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Preface

This book presents the work of many mathematicians. It is the product of the two-
semester course I have taught at the University of Illinois since 1968, a span of
over 1% of recorded western history. The development of the book’s diverse topics
has often been improved with input from current research, including my own and
joint research with coauthors. In particular, the most difficult material of the first
semester, appearing in Chapter 5, has been considerably simplified and shortened
by application of work with potential theorist Jiirgen Bliedtner.

As is common practice for a book on measure theory, the first five chapters are
devoted to measures on the real numbers. This of course includes the generalization
of the Riemann integral using Lebesgue measure. With essentially no more work for
the student, however, it also includes more general measures on R. The generaliza-
tion is important for many applications, such as in statistics and probability theory. It
is also helpful in developing the connection between integration and differentiation.
That topic is considerably simplified in Chapter 5 with the use of a local maximal
function and a simple, optimal covering theorem.

From there, the book continues with an introduction to general measure, metric,
and normed spaces. This includes the Baire Category Theorem and classical L?
spaces. It is the material needed as a foundation for Chapter 8 on Hilbert spaces,
Fourier series, and the proof of the important Radon-Nikodym Derivative Theorem.

Chapter 9 gives a parallel treatment of spaces with a distance function, i.e., metric
spaces, and more general topological spaces. Open balls are used in a metric space
to determine how close a point x is to a point z: The more balls centered at z that
contain x, the closer x is to z. More general topological spaces replace open balls
with sets not defined by a distance function. The chapter includes a development of
the infinite product of such spaces and an elementary proof that if the spaces are
compact, so is the product.

Chapter 10 is devoted to the construction of general measures including measures
on product spaces. Chapter 11 develops properties of infinite-dimensional vector
spaces with a norm, i.e., a function specifying the distance to 0. The chapter includes
further information about classical L” spaces and measures associated with linear
maps on spaces of continuous functions.
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viii Preface

The Axiom of Choice is assumed when needed throughout the book. It allows
a point to be chosen from each set in an infinite collection of nonempty sets even
when no rule can be given. The equivalence of several forms of the axiom is proved
in the book’s first appendix. The second appendix simplifies what is needed to show
that a Radon-Nikodym derivative is the result of a limit process. That appendix also
provides two powerful covering theorems for finite-dimensional spaces.

The third appendix introduces the reader to the rigorous use of infinitely large and
infinitely small numbers in subjects such as calculus and measure theory. In calcu-
lus, for example, the treatment of the chain rule and applications of the integral can
inform instruction in an ordinary calculus course. The measure spaces developed
in the appendix have had a number of important applications over several decades.
With the work of Yeneng Sun, for example, there is now a rigorous way of treating
a continuum of independent random variables and traders in an economy.

Answers are provided at the end of the book for many of the problems; these
are marked with an “A”. By putting the period outside the quotes, I have just used
the British rule allowing context to be considered for such punctuation. I have read
that the American rule was set by typesetters to protect delicate type for commas
and periods. Typesetters, however, have not always understood the needs of mathe-
maticians. A famous example is the proof sheet returned to an author with a minute
speck that magnification showed to be an epsilon. The text read “Let epsilon be as
small as possible.”

I am indebted to Erik Talvila for his help and advice in writing this book. I also
thank Agus Soenjaya, Derek Jung, and Sepideh Rezvani for their helpful sugges-
tions and careful reading of the manuscript. Finally, Birkhduser—Springer editor
Benjamin Levitt is due great thanks for his help and guidance.

Champaign-Urbana, IL, USA Peter A. Loeb
January 2016
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Chapter 1
Set Theory and Numbers

1.1 Terms and Notation

Set notation should be familiar to the reader. Recall x € A means that x is an element
of A; the negation is x ¢ A. Notation for every member of a set A belonging to a set
Bis A C Bor BDOA. We say that A is a subset of B or B is a superset of A. If A is
a proper subset of B, that is, A C B but A # B, then one can write A C B. To prove
that two sets A and B are equal, it is necessary to show that each is contained in the
other; that is, A C B and B C A. Familiar sets are the empty set &, which contains
no elements and is a subset of every set, the natural numbers N = {1,2,3,---}, the
integers Z={---,—2,—1,0,1,2,---}, the rational numbers Q, the real numbers R,
and the complex numbers C.

In our discussion, we will often use quantifiers. The universal quantifier V is
read as “for all” or “for any.” The existential quantifier 3 is read as “there exists.”

An interval in R is a subset 7 of R such that if c € I and d € I, and ¢ < d, then
all points x € R with ¢ < x < d are in . Here is the notation and definition for
open intervals in R: (a,b) :={x € R:a <x<b}; (a,+o):={xeR:a<x};and
(—e0,b) :={x € R:x < b}. The closed intervals [a, D], [a,+<), and (—eo, b] contain
all real endpoints. The half-open intervals (a,b] and [a,b) have two real endpoints,
but contain only one of them. A singleton set {a} is a degenerate interval. We will
be dealing with subsets of the real line or a more general set X. These can be quite
different than intervals. Indeed, many sets contain no interval at all. Two examples
are the rational numbers and the irrational numbers.

The basic operations on sets are union A U B, i.e., the collection of elements
in either A or B, and intersection A N B, i.e., the collection of elements in both A
and B. The Cartesian product of A and B is the collection of ordered pairs A x B :=
{(a,b) : a € A and b € B}. The power set of a set A is the collection of all subsets
of A, written Z?(A). Note that for each set A we have A € Z(A) and @ € Z(A).
The complement of B with respect to A is A\ B:= {x € A: x ¢ B}. If the set A is
understood, then we write B or CB. For example, when working in the context of

© Springer International Publishing Switzerland 2016 1
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2 1 Set Theory and Numbers

the real numbers, @ =R\ Q denotes the irrational numbers. A collection of sets is
called pairwise disjoint, or just disjoint, if any two distinct members of the family
have an empty intersection.

If A and B are subsets of a set X, then the symmetric difference of A and B,
denoted by A A B, is the set (A\ B) U(B\ A). It is the set of points in the union of A
and B but not in the intersection.

A relation is a subset of a Cartesian product A x B. If A = B, the relation is
said to be on A. An equivalence relation on A is a relation p with the reflexive
property: (x,x) € p for each x € A; the symmetric property: (x,y) € p = (y,x) € p;
and the transitive property: (x,y) € p and (y,z) € p = (x,z) € p. For each x € A the
equivalence class of x is written [x]; itis the set {y € A : (x,y) € p}. Note that x € [x]
so none of the equivalence classes is empty. For each x,y € A either [x] = [y] or [x]
and [y] are disjoint. The set A is then partitioned into a union of disjoint equivalence
classes. For example, the rational numbers Q is the collection of equivalence classes
of ratios of integers with nonzero denominators.

A function f : A — B is arelation in A x B such that for each x € A there is one
and only one element y € B such that (x,y) € f. That is, if (x,y) € f and (x,2) € f,
then y = z. One writes y = f(x) and says y is the image of x under f. The set A
is the set of points for which the function is defined; it is called the domain of f.
The set B is the target set (or codomain) of f and is the set in which we expect
an image. The range of f is the set of actual images. For example, if f(x) = x> on
the real line, then f : R — R has its target set equal to the real line, but the range is
the nonnegative real line. For some algebraists, changing the target set changes the
function even if the range remains the same.

We use the notation f[S] to denote the image of a set S under a function f. That is,

fIS] :={y: 3x € SNdomain(f) with f(x) =y}.

Note that if f: A — B, then f[-] is a function from Z?(A) into &?(B). We use
square brackets here because the set function derived from a point mapping f
is not the same function as f. The notation f~! denotes the inverse relation
of the point mapping f. That is, f~! is the relation on range(f) x A given by
f~1:={(y,x): (x,y) € f}. Note that in general, f~! is not a function since more
than one element of the domain of f may map to the same y in the range. We use the
notation f~1[S] with square brackets to denote the inverse image under a function f
of a set S contained in the target set of f. That is,

f*I[S] := {x € domain(f) : Iy € S with f(x) = y}.

If f: A+~ B, then f~![-] is a function mapping & (B) into 2 (A).
We will write f = o on A if f(x) = o for all points x in a subset A of the domain
of f. We will write f|A for the restriction of a function f to a subset A of its domain.
If f: A B, then, in general, f[A] C B. If, however, the range of f is all of B,
then f is a map onto B; we also call f a surjection or say that f is surjective. If
forall x,z € A, f(x) = f(z) only if x = z, then f is a one-to-one map, also called an
injection; we also say that f is injective. If f is both onto and one-to-one, then it is
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called a one-to-one correspondence or a bijection; we also say that f is bijective.
If f: A — Bis a bijection, then f~! is a bijection mapping B onto A. For example, if
x> x is restricted to the positive real numbers, then f~! is the square root function.
A real-valued function f is bounded if its range is contained [—K, K] for some K
in N.

Recall that a finite set is one that is empty or that can be put into one-to-one cor-
respondence with an initial segment of the natural numbers terminating with some
n € N. As usual, non-finite sets are called infinite. A countably infinite set is one
that can be put into one-to-one correspondence with the natural numbers. We will
call such a correspondence an enumeration. In particular, the integers and rational
numbers are countably infinite; as we shall see, the real numbers are not. A set that is
not countable is called uncountable. Often for simplicity, we let “countable” mean
finite or countably infinite. An example is when we state the following fact:

Theorem 1.1.1. A countable union of countable sets is countable.

Proof. Exercise 1.2.

To see how large the collection of subsets of an infinite set can be, let us con-
sider the set of all subsets of the natural numbers N = {1,2,3,---}, i.e., the power
set Z(N). The ordinary language we use to describe something has only a countable
number of symbols that we string together in finite sentences. This means that even
for the natural numbers, we can only describe a countable number of subsets. Here
is a proof that there are actually an uncountable number of such subsets: Assume
we have an enumeration A, Aj, --- of the distinct subsets of N. The enumeration
should include the empty set. Form B by putting m in B if and only if m is not in A,,.
Then B has not been counted in the enumeration. The fact that &(N) is uncount-
able can be applied to the binary expansion of numbers in the interval [0, 1], while
taking into account duplicate expansions for some numbers, to show that [0, 1], and
therefore R, is uncountable.

1.2 Indexed Families

Let I be a set such that for each o0 € I we have a set A,. Then [ is called an index
set for the family {Aq }qcs. Note that I may be a finite set, or the natural numbers,
or even an uncountable set. We will often deal with arbitrarily indexed families of
sets and of functions. For example, we have the following rules: If f maps a set X
into a set Y, then for all A, C X,

A UAoc :Uf[Aa]v f lmAa‘| - ﬂf[Aa]~

Note that the containment goes only one way for intersection. For example, f may
take the same constant value on every one of the sets A, and these sets may be
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pairwise disjoint. For inverse images, we can say more. That is, if for each index ¢,
B, is a subset of the range of f, then

! [UBa]:Ufl[Ba} and f!

mBa] = qu [Ba]-

We also have f~![CB] = C(f~'[B]) for all B contained in the range of f. Note that
the first complement is with respect to the range and the second is with respect to
the domain of f.

The distributive law for sets says that

BN LO‘JAQ] :LO(J(BOAQ) and BU[QAO,

Here is an important rule that we will use often; the proof is left to the reader.

=) (BUAy).

o

Theorem 1.2.1 (De Morgan’s Laws). Given two or more subsets of a set X forming
an indexed family of sets {Aq }aer,

(46

ael

= | JCAq.

acl

C [UAQ] = () CAy and C

acl ael

We will often employ what is called the Axiom of Choice without explicitly
noting its use. The Axiom of Choice states that if {Sy : @ € .#} is a nonempty
collection of nonempty sets, then there is a function T : .# — (J,c » So such that
for each o € .Z, T (o) € S¢. Equivalent statements are discussed in an appendix.

Bertrand Russell gives an example in terms of pairs of shoes and pairs of socks:
Presented with a finite or even countably infinite set of pairs of shoes, one can always
pick one shoe from each pair, e.g., the left shoe. Given a finite collection of pairs
of socks, one can pick one sock from each pair, but what happens with an infinite
collection of pairs of socks when the two socks in any pair are identical? The Axiom
of Choice says that even without a rule, there is a set consisting of exactly one sock
from each pair.

1.3 Algebras and o-Algebras of Sets

When an operation on a collection of sets, functions, or numbers always produces
another member of the collection, it is common to say that the collection is closed
with respect to the operation. Because the term “closed” has another meaning in real
analysis, we shall say the collection is stable with respect to the operation.

Definition 1.3.1. An algebra .« of sets in a set X is a collection of subsets of X
containing the set X as a member and stable with respect to the operations of com-
plementation and forming finite unions.
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Remark 1.3.1. It follows that an algebra contains the empty set & and is stable with
respect to forming finite intersections. If one does not specify that X € o7, then one
should require that .27 is nonempty so that then there is a set and its complement in
<, whence the union X € &/

Definition 1.3.2. A o-algebra of sets in a set X is a collection of subsets of X con-
taining X as a member and stable with respect to the operations of complementation
and forming countably infinite unions.

Remark 1.3.2. A o-algebra contains the empty set and by De Morgan’s laws is also
stable with respect to forming countable intersections. Since the empty set is in a
o-algebra, a o-algebra is also an algebra. A c-algebra is also called a Borel field,
especially in the theory of probability.

An intersection of a nonempty collection of algebras or ¢-algebras is again an
algebra or, respectively, a o-algebra. For each set X, the power set Z(X) is an
algebra and a o-algebra. Therefore, for any collection & of sets in X there is a
smallest algebra and also a smallest o-algebra (denoted by o(%)) that contains %
It follows that if 2 is a o-algebra of subsets of X and & D €, then Z 2 ¢ (%).

The o-algebra generated by a nontrivial collection 4" contains more than just
countable unions and intersections of the sets in ¢’. For example, if % is the collec-
tion of open intervals in the real line, then (%) contains countable unions, count-
able intersections of countable unions, countable unions of countable intersections
of countable unions of sets in &, etc.

Example 1.3.1. The algebra generated by intervals of the form [, §), with & and
B rational and o < 3, consists of finite unions of such intervals. The c-algebra
generated by this algebra is a much larger collection of sets. For example, for each
real number r, the singleton set {r} is in the o-algebra but not in the algebra. Other
interesting examples are the algebra and ¢-algebra generated by the finite sets in R.

Here is a result we will need for measure theory. A disjoint, or pairwise disjoint,
sequence of sets is a sequence of sets with no point contained in any two of the sets.

Proposition 1.3.1. If <7 is an algebra of sets and (A; : i € N) is a sequence from <,
then there is a disjoint sequence (B;) from </ with the same union such that B; C A;
foreachicN.

Proof. Set By = Ay, and forn > 1, set B, = A, \ U, <, Ai-

Proposition 1.3.2. Let € be any collection of nonempty subsets of some set X, and
E € 0(%), i.e., the smallest 6-algebra containing all the sets in €. Then for some
countable collection 6y C €, E € 6(%0).

Proof. Exercise 1.8(A).
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1.4 Orderings

An ordering on a set is a relation on the set satisfying the properties listed below.
The reader is familiar with the ordering < on R and C on the power set of a set.

Definition 1.4.1. A partial ordering on a nonempty set E is a relation < on E such
that

1) Va€E,a< a, (reflexive property) and
2)Va,b,ceE,a<band b < c=-a < c. (transitive property)
We sometimes write b > a for a < b.
We call a partial ordering antisymmetric if
) Va,becE,a<bandb<a=a=b.
For an antisymmetric ordering we write a < b for a < b but a # b.
A partial ordering < is called a total ordering if
4)Va,beE,eithera<borb<a.
A total ordering < is called a linear ordering if it is antisymmetric.

We do not assume that a partial ordering is antisymmetric. There are many
important instances of partial orderings that are not antisymmetric. One example
is the ordering on Riemann sums, which we will discuss in defining the Riemann
integral. An ordering can be put on a river and its tributaries with point b being
further along than point a if it is downstream of a. If the river has any width, the or-
dering is not antisymmetric. Also note that if the points are on different tributaries,
neither may be downstream of the other.

If E has a partial ordering, it is said to be a partially ordered set. We will dis-
tinguish between z € E being the biggest or greatest element of E and z being a
maximal element of E. The first means that for all y € E, y and z are comparable
with y < z, and if we also have z <y, then z = y. A greatest element is unique.
The second means that for each y € E, y need not be related to z, but if y > z, then
we also have y < z. For an antisymmetric ordering, this means that y = z. Otherwise,
this may not be the case. Similar definitions hold for the smallest or least element,
and minimal element.

Example 1.4.1. An example is given by the set of points (x,y) in the plane with
0<y<1,and (x1,y1) < (x2,y2) if and only if y; < y;; points of the form (x, 1) are
maximal. There is no greatest element, and this total ordering is not antisymmetric.

Definition 1.4.2. Given a set E with a partial ordering < and a subset Sof E, x € E
is an upper bound of S if for every a € S, a < x. An upper bound of § may or may
not be an element of S. An upper bound x is a least upper bound of S if it is the
least of the upper bounds. Lower bounds and greatest lower bounds are similarly
defined.

Example 1.4.2. Given a set X, the power set is partially ordered by C; by defini-
tion, this ordering is antisymmetric. The greatest element is X. Any collection . of
subsets of X has a least upper bound, which is the union of the sets in ..
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Definition 1.4.3. A linear ordering on a set E is called a well-ordering if every
nonempty subset of E contains a first (i.e., least) element.

Example 1.4.3. The set N of natural numbers with the usual ordering is a well-
ordered set.

Throughout this book, we will use Rt to denote the nonnegative real numbers
and R := RU {+o0, —oo} to denote the extended real numbers. The linear ordering
< on R is extended to R by setting —oo < x < oo for all x € R. When work-
ing with functions, we will use terminology such as “real-valued function” and
“extended-real valued function.” That is, we leave out the hyphen in the latter case
since extending a function refers to augmenting the domain.

1.5 Sequences in R and R

A sequence is a function using the natural numbers for the domain. The image of n €
N is often denoted by x,,, a,,, fy, etc. The sequence itself will usually be denoted here
using angle brackets; for example, (x, : n € N) or just (x,). A real-valued sequence
converges in R if there is a real number x such that, for each € > O thereisa K € N
such that |x, —x| < € for all n > K in N. The number x is the unique limit of the
sequence. We write lim,,_,.. X, = x and say (x,) has limit x or converges to x. We
may also write x, — x. Moreover, if x,, is increasing, that is, x, < x,,11 for each n,
then we may write x,, /* x; the notation x, \, x may be used if x,, is decreasing.

A sequence (x,) in R is a Cauchy sequence if for each € > 0 there is a K € N
such that forallm > K andn > K in N, |x, —x,,| < €. An important property of the
real numbers is that a real sequence converges if and only if it is a Cauchy sequence.
The requirement of a limit for every Cauchy sequence is often used to define the real
numbers R as an extension of the rational numbers Q.

Theorem 1.5.1. Any nonempty subset of R with an upper bound in R has a least
upper bound in R. Any decreasing sequence of finite closed intervals I, in R, i.e.,
I, 2 L4 for each n, has a nonempty intersection.

Proof. Let A be a nonempty set with a finite upper bound. For each n € N, we may
choose a, € A and an upper bound b, of the set A such that b, —a, < 1/n. It is left
to the reader (Exercise 1.15) to show that the b,,’s form a Cauchy sequence, and the
limit is the least upper bound of A. For a decreasing sequence of closed intervals,

the set of left endpoints has a least upper bound, which is in all of the intervals.

A sequence (x,) in R has a cluster point xo if for each € > 0 and each K € N
there is an n > K in N for which |x, —xo| < €. If a point xp € R is the limit of a
sequence, it is the unique cluster point of the sequence. A sequence may have many
cluster points but no limit, such as the sequence n — (—1)"; it may also have no
cluster point in R, such as the sequence n — n.
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An equivalent condition for convergence of a real-valued sequence (x,) to x is
that for each open interval I that contains x there is a natural number K so that for all
n > K in N we have x,, € I. We may say that the sequence is eventually in every open
interval containing x. If x¢ is a cluster point of a sequence (x,), then for any open
interval I containing x¢ and any K € N there is an n > K with x,, € I. We may say
the sequence is frequently in every open interval containing xo.

Since the extended real numbers form a linearly ordered set, the notion of upper
bound and lower bound is the same as for any linear ordered set. A nonempty subset
of R also has a least upper bound, denoted by lub or sup for supremum. If the set
does not have a finite upper bound, then the least upper bound is +-oo. It also follows
by multiplying members in a subset of R by —1 that a nonempty subset of the reals
has a greatest lower bound, denoted by glb or inf for infimum. If the set does not
have a finite lower bound, then the greatest lower bound is —eo. In general, if A C R
is not empty, then infA < supA, with equality holding if and only if A consists of
only one point. However, since every real number is both an upper bound and a
lower bound of the empty set, sup(&) = —eo and inf(&) = +-oo.

If (x,) is a real-valued sequence, then lim,,_,c X, = +oo if for each M > 0 in R
there is a K € N such that x,, > M for all n > K. In this case, the sequence diverges to
plus infinity. A similarly definition gives lim,,_,c. X, = —oo. The point 4o is a cluster
point of the sequence if x, is frequently in each interval of type (M, ) for M € R.
A similarly definition is used for a cluster point at —e-. A bounded sequence is one
for which the range is contained in a finite interval in R.

Theorem 1.5.2. A real-valued sequence has a cluster point in the extended real
line R.

Proof. If neither +eo nor —eo is a cluster point, then for some M € N, there is a
K € N such that for all n > K, x,, € [-M,M] (Exercise 1.13). In this case, divide
[-M,M] into 2M closed intervals of length 1; ie., [-M,—M +1], ---,[M — 1,M].
The sequence cannot be eventually in the complement of each of these intervals.
Let I} = [m,m+ 1]be the first, counting from the left, of these closed intervals to
which the sequence frequently returns. That is, for each J € N there is an n > J
with x, € [;. Divide I; in half, forming [m,m+ 1/2] and [m+1/2,m+ 1]. Let I
be the first, counting from the left, of these two intervals to which the sequence
frequently returns. Continue in this way, each time cutting the previous interval in
half. At the n' stage, let 1,11 be the first, counting from the left, of the two intervals
formed from I, to which the sequence frequently returns. Now for each n € N, let
I, = ay,by). Then a, < apiy < bpy < by, and lim(b, — a,) = 0. Therefore, the a,,’s
form a Cauchy sequence that converges to a point xy, which is also a cluster point of
the original sequence. That is, given € > 0, there is a K € N such that for all n > K,
by —a, < €, ay < xo < by, and for infinitely many j’s after K, a, < x; < b,, whence
‘xj fx0| <b,—a, <Ee.

Remark 1.5.1. If for n > K the sequence is in a bounded interval, then since only a
finite number of terms precede K, the sequence is bounded. The main part of The-
orem 1.5.2 is called the Bolzano-Weierstrass theorem. We will give another proof
when we take up compactness.



1.6 Limsup and Lim inf 9

Definition 1.5.1. A subsequence of a sequence (x, : n € N) is given by a function
s from N into N, such that for each k € N, s(k+ 1) > s(k) > k. The corresponding
subsequence is the map k > s(k) — x,) from N into the range of the original
sequence. The image of k € N is often denoted by x;, .

Theorem 1.5.3. If xo € R is a cluster point of a sequence (x, : n € N), then a sub-
sequence <xnk :keN > converges to x.

Proof. If 4o is a cluster point, then there is a function s from N into N, such that
for each k € N, s(k+1) > s(k) > k, and x4 > k. The sequence x,() converges
to +oo. If —eo is a cluster point, then +o< is a cluster point of —x,; a subsequence
—Xy(x) converges to +eo, so the subsequence x, ;) converges to —eo. If xo is a real-
valued cluster point, then there is a map s from N into N, such that for each k € N,
s(k+1) > s(k) > k, and |x,4) —xo| < 1/k.

Corollary 1.5.1. If (x,) is a sequence of real numbers, then a subsequence (xy,)
converges to a real or extended real number.

1.6 Lim sup and Lim inf

Definition 1.6.1. If ¢ and b are real numbers, a VV b denotes the maximum of a and
b, while a A b denotes the minimum of a and b. If (x,) is a sequence in R, \/; x
denotes the supremum, i.e., lub of the x;’s, and /\; x; denotes the infimum, i.e., glb
of the x;’s. The limit superior is the extended real number

limsupx, := ggg(iupxk) = /\ (\/xk> .
>

n neN \k>n

We may also use limx, to denote this number. The limit inferior is the extended
real number

liminfx, := sup(infx;) = \/ (/\ xk> .

neN k=n neN \k>n
We may also use limx,, to denote this number.

Remark 1.6.1. Note that n— \/;~, x; is a decreasing sequence in Randn+— Niesn Xk
is an increasing sequence in R.

Proposition 1.6.1. If (x,) is a sequence in R and L = limsupx,, is in R, then given
any € > 0, the sequence is eventually less than L+ € and frequently greater than
L—eg. If limsupx,, = +oo, then for all M > O, the sequence is frequently greater
than M. If limsupx, = —oo, then limx,, = —oo, whence for all M > 0, the sequence is
eventually less than —M. Similar statements are true for liminfx, = —limsup(—x,).

It follows that limsupx, is the largest cluster point of the sequence in R and
liminfx, is the smallest cluster point of the sequence in R.
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Proof. The proof is left to the reader.

Corollary 1.6.1. If (x,) is a sequence in R, then liminfx, < limsupx,, and the
two are equal if and only if they are the limit of the sequence in the extended real
numbers.

Proposition 1.6.2. Let (x,) and (y,) be real-valued sequences. Then provided we
never add or subtract +oo from itself, we have

limx, +limy, < lim (x,+y,) < limx, +limy,
< lim (x, +y,) < limx, +limy,,.

Proof. To show the first inequality, we may assume the left side is not —eo since
otherwise, the first inequality is trivial. If limx, = +oo, then since, by assumption,
limy, # —oo, the y,’s are bounded below and eventually the x,’s take arbitrarily
large values, so the sum has lim equal to +oo. A similar fact is true if limy,, = +oo.
Assume both terms on the left of the inequality are finite. Given € > 0, we fix a k
such that for all m > k, limx, — /2 < x,, and limy, — £/2 < y,. Now it is true that
for all m > k, that is, eventually, limx,, +limy, — € < x;,, + y,,. Next, we note that for
an infinite number of m’s greater than k, i.e., frequently, x,, + y,, < lim (x,, +y,) +€.
It follows that limx,, 4 limy, < lim (x, 4 y,). To establish the second inequality, we
use the fact that
m(xn +yn) +m(_yn) < limx,,

whence o
M(Xn +yn) < mxn _m(_yn) = mxn +hmyn

The rest is left to the reader.

1.7 Open and Closed Sets

Definition 1.7.1. A set O C R is open if for all x € O, there is an open interval
(x—€,x+¢€) C 0. A setis closed if its complement in R is open.

Remark 1.7.1. Note that a set is open if and only if its complement is closed. There-
fore, a set A is closed if and only if for each point z not in the set, there is an open
interval (z — €,z +¢) C CA.

Proposition 1.7.1. The collection of open sets is stable under the operations of tak-
ing finite intersections and arbitrary unions. The collection of closed sets is stable
under the operations of taking finite unions and arbitrary intersections.

Proof. Let G =(_, O; where the O; are open sets. Let x € G. Then x € O; for each
i, and so there are §; > 0 such that (x — &;,x+ &) C O;. Set 6 := A’_; 6;. Then § >0
and (x—0,x+ &) C O; for each i, whence (x — 3,x+ 6) C G. It follows that G is
open. Now let G = UO,, for an arbitrary collection of open sets Oy,. If x € G, then
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x € Op for some index B, whence there is a § > 0 such that (x—6,x+6) C Og CG.
It follows that G is open. The results for closed sets follow from these facts for open
sets and De Morgan’s laws.

Remark 1.7.2. The sets R and & are both open and closed in R; these are the only
sets both open and closed in R (Exercise 1.22).

Proposition 1.7.2. Every nonempty open set in R is the union of a countable collec-
tion of disjoint open intervals.

Proof. Once we obtain a collection of disjoint intervals, the collection must be finite
or countably infinite because each interval contains a rational number not in any of
the other intervals, and the rational numbers form a countable set. Given a nonempty
open set O, to each x € O we associate the interval I, = (ay, by) where a, = inf{z €
O : (z,x) C O} and b, = sup{z € O : (x,z) C O}. Of course, a, may equal —eco and
by may equal 4. Since O is open, I, is not the empty set, and neither a, nor by
isin O. For each x € O, x € I, C O, so U,I, = O. We now need only show that if
x <yin O and I, N1, # @, then I = I, since then the /’s form the desired disjoint
collection. Suppose there is a point w € I, N1,. If w < x, then x € [}, and so

ay=1inf{z € O:z<xand (z,x) C O} = a,.

If x < w, then the closed interval [x,w] C I, C O. It follows that x € I,,, whence again,
ay = ay. Similarly, by, = b,. Therefore, the collection {IL; : x € O} is the desired
collection.

Theorem 1.7.1 (Lindel6f). The union of a collection € of open subsets of the real
line is equal to the union of some countable subcollection of €.

Proof. Let 2 = {I, :n € N} be the collection of all open intervals with rational
endpoints such that each I, is contained in a set O € ¥. The union over the intervals
I, is equal to the union over the sets in 4. Replace each [, with one of the sets
0,, € € such that I,, C O,,.. (Here we are using the Axiom of Choice.) The collection
{0, } (with no repetitions) is the desired collection.

The following corollary, due to Aldaz [2], works for the real line; it will be useful
later. Recall that an interval is non-degenerate if it is not a singleton set. A point is in
the interior of an interval if it is in the interval but is not an endpoint of the interval.

Corollary 1.7.1. If € is a collection of non-degenerate intervals in R, then the union
of the intervals in € equals the union of some countable subcollection of €.

Proof. Let <7 be the collection of those intervals in % such that each I € o contains
its left endpoint, and that left endpoint is not in the interior of any interval in €. If
I € o/ and a is its left endpoint, then for some € > 0, the open interval (a,a+¢€) C 1,
and no left endpoint of any member of < lies in (a,a + €). Moreover, (a,a + €)
contains a rational number. It follows that the collection 7 of left endpoints of
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intervals in <7 is countable. Let £ be the collection of those intervals in % such
that each I € % contains its right endpoint but that right endpoint is not in the
interior of any interval in . By an argument similar to that for .7, the collection
PBr of right endpoints of intervals in % also forms a countable set. A countable
subcollection of € contains the points of 7 U %g. The rest of the union of the
intervals in 4 is covered by the intervals of 4" with any endpoints removed, so by
Lindelof’s theorem, a countable subcollection has the same union. Since a union of
two countable sets is countable, we are done.

1.8 Closures

Definition 1.8.1. A point x € R is a point of closure of a set A C R if every open
interval about x contains a point of A. A point x € R is an accumulation point of a
set A C R if every open interval about x contains a point of A \ {x}.

Note that a point of closure of a set A need not be in A, but every point in A is a
point of closure of A. In particular, any point of closure of A that is not an element
of A is an accumulation point of A. Note that a point of A may or may not be an
accumulation point of A.

Example 1.8.1. Every natural number is a point of closure of N, but there are no
accumulation points of N. The point O is the only accumulation point of the set
{1/n:neN}.

Definition 1.8.2. The closure E of a set E is the set E together with all of its accu-
mulation points.

Remark 1.8.1. It is easy to see that AUB = AUB and if A C B then A C B. There-
fore, ANB C AN B, but the containment does not necessarily go the other way. For
example, A N B may be empty.

Proposition 1.8.1. A set F is closed if and only if F = F ; that is, every accumulation
point of F is a member of F.

Proof. A set F is closed if and only if each point of R\ F is contained in an open in-
terval that does not intersect F, if and only if all points of closure of F are contained
inF,ifandonlyif FCF CF.

Pﬂposition 1.8.2. The closure of the closure is the closure; i.e., if E C R, then
(E) =E. It follows that the closure of a set is a closed set.

Proof. 1f z is a point of closure of Eand]= (z—¢€, z+¢€) for some € > 0, then there
isay € ENI. Since y is a point of closure of E, there is an x € E NI. This means
that z is a point of closure of E. Therefore, we cannot obtain a strictly larger set by

going from E to (E).
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Proposition 1.8.3. The closure of a set E is the intersection of all closed sets that
contain E.

Proof. By Proposition 1.7.1, if F is the intersection of all closed sets that contain E,
then F is closed. Since E is a closed set, E C F CE C F = F. Therefore, E = F.

A notion analogous to the closure of a set is that of the interior of a set.

Definition 1.8.3. A point x is in the interior A° of a set A if for some open interval
I, centered at x, we have x € [, C A.

Remark 1.8.2. Since each y € I, is also in A°, it follows that A° = [ J,c40 Iy is an open
subset of A. If y is in an open set O C A, then there is an open interval I, centered at
ywithy €I, C O C A. It follows that O C A°, so A° is the largest open subset of A;
it is the union of all open subsets of A. Therefore, A is open if and only if A = A°.

1.9 Directed Sets and Nets

In this section, we generalize sequences and sequential convergence.

Definition 1.9.1. A directed set is a set D supplied with a partially ordering < hav-
ing the additional property that for all a, b in D, there is a ¢ € D with a < ¢ and
b<ec.

Remark 1.9.1. It may not be the case that a and b are comparable with respect to
the ordering in D, but there is an element comparable to both and further along than
both. Antisymmetry is not needed for the ordering <.

Definition 1.9.2. A net or generalized sequence in the real line is a mapping from
adirected set into R. A net (x,, : o¢ € D) converges to a point L if for any € > 0, there
is an o € D such that for all & > o in D, |L — x| < €. That is, with respect to the
ordering on D, the net is eventually in every open interval about L. Convergence in
the extended real line is similarly defined.

Example 1.9.1. D = N with the usual ordering gives sequential convergence.

Example 1.9.2. A river with tributaries flowing downstream is a directed set with
a < b if b is downstream of a. The height above sea-level is a net using this
directed set.

Example 1.9.3. Fix ce R, and let D=R\ {c}. SetaxbinDif |[b—c| <|a—c|.
For a real-valued function f on R, this gives the notion of lim,_,. f(x). Note here
thatc — 1 5 ¢+ 1 < ¢ — 1. That is, we do not have antisymmetry for <.
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Example 1.9.4. Fix an interval [a,b] in R, and let & be the set of finite partitions
of [a,b] used for Riemann sums. Each element of &2 consists of a finite collection
of partition points a = xyp < x; < --- < x, = b for some n € N, and also what
are called tags z; € [x;—_1,x;] for 1 <i < n. For a bounded function f : [a,b] — R,
the Riemann sum formed by these partition points and tags is X} | f(z;) (xi —xi—1).
Given two partitions P; and P, we have P; < P; if the partition points of P; are
also partition points of P». For the Riemann integral, the tags are arbitrary within the
required subintervals. This gives the general convergence notion for Riemann sums
converging to the Riemann integral. Note here that we do not have, and absolutely
do not want, antisymmetry for <.

As noted, nets generalize sequences and sequential convergence. We also want to
extend the notion of convergence for a series of numbers. Given a series of nonneg-
ative numbers, a sum exists if the partial sums have a finite upper bound. One can
come arbitrarily close to the same sum by adding the numbers in a sufficiently large
finite subset of the set of numbers in the series. Adding any more numbers from the
series will not change the sum by much. That is the idea of an unordered sum.

Example 1.9.5. To obtain an unordered sum of nonnegative numbers forming a set
E, the directed set is the collection % of finite subsets of E. Containment C is the
ordering on .%. This makes .%# a directed set since if A and B are finite subsets of
E, then while neither may be a subset of the other, the union contains them both. If
it exists, the unordered sum is a number S such that for any € > 0, there is a finite
subset A of E such that if Sg is the sum of the numbers in any finite set B O A, then
|S — Sp| < €. The proof of the following equivalence of unordered sums and series
convergence is left to the reader.

Proposition 1.9.1. Let E be a set of nonnegative real numbers. If the unordered
sum S of the elements of E is a finite number, then there are at most a countable
number of nonzero elements in E. If E itself is a countable set and (x, : n € N) is an

oo

enumeration, then S is the limit of the partial sums of the series X | x,.

1.10 Compactness

Definition 1.10.1. A covering of a set A by open sets is a collection of open sets
{Oy : o € £}, which we may index by some set .#, such that each x € A is in
some Og. That is, A C Ugye #Oy. We speak of an open covering of A. A finite
subcovering of such a covering is a finite subset {Og,,---,0q,} of the original
covering that itself forms a covering of A.

Definition 1.10.2. A collection of sets has the finite intersection property if every
finite subcollection has a nonempty intersection.

Theorem 1.10.1 (Heine-Borel). A set F' C R is closed and bounded if and only if
every covering of F by open sets has a finite subcovering.
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Remark 1.10.1. In general, one calls a set F with this covering property a compact
set. The theorem says a set is compact if and only if it is closed and bounded. The
reader should be warned that for an infinite-dimensional space, compact sets are
closed and bounded but there may be closed and bounded sets, such as the closed
unit ball in an infinite-dimensional Hilbert space, that are not compact in terms of
the open sets defined using the space’s norm. Here is the proof of Theorem 1.10.1
for the space R.

Proof. If A C R is not bounded, then the covering {(—n,n) : n € N} has no finite
subcovering. If A is not closed, then there is some accumulation point x ¢ A. The
covering {(—eo,x— 1/n)U(x+ 1/n,+o0) : n € N} of A has no finite subcovering.

For the converse, we may reduce the proof to the case that F' is a finite closed
interval [a,b] C R. This follows from the fact that if we are given a closed subset
F C [a,b] and an open covering € of F, adjoining the open set R\ F to € gives an
open covering of [a,b]. If we know this covering has a finite subcovering 2, then
the open sets in 2 other than R \ F form a finite open covering of F.

It only remains to show that for any a < b in R, the interval [a,b] is compact.
Let € be an open covering of [a,b]. Each point x € [a,b] is contained in an open
interval I, = (x — 8;,x + &) that in turn is contained in one of the open sets in %
Let & = {I, : x € [a,b]}. We now need only show that .# can be reduced to a finite
subcovering of [a, b], since each open interval in that subcovering can be replaced
with a larger open set from 4. (Notice that we have simplified the proof by reducing
the generality in two steps.)

Let

S:={x € [a, ] : 3 a finite subcover from .# of |a,x]}.

The set S is not empty since it contains all points of I, N [a,b]. First, suppose
a <y < b and there is a point x <y in SN /,. Then adding I, to a finite cover of
[a,x], we obtain a finite cover of [a,z] for some z > y. That is, no point less than b
can be an upper bound of S, so b is the least upper bound of S. But then, given x < b
in I, NS, we may add I, to a finite covering of [a,x] to obtain a finite covering of
[a,b],s0b€ES.

Corollary 1.10.1. A collection € of closed sets in R with the finite intersection prop-
erty has a nonempty intersection provided at least one of the sets is bounded.

Proof. Let K be a bounded set in €’; then, K is compact. Let & be the collection of
complements of the other sets in %’; these are all open. No finite subcollection of
O can cover K since then the intersection of K with the closed complements of the
sets in that subcollection would be empty. Therefore, since K is compact, & does
not cover K. That is, there is a point in K that is in all of the other sets in %'.

Example 1.10.1. The collection {[n,+<) : n € N} is a collection of closed subsets of
R such that every finite subcollection has a nonempty intersection, but the collection
has empty intersection.

Theorem 1.10.2 (Bolzano-Weierstrass). Every bounded sequence has a cluster
point, and therefore a subsequence converging to that cluster point.
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Proof. Fix M € N such that the range of the sequence is in the interval J = [—M, M].
If x € J is not a cluster point of the sequence, then there is an open interval /, about
x such that for only a finite number of values n € N is x,, in I,. Since N is an infinite
set, no finite subcollection of the intervals I, can cover J. Since J is compact, the
intervals I, cannot cover J, so there must be a cluster point of the sequence in J.

1.11 Continuous Functions

We will speak of an e-neighborhood of a point x € R when we mean an open
interval (x — €,x+ €) for € > 0. Given two functions f and g on a common domain
A, (fVg) (x):=f(x)vVgx)and (fAg) (x):=f(x)Ag(x) forallxcA. If f: A = R,
g:B— TR, and g[B] C A, then (fog)(x):= f(g(x)) for each x € B.

Definition 1.11.1. A real-valued function f defined on a set A is continuous at x € A
if for each € > 0 there is a 6 > 0 such that

fllx=8,x+8)NA] C (f(x) — &, f(x) +&).

The function f is continuous on a set B C A if it is continuous at each point of B.
When f is continuous on its domain, we say that f is continuous. A continuous
bijection f : A — B is a homeomorphism if the function f~! is continuous on B.

Note that a function can be continuous when restricted to a subset B of its domain
A and not be continuous on A. For example, let A =R, B=N, and set f(x) = 1 for
x € Nand 0 for x € R\ N. Of course, if f is continuous at each point of B taking
into account its values on A, then it is continuous when restricted to B.

Example 1.11.1. Any continuous real-valued bijection defined on a compact subset
of R is a homeomorphism (Problem 1.36). A counterexample for the case of a non-
compact domain is given by the function f with domain [0, 1) U[2,3] and values
given by f(x) =xon [0,1) and f(x) = x— 1 on [2,3]. The inverse function f~! has
a discontinuity at 1.

Proposition 1.11.1. The family of continuous real-valued functions on a set A C R
is stable under addition, subtraction, pointwise multiplication, and also division at
points where the denominator is not 0. If two functions f and g are continuous on A,
soare fNgand fAg If f:A— R, g:B— R, and g[B] CA, then fog is continuous.

Proof. The proof is left to the reader.

Example 1.11.2. Constant functions and the function x — x are continuous on any
subset of R. Therefore, a polynomial is continuous on any subset of R.

Proposition 1.11.2. A real-valued function f with domain A C R is continuous on
A if and only if for every open set O C R, f~1[0] is the intersection of A with an
open set. It follows that if A is open, then f is continuous on A if and only if for each
open set O C R, f~1[0] is open.
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Proof. Assume f is continuous on A, and O is open in R. Then for all x € f~1[0],
we may fix an €-neighborhood of f(x) contained in O and a corresponding -
neighborhood U, of x such that U, N A maps into the e-neighborhood of f(x)
and therefore into O. That is, f[U,NA] C O, whence U,NA C f~'[0]. Let U =
Uses-1]0 Us- By definition,

ol |y vina=unac o],
xef~10]

so f~10] =UNA.

Now assume that for each open set O C R, £~'[0] is the intersection of A with
an open set. For each x € A and each € > 0, f~![(f(x) — €, f(x) + &)] has the form
U NA for some open U. For some 6 > 0, the open interval (x —8,x+6) CU. It
follows that f[(x— 8,x+ 8)NA] C fIUNA] C (f(x) —¢&, f(x)+¢€).

Theorem 1.11.1. The continuous image of a compact set is compact. That is, if A C
R is compact and contained in the domain of f, then f[A] is compact. Indeed, this
is true if just the restriction of f to A is continuous.

Proof. Let {Oq : a € #} be an open covering of f[A]. For each a, let Uy be an
open set such that f -1 [Oq] = Uy NA. The Ugy’s cover A, so there is a finite subcover
Ug,, - ,Uq,. If x € ANUy, for some i, then f(x) € Og,. It follows that the sets
Oq,,- - ,0q, cover f[A].

Corollary 1.11.1. A continuous real-valued function f takes a finite maximum and
minimum value on any compact set A.

Proof. Let F be the compact set f[A]. Since F is closed and bounded, the least upper
bound and the greatest lower bound of F' belong to F.

Theorem 1.11.2 (Intermediate Value Theorem). The continuous image of an in-
terval is an interval. That is, suppose f is continuous when restricted to an interval [
in its domain. Also suppose there are points a and b in I with a < b and f(a) # f(b).
Then for every point w strictly between f(a) and f(b), there is a point z € (a,b) with

fz)=w.

Proof. We may assume that f(a) < w < f(b); otherwise, we work with —f. Let
S={z€la,b]: f(x) <wforall x € [a,z]}, and let ¢ = supS. Since f(a) < w, there
is a Y > 0 such that [a,a+y) C S. Therefore, a < c. If f(c) < w, then ¢ < b and
there is an interval (c — 8,c+ ) C (a,b) on which f(x) < w; but, this contradicts
the definition of ¢. If f(c) > w, then for some 6 > 0, f(x) > w forall x € (c— 8,c|.
This again contradicts the definition of c. Therefore, f(c) = w.

Definition 1.11.2. A real-valued function f defined on a set £ C R is uniformly
continuous on E if for every € > 0, there is a > 0 such that for all points x and y
in E with |[x—y| < 6, |f(x) — f()| < &.
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Example 1.11.3. The functions f(x) = 1/x and g(x) = x* are not uniformly contin-
uous on (0, +eo).

Theorem 1.11.3. A real-valued function continuous on a compact set A is uniformly
continuous on A.

Proof. Fix € > 0. For each x € A, there is a 6, > 0 so that if z € A and |z —x| < &
then |f(z) — f(x)| < €/2. For each x € A, let Uy = (x — 8, /2,x+ 6,/2). Take a finite
subcover Uy, ,- -, Uy, of the covering of A by the U,’s. Let § be the smallest of the
numbers &, /2,-- -, O, /2. Now & works for € everywhere on A, for if x and y are in A
and |x —y| < 8, then for some i, |x — x;| < &,/2, and so [y —x;| < [y — x| +|x —x;| <
Oy,. It follows that

If () = fWI < ) = FO)l +1f () = f(a)| <&/2+€/2=e.

Remark 1.11.1. Theorem 1.11.3 is needed in rigorous calculus for the integration
on an interval [a,b] of a function that is known to be continuous. The theorem,
however, is beyond the ability of most beginning calculus students. Here is an easier,
equivalent fact: Fix a continuous function f on an interval [a,b]. For each Ax > 0,
divide the interval [a,b] into subintervals [x;_j,x;], each of which has length Ax
except for the last subinterval, which has length at most Ax. The following function
of Ax

E¢(Ax) := — i

#(Ax) 1= max <x’_rln<axx<Xif (x)— min f (X)>

has limit 0 as Ax — 0. If f has a bounded derivative, this result, call it the maximum
change theorem, follows from the mean-value theorem.

Definition 1.11.3. Let (f; : n € N) be a sequence of real-valued functions, and let E
be a set on which all are defined. Let f be a real-valued function also defined on E.
The functions f, converge pointwise to f on E if for every x € E, f,(x) — f(x).
The functions f;, converge uniformly to f on E if for every € > 0 there is an me € N
such that for all x € E and all n > me, |f,(x) — f(x)] < €.

Example 1.11.4. For each n € N, let f,(x) = x". This sequence converges pointwise
but not uniformly to 0 on [0,1). The limit is 1 at 1. Clearly, the limit function is not
continuous on [0, 1]. A better result occurs when the convergence is uniform.

Theorem 1.11.4. On any set E C R, the uniform limit of continuous functions is
continuous.

Proof. Let (f, : n € N) be a sequence of real-valued functions converging uniformly
to f on E. Fix € > 0, and choose 7 so that |f,(x) — f(x)| < &/3 for all x € E. Fix
any x € E. Fix 8, > 0 so thatif z € E and |z — x| < O, then | f,(z) — fu(x)| < €/3,1in
which case,

1f(@) =) <1 (@) = fa@)] + 1 fa(2) = fa (D) + [ fu(x) — f(x)] <&
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Proposition 1.11.3. Let F be a closed set in R and f a continuous function on F.
The function f can be extended to all of R with a continuous function g so that

sup,cp f(x) = sup,cp g(x) and infyer f(x) = infrer g(x).
Proof. Exercise 1.40(A).

Proposition 1.11.4. Let f be a continuous function on a closed and bounded inter-
val [a,b) with b > a. Given € > 0, there is a polygonal function g, i.e., a continuous
function formed by a finite number of line segments, that is uniformly within € of f;
that is, max |4 | f(x) — g(x)| < &

Proof. Exercise 1.41(A).

Note that ﬂneN(—%, %) is the singleton set {0}, which is not open. Moreover,
Upen [—l + %, 1— l] is the open interval (—1,1), which is not closed. We will,

n
however, have need to consider countable operations acting on open and closed sets
even without stability.

Definition 1.11.4. A G set is a set that is the countable intersection of open sets.
An Fj set is a set that is the countable union of closed sets. A G5 set is a countable
union of G sets. An Fgg set is a countable intersection of Fy sets, etc.

Proofs for the following propositions are left as exercises.

Proposition 1.11.5. The set of points of continuity of a real-valued function defined
on the real line R is a G set.

Proposition 1.11.6. If (f,, : n € N) is a sequence of continuous functions defined on
R, then the set consisting of points where this sequence converges is an Fs§ set.

1.12 Problems

Problem 1.1. Show that for an equivalence relation p on a set A and points x,y € A,
either the equivalence class [x] equals the equivalence class [y] or [x] and [y] are
disjoint.

Problem 1.2. Prove that a countable union of countable sets is countable.
Problem 1.3. Prove that the set of rational numbers (Q is countable.
Problem 1.4. Prove De Morgan’s laws for two sets A and B.

Problem 1.5. Let E be the set of functions from the natural numbers N into the two
point set {0,1}. Show that E is not a countable set.

Problem 1.6. Show that every open set in R either has no elements or is uncount-
able. You may use the fact that [0, 1] is uncountable.
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Problem 1.7. Show that an algebra <7 is a c-algebra if and only if o7 is stable under
countable increasing unions. That is, if (E; : i € N) is a sequence in %7 such that for
all i, E; C E; 1, then U | E; isin 7.

Problem 1.8 (A). Prove Proposition 1.3.2. Hint: Set .« := 6(%); let &/’ be the
collection of all sets E € < such that the result is true for E (that is, for some
countable collection 6y C €, E € 6(%p).) You want to show that &7’ is a g-algebra
and € C «7’. It will then follow by definition that &7’ = o7 = 6(%).

Problem 1.9. Recall that the Borel o-algebra & of R is the smallest -algebra con-
taining the open subsets of R. Show that 4 is also the smallest o-algebra containing
all intervals of the form [c, 3), with o and f rational and o < 3.

Problem 1.10. Show that the relation C in the power set of R is an antisymmetric
partial ordering but not a total ordering.

Problem 1.11. Prove that a convergent sequence in R is a Cauchy sequence.

Problem 1.12. Let (x,) be a sequence in R. Suppose that for every subsequence
(Xn,) of (xp), there is a further subsequence <xnk[> of (x,,) such that Xy, = X as
f — . Show that x,, — x as n — .

Problem 1.13. Show that if a real-valued sequence (x,) has neither +oo nor —eo
as a cluster point, then for some M € N, there is a K € N such that for all n > K,
Xn € [-M,M].

Problem 1.14. a) Give an example of a sequence in R for which the set of cluster
points consists of the natural numbers.
b) Can a sequence in R have uncountably many cluster points?

Problem 1.15. Let A be a nonempty set with a finite upper bound. For each n € N,
you are given a, € A and an upper bound b, of the set A such that b, —a, < 1/n.
Show that the b,,’s form a Cauchy sequence, and the limit is the least upper bound
of A.

Problem 1.16. Let [,, = [a,, b,] be a decreasing sequence of finite closed intervals
in R. That is, for each n € N, a, < ayy1 < byy1 < b,. Assume that
lim,, . (b, — a,) = 0. Use Cauchy sequences directly to show that there is a unique
point xq in Ny 1.

Problem 1.17. Prove Proposition 1.6.1.
Problem 1.18. Finish the proof of Proposition 1.6.2.
Problem 1.19. Construct a bounded real-valued sequence (x,) and a bounded real-
valued sequence (y,) that satisfy:
lim x,, +1im y,, < lim(x, +y,) < lim x, +1im y,
<Tim(xy +yn) < Tim x, +Iim y,.

In particular, equality does not hold in general in any of the inequalities in Proposi-
tion 1.6.2.
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Problem 1.20. Let x be an accumulation point of a set S C R. Show that every open
interval centered at x contains infinitely many points of S.

Problem 1.21. Given n € N, find an example of an open set £ C R with exactly n
accumulation points in R that do not lie in E. Can you find such an example for
some n € N when E is assumed to be closed?

Problem 1.22. a) Let U and V be disjoint open sets in R with union equal to R.
Show that either U or V is empty.

b) Show that the only subsets of R that are both open and closed are the empty set
and R itself.

Problem 1.23. Prove Proposition 1.9.1. Hint: If the unordered sum S of the ele-
ments of E is finite, how many elements of E can be larger than m € N?

Problem 1.24. Let (x, : n € N) be a sequence on R such that x,, — xp. Show that the
set Up—q {xn} is compact.

Problem 1.25. Let K C R be compact, and fix x € K. Let (x,) be a sequence of
points in K such that every subsequence of (x,) that converges to some point in
R actually converges to x. Prove that the sequence (x,) converges to x. If K is not
compact, is the conclusion still true?

Problem 1.26. Show that a sequence (x,:n € N) in a compact set K C R has a
cluster point in K by considering the intersection of the sets C,, where for each n,
C, is the closure of the tail sequence {x;:i > n}.

Problem 1.27. Let K be a compact subset of R. Show that there is a countable dense
subset D of K; that is, the closure D = K.

Problem 1.28. Prove Proposition 1.11.1.

Problem 1.29. Let f : R — R be a continuous function such that for each open
set O C R, f[O] is open in R. Show that f is either an increasing or a decreasing
function. That is, either it is the case that for allx < y in R, f(x) < f(y), or it is the
case that for all x < y in R, f(x) > f(y).

Problem 1.30. Let K C R be a compact set. Suppose that T : K — K satisfies
|T(x) —T(y)| < |x—y] for all points x and y with x # y in K. Show that there exists
a unique xp € K such that T'(xp) = xo. Hint: Show that the function x — |x — T'(x)]
is continuous on K, and so achieves its minimum value.

Problem 1.31. Show that the function f given by f(x) = 1/x is not uniformly con-
tinuous on (0, 1).

Problem 1.32. Let f : [0,o0) — R be a continuous function such that lim,_,. f(x)
exists and is finite. Show that f is uniformly continuous on [0, ).

Problem 1.33. Prove that on a set E C R, the uniform limit of uniformly continuous
functions is uniformly continuous.
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Problem 1.34. Let (f,) be a sequence of differentiable functions on R with uni-
formly bounded derivatives, i.e., | f;(x)| < M for every n € N and x € R. Suppose
fn(x) converges pointwise to f(x) for all x € R. Show that f is continuous. Hint:
You may use the mean-value theorem.

Problem 1.35. Let K be a subset of R such that every continuous real-valued func-
tion on K is bounded. Show that K is compact.

Problem 1.36. a) Show that a continuous real-valued bijection f : A — B is a home-
omorphism if for any open set U C R, f[UNA] =V NB for some open set V C R.

b) Show that any continuous bijection f mapping a compact domain K C R onto
S C R is a homeomorphism. Hint: Given an open set U C R, what can you say
about K\U?

Problem 1.37 (A). Let K C R be a compact set, and let f : K — K have the property
that | f(x) — f(y)| = |x—y]| for all x,y € K. Show that f is a bijection.

Problem 1.38. Show that a continuous real-valued function f defined on an interval
I C R such that the derivative f” exists and is bounded on [/ is uniformly continuous
on/.

Problem 1.39. Recall that the uniform limit of continuous functions is continuous.

a) Show that if (f,, : n € N) is an increasing sequence of continuous functions con-
verging pointwise to a continuous function f, i.e., f,(x) * f(x), on a compact
set K C R, then the convergence is uniform (This is Dini’s theorem).

b) Show by example that the result need not be true if the limit f is not continuous.

¢) Show by example that the result need not be true if the domain K is not compact.

Problem 1.40 (A).

(a) Let F be a closed set in R and f a continuous function on /. Show that one can
extend f to all of R as a continuous function g so that sup,.p f(x) = sup,cp
g(x) and infyep f(x) = infrer g(x).

(b) Give an example showing that the result is false if F is replaced with an open
subset of R.

Problem 1.41 (A). Let f be a continuous function on a closed and bounded interval
[a,b] with b > a. Given € > 0, show that there is a polygonal function g such that
|f(x) —g(x)| < € forall x € [a,b].

Problem 1.42 (A). Recall that a continuous bijection f : A — B is a homeomor-
phism if the function f~! is continuous on B.

(a) Show that if A C R is compact and f : A — B is a real-valued homeomorphism,
then f and f~! are actually uniformly continuous.

(b) Give an example of a closed set K C R and a real-valued homeomorphism f :
K + B such that f is uniformly continuous, but ! is not uniformly continuous.
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(c) Give an example of a bounded set £ C R and a real-valued homeomorphism f :
E +— B such that £~! is uniformly continuous, but f is not uniformly continuous.

Problem 1.43 (A). Show that the set P, of points of continuity of a real-valued func-
tion f defined on the real line R is a G set.

Problem 1.44 (A). Given a sequence (f;) of continuous functions defined on R,
show that the set C consisting of points where this sequence converges is an Fgg.



Chapter 2
Measure on the Real Line

2.1 Introduction

There are many examples of functions that associate a nonnegative real number
or +oo with a set. There is, for example, the number of members forming the set.
Given a finite probability experiment, probabilities are associated with outcomes.
Riemann integration associates with each finite interval in the real line, the length of
that interval. These are all examples of a “finitely additive measure.” Recall that an
algebra <7 of subsets of a set X is a collection that contains the set X together with
the complement in X of each of its members; it is also stable under the operation of
taking finite unions and, therefore, finite intersections. Also recall that a collection
of sets is pairwise disjoint if for any two sets A and B in the collection, ANB = &.

Definition 2.1.1. A finitely additive measure m is a function from an algebra .«
of subsets of a set X into the extended nonnegative real line, R U {+ec}, such that
m(2) = 0 and for any finite collection {A; :i=1,2,...,n} of pairwise disjoint sets
in &7,

i=1 =

Such a function m is countably additive if for any pairwise disjoint sequence
{A; : i € N} in &/ with union also in <7,

i=1 1=

Remark 2.1.1. If the summation condition for countable additivity holds and
m(2) = 0, then the summation condition for finite additivity also holds.

© Springer International Publishing Switzerland 2016 25
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Definition 2.1.2. Given a set A C R and r € R, the translate of A by r, denoted by
A+r,isthe set {a+r:a € A}. A finitely additive measure m defined on an algebra
2/ of subsets of R is translation invariant if for eachA € & andeachre R, A+r
is in &/ and

m(A+r)=m(A).

The translation invariant, finitely additive measure m that associates to each
subinterval of R the length of that interval is defined on the algebra consisting of
all finite unions of subintervals of R. Any such union can be written as a finite union
of pairwise disjoint intervals. The sum of the lengths of those intervals is the value,
independent of the decomposition, that is taken by m. We want to extend Riemann
integration. We need, therefore, to extend the function m to a larger class of sets. We
would like the extension to be countably additive and translation invariant. It turns
out that an extension with these properties cannot be defined for all subsets of R.
There is, however, an important translation invariant extension that is defined for all
subsets of R.

2.2 Lebesgue Outer Measure

For each interval I C R, we write [(I) for the length of I. For example, if I = (a,b),
then /(I) = b—a. If I is an infinitely long interval, then /(1) = 4. Given a set
A CR, we let € (A) denote the family of all collections of open intervals such that
the intervals in the collection cover A. That is, .# is a member of € (A) if and only
if .# is a set of open intervals in R and the union of the intervals in .# contains
the set A. By >;c ~I(I) we mean the unordered sum of the length of the intervals
in .#. Recall that this is the supremum of the sums obtained by adding the length of
intervals in finite subsets of .#. If .# is an uncountable collection of intervals, then
by the Lindeldf theorem, a finite or countably infinite subfamily of .# also covers
A and has a sum of lengths that is no greater than the sum for the whole family.
Therefore, in applying the following definition, we usually consider just finite and
countably infinite families of open intervals that cover A. Every enumeration of a
countably infinite family of intervals will produce the same sum of lengths, which
is the usual limit of partial sums.

Definition 2.2.1 (Lebesgue outer measure). For each subset A C R, the Lebesgue
outer measure, denoted by A*(A), is obtained as follows:

A*(A) = jg{;@) (5“”) .

Lebesgue outer measure is defined on the power set of R, that is, the algebra
comprised of all subsets of R. We will show that Lebesgue outer measure is trans-
lation invariant and extends the notion of interval length. To obtain finite additivity,
however, we will need to restrict A* to a proper subfamily of the algebra of all
subsets of R.
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Proposition 2.2.1. For each A C R, A*(A) > 0, A*(@) =0, A*(R) = +oo, and if
A CBCR, then A*(A) < A*(B).

Proof. Since every open interval contains the empty set, A*(2) = 0. The rest is
clear from the definition.

Theorem 2.2.1. Lebesgue outer measure is translation invariant. That is, for any
ACRandeachr e R, A*(A+r) = A*(A).

Proof. Exercise 2.4(A).

Definition 2.2.2. Given a closed and bounded interval [a,b] with a < b, let B.ZP[a, b]
be the sequence of bisection partitions (P, : n € N) of [a,b]. That is, P; is the pair
{[a,a+25%],[a+25%,b]}, and for each n € N, P, is the set of closed intervals ob-

tained by cutting each interval in P, in half, thus forming closed intervals of length
(b _a)/zn-ﬁ—l.

Proposition 2.2.2. Fix an interval [a,b] and a finite collection of open intervals . =
{(ax,br) : k=1,--- ko} covering |a,b]. There is a j € N such that every interval
in the bisection partition Pj € 82a,b) is contained in at least one of the open
intervals (ay,by) from 7.

Proof. Since a is contained in an open interval from ., there is a first m € N such
that [a,a+ }’2;,11“] is contained in an open interval from .#. For any n < m, let x, = a.
For each n > m, let x,, be the largest right endpoint of the intervals in P, such that
each of the intervals in P, below x,, is contained in an open interval from .#. The
increasing sequence (x,) has a limit xo in [a,b]. Since xp is contained in an open
interval from ., that limit is b, and b = x; for some j € N.

Theorem 2.2.2. The Lebesgue outer measure of an interval is its length.

Proof. For any x € R, A*([x,x]) = A*({x}) = 0. Now assume the interval is [a, D]
with a < b. For each € > 0, [a,b] C (a—¢&,b+¢€),s0 A*([a,b]) <b—a+2e, and
since € is arbitrary, A*([a,b]) < I([a,b]). Note that this proof works for any finite
interval. To show the reverse inequality, we must show that whatever the finite or
countably infinite covering of [a,b] by open intervals, the sum of their lengths is
no less than b — a. Fix such a covering, and let {(ag,br) : k=1,--- ,no} be a finite
subcovering. We need only show that ZZO=1 by — a; > b — a. By Proposition 2.2.2,
we may fix a bisection partition P, of [a,b] so that each member of P,, which is a
subinterval of [a,b] of length (b — a)/2", is contained in at least one of the open
intervals (ay,by). For each k < ng, by — ay is greater than the sum of the lengths of
the closed intervals from P, that are contained in (ay,by). Since b — a is the sum
of the lengths of the intervals in P, and every one of those intervals is in at least
one of the intervals (ag, b), it follows that ¥;° | by —ax > b—a.

We have already shown that for an arbitrary, not necessarily closed, finite int-
erval I of positive length, the Lebesgue outer measure of / is less than or equal
to the length of 1. On the other hand, the length is less than or equal to the outer
measure since there are closed intervals J, C I with I(J,,) 1 {(I). That is, for each
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€ >0, there is an n € N so that I[(I) —e < I(J,) = A*(J,) < A*(I). 1t follows that
A*(I) = I(I). Finally, an infinite interval contains arbitrarily large closed subinter-
vals, so the outer measure of an infinite interval is —+oo.

Theorem 2.2.3. Lebesgue outer measure is finitely and countably subadditive. That
is, for any finite or infinite sequence (A,) of subsets of R,

v (Un) <z

Proof. If for some n we have A*(A,) = oo, then the inequality is clear. If not, we
fix € > 0 and for each n find a countable family of intervals covering A,, with the sum
of the length of those intervals less than A*(A,) + €/2". The union of these families
of intervals forms a countable interval covering of UA,,, and the sum of the lengths
is less than Y, A*(A,,) + €. Since € is arbitrary, the result follows.

Corollary 2.2.1. A countable set has Lebesgue outer measure 0.
Corollary 2.2.2. Any interval of positive length is uncountable.

Example 2.2.1. The set of integers has Lebesgue outer measure 0, and the set of
rational numbers has Lebesgue outer measure 0.

Recall that a G set is a set that is the countable intersection of open sets. An Fg
set is a set that is the countable union of closed sets. A Gg4 set is a countable union
of G sets. An F5 set is a countable intersection of Fy sets, etc.

Proposition 2.2.3. Given A C R and € > 0, there is an open set O with A C O and
A*(0) < A*(A) + €. Moreover, there is a Gg set S O A with A*(S) = A*(A).

Proof. The first and second part are clear if A*(A) = +oo. For example, let
O =§ =R. Otherwise, take open intervals that cover A with total length at most
€, and let O be the union. For the second part, let O,, be an open set given in the first
part that works when € = 1/n. Now the desired set is S = (", Op,.

To obtain Lebesgue measure, we will restrict A* to a family of sets on which it
is finitely additive. The restriction will then, in fact, be countably additive. We will
call the reduced family of sets “the Lebesgue measurable sets”, and the restriction
of A* will be Lebesgue measure A.

2.3 General Outer Measures

Lebesgue outer measure generalizes the length of finite open intervals. The length
of a finite interval is the change on the interval of the function F(x) = x. More
general outer measures are constructed using the changes of more general increasing
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functions. Such functions will have discontinuities at points where the limit from the
right and the limit from the left are not equal. Our more general outer measures will
be formed using increasing functions, called “integrators”, that are continuous from
the right.

Definition 2.3.1. An increasing real-valued function F is an integrator if for each
x in the domain of F, F(x) = lim F(y).
y—x

We are only interested in the changes of an integrator, so when we restrict work
to a finite interval in R on which the integrator is bounded below, we may add a
constant so that the integrator is nonnegative. The integral that results from general
integrators relates to what is called “the Riemann-Stieltjes integral” in the same
way that the Lebesgue integral relates to the Riemann integral. This generalization
is very important in probability theory. It will cost us essentially nothing to work
with results for which a more general integrator can be used. This generalization
of the approach to Lebesgue integration also simplifies later material on measure
differentiation. It will be clear which results hold only for Lebesgue outer measure
and the corresponding Lebesgue measure.

As noted, the construction of Lebesgue outer measure employs the change of the
integrator F(x) = x on open intervals. For a general integrator F, however, we use
the change F(b) — F(a) on intervals of the form (a,b]. In this way, the value of any
jump of F is associated with the interval on which it occurs. If we already have a
measure taking only finite values, then we may set F(x) equal to the measure of
(—eo,x]. If F is only defined on a finite interval [a,b], then we can extend F with the
value F (a) to points below a and F (b) to points above b. Then the change of F will
be 0 on any interval that does not intersect [a, b]. If an integrator is continuous, such
as the integrator F(x) = x for Lebesgue outer measure, then the same outer measure
is obtained using open intervals or intervals of the form (a,b] (Exercise 2.13). We
have shown in Corollary 1.7.1 that any collection of intervals of the form (a,b] has
a finite or countably infinite subcollection with the same union.

Definition 2.3.2. Let F be an integrator, that is, an increasing real-valued function,
continuous from the right at each point of R. For each subset A C R, let m*(A) be
defined in a way similar to Lebesgue outer measure, but using finite intervals of the
form (a,b] and the change F(b) — F(a).

When we used length, we used compactness and open coverings to show that
the outer measure of an interval is its length. The analogous result for a general
integrator F is still true.

Proposition 2.3.1. Let F be an integrator on R. Then m* ()

=0.IfACBCR,
then m*(A) < m*(B), and for any interval (a,b], m*((a,b]) = F(b) —

F(a) < +ee.

Proof. Every interval (a,b] contains the empty set, and for every € > O there is such
an interval for which F(b) — F(a) < € (Problem 2.14). Therefore, m* (@) = 0. It is
clear that a more general outer measure is still an increasing function; that is, the big-
ger the set, the bigger the outer measure. It is also clear that m*((a,b]) < F(b) — F(a)
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since (a,b] covers itself. To show the reverse inequality for F, we fix € > 0. Fix a
countable covering of (a,b] by intervals of the form (c,,d,]. Since F is contin-
uous from the right, we may replace each interval (c,,d,] with an open interval
(cn,en) where e, > dy,, but F(e,) — F(c,) < F(d,) — F(c,) +¢&/2"!. Fix § with
0<d<b—aand F(a+6) < F(a)+¢€/2. The intervals (cy,e,) form an open in-
terval covering of [a + ,b], and so we may assume it is a finite covering of that
interval. By Proposition 2.2.2, we may fix a bisection partition P, of [a+ 8,b] so
that each member of P, which is a subinterval of [a+ 8,5] of length (b—a—8)/2",
is contained in at least one of the open intervals (cg,e;). For each of the intervals
(ckyex), F(ex) — F(cy) is greater than or equal to the sum of the changes of F on
the closed intervals of P, contained in (¢, ex). Moreover, F(b) — F(a+ §) is equal
to the sum of the changes of F on the intervals of P,. Since each interval of P, is
contained in at least one of the intervals (¢, ex), it follows that

3 [F(d) — Fle)] + 5
k=1
> Y Fle) ~F(e) 2 F(b) ~ F(a+8) > F(b) ~ Fla) — 5.

~
I

Since € is arbitrary, the result follows.

Remark 2.3.1. 1t is no longer necessarily true for a more general integrator F that
points have 0 outer measure. If F jumps at a point x, then the outer measure of {x}
is the size of the jump.

Example 2.3.1. If we defined m* using open intervals, then it would no longer be
always true that the outer measure of an open interval would equal the change of the
integrator at the endpoints of the interval. For example, if F(x) = 0 for x < 1 and
F(x) =1 for x > 1, then the change of F for (0,1) is 1, but the outer measure using
countable coverings by small open intervals would be 0.

Remark 2.3.2. In what follows, results and proofs that hold for general integrators
will be stated using m* and m for the corresponding outer measure and measure. We
will use A* and A when the result is special for the Lebesgue case. Since most results
use only the common properties of outer measures, in only a few instances, such as
Proposition 2.3.1 above, is there a difference in wording of proofs for the Lebesgue
and the general case. For the next result, already established for the Lebesgue case,
one can also use the fact that there is an integrator F (x) = x for the Lebesgue case.

Theorem 2.3.1. Outer measure is finitely and countably subadditive. That is, for
any sequence (A, : n € N) of subsets of R, where some sets may be empty,

m* (UA,,) < Zm*(An)
neN neN

Proof. If for some n, m*(A,) = 4o, then the inequality is clear. If not, fix € > 0,
and for each n € N find a countable family .%, of appropriate intervals covering A,
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such that the sum of the changes of the integrator F is less than m*(A,) + &/2".
The union U,en.%, is a countable interval covering of U,cnA; such that the sum
of the changes of F is less than Y,cnm*(A,) + €. Since € is arbitrary, the result
follows.

2.4 Measure from Outer Measure

As we shall see, Lebesgue outer measure is not even finitely additive on the family of
all subsets of R. There is, however, a finite additivity condition that yields not just
finite additivity, but also countable additivity on an appropriate family of subsets
of R. It is a condition, due to Carathéodory, that is applicable to all outer measures.

Definition 2.4.1 (Carathéodory). A set E C R is called measurable if for all sub-
sets A C R,

m*(A) =m*(ANE)+m*(ANE).

We denote the family of measurable sets by .. If the outer measure extends length,
we may say “Lebesgue measurable.”

The idea is that a set E is in ./ if and only if E splits any set in an additive
fashion. Since outer measure is subadditive, we always have

m*(A) <m*(ANE)+m*(ANE).

We also have the reverse inequality if m*(A) = +eo. Therefore, to show E is mea-
surable, we need only show that for any set A C R with m*(A) < oo,

m*(A) > m*(ANE) +m*(AﬂE).
Proposition 2.4.1. Any set of outer measure 0 is measurable.
Proof. If m*(E) =0, then forany A C R,
m*(A) >m*(ANE) =m* (ANE)+m*(ANE),
since m*(ANE) <m*(E) =0.
Lemma 2.4.1. The family # of measurable sets is an algebra of sets.

Proof. By symmetry, a set E is in .# if and only if the complement E=CEisin..
Moreover, R and & are clearly measurable. We need to show that ./ is stable under
the operation of taking finite unions. For this we need only consider two measurable
sets 1 and E>. Fix A C R . We will use the fact that since E; and E, are measurable,

m*(A) = m*(ANE)+m"(ANE;),
m*(A ﬂgl) = m*(A ﬂgl ﬂEz)—l—m*(A ﬂgl ﬂgz).
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We will also use the following consequence of subadditivity:

m (AN [E|UEy)]) <m"(ANE)) +m*(ANE;NE)).

Now,
m*(A) < m*(AN[E|UE,)) +m"(ANC[E| UE,))
= m"(AN[E| UE)])+m*(AN[E, N Ey))
<m*(ANE)) +m* (ANE,NE)) +m* (AN [E; NE,))
= m"(ANE)) +m*(ANE)) = m*(A).

Therefore, Ey UE, € ./ .

Lemma 2.4.2. For any finite, pairwise disjoint sequence of measurable sets E;,
1<i<n andany A CR,

m* (AN [U'E])) = im*(A NE;).

Proof. The proof is by induction. The equality is clear for n = 1. Assuming it holds
for n — 1, that is,

n—1

m* (ANE;) = m* (AN U E)]) = m* (AN [UIE] N E,),
=1

1

we also have
m* (ANE,) =m" (AN [UE]|NE,).

Therefore, equality holds for n since E, is measurable and
n
Y m* (ANE;) = m* (AN [UIE]NE,) + m* (AN [U{E] NE,)

1
= m* (AN [U'E))).

Recall that an algebra of sets is called a o-algebra if it is stable with respect to
the operation of taking countable unions.

Definition 2.4.2. A nonnegative function  defined on a ¢-algebra <7 is a measure
on o7 if 4 (&) =0 and p is countably additive; that is, given a countable, pairwise
disjoint sequence (A, : n € N) of sets in &7, where some sets may be empty,

u (UM) = > H(An).

neN neN

The pair (o7, 1) is called a measure space.
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Theorem 2.4.1. The family .4 is a 6-algebra containing all sets of outer measure
0, and the restriction of m* to M is a measure on M .

Proof. We have already noted that .# contains all sets of outer measure 0. Let B;,
i € N, be a countable family of sets in ./, and let E be the union. We must show
that E € .# . Since ./ is an algebra, it follows from Proposition 1.3.1 that we may
replace each set B; with a subset E; € .# so that the E;’s are pairwise disjoint but
have the same union E. For each finite n, let F,, = J;_, E;. Then, because .# is an
algebra and F D) E , for each A C R we have

m*(A) = m*(ANE,) +m* (AN F,)

n

=Y m"(ANE)+m*(ANF,)
i=1
n ~
Z (ANE)+m* (ANE).

Since this is true for all n € N, we have by subadditivity

*(A) > im*(AﬂEi)+m*(AﬁE) (2.4.1)
i=1

> m*(ANE)+m*(ANE).

Therefore, E € .. It now follows from Inequality (2.4.1) applied to any pairwise
disjoint sequence (E; : i € N) in .# and the set A = E = U} | E; that the restriction
of m* to .4 is countably additive.

Definition 2.4.3. Lebesgue measure A is 1* restricted to the ¢-algebra .# of sets
measurable with respect to A*. For a general outer measure m*, including Lebesgue
outer measure, we let m denote the measure obtained by restricting m* to the corre-
sponding collection of measurable sets.

Recall that the intersection of all o-algebras in R containing a family of sets .
is again a o-algebra; it is the smallest o-algebra in R containing the family .~

Definition 2.4.4. The family of Borel sets in R is the smallest o-algebra containing
the open subsets of R.

We have seen that every open subset of R is a finite or countably infinite union of
pairwise disjoint open intervals. To show, therefore, that a o-algebra on R, such as
M , contains the Borel sets, it is enough to show that it contains every open interval.
Indeed, this need only be shown for certain open intervals.

Lemma 2.4.3. The interval I = (a,+oo) is measurable.

Proof. Fix A C R with m*(A) < 4oo. Let A] =A\I={x€A:x<a}and Ay =
ANI={x €A :x>a}. We must show that m*(A) > m*(A|) + m*(A2). Fix € > 0.
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For the Lebesgue case, find a countable family of open intervals I, that cover A with
total length less than A*(A) + €. Let I, = I, \ I and I = I, NI. For each n, I} is
either empty or it is an interval, and I’/ is either empty or an interval. Moreover, the
nonempty intervals I, cover Ay, so by subadditivity their total length, which is the
same as their total outer measure, is greater than or equal to A*(A;). Similarly,
the nonempty intervals I/ cover Ay, so their total length, which is the same as their
total outer measure, is greater than or equal to A*(A,). Note that for each n, the
length of I, is the length of I, added to the length of I!/. Therefore,

A5(A1) + A% (A2) < AF(Undl) + A5 (Ul
<SP AG) X AL =3 1) <A (A) +e,

and since € is arbitrary, the result is established for the Lebesgue case.

For more general outer measures, we modify the above proof using the fact that
if an interval (c, ] is cut by an interval (a, +e), that is, if o < a < 3, then (e, 3]
will be cut into two intervals of the same kind: (¢,a] and (a, B]. In this case, the
sum of the changes on the two intervals of an integrator F' will be the total change

on (a, B].

