(z,72) C B(xy,71) \ By with ry < %rl.
In fact, by also choosing ro smaller than r; — p(z1, 22), we may assume that
B(x2,79) C B(wy,71) \ Ey. Similarly, since E, is not dense in any open set,
we have that B(z2,72) \ F2 is a nonempty open set. As before, we can find
a closed ball with center x3 and radius r3 < %T‘g < 2%7"1:

E(xg,rg) C B(za,72) \E
c (Bm,m) \El) \ T

= B(z1,m1)\ U Ej.

1

NCw

J

Proceeding inductively, we obtain a nested sequence B(zi,r1) D
B(z1,71) D B(x2,7m2) D B(x2,r2) ... with r; < %rl — 0 such that

(3.1) B(i+1,7i41) € B(zr,m1)\ U Ej
j=1

for each i. Now, for 4,5 > N, we have z;,2; € B(ay,ry) and therefore
p(zi,z;) < 2ry. Thus, the sequence {z;} is Cauchy in X. Since X is
assumed to be complete, it follows that z; — x for some z € X. For each
positive integer N, z; € B(xy,rn) for i > N. Hence, z € B(ay,ry) for
each positive integer N. For each positive integer i it follows from (3.1) that

x € B(wig1,7i41) C B(xy,m1) \ U Ej.
=1

In particular, for each i € N,

RS

i
z¢ U Ej,
j=1

and therefore

8
R
g
3
I
>

a contradiction. O
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3.34. DEFINITION. A function f: X — Y, where (X, p) and (Y,0) are
metric spaces, is said to bounded if there exists 0 < M < oo such that
o(f(z), f(y)) < M for all z,y € X. A family F of functions f: X — Y is
called uniformly bounded if o(f(x), f(y)) < M for all z,y € X and for all
ferF.

An immediate consequence of the Baire category theorem is the following
result, which is known as the uniform boundedness principle. We will
encounter this result again in the framework of functional analysis, Theorem
8.21. It states that if the upper envelope of a family of continuous functions
on a complete metric space is finite everywhere, then the upper envelope is
bounded above by some constant on some nonempty open subset. In other
words, the family is uniformly bounded on some open set. Of course, there
is no estimate of how large the open set is, but in some applications just
the knowledge that such an open set exists, no matter how small, is of great
importance.

3.35. THEOREM. Let F be a family of real-valued continuous functions
defined on a complete metric space X and suppose

(3-2) fr(@): = sup |f(z)] < oo
feF

for each x € X. That is, for each x € X, there is a constant M, such that
flx) < M, foradlfelF.

Then there exist a nonempty open set U C X and a constant M such that
|f(x)] <M for allz € U and all f € F.

3.36. REMARK. Condition (3.2) states that the family F is bounded at
each point x € X; that is, the family is pointwise bounded by M,. In
applications, a difficulty arises from the possibility that sup,cy M, = oo.
The main thrust of the theorem is that there exist M > 0 and an open set
U such that sup,cy M, < M.

PRroOOF. For each positive integer ¢, let

Eip={x:|f(x)] <i}, Es= () Eiy.
feF

Note that E; ; is closed, and therefore so is Fj, since f is continuous. From
the hypothesis, it follows that

oo
X=UE.
i=1
Since X is a complete metric space, the Baire category theorem implies that
there is some set, say Fjs, that is not nowhere dense. Because Ej; is closed,
it must contain an open set U. Now for each « € U, we have |f(z)| < M for
all f € F, which is the desired conclusion. O
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3.37. EXAMPLE. Here is a simple example that illustrates this result.
Define a sequence of functions f: [0,1] — R by

k2z, 0<z<1/k,
file) = ¢ Kz +2k, 1/k <z <2/k,
0, 2/k <x<1.

Thus, fx(z) <k on [0,1] and f*(z) < k on [1/k,1], and so f*(x) < oo for all
0 <z < 1. The sequence {f;} is not uniformly bounded on [0, 1], but it is
uniformly bounded on some open set U C [0,1]. Indeed, in this example, the
open set U can be taken as any interval (a,b) where 0 < a < b < 1, because
the sequence {f}is bounded by 1/k on (2/k,1).

Exercises for Section 3.4

1. Prove that a set E in a metric space is nowhere dense if and only if for
each open set U, there is a nonempty open set V' C U such that VNE = ().

2. If (X, p) is a metric space, prove that there exists a complete metric space
(X*, p*) in which X is isometrically embedded as a dense subset.

3. Prove that the boundary of an open set (or closed set) is nowhere dense
in a topological space.

3.5. Compactness in Metric Spaces

In topology there are various notions related to compactness including sequen-
tial compactness and the Bolzano—Weierstrass property. The main objective
of this section is to show that these concepts are equivalent in a metric space.

The concept of completeness in a metric space is very useful, but it is lim-
ited to only those sequences that are Cauchy. A stronger notion called sequen-
tial compactness allows consideration of sequences that are not Cauchy. This
notion is more general in the sense that it is topological, whereas complete-
ness is meaningful only in the setting of a metric space.

There is an abundant supply of sets that are not compact. For example,
the set A: = (0,1] in R is not compact since the collection of open intervals
of the form (1/4,2], i = 1,2,..., provides an open cover of A that admits no
finite subcover. On the other hand, while it is true that [0, 1] is compact, the
proof is not obvious. The reason for this is that the definition of compactness
usually is not easy to employ directly. It is best to first determine how it
intertwines with other related concepts.

3.38. DEFINITION. If (X, p) is a metric space, a set A C X is called
totally bounded if for every € > 0, A can be covered by finitely many balls
of radius €. A set A is bounded if there is a positive number M such that
p(z,y) < M for all z,y € A. While it is true that a totally bounded set is
bounded (Exercise 3.1), the converse is easily seen to be false; consider (iii)
of Example 3.25.
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3.39. DEFINITION. A set A C X is said to be sequentially compact if
every sequence in A has a subsequence that converges to a point in A. Also, A
is said to have the Bolzano—Weierstrass property if every infinite subset
of A has a limit point that belongs to A.

3.40. THEOREM. If A is a subset of a metric space (X, p), the following
are equivalent:
(i) A is compact.
(ii) A is sequentially compact.
(iii) A is complete and totally bounded.
(iv) A has the Bolzano—Weierstrass property.
PROOF. Beginning with (i), we shall prove that each statement implies
its successor.

(i) implies (ii): Let {x;} be a sequence in A; that is, there is a function
f defined on the positive integers such that f(i) = x; for ¢ = 1,2,.... Let
FE denote the range of f. If E has only finitely many elements, then some
member of the sequence must be repeated an infinite number of times, thus
showing that the sequence has a convergent subsequence.

Assuming now that F is infinite, we proceed by contradiction and thus
suppose that {x;} has no convergent subsequence. If that were the case, then
each element of F would be isolated. That is, for each x € E there would
exist r = r, > 0 such that B(x,r,) N E = {x}. This would imply that E has
no limit points; thus, Theorem 3.6 (viii) and (ix), p. 35) would imply that
E is closed and therefore compact by Proposition 3.12. However, this would
lead to a contradiction, since the family {B(z,r;) : € E} is an open cover
of F that possesses no finite subcover; this is impossible, since E consists of
infinitely many points.

(ii) implies (iii): The denial of (iii) leads to two possibilities: Either A is
not complete or it is not totally bounded. If A were not complete, there would
exist a fundamental sequence {x;} in A that did not converge to any point in
A. Hence, no subsequence converges, for otherwise the whole sequence would
converge, thus contradicting the sequential compactness of A.

On the other hand, suppose A is not totally bounded; then there exists
€ > 0 such that A cannot be covered by finitely many balls of radius €. In
particular, we conclude that A has infinitely many elements. Now inductively
choose a sequence {x;} in A as follows: select 1 € A. Then, since A \
B(z1,¢) # 0, we can choose xo € A\ B(z1,¢). Similarly, A\ [B(x1,¢) U
B(zs,€)] # 0 and p(x1,22) > €. Assuming that z1,zs,...,7;_1 have been
chosen so that p(zg,x;) > e when 1 <k < j <i—1, select

—1
r; € A\ U B(zj,¢),
=1

thus producing a sequence {z;} with p(z;,2;) > ¢ whenever i # j. Clearly,
{z;} has no convergent subsequence.
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(iii) implies (iv): We may as well assume that A has an infinite number of
elements. Under the assumptions of (iii), A can be covered by a finite number
of balls of radius 1, and therefore, at least one of them, call it By, contains
infinitely many points of A. Let x; be one of these points. By a similar
argument, there is a ball By of radius 1/2 such that AN B; N Bs has infinitely
many elements, and thus it contains an element x5 # x7. Continuing in this
way, we find a sequence of balls {B;} with B; of radius 1/i and mutually
distinct points xz; such that

(33) N AN

is infinite for each k = 1,2, ... and therefore contains a point x; distinct from
{z1,29,...,25-1}. Observe that 0 < p(zg,x;) < 2/k whenever [ > k, thus
implying that {z;} is a Cauchy sequence, which, by assumption, converges
to some xg € A. It is easy to verify that x( is a limit point of A.

(iv) implies (i): Let {U,} be an arbitrary open cover of A. First, we claim
that there exist A > 0 and a countable number of balls, call them By, Bs, .. .,
such that each has radius A, A is contained in their union, and each By is
contained in some U,. To establish our claim, suppose that for each positive
integer i, there is a ball, B;, of radius 1/i such that

BiNA#0,
(3.4) B; is not contained in any U,.

For each positive integer i, select x; € B; N A. Since A satisfies the Bolzano—
Weierstrass property, the sequence {x;} possesses a limit point, and therefore
it has a subsequence {z;,} that converges to some z € A. Now = € U, for
some a. Since U, is open, there exists ¢ > 0 such that B(z,e) C Uy,. If i; is

chosen so large that p(z;;,z) < § and % < §, then for y € B;, we have

13 g
p(y,x) < p(y7xi]‘) + p(xijvx) < 21 + 5 =g,

which shows that B;, C B(z,e) C U,, contradicting (3.4). Thus, our claim
is established.

In view of our claim, A can be covered by a family F of balls of radius A
such that each ball belongs to some U,. A finite number of these balls also
covers A, for if not, we could proceed exactly as in the proof above of (ii)
implies (iii) to construct a sequence of points {z;} in A with p(z;,x;) > A
whenever i # j. This leads to a contradiction, since the Bolzano—Wierstrass
condition on A implies that {x;} possesses a limit point g € A. Thus, a
finite number of balls covers A, say Bi,...By. Each B; is contained in some
Ua, say U,,, and therefore we have

k k
Ac U B;c U U,
=1

i i=1

which proves that a finite number of the U, covers A. O
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3.41. COROLLARY. 4 set A C R™ is compact if and only if A is closed
and bounded.

PRrROOF. Clearly, A is bounded if it is compact. Proposition 3.13 shows
that it is also closed.

Conversely, if A is closed, it is complete (see Exercise 6, Section 3.3); it
thus suffices to show that every bounded subset of R™ is totally bounded.
(Recall that bounded sets in an arbitrary metric space are not generally
totally bounded; see Exercise 1, Section 3.5.) Since every bounded set is
contained in some cube

Q = [—a,a]” = {z € R" : max(|z1], ..., |zn] < a)},

it is sufficient to show that @ is totally bounded. For this purpose, choose
¢ > 0 and let k be an integer such that & > y/na/e. Then @ can be expressed
as the union of k™ congruent subcubes by dividing the interval [—a, a] into
k equal pieces. The side length of each of these subcubes is 2a/k, and hence
the diameter of each cube is 24/na/k < 2. Therefore, each cube is contained
in a ball of radius € about its center. g

Exercises for Section 3.5

1. Prove that a totally bounded set in a metric space is bounded.

2. Prove that a subset E of a metric space is totally bounded if and only if
F is totally bounded.

3. Prove that a totally bounded metric space is separable.

4. The proof that (iv) implies (i) in Theorem 3.40 utilizes a result that needs
to be emphasized. Prove: For each open cover F of a compact set in a
metric space, there is a number n > 0 with the property that if =,y are any
two points in X with p(x,y) < 7, then there is an open set V € F such
that both x,y belong to V. The number 7 is called a Lebesgue number
for the covering F.

5. Let o: R x R — R be defined by
o(z,y) =min{|z —y[,1} for (z,y) eRxR.

Prove that ¢ is a metric on R. Show that closed, bounded subsets of (R, )
need not be compact. Hint: This metric is topologically equivalent to the
Euclidean metric.

3.6. Compactness of Product Spaces

In this section we prove Tychonoft’s theorem, which states that the product
of an arbitrary number of compact topological spaces is compact. This is
one of the most important theorems in general topology, in particular for its
applications to functional analysis.
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Let {X, : o € A} be a family of topological spaces and set X =
HQGA X,. Let P, : X — X, denote the projection of X onto X, for each
. Recall that the family of subsets of X of the form P, !(U), where U is an
open subset of X, and a € A, is a subbasis for the product topology on X.

The proof of Tychonoff’s theorem will utilize the finite intersection prop-
erty introduced in Definition 3.15 and Lemma 3.16.

In the following proof, we use the Hausdorff maximal principle; see p. 7.

3.42. LEMMA. Let A be a family of subsets of a set' Y having the finite
intersection property and suppose A is mazximal with respect to the finite
intersection property, i.e., no family of subsets of Y that properly contains A
has the finite intersection property. Then

(i) A contains all finite intersections of members of A.

(ii) If SCY and SN A#0 for each A € A, then S € A.

PROOF. To prove (i) let B denote the family of all finite intersections of
members of A. Then A C B, and B has the finite intersection property. Thus
by the maximality of A, it is clear that A = B.

To prove (ii), suppose SNA # () for each A € A. Set C = AU{S}. Then,
since C has the finite intersection property, the maximality of A implies that

C=A O
We can now prove Tychonoff’s theorem.

3.43. THEOREM (Tychonoff’s product theorem). If {X, : o € A} is
a family of compact topological spaces and X = [[,ca Xa with the product
topology, then X is compact.

PRrROOF. Suppose C is a family of closed subsets of X having the finite
intersection property and let £ denote the collection of all families of subsets
of X such that each family contains C and has the finite intersection property.
Then & satisfies the conditions of the Hausdorff maximal principle, and hence
there is a maximal element B of £ in the sense that B is not a subset of any
other member of £.

For each « the family {P,(B) : B € B} of subsets of X, has the finite
intersection property. Since X, is compact, there is a point x, € X, such
that

zq € [ Pu(B).
BeB

For a € A, let U, be an open subset of X, containing z,. Then
BOP; YU, #0
for each B € B. In view of Lemma 3.42 (ii) we see that P, 1(U,) € B. Thus
by Lemma 3.42 (i), every finite intersection of sets of this form is a member
of B. It follows that every open subset of X containing x has a nonempty

intersection with each member of B. Since C C B and each member of C is
closed, it follows that x € C for each C' € C. O
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Exercises for Section 3.6

1. The set of all sequences {x;}3°, in [0,1] can be written as [0,1]".
Tychonoff’s theorem asserts that [0, 1] with the product topology is com-
pact. Prove that the function o defined by

1
N
KEBRTHEDD gt lzi =il for {ai}, {yi} € [0,1]
i=1
is a metric on [0, 1] and that this metric induces the product topology on
[0, 1]N. Prove that every sequence of sequences in [0, 1] has a convergent

subsequence in the metric space ([0, 1]V, 0). This space is sometimes called
the Hilbert cube.

3.7. The Space of Continuous Functions

In this section we investigate an important metric space, C'(X), the space
of continuous functions on a metric space X. It is shown that this space
is complete. More importantly, necessary and sufficient conditions for the
compactness of subsets of C(X) are given.

Recall the discussion of continuity given in Theorems 3.10 and 3.29. Our
discussion will be carried out in the context of functions f: X — Y, where
(X,p) and (Y,0) are metric spaces. Continuity of f at z¢ requires that
points near xy be mapped into points near f(zg). We introduce the concept
of “oscillation” to assist in making this idea precise.

3.44. DEFINITION. If f: X — Y is an arbitrary mapping, then the oscil-
lation of f on a ball B(xg) is defined by

OSC[f,B(.To,’I“)] = sup{o[f(x)f(y)} HEANIES B(‘To,T‘)}.

Thus, the oscillation of f on a ball B(zg,r) is nothing more than the
diameter of the set f(B(zo,r)) in Y. The diameter of an arbitrary set E
is defined as sup{o(z,y) : z,y € E}. It may possibly assume the value +oc.
Note that osc[f, B(zo,r)] is a nondecreasing function of r for each point .

We leave it to the reader to supply the proof of the following assertion.

3.45. PROPOSITION. A function f: X — Y is continuous at xo € X if
and only if

lim osc[f, B(zg,r)] = 0.
r—0

The concept of oscillation is useful in providing information concerning
the set on which an arbitrary function is continuous.
For this we need the following definitions.

3.46. DEFINITION. A subset E of a topological space is called a Gy set if
E can be written as the countable intersection of open sets, and it is an F,
set if it can be written as the countable union of closed sets.
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3.47. THEOREM. Let f: X — Y be an arbitrary function. Then the set
of points at which f is continuous is a Gg set.

ProoF. For each integer ¢, let
G,=Xn{z: ig%osc[f,B(x,r)] < 1/i}.

From the proposition above, we know that f is continuous at x if and only if
lim, _,q osc[f, B(z,r)] = 0. Therefore, the set of points at which f is contin-
uous is given by

[e ]

A= G;.

i=1
To complete the proof we need only show that each G; is open. For this,
observe that if # € G, then there exists 7 > 0 such that osc[f, B(z,r)] < 1/i.
Now for each y € B(z,r), there exists ¢t > 0 such that B(y,t) C B(x,r), and
consequently,

osclf, B(y,t)] < osclf, B(x,r)] < 1/i.

This implies that each point y of B(z,r) is an element of G;,. That is,
B(z,r) C G, and since x is an arbitrary point of G, it follows that G; is
open. O

3.48. THEOREM. Let f be an arbitrary function defined on [0,1] and let
E :={z €[0,1] : fis continuous at x}. Then E cannot be the set of rational
numbers in [0, 1].

PRrROOF. It suffices to show that the rationals in [0, 1] do not constitute
a Gg set. If this were false, the irrationals in [0, 1] would be an F, set and
thus would be the union of a countable number of closed sets, each having
an empty interior. Since the rationals are a countable union of closed sets
(singletons, with no interiors), it would follow that [0,1] is also of the first
category, contrary to the Baire category theorem. Thus, the rationals cannot
be a Gy set. O

Since continuity is such a fundamental notion, it is useful to know the
properties that remain invariant under a continuous transformation. The
following result shows that compactness is a continuous invariant.

3.49. THEOREM. Suppose X andY are topological spaces and f: X — Y
is a continuous mapping. If K C X is a compact set, then f(K) is a compact
subset of Y.

PROOF. Let F be an open cover of f(K); that is, the elements of F are
open sets whose union contains f(K). The continuity of f implies that each
f~Y(U) is an open subset of X for each U € F. Moreover, the collection
{f~Y(U) : U € F} provides an open cover of K. Indeed, if z € K, then
f(z) € f(K), and therefore f(z) € U for some U € F. This implies that
x € f~1(U). Since K is compact, F possesses a finite subcover for K, say
{f~YUy),..., f~1(Uy)}. From this it easily follows that the corresponding
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collection {Uq,...,Ug} is an open cover of f(K), thus proving that f(K) is
compact. 0

3.50. COROLLARY. Assume that X is a compact topological space and
suppose f: X — R is continuous. Then f attains its mazimum and minimum
on X ; that is, there are points x1,z9 € X such that f(xz1) < f(x) < f(z2)
forallx € X.

ProOOF. From the preceding result and Corollary 3.41, it follows that
f(X) is a closed and bounded subset of R. Consequently, by Theorem 2.22,
f(X) has a least upper bound, say yo, that belongs to f(X), since f(X) is
closed. Thus there is a point x5 € X such that f(x2) = yo. Then f(x) <
f(xs) for all x € X. Similarly, there is a point x; at which f attains a
minimum. d

We proceed to examine yet another implication of continuous mappings
defined on compact spaces. The next definition sets the stage.

3.51. DEFINITION. Suppose X and Y are metric spaces. A mapping
f: X — Y is said to be uniformly continuous on X if for each ¢ > 0
there exists 0 > 0 such that o[f(z), f(y)] < € whenever x and y are points
in X with p(z,y) < 6. The important distinction between continuity and
uniform continuity is that in the latter concept, the number § depends only
on € and not on € and z as in continuity. An equivalent formulation of
uniform continuity can be stated in terms of oscillation, which was defined
in Definition 3.44. For each number r > 0, let

wg(r): = sup osc[f, B(x,r)].
reX

The function wy is called the modulus of continuity of f. It is not difficult
to show that f is uniformly continuous on X if

}%Wf(T) =0.

3.52. THEOREM. Let f: X — Y be a continuous mapping. If X is com-
pact, then f is uniformly continuous on X.

PrRoOOF. Choose € > 0. Then the collection

F={f"(Bly,e):yeY}
is an open cover of X. Let n denote a Lebesgue number of this open cover
(see Exercise 4, Section 3.5). Thus, for every x € X, we have that B(z,n/2)
is contained in f~!(B(y,¢)) for some y € Y. This implies wy(n/2) <e. O

3.53. DEFINITION. For (X, p) a metric space, let

(3.5) d(f,9): =sup(|f(z) —g(z)|: x € X)

denote the distance between two bounded real-valued functions f and g
defined on X. This metric is related to the notion of uniform conver-
gence. Indeed, a sequence of bounded functions {f;} defined on X is said
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to converge uniformly to a bounded function f on X if d(f;, f) — 0 as
i — 00. We denote by

c(X)
the space of bounded real-valued continuous functions on X.

3.54. THEOREM. The space C(X) is complete.

PRrOOF. Let {f;} be a Cauchy sequence in C'(X). Since

[fi(z) = f3 ()| < d(fi, f5)

for all z € X, it follows that for each € X, the sequence {f;(x)} is a
Cauchy sequence of real numbers. Therefore, {f;(x)} converges to a number
that depends on z and is denoted by f(x). In this way, we define a function
f on X. In order to complete the proof, we need to show that f is an element
of C(X) and that the sequence {f;} converges to f in the metric of (3.5).
First, observe that f is a bounded function on X, because for every ¢ > 0,
there exists an integer N such that

[fi(x) = fi(z)] <e
whenever x € X and 4,7 > N. Therefore,

[f(@)| < |fn () +e

for all x € X, thus showing that f is bounded, since fy is.
Next, we show that
(3.6) lim d(f, f;) = 0.
71— 00
For this, let & > 0. Since {f;} is a Cauchy sequence in C(X), there exists
N > 0 such that d(f;, fj) < € whenever i,j > N. That is, |fi(z) — f;(z)] <e
for all 4,5 > N and for all x € X. Thus,

F@) = fila)| = lim |fi(x) - fy(a)| <=,

for each x € X and ¢ > N. This implies that d(f, f;) < € for ¢« > N, which
establishes (3.6), as required.

Finally, it will be shown that f is continuous on X. For this, let g €
X and € > 0 be given. Let f; be a member of the sequence such that
d(f, fi) < €/3. Since f; is continuous at xg, there is a § > 0 such that
|fi(zo) — fi(y)] < €/3 when p(zo,y) < d. Then for all y with p(zq,y) < J, we
have

[f (o) = F(y)] < [f (o) — filzo)l + [ filo) — fily)| + |fi(y) — f(y)]

<d/(fvfi)+§+d(fi,f) <e.

This shows that f is continuous at xg, and the proof is complete. O
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3.55. COROLLARY. The uniform limit of a sequence of continuous func-
tions is continuous.

Now that we have shown that C(X) is complete, it is natural to inquire
about other topological properties it may possess. We will close this section
with an investigation of its compactness properties. We begin by examining
the consequences of uniform convergence on a compact space.

3.56. THEOREM. Let {f;} be a sequence of continuous functions defined
on a compact metric space X that converges uniformly to a function f. Then
for each e > 0, there exists 0 > 0 such that wy,(r) < € for all positive integers
i and for 0 <r <J.

PRrROOF. We know from Corollary 3.55 that f is continuous, and Theorem
3.52 asserts that f is uniformly continuous, as is each f; as well. Thus, for
each 7, we know that

}‘IL% wf; (T) =0.
That is, for each € > 0 and for each 4, there exists §; > 0 such that
(3.7 wy,(r) <e for r<é;.
However, since f; converges uniformly to f, we claim that there exists § > 0
independent of f; such that (3.7) holds with ¢; replaced by ¢. To see this,
observe that since f is uniformly continuous, there exists ¢’ > 0 such that
|f(y) — f(z)] < &/3 whenever z,y € X and p(z,y) < §'. Furthermore, there

exists an integer N such that |f;(z) — f(2)| < e/3 for i > N and for all z € X.
Therefore, by the triangle inequality, for each ¢ > N, we have

3-8)  |filx) = i)l < [filw) = f(@)| + |f () = FW) + | f(y) = f:(y)]

<E+§+§*s
3 3 3

whenever z,y € X with p(z,y) < 0’. Consequently, if we let
§ = min{dy,...,0n_1,0},
it follows from (3.7) and (3.8) that for each positive integer i,
|filz) = fily)] <e

whenever p(x,y) < 4, thus establishing our claim. O

This argument shows not only that the functions f; uniformly continu-
ous, but that the modulus of continuity of each function tends to 0 with r,
uniformly with respect to . We use this to formulate the following definition.

3.57. DEFINITION. A family, F, of functions defined on X is called
equicontinuous if for each ¢ > 0 there exists § > 0 such that for each
feF, |flx)— f(y)] < e whenever p(z,y) < . Alternatively, F is equicon-
tinuous if for each f € F, wy(r) < ¢ whenever 0 < r < 6. Sometimes
equicontinuous families are defined pointwise; see Exercise 3.14.
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We are now in a position to give a characterization of compact subsets
of C(X) when X is a compact metric space.

3.58. THEOREM (Arzela—Ascoli). Suppose (X,p) is a compact metric
space. Then a set F C C(X) is compact if and only if F is closed, bounded,
and equicontinuous.

Proor. Sufficiency: It suffices to show that F is sequentially com-
pact. Thus, it suffices to show that an arbitrary sequence {f;} in F has
a convergent subsequence. Since X is compact, it is totally bounded, and
therefore separable. Let D = {x,x2,...} denote a countable dense sub-
set. The boundedness of F implies that there is a number M’ such that
d(f,g) < M’ for all f,g € F. In particular, if we fix an arbitrary element
fo € F, then d(fo, f;) < M’ for all positive integers i. Since |fo(z)] < M"
for some M" > 0 and for all z € X, it follows that |f;(z)| < M’ + M" for all
1 and for all z.

Our first objective is to construct a sequence of functions, {g;}, that is
a subsequence of {f;} and that converges at each point of D. As a first step
toward this end, observe that {f;(z1)} is a sequence of real numbers that
is contained in the compact interval [—M, M], where M := M’ + M". Tt
follows that this sequence of numbers has a convergent subsequence, denoted
by {f1:(x1)}. Note that the point 21 determines a subsequence of functions
that converges at 1. For example, the subsequence of { f;} that converges at
the pOiI’lt I mlght be fl(l’l)7 fg(l’l)7 f5(l’1)7 caey in which case f11 = fl; f12 =
f3, fi3 = f5,.... Since the subsequence { f1;} is a uniformly bounded sequence
of functions, we proceed exactly as in the previous step with fi1; replacing
fi- Thus, since {f1;(x2)} is a bounded sequence of real numbers, it too has
a convergent subsequence, which we denote by {f2;(x2)}. Similarly to the
first step, we see that fy; is a sequence of functions that is a subsequence of
{f1:}, which, in turn, is a subsequence of f;. Continuing this process, we see
that the sequence { fo2;(z3)} also has a convergent subsequence, denoted by
{fsi(z3)}. We proceed in this way and then set g; = fi;, so that g; is the ith
function occurring in the ith subsequence. We have the following situation:

fir fiz fis oo fuo--. first subsequence

for fo2 fes ... fa; ... subsequence of previous subsequence
fs1 fs2 fsz ... fs; ... subsequence of previous subsequence
fio fiz fiz oo fuo ... i*h subsequence

Observe that the sequence of functions {g;} converges at each point of D.
Indeed, g; is an element of the jth row for 4 > j. In other words, the tail end
of {g;} is a subsequence of {f};} for every j € N, and so it will converge as
i — 0o at every point for which {f;;} converges as i — oo, i.e., for each point
of D.
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We now proceed to show that {g;} converges at each point of X and that
the convergence is, in fact, uniform on X. For this purpose, choose ¢ > 0 and
let 6 > 0 be the number obtained from the definition of equicontinuity. Since
X is compact, it is totally bounded, and therefore there is a finite number of

k
balls of radius §/2, say k of them, whose union covers X: X = |J B;(4/2).
i=1

?

Then selecting any y; € B;(6/2) N D, it follows that

k
X = .UlB(yi,(Y).
Let D' := {y1,¥y2,--.,yx} and note that D’ C D. Therefore, each of the k
sequences

{9iy)}{gi(w2)}s - - {gi(yr) }

converges, and so there is an integer N € N such that if 7,57 > N, then

19i (Ym) — 95 (ym)| < & for m =1,2,... k.

For each x € X, there exists y,, € D’ such that |x — y,,| < J. Thus, by
equicontinuity, it follows that

9: (%) — gi(ym)| <€
for all positive integers ¢. Therefore, we have
19i (%) = g(@)| < |gi(x) = gi(ym)| +19i(Ym) — gj(ym)|

+195 (Ym) — g5(z)]
<ete+e=3¢,

provided ¢,j5 > N. This shows that
d(gi,g;) <3¢ for 4,57 > N.

That is, {g;} is a Cauchy sequence in F. Since C(X) is complete (Theorem
3.54) and F is closed, it follows that {g;} converges to an element g € F.
Since {g;} is a subsequence of the original sequence {f;}, we have shown that
F is sequentially compact, thus establishing the sufficiency argument.

Necessity: Note that F is closed, since F is assumed to be compact.
Furthermore, the compactness of F implies that F is totally bounded and
therefore bounded. For the proof that F is equicontinuous, note that F being
totally bounded implies that for each € > 0, there exists a finite number of
elements in F, say f1,..., fk, such that every f € F is within /3 of f;, for
some i € {1,...,k}. Consequently, by Exercise 3.5, we have

(3.9) wp(r) < wi,(r) + 2d(f, fi) < wy, () +22/3.

Since X is compact, each f; is uniformly continuous on X. Thus, for each
i, ¢ =1,...,k, there exists §; > 0 such that wy,(r) < ¢/3 for r < 6;. Now
let 6 = min{dy,...,0x}. By (3.9) it follows that ws(r) < ¢ whenever r < 4,
which proves that F is equicontinuous. O
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In many applications, it is not of great interest to know whether F itself is
compact, but whether a given sequence in F has a subsequence that converges
uniformly to an element of C'(X), and not necessarily to an element of F.
In other words, the compactness of the closure of F is the critical question.
It is easy to see that if F is equicontinuous, then so is F. This leads to the
following corollary.

3.59. COROLLARY. Suppose (X, p) is a compact metric space and suppose
that F C C(X) s bounded and equicontinuous. Then F is compact.

PrOOF. This follows immediately from the previous theorem, since F is
both bounded and equicontinuous. 0

In particular, this corollary yields the following special result.

3.60. COROLLARY. Let {f;} be an equicontinuous, uniformly bounded
sequence of functions defined on [0,1]. Then there is a subsequence that
converges uniformly to a continuous function on [0, 1].

We close this section with a result that will be used frequently throughout
the sequel.

3.61. THEOREM. Suppose [ is a bounded function on [a,b] that is either
nondecreasing or nonincreasing. Then f has at most a countable number of
discontinuities.

Proor. We will give the proof only for f nondecreasing; the proof for f
nonincreasing is essentially the same.

Since f is nondecreasing, it follows that the left- and right-hand limits
exist at each point (see Exercise 25, Section 3.7), and the discontinuities of
f occur precisely where these limits are not equal. Thus, setting

flat) = lim f(y) and f27)= lm f(y),

we have that the set D of discontinuities of f in (a,b) is given by

oo _ 1
=G (0 flah) = 1) > 1)),
=1
For each k the set 1
fo S = 1) > 1}
is finite, since f is bounded and thus D is countable. 0
Exercises for Section 3.7

1. Prove that the set of rational numbers on the real line is not a G set.

2. Prove that the two definitions of uniform continuity given in Definition
3.51 are equivalent.
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Assume that (X, p) is a metric space with the property that each function

f: X — R is uniformly continuous.

(a) Show that X is a complete metric space.

(b) Give an example of a space X with the above property that is not
compact.

(c) Prove that if X has only a finite number of isolated points, then X is
compact. See p. 49 for the definition of isolated point.

. Prove that a family of functions F' is equicontinuous if there exists a

nondecreasing real-valued function ¢ such that
lim o(r) =0
r—0

and wy(r) < ¢(r) for all f € F.

. Suppose f, g are two functions defined on a metric space. Prove that

w(r) < wy(r) +2d(f, 9)-

. Prove that a Lipschitz function is uniformly continuous.
. Prove: If F is a family of Lipschitz functions from a bounded metric

space X into a metric space Y such that M is a Lipschitz constant for
each member of F' and {f(z¢) : f € F} is a bounded set in Y for some
g € X, then F is a uniformly bounded, equicontinuous family.

. Let (X, 0) and (Y, 0) be metric spaces and let f: X — Y be uniformly

continuous. Prove that if X is totally bounded, then f(X) is totally
bounded.

. Let (X, 0) and (Y, o) be metric spaces and let f: X — Y be an arbitrary

function. The graph of f is a subset of X x Y defined by

Gy =A{(z,y) 1y = f(x)}.

Let d be the metric d; on X X Y as defined in Exercise 4, Section 3.3.
If Y is compact, show that f is continuous if and only if G¢ is a closed
subset of the metric space (X x Y, d). Can the compactness assumption
on Y be dropped?

Let Y be a dense subset of a metric space (X,p). Let f: Y — Z be
a uniformly continuous function, where Z is a complete metric space.
Show that there is a uniformly continuous function g: X — Z with the
property that f = g Y. Can the assumption of uniform continuity be
relaxed to mere continuity?

Exhibit a bounded function that is continuous on (0, 1) but not uniformly
continuous.

Let {f;} be a sequence of real-valued, uniformly continuous functions
on a metric space (X,p) with the property that for some M > 0,
|fi(z) — f;(z)| < M for all positive integers i,j and all z € X. Sup-
pose also that d(f;, f;) — 0 as i,j — oo. Prove that there is a uniformly
continuous function f on X such that d(f;, f) — 0 as i — oo.
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Let X - Y, where (X, p) and (Y, o) are metric spaces and where f is
continuous. Suppose f has the following property: for each € > 0 there is
a compact set K. C X such that o(f(z), f(y)) < e for all z,y € X \ K..
Prove that f is uniformly continuous on X.

A family F of functions defined on a metric space X is called equicon-
tinuous at r € X if for every ¢ > 0 there exists § > 0 such that
|f(z) — f(y)| < e for all y with |z —y| < § and all f € F. Show that the
Arzela—Ascoli Theorem remains valid with this definition of equicontinu-
ity. That is, prove that if X is compact and F is closed, bounded, and
equicontinuous at each z € X, then F is compact.

Give an example of a sequence of real valued functions defined on [a, b]
that converges uniformly to a continuous function, but is not equicontin-
uous.

Let {f;} be a sequence of nonnegative, equicontinuous functions defined
on a totally bounded metric space X such that

limsup f;(z) < oo for eachz € X.
17— 00
Prove that there is a subsequence that converges uniformly to a contin-
uous function f.

Let {f;} be a sequence of nonnegative, equicontinuous functions defined
on [0,1] with the property that

lim sup f;(zg) < oo for some zg € [0, 1].
i—00
Prove that there is a subsequence that converges uniformly to a contin-
uous function f.

Let {f;} be a sequence of nonnegative, equicontinuous functions defined
on a locally compact metric space X such that

limsup f;(z) < oo for each z € X.
1—00
Prove that there exist an open set U and a subsequence that converges
uniformly on U to a continuous function f.

Let {f;} be a sequence of real-valued functions defined on a compact
metric space X with the property that xp — x implies fi(zr) — f(x),
where f is a continuous function on X. Prove that fi — f uniformly
on X.

Let {f;} be a sequence of nondecreasing, real-valued (not necessarily
continuous) functions defined on [a, b] that converges pointwise to a con-
tinuous function f. Show that the convergence is necessarily uniform.
Let {f;} be a sequence of continuous, real valued functions defined on a
compact metric space X that converges pointwise on some dense set to
a continuous function on X. Prove that f; — f uniformly on X.
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Let {f;} be a uniformly bounded sequence in C[a,b]. For each z € [a, D],
define

Fi(z) := /I fi(t) dt.

Prove that there is a subsequence of {F;} that converges uniformly to
some function F' € Cla, b].

For each integer k > 1 let F; be the family of continuous functions on
[0, 1] with the property that for some x € [0,1 — 1/k] we have

|f(z+h)— f(x)] <kh whenever 0 < h < %

(a) Prove that Fj is nowhere dense in the space C]0, 1] endowed with
its usual metric of uniform convergence.

(b) Using the Baire category theorem, prove that there exists f € C0, 1]
that is not differentiable at any point of (0, 1).

The previous problem demonstrates the remarkable fact that functions
that are nowhere differentiable are in great abundance, whereas functions
that are well behaved are relatively scarce. The following are examples
of functions that are continuous and nowhere differentiable.

(a) For z € [0,1] let

where [y] denotes the distance from the greatest integer in y.

o0
flx) = Z a cos’ 7z,
k=0

where 1 < ab < b. Weierstrass was the first to prove the existence
of continuous nowhere differentiable functions by conceiving of this
function and then proving that it is nowhere differentiable for certain
values of a and b [50]. Later, Hardy proved the same result for all a
and b [35].
Let f be a nondecreasing function on (a,b). Show that f(z+) and f(z—)
exist at every point x of (a,b). Show also that if a < x < y < b, then

flz+) < f(y—).

3.8. Lower Semicontinuous Functions

In many applications in analysis, lower and upper semicontinuous functions
play an important role. The purpose of this section is to introduce these
functions and develop their basic properties.
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Recall that a function f on a metric space is continuous at xg if for each
€ > 0, there exists r > 0 such that

flzo) —e < flx) < flzo) +¢
whenever z € B(xzg,r). Semicontinuous functions require only one part of
this inequality to hold.

3.62. DEFINITION. Suppose (X, p) is a metric space. A function f defined
on X with possibly infinite values is said to be lower semicontinuous at
xo € X if the following conditions hold. If f(xg) < oo, then for every e > 0
there exists » > 0 such that f(z) > f(x¢) — & whenever € B(zg,r). If
f(zp) = oo, then for every positive number M there exists r > 0 such that
f(z) > M for all x € B(xg,r). The function f is called lower semicontin-
uous if it is lower semicontinuous at all x € X. An upper semicontinuous
function is defined analogously: if f(xg) > —oo, then f(z) < f(xo) + ¢ for
all z € B(zo,r). If f(z¢) = —o0, then f(zx) < —M for all x € B(xzg,r).

Of course, a continuous function is both lower and upper semicontinu-
ous. It is easy to see that the characteristic function of an open set is lower
semicontinuous and that the characteristic function of a closed set is upper
semicontinuous.

Semicontinuity can be reformulated in terms of the lower limit (also
called limit inferior) and upper limit of (also called limit superior) f.

3.63. DEFINITION. We define

hwrg}préff(m) = rh_}r% m(r, xo),

where m(r,x0) = inf{f(z) : 0 < p(z,2z0) < r}. Similarly,

limsup f(x) = lim M(r, xo),
T—T0 r—0

where M (r,xzo) = sup{f(z) : 0 < p(z,z0) < r}.

One readily verifies that f is lower semicontinuous at a limit point zg of
X if and only if

liminf f(z) > f(xo),
T—T0
and f is upper semicontinuous at zq if and only if

limsup f(z) < f(xo).

T—xT0

In terms of sequences, these statements are equivalent, respectively, to the
following:

likrr_1>i£f f(xr) > f(xo)
and
limsup f(x) < f(zo)

k—o0
whenever {z} is a sequence converging to xg. This leads immediately to the
following.
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3.64. THEOREM. Suppose X is a compact metric space. Then a real-
valued lower (upper) semicontinuous function on X assumes its minimum
(mazimum) on X.

ProoOF. We will give the proof for f lower semicontinuous, the proof for
f upper semicontinuous being similar. Let

m = inf{f(x): 2z € X}.

We will see that m # —oo and that there exists g € X such that f(z¢) = m,
thus establishing the result.

To see this, let y, € f(X) be such that {yr} — m as kK — co. At this
point of the proof, we must allow the possibility that m = —oo. Note that
m # +oo. Let xx € X be such that f(zr) = yi. Since X is compact, there
exist a point xy € X and a subsequence (still denoted by {z}) such that
{zr} — xo. Since f is lower semicontinuous, we obtain

m = liminf f(z) > f(20),
k—o0
which implies that f(z¢) = m and that m # —oco. O
The following result will require the definition of a Lipschitz function.

3.65. DEFINITION. Suppose (X, p) and (Y, o) are metric spaces. A map-
ping f: X — Y is called Lipschitz if there is a constant C'y such that

(3.10) olf(x), f(y)) < Crp(z,y)

for all z,y € X. The smallest such constant C'y is called the Lipschitz
constant of f.

3.66. THEOREM. Suppose (X, p) is a metric space.

(i) f is lower semicontinuous on X if and only if {f > t} is open for all
teR.

(ii) If both f and g are lower semicontinuous on X, then min{f, g} is lower
semicontinuous.

(iii) The upper envelope of a collection of lower semicontinuous functions is
lower semicontinuous.

(iv) Fvery monnegative lower semicontinuous function on X is the upper
envelope of a nondecreasing sequence of continuous (in fact, Lipschitz)
functions.

PRrROOF. To prove (i), choose zg € {f > t}. Let ¢ = f(x) — t, and
use the definition of lower semicontinuity to find a ball B(zg,r) such that
f(x) > f(zg) —e =t for all z € B(xg,r). Thus, B(zg,r) C {f > t}, which
proves that {f > t} is open. Conversely, choose o € X and € > 0 and let
t = f(zg) —e. Then zg € {f > t}, and since {f > t} is open, there exists
a ball B(zg,7) C {f > t}. This implies that f(x) > f(xo) — ¢ whenever
x € B(zg,r), thus establishing lower semicontinuity.
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(i) immediately implies (ii) and (iii). For (ii), let h = min(f,g) and
observe that {h >t} = {f > t} N {g > t}, which is the intersection of two
open sets.

Similarly, for (iii), let F be a family of lower semicontinuous functions
and set

h(z) =sup{f(z): fe F} for =zeX.

Then for each real number ¢,
{h>t}= U{f >t}
fer

which is open, since each set on the right is open.
Proof of (iv): For each positive integer k define

fr(x) = inf{f(y) + kp(z,y) : y € X}.
Observe that f1 < fa,...,< f. To show that each fi is Lipschitz, it is
sufficient to prove

(3.11) fe(@) < fu(w) + kp(z,w) forall we X,

since the roles of z and w can be interchanged. To prove (3.11), observe that
for each € > 0, there exists y € X such that

fe(w) < fy) + kp(w,y) < fu(w) +e.

Now,

Ji(@) < fy) + kp(z,y)
= () + kp(w,y) + kp(x,y) — kp(w,y)
< fe(w) + &+ kp(z, w),
where the triangle inequality has been used to obtain the last inequality. This
implies (3.11), since ¢ is arbitrary.
Finally, to show that fi(z) — f(z) for each x € X, observe that for each
x € X there is a sequence {x} C X such that

Pl + k(e a) < fule) + 1 < f(z) +1< o0,

As a consequence, we have that limg_o p(zg,2) = 0. Given € > 0, there
exists n € N such that

fule) +e 2 ful@) + 3 2 () 2 S(@) e
whenever k > n and thus fi(z) = f(x).

3.67. REMARK. Of course, the previous theorem has a companion that
pertains to upper semicontinuous functions. Thus, the result analogous to
(i) states that f is upper semicontinuous on X if and only if {f < ¢} is open
for all £ € R. We leave it to the reader to formulate and prove the remaining
three statements.
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3.68. DEFINITION. Theorem 3.66 provides a means of defining upper and
lower semicontinuity for functions defined merely on a topological space X.

Thus, f: X — R is called upper semicontinuous (lower semicon-
tinuous) if {f <t} ({f > t}) is open for all t € R. Tt is easily verified that
(i) and (iii) of Theorem 3.66 remain true when X is assumed to be only a
topological space.

Exercises for Section 3.8

1. Let {f;} be a decreasing sequence of upper semicontinuous functions
defined on a compact metric space X such that f;(z) — f(z), where f
is lower semicontinuous. Prove that f; — f uniformly.

2. Show that Theorem 3.66, (iv), remains true for lower semicontinuous func-
tions that are bounded below. Show also that this assumption is necessary.



CHAPTER 4

Measure Theory

4.1. Outer Measure

An outer measure on an abstract set X is a monotone, countably subadditive
function defined on all subsets of X. In this section, the notion of measurable
set is introduced, and it is shown that the class of measurable sets forms a
o-algebra, i.e., measurable sets are closed under the operations of comple-
mentation and countable unions. It is also shown that an outer measure is
countably additive on disjoint measurable sets.

In this section we introduce the concept of outer measure, which will
underlie and motivate some of the most important concepts of abstract mea-
sure theory. The “length” of set in R, the “area” of a set in R2, and the
“yolume” of a set in R? are notions that can be developed from basic and
strongly intuitive geometric principles, provided the sets are well behaved. If
one wished to develop a concept of volume in R3, for example, that would
allow the assignment of volume to any set, then one could hope for a function
V that assigns to each subset E C R? a number V(E) € [0, 00] having the
following properties:

(i) If {E;}%_, is any finite sequence of mutually disjoint sets, then

(4.1) % (@1 E) = gwa).

(ii) If two sets E and F are congruent, then V(E) = V(F).
(iii) V(Q) =1, where Q is the cube of side length 1.

However, these three conditions are inconsistent. In 1924, Banach and Tarski
[2] proved that it is possible to decompose a ball in R? into six pieces that
can be reassembled by rigid motions to form two balls, each the same size
as the original. The sets in this decomposition are pathological and require
the axiom of choice for their existence. If condition (i) is changed to require
countable additivity rather than mere finite additivity, that is, to require that
if {E;}°, is any infinite sequence of mutually disjoint sets, then

i_o: V(E) =V @1 Ei> ,
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this too suffers from the same inconsistency, and thus we are led to the
conclusion that there is no function V satisfying all three conditions above.
Later, we will also see that if we restrict V to a large class of subsets of R3
that omits only the truly pathological sets, then it is possible to incorporate
V into a satisfactory theory of volume.

We will proceed to find this large class of sets by considering a very
general context and replace countable additivity by countable subadditivity.

4.1. DEFINITION. A function ¢ defined for every subset A of an arbitrary
set X is called an outer measure on X if the following conditions are
satisfied:

(i) ¢(0) =0,

(i) 0 < p(A) < oo whenever A C X,

(iii) p(A1) < p(As) whenever A; C As,
)

¥
(iv) (U Ai) < X ¢(A;) for every countable collection of sets {4;} in X.
i=1 i=1

Condition (iii) states that ¢ is monotone, while (iv) states that ¢ is
countably subadditive. As we mentioned earlier, suitable additivity prop-
erties are necessary in measure theory; subadditivity, in general, will not
suffice to produce a useful theory. We will now introduce the concept of a
“measurable set” and show later that measurable sets enjoy a wide spectrum
of additivity properties.

The term “outer measure” is derived from the way outer measures are
constructed in practice. Often one uses a set function that is defined on
some family of primitive sets (such as the family of intervals in R) to approx-
imate an arbitrary set from the “outside” to define its measure. Examples
of this procedure will be given in Sections 4.3 and 4.4. First, consider some
elementary examples of outer measures.

4.2. EXAMPLES. (i) In an arbitrary set X, define p(A) = 1 if A is
nonempty and () = 0.
(ii) Let ¢(A) be the number (possibly infinite) of points in A.
if card A <N
(iii) Lot o(A)= ¢ 0 eard A=,
1 if card A > N,.

(iv) If X is a metric space, fix € > 0. Let ¢(A) be the smallest number of
balls of radius € that cover A.

(v) Select a fixed xo in an arbitrary set X, and let

0 ifao ¢ A,
A) —
#(4) {1ﬁmeA

@ is called the Dirac measure concentrated at zg.
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Notice that the domain of an outer measure ¢ is P(X), the collection of
all subsets of X. In general, it may happen that the equality p(A U B) =
©(A)+p(B) fails when ANB = (. This property and more generally, property
(4.1), will require a more restrictive class of subsets of X, called measurable
sets, which we now define.

4.3. DEFINITION. Let ¢ be an outer measure on a set X. A set £ C X
is called p-measurable if
p(A) = p(ANE) + (A - E)

for every set A C X. In view of property (iv) above, observe that -
measurability requires only

(4.2) P(A) =2 (AN E) + (A - E).

This definition, while not very intuitive, says that a set is ¢-measurable
if it decomposes an arbitrary set into two parts for which ¢ is additive. We
use this definition in deference to Carathéodory, who established this prop-
erty as an alternative characterization of measurability in the special case of
Lebesgue measure (see Definition 4.21 below). The following characterization
of p-measurability is perhaps more intuitively appealing.

4.4. LEMMA. A set E C X is p-measurable if and only if
P(PUQ) = ¢(P) +¢(Q)
for all sets P and @ such that P C F and Q C E.
ProOF. Sufficiency: Let A C X. Then with P: = ANFE C E and
Q: =A—FE CFE we have A= P U Q and therefore
P(A) =p(PUQ) = o(P)+¢(Q) = o(ANE) + p(A - E).
Necessity: Let P and @ be arbitrary sets such that P C F and @ C FE.
Then, by the definition of ¢-measurability,
P(PUQ) =¢l(PUQ)NE]+¢[(PUQ)NE]
=p(PNE)+9(QNE)
= ¢(P) +¢(Q). U

4.5. REMARK. Recalling Examples 4.2, one verifies that only the empty
set and X are measurable for (i), while all sets are measurable for (ii).

Now that we have an alternative definition of ¢-measurability, we inves-
tigate the properties of p-measurable sets. We begin with the following the-
orem, which is basic to the theory. A set function that satisfies property (iv)
below on every sequence of disjoint sets is said to be countably additive.

4.6. THEOREM. Suppose ¢ is an outer measure on an arbitrary set X.
Then the following four statements hold:

(i) E is p-measurable whenever ¢(E) = 0.
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(ii) @ and X are p-measurable.
(iii) By — E5 is p-measurable whenever Ey and Eo are p-measurable.

(iv) If {E;} is a countable collection of disjoint p-measurable sets, then
U2, E; is p-measurable and

More generally, if A C X is an arbitrary set, then

:igo(AﬂEi)Jrcp(AOS'),

i=1
where S = |J E;.
i=1

Proor. (i) If AC X, then p(ANE)=0. Thus, p(4) < p(ANE)+

gp(AﬂE) = gp(AﬂE') < p(A).
(ii) This follows immediately from Lemma 4.4.
(i) We will use Lemma 4.4 to establish the p-measurability of Ey — Es.
Thus, let P C F4 — FE> and Q C (E1 — Eg)N = F; U F5 and note that
Q= (QNE3)U(Q — E). The p-measurability of Es implies

P(P) +¢(Q) = ¢(P) +¢[(@N E2) U (Q — Ey)]
= ¢(P) +¢(QN E2) + ¢(Q — E).

But P C Ey, Q — E> C E; and the p-measurability of F; imply

©(P) +¢(QN E2) + ¢(Q — E2)
= p(Q@NE2) + [P U(Q — E2)].

Also, QN Ey C Ey, PU(Q — E3) C E5 and the p-measurability of F,

(4.3)

(4.4)

imply
P(QN Es) + [P U(Q — Eb)]
(4.5) = [(QNE2) U(PU(Q — Er))]
=p(QUP)=¢(PUQ).

Hence, by (4.3), (4.4), and (4.5) we have

(P)+¢(Q) = p(PUQ).

(iv) Let S, = UF_, E; and let A be an arbitrary subset of X. We proceed by
finite induction and first note that the result is obviously true for £ = 1.
For k > 1 assume that Si is ¢-measurable and that

k
(4.6) 0(A) > p(ANE;) + (AN Sy,

i=1
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for every set A. Then

©(A) = p(AN Epp1) + 0(AN Ejpp1) because Ej1 is ¢-measurable
= (AN Ek11) + (AN Ek+1 N Sk)
+ (AN Eppq NSE) because S is g-measurable
=¢(AN Egq1) + 9(ANSk)
+ (AN S'k_H) because Sy, C Ek+1
k+1
> Z P(ANE;) +e(ANSkt1) use (4.6) with A replaced by AN Sk.

i=1
By the countable subadditivity of ¢, this shows that
©(A) = o(AN Ski1) + (AN Spi);

this, in turn, implies that Siy1 is ¢-measurable. Since we now know
that for every set A C X and for all positive integers k

(A) > (AN E;) + p(ANSy)

-

Il
-

7

and that Sy D S, we have

3

) p(A) > ;@(AOEO +9(ANS)

> p(ANS) +p(ANS).
Again, the countable subadditivity of ¢ was used to establish the last
inequality. This implies that S is p-measurable, which establishes the

first part of (iv). For the second part of (iv), note that the countable
subadditivity of ¢ yields

p(A) <

S) +¢(ANS)

p(A
gi (ANE;)+p(ANS).

This, along with (4.7), establishes the last part of (iv). O

The preceding result shows that ¢-measurable sets are closed under the
set-theoretic operations of taking complements and countable disjoint unions.
Of course, it would be preferable if they were closed under countable unions,
and not merely countable disjoint unions. The proposition below addresses
this issue. But first, we will prove a lemma that will be frequently used
throughout. It states that the union of a countable family of sets can be
written as the union of a countable family of disjoint sets.
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4.7. LEMMA. Let {E;} be a sequence of arbitrary sets. Then there exists
a sequence of disjoint sets {A;} such that each A; C E; and

UE = U A,.
i=1 i=1
If each E; is p-measurable, and so is A;.

PRroor. For each positive integer j, define S; = U{ZIEZ-. Note that

g E=5U (lg(s,c+1 \ S1)).-

Now take A; = S7 and A; 1 = Si41 \ S; for all integers i > 1.

If each E; is p-measurable, and the same is true for each S;. Indeed,
referring to Theorem 4.6 (iii), we see that Sy is p-measurable because Sy =
E> U (Ey\ E2) is the disjoint union of ¢-measurable sets. Inductively, we see
that S; = E; U (Sj—1 \ E;) is the disjoint union of ¢-measurable sets, and
therefore the sets A; are also ¢-measurable. O

4.8. THEOREM. If {E;} is a sequence of p-measurable sets in X, then
UL E; and N2, E; are p-measurable.

PROOF. From the previous lemma, we have
o0 o0
i=1 i=1

where each A; is a p-measurable subset of E; and where the sequence {4;}
is disjoint. Thus, it follows immediately from Theorem 4.6 (iv) that U2, E;
is p-measurable.

To establish the second claim, note that

X\ (ﬁ B) = g ..

The right side is p-measurable in view of Theorem 4.6 (ii), (iii) and the first
claim. A further appeal to Theorem 4.6 (iv) concludes the proof. O

Classes of sets that are closed under complementation and countable
unions play an important role in measure theory and are therefore given a
special name.

4.9. DEFINITION. A nonempty collection ¥ of sets E satisfying the fol-
lowing two conditions is called a c—algebra:
(i) if E € %, then E € %;
(i) UL, E; € X if each E; is in 2.

Note that it easily follows from the definition that a o-algebra is closed

under countable intersections and finite differences. Note also that the~entire
space and the empty set are elements of the o-algebra, since ) = ENE € X.
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4.10. DEFINITION. In a topological space, the elements of the smallest o-
algebra that contains all open sets are called Borel sets. The term “smallest”
is taken in the sense of inclusion, and it is left as an exercise (Exercise 1,
Section 4.2) to show that such a smallest g-algebra, denoted by B, exists.

The following is an immediate consequence of Theorem 4.6 and Theorem
4.8.

4.11. COROLLARY. If ¢ is an outer measure on an arbitrary set X, then
the class of p-measurable sets forms a o-algebra.

Next we state a result that exhibits the basic additivity and continuity
properties of outer measure when restricted to its measurable sets. These
properties follow almost immediately from Theorem 4.6.

4.12. COROLLARY. Suppose ¢ is an outer measure on X and {E;} a
countable collection of p-measurable sets.

(i) If E1 C Ey with ¢(Ey) < oo, then

p(E2\ E1) = ¢(E2) — ¢(E1).
(See Exercise 3, Section 4.1.)
(ii) (Countable additivity) If {E;} is a disjoint sequence of sets, then

o(U E) =3 (B

(iii) (Continuity from the left) If {E;} is an increasing sequence of sets, that
is, if E; C E;41 for each i, then

(U Ei) = ¢(lim E;) = lim ¢(E;).
i=1 i—00 1—00

(iv) (Continuity from the right) If {E;} is a decreasing sequence of sets, that
is, if E; D E;11 for each i, and if o(E;,) < oo for some iy, then

o( N Ei) = ¢(lim E;) = lim ¢(E;).
i=1 i—00 i—00
(v) If {E;} is any sequence of p-measurable sets, then

p(liminf F;) < liminf p(F;).
1— 00 1— 00
(vi) If
(U Ei) <oo

i=ig
for some positive integer ig, then

p(limsup E;) > limsup p(E;).

1—> 00 1—> 00
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PrOOF. We first observe that in view of Corollary 4.11, each of the sets
that appears on the left side of (ii) through (vi) is ¢-measurable. Conse-
quently, all sets encountered in the proof will be ¢-measurable.

(i): Observe that ¢(F2) = @(Es \ E1) + ¢(E1), since Ey \ Fy is ¢-
measurable (Theorem 4.6 (iii)).

(ii): This is a restatement of Theorem 4.6 (iv).

(iii): We may assume that ¢(E;) < oo for each 4, for otherwise, the result
follows from the monotonicity of ¢. Since the sets Fy,Ey \ Eq,...,Eiy1 \

FE;, ... are p-measurable and disjoint, it follows that
lim B; = J E; = EyU[ U (Bip1 \ Ei)]
10 i=1 i=1

and therefore, from (iv) of Theorem 4.6, that

p(lim E;) = o(E1) + ) ¢(Eir1 \ Ei).

i—00 ;
=1

Since the sets F; and E;;1 \ F; are disjoint and ¢-measurable, we have
O(Eiy1) = o(Eiy1 \ Ei) + ¢(E;). Therefore, because ¢(E;) < oo for each ¢,
we have from (4.1)

e(lim E;) = ¢(Eq) + Z Eip1) — o(E5)]

11— 00

= lim <P(Ei+1)>

7—00
which proves (iii).
(iv): By replacing E; with E; N E;, if necessary, we may assume that
¢(E1) < co. Since {E;} is decreasing, the sequence {E; \ E;} is increasing,
and therefore (iii) implies

(U B\ E)) = lim (B \ Ey)
(4.8) i=1 1—00
= p(Fy) — lim o(E;).
1— 00
It is easy to verify that

Loj(El \E;) =B\ iﬁ E;,

i=1

and therefore, from (i) of Corollary 4.12, we have

o( ‘U (E1\ Ei)) = o(E1) — o Ql Ei),

which, along with (4.8), yields
o0
o(B) — o 1 B) = ¢(Br) — lim o(E,).

The fact that ¢(E;) < oo allows us to conclude (iv).
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(v): Let A; =nNZ B, for j =1,2,.... Then Aj; is an increasing sequence
of p-measurable sets with the property that lim;_, ., A; = liminf; , Ej;, and
therefore, by (iii),

e(liminf E;) = lim ¢(A4,).
i—00 j—o0

But since A; C Ej, it follows that
lim ¢(A4;) < liminf p(E;),
j—o0 j—o0

thus establishing (v).
The proof of (vi) is similar to that of (v) and is left as Exercise 1,
Section 4.1. O

4.13. REMARK. We mentioned earlier that one of our major concerns is
to determine whether there is a rich supply of measurable sets for a given
outer measure . Although we have learned that the class of measurable sets
constitutes a o-algebra, this is not sufficient to guarantee that the measurable
sets exist in great numbers. For example, suppose that X is an arbitrary
set and ¢ is defined on X as ¢(E) = 1 whenever E C X is nonempty,
while ¢(@) = 0. Then it is easy to verify that X and ) are the only ¢-
measurable sets. In order to overcome this difficulty, it is necessary to impose
an additivity condition on ¢. This will be developed in the following section.

We will need the following definitions:

4.14. DEFINITIONS. An outer measure ¢ on a topological space X is
called a Borel outer measure if all Borel sets are p-measurable. A Borel
outer measure is finite if (X)) is finite.

An outer measure o on a set X is called regular if for each A C X there
exists a p-measurable set B D A such that p(B) = ¢(A). A Borel regular
outer measure is a Borel outer measure such that for each A C X, there
exists a Borel set B such that ¢(B) = ¢(A) (see Theorem 4.52 and Corollary
4.56 for regularity properties of Borel outer measures). A Radon outer
measure is a Borel regular outer measure that is finite on compact sets.

We began this section with the concept of an outer measure on an arbi-
trary set X and proved that the family of ¢-measurable sets forms a o-
algebra. We will see in Section 4.9 that the restriction of ¢ to this o-algebra
generates a measure space (see Definition 4.47). In the next few sections
we will introduce important examples of outer measures, which in turn will
provide measure spaces that appear in many areas of mathematics.

Exercises for Section 4.1

1. Prove (vi) of Corollary 4.12.
2. In Examples 4.2 (iv), let p.(A) := p(A) denote the dependence on &, and
define

$(4) = lim p.(A).

e—0



78 4. MEASURE THEORY

What is ¥(A) and what are the corresponding 1-measurable sets?

3. In (i) of Corollary 4.12, it was shown that ¢(Es \ E1) = @(E2) — ¢(E1)
if By C Ey are p-measurable with ¢(E7) < oco. Prove that this result
remains true if Fs is not assumed to be ¢-measurable.

4.2. Carathéodory Outer Measure

In the previous section, we considered an outer measure ¢ on an arbitrary set
X. We now restrict our attention to a metric space X and impose a further
condition (an additivity condition) on the outer measure. This will allow us
to conclude that all closed sets are measurable.

4.15. DEFINITION. An outer measure ¢ defined on a metric space (X, p)
is called a Carathéodory outer measure if

(4.9) @(AUB) = ¢(4) + ¢(B)

whenever A, B are arbitrary subsets of X with d(A, B) > 0. The notation
d(A, B) denotes the distance between the sets A and B and is defined by

d(A,B): =inf{p(a,b):a € A,b € B}.

4.16. THEOREM. If ¢ is a Carathéodory outer measure on a metric space
X, then all closed sets are p-measurable.

ProOOF. We will verify the condition in Definition 4.3 whenever C' is a

closed set. Because ¢ is subadditive, it suffices to show that
(4.10) p(A) =2 p(ANC) +¢(A\C)
whenever A C X. In order to prove (4.10), consider A C X with ¢(A) < oo
and for each positive integer 4, let C; = {z : d(z,C) < 1/i}. Note that

1

d(A\C;,AnC)>-=>0.

i
Since A D (A\ C;) U (A\ C), (4.15) implies
(4.11) p(A) > o((A\CHU(ANC)) = p(A\ Ci) +p(ANC).

Because of this inequality, the proof of (4.10) will be concluded if we can
show that
(4.12) lim ¢(A\ C;) = (4 C).

1— 00

For each positive integer i, let

1 1
Ti:Aﬁ{x:, <d(x,C)§,}
141

7

and note that since C is closed, x ¢ C if and only if d(x,C') > 0 and therefore
that

(4.13) A\C=(A\Cj)U(LojTi)

=7
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for each positive integer j. This, in turn, implies

(4.14) P(A\ C) < p(A\C)) +Z<p
i=j
We now note that

(4.15) iw(Tz < o0

To establish (4.15), first observe that d(T;,T;) > 0 if |i — j| > 2. Thus, we
obtain from (4.9) that for each positive integer m,

ZSD (Ty) = U T2l) < p(A) < o0,

=

Z%(qu) = ¢( [_j Tri—1) < p(A) < oo.

From (4.14) and since A\ C; C A\ C and Y .2, ¢(T;) < oo, we have
(AN C) — Z@ ) S p(A\Cy) < p(AN\C).

Hence, by letting j — oo and using lim;_, sz »(T;) = 0, we obtain the
desired conclusion. O

The following proposition provides a useful description of the Borel sets.

4.17. THEOREM. Suppose F is a family of subsets of a topological space
X that contains all open and all closed subsets of X. Suppose also that F is
closed under countable unions and countable intersections. Then F contains
all Borel sets; that is, B C F.

Proor. Let
H=Fn{A:AcF}.
Observe that H contains all closed sets. Moreover, it is easily seen that H is
closed under complementation and countable unions. Thus, H is a o-algebra
that contains the open sets and therefore contains all Borel sets. O

As a direct result of Corollary 4.11 and Theorem 4.16 we have the main
result of this section.

4.18. THEOREM. If ¢ is a Carathéodory outer measure on a metric space
X, then the Borel sets of X are p-measurable.

If X =R", it follows that the cardinality of the Borel sets is at least as
great as that of the closed sets. Since the Borel sets contain all singletons of
R™, their cardinality is at least ¢. We thus have shown that not only do the
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p-measurable sets have nice additivity properties (they form a o-algebra),
but in addition, there is a plentiful supply of them if ¢ is a Carathéodory
outer measure on R™. Thus, the difficulty that arises from the example in
Remark 4.13 is avoided. In the next section we discuss a concrete illustration
of such a measure.

Exercises for Section 4.2

1. Prove that in every topological space X, there exists a smallest o-algebra
that contains all open sets in X. That is, prove that there is a o-algebra
Y. that contains all open sets and has the property that if 3; is another o-
algebra containing all open sets, then ¥ C X;. In particular, for X = R"”,
note that there is a smallest o-algebra that contains all the closed sets in

R™.

2. In a topological space X the family of Borel sets, B, is by definition the
o-algebra generated by the closed sets. The method below is another way
of describing the Borel sets using transfinite induction. You are to fill in
the necessary steps:

(a)

(b)

—
@

For an arbitrary family F of sets, let
F* ={ U Eg : where either E; € F or E; € F for all i € N}.
k=1

Let Q denote the smallest uncountable ordinal. We will use transfi-
nite induction to define a family &, for each a < €.

Let & := all closed sets := K. Now choose o < ) and assume that
&3 has been defined for each g such that 0 < 8 < a. Define

Eo i= ( U 55>
<8<

A= U &

0<a<)

and define

Show that each &, € B.
Show that A C B5.
Now show that A is a og-algebra to conclude that A = B.
(i) Show that 0, X € A.
(ii) Let A € A = A € &, for some a < Q. Show that this
implies Ae Er C &g for every 5 > a.
(iii) Conclude that A € A and thus conclude that A is closed under
complementation.

(iv) Now let {A;} be a sequence in A. Show that |J Ap € A.

k=1
(Hint: Each Ay is in A,, for some o < Q. We know that
there is § < Q such that 8 > «y for each k € N.)
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Prove that the set function p defined in (4.40) is an outer measure whose
measurable sets include all open sets.

Prove that the set function v defined in (4.45) is an outer measure on X.
An outer measure ¢ on a space X is called o-finite if there exists a
countable number of sets A; with ¢(4;) < oo such that X C U2, A,.
Assuming that ¢ is a o-finite Borel regular outer measure on a metric
space X, prove that ¥ C X is ¢-measurable if and only if there exists an
F, set F C F such that o(E\ F) =0.

Let ¢ be an outer measure on a space X. Suppose A C X is an arbitrary
set with p(A) < oo such that there exists a ¢-measurable set E D A with
©(E) = ¢(A). Prove that (AN B) = ¢(E N B) for every yp-measurable
set B.

In R?, find two disjoint closed sets A and B such that d(4, B) = 0. Show
that this is not possible if one of the sets is compact.

Let ¢ be an outer Carathéodory measure on R and let f(z) := ¢(I),
where I, is an open interval of fixed length centered at x. Prove that f is
lower semicontinuous. What can you say about f if I, is taken as a closed
interval? Prove the analogous result in R™; that is, let f(x) := p(B(x,a)),
where B(z,a) is the open ball with fixed radius a centered at x.

In a metric space X, prove that dist (A4, B) = d(A, B) for arbitrary sets
A, BeX.

Let A be a non-Borel subset of R™ and define for each subset E,

0 ifECA,
Mm_{miuAA¢ﬂ

Prove that ¢ is an outer measure that is not Borel regular.

Let M denote the class of p-measurable sets of an outer measure ¢
defined on a set X. If p(X) < oo, prove that the family

F={AecM:p(A) >0}

is at most countable.

4.3. Lebesgue Measure

Lebesgue measure on R™ is perhaps the most important example of a
Carathéodory outer measure. We will investigate the properties of this mea-
sure and show, among other things, that it agrees with the primitive notion
of volume on sets such as n-dimensional “intervals.”

For the purpose of defining Lebesgue outer measure on R™, we consider

closed n-dimensional intervals

(4.16) I={z:a0;<z;<bji=1,2,...,n}
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and their volumes
(4.17) o(I) = [J b - ai).

With Il = [Cthl], IQ = [ag,bg], .. .,In = [an,bn], we have
I=1 xI x---x1I,.

Notice that n-dimensional intervals have their edges parallel to the coordinate
axes of R™. When no confusion arises, we shall simply say “interval” rather
than “n-dimensional interval.”

In preparation for the development of Lebesgue measure, we state two
elementary propositions concerning intervals whose proofs will be omitted.

4.19. THEOREM. Suppose each edge I, = [ak,bg] of an n-dimensional
interval I is partitioned into oy subintervals. The products of these intervals
produce a partition of I into B: = aq - ag - - ay, subintervals I; and

v(I) = ().

i=1

4.20. THEOREM. For each interval I and each € > 0, there exists an
interval J whose interior contains I and

v(J) <v(l) +e.

4.21. DEFINITION. The Lebesgue outer measure of an arbitrary set
E C R"™, denoted by \*(E), is defined by

M\ (F) = inf {Zv([k)} ,
k=1

where the infimum is taken over all countable collections of closed intervals
I}, such that

o0
E C U 1.
k=1
It may be necessary at times to emphasize the dimension of the Euclidean

space in which Lebesgue outer measure is defined. When clarification is
needed, we will write A% (E) in place of \*(E).

Our next result shows that Lebesgue outer measure is an extension of
volume.

4.22. THEOREM. For a closed interval I C R™, \*(I) = v(I).

PRrROOF. The inequality A*(I) < v(I) holds, since S consisting of I alone
can be taken as one of the admissible competitors in Definition 4.21.
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To prove the opposite inequality, choose ¢ > 0 and let {I;}7°, be a
sequence of closed intervals such that

(4.18) ICUIk and Z (I) < \*(I) +
k=1
For each k, refer to Theorem 4.19 to obtain an interval J;, whose interior
contains I, and

o(Ji) < v() + 2%

ZU(Jk) < ZU(Ik) + e
k=1 k=1

Let F = {interior (Ji) : k € N} and observe that F is an open cover of
the compact set I. Let n be the Lebesgue number for F (see Exercise 4,
Section 3.5). By Theorem 4.19, there is a partition of I into finitely many
subintervals, K1, Ko, ..., K,,, each with diameter less than n and having the

property

We therefore have

m m

I=JK; and v(I)=> v(K
i=1 i=1

Each K; is contained in the interior of some Ji, say Ji,, although more than

one K; may belong to the same J,. Thus, if N,,, denotes the smallest number

of the Ji,’s that contain the K;’s, we have N,, < m and

m N o [e%e)
v(l) = ZU(KZ‘) < ZU(J;W) ZU Ji) < ZU
i=1 i=1 k=1 k=1

From this and (4.18) it follows that
v(l) < A (1) + 2¢,
which yields the desired result, since € is arbitrary. g

We will now show that Lebesgue outer measure is a Carathéodory outer
measure as defined in Definition 4.15. Once we have established this result,
we then will be able to apply the important results established in Section 4.2,
such as Theorem 4.18, to Lebesgue outer measure.

