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Preface

The objective of this book is to provide a simple introduction to mathemat-
ical analysis with applications in economics. There is increasing use of real
and functional analysis in economics, but few books cover that material at
an elementary level. Our rationale for writing this book is to bridge the gap
between basic mathematical economics books (which deal with introductory
calculus and linear algebra) and advanced economics books such as Stokey
and Lucas’ Recursive Methods in Economic Dynamics that presume a work-
ing knowledge of functional analysis. The major innovations in this book
relative to classic mathematics books in this area (such as Royden’s Real
Analysis or Munkres’ Topology) are that we provide: (i) extensive simple
examples (we believe strongly that examples provide the intuition necessary
to grasp difficult ideas); (ii) sketches of complicated proofs (followed by the
complete proof at the end of the book); and (iii) only material that is rel-
evant to economists (which means we drop some material and add other
topics (e.g. we focus extensively on set valued mappings instead of just point
valued ones)). It is important to emphasize that while we aim to make this
material as accessible as possible, we have not excluded demanding mathe-
matical concepts used by economists and that the book is self-contained (i.e.
virtually any theorem used in proving a given result is itself proven in our
book).

Road Map

Chapter 1 is a brief introduction to logical reasoning and how to construct
direct versus indirect proofs. Proving the truth of the compound statement
“If A, then B” captures the essence of mathematical reasoning; we take the
truth of statement “A” as given and then establish logically the truth of
statement ” B” follows. We do so by introducing logical connectives and the
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idea of a truth table.

We introduce set operations, relations, functions and correspondences
in Chapter 2 . Then we study the “size” of sets and show the differences
between countable and uncountable infinite sets. Finally, we introduce the
notion of an algebra (just a collection of sets that satisfy certain properties)
and “generate” (i.e. establish that there always exists) a smallest collection
of subsets of a given set where all results of set operations (like complements,
union, and intersection) remain in the collection.

Chapter 3 focuses on the set of real numbers (denoted R), which is one
of the simplest but most economic (both literally and figuratively) sets to
introduce students to the ideas of algebraic, order, and completeness prop-
erties. Here we expose students to the most elementary notions of distance,
open and closedness, boundedness, and simple facts like between any two real
numbers is another real number. One critical result we prove is the Bolzano-
Weierstrass Theorem which says that every bounded infinite subset of R has
a point with sufficiently many points in any subset around it. This result
has important implications for issues like convergence of a sequence of points
which is introduced in more general metric spaces. We end by generating the
smallest collection of all open sets in R known as the Borel (o-)algebra.

In Chapter 4 we introduce sequences and the notions of convergence, com-
pleteness, compactness, and connectedness in general metric spaces, where
we augment an arbitrary set with an abstract notion of a “distance” function.
Understanding these “C” properties are absolutely essential for economists.
For instance, the completeness of a metric space is a very important property
for problem solving. In particular, one can construct a sequence of approxi-
mate solutions that get closer and closer together and provided the space is
complete, then the limit of this sequence exists and is the solution of the orig-
inal problem. We also present properties of normed vector spaces and study
two important examples, both of which are the used extensively in economics:
finite dimensional Euclidean space (denoted R™) and the space of (infinite
dimensional) sequences (denoted ¢,). Then we study continuity of functions
and hemicontinuity of correspondences. Particular attention is paid to the
properties of a continuous function on a connected domain (a generalization
of the Intermediate Value Theorem) as well as a continuous function on a
compact domain (a generalization of the Extreme Value Theorem). We end
by providing fixed point theorems for functions and correspondences that
are useful in proving, for instance, the existence of general equilibrium with
competitive markets or a Nash Equilibrium of a noncooperative game.
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Chapter 5 focuses primarily on Lebesgue measure and integration since
almost all applications that economists study are covered by this case and
because it is easy to conceptualize the notion of distance through that of
the restriction of an outer measure. We show that the collection of Lebesgue
measurable sets is a o-algebra and that the collection of Borel sets is a subset
of the Lebesgue measurable sets. Then we provide a set of convergence
theorems for the existence of a Lebesgue integral which are applicable under
a wide variety of conditions. Next we introduce general and signed measures,
where we show that a signed measure can be represented simply by an integral
(the Radon-Nikodyn Theorem). To prepare for the following chapter, we end
by studying a simple function space (the space of integrable functions) and
prove it is complete.

We study properties such as completeness and compactness in two impor-
tant function spaces in Chapter 6: the space of bounded continuous functions
(denoted C(X)) and the space of p-integrable functions (denoted L,(X)). A
fundamental result on approximating continuous functions in C(X) is given in
a very general set of Theorems by Stone and Weierstrass. Also, the Brouwer
Fixed Point Theorem of Chapter 4 on finite dimensional spaces is generalized
to infinite dimensional spaces in the Schauder Fixed Point Theorem. Mov-
ing onto the L,(X) space, we show that it is complete in the Riesz-Fischer
Theorem. Then we introduce linear operators and functionals, as well as
the notion of a dual space. We show that one can construct bounded linear
functionals on a given set X in the Hahn-Banach Theorem, which is used to
prove certain separation results such as the fact that two disjoint convex sets
can be separated by a linear functional. Such results are used extensively
in economics; for instance, it is employed to establish the Second Welfare
Theorem. The chapter ends with nonlinear operators and focuses particu-
larly on optimization in infinite dimensional spaces. First we introduce the
weak topology on a normed vector space and develop a variational method of
optimizing nonlinear functions. Then we consider another method of finding
the optimum of a nonlinear functional by dynamic programming.

Chapter 7 provides a brief overview of general topological spaces and
the idea of a homeomorphism (i.e. when two topological spaces X and Y
have “similar topological structure” which occurs when there is a one-to-one
and onto mapping f from elements in X to elements in Y such that both f
and its inverse are continuous). We then compare and contrast topological
and metric properties, as well as touch upon the metrizability problem (i.e.
finding conditions on a topological space X which guarantee that there exists
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a metric on the set X that induces the topology of X).

Uses of the book

We taught this manuscript in the first year PhD core sequence at the Uni-
versity of Pittsburgh and as a PhD class at the University of Texas. The
program at University of Pittsburgh begins with an intensive, one month re-
medial summer math class that focuses on calculus and linear algebra. Our
manuscript was used in the Fall semester class. Since we were able to quickly
explain theorems using sketches of proofs, it was possible to teach the entire
book in one semester. If the book was used for upper level undergradu-
ates, we would suggest simply to teach Chapters 1 to 4. While we used the
manuscript in a classroom, we expect it will be beneficial to researchers; for
instance, anyone who reads a book like Stokey and Lucas’ Recursive Meth-
ods must understand the background concepts in our manuscript. In fact, it
was because one of the authors found that his students were ill prepared to
understand Stokey and Lucas in his upper level macroeconomics class, that
this project began.



Chapter 1

Introduction

In this chapter we hope to introduce students to applying logical reasoning
to prove the validity of economic conclusions (B) from well-defined premises
(A). For example, A may be the statement “An allocation-price pair (x,p)
is a Walrasian equilibrium” and B the statement “ the allocation x is Pareto
efficient”. In general, statements such as A and/or B may be true or false.

1.1 Rules of logic

In many cases, we will be interested in establishing the truth of statements
of the form “If A then B.” Equivalently, such a statement can be written
as: “A = B”; “A implies B”; “A only if B”; “A is sufficient for B”; or “B is
necessary for A.” Applied to the example given in the previous paragraph, “If
A then B” is just a statement of the First Fundamental Theorem of Welfare
Economics. In other cases, we will be interested in the truth of statements of
the form “A if and only if B.” Equivalently, such a statement can be written:
“A = B and B = A” which is just “A < B”; “A implies B and B implies
A”; “A is necessary and sufficient for B”; or “A is equivalent to B.”

Notice that a statement of the form “A = B” is simply a construct of two
simple statements connected by “=". Proving the truth of the statement
“A = B” captures the essence of mathematical reasoning; we take the truth
of A as given and then establish logically the truth of B follows. Before
actually setting out on that path, let us define a few terms. A Theorem or
Proposition is a statement that we prove to be true. A Lemma is a theorem
we use to prove another theorem. A Corollary is a theorem whose proof is

13
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obvious from the previous theorem. A Definition is a statement that is true
by interpreting one of its terms in such a way as to make the statement true.
An Aziom or Assumption is a statement that is taken to be true without
proof. A Tautology is a statement which is true without assumptions (for
example, x = x). A Contradiction is a statement that cannot be true (for
example, A is true and A is false).

There are other important logical connectives for statements besides “="
and “&7: “A” means “and”; “V” means “or”; and “~” means “not”. The
meaning of these connectives is given by a truth table, where “T” stands for
a true statement and “F” stands for a false statement. One can consider the
truth table as an Axiom.