Proposition 2.4.2. The family of measurable sets .# contains the Borel sets. In par-
ticular, A contains every open set and every closed set.

Proof. We have shown that every open interval of the form (a,+e) is in ..
Therefore, intervals of the form (—eo,a] are in .#. Since (—eo,a) = U,en(—o°,
a—1] € #, and for each a,b € R, (a,b) = (—oo,b) N (a,+o0), every open inter-
val is in .. Thus every open set is in .# . Since .# is a c-algebra containing the
open sets, .# contains the smallest o-algebra containing the open sets, namely, the
Borel sets.

Remark 2.4.1. The collection .# of measurable sets changes with changes in the
integrator, but .# always contains the Borel sets. The collection of sets of measure O
will, in general, be different. For example, suppose an integrator F is constant on the
interval I = (0, 1). Then every subset of I will be measurable and have m-measure 0.
As shown in Problem 2.32, however, there are non-Lebesgue measurable subsets
of I.

Proposition 2.4.3. If E and F are measurable sets such that F C E and F has finite
measure, then m(E\ F) = m(E) —m(F).
Proof. This follows from the fact that m(E \ F) +m(F) = m(E).

Definition 2.4.5. We will use the notation E,, ' E to indicate a sequence of sets
such that E,, C E,, | for all n and U,E,, = E. Similarly, E,, \  E indicates a sequence
of sets such that £, O E,, 1 for all n and N, E,, = E.

Proposition 2.4.4. Let (E, : n € N) be a sequence of measurable sets. If E, /" E,
then m(E) = imm(E,). If E, \\ E, and for some k, m(Ey) is finite, then m(E) =
limm(E,).
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Proof. Fix asequence E; C E, C --- with union E, and set Ey = &. Form the disjoint
sequence Fy = E; \ Ey_1 in .# with union E. Now, for each n, the set E, is the
disjoint union |J;_; F;. Moreover, E = Uy, F, and so m(E) = X2, m(F). The
last equality means m(E) = lim, Y}_, m(F) = lim, m(E,).

Now assume that E, \, E and for some k, which we may assume is 1,
m(Ey) < 4oo. Let H, =E; \E,and H=E; \E. Then H, / H, so

m(Hy) = m(Er) —m(E,) / m(Er) —m(E) = m(H),

whence m(E,) —m(E1) N\, m(E) —m(E;). Since m(E;) < 4o, it follows that

Example 2.4.2. An example showing that the finiteness condition cannot be dropped
is given by Lebesgue measure and the sequence [n, o) \, &.

2.5 Approximation of Measurable Sets

Results for measurable sets are often obtained using results for a smaller class of
approximating sets. In this section we have examples of such approximations.

Lemma 2.5.1. If E € .# and m(E) < oo, then for any € > 0, there is an open set
O D E withm(O\E) <e.

Proof. If E = &, set O = &. Otherwise, for Lebesgue measure A = m, we take a cov-
ering of E by a countable number of open intervals so that the sum of their lengths
is less than A (E) + €. The open set O is the union of the intervals. By subadditivity,
A(E)<A(O) < A(E)+e.Since O=(O\E)UE,A(O\E)=A1(0)—A(E) < e.

For a general integrator F, we can take a covering by intervals of the form (ay, b,]
such that the sum of the changes in F is smaller than m(E) + £/2. Since F is con-
tinuous from the right, we may replace each interval (a,,b,] with an open inter-
val (ay,c,) where ¢, > by, but F(c,) — F(a,) < F(b,) — F(a,) +¢&/2""!. Now by
Proposition 2.3.1,

m((an,cn)) <m((an,cnl) = F(cn) — F(an) SF(bn)_F(an)‘f'g/an-

Let O = U;_(an,cy). Then O D E, and by subadditivity,

oo

m(0) < Y m((an,cn)) < il (F (b~ Flan) + 2%) <m(E) +¢,

n=1
whence m(O\ E) =m(0) —m(E) < €.
Theorem 2.5.1. Fix E C R. Then the following are equivalent:

1)Eec /.
2) Ve > 0, 3 an open set O D E with m*(O\E) < €.
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3) Ve >0, Jaclosed set F C E withm*(E\F) < €.

4) 3a Gg set Gwith E C G such that m*(G\ E) = 0.

5) Jan Fs set S with S C E such that m*(E \ S) = 0.

6) 3a Gg set G and a set A of outer measure 0 such that E = G\A = GNA.
7) dan Fy set S and a set A of outer measure 0 such that E = SUA.

Proof. (0=-1) Assume E is measurable. Let I} = [—1,1] and E; = EN . For each
integer n > 1, let I, = [-n,—n+ 1)U (n—1,n] and E,, = EN1,. Given € > 0 and
n € N, there is by Lemma 2.5.1 an open set O, 2 E, such that

m(O0, \E,) < g/2".
Now, O := U,,0,, contains E, and since
O\E =0NE =U,(0,NE) =U, (0, \E) C U,(0,\ Ep),

m*(O\ E) < € by subadditivity.

(1 = 3) By taking the intersection over a countable sequence of open sets O,
given by Condition 1 with &, = 1 /n, we find a G5 set G D E with m*(G\ E) = 0.

(3 = 5) Given a G5 set G D E with m*(G\E) =0, we set A= G\ E. Then
E=G\A=GnA.

(5= 0) Any set E C R for which there is a G5 set G 2 E such that A := G\ E
has outer measure 0 is measurable since E = GNA.

We have shown that measurability, Condition 1, Condition 3, and Condition 5
are equivalent. It follows that the following are equivalent statements with respect
to an arbitrary set £ C R:

i) E is measurable.
ii) R\ E is measurable.
iii) Ve > 0, Jan open O D R\ E, whence R\ O C E, such that

m*(0\ (R\E)) = m*(ONE) = m* (E\ (R\ 0)) < &.

iv) Ve >0, Jaclosed F C E withm*(E\ F) < €.
v) Jan Fy set S C E such that m*(E'\ S) = 0.
vi) Jan Fg set S and a set A of measure 0 such that E = SUA.

Thus, measurability, Condition 2, Condition 4, and Condition 6 are equivalent.

Corollary 2.5.1. A set E C R is measurable if and only if E is a Borel set, in fact an
Fs set, to which a set of outer measure 0 has been adjoined.

We will see that very nice properties hold for sets of finite measure from which
appropriate sets of small measure have been removed. The following is an example
of such a result.

Corollary 2.5.2. Given a measurable set A C R with m(A) < +oo, and given € > 0,
there is a compact set K C A withm(A\K) < &.
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Proof. Since A is measurable, there is a closed subset F of A with m(A\ F) < g/2.

Since the sequence
FN[—n,n] /'F,

and m(F) < +eo, there is an ng such that m(F \ [—ng,no]) < €/2. The desired com-
pact set is F N [—ng, no).

Proposition 2.5.1. If A ¢ .#, then there is a Gg set S containing A such that
m*(SNA) +m*(SNA) # m(S). Therefore, there is no collection larger than M
on which the restriction of m* is even finitely additive.

Proof. Exercise 2.24.

2.6 LimSup and LimlInf of a Sequence of Sets

Recall that for a sequence (x,:n€N) in R, limsupx, := inf,en(sup;>, ) =
Anen (VisnXk), and liminfx, := sup,cy(infisnxx) = Vyen (ArsnXk). Here are
analogous operations on sets.

Definition 2.6.1. Let (A, : n € N) be an infinite sequence of subsets of a set X.

limsupA, := () <UAk>

neN \k>n

liminfA, := | J <ﬂAk> :

neN \k>n

Theorem 2.6.1. Let (A, : n € N) be an infinite sequence of subsets of a set X. Then
limsupA,, is the set of points in an infinite number of the sets A,, while liminfA,, is
the set of points in all but a finite number of the sets A,,.

Proof. Exercise 2.25.

Theorem 2.6.2 (Borel-Cantelli Lemma). Let (E, : n € N) be an infinite sequence
of measurable subsets of R such thatY,,_,m(E,) < +ec. Then limsupE, is a set of
measure 0. That is, outside of a set of measure 0, all points are in at most a finite
number of the sets E,,.

Proof. Let Sy =U_ E,. Since m(S1) =m (U;_E,) < Yoy m(E,) < +eoand S ™\,
limsup E,,,

m(limsupE, ) = lim m(Sy) < lim Y m(E,) =0.

k—roo —k
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2.7 The Existence of a Non-measurable Set

In this section and the next, we work just with Lebesgue outer measure and
Lebesgue measure. Using the Axiom of Choice (see the Appendix), we will show
that there are subsets of [0, 1] that are not Lebesgue measurable. Robert Solovay
[47] showed in 1970 that there exist models of set theory in which the Axiom of
Choice does not hold and every subset of the real line is Lebesgue measurable. We
will say “measurable” when we mean Lebesgue measurable.

For the construction of a non-measurable set, we work with [0, 1) and addition
modulo 1. That is, for x, y € [0,1) we set x+'y =x+y if x+y < 1, and we set
x+'y=x+y—1ifx+y > 1. By associating 0 with 1, one can think of [0, 1) with
addition modulo 1 as the circle of circumference 1 centered at the origin in the plane.
The operation +' corresponds to rotation or addition of angles. It is easy, therefore,
to see that the operation +’ is commutative and associative.

Lemma 2.7.1. Giveny € [0,1) and E C [0,1), A*(E+'y) = A*(E). IfE is Lebesgue
measurable, then so is E +'y.

Proof. Set Ey =EN[0, 1 —y) and E; = EN[l —y,1). If E is measurable, so is
E+'y=(E +y)U(E;+y—1).If E is any subset of [0, 1), then since [0, 1 —y) is
measurable and Lebesgue outer measure is translation invariant,

AT(E) = A7 (E1) + A7 (E2) = A" (Er+y) + A7 (Ea+y— 1)
> A ((Er+y)U(Ea+y—1)) =A"(E+y)
> A ((E+y)+ (1-y) =27(E).

The last equality follows since if x € E and x+y < 1, then (x+'y) +' (1 —y) = x,
and the same is true if x+y > 1.

We now define an equivalence relation ~ in [0, 1) by setting x ~ y if x and y differ
by a rational number. By the Axiom of Choice, there is a set P C [0, 1) containing
exactly one element from each equivalence class. Let (r; : i € NU{0}) be an enu-
meration of the rational numbers in [0, 1) with rp =0. Let B, =P+ r;, s0 Py = P. If
i # j, then P,N P; = @. To see this, assume x € P, N P;. Then for elements p; and p;
in P, we have

x:p,-+'r,- :ijr'rj.
It follows that | pi—p j| is arational number, i.e., p; ~ p;. Since P contains only one
element from each equivalence class, p; = p; and so r; = r;. That is, P, = P;. On the
other hand, for each x € [0, 1), x is in some equivalence class, so for some p € P and
some ry, x = p +' r;. Therefore, the collection {P} is a countable, pairwise disjoint
collection of sets with union [0, 1).

Proposition 2.7.1. The set P is not Lebesgue measurable.



2.8 Cantor Set 39

Proof. Assume that P is measurable. Then A(P) is defined, and by Lemma 2.7.1,
A(P) = A(P,) for all i, whence A([0,1)) = > A(P;) =X A(P). Since the sum is finite,
A(P) =0. But then A ([0,1)) = 0. Since this is not true, we conclude that P is not
measurable.

We have actually shown that the following is true.

Proposition 2.7.2. If 1 is a 0-additive, translation invariant measure defined on a
o-algebra containing P, then 11([0,1)) is either 0 or +oe.

2.8 Cantor Set

The Cantor set C, also called the Cantor ternary set, is the closed subset of [0,1]
obtained by removing the following open set:
DUEHUGHIVIGE) VG BB DG B -

That is, remove the open middle third from [0, 1], and at each successive step, rem-
ove the open middle third of each of the remaining closed intervals. It consists of
all numbers in [0, 1] that have a ternary expansion (i.e., an expansion base 3) that
does not use the digit 1. If there are two ternary expansions of a point in C, one of
them satisfies this property. The set C is the intersection of closed subsets of [0, 1]
such that no finite subcollection of these closed sets has an empty intersection. Since
[0, 1] is compact, the intersection C of all of the closed subsets is nonempty.

The set C is, in fact, uncountable. To see this, assume {c, : n € N) is a sequence
of points in C. Let F; be the closed interval remaining after removing (%, %) from
[0,1] that does not contain c;. At stage n — 1, we have a closed interval that does
not contain the points cy, ¢, - -+, cy,—1. We remove the middle third, and let F;, be
the one of the two remaining closed intervals that does not contain c,. For each
n € N, N, F; # <. Therefore, the set N2 | F; is a nonempty subset of C, and it
contains no point of the enumeration. This shows that we cannot exhaust C with
an enumeration; that is, C is uncountable. Working Exercise 2.33, one shows that
the Lebesgue measure of the removed open set is 1, so 1(C) = 0. Note that C is an
example of an uncountable set of measure 0.

One can form a generalized Cantor set with positive measure by scaling each
of the removed intervals by o where 0 < ¢¢ < 1 and removing the scaled intervals
from the centers of the intervals left in the previous stage of the construction. The
removed set is an open set O of measure ¢, and the complement F has measure
1 — a. A generalized Cantor set with positive measure is also called a fat Cantor set.

For the Cantor set and any generalized Cantor set, the removed open set O is
dense in [0, 1]; that is, its closure is [0, 1]. To see this, note that for any x € C, there is
apoint y; removed at the first stage so that |x — y;| < 1/2. Similarly, at the n'” stage,
there is a point y, removed at that stage such that |x—y,| < 1/2". The extreme
case would be realized if we removed first the singleton set {1/2}, then the set
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{1/4,3/4}, etc. It would still be true that this removed set (no longer open) would
be dense in [0, 1]. Note that if we take the union of the generalized Cantor sets for
each o = 1/n, we get an Fy set with total measure 1.

Along with the Cantor set, there is a continuous increasing function g called the
Cantor-Lebesgue function mapping [0, 1] onto [0, 1] taking all of its increase on
the Cantor set, that is, on a set of measure 0. The function g is identically equal to
1/2 on the removed middle third; it is identically equal to 1/4 and 3 /4, respectively,
on the next two removed open intervals, etc. The value at points of the Cantor set is
the limit of values on the removed open intervals.

2.9 Problems

Problem 2.1. Let Z be the collection of all subsets A C R such that either A or R\ A
is finite or countably infinite. For each A € 4, let u(A) = 0 if A is finite or countably
infinite, and let (t(A) = 1 otherwise. Show that 2 is a ¢-algebra and U is a measure
on %; that is, [ is a nonnegative, countably additive function on % with p(0) = 0.

Problem 2.2. Recall that a measure on a set E is a mapping u from a c-algebra o7
of subsets of E into [0, 4<] such that ¢1(@) = 0 and u is countably additive, whence
U is also finitely additive. Show that such a general measure is subadditive. That
is, the measure of the union of a countable number of not necessarily disjoint sets in
&/ is less than or equal to the sum of the measures of the sets forming the union.

Problem 2.3. Let v be a finitely additive measure on a ¢-algebra <7 of sets in a
set X.

a) Suppose that for any sequence (E,) of sets in «, if E, /* E, then V(E) =
lim, v(E,). Show that in fact v is countably additive.

b) Suppose that for any sequence (E,) of sets in <7, if E,, \, &, then lim,, v(E,) =0.
Show that in fact v is countably additive.

Problem 2.4 (A). Prove Proposition 2.2.1.

Problem 2.5 (A). Recall that the set A consisting of the rationals between 0 and 1 is
countable, and so it has Lebesgue outer measure 0. Show that any finite collection
of open intervals covering A has total length > 1.

Problem 2.6. Fix nonempty sets A and B C R such that
d(A,B) :=inf{lx—y|:x€A,ye B} =a>0.

Show that Lebesgue outer measure A*(AUB) = A*(A) + A*(B). Hint: Show that for
any € > 0, there is a countable covering of AU B by open intervals I;, each having
length strictly less than a, such that 37 | £(f;) < A*(AUB)+¢.
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Problem 2.7. Let £ C R have finite Lebesgue outer measure. Show that E is
Lebesgue measurable if and only if for any open, bounded interval (a,b) we have

b—a=2A*((a,b)NE)+A*((a,b) \E).

Problem 2.8. Suppose A C R is a Lebesgue measurable set with A(4) > 0. Show
that for any 6 with 0 < & < 1, there is a bounded interval I = [a,b], with a < b,
such that A(ANTIs) > 6 - A(Is). That is, A occupies a large part of /5.

Problem 2.9. Suppose that A C [0, 1] is a Lebesgue measurable set with A(A) = 1.
Show that A is dense in [0, 1]; that is, the closure A = [0, 1].

Problem 2.10. For this problem, let .# be the Lebesgue measurable sets in [0, 1],
and let v be a nonnegative, real-valued function on .# such that for disjoint sets A
and B in .#, v(AUB) = v(A) + v(B). Also assume that for any € > 0 there is a
6 > 0 so that if A € .# and its Lebesgue measure A (A) < 8, then v(A) < €. Prove
that v is a measure. Hint: If (A;) is a sequence of pairwise disjoint sets in .# with
union A, what can you say about A\ U!_A;?

Problem 2.11. Let .# be the collection of Lebesgue measurable sets in R, and
let A be Lebesgue measure on R. Let f be a real-valued function defined on R.
Let o/ be the collection of subsets of R with inverse image in .#. That is,
o = {SCR:f'[S] €.#}. Show that «/ is a G-algebra of sets in R. Then for
each S € 7, let u(S) :== A (f~'[S]). Show that i is a measure on .« that is, u is
countably additive with p(2) =0.

Problem 2.12. Let f be an increasing function on [0,1]; that is, for x <y,
f(x) < f(y). The jump of f at a point x is limy_,,; f(y) — limy_,,— f(y), with the
obvious modification at endpoints of [0, 1]. Show that if the jump of f is O at every
point of [0, 1], then f is continuous on [0, 1].

Problem 2.13. Show that if an integrator is continuous, such as the integrator
F (x) = x for Lebesgue outer measure, then the same outer measure is obtained using
open intervals and intervals of the form (a, b].

Problem 2.14. Let F' be an integrator on R. Show that for any € > 0, there is an
interval (a,b] such that F(b) — F(a) < €.

Problem 2.15. Consider the integrator F on R given by F(x) = 0 for x < 0, and
F(x) = x? for x > 0. Let m* be the outer measure generated by the integrator F.

a) Given M € N, suppose (I,,) is a sequence of intervals contained in [0, M]. Show
that if /(1,,) — 0, then m*(I,) — 0.

b) Construct a sequence of intervals (J,) contained in R such that /(J,) — 0, but
m*(J,,) — oo.

¢) Construct a sequence of intervals (K,) contained in R such that /(K,) — 0, but
m*(K,) = 1 for all n.

Problem 2.16. Show that an outer measure is translation invariant if and only if the
integrator is F(x) = cx +d for some constants ¢ > 0, and d.
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Problem 2.17. Prove or disprove: All subsets of R having 0 Lebesgue measure also
have 0 measure with respect to the measure generated by any continuous, increasing
integrator.

Problem 2.18. Let F : (0,+o°) — R be given by setting F(x) =0 for x < 1, and
F(x)=nforn e Nandn <x <n+1.Let m" be the outer measure generated by the
integrator F'.

a) For each set A C (0, +o<0), what is the value of m*(A)?

b) Prove that every subset of (0,) is measurable with respect to m*.

¢) Give an example of a Lebesgue measurable set E C (0, +oo) such that m(E) = oo,
but the Lebesgue measure A(E) = 0.

d) Give an example of a Lebesgue measurable set F C (0, 4-oo) such that A (F) = oo,
but m(F) = 0.

Problem 2.19. Give an example or disprove the following statement: There exists
an integrator F : R — R such that for some set A of strictly positive Lebesgue mea-
sure, the outer measure m* generated by F has value m*({x}) > 0 for each point
x cA.

Problem 2.20. Suppose A is a measurable subset of R such that m(A N (a,b)) <
%(b —a) for any a,b € R, where a < b. Show that m(A) = 0.

Problem 2.21. a) The Heaviside step function is H = x| ..). That is, H (x) =0 for
x < 0and H(x) =1 for x > 1. Show that the resulting outer measure is in fact
a measure on the c-algebra consisting of all subsets of R. It is called a Dirac
measure or unit mass at 0, and denoted by &. Show that for each set E C R, we
have 8o(E) = 1if 0 € E and &y(E) =0if 0 ¢ E. A similar unit mass , can exist
at any point a € R.

b) Define an integrator F such that the corresponding measure on R is Lebesgue
measure to which is added a unit mass at O, at 1, and at 2.

Problem 2.22 (A). Prove the following result, which is valid for Lebesgue mea-
sure, and show that it is not valid for general measures: If E € .#, then Vr € R,
E+re /.

Problem 2.23. Let (L1,) be a sequence of finite measures on a ¢-algebra &/ of sub-
sets of R; that is, t,(R) < eo for all n € N. Let (a,,) be a sequence of positive numbers
such that 3> a, 1, (R) < eo. Let ft(A) =X anttn(A) for each A € 7. Show that
U is a finite measure on 7.

Problem 2.24 (A). Prove Proposition 2.5.1.
Problem 2.25. Prove Theorem 2.6.1.

Problem 2.26. Let i be a measure defined on the Borel subsets of J := [—1, 1] such
that u (J) = 17. Assume that any Borel set of Lebesgue measure 0 in J is a set of
u-measure 0. Show that for any € > 0 there is a > 0 such that if E is a Borel set in
Jand A(E) < 0, then u(E) < €. Hint: Suppose there is a sequence of Borel sets E,
contained in J with A (E,) < 27" and yet u (E,) > € for each n. Let E = limsup, E,,.
What is A(E)? What is u(E)?
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Problem 2.27. Let f be a real-valued, continuous function defined on R. Show that
for each Borel set E C R, f~! [E] is a Borel set.

Problem 2.28. Let m* be the outer measure on R generated by an integrator F.

a) Show that for any E C R, there is a Borel set B with E C B and m(B) = m* (E).

b) Let (E,) be a sequence of sets in R and E a subset of R such that E, /' E. Show
that lim, m*(E,) = m*(E). Hint: For each n, let B, 2 E, be the Borel set given
by Part a. Let C,, = (¢, B«-

Problem 2.29. Let m be a measure on R generated by an integrator F. Let (A,)
be a sequence of measurable subsets of R. Show that m(liminfA,) < liminfm(A,).
Assume that m is a finite measure, and show that m(limsupA,,) > limsupm(A,,).

Problem 2.30. Let m be a measure on R generated by an integrator F. Let K be
a compact set such that m(K) < +e. For each x € K, let Bj(x) be the interval
(x—1,x+1), and define f : K — R by setting f(x) = m(B;(x)). Show that for some
xo0 € K, f(x0) = o := infyeg f(x). Hint: Show that there is a convergent sequence
(%) in K such that f(x,) \, ¢, and use Problem 2.29.

Problem 2.31 (A). Show that if E is a Lebesgue measurable subset of the non-
measurable set P constructed in Section 2.7, then A(E) = 0.

Problem 2.32 (A). Show that if A is any set with Lebesgue outer measure
A*(A) > 0, then there is a non-measurable set £ C A.

Problem 2.33. Show that the Cantor set has Lebesgue measure 0.

Problem 2.34 (A). Use a generalized Cantor set of positive Lebesgue measure to
show there is an open subset of [0, 1] having a boundary (i.e., the closure of the
set from which the open set has been removed) such that the boundary has positive
measure.

Problem 2.35. A nonempty set S is perfect if it is closed and each element of S is
an accumulation point of S. Prove that the Cantor set is perfect and has no interior
points.

Problem 2.36. How is the Cantor set changed if closed middle third intervals are
removed at each step?

Problem 2.37. Show the Cantor-Lebesgue function g is continuous on [0, 1] and has
derivative g’ equal to 0 outside of a set of Lebesgue measure 0 in [0, 1]. Hint: How
much does g increase on the part of the Cantor set C between two successive open
intervals that have been removed at the k™" step of the removal process?



Chapter 3
Measurable Functions

3.1 Definition

This chapter lays the groundwork for integration applied to a large class of real-
valued functions. First we note a useful fact that is independent of the real line.

Theorem 3.1.1. Fix a 6-algebra < in a set X and a function f with domain A € &/
and range in a set Y. The collection % of all sets B CY such that f~' [B] € </ con-
tains & and is stable with respect to complementation and the operation of taking
countable unions. That is, B is a 6-algebrainY.

Proof. The result follows from the fact that f~'[Y\B] = A\ f~![B], and if the
sequence (B, : n € N) is in 4, then

oo

Us,

n=1

oo

:Uf_l[Bny

n=1

f—l

We will use Lebesgue measure and other measures on the real line to extend
Riemann integration. The extended integral will apply to functions having an
appropriate structure in terms of the family of measurable sets. The definitions and
results in this chapter hold for any integrator on R. The resulting general measure
is denoted by m, but when m is just Lebesgue measure, we write 1. We denote the
class of measurable sets by .. This is the class of sets measurable with respect to
a given outer measure. If that outer measure is specifically Lebesgue outer measure,
then we say “Lebesgue measurable.”

It is convenient to follow the convention of probability theory and write {S(f)}
instead of {x € A : S(f)(x)} for a function f with domain A that is understood, and a
property S involving f. For example, {sin > 0} denotes the set {x € R : sin(x) > 0}.

As previously noted, an extended-real valued function is one taking values in the
set RU {+oo, —co}. The hyphen indicates it is R that is extended to a larger set;
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the function is not extended to a larger domain. In working with extended-real val-
ued functions, we exclude certain combinations. We do not allow the addition of 4o
to —oo. Similarly, we do not allow multiplication of 0 with either infinity. One rea-
son for the latter prohibition is that a product of sequences x, \,0 and y,, /* 40 can
have any nonnegative limiting result, depending on the choice of sequences. When
the operation is allowed, we have 404 a = +oo, —co+a = —oo, and +o0-a = +oo
ifa>0,+o-a=—wifa<0, —o-a=—cifa>0,and —-a =+ ifa <O0.

Definition 3.1.1. An extended-real valued function f with measurable domain A is
a measurable function if for every o € R, the set { f > o} is in .. If the class .#
consists of the Lebesgue measurable sets, we say that f is a Lebesgue measurable
function.

Definition 3.1.2. A set A is dense in a set B if A C B and the closure of A contains
the set B.

Note that if A is dense in B, the closure of A may be larger than B. For applications
of the following result, we note that R itself is dense in R, and the rational numbers
are dense in R. Any dense subset D of R contains a countable dense subset of
R since for each rational number r and each n € N, there is a point s € D with
|r—s| < 1/n, so (using the Axiom of Choice) we can choose one point s € D for
each pair (r,n).

Proposition 3.1.1. For an extended-real valued function f with measurable domain
A, the following are equivalent:

1) f is measurable.

2) Vo in a dense subset of R, {f > o} € A
3) Yo in a dense subset of R, {f > o} € M.
4)Ya in a dense subset of R, {f < o} € .
5) Vo in a dense subset of R, {f < a} € M.

Proof. Let D be a dense subset of R. We may assume that D is countable. The result
is a consequence of the following equalities, which hold for any o € R:

{f<a}=A\{f>a}, {f>a}=A\{f<a}
{fzat=N{r>7 {r<ar=U{r<n

yeD yeD

r<a <o
{f<ay=N{r<v, {r>ar=U{r>r-

e o

Corollary 3.1.1. If an extended-real valued function f is measurable, then for any
o € RU {00, —co}, the set {f = a} is measurable.

Remark 3.1.1. Even for a function f that can take the value 4o or —eo, measurabil-
ity only depends on values & in D C R.
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We will need sets such as { f > o/} to be measurable in order to define an integral.
We will say that f is measurable on B if B is measurable and the restriction of f
to B is measurable. Note that measurability of a function involves only measurable
sets; it does not involve a measure.

Proposition 3.1.2. The restriction of a measurable function f with measurable
domain A to a measurable subset B C A is measurable on B. Conversely, if A is
the union of a finite or countably infinite number of measurable sets on which f is
measurable, then f is measurable on A.

Proof. Exercise 3.3.

In general integration theory, one speaks about a function with measurable
domain A that is measurable with respect to c-algebras ./ and %. That is, the
inverse image of each set B € 4 is in 7. The usual definition of measurability of
an extended-real valued function uses, as is the case here, the inverse images of
semi-infinite open intervals in the extended real line. That definition, however, is
equivalent to the following definition in terms of the inverse image of Borel sets.

Theorem 3.1.2. An extended-real valued function f with measurable domain A is
measurable if and only if the inverse image of every Borel set in R is measurable
and also ! [+e0] and f~' [~o0] are measurable.

Proof. We have seen that if f is measurable, then the inverse image of every
semi-infinite interval in the extended real line is measurable. Also, f~![+oo] =
MnenS ! [(n,+oo]] and f~! [—eo] = Myenf ! [[—oo, —n)] are measurable. It now fol-
lows that the inverse image of every finite open interval is measurable, and therefore
the inverse image of every open subset of the real line is measurable. Since the
family of Borel sets is the smallest o-algebra containing all open sets, it follows
from Theorem 3.1.1 that the inverse image of every Borel subset of the real line is
measurable. The converse is clear.

Proposition 3.1.3. A continuous real-valued function is measurable on any measur-
able subset B of its domain.

Proof. If f is continuous, then {x € B : f(x) > a} is the intersection of B with an
open set.

Definition 3.1.3. If A is a measurable subset of R, M(A) denotes the collection of
measurable real-valued functions with domain A.

Recall that for functions f and g, the functions fV g and f A g are defined point-
wise by setting (£Vg) (x) i= max (f(x), g(x)) and (£ Ag) (x) = min (f(x),g(x)).
When adding or multiplying measurable functions, we will often set an arbitrary
value for the sum or product on the set where the original operation is not defined.
Usually that value is 0, and the set where this happens will have measure 0.
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Theorem 3.1.3. If A is a measurable set, M(A) forms a vector space over R, and
M(A) is stable with respect to pointwise multiplication and the operations \/ and .
Given the collection of measurable extended-real valued functions on A, for each of
the following operations, there is a measurable subset that depends on the functions
involved and is the set where the operation is defined; moreover, the operation yields
a measurable result on that subset. The operations are: Pointwise multiplication,
multiplication by any real number, pointwise addition, and the operations \/ and /.

Proof. Fix f, gin M(A) and ¢ and o in R. If c =0, ¢f is constant. Otherwise,
{cf>a}l={f>a/c} ifc>0 and {cf >a}={f <a/c}if c<O0.

In either case, cf € M(A). If f(x) +g(x) < a, then since the set Q of rational num-
bers is dense in R, there is an r € Q with f(x) < r < o — g(x), whence g(x) < ot —r.
It follows that

{(f+rg<oat=JUf<rin{g<a-rle.
reQ

Therefore, M(A) is a vector space. To see that g € M(A), we note that the function
2 € M(A) since if a < 0,A = {f> > o} and for B > 0 and o = 8,

{(FP>a}={f<-Byuif>pren.
Therefore,
fe=(1/2)[(f+8)*—f*— &l € M(A).
Since
{fveg>at={f>atu{g>a}, {frg>at={f>a}n{g>al,

we have fV g and fAg € M(A). The result for extended-real valued functions is
left as Exercise 3.4(A).

3.2 Limits and Special Functions

Recall that for a sequence (f;, : n € N), the value of the function sup, f, at x is
sup,, fu(x); a similar definition holds for inf,, f,. Also, limsup, f,, := inf, (sup;~, fx)
and liminf, f, := sup, (inf>, fi)-

Theorem 3.2.1. If (f,, : n € N) is a sequence of measurable extended-real valued
functions on a measurable set A, then sup, f,, inf, f,, limsup,, f,, and liminf, f, are
also measurable on A.
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Proof. For any o € R,

{Supfn > OC} = Un{fn > OC}, {il;llffn < Ot} = Un{fn < OC}.

The rest is clear.

Definition 3.2.1. A measure space (see Definition 2.4.2) is complete if every subset
of a set of measure 0 is measurable. In this case, the measure is also called complete.
If u is a non-complete measure on a o-algebra <7, then the family of sets

{AUB:A € .o/, B CC for some C € &/ with u(C) =0}

is a o-algebra on which the extension of u is a complete measure. The extension of
U takes the value p(A) for all sets AUB with A € &/ and B C C for some C € &/
with t(C) = 0. The enlarged c-algebra together with the extension of u is called
the completion of the measure space (A, 1t).

Proposition 3.2.1. The completion of a measure space is a complete measure space.

Proof. Exercise 3.10.

In the case of a complete measure, the value of the measure on each subset of a
set of measure 0 is 0. The measures we have defined using integrators are all com-
plete. One may, however, want to consider incomplete measures such as Lebesgue
measure restricted to the Borel sets. When dealing with several measures at the same
time, one often cannot complete all of them, since a set of measure 0 for one mea-
sure may not be measurable for another.

When the measure m is understood, we will say that something is true almost
everywhere (a.e.) if it is true in the complement of a set of measure 0. For example,
f =g ae. on A if there is a subset B of A with m(B) = 0 such that f(x) = g(x)
for every x € A\ B. A sequence (f, : n € N) converges to f a.e. on A if there is a
subset B C A of measure 0 such that f,(x) — f(x) for each x € A\ B. We don’t know
what happens on B. This definition is useful in dealing with measures that are not
complete. For example, a function f may be identically 0 except for a non-Borel
subset B of a Borel set of measure 0. For integration, the value taken by f on B is
not important, and so it is useful to say that f = 0 almost everywhere.

Proposition 3.2.2. For a complete measure, such as Lebesgue measure, if f is mea-
surable on A and f = g almost everywhere on A, then g is measurable on A.

Proof. Let B be the set of measure 0 outside of which f = g. Then g is measurable
on A\ B, and since any subset of B is measurable, g is measurable on B.

Proposition 3.2.3. If m is a complete measure and (f, :n € N) is a sequence of
measurable functions on a measurable set A such that f, — f a.e. on A, then f is
measurable on A.
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Proof. The result follows from the equality f = limsup,, f;, = liminf, f, a.e.

Definition 3.2.2. A step function is a real-valued function g defined on an interval
[a,b] such that for some finite set {x; : 0 <i<n} witha=xo <---<x,=b, gis
constant on each of the open intervals (x;_1,x;).

Definition 3.2.3. A characteristic function is a function that takes only the values
0 and 1. The set on which it takes the value 1 is the associated set A, and the func-
tion is called the characteristic function of A. We will write y4 for this function.
Another common notation for the function is 14. The term indicator function is
also used.

Clearly, x4 is the constant 0, while the characteristic function of the set in which
one is working is the constant 1. A characteristic function is measurable if and only
if the associated set is a measurable set (all with respect to some fixed o-algebra).
It is easy to see that,

XANB = XA XBy XAUB=XA+XB— XA XB: Xi =1—2a-

Definition 3.2.4. A simple function is a measurable function with range equal to a
finite subset of R.

Any finite linear combination of measurable characteristic functions is a simple
function. Such a representation is not unique. For example, the characteristic func-
tion of the union of two disjoint sets is the sum of their characteristic functions.
Conversely, if oy, -, are the distinct nonzero values in the range of a simple
function ¢ that is not identically equal to 0, then ¢ = X' | 0 - X{p—q,}- This is the
simplest such combination that gives ¢. A step function is a finite linear combi-
nation of characteristic functions of intervals. Some intervals may be degenerate
intervals of the form [c] := {c}.

Recall that the family of Borel sets in R is the smallest o-algebra containing the
open subsets of R.

Definition 3.2.5. A real-valued function is Borel measurable if the inverse image
of each open subset of R is a Borel set.

Proposition 3.2.4. The Borel measurable real-valued functions defined on a fixed
Borel subset of R form a vector space over R; that vector space contains the con-
tinuous functions and is stable with respect to pointwise multiplication and the
operations \V and A.

Proof. Exercise 3.12.

Proposition 3.2.5. Let f be a measurable real-valued function with Borel measur-
able range, and let h be a Borel measurable real-valued function with Borel measur-
able range. If g is a Borel measurable real-valued function defined on the range of
[, then go f is measurable. If g is a Borel measurable real-valued function defined
on the range of h, then g o h is Borel measurable.
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Proof. We know that for any open set O, f~!'[0] is a measurable set, h~! [0] is a
Borel set, and g_1 [O] is a Borel set. By Theorem 3.1.1, the collection of sets with
measurable inverse images forms a ¢ -algebra. It follows that for any Borel set B,
f~'[B] is a measurable set, 21~ ! [B] is a Borel set, and g~! [B] is a Borel set. The rest
is clear.

Example 3.2.1. The following example shows that there are Lebesgue measurable
sets that are not Borel sets. Let f; be the Cantor-Lebesgue function on [0, 1]. Recall
that fj is an increasing continuous function mapping [0, 1] onto [0, 1]. It is constant
on each of the intervals that is removed to form the Cantor set C. For example,
on (1/3,2/3), fi takes the value 1/2. Let f be defined on [0, 1] by setting f(x) =
f1(x)+xforall x € [0,1]. Since f; is an increasing continuous function and x — x is
a strictly increasing continuous function, f is strictly increasing and continuous; the
range is [0,2]. Since f is a continuous bijection of the compact set [0, 1] onto [0, 2], it
is a homeomorphism. (See Problem 1.36.) Each of the open intervals (a,b) removed
from [0, 1] to form C has image (fi(a) +a, f1(a) +b), so f[[0,1]\ C] has the same
Lebesgue measure in [0,2] as has the set [0,1]\ C in [0, 1]. Therefore, A (f[C]) = 1.
By Problem 2.32, there is a non-Lebesgue measurable set A C f[C]. The function
g:= f~!isahomeomorphism of [0,2] onto [0, 1], and g[A] is a Lebesgue measurable
subset of C since A (C) = 0. While g[A] is a Lebesgue measurable set, it is not a Borel
set since g is continuous, and therefore Borel measurable, but g~! [¢[A]] = f [¢[A]] =
A is not even Lebesgue measurable. Also note that the restriction of the continuous
function f to g[A] does not have a measurable range.

3.3 Approximations and Theorems of Lusin and Egoroff

In this section, we show that a set of finite measure has nice properties once a set
of small measure, appropriate for the property, is removed. This heuristic principle,
i.e., “sets of finite measure are nearly good”, is essentially due to Littlewood [25].
We start with an operation used to indicate the difference of two sets. Recall that for
two sets A and B, the symmetric difference is AAB := (A\ B) U(B\ A). We apply
the symmetric difference to obtain an approximation for a measurable set of finite
measure in R.

Theorem 3.3.1. Let A be a set of finite measure in R. Given & > 0, there is a com-
pact subset K of A for which m(ANK) < 6. Given € > 0, there is a finite collec-
tion of disjoint open intervals I; such that the measure of the symmetric difference
m(AA (U,’Ii)) < E.

Proof. We may assume n(A) > 0. As n — oo, AN [—n,n] /A, so we may choose a
positive integer n so that m (A \ [—n,n]) < 6/2. By Theorem 2.5.1, there is a closed,
and therefore compact, set K C A N [—n,n| so that m((AN[—n,n])\K) < §/2.
Therefore, K C A and m(A \ K) < 6. Choose a compact set K C A with
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m(A\ K) < /2. We may cover K with a bounded open set O so thatm(O\ K) < €/2.
Since O is the countable union of pairwise disjoint, finite open intervals, those int-
ervals form an open cover of K. We may discard all but a finite number of them and
still cover K with the union U;/;. This is the desired approximation since

AA (Uili) = (A\ (Uili)) U ((Uii) \ A) € (A\K) U(O\K).

Proposition 3.3.1. Let f be a measurable extended-real valued function that is finite
almost everywhere on its domain A. If m(A) < oo, then for each € > 0, there is a
measurable subset B C A with m(B) < € such that for some M € N, | f(x)| < M for
all x € A\B.

Proof. Fix € > 0. If f is already bounded, set B = &. Otherwise, for each n € N,
set E, = {|f| > n}, and let E = {f = +oo} U{f = —oo}. Since m(E;) < —+eo and
E, \(E, while m(E) = 0, there is an n € N with m(E,) < €. Set B=E,, and M = n.

Example 3.3.1. The function given by f(x) = x is finite everywhere on R, but it is
unbounded on sets of infinite Lebesgue measure.

It follows from Proposition 3.3.1 that, if we are given an unbounded measurable
function f that is finite almost everywhere on an interval [a, b], then for any § > 0
and some M € N, we may apply our next result to the function —M V f A M, which
equals f outside of a set of measure less than J.

Theorem 3.3.2. Let f be a bounded measurable function on a closed, non-
degenerate interval [a,b]. Let s = infyc(qp) f(x) and S = sup,¢(, ) f(x). Fix € > 0.

a) There is a simple function ¢ defined on [a,b] such that s < ¢ and f(x) —€ <
o(x) < f(x) for all x € [a,b], whence |f — ¢| < € on |a,b].

b) If m({x}) = 0 for each singleton set {x} C |a,b], then there is a subset B| C [a, D]
with m(B1) < €/2 and a step function g defined on [a,b] such that s < g < S and
g(x) = o(x) for all x € [a,b]\ By.

¢) If m({x}) = 0 for each singleton set {x} C [a,b], then there is a subset B, C |a,b]
with m(B) < €/2 and a continuous function h defined on [a,b] such that s <
h < § and h(x) = g(x) for all x € [a,b]\ By. In this case, |f(x) —g(x)| < € and
|f(x) = h(x)| < € forall x € [a,b]\ (B] UB2).

Proof. a) Partition [s,S] with a finite number of points s =y <y; < -+ <y =S,
so that for each i, y; —y;_1 < €. Of course, f~![[yi_1,y;)] may be empty for some
values of i. Let

k—1
= <§yi1 ‘%f'[b~,-1,y,~>]> F V=1 21 ey i)

Now ¢ is a simple function with s < @, and f(x) — & < @(x) < f(x) for all
x € [a,b], whence |f — ¢| < € on [a,b].
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b) Let oy, ---, o be the n distinct values taken by ¢, and let these be taken on
n pairwise disjoint, measurable subsets Ay, ---, A, of [a,b]. By Theorem 3.3.1,
for each set Ag, 1 < k < n, there is a finite, pairwise disjoint collection of open
intervals 15, - -- ’[zi’ with each contained in (a,b), such that m(AA (Uif)) <
€/(2n). Set By := U_, (AxA (U;IF)), and note that m(B;) < €/2. Let _# be the
collection of all of the intervals involved; thatis, ¢ =U]_, {I{‘ oo 71112 } Let P

be the finite collection of endpoints of the intervals in ¢ . Add the points of the
null set P to B. Foreach I € ¢, if INP # @, replace I with the open intervals
in I'\P. Removing duplication, this yields a finite collection .# of pairwise
disjoint open intervals such that each interval in .# is contained in at least one
interval of ¢ . Consider an interval J € .# such that for p # g and some iy and
jo, J C Ii’(’) ﬂquo. We now show that since A, NA, = @, J C B;. That is, fix x € J.
If x ¢ Ap, then since x € I}, x € A,A (Uil]) € By If x € Ap, then x ¢ A, but
x is also in I?O, S0 x € AjA (Ujqu-) C By. In either case, x € By. Thus, J C B;.
Discard from the collection .# all such intervals contained in By. Each of the
remaining intervals in .# corresponds to a unique Ay; set the value of g equal
to the appropriate ¢ for each such interval. At all other points of [a,b], set g
equal to (s+S)/2. The function g is a step function such that s < g < S and
g(x) = o(x) for all x € [a,b] \ B;.

¢) Given the step function g formed in Part b), center an open interval at each mem-
ber of the finite collection of points consisting of the endpoints of [a, b] together
with the points inside [a, b] where g changes values. The intervals should be pair-
wise disjoint forming a set B of total length < &/2. It follows that [a,b] \ By is
the disjoint union of closed intervals on each of which g is constant. Use linear
interpolation to obtain a continuous function % on [a,b] such that s < h < S,
and g(x) = h(x) for all x € [a,b] \ B,. It is now the case that @(x) = h(x) for all
x € |a,b]\ (B1UBy).

We have shown that if f is a measurable real-valued function on an interval [a, b]
where points have 0 measure, then outside of a set of small measure we may uni-
formly approximate f with a continuous function 4. The values of i, however, are
only near the values of f. An important result due to Lusin [36] states that for a
measurable real-valued function f on a set A of finite measure, there is a compact
subset K of A having most of the measure of A such that the values taken by f on K
are equal to the values taken by a continuous real-valued function g defined on the
real line. In this sense, f is “nearly” continuous on A; that is, f deviates from the
continuous function g on A only on the set of small measure A \ K. Recall that by
Proposition 1.11.3, once it is shown that the restriction of f to a compact subset K
of R is continuous, there is a continuous function g defined on the whole real line
such that g = f on K. Moreover, supg g = maxg f, and infg g = ming f.

Theorem 3.3.3 (Lusin). Fix a measurable set A C R with m(A) < oo, and let f be
a real-valued measurable function with domain A. For any € > 0, there is a compact
set K C A withm(A\ K) < € such that the restriction of f to K is continuous.
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Proof. Let (V,:n € N) be an enumeration of the open intervals with rational end-
points in R. By Theorem 3.3.1, we may fix compact sets K, C f~'[V,] and K, C
A\ f~1[V,] for each n so that m(A\ (K,UK],)) < &/2". Now, for the compact set
K :=Nyen(Ky UK,), m(A\ K) < €. Given x € K and an open interval I containing
f(x), for some n € N, f(x) € V,, CI. Now x € O := (K], and

flonk] C f[CK,N (K, UK})]| = f[Kn] C Vi

Remark 3.3.1. This simple proof of Lusin’s theorem was first published by the text’s
author and Erik Talvila in 2004 [34]. Lusin’s theorem holds in quite general settings,
where it is usually stated just for a Borel measurable function f. The domain of f
should have the property that sets of finite measure can be approximated from the
inside by compact sets, and the target set or range of f should have a countable
collection of open sets V,, such that for each open set O and each y € O, there is an n
withy € V,, C O. (Later, we will call this property the second axiom of countability.)

Lusin’s theorem is often established as a corollary of the following approxima-
tion theorem of Egoroff [18]. That important theorem states that on a set of finite
measure, almost everywhere convergence of measurable functions to a finite limit is
actually uniform convergence off of a set of small measure. That is, almost ev-
erywhere convergence on a set of finite measure is “nearly” the same as uniform
convergence.

Lemma 3.3.1. On a set A C R of finite measure, let (f, : n € N) be a sequence of
measurable functions converging a.e. to a function f. Suppose that f is finite a.e. on
A. Then for any 6 > 0, there is an N € N and a measurable B C A with m(B) < &
such that

Vx€A\B, Yn>N, |fu(x)—f(x)] <.

Proof. Let D be the set where either f is not finite-valued or the convergence
fails. Since m(D) = 0, we may set each f, and f equal to 0 on D and work
with the modified functions without loss of generality. Fix 6 > 0, and let S, =
{Ifu—f] = 6}. Now, limsup S, = &, s0 limy_eem(Up>xS,) = 0. Choose N € N
so that m(U,>nS,) < 0, and let B = U,>nS,.

Theorem 3.3.4 (Egoroff). On a set A C R of finite measure, let (f,, :n € N) be a
sequence of measurable functions converging a.e. to a function f. Suppose f is
finite a.e. on A. For any € > 0, there is a measurable set B C A with m(B) < € such
that f, converges uniformly to f on A\ B.

Proof. Fix € > 0. For each k € N, it follows from Lemma 3.3.1 with 6 = 8/2k that
there is an N, € N and a measurable set By C A with m(By) < &/2F such that

Vn > Ne, |fu—f] <€/2% on A\ By.

Let B = Uy By, so m(B) < €. The functions f;, converge uniformly to f on A\ B since
forall n > Ny, |f, — f| < &/2F on A\ By DA\B.
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3.4 Problems

Problem 3.1. Prove Corollary 3.1.1.

Problem 3.2. Let f : R — R and g : R — R be measurable functions and g(x) # 0
at any x € R. Show that the function f/g is measurable.

Problem 3.3. Prove Proposition 3.1.2.

Problem 3.4 (A). Finish the proof of Proposition 3.1.3 for extended-real valued
functions.

Problem 3.5. Let (f,,) be a sequence of real-valued measurable functions on R.
Show that the set {x € R : lim,,_.. f,;(x) exists and is finite} is measurable.

Problem 3.6. Let f : R — R be a differentiable function. Show that the derivative
f' is a measurable function.

Problem 3.7. Prove or give a counterexample: The supremum of an uncountable
family of measurable functions is always measurable.

Problem 3.8. Given f : [0,1] — R, suppose the set {x € [0,1] : f(x) = r} is measur-
able for every r € R. Does it then follows that f is measurable?

Problem 3.9. Suppose that 1 : [0, 1] — R is a function with the property that for any
€ > 0, there is a continuous function f; : [0,1] — R such that f = f; on A, where
m([0,1]\ A¢) < €. Show that f is measurable.

Problem 3.10. Prove Proposition 3.2.1. Hint: Given subsets A, B, and C of a set X
with B C C,
X\(AUB)=(X\(AUQC))U(C\ (AUB)).

Problem 3.11. Let f be a real-valued function defined on R such that for each
a €R, f~1[(a,+)] is a Borel set.

a) Show that for each open subset O of R, f~! [0] is a Borel set.

b) Show that for each Borel set E C R, f~! [E] is a Borel set.

¢) Show that if f is actually continuous on R, then for each Borel set E C R, f -1 [E]
is a Borel set.

Problem 3.12. Prove Proposition 3.2.4.

Problem 3.13. Let {I, : oo € A} be an uncountable collection of open intervals in
the real line such that the measure of the union, m (Ugealy ), is a finite number r > 0.
Given an arbitrary € > 0, show that there is a finite subcollection {/1,5,--- ,I,} of
the collection {Iy : @ € A} such that ¥}, m(l;) > r—e.

Problem 3.14. a) Show that there does not exist a simple function ¢ : R — R such
that |x*> — @(x)| < 1 for all x € R.
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b) Prove or give a counterexample: For every Lebesgue measurable set £ C R of
finite measure, there exists a simple function y : R R such that |x*> — y/(x)| < 1
forallx € E.

Problem 3.15. a) Show that if f is a measurable real-valued function with measur-
able range and g a continuous real-valued function defined on the real line, then
go f is measurable.

b) Show that a continuous function with measurable range followed by a measur-
able function need not be measurable. Hint: See Example 3.2.1.

Problem 3.16. Show that an increasing real-valued function on the interval [0, 1]
can have only a finite or countably infinite number of jumps.

Problem 3.17. Define f : (0,1) — R as follows: For each k € N, set f(x) =

(% —x)71 for all x € [1@%17%) For example, for x € [%, 1), f(x) = ﬁ For each
n €N, set fu(x) := % f(x) for all x € (0,1). Note that f,, converges pointwise to 0,

but not uniformly to 0 on (0, 1).

a) Show that f;, is a measurable function on (0, 1) for each n € N.
b) Fix € > 0. Construct a Lebesgue measurable set E such that A(E) < € and f,
converges uniformly to 0 on (0,1) \ E.

Problem 3.18 (A). Given an increasing real-valued function f on an interval /, show
that f is measurable. Hint: First consider the strictly increasing function for some
neN, x— f(x)+x/n.

Problem 3.19. Let f be a continuous real-valued function on R. Show that if A is
an Fy subset of R, then f[A] is an Fy set.

Problem 3.20. Let f : R — R be a Lipschitz function; that is, there is an M > 0
such that | f(x) — f(y)| < M- |x—y| for all x,y € R. Show that for any Lebesgue
measurable set E, f[E] is a Lebesgue measurable set. Hint: Recall Corollary 2.5.1
and Problem 3.19.

Problem 3.21. Let E C R be a measurable set of finite measure, and let f be a real-
valued measurable function on E. Show that f is the a.e. limit of a sequence of
continuous functions.

Problem 3.22. Let f be a real-valued function with domain R such that the inverse
image of every closed subset of R is an open subset of R. Show that for some value
a € R, f(x) = a on R. Hint: Recall Problem 1.22.



Chapter 4
Integration

4.1 The Riemann Integral

In this chapter, we extend the operation of taking the Riemann integral to more
general integrals on a large class of functions. A bounded function will always mean
a bounded real-valued function.

The Riemann integral uses the length of intervals, that is, the change on inter-
vals of the integrator F (x) = x; the corresponding measure is Lebesgue measure A.
The integral we will construct using Lebesgue measure will be called the Lebesgue
integral to distinguish it from integrals obtained from other measures. As before,
we use m to denote a measure constructed from a general integrator. For the
Lebesgue integral and the more general integral, the construction methods are ess-
entially the same. In the literature, therefore, the general integral is often called a
Lebesgue integral. When there is an emphasis on the integrator, however, the gen-
eral integral is also called a Lebesgue—Stieltjes integral. We begin here by recalling
the construction of the Riemann integral.

Definition 4.1.1. A partition P of a closed and bounded interval [, b] is a finite set
of points a = xp < x; < --- < x, = b. The value of n depends on the partition P. Let
f be a bounded function on [a,b]. Given a partition P of [a,b], for 1 <i < n, set
mj =infy, ) fand M; =supy, ., f. Thelower and upper Riemann sums of f
are the finite sums

n n

S(P,f) = S(P) = Zm,-(xi—xi,l), and S(P,f) :S(P) = ZMi(x,'—x,-,l),

i=1 i=1
respectively.

Proposition 4.1.1. Let f be a bounded function on |a,b). If P, and P, are partitions
of [a,b], then s(P1) < s(PLUP,) < S(PLUP,) < S(Py). It follows that every lower
sum for f is smaller than any upper sum.
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Proof. Given an interval [x;,_1,x;] C [a,b] and a point ¢ with x;_; < ¢ < x;,

inf f< inf f< sup < sup f.

[ri1.xi] [ri—1,¢] [xi-1.c] [ri1.1]
A similar inequality holds for [c,x;]. The rest is clear.

Definition 4.1.2. Let %7 denote the set of all partitions of [a,b]. Let f be a real-
valued function on [a,b]. The lower and upper Riemann integrals of f on [a,b]
are given by

b b
R/ F(x)dx:= sup s(P,f), and R/ F(¥)dx:= inf S(P.f),

pPey pPey

respectively. The function f is Riemann integrable if the lower and upper Riemann
integrals are equal. In this case, the Riemann integral of f is equal to the common
value and is denoted by R |, : F(x)dx.

The definition of upper and lower sums uses intervals overlapping at endpoints.
To illuminate the relationship of the Riemann integral with Lebesgue measure and
the Lebesgue integral, we now show that the Riemann integral can be obtained using
step functions formed from pairwise disjoint intervals.

Definition 4.1.3. A partition P of a closed and bounded interval [a, D] is a partition
for a step function v if y is constant on the open intervals between partition points.
Such a partition P is minimal for a step function y on [a,b] if it is a partition for
y and for each partition point x; in (a,b), it is not the case that lim,_,,,_ y(x) =
y(x;) = lim, 4+ y(x). That is, y changes values in crossing x;; the function y
may take the same value on the right and on the left of x;, but then it must take a
different value at x;.

Note that a minimal partition of [a, b] for a step function v is unique. Moreover,
the definition leaves the endpoint ¢ in the partition P even if lim,_,,+ W(x) = y(a).
Similarly, the endpoint b is in P.

Definition 4.1.4. Given a step function W on [a,b] and a minimal partition for y
consisting of points a =xp < x; < -+ < x, = b, set I} = [xo], b = (x0,x1), 3 = [x1],
Iy = (x1,x2), etc. Let ¢ be the value of y on /;. This may be 0. The sum y=3Y.¢;- x1;
is the minimal representation of the step function y.

A step function is, of course, also a simple function. A simple function, however,
may associate into a single set any two intervals where the same value is taken.
Recall that for an interval I, the Lebesgue measure A (1) is the length /().

Definition 4.1.5. If v is a step function with minimal representation ¥.c;yy;, then
the integral with respect to Lebesgue measure A is

/wm =Y eAll) = S,
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Proposition 4.1.2. If y is a step function on [a,b] and {Ji} is any finite, pairwise
disjoint collection of subintervals of [a,b] such that y = Y.ay - x;,, then

/‘ ' dA = Zakl (Jk) = Zakl(lk).

Proof. Without changing the value of the sum Y a;A (J), we may assume that any
endpoint of an interval J; is a singleton interval [x;] in the collection. Since y is
constant on each J, each J; is contained in one of the intervals for the minimal
partition. We may also assume, without changing the value of the sum Y a4 (Jy),
that [a, b] = UyJi. That is, we adjoin intervals where v is 0. If I is one of the intervals
formed by the minimal partition, then A (1) = 3., c;A(Ji), and the value of y on [
is the same as its value on each of the intervals J; contained in /. The rest is clear.

Definition 4.1.6. A function g dominates a function f on a common domain A if
g(x) > f(x) for all x € A.

Theorem 4.1.1. Given a bounded function f on an interval [a,b], the upper Riemann
integral of f is the infimum of the integrals of all step functions that dominate f. Sim-
ilarly, the lower Riemann integral of f is the supremum of the integrals of all step
functions that are dominated by f.

Proof. Fix M > supy, ;| f|. Fix a partition P consisting of points a = xo < x1 <
-+ <xp = b. As before, for each i, M; = supy,_ . f, but we set y = M; only on
(xi—1,%;), and we set v = M on {x;_; } and {x;}. Then v > f and [y dA = S(P, f).
That is, every upper sum is equal to the integral of a step function that dominates f.
It follows that the infimum of the integrals of all step functions that dominate f is
less than or equal to the upper Riemann integral. To show it cannot be strictly less
than the upper Riemann integral, let y = 3 ¢;¥;; be a step function given in minimal
form with domain [a, b] such that y > f. For any € > 0, there is a partition P of [a, D]
such that the endpoints of the partition intervals /; for y are contained in intervals
formed by P of total length at most £ /M; the contribution to the upper sum of f over
these intervals is no more than €. The step function y is constant and dominates f
on each of the remaining closed intervals [x;_p,x;]. It follows that the upper Riemann
sum S(P, f) < [y dA + ¢, and since € is arbitrary, the result is established for the
upper Riemann sum. Applying that result to — f, we obtain the desired result for the
lower Riemann sum.

The problem of characterizing those functions for which the Riemann integral
exists first occurs in calculus. The answer can now be given in terms of Lebesgue
measure A.

Theorem 4.1.2. A bounded function f on an interval [a,b] is Riemann integrable if
and only if the set of points of discontinuity of f in |a,b] has Lebesgue measure 0.

Proof. Let %;(f) be the set of all step functions ¥ > f on [a,b], and let ¥;(f) be
the set of all step functions @ < f on [a,b]. For each n € N, let
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B,={x€[a,b]:¥6 >0, Ay € [a,b] with [y—x| < and |f(y)— f(x)] >1/n}.

The set of points of discontinuity of f is B = U,B,. We assume first that f is Rie-
mann integrable and show that for each n € N, A(B,) = 0, whence A(B) = 0. Fix
€ > 0. By Theorem 4.1.1 and the assumption that f is Riemann integrable, there is
ay €% anda @€ ¥ with [(y—¢@) dL < €. Let S be the finite set of partition
points, including a and b, associated with the minimal representation of the step
function y — @. The set [a,b] \ S consists of a finite number of disjoint open inter-
vals I, -+, Iy on each of which y — ¢ is constant. Given n € N, let O,, be the union
of those intervals for which that constant is at least 1/n. The set B, C 0, US. Since
LA(00) < [(y— @) dA < &, the measure A(B,,) < A(S)+A(0,) < ne. Since &
is arbitrary, A (B,) = 0.

Now assume that A(B) = 0. Fix M > supy,; |f], and again fix &€ > 0. There
is a countable collection _# of open intervals for which the union O contains B
and 1(0) < €/ (4M). For each x € [a,b] that is not in B, there is an open interval
I, = (x— &,,x+ Oy) such that forevery y € I, N[a,b], | f(y) — f(x)| < ﬁ, whence
forevery yand zin I, N[a,b], | f(y) — f(z)| < ﬁ. A finite subcollection of these
open intervals together with a finite number of intervals from _# forms a covering
of the compact set [a,b]. Let P consist of the endpoints in [a,b] of the intervals in
this finite covering together with the points a and b. The set P is a partition of [a, D]
such that each of the open intervals J; between adjacent partition points is either
contained in O or is contained in I, for some x ¢ B, or both. On each such interval
Ji, let y take the value sup; f and ¢ take the value inf;, f. On the points of P, let
v =M and ¢ = —M. Then

" €
—@)dA <2M-A(0)+ ——(b— .
[ w—0) dr<2m-4(0)+ 355 b —a) <
Since v € %(f), @ € V5(f), and € is arbitrary, it follows from Theorem 4.1.1 that
f is Riemann integrable.

4.2 The Integral of Simple Functions

While step functions are appropriate for the development of the Riemann integral,
for a more general integral, we replace step functions with simple functions. Recall
that a simple function is a measurable function with range equal to a finite subset of
R. By extending such a function with the value 0, we may assume that it is defined
on all of R. Most of the results that follow hold for a measure m generated by
an arbitrary integrator, in which case, “measure”, “measurable”, and “almost eve-
rywhere” (abbreviated “a.e.”’) refer to the measure m. Of course, Lebesgue measure

A is a special case.

Definition 4.2.1. A simple function with finite measure support is a simple func-
tion that is 0 outside a set of finite measure. Such a function y that is not identically
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equal to O is presented in canonical form as the finite sum Y a; x4, where the A;’s
are measurable with finite measure and pairwise disjoint, and the a;’s are distinct
and not equal to 0. The canonical representation of the function 0 is 0.

Definition 4.2.2. The integral [ y of a simple function y with finite measure sup-
port and canonical form Y, a;,, is the sum Y a;-m (A;). The integral of 0 is 0. Nota-
tion that stresses the measure is [y dA and [ w A (dx) for the integral with respect
to Lebesgue measure and [y dF and [y dm, as well as [y m(dx), for the integral
with respect to a more general measure m. Given a measurable set E, [ y denotes
the integral [y - yg.

Definition 4.2.3. Given a nonempty measurable set £ and a finite number of mea-
surable subsets E; of E, the partition refinement of £ determined by the sets E; is
the finite collection of nonempty, measurable, pairwise disjoint subsets
{Aj:1<j<k} of E such that E = UjA;, and each E; is the union of the A;’s
that have nonempty intersection with E;.

Note that such a partition refinement is obtained by taking all the nonempty int-
ersections of the sets E;, E\ E; with the sets E;, E\E; for i # j.

Proposition 4.2.1. If ¢ is a finite linear combination Y}_, o;Xg, of characteristic
functions of nonempty, measurable sets E; with m(E;) < +oo for each i, then @ is a
simple function with finite measure support, and [ @ =Y | o;-m(E;).

Proof. Let E = U;E;, and note that m(E) < +-eo. The function ¢ is measurable and
takes only a finite number of values, so ¢ is a simple function with finite measure
support. Let {A;, 1 < j <k} be the partition refinement of E determined by the
sets E;. Now ¢ = 2]]‘-:1 CjXa;, where for each j, c; = ZEQAJ. ;. It follows that

zn‘iai'm(Ei):iai'<Az m(Aj)) Zi > ai-m(Aj)

i=1 CE; i=14;CE;

X k
= ( > oc,-) m(Aj) = Zlc]'~m(Aj)~
j J=

j=1 \E24;

Given the representation @ = 2’;:1 ¢jXa;» we may drop any term with ¢; = 0 without
changing the function or the value of the sum Z'j‘-: 1cjm (A j). Also, we can combine,
by taking a union, all of the remaining sets A; with the same value c; into one set
without changing the function or the value of the sum Z’;z 1¢jXa;- The result is the
canonical form for ¢ and its integral.

Proposition 4.2.2. Let ¢ and y be simple functions with finite measure support.
Thenforany a,B €R, [(ap+By)=a o+ [w.Ify>Qae., then [y> [ .

Proof. Let E = {|o| + |y| > 0}. If E = &, the result is clear; in any case,
m(E) < +oo. Take the partition refinement {A; : 1 < j < k} of E determined by
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the sets E; C E on which ¢ takes distinct values (including 0) and the sets F; C E
on which y takes distinct values (including 0). Then ¢ and y have representations

¢ =2Xjcjxa; and y =3 ;d;xa;. Therefore,

[t +Bv) = Sac; +Bam(4)) = aTem(a)) + BT dm(4)

/¢+ﬁ/w

If ¢ > v a.e., we may change their values on a set of measure 0 without changing
the integrals so that ¢ > y on E. Now for each j, c; >dj,so [¢ > [y.

Corollary 4.2.1. Given ¢ and ¥ as in the proposition, ifb < ¢ <Bon E = {p #0},
thenb-m(E)< [@<B-m(E). If0<y—¢ <eonE={|y|+|p|#0}, then
0<fy—Jo<e-m(E)

Proof. Clear.

4.3 The Integral of Bounded Measurable Functions

In this section, we use the results for simple functions to define the integral for
bounded, measurable functions defined on sets of finite measure. As before, the
measure m need not be Lebesgue measure. In what follows, we use terminology
that is common in the literature, and say that a function vanishes on a set if it is
identically equal to O on the set. As before, we call a measurable set of measure 0 a
null set.

Definition 4.3.1. Given a measurable set E of finite measure and a bounded mea-
surable function f on E, let Z (f), or just %, denote the set of all simple functions
v that vanish on R\ E such that y > f on E. Let ¥'(f), or just ¥, denote the set of
all simple functions ¢ that vanish on R\ E such that ¢ < f on E.

Proposition 4.3.1. Let E be a nonempty measurable set of finite measure and f a
bounded function on E. If f is measurable on E, then there is an increasing sequence
(@n:n€N) in ¥ (f) and a decreasing sequence (W, :n € N) in % (f) with both
converging uniformly to f on E. It follows that

inf /l//: sup [ . (4.3.1)
vew oV

Conversely, given that m is a complete measure, if Equation (4.3.1) holds, then f is
measurable on E.
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Proof. Foreachy e % andp e ¥, y> f>¢,s0 [w— [¢ >0, and

inf [ y—sup [ ¢ >0.
yew oy

Assume that f is measurable on E. Let s = infg f and S = supy, f; if s = S, the result
is clear. Otherwise, fix n € N. Partition [s,S] with points s =yp <y; < - <y =S
so that y; —y;—1 < 1/n for each i. As in Theorem 3.3.2, let

k—1
On = <Z{yi1 'xfl[[yihyi)]) V=1 X [y S

Then ¢, is a simple function with s < ¢, < fon E and f — ¢, < 1/non E. Similarly,
or applying this result to — f, there is a simple function y;, with f < y;, < S on
E and y, — f < 1/n on E. Therefore, y,, — ¢, < 2/n on E. Replacing ¢, with
OV @ V-V @, and Y, with yi Ayp A--- Ay, we obtain increasing and decreasing
sequences of simple functions converging uniformly to f. It now follows that for any
€>0,thereisay €% anda ¢ € ¥ with y — @ < e on E, whence [y — [¢ <
€-m(E). Therefore, Equation (4.3.1) holds.

Now assume that infycy [y = SUP ey J ® = a. Again using the operations A
and V, we may find a decreasing sequence () in %/ and an increasing sequence
(@) in ¥ with [y, = a and [ ¢, — o. Let v =inf y, and ¢ = sup @,. Then
¢ < f <y, and ¥ and @ are measurable. Since the measure is complete, we need
only show that ¢ = f = y a.e. Fix k € N, and let By = {y — ¢ > 1/k}. For every
neN, (1/k)-m(Bx) < [, — [ @n, so m(By) = 0. Since {y — ¢ >0} = By, it
follows that ¥ = f = ¢ a.e., so f is measurable.

The last statement of the proposition may not be true if the measure is not com-
plete. For example, if B is a non-measurable subset of a null set A C E, then f = xp
is not measurable, but Equation (4.3.1) still holds.

Definition 4.3.2. Let f be a bounded measurable function defined on a measur-
able set E of finite measure. The integral of f is the common value infycy [ W =
supyey | ¢. The integral is denoted by [ f, or if E is understood, just [ f. Again,
notation that stresses the measure is [ f dA and [ f A (dx) for the integral with
respect to Lebesgue measure, called the Lebesgue integral; for the integral with
respect to a more general measure m, itis [ f dF and [ f dm, as well as [ f m(dx).
If A is a measurable subset of the domain of f, we write [, f for [ f- xa.

It is easy to see that this definition of the integral gives the same value as the pre-
vious definition of the integral when applied to simple functions with finite measure
support. It follows from the definitions of % (f) and ¥ (f) that the integral of f on
the empty set is 0. It is also easy to show (Problem 4.3) that for a measurable subset
ACE, [,f=[fxahas the same value as the integral obtained by restricting f
to A. We next show that the Lebesgue integral is indeed an extension of the Riemann
integral.
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Theorem 4.3.1. If f is a bounded Riemann integrable function on |a,b], then f is
measurable with respect to Lebesgue measure A, and the Riemann integral of f and
the Lebesgue integral of f are equal.

Proof. The step functions on [a, D] that dominate f are in % (f), and the step func-
tions that are dominated by f are in ¥'(f). Therefore,

R/f§ sup/(pd?t§ inf/l,l/d?LgR/f.
P S vew

By assumption, all terms of the inequality are equal, so the result follows from the
resulting equality and Proposition 4.3.1.

Recall that for a nonempty measurable set E C R, we write M(E) for the
space of real-valued measurable functions on E. By Theorem 3.1.3, it is a vector
space over R. We will use Mp(E) to denote the vector subspace of bounded mea-
surable functions on E.

Proposition 4.3.2. Let E be a measurable set of finite measure. The map f — [p f
is a positive linear functional on Mg (E). That is, the integral is a mapping from
Mg(E) into the real numbers that sends nonnegative functions to nonnegative real
numbers. Moreover, given f and g in Mp(E) and numbers a, B € R, [(of +Bg) =
o[ f+B [g It now follows thatif f < gonE, then0< [(g— f), whence [ f < [ g.

Proof. Fix f and g in Mg(E), and fix ¢, B in R. Then for o > 0,

/f a(welg/f )/W> :wei;}/f(f). :we;;{af /llf /
Ifa=0,0ff=[af=0.1f a <0, then
Jor=[=a)=n=-a [
~e{on,Jo)= (-, )=/

Ify, € Z(f)and v, € Z(g), then y; + v, € Z (f + g), so it follows from Propo-

sition 4.2.2 that
/(f+g)§/(wl+w)=/wl+/%.

Since this is true for any y; € % (f) and yp € % (g), wehave [ (f+g) < [f+ [g.
Similarly, if ¢; € ¥ (f) and @2 € ¥ (g), then @1+ @2 € ¥ (f+g), 50 [(f+g) >

J @1+ ] @2, whence [ (f+¢) = [f+ [g andso [(f+g)=[f+[g Ifg=0on
E,then0€ ¥ (g),s00< [g.
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Corollary 4.3.1. Fix f and g in Mp(E).

a) Changing the value of f on a null set A C E does not change the value of [ f.
b)If f<gaeonE, then [f< [g.

c)Iff=gae onE then [f= [g

a)|[fI<[Ifl-

e)Ifs<f<SonkE thens-m(E)< [pf<S-m(E).

) If A and B are disjoint measurable subsets of E, then [, pf = [sf+ [5 ]

Proof. Exercise 4.4.

Many theorems concerning the integral have the form “The integral of the limit
is the limit of the integral.” Most basic of these is the following consequence of
Egoroff’s theorem.

Theorem 4.3.2 (Bounded Convergence). Suppose E is a measurable set of finite
measure and (f, : n € N) is a uniformly bounded sequence of measurable functions
converging a.e. to f on E, then [ f =lim,_,e [ f;.

Proof. By assumption, there is a constant M > 0 such that | f;,| < M for every n € N.
Replacing the limit f with —M V f AM changes f only on a null set. Therefore,
we may also assume that |f| < M. Fix € > 0. By Egoroff’s theorem, there is a
measurable set B C E with m(B) < £/(3M) such that f, converges uniformly to f
on E \ B. Now for every n € N,

‘/Ef"_./E‘f’S./EV"_f'S/E\Bfn—f|+k/;|ﬁ1|+/;f|-

The result follows from the inequalities [5|f,| < €/3, [z|f| < €/3, and

[ 1= f1< 5wl fl-m(E).
E\B E\B

Example 4.3.1. An unbounded sequence for which the result fails is the mapping
N - X0,1/4)- 1 is an exercise (4.7) to show that the theorem fails for the Riemann
integral.

4.4 The Integral of Nonnegative Measurable Functions

Extending the integral to unbounded functions defined on sets of infinite mea-
sure raises the problem of dealing with infinities. That is, +c and —eo should
not appear together in the calculation of an integral. For the purpose of integra-
tion, therefore, we will decompose any measurable function f into the difference
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(fVv0)— (—fV0), and define the integral for each of the nonnegative functions in
the decomposition. We note again that the product of 0 with either +co or —oo is
undefined.

For the rest of this chapter, it will be understood that a measurable function takes
extended-real values and is defined on some nonempty measurable subset of R. It is
easy to see that the following definition agrees with the definition of the integral we
have previously given when both definitions apply.

Definition 4.4.1. Let f be a nonnegative measurable function defined on £ C R. Let
W (f), or just #, denote the class of all bounded measurable functions 4 defined on
E such that & vanishes off of a set of finite measure and 0 < & < f. Then the integral
Jg fi=sup,cy [ph < +eo. If A is a measurable subset of E and g = f on A, while
g=0o0nENA, then [, f := [pg. In particular, [, f =0.

Proposition 4.4.1. Let f and g be nonnegative measurable functions, both defined
onE CR andfixc>0inR. Then [cf=c [ f,and [(f+g)= | f+ [g Changing
the value of f on a null set does not change the value of its integral. If g > f a.e.,
then [g> [f,andifg= f a.e., then [g= [ f.

Proof. Since W (cf)={ch:he W (f)}, [cf=c[f. M he #(f)and k € # (g),
thenh+ke W (f+g),so [(f+g) > [h+ [k, whence [(f+g)> [f+ [g Now
fixge W (f+g).Leth=qA f,sohe€ #(f). Note that h < ¢, and set k = g— h, so
0 <k <gq.If at x we have g(x) < f(x), then h(x) = g(x) and k(x) =0 < g(x). If at x
we have g(x) > f(x), then f(x) < +oc and

k(x) = q(x) = h(x) = g(x) = f(x) < (f +8)(x) = f(x) = g(x).

It follows that k € #/(g). Therefore, [ f+ [g> [h+ [k = [q. Since g is arbitrary
in#(f+g), [f+[g> [J(f+g), whence the inequality is in fact equality. It is
an exercise (4.14) to prove that the integral of f is not changed if the value of f is
changed on a set of measure 0. If g > f a.e., we may assume that g > f everywhere
without changing the integrals. Since #(g) 2 #'(f), [g > [ f. It follows that if

g=fae.then [g=[f.

Remark 4.4.1. If f > 0and [ f < 4o, then f is finite outside of a null set. Therefore,
0- f(x) =0a.e., and of course 0- [ f = 0.

The program of comparing limits of functions and limits of integrals continues
with the next result called “Fatou’s Lemma.” Despite being called a lemma, the
result is basic and very important in working with integration. Recall that for a
sequence of functions f,, liminf, f = limf, =V, (Ak>nfr)-

Theorem 4.4.1 (Fatou’s Lemma). Let (f, : n € N) be a sequence of nonnegative
measurable functions on E C R. Then

[ tim £, <tim [ 7,
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Proof. Fix h € # (lim f,). For each n € N, set h, = h A f,,. For each x € E, h,,(x) <
h(x) <lim f,(x). Moreover, h,(x) — h(x) since lim f, (x) is the smallest cluster point
of the sequence (f,(x)), and so for any € > 0, there are at most a finite number n’s
with

hn(x) = fu(x) < h(x) — € <lim f, (x) —&.

Now £ is bounded, and it vanishes off of a set of finite measure. Also, 0 < h,, < h,
and 0 < h, < f,, for each n € N. It follows from the Bounded Convergence Theorem

that
[n=tim [, <tim [ ,.

Jimfy= s [n<iim [,
he/ (limfy) -

Remark 4.4.2. If f, — f ae. on E, then f =limf, ae. and [pf = [plimf, <
lim [ f,. Even here, the inequality is not necessarily equality. An example using
Lebesgue measure is provided by the functions f, = X[, ) on R. This is a good
example to keep in mind to remember which way the inequality goes in Fatou’s
Lemma.

Therefore,

Theorem 4.4.2 (Monotone Convergence Theorem). Let (f, :n € N) be an inc-
reasing sequence of nonnegative measurable functions on a fixed set E; that is, for
eachn €N, f, < fu11. Let f denote the extended-real valued limit. Then

[r=sw [ fu=lim [ 5.

neN

Proof. For each n € N, f, < sup,.yfr = limf,, so [ f, < [limf,. Therefore,

lim [ f, < [limf,. The result now follows from Fatou’s Lemma since

Corollary 4.4.1. If (u, : n € N) is a sequence of nonnegative measurable functions
on a fixed set E, then [ (X,entn) = Ynen | tn-

Proof. The result follows by setting f,, = > | u; for each n € N.