4.23. THEOREM. Lebesque outer measure, N*, defined on R™ is a
Carathéodory outer measure.

PrROOF. We first verify that A\* is an outer measure. The first three
conditions of Definition 4.1 are immediate, so we proceed with the proof of
condition (iv). Let {A4;} be a countable collection of arbitrary sets in R™ and
let A =U2;A;. We may as well assume that A\*(4;) < oo fori=1,2,..., for
otherwise, the conclusion is obvious. Choose € > 0. For each 4, the definition
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of Lebesgue outer measure implies that there exists a countable family of

closed intervals, {I )}J 1, such that
(4.19) A JId
j=1
and
(4.20) S o) < AT(4) + 25
j=1
Now AcC | IJ@ and therefore
ij=1
XA < o)y =303 el
i,j=1 i=1 j=1
oo . c o) .
<N+ o) = XA e

Since € > 0 is arbitrary, the countable subadditivity of \* is established.
Finally, we verify (4.15) of Definition 4.15. Let A and B be arbitrary
sets with d(A, B) > 0. From what has just been proved, we know that
A (AU B) < A*(A) + A*(B). To prove the opposite inequality, choose € > 0
and, from the definition of Lebesgue outer measure, select closed intervals
{I;} whose union contains AU B such that
> w(I) <A(AUB) +e
k=1
By subdividing each interval [, into smaller intervals if necessary, we may
assume that the diameter of each I} is less than d(A, B). Thus, the family
{I;} consists of two subfamilies, {I;,} and {I}'}, where the elements of the
first have nonempty intersections with A, while the elements of the second
have nonempty intersections with B. Consequently,

M (A) + X (B) < iv(z,g) + iv([ Zv ) <A (AUB) +
k=1 k=1

k=1
Since € > 0 is arbitrary, this shows that

A (A) + A\*(B) < A" (AU B),
which completes the proof. O

4.24. REMARK. We will henceforth refer to A*-measurable sets as
Lebesgue measurable sets. Now that we know that Lebesgue outer mea-
sure is a Carathéodory outer measure, it follows from Theorem 4.18 that
all Borel sets in R™ are Lebesgue measurable. In particular, each open set
and each closed set are Lebesgue measurable. We will denote by A the set
function obtained by restricting A* to the family of Lebesgue measurable
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sets. Thus, whenever E is a Lebesgue measurable set, we have by definition
AME) = M*(E); X is called Lebesgue measure. Note that the additivity
and continuity properties established in Corollary 4.12 apply to Lebesgue
measure.

In view of Theorem 4.22 and the continuity properties of Lebesgue mea-
sure, it is possible to show that the Lebesgue measure of elementary geometric
figures in R™ agrees with the notion of volume. For example, suppose that J is
an open interval in R™, that is, suppose J is the product of open 1-dimensional
intervals. It is easily seen that A(J) equals the product of lengths of these
intervals, because J can be written as the union of an increasing sequence
{Ii} of closed intervals. Then

AJ) = kli_)n;o AIg) = kl'l)nolo vol (I;) = vol (J).

Next, we give several characterizations of Lebesgue measurable sets. We
recall Definition 3.46, in which the concepts of G5 and F, sets are introduced.

4.25. THEOREM. The following five conditions are equivalent for
Lebesgue outer measure, A\*, on R":
(i) E C R™ is A*-measurable.
(ii) For each € > 0, there is an open set U D E such that \*(U \ E) < e.
(iii) There is a G5 set U D E such that \*(U \ E) = 0.
(iv) For each & > 0, there is a closed set F C E such that \*(E\ F) < e.
(v) There is an F, set F' C E such that X*(E\ F') = 0.

PROOF. (i) = (ii). We first assume that A(E) < oo. For arbitrary € > 0,
the definition of Lebesgue outer measure implies the existence of closed
n-dimensional intervals I;, whose union contains F such that

o0 . €

k=1
Now, for each k, let I;, be an open interval containing I such that v(I}) <
v(Ix) + ¢/2**1. Then, defining U = U I/, we have that U is open, and
from (4.3), that

AU) < iv(],’c) < iv([k) +¢e/2 < N(E) +e.
k=1 k=1

Thus, A(U) < \*(E) + ¢, and since E is a Lebesgue measurable set of finite
measure, we may appeal to Corollary 4.12 (i) to conclude that

AU\ E) =X U\ E) = \(U) = \*(E) < e.

If A\(E) = o0, for each positive integer i let E; denote E N B(i), where B(i)
is the open ball of radius ¢ centered at the origin. Then E; is a Lebesgue

measurable set of finite measure, and thus we may apply the previous step
to find an open set U; D E; such that \(U; \ E;) < /2%, Let U = U2, U;
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and observe that U \ E C U2, (U; \ E;). Now use the subadditivity of A to

conclude that
o0 o0

€
\ Zz; i\ Ei) < ; 9i €,
which establishes the implication (i) = (ii).

(ii) = (iii). For each positive integer i, let U; denote an open set with
the property that U; D E and A*(U; \ E) < 1/i. If we define U = N2, U,
then

MU\ E) = mw\Ensggo%o.

(iii) = (i). This is obvious, since both U and (U \ E) are Lebesgue
measurable sets with £ =U\ (U \ E).

(i) = (iv). Assume that E is a measurable set and thus that E is mea-
surable. We know that (ii) is equivalent to (i), and thus for every € > 0, there
is an open set U D E such that A\(U \ E) < e. Note that

E\U=EnU=U\E.
Sincef] is closed, U ¢ E, and A\(E \ U) < ¢, we see that (iv) holds with
F=U.
The proofs of (iv) = (v) and (v) = (i) are analogous to those of (ii) =
(iii) and (iii) = (i), respectively. O

=1

4.26. REMARK. The above proof is direct and uses only the definition
of Lebesgue measure to establish the various regularity properties. However,
another proof, which is not as long but is perhaps less transparent, proceeds
as follows. Using only the definition of Lebesgue measure, it can be shown
that for every set A C R™, there is a Gs set G D A such that A(G) = A*(A)
(see Exercise 9, Section 4.3). Since A\* is a Carathéodory outer measure
(Theorem 4.23), its measurable sets contain the Borel sets (Theorem 4.18).
Consequently, A\* is a Borel regular outer measurem and thus we may appeal
to Corollary 4.56 below to conclude that assertions (ii) and (iv) of Theorem
4.25 hold for every Lebesgue measurable set. The remaining properties follow
easily from these two.

Exercises for Section 4.3

1. With A\; defined by
A (E) = A([t] B),
prove that A\;(N) = 0 whenever A(N) = 0.
2. Let I, 11, I5,. .., I} be intervals in R such that I C U¥_,I;. Prove that

k
HED XA

where v(I) denotes the length of the interval I.
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3. Complete the proofs of (iv) = (v) and (v) = (i) in Theorem 4.25.

4. Let E C R, and for each real number ¢, let E+t = {x+1t:2 € E}.
Prove that \*(E) = A*(E + t). From this show that if E is Lebesgue
measurable, then so is F + t.

5. Prove that Lebesgue measure on R™ is independent of the choice of coor-
dinate system. That is, prove that Lebesgue outer measure is invariant
under rigid motions in R".

6. Let P denote an arbitrary (n — 1)-dimensional hyperplane in R™. Prove
that A(P) = 0.

7. In this problem, we want to show that every Lebesgue measurable subset
of R must be “densely populated” in some interval. Thus, let £ C R be
a Lebesgue measurable set, A\(E) > 0. For each £ > 0, show that there

MENT)
A()

8. Suppose E C R, A*(E) < oo, is an arbitrary set with the property that
there exists an F,-set F' C E with A(F) = A*(E). Prove that E is a
Lebesgue measurable set.

9. Prove that every set A C R"™ is contained within a Gs-set G with the
property A(G) = A*(4).

10. Let {Ex} be a sequence of Lebesgue measurable sets contained in a com-
pact set K C R™. Assume for some ¢ > 0 that A\(Ej) > ¢ for all k. Prove
that there is some point that belongs to infinitely many Ej’s.

11. Let T: R™ — R™ be a Lipschitz map. Prove that if A(F) = 0, then
MT(E)) =0.

exists an interval I such that >1—c.

4.4. The Cantor Set

The Cantor set construction discussed in this section provides a method of
generating a wide variety of important, and often unexpected, examples in
real analysis. Omne of our main interests here is to show how the Cantor
set exhibits the disparities in measuring the “size” of a set by the meth-
ods discussed so far, namely, by cardinality, topological density, or Lebesgue
measure.

The Cantor set is a subset of the interval [0,1]. We will describe it by
constructing its complement in [0, 1]. The construction will proceed in stages.
At the first step, let I;,; denote the open interval (%7 %) Thus, I ; is the open
middle third of the interval I = [0,1]. The second step involves performing
the first step on each of the two remaining intervals of I — I ;. That is, we
produce two open intervals, Iz 1 and I5 2, each being the open middle third of
one of the two intervals that constitute I — I; ;. At the ith step we produce
271 open intervals, I; 1, L2, ..., I; 2i-1, each of length (3)°. The (i + 1)th
step consists in producing middle thirds of each of the intervals of

i 2971

j=1k=1
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With C' denoting the Cantor set, we define its complement by

oo 2971

InNCc=U U L

j=1k=1

Note that C' is a closed set and that its Lebesgue measure is 0, since

MI\C) = +2<;>+22(;>+~~

Note that since C is closed, C = C, and so A\(C) = A(C) = 0. Therefore
C does not contain any open set, since otherwise, we would have A\(C) > 0.
This implies that C' is nowhere dense.

Thus, the Cantor set is small in the sense of both measure and topology.
We now will determine its cardinality.

Every number z € [0,1] has a ternary expansion of the form

(o]
T = 3
i=1
where each z; is 0, 1, or 2 and we write z = 0.z1x5... . This expansion is
unique except when
a
=30

where a and n are positive integers with 0 < a < 3" and where 3 does not
divide a. In this case, x has the form

n
Ty

?a
i=1
where x; is either 1 or 2. If z,, = 2, we will use this expression to represent
x. However, if x, = 1, we will use the following representation for x:

€T x
p=2 424 Il +Z3z
i1=n+1

Thus, with this convention, each number = € [0,1] has a unique ternary
expansion.

Let x € I and consider its ternary expansion x = 0.x1xs3..., bearing
in mind the convention we have adopted above. Observe that = & I ; if
and only if 1 # 1. Also, if 1 # 1, then « ¢ o1 U I if and only if
o # 1. Continuing in this way, we see that z € C' if and only if z; # 1 for
each positive integer i. Thus, there is a one-to-one correspondence between
elements of C' and all sequences {z;} in which each x; is either 0 or 2. The
cardinality of the latter is 2%, which, in view of Theorem 2.30, is c.
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The Cantor construction is very general, and its variations lead to many
interesting constructions. For example, if 0 < @ < 1, it is possible to produce
a Cantor-type set C,, in [0, 1] whose Lebesgue measure is 1 — a. The method
of construction is the same as above, except that at the ith step, each of the
intervals removed has length a37%. We leave it as an exercise to show that
C, is nowhere dense and has cardinality c.

Exercises for Section 4.4

1. Prove that the Cantor-type set C, described at the end of Section 4.4 is
nowhere dense, has cardinality ¢, and has Lebesgue measure 1 — a.

2. Construct an open set U C [0, 1] such that U is dense in [0,1], A(U) < 1,
and A(U N (a,b)) > 0 for every interval (a,b) C [0, 1].

3. Consider the Cantor-type set C(7) constructed in Section 4.8. Show that
this set has the same properties as the standard Cantor set; namely, it has
measure zero, it is nowhere dense, and it has cardinality c.

4. Prove that the family of Borel subsets of R has cardinality ¢. From this
deduce the existence of a Lebesgue measurable set that is not a Borel set.

5. Let E be the set of numbers in [0, 1] whose ternary expansions have only
finitely many 1’s. Prove that A(E) = 0.

4.5. Existence of Nonmeasurable Sets

The existence of a subset of R that is not Lebesgue measurable is intertwined
with the fundamentals of set theory. Vitali showed that if the axiom of choice
is accepted, then it is possible to establish the existence of nonmeasurable
sets. However, in 1970, Solovay proved that using the usual axioms of set the-
ory, but excluding the axiom of choice, it is impossible to prove the existence
of a nonmeasurable set.

4.27. THEOREM. There exists a set E C R that is not Lebesque measur-
able.

PROOF. We define a relation on elements of the real line by saying that
2 and y are equivalent (written xz ~ y) if x — y is a rational number. It
is easily verified that ~ is an equivalence relation as defined in Definition
1.1. Therefore, the real numbers are decomposed into disjoint equivalence
classes. Denote the equivalence class that contains x by E,. Note that if
x is rational, then F, contains all rational numbers. Note also that each
equivalence class is countable, and therefore, since R is uncountable, there
must be an uncountable number of equivalence classes. We now appeal to
the axiom of choice, Proposition 1.4, to assert the existence of a set S such
that for each equivalence class E, S N E consists of precisely one point. If
x and y are arbitrary elements of .S, then = — y is an irrational number, for
otherwise, they would belong to the same equivalence class, contrary to the
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definition of S. Thus, the set of differences, defined by
Dg: ={z—y:z,y €S},

is a subset of the irrational numbers and therefore cannot contain any interval.
Since the Lebesgue outer measure of a set is invariant under translation and
R is the union of the translates of S by every rational number, it follows
that A*(S) # 0. Thus, if S were a measurable set, we would have A(S) > 0.
If A(S) < oo, then Lemma 4.28 is contradicted, since Dg cannot contain
an interval. If A(S) = oo, then there exists a closed interval I such that
0 < ASNI) < oo, and S NI is measurable. But this contradicts Lemma
4.28, since Dgny C Dg cannot contain an interval. O

4.28. LEMMA. If S C R is a Lebesgue measurable set of positive and
finite measure, then the set of differences Dg := {x —y : z,y € S} contains
an interval.

PROOF. For each € > 0, there is an open set U D S with A(U) <
(1 +¢)A(S). Now U is the union of a countable number of disjoint open
intervals,
U= U I.
k=1
Therefore,

S=U SN, and AS) =Y _MSNI).
k=1 k=1

Since A(U) = > _p2 AIx) < (1 4+)A(S) = (1 + ) > ey A(S N I), it follows
that A(I,) < (1+¢e)A(S N Iy,) for some ky. With the choice of £ = %, we
have

(4.21) A(S N Iy) > %)\(Iko).

Now select any number ¢ with 0 < [t| < 2A(Ix,) and consider the translate of
the set SNy, by t, denoted by (SN Ik,)+t. Then (SNIk,)U((SNIk,)+1)is
contained within an interval of length less than %)\(I ko)- Using the fact that
the Lebesgue measure of a set remains unchanged under a translation, we
conclude that the sets SN 1, and (SN I,)+t must intersect, for otherwise,
we would contradict (4.21). This means that for each ¢ with [t| < SA(Ik,),
there are points =,y € SN Iy, such that + —y = t. That is, the set

Dso{x—y:z,ye SN}

contains an open interval centered at the origin of length A(I, ). g

Exercises for Section 4.5

1. Referring to the proof of Theorem 4.27, prove that every subset of R with
positive outer Lebesgue measure contains a nonmeasurable subset.

2. Let NV denote the nonmeasurable set constructed in this section. Show
that if F is a measurable subset of A/, then A\(F) = 0.
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4.6. Lebesgue—Stieltjes Measure

Lebesgue—Stieltjes measure on R is another important outer measure that is
often encountered in applications. A Lebesgue—Stieltjes measure is generated
by a nondecreasing function, f, and its definition differs from Lebesgue mea-
sure in that the length of an interval appearing in the definition of Lebesgue
measure is replaced by the oscillation of f over that interval. We will show
that it is a Carathéodory outer measure.

Lebesgue measure is defined using the primitive concept of volume in R™.
In R, the length of a closed interval is used. If f is a nondecreasing function
defined on R, then the “length” of a half-open interval (a,b], denoted by
ayf((a,b]), can be defined by

(4.22) af((a,b]) = f(b) — f(a).

Based on this notion of length, a measure analogous to Lebesgue mea-
sure can be generated. This establishes an important connection between
measures on R and monotone functions. To make this connection precise,
it is necessary to use half-open intervals in (4.22) rather than closed inter-
vals. It is also possible to develop this procedure in R, but it becomes more
complicated, cf. [Sa].

4.29. DEFINITION. The Lebesgue—Stieltjes outer measure of an arbitrary
set F C R is defined by

(4.23) Ni(E) = inf{ > af(hk)},
hy€F
where the infimum is taken over all countable collections F of half-open
intervals hy of the form (ag, bg] such that
E C U hy.

hy€F
Later in this section, we will show that there is an identification between
Lebesgue—Stieltjes measures and nondecreasing right-continuous functions.
This explains why we use half-open intervals of the form (a,b]. We could
have chosen intervals of the form [a,b), and then we would show that the
corresponding Lebesgue—Stieltjes measure could be identified with a left-
continuous function.

4.30. REMARK. Also, observe that the length of each interval (ay,bg]
that appears in (4.23) can be assumed to be arbitrarily small, because
N N
ag((a,b]) = F(b) = fla) = Y _[f(ar) = flar-1)] = D as((ar-1,ax])
k=1 k=1
whenever a = a9 < a1 < ---<ay =b.

4.31. THEOREM. If f: R — R is a nondecreasing function, then A} is a
Carathéodory outer measure on R.
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PrOOF. Referring to Definitions 4.1 and 4.15, we need only show that A}
is monotone and countably subadditive, and that it satisfies property (4.15).
Verification of the remaining properties is elementary.

For the proof of monotonicity, let A; C As be arbitrary sets in R and
assume, without loss of generality, that X;(Ag) < 00. Choose € > 0 and
consider a countable family of half-open intervals hj, = (ag, bg] such that

Ay C U hi and Zaf hk <)\f(A2)
k=1

Then, since A; C UZ2, hy,

Np(A1) <Y ap(he) < Xj(As) + ¢
k=1
which establishes the desired inequality, since ¢ is arbitrary.

The proof of countable subadditivity is virtually identical to the proof
of the corresponding result for Lebesgue measure given in Theorem 4.23 and
thus will not be repeated here.

Similarly, the proof of property (4.9) of Definition 4.15 runs parallel to
the one given in the proof of Theorem 4.23 for Lebesgue measure. Indeed,
by Remark 4.30, we may assume that the length of each (ag, bg] is less than
d(A, B). O

Now that we know that )\}i is a Carathéodory outer measure, it follows
that the family of A}-measurable sets contains the Borel sets. As in the case
of Lebesgue measure, we denote by Ay the measure obtained by restricting
A} to its family of measurable sets.

In the case of Lebesgue measure, we proved that A\(I) = vol (I) for all
intervals I C R™. A natural question is whether the analogous property holds
for Ay.

4.32. THEOREM. If f: R — R is nondecreasing and right-continuous,
then

Ar((a,0]) = f(b) = f(a).

PROOF. The proof is similar to that of Theorem 4.22, and as in that
situation, it suffices to show that

Ar((a,b]) = £(b) = f(a).

Let ¢ > 0 and select a cover of (a,b] by a countable family of half-open
intervals (a;, b;] such that

(4.24) Zf flai) < Ap((a,b]) +

Since f is 1“ight-contlnuous7 it follows that for each i,

i ay((ai, b; +t]) = ay((ai, bi]).
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Consequently, we may replace each (a;,b;] with (a;,b], where b, > b; and
F) — f(ai) < f(bi) — f(a;) + €/2%, thus causing no essential change to
(4.24), and thus allowing

(a.b] € U (ai,b)-

i=1
Let o’ € (a,b). Then

(4.25) [a',b] € U (i, b}).

i=1
Let n be the Lebesgue number of this open cover of the compact set [a’, ]
(see Exercise 3.4). Partition [a/,b] into a finite number, say m, of intervals,
each of length less than 7. We then have

m

[alvb] = U [tk—lvtk]’

k=1

where tg = @’ and t,, = b and each [ty_1,tx] is contained in some element

of the open cover in (4.25), say (a;,, b} ]. Furthermore, we can relabel the

elements of our partition so that each [t;_1,tx] is contained in precisely one
(@i, b ]. Then

ik

NE

f) = fla) =) f(tr)— f(te-1)

ES
Il
-

NE

f@,) = f(ai,)

~
Il
-

e

f(bé) — flai)
k

< Af((a,b]) + 2e.

Since ¢ is arbitrary, we have

f0) = fa) < Ap((a, b]).

Furthermore, the right continuity of f implies
lim f(a') = f(a)
a’—at

and hence

f(0) = f(a) < As((a,b]),
as desired. 0

We have just seen that a nondecreasing function f gives rise to a Borel

outer measure on R. The converse is readily seen to hold, for if y is a finite
Borel outer measure on R (see Definition 4.14), let

f(x) = p((—o0, z]).
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Then f is nondecreasing and right-continuous (see Exercise 4.1), and
w((a, b)) = f(b) — f(a) whenever a <b.

(Incidentally, this now shows why half-open intervals are used in the develop-
ment.) With f defined in this way, note from our previous result, Theorem
4.32, that the corresponding Lebesgue—Stieltjes measure, Ay, satisfies

Ar((a,b]) = f£(b) = f(a),

thus proving that p and Ay agree on all half-open intervals. Since every open
set in R is a countable union of disjoint half-open intervals, it follows that p
and Ay agree on all open sets. Consequently, it seems plausible that these
measures should agree on all Borel sets. In fact, this is true, because both
p and A} are outer measures with the approximation property described in
Theorem 4.52 below. Consequently, we have the following result.

4.33. THEOREM. Suppose p is a finite Borel outer measure on R and let

f(@) = p((=o0, 2]).

Then the Lebesgue—Stieltjes measure, Ay, agrees with p on all Borel sets.

Exercises for Section 4.6

1. Suppose p is a finite Borel measure defined on R.
Let f(x) = p((—o0, z]). Prove that f is right continuous.
2. Let f: R — R be a nondecreasing function and let Ay be the Lebesgue—
Stieltjes measure generated by f. Prove that As({zo}) = 0 if and only if
f is left-continuous at xg.
3. Let f be a nondecreasing function defined on R. Define a Lebesgue—
Stieltjes-type measure as follows: For A C R an arbitrary set,

(4.26) A3(A) = inf{ > L) - f(ak)]},

hreF

where the infimum is taken over all countable collections F of closed inter-
vals of the form hy := [ay, bg] such that
E C U hy.
hr€F

In other words, the definition of A%}(A) is the same as A\}(A) except that
closed intervals [ag, bg] are used instead of half-open intervals (ag, by].

As in the case of Lebesgue—Stieltjes measure it can be easily seen that
A% is a Carathéodory measure. (You need not prove this.)
(a) Prove that A}(A) < A3(A) for all sets A C R™.
(b) Prove that A}(B) = A}(B) for all Borel sets B if f is left-continuous.



4.7. HAUSDORFF MEASURE 95

4.7. Hausdorff Measure

As a final illustration of a Carathéodory measure, we introduce s-dimensional
Hausdorff (outer) measure in R™, where s is any nonnegative real number.
It will be shown that the only significant values of s are those for which
0 < s < nand that for s in this range, Hausdorff measure provides meaningful
measurements of small sets. For example, sets of Lebesgue measure zero may
have positive Hausdorff measure.

4.34. DEFINITIONS. Hausdorff measure is defined in terms of an auxiliary
set function that we introduce first. Let 0 < s < 00, 0 < ¢ < o0, and let
A C R". Define

(4.27) HZ(A) = inf {Z a(s)27%(diam E;)*: AC |J E;, dlam F; <e } ,
i=1 i=1
where a(s) is a normalization constant defined by
s
a(s) = m,

with -
I(t) = / el dx, 0<t< oo,
0

It follows from the definition that if 1 < €3, then H? (E) > HZ (F). This
allows the following, which is the definition of s-dimensional Hausdorff
measure:
H?(A) = lim H:(A) = sup HZ(A).
e—0 e>0

When s is a positive integer, it turns out that «(s) is the Lebesgue measure of
the unit ball in R®. This makes it possible to prove that H? assigns to elemen-
tary sets the value one would expect. For example, consider n = 3. In this

% = % = %71:71//22 = 3. Note that a(3)273(diamB(z, r))? =
3mr® = X(B(w,r)). In fact, it can be shown that H"(B(z,r)) = M B(z,r))
for every ball B(z,r) (see Exercise 1, Section 4.7). In Definition 4.27 we
have fixed n > 0 and we have defined, for all 0 < s < oo, the s-dimensional
Hausdorff measures H®. However, for every A C R™ and s > n we have

H*®(A) = 0. That is, H* = 0 on R for all s > n (see Exercise 3, Section 4.7).

case a(3) =

Before deriving the basic properties of H®, a few observations are in
order.

4.35. REMARK.

(i) Hausdorff measure could be defined in any metric space, since the essen-
tial part of the definition depends only on the notion of diameter of a
set.

(ii) The sets E; in the definition of H?(A) are arbitrary subsets of R”. How-
ever, they could be taken to be closed sets, since diam E; = diam FE;.
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(iii) The reason for the restriction of coverings by sets of small diameter
is to produce an accurate measurement of sets that are geometrically
complicated. For example, consider the set A = {(z,sin(1/z)) : 0 < z <
1} in R%. We will see in Section 7.8 that H'(A) is the length of the set
A, so that in this case, H'(A) = oo (it is an instructive exercise to prove
this directly from the definition). If no restriction on the diameter of the
covering sets were imposed, the measure of A would be finite.

(iv) Often Hausdorff measure is defined without the inclusion of the constant
a(s)27%. Then the resulting measure differs from our definition by a
constant factor, which is not important unless one is interested in the
precise value of the Hausdorff measure.

We now proceed to derive some of the basic properties of Hausdorff mea-
sure.

4.36. THEOREM. For each nonnegative number s, H® is a Carathéodory
outer measure.

PrOOF. We must show that the four conditions of Definition 4.1 are
satisfied as well as condition (4.15). The first three conditions of Definition 4.1
are immediate, and so we proceed to show that H® is countably subadditive.
For this, suppose {A;} is a sequence of sets in R™ and select sets {E; ;} such
that

o0 e I3
A, C U By, diamE;; <e, E a(s)27°(diam E; ;)° < HZ(A;) + 5
Jj=1 j=1

Then, as ¢ and j range through the positive integers, the sets {E; ;} produce
a countable covering of A, and therefore,

He ( ['jl Ai> < f: f: o(5)2~*(diam E; )°

Now HZ(A;) < H?(A;) for each 4, so that
I (_in) SO (A) e
Now taking limits as € — 0, we obtabiml_1
H (_GlAi) < H (A,
= i=1

which establishes countable subadditivity.

Now we will show that condition (4.15) is satisfied. Choose A, B C R"
with d(4, B) > 0 and let € be any positive number less than d(A, B). Let
{E;} be a covering of AUB with diam E; < e. Thus no set E; intersects both
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A and B. Let A be the collection of the F; that intersect A, and B those
that intersect B. Then

a(s)27%(diam E;)°® > Z a(s)27%(diam E;)®
i=1 EcA
+ Z a(s)27%(diam E;)®
EeB

> H:(A)+ H:(B).

Taking the infimum over all such coverings {E;}, we obtain

HI(AUB) = HX(A) + HX(B),
where ¢ is any number less than d(A, B). Finally, taking the limit as ¢ — 0,
we have

H*(AUB) > H*(A) + H*(B).
Since we already established (countable) subadditivity of H®, property (4.15)
is thus established, and the proof is concluded. O

Since H® is a Carathéodory outer measure, it follows from Theorem 4.18
that all Borel sets are H®-measurable. We next show that H? is, in fact, a
Borel regular outer measure in the sense of Definition 4.14.

4.37. THEOREM. For each A C R™, there exists a Borel set B D A such
that
H?®(B) = H*(A).

PRrROOF. From the previous comment, we already know that H?® is a Borel
outer measure. To show that it is a Borel regular outer measure, recall from
(ii) in Remark 4.35 above that the sets {E;} in the definition of Hausdorff
measure can be taken as closed sets. Suppose A C R™ with H*(A) < oo, thus
implying that HZ(A) < oo for all € > 0. Let {¢;} be a sequence of positive
numbers such that €; — 0, and for each positive integer j, choose closed sets
{E; ;} such that diam E; ; < ¢e;, A C U2, E; ;, and

Za °(diam E; j)° < HZ (A) +¢;.
i=1

Set - -
Aj = U Ei,j and B = n Aj.
i=1 j=1
Then B is a Borel set, and since A C A; for each j, we have A C B.
Furthermore, since
B C U E;;

for each j, we have

Za *(diam E; ;)° < HZ (A) +¢;.
=1
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Since €; — 0 as j — 00, we obtain H*(B) < H*(A). But A C B, so that we
have H*(A) = H*(B). O

4.38. REMARK. The preceding result can be improved. In fact, there is a
G5 set G containing A such that H*(G) = H?(A); see Exercise 8, Section 4.7.

4.39. THEOREM. Suppose A C R" and 0 < s <t < oo. Then
(i) If H*(A) < oo then H'(A) = 0.
(i) If H'(A) > 0 then H*(A) = <.

PROOF. We need only prove (i), because (ii) is simply a restatement of
(i). We state (ii) only to emphasize its importance.

For the proof of (i), choose € > 0 and a covering of A by sets {E;} with
diam F; < e such that

Zoz *(diam F;)* < H(A) +1 < H*(A) + 1.
=1
Then
Ht(A)<Zoz() (diam E;)
i=1
= a(t) 25—t ia *(diam E;)*(diam E;)"~*
a(s) '
at) oot o
< D gs et [[15(A) 4 1]
< Syt () + 1]
Now let € — 0 to obtain H*(A) = 0. O

4.40. DEFINITION. The Hausdorff dimension of an arbitrary set A C
R"™ is the number 0 < §4 < n such that

§a = inf{t: H'(A) = 0} = sup{s: H*(A) = oo}.
In other words, the Hausdorff dimension § 4 is the unique number such that
s < 4 implies H*(A) = oo,
t > 64 implies H'(A) = 0.

The existence and uniqueness of d4 follows directly from Theorem 4.39.

4.41. REMARK. If s = d4, then one of the following three possibilities
has to occur: H*(A) =0, H*(A) = 00, 0 < H*(A) < co. On the other hand,
if 0 < H(A) < oo, then it follows from Theorem 4.39 that 64 = s.

The notion of Hausdorff dimension is not very intuitive. Indeed, the
Hausdorff dimension of a set need not be an integer. Moreover, if the dimen-
sion of a set is an integer k, the set need not resemble a “k-dimensional
surface” in any usual sense. See Falconer [27] or Federer [28] for examples of
pathological Cantor-like sets with integer Hausdorff dimension. However, we
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can at least be reassured by the fact that the Hausdorff dimension of an open
set U C R™ is n. To verify this, it is sufficient to assume that U is bounded
and to prove that

(4.28) 0< H"(U) < .

Exercise 2, Section 4.7, deals with the proof of this. Also, it is clear that every
countable set has Hausdorff dimension zero; however, there are uncountable
sets with dimension zero (see Exercise 7, Section 4.7).

Exercises for Section 4.7

1. If A C R is an arbitrary set, show that H'(A) = \*(A).

4.42. REMARK. In this problem, you will see the importance of the con-
stant that appears in the definition of Hausdorff measure. The constant
a(s) that appears in the definition of H*-measure is equal to 2 when s = 1.
That is, a(1) = 2, and therefore, the definition of H'(A) can be written as

1 T 1
H (A) = ;136 H:(4),
where

> o0

HY(A)=inf{ ) diam E;: Ac U E; CR, diam E; <¢ .
i=1 i=1

This result is also true in R™ 'but is more difficult to prove. The isodiametric

inequality A*(A4) < a(n) (%)n (whose proof is omitted in this book)

can be used to prove that H"(A) = A\*(A) for all A C R™.

2. For A C R™, use the isodiametric inequality introduced in Exercise 4.1 to
show that

A (A) < H'(A) < a(n) (?) A (A).

3. Show that H® = 0 on R" for all s > n.

4. Let C C R? denote the circle of radius 1 and regard C as a topological
space with the topology induced from R2. Define an outer measure H on
C by

H(A) = %HI(A) for any setA C C.

Later in the book, we will prove that H'(C) = 27. Thus, you may assume
that. Show that
(i) H(C) =1.
(ii) Prove that H is a Borel regular outer measure.
(iii) Prove that H is rotationally invariant; that is, prove that for every
set A C C, one has H(A) = H(A’), where A’ is obtained by rotating
A through an arbitrary angle.
(iv) Prove that # is the only outer measure defined on C' that satisfies
the previous three conditions.
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5. Another Hausdorff-type measure that is frequently used is Hausdorff
spherical measure, HZ. It is defined in the same way as Hausdorff
measure (Definition 4.34) except that the sets E; are replaced by n-balls.
Clearly, H*(E) < HE(FE) for every set E C R"™. Prove that H(E) <
2°H*(E) for every set E C R™.

6. Prove that a countable set A C R™ has Hausdorff dimension 0. The
following problem shows that the converse is not true.

7. Let S = {a;} be any sequence of real numbers in (0,1/2). We will now
construct a Cantor set C(S) similar in construction to that of C'(\) except
that the length of the intervals I ; at the kth stage will not be a constant
multiple of those in the preceding stage. Instead, we proceed as follows:
Define Iy; = [0,1] and then define the intervals I 1, [; 2 to have length
a1. Proceeding inductively, the intervals Iy ; at the kth stage will have
length axl(Ix—1,). Consequently, at the kth stage, we obtain 2% intervals
I, j each of length

S = aiag - --ak.

It can be easily verified that the resulting Cantor set C'(S) has cardinality
c and is nowhere dense.

The focus of this problem is to determine the Hausdorff dimension of
C(S). For this purpose, consider the following function defined on (0, c0):

(4.29) W) o= Lost  when0<s <1,
r®log(1/r) where 0 < s < 1.

Note that h is increasing and lim,_,oh(r) = 0. Corresponding to this
function, we will construct a Cantor set C'(Sy) that will have interesting
properties. We will select inductively numbers a1, as, ... such that

(4.30) h(sy) =27F.

That is, a; is chosen so that h(a;) = 1/2, i.e., ay = h~'(1/2). Now that
a; has been chosen, let as be the number such that h(ajas) = 1/22. In
this way, we can choose a sequence Sp, := {a1,as, ...} such that (4.30) is
satisfied. Now consider the following Hausdorff-type measure:

> o0
HM'(A) := inf {Zh(diam E)):AcC U E; CR", h(diam E;) <e } ,
i=1 =1
and
H"(A) := lim H'(A).
e—0
With the Cantor set C(S,) that was constructed above, it follows that
1
(4.31) 1< H"(C(Sy)) < 1.
The proof of this proceeds in precisely the same way as in Section 4.8.
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(a) With s = 0, our function h in (4.29) becomes h(r) = 1/log(1/r),
and we obtain a corresponding Cantor set C(Sy). With the help
of (4.31) prove that the Hausdorff dimension of C(S},) is zero, thus
showing that the converse of Problem 1 is not true.

(b) Now take s = 1, and then our function h in (4.29) becomes h(r) =
rlog(1/r), and again we obtain a corresponding Cantor set C(Sp).
Prove that the Hausdorff dimension of C(Sy) is 1, which shows that
there are sets other than intervals in R that have dimension 1.

8. Prove that for each set A C R™, there exists a G5 set B O A such that
(4.32) H*(B)=H*(A).

4.43. REMARK. This result shows that all three of our primary
measures, namely Lebesgue measure, Lebesgue-Stieltjes measure, and
Hausdorff measure, share the same important regularity property (4.32).

9. If A C R" is an arbitrary set and 0 <t < n, prove that if H:(A) =0 for
some 0 < € < oo, then H!(A) = 0.
10. Let f: R™ — R™ be Lipschitz (see Definition 3.65), F C R", 0 < s < oo.
Prove that then

H(f(A)) < C3HS(A).

4.8. Hausdorff Dimension of Cantor Sets

In this section the Hausdorff dimension of Cantor sets will be determined.
Note that for H' defined in R, the constant «(s)27* in (4.34) equals 1.

4.44. DEFINITION. [General Cantor set] Let 0 < v < 1/2 and set [y ; =
[0,1]. Let I1; and I o denote the intervals [0,v] and [1 — +, 1] respectively.
They result by deleting the open middle interval of length 1 — 2y. At the
next stage, delete the open middle interval of length (1 — 2v) of each of the
intervals I1,; and I 2. There remain 22 closed intervals each of length 2.
Continuing this process, at the kth stage there are 2 closed intervals each of
length v*. Denote these intervals by Iy 1, .. . s I 21 We define the generalized
Cantor set as

oo 2F

C =N U ;-

k=0j=1

Note that C(1/3) is the Cantor set discussed in Section 4.4.
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I I I3 I,

2k
Since C(y) C U Iy,; for each k, it follows that
=1

j=

ok
H’?f’“ (0(7)) < Zl([kd)s = 2kryk5 — (2,}/5)k¢’
j=1

where
{(I,;) denotes the length of Iy ;.

If s is chosen so that 2¢° =1 (if s = log2/log(1/7)), we have
(4.33) H*(C(y)) = lim H%(C(y)) < 1.
k—oo

It is important to observe that our choice of s implies that the sum of the
sth powers of the lengths of the intervals at any stage is equal to 1; that is,

(4.34) > UIky) =1

Next, we show that H*(C(y)) > 1/4, which along with (4.33), implies
that the Hausdorff dimension of C'(y) equals log(2)/log(1/7). We will estab-
lish this by showing that if

Clv)c Ui
i=1
is an open covering C'(y) by intervals J;, then
(4.35) > ) =

i=1

A~

Since this is an open cover of the compact set C(v), we can employ the
Lebesgue number of this covering to conclude that each interval I ; of the
kth stage is contained in some J;, provided k is sufficiently large. We will
show for every open interval I and fixed ¢ that
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(4.36) > (Ia)t <4l

I, CI

This will establish (4.35), since

AN TUT) =)0 ) IIky)* by (4.36)
7 7 Ik,jCJi
o0 2k, %)

> Zl(]k,j)s =1, because U I C 4L_Jl J; and by(4.34).

j=1 =1 i

To verify (4.36), assume that I contains some interval Iy ; from the ¢th stage,
and let k denote the smallest integer for which I contains some interval I ;
from the kth stage. Then & < ¢. By considering the construction of our
set C(7), it follows that no more than four intervals from the kth stage can

intersect I, for otherwise, I would contain some Ij_;,;. Call the intervals
Iy k., m=1,2,3,4. Thus,

A > ek, =Y. > W)
m=1

m=1 Iy ;Clk k,,

> > i),

I@J,CI

which establishes (4.36). This proves that the dimension of C'() is equal to
log2/log(1/7).

4.45. REMARK. It can be shown that (4.35) can be improved to read
(4.37) ST > 1,

which implies the precise result H*(C(v)) =1 if
log 2

log(1/v)

4.46. REMARK. The Cantor sets C() are prototypical examples of sets
that possess self-similar properties. A set is self-similar if it can be decom-
posed into parts that are geometrically similar to the whole set. For example,
the sets C(v) N [0,7] and C(v) N [1 — v, 1] when magnified by the factor 1/
yield a translate of C(v). Self-similarity is the characteristic property of
fractals.

4.9. Measures on Abstract Spaces

Given an arbitrary set X and a o-algebra, M, of subsets of X, a nonnegative
countably additive set function defined on M is called a measure. In this
section we extract the properties of outer measures when restricted to their
measurable sets.
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Before proceeding, recall the development of the first three sections of
this chapter. We began with the concept of an outer measure on an arbi-
trary set X and proved that the family of measurable sets forms a o-algebra.
Furthermore, we showed that the outer measure is countably additive on mea-
surable sets. In order to ensure that there are situations in which the family
of measurable sets is large, we investigated Carathéodory outer measures on
a metric space and established that their measurable sets always contain the
Borel sets. We then introduced Lebesgue measure as the primary example
of a Carathéodory outer measure. In this development, we begin to see that
countable additivity plays a central and indispensable role, and thus, we now
call upon a common practice in mathematics of placing a crucial concept in
an abstract setting in order to isolate it from the clutter and distractions of
extraneous ideas. We begin with the following definition:

4.47. DEFINITION. Let X be a set and M a o-algebra of subsets of X.
A measure on M is a function p: M — [0, oo] satisfying the properties

(i) p(®0) = 0;
(ii) if {E;} is a sequence of disjoint sets in M, then

u( _:le E;) = Z 1(E;).

Thus, a measure is a countably additive set function defined on M.
Sometimes the notion of finite additivity is useful. It states that

(ii)" If By, Es, ..., Ey is any finite family of disjoint sets in M, then

K
u( @1 E;) = Z 1(E;).

If 14 satisfies (i) and (ii’) but not necessarily (ii), then y is called a finitely
additive measure. The triple (X, M, u) is called a measure space, and
the sets that constitute M are called measurable sets. To be precise, these
sets should be referred to as M-measurable, to indicate their dependence on
M. However, in most situations, it will be clear from the context which o-
algebra is intended, and thus the more involved notation will not be required.
If M constitutes the family of Borel sets in a metric space X, then p is called
a Borel measure. A measure p is said to be finite if u(X) < oo, and
o-finite if X can be written as X = U2, E;, where pu(E;) < oo for each
1. A measure p with the property that all subsets of sets of u-measure zero
are measurable is said to be complete, and (X, M, 1) is called a complete
measure space. A Borel measure on a topological space X that is finite on
compact sets is called a Radon measure. Thus, Lebesgue measure on R™
is a Radon measure, but s-dimensional Hausdorff measure, 0 < s < n, is not
(see Theorem 4.63 for regularity properties of Borel measures).
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We emphasize that the notation p(F) implies that F is an element of
M, since pu is defined only on M. Thus, when we write p(F;) as in the
definition above, it should be understood that the sets F; are necessarily
elements of M.

4.48. EXAMPLES. Here are some examples of measures.
(i) (R™, M, A), where X is Lebesgue measure and M is the family of Lebesgue
measurable sets.

(i) (X, M, ¢), where @ is an outer measure on an abstract set X and M is
the family of p-measurable sets.

(iii) (X, M, dy,), where X is an arbitrary set and J,, is an outer measure

defined by
1 if E
bu(B) =4
0 ifzg g E.

The point g € X is selected arbitrarily. It can easily be shown that all
subsets of X are d,,-measurable, and therefore M is taken as the family
of all subsets of X.

(iv) (R, M, p), where M is the family of all Lebesgue measurable sets, and
o € R and p is defined by

WE) = AME\ {zo}) + 050 (E)
whenever £ € M.

(v) (X, M, ), where M is the family of all subsets of an arbitrary space X
and where pu(FE) is defined as the number (possibly infinite) of points in
EeM.

The proof of Corollary 4.12 used only the properties of an outer measure
that an abstract measure possesses, and therefore most of the following do
not require a proof.

4.49. THEOREM. Let (X, M, 1) be a measure space and suppose {E;} is
a sequence of sets in M.
(i) (Monotonicity) If E1 C Es, then u(E1) < u(E2).
(i) (Subtractivity) If Eqx C Eg and pu(Eq) < oo, then pw(Ey — Eq) = u(Es) —
u(Er).
(iii) (Countable subadditivity)

u(_iLj

=1

Ez) < Z w(E;).
i=1

(iv) (Continuity from the left) If {E;} is an increasing sequence of sets, that
is, if E; C Eipq1 for each i, then

1—00 i—00

w( _O:le E;) = p(lim E;) = lim pu(E;).



106 4. MEASURE THEORY

(v) (Continuity from the right) If {E;} is a decreasing sequence of sets, that
is, if E; D E;1 for each i, and if u(E;,) < oo for some ig, then
u( _01 E;) = p(lim E;) = lim u(E;).

71— 00

p(liminf E;) < liminf p(E;).

11— 00 1— 00

M(EOJEi)<OO

i=io
for some positive integer ig, then
p(limsup E;) > lim sup u(E;).
i—00 1—00

PROOF. Only (i) and (iii) have not been established in Corollary 4.12.
For (i), observe that if £y C Es, then u(Es) = pu(FE1) + w(E2 — E1) > p(Eq).

(iii) Refer to Lemma 4.7 to obtain a sequence of disjoint measurable sets
{A;} such that A; C E; and

UE = U A.
i=1 i=1

Then,

o) 0o o0 oo
p(UE)=p(UA)=> wA) <> uE). 0

i=1 i=1 i=1 i=1
One property that is characteristic of an outer measure ¢ but is not
enjoyed by abstract measures in general is the following: if ¢(E) = 0, then E
is ¢-measurable, and consequently, so is every subset of E. Not all measures
are complete, but this is not a crucial defect, since every measure can easily
be completed by enlarging its domain of definition to include all subsets of

sets of measure zero.

4.50. THEOREM. Suppose (X, M, u) is a measure space. Define M =
{AUN : Ae M, N C B for some B € M such that u(B) = 0} and define i
on M by i(AUN) = p(A). Then M is a o-algebra, [i is a complete measure
on M, and (X, M, ji) is a complete measure space. Moreover, [i is the only

complete measure on M that is an extension of .

PROOF. It is easy to verify that M is closed under countable unions,
since this is true for sets of measure zero. To show that M is closed under
complementation, note that with sets A, N, and B as in the definition of
M, it may be assumed that AN N = (), because AUN = AU (N \ A) and
N\ A is a subset of a measurable set of measure zero, namely B \ A. It can
be readily verified that

AUN=(AUB)N((BUN)U(ANB))
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and therefore

(AUN)~ =(AUB (BUN)U(ANB))™

= ( )~ U
=(AUB)"U((BNN)N(ANB)™)
=(AUB)YU((B\N)\ AN B).

Since (AU B)~ € M and (B\ N)\ AN B is a subset of a set of measure

zero, it follows that M is closed under complementation. Consequently, M
is a o-algebra.

To show that the definition of i is unambiguous, suppose A; U Ny =
As U Ny, where N; C B;, i1 =1,2. Then Ay C As U Ny and

(A1 U Ny) = p(Ar) < p(A2) + p(Bz) = p(Az) = (A2 U Na).

Similarly, we have the opposite inequality. It is easily verified that g is
complete, since i(N) = a(@ U N) = p(0) = 0. Uniqueness is left as Exercise
2, Section 4.9. O

Exercises for Section 4.9

1. Let {ur} be a sequence of measures on a measure space such that
pr+1(E) > up(E) for each measurable set E. With p defined as p(E) =
limg_, oo px (E), prove that p is a measure.

2. Prove that the measure fi introduced in Theorem 4.50 is a unique exten-
sion of p.

3. Let p be finite Borel measure on R%. For fixed r > 0, let C, = {y :
ly — x| = r} and define f: R? — R by f(z) = p[C,]. Prove that f is
continuous at xg if and only if u[Cy,] = 0.

4. Let u be finite Borel measure on R?. For fixed r > 0, define f: R? =+ R
by f(x) = u[B(z,r)]. Prove that f is continuous at zo if and only if
1[Ca] = 0.

5. This problem is set within the context of Theorem 4.50 of the text. With
1 given as in Theorem 4.50, define an outer measure p* on all subsets of
X in the following way: For an arbitrary set A C X let

i (A) i= inf {me}

where the infimum is taken over all countable collections {F;} such that

AC U FE;, E;, e M.
i=1

2

Prove that M = M* where M* denotes the o-algebra of p*-measurable
sets and that g = p* on M.
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In an abstract measure space (X, M, u), if {A;} is a countable disjoint
family of sets in M, we know that

p(U 4) = 3 u().

Prove that converse is essentially true. That is, under the assumption
that pu(X) < oo, prove that if {4;} is a countable family of sets in M
with the property that

00 oo
p(U A =D (A,

i=1 i=1
then p1(A; N A;) = 0 whenever ¢ # j.
Recall that an algebra in a space X is a nonempty collection of subsets of
X that is closed under the operations of finite unions and complements.
Also recall that a measure on an algebra, A, is a function pu: A —
[0, 0] satisfying the properties

(i) u(®) =0,
(ii) if {A;} is a disjoint sequence of sets in A whose union is also in A,
then

5 (@ Ai) - o_o H(Ay).

Finally, recall that a measure g on an algebra A generates a set
function p* defined on all subsets of X in the following way: for each
EcCX,let

(4.38) p*(E) := inf {Z u(Ai)} :

10.

where the infimum is taken over countable collections {A;} such that

FE C U Ai, A; e A
=1

K2

Assuming that pu(X) < oo, prove that p* is a regular outer measure.
Give an example of two o-algebras in a set X whose union is not an
algebra.

Prove that if the union of two o-algebras is an algebra, then it is neces-
sarily a o-algebra.

Let ¢ be an outer measure on a set X and let M denote the o-algebra
of p-measurable sets. Let u denote the measure defined by u(E) = ¢(FE)
whenever F € M; that is, p is the restriction of ¢ to M. Since, in
particular, M is an algebra, we know that y generates an outer measure
w*. Prove:
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(a) p*(E) > ¢(F) whenever E € M.
(b) u*(A) = p(A) for A C X if and only if there exists E € M such
that £ D A and p(E) = ¢(A).

(¢) p*(A) = ¢(A) for all A C X if ¢ is regular.
4.10. Regular Outer Measures

In any context, the ability to approximate a complex entity by a simpler one
is very important. The following result is one of many such approximations
that occur in measure theory; it states that for outer measures with rather
general properties, it is possible to approximate Borel sets by both open and
closed sets. Note the strong parallel to similar results for Lebesgue measure
and Hausdorff measure; see Theorems 4.25 and 4.37 along with Exercise 9,
Section 4.3.

4.51. THEOREM. If ¢ is a regular outer measure on X, then
(i) If Ay C Ay C ... is an increasing sequence of arbitrary sets, then

® (U Ai) = lim ¢(4;).
im1 i—00
(i) If AU B is p-measurable, ¢(A) < oo, p(B) < oo, and ¢(AU B) =
©(A) + ¢(B), then both A and B are p-measurable.
PROOF. (i): Choose ¢-measurable sets C; D A; with o(C;) = ¢(4;).
The p-measurable sets
Bi = m Cj
j=i

form an ascending sequence that satisfies the conditions A; C B; C C; as
well as

@ ([_.jl Ai) <y <§ Bz-) = lim ¢(B;) < lim (C;) = lim o(A4;).

1—00 1—00
Hence, it follows that
© <U Ai) < lim p(A4;).
i=1 1—00

The opposite inequality is immediate, since

® <U Ai) > ¢(Ayg) for eachk € N.
i=1

(ii): Choose a g-measurable set C’ D A such that o(C") = ¢(A). Then, with
C :=C'N (AU B), we have a p-measurable set C with A C C C AU B and
©(C) = p(A). Note that

(4.39) p(BNC)=0,
because the p-measurability of C' implies
@(B) = p(BNC)+¢(B\C)



110 4. MEASURE THEORY

and
¢(C) + ¢(B )ZW(A) ¢(B)
=¢(AUB)
=p((A UB)ﬂC)+<p((AUB)\C)
=¢(C)+¢(B\C)
=¢(C) +¢(B) —p(BNC).

This implies that o(BNC) = 0, because ¢(B)+¢(C) < co. Since C C AUB,
we have

C\ A C B, which leads to (C\ A) € BNC. Then (4.39) implies p(C\ A) = 0,
which yields the g-measurability of A, since A = C\ (C'\ A). Finally, B is
also p-measurable, since the roles of A and B are interchangeable. O

4.52. THEOREM. Suppose ¢ is an outer measure on a metric space X
whose measurable sets contain the Borel sets; that is, ¢ is a Borel outer
measure. Then for each Borel set B C X with ¢(B) < oo and each € > 0,
there exists a closed set F C B such that

p(B\F) <e.
Furthermore, suppose
Bc UV,
i=1
where each V; is an open set with ¢(V;) < co. Then for each € > 0, there is
an open set W O B such that

o(W\ B) <e.

PROOF. For the proof of the first part, select a Borel set B with ¢(B) <
oo and define a set function p by

(4.40) H(A) = p(AN B)

whenever A C X. It is easy to verify that p is an outer measure on X whose
measurable sets include all p-measurable sets (see Exercise 3, Section 4.2)
and thus all open sets. The outer measure p is introduced merely to allow
us to work with an outer measure for which p(X) < cc.

Let D be the family of all y-measurable sets A C X with the following
property: for each € > 0, there is a closed set F' C A such that u(A\ F) < e.
The first part of the theorem will be established by proving that D contains
all Borel sets. Obviously, D contains all closed sets. It also contains all open
sets. Indeed, if U is an open set, then the closed sets

Fy={z:d(z,U) >1/i}
have the property that F; C F5 C ... and

v=UF

i=1
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and therefore that
ﬁ(U \Fy) = 0.
Therefore, since p(X) < oo, Corollary 4.12 (iv) yields
lim p(U\ F;) =0,
i—00

which shows that D contains all open sets U.

Since D contains all open and closed sets, according to Theorem 4.17,
we need only show that D is closed under countable unions and countable
intersections to conclude that it also contains all Borel sets. For this purpose,
suppose {A;} is a sequence of sets in D and for given ¢ > 0, choose closed
sets C; C A; with u(A; \ Ci) < /2. Since

ﬁ A\ ﬁ i c ;le(AZ- \ )
and
g A5\ ;le i c ;le(Ai \ G,
it follows that

3

(4.41) p[AANNC] <u [UA\C <D 5=¢
i=1 =1 =1
and

a2 gim u[ U an Uc]=uUan Ul <ul U] <

=1

Consequently, there exists a positive integer k such that

(4.43) i [;jl A\ _ijl ¢ <e

We have used the fact that U, A; and N2, A; are p-measurable, and in
(4.42), we again have used (iv) of Corollary 4.12. Since the sets N2, C; and
Uk_, C; are closed subsets of N2, A; and U2, A; respectively, it follows from
(4.41) and (4.43) that D is closed under the operations of countable unions
and intersections.

To prove the second part of the theorem, consider the Borel sets V; \ B
and use the first part to find closed sets C; C (V; \ B) such that

el(Vi\ Gi) \ Bl = ¢[(Vi \ B) \ Ci] < 21
For the desired set W in the statement of the theorem, let W = U2, (V;\ C;)
and observe that

(W \ B) < i [(Vi\ CY) \B]<§:i:5.

21
i=1
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Moreover, since BNV; C V; \ C;, we have

B=UBnv)c UW\C)=wW

=1 =1

0

4.53. COROLLARY. If two finite Borel outer measures agree on all open
(or closed) sets, then they agree on all Borel sets. In particular, in R, if they
agree on all half-open intervals, then they agree on all Borel sets.

4.54. REMARK. The preceding theorem applies directly to every
Carathéodory outer measure, since its measurable sets contain the Borel sets.
In particular, the result applies to both Lebesgue—Stieltjes measure A} and
Lebesgue measure and thereby furnishes an alternative proof of
Theorem 4.25.

4.55. REMARK. In order to underscore the importance of Theorem 4.52,
let us return to Theorem 4.33. There we are given a Borel outer measure p
with p(R) < co. Then define a function f by

f(z) = p((—00, z])

and observe that f is nondecreasing and right-continuous. Consequently, f
produces a Lebesgue—Stieltjes measure A% with the property that

N5 ((a,b]) = f(b) — f(a)

for each half-open interval. However, it is clear from the definition of f that
w1 also enjoys the same property:

p((a, b)) = f(b) = f(a).

Thus, @ and A} agree on all half-open intervals and therefore they agree on
all open sets, since every open set is the disjoint union of half-open intervals.
Hence, from Corollary 4.53, they agree on all Borel sets. This allows us
to conclude that there is a unique correspondence between nondecreasing
right-continuous functions and finite Borel measures on R.

It is natural to ask whether the previous theorem remains true if B is
assumed to be only ¢-measurable rather than being a Borel set. In general
the answer is no, but it is true if ¢ is assumed to be a Borel regular outer
measure. To see this, observe that if ¢ is a Borel regular outer measure and
A is a p-measurable set with p(A4) < oo, then there exist Borel sets By and
By such that

(444) B, C AC By and (p(Bl \BQ) =0.

PrOOF. For this, first choose a Borel set By D A with ¢(B1) = ¢(A).
Then choose a Borel set D D By \ A such that (D) = ¢(B;1 \ A). Note that
since A and Bj are p-measurable, we have ¢(B; \ A) = ¢(B;1) — p(A) = 0.
Now take By = By \ D. Thus, we have the following corollary. O
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4.56. COROLLARY. In the previous theorem, if ¢ is assumed to be a
Borel regular outer measure, then the conclusions remain valid if the
phrase “for each Borel set B” is replaced by “for each p-measurable set B.”

Although not all Carathéodory outer measures are Borel regular, the
following theorems show that they do agree with Borel regular outer measures
on the Borel sets.

4.57. THEOREM. Let ¢ be a Carathéodory outer measure. For each set
A C X, define

(4.45) P(A) = inf{p(B) : B D A, B a Borel set}.

Then 1 is a Borel reqular outer measure on X that agrees with ¢ on all Borel
sets.

PROOF. We leave it as an easy exercise (Exercise 4, Section 4.2) to
show that ¢ is an outer measure on X. To show that all Borel sets are
1-measurable, suppose D C X is a Borel set. Then, by Definition 4.3, we
must show that

(4.46) (A) 2 (AN D) +4(A\ D)

whenever A C X. For this we may as well assume (A) < co. For € > 0,
choose a Borel set B D A such that ¢(B) < 1(A) + €. Then, since ¢ is a
Borel outer measure (Theorem 4.18), we have
e+9(A) 2 p(B) 2 (BN D)+ ¢(B\ D)
2 P(AND)+¢(A\ D),
which establishes (4.46), since € is arbitrary. Also, if B is a Borel set, we
claim that (B) = ¢(B). Half the claim is obvious, because ¥(B) < ¢(B)
by definition. As for the opposite inequality, choose a sequence of Borel
sets D; C X with D; D B and lim;, o ¢(D;) = ¥(B). Then, with D =
liminf;_,, D;, we have by Corollary 4.12 (v),

2(B) < @(D) < liminf p(D) = (B),

which establishes the claim. Finally, since ¢ and i agree on Borel sets, we
have for arbitrary A C X,

Y(A) = inf{p(B) : B D A, B a Borel set}
=inf{y(B) : B D A, B a Borel set}.
For each positive integer 4, let B; D A be a Borel set with ¢(B;) < ¥(A)+1/i.
Then
B= ﬁ B;DA

=1

is a Borel set with ¥(B) = 1(A), which shows that 1 is Borel regular. O
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4.11. Outer Measures Generated by Measures

Thus far we have seen that with every outer measure there is an associated
measure. This measure is defined by restricting the outer measure to its
measurable sets. In this section, we consider the situation in reverse. It
is shown that a measure defined on an abstract space generates an outer
measure and that if this measure is o-finite, the extension is unique. An
important consequence of this development is that every finite Borel measure
is necessarily regular.

We begin by describing a process by which a measure generates an outer
measure. This method is reminiscent of the one used to define Lebesgue—
Stieltjes measure. Actually, this method does not require the measure to be
defined on a g-algebra, but only on an algebra of sets. We make this precise
in the following definition.

4.58. DEFINITIONS. An algebra in a space X is defined as a nonempty
collection of subsets of X that is closed under the operations of finite unions
and complements. Thus, the only difference between an algebra and a o-
algebra is that the latter is closed under countable unions. By a measure on
an algebra, A, we mean a function p: A — [0, 00| satisfying the properties

(i) p(®) =0,

(ii) if {A;} is a disjoint sequence of sets in A whose union is also in A, then

b (@ Ai) - i_oj H(Ay).

Consequently, a measure on an algebra A is a measure (in the sense of
Definition 4.47) if and only if A is a o-algebra. A measure on A is called
o-finite if X can be written

X=U A
i=1
with A; € A and p(A4;) < oo.

A measure ;1 on an algebra A generates a set function p* defined on all

subsets of X in the following way: for each F C X, let

(4.47) i (E) = int {Z u(Ao} 7

where the infimum is taken over countable collections {4;} such that
FE C U Ai, Al c A
i=1

Note that this definition is in the same spirit as that used to define Lebesgue
measure or more generally, Lebesgue—Stieltjes measure.

4.59. THEOREM. Let p be a measure on an algebra A and let p* be the
corresponding set function generated by p. Then
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* is an outer measure.

(i) p
(ii) p* is an extension of u; that is, u*(A) = p(A) whenever A € A.

(iii) Bach A € A is pu*-measurable.

*

PROOF. The proof of (i) is similar to showing that A\* is an outer measure
(see the proof of Theorem 4.23) and is left as an exercise.

(ii) From the definition, u*(A) < u(A) whenever A € A. For the opposite
inequality, consider A € A and let {4;} be any sequence of sets in A with

AC U A;.
i=1

Set

Bi :AQAZ\(AZ,1UA1,2UUA1)
These sets are disjoint. Furthermore, B; € A, B; C A;, and A = U2, B,;.
Hence, by the countable additivity of u,

oo

n(A) = ZM(Bi) < ZH(A¢)~

i=1
Since by definition, the infimum of the right-side of this expression tends to
w*(A), this shows that pu(A4) < p*(A4).
(iii) For A € A, we must show that
p(E) z p (ENA)+p"(E\ A)

whenever £ C X. For this we may assume that p*(F) < co. Given € > 0,
there is a sequence of sets {A4;} in A such that

E C U Al and Z,LL(Al) < p,*(E) +e.
i=1 i=1
Since p is additive on A, we have
p(Ai) = p(Ai NA) + p(Ai \ A).

In view of the inclusions

EnAc U(AinA) and E\AC [J(4\A),

=1 i=1
we have
p(E)+e> ZN(Ai NnA)+ ZN(Ai nA)
i=1 i=1
>pt(ENA)+u*(E\A).
Since ¢ is arbitrary, the desired result follows. O

4.60. EXAMPLE. Let us see how the previous result can be used to
produce Lebesgue—Stieltjes measure. Let A be the algebra formed by includ-
ing (), R, all intervals of the form (—oo,a], (b, +00), along with all possible
finite disjoint unions of these and intervals of the form (a, b]. Suppose that f
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is a nondecreasing right-continuous function and define p on intervals (a, b]
in A by

p((a,b]) = f(b) = f(a),
and then extend p to all elements of A by additivity. Then we see that the
outer measure p* generated by u using (4.47) agrees with the definition of

Lebesgue-Stieltjes measure defined by (4.23). Our previous result states that
w*(A) = u(A) for all A € A, which agrees with Theorem 4.32.

4.61. REMARK. In the previous example, the right continuity of f is
needed to ensure that p is in fact a measure on A. For example, if

_ 0 =20,
1 oz >0,

fz):

which shows that p is not a measure.

Next is the main result of this section, which in addition to restating the
results of Theorem 4.59, ensures that the outer measure generated by pu is
unique.

4.62. THEOREM. (Carathéodory-Hahn extension theorem). Letp be a
measure on an algebra A, let p* be the outer measure generated by p, and let
A* be the o-algebra of pu*-measurable sets.

(i) Then A* D A and p* = p on A.
(ii) Let M be a o-algebra with A C M C A* and suppose v is a measure on
M that agrees with yu on A. Then v = p* on M if u is o-finite.

PROOF. As noted above, (i) is a restatement of Theorem 4.59.
(ii) Given E € M, note that v(F) < u*(FE), since if {4;} is a countable
collection in A whose union contains E, then

oo

v(E) <v (@ Ai) <> v = O_o H(Ay).

i=1
To prove equality let A € A with p(A4) < co. Then we have
(448)  w(E)+v(A\ E) = o(4) = u*(A) = p*(E) + u*(A\ E).

Note that A\ E € M, and therefore v(A \ F) < p*(A\ E) from what we
have just proved. Since all terms in (4.48) are finite, we deduce that
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v(ANE)=p"(ANE)

whenever A € A with u(A) < oo. Since p is o-finite, there exist 4; € A such
that
o0
X=U A
i=1

(2

with p(A;) < oo for each i. We may assume that the A; are disjoint (Lemma
4.7) and therefore

v(E) ZZV(EﬂAi) ZZM*(EﬂAi) =u (E). -

Let us consider a special case of this result, namely, the situation in which
A is the family of Borel sets in a metric space X. If p is a finite measure
defined on the Borel sets, the previous result states that the outer measure,
w*, generated by p agrees with p on the Borel sets. Theorem 4.52 asserts
that p* enjoys certain regularity properties. Since p and p* agree on Borel
sets, it follows that p also enjoys these regularity properties. This implies
the remarkable fact that every finite Borel measure is automatically regular.
We state this as our next result.

4.63. THEOREM. Suppose (X, M, ) is a measure space, where X is a
metric space and 1 is a finite Borel measure (that is, M denotes the Borel
sets of X and p(X) < o). Then for each € > 0 and each Borel set B, there
exist an open set U and a closed set F' such that F C BC U, u(B\ F) <¢,
and (U \ B) < e.

If 1 is a measure defined on a g-algebra M rather than on an algebra A,
there is another method for generating an outer measure. In this situation,
we define p** on an arbitrary set £ C X by

(4.49) w*(E)=inf{u(B): B> E,B e M}.
We have the following result.

4.64. THEOREM. Consider a measure space (X, M, ). The set function
w** defined above is an outer measure on X . Moreover, u** is a reqular outer
measure and p(B) = p**(B) for each B € M.

PrOOF. The proof proceeds exactly as in Theorem 4.57. One need only
replace each reference to a Borel set in that proof with M-measurable set. [J

4.65. THEOREM. Suppose (X, M, 1) is a measure space and let p* and
w* be the outer measures generated by p as described in (4.47) and (4.49),
respectively. Then for each E C X with u(E) < oo there exists B € M such
that B > E,
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ProoF. We will show that for every £ C X there exists B € M such
that B D E and pu(B) = p*(B) = p*(F). From the previous result, it will
then follow that u*(F) = p**(E).

Note that for each € > 0 and every set E, there exists a sequence {4;} €
M such that

Ec A and ZN(Ai) < p*(E) +e.
=1 i=1
Setting A = UA;, we have
n(A) < p*(E) +e.
For each positive integer k, use this observation with ¢ = 1/k to obtain a set
Aj € M such that Ay D F and p(Ag) < p*(E) + 1/k. Let
B =) Ag.
k=1

Then B € M, and since E C B C A, we have
u*(B) < 1i*(B) < u(B) < j(Ax) < 1" (B) + 1/k.
Since k is arbitrary, it follows that u(B) = p*(B) = p*(E). O



CHAPTER 5

Measurable Functions

5.1. Elementary Properties of Measurable Functions

The class of measurable functions will play a critical role in the theory of inte-
gration. It is shown that this class remains closed under the usual elementary
operations, although special care must be taken in the case of composition
of functions. The main results of this chapter are the theorems of Egorov
and Lusin. Roughly, they state that pointwise convergence of a sequence of
measurable functions is “nearly” uniform convergence and that a measurable
function is “nearly” continuous.

Throughout this chapter, we will consider an abstract measure space
(X, M, 1), where p is a measure defined on the o-algebra M. Virtually all
the material in this first section depends only on the o-algebra and not on
the measure p. This is a reflection of the fact that the elementary properties
of measurable functions are set-theoretic and are not related to u. Also, we
will consider functions f: X — R, where R = R U {—o0} U {+00} is the
set of extended real numbers. For convenience, we will write oo for +oo.
Arithmetic operations on R are subject to the following conventions. For
r € R, we define

x4 (£oo) = (£o0) + . = o0
and
(£00) + (£00) = +00, (£o0) — (Foo) = +oo,
but
(£00) + (Foo), and (£oo) — (£o0)

are undefined. Also, for the operation of multiplication, we define

+oo, >0,
x(£00) = (£oo)z =< 0, z =0,
Foo, x <0,

for each x € R and let

(£o0) - (£o0) = 400 and (£o0) - (Foo) = —00.
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The operations
0o —00 00 —00
—) —, —and —
—00’ 00 o0 —00
are undefined.
We endow R with a topology called the order topology in the following

manner. For each a € R let
L, =RnN{z:z <a} =[-00,a) and R,=Rn{x:2>a}=(a,o0].

The collection S = {L, : a € R} U{R, : a € R} is taken as a subbasis for
this topology. A basis for the topology is given by

SU{R.NLy:a,beR a< b}

Observe that the topology on R induced by the order topology on R is
precisely the usual topology on R.

Suppose X and Y are topological spaces. Recall that a mapping f: X —Y
is continuous if and only if f~1(U) is open whenever U C Y is open. We
define a measurable mapping analogously.

5.1. DEFINITIONS. Suppose (X, M) and (Y, N) are measure spaces. A
mapping f: X — Y is called measurable with respect to M and N if

(5.1) f~HE) € M whenever E € N.

If there is no danger of confusion, reference to M and N will be omitted,
and we will simply use the term “measurable mapping.”

If Y is a topological space, a restriction is placed on A. In this case
it is always assumed that N is the o-algebra of Borel sets B. Thus, in this

situation, a mapping (X, M) N (Y, B) is measurable if
(5.2) f~YE) € M whenever E € B.
The reason for imposing this condition is to ensure that continuous mappings

will be measurable. That is, if both X and Y are topological spaces, X Loy
is continuous, and M contains the Borel sets of X, then f is measurable, since
fYE) € M whenever E is a Borel set; see Exercise 1, Section 5.1. One of
the most important situations occurs when Y is taken as R (endowed with
the order topology) and (X, M) is a topological space with M the collection
of Borel sets. Then f is called a Borel measurable function. Another
important example of this occurs when X = R", M is the class of Lebesgue
measurable sets and Y = R. Here, it is required that f~!(E) be Lebesgue
measurable whenever £ C R is Borel, in which case f is called a Lebesgue
measurable function. The definitions imply that E is a measurable set if
and only if X is a measurable function.

If the mapping (X, M) 7, (Y, B) is measurable, where B is the o-algebra
of Borel sets, then we can make the following observation, which will be useful
in the development. Define

(5.3) Y={E:ECYand f"}E) € M}.
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Note that X is closed under countable unions. It is also closed under
complementation, since
(5.4) FUEY) =[THE)]~ e M
for E € ¥, and thus ¥ is a o-algebra.

In view of (5.3) and (5.4), note that a continuous mapping is a Borel
measurable function (Exercise 1, Section 5.1 ).

If f: X — R, it will be convenient to characterize measurability in terms
of the sets XN{z : f(x) > a} for a € R. To simplify notation, we simply write
{f > a} to denote these sets. The sets {f > a} are called the superlevel
sets of f. The behavior of a function f is to a large extent reflected in the
properties of its superlevel sets. For example, if f is a continuous function
on a metric space X, then {f > a} is an open set for each real number a. If
the function is nicer, then we should expect better behavior of the superlevel
sets. Indeed, if f is an infinitely differentiable function defined on R™ with
nonvanishing gradient, then not only is each {f > a} an open set, but an
application of the implicit function theorem shows that its boundary is a
smooth manifold of dimension n — 1 as well.

We begin by showing that the definition of an R-valued measurable func-
tion could just as well be stated in terms of its level sets.

5.2. THEOREM. Let f: X — R, where (X, M) is a measure space. The
following conditions are equivalent:

(i) f is measurable.

(ii) {f > a} € M for each a € R.

(iii) {f > a} € M for each a € R.
)
)

—
=

(iv) {f < a} € M for each a € R.
(V) {f <a} € M for each a € R.

PrOOF. (i) implies (ii) by definition, since {f > a} = f~1((a,00]) and
(a,00] is open in the order topology. In view of {f > a} = N2, {f >
a — 1/k}, (ii) implies (iii). The set {f < a} is the complement of {f > a},
thus establishing the next implication. Similarly to the proof of the first
implication, we have {f < a} = N2,{f < a + 1/k}, which shows that (iv)
implies (v). For the proof that (v) implies (i), in view of (5.3) and (5.4)
with Y = R, it is sufficient to show that f~'(U) € M whenever U C R is
open. Since f~! preserves unions and intersections and U can be written as a
countable union of elements of the basis, we need only consider f~1(.J), where
J assumes the form J; = [—00,a), Jo = (a,b), and J3 = (b, 0] for a,b € R.
By assumption, {f < b} € M and therefore f~1(J3) = {z : f(x) < b}~ € M.
Also,

oo

Ji = U [~o0, ax],
k=1
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where a; < a and ay — a as k — oo. Hence, f~1(J1) = U f~ ([0, ax]) =

U {z: f(z) <ar} € M. Finally, f~1(J3) € M, since Jo = J; N J3. O
k=1

5.3. THEOREM. A function f: X — R is measurable if and only if

(i) f71{—o00} € M and f~*{oco} € M and
(i) f~%(a,b) € M for all open intervals (a,b) C R.