Table 1
A|BI~AAANB|AVB|A=B|A<B
T|T| F T T T T
T|F| F F T F F
F\T| T F T T F
F|\F| T F F T T

To read the truth table, consider row two where A is true and B is false.
Then ~ A is false since A is true, A A B is false since B is, A V B is true since
at least one statement (A) is true, A = B is false since A can’t imply B when
A is true and B isn’t. Notice that if A is false, then A = B is always true
since B can be anything.

Manipulating these connectives, we can prove some useful tautologies.
The first set of tautologies are the commutative, associative, and distributive
laws. To prove these tautologies, one can simply generate the appropriate
truth table. For example, the truth table to prove (AV (BAC) < ((AVB)A
(AvQC)) is:

A[B|[C|[BAC|AVBAC)[AVB|AVC|(AVB)A(AVC)
T|(T|[T| T T T T T
T|T[F| F T T T T
T|F|T| F T T T T
T|F|F| F T T T T
FIT|T]| T T T T T
FIT|F| F F T F F
FIF|T| F F F T F
FI|F|F| F F F F F
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Since every case in which A V (B A C) is true or false, so is (AVB)A(AVC),
the two statements are equivalent.

Theorem 1 Let A, B, and C be any statements. Then
(AVB)< (BVA) and (AAB) < (BAA) (1.1)

(AVB)VC) & (AV(BVC)) and (AAB)AC) & (AABAC) (1.2)
(AV(BAC) & ((AVB)A(AVC)) and (AA(BVC)) & (AAB)V(AAC)) (1.3)

Exercise 1.1.1 Complete the proof of Theorem 1.

The next set of results form the basis of the methods of logical reasoning
we will be pursuing in this book. The first (direct) approach (1.4) is the
syllogism, which says that “if A is true and A implies B, then B is true”. The
second (indirect) approach (1.5) is the contradiction, which says in words
that “if not A leads to a false statement of the form B and not B, then A is
true. That is, one way to prove A is to hypothesize ~ A, and show this leads
to a contradiction. Another (indirect) approach (1.6) is the contrapositive,
which says that “A implies B is the same as whenever B is false, A is false”.

Theorem 2

(ANA=DB))=08 (1.4)
(~A)= BA(~B))=A (1.5)
(A=B)< ((~B) = (~A)). (1.6)

Proof. Before proceeding, we need a few results (we could have established
these in the form of a lemma, but we're just starting here). The first result!

we need is that
(A=B) e ((~A)VB) (1.7)

and the second is
~ (~A) < A (1.8)

A|B|A=B|~AVB
T|T T T

IThe result follows from
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In the case of (1.4), (AA (A=B)) L (AA(~A)VB) & (AN (~
A))V (AADB)) = B by table 1.1.

In the case of (15), (~A) = (BA (~B))) & (Av (BA(~B) = A
by table 1.1.
(1.7) (1.8)

In the case of (1.6), (A = B) & ((~A)VB) $3 BV (~4) &

(~ (~B)V (~A) (v B) = (~A). =

Note that the contrapositive of “A = B” is not the same as the converse
of “A = B”, which is “B = A”.

Another important way to “construct” complicated statements from sim-
ple ones is by the use of quantifiers. In particular, a quantifier allows a
statement A(x) to vary across elements x in some universe U. For example,
x could be a price (whose universe is always positive) with the property that
demand equals supply. When there is an = with the property A(z), we write
(3z)A(x) to mean that for some z in U, A(z) is true.? In the context of the
previous example, this establishes there exists an equilibrium price. When
all x have the property A(z), we write (Vz)A(x) to mean that for all x, A(z)
is true.3There are obvious relations between “3” and ”V”. In particular

~ ((F2)A(2)) & (Vo) (~ A(z)) (1.9)
~ ((Vz)A(2)) & (3z) (~ A(z)). (1.10)

The second tautology is important since it illustrates the concept of a coun-
terezample. In particular, (1.10) states “If it is not true that A(z) is true
for all x, then there must exist a counterexample (that is, an z satisfying
~ A(x)), and vice versa. Counterexamples are an important tool, since
while hundreds of examples do not make a theorem, a single counterexample
kills one.

One should also note that the symmetry we experienced with “V” and
"A” in (1.1) to (1.3) may break down with quantifiers. Thus while

(Fx) (A(z) VB(2)) < (F(z)A(z) V I(z)B(x)) (1.11)
can be expressed as a tautology (i.e. “<"), it’s the case that

(Fz) (A(z) AB(x)) = (F(z)A(z) A 3(z)B(z)) (1.12)

2Thus, we let “3” denote ”for some” or ”there exists a”.
3Thus, we let “v” denote ”for all”.
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cannot be expressed that way (i.e. it is only ”="). To see why (1.12) cannot
hold as an ”if and only if” statement, suppose x is the set of countries in the
world, A(z) is the property that z is above average gross domestic product
and B(x) is the property that = is below average gross domestic product, then
there will be at least one country above the mean and at least one country
below the mean (i.e. (3(z)A(x) A I(z)B(z)) is true), but clearly there cannot
be a country that is both above and below the mean (i.e. (3z) (A(z) A B(x))
is false).

We can make increasingly complex statements by adding more variables
(e.g. the statement A(z,y) can vary across elements = and y in some universe
U ). For instance, when A(z,y) states that “y that is larger than x” where
x and y are in the universe of real numbers, the statement (Vz)(Jy)(z < y)
says “for every x there is a y that is larger than x”, while the statement
(Jy)(Vz)(z < y) says “there is a y which is larger than every 2”. Note,
however, the former statement is true, but the latter is false.

1.2 Taxonomy of Proofs

While the previous section introduced the basics of the rules of logic (how to
manipulate connectives and quantifiers to establish the truth of statements),
here we will discuss broadly the methodology of proofs you will frequently
encounter in economics. The most intuitive is the direct proof in the form of
“A = B”, discussed in (1.4). The work is to fill in the intermediate steps so
that A = A; and A; = A, and ... A,,_; = B are all tautologies.

In some cases, it may be simpler to prove a statement like A = B by
splitting B into cases. For example, if we wish to prove the uniqueness of the
least upper bound of a set A C R, we can consider two candidate least upper
bounds z; and x5 in A and split B into the cases where we assume x; is the
least upper bound implying x; < x5 and another case where we assume x5
is the least upper bound implying xos < z7. But (x; < z9) A (29 < 21) =
(x1 = x3) so that the least upper bound is unique. In other instances, one
might want to split A into cases (call them A! and A?), show A < (Al v A?)
and then show A! = A and A? = A. For example, to prove

(O§x§1)2>(ﬁ§x)
we can use the fact that

0<z<)&e(x=0Vv(0<z<1))



18 CHAPTER 1. INTRODUCTION

where the latter case allows us to consider the truth of B by dividing through
by x.

Another direct method of proof, called induction, works only for the nat-
ural numbers N ={0,1,2,3,...}. Suppose we wish to show (Vn € N)A(n) is
true. This is equivalent to proving A(0) A (Vn € N) (A(n) = A(n+1)). This
works since A(0) is true and A(0) = A(1) and A(1) = A(2) and so on. In
the next chapter, after we introduce set theory, we will show why induction
works.

As discussed before, two indirect forms of proof are the contrapositive
(1.6) and the contradiction (1.5). In the latter case, we use the fact that
~ (A=B) < (AA(~B)) and show (A A (~ B)) leads to a contradiction
(B A (~ B)). Since direct proofs seem more natural than indirect proofs, we
now give an indirect proof of the First Welfare Theorem, perhaps one of the
most important things you will learn in all of economics. It is so simple, that
it is hard to find a direct counterpart.*

Definition 3 Given a finite vector of endowments y, an allocation x is fea-
stble if for each good k,

Z Tigp < Z Yik (1.13)
where the summation is over all individuals in the economy.

Definition 4 A feasible allocation x is a Pareto efficient allocation if
there is no feasible allocation x’ such that all agents prefer x’ to x.

Definition 5 An allocation-price pair (x,p) in a competitive exchange econ-

omy is a Walrasian equilibrium if it is feasible and if =) is preferred by i
to x;, then each agent i is maximized in his budget set

> ey > ) prvik (1.14)
k k
(i.e. i’s tastes outweigh his pocketbook).

Theorem 6 (First Fundamental Theorem of Welfare Economics) If (z,p)
1s a Walrasian equilibrium, then x is Pareto efficient.

4See Debreu (1959, p.94).
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Proof. By contradiction. Suppose x is not Pareto efficient. Let 2’ be a
feasible allocation that all agents prefer to x. Then by the definition of
Walrasian equlibrium, we can sum (1.14) across all individuals to obtain

£(gne) 2 (me) o o (£0) -2 (£0)
(1

| 15)

)

Since 2’ is a feasible allocation, summing (1.13) over all goods we have
SN el <D0 pine (1.16)
koo koo
But (1.15) and (1.16) imply
SO okyin > )Y Prbiks
koo koo

which is a contradiction. m

Here B is the statement "z is Pareto Efficient”. So the proof by contra-
diction assumes ~ B, which is ”Suppose z is not Pareto Efficient”. In that
case, by definition 4, there’s a preferred allocation x’ which is feasible. But
if 2’ is preferred to z, then it must cost too much if it wasn’t chosen in the
first place (this is 1.14). But this contradicts that 2’ was feasible.