Corollary 4.4.2. If f is a nonnegative measurable function and (E;:i € N) is a
pairwise disjoint sequence of measurable sets in the domain of f, then qu,vf =

le=1 jEL f

Proof. For eachi € N, let A; = E; N f~! [+o0]. If for some i, m(A;) > 0, then both
sides of the desired equality have the value +eo. If m(A;) = 0 for all 7, then without
changing any of the integrals for f, we may set f = 0 on U;A;. The result then
follows from Corollary 4.4.1 with u, = f - xg,.
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Corollary 4.4.3. If f is a nonnegative measurable function on a measurable set
E CR, then the map A — |, 4 f is an extended-real valued measure, called the mea-
sure generated by f. It is defined for all measurable subsets of E. In particular, if A
and B are measurable subsets of E with A C B, then [, f < [ f.

Definition 4.4.2. Given a nonnegative measurable function f, we say that f is inte-
grable on a measurable set E C R if [ f < +oo. If E is the domain of f, we simply
say that f is integrable.

Proposition 4.4.2. If f is integrable on E and g is measurable with0 < g < fon E,
then g is integrable on E. Moreover, [, g < [p f and

fo-9=[r1-[e

Proof. This follows since [; g+ [p(f—8) = [p f < +oo.

Next we show that the measure generated by a nonnegative integrable function f
has a continuity property with respect to the measure m. The property is obvious if
f is bounded.

Proposition 4.4.3. Let f > 0 be integrable on E C R, and let v be the finite measure
on the measurable subsets of E generated by f (see Corollary 4.4.3). For any € > 0,
there is a 8§ > 0 such that if A is a measurable subset of E with m(A) < 0, then

vd)= [, f <&

Proof. Let f, = f An. By the Monotone Convergence Theorem, since f,,  f, the
difference of the integrals ([ f — [ fu) "\ 0. We may choose N so large in N that
the difference is at most £/2. Fix 6§ = €/ (2N). For any measurable set A C E with
m(A) < 9,

V(A):/AfZ/A(f—fN)—F'AfNS§+m(A)~N<s.

4.5 The Integral of Measurable Functions

We will use the notation £ := V0, and f~ := —fV0,so f=f"—f, and
|f| = fT+f. The following definition and results are given in terms of an arbitrary
integrator and corresponding measure m.

Definition 4.5.1. A measurable function f is integrable on a measurable set £ C R
if fT and f~ are integrable on E. In this case, set [ f := [ f* — [ f~.If only one of
the integrals of £+ and f~ is finite, the function f is not integrable, but the integral of
f is the difference of the two integrals, and is therefore either +oo or —ee. A function
f is called “integrable” only if it is measurable.
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Proposition 4.5.1. A measurable function f is integrable on a measurable set E C R
if and only if | f| is integrable on E. In this case, f is finite almost everywhere on E.

Proof. Exercise 4.6.

Example 4.5.1. Suppose E is a measurable set of finite measure. Let B C E be non-
measurable with positive outer measure. If f = yp — xg\p, then |f| = xE is inte-
grable, but f is not measurable.

Integrability and the corresponding integral have been defined for a measurable
function f in terms of f* and f~. Of course, f = f™ — f~ is not the only way
that a function f may be presented as a difference of two functions. The follow-
ing proof demonstrates a useful general technique for working with two equivalent
differences.

Proposition 4.5.2. Let g and h be nonnegative measurable functions on E C R such
that g~ [+eo] Nh~ ! [+oo] = @. Let f = g—h a.e. If g and h are integrable, then f is
integrable and [ f = [g— [h. If [ g = +oo and h is integrable, then [ f = +oo. If g
is integrable and [ h = +oo, then [ f = —co.

Proof. 1f g and h are both integrable, we may assume, without changing the values
of the integrals, that g and 4 are finite everywhere on E, and f = g — h everywhere
onE.Now fT=g—(gAh)and f~ =h—(gAh),so fT and f~ are integrable. Since
g—h=f=f"—f ,wehaveg+f =h+f",s0 [g+[f =[h+[f", whence
fg—[h=[f"—=[f = [fIf [g=+ccand his integrable, we may assume that
h is finite everywhere. Moreover, g Ah and f~ = h— (g A h) are integrable. Now
fT=g—(gNh). Suppose f* is integrable; then, we may assume that f7 is finite
everywhere, whence g is finite everywhere, and g = f* + (g Ah) is integrable. Since
g is not integrable, it follows that [ f* = +oco. Applying this result to —f finishes
the proof.

Proposition 4.5.3. The family of real-valued functions integrable on E C R is a
vector space, and the mapping f — [ f is a positive linear functional on that space.
In particular, this means that if f > 0 a.e. on E, then [ f > 0.

Proof. Assume f and g are real-valued integrable functions. If ¢ > 0, then cf =
cft —cf, socf is integrable and [cf =c[fT —c[f~ =c[f. If c <O, then

cf = (—c(—f))isintegrable and [cf = —c [—f = (—c)(— [ f) =c [ f. By Propo-
sition 4.5.2, the sum f+g = (f*+g%)— (f~ +g") is integrable and

[o+o=[r=[r+[e-[e=[r+]e
If f>0ae.,then [f= [fT>0.

Proposition 4.5.4. If g > 0 is integrable on E C R and f is measurable with |f| < g
a.e., then f is integrable on E.

Proof. We may assume |f| = fT + f~ < g at all points. The rest is clear.
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Remark 4.5.1. The space of integrable functions on £ C R is not quite a vector
space because an integrable function may be infinite on a set of measure 0. Such
functions can be changed on a set of measure 0 to become real-valued functions
without changing the value of the integral. In that sense, the integral is a positive
linear functional on the integrable functions on E. Moreover, if f and g are inte-
grable and f < g a.e., then [(g—f)>0,s0 [g> [ f.

4.6 Generalization of Fatou’s Lemma

In its simplest form, Fatou’s Lemma is applicable only to sequences of nonnega-
tive functions. It may, however, be applied to functions that take both positive and
negative values by adding on a positive integrable function that lifts the range of
the combination to the nonnegative real line. With such domination by an integrable
function, we have the following theorem and important corollary.

Theorem 4.6.1 (First General Fatou Lemma). Ler (f, : n € N) be a sequence of
measurable functions on a measurable set E and g > 0 an integrable function on E
such that foranyn €N, |f,| < g a.e. Then

/mmgg#ﬁﬁﬁvﬁéﬁﬁh

Proof. This is a corollary of the Second General Fatou Lemma stated below.

Corollary 4.6.1 (Lebesgue Dominated Convergence). Let (f,:n € N) be a se-
quence of measurable functions on a measurable set E and g > 0 an integrable func-
tion on E such that foreachn €N, |f,| < ga.e. If f =lim f, a.e., then [ f =1im [ f,.

Proof. When f = lim f, = lim f, a.e., the inequality in Theorem 4.6.1 becomes
equality.

As noted, Theorem 4.6.1 is an immediate consequence of an even more general
result. That result uses the fact that if a,, — a and b, is anotheriequence, then
lim (a, + b,) = lim (a,) 4 lim (b,) and a similar equality holds for lim (a, + b,,).

Theorem 4.6.2 (Second General Fatou Lemma). Let (f, : n € N) be a sequence
of measurable functions on a measurable set E, and let (g, :n€N) be a se-
quence of integrable functions on E with |f,| < g a.e. for each n € N. Assume
that the sequence g, converges a.e. to an integrable function g. Also assume that
[ g =1lim,_ye [ gn. Then

/mmsgqﬂgﬁjﬂgﬁﬁn



4.7 Improper Riemann Integral 71

Proof. We may, without loss of generality, assume finiteness, domination, and con-
vergence at all points x € E. We then have

—8= _limgn < hﬂfn Smfn < limgn =&,

so lim £, and lim f, are integrable. Moreover, for each n € N, f, +g, > 0, so

[+ [tims, = [(e+timf,) = [ (tim g+ lim f,) = [ lim(e, + £,)
<tim [(eu-+£) =lim( [ g1+ [ fi) =tim [ g, +1im [ 7,

=/g+@/fn.

It follows, even when the f;,’s take t&th positive Lml negative values, that [ lim f, <
lim [ f, <lim [ f,. The inequality lim [ f,, < [lim f;, is an immediate consequence
of the result for lim f, applied to the sequence — f;,. That is,

~ [y = [tim(—f,) <tim(~ [ 1) =T [,

Remark 4.6.1. The first General Fatou Lemma is a corollary of the second by setting
gn = g for each n € N. Without the assumption [g, — [g in the second Fatou
Lemma, there are such counterexamples as f, = gn = X[u,n+1) and f =g =0, or f, =
gn = nY0,1/s) and f = g = 0. A more general Dominated Convergence Theorem is
also an immediate corollary of Theorem 4.6.2.

4.7 Improper Riemann Integral

The improper Riemann integral of a function f that is continuous Lebesgue a.e. on
the interval [0, 4-o0) and bounded on bounded subintervals is limp_, « f3’ f(x)dx.
If the interval is (—eo, +0), then the improper Riemann integral of f is given by

limg oo f f(x)dx. The values of A and B must tend independently to their respec-
B—+oo
tive limits. For example, consider the integral of f(x) = x on the real line. Similarly,

if f has a problem at O (we use the number O to illustrate) and f is appropriate on
(0,+4-o0), then the improper Riemann integral of f is lim,_,0+ | f Sf(x)dx. Again, the
B—+-o0

values of @ and B must tend independently to their respective limits.
Because of cancellation, the improper Riemann integral may exist as a finite
number without f being Lebesgue integrable. For example, for the function

(="

n

f(x) = Z *Xln—1,n)
n=1
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the improper Riemann integral on [0, 4-o) looks like the sum of the alternating har-
monic series, while the integrals of f* and f~ look like the sums of the even and
odd terms of the harmonic series. The proof of the following result is Exercise 4.31.

Theorem 4.7.1. Assume f is both Riemann integrable and Lebesgue integrable on
an interval I over which the Riemann integral R [, f is improper. Then R [, f = [, f.

4.8 Convergence in Measure

Again in this section, we work with a measure m derived from a general integrator.
There is a notion of convergence that has many applications but is weaker than
convergence almost everywhere. It is especially important in probability theory.

Definition 4.8.1. A sequence (f,, : n € N) of measurable functions converges to 0 in
measure if for any € > 0, m{|f,| > €} — 0. In general, f, converges to a function
f in measure means that f is measurable and finite almost everywhere, and |f,, — f|
converges to 0 in measure.

Remark 4.8.1. One can also define the convergence of f, to f in measure with the
condition that for any € > 0, there is an N € N such that

Yn>N, m{|f,—f|>¢€} <e.

Note that the values taken by |f,, — f| that are greater than € have no influence on
the measure of the set {|f, — f| > €}.

By Egoroft’s Theorem (3.3.4), if f, — f a.e. on a set E of finite measure, then
fu — f in measure. For a set of infinite measure this is not true. For example, the se-
quence 1+ X[, 1) converges to 0 pointwise, but not in measure. On the other hand,
convergence in measure, even on a set of finite measure, does not imply convergence
almost everywhere. For example, let

fr=Xpo1p f2=2Xoa/2, [3=20/21) Ja= X174 f5 = Xn/4,1/2), ete.

Then f, converges to 0 in measure, but for every x € [0, 1], lim f,,(x) = 1 while
limf,(x) = 0; that is, we have convergence at no point. We do, however, have almost
everywhere convergence for a subsequence.

Theorem 4.8.1. Let (f,, : n € N) be a sequence of measurable functions converging
in measure to f on a measurable set E. Then there is a subsequence < o ke N>
that converges to [ almost everywhere on E.

Proof. Set ny = 0. For each k € N, we can choose g; = |fnk - f‘ so that ng > ng_;
and m{g; > 1/2%} < 1/2%. We need only show that g; — 0 a.e. Let Ay = {g; >
1/ 2k }, and mirror the Borel-Cantelli Lemma (2.6.2). That is, for

A =TlimA, =N, UL, Ax,
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we have A = {x € E : x is in an infinite number of the Ay }. Now for each n € N,

m(A) <m(Ug,A) < Y 1/28=2/2",
k=n

and so m(A) = 0. If x ¢ A, then for some n € N, x ¢ U’ A, and so for all k > n,
0 < gr(x) < 172K 1t follows that g (x) — 0 for all x ¢ A.

Remark 4.8.2. For a set E of finite measure, there is a distance function that mea-
sures how far apart two functions f and g are in measure. It is given by the mapping
(f.8) — [g|f —g| A 1. We will develop such notions of distance later when we
discuss metric spaces.

4.9 Problems

Problem 4.1. Using just Riemann sums and properties of continuous functions,
show that any continuous real-valued function f on [a,b] is Riemann integrable
on [a,b).

Problem 4.2. Let v be the step function on [0,7] given by the sum

V=2 Xo03+3 X4 +5 X67-

a) Find the minimal representation of the step function y.
b) The function y is a simple function. Find its canonical form as a simple function.

Problem 4.3 (A). Given a bounded measurable function f on a set E of finite mea-
sure, show that for any measurable subset A of E, [, f := [ f - x4 has the same value
as the integral obtained by restricting f to A.

Problem 4.4. Prove Corollary 4.3.1.

Problem 4.5. Let f = y0); thatis, f(0) = 1, and f(x) = 0 for x # 0. Let g = x{0,1}-
Recall that for each x € R, go f(x) = g(f(x)). Show that go f is not Lebesgue
integrable.

Problem 4.6. Prove Proposition 4.5.1.

Problem 4.7. a) Use upper and lower Riemann sums to show that the characteristic
function of the rational numbers in [0, 1] is not Riemann integrable. b) Show that
the Bounded Convergence Theorem does not hold for the Riemann integral.

Problem 4.8. Suppose that f : (0,00) — (0,00) is Lebesgue integrable. Show that
there exists a sequence (x;) increasing to +eo such that limy_,. x¢ - f(x;) = 0. Hint:
It suffices to show that lim_,  x- f(x) =0.



74 4 Integration

Problem 4.9. Recall the generalized Cantor sets of positive measure constructed in
Section 2.8. Let E C [0, 1] be such a set with Lebesgue measure 1/2.

a) Use the construction of E to form a decreasing sequence (¢,) of step functions
on [0, 1] such that lim,—.. @,(x) = yz(x) for all x € [0,1]. Show that

lim R/Ol On(x) dx = A(E).

n—poo
b) Show that y is not Riemann integrable on [0, 1].

Problem 4.10. Prove or give a counterexample: If f, is a sequence of negative-
valued, Lebesgue measurable functions on [0, 4), then limsup [ f, < [limsup f,.

Problem 4.11 (A). Prove the following proposition: If f is measurable but not inte-
grable on R, and [ f = +oo, and if & is integrable on R, then [(f+h) = [ f+ [h.

Problem 4.12. Let m be the measure generated by an integrator F. Fix a nonnegative
measurable function f defined on a measurable set E C R. Recall Definition 4.4.1:
Jg [ dm:=sup,cy (s [ph dm. Show that

/ fdm= sup /(p dm,
E 0<@<f, @ simple

where the supremum runs over all nonnegative simple functions dominated by f.
Hint: Prove the result for any h € #'.

Problem 4.13. Let f(x) = e~ on R. Itis well-known that [tz e dx= /7. Show
that [p @ dA = 4o for any simple function ¢ dominating f on R. Compare with
Problem 4.12.

Problem 4.14. Let f be a nonnegative measurable function on E C R. Prove that
the integral of f is not changed if the value of f is changed on a null set even if f is
identically equal to 4-c< on that null set. Hint: Suppose the value of f is changed to
0 on a null set.

Problem 4.15. Simplify the proof of Theorem 4.6.2 to give a direct proof of
Theorem 4.6.1.

Problem 4.16. a) Prove the following inequality of Chebyshev: If f > 0 is mea-
surable, then for any o > 0, m{f > o} < éff
b) Prove the following result: If f > 0 is integrable and [ f =0, then f =0 a.e.

Problem 4.17. Let (f, : n € N) be a sequence of real-valued integrable functions
on X. Suppose that for some integrable function f, we have [y |f, () — f(z)] <27"
for all n € N. Show that f, — f a.e. Hint: X7 | [fit1(¢) — fx(¢)| < o a.e., whence
fu) = f1(t) + ZF_, (fi(t) — fr—1(r)) converges a.e. Moreover, f, — f in measure.

Problem 4.18. Let m be a measure on R. Show that a measurable function f :
R +—[0,e0) is integrable if the series X m ({x: f(x) > n}) converges.
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Problem 4.19. Fix a function f > 0 that is integrable on R. Set F(x) = [_., 4 /-
Clearly F is an increasing function of x. Show that F is uniformly continuous on R.

Problem 4.20. Suppose (f,) is a sequence of nonnegative measurable functions that
converge pointwise to f, but not necessarily monotonically, i.e., we don’t necessarily
have f,(x) < fu11(x) or f,(x) > fut1(x) for all n and x. Suppose, however, that
Jn < f Vn. Show that lim [ f;, exists and equals [ f.

Problem 4.21. a) Show that the Monotone Convergence Theorem may not hold for
a decreasing sequence.

b) Give a sufficient condition on the first function in the decreasing sequence for the
result to hold.

Problem 4.22 (A). Prove the following result: Suppose that (f,) is a sequence of
nonnegative measurable functions on R such that f, — fa.e. and [ f, = [g f <
+oo. Then for each measurable set E, [ f, — [ f-

Problem 4.23. Let f : R — [0,) be a Lebesgue integrable function and g : R +—
[a,b] be a measurable function. Show that there is ¢ € [a,b] such that [ fg=c [ f.

Problem 4.24. Show that for any integer n > 2, the unbounded function x~!/" is
Lebesgue integrable on (0, 1].

Problem 4.25. Let (f,,) be a sequence of nonnegative, Lebesgue integrable func-
tions on [0, 1], such that for Lebesgue measure A, lim,,_,e f[o,l] fn dA = 0. Must the
sequence f, converge to 0 in measure on [0, 1]? Briefly justify your answer.

Problem 4.26. Let f be an integrable function on [0, 1].

a) Show thatif f > 0onaset F C [0, 1] of positive measure, then [ f(x) m(dx) > 0.
b) Suppose for each x € [0,1], m ({x}) =0, and for each y € [0,1], [§ f(x) m(dx) =
0. Show that f(x) = 0 for m-a.e. x € [0, 1].

Problem 4.27. Let (f;) be a sequence of Lebesgue measurable functions on [0, 1].
Show that if f; converges to f in (Lebesgue) measure on [0, 1], then f is Lebesgue
measurable.

Problem 4.28. Suppose (f,) is a sequence of nonnegative measurable functions
converging to f in measure. Show that [ f <lim [ f,.

Problem 4.29. a) Let (f,) be a sequence of measurable real-valued functions on a
set E C R of finite measure. Let f be a measurable real-valued function on E.
Show that f,, — f in measure if and only if every subsequence (f}, ) has a further
subsequence that converges to f pointwise almost everywhere on E.

b) Now also suppose that g, — g in measure on E. Show that f,g, — fg in measure.

Problem 4.30. In the setting of Problem 2.18, let f be a nonnegative, real-valued
function on (0, ). Show that [, f dm = ¥,en f(n).
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Problem 4.31 (A). Prove Theorem 4.7.1.

Problem 4.32 (A). Use the Second General Fatou Lemma (4.6.2) to prove the fol-
lowing result: Let (f,) be a sequence of integrable functions with f, — f a.e., and
assume f is integrable. Then [ |f, — f| — 0 if and only if [|f,| — [|f].

Problem 4.33. Let f, : [0,1] — [0,0) be a sequence of Lebesgue integrable func-
tions on [0,1] converging Lebesgue a.e. to f. Show that lim,_e. fol foe Frd) =
fol fe~/dA. Hint: Where is the maximum value of x +— xe *?

Problem 4.34. Evaluate lim,,_,, f;° (%)ndx

Problem 4.35. Let 1 : [0, 1] — R be a continuous function. Using Lebesgue measure
A, show that lim,, .. [y X" f(x) A(dx) = 0.

Problem 4.36. Let (f,,) be a sequence of measurable functions with f, : R — [0, o)
foreachn € Nand f,, — f a.e. Suppose lim, ;e [ f,(x) = 0. Show that f(x) =0 a.e.

Problem 4.37. Suppose that f: [0,1] — R and % : [0, 1] — R are measurable func-
tions on [0, 1] such that fy f = J; h. Show that either f =/ a.e. on [0,1] or there
exists a measurable set A C [0, 1] such that [, h < [, f.

Problem 4.38. Let f be a nonnegative Lebesgue measurable function on X C R
such that [y f2dA < co. Show that lim,_,..b*> - A({f > b}) = 0. Hint: For each n €
NU{0},let E, = {x € X :n < f < n+1}. Note that [, f2dA >3 n>A(E,).

Problem 4.39. a) Show that the First General Fatou Lemma holds for a uniformly
bounded sequence of measurable functions defined on a fixed set of finite mea-
sure.

b) Give an example of a sequence (f;, : n € N) of measurable functions on [0,2]
taking the values 1 and —1 such that for all n € N,

/liimf,ld),<1i7m/f,,dl<ﬁ/fndl</mfndl.

This shows that in general, strict inequality may hold for each of the inequalities
in the First General Fatou Lemma. Hint: The sequence can be chosen so that
fn = fnta foralln € N.

Problem 4.40. a) Using Lebesgue measure, prove the following version of the
Riemann-Lebesgue Lemma, which is important in Fourier analysis: If f is int-
egrable on a finite closed interval [a, b], then taking the limit as n — o,

]f(x) -cos(nx)A(dx) — 0, and f(x)-sin(nx)A(dx) — 0.

[a,b [a,b]

Hint: Approximate f with a step function.
b) Show that if f is integrable with respect to Lebesgue measure on the real line R,
then [ f(x)-cos(nx)A(dx) — 0.
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Problem 4.41. For each of the following statements, state whether it is true or false
and quote a theorem or give an example as a reason for your answer:

a) There is a sequence of simple functions f; taking only the values 0 and 1 defined
on the interval [0, 1] such that for each x € [0, 1], the sequence f,(x) converges to
0, but the sequence jol Ju(x)dx does not converge to 0.

b) There is a sequence of simple functions f,, taking only the values 0 and 1 defined
on the interval [0, 1] such that for each x € [0, 1], the sequence f,(x) does not
converge, but the sequence [, f,(x)dx converges to 0.

¢) There is a sequence of simple functions f, taking only the values 0 and 1 defined
on the interval [0,4oc) such that for each x € [0, +e0), the sequence f,(x) con-
verges to 0, but the sequence f[o, +e) Jn(x)dx does not converge to 0.

d) There is a sequence of simple functions f;, taking only the values O and 1 defined
on the interval [0, 4-0) such that the sequence f, converges to 0 in measure, but
the sequence [} ... fu(x)dx does not converge to 0.

Problem 4.42. Let (f,), (g,), and (h,) be sequences of real-valued u-integrable
functions converging p-a.e. on R to p-integrable functions f, g, and A, respectively,
where f;, < g, < h, for all n € N. Assume that lim, . [ f,(x)du = [ f(x)du and
limy, e [ 1y (x)dpt = [ h(x)dp. Show that lim,,_e. [ g, (x)du = [g(x)du.

Problem 4.43. Recall that the continuity property of the mapping A — [, g for a
nonnegative integrable g is the property that for any € > 0, there is a § > 0 such
that if m(A) < 8, then [, g < €. Use this property for such a function g to show that
for a sequence (f;) of measurable functions with |f,| < g for all n, if f, converges
in measure to f, then [ |f, — f| — 0. Hint: First show that |f, — f| < 2g a.e. You
may then, after subtracting f, assume that for this problem, 0 < f,, < g for all n and
fn — 0 in measure. You then want to show that [ f, — 0.

Problem 4.44 (A). Suppose f(x,y) is defined on the unit square, i.e., the set in
the xy-plane with 0 <x < 1 and 0 <y < 1. Also suppose f(-,y) is a measurable
function of x for each y and that function f(-,y) is dominated in absolute value
by a fixed integrable function g that does not change with y. Finally suppose that
limy_,04 f(x,y) = f(x). Show that limy_,o [ f(x,y)dx = [ f(x)dx.



Chapter 5
Differentiation and Integration

5.1 Introduction

In this chapter, we consider under what conditions and to what extent integration and
differentiation are inverse operations on a function. We apply new results obtained
by the author of this text with J. Bliedner [11]. Those results use “local maximum
functions”; they extend and simplify the usual techniques used for the material pre-
sented in this chapter.

As before, we use A to denote Lebesgue measure and m to denote a general mea-
sure generated by an integrator F'. We write mr when emphasizing the integrator.
Of course, for the integrator F' given by F(x) = x, the measure mp = A.

Bounded intervals in the real line are the natural setting for differentiation, so we
will work in a fixed, bounded, open interval J = (—K,K) where K is a positive real
number. We know that for any Borel set A C J, the Lebesgue measure A (A) < 2K. A
general integrator F is always real-valued. We may assume that F' is continuous at
K and —K since an increasing function can have only a countable number of jumps.
(See Problem 5.6.) Therefore, one can always assure continuity at the endpoints of
J by slightly stretching or shrinking J. For any Borel set A C J, mp(A) < F(K) —
F(—K). We may subtract F(—K) from F to produce a nonnegative integrator on J
that generates the same measure as F.

If we start with a finite Borel measure v already defined on the closure of J, and
for any x € J we set F(x) = v ([—K,x]), then we have an increasing integrator that
is continuous from the right since v[—K,x] = lim,_.. V[—K,x+ 1/n|. That integra-
tor will generate the measure v. In this way, we can work with any finite measure
defined at least on the Borel sets of J, and indeed on the completion (with respect to
the measure) of the Borel sets in J (See Definition 3.2.1). Only finite measures will
be considered on J.

We know that any set that is measurable with respect to a finite measure m is
the union of an Fy set and a subset of a Borel set of m-measure 0. Therefore, if we
want to put an upper bound on the measure of sets, we need only do so for Borel
sets. As before, we say that a property holds Lebesgue almost everywhere if it holds
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except on a set of Lebesgue measure 0. A measure that is of particular interest is the
measure A formed using Lebesgue measure A and a nonnegative function f that is
Lebesgue integrable on J. That is, A¢(A) = [, f dA for any Lebesgue measurable
setA C J.

5.2 A Covering Theorem for R

Among the most important tools in analysis are results known as covering theorems;
they are used to show that the set where a desired property fails has measure 0. For
the real line, the sets used to cover are intervals. Recall that there are four types of
finite intervals: open, closed, open at the left and closed at the right, and closed at
the left and open at the right. A degenerate interval is a closed interval [a] consisting
of only one point. In this section, we present the optimal covering theorem for the
real line. The set covered here is the union of the covering intervals. The result is an
extension by J. Aldaz [2] of a lemma of T. Rad6 [41]. We have modified the Aldaz
result by using the constant 3 instead of his constant 2 + € for an arbitrary € > 0.
(See Problem 5.1.) For higher-dimensional spaces, one can use geometric results
such as the two presented in this book’s appendix on limit and covering theorems.

Theorem 5.2.1 (Radé-Aldaz). Let m be a finite, Borel measure on J = (—K,K).
Given an arbitrary collection % of non-degenerate intervals, all contained in J,
the set Uje #1 is measurable, and there is a finite disjoint subset {Iy,--- ,I,} C .&
such that

m(Upesl) <3-Z¢ m(ly).

Proof. By Corollary 1.7.1, we may assume that . itself is a countable collection
given by the enumeration {1, : n € N}, whence Ujec »I = U;_, I, is measurable. Since
all the intervals are contained in J,

(Ui ) = lim m(U 1) < () < oo
We employ Radd’s result after first choosing N € N so that

S (U ) > m(U ) = m(Ure ).

Given the enumeration of the N intervals, we discard the first interval if it is covered
by the remaining intervals. Otherwise, we keep the first interval and consider the
second. In either case, the union of the intervals we keep is the same as the union
of the original N intervals. Continuing in this way, we may assume that each of
the remaining intervals in our finite collection contains a representative point x not
in any other interval of the collection. Now we give the finite set of representative
points the ordering inherited from R, and we reorder the remaining finite set of
intervals so that they have the same ordering as their representative points. It follows
that for any indices i, j, and k with i < j < k we have x; < x; < x;. Moreover, since
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xj ¢ 1;, I; C (—oo,x}), and since x; ¢ Iy, Iy C (x;,4o0). Thus, the intervals with even
indices form a disjoint collection, as do the intervals with odd indices. Therefore, the
desired subset of .# is whichever of these two families has the greater total measure.
For example, if that is the family with even indices, then

3 3
3-m(Uphy,) = > :2-m(Uphy) > > -m(Uuly) > m(Upe #1).

5.3 A Local Maximal Function

In this section, we work with both a finite measure m on J = (—K,K) and Lebesgue
measure A. We set .# (x,r) equal to the collection of intervals I C J containing x
(perhaps as an endpoint) with strictly positive length A (I) < r, and we set
1
M(m,r,x):= sup m (5.3.1)
Ie s (x,r) A (1)

For example, if m is the measure A; generated by A and a nonnegative, integrable
function f,

M(Ag,r,x) = sup /f dA.

Ieﬂxr

As r decreases, the collection .7 (x,r) gets smaller. Therefore, M (m, r,x) decreases
as r decreases, and so we may set

M(m,x) := r1_1>151+M(m 7, X).

We call the function given by x — M(m,x) a local maximal function. The word
“local” distinguishes the function from the classical maximal function, defined by
the supremum operation in Equation (5.3.1) with no upper bound on the interval
length.

Proposition 5.3.1. Given a set E CJ and a > 0, let Ey, := {x € E : M(m,x) > a}.
Then the Lebesgue outer measure

A*(Eq) < —-m(J).
Proof. Given x € Eq, there is an interval I, € % (x,r) for some r < 1 such that

o A(L) < m(Ly).

These intervals form a collection .# that covers E, so by the Radé-Aldaz covering
theorem 5.2.1, there is a finite disjoint subcollection {/;,--- ,I,} C . such that

A (Ea) < MUiesl) <35 A0 < S S mll) < (i),

Q\w
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This last result is similar to the one that is well-known for the classical maximal
function. We next, however, indicate the advantage of using a local maximal func-
tion. We are implicitly using the fact that a set of measure O is contained in a Borel
set of measure 0.

Theorem 5.3.1. Let m be a finite measure on J, and let E be a Borel subset of J.
Ifm(E) =0, then M(m,x) = 0 for Lebesgue almost all x € E.

Proof. Fix a > 0, and then fix € > 0. Since m(E) = 0, there is an open set U D E
in J such that m(U) < €ot/3. Let u be the finite measure on J defined by setting
1(A) =m(ANU) for each Borel set A C J. Now in calculating the values of the
local maximal function on E, we need only consider small intervals that fit inside
the open set U. Therefore,

Eq:={x€E:M(mx)>o}={x€E: M(u,x) > a}.

Therefore, A*(Eq) < 211(J) = 2 u(U) < €. Since € is arbitrary, 1*(E) = 0. Since
o is an arbitrary positive number, the result follows.

Corollary 5.3.1. Let As be the finite measure on J generated by Lebesgue measure
A and a nonnegative, integrable function f. Let E be a Borel subset of J. If f(x) =0
for Lebesgue almost all points of E, then M(As,x) = 0 for Lebesgue almost all x € E.

5.4 Differentiation

In this section, we establish various differentiation results. In all of its forms, dif-
ferentiation is about limits of ratios; the denominator here is always interval length.
Moreover, each ratio is bounded above by the supremum used to calculate the local
maximal function. If the local maximal function is O, the limit of the bounded ratios
is 0.

First we have the Lebesgue Differentiation Theorem and its corollary extending
a form of the Fundamental Theorem of Calculus. The theorem is obvious for contin-
uous functions, and uses the fact (Lusin’s theorem 3.3.3) that a measurable function
on a set of finite measure is nearly continuous. Recall that the Rad6-Aldaz cover-
ing theorem uses coverings with intervals that may contain the endpoint at one or
both ends. Also recall that a Lebesgue integrable function f on a subset of R can be
extended with the value 0 to all of R. We will at times write [ f dA for the integral

Jia [ d2.

Theorem 5.4.1 (Lebesgue Differentiation). Let f be a Lebesgue integrable func-
tion on R. Then each of the following equalities holds Lebesgue almost everywhere
on R:
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r—0+ 2r .,

lim / FdA = f(x),
[x—rx+r]

im ~ [ fdd = ),

r—0+ r [x’x-i-r]

.1
rg%]+ rJix—rx] fdi = fx).

Proof. We need only prove the result for f > 0 and x in our bounded, open inter-
val J = (—K,K). Without changing the value of any integral, we may assume that
f takes only finite values. By Lusin’s theorem, for each n € N, there is a compact
set G, C J with A(J\ C,) < 1/n such that f|C, is continuous on C,. By Propo-
sition 1.11.3, we may extend the function f restricted to C, with a nonnegative,
bounded, continuous function g that vanishes on C, so that 1 := f- yc, + g is con-
tinuous on J. Since 4 is continuous on J, each of the limit results holds at any x € J
with £ replacing f. Now on J, the function

f=h=g+fXnc:

Recall that A, is the measure on J defined by setting A,(A) = [, g dA for every
Lebesgue measurable set A C J. Moreover, each of the desired limits using g instead
of f is bounded above by the limit of the local maximal function M(A,,x) at each
x € J. Since Aq (C,) = 0, it follows from Corollary 5.3.1 that each of those limits for
g 1s 0 Lebesgue almost everywhere on C,,. Similarly each of the desired limits using
I xnc, instead of f is 0 Lebesgue almost everywhere on Cy,. Therefore, the desired
limit results hold Lebesgue almost everywhere on G, for f =h—g+ f- x5 c,- [t now
follows that they hold Lebesgue almost everywhere on U, .nC,,, Which is Lebesgue
almost everywhere on J.

Corollary 5.4.1 (Extended Fundamental Theorem of Calculus). Suppose that f
is Lebesgue integrable on [a,b], and for each x € [a,b], F(x) = [ f dA +C where
C is a constant. Then F'(x) = f(x) for Lebesgue almost all x € [a,b).

Proof. For Ax=r>0andx+Ax <b,

F(x+Ax)—F(x) 1/
Ax o [x,x-‘rr]fdl.

ForAx=—-r<0Oandx+Ax>a,

CH R PRy

Ax —r r

The value F (x) in the corollary is often written F(x) = [ f dA +F (a). The corol-
lary says that one can differentiate the indefinite integral of a Lebesgue integrable
function and get back the integrand almost everywhere. We will seek conditions for



84 5 Differentiation and Integration

when the process can be reversed so that integrating the derivative of a function re-
stores the function except for an additive constant. We know this is impossible for
the Cantor-Lebesgue function since that function’s derivative is 0 Lebesgue almost
everywhere.

Theorem 5.4.2 (Lebesgue Density). If A is a Lebesgue measurable subset of R,
then
lim AAN[x—rx+r])

04+ 2 =1 for A-a.e. x € A.

That is, A-almost all points of A are “points of density” of A.

Proof. Exercise 5.3.

We have used Theorem 5.3.1 to show the existence Lebesgue almost everywhere
of a derivative for any integrator of the form F(x) = ka’x] fdA, where f >0 is
Lebesgue integrable. The same theorem also yields a result for general integrators.

Theorem 5.4.3. Let F be an integrator on J, and let m be the corresponding mea-
sure. If E is a Borel subset of J withm(E) = 0, then F has a zero derivative Lebesgue
almost everywhere on E.

Proof. Since m(E) =0, m({a}) = 0 for each point a € E. Given a point a € E and
given Ax > 0,

Fla+Ax)—F(a) m(a,a+Ax]  mla,a+ Ax]

Ax Ax Ax
Fla—Ax)—F(a) F(a)—F(a—Ax) m(a—Ax,d
—Ax B Ax B Ax '

By Theorem 5.3.1, M(m,a) = 0 for Lebesgue almost all points @ in E. Therefore,
both of the above ratios have limit O Lebesgue almost everywhere on E as Ax — 0,
whence F'(a) exists and is 0 for Lebesgue almost every a in E.

5.5 Functions of Bounded Variation

We have been using increasing functions to construct measures on R. Finite signed
measures take both positive and negative values. They correspond to differences of
increasing functions. These are the functions of “bounded variation”, which we now
consider. We work with a fixed, finite interval [a,b] C R. Recall that &2 denotes the
set of all partitions of [a,b] formed by points a = xp < x| < -+ < x, = b.

Definition 5.5.1. Let . &2 denote the collection of sets of intervals associated with
partitions of [a,b]. Each member Q of .# & is called an interval partition of [a, ).
It is a finite set of closed intervals [x;_1,x;], | <i < n, overlapping only at the end-
points and having union [a, b].
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Definition 5.5.2. Given a real-valued function f on [a,b], and a subinterval [ =
[xi—1,x] of [a,b], we set A;f = f(x;) — f(xi—1). For each Q € &, we set pof =

Zieol(Arf) VO], nof = Zico[(—=Arf) VOl and 1o f = pof +nof = Zicg|Arf|. We
call

P:Pabf:: sup (pof), N:N(ff:: sup (ngof), and T:Tabf:: sup (tof)
QeI P QeI P QeI P

the positive, negative, and total variation of f, respectively, on the interval [a, b].
We say the function f is of bounded variation on [a,b], and we write f is BV, or
fEBV,If TP f < oo,

Note that all of the quantities discussed are nonnegative. Moreover, for each O €
I P, po+ng=tg <T,soif T is finite, then so are P and N.

Definition 5.5.3. A refinement of an interval partition Q of [a,b] is an interval
partition of [a, D] obtained by adding partition points to the partition points of Q.

Proposition 5.5.1. Given the real-valued function f on [a,b), if Q is a refinement of
Qo in I P, then pg, < pg, ng, < ng, and tg, < to.

Proof. Exercise 5.5.
Proposition 5.5.2. If f is BV on [a,b], then T = P+ N, and f(b) — f(a) = P—N.
Proof. For each interval partition Q € .# %, pg —ng = f(b) — f(a), so

po =ng+f(b)—f(a) <N+ f(b) - f(a).

Therefore P < N+ f(b) — f(a). Also,

no = po+f(a) = f(b) <P+ f(a) - f(b),

so N < P+ f(a)— f(b), whence N + f(b) — f(a) < P. Therefore, P =N+ f(b) —
f(a). Since f € BV, we may subtract and obtain P — N = f(b) — f(a).
To show T = P+ N, we note that for each Q € .4 &2,

to =po+ng=po+(po—po)+ng=po+po+fla)—f(b),

sotg < 2P+ f(a)— f(b), whence T < 2P+ f(a) — f(b). On the other hand, 2pg +
fla)—f(b) =1p < T, whence 2P+ f(a) — f(b) < T. It follows that T = 2P +
fla)—f(b)=2P+(N—P)=P+N.

Theorem 5.5.1. A real-valued function f on [a,b] is of bounded variation if and
only if it is the difference g — h of two increasing real-valued functions g and h on
[a, D). In this case,

PLf <g(b)—gla), N2f <h(b)—h(a), so T]f < g(b)—g(a)+h(b)—h(a).
(5.5.1)
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Proof. Assume f € BV. For each x € [a,b], P} f and N} f are increasing functions
bounded above by T?f, and f(x) = [f(a) + P*f] — N*f.

Conversely, if f = g —h, where g and h are increasing functions, then for any
QeI 7,

Po = Z1co|(Arf) VO] < Zicp[(A1gV0)] = ZicpArg = g(b) — g(a),

s0 Py f < g(b) —g(a). Similarly N f < h(b) = h(a), so T7 f < g(b) — g(a) +h(b)
h(a). It follows that f is BV on [a,b].

Note that we do not necessarily have equality in Equation (5.5.1). For example,
if f(x) =0o0n [0, 1], then f = g — &, where g(x) = x and /(x) = x for all x in [0, 1].

Corollary 5.5.1. Let m be a finite measure on [a,b], and let f be a function in-
tegrable with respect to m on [a,b). Then the function x — G(x) := [ f dm =
Jiax) f dm is BV on [a,b], and TPG < Jiap 1| dm.

Proof. Since G(x) := [ f*dm— [ f~dm, G is BV, and

b b
TabGS/ f+dm+/ f_dm:/[ ; |f| dm.

5.6 Absolute Continuity

In this section, we consider which functions on an interval [a, b] have the form x —
[ §dA +C where g is Lebesgue integrable and C is a constant. By Proposition 4.4.3,
such functions are uniformly continuous. Indeed, for any € > 0, there is a 6 > 0 such
that if A is a Lebesgue measurable subset of [a,b] with A (A) < &, then [, |g| dA <
€. In particular, given a finite set of disjoint intervals of total Lebesgue measure
(i.e., length) smaller than 8, the total measure obtained by integrating |g| over those
intervals is less than &. We call functions with this property of the function x —
[ |g] dA “absolutely continuous.” We state below the formal definition of absolute
continuity for our interval J = (—K,K). One may replace J here with any non-
degenerate interval or even the whole line R.

First, let Z5(J) denote all finite sets of closed intervals I C J with pairwise
disjoint interiors and total length less than 8. That is, S € .#5(J) if and only if
S={l,h, - ,I,} where each I; is a closed interval in J, for i # j, I; NI} is either
empty or one point, and the sum of the length of the intervals in S is smaller than &.

Definition 5.6.1. A real-valued function f defined on an interval J is said to be
absolutely continuous on J if for any € > 0, there is a 6 > 0 so that for any S €
S5 (J), the sum Xy |A; f| < €.

The functions absolutely continuous on an interval J are all uniformly continu-
ous on J. It is an easy exercise (5.13) to show that they form a vector space over R
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containing the constants. A function absolutely continuous on an interval J is abso-
lutely continuous on any subinterval of J. A function absolutely continuous on an
interval [a, b] can be extended with constant values to form an absolutely continuous
function on R. We shall see that although the Cantor-Lebesgue function is continu-
ous on [0, 1], and therefore uniformly continuous on the compact set [0, 1], it is not
absolutely continuous on [0, 1].

As noted, every function x — [ ¢ dA +C formed from a Lebesgue integrable
function g on an interval [a, b] is absolutely continuous on [a,b]. We will show that
all absolutely continuous functions on [a,b] have this form. It will follow that they
are functions of bounded variation on [a, b], but we need that result first.

Proposition 5.6.1. If a real-valued function f is absolutely continuous on an inter-
val [a,b), then f is BV on [a,b], and the functions mapping x to T, f , PX f, and N} f
are all absolutely continuous on [a,b).

Proof. Fix & > 0 that works for € = 1 in terms of the absolute continuity of f. Then
fixann € N such that (b—a)/n < 8. Let Q, be the interval partition of [, b] formed
by the points x; = a+i- (b—a)/n for 0 < i < n. Given any interval I of the partition
Oy, by the choice of 8, any finite interval partitioning of / results in a sum of the
absolute values of the change of f of no more than 1. Let Qg be an arbitrary interval
partition of [a, b], and let Q be the refinement obtained by adding the partition points
of O, to the partition points of Qp. Since 79, <ty < n, the total variation Ta” f<n,
so f is BV on [a,b].

To show x — P f is absolutely continuous, fix € > 0 and then a & > 0 that works
for £/2 in terms of the absolute continuity of f. Also fix a finite set of intervals
So € s ([a,b]). We will show that Zjcs AP f < €. Let Q be a partition of the
entire interval [a,b] such that P f — pof < €/2. We may assume, without loss of
generality, that among the partition points of Q are the endpoints of the intervals of
So. Let S be the set of intervals formed from the intervals of Sy by cutting with the
partition points of Q that are contained in the intervals of Sy. Clearly, S € %5 ([a, b]).
Now since P f is a function for which the value increases as x increases,

€ €
Z1esoArP, f = ZiesArPy f < 5 +Zres ((Arf) v0) < 5 +Zres|Arf] < e.

This shows that P} f is absolutely continuous. Similarly, N3 f = P (—f) is also ab-
solutely continuous, and so the sum 7' f is absolutely continuous on [a, ).

Corollary 5.6.1. Any absolutely continuous function f on an interval |a,b] is the
difference of two nonnegative, increasing, absolutely continuous functions on [a,b].

Proof. Since f € BV on [a,b], for any x € [a,b], f(x) — f(a) = P; — NJ.

Next we explore the relationship between the notion of absolute continuity of
a function and what is called absolute continuity of a measure with respect to
Lebesgue measure. We work again with our finite interval / = (—K,K) C R. Recall
that if m is a finite measure on J obtained from an integrator F', we may assume that
F is continuous at —K and K.
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Definition 5.6.2. Let m be a finite measure on J = (—K,K). The measure m is
absolutely continuous with respect to Lebesgue measure A if m (E) = 0 for every
Lebesgue measurable set E with A (E) = 0; in this case, we write m << A. A finite
measure v on J is singular with respect to Lebesgue measure if there is a Lebesgue
measurable subset B C J with A(B) = 0 such that v(J\B) = 0. In this case,
we write V1 A.

Remark 5.6.1. These definitions work for pairs of measures, but for this chapter
we only work with absolute continuity and singularity with respect to Lebesgue
measure. If m << A, then every Lebesgue measurable set is measurable with respect
to m (Exercise 5.16).

We show next that if m is a finite measure on J = (—K, K), then absolute continu-
ity of m with respect to Lebesgue measure is equivalent to the following condition
on the Borel subsets E of J:

(*) Ve>0386>0 suchthat A(E)<d=m(E)<e.

Note that by Proposition 4.4.3, if for each Lebesgue measurable set A, m(A) =
[4 f dA for a fixed, nonnegative, Lebesgue integrable function f, then Condition
(*) holds.

Proposition 5.6.2. If m is a finite measure on J = (—K,K), then m << A if and only
if Condition (*) holds for m.

Proof. Clearly, if (*) holds and the Lebesgue measure of E is 0, then whatever
the positive value of 6 might be, A (E) < 6, so m(E) < € for every positive &,
whence m (E) = 0. That is, if Condition (*) holds, then m << A. To establish the rev-
erse implication, we assume that (¥) is false. Then there is an € > 0 and a sequence
of Borel sets E, contained in J with A (E,) < 27" and yet m (E,) > € for each n.
Let E :=limsup, E,. Then A (E) = 0 by the Borel-Cantelli Lemma, Theorem 2.6.2.
However, for each k, m(U;;_,E,) > &€, so since m(J) < 4o, we have

m(E) =m(MZ, (UyEn)) = €.

Hence, when (¥) is false, there is a Borel set of Lebesgue measure 0 in J with positive
m-measure.

Example 5.6.1. Tt need not be true for an infinite measure that Condition (*) follows
from the implication A (E) = 0 = m(E) = 0. If, for example, we obtain m on the
nonnegative real line by setting m(E) = [, x dA for each Lebesgue measurable set
E, we still have m << A, but Condition (*) does not hold.

Here is the connection between absolute continuity of a finite measure and that
of its integrator.

Theorem 5.6.1. If m is a finite measure obtained from an integrator F on
J=(—K,K), thenm << A if and only if F is absolutely continuous on J.
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Proof. If m << A on J, then singleton sets have m-measure 0, and Condition (*)
holds for m. The absolute continuity of F follows directly from Condition (*).
Conversely, suppose F is absolutely continuous on J. As noted, we may assume that
F is continuous at the endpoints of J. Moreover, singleton sets have m-measure 0.
Given € > 0, fix 6 > 0 so that 26 works for £/2 with respect to the absolute
continuity of F. Fix E C J with A (E) < d. Fix an open set O with E C O CJ
and A(O) < 26. The open set O is a countable union of disjoint open intervals
Iy = (ax,by). Forany n € N, X' | (by —a) < 20. It now follows that Condition (*)
holds for m since for sufficiently large n € N,

m(E) <m(UE 1) < 2+ S m(l) = 2- S (F(by) — Flag) < 25 =e.

We now want to employ a special case of the Radon-Nikodym Derivative
Theorem. It will be proved later using Hilbert space techniques.

Theorem 5.6.2 (Special Radon-Nikodym Theorem). Let F be an increasing, abs-
olutely continuous function on J = (—K,K) with continuity at the endpoints of
J, so F is also absolutely continuous on |[—K,K]. Let mp be the measure gener-
ated on J using F as an integrator, so mp << A. Then there is a nonnegative,
Lebesgue integrable function f on J such that for any Lebesgue measurable set
A CJ, mp(A) = [y fdA. Inparticular, F(x) — F(—=K) = [|_g q f dA.

We now have the following important result stating when a function can be rec-
aptured from its derivative using integration.

Theorem 5.6.3. Let F be a real-valued function on an interval |a,b]. If for some
Lebesgue integrable function f on [a,b], F(x) = F(a)+ [, 4 f dA for all x € [a, D],
then F is absolutely continuous on [a,b]. On the other hand, if F is absolutely con-
tinuous on |a, b), then an integrable derivative F' exists Lebesgue almost everywhere
on [a,b), and F (x) = F(a)+ [ F' dA for all x € |a,b). That is, the indefinite integral
of the derivative of an absolutely continuous function on [a,b] is the function plus a
constant.

Proof. By Corollary 5.6.1, we may assume that F is increasing on [a,b]. By Theo-
rem 5.6.2, there is a nonnegative, Lebesgue integrable function f on [a,b] such that
for all x € [a,b], F(x) —F(a) = [, f dA. By Theorem 5.4.1, the derivative F’(x)
exists and equals f(x) for Lebesgue almost all x € [a, b].

Remark 5.6.2. We know that the Cantor-Lebesgue function g has a derivative equal
to 0 at Lebesgue almost all points of [0,1]. Since we do not have 1 = g(1) =
fol g (x) dA, we know that g is not absolutely continuous.

Finally, we want to show that any increasing real-valued function, and hence
a BV function, has a derivative Lebesgue almost everywhere. If we start with an
increasing function on an interval [a, b], we can always extend it with constant values
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to form an increasing function on R. Therefore, we will work with an increasing,
real-valued function on the interval [—K,K]. To transform such a function to an
integrator, we need the following result.

Proposition 5.6.3. Let F be an increasing function on J = (—K,K), continuous at
—K and K. Let G be another such increasing function on J such that for all x € J,

lim F(y) < G(x) < lim F(y).

y—x— y—x+

Then the set of points x € J where the derivative F’ (x) exists equals the set of points
x € J where G'(x) exists. Moreover, F'(x) = G'(x) at those points.

Proof. Exercise 5.17(A).

We also need the following result, which is proved later as an immediate conse-
quence of the Radon-Nikodym Derivative Theorem.

Theorem 5.6.4 (Special Lebesgue Decomposition Theorem). If m is a finite mea-
sure on J, thenm = W+ v on J, where f << A and v_LA. The decomposition of m
into an absolutely continuous measure and a singular measure is unique.

Theorem 5.6.5. An increasing real-valued function on an interval in the real line
has a derivative Lebesgue almost everywhere on the interval, whence the same is
true of a BV function.

Proof. Let F be an increasing real-valued function on J = (—K, K) that is continu-
ous at the endpoints of J. By subtracting a constant and then changing F at at most
a countable number of points (see Problem 5.6), we may assume that F' is an int-
egrator with F(—K) = 0. By Proposition 5.6.3, we need only establish the result
for the changed function F. Now such an integrator F' generates a finite measure.
By Theorem 5.6.4, the measure generated by F is the sum of a measure yu << A
and a measure v_LA. By definition, there is a set B of Lebesgue measure 0 such that
v(JN\B) = 0. It follows from Theorem 5.4.3 that the integrator F; for the measure
v has a zero derivative A-a.e. on J \ B, but since A(B) = 0, F, has a zero derivative
A-a.e. on J. On the other hand, u is absolutely continuous with respect to A. There-
fore, by Theorem 5.6.3, its integrator F,, has a derivative A-a.e. on J. It follows that
F = F,, +F, has a derivative A-a.e. on J.

5.7 Problems

Problem 5.1. a) Prove the Radd-Aldaz covering theorem 5.2.1 with the constant 3
replaced with the constant 2 + € for an arbitrary £ > 0.
b) Show that in Part a, the constant 3 cannot be replaced with just 2.

Problem 5.2. Give a counterexample for each of the following statements about a
collection of intervals for which the hypotheses of Theorem 5.2.1 need not hold:
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a) Given an arbitrary collection .# of intervals (some possibly degenerate), all con-
tained in (—1, 1), the set Ujc I is Lebesgue measurable.

b) Given an arbitrary collection .# of non-degenerate intervals in R and Lebesgue
measure A, there is a finite disjoint subset {/j,---,I,} C .# such that

n
), Uleﬂl z

Problem 5.3. Prove Theorem 5.4.2. Hint: Work with y4.

Problem 5.4. For each Borel set A C R, let m(A) = A(AN[0,1]), where A is
Lebesgue measure. Find the set of all x € R for which the local maximal function
M(m,x) > 1/2.

Problem 5.5. Prove Proposition 5.5.1. Hint: What happens when a single point is
added to the partition points forming an interval partition?

Problem 5.6. Show that a monotone (i.e., increasing or decreasing) real-valued
function, and therefore a BV function, can have only a countable number of dis-
continuities. Hint: If f is increasing, and the total increase on an interval J is S, how
many jumps of size 1 can f have in J?

Problem 5.7. Show that if f is BV on [a,b], then right- and left-hand limits exist at
all points of (a,b).

Problem 5.8. a) Show that if f is an increasing function on [a,b], then N?f = 0,
and Pf = T f = f(b) — f(a).

b) Given a real-valued function f on [a,c| and a point b with a < b < ¢, show that
Pbf + P f = PSf with similar equalities for N and T

¢) Let G(x) = fy ™ sinx dx. Show that TG = o™ |sinx]| dox.

d) Let C be the “fat” Cantor set in [0, 1] such that 1 (C) = 1/2. Let f(x) = 1 for all
xeCand f(x) =—1forall x € [0,1]\C. Let H(x) = [; f dA for all x € [0,1].
Is T)H = [ | f| dA? Explain.

Problem 5.9. Let f(0) = 0 and f(x) = x*sin(1/x?) for x # 0. Determine if f is a
function of bounded variation on [0, 1]. Hint: For each n € N, let x, = 1/2/(n7).

Problem 5.10. Let g(0) = 0 and g(x) = x*sin(1/x) for x # 0. Determine if g is a
function of bounded variation on [0, 1].

Problem 5.11. a) Show that if f is BV on [a, ], then f is bounded on [a, b].
b) Show that if f and g are BV on [a,b], then fg is BV on [a,b].

Problem 5.12 (A). Give an example of an increasing function on [0, 1] that is dis-
continuous at each rational number and continuous at each irrational number.

Problem 5.13. Show that the absolutely continuous functions on an interval J form
a vector space over R containing the constants.
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Problem 5.14. a) Assume f is BV on [a,b], and suppose f is bounded below by
some positive constant ¢ > 0. Show that 1/ f is also BV on [a,D].

b) Let f be an absolutely continuous function on [a,b] such that for all x € [a,b],
f(x) # 0. Show that 1/f is also absolutely continuous on [a, b].

Problem 5.15. Define f : R — R by setting f(x) = cos(7x) for each x € R. For each
n € N, prove that f is BV on [0,2n], and calculate Py" f, N3" f, and T3" f.

Problem 5.16. Show that if m << A, then every Lebesgue measurable set is mea-
surable with respect to m.

Problem 5.17 (A). Prove Theorem 5.6.3. Hint: Suppose xp is a point where a
derivative F’(xg) exists, and x, is a sequence of points where a jump may occur
with x, N\ xp. Since a countable set cannot form an open interval, there is a se-
quence of non-jump points y, \, xo and a sequence of non-jump points z, \, Xg
with y, < x, < z, for each n.

Problem 5.18. Suppose f is BV on [a,b]. Show that if the function V(x) = T} f is
absolutely continuous on [a, b], then f is absolutely continuous on [a, ].

Problem 5.19 (A). Suppose g is a monotone (increasing or decreasing), absolutely
continuous function on [0, 1] and E a set of Lebesgue measure 0 in [0, 1]. Show that
the Lebesgue measure A (g[E]) = 0.

Problem 5.20. Let m be a finite measure on [a, b] such that m << A. Then there is
a Lebesgue integrable function g on [a, b] such that for every m-integrable function
f> [ fdm= [ fg dA. Hint: Recall Theorem 5.6.2.

Problem 5.21 (A).

a) Show that if f satisfies a Lipschitz condition, i.e., there is a constant M > 0 such
that for all x and y in the domain of f,

lf(x) = fOI <M - [x—y|

then f is absolutely continuous. Note that the constant M is called a Lipschitz
constant, and the letter combination “sh” is rarely used in German.
b) Show that an absolutely continuous function f satisfies a Lipschitz condition if
and only if the absolute value of the derivative, | f’|, is bounded (where it exists).
¢) Assume f : R — R satisfies a Lipschitz condition, and g : [0, 1] — R is an abso-
lutely continuous function. Recall that for all x € [0, 1], fog(x) = f(g(x)). Show
that f o g is an absolutely continuous function on [0, 1].

Problem 5.22. Let f : [a,b] — R be an absolutely continuous function. Show that f
is a constant function if and only if f/(x) = 0 Lebesgue almost everywhere.

Problem 5.23. Let f be an absolutely continuous function for every interval / C R.
Suppose that f and f’ are both Lebesgue integrable on R. Show that [ f'dA = 0.
Hint: What are the limits of f at +oo?
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Problem 5.24. Let (f,,) be a sequence of absolutely continuous functions on [0, 1]
such that f(x) =3 fu(x) forall x € [0,1] and 3>, | . (x)| is Lebesgue integrable
on [0, 1]. Show that f is absolutely continuous on [0, 1].

Problem 5.25. For each bounded, Lebesgue measurable function f on R and each
x €R, let T(f,x) :=lim, 04 5- Jpe—rxir fdA. Let C be the “fat” Cantor set in [0, 1]
such that A(C) = 1/2. Suppose f is a bounded Lebesgue measurable function of R
such that the restriction of f to C is continuous at each point of C (that is, one ignores
the values taken by f on R\ C). Use Theorem 5.4.2 to show that T'(f,x) = f(x) at
A-almost all points of C. Don’t forget that 7'( f,x) makes use of the values of f off
of C.



Chapter 6
General Measure Spaces

6.1 Introduction

In this chapter, we extend results obtained for the real line to more general spaces
supplied with a measure. Recall that a 5-algebra in a set X is a collection of subsets
of X; the collection contains X itself and is stable with respect to the operations
of taking complements and countably infinite unions. It follows that a ¢-algebra
contains the empty set, and so it is also stable with respect to the operations of
taking finite unions, and finite and countably infinite intersections. Also recall that
the Borel subsets of the real line form the smallest o-algebra containing the open
subsets of R.

Definition 6.1.1. A measurable space is a pair (X, %) consisting of a set X and a
o-algebra # formed from subsets of X. Members of the collection % are called
measurable. A measure [ on a measurable space (X, %) is a function from % into
the extended nonnegative real line, [0, <], such that it (&) = 0 and for any pairwise
disjoint sequence {A; : i € N} in 4,

I (OAi> = 2N(Ai)~
i=1 i=

A measure space is a triple (X, %, 1), consisting of a measurable space (X, %),
and a measure U on (X, %). If u(X) is finite, y is a finite measure, and (X, %, 1)
is a finite measure space. If X is the countable union of sets of finite yt-measure, U
is a o-finite measure, and (X, %, 1) is a o-finite measure space. A set B€ #is a
null set if ;1(B) = 0. A property holds p-almost everywhere, or just a.e., if it holds
outside of a null set. A measure is complete if any subset of a null set is measurable.
A measure space is complete if the measure is complete.

Remark 6.1.1. In probability theory, a probability measure  is a measure on a
measurable space (X, %) with u(X) = 1. The measure space (X, %, 1) is called a
probability space.
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A measure space (X, %y, 1) that is not complete can be extended to a complete
measure space as indicated in the construction for R in Definition 3.2.1. When we
are working with only one measure, we will in general assume that the measure
space is complete. Clearly, we must be more careful when more than one measure
is involved in the discussion. Again, we will use the notation E,, /' E to indicate a
sequence of sets such that E,, C E,;| for all n € N and U,E,, = E. Also, E, \(E
indicates a sequence of sets such that E,, O E,, | for all n and N, E,, = E. Moreover,
we have the following limit result.

Proposition 6.1.1. Let (X, %, 1) be a measure space, and let (E, : n € N) be a se-
quence of measurable sets. If E, /' E, then W(E) = Uimu(E,). If E, "\, E, and for
some k U(Ey) < oo, then (E) =limu(E,).

Proof. Exercise 6.1.

6.2 Integration

We next extend results for measurable, extended-real valued functions and their
corresponding integrals to measurable spaces that are not necessarily based on the
real line. To avoid repetitive definitions, we treat real-valued functions as extended-
real valued functions for which the infinite values are taken on the empty set.

Definition 6.2.1. Given a measurable space (X, %), an extended-real valued func-
tion f defined on X is measurable if the inverse image with respect to f of each
open subset of R is in % and both f~! [{+e0}] € Z and f~! [{—o}] € B.

Remark 6.2.1. Since inverse images preserve complements, unions, and intersec-
tions, it is enough to know the measurability of f~! [{+e0}], f~![{—c0}], and the
inverse image of each interval of the form (o, +oo) where ¢ is a rational number. As
is true for functions defined on R, it then follows that each Borel set in the real line
has measurable inverse image. In this chapter it will be understood that a measurable
function takes its values in the real or extended real line.

Remark 6.2.2. In probability theory, a measurable real-valued function on a prob-
ability space is called a random variable. When terminology was set in the first
half of the twentieth century, Joseph Doob wanted to call such a function a “chance
variable”, and William Feller disagreed, wanting to call it a “random variable”; so
they tossed a coin, and Feller won.!

For what follows, we fix a complete measure space (X, %, it). The measure may
not be finite. Results are stated for the whole space X; similar results are true for
any measurable subset £ of X. Either restrict the measure and all functions to E
or replace all function values with O off of E. We first construct the integral for
nonnegative functions.

! This history was verified by the author in a conversation with Joseph Doob.
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Definition 6.2.2. A simple function is a measurable function with finite range in R.
A simple function that is not identically equal to 0 is presented in canonical form
as the finite sum Y a;)4,, where the A;’s are measurable and pairwise disjoint, and
the a;’s are distinct and not 0. The canonical representation of the function 0 is O.
The integral with respect to u of a nonnegative, nonzero simple function having
canonical form ¥, a; x4, is the sum Y. a; - 1(A;). The integral of 0 is 0. We write [ ¢ to
denote the integral of ¢; notation that stresses the measure is [ @ du and [ ¢ u(dx).
Given a measurable set E C X, [, ¢ denotes the integral [ ¢ - .

Definition 6.2.3. Given a nonempty measurable set £ C X and a finite number of
nonempty measurable subsets E; of E, the partition refinement of £ determined by
the sets E; is the finite collection of nonempty, measurable, pairwise disjoint subsets
{A;j:1< j <k} of E such that E = U;A}, and each E; is the union of the A;’s that
have nonempty intersection with E;.

Proposition 6.2.1. If ¢ is a finite linear combination ¥\, o; Xk, of characteristic
functions of nonempty, measurable sets E; with each o; > 0, then ¢ is a nonnegative
simple function, and [ @ du =Y | o - W(E;).

Proof. Let E = U;E;. Since ¢ is measurable and takes only a finite number of values,
@ is a simple function. Let {4, : 1 < j <k} be the partition refinement of £ deter-
mined by the sets E;. Now ¢ = 2’]‘-:1 CcjXa;» where for each j, cj =3 A;CE O > 0.
It follows that

éayu(Ei)—Za,--(‘z u(&-))—i' 4 4051".”(Aj)

Given the representation ¢ = Z§:1 cjXa;» Wwe may combine (by taking a union) all
of the sets A; with the same value ¢; into one set without changing the function or
the integral. This is now the canonical form for ¢ and its integral.

Proposition 6.2.2. If ¢ and y are nonnegative, nonzero simple functions and o. > 0
isin R, then [ap =o [, and [(9+y) = [o+ [v. If y > @ a.e., then
Jv=Jeo.

Proof. Ttis clear that [op = o [@. Let E = {@ + v > 0}. Take the partition ref-
inement {A i1 << k} of E determined by the sets E; C E on which ¢ takes
distinct values (including 0) and the sets F; C E on which y takes distinct values
(including 0). Then ¢ and y have representations ¢ =3 ;c;jxa; and Y =3 ;d;xa;.
On each set A}, ¢j+d; > 0. Therefore,

/(<p+w):2(cj+dj)u(Aj): 2 uA)+ X de(Aj):/qDJr/llﬁ

i Jj»cj#0 J,d;j#0
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If @ > vy a.e., we may change their values on a null set without changing the inte-
grals, so that ¢ > y on E. Now for each j, c; >dj,so [ ¢ > [y.

Corollary 6.2.1. f0<b< @ <BonE={¢ >0}, thenb-u(E) < [ <B-u(E).
Proof. Clear.

Proposition 6.2.3. Any nonnegative, extended-real valued, measurable function f
is the limit of an increasing sequence of simple functions.

Proof. Exercise 6.4.

Definition 6.2.4. The integral of a nonnegative measurable function f is the supre-
mum of the integrals of the nonnegative simple functions it dominates. We write
[ f to denote the integral of f, but notation that stresses the measure is [ f dy and
[ f u(dx). The function f is called the integrand of the integral.

Remark 6.2.3. Clearly, this definition of the integral agrees with the definition for
nonnegative simple functions when both definitions apply. Moreover, the following
result is an easy application of the definition.

Proposition 6.2.4. For nonnegative measurable functions, the integral is increasing.
Thatis, 0 < f<g= [f<[g Ifc>0inR, then [c-f=c-[f. Moreover, the
value of the integral is independent of changes on sets of measure 0.

Example 6.2.1. Given a nonempty set X, let the o-algebra & consist of all subsets
of X, and let u be the measure on (X, %) such that u({x}) = 1 for each point
x € X. It follows that 1(A) = +eo if A is not a finite set. The measure u is called
counting measure on X. Every extended-real valued function on X is measurable.
The integral of a nonnegative function is the unordered sum of its values on X; that
is, it is the supremum of sums over finite subsets of X. This is the sequential sum if
X is countable.

We next prove the Fatou Lemma directly from the definition of the integral.

Theorem 6.2.1 (Fatou’s Lemma). Let (f, : n € N) be a sequence of nonnegative
measurable functions on X. Then

/ liminf £, < liminf / f,,.

Proof. Fix a nonnegative simple function ¢ < liminf f,,. We must show that [ ¢ <
liminf [ f,,. First, assume that [ ¢ = 4-eo. Then for some set A of infinite measure
and some strictly positive constant a, ¢ > a on A. For each k € N set B, = {x €
A fi(x) > a}, and for each n € N set A, = (>, Br.- Now (A,) is an increas-
ing sequence of measurable sets with union equal to A since liminf f, > a on A.
Therefore, limu(A,) = U(A) = +eo. Since for all k > n, [ fi > a- w(A,) — +-oo,
liminf [ f;, = 4-co.
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Now assume that [ ¢ is finite. Since ¢ takes only a finite number of values, the
set A where @(x) > 0 has finite measure. The desired result holds for ¢ if it holds for
(1—20)¢ for all small positive 8. Therefore, we may assume that ¢ (x) < liminf f;, (x)
for all x € A. Let M be the maximum value of ¢. For eachk € N, set By = {x €A :
fi(x) > @(x)}, and for each n € N, set A, = (>, Br- Then A\ A, decreases to the
empty set, so the measure decreases to 0. Given € > 0, there is an n € N such that
U(A\A,) < g, whence for all k > n,

/ka/kakZ/Bk(PZ/n(PZ/A(p— A\Anqoz/q)—aM.

Since € > 0 is arbitrary, the result follows.

Remark 6.2.4. A good reminder of the direction of the inequality in Fatou’s Lemma
is the Lebesgue integral applied to characteristic functions for the sequence n —
[n,n+1].

Corollary 6.2.2. If f, — f a.e, and foralln €N, 0< f, < f a.e., then [ f, — [ f.

Proof.
/f:./liminf fn Sliminf/fn Slimsup/fn < /f-

Corollary 6.2.3 (Monotone Convergence Theorem). Suppose f, / f a.e., that is,
outside of a null set, 0 < f, < fyy1 foralln € Nand lim f,, = f. Then [ f =lim [ f,.

Proposition 6.2.5. For nonnegative measurable functions, the map f — [ f pre-
serves addition, i.e., the integral of a sum is the sum of the integrals. Moreover, the
map preserves multiplication by strictly positive real numbers. Also, [ f =0 if and
onlyif f=0a.e.

Proof. Exercise 6.5.

Remark 6.2.5. If [ f = 4oo, then 0- [ f is not defined. If [ f is finite, then f is finite
a.e.,0-[f=0,and 0- f(x) is defined and equals O a.e.

Definition 6.2.5. A nonnegative measurable function is called integrable if its in-
tegral is finite. A measurable function f is called integrable if f := £V 0 and
f~ := —f VO are integrable, and then the integral is given by [ f= [fT— [f~.If
just one of these integrals is finite, we still call the difference the integral of f. We
say a function is integrable on a set E if replacing the function’s values with O off
of E yields an integrable function.

Proposition 6.2.6. For integrable functions, the map f — [ f is linear. Moreover,
if f1 and f, are nonnegative integrable functions taking only finite values such that

f=h—fothen [f=[fi—[fo

Proof. Assume f is integrable and o € R. Without changing its integral, we may
assume that f takes only finite values. If o > 0, then
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Jor=[@n = [@n =a[r-a[r=a]r.

If oc < 0O, then

[ar= [tar = [
~ [car - [car=afr-a[r=a]r

Suppose fi and f, are nonnegative integrable functions taking only finite values
such that f = f; — f>. To show that [ f = [ fi — [ f>, we note that f = ft — f~ =
fi—fa.50 fT+ for= fi+ f~. It follows that

[re+[r=[r+[r
fi=lr-fr=f5-fn

To finish the proof of linearity, suppose that g is also an integrable function taking
only finite values. Then

whence

f+e=0"+g")—(f +g)

_/f+g=_/(f*+g+)—/(f’+g’)=/f++/g+—/f’—/g’=/f+'/g-

Proposition 6.2.7. If f is measurable and g > 0 is integrable and | f| < g a.e., then
f is integrable.

Proof. Since f* < gand f~ < g a.e., the result is clear.

Corollary 6.2.4. A measurable function f is integrable if and only if |f| is inte-
grable.

Remark 6.2.6. We must assume measurability. Otherwise, Lebesgue measure and
the characteristic function of a non-measurable set in [0, 1] minus the characteristic
function of its complement in [0, 1] provide a counterexample.

Proposition 6.2.8. If f and g are integrable, and f < g a.e., then [ f < [g.

Proof. Without changing the integrals, we may assume that both functions take only
finite values. Since g— f >0ae., [¢g— [f= [(g—f) >0.

Theorem 6.2.2 (Dominated Fatou Lemma). Let (f, :n € N) be a sequence of
measurable functions and (g, :n € N) a sequence of integrable functions with
|fal < gn a.e. for each n € N. Assume g, converges to an integrable function g a.e.
and [ g, — [ g. Then lim f,, and lim f, are integrable, and
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./.h*mf"gh—m/fnfm/fné/ﬂfn,

Proof. By making changes on a null set, we may assume finiteness, domination,
and convergence at all points. Since

—g=—limg, < lim f, <Tmf, <limg, =g,

the functions lim f;, and mfn are integrable and take only finite values. Moreover,

e+ [1imfy = [(g1im f,) = [ (timg, +1im £,) = [tim(g, + 1)

< tim [ (g, + /) =M(/gn+./fn) —tim [ g, +1lim [ ,
= /g+1i7m/f,1.

It follows that [lim f, < lim [ f, <lim [ f,. To show that lim [ f, < [lim f,, we
apply this calculation to the sequence — f;, to get

- [m o= [tim(~£,) < lim (—/f) ——fim [ /i

Remark 6.2.7. We must assume that [ g, — [ g. Without this assumption, we have
many counterexamples such as the Lebesgue integral applied to the sequence f,, =
8n = Xjnny1) and f =g =0, or f, = gn = nyo,1/n and f = g = 0. Of course, a
simpler result holds, as in the following corollary, if a single function g can replace
all of the functions g,. See Problem 6.6.

Corollary 6.2.5 (Lebesgue Dominated Convergence). Let (f,:n € N) be a se-
quence of measurable functions with f, — f a.e. Assume that g > 0 is integrable,
and for all n € N and almost every x € X, | fn(x)| < g. Then [ f =lim, [ f,.

Remark 6.2.8. The integral with respect to a probability measure of an integrable
function f is a weighted average of the values taken by f. In probability theory,
such an integral is called the expectation of f.

Remark 6.2.9. For some of our work, we will integrate complex-valued functions
using an extended-real valued measure. Recall that a complex number z has the
form x + iy where x and y are real numbers and i = v/—1. We associate the set
C of complex numbers with the xy-plane by mapping x + iy to the point (x,y). The
number z has a complex conjugate Z = x — iy. The product z-z = x> +y* = \z|2, where
|z| is the modulus of z, which is the distance of z from the origin. The modulus |z| =1
if and only if for some value 6 € [0,27], z = cos 0 + isin @ = ¢/®. While a complex
number w has the above form in terms of a real part x and an imaginary part y, it
also has the form |w|e®. Multiplying such a complex number w by ¢’ produces a
value |w|e/(?+9), which is a point on the circle of radius |w| rotated from w by the
angle 6.
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Definition 6.2.6. If / is a complex-valued function, h denotes the function taking
the value A(x) for each x in the domain of 4. If f and g are real-valued integrable
functions and h = f + ig, then the integral of 4 is givenby [h= [f+i[g.

The notion of convergence in measure is important in our general setting.

Definition 6.2.7. Let (X, %, 1) be a measure space. A sequence (f, : n € N) of mea-
surable functions converges to 0 in measure if for each € > 0, u ({|f,| > €}) — 0.
In general, f,, converges to a measurable f in measure if | f, — f| converges to 0 in
measure.

The latter definition is usually put as follows: for any € > 0, there is an N € N
such that for all n > N, u{|f, — f| > €} < €. Note that we do not take into account
how much larger than € the function f, is when | f,| > €.

As noted in Problem 6.12, Egoroff’s theorem holds not just for R, but for this
general setting as well. It follows that if f,, — f t-a.e. on a set E of finite measure,
then f;, — f in measure. For a set of infinite measure this is not true. For exam-
ple, Xjnq+1) converges to 0 pointwise, but not in measure using Lebesgue measure.
Moreover, convergence in measure, even on a set of finite measure, does not imply
a.e. convergence. An example is given by Lebesgue measure and the sequence

fi=2x01 f2=Xo01/20 B=2An/21 Ja=Xo,/4 etc.

Here, f, converges to 0 in measure, but we have convergence at no point. In general,
however, we do have the following result. The proof is essentially the same as for
R; see Theorem 4.8.1.

Theorem 6.2.3. Suppose a sequence (f,) of measurable functions converges to a
measurable f in measure. Then a subsequence converges to f [L-a.e.

6.3 Signed Measures

Fix a measurable space (X, %). An extended-real valued function y on 4 is called
a signed measure if (@) =0 and y is countably additive. That is, if (4,) is a
finite or countably infinite disjoint sequence in %, then the measure of the union
is the sum of the measures. For this to make sense, we must assume that one or
both of the series X, (1L (A,) V0), X | (—u(An) V0) is finite. A signed measure,
therefore, can take only one of the two infinite values in the extended real line. If,
for example, +oo is the measure of any set, then —oo is not the measure of any set.

As before, a set is call measurable if it is in . We will reserve the term measure
for a set function on (X, %) taking only nonnegative values.

Definition 6.3.1. Given a signed measure 1 on a measurable space (X, %), a pos-
itive set (with respect to () is a measurable set, all of the measurable subsets of
which have nonnegative measure. A negative set is a measurable set, all of the mea-
surable subsets of which have nonpositive measure. A set that is both positive and
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negative is called a null set. A Hahn decomposition of X with respect to U is a
pair of disjoint sets A and B with union X such that A is a positive set and B is a
negative set.

Note that a null set is a set of measure 0, but a set of measure 0 may not be
a null set. Moving a null set from one set of a Hahn decomposition to the other
set produces another Hahn decomposition. By definition any measurable subset of
a positive set, negative set, or null set is, respectively, positive, negative, or null.
Moreover, it is easy to see that a countable union of positive, negative, or null sets
is, respectively, positive, negative, or null.

Proposition 6.3.1. Let 1 be a signed measure on (X, %) and E a measurable set
with 0 < U(E) < +oo. Then there is a positive set A C E with 0 < t(A) < oo,

Proof. If there is a subset of E of measure < —1, remove it and work with the
complement in E. We can only do this a finite number of times since y(E) is pos-
itive and finite. Therefore, if E is not itself a positive set, there is a subset E| of
positive measure for which no further subset has measure < —1. We work with E|.
Now if there is a subset of E; of measure < —%, remove it. You can do this only
once. Now if there is a subset of what remains of measure < —%, remove it. You
can do this only once. Continuing in this way, we remove a countable disjoint union
of sets from E. The remainder A is a positive set since there is no subset of strictly
negative measure. Moreover, (1(A) is finite and strictly positive since A C E and the
union of the removed sets has finite negative measure.

Corollary 6.3.1. Let 1 be a signed measure on (X, 98) that takes both strictly pos-
itive and strictly negative values on . If there is no measurable subset of X with
infinite positive measure, then there is a finite upper bound to the measure of positive
subsets of X. If there is no measurable subset of X with infinite negative measure,
then there is a finite lower bound to the measure of negative subsets of X. Moreover,
at least one of these two conditions must hold.