PROOF. If f is measurable, then (i) and (ii) are satisfied, since {oo},
{—oc} and (a,b) are Borel subsets of R.

In order to prove that f is measurable, we need to show that f~1(E) € M
whenever E is a Borel subset of R. From (i), and since E C R is Borel if
and only if ENR is Borel, we have only to show that f~!(E) € M whenever
E C R is a Borel set. Since f~! preserves unions of sets and since every
open set in R is the disjoint union of open intervals, we see from (ii) that
F71(U) € M whenever U C R is an open set. If we define ¥ as in (5.3) with
Y = R, we see that X is a g-algebra that contains the open sets of R and
therefore it contains all Borel sets. 0

We now proceed to show that measurability is preserved under elemen-
tary arithmetic operations on measurable functions. For this, the following
will be useful.

5.4. LEMMA. If f and g are measurable functions, then the following sets
are measurable:

() X {z: f(z) >g
(i) X Nz : f(z) = g(x)}
(i) X N{z: f(z) = g(=
Proor. If f(x) > g(z), then there is a rational number r such that
f(x) >r > g(z). Therefore, it follows that

{f>g}= U {f>ryn{g<r}),

and (i) easily follows. The set (11) is the complement of the set (i) with f and
g interchanged, and it is therefore measurable. The set (iii) is the intersection
of two measurable sets of type (ii), and so it too is measurable. O

Since all functions under discussion are extended real-valued functions,
we must take some care in defining the sum and product of such functions.
If f and g are measurable functions, then f + g is undefined at points where
it would be of the form co — oo. This difficulty is overcome if we define

f@)+yg(x), v€X-B,
a, T € B,

(5.5) (f+9)(x): = {
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where o € R is chosen arbitrarily and where

(5.6) B: = (f~H{oo}Ng  {—oh) U(f {00} Mg~ {o0}).

With this definition we have the following.

5.5. THEOREM. If f,g: X — R are measurable functions, then f+ g and
fg are measurable.

PrOOF. We will treat the case that f and g have values in R. The
proof is similar in the general case and is left as an exercise (see Exercise 2,
Section 5.1).

To prove that the sum is measurable, define F': X — R x R by

F(z) = (f(z),9(z))
and G: R xR — R by
Gz,y) =z +y.

Then G o F(z) = f(x) + g(x), so it suffices to show that G o F' is measur-
able. Referring to Theorem 5.3, we need only show that (G o F)~(J) € M
whenever J C R is an open interval. Now U: = G~1(J) is an open set in
R?, since G is continuous. Furthermore, U is the union of a countable family,
F, of 2-dimensional intervals I of the form I = I; x Iy, where I; and I are
open intervals in R. Since

FHI) = Y1) ng~ (1),
we have
Frw) =t (Ur)= Ut
IeF IeF
which is a measurable set. Thus G o F' is measurable, since
(GoF) '(J)=F1(U).

The product is measurable by essentially the same proof. O

5.6. REMARK. In the situation of abstract measure spaces, if

(X, M) L5 (v,N) L (2,P)

are measurable functions, the definitions immediately imply that the compo-
sition go f is measurable. Because of this, one might be tempted to conclude
that the composition of Lebesgue measurable functions is again Lebesgue
measurable. Let’s look at this closely. Suppose f and g are Lebesgue mea-
surable functions:

R-LR-LR
Thus, here we have X = Y = Z = R. Since Z = R, our convention
requires that we take P to be the Borel sets. Moreover, since f is assumed

to be Lebesgue measurable, the definition requires M to be the o-algebra
of Lebesgue measurable sets. If g o f were to be Lebesgue measurable, it
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would be necessary that f~1(g~!(E)) be Lebesgue measurable whenever E
is a Borel set in R. The definitions imply that it would be necessary for
g 1(E) to be a Borel set set whenever E is a Borel set in R. The following
example shows that this is not generally true.

5.7. EXAMPLE. (The Cantor-Lebesgue function) Our example is based
on the construction of the Cantor ternary set. Recall (p.94) that the Cantor
set C' can be expressed as

C=N¢
j=1

where Cj is the union of the 27 closed intervals that remain after the jth step
of the construction. Each of these intervals has length 377. Thus, the set

D; =1[0,1]-C;

consists of the 2/ — 1 open intervals that are deleted at the jth step. Let
these intervals be denoted by I, k =1,2,...,2/ — 1, and order them in the
obvious way from left to right. Now define a continuous function f; on [0, 1]
by

k
fi(z) = 7 for x € I; 1,

and define f; linearly on each interval of C;. The function f; is continuous
and nondecreasing, and it satisfies

5i(@) ~ fn@)] < 55 forze[0,1]

Since
Jj+m—1
1 1
=7

it follows that the sequence {f;} is uniformly Cauchy in the space of con-
tinuous functions and thus converges uniformly to a continuous function f,
called the Cantor—Lebesgue function.

Note that f is nondecreasing and is constant on each interval in the
complement of the Cantor set. Furthermore, f: [0,1] — [0,1] is onto. In fact,
it is easy to see that f(C) = [0, 1], because f(C) is compact and f([0,1] — C)
is countable.

We use the Cantor-Lebesgue function to show that the composition of
Lebesgue measurable functions need not be Lebesgue measurable. Let h(x) =
f(x) + = and observe that h is strictly increasing, since f is nondecreasing.
Thus, h is a homeomorphism from [0, 1] onto [0,2]. Furthermore, it is clear
that h carries the complement of the Cantor set onto an open set of measure 1.
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Therefore, h maps the Cantor set onto a set P of measure 1. Now let N be a
non-Lebesgue measurable subset of P; see Exercise 1, Section 4.5. Then, with
A=h"Y(N), we have A C C, and therefore A is Lebesgue measurable, since
A(A) = 0. Thus we have that h carries a measurable set onto a nonmeasurable
set.

Note that A~! is measurable, since it is continuous. Let F := h~l.
Observe that A is not a Borel set, for if it were, then F~1(A) would be a Borel
set. But F~'(A) = h(A) = N and N is not a Borel set. Now X, is a Lebesgue
measurable function, since A is a Lebesgue measurable set. Let g := X,.
Observe that g~1(1) = A, and thus g is an example of a Lebesgue measurable
function that does not preserve Borel sets. Also,

goF=x,0h™ =Xy,
which shows that this composition of Lebesgue measurable functions is not

Lebesgue measurable. To summarize the properties of the Cantor—Lebesgue
function, we have the following corollary.

5.8. COROLLARY. The Cantor—Lebesque function f and its associate
h(z) := f(x) + x described above have the following properties:

(i) f(C) = [0,1]; that is, f maps a set of measure 0 onto a set of positive
measure.
(ii) h maps a Lebesgue measurable set onto a nonmeasurable set.
(iii) The composition of Lebesgue measurable functions need not be
Lebesgue measurable.

Although the example above shows that Lebesgue measurable functions
are not generally closed under composition, a positive result can be obtained
if the outer function in the composition is assumed to be Borel measurable.
The proof of the following theorem is a direct consequence of the definitions.

5.9. THEOREM. Suppose f: X — R is measurable and g: R — R is Borel
measurable. Then g o f is measurable. In particular, if X = R™ and [ is
Lebesgue measurable, then g o f is Lebesque measurable.

The function g is required to have R as its domain of definition because f
is an extended real-valued function; however, every Borel measurable function
g defined on R can be extended to R by assigning arbitrary values to oo
and —oo.

As a consequence of this result, we have the following corollary, which
complements Theorem 5.5.

5.10. COROLLARY. Let f: X — R be a measurable function.

(i) Let p(z) = |f(x)|", 0 < p < oo, and let ¢ assume arbitrary extended
values on the sets f~1(c0) and f~1(—o00). Then ¢ is measurable.

(ii) Let p(x) = ﬁ
F7H0), f~1(c0) and f=1(—00). Then ¢ is measurable.

, and let @ assume arbitrary extended values on the sets
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In particular, if X = R™ and f is Lebesque measurable, then ¢ is
Lebesgue measurable in (i) and (ii).

PROOF. For (i), define g(t) = [t|” for ¢t € R and assign arbitrary values
to g(oo) and g(—o00). Now apply the previous theorem.

1
For (ii), proceed in a similar way by defining g(¢) = n when ¢ # 0, co, —c0
and assigning arbitrary values to ¢(0), g(oc), and g(—o0). O

For much of the development thus far, the measure p in (X, M, u) has
played no role. We have used only the fact that M is a o-algebra. Later
it will be necessary to deal with functions that are not necessarily defined
on all of X but only on the complement of some set of pu-measure 0. That
is, we will deal with functions that are defined only u-almost everywhere.
A measurable set N is called a p-null set if u(N) = 0. A property that
holds for all x € X except for those = in some p-null set is said to hold
p-almost everywhere. The term “p-almost everywhere” is often written
in abbreviated form, “p-a.e..” If it is clear from context that the measure p
is under consideration, we will simply use the terms “null set” and “almost
everywhere.”

The next result shows that a measurable function on a complete measure
space remains measurable if it is altered on an arbitrary set of measure 0.

5.11. THEOREM. Let (X, M, u) be a complete measure space and let f,g
be extended real-valued functions defined on X. If f is measurable and f = g
almost everywhere, then g is measurable.

PROOF. Let N = {z : f(z) = g(x)}. Then u(N) = 0, and thus N as
well as all subsets of IV are measurable. For a € R, we have

{g>a}={g>a}nN)U({g>a}nNN)
z({f>a}ﬂN)U({g>a}ﬂ]V)€M. O

5.12. REMARK. If ;1 is a complete measure, this result allows us to attach
the meaning of measurability to a function f that is defined merely almost
everywhere. Indeed, if NV is the null set on which f is not defined, we modify
the definition of measurability by saying that f is measurable if {f > a}ﬁ]v is
measurable for each a € R. This is tantamount to saying that f is measurable,
where f is an extension of f obtained by assigning arbitrary values to f on
N. This is easily seen because

{f>at={f>a}nNN)U({f>a}NN);
the first set on the right is of measure zero, because p is complete, and
therefore measurable. Furthermore, for functions f, g that are finite-valued
at p-almost every point, we may define f + g as (f + g)(x) = f(z) + g(x) for
all x € X at which both f and g are defined and do not assume infinite values
of opposite sign. Then, if both f and g are measurable, f + g is measurable.
A similar discussion holds for the product fg.
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It therefore becomes apparent that functions that coincide almost every-
where may be considered equivalent. In fact, if we define f ~ g to mean that
f = g almost everywhere, then ~ defines an equivalence relation as discussed
in Definition 2.9, and thus a function may be regarded as an equivalence class
of functions.

It should be kept in mind that this entire discussion pertains only to the
situation in which the measure space (X, M, u) is complete. In particular,
it applies in the context of Lebesgue measure on R™, the most important
example of a measure space.

We conclude this section by returning to the context of an outer measure
¢ defined on an arbitrary space X as in Definition 4.1. If f: X — R, then
according to Theorem 5.2, f is ¢-measurable if {f < a} is a p-measurable
set for each a € R. That is, with E, = {f < a}, the p-measurability of f is
equivalent to

(5.7) ©(A) = p(ANE,) + ¢(A—E,)

for an arbitrary set A C X and each a € R. The next result is often useful
in applications and gives a characterization of ¢-measurability that appears
to be weaker than (5.7).

5.13. THEOREM. Suppose p is an outer measure on a space X. Then an
extended real-valued function f on X is p-measurable if and only if

(5.8) o(A) > p(AN{f <a})+p(AN{f >1b})
whenever A C X and a < b are real numbers.

PROOF. If f is yp-measurable, then (5.8) holds, since it is implied by
(5.7).

To prove the converse, it suffices to show that for every real number r,
(5.8) implies that

E={z: f(zx)<r}
is p-measurable. Let A C X be an arbitrary set with p(A) < oo and define

1 1
B, =An : — < < Z
{az T+i+1 _f(a:)_r+i}
for each positive integer i. First,! we will show that

(5.9) 00> o) > ¢ (U Ban) = 3 ().
= k=1

The proof is by induction, so assume that (5.9) is valid as k runs from 1 to
j — 1. That is, assume

610 (0 ) =S
=1 k=1

INote the similarity between the technique used in the following argument and the
proof of Theorem 4.16, from (4.11) to the end of that proof



128 5. MEASURABLE FUNCTIONS

Let
j—1
Aj = U ng.
k=1
Then, using (5.8), the induction hypothesis, and the fact that
1
(511) (BQJUAJ)m{f<T+2]} :ng
and
1
(512) (BQJUAJ)O{f>7’+2j_1} :Aj,
we obtain
j
¢ ( U sz) = ¢(B2; U A;)
k=1
> ¢ {(sz UAj)ﬂ{f §r+2in
1
o |@suapn{rzre ] by (5.8)
= @(Baj) + p(4)) by (5.11) and (5.12)
j—1
= @(B2;) + Z »(Bak) by the induction hypothesis (5.10)
k=1

Z (Bak).
k=1

Thus, (5.9) is valid as k runs from 1 to j for every positive integer j. In other
words, we obtain

00 > p(A) > ¢ (}g ng> > (kf_jl B%) zjj o(Bar),

k=1
for every positive integer j. This implies
o0
00> (A Z (Bak)-
k=1
Virtually the same argument can be used to obtain
oo
0o > (A Z (Bak—1)
k=1

thus implying

%0 > 2p(A) > > o(By).
k=1
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Now the tail end of this convergent series can be made arbitrarily small; that
is, for each £ > 0 there exists a positive integer m such that

&> gw(&) - (Ejm Bi)

>¢<Aﬂ{r<f<r+7711})

For ease of notation, define an outer measure 1(S) = ¢(S N A) whenever
S C X. With this notation, we have shown that

g>¢({r<f<r+;})
:1zz({r<f}m{f<r+nll}>

>uts>m-v({rzre L),

The last inequality is implied by the subadditivity of 1. Therefore,
P(ANE) + (A~ E) = () + ()
=9%(E)+yv{f >r})

sw<E)+¢({f2r+;}>+a

=90(A0E)+¢<Am{f>r+nll})+g
< p(A) +e. by (5.8)

Since ¢ is arbitrary, this proves that F is ¢-measurable. O

Exercises for Section 5.1

1. Let (X, M) R (Y,B) be a continuous mapping, where X and Y are
topological spaces, M is a o-algebra that contains the Borel sets in X,
and B is the family of Borel sets in Y. Prove that f is measurable.

2. Complete the proof of Theorem 5.5 when f and g have values in R.

3. Prove that a function defined on R” that is continuous everywhere except
for a set of Lebesgue measure zero is a Lebesgue measurable function.
In particular, conclude that a nondecreasing function defined on [0, 1] is
Lebesgue measurable.
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5.2. Limits of Measurable Functions

In order to be useful in applications, it is necessary for measurability to be
preserved by virtually all types of limit operations on sequences of measur-
able functions. In this section, it is shown that measurability is preserved
under the operations of upper and lower limits of sequences of functions as
well as upper and lower envelopes. It is also shown that on a finite mea-
sure space, pointwise a.e. convergence of a sequence of measurable functions
implies uniform convergence on the complements of sets of arbitrarily small
measure (Egorov’s theorem). Finally, the relationship between convergence
in measure and pointwise a.e. convergence is investigated.

Throughout this section, it will be assumed that all functions are
R-valued, unless otherwise stated.

5.14. DEFINITION. Let (X, M, ;1) be a measure space, and let {f;} be
a sequence of measurable functions defined on X. The upper and lower
envelopes of {f;} are defined respectively as

sup fi(x) = sup{fi(z) :i=1,2,...}
and
inf f;(z) = inf{fi(z) : i =1,2,...}.

Also, the upper and lower limits of {f;} are defined as

imsup fi(e) = inf (sup £:(2))

i—o00 321 \i>j

and

liminf f;(z) = sup (

17— 00 j>1

inf fi(I)) ~

5.15. THEOREM. Let {f;} be a sequence of measurable functions defined

on the measure space (X, M, n). Thensup f;, inf f;, limsup f;, and liminf f;
i K3 7 1— 00

11— 00
are all measurable functions.

PROOF. For each a € R the identity

o0

X0 {assup fi(e) > ap = U (XN {£i(@) > a})

i=1
implies that sup f; is measurable. The measurability of the lower envelope

follows from

irilf fi(z) = —sup ( — fz(x))

K3
Now that it has been shown that the upper and lower envelopes are mea-
surable, it is immediate that the upper and lower limits of {f;} are also
measurable. O
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We begin by investigating what information can be deduced from the
pointwise almost everywhere convergence of a sequence of measurable func-
tions on a finite measure space.

5.16. DEFINITION. A sequence of measurable functions, {f;}, with the
property that
lim f;(x) = f(x)
11— 00
for p-almost every x € X is said to converge pointwise almost every-
where (or more briefly, converge pointwise a.e.) to f.

We have the following:

5.17. COROLLARY. Let X = R™. If {f;} is a sequence of Lebesgue mea-
surable functions that converge pointwise almost everywhere to f, then f is
measurable.

The following is one of the main results of this section.

5.18. THEOREM (Egorov). Let (X, M, u) be a finite measure space and
suppose { f;} and f are measurable functions that are finite almost everywhere
on X. Also, suppose that {f;} converges pointwise a.e. to f. Then for each
e > 0 there exists a set A € M such that u(ﬁ) < e and {f;} = [ uniformly
on A.

First, we will prove the following theorem.

5.19. THEOREM (Egorov). Assume the hypotheses of the previous theo-
rem. Then for each pair of numbers €, 6 > 0, there exist a set A € M and
an integer ig such that u(A) < e and

[filx) = f(a)] <0

whenever x € A and i > ig.

ProOOF. Choose ¢, § > 0. Let E denote the set on which the functions
fi,i=1,2,..., and f are defined and finite. Also, let F' be the set on which
{fi} converges pointwise to f. With Ag: = E N F, we have by hypothesis,
M(go) = 0. For each positive integer i, let

A =Aon{x:|fj(x) — f(x)] < forall j > i}.

Then, A; C Ap C ... and U2, A; = Aj, and consequently, A DAy D ..
with N2, A; = Ap. Since pu(A;) < p(X) < oo, it follows from Theo-
rem 4.49 (v) that

lim p(Aj) = u(Ao) = 0.

The result follows by choosing ig such that p(4;,) < e and A = A4,,. O
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PrOOF OF EGOROV’S THEOREM. Choose € > 0. By the previous lemma,
for each positive integer ¢, there exist a positive integer j; and a measurable
set A; such that

~ € 1
p(A;) < 5 and |fj(z) — f(z)| < 7
for all z € A; and all j > j;. With A defined as A = N2, A;, we have

and

Furthermore, if j > j;, then
sup | fj(x) — f(z)| < sup [f;(z) — f(z)] <
T€A TEA;

for every positive integer ¢. This implies that {f;} — f uniformly on A. O

5.20. COROLLARY. In the previous theorem, assume in addition that X
is a metric space and that p is a Borel measure with u(X) < co. Then A can
be taken as a closed set.

PROOF. The previous theorem provides a set A such that A € M, {f;}
converges uniformly to f and u(A) < /2. Since p is a finite Borel measure,
we see from Theorem 4.63 (p. 125) that there exists a closed set F' C A with

w(A\ F) < ¢e/2. Hence, u(F) < ¢ and {f;} — f uniformly on F. O

5.21. DEFINITION. Because of its importance, we attach a name to the
type of convergence exhibited in the conclusion of Egorov’s theorem. Suppose
that {f;} and f are measurable functions that are finite almost everywhere.
We say that {f;} converges to f almost uniformly if for every € > 0, there
exists a set A € M such that u(A) < ¢ and {f;} converges to f uniformly on
A. Thus, Egorov’s theorem states that pointwise a.e. convergence on a finite
measure space implies almost uniform convergence. The converse is also true

and is left as Exercise 5, Section 5.2.

5.22. REMARK. The hypothesis that pu(X) < oo is essential in Egorov’s
theorem. Consider the case of Lebesgue measure on R and define a sequence
of functions by

fi = X[i,oo)’
for each positive integer i. Then, lim;, f;(x) = 0 for each x € R, but {f;}
does not converge uniformly to 0 on any set A whose complement has finite
Lebesgue measure. Indeed, for every such set, it would follow that A does not

contain any [i, 00); that is, for each ¢, there would exist z € [i,00) N A with
fi(x) = 1, thus showing that {f;} does not converge uniformly to 0 on A.



5.2. LIMITS OF MEASURABLE FUNCTIONS 133

5.23. DEFINITION. A sequence of measurable functions { f;} defined rel-
ative to the measure space (X, M, p) is said to converge in measure to a
measurable function f if for every € > 0, we have

Jim (X N {a: | fiz) = f(2)] > e}) = 0.

We already encountered a result (Theorem 5.19) that essentially shows
that pointwise a.e. convergence on a finite measure space implies convergence
in measure. Formally, it is as follows.

5.24. THEOREM. Let (X, M, ) be a finite measure space, and suppose
{f:} and f are measurable functions that are finite a.e. on X. If {f;} con-
verges to f a.e. on X, then {f;} converges to f in measure.

PRrROOF. Choose positive numbers € and §. According to Theorem 5.19,

there exist a set A € M and an integer ¢y such that p(A) < ¢ and
[filx) = f(x)] <6

whenever x € A and i > ig. Thus,

Xﬂ{x:|fi(x)—f(x)|26}cg

if i > 4p. Since pu(A) < € and € > 0 is arbitrary, the result follows. O

5.25. REMARK. It is easy to see that the converse is not true. Let
X =[0,1] with u taken as Lebesgue measure. Consider a sequence of parti-
tions of [0, 1], P;, each consisting of closed, nonoverlapping intervals of length
1/2%. Let F denote the family of all intervals that form the partitions P;,
it =1,2,... . Linearly order F by defining I < I’ if both I and I’ are elements
of the same partition P; and if I is to the left of I’. Otherwise, define I < I’
if the length of I is no greater than that of I’. Now put the elements of F
into a one-to-one order-preserving correspondence with the positive integers.
With the elements of F labeled I, k = 1,2,..., define a sequence of func-
tions {fr} by fr = X;_. Then it is easy to see that {fx} — 0 in measure but
that {fx(x)} does not converge to 0 for any = € [0, 1].

Although the sequence {fi} converges nowhere to 0, it does have a sub-
sequence that converges to 0 a.e., namely the subsequence

f13f27f4,...,f2k717... .

In fact, this sequence converges to 0 at all points except x = 0. This illustrates
the following general result.

5.26. THEOREM. Let (X, M, u) be a measure space and let {f;} and f
be measurable functions such that f; — f in measure. Then there exists a
subsequence { f;;} such that

lim f;, (z) = f()

Jj—o0o

for p-a.e. z € X.



134 5. MEASURABLE FUNCTIONS

PROOF. Let i; be a positive integer such that

p(X (a1 (@)~ F@)] 2 1) < 3.

Assuming that i1, i2, ..., i, have been chosen, let ix41 > ix be such that

p(x0fe i@ - 1012 1 }) < o

Let

oo

A= U {:173 |fir (@) = fl2)] = Ii}

k=j

and observe that the sequence A; is descending. Since

1
p(Ar) < Z ok < %
k=1

with B =N52, A;, it follows that

= 1 < 1 I H —0.
wB) = iz wlds) < jlinélo; oF = g1 =0
=j
Now select # € B. Then there exists an integer j = j, such that
—_— o0 1
vedi= A (x0{vinw -0l <}).
=Jz

If € > 0, choose kg such that kg > j, and kio < e. Then for k > kg, we have
1
(@) = f@] < 7 <,
which implies that f;, (z) — f(z) for all z € B. O

There is another mode of convergence, fundamental in measure, which
is discussed in Exercise 6, Section 5.2.

Exercises for Section 5.2

1. Let F be a family of continuous functions on a metric space (X, p). Let f
denote the upper envelope of the family F, that is,

f(x) = sup{g(x) : g € F}.
Prove that for each real number a, the set {z : f(x) > a} is open.

2. Let f(z,y) be a function defined on R? that is continuous in each variable
separately. Prove that f is Lebesgue measurable. Hint: Approximate f
in the variable x by piecewise-linear continuous functions f,, such that
fn — [ pointwise.

3. Let (X, M, 1) be a finite measure space. Suppose that {f;}32, and f are
measurable functions. Prove that f; — f in measure if and only if each
subsequence of f; has a subsequence that converges to f u-a.e.
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4. Show that the supremum of an uncountable family of measurable R-valued
functions can fail to be measurable.

5. Suppose (X, M, u) is a finite measure space. Prove that almost uniform
convergence implies convergence almost everywhere.

6. A sequence {f;} of a.e. finite-valued measurable functions on a measure
space (X, M, u) is fundamental in measure if for every e > 0,

pn({z - [fi(z) — fi(z)| > €}) =0
asiand j — oco. Prove that if { f;} is fundamental in measure, then there is
a measurable function f to which the sequence {f;} converges in measure.
Hint: Choose integers i;,1 > i; such that ,u{|f7;j — fij+1| > 279} < 279,
The sequence {f;, } converges a.e. to a function f. Then it follows that

(fi = fl=ey c{|fi = fi,| = /2y U{|fi; = f| = ¢/2}.
By hypothesis, the measure of the first term on the right is arbitrarily

small if ¢ and i; are large, and the measure of the second term tends to 0,
since almost uniform convergence implies convergence in measure.

5.3. Approximation of Measurable Functions

In Section 3.2 certain fundamental approximation properties of Carathéodory
outer measures were established. In particular, it was shown that each Borel
set B of finite measure contains a closed set whose measure is arbitrarily
close to that of B. The structure of a Borel set can be very complicated, yet
this result states that a complicated set can be approximated by one with
an elementary topological property. In this section we pursue an analogous
situation by showing that each measurable function on a metric space of
finite measure is almost continuous (Lusin’s theorem). That is, every mea-
surable function is continuous on sets whose complements have arbitrarily
small measure. This result is in the same spirit as Egorov’s theorem, which
states that pointwise a.e. convergence implies almost uniform convergence on
a finite measure space.

The characteristic function of a measurable set is the most elementary
example of a measurable function. The next level of complexity involves
linear combinations of such functions. A simple function on X is one that
assumes only a finite number of values; thus the range of a simple function,
f, is a finite subset of R. If rng f = {a1,as,...,ax}, and A; = f~1{a;}, then
f can be written as

k
f = ZaiXAi.
=1

If X =R", a step function is of the form f = 227:1 arXR,, Where each
Ry is an interval and the aj are real numbers.

We begin by proving that every measurable function is the pointwise a.e.
limit of measurable simple functions.
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5.27. THEOREM. Let f: X — R be an arbitrary (possibly nonmeasurable)
function. Then the following hold:

(i) There exists a sequence of simple functions, {f;}, such that

fi(x) = f(x) for each x € X.
(ii) If f is nonnegative, the sequence can be chosen such that f; 1 f.

(iii) If f is bounded, the sequence can be chosen such that f; — f uniformly
on X.

(iv) If f is measurable, the f; can be chosen to be measurable.

PrOOF. Assume first that f > 0. For each positive integer i, partition

Fol k) k=1,2,...,i-2"

[0,4) into - 2% half-open intervals of the form {21,, 2

Label these intervals H; ; and let
A= "(Hy) and A; = f([i,o0)).

These sets are mutually disjoint and form a partition of X. The approximat-
ing simple function f; on X is defined as

k-1
{21-7 T € Aiy,

fi('r) - 7 , T E Al

If f is measurable, then the sets A; ; and A; are measurable, and thus so are
the functions f;. Moreover, it is easy to see that

<< <)
If f(z) < oo, then for every i > f(z) we have

@) = f@)| < 55,

and hence f;(z) — f(z). If f(x) = oo, then f;(z) =i — f(x). In any case
we obtain

‘lim filx) = f(z) for z € X.
Suppose f is bounded by some number, say M; that is, suppose f(z) < M
for all z € X. Then A; = () for all i > M and therefore |fi(x) — f(z)| < 1/2
for all x € X, thus showing that f; — f uniformly if f is bounded. This
establishes the theorem in the case f > 0.

In general, let f*(z) = max(f(z),0) and f~(z) = —min(f(x),0) denote
the positive and negative parts of f. Then f* and f~ are nonnegative and
f = ft — f~. Now apply the previous results to fT and f~ to obtain the
final form of the theorem. O

The proof of the following corollary is left to the reader (see Exercise 2,
Section 5.3).

5.28. COROLLARY. Let f : R" — R be a Lebesgue measurable function.
Then there exists a sequence of step functions f; such that fi(z) — f(z) for
almost every x € R™.
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Since it is possible for a measurable function to be discontinuous at every
point of its domain, it seems unlikely that an arbitrary measurable function
would have any regularity properties. However, the next result gives some
information in the positive direction. It states, roughly, that every mea-
surable function f is continuous on a closed set F' whose complement has
arbitrarily small measure. It is important to note that the result asserts the
the function is continuous on F' with respect to the relative topology on F.
It should not be interpreted to say that f is continuous at every point of F’
relative to the topology on X.

5.29. THEOREM (Lusin’s theorem). Suppose (X, M, 1) is a measure space
where X is a metric space and i is a finite Borel measure. Let f: X — R be
a measurable function that is finite almost everywhere. Then for every e > 0
there is a closed set F C X with ,u(ﬁ) < € such that f is continuous on F in
the relative topology.

PRrROOF. Choose € > 0. For each fixed positive integer ¢, write R as the
disjoint union of half-open intervals H;;, j = 1,2,... , whose lengths are
1/i. Consider the disjoint measurable sets

Aij= [ (Hij)
and refer to Theorem 4.63 to obtain disjoint closed sets Fj; ; C A; ; such that
u(Aij— Fij) <e/279, j=1,2,... . Let
k
E,=X-UF,
j=1

for k =1,2,...,00. (Keep in mind that ¢ is fixed, so it is not necessary to
indicate that Ej depends on i.) Then By D Ey D ..., N2 By = E, and

o) > I
W(Eoso) = p (X - ,Ul Fw) = u(Ai; - Fij) < 5
J= j=1
Since p(X) < o0, it follows that
. €
lim p(Fr) = w(Bx) < =.
k—o0 2t
Hence, there exists a positive integer J = J(4) such that

J €
wWE)=p|X-UF,;| <.
j=1 2

For each Hj j, select an arbitrary point y;; € H;; and let B; = U/_, F; ;.
Then define a continuous function g; on the closed set B; by

gi(x) =y;; whenever z€F;;, j=1,2,...,J.



138 5. MEASURABLE FUNCTIONS

The functions g; are continuous (relative to B;) because the closed sets F; ;
are disjoint. Note that |f(x) — ¢;(x)| < 1/i for © € B;. Therefore, on the
closed set

=1

F= (B with u(X— ng <e,

it follows that the continuous functions g; converge uniformly to f, thus
proving that f is continuous on F'. O

Using Corollary 4.56 we can rewrite Lusin’s theorem as follows:

5.30. COROLLARY. Let ¢ be a Borel reqular outer measure on a metric
space X . Let M be the o-algebra of p-measurable sets. Consider the measure
space (X, M, ) and let A € M, ¢(A) < 0. If f : A — R is a measurable
function that is finite almost everywhere, then for every e > 0 there exists a
closed set F C A with p(A\ F) < € such that f is continuous on F in the
relative topology.

In particular, since A\* is a Borel reqular outer measure, we conclude
that if f : A - R, A C R" Lebesque measurable, is a Lebesgue measurable
function with A(A) < oo, then for every e > 0 there exists a closed set F C A
with A(A\ F) < € such that f is continuous on F in the relative topology.

We close this chapter with a table that reflects the interaction among the
various types of convergence that we have encountered so far. A convergence
type listed in the first column implies one in the first row if the corresponding
entry of the matrix is indicated by 1 (along with the appropriate hypothesis).

Fundamental | Convergence Almost Pointwise
in measure in measure uniform a.e. conver-
convergence gence
Fundamental T i T 1y
in measure For a For a sub-
subsequence if | sequence
u(X) < oo
Convergence i T T T
in measure For a For a sub-
subsequence if | sequence
uw(X) < oo
Almost T T T T
uniform
convergence
Pointwise a.e. T T T 1y
convergence if w(X)<oo |ifu(X)<oo |ifu(X)<oo




5.3. APPROXIMATION OF MEASURABLE FUNCTIONS 139

Exercises for Section 5.3

1.

Let E C R™ be a Lebesgue measurable set with A(E) < oo and let xg
be the characteristic function of F. Prove that there is a sequence of
step functions {1y, }7° ; that converges pointwise to x g almost everywhere.
Hint: Show that if A(E) < oo, then there exists a finite union of closed
intervals @; such that F' = Uévlej and A(EAF) < e. Recall that EAF =
Use the previous exercise to prove Corollary 5.28.

A union of n-dimensional (closed) intervals in R™ is said to be almost
disjoint if the interiors of the intervals are disjoint. Show that every open
subset U of R™, n > 1, can be written as a countable union of almost
disjoint intervals.

. Let (X, M, u) be a o-finite measure space and suppose that f, fx, k =

1,2,..., are measurable functions that are finite almost everywhere and
lim f(x) = f(x)
k—o0

for p almost all x € X. Prove that there are measurable sets
E(), El, EQ, ceey such that I/(Eo) = 0,

X=UE,
i=0
and {fx} — f uniformly on each E;,i > 0.
Use Corollary 4.56 to prove Corollary 5.30.

Suppose f: [0,1] = R is Lebesgue measurable. Show that for every ¢ > 0,
there is a continuous function g on [0, 1] such that

A([0, 3] {a : f(z) # g(2)}) <e.



CHAPTER 6

Integration

6.1. Definitions and Elementary Properties

Based on the ideas of H. Lebesgue, a far-reaching generalization of Riemann
integration has been developed. In this section we define and deduce the
elementary properties of integration with respect to an abstract measure.

We first extend the notion of simple function to allow better approxima-
tion of unbounded functions. Throughout this section and the next, we will
assume the context of a general measure space (X, M, u).

6.1. DEFINITION. A function f : X — R is called countably simple
if it assumes only a countable number of values, including possibly +oco.
Given a measure space (X, M, u), the integral of a nonnegative measurable
countably simple function f: X — R is defined to be

[ 7= auntrHa),

where the range of f is {a1,aq,...}, and by convention, 000 = oo -0 = 0.
Note that the integral may equal co.

6.2. DEFINITIONS. For an arbitrary function f: X — R, we define
fra) = f(2)if f(z) 20,
J (@) = —f(a) if f(z) > 0.

Thus, f = f+ — /= and |f| = f* + f~.
If f is a measurable countably simple function and at least one of
Jx fTdpand [y f~ du is finite, we define

/deu: =/Xf+du—/Xf‘dﬂ-

If f: X — R (not necessarily measurable), we define the upper integral of
f by

/ fdp = inf {/ gdu : g is measurable, countably simple, and g > f ,u—a.e.} ,
X X
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and the lower integral of f by
/ fdp = sup {/ gdp : g is measurable, countably simple, and g < f ,u—a.e.} .
JX X

The integral (with respect to the measure p) of a measurable function
f+ X — Ris said to exist if

| rau= [ .
/deu

for the common value. If this value is finite, f is said to be integrable.

in which case we write

6.3. REMARK. Observe that our definition requires f to be measurable
if it is to be integrable. See Exercise 2, Section 6.2, which shows that mea-
surability is necessary for a function to be integrable, provided the measure
1 is complete.

6.4. REMARK. If f is a countably simple function such that fX fduis
finite, then the definitions immediately imply that the integral of f exists
and that

(6.1) /X fdp=3"an(fHai}),
i=1

where the range of f is {a1,as,...}. Clearly, the integral should not depend
on the order in which the terms of (6.1) appear. Consequently, the series
converges unconditionally, possibly to +oo (see Exercise 1, Section 6.1). An
analogous statement holds if [  f1dp is finite.

6.5. REMARK. It is clear from the definitions of upper and lower integrals

that if f = g p-a.e., then fx fdu = fngu and [y fdp = [y gdp. From
this observation it follows that if both f and g are measurable, f = g p-a.e.,
and f is integrable, then ¢ is integrable and

/deu=/xgdu-

6.6. DEFINITION. If A C X (possibly nonmeasurable), we write

/Afdu: = /XfXAdu

and use analogous notation for the other integrals.

6.7. THEOREM.
(i) If f is an integrable function, then f is finite p-a.e.
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(ii) If f and g are integrable functions and a, b are constants, then af + bg
is integrable and

[ +sdu=a [ rasso [ gan

(iii) If f and g are integrable functions and f < g p-a.e., then

/deué/xgdu-

(iv) If f is an integrable function and E € M, then fXy is integrable.
(v) A measurable function f is integrable if and only if | f| is integrable.
(vi) If f is an integrable function, then

/deu‘ﬁ/xlfl .

PROOF. Each of the assertions above is easily seen to hold if the functions
are countably simple. We leave these proofs as exercises.

(i) If f is integrable, then there are integrable countably simple functions
g and h such that g < f < h p-a.e. Thus f is finite p-a.e.

(ii) Suppose f is integrable and c¢ is a constant. If ¢ > 0, then for every
integrable countably simple function g,

cg < cf if and only if g < f.

Since [y cgdp = c [ gdu, it follows that

/chd,uc/xfd,u

/chdu:c/xfd,u.

Clearly — f is integrable and [ —fdu = — [y fdp. Thus if ¢ < 0, then
cf = |e| (—f) is integrable and

| etau=tel [ pau==icl [ fan=c [ ran

Now suppose f, g are integrable and f;, g; are integrable countably simple
functions such that f1 < f, g1 < g p-a.e. Then f1 +¢1 < f+ g p-a.e. and

/;((f+g)du2/)((f1+gl>duz/)(f1d/‘+/)(91du-

/dequ/ngu</X(f+g)du~

An analogous argument shows that

/X(f+g)du§/xfdu+/xgdu7

and

Thus
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and assertion (ii) follows.
(iii) If f, g are integrable and f < g p-a.e., then by (ii), g— f is integrable
and g — f > 0 p-a.e. Clearly [\ (g9— f)du= [(9—f)dp >0, and hence by

(i) again,
Jooau= [ st [ a=pan= [ rau

(iv) If f is integrable, then given € > 0 there are integrable countably
simple functions g, h such that ¢ < f < h p-a.e. and

/(h—g) dp < e.
X
Thus
JRCE L
X
for £ € M. Thus

OS/fXEdu—/fXEdu<s,
X Jx

and since

foo</gXEd,u§/fXEd,u§/fXEdug/hXEd,u<oo,
b's Jx p's X

it follows that fXj is integrable.

(v) If f is integrable, then by (iv), fT: = X pysop and [0 =
—fX(4.f(z)<0 are integrable, and by (ii), |f| = fT+ f~ is integrable. If |f]
is integrable, then by (iv), f* = [f[X(,.;(s)>0y a0d f7 = [f[X(4.p(2) <0} 2T€
integrable, and hence f = fT — f~ is integrable.

(vi) If f is integrable, then by (v), f* are integrable and

foal-| o< [ e fsone [

The next result, whose proof is very simple, is remarkably strong in
view of the weak hypothesis. In particular, it implies that every bounded,
nonnegative, measurable function is p-integrable. This exhibits a striking
difference between the Lebesgue and Riemann integrals (see Theorem 6.19
below).

6.8. THEOREM. If f is u-measurable and f > 0 p-a.e., then the integral

of [ exists: that is, -
[ tau= | ran
Jx X
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PROOF. If the lower integral is infinite, then the upper and lower inte-
grals are both infinite. Thus we may assume that the lower integral is finite
and, in particular, u({z : f(z) = c}) =0. For t > 1 and k = 0,+1,+2,...
set

By = {z:tF < f(x) < tF1}

[eS)
gt = Z thEk.

k=—o0

and

Since each set Ej is measurable, it follows that g; is a measurable countably
simple function and ¢g; < f < tg; p-a.e. Thus

[ rdus [tgdu=t [ gidust [ san
X X X JX

for each ¢t > 1, and therefore on letting ¢t — 17,

Afw<éfm

which implies our conclusion, since

/deuS /deu

is always true. O

6.9. THEOREM. If f is a nonnegative measurable function and g is an
integrable function, then

/X(erg)dﬂ/X(f+g)du/xfdu+/ngM.

ProoF. If f is integrable, the assertion follows from Theorem 6.7, so
assume that [  fdp = oo. Let h be a countably simple function such that
0 < h < f, and let k be an integrable countably simple function such that
k > |g|. Then by Exercise 6.1,

[z [g-lahanz [-rin= [ van- [ ran

from which it follows that [,(f + g)du = oo, and the assertion is
proved. U

One of the main applications of this result is the following.

6.10. COROLLARY. If f is measurable, and if either f+ or f~ is inte-
grable, then the following integral exists:

| s
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PRrOOF. For example, if fT is integrable, take g :== —f* and f := f~ in
the previous theorem to conclude that the integrals

Jum=rydu= [ ~fan

exist and therefore that
[ rau
X

exists. O

6.11. THEOREM. If f is u-measurable, g is integrable, and |f] < |g|
u-a.e., then f is integrable.

PrOOF. This follows immediately from Theorem 6.7 (v) and
Theorem 6.8. [

Exercises for Section 6.1

1. A series > ;7 ¢; is said to converge unconditionally if it converges and for
every one-to-one mapping o of N onto N the series .7, ¢,(;) converges
to the same limit. Verify the assertion in Remark (6.4). That is, suppose
N; and Ny are both infinite subsets of N such that Ny NNy = 0 and
N;UN; = N. Suppose {q; : i € N} are real numbers such that {a; : i € Ny}
are all nonpositive and that {a; : ¢ € No} are all positive numbers. If

—Zai<oo and Zai:oo,

€Ny 1€ENg

Z Qo (i) =

(i)eN

prove that

for every bijection o: N — N. Also, show that
Z Ay < oo and Z|al| < oo
o(i)EN
if Z a; < 0o. Use the assertion to show that if f is a nonnegative count-

1€Ny
ably simple function and ¢ is an integrable countably simple function,

then
/X(f+g)du=/xfdu+/xgdu~

2. Verify the assertions of Theorem 6.7 for countably simple functions.
3. Suppose f is a nonnegative measurable function. Show that

/fdu—supz Jnf f(@)u(Er),
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where the supremum is taken over all finite measurable partitions of X,
i.e., over all finite collections {E) }2_, of disjoint measurable subsets of X

N
such that X = |J Ej.
k=1

4. Suppose f is a nonnegative integrable function with the property that

/ fdu=0.
b'e
Show that f =0 p-a.e.
5. Suppose f is an integrable function with the property that

/Efdp:()

whenever F is a y-measurable set. Show that f =0 p-a.e.
6. Show that if f is measurable, g is u-integrable, and f > g, then f~ is
p-integrable and

/)(fdu=/)<fdu=/)(f+du—/)(f‘du~

7. Suppose (X, M, ) is a measure space and Y € M. Set
iy (B) = u(ENY)
for each F € M. Show that uy is a measure on (X, M) and that

/gduy:/gxydu
X X

for each nonnegative measurable function g on X.
8. A function f: (a,b) — R is convex if

A=tz +ty] < (A =1)f(z) +1f(y)
for all 2,y € (a,b) and t € [0,1]. Prove that this is equivalent to
fly) = fx) _ f(z) = f(y)
y—x  — z—y
whenever a < x <y < z <b.

6.2. Limit Theorems

The most important results in integration theory are those related to the
continuity of the integral operator. That is, if {f;} converges to f in some
sense, how are f f and lim; s f fi related? There are three fundamental
results that address this question: Fatou’s lemma, the monotone convergence
theorem, and Lebesgue’s dominated convergence theorem. These will be
discussed along with associated results.

Our first result concerning the behavior of sequences of integrals is Fatou’s
lemma. Note the similarity between this result and its measure-theoretic
counterpart, Theorem 4.49 (vi).

We continue to assume the context of a general measure space (X, M, p).
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6.12. LEMMA (Fatou’s lemma). If {fx}72, is a sequence of nonnegative
u-measurable functions, then

/ liminf f dpy < liminf/ frdu.
X k —oo Jx

—00 k

PROOF. Let g be any measurable countably simple function such that
0 < g <liminfy_ o fr p-a.e. For each x € X, set

gx(x) = inf{fr(z) : m > k}
and observe that gi < gx4+1 and

lim g = liminf f;, > g p-a.e.
k—o0 k—o0

Write g = 3772, a;X,,, where A; := g (a;). Therefore A; N A; =0 ifi #j
and X = |J A4;. For 0 <t <1 set
k=1

Bjr=A;n{z: gi(z) > ta;}.

Then each Bjj is in M, Bj, C Bj 41, and since limy_,oc gi > g p-a.e., we
have

U Bjx =4 and lim u(B;x) = u(A;)
k=1 k—o0
for j=1,2,.... Noting that
o0
ZtanBj,k <9k < fm
j=1
for each m > k, we obtain
(o) (o]
t/XQdM = ;taju(flj) = kli_?;o;taju(Bj,k) < likH_1>i£f/X fr dp.

Thus, on letting ¢ — 17, we obtain

/ gdu < liminf/ frdu.
X k—o0 X

By taking the supremum of the left-hand side over all countably simple func-
tions g with ¢ < liminfy_, o fx, we have

/ liminf fj dp < lim inf/ frdp.

Jx k—o0 k—oo Jx

Since liminfy_,., fr is a nonnegative measurable function, we can apply
Theorem 6.8 to obtain our desired conclusion. 0

6.13. THEOREM (Monotone convergence theorem). If {fi}72, is a sequ-
ence of nonnegative p-measurable functions such that fi, < fry1 for k =

1,2,... , then
lim / frdp = / lim fi dp.
k—o0 X X k—o0
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PrROOF. Set f =limy_o fr. Then f is p-measurable,

/fkd,ug/fd,u for k=1,2,...,
X X

and
i [ fedn< [
k—o0 X X
The opposite inequality follows from Fatou’s lemma. 0

6.14. THEOREM. If {fr}72, is a sequence of nonnegative p-measurable
functions, then

/ngkduzg/)(fkdw

Proor. With g, := > ;- fx we have g,, T > 7=, f, and the conclu-
sion follows easily from the monotone convergence theorem and Theorem 6.7
(i). O

6.15. THEOREM. If f is integrable and {E\}7° , is a sequence of disjoint

o0

measurable sets such that X = |J Ej, then
k=1

/deuzg/Ekfdw

PROOF. Assume first that f > 0, set fi = fXg, , and apply the previous
theorem. For arbitrary integrable f use the fact that f = f+ — f~. O

6.16. COROLLARY. If f > 0 is integrable and if v is a set function defined
by

v(E) ::/ fdu
E
for every measurable set E, then v is a measure.

6.17. THEOREM (Lebesgue’s dominated convergence theorem). Suppose
g is integrable, f is measurable, {fr}7> | is a sequence of p-measurable func-
tions such that |fx| < g p-a.e. for k=1,2,..., and

lim f.(z) = f(z)

k—o0

for p-a.e.x € X. Then

lim / |fi — f| du = 0.
k—o0 X
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ProoOF. Clearly |f| < g p-a.e.and hence f and each fj are integrable.
Set hy =2g — |fx — f|- Then hy > 0 p-a.e., and by Fatou’s lemma,

2/ gdu:/ hmlnfhkdu<hm1nf/ hi du
X x k—oo k— o0

=2 [ gdu—timsw [ 15~ fl dn
X

Thus
hmsup/ |fx — f] du=0. O

Exercises for Section 6.2

1. Let (X, M, u) be an arbitrary measure space. For an arbitrary X IR
prove that there is a measurable function with g > f p-a.e. such that

/ngu/xfdu~

2. Suppose (X, M, ) is a measure space, f : X — R, and

/deu/xfdu<oo.

Show that there exists an integrable (and measurable) function g such
that f = g p-a.e. Thus if (X, M, u) is complete, f is measurable.

3. Suppose {fx} is a sequence of measurable functions, g is a u-integrable
function, and fr > g p-a.e. for each k. Show that

/ liminf f, dp < liminf/ fr dp.

4. Let (X, M, ) be an arbitrary measure space. For arbitrary nonnegative
functions f;: X — R, prove that

/ liminf f; du < liminf/ fidu.
X 1— 00 1— 00 X

Hint: See Exercise 1, Section 6.2.
5. If {fx} is an increasing sequence of measurable functions, g is p-integrable,
and fr > g p-a.e. for each k, show that

lim / fr du= / lim fx dp.
k—o0 X X k—o0
6. Show that there exists a sequence of bounded Lebesgue measurable func-
tions mapping R into R such that

liminf/fi d)\</liminffi dA.
R R

71— 00 11— 00
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7. Let f be a bounded function on the unit square @ in R?. Suppose for each
fixed y that f is a measurable function of z. For each (z,y) € Q let the

0
partial derivative a—f exist. Under the assumption that 30 is bounded in
Y Y

Q, prove that

d [* af
= / fay)dir@) = [ ZLar).

o Oy
6.3. Riemann and Lebesgue Integration: A Comparison

The Riemann and Lebesgue integrals are compared, and it is shown that a
bounded function is Riemann integrable if and only if it is continuous almost
everywhere.

We first recall the definition and some elementary facts concerning Rie-
mann integration. Suppose [a, b] is a closed interval in R. By a partition P
of [a b] we mean a finite set of points {x;}7, such that a = 2o <21 <--- <

=b. Let

(1P| : = max{z; —x;—1 : 1 <i<m}.
Foreachi € {1,2,...,m} let zF be an arbitrary point of the interval [z;_1, x;].
A bounded function f : [a,b] — R is Riemann integrable if

1 — T
i3 e

exists, in which case the value is the Riemann integral of f over [a, b], which

we will denote by
b
R) / f(z)dx

Given a partition P = {z;},, of [a, D] set

UP)=>_ [ o f(a:>] (s — i),
5Py =Y Le[g}?fm f(x)} (s — 21-1).

Then
(x; —xi-1) < U(P)

IN
i
=
=

for every choice of the z}. Since the supremum (infimum) of >, f(z7)
(x; — z;—1) over all choices of the z} is equal to U(P) (L(P)), we see that a
bounded function f is Riemann integrable if and only if

(6.2) Jim (U(P) ~ L(P)) =0.

We next examine the effects of using a finer partition. Suppose then that
P = {x;}", is a partition of [a,b], z € [a,b] — P, and Q = P U {z}. Thus
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P C Q, and Q is called a refinement of P. Then z € (z;_1,z;) for some
1 <i<mand

sup  f(x) <  sup  f(z),

r€[Ti—1,2] TE€[Ti—1,x;]
sup f(z) < sup  f(x).
T€[z,24) TE[Ti—1,x4]
Thus
U(Q) <U(P).

An analogous argument shows that L(P) < L(Q). It follows by induction on
the number of points in @ that
L(P) < L(Q) <U(Q) <U(P)

whenever P C Q. Thus, U does not increase and L does not decrease when
a refinement of the partition is used.

We will say that a Lebesgue measurable function f on [a,b] is Lebesgue
integrable if f is integrable with respect to Lebesgue measure A on [a, b].

6.18. THEOREM. If f : [a,b] = R is a bounded Riemann integrable func-
tion, then f is Lebesgue integrable and

b
R)/ f(x)de = [ b]fd/\.

PRrROOF. Let {P;}7°, be a sequence of partitions of [a, b] such that Py, C
Prt1 and [|Pyl| — 0 as k — oco. Write Py = {a} ). For each k define
functions i, ux by setting

l(z) = inf f(t),

tezk | xk

i—12T;

te[zh | xk]

whenever x € [z¥ |, 2F), 1 < i < my. Then for each k the functions I, u
are Lebesgue integrable and

/ L d\ = L(Py) < U(Py) :/ up .
[a,b] la,b]

The sequence {l;} is monotonically increasing and bounded. Thus
l(z) = lim lg(z)
k—o0

exists for each x € [a,b], and [ is a Lebesgue measurable function. Similarly,
the function

u:= lim wug
k—o0
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is Lebesgue measurable and | < f < won [a,b]. Since f is Riemann integrable,

it follows from Lebesgue’s dominated convergence theorem (Theorem 6.17)
and (6.2) that

(6.3) / (w—1d\ = lim | (e — 1) dA = Tim (U(Py) — L(Py)) =
[a b] k— oo [a,b] k— o0

Thus I = f = u Aa.e. on [a,b] (see Exercise 4, Section 6.1), and invoking
Theorem 6.17 once more, we have

fdx= lim ukd)\—thPk /f O

[a,b] k=00 Jia,b]

6.19. THEOREM. A bounded function [ : [a,b] — R is Riemann inte-
grable if and only if f is continuous A-a.e. on |a,b].

PROOF. Suppose f is Riemann integrable and let {P;} be a sequence
of partitions of [a,b] such that Py C Pry1 and limg_o ||Pk|| = 0. Set N =
U2 Pi. Let I, ug, be as in the proof of Theorem 6.18. If z € [a,b]—N, I(z) =
u(z) and € > 0, then there is an integer k such that

uk(x) — lk( ) < €.

Let Py, = {mk T Then € [zF ), z¥) for some j € {1,2,...,my}. For
every y € (2§, a}),

|f(y) = f(@)] < up(z) = le(z) <e.
Thus f is continuous at . Since I(z) = u(x) for A-a.e. x € [a,b] and A\(N) =0,
we see that f is continuous at A-a.e. point of [a, b].

Now suppose f is bounded, N C [a, b] with A(N) = 0, and f is continuous
at each point of [a,b] — N. Let {Px} be a sequence of partitions of [a,b] such
that limg_, ||Px|| = 0. For each k define the Lebesgue integrable functions
i, and uy as in the proof of Theorem 6.18. Then

L(Py) = / e d\ < / g dX = U(Py).
[a,] [a,0]
If z € [a,b] — N and € > 0, then there is a 6 > 0 such that

[f(z) = f(y)l <e/2

whenever |y — x| < §. There is a ko such that |[Px| < $ whenever k > k.
Thus

up () — lp(x) < 2sup{[f(z) — f(y)| : [y —z| <0} <e
whenever k > ky. Thus

kll)rgo(uk(x) —lk(z)) =0

for each = € [a,b] — N. By the dominated convergence theorem, Theorem
6.17, it follows that

lim (U(Pr) — L(Px)) = lim (ug — lg) dX =0,

k— o0 k—o0 [a b]
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thus showing that f is Riemann integrable. g

Exercises for Section 6.3

1. Give an example of a nondecreasing sequence of functions mapping [0, 1]
into [0, 1] such that each term in the sequence is Riemann integrable and
such that the limit of the resulting sequence of Riemann integrals exists,
but the limit of the sequence of functions is not Riemann integrable.

2. From here to Exercise 6 we outline a development of the Riemann—
Stieltjes integral that is similar to that of the Riemann integral. Let
f and g be two real-valued functions defined on a finite interval [a, b].
Given a partition P = {x;}/2, of [a,b], for each i € {1,2,...,m} let =}
be an arbitrary point of the mterval [xi—1,x;]. We say that the Riemann—
Stieltjes integral of f with respect to g exists if

H};\g(); f@)(g(xi) = g(wia))

exists, in which case the value is denoted by

/a " fla) dgla)

Prove that if f is continuous and g is continuously differentiable on [a, ],

then
b b
/fdg=/ fg' de.
a a

3. Suppose f is a bounded function on [a,b] and g is nondecreasing. Set

Uns(P) =3 [ _w ]f(x)] (9(2) (1),
Les(P ZL o) (o) - gtei)

Prove that if P’ is a refinement of P, then Lrg(P’) > Lgrs(P) and
Urs(P') < Urs(P). Also, if P; and Ps are two partitions, then Lrg(P1) <

Urs(P2).
4. If f is continuous and g nondecreasing, prove that

/abfdg

exists. Thus establish the same conclusion if g is assumed to be of bounded
variation. ,
5. Prove the following integration by parts formula. If [ f dg exists, then so

does f;g df and

b b
F)g() — Ff(a)gla) = / fdg+ / gdf.
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6. Using the proof of Theorem 6.18 as a guide, show that the Riemann—
Stieltjes and Lebesgue—Stieltjes integrals are in agreement. That is, if f
is bounded, ¢ is nondecreasing and right-continuous, and the Riemann—
Stieltjes integral of f with respect to g exists, then

b
[ rda= | rax,
a [a,b]
where A4 is the Lebesgue—Stieltjes measure induced by g as in Section 4.6.

6.4. Improper Integrals

In this section we study the relation between Lebesgue integrals and improper
integrals.

Let a € Rand let f : [a,00) — R be a function that is Riemann integrable
on each subinterval of [a,c0). The improper integral of f is defined as

(6.4) / fla)da = lim ( /f

If the limit in (6.4) is finite, we say that the improper integral of f exist. We
have the following result.

6.20. THEOREM. Let f : [a,00) — R be a nonnegative function that is
Riemann integrable on each subinterval of [a,o0]. Then

(6.5) /[ = Jim (R) / .

Thus, f 18 Lebesgue integrable on [a,00) if and only if the improper
integral (I fa x)dx exists. Moreover, in this case, f 00) f(x)d\ = (1)

Jo @y

PRrROOF. Let b,, n = 1,2,3,... be any sequence with b, — oo, b, > a.
We define f,, = fX[a,p,]- Then the monotone convergence theorem yields

/ fd\ = lim Fod.
[a,00)

n— oo [a,oo)
Thus
/ fdXx = lim fdA.
la,00)

n—oo [a,bn}

Since f is Riemann integrable on each interval [a,b,], Theorem 6.18 yields
f[a b AN = (R) fab" fdx, and we conclude that

(6.6) /[a,o@ fdx = lim (R) / " e,

The second part follows by noticing that the terms in (6.6) are both finite or
oo at the same time. O
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If f:[a,00) — R takes also negative values, then we have the following
result:

6.21. THEOREM. Let f : [a,00) — R be Riemann integrable on every
subinterval of [a,00). Then f is Lebesgue integrable if and only if the improper
integral (I) [7°|f(z)|dx exists. Moreover, in this case,

(6.7) /[w) fdr= (1) / " fa)da

Proor. Let f = f* — f~. Assume that f is Lebesgue integrable on
[a,00). Thus f*, f~ are both Lebesgue integrable. From Theorem 6.20
it follows that the improper integrals (I) [ f*(z)dz and (I) [ f~(2)dx
exist. Moreover, for b, — 0o, b, > a, we have

(6.8) /[m Frdx = / fHde = Tim ( / frda

and
o0 bn
(6.9) / fdx=() fdx = li_>m (R)/ fdax.
la,00) a n—oo a
Note that

/ fdz = (R) /b f+dx—(R)/abn Fde.

Hence (6.8) and (6.9) imply that

n—oo n— oo

bn bn bn
lim (R) fdx = lim (R)/ fTdx — lim (R) frdx < oo,
n—oo a

a a

which means that the improper integral (I) faoo fdx exists. Moreover, (6.8)
and (6.9) yield

I)/ fde/ f+d)\—/ f_d)\:/ fdA,
a la,00) [a,00) la,00)

which is (6.7). Analogously, using again (6.8) and (6.9), we have

by, by bn
(6.10) lim (R)/ |fldz = lim (R)/ frdz + lim (R) fde < oo,
n— oo a n—oo a n—oo

a

and hence the improper integral (I) [ | f|dz exists with value

(1)/ |f\dx:/ f+dA+/ Fdx = IFld.
a [a,00) [a,00) la,00)

Conversely, if (I) [ |f(z)|dz < oo, then (6.10) holds, and hence by (6.8)
and (6.9) we have f[ f d\ < oo and f ooy /TdA < oo, which yield

f[a 00) fdX < 00, and hence f is Lebesgue mtegrable O
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Exercises for Section 6.4

1. Show that the improper integrals
oo (o)
(I)/ cos(z?)dr  and (I)/ sin(z?)dx
0 0

both exist. Also, show that cos(z?) and sin(z?) are not Lebesgue inte-
grable over [0, 00).

2. Let f:1]0,1] — [0,00) be Riemann integrable on every closed subinterval
of (0,1). Show that f is Lebesgue integrable over [0,1] if and only if
lime_,o (R) f: f(z)dz exists in R. Also, show that if this is the case, then
we have

fdr = lim (R) / F)da.

[O 1] e—0

3. The gamma function for ¢ > 0 is defined by an integral as follows:
() = (I)/ e d.
0

Show that the integral fooo ' le™%dr = lim. 04 100 (R) f: e % dx
exists as an improper integral (and hence as a Lebesgue integral).

6.5. LP Spaces

The LP spaces appear in many applications of analysis. They are also the
prototypical examples of infinite-dimensional Banach spaces which will be
studied in Chapter 8. It will be seen that there is a significant difference in
these spaces when p =1 and p > 1.

6.22. DEFINITION. For 1 < p < oo and E € M, let LP(E, M, ;1) denote

the class of all measurable functions f on E such that | f[|, 5., < oo, where

1/p
</|f|pdu> if 1 <p< oo,
Hf”p,E;u = E
inf{M : |f| < M p-a.e. on E} if p=o0.

The quantity | f[, ., will be called the L” norm of f on E and, for
convenience, written | f[|, when E' = X and the measure is clear from the
context. The fact that it is a norm will be proved later in this section. We
note immediately the following;:

(i) [Ifll, = 0 for every measurable f.
(ii) [[fll, = 0 if and only if f =0 p-a.e.
(iii) [lefll, = le| [If]], for all c € R.

For convenience, we will write LP(X) for the class LP(X, M, pu). If X is

a topological space, we let L (X) denote the class of functions f such that

f € LP(K) for each compact set K C X.
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The next lemma shows that the classes LP(X) are vector spaces or, as
is more commonly said in this context, linear spaces.

6.23. THEOREM. Suppose 1 < p < 0.
(i) If f,g € LP(X), then f + g € LP(X).
(i) If f € LP(X) and c € R, then cf € LP(X).

PROOF. Assertion (ii) follows from property (iii) of the L? norm noted
above. If p is finite, assertion (i) follows from the inequality

(6.11) la+b]" <207 (|al” + [b]"),

which holds for all a,b € R, 1 < p < oo. For p > 1, inequality (6.11) follows
from the fact that ¢ — tP is a convex function on (0, 00) (note that t — [t] is
also convex according to the definition given in Exercise 6.8), and therefore

p
(a—!—b) < %(ap_;'_bp).

2
If p = oo, assertion (i) follows from the triangle inequality |a + b
la|+ 10|, since if |f(x)] < M p-a.e.and |g(z)] < N p-a.e., then |f(z) + g(x)]
M + N p-ae..

<
<

To deduce further properties of the LP norms we will use the following
arithmetic inequality.

6.24. LEMMA. For a,b > 0, 1 < p < oo, and p' determined by the
equation

1
-+ = =1,
p p
we have )
aP  bP
abg*ﬁ‘f/
D

Equality holds if and only if a? = v

PROOF. Recall that In(x) is an increasing, strictly concave function on
(0,00), i.e.,
In(Az + (1 = AN)y) > Aln(z) + (1 — ) In(y)
for z,y € (0,00),  # y, and X € [0, 1].
Set z = aP, y =", and A = % (thus (1 —\) = i) to obtain

1 1. 1 1 /
In(=a? + =b* ) > —In(a?) + — In(b? ) = In(ab).
( Ty ) ’ (a”) p (b”) = In(ab)
Clearly equality holds in this inequality if and only if a? = v O

For p € [1, 00| the number p’ defined by %—i— ﬁ = 1is called the Lebesgue
conjugate of p. We adopt the convention that p’ = co whenp=1andp’ =1
when p = co.
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6.25. THEOREM (Holder’s inequality). If 1 < p < oo and f,g are
measurable functions, then

[ Vrgldi= [ 151 1ol du < 1Mol
X X
Equality holds, for 1 < p < oo, if and only if

If1I 191" = llglly [fI” p-a.e.
(Recall the convention that 000 =o00-0=0.)

PROOF. If p =1, then

/ [f1 19l dpe < ”g”oo/ [ dp = llgllooll fl1,
X X

and an analogous inequality holds if p = co.
If 1 < p < o0, the assertion is clear unless 0 < || fl|p, [|g]l,r < co. In this
case, set

;[ - _ 9
f=rie ad g=t,
£ 1l 191l
so that || f]l, = 1 and ||g],» = 1, and apply Lemma 6.24 to obtain
1 / = Tygpe 1 /
e [ laldu= [ |f gl de< |7+ Shal. O
1 fllpllglly Jx b'e p p P P

The statement concerning equality follows immediately from the preceding
lemma when 1 < p < oo.

6.26. THEOREM. Suppose (X, M, ) is a o-finite measure space. If f is
measurable, 1 < p < oo, and Il] + 1% =1, then

(6.12) 1l = sup{ /X fodu: gy < 1}.

PROOF. Suppose f is measurable. If g € LP' (X) with |g||,, < 1, then
by Hélder’s inequality,

/X fodu < Iflpllgly < Ifllp-
Thus
sup{ [ saduslaly < 1} <11/l

and it remains to prove the opposite inequality.
If p =1, set g = sign(f); then ||g|lcc <1 and

/ngdu:/x\fl dys = |1 £l
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Now consider the case 1 < p < oo. If ||f\|p =0, then f =0 a.e., and the
desired inequality is clear. If 0 < || f||, < oo, set

_ AP sign(f)
Vil
Then ||g|/,» =1 and

1 faq ||pr
fgdp = f/\flp/p+ dp = = [ fllp-
/ [Filidke L£I5"

If || fllp = o0, let {X4}32, be an increasing sequence of measurable sets
such that p(Xj) < oo for each k and X = U2, Xj,. For each k set

hi () = Xy, min(|f(2)[ , k)

for x € X. Then hy € LP(X), hy < hgy1, and limg_, o hy = |f|. By the
monotone convergence theorem, limy_, ||Ak]|, = co. Since we may assume
without loss of generality that ||hx||, > O for each k, there exist, by the result
just proved, g € LP (X) such that ||gx,» = 1 and

/m%w:mmr

Since hy, > 0, we have g > 0 and hence

[ tisapgdn = [1flgedn = [ hugudn = ), > oo

as k — oo. Thus

wm/mwwmw§u=m=wm

Finally, for the case p = oo, suppose M := sup{ [ fgdu : |lgli < 1} <
| flloo- Thus there exists ¢ > 0 such that 0 < M + & < ||f]lco. Then the set
E. :={z :|f(z)| > M + ¢} has positive measure, since otherwise, we would
have || fllcc < M + &. Since u is o-finite, there is a measurable set F such
that 0 < u(E: N E) < co. Set

1 .
9e = )XEgﬂE sign(f).

wWE:NE
Then ||ge|l1 =1 and

/fged# EﬁE)/ |f| du > M +¢.

Thus, M + e < sup{fgdu : |lglli < 1} < ||fllco, Which contradicts that
sup{fgdu : ||g|ly <1} = M. We conclude that

ﬂuﬂ]/fgdu:HgH1SZH*=Hme- 0
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6.27. THEOREM (Minkowski’s inequality). Suppose 1 < p < oo and
f,g € LP(X). Then

1f+gllp < 171l + llgllp-

PrOOF. The assertion is clear if p =1 or p = 00, so suppose 1 < p < 0.
Then, applying first the triangle inequality and then Holder’s inequality, we
obtain

Hf+g||§=/|f+g\p du=/\f+g|”_1|f+g|
< / F gl 1] dut / 1F+ PP gl dy

<(/ <|f+g|P‘1>p’)l/p/ (fur du)l/p

e (Jarsarr )" (fr an)”
<(fu +g|p>(p_1)/p ([ du>1/p

N </|f+gp)(:01)/27 (/|g|2" d‘u)l/z’

=IF+ gl 1l + 1f + gllp gl
= 1F+ g5 o + llgllp)-

The assertion is clear if || f + g||, = 0. Otherwise, we divide by || f 4 g[|5~"
to obtain

1f+gllp < 171l + llgllp- =

As a consequence of Theorem 6.27 and the remarks following Definition
6.22 we can say that for 1 < p < oo the spaces LP(X) are, in the terminology
of Chapter 8, normed linear spaces, provided we agree to identify functions
that are equal p-a.e. The norm ||-||, induces a metric p on LP(X) if we define

p(f.9) = Ilf = gllp
for f,g € LP(X) and agree to interpret the statement “f = ¢g” as f = g p-a.e.

6.28. DEFINITIONS. A sequence {f;}?2, is a Cauchy sequence in
LP(X) if given € > 0, there is a positive integer N such that

1fr = fmllpy <€

whenever k,m > N. The sequence {f};2, converges in LP(X) to f €
LP(X) if

T | fi — fl, =0.
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6.29. THEOREM. If 1 < p < o0, then LP(X) is a complete metric space
under the metric p, i.e., if {fr}32, is a Cauchy sequence in LP(X), then
there is an f € LP(X) such that

I — fll, = 0.
(1 = fllp

PRrROOF. Suppose {f;}72, is a Cauchy sequence in LP(X). There is an
integer N such that ||fi — fm|p, < 1 whenever k,m > N. By Minkowski’s
inequality,

[felly < IfNllp 4+ 11fe = Inllp < [ Nllp +1
whenever k£ > N. Thus the sequence {|| fx||,}72, is bounded.

Consider the case 1 < p < oo. For ¢ > 0, let Ay, = {z : |fr(x)—
fm(x)| > €}. Then,

/ |fro = fml” dp > €Ppu(Agm);
Ak,'m

that is,
P u{z : [fu(@) = fm(@)] = €}) < [|fx — fmll}-

Thus { fx} is fundamental in measure, and consequently by Exercise 6, Section
5.2, and Theorem 5.26, there exists a subsequence { fx, };‘;1 that converges
p-a.e. to a measurable function f. By Fatou’s lemma,

191 = [ 107 du < tsmint [ |73, |” ds < o

Thus f € LP(X).
Let € > 0 and let M be such that ||fx — fim|p, < € whenever k,m > M.
Using Fatou’s lemma again we see that

1= 11 = [ 16— 17 doe < timint [ 1= | < e

whenever k > M. Thus fi converges to f in LP(X).
The case p = oo is left as Exercise 2, Section 6.5. g

As a consequence of Theorem 6.29 we see for 1 < p < oo that LP(X) is
a Banach space; i.e., a normed linear space that is complete with respect
to the metric induced by the norm.

Here we include a useful result relating norm convergence in LP and
pointwise convergence.

6.30. THEOREM (Vitali’s convergence theorem). Suppose {fi},f € L?
(X), 1 <p<oo. Then | fi — fll, — 0 if the following three conditions hold:

(i) fr — f p-a.e.
(ii) For each e > 0, there exists a measurable set E such that u(E) < oo and

/lekl” dp<e, foral keN.
E
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(iii) For each € > 0, there exists 6 > 0 such that p(E) < § implies

/|fk|pdu<5 for all k€ N.
E

Conversely, if || fi, — fll, — 0, then (ii) and (iii) hold. Furthermore, (i) holds
for a subsequence.

PrOOF. Assume that the three conditions hold. Choose £ > 0 and let
d > 0 be the corresponding number given by (iii). Condition (ii) provides a
measurable set £ with pu(E) < oo such that

/\fﬂ” dj < e
E

for all positive integers k. Since u(E) < 0o, we can apply Egorov’s theorem
to obtain a measurable set B C E with p(E — B) < ¢ such that fj converges
uniformly to f on B. Now write

|fr = fI" dp = | |fx — fI” dp
/. /,
+/_B|fk—f|” du+/E|fk—f|p dp.

The first integral on the right can be made arbitrarily small for large k,
because of the uniform convergence of fi to f on B. The second and third
integrals will be estimated with the help of the inequality

|fe — P <2271 (| fil? + | F1P)s

see (6.11). From (iii) we have [, . |fx” < e for all k € N, and then Fatou’s
lemma shows that [, ,|f|” < e as well. The third integral can be handled
in a similar way using (ii). Thus, it follows that [|fx — f|, — 0.