1.3 Bibliography for Chapter 1

An excellent treatment of this material is in McAffee (1986, Economics 241
handout). See also Munkres (1975, p. 7-9) and Royden (1988, p. 2-3).
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Chapter 2

Set Theory

The basic notions of set theory are those of a group of objects and the idea of
membership in that group. In what follows, we will fix a given universe (or
space) X and consider only sets (or groups) whose elements (or members)
are elements of X. We can express the notion of membership by “€ ” so that
“z € A” means “z is an element of the set A” and “ x ¢ A” means “z is not
an element of A”. Since a set is completely determined by its elements, we
usually specify its elements explicitly by saying “The set A is the set of all
elements = in X such that each x has the property A (i.e. that A(z) is true)”
and write A = {x € X : A(z)}.! This also makes it clear that we identify
sets with statements.

Example 7 Agent i's budget set, denoted B;(p,y;) = {z; € X : > prin <
> L PrVik}, is the set of all consumption goods that can be purchased with
endowments ;.

Definition 8 If each x € A is also in the set B (i.e. x € A= x € B), then
we say A is a subset of B (denoted A C B). If A C B and 3z € B such
that x ¢ A, then A is a proper subset of B. If A C B, then it is equivalent
to say that B contains A (denoted B D A).

Definition 9 A collection is a set whose elements are subsets of X. The
power set of X, denoted P(X), is the set of all possible subsets of X (it has
2#(X) elements, where #(X) denotes the number of elements (or cardinality)

In those instances where the space is understood, we sometimes abbreviate this as

A={z:A(x)}.

21
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of the set X ). A family is a set whose elements are collections of subsets of
X.

Definition 10 Two sets are equal if (A C B) A\ (B C A) (denoted A = B).

Definition 11 A set that has no elements is called empty (denoted & ).
Thus, @ ={zx:x € X : A(z) A (~ A(x))}.

The empty set serves the same role in the theory of sets as 0 serves in the
counting numbers; it is a placeholder.

Example 12 Let the universe be given by X = {a,b,c}. We could let
A = {a,b}, B = {c} be subsets of X, C = {A,B},D = {0},P(X) =
{0,{a},{b},{c},{a, b}, {a,c},{b,c}, X} be collections, and F = {C} be a
family.

The next result provides the first example of the relation between set
theory and logical rules we developed in Chapter 1. In particular, it relates
"C” and "=" as well as "=" and "<

Theorem 13 Let A= {x € X : A(x)} and B = {z € X : B(z)}.Then (a)
ACB & (Ve X)(A(r) = B(z)) and (b)) A = B < (Vo € X)(A(z) &
B(z)).

Proof. Just use definition (8) in (a) AC B re A=x€ Bs Ar) =
B(z) and definition (10) in (b) A =B < (A C B)A(B C A) & (Vz €
X)(A(z) ©B(z)). =

The following are some of the most important sets we will encounter in
this book:

e N ={1,2,3,...},the natural or “counting” numbers.

o Z ={..,—-2,—-1,0,1,2, ...}, the integers. Z, = {0,1,2,...},the non-
negative integers.

e Q={%:m,n € Z, n # 0}, the rational numbers.

e Chapter 3 will discuss the real numbers, which we denote R. This set
just adds what are called irrational numbers to the above rationals.
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The are several important results you will see at the end of this chapter.
The first establishes that there are fundamentally different sizes of infinite
sets. While some infinite sets can be counted, others are uncountable. These
results are summarized in Theorem 71 and Theorem 80. The second re-
sult establishes that there always exists a smallest collection of subsets of a
given set where all results of set operations (like complements, union, and
intersection) remain in the collection (Theorem 87).

2.1 Set Operations

The following operations help us construct new sets from old ones. The first

three play the same role for sets as the connectives , , and ”V” played
for statements.

Definition 14 If A C X, we define the complement of A (relative to
X ) (denoted A°) to be the set of all elements of X that do not belong to A.
That is, A°={r e X :x ¢ A}.

Definition 15 If A, B C X, we define their intersection (denoted AN B)
to be the set of all elements that belong to both A and B. That is, AN B =
{reX:xe ANz € B}.

Definition 16 If A, B C X and AN B = &,then we say A and B are
disjoint.

Definition 17 If A, B C X, we define their union (denoted AU B) to be
the set of all elements that belong to A or B or both (i.e. or is inclusive).
That is, AUB={xe X:x € AVx e B}.

Definition 18 If A, B C X, we define their difference (or relative com-
plement of A in B) (denoted A\B) to be the set of all elements of A that
do not belong to B. That is, A\B={x€ X :x € AN x¢ B}.

Each of these definitions can be visualized in Figure 2.1.1 through the
use of Venn Diagrams. These definitions can easily be extended to arbitrary
collections of sets. Let A be an index set (e.g. A = N or a finite subset of N)
and let A;, i € A be subsets of X. Then U;epA; = {z € X : (Fi)(z € A;)}.
Indexed families of sets will be defined formally after we develop the notion
of a function in Section 5.2.
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2.1.1 Algebraic properties of set operations

The following commutative, associative, and distributive properties of sets
are natural extensions of Theorem 1 and easily seen in Figure 2.1.2.

Theorem 19 Let A, B, C be any sets. Then (i) (C) AN B = BN A,
AUB = BUA;(ii) (A) (ANB)NC = AN(BNC), (AuB)UC = AU(BUC);
and (ii1) (D) AN(BUC) = (ANB)U(ANC), AU(BNC) = (AUB)N(AUC).

Exercise 2.1.1 Prove Theorem 19.This amounts to applying the logical con-
nectives and above definitions. Besides using Venn Diagrams, we can just use
the definition of N and U. For example,to show ANB = BN A, it is sufficient

tonotex € ANB& (€ A)A(z€B)& (1€ B) A (z € A) &z e BNA.

The following properties are used extensively in probability theory and
are easily seen in Figure 2.1.3.

Theorem 20 (DeMorgan’s Laws) If A, B, C' are any sets, then (a) A\(BU
C) = (A\B) N (A\C), and (b) A\(BNC) = (A\B)U (A\C).

Proof. (a) 2 parts.

(i,=) Suppose x € A\(BUC). Then x € Aand x ¢ (BUC). Thusz € A
and (z ¢ B and « ¢ C). This implies x € A\B and z € A\C. But this is
just x € (A\B) N (A\C).

(ii,<=) Suppose = € (A\B) N (A\C). Then = € (A\B) and =z € (A\C).
Thus z € Aand (x ¢ B or x ¢ C). This implies z € A and =z ¢ (BUC).
But this is just z € A\(BUC). m

Exercise 2.1.2 Finish the proof of Theorem 20.

2.2 Cartesian Products

There is another way to construct new sets out of given ones; it involves the
notion of an “ordered pair” of objects. That is, in the set {a,b} there is no
preference given to a over bii.e. {a,b} = {b,a} so that it is an unordered
pair. We can also consider ordered pairs (a, b) where we distinguish between
the first and second elements.?

2Don’t confuse this notation with the interval consisting of all real numbers such that
a<z<b.
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Definition 21 If A and B are nonempty sets, then the cartesian product
(denoted A x B) is just the set of all ordered pairs {(a,b) :a € A andb € B}.

Example 22 A = {1,2,3}, B = {4,5}, A x B = {(1,4),(1,5), (2,4), (2,5),
(3,4),(3,5)}.

Example 23 A=[0,1)U[2,3], B=[1,2]U[3,4], A x B in Figure 2.2.1

This set operation also generalizes to finite and infinite index sets.

2.3 Relations

To be able to compare elements of a set, we need to define how they are
related. The general concept of a relation underlies all that will follow. For
instance, just comparing the real numbers 1 and 2 requires such a definition.
Furthermore, a correspondence or function is just a special case of a relation.
In what follows, our definitions of relations, correspondences, and functions
are meant to emphasize that they are simply special kinds of sets.

Definition 24 Given two sets A and B, a binary relation between mem-
bers of A and members of B is a subset R C A x B. We use the notation
(a,b) € R to denote the relation R on A X B and read it “a is in the relation
R tob”. If A= B we say that R is the relation on the set A.

Example 25 Let A = { Austin, Des Moines, Harrisburg} and B = {Texas,
Towa, Pennsylvania}. Then the relation R = {(Austin, Texas), (Des Moines, [owa),
(Harrisburg, Pennsylvania)} expresses “is the state capital of”.

In general, we can consider n-nary relations between members of sets
Ay, Ay, ..., A, which is just the subset R C A; x Ay X ... x A,,.

A relation is characterized by a certain set of properties that it possesses.
We next consider important types of relations that differ in their symmetry
properties.