Proof. Suppose every measurable subset of X with positive measure has finite mea-
sure. Then it follows from the proposition that any subset of X with strictly positive
measure contains a positive set A with 0 < ©(A) < +-oo. If for each n € N there
would exist a positive set A, with t(A,) > n, then U,A, would be a positive set
with infinite positive measure, contradicting the assumption. Therefore, in this case
there is a finite upper bound to the measure of positive subsets of X. Similarly, if
there is no measurable subset of X with infinite negative measure, then there is a
finite lower bound to the measure of negative subsets of X. By the definition of a
signed measure, there cannot be a subset of X with infinite positive measure and
a subset of X with infinite negative measure.

Theorem 6.3.1 (Hahn Decomposition). Suppose [ is a signed measure on (X, %)
that takes both strictly positive and strictly negative values. Then there is a Hahn
decomposition of X into a positive set A and negative set B. Given any other such
Hahn decomposition, A1 and By, the symmetric differences AAA| and BAB; are
U-null sets; that is, the Hahn decomposition is determined up to |L-null sets.
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Proof. We assume that there is no measurable subset of X with infinite positive
measure; otherwise, we may work with —u. Set

A :=sup{u(A): Ais a u-positive subset of X }.

By Corollary 6.3.1, A is finite. Let (A, : n € N) be a sequence of positive sets with
U(An) > A —1/nfor each n, and let A = U,A,,. Then A is a positive set, and for each
neN,

A—=1/n<p(A,) <p(A) <A,

whence t1(A) = A. It now follows that B = X \ A is a negative set, for if not, there is
a subset C C B with finite strictly positive measure, and then by Proposition 6.3.1,
a positive set D C C with finite strictly positive measure, whence AU D is a positive
set with u(AUD) > A. To show that a Hahn decomposition A, B is unique except
for null sets, we assume that A, B; is another Hahn decomposition. Now

A\A[ QA, A\A] QB], A]\AQA], and A]\AgB.

Thus, A\ A; is both a positive set and a negative set, and the same is true for A; \ A.
That is, both are null sets, so the symmetric difference AAA| = (A\A;)U(A;\A)
is a null set. A similar proof shows that BAB; is a null set.

Recall that the term “measure” refers to a function on (X, %) taking only non-
negative values.

Definition 6.3.2. Two measures i and v on a measurable space (X, %) are called
mutually singular measures, and we write y L v, if there are disjoint measurable
sets A and B with X = AUB and u(B) = v(A) = 0. A Jordan decomposition of a
signed measure 7 is given by a pair of mutually singular measures Y+ and Y~ with

Yy=v"-v.

Theorem 6.3.2. Every signed measure y on (X, %) has a unique Jordan decompo-
sition obtained from a Hahn decomposition of X into a positive set A and a negative
set B. The Jordan decomposition sets Yy (E) = y(ENA) and v~ (E) = —y(ENB)
forallE € A.

Proof. Clearly, what we have constructed is a Jordan decomposition. If y = y; —
7> is another Jordan decomposition and A;, B; are the disjoint sets with y;(B;) =
12(A1) =0, then A}, By is a Hahn decomposition for ¥, so AAA; is null. It follows
that y*(E) = v (E) for all E € Z. A similar statement is true for y—.

Definition 6.3.3. Given a Jordan decomposition Y= y" — ¥~ of a signed measure y
on (X, %), the absolute value or total variation of y is the measure |y| := y* +y~.
A signed measure ¥ is called finite if |y|(X) is finite.

Note that a set is y-null if and only if it is a set of |y|-measure 0. Examples of
signed measures can be obtained from a measurable function f for which either f



6.4 Convexity and Jensen’s Inequality 105

or f~ or both are integrable with respect to a measure u by setting y(E) = [ f du.
In this case, a Hahn decomposition is the pair of sets {f > 0}, {f < 0}. Another
Hahn decomposition is the pair {f > 0}, {f < 0}. The measure |y| is given by
integrating |f].

Definition 6.3.4. Let f be a measurable function and y a signed measure on (X, %).
Then f is integrable with respect to v if it is integrable with respect to |y], in which

case [ fdy:= [ fdy" —[fdy .

6.4 Convexity and Jensen’s Inequality

Definition 6.4.1. A real-valued function ¢ defined on an open interval J C R is
called convex if for any pair of points x < y in J, the line segment joining (x, @(x))
to (y,0(y)) lies above the graph. That is, given o > 0, and f >0 with aa+f =1,

oo-x+B-y) <o-ox)+B-o(y).

The function ¢ is strictly convex on J if the above inequality is strict when o > 0
and 3 > 0.

Remark 6.4.1. For an indication of the relationship between convexity and Jensen’s
Inequality, fix an open interval J containing points x and y with x < y. Let v be
a measure on the closed interval [x,y] with v({x}) = a and v({y}) = B, while
v ((x,y)) = 0. This is a probability measure on X := [x, y] because the total measure
is 1. Now for the function f given by f(x) =x and f(y) = y together with a convex
function ¢ on [x,y], we have

o([rav < [gorav.

Proposition 6.4.1. A real valued function ¢ defined on an open interval J C R is
convex if and only if for any triple x <y < zin J,

o) —o(x) _ 9()—90)

y-=x T z=y
If ¢ is convex on J, then on any close interval [a,b] C J, @ satisfies a Lipschitz
condition, and is therefore (Problem 5.21) absolutely continuous.

)

Proof. Lety=o-x+ B -z.If (y,¢(y)) is on the line from (x, @(x)) to (z,¢(z)), then
we have equality in (*). On the other hand, (y, ¢(y)) is below the line if and only if
the left side of (*) is less than the right side of (*). Suppose ¢ is convex on J, and
let [a,b] be a closed interval in J. Fix ¢ € J and d € J with ¢ < a and b < d. Then
for points x < y in [a,b],

¢(a) —¢(c) _ o(x) —9(a)
a—c - xX—a y—Xx b—y d—

IN
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d)=¢(b)
d—b

The constant M = ‘ q’(aa):zp (©)

‘ works as the desired Lipschitz constant.

Corollary 6.4.1. If ¢ has an increasing derivative at all points of J, then ¢ is
convex.

Proof. This follows from the mean-value theorem of calculus.

Theorem 6.4.1 (Jensen’s Inequality). Ler (X, <7, L) be a probability space (i.e.,
W(X) = 1), and fix an integrable function f on X with range contained in an open

interval J C R. Let ¢ be a convex function on J. Then ¢ ( [y f du) < [y @ o fdpu.
Proof. Sety:= [y fdu. Theny € J (Problem 6.19). Now, if
b wp P00
x<y, x&J y—X

then for any z >y in J, f < o ) () . If z <y in J, then by the definition of 3,

B> 20 y> — 92 _ o ;_ o) ¢ follows for both positive and negative values of z—y
that (z) > @(y) + B - (z—y) holds for all zin J. For any 7 € X, set z = f(¢), so

o(f(1) = o(y) +B(f(1) =)

In particular, @(f(¢)) is bounded below by an integrable function. Since ¢ is abso-
lutely continuous on any closed interval contained in J, it is the difference there of
two increasing continuous functions, so ¢ o f is measurable. Since ((X) = 1, when
we integrate both sides of the inequality for @(f()), we have the desired result

(/fdu) »)+B-0< [ gofdu.

Example 6.4.1. Let ¢(x) = ¢* on J = R. Let X be a set consisting of n points in R
with each point having probability 1/n. Let f be the function given by x — x on X.
Then

(ler...ern) el et
exp < .

n n

Putting y; = €%, this gives the classical inequality between the arithmetic and geo-
metric mean for positive numbers:

Vi+y2+-Fyn

1
. n <
O1-y2 )" < n

A generalization works with positive weights ¢; such that X¢; = 1. That is,
o
Y1 yn <oy -+ 4 Opyn.
For a countable number of points, we have

H}T:lyz < X040y
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6.5 Problems

Problem 6.1. Prove Proposition 6.1.1. Hint: See Proposition 2.4.4.

Problem 6.2. Let .# be the collection of all subsets A C R such that either A or
R\ A is finite or countably infinite. For each A € ., let u(A) = 0 if A is finite or
countably infinite, and let (1(A) = 1 otherwise. Show that .# is a 6-algebra and
is a measure on .7 .

Problem 6.3. Let X = R, and let Z be the Borel subsets of R. Show that every con-
tinuous real-valued function f is measurable with respect to the measurable space
(X, ).

Problem 6.4. Show that any nonnegative measurable function f is the limit of an
increasing sequence of simple functions, with the obvious meaning of the limit at
points where f takes the value +oco.

Problem 6.5. Prove Proposition 6.2.5. Hint: For addition, apply Corollary 6.2.3 and
Proposition 6.2.2.

Problem 6.6. State and prove a simplified form of Theorem 6.2.2 for the case that
a single function g can replace all of the functions g,.

Problem 6.7. Let (X, %, 1) be a finite measure space, and let g and & be two
bounded measurable functions on X. Suppose that for each integrable function f
onX, [y f-gdu= [y f-hdu. Show then g(x) = h(x) for u-almost all x € X.

Problem 6.8. Let ([0, 1], 4, 1) be a measure space, and let f, : [0,1] — [0,0) be
sequence U-integrable functions such that jol fadu=1and fll/n Sfndu < 1/n for all

n € N. Show that fol (Sup,en fu)d U = oo.

Problem 6.9. Let (Q,%, 1) be a o-finite measure space, and let f : Q — R be a
measurable real-valued function. Suppose there exists a constant ¢ > 0 such that for
all X C Q of finite measure we have | [y fdu| < c. Show that f is integrable on Q.

Problem 6.10. Let (X,%,1) be a measure space, and let f be an integrable,
extended-real valued function on (X, %, ). Show that for any € > 0, there is a
0 >O0suchthatif E € Zand u(E) < 0, then | [ fdu| < [p|fldu <e.

Problem 6.11. Let (X,%,1) be a measure space, and let f be an integrable,
extended-real valued function on (X, %, ). Prove the following inequality called
Chebyshev’s Inequality: Givena > 0in R, u ({|f| > a}) < 1 [|f]dp.

Problem 6.12. a) Let (X,%,u) be a finite measure space. Extend Egoroff’s
Theorem 3.3.4 to the case of measurable real-valued functions on (X, %, ).

b) Show that f,, — f in measure if and only if every subsequence (f;,, ) has a further
subsequence ( f,,kj> converging (-a.e. to f.
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c) Let g: R — R be a continuous function, and let (f, : n € N) be a sequence of
measurable real-valued functions on X converging to f in measure. Show that
go f, — go f in measure.

Problem 6.13. a) Find a Lebesgue measurable function f : R — R such that the
Lebesgue measure A (f~'[n]) > 0 forall n € N.

b) Find an example of a measure space (X,%, 1) and a measurable function f :
X + Rsuch that 0 < p(f~'[t]) < coforallt € R.

Problem 6.14. a) Let v be a signed measure, and let 11, U, be positive measures on
X such that v = yy — . Show that gy > v and yp > v—, where v =v* — v~
is the Jordan decomposition of v.

b) Suppose that v; and v, are signed measures that either both omit the value oo
or both omit the value —oo. Show that |v; + V2| < |vq|+|val.

Problem 6.15. Let i be a positive measure on (X, %), and let f be a u-integrable
function. Show that v defined by v(E) = [ fdu for any measurable set E C X is a
signed measure.

Problem 6.16. Let v be a signed measure on (X, %).

a) Suppose f is a y-integrable function on X. Show that | [ fdy| < [|f|d|y].

b) Extend, where possible, the definition of the integral of a function g with respect
to y to cases where g is not integrable with respect to |y].

¢) Show that there is a simple function % that may not be integrable with respect to
|7], such that for any E € B, [y hdy=|y|(E).

Problem 6.17. Let (v;) be a sequence of positive measures on (X, %), and let i be
a positive measure on (X, %). Suppose v; L u forall i € N. Show that u | >y Vi

Problem 6.18. a) Let # be the Borel o-algebra on R. Given N € N, give an
example of a signed measure y on (R, %) that takes every value in the inter-
val [-N,N].

b) Is there a signed measure on (R, %) that takes very real value?

Problem 6.19. Let (X,.o/, 1) be a probability space (i.e., (X) = 1), and fix an
integrable function f on X with range contained in an open interval J C R. Show
that y := [y fdu is a point in the interval J.



Chapter 7
Introduction to Metric and Normed Spaces

7.1 Metric Spaces

In this chapter, we extend the notion of distance and absolute value from the real and
complex number systems to more general spaces, in particular, spaces of functions.

Definition 7.1.1. A nonempty set X supplied with a distance function d is called
a metric space. The pair is denoted by (X,d). The distance function d is called a
metric. It is a nonnegative, real-valued function on X x X such that for all points x,
y,and zin X,

1) (positive definite) d(x,y) = 0 if and only if x =y,
2) (symmetric) d(x,y) = d(y,x), and
3) (triangle inequality) d(x,y) < d(x,z)+d(z,y).

Example 7.1.1. Euclidean n-space with the usual distance function is an example of
a metric space. In particular, R is a metric space with the usual distance function

d(x7y) = |x_y"

Example 7.1.2. If we identify functions that are equal almost everywhere, then on a
set E of finite measure in R, convergence in measure with respect to a measure m is
given by the metric d(f,g) = [¢ |f—g| A1 dm.

For the rest of this section, we work in a metric space (X,d). The notions of
neighborhoods and convergence at points x € X are defined in terms of €-balls of
the form B(x,€) := {y € X : d(x,y) < €}. These generalize the use of open intervals
in R and open disks in C.

Definition 7.1.2. A set O is open if for each x € O there is an g-ball B(x, &) C O for
some € > 0. A set C is closed if the complement is open; that is, if for each x ¢ C
there is an -ball B(x, €) with B(x,e)NC = @.

© Springer International Publishing Switzerland 2016 109
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We leave proofs of the following 4 properties of (X,d) as exercises.

Proposition 7.1.1. For each x € X and € > 0, the €-ball B(x,€) is an open set.

Remark 7.1.1. For emphasis one often speaks of an open ball.

Proposition 7.1.2. If x # y in X, then for some € > 0, B(x,&) NB(y,€) = .

Proposition 7.1.3. The set X and the empty set are both open subsets of X. The
open subsets of X are stable with respect to the operations of taking finite intersec-
tions and arbitrary unions. The closed subsets of X are stable with respect to the
operations of taking finite unions and arbitrary intersections.

Definition 7.1.3. A sequence (x, : n € N) in X converges to a point x € X, and x is
the limit of the sequence, if for any € > 0 there is a k € N such that for all n > &,
Xy € B(x, €); that is, the sequence is eventually in B(x, €). A point x € X is a cluster
point of a sequence (x, : n € N), if for each € > 0 and each k € N, there is ann > k
with x,, € B(x, €); that is, the sequence is frequently in B(x, €).

Proposition 7.1.4. A sequence can have at most one limit, but many cluster points.

Example 7.1.3. The sequence n — (—1)" has two cluster points in R, while the
sequence n — n has none.

Proposition 7.1.5. If x is a cluster point of a sequence {x,:n € N) in X, then a
subsequence <xnk tkeN > converges to X.

Proof. There is an n; € N with x,, € B(x,1). Given k > 1 and ny, there is an
i1 > ng with x| € B(x, k%l) The subsequence (x,, : k € N) converges to x.

Definition 7.1.4. Given a subset A of X, we write E for the set of all points x € X
such that for each & > 0, B(x,€)NA # @. The set A is called the closure of A, and
points of A are called closure points of A.

Proposition 7.1.6. If A is a nonempty subset of X, then A C A. Moreover, (A) = A;
that is, the closure of the closure is the closure. Any cluster point of a sequence in A
is in A. For a metric space, it is also true that any point of A is the limit of a sequence
in A.

Proof. Itis clear from the definition that A C A. If z € (A), then for each & > 0 there
is a point y € B(z,€) NA. Since B(z, €) is open, there is a § > 0 with B (y,8) C B(z,€).
Since y € A, there is an x € ANB(y,8) C ANB(z,€). If follows that (A) =A. If z
is a cluster point of a sequence in A, then for each £ > 0, there is a point of the
sequence in B(z,€), whence z € (A) = A. If w € A, then for each n € N, there is a
point x, € ANB(w,1/n). The sequence (x,) converges to w.

Remark 7.1.2. We have used the fact, true for a metric space, that for each x € X and
each open set O containing x, there is an n € N with B(x,1/n) C O.
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Proposition 7.1.7. A subset A of a metric space (X,d) is closed if and only if A = A,
and this is true if and only if every sequence in A converging to a point of X actually
converges to a point of A.

Proof. Exercise 7.6.

Proposition 7.1.8. If A C B, then A C B. The closure of A is a closed set; it is the
intersection of all closed subsets of X containing A, and is, therefore, the smallest
closed subset of X that contains A.

Proof. Exercise 7.7.

Definition 7.1.5. A sequence (x, : n € N) in (X, d) is a Cauchy sequence if for any
€ > 0 there is a k € N such that for all n > k and m > k, d(x,,xn) < €. A sequence
(x, :n € N) in (X,d) is bounded if for some x € X and M € N, x,, € B(x,M) for all
n € N. A metric space (X,d) is complete if every Cauchy sequence in X converges
to a point of X.

Example 7.1.4. By definition, a metric space is nonempty. The real and complex
numbers are complete metric spaces. The continuous real-valued functions on a
closed and bounded interval [a,b] form a complete metric space using the dis-
tance d(f,g) = max,c(, |f(x) —g(x)| (Problem 7.25). Completeness here fol-
lows from the fact that the uniform limit of continuous functions is continuous
(Theorem 1.11.4).

Proposition 7.1.9. A Cauchy sequence is a bounded sequence. A convergent
sequence is a Cauchy sequence.

Proof. Exercise 7.8.

If S is a nonempty subset of a metric space (X,d), then S is a metric space when
supplied with the restriction of the metric d to pairs of points in S.

Proposition 7.1.10. If S C X and (S,d) is complete, then S is a closed subset of X.
IfS C X is closed and (X ,d) is complete, then (S,d) is complete.

Proof. If (S,d) is complete, and x € X is the limit of a sequence in S, then that
sequence is Cauchy. Since S is complete, x € S. By Proposition 7.1.7, S is closed.
If S is a closed subset of a complete metric space (X,d), any Cauchy sequence in S
has a limit x in X. Since S is closed, x € S. It follows that S is complete.

Definition 7.1.6. Given metric spaces (X,d) and (Y,p), let f be a function from X
into Y. The function f is continuous at x € X if for any € > 0 there is a § > 0 such
that the image f[B(x,0)] C B(f(x),€). The function f is continuous on X if it is
continuous at each point of X. The function f is uniformly continuous on A C X
if for any € > 0 there is a 6 > 0 such that for any pair of points x and y in A, if

d(x,y) <8, then p(f(x), f(y)) <eé.
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Proposition 7.1.11. Let (X,d) and (Y,p) be metric spaces, and let f : X — Y be
uniformly continuous on X. If (x, :n € N) is a Cauchy sequence in (X,d), then
(f(xn) : n € N) is a Cauchy sequence in (Y,p).

Proof. Exercise 7.9.

Example 7.1.5. Let X =R, and let Y = (—1,1), both with the usual metric. Let
f : X — Y be the function defined by setting f(x) = x/(1 + |x|) for all x € R. Then
f is bijective, and both f and f_1 are continuous. In fact, for any x and z in R,
|f(x) = f(z)] < |x—z|, whence f is uniformly continuous on R. On the other hand,
X =R is complete, but ¥ = (1, 1) is not complete.

Definition 7.1.7. A subset A of a metric space (X,d) is dense in X if the closure of
A equals X. A metric space is separable if there is a countable dense subset of the
space.

Remark 7.1.3. Note that A is dense in X if and only if for every x € X and for every
€ > 0, there is an a € A with d(a,x) < €. That is, A has a nonempty intersection with
every open ball.

Example 7.1.6. The rational numbers are dense in R supplied with the usual distance
function. Therefore, R is a separable metric space.

Remark 7.1.4. In what follows, we write B.(x,r) for the set {y € X : d(x,y) <r};
the set is called the closed ball centered at x of radius r. One should be somewhat
careful with balls in a general metric space. For example, if every point is distance
1 from every other point, as with the set of natural numbers supplied with the usual
distance, then the open ball B(x, 1) consists just of the point x, so the closure of the
open ball is not the closed ball B.(x, 1). It is, however, an exercise (7.15) to show
that a closed ball B.(x, r) is a closed set containing B(x, r).

7.2 Baire Category

We now establish an important principle for a complete metric space that yields
many unexpected results.

Theorem 7.2.1 (Baire). Given a complete metric space (X,d), the countable inter-
section of dense open subsets of X is dense in X.

Proof. Let O, denote the nth dense open subset. Given any open ball B(xy,ro),
we must show that there is a point x that is in B(xg,rp) and also in N,0,. We do
this by finding a decreasing sequence of closed balls B, (x,,7,) C O, N B(xo,70)
with r, — 0. We require that for every n € N, Bo(x41,7n+1) C B(xy, 7). Since O
is dense, there is a point x; € B(xo,79) N O; and an r; with 0 < r; < 1 such that
B.(x1,r1) € B(xp,r0) N Oy. Similarly, there is a point x, € B(xj,r1) N O, and an rp
with 0 < rp < 1/2 such that B.(x,r2) C B(x1,71) N O,. Continuing in this way, the
x,,’s form a Cauchy sequence for which the limit x must be in all of the closed balls
B (xy, 7). It follows that x € B(xg,79) N (N, 0y).
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Definition 7.2.1. A subset of a metric space is nowhere dense if its closure contains
no open balls; that is, the complement of the closure is dense. A set is said to be of
the Baire first category or meager if it is the countable union of nowhere dense
sets. A set is said to be of the Baire second category if it is not of the first category.

Note that the category notions are relative to the overall metric space X. We will
show, for example, that the real line R is second category as a subset of itself. On
the other hand, R is a closed, nowhere dense subset of the plane.

Proposition 7.2.1. If E is a set of first category in (X,d) and A C E, then A is a set
of the first category in X.

Proof. Exercise 7.16(A).

Theorem 7.2.2 (Baire Category Theorem). A set X forming a complete metric
space with metric d is a set of the second Baire category as a subset of itself.

Proof. Let E, be a sequence of nowhere dense sets in X. The complements of the
closures of the E,,’s form a countable collection of dense open sets. The intersection
of those complements is dense and therefore cannot be empty. It follows that the
space X is not the union of the E,,’s.

Proposition 7.2.2. Let E be a subset of a complete metric space (X,d) such that the
complement of E is a dense subset of X. Then any closed subset of E is nowhere
dense, and any Fg subset of E is a set of the first category in X. It follows that if E
and its complement E are both dense in X, then at most one of them is an Fy set.

Proof. Exercise 7.17.
Corollary 7.2.1. The rational numbers Q do not form a Gg set in R.

Proof. Exercise 7.18.

Here is an important application called the general uniform boundedness
principle.

Theorem 7.2.3. Let .F be a family of real-valued continuous functions on a com-
plete metric space X. Suppose that for each x € X, there is a positive constant My
such that sup s z |f(x)| < M,. Then there is a nonempty open set O and a constant
M such that for every x € O and every f € Z, |f(x)| < M.

Proof. For each m € Nand each f € %, letE,, r ={x € X : |f(x)| <m}. Set E, =
NfegEn,y. Since each f € Z is continuous, each E,,, s is closed, and so each E,, is
closed. By assumption, X = U,,E,,,. By the Baire Category Theorem, at least one of
the E,,’s contains an open set O.
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7.2.1 Application to Differentiable Functions

Let C be the set of continuous functions on [0,1]. A metric p on C is given by
p(f,g) = max,cp ] |f(x) —g(x)|. Convergence in this metric is uniform conver-
gence. This makes C a complete metric space (Problem 7.25). We now show that
most (in terms of Baire category) of the functions of C fail to have a derivative at
any point of [0, 1].

Suppose f € C has a right-hand derivative at some point x; in [0,1). Then f
has the property that for some n € N, there is a § with 0 < § < 1 —xy such that
‘f (x) = f(xp)| < n(x—xy) forall x € (xg,xp+ 8]. Since f is
bounded on [0, 1], we may assume, perhaps by increasing n, that | fx)—f (xf)| <
n (x —xf) forall x € [xf,1] and xp < 1 — % Let F, denote the set of functions in C
with this property for some point x; € [0,1 — %]

For each n € N, F,, is a closed subset of C. That is, if (f;) is a sequence in F;, and
Sk — f uniformly, then f € F,. To see this, we setx; := xy,. By taking a subsequence
we may assume that the points x; converge to a point X with 0 <x < 1— >. Fix a
point y with ¥ < y < 1. Since x; — X <y, we need only consider those k € N with
x <. For each such k,

If(y) = f®)]
<FO) = O+ 1) = fieCoo) | + [ (i) = f (o) | + [ (o) — £ (3]

<2. max, 1f(2) = fi@) | +nly —xi) +1f () — F(X)].

xxf ’<nle

As k — oo, max () |f(z) — fi(z)| — O by the uniform convergence of f; to
f> 1f () = f(x)] — 0 since f is continuous, and n(y — x;) — n(y —X), whence
|f(y) = ()| < n(y —X), and thus, f € F,.

The closed set F, is nowhere dense, since any g € C can be uniformly approxi-
mated to within an arbitrary € > 0 by a polygonal path with the absolute value of the
right-hand derivative everywhere > 2n. That is, the complement of F;, is dense in C.
The subset of C consisting of functions that have a finite right derivative for at least
one point of [0,1) is the union U,cnF,, and is therefore a set of the first category.
Similarly, the functions in C that have a finite left derivative for at least one point of
(0,1] form a set of first category in C. The union of these two sets is also of the first
category. Since a subset of a set of first category is of the first category, the functions
in C with a derivative anywhere in [0, 1], including at the endpoints, is a set of the
first category.

7.3 Normed Spaces

A norm is a mapping from a vector space, also called a linear space, into the non-
negative real numbers. Since our application here will be to spaces of functions
and equivalence classes of functions, we write f, g, etc., for elements of the linear



7.4 Classical Normed Spaces 115

space V. We use lower case Greek letters for elements of the scalar field, which
is usually the real numbers R, but can be the complex numbers C. We use |¢| to
denote the absolute value of o for a real-valued scalar; it is the modulus of o if o
is a complex scalar. We use O to denote the additive identity in both the scalar field
and the linear space.

Definition 7.3.1. A norm is a mapping ||-|| from a linear space V into the nonnega-
tive real numbers with the following properties:

1) (positive definite) || f|| = 0 if and only if f =01in V.
2) (homogeneous) ||o.f|| = || || f]| for each f € V and « in the scalar field.
3) (triangle inequality) | f +g[| < ||f|| +||g]| for all f,g € V.

We call a linear space with a norm a normed space.

Example 7.3.1. The absolute value function on R and the modulus on C are exam-
ples of norms on normed spaces. Another example is the Euclidean norm on R™.
That is, if X = (x1,x2, ..., %), then [|x|| = (3, x?)!/2. This makes R" into a normed
space.

There is a natural metric d on a normed space, namely, (f,g) — d(f,g) :=
Ilf — gll- By Property 1, d(f,g) =0if and only if f = g. Moreover, d(f,g) =d(g, f)
since ||g — f]l = [[(=1)(f — g)||- The triangle inequality follows from the fact that
forall f,g,andhinV,

d(f,h)=|f=hll=(f-g)+@—ml <If—gll+lg—hll=d(f,g)+d(gh).

Remark 7.3.1. For a normed space X and all x, y in X, ||x|| < |lx—y|| + ||y]|, and
Y1l < {lx =yl + [lxl[, whence [[lx]| = [[|| < [lx—yl|. This means that x — |[x[| is a
continuous map from X into R™.

We next define some important norms on spaces of equivalence classes of
measurable functions.

7.4 Classical Normed Spaces

In this section, we work with a measure space (X, %, ). We don’t assume [ is a
complete measure, but f = g almost everywhere means that we have equality outside
of a null set, that is, a set of p-measure O; nothing is said about what happens
on the null set. Throughout this section, two functions are equivalent if they are
equal almost everywhere. We use notation such as f for both the function f and the
equivalence class it represents. Moreover, | f| denotes the absolute value of f when
f is extended-real valued, and the modulus of f when f is complex-valued.

Definition 7.4.1. The essential supremum of a nonnegative, measurable, extended-
real valued function f that is bounded outside of a null set is the infimum of values
o such that £~ [( o, +o0)] is a null set. If £ is not bounded outside of a null set, then
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the essential supremum is . If f is an equivalence class of measurable functions,
i.e., functions equal a.e., then ||f]|., denotes the essential supremum of |f|, where
f is any representative of the equivalence class. The space L™ (1) consists of those
equivalence classes of measurable functions f for which || f||.. is finite; such an f is
said to be essentially bounded.

Definition 7.4.2. For 1 < p < oo, the space LP(u) consists of those equivalence
classes of measurable functions f such that [ |f|” du is finite. For each f € LP(u),

= fv] "

For 1 < p <o, ||f]|, is well-defined since if f and g are measurable functions
with f = g p-a.e., then ||f[|, = ||gl,- The space L (1) (also denoted by just L)
is a linear space with respect to the scalar field. That is, it is stable with respect to
the operation of scalar multiplication, and it is stable with respect to addition since
for 1 < p <oo, [f+gl” <27(|f|" +]g|"), and the sum of two essentially bounded
functions is essentially bounded.

Recall Example 6.2.1. When dealing only with counting measure on N, we write
P instead of LP. The space ¢! is the space of absolutely summable sequences,
while for real scalars, the space ¢2 is the space of square summable sequences.
The space ¢~ is the space of bounded sequences, since only the empty set has zero
counting measure.

A modification of /P uses counting measure on a finite set such as an initial
segment of N. It is instructive to consider the surface S of the unit ball centered at 0
when using counting measure and real scalars on a set consisting of 2 points. Points
of that space correspond to points of the plane. For p = 1, S is the diamond shaped
curve consisting of the line segments y=1—x forx € [0, 1],y = —1+x forx € [0, 1],
y=1+xforxe[-1,0],and y=—1—xforx € [—1,0]. For p =2, S is the circle of
radius 1 about the origin. For p = oo, § is the rectangle formed by the line segments
y==xlforxe[-1,1]andx==+1 fory € [-1,1].

Note that if @t(X) < oo, then for p < g, L9(u) C LP(u); we need only consider
the integral where the integrand is greater than 1. If y(X) = 4o, then the contain-
ment goes the other way for bounded functions; that is, consider the integral where
the integrand is less than 1.

It will be important to establish relationships between L” and L7 where 1/p +
1/q = 1. Values p and ¢ satisfying this equality are called conjugate exponents.
An important example is when p = ¢ = 2. The pair L! and L* are also important in
what follows.

Since LP () consists of equivalence classes, ||f||, = 0 if and only if each rep-
resentative of the equivalence class f takes the value O p-a.e. That is, the map
f = [Ifll, is positive definite. Moreover the map is clearly homogeneous. To show,
therefore, that f — || ]|, is a norm, we need only establish the triangle inequality.
For this, we need two important inequalities for the integral. We use the following
special case of Jensen’s Inequality.
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Proposition 7.4.1. Let x and y be nonnegative real numbers, and suppose o > 0,
B >0 and o+ = 1. Then

P <o-x+B-y.
Moreover, this inequality is an equality if and only if x = y.

Proof. If x or y is 0, the result is clear. Otherwise, let x = ¢* and y = ¢'. By the strict
convexity of the exponential function, we have

B — et <. 4B =a-x+PB-y.
This inequality is an equality if and only if s =¢,1i.e., x = y.

Theorem 7.4.1 (Holder’s Inequality). Assume either that p and q are real numbers
larger than 1 with 1 /p+1/q =1 or that p = 1 and q = . In either case, if f € L?
and g € L, then f-g € L' and

1Fglly < 11, - llelly -

The inequality is equality if the right side is 0. Otherwise, for p = 1, equality holds if
and only if |g(x)| = ||gl|« for almost all x such that f(x) # 0, while for p > 1, equality
holds if and only if there are positive constants s and t such that s - |f|P =t -|g|? a.e.

Proof. For p=1 and g = oo, the result is Exercise 7.26. Suppose 1 < p < co. We may
assume that || f]| ,-[|g||, # O since otherwise the result s trivial. By Proposition 7.4.1,

P q
Withx:(ﬁ) andy:(%> ,since 1/p+1/g=1,
P q

A el L (A (el
1A, Nelly = 2 \ I, a \ lll,

Integrating, we have
1 1
ST/
171, - lgll q

and the inequality follows.
By the condition for equality in Proposition 7.4.1, the inequality is actually an
equality if and only if almost everywhere we have

(i) - (i)

thatis, [|g[|-f1” = IfII}, - |g|? a.e. If the latter equality holds, then clearly, there are
positive constants s and ¢ such that s- | f|” = -|g|? a.e. Conversely, if such constants

exist, then
t t
P — P 99— _.|g|
171 = [ 117 =2 [ gt =% gl
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SO
N t
lelly - 117 = 115 - 18l” = IF1l, - 1l ae.

The next result establishes the triangle inequality for || f| ,.

Theorem 7.4.2 (Minkowski’s Inequality). If for 1 < p <o, f and g are in L?, then
s0 is the sum f+ g and

1 +ell, <A1, +llgll, -

Proof. For p =1 and p = oo, the result is an easy exercise (7.27). Assume that
1 < p<eoand f and g are in L”. As already noted,

[f+el” < (f1+1gh)?” <27 (I£1° +18I”).

so f+g € LP. We may assume that [|f|, - [|g]|, # 0, since otherwise the result is
trivial. Now,

[ir+elr< [ (ir+gr101) + [ (1r+87"lel).

Choose ¢ so that 1/p+1/g = 1. Then (p+¢q)/pg =1, so p+ g = pg, whence
p=gq-(p—1). Now by Holder’s Inequality

p—1, < . b4 1/q: . r/q
If+gl” 1) <A, |f +gl AN, ILf + gl

Similarly,

p—1, < ([ P l/q: . pla
|f+gl” -lgl) <llgll, |f+gl gll, - [/ +gllh

It follows that
I +glp < (71, +llgll, ) - 17+l

Since p—p/q=p(1—1/q)=p[(1/p+1/q) —1/q] = 1, the inequality follows.
Theorem 7.4.3. For 1 < p < oo, the map f +— ||f||, is a norm on L?.

Definition 7.4.3. For L” with 1 < p < oo, norm convergence is often called conver-
gence in the mean of order p. Convergence in L™ is often called nearly uniform
convergence.

The last result of this section is an important application of the Fatou Lemma. We
will later use the result to establish the Radon-Nikodym Derivative Theorem using
Hilbert space techniques. Recall that the norm on an L? space is used to generate a
metric on the space.

Theorem 7.4.4 (Riesz—Fisher). An L? space, with 1 < p < oo, is a complete metric
space.
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Proof. We give the proof for the case 1 < p < oo; the case p = o is an exer-
cise (7.35(A)). We write ||-|| for the LP-norm. Given a Cauchy sequence (f, : n € N)
in L?, we replace the sequence with a subsequence such that for m > n, || fi, — fa| <
27". We will show that the subsequence converges to a limit f. As noted in Prob-
lem 7.12, it will follow that the original sequence converges to the same limit. For
each k € N, we set

k oo
8k = Z|fn+17fn|v and g= Z'fn#»l*ﬁl"
n=1 n=1

By Fatou’s Lemma,

oo p k P
Il = [ (21 I —m) ~ ftim (21 e —nt>
k p
gnmn]:f/ (Zl |fn+1—fn|> = liminf "

k p
< limil;f(Z [ fn+1 —nt|> <.
n=1

It follows that g(x) is finite p-a.e., so the series

=

A+ Y (frs1 () = fulx))

n=1

converges absolutely u-a.e. Where we have convergence, denote the limit by f(x);
elsewhere, set f(x) = 0. By definition, f,(x) — f(x) p-a.e. Given n € N, we have
again by Fatou’s Lemma

[15 =l <timint [ 1~ 77 = timind |~ 77 < (277"
m—reo m—yoo

It follows that f — f, € L?, whence f = (f — f,) + fu € L. Tt also follows that
limy oo [|f = full = 0.

Remark 7.4.1. A normed space, such as an L? space, that is complete with respect
to the metric generated by the norm is called a Banach space. Coincidently, Banach
called such a space a space of type B. We will study these spaces in greater detail
after first considering the special example of Hilbert spaces.

7.5 Linear Functionals

Let (V,]|-||) be a normed linear space with real or complex scalars. We don’t neces-
sarily assume that V is complete with respect to the metric generated by the norm.
As usual, |af is the absolute value of o if o € R, and |ot| is the modulus of o
ifoecC.
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Definition 7.5.1. A linear map F from V into the scalar field is called a linear func-
tional. If there is a nonnegative constant M such that forall x € V, |F (x)| <M - ||x||,
then F is called a bounded linear functional on V. The infimum of the values M
that work for all x in V is called the norm of F'; it is denoted by ||F||.

Proposition 7.5.1. If F is a bounded linear functional on V, then the norm ||F| =
Sup|jy |1 [F (x)]-

F
Proof. ||[F|| = sup, w = Sup,.49 ‘F (TTCH)‘ = sup|jy 1 [F (x)].

Theorem 7.5.1. If a linear functional F on'V is continuous at just one point, then it
is bounded. On the other hand, a bounded linear functional is uniformly continuous
on V. Therefore, a linear functional is continuous, and even uniformly continuous,
onV if and only if it is bounded.

Proof. Assume F is continuous at a point x € V. Then for any € > O there is a
6 > 0 such that the open ball B(x,6) = {y € V : |[x—y|| < 8} about the point x maps
into the interval (F(x) — &, F(x) + &) about F(x). (For complex scalars, replace an
interval in R with the appropriate open disk in C.) Now the translate

B(x,8) —x:={y:y=z—x,z€B(x,8)}

is the open ball B(0,0), and F[B(0, )] is contained in (F(x) — &,F(x) + €) trans-
lated by adding —F (x). This is the interval (or disk) about O of radius . It follows
that F' is continuous at the point 0 € V. Moreover, F is a bounded linear functional,
since [|x|| < & if and only if ||5x|| <2, so

2e
sup |F(x)| < —.

|F|| = sup |[F(x)| < sup |F(x)|= 5
x€B(0,8)

[lll=1 lIxll<2

| N

The uniform continuity follows from the fact that for all x, yin V,
|F(x) = F(y)| = |F(x=y)| < [IF]l- l[x—yl.
That is, F satisfies a Lipschitz condition with Lipschitz constant ||F]||.

Remark 7.5.1. We will show later that the bounded linear functionals form a Banach
space, and F + ||F|| is the norm on that space. The next result, which we will refine
later, is an immediate consequence of Holder’s Inequality.

Proposition 7.5.2. Assume either that p and q are real numbers larger than 1 with
Il/p+1/qg=1 orthat p=1 and q = . In either case, if g € L4, then the map
f— [ f-gisabounded linear functional F, on LP with HFéH < Hg||q.
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7.6 Problems

Problem 7.1. Show that the triangle inequality holds in Example 7.1.2.
Problem 7.2. Prove Proposition 7.1.1.

Problem 7.3. Prove Proposition 7.1.2.

Problem 7.4. Prove Proposition 7.1.3.

Problem 7.5. Prove Proposition 7.1.4.

Problem 7.6. Prove Proposition 7.1.7.

Problem 7.7. Prove Proposition 7.1.8.

Problem 7.8. Prove Proposition 7.1.9.

Problem 7.9. Prove Proposition 7.1.11.

Problem 7.10. a) Give an example of a set X and two metrics d, p on X such that
(X,d) is complete, but (X, p) is not complete.

b) Prove or give a counterexample: If X is a finite set and d is a metric on X, then
(X,d) is complete.

Problem 7.11. Let (X, d) be a metric space, and let (x,) be a Cauchy sequence on X.
Show that there exists a subsequence (x,, ) of (x,) such that ¥ cnd (X, Xn,, ) < o°.

Problem 7.12. Show that if a subsequence of a Cauchy sequence converges to a
point x, then the original sequence converges to x.

Problem 7.13. Let f be a continuous mapping from a metric space (X,d) onto a
metric space (Y, p). Show that if (X,d) is separable, then (Y, p) is separable.

Problem 7.14. Let (X,d) and (Y, p) be two metric spaces, and let f be a uniformly
continuous bijection from X onto Y. Assume that f~! : ¥ — X is also continuous. If
Y is complete, must X also be complete? Compare with Example 7.1.5.

Problem 7.15. Show that a closed ball B, (x,r) in a metric space is a closed set.

Problem 7.16 (A). Prove that if E is a set of first category in X and A C E, then A
is a set of the first category in X.

Problem 7.17. Prove Proposition 7.2.2.
Problem 7.18. Prove Corollary 7.2.1.

Problem 7.19. a) Show that a countable union of sets of first category is also of first
category.
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b) To construct a general Cantor set C,, of measure 1 — 1/n, one follows a process
similar to the construction of a Cantor set. At each stage, however, one removes
from the middle of each closed interval that remains, an open interval of length
1/n times a third of the length of the closed interval from which it is removed.
Show that a general Cantor set C,, in [0, 1] is closed, has Lebesgue measure 1 — %,
and is nowhere dense.

¢) Does there exist a set A of the first Baire category in [0, 1] supplied with the usual
metric such that the Lebesgue measure of A is 1?

d) Does there exist a set B of the second Baire category in [0, 1] supplied with the
usual metric such that the Lebesgue measure of B is 0?

Problem 7.20 (A). A point x in a metric space is called isolated if the singleton
set {x} is open. For example, the set of natural numbers N with the usual distance
function forms a countable, complete metric space such that all points are isolated;
notice that every Cauchy sequence is eventually constant. Prove that a complete
metric space without isolated points has an uncountable number of points. (Note
this implies that [0, 1] is uncountable.)

Problem 7.21. Suppose one shows that the rational numbers in [0, 1] have Lebesgue
measure 0 as follows: Order the rationals and center an open interval of length
1/(2™n) about the mth rational so that the rationals are contained in the union,
which is an open set O, of measure at most 1/n. Can it be that the rationals are
exactly the set N7, 0,7

Problem 7.22. Show that the characteristic function of the rationals, i.e., g, is not
the pointwise limit of a sequence of continuous function on R. Hint: If there were
such a sequence {f;), what could you say about the sequence n — £, 1 [(1/2,0)]?

Problem 7.23. Either give an example of the following sequence (A, : n € N) of
subsets of R or state why no such sequence can exist: If / is any open interval in
R, then for each set A,,, there is a point in / that is not the limit of any sequence of
points in A,, and R = U,A,,.

Problem 7.24. Recall the construction in Problem 5.12 of a function continuous at
each irrational number in [0, 1] and discontinuous at each rational number in [0, 1].
Also recall Problem 1.43 characterizing the set of points of continuity of a real-
valued function as a G set. Is there a function continuous at each rational number
in [0, 1] and discontinuous at each irrational number in [0, 1]?

Problem 7.25. Let C be the set of continuous functions on [a,b]. A metric p on C
is given by p(f,g) = max,c[, ) |f(x) — g(x)|. Show that (C,p) is a complete metric
space.

Problem 7.26. Prove Theorem 7.4.1 for the case p = 1 and g = ee.
Problem 7.27. Prove Minkowski’s Inequality for the cases p =1 and p = oo.

Problem 7.28. Let (X, %, 1) be a measure space, and fix p with 1 < p < oo. Show
that if f and g are in LP (), then max(f,g) € LP(u).
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1/p
Problem 7.29. Show that || f]|, = (fol |f\”d7t) does not define a norm on [0, 1]
supplied with Lebesgue measure when 0 < p < 1. Hint: Let f = xo,1/2) and
&= Xn/2,1)-
Problem 7.30. Suppose f is a nonnegative, real-valued, Lebesgue measurable func-
tion on [0, 1], and the product x- (f(x))* has a finite Lebesgue integral on [0, 1]. Use

the fact that § + % = 1 together with the fact that x1/3 (x1/3f(x)) = f(x) forx>0
to show that f has a finite integral on [0, 1].

Problem 7.31. For each k € N, fix a sequence <a£k> S N> in ¢! with norm
YieN

by a;. Use Fatou’s Lemma to show that the sequence (g; : i € N} is in ¢! with norm
Yienlail < 1.

afk)’ < 1. For each i € N, assume that limy_,.. afk) exists, and denote that limit

Problem 7.32. Fix a sequence (q; : i € N) in ¢!. Show that there is a signed measure
U defined on the power set of N such that for every sequence b = (b; : i € N) in £,

Problem 7.33. Suppose f,, — f almost everywhere and all functions are in L? for
1 < p < oo. Show that ||f, — f|| — O if and only if || f,|| — |/f||- Hint: Use the
General Lebesgue Dominated Convergence Theorem, which is a consequence of
Theorem 4.6.2. That is, let g, = 27 |f,|” + 27 |f|” for each n € N, and note that
gn — g :=2P*1|f|P almost everywhere.

Problem 7.34. Fix a measure space (X, %, 1), and fix p with | < p < . Let (f},)
be a Cauchy sequence in L? such that forn > kin N, || f, — fil, < 2 % and f,(x)
converges to f(x) atall x € X. Show that f is in L and limy,. || f — fil|, = 0. Hint:
Foreachk €N, f = (f — fi) + fx-

Problem 7.35 (A). Fix a measure space (X, %, 1).

a) Let (f,) be a sequence in L. Prove that f, — f in L if and only if there is a set
E of measure 0 such that f,, converges to f uniformly on the complement of E.

b) Prove that L™ is complete. Note that given the generality of the underlying mea-
sure space, this also proves that £ is complete.

Problem 7.36. Fix a measure space (X, %, it), and let (f,) be a sequence in L?(u)
such that for some M > 0 and all n € N, || f,|, < M. Show that f,(x)/n — 0 for
p-almost all x € X. Hint: Consider 3,y [y (f/n)>du.

Problem 7.37. Fix a measure space (X, %, ), and fix p with | < p < co.

a) Prove or give a counterexample: if f, — f in L?, then f,(x) — f(x) for p-almost
all x € X.

b) Fix p and ¢ with 1 < p < g < oo. Show that if f, — f in L” and f, — g in L9,
then f = g u-a.e.
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Problem 7.38. Let (X, %, 1) be a measure space, and fix p and g with 1 < p < eo,
l<g<e,and 1/p+1/q=1.1In particular, if p = 1, g = <. Let (f,,) be a sequence
in L” (1), and let {g,) be a sequence in L7(u). Suppose f, — f in L? and g, — g in
L41. Show that f,g, — fg in measure.

Problem 7.39 (A). Given that the space c consisting of convergent real-valued seq-
uences is a linear subspace of £~°(N), show that it is a Banach space; that is, show
that it is complete with respect to the £*°-norm.

Problem 7.40. a) Use the distance function on L[0, 1] (with respect to Lebesgue
measure) to show that L*[0, 1] cannot contain a countable dense subset. Hint:
For each r, s € (0,1) with r # s, || X{0.) — X[0,5) |l =?

b) Describe a countable family of step functions that are dense in L' [0,1] (with
respect to Lebesgue measure).

Problem 7.41 (A). Fix a measure space (X, %, ). Fix f € LP(u), 1 < p <. Given
€ > 0, show that there is a simple function ¢ vanishing outside a set of finite measure
such that || f — o], <e&.

Problem 7.42. a) Show that the set E of integrable real-valued functions that take
the value 1 on (1/2, 1) form a closed subset of L' (1), where A is Lebesgue mea-
sure on [0, 1]. Again, we consider two functions equal a.e. to represent the same
thing, so E consists of integrable functions that take the value 1 almost every-
where on [1/2,1].

b) Show that the set S of continuous real-valued functions on [0, 1] that take the
value 1 on (1/2,1) do not form a closed subset of L' (1), where A is Lebesgue
measure on [0, 1].

Problem 7.43 (A). Let (X, %, 1) be a measure space, and let f be a function that is
in every L for 1 < p < co. Show that lim, .. || f]|, = || ]|~

Problem 7.44. Let (g, : n € N) be an enumeration of the rational numbers, and
set fn 1= n- Xq,.qu+2-n for each n € N. Let f = ¥,cn fp. Show that f € LP with
respect to Lebesgue measure on R for every p such that 1 < p < oo, but f is not
essentially bounded on any non-degenerate interval. Hint: For sufficiently large k,
k < 2K/2P_ Moreover, S = Yet 27k/2p is finite, as seen by considering a - S — S for
an appropriate value of a.

Problem 7.45. Let F,, n € N, and F be bounded linear functionals on a normed
space (V] - ||). Assume that ||F;, — F|| — 0. Let (x,) be a sequence in V converging
to x in V. Show that F,,(x,) — F(x).

Problem 7.46. Let C([0,1]) denote the space of continuous real-valued functions
on [0, 1]. For each f € C([0, 1]), let || f|| = max,¢[o;)f(x) be the norm of f obtained
by restricting the L™(A) norm with respect to Lebesgue measure to C([0,1]). Fix
g €C([0,1]). Let F be the linear functional defined by setting F(f) = fol f(t)g(t)dAr
for each f € C(]0, 1]). Show that F is bounded, and ||F|| = ||g||1, i.e., the L (1) norm
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of g. Hint: Let (x) = 1 on the set {g > 0}, and let #(x) = —1 on the set {g < 0}.
Use Lusin’s Theorem 3.3.3 to show that 4 is the A-a.e. limit of a sequence (f,) in
C([0,1]) with || ]| =1 foralln € N.

Problem 7.47 (A). Let C([0,1]) denote the space of continuous real-valued func-
tions on [0, 1]. Note that each g € C([0,1]) is a member of an L-equivalence class
with respect to Lebesgue measure A on [0, 1]. Suppose f € L*(A) is a point of clo-
sure of the subspace of L*(A) formed by C([0, 1]). Show that f is a member of that
subspace.



Chapter 8
Hilbert Spaces

8.1 Basic Definitions

A Hilbert space is, among other things, a linear space with either real or complex
scalars; it is stable with respect to addition and scalar multiplication. To avoid repe-
tition, we will work with the complex case, which will include the real case. That is,
for a complex number z = x+ iy (x and y real), the conjugate is 7 = x — iy. For a real
number a, the conjugate a@ = a. Therefore, if the scalar field is just the real numbers,
then the conjugation operation a — @ is just the identity operation on R. For this
reason, we can treat both the real and complex scalar cases at the same time. Here
is the definition of the space.

Definition 8.1.1. An inner product space H is a linear space with real or com-
plex scalars for which there is an inner product (x,y) : H x H — C, such that the
following holds:

i) The inner product is linear in the first variable, i.e., for all x,y,z € H and all
scalars o, 3,

(ox+By,z) = ou(x,2) + B (y,2)-

ii) It is complex conjugate symmetric, i.e., for all x,y € H, (x,y) = (y,x) if the
scalar field is C, and (x,y) = (y,x) if the scalar field is R.

iii) The inner product is positive definite, i.e., for each x € H, (x,x) is real and
nonnegative, and (x,x) = 0 if and only if x = 0.

We will show that the mapping x — 1/ (x,x) is a norm on an inner product space.
We will work with the completion with respect to the corresponding metric.

Definition 8.1.2. A Hilbert space is an inner product space that is complete with
respect to the metric generated by the norm x — ||x|| := +/(x,x).

© Springer International Publishing Switzerland 2016 127
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A Hilbert space, for which the scalar field is R, is called a real Hilbert space.
Note that by Properties i and ii, (x, oty + Bz) = @ (y,x) + B (z,x) for all o, B € C. If
the scalar field is R, then (x, oty + Bz) = ot (y,x) + B (z,x). That is, the inner product
is linear in both arguments; this is also called the bilinear property of the inner
product for a real Hilbert space.

Example 8.1.1. a) Euclidean spaces form real Hilbert spaces with (x,y) = x-y. That
is, if x = (x1,x2, -+ ,x) and y = (y1,¥2, -+ ,ym) With real components x; and
y; for each i, then the usual scalar product (x,y) = x-y = Y7 | x;y; is an inner
product.

b) The sequence space ¢> forms a Hilbert space with either real or complex scalars.
Here, ((x),(y)) = Y| %n - ¥u- We know by Holder’s inequality that this is finite.
For any element (x, : n € N) € £2, we have the norm [|(x,)||, = /({x.), (xx)) =

1/2
(2::1 |xn|2) . If the scalar field is R, then |x,| is the absolute value of x,; it is

the modulus of x,, if the scalar field is C.

¢) Given a measure space (X, %, ), the space L? formed from equivalence classes
of appropriate functions is a Hilbert space with either real or complex scalars.
Here, (f,g) = [ f-g. We know by Holder’s inequality that this is finite. Of course,

for any element f € L2, || f|l, = \/(f, f)-

We show next that for a general inner product space, a norm can be defined by
setting ||x|| = +/(x,x). In doing so, we recall that for the special case of a function
in L2, the function represents 0 if and only if it takes the value O almost everywhere.
In general, it follows from Property iii that ||x|| > 0 and ||x|| = 0 if and only if x = 0.
Moreover, if a scalar « is real, ||ox||* = (o, (xx) 0% (x,x) = o?||x||?, while if o is
complex, || ox||> = (owx, ox) = océx(x,x) = |e|?||x||*. In either case, ||owx|| = || - [|x]].
To finish, we need the triangle inequality, and for that we generalize the L* case
of the Holder Inequality. We prove that generalization for both real and complex
scalars.

8.2 Basic Inequalities

Theorem 8.2.1 (Cauchy-Buniakowsky—Schwarz (CBS) Inequality). Let H be an
inner product space. For all x,y € H,

| Ge, )| < [l - {1y l-

Proof. We may assume that neither x nor y is zero. Choose o with |of| = 1 so that
o(y,x) = |(x,y)|. In the real case, @ = 1 or oo = —1. For the complex case where
(v,x) =re’®, o =e~®. Note that &(x,y) = |(x,y)| and ai@ = 1. Now, for any positive
real number A,

0 < (x—Aay,x—Aay) = [|x|> = Ale(y,x) + &(x,y)] + A%yl
= [lxlI* = 22| (x, )|+ A2 ly )1
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Setting A = ||x||/||y||, we have

IIyH HXII
2|(x, )| < Tl +

Corollary 8.2.1. The inner product is a continuous function on H x H.

Iyl = 2(lxll - [Iy1).-

Proof. Exercise 8.1.
Corollary 8.2.2 (Triangle Inequality). For all x, y € H, ||x+y|| < ||x|| + [l¥]|-

Proof. Since (x,y) + (y,x) = 2Re(x,y) <2|(x,y)| <

e +y11 = (e yxy) = [l 4+ () + (3,%) + HYHZ < (IIxll+ IyID*.
Corollary 8.2.3. The mapping x — ||x|| := +/(x,x) is a norm on H.

Note that a Hilbert space is a particular example of a Banach space; that is, a
complete normed linear space. Next, we generalize the equality that holds for the
diagonals of parallelograms in the plane.

Proposition 8.2.1 (Parallelogram law). Let H be an inner product space. For all
x,yin H,

2 2 2 2
[l 4117+ [lx = yII7 = 2 lx]| " + 2 |lyl]”
Proof. Note that
2 2 2
lx+ 17 = G+ yx+y) = [x[|"+ (3.x) + (x,y) + Iy
be=yI7 = (e=yox—y) = [Ix[I* = (%) = (x,3) + [Iy1>-

Adding these equations completes the proof.

8.3 Convex Sets, Orthogonality, and Bounded
Linear Functionals

In this section we work with a fixed Hilbert space H # {0}.

Proposition 8.3.1. For eachy € H, the mapping x — (x,y) is a bounded linear func-
tional on H. (See Definition 7.5.1.) Moreover, the norm of the functional is equal

to [|y]|-

Proof. By the CBS inequality,
of the norm, |(y,y)| = [I¥[| - lly

, 1o, )| <%l - ||¥]], and by the definition
|, so the functional has norm ||y||.

Remark 8.3.1. We will show in Theorem 8.3.3 below that every bounded linear func-
tional on H has the form x — (x,y) for a unique y € H.
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A linear subspace of H inherits the inner product. If the subspace is closed, it
is complete (Proposition 7.1.10), so it is again a Hilbert space. A translate of a
subspace Y is a set of the form Y +x:= {y+x:y € Y} for some x € H.

Definition 8.3.1. A set is convex if it contains every line segment joining points in
the set. That is, if x and y are in the set, so is ox + By for all nonnegative o, 3 € R
such that ¢+ 3 = 1.

Example 8.3.1. Any subspace, and all of its translates, is convex (Problem 8.2).

Theorem 8.3.1. Let E be a closed, convex subset of H. Then E contains a unique
element of smallest norm. That is, there is a unique element closest to the point 0
in H.

Proof. Let a = inf{||x|| : x € E}. Fix x and y in E. Applying the parallelogram
law (8.2.1) to %x and %y, we have

1 N TR R P b
2 =07 =5 ™+ S Il Ik
Since E is convex,%eE, SO
lx = y[I* < 21Jx]]* +2]|y||* — 4a?. (8.3.1)

Equation (8.3.1) shows that there can be at most one point in £ with norm a. If now
x and y are replaced by elements of a sequence (x,) in E such that ||x,|| — a, then
Equation (8.3.1) shows that the sequence is Cauchy, and so the limit x, which must
be in E, has norm a.

Definition 8.3.2. Elements x and y in H are called orthogonal, and we write x | y,
if (x,y) = 0. We write x* for the set of all y orthogonal to x. Given A C H, A* :=

mxeA xL'

L

Proposition 8.3.2. For each x € H, the space x~ is a closed subspace of H.

Proof. The fact that x* is a linear subspace follows from the linearity of the first
argument of the inner product. This space is closed since it is the inverse image of 0
with respect to the continuous functional y — (y,x).

Corollary 8.3.1. Given A C H, A~ = MNeea xt is a closed subspace of H.
The next fact is an easy generalization of the Pythagorean Theorem.
Proposition 8.3.3. If x Ly in H, then ||x+y|? = ||x|*> + [|y||*

Proof.

be+y1% = (et y) = [l + 9112+ () + (0,x) = [l + [yl



8.3 Convex Sets, Orthogonality, and Bounded Linear Functionals 131

The following result is central to our later calculations. We will give the proof
for the case of complex scalars; the real case follows since the conjugate operation
is the identity map on R.

Theorem 8.3.2. Let M be a closed subspace of H. For each x € H, let Px denote the
(unique) nearest point to x in M, that is, the element y € M such that y — x is the
element of smallest norm in M — x; let Qx denote the (unique) nearest point to x in
M. Then ||x||* = ||Px||*> + ||Qx||%>. The mappings P: H + M and Q : H s M* are
linear, and for each x € H, x = Px+ Qx. Moreover, this is the only way to decompose
x into an element of M plus an element of M.

Proof. The case M = {0}, M L = H is clear. Given x € H, let z be the element of
smallest norm in M +x. Then z=u+x for some u € M, sox—z = —u € M. Fix an
arbitrary nonzero element y € M, scaled so that ||y|| = 1. We will show that z € M+
by showing that o := (z,y) = 0. Since z € M +x, z— oty € M + x. Since 7 has the
smallest norm in M + x,

0 < [lz—ay|* —||zl]* = (z— v,z — 0y) — (2,2)
= —a(y,z) —a(z,y) + oo (y,y) = —o0 — 0o+ 0ol = — ol
= —|@zy) <o.

Therefore, (z,y) =0 forally € M, i.e.,z € M*.
Given any element y € M, we have x —z —y € M. Since z € M+,

Ix=ylI* = llz+[(x=2) = y]II> = |l2II* + [lx— 2= y]I.
This is a minimum when y = x — z, so x —z = Px. Given any element w € ML, we
have

lx—wl?> =llx—z+z—wl* = |lx—z|*+ = — w]*.

This is a minimum when z = w, so z = Qx.

We now have a decomposition of x into an element of M and M < namely, x =
(x —z) + z. To show that such a decomposition must be unique, we suppose that
X = x1 + xp is another decomposition with x; € M and x, € M=+, Then Px+ Qx =
X = X1+ X3, SO

Px—x; =x3—Qx € MNM* ={0},

whence x; = Px and xp = Qx. To show that P and Q are linear, we note that for any
X,y € H and scalars o and f3,

o[P(x) +Q(x)] + B[P(y) + Q(y)] = ax+ By = P(ox + By) + Q(ax + By),

SO
P(oux+By) — aP(x) — BP(y) = aQ(x) + BO(y) — Q(ax+By) € MNM* = {0}.

Corollary 8.3.2. If M is a closed subspace of H with M # H, then there is a nonzero
elementy € H such thaty 1. M.
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Theorem 8.3.3. If L is a bounded linear functional on H, then there is a unique
y € H such that L(x) = (x,y) for all x € H. The norm of L is ||L|| = ||y||.

Proof. The element, if it exists, must be unique since if y and z both produce the
same functional, then L(y —z) = (y—z,y) = (y —z,z), whence (y—z,y—2z) =0, so
y—z=0.If L =0, take y = 0. Otherwise, let K be the kernel of L, i.e., the closed,
linear subspace consisting of all elements that L maps to 0. Fix z € K with ||z| = 1.
Then L(z) = o #0. Let y = dz. We will show that L is represented by y. Fix x € H;
we must show that L(x) — (x,y) = 0. Now L (L(x)z — L(z)x) = 0. This means that
L(x)z—L(z)x € K. Since z € K+ and ||z]| = 1,

L(x) = (v,y) = L(x) — a(x,2) = L(x)(z,2) = L(2) (x,2) = (L(¥)z,2) — (L(2)x,2)

Corollary 8.3.3. If L is a nonzero, bounded linear functional on H, then K+ is a
one-dimensional space. That is, for any z # 0 in K+ and any w € K+, w = vz for
some scalar 7.

Proof. Exercise 8.6.

8.4 Radon-Nikodym Theorem

We now have sufficient background to establish the Radon-Nikodym Derivative
Theorem. We will start with the results for just finite measures ¢ and v on a mea-
surable space (X, %) with v << u. This means that 2 is a o-algebra of subsets
of a set X, and the values taken by our measures for sets in Z are finite. It also
means that v is absolutely continuous with respect to U, i.e., sets of y-measure 0
have v-measure 0. We will then extend the result to the case that u is a o-finite
measure, that is, X is a finite or countably infinite union of measurable sets of finite
u-measure, and v is an arbitrary measure on (X, %) absolutely continuous with
respect to (.

We will also establish as a corollary, the Lebesgue Decomposition Theorem for
pairs ¢t and v of o-finite measures on (X, %). For this result, recall that y and v are
called mutually singular, and we write v L i, if there are disjoint measurable sets A
and Bwith X =AUBand u(B) =v(A) =0.

Important for this section is the fact that given a measure space (X, %, 1), the
function space L? is a Hilbert space. In particular, we use the fact that L? is complete
with respect to the metric derived from the L?>-norm. Moreover, as shown in The-
orem 8.3.3, L? is its own space of bounded linear functionals. We need only work
here with real scalars. The proof we now give of the Radon-Nikodym Theorem is
due to John von Neumann.

Proposition 8.4.1. Let (X, %, 1) be a finite measure space, and fix an integrable
function g > 0 on X. The set function E — v (E) := [ g dU is a finite measure on
(X, P). Moreover, if f > 0 is measurable on (X, B), then [ fdv = [ fgdu.
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Proof. 1Tt follows from Corollary 4.4.3 that v is a finite measure on (X, %).If f >0
is measurable on X, and ¢, is an increasing sequence of simple functions converging
upto f,thenforalln €N, [ ¢, dv = [ @,g dU, so by the Monotone Convergence
Theorem applied twice,

/fdv:lim/(pndv:lim/%gdu:/fgdu.

Proposition 8.4.2. Let 1 and v be finite measures on the measurable space (X, %),
and set A := [+ V. Define F(f) := [ f du for all f € L*>(A). Then F is a bounded
linear functional on L*(1). Fix the g € L*()) that represents F, that is, for each
fel*(A), F(f)=[fdu=[fgdA. Then0<g<1 A-a.e. onX, whence we may
assume that the inequality holds at all points of X.

Proof. The map F is clearly linear on L?>(A). If f € L?(4) with norm || ||, then by
Holder’s Inequality,

P\ =| [ rau|< [irlaw < [ 17102 = [ 11002 < s e
Therefore, F is bounded. Fix the g € L?(1) that represents F, i.e., (f,g) = F(f) for

all f € L*(A). The inequality 0 < g <1 A-a.e. follows from the fact that for every
Ec %,

Og/xEduzF(xE)=/g-xEd7L:/Egdl=/Edu§/Ed/l=7t(E)-

That is, if for some n € N there is a set E € % such that g < —% on E, then we must
have A (E) =0, since 0 < [ g dA. Therefore, A ({g <0}) =0.If thereis a set E €
2 such that g > 1+ 1 on E, then we must have A (E) = 0, since [ g dA < A (E).
Therefore, A ({g > 1}) =0.

Corollary 8.4.1. Add the additional hypothesis that v << l. Then A({g=0}) =0.
Moreover, for each set E € 2,

wie) = [gan viE) = [(1-gar,
ME) = [ dn viE)= [(1-9) dn.
Proof. GivenE € B,
u(E):/xEdu:/ngdl:/Egdl.
v(E):)L(E)—u(E):/Eld/l—/Egd/I:/E(l—g)d?L.

If u(E) =0, then v(E) =0, so A(E) =0. That is, A << p. In this case, since
1({g=0}) = J(,_01 8 dA =0, A({g =0}) = 0. By Proposition 8.4.2, for any f in



134 8 Hilbert Spaces

L*(A), [fdu=[f-gdA.Set f= é where g > 0 and f = 1 where g = 0. For each

neN, set G, := {g > 1/n}. If E is a measurable subset of G,,, then f- yg € L*(1),
and by Proposition 8.4.2,

ME)= [1ar= [ 7ogdr=F(rz0) = [ < du.

Since this is true for each n € N, it follows from the Monotone Convergence
Theorem that for every measurable set E C {g > 0}, A (E) = jEé du. Since

L({g=0})=0,A(E)= fEé du for any set E € # . Since v (E) = [¢(1—g)dA,
it again follows from the Monotone Convergence Theorem that v (E) = [(1 —g)-
é du for any measurable set E C {g > 0}, and thus for any E € A.

Let g be the function defined by Proposition 8.4.2, and leth = (1 —g)- % on the set

{g >0} and 21 =1 on the u-null set {g = 0}. Then & is a representative function of
the Radon-Nikodym derivative of v with respect to 1, denoted by dv /du. That is,
foreachE € B, v(E)= [ fi% du when u and v are finite measures with v << u.
Thus, we have established for finite measures the existence part of the following

result.

Theorem 8.4.1 (Radon-Nikodym). Let u be a o-finite measure on a measurable
space (X, ), and let v be a measure on (X, %) with v << U. Then there is a
nonnegative measurable function, denoted by dv /du, such that for any measurable
ECX, v(E)= [g(dv/du)du. The function dv/du is unique except for changes
on W-null sets.

Proof. As noted, we have already established the existence for the case of finite
measures. For that case, let & and f be two functions with the properties of the
Radon-Nikodym derivative. For any n € N, let E,, = {f > h+1/n}. We then have

VE) = [ Fauz [ hdut (B = v(E) +u(E)

Since V(E,) is finite, it follows that u(E,) = 0, and this is true for each n € N, so
f<h p-ae.Similarly, h < f p-ae.,soh=f p-ae.

Now assume that ¢ is a finite measure and Vv is an arbitrary measure that is
absolutely continuous with respect to i on (X, %). For eachn € N, let A, and B, be
the positive set and negative set, respectively, for a Hahn decomposition of X with
respect to the signed measure v — nul. (See Definition 6.3.1.) Let S; = By, and for
eachn > 1,let S, = B,\ U] B;. Then the sets S, are disjoint, and U, S, = U, B,..
For each n € N, §,, C By, so for any measurable subset E of S,, (v —nu) (E) <0,
whence Vv (E) < nu (E) < +oo. Therefore, there is a Radon-Nikodym derivative A,
on S, for v with respect to u. We define  on S := U, S, by setting h(x) := hy(x)
when x € S,,. Any subset E of S is the disjoint union U, (S, NE), so A is a Radon-
Nikodym derivative on S, and any other Radon-Nikodym derivative on S equals
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h p-ae. If E is a measurable subset of X\ S and p(E) > 0, then for each n € N,
ECA,,s0V(E)—nu(E) >0, whence v(E) = 4o0. We complete the formation of
a Radon-Nikodym derivative dv/d on X by extending # to X\ § with the value
+oo. Any other Radon-Nikodym derivative must take the same value on any subset
of X\ S having positive y-measure.

Finally, we assume that (1 is a o-finite but not finite measure, and v is an arbitrary
measure absolutely continuous with respect to u. It then follows that X is a count-
ably infinite union of disjoint measurable sets E; on which u is a finite measure.
Let v; be the restriction of v to the collection of measurable subsets of E;. Clearly
vi << ponkE; Let fy =dv;/du >0onE; and fy =0on X \ E;. Then f:=Y7, fi
is measurable. Moreover, f works as the Radon-Nikodym derivative, since for each
measurable subset £ of X,

V(E) — Z;Vl(EmEl) = i:21~/EﬂEifi d'u - PEI/EOE,fd’u

n JEN(UL E;
If g also works, then on each set E;, g = f; 1-a.e.,so g = f u-a.e.onX.

Corollary 8.4.2 (Lebesgue Decomposition Theorem). Suppose Ll and v are o-
finite measures on a measurable space (X,98). Then v has a unique decomposition
V = Vg + Vi, called the Lebesgue decomposition of v with respect to U, such that
Vo L U and vy << .

Proof. Let A = v+ . Itis easy to see that X is a countable union of sets of finite A -
measure (Problem 8.12). Moreover, u << A.Let f=du/dA.LetA:={f >0}, and
let B:={f=0}.Forany E € %, set v (E) :==Vv(ENA), and set vy (E) := V(ENB).
Then v = vy + vi. Moreover, Vo L u since y (B) =0and vy (A) =0.If E € % and
U (E)=0,then f =0 A-a.e.onE. Thatis, A(ENA)=0. Since v << A, V(ENA) =
vi (E) =0. Thus v; << . To show the uniqueness of the Lebesgue decomposition,
suppose V = Vo + V; is another decomposition with vy | g and v << u. Let C
and D be disjoint measurable sets with X = CUD and u(D) = vo(C) = 0. Let S be
a measurable subset of X of finite v-measure. On S, we have v = vy + v = Vo + V1,
whence on S the signed measure p := Vo — Vo = V| — v;. Since Vo (A) = v (C) =0,
SNANC is a null set for p. Since u(B) = u(D) =0, SNBNC, SNAND, and
SNBND are all null sets for p. Thus, any measurable subset of X of finite v-measure
is a null set for vy — Vo = V1 — vy. It follows that the decomposition is unique.

8.5 Orthonormal Families and Fourier coefficients

In this section, H # {0} is a Hilbert space with complex scalars. By an indexed
family, we mean a set for which there is given a bijection from a set acting as index
onto the family.
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Definition 8.5.1. A subset S C H is called linearly independent if every finite
linear combination with total O has all of the coefficients equal to 0. That is, if
o x; + opxy + -+ -+ oyx, = 0 for some scalars o; and x; € S, then each o; = 0. We
write span(S) for the set of all finite linear combinations of elements of S.

If the elements of S are linearly independent, then there is only one way to write
an element of span(S) as a finite linear combination of the elements of S, since the
difference of two combinations with the same sum is a representation of 0. The span
of § is the smallest vector space containing S (Exercise 8.14).

Definition 8.5.2. An orthogonal family is one for which every element is orthog-
onal to every other element. An orthonormal family is an orthogonal family for
which every element has norm 1.

Remark 8.5.1. An indexed family {uq} is an orthonormal family if and only if
(uq,ug) = 1 when o = B and (uq,ug) = 0 otherwise. While the element 0 € H
is orthogonal to every element of H, it cannot be an element of an orthonormal
family.

Example 8.5.1. The vectors i, j, kK in R3 form an orthonormal family.
Proposition 8.5.1. An orthonormal family is linearly independent.

Proof. If in the family, a finite linear combination s = oqu; + - - - + ot,u, = 0, then
for each i with 1 <i <n, we have 0 = (s,u;) = o;.

Definition 8.5.3. Given an indexed orthonormal family {u }, the aith Fourier co-
efficient of x € H is the complex number () := (x,uq).

Proposition 8.5.2. Given an indexed orthonormal family {uy}, for each index a,
the map x — %(o) is linear and also continuous, since

(o) = ()] = [(x = y,ue)| < [x—yl|-

aug|| = |a| since ||auq||* = (aug,auy) = |al*.

Moreover,
The next result is the heart of what we need for Fourier series.

Proposition 8.5.3. Let {uy € H : o € I} be a finite orthonormal family in H (i.e., I is
a finite index set), and let M be its span. Then M is closed. If y =, ocjaqlte, € My,
then for each o € I, §(0t) = (v,utq) = aq, and |[y[|* = (,y) = Toes[9(00) . Given
any x € H, let s;(x) := Y e; £(@)ug. Then (x —s7(x)) € Mj-, so s;(x) is the unique
closest element to x in My, (x — s;(x)) is the unique element closest to x in Mj-, and

2 2 2
[l ” = [lsz Ge) [ 4 [|x — sz (x) |
whence

lsr(x) 1> = X, () < Il

acl
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Proof. Ify =Y aquy € M, then for each o € 1,

$() = (vyua) = Y, aplug,ua) = da,
Bel

and

¥ = ) = X, X 9(0)3(B) (o) = 3, 19(ex)?

acl Bel oel

In general, the span of a finite set in a linear space is closed, but here is a simple
proof for our setting. If (x, :n € N) is a sequence in M; with limit y € H, then
by the continuity of the inner product, (x, — y,ug) — 0 for each a € I. Let y; =
S oct O ug)ug € My Foreachn € N, x, = 3o cq(Xn, U ) U, SO

X —y1l| = Z(xm“oc)“oc— 2(}’7“06)“06 = Z(Xn_)’yua)“a
ocl acl acl
S2,”( yv“a ua”_2| yauOC |_>0
oel ol

Since a limit is unique in H, x,, — y = y; € Mj. It follows that M is closed.
Next, we note that for any x € H with s;(x) = Yo7 %(00)ug, and any z =
Zﬁelbﬁuﬂ e M,

(x—si(x ( Z’Wﬁ) - (Zf(a)“avzbﬁ“ﬁ>

Bel ocl Bel
= Zgﬁ(x,uﬁ z ZX bB ua,uﬁ)
Bel ael Bel
= > bpf(B)— D, £(B)bg =0
Bel Bel

The rest follows from Theorem 8.3.2.

Next we use the Axiom of Choice to show that there is a maximal orthonormal
family in H, i.e., one not properly contained in a larger orthonormal family. Again,
we assume that H # {0}. Note that for any nonzero x € H, the singleton set {x/ ||x|| }
is an orthonormal family.

Theorem 8.5.1. Every orthonormal family B in H is contained in a maximal (also
known as complete) orthonormal family in H.

Proof. We use the Hausdorff Maximal Principle, which, as shown in the appendix,
is equivalent to the Axiom of Choice. We partially order by containment the or-
thonormal families in H that contain B. That is, a family S; is further along in the
ordering than a family Sy if S| contains Sy Let S be the union of a maximal (with
respect to containment) linearly ordered family of orthonormal sets all containing
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B. Then S is orthonormal since if u and v are in S, they are in some orthonormal
family contained in S. By definition, S is maximal.

We now show that for a maximal orthonormal family in a Hilbert space, the
closure of the span is H. Recall that the span of a set is the collection of all finite
linear combinations of members of the set. By Problem 8.14, the span of a set is a
linear space, and the closure of the span is also a linear space.

Theorem 8.5.2. An orthonormal family {uq : @ € A} is maximal in H if and only if
the closure of its span is all of H.

Proof. Let S be the span of {ug : & € A}, and let M be the closure of S. Then M is a
closed linear subspace of H. By Theorem 8.3.2, M # H if and only if M+ # {0}. If
M+ # {0}, then there is an element ug # 0 in M, which by normalization we may
assume has norm 1. By definition, (u4,uo) =0 for each index ot € A, so {uy : x €A}
is not maximal since adjoining ug produces a larger orthonormal family. On the other
hand, if {uy : & € A} is not maximal, then there is a ug of norm 1 that is orthogonal
to every element of {uy : @@ € A}, whence it is orthogonal to S. By continuity of the
inner product, u is then orthogonal to M, whence M # {0} and M # H.

8.6 Separability

Recall that a Hilbert space is a metric space using the distance function generated
by the norm. Recall that such a space is called separable if there is a countable sub-
set with closure equal to the whole space. There is a special relationship between
separable Hilbert spaces and the /2 space formed from sequences of scalars. On
the other hand, much of what is true for separable Hilbert spaces works without
the assumption of separability if norm convergence of sequences is replaced with
the norm convergence of unordered sums. We will discuss results for both the sep-
arable case using norm convergence of sequences and the non-separable case using
unordered sums. We will use the fact shown in Theorems 8.5.1 and 8.5.2 that there
exists a maximal orthonormal family in a Hilbert space H, and the closure of the
span of that family is all of H.

Theorem 8.6.1. A Hilbert space H is separable if and only if every orthonormal
family in H is either finite or countably infinite.

Proof. Suppose an orthonormal family in H for which the span is all of H is finite
or countably infinite. Then finite linear combinations formed from members of
the family using rational real and imaginary parts for the coefficients produce a
dense subset of H, whence H is separable. On the other hand, if there exists an unc-
ountable orthonormal family {u, € H : oc € A}, then for any two distinct members

ug and ug of the family, {ua —ug H2 = (1o —up, g —ug) = 2, so the ball of radius
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ﬂ /3 about each member of the orthonormal family contains no other member of
the orthonormal family, but must contain a point of a dense set. In this case, there
cannot be a countable dense subset of H. In particular, there cannot be a finite or
countably infinite orthonormal family with span equal to H.