Now suppose || fx — f||, = 0. Then for each ¢ > 0 there exists a positive
integer ko such that || fi — f[|, < &/2 for k > ko. With the help of Exercise 3,
Section 6.5, there exist measurable sets A and B of finite measure such that

/~ P du < (/2 and / ol dp < (&) for k=1,2,.... k.
A B
Minkowski’s inequality implies that

1fkllpa < Ifk = fll, 2+ 1fll, 2 <e for k> ko

Then set £ = AU B to obtain the necessity of (ii).

Similar reasoning establishes the necessity of (iii).

According to Exercise 4, Section 6.5, convergence in LP implies conver-
gence in measure. Hence, (i) holds for a subsequence. O

Finally, we conclude this section by considering how LP(X) compares
with LY(X) for 1 < p < ¢ < oo. For example, let X = [0,1] and let pu := A.
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In this case it is easy to see that L? C LP, for if f € L9, then |f(z)|? > | f(z)|”
ifx e A:={z:|f(x)] > 1}. Therefore,

/ 17 A s/ 17 dA < oo,
A A

/[0 - [fIP dXx < 1-X([0,1]) < oo.

This observation extends to a more general situation via Holder’s inequality.

while

6.31. THEOREM. If u(X) < oo and 1 < p < q < o0, then L1(X) C
LP(X) and

11
||qu;y, S /’[/(X)p N ||pr;y, N
PROOF. If ¢ = oo, then the result is immediate:
1£1l; = /X I dp < IIfHZO/X Ldp = || f|I5, n(X) < oo.

If ¢ < oo, then Holder’s inequality with conjugate exponents ¢/p and q/(¢—p)
implies that

Hf||§:/x|f\p'1dué £ N0 1l (qpy = IIFIIE (X079 < 00, O

6.32. THEOREM. If 0 < p < g < r < oo, then LP(X)N L"(X) C LY(X)
and

A 1-A
1 s < I W NNy
where 0 < A < 1 s defined by the equation
1 A 1-A

=4
qa p r

PROOF. If r < oo, use Hoélder’s inequality with conjugate indices p/Ag
and r/(1 — X)q to obtain

q_ Aq (1—>\)q<H Aq
L= [amane=e< ] .

(L) (L)

A 1—X
= I ANV

We obtain the desired result by taking gth roots of both sides.
When r = co, we have

Je<une [y,

1— A 1—X
11, < IFIE/ AP/ = A0 1157 m

“f|(1_)\)q

and so
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Exercises for Section 6.5

1.

8.

9

Use Theorem 5.27 to show that if f € LP(X) (1 < p < o0), then there is
a sequence {fr} of measurable simple functions such that |fi| < |f] for
each k and

Jim If = frllr(x) = 0.

Prove Theorem 6.29 for the case p = oo.
Suppose (X, M, ;1) is an arbitrary measure space, || f||, < 00,1 < p < oo,
and € > 0. Prove that there is a measurable set E with u(E) < oo such

that
/ [fIP dp <e.
E

Prove that convergence in L?, 1 < p < oo, implies convergence in mea-
sure.

Let (X, M, ) be a o-finite measure space. Prove that there is a function
f € LY(p) such that 0 < f < 1 everywhere on X.

Suppose 1 and v are measures on (X, M) with the property that u(E) <
v(E) for each E € M. For p > 1 and f € LP(X,v), show that f €

LP(X, ) and that
[ < [ s an
X p's

Suppose f € LP(X, M, ), 1 <p < co. Then for all ¢t > 0,

plfl >t <P f

This is known as Chebyshev’s inequality.

Prove that a differentiable function f on (a,b) is convex if and only if f’
is monotonically increasing.

Prove that a convex function is continuous.

P
Pt

10. (a) Prove Jensen’s inequality: Let f € L*(X, M, i), where u(X) < oo

and suppose f(X) C [a,b]. If ¢ is a convex function on [a, b], then

1 1
o (g [r0n) < 2 o nan
Thus, ¢ (average(f)) < average(y o f). Hint: Let

to = [,u(X)*l]/ fdu. Then ty € (a,b).
X
Furthermore, with

¢(to) — ¢(t)

a:= sup —2L 7
te(a,to) to—t

we have ¢(t) — ¢(tg) > a(t — to) for all ¢ € (a,b). In particular,
o(f(x)) —o(te) > a(f(x) —to) for all x € X. Now integrate.
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11.

12.

13.
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(b) Observe that if ¢(t) = t?, 1 < p < oo, then Jensen’s inequality
follows from Holder’s inequality:

1

[M(X)]‘l/xf Ldp < I, (O] = (1A, (X)) 717

_
(u(lx) /. fdu> <5 [0

(¢c) However, Jensen’s inequality is stronger than Holder’s inequality in
the following sense: If f is defined on [0, 1], then

elx £ dx S/ ef @) g,
X

(d) Suppose ¢: R — R is such that

@(/OlfdA> </01s0(f)d/\

for every real bounded measurable function f. Prove that ¢ is
convex.
(e) Thus, we have

w(/olfdA> S/Olw(f)dA

for each bounded measurable f if and only if ¢ is convex.
In the context of a measure space (X, M, ), suppose f is a bounded
measurable function with a < f(z) < b for p-a.e. z € X. Prove that for
each integrable function g, there exists a number ¢ € [a, b] such that

[ tigdu=c [ lol dn.
X X

(a) Suppose f is a Lebesgue integrable function on R™. Prove that for
each € > 0 there is a continuous function g with compact support on R"
such that

/n |f(y) — 9(y)| dA\(y) <e.

(b) Show that the above result is true for f € LP(R™), 1 < p < co. That
is, show that the continuous functions with compact support are dense in
LP(R™). Hint: Use Corollary 5.28 to show that step functions are dense
in LP(R™).

If fe LP(R™), 1 <p < oo, then prove

Jim £+ B) = £(z)]], =0

Also, show that this result fails when p = co.
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14. Let p1,po,...,pm be positive real numbers such that

m
Zpi =1.
i=1

For f1, fay- - fm € LY (X, i), prove that
P fs e e LN(X, p)

and

Pm
1 -

/X(f{“fé’z gy < AN 1l o

6.6. Signed Measures

We develop the basic properties of countably additive set functions of arbi-
trary sign, or signed measures. In particular, we establish the decomposition
theorems of Hahn and Jordan, which show that signed measures and (posi-
tive) measures are closely related.

Let (X, M, i) be a measure space. Suppose [ is measurable, at least one
of fT, f~ is integrable, and set

(6.13) V(E):/Ef dp

for E € M. (Recall from Corollary 6.10, that the integral in (6.13) exists.)
Then v is an extended real-valued function on M with the following proper-
ties:

(i) v assumes at most one of the values +00, —c0.
(i) v(0) = 0.
(ili) If {Ex}32, is a disjoint sequence of measurable sets, then

oo

WU B = v(E),
k=1 k=1

where the series on the right either converges absolutely or diverges to
+0o (see Exercise 1, Section 6.6).
(iv) v(EF) = 0 whenever u(E) = 0.
In Section 6.6 we will show that the properties (i)—(iv) characterize set func-
tions of the type (6.13).

6.33. REMARK. An extended real-valued function v defined on M is a
signed measure if it satisfies properties (i)—(iii) above. If in addition it
satisfies (iv), the signed measure v is said to be absolutely continuous
with respect to p, written v < p. In some contexts, we will underscore that
a measure p is not a signed measure by saying that it is a positive measure.
In other words, a positive measure is merely a measure in the sense defined
in Definition 4.47.
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6.34. DEFINITION. Let v be a signed measure on M. A set A € M is
a positive set for v if v(E) > 0 for each measurable subset E of A. A set
B € M is a negative set for v if v(E) < 0 for each measurable subset E of
B. A set C € M is a null set for v if v(E) = 0 for each measurable subset
Eof C.

Note that every measurable subset of a positive set for v is also a positive
set and that analogous statements hold for negative sets and null sets. It
follows that every countable union of positive sets is a positive set. To see
this, suppose { P }72, is a sequence of positive sets. Then there exist disjoint

o0 oo
measurable sets P C Py such that P:= |J P, = |J P (Lemma 4.7). If £

k=1 k=1
is a measurable subset of P, then

quﬁPk >0,
k=1

since each P} is positive for v.

It is important to observe the distinction between measurable sets E such
that ¥(F) = 0 and null sets for v. If E is a null set for v, then v(E) = 0, but
the converse is not generally true.

6.35. THEOREM. If v is a signed measure on M, E € M, and 0 <
v(E) < oo, then E contains a positive set A with v(A) > 0.

PRrROOF. If E is positive, then the conclusion holds for A = E. Assume
that E is not positive, and inductively construct a sequence of sets Ej as
follows. Set

=inf{v(B): B€ M,B C E} <0.

There exists a measurable set ;1 C E such that

1
v(Ep) < §max(c1, -1)<0.

For k> 1,if E'\ U E; is not positive, then
j=1

k
cip1 :=inf{v(B): Be M,BC E\ |J E;} <0,
j=1

k
and there is a measurable set Exy1 C E\ |J E; such that
j=1

1
V(Ept1) < 3 max(cg+1,—1) < 0.

Note that if ¢, = —oo, then v(Ej) < —1/2.
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k
If at any stage E'\ |J E; is a positive set, let A = E'\
j=1

k
E; and observe
j=1

that
v(A) = v(E) = Y v(E;) > v(E) > 0.
j=1
Otherwise, set A= FE\ |J Ej and observe that

k=1
v(E)=v(A)+ Z v(E}).
k=1

Since v(FE) > 0, we have v(A) > 0. Since v(FE) is finite, the series converges
absolutely, v(Fx) — 0, and therefore ¢, — 0 as k — oo. If B is a measurable
subset of A, then B(E, =0 for k =1,2,..., and hence

v(B) > ¢k
for k=1,2,.... Thus v(B) > 0. This shows that A is a positive set and the
lemma is proved. O

6.36. THEOREM (Hahn decomposition). If v is a signed measure on M,
then there exist disjoint sets P and N such that P is a positive set, N is a
negative set, and X = PUN.

PROOF. By considering —v in place of v if necessary, we may assume
v(E) < oo for each £ € M. Set

A:=sup{v(A): Ais a positive set for v}.

Since 0 is a positive set, A > 0. Let {A}72, be a sequence of positive sets
for which

lim v(Ag) = A
k—o0
Set P = |J Ak. Then P is positive and hence v(P) < A. On the other hand,

k=1
each P\ Ay is positive, and hence

v(P) = v(Ai) + v(P\ Ay) =2 v(Ag).
Thus v(P) = A < o0.

Set N = X \ P. We have only to show that N is negative. Suppose B
is a measurable subset of N. If v(B) > 0, then by Theorem6.35, B must
contain a positive set B* such that v(B*) > 0. But then B*|J P is positive
and

v(B*UP)=v(B*)+v(P) >\,
contradicting the choice of . 0

Note that the Hahn decomposition above is not unique if v has a
nonempty null set.

The following definition describes a relation between measures that is the
antithesis of absolute continuity.
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6.37. DEFINITION. Two measures (1 and po defined on a measure space
(X, M) are said to be mutually singular (written p; L ps) if there exists
a measurable set E such that

pi(E) = 0= p2(X — E).

6.38. THEOREM (Jordan decomposition). If v is a signed measure on
M, then there exists a unique pair of mutually singular measures v™ and v,
at least one of which is finite, such that

v(E)=vi(E) - v (E)
for each E € M.

PROOF. Let P U N be a Hahn decomposition of X with PN N = 0§, P
positive, and N negative for v. Set

vT(E)=v(ENP),
v (E)=—-v(ENN),
for E € M. Clearly v+ and v~ are measures on M and v = vT — v~. The
measures v+ and v~ are mutually singular, since v(N) =0=rv" (X — N).
That at least one of the measures v+, v~ is finite follows immediately from
the fact that v (X) = v(P) and v~ (X) = —v(N), at least one of which is
finite.
If 1 and vs are positive measures such that v = v; — 5, and A € M is
such that 14 (X — A) = 0 = 1»(A), then
X -—-P)=v1(XNA)\P)
=v(XNA)\P)+wa((XNA)\P)
=-v (XNA) <0

Thus v4 (X \ P) = 0. Similarly v5(P) = 0. For every E € M we have
vH(E)=v(ENP)=v(ENP)—uu(ENP)=uv(E).
Analogously v~ = vs. g

Note that if v is the signed measure defined by (6.13), then the sets
P={z: f(x) >0} and N = {z : f(x) <0} form a Hahn decomposition of
X for v, and

vi(E) = f du=/ fdp
ENP E
and

v*(E)zf/ fdu:/f’ dp
ENN E
for each E € M.
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6.39. DEFINITION. The total variation of a signed measure v is denoted
by |lv|| and is defined as

vl = v+,

We conclude this section by examining alternative characterizations of
absolutely continuous measures. We leave it as an exercise to prove that the
following three conditions are equivalent:

(i) v<up,
614) () ol < p
(iii)vT < p and v < p.

6.40. THEOREM. Let v be a finite signed measure and p a positive mea-
sure on (X, M). Then v < p if and only if for every e > 0 there exists § > 0
such that [v(E)| < € whenever p(E) < 6.

PRrROOF. Because of condition (ii) in (6.14) and the fact that |[v(E)| <
lv]] (E), we may assume that v is a finite positive measure. Since the &,4
condition is easily seen to imply that v < p, we will prove only the converse.
Proceeding by contradiction, suppose then there exist € > 0 and a sequence
of measurable sets {Ej} such that u(Ey) < 27% and v(Ej) > € for all k. Set

Fm: U Ek
k=m
and
F= () Fn.
m=1

Then u(F,,) < 2'=™, so pu(F) = 0. But v(F},,) > ¢ for each m, and since v
is finite, we have

v(F)= lim v(F,) >c¢,

m—r 00

thus reaching a contradiction. O

Exercises for Section 6.6

1. Prove property (iii) that follows (6.13).

2. Prove that the three conditions in (6.14) are equivalent.

3. Let (X, M, ) be a finite measure space, and let f € L(X, u1). In partic-
ular, f is M-measurable. Suppose My C M us a og-algebra. Of course,
f may not be Mgy-measurable. However, prove that there is a unique
M-measurable function fy such that

/ngdu=/xfogdﬂ

for each My-measurable g for which the integrals are finite and fi = p1 |4, -
Hint: Use the Radon—Nikodym theorem.
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Show that the total variation of the measure v satisfies

I (4) = sup /Adeth Co(A), |f] <1

for each open set A.
Suppose that p and v are o-finite measures on (X, M) such that 4 < v
and v < p. Prove that

almost everywhere and
dv — du’

Let f: R — R be a nondecreasing continuously differentiable function and
let Ay be the corresponding Lebesgue-Stieltjes measure; see Definition
4.29. Prove:

(a) Af << A

dh; _ g

(b) H=1"
Let (X, M,u) be a finite measure space with pu(X) < oo. Let v be a
sequence of finite measures on M (that is, v, (X) < oo for all k) with the
property that they are uniformly absolutely continuous with respect
to p; that is, for each € > 0, there exist § > 0 and a positive integer K
such that v (E) < ¢ for all k > K and all E € M for which u(E) < 4.
Assume that the limit

v(E) := kli}rgo vk (E), Ee M

dj_ldy

exists. Prove that v is a o-finite measure on M. .
Let (X, M, i) be a finite measure space and define a metric space M as
follows: for A, B € M, define

d(A4, B) := u(AAB), where AAB denotes symmetric difference.

The space M is defined to comprise all sets in M with sets A and B are
identified if u(AAB) = 0.

(a) Prove that (MV, d) is a complete metric space.

(b) Prove that (M,d) is separable if and only if LP(X, M, u) is,

1<p<oo.

Show that the space above is not compact when X = [0,1], M is the
family of Borel sets on [0, 1], and p is Lebesgue measure.
Let {vk} be a sequence of measures on the finite measure space (X, M, u)
such that

o v,(X) < oo for each k,

e the limit exists and is finite for each £ € M,

v(E):= klirilo vip(E),

o u, << u for each k.
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(a) Prove that each vy is well defined and continuous on the space
(M, d).
(b) For e >0, let

M ={E € M:|v(E)—v;(E)| < %}, ii=1,2,...,

and
Mp = ﬂ Mi,j; p= 1,2,....
6, =p
Prove that M, is a closed set in (M, d).
(c) Prove that there is some ¢ such that M, contains an open set;
call it U.
(d) Prove that the {vy} are uniformly absolutely continuous with
respect to u, as in the previous Problem 7.
Hint: Let A be an interior point in U and for B € M, write

vi(B) = v4(B) + [vk(B) — v4(B)]

and use the identity v;(B) = v;(BNA) +v;(B\ A4),i=1,2..
to estimate v;(B).
(e) Prove that v is a finite measure.

b

6.7. The Radon—Nikodym Theorem

If f is an integrable function on the measure space (X, M, ), then the signed
measure

wE) = [ fau

defined for all E € M is absolutely continuous with respect to . The Radon—
Nikodym theorem states that essentially every signed measure v, absolutely
continuous with respect to p, is of this form. The proof of Theorem 6.41
below is due to A. Schep [46].

6.41. THEOREM. Suppose (X, M, 1) is a finite measure space and v is a
measure on (X, M) with the property

V(E) < p(E)

for each E € M. Then there is a measurable function f: X — [0,1] such
that

(6.15) v(E) = /Ef dp,  for each E € M.

More generally, if g is a nonnegative measurable function on X, then

/ngV=/ngdu-
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PROOF. Let

H:= {f: fmeasurable,OSfSl,/fd,ugy(E) forallEe./\/l},
E

M::sup{/ fdu:fEH}.
X

Then there exist functions fi € H such that

and let

/ fedp > M — kL
X

Observe that we may assume 0 < f; < fo < ..., because if f,g € H, then so
is max{f, g} in view of the following:

/ max{f,g}du = / max{f, g} du—&—/ max{f,g}du
E ENA EN(X\A)

= fdp+ / gdpu
ENA X\A

<w(ENA)+u(EN(X\A) =v(E),

where A := {z: f(z) > g(x)}. Therefore, since {fi} is an increasing seque-
nce, the limit below exists:

foolx) := lim fi(x).

k—o0

Note that f., is a measurable function. Clearly 0 < f,, < 1, and the mono-
tone convergence theorem implies

[ dwdu=tin [ 5=
X k— oo X

/ Jrdp <v(E)
E

for each kK and E € M. So f € H.

The proof of the theorem will be concluded by showing that (6.15) is
satisfied by taking f as f. For this purpose, assume for the sake of obtaining
a contradiction that

(6.16) [E foodp < v(E)

for some FE € M. Let

for each £ € M and

Ey={z € E: fu(z) <1},
Ei={x€E: foo(r) =1}
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Then
v(E) =v(Ey) + v(E1)

/ foo dp

foo dp+ p(En)

Ey
foo dp+ v(EY),
Ey
which implies
v(Eo) > Joo dpu.
Ey
Let €* > 0 be such that
(6.17) foo + € X, du < v(Ep)
Eo
and let Fy, := {x € Ey : foo(x) <1 —1/k}. Observe that F; C F; C ..., and
since fo < 1 on Ey, we have U | Fj, = Ej and therefore that v(Fy) 1T v(Ep).
Furthermore, it follows from (6.17) that

foo + "X, dp < v(Ep) — 1
Eo
for some 7 > 0. Therefore, since [foo + " Xp, [Xp, T [foo + "X, X, there
exists k£* such that

foo 4+ " Xp, dp
Fy

:/ [fOO +€*XFk]Xdel“‘L
X

— foo + s*XEO du by the monotone convergence theorem
Ey
<v(Eop) —
< v(Fy) for all k > k™.
For all such k£ > k* and € := min(e*, 1/k), we claim that
(6.18) foo +EXp, € H.

The validity of this claim would imply that [ fo +eXp, dp = M +ep(Fy) >
M, contradicting the definition of M, which would mean that our contradic-
tion hypothesis, (6.16), is false, thus establishing our theorem.

So, to finish the proof, it suffices to prove (6.18) for some k > k*, which
will remain fixed throughout the remainder of the proof. For this, first note
that 0 < foo + EXp, < 1. To show that

/ foo +eXp, dp <v(E) forall E € M,
E
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we proceed by contradiction; if not, there would exist a measurable set G C X
such that

V(G \ Fi) + / foo + X, dp

GNFy

z/ foodm/ foo + X, dp
G\Fk GNFy

= / foo + EXp, dp+ / foo + X, dpt
G\Fk GNFy

= / foo + X, dp > v(G).
G

This implies
(6.19) /G (foo +Xp, ) dpu > v(G) —v(G\ Fy) = v(G N Fy).
NFy

Hence, we may assume G C Fy.

Let F; be the collection of all measurable sets G C F}, such that (6.19)
holds. Define a; := sup{u(G) : G € Fi} and let G; € F; be such that
w(G1) > a1 — 1. Similarly, let F» be the collection of all measurable sets
G C Fj, \ Gy such that (6.19) holds for G. Define ap := sup{u(G) : G € Fa}
and let Go € F» be such that u(Ga) > ag — 2% Proceeding inductively,
we obtain a decreasing sequence oy, and disjoint measurable sets Gj, where
w(Gj) > o — %2 Observe that a; — 0, for if o; — a > 0, then u(G;) | a.
Since 3277, ]% < 00, this would imply

wUG;) = iN(Gj) >y (aj - ;) = o0,

j=1 =1

contrary to the finiteness of . This implies
p( 0 65) =0,
j=

for if not, there would be two possibilities:
o
(i) There would exist a set ' C Fy \ |J G; of positive u measure for
j=1
which (6.19) would hold with 7" replacing G. Since p(T') > 0, there would
exist «y, such that

ap < /J’(T)a

and since

00 j—1
TCFk\UGjCFk\UGj7
Jj=1 i

=1
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this would contradict the definition of «;. Hence,

v(Fy) > foo +eXp dp
Fy

= Joo +EX kd,UJ
RS

> S u(6)) = vlFY),
J

which is impossible, and therefore (i) cannot occur.

(i) If there were no set T as in (i), then Fj \|J G; could not satisfy (6.18)
J

and thus

(6.20) / foo +eXp, dp < v(F) \ U2, Gj).
Fk\U]‘G;?il

With S := F;, \ U G; we have
=1

j=
/ foo +EXp dp < v(S).
s
Since
/ foo +Xp, du > v(Gy)
G

for each j € N, it follows that F}\S must also satisfy (6.18), which contradicts
(6.20). Hence, both (i) and (ii) do not occur, and thus we conclude that

o0
w(Fe\ U Gy) =0,
=1
as desired. O

6.42. NOTATION. The function f in (6.15) (and also in (6.22) below)
is called the Radon—Nikodym derivative of v with respect to p and is

denoted by
dv
f —

o dilj/.
The previous theorem yields the notationally convenient result

dv
6.21 /gdz/:/g—du.
( ) X x dp

6.43. THEOREM (Radon-Nikodym). If (X, M, u) is a o-finite measure
space and v is a o-finite signed measure on M that is absolutely continuous
with respect to u, then there exists a measurable function f such that either
fT or f~ is integrable and

(6.22) V(E):/Efdu
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for each E € M.

ProoF. We first assume, temporarily, that ;1 and v are finite measures.
Referring to Theorem 6.41, there exist Radon—Nikodym derivatives

dv dp
_ Y oand f, =
o+ ™ T e

Define A= X N{f,(x) >0} and B =X N{fu(xz) =0}. Then
u(B) = [ fudl+1) =0,

and therefore v(B) = 0, since v < u. Now define

f,,(ZE) 1
fa) = @) ifxe A,
0 if x € B.

fu =

If F is a measurable subset of A, then

uB) = [ v = [ 1= [ 1

by (6.21). Since both v and p are 0 on B, we have

W@=éf@

for all measurable E.

Next, consider the case that p and v are o-finite measures. There is a
sequence of disjoint measurable sets {X;}7° | such that X = U2, X}, and
both u(Xy) and v(Xy) are finite for each k. Set g == pl Xg, vk :=v L X
for K = 1,2,... . Clearly pi and v are finite measures on M and v, <
wi. Thus there exist nonnegative measurable functions f; such that for all
E e M,

v(ENXy) =vi(E) :/Efk dpg =[E . fr du.

It is clear that we may assume fi = 0 on X — Xj. Set f:=> ;7 fr. Then
for all £ € M,

v(E) =Y v(ENX,) = Z/
k=1"E

k=1

f@=wa

NX%

Finally, suppose that v is a signed measure and let v = v+ — v~ be the
Jordan decomposition of v. Since the measures are mutually singular, there
is a measurable set P such that v (X — P) =0 = v~ (P). For all E € M
such that u(E) =0,

vH(E)=v(ENP)=0,
v (E)=-v(E—-P)=0,
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since W(ENP)+u(E—P) = p(E) = 0. Thus vt and v~ are absolutely contin-
uous with respect to u, and consequently, there exist nonnegative measurable
functions f™ and f~ such that

) = [ £ au

for each E € M. Since at least one of the measures v* is finite, it follows
that at least one of the functions f* is p-integrable. Set f = f* — f~. In
view of Theorem 6.9, p. 145,

V(E)=/Ef+ du—/Ef‘du=/]5f dp

for each £ € M. O
An immediate consequence of this result is the following.

6.44. THEOREM (Lebesgue decomposition). Let p1 and v be o-finite mea-
sures defined on the measure space (X, M). Then there is a decomposition
of v such that v = vy + v1, where vy L u and vy < u. The measures vy and
V1 are unique.

PrROOF. We employ the same device as in the proof of the preceding
theorem by considering the Radon—Nikodym derivatives

dv du
= ———— and =
e T
Define A = X N {f.(z) > 0} and B = X N {f,(x) = 0}. Then X is the
disjoint union of A and B. With v := y 4+ v we will show that the measures

vo(E) :=v(ENB) and n(E):=v(ENA)= fody
ENA
provide our desired decomposition. First, note that v = vy + v1. Next, we
have 1p(A) = 0, and so vy L p. Finally, to show that v; < p, consider E
with u(F) = 0. Then

OZN(E):/EfHdA/:/AmEfMdA.

Thus, f, =0 v-a.e. on E. Then, since f, > 0 on A, we must have y(ANE) =
0. This implies v(A N E) = 0 and therefore v;(E) = 0, which establishes
11 < p. The proof of uniqueness is left as an exercise. O

Exercises for Section 6.7

1. Prove the uniqueness assertion in Theorem 6.44.

2. Use the following example to show that the hypothesis in the Radon-
Nikodym theorem that p is o-finite cannot be omitted. Let X = [0, 1],
let M denote the class of Lebesgue measurable subsets of [0,1], and take
v to be the Lebesgue measure and p to be the counting measure on M.
Then v is finite and absolutely continuous with respect to u, but there is
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no function f such that v(E) = [, fdu for all E € M. At what point
does the proof of Theorem 6.43 break down for this example?

6.8. The Dual of LP

Using the Radon-Nikodym theorem, we completely characterize the contin-
uous linear mappings of LP(X) into R.

6.45. DEFINITIONS. Let (X, M, i) be a measure space. A linear func-
tional on LP(X) = L?(X, M, 11) is a real-valued linear function on LP(X),
i.e., a function F : L?(X) — R such that

Faf +bg) = aF(f) +bF(g)
whenever f,g € LP(X) and a,b € R. Set
1]l = sup{|F(f)] : f € LP(X), [[fllp < 1}
A linear functional F' on LP(X) is said to be bounded if || F|| < co.

6.46. THEOREM. A linear functional on LP(X) is bounded if and only if
it is continuous with respect to (the metric induced by) the norm ||-||p.

PROOF. Let F' be a linear functional on L?(X).
If F' is bounded, then ||F|| < oo, and if 0 # f € LP(X), then

(i)

[EHI < IFI A,
whenever f € LP(X). In particular, for all f,g € LP(X), we have
E(f =l < IFIl ILf —gll,

and hence F' is uniformly continuous on LP(X).
On the other hand, if F' is continuous at 0, then there exists a 6 > 0 such
that

<17,

i.e.,

[F(f) <1
whenever [|f||, <¢é. Thus if f € LP(X) with || ]|, > 0, then

||f||

whence ||F|| < 1. O

1
< 5171,

6.47. THEOREM. If 1 <p < oo, £ 4 & =1, and g € L¥ (X), then

0= [ rodn

defines a bounded linear functional on LP(X) with
IEN = llgllp-
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Proor. That F is a bounded linear functional on LP(X) follows immedi-
ately from Holder’s inequality and the elementary properties of the integral.
The rest of the assertion follows from Theorem 6.26, since

1]l = sup{/fgdu: T 1} — lgly-

Note that while the hypotheses of Theorem 6.26 include a o-finiteness con-
dition, that assumption is not needed to establish (6.12) if the function is
integrable. That is the situation we have here, since it is assumed that
g€ . 0

The next theorem shows that all bounded linear functionals on LP(X)
(1 < p < o0) are of this form.

6.48. THEOREM. If 1 < p < o0 and F' is a bounded linear functional on
LP(X), then there is a g € L¥' (X), (% + ﬁ = 1) such that

(6.23) F(5) = [ fadn

for all f € LP(X). Moreover, ||g|l,y = ||F||, and the function g is unique in
the sense that if (6.23) holds with § € L’ (X), then g = g p-a.e. If p=1,
the same conclusion holds under the additional assumption that p is o-finite.

PROOF. Assume first (X)) < co. Note that our assumption implies that
Xp € LP(X) whenever E € M. Set

v(E) = F(Xg)
for E € M. Suppose {Ej}72, is a sequence of disjoint measurable sets and
let = Ej. Then for every positive integer N,
k=1
N N
v(E) =Y v(Er)| = |F(Xg = D _Xp,)
k=1 k=1
= |F( Z XEk)
k=N+1
> 1
<IFN(uC U Ek))»
k=N+1
and u( |J FEx) = Z w(Er) = 0 as N — oo, since
k=N+1 kN1

p(E) =Y p(Ey) < oo.
k=1
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Thus,

v(E) = v(Ey),

k=1

and since the same result holds for every rearrangement of the sequence
{Ex}72 . the series converges absolutely. It follows that v is a signed measure,

and since [v(E)| < ||F|| (M(E))%, we see that v < p. By the Radon-Nikodym
theorem there is a g € L'(X) such that

F() = (B) = [ xpgdn

for each £ € M. From the linearity of both F' and the integral, it is clear
that

(6.24) F(f) = / fgdu

whenever f is a simple function.

Step 1: Assume p(X) < oo and p = 1.
We proceed to show that g € L(X). Assume that ||g7||oc > [|F]|. Let
M > 0 be such that [|g7||cc > M > ||F|| and set Epr := {x: g(x) > M}. We
have u(E)yr) > 0, since otherwise, we would have ||g7||oc < M. Then

Mu(Ex) < / Xe g = F(Xg, ) < |Fllu(Enr).

Thus u(Ep) > 0 yields M < ||F||, which is a contradiction. We conclude
that [lg* o < |F. Similarly, [lg~ [l < | F]l, and hence [lgllo < [IF].

If f is an arbitrary function in L', then we know by Theorem 5.27 that
there exist simple functions fj with |fx| < |f] such that {fx} — f point-
wise and || fr, — f||; — 0. Therefore, by Lebesgue’s dominated convergence
theorem,

[F(fi) = F(NOI=1F(fr = HI<IFNIS = fully =0,

and

ri- [ fgdu\ <P = 11+ | [ - D

<NFNNf = felle 1L f = fellillgllso
S20F) N = frlls

and thus we have our desired result when p = 1 and p(X) < oo. By Theorem
6.26, we have ||g|lco = ||F|-
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Step 2. Assume pu(X) < oo and 1 < p < o0.
Let {h;}?2, be an increasing sequence of nonnegative simple functions

such that limg_,o A = |g|. Set g = hil_lsign(g). Then

IRl :/|hk|p dp < /gkgdu = F(gr)
(6.25)

1 ,
< I ol = 10 ([ 82 d) " = 1

We wish to conclude that g € L' (X). For this we may assume that ||g|[,» > 0
and hence that ||hgll,y > 0 for large k. It then follows from (6.25) that
|helly < ||F|| for all k, and thus by Fatou’s lemma we have

» < liminf ||hg|l, < ||F
lolly < imint [yl < 1],
which shows thatgeLp/(X)7 1<p<oo.

Now let f € LP(X) and let {fi} be a sequence of simple functions such
that ||f — fxllp, = 0 as k — oo (Exercise 1, Section 6.5). Then

P%ﬂ‘/fgw4§|FU‘&)+‘/kh——ﬁgd4

<HENNS = Fello + 1Lf = Fellpllglly
S2{EN S = frllp

for all k, whence

F(H) = [ fodu

for all f € LP(X). By Theorem 6.26, we have ||g||,» = || F'||. Thus, using step
1 also, we conclude that the proof is complete under the assumptions that
w(X) < oo, 1 <p<oo.

Step 3. Assume that p is o-finite and 1 < p < co.

Suppose Y € M is o-finite. Let {Y;} be an increasing sequence of
measurable sets such that p(Y;) < oo for each k and such that Y = (J Y%.

k=1

Then, from Steps 1 and 2 above (see also Exercise 7, Section 6.1), for each k
there is a measurable function gy such that H 91Xy, ||, < ||F|| and

F(fxyk) = /fxykgk dp
for each f € LP(X). We may assume g =0 on Y — Y. If £ < m, then
F(fXYk) = /fngy,C dM

for each f € LP(X). Thus

/}wk—%manzo
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for each f € LP(X). By Theorem 6.26, this implies that g, = g, p-a.e. on
Yi. Thus {gi} converges u-a.e.to a measurable function g, and by Fatou’s
lemma,

(6.26) lglly < timint lgelly < 17,

which shows that g € Lp,7 1 < p < co. For pf = oo, we also have
llglloo < [I1F7]-

Fix f € LP(X) and set f := fXy,. Then fi converges to fX, and
|f — fx] <2]f]. By the dominated convergence theorem, ||(fXy — fx)|l, = 0
as k — oo. Thus, since g, = g p-a.e. on Yg,

FWno—/ﬁm4<umﬂy—nn+/u—ﬁ4mdu
<2||F|| £y — fill
and therefore
(6.27) F(fxy) = / fgdy

for each f € LP(X).
If p is o-finite, we may set Y = X and deduce that

F(H) = [ fodu
whenever f € LP(X). Thus, in view of Theorem 6.47,

1]l = sup{|[F(H)] = 1 £ll, = 1} = llgll, -

Step 4. Assume that p is not o-finite and 1 < p < 0.
When 1 < p < oo and p is not assumed to be o-finite, we will conclude
the proof by making a judicious choice for Y in (6.27) so that

(6.28) F(f)=F(fxy) foreach f € LP(X) and |g|, =|F|.
For each positive integer k there is hy, € LP(X) such that ||k, <1 and
1

1]~ ¢ < |F ()]

Set .
Y = kL:Jl{x :hi(z) # 0}

Then Y is a measurable o-finite subset of X, and thus by Step 3, there is a
g € L (X) such that g = 0 g-a.e. on X — Y and

(6.29) F(£%) = [ fadn
for each f € LP(X). Since for each k,

1
I1F] - < F(w) = [ hugdu < g,
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we see that [g|[,, > [|F]|. On the other hand, appealing to Theorem 6.26
again,

171> s Fipg) = su [ fodu=1g, .
I£1, <1 1711, <1

which establishes the second part of (6.28),

To establish the first part of (6.28), with the help of (6.29), it suffices
to show that F(f) = F(fX,y) for each f € L?(X). For the sake of obtaining
a contradiction, suppose there is a function fy € LP(X) such that F(fy) #
F(foxy). Set Yy = {z : fo(x) # 0} — Y. Then, since Y} is o-finite, there is a
qgo € )i (X) such that go = 0 p-a.e. on X — Y} and

F(£%q) = [ fandn
for each f € LP(X). Since g and go are nonzero on disjoint sets, note that
lg + golly = llglly + llgoll;,
and that [|go||,, > 0, since
[ oo due = U =) = F(fo) = Fifoxs) #0.
Moreover, since
F(Pon) = [ T+ o) d
for each f € LP(X), we see that [|g + gol[,, < [[F||. Thus
117 = llgllz
< llgllz + llgolly
— v’
= llg + goll;/
<[IFI" -
This contradiction implies that
F(f) = / fgdp
for each f € LP(X), which establishes the first part of (6.28), as desired.
Step 5. Uniqueness of g.
If g € L”(X) is such that
/ flg—9)dp=0

for all f € LP(X), then by Theorem 6.26, ||g — g|l,» = 0, and thus g = §
p-a.e., thus establishing the uniqueness of g. O
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Exercises for Section 6.8

1. Suppose f is a nonnegative measurable function. Set
Ey={z: f(z) >t}

and
g(t) = —u(Er)

[ rau= [~ earo,

where )\, is the Lebesgue—Stieltjes measure induced by g as in Section 4.6.
2. Let f and g be integrable functions on a measure space (X, M, ) with
the property that

for t € R. Show that

pl{f > t}A{g > t}] =0
for A-a.e. t. Prove that f = g u-a.e.
3. Let f be a Lebesgue measurable function on [0, 1] and let @ := [0, 1] %[0, 1].
(a) Show that F(x,y) := f(x) — f(y) is measurable with respect to

Lebesgue measure in R2.
(b) It F € LY(Q), show that f € LL([0, 1]).

6.9. Product Measures and Fubini’s Theorem

In this section we introduce product measures and prove Fubini’s theorem,
which generalizes the notion of iterated integration of Riemannian calculus.

Let (X, Mx,p) and (Y, My,v) be two complete measure spaces. In
order to define the product of p and v we first define an outer measure on
X xY in terms of p and v.

6.49. DEFINITION. For each S C X x Y set
(6.30) o(S) = inf S pu(A,)w(B;) ¢ .
j=1

where the infimum is taken over all sequences {A; x B;}?%2, such that

A; € Mx, Bj € My for each j and S C | (4; x Bj).
J

=1
6.50. THEOREM. The set function ¢ is an outer measure on X X Y.

PROOF. It is immediate from the definition that ¢ > 0 and (@) = 0.

To see that ¢ is countably subadditive, suppose S C |J Sk and assume
k=1
that ¢(S;) < oo for each k. Fix £>0. Then for each k there is a sequence

{A.I; X Bf};”:l with A.’; € Mx and B]’? € My for each j such that

Sk U (A} x B))

Jj=1
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Since ¢ is an outer measure, we know that its measurable sets form a
o-algebra (See Corollary 4.11), which we denote by M x xy. Also, we denote
by p X v the restriction of ¢ to Mxxy. The main objective of this section
is to show that p X v may appropriately be called the “product measure”
corresponding to p and v, and that the integral of a function over X x Y
with respect to p X v can be computed by iterated integration. This is the

thrust of the next result.

6.51. THEOREM (Fubini’s theorem). Suppose (X, Mx,p) and (Y, My ,v)
are complete measure spaces.

(i) If Ae Mx and B € My, then Ax B € Mxxy and

(1 x v)(Ax B) =

u(A)(B).

(ii) If S € Mxxy and S is o-finite with respect to u X v, then

{z
{y

(

D (z,y) € S} e My,
D (z,y) € S} € My,

for v-a.e. y €y,

for p-a.e.x € X,

y) is My -measurable,

Syz) s Mx-measurable,

/X [ /Y Xs(widV(y)} dp(z)
/y UX Xs(@y) dﬂ@)} du(y).
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(iii) If f € LY(X X Y, Mxxy,p X v), then

y— f(z,y) is v-integrable for p-a.e. v € X,
x> f(x,y) is p-integrable for v-a.e. y €Y,

m»—)/ fz,y)dv(y) is p-integrable,
Y

y»—>/ f(z,y)du(z) is v-integrable,
X

/)(nyd(“x'/):/X [/Yf(x,y)dy(y)} dpu(z)

-/ { / f(x,y)d,u(z)] v (y).

PROOF. Let F denote the collection of all subsets S of X x Y such that
Sy ={y: (z,y) € S} € My for praecxeX
and the function
x+— v(Sy) is Mx-measurable.

For S € F set

() = [ s aute) = [ | [ xstemivt)| duta).

In other words, F is precisely the family of sets that makes is possible to
define p. Proof of (i). First, note that p is monotone on F. Next observe
that if U2, S; is a countable union of disjoint S; € F, then clearly U72,S5; €
F, and the monotone convergence theorem implies

(6.31) Zp(Sj) = p( E:j S;); hence ile S; € F.

j=1 [

Finally, if S D Sy D -+ are members of F, then

Jj=

(632) ﬂ Sj e F,
=1
and if p(S1) < oo, then Lebesgue’s dominated convergence theorem yields

(6.33) lim p(S;)=p ( N Sj> ; hence (N S; € F.
j=1 =1

Jj—ro0 j=
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Set
Ph={AxB:AeMx and Be My},

Pr={U S;j:5€pP for j=12,..1,
=1

P={(8j:SepP for j=1,2,...}.
=1

Jj=

Note that if A € Mx and B € My, then A x B € F and

(6.34) p(A x B) = p(A)v(B),

and thus Py C F. If Ay x By, Ay x By C X x Y, then

(6.35) (A1 x By) N (As x By) = (A1 N Az) x (By N Bo)
and

(636) (A1 X Bl) \ (A2 X Bg) = ((A1 \Ag) X Bl) U ((Al ﬂAg) X (Bl \Bg))

It follows from Lemma 4.7, (6.35), and (6.36) that each member of P, can
be written as a countable disjoint union of members of Py, and since F is
closed under countable disjoint unions, we have P, C F. It also follows from
(6.35) that every finite intersection of members of P; is also a member of P;.
Therefore, from (6.32), we have P, C F. In summary, we have

(637) Py, P, P, C F.

Suppose S C X xV, {4;} C Mx, {B;} C My,and S C R = U2, (A; x Bj).
Using (6.34) and that R € P; C F, we obtain

p(R) <Y p(A; x B;) = u(A;)v(By).
j=1 j=1
Thus, by the definition of o, (6.30),
(6.38) inf{p(R): S C Re P} < o(S).

To establish the opposite inequality, note that if S C R = U2, (A; x By),
where the sets A; x B, are disjoint, then referring to (6.31), we have

7(8) £ 3 A (B;) = p(R),

and consequently, with (6.38), we have
(6.39) o(S)=inf{p(R): SCRe P}
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foreach SC X xY. If A€ Mx and B € My, then A x B € Py C F, and
hence for all R € P; with A x B C R,
o(Ax B) <u(A)r(B) by (6.30)
=p(Ax B) by (6.34)

< p(R) because p is monotone.
Therefore, by (6.39) and (6.34),
(6.40) o(Ax B)=p(A x B) = u(A)v(B).

Moreover, if T'C R € P; C F, then using the additivity of p (see(6.31)), it
follows that

o(T'\(Ax B))+o(TNn(AxB))

<p(R\(Ax B))+p(RN(AxB)) by (6.39)

= p(R) since p is additive.

In view of (6.39) we see that o(T'\ (A X B)) +o(T N (A x B)) for all T C
X x Y, and thus (see Definition 4.3) that A x B is o-measurable; that is,
A X B € Mxxy. Thus assertion (i) is proved.

Proof of (ii). Suppose S C X x Y and o(S) < co. Then there is a
sequence {R;} C P; such that S C R; for each j and

(6.41) o(S) = lim p(R,).

Set
R= ﬂ Rj e bs.

j=1

Since P, C F and o(5) < oo, the dominated convergence theorem implies

m— o0

(6.42) p(R) = lim p (61 Rj>.

Thus, since S C R C N, R; € P for each finite m, by (6.42) we have

m—r 00 m—r oo

o(S) < lim p(ﬁ&) =p(R) < lim p(Ry) = o(9),

which implies that
(6.43) for each S C X X Y there is R € P such that S C R and o(S) = p(R).

We now are in a position to finish the proof of assertion (ii). First suppose
SCXxY,SCRE P, and p(R) =0. Then v(R;) =0 for pra.e. v € X
and S, C R, for each x € X. Since v is complete, S, € My for p-a.e. v € X
and S € F with p(S) = 0. In particular, we see that if S C X x Y with
0(S) =0, then S € F and p(S) = 0.
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Now suppose S € Mxxy and (pu x v)(S) < co. Then from (6.43), there
is an R € P, such that S C R and

(b xv)(S) = a(5) = p(R).

From assertion (i) we see that R € Mxy, and since (u x v)(S) < oo, we
have

(1 x V)(R\ S) = 0,

This in turn implies that R\ S € F and p(R\ S) = 0. Since v is complete
and

RI\SIGMY

for p-a.e. x € X, we see that S, € My for y-a.e. x € X and thus that S € F
with

(1 1)(S) = p(S) = [ (52 du(a).

If S € Mxxy is o-finite with respect to the measure p x v, then there
exists a sequence {.S;} of disjoint sets S; € Mxy with (u % v)(S;) < oo for
each j such that

s=1 s,

Jj=1

Since the sets are disjoint and each S; is in F, we have S € F and

(oo} oo
(1 x v)( :Z#XV Zp
j=1

Jj=1

Of course the above argument remains valid if the roles of p and v are inter-
changed, and thus we have proved assertion (ii).

Proof of (iii). Assume first that f € L'(X x Y, Mxxy,p x v), and
f>0. Fixt>1 and set

B ={(z,y) : t" < f(z,y) < tF1}

for each k = 0,£1,42,... . Then each E} belongs to Mxxy with (u x v)
(Ey) < oo. In view of (ii), the function

oo
Z t*Xp,

k=—o0
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satisfies the first four assertions of (ii) and

[ vy = 35 e
k=—o00
=Y (B by (6.40)
k=—o00
= tk Xg, (%, y)dv(y) | dp(z)
3 [ atmon] a

—/[Zt’“/XExde ]d()
k=—oo
-/ [ / ﬂ(m)du(y)} ()

by the monotone convergence theorem. Similarly,

[ ) /[/ fulwy) du(e )]dv()

RSy

Since

we see that fi(x,y) — f(z,y) ast — 1T for each (z,y) € X x Y. Thus the
function

y = f(x,y)

is My-measurable for p-a.e. x € X. It follows that

/facydu /ftxydu /fxydu

for p-a.e. x € X, the function

e /Y £, y)dv(y)

is M x-measurable and

e
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Thus we see that
[ty = tim [ g )< v)
= tim [ | [ et duto

t—1t

/X {/Y f(a:,y)du(y)] du(z).

Since the first integral above is finite, we have established the first and third
parts of assertion (iii) as well as the first half of the fifth part. The remainder
of (iii) follows by an analogous argument.

To extend the proof to general f € L'(X x Y, Mxxy,u X v) we need
only recall that

f=fr—5,
where fT and f~ are nonnegative integrable functions. 0

It is important to observe that the hypothesis (iii) in Fubini’s theorem,
namely that f € L'(X x Y, Mxxy, it X /), is necessary. Indeed, consider the
following example.

6.52. EXAMPLE. Let @ denote the unit square [0, 1] x [0, 1] and consider
a sequence of subsquares Qy, defined as follows: Let Q1 := [0,1/2] x [0,1/2].
Let Q2 be a square with half the area of Q1 and placed so that Q1 N Q2 =
{(1/2,1/2)}, that is, so that its “southwest” vertex is the same as the “north-
east” vertex of 1. Similarly, let Q3 be a square with half the area of ()2, and
as before, place it so that its “southwest” vertex is the same as the “north-
east” vertex of Q2. In this way, we obtain a sequence of squares {Qy} all of

whose southwest—northeast diagonal vertices lie on the line y = x. Subdivide
Ecl) 22) 23) ;4)

will regard QS) as occupying the “first quadrant,” Q;f) the “second quad-
rant,” Q](:’) the “third quadrant,” and Q;:l) the “fourth quadrant.” In the
next section it will be shown that the two-dimensional Lebesgue measure A
is the same as the product A\; x Ay, where A1 denotes the one-dimensional
Lebesgue measure. Define a function f on @ such that f = 0 on the comple-
ment of the Qy, and otherwise, on each Q. define f = m on subsquares

each subsquare Q) into four equal squares () where we

in the first and third quadrants and f = fm on the subsquares in the
second and fourth quadrants. Clearly,

/klfldAFl

/QlfldM:zk:/QkfI:oq

and therefore
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whereas

/fxyd/\l /fa:yd)\l)

This is an example in which the iterated integral exists but Fubini’s
theorem does not hold because f is not integrable. However, this integrability
hypothesis is not necessary if f > 0 and if f is measurable in each variable
separately. The proof of this follows readily from the proof of Theorem 6.51.

6.53. COROLLARY (Tonelli). If f is a nonnegative M x wy-measurable
function and {(x,y) : f(z,y) # 0} is o-finite with respect to the measure
X v, then the function

y— flx,y) is My-measurable for p-a.e. x € X,
x> f(z,y) is Mx-measurable for v-a.e. y €Y,

T~ / flz,y)dv(y) is Mx-measurable,
Y

y r—>/ flz,y)du(z) is My -measurable,
b's

and

J o= [ [ ] o - [ ] s

in the sense that either both expressions are infinite or both are finite and
equal.

PRrROOF. Let {fi} be a sequence of nonnegative real-valued measurable
functions with finite range such that fr < fr41 and limgoo fx = f. By
assertion (ii) of Theorem 6.51 the conclusion of the corollary holds for each
fx. For each k let Ny, be an M x-measurable subset of X such that pu(N;) =0
and

y— fr(z,y)

is My-measurable for each € X — Nj. Set N = U2 | N;. Then pu(N) =0
and for each x € X — N,

yHﬂ%w=g&h@w

is My-measurable, and by the monotone convergence theorem,

(6.44) /Yf(;v y)dv(y) = lim / fe(z,y) dv(y

k—o0

forz e X — N.
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Theorem 6.51 implies that hy(x) := [, fu(x,y) dv(y) is M x-measurable.
Since 0 < hg < hgy1, we can use agaln the monotone convergence theorem
to obtain

[ tdwxw) = jim [ i)
XxY

k—o0 XxY

k—o0 X

in [ | [ teavty)| dute)

= lim hi(z) du(x)
k—oo [x

:/ lim hg(x) du(z)
X

k—oc0

/Xklgrolo [/ fi(@,y) dv(y } dp(z)
-/ [ / f@,y)dy(y)} d(a), .

where the last line follows from (6.44). The reverse iteration can be obtained
with a similar argument.

Exercises for Section 6.9

1. Let X be a well-ordered set (with ordering denoted by <) that is a repre-
sentative of the ordinal number €2 and let M be the o-algebra consisting
of the sets E with the property that either E or its complement is at most
countable. Let p be the measure defined on E € M as pu(E) =0 if E is
at most countable and u(E) = 1 otherwise. Let Y := X and v := p.

(a) Show that if A := {(z,y) € X xY : z < y}, then A, and A, are
measurable for all z and y.
(b) Show that both

([ xaaanto) avt
exist.

([t av) auto
(¢) Show that

/Y</XXA(xy)du >d1/ 7&/ (/XAxde( )>du(:£)

(d) Why doesn’t Fubini’s theorem apply in this example?

and
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2. Show that if f(z,y) = with £(0,0) =0, then

22 —y?
(@2 +y2)2’

[ [ ead o= wa [ ][ st -

Why doesn’t Fubini’s theorem apply in this example?
3. Show that if f(z,y) = ye~ (142" for each z and y, then (see Section 6.4)

/OOO [/Om f(x,y)dx] dy = /Ooo UOOO f(x,y)dy] .

Use this equality to show that

< e VE
0 2 .

6.10. Lebesgue Measure as a Product Measure

We will now show that n-dimensional Lebesgue measure on R" is a product
of lower-dimensional Lebesgue measures.

For each positive integer k let \; denote the Lebesgue measure on R¥
and let M}, denote the o-algebra of Lebesgue measurable subsets of R¥.

6.54. THEOREM. For each pair of positive integers n and m,
Antm = An X Am
PrROOF. Let ¢ denote the outer measure on R™ x R™ defined as in Def-
inition 6.49 with p = A, and v = A,,. We will show that ¢ = A7 .

If Ae M, and B € M,, are bounded sets and € > 0, then there are
open sets U D A, V D B such that

MU—-A)<e
An(V — B) <e,
and hence
(6.45) A (DA (V) < Xy (A A (B) + e(An(A) + A (B)) + %

Suppose E is a bounded subset of R"* and {4 x By}, is a sequence of
subsets of R” x R™ such that Ay € M,,, By € M,,, and E C U2, Ay, X By.
Assume that the sequences {\, (Ax)}72; and { A, (Bg)}32 are bounded. Fix
e > 0. In view of (6.45), there exist open sets Uy, Vj, such that Ay, C Uy, B C
Vi, and

(oo} o0
> XA Am(Br) =Y A (Uk)Am (Vi) — €.
= k=1
It is not difficult to show that each of the open sets Uy x Vi can be written
as a countable union of nonoverlapping closed intervals

Up x V= UIlkXJlk,
=1



6.11. CONVOLUTION 197

where lk, Jl’c are closed intervals in R™ and R™ respectively. Thus for each k,

)\n(Uk))‘m(Vk) = ZAn(Ilk)Am(Jlk) = Z)\ner(Ilk X Jlk)
=1

=1
It follows that

> A(A)An(Br) =Y " AU Am (Vi) —€ > X, (E) — ¢
k=1

and hence
P(E) 2 Apm(E)

whenever F is a bounded subset of R™*+™.
If E is an unbounded subset of R**™ we have

P(E) 2 Ay (BN B(0, 7))
for each positive integer j. Since A}, is a Borel regular outer measure (see

Exercise 9, Section 4.3), there is a Borel set A; > E N B(0,5) such that
AAJ) = Ny (E N B(0, 7). With A := U2 A}, we have

m—+n

Xim(E) € Angm(A) = lm Apgm(45) = lim A\ (ENB(0,5)) < Ay (E)
j—o0

Jj—ro0

and therefore
hm /\7n+n(E N B(O’j)) = )"Tn—&-n(E)'

This yields
e(E) = A,

m—+n

(E)
for each E Cc R*+™.

On the other hand, it is immediate from the definitions of the two outer
measures that

o(E) <A in(E)
for each E C R*T™, O

6.11. Convolution

As an application of Fubini’s theorem, we determine conditions on functions
f and g that ensure the existence of the convolution f * g and deduce the
basic properties of convolution.

6.55. DEFINITION. Given two Lebesgue measurable functions f and g on
R™, we define the convolution f * g of f and g to be the function defined
for each x € R™ by

(fxg)(z) = . fy)g(x —y)dy.

Here and in the remainder of this section we will indicate integration with
respect to Lebesgue measure by dz, dy, etc.
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We first observe that if g is a nonnegative Lebesgue measurable function

on R”, then
/ g(x —y) dy:/R 9(y) dy

for all z € R™. This follows readily from the definition of the integral and
the fact that \,, is invariant under translation.

To study the integrability properties of the convolution of two functions
we will need the following lemma.

6.56. LEMMA. If f is a Lebesque measurable function on R™, then the
function F defined on R™ x R® = R?" by

F(x,y) = f(z —y)

18 Aoy, -measurable.

PROOF. First, define F; : R?® — R by Fy(z,y) := f(z) and observe
that Fy is Agy-measurable because for every Borel set B C R, we have
F7Y(B) = f~%(B) x R". Then define T : R** — R?>" by T(x,y) = (z —
y,x +vy) and note that T-!(z,y) = (T;y, Y2%). The mean value theorem
implies |T'(z1,y1) — T(x2,y2)| < n®|(21,91) — (22, 92)] and [T~ (z1,91) —
T az,y2)| < gn2[(z1,51) — (22,90)| for every (z1,11), (w2,92) € R*™
Therefore, T and T~' are Lipschitz functions in R?". Hence, it follows
that Fy oT = F' is Ag,-measurable. Indeed, if B C R is a Borel set, then
F = Fl_l(B) is Ag,-measurable and thus can be expressed as F = B U N,
where B; C R?" is a Borel set and A2, (N) = 0. Consequently, T-}(E) =
T~Y(B;)UT~1(N), which is the union of a Borel set and a set of \a,-measure
zero (see Exercise 4.11). O

We now prove a basic result concerning convolutions. Recall our notation

LP(R™) for LP(R™, M, An) and [|f]], for [[f[l, gn.x,

6.57. THEOREM. If f € LP(R"), 1 < p < oo, and g € L'(R"), then
f*ge LP(R™) and
1 *gll, < [If1l, lgll; -

PROOF. Observe that |f * g| < |f| * |g|, and thus it suffices to prove the
assertion for f,g > 0. Then by Lemma 6.56 the function

(z,y) = f(y)g(z —y)

is nonnegative and My, -measurable, and by Corollary 6.53,

/(f*g dﬂﬁ—//f y) dy dz
:/f(y) Ug(fvy)dff] dy
= /f(y) dy/g(w) da.
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Thus the assertion holds if p = 1.
If p = 0o, we see that

(F+9)@) < 151 [ aa=)dy =l ol

whence

1 *9lloe < £l llglly -

Finally, suppose 1 < p < co. Then

(f*g)(z /f )7 (g(x — )77 dy

(e (f-n)

— (P g)F () gl

=

Thus
/ (f *g)P(x) da < / (7 g)(x) de g7

-1
=170y llglly gy
= I£1I5 llglly

and the assertion is proved.
If we fix g € L'(R") and set
T(f) = f =g,

then we may interpret the theorem as saying that for all 1 < p < oo,

T : LP(R™) — LP(R™)

199

is a bounded linear mapping. Such mappings induced by convolution will be

further studied in Chapter 9.

Exercises for Section 6.11

1. (a) For p > 1 and p’ := p/(p — 1), prove that if f € LP(R™) and

g € LP'(R™), then
Frgla) < |fl, gl

for all x € R™.

(b) Suppose that f € LP(R") and g € L¥' (R™). Prove that f g vanishes
at infinity. That is, prove that for each ¢ > 0, there exists R > 0 such

that
fxg(x) <e forall |x| > R.
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. Let ¢ be a nonnegative real-valued function in C§°(R"™) with the property

that
(z)dz =1, spto C B(0,1).
R"L
An example of such a function is given by

) Cexp[-1/(1 - lz|%)] if |x| <1,
o) = {0 T

where C' is chosen such that fR” ¢ = 1. For € > 0, the function ¢.(x) :=
e "¢(x/e) belongs to C§°(R™) and spt ¢. C B(0,¢). The function ¢, is
called a regularizer (or mollifier), and the convolution

Ue(z) 1= e * u(x) 1= ¢ (z — y)u(y)dy
R’VL

defined for functions u € L{ (R") is called the regularization (mollifica-

tion) of u. As a consequence of Fubini’s theorem, we have

[l s wl,, < lull, [lv]l,

whenever 1 < p < oo, u € LP(R"), and v € L' (R").
Prove the following (see Theorem 10.1):
(a) If u € LY, .(R™), then for every € > 0, u. € C*°(R").
(b) If u is continuous, then u, converges to u uniformly on compact sub-

sets of R".

Ifue LP(R™), 1 < p < oo, then u, € LP(R™), |luc|lp < |lullp, and

lim 0 ||ue — ull, = 0.

. Let u be a Radon measure on R", z € R", and 0 < @ < n. Then

/]R ) /Ooora_"_lu(B(x,r))dr,

n |z —ylnme

/ du(y)i < 0o
Rn [T — Y|

provided that

. In this problem, we will consider R? for simplicity, but everything carries

over to R™. Let P be a polynomial in R?; that is, P has the form
P(I, y) _ anmnyn + anilxnynfl 4 bn71$7L71y7L 4a alxly() + blmyl + ao,

where the a’s and b’s are real numbers and n € N. Let ¢. denote the
mollifying kernel discussed in the previous problem. Prove that ¢, x P is
also a polynomial. In other words, it isn’t possible to make a polynomial
smoother than itself.

. Consider (X, M,u), where p is o-finite and complete and suppose

f € L'(X) is nonnegative. Let
Gy ={(z,y) € X x[0,00]: 0 <y < f(z)}.

Prove the following:
(a) The set Gy is pu x Aj-measurable.
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(6) wx M(Gy) = [ fan

b'e
This shows that the “area under the graph is the integral of the function.”

6.12. Distribution Functions

Here we will study an interesting and useful connection between abstract
integration and Lebesgue integration.

Let (X, M, u) be a complete o-finite measure space. Let f be a measur-
able function on X, and for ¢t € R set

E;={x:|f(z)| >t} e M.
We have the following definition.

6.58. DEFINITION. The distribution function of f is the nonincreasing
function defined as

Af(t) = ulEy).

An interesting relation between f and its distribution function can be
deduced from Fubini’s theorem.

6.59. THEOREM. If f is nonnegative and measurable, then
(6.46) /f du:/ Afd)\:/ u{z: f(2) > £)AA®).
X [0,00) [0,00]

PROOF. Let M denote the o-algebra of measurable subsets of X x R
corresponding to p X A. Set

W={(z,t): 0<t< f(x)} C X xR.

Since f is measurable, there is a sequence {fx} of measurable simple
functions such that fr < fr+1 and limg_, o fr = f pointwise on X. If fi =

Sk anEJz_C, where for each k the sets {Ef} are disjoint and measurable,

then
Wi = {(z,8) : 0 < t < fi(2)} = U EF x (0,a%) € M.
j=1

Since Xy, = limg—o0 Xy, , We see that W € M. Thus by Corollary 6.53,
k

/[o,oo) Apdr= /R /X Xy (2, 1) dp(x) dA(2)

_ / / Xop (2, 1) A1) dpa(z)
X JR
:/X,\({t:0<t<f(w)}) dp(x)

- [ ran O
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Thus a nonnegative measurable function f is integrable over X with
respect to p if and only if its distribution function A is integrable over
[0,00) with respect to the one-dimensional Lebesgue measure A.

If u(X) < oo, then Ay is a bounded monotone function and thus continu-
ous A-a.e. on [0,00). In view of Theorem 6.19, this implies that Ay is Riemann
integrable on every compact interval in [0,00) and thus that the right-hand
side of (6.46) can be interpreted as an improper Riemann integral.

The simple idea behind the proof of Theorem 6.59 can readily be extended
as in the following theorem.

6.60. THEOREM. If f is measurable and 1 < p < oo, then
Jore dn=p [ ot 1) > ).

PROOF. Set
W={(z,t): 0 <t <|f(2)]}
and note that the function
(z,t) = ptP~ X (2, 1)

is M-measurable. Thus by Corollary 6.53,

Jou = [ /(Oﬁlf(x))ptpldw) e
= [ [ e axe) au

_ / / P~V (1) () dA(E)
RJX

—p [l @) > ) a). O
[0,00)

6.61. REMARK. A useful mnemonic relating to the previous result is that
if f is measurable and 1 < p < oo, then

/Xm du:/o A(Ulf] > 1)) dev.

Exercise for Section 6.12
1. Suppose f € LY(R™) and let A; := {z : |f(z)| > t}. Prove that
lim [ |f| d\=0.

Ay

t—o0

6.13. The Marcinkiewicz Interpolation Theorem

In the previous section, we employed Fubini’s theorem extensively to inves-
tigate the properties of the distribution function. We close this chapter by
pursuing this topic further to establish the Marcinkiewicz interpolation the-
orem, which has important applications in diverse areas of analysis, such
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as Fourier analysis and nonlinear potential theory. Later, in Chapter 7, we
will see a beautiful interaction between this result and the Hardy—Littlewood
maximal function, Definition 7.8.

In preparation for the main theorem of this section, we will need two
preliminary results. The first, due to Hardy, gives two inequalities that are
related to Jensen’s inequality, Exercise 10, Section 6.5. If f is a nonnegative
measurable function defined on the positive real numbers, let

1 xT
- E/0 F#)dt, >0,
- % / F(O)dt,z > 0.

Jensen’s inequality states that for p > 1, one has [F(2)] < || f||, ¢ ., for each
x > 0, and it thus provides an estimate of F'(z)P; Hardy’s inequality (6.47)
below gives an estimate of a weighted integral of FP.

6.62. LEMMA (Hardy’s inequalities). If 1 <p < oo, r > 0, and [ is a

nonnegative measurable function on (0,00), then with F and G defined as
abowve,

(6.47) /0 TR s < (2’ /0 O ey

(6.48) /O TG @) < (g)p /0 S P,

PROOF. To prove (6.47), we apply Jensen’s inequality (Exercise 10,
Section 6.5) with the measure ¢("/P)=1dt, obtaining

(6.49) (/Ox f(t)dt)p = </OI f(t)t”’“/f”)t(’“/l’)ldt)p

-t —1/Pp ‘ p4p—T— /P
(6.50) (3) 2=/ >/0 110 i i 3

IN

r

Then by Fubini’s theorem,

/OOO (/OT f(t)dt)pxp—r_ldx
< (p>”‘1/0°° —1—(r/p) (/Ow[f(t)]ptp_r_lﬂ”p)dt) .

( )p / ptpfrflJr(T/p) (/too xl(r/p)dx> di
- ()

p
Pt at.
0

The proof of (6.48) proceeds in a similar way. O
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6.63. LEMMA. If f > 0 is a nonincreasing function on (0,00), 0 < p < oo,
and p1 < py < 00, then

([ s (x)]mm)l/m <o [ ‘“(@)UM ,

€T x

where C = C(paplapQ)'
PROOF. Since f is nonincreasing, we have for all z > 0,

z 1/131
xl/Pf(m) <C </ [(x/2)1/pf(x)]p1 dA(y))

/2 Y

1/p1
* 1/p )P d>\(y)
0(/95/2[31 f(@)] Y )

1/p1
* 1/p p1 d)‘(y)
C(/m[y f(y)] Y )

<c ( [ s C”y(y)) "

which implies the desired result when ps = co. The general result follows by
writing

[ s B < suptat oy [Tl
0 0

x x>0

IN

IN

d\(x)

O

6.64. DEFINITION. Let u be a nonnegative Radon measure defined on
R™ and suppose f is a p-measurable function defined on R"™. Its distribution
function, Af(-), is defined by

As(t) = p({ s 1f ()] > 1).
The nonincreasing rearrangement of f, denoted by f*, is defined as
(6.51) f(t) =inf{a: Af(a) < t}.

For example, if p is taken as Lebesgue measure, then f* can be identified
with that radial function F' defined on R™ having the property that for all
t >0, {F >t} is a ball centered at the origin whose Lebesgue measure is
equal to pu({x : | f(x)| > t}). Note that both f* and Ay are nonincreasing and

right-continuous. Since Ay is right-continuous, it follows that the infimum in
(6.51) is attained. Therefore, if

(6.52) f*(t) =«a, then Af(a’) >t, where o/ < .
Furthermore,
ff(t) >« ifand only if t < Ay(a).

Thus, it follows that {t : f*(t) > a} is equal to the interval (0, Af(c)).
Hence, Af(a) = A({f* > a}), which implies that f and f* have the same
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distribution function. Consequently, in view of Theorem 6.60, observe that
for all 1 <p < oo,

9 i, =([Tirora)” = ([ sera)” =i,

6.65. REMARK. Observe that the LP norm of f relative to the measure
w is thus expressed as the norm of f* relative to Lebesgue measure.

Notice also that right continuity implies
(6.54) Ap(fr(@) <t for all ¢ > 0.

6.66. LEMMA. For all t > 0, 0 > 0, suppose an arbitrary function
f € LP(R™) is decomposed as follows: f = f' + f;, where

{ﬂm if |f(2)] > £ (t7),
0 i [f(@)| < fr0),
and fi = f — ft. Then

() < f*(w) if0<y<t,
(6.55) (1)) =0 =1
(f)" () < f*(y) if y > 17,
(fo)"(y) < fr@7)  ifo<y<t°.

PrOOF. We will prove only the first set, since the proof of the other set
is similar.

For the first inequality, let [f!]*(y) = « as in (6.52), and similarly, let
f*(y) = o/. If it were the case that o/ < «, then we would have Ayt (o) > y.
But by the definition of f?,

{IF']> oy c{lfl > o},

which would imply
y<Ap(a)<Ap(@) <y,
a contradiction.
In the second inequality, assume y > t°. Now f! = fX{|f|>f*(ta)} and
f*(t?) = a, where Ay(a) <t as in (6.52). Thus, Af[f*(t7)] = As(a) < t7,
and therefore

p{IF] > a'}) = p({If1 > 1)} <17 <y
for all o/ > 0. This implies (f*)*(y) = 0. O
6.67. DEFINITION. Suppose (XM, u) is a measure space and let (p, ) be
a pair of numbers such that 1 < p, ¢ < co. Also, let  be a Radon measure

defined on X and suppose T is a subadditive operator defined on L?(X) whose
values are p-measurable functions. Thus, T'(f) is a y-measurable function on



206 6. INTEGRATION

X, and we will write T'f := T(f). The operator T is said to be of weak
type (p, q) if there is a constant C such that for all f € LP(X, u) and o > 0,

p{z - (TH)(@)] > a}) < (a7 Cllf lpy)?.

An operator T is said to be of strong type (p,q) if there is a constant C
such that [|T'fl,., < C | fll,,, for all f € LP(X, p).

6.68. THEOREM (Marcinkiewicz interpolation theorem). Let (po,qo) and
(p1,q1) be pairs of numbers such that 1 < p; < q; < o0, i=0,1, and qo # ¢1.
Let 1 be a Radon measure defined on R™ and suppose T is a subadditive oper-
ator defined on LPo(R™) + LP*(R™) whose values are p-measurable functions.
Suppose T is simultaneously of weak types (po,qo) and (p1,q1). If 0 <0 < 1
and

1-6 0
Vp= o pi

(6.56) 1—9 0
1/(] = )

qo q1

then T is of strong type (p,q); that is,

1T Fllgsn < Clfllpss— f € LP(RY),
where C = C(po, g0, p1,q1,0).
PROOF. The easiest case arises when py = py; it is left as an exercise.

Henceforth, assume pg < p1. Let (T'f)*(t) = « as in (6.52). Then for
o' < a, one has Aps(a’) > t. The weak type (po, ¢o) assumption on T" implies

—1/qo
o’ < Co(Ars(@)) ™ If 100
< Cot =Y | £

Posu

whenever f € LP°(R"). Since o/ < Cot =1/ 111y, for all o <a=(T'f)*(2),
it follows that

(6.57) (Tf)*(t) < Cot~ /@ 1l g
A similar argument shows that if f € LP*(R™), then
(6.58) (Tf)"(t) < Oyt~ Hf”puu'

We now appeal to Lemma 6.66, where o is taken as
_Ya-1q 1/q-1/a
o= = .
/po—1/p  1/p—1/p
Recall the decomposition f = f* + f;; since pg < p < p1, observe from

(6.55) that f* € LPo(R™) and f; € LP1(R™). Also, we leave the following as
Exercise 6.3:

(6.60) (TF)"(t) < (Tf)"(t/2) + (Tf)"(t/2).

(6.59)
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Since p; < ¢;, i = 0,1, by (6.56) we have p < ¢q. Thus, we obtain

()

< (/000 (tl/q(Tf)*(t))pit> v by Lemma 6.63
<C (/Om(tl/q(Tft)*(t))PCilf)l/p
(6.61) vl (t”%Tf»*(t))”i’f)l/p by (6.60)
o zc([ @) e
(6.63) +C (/0 (R VA )”dt> by (6.58).

With o defined by (6.59) we estimate the last two integrals with an appeal
to Lemma 6.63 and write

Hftho = (/Ooo(yl/po(ft)*(y))pod)\(y)> 1/po

Y

<c / yl/m(ff)*(y)dij”
SC/O yl/p“f*(y)dz(y)-

Inserting this estimate for || f*[|, into (6.62), we obtain

1/p
1/‘1 1/q0 Pdt)
([ (eremp,,)
<C /1 (t/a=1/w /tayl/pof*(y)d/\(y p@ v
B 0 0 Yy t .

Thus, to estimate (6.62) we analyze

/ (tl/q—l/fm / yl/Pof*(y) dA(y)) ﬂ,
0 0 Y t

which, under the change of variables t” — s, becomes

1 [e’s) s p d
f/ <31/p1/po/ yl/polf*(y)d)\(y)> bl
g Jo 0 8

which is equal to

e} s p
l/ (Sl/p—l/po—l/p/ yH /Pl g () d)\(y)> ds.
g Jo 0
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Now apply Hardy'’s inequality (6.47) with —r — 1 = —p/py and f(y) =
y/Po=1 £*(y) to obtain

pdt L/
(/O (#t/a=1/a0 Hftho, ) t) Clp,r (/ Fly)PyPT 1)

Cl,r) 1771, -

The estimate of

o o p
/ tl/q_l/QI/ 1/p1f (y )dy @
0 0 Yy t

proceeds in a similar way, and thus our result is established. O

Exercises for Section 6.13

1.