2.3.1 Equivalence relations

Definition 26 An equivalence relation on a set A is a relation ¢ ~' hav-
ing the following three properties: (i) Reflexivity, x ~ x, Vx € A; (ii) Sym-
metry, if © ~ y, then y ~ x, Yo,y € A;and (iii) Transitivity, if x ~ y and
yn~z, then v ~ z, Vx,y,z € A.
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Example 27 Fquality is an equivalence relation on R.

Example 28 Define the congruence modulo 4 relation ‘M’ onZ byVz,y €
Z,, xMy if remainders obtained by dividing x and y by 4 are equal. For ex-

ample, 13M65 because dividing 13 and 65 by 4 give the same remainder of
1.

Exercise 2.3.1 Show that congruence modulo 4 is an equivalence relation.

Definition 29 Given an equivalence relation ~ on a set A and an element
x € A, we define a certain subset E of A called the equivalence class de-
termined by x by the equation E = {y € A : y x}. Note that the equivalence
class determined by x contains x since x”x.

Example 30 The equivalence classes of 7 for the relation congruence mod-
ulo 4 are determined by x € {0,1,2,3} where E, ={z € Z: z =4k +x,k € Z}
(i.e. x is the remainder when z is divided by 4).

Equivalence classes have the following property.
Theorem 31 Two equivalence classes E and E' are either disjoint or equal.

Proof. Let E={yc A:y 2z} and E' = {y € A: y 2'}. Consider ENE". It
can be either empty (in which case E and E’ are disjoint) or nonempty. Let
z € ENE'. We show that £ = E’. Let w € E. Then w™z. Since z € ENE’,
we know 2z x and 272’ so that by transitivity " z’. Also by transitivity w™z’
so that w € E’. Thus £ C E. Symmetry allows us to conclude that £’ C E
as well. Hence £ = FE'. m

Given an equivalence relation on A, let us denote by £ the collection of
all equivalence classes. Theorem 31 shows that distinct elements of £ are
disjoint. On the other hand, the union of all the elements of £ equals all of
A because every element of A belongs to an equivalence class. In this case
we say that £ is a partition of A.

Definition 32 A partition of a set A is a collection of disjoint subsets of
A whose union is all of A.

Example 33 [t is clear that the equivalence classes of Z in Example (30) is a
partition since, for instance, Fy = {...,—8,—4,0,4,8,..}, By = {..., =5,—1,1,5, ...},
Ey ={.,-6,-2,26,...}, B3 = {...,=7,-3,3,7,...} are disjoint and their
union 1s all of Z. Another simple example is a coin toss experiment where the

sample space S = {Heads, Tails} has mutually exclusive events (i.e.HeadsN
Tails = &).
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2.3.2 Order relations

A relation that is reflexive and transitive but not symmetric is said to be an
order relation. If we consider special types of non symmetry, we have special
types of order relations.

Definition 34 A relation ‘R’ on A is said to be a partial ordering of
a set A if it has the following properties: (i) Reflexivity, xRx, Vx € A; (ii)
Antisymmetry, if t Ry and yRx, then x = y,Vx,y € A; and (iii) Transitivity,
if tRy and yRz, then xRz, Vx,y,z € A. We call (R, A) a partially ordered
set.

Example 35 ‘<’is a partial ordering on R and ‘C’is a partial ordering on
P(A). 1t is clear that < is not symmetric on R; just take x = 1 and y = 2.
It is also clear that C is not symmetric on P(A); if A = {a,b}, then while
{a} C A it is not the case that A C {a}. Finally, ‘3" on R x R given by
(1, 22) 3' (y1,92) if v1 < y1 and o < yo is a partial ordering since it is
clear that 3! is not symmetric on R x R because < is not symmetric even
on R.

Definition 36 A partially ordered relation 'R’ on A is said to be a total (or
linear) ordering of A if (i) Completeness, for any two elements xz,y € A
we have either Ry or yRx.We call (R, A) a totally ordered set. A chain
i a partially ordered set is a subset on which the order is total.

Thus, a total ordering means that any two elements x and y in A can
be compared, unlike a partial ordering where there are elements that are
noncomparable.

Exercise 2.3.2 Show that if A C B and B is totally ordered, then A is
totally ordered.

We write © < y if x <y and x # y, and call "<’ a strict partial or strict
total ordering.

Example 37 “<’is a strict total ordering on R while '<’ is a total ordering
on R, both of which follow by the completeness axiom of real numbers. ‘C’ is
not a total ordering on P(A) since if A = {a,b}, there is no inclusion relation
between the sets {a} and {b}. ‘ ZVon R x R given in Ezample 35 is not a
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total ordering because we can’t compare elements where x1 <y, and x9 > ys.
However, a line passing through the origin having positive slope is a chain.
On the other hand, the relation ‘3%’ on R x R given by (x1,72) 32 (y1,92) if
1 <y orifxr =y and o < vy 15 a total ordering.® This is also known as
a lexicographic ordering since the first element of the totally ordered set has
the highest priority in determining the ordering just as the first letter of a
word does in the ordering of a dictionary. We compare ‘ 317 to ‘3% in Figure
2.3.1 for the following four elements x = (%,%), Yy = (%, %), z = (i,%) n
R x R. There are 3 pairwise comparisons for each relation. First consider
3. We have z 2y, v 3 2 but y and z are not comparable under 3!,
which is why we call it a partial ordering. Next consider ‘ 32’ where each
pair is comparable (i.e. we have v 32 z, x 3%y, and z 3% y) which is why
we call it a total ordering. Notice that by transitivity they can be ranked (all
can be placed in the dictionary).

There are other types of order relations.

Definition 38 A weak order relation assumes: (i) transitivity; (ii) com-
pleteness; and (iii) non symmetry (just the negation of symmetry defined in

26. 4
Weak order relations form the basis for consumer choice.

Example 39 Preference relations: We can represent consumer preferences
by the binary relation 7 defined on a non-empty, closed, convex consumption
set X. If (z',2?) €7 or x' = 2% we say “consumption bundle x' is at least
as good as x®”. We embody rationality or consistency by completeness and
transitivity.®

Exercise 2.3.3 Why aren’t preference relations just total orderings? Why
are they weak orderings? Show why indifference is an equivalence relation.

Because elements of a partially ordered set are not necessarily comparable,
it may be the case that a maximum and/or minimum of a two element set
doesn’t even exist. We turn to this next.

3Don’t be confused that we have left out a case (i.e. a1 > 1) by considering only
x1 <y orif x1 = y; and xo < yo. For instance, if the two elements we are considering
are (2,3) and (1,7), simply take x = (1,7) and y = (2,3). The point is that any two real
numbers can be compared using '<’.

4Reflexivity is implied by completeness.

SExperiments show that transitivity is often violated.
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Definition 40 Let = be a partial ordering of X. An upper bound for a set
A C X is an element u € X satisfying x =S u, Yo € A. The supremum
of a set is its least upper bound and when the set contains its supremum we
call it a maximum. A lower bound for a set A C X is an element | € X
satisfying | 3 x, Vo € A. The infimum of a set is its greatest lower bound
and when the set contains its infimum we call it a minimum.

Definition 41 A set S is bounded abowve if it has an upper bound; bounded
below if it has a lower bound; bounded if it has an upper and lower bound;
unbounded if it lacks either an upper or a lower bound.

We define the operators x V y to denote the supremum and = A y the
infimum of the two point set {z,y}.° If X is a total order, then z and y
are comparable, so that one must be bigger or smaller than the other in
which case x V y = max{z,y} and z A y = min{z,y}. However, if X is a
partial order, then x and y may not be comparable but we can still find their
supremum and infimum.

Definition 42 A lattice is a partially ordered set in which every pair of
elements has a supremum and an infimum.

Exercise 2.3.4 Show that: (i) every finite set in a lattice has a supremum
and an infimum; and (i) if a lattice is totally ordered, then every pair of
elements has a minimum and a mazimum. Hint: (i) sup{zy,zq, x3} =

sup{sup{z1, r2}, r3}.
Exercise 2.3.5 Show that a totally ordered set L is always a lattice.

Next we give examples of partially oredered sets that are not totally
ordered yet have a lattice structure. For any set X, an example is P(X) with
C is a lattice where if A, B € P(X), then AVB = AUB and AAB = ANB..

Example 43 Let X = {a,b},s0 that P(X) = {@,{a},{b},{a,b}}. Then,
for instance, {a} vV {b} = {a,b}, {a} A {b} = @, {a} A {a,b} = {a}, and
{a} Vv @ ={a}.

6Here’s another place where we don’t have enough good symbols to go around. Don’t
confuse ‘V’ and ’A’ here with the logical connectives in Chapter 1.
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Example 44 R x R is a lattice with the ordering <'’. The infimum and
supremum of any two points z,y are given by xVy = (max{z1,y; }, max{za, y2})
and x Ay = (min{zy,y1 }, min{zs, y2}). See Figure 2.3.2 where we consider
the noncomparable elements v = (1,0) and y = (0,1).