8.7 Unordered Sums and ¢> Spaces

To include non-separable Hilbert spaces in our discussion, we need facts about uno-
rdered sums for general normed spaces as well as scalar fields. If we are given an
infinite collection of vectors or scalars S = {x : @ € A} indexed by an index set A,
we can make the collection .% consisting of all finite subsets of S into a partially
ordered set using containment. That is, a finite subset F| of S is “further along in
the ordering” than a finite set Fy of S if F; contains Fy. Given any two members F}
and F, in .7, the union Fi UF, is again in .7 . Therefore, the map F — ¥, cr Xq
is a net with directed set .#. This net converges to xp if for each € > 0 there is an
Fg € .7 such that for each F € .7 with F O F, || X, crXa — Xo| < €. We call xo
the unordered sum of the collection {x : o € A}. If a series in the scalar field is
absolutely convergent, then the sum of the terms is an unordered sum; conversely,
if a scalar series has an unordered sum, then the series is absolutely convergent
(Problem 8.15).

The limit of a net in a normed space is unique. To see this for our special case,
assume that xo and x| are such limits. Then for any € > 0, there is an F; € .% and a
G¢ € F such that for any F € .# containing F; and any G € .% containing Ge,

X0 — Z Xol| < €/2 and ||x; — z xXal| < €/2,
xg€F xq€G

whence

X0— Y Xg||<€/2 and |xi— Y xqf <€/2,
xq€FeUG ¢ xq€FeUG ¢

and so ||xo —x1]| < €. Since € is arbitrary, xo = x;.

Note that in dealing with a finite unordered sum of terms x, in any normed space
X, including R and C, we must have x, = 0 except for at most a countable number
of terms (Problem 8.16(A)).

If we think of counting measure on a set A, that is, for x € A, the singleton set
{x} has measure 1, then the unordered sum of the values taken by a nonnegative,
real-valued function f on A corresponds to the integral of f with respect to counting
measure. Recall that the Hilbert space ¢? consists of scalar sequences (a, : n € N)
for which ¥,,cx |an|? < -+eo. We will write ¢ (N) to indicate that the index set is N.
A larger class of Hilbert spaces is obtained using unordered sums on a set A. Here,
the measure space is A with counting measure. All subsets of A are measurable,
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and the only null set is the empty set. This is an example of an L>-space, but we
will write £? (A). That is, a scalar function ¢ on A is in £2(A) if the unordered sum
Y wea |@(a)|? exists in R. The following is an application of the fact that an L?-space
is a Hilbert space; it is stated for the scalar field C.

Theorem 8.7.1. The set {*(A) is a vector space over C. If ¢ and y are any two
elements of (>(A), then the unordered sum (@, W) = Y gea @()y(t) exists in C,
and the CBS inequality holds. That is,

(@ vl <lel2-[[wll-

It follows that (-,-) is an inner product,
is a Hilbert space.

o=V Zacalo(@)|? is a norm, and £*(A)

8.8 Fourier Series

Recall that a map 7 from one linear space to another is linear if for all points x and
y in the domain and all scalars ¢ and 8, T (ox + By) = oT (x) + BT (y). We now
establish the existence of a linear map between any Hilbert space H and an appro-
priate ¢% space via the Fourier coefficient map. If H is separable, the corresponding
¢? space is either finite-dimensional or £2(N). We give separate consideration to the
separable and the non-separable case.

Theorem 8.8.1. Let H be a Hilbert space. Let {uy : o0 € A} be an orthonormal
family in H, and let M be the closure of its span. Then M is a Hilbert subspace of
H. The map ~: H — (*(A) given by x — %, where () is the ath Fourier coefficient,
satisfies Bessel’s inequality:

I1%13 = 3, [#(e)]* < [Ix]>
€A

The map x — % is linear and continuous. Its restriction to points x € M is a bijection,
i.e., a one-to-one map of M onto {*(A). It is, in fact, an isometry; that is, for each
x €M, ||%||2 = ||x||- As already noted, M = H if and only if {uy, : ¢ € A} is a maximal
orthonormal family in H.

Proof. The span, and therefore, the closure of the span are stable under addition
and scalar multiplication. A closed subspace of a complete space is complete, since
a Cauchy sequence has a limit in the complete space, and that limit must be in the
closed subspace. Therefore, the restriction of the inner product to points of M makes
M a Hilbert subspace of H. By Theorem 8.5.2, M = H if and only if {uy : o € A}
is a maximal orthonormal family in H.

For each o € A, the map x — (x,uy ) = £(a) is linear, so the map x — £ is linear.
We have seen in Proposition 8.5.3 that for any finite subset F C A and any x € H,
Soer [£(@)]? < |x||*. This shows that the set of Fourier coefficients of any x € H
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is in £2(A), and that Bessel’s inequality holds. It follows from Bessel’s inequality
that the linear map x — £ is continuous since ||£—J||, < [|x—y||. We need to show
that for each y € 02 (A), there is a unique x € M such that £ = y, and moreover,
[l = [1£]]2.

To show the uniqueness, suppose £ = Z. Let w = x — z. By linearity w =% —Z2 = 0.
It follows that for each o € A, (w,uy) = 0, whence w.lspan ({ug : 0t €A}). By
continuity, w € M. If x and z are both in M, then w € MNM~*, whencew =x—z=0
inH.

Assume that H is separable. By Theorem 8.6.1, A is either finite or countably in-
finite. We work with the case that A = N, leaving the finite case as an exercise (8.19).
Fix y € /2(N). Thatis, y = {a; : i € N}, and ¥, |aj|* < +eo. The sequence of partial
sums Y;_; a;u; is a Cauchy sequence in H since for m < n,

2

n m
=1 i=1

Since M is closed, that Cauchy sequence converges to a point xo € M. Since the
norm and the map " are continuous,

2
n
. . 2
lvol|* = lim =lim Y |a;|* = [|y[3,
i=1

n
. ai
i=1

and a; = % (i) for each i € N. Thus, for each y € /*(N), there is an x € M such that
X =yand ||x|| = ||y||2. It follows that the Fourier coefficient map x — £ maps M onto
/2(N), and the map is an isometry when restricted to M.

Now suppose H is not separable. Fix y € ¢>(A). That is, y = {by : @ € A}, and
the unordered sum Y., 4 |bo|? exists in R. Let B be the finite or countably infinite
set of o’s in A for which by, # 0. Let yg = {bq : o € B}. We work with the case
that B is infinite, leaving the finite case as an exercise (8.19). Let Mp be the closure
of the span of {uy : @ € B}. Order the set of uy’s, o € B, to form the enumerated
orthonormal family {u; : i € N}, and for each i € N, let b; be the corresponding
element of y. As is true for the separable case, x = lim,, >} | bju; exists and is in
Mp C M. Moreover, £(i) = yp(i) for each i € N, and ||x|| = ||ys]|2. For each o €
ANGB, %(a) = (x,uy) = 0. Therefore, £ = y. Also,

I£ll2 = llyslla = [I¥ll2 = llx[l

It follows that for each y € £2(A), there is an x € M such that £ = y, and ||x|| = ||£]|,.

Corollary 8.8.1. The equality |31, = \/Sgea |2(a)* = /(x,x) = ||x|| holds for

every x € H if and only if {uy, : o € A} is a maximal orthonormal family in H.

Proof. Exercise 8.23.



142 8 Hilbert Spaces

Corollary 8.8.2 (Parseval’s Equality). The equality (X,y) = Y. qca £(0)9(00) = (x,)
holds for every x and y in H if and only if {uy, : o0 € A} is a maximal orthonormal
family in H.

Proof. Tf there is a up of norm 1 in M*, then iy = 0, so (iy,ip) = 0, while
(uo,uo) = 1. If M = H, then the corresponding inner products in £2(A) and in H
are equal because they can be written in terms of the norm using the following iden-
tities, called the polarization identities: For the real case,

(03 = g letol = 5 I —yiP
= 1100+ 2003) + 0] = 31063 = 2063) + 0o3)]

For the complex case,

2 2, . 2 12
eyl = e =yl e iy |7 =l = iyf] -

NP

(xvy) =

8.9 Trigonometric Series

In this section, we show that the family {1,cos(nr),sin(nt) : n € N} is, after a suit-
able normalization, a complete orthonormal system for L*([0,27]). The orthogonal-
ity is obtained with the usual integrals using trigonometric identities. For each n > 0,
the normalization is given by multiplying each sine and cosine function by 1/y/7
since [¢" cos?(nt)dt = [3" sin®(nt)dt = . Since 3" 12dt = 27, the normalization
for 1is given by 1/v/2x. If we like, we can integrate from —7 to 7 instead of from
0 to 2, since we are working with period 27.

Given an orthonormal family in L? and f € L?, we associate f with its expansion;
that is, f ~ ¥ f(0)ue, where f(ot) = (f,uq). Here, we have the expansion

=

Flx) ~ 6170 + Y [ancos(nx) + by sin(nx)].

n=1
Usually, one drops the normalization of the cosine and sine terms in writing the
Fourier series, and one writes the constant term of the Fourier series as ag/2.
The normalization is put back when finding the Fourier coefficients. That is, to find
the coefficient of the kth cosine term ay, we think of f as being given by its Fourier
series, and for k > 1, we evaluate the integral

T

%/_Zf(t)COS(kt)dt _1 /_7; (6;) +rgancos(nt)+bn sin(nt)> -cos(kt) dt

T cos(kt) cos(kr)
= ak . .
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Similarly,

%/jtf(f) sin(kt)dt = l T (‘g) +n§2an003(nt)+bnsm(m)> 'Sin(kt)dt

TJ)-r

. . .
/ b sin(kt) sin(kr) di = by

= VE VR

To find the value of ag, we evaluate

1 nf(t)dt— l/n L4 ) aycos(nt) + bysin(nt) | dt
) n = ) n ) = n n

g 1 1
= ay — | - —=dt = ayp.
7'[(0 \/2717) V2r 0

The maximality (also known as, completeness) of the trigonometric system for the
interval [0, 27] follows first from the fact that the space C(T), consisting of the con-
tinuous functions taking the same value at 0 and 27, is dense in L?([0,27]). We
think of associating 0 and 27 so that they represent a single point. The domain is
then a circle of circumference 27 (hence, the T for torus). One needs the fact that fi-
nite linear combinations of the trigonometric functions are dense in the space C(T),
and are, therefore, dense in L?([0,27]). The denseness in the space C(T) is a conse-
quence of the Stone-Weierstrass Theorem, which is discussed in Example 9.11.1.

8.10 Problems

Problem 8.1. Show that it follows from the CBS inequality that the inner product
on an inner product space H is a continuous function on H x H.

Problem 8.2. Verify Example 8.3.1.

Problem 8.3. Let H = R? with the inner product be equal to the usual dot-product
of vectors. Let M be the line of slope a > 0. That is, M := {(t,at) : t € R}.

a) Find the closest point P(x,0) on the line M to the point (x,0) on the real axis.
b) Show that the vector P(x,0) — (x,0) is orthogonal to M.

Problem 8.4. Let H be a Hilbert space.

a) Show thatif A C B C H, then BX C A™.
b) Show that A+ = ().

Problem 8.5. Let M be a closed Hilbert subspace of a Hilbert space H. Show that
(MY =M.

Problem 8.6. Prove Corollary 8.3.3.
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Problem 8.7. Let H be a Hilbert space, and let A C X. If A contains an open ball
B(a,r) for some a € A, r > 0, show that A~ = {0}. Hint: Suppose there is a point
y € At with ||y|| = r/2. What can you say about a +y?

Problem 8.8. Show that the parallelogram law fails for the space C([—1, 1]) consist-
ing of the continuous real-valued functions on [—1, 1] and equipped with the norm

1£1l = maxer—y 1y [ £(x)]-

Problem 8.9. Show that ¢”(N) is a Hilbert space if and only if p = 2. Hint: Check
the parallelogram law.

Problem 8.10. Let A be Lebesgue measure on the real line R. Suppose E is a
measurable subset of R and v is defined on any measurable subset A by setting
V(A) = A(ANE). Clearly, v is absolutely continuous with respectto 4, i.e., v << A.
Describe the Radon-Nikodym derivative dv /dA.

Problem 8.11. Let X = {1,2,...,n}, and let 4 be counting measure on X. That is,
u(i) = 1 for each i € X. Given any measure v on the subsets of X, calculate Z—;.

Problem 8.12. Show that if y and v are o-finite measures on a measurable space
(X, ), then X is a countable union of measurable sets on which both u and v are
finite measures.

Problem 8.13. a) Let i and v be o-finite measures on a measurable space (X, %)
dv

with v << u. Show that if g € L' (v), then [, gdv = .fxg@ du.

b) Assume in addition that y is a o-finite measure on (X, %) such that u << 7.
Show that ZTV/ = Z—X%, v-a.e.

Problem 8.14. a) Show that the span of a subset S of a Hilbert space H is a linear
space. That is, S is stable with respect to addition and scalar multiplication.

b) Show that the span of S is the smallest linear subspace of H containing S.

¢) Show that the closure of the span of a subset S of a Hilbert space H is a linear

space.

Problem 8.15. Show the following: If a series in the scalar field is absolutely con-
vergent, then the sum of the terms is an unordered sum. Conversely, if a scalar series
has an unordered sum, then the series is absolutely convergent.

Problem 8.16 (A). Show that in dealing with a finite unordered sum of terms x in
any normed space X, including R or C, we must have x, = 0 except for at most a
countable number of terms.

Problem 8.17. Let {u;,us,u3} be a three-element orthonormal family in a Hilbert
space H. Let M be the span of the set {uj,uz,u3}. Given h € H, let a; = (h,u;),
a) = (h,uz), and az = (h,u3).

a) Show that & — (aju; +ayup + azuz) is in M.
b) Describe in terms of the elements u;, u,, and u3, the nearest element to 4 in M
and the nearest element to 4 in M~.
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Problem 8.18. Show that the span of a finite orthonormal family in a real or com-
plex inner product space is complete.

Problem 8.19 (A).

a) Prove Theorem 8.8.1 for the case that H is separable and A is a finite set.
b) Prove Theorem 8.8.1 for the case that H is not separable and B is a finite set.

Problem 8.20. Let H be a Hilbert space, and let M C H be a closed linear subspace
such that M # H and M # {0}. Show that there is a maximal orthonormal basis for
H consisting only of elements of M and of M.

Problem 8.21. Let H be a separable Hilbert space, and let V be a dense subspace of
H. Show that V contains a maximal orthonormal family for H.

Problem 8.22. Show that a linear isometry from one normed space to another is an
injection, that is, a one-to-one map.

Problem 8.23. Prove Corollary 8.8.1.

Problem 8.24. Use the fact that the family

{

1 1 1
—}U{—ncosnx:neN}U{—nsinnx:neN}

2n” Vm v

is a maximal orthonormal family in L?[0,27] with respect to Lebesgue measure to
show that for any f € L?[0,2x], lim, . foz " cos(nx) f(x)dx = 0.

Problem 8.25. Show that for a Hilbert space with complex scalars, the inner product
is given by the polarization identity.

1 . . . .
(e9) = g [t ol = loe= ol il iyl = il — iyl



Chapter 9
Topological Spaces

9.1 Neighborhoods

In this chapter, we generalize the notion of closeness given by a metric or norm.
Recall that if we start with a metric space (X,d), then open balls play a central
role in obtaining results. An open ball with center x and radius r > 0 is denoted by
B(x,r); itis the set {y € X :d(x,y) <r}. n R, B(x,r) = (x —r,x+7). A set O is
called open in a metric space if for each x € O there is an > 0 such that the open ball
B(x,r) is contained in O. If z € B(x,r), then there is an open ball B(z,6) C B(x,r).
Just let 6 = r — d(x,z). This property makes an open ball such as B(x,r) an open
set. A subset of a metric space is again a metric space when the metric is restricted
to pairs of points in the subset. In a space X with a norm, such as a Hilbert space,
the corresponding metric is given by d(x,y) = ||[x—y]||. Note that for any z € X,
B(0,r) +z=B(z,r). Also, for any z € X, ||z|]| = ||z— 0| = d(z,0).

If x and y are points in a metric space, then the more open balls centered at x that
contain y, the closer y is to x. Given two open balls centered at x, the intersection
contains, and in fact equals, an open ball centered at x. We now generalize these
properties so that we can deal with topologies in essentially the same way that we
deal with metrics. First we note that given a point x in a metric space, the collection
7, of open sets containing x has the properties of what is called a filter base. That is,
Z, is anonempty collection of nonempty sets each containing x, and the intersection
of any two members of .%, contains another member of .%,. Here is what we will
use.

Definition 9.1.1. Fix a nonempty set X. A local filter base at a point x € X is a
nonempty collection %, of subsets of X, each containing x, such that

YU,V € B, IW € B, suchthat xe W CUNV.

Example 9.1.1. An example of a local filter base not given by a metric is one for
pointwise convergence of real-valued functions on [0, 1]. Here, each point is actually
a function f, and an element of % specifies a finite set {ry,---,r,} in the interval
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[0,1] and an £ > 0. A function g is in the member of % given by these parameters
if for 1 <i<n, |g(r;) — f(ri)| < €. To see that the necessary condition for a local
filter base is met, simply take two such sets for a given f, take the union of the two
sets of points in [0, 1] and the smaller of the two €’s. This gives a member of %y
contained in the two initial ones.

Definition 9.1.2. Assume we are given a local filter base %,, at each point x in a set
X. A set O C X is called open if for each y € O thereis a U € %, withy € U C O.
A collection .7 of subsets of a nonempty set X is called a topology, and (X,.7) is
called a topological space, if .7 contains X as well as the empty set, and .7 is stable
with respect to the operations of taking arbitrary unions and finite intersections.

We will usually assume that the members of a local filter base are themselves
open sets. Even without this simplifying assumption, we have the following result,
used, for example, to construct a topology in [21].

Theorem 9.1.1. Given an assignment of a local filter base 9, at each point x of a
nonempty set X, the collection 7 of open subsets of X is a topology on X.

Proof. Since there are no points in the empty set, the condition for the empty set to
be open is vacuously satisfied. Since for each x € X, %, # @, the set X itself is open.
If {Ugy} is a collection of open sets and the union contains x, then for some index
0, x € Ug,, and so for some W € B,, x € W C Uy, C Uy Uq. Therefore o, Uy is
open. If {Uy,...,U,} is a finite collection of open sets, each of which contains x,
then for 1 <i < n, there is a set W; € %, with x € W; C U;. By the properties of a
local filter base, there is a set Wy € %, with x € Wy C N W; € N, U;. Therefore
(i U; is open.

Definition 9.1.3. If for each x in a set X, x — A, is an assignment of a local filter
base consisting of open sets, then we say that we are given an open base at each
xeX.

We have noted that for a metric space, the open balls centered at a point form an
open base at the point. It is also easy to see that the base described for pointwise
convergence in Example 9.1.1 consists of open sets. In much of the literature, one
starts with a topology .7, calling the members “open sets”; only later is an open
base at a point of the space defined. If one starts with a topology .7, the mapping
x+— {0 € T : x € O} gives the largest possible open base at each x that yields .7
as the collection of open sets. On the other hand, if one is given an open base %, at
each point of aset X and % : ={U : 3x € X, U € %,}, then the topology consists
of all possible unions of sets from % .

An open set containing a point x is often called an open neighborhood (or just
a neighborhood) of x. In general, many choices of open bases give rise to the same
topology. For the Euclidean plane, for example, open disks centered at points of
the plane generate the topology of open subsets of the plane. The same topology,
however, is generated by the insides of squares centered at points of the plane, and
also by open balls of radius 1/n, n € N, centered at points of the plane. For this
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reason, the overall collection of open sets is the first thing that is usually defined
when considering a topology. On the other hand, just as with open balls in a metric
space, it is the generating open neighborhoods of points that one considers for the
most part when actually working with a topology.

The emphasis on open neighborhoods will allow us to develop the notions of
topology in parallel with the notions of metric spaces. Indeed, if we are given a
metric space, we will usually assume that the open base at a point is the set of
open balls with that point as center. Even when a metric is available, however, it
is sometimes better to work with a neighborhood system not directly given by the
metric. For example, the topology of uniform convergence on compact sets is of
fundamental importance in complex function theory. A metric is available, but it
is more natural to think of a neighborhood of a continuous function f as given by
a compact subset K C C and an € > 0; the neighborhood consists of appropriate
continuous functions g such that max,cx | f(z) — g(z)| < €. (See Problem 9.1.)

Finally, we note some additional structure that can be added to a topological
space to obtain results not available for generic topological spaces.

Definition 9.1.4. A subset S of a topological space (X, 7) is dense in X if every
O € 7 contains a point of S. That is, S = X. A topological space that contains a
countable dense subset is called separable.

Example 9.1.2. The rational numbers are dense in R, so R is separable. The points
with rational coordinates are dense in R”, so R” is separable.

Definition 9.1.5. Given a topological space (X, 7 ), a collection Z C 7 is called
a base for .7 if for each open O and each x € O thereis a U € & withx € U C O.
That is, every open set O is the union of the sets from % contained in O.

Remark 9.1.1. If 2 is a base for a topology .7, then x — {U € # : x € U} is an open
base at x. On the other hand, given an open base %, at each point of X, Uyex Xy is
also a base for the topology. Usually, a base # is a smaller collection of open sets.

Example 9.1.3. For a separable metric space such as R”, it follows from Problem 9.3
that open balls of radius 1/n, n € N, centered at points of a dense subset of X form
a base for the metric topology.

Definition 9.1.6. A topological space with a countable open base %, at each point
is said to satisfy the first axiom of countability. One also says the space is “first
countable.” A topological space with a countable base % for the topology is said
to satisfy the second axiom of countability. One also says the space is “second
countable.”

We will show that sequences suffice for convergence to closure points when a
space satisfies the first axiom of countability. Also, a space that satisfies the second
axiom of countability satisfies the first axiom, since the sets in the base containing
x form a base at x.

Example 9.1.4. A metric space (X,d) satisfies the first axiom of countability since
open balls of radius 1/n, n € N, centered x € X form an open base at x.
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Theorem 9.1.2. A fopological space (X,T) that satisfies the second axiom of
countability is separable. If (X,.7) is separable and satisfies the first axiom of
countability, then it satisfies the second axiom of countability.

Proof. Given a countable base for the topology, use the Axiom of Choice to select
one point from each base set. Given a countable dense set S C X and a countable
open base %, at each x € S, the union U,c5%, forms a countable base for the topol-

ogy.

Remark 9.1.2. For the most part, we work with open bases at points of a topological
space. Recall, however, that if we are given a local filter base at each point of a set X,
then a set E is open in the corresponding topology if and only if for each x € E, there
is a set S in the local filter base at x such that x € S C E. This raises the question
as to whether such a set must at least contain an open subset. The answer is “not
always.” For example, the set {a,b,c} with the trivial topology is generated by the
local filter base that associates the set {a,b} with a and associates the set {a,b,c}
with both b and c. Here is a partial positive answer for a Hausdorff space; that is, a
space for which distinct points have disjoint open neighborhoods.

Proposition 9.1.1. Let (X, T) be a Hausdor{f space. Let p be a point in X for which
there is a countable open base at p, whence there is a sequence (O, : n € N) of open
sets with p € Ony1 € Oy, for each n, and N,0, = {p}. Let £}, be a local filter base
for p. Then each S € .Z), contains an open set.

Proof. For each n € N, there is an S, € .Z), with p € §, C O,. If some Sy € .Z),
contains no open set, then we may assume that each S, is contained in Sy. Now,
for each n € N, there is a point x, € O,\So. Let A = {x, : n € N}. Since (X,.7)
is Hausdorff, for each point x # p in X, there is an m € N and an open set V that
contains x such that O,, NV = &. Using the fact that X is Hausdorff again, there is
an open neighborhood U of x contained in X\ A. Since p € So C X\ A, X\ A is an
open set. On the other hand, A is not closed since p is a point of closure of A. This
contradiction establishes the result.

9.2 Metric and Topological Notions

We now establish some properties of both metric and topological spaces. Through-
out this section, we work with a nonempty set X and an assignment of an open base
Ay at each x € X. When the space is a metric space, which we assume is nonempty,
the open base at x consists of open balls centered at x. For this reason, our results
will recapitulate results for metric spaces.

Definition 9.2.1. Given A C X, and x € X, we say that x is a Boint of closure or a
closure point of A if for each U € #,, UNA # &. We write A for the set of points
of closure of A. A set A is called closed if A = A. Moreover, A is called the closure
of A.
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Proposition 9.2.1. Fix A, B C X. Clearly, A C A. IfA C B, then A C B. In general,
AUB=AUB, and ANBCANB.

Proof. 1If C C D C X, then a closure point of C is a closure point of D. It follows
that, ANBCANB,and AUB D AUB. If xis in AU B and x is not a point of closure
of A, then some neighborhood of x does not intersect A. Every neighborhood in %,
must then intersect B, so x € B. It follows that AUB = AUB.

Example 9.2.1. On R, if A= (0,1) and B= (1,2), then ANB= &, but ANB = {1}.
Proposition 9.2.2. The closure of the closure is the closure; i.e.,@ =A.

Proof. Let x be a point of closure of A, and fix an arbitrary U € %,. By definition,
there is a z € U NA. Since U is open, thereisaV € A, withz €V C U. Since z € A,
thereisay € VNA C UNA, whence x € A.

Proposition 9.2.3. The closure of a set A C X is the intersection of all closed sets
containing A.

Proof. Exercise 9.4.

Proposition 9.2.4. The closure of a dense subset S C X is all of X.

Proof. Exercise 9.5.

Theorem 9.2.1. A set A is closed if and only if its complement X \ A is open.
Proof. Exercise 9.6.

Proposition 9.2.5. The set X and the empty set & are closed. Moreover, finite unions
and arbitrary intersections of closed sets are closed.

Proof. Use De Morgan’s law.

Remark 9.2.1. We have already noted in Remark 7.1.4 that a closed ball in a metric
space is a closed set, and for some spaces, the closure of an open ball may not be
the closed ball with the same radius.

Definition 9.2.2. The interior of a set E C X is the set of all x for which there is a
U e %, with x € U C E. We write E° for the interior.

Proposition 9.2.6. The interior of a set E is the union of all open sets contained
inE.

Proof. Exercise 9.7.

Definition 9.2.3. If A is a subset of a metric space, then A is bounded if A is con-
tained in an open ball about some point of the metric space.
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9.3 Continuous Mappings

In this section, we assume that X and Y are two sets; we let x — 2, be an open base
at each point of X while y — %), is an open base at each point of Y.

Definition 9.3.1. A function f from X into Y is continuous at x € X if for each V €
D), there is a U € %, with f [U] C V. We say that f is continuous or continuous
on X if it is continuous at each point x € X.

Theorem 9.3.1. A function f mapping X into Y is continuous on X if and only if for
each open set O contained in'Y, f~'[0] is open in X.

Proof. Assume that for every open O C Y, f~1[0] is open. Given x € X and V €
Dt (x)» f71V] is open and contains x. Therefore, there is a U € %, with x € U C
f~1Vv], whence f[U] C V.t follows that f is continuous on X. Conversely, if f is
continuous on X and O is open in Y, then given x € f~1[0], set y = f(x) € O. Now
thereisa V € 2, withy € V C O, and there is a U € %, with f[U] CV C O. That
is, x € U C f~1[0]. It follows that f~![0] is open in X.

Proposition 9.3.1. Assume now that Z is a third set with open base %, at each point
zof Z. Fixx e X. If f : X — Y is continuous at x, and g : Y — Z is continuous at
f(x), then go f : X — Z is continuous at x. If this is true at each point of x, then the
composition function is continuous. That is, a continuous function of a continuous
function is a continuous function.

Proof. For the second part, if O is open in Z, then g_1 [O] is open in Y, whence
(gof)~'[0] = f'[g '[0]] is openin X.

Definition 9.3.2. A bijection f mapping X onto Y is called a homeomorphism be-
tween X and Y if f and f~! are continuous. If such a mapping exists, we say that X
and Y are homeomorphic.

Properties invariant under homeomorphic mappings are often called topological
properties. If (X,p) and (Y, 0) are metric spaces and f is a mapping from X onto
Y such that for every x, z € X, 6(f(x), f(z)) = p(x,z), we say that f is an isometry
between X and Y. If such a mapping exists, we say that X and Y are isometric
spaces. An example of a homeomorphism that is not an isometry is given by the
identity mapping from R” to R” where the domain is supplied with the Euclidean
metric p and the range has the distance function min(p, 1).

9.4 Sequences and Nets

Example 9.4.1. We want to use ordinal numbers as an example in this section. We
summarize some results from the appendix on the Axiom of Choice. It follows from
that axiom that any set can be well-ordered. Take an uncountable set and impose



9.4 Sequences and Nets 153

a well-ordering on it. Every nonempty subset of the set will have a first element
with respect to the ordering. There is, therefore, a first element @ such that the set
of its predecessors, corresponding to the elements of N, is an infinite set. There
is a first element €2 such that the set of its predecessors form an uncountable set.
There is a bijection between any two well-ordered sets terminating in an element
that is the first element for which the set of predecessors is an uncountable set. That
terminating element is called the first uncountable ordinal Q. If S is such a set,
then any element smaller than €2 has an immediate successor but not necessarily
an immediate predecessor. Since each o < 2 has an immediate successor v, ¥ <
o if and only if ¥y < v. An open base at each o < €2 consists of the sets Ug =
{yeS:B<y<a} foreach § < o in S. The corresponding topology is called
the order topology on S. The element {2 and its predecessors form the ordinal
numbers up to the first uncountable ordinal.

Throughout this section, we let (X, ) be a topological space, and for each x € X,
we let %, be an open base such that the assignment x — 4, generates the topol-
ogy 7. Recall that for each x € X, %, may consist of all open sets containing x.

Definition 9.4.1. A sequence (x,;n € N) in X converges to a point x € X if it is
eventually in each U € Z#,. That is, for every U € %,, there is an m € N such
that for all n > m, x,, € U. The point x is a cluster point of x, if the sequence x,, is
frequently in every U € %,. That is, for every m € N, there is an n > m withx, € U.

A generalization of sequential convergence is given by net convergence. Recall
that a directed set is a set & together with a transitive relation < such that for any
pair a, b in 9, thereisa cin & witha < c and b < c. A net in X is a mapping from
a directed set into X. We write x, for the image in X of a € Z; we write (x,:a € 9)
for the net.

Definition 9.4.2. A net (x,:a € &) in X converges to a point x € X if for each
U € %P, there is a ¢ € & such that for all a > ¢ in ¥, x, € U. That is, the net is
eventually in every open neighborhood of x. A point x € X is a cluster point of the
net (x,:a € ) if for every U € %, and every b € Z, there is a ¢ > b in & with
x. € U. That is, the net is frequently in every neighborhood of x.

Example 9.4.2. We have already noted in Examples 1.9.3 and 1.9.4 the use of net
convergence beyond sequential convergence in calculus. Unordered sums are also
an example of net convergence. Our topological space (X, 7 ) provides still another
example. That is, fix x € X, and let the directed set Z := %A,. WesetV > U in
if V. C U. The property that makes %, a local filter base makes & a directed set.
Choose xy € U for each U € %,. Then the net (xy : U € %B,) converges to x since
it is eventually in every U € %,. Note that such a net always converges to x, but if
(X, ) does not satisfy the first axiom of countability, there may be no sequence
except one eventually identically equal to x that converges to x. An example is given
by the set of ordinal numbers up to and including the first uncountable ordinal €2
described in Example 9.4.1 and Problems 9.9 and 9.20. There is no countable base
at (2 for the order topology. There is no sequence of ordinals smaller than €2 that
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converges to 2 even though, using the order topology, €2 is a closure point of the
set of its predecessors. On the other hand, the set of ordinals smaller than £2 forms
a directed set, and the identity map o — ¢ provides a net converging to £2.

Proposition 9.4.1. A point x is a closure point of E C X if and only if there is a
net in E converging to x. If there is a countable base for the topology at x, then a
sequence in E converges to x.

Proof. If such a net exists, then every neighborhood of x contains a point of E.
Conversely, if every neighborhood of x contains a point of E, then Example 9.4.2,
with xy € E for each U € %, gives a net converging to x.

Definition 9.4.3. A topological space (X,.7) is a Hausdorff space if distinct points
x and y in X have disjoint open neighborhoods U € %, and V € %,.

Remark 9.4.1. A metric space with the topology generated by the metric is a Haus-
dorff space. For these, and for more general spaces, the following is clear.

Proposition 9.4.2. A net, in particular a sequence, can have at most one limit in a
Hausdorff space.

9.5 Subspaces

Given a subset Y C X, where (X,d) is a metric space, we can restrict the metric
to Y x Y. For each x € Y, we then look at open balls in Y; these have the form
{y €Y :d(x,y) < r}. For spaces without a metric, we can still restrict the topology.
Let (X, .7) be a topological space, and let x — B, be an assignment of an open base
ateachx € X. Fix Y C X. If y € Y, then 933 ={UNY:U € %} is alocal filter
base at y since

wWCunv=wnyCcuny)nvny).

Definition 9.5.1. Sets open in Y with respect to the assignment y — %’;’ are called
relatively open in Y. The corresponding topology on Y is called the relative topol-
ogyonY.

Proposition 9.5.1. For Y C X, a subset W CY is open in Y, i.e., relatively open, if
and only if there is an open O C X with W = ONY.

Proof. Assume W is nonempty and relatively open in Y. For each y € W, choose a
U, € #y so thaty € U,NY C W. The set O := Uyew U, is the desired open subset
of X. Conversely, if W = ONY for some open subset O of X, then for each y € W,
y € 0, so there is a U € %, with U C 0. Since UNY € BY, and UNY CW. It
follows that W is relatively openin Y.

Corollary 9.5.1. Foreachy€Y, (@)Y is an open base at y with respect to the relative
topology on'Y.
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Corollary 9.5.2. If Z C Y C X, the relative topology of Z with respect to the relative
topology of Y equals the relative topology of Z with respect to the topology for X.

Corollary 9.5.3. A set A is relatively closed in Y if and only if there is a closed set
F in X with FNY = A. Moreover, for a general subset of Y, the relative closure in
Y is the intersection of the closure in X with Y.

Proof. Exercise 9.8.

Proposition 9.5.2. If 2 is a base for the topology &, and Y C X, then the restriction
of the sets in B to'Y is a base for the relative topology on Y.

Corollary 9.5.4. If (X,.7) is separable and satisfies the first axiom of countability,
then every subspace of X is separable.

Proof. Apply Theorem 9.1.2.

Corollary 9.5.5. Every subspace of a separable metric space is separable.

9.6 Connectedness

Connected sets in topological spaces generalize intervals in the real line.

Definition 9.6.1. A subset A of a topological space (X,.7) is connected if it is not
the union of two disjoint, nonempty, relatively open sets. Equivalently, it is con-
nected if it is not the union of two disjoint, nonempty, relatively closed sets. In
either case, such a pair of sets is called a disconnection of A. If A = X, relatively
open is just open, and relatively closed is just closed.

Theorem 9.6.1. Suppose A is a nonempty subset of a topological space (X, ), and
f is a continuous function from A with the relative topology into a topological space
(Y,.”). In particular, f may be the restriction to A of a continuous function on X.
Then the inverse image of a disconnection of f[A] is a disconnection of A. It follows
that the continuous image of a connected set is connected.

Proof. Suppose U and V are open sets in ¥ such that f[A] CUUV and UNV N
f[A]=@.ThenUN f[A] and V N f [A] are relatively open sets in f [A]. It follows that
f~1U] and f~![V] are relatively open in A, their union is A and their intersection
is empty. That is, they form a disconnection of A.

Example 9.6.1. The Intermediate Value Theorem in calculus is an example of the
fact that an interval is connected, and so its continuous image is connected.

Theorem 9.6.2. If (X,.7) is a topological space, and {Ay :y € #} is an indexed
family of connected subsets of X such that for any o and B in .%, Aq NApg # @, then
the union Uyc #Ay is connected.
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Proof. Exercise 9.10(A).

Theorem 9.6.3. If A is a connected subset of a topological space (X, ), and the
set A C B C A, then B is connected. In particular, A is connected.

Proof. Let U and V be disjoint, relatively open subsets of B such that B=UUV.
If UNA = @, then since any point of B\ A is a point of closure of A, U = @. A
similar fact holds for V. Since A is connected, it follows from Corollary 9.5.2 that
either U = @ or V = &. Therefore, B is connected.

Definition 9.6.2. Let (X,.7) be a topological space. A path in X joining x € X to
y € X is a continuous function 4 mapping a closed interval [a,b] C R into X with
h(a) = x and h(b) = y. The space (X,7) is pathwise connected if every pair of
points x and y in X can be joined by a path in X.

Remark 9.6.1. One can always use a continuous transformation to change the parametriz-
ing interval [a, D] to [0, 1]. In the literature, a pathwise connected space is also called
arcwise connected.

Theorem 9.6.4. Every pathwise connected topological space is connected. In par-
ticular, every interval in the real line is connected.

Proof. First we show that every closed and bounded interval [a,b] C R is connected.
Suppose U and V are disjoint open sets in R with a € U and [a,b] C U UV. Let
¢ =sup{x € [a,b] : [a,x] CU}. Since U and V are open, ¢ = b, and ¢ € U, whence
VN[a,b] = @. Now suppose that (X,.7) is a nonempty, pathwise connected space,
and fix x € X. By Theorem 9.6.1, every path in X from x to another point in X is
a connected set. Since X is the union of such paths, it follows from Theorem 9.6.2
that X is connected. In particular, any interval in R is connected.

Example 9.6.2. Let X be the plane R? with the Euclidean topology, and let A be the
graph of the function x — sin(1/x) for 0 < x < 1/x. Since A is pathwise connected
it is connected. The closure A in R? adjoins the interval from —1 to 1 on the y-axis.
By Proposition 9.6.3, A is connected. It is not, however, pathwise connected. See
Problem 9.13.

Remark 9.6.2. Here are some further aspects of connectedness that appear in the
literature. The component of a point is the union of all connected sets containing
the point. By Theorems 9.6.2 and 9.6.3, a component is both closed and connected.
A locally connected space is one having an open base x — 9, at each point con-
sisting of connected sets.

9.7 Compact Spaces

We next consider compactness for an arbitrary topological space (X,.7). For a his-
tory of the notion, see [42].
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Definition 9.7.1. An open covering of a set A contained in a topological space
(X,.7) is a collection of open sets in X such that each point of A is in at least
one of the open sets. A finite subcover of an open cover of A is a finite subcollec-
tion of the open cover that again forms a cover of A. A set A C X is called compact
if every open cover of A has a finite subcover. A collection of sets has the finite
intersection property if every finite subcollection has a nonempty intersection.

Proposition 9.7.1. A set A C (X, .7) is compact in X if and only if A is a compact
topological space with respect to the relative topology.

Proof. This follows from Proposition 9.5.1.

Fix (X,.7). A collection of sets fails to cover a set A C X if there is a point of
A in all of the complements. Therefore, by DeMorgan’s law, we have an equivalent
formulation of compactness using closed sets. For the space (X, .7) itself, relatively
closed just means closed.

Theorem 9.7.1. A set A C X is compact if and only if any collection of open sets
having no finite subcover of A does not itself cover A. Equivalently, A C X is compact
if any collection of relatively closed subsets of A with the finite intersection property
has a nonempty intersection.

Recall that a topological space is Hausdorff if any two distinct points have dis-
joint open neighborhoods.

Theorem 9.7.2. A closed subset of a compact set is compact. A compact subset of a
Hausdorff space is closed. A compact subset of a metric space is bounded.

Proof. Suppose A C B C X, and A is a closed subset of B, while B is a compact
subset of X. Adjoin X\ A to any open cover ¢ of A. The augmented collection
covers B, and so there is a finite subcollection that covers B. The members of that
finite subcollection that are in &' cover A. Now suppose A C X is compact and
(X,7) is Hausdorff. If z is a point that is not in A, then for any x € A, there are
disjoint open sets Uy and V; about x and z, respectively. There is a finite subcover
Ui,...,U, of the U’s, and the corresponding finite intersection of the V’s does not
intersect A, so z is not a point of closure of A. It follows that A is closed. Now assume
that if A C X is compact and the topology on X is generated by a metric. Fix any
point xq in A. The open balls B(xy,n), n € N, cover A, so A is contained in a finite
number of them, whence A is bounded.

Theorem 9.7.3. The continuous image of a compact set is compact.

Proof. Let f be a continuous function on a compact set A. If {Og, } is an open cover
of f[A], then {f~'[O4]} is an open cover of A. Since A is compact, there are a finite
number Oy, - - -, 0, of the Og’s such that {f~1[0;] : 1 <i < n} covers A. It follows
that {O; : 1 <i <n} covers f[A].
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Corollary 9.7.1. A real-valued continuous function f defined on a compact set A
takes a maximum and minimum value.

Proof. The image f[A] is a compact subset of R. By Theorem 9.7.2, f[A] is a closed
subset of [—n,n| for some n € N, whence f[A] contains its lub and glb in R.

Theorem 9.7.4. A continuous function f from a compact metric space (X,d) into a
metric space (Y, p) is uniformly continuous.

Proof. Given € > 0, cover X with open balls of half the radius that works for conti-
nuity and €/2 at each x € X. Take a finite subcover, and let § be half the minimum
radius for that finite subcover. If d(x,y) < &, then both x and y are in a ball B(z,r)
that maps into B(f(z),&/2). It follows that p(f(x), f(y)) < €.

Proposition 9.7.2. If 2 is a base for the topology of X, then a subset of X is compact
if and only if every covering by sets from 9 has a finite subcovering.

Proof. Replace each set from an open covering by the sets from 2 that it contains.
Reduce that covering to a finite subcovering By, -- -, B,. Then replace each B; with
one of the original open sets that contains B;.

Definition 9.7.2. A topological space (X,.7) has the Bolzano-Weierstrass prop-
erty if every sequence in X has at least one cluster point in X.

Theorem 9.7.5. If X is compact, then every net in X, and in particular every se-
quence in X, has a cluster point in X. That is, the space has the Bolzano-Weierstrass
property. Conversely, if every net in X has a cluster point, then X is compact. On
the other hand, if X satisfies the second axiom of countability, then X is compact if
and only if X has the Bolzano-Weierstrass property.

Proof. Suppose (xy : . € ) is anetin X and X is compact. Then the collection of
closed sets Fy = {xo : ¢ > 7}, Y € 2, has the finite intersection property, so there
is a point x in the intersection. For any open neighborhood U of x and any y € 2,
UN{xy:a>y}+#a. Thatis, x is a cluster point of the net.

Conversely, let % be a family of closed subsets of X such that .# has the finite
intersection property. Let & denote the collection of finite subcollections of .%. The
ordering is given by C, with the larger set being further along in the ordering. The
relation C is transitive, and given two finite collections, their union contains them
both. Therefore, (2, C) is a directed set. For each finite subcollection of % in &,
let the corresponding value of the net be an element chosen in the intersection of
the members of .%. (In general, we are using the Axiom of Choice here.) We are
assuming that this net has a cluster point x. Therefore, for each neighborhood U of
x and for each F € %, there is a finite subset {Fi,...,F,} of .% containing F, and
there is a point y in the intersection N, F; with y € U. Since y € F, x is a closure
point of the closed set F, i.e., x € F. It follows that x is in the intersection of all of
the sets in .%.

Assume X has a countable base Z. To show X is compact, it is enough to show
that every covering by sets from % has a finite subcovering. Equivalently, it is
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enough to consider a countable family {Fj, F»,--- } consisting of the complements
of the sets in % with the property that for any n € N, N}, F; # &. Now for each
n € N, we pick a point x,, € N, F;. The assumption that this sequence has a cluster
point x means that x is a point of closure of each of the F;’s, whence x € N.%. There-
fore, to establish compactness for a space with a countable base, one need only show
that the space has the Bolzano-Weierstrass property.

Example 9.7.1. In a space satisfying the first axiom of countability, such as a metric
space, if a sequence (x,) has a cluster point x, then a subsequence (x,,) converges
to x. On the other hand, the space of ordinals, with the order topology, up to but
not including the first uncountable ordinal (2 satisfies the first but not the second
axiom of countability. (See Remark 9.4.1 and Problem 9.9.) For that space, every
sequence has a cluster point with a subsequence converging to that cluster point,
but the space is not compact. We will see (Example 9.9.1) that there is a compact
space, namely the Stone-Cech compactification of the natural numbers, that contains
a sequence with no converging subsequence even though the space must have the
Bolzano-Weierstrass property.

Proposition 9.7.3. Suppose (X,d) is a metric space with the Bolzano-Weierstrass
property, and fix n € N. Then there is a finite subset S of X with the following prop-
erties:

i) For distinct points x and y in S, d(x,y) > 1/n, and
ii) For any z € X such that z ¢ S, there is an x € S with d(x,z) < 1/n.

Proof. Any subset of X with just one point satisfies the first property. If S satisfies
the first but not the second property, then there is a point that can be added to S and
the first property will still be satisfied. This addition must stop at some finite step,
since a countably infinite set with the first property forms a sequence with no cluster
point.

Theorem 9.7.6. Suppose (X,d) is a metric space with the Bolzano-Weierstrass
property. Then X is separable and compact.

Proof. By Proposition 9.7.3, for each n € N, there is a finite set S,, such that for each
x € X, there is an s € S,, with d(x,s) < 1/n. The union U,enS,, is a countable dense
set. By Theorem 9.1.2, X has a countable base for the topology, so by Theorem 9.7.5
X is compact.

Theorem 9.7.7 (Heine-Borel). A subset of R, m € N, is compact if and only if it
is closed and bounded.

Proof. By Theorem 9.7.2, a compact subset of R is closed and bounded. Let A be
a closed and bounded subset of R™. Let (x, : n € N) be a sequence in A. Choose a
subsequence (x,, : i € N) so that the first coordinates of the subsequence converge to
the limsup of the first coordinates of the original sequence. Choose a subsequence
of that subsequence so that the second coordinates converge. After m steps, one has
a subsequence converging to a point that must be in A since A is closed. The limit
of the subsequence is a cluster point of the original sequence, so A is compact.
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Example 9.7.2. Warning: It is not true for an infinite-dimensional space, such as
/%, that a closed and bounded set is compact. Let A be the basis for ¢> consisting
of sequences e; that are zero except at the i" place, where the value 1 is taken.
Each element of A is a distance v/2 from every other element. Therefore, the closed
unit ball of ¢2, although closed and bounded, does not have the Bolzano-Weierstrass

property.

Definition 9.7.3. A metric space is totally bounded if for each € > 0, the space is
covered by a finite number of balls of radius €.

Theorem 9.7.8. A metric space is compact if and only if it is both complete and
totally bounded.

Proof. Clearly, a compact metric space is totally bounded, and any Cauchy se-
quence has a cluster point to which the whole sequence must converge. For the
converse, we assume that (X,d) is complete and totally bounded. For each n € N,
take a finite covering C,, of X by balls of radius 1/n. Let S, be the finite set of cen-
ters of those balls. The union U,,cnS, is a countable dense set, so by Theorem 9.1.2,
(X,d) has a countable base for the topology. Let (x, :n € N) be a sequence in X.
A subsequence is in some ball B(y;,1) € C;. A subsequence of that sequence is in
some ball B(y,,1/2) € Cy, etc. The diagonal sequence, formed by mapping each
n € N to the n'" point in the n™ subsequence, is Cauchy, and therefore has a limit.
That limit is a cluster point of the original sequence.

Example 9.7.3. The map tanx is a homeomorphism from (—%,7) onto R. Note that
(=%, 7%) is totally bounded, but R is not. This shows that total boundedness may not
be preserved by a homeomorphic map. It is, however, preserved by any uniformly
continuous map. See Problem 9.14.

9.8 Properties of Topologies

Two topologies that always exist on any nonempty set X are given by & = {X,2}
and by 7 =Z(X), i.e., the set of all subsets of X. The first is called the trivial
topology; the second is called the discrete topology, since every point forms an open
set. The discrete topology can be generated by the following metric: Set d(x,y) = 1
forallx,y € X.

It is common to have two topologies, .77 and 73, on X where every set open for
the first is open for the second; that is, 7] C .%. We say 7] is weaker or coarser than
25 and 7 is stronger or finer than .77 . Of course, the trivial topology is the weakest
possible topology, and the discrete topology is the strongest possible topology on a
set. A topology .7 is stronger than 7] on a set X if for each point x € X, any .7]-
open neighborhood of x contains a Z-open neighborhood of x. Of course, if each
topology is stronger than the other, then they are equal. Recall that in a Hausdorff
space, distinct points have disjoint open neighborhoods.
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Theorem 9.8.1. Suppose (X, ) is a compact Hausdorff space. Then any strictly
weaker topology is not a Hausdorff topology, and with any strictly stronger topology,
the space is not compact.

Proof. Assume that % is strictly weaker than .7, and let f be the identity map
x — x on X mapping (X,.7) onto (X, %). The map f is continuous. Fix O in .7
such that O ¢ 9, and let C = X\ O. By Theorems 9.7.2 and 9.7.3, C is compact
with respect to .7, so C is compact with respect to 7. On the other hand, C is not
closed with respect to 9, so (X, %) is not Hausdorff. The rest is Problem 9.16.

Any collection of subsets of X generates a topology on X. The generated topol-
ogy is the intersection of all topologies (including the discrete topology) containing
the given collection. It is the weakest topology containing the collection. (See Prob-
lem 9.21.)

Definition 9.8.1. We say that disjoint sets A and B in a topological space can be
separated by disjoint open sets if there are open sets U, V with U NV = & and
ACU,BCV.

Definition 9.8.2. Let (X, T) be a topological space. The following is a list of sepa-
ration properties, given in increasing order of strength, with all properties assuming
that singleton sets in X are closed. That is, if x € X, then X\ {x} is open.

Hausdorff) If x and y are distinct points in X, then there are disjoint open neigh-
borhoods of x and y, respectively.

Regular) If F is a closed subset of X and x € X\ F, then there are disjoint open
sets containing F' and x, respectively.

Completely Regular) The family .%# of bounded, real-valued, continuous func-
tions on X separates points and closed sets. That is, if F is a closed subset of X
and x € X\ F, then there is an f € .% such that f (x) ¢ f[F].

Normal) Disjoint closed subsets of X can be separated by disjoint open sets.

Remark 9.8.1. Given that singleton sets are closed, it is easy to see that regular
spaces are Hausdorff, and completely regular spaces are regular. The fact that nor-
mal spaces are completely regular follows from Urysohn’s Lemma, which is pre-
sented next. We also note that a convenient formulation of regularity is that for
any point x € X and any open set U with x € U, there is an open set V with
x€V CV CU. See Problem 9.22.

Theorem 9.8.2 (Urysohn’s Lemma). Let A and B be disjoint closed subsets of a
normal space X. There is a continuous function f : X — [0,1] such that f =0 on A
and f =1onB.

Proof. If a space is normal, then for any closed set F and any open set W with F C
W, there is an open set O with F C O C O C W. Recall that dyadic rational numbers
in [0,1] have the form k/2" for k € N, 0 < k <2".Let O; = X — B, and fix an open
set Oy with A C Oy C Op C O; = X — B. Choose 01/2 with Oy C 01/2 Q51/2 C 0.
Between Og and O /2, and between 0, /2 and Oy, we can fit open sets Oy /4 and O3 4
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with similar properties. Continuing in this way, there is a countable family of open
sets {O,} indexed by the dyadic rationals in [0, 1] such that the following holds: If
r<s,then A C O, C O, C Oy CX — B, etc. Now as shown in Problem 9.23, the
desired function f is obtained by setting f(x) = inf{r: x € O, }.

Next we sketch an application of Urysohn’s Lemma generalizing the useful prop-
erty that a continuous function on a closed subset of R has a continuous extension
to all of R.

Theorem 9.8.3 (Tietze’s Extension Theorem). Any continuous real-valued func-
tion f defined on a closed set S in a normal space X has a continuous extension to
all of X; the extension can keep the same bounds as the original function.

Proof. By composing f with a homeomorphism, we may assume that we have
sup,cs f(x) = 1 and inf,c5 f(x) = —1. The final step of the proof is to com-
pose the constructed function with the inverse of the homeomorphism. Let A =
{xeS:f(x)<—1/3},andlet B={x € S: f(x) > 1/3}. Both sets are closed. Let
hy be a continuous function on X such that 4y : X — [—1/3,1/3], hy =—1/3 0nA
and 4y = 1/3 on B. Since |f(x)| < 1/3 on S\(AUB), =2/3 < f—h; <2/3 on S.
Let g = % -(f — h1). Applying the previous step, there is a continuous function h;
on X such that 3h2 X+ [~1/3,1/3],and —2/3 g g—3hy <2/3 on S. It follows
that i : X — [— 32, 32} and — (2/3)> < f—h; —hy < (2/3)% on S. It now follows
that for each n > 2, there is a collection of contmuous s functions {h1,ha,--+ ,hy} on
X such that 3 | || <3 ;, , whence the sum A := Y | h; is continuous on X.
Moreover, |f — 2,: hi| < (2/3 )", whence h = f on S.

Definition 9.8.3. A topological space is Lindelof if any collection of open sets has
a countable subcollection with the same union.

Proposition 9.8.1. A ropological space with a countable base for the topology is
Lindelof.

Proof. For each point in the union of the original collection of open sets, choose a
base set containing the point and contained in one of the open sets of the collection.

This collection of base sets is countable. Replace each one of these with one of the
original open sets containing it.

Theorem 9.8.4. A regular, Lindeldf space is normal. In particular, a regular, second
countable space is normal.

Proof. Given disjoint closed sets A and B in the space X, we may enclose each point
x € A in an open set O such that x € O C O C X \ B. We may do the same thing for
each point in B. By the Lindeldf property, A is contained in the union of a countable
family of open sets U; such that U; "B = & for each i. Similarly, B is contained in
the union of a countable family of open sets V; such that V;NA = @ for each i. For
eachn € N, let 0,, = U, \ Ui<,,V; and let W,, = V,, \ Uj<,U,,. Then O = U,,cnO,, and
W = U,enW, are open sets with A C O and B C W. If x € O, then there is a first n
with x € O,. It follows that x ¢ V; for 1 <i < n. It also follows that x ¢ W; for j > n.
Therefore, x ¢ W. Thus ONW = &@.
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Proposition 9.8.2. A compact Hausdorff space is normal.

Proof. Given disjoint closed and therefore compact sets A and B, for each x € A and
y € B, there are disjoint open sets U, and Uy, containing x and y, respectively. Given
x € A, take a finite subcover of the U,’s, y € B; let W, be the finite intersection of
the corresponding U,’s. This yields disjoint open sets W, and V, with x € W, and
B C V,. Cover A with the open sets Wy, x € A, and take a finite subcover. For each
W, in that finite subcover, there is an open Vy with B C V, and W, NV, = &. Let W
be the union of the finite subcover of the W,’s, and let V be the finite intersection of
the corresponding V;’s. The sets W and V are disjoint open sets containing A and B,
respectively.

9.9 Product Spaces, Metrization, and Compactification

In R", each point (x1,x3 -+ ,x,) is a function from the index set {1,2,---,n} into
the real numbers. It is this point of view that we extend to an index set that is not
necessarily finite, and with not necessarily real value at each index.

Definition 9.9.1. Let .# be an index set, and for each o € .Z, let X, be a topological
space. The product I, »X,, is the set of all functions f on . with f(o) € X,, for
each o € .#. Each space Xy, is called a factor of the product. The product topology,
also known as the topology of pointwise convergence, is generated by the following
open base f ++ %, at each element of this space of functions: An element U € %y
is determined by a finite set F of indices o and an open set Vy, in X, containing f(ot)
for each o € F. The set U consists of all elements g € I, # X, such that for each
o€ F, g(o) € Vy; foranindex y ¢ F, g(y) can be any value in X,. We say that U is
restricted at the indices of F. The set I, X, with the product topology is called
a product space. The mapping that takes each f € Il X, to the restriction on a
subset (possibly a singleton set) # of . is called the projection on Iyc s Xq.

A helpful way to picture a product space is to think of the index set as points on
the x-axis in the plane. For each index ., the topological space X, is represented by
a vertical line above ¢¢. An element f of the product is represented by a path passing
through each of the vertical lines. An element U of the open base %y at f is given
by a finite set F of indices ¢ and an open interval V,, containing f(¢t) in the vertical
line above ¢. An element g of the product is in U if it takes a value in V,, at each o
in F. A special case of such an element in %y is given by specifying a single o to
form by itself the finite subset of the index set. The corresponding Uy, in %y must
be open, and finite intersections of these form a typical element of ;. Since any
topology containing the product topology must contain such sets Uy, we have the
following result.
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Proposition 9.9.1. The product topology is the weakest topology for which each
projection f — f(a) from the product space to Xy, 0t € ¥, is a continuous map.

Proposition 9.9.2. Each factor Xy, of a product space is Hausdorff if and only if the
product space Ilyc Xy is Hausdorff, in which case, each subspace of the product
is Hausdorff.

Proof. Exercise 9.25.

We can indicate with appropriate notation a subset of a product space where the
elements are restricted at certain indices. For example, suppose 8 and v are indices
and Sg C Xg while Sy C Xy. Let T be the subset of the product space consisting
of those elements for which the value at 3 is restricted to Sg and the value at ¥ is
restricted to Sy, and there are no other restrictions. Let _# = #\ {f,y}. Then T =
Sg X 8§y X Hae/Xw

An important special type of a product space is the one where each factor X, is
a compact interval I, C R. If the index set is countably infinite, we will assume it is
N, and write IT,cNI, for the product.

Definition 9.9.2. A topological space (X, .7) is metrizable if there is a metric on X
such that the metric topology equals .7. We also say that .7 is metrizable.

Theorem 9.9.1. A finite or countably infinite product of compact intervals with the
product topology is compact. Moreover, the product topology is metrizable.

Proof. The proof for a finite product is Problem 9.27. Let P denote the prod-
uct I'T,cnI,. An element of a countable base for P is formed by a finite set F' =
{ny,---,m} from N, and an open interval U,, with rational endpoints contained in
I, fori=1,---, k. It consists of all elements of P that take values in U, at the index
n;. That is the product

Un1 X X U”k X HnEN\FIn'

Since P has a countable base for the topology, sequences suffice to establish com-
pactness. Given a sequence (f;, : m € N), choose a subsequence < f,}l> that converges
in I;. Given < f,ﬁ> chose a subsequence < f,’,‘1+1> that converges in ;1. The diagonal
sequence (f1 : m € N) converges in P, and the limit is a cluster point of the original
sequence.

There is a metric d, on the n'* factor of P, namely, dy(x,y) = [x—y| A 1; that
is, we take the smaller of the usual distance and 1. The sum d :=3, ;27" -d, is
a metric on P. The fact that d is symmetry and has the transitive property follows
from those properties for each d,,. Moreover, f = g in P if and only if f(n) = g(n)
for every index n, so d(f,g) = 0 if and only if f = g. To show that d generates the
product topology on P, fix f € P. Fix a basic product neighborhood of f consisting
of elements g € P for which the values at indices in F = {n,--- ,n;} are restricted
to small open intervals containing the values taken by f. There is an € > 0 such that
the elements g € P for which d(f,g) < € all meet those finite number of restrictions.
Conversely, given an open metric ball B(f,r) centered at f, there is a k € N such
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that 3, | % < r/2. Fix a positive 6 < 5. The product open neighborhood of f
consisting of elements g € P such that | f(n) — g(n)| < & for 1 <n < k is contained
in B(f,r). It follows that the metric topology equals the product topology on P.

Remark 9.9.1. With a similar proof, the same result is valid for a countable product
of second countable, compact metric spaces. We next show, however, that any prod-
uct of compact spaces is compact. The proof is taken from the author’s 1965 article
[26]. It uses the Axiom of Choice, which, by a result of Kelley [24], is unavoidable
for the general case. Also see the proof of Theorem C.12.2.

Lemma 9.9.1. Let X and Y be topological spaces, and assume that X is compact.
Let O be a collection of sets of the form U XV, where U is open in X andV is open
inY. Assume that there is no finite subset of O for which the union is all of X X Y.
Then there is a nonempty closed set C C X such that for each x € C and each finite
set {Uix Vi1 1 <i<n} COwithxe MU, YNUL,V; # @.

Proof. Let . be the collection of all finite sets {U; x V; : 1 <i < n} C & such that
Y = U, V;. For each such set F in .7, let W := N U;. If (x,y) is in X x Y and
x € W, theny € U?_,V;, so (x,y) is in one of the members of F. Therefore, the family
of open set Wg, F € %, does not cover X, for if it did, then a finite subcollection
{ij :1 < j <k} would cover X, and the corresponding collection U.’;:le would
cover X x Y. Let C =X\ Upcgz Wp. Now ifx € C,and F = {U; x V; : 1 <i<n}is
a finite subset of &' with x € U; for each i, then Y # U, V;.

Theorem 9.9.2 (Tychonoff Product Theorem). The product of compact spaces is
compact.

Proof. We will call a collection of sets from a base for the topology “admissible”
if no finite subcollection covers the space. Let & be an admissible collection of
sets from the base for the product topology. By Proposition 9.7.2, we need to find
an element f in the product Ilyc # X, that is in none of the sets in &. Using the
Axiom of Choice, we assume that the index set .# is well-ordered; that is, any
nonempty set has a first member in the ordering. If the index set is supplied with
an enumeration, such as for N, a well-ordering is available without the Axiom of
Choice. By moving the first element of .# to the last position, we may also assume
that .# has a terminating element 7. We also assume that there is a function T that
chooses an element from each closed subset of each factor. For sets such as intervals
[a,b], a function T is available without the Axiom of Choice.

Let Xy, denote the first factor in the product, and let Yy, = Iy~ g, Xq. By the
lemma, there is a closed subset Cy, of Xy, and a point (o) chosen by T from Cg,
such that if &y, is the subset of & consisting of sets for which the projection on
Xo, contains f (01), then the projection of the sets in O, on Yy, is an admissible
collection on Yy, .

Now let " be the set of indices o € .# such that a value f(7) has been chosen
for all indices y < a. Let &, consist of those members O of & such that for each
y < o, the projection of O on Xy contains f(y). We assume the further property
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for ¢ that for each oo € ', the projection of the sets in &y on IT,. Xy is an
admissible collection on Iy X,. We have shown that o; € . Suppose all indices
o < Barein . Let Og_ :=Ny.p0q. If B has an immediate predecessor £, then
since & € 7, the projection of the sets in Op_ is an admissible collection I~ 5X,.
Suppose 8 has no immediate predecessor. (An example would be the first index
bigger than those indices that have a finite number of predecessors.) Let F' be a
finite subset of ﬁﬁ,. Each O € F is restricted at only a finite number of indices,
and since F is finite, there is a & < 8 such that no O in F is restricted at indices
y with § <y < B. Since § € %, the projection of the sets in F on I ¢ X, does
not cover Il ¢ Xy, so the projection of the sets in F on Il,>pXy does not cover
I1,>pXq- In either case, it follows that the projection of the sets in Og_ on IT,>5Xy
is an admissible collection on IT,~gX,. Applying the lemma to the projection of the
sets in Og_ on IT,>3X, where X = X and ¥ = I~ g Xy, we may choose f(f) so

that B € 7.
It now follows, since .# is well-ordered, that all indices smaller than the terminal
index 7 are in J£ . Therefore, the projection of the sets in O;_ := Ny« Oy on X;

is a collection of open subsets of X; with no finite subcover. Since X; is compact,
there is a value f(7) in the complement of all of those projections. This completes
the choice of f on .# so that fisinno O € 0.

The following construction of an imbedding in a product space is the foundation
of metrization and classical compactifications.

Theorem 9.9.3. Let (X,.7) be a completely regular space, and let F be family
of continuous functions on X such that each f € 7 takes its values in a compact
interval Iy C R. We assume that the family F separates points and closed sets. Let
P :=Ilyc 71;. For each x € X, let ¢(x) be the element of P such that for each index
feZ ox)(f)=f(x). Then ¢ is a homeomorphism of X onto ¢ [X] C P.

Proof. If x # y in X, then some f € F takes a value f(x) # f(y), so ¢ is an in-
jective map. Given x € X, let S be a basic open neighborhood of ¢ (x). The set S is
determined by a finite number of functions fi,---,f, in % and open sets V; con-
taining f;(x) in Iy, for i = 1,---,n. By continuity, there is an open neighborhood
W of x such that for each i = 1,---n, f;[W] CV,. This shows that ¢ is continuous
on X. Now fix an open neighborhood W of x in X and a function g in .% such

that g(x) € V := I,\g[X\W]. Note that V is an open subset of I,. If y ¢ W, then

g(y) € g[X\W], whence g(y) ¢ V. Therefore, if g(z) € V, then z € W. Let U be
the open subset of P consisting of those elements of P taking values in V at f; and
unrestricted at other indices in .%. Now,

0 U =9 [V xypely] =g ' [V] CW.

This now shows that, ¢ is a homeomorphism of X onto ¢ [X] C P.

Theorem 9.9.4 (Urysohn Metrization). A regular, second countable topological
space (X, ) is metrizable.
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Proof. By Theorem 9.8.4, (X,.7) is normal. Let 28 be a countable base of open sets
for 7. Fix a closed set C # & and a point x ¢ C. There are open sets U and V in Z
such that

XEVCVCUCUCX\C.

By Urysohn’s Lemma 9.8.2, there is a continuous function f : X + [0, 1], such that
f(x)=0o0nV and f(x) =1 on X\U. Since 4 is countable, it follows from Theo-
rem 9.9.3 that there is a homeomorphism from (X,.7) onto a subspace of a count-
able product of compact intervals. By Theorem 9.9.1, (X,.7) is metrizable.

We now turn to imbedding spaces as dense subsets of compact spaces. By The-
orem 9.9.3, we may think of the original space as a subspace of an appropriate
product space. The set of elements that are adjoined to the original space to form
the compact space is called the remainder.

Definition 9.9.3. Let (X,.7) be a topological space, and let Q be a family of con-
tinuous, bounded, real-valued functions on X. Let Z be a compact space containing
X as a dense subspace such that each f € Q has a continuous extension f to Z, and
the set of extensions separates the points of Z\ X. That is, if § and 1 are in Z\ X,
then there is an f € Q such that f(&) # f(n). Then Z is called a Q-compactification
of X.

Proposition 9.9.3. Suppose (X,.7) is a dense subspace of a compact Hausdorff
space (Z,.); that is, T is the relative S-topology on X. Then for some family Q,
(Z,.7) is a Q-compactification of X. Moreover, we may assume that Q contains
sufficient functions to separate points and closed subsets of X.

Proof. For each pair of distinct points & and 1 in Z\ X, there is a continuous func-
tion f on Z taking values in [0,1] with f(&) =0 and f(n) = 1. Let O contain the
restriction to X of one such function for each pair of points in Z\ X. Recall that a
T -closed subset of X is CNX, where C is .-closed. If x € X\ C, then there is a
continuous function g on Z taking values in [0, 1] with f(x) =0 and f(z) =1 onC.
We may assume that the restriction of g to X is also in Q.

Theorem 9.9.5. Let (X,.7) be a completely regular space, and let Q be a family of
continuous functions on X such that each f € Q takes its values in a compact interval
Iy C R. Suppose Q separates points and closed subsets of X. Let P := Ilcoly, and
let ¢ be the homeomorphism of (X, ) onto the subspace Y := ¢ [X] C P given by
Theorem 9.9.3. Then the closure Y is a _compact Hausdorff space containing Y as
a dense subspace. For each f € Q, let f be the function on Y given by f (d)( ) =
¢(x)(f) = f(x). Then each f has a continuous extension f to the remainder, and
that extension separates points of the remainder. Thus, if we associate X with its
homeomorphic image Y, then'Y is a Q-compactification.

Proof. Since a closed subset of a compact space is compact, Y is compact. By
Proposition 9.9.2, Y is Hausdorff, and by definition, Y is dense in Y. Fix f € Q,
and let py be the projection of the product space P onto the space /7. Since py is
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continuous, the restriction to Y is continuous, but that restriction on Y is f If€#n
in P, then for some f € Q, £(f) # n(f), whence if & and 7 are points in the re-

mainder, then (&) # f(n).

Definition 9.9.4. A space is locally compact if there is an open base x — Z, at each
point consisting of sets with compact closure.

In the following result, we do not distinguish between a topological space X and
its homeomorphic image in an appropriate product space.

Theorem 9.9.6. Let (X,.7) be dense subspace of a compact Hausdorff space (Z,.5).
That is, .7 is the relative S-topology on X. Then X is .#-open in Z if and only if
(X,.7) is locally compact.

Proof. Exercise 9.30(A).

Definition 9.9.5. A continuous function with compact support on a topological
space (X,.7) is a continuous function that is identically equal to O outside of some
compact subset of X.

Proposition 9.9.4. Let (X, 7) be a locally compact Hausdor{f space. Let F be the
set of continuous functions with compact support mapping X into [0,1]. Then &
separates points and closed subsets of X, whence (X, ) is completely regular.

Proof. Let C # & be a closed subset of X, and fix x ¢ C. Let U be an open neigh-
borhood of x with compact closure U such that U NC = @. If, as for example, in a
discrete space, U = U, let h =1 on U and h = 0 on X\ U. Otherwise, by Proposi-
tion 9.8.2, U with the relative topology is normal, so there is a continuous function
g on U taking its values in [0, 1] such that g(x) =1 and g=0on UNU. Leth=g
on U and h =0 on X\ U. By Problem 9.31, & is continuous on X.

Finally we consider what compactifications are produced by various choices of a
family Q. If (X,.7) is a locally compact Hausdorff space, we will follow Constan-
tinescu and Cornea [12], and assume that every continuous function with compact
support mapping X into [0,1] is in the family Q. These functions will have an ex-
tension that takes the value O at the remainder points of the compactification. With
these functions, and possibly more, it follows from Theorem 9.9.6 that the space
X will be an open subset of the Q-compactification. For more general completely
regular spaces, we will assume that Q has members sufficient to separate points and
closed subsets of X.

Definition 9.9.6. The Alexandroff one-point compactification of a locally com-
pact space adjoins a single point for which the open neighborhoods consist of com-
plements of compact sets. It is the Q-compactification, where Q is the family of
continuous, real-valued functions with compact support.

Definition 9.9.7. The Stone-Cech compactification BX of a completely regular
space (X,.7) is the Q-compactification where Q consists of all bounded, contin-
uous, real-valued function on X.
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Remark 9.9.2. Asnoted, if (X, ) is a dense subspace of a compact Hausdorff space
Y, then Y is a Q-compactification of X for some family Q. An appropriate family
Q contains sufficient functions to separate points and closed subsets of X. Also as
noted, a Q-compactification of (X,.7) can be constructed by embedding (X,.7) as
a homeomorphic image in a product of compact intervals with Q acting as the index
set. The bigger the family Q, the bigger the corresponding product. For a family Q;
that contains a family Qy, the projection from the larger product to the product for
the smaller index set yields a continuous map from the Q-compactification onto
the Qp-compactification that leaves the image of X essentially fixed. In this sense,
the Stone-Cech compactification of a completely regular space (X, T) is the largest
compactification of X .

Example 9.9.1. The Stone-Cech compactification BN of the natural numbers is an
example of a compact space containing a sequence with a cluster point but no con-
vergent subsequence. The set of natural numbers itself forms an example of such a
sequence. If (n; : i € N) were a strictly increasing subsequence of N converging to
a limit point x, then the restriction of every bounded function f on N to (n; : i € N)
would have to have a limit at x, since f has a continuous extension to BN. On the
other hand, if f(n;) = (—1)', no such limit can exist.

Remark 9.9.3. For a different construction of the remainder set and an extension
of Q-compactifications, see [27]. For an alternative to the embedding construction,
see [21].

9.10 Ascoli-Arzela Theorem

In this section, we work with a family .% consisting of functions from a Hausdorff
space (X,.7) into a metric space (¥,p).

Definition 9.10.1. The family .# is equicontinuous at x € X if for any € > 0, there
is an open neighborhood U, of x that works in terms of continuity at x for every
f € 7, thatis,

VyeUe, VfeZ, p(f(y),f(x) <e.

The family .% is equicontinuous on X if it is equicontinuous at each x € X.

Note that if .# is equicontinuous on X, then each f € % is continuous on X,
and any subfamily of .% is equicontinuous on X. We assume that for each x € X,
the set {f(x) : f € Z} is contained in a closed subset Yy C Y, so .# is a subset of
the product space Il = ILcxY,. Let Z denote the closure, also called the pointwise
closure, of .% in I1. That is, g is in the closure of .% if for any € > 0 and any finite
number of points xq,---,x, in X, there is an f € .# with p(f(x;),g(x;)) < € for
1<i<n.

Proposition 9.10.1. If .7 is equicontinuous on X, then the pointwise closure .F is
also equicontinuous on X.
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Proof. Exercise 9.32(A).

Definition 9.10.2. The topology of uniform convergence on compact sets, also
called the ucc topology, on a family .% is generated by a local filter base %, at
each g € .7 that is determined as follows: Fix a compact subset K of the domain X
and an € > 0. The corresponding element U € %, consists of all 4 € .# such that
p(g(x),h(x)) < eforallx € K.

By Problem 9.33 the ucc-local filter base is an open base for each g € .%. The ucc
topology is like the topology of pointwise convergence. For the ucc topology, the
collection of compact sets that are finite point sets in the domain is replaced with the
collection of all compact subsets of the domain. It follows that there are more ucc
neighborhoods of a point than product neighborhoods. That is, the product topology
is weaker than the ucc topology.

Ordinarily, weaker topologies produce larger closures since there are fewer con-
ditions for a point to be a point of closure. For an equicontinuous family, however,
we now show that the pointwise closure of a set is not just a superset of the ucc
closure, it equals the ucc closure. Recall that we are assuming our family .# is a
subset of the product IT = I1cxY,.

Proposition 9.10.2. If % is equicontinuous on X, then the product topology for
IT = Ilcx Yy when restricted to F equals the topology of uniform convergence on
compact subsets of X.

Proof. Fix g € #. Since finite subsets of X are compact, any basic product neigh-
borhood of g restricted to .Z is itself a basic ucc neighborhood restricted to .%. Fix
€ > 0 and a compact subset K of X; let O be the corresponding €, K-ucc neigh-
borhood of g. That is, i € O if sup,.x p(h(x),g(x)) < €. For each x € K, let W,
be an open neighborhood of x in X such that for every y € W, and every h € .,
p(h(y),h(x)) < €/3. Find a finite subcover W,,,---,W,, of K. Let V be the prod-
uct neighborhood of g consisting of all functions 4 for which p (h(x;),g(x;)) < €/3,
1 <i<n Wenowshowthat VN.% CONZ.FixheVN.Z and any y € K. Since
y € W; for some i,

p(h(y),g(y)) < p(h(y),h(xi)) + p(h(x:),g(x:)) + p(g(xi),8(y)) <&.

That is, V N.% is contained in the &, K-ucc neighborhood O of g. It follows that the
product topology and the ucc topology are the same when restricted to .%.

Corollary 9.10.1. Assume .F is equicontinuous on X, and let . be the product
topology closure of F. Fix A C %. The product topology closure of A in ¥ equals
the closure with respect to the topology of uniform convergence on compact sets
of X.

Proof. The result follows from the fact that the product topology and the ucc topol-
ogy are the same when restricted to .% since .% is equicontinuous.
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Theorem 9.10.1 (Ascoli-Arzeld). Let .F be an equicontinuous family of functions
from a separable Hausdorff space X into a metric space Y. Assume that for each
x € X, the values {f(x) : f € F} are contained in a compact subset Yy CY. Then
any sequence (f, :n € N) in F has a subsequence that converges uniformly on
compact subsets of X to a continuous function g.

Proof. Let D = {x1, x2,---} be a countable dense subset of X. Fix (g, :n € N)
in .Z. Choose a subsequence (gl,) that converges at xi. Given (gk ), choose a
subsequence (gk) that converges at x, . The diagonal sequence (g :m € N)
converges at all points of D. Let (f, : n € N) be that subsequence. We next show
that for every x € X, (f,(x)) is a Cauchy sequence, and therefore a convergent se-
quence. Fix x € X and € > 0. Choose a neighborhood W of x such that for all z € W
and all h € Z, p(h(z),h(x)) < €/3. Fix anx; € DNW. There is an np € N such that

for all n, m > no, p(fu(xi), fin(x:)) < €/3, whence

P (fn(x), (%)) < p(falx), fulxi)) + P (fa (i), fon(xi)) + p (fin (i), i (¥)) < €.

It follows that f, converges pointwise (and therefore uniformly on compact sets) to a
function g in the product topology closure . C ITexY;. Since . is equicontinuous,
g is continuous.