2.

3.

Let f be a measurable function on a measure space (X, M). Define
Ar(s) = p({lf] > s}). The nonincreasing rearrangement of f on
(0,00) is defined as

fr(@t): =inf{s: As(s) <t}
Prove the following:
(i) f* is continuous from the right.
(if) Ap«(s) = As(s) for all s if u is Lebesgue measure on R”.
Prove the Marcinkiewicz interpolation theorem in the case that py = p;.
If f = f1 + fo, prove that

(6.64) (T)"(t) < (Tf)"(t/2) + (Tf2)*(t/2).



CHAPTER 7

Differentiation

7.1. Covering Theorems

Certain covering theorems, such as the Vitali covering theorem, will be devel-
oped in this section. These covering theorems are of essential importance in
the theory of differentiation of measures.

We depart from the theory of abstract measure spaces encountered in
previous chapters and focus on certain aspects of functions defined in R. A
major result in elementary analysis is the fundamental theorem of calculus,
which states that a C! function can be expressed as the integral of its deriv-
ative. One of the main objectives of this chapter is to show that this result
still holds for a more general class of functions. In fact, we will determine
precisely those functions for which the fundamental theorem holds. We will
take a broader view of differentiation by developing a framework for differen-
tiation of measures. This will include the usual notion of differentiability of
a function. The following result, whose proof is left as an exercise, will serve
to motivate our point of view.

7.1. REMARK. Suppose p is a Borel measure on R and let
F(z) = p((—o0,2]) for z€eR.

Then the following two statements are equivalent:
(i) F is differentiable at 2o and F'(zo) = c.
(ii) For every € > 0 there exists 0 > 0 such that

<e

ud)
AI)
whenever [ is a half-open interval whose left or right endpoint is g and
M) < 4.
Condition (ii) may be interpreted as the derivative of p with respect to
Lebesgue measure, \. This concept will be developed more fully throughout

this chapter. As an example in this framework, let f € L*(R) be nonnegative
and define a measure p by

(7.1) u(E) = /E £(y) dA(y)
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for every Lebesgue measurable set E. Then the function F' introduced above
can be expressed as

F) = [ i)

Of course, the derivative of F' at x( is the limit

xo+h
! / f(y) dA(y).

7.2 lim —
(72) B0 T

This, in turn, is equivalent to statement (ii) above. Given f € L'(R"), we
define p as in (7.1) and we consider

[L[B(.’EQ,?")] — lim 1
(73) rh—>InO )\[B(.’L‘o, ’I“)] a r—0 /\[B(.To, 7")] /B(:Eo,r) f(y) dA(y)

At this stage we know nothing about the existence of the limit.

7.2. REMARK. Strictly speaking, (7.3) is not the precise analogue of
(7.2), since we have considered only balls B(zg,r) centered at xg. In R
this would exclude the use of intervals whose left endpoint is xy as required
by (7.2). Nevertheless, in our development we choose to use the family of
open concentric balls for several reasons. First, they are slightly easier to
employ than nonconcentric balls; second, we will see that it is immaterial to
the main results of the theory whether or not concentric balls are used (see
Theorem 7.17). Finally, in the development of the derivative of u relative to
an arbitrary measure v, it is important that concentric balls be used. Thus,
we formally introduce the notation

(7.4) Dap(o) = lim

which is the derivative of u with respect to .

One of the major objectives of the next section is to prove that the
limit in (7.4) exists A-almost everywhere and to see how it relates to the
results surrounding the Radon—Nikodym theorem. In particular, in view of
Theorems 4.32 and (7.1), it will follow from our development that a non-
decreasing function is differentiable almost everywhere. In the following we
will use the following notation: Given B = B(z,r) we will call B(x,5r)
the enlargement of B and denote it by B. The next lemma states that
every collection of balls (which may be either open or closed) whose radii are
bounded has a countable disjoint subcollection with the property that the
union of their enlargements contains the union of the original collection. We
emphasize here that the point of the lemma is that the subcollection con-
sists of disjoint elements, a very important consideration, since countable
additivity plays a central role in measure theory.
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7.3. THEOREM. Let G be a family of closed or open balls in R™ with
R :=sup{diam B : B € G} < cc.

Then there is a countable subfamily F C G of mutually disjoint elements such
that

U{B:BeG}c|{B:BeF}
In fact, for each B € G there exists B' € F such that BNB' # 0 and B C B'.

PRrOOF. Throughout this proof, we will adopt the following notation: if
A is a set and F a family of sets, then we use the notation ANF # 0 to
mean that AN B # () for some B € F.

Let a be a number such that 1 < a < a' 2% < 2. For j =1,2,... let

g; = {B = B(z,r) €G: a7 < % < alw‘_j+1},

o0
and observe that G = |J G;. Since r/R < 1 and a > 1, observe that for
=1
every B = B(z,r) € G; we have
|z| < j and r >a’R.

Hence the elements of G; are centered at points z € B(0, j), and their radii
are bounded away from zero; this implies that there is a number M; > 0
depending only on a, j, and R such that every disjoint subfamily of G; has
at most M, elements.
The family F will be of the form
o0
F=UJF

j=0
where the F; are finite disjoint families defined inductively as follows. We set
Fo = 0. Let F; be the largest (in the sense of inclusion) disjoint subfamily
of G;. Note that F; can have no more than M; elements. Proceeding by
induction, we assume that F;_; has been determined, and then define #H; as
the largest disjoint subfamily of G; with the property that B N F;_; = 0 for
each B € H;. Note that the number of elements in H; could be 0 but no
more than Mj. Define

Fj=Fji-1UH;.

We claim that the family F := U;il}—j has the required properties: that is,
we will show that

(7.5) BC|{B:BeF} foreach Beg.

To verify this, first note that F is a disjoint family. Next, select B :=
B(z,r) € G, which implies B € G; for some j. If BN, # 0, then there
exists B’ := B(a/,r") € H; such that BN B’ # (), in which case

(7.6) > ale’l=3.

v/ IS
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On the other hand, if BN#H; = 0, then BN F;_; # 0, for otherwise, the
maximality of H; would be violated. Thus, there exists B’ = B(a/,r’) € F;_1
such that BN B’ # (), and in this case,

T‘/ ’ . ’ .
(7.7) = > ql7'[=311 5 gl='l=3,

Since
r ;
x|—75+1
— < glel )

it follows from (7.6) and (7.7) that
r < altl=It R < gllel=] |+ 1),
Since a was chosen such that 1 < a < a' 2% < 2, we have
r < qltlEl=lell < gltle=al < GIR2R 1 9y,
This implies that B C ]§’, because if z € B(x,r) and y € BN B, then
|z —a| < |z —a[+ |z —y[+ |y — 2|
<r+r+r
< 5. O
If we assume a bit more about G, we can show that the union of elements

in F contains almost all of the union |J{B : B € G}. This requires the
following definition.

7.4. DEFINITION. A collection G of balls is said to cover a set £ C R™
in the sense of Vitali if for each x € F and each ¢ > 0, there exists B € G
containing x whose radius is positive and less than €. We also say that G is
a Vitali covering of E. Note that if G is a Vitali covering of a set £ C R™
and R > 0 is arbitrary, then G({B : diamB < R} is also a Vitali covering
of E.

7.5. THEOREM. Let G be a family of closed balls that covers a set E C R™
in the sense of Vitali. Then with F as in Theorem 7.3, we have

E\U{B:Be F}c|{B:BeF\F}
for each finite collection F* C F.

PRrROOF. Since G is a Vitali covering of E, there is no loss of generality if
we assume that the radius of each ball in G is less than some fixed number R.
Let F be as in Theorem 7.3 and let F* be any finite subfamily of F. Since
R\ U{B : B € F*} is open, for each z € E\ U{B : B € F*} there exists
B € G such that z € B and BN [U{B : B € F*}] = 0. From Theorem 7.3,
there is By € F such that BN By # () and El D B. Since F* is disjoint, it
follows that By € F*, since BN By # (. Therefore,

zeB, cU{B:BeF\F} O
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7.6. REMARK. The preceding result and the next one are not needed
in the sequel, although they are needed in some of the exercises, such as
Exercise 3, Section 7.9. We include them because they are frequently used in
the analysis literature and because they follow so easily from the main result,
Theorem 7.3.

Theorem 7.5 states that every finite family F* C F along with the
enlargements of F \ F* provides a covering of E. But what covering prop-

erties does F itself have? The next result shows that F covers almost all
of E.

7.7. THEOREM. Let G be a family of closed balls that covers a (possi-
bly nonmeasurable) set E C R™ in the sense of Vitali. Then there exists a
countable disjoint subfamily F C G such that

NE\U{B:BeF}) =0.

PROOF. First, assume that F is a bounded set. Then we may as well
assume that each ball in G is contained in some bounded open set H D E. Let
F be the subfamily of disjoint balls provided by Theorem 7.3 and
Theorem 7.5. Since all elements of F are disjoint and contained in the
bounded set H, we have

(7.8) > AMB) < A\H) < oo
BeF
Now, by Theorem 7.5, for any finite subfamily F* C F, we obtain
N(E\NU{B:BeF}) <X (E\U{B:BeF*})

<\ (u{ﬁ:Bef\f*)

< > AB)

BEF\F*
<5 Y A(B).
BeF\F*

Referring to (7.8), we see that the last term can be made arbitrarily small
by an appropriate choice of F*. This establishes our result in the case that
FE is bounded.

The general case can be handled by observing that there is a countable
family {C}}32, of disjoint open cubes Cj such that

A (R” \ k[:jl Ck> 0.

The details are left to the reader. O
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Exercises for Section 7.1

1.

(a) Prove that for each open set U C R™, there exists a collection F of
disjoint closed balls contained in U such that

AU\ U{B:BeF}) =o.

(b) Thus, U = |J BUN where A(N) = 0. Prove that N # (. (Hint:
BeF
To show that N # @, consider the proof in R2. Then consider the
intersection of U with a line. This intersection is an open subset of
the line, and note that the closed balls become closed intervals.)
Let u be a finite Borel measure on R™ with the property that u[B(x, 2r)] <
cu[B(z,r)] for all z € R™ and all 0 < r < oo, where ¢ is a constant
independent of x and r. Prove that the Vitali covering theorem, Theorem
7.7, is valid with A replaced by p.
Supply the proof of Theorem 7.1.
Prove the following alternative version of Theorem 7.7. Let E C R™ be
an arbitrary set, possibly nonmeasurable. Suppose G is a family of closed
cubes with the property that for each x € F and each € > 0 there exists a
cube C € G containing = whose diameter is less than €. Prove that there
exists a countable disjoint subfamily F C G such that

MNE-U{C:CeF}) =0

With the help of the preceding exercise, prove that for each open set
U C R”, there exists a countable family F of closed disjoint cubes, each
contained in U, such that

AUN\NULC:CeF))=o0.

7.2. Lebesgue Points

In

integration theory, functions that differ only on a set of measure zero

can be identified as one function. Consequently, with this identification a
measurable function determines an equivalence class of functions. This raises
the question whether it is possible to define a measurable function at almost

all

points in a way that is independent of any representative in the equivalence

class. Our investigation of Lebesgue points provides a positive answer to this
question.

7.8. DEFINITION. With each f € L'(R"), we associate its maximal

function, M f, which is defined as

Mf(z) = sup]ﬁ( U

>0
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where

Fist v 5 [

denotes the integral average of |f| over an arbitrary measurable set E. In
other words, M f(x) is the upper envelope of integral averages of |f| over
balls centered at x.

Clearly, M f: R" — R is a nonnegative function. Furthermore, it is
Lebesgue measurable. To see this, note that for each fixed r» > 0,

x |—>][ [f] dA
B(z,r)

is a continuous function of z (see Exercise 4, Section 7.2). Therefore, we see
that {M f > t} is an open set for each real number ¢, thus showing that M f
is lower semicontinuous and therefore measurable.

The next question is whether M f is integrable over R™. In order for this
to be true, it follows from Theorem 6.59 that it would be necessary that

(7.9) /0 TAAMS > 1) A1) < o

It turns out that M f is never integrable unless f is identically zero (see
Exercise 3, Section 7.2). However, the next result provides an estimate of
how the measure of the set {M f > ¢} becomes small as t increases. It also
shows that inequality (7.9) fails to be true by only a small margin.

7.9. THEOREM (Hardy-Littlewood). If f € LY(R"™), then

5n
A >8] <2 [ if]
for every t > 0.

PRrROOF. For fixed t > 0, the definition implies that for each x € {M f >t}
there exists a ball B, centered at x such that

£t
B,

or equivalently,

(7.10) %/B f] d\ > A(By).

Since f is integrable and t is fixed, the radii of all balls satisfying (7.10) are
bounded. Thus, with G denoting the family of these balls, we may appeal
to Theorem 7.3 to obtain a countable subfamily F C G of disjoint balls such
that

{(Mf >t} cU{B:BeF}
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Therefore,

AM{Mf>t}) <A (BLGJ;§>
<> AB)
BeF

=5" )" A(B)

BeF

<25 [

Ber’B
< o |f[ dA
t Jan
which establishes the desired result. O

We now appeal to the results of Section 6.13 concerning the Marcinkiewicz
interpolation theorem. Clearly, the operator M is subadditive, and our pre-
vious result shows that it is of weak type (1, 1) (see Definition 6.67). Also, it
is clear that

1Ml <11 fl

for all f € L°. Therefore, we appeal to the Marcinkiewicz interpolation
theorem to conclude that M is of strong type (p,p). That is, we have the
following corollary.

7.10. COROLLARY. There exists a constant C > 0 such that
IMfll, < Cplp—1)7" £,
whenever 1 < p < oo and f € LP(R™).

If f € L{ .(R™) is continuous, then it follows from elementary considera-
tions that

(7.11) lim fy)dA(y) = f(z) for xeR".
r—0 B(z,r)

Since Lusin’s theorem tells us that a measurable function is almost contin-
uous, one might suspect that (7.11) is true in some sense for an integrable
function. Indeed, we have the following.

7.11. THEOREM. If f € L} (R™), then

loc
(7.12) lim fy)dX(y) = f(z)
r—0 B(w,'r)
forae. z e R™.
PROOF. Since the limit in (7.12) depends only on the values of f in an

arbitrarily small neighborhood of x, and since R™ is a countable union of
bounded measurable sets, we may assume without loss of generality that f
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vanishes on the complement of a bounded set. Choose ¢ > 0. From Exercise
12, Section 6.5, we can find a continuous function g € L'(R") such that

/n If(y) —9(y)] dA(y) <e.

For each such g we have

r—0

lim]é(xm) 9(y) dA(y) = g(x)

for every z € R™. This implies

timsup | I - 1
(7.13) = fimsup ]é(w)r)[f(y)g(y)]dA(y)

+ ( ][ a(y) dA(y) g<x>> +lo(x) - f()]
B(z,r)

< M(f = g)(x) + 0+ [f(z) = g()].

For each positive number t let

B = {a:timsup| £ f()dAy) ~ £(2)] > ),
r—0 B(z,r)

Fy={z:[f(z) —g(x)] > t},
and

Hy = {z: M(f — g)(z) > t}.
Then by (7.13), E; C Fyj3 U Hy/o. Furthermore,

tA(Fy) < : |f(y) — g(y)] dA(y) <e,
and Theorem 7.9 implies
5TL
A(Hy) < Ta
Hence £
AE;) < 2? + 275.

Since ¢ is arbitrary, we conclude that A(E;) = 0 for all ¢t > 0, thus establishing
the conclusion. O

The theorem states that
(7.14) i fw) A
B(z,r)

r—0

exists for a.e. x and that the limit defines a function that is equal to f almost
everywhere. The limit in (7.14) provides a way to define the value of f at x
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that is independent of the choice of representative in the equivalence class of
f. Observe that (7.12) can be written as

lim [f(y) = f(2)]dA(y) = 0.

r—0 B(wﬂ')
It is rather surprising that Theorem 7.11 implies the following apparently
stronger result.

7.12. THEOREM. If f € L} (R™), then

loc
(7.15) timf£(y) ~ £@)] dAly) =0
rYB(z,r)
for a.e. x € R™.

PRrROOF. For each rational number p apply Theorem 7.11 to conclude
that there is a set £, of measure zero such that

(7.16) lim [f(y) = pl dA(y) = | f(z) — pl
r—0 B(z,r)
for all x € E,. Thus, with
E:= E,,
peQ

we have A\(F) = 0. Moreover, for x ¢ E and p € Q, since |f(y) — f(z)] <
[f(y) = pl +f(z) — pl, (7.16) implies
limsupf 17() ~ f(@)] dAG) < 21f() - .
r—0 JB(z,r)
Since
inf{|f(z) — sl : peQ} =0,
the proof is complete. O

A point x for which (7.15) holds is called a Lebesgue point of f. Thus,
almost all points are Lebesgue points for all f € L{ (R").

An important special case of Theorem 7.11 occurs when f is taken as the
characteristic function of a set. For £ C R™ a Lebesgue measurable set, let

- L A(E N B(x,7))
(7.17) D(E,x) = mse =SB )

L MENB(x,r)
(7.18) D(E,z) = liminf =S5y

7.13. THEOREM (Lebesgue density theorem). If E C R™ is a Lebesgue
measurable set, then
D(E,x)=1 for A-almost all x € E,
and
D(E,z) =0 for A-almost all x € E.
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Proor. For the first part, let B(r) denote the open ball centered at the
origin of radius r and let f = Xp 5, Since E'N B(r) is bounded, it follows
that f is integrable, and then Theorem 7.11 implies that D(E N B(r),z) =1
for A-almost all x € EN B(r). Since r is arbitrary, the result follows.

For the second part, take f = Xgqp(y and conclude, as above, that

D(ENB(r),z) = 1 for A-almost all # € E N B(r). Observe that D(E, z) = 0
for all such z, and thus the result follows, since r is arbitrary. O

Exercises for Section 7.2

1. Let f be a measurable function defined on R™ with the property that
for some constant C, f(z) > C|z| " for |z| > 1. Prove that f is not
integrable on R™. Hint: One way to proceed is to use Theorem 6.59.

2. Let f € L*(R") be a function that does not vanish identically on B(0,1).
Show that M f ¢ L*(R™) by establishing the following inequality for all x
with |z| > 1:

Mf(x) ][

B(w,|w|+1)

flaxz £] dA

=
(Jz| +1)™ /o1
1

> — fldx,
2nC |z /3(0,1)| |

where C' = A\[B(0,1)].

3. Prove that the maximal function M f is not integrable on R™ unless f is
identically 0 (cf. the previous exercise).

4. Let f € LL _(R™). Prove for each fixed r > 0 that

loc
£
B(z,r)

is a continuous function of x.

7.3. The Radon—Nikodym Derivative: Another View

We return to the concept of the Radon—Nikodym derivative in the setting
of Lebesgue measure on R™. In this section it is shown that the Radon-
Nikodym derivative can be interpreted as a classical limiting process, very
similar to that of the derivative of a function.

We now turn to the question of relating the derivative in the sense of
(7.4) to the Radon-Nikodym derivative. Consider a o-finite measure p on
R™ that is absolutely continuous with respect to Lebesgue measure. The
Radon—-Nikodym theorem asserts the existence of a measurable function f
(the Radon—Nikodym derivative) such that p can be represented as

j(E) = [E £(y) dA(v)
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for every Lebesgue measurable set E C R™. Theorem 7.11 implies that

(7.19) Dyp(z) = lim m = f(z)

for A-a.e. z € R™. Thus, the Radon—Nikodym derivatives of p with respect
to A and Djyu agree almost everywhere. Now we turn to measures that are
singular with respect to Lebesgue measure.

7.14. THEOREM. Let o be a Radon measure that is singular with respect
to X. Then

Dyo(z)=0
for A-almost all z € R™.

PROOF. Since o L A\, we know that o is concentrated on a Borel set A

with 0(A) = M(A) = 0. For each positive integer k, let

T o o[B(z,r)] _ 1
EkAﬁ{I.hI:ljélp)\[Eg(W > k;} .

In view of Exercise 4.8, we see for fixed r that o[B(x,r)] is lower semicontin-
uous and therefore that E}, is a Borel set. It suffices to show that

AEp) =0 forall &,

because Dyo(z) = 0 for all z € A — U2 By and A(A) = 0. Referring to
Theorems 4.63 and 4.52, it follows that for every ¢ > 0 there exists an open
set U. D Ey, such that o(U.) < e. For each € Ej, there exists a ball B(xz,r)
with 0 < r < 1 such that B(x,r) C U. and A[B(z,r)] < ko[B(z,r)]. The
collection of all such balls B(x,r) provides a covering of Ex. Now employ
Theorem 7.3 with R = 1 to obtain a disjoint collection of balls, F, such that

E, C U E
Then

A(E) S/\{ U E}

BeF

<5" > A(B)

BeF

<5" Y o(B)
BeF
< 5%0o(U.)

< 5"ke.

Since ¢ is arbitrary, this shows that A(Ey) = 0. O
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This result together with (7.19) establishes the following theorem.

7.15. THEOREM. Suppose v is a Radon measure on R™. Letv = p+ o
be its Lebesque decomposition with u << XA and o L A. Finally, let f denote
the Radon—Nikodym derivative of p with respect to A. Then

. v[B(z,7)]

1 _—

M B, ™
for A-a.e. x € R™.

7.16. DEFINITION. Now we address the issue raised in Remark 7.2 con-
cerning the use of concentric balls in the definition of (7.4). It can easily
be shown that nonconcentric balls or even a more general class of sets could
be used. For z € R", a sequence of Borel sets {Ex(x)} is called a regular
differentiation basis at x if there is a number a, > 0 with the follow-
ing property: there is a sequence of balls B(z,r;) with 7, — 0 such that
Ex(x) C B(z,r) and

M Eg(z)) > azA[B(x, rg)].

The sets Ey(z) are in no way related to x except for the condition Ej C
B(x,rg). In particular, the sets are not required to contain z.

The next result shows that Theorem 7.15 can be generalized to include
regular differentiation bases.

7.17. THEOREM. Suppose the hypotheses and notation of Theorem 7.15

are in force. Then for A almost every x € R™, we have
. o[Ek(z)]
lim ———%5 =0
koo N[Ep ()]

and

plEx ()]
1 —_—
A N Ee) T
whenever {E(x)} is a reqular differentiation basis at x.

PROOF. In view of the inequalities
0s0Bi(a)] _ olEx@)] _ o[Blr.ry)
AEk(x)] — A[B(z,r)] ~ AlB(z,75)]
the first conclusion of the theorem follows from Theorem 7.14.
Concerning the second conclusion, Theorem 7.12 implies

lim |f(y) = f(@)] dA(y) =0

k0B (x,rk)

(7.20)

for almost all z, and consequently, by the same reasoning as in (7.20),

lim : |f(y) — f(@)] dA(y) =0

k—o0 Ek(
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for almost all . Hence, for almost all z it follows that

. p[Eg(7)] . ][

lim ———=% = lim d\(y) = f(x).

A N Ee@)] o]y, T W) = S() O

This leads immediately to the following theorem, which is fundamental

to the theory of functions of a single variable. For the companion result for

functions of several variables, see Theorem 11.1. Also, see Exercise 2, Section
7.3, for a completely different proof.

7.18. THEOREM. Let f: R — R be a nondecreasing function. Then f'(x)
exists at A-a.e. x € R.

PrROOF. Since f is nondecreasing, Theorem 3.61 implies that f is con-
tinuous except possibly on the countable set D = {z1, z3,...}. Indeed, from
Theorem 3.61 we have

flzi=) < f@it),
for each x; € D. Define g: R — Ras g(z) = f(z) if v ¢ D and g(x) = f(x;+)
if z; € D. Then g is a right-continuous nondecreasing function that agrees
with f except on the countable set D (see Exercise 1, Section 7.3). Now refer
to Theorems 4.31 and 4.32 to obtain a Borel measure p such that

(7.21) 1((a,b]) = g(b) — g(a)

whenever a < b. For x € R take as a regular differentiation basis an arbitrary
sequence of half-open intervals {Ij(x)} with I, = (z,z+hg], hy > 0, hy, — 0.
Indeed, note that A\(Ix(z)) = $A[(z — hx,z + hg)]. From Theorem 7.15 we
have the decomposition y = i + o, where i < A and ¢ < A. Theorem 7.17
and Theorem 7.14 state that Dyu(z) = Dyji(z)(x) + Dyo(z) = Dafi(z)(x),
for A-almost every x. Hence, for A-a.e. x, there exists ¢, such that

o W) @t )
Clearly, the limit above holds for every sequence hy — 0, hy > 0, and thus

pl(z, 2 + hl)

(7.22) oo+ M(z, 2 + h))

=c, for X -a.e. x.

In a similar way we see that
-l —h,a]

h—0t A((z — h,z])

From (7.22), (7.23), and (7.21) we have, for A-a.e. z,

(7.24) i @M —9(@) oy @) g —h)
h—0+ h h—0+ h

(7.23) = ¢, for \-ae. x.

b

which means that ¢'(x) exists for A-a.e.  and ¢'(z) = ¢, for such z. Let
G :={x e R: g (x) exists and g(x) = f(x)}. Clearly, R\ G is a set of
A-measure zero. We now show that f is differentiable at each x € G and
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f'(x) = ¢'(z). Consider the sequence hy, — 0, hy > 0. For each hj choose
0 < R < hy, < hf such that & — 1 and 7= = 1. Then

W flath) - f@) _ fath) - f@) _ fathl) - f@) B

hy h;c - hy - h% hk
Note that h) and hj can be chosen so that f(xz + hj) = g(z + h}) and
fxz+ k) =g(x+ hy). Since g(z) = f(x) for € G, we obtain

hi gz +h) —g@) _ fl@+h) = f@) _gle+hi)—glz) hy
hy h% - hy - hg hk'

Letting hy — 0, we obtain

i S ) = f(@)

7.25 =4 ().

(7.25) pm M g'(x)
The same argument shows that

o f@) - fle—he) _

7.26 | = .

(7.26) W Jim e g'(z)

Since (7.25) and (7.26) hold for all hy, — 0, hy, > 0, we conclude that f/(z) =
g (x) = ¢, for each z € G. O

Another consequence of the above results is the following theorem con-
cerning the derivative of the indefinite integral.

7.19. THEOREM. Suppose f is a Lebesgue integrable function defined on
[a,b]. For each x € [a,b] let

Plz) = / "y an).

Then F' = f almost everywhere on [a,b].

PRrROOF. The derivative F'(z) is given by

F'(z) = lim + F(t) AN (D).

h—0 -

Let p be the measure defined by

um) = [ rix

for every measurable set E. Using intervals of the form I, (z) = [z, 2 + h] as
a regular differentiation basis, it follows from Theorem 7.17 that

e il (@)
fm e [ S0ax® = pim ST = (@)

for almost all = € [a, b]. O
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Exercises for Section 7.3

1.

2.

Show that g: R — R defined in Theorem 7.18 is a nondecreasing and
right-continuous function.

Here is an outline of an alternative proof of Theorem 7.18, which states
that a nondecreasing function f defined on (a,b) is differen-
tiable (Lebesgue) almost everywhere. For this, we introduce the Dini
derivatives:

D% f(z0) = limsup f(@o+h) — f(xo)
h—0+ h

Dy f(xo) = liminf flzo+h) — f($0)7

h—0t
f(wo +h) = f(xo)

b

D™ f(zp) = limsup

h—0~ h ’

If all four Dini derivatives are finite and equal, then f’(z() exists and is
equal to the common value. Clearly, D f(x¢) < DV f(z0) and D_ f(zg) <
D~ f(zp). To prove that f’ exists almost everywhere, it suffices to show
that the set

{o: D*f(@) > D_f(x)}
has measure zero. A similar argument would apply to any two Dini deriva-
tives. For two rational numbers r, s > 0, let

E.s={x:Df(z)>r>s>D_f(z)}.

The proof reduces to showing that E, ; has measure zero. If z € E, ,
then there exist arbitrarily small positive numbers A such that

fa—h)— i@ _
—h

Fix € > 0 and use the Vitali covering theorem to find a countable family

of closed, disjoint intervals [z — hy,zx], kK =1,2,... such that

flxy) = [z — hy) < shg,
A(ET,S <U [-Tk - h‘k‘vxk]> = A(Er,s)a

From this it follows that

o0

S () — flae — b)) < s(L+)A(Ey).

k=1
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For each point

y€eA:=E, <kfj (zk — h/ka)) ;

=1
there exists an arbitrarily small A > 0 such that
fly+h) - f(y)
h

Employ the Vitali covering theorem again to obtain a countable family of
disjoint closed intervals [y;, y; + h;] such that

>

each [y;,y; + h;] lies in some [z} — i, 2],
flyj+hy) = fly;) >rhj j=1,2,...,
hj > A(A).

j=1
Since f is nondecreasing, it follows that
o0

S i +hg) = Fl)] <D 1 () = fla — ),
k=1

j=1

and from this a contradiction is readily reached.

7.4. Functions of Bounded Variation

The main objective of this and the next section is to completely determine
the conditions under which the following equation holds on an interval [a, b]:

f@) - fla) = /x Pty dt for a<z<b

This formula is well known in the context of Riemann integration, and our
purpose is to investigate its validity via the Lebesgue integral. It will be
shown that the formula is valid precisely for the class of absolutely continuous
functions. In this section we begin by introducing functions of bounded
variation.

In the elementary version of the fundamental theorem of calculus, it is
assumed that f’ exists at every point of [a, b] and that f’ is continuous. Since
the Lebesgue integral is more general than the Riemann integral, one would
expect a more general version of the fundamental theorem in the Lebesgue
theory. What then would be the necessary assumptions? Perhaps it would be
sufficient to assume that f’ exists almost everywhere on [a,b] and that f’ €
L. But this is obviously not true in view of the Cantor-Lebesgue function,
f; see Example 5.7. We have seen that it is continuous, nondecreasing on
[0,1], and constant on each interval in the complement of the Cantor set.
Consequently, f' = 0 at each point of the complement, and thus

1
1= 1) =10 > [ fod=o
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The quantity f(1) — f(0) indicates how much the function varies on [0, 1].
Intuitively, one might have guessed that the quantity

/01 F] dA

provides a measurement of the variation of f. Although this is false in general,
for what class of functions is it true? We will begin to investigate the ideas
surrounding these questions by introducing functions of bounded variation.

7.20. DEFINITIONS. Suppose a function f is defined on I = [a,b]. The
total variation of f from a to x, x < b, is defined by

k
Vi(a;z) = SUPZ |f(t:) — f(ti-1)l,
i=1

where the supremum is taken over all finite sequences a =ty < t; < -+ <
tr = z. A function f is said to be of bounded variation (abbreviated BV)
on [a,b] if Vy(a;b) < co. If there is no danger of confusion, we will sometimes
write Vy(z) in place of Vy(a;x).

Note that if f is of bounded variation on [a,b] and z € [a, b], then

(@) = fla)] < Vi(a;2) < Vi(a; D),

from which we see that f is bounded.

It is easy to see that a bounded function that is either nonincreasing or
nondecreasing is of bounded variation. Also, the sum (or difference) of two
functions of bounded variation is again of bounded variation. The converse,
which is not so immediate, is also true.

7.21. THEOREM. Suppose f is of bounded variation on [a,b]. Then f can
be written as

f=rf—fo,

where both f1 and fo are nondecreasing.

PROOF. Let 11 < axs <bandlet a=ty <t; <--- <t =x1. Then

k
(7.27) Vi(z2) > |f(22) — f(21)] + Z |f(t:) — f(tiz1)].
Now,
k
Vi(wy) = Supz |f(ti) — f(tiz1)l

over all sequences a =ty <t; < --- <t = x1. Hence,

(7.28) Vi(z2) > |f(22) — f(z1)| + Vi(21).
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In particular,

Vi) — f(22) > Vi(21) — f(z1) and  Vi(zo) + f(22) > Vi(21) + f(21).

This shows that V¢ — f and V;+ f are nondecreasing functions. The assertions
thus follow by taking

fi=3V+f) and fo=1(Vy—f). O

7.22. THEOREM. Suppose [ is of bounded variation on [a,b]. Then f
is Borel measurable and has at most a countable number of discontinuities.
Furthermore, f' exists almost everywhere on [a,b], f' is Lebesgue measurable,

(7.29) ()| = V()

for a.e. x € [a,b], and

b
(7.30) / /(@) dA(E) < Vi (b).

In particular, if f is nondecreasing on [a,b], then

b
(7.31) / F(2) dA\(@) < F(b) — f(a).

PRrROOF. We will first prove (7.31). Assume that f is nondecreasing and
extend f by defining f(x) = f(b) for x > b and for each positive integer 4,
let g; be defined by

gi(x) = ilf(x +1/i) — f(x)].

Since f in nondecreasing, it follows that g; is a Borel function. Consequently,
the functions u and v defined by

u(x) = limsup g;(z),

(7.32) oo
v(z) = liminf g;(z),
11— 00

are also Borel functions. We know from Theorem 7.18 that f’ exists a.e.
Hence, it follows that f’ = wu a.e. and is therefore Lebesgue measurable.
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Now, each g; is nonnegative because f is nondecreasing, and therefore we
may employ Fatou’s lemma to conclude that

b b
[ F@ i@ < tmint [ () drw)

71— 00

— liminf i / [z +1/i) — f(2)] dA\(&)

11— 00 a+1/z'

bt1/i b
— liminf i / F@)dA(z) — / f(x)d)\(x)]

b+1/i at1/i
= liminf ¢ /b f(x)dA\(z) — / fx) d)\(x)l

1—+00

< liminf i —f(b*; /i) _ f(ia)}
:@gg“-ﬂ?‘”@®]=ﬂw—fmy

In establishing the last inequality, we have used the fact that f is nondecreas-
ing.

Now suppose that f is an arbitrary function of bounded variation. Since
f can be written as the difference of two nondecreasing functions, Theorem
7.21, it follows from Theorem 3.61 that the set D of discontinuities of f is
countable. For each real number ¢ let A, := {f > t}. Then

(a,b) N Ay = ((a,b) N (A; — D)) U ((a,b) N A, N D).

The first set on the right is open, since f is continuous at each point of
(a,b) — D. Since D is countable, the second set is a Borel set; therefore, so
is (a,b) N A, which implies that f is a Borel function.

The statements in the theorem referring to the almost everywhere differ-
entiability of f follow from Theorem 7.18; the measurability of f’ is addressed
in (7.32).

Similarly, since V; is a nondecreasing function, we have that V]ﬁ exists
almost everywhere. Furthermore, with f = f; — f5 as in the previous theorem
and recalling that f{, f4 > 0 almost everywhere, it follows that

If'1 =1 = fol < Ifil+1fsl = fi+ f2=V; almost everywhere on [a,b].
To prove (7.29) we will show that
E = [a, )N {t = Vi(t) > |[f' (O]}

has measure zero. For each positive integer m let F,, be the set of all t € E
such that 71 < ¢ < 75 with 0 < 75 — 71 < = implies
\%4 -V — 1

p(r2) = V() _ |f(72) = f(n)] L

T2 — T1 T — T1 m

(7.33)
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Since each t € E belongs to E,, for sufficiently large m, we see that
o0
= U E
m=1

and thus it suffices to show that A(F,,) = 0 for each m. Fix ¢ > 0 and let
a =ty <ty <--- <ty =">be a partition of [a,b] such that [t; —t;_1| < L
for each ¢ and

k

(7.34) DIt = F(tim)| > Vi) = —

i=1

For each interval in the partition, (7.28) states that

(7.35) Vits) = Vi(tio1) 2 [f(t:) — f(tim1)l,
while (7.33) implies

ti —ti1
m

(7.36) Vi(ti) = Vi(ti—1) > | f(t:) — f(tiz1)| +

if the interval contains a point of F,,. Let F; denote the intervals of the
partition that do not contain any points of E, and let F5 denote the intervals

that do contain points of E,,. Then, since A(E Z br —ay,
IeFs

Vf(b):ZVf = Vi(ti-1)

Z Vi (br) = Vi(ar) + D Vy(br) = Vi (ar)

IeFy IeFs
= Z f(br) — Z F(br) — flar) + br—ar by (7.35) and (7.36)
IeF; I€F, m
AMEm)
> Z |f tl tz 1)| + — m
> Vi) - 4 Li’"), by (7.34)

and therefore A\(F,,) < &, from which we conclude that A\(E,,) = 0, since ¢
is arbitrary. Thus (7.29) is established.
Finally we apply (7.29) and (7.31) to obtain

b b
/umua/wwsww—ww=ww,

and the proof is complete. ]
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Exercises for Section 7.4

1. Prove that a function of bounded variation is a Borel measurable function.

2. If f is of bounded variation on [a, b], Theorem 7.21 states that f = fi1 — fa,
where both f; and f5 are nondecreasing. Prove that

k
fi(x) = sup {Z(f(u) - f(ti_m*} ,
i=1
where the supremum is taken over all partitions a =ty < t; < --- <
tk = X.

7.5. The Fundamental Theorem of Calculus

We introduce absolutely continuous functions and show that they are pre-
cisely those functions for which the fundamental theorem of calculus is valid.

7.23. DEFINITION. A function f defined on an interval I = [a, b] is said
to be absolutely continuous on I (briefly, AC on I) if for every € > 0 there
exists § > 0 such that

Z [f(bi) — f(ai)| < e

for every finite collection of nonoverlapping intervals [a1,b1], [az, b2], ...,
[ak, bk] in I with

k
Z|bi—ai| <.

Observe that if f is AC, then it is easy to show that

Z|f Ja) <e

for every countable collectlon of nonoverlapping intervals with
o0
(7.37) > b —ai| < 6.
i=1
Indeed, if f is AC, then (7.37) holds for every partial sum and therefore for
the limit of the partial sums. Thus, it holds for the whole series.

From the definition it follows that an absolutely continuous function is uni-
formly continuous. The converse is not true, as we shall see illustrated later
by the Cantor-Lebesgue function. (Of course, it can be shown directly that
the Cantor—Lebesgue function is not absolutely continuous; see Exercise 1,
Section 7.5.) The reader can easily verify that every Lipschitz function is
absolutely continuous. Another example of an AC function is given by the
indefinite integral; let f be an integrable function on [a, b] and set

(7.38) Flz) = / " A
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For every nonoverlapping collection of intervals in [a, b] we have

Z F(b) — Flap) </ ]
U[ai,bi]

With the help of Exercise 1, Section 6.6, we know that the set function p

defined by
B)= [ 1l x
E

is a measure, and clearly it is absolutely continuous with respect to Lebesgue
measure. Referring to Theorem 6.40, we see that F' is absolutely continuous.

7.24. NOTATION. The following notation will be used frequently through-
out. If I C R is an interval, we will denote its endpoints by ay, br; thus, if T
is closed, then I = [ar, b;].

7.25. THEOREM. An absolutely continuous function on [a,b] is of
bounded variation.

PROOF. Let f be absolutely continuous. Choose ¢ = 1 and let § > 0 be
the corresponding number provided by the definition of absolute continuity.
Subdivide [a, b] into a finite collection F of nonoverlapping subintervals I =
[ar, br] each of which has length less than 6. Then

£ (br) = flar)| <1

for each I € F. Consequently, if F consists of M elements, we have

> 1f(br) — flan)| < M.

IeF

To show that f is of bounded variation on [a, b], consider an arbitrary parti-
tion @ =ty < t; < --- <t = b. Since the sum

k
EZU@»—fUFﬁ\

is not decreased by adding more points to this partition, we may assume that
each interval of this partition is a subset of some I € F. But then,

fo WX (ti) () — f(tioa)] < 1,

for each I € F (this is simply saying that the sum is taken over only those
intervals [t;—1,t;] that are contained in I'), and hence

Z|f 11)|<M

thus proving that the total variation of f on [a,b] is no more than M. O
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Next, we introduce a property that is of great importance concerning
absolutely continuous functions. Later we will see that this property is one
among three that characterize absolutely continuous functions (see Corollary
7.36). This concept is due to Lusin, now called “condition N.”

7.26. DEFINITION. A function f defined on [a,b] is said to satisfy con-
dition N if f preserves sets of Lebesgue measure zero; that is, A[f(E)] =0
whenever E C [a,b] with A(E) = 0.

7.27. THEOREM. If f is an absolutely continuous function on [a,b], then
f satisfies condition N.

PrOOF. Choose € > 0 and let § > 0 be the corresponding number pro-
vided by the definition of absolute continuity. Let E be a set of measure zero.
Then there is an open set U D FE with A(U) < §. Since U is the union of a
countable collection F of disjoint open intervals, we have

D> M) <6
IeF

The closure of each interval I contains an interval I’ = [a;/, by/] at whose
endpoints f assumes its maximum and minimum on the closure of I. Then

ALFD] = [f(br) = f(ar)]
and the absolute continuity of f along with (7.37) imply
AFE)] <D AFD] =D 1f(brr) = flar)| <e.
IeF IeF

Since ¢ is arbitrary, this shows that f(E) has measure zero. O

7.28. REMARK. This result shows that the Cantor-Lebesgue function is
not absolutely continuous, since it maps the Cantor set (of Lebesgue measure
zero) onto [0,1]. Thus, there are continuous functions of bounded variation
that are not absolutely continuous.

7.29. THEOREM. Suppose [ is an arbitrary function defined on [a,b]. Let
E¢:=(a,b) N {z: f'(z) exists and f'(z) = 0}.
Then A[f(Ef)] = 0.
Proor. Step 1:

Initially, we will assume that f is bounded; let M := sup{f(z) : « € [a,b]}
and m = inf{f(z) : © € [a,b]}. Choose € > 0. For each z € E there exists
d = 6(x) > 0 such that

|f(z+h) = f(z)] <eh
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and
|f(z —h) — f(z)] <eh

whenever 0 < h < §(z). Thus, for each x € E; we have a collection of
intervals of the form [z — h,z + k], 0 < h < §(x), with the property that for
arbitrary points a/,b' € I =[x — h,x + h], one has

If ) = fla)] < [f(V) = f(@)] + |£(d)) = f()|
(7.39) <elb —z|+eld — x|
<eX().

We will adopt the following notation: For each interval I let I’ be an interval
such that I’ D T has the same center as I but is 5 times as long. Using the
definition of Lebesgue measure, we can find an open set U D FE; with the
property A(U) — AM(Ef) < € and let G be the collection of intervals I such
that I’ C U and I’ satisfies (7.39). We then appeal to Theorem 7.3 to find a
disjoint subfamily F C G such that
Ef C U I.
IEF

Since f is bounded, each interval I’ that is associated with I € F contains
points ap/, by such that f(by) > Mp —eX(I’') and f(ap) < mp + eA(I’),
where € > 0 is chosen as above. Thus

fI') C [mp, Mp] C [f(ap) + eI, f(br) — e(I")],
and thus by (7.39),
AU < [Mp —myp| < [f(brr) = flar)] +2eA(I") < 3eA(I').
Then, using the fact that F is a disjoint family, we obtain

ArEn) <a[r(Ur)] = Uasan < £

IEF I€F IeF
=5 Z eA(])
IeF
< 5eA(U) < be(A(Ey) + ¢).

Since € > 0 is arbitrary, we conclude that A\(f(Ef)) = 0, as desired.
Step 2:

Now assume that f is an arbitrary function on [a,b]. Let H: R — [0,1] be
a smooth, strictly increasing function with H” > 0 on R. Note that both H
and H~! are absolutely continuous. Define g := H o f. Then g is bounded
and ¢'(x) = H'(f(z))f'(x) holds whenever either g or f is differentiable at x.
Then f/(z) =0 iff ¢’(x) = 0, and therefore Ey = E;. From Step 1, we know
that A\[g(E,)] = 0 = Ag(Ey)]. But f(A) = H '[g(A)] for all A C R and we
have f(Ef) = H ' [g(Ey)], and therefore A[f(E)] = 0, since H ™! preserves
sets of measure zero. O
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7.30. THEOREM. If f is absolutely continuous on [a,b] with the property
that f' = 0 almost everywhere, then f is constant.

PROOF. Let
E = (a,b)N{z: f'(x) =0},

so that [a,b] = E U N, where N is of measure zero. Then A[f(E)] =
A[f(N)]=0 by the previous result and Theorem 7.27. Thus, since f([a,b]) is
an interval and also of measure zero, f must be constant. O

We now have reached our main objective.

7.31. THEOREM (The fundamental theorem of calculus). f: [a,b] = R
is absolutely continuous if and only if ' exists a.e. on (a,b), f' is integrable
on (a,b), and

f@) - 1@ = [ TP AN for @€ la,b),

PRrROOF. The sufficiency follows from integration theory as discussed in
(7.38).

As for necessity, recall that f is BV (Theorem 7.25), and therefore by
Theorem 7.22 that f’ exists almost everywhere and is integrable. Hence, it
is meaningful to define

Pla) = / P .

Then F is absolutely continuous (as in (7.38)). By Theorem 7.19 we have that
F' = f" almost everywhere on [a,b]. Thus, F' — f is an absolutely continuous
function whose derivative is zero almost everywhere. Therefore, by Theorem
7.30, F' — f is constant on [a, b, so that [F(z) — f(x)] = [F(a) — f(a)] for all
x € [a,b]. Since F(a) =0, we have F = f — f(a). O

7.32. COROLLARY. If f is an absolutely continuous function on [a,b],
then the total variation function Vi of f is also absolutely continuous on
[a,b] and

Vita) = [ 17 ax
for each x € [a,b).

Proor. We know that V; is a bounded, nondecreasing function and thus
of bounded variation. From Theorem 7.22 we know that

[ irian= [ vian< v

for each x € [a, b].
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Fix z € [a,b] and let ¢ > 0. Choose a partition {a =t < t; < --- <

tr = x} such that

k
V() < Y If(t) = fltioa)| +e.
=1

In view of the Theorem 7.31,

|f(t:) — f(tic1)l =

ti ti
[ <[ i
ti—1 ti—1

for each 7. Thus

k t; T
vf(x)gz/ |f’|d)\+e§/ || d\ + €.
i=17ti-1 a

Since ¢ is arbitrary, we conclude that

Vita) = [ 17 dx

for each z € [a, b]. O

Exercises for Section 7.5

1.

Prove directly from the definition that the Cantor—Lebesgue function is
not absolutely continuous.

Prove that a Lipschitz function on [a, b] is absolutely continuous.

Prove directly from definitions that a Lipschitz function satisfies
condition N.

Suppose f is a Lipschitz function defined on R having Lipschitz constant
C'. Prove that A[f(A)] < CA(A) whenever A C R is Lebesgue measurable.

Let {fx} be a uniformly bounded sequence of absolutely continuous func-
tions on [0, 1]. Suppose that fi — f isin L'[0,1] and that {f]} is Cauchy
in L[0,1]. Prove that f = g almost everywhere, where g is absolutely
continuous on [0, 1].

Let f be a strictly increasing continuous function defined on (0, 1). Prove
that f’ > 0 almost everywhere if and only if £~ is absolutely continuous.
Prove that the sum and product of absolutely continuous functions are
absolutely continuous.

Prove that the composition of BV functions is not necessarily BV. (Hint:
Consider the composition of f(z) = /z and g(z) = 22 cos? (), z # 0,
g(0) = 0, both defined on [0, 1].)

Find two absolutely continuous functions f, g : [0,1] — [0,1] such that
their composition is not absolutely continuous. However, show that if
g : la,b] = [c,d] is absolutely continuous and f : [¢,d] — R is Lipschitz,
then f o g is absolutely continuous.
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10. Establish the integration by parts formula: If f and g are absolutely
continuous functions defined on [a, b], then

b b
/ flgdz = [(b)g(b) — f(a)g(a) — / 1o de.

11. Give an example of a function f: (0,1) — R that is differentiable every-
where but is not absolutely continuous. Compare this with Theorem 7.50.

12. Given a Lebesgue measurable set E, prove that {z : D(E,z) = 1} is a
Borel set.

13. Let f: R — R. Prove that f satisfies the Lipschitz condition

|f(z) = f(y)] < Mz —yl,

for some M and all z,y € R, if and only if f satisfies the following two
properties:

(a) f is absolutely continuous.

(b) |f'(x)] < M for a.e. x.

7.6. Variation of Continuous Functions

One possibility of determining the variation of a function is the following.
Consider the graph of f in the (z,y)-plane and for each y, let N(y) denote
the number of times the horizontal line passing through (0,y) intersects the
graph of f. It seems plausible that

/]R N(y) dA(y)

should equal the variation of f on [a,b]. If f is a continuous nondecreasing
function, this is easily seen to be true. The next theorem provides the general
result. First, we introduce some notation: if f: R — R and E C R, then

(7.40) N(f, E,y)

denotes the (possibly infinite) number of points in the set EN f~1{y}. Thus,
N(f, E,y) is the number of points in F that are mapped onto y.

7.33. THEOREM. Let f be a continuous function defined on [a,b]. Then
N(f,[a,b],y) is a Borel measurable function (of y) and

Vi(b) = . N(f;[a,b],y) dA(y).

PROOF. For brevity throughout the proof, we will simply write N (y) for
N(f,la,b],y).

Let m < N(y) be a nonnegative integer and let x1, s, ..., Z,, be points
that are mapped into y. Thus, {z1,22,...,2,m} C f~{y}. For each positive
integer ¢, consider a partition P; = {a =to < t1 < --- <ty = b} of [a, b] such
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that the length of each interval I is less than 1/i. Choose i so large that each

interval of P; contains at most one z;, j =1,2,...,m. Then

m< Y X W)

IeP;

Consequently,
(7.41) m < liminf { Z Xf([)(y)} .

e 1eP;
Since m is an arbitrary positive integer with m < N(y), we obtain
(7.42) N(y) < liminf { > Xf([)(y)} :

IeP;
On the other hand, for every partition P; we obviously have
(7.43) Ny > > X
IeP;

provided that each point of f~!(y) is contained in the interior of some interval
I € P;. Thus (7.43) holds for all but finitely many y and therefore

N(y) > l1mbup{z Xf(l) )}

L IeP;

holds for all but countably many y. Hence, with (7.42), we have

(7.44) = lim { Z Xf(]) } for all but countably many y.

i—00
IeP;

Since Z Xt () is a Borel measurable function, it follows that IV is also Borel

1€P;
measurable. For every interval I € F;,

WL = [ X)X,
and therefore by (7.43),

PIRVHOIEDS / Xp(r)(y) dA(Y)

IeP; IeP;

/Rl > X)) dA(y

IeP;

< [ N(y)d\(y),

Rl
which implies

(7.45) lim sup { > /\[f(I)]} < | N dA@).

100 I1€P;



238 7. DIFFERENTIATION

For the opposite inequality, observe that Fatou’s lemma and (7.44) yield

lim inf { > A[f(I)]} = lim inf { > / Xs () d( )}
1— 00 ]epi 1— 00 ]epl

IeP;

> /R 1 {lig(i)gf 1;; xf(,)(y)} dA(y)
= [ N(y)dA(y).

R1

Thus, we have

(7.46) Jim { > A[fu)]} = [ Nwaxw),

1eP;

We will conclude the proof by showing that the limit on the left-hand side
is equal to Vy(b). First, recall the notation introduced in Notation 7.24: If
I is an interval belonging to a partition P;, we will denote the endpoints of
this interval by ar,br. Thus, I = [ar,b;]. We now proceed with the proof by
selecting a sequence of partitions P; with the property that each subinterval
I in P; has length less than % and

lim 7 |f(b) = f(ai)| = Vi ().
I1€P;
Then,

-t (5 - )

1€P;

< hggf{z A[f(m}-

IeP;
We now show that
(7.47) lim sup { Z Alf } < Vi (b),
7o | rep;

which will conclude the proof. For this, let I’ = [a;/,by/] be an interval
contained in I = [a;,b;] such that f assumes its maximum and minimum on
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I at the endpoints of I’. Let Q; denote the partition formed by the endpoints
of I € P; along with the endpoints of the intervals I’. Then

SN =D Ifbr) = flar)|

IeP; IeP;
< Z £ (bi) = f(as)]
I€Q;
< Vi (b),
thereby establishing (7.47). O

7.34. COROLLARY. Suppose f is a continuous function of bounded vari-
ation on [a,b]. Then the total variation function Vi(-) is continuous on [a,b].
In addition, if f also satisfies condition N, then so does Vy(-).

PRrROOF. Fix xq € [a,b]. By the previous result,
Vyteo) = [ N(f.la.aol.) dA).

For a <zyp <z <b,

N(f7 [amc],y) - N(f’ [a7x0]7y) = N(f7 (iEOv'T]ay)
for each y such that N(f,[a,b],y) < oo, i.e., for a.e. y € R because

N(f,[a,b],) is integrable. Thus

0< Vy(o) = Viao) = [ N7 fo.a)) A9
- [ N(f.laaol ) axw)
= [ N oal) A
Amw N(f.la,bl,9) dA(y).

Since f is continuous at xg, we have A[f((xo,x])] — 0 as * — xg, and thus

hm Vf( ) Vf(xo).

w—)aco

(7.48)

A similar argument shows that

lim Vf(:C) = Vf(xo)
.’I/'—>$O
and thus that V; is continuous at xg.
Now assume that f also satisfies condition NN (see Definition 7.26) and
let A be a set with A\(A) = 0. Hence A(f(A)) = 0. Observe that for every
measurable set £ C R, the set function

mzéme%m@
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is a measure that is absolutely continuous with respect to Lebesgue measure.
Consequently, for each € > 0 there exists § > 0 such that u(F) < e whenever
AE) < 4. Hence if U D f(A) is an open set with A(f(A4)) <, we have

(7.49) /UN(f, [a,b],y)dy < €.

The open set f~1(U) can be expressed as the countable disjoint union of
o0

intervals |J I; D A. Thus, with the notation I; := [a;, b;] we have

i=1

Avs) < (10

=2 Vb)) = Vy(as)
=1
=3 [Nl by (14)
=1
= / N(f,[a,b],y)dy since the I's are disjoint
1f A, 1]
/ N(f,|a,b],
by (7.49)
which implies that A(V;(A4)) = 0. O

7.35. THEOREM. If f is a nondecreasing function defined on [a,b], then
it is absolutely continuous if and only if the following two conditions are
satisfied:

(i) f is continuous,
(i) f satisfies condition N.

PRroOOF. Clearly condition (i) is necessary for absolute continuity, and
Theorem 7.27 shows that condition (ii) is also necessary.

To prove that the two conditions are sufficient, let g(z) = x + f(z),
so that g is a strictly increasing continuous function. Note that g satisfies
condition N since f does and A(g(I)) = A(I) + M(f({)) for every interval
I. Also, if E is a measurable set, then so is g(F), because E = F U N,
where I is an F,, set and N has measure zero, by Theorem 4.25. Since g is
continuous and since F' can be expressed as the countable union of compact
sets, it follows that g(E) = g(F) U g(N) is the union of a countable number
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of compact sets and a set of measure zero and is therefore a measurable set.
Now define a measure pu by

u(E) = Ag(E))
for each measurable set E. Observe that u is, in fact, a measure, since g
is injective. Furthermore, p < A, because ¢ satisfies condition N. Conse-

quently, the Radon-Nikodym theorem applies (Theorem 6.43), and we obtain
a function h € L*(\) such that

wE) = / hdX for every measurable set E.
E
In particular, taking E = [a, z], we obtain

o) — g(a) = Mg(E)) = u(E) = /E hd = / “hdx,

Thus, as in (7.38), we conclude that g is absolutely continuous, and therefore
so is f. O

7.36. COROLLARY. A function f defined on [a,b] is absolutely continuous
if and only if f satisfies the following three conditions on [a,b] :

(i) f is continuous,
(ii) f is of bounded variation,
(iii) f satisfies condition N.

PROOF. The necessity of the three conditions is established by Theorems
7.25 and 7.27.

To prove sufficiency suppose f satisfies conditions (i)—(iii). It follows from
Corollary 7.34 that V;(-) is continuous, satisfies condition NN, and therefore
is absolutely continuous by Theorem 7.35. Since f = f; — fo, where f; =
L(Vy+ f) and fi = 5(Vy — f), it follows that both fi and f, are absolutely
continuous, and therefore so is f. O

7.7. Curve Length

Adapting the methods of the previous section, the notion of length is devel-
oped and shown to be closely related to 1-dimensional Hausdorff measure.

7.37. DEFINITIONS. A curve in R" is a continuous mapping -:
[a,b] = R™, and its length is defined as

k
(7.50) Ly =sup Y [y(t:) = v(tia)l,
i=1
where the supremum is taken over all finite sequences a =ty < t; < -+ <

tr = b. Note that y(z) is a vector in R™ for each = € [a,b]; writing v(x) in
terms of its component functions, we have

V(@) = (1(2),72(2), .., (@)
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Thus in (7.50), v(¢;) — y(ti—1) is a vector in R™ and |y(t;) — v(ti—1)| is its
length. For = € [a,b], we will use the notation L.(x) to denote the length
of v restricted to the interval [a, x]; 7 is said to have finite length or to be
rectifiable if L. (b) < cc.

We will show that there is a strong parallel between the notions of length
and bounded variation. If v is a curve in R, i.e., if v: [a,b] — R, the two
notions coincide. More generally, we have the following.

7.38. THEOREM. A continuous curve 7: [a,b] — R™ is rectifiable if and
only if each component function, 7;, is of bounded variation on [a,b).

PROOF. Suppose each component function is of bounded variation. Then
there are numbers My, Ms, ..., M, such that for every finite partition P of
[a, b] into nonoverlapping intervals I = [ay, bs],

Z'fyj(bf)_’yj(afﬂ SMJ7 ]:1727777/
IeP
Thus, with M = My, + My + --- + M,, we have

> v(br) = v(ar))|

IeP

=Y [(n(br) = n(an)? + (y2(br) = 12(ar))?

IepP
+o ot () = ya(an))?]
<3 i) = nanl+ 3 a(br) = e lar)]

IeP IeP

+Z|7n bI — Tn aI)|
IeP
< M.

Since the partition P is arbitrary, we conclude that the length of v is less
than or equal to M.
Now assume that + is rectifiable. Then for every partition P of [a, b] and

integer j € [1,n],

Z 1v(br) —(ar)| = Z 17 (br) = ;(ar)],

IeP IeP
thus showing that the total variation of <; is no more than the length
of ~. O

In elementary calculus, we know that the formula for the length of a
curve v = (y1,72) defined on [a, b] is given by

- "SGR T (a7 .
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We will proceed to investigate the conditions under which this formula holds
using our definition of length. We will consider a curve v in R™; thus we have
v: [a,b] = R™ with v(¢) = (v1(t),v2(t), . . ., Yn(t)), and we recall the notation
L., (t) introduced earlier that denotes the length of v from a to t.

7.39. THEOREM. If v is rectifiable, then

L, (6) = /(L (0)2 + (G4(0)2 + - + (4 (0))?

for almost all t € [a, D).

PrOOF. The number |L.(t+ h) — L, (t)| denotes the length along the
curve between the points (¢ + h) and ~(t), which is clearly not less than the
straight-line distance. Therefore, it is intuitively clear that

(7.51) [ Ly (t+h) = Ly(8)] = [y (¢ + h) =~ (8)].-

The rigorous argument to establish this is very similar to the proof of (7.27).
Thus, for h > 0, consider an arbitrary partition a =ty < t; < -+ < t = .
Then from the definition of L.,

k
Ly(z+h) > [y(x +h) = (@) + Y v(t:) = v(ti)].-
i=1

Since

k
L, (x) = sup {Z I (t:) — W(tm)l}
=1

over all partitions a = tg < t; < --- < t = x, it follows that

L@+ h) = |1z + h) = A(@)] + Ly (@).
A similar inequality holds for h < 0, and therefore we obtain
(7.52) L (4 h) = Ly (8)] > [y(t+ ) = A1)
consequently,

|Ly(t+ ) = Ly(8)| > [v(t + k) — (1)
(7.53) = [(n(t+h) =71 (1) + (2t + k) —y2(t))
e (alt 4 B) = 7a(0)*]?

2

whenever t + h,t € [a,b]. Consequently,

Lot + 1) = Ly(0)] <71(t+h)—71(t)>2

h - h
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Taking the limit as h — 0, we obtain

(7.54) Li(t) = \/(vi(t))2 + (20 + -+ (7(0)?
whenever all derivatives exist, which is almost everywhere in view of Theorem

7.38. The remainder of the proof is completely analogous to the proof of
(7.29) in Theorem 7.22 and is left as an exercise. O

The proof of the following result is completely analogous to the proof of
Corollary 7.32 and is also left as an exercise.

7.40. THEOREM. If each component function ~; of the curve -~y
[a,b] — R™ is absolutely continuous, then the function L.(-) is absolutely
continuous, and

L= [ zav= [ e s e

for each x € [a,b].

7.41. EXAMPLE. Intuitively, one might expect that the trace of a con-
tinuous curve would resemble a piece of string, perhaps badly crumpled, but
still like a piece of string. However, Peano discovered that the situation could
be far worse. He was the first to demonstrate the existence of a continuous
mapping v : [0,1] — R? such that [0, 1] occupies the unit square, Q. In
other words, he showed the existence of an “area-filling curve.” In the figure
below, we show the first three stages of the construction of such a curve. This
construction is due to Hilbert.

S e N e A
] [
| | H|
1 | 1 |
S 5 pp S5 RESE
— 2 Bl
E | N
L ERPERE ]

Each stage represents the graph of a continuous (piecewise linear) map-
ping 7% : [0, 1] — R2. From the way the construction is made, we find that
V2
sup |y (t) — n(t)] < o
te[0,1]

where k < . Hence, since the space of continuous functions with the topology
of uniform convergence is complete, there exists a continuous mapping  that
is the uniform limit of {vx}. To see that +[0,1] is the unit square @, first
observe that each point xg in the unit square belongs to some square of each of
the partitions of Q. Denoting by Py, the kth partition of Q into 4* subsquares
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of side length (1/2)*, we see that each point 2o € @ belongs to some square,
Qp, of P for k =1,2,.... For each k the curve 7y passes through @y, and
so it is clear that there exist points 5 € [0, 1] such that

(7.55) xo = lim ,(tg)-
k—o0

For € > 0, choose K such that |xg — v (k)| < £/2 for k > K. Since v — 7y
uniformly, we see by Theorem 3.56 that there exists § = d(¢) > 0 such that
|76 (t) — Yk (s)|] < e for all k whenever |s —¢|] < §. Choose Ks such that
|t —tx| < & for k > K. Since [0, 1] is compact, there is a point ¢y € [0,1]
such that (for a subsequence) t;, — to as k — oo. Then zy = v(tg), because

[wo = Y(to)] < |wo — i (ti)| + [k (tk) — Yk(to)] <
for k > max Ky, K5. One must be careful to distinguish a curve in R™ from
the point set described by its trace. For example, compare the curve in R?
given by
~(z) = (cosz,sinx), = € [0, 27]
to the curve
n(z) = (cos 2z, sin 2x), = € [0, 27].
Their traces occupy the same point set, namely, the unit circle. However,
the length of « is 27, whereas the length of 5 is 47. This simple example
serves as a model for the relationship between the length of a curve and
the 1-dimensional Hausdorff measure of its trace. Roughly speaking, we will
show that they are the same if one takes into account the number of times
each point in the trace is covered. In particular, if 7 is injective, then they
are the same.

7.42. THEOREM. Let v: [a,b] — R™ be a continuous curve. Then

(7.56) M@=/NWM%MMNW

where N (7, [a,b],y) denotes the (possibly infinite) number of points in the set
v~ Yy} Nla,b]. Equality in (7.56) is understood in the sense that either both
sides are finite and equal or both sides are infinite.

PROOF. Let M denote the length of v on [a,b]. We will first prove

(7.57) Mz/NWMMwMF@%

and therefore, we may as well assume M < oo. The function L, (-) is nonde-
creasing, and its range is the interval [0, M]. As in (7.53), we have

(7.58) Ly (2) = Ly (y)| = [7(z) = ~(y)]

for all 2,y € [a,b]. Since L, is nondecreasing, it follows that L '{s} is
an interval (possibly degenerate) for all s € [0, M]. In fact, there are only
countably many s for which L7 '{s} is a nondegenerate interval. Now define
g: [0, M] — R" as follows:
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(7.59) 9(s) = (),

where z is any point in L7'(s). Observe that if L7'{s} is a nondegenerate
interval and if 1, € L' {s}, then y(z1) = v(z), thus ensuring that g(s) is
well defined. Also, for z € L7'{s}, y € L7 '{t}, notice from (7.58) that

(7.60) lg(s) = g(@)] = [v(x) = v(W)| < [Ly(x) — Ly (y)| = |s — 1],

so that g is a Lipschitz function with Lipschitz constant 1. From the definition
of g, we clearly have v = go L,. Let S be the set of points in [0, M| such
that L7 '{s} is a nondegenerate interval. Then it follows that

N(v,[a,b],y) = N(g, [0, M],y)

for all y & g(S). Since S is countable and therefore g(S) is countable as well,
we have

(7.61) /N 7, [a,b],y) dH (y /N 9,10, M), y) dH" (y).
We will appeal to the proof of Theorem 7.33 to show that
M= [ Nig.[0.3).9) aH )

Let P; be a sequence of partitions of [0, M] each having the property that its
intervals have length less than 1/4. Then, using the argument that established
(7.44), we have

I1€P;

N(g.[0.M],y) = lim { X, }
Since
H'(9(D) = [ X, (o) ')

for each interval I, we adapt the proof of (7.46) to obtain

(762  lm { > Hl[gm]} — [ N, 0,01, d ).

I1€P;

Now use (7.60) and Exercise 2, Section 7.7, to conclude that H'[g(I)] < A(1),
so that (7.62) yields

(7.63) lim inf { 3 )\(I)} > /0°° N(g, [0, M],y) dH(y).

IeP;

It is necessary to use the liminf here because we don’t know that the limit
exists. However, since

> AU) = A0, M]) = M,

IeP;
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we see that the limit does exist and that the left-hand side of (7.63) equals
M. Thus, we obtain

M> /0 " N9, 0, M), y) dH (),

which, along with (7.61), establishes (7.57).
We now will prove

(7.64) M< / " N a,b.y) dH ()

to conclude the proof of the theorem. Again, we adapt the reasoning leading
to (7.62) to obtain

(7.65) lim {Z Hl[v(—’)]} = /N(% [a,b],y) dH (y).

i—00
1€P;

In this context, P; is a sequence of partitions of [a, b], each of whose intervals
has maximum length 1/i. Each term on the left-hand side involves H'[y(I)].
Now ~([I) is the trace of a curve defined on the interval I = [ar,b;]. By
Exercise 2, Section 7.7, we know that H'[y(I)] is greater than or equal to
the H! measure of the orthogonal projection of v(I) onto any straight line,
l. That is, if p: R™ — [ is an orthogonal projection, then

H'[p(y(I)] < H'[y(I)].

In particular, consider the straight line [ that passes through the points y(ay)
and 7(by). Since I is connected and ~ is continuous, () is connected, and
therefore, its projection, p[y(I)], onto [ is also connected. Thus, p[y(I)] must
contain the interval with endpoints v(as) and v(bs). Hence |y(br) — v(ar)| <
H'[y(I)]. Thus, from (7.65), we have

1—00
IeP;

lim {Z I7(b1) ’y(az)} < / Ny, [a.b], y) dH (y).

By Exercise 7.3, the expression on the left is the length of v on [a,b], which
is M, thus proving (7.64). O

7.43. REMARK. The function g defined in (7.59) is called a parametri-
zation of v with respect to arc length. The purpose of g is to give an
alternative and equivalent description of the curve ~. It is equivalent in the
sense that the trace and length of ¢ are the same as those of v. If v is not
constant on any interval, then L, is a homeomorphism, and thus g and «y are
related by a homeomorphic change of variables.
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Exercises for Section 7.7

1. In the proof of Theorem 7.48 we established (7.69) by means of Theo-
rem 7.47. Another way to obtain (7.69) is the following. Prove that if f
is Lipschitz on a set F with Lipschitz constant C, then A[f(A4)] < CA(A)
whenever A C E is Lebesgue measurable. This is the same as Exercise 4,
Section 7.5, except that f is defined only on E, not necessarily on R. First
prove that Lebesgue measure can be defined as follows:

o0
AA) = inf {Zdiam E;:AC 6 El}
i=1 =1
where the F; are arbitrary sets.
2. Suppose f: R™ — R™ is a Lipschitz mapping with Lipschitz constant C.
Prove that
H*[f(E)] < C*H"(E)
for £ C R"™.
3. Prove that if v : [a,b] — R™ is a continuous curve and {P;} is a sequence
of partitions of [a, b] such that

lim max |by — as| =0,
i1—oo0 IEP;

then
li — = .
Jim > 7 [y (br) = (ar)| = Ly (0)
IeP;
4. Prove that the example of an area-filling curve in Section 7.7 actually has
the unit square as its trace.

5. It follows from Theorem 7.42 that the area-filling curve is not rectifiable.
Prove this directly from the construction of the curve.

6. Give an example of a continuous curve that fills the unit cube in R3.
7. Give a proof of Theorem 7.40.

8. Let v : [0,1] — R? be defined by v(x) = (z, f(x)), where f is the Cantor—
Lebesgue function described in Example 5.7. Thus, v describes the graph
of the Cantor function. Find the length of ~.

7.8. The Critical Set of a Function

During the course of our development of the fundamental theorem of calculus
in Section 7.5, we found that absolutely continuous functions are continuous
functions of bounded variation that satisfy condition N. We will show here
that these properties characterize AC functions. This will be done by care-
fully analyzing the behavior of a function on the set where its derivative
is 0.

Recall that a function f defined on [a, ] is said to satisfy condition N
if A\[f(E)] = 0 whenever \(E) =0 for E C [a,b].

An example of a function that does not satisfy condition N is the Cantor—
Lebesgue function. Indeed, it maps the Cantor set (of Lebesgue measure
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zero) onto the unit interval [0,1]. On the other hand, a Lipschitz function
is an example of a function that does satisfy condition N (see Exercise 3,
Section 7.5). Recall Definition 3.10, which states that f satisfies a Lipschitz
condition on [a, b] if there exists a constant C' = C such that

|f(z) = f(y)| < C |z —y| whenever z,y € [a,b].

One of the important aspects of a function is its behavior on the critical
set, the set where its derivative is zero. One would expect that the critical
set of a function f would be mapped onto a set of measure zero, since f is
neither increasing nor decreasing at points where f’ = 0. For convenience,
we state this result, which was proved earlier, Theorem 7.29.

7.44. THEOREM. Suppose f is defined on [a,b]. Let
E = (a,b)n{z: f'(z) = 0}.
Then A[f(E)] = 0.

Now we will investigate the behavior of a function on the complement
of its critical set and show that good things happen there. We will prove
that the set on which a continuous function has a nonzero derivative can
be decomposed into a countable collection of disjoint sets on each of which
the function is bi-Lipschitz. That is, on each of these sets the function is
Lipschitz and injective; furthermore, its inverse is Lipschitz on the image of
each such set.

7.45. THEOREM. Suppose f is defined on [a,b] and let A be defined by
A= la,b]N{z: f'(z) exists and f'(z) # 0}.

Then for each 6 > 1, there is a countable collection {Ey} of disjoint Borel
sets such that

(A= U B
k=1

(ii) For each positive integer k there is a positive rational number 1y such
that

%k <|f'(z)| < Orr for z€ Ej,
(7.66) [f(y) = f@)| < Orilz—yl  for x,ye E,
(7.67) @) = f@) = Fly—a) for wy€ B,
PROOF. Since 6 > 1, there exists € > 0 such that
é+€<1<9—a

For each positive integer k and each positive rational number r let A(k,r) be
the set of all points © € A such that

(;+e)r§Lf@NS<Gan
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With the help of the triangle inequality, observe that if z,y € [a,b] with
x € A(k,r) and |y — z| < 1/k, then

[f(y) = f@)] <erlly — =)+ |f'(@)(y — )| < Or |y — |
and
) = @) = —erly — | + 1 @)y —2)| = 5 ly - al.
Clearly,
A =UA(k,r),
where the union is taken as k and r range through the positive integers and
positive rationals, respectively. To ensure that (7.66) and (7.67) hold for all

a,b € Ej (defined below), we express A(k,r) as the countable union of sets
each having diameter 1/k by writing

A(k,r) = EJQ[A(k’T) NI(s,1/k)]

where I(s,1/k) denotes the open interval of length 1/k centered at the ratio-
nal number s. The sets [A(k,r) N I(s,1/k)] constitute a countable collec-
tion as k,r, and s range through their respective sets. Relabel the sets
[A(k,r) N I(s,1/k)] as Ex, k = 1,2,... . We may assume that the Ej are
disjoint by appealing to Lemma 4.7, thus obtaining the desired result. g

The next result differs from the preceding one only in that the hypothesis
now allows the set A to include critical points of f. There is no essential
difference in the proof.