Example 45 The next example shows that not every partially ordered set is
a lattice. We show this by resorting to the following subset X = {(x1,22) €
R : 2?2 + 22 < 1}. For Ston X, sup{(0,1),(1,0)} does not exist. See Figure

While the next result is stated as a lemma, we will take it as an axiom.”
It will prove useful in separation theorems which are used extensively in
economics.

Lemma 46 (Zorn) If A is a partially ordered set such that each totally or-
dered subset (a chain) has an upper bound in A, then A has a mazimal
element.

Example 47 (1,1) is the mazimal element of ‘3'7 on A =[0,1]x[0,1]. The
upper bounds of each chain in A are given by the intersection of the lines
(chains) with the x =1 ory =1 axes. See Figure 2.5.4.

ADD WELL ORDERING???

2.4 Correspondences and Functions

In your first economics classes you probably saw downward sloping demand
and upward sloping supply functions, and perhaps even correspondences (e.g.
backward bending labor supply curves). Given that we have already intro-
duced the idea of a relation, here we will define correspondences and functions
simply as a relation which has certain properties.

Definition 48 Let A and B be any two sets. A correspondence G, de-
noted G : A —— B, is a relation between A and P(B) (i.e. G C AxP(B)).
That is, G is a rule that assigns a subset G(a) C B to each element a € A.

Tt is can be shown to be equivalent to the Axiom of choice.
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Definition 49 Let A and B be any two sets. A function (or mapping)
f, denoted f : A — B, is a relation between A and B (i.e. f C AX B)
satisfying the following property: if (a,b) € f and (a,b') € f, then b = b'.
That is, [ is a rule that assigns a unique element f(a) € B to each a € A.
A is called the domain of f,sometimes denoted D(f). The range of f,
denoted R(f), is {b € B : 3a € A such that (a,b) € f}. The graph of f is
G(f) ={(a,b)ef :Va € A}.

Thus, a function can be thought of as a single valued correspondence. A
function is defined if the following is given: (i) The domain D(f). (ii) An
assignment rule a — f(a) = b, a € D(f). Then R(f) is determined by
these two. See Figure 2.4.1a for a function and 2.4.1b for a correspondence,
as well as Figure 2.4.2a and Figure 2.4.2b for another interpretation which
emphasizes “mapping”.

Example 50 A sequence is a function f: N — B for some set B.

Definition 51 Let f be an arbitrary function with domain A and R(f) C B.
If E C Ajthen the (direct) image of E under f, denoted f(F), is the subset
{f(a)la e END(f)} C R(f). See Figure 2.4.3a.

Theorem 52 Let [ be a function with domain A and R(f) C B and let
E,FCA. (a)If ECF, then f(E) C f(F). (b) f(ENF)C f(E)n f(F),
(c) (EUF) = f(E)U f(F), (d) f(E\F) C f(E).

Proof. (a) If a € Ethen a € F so f(a) € f(F). But this is true Va € E,
hence f(E) C f(F). =
Exercise 2.4.1 Finish the proof of Theorem 52.

Definition 53 If H C B, then the tnverse image of H under f, denoted
f7Y(H), is the subset {a|f(a) € H} C D(f). See Figure 2.4.3b.

It is important to note that the inverse image is different from the inverse
function (to be discussed shortly). The inverse function need not exist when
the inverse image does. See Example 65.

Theorem 54 Let G,H C B. (a) If G C H,, then f~Y(G) C f~(H). (b)
UGN H) = f7UG)n [7U(H), (¢) (GUH) = [7YG)U [T(H), (d)
fTHG\H) = fTHG\TH(H).
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Proof. (a) If a € f71(G), then f(a) e GC Hsoa€ f'(H). m
Exercise 2.4.2 Finish the proof of Theorem 54.

Exercise 2.4.3 Let f: A — B be a function. Prove that the inverse images
f*{a}) and f~1({d'}) are disjoint. FIX

2.4.1 Restrictions and extensions

Example 55 Let A = R\{0} and f(a) = +. Then R(f) = R\{0}. See
Figure 2.4.4a

To deal with the above “hole” in the domain of f in Example 55, we can
employ the idea of restricting or extending the function to a given set.

Definition 56 Let A C D(f). The restriction of f to the set A, which
we will denote f|.A, is given by {(a,b) € f : a € A}. Let A D D(f).
The extension of f on the set A, which we will denote f|.A, is given by

em= {56 1< )

Example 57 See Figure 2.4.4b for a restriction of% to A =R, and Figure
1

2.4.4c for an extension of X on A =R is {b = { g Zig } :

Note that extensions are not generally unique.

2.4.2 Composition of functions

Definition 58 Let f : A — B and g : B — C. Let R(f) C B'. The
composition g o f is the function from A to C' given by go f = {(a,c) €
AxC:3be R(f) C B 3 (a,b) € f and (b,c) € g}.8 See Figure 2.4.5.

Note that order matters, as the next example shows.

Example 59 Let A C R, f(a) = 2a, and g(a) = 3a®> — 1. Then go f =
3(2a)? — 1 = 12a® — 1 while f o g=2(3a®>—1) = 6a® — 2.

8 Alternatively, we create a new function h(a) = g(f(a)).
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2.4.3 Injections and inverses

Definition 60 f : A — B is one-to-one or an injection if whenever
(a,b) € f and (d',b) € f for a,a’ € D(f), then a = a'.*

Definition 61 Let f be an injection. If g = {(b,a) € B x A : (a,b) € f},
then g is an injection with D(g) = R(f) and R(g) = D(f). The function g
is called the inverse to f and denoted f~*. See Figure 2.4.6.

2.4.4 Surjections and bijections

Definition 62 If R(f) = B, f maps A onto B (in this case, we call f a
surjection). See Figure 2.4.7

Definition 63 f: A — B is a bijection if it is one-to-one and onto (or an
injection and a surjection).

Example 64 Let E=[0,1] CA=R, H=[0,1] C B=R, and f(a) = 2a.
See Figure 2.4.8. R(f) = R so that f is a surjection, the image set is
f(E) = [0,2],the inverse image set is f~1(H) = [0,3], f is an injection and
has inverse f~1(b) = %b, and as a consequence of being one-to-one and onto,
is a bijection. Notice that if F = [—1,0], then f(F) N f(E) = {0} and
f(ENFE) = f(0) ={0},s0 that in the special case of injections statement (b)
of Theorem 52 holds with equality.

Example 65 Let E=[0,1]C A=R, H=[0,1 C B=R, and f(a) = a*.
See Figure 2.4.9. R(f) =R, so that f is not a surjection, the image set is
f(E) = [0,1],the inverse image set is f~(H) = [—1,1], f is not an injection
(since, for instance, f(—1) = f(1) = 1), and is obviously not a bijection.
However, the restriction of f to Ry or R_ (in particular, let f1 = f|,.R; and
f- = fl,R_) is an injection and f7'(b) = Vb while f=*(b) = —/b. Finally,
notice that if F' = [—1,0], then f(F) N f(E) = [0,1] but that f(ENF) =
f(0) = 0,which is why we cannot generally prove equality in statement (b) of
Theorem 52.

The next theorem shows that composition preserves surjection. It is useful
to prove that statements about infinite sets.

9 Alternatively, we can say f is one-to-one if f(a) = f(a’) only when a = a’.
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Theorem 66 Let f: A— B and g: B — C be surjections. Their composi-
tion g o f is a surjection.

Exercise 2.4.4 Prove Theorem 66. Answer: We must show that for go f :
A — C given by (go f)(a) = g(f(a)),it is the case that Vc € C, there ezists
a € A such that (go f) (a) = c. To see this, let c € C. Since g is a surjection,
b € B such that g(b) = c. Similarly, since f is a surjection, Ja € A such

that f(a) =b. Then (go f)(a) = g(f(a)) = g(b) = c.

2.5 Finite and Infinite Sets

The purpose of this section is to compare sizes of sets with respect to the
number of elements they contain. Take two sets A = {1,2,3} and B =
{a,b,c,d}. The number of elements of the set A (also called the cardinality
of A, denoted card(A)) is three and of the set B is four. In this case we say
that the set B is bigger than the set A.

It is hard, however, to apply this same concept in comparing, for instance,
the set of all natural numbers N with the set of all integers Z. Both are
infinite. Is the "infinity” that represents card(N) smaller than the ”infinity”
that represents card(Z)? One might think the statement was true because
there are integers that are not real numbers (e.g. —1,—2,—3,...). We will
show however that this statement is false, but first we have to introduce a
different concept of the size of a set known as countability and uncountablity.
To illustrate it, one of the authors placed a set of 3 coins in front of his 3
year old daughter and asked her “Is that collection of coins countable?”. She
proceeded to pick up the first coin with her right hand, put it in her left
hand, and said ‘1’ pick up the second coin, put it in her left hand, and said
‘2’ and pick up the final coin, put it in her left hand, and said ‘3’. Thus, she
put the set of coins into a one-to-one assignment with the first three natural
numbers. We will now make use of one-to-one assignments between elements
of two sets.

Definition 67 Two sets A and B are equivalent if there is a bijection
f:A— B.