Example 9.10.1. In the context of complex function theory, let .# be the family of
holomorphic (i.e., analytic) mappings of the open unit disk A :={z€ C: |z| < 1}
into a closed disk of radius M centered at 0. Given any point zg € A, there is a circle
C, of radius r with center zy contained in A. By a formula due to Cauchy, if f € %,
then for any point z; with |z; —zo| < r/2,

1o flw)
f(Zl)*zfm. —

r

dw,

where the integral path is in the counterclockwise direction. For any w € C,,
|w—z1| > 5, whence

L flw) L flw)
- g dw— — d
|f(z1) = f(z0)] < il oo™ am ™
2 1 1
< ﬂ.max . M
28 weC, |w—2z1 w—20
1 —20
<rmax|——|M
weCy (W—Zl)(W—Zo)
21 2
<r-—-—-lza—z| - M=--|z1 —20| M.
rr r

It follows that % is equicontinuous at z. By the Ascoli-Arzela theorem, any se-
quence (f, :n€N) in % has a subsequence converging uniformly on compact
subsets of A to a function f. By a theorem due to Cauchy, the integral of each f,
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around a triangular path contained in A is 0, so the same is true of the uniform limit
f- By a theorem of Morera, f € %. That is, a uniformly bounded family of ana-
Iytic functions on A is stable with respect to the operation of taking ucc limits of
sequences.

9.11 Stone-Weierstrass Theorem

We want to establish a general result that has as a corollary the following theorem
of Weierstrass: Every continuous function on a closed and bounded set X in R” can
be uniformly approximated on X by polynomials in the variables corresponding to
the coordinates. (An example of such a polynomial defined on R? is x> 4+ xy +°.)

For the general case, we will work with a compact Hausdorff space (X, 7). We
let C(X) denote the space of all continuous real-valued functions on X. Now (X,.7)
is a normal space, so by Urysohn’s Lemma 9.8.2, for any pair of distinct points x
and y in X, there is an f € C(X) that takes different values at x and y. We say the
family C(X) separates the points of X. The space C(X) is not only a vector space
with scalars in R, it is an algebra. That is, given f, g € C(X), the pointwise product
f-gisalsoin C(X). The space C(X) is a normed linear space with the norm given
by || f|| = maxyex | f(x)|. When we speak of the closure of a set in C(X) we will be
speaking of the closure with respect to this norm and call it the uniform closure.
We will show that the uniform closure of any subalgebra that contains the constant
functions and separates points of X is all of C(X).

The space C(X) is also a real vector lattice. That is, it is a vector space with
scalars in R, and if f and g are in C(X), so are f A g (the pointwise minimum) and
fV g (the pointwise maximum.) Note that |f| = (f VvV 0) + (—f V 0). Conversely,
given the absolute value function, we have

fVe=02)[f+g+If—s¢ll.  fAg=0/2)f+g—|f sl

We show first that the uniform closure of any vector sublattice of C(X) is all of C(X)
if it separates points and contains the constant functions.

9.11.1 Vector Lattices

Fix a nonempty vector lattice L of continuous real-valued functions on X. We as-
sume that L separates points and contains the constants.

Lemma 9.11.1. Given a, b € R and x, y € X with x # y, there is an f € L with
f(x)=aand f(y)=b.
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Proof. Fix g € L with g(x) # g(v). Set

a—b  b-gx)—a-g(y)
ST e sl

I =0 —50)

Then

__a=b . bs)—asl)
0= =20 9t 20
_ ag(x) —bg(x) +bg(x) —ag(y) _
g(x) —g(y)
__a-b | b-g(x) —a-g(y)
o) = g(x)—g(y) s0)+ g(x) —g(y)
_ ag(y) —bg(y) +bg(x) —agly) _

g(x) —g(y)

Lemma 9.11.2. Fix a, b € R with a < b. Given a nonempty closed set F C X and a
point p & F, there is an f € Lwitha < f <b such that f(p)=aand f =bonF.

Proof. Foreachx € F, find an f, € L with fy(p) =a and f,(x) =b+ 1. Let O, be an
open neighborhood of x on which f; > b. Take a finite subcover {O,, :i=1---k}
of this collection of open sets. Let f = f,, V...V f,. Then f € L, f(p) = a, and
f|F > b. Replace f withaV f Ab.

Theorem 9.11.1 (Lattice form of Stone-Weierstrass). Given any continuous, real-
valued function h on X and any € > 0, there is a function g € Lwithh < g < h-+¢
uniformly on X. Therefore, C(X) is the uniform closure of L.

Proof. Let M =maxx h. Let L' = {f € L: h < f}. Since the constant function M is
in L', L is a nonempty lattice. Fix x € X and € > 0. Choose an open neighborhood O
of x so that 4(x) < h(x) + € on O. There is a function f € Lwithh+¢e < f <M+1
onX, f(x) =h(x)+¢€,and f(y) =M+ 1o0n X\ O. It follows that f € L. Since € is
arbitrary, h(x) = infsc;/ f(x). Moreover, this is true for every x € X.

Now for each x € X, find an open neighborhood O, of x and a function g, € L’
such that g.(x) < h(x) +€/3, |g(x) — g:(¥)| < €/3, and |h(x) — h(y)| < €/3 for
every y € Oy. Fix a finite subcovering of the O,’s, and note the corresponding points
X1, Xn. Let g =gy, A&y, A+~ Agy,. Then g € L. For eachy € X, y € O,, for some
i, SO

h(y) < g(y) < 8x(v) < 8x(xi) +€/3 <h(xi)+2€/3 < h(y) +&.

9.11.2 Algebras

We now show that if <7 is a subalgebra of C(X), and <7 separates points and contains
the constant functions, then the uniform closure <7 is a uniformly closed sublattice
of C(X), and hence equals C(X).
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Proposition 9.11.1. If <7 is a subalgebra of C(X), then so is the uniform closure <7 .
Proof. Exercise 9.34(A).

Lemma 9.11.3. Given € > 0, there is a polynomial P in one variable on the real
line such that the constant term P(0) = 0 and for all s € [—1,1], |P(s) — |s|| < &.

Proof. Let § = £/4. If z is a point in the open disk |z| < 1+ 8% in the complex
plane, then 14 §2 — z is a point in the open disk of radius 1+ 2 centered at 1 + §2.
We use the branch of the complex square root defined on the complement of the
negative real axis that maps 1 to 1. Now (14 82 — z)l/ 2 has a complex power series
about 0 that converges on closed disks centered at 0 of radius R for 1 < R < 1+ §°.
Therefore, the real-valued series for (14 8% —¢) 1/2 about t = 0 converges uniformly
on [—1,1] and in particular on [0, 1]. Choose a partial expansion Qp (¢) = ZN_ c,t" so
that for all 7 € [0, 1], | (1482 —1)'/2 — Qn(1)| < 8. Replace ¢ with 1 —s2, s € [~1,1],
and set P.(s) := Qn(1 —s?). This is a polynomial in s on the interval [—1, 1], and for
all s € [~ 1,1], | P.(s) — (s + 8%)1/2| < 6.

Using the same branch of the square root, for all s € [—1, 1] we have the inequality
Is] (s2 + 82)1/%2 > 5%, s0

[(s2+ 8212 — |s])? = 267 + 8% —2|s|(s* + 82)/? < &2,
whence |(s* + )12~ |s|| < &. It now follows that for all s € [—1,1],
[Po(s) = Isl| < [Pe(s) = (5" + 8%)' 2 (s> + 87) 1/ — |s]| < 2.

Moreover, the constant term is P-(0), and |P-(0)| < 26. The desired polynomial is
P:=P.—P.(0).

Proposition 9.11.2. A uniformly closed subalgebra <7 of C(X) is a lattice.

Proof. Given f € o/ and € > 0, let P be the polynomial of the Lemma corresponding
to €. Now f/| f|| € <, and so P(f/|f||) € <. Moreover,

f ) ( || )‘
Pl |-+ | <&
’ <f|| 11
Since ¢ is arbitrary and ¢ is uniformly closed, |f|/||f|| € <7, whence |f| € <.

Since fVg=(1/2)[f+g+|f—gll.and fAg=(1/2)[f+g—|f—¢gll, & isa
lattice.

Theorem 9.11.2 (Stone-Weierstrass). Let </ be an algebra of continuous real-
valued functions on X that separates points of X and contains the constant functions.
Then < is dense in C(X). That is, the uniform closure < equals C(X).

Proof. The uniform closure of <7 is an algebra </ that is also a lattice; it separates

points and contains the constant functions. By Theorem 9.11.1, &/ = C(X).
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Corollary 9.11.1. Every continuous function on a closed and bounded set X in R"
can be uniformly approximated on X by a polynomial in the variables corresponding
to the coordinates.

Example 9.11.1. Consider the family of continuous real-valued functions of period
27 on R. We may think of these as functions on a circle T of circumference 27, so
the domain is compact. The functions {sin x, cos x} separate points of T. It follows
from Theorem 9.11.2 that the uniform closure of the smallest algebra .2/ containing
the functions 1, sin x, and cos x is all of C(T). Now
™ = cos(mx) +1i sin(mx) = [¢™]™ = [cos x+1i sin x]",

and both the real and imaginary parts of [cos x+i sin x]” are in <. Therefore, it
follows that finite sums of the form

ap+ Eflvzl (ay cos nx+ b, sin nx)

are also in .«7. We now only need to show that the collection 2 consisting of all
such sums forms an algebra. Since & C &7, we will then know that Z = «. To
show that % is an algebra, we note that we can add two sums in % and we again
have an element of 2. We can multiply such a sum by a constant and again have an
element of A. The product of two sums in Z is a sum with terms of the form

o(cos nx)(cos mx)  PB(cos nx)(sin mx)  y(sin nx)(sin mx).

Since
(cos nx)(cos mx) = (1/2)[cos(n+m)x+ cos(n —m)x]
(cos nx)(sin mx) = (1/2)[sin(n + m)x — sin(n — m)x]
(sin nx)(sin mx) = (1/2)[cos(n —m)x — cos(n + m)x],
and cos(—nx) = cos(nx), while sin(—nx) = —sin(nx), all of these terms are in 4.

Therefore, 48 is an algebra in C(T) that contains the constants and separates points,
so the uniform closure of % is C(T).

Example 9.11.2. Let X x Y be a product of compact Hausdorff spaces. By The-
orem 9.9.2, such a product is compact. Let % consist of functions of the form
g(x) - h(y), where g is a continuous function (perhaps constant) on X and / is a con-
tinuous function (perhaps constant) on Y. The functions in .% separate the points of
X X Y, so the polynomials in finite numbers of elements of .% are uniformly dense
in C(X x Y). A typical such polynomial has the form Y7 | g;(x)%;(y).

9.12 Problems

Problem 9.1. a) Let V be a vector space of continuous functions on the complex
plane C; the scalar field is either R or C. For each f € V, let %, be given by a
nonempty compact set K C C and an € > 0. The collection
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= {e eV imaxlea) - 1) <e}.

Show that %, is an open base at f. (The assignment f +— 8, generates the
topology of uniform convergence on compact sets on V.)

b) What is the relationship between the open base f — % described in Part a, and
the base described in Example 9.1.1?

Problem 9.2. a) Fix n € N. A closed dyadic cube in R" is a set of the form

a; a;+1 a, a,+1
me o | T om T gm
for integers m,ay, ... ,a,. Given a point x € R", show that the collection of closed

dyadic cubes in R” containing x forms a local filter base at x.
b) Prove that

T = {U Q;: Q; = or Q; is a closed dyadic cube in R" for each i}.
i=1

forms a topology on R”.
¢) Is it true that

, := {finite (possibly empty) unions of closed dyadic cubes}
forms a topology on R"*?

Problem 9.3. Show that for a separable metric space (X,d), the open balls of radius
1/n, n € N, centered at points of a dense subset of X form a base for the topology.

Problem 9.4. Prove Proposition 9.2.3.
Problem 9.5. Prove Proposition 9.2.4.
Problem 9.6. Prove Theorem 9.2.1.
Problem 9.7. Prove Proposition 9.2.6.
Problem 9.8. Prove Corollary 9.5.3.

Problem 9.9 (A). Let Y be the set of ordinal numbers strictly smaller than the first
uncountable ordinal €2. Let S be a countable subset of Y. For example, S may be
the range of a sequence in Y. Show that S has an upper bound that is in the set Y.
It then follows, since Y is well-ordered, that there is a least upper bound of S in Y.
That upper bound is a point of closure of S.

Problem 9.10 (A). Prove Theorem 9.6.2.
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Problem 9.11. Suppose (X,.7) is a topological space, and {Ay:y € #} is an in-
dexed family of connected subsets of X such that the index set .# is well-ordered,
and for each § € . and some o < 8 in .¥, Aq NAg # . Show that the union
UyerAy is connected.

Problem 9.12. A locally pathwise connected space is one, such as R”, having an
open base x — %, at each point consisting of pathwise connected sets. Show that
if O is an open, connected, and locally pathwise connected subset of a topological
space, then O is pathwise connected.

Problem 9.13 (A). Show that the set A in Example 9.6.2 is not pathwise connected.

Problem 9.14. Show that total boundedness is preserved by any uniformly continu-
ous map from one metric space to another.

Problem 9.15. a) What is the collection of all continuous real-valued functions on
a nonempty set X supplied with the trivial topology?

b) What is the collection of all continuous real-valued functions on a nonempty set
X supplied with the discrete topology?

Problem 9.16. Show that if (X,.7) is a compact Hausdorff space, then with any
strictly stronger topology, the space is not compact.

Problem 9.17. Let (X, T) be a Hausdorff space, and let p be a point in X for which
there is a sequence (O, : n € N) of open sets with p € O,,+1 C O,, for each n, and
MuOn = {p}. Let Z, be alocal filter base for p. That is, if U is open and p € U, then
for some S € .Z),, p € S C U. Therefore, for each n € N, there is an S, € .Z), with
p €S, C O,. Show that each S, contains an open set. Hint: Suppose S; contains no
open set. We may assume S,, C S for each n. Therefore, for each n € N, there is a
point x, € 0,\S;. Let A = {x, : n € N}. Show that X\ A is open. Show that A is
not closed.

Problem 9.18. Give a proof that a compact subset of a metric space (X,d) is closed
by showing that if x € AN\ A, then there is an open cover of A with no finite subcover.

Problem 9.19. Show that any continuous, one-to-one, function f with compact do-
main K in a Hausdorff space (X,.7) and range f[K] in a Hausdorff space (Y,.7) is
a homeomorphism. That is, the inverse function f~! : f[K] + K is continuous.

Problem 9.20. Show that the set of ordinal numbers less than or equal to the first
uncountable ordinal € supplied with the order topology is compact. See Exam-
ple 9.4.1 and Problem 9.9.

Problem 9.21. Given a collection .% of subsets of a nonempty set X, show that the
intersection of all topologies (including the discrete topology) containing .¥ is a
topology on X.

Problem 9.22. Show that a topological space for which every singleton set is closed
is a regular space if and only if for any point x € X and any open set U with x € U,
there is an open set V withx cV CV C U.
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Problem 9.23. Show that the function f constructed in the proof of Theorem 9.8.2
is continuous with f : X — [0, 1], and f restricted to A =0 and f restricted to B= 1.

Problem 9.24. Show that any topology on a countable set X has the Lindelof prop-
erty (Definition 9.8.3.)

Problem 9.25. Prove Proposition 9.9.2.

Problem 9.26. Show that a net <hy as D> converges in a product space Il s Xy
if and only if for each index o, the net <hy(a) e D> converges in Xg.

Problem 9.27. Prove Theorem 9.9.1 for a finite product of closed and bounded in-
tervals.

Problem 9.28. Let D be a countable set, and for each x € D, let Y, be a compact met-
ric space. Show that any sequence f, in the product space Il,cpY, has a subsequence
that converges in the product topology.

Problem 9.29. Let (X, .7) be dense subspace of a compact Hausdorff space (Y,.7).
That is, .7 is the relative S-topology on X. Show that any .7 -compact subset of X
is .’-compact and .#-closed in Y.

Problem 9.30 (A). Prove Theorem 9.9.6.

Problem 9.31. Show that the function % defined in the proof of Proposition 9.9.4 is
continuous on X.

Problem 9.32 (A). Prove Proposition 9.10.1.

Problem 9.33. Show that the ucc-local filter base is an open base for each member
g in a family of functions from a Hausdorff space to a metric space.

Problem 9.34 (A). Prove Proposition 9.11.1.

Problem 9.35. Show that polynomials form a dense subset of the continuous real-
valued functions on [0, 1] with the relative topology generated by the L™-norm.

Problem 9.36 (A). Let <7 be an algebra of continuous real-valued functions on a
compact Hausdorff space X, and assume that .o separates points of X. Do not as-
sume that .7 contains constant functions. Show that the uniform closure o7 of 7 is
either C(X) or {f € C(X) : f(p) = 0} for a unique point p € X.

Problem 9.37. Show that convergence Lebesgue almost everywhere on the unit in-
terval [0, 1] is not defined in terms of a topology.

Problem 9.38. Let X be the Euclidean plane with the topology generated at each
point except the origin by the usual metric balls centered at the point. Let the local
filter base %} at the origin consists of sets S,,, where for each n € N, §,, is the union
of the open interval (—1/n,1/n) on the x-axis and the open interval (—1/n,1/n) on
the y-axis. How does this example relate to Proposition 9.9.1? Explain.



Chapter 10
Measure Construction

10.1 Measures from Quter Measures

Like measures on the real line, one can construct a general measure from an
outer measure. We do not, however, construct an outer measure from an integra-
tor; instead, we assume that we start with an outer measure that has the necessary
properties.

Recall that an algebra in a set X is a collection of subsets of X; the collection
contains X itself and is stable with respect to the operations of taking complements
and finite unions. It is therefore stable with respect to the operation of taking finite
intersections. A o-algebra in X is an algebra that is stable with respect to the opera-
tion of taking countable unions, and therefore, countable intersections. As before, E
and CE both denote the complement of a set E. A measure is complete if subsets of
sets of measure 0 are measurable. Also recall that the power set of X is the collection
of all subsets of X.

Definition 10.1.1. An outer measure (" on a set X is a nonnegative, extended-real
valued set function defined on the power set of X such that

i) u*(2)=0,
ii) u* is monotone increasing, i.e., the bigger the set, the bigger the value of u*,
and

iii) u* is countably subadditive, i.e., u*(UjenA;) < Zien 1* (4;).

Definition 10.1.2 (Carathéodory). A set E is called measurable with respect to an
outer measure (L* on a set X if foreach A C X,

WS (A) = W (ANE) + u"(ANE).

Remark 10.1.1. As for the real line, aset E C X is ngeasurable if for those sets A C X
with u* (A) < 4o, u*(A) > W*(ANE)+U*(ANE).

Theorem 10.1.1. The class B of W*-measurable sets is a o©-algebra, and U*
restricted to A is a complete measure.

© Springer International Publishing Switzerland 2016 179
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Proof. Clearly, @ € A, and if E € %, so is E.Fix E; and E> in % and A C X with
1* (A) < +eo. Then by subadditivity,

U (A) = uH(ANE) + U (ANE,)
*(AﬂEz) +[,L*(A NE, ﬂEl)—l—[,L*(AﬂEz ﬂEl)
*(Aﬁ[ElLJEQ] (Aﬁgzﬂgl)

)+
*(AN[E|UE,]) +u*(ANC[E| UE,)).

AV ||

u
u
u
u

It follows that & is an algebra. Moreover, if E| NE; = @, then [E} UE;]NE| = E}
and [Ey UE;|NE| = Ey, so

W (E\UE) = w* ([Ey UE NEy) + ([El UEZmEI)
= P (E1) +p*(E2).

This shows that, u* restricted to % is finitely additive.

Now let E = U2 |E; be a countable union of sets in 8. Since % is an algebra,
we may assume that the sets E; are pairwise disjoint. We now show that E € % and
u*(E) =X ,u* (E;). For each n € N, let G, = U!_| E;, and let A be a subset of X.
Then

W (A) = L (ANG,) + 1 (ANG,) > W' (ANG,) + 1" (ANE)
= W(ANE)+u* (AN (G, \ E1))+u*(ANE) =
= I W (ANE) + 1 (ANE).

Therefore, by subadditivity,
u(A) > Z2u (ANE) + 1 (ANE) > u*(ANE) +u*(ANE),

It follows that E is measurable, whence % is a o-algebra. Replacing A with E and
using subadditivity, we have p* (E) = X, u*(E;). That is, u* restricted to 4 is
o-additive. If S C X and pu*(S) = 0, then it is immediate that S € %, so u* is a
complete measure when restricted to 2.

10.2 The Carathéodory Extension Theorem

In this section, we show that measures on algebras of sets (Definition 10.2.1) can
be extended to measures on o-algebras. In general, topologies are not part of the
structure of an algebra of sets. Recall that the intersection of all o-algebras contain-
ing a collection ¥ of subsets of X is the smallest o-algebra in X containing €; it is
denoted by o (%).
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Definition 10.2.1. A nonnegative, extended-real valued set function t on an algebra
&/ is called a measure on </ if u (&) =0 and for any pairwise disjoint seq-
uence (A, :n € N) in o7 for which the union is also in 27, we have p1(U,enA,) =
Z.enU (Ay). We say u is o-additive on <.

Remark 10.2.1. Clearly, o-additivity is necessary for u to be extendable to a
o-additive set function on a larger collection. Using an outer measure, we now show
that it is also a sufficient condition. The proof is presented in several steps.

Theorem 10.2.1 (Carathéodory Extension Theorem). If u is a measure on an
algebra of of subsets of a set X, then | has a 6-additive extension to the completion
of the smallest 6-algebra ¢ (/) containing <f. If X is a finite or countably infinite
union of sets from </ having finite [l-measure, then the extension of | from </ to
o (&) is unique.

Definition 10.2.2. Given a measure { on <7, for each set E C X, let € (E) denote
the family of all sequences in 2/ that cover E. That is, a sequence (A, :n € N) is a
member of € (E) if and only if for each n € N, A, € &7, and U, cnA, 2 E. We set

u(E) =infia v eqm) (Zpm(An)).

Proposition 10.2.1. The set function u* is an outer measure. If E € </, then
UE = u*E.

Proof. First we fix E € of and show that y (E) = u* (E). The sequence (A,) where
A =E and A, = @ for n > 1 covers E, so u*(E) < p(E). On the other hand, if
(A,) is a sequence from <7 that covers E, then we may replace A with Bj = ENAj,
and for n > 1, replace A, with B, = (ENA,)\ Ul'-’:_l1 B;, which is in 2/. Moreover,
U (Bn) < u(Ap) and E = ;,—; By, so by the o-additivity of u on <7,

o

u(E)—zuwn)silu(An).

n=1

It follows that u* (E) = u (E).

Clearly, p* is a nonnegative, monotone increasing set function defined on all
subsets of X. Since @ € o7, u* (&) = 1 (&) = 0. We need to show that u* is count-
ably subadditive; that is, if E C |,,_; Ep, then u*(E) <Y, u*(E,). This is clear
if any of the terms in the sum is infinite. Assuming each is finite, we fix € > 0, and
for each n € N, we choose a sequence (A7 :i € N) in o/ that covers E, such that
Yo (AY) < p*(E,) + 57 Since the countable collection {A7 :i,n € N} covers E,
we have

8

w (E) < il u )< @u*(m) ‘e

Since € is an arbitrary positive number, subadditivity of ©* is established.

i

Proposition 10.2.2. Each E € < is u*-measurable.
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Proof. Fix E € &/. Fix aset S C X of finite outer measure, and fix an € > 0. Choose a
sequence (Fy : n € N) from &/ that covers S with total measure less than u* (S) +e&.
Since E is in &, foreachn € N, u (F,,) = u(F, NE) + w(F, NE). Therefore,

ue(S)+e> i u(Fy) = iu(FmE)Jr i u(F,NE)

n=1 n=1 n=1

> U (SNE)+u*(SNE).

Since € is an arbitrary positive number, it follows that E is 1*-measurable.

We write u for the restriction of u* to the o-algebra % consisting of
u*-measurable sets. This gives the desired extension of y. We call a set E € % with
1 (E) =0 a null set. We will write <7 for the family of countable unions of sets
in o7, and 2755 for countable intersections of sets in the family .«7;. We have now
established the following result: The class 2 of u*-measurable sets is a o-algebra
containing .2/, and u* restricted to % is a complete measure.

Proposition 10.2.3. The outer measure U* derived from a measure L on an algebra
< has the property that for any set E C X and any € > 0, there is an 5-set A O E
such that i (A) < u* (E)+ €, and there is an <gg5-set B D E with 1 (B) = u* (E).

Proof. If u* (E) = +oo, let A = B = X. Otherwise, let A be the union of sets from
</ that cover E with total measure less than u* (E) + €, and then let B be the inter-
section of such <75-sets for each value € = 1 /n.

Corollary 10.2.1. IfE € A has finite measure, then E equals an </ 5-set from which
a null set in B has been removed.

Corollary 10.2.2. The extension of a measure |1 on an algebra < to 6(<f) is
unique if X is the finite or countably infinite union of sets in &/ of finite measure.

Proof. Assume first that [ (X) < 4. Any /s-set that is not in & is the union
of a pairwise disjoint countably infinite sequence of sets in .27, so the extension of
U from & to @/ is unique. Let [ be any other measure extending u from &7 to
o (). We must have I = 1 on &/;. Fix A in 6(&/) and € > 0. There is a B € @5
with B O Aand u (B) < i (A)+¢e, whence i (A) < 1 (B) = u (B) < u(A)+e. Since
this is true for any € > 0, tt (A) < u (A). Since A is arbitrary in 0(«/), we also have
[ (BNA) < u(BNA) < €. On the other hand,

H(A)<u(B)=p(B)=p(A)+L(BN\A) <p(A)+e.

Since € is an arbitrary positive number, 1 (A) < 1L (A), whence pt (A) = i (A). That
is, i =y on o ().

Now assume that X = U | X;, where each X; is in ./ and has finite j1-measure.
We may also assume the sets X; are pairwise disjoint. In this case, if [ is another
measure extending it to o(<7), then we have shown that for each i € N and B €
o(«), W (BNX;) = u(BNX;). It follows that it = i on o(&).
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Example 10.2.1. Let X consist of the rational numbers in (0, 1], and let &/ be the
algebra formed by disjoint unions of intervals (a,b]NX. Let u(@) = 0, and for
all other sets E € &7, let i(E) = +oo. The extension of u to o () is not unique
(Problem 10.1).

10.3 Lebesgue Measure on Euclidean Space

Lebesgue measure on Euclidean space generalizes area for the plane and volume for
3-space. Just as for the line, it can be generated by an outer measure. First we need
some basic properties of an n-dimensional Euclidean space R”. We assume that a
coordinate system has been fixed. We use |x —y| to denote the Euclidean distance
from a point x to a point y in R”. This is a metric on R”, and so metric notions
apply. The topology on R” is the metric topology with a local open base at each
point consisting of open balls centered at the point.

A point x € R” is called rational if its coordinates are rational. Every open set
O C R” equals the union of the open balls contained in O having rational centers
and rational radii. Therefore, the topology satisfies the second axiom of countability,
and by Proposition 9.8.1, any collection of open sets has a finite or countably infinite
subcollection with the same union. Therefore, to show that a subset is compact, it
is enough to show that every countably infinite covering by open sets has a finite
subcovering. By Theorem 9.7.5, a set is compact if and only if it has the Bolzano-
Weierstrass property. By the Heine-Borel Theorem 9.7.7, a set is compact if and
only if it is closed and bounded.

If X is the x-y plane, then the product of finite closed intervals, one in each of
the coordinate axes, is a finite rectangle with its boundary. The product of finite
open intervals in the coordinate axes is a finite rectangle without its boundary. In
3-space the analogous products form rectangular parallelepipeds with and without a
boundary. In general, we have the following property for such a product; the proof
is Exercise 10.2.

Proposition 10.3.1. If P is the product of finite open intervals, one in each of the
coordinate axes of R", then P is an open set. If P is the product of finite closed
intervals in the coordinate axes of R", then P is a closed and bounded, and therefore
compact, set.

We next define Lebesgue outer measure A,* on n-dimensional Euclidean space R”
and the corresponding Lebesgue measure. Given a product P of finite open intervals
or finite closed intervals in the coordinate axes, we let V(P) denote the product of
the length of those intervals. If the intervals are open, we will call P a general open
rectangle, and V(P) the volume of P. For n = 2, V(P) is the area of a rectangle
without boundary. For n = 3, V(P) is the volume of a rectangular parallelepiped
without boundary.

Given a set A C X, we let ¥(A) denote the family of all collections of such
general open rectangles that cover A. That is, .# is a member of € (A) if and only
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if .# is a set of general open rectangles in X, and the union of the elements of .%
contains the set A. By Y pc » V(P) we mean the unordered sum of the volumes of
the sets in .. Recall that this is the supremum of the sums obtained by adding
the volumes of finite subsets of .. If .# is an uncountable collection, then by the
Lindelof property, a finite or countably infinite subfamily of .# also covers A and
has a sum of volumes that is no greater than the sum for the whole family. Therefore,
in applying the following definition, we usually consider just finite and countably
infinite families of general open rectangles that cover A. Every enumeration of a
countably infinite family of general open rectangles will produce the same sum of
volumes, which is the usual limit of partial sums.

Definition 10.3.1 (Lebesgue outer measure). For each subset A C R”, the Lebesgue
outer measure, A,5(A), is obtained as follows:

A (A)= inf (ZV >

JEC(A pey

Proposition 10.3.2. For a general open rectangle P, the outer measure A, (P) =
V(P). For each A CR", A7(A) >0, 1;(@) =0, A;(R") = 4o, and if A C B C
R", then A, (A) < A,f(B). Moreover, A, is countably subadditive, that is, for any
sequence (E; i € N) in R", 1, (UienEi) < Zien A, (E;). Therefore, A} is indeed an
outer measure.

Proof. Since P covers itself, 4,(P) < V(P). Let R be any closed general rect-
angle with R C P. We show next that V(R) < A} (R). It will then follow that
V(P) < A} (P), whence V(P) = A5(P). Since R is compact, we need only show
that if {P;:i=1,---,m} is a finite covering of R by general open rectangles, then
V(R) < 3" ,V(P). That proof is Exercise 10.4(A). The rest is clear except for
countable subadditivity, that is, if £ C |2 E;, then A} (E) < Y7, A (E;). This
is clear if any of the terms in the sum is infinite. Assuming each is finite, we fix
€ > 0, and for each i € N, we choose a covering of E; by general open rectangles
such that the sum of their volumes is less than A, (E;) + 5;. The total volume of
all of the covering general open rectangles, which together cover E, is less than
(T2 A (Ei)) + €. Since ¢ is arbitrary, subadditivity is established.

Proposition 10.3.3. Given A C R" and € > 0, there is an open set O with A C O
and A} (0) < A (A) + . Moreover; there is a countable intersection of open sets
S DA with A} (S) = AF(A).

n

Proof. Exercise 10.5.

Definition 10.3.2. To obtain Lebesgue measure on R”, restrict A, to the c-algebra
of A,-measurable sets. The restriction is a complete, countable additive measure
extending the volume of general rectangles. The family of A-measurable sets is
called the Lebesgue measurable sets, and the restriction of A;F is called Lebesgue
measure on R".
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10.4 Product Measures

We have extended Lebesgue measure to R”, but we have not yet discussed integra-
tion, in particular, iterated integrals. For that discussion, given in a general context,
we consider just two complete measure spaces (X, <7, u) and (Y, %, v). The exten-
sion to 3 or more spaces will be clear.

Definition 10.4.1. A measurable rectangle in X x Y is the product A x B of a mea-
surable set A in X with a measurable set B in Y. The collection of measurable rect-
angles is denoted by %Z. For each A x B € %, we set Y(A X B) = u(A) - v(B). We
let 2 be the collection of finite unions of disjoint measurable rectangles, and we
extend y to 2 by summing its values on the rectangles forming any member of 2.

Proposition 10.4.1. The family 2 is an algebra of subsets of X X Y, and y is well-
defined on 2. In fact, y is a measure on 2.

Proof. The proof that 2 is an algebra of subsets of X x Y is Exercise 10.10. To show
that 7y is well-defined and even a measure on 2, we fix a finite or countably infinite
disjoint collection {(A; X B;)} of measurable rectangles with union a measurable
rectangle A x B, and we show that y(A x B) = X y(A; x B;). Fix x € A. For all y € B,
there is a unique i with (x,y) € A; X B;. Therefore, B is the disjoint union of sets B;
such that x is in the corresponding A;. For those sets B;, we have

Ziv (Bi) = Zi (v (Bi) - xa;(x)) = v (B) .
Therefore, for x € A, Z; (v (Bi) - xa;(x)) = v (B) - xa(x), and if x ¢ A, the equation

still holds. Now by the Monotone Convergence Theorem,

Zy(A; X B;) z/ ) xa,)dp = /Z )+ X, (x))d

— [(vB)xa)du = v (B) - (4) = ¥4 < B)

Since 7y is a measure on the algebra 2, by Theorem 10.2.1 there is an extension
to a o-additive measure on the completion of the 5-algebra 6(2).

Definition 10.4.2. We denote the collection of measurable sets in the completion of
6(2) by .7, and we write i x v for the extension of y to .. The measure L X V is
called a product measure.

Proposition 10.4.2. If i and v are both finite (or o-finite), then W X V is finite
(or o-finite).

Proof. Exercise 10.11.

Example 10.4.1. As an application of the construction of product measures, one
can construct two-dimensional Lebesgue measure and then higher-dimensional
Lebesgue measure by starting with Lebesgue measure on the real line.
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We will need cross sections to describe the structure of product measurable sets.
We use the following notation: E, :={y €Y : (x,y) €EE}, E”:={x€ X : (x,y) € E}.
Recall that E and CE both denote the complement of a set E.

Proposition 10.4.3. Given a set E C X XY, the value x,(y) = xe(x,y), (CE) =
C(E,), and for any collection of sets {Eg}, (UEg)x = Ug(Eq)x-

Proof. To see that (CE )x = C(E,), note the following:
ye(CE), & (xy)elEs (x,y)¢Ewy¢E. s yel(E).

The rest is clear.

Lemma 104.1. If E € %5, then for every x € X, Ex € A and for every y € Y,
EYe .

Proof. The result is trivial if E € Z. If E = U;E; where each E; € %, then for every
x€XandeveryyeY,

XE.(¥) = xE(x,y) = sup g, (x,y) = sup x(g,), (¥)-

It follows that y, is a measurable function of y, whence E, € 4. If now we assume
that E = N;E; where each E; € %, then for every x € X and every y € Y,

X, (v) = xe (% y) = inf g (x,y) = inf g, ().

It follows that ), is a measurable function of y, whence E, € . The proof that for
every y € Y, EY € o/ is similar.

If we are dealing with the product of finite or o-finite measure spaces, then the
product is also at least o-finite. It then follows from Proposition 10.2.3 and its corol-
laries that every measurable set having finite measure is an % set minus a null set.
Moreover, every measurable set is a countable union of % sets of finite measure
where a null set has been removed from each. The next two lemmas establish prop-
erties of Z4 sets of finite measure and null sets.

Lemma 10.4.2. Let E be a set in Zs5 with (U X V) (E) < +oo. Thenx — v (E,) is a
measurable function of x, and [ v (Ex)du = (1 X v) (E). A similar statement holds
when the roles of x and y are reversed.

Proof. The result is trivial if E € Z. Any finite union of measurable rectangles can
be written as a finite disjoint union. Therefore, given E € %5, we may assume it is
a pairwise disjoint union of measurable rectangles E;. Hence, the measurability of
x — v (Ey) is clear. Moreover, for each x € X, v (E,) = ;v ((E;),), and so
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[viE)dn == [ v((E))dn =5 (u < v) (E) = (1 x v) (B).

Now let E be a set in %45 for which the product measure is finite. Note that by the
construction of the product measure, there is a sequence of measurable rectangles A;
such that E CU;A; and (U X V) (E) < X (U x V) (A) < (U xV)(E)+1.Let E; =
UA; € Zs. We now find Z; sets E, so that the sequence E, is decreasing and E =
NE,; we use the following method: Given an Z set F = U;A; and a second % set
G =U;Bj,eachA;NB; € #Z, and so we can form the Z5 set U;U; (A;NB;) C FNG.
Starting with E; and continuing in this way, we may assume that the sequence E,
from % is decreasing, and since E € Z 5, we may assume that E = N,E,. Now for
each x € X, E; = N, (E,)x. Therefore, v(E, )y is a decreasing sequence of integrable
functions on X, and v (Ey) = lim,, v(E,), for each x € X. It follows that v (Ey) is a
measurable function of x, and by the Lebesgue dominated convergence theorem and
properties of measures,

[ vE)dp =tim xv) (B) = () ().

Lemma 10.4.3. Ler E be a set for which (L x V) (E) = 0. Then for u-almost all
x€X, E; € Band v (Ey) = 0. A similar statement is true for v-almost all y € Y.

Proof. There is an %45 set F D E such that 0 = (u x v) (F) = [v (Fy)du. Since
E, C F, and for pu-almost all x € X, v (F) =0, it follows from the completeness of
v that for p-almost allx € X, E, € B and v (Ex) < v (Fy) =0.

Proposition 10.4.4. Let E be a set of finite product measure. Then for l-almost
allx € X, E, € B and x — v (Ex) defines a measurable function of x on X when
the value is set equal to 0 where v (Ey) is not defined. Moreover, [ v (Ey)du =
(1 X V) (E). A similar statement holds for v-almost ally € Y.

Proof. There is an %45 set F O E with (u X v) (F\ E) = 0. The result is true for F
and for F\ E, so it is true for E. That is, for g-almost all x € X, E, is a measurable
subset of ¥ and v (E;) = v (Fy). The rest is clear.

Theorem 10.4.1 (Fubini). Let (X, o/, 1) and (Y,2,V) be two complete measure
spaces, and let f be an integrable function on X X Y. Then

a) for p-almost all x € X, the function y — f(x,y) is an integrable function on Y ;
b) for v-almost all y € Y, the function x — f(x,y) is an integrable function on X;
¢) the function x — [, f(x,y)v(dy) is an integrable function on X;

d) the functiony — [y f(x,y)u(dx) is an integrable function on Y ; and

/){(/}/fdv)du: %X Fd(uxv) /(/fdu)dv

Proof. The collection of functions on X x Y for which the theorem is true is a vector
subspace of the space of integrable functions on X x Y. That subspace contains
the space of simple functions that vanish off of sets of finite measure. We need,
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therefore, only prove the result for a nonnegative function f. By symmetry, we need
only establish Properties a and ¢ and the first equality between the iterated integral
and [y,y fd (u x v). Given a nonnegative integrable function f on X x Y, there is
an increasing sequence of simple, nonnegative functions ¢, with limit f. Since f is
integrable, each ¢, is integrable, and so must vanish off of a set of finite measure. For
p-almost all x € X, each function ¢, (x, -) is measurable on Y. For such an x, f(x,) is
measurable on Y. Now, consider the function on X taking the value [, f(x,y)v(dy)
when the integral is defined, and the value 0 when the integral is not defined. By
the Monotone Convergence Theorem, [, f(x,y)v(dy) = lim, [, @,(x,y)v(dy) for
p-almost all x, so the function x — [, f(x,y)v(dy) is measurable. Again by the
Monotone Convergence Theorem,

_/X(/dev)du = li,I,n/X(/Y(PndV)dIJ

:lim/ (pnd(uxv):/ fd(UxV)< oo
noJXxY XxY

It follows that x — [, f(x,y)v(dy) is a u-integrable function on X, so Property c
holds. Therefore, for u-almost all x € X, [, f(x,y)v(dy) is finite, so Property a
holds. We also have established the first equality between the iterated integral and

Jxxy fd (U xv).

The finiteness condition that we needed to go from characteristic functions of
sets of finite product measure to the general case is obtained in the Fubini theorem
via the assumption that f is integrable. Here is another way to go from characteristic
functions to the general case.

Theorem 10.4.2 (Tonelli). Let (X, 7, u) and (Y,%,v) be two complete c-finite
measure spaces, and let f be a nonnegative measurable function on X X Y. Then

a) for p-almost all x € X, the function y — f(x,y) is a measurable function on Y ;
b) for v-almost all y € Y, the function x — f(x,y) is a measurable function on X;
¢) the function x — [, f(x,y)v(dy) is a measurable function on X;

d) the functiony — [y f(x,y)u(dx) is a measurable function on'Y; and

[ (fom)one o= [ (o)

Proof. With the assumption of o-finiteness, we can take an increasing sequence of
simple functions ¢, converging up to a measurable, nonnegative f on X X Y so that
each ¢, vanishes off of a set of finite measure. The proof is the same as for the
Fubini theorem, except the result is now stated for nonnegative functions, so the
space for which the result holds is stable under addition and multiplication only by
nonnegative scalars.
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10.5 Other Integrals

There are other approaches to integration that may interest the reader. For example,
recall that a real vector lattice on a set X is a vector space of functions . with
scalars in R such that if f and g are in .Z so are f A g (the pointwise minimum)
and f'V g (the pointwise maximum.) Note that | f| = (fVV0) 4+ (—f V 0). Conversely,
given the absolute value function, we have

fve=Q072)f+te+|f—¢gll, frg=01/2)[f+g—|f—zell

Definition 10.5.1. A positive linear functional / on .Z is a linear map of .Z into R
taking nonnegative functions to nonnegative values. In particular, it is increasing in
the sense that if f < g, then I (f) is less than or equal to /(g). Let I be such a positive
linear functional with the additional property that if (@, :n € N) is a decreasing
sequence in . with limit O at each point of X, then I(¢,) \, 0. The corresponding
Daniell integral is the extension of / to a larger vector lattice.

Example 10.5.1. Let .Z be the family of continuous functions with compact support
on R, and let I be the Riemann integral on .Z. The corresponding Daniell integral
is the Lebesgue integral on R.

Example 10.5.2. Let o7 be an algebra of subsets of a set X, and let i be a finite,
o-additive measure on (X,.27). Let . be the family of simple, measurable functions
on X, and let / be the corresponding integral with respect to (L. The Daniell integral is
the integral with respect to the o-additive extension of  to the o-algebra generated
by <7. See Theorem 10.2.1.

Another example, in [32], gives an alternate approach to the integral for the
measure theory described in the Appendix on Infinitesimal Analysis and Measure
Theory. For the general construction of the Daniell integral, see [45].

There is a large body of literature on the Henstock—Kurzweil integral. That int-
egral uses sums like those for the Riemann integral, but the size of an interval in
which the integrand is evaluated at a point ¢ depends on the value of the integrand
at ¢. The corresponding integral is a version of the Lebesgue integral. For the con-
nection with “points of approximate continuity”, see [33].

10.6 Problems

Problem 10.1. Let X consist of the rational numbers in (0, 1], and let &7 be the
algebra formed by disjoint unions of intervals (a,b] N X. Let u(2) = 0, and for all
other sets E € <7, let U(E) = +oo. Show that the extension of u to o(<) is not
unique. Hint: For each x € X, {x} € o(&).

Problem 10.2. Prove Proposition 10.3.1.
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Problem 10.3. There are topological spaces so disconnected that there is a base for
the topology consisting of clopen sets. Clopen sets are sets that are simultaneously
both open and closed. Let X be such a space.

a) Show that the collection .27 of clopen sets in X is an algebra in X.
b) Show that if X with the topology generated by clopen sets is compact, then any
finitely additive measure on the algebra &/ of clopen sets can be extended to a

countably additive measure on the completion of the smallest o-algebra contain-
ing /.

Problem 10.4 (A). In R", let R be a general closed rectangle, and let the collection
{P,: i=1,---,m} be a finite covering of R by general open rectangles. Show that
V(R) <X, V(P).

Problem 10.5. Prove Proposition 10.3.3.
Problem 10.6. Fix nonempty sets A and B C R” such that
d(A,B) :=inf{lx—y|:x€A,ye B} =a>0.
Show that Lebesgue outer measure A*(AUB) = A*(A) + 1*(B).
Problem 10.7. Show that Lebesgue outer measure on R” is translation invariant.

Problem 10.8. The family of Borel sets in R" is the smallest o-algebra containing
the open subsets of R”. Extend Proposition 2.4.2 and Corollaries 2.5.1 and 2.5.2
of Theorem 2.5.1, as they apply to Lebesgue measure on R, to Lebesgue measure
on R",

Problem 10.9. A measure defined on the family of Borel sets is called a Borel
measure. A Borel measure (4 on R” is called a doubling measure if there exists
a constant C such that for every open ball B(x,r), u(B(x,2r)) < Cu(B(x,r)). Let u
and 1 be two doubling Borel measures on R. Prove that the Borel measure ( x 1 is
a doubling measure on R?. Hint:

e —r/2,x+7/2] x [y—r/2,y+r/2] C B((x,y),r)
B((x,y),2r) C [x—2rx+2r] X [y —2r,y+2r].

Problem 10.10. Fix two measure spaces (X, <7, ) and (Y, %, V). Let 2 be the col-
lection of finite unions of disjoint measurable rectangles. Show that .2 is an algebra
of subsets of X X Y.

Problem 10.11. Prove Proposition 10.4.2.



Chapter 11
Banach Spaces

11.1 Banach Spaces

In this chapter, we continue developing properties of normed linear spaces, and in
particular, Banach spaces, i.e., spaces that are complete with respect to the met-
ric generated by the norm. We have already considered the important examples of
Hilbert spaces and L” spaces. Further aspects of the latter will be developed in this
chapter. The field of scalars for our work is either the set of real numbers R or com-
plex numbers C. These fields are examples of normed linear spaces; the absolute
value function is the norm for R, and the modulus is the norm for C.

A linear subspace of a normed space is often called a linear manifold. Linear in-
dependence and dimension are the usual notions defined for all vector spaces. (See,
for example, Definition 8.5.1.) A finite-dimensional linear manifold in a normed
space is always closed with respect to the topology generated by the norm. (See
Problem 11.2(A).)

Definition 11.1.1. Equivalent norms on a normed space are norms that generate
the same topology.

Remark 11.1.1. Two norms are equivalent if each norm multiplied by an appropriate
constant dominates the other. To see this, we note that open neighborhoods of a point
are translates of open neighborhoods of 0. Therefore, we need only have an open ball
about 0 in terms of each one of the norms contain an open ball about O in terms of the
other norm. Recall that for a normed space X and all x, y in X, |||x|| — [[¥||| < [lx =
whence x — ||x|| is a uniformly continuous map from X into R¥.

Definition 11.1.2. A map from one vector space into another preserving addition
and scalar multiplication is called a linear map or linear transformation.

Recall that linear functionals on a normed linear space are linear maps into the
scalar field. Properties of such functionals, such as Theorem 7.5.1, hold for more
general maps.
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Definition 11.1.3. A linear transformation 7 from one normed linear space X to
another is bounded if the following quantity is finite:
17 (x)

I
IT]|:=sup = sup [|T(x)|| = sup ||T(x)[.
rexazo X =1 <1

The nonnegative real number ||T|| is called the norm of the linear transformation.

Theorem 11.1.1. Ifa linear transformation T is continuous at any point of a normed
vector space X (not necessarily complete), then it is bounded. If T is bounded, then
it is uniformly continuous on all of X.

Proof. If there is an open ball B(x, §) about x that maps into a ball B(T (x), &) about
T (x), then the translate

B(x,0)—x={y:y=2z—x,z€B(x,0)}
is the open ball B(0,§), and
T[B(0,5)] C B(T(x),e) — T (x) = B(0,¢).

It follows that if 7' is continuous at x, then it is continuous at 0. Moreover, T is
bounded since ||x|| < & if and only if || x| <2, so

2¢e
sup [|[T(x)[| < —.

sup [[T(x)|| < sup [T (x)[| < 5
x€B(0,5)

[lxll<1 lIxll<2

| N

The uniform continuity follows from the Lipschitz inequality that for all x and y in
X AN ) =TI < TN - [lx=yl-

Definition 11.1.4. The space of bounded linear functionals on X is called the dual
space or conjugate space of X. It is denoted by X*.

Theorem 11.1.2. The space % of bounded linear maps from a normed space X
into a Banach space Y forms a Banach space. The norm of each bounded linear
transformation T is the nonnegative real number ||T|).

Proof. The set # forms a vector space where addition and scalar multiplication are
the usual pointwise operations for functions from one vector space into another. To
show that || - || is a norm on 4, we note that ||T'|| = 0 if and only if 7 = 0. For any
scalar o,

leT|| = sup [[oT (x)[| = |e| sup [T (x)|| = |e| - [ T]-

[lxll=1 [lxll=1
Given A, B € A, we have

|A+B|| = Sup, 1A () +B(x) | < sup ([lA(x) [ +[IB(x)[])

< sup [A() |+ sup 1B (x) | = [[A[l+1IB]|-

x|=1 [l =
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It only remains to show that 2 is complete. Let (A, : n € N) be a Cauchy sequence
in #. Then for all x € X, (A,(x)) is a Cauchy sequence in Y since for all n, m in N,
1An(x) — A (X)|| < ||An — Awmll ||x]|- Let A(x) denote the limit. Since A is the point-
wise limit of linear maps, it too is linear. For example, the sequence (A,(x) +A,(y))
has limit A(x) +A(y) and also A(x+y), and so these two limits are equal. To show
that A is a bounded linear map, we find an N € N so that for n > N, we have

lAnll = lAN (] < [|An — An[| < 1.

It follows that for all x € X with ||x|| < 1, and for all n > N, [|A, (x) || < ||An]| + 1.
Since || - || is continuous on Y, ||A (x) || < ||[An]| + 1 for all x with ||x|| < 1, whence A
is bounded. To show that A, — A, with respect to the norm || - || on £, we fix € > 0,
and choose N € N so that for n, m > N, ||A, — An|| < €. For any x with ||x|| < 1, and
foranyn > N,

145 () = A (x) | = lim [|A, (x) = Ap (x) || <Tim A, —An|| <e,

whence ||A, —A| < e.

Corollary 11.1.1. The dual space X* of a normed space X is a Banach space. The
norm of each bounded linear functional F is ||F || := sup<; [F(x)].

Theorem 11.1.3. A linear functional f on a normed space X is bounded if and only
ifits kernel K :== {x € X : f(x) =0} is closed in X.

Proof. Exercise 11.3(A).

11.2 Return to Classical Normed Spaces

We work with a measure space (X, %, 1t). We don’t assume U is complete; f = g
almost everywhere means that we have equality outside of a y-null set. Two func-
tions are equivalent if they are equal almost everywhere. We use notation such as f
for both the function f and the equivalence class it represents. If the scalar field is
R, then |f| denotes the absolute value of f. If the scalar field is C, then |f| denotes
the modulus of f. For 1 < p < o, the space LP(u) consists of those equivalence
classes of measurable functions f such that [ |f|” du is finite. For each f € L”(u),
11, == [f(|f\)”]]/p. For p = oo, || f]|.. denotes the essential supremum of |f|. The
space L”(u) consists of those equivalence classes of measurable functions f for
which || f]|.. is finite.

For 1 < p < oo, LP(u) (also denoted by just L”) is a linear space with re-
spect to the scalar field. Real values p and g greater than 1 satisfying the equal-
ity 1/p+1/q =1 are called conjugate exponents. The values p = 1 and g = o
are also paired in the theory. For 1 < p < oo, the map f + || f||, is a norm on L7,
and L? is complete with respect to the metric generated by its norm; that is, it is a
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Banach space. When the measure space is N with counting measure, we write ¢”
instead of L. For example, ¢~ is the space of bounded sequences. The reader can
show in Problem 7.43(A) that if f is a function in every L? for 1 < p < o, then
timse | £1] = ]

We recall now the inequalities of Holder and Minkowski, and add a condition for
equality in Minkowski’s Inequality.

Lemma 11.2.1. For real-valued and complex-valued functions f and g, |f +g| =
||+ |g| on a set E if and only if where the product is not 0, the ratio is positive.

Proof. Exercise 11.4.

Theorem 11.2.1 (Holder’s Inequality). Assume either that p and q are real num-
bers larger than 1 with 1/p+1/q =1 or that p =1 and q = . In either case,
if fELP and g € LY, then f-g € L' and ||fg||, < I£1l, - llgll,- The inequality is
equality if the right side is 0. Otherwise, for p = 1, equality holds if and only if
|g(x)| = ||g|e for almost all x such that f(x) # 0, while for p > 1, equality holds if
and only if there are positive constants s and t such that s- ||V =t -|g|? a.e.

Proof. Presented in Theorem 7.4.1.

Theorem 11.2.2 (Minkowski’s Inequality). If f and g are in L?, then so is f+ g
and || f+g|, < IfIl, +llgll - Assume that neither || f|| A nor ||gH is 0. Then we have
equalltyfor p=1 lfand only iflfx)+gx)|=]|f(x) f—i— lg(x |f0r almost all x. We
have equality for 1 < p < oo if and only ifg="7v-f a.e for some y > 0. We have
equality for p = o if and only if for each € > 0 there is a set E of strictly positive
measure such that the following holds almost everywhere on E: |f(x)+ g(x)| >

f @)+ =& [fX)] = [If ]l — & and [g(x)] = [|g]|-- —&.

Proof. The inequality is established in Theorem 7.4.2; we repeat the proof here for
the case 1 < p < eo. We assume that neither ||f{|, nor ||g[[, is 0. Equality for the
case p =1 is Exercise 11.5. Suppose 1 < p < e and g = v- f a.e. for some y > 0.
Then we have equality since

(Jirear) " = (Jrasmee) " =aen(fur) " =umt, 1l

On the other hand,

[ir+elr< [(ir+gr7101) + [ (1r+87"lel).

Equality holds here if and only if |f + g| = |f] + |g| a.e. We employ Holder’s In-
equality with % + é =1sopg—qg=np.

1/q
S (e ) <lstye (flr+er) =l lr+ell
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with equality implying the existence of constants s > 0 and # > 0 such that
s-|fIP=1-1f+gl" ae.

Similarly,

: . 1/q

[ (i) < el (f1r+er) =l 1+l

with equality implying the existence of constants # > 0 and v > 0 such that
u-lgl" =v-|f+gl" ae.

Now we have
J1748l <1117+ 812+ el 17+ gl
i 1,1 - r _p_
Since > + i I,p=1+ g SOP— = 1. Therefore,

If+gll, =17 +glz P < |f1,+ gl -

This again establishes the inequality for the case 1 < p < 0. If we have equality,
then |f+¢| = |f| + |g| a.e., and

t t
S'|f\p:f'|f+g|p=v-;-\f+g|p:u-;-\g|pa.e.,

so for some y > 0, |g| = v | f| a.e. Therefore, outside of a null set, f = 0 if and only
if g =0, and by Lemma 11.2.1, where neither is 0, the ratio is positive. It follows
that almost everywhere, g =7 f.

Finally, suppose p = o. Let f and g be representative functions for their equiv-
alence classes. For each € > 0, let F; := {|f(x)| > || f|l.— €}, and let G¢ :=
{lg(x)] > |lg||.. — €}. If for each &€ > O there is a set E; C F, N G with strictly posi-
tive measure such that |f +g| > | f| +|g| — € on Eg, then

1f +8llee 2 [1(f +8) xEe |l = inf |f(x) +(x)]

2 Inf (|f(x)]+[g(x)]) — & 2 [Ifll~+ 8]l —3e.
Since € is arbitrary, ||+ g|lw > || f]le + ||g]|. We must then have equality, and so
the condition of the theorem is sufficient for equality.

Suppose the condition fails for some € > 0. For x € X\ (F: NGe), |f(x)| <
Il fll.. — € or |g(x)| < ||gl|.. — € or both, in which case

f() + g <|F @)+ < [Ifll. + llgll. — & ae.
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Let A be the set of all x € F; NG such that | f(x) + g(x)| > | f(x)| +|g(x)| — €. Since
the condition fails for €, A has measure 0. For x € (Fz N G¢)\A,

f () +g@)] <[f()[+]g(x)| —& <[ fllo +llgll. — & ae.
It follows that the condition of the theorem is necessary for equality.

Remark 11.2.1. If f and g are real-valued functions, the condition that for every
€>0,|f(x)+gx)| > |f(x)|+|g(x)] — € on E is the condition that f(x) and g(x)
have the same sign at all points of E.

11.3 Dual Space of L”

For the rest of this chapter, we assume that the scalar field is just R. As a corol-
lary of Theorem 11.1.2, we have seen that the dual space X* of a normed space
X is a Banach space, with norm of each bounded linear functional F' equal to
sup|j<i [|F(x)[- It is convenient to have a more concrete representation for the dual
space of an L? space in terms of a space that is isometrically isomorphic to the dual
space. Two normed linear spaces are called isometrically isomorphic when there is
a linear bijection between them such that the norm of a point equals the norm of its
image.

Recall that as an immediate consequence of Holder’s Inequality, we noted that
for conjugate pairs p and ¢, and also for p = 1 and g = o, when g € L9, the map
[~ [ f-gis abounded linear functional F, on L” with ||F; || < |[¢[,. As promised,
we now refine that result. If p = 1, the measure should be o-finite, as we show with
the following example.

Example 11.3.1. Suppose X = {3,5}, with u({3}) = 1 and u({5}) = +ee. Then u
is not o-finite. Any L! function must take the value 0 at 5. If g(3) = 1 and g(5) =
2, then g € L™, and g has L”-norm 2. The functional F,, however, has norm 1.
Moreover, we can change the value of g at 5 and still represent the same functional
onL!.

Proposition 11.3.1. Assume that (L is a o-finite measure on (X, %), and let p = 1.
If g € L(), then the mapping f — [ f-g du defines a bounded linear functional
F, on L' (u) with HFgH = |lgll..-

Proof. By Holder’s Inequality, |Fg(f)| < [[fg] < IfIl; - llgll... so Fy is bounded
with ||F|| < [g]l... To show the reverse inequality, we may assume that ||g]|., # O.
Let g be a representative of its equivalence class. Fix € with 0 < € < |g||... Since
the space X can be decomposed into a countable number of measurable sets of finite
measure, there is a measurable set A of finite, strictly positive measure such that
8(x)] = llgll.. — & for all x € A. Set f(x) := 55 (8(x)/ [g(x)]) - xa. Then || £]]; =
1 and
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o
= [ 8= iz [ 161 sl —e.

Fel| =llgll...

Since ¢ is arbitrary in its range,

Proposition 11.3.2. Assume that [ is any measure on (X, %), and fix p and q in
R with 1/p+1/q = 1. If g € L1(), then the mapping f — [ f-g du defines a
bounded linear functional Fy on LP (1) with HFgH = lgll,-

Proof. By Holder’s Inequality,
with | F,
lence class. Set £(x) := |g(x)|/? - (g(x)/|g(x)|) forall x € {g # 0}, and set f(x) =0
otherwise. Since g/p+1=¢q(1/p+1/q) =q,

Fo(f)] < J1f8l < IIfIl, - llgll,. so Fe is bounded
| <llgll o Assume that [g]|, # 0, and let g be a representative of its equiva-

1
1P = gl? = g = 1|97 - |g| = f s

Since g € L9, it follows that, f € L” and [|f]|, = (f|g\q)1/p = Hg||g/p. Moreover,

B0 = [ re= [1e17 = lglly = Il %7 = 1171, gl

Theorem 11.3.1. Let (X, %, 1) be a measure space, and fix p with 1 < p < oo, For
p =1, assume that L is o-finite, and set g = oo. For p > 1, fixqwith 1 /p+1/g = 1.
If F is a bounded linear functional on L?, then there is a unique g € LY such that
F = F,. Therefore, the map g — Fy is an isometric isomorphism of L onto the dual
space, (LP)*, of LP.

Proof. To establish uniqueness, suppose F, = Fj, on L”. Let g and h be repre-
sentatives of their equivalence classes. If p=1,let Z=X. If p > 1, set Z =
{lg| > 0}uU{]|r| > 0}.Ineither case, Z = U;Z;, where j ranges over a finite or count-
ably infinite set, and each Z; has finite y-measure. Given j, and given n € N, set
E:={g>h+1/n}NZ;. Then yg € L”, and

Fg(xE):/Egdu Z/Ehdu+%u(E):Fg(xE)+%u(E)-

Since Fy(xE) is finite, 4 (E) = 0, and this is true for each j and each n € N. It follows
that g < h p-a.e.on X. Similarly, n < g p-a.e.onX,soh=g u-ae.onX.

Now we assume that  is a finite measure on (X, %). Fix a bounded linear func-
tional F on LP(u). Set v(E) = F(xg) for each measurable set E. Since F is linear,
v(@) = F(0) = 0, and for disjoint measurable sets A and B,

V(AUB) =F (xa+ x8) = F(a) + F(x8) = v(A) + v(B).

Suppose (E;) is a pairwise disjoint sequence of measurable sets with union A, and
Ay, is the union of the first k of the sets E;. Then as k — oo,
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1/p
s _xAka = (/A\Ak 1Pd“> = (u(A\AW)'? — 0.

Since F is continuous, it follows that as k — oo,

k

; V(E) = V(Ar) = F()a,) = F(xa) = v(A) = v (UL Ei) -

Therefore, v is a signed measure on X. By assumption, u(X) is finite, so yx is
integrable, whence V is a finite, signed measure on X. Moreover, for any measurable
set A, in particular for a positive set or a negative set,

1/p
V)| = 1F )l <l 171 = (f 17w ) 1) = ) 7).

Therefore, if 1t(A) = 0, then A is a null set for v.

Let v = v" — v~ be the Jordan decomposition for v. Recall that v* 1L v~ and
[v|:= v+ v~. We have seen that |v| << u. Let g be the Radon-Nikodym deriva-
tive of v with respectto u, so g = % — %. It now follows that g is integrable, and
for each simple function @, F(@) = [ ¢-g du. Let g be a real-valued representative
of its a.e. equivalence class.

For the case p=1, fix € > 0. Set A :={g > ||[F| + ¢}, B:={g < —||F|| —€}.
Then

(IF[l+&)-u(A) < /Ag dp = |F (ea)| < [l llzally = 1F][- u(A),

(~IFl~&)-u(B) = [ gdu=F (za)
> —|F ()| = ~|IF - sl = = |IFl| ().

It follows that (A) = 0 and u(B) = 0. Since € > 0 is arbitrary, |g| < |F|| u-a.e.,
whence g € L™.

For the case p > 1, set E, := {0 < |g| < n}, and let h = xg, - |g|? /g, so |h| =
xE, - 1¢l9" . Now 1/p+1/g = 1,50 g+ p = pq, and g = pq — p. Therefore, |h|” =
lg|? - xE,- Moreover, h is bounded, and since - g = g, -|g|%,

I/p
[ tettan = [ g = < 1ol = 1) lelvan)

whence
1-1/p 1/q
(f tran) = ([ teran) " <1e.
E, E,

Using the Monotone Convergence Theorem, if follows that g € LY.
Since g € L9, by Propositions 11.3.1 and 11.3.2, the mapping f +— F; (f) = [y f -
g du is a continuous linear functional on L”. By Problem 7.41(A), simple functions
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form a dense subset of L”. Given f € L), let (¢,) be a sequence of simple functions
with [|@, — f||, — 0. By the continuity of the functionals F, and F,

(/};f-gdu = Fg (f) = lim Fy () = 11}?1./); Pn-g dpt = limF(@,) = F(f).

This proves the result for a finite measure space.

Now assume that i is o-finite. Let X,, be an increasing sequence of sets of finite
measure with union X. Let ), denote the characteristic function of X,,. For each n, fix
gn vanishing off of X,, such that if f € L” and f vanishes off of X,,, then F(f) = [ f-
gnd L. The functions g, are unique up to sets of measure 0, and so we may assume
that for m < n, g, - Yyn = gm. This determines a function g on all of X with [y [g]? <
|F||* since this is true for g, on X, for each n. If f € L?, then [|f —f- xulll, =
Jow, 1f |” du — 0 by the Lebesgue Dominated Convergence Theorem. Therefore, f -
Xn — f in LP. By Holder’s Inequality, | fg| is integrable, and of course, it dominates
|f-g - xn|- Since F is continuous on L7,

F(f) =HmF (f- 1) =1lim [ g sudi = [ f-gdu.

Now assume that u is not o-finite and fix p with 1 < p < o, For each set E of
o-finite measure, we can find a function gg that vanishes off of E and represents F
with respect to all L” functions that vanish off of E. We must have [ |gg|? < ||F]|%.
Let M be the supremum of the values [y [gz|?. There is a set H of o-finite measure
such that g := gy gives the value M. We may assume that g = gg when E C H.
Moreover, by the definition of M, for any set A of o-finite measure, g4 = 0 u-a.e.
on A\ H.If f € L, then f vanishes off of a set A of o-finite measure, so

F(f)zl/);f'gAdﬂzn/I‘mAf'gAduZ./Hmf-gdu:./);f-gdy.

This completes the proof.

11.4 Hahn-Banach Theorem

We next take up an important condition that enables a linear functional to be appro-
priately extended beyond its original domain.

Definition 11.4.1. A real-valued function p on a vector space X is subadditive if for
every x and y in X, p(x+y) < p(x) + p(y). It is positive homogeneous if for every
o >0 and every x in X, p(ax) = ap(x).

Example 11.4.1. A norm on a linear space X is both subadditive and positive homo-
geneous.

Theorem 11.4.1 (Hahn-Banach). Suppose X is a vector space, and let p be a real-
valued, subadditive, positive homogeneous function defined on X. Let S be a vector
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subspace of X, and let f be a real-valued linear functional defined on S with f < p
on S. Then there is a linear functional G defined on X such that G < p on X and the
restriction of G to S is equal to f.

Proof. If S =X, we are done. Let y € X be a point not in S, and set Y equal to the
vector space generated by S and y. Elements of Y have the form s+ oy for s € S and
o € R. We now show that the result holds for X =Y. Given s and s, in S, since

F(s1)+f(s2) = f(s1+52) < plsi+s2) < plsi—y) +pls2+y),

SO
—p(s1=y)+/(s1) < plsa+y) = f(s2).
Let I, be the closed, nonempty interval given by

Iy = |sup(—p(s—y) + f(s)), inf (p(s +y) = f(5))] -

sES
Fix a value h(y) € I,. Given s+ ayin Y, set
h(s+ o) := f(s) + oh(y).
Ifa=0,h(s+oy) = f(s) < p(s) = p(s+oy).If o > 0, then by the choice of h(y),

h(s+ay) = f(s) +ah(y) = alf(s/a) +h(y)]
< alf(s/a)+ (p(s/o+y) = f(s/a))] = p(s+ ay).
If o = —P < 0, then by the choice of A(y),

h(s+ay) = f(s)+ah(y) = Bf(s/B) —h(y)]
< Blf(s/B)+(p(s/B—y)=f(s/B))] = p(s— By) = p(s+axy).

This means we can find a linear extension of f to Y so that f is dominated by p.

There is a partial ordering on all linear extensions of f that are dominated by p.
For such extensions g and A, the ordering sets g < 4 if the domain of g is contained in
the domain of 4 and & = g on the domain of g. By the Hausdorff Maximal Principle
(see the appendix on the Axiom of Choice), there is a maximal family .%# of these
extensions of f such that the restriction of the ordering < to .% is a linear ordering.
Let Z be the union of the domains of the extensions that are in .%. Given each
7€ Z, set G(z) = g(z) for any g € . such that g(z) is defined. By definition of the
ordering < on .%, the function G is well-defined. Given z, w € Z and « and 3 in
R, there is a g € .% such that g(z) is defined, and there is an & € .# such that h(w)
is defined. Suppose & < g. Then g(w) is defined, oz + Bw € Z, and g(az+ Bw) =
0g(z) + Bg(w). A similar conclusion holds for 4 if g < h. It follows that Z is a linear
space and G is linear on Z; moreover, G < p on Z. If there were a point w € X\ Z,
we could extend G to the space generated by Z and w as before, and then add the
extension to .%. Since % is maximal on which the ordering < is a linear ordering,
no such w can exist, that is, Z = X.

We follow with some applications of the theorem for a normed linear space X.



11.4 Hahn-Banach Theorem 201

Lemma 11.4.1. If F is a linear functional on a normed space X, then F(x) < ||x]|
Jorallx € X if and only if ||F|| < 1.

Proof. Exercise 11.8(A).

Proposition 11.4.1. Given a normed linear space X # {0}, for each w # 0 in X,
there exists an F in X* with ||F|| = 1 such that F (w) = ||w||.

Proof. Fix w # 0 in X. Let S be the subspace generated by w. For each o € R,
set f(ow) := a|lw]||. This is a linear map on S, and since o||w|| < ||aw]|, the hy-
potheses of the Hahn-Banach theorem are satisfied with p equal to the norm on X.
Let F be the extension of f from S to X such that for each x € X, F(x) < ||x|. By
Lemma 11.4.1, ||F|| < 1, and since F (w) = f(w) = ||w||, we have |F(w)|/ |lw] = 1,
so ||F|| = 1.

Proposition 11.4.2. Suppose X is a normed linear space and S is a subspace such
that the closure S #X. Fix y € X\ S, and let 6 = infyeg ||y — s||. Then there is an
F € X* such that F(s) =0foralls €S, ||[F|| <1, and F(y) = 0.

Proof. On the subspace spanned by S and y, let f(ory+s) = o for all @ € R and
s € S. Then f is linear, f(s) =0 forall s € S, and f(y) = 8. For o # 0 and s € S,

flay+s) =ad <|of-[ly—(=s/a)| = [lay+s],

so in general, f < || - || on the subspace spanned by S and y. Extend f to F on all of
X with F < ||-||. By Lemma 11.4.1, |F|| < 1.

Proposition 11.4.3. For Lebesgue measure A on R, the dual space of L[0,1] is not
L'[0,1].

Proof. Let C[0,1] denote the space of real-valued continuous functions on [0, 1]
supplied with the norm inherited as a subspace of L]0, 1]. Let g(f) be the linear
functional given by g(f) = f(1) for each f € C[0,1]. With p equal to the norm on
L=[0,1], the hypotheses of the Hahn-Banach theorem are satisfied. Extend g to a
bounded linear functional G defined on all of L[0,1]. If 2 € L'[0, 1], then for each
n € N, setting f, : x = x" € C[0,1], h- f, € L'[0,1], G(f,) = 1, but lim,, f,(x) =0
a.e. It follows from the Lebesgue Dominated Convergence Theorem that

1 =limG(f,) 7élirrln/h~fn:0.

Remark 11.4.1. As we shall show when we consider the dual space of C[0, 1], the
functional g on C[0, 1] is represented by a measure, in this case unit mass at 1. With
additional tools, one can show that the functional G on L™ is represented by a finitely
additive measure.
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11.5 Imbedding Into a Second Dual

Definition 11.5.1. Let X be a Banach space, and let X* be the dual space of X. The
dual space X** of X* is called the second dual of X.

Theorem 11.5.1. There is a natural isometric isomorphism ¢ mapping a Banach
space X into X**. It is defined for each x € X and f € X* by setting ¢(x)(f) = f(x).
It follows that @ [X] is a closed linear subspace of X**.

Proof. We may assume X contains nonzero elements. Fix any x and y in X, f and g
in X*, and o and B in R. Then

o(x)(af +Bg) = (af +Bg)(x) = af(x) +Be(x) = ap(x)(f) +Bo(x)(g)-
¢ (ox+By) (f) = flax+By) = af(x)+Bf()
= ae(x)(f) +BeM)(f) = (ap(x)+Bo(y)) (f).

Therefore, the mapping x — @(x) is linear on X, and for each x € X, the mapping
@(x) is linear on X*. As a functional on X*,

lo@l = swp  lo@NI= sup )] < [l
rex= | fl=1 rex= | fl=1

To show that the inequality is actually equality, we note that by Proposition 11.4.1,
for each x # 0 in X, there is an f € X* with || f|| = 1 and f(x) = ||x||. Therefore,
for each x € X, including x = 0, ||@(x)|| = ||x||; that is, @ is a linear isometry into
X**. To show that ¢ [X] is closed, let (¢ (x,)) be a sequence in @ [X] converging to
an element y € X**. The corresponding sequence (x,) is a Cauchy sequence in the
Banach space X converging to some x. Since ¢ is an isometry, it is continuous, so
¢ (x,) has two limits; they are ¢ (x) and y. Therefore so y = ¢ (x). It follows that
¢ [X] is closed in X**.

Definition 11.5.2. A Banach space X is reflexive if the natural isomorphism ¢ map-
ping X into X** is a surjection.

Example 11.5.1. Examples of reflexive spaces are the L? spaces for 1 < p < oo,
Since X** is complete, a reflexive space X has to be a Banach space. For Lebesgue
measure on [0, 1], it follows from Proposition 11.4.3 that L'[0, 1] is not reflexive.

Proposition 11.5.1. A Banach space X is reflexive if and only if its dual space X* is
reflexive.

Proof. Exercise 11.9(A).

11.6 Properties of Banach Spaces

Theorem 11.6.1 (Uniform Boundedness Principle). Let X be a Banach Space, and
let F be a family of bounded linear mappings from X to a normed space Y. Suppose
that for every x € X, there is a constant M, such that || Tx|| < My for every T € Z.
Then there is a constant M with |T|| <M forall T € F.
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Proof. We may assume X # {0}. For every T € .%#, the map x — ||Tx|| is a con-
tinuous, real-valued function on X. By the general uniform boundedness princi-
ple 7.2.3, which is a consequence of the Baire Category Theorem, there is an open
Ball B(y,r) C X and a constant K such that | Tx|| <K, forall T € .% and x € B(y,r).
For every point z in the open ball B(0,r) and each T € %,

1Tz = T (z+y) =TI < IT G+ + TG < K+ M,.
For points x with ||x|| =1, (r/2)x € B(0,r), so
1Tl = /)T ((r/2)x)[| < (2/r)[K +M,)].

Corollary 11.6.1. Let X be a Banach Space, and let T be the pointwise limit of a
sequence (T, : n € N) of bounded linear maps from X into a normed linear space 'Y .
Then T is a bounded linear map from X into Y.

Proof. We have already seen in Theorem 11.1.2 that the pointwise limit of linear
maps is linear. To show that the pointwise limit is bounded, we can use the Uniform
Boundedness Principle as follows: For each x € X, T,(x) converges, so ||7,(x)| is
bounded. Therefore, there is a constant M such that for all n, ||7;|| < M, whence
I, (x)]] < M for all x with ||x|| = 1. Since the norm is a continuous function on Y,
IIT (x)|| < M for all x with ||x|]| = 1, and so || T|| < M.

Definition 11.6.1. A mapping from a topological space X onto a topological space
Y is called open if the direct image of an open subset of X is open in Y.

Remark 11.6.1. We have seen that a mapping f from X onto Y is continuous if the
inverse image of each open set in Y is open in X. A continuous, open bijection is
a homeomorphism. For the following results, it is important that the mappings are
surjections.

Lemma 11.6.1. Assume that X and Y are Banach spaces, and let T be a continuous
linear map from X onto Y. Then for any 8 > 0, the image T[B(0,8)] contains an
open ball about0inY.

Proof. Foreachn e NU{0}, letS, = B(0,1/2") in X. By scaling, X = UgenkS), and
since 7T is a surjection, ¥ = UgenkT [S1]. By the Baire Category Theorem, since ¥
is complete, k7T [S}] contains an open ball for some k € N. Using scaling, this means
that 7' [S;] contains an open ball By (p,n) in Y. In particular, the center p is in T [S].
Therefore, T [S1] — p contains the open ball By (0,7) in Y. Given any y € By(0,7),
the point y is the limit of a sequence T (x,) — T (z,) = T (x, — z») where (x;) and (z,,)
are sequences in Sy with z, — p. But for each n, ||x, — z,|| < ||x]| + ||za|| < 1. Since
y € T'[So], we have shown that T [Sp] D By (0, 7).

We now show, without taking a closure, that T [So] 2 By (0,71 /2). It will follow by
scaling that for any § > 0 and any n with 1/2" < §, T [S,] 2 By(0,n/2"). Fix y €
By (0,m/2). Since T [S1] 2 By(0,1/2), there is a point x; € §; with ||y — T (x1)|| <
n/4. Since T [S2] D By (0,1 /4), there is a point x; € S with ||(y — T (x1)) — T (x2)|
< n/8. In this way, we choose a sequence (x,) in X with ||x,|| < 1/2" such that
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n

< on+1°

v 3 T(x)
k=1

Now the series formed by the x;,,’s is absolutely convergent, and the sum x is in Sp.
Since T is continuous,

=

Tx)=T <ixk> =Y T(x)=y.
=1

k=1
This shows that 7 [So] 2 By (0,1/2).

Theorem 11.6.2 (Open Mapping). A continuous linear mapping T from one Ba-
nach space X onto another Banach space Y maps open sets onto open sets. Thus, if
the mapping is a bijection, so the inverse exists, that inverse is continuous.

Proof. Let O be open in X, and fix y € T[O] and x € O with T(x) = y. Since O is
open, there is an open ball centered at x, B(x,8) C O. Now B(x,8) —x = B(0,9),
and by Lemma 11.6.1, T [B(0,0)] 2 By(0,7) in Y for some 7y > 0. Therefore,

T[0] 2 T[B(x,8)] = T[B(0,8) +x] 2 B(0,7)+y = B(»,7)-
It follows that 7' [O] is open in Y.

Example 11.6.1. The projection map from the plane into the plane that sends each
point (x,y) to the point (x,0) is bounded and linear. It is not, however, an open map
from R? to R

Proposition 11.6.1. Let X be a linear space with two norms ||-|| and |||-|||, for both
of which X is complete. Assume that for some constant C, ||-|| < C|||-|||. Then the
same is true with the roles of the two norms reversed, so they are equivalent.

Proof. The identity map from (X, |||-|||) to (X,]|-]|) is a continuous surjection, so the
inverse, which is also the identity map, is continuous, and therefore bounded.

Here is a formalization of the idea that a function is continuous if the graph has
no breaks.

Theorem 11.6.3 (Closed Graph). Let T be a linear mapping from a Banach space
X into a Banach space Y, and assume that the graph of T is a closed set. That is, if
Xn—xinX and T(x,) = yinY, theny = T(x). It then follows that T is bounded.