7.46. THEOREM. Suppose [ is defined on [a,b] and let A be defined by
A=la,b)N{x: f'(x) exists}.

Then for each 8 > 1, there is a countable collection {Ey} of disjoint sets such
that

(i) A=U2, Ey.
(ii) For each positive integer k there is a positive rational number r such that
|f'(z)| <Or for z€Ey
and

1fy) = f(@)| <Orly—a| for x,y€ Ey.

Before giving the proof of the next main result, we take a slight diversion
that is concerned with the extension of Lipschitz functions. We will give a
proof of a special case of Kirzbraun’s theorem, whose general formulation
we do not require and is more difficult to prove.

7.47. THEOREM. Let A C R be an arbitrary set and suppose f: A — R is
a Lipschitz function with Lipschitz constant C'. Then there exists a Lipschitz
function f: R — R with the same Lipschitz constant C such that f = f on A.
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ProoF. Define
f(z) =inf{f(a) + C |z —a| :a € A}.
Clearly, f = f on A, because if b € A, then
f6) = fla) < Clb—dl
for all @ € A. This shows that f(b) < f(b). On the other hand, f(b) < f(b)

follows immediately from the definition of f. Finally, to show that f has
Lipschitz constant C, let x,y € R. Then

flx) <inf{f(a)+ C(ly —al+ |z —y|) : a € A}
=fly)+Clz—yl,

which proves f(x) — f(y) < C |z — y|. The proof with = and y interchanged
is similar. 0

7.48. THEOREM. Suppose f is a continuous function on [a,b] and let
A=la,b)N{x: f'(x) exists and f'(x) # 0}.

Then for every Lebesgue measurable set E C A,

(7.68) Lirna= [ N E ) dA).

Equality is understood in the sense that either both sides are finite and equal
or both sides are infinite.

ProoOF. We apply Theorem 7.45 with A replaced by E. Thus, for each
k € N there is a positive rational number r such that

PED< [ 1510 <oy

and f restricted to Fj satisfies a Lipschitz condition with constant 8r. There-
fore by Theorem 7.47, f has a Lipschitz extension to R with the same Lips-
chitz constant. From Exercise 4, Section 7.5, we obtain

(7.69) AF(BR)] < 0rA(Ey).

Theorem 7.45 states that f restricted to Ej is univalent and that its inverse
function is Lipschitz with constant 6/r. Thus, with the same reasoning as
before,

M) < Il
Hence, we obtain
1 ’ 2
(7.70) FABD < [ 171an<easE)

Each Ej can be expressed as the countable union of compact sets and a
set of Lebesgue measure zero. Since f restricted to Ej satisfies a Lipschitz
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condition, f maps the set of measure zero into a set of measure zero, and
each compact set is mapped into a compact set. Consequently, f(E}) is the
countable union of compact sets and a set of measure zero and is therefore
Lebesgue measurable. Let

9(y) = fo(Ek)(y),
k=1
so that g(y) is the number of sets {f(F)} that contain y. Observe that g is

Lebesgue measurable. Since the sets {Ey} are disjoint, their union is F, and
f restricted to each Ej is univalent, we have

9(y) = N(f, E,y).
Finally,

1 o0 o0
2 LAUED < [ 171 an< 6 Y ()
k=1 k=1
and, with the aid of Corollary 6.15,

/N(f,E7y) d\(y) = /g(y) dA(y)
= /fo(Ek)(y) dA(y)
k=1
=3 [N @ W)

ALf(Er)]-

e
Il
=

M

>
Il
—

The result now follows from (7.70), since 6 > 1 is arbitrary. O

7.49. COROLLARY. If f satisfies (7.68), then [ satisfies condition N on
the set A.

We conclude this section with a another result concerning absolute conti-
nuity. Theorem 7.46 states that a function possesses some regularity proper-
ties on the set on which it is differentiable. Therefore, it seems reasonable to
expect that if f is differentiable everywhere in its domain of definition, then
it will have to be a “nice” function. This is the thrust of the next result.

7.50. THEOREM. Suppose f: (a,b) — R has the property that f’ exists
everywhere and [’ is integrable. Then [ is absolutely continuous.

PRrROOF. Referring to Theorem 7.45, we find that (a,b) can be written as
the union of a countable collection {Fj, k = 1,2,...} of disjoint Borel sets
such that the restriction of f to each Ej is Lipschitz. Hence, it follows that
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f satisfies condition N on (a,b). Since f is continuous on (a,b), it remains
to show that f is of bounded variation.

For this, let Ey = (a,b) N {z : f'(x) = 0}. According to Theorem 7.44,
A f(Ep)] = 0. Therefore, Theorem 7.48 implies

/ ] dr = / N(f. Exy) dA(w)
Ej. —00

for k =1,2,.... Hence,

b o)
/ ] dr = / N(f, (a,b), ) dA(y).

and since f’ is integrable by assumption, it follows that f is of bounded
variation by Theorem 7.33. g

Exercises for Section 7.8

1. Show that the conclusion of Theorem 7.50 still holds if the following
assumptions are satisfied: f’ exists everywhere on (a, b) except for a count-
able set, f’ is integrable, and f is continuous.

2. Prove that the sets A(k,r) defined in the proof of Theorem 7.45 are Borel
sets. Hints:
(a) For each positive rational number r, let A;(r) denote all points z € A
such that

(; +5) P @< 0o

Show that A;(r) is a Borel set.

(b) Let f be a continuous function on [a,b]. Let
fly) — f(=z)
r—y
Prove that Fy is a Borel function on [a,b] X [a,b] \ {(z,y) : x = y}.

(c) Let Fo(z,y) := f'(z) for x € [a,b]. Show that F» is a Borel function
on A x R.

(d) For each positive integer k, let A(k) = {(z,y) : |y — 2| < 1/k}. Note
that A(k) is open.

(e) A(k,r) is thus a Borel set, since

Ak, r) ={x : |Fi(z,y) — Fa(z,y)| <er}nAi(r)n{z: (x,y) € A(k)}.

Fi(z,y) = for all z,y € [a,b] with a # b.

7.9. Approximate Continuity

In Section 7.2 the notion of Lebesgue point allowed us to define an integrable
function, f, at almost all points in a way that does not depend on the choice
of function in the equivalence class determined by f. In the development
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below, the concept of approximate continuity will permit us to carry through
a similar program for functions that are merely measurable.

A key ingredient in the development of Section 7.2 occurred in the proof
of Theorem 7.11, where a continuous function was used to approximate an
integrable function in the L'-norm. A slightly disquieting feature of that
development is that it does not allow the approximation of measurable func-
tions, only integrable ones. In this section this objection is addressed by
introducing the concept of approximate continuity.

Throughout this section, we use the following notation. Recall that some
of it was introduced in (7.17) and (7.18):

Ay ={x: f(z) > t},
Bt:{x:f(x)<t}7

—  limsu MENB(z,r))
D(E,.’ﬂ) =1 r—>0p )\(B(.f,’l“)) ’

and
. . . AMENB(z,r1))
D(E,z)=1 f——
D) =gt =X B, )
If the upper and lower limits are equal, we denote their common value by
D(FE,z). Note that the sets A; and B; are defined up to sets of Lebesgue
measure zero.

7.51. DEFINITION. Before giving the next definition, let us first review
the definition of limit superior of a function that we discussed earlier on page
p- 64. Recall that

limsup f(x) := lim M(zo,7),
T—T0 r—=0
where M (zg,7) = sup{f(z) : 0 < | — x¢| < r}. Since M(xg,r) is a non-
decreasing function of r, the limit of the right-hand side exists. We define
L(zo) := limsup, _,,, f(x) and let

(7.71) T :={t: B(zo,7r) N A; =0 for all small r}.

If t € T, then there exists ro > 0 such that for all 0 < r < ro, M (zg,r) <
t. Since M (xo,7) 4 L(xo), it follows that L(xg) < t, and therefore, L(xg) is a
lower bound for 7'. On the other hand, if L(zo) < ¢t < ¢, then the definition
of M(xzo,r) implies that M (zg,r) < t' for all small » > 0, which implies
B(zg,7) N Ay =0 for all small r. Since this is true for each t' > L(xg), we
conclude that ¢ is not a lower bound for T and therefore that L(xg) is the
greatest lower bound; that is,

(7.72) limsup f(z) = L(xzo) = inf T.

T—XTo
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With the above serving as motivation, we proceed with the measure-
theoretic counterpart of (7.72): If f is a Lebesgue measurable function defined
on R™ the upper (lower) approximate limit of f at a point z is defined
by

ap limsup f(x) = inf{t : D(A¢, z¢) = 0},
T—To

apliminf f(x) = sup{t : D(By, zo) = 0}.
TrT—TQ

We speak of the approximate limit of f at xy when

ap limsup f(x) = ap liminf f(x)
T—xTo

T—xTo

and f is said to be approximately continuous at z if

ap lim f(z) = f(zo).

Note that if g = f a.e., then the sets A; and B; corresponding to g differ
from those for f by at most a set of Lebesgue measure zero, and thus the
upper and lower approximate limits of g coincide with those of f everywhere.

In topology, a point z is interior to a set E if there is a ball B(z,r) that is
a subset of E. In other words, x is interior to F if it is completely surrounded
by other points in E. In measure theory, it would be natural to say that x is
interior to E (in the measure-theoretic sense) if D(E,z) = 1. See Exercise 1,
Section 7.9.

The following is a direct consequence of Theorem 7.11, which implies
that almost every point of a measurable set is interior to it (in the measure-
theoretic sense).

7.52. THEOREM. If E C R" is a Lebesque measurable set, then
D(E,x) =1 for A-almost all x € E,
D(E,z) =0 for A-almost all x € E.

Recall that a function f is continuous at x if for every open interval [
containing f(z), z is interior to f~1(I). This remains true in the measure-
theoretic context.

7.53. THEOREM. Suppose f: R™ — R is a Lebesgue measurable function.
Then f is approximately continuous at x if and only if for every open interval
I containing f(x), D[f~*(I),x] = 1.

PROOF. Assume that f is approximately continuous at x and let I be an
arbitrary open interval containing f(x). We will show that D[f~1(I),z] = 1.
Let J = (t1,t2) be an interval containing f(x) whose closure is contained in
I. From the definition of approximate continuity, we have

D(At2,1') = D(Btl,fE) =0
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and therefore
D(A, UBy,,x) =0.
Since
R™" — f~'(I) C A, UBy,,

it follows that D(R™ — f~1(I)) = 0 and therefore that D[f~1(I),z] = 1, as
desired.

For the proof in the opposite direction, assume that D(f~(I),z) =
1 whenever I is an open interval containing f(x). Let t; and ¢2 be any
numbers t; < f(z) < to. With I = (t1,t2) we have D(f~1(I),z) = 1. Hence
D[R™ — f=1(I),z] = 0. This implies D(A,,z) = D(By,,z) = 0, which
implies that the approximate limit of f at = is f(x). O

The next result shows the great similarity between continuity and approx-
imate continuity.

7.54. THEOREM. A function f is approximately continuous at x if and
only if there exists a Lebesgque measurable set E containing x such that
D(E,x) =1 and the restriction of f to E is conlinuous at x.

ProOOF. We will prove only the difficult direction. The other direction
is left to the reader. Thus, assume that f is approximately continuous at
. The definition of approximate continuity implies that there are positive
numbers 1 > ro > r3 > ... tending to zero such that

Mo - o> 1] < 2

Define
£=&"\ 0 B0\ Bneabn {u: 116) - 10l > 1}

From the definition of F, it follows that the restriction of f to F is continuous
at z. In order to complete the assertion, we will show that D(E7 x) = 0. For
this purpose, choose € > 0 and let J be such that z,;“;] 2% < e. Furthermore,
choose 7 such that 0 < r < r; and let K > J be the integer such that
rr+1 <7 < rg. Then,

for r <.

AR\ E) N B(a.r)] < A [Bu,r) 0 1) - 1@ > )]

Py A 1B\ Blaman)

k=K+1

0 {15 - sl > 1]
PRIIENG S SV

= 9K k
k=K+1
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which yields the desired result, since ¢ is arbitrary. g

7.55. THEOREM. Assume that f: R™ — R is Lebesgue measurable. Then
f s approzimately continuous A-almost everywhere.

Proor. First, we will prove that there exist disjoint compact sets K; C
R™ such that

A [R"— U KZ} =0
=1

and f restricted to each K; is continuous. To this end, set B; = B(0,1)
for each positive integer i. By Lusin’s theorem, there exists a compact set
Ky, C By with AM(B; — K1) < 1 such that f restricted to K; is continuous.
Assuming that K, Ks,..., K; have been constructed, we appeal to Lusin’s
theorem again to obtain a compact set K;,; such that

J J+1
Kj+1 C Bjp1 — ‘L—J1 Ki, [ 1 — U K} <
and f restricted to K;4; is continuous. Let

and recall from Theorem 7.13 that A(K; — E;) = 0. Thus, F; has the property
that D(E;,z) = 1 for each = € F;. Furthermore, f restricted to E; is
continuous, since E; C K;. Hence, by Theorem 7.54 we have that f is
approximately continuous at each point of E; and therefore at each point of

oo
U Ei.
i=1
Since
/\[R”— UEZ»] :/\{R"— Um} _
i=1 i=1
we obtain the conclusion of the theorem. O

Exercises for Section 7.9

1. Define a set E to be “density open” if F is Lebesgue measurable and
D(E,z) =1 for all z € E. Prove that the density open sets form a topol-
ogy. The issue here is the following: In order to show that the density
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open sets form a topology, let { E, } denote an arbitrary (possibly uncount-
able) collection of density open sets. It must be shown that E := U, FE,
is density open. In particular, it must be shown that F is measurable.
Prove that a function f: R™ — R is approximately continuous at every
point if and only if f is continuous in the density open topology of
Exercise 1, Section 7.9.

Let f be an arbitrary function with the property that for each x € R™
there exists a measurable set F such that D(E,z) = 1 and f restricted to
E is continuous at z. Prove that f is a measurable function.

. Suppose f is a bounded measurable function on R™ that is approximately

continuous at zg. Prove that x( is a Lebesgue point for f. Hint: Use
Definition 7.51.

. Show that if f has a Lebesgue point at zq, then f is approximately con-

tinuous at zg.



CHAPTER 8

Elements of Functional Analysis

8.1. Normed Linear Spaces

We have already encountered examples of normed linear spaces, namely the
LP spaces. Here we introduce the notion of abstract normed linear spaces
and begin the investigation of the structure of such spaces.

8.1. DEFINITION. A linear space (or vector space) is a set X that is
endowed with two operations, addition and scalar multiplication, that
satisfy the following conditions: for every z,y,z € X and «, 0 € R:

Hex+y=y+zeX.
([ z+y+z)=(@+y +=

We note here some immediate consequences of the definition of a linear
space. If z,y,z € X and

rty=xr+z2,

then by conditions (i) and (iv), there is a w € X such that w4+ z = 0 and
hence

y=04+y=(wt+a)+y=w+(z+y)=w+(x+z2)=(w+z)+2=0+2=z.

Thus, in particular, for each € X there is exactly one element w € X such
that x +w = 0. We will denote that element by —x, and we will write y — x
for y + (—x).

If o € Rand z € X, then ax = a(x + 0) = az + a0, from which we can
conclude that a0 = 0. Similarly, az = (o + 0)z = az + Oz, from which we
conclude that 0z = 0.
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If A # 0 and Az = 0, then

A 1 1
8.2. DEFINITION. A subset Y of a linear space X is a subspace of X if

axr+ Py €Y forall z,y € Y and o, 5 € R.

Thus if Y is a subspace of X, then Y is itself a linear space with respect
to the addition and scalar multiplication it inherits from X. The notion of
subspace that we have defined above might more properly be called linear
subspace to distinguish it from the notion of topological subspace in case X
is also a topological space. In this chapter we will use the term “subspace” in
the sense of the definition above. If we have occasion to refer to a topological
subspace we will mention it explicitly.

If S is a nonempty subspace of a linear space X, then the set Y of all
elements of X of the form

Q171 + Q%2 + -+ - + AT,

where m is any positive integer and o; € R, z; € S for 1 < j < m, is easily
seen to be a subspace of X. The subspace Y will be called the subspace
spanned by S. It is the smallest subspace of X that contains S.

8.3. DEFINITION. If S = {x1,29,...,2,,} is a finite subset of a linear
space X, then S is linearly independent if
o1T1 + avxg + -+ amTy, =0
implies @1 = ag = -+ = a;, = 0. In general, a subset S of X is linearly
independent if every finite subset of S is linearly independent.

Suppose S is a subset of a linear space X. If S is linearly independent
and X is spanned by S, then for every x € X there exist a finite subset
{z;}™, of S and a finite sequence of real numbers {a;}; such that

m
T = E Qi T,
i=1

where o; # 0 for each 1.
Suppose that for some other choice {y; };?:1 of elements in S and real

numbers {/3;}¥_, one has

k
x =Y By,
j=1
where 38; # 0 for each j. Then

m k
Zaixi — Zﬂjyj =0.
i=1 j=1
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If for some ¢ € {1,2,...,m} there were no j € {1,2,...,k} such that z; = y;,
then since S is linearly independent, we would have a; = 0. Similarly, for
eachj € {1,2,...,k} thereisani € {1,2,...,m} such that z; = y;. Thus the
two sequences {z;}7"; and {y;}¥_, must contain exactly the same elements.
Renumbering the 3; if necessary, we see that

Z(ai — Bi)x; = 0.

=1

Since S is linearly independent, we have a; = 3; for 1 < i < k. Thus each
x € X has a unique representation as a finite linear combination of elements

of S.

8.4. DEFINITION. A subset of a linear space X that is linearly indepen-
dent and spans X is a basis for X. A linear space is finite-dimensional if
it has a finite basis.

The proof of the following result is a consequence of the Hausdorff max-
imal principle; see Exercise 1, Section 8.1.

8.5. THEOREM. Fvery linear space has a basis.

8.6. EXAMPLES. (i) The set R™ is a linear space with respect to the
addition and scalar multiplication defined by

(331737%---’7371)"'(ylay%---ayn) = ($1+y1’-~-,$n+yn)7

oz, z2, ..., xn) = (@x1, Qxs, . .., Ly).

(ii) If A is a set, then the set of all real-valued functions on A is a linear
space with respect to the addition and scalar multiplication

(f+9)(@) = f(z) +g(z),
(af)(@) = af(x).

(i) If S is a topological space, then the set C(.S) of all real-valued continuous
functions on S is a linear space with respect to the addition and scalar
multiplication defined in (ii).

(iv) If (X, p) is a measure space, then by Theorem 6.23, LP(X, i) is a linear
space for 1 < p < oo with respect to the addition and scalar multiplica-
tion defined in (ii).

(v) For 1 < p < oo let [P denote the set of all sequences {aj}7>, of real
numbers such that > -, |ax|” converges. Each such sequence may be
viewed as a real-valued function on the set of positive integers. If addition
and scalar are defined as in example (ii), then each [P is a linear space.
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(vi) Let {*° denote the set of all bounded sequences of real numbers. Then
with respect to the addition and scalar multiplication of (v), [*° is a
linear space.

8.7. DEFINITION. Let X be a linear space. A function ||-|| : X - Ris a
norm on X if

(1) [l +yll < [lz]| + [lyl| for all z,y € X,
(ii) ||az|| = |af ||z|| for all x € X and « € R,
(iii) |||l > 0 for each = € X,
(iv) ||z]| = 0 only if x = 0.
A real-valued function on X satisfying conditions (i), (ii), and (iii)

is a seminorm on X. A linear space X equipped with a norm ||| is a
normed linear space.

Suppose X is a normed linear space with norm ||-||. For z,y € X set

pla,y) = [lz —yll-

Then p is a nonnegative real-valued function on X x X, and from the prop-
erties of ||-|| we see that
(i) p(z,y) =0 if and only if x = y,
(i) p(z,y) = ply,x) for all z,y € X,
(iii) p(z,z) < p(x,y) + p(y, 2) for all z,y,z € X.
Thus p is a metric on X, and we see that a normed linear space is also a
metric space; in particular, it is a topological space. Functional analysis (in
normed linear spaces) is essentially the study of the interaction between the
algebraic (linear) structure and the topological (metric) structure of such
spaces.

In a normed linear space X we will denote by B(x,r) the open ball with
center at x and radius r, i.e.,

B(z,r)={ye X :|y—=| <r}.

8.8. DEFINITION. A normed linear space is a Banach space if it is a
complete metric space with respect to the metric induced by its norm.

8.9. ExaMPLES. (i) R™ is a Banach space with respect to the norm
1
@12, )l = (@1 25 + -+ 27)2.

(ii) For 1 < p < oo the linear spaces LP(X, u) are Banach spaces with respect
to the norms

T — /X P dw)F i 1<p< oo,
1 lloix o = (M = pu({z € X : [f()] > M}) =0} if p=oo.

This is a rephrasing of Theorem 6.29.
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(iii) For 1 < p < oo the linear spaces P of Examples 8.6 (v), (vi) are Banach
spaces with respect to the norms

e
ool .
{artlp = O lar)? it 1<p<oo,
k=1

[{ax}|;» = suplag| if p=oo.
k>1

This is a consequence of Theorem 6.29 with appropriate choices of X
and pu.

(iv) If X is a compact metric space, then the linear space C'(X) of all contin-
uous real-valued functions on X is a Banach space with respect to the
norm

£l = sup [f(2)].
zeX

If {x1} is a sequence in a Banach space X, the series Y~ | @), converges
to x € X if the sequence of partial sums s, = kazl x), converges to x, i.e.,
m
T — Z Tk
k=1

o = smll = -0

as m — o0.

8.10. PROPOSITION. Suppose X is a Banach space. Then every abso-
lutely convergence series is convergent, i.e., if the series _p, ||zk|| converges
in R, then the series Y ;- xy converges in X.

Proor. If m > [, then

m l

D k=)
k=1 k=1

Thus if > ;7 ||z converges in R, the sequence of partial sums

{3 wr}ee; is Cauchy in X and therefore converges to some element.
0

m

>

k=141

m
= < Dl

k=141

8.11. DEFINITIONS. Suppose X and Y are linear spaces. A mapping T :
X — Y is linear if for every z,y € X and «, 8 € R, one has

T(ax + By) = oT () + BT (y).

If X and Y are normed linear spaces and T : X — Y is a linear mapping,
then T is bounded if there exists a constant M such that

1T ()| <M |z
for each x € X.

8.12. THEOREM. Suppose X and Y are mormed linear spaces and
T:X =Y islinear. Then
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(i) The linear mapping T is bounded if and only if
sup{||T(z)|| : z € X, [|z]| =1} < oo.
(ii) The linear mapping T is continuous if and only if it is bounded.
PrROOF. (i) If M is a constant such that
[T(x)]] < M |lz|

for each x € X, then for all z € X with ||z|| = 1 we have |T'(z)| < M.
On the other hand, if

K =sup{||T(2)]| : € X, ||z| = 1} < o0,
then for all 0 # = € X we have
” ()
[l

(ii) If T is continuous at 0, then there exists 6 > 0 such that ||T'(x)| <1
whenever z € B(0,20). If ||z|| = 1, then

IT ()] = [l <K |zl

1T = 5 IT(5x) | <

| =

Thus )
sup{[|T'(z)|| : z € X, [[z]| =1} < 5

On the other hand, if there is a constant M such that

IT(@)]| < M ||
for each x € X, then for every ¢ > 0, one has
IT(z)] <e
whenever z € B (O, %) Let xg € X. If ||y — xo|| < %, then
IT(y) = T(xo)|| = [T(y — zo)|| <e.
Thus T is continuous on X. d

8.13. DEFINITION. If T : X — Y is a linear mapping from a normed
linear space X into a normed linear space Y, we set
(8.1) 1T = sup{||T(z)] : = € X, [lz]| = 1}.

This choice of notation will be justified by Theorem 8.16, where we will show
that ||T'|| is a norm on an appropriate linear space.

8.14. PROPOSITION. Suppose X and Y are normed linear spaces, {T}}
is a sequence of bounded linear mappings of X intoY, and T : X =Y is a
mapping such that
lim |Ti(x) ~ T(a)]| = 0

for each x € X. Then T is a linear mapping and
7] < liminf |73
k—o0
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ProoF. For z,y € X and o, 5 € R,
[T (e + By) — oT(x) = BT (y)|| < [T (ax + By) — Ti(ax + By)|
+ la(Th(z) = T(x) + B(Th(y) = T(y))|
< | T(ax + By) — Ti(ox + By)||
+ e [Tk (x) = T()]| + 18] | Tk (y) — T

for all kK > 1. Thus T is a linear mapping.
If x € X with ||z|| = 1, then

IT(@) | < Tk (@)l + 1T () = Ti(2) || < Tkl + [1T(x) — Ti ()]
for all £ > 1. Thus
1T () || < lim inf {7}, |
k— o0
for all # € X with ||z| =1 and hence
I = sup{IT (@) : = € X, o] = 1} < liminf | 75|
]
Suppose X and Y are linear spaces, and let £(X,Y") denote the set of all
linear mappings of X into Y. For T, S € L(X,Y) and «a, 8 € R define
(T'+ 5)(x) = T(x) + 5(),
(aT)(z) = oT (),

for x € X. Note that these are the “usual” definitions of the sum and
scalar multiple of functions. It is left as an exercise to show that with these
operations £(X,Y’) is a linear space.

8.15. NOTATION. If X and Y are normed linear spaces, denote by
B(X,Y) the set of all bounded linear mappings of X into Y. Clearly B(X,Y)
is a subspace of L(X,Y). If Y = R, we will refer to the elements of £L(X,R)
as linear functionals on X.

8.16. THEOREM. Suppose X andY are normed linear spaces. Then (8.1)
defines a norm on B(X,Y). IfY is a Banach space, then B(X,Y) is a Banach
space with respect to this norm.

PRrROOF. Clearly | T|| > 0. If ||T|| = 0, then T'(z) = 0 for all z € X with
lz]l = 1. Thus if 0 # z € X, then

70 = ol 7 (15 ) =0,
ie., T =0.

IfT,SeB(X,Y) and o € R, then
[oT'|| = sup{la| |T(z)| : # € X, |[z]| =1} = | [| T
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and
|7 + S| = sup{[|T'(z) + S(2)|| : = € X, |[z| =1}
<sup{[|T(2)[| + |S(@)[| : € X, [|z| =1}
< |7+ IS

Thus (8.1) defines a norm on B(X,Y).

Suppose Y is a Banach space and {T}} is a Cauchy sequence in B(X,Y).
Then {||T%||} is bounded, i.e., there is a constant M such that ||| < M for
all k.

For all z € X and k,m > 1, one has

1T (2) = T (@)|| < Tk = Tl [|]] -

Thus {T}(x)} is a Cauchy sequence in Y. Since Y is a Banach space, there
is an element T'(z) € Y such that

[Ty (2) = T(x)[| = 0

as k — 0o. In view of Proposition 8.14 we know that 7" is a linear mapping
of X into Y. Moreover, again by Proposition 8.14,

17| = lim inf || T}[| < M,
k—o0

whence T' € B(X,Y). O

Exercises for Section 8.1

1. Use the Hausdorff maximal principle to show that every linear space has a
basis. Hint: Observe that a linearly independent subset of a linear space
X spans X if and only if it is maximal with respect to set inclusion, i.e.,
if and only if it is not contained in any other linearly independent subset
of X.

2. Fori=1,2,...,m, let X; be a Banach space with norm ||-|,. The Carte-
sian product

m
X = H X;
i=1
consisting of points ¢ = (21, x9,..., &) with z; € X, is a vector space

under the definitions
r+y=(@1+Y1,- s Tm +Ym), x=(CT1,...,CTm).

Prove that X is a Banach space with respect to each of the equivalent
norms

m l/p
]l = (Z ||$if> , 1<p<occ
i=1
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8.2. Hahn—Banach Theorem

In this section we prove the existence of extensions of linear functionals from
a subspace Y of X to all of X satisfying various conditions.

8.17. THEOREM (Hahn-Banach theorem: seminorm version). Suppose
X is a linear space and p is a seminorm on X. Let Y be a subspace of X
and f: Y = R a linear functional such that f(x) < p(x) for allz € Y. Then
there exists a linear functional g : X — R such that g(x) = f(x) forallz €Y
and g(z) < p(z) for all z € X.

PROOF. Let F denote the family of all pairs (W, h), where W is a sub-
space with Y C W C X and h is a linear functional on W such that h = f
onY and h < p on W. For each (W,h) € F let

GW,h)={(z,r):x € W,r=h(x)} C X xR.

Observe that if (Wl,hl), (W27h2) € F, then G(Wl,hl) - G(Wg,hg) if
and only if

(82) Wy C Wy
(83) hg = hl on Wl.
Set &€ = {G(W,h) : (W,h) € F}. If T is a subfamily of £ that is linearly
ordered by inclusion, set
We = U{W : G(W,h) € T for some (W,h) € T}.

Clearly W is a subspace with Y C W, C X. In view of (8.2) we can define
a linear functional ho, on W, by setting

hoo(z) = h(z) if G(W,h) € T and z € W.

Thus (Wee, heo) € F and G(W,h) C G(Wxo, hoo) for each G(W,h) € T.
Hence, we may apply Zorn’s lemma (see p. 8), to conclude that £ contains
a maximal element. This means that there is a pair (W, hg) € F such that
G(Wy, ho) is not contained in any other set G(W,h) € £.

Since from the definition of F we have hg = f on Y and hg < p on Wy,
the proof will be complete when we show that Wy = X.

To the contrary, suppose Wy # X, and let g € X — Wy. Set

W' ={z+axy:z € Wy, a € R}.
Then W’ is a subspace of X containing Wy. If z,2’ € Wy, a,a’ € R, and
x4+ axg =2 + oz,

then

r—z' = (a —a)zo.
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If o/ —a # 0, this would imply that 2o € Wy. Thus = 2’ and o’ = «. Thus
each element of W’ has a unique representation in the form z + azo, and
hence we can define a linear functional h’ on W’ by fixing ¢ € R and setting

R (x + axg) = ho(z) + ac

for each x € Wy, a € R. Clearly h/ = hg on Wy. We now choose ¢ such that
h <pon W'.

Observe that for z, 2’ € Wy, we have

ho(x) + ho(z") = ho(z + 2o + 2" — 20) < p(x + 20) + p(a’ — 70),
and thus
ho(x") — p(z" — xz0) < p(x + x0) — ho(x)

for all z, 2" € Wy.

In view of the last inequality there is a ¢ € R such that

sup{ho(z) — p(x — mo) : ® € Wy} < ¢ < inf{p(z + x¢) — ho(z) : x € Wy}.
With this choice of ¢ we see that for all x € W and « # 0,
(x4 axg) = ab' (= + z9) = a(ho( )+ c¢);

(
if & > 0, then ac < p(x + o) — ho(z), and therefore
(

W+ azo) < alho(Z) +p(E +0) — ho( D))
— ap(g + 20) = p(x + axo).
If @ < 0, then
W (x + o) —a(ho(g)—kc)
= lal (ho(77) =)
< lof (ol =

x
= |a|p(m — x9) = p(x + axg).

Thus (W', 1') € F, and G(Wpy, ho) is a proper subset of G(W’, 1), contra-
dicting the maximality of G(Wjy, ho). This implies that our assumption that
Wy # X must be false, and so it follows that g := hg is a linear functional
on X such that g = fonY and g < pon X. O

8.18. REMARK. The proof of Theorem 8.17 actually gives more than is
asserted in the statement of the theorem. A careful reading of the proof shows
that the function p need not be a seminorm; it suffices that p be subadditive,
ie.,

p(z+y) < px) +py),
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and positively homogeneous, i.e.,

plax) = ap(z),

whenever a > 0. In particular, p need not be nonnegative.

As an immediate consequence of Theorem 8.17 we obtain the following
result.

8.19. THEOREM (Hahn-Banach theorem: norm version). Suppose X is
a normed linear space and Y is a subspace of X. If f is a linear functional
on'Y and M is a positive constant such that

[f(@)] < M |||

for each x € Y, then there is a linear functional g on X such that g = f on
Y and
lg(z)] < M [|z|]
for each z € X.
PROOF. Observe that p(x) = M ||z|| is a seminorm on X. Thus by

Theorem 8.17 there is a linear functional g on X that extends f to X and
such that

g(x) < M ||z|
for each z € X. Since g(—z) = —g(z) and ||—z| = ||z||, it follows immedi-
ately that

lg(z)] < M [|z|]
for each z € X. ]

The following is a useful consequence of Theorem 8.19,

8.20. THEOREM. Suppose X is a normed linear space, Y is a subspace
of X, and xg € X is such that

p=inf Jlzo —y[ >0,

i.e., the distance from xq to Y is positive. Then there is a bounded linear

functional f on X such that
1
fy)=0 forall yeY, f(zo)=1 and |f] =
ProoOF. We will use the following observation throughout the proof,
namely, that since Y is a vector space, it follows that
= inf —y|| = inf —(—y)|| = inf :
p= inf |lzo —yl = inf Jlwo — (=y)l| = inf flzo +y]
Set
W={y+axy:yeY,aecR}

Then, as noted in the proof of Theorem 8.17, W is a subspace of X
containing Y, and each element of W has a unique representation of the



270 8. ELEMENTS OF FUNCTIONAL ANALYSIS

form y + axg with y € Y and a € R. Thus we can define a linear functional
g on W by
g(y + axg) = a.
If a # 0, then
ly -+ aoll = lal | % +o|| = lal
whence
1
l9(y + azo)| < P y + azo| -
Thus ¢ is a bounded linear functional on W such that g(y) = 0 for y € Y,
lg(w)] < %Hw” for w € W, and g(z9) = 1. In view of Theorem 8.19 there

is a bounded linear functional f on X such that f = g on W and || f]| < %.
There is a sequence {yx} in Y such that

lim |Jyx + zol| = p.
k— o0

Let z, = Yk F T Then ||zg|| =1 and
lyx + ol
1
I f(ze)ll = [lg(zp)]| = ———
W= lsteoll =
1
for all k, whence || f]| = —. O
p

Exercises for Section 8.2

1. Suppose Y is a closed subspace of a normed linear space X, Y # X, and
e > 0. Show that there is an element x € X such that ||z|| =1 and

inf [z -yl >1—e.
Inf [|lz —y] €

2. Let f: X — Y be a linear mapping of a normed linear space X into
a normed linear space Y. Show that f is bounded if and only if f is
continuous at one point.

3. The kernel of a linear mapping f: X — R! is the set {z : f(z) = 0}.
Prove that f is bounded if and only if the kernel of f is closed in X.

8.3. Continuous Linear Mappings

In this section we deduce from the Baire category theorem three important
results concerning continuous linear mappings between Banach spaces.

We first prove a “linear” version of the uniform boundedness principle,
Theorem 3.35.

8.21. THEOREM (Uniform boundedness principle). Let F be a family of
continuous linear mappings from a Banach space X into a normed linear
space Y such that

sup [|T'(x)|| < oo
TeF
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for each x € X. Then
sup ||T]] < oo.
TeF

PROOF. Observe that for each T € F the real-valued function
x> || T(x)|| is continuous. In view of Theorem 3.35, there exist a nonempty
open subset U of X and a number M > 0 such that

IT ()| < M

for each x € U and T € F.
Fix zp € U and let r > 0 be such that B(xg,7) CU. If z =29+ y €
B(zg,r) and T € F, then

1T = 1T (x0) + T = T W) = T (o),
ie.,
1T < TE + T(xo)|| < 2M
for each y € B(0,r).

If x € X with ||z]| = 1, then px € B(0,r) for all 0 < p < r, in particular
for p = r/2. Therefore, for each T € F, we have

7@l = 2||rm] < 2.

r

Thus
4M
sup ||| < —-.
TEF r

O

8.22. COROLLARY. Suppose X is a Banach space, Y is a mormed lin-
ear space, {T} is a sequence of bounded linear mappings of X into Y, and
T:X —Y is a mapping such that

lim || Tx(z) — T(x)]| =0

k—o0

for each x € X. Then T is a bounded linear mapping and

||| < liminf | Ty|| < oo
k—o0

PROOF. In view of Proposition 8.14 we have only to show that {|| 7%}
is bounded. Since for each x € X the sequence {Tx(x)} converges, it is
bounded. From Theorem 8.21 we see that {||T%||} is bounded. O

8.23. DEFINITION. Let X and Y be normed linear spaces. A mapping
T:X —Y is said to be open if T(U) is an open subset of Y whenever U is
an open subset of X.

8.24. THEOREM (Open mapping theorem). If T is a bounded linear map-
ping of a Banach space X onto a Banach spaceY , then T is an open mapping.
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PrOOF. Fix € > 0. Since T" maps X onto Y, we have

Y = () T(B(0, ke)).
k=1

- ]g T(B(0, ko).

Since Y is a complete metric space, the Baire category theorem asserts that
one of these closed sets has a nonempty interior; that is, there exist ky > 1,
y €Y, and 0 > 0 such that

T(B(0, koe) D B(y,9).

First, we will show that the origin is in the interior of T'(B(0,2¢)). For
this purpose, note that if z € B(%’ k%), then

y §
—_ = < N
Hz kol = ko
ie.,
||k(]2 - y“ < (S

Thus koz € B(y,0) C T(B(0, koe)), which implies that z € T(B(0,¢)). Set-
ting yo = £ and do = %, we have

B(yo,do) C T(B(0,¢)).
If w e B(0,dp), then z = yg + w € B(yo,d0) and there exist sequences {xy}
and {z}} in B(0,¢) such that
1T () = yoll — 0
|17 () — 2] =0

and hence
|7 (2} — 2x) —w|] =0

as k — oo. Thus, since ||z}, — || < 2, it follows that
(8.4) B(0,d0) C T(B(0, 2¢)).

Now we will show that the origin is interior to T(B(0,2¢)). So fix
0 < eg < € and let {ex} be a decreasing sequence of positive numbers such
that Y7, ex < 0. In view of (8.4), for each k > 0 there is a §; > 0 such
that

B(07 5k) c T(B(Oa 5k))'
We may assume that 6y — 0 as k& — oo. Fix y € B(0,dp). Then y
is arbitrarily close to elements of T'(B(0,g0)), and therefore there is an
xo € B(0,g0) such that
ly = T(xo)|l < 1,
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i.e.,
Y- T(Zo) € B(Oa 51) c T(B(Oagl))
Thus there is an z1 € B(0,¢;) such that
ly = T(xo) = T(x1)]| < 02,

whence y — T'(zg) — T'(x1) € T(B(0,e2)). By induction there is a sequence
{1} such that z) € B(0,ex) and

m

y—T() )

k=0

< Gt

Thus T}, ) converges to y as m — co. For all m > 0, we have

m o0
S el <> er < <o,
k=0 k=0

which implies that the series Y ;- x) converges absolutely; since X is a
Banach space and since xp € B(0,¢q) for all k, the series converges to an
element z in the closure of B(0,ep), which is contained in B(0,2¢g); see
Proposition 8.10. The continuity of T implies T(z) = y. Since y is an
arbitrary point in B(0,dp), we conclude that

(8.5) B(0,80) © T(B(0,20)) © T(B(0, 2¢)),

which shows that the origin is interior to T'(B(0, 2¢).

Finally, suppose U is an open subset of X and y = T'(z) for some x € U.
Let € > 0 be such that B(x,e) C U. Then (8.5) states that there exists § > 0
such that

B(0,6) C T(B(0,¢)).
From the linearity of T', we have
T(B(x,e)) = {T(x) + T(w);w € B(0,¢)}
={y+T(w):we B(0,¢)}
D{y+z:2€ B(0,§)} = B(y,d). O

As an immediate consequence of the open mapping theorem we have the
following corollary.

8.25. COROLLARY. If T is a one-to-one bounded linear mapping of a
Banach space X onto a Banach space Y, then T~! : Y — X is a bounded
linear mapping.

PROOF. The existence and linearity of 7! are evident. If U is an open
subset of X, then the inverse image of U under T~! is simply 7'(U), which
is open by Theorem 8.24. Thus, T~! is bounded, by Theorem 8.12. O
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8.26. DEFINITION. The graph of a mapping T': X — Y is the set
{(z,T(z)):z€e X} C X XY.

It is left as an exercise to show that the graph of a continuous linear
mapping T of a normed linear space X into a normed linear space Y is a
closed subset of X x Y. The following theorem shows that when X and Y
are Banach spaces, the converse is true (cf. Exercise 5, Section 8.3).

8.27. THEOREM (Closed graph theorem.). If T is a linear mapping of
a Banach space X into a Banach space Y and the graph of T is closed in
X xY, then T is continuous.

PRrOOF. For each x € X set
[zl = llzll + 1T ()] -

It is readily verified that ||-]|; is a norm on X. Let us show that it is complete.
Suppose {z}} is a Cauchy sequence in X with respect to ||-||1. Then {z}isa
Cauchy sequence in X and {T(z;)} is a Cauchy sequence in Y. Since X and
Y are Banach spaces, there exist + € X and y € Y such that ||z — x| — 0
and ||T(zk) —y|| — 0 as k — oo. Since the graph of T is closed, we must
have
(z,y) = (,T(x)).

This implies ||T'(zx) — T'(z)|] = 0 as kK — oo, and hence that ||z — 2|, = 0
as k — oo. Thus X is a Banach space with respect to the norm || - ||;.

Consider two copies of X, the first one with X equipped with the norm
I/, and the second with X equipped with [|-||. Then the identity map-
ping I: (X, | l;) = (X,]]]) is continuous, since ||z|| < ||z||; for all z € X.
According to Corollary 8.25, I is an open map, which means that the inverse
mapping of I is also continuous. Hence, there is a constant C such that

2]l + 1T ()] = [l=[, < C ||z
for all x € X. Evidently C > 1. Thus
1T(2)] < (C—=1) |z,

from which we conclude that T is continuous. O

Exercises for Section 8.3

1. Suppose T : X — Y is a continuous linear mapping of a normed linear
space X into a normed linear space Y. Show that the graph of T is closed
inX xY.

2. Suppose T : X — Y is a univalent, continuous linear mapping of a Banach
space X into a Banach space Y. Prove that T(X) is closed in Y if and
only if

]| < CIT ()]
for each = € X.
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3. Let Ty be a sequence of bounded linear operators Ty: X — Y, where X
is a Banach space and Y is a normed linear space. If limy_, o Tk (x) exists
for each x € X, Corollary 8.22 yields the existence of a bounded linear
operator T: X — Y such that limg_,o, Tx(z) = T(x) for each z € X. Give
an example that shows that T fails to be bounded if X is not assumed to
be a Banach space.

4. Let M be an arbitrary closed subspace of a normed linear space X. Let
us say that z,y € X are equivalent, written x ~ y, if  —y € M. We will
denote by [z] the coset comprising all elements y € X such that z ~ y.

(a) With [z] + [y] := [z + y] and [cz] := c[z], where ¢ € R, prove that
these operations are well defined and that these cosets form a vector
space.

(b) Let us define

il s= inf o=y

Prove that ||[]|| is a norm on the space M of all cosets [z].

(¢) The space M is called the quotient space and is denoted by X /M.
Prove that if M is a closed subspace of a Banach space X, then X/M
is also a Banach space.

5. Let X denote the set of all sequences {ax}72, such that all but finitely
many of the a; are equal to zero.
(a) Show that X is a linear space under the usual definitions of addition
and scalar multiplication.

(b) Show that ||{ax}| = maxg>1 |ak| is a norm on X.
(c) Define a mapping 7' : X — X by

T({ax}) = {kay}.
Show that T is a linear mapping.
(d) Show that the graph of T' is closed in X x X.
(e) Show that T is not continuous.

8.4. Dual Spaces

Here we introduce the important concept of the dual space of a normed linear
space and the associated notion of weak topology.

8.28. DEFINITION. Let X be a normed linear space. The dual space
X* of X is the linear space of all bounded linear functionals on X equipped
with the norm

IF1 = sup{|f(2)] : = € X, ||| = 1}.
In view of Theorem 8.16, we know that X* = B(X,R) is a Banach space.

We will begin with a result concerning the relationship between the topologies
of X and X*. Recall that a topological space is separable if it contains a
countable dense subset.
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8.29. THEOREM. X is separable if X* is separable.

PRrROOF. Let {fi};2, be a countable dense subset of X*. For each k
there is an element xp € X with ||zx|| = 1 such that

FAESERATAT

Let W denote the set of all finite linear combinations of elements of {x}
with rational coefficients. Then it is easily verified that W is a subspace of X.
If W #£ X, then there exists an element o € X — W, and

inf ||zo —w|| > 0.
weW

By Theorem 8.20 there exists an f € X* such that
f(w)=0 forall we W and f(z)=1.

Since {fx} is dense in X*, there is a subsequence {fx,} for which

tim [, — 7] =0

j—o0

However, since Ha:kj H =1, it follows that

||fk_,» - f” 2 kaj(xkj) - f(ka)H = kaj(xkj)H 2 % kaJH

for each j. Thus ka]. || — 0 as j — oo, which implies that f = 0, contradict-
ing the fact that f(z¢) = 1. Thus W = X. O

8.30. DEFINITION. If X and Y are linear spaces and T': X — Y is a one-
to-one linear mapping of X onto Y, we will call T' a linear isomorphism
and say that X and Y are linearly isomorphic. If, in addition, X and Y
are normed linear spaces and ||T(x)|| = ||z| for each x € X, then T is an
isometric isomorphism and X and Y are isometrically isomorphic.

Denote by X** the dual space of X*. Suppose X is a normed linear
space. For each # € X let ®(z) be the linear functional on X* defined by

(8.6) ®(x)(f) = f(x)
for each f € X*. Since

[2(@) (N < [IfIH=]l,
the linear functional ®(z) is bounded; in fact, || ®(z)| < ||z||. Thus ®(x) €
X**. It is readily verified that @ is a bounded linear mapping of X into X**
with [|®] < 1.
The following result is the key to understanding the relationship between
X and X*.

8.31. PROPOSITION. Suppose X is a normed linear space. Then

[zl = sup{[f ()| : f € X7, [If]| = 1},

for each z € X.
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ProoF. Fix z € X. If f € X* with || f|| = 1, then

[F@)F < AN Nl < flff -

If  # 0, then the distance from = to the subspace {0} is |z||, and
according to Theorem 8.20, there is an element g € X* such that g(z) = 1
and [lg] = ir. Set f = [lz]l g. Then [|f| = 1 and f(z) = |ja||. Thus

EllN
sup{|f(z)] : f € X™, [[fll = 1} = [|=||
for each x € X. O

8.32. THEOREM. The mapping ® is an isometric isomorphism of X onto
P(X).

PROOF. In view of Proposition 8.31, we have

|@(z)|| = sup{|f(z)| : fe X", |fll =1} = ||zl
for each x € X. [l

The mapping ® is called the natural embedding of X in X**.
8.33. DEFINITION. A normed linear space X is said to be reflexive if
(X)) =X,
in which case X is isometrically isomorphic to X**.

Since X** is a Banach space (see Theorem 8.16), it follows that every
reflexive normed linear space is in fact a Banach space.

8.34. EXAMPLES. (i) The Banach space R™ is reflexive.

1 1
(i) If 1 < p < o0 and » + o =1, then the linear mapping

U LY (X, 1) — (LP(X, p)*
defined by
W(g)(f) = /X of du

for g € Lp/(X, w) and f € LP(X,pu) is an isometric isomorphism of
L (X, ) onto (LP(X,u))*. This is a rephrasing of Theorem 6.48 (note
that for p = 1, p needs to be o-finite).

(iii) For 1 < p < oo, LP(X, ) is reflexive. In order to show this, we fix
1 < p < 0o. We need to show that the natural embedding @ : LP(X, u) —
(LP(X, u)** is onto. From (ii) we have the isometric isomorphisms

(8.7) Uy: LY (X, 1) = (LP(X, )7,

Ui(9)(f) =/ngdu , felLp,
and
(8.8) Wy: LP(X, p) — (L7 (X, )",
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() (g) = /X fodu L ge v

Let w € LP(X, p)**. From (8.7) we have wo W € (L' (X, u))*. Thus,
(8.8) implies that there exists f € LP(X, p) such that Uy(f) = w o V5.
Therefore,

(8.9) Uy (f)(g) = wo Uy / fgdu = Uy (g)(f) for all g € LV,

We now proceed to check that
(8.10) O(f) =w.

Let o € (LP(X,p))*. Then from (8.7) we obtain g € L”' (X, 1) such that
¥y(g) = o, and therefore from (8.9) we conclude that

(f)() = a(f) = V1(9)(f) = w(¥1(9)) = w(a),
which proves (8.10).

(iv) Let © C R™ be an open set. We recall that A\ denotes the Lebesgue
measure in R™. We will prove that L!(£2, \) is not reflexive. Proceeding
by contradiction, if L'(2,\) were reflexive, and since L'(2,)) is sep-
arable (see Exercise 8, Section 8.4), it would follow that L(Q,\)** is
separable, and hence L'(Q,\)* would also be separable. From (iii) we
know that L'(£2, \)* is isometrically isomorphic to L>(£2, \). Therefore,
we would conclude that L (2, A) would be separable, which contradicts
Exercise 9, Section 8.4.

In addition to the topology induced by the norm on a normed linear
space it is useful to consider a smaller, i.e., “weaker,” topology. The weak
topology on a normed linear space X is the smallest topology on X with
respect to which each f € X* is continuous. That such a weak topology exists
may be seen by observing that the intersection of any family of topologies
for X is a topology for X. In particular, the intersection of all topologies
for X that contains all sets of the form f~1(U), where f € X* and U is an
open subset of R, is precisely the weak topology. Every topology for X with
respect to which each f € X* is continuous must contain the weak topology
for X. We temporarily denote the weak topology by T,,. Then f~1(U) € T,
whenever f € X* and U is open in R. Consequently the family of all subsets
of the form

{z :[fi(z) = filzo)| <&, 1 <i<m},
where xg € X, m is a positive integer, and ¢; > 0, f; € X* for 1 < i < m,
forms a basis for T,,. From this observation it is evident that a sequence {xy}
in X converges weakly (i.e., with respect to the topology T,,) to z € X if
and only if

dim f(zy) = f(x)

k—o0

for each f € X*.
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In order to distinguish the weak topology from the topology induced by
the norm, we will refer to the latter as the strong topology.

8.35. THEOREM. Suppose X is a normed linear space and the sequence
{z1} converges weakly to x € X. Then the following assertions hold:

(i) The sequence {||xk||} is bounded.

(ii) Let W denote the subspace of X spanned by {xy : k =1,2,...}. Then x
belongs to the closure of W in the strong topology.

(iii)

lz|| <liminf ||| .
k—o0

PRrROOF. (i) Let f € X*. Since {f(x)} is a convergent sequence in R,
we have

sup{|f(zx)| : k=1,2,...} < o0,

which may be written as

sup () (f)] < o0

1<k<oo

Since this is true for each f € X* and since X* is a Banach space (see
Theorem 8.16), it follows from the uniform boundedness principle, Theorem
8.21, that

sup ||®(zx)] < oc.
1<k<o0

In view of Theorem &8.32, this means that

sup ||zx| < 0.
<k<oo

(ii) Let W denote the closure of W in the strong topology. If x & W,
then by Theorem 8.20 there is an element f € X* such that f(z) = 1 and
fw) =0 for all w € W. But since f(zx) = 0 for all k, we must have

f(z) = klggo f(zx) =0,

which contradicts the fact that f(z) = 1. Thus z € W.
(iii) If f € X* and ||f|| = 1, then

|f(x)] = lim |f(zx)| < Liminf [z
k—oc0 k—o0
Since this is true for every such f, we have

< liminf .
l]| < Yim inf [z | O

8.36. THEOREM. If X is a reflexive Banach space and Y is a closed
subspace of X, then'Y 1is a reflexive Banach space.
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Proor. For f € X*, let fy denote the restriction of f to Y. Then
evidently fy € Y* and ||fy| < ||f||- For w € Y** let wy : X* — R be
given by

wy (f) = w(fy)

for each f € X*. Then wy is a linear functional on X* and wy € X**, since

wy (N = lw(A) < lwll [yl < llwll [[£]]

for each f € X*. Since X is reflexive, there is an element xy € X such that
®(z9) = wy, where ® is as in Definition 8.33, and therefore

wy (f) = @(z0)(f) = f(xo)
for each f € X*. If xg € Y, then by Theorem 8.20 there exists f € X* such
that f(xg) =1 and f(y) = 0 for each y € Y. This implies that fy = 0, and
hence we arrive at the contradiction

1= f(zo) =wy(f) =w(fy)=0.
Thus 2 € Y.
For every g € Y* there is, by Theorem 8.19, an f € X* such that fy = g.
Thus
9(z0) = f(20) = wy (f) = w(fy) = w(g).
Thus the image of zy under the natural embedding of ¥ into Y** is w. Since
w € Y** is arbitrary, Y is reflexive. O

8.37. THEOREM. If X is a reflexive Banach space, then for every R > 0,
the closed ball B := {x € X : ||z|| < R} is sequentially compact in the weak
topology.

PrOOF. Assume first that X is separable. Then since X is reflexive,
X** is separable, and by Theorem 8.29, X* is separable. Let {f,,}>°_; be
dense in X* and {z} € B. Since {f1(zx)} is bounded in R, there must be
a subsequence {z}} of {x)} such that {fi(z})} converges in R. Since the
sequence { f2(z1)} is bounded in R, there is a subsequence {z2} of {z}} such
that {fo(2%)} converges in R. Continuing in this way we obtain a sequence of
subsequences of {x}} such that {7} is a subsequence of {z}" '} for m > 1
and {f,,(z1")} converges as k — oo for each m > 1. Set yx = z¥. Then {y;}
is a subsequence of {xy} such that {f,(yx)} converges as k — oo for each
m > 1. For arbitrary f € X*,

Lf (i) — FQuol < (k) = (i) + [fm(ye) — Frn ol + | (we) — f ()]
< = FI Uyl + Nwell) + 1fon (yr) = Fon (20|

for all k,I, m. Given € > 0, there exists an m such that

g
I fm = fIl < VA
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where M = sup ||zx|| < co. Since {f(yx)} is a Cauchy sequence, there is a
k>1
positive integer K such that

Fn (W) = fnl)| < 5

whenever k,! > K. Thus, from the previous three inequalities, we have that

‘f(yk)_f(yl)|§ﬁQM—l—g<€

whenever k,! > K, and we see that {f(yx)} is a Cauchy sequence in R. Set
a(f) = Jim f(m)
—00
for each f € X*. Evidently « is a linear functional on X*, and since

(A < IFI M
for each f € X*, we have a € X**. Since X is reflexive, we know that
the isometry @ (see (8.6)) is onto X**. Thus, there exists x € X such that
®(2) = « and therefore

()(f) = f(x) = a(f) = lim_f(y)

for each f € X*. Thus {yx} converges to x in the weak topology, and
Theorem 8.35 gives z € B.

Now suppose that X is a reflexive Banach space, not necessarily separa-
ble, and suppose {z;} € B. It suffices to show that there exist 2 € B and
a subsequence such that {z;} — = weakly. Let Y denote the closure in the
strong topology of the subspace of X spanned by {x;}. Then Y is obviously
separable, and by Theorem 8.36, Y is a reflexive Banach space. Thus there
is a subsequence {zy,} of {x}} that converges weakly in Y to an element
reY,ie.,

g(x) = lim g(wx,)
J]—00

for each g € Y*. For f € X* let fy denote the restriction of f to Y. As in
the proof of Theorem 8.36 we see that fy € Y*. Thus

flz) = fy(z) = Jlggo fy(zr;) = Jlggo f(zg;).

Thus {zy,} converges weakly to x in X. Furthermore, since ||zx|| < 1, the
same is true for x by Theorem 8.35, and so we have = € B.

8.38. EXAMPLE. Let 1 < p < co. Since LP(R™, \) is a reflexive Banach

space, Theorem 8.37 implies that the ball
B={fel:|fl,<R)CI¥&" N
is sequentially compact in the weak topology. Thus if {f} is a sequence in
LP(R™, \) such that
[full, <R k=1,2,3,...,

then there exist a subsequence { fx, } of {fx} and a function f € B such that
(8.11) Jr;, — f weakly.
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But (8.11) is equivalent to
F(fx;) = F(f) forall F e LP(R",\)".
Therefore, Example 8.34 (ii) yields

/ fr,gd\ — | fgdX for all g € L” (R™, \).
R R

8.39. DEFINITION. If X is a normed linear space, we may also consider
the weak topology on X*, i.e., the smallest topology on X* with respect
to which each linear functional w € X** is continuous. It turns out to be
convenient to consider an even weaker topology on X*. The weak* topology
on X* is defined as the smallest topology on X* with respect to which each
linear functional w € ®(X) C X** is continuous. Here ® is the natural
embedding of X into X**. As in the case of the weak topology on X, we can,
utilizing the natural embedding, describe a basis for the weak* topology on
X* as the family of all sets of the form

{feX" : |f(x) = folm)| <e;for 1 <i<m},

where m is any positive integer, fo € X*, and z; € X, ¢; >0 for 1 <i < m.
Thus a sequence {fx} in X* converges in the weak* topology to an element
f € X* if and only if

lim fi(z) = f(2)

k—o0
for each z € X. Of course, if X is a reflexive Banach space, the weak and
weak* topologies on X™* coincide.

We remark that the basis for the weak™ topology on X* is similar in form
to the basis for the weak topology on X except that the roles of X and X*
are interchanged.

The importance of the weak® topology is indicated by the following
theorem.

8.40. THEOREM (Alaoglu’s theorem). Suppose X is a normed linear
space. The unit ball B := {f € X* : ||f]| < 1} of X* is compact in the
weak* topology.

Proor. If f € B, then f(z) € [—|z|,|z||] for each z € X. Set I, =
[— |lz]l, [|z]l] for # € X. Then according to Tychonoff’s theorem, Theorem
3.43, the product

P= H Ia;v
zeX

with the product topology, is compact. Recall that B is by definition the
set of all functions f defined on X with the property that f(x) € I, for
each x € X. Thus the set B can be viewed as a subset B’ of P. Moreover,
the relative topology induced on B’ by the product topology is easily seen
to coincide with the relative topology induced on B by the weak* topology.
Thus the proof will be complete if we show that B’ is a closed subset of P in
the product topology.
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Let f be an element in the closure of B’. Then given € > 0 and = € X,
there is a g € B’ such that |f(z) — g(z)| < e. Thus

[f(@)] <e+lg(a)] <e+ =,

since g € B’. Since ¢ and x are arbitrary, we must have

(8.12) |f(2)] < ||

for each = € X.
Now suppose that z,y € X, o, 0 € R, and set z = ax + By. Then given
€ > 0, there is a g € B’ such that

If(x) —g(z)l <e, [fly)—g)l<e, [f(z)—g(2)] <e

Thus since g is linear, we have

|f(2) — af(z) - Bf(y)]
<|f(z) = g()| + lal[f(z) = g(z)| + B f(y) — 9(y)]
<e(l+|al+18]),

from which it follows that

flox + By) = af (z) + Bf(y),

i.e., f is linear. In view of (8.12), we have f € B’. Thus B’ is closed and
hence compact in the product topology, from which it follows immediately
that B is compact in the weak™ topology. O

The proof of the following corollary of Theorem 8.40 is left as an exercise.
Also, see Exercise 5, Section 8.4.

8.41. COROLLARY. The unit ball in a reflexive Banach space is both com-
pact and sequentially compact in the weak topology.

8.42. EXAMPLE. We apply Alaoglu’s theorem with X = L!(R™, \), which
is a normed linear space. Therefore, for all R > 0, the ball B = {f €
LY®R™, N)* ¢ ||f]] € R} € LY(R™,\)* is compact in the weak* topology. We
recall the isometric isomorphism

U L°(R™,\) — LY(R™, \)*,
given by

\P(g)m:/ of. feL'(R"N).

Using W, we can rewrite the conclusion of Alaoglu’s theorem as saying that
B ={¥(f) e L'R", \)": ||fll, < R} € L'(R", )*

is compact in the weak* topology of L*(R™, \)*. From this it follows that if
{fx} € L>=(R™, ) satisfies

[fille = IR < R, k=1,2,3,...,
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then there exist a subsequence fi;, of {fx} and f € L°°(R",\) such that
U(fr,) — ¥(f) in the weak* topology of L'(R™, A)*. This is equivalent to

U(fr;)(9) = U(f)(g) forallge L'(R",N),

that is,

fr,9d\ = | fgd\ for all g € L'(R™, ).
]Rn Rn

Exercises for Section 8.4

1.

Suppose X is a normed linear space and {fi} is a sequence in X* that
converges in the weak* topology to f € X*. Show that

sup || x|l < o0
k>1

and
1£Il < lgnianka-
—00

. Show that a subspace of a normed linear space is closed in the strong

topology if and only if it is closed in the weak topology.
Prove that no subspace of a normed linear space can be open.

Show that a finite-dimensional subspace of a normed linear space is closed
in the strong topology.

Show that if X is an infinite-dimensional normed linear space, then there
is a bounded sequence {z;} in X no subsequence of which is convergent
in the strong topology. (Hint: Use Exercise 4, Section 8.4, and Exercise 1,
Section 8.2.) Thus conclude that the unit ball in an infinite-dimensional
normed linear space is not compact.

Show that every Banach space X is isometrically isomorphic to a closed
linear subspace of C(I') (cf. Example 8.9(iv)), where I' is a compact
Hausdorff space. (Hint: Set

F={feX":(fll<1}

with the weak* topology. Use the natural embedding of X into X**.)
As usual, let C[0,1] denote the space of continuous functions on [0, 1]
endowed with the sup norm. Prove that if f; is a sequence of functions
in C[0,1] that converge weakly to f, then the sequence is bounded and
fr(t) — f(t) for each ¢ € [0,1].

Suppose (2 is an open subset of R™, and let A\ denote Lebesgue measure
on ). Set

P={z=(x1,22,...,2,) € R" : z; isrational for each 1< j<n}

and let Q denote the set of all open cubes in R™ with edges parallel to
the coordinate axes and vertices in P. (i) Show that if E is a Lebesgue
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8.5. HILBERT SPACES 285

measurable subset of R™ with A(E) < oo and ¢ > 0, then there exists a
disjoint finite sequence {Qy}7", with each Q) € Q such that

m
Xg =D Xq,
k=1

(ii) Show that the set of all finite linear combinations of elements of
{Xg : Q € Q} with rational coefficients is dense in LP(£2, ).

(iii) Conclude that LP(Q, ) is separable.

Suppose 2 is an open subset of R™ and let A denote Lebesgue measure
on Q. Show that L*°(€, \) is not separable. (Hint: If B(x,r) €  and
0<ry <ry<r, then

<E.
Lr(Q,X)

HXB(I,’I"l) - XB(:E,T2) Lo (Q,0) = 1)
Referring to Exercise 2, Section 8.1, prove that there is a natural isomor-
phism between X* and []", X7. Thus conclude that X is reflexive if

each Xj; is reflexive.
Let X be a normed linear space and suppose that the sequence {zj}

converges to © € X in the strong topology. Show that {xj} converges
weakly to x.

8.5. Hilbert Spaces

We consider in this section Hilbert spaces, i.e., Banach spaces in which the
norm is induced by an inner product. This additional structure allows us to
study the representation of elements of the space in terms of orthonormal
systems.

8.43. DEFINITION. An inner product on a linear space X is a real-

valued function (x,y) — (z,y) on X x X such that for x,y,z € X and
a, 3 € R, one has

(,y) = (y,z),

(azx + By, z) = Oé<x z) + By, 2),
(z,z) >

(z,2) =

0 1f and only if, z = 0.

8.44. THEOREM. Suppose that X is a linear space on which an inner

product (-,-) is defined. We can define a norm on X as follows:

]l = v/ {z, z).
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PRrROOF. It follows immediately from the definition of an inner product
that

lz]| > 0 for all x € X,
lz|| = 0 if, and only if = =0,
lax|| = |af ||z|| for alla € R, z € X.

Only the triangle inequality remains to be proved. To do this, we first prove
the Schwarz inequality

[z o) < [l -

Suppose x,y € X and A € R. From the properties of an inner product, we
have

0 < [lz = Ay[* = (& — Ay, 2 — \y)
= [|lz1* = 2x(z, y) + A* lyll?,

and thus

2e,y) < 1 7l + Ay
for all A > 0. Assuming y # 0 and setting A = %, we see that
(8.13) (z,y) <zl llyll-

Note that (8.13) also holds if y = 0. Since
—(z,y) = (&, —y) < ] [lyll,
we see that

(8.14) [z, )] < [l [yl

for all z,y € X.
For the triangle inequality, observe that

2 2 2

[z +ylI” = llz[I” + 2(z, y) + [yl
2 2
<2l + 2]l [yl + llyl

= (l=ll + llyl)>-
Thus
lz +yll < Izl + [yl
for all z,y € X, from which we see that ||| is a norm on X. O

Thus we see that a linear space equipped with an inner product is a
normed linear space. The inequality (8.14) is called the Schwarz inequality.

8.45. DEFINITION. A Hilbert space is a linear space with an inner prod-
uct that is a Banach space with respect to the norm induced by the inner
product (as in Theorem 8.44).
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8.46. DEFINITION. We will say that two elements z,y in a Hilbert space
H are orthogonal if (z,y) = 0. If M is a subspace of H, we set

M+ ={zec H: (z,y)=0forally € M}.

It is easily seen that M is a subspace of H.
We next investigate the “geometry” of a Hilbert space.

8.47. THEOREM. Suppose M is a closed subspace of a Hilbert space H.
Then for each xg € H there exists a unique yg € M such that

— = inf -yl .
lzo = goll = 1nf [lzo —y]
Moreover, 1o is the unique element of M such that xo — yo € M*.

PRrROOF. If g € M, the assertion is obvious, so assume xg € H — M.
Since M is closed and xg & M, we have

d = inf -yl > 0.
nf flzo ~

There is a sequence {yx} in M such that
lim ||zg — yi| = d.
k—o0

For all k,1, we have

(@0 = yx) = (w0 = w)I* + II(z0 — yi) + (w0 — wo)II”
2 2
=2|lzo — yll” + 2 [lzo — ",

2

1
To — §(yk + )

2 2 2
lyr = wll” = 2(lzo — well™ + lzo —wll) — 4

2 2
< 2([lwo — yxll” + llzo — ") — 4d?.

Since the right-hand side of the last inequality above tends to 0 as k,l — oo,
we see that {y;} is a Cauchy sequence in H, which consequently converges
to an element yy. Since M is closed, yo € M.

Now let y € M, A € R, and compute

d* < |lzo — (yo + M)|1?
= [lzo — yol* — 2\ (o — yo, y) + A% ||y
= d2 - 2>\<x0 - yan> + )\2 Hy||2 ’

whence )
2
(0 — 90,4 < 5 Iyl
for all A > 0. Since ) is otherwise arbitrary, we conclude that

<l‘0 _yan> S 0
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for each y € M. But then

—({zo — Y0,9) = (To — Yo, ~y) <0
for each y € M, and thus (zo — o, y) = 0 for each y € M, i.e., xg —yo € M.
If y; € M is such that

_ — inf _
Iz =l = inf flao =l

then the above argument shows that xop —y; € M=*. Hence, y1 — yo =
(ro — o) — (o —y1) € M. Since we also have y; — yo € M, this implies
1 = voll* = (w1 — yo, u1 — vo) =0,
ie., y1 = Yo. O
8.48. THEOREM. Suppose M is a closed subspace of a Hilbert space H.

Then for each © € H there exists a unique pair of elements y € M and
z € M* such that x =y + 2.

PROOF. We may assume that M # H. Let x € H. According to Theo-
rem 8.47 there is a y € M such that z = z —y € M*. This establishes the
existence of y € M, z € M+ such that z = y + 2.

To show uniqueness, suppose that y;,y, € M and 2,2, € M+ are such
that y1 + 21 = y2 4+ 22. Then

Y1 — Y2 = 22 — 21,

which means that y; —y» € M N M+, Thus
2
lyr = w2ll” = (1 — Y2, 91 — y2) =0,

whence y; = yo. This, in turn, implies that z; = z5. O

If y € H is fixed and we define the function
f@) = (y,z)

for x € H, then f is a linear functional on H. Furthermore, from Schwarz’s
inequality,

[f (@) = [y, z) < [lyll lI=]l,
which implies that ||f|| < ||y||. If y =0, then ||f|| = 0. If y # 0, then

Y
) = Nyl
Iyl
Thus || f]] = |lyll. Using Theorem 8.48, we will show that every continuous

linear functional on H is of this form.

8.49. THEOREM (Riesz representation theorem). Suppose H is a Hilbert
space. Then for each f € H* there exists a unique y € H such that

(8.15) f(z) = (y,x)
for each x € H. Moreover, under this correspondence H and H* are isomet-
rically isomorphic.
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PROOF. Suppose f € H*. If f = 0, then (8.15) holds with y = 0. So
assume that f # 0. Then
M={zeH: f(x) =0}

is a closed subspace of H and M # H. We infer from Theorem 8.48 that
there is an element xo € M+ with 2y # 0. Since xo ¢ M, we have f(xq) # 0.
Since for each x € H we have

/ <9” e ) -0

we see that

f(=z)
— roEM
f(zo) ’
for each x € H. Thus
f(x)
T — Tg,xg) =0
for each x € H. This last equation may be rewritten as
f(z
Fla) = 220 g, )
[[zo|
Thus if we set y = ﬁ"(scﬁg xg, we see that (8.15) holds. We have already
zo

observed that the norm of a linear functional f satisfying (8.15) is ||y||.
If y1,y2 € H are such that (y;,x) = (ys,x) for all x € H, then

(Y1 —y2,2) =0
for all x € X. Thus in particular,

2
lyr — y2ll” = (y1 — y2,y1 — y2) =0,

whence y; = yo. This shows that the y that represents f in (8.15) is unique.
We may rephrase the above results as follows. Let ¥ : H — H* be
defined for each € H by

U(x)(y) = (x,y)

for all y € H. Then V¥ is a one-to-one linear mapping of H onto H*. Further-
more, ||¥(z)|| = ||z|| for each z € H. Thus ¥ is an isometric isomorphism of
H onto H*. 0

8.50. THEOREM. FEvery Hilbert space H is a reflexive Banach space, and
consequently the set {x € H : ||z|| < 1} is compact in the weak topology.

PRrOOF. We first show that H* is a Hilbert space. Let ¥ be as in the
proof of Theorem 8.49 above and define

(8.16) (f.9) = (W), ¥ (9))
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for each pair f,g € H*. Note that the right-hand member of the equation
above is the inner product in H. That (8.16) defines an inner product on H*
follows immediately from the properties of W. Furthermore,

(f, £) = (@HH), ) = IfII°

for each f € H*. Thus the norm on H* is induced by this inner product. If
w € H**, then by Theorem 8.49, there is an element g € H* such that

w(f) = {9, 1)

for each f € H*. Again by Theorem 8.49 there is an element z € H such
that ¥(x) = ¢g. Thus

w(f) =g, ) = (¥(x), f) = (&, ¥7(f)) = f(2)
for each f € H*, from which we conclude that H is reflexive. Thus {z € H :
|lz|| < 1} is compact in the weak topology by Corollary 8.41. O

We next consider the representation of elements of a Hilbert space by
“Fourier series.”

8.51. DEFINITION. A subset F of a Hilbert space is an orthonormal
family if for each pair of elements z,y € F, we have

(z,yy =1ifz =y.