Definition 68 An initial segment (or section) of N is the set ©, = {i €
N:i<n}.
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Definition 69 A set A is finite if it is empty or there exists a bijection
f:A— o6, for somen € N. In the former case A has zero elements and in
the latter case A has n elements.

Lemma 70 Let B be a proper subset of a finite set A. There does not exist
a bijection f : A — B.

Proof. (Sketch) Since A is finite, 3f : A — ©,,. If B is a proper subset of A,
then it contains m < n elements. But there cannot be a bijection between n
and m elements. m

Exercise 2.5.1 Prove lemma 70 more formally. See lemma 6.1 in Munkres.

Lemma 70 says that a proper subset of a finite set cannot be equivalent
with the whole set. This is quite clear. But is it true for any set? Let’s
consider N = {1,2,3,4,...} and a proper subset N\{1} = {2,3,4,...}. We
can construct a one-to-one assignment from N onto N\{1} (i.e. 1 — 2,
2 — 3,...). Thus, in this case, it is possible for a set to be equivalent with its
proper subset. Given Lemma 70, we must conclude the following.

Theorem 71 N is not finite.

Proof. By contradiction. Suppose N is finite. Then .f : N — N\{1} defined
by f(n) = n + 1 is a bijection of N with a proper subset of itself. This
contradicts Lemma 70. m

Definition 72 A set A is infinite if it is not finite. It is countably infi-
nite if there exists a bijection f: N — A.

Thus, N is countably infinite since f can be taken to be the identity
function (which is a bijection).

Definition 73 A set is countable if it is finite or countably infinite. A set
that is not countable is uncountable.

Next we examine whether the set of integers, Z, is countable. That is,
are N and Z equivalent? This isn’t apparent since N = {1,2,...} has one
end of the set that goes to infinity, while Z = {..., =2, —1,0,1,2, ...} has two
ends of the set that go to infinity. But it is possible to reorganize Z in a
way that looks like N since we can simply construct Z = {0,1,—1,2, -2, ...}.
One can think of this set as being constructed from two rows {0,1,2,...}
and {—1,—2,...} by alternating between the first and second rows. This is
formalized in the next example.
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Example 74 The set of integers, Z, is countably infinite. The function
f:7Z — N defined by

B 2z if 2> 0
f(z)_{ 2241 if2<0

15 a bijection.
Exercise 2.5.2 Prove that a finite union of countable sets is countable.

Next we examine whether N X N ~ N. As in the preceding example where
we had two rows, we can think about enumerating the set N x N in Figure
2.5.1. As in the preceding example, each row has infinitely many elements
but now there are an infinite number of rows. Yet all of the elements of
this ”infinite matrix” can be enumerated if we start from (1,1) and then
continue by following the arrows. This enumeration provides us with the
desired bijection as shown next.

Example 75 The cartesian product N X N is countably infinite. First, let
the bijection g : N x N —A, where A C N x N consists of pairs (z,y) for
which y < z, be given by g(z,y) = (r +y — 1,y). Next construct a bijection
h:A— N given by h(z,y) = 1(x — 1)z +y. Then the composition f = hog
15 the desired bijection.

We can actually weaken the condition for proving countability of a given
set A. The next theorem accomplishes this.

Theorem 76 Let A be a non-empty set. The following statements are equiv-
alent: (i) There is a surjection f: N —A. (ii) There is an injection g : A —
N. (iii) A is countable.

Proof. (Sketch) (i)=(ii). Given f, define g : A — N by g(a) =smallest
element of f~!({a}). Since f is a surjection, the inverse image f~!({a}) is
non-empty so that g is well defined. ¢ is an injection since if a # a/, the sets
f*{a}) and f~1({a’}) are disjoint (recall Exercise 2.4.3), so their smallest
elements are distinct proving ¢ : A — N is an injection.

(ii)=-(iii). Since g : A — R(g) is a surjection by definition, g : A — R(g)
is a bijection. Since R(g) C N, A must be countable.

(iii)=-(i). By definition. m
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Exercise 2.5.3 Finish parts (ii)=>(iii) and (iii)= (i) of the proof of Theorem
76. See Munkres 7.1 (USES WELL ORDERING).

Example 77 The set of positive rationals, Q. , is countably infinite. Define
a surjection g : NxN — Q. by g(n,m) = 2. Since N x N is countable
(Example 75), there is a surjection h : N — N x N. Then f = goh : N — Q4

is a surjection (Theorem 66) so by Theorem 76, Q. is countable.

The intuition for the preceding example follows simply from Figure 2.5.1
if you replace the ”,” with ”/”. That is, replace (1,1) with the rational 1,
(1,2) with the rational 1, (3,2) with the rational 2, etc.

Theorem 78 A countable union of countable sets is countable.

Proof. Let {A;,i € A} be an indexed family of countable sets where A is
countable. Because each A; is countable, for each i we can choose a surjection
fi + N—A;. Similarly, we can choose a surjection g : N — #. Define h :
N x N — Ujep 4; by h(n,m) = fym)(m), which is a surjection. Since N x N
is in bijective correspondence with N (recall Example 75), the countability
of the union follows from Theorem 76. m

The next theorem provides an alternative proof of example 75.

Theorem 79 A finite product of countable sets is countable.

Proof. Let A and B be two non-empty, countable sets. Choose surjective
functions g : N — A and h : N — B. Then the function f : Nx N —-A x B
defined by f(n,m) = (g(n), h(m)) is surjective. By Theorem 76, A x B is
countable. Proceed by induction for any finite product. m

While it’s tempting to think that this result could be extended to show
that a countable product of countable sets is countable, the next Theorem
shows this is false. Furthermore, it gives us our first example of an uncount-
able set.

Theorem 80 Let X = {0,1}. The set of all functions x : N —X, denoted
X%, is uncountable.*

10An alternative statement of the theorem is that the set of all infinite sequences of X
is uncountable.
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Proof. We show that any function ¢ : N —X“ is not a surjection. Let
g(n) = (n1, Tn2, .., Tpm, ...) where each z;; is either 0 or 1. Define a point

y = <y17y27 weoy Yny ) Of X by lettlng

(0 ifa, =1
Im=N11 ifa,=0"

Now y € X“ and y is not in the image of ¢g. That is, given n, g(n) and y
differ in at least one coordinate, namely the n!”. Thus g is not a surjection.
|

The diagonal argument used above (See Figure 2.5.2) will be useful to
establish the uncountability of the reals, which we save until Chapter 3.

Exercise 2.5.4 Consider the following game known as “matching pennies”.
You (A) and I (B) each hold a penny. We simultaneously reveal either
“heads” (H) or “tails” (T') to each other. If both faces match (i.e. both
heads or both tails) you receive a penny, otherwise I get the penny. The ac-
tion sets for each player are Sy = Sp = {H,T}. Now suppose we decide
to play this game every day for the indefinite (infinite) future (we’re opti-
mistic about medical technology). Before you begin, you should think of all
the different combinations of actions you may employ in the infinitely re-
peated game. For instance, you may alternate H and T starting with H in
the first round. Prove that although the number of actions you play in the
infinitely repeated game is countable and the set of actions Sy4 s finite, the
set of possible combinations of actions (Sa X Sy X ...) is uncountable.

2.6 Algebras of Sets

An algebra is just a collection of sets (which could be infinite) that is closed
under (finite) union and complementation. It is used extensively in proba-
bility and measure theory.

Definition 81 A collection A of subsets of X is called an algebra of sets
if (i)Ae Aif Ae Aand (ii)) AUBe A if A,B € A.

Note that (), X € A since, for instance, A € A = A° € A by (i) and then
AUA® = X € Aby (ii). It also follows from De Morgan’s laws that (iii)
ANB e Aif A, B € A. The definition extends to larger collections (just take
unions two at a time).
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Theorem 82 Given any collection C of subsets of X, there is a smallest
algebra A which contains C.

Proof. (Sketch) It is sufficient to show there is an algebra A containing
C such that if B is any algebra containing C, then B D A. Let F be the
family of all algebras that contain C (which is nonempty since P(X) € F).
Let A=n{B: B € F}. Then C is a subcollection of A since each B in F
contains C. All that remains to be shown is that A is an algebra (i.e. if A
and B are in A, then AU B and A¢ are in N{B : B € F}). It follows from
the definition of A that B D A. See Figure 2.6.1 m

Exercise 2.6.1 Finish the proof of Theorem 82 .If A and B are in A, then
for each B € F, we have A € B and B € B. Since B is an algebra, AU B
€ B. Since this is true for every B € F, we have AU B € N{B|B € F}.
Similarly, if A € A, then A° € A.

We say that the smallest algebra containing C is called the algebra gen-
erated by C. By construction, the smallest algebra is unique. Notice the
proof makes clear that the intersection of any collection of algebras is itself
an algebra.