Proof. For each x € X, set |||x||| = ||x|| 4+ || T (x)||. By Problem 11.11, this is a norm
on X for which X is complete. Of course, ||-|| < 1-|||-||| on X, so by Proposi-
tion 11.6.1, there is a constant C such that |||-||| < C||-||. Therefore, if ||x|| = 1,
then ||T(x)|| < |||x||| < C, so T is bounded.
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Example 11.6.2. The following is an application of the Closed Graph Theorem: Let
(Q,47,P) be a probability space. Let X be a Banach space and Y := X*. Let ¢
be the natural isometric isomorphism of X into X**. Given x € X and y € Y, let
©(x)(y) be denoted by (x,y). A function f from (2, .e7,P) to Y is said to be Gelfand
P-integrable if for each x € X, the real-valued function (x, f(-)) is integrable on
(2,4, P). 1t follows from the Closed Graph Theorem that there is a unique element
y € Y such that (x,y) = [, (x, f(w)) dP for all x € X ; that element y is called the
Gelfand integral. It is a special case of the Gelfand-Pettis integral.

11.7 Weak and Weak™ Topologies

A weak topology on a topological space is formed from a family of continuous
functions on the space. It is the weakest topology making the functions in the family
continuous.

Definition 11.7.1. The strong topology on a normed space X is the metric topology
generated by the norm. The weak topology on X is the weakest topology making
the functions in the dual space X* continuous on X. The weak* topology, also called
the vague topology, is the weakest topology on X* for which the functions ¢(x),
x € X, are continuous on X*. Here ¢ is the natural isometric isomorphism of X
into X**.

A typical weak neighborhood of a point x € X is given by a finite number of
functionals fi,---,f, in X* and an € > 0. It is the set of all points z € X such
that | f;(x) — fi(z)| < € for 1 <i < n. A typical weak* neighborhood of a functional
f € X* is given by a finite number of points xy,--- ,x, in X and an € > 0. It is the set
of all functionals g € X* such that |@(x;)(g) — @(x;)(f)| = |g(x;)) — f(x;)| < € for
1 <i < n. Recall that weakening a topology increases the corresponding closure of
sets.

Proposition 11.7.1. A linear subspace S of a normed space X is weakly closed if
and only if it is strongly closed.

Proof. If S is already weakly closed, it is strongly closed since a strong closure
point is a weak closure point. That is, if |x, —x|| — 0 in X, then for any f € X*,
Ilf (x2) = f(x)|| = 0. Assume S is strongly closed and y ¢ S. Then the distance be-
tween y and S is 6 > 0. By Proposition 11.4.2, which is an application of the Hahn-
Banach theorem, there is a continuous linear functional f taking the value O on S
such that f takes the value § at y. Since f helps determine the weak neighborhoods
in X, y is not in the weak closure of S.

Example 11.7.1. For an example of a weak™ topology, let X be the space C(K) con-
sisting of continuous real-valued functions on a compact set K. We will see later
in this chapter that X* is isometrically isomorphic to the space of signed “regular”
Borel measures on K. A weak* neighborhood of such a measure u is given by an
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€ > 0 and a finite set {g1,---,g,} C C(K). A signed measure Vv is in this neigh-
borhood if for 1 <i <, | [, gidu — [ gidv| < €. Convergence of measures in this
topology is often called weak convergence of measures; from the functional anal-
ysis point of view, however, it should be called weak* convergence.

One reason the weak™ topology is important is that a sequence of probability
measures always has a weak™® cluster point. Here is the general result stated for the
closed unit ball in X*. By Problem 11.12, scaling and translation are continuous
operations in the weak™ topology, so the following result is actually valid for any
closed ball in X*.

Theorem 11.7.1 (Alaoglu). The closed unit ball S* := {f € X* : ||f|| < 1} in the
dual X* of a normed linear space X is a compact subset of X* when supplied with
the weak® topology.

Proof. For each x € X, let I, be the closed interval [—|x||, ||x||]. If f € S*, then for
each x € X, f(x) € I,. Recall that the product ITycxI, is the set of functions on the
set X, treated as an index set, with each function taking a value at x in Z;. Since the
functions need not be linear functionals, the containment $* C IT.cx1, is proper. By
the Tychonoff Product Theorem 9.9.2, the product space is compact in the product
topology. Moreover, the weak™ topology on S* is the restriction to S* of the product
topology. That is, a typical weak™ neighborhood of a functional f € S* is given by
a finite number of points x1,---,x, in X and an € > 0. It is the set of all functionals
g € §* such that |g(x;) — f(x;)| < € for 1 <i<n.If $*is closed in the product space,
then it is compact. Therefore, we only have to show that if & € S*, then h € S*.
Given o € R and x and y in X, there is for every € > 0 a function f € S* such that
|h(z) — f(z)| < € for z € {x,y,x+y,ax} C X. It follows that

|h(x) +h(y) = h(x+y)| = [h(x) +h(y) = h(x+y) = (f(x) + F(0) = f(x+)) |
< [h(x) = f)[+[h0) = FO) +[h(x+y) = f(x+)|
< 3¢

|h(ox) — oth(x)| = |h(ox) — oth(x) — (f (0x) — 0 f (x))]
< [h(ax) — fox)| + |oth(x) — of (x)]
< e+|ale.

Since € is arbitrary in R™, & is a linear mapping. Moreover, if ||x|| = 1, then |A(x)| <
|h(x) — f(x)| +|f(x)| < e+ 1. Since € is arbitrary, h € S*.

11.8 Functionals on Continuous Functions

An important space for many aspects of analysis is the space of continuous real-
valued functions with compact support; that is, each function vanishes off of a com-
pact set. A linear functional on such a space is positive if it yields a nonnegative
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value for nonnegative functions. Viewed as a space of measures, these functionals
play a central role in many applications. Throughout this section, X is a compact,
or at least locally compact, Hausdorff space. Recall that a space is locally compact
if every point x € X is contained in an open set U with compact closure in X. It
follows that if V is an open neighborhood of x and V C U, then V is also compact.
Also recall that the collection of Borel sets in a topological space is the smallest
o-algebra containing the open sets.

Definition 11.8.1. The space of continuous real-valued functions with compact sup-
port on X is denoted by C.. The notation K < f means that f € C,, K is a compact
subset of X, 0 < f <1 on X, and f(x) = 1 at every x € K. The notation f <V
means that f € C., V is an open set containing the compact support of f, and
0<f<1lonX.

Remark 11.8.1. The combined notation K < f <V means that yx < f < yy and
f has compact support contained in V. We establish next a version of Urysohn’s
Lemma 9.8.2 for a locally compact Hausdorff space. That result says that if K is
compact and V D K is open, then there is an f € C, with K < f < V. First, we need
to extend a “regularity” property to compact sets that are not just points. In doing
so, we keep in mind the fact that X may be a disconnected space such as N.

Proposition 11.8.1. Let K be compact and U an open subset of X with K CU. There
is an open set V with compact closure V such that K CV CV C U.

Proof. For each point x € K, there is an open set W, such that W,CU, and W, is
compact. To see this, fix x € K C U. There is an open set O such that x € O and 0
is compact. Replace O with ONU; the closure is still compact. If O C U, we are
done; otherwise, note that, O \ O is compact. For each y € O\ O, there is a pair of
disjoint open sets S, and T, with y € Sy and x € Ty. Cover O\ O with a finite number
of the sets S,. The desired set W, is the intersection of the corresponding sets T,
since W, C U. Now the sets W, cover K; take a finite subcover. The union of the
open sets for this subcover is the desired set V.

Proposition 11.8.2 (Urysohn). Let X be a locally compact Hausdorff space. Let K
be compact and U an open subset of X with K C U. There is a continuous function
fwithK < f<U.

Proof. By Proposition 11.8.1, there is an open set V with compact closure V such
that K CV CV C U. By Proposition 9.8.2, V is a normal subspace of X. It follows
from Urysohn’s Lemma 9.8.2 that there is a continuous function f defined on V
taking values in [0, 1] such that f(x) = 1 forall x € K, and f(x) =0 forallx € V\V.
Set f(x) =0 for all x € X\\V. If y € VNV, then for any € > 0, there is an open
neighborhood W of y in X such that 0 < f(x) < € for all x € W NV, and therefore,
for all x € W. It follows that f is continuous on X.

Engraved on money of the United States is the Latin “E Pluribus Unum”,
meaning “from many one.” The following result is the reverse.
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Theorem 11.8.1 (Partition of Unity). Let Vy,---,V, be a finite open covering of a
compact set K C X. For each i, 1 <i<n, there is an h; < 'V; such that for all x € K,
h=ZXZhi(x)=1,and 0 <h<1.

Proof. For each x € K, choose an i with x € V; and an open neighborhood W, of x
with compact closure contained in V;. Choose a finite subcovering Wy, ,--- , W, of
K. Foreach i, 1 <i<n,let H; be the union of the closures of those WX_/’s that have
compact closures contained in V;, and fix a g; € C. with H; < g; < V. Let

hi=g1.hy=(1-g1)g2, b= (1—g1)(1—g2) - (1 = gn-1)8n-
For each i, h; < g;, h; € C,, and h; < V;. It follows by induction that for each k < n,
hi+h++h=1—(1-g1)1—g2) (1 —g).
That is, Ay = 1 — (1 — g;). If the formula holds for k < n, then

hithy+ o+t = [1—(1—g1)(1—g2) - (1 —g)]
+[(1—g1)(1 —g2) - (1 —gk)gk+1]
=1+[(1-g)(1-g) (1 -g)](gk+1—1)
=1-(1—g)(1—g2) (1 —gK)(1 — 8kt1)-

Letting k = n, we see that for all x € K, at least one of the values g;(x) is 1, so
hi+hy+---+h, =1 on K. Moreover, the sum for k = n is positive and nowhere
greater than 1.

Definition 11.8.2. A positive linear functional on C, is a linear map of C, into R
taking nonnegative functions to nonnegative values. In particular, it is increasing in
the sense that if f < g, then the value at f is less than or equal to the value at g.

Definition 11.8.3. A Radon measure on X is a complete measure u defined for sets
in a o-algebra Z containing the Borel sets such that the following conditions hold:

a) for every compact set K C X, 1 (K) < oo}

b) (outer regularity) for every E € %, u(E) =inf{u (V) : E CV,V open};

¢) (restricted inner regularity) for every open set O, u (O) =sup{u(K): K C 0, K
compact}, and
for every set E € % with 1 (E) < +oo, it (E) = sup{u (K) : K C E, K compact}.

Theorem 11.8.2 (Riesz Representation Theorem for C.). Let X be a locally com-
pact (perhaps compact) Hausdorff space, and let C. denote the space of continuous
real-valued functions on X with compact support. Let A be a positive linear func-
tional on C,. There is a 6-algebra % containing the Borel sets and a unique Radon
measure L on (X,28) such that |l represents A in the sense that for all f € C,,

A(f)=]fadu.

We present the proof in several parts, much of which is derived from [46].
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Proposition 11.8.3. A Radon measure that represents A is unique.

Proof. Let u and v be two measures that satisfy the properties of the theorem. Fix a
compact set K, an € > 0, and an open set V D K with v (V) < v (K) + €. Fix f with
K < f<V.Then

wK) = [axan < [rau=a(p)= [ravs [wav=vv)<vik)+e

Since € is arbitrary u (K) < v (K), and by symmetry, v(K) < u (K), whence we have
equality. It follows from Properties b and c that for every open set O, i (O) = v (0),
and so for every set E € %, U (E) = v(E).

Definition 11.8.4. For each open set V, set u(V) :=sup{Af : f < V}. For each
subset A of X, set u*(A) :=inf{u(V):A CV, V open}.

Proposition 11.8.4. The set function u* is an outer measure on X. For every open
set O CX, u*(0) =u(0).

Proof. If O is an open set, then O is the smallest open set containing O, so u*(0) =
1(0). Since the empty set is both compact and open, the function identically equal
to 0 has compact support. Since A (0) = 0, it follows that u*(&) = 0. Clearly, u* is
monotone increasing, that is, if A C B, then pu* (A) < u* (B). It is only left to show
that (t* is countably subadditive.

First we show that ut is countably subadditive on any finite collection of open
sets, and for that we need only consider two open sets V| and V. Fix g < Vi UV;.
Employ Theorem 11.8.1 to find & < V; and hy < V; so that 4; +hy = 1 on the
support of g. Now g = gh| + ghy, and gh; < Vi, while ghy < V,. It follows that
A(g) =A(gh)+A(gha) < (Vi) + p (V2), whence (Vi UV2) < (Vi) + 1 (V2).

Let (E;) be a finite or countably infinite sequence of subsets of X. We must show
that u (U;E;) < X;u (E;). We may assume that 1 (E;) < +oo for each i. Fix € > 0 and
open sets V; D E; such that u (V;) < u* (E;) +¢&/2%. Let V = UV;; then, U;E; C V.
Fix f < V. Since f has compact support, there is an n € N with f <V U---UV,.
Therefore,

A(f) <uiu---UV,) < ZL (Vi) < ZZ,u° (Ei) +e.
Since f is arbitrary with f <V,
WH(UE:) < u(V) < ZZ u(E;) + €.
Since € is arbitrary, we are done.
Proposition 11.8.5. For each compact set K,

w(K) =inf{A (f) : K < f} < +oo.
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For each open set 'V,

w(V)=sup{u*(K): K CV,K compact}.

Proof. Let K be compact; we may assume K # &. Fix f € C. with K < f, and fix
o with 0 < o < 1. Let V,, = {f > a}. Then K C V,,. Moreover, if g < V,,, then
g < é f. Therefore,

1 (K) < 1 (Vi) = supfA (8) : 8 < Va} < ~A(f) < Fon

Letting o — 1, we see that u* (K) < A (f). Now suppose V is any open set with
K CV.Given f € C, with K < f <V, we now have u* (K) < A (f) < u(V), whence
W (K) = inf{A (f) : K < f}.

Finally, let V be any open subset of X. Fix f <V, and let K be the support of
f. Let W be an arbitrary open set with K C W. We may assume that W C V. Now
F=W,s0Af < u(W).It follows that A (f) < u* (K) < p (V). Since f is arbitrary
with f <V,

u(V)=sup{A(f): f<V}=sup{u*(K): K CV,K compact}.

Definition 11.8.5. We set .27 equal to the collection of all E C X for which u*(E) <
+ooand u*(E) = sup{u*(K) : K C E, K compact}. We write u for u* on <.
Remark 11.8.2. The collection <7 contains every open set V with 1 (V') < 4. Since

a compact set K is its largest compact subset, the collection <7 contains every com-
pact set K. The set function u is both outer regular and inner regular on <.

Proposition 11.8.6. If (E;) is a finite or countably infinite disjoint sequence of sets
in o, and E = UE;, then L (E) = Zilt (E;), and E € o if U (E) < oo

Proof. First we prove the result for a finite family of pairwise disjoint compact
sets. We need only do so for two disjoint compact sets K; and K5. Fix f; and f>
with K < fi < X\ K2, K» < f2 < X\Kj, and f> < 1— fi. Fix € > 0 and g with
K1 UK, < gand A (g) < u(Ky UK;) + €. Now,

w(K)+u(K) <A(fi-g)+A(f2-8) =A((fi+/2) 8) SA(g) Su(KiUKy)+e.

Since € is arbitrary and u is subadditive on <7, (K UK>) = p (Ky) + 1 (Ka).

For the general result, we note that we may form an infinite sequence from a finite
one by filling in with empty sets. If it (E) = +oo, we are done. Assume p (E) < +oo,
and fix € > 0 and compact sets H; C E; with u (H;) > u (E;) —&/2!. Foreachn € N,
let K, = U H;. Then

W(E) > p(Ky) = ZiLyp (Hy) > I p (Ei) — €.
Since n and € are arbitrary and u is subadditive,

u(E) =22 u (k) = lim X2y (E) = lim g (Ky).

n—yoo

It follows that E € <.
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Proposition 11.8.7. A set E is in < if and only if for each € > 0, there is a compact
set K and an open set V with K CE CV and u(V\K) < €.

Proof. Fix E € & . For any € > 0, there is a compact set K and an open set V with
KCECVsuchthat u(V)—¢e/2 <pu(E) < u(K)+e€/2. Since V\ K is an open
set of finite measure, V \ K € <7, and so by Proposition 11.8.6, u (K)+u(V\K) =
u(V)<u(K)+e, whence u(V\K) < e.

Now fix E C X such that for any € > 0 there is a compact set K and an open set V
withK CECVand u(V\K) <. Again,V\K € .o/ and u(V\K)+u (K)=pu (V).
Therefore,

p(K)<p*(E)<u(V)<p(K)+e.

Since € is arbitrary, E € 7.

Proposition 11.8.8. IfA € & and B € <7, then A\ B, AUB, and ANB are in <.

Proof. Given € > 0, fix compact sets H, K and open sets U, V such that
HCACU, KCBCV, u(U\H)<¢g/2, and u(V\K)<g/2.

Then
H\V CA\BCU\KC (U\H)U(H\V)U(V\K).

Since H \ 'V is a compact subset of A \ B with
M(H\V) < u(A\B) < u(H\V)+e,

A\ B € &/. By Proposition 11.8.6, AUB= (A\B)UB € &/. Since ANB=A\ (A\B),
ANBec 4.

Definition 11.8.6. We set Z equal to the collection of all sets E C X such that for
any compact set K C X, ENK € <.

Proposition 11.8.9. The collection o/ = {E € Z: 1 (E) < +oo}.

Proof. If E € o/, then by Proposition 11.8.8, for any compact set K C X, ENK €
o/, whence E € B. Now fix E € # with i (E) < +eo. Fix € > 0 and an open set
V D E with u (V) < +ee. Fix a compact set K CV with u(V\ K) < &/2. Since
ENK € 4/, there is a compact set H CENK C E with u(ENK) < u(H) +¢€/2.
Now, E C (ENK)U(V\K),so u(E) < p(H)+ ¢. Therefore, E € 7.

Proposition 11.8.10. The collection A is a G-algebra containing the Borel sets.

Proof. Fix an arbitrary compact set K in X. Given E € %, by definition ENK € <7,
so (X\E)NK =K\ (ENK) € «. 1t follows that X \ E € Z. Given a sequence
(Ep) in B with E = U7 | E;, define B, € o/ using induction by setting By = E; NK,
and for every n > 1, set B, = (E,NK)\ U?;IIB,; Then ENK =U;,_ B, € &, so
E € 2. Therefore, % is a o-algebra. If C is closed in X, then CN K is compact, so
CNK € o7, whence C € . It follows that the g-algebra 2 contains the Borel sets.
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Corollary 11.8.1. For every set E € 8 with W (E) < +eo, U (E) =sup{u(K): K C
E, K compact}. Such an E equals a Borel set, in fact, a countable union of compact
sets, to which a set of [L-measure O is adjoined.

Proposition 11.8.11. The set function | is a complete, outer-regular measure on .

Proof. Let (E;) be a countable disjoint sequence of sets in %, and let E = U;E;.
If p (E) = oo, countable additivity follows from the countable subadditivity of u.
If i (E) < oo, then since E and each E; belong to <7, countable additivity fol-
lows from Proposition 11.8.6. By definition, u is outer regular in the sense that the
value for any set is the infimum of the values of open supersets. Also, if E C X and
W(E)=0,then E € & and E € AB. Therefore, the restriction of i to £ is a complete
measure.

Here is the final step.
Proposition 11.8.12. For every f € C., A (f) = [ f du.

Proof. Let f be arbitrary in C,. By showing that A (f) < [ f du, it will follow that
A(—f)<—[fdu,whence A (f) = [ f du.Let K be the support of f, and let [a, b]
be a finite interval containing the range of f. Fix € > 0 and a finite set of points

Yo<a<y;<--<y,=b

with y; —y;_y < e foreachi Let E; ={x €K :y;; < f(x) <y;} for 1 <i<n.
This gives a finite, pairwise disjoint, Borel measurable partition of K. For each i,
choose an open set V; D E; such that u (V;) < p (E;) +¢&/n and f(x) < y; + € for all
x € V;. Using Theorem 11.8.1, we fix h; < V; for each i so that X;h;(x) = 1 for all
xe€Kand0<Zh; < 1.Now f=Zh;f, and u (K) < A(Z;h;) = Z;A (h;). Moreover,
Z u(E) = u(K), hif < (yi+ €)h; for each i, and y; — e < f(x) for all x € E;.
Therefore,

A(f) = ZLA(hif)
< S+ €)A () = Z (lal +yi+€)A () —alZ1L, A ()
< 52y (] +yi+ €)1 (V)] — [alA (S i)
< S (| +yi+ &)l (B) + -] — lalu (K)

n 8 n
=31 (vi+e)u(E)+ ;Zi:1(|a| +yite)

n 8 n
=2 (vi—€)u (E;) +2eu (K)+ E2i=1(|a‘ +yi+e€)
< /fdu+£[2u(K)+|a\+|b|+£].

Since ¢ is arbitrary, the result follows.
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Example 11.8.1. We define a distance p on the plane R? as follows: For points
(x1,y1) and (x2,y,) with x; = xp, the distance is |y, — y;|. For points (x;,y;) and
(x2,y2) with x; # x,, the distance is |y» —yi| + 1. It is left to the reader (Prob-
lem 11.14) to show that p is indeed a metric on R, and the space (R?, p) is locally
compact. Given f € C.(X), there is a finite set Ay of x’s such that for all x ¢ Ay,
f(x,y) = 0 for all values of y. This follows from the fact that a covering of the sup-
port of f by open balls of radius 1/2 is a covering by vertical intervals. A finite
subcover can contain only a finite number of such intervals. For each f € C.(X), set

ar=3 [ ena

XEAf -

Let u be the measure associated with A given by the Riesz Representation Theo-
rem 11.8.2. On any vertical line, the measure u is generated by the integrator that
is increasing length, and is therefore Lebesgue measure. Since any open subset con-
taining the interval [0, 1] on the real line will contain an uncountable number of
open vertical intervals having positive length, the measure of [0, 1] will be infinite.
Any subset of [0, 1] that is compact in the topology generated by the metric p will
contain only a finite number of points. The p-measure of any point, and therefore
of any finite set, is 0.

Remark 11.8.3. At this point, since we want a Borel measure to represent A, we
have assumed outer regularity. Therefore, [0, 1] has infinite measure. If, instead, we
assume inner regularity for all measurable sets, then the interval [0, 1] has measure
0. The choice does not change the measure on the Baire sets, i.c., the smallest o-
algebra making the functions in C,(X) measurable. The Baire sets form the smallest
o-algebra containing the compact G5 sets. We have chosen to work with Radon
measures rather than restrict our measures to the Baire sets as is done in some of the
literature. For more details, see [45].

Definition 11.8.7. A Borel measure is regular if it is both inner and outer regular.
That is, the measure of any measurable set is the supremum of the measures of
compact sets it contains and the infimum of the measures of open sets containing it.
A set is o-compact if it is a countable union of compact sets.

Recall that a measure on a space X is o-finite if X is a countable union of sets of
finite measure. Example 11.8.1 raises the question as to when Borel measures are
automatically regular. We give now a sufficient condition for o-finite measures.

Proposition 11.8.13. Suppose X is a second countable, locally compact Hausdorff
space. Then every open set is G-compact.

Proof. Let % be a countable base for the topology on X. Let U be an open subset of
X. By Proposition 11.8.1, every x € U is contained in an open set V, with x € V, C
V. C U such that V, is compact. We may assume, by taking a subset if necessary,
that V, € .%. Therefore, the union of such compact sets V, C U with V, € . is all
of U, since no x € U can be outside the union. Moreover, since .% is countable there
can be no more than a countable number of such sets V.
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Theorem 11.8.3. Suppose X is a second countable, locally compact Hausdorff
space. Then every Borel measure that takes finite values on compact sets is O-finite
and regular.

Proof. Let v be such a measure. Let A be the functional on C, it generates by
integration, and let y be the Radon measure representing A in the sense of Theo-
rem 11.8.2. By Proposition 11.8.13, X is o-compact, and therefore u is o-finite. We
know that u is outer regular. It follows from Problem 11.15 that u is inner regular.
We need to show u = v. Let U be a nonempty open subset of X. For each f € C,
withU >~ f, v(U) > [ fdv =A(f),so v(U) > u(U). Let K, be an increasing se-
quence of compact sets with union equal to U, and let (f,) be a sequence in C, with
K, < f, < U for each n. Then

V(U) > (V) > sup [ fudn =supA (£,) = sup [ fidv > supv(K,) = v(U).

Thus, v and u agree on open sets. Now let K be a compact set, and let U be an open
set containing K with (1(U) < +oe. Since

HUNK) +u(K) =puU) =v(U) = v({U\K)+Vv(K),

1(K) = v(K). Therefore, v and u agree on compact sets. Since X is o-compact,
we need only show that (t and v agree on Borel subsets of compact sets. But these
sets can be approximated in terms of ( from the inside by compact sets and from
the outside by open sets. Therefore, (L = v.

Definition 11.8.8. For a compact Hausdorff space X, we let C(X) denote the space
of continuous real-valued functions on X. There is a norm on C(X), called the sup-

norm. It is given by f — || f|| = sup,cx | f(x)].

Proposition 11.8.14. If X is a compact Hausdor{f space, then a positive linear func-
tional F on C(X) is bounded, and therefore continuous.

Proof. If for f € C(X), the sup-norm || f|| < 1, then

IF(NI=FU) =F()| <FUO)+F(fF)=F(f) <F(1).

For a locally compact space that is not compact, positivity of a linear functional
does not imply continuity with respect to bounded, continuous real-valued functions
supplied with the sup-norm topology.

Example 11.8.2. Let i be the measure on the natural numbers N such that u({n}) =
n for each n € N. The integral with respect to u is a positive linear functional on
C.(N), i.e., the sequences that vanish after a finite number of entries. The sequence
<%x{n} :n € N) in C.(N) tends to 0 in the sup-norm, but the integral [ %x{n}du =1
for each n.
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Example 11.8.3. Let A be given by the Riemann integral on C.(R). Then A is a pos-
itive linear functional, and the representing measure is Lebesgue measure. For each
n €N, fix f, with [-n,n] < f, < (—n—1,n+ 1). The sup-norms of the sequence
(Lf,:n € N) have limit 0, but for each n, A (1 f,) > 2.

For the rest of this section, we assume that X is a compact Hausdorff space. We
have seen that a positive linear functional on C(X) is bounded. We now show that a
bounded linear functional is the difference of two positive linear functionals. Recall
that for a compact space, a measure u satisfying the conditions of Theorem 11.8.2
is finite and regular. Again we work with Radon measures, i.e., finite, complete,
regular Borel measures, rather than restricting our measures to the Baire sets.

Example 11.8.4. Let A be an uncountable set with the discrete topology, i.e., each
point of A forms an open set. Let X be the one-point compactification. That is,
X = AU{p} where open neighborhoods of p are the complements of finite subsets of
X. Each continuous function f on X is constant off of some countable set. Mapping
f to that constant value is a positive linear functional A. Unit mass at p is the Radon
measure that represents A, but {p} is not a Baire set. That is, it is not in the smallest
o-algebra containing the compact Gg-sets.

Theorem 11.8.4. Let X be a compact Hausdorff space. Let F be a bounded linear
functional on C(X). There are two unique, positive linear functionals F* and F~
with representing Radon measures W and y~, respectively, suchthat F =F* —F~,
That is, for u = ut —u~ and for each f € C(X), F(f) = [ fdu. Moreover,
(ut,u™) is the Jordan decomposition of . The G-algebra of measurable sets is
the completion of the Borel sets with respect to the total variation |u| = u* +u~.
The signed measure [ is the only regular (therefore finite) signed measure that rep-
resents F on that 6-algebra, and ||F|| = |u|(X).

Proof. For each nonnegative f € C(X), set P(f) := {9 eC(X),0< o < f}.
Clearly, f € P(f), but F may not be a positive functional. Therefore,

F(f)= sup F(@)>F(f).
9EP(f)

On the other hand, for each @ € P(f), |[F(@)| < [If]l - [|F]l, s0 0 < F(f) < +oo.
Also, F7 is positive and homogeneous; that is, for each constant ¢ > 0 and each
continuous f, F¥(cf) = cF*(f). Let f and g be two nonnegative continuous func-
tions. If ¢ € P(f) and y € P(g),then0 < ¢+ y < f+g,and so F(¢@)+ F(y) <
FT(f +g). It follows that F*(f) + F*(g) < F"(f +g). To reverse the inequality,
we note that if y € P(f+g), then y < (YA f)+ g, andso 0 <y — (yAf) <g.
Therefore,

F(y)=F(WyAf)+F(y—(yAf) <F (f)+F*(g).

It follows that F*(f +g) < F*(f)+ F*(g), and so we have equality. That is, F"
preserves addition for nonnegative continuous functions.
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Now if f is an arbitrary continuous function on X and f > —a — b for positive
constants a and b, then

F'(f+a+b) = (f+a)+F+(b) FY(f+b)+F"(a)
F'(f+a)—F"(a) = F'(f+b)—F"(b).

We can therefore set F*(f) = F*(f +a) — F*(a), and this is independent of the
choice of a with f > —a. Note that this extension does not change the definition of
F™ for nonnegative continuous functions. Now for any continuous f and g on X,
if f > —a and g > —b for nonnegative constants a and b, then

F'(f+g)=F'(f+g+a+b)—F*(a+b)
=F*(f4+a)—F (a)+F"(g+b)—F"(b) =F"(f)+F(g).

Thatis, F* preserves addition for all continuous functions on X. Moreover, F*(0) =
FT(0)+F*(0), so F*(0) = 0. Also, for any continuous f, F*(f)+F*(—f) =0,
whence F*(—f) = —F*(f). If c and a are positive and f > —a, then cf > —ca, so

Fr(cf):=F"(cf+ca)—F"(ca) =cF"(f+a)—cF"(a) =cFT(f).

Moreover, FT((—c)f) = —F " (cf) = —cF*(f). It follows that F is a positive
linear functional on C(X).

By Theorem 11.8.2, F T is represented by a unique Radon measure pt*. Set F~ :=
F* —F. For a continuous f >0, F*(f) > F(f), so F~ is also a positive linear
functional on C(X), and it is represented by a unique Radon measure u~. Clearly,
F=Ft—F .Letpy:=u"—pu".Thenforeach f € C(X), F(f) = [ fdu.

Let v be another finite, signed, regular measure defined at least on the Borel sets
such that for each f € C(X), F(f) = [ fdv. Let (vt,v™) be the Jordan decom-
position of v. We want to show that v = u* and v— = p~. It will follow that if
F = Gt — G~ is another decomposition of F with corresponding measures vt and
v~ forming the Jordan decomposition of v, then F t=GtandF- =G

We show first that for any continuous f >0, F(f) = [ fdv". We may assume
that || f|| = 1. Now since v is a nonnegative measure,

F+(f): sup F(p)= sup odv < sup (pdv /fdv
9EP(f) eP(f oeP(f

To show that the reverse inequality holds for the same f, we choose a Hahn de-
composition. Recall that this is a pair of disjoint measurable sets A and B so
that X = AUB, and v (B) = v~ (A) = 0. Given € > 0, we choose compact sets
K and H contained in A and B, respectively, so that v (K) > v*t(A) —&/2 and
v~ (H) > v~ (B) —&/2. Choose ¥ with K < v < X \ H. Then
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/.fvar:/fdvg/fdv+e/2:/f-1//dv+e/2
Jx A Jk K
< /f~1pdv+e/2:/f-q/dv+e/2+/ f~1//dv—/ Fowdv
Ja A B\H Jp\H
g/f~1//dv+£/2+v*(B\H)g/f~1//dv+8§F+(f)+s.
X X

It follows that v represents F T on the nonnegative continuous functions, and there-
fore on all of the continuous functions. Since the measure representing F is unique,
vt =u™, and it follows that v~ = u~. This shows the uniqueness of , and the fact
that (u*, ™) is the Jordan decomposition of .

Itis clear that |F|| < |FY|| + ||F~|| = [ 1dut + [ 1du~ = |u|(X). To establish
the inequality in the other direction, we fix ¢ € P(1). Then |2¢ — 1| < 1. Therefore,
IIF|| > F(2p — 1) =2F () — F(1). Taking the supremum over all such @, we have

IF|| 2 2F (1) = F(1) = F" (1) + F~ (1) = [u|(X).

Corollary 11.8.2 (Riesz Representation for C(X)). The dual space of C(X) can
be represented by the space of finite, signed, regular Borel measures on X with the
norm defined by the total variation evaluated at X.

As indicated in Example 11.7.1, the following corollary is a consequence of the
Alaoglu Theorem 11.7.1.

Corollary 11.8.3. Let X be a compact Hausdorff space. The space of regular, Borel
probability measures 1L on X, that is, with [1(X) = 1, is compact in the weak* topol-
ogy, i.e., the topology generated by C(X).

Example 11.8.5. Harmonic functions on the unit disk in the complex plane are

real-valued, continuous functions such that the Laplacian Ah = g—ig + g—ié’ =0. Let
D, denote the open disk {z € C: |z] < r}, and let D = D;. Let C, be the circle {z€ C:
|z| = r}, and let C = C. Let P(z,x) be the Poisson Kernel (|z|> — |x|?)/|z — x|, and
let xo denote the origin. Let the space %! consist of all positive harmonic functions
on D taking the value 1 at xp. It is well-known that every continuous function on
C has a harmonic extension on D, but that not every harmonic function on D is
obtained in this way. On the other hand, for each & € 7!, there is a probability

measure vy on C such that for each x € D,
h(x) = /C P(2,x) vi(d2).

Each h € 7' when restricted to a circle C,, 0 < r < 1, produces a continu-
ous function there. Let A, be uniform probability measure on C,. It is essentially
normalized Lebesgue measure with total mass 1 defined on C,. For any x € D,,
h(x) = J¢, P(z,x)h(z)A,(dz). Given h € ', the measures h-A,, 0 < r < 1, are
probability measures on the closed unit disk. The space of such measures is com-
pact in the weak™ topology, and these measures have a weak* limit v, (also called a
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weak limit) as the radius r tends to 1. If x € Dy, then for |z| > s, the Poisson Kernel
P(z,x) is a continuous function of z out to and including at points of C. Therefore vy,
which is the weak™ limit of /- A, continues to integrate against the Poisson Kernel
to produce the value of 4 at x.

Remark 11.8.4. Using the space of continuous functions with compact support as
“test functions”, we have obtained a great deal of information about spaces of mea-
sures as functionals. By requiring more structure for the test functions, that is, by
reducing the space of test functions, we enlarge the space of functionals. Function-
als in an appropriate setting on the space of infinitely differentiable functions with
compact support form the space of distributions, also called generalized functions.
A test function vanishes off of a compact set. Therefore, integration by parts is used
in one dimension to define the action of the “derivative” of a distribution with a test
function. That action is the negative of the action of the distribution itself against the
derivative of the test function. Since derivation has a meaning in higher dimensions
as well, distributions play an important role in the theory of ordinary and partial
differential equations.

11.9 Problems

Problem 11.1. Show that the following norms on R? are equivalent.

a) The ¢'-norm: [|(x,) || = x| + |-
b) The />-norm: ||(x,y)|| = /*2 +y2.

¢) The £~-norm: [|(x,y)|| = max {|x|,[y[}.

Problem 11.2 (A). . Show that a finite-dimensional linear subspace of a normed
linear space X must be a closed subspace of X with respect to the topology generated
by the norm.

Problem 11.3 (A). . Show that a linear functional f on a normed space X is bounded
if and only if its kernel K := {x € X : f(x) =0} is closed in X.

Problem 11.4. Prove Lemma 11.2.1.

Problem 11.5. Show that for a measure space (X,%,u) and L' functions f and
g of strictly positive norm, ||f+g||, = ||fIl; + |lgll; if and only if |f(x)+g(x)| =
|f(x)|+|g(x)| for almost all x.

Problem 11.6. The space c consisting of convergent real-valued sequences is a sub-
space of £~°(N).

a) Show that ¢ is a Banach space. Hint: A closed subset of a complete space is
complete.

b) Show that the space cy consisting of sequences in ¢ that converge to 0 is a Banach
space.
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Problem 11.7. Using Lebesgue measure A, define G : L' (R) — R by

- 1
G(f) - Z 7/[11—111]fdl'

n=1"

Show that G defines a bounded linear functional on L!(R) and find the norm of G.
Then find g € L*(R) such that G = F, as in Theorem 11.3.1.

Problem 11.8 (A). Prove Lemma 11.4.1.

Problem 11.9 (A). Show that a Banach space X is reflexive if and only if its dual
space X ™ is reflexive.

Problem 11.10. Let S be a linear subspace of the space C[0, 1] of continuous real-
valued functions on [0, 1]. Assume that S is closed with respect to the L?>-norm using
Lebesgue measure. Show that for some constant K and all f € S, || f||.. < K| f|l,.

Problem 11.11. Let 7 be a linear mapping from a Banach space X into a Banach
space Y, and assume the graph of T is a closed set. For each x € X, set |||x||| =
|lx[| + || T (x)||. Show that this is a norm on X for which X is complete.

Problem 11.12. Let X be a normed linear space. Show that for any o € R and any
g in the dual space X*, the operations f +— o f and f — f + g are continuous on X*
when X* is supplied with the weak™ topology.

Problem 11.13 (A). Let X be a Banach space, and let A be a weakly compact subset
of X. That is, A is a subset of X compact in the topology generated by X*. Use the
canonical injection ¢ of X into the second dual X** to show that there is an M > 0
in R such that ||x|| < M for all x € A.

Problem 11.14. Show that the function p in Example 11.8.1 is a metric on R?, and
(R?,p) is locally compact.

Problem 11.15. Show that a Radon measure on a o-compact, locally compact
Hausdorff space is regular.

Problem 11.16 (A). Let X be a compact Hausdorff space, and let % = {f,: € .}
be a family of continuous real-valued functions on X. Suppose there is a correspond-
ing family {cq : & € .#} of constants such that for each finite set {a, -+, 0, } of
indices, there is a signed Radon measure v with total variation |v|(X) < 1, such that
J fo;dv = cq, for 1 <i < n. Show that there is a measure v that works this way for
all of the indices at the same time.



Appendix A
Appendix on the Axiom of Choice

We repeat the following definition from Chapter 1.

Definition A.1. A partial ordering on a nonempty set E is a relation < on E such
that

1) Va€E,a<a, (reflexive property) and
2)Va,b,ceE,a<band b < c=-a<c. (transitive property)
We sometimes write b > a for a < b.
We call a partial ordering antisymmetric if
) Va,becE,a<bandb<a=a=b.
For an antisymmetric ordering we write a < b for a < b but a # b.
A partial ordering < is called a total ordering if
4)Va,beE,eithera<borb<a.
A total ordering < is called a linear ordering if it is antisymmetric.

Recall that for a set £ with a partial ordering <, a maximal element of E is an
element z such that for each y € E, y need not be related to z, but if y > z, then we
also have y < z. For an antisymmetric ordering, this means that y = z.

As noted in Chapter 1, the Axiom of Choice states that if {Sy : 0t € .} is a
nonempty collection of nonempty sets, then there is a function T : .¥ — Uye s Sa
such that for every o € &, T (o) € Sy. If the sets are disjoint, we may think of a
parliament. Recall the example given by Bertrand Russell in terms of pairs of shoes
and pairs of socks: Given a finite or even countably infinite set of pairs of shoes, one
can always pick one shoe from each pair, e.g., the left shoe. Given a finite collection
of pairs of socks, one can pick one sock from each pair, but what happens with
an infinite collection of pairs of socks? The Axiom of Choice says there is a set
consisting of exactly one sock from each pair.

We start with a result which, as we shall show, is equivalent to the Axiom of
Choice. It is a modification of results and proofs in [17]. We will call a nonempty
family % of subsets of a set S a chain if for any A and B € ¥ either A C Bor B C A.
We will let U% denote the union of the sets in a chain €.
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Theorem A.1 (Hausdorff Maximal Principle for Linear Orderings). Let < be
a partial ordering on a nonempty set E. Let Fy be a nonempty subset of E that is
linearly ordered with respect to <. There is a maximal (with respect to C ) subset
F C E such that Fy C F and < is a linear ordering on F.

Proof. We let % be the family of all F C E such that the restriction of the ordering
< to F is a linear ordering and F D Fy. Let T (@) = Fy, and for each F € .7, let
T(F) be an element of .% that strictly contains F if there is one, and otherwise let
T(F) = F. Here we have used the Axiom of Choice to define 7. We want to show
that there is an F € .% with T(F) = F. By the definition of 7', this F is a maximal
linear ordered subset of E containing Fp.

Now, the union of the sets in a chain % consisting of members of .% is again
in .%. To see this, let x and y be members of this union. We have x € A € €, and
y € B€ €, and either A C B or B C A. Suppose the first. Then both x and y are in
B, so since < is a linear ordering on B, either x <y or y < x; if both then x = y. The
same is true if B C A.

Let # be the collection of all chains 4 consisting of members of .% such that
foreach F € € with F D Fy, UJ{A € € : A C F} € €, and for each F € € such that
FAUAe€C:ACF},F=T(U{Ac€%:ACF}). This means that 7 uses the
Axiom of Choice to supply the next step in the containment after the union. Note
that the singleton {Fp} is in #'.

Given € € W', we say that a chain & is an initial chain of ¥ if ¥ € #, each
F € 9 is a member of the chain %, and if A € ¥ and A C F, then A € &. The union
¢ of a nonempty family of initial chains of & is an initial chain of ¥. To see this,
note that Fy is in ¢, and each member of ¢ is a member of €. Moreover, if A and
B are members of ¢, then as elements of the chain &, either A C B or B C A. Also,
each A € ¢4 is an element of an initial chain ¥ € ¥, so if B € € and B C A, then
Be 2. 1tfollows thaty € #'.

If € and 2 are chains in %/, then either € is an initial chain of 2 or & is an
initial chain of €. To see this, let ¢4 be the union of all chains in % that are both
initial chains of % and initial chains of 2. The singleton {Fp} is such a chain. As
before, 4 € ¥, and ¢ is the largest initial chain of both 4" and Z. Suppose ¢ # ¥.
Let F=U4.IfF ¢ 9, let 9 =9U{F}.If F €9, let ¥' = GU{T (F)}. Then
@G ¢ W, and &' is strictly larger than ¢ initial chain of &. Similarly, if 2 # ¢,
then &' is strictly larger than ¢ initial chain of Z. Since we cannot have both, either
4 =% or9 = 9, or both.

Now let ¢ be the union of all chains in . Then ¢4 € # . To see this, note that
the singleton {Fp} isin 4. If A and B are in 4, thenA € € € #,and BE 2 € ¥'.
If ¥ is an initial chain of &, then both A and B are in &, so either A C B or B C
A. Similarly, if 2 is an initial chain of %, then both A and B are in %, so either
A C B or B C A. Therefore, & is a chain. If F € ¢, then F € € for some ¥ €
# . Therefore, if F # Fyp, (A€ C:ACF} e € CY. IfF#U{AcC :ACF},
then F=T (U{A€ % :ACF}). Since 4 € # and ¢ is the union of all chains in
W, U9 € 9. Since YU{T (U¥)} must equal ¢, U¥ is a maximal linearly ordered
subset of E containing Fp.
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Remark A.1. A similar proof, left to the reader, establishes the Hausdorff Maximal
Principle for total orderings.

Theorem A.2. The following principles are equivalent:

1) Axiom of Choice.

2) Hausdorff Maximal Principle for Linear Orderings.

3) Zorn’s Lemma: Let < be a partial ordering on a nonempty set E. If every
linearly ordered subset of E has an upper bound in E, then there is a maximal
element with respect to < contained in E.

4) Well-Ordering Principle: Every set can be ordered with a well-ordering.

Proof. 1) = 2): This is Theorem A.1.

2) = 3): By the assumption, we can find a maximum (under containment) lin-
early ordered subset F' of E. Let z be an upper bound of F. We will show that z is a
maximal element of E. Consider any y such that z <y. We must show that we also
have y < z; they do not have to be equal. Now since z is an upper bound of F, for
eachx € F,x <z <y.So FU{y} is totally ordered with respect to <. Since F is a
maximal linearly ordered set in E, it must also be true that for some x € F, y < x,
whence, y < z.

3) = 4): Given a nonempty set E, consider subsets F' of E with a well-orderings
<p. Let .Z be the set of all such pairs (F,<r). (A given set may appear more than
once but with different orderings. In this sense, the subscript on the ordering is a
bit misleading.) We can put an antisymmetric, partial ordering < on .# by setting
(F,<r) = (G, <) when

i) FCG,
i) <g=<ponF X F, [ie.,ifx,z € F, then x <p z, if and only if x <¢ z], and
iii) for every pair (x,y) withx € Fandy € G\ F, x <g y.

We wish to show that < is, in fact, an antisymmetric, partial ordering on .%.
Clearly, for each element (F,<p) in %, (F,<p) = (F,<r) [(iii) is vacuously satis-
fied]. Moreover, (F,<p) < (G,<g) and (G,<g) < (H,<p)= (F,<p) =< (H,<p).
To see this, we note that Properties i and ii are clear, so we only check (iii). If
y € H\F and x € F, then for the case y € H \ G, we have x <g y since x € G. If
y € G\ F, then we have x <g y, so x <y y by (ii). To see that < is antisymmetric, we
assume that we have both (F, <p) = (G,<¢) and (G,<¢) = (F,<r).By (i), F =G.
By (ii), <g= <r.

Fix a subset ¥ = {(Fy,<p)} of .Z, linearly ordered with respect to <. We set
G = UqFy, and we define an ordering on G by setting x <g y if x <p, y for some
a. By (ii), this ordering is well-defined. Moreover, it is a linear ordering. To see
this, we note first that for each x € G, there is an o with x € Fy so x <f, x, whence
x <gx. If x <gyandy <g z, then for some ¢, x, y, and z all belong to Fy,. By (ii),
it follows that x <p, y and y <p, z, so x <f, z, whence x <g z. If x, y are in G, then
again for some o, x and y belong to Fy, so either x <g, y or y <g, x, whence either
x <gyory<gux;if both, x =y.

To show that <¢ is a well-ordering of G, we consider a subset A C G with an
element x € A. Then x € Fy, for some «, and by (iii), every element of A N Fy is
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smaller than every element of A \ F, with respect to <. Let a be the first element
of AN Fy,. Since each element of A \ Fy, is larger than a, a is the first element of A.

It now follows that (G, <g) is an upper bound of 4. By Zorn’s Lemma, there is a
maximum element (H,<p) in .%. We need only show that H = E. If not, then there
isaz € E\ H. We then consider the set K = HU{z} and set x <g y if either x, y € H
and x <y yorifx € H and y = z. Now (H,<p) =< (K, <g), so by the maximality of
(H,<w), (H,<g) = (K,<g). This is a contradiction since H # K.

4) = 1): Given a nonempty family of nonempty sets A, well-order UyA. For
each «, let (o) be the first element in Ag.

Remark A.2. Suppose < is a partial ordering on a nonempty set E. To apply Zorn’s
Lemma, it is only necessary to find an upper bound for each linearly ordered subset.
By looking at the set of points (x,y) in the plane with 0 <y < 1 and (x1,y;) < (x2,y2)
if and only if x; = x2 and y; < yy, it is clear that one cannot hope to get a biggest
element. If the ordering < is an antisymmetric partial ordering, then the Hausdorff
Maximal Principle for Total Orderings implies Zorn’s Lemma for <. Recall that the
ordering in the proof 3) = 4) is antisymmetric.

Example A.1. A filter .% of subsets of a set X is a nonempty collection of subsets
such that @ ¢ % ,if A and Barein %, thenANB € %, andifA € % andACBCX,
then B € .%. An example is the Fréchet filter in N consisting of complements of
finite subsets of N. A filter base .2 of subsets of X is a collection of subsets such that
@ ¢ A, and if A and B are in %, then for some C € %, C C ANB. The filter generated
by a filter base is the set of all supersets of sets in the filterbase. An ultrafilter in
a set X is a filter of subsets of X such that no strictly larger collection of subsets
of X forms a filter. Given an ultrafilter % of subsets of X, each nonempty A C X
is either in % or X\ A is in %, but not both. To see this, note that if B € % and
ANB =g, then BC X\ A, so X\A € Z.1If ANB # @ for each B € %, then the
collection {ANB: B € % } forms a filter base, and A is a superset of each element
ANB. Since the generated filter must equal %/, A € % .

Theorem A.3. Any filter % of subsets of X is contained in an ultrafilter % of
subsets of X.

Proof. Order the filters % of subsets of X by containment. Any containment chain
of filters containing .%#, has an upper bound, namely the filter formed by the union.
By Zorn’s Lemma, there is a maximal filter, i.e., an ultrafilter containing .%.

Remark A.3. Given an ultrafilter % of subsets of X, the set function that assigns the
value 1 to each A € % and the value 0 to X\ A is a finitely additive measure on
the family of subsets of X. We may say a property is true almost everywhere on
X if it is true on an element of %/. Using an ultrafilter such as one containing the
Fréchet filter in N, and calling two real-valued sequences equivalent if they are equal
almost everywhere, one forms an ordered field containing the real numbers and also
containing infinitesimal elements. See Appendix on Nonstandard Analysis.



Appendix B
Appendix on Limit and Covering Theorems

Many theorems in analysis and probability theory produce a Radon-Nikodym
derivative as a limit. In this appendix we show that the desired result is established
once one shows that the limit is O where the input is 0. A major consequence is
a simple proof of the Lebesgue Differentiation Theorem for measures. That result
needs a covering theorem, and that is the other focus of this appendix.

Covering theorems are used to show that a set £ where a desired property fails
has measure zero. One begins by covering each point x in £ with a special kind of
Borel set. For many covering theorems, the covering sets are closed balls B(x,r)
with center x and radius r > 0. Given a Borel measure u, the covering theorem
produces a constant C that depends on the space and perhaps on the measure. It
also produces a disjoint collection {A;} of covering sets so that the outer measure
U*(E) < C-Ziu(A;). The result is used in working with maximal functions, and
measure derivatives.

Theorem 5.2.1 is the optimal covering theorem for the real line. The best known
covering theorem for both the real line and higher dimensions is that of Vitali. (See,
for example, [9].) That result is applicable for balls and measures, like Lebesgue
measure, that increase at a known rate as the radius of the ball is increased. For
finite-dimensional normed vector spaces, however, there are better, more general
results. These are presented in this appendix.

B.1 A General Limit Theorem

We will give the results of this section in terms of filters, filter bases, and the corre-
sponding limits. The results, due to Jiirgen Bliedtner and the author, are taken from
[9]. Recall the following definitions.

Definition B.1.1. A collection .# of subsets of a set X is a filter base if it does not
contain the empty set and the intersection of any finite subcollection of .# contains
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a set in .%. A metric space valued function f converges to a limit L along a filter
base % if for any € > 0, there is a set A € .% such that for all x € A, the metric

p(f(x),L) <e.

In what follows, (X, %) is a measurable space and M is the set of all nonnegative
finite measures on (X,.%). We use the notation pg for the restriction of a measure
U to a measurable set E; i.e., Ug(A) = L(ANE). We let RT denote the nonnegative
real numbers, N the natural numbers, and CE the complement of a set £ in X. If u
and 1) are measures, we write 4 < 7 if u(A) < n(A) foreach A € A.

We work with a nonzero measure o € M, called a reference measure. The theo-
rem here is stated for all of M, but it is also true for subclasses such as all multiples
of o by an L”(0) density for some fixed p, 1 < p < eo. Our theorem is given in
terms of a class .% of linear functionals mapping M into R with F (o) > 0 for each
F € . Moreover, each F € % has the property that if g <1, then F(u) < F(n).
We associate with every x € X, a filter base .%# (x) on .Z.

Example B.1.1. In a bounded open set S in R”, we can let .# be the set of functionals
determined by balls, with ¢ a regular Borel measure giving nonzero weight to balls
in S. That is, each F € .7 is given by a ball B in the sense that for each Borel measure
W, F(u) = w(B). The filter .% (x) can consist of sets of balls, with a typical element
of % (x) being all balls of radius at most R with center x. The limit theorem we are
about to establish will then, together with a covering theorem, yield the Lebesgue
Differentiation Theorem discussed below. A simple version, Theorem 5.4.1, was
presented in Chapter 5.

Example B.1.2. Recall Example 11.8.5. Harmonic functions on the unit disk D
in the complex plane are real-valued, continuous functions such that the Lapla-

cian Ah = g—ig + gTzél = 0. Let P(z,x) be the Poisson Kernel (|z|> — |x|?)/|z — x|?.
For each finite measure ( on the boundary of the unit disk D, we can extend u
inside the disk with a harmonic function &, using the Poisson Kernel. For each
y € D, we let F,(1) = hy(y). Now we have various boundary limit theorems at
points x of the boundary that go by the names “Fatou”, ‘“Ratio Fatou”, “non-
tangential”, and “fine”. For example, when o is a reference measure on the bound-
ary, lim, 14 hy (rx)/he(rx) = du/do(x) for c-a.e. x on the boundary. There are
fatter sets of points that can be used to replace segments of the line from 0 to x.

These give better limit theorems.

In what follows, we write 1in(1 )F(u)/F(G) = a if for each € > 0 there is a
F,. % (x

set . € % (x) such that for all F € ., |F(u)/F(0)—al <e. Also, we write
du/do for the Radon-Nikodym derivative of the absolutely continuous part of u
with respect to ©.

Theorem B.1.1. The following are equivalent:

(1) Forall g € M, lim LW — 95y for -ae. x € X.
F.
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(2) Given E € # with 6(E) > 0, and v € M with v(E) = 0, we have

=0 for c-ae.x€E.

(3) Given E € # with 6(E) > 0, and v € M with v(E) =0, for o-a.e. x € E there
isaset.” € % (x) with F(v)/F (o) <1 forall F €., whence

lim supF(v)
F.Z(x) (o)

<1 for c-ae. x€E.

Proof. (1 = 3) Assume 1 holds, and fix E € # with 6(E) > 0 and v € M with

V(E) = 0. Then 11n(1 )FEV)) Z—;(x) =0 for o-a.e. x € E. For each such point x,
there is a set .7 € .# (x) with F(v)/F (o) <1 forall F € .7.

(3=2) Fix E € # with o(E) >0, v € M with v(E) =0, and k € N. Since
kv(E) =0, it follows from 3 that for o-a.e. x € E there is a set . € .% (x) such that
forall F € .7, F(kv)/F(o) < 1, whence F(v)/F (o) < 1/k. Since this is true for
eachk e N,

lirr(l ——= =0 for c-ae.x€E.

(2= 1) By assumption, 1 holds for any measure that is singular with respect to ©.
Therefore, given a finite, nonnegative, integrable function 4 on X, we must show that

for some measurable set A with 6(A) = 0 and for all x € X \ A, liH<1 ) 1;((h:)) = h(x).
F.7(x

Choose an n € N, and partition R™ into intervals of length 1/4n. Let E be the inverse
image with respect to & of one of the intervals [r, r+ 1/4n]. If 6(E) = 0, adjoin E
to A. Assume o (E) > 0. Now for any x € E and any F € .%, we have

|F(ho) —h(x)-F(o)]
<|F(ho)—r-F(o)|+|r-F(o)—h(x) - F(0)]
< |F(hogg) —r-F(opg)| + |F(hog) —r-F(og)| + (h(x) —r)F(0)

~F(O'E)+i-F(G).

1
< F(hogg) +r-F(oge) + = ™

4n
Dividing by F(0), we have

F(hogg) F(opg) 1
_h(x)‘< F(cr;5 T F(Gg +ﬂ'

By assumption, for o-almost all x € E,

fim FU%E) _ o and tim -
F.Z(x) F(0) FZ(x) F(0)



228 B Appendix on Limit and Covering Theorems

Therefore, for -a.e. x € E, there is a set .7, (x) € .%(x) such that |F (ho)/F (o) —
h(x)| < 1/nforall F € .%,(x). We obtain the desired result by putting all of the sets
of measure 0 together for the sets E corresponding to the partition, and repeating
the operation for each n € N.

Example B.1.3. For measure differentiation on R" with respect to closed balls
B(x,r) and a finite reference measure ¢, one wants to show that for all finite Borel
measures [,

B(x d

M B~ do™ oe

where d/do is the Radon-Nikodym derivative of the absolutely continuous part
of u with respect to 6. The above limit Theorem B.1.1 is employed in [9] (and with
an application in [10]), to show that this result is established when the conditions
of the theorem hold. For that proof here, fix a Borel set E in the support of ¢ and
a finite Borel measure v with v(E) = 0. Let F be the set of points x € E such that
v(B(x,7)) > o(B(x,r)) for a sequence of values r with limit 0. Here is the proof
using a covering theorem that the outer measure ¢ *(F) = 0:

Fix € > 0 and a nonempty compact set K C R"\ E with v(R"\ K) < €/C, where
C is the covering theorem constant. By assumption, for each x € F, there is an
rx > 0 such that B(x,r¢) C R"\ K, and 0 (B(x,rx)) < V(B(x,rx)). For the disjoint
subcollection {B, } of balls given by the covering theorem,

c*(F)<C-X,0(B,) <C-Z,v(By)
<C-v(R"\K)<e.

B.2 Besicovitch and Morse Covering Theorems

Let (X, ||-||) be a normed vector space of dimension d < e over the real numbers
R. The covering theorems of Besicovitch [8] and of Morse [38] hold for arbitrary
Borel measures on X. These theorems have two parts. The first part uses transfinite
induction, and the second part uses geometric reasoning to find an upper bound x for
the number of covering sets that can form what we shall now define as a 7-satellite
configuration.

Definition B.2.1. Fix 7 > 1. Let {S; : 1 <i <n} be an ordered collection of subsets
of X with each S; having finite diameter A (S;) and containing a point a; in its interior,
int(S;). We say that the ordered collection of sets S; is in t-satellite configuration
with respect to the ordered set of points a; if: (i) For all i < n, §;N S, # & and (ii)
For all pairs i < j <n, a; ¢ int(S;) and A(S;) < 7T-A(S;).

Remark B.2.1. We will use the geometry of X to show that for classes of sets, even
beyond convex sets, and for 1 < 7 < 2, there is an upper bound « to the value
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of n. This upper bound will also hold for manifolds and a 7-satellite configuration
isometric to one in X. Therefore the following theorem can be extended to metric
spaces somewhat more general than a normed linear space X.

Theorem B.2.1. Let A be an arbitrary nonempty subset of X. With each point a € A,
associate a set S(a) containing a in its interior so that the diameters of the sets S(a)
have a finite upper bound. Fix T with 1 < T < 2, and suppose that there can be no
more than K < e sets from the collection {S(a) : a € A} forming a t-satellite con-
figuration in X. Then for some m < K, there are pairwise disjoint subsets Ay, ..., Ap
of A such that A C UL Ugeq, int(S(a)) and for each j, 1 < j < m, the elements of

the collection {S(a) : a € A;} are pairwise disjoint.

Proof. We give both an informal and a formal description of the steps of the proof.

[Informal: Since one can’t necessarily choose an S(a) with maximal diameter,
we choose one with essentially the maximal diameter. That is, 7 times the diameter
is bigger than all the other diameters. After that, at any stage, choose a point not in
the interior of any set chosen before with the corresponding set having essentially
the largest diameter among the competing sets. Stop when A is covered.]

[Formal: Put a well-ordering on A. By moving the first element of A to the
last position, we may assume that A has a terminating element in the ordering. Let
# = A with its well-ordering. We will use .# as an index set. Each nonempty subset
B of A is well-ordered as a subset of .#. Let T(B) be the first point b € B with
7-A(S(b)) > sup,.5A(S(a)). Form a one-to-one correspondence between an initial
segment of .# and a subcollection of A as follows: Set By = A and a; = T(By).
Having chosen ag, for o < B in .7, let Bg = A\ U, pgint(S(aq)). If Bg # 9, set
ag = T (Bp). There exists a first y € .# for which By, = 2.]

[Informal and Formal: This gives a well-ordering < on a subset A, of A such
that A C Uaea, int(S(a)) and for a < b in A., we have b ¢ int(S(a)) and A(S(b)) <
T-A(S(a)).]

[Informal: Choosing the first element a(1) of A., and then choose the next el-
ement in the ordering < for which the set S(a) does not intersect S(a(1)), etc. In
this way, we find a maximal subset A; of A, for which the corresponding sets S(a)
are pairwise disjoint. Start again with A, \ Aj, etc. This gives a sequence of sets
A1, Ay---]

[Formal: Given any nonempty subset B of A, form a one-to-one correspondence
between an initial segment of .# and a subset V (B) of B as follows. Set B; = B, and
let a(1) be the first element (with respect to <) of B;. Having chosen a(c) for
o < f,let

Bg={beB: Va<Bins, S(b)NnS(a(a)) =2}

If Bg # 9, let a(3) equal the first element (with respect to <) of Bg. There exists a
first n € & for which By, = @. Let V(B) = {a(a) : oo < }.
Now fori > 1 in N, form sets A; C A, as follows. Set A =V (A.). Having chosen
Aifori<ninN,let B, =A.\ U?:_llA,-. Stop if B, = &. Otherwise, set A, =V (B,).]
[Informal and Formal: Note that for any b € A, with b ¢ U;’;llAi and each i
between 1 and n— 1, there is a first (with respect to <) a; € A; with S(a;) NS(b) # &;
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clearly, a; < b in A.. It now follows that the set {S(a;),...,S(a,—1),S(b)} is in 7-
satellite configuration with respect to the set {aj,...,a,_;,b} when each set is given
the ordering inherited from .#. Therefore, n cannot be larger than «, i.e., for some
m<K,AC UL Unea, int(S (a)).]

Corollary B.2.1. For any finite Borel measure [l on X, there is a jwith1 < j <m

such that
WA < k- Y uline(S (@),

3€Aj
Proof. Take the first j < m that maximizes the sum Zac; 1(int(S (a))).

Remark B.2.2. If we replace k with 2k, we may even take a finite subcollection of
the collection {S(a) :a € A;}.

For the Besicovitch Covering Theorem, each set S(a) is a closed ball B(a,r).
Note that the open balls cover A and the closed balls form the disjoint families. For
the Morse Covering Theorem, the sets S(a) are more general than balls. There is
a constant A > 1, so that for eacha € A,

acB(a,r) CS(a) CB(a,A 7).

Moreover, S(a) must be “starlike” with respect to each point in B(a,r). That is, for
each point x in S(a) and each point y in B(a,r), the line segment joining these two
points is also in S(a). Again, the interiors of the sets given by the Morse theorem
cover A.

B.3 The Best Constant and Proof of Besicovitch’s Theorem

Now, for 1 < 7 <2, we let k() denote the maximum number of closed balls that
can form a 7-satellite configuration in the space X. Z. Fiiredi and the author showed
in [19] that for values of 7 close to 1, k(7) is a packing constant K; it is the best
constant for the Besicovitch theorem in terms of all known proofs. An upper bound
for K is 5¢ where d is the dimension of X.

Fix a t-satellite configuration. Recall that later centers are not in the interior of
earlier balls. Take the last ball in the collection out of the ordering, translate, and
scale, so that it becomes the ball B(0,1). We then have for the remaining indices
1 < i< n and corresponding balls B(c;,7;):

1) B(ci,r,-) ﬁB(O, l) 75 g,
2) for1 <i<j<n, Hci—ch >r;>rj/T, and
3) leill=lle;=0|| >r>1/7.
In what follows, we will also consider this configuration for 7 = 1, but then with

the strict inequalities > replaced by >. To begin, we let K be the packing constant
equal to the maximum number of points that can be put into the closed ball B(0,2)
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when one of the points is at 0 and the distance between distinct points is at least 1.
Given such a packing of points in B(0,2), by centering a ball of radius 1 about each
of the points, one obtains a set of balls satisfying Conditions 1-3 for T = 1, and so
k(1) > K. It is easy to see that x(7) is an increasing function of 7. We will show
that for 7 sufficiently close to 1,

k(1) =K, whence, K=x(1)=x(7).

First, a diagonalization argument shows that for some & > 0, K is also the maxi-
mum when the distance 1 is replaced by 1 — 6. That is, if an additional point can be
placed in B(0,2) fort=1— % for large n € N, then in the limit, an additional point
can be placed in B(0,2) for = 1. Fix Twith 1 <7< 1+§/4.Since § < 1, 7 < 3.
Fix a set of balls satisfying Conditions 1-3. Set by = 0. Given 1 <i <n, if ||¢;]| <2,
we set b; = ¢;; if ||| > 2, we replace ¢; with b; = (2/]|¢;]|)c;. That is, in the latter
case we project ¢; onto the surface of the ball B(0,2). We now need only show that
the distance between pairs of distinct points b; and b is at least 1 — 6. This proof
consists of three cases.

I) ||ci]| <2 and ||¢;|| < 2. By Conditions 2 and 3, ||b; —b;|| = [|¢; —¢;|| > 1/,
and1—-1/7<7-1<8d,s01/7>1-6.

1) ||C,H <2 and ||C/|| > 2. Since B(cj,rj) ﬂB(O,l) #+ O, B(bj, 1) - B(Cj,}’j). If
J < i, then ||¢; —¢;|| > rj, so ||b; —bj|| > 1, and we are done. The alternative
is thati < j, so ||e; —¢;|| > r; > rj/7. By Condition 3, r; < ||¢;|| = ||bi]| <2, so
rj<t-r; <2-1.Since T < 5/4,

ri—rj/t<2t(1-1/1) <21(1-1) <21-g <9,

sorj—38 <rj/t <|c;—cj||. By Condition I,
[bi =bjl| = lle; =bjl| = [le; —¢jl = e =bj]| = (rj = 8) = (rj = 1) = 1= 6.
IID ||cif| > |lej|| > 2. Set s = ||¢;|| and x = (s/|c;]|) - ¢;. Now,
llei — ¢l < [lei = x| + [lx — e[| = [leil] = lle;ll + lx =],
so we have the “Bow and Arrow” Inequality
I —ejll = [lejlf + llei —ejll = llell-
By Condition 1, ||¢;|| < r;+1, s0

2 2 2 2
Iy byl =1 %= = el = Sllx— el = = (s~ 1+ lei— ]| = ).

If ||c; — ¢j|| —r; > 0, then since 2/s < 1,

2

[[b; —bj|] Z;(s—1)>2—1:1
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If [|¢; — ¢;|| < 7y, then j < i. By Condition 3, s > r;. By Condition 2, ||¢; —¢;|| >
rj >ri/T,s0

ri—|lei—¢jl| <ri—rj<ri(t—1)<s(t—1).

Since | <T<1+6/4and 2 <1,

2 2 2
by =byll > Zfs— 1= (7 lles =[] = S [s— 1~ Ts-45] =4 = 2
>3-27> 3-2-(1468/4)=1-§/2.

Independent of the work with Fiiredi in [19], John Sullivan [50] obtained a sim-
ilar bound for the case of Euclidean spaces. Reifenberg [43] and Bateman-Erdos
[6] showed that for disks in the plane with the Euclidean norm, k(1) = K = 19. In
general, for any norm, K < 59 where d is the dimension of X. For the ¢~ norm on
RY, K =59

B.4 Proof of Morse Covering Theorem

Recall that there is a constant A > 1 used to define the sets in the Morse Covering
Theorem. One associates a set S with each a € A, so that for some » > 0,a € B(a,r) C
S CB(a,A-r), and S is starlike with respect to each point in B(a,r). If A = 1, this is
the Besicovitch result. The “starlike” condition means that for each y € B(a,r) and
each x € S, the line segment ay + (1 — ot)x, 0 < o < 1, is contained in S. The proof
we now give from [34] of the Morse theorem modifies arguments in [38] and [9].

Proposition B4.1. If ||y —al|| < r, i.e, if y is in the interior of B(a,r), and X is in
the closure, cl(S), of S, then every point of the form ay+ (1 —o)x, 0 < ot < 1, is in
the interior of S.

Proof. Fix p > 0 so that B(y,p) C B(a,r), and fix o with 0 < & < 1. Assume first
that x € S, and translate so that x = 0. Then oty € S. Moreover, the ball B(ay, ap) C
S since

loy —z| <ap = |y—azl| <p= gz€B(a,r)
=sz=0o(iz)+(1-a)0€ES.

Now for the case that x € cl(S), choose a point w € S so that 1=2 || x —w]|| < p. The
result follows from the previous case since

ay+(1-o)x=oa(y+ =2 (x—w))+(1—o)w.
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For each y > 1, we will let N(7y) be an upper bound for the number of points that
can be packed into the closed ball B(0, 1) when the distance between distinct points
is at least 1/y and one point is at 0. We will write Ng(y) for the similar constant
when all points are on the surface of B(0, 1). Given nonzero points b and ¢ in X, we
setV(b,e) = |y = &

We now fix 7 with 1 < 7 <2, and we fix A > 1. We fix {S;: 1 <i<n}in 7-
satellite configuration with respect to an ordered set of points {a; : 1 <i < n}. For
each i, we fix a positive 7; so that B(a;,r;) C S; C B(a;,Ar;) and S; is starlike with
respect to every y € B(a;, r;). We also translate so that a,, = 0, and we set r = r,, and
S = S,,. We must find an upper bound for n.

Proposition B.4.2. Suppose there are two constants Cy > 1 and Cy > 1 such that if a;
and aj are centers with the properties that Cor < ||a;|| < ||a;|| and V(a;,a;) <1/Cy,
then a; must be in the interior of S;. It then follows that

n < N(2ACy) 4+ N(842) Ns(Cy).

Proof. We give both an informal and a formal description of the steps of the proof.
[Informal and Formal: For 1 <i < j < n, we have

lai —ayl| > ri > A(Si)/(24) = A(S)/(44) = r/ (24).

Scaling by 1/(Cor), one sees that there can be at most N(2ACp) indices i for which
l|la;|| < Cor. We only have to show, therefore, that there are at most N(812) Ns(C})
indices in the set J := {j < n: Cor < ||aj| }.]

[Formal: Suppose i # j are members of J with a; € int(S;). Then i < j and

ajc B(a,»,A(Sj)) - B(ai,ZA(S,-)) - B(ai,47tri).

Moreover, ||a; —a;|| > r; > r;/(2A). If also j < k in J, and a; € int(Sy), then a; €
B(a;,4Ar;) and

lax —ajl| = rj > A(S;)/(24) = [laj —ail|/(24) = ri/ (24).

Scaling by 1/(4Ar;), it follows that for each i € J, the cardinality Card{j € J : a; €
int(S;)} < N(8A2).

Now construct J' C J by induction as follows. Set J; = J. At the k< step for
k > 1, if J; is empty, stop. Otherwise, choose the first iy € J; so that for all j € Jp,
l|la, || < |laj]|. Put it in J'. Form the set Ji by discarding from J; the index i and
all other indices j such that a;, € int(S;).]

[Informal: Choose the first element i of J with minimal norm. Move that ele-
ment from J to J’, and throw away all other elements j of J for which the chosen
center a; is in the interior of S;. You have thrown away at most N(8A2) — 1 elements.
Now repeat with what is left of J until J is exhausted.]

[Informal and Formal: Now, if i # jinJ’, V(a;,a;) > 1/C;. Therefore, Card(J') <
Ns(C1), and so Card(J) < N(8A2) Ns(C)).]
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Theorem B.4.1. The constants Cy = 3212 and C; = 161 work, whence
n < N(64A%) 4+ N(8A2)Ns(161).

Proof. Suppose i and j are indices such that 32A%r < ||a;|| < ||a,|| and V (a;,a;) <
1/(161). By Proposition B.4.2, we only have to show that a; must be in the interior
of §;. To simplify notation, let b = a; and ¢ = a;. Fix x € SNS;. Since ||x|| < Ar <
32A%r < ||b|l, x #b. Let s = ||c||/|[b]| and ¢ = 1/s. Set y = (1 — s)x + sb. Then
b = (1 —1)x+1ty. To show that b € int(S;), we only have to show that ||y —¢| < r;.
Now 16AA(S) < 32A%r < ||b]|, whence ||x|| < A(S) < min(||b[|/(161),2A(S;)).
Therefore, since |1 —s| =s—1 <,

Iy —ell = || =%+ liell oy = ) |
< slixl| + lel/(162)
< s/Ibll/(162) + [lell/(162) = jel/(82)
< (le=xIl+ I} /(82)
<A(S))/(2A) <rj.



Appendix C

Appendix on Infinitesimal Analysis
and Measure Theory

C.1 Basic Nonstandard Analysis

In this section, we present a brief introduction to nonstandard analysis, including the
extension of the real numbers with infinitely large and infinitely small numbers. We
will conclude with the application to measure theory. A more extensive introduction
as well as a large body of applications can be found in [35] as well as [15], [49],
and [1].

One thinks of a standard mathematical model as a world that exists in some sense.
For example, we think of the real numbers as having an existence independent of
what we may know about them. Theorems in an appropriate formal language form
correct statements about such a model. It is important to recognize the distinction
between the names of objects in a standard model along with statements using such
names in a formal language, and the objects themselves. For example, the number
five has many names such as 5 in base ten, 101 in binary, and V in Roman numer-
als. The reason to emphasize this distinction is that for each standard mathematical
model there are other mathematical objects, called nonstandard models, for which
all the names and theorems for the standard model have a meaning and are correct
for each nonstandard model. Informally, if we fix a nonstandard model, what we
have are two worlds, the standard and the nonstandard, and the theorems about the
first are also correct statements about the second. The foundation for the application
of this fact to analysis, called nonstandard analysis, is due to Abraham Robinson
[44]. His nonstandard models for the real number system contain infinitely large
and infinitely small positive numbers together with all of the numbers in the origi-
nal real number system.

One way to explain Robinson’s result is to invoke a theorem of Kurt Godel.
Take a name not used for anything in the standard number system — for example,
George. To the theorems about the standard real number system add new statements:
“George is bigger than 17, “George is bigger than 2”, etc. Add one such statement
for each natural number. The standard number system is not a model for the collec-
tion of theorems augmented by these statements about George. There is no number
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simultaneously bigger than 1,2,3, etc. The standard number system is, however, a
model for any finite subset of the augmented collection of statements. To see this,
fix a finite subset of the augmented collection. Find the biggest number named in
these statements, and let George be the name of a number that is even bigger. Since
every finite subset of our augmented collection of statements has a model, it fol-
lows from a result of Godel that the entire augmented collection of statements has a
model. That is, there is a number system for which all the theorems about the real
numbers hold, but there is a number in that system, call it George, that is bigger than
1,2,3, etc. George’s reciprocal, 1 divided by George, is then a positive infinitesimal
number.

Another approach to understanding Robinson’s result is to construct a simple
number system *R with infinitesimals using sequences of real numbers and a free
ultrafilter %7 on the natural numbers. We consider this next.

C.2 A Simple Extension of the Real Numbers

Recall the definition of a filter and ultrafilter in Example A.1.

Definition C.2.1. A free ultrafilter on N is a collection % consisting of subsets of
N such that

1) o¢u,

2Q) Ac U &Be U =>ANBe Y%,

3 Ac U &ACB=>Be,

4 ACN&A¢ Y =>N\Ae %, and
5) S afinite subset of N=>N\S e %.

Remark C.2.1. The ultrafilter 7/ is generated by the Fréchet filter of Example A.1.
The existence of such ultrafilters is established in Theorem A.3. The word “free”
refers to Property 5. If % is a free ultrafilter on N, and Ay, Aj,---, A, are disjoint
subsets of N with union equal to N, then one and only one of the sets A; is in % .
Without Property 5, one could fix an m € N, and let % consist of all subsets of N
containing m. A free ultrafilter however corresponds to a finitely additive measure
on the power set of N taking either the value O or 1 on each set, and taking the value
1 on complements of finite sets.

For the rest of this section, we will work with a fixed free ultrafilter % on N. We
will say that a property holds almost everywhere, abbreviated a.e., if for some U &
% , the property holds for all elements n € U. For example, the sequence x, = 1/n
is less than 1/3 a.e. since by (5), the complement of the set {1,2,3} must be in % .

Notice that by (4), a property either holds a.e. or its negation holds a.e. It is this
consequence of using an ultrafilter that will allow us to transfer properties valid
for R to a number system built from sequences. That is, whatever we say about a
sequence will either be true a.e. or false a.e. In what follows, we will use the notation
(r;) to denote the sequence mapping i € N to ;.
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Definition C.2.2. A sequence (r;) is equivalent to a sequence (s;), and we write
(ri) = (s;), when r; =s; a.e. Thatis, when {i e N: r; = s;} is in %.

Definition C.2.3. We write [< r; >] for the equivalence class containing the se-
quence (r;), and we say that (r;) represents [< r; >]. We use *R to denote the collec-
tion of equivalence classes in the set of real-valued sequences. The set *R is called
the set of nonstandard real numbers or hyperreal numbers. Its formation using %
is called an ultrapower construction.

Definition C.2.4. Given real-valued sequences < r; > and < s; >, we set
[ <>+ [<si > =[<ri+si>],
[<ri>][<si>]=[<risi>],

[[<ri>]|=[<ril >]
[<ri>]<[<s;>]ifr <s;ae.

Proposition C.2.1. The operations + and -, the mapping given by [< r; >] —
|[< r; >]|, and the ordering < are independent of the choice of representing se-
quences.

Proof. Left to the reader.