An orthonormal family F in H is complete if the only element x € H for
which (z,y) =0 for all y € F is . = 0.

8.52. THEOREM. Fvery Hilbert space contains a complete orthonormal
famaly.

PROOF. This assertion follows from the Hausdorff maximal principle (see
Exercise 1, Section 8.5). O

8.53. THEOREM. If H is a separable Hilbert space and F is an orthonor-
mal family in H, then F is at most countable.

ProoOF. If z,y € F and = # y, then
lz =yl = ll=]1* - 2(z, ) + [lyl|* = 2.
Thus
B(x, 5) By, 5) =0
72 y7 2 -

whenever x,y are distinct elements of F. If £ is a countable dense subset of
H, then for each z € F the set B(z, ) must contain an element of £. O
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We next study the properties of orthonormal families, beginning with
countable orthonormal families.

8.54. THEOREM. Suppose {zi}3>, is an orthonormal sequence in a
Hilbert space H. Then the following assertions hold:
(i) For each x € H,

oo

Y (wan)? < .

k=1
(ii) If {ax} is a sequence of real numbers, then

m
xXr — E AT
k=1

m

T — Z(az,xk>xk

k=1

<

for each m > 1.

(iii) If {ax} is a sequence of real numbers, then Y ;- aux) converges in
H if and only if > yo, i converges in R, in which case the sum is
independent of the order in which the terms are arranged, i.e., the series
converges unconditionally, and

oo 2 oo

2 : _ § : 2
AT = Q..

k=1 k=1

PROOF. (i) For every positive integer m,

0<
k=1

m m 2
= ||||? 2<=’E,Z<$,$k>$k> + Z<x;xk>$k

k=1 k=1
=zl =2 (z,2x)* + > (x,2x)

k=1 k=1
2
= flall® = D, zi)
k=1

Thus

m
> e ai)? < 2]’

k=1

for all m > 1, from which assertion (i) follows.
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(ii) Fix a positive integer m and let M denote the subspace of H spanned
by {z1,22,...,Zm}. Then M is finite-dimensional and hence closed; see
Exercise 4, Section 8.4. Since for all 1 < k < m, we have

m
(we, =Y (@, 20)w8) =0,
k=1
we see that
m
x— Z(m,xk>xk €M™+
k=1

In view of Theorem 8.47, this implies assertion (ii), since

m
Z apxy € M.
k=1

(iii) For all positive integers m and ! with m > [, we have

m l 2 m 2 m

E QT — E QT E AT = E a%.

k=1 k=1 k=l+1 k=l+1

Thus the sequence {> /", apxi}25_; is a Cauchy sequence in H if and only

if "7, af converges in R.
Suppose Y po a? < oco. Since for for all m we have

m m

2
E QR :E ay,
k=1

we see that )

oo oo

S o =3t

k=1 k=1

Let {ag,} be any rearrangement of the sequence {ay}. Then

2
m m

m m
(8.17) Zakmk—Zaijkj =Zai—2 Z ozij —|—Zaﬁj,
k=1 j=1

k=1 k;j<m j=1
for every m. Since the sum of the series > ;- a7 is independent of the order

of the terms, the last member of (8.17) converges to 0 as m — occ. O

8.55. THEOREM. Suppose F is an orthonormal system in a Hilbert space
H and x € H. Then:
(1) The set {y € F : (x,y) # 0} is at most countable.
(ii) The series )_, c 7(z,y)y converges unconditionally in H.

PRrROOF. (i) Let € > 0 and set
E={yeF:[e,yl|>e}
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2
In view of Theorem 8.54(a), the number of elements in % cannot exceed ‘%,
and thus % is a finite set. Since

weF:wy) 200 = Ul Fslmnl > 1)

we see that {y € F : (z,y) # 0} is at most countable. (ii) Set {yx}3>, =
{y € F: (x,y) # 0}. Then, according to Theorem 8.54(i), (iii), the series
> re 1 (%, yk)yr converges unconditionally in H. O

8.56. THEOREM. Suppose F is a complete orthonormal system in a
Hilbert space H. Then
z =Y (z,9)y,

yeF
for each x € H, where all but countably many terms in the series are equal
to 0 and the series converges unconditionally in H.

PROOF. Let Y denote the subspace of H spanned by F and let M denote
the closure of Y. If 2 € M*, then (z,y) = 0 for each y € F. Since F is
complete, this implies that z = 0. Thus M+ = {0}.

Fix # € H. By Theorem 8.55 (ii), the series }_ -(z,y)y converges
unconditionally to an element 7 € H.

Set {yx}2, ={y € F:(z,y) #0}. If y € F and (x,y) = 0, then

m

(=) (&, y6)yr,y) =0
k=1
for each m > 1. Then
k:l

(T, Yk) Yk, y)

Nek M

IN

(@, ye)ye|| Iyl

>
Il

1

and we see that (z — 7, y) = 0.
If 1 <1< m, then

m
Z (T, ye)yr, y1) = 0,

and hence (z — T, y;) = 0 for every [ > 1.
We have thus shown that

(8.18) (x—7T,y)=0
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for each y € F, from which it follows immediately that (8.18) holds for each
yey.

If w € M, then there is a sequence {wy} in Y such that ||w — wg| — 0
as k — oo. Thus

(x —Z,w) = lim (x — T, wg) = 0,
k—oo

which means that * — 7 € M+ = {0}. O

8.57. EXxaAMPLEs. (i) The Banach space R™ is a Hilbert space with
inner product

<($1,l’2, .. axn)a (2/179% .. ayn)> =TI + T2Y2 e TnYn-
(ii) The Banach space L?(X, u) is a Hilbert space with inner product

<f,g>:/Xf9 dp.

(iii) The Banach space [? is a Hilbert space with inner product
({art, {bx}) = Zakbk~
k=1

Suppose H is a separable Hilbert space containing a countable orthonor-
mal system {x;}72,. For all z € H the sequence {(z,xy)} is in [* and
o0
2 2
D @) = |l
k=1
On the other hand, if {a;} € I?, then according to Theorem 8.54, the series
Y peq akxy converges in H. Set x = Y p-; agx. Then
m
(x, @) = %gnoo<z akTh, T1) =
k=1
for each [, and hence

> ai =,
k=1
Thus the linear mapping T : H — [? given by

T(x) = {{z,z1)}
is an isometric isomorphism of H onto 2.

If Q is a open subset of R™ and A denotes Lebesgue measure on 2, then
L?(2, )\) is separable and hence isometrically isomorphic to /2.

Exercises for Section 8.5

1. Show that every Hilbert space contains a complete orthonormal system.
(Hint: Observe that an orthonormal system in a Hilbert space H is com-
plete if and only if it is maximal with respect to set inclusion, i.e., it is
not contained in any other orthonormal system.)
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2. Suppose T is a linear mapping of a Hilbert space H into a Hilbert space
E such that ||T(z)|| = ||z| for each x € H. Show that

(T'(x), T(y)) = (z,y)

for all x,y € H.

3. Show that a Hilbert space that contains a countable complete orthonormal
system is separable.

4. Fix 1 < p < oo. Set 2 = {x}"}7° |, where

m{1 if k=m,

0 otherwise.

Show that the sequence {2 }2°_; in P (cf. Example 8.9(iii)) converges to
0 in the weak topology but does not converge in the strong topology.

8.6. Weak and Strong Convergence in LP

Although it is easily seen that strong convergence implies weak convergence
in LP, it is shown below that under certain conditions, weak convergence
implies strong convergence.

We now apply some of the results of this chapter in the setting of LP
spaces. To begin, we note that if 1 < p < oo, then in view of Example 8.34
(i), a sequence { fx }72; in LP(X, M, p1) converges weakly to f € LP(X, M, )

if and only if
lim / frg dp = / fgdp
k—o0 X X

for each g € L' (X, M, ).

8.58. THEOREM. Let (X, M, u) be a measure space and suppose f and
{fx}32, are functions in LP(X, M, pu). If 1 < p < oo and || fr — f||p — 0,
then fr — [ weakly in LP.

PRrROOF. This is a consequence of the fact that in every normed linear
space, strong convergence implies week convergence (see Exercise 11, Section
8.4). In this theorem, in which the normed linear space is L?, the result also
follows from Holder’s inequality. O

If {fi}32, is a sequence of functions with | fi[[, < M for some M and
all k, then since LP(X) is reflexive for 1 < p < oo, Theorem 8.37 asserts that
there is a subsequence that converges weakly to some f € LP(X). The next
result shows that if it is also known that fi — f p-a.e., then the full sequence
converges weakly to f.

8.59. THEOREM. Let 1 < p < oo0. If fr — f p-a.e., then fi, — f weakly
in LP if and only if {||fxl|,} is a bounded sequence.
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PrROOF. Necessity follows immediately from Theorem 8.35.
To prove sufficiency, let M > 0 be such that || fx||, < M for all positive
integers k. Then Fatou’s lemma implies

191 = [ 11 du= [ s (507 d
X X —>00

(8.19)
Sliminf/ |fil” dp < MP.
k—o0 X

Let € > 0 and g € L (X). Refer to Theorem 6.40 to obtain § > 0 such that

, 1/p' c
2 Pd =
(8.20) (/E ] u) <

whenever E € M and u(E) < §. We claim that there exists a set F' € M
such that u(F) < oo and

, 1/p' c
8.21 P g <.
(8.21) (/ﬁ g u) i

To verify the claim, set A;: = {x : |g(x)|p, > t} and observe that by the
monotone convergence theorem,

lim X4, l9I” d,u:/ lg|” dp,
p's

t—0t+ Jx

and thus (8.21) holds with F' = A; for sufficiently small positive ¢.

We can now apply Egorov’s theorem (Theorem 5.18) on F to obtain
A € M such that A C F, u(F — A) <9, and fr — f uniformly on A. Let kg
be such that k& > kg implies

1/p
(5.22) (1= s an) "l <5

Setting F = F — A in (8.20), we obtain from (8.19), (8.21), (8.22), and
Hoélder’s inequality that

/ngdu—/xfkgdu‘</x|f—fkl|g| d
=/|f—fk||g\ du+/ 1F— fellgl du
A F—A

+/|f—fk| 9] du
F
<1f = fiull, a lgll,
+ 11 = Fell, (gl poa+ N9l )

13 g g
<L OM(——
<37 2M(Ga + Gar)

1>

for all & > k. ]
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If the hypotheses of the last result are changed to include that
[ fkll, = lIfll,, then we can prove that [|fx — f|[, — 0. This is an imme-
diate consequence of the following theorem.

8.60. THEOREM. Let 1 < p < co. Suppose f and {fi}72, are functions
in LP(X, M, p) such that fi, — [ p-a.e. and the sequence {||fill,}72; is
bounded. Then

i ((1felly = 11 = F1) = 11

PROOF. Set
M: =sup||fill, < oo
k>1

and note that by Fatou’s lemma, [|f||, < M.
Fix € > 0 and observe that the function

he(t): =t + 11" = [t7| — e [t”

is continuous on R and

lim h.(t) = —o0.

|t] =00
Thus there is a constant C. > 0 such that h.(t) < C; for all t € R. Tt follows
that

(8.23) lla+0" = |a]”] < elal” + Cc [B]”

for all real numbers a and b.
Set

+
= [[1ful” = 1fic = £I” = 1£17] = el fic = £I"]
and note that G — 0 p-a.e. as k — oo.
Setting a = fi, — f and b = f in (8.23), we see that

VFel? = 1= FIP = 1) < Ul? = 1 = FI7 ]+
gglfk_f‘p+(ce+1>|f|p7

from which it follows that
Gi < (Co+ 1) [fI7,

and by the dominated convergence theorem,

lim [ G5 dp=0.

k—oo [x

Since
fel? = 1fr = FIP = 1fPPI < Gi + el fe — 17,

we see that
mmw/ww i — FIP = |FIP] dpu < (2M)P.

Since ¢ is arbitrary, the proof is complete. O
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We have the following corollary.

8.61. COROLLARY. Let 1 <p < oo. If fi, = f p-a.e. and || fil, = [ fIl,,
then fi, — f weakly in L? and || fr — f, — 0.

The following provides a summary of our results.

8.62. THEOREM. The following statements hold in a general measure
space (X, M, ).
(i) If fx — f p-a.e., then
171, < mint [ ], 1<p<oo.

(ii) If fx — f p-a.e. and {|| fill,,} is a bounded sequence, then fi, — f weakly
in LP, 1 <p<oo.

(iii) If fr — f p-a.e. and there exists a function g € LP such that for each k,
|fil < g p-ae. on X, then | fi — f||, = 0,1 <p <ooc.

() If f = [ p-a.e. and || ficll, = [[f1l,, then || f = fll, = 0, 1 <p <oc.

PROOF. Fatou’s lemma implies (i), (ii) follows from Theorem 8.59, (iii)
follows from Lebesgue’s dominated convergence theorem, and (iv) is a restate-
ment of Theorem 8.60. 0

We conclude this chapter with another proof of the Radon—Nikodym
theorem, which is based on the Riesz representation theorem for Hilbert
spaces (Theorem 8.49). Since L?(X,u) is a Hilbert space, Theorem 8.49
applied to H = L?(X, 1) is a particular case of Theorem 6.48, which is the
Riesz representation theorem for LP spaces. The proof of Theorem 6.48 is
based on Theorem 6.43, which proves the Radon—Nikodym theorem. We note
that the shorter proof of the Radon—Nikodym theorem that we now present
does not rely on Theorem 6.48.

8.63. THEOREM. Let p and v be oﬁm'te measures on (X, M) with
v < p. Then there exists a function h € L (X, M, u) such that

loc

I/(E):/ h du
b's
for all E € M.

PROOF. First, we will assume v > 0 and that both measures are finite.
We will prove that there is a measurable function g on X such that 0 < g < 1

and
/f% W—/mw

for all f € L?(X, M, u+v). For this purpose, define

(8.24) T(f) = /X fdv
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for f € L*(X, M, i+ v). By Holder’s inequality, it follows that
fel' (X, M,n+v)

and therefore f € L'(X, M,v) also. Hence, we see that T is finite for f €
L?(X, M, i+ v) and thus is a well-defined linear functional. Furthermore, it
is a bounded linear functional, because

IT(f)] < (/X s du>1/2 (v(X))1/2

= (£l (X))
< Wl ()2,

Referring to Theorem 8.49, there is a function ¢ € L?*(u + v) such that
(3.25) 7() = [ fodw+n)
b's

for all f € L?(p + v). Observe that ¢ > 0 (u + v)-a.e., for otherwise, we
would obtain

T(x,) <0,
where A: = {¢ < 0}, which is impossible. Now, (8.24) and (8.25) imply
(8.26) [ ra=eyav= | fedn
p'e X

for f € L*(u+v). If f is taken as X, where E: = {¢ > 1}, we obtain

X b's b's
Hence, we have p(FE) = 0, and consequently, v(E) = 0. Setting g = ¢Xg, we
have 0 < g < 1 and g = ¢ almost everywhere with respect to both y and v.

Reference to (8.26) yields

/Xf(l—g)dVZ/ngdu-

Since g is bounded, we can replace f by (14 g+ ¢> + -+ + ¢*)Xj in this
equation for every positive integer k£ and F measurable. Then we obtain

/(179'““)@:/9(1+g+92+~~+9’“)du-
E E

Since 0 < g < 1 almost everywhere with respect to both p and v, the left-
hand side tends to v(E), while the integrands on the right-hand side increase
monotonically to some measurable function h. Thus, by the monotone con-
vergence theorem, we obtain

V(E) = /Ehdu
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for every measurable set E. This gives us the desired result in the case that
both p and v are finite measures.
The proof of the general case proceeds as in Theorem 6.43. O

Exercises for Section 8.6

1. Suppose f; — f weakly in LP(X, M, pu), 1 < p < oo, and that f; — f
pointwise y-a.e. Prove that f;” — f* and f; — f~ weakly in LP.

2. Show that the previous exercise is false if the hypothesis of pointwise
convergence is dropped.

3. Let C := C|0, 1] denote the space of continuous functions on [0, 1] endowed
with the usual sup norm and let X be a linear subspace of C' that is closed

relative to the L? norm.
(i) Prove that X is also closed in C.

(ii) Show that || f[|, < ||| for each f € X.

(iii) Prove that there exists M > 0 such that |f||., < M ||f], for all
feXx.

(iv) For each t € [0, 1], show that there is a function g, € L? such that

f(t) = / 0:(2) (2) d

for all f e X.

(v) Show that if fy — f weakly in L?, where fx € X, then fx(z) — f(x)
for each x € [0,1].

(vi) As a consequence of the above, show that if f, — f weakly in L2,
where f, € X, then f; — f strongly in L?; that is, ||fi — f|l, = 0.

4. A subset K C X in a linear space is called convex if for every two points

x,y € K, the line segment tx + (1 — t)y, t € [0, 1], also belongs to K.

(i) Prove that the unit ball in a normed linear space is convex.

(ii) If K is a convex set, a point o € K is called an extreme point of
K if zg is not in the interior of any line segment that lies in K; that
is, if 9 = ty + (1 — t)z, where 0 < ¢t < 1, then either y or z is not
in K. Show that every f € LP[0,1], 1 <p < oo, with [|f||, =1 is an
extreme point of the unit ball.

(iii) Show that the extreme points of the unit ball in L°°[0,1] are the
functions f with |f(z)| =1 for a.e. .

(iv) Show that the unit ball in L'[0, 1] has no extreme points.



CHAPTER 9

Measures and Linear Functionals

9.1. The Daniell Integral

Theorem 6.48 states that a function in LP" can be regarded as a bounded
linear functional on LP. Here we show that a large class of measures can be
represented as bounded linear functionals on the space of continuous func-
tions. This is a very important result that has many useful applications and
provides a fundamental connection between measure theory and functional
analysis.

Suppose (X, M, ) is a measure space. Integration defines an operation
that is linear, order-preserving, and continuous relative to increasing conver-
gence. Specifically, we have

(i) [(kf)du =k [ f du whenever k € R and f is an integrable function;
(i) [(f+g)du= [ fdu+ [gdp whenever f,g are integrable;
(iii) [ f du < [ g du whenever f,g are integrable functions with f < g

p-a.e.;

(iv) if {f;} is a nondecreasing sequence of integrable functions, then
lim [ f;du= / lim f; dpu.
71— 00 71— 00

The main objective of this section is to show that if a linear functional
defined on an appropriate space of functions possesses the four properties
above, then it can be expressed as the operation of integration with respect
to some measure. Thus, we will have shown that these properties completely
characterize the operation of integration.

It turns out that the proof of our main result is no more difficult when
cast in a very general framework, so we proceed by introducing the concept
of a lattice.

9.1. DEFINITION. If f, g are real-valued functions defined on a space X,
we define

(f AN g)(x) := min[f(x), g(z)],
(f v 9)(x) := max[f(z), g(x)].

A collection L of real-valued functions defined on an abstract space X is
called a lattice if the following conditions are satisfied: If 0 < ¢ < oo and f
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and g are elements of L, then so are the functions f +g, c¢f, fAg, and fAc.
Furthermore, if f < g, then g — f is required to belong to L. Note that if f
and g belong to L with g > 0, then so does fVg= f+g— fAg. Therefore,
fT belongs to L. We define f~ = fT — f, and so f~ € L. We let L™ denote
the functions f in L for which f > 0. Clearly, if L is a lattice, then so is L*.

For example, the space of continuous functions on a metric space is a
lattice, as is the space of integrable functions, but the collection of lower
semicontinuous functions is not a lattice, because it is not closed under the
A-operation (see Exercise 9.1).

9.2. THEOREM. Suppose L is a lattice of functions on X and let

T: L — R be a functional satisfying the following conditions for all func-
tions in L:

() T(f+9)=T(f)+T(9);

(ii) T(ef) = T (f) whenever 0 < ¢ < oo;

(iii) T(f) > T(g9) whenever f > g;

(iv) T(f) = limj00o T(f;) whenever f: =lim; o f; is a member of L;
(v) {fi} is nondecreasing.

Then there exists an outer measure p on X such that for each f € L, f is
u-measurable and

7() = [ fau
In particular, {f > t} is u-measurable whenever f € L and t € R.

PROOF. First, observe that since T(0) = T(0- f) = 0-T(f) = 0, it
follows that (iii) above implies T(f) > 0 whenever f € L*. Next, with
the convention that the infimum of the empty set is oo, for an arbitrary set
A C X, we define

p(4) = int { lim T(f;)}
1—00
where the infimum is taken over all sequences of functions {f;} with the
property
(9.1) fi € LT, {fi}2, is nondecreasing, and lim f; > X,,.
1— 00
Such sequences of functions are called admissible for A. In accordance with

our convention, if there is no admissible sequence of functions for A, we define
p(A) = oo. It follows from the definition that if f € LT and f > X,, then

92) T(f) > u(4).
On the other hand, if f € LT and f < X, then
(9.3) T(f) < u(A).

This is true because if {f;} is admissible for A, then g;: = f; A f is a
nondecreasing sequence with lim; ... g; = f. Hence,

T(f) = lim T(g;) < lim T(f)



9.1. THE DANIELL INTEGRAL 303

and therefore
T(f) < u(A).

The first step is to show that p is an outer measure on X. For this, the
only nontrivial property to be established is countable subadditivity. For this
purpose, let

Ac U A

i=1

For each fixed ¢ and arbitrary € > 0, let {f; ; 521 be an admissible sequence
of functions for A; with the property that

. e
‘hm T(fi’j) < M(Ai) + ?
j—oo

Now define

k
gk =D fin
=1

and obtain

k
T(gx) = Z T(fix)

k

<> lim T(fim)
i=1

< i (M(Ai) + ;)

After we show that {gx} is admissible for A, we can take limits of both sides
as k — oo and conclude that

p(A) <3 m(A) +e.
i=1

Since ¢ is arbitrary, this will prove the countable subadditivity of u and thus
establish that p is an outer measure on X.

To see that {gx} is admissible for A, select x € A. Then = € A; for some
i, and with k: = max(i, j), we have gi(z) > fi ;j(z). Hence,

lim gx(z) > lim f; ;(z) > 1.
k—o0 Jj—o0
The next step is to prove that each element f € L is a pu-measurable
function. Since f = f* — f~, it suffices to show that f* is u-measurable, the

proof involving f~ being similar. For this we appeal to Theorem 5.13, which
asserts that it is sufficient to prove

(9.4) H(A) = p(AN{f* < a}) + (AN {f* = b))
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whenever A C X and a < b are real numbers. Since f* > 0, we may as well
take a > 0. Let {g;} be an admissible sequence of functions for A and define
[frAb—f*Ad]

b—a ’
Observe that h = 1 on {f* > b}. Since {g;} is admissible for A, it follows that
{k;} is admissible for AN {f* > b}. Furthermore, since h =0 on {f* < a},
we have that {g; — k;} is admissible for AN {f* < a}. Consequently,

Jim T(gi) = lim [T(k;) +T(gi = ki)l = p(A0{ST 2 b))+ p(AN{fT <a}).

h =

k; = g; N\ h.

Since {g;} is an arbitrary admissible sequence for A, we obtain

w(A) = p(AN{fT 2 b))+ u(AN{f" < a}),
which proves (9.4).
The last step is to prove that

T(f):/fdu for felL.

We begin by considering f € LT. With f;: = fAt, t > 0, note that if ¢ > 0
and k is a positive integer, then

0 < fre(®) = fro—1)e(z) for =z € X,

and
_Je for f(x) > ke,
Jre(@) = Jue-nyelw) = {O for f(z) < (k—1)e
Therefore,
T(fre = fe—1)e) = ep({f > ke}) by (9.2)

> f(f(kJrl)s - fk:s) dﬂw since f(kJrl)s - fk:e < EX{kaE}

Zep({f = (k+1)e})  since fp1)e = fre = X popey
on{f > (k+1)e}

> T(fer2)e — foet1)e)- by (9.3)

Now taking the sum as k ranges from 1 to n, we obtain

T(foe) > / Fonsye — £2) dit > T(fonsare — foo).

Since { fne} is a nondecreasing sequence with lim,, o, fne = f, we have

T(5)2 [(F =5 du=T(F  fao).
Also, f. — 0 as e — 07, so that
()= [ £ dn
Finally, if f € L, then f* € L*, f~ € LT, thus yielding

() =1~ 1) = [ 1" = [ du= [fan. O
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Now that we have established the existence of an outer measure p corre-
sponding to the functional T', we address the question of its uniqueness. For
this purpose, we need the following lemma, which asserts that p possesses a
type of outer regularity.

9.3. LEMMA. Under the assumptions of the preceding theorem, let M
denote the o-algebra generated by all sets of the form {f > t}, where f € L
and t € R. Then for every A C X there is a set W € M such that

ACW and p(A)=pW).

PrROOF. If u(A) = oo, take W = X. If u(A) < oo, we proceed as follows.
For each positive integer i let {f; ;}32; be an admissible sequence for A with
the property

lim T(fy5) < pu(A) + .

J—00

and define, for each positive integer j,
gij: =inf{fi;, faj,..., fij},
1
B;j: ={z:g;(x)>1- ;}
Then,
git1,5 < gij < gij41 and Biy1; C By C Bjjia.
Furthermore, with the help of (9.2), we have
(1= 1/i)pu(Bij) < T(gi,;) < T(fi;)-
Now let -
Vi= U Bij;.
j=1
Observe that V; D V51 D A and V; € M for all i. Indeed, to verify that
Vi D A, it is sufficient to show that g, ;(xo) > 1—1/i for 2y € A whenever j is
sufficiently large. This is accomplished by observing that there exist positive
integers j1, jo, ..., Ji such that fl,j(.lfo) > 1—1/i fOI‘j > J1, fg’j(l‘o) >1-— 1/7:

for j > jo, ..., fij(wo) > 1 —1/i for j > j;. Thus, for j larger than
max{ji,j2,...,J:}, we have g; j(zo) > 1 — 1/i. For each positive integer i,
n(A) < p(Vi) = lim (B ;)
J]—0o0
(9.5) < (1—-1/i)7" lim T(f; ;)
j—o00

< (1= 1/i)" [u(A) +1/1],
and therefore,
(9.6) u(A) = lim (V).
Note that (9.5) implies p(V;) < oo. Therefore, if we take

w=NV,

=1
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we obtain A C W, W € M, and

p(W) = p (ﬁj)
= lim u(V;)
= p(A). O

The preceding proof reveals the manner in which T uniquely deter-
mines p. Indeed, for f € L™ and for ¢, h > 0, define

ANt+h)—fAtL
9.7) = I h) St

Let {h;} be a nonincreasing sequence of positive numbers such that h; — 0.
Observe that {fs,} is admissible for the set {f > ¢}, while fn, < X(;,, for
all small ;. From Theorem 9.2 we know that

T(fn,) = /fhi dp.
Thus, the monotone convergence theorem implies that
Jim T(fn,) = u({f > 1}),

and this shows that the value of p on the set {f > t} is uniquely determined
by T. From this it follows that p(B; ;) is uniquely determined by 7', and
therefore by (9.5), the same is true for p(V;). Finally, referring to (9.6), where
it is assumed that u(A) < oo, we have that u(A) is uniquely determined by
T. The requirement that p(A) < oo will be ensured if X, < f for some f € L;
see (9.2). Thus, we have the following corollary.

9.4. COROLLARY. If T is as in Theorem 9.2, the corresponding outer
measure 1 is uniquely determined by T on all sets A with the property that
X4 < f for some f € L.

Functionals that satisfy the conditions of Theorem 9.2 are called mono-
tone (or alternatively, positive). In the spirit of the Jordan decomposition
theorem, we now investigate the question of determining what functionals
can be written as the difference of monotone functionals.

9.5. THEOREM. Suppose L is a lattice of functions on X and let
T: L — R be a functional satisfying the following four conditions for all
functions in L:

T(f+9)=T(f)+T(g9),
T(cf) = cT(f) whenever 0 < ¢ < oo,
sup{T(k) : 0 <k < f} < oo forall fe L™,
I(f) = }i{& T(fi) whenever f = }i}r& fi and {f;} is nondecreasing.
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Then there exist positive functionals TT and T~ defined on the lattice L
satisfying the conditions of Theorem 9.2 and the property

(9.8) T(f)=T7(f) =T~ (f)
forall f e LT.

PRrROOF. We define Tt and T~ on L™ as follows:
TH(f) =sup{T(k): 0 < k < [},
T7(f)=—inf{T(k): 0< k< f}.

To prove (9.8), let f,g € L™ with f > g. Then f > f — g and therefore
—T~(f) <T(f—g). Hence, T(g) =T~ (f) < T(9)+T(f—g) = T(f). Taking
the supremum over all g with g < f yields

TH(f) = T7(f) < T(f).
Similarly, since f —g < f, we have T(f — g) < T*(f), so that T(f) =
T(g)+T(f —g) <T(g)+T+(f). Taking the infimum over all 0 < g < f
implies

T(f) < =T7(f) +T*(f).
Hence we obtain

T(f)=T"(f) =T~ (f).

Now we will prove that T satisfies the conditions of Theorem 9.2 on

L*. For this, let f,g,h € Lt with f + g > h and set k = inf{f,h}. Then
f >k and g > h — k; consequently,

TH(f)+T%(g9) > T(k)+T(h— k) =T(h).
Since this holds for all h < f + g with h € L", we have
T+ T (g) =T (f +9)

It is easy to verify the opposite inequality and also that T is both positively
homogeneous and monotone.

To show that Tt satisfies the last condition of Theorem 9.2, let {f;} be
a nondecreasing sequence in LT such that f; — f. If k € LT and k < f, then
the sequence g; = inf{f;, k} is nondecreasing and converges to k as i — oo.
Hence

T(k) = lim T(g;) < lim TT(f;),
71— 00

1—+00
and therefore
TH(f) < Jim T ()
The opposite inequality is obvious, and thus equality holds.

That T~ also satisfies the conditions of Theorem 9.2 is almost immediate.
Indeed, let R = —T and observe that R satisfies the first, second, and fourth
conditions of our current theorem. It also satisfies the third, because Rt (f) =
(=YY () =T (f) =T(f) = TH(f) < oo for each f € LT. Thus what we
have just proved for T+ applies to RT as well. In particular, RT satisfies the
conditions of Theorem 9.2. O
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9.6. COROLLARY. Let T be as in the previous theorem. Then there exist
outer measures p+ and p~ on X such that for each f € L, f is both u* and

u~ measurable and
7(f) = [ fau = [ i

PRroor. Theorem 9.2 supplies outer measures u™, pu~ such that

for all f € L™. Since each f € L can be written as f = fT — f—, the result
follows. O

A functional T satisfying the conditions of Theorem 9.2 is called a mono-
tone Daniell integral. By a Daniell integral we mean a functional T" of
the type in Theorem 9.5.

Exercises for Section 9.1

1. Show that the space of lower semicontinuous functions on a metric space
is not a lattice because it is not closed under the A operation.

2. Let L denote the family of all functions of the form uop, where u: R — R
is continuous and p: R? — R is the orthogonal projection defined by
p(x1,z2) = x1. Define a functional T on L by

1
T(UOp):/ w dA.
0

Prove that T meets the conditions of Theorem 9.2 and that the measure
1 representing T' satisfies

p(A) = Alp(A) N0 [0, 1]]

for all A C R2. Also, show that not all Borel sets are y-measurable.
3. Prove that the sequence f, is admissible for the set {f > t}, where fj, is
defined by (9.7).
4. Let L = C.(R).
(i) Prove Dini’s theorem: If {f;} is a nonincreasing sequence in L
that converges pointwise to 0, then f; — 0 uniformly.

(ii) Define T: L — R by
()= [

where the integral sign denotes the Riemann integral. Prove that T'
is a Daniell integral.
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(iii) Roughly speaking, it can be shown that the measures pu* and p~
that occur in Corollary 9.6 are carried by disjoint sets. This can
be made precise in the following way. Prove that for an arbitrary
f € LT, there exists a y-measurable function g on X such that

o) = {f(m) for u* — a.e. z,

0 forpu= — a.e. x.

9.2. The Riesz Representation Theorem

As a major application of the theorem in the previous section, we will prove
the Riesz representation theorem, which asserts that a large class of measures
on a locally compact Hausdorff space can be identified with positive linear
functionals on the space of continuous functions with compact support.

We recall that a Hausdorff space X is said to be locally compact if for
each x € X, there is an open set U containing z such that U is compact. We
let

Ce(X)

denote the set of all continuous maps f: X — R whose support

spt f: = closure{z : f(x) # 0}

is compact. The class of Baire sets is defined as the smallest o-algebra
containing the sets {f > ¢} for all f € C.(X) and all real numbers ¢. Since
each {f > ¢} is an open set, it follows that the Borel sets contain the Baire
sets. If X is a locally compact Hausdorff space satisfying the second axiom
of countability, the converse is true (Exercise 3, Section 9.2). We will call
an outer measure u on X a Baire outer measure if all Baire sets are
p-measurable.
We first establish two results that are needed for our development.

9.7. LEMMA. (Urysohn’s lemma) Let K C U be compact and open sets,
respectively, in a locally compact Hausdorff space X. Then there exists a
function f € C.(X) such that

X < f < Xy

PROOF. Let r1,r9,... be an enumeration of the rationals in (0, 1), where
we take ry = 0 and ro = 1. By Theorem 3.18, there exist open sets V{ and
V1 with compact closures such that

KcVicVicVycVycCV.

Proceeding by induction, we will associate an open set V,., with each rational
r in the following way. Assume that V,.,,...,V,, have been chosen in such a
manner that Vrj C V;, whenever r; < r;. Among the numbers r1,72,...,7%
let 7, denote the smallest that is larger than ryy; and let 7, denote the
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largest that is smaller than r;,1. Referring again to Theorem 3.18, there
exists V., such that

cV
Continuing this process, for each rational number r € [0, 1] there is a corre-
sponding open set V,.. The countable collection {V,} satisfies the following
properties: K C Vq, Vo C U, V. is compact, and

(9.9) VeCV, for r<s.

For rational numbers r and s, define

cV

Tm *

V.. CV,

Th41 Th+41

fri=rXy, and gs: =Xy +SXy_y.-

Referring to Definition 3.68, it is easy to see that each f,. is lower semicon-
tinuous and each g, is upper semicontinuous. Consequently, with

f(z): =sup{fr(z):7€Qn (0,1)} and g¢g: =inf{gs(z):r€Qn (0,1)}
it follows that f is lower semicontinuous and g is upper semicontinuous. Note
that 0 < f <1, f =1 on K, and that spt f C V.

The proof will be completed when we show that f is continuous. This
is established by showing that f = g. To this end, note that f < g, for
otherwise, there exists z € X such that f.(z) > gs(x) for some rational
numbers r and s. But this is possible only if r > s, 2 € V., and = ¢ V.
However, » > s implies V,. C V5.

Finally, we observe that if it were true that f(x) < g(z) for some x, then
there would exist rational numbers r and s such that

flz) <r<s<gx).
This would imply € V. and x € V,, contradicting (9.9). Hence, f =¢g. O

9.8. THEOREM. Suppose K is compact and Vi, ..., V, are open sets in a
locally compact Hausdorff space X such that

KcWViu---uV,.

Then there are continuous functions g; with 0 < g; < 1 and sptg; C V,
i=1,2,...,n, such that

g1(x) +g2(x) + -+ gn(z)=1 foral =zekK.

PROOF. By Theorem 3.18, each x € K is contained in an open set U,

with compact closure such that U, C V; for some i. Since K is compact,
there exist finitely many points x1, xs, ..., 2 in K such that

k
Kc U,
i=1
For 1 < j <, let G; denote the union of the UIZ. that lie in V. Urysohn’s
lemma, Lemma 9.7, provides continuous functions f; with 0 < f; < 1 such
that

Xg; < fi < Xy,
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Now Z?:l f; > 1 on K, so applying Urysohn’s lemma again, there exists

f€C.(X)with f =1o0n K and spt f C {Z;;l fi >0} Let fop1 =1—f,
so that Z;Li_ll 7 > 0 everywhere. Now define
9i = L
S f

to obtain the desired conclusion. g

The theorem on the existence of the Daniell integral provides the follow-
ing as an immediate application.

9.9. THEOREM. (Riesz representation theorem) Let X be a locally com-
pact Hausdorff space and let L denote the lattice C.(X) of continuous func-
tions with compact support. If T: L — R is a linear functional such that

(9.10) sup{T'(g9) : 0 < g < f} < o0

whenever f € LT, then there exist Baire outer measures p+ and p~ such that

for each f € C.(X),
1) = [ raut— [ o

The outer measures u* and u~ are uniquely determined on the family of
compact sets.

PRrROOF. If we can show that T satisfies the hypotheses of Theorem 9.5,
then Corollary 9.6 provides outer measures ™ and p~ satisfying our conclu-
sion.

All the conditions of Theorem 9.5 are easily verified except perhaps the
last one. Thus, let {f;} be a nondecreasing sequence in L™ whose limit is
f € LT, and refer to Urysohn’s lemma to find a function g € C.(X) such
that g > 1 on spt f.

Choose € > 0 and define compact sets

K; ={z: f(z) > fi(x) + ¢},
such that K1 D K9 D ... . Now

m Kl = wa
=1

and therefore the K; form an open covering of X, and in particular, of spt f.
Since spt f is compact, there is an index i such that
10 —
spt f - ‘Ul K; = Ki0~

?

Since {f;} is a nondecreasing sequence and g > 1 on spt f, this implies that

f(@) < fi(x) + eg(x)
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for all ¢ > g and all € X. Note that (9.10) implies that
M: =sup{|T(k)|: ke L,0<k<g}<o0.
Thus, we obtain
0<f—/fi<ey, IT(f = fi)l <eM < oo.

Since ¢ is arbitrary, we conclude that T'(f;) — T'(f), as required.
Concerning the assertion of uniqueness, select a compact set K and use
Theorem 3.18 to find an open set U O K with compact closure. Consider
the lattice
Ly: =C.(X)N{f: sptfcCU}

and let Ty (f): =T(f) for f € Ly. Then we obtain outer measures j;; and
gy such that

T(f) = [ fdu~ [ £

for all f € Ly. With the help of Urysohn’s lemma and Corollary 9.4, we
find that u;; and uy; are uniquely determined, and so ug;(K) = p*(K) and

g (K) = p= (K). O

9.10. REMARK. In the previous result, it might be tempting to define a
signed measure pu by p: = p* — u~ and thereby reach the conclusion that

T(f) = /deu

for each f € C.(X). However, this is not possible, because y™ — 4~ may be
undefined. That is, both pu*(FE) and u~ (E) may possibly assume the value
o0 for some set E. See Exercise 6, Section 9.2, to obtain a resolution of this
problem in some situations.

If X is a compact Hausdorff space, then all continuous functions are
bounded, and C'(X) becomes a normed linear space with the norm ||f||: =
sup{|f(z)| : = € X}. We will show that there is a very useful characteriza-
tion of the dual of C(X) that results as a direct consequence of the Riesz
representation theorem. First, recall that the norm of a linear functional T'
on C(X) is defined in the usual way by

1T} = sup{T(f) : [ Il <1}

If T is written as the difference of two positive functionals, T = T+ — T,
then

1T < ||TH|+ |77 || =TF (1) + T~ (1).
The opposite inequality is also valid, for if f € C(X) is any function with
0< f<1,then |2f —1| <1 and

1Tl = T@2f =1) =2T(f) = T(1).
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Taking the supremum over all such f yields
|IT)| = 277 (1) — T (1)
=TH(1)+ T (1).
Hence,

(9.11) IT||=T*(1)+ T (1).

9.11. COROLLARY. Let X be a compact Hausdorff space. Then for every
bounded linear functional T: C(X) — R, there exists a unique signed Baire
outer measure i on X such that

T(f)=/deu

for each f € C(X). Moreover, |T|| = ||p|| (X). Thus, the dual of C(X) is
isometrically isomorphic to the space of signed Baire outer measures on X.

PROOF. A bounded linear functional 7' on C(X) is easily seen to imply
property (9.10), and therefore Theorem 9.9 implies there exist Baire outer
measures uo and g~ such that with gu: = u+ — p~, we have

7() = [t
for all f € C(X). Thus,

(/) < / 1£1 d

< LI [l (X,
and therefore, ||T|| < ||| (X). On the other hand, with

R N W
we have, with the help of (9.11),
el (X) < 5™ (X) + 7 (X)
=T (1) +T" (1) =71l
Hence, 1T = [lu]) (X). 0

Baire sets arise naturally in our development because they constitute the
smallest o-algebra that contains sets of the form {f > t}, where f € C.(X)
and t € R. These are precisely the sets that occur in Theorem 9.2 when L
is taken as C.(X). In view of Exercise 2, Section 9.2, note that the outer
measure obtained in the preceding corollary is Borel. In general, it is possible
to have access to Borel outer measures rather than merely Baire measures,
as seen in the following result.
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9.12. THEOREM. Assume the hypotheses and notation of the Riesz rep-
resentation theorem. Then there is a signed Borel outer measure i on X with
the property that

(9.12) [rdn=r= [ 1 an
for all f € C(X).

PROOF. Assuming first that T satisfies the conditions of Theorem 9.2,
we will prove there is a Borel outer measure i such that (9.12) holds for every
f € L*. Then referring to the proof of the Riesz representation theorem, it
follows that there is a signed outer measure fi that satisfies (9.12).

We define 1 in the following way. For every open set U let

(9.13) a(U): =sup{T(f): fe LT, f <landspt f C U},
and for every A C X, define
a(A): =inf{a(U): A C U,U open}.

Observe that i and « agree on all open sets.
First, we verify that i is countably subadditive. Let {U;} be a sequence
of open sets and let
o0
V=UU.
i=1
If fe LT, f <1andspt fCV,the compactness of spt f implies that
N
spt f C U U;
i=1
for some positive integer N. Now appeal to Lemma 11.20 to obtain functions
91,92,---,9N € L+ with 9i < 17 Spt gi C Ui> and

N
Zgl(x) =1 whenever =z € spt f.
i=1

Thus,

and therefore

This implies

00 o0
) (U Ui) < a(l).
i=1 i=1
From this and the definition of [, it follows easily that j is countably subad-
ditive on all sets.
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Next, to show that i is a Borel outer measure, it suffices to show that
each open set U in [ is measurable. For this, let ¢ > 0 and let A C X
be an arbitrary set with fi(4) < co. Choose an open set V' O A such that
a(V) < i(A) + ¢ and a function f € LT with f < 1, spt f C VNU, and
T(f) > a(VNU)—e. Also, choose g € LT with g <1 and sptg C V — spt f
such that T'(g) > a(V — spt f) —e. Then, since f + g < 1, we obtain

i(A) +ez2a(V) 2T(f +9) =T(f) + T(g)
>a(VNU)+a(V — spt f)
>a(ANU)+ p(A—-U) — 2e.
This shows that U is ji-measurable, since ¢ is arbitrary.
Finally, to establish (9.12), by Theorem 6.60 it suffices to show that

a({f > s}) = p({f > s})
for all f € L™ and all s € R. It follows from the definitions that
iU) = a(U) < uU)

whenever U is an open set. In particular, we have a(Us) < u(Us), where
Us: = {f > s}. To prove the opposite inequality, note that if f € LT and
0 < s <t, then

T[f A(E+h) = fAY]

a(Us) > - for h >0,
because each
1 iff>t+h,
ANt+h)— AL B
fh::f (+h) St Lttt < f<t+h,
0 if f <t,

is a competitor in (9.13). Furthermore, since fn, > fr, when hy < hg and
limy, o+ frn = X{ >} We may apply the monotone convergence theorem to
obtain

qu>tD==hm./.hdu

_q TIfAN({E+h)—fAE
T o h
< a(Us) = w(Us).

Since

u(Us) = lim pu({f > t}),
t—st
we have p(Us) < a(Us). O
From Corollary 9.4 we see that i and p agree on compact sets, and
therefore [ is finite on compact sets. Furthermore, it follows from Lemma

9.3 that for an arbitrary set A C X, there exists a Borel set B D A such that
a(B) = fi(A). Recall that an outer measure with these properties is called
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a Radon outer measure (see Definition 4.14). Note that this definition is
compatible with that of Radon measure given in Definition 4.47.

Exercises for Section 9.2

1.

Provide an alternative (and simpler) proof of Urysohn’s lemma (Lemma
9.7) in the case that X is a locally compact metric space.
Suppose X is a locally compact Hausdorff space.

(i) If f € C.(X) is nonnegative, then {a < f < oo} is a compact G5 set

for all @ > 0.
(ii) If K C X is a compact Gs set, then there exists f € C.(X) with
0<f<land K= f"1(1).

(iii) The Baire sets are generated by compact G5 sets.
Prove that the Baire sets and Borel sets are the same in a locally compact
Hausdorff space satisfying the second axiom of countability.
Consider (X, M, u), where X is a compact Hausdorff space and M is
the family of Borel sets. If {v;} is a sequence of Radon measures with
v;(X) < M for some positive M, then Alaoglu’s theorem (Theorem 8.40)
implies that there is a subsequence v;; that converges weak™ to some
Radon measure v. Suppose {f;} is a sequence of functions in L' (X, M, pu).
What can be concluded if | fif|,,, < M?
With the same notation as in the previous problem, suppose that v; con-
verges weak* to v. Prove the following:

(i) limsup,_, . v;(F) < v(F) whenever F is a closed set.

(i) liminf; o v;(U) > v(U) whenever U is an open set.
(iil) lim; oo v3(E) = v(E) whenever F is a measurable set with v(0E) =0.
Assume that X is a locally compact Hausdorff space that can be written
as a countable union of compact sets. Then, under the hypotheses and
notation of the Riesz representation theorem, prove that there exist a
(nonnegative) Baire outer measure p and a p-measurable function g such
that

(i) |g(x)| =1 for p-a.e. z, and

(i) T(f) = [y fg dufor all f e C.(X).



CHAPTER 10

Distributions

10.1. The Space D

In the previous chapter, we saw how a bounded linear functional on the
space C.(R™) can be identified with a measure. In this chapter, we will pur-
sue this idea further by considering linear functionals on a smaller space, thus
producing objects called distributions that are more general than measures.
Distributions are of fundamental importance in many areas such as partial
differential equations, the calculus of variations, and harmonic analysis. Their
importance was formally acknowledged by the mathematics community when
Laurent Schwartz, who initiated and developed the theory of distributions,
was awarded the Fields Medal at the 1950 International Congress of Math-
ematicians. In the next chapter, some applications of distributions will be
given. In particular, it will be shown how distributions are used to obtain a
solution to a fundamental problem in partial differential equations, namely,
the Dirichlet problem. We begin by introducing the space of functions on
which distributions are defined.

Let © C R™ be an open set. We begin by investigating a space that
is much smaller than C.(2), namely, the space () of all infinitely dif-
ferentiable functions whose supports are contained in . We let C*(Q),
1 < k < 0o, denote the class of functions defined on 2 whose partial deriva-
tives of all orders up to and including & are continuous. Also, we denote by
C*(Q) the set of functions in C*(Q2) whose supports are contained in (2.

It is not immediately obvious that such functions exist, so we begin by
analyzing the following function defined on R:

-1/z
f(x){e Ve x>0,

0, z <0.

Observe that f is C*° on R — {0}. It remains to show that all derivatives
exist and are continuous at z = 0. Now,

Je) = {ée”m, >0,

0, z <0,
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and therefore

(10.1) lim f'(z)=0.
Also,

. f(h) = f(0) _
(10.2) hlir& = =0

Note that (10.2) implies that f’(0) exists and f/(0) = 0. Moreover, (10.1)
gives that f’ is continuous at z = 0.

A similar argument establishes the same conclusion for all higher deriva-
tives of f. Indeed, a direct calculation shows that the k'™ derivatives of f
for  # 0 are of the form Py (1) f(x), where P is a polynomial of degree 2k.
Thus

1 -1
10.3 lim f® = lim P(=)e*
(10:) J ST = E PG )

. P(3)
lim =
z—0t e

P
= lim () =

t—oo et

0,

where this limit is computed by using L’Hopital’s rule repeatedly. Finally,

(k—1) _ f(k—-1) (k—1)
(10.4) lim / (h) = 7 © = lim Fom
h—0t h h—0t h
1
_ g Peen ()€
h—0%+ h
1
= 1 — |e®
hs0+ @ (h) ¢
= lim QL) =0,
h—0t et

where @ is a polynomial of degree 2k — 1. From (10.4) we conclude that
f%) exists at © = 0 and f*)(0) = 0. Moreover, (10.3) shows that f*) is
continuous at x = 0.

We can now construct a C* function with compact support in R™. For
this, let

F(z) = f(1—|z|°), z € R".

With z = (z1,22,...,%,), observe that 1 — |a:|2 is the polynomial 1 — (2% +
23+ -+ +22) and therefore, that F is an infinitely differentiable function of
x. Moreover, F' is nonnegative and is zero for |z| > 1.

It is traditional in many parts of analysis to denote C*° functions with
compact support by ¢. We will adopt this convention. Now for some nota-
tion. The partial derivative operators are denoted by D; = 9/0x; for
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1 <4 <n. Thus,

Oy
10.5 D;p = .
(10.5) ?= o
If @ = (1,0, ...,a,) is an n-tuple of nonnegative integers, then « is called

a multi-index, and the length of « is defined as

n
la] = Z ;.
i=1
Using this notation, higher-order derivatives are denoted by
D%p = 7@‘04()0 .
0xTt...0xp"

For example,
82(;0 6390 — p@D
Oxdy 02%xdy
Also, we let Vp(z) denote the gradient of ¢ at z, that is,
dp dp dp
\Y% =(=—(2), =—/—(x),..., =—
o0 = (320 L@ o (0)
= (D1p(x), Dap(), - ., Dnp()).
We have shown that there exist C*° functions ¢ with the property that

o(x) > 0 for z € B(0,1) and that ¢(z) = 0 whenever |z| > 1. By multiplying
¢ by a suitable constant, we can assume that

(10.7) /B(o , p(z) dA(z) = 1.

By employing an appropriate scaling of ¢, we can duplicate these properties
on the ball B(0,¢) for every € > 0. For this purpose, let
x
x)=¢" (—)
e (x) v (2
Then ¢, has the same properties on B(0,¢) as does ¢ on B(0,1). Further-
more,

(10.8) /B o P D) =1

Thus, we have shown that () is nonempty; we will often call functions in
Q) test functions.

We now show how the functions (. can be used to generate more C'*°
functions with compact support. Given a function f € Li (R™), recall the
definition of convolution first introduced in Section 6.11:

(10.9) froca) = [ 1= o) i)

for all x € R™. We will use the notation f.: = f * p.. The function f. is
called a mollifier of f.

= D(l’l)go and

®.

(10.6)
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10.1. THEOREM.
(i) If f € LL.(R™), then for every e > 0, f- € C>(R™).
(if)
lim f.(z) = f(x)

e—0

whenever x is a Lebesgue point for f. If f is continuous, then f. con-
verges to f uniformly on compact subsets of R™.

(i) If f € LP(R™), 1 < p < oo, then fo € LP(R™), |I£ellp < If ]y, and
lim, o er - f”P =0.
PrOOF. Recall that D, f denotes the partial derivative of f with respect

to the i*" variable. The proof that f. is C° will be established if we can
show that

(10.10) Di(pe * f) = (Die) * f

for each ¢ = 1,2,...,n. To see this, assume (10.10) for the moment. The
right-hand side of the equation is a continuous function (Exercise 2, Section
10.1), thus showing that f. is C'. Then if o denotes the n-tuple with |a| = 2
and with 1 in the i*" and j* positions, it follows that
D*(pe * f) = Di[Dj(QOE * ]
= Di[(D;pe) * f]
= (Da(ps) * fa
which proves that f. € C?, since again the right-hand side of the equation is
continuous. Proceeding in this way by induction, it follows that f € C*°.
We now turn to the proof of (10.10). Let ey, ..., e, be the standard basis

of R™ and consider the partial derivative with respect to the " variable. For
every real number h, we have

folathei) = 1o@) = [ fpulo = 2+ hei) = pula = 2 1(2) dAG).
Let a(t) denote the integrand:

a(t) = pe(x — z + te;) f(2).
Then « is a C*° function of ¢. The chain rule implies

o' (t) =V(z—z+te;) e f(2)
= Dipe(x — z + tei) f(2).

Since

h
a(h) — a(0) = /0 o' (t) dt,
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we have

fula+ hey) — £.(z)
— [ e =24 hei) = ula - 25 )

_ / a(h) — a(0) dA(2)
Rn
h
-/ /ODigog(x—z-l-tei)f(z)dtd)\(z)

h
_ / Do — 2 + te) f(2) dA(2) dt.
0 Rn

It follows from Lebesgue’s dominated convergence theorem that the inner
integral is a continuous function of ¢. Now divide both sides of the equation
by h and take the limit as A — 0 to obtain

D;f.(z) = - Dipe(x — 2)f(2) dA(2) = (Dipe) * f(z),

which establishes (10.10) and therefore (i).
In case (ii), observe that

|fe(x) = f(2)]
(10.11) < / pe(z —y) |f(y) — f(2)] dA(y)

<mpxpe [ o @ =Wl )~ 0

as € — 0 whenever z is a Lebesgue point for f. Now consider the case that
f is continuous and K C R" is compact. Then f is uniformly continuous on
K and also on the closure of the open set U = {x : dist (z, K) < 1}. For each
n > 0, there exists 0 < € < 1 such that |f(z) — f(y)| < n whenever |z — y| < ¢
and whenever x,y € U, and in particular when x € K. Consequently, it
follows from (10.11) that whenever = € K,

|fe(z) — f(z)] < Mn,
where M is the product of maxgr ¢ and the Lebesgue measure of the unit
ball. Since 7 is arbitrary, this shows that f. converges uniformly to f on K.
The first part of (iii) follows from Theorem 6.57, since [|¢.||; = 1.
Finally, addressing the second part of (iii), for each n > 0, select a con-
tinuous function g with compact support on R™ such that

(10.12) 1f =gll, <m

(see Exercise 12, Section 6.5). Because g has compact support, it follows
from (ii) that ||g — g.[|, < n for all  sufficiently small. Now apply Theorem
10.1 (iii) and (10.12) to the difference g — f to obtain

If— szp <|f _ng + g _gsHp + llge — fs”p < 3n.
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This shows that [|f — f-[|, = 0 as e — 0. O

Exercises for 10.1

1. Let K be a compact subset of an open set ). Prove that there exists
feC®(Q) such that f =1 on K.

2. Suppose f € L (R™) and ¢ is a continuous function with compact sup-
port. Prove that ¢ * f is continuous.

3. If f € L} _(R") and

loc

fodr=0
Rn

for every ¢ € C°(R"™), show that f = 0 almost everywhere. Hint: Use
Theorem 10.1.

10.2. Basic Properties of Distributions

10.2. DEFINITION. Let © C R™ be an open set. A linear functional T’
on Q) is a distribution if and only if for every compact set K C €2, there
exist constants C' and N such that

T(p)| <C(K)sup Y [Dp()]
o€ K o1 <N (k)

for all test functions ¢ € Q) with support in K. If the integer N can be
chosen independent of the compact set K, and N is the smallest possible
choice, the distribution is said to be of order N. We use the notation

el = =sup > [DY(x)].
rzeK
la|<N

Thus, in particular, ||¢|| ., denotes the sup norm of ¢ on K.

Here are some examples of distributions. First, suppose u is a signed
Radon measure on 2. Define the corresponding distribution by

T(p) = / o (@)du(z)

for every test function ¢. Note that the integral is finite, since u is finite on
compact sets, by definition. If K C Q is compact and C(K) = |u| (K) (recall
the notation in Definition 6.39), then

T ()] < C(K) [lell L
= C(K) [lel g0
for all test functions ¢ with support in K. Thus, the distribution 7' cor-

responding to the measure p is of order 0. In the context of distribution
theory, a Radon measure will be identified as a distribution in this way. In
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particular, consider the Dirac measure §, whose total mass is concentrated
at the origin:

1, 0€FE
6(E) — ) G )
0, 0¢FE.
The distribution identified with this measure is defined by
(10.13) T(¢) = ¢(0),

for every test function ¢.

10.3. DEFINITION. Let f € Ll (). The distribution corresponding to
f is defined as

T(p) = / o (2) () dA(x).

Thus, a locally integrable function can be considered an absolutely continu-
ous measure and is therefore identified with a distribution of order 0. The
distribution corresponding to f is sometimes denoted by T’.

We have just seen that a Radon measure is a distribution of order 0. The
following result shows that we can actually identify measures and distribu-
tions of order 0.

10.4. THEOREM. A distribution T is a Radon measure if and only if T
is of order 0.

PROOF. Assume that T is a distribution of order 0. We will show that

T can be extended in a unique way to a linear functional T on the space
C.(92) such that

(10.14) (@)l < C(K) llepll k0

for each compact set K and ¢ supported on K. Then, by appealing to the
Riesz representation theorem, it will follow that there is a (signed) Radon
measure g such that

(0= [ o

for each ¢ € C.(Q). In particular, we will have

T(p) =T"(p) = /n ¢ du

whenever ¢ € (), thus establishing that u is the measure identified with 7T

In order to prove (10.14), select a continuous function ¢ with support in
a compact set K. Using mollifiers and Theorem 10.1, it follows that there is
a sequence of test functions {;} € () whose supports are contained in a
fixed compact neighborhood of spt ¢ such that

i — @l =0 as i— oo
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Now define
T"(p) = lim T(es).
The limit exists, because when 4, 7 — oo, we have
T (i) = T(e5)| = [T(pi =)l < Cllvi = @il = O

Similar reasoning shows that the limit is independent of the sequence chosen.
Furthermore, since T is of order 0, it follows that

T (@)l < Clielliyo
which establishes (10.14). O

We conclude this section with a simple but very useful condition that
ensures that a distribution is a measure.

10.5. DEFINITION. A distribution on € is positive if T'(¢) > 0 for all
test functions on (2 satisfying ¢ > 0.

10.6. THEOREM. A distribution T on $ is positive if and only if T is a
positive measure.

PROOF. From previous discussions, we know that a Radon measure is a
distribution of order 0, so we need only consider the case that T is a positive
distribution. Let K C € be a compact set. From Exercise 1, Section 10.1,
there exists a function a € C°(Q2) that equals 1 on a neighborhood of K.
Now select a test function ¢ whose support is contained in K. Then we have

— el g0 () < (@) < |l@llxoa(z) forallz,
and therefore
—[lell o T(a) ST () < o]l g0 T ().

Thus, |T(p)] < |[T(a)] |l¢llg,0, which shows that T' is of order 0 and is
therefore a measure . The measure p is clearly nonnegative. 0

Exercises for Section 10.2

1. Use the Hahn-Banach theorem to provide an alternative proof of (10.14).
2. Show that the principal value integral

p.v. / @dz = slir(rjl+ < 0: @daz + /:0 qﬁi?dz)

exists for all ¢ € D(R) and is a distribution. What is its order?
3. Let T3, 7 = 1,2,..., be a sequence of distributions. The sequence T} is
said to converge to the distribution 7" if

lim T;(¢) = T(yp), for all p € D(Q).
Let f- € LL _(R™) be a function that depends on a parameter € € (0,1)

loc

and is such that
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()Supp fec{lal <eks
b) fpn fe(@)dx =1;
) Jgn [fe(z)|dz < p < o0, 0<e<1.

Show that f. — § as e — 0. Show also that if f. satisfies (a) and f. — ¢
as € — 0, then (b) holds.

10.3. Differentiation of Distributions

One of the primary reasons why distributions were created was to provide
a notion of differentiability for functions that are not differentiable in the
classical sense. In this section, we define the derivative of a distribution and
investigate some of its properties.

In order to motivate the definition of a distribution, consider the following
simple case. Let Q denote the open interval (0,1) in R, and let f denote an
absolutely continuous function on (0, 1). If ¢ is a test function in €, we can
integrate by parts (Exercise 7, Section 7.5) to obtain

(10.15) / F(@)p(w) dX / F(@)¢ (@) dA(z),

since by definition, ¢(1) = ¢(0) = 0. If we consider f a distribution T', we

have
(¢) = / f(@)p(x) dA(z)

for every test function ¢ in (0,1). Now define a distribution S by

/f aA(x)

and observe that it is a distribution of order 1. From (10.15) we see that S
can be identified with —f’. From this it is clear that the derivative T" should
be defined as

T'(p) = =T(¢")

for every test function ¢. More generally, we have the following definition.
10.7. DEFINITION. Let T be a distribution of order N defined on an open

set © C R™. The partial derivative of T with respect to the i*" coordinate

direction is defined by

oT B dp
aTCi(SD) = —T((?T:i)'

Observe that since the derivative of a test function is again a test function,
the differentiated distribution is a linear functional on D(£2). It is in fact a

distribution, since
dp
7(52)] <l

is valid whenever ¢ is a test function supported by a compact set K on which

IT(p)] < Cllglly -
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Let a be any multi-index. More generally, the a® derivative of the distribu-
tion T is another distribution defined by
DT () = (-1)/*T(D*p).

Recall that a function f € L}, () is associated with the distribution 7 (see
Definition 10.3). Thus, if f, g € L}, .(52), we say that D*f = g, in the sense
of distributions if

/ fD%pd\ = (—1)le / ©gadA, for all ¢ € D(Q).
Q Q

Let us consider some examples. The first one has already been discussed
above, but it is repeated for emphasis.

1. Let Q = (a,b), and suppose f is an absolutely continuous function defined
on [a,b]. If T is the distribution corresponding to f, we have

b
T(p) = / of dA

for each test function (. Since f is absolutely continuous and ¢ has
compact support in [a,b] (so that ¢(b) = ¢(a) = 0), we may employ
integration by parts to conclude that

b b
T'(p) = ~T() = — / o dr = / of dA

Thus, the distribution 7" is identified with the function f’.
The next example shows how it is possible for a function to have a
derivative in the sense of distributions but not be differentiable in the

classical sense.
2. Let Q = R and define

1, z>0,

f) = {0, xz <0.

With T defined as the distribution corresponding to f, we obtain
T(e) = T() =~ [ ¢r == [ ¢ ir=pl0)
0

Thus, the derivative T” is equal to the Dirac measure; see (10.13).
3. We alter the function of Example 2 slightly:

f(@) =zl
Then



10.3. DIFFERENTIATION OF DISTRIBUTIONS 327

so that after integrating by parts, we obtain
oo 0
T() = [ e@ e - [ pla) dr@
- [ elalgta) ixt).

where
1, x>0,
x): =
9(x) {—1, z <0.
This shows that the derivative of f is g in the sense of distributions.

One would hope that the basic results of calculus carry over to the frame-
work of distributions. The following is the first of many that do.

10.8. THEOREM. If T is a distribution in R with T' = 0, then T is
a constant. That is, T 1is the distribution that corresponds to a constant
function.

PROOF. Observe that ¢ = v’, where
xr
via) = [ e
—0o0
Since ¢ has compact support, it follows that ¢ has compact support precisely
when

(10.16) / (t) dt =0.
Thus, ¢ is the derivative of another test function if and only if (10.16) holds.

To prove the theorem, choose an arbitrary test function 1 with the prop-
erty

/w(x) d\(z) = 1.
Then every test function ¢ can be written as

p(x) = [p(z) — ap(2)] + ayp(z),

where
a= /go(t) dA(t).

The function in brackets is a test function, call it o, whose integral is 0 and
is therefore the derivative of another test function. Since T" = 0, it follows
that T'(«) = 0, and therefore we obtain

T(¢) = aT(6) = [ T()e(t) dr()
which shows that T' corresponds to the constant T'(1)). O

This result along with Example 1 gives an interesting characterization of
absolutely continuous functions.
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10.9. THEOREM. Suppose f € Li (a,b). Then f is equal almost every-
where to an absolutely continuous function on [a,b] if and only if the deriva-

tive of the distribution corresponding to f is a function.

PRrOOF. In Example 1 we have already seen that if f is absolutely con-
tinuous, then its derivative in the sense of distributions is again a function.
Indeed, the function associated with the derivative of the distribution is f’.

Now suppose that T is the distribution associated with f and that
T' = ¢g. In order to show that f is equal almost everywhere to an abso-
lutely continuous function, let

h(z) = / " () dAe).

Observe that h is absolutely continuous and that h’ = g almost everywhere.
Let S denote the distribution corresponding to h; that is,

S(e) = [ he

for every test function ¢. Then

S’(¢)=—/hs0’=/h’s0=/gso.

Thus, S’ = g. Since T' = g also, we have T' = S + k for some constant k by
the previous theorem. This implies that

[reir=1(0) =56+ [k

z/hap—i-k‘ga
~ [+ by

for every test function . This implies that f = h+ k almost everywhere (see
Exercise 3, Section 10.1). O

Since functions of bounded variation are closely related to absolutely
continuous functions, it is natural to inquire whether they too can be char-
acterized in terms of distributions.

10.10. THEOREM. Suppose f € Li (a,b). Then f is equivalent to a
function of bounded variation if and only if the derivative of the distribution
corresponding to f is a signed measure whose total variation is finite.

PROOF. Suppose f € Li (a,b) is a nondecreasing function and let T be

the distribution corresponding to f. Then for every test function ¢,

7() = [ 1o dr
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and
T'(p) = ~T(e) = - [ 1/ dr.

Since f is nondecreasing, it generates a Lebesgue-Stieltjes measure A¢. By
the integration by parts formula for such measures (see Exercises 5 and 6 in

Section 6.3), we have
1o = [ean,

which shows that T” corresponds to the measure A;. If f is of bounded
variation on (a,b), we can write

f = fl - f27
where f; and f> are nondecreasing functions. Then the distribution 7% cor-
responding to f can be written as Ty = Ty, — TY,, and therefore

T]’c = T}l — TJQZ =Ap — Afpe
Consequently, the signed measure Ay, — Ay, corresponds to the distributional
derivative of f.
Conversely, suppose the derivative of f is a signed measure p. By the

Jordan decomposition theorem, we can write y as the difference of two non-
negative measures, (= 1 — jo. Let

file) = pi((=o0,2]), i=1,2.

From Theorem 4.33, we have that p; agrees with the Lebesgue—Stieltjes mea-
sure Ay, on all Borel sets. Furthermore, utilizing the formula for integration
by parts, we obtain

Ti () = =Ty, (¢) = —/fw’ X = /vdkn =/s0dm~

Thus, with g: = f; — f2, we have that g is of bounded variation and that
its distributional derivative is p; — po = p. Since f’ = u, we conclude from
Theorem 10.8 that f — g is a constant, and therefore that f is equivalent to
a function of bounded variation. O

Exercises for Section 10.3

1. If a distribution 7" defined on R has the property that 7" = 0, what can
be said about 77
2. Show that if Ty, k = 1,2,..., is a sequence of distributions that converges
to a distribution T' (see Exercise 3, Section 10.2), and « is a multi-index,
then
DTy, — D°T.

Hiz) = {1, x>0,

0, =<0.

3. Let Q = R and define
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Let T be the distribution corresponding to H and let g € C*°(R). Show
that the function  — g(x)H (z) is locally integrable and so determines a
distribution satisfying D(gH) = g(0)§ + HDyg.

4. Show that if T is a distribution on D(R), and DT + T = 0, then
T = A(%) + B, where A and B are real numbers, and % is the prin-
cipal value distribution introduced in Exercise 2, Section 10.2.

10.4. Essential Variation

We have seen that a function of bounded variation defines a distribution
whose derivative is a measure. Question: How is the variation of the function
related to the variation of the measure? The notion of essential variation
provides the answer.

A function f of bounded variation gives rise to a distribution whose
derivative is a measure. Furthermore, every other function g agreeing with
f almost everywhere defines the same distribution. Of course, g need not
be of bounded variation. This raises the question of what condition on f is
equivalent to f/ being a measure. We will see that the needed ingredient is a
concept of variation that remains unchanged when the function is altered on
a set of measure zero.

10.11. DEFINITION. The essential variation of a function f defined on
(a,b) is

k

ess V) f = sup { D 1f (i) - f(ti)|} ,
i=1

where the supremum is taken over all finite partitions a < t; < -+ <tp41 <0

such that each t; is a point of approximate continuity of f.

Recall that the variation of a function is defined similarly, but without
the restriction that f be approximately continuous at each t¢;. Clearly, if
f =g ae.on (a,b), then

ess VO f =ess V0.

A signed Radon measure p on (a,b) defines a linear functional on the space
of continuous functions with compact support in (a,b) by

T () —/absodu~

Recall that the total variation of i on (a,b) is defined (see Definition 6.39)
as the norm of 7),; that is,

b
(10.17) [l 2] :sup{/ wdu: o € Cela,b),|p| < 1}-

Notice that the supremum could just as well be taken over C'*° functions with
compact support, since they are dense in C¢(a,b) in the topology of uniform
convergence.
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10.12. THEOREM. Suppose f € L*(a,b). Then f' (in the sense of distri-
butions) is a measure with finite total variation if and only if ess VP f < oo.
Moreover, the total variation of the measure f is given by ||f'|| = ess VL f.

PrOOF. First, under the assumption that ess V’f < oo, we will prove
that f’ is a measure and that

(10.18) [£/]| < ess V2.

For this purpose, choose ¢ > 0 and let f. = 1. * f denote the mollifier of f
(see (10.9)). Consider an arbitrary partition with the property a +¢ < t; <
cos < typg1 < b—e. If a function g is defined for fixed ¢; by g(s) = f(t; — s),

then almost every s is a point of approximate continuity of g and therefore
of f(t; —-). Hence,

Z |fe(tive) — ()| = Z _s Ye(8)(f(tiy1 —8) — f(ti — 8)) dA(s)
< ) V() D |f (tir — 8) = (8 — 8)| dX(s)
—€ =1

< : Ve (s) ess Vabf dA(s)

< ess V;f.

In obtaining the last inequality, we have used the fact that

) Ye(s) dA(s) = 1.

—€

Now take the supremum of the left-hand side over all partitions and obtain

b—e
/ [(fo)| dX < ess Vabf.

+e
Let ¢ € C°(a,b) with |p| < 1. Choosing £ > 0 such that spty C (a+¢e,b—¢),
we obtain

b b b—e
L/ﬂwﬂkz—/ﬁm@dké/ (/2] dA < ess V2.

+e
Since f. converges to f in L'(a,b), it follows that

b
(10.19) / fo' dX <essVPf.
a
Thus, the distribution S defined for all test functions ¥ by
b
sw) = [ o ax

is a distribution of order 0 and therefore a measure, since by (10.19),

b b
S@) = [ 10 = [ 16 10l A< ess VT 10l o
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where we have taken

o=
||w||(a7b)70
Since S = —f’, we have that f’ is a measure with

b
1] =Sup{/ fe'd\:p e CF(a,b), || < 1} <essV)f,

thus establishing (10.18), as desired.

Now for the opposite inequality. We assume that f’ is a measure with
finite total variation, and we will first show that f € L*(a,b). For 0 <
h < (b—a)/3, let I, denote the interval (a 4+ h,b — h) and let n € C°(Ip,)
with |n| < 1. Then for all sufficiently small ¢ > 0, we have the mollifier
Ne = Nn* s € C(a,b). Thus, with the help of (10.10) and Fubini’s theorem,

b b
Sl dr = / Sl dX = / (F * oo X
In a a

b b
— [ focxwy ar= [ piar< sy,
since |n:| < 1. Taking the supremum over all such 7 shows that

(10.20) Il e, <IN
because

findh=— [ fon' dA.
Ih Ih

For arbitrary y, z € I, we have
f2) = )+ [ 12
Yy

and therefore, taking integral averages with respect to y,

b
Fueerasf s as [z
In Ih a
Thus, from Theorem 10.1 (iii) and (10.20), we have

3
1) < 52 gy + 17
for z € Ij,. Since fo — f a.e.in (a,b) ase — 0, we conclude that f € L*(a,b).

Now that we know that f is bounded on (a,b), we see that each point
of approximate continuity of f is also a Lebesgue point (see Exercise 4,
Section 7.9). Consequently, for each partition a < t; < -+ < tyq1 < b,
where each ¢; is a point of approximate continuity of f, reference to Theorem
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10.1 (ii) yields
m

D 1 f(tigr) = ()] = glj%z | fe(tivr) — f=(t:)]

=1

<hmsup/ |fL] dX
< 111 (a,). by (10.20)

Now take the supremum over all such partitions to conclude that
ess Vyf <|fl. O

Exercises for Section 10.4

1. Suppose f is an increasing function on [a, b]. Prove that we can write

f=fa+fc+ 1,

where each of the functions fa, fc, and f; is increasing and

(a) fa is absolutely continuous;

(b) fc is continuous, but fi(x) = 0 for a.e. z;

(¢) fsis a jump function.