Example 83 Let X = {a,b,c}. The following three collections are algebras:
C, ={0,X},Cy = {0,{a},{b,c}, X},C3 = P(X). The following two collec-
tions are not algebras: Cqy = {0,{a}, X} since, for instance, {a}¢ = {b,c} ¢
Cy and Cs = {0,{a},{b},{b,c}, X} since {b}¢ = {a,c} ¢ Cs5. However, the
smallest algebra which contains Cy is just Co. To see this, we can apply the
argument in Theorem 82. Let F = {Cy, P(X)} be the family of all algebras
that contain Cy. But A =CyNP(X) = Cs.

Exercise 2.6.2 Let X = N. Show that the collection A = {A; : A; is finite
or N\ A4; is finite} is an algebra on N and that it is a proper subset of P(N).

The next theorem proves that it is always possible to construct a new
collection of disjoint sets from an existing algebra with the property that its
union is equivalent to the union of subsets in the existing algebra. This will
become very useful when we begin to think about probability measures.

Theorem 84 Let A be an algebra comprised of subsets {A; : i € A}.*t Then
there is a collection of subsets {B; : i € A} in A such that B, N B,, =0 for
n 7£ m and UiGABi = UiGAAi-

"' Note that the index set A can be countably or even uncountably infinite.
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Proof. (Sketch)The theorem is trivial when the collection is finite (see Ex-
ample 85 below). When the collection is indexed on N, we let B; = A; and
for each n € N\{1} define

Bn - An\ [A1UA2UUAn,1]
= A, NASNASN..NAS .

Since the complements and intersections of sets in A are in A, B, € A and
by construction B,, C A,. The remainder of the proof amounts to showing
that the above constructed sets are disjoint and yield the same union as the
algebra. m

Exercise 2.6.3 Finish the proof of Theorem 84 above. See Royden Prop2 p.
17.

Note that Theorem 84 does not say that the new collection {B; : i € A}
is necessarily itself an algebra. The next example shows this.

Example 85 Let X = {a,b,c} and algebra A = P(X) with Ay = {a},
A2 = {b}, Ag = {C}, A4 = {a,b}, A5 = {a,c}, A6 = {b, C}, A7 = @, Ag =X.
Let By = A;. By construction By = A\A; = {b}, By = A3\{4; U Ay} =
{c}, B, = A,\{A1UAU..UA, 1} =0 forn > 4. Note that the new
collection {{a},{b},{c}} is not itself an algebra, since it’s not closed under

complementation and that if we chose a different sequence of A; we could
obtain a different collection {B; : i € A}.

In the next chapter, we will learn an important result: any (open) set
of real numbers can be represented as a countable union of disjoint open
intervals. Hence we cannot guarantee that the set is in an algebra, which
is closed only under finite union, even if all the sets belong to the algebra.
Thus we extend the notion of an algebra to countable collections that are
closed under complementation and countable union.

Definition 86 A collection X of subsets of X is called a c—algebra of sets
if (i) A°(= X\A) e X if A€ X and (ii) UpenA, € X if each A, € X.

As in the case of algebras, §, X € X and N°° A, = (U=, AS) € X
which means that a o-algebra is closed under countable intersections as well.

Furthermore, we can always construct the unique smallest o-algebra con-
taining a given collection X' (called the o-algebra generated by X') by forming
the intersection of all the o-algebras containing X'). This result is an exten-
sion of Theorem 82.
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Theorem 87 Given any collection X of subsets of X, there is a smallest
o-algebra that contains X .

Exercise 2.6.4 Prove Theorem 87.

Exercise 2.6.5 Let C , D be collections of subsets of X. (i) Show that
the smallest algebra generated by C is contained in the smallest o-algebra
generated by C. (i1) If C C D , show the smallest o-algebra generated by C is
contained in the smallest o-algebra generated by D.
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2.8 End of Chapter Problems.

1. Let f : A — B be a function. Prove the following statements are
equivalent.

e (i) f is one-to-one on A.
(ii) f(CN D)= f(C)n f(D) for all subsets C' and D of A.
(iii) f[f(C)] = C for every subset C of A.

e (iv) For all disjoint subsets C' and D of A, the images f(C') and
f(D) are disjoint.
(

(
v) For all subsets C' and D of A with D C C,we have f(C\D) =
JONF(D).

2. Prove that a finite union of countable sets is a countable set.



Chapter 3

The Space of Real Numbers

In this chapter we introduce the most common set that economists will en-
counter. The real numbers can be thought of as being built up using the
set operations and order relations that we introduced in the preceding chap-
ter. In particular we can start with the most elementary set N (the counting
numbers we all learned in pre-kindergarten) upon which certain operations
like '+’ and ’-” are defined. The naturals are closed (i.e. for any two counting
numbers, say n; and ny the operation ny + ny is contained in N). However,
N is not closed with respect to certain other operations like =’ since for
example 2 — 4 ¢ N. To handle that example we need the integers Z, which
is closed under '+, ’-’, and '’ (i.e. 2 — 4 € Z). However, Z can’t handle
operations like dividing 2 pies between 3 people (i.e. 2 ¢ Z). To handle that
example we need the rationals Q, which is closed under '+’,’—’, ’-’, and '=+’.
(i.e. 2 € Q). But the rationals can’t handle something as simple as finding
the length of the diagonal of a unit square. That is, v/2 ¢ Q. To extend Q
to include such cases, besides the operations '+’,’—’, ’-’, and ’+’, we could
use Dedekind cuts which makes use the order relation ’<’. A Dedekind cut
in Q is an ordered pair (D, E) of nonempty subsets of Q with the properties
DNE=2, DUE, and d < e, Vd € D and Ve € E. An example of a cut in

Q is, for £ € Q,
D={zecQ:2<¢}, E={xeQ:z>¢}.
In this case, we say that £ € Q represents the cut (D, E). If a cut can be

represented by a rational number, it is called a rational cut. It is simple
to see that there are cuts in Q which cannot be represented by a rational

45
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number. For example, take the cut
D={r€eQ:2<00rz’<2}, F={r€Q:2>0and2” > 2}

As we will show in this chapter, (D', E’) cannot be represented by a rational
number. Such cuts are called irrational cuts. Each irrational cut defines a
unique number. The set of all such numbers is called the irrational numbers.
In this way, we can extend the rationals by adding in these irrationals.

Rather than build up the real numbers as discussed above, our approach
will simply be to take the real numbers as given, list a set of axioms for
them, and derive properties of the real numbers as consequences of these
axioms. The first group of axioms describe the algebraic properties, the sec-
ond group the order properties, and we shall call the third the completeness
axiom. With these three groups of axioms we can completely characterize
the real numbers. In the next chapter we will focus on important issues like
convergence, compactness, completeness, and connectedness in spaces more
general than the real numbers. However, to understand those concepts it is
often helpful to provide examples from R,which is why we start here.

In this chapter we focus on four important results in R. The first (see
Theorem 108)is that any open set in R can be written in terms of a countable
union of open intervals. The next two results are proven using the Nested
Intervals Property (see Theorem 116) which says that a decreasing sequence
of closed, bounded, nonempty intervals “converges” to a nonempty set. The
first important result that this is used to prove is the Bolzano-Weierstrass
Theorem (118) which says that every bounded infinite subset of R has a point
with sufficiently many points in any subset around it. It is also used to prove
the important “size” result (see Theorem 122) that open intervals in R are
uncountable.

3.1 The Field Axioms

The functions or binary operations “+” and “” on R x R to R satisfy the
following axioms. It shouldn’t be surprising that we require the operations
to satisfy commutative, associative, and distributive properties as we did in
Chapter 2 with respect to the set operations 'U” and 'M’.

Axiom 1 (Algebraic Properties of R) z, y,z € R satisfy:
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Al. x+y=y+=x.

A2. (z4+y)+z=x+(y+2)

A3. 0 eR>32+0=2,Vz eR

Ad. Ve eR, JweR24+w=0

A5. x-y=y-x

A6. (z-y)-z=x-(y-2)

A7. J1eR>31#0andx-1=2z,VreR
A8. VxeR3z2#0,Fw eR 3z -w=1

A9. z-(y+2)=x-y+x-z

Any set that satisfies Axiom 1 is called a field (under “+” and “”). If
we have a field, we can perform all the operations of elementary algebra,
including the solution of simultaneous linear equations. It follows from Al
that the 0 in A3 is unique, which was used in formulating A4, A7, and AS8.
It also follows that the w in A4 is unique and denoted “—zx”. Subtraction
“r —1y” is defined as “x + (—y)”. That 1 in A7 is unique follows from A5.
The w in A8 can also be shown to be unique.

Exercise 3.1.1 Let a,b € R. Prove that the equation a + x = b has the

unique solution x = (—a) +b. With a # 0, prove that the equation a - x = b
has the unique solution x = (%) -b. (This is Theorem /4.4 of Bartle).

In what follows, we drop the “” to denote multiplication and write zy
for x - y. Furthermore, we write 22 for zz and generally 2" = (2)z with
n € N. It follows by mathematical induction that z"t™ = z"2™ for x € R

and n, m € N. We shall also write % instead of (i) -x. Recall that we defined
the rationals as Q = { : m,n € Z, n # 0}.