Note that the set of real numbers R (these are also called the standard numbers)
is imbedded in the set of nonstandard real numbers *R. The imbedding is accom-
plished with the map that takes each ¢ € R first to the constant sequence < ¢ >
and then to the element [< ¢ >] € *R. For example, 5 is mapped to the equivalence
class [< 5 >] containing the constant sequence < 5 >. We write *c for [< ¢ >], but
we will later drop the star. Similarly, each n-tuple {(cj,c2,- - ,c,) of real numbers is
mapped to the n-tuple (*c1,*cz,--+,*c,) of nonstandard real numbers. The opera-
tions 4 and - on *RR are extensions of the operations + and - on R. That is, one gets
equivalent results working with either a pair of real numbers or the corresponding
imbedded pair in *R. In a similar sense, the mapping [< r; >] — |[< r; >]| extends
the absolute value function from R to *RR, and the ordering < extends the ordering <
from R to *R. The set *R forms an ordered field extension of R with the equivalence
classes containing the constant sequences 0 and 1 acting as the additive identity and
the multiplicative identity, respectively.

The purpose of extending R to *R is to obtain a number system with infinitesimal
numbers such as [< 1/i >]. The reciprocals of such numbers will be infinitely large
in absolute value. We measure this quality of magnitude in terms of standard natural
numbers, i.e., natural numbers in the imbedded set R.

Definition C.2.5. For any r € *R,

1) r is infinite or unlimited (positive or negative) if |r| > n for every standard n € N;
2) r is finite or limited if |r| < n for some standard n € N; and
3) r is infinitesimal if |r| < 1/n for every standard n € N.
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Note that 0 is the only standard infinitesimal. The equivalence class [< 1/i >] is
infinitesimal and [< i >] is a positive, unlimited number in *R.

Example C.2.1. To show that there are infinitely many elements in *R greater than
o:=[<1,2,--- n,- - >], wenote that foreachm € N, mew = [<m,2m,--- ,mn,--- >
| > . It follows that there are infinitely many elements in *R greater than O but
strictly smaller than y:= [< 1,1/2,---,1/n,--- >].

Now we can define the extensions to *R of relations, such as functions, that are
defined on R. The extensions are called *-transforms. A unary relation is a set.

Definition C.2.6. The *-transform of an n-ary relation P on R is the n-ary rela-
tion *P on *R, where {[< r! >],--- [< 7" >]) € *Pifand only if {i e N: (r}, -,
r'y € P} is a set in the ultrafilter %, that is, for almost every i € N, one has
(rhe Yy e P,

Proposition C.2.2. If P is an n-ary relation, then *P extends P. That is, if (ay,-- -,
ay) € P, then (*ay,--- ,*a,) € *P.

Example C.2.2. The extension of the unit interval *[0,1] contains all nonstandard
reals between 0 and 1.

Remark C.2.2. Note that when we say *1/2 € *[0,1] we mean the i" entry of the
constant sequence (1/2;) is in the i entry of the sequence ([0, 1];) for all i in some
element U of % . This is not yet the true €-relation, but in the construction, we then
replace *[0, 1] with the set of all elements in *R that satisfy this relation. Working up
the set-theoretic hierarchy, we then have the true €-relation. Not every set you see
can be obtained in this way. For example, if you try to get the set of standard natural
numbers in this way, you are forced to also have some unlimited natural numbers in
the set.

Proposition C.2.3. If f is a function of n variables, then * f extends f, and * f is
again a function. Moreover, if D is the domain of f, then *D is the domain of * f.

Remark C.2.3. The construction of *R in terms of an ultrafilter %/ takes in account
not just the finite limit of a convergent sequence, but how that limit is approached in
terms of % . To get more properties, one works with a bigger index set than N.

C.3 The Transfer Principle

It is possible to work with *R using the above construction with a larger index set
to establish all needed properties. A shortcut, however, makes it a much more use-
ful number system. A parallel can be found in the construction of the real numbers
themselves. Recall that one can form the set of real numbers as the set of equiva-
lence classes of Cauchy sequences of rational numbers. Essentially, R consists of all
limits of Cauchy sequences of rational numbers. While it would be possible to work
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with the real numbers just in terms of this construction, such an approach would
severely limit their utility. In practice, one works with the real number system using
its properties. As is true for the real numbers, it is best here to put aside the con-
struction of *R as a collection of equivalence classes of real-valued sequences, and
work instead with the corresponding properties. The basic fact needed to establish
these properties is the Transfer Principle.

The Transfer Principle asserts, essentially, that any property that is correct when
formally stated for R, or R together with another structure such as a Banach space,
is also valid for *R and the extension of the other structure, when the names in the
statement are replaced with the names of the corresponding transferred objects. The
*-transform of a formal sentence is the same sentence with the names replaced with
the names of the corresponding *-transformed objects. Here is that principle.

Theorem C.3.1 (Transfer Principle). If a sentence in a formal language is a true
statement about a standard structure, then its *-transform when properly interpreted
is a true statement about the nonstandard extension of that structure.

Corollary C.3.1 (Downward Transfer Principle). If the *-transform of a sentence
is a true statement about the nonstandard extension of a structure, then the original
sentence is a true statement about the standard structure.

Proof. If @ is the sentence about the standard structure, and — is a true statement
about that structure, then the *-transform of =@ would have to be a true statement
about the nonstandard extension of that structure.

What is meant by saying “when properly interpreted”? Briefly, when we say “all”
subsets of a given set, we can’t formally specify what we mean. Even for the set of
natural numbers, the idea of all subsets cannot be formalized. Ordinary language, for
example, can only describe at most countably many subsets of the natural numbers.
This inability to formalize the notion of “all subsets” means that when interpreting
theorems in the nonstandard structure, we can cheat. We don’t interpret the word
“all” to really mean “all”. We work instead with what are called internal sets, and
interpret “all sets” to mean all internal sets.

If A is a set in the standard model, then *A, called the nonstandard extension of
A, is the set in the nonstandard model with the same name and formal properties as
A. Nonstandard extensions of standard sets and sets that are elements of nonstan-
dard extensions of standard sets are internal sets. Any object that can be described
using only the names of known internal objects is also internal. An object that is not
internal is called external.

Important for applications is the fact that the set of natural numbers N =
{1,2,3,---} has been extended along with the real numbers. The theorem that says
that every positive real number is within distance one of a natural number is still
valid for the extended number system. Therefore, we now have infinitely large nat-
ural numbers. We use *N to denote the extended system of natural numbers, and
*N. to denote the new members of that system, all of which are larger than any
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ordinary natural number. The set *N.. is clearly external, since every nonempty, in-
ternal subset of *N must have a first element. If *N., were internal, then subtracting
1 from a first element of *N., would yield the last ordinary natural number. Since
*N. is external, it follows that the set of ordinary natural numbers is also exter-
nal since *N., can be described as the complement of that set in *N. We have seen
with the ultrapower construction that we cannot form a set in the nonstandard model
consisting just of standard natural numbers. An important principle is the following
consequence of the fact that the break between N and *N., is external.

Proposition C.3.1 (Spill-over Principle). If (A, : n € *N) is an internal sequence
(i.e., an internal function with domain *N) and an internal property P (i.e., stated
in terms of internal objects) holds for all standard n € N, then that property holds
foralln € *Nup to some ® € *N.. If an internal property holds for all ® € *N.,
smaller than some @y € *Nw, then that property holds for all n € N greater than
some ngy € N.

C.4 Using the Transfer Principle

We now use the transfer principle to develop a fuller picture of *R. In applying
the transfer principle, we shall refer to an object before taking its *-transform as
standard, and we shall refer to its *-transform as its nonstandard extension. From
now on, we will write a for both a standard element @ € R and the corresponding
nonstandard extension in *R; we think of the set R as being imbedded in *R. We will
also write equality and set membership as well as the arithmetic operations and the
ordering relations using the same notation for the originals and their *-transforms.

Along with the Transfer Principle, a consequence of the construction of *R is the
fact that "R contains nonzero infinitesimal elements as well as their multiplicative
inverses, which are unlimited elements of *R. Listing the properties of R that make
it an ordered field, one notes that they are simply stated in terms of addition +,
multiplication -, and the strictly positive elements R* of R. Moreover, —x is notation
for (—1)-x.

Theorem C.4.1. The number system (*R,+,-,<) is an ordered field extension of
the ordered field (R, +,-,<).

Proof. By the Transfer Principle, each property of (R,+,-, <) holds for *R when
stated in terms of the nonstandard extensions of R, R* and the operations + and .

Proposition C.4.1. If f is a function of n variables on R, then * f is a function of n
variables on *R; it is an extension of f with *(dom f) = dom(* f) and *(range f) =
range(* f).

Proposition C.4.2. For subsets of R and sets in R", i.e., n-ary relations, we have

the following, where CA denotes the complement of a set A as appropriate in R, R"
or their nonstandard extensions.
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i) "o =0.
ii) *"(AUB) =*AU*B, *(ANB) =*An*B, ((*A) =*(CA).
iii) For A;, i € I, a family of subsets of R", n=1,2,---

Uier "Ai € *(UierAi), and Nier “A; 2 " (NierAs).
Proof. i) Since ) is identically 0, so is * .
ii) This can be proved using characteristic functions since
X(AnB) = XA XBs X(AUB) = XA+ XB— XA XB: Xoa =1— Xa-
iii) For n =1 and each j € I, we transfer the sentences
(Vx e R)[x € Aj = x € Uig/A|]

(Vx S R)[XE NiciA; :>x€Aj].

The proof for n > 1 is similar.

Recall that for a given p € *R, we say that p is unlimited or infinite if |p| > n
for all standard n € N, p is limited or finite if |p| < n for some standard n € N,
and p is infinitesimal if |p| < 1/n for all standard n € N. The number 0 is the only
real infinitesimal. It follows easily from the Transfer Principle that a number p € *R
is positive and unlimited if and only if 1/p is strictly positive and infinitesimal,
while p € *R is negative and unlimited if and only if 1/p is strictly negative and
infinitesimal.

Definition C.4.1. The set of infinitesimal elements in *R is called the monad of O;
it is denoted by m(0).

Example C.4.1. The set J;,_,*[—n,n] is the set of limited numbers in *R, while
neN

* <U;°1 [n,n]> is all of *R. The set (Y, * (=2, 1) =m(0), but* <m;’;1 (=, }1))
neN neN neN
is just the singleton set {0}.

Proposition C.4.3. Let B be a subset of R". Then *BNR" = B.

Proof. We give the proof for n = 1. If r is a real number not in B, then the sentence
r ¢ B holds for B and thus for the extension of B.

C.5 Properties of R

Theorem C.5.1. The following properties hold for *R:

i) Finite sums, differences, and products of limited numbers are limited.
ii) Finite sums, differences, and products of infinitesimal numbers are infinitesimal.
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iii) The infinitesimal numbers form an ideal in the ring of limited numbers; i.e., the
product of a limited and an infinitesimal number is infinitesimal.

iv) The limited numbers form vector spaces over R, and the infinitesimal numbers
form vector spaces over R.

Proof. If |p| < n, and |t| < m for n, m € N, then n+ m + n-m bounds the sum,
difference, and product of p and 7. Fix p and 7 infinitesimal, and fix o limited in
*R. Givenany n € N, |p| < 1/(2n) and |t| < 1/(2n), so |p + 7| < 1/n. There is an
m € N such that |a| < m. Since |p| < 1/(m-n), |o.-p| <m/(m-n)=1/n. The rest
is left to the reader.

Definition C.5.1. We say that x and y are infinitely close if x — y is infinitesimal.
Here we write x ~ y. If x —y is limited, we write x ~ y. (Both ~ and ~ are equiv-
alence relations.) The equivalence class for ~ containing x is called the monad of
x and written m(x). That is, m(x) = {y € *R : y ~ x}. The equivalence class for ~
containing x is called the galaxy of x and written G(x).

Remark C.5.1. The monad of 0, m(0), is the set of infinitesimals. Moreover, for all
x € *R, m(x) = x+m(0). The galaxy of 0, G(0) is the set of limited elements of *R.
It is also denoted by Fin (*R). For each x € *R, G(x) = x+ G(0).

We usually “center” monads at standard real numbers, and speak of the monad
of r for r € R. The next result uses the property that any nonempty subset of R that
has an upper bound has a least upper bound. In fact, the next result can be shown to
be equivalent to this property.

Theorem C.5.2. Every limited p € *R is in the monad of a unique r € R.

Proof. Fix alimited p € *R, and set A := {s € R: s < p}. Since A has an ordinary
integer as an upper bound, we may let r be its least real upper bound. Now p ~ r,
for if not, then for some n € N, 1/n < |r— p|. In this case, either r < p, and then
r+1/nis still in A, so r is not an upper bound of A or on the other hand r > p, and
then » — 1/n is an upper bound of A, and so r is not the least upper bound of A. It
follows that, r ~ p. If we also have s € R and s ~ p, then r —s ~ 0. Since 0 is the
only infinitesimal in R, s = r.

Definition C.5.2. If p is finite, then the unique real number r with p ~ r is called
the standard part of p. We write r = st(p) or r = °p. The mapping st : G(0) — R
is called the standard part map.

Remark C.5.2. The reader should note that the standard part map is quite important
in applications.

Theorem C.5.3. The standard part of a sum, difference, product, or quotient of two
limited numbers is, respectively, the sum, difference, product, or quotient of the stan-
dard parts of those numbers, with the exception that a denominator must not be
infinitesimal. If p < 7, then °p < °T.
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Proof. Fix limited numbers r+ € and s + &, where r and s are real numbers, and €
and & are infinitesimal (possibly 0). Then

(r+e)x(s+06)=(rts)+(eL£d)~rts,

(r+e)-(s+0)=(r-s)+(r-8)+e-(s+06)~r-s.

To establish the rule for quotients, we assume that » > 0, and we note that for some

n,m €N, % <rr- % and of course % > |r-g|~0,so % < r*+¢€-r, whence n >
—1— > 0. This shows that !

pe 7, is limited. Now we have

1 1 £

ror+e  ridre

~

The proof for r < 0 is similar, and the rest follows from the product rule. If (r+¢) <
(s+90),thenr <s+(8—¢€)<s+1/nforanyn € N. It follows that r <.

C.6 The Nonstandard Natural Numbers and Hyperfinite Sets

Recall that we write *N., to denote the set of unlimited elements of *N. The only
limited elements of *N are the standard natural numbers, so *N., = *N\ N. If A
is an infinite subset of N, then *A contains arbitrarily large unlimited elements. In
particular, *A N *N,, is not empty.

Definition C.6.1. The set *N is called the set of nonstandard natural numbers.
The extension of the integers *Z is called the set of nonstandard integers. (It is
formed from *N in the same way that Z is formed from N.)

Remark C.6.1. We note the following:

1) IfA={ay,---,a,} is afinite set in R, then *A = A. This follows because one can
list the elements of A.

2) Not every subset of *R is the extension of a standard one. For example, N cannot
be the extension of a finite subset A of N, since if A is finite, then *A = A. On the
other hand, if A is an infinite subset of N, then *A contains unlimited elements.

Definition C.6.2. A hyperfinite set is a set in internal one-to-one correspondence
with an initial segment of *N.

Remark C.6.2. Hyperfinite sets are important for many applications of nonstandard
analysis. A feature that has powerful applications is the fact that if A is an infinite
set in the standard structure, then there is a hyperfinite set S C *A such that for each
acA, *faes.
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C.7 Sequences

A sequence is a function from N into R. Therefore, every sequence has an extension
that maps *N into *R. We write (s,,) for the original sequence and (*s,) for its
extension. Note that for all n € N, *s,, = s, We write s, — L when a sequence (s,)
has limit L. The results in this section are due to Robinson [44].

Theorem C.7.1. A sequence (sy) has limit L if and only if for every 1 € *Na, *sp >
L; that is, L = st(*sy) for every N € *N...

Proof. Assume s, — L. Given an € > 0 in R, there is a k € N for which the sentence
(Vn e N)[n >k — |s, — L| < €] holds for R. It follows by transfer that V1 € *N..,
|*sn —L| < . Since ¢ is arbitrary in RT, |*s;, — L| 2~ 0 V1 € *N... Now assume that
for all N € *Ne, *sy ~ L. Given € > 0,let A={neN:|s, —L| > €}. ThenAis a
finite subset of N since there are no unlimited elements in *A; that is, there is a finite
maximum in A.

Example C.7.1. The sequence (1/n:n € N) becomes (1/n:n € *N). For each un-
limited 1, 1/ ~ 0, s0 1/n — 0.

Theorem C.7.2. Assume s,, — L and t, — M. Then

i) s,+t, > L+M,
i) s,-t, > L-M, and
iii) s, /t, — L/M provided M # 0.

Proof. Left to the reader.

Proposition C.7.1. A sequence (s,) is Cauchy if and only if for every  and 7y in
*Neo, *s77 > *53.

Proof. Left to the reader.

Theorem C.7.3. A real number L is a cluster point of a sequence (sy) if and only if
for some n € *No,, *sp ~ L.

Proof. Assume that L is a cluster point of (s,,). There is a function y: R x N — N
such that
(Ve € RT)(Vk € N)[y(€,k) > kA |sy(er) —L| <]

By transfer, if € is a positive infinitesimal and 11 € *N., then A = *y(g,1n) € *N.
and *s, ~ L. Conversely, if for some 1 € *N.., *s; ~ L, then given € >0 and k € N,
the sentence “In > k with |s, — L| < €” is true in the nonstandard model, so it is true
in the standard model.

Example C.7.2. If s, = (—1)"(1 — 1/n), then for any unlimited 7, *s, ~ 1 if n is
even and *s; ~ —1if 1 is odd.

Theorem C.7.4 (Bolzano-Weierstrass). Every bounded sequence has a limit point.

Proof. 1f (s,) is bounded and N € *N.., then *s; is limited. Let L = st(*sy, ). Now,
there is an unlimited element of *N, namely 1, such that *s, ~ L.
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C.8 Open Sets in the Reals

Recall that the monad m(a) of a real number a € R consists of the points infinitely
close to a in *R. Many of the definitions and results of this section have obvious
generalizations to R”.

Theorem C.8.1. Let A be a subset of R.

i) A is open if and only if for every a € A, m(a) C *A. (That is, all points an in-
finitesimal distance away from a are still in *A.)
ii) A is closed if and only if for every a € CA, m(a) N*A = @.

Proof. Clearly, (ii) follows from (i). If A is open and a € A, then for some § > 0,
(Vx € R)[Jx—a| < 6 = x € A] holds for R. If x € *R, and x € m(a), then |x —a| < 8,
so by transfer, x € *A. If A is not open, then there is an a € A and a sequence (s,,)
such that

(Vn e N)[s, € CAA|s, —a| < 1/n].
By transfer, for 11 € *N., *s; ~ a and *s; € * (CA) = C(*A), whence m(a) is not
contained in *A.

Theorem C.8.2. A point c is an accumulation point of A C R if and only if there is
an x € *A with x # ¢ but x ~ c.

Proof. Left to the reader.
Theorem C.8.3. The closure A of A C R is the set {x € R : m(x) N*A # &}

Proof. Left to the reader.

C.9 Limits and Continuity

Theorem C.9.1. Suppose a is an accumulation point of A and f : A — R. Then
limy_,, f(x) exists and equals L € R if and only if for every x € *A with x ~ a but

x#a *f(x)~L
Proof. Assume that lim,_,, f(x) = L. Fix € > 0 in R. Then there is a 6 > 0 such that
(VxeA)0< |x—a|< 6= |f(x)—L|<ég]

holds for R. By transfer, if x € (m(a) N*A)\ {a}, then |f(x) — L| < &, and this is
true for any € > 0 in R, whence f(x) ~ L.

Conversely, if for every x € *A withx ~ a butx # a, * f (x) ~ L, then given € > 0 in
R, the sentence “36 > 0 such that if x € A and 0 < |x —a| < J, then |f(x) —L| < €”
holds for the nonstandard model, just let  be a positive infinitesimal, so the sentence
holds for the standard model.
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Theorem C.9.2. Iflim,_,, f(x) = L and lim,_,, g(x) = M, then

i) limy, (f+g)(x)=L+M,
i) limy_,, (f-g)(x) =L-M, and
iii) limyq (f / 8)(x) =L/M if M 0.

Proof. Left to the reader.

Theorem C.9.3. If f is defined on A, then f is continuous at a € A if and only if for
every x € m(a) N*A, *f(x) ~ f(a). That is, if and only if for Ax =x—a ~ 0, we
have Ay =" f(x) — f(a) ~ 0.

Proof. Clear.

Example C.9.1. If f(x) = x> and Ax = x —a ~ 0, then
Ay = (a+Ax)? —a* =2a-Ax+Ax* ~0.

Corollary C.9.1. The sum, product, and quotient of functions continuous at a are
functions continuous at a, provided that for the quotient, the denominator does
not vanish at a.

Theorem C.9.4. A function f is uniformly continuous on a set A C R if and only if
Joreach x andy in *A withx ~y, * f(x) ~"*f(y).

Proof. Assume f is uniformly continuous on A. Given € > 0, there is a § > 0 so
that
(Vx e A)(Vy € A)[lx—y| <& = |f(x) = f()| <el.

Thus if x ~ y in *A, then |[*f(x) —* f(y)| < €. Since € is arbitrary in RT, we have
fx) =" f().

Conversely, if for each x and y in *A with x ~ y, *f(x) ~ *f(y), then given
€ > 0 in R, the sentence “38 > 0 such that if x € A and y € A and |x—y| < 6,
then |f(x) — f(y)| < € holds in the nonstandard model, just let 6 be a positive
infinitesimal, so the sentence holds in the standard model.

Example C.9.2. The function f(x) = 1/x is continuous on (0, 1), since for a € (0,1)
and h ~0, 1/(a+h) ~ 1/a. However, f is not uniformly continuous on (0, 1) since

forn € *Ne,, 1/ ~1/2n ~0,but *f(1/n) =n and *f(1/2n) =27n.

C.10 Differentiation

Theorem C.10.1. Let f be defined on an interval [a, a+ 8) (or (a — 8,a]) for some
positive 8. Then f has a right-hand (left-hand) derivative at a if for all strictly
positive (negative) h ~ 0, (*f(a+h) — f(a)) /h is finite and has a standard part
independent of h. The right-hand (left-hand) derivative is that standard part. If the
left-hand and right-hand derivatives exist and are equal, then f has a derivative
at a.
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Proof. This follows immediately from the nonstandard criterion for a limit.

Example C.10.1. If f(x) = x?, then for any standard x and nonzero Ax ~ 0, Ay =
(x+Ax)> —x? = 2x- Ax+ (Ax)?, s0 Ay/Ax = 2x + Ax ~ 2x.

Remark C.10.1. If f'(c) exists for ¢ € [a,b], then when Ax ~ 0 and dy = f'(c) - Ax,
Ay ="f(c+Ax)—f(c)=f'(c)-Ax+€-Ax=dy+¢€- Ax
where € ~ 0. Since dy ~ 0, we have Ay ~ 0.

Theorem C.10.2 (Chain Rule). Ler f : [ot, ] — [a,b] and g : [a,b] — R. If ' (x)
exists for x € [, B], while f(x) =y € [a,b] and g'(y) exists, then (go f)' (x) exists
and equals f'(x)- g (y).

Proof. Letz=g(y). If Ax ~ 0 but Ax # 0, then Ay ~ 0, and
Ay ="f(x+Ax) - f(x) = f(x) - Ax+ E(x,Ax) - Ax,
where E (x,Ax) ~ 0. Moreover,

Az="g(y+A4y)—g(y) =& (y)- Ay +F(y,Ay) - Ay,
where F(y,Ay) ~0if Ay ~ 0 but Ay # 0. In this case,

Az
T = &0 () +EAx)) +F(y,Ay) - (£ () + E(x, Ax))
=f'(x)-& () +& ) E(x,Ax)+ f(x)-F(y,Ay) + E(x,Ax) - F(y,Ay)
~ f'(x)-&'(v).
If Ax >~ 0 and Ax # 0 but Ay = 0, then since one factor in a 0 product must be 0,
f'(x) + E(x,Ax) = 0. In this case, whatever the value of F(y,Ay) may be,

Az
T =080+ 0) E(x,Ax) + F(3,4y) - 02 f'(x) - ¢'(5)-

Remark C.10.2. For a standard proof of the chain rule, the functions £ and F are
standard functions with appropriate limit 0. The same observation as given here
works for the case that Ay = 0.

C.11 Riemann Integration

Given a continuous function f on an interval [a,b], we follow Keisler [22] in form-
ing Riemann sums. Each Ax > 0 corresponds to a unique partition of [a,b] with
n subintervals, where n is the first integer such that a +nAx > b: The partition
endpoints are x; = a+iAx for 0 <i <n—1, and x, = b. We let Ax; denote the
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length of the i subinterval of the partition; of course, Ax; = Ax except for the
last subinterval which may be shorter than Ax. Always evaluating at the left, the
Riemann sum S5(f,Ax) = 3%, f(xi—1) Ax;. Letting M; = maXepy, , ) f(x) and
mi=minyy, | ) f(x), we set EL(f, Ax) = max)<i<,(M; —m;). Along with the Rie-
mann sum, we have the upper and lower sums

n
S0(f,A%) = Y M; Ax; and Sb(f,Ax) = Zm,Ax,
i=1

For a fixed f, these functions of a, b, and Ax can be extended to *R and the exten-
sions retain the inequality

<b
Sa(f,Ax) < Sq(f, Ax) < Sq(f, Ax).
Theorem C.11.1 (Maximum Change Theorem). If f is continuous on [a,b)], then

lim E2(f,Ax)=0.
Ax—0
The Maximum Change Theorem follows from, and indeed is equivalent to, the
uniform continuity of f on [a,b]. The theorem can be stated and used in an elemen-
tary course without introducing uniform continuity, and it can be established there
for functions with a bounded derivative. Easy corollaries are the following results.

Theorem C.11.2. Let f be a continuous function on la,b]. If Ax is a positive in-
finitesimal, then *S°(f,Ax) ~ *S(f, Ax) ~ 5 (f,Ax).

Corollary C.11.1. If f is continuous on [a,b], then f is Riemann integrable there,
and for any positive infinitesimal Ax, fah F(x)dx = st[*SE(f, Ax)].

Remark C.11.1. How does one determine in setting up the Riemann integral for
an application that the integrand has been correctly chosen? Why, for example, is
f(x)Ax a good approximation in calculating the area under the graph of f but Ax
a bad approximation for the graph’s length. An answer more general than bounding
the desired quantity with upper and lower Riemann sums uses infinitesimals. It is
Duhamel’s Principle, which states that the sum of the infinitesimal errors resulting
from the infinitesimal approximations should be infinitesimal.

To illuminate the method of nonstandard analysis, we have used examples from
analysis on the real line. The method of “internal set theory , initiated by Edward
Nelson [39], works just with the nonstandard model, recognizing some elements of
that model as being standard. A good recent development of that framework with
applications to higher dimension calculus can be found in Nader Vakil’s text [53].
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C.12 Metric and Topological Spaces

In applications, one often uses the following property of a nonstandard extension,
forming what is called an enlargement. That property, already noted, says that for
any standard set A in the standard structure, there is a hyperfinite set F' with

{fa:ac A} CF C*A.

In a metric space, an open ball with center x and radius » > 0 is the set B(x,r) =
{y € X : p(x,y) < r}. In a nonstandard extension of a metric space, we define the
monad of a point x € X by setting

monad(x) = m(x) :=()*B(x,r) = {y € "X : *p(x,y) ~0},

where the intersection is over all positive standard values of r. We use this monad
in the same way we use monads on the real line. For example, a standard set O is
called open if for each x € O, m(x) C *O.

There are settings where a metric will not capture the notion we want; we need
a topological space. As shown in the chapter on topological spaces, we can use an
open base at each point in a topological space in essentially the same way that we
use balls in a metric space. Assume in what follows that a space X and an open base
A, at each point x in X are given.

Definition C.12.1. For each x € X, the monad of x is

monad(x) =m(x):= (] *U.
UePB

As with balls in a metric space, we indicate that y € m(x) by writing y ~ x. The
near-standard points of *X are the points in the monad of some standard point
of X.

Remark C.12.1. Since any finite intersection of elements of %, contains another
element of %,, there is a W € *Z%, with W C m(x). In a metric space, one can set W
equal to a ball of infinitesimal radius.

Example C.12.1. For pointwise convergence on [0, 1], the monad of a real-valued
function f consists of all internal *R-valued functions g on *[0, 1] such that at each
standard x, g(x) ~ f(x).

Proposition C.12.1. A set O C X is open if and only if for every x € O, m(x) C *O.

Proof. To see these are the same thing, we note first that for each U € %,, m(x) C
*U. On the other hand, if m(x) C *O, then there is a W € *£, with W C m(x) C *O,
and so “IW € A, with W C O” must also be true for the standard structure.

Theorem C.12.1 (Robinson). A set A C X is compact if and only if for each y € *A,
there is an x € A with y € m(x). In particular, X is compact if and only if each point
of *X is near-standard.
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Proof. Assume A is compact but there is a y € *A not in the monad of any x € A.
Then each x € A is contained in an open set O, with y ¢ *O,. The family {O,:x € A}
covers A and therefore has a finite subcover {Oy,---,0,}. Now since A C UL, 0;,
*AC U, *0;. Since y ¢ *O;, for 1 <i<n,y¢ *A, which is impossible.

Now assume that A is not compact, i.e., there is a collection Z = {Oy : a €
&/} of open sets such that no finite subcollection covers A. Let . be a hyperfinite
collection in *% with *O,, € . for each o € &7. Then there is a y € *A such that
y ¢V foreachV € .. This point y is not in the monad of any standard point since
for each x € A, there is an o with x € Oy but y ¢ *O, since *Oy, € ., whence

y & m(x).

The topology of pointwise convergence on [0, 1] can be generalized as noted in
the chapter on topological spaces. Instead of [0, 1], we take an arbitrary index set ..
Instead of associating the real line with each o € .#, we let X, be a topological
space. Now the point set Iy X, is the set of all functions f on .# with f(&) €
Xy for each oo € .. The monad of such an element f consists of all internal g €
*Iye.s Xo with g(a) ~ f(a) for each standard o € .#. Such a g is a mapping on
*.7 with g(B) € Xg for each B € *.7, but the values of g at nonstandard indices
are not relevant in determining whether g is in the monad of f. Recall that the set
I, # Xy with this topology is called a product space, and the topology is called the
product topology.

Theorem C.12.2 (Tychonoff). The product of compact spaces is compact.

Proof. If X = Ilyc Xy and g € *X, then for each standard o € .#, there is an
Xo € Xo With g() ~ xq. (The x’s are unique if the spaces X, are Hausdorff.) The
element f € X with f(a) = x, for each standard o € . is in X and g € m(f).

Theorem C.12.3. A map f from a set A contained in a metric space (X,d) into a
metric space (Y,p) is uniformly continuous on A if and only if for every x, y € *A,

withx >y, * f(x) >~ *f(y).
Proof. Assume that x ~y = *f(x) ~ *f(y). Pick € > 0 in R. Then the sentence
(38 eRY)(Vx,y €A)[d(x,y) <8 = p(f(x), f(y)) < €]

holds for the extension and therefore for the original structure. The converse is sim-
ilar to the proof for R.

Theorem C.12.4. A continuous map f from a compact set A contained in a metric
space (X,d) into a metric space (Y, p) is uniformly continuous on A.

Proof. Left to the reader.

If one takes the finite (i.e., limited) nonstandard rational numbers modulo the
infinitesimal ones, i.e., [*QNFin(*R)]/[*QNm(0)], one obtains the real numbers R.
A similar construction, applied to infinite-dimensional spaces, produces spaces that
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are new, called nonstandard hulls. The development of these new spaces was ini-
tiated by Luxemburg [37] and extended by Henson and Moore [20]. In many cases,
nonstandard hulls simplify the treatment of Banach space ultrapowers [14]. For
more information, see Manfred Wolff’s chapter in [35].

Definition C.12.2. Let /.. denote the set of standard bounded sequences. A linear
map L : {. — R is called a Banach limit if for each ¢ € 4., L(0) is a value between
the liminfo and the limsup o and L(0) = L(T (o)), where T(0)(n) = o(n+1).

Robinson’s nonstandard construction of a Banach limit picks 1 € *N.. and sets

Here, Zr?:l is the nonstandard extension, evaluated at 7, of the usual summation
operator that sums a sequence from 1 to k.

C.13 Measure and Probability Theory

This section gives a brief overview of the construction initiated in [28] of standard
measure spaces on nonstandard models (now called “Loeb spaces” in the literature).
We will use the present day notation for the measure spaces considered here. The
principal device used in nonstandard measure theory is X -saturation. We will al-
ways assume now that we are working with an X-saturated structure containing
the nonstandard real numbers. What this means for the material in this section is
that any sequence from an internal set S indexed by the standard natural numbers is
just the beginning of an internal sequence in S indexed by the nonstandard natural
numbers.

Working in an X -saturated structure, we can construct a hyperfinite set A as the
set of elementary outcomes in a conceptual experiment in the “nonstandard world.”
For coin tossing, for example, A can be the set of internal sequences of —1’s and 1’s
of length 1 € *N... Given such a hyperfinite A, we can let ¢ consist of all internal
subsets of A. The collection ¥ is an internal c-algebra, but it is also an algebra in
the ordinary sense. Suppose P is an internal probability measure on (A,%). For the
coin tossing experiment, for example, each internal set A with internal cardinality
|A| would be given the probability P(A) = |A|/2™" in *[0, 1]. In the general case, we
can form a finitely additive real-valued measure Pon (A, %) with values in the real
interval [0, 1] by setting P(A) = st(P(A)). The question is, “Can we extend P to a
countably additive measure on ¢(%), i.e., the c-algebra generated by €?” This is
the question we consider next.

We start with an arbitrary internal measure space (A, %, ). The internal measure
u does not have to take only limited values, but for simplicity, we will assume here
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that it does. When A is a hyperfinite set, one usually sets 4 equal to the collection of
all internal subsets of A, and u is usually an internal probability measure. In general,
% is an internal o-algebra as well as an algebra in the usual sense in A. Let i be
the finitely additive, real-valued measure on (A, %) defined at each A € € by setting
U(A) = st(u(A)). Let 6(%) denote the o-algebra in the ordinary sense generated
by €. The collection (%) is, in general, an external collection of subsets of A.
We can extend [ to a measure (; defined on the measure completion Ly (%) of
0 (%), and thus obtain a standard measure space (A,L; (%), uz) on A, by using the
Carathéodory Extension Theorem.

Here is where X-saturation is employed. If a sequence (4; : i € N), indexed by
the ordinary natural numbers, consists of pairwise disjoint elements of %, and the
union A is also in &, then the sequence can be internally extended to a sequence
indexed by *N. For any unlimited 1 € *N, the union up to 1 contains A, so by
spillover, the union up to some standard n € N equals A. This means that A is actually
a finite union since all but a finite number of the A;’s are empty.

It now follows that [I(A) = Y,cnU(A;). By the Carathéodory Extension Theo-
rem 10.2.1, the finitely additive measure [ has a c-additive extension (i, defined on
the completion L, (¢’) of the o-algebra 6(%’). Moreover, this extension is unique.
Now (A,L,(%),uz) is an ordinary finite measure space formed on the internal
set A.

Fix E in L, (%). It is well-known that for any € > 0 in R, there are sets A €
€5 and B € ¢, with A C E C B such that y;(B\ A) < €. By saturation, we may
assume that A and B are actually sets in %. To see this, suppose that (A, : n € N) is
a decreasing sequence in ¢ with limit A. We may extend the sequence to an internal
decreasing sequence indexed by *N, and choose an unlimited integer y such that
pr(Ay) =lim,en pr(A,). A similar proof works for B. We leave it as an exercise to
show that by saturation there is a set C € 4 such that the symmetric difference E AC
is a null set in L, (¢’). These set approximation properties characterize L, (¢’) and
have had many important applications. They have also been used in the literature to
define Ly (%).

Given an *R-valued function f on A, we set °f (x) = st(f(x)) if f(x) is limited in
*R. We set °f(x) = +oo if f(x) is positive and unlimited in *R, and we set ° f(x) =
—oo if f(x) is negative and unlimited in *R. It follows from the set approximation
properties that a function g : X — R U {+eo, —oo} is measurable with respect to
L, (€) if and only if there is an internally %’-measurable function f such that °f =
g Ur-a.e. The function f is called a lifting of g. If such an f takes only limited
values, then g is integrable, and by the set approximation properties

°/fdu:/°fduL:/gduL. (C.13.1)

It follows from the definition of the standard integral that Equation C.13.1 also holds
when

/[Ifl—(IfIAn)} du=~0 vne N, (C.13.2)
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Condition C.13.2 is a simple expression of the condition called S-integrability in the
literature. If we know, on the other hand, that g is integrable, then it is easy to see
that for a sufficiently small 1) € *N.., replacing f with the function f- x| 7<n) gives
an S-integrable lifting of g. That is, with this replacement, the internal integral of f
is limited and Equation C.13.1 holds.

Suppose *X is the nonstandard extension of a compact Hausdorff space X and
U is a limited-valued, internal measure on the internal Baire sets % in *X. Then for
each Borel set B C X, the set

B =U{monad(y) : y € B}

is in L, (%). A Borel measure v on X can be defined by setting v(B) = . (B) for
each Borel set B C X. The measure v restricted to the Baire sets is the standard part
of the internal measure { with respect to the weak™ topology on Baire measures. By
Robinson’s criterion for convergence and clustering, this correspondence between
v and u yields a nonstandard approach to the weak convergence of measures. See
[4] and [30]. In particular, one can obtain Lebesgue measure on an interval [a,b] as
follows: Start with internal counting measure on the left endpoints of a hyperfinite
interval partition of *[a, b], all intervals having the same size, and note that this is the
measure used to produce internal Riemann sums; the standard part of the internal
measure is Lebesgue measure.

When used in probability theory, the above general construction allows one to
tackle problems of continuous parameter stochastic processes using the combinato-
rial tools available for discrete parameter processes. Examples are the construction
of Poisson processes in [28] and Anderson’s representation of Brownian motion and
the Itd integral in [3]. The above construction has yielded new standard-analysis re-
sults by many researchers in areas such as probability theory, potential theory, num-
ber theory, mathematical economics, and mathematical physics. The reader may
consult [35, 1], and [48] for further background and many applications. Here are
six examples: Keisler’s [23] new existence theorem for stochastic differential equa-
tions, Perkins’ [40] award winning research (Rollo Davidson Prize in Probability
Theory) on the theory of local time, Arkeryd’s [5] results on gas kinetics, Cutland
and Ng’s work [13] on the Wiener sphere and Wiener measure, Renling Jin’s work
on number theory discussed in his chapter in [35], and Sun’s work in probability and
economics discussed in his contribution to [35]. Another application of the measure
theory, taken from [29] and [31], extends Example 11.8.5 to more general bound-
aries and potential theories. Of particular note is a description in [35] by Yeneng Sun
of his application in [51] of nonstandard measure theory and similar rich measure
theories to the formation of a long overdue (see [16]), rigorous foundation for deal-
ing with a continuum of independent random variables or traders in an economy.
We also note that Fields medalist Terence Tao has used nonstandard measures in his
recent multifaceted work [7] and [52].
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Answers

Problem 1.8. i) For each E € ¥, E € {E,X \ E,X,2}; the latter collection is the
o-algebra generated by the one element set {E }. Therefore, ¢ C 7" i) If E € &',
then by definition, E € ¢ (%)) for some countable ¢y C €. Since X \ E is also in
o(6), o " is stable under complementation. Of course, X and & also belong to
(%)), so they are in «7’. iii) Let {A, : n € N} be a countable collection of sets
in &/'; each E, is in 6(%;,) for some countable collection %}, C %. Now for each
meN, E,, € 6(Up%,), $0 UpEy € 6(U,6),). Since U, %, is countable, U, E,, € &,
and we are done.

Problem 1.37. The function f is clearly an injection. It remains to prove it is
a surjection. Suppose there exists an x ¢ f[K]. Since f[K] is compact, it is closed,
and so there is an € > 0 such that minycx |x — f(y)| > €. Again since K is compact,
the sequence of iterates (f”(x)) has a convergent subsequence, say (/" (x)). Then
fori < j, we have |f" (x) — f" (x)| = |x — f" " (x)| > €, contradicting the fact that
every convergent sequence in K is a Cauchy sequence. Thus f is a bijection.

Problem 1.40.

(a) We note that the complement of F is a countable disjoint union of open inter-
vals. On each one of those intervals that is finite in length, we extend with the
linear function (i.e., a function for which the graph is a straight line) determined
by the value of f at the endpoints. On an infinite interval, we extend with a con-
stant, namely the value at the endpoint. The extended function g is continuous
on R\ F since linear functions are continuous, and any point in R \ F' is in one
of the open intervals forming R\ F. Fix x € F and € > 0. Fix § > 0 so that for
Vye FN(x—68,x+96), |f(x)—f(y)|<e.IfIye FN(x,x+3d),let & = |x—y|.
In this case, for all points z € [x, x+ 8], we have |g(z) — g(x)| < &, since either
z € F or z is in an open interval with endpoints in F N [x,y]. Here we use the
fact that a linear function on an interval takes values between the values at the
ends of the interval. If (x,x + &) N F = 0, then the interval (x,x+ &) is con-
tained in one of the intervals of the complement of F, and vgr)gg(y) = f(x).

Therefore, we may still pick 6; > 0 so that Vz € [x, x+ &1], |g(z) — g(x)| < .
Similarly, we pick &, to work at the left side of x. The minimum of &; and &,
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works for x and €. Note that we have extended f to R without increasing its
supremum or decreasing its infimum.

(b) Let the open set be the real line with 0 removed. Let f(x) = 0 for x < 0 and
f(x)=1forx>1.

Problem 1.41. We partition [a,b] using a 6 = (b — a)/n that works for the uni-
form continuity of f in terms of €/2. That is, we find a partition xop = a < x| <
-+ < x, = b so that the variation of f on any interval formed by the partition is
smaller than £/2. It follows that the variation of the linear interpolation g on each
subinterval is smaller than £ /2. Therefore, if x; < x < x;41,

[f(x) =g < [£(0) = fa) + 1 () — glxi) [ + g (xi) — g(x)]
<€g/2+0+g/2=¢.

Problem 1.42.

(a) By Theorem 1.11.1, B= f(A) is compact. Thus, f: A+ Band f~!: B+ A are
both continuous functions on compact sets. By Theorem 1.11.3, f and f~' are
uniformly continuous.

(b) Let K = [0,00) = B, and let f : K — B be the square root function. Then, f is a
homeomorphism with inverse f~! : B K defined by squaring. Moreover, f is
uniformly continuous while f~! is not uniformly continuous.

(¢) LetE = (—n/2,m/2),B=R,and f : E — Bby f(x) =tanx. Then, f ' : B> E
is uniformly continuous since it has bounded derivative while f is not uniformly
continuous.

Problem 1.43. For each x € P, and each n € N, let I, , be an open interval cen-
tered at x such that if y € I, ,,, then | f(y) — f(x)| < 1/n. Let O,, = Uxep Iy, and let
S =M,0,. By definition, P. C S. Let z € S and fix € > 0. Fix n such that 1 /n < /2.
There is an I, , containing z. If y € Iy, then |f(y) — f(z)| < |f(y) — f(x)|+|f(x)—
f(z)| < €. Therefore, we may take & such that (z— 8,z+ 8) C I, and this works
for z and €. Thus, z is a point of continuity of f, so § = P..

Problem 1.44. Recall that a sequence converges if and only if it is Cauchy. Fix
n € N. Given i, j in N, let A}; = {xeR:|fi(x) = fj(x)| <1/n}. Since R\A}, =
{xeR:|(fi—fj) (x)| > 1/n} is an open set, A} is a closed set. Given k € N, let
Fi' =N j>kAj ;. This is the closed set consisting of all points such that for all ,
j >k |filx) —fj(x)‘ < 1/n. Let F, = UyF. This is the set of all points x such
that for some k € N, x € F/; it is an Fs-set. Now C C N,enFy,. Moreover, we have
equality since if x ¢ C, then for some n € N, x ¢ F,,.

Problem 2.4. For all A C R, for every r € R, translation by r of a countable
covering of A by open intervals forms an open interval covering of A 4 r. Since
the sum of the length of the intervals in the translated covering is the same as for
the original covering, we can only get a smaller infimum by looking at all possible
countable, open interval coverings of A +r. It follows that A*(A+4r) < A* (A). Since
A= (A+r)+(—r), we also have A* (A) < A*(A + r), whence we have equality.

Problem 2.5. Fix a finite covering {I;} of A by open intervals. Let P be the set
of points in [0, 1] that are not covered. For each x € P, the minimum distance to
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the intervals in the covering is 0; otherwise, a rational in A is not covered. Thus,
P is contained in the finite set of endpoints of the intervals forming the covering.
Of course, we may have P = &. Therefore, P is empty or at most a finite set, and
therefore has outer measure 0. It follows by subadditivity that

L=27([0,1)) < A" (P)+ A7 ([0, 1]\P) = 27([0, 1])\P) < X 1 ().

Problem 2.22. If E € #/,ACR,andr € R, then AN(E +r) =[(A—r)NE]+r.
Since x + x + r is a bijection of R onto R, E + r = [ (E +r). We have previously
seen that for any set A C R, A*A = 1*(A — r). It now follows since E is measurable
that

A5(A) =2 (A—r) = A ([A—r]NE)+m*([A—r]NE)
=AM (([A—rNE )+r)+/1*(([A_r]mE)+r)
=AANE+7)+ A (AN(E+7)
= A (AN(E+7r)+ A (ANC(E +71)).

The result is not true for outer measures derived from arbitrary integrators F'. For

example, a set contained in an interval on which F' is constant will have outer mea-

sure 0, and therefore be measurable. Translation of the set can move the set to an

interval where the integrator is not constant. Then measurability is not automatic.
Problem 2.24. If A ¢ ./, then it must follow that m*(A) > 0. Let

o =sup{m(F): F closed, F C A}, B =inf{m(G): G open, A C G}.

If A is not measurable, we must have @ < 3. By removing an Fy set from A, we
may assume that o = 0 and still 8 > 0. Of course, B = m*(A) = m(S) for some G
set S containing A. Also, m*(S\ A) > 0, since otherwise A = SNC(S\ A) would be
measurable. Therefore,

m*(SNA)+m*(SNA) =m*(A) +m*(S\ A) = m(S) +m* (S\A) # m(S).

Problem 2.31. Let E be a Lebesgue measurable subset of the non-measurable
set P. Let (r;) be an enumeration of the rational numbers in [0,1) with ry = 0. For
each i, let E; = E +' r;. Then since the P’s are disjoint, the subsets E; are disjoint.
By invariance of Lebesgue measure with respect to translation using the operation
+', A(E;) = A(E). Therefore, for any n € N,

0<n-AE) <Y AE) =AU E) <A([0,1)) =
It follows that A (E) = 0.
Problem 2.32. Given the set A with A*(A) > 0,
~+oo

A=JlAN[=i—1,-)UAN[i,i+1))].
i=0
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It follows from subadditivity that there is an interval I, = [k,k + 1) with integer
endpoints such that if Ay = ANI, then A*(Ax) > 0. Since A*(Ax —k) > 0, and
A —k C[0,1), we may assume that A C [0,1). (Once we have proved the result
for such an A, the general case then follows by translating a non-measurable E C
Ar—kC[0,1) to E+k C Ay CA.) Let P be the non-measurable subset of [0,1)
constructed in Section 2.7, and let P; be the corresponding sets P+’ r; formed using
rationals r;. Note that each set P; is non-measurable. If for some integer i > 0, AN
P; is measurable, then by Problem 2.31 and the invariance of Lebesgue measure
with respect to translation using the operation +', A(ANP;) = 0. Since 0 < A(A) <
> A*(ANP), there is an integer i with A*(ANP;) # 0, whence ANP; ¢ A .

Problem 2.34. The open set Oy of measure o < 1 that is removed to form the
generalized Cantor set is dense in [0, 1], therefore every point of [0, 1]\ Oy, is a
boundary point of O, and that boundary has measure 1 — o

Problem 3.4. Suppose f is an extended-real valued, measurable function on A.
Recall that the set where f takes the value +oo is measurable and the set where f
takes the value —ec is measurable. If f is restricted to a measurable set B C A where
f takes only one value in [—eo, +oo], then forany @ € R, {x € B: f(x) > a} is either
& or B, so f is measurable on B. If ¢ =0, cf is defined and equal to 0 exactly on the
measurable set where f is finite. If ¢ > 0 in R, ¢f is measurable where f is finite by
the same argument as for the finite case. Moreover, cf = +oo where f = +oo, and
cf = —eo where f = —eo, 50 cf is measurable on A. A similar argument shows that
cf is measurable on A if ¢ < 0 in R. If g is also a measurable, extended-real valued
function on A, then f A g and fV g are measurable on A by the same argument as for
the finite case. The measurability of f + g follows by arguments already given for
the measurable set where both functions are finite. The rest of the argument for f+ g
follows from the fact that the sum is defined and equal to +<o on the measurable set

E S AT (CERR | I E A VA (GO B

and the sum is defined and equal to —ec on the measurable set

[ =N oo+ U [ Hoo NN [0, 4]

The measurability of f- g follows by arguments already given for the measurable
set where both functions are finite. The rest of the argument for f - g follows from
the fact that the product is defined and equal to 4o on the measurable set

[ N 10+l | U [ [l I N/ 100, 4]
Ul =N ==l U [ H=H NS T===0)])

and the product is defined and equal to —ee on the measurable set

[ =N 10, +ool)] U [ = I 17 10, +o0]1]
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Problem 3.18. If we know that the function in the hint is measurable, then since
f is the pointwise limit as n — oo, we know that f is measurable. Recall that the
defining property of an interval is that it is not empty, and if two points are in the set,
then every point between them is in the set. This means that for a strictly increasing
function or even an increasing function, the inverse image of an open interval is
either empty or an interval, and therefore Borel measurable.

Problem 4.3. Restricting f to A, the integral [ f = [, f+ [p4 0= [p f - xa-

Problem 4.11. We are given that [ f* = 4o, and f~ and h are integrable.
It follows that [f+ [h = +e. We want to show that [(f + h) = +oo. Now
(f+h)" =(f+ht—h )t > (ft—f —h")". Since (f+h)” < (f~+h™),and
(f~ +h™) is integrable, it is sufficient to show that [ (f* — f~ —h~) = +oo. This
follows from the fact that if f© — f~ — h™ equaled an integrable function g, we
would have f* = g+ f~ +h~, which is integrable, but £ is not integrable.

Problem 4.22. Fix a measurable set E, and let ( f,,, ) be any subsequence of (f;,).
By Fatou’s Lemma

Af:éf+A\Ef§mkéfnk+m{A\Efnk

gmk(/Efnk+ R\Efnk) = [.r

Now [ f < limy [, f,, and the same is true for R \ E, but the sums of the left and
right side for £ and R \ E are equal and finite. It follows that [ f = lim; [ f,,.
Since this is true for any subsequence, [ f, exists and equals [, f.

Problem 4.31. Let (I,) be a sequence of finite closed subintervals on which the
proper Riemann integral of f exists (so f will be bounded on each I,) with I, 1.
On each I, [; f =R [, f. Moreover, |f-xi,| < |f]. Therefore, by the Lebesgue
Dominated Convergence Theorem,

R/f:limR f=lim [ f= /f.
1 n I, nJr, .

Problem 4.32. Suppose [ |fu| = [|f]- Now |f — f] = 0 ae., |fu—f| < gn:=
|fal +1f], gn — g :=2|f| a.e., and we are assuming that [ g, — [ g. Therefore,
J1fa = fI = 0. On the other hand, if we know that [|f, — f| — 0, then by the trian-
gle inequality,

o<|f15- 1] < fisi-1n1< 1510

Problem 4.44. This is the Lebesgue Dominated Convergence Theorem with the
parameter n — oo replaced with y \, 0. In fact the Lebesgue Dominated Convergence
Theorem tells us that the result is true for any sequence y, \,0, and so the result is
true for the more general limit process y N\, 0. Note that it is not enough to do this
for just one sequence such as y, = 1/n. You must work with an arbitrary sequence
Y, converging to 0.
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Problem 5.12. Order the rational numbers in (0, 1], and at the »’th rational g,
put the weight 27". Let F(0) = 0, and for x > 0, let F(x) denote the total of the
weights up to x plus 1 to get a jump of 1 at 0. That is, F(x) = 1 + Zo<g,<27".
Then F is increasing and has jump 27" at g,. To see that F is continuous at each
irrational number x, we fix € > 0 and N € N such that > , 27" < €. Choose 6 > 0
so that the interval [x — 8, x + 6] contains no rational g, for k < N and is contained
in (0,1). Then F(x+6) —F(x—0) < &, so Vy with [x—y| < 8, |[F(x) —F(y)| <
F(x+0)—F(x—90)<e.

Problem 5.17. The only discontinuities of an increasing function are at the
jumps, and there are at most a countable number of these. (For example, there can
be at most (F(K) — F(—K)) - n jumps of size 1/n.) There is no derivative at a jump.
Moreover, at a point x that is not a jump point for F, G(x) = F(x). Suppose xg is a
point where a derivative F'(x() exists, and x, is a sequence of points where a jump
of F may or may not occur with x,, \,xo. Since a countable set cannot form an open
interval, there is a sequence of non-jump points y, \, xo and a sequence of non-jump
points z, \  xo with y, < x, < z, for each n. Then

F(yn)*F(xO) . <ynx0> < G(xn)*G(XO)
Yn — X0 Xn—X0/) —

< F(zy) — F(xo) <an0) .

Xp — X0 Zn — X0 Xp — X0

We may choose each z,, and y, close enough to x,, so that 1 — % < ( M) <1, and

Xp—X0

1< (ﬂ) < 1+ L. With this choice,

)

The first and last terms of the inequality both converge to F’(xp), and so the same is
true of the middle sequence of ratios. A similar proof works for jump points x,, * xo,
or we may apply the previous result to G(x) = —F(—x). The proof also shows that
F/(X()) = G,(X()).

Problem 5.19. Assume g is increasing. Otherwise, work with —g. Also assume
that £ C (0,1) since A({g(0),g(1)}) = 0. Fix € > 0, and let 6 > 0 corresponding
to € in the definition of absolute continuity. Let O be an open set containing E
and contained in (0,1) with A (O) < §. The open set O is the union U (a; b;) of
disjoint open intervals; of course, X, (b; —a;) < 6. Now g[E] is contained in the
union of the sets g[(a;,b;)]. These are intervals since g is monotone increasing and
continuous. Moreover, since § corresponds to € with respect to absolute continuity,
any finite union has measure < €&, so the countable union has measure < g. Thus
A(g|E]) < . Since ¢ is arbitrary, A(g[E]) = 0.

Problem 5.21. Part a) is left to the reader. b) Assume f is absolutely continuous
and | f’| < B where it exists. Then for any interval [x,y],

70 101 =| (s + [ ran) - 100

‘/xyf’dx‘g/xy\f'|d/1g3-|yx.
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Now assume f is an arbitrary real-valued function that satisfies a Lipschitz condi-

tion with constant M. Then f is absolutely continuous by Part a. Moreover, every
difference quotient W lies in the interval [—M, M|, so the derivative also lies
in [—M, M] wherever it exists.

Note: Suppose F(x) = [ f(t)dA where f > 0 is increasing, continuous, and in-
tegrable on [0, 1), but f is unbounded on [0, 1). Then F is absolutely continuous but
F’ = f is not bounded. We see that there is no hope of getting a Lipschitz condition

here since for any interval [x,x+ Ax] C [0, 1), we have
F(x+Ax)—F(x) > f(x)-Ax

Problem 7.16. Assume that £ = UE,,, where for each n, the closure of E, in X,
E,,, contains no open subsets of X. Then A = U, (ANE,), and for each n, (ANE,) C
E, and thus contains no open subsets of X.

Problem 7.20. In a metric space, a singleton set {x} is closed. If {x} is not
isolated, that is, if {x} is not open, then {x} is nowhere dense since it is already
closed and contains no open sets. A complete metric space X cannot be the countable
union of such singleton sets. One can also note that if (x,) is a sequence of non-
isolated points in a metric space, then ), (X \ {x,}) is the countable intersection of
dense open sets.

Problem 7.35.

a) Assume f,, — fin L. Foreachn,m € N, let EI" :={| fu — f| > 1/n}. If fru — f
in L™, then for each n, there is a k, € N such that U,,>¢ E} is a set of measure
0. Therefore, E := U, U,>k, E}' is a set of measure 0, and f, converges to f
uniformly on the complement of £. Now assume that f,, converges to f uni-
formly on the complement of a set E of measure 0. For any n € N, there is a
kn such that for all m > ky, |fn — f| < 1/n on the complement of E, whence
| fin — fllo < 1/nforall m > k.

b) Let (f,) be a Cauchy sequence in L. For eachn,m, j € N, let Ejy n = {| fn — fu| >

1/j}. Foreach j, thereis ak j such that Um,nzkjE,/mn is a set of measure 0. There-

fore, E := Uj Upn>k; Ema is a set of measure 0. For each x ¢ E, (fu(x)) is
Cauchy. Let f(x) be the limit on the complement of £ and 0 on E. By Part a,
we need to show that f, converges to f uniformly on X \ E. For any j € N, there
is a k; € N such that Vn, m > kj and Vx € X \ E, |f,,(x) — fu(x)| < 1/, whence
|fu(x) — f(x)| < 2/j. 1t follows that f, converges to f uniformly on X \ E.

Problem 7.39. We need only show that c is closed with respect to the topology
given by the ¢~-norm, since a closed subset of a complete space is complete. For
eachn € N, let i — f,(i) be a convergent sequence, so the sequence of sequences,
(fn :n € N), is a sequence in ¢. Let f be a bounded sequence, i.e., in £*(N), with
Ilfn = fll.. = 0. We will have shown that c is closed if we show that f € c; that is,
that f is Cauchy. Fix € > 0 and n € N such that || f, — f|.. < &/3. Since for this n,
fn is Cauchy, there is a k such that for all i, j > k, | f,,(i) — fu(j)| < €/3, whence

Lf@) = fDI 1@ = fa@D)] + [ fa (@) = (D + () — £ <&
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Problem 7.41. Working with just the real part of f, we may assume that f > 0,
since if the result is true for f approximating from below with @+ > 0 and the
result is true for f~ approximating from below with ¢~ > 0, then in general,

If=ol, =l =0 = +o |, <l =0, +Ifr —o |,

We may now take a sequence of simple functions ¢, increasing up to f. Since f?
is integrable, each ¢} is integrable, so since each ¢, takes only a finite number of
values, each ¢, vanishes off of a set of finite measure. Since |f — ¢,|” — 0 at each
point where f is finite, that is, almost everywhere, and |f — @,|° < |f|?, we have
by the Lebesgue Dominated Convergence Theorem [ |f — ¢,|” dpt — 0. We choose
N € Nsothatforalln >N, [|f— @,[Pdu < €P.

Problem 7.43. First we show that || f||.. <liminf,_,. || f||,. We may assume that
| f]le > O (otherwise the inequality is trivial). For every strictly positive 7 < || f]|o,
the set A, = {x € X : | f(x)| > r} has strictly positive but finite measure. For all finite

p=1 1 1
o= (fircor) "= (fomr) " = meaye

whence r < liminf,_,. || f||,. Since r € (0, | f||-) is arbitrary, we conclude that
| flleo < liminf, e || f||. On the other hand,

i1 = If(x)l”>l/p ~ (1w If(X)’”)l/p
< (fucar i) = (frsen) e <y e

Therefore, limsup,_,.. || f]|, < || f]l«, whence, limp e || £l ) = || f1|<--

Problem 7.47. By assumption, each open L™-ball about f contains a contin-
uous function. That is, for each n € N, there is a continuous function g, such
that ||f —gall.. < 1/n. At each x € [0,1], the sequence {(g,(x)) is a Cauchy se-
quence. To see this, fix x € [0,1] and € > 0. There is an ng such that for all n > no,
Ilf — gnll < €/4. Since the g’s are continuous, for each n, m > no, there is an open
interval U centered at x such that for all y € UN0,1], |g.(x) — gn(y)| < €/4 and
|gm(x) — gm(y)| < €/4. Let fy denote a function representing the L”-equivalence
class f. We may have to ignore the behavior of fj on a set of measure 0 in U, but for
any other point y € UN[0,1], we have |fo(y) — gx(y)| < €/4 and |fo(y) — gm(y)] <
€/4. Using such a point y as a “catalyst”, we have

lgn(x) — gm(X)] < |gn(x) — gn ()] +18n(y) = o)+ [fo(¥) — g (W) +lgm(y) —gm(¥)| < €.

Let h(x) = lim, g,(x) for each x € [0, 1]. We have actually shown that the g,’s form
a uniform Cauchy sequence, so they converge to i uniformly. It follows that 4 is
continuous. Now, i = f except on a set of measure 0, namely the union over n of
the exceptional sets for the inequalities | fo — gn| < 1/n. Therefore, the equivalence
class containing fj contains the continuous function 4.
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Problem 8.16. The result follows from the fact that there are at most a finite
number of terms x, with ||xq || greater or equal to 1/n for each n € N. This follows,
since if it is not true for some n € N, then for € = 1/(3n) and any finite sum Y’ xq

xq€F
that is within 1/(3n) of the limit L, there will still be a term xg, with B ¢ F and
Hxﬁ H > % When xg is added to the old sum, the new sum will be farther than
1/(3n) from L. That is,

L—(ZXa+Xﬁ> > ||1L= 2 x| = [l
Xoq€F xq€F
111
= |lxgl| - L—MZEan Z 3,7 3,

Problem 9.9. By replacing each y € S with the set of all ordinals less than or
equal to y and taking the union of this countable collection of countable sets, we
may assume that S is a countable initial segment of the ordinals. That is, if o € S,
then every element of Y smaller than o is also in S. Now Y is uncountable, so Y # S.
Every element of Y \ S must be an upper bound of S, and there is a first element
of Y\ S, which is the least upper bound of S. Note that there may be no greatest
element of S. For example, S may correspond to the set of natural numbers.

Problem 9.10. Suppose U, V formed a disconnection of the union. Since neither
U nor V can have empty intersection with the union, we may fix Ay and Ag with
AqNU # @ and Ag NV # 2. Since A, is connected and contained in U UV, the pair
U, V cannot be a disconnection of A,. On the other hand, since U intersected with
the union is disjoint from V intersected with the union, (A, NU)N (A NV) = @.
Therefore, we must have A, NV = &. That is, A, C U. Similarly, Aﬁ C V. This
contradicts the assumption that A, NAg # &.

Problem 9.13. If we assume that A is pathwise connected, we can obtain a con-
tradiction to the fact that the unit interval has finite length. Here is a proof: Assume
there is a path f(¢), 0 < < 1, in the closure of the graph of sin(1/x) such that
f(0) = (1/m, 0) and f(1) is on the y-axis. Then f is a uniformly continuous func-
tion from [0, 1] to R2. In particular, there is a § > 0 such that if 0 < a < b < 1,
and b —a < §, then |f(b) — f(a)| < 1/4. For any point p in R, let Y(p) be the
y-coordinate. Let by = max{r € [0,1] : Y(f(r)) = —1/2} and let a; = max{t < b; :
Y (r) = 1/2}. Given a pair a;, b;, let biy; = max{t < a; : Y (f(¢)) = —1/2} and let
air1 =max{t < b;1 :Y (f(r)) = 1/2}. In this way, we obtain an infinite number of
disjoint intervals [a;, b;] in (0, 1) with b; —a; > 0 for all i. This is a contradiction to
the fact that the unit interval has finite length.

Problem 9.30. Assume (X,.7) is locally compact. Fix x € X and a .7 -open
neighborhood U of x such that the .7 -closure U in X is compact with respect to
7. By Problem 9.29, U is compact, and therefore closed with respect to .. Now
U = XNV, where V is .#-open. Moreover, VN\U C Z\ X, and V\U is .¥-open.
Since X is dense in Z, VN\U = @, so V = U. It follows that X is .¥’-open in Z.
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Now assume that Z\ X is .¥-closed. Fix x € X. By Proposition 9.8.2, Z is normal,
so there are disjoint .’-open sets U and V, with x € U and Z\ X C V. It follows that
the .%-closure of U is an .¥-compact subset of X, and it is therefore .7 -compact.

Problem 9.32. Fix € >0, x € X, and a neighborhood U of x such that for any
y€U and any f € .Z, p(f(y),f(x)) < /3. Given g e F, we will show that for
ally e U, p(g(y),g(x)) < €. Given y € U, since g € .F there is an f € .# with

p(f(y),g(y)) <&/3and p(f(x),g(x)) <&/3, whence
p(g(»),8(x) <p(g(y),f()+p(f(y),f(x)+p(f(x),8(x) <e.

Thus, U works for x and € in terms of the family .%.

Problem 9.34. Since C(X) is a metric space with the metric obtained from the
uniform norm, a function is in the closure of <7 if and only if it is the uniform limit
of a sequence from .27. Fix f, g € </ and sequences (f,,) and (g,) in &/ with f, — f
and g, — g. Then f, +g, = f+g fu-gn — f-g andforany a € R, a f,, — o f.

Problem 9.36. First, assume there is a function f € 7 that is nowhere equal to
0. The algebra generated by 1 and .7 consists of functions of the form o + h where
h € o and a € R. Since this algebra is dense in C(X), there is a sequence A, in &7
and a sequence of real numbers o, such that o, +h, — 1/f. Multiplying by f, we
see that @, f +h, f — 1 since for each n, 04, f +h,f € o7, 1 € o/, and so &/ = C(X).

If for each x € X, there is an f € o7 with f(x) # 0, then the nonnegative function
f?is in <7, and a suitable finite sum of such functions is positive everywhere on X.
Therefore, if <7 # C(X), there must be a unique (since .%7 separates points) point p
such that f(p) =0 for all f € o7. Fix g € C(X) such that g(p) = 0. Then there is a
sequence (f, + o4,) with f, € 7 and oy, € R such that f,, + o, converges uniformly
to g on X. Since f;,(p) = 0 for each n and g(p) = 0, o, — 0. Therefore g € .&7.

Problem 10.4. Fix a closed and bounded interval [ay,b;] in the k™ coordinate
axis of X for each k < n so that R is the product of these closed intervals. Again,
{P;:i=1,---,m} is a finite covering of R by general open rectangles. There is a
J € N such that if each of the intervals [a;, b;] is partitioned into J closed subintervals
of size (b; — a;)/J, then each product of each of the resulting closed subintervals is
contained in at least one of the P;’s. To see this, assume no such J exists, and when
J =n, let x,, be a vertex closest to the origin of one of the products of the closed
subintervals for which the result fails. By the Bolzano-Weierstrass Theorem, there is
a cluster point x of the sequence (x, : n € N). One of the general open rectangles Py,
contains xp. A subsequence <xnk> of the sequence (x,) converges to xy. For each k,
the other vertices of the closed product for which x;, is a vertex also converge to xo.
Therefore, for some n € N, all of the vertices including x,, of one of the products of
closed subintervals is in the open general rectangle Py, contradicting the definition
of x,,.

It now follows that there is a partition of R into a finite number of closed general
rectangles Q;, 1 < j <k, so that each Q; is contained in one of the open rectangles
P,. The volume of each P, is greater than or equal to the sum of the volumes of the
rectangles Q; that are contained in P;. Therefore,

k n
V(R) = 2 (Q)) < Z
j_ :



D Answers 265

Problem 11.2. This is clear for a one-dimensional subspace generated by x; € X,
since when a,x; — xp, the coefficients a, form a Cauchy sequence of scalars.
Assume that any (n— 1)-dimensional manifold in X must be closed. Fix linearly
independent elements x, - -- ,x,. By assumption, no x; is a limit of linear combina-
tions of the other x;’s, for if it were, the (n — 1)-dimensional manifold spanned by
the others would not be closed. Let y be a limit point of a sequence y; = 27:1 Ocj»x -

We want to show that for each j, the sequence <a§-> is bounded, since then, a

diagonalization argument allows us to assume that for each j, Ocj- — o € R, and
then y; — ¥_; ajx;. Since we also have y; —y, y = ¥/j_, ax; is in the span of
X1, ,X,. Now assume that for some j, after reordering let it be n, and for some
subsequence of the original sequence y;, we have lim ’Ot,‘1| = +-oo. For that subse-

quence, y; = (Z?;l a}xj) + otixy, 80 x, = (1/0) - yi+zi, where z; is in the span of

the other x;’s. Since y; — y, |y;| is a bounded sequence, whence |(1/0z}) - yi| — 0.
This means that x, is in the closure of the span of the other x;’s violating our ass-
umption. Therefore, we are done.

Problem 11.3. We may assume that f # 0. The kernel K is f~'[{0}]. By Theo-
rem 11.1.1, f is bounded if and only if it is continuous, and so the inverse image of
the closed set {0} is closed. Now we will assume that K is closed and show that f is
continuous at 0. It then follows by Theorem 11.1.1 that f is bounded. Fix x € X with
f(x) = LI f(y) #0, then f((f(y)-x) —y) =1-f(y) = f(y) =0, 50 f(y) - x—y =k,
where k € K. It follows that for each y € X, there is a scalar & and a k € K such that
ox+k=y. That is, there is only one dimension left after K. Now fix a sequence (z,)
in X converging to 0. We must show that f(z,) — 0. If | f(z,)| > 1, we may replace
Zn With z,/ f(z), so without loss of generality we may assume that |f(z,)| < 1. For
each n, there is a scalar o and a k, € K with a,x+k, = z,,. Since f(x) = 1, for each
n, |ot;| < 1. Given any subsequence of the sequence (¢,), we choose a further subse-
quence that converges to a scalar a. Since z,, — 0, we then have k;,, — —ax. Since the
kernel is a closed subspace not containing x, a = 0, and so f(oyx+k,) = o, — 0.
It follows that for the original sequence we have f(z,) = f(o,x+k,) — 0.

Problem 11.8.If ||F|| < I, thenforallx € X, |F (x)| / [|x]| < 1,50 F(x) < |F(x)| <
|lx||. On the other hand, if for all x € X, F(x) < ||x|, then for all x € X, —F(x) =
F(—x) <||—x|| = ||x]|, so —||x|| < F(x) < ||x||, whence |F(x)| < ||x||, and the result
follows.

Problem 11.9. We must show that the natural imbedding ¢ of X* into the third
dual X*** is a surjection if and only if the natural imbedding ¢ of X into X** is a
surjection. Given any F' € X***, we consider the restriction of F to ¢ [X], and define
an element fr € X* at each x € X by setting fr(x) := F(¢(x)). This is linear since
given a linear combination ax+ By in X,

fr(ox+By) = F(p(ax+By)) = aF (¢(x)) +BF(o(y)) = afr (x) + BSr ().
Moreover, for any x € X with ||x|| < 1, [[@(x)]| < 1, so

17r ) = [F (@)l < IF [l lo@)Il < IFII,

so fr is bounded.
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Assume that X is reflexive, that is, X** = ¢[X]. Given an arbitrary F € X*** we
want to show that F = @(fF); this will show that @ is surjective. Given an arbitrary
g € X**, by assumption, g = ¢@(x,) for some element x, € X. Therefore,

F(g) =F (9(xg)) = fr(xg) = @(xg)(fr) = g(fr) = @(fr)(8)-

Since g is arbitrary in X**, F = @(fr).

Suppose now that there is a g € X**\ ¢[X], that is, X is not reflexive. By Theo-
rem 11.5.1, ¢[X] is closed in X**. By Proposition 11.4.2, we may fix F € X*** with
F(h) =0 for all h € ¢[X] and F(g) > 0. If we assume for the sake of reaching a
contradiction that X* is reflexive, then F = ¢(fy) for some fy € X*. Now for all
xeX,

fox) = o(x)(fo) = 0(fo) (¢(x)) = F (¢(x)) =0,

since @(x) € @[X]. That is, fy is the 0 functional in X*, whence F = @(fp) is the O
functional in X***. This contradicts the assumption that F(g) > 0.

Problem 11.13. As suggested, we may consider A as a subset of X** under the
canonical injection ¢. That is, we will look at the set {@(x):x € A}. Now ¢ is
an isometry, so we only have to find a common bound for the values of ||@(x)]|,
x € A. By definition, each f € X* is continuous with respect to the weak topology
on X. Since A is a compact set with respect to the weak topology, there is a constant
My such that for all x € A, |@(x)(f)| = | f(x)| < M. By the Uniform Boundedness
Principle 11.6.1, there is a constant M such that for all x € A, ||x]| = [|@(x)| < M.

Problem 11.16. By the Alaoglu Theorem 11.7.1, the unit ball of the dual space of
C(X) is compact in the weak* topology. We have a directed set consisting of all finite
subsets of the indices, directed by containment. For each finite set of indices S, there
is a measure vg that works. That is, [ fo;dvs = cq; forall i € S. This net has a cluster
point given by a Radon measure v. Fix an index o.. We want to show that [ fydv =
cq- Let U be the weak™ neighborhood of v determined by f,, and an € > 0. That is,
U consists of all finite signed Radon measures p such that | [ fodu — [ fodv| < €.
Since our net is frequently in U, there is a finite set S containing ¢ such that vg € U.
Since vs works for o € S, [ fadVs = cq, 30 |co — [ fadV| < €. Since € is arbitrary,
[ fadv = cq.
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Banach spaces, 191

Besicovitch Covering Theorem, 230
Bessel’s Inequality, 140

bilinear property, 128
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Borel measure, 190
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Bounded Convergence Theorem, 65
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bounded linear functional, 120
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Cauchy sequence, 7
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chain rule, 247

characteristic function, 50

Chebyschev inequality, 74

Chebyshev’s Inequality, 107
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closed ball, 112

closed interval, 1
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countable subadditivity, 184
countably additive measure, 25

Daniell Integral, 189
De Morgan’s Laws, 4
degenerate interval, 1
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dense set, 46

dense subset, 149
Dini’s Theorem, 22
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harmonic function, 217, 226
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Lipschitz function, 56
local filter base, 147

local maximal function, 81
locally connected, 156
locally pathwise connected, 177
lower Riemann integral, 58
Lusin’s Theorem, 53

maximal element, 6, 221
maximal orthonormal family, 137
meager, 113

measurable function, 46, 96
measurable rectangle, 185
measurable set, 31, 95, 179
measurable space, 95

measure, 32, 95, 102

measure on an algebra, 181
measure space, 32, 95

metric, 109

metric space, 109

metrizable, 164

minimal element, 6

minimal partition, 58

minimal representation, 58
Minkowski’s Inequality, 118
Monotone Convergence Theorem, 67
Morse Covering Theorem, 230
mutually singular measures, 104

near-standard point, 249
negative set, 102

negative variation, 85
neighborhood, 16, 148

net, 13

net convergence, 153
nonstandard hulls, 251

norm, 115

norm of a linear functional, 120
norm of a linear transformation, 192
normal space, 161

normed space, 115

nowhere dense, 113

null set, 95, 103

one point compactification, 168
open base, 148

open covering, 14, 157

open interval, 1

open mapping, 203

open set, 10, 109, 148, 249

order topology, 153
ordinal numbers, 153
orthogonal elements, 130
orthogonal family, 136
orthonormal family, 136
outer measure, 179

parallelogram law, 129
partial ordering, 6, 221
partition, 57

partition for a step function, 58
Partition of Unity, 208
partition refinement, 61, 97
pathwise connected, 156
Perfect set, 43

point of closure, 12, 150
pointwise closure, 169
pointwise convergence, 18
Poisson Kernel, 217
polygonal function, 19

positive linear functional, 64, 189, 208

positive set, 102
positive variation, 85
power set, 1
probability measure, 95
probability space, 95
product measure, 185
product space, 163
product topology, 163
projection, 163

Q-compactification, 167
quantifiers, 1

Radon measure, 208
Radon-Nikodym derivative, 134
Radon-Nikodym Theorem, 89
random variable, 96

real Hilbert space, 128
refinement, 85

reflexive, 202

regular Borel measure, 213
regular space, 161

relative topology, 154

relatively open, 154

remainder, 167

Riemann integrable, 58
Riemann integral, 58

Riemann sum, 57
Riemann-Lebesgue Lemma, 76
Riesz Representation Theorem, 208

second axiom of countability, 149
second dual, 202
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Second General Fatou Lemma, 70
separable, 112, 149

separates points, 172

separates points and closed sets, 161
sequence converges, 153
sigma-algebra, 5

sigma-finite measure, 95

signed measure, 102

simple function, 50, 97

singular measure, 88

Span, 136

stable, 4

step function, 50

Stone-Cech compactification, 168, 169
strictly convex, 105

strong topology, 205

subsequence, 9

superset, 1

supremum, 8

symmetric difference, 51

tags, 14

topological properties, 152

topological space, 148

topology, 148

topology of pointwise convergence, 163

topology of uniform convergence on compact

sets, 170
total ordering, 6, 221
total variation, 85
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total variation of a measure, 104
translate, 130

translation invariant, 26

triangle inequality, 109, 129

ucc topology, 170

ultrafilter, 224

uniform boundedness principle, 113
uniform closure, 172

uniform convergence, 18

uniform convergence on compact sets, 149
uniformly continuous, 17
uniformly continuous function, 111
unit mass, 42

unordered sum, 14, 139

upper bound, 6

upper Riemann integral, 58
Urysohn Lemma, 207

Urysohn Metrization Theorem, 166
Urysohn’s lemma, 161

vague topology, 205
vanishing, 62
vector lattice, 172

weak convergence of measures, 206
weak topology, 205

weak* topology, 205

well-ordering, 7
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