Show that each component fa, fc, f is uniquely determined up to an
additive constant. Note: there is a similar decomposition for every f of
bounded variation.

2. A bounded function f is said to be of bounded variation on R if f is of
bounded variation on every finite subinterval [a, b], and sup, ,, essV2 f < oo.
Prove that such an f has the following properties:

a) [o|f(x+h)— f(x)|de < Alh|, for some constant A and all h € R.
b) |[p f(@)¢' (z)dx| < A, where ¢ is any C' function of bounded support
with sup,cp |¢o(z)] < 1.



CHAPTER 11

Functions of Several Variables

11.1. Differentiability

Because of the central role played by absolutely continuous functions and
functions of bounded variation in the development of the fundamental theo-
rem of calculus in R, it is natural to ask whether they have analogues among
functions of more than one variable. One of the main objectives of this
chapter is to show that this is true. We have found that the BV func-
tions in R constitute a large class of functions that are differentiable almost
everywhere. Although there are functions on R™ that are analogous to BV
functions, they are not differentiable almost everywhere. Among the func-
tions that are often encountered in applications, Lipschitz functions on R™
form the largest class that are differentiable almost everywhere. This result
is due to Rademacher and is one of the fundamental results in the analysis
of functions of several variables.
The derivative of a function f at a point x( satisfies

f(zo+h) = f(zo) = f'(w0)h

) h =0
This limit implies that
(11.1) f(@o +h) = f(zo) = f'(zo)h +7(h),

where the “remainder” r(h) is small, in the sense that

h—0 h

Note that (11.1) expresses the difference f(xg + h) — f(xo) as the sum of
the linear function that takes h to f’(x¢)h, plus a small remainder. We can
therefore regard the derivative of f at xy not as a real number, but as a
linear function of R that takes h to f/(zg)h. Observe that every real number
« gives rise to the linear function L : R — R, L(h) = « - h. Conversely, every
linear function that carries R to R is multiplication by some real number.
It is this natural one-to-one correspondence that motivates the definition of
differentiability for functions of several variables. Thus, if f: R™ — R, we say
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that f is differentiable at zy € R™ if there is a linear function L: R™ — R
with the property that

(11.2) i @0+ 1) = f(zo) — L(h)]

=0.
h—0 |h|

The linear function L is called the derivative of f at x¢ and is denoted by
df (zo). It is commonly accepted to use the term differential interchangeably
with derivative.

Recall that the existence of partial derivatives at a point is not sufficient
to ensure differentiability. For example, consider the following function of
two variables: .,

Flay) = {i i (2,9) # (0,0,
0 if (z,y) = (0,0).
Both partial derivatives are 0 at (0,0), yet the function is not differentiable
there. We leave it to the reader to verify this.

We now consider Lipschitz functions f on R™; see (3.10). Thus there is

a constant Cy such that

If(x) = f(y)] < Cflz -yl

for all z,y € R™. The next result is fundamental in the study of functions of
several variables.

11.1. THEOREM. If f: R™ — R is Lipschitz, then f is differentiable
almost everywhere.

PROOF. Step 1: Let v € R™ with |v| = 1. We first show that df,(x)
exists for A-a.e. z, where df,(z) denotes the directional derivative of f at x

in the direction of v.
Let

N, :==R"N{x : df,(z) fails to exist}.
For each x € R™ define

[z +tv) = f(2)

df,(x) := limsup

t—0 t
and
dfy(x) := lim inf flo+ tvt) —fl@)

Notice that
(11.3) N, ={z € R" : df, (z) < df,(2)}.
From Definition 3.63, it is clear that

Fow) = im | sup JEF-S@

k—oo | o<|t|<1/k 3
teQ, keN
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We now claim that
x — df,(x) is a Borel measurable function of .

Indeed, the rational numbers 0 < [¢| < % can be enumerated as t§,t5,t5, .. ..

If we define for each i = 1,2,... and fixed k the sequence G¥(z) :=

fla+tiv)—f(x)

e , then since f is continuous, the functions Gf are Borel mea-

surablé, and hence F*(z) := sup;{G¥(z)} is also Borel measurable. Note
that
t —
0<|t|<1/k t
teQ

Since the pointwise limit of measurable functions is again measurable, it
follows that

(11.4) df,(z) = klg{)lo F*(2)
is Borel measurable. Proceeding as before, we also have
x — dfy(x) is a Borel measurable function of .
Therefore, from (11.3) we conclude that
(11.5) N, is a Borel set.
Now we proceed to show that
(11.6) H'(N, NL) =0, for each line L parallel to v.

In order to prove (11.6), we consider the line L, that contains x € R™ and is
parallel to v. We now consider the restriction of f to L, given by

v:R =R, v() = f(x +tv).

Note that ~ is Lipschitz in R, since f is Lipschitz in R™. Therefore, v is
absolutely continuous and hence differentiable at \j-a.e. t. Let A, = {t €
R : 4(t) is not differentiable} and R, = z(A,), where z : R — R" is given
by z(t) = x + tv. Since z is Lipschitz, Exercise 10, Section 4.7, implies that
HY(R,) < CH'(A,) = 0, which gives

(11.7) H'(R,) = 0.

We have that tg ¢ A, if and only if 2(tg) = x + tov ¢ N,. Indeed, for such
to, ¥'(to) exists, and

Sty = tim 207 St t) = fa o toy)
t—0 t—to 150 t—tg
_ gy f@ v+ (E—to)v) = fla o tov)
o t—0 t_to
= }l%f(JC—l-tov—i-h?}JL)_f(m—f—tov); with h—t— 1,
_ i LG R0 = FGR) e ),

h—0 h
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Hence the directional derivative of f exists at the point z(tg) = = +tov. It is
now clear that

R, = N, N Ly,
and from (11.7) we conclude that
(11.8) H'(N,NL,)=0.

Since (11.8) holds for arbitrary x, we have
(11.9) H'(N, N L) =0 for every line parallel to v.

Therefore, since N, is a Borel set, we can appeal to Fubini’s theorem to
conclude that

(11.10) A(Ny) = 0.
Step 2: Our next objective is to prove that
(11.11) df,(z) =V f(z)-v

for A-almost all z € R”. Here, Vf denotes the gradient of f as defined in
(10.6). Of course, this formula is valid for all z if f € C*°. As a result of
(11.10), we see that V f(z) exists for A-almost all x. To establish (11.11), we
begin with an observation that follows directly from Theorem 11.4 (change
of variables formula), which will be established later:

/Rn (w) p(z) d\(z) =

(11.12) */n f(z) <w) d\(z)

t

whenever ¢ € C2°(R™). Letting ¢ assume the values t = 1/k for all nonneg-
ative integers k, we have

‘f(ﬂch %i)) — f(x)

(11.13) I <Cy |’U| = CY.

k

From (11.12), (11.13), and the dominated convergence theorem, we have

n k—o0 %

Lot i) 210 ayare)

x l'U — x
[ awewnw = [ gm LRI )

= lim
k—o0 Rn

= lim
k—o0 Rn

- _/R T G ) B O PTS

-1
n k—00 %

%
r— o) — oz
20 =60 i)
k

— [ de@f@irw.
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We recall that f is absolutely continuous on lines, and therefore, using
Fubini’s theorem and integration by parts along lines, we compute

[ an@e@ane = - [ der@ae
= [ f@9ela) - vir@)

- —sz 2) 5 (@)@

- Zvl . axz )o(z)d\(z)

=1

/ V@) v ple)dA@).
Thus
| A @)p@)ir) = | V(@) vp(a)dA@), for all o € CF(R").
Hence
df,(z) = Vf(z)- v, lae. z.

Now choose {v;}52, to be a countable dense subset of dB(0,1). Observe
that there is a set E, A(E) = 0, such that

dfy(x) =V f(x)-vg, forall z € R"\ E.

Step 3: We will now show that f is differentiable at each point € R™\ E.
For x € R"\ E and v € 9B(0,1) we define

[z +tv) — f(x)
t

Q(z,v,t) :=
For v,v" € 0B(0, 1) note that

—Vf(x) v, t#£0.

Fl 4 1) — Flot )
2|

Crlv =v'| +nCylv — 2’|

Cr(n+1)v—1'].

‘Q(xa 'U,t) - Q(.’E,’l}l,t”

IA

+Vi() - (v =)

IN

Hence
(11.14)  |Q(z,v,t) — Q(z,v', 1) < Cr(n+1)jv —72'|, wv,v" € dB(0,1).

Since {v} is dense in the compact set dB(0, 1), it follows that for every e > 0
there exists N sufficiently large such that for every v € 9B(0, 1),

(11.15) v —wvg] < for some k € {1,...,N}.

€

2(n + 1)Cf ’
Thus, for every v € 9B(0, 1), there exists k € {1,..., N} such that
(11.16) |Q(z,v,t)] <|Q(z, vk, t)| + |Q(z,v,t) — Q(z, v, t)].
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Since df, (x) =V f(z)-vg, it follows that for 0 < |¢t| < § we have |Q(z, vy, ]| <
Thus from (11.14), (11.15), (11.16), we have

£
3"

Qv <s+5=5 0<||<0.
We have shown that
lim |Q(z,v,t)| =0,
t—0
which is

—Vf(z) v|=0.

The last step is to show that (11.17) implies that f is differentiable at every

xz € R"\ E. Choose y € R", y # z. Let
V= u, y=z+tv, t=|y—xl.
ly — |

From (11.17), we obtain
[f(y) = f(z) = VI(z) - (y — )|

(11.18) lim =0,
ly—xz|—0 ‘y—.’L‘|
or with h:=y — x,
' |h[=50 || ’

which means that f is differentiable at x. Since = ¢ E, we conclude that f
is differentiable almost everywhere. O

The concept of differentiability for a transformation 7: R™ — R™ is
virtually the same as in (11.2). Thus, we say that T is differentiable at
xo € R™ if there is a linear mapping L: R™ — R™ such that

(11.20) i 1L (@0 + ) = T(2o) — L(h))|

h—0 || =0

As in the case of real-valued T', we call L the derivative of T at xg. We will
denote the linear function L by dT'(xg). Thus, dT(zo) is a linear transfor-
mation, and when it is applied to a vector v € R™, we will write dT'(xo)(v).
Writing T in terms of its coordinate functions, T = (T, T2,...,T™), it is
easy to see that T is differentiable at a point x if and only if each 77 is.
Consequently, the following corollary is immediate.

11.2. COROLLARY. If T: R™ — R™ 4s a Lipschitz transformation, then
T is differentiable \-almost everywhere.
Exercises for Section 11.1

1. Prove that a linear map L: R™ — R™ is Lipschitz.

2. Show that a linear map L: R™ — R" satisfies condition N and therefore
leaves Lebesgue measurable sets invariant.
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3. Use Fubini’s theorem to prove that
’f  0f
0xdy  Oydx
if f € C*(R?). Use this result to conclude that all second-order mixed
partials are equal if f € C?(R").
4. Let C'[0,1] denote the space of functions on [0,1] that have continu-

ous derivatives on [0, 1], including one-sided derivatives at the endpoints.
Define a norm on C*[0, 1] by

I£Il: = sup [f(z)|+ sup [f'(x).
[0,1] ]

TE€ z€[0,1

Prove that C'[0, 1] with this norm is a Banach space.

11.2. Change of Variables

We give a treatment of the behavior of the integral when the integrand is

subjected to a change of variables by a Lipschitz transformation 7": R® — R™.

Consider T: R® — R" with T = (T*,T?,...,T"). If T is differentiable

at zg, then it follows immediately from the definitions that each of the partial

derivatives ,

oT"

8.13]‘

exists at zg. The linear mapping L = dT(x) in (11.20) can be represented
by the n x n matrix

ai7j:172,"'7n7

art .. art
Oz, Oxy,
ar" ..o
Oxq Oxy

where it is understood that each partial derivative is evaluated at zg. The
determinant of [dT'(xg)] is called the Jacobian of T at z( and is denoted by

Recall from elementary linear algebra that a linear map L: R™ — R" can
be identified with the n x n matrix (L;;), where

Lij:L(ei)~ej7 i,j:1,2,...,n,
and where {e;} is the standard basis for R”. The determinant of L;; is
denoted by det L. If M: R™ — R™ is also a linear map, then
(11.21) det(M o L) = (det M) - (det L).

Every nonsingular n x n matrix (L;;) can be row-reduced to the identity
matrix. That is, L can be written as the composition of finitely many linear
transformations of the following three types:

(i) Li(z1, .oy Ziyee oy @) = (X100 oy iy oo, Tp)y, 1< i< myec#0.

(i) Lo(®1,y ..y &iyee oy @pn) = (T1y.0o, T + CThy -, Zn), 1 < & <

k+i,c#0.
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(iil) La(x1,.. @iy, gy ey @p) = (T1,00 0, &,y Ty o, &), 1 <0<
Jj<n.

This leads to the following geometric interpretation of the determinant.

11.3. THEOREM. If L: R™ — R™ is a nonsingular linear map, then L(E)
is Lebesgue measurable whenever E is Lebesgue measurable and

(11.22) AL(E)] = |det L| \(E).

PROOF. Exercise 2, Section 11.1, implies that L(FE) is Lebesgue measur-
able. In view of (11.21), it suffices to prove (11.22) when L is one of the
three types mentioned above. In the case of L, we use Fubini’s theorem and
interchange the order of integration. In the case of Ly or Lo, we integrate
first with respect to x; to arrive at formulas of the form

el A (A) = Ai(cA),
)\1(14) = )\1(C+ A)
O

11.4. THEOREM. If f € LY(R") and L: R™ — R" is a nonsingular linear
mapping, then

folL |detL] d)\:/ £ dX.
Rn R’ﬂ

PROOF. Assume first that f > 0. Note that
{f>t}=L{foL>t})

and therefore
AM{f >t =AML foL>1t})) =|det LIA({f o L > t})

for t > 0. Now apply Theorem 6.60 to obtain our desired result. The general
case follows by writing f = fT — f~. O

Our next result deals with an approximation property of Lipschitz trans-
formations with nonvanishing Jacobians. First, we recall that a linear trans-
formation L: R™ — R™ can be identified with its n x n matrix. Let R denote
the family of n x n matrices whose entries are rational numbers. Clearly, R
is countable. Furthermore, given an arbitrary nonsingular linear transforma-
tion L and £ > 0, there exists R € R such that

|L(x) = R(z)| <e,

11.23

( ) L7 (z) — R (z)| <,

whenever |z| < 1. Using linearity, this implies
|L(z) — R(z)| <elaf,

[L7 () = R™ ()] <ela],
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for all x € R™. Also, (11.23) implies
|ILoR™Ha —y)| < (1+¢)|z—yl
and
[RoL '@ —y)| < (1+0) [z ]
for all z,y € R™. That is, the Lipschitz constants (see (3.10)) of Lo R~! and
R o L1 satisfy
(11.24) Crop-1 <14+e and Cpger-1 <1+4e.

11.5. THEOREM. Let T: R™ — R™ be a continuous transformation and
set

B ={z:dT(z) exists, JT(x) # 0}.

Given t > 1, there exists a countable collection of Borel sets { By}, such
that

(i)B:kLo_lek.

(ii) The restriction of T to By (denoted by T}) is univalent.

(iii) For each positive integer k, there exists a nonsingular linear transfor-
mation Li: R™ — R™ such that the Lipschitz constants of T} o L,;l and
Lo T,;l satisfy

Cr,

k

oLyt =t CLkoTk’l =t
and

t="| det Ly| < |JT(x)| < t™| det Ly|
for all x € By,.

ProoOF. For fixed t > 1 choose € > 0 such that
1
E +e<l<t—e.

Let C be a countable dense subset of B and let R (as introduced above)
be the family of linear transformations whose matrices have rational entries.
Now, for each ¢ € C, R € R, and each positive integer i, define E(c, R, 1) to
be the set of all b € BN B(c,1/i) that satisfy

(11.25) (1 n ) IR(0)| < |dT(0)(w)] < (¢ — ) [R(v)]
for all v € R™ and
(11.26) IT(a) — T(b) — dT(b)(a — b)| < & |R(a — b)|

for all @ € B(b,2/i). Since T is continuous, each partial derivative of each
coordinate function of T is a Borel function. Thus, it is an easy exercise to
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prove that each E(c, R,i) is a Borel set. Observe that (11.25) and (11.26)
imply
1
(11.27) ¥|R(a—b)\ <|T(a) —T(b)| <t|R(a—b)]
for all b € E(c, R,i) and a € B(b,2/i).
Next, we will show that

1 n
(11.28) (t —l—a) | det R| < |JT(b)] < (t —e)"™| det R

for b € E(c,R,i). For the proof of this, let L = dT'(b). Then, from (11.25)
we have

1
(129 (5 +¢) IR0 < )] < (0~ 2) [RO)
whenever v € R", and therefore,

1
(11.30) (t +5> lv| < |Lo R v)| < (t—¢) vl

for v € R™. This implies that
Lo R7'[B(0,1)] c B(0,t —¢),
and reference to Theorem 11.3 yields
| det (Lo R™1)|a(n) < A[B(0,t —¢)] = a(n)(t — )",
where a(n) denotes the volume of the unit ball. Thus,
| det L| < (t — &)™ | det R|.

This proves one part of (11.28). The proof of the other part is similar.

We now are ready to define the Borel sets By appearing in the state-
ment of our Theorem. Since the parameters ¢, R, and 7 used to define the
sets E(c, R,) range over countable sets, the collection {E(c, R,4)} is itself
countable. We will relabel the sets E(c, R, i) as {B}72 .

To show that property (i) holds, choose b € B and let L = dT'(b) as
above. Now refer to (11.24) to find R € R such that

-1
1
CLOR—1 < (t + E) and CROL_l <t—e.

Using the definition of the differentiability of T" at b, select a nonnegative
integer ¢ such that

3

[ T(a) = T(b) —dT'(b) - (a = b)| < m——la— b < ¢|R(a —b)]

R—1
for all a € B(b,2/i). Now choose ¢ € C such that |b— ¢| < 1/i and conclude
that b € E(e, R,4). Since this holds for all b € B, property (i) holds.
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To prove (ii), choose any set By. It is one of the sets of the form E(c, R, i)
for some ¢ € C, R € R, and some nonnegative integer i. According to (11.27),

S 1R(a~ )| < |T(a) = TO)] < t|R(a —b)

for all b € By, a € B(b,2/i). Since B, C B(c,1/i) C B(b,2/i), we thus have
1
(11.31) ¥|R(a—b)\ <|T(a) —T(b)| <t|R(a—b)|

for all a,b € By. Hence, T restricted to By is univalent.
With By, of the form E(e, R,4) as in the preceding paragraph, we define
L, = R. The proof of (iii) follows from (11.31) and (11.28), which imply

Creopt St Cropo1 St

and
t=" |det Ly| < |JTx| <t \det Lk|7

since ¢ is arbitrary. O

We now proceed to develop the analogue of Banach’s theorem (Theorem
7.33) for Lipschitz mappings 7: R™ — R™. As in (7.40), for E C R™ we
define

N(T,E,y)
as the (possibly infinite) number of points in EN7T~1(y).

11.6. LEMMA. Let T': R™ — R"™ be a Lipschitz transformation. If
E:={x eR":T is dif ferentiable at x and JT(z) = 0},

then
ANT(E)) =0.

Proor. By Rademacher’s theorem, we know that T is differentiable
almost everywhere. Since each entry of d7' is a measurable function, it follows
that the set E is measurable, and therefore so is T'(E), since T" preserves sets
of measure zero. It is sufficient to prove that T(Eg) has measure zero for
each R > 0, where E := EN B(0,R). Let € € (0,1) and fix € Er. Since
T is differentiable at x,, there exists 0 < §, < 1 such that

(11.32) |T(y) —T(x) — L(y — x)| < ely — 2| for all y € B(x,d,),

where L := dT'(z). We know that JT'(z) = 0, and so L is represented by a
singular matrix. Therefore, there is a linear subspace H of R™ of dimension
n —1 such that L maps R™ into H. From (11.32) and the triangle inequality,
we have

T(y) —T(zx)| < |Ly — =) +ely — x|
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Let k1 denote the Lipschitz constant of L: |L(y)| < kg |y| for all y € R™.
Also, let k7 denote the Lipschitz constant of T. Hence, for x € Eg, 0 <r <
d: < 1, and y € B(z,r) it follows that

[L(y) — L(z)| < krly — =] < wellyl + R
=krlly—x+ x|+ R] < kL[r + 2R).
This implies
|L(y)| < |L(x)| + k[r + 2R] < kL R+ kr[r + 2R] = k[r + 3R).
With v := T'(z) — L(x) we see that |v| < |T(x)| + |L(z)| < & |z| + kL |z| <
R(kr + k1) and that (11.32) becomes
T(y) — L(y) —v| <ely —xl;

that is, T'(y) is within distance er of L(y) translated by the vector v. This
means that the set T'(B(x,r)) is contained within an er-neighborhood of a
bounded set in an affine space of dimension n — 1. The bound on this set
depends only on 7, R, k1, and k7. Thus there is a constant M = M (R, kL, kT)
such that
MNT(B(z,7))) < erMr™ L.

The collection of balls {B(z,r)} with z € Eg and 0 < r < J, determines a
Vitali covering of Fr, and accordingly there is a countable disjoint subcol-
lection B; := B(z;,r;) whose union contains almost all of Eg:

AMF) =0 where F := Eg\ UIB
Since T is Lipschitz, we know that A(T(F')) = 0. Therefore, because
Er CFU '61 B;,
we have i

T(Er) € T(F)U U T(By),

=1

and thus
T(Eg)) <Y T(B
i=1
o0
< Z ariMr?_l
i=1

<5MZ)\ (x5,74))

Since the balls B(x;,r;) are disjoint and all are contained in B (O,R 1)
and since € > 0 was chosen arbitrarily, we conclude that A(T'(Er)) = 0, as
desired. O
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11.7. THEOREM. (Area formula) Let T: R™ — R™ be Lipschitz. Then
for each Lebesque measurable set E C R™,

[ T@] axa) = [ N Ey) o).
E RTI,

PROOF. Since T is Lipschitz, we know that T' carries sets of measure
zero into sets of measure zero. Thus, by Rademacher’s theorem, we might as
well assume that dT'(x) exists for all € E. Furthermore, it is easy to see
that we may assume \(E) < oo.

In view of Lemma 11.6 it suffices to treat the case that |JT| # 0 on E.
Fix t > 1 and let { By} denote the sets provided by Theorem 11.5. By Lemma
4.7, we may assume that the sets { By} are disjoint. For the moment, select
some set By and set B = Bj. For each positive integer j, let Q; denote a
decomposition of R™ into disjoint “half-open” cubes with side length 1/j and
of the form [a1,b1) X -+ X [ay,b,). Set

F,;j=BNENQ;, Q;€ Q.
Then for fixed j, the sets F; ; are disjoint, and
oo
BNE=\ F;.
i=1

Furthermore, the sets T'(F; ;) are measurable, since 7" is Lipschitz. Thus, the
functions g; defined by

(e ]
9i = Z X1 (F, ;)
i=1

are measurable. Now g;(y) is the number of sets {F; ;} such that F;; N
T=1(y) # 0 and

lim g;(y) = N(T, BN E, y).

j—o0
An application of the monotone convergence theorem yields

(11.33) lim i ANT(Fi ) = | N(T,BNE,y) dA(y).
j—roo R

Let Ly and T} be as in Theorem 11.5. Then, recalling that B = By, we obtain
AT (F; )] = ATk (Fi 5)]
(11.34) ! . .
= ATk o Ly, o L) (Fi ;)] < t"A[Li(Fi)],
ALk(Fij)] = M(Lk o Ti ' o Ty ) (Fy 5)]

(11.35) < AR (Fij)] = t"N[T(F5)],
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and thus
tTPNT(F )] < 67" AL (F )] by (11.34)
=1t7"|det Lg| A(F3 ;) by Theorem 11.3
< / |[JT| dA by Theorem 11.5
Fi;
< " |det Li| A(F; ;) by Theorem 11.5
= t"A[Lx(F ;)] by Theorem 11.3
< t*N[T(F; ). by (11.35)
With j fixed, sum on 7 and use the fact that the sets F; ; are disjoint:
(11.36) 2N CNT(F )] < / [JT| dX < 2" NT(F; ;).
i=1 BNE i=1

Now let j — oo and recall (11.33):

t=2" | N(T,BNE,y) d\(y) g/ |JT| dA
Rn BNE

<#*" [ N(T,BNE,y) d\(y).
RTI,
Since t was initially chosen as any number larger than 1, we conclude that
(11.37) / |[JT| d\ = N(T,BNE,y) d\(y).
BNE R®
Now B was defined as an arbitrary set of the sequence { By} that was provided
by Theorem 11.5. Thus (11.37) holds with B replaced by an arbitrary Bj.

Since the sets { By} are disjoint and both sides of (11.37) are additive relative
to UBy, the monotone convergence theorem implies

[t ax= [ N By )
E RVL

We have reached this conclusion under the assumption that |JT| # 0 on
FE. The proof will be concluded if we can show that

AT (Ep)] = 0,

where Ey = EN{x : JT(x) = 0}. Note that Ej is a Borel set. Note also
that nothing is lost if we assume that Fy is bounded. Choose € > 0 and let
U D Ey be a bounded open set with A\(U — Ey) < €. For each x € Ey, there
exists d, > 0 such that B(z,d,) C U and

|T(x+ h) —T(z)] <elh]|
for all h € R™ with |h| < 0,. In other words,
(11.38) T[B(z,r)] C B(T(x),er)
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whenever r < J;. The collection of all balls B(x,r), where z € Ey and
r < §z, provides a Vitali covering of Ej in the sense of Definition 7.4. Thus
by Theorem 7.7, there exists a disjoint countable subcollection {B;} such
that

A(EO U Bi) =0.
i=1

Note that UB; C U. Let us suppose that each B; is of the form B; = B(x;,1;).
Then, using the fact that T carries sets of measure zero into sets of measure
zero,

NT(E) < 3 AT(B)

<3 AB(E(@i)er) by (11.35)

<e"\(U). since the { B;} are disjoint

Since A(U) < oo (because U is bounded) and e is arbitrary, we have
AT (Ep)] = 0. O

11.8. COROLLARY. If T: R™ — R" is Lipschitz and univalent, then

[ 197@)] dx@) = AT(E)
whenever E C R™ is measurable.
PROOF. Since T is univalent, we have N(T,E,y) = 1 on T(FE) and
N(T,E,y) = 0 in R™ \ T(E). Therefore, the result is clear from Theorem
11.7. See also Theorem 11.3. O

11.9. THEOREM. Let T: R™ — R"™ be a Lipschitz transformation and
suppose f € LY(R™). Then

[ FoT@IT@)] d\@) = [ FWNTR"Y) drw).
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PROOF. First, suppose f is the characteristic function of a measurable
set A CR". Then foT = Xr-1(4) and

forriix=[  urjin= [ NEOTA)L) i)
Rn T-1(A) R

= /n X4(y)N(T,R™,y) dA(y).

-/ SW)N(T,R", y) dA(y).

Clearly, this also holds whenever f is a simple function. Reference to
Theorem 5.27 and the monotone convergence theorem shows that it then
holds whenever f is nonnegative. Finally, writing f = f* — f~ yields the
final result. U

11.10. COROLLARY. If T: R™ — R™ is Lipschitz and univalent, then
foT(x)|JT(x)] dX(z) = [ f(y) dA(y).
R® R®
ProoF. This is immediate from Theorem 11.9, since in this case,

N(T,R",y) = 1. O

11.11. CoROLLARY. (Change of Variables Formula) Let T :R" — R"
be a Lipschitz map and f € LY(R"™). If E C R" is Lebesgue measurable and
T is injective on E, then

/ Fy)dA(y) = / £ o T(@)|JT(@)|dA(x).
T(E) E

ProoF. We apply Theorem 11.9 with x7(g) f instead of f. O
11.12. REMARK. This result provides a geometric interpretation of
JT(x). If T is linear, Theorem 11.3 states that |JT| is given by
AT(E)]
A(E)

for every measurable set E. Roughly speaking, the same is true locally when
T is Lipschitz and univalent, because Corollary 11.8 implies

/B o WTE] DG = AT B0 7)

(11.39)

for an arbitrary ball B(zg,r). Now use the result on Lebesgue points (The-
orem 7.11) to conclude that

. AT(B(x0,7))]
|JT (z0)| = }%W;T))

for A-almost all zp, which is the infinitesimal analogue of (11.39).
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We close this section with a discussion of spherical coordinates in R™.
First, consider R? with points designated by (z1,72). Let Q denote R? with
the set N := {(z1,0) : z; > 0} removed. Let r = \/x% + 23 and let 6 be the
angle from N to the ray emanating from (0, 0) passing through (z1,x2) with
0 < 0(x1,z2) < 2m. Then (r,0) are the coordinates of (z1,x2), and

xy =rcosf: =Tr,0), zy =rsinf: =T2(r,6).

The transformation T = (T}, T?) is a C°° bijection of (0,00) x (0,27) onto
R? — N. Furthermore, since JT'(r,0) = r, we obtain from Corollary 11.11
that

/AfoT(r,Q)rdrdO:/deA,

where T(A) = B — N. Of course, A(N) = 0, and therefore the integral over
B is the same as the integral over T'(A).

Now we consider the case n > 2 and proceed inductively. For
r = (x1,%2,...,2,) € R?, Let r = |x| and let 6; = cos~!(z1/7), 0 < O < 7.
Also, let (p, 02, ..., 60,_1) be spherical coordinates for ' = (2, ..., x,), where
p = |2’'| = rsinf;. The coordinates of x are

x1 =rcosfy: =T (r,01,...,6,),

Ty =rsinfycosfy: =T%(r,01,...,0,),
Tp—1 =7rsinf;sinfy...sinb,,_scosb,_1: = T"_l(r, 01,...,0,),
Xy =rsinfysinfy...sinb, osinb, 1: =T"(r,01,...,60,).

The mapping T = (T, T?%,...,T™) is a bijection of
(0,00) x (0,7)"~2 x (0,27)
onto
R"™ — (R"2 x [0,00) x {0}).
A straightforward calculation shows that the Jacobian is

JT(’I”, 91, ey Gn_l) = Tnil sinn_2 01 sinn_?’ 02 ...sin an_g.

Hence, with § = (01,...,6,_1), we obtain

/ foT(r,0)r" 1sin" 20, sin" 20, ...5in6,_odrdfy...0,
A
)

= / £ dn.
T(A)

Exercises for Section 11.2

(11.40

1. Prove that the sets E(c, R, ) defined by (11.25) and (11.26) are Borel sets.
2. Give another proof of Theorem 11.4.
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11.3. Sobolev Functions

It is not obvious that there is a class of functions defined on R™ that is
analogous to the absolutely continuous functions on R. However, it is tempt-
ing to employ the multidimensional analogue of Theorem 10.9, which states
roughly that a function is absolutely continuous if and only if its derivative
in the sense of distributions is a function. We will follow this direction by
considering functions whose partial derivatives are functions and show that
this definition leads to a fruitful development.

11.13. DEFINITION. Let 2 C R™ be an open set and let f € Ll ().
We use Definition 10.7 to define the partial derivatives of f in the sense of
distributions. Thus, for 1 < i < n, we say that a function g; € Llloc(Q) is the
ith partial derivative of f in the sense of distributions if

(11.41) fg;i = — /Q gip dA
for every test function ¢ € C°(Q2). We will write
of .
o, = Gis

thus, =L is defined to be merely the function g;.

At this time we cannot assume that the partial derivative 88 L exists in the
classical sense for the Sobolev function f. This existence will be discussed
later after Theorem 11.19 has been proved. Consistent with the notation
introduced in (10.5), we will sometimes write D; f to denote Tf

The definition in (11.41) is a restatement of Definition 10.7 with the
requirement that the derivative of f (in the sense of distributions) be again a
function and not merely a distribution. This requirement imposes a condition
on f, and the purpose of this section is to see what properties f must possess
in order to satisfy this condition.

In general, we recall what it means for a higher-order derivative of f to
be a function (see Definition 10.7). If v is a multi-index, then g, € L ()
is called the ath distributional derivative of f if

[ e ix= 0! [ g, an

for every test function ¢ € C°(Q). We write D*f: = go. For 1 < p < o0
and k a nonnegative integer, we say that f belongs to the Sobolev space
WhP(Q)
it D*f € LP(Q) for each multi-index « with |a] < k. In particular, this

implies that f € LP(Q). Similarly, the space

W ()

oc

consists of all f with D*f € LV (Q) for |a| < k.
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In order to motivate the definition of the distributional partial derivative,
we recall the classical Gauss—Green theorem.

11.14. THEOREM. Suppose that U is an open set with smooth boundary
and let v(x) denote the unit exterior normal to U at x € OU. If V: R" — R"
is a transformation of class C1, then

(11.42) /UdivV d\ = - V(x) v(z) dH" (z),

where divV, the divergence of V.= (V1,..., V"), is defined by

2oV
divV = )
iv ; 3

Now suppose that f: Q — R is of class C! and ¢ € C°(Q). Define
V:R™ — R"™ to be the transformation whose coordinate functions are all 0
except for the ith one, which is fy. Then

, a(fe)
divV = —/—== = .
a 6331 f@mz + 8$lw
Since the support of ¢ is a compact set contained in €2, it is possible to find
an open set U with smooth boundary containing the support of ¢ such that
U C Q. Then,

dp  f

/dide)\:/dide)\: V.-vdH" ' =0.
Q U ouU

Thus,

oo [ Of
(11.43) /Qfaxi d\ = /Q 8@@ d\,

which is precisely (11.41) when f € C*(9). Note that for a Sobolev function
f, the formula (11.43) is valid for all test functions ¢ € C2°(2) by the defi-
nition of the distributional derivative. The Sobolev norm of f € W1?(Q)
is defined by

(114‘4) ||f||1,p;£2 = ||pr;Q + Z ||D’if||p;52’

i=1

for 1 < p < oo and

1/

loo;2 - — ©88 Slflzp(‘.ﬂ + Z |le‘>

i=1

One can readily verify that W1?(Q) becomes a Banach space when it is
endowed with the above norm (Exercise 1, Section 11.3).
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11.15. REMARK. When 1 < p < 00, it can be shown (Exercise 2, Section
11.3) that the norm

n 1/p
(11.45) 1£I s = fll0 + (Z 1D; f ﬁ;n)
=1

is equivalent to (11.44). Also, it is sometimes convenient to regard W17 ()
as a subspace of the Cartesian product of spaces LP(Q2). The identification
is made by defining P: Wh?(Q) — [/ LP(Q) as

P(f):(f7D1f7aan) for fer’p(Q).

In view of Exercise 2, Section 8.1, it follows that P is an isometric iso-
morphism of W1P(£2) onto a subspace W of this Cartesian product. Since
WLP(Q) is a Banach space, W is a closed subspace. By Exercise 10,
Section 8.4, W is reflexive, and therefore so is WP (Q).

11.16. REMARK. Observe that f € W1P(Q) is determined only up to a
set of Lebesgue measure zero. We agree to call the Sobolev function f con-
tinuous, bounded, etc. if there is a function f with these respective properties
such that f = f almost everywhere.

We will show that elements in W1P(£2) have representatives that permit
us to regard them as generalizations of absolutely continuous functions on R'.
First, we prove an important result concerning the convergence of regularizers
of Sobolev functions.

11.17. NoTATION. If Q" and  are open sets of R", we will write Q' CC Q
to signify that the closure of € is compact and that the closure of €' is a
subset of Q. Also, we will frequently use dz instead of dA(z) to denote
integration with respect to Lebesgue measure.

11.18. LEMMA. Suppose f € W1P(Q), 1 < p < co. Then the mollifiers,
fe, of f (see (10.9)) satisfy

tin 72 = fll e = 0

whenever Q' CC Q.

PROOF. Since ' is a bounded domain, there exists €9 > 0 such that
go < dist (¥,09). For e < gy, we may differentiate under the integral sign
(see the proof of (10.10)) to obtain, for z € ' and 1 <i < n,
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e = [ 22 () s )
- [ () o
_sn/990< 6 >§i Ay) by(11.41)

() 0

Our result now follows from Theorem 10.1. O

Since the definition of Sobolev functions requires that their distributional
derivatives belong to LP, it is natural to inquire whether they have partial
derivatives in the classical sense. To this end, we begin by showing that their
partial derivatives exist almost everywhere. That is, in keeping with Remark
11.16, we will show that there is a function f* such that f* = f a.e. and that
the partial derivatives of f* exist almost everywhere.

In the next theorem, the set R is an interval of the form

(11.46) R: = (a1,by) % - % (an, bn).

11.19. THEOREM. Suppose f € WLP(Q), 1 < p < co. Let R CC Q.
Then f has a representative f* that is absolutely continuous on almost all line
segments of R that are parallel to the coordinate axes, and the classical partial
derivatives of f* agree almost everywhere with the distributional derivatives
of f. Conversely, if f = f* almost everywhere for some function f* that is
absolutely continuous on almost all line segments of R that are parallel to
the coordinate azes and if all partial derivatives of f* belong to LP(R), then
fewWbtr(R).

PRrROOF. First, suppose f € W1P(Q) and fix i with 1 < i < n. Since
R cC Q, the mollifiers f. are defined for all x € R for ¢ sufficiently small.
Throughout the proof, only such mollifiers will be considered. We know from
Lemma 11.18 that |[f. — f||; ,.r = 0 as € — 0. Choose a sequence e — 0
and let fr: = f.,. Also write z € R as « = (2/,t), where
¥ € Ri: = (a1,b1) X - X (a;,b;) X+ x (an,by)

omitted

and ¢ € (a;,b;), 1 <i < n. Then it follows that

lim / / Ifr(@' t) — f(@', )P + |V fr(2' t) = V(' t)]P dt d\(2") =0,

k—o0

which can be rewritten as

(11.47) lim Fi(z")d\(z") = 0,

k— o0 R;
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where

by
B = [ 1RG0 - S0 VA0~ 9IG oPa

As in the classical setting, we use Vf to denote (D1f,...,D,f), which is
defined in terms of the distributional derivatives of f. By Vitali’s convergence
theorem (see Theorem 6.30), and since (11.47) means Fj, — 0 in L*(R;), there
exists a subsequence (which will still be denoted the same as the full sequence)
such that Fj(z') — 0 for A,_;-a.e. ’. That is,

b;
(11.48) klim / |fk(2' t) — f(&', )P + |V (2, t) = V(2! 8)|P dt =0
— 00 a;
for \,_1-almost all ' € R;. From Holder’s inequality we have

b;
(11.49) / IV fu(al s t) = V(' 0)] dt

i

i

b 1/p
< (b — a;)"" (/ IV fe(z! t) — Vf(, 1) dt) )

The fundamental theorem of calculus implies that for all [a, b] C [a;, b;],

bafk I
/aaxi(x,t)dt

- /ab O

6.’1,'7;
b
/ IV fi(2' )] dt

[fi(a’,b) = fr(a',a)] =

(', 1) ‘ dt

IN

(11.50)

IN

b b
/ |ka(x’,t)—Vf(:v’,t)|dt+/ [Vf(x',t)| dt.

Consequently, it follows from (11.48), (11.49), and (11.50) that there is
a constant M, such that

(11.51) (e, B) — fiule,a)] < /

whenever k > M, and a,b € [a;,b;]. Note that (11.48) implies that there
exists a subsequence of {fx(z’,-)}, which again is denoted the same as the
full sequence, such that

(11.52) fe(@' t) = f(2't), Mae. t.

Fix to for which fi(z',t0) — fr(z',t0), to < b. Then (using this further
subsequence) (11.51) with a = to yields
b

by
IVf(x', t)] dt+1

(11.53) (e B < 1+ / VF@ ) dE | b)),

a;
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Thus for k large enough (depending on z’), we have

b;
(11.54) |n@umz1+/ IV )+ 1 F )] + 1,

i

which proves that the sequence of functions {fx(2’,-} is pointwise bounded
for almost every z’.

We now note that for each 2’ under consideration, the functions fy(z’,-),
as functions of ¢, are absolutely continuous (see Theorem 7.36). Moreover, the
functions are absolutely continuous uniformly in k. Indeed, it is easy to check,
using (11.50), that for each € > 0 there exists 0 > 0 such that for every finite
collection F of nonoverlapping intervals in [a;, b;] with >, |b; —az| < 9,
one has

Z | fe(a!,br) = fe(a' ar)] <e

IeF

for all positive integers k. Here, as in Definition 7.23, the endpoints of the
interval I are denoted by ay, b;. In particular, the sequence is equicontinuous
on [a;,b;]. Since the sequence {fr(z',-)} is pointwise bounded and equicon-
tinuous, we now use the Arzela—Ascoli theorem, and we find that there is a
subsequence that converges uniformly to a function on [a;, b;]; call it f7(z/, ).
The uniform absolute continuity of this subsequence implies that f(2,-) is
absolutely continuous. We now recall (11.52) and conclude that

f(x' t) = fi(2',t) for M-a.e. t € [a;, b;].

To summarize what has been done so far, recall that for each interval
R C Q of the form (11.46) and each 1 < i < n, there is a representative
f of f that is absolutely continuous in ¢ for A,_j-almost all ' € R;. This
representative was obtained as the pointwise a.e. limit of a subsequence of
mollifiers of f. Observe that there exist a single subsequence and a single
representative that can be found for all ¢ simultaneously. This can be accom-
plished by first obtaining a subsequence and a representative for 4 = 1. Then
a subsequence can be extracted from this one that can be used to define
a representative for ¢ = 1 and 2. Continuing in this way, the desired sub-
sequence and representative are obtained. Thus, there exist a sequence of
mollifiers, denoted by {fx}, and a function f* such that for each 1 <14 < n,
fr(2’,-) converges uniformly to f*(z/,-) for A,_i-almost all ’. Furthermore,
f*(a’,t) is absolutely continuous in ¢ for \,_1-almost all 2.

The proof that the classical partial derivatives of f* agree with the distri-
butional derivatives almost everywhere is not difficult. Consider any partial
derivative, say the ith one, and recall that D; = B%i' The distributional
derivative is defined by

mﬂm:—ﬁjmwm
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for a test function ¢ € C°(R). Since f* is absolutely continuous on almost
all line segments parallel to the ith axis, we have

/f D;p dx—/ / [*D;p dx;dx’
/ / (D; f*)p dx;dz’

- /R (Dif) da.

Since f = f* almost everywhere, we have

/fDiﬁﬂdx:/f*DWdﬂ%
R R

/ Dife de = / Dif*p da,
R R

for every ¢ € CS°(R). This implies that the partial derivatives of f* agree
with the distributional derivatives almost everywhere (see Exercise 3, Section
10.1). To prove the converse, suppose that f has a representative f* as in
the statement of the theorem. Then, for ¢ € C°(R), f*¢ has the same
absolutely continuous properties as does f*. Thus, for 1 < ¢ < n, we can
apply the fundamental theorem of calculus to obtain

“alfre), -
/ S =0

for \,_1-almost all 2’ € R;, and therefore (see problem 10, Section 7.5),

bi b.
R 890 / _7/18]0* / ’
| rengiana=- [ Gha ey

Fubini’s theorem implies

/f o d\ — /8f*

for all ¢ € C2°(R). Recall that the distributional derivative 2 a is defined as

and therefore

of Op
= — d\ > .
o0, ¥ or, N P ECT(R)
Hence, since f = f* a.e., we have
of of* 00
(11.55) oz, (p) = 8:102 p dX, forall C°(R).

From (11.55), it follows that the distribution g— is the functlon € LP(R).
Therefore, af € LP(R), and we conclude that f € WP(R). O
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Exercises for Section 11.3

1. Prove that W1P(Q) endowed with the norm (11.44) is a Banach space.
2. Prove that the norm

n 1/p
I =11fllp0+ (Z ||Dif§;g>

i=1
is equivalent to (11.44).

3. With the help of Exercise 2, Section 8.1, show that W1?(Q) can be
regarded as a closed subspace of the Cartesian product of LP(£2) spaces.
Referring now to Exercise 10, Section 8.4, show that this subspace is reflex-
ive and hence W1?(Q) is reflexive if 1 < p < oo.

4. Suppose f € WHP(R™). Prove that f* and f~ are in W1P(R").

11.4. Approximating Sobolev Functions

We will show that the Sobolev space W1P(Q) can be characterized as the
closure of C*°(Q) in the Sobolev norm. This is a very useful result and is
employed frequently in applications. In the next section we will demonstrate
its utility in proving the Sobolev inequality, which implies that WP(Q) C
LP"(Q), where p* = np/(n — p).

We begin with a smooth version of Theorem 9.8.

11.20. LEMMA. Let G be an open cover of a set E C R™. Then there
exists a family F of functions f € CX(R™) such that 0 < f < 1 and the
following hold:

(i) For each f € F, there exists U € G such that sptf C U.
(ii) If K C E is compact, then spt f N K # 0 for only finitely many f € F.
(4ii) Zf(x) =1 for eachx € E. The family F is called a smooth partition

fer
of unity of E subordinate to the open covering G.

PRrROOF. If E is compact, our desired result follows from the proof of
Theorem 9.8 and Exercise 1, Section 10.1.
Now assume that E is open, and for each positive integer i define

> -}

Thus, E; is compact, E; C int E;y;, and E = U2, E;. Let G; denote the
collection of all open sets of the form

Un { int Ei+1 — Ei72}a

| —

E; = ENB(0,i)N{x: dist (z,0F)

~

where U € G and where we take £y = E_; = (). The family G; forms an
open covering of the compact set F; — int F;_;. Therefore, our first case
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applies, and we obtain a smooth partition of unity, F;, subordinate to G;,
which consists of finitely many elements. For each x € R™, define

s@) =33 g(o).

i=1 geF;
The sum is well defined, since only a finite number of terms are nonzero for
each x. Note that s(z) > 0 for x € E. Corresponding to each positive integer
1 and to each function g € G;, define a function f by

g(z)
fy=qi LT
0 ife g E.

The partition of unity F that we want comprises all such functions f.
If F is arbitrary, then a partition of unity for the open set U{U : U € G}
is also one for F. O

Clearly, the set
S =02 NS Ifll1 pe < o0}
is contained in W1P(€Q). Moreover, the same is true of the closure of S in

the Sobolev norm, since W'?(Q) is complete. The next result shows that
S =Wwhr(Q).

11.21. THEOREM. If 1 < p < oo, then the space

COO(Q) n {f : ||fH1,p;Q < OO}

is dense in WHP(Q).

PRrROOF. Let Q; be subdomains of € such that Q; C €;;1 and
U, 2; = Q. Let F be a partition of unity of Q subordinate to the cov-
ering {Q;41 — Q;_1}, where Q_; is defined as the null set. Let f; denote

the sum of the finitely many f € F with spt f C Q;41 — Q;—1. Then
Ji € CZ(Qiy1 — Q1) and

(11.56) d fi=1 on Q.
i=1
Choose € > 0. For f € WP(Q), refer to Lemma 11.18 to obtain ¢; > 0
such that
(1157) spt (flf)[:—7 - Qﬁ,l — Qifl,
||(f’tf)€7 - f’if”l,p;ﬂ < EQii'

With g;: = (fif)e,, (11.57) implies that only finitely many of the g; can
fail to vanish on any given ' CC Q. Therefore, g: =Y .o, g; is defined and
is an element of C*°(Q). For = € Q;, we have

f@) =3 fi@)f(@),
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and by (11.57),

Consequently,

1 =9l sy, < DN 5oy = £l e <&
j=1

Now an application of the monotone convergence theorem establishes our
desired result. O

The previous result holds in particular when 2 = R™, in which case we
get the following apparently stronger result.

11.22. COROLLARY. If 1 < p < o0, the space C°(R™) is dense in
WLpP(R™).

PrROOF. This follows from the previous result and the fact that C2°(R™)
is dense in
CER") NS [1f 1l pegn < 00}

relative to the Sobolev norm (see Exercise 1, Section 11.4). O

Recall that if f € LP(R"), then ||f(z+h)— f(z)|, > 0ash — 0. A
similar result provides a very useful characterization of WP,

11.23. THEOREM. Let 1 < p < oo and suppose 2 C R™ is an open set.
If f € W'P(Q) and Q' CC Q, then |h7! [f(z+h) = f(@)],.q remains
bounded for all sufficiently small h. Conversely, if f € LP(Q) and

| 1 f (@ + ) = f(@)] o
remains bounded for all sufficiently small h, then f € WhP(Q).

PROOF. Assume f € WLP(Q) and let Q' cC Q. By Theorem 11.21,
there exists a sequence of C*°((2) functions { fi} such that | fx — f[[; ,.q =0
as k — oo. For each g € C*(Q), we have

glx+h)—g(x) 1 /hl h\ h
CAIRILL AL \f t— ) — at
] i Sy VI ) g

so by Jensen’s inequality (Exercise 10, Section 6.5),

S e ()
< — Vgl|lxz+t—
Al Jo |h|

p

REELES u

h
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whenever z € ' and h < 0: = dist (0, 99). Therefore,

1 || h
lg( + h) — g(@) Py < [BP = / / Vo ( +t>
bl Jo ' |R]

[h|
< |hp? / / V(@) de dt,
0 Q

p
dx dt

or
lg(@ +h) = g(@)ll 0 < 101Vl
for all h < §. Since this inequality holds for each fj, it also holds for f.

For the proof of the converse, let e; denote the ith unit basis vector. By
assumption, the sequence

flx+ei/k) - fx)
1/k
is bounded in LP(Y') for all large k. Therefore by Alaoglu’s theorem (The-

orem 8.40), there exist a subsequence (denoted by the full sequence) and
fi € LP(Y) such that

f(z+ei/k) — f(z)
1/k

weakly in LP()'). Thus, for ¢ € C§°(Y'), we have

— fi

o [z +ei/k) — f(z)
B
. plz — ei/k) - ol)
= Jim, Q,f@[ 1k ]d%‘
=— fDipdz.
Q/

This shows that D;f = f; in the sense of distributions. Hence, f €
Whr(Q). O

Exercises for Section 11.4

1. Relative to the Sobolev norm, prove that C°(R™) is dense in
C>®(R™) N WHP(R™).

2. Let f € C?(Q). Show that f is harmonic in Q if and only if f is weakly
harmonic in Q (i.e., [, fAp dz = 0 for every ¢ € C°(Q)). Show also
that f is weakly harmonic in 2 if and only if fQ V-V f dr =0 for every
p e CF(Q).

3. Let f € W12(Q). Show that f is weakly harmonic (i.e.,

/fA(pda::O
Q
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for every ¢ € C°(Q)) if and only if

/Vf~Vgadx:0
Q

for every test function . Hint: Use Theorem 11.21 along with (11.42).

4. Let Q C R™ be an open connected set and suppose f € W1P(Q) has the
property that V f = 0 almost everywhere in 2. Prove that f is constant
on 2.

11.5. Sobolev Embedding Theorem

One of the most useful estimates in the theory of Sobolev functions is the
Sobolev inequality. It implies that a Sobolev function is in a higher Lebesgue
class than the one in which it was originally defined. In fact, for 1 < p < n,
one has WHP(Q) C LP" (2), where p* = np/(n — p).

We use the result of the previous section to set the stage for the next
definition. First, consider a bounded open set 2 C R™ whose boundary
has Lebesgue measure zero. Recall that Sobolev functions are defined only
almost everywhere. Consequently, it is not possible in our present state
of development to define what it means for a Sobolev function to be zero
(pointwise) on the boundary of a domain € (see [25, 26, 51] for further reading
on traces of Sobolev functions). Instead, we define what it means for a
Sobolev function to be zero on 052 in a global sense.

11.24. DEFINITION. Let 2 C R™ be an arbitrary open set. The space
WyP(Q) is defined as the closure of C°(Q) relative to the Sobolev norm.
Thus, f € Wol’p(ﬂ) if and only if there is a sequence of functions f € C2°(Q)
such that

klingo ||fk - f”l,p;Q =0.

11.25. REMARK. If Q = R", then Exercise 1 in Section 11.4 implies that
W, P(R™) = WhP(R™).

11.26. THEOREM. Let 1 < p < n and let Q C R™ be an open set. Then
there is a constant C = C(n,p) such that for f € Wol’p(Q),

||f p*;Q2 <C ||Vf||p,Q '

PrOOF. Step 1: Assume first that p = 1 and f € C°(R"™). Appealing
to the fundamental theorem of calculus and using the fact that f has compact
support, it follows that for each integer ¢, 1 < i < n, one has

i af

flzr, o @y xy) = - azi(xh...,ti,...,xn)dti,
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and therefore,

0l < [ [t |
< [t ) i 1<isn

Consequently,

@)™ < (/ VF ot ) dm)

i=1 -

This can be rewritten as
| ()| 7=
g(/ |Vf(x)dt1)_-H(/ |Vf(m1,...,ti,...,xn)|dti> .

- i=2 o0

Only the first factor on the right is independent of z1. Thus, when the
inequality is integrated with respect to x; we obtain, with the help of the
generalized Holder inequality (see Exercise 14, Section 6.5),

/ ‘f|% dz;
<([wnan)” [T wa) " an
—00 —00 ;9 —00

) (/_ZWfI dtl)nil (1;[2/: /:|vf| dxldti>

n—1
Similarly, integration with respect to s yields

oo oo "
/ / [fI7=T dxidxs
—o0 J —o0
00 00 %1 o] n 1
< </ / |Vf| d:z:ldt2> / H Iimdl’g,

00 j=1,i#2
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Applying once more the generalized Holder inequality, we obtain

[T o
(e[ )
XH(/ / / |Vfd:z:1dx2dt> 71.

Continuing in this way for the remaining n — 2 steps, we finally arrive at
Joa<TL( [ vsiae) ™
R i1 \JRn
or

(11.58) e, < [ 1901 dn, g eC®).

which is the desired result in the case p =1 and f € C°(R"™).

Step 2: Assume now that 1 < p < n and f € C(R™). This case is
treated by replacing f by positive powers of | f|. Thus, for ¢ to be determined
later, apply our previous step to g: = |f|?. Technically, the previous step
requires g € C°(£2). However, a close examination of the proof reveals
that we need g to be an absolutely continuous function only in each variable
separately. Then,

T / V1717 da

— [ alr 9] da
]R'n.
S,

where we have used Holder’s inequality in the last inequality. Requesting
(¢g—1)p = g2, with 1 =1- %, we obtain ¢ = (n— 1)p/(n — p). With this

n—1’
q we have g5 = % and hence

(/ |f|n"—”p)n"l <‘J(/Rn 1175

=

) 2.

Since =L — L = =P e obtain
n P np
(L 1875) ™ <alV sl
which is
(11.59) I£1l 22 g < (n_p) IVl » f € CZ(R™).
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Step 3:
Let f € WyP(Q). Let {f;} be a sequence of functions in C2°(£2) converg-
ing to f in the Sobolev norm. We have

(11.60) I1fi = filly po = O
Applying (11.59) to || f; — f;||, we obtain
Hfl - fj”p*;R” <C ”fl - fj”l’p;Rn ’

where we have extended the functions f; by zero outside 2. Therefore, we
have

(11.61) 1fi = fill e < C i = filly e -

From (11.60) and (11.61) it follows that {f;} is Cauchy in LP (), and hence
there exists g € LP" (Q) such that

fi = g in LP (Q).

Therefore, there exists a subsequence f;, such that f;, — ¢ pointwise. Since
fi, = f1in LP(Q), it follows that up to a further subsequence, f;, — f point-
wise. By uniqueness of the limit, we conclude that f = g almost everywhere.
That is,

(11.62) fi = fin LP"(Q).
Using that |V f;| = [V f| in L?(€Q2) and (11.62), we can let i — oo in

to obtain

I1f

p*;Q S C ||vf||p7Q :
O

11.27. REMARK. Let 2 be a bounded open subset of R™ and assume that
U is C'. Assume 1 < p <n and f € WHP(Q). Then f € LP" (Q), with the
estimate

£l < Clf Il ps

where the constant C' depends only on p, n, and 2. This inequality can be
proven by extending f to a Sobolev function in the whole space R™ (see [26,
Theorem 1, Section 5.4]) and then using the approximation by smooth func-
tions in Corollary 11.22 and the Sobolev embedding theorem, Theorem 11.26.

Exercise for Section 11.5

L. Suppose ||fi = fill ..o = 0 and || fi = f[,.,o — 0, where & C R™ and ¢ > p.
Prove that [|f; — f|/,.q — 0.
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11.6. Applications

A basic problem in the calculus of variations is to find a harmonic function
in a domain that assumes values that have been prescribed on the boundary.
Using results of the previous sections, we will discuss a solution to this prob-
lem. Our first result shows that this problem has a “weak solution,” that is,
a solution in the sense of distributions.

11.28. DEFINITION. A function f € C%(Q) is called harmonic in Q if

0? o? 0?
8;;<x)+6x:g(x)++6x£(x) =0

for each x € Q.

A straightforward calculation shows that this is equivalent to div(V f)(x) = 0.
In general, if we let A denote the operator

0? 0? 0?
= 871.% —+ 871,% + -+ @7
then taking V = ¢V f in (11.42), we have
(11.63) Oz/diVV:/gaAfdx+/V<p-Vfdx
Q Q Q

whenever f € C%(Q) and ¢ € C°(2), and hence if f is harmonic in €, then

/Vf-Vgodx:O
Q

whenever ¢ € C°(9).

Returning to the context of distributions, recall that a distribution can
be differentiated any number of times. In particular, it is possible to define
AT whenever T is a distribution. If T is taken as an integrable function f,
we have

Af(o) = [ fapda
for all p € C°(Q).

11.29. DEFINITION. We say that f is harmonic in the sense of dis-
tributions or weakly harmonic if Af(¢) = 0 for every test function ¢.

Therefore (see Exercise 1, Section 11.4), f € C%(Q) is harmonic in € if
and only if f is weakly harmonic in Q. Also, f € C?(f2) is weakly harmonic
in Q if and only if [, Ve -V fdx =0.

If f € Wh2(Q) is weakly harmonic, then (11.63) implies (with f and ¢
interchanged) that

(11.64) / Vf-Vodr=0
Q

for every test function ¢ € C°(Q) (see Exercise 2, Section 11.6). Since
f € Wh2(Q), note that (11.64) remains valid with ¢ € Wy*(2).
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11.30. THEOREM. Suppose Q C R" is a bounded open set and let
v € WH2(Q). Then there exists a weakly harmonic function f € WhH2(Q)
such that f — 1 € W2 (Q).

The theorem states that for a given function ¢» € W12(2), there exists a
weakly harmonic function f that assumes the same values (in a weak sense)
on 0N as does 1. That is, f and 1 have the same boundary values and

Vf-Vodr=0
Q

for every test function ¢ € C°(Q2). Later we will show that f is, in fact,
harmonic in the sense of Definition 11.28. In particular, it will be shown that

fec=(Q).
PRrOOF. Let
(11.65) m: :inf{/ Vi do:f—v e WOLQ(Q)}.
Q

This definition requires f — 1) € Wol’2(Q). Since ¥ € WH2(Q), note that f
must be an element of W2(Q) and therefore that |V f| € L?(1).

Our first objective is to prove that the infimum is attained. For this
purpose, let f; be a sequence such that f; — ¢ € Wol’2 () and

(11.66) / IVfil> dec —m as i— oo,
Q

Now apply both Hoélder’s and Sobolev’s inequalities (Theorem 11.26) to
obtain
11
i =l SANDET2) (| fs = Ylgeiy < CUV(Si = )]s -

This along with (11.66) shows that {[|fi|l, 5.0}, is a bounded sequence.
Referring to Remark 11.15, we know that W12(Q) is a reflexive Banach
space, and therefore Theorem 8.37 implies that there exist a subsequence
(denoted the same as the full sequence) and f € W2(Q) such that f; — f
weakly in W12(Q2). This is equivalent to
(11.67) fi — f weakly in L*(Q)
(11.68) Vf; — Vf weakly in L*(9).

Furthermore, it follows from the lower semicontinuity of the norm (note

that Theorem 8.35 (iii) is also true with ||z||* < limg_ s [|zx]°) and (11.68)
that

/ IVf]? da gnminf/ IVfil? da.
Q 11— 00 Q

To show that f is a valid competitor in (11.65) we need to establish that
f—1 e Wy?(Q), for then we will have

[ Vs da=m,
Q
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thus establishing that the infimum in (11.65) is attained. To show that f
assumes the correct boundary values, note that (for a subsequence) f;—¢ — ¢
weakly for some g € Wy?(2), since {||f; — Y|l 9.0} 18 a bounded sequence.
But f; — 1 — f — weakly in W12(Q), and therefore f —1) =g € WOI’Q(Q).

The next step is to show that f is weakly harmonic. Choose ¢ € C°(2)
and for each real number ¢, let

alt) = / IV + tg)? de
Q
= / VPP +2tVf -V + 12|Vl da.
Q

Note that a has a local minimum at ¢ = 0. Furthermore, referring to
Exercise 7, Section 6.2, we see that it is permissible to differentiate under
the integral sign to compute ' (¢). Thus, it follows that

0=o/(0)=2/Vf~V<pdm,
Q

which shows that f is weakly harmonic. O

Exercises for Section 11.6

1. Let f € C?(2). Show that f is harmonic in € if and only if f is weakly
harmonic in Q (i.e., [, fAp dz = 0 for every ¢ € C°(Q)). Show also

that f is weakly harmonic in Q if and only if [, Vo -V f da = 0 for every
p e CX(NQ).
2. Let f € WH2(Q). Show that f is weakly harmonic (i.e.,

/ng@dsz
Q

for every ¢ € C°(Q)) if and only if

/Vf~Vgadx:0
Q

for every test function . Hint: Use Theorem 11.21 along with (11.42).

11.7. Regularity of Weakly Harmonic Functions

We will now show that the weak solution found in the previous section is
actually a classical C*° solution.

11.31. THEOREM. If f € Wllof(Q) is weakly harmonic, then f is contin-
uous in €2 and

Fao) = ]][3( T dy

whenever B(xzg,r) C Q.
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ProOOF. Step 1: We will prove first that for every zy € €, the function
(11.69) Flr) = / £, 2)dH" (=)
0B(wo,1)

is constant for all 0 < r < d(zo,2). Without loss of generality we assume
xo = 0. In order to prove (11.69) we recall that since f € Wllof(Q) is weakly
harmonic, we must have

(11.70) / fApd\(z) =0, forall p € C(Q).
Q

We want to choose an appropriate test function ¢ in (11.70). We consider a
test function of the form

(11.71) p(z) = w(|z)).

A direct calculation shows that

0 1
2 = Wl (a2 + et a2
1 1
- w’<|x|>§<x%+~ +a2)7H (2m)
= Wz ﬂ,
G

and hence

Therefore,

¢ >’y n
%Jr +a—2 W(|1’|)+*W(|I|)*

from which we conclude that

M) = o (Jaf) + BV (fay).
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Let = |z|. Let 0 < t < T < d(x9,082). We choose w(r) such that
w € C°(t,T), and with this w we compute

/ f(2) Ap(a)dA ()

= [ 5@ [ e+ =P ap)] ax)

/t /6)3(0,1) f(r,2) {w"(r) + (n ; 1)w/(r)} P gH () dr

/ / flr2) [0 (r)r" = + (n = )"0 (r)] dH" ! (2)dr
8B(0,1)

//aB(OU ) ! () A ()

/t P (=0 (r)) dr.

We conclude that

T
(11.72) / F(r)(r" '/ (r)) dr = 0,

t
for every test function of the form (11.71), w € C°(¢,T). Given
Y € CX(t,T) ft = (0, we now proceed to construct a particular func-

tion w(r) such that (r"~*w/(r))’ = 1. Indeed, for each real number 7, define

= " p(s)ds

n(r) = /: y(f)l ds.

and define n by

Sn

Finally, let

Note that w = 0 on [0,¢] and [T, 00). Since w'(r) = f’"(f)l, we obtain from
(11.72)

r)(rnt .
/t " oy
/tT F(r)y(r)dr

T T
(11.73) /t F(r)y(r)dr =0, for every ¢ € C°(¢,T), /t Y =0.

We have proved that
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We consider the function F'(r) as a distribution, say Tr (see Definition 10.3).
It is clear that (11.73) implies

T
/ F(r)¢'(r) =0, for every ¢ € C°(t,T),
t
and from Definition 10.7, this is equivalent to
(11.74) Tr(p) =0, for every ¢ € C2°(t,T).

From (11.74) we conclude that 7%, in the sense of distributions, is 0, and
we now appeal to Theorem 10.8 to conclude that the distribution Tr is
a constant, say a. Therefore, we have shown that F(r) = a(zg) for all
t <r <T. Since t and T are arbitrary, we conclude that F(r) = a(x) for
all 0 < r < d(xg,09), which is (11.69).

Step 2: In this step we show that

(11.75) ]g( @) = Ceom),

for every zp € Q and every 0 < § < d(xg,92). Without loss of generality we
assume xo = 0. We fix 0 < § < d(xg, Q). We have, with the help of step 1,

/Bw) f@)dr(z) = / /63(0 e e T

/0 a(0)r™tdr

= a(O)(%n.
Hence,
1z x x) = a(xo)
5 S =2
and therefore,
1
(11.76) A(B(xM))/(zo J@H@) = a0,

Step 3: Since almost every xg € () is a Lebesgue point for f, we deduce
from (11.76) that

1
1) = 3505 /B @@ = a0,

for A-a.e. g € Q and every ball B(xg,d) C €.

Step 4: Now f can be redefined on a set of measure zero in such a way
as to ensure its continuity in 2. Indeed, if x( is not a Lebesgue point and
B(zg,7) C Q, we define, with the aid of Step 2,

f(wo) = ]é( T,
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We leave as an exercise to show that with this definition, f is continuous
in Q. O

11.32. DEFINITION. A function ¢: B(xo, ) — R is called radial relative
to x¢ if ¢ is constant on dB(xq,t), t < 7.

11.33. COROLLARY. Suppose f € WH12(Q) is weakly harmonic and
B(zg,7) C Q. If ¢ € C(B(wo,r)) is nonnegative and radial relative to

T with
[ ewis=,
B(zo,r)
then
(11.77) fa = [ fayela) do
B(zg,T)

PROOF. For convenience, assume xg = 0. Since ¢ is radial, note that
each superlevel set {¢ > t} is a ball centered at 0; let r(¢) denote its radius.
Then with M: = supp , ¢, we compute

/ f(@)p(x) dx = / (F* (@) - f~(@)ple) d
B(0,r)

B(0,r)

— / o(z) f (2)dA(z) — / p(x)f~ (z)dA(x)
B(0,r)

B(0,r)

- /B o o(x)dpt(z) — / p(z)du™ (z),

B(0,r)

where the positive measures ™ and u~ are given by

+ = +:c ) an o = (x x).
u(E)—/EfUdA() d i (B) [Efucu()

Hence, from Theorem 6.59, we obtain

M

/ f(@)p()de = / it (e s pla) > 1)dA®) - / (L - pla) > 1))dA().
B(O,r) 0 0

Since {¢ >t} = B(0,7(t)), we have

/| o @ / ; /{ AR / : /{ @i

M
/ / (FH(@) — f~(2))dA(@)dA(2)
0 {e>t}

M
/ / F(z)dM\@)dA(2).
0 B(0,r(t))
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Appealing now to Theorem 11.31, we conclude that

/ f@)p(x)dr = / FOAB(O, r(1))] dA(t)
B(0,r) 0

£(0) / Mg > 1] dt

— £(0) /B ., PRE)

= f(0).
We have proved (11.77). O

11.34. THEOREM. A weakly harmonic function f € WY2(Q) is of class
C>(Q).

PRrROOF. For each domain €' CC 2 we will show that f(z) = f * p.(z)
for x € Q. Since f % p. € C*°(§), this will suffice to establish our result.
As usual, p.(r): =e "p(x/e), p € CX(B(0,1)), and fB(O,l) p(x)dA(z) = 1.
We also require ¢ to be radial with respect to 0. Finally, we take ¢ small
enough to ensure that f * ¢, is defined on €’. We have, for each x €
fro@ = [ ele-nfwis= [ pe-niwd= [ o)y

Q B(w,e) B(0,¢)
By Exercise 1, Section 11.7, the function h(y) := f(z —y) is weakly harmonic
in B(0, ¢). Therefore, since ¢, is radial and fB(O)E) ve(x)dA(x) = 1, we obtain,
with the help of Corollary 11.33,

J () = / h(y)ee(y) dy = h(0) = f(a). 0
B(0,¢)

Theorem 11.30 states that if { is a bounded open set and ¢ € WH2(Q)
a given function, then there exists a weakly harmonic function f € W2(Q)
such that f — ¢ € Wol’Q(Q). That is, f assumes the same values as ¥ on
the boundary of €2 in the sense of Sobolev theory. The previous result shows
that f is a classically harmonic function in €. If ¢ is known to be continuous
on the boundary of 2, a natural question is whether f assumes the values 1
continuously on the boundary. The answer to this is well understood and is
the subject of other areas in analysis.

Exercise for Section 11.7

1. Suppose f € W12(Q) is weakly harmonic and let x € ' cC Q. Choose
r < dist (§,09). Prove that the function h(y): = f(xz —y) is weakly
harmonic in B(0,7).
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Borel measure, 104
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countably additive, 71
countably subadditive, 70
countably-simple function, 141

D

Daniell integral, 308

de Morgan’s laws, 2

dense, 43

dense in an open set, 45
denumerable, 21

derivative of p with respect to A, 210
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difference of sets, 2
differentiable, 340

differential, 336

Dini derivatives, 224

Dirac measure, 70
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discrete topology, 34
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first axiom of countability, 39
first category, 45
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G
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H

Hoélder’s inequality, 159
harmonic function, 367
Hausdorff dimension, 98
Hausdorff measure, 95
Hausdorff space, 35
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homeomorphic, 42
homeomorphism, 42

I
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immediate successor, 11

indiscrete topology, 34

induced topology, 34

infimum, 18

infinite, 21

initial ordinal, 31

initial segment, 28

injection, 4

integrable function, 142

integral average, 215

integral exists, 142

integral of a simple function, 141
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intersection, 2
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isolated point, 49

isometric, 42
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isomorphism, 29

J
Jacobian, 341
Jensen’s inequality, 165
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linear functional, 180
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measurable sets, 104
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N
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outer measure, 70

P
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positive functional, 306

positive measure, 167

positive set, 168
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R

radial function, 373

Radon measure, 104

Radon outer measure, 77
Radon—Nikodym derivative, 177
Radon-Nikodym Theorem, 173
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real number, 15

regularization, 200

regularizer, 200

relation, 3

relative topology, 34
restriction, 4

Riemann integrable, 151
Riemann partition, 151
Riemann—Stieltjes integral, 154

S

second axiom of countability, 39

second category, 45

self-similar set, 103

separable, 44

separated, 36

sequence, 5

sequentially compact, 49

signed measure, 167
total variation of, 171

simple function, 135

single-valued, 4
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Sobolev inequality, 363
Sobolev norm, 353
Sobolev Space, 352
strong-type (p, q), 206
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subcover, 36
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subset, 2

subspace induced, 41
superlevel sets of f, 121
supremum of, 18
surjection, 4

symmetric difference, 2

T

topological invariant, 42
topological space, 33
topologically equivalent, 41
topology, 33

topology induced, 41

total ordering, 7

totally bounded, 48
triangle inequality, 41

INDEX

U

uncountable, 21

uniform boundedness principle, 47
uniform convergence, 55
uniformly absolutely continuous, 172
uniformly bounded, 47

Uniformly continuous on X, 55
union, 1

univalent, 4

upper bound for, 18

upper envelope, 130

upper integral, 141

upper limit of a function, 64
upper semicontinuous, 67

upper semicontinuous function, 64

\%
Vitali covering, 212
Vitali’s convergence theorem, 162
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weak-type (p, q), 206
weakly harmonic, 367
well-ordered, 8
well-ordered set, 11
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