Theorem 88 There does not exist a rational number ¢ € Q such that ¢*> = 2.
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m

Proof. Suppose not. Then (;)2 = 2 for m,n € Z, n # 0. Assume, without
loss of generality, that m and n have no common factors. Since m? = 2n?
is an even integer,then m must be an even integer.! In that case we can
represent it as m = 2k for some integer k. Hence (m?=)4k*> = 2n? or
n? = 2k? which implies that n is also even. But this implies that m and n
are both divisible by 2, which contradicts the assumption that m and n have
no common factors. m

Theorem 88 says that the cut (D', E') in the introduction to this chapter
is not rational.

Definition 89 All of the elements of R which are not rational numbers are
irrational numbers.

In Section 3.3 we provide a complementary result to Theorem 88 to es-
tablish the existence of irrational numbers.

3.2 The Order Axioms

The next class of properties possessed by the real numbers have to do with
the fact that they are ordered. The order relation '<’ defined on R is a
special, and most important, case of the more general relations discussed in
Chapter 2.2

Axiom 2 (Order Properties of R) The subset P of positive real numbers
satisfies®

Bl. If x,y € P,then x +y € P.
B2. If x,y € P, then x -y € P.

B3. If x € R, then one and only one of the following holds: z € P, x = 0,
or —r € P.

Note that B3 implies that if x € P, then —z ¢ P. More importantly, B3
guarantees that R is totally ordered with respect to the order relation ’<’.

LOtherwise, if m is odd we can represent it as m = 2k + 1 for some integer k. But then
m? = 4k? + 4k + 1 = 2(2k® + 2k) + 1 is odd, contradicting the fact that m? is even.

2In fact, the order relations in Chapter 2 were developed to generalize these concepts
to more abstract spaces than R.

3Later, we will associate P with the notation R ;.



3.2. THE ORDER AXIOMS 49

Definition 90 Any system satisfying Aziom 1 and Axiom 2 is called an
ordered field.

By definition then, R is an ordered field.

Definition 91 Let x,y € R. If x —y € P, then we say x >y and if v —y €
P U{0}, then we say x > y. If —(x —y) € P, then we say x < y and if
—(x —y) € PU{0}, then we say x < y.

Exercise 3.2.1 Show that (R, <) is a totally ordered set.
The following properties are a consequence of Axiom 2.

Theorem 92 Let z,y,z € R. (i) If v > y and y > z, then x > z. (ii)
FEzactly one holds: x >y, v =y, v < y. (i) I[fx >y and y > z, then
r=uy.

Proof. (i)lf rt —ye Pand y— 2z € P, then Bl = (x —y)+ (y—2) € P or
(x—2)ePm

Exercise 3.2.2 Finish the proof of Theorem 92. (Bartle 5.4)

The next theorem is one of the simplest we will encounter, yet it is one of
the most far-reaching. For one thing, it implies that given any strictly positive
real number, there is another smaller and strictly positive real number so that
there is no smallest strictly positive real number!*

Theorem 93 (Half the distance to the goal line) If z,y € R with x >
y, then x > 3(x +y) > y.

Proof. z>y=c+rx>rx+yandarx+y>y+y=2r>c+y>2y.m
Now we define a very useful functoin on R that assigns to each real number
its distance from the origin.

Definition 94 If z € R, the absolute value of z, denoted | - | : R — R,
s defined by
2] = { r ifx>0

—x ifr <0

4Another thing it proves is that even if a defense is continuously penalized half the
distance to the goal line, the offense will never score unless they finally run a play.
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This function satisfies the well-known property of triangles; that is, the
lenght of any side of a triangle is less than the sum of the lengths of the other
two sides.

Theorem 95 (Triangle Inequality) If z,y € R, then|x +y| < |z| + |y|.

Proof. (Sketch) Since z < |z| and y < |y|, then |z| — z € P U {0} and
lyl —y € PU{0}. By Axiom B1, (Jz| — ) + (ly| —y) € P U {0}. But
(lz] =) + (lyl =) = (lz| + [y]) = (x +y), so (lz| + |y]) — (z +y) € PU{0}
or (z+y) < ([z[ + |y[) . But then |z +y| <|z|+[y|. =

3.3 The Completeness Axiom

This axiom distinguishes R from other totally ordered fields like Q. To
begin, we use the definition of upper and lower bounds from 40 with the
order relation ’<’ on R. If S C R has an upper and/or lower bound, it has
infinitely many (e.g. if u is an ub of S, then u + n is an ub for n € N).
Supremum and infimum that were defined in 40 for the general case, can be
characterized in R by the following lemma.

Lemma 96 Let S C R. Then u € R is a supremum (or sup or least
upper bound (lub)) of S iff (i) s <wu, Vs € S and (ii) Ve > 0, s € S such
that u—e < s.°> Similarly, £ € R is an infimum (or inf or greatest lower
bound (glb)) of S iff (i) { < s, Vs € S and (ii) Ve > 0, Is € S such that
s < l+¢e. See Figure 3.3.1.

Proof. (=) (i) holds by definition (just use <’ on R in 40). To see (ii),
suppose u is the least upper bound. Because u — ¢ < u, then u — € cannot
be an upper bound. This implies ds € S such that u — ¢ < s.

(<) (i) implies u is an upper bound again by definition. To see that (ii)
implies u is the least upper bound, consider v < u. Then u —v =¢ > 0 (or
v=u—e¢). By (ii), 3s € S such that u — e = v < s, hence v is not an upper
bound. m

In the case where S does not have an upper (lower) bound, we assign
sup S = oo (inf S = —o0).

SStatement (i) makes w an ub while (ii) makes it the lub.
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Example 97 A set may not contain its sup. To see this, let S = {x € R :
O<z<l}and S"={r € R:0 <z <1}. Any number u > 1 is an ub for
both sets, but while S’ contains the ub 1, S does not contain any of its ub!
Also, it’s clear that no number ¢ < 1 can be an ub for S. To see this, just
apply our famous Theorem 93 . That is, since ¢ < 1, then ds = % > c and
seS.

Theorem 98 There can be only one supremum for any S C R.

Proof. If u; and uy are lub, then they are both ub. Since w,is lub and us is
ub, then u; < us. Similarly, since us is lub and w4is ub, then uy < u;. Then
U1 = Us. A

The next axiom is critical to establish that R does not have any “holes” in
it. In particular, it will be sufficient to establish that the set R is “complete”
(a term that will be made precise in Chapter 4). Don’t be fooled however, it
takes more work than just stating the Axiom to establish completeness.

Axiom 3 (Completeness Property of R) FEvery non-empty set S C R
which has an upper bound has a supremum.

From the completeness axiom, it is easy to establish that every non-empty
set which has a lower bound has an infimum.

A consequence of Axiom 3 is that N (a subset of R) is not bounded above
in R.

Theorem 99 (Archimedian Property) Ifz € R, 9n, € N such that x <
Ny

Proof. Suppose not. Then x is an ub for N and hence by Axiom 3 N has a
sup, call it u, and u < 2.5 Since u — 1 is not an ub, In; E N> u —1 < n.
Then v < n; + 1 and since n; + 1 € N, this contradicts that « is an ub of N.
|

It follows from Theorem 99 that there exists a rational number between
any two real numbers.

Theorem 100 Ifx,y € R with x <y, dqg € Q such that r < q < y.

6Note that u is not necessarily in N, which is why we choose to subtract 1 € N in the
next statement.
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Exercise 3.3.1 Prove Theorem 100. (Royden p.35)

The following theorem complements the result that there are elements
of R which are not rational in Theorem 88 of section 3.1. It provides an
existence proof of an irrational. We present it since it makes use of Axiom
3. Without the Axiom, the set S = {y € R, : y* < 2} does not have a
supremum.

Theorem 101 Jz € R, such that 2? = 2.

Proof. Let S = {y € R, : y*> < 2}. Clearly S is non-empty (take 1) and S is
bounded above (take 1.5). Let x = sup S,which exists by Axiom 3. Suppose
22 # 2. Then either 22 < 2 or 22 > 2. First take 22 < 2. Let n € N be
sufficiently large so that 2L < 2 — 22, Then (z + %)2 < g? 4 2H <97
This means = + % € S which contradicts that x is an upper bound. Next
take 22 > 2. Let m € N be sufficiently large so that %’” < 22 — 2. Then
(x — %)2 > 2% — %’” > 2. Since x = sup S,then ds’ € S such that = — % < 4.

But this implies (s')* > (z— %)2 (or (s)* > 2) which contradicts s € S. m
Exercise 3.3.2 Why doesn't S ={y € R, : y?> +1 < 0} work?

The next theorem complements the result in Theorem 100 and establishes
that between any two real numbers there exists an irrational number.

Theorem 102 Let xz,y € R with x < y. If v is any irrational number, then
dq € Q such that the irrational number 1q satisfies v < 1q < y.

Exercise 3.3.3 Prove Theorem 102. (Bartle)

In fact, there are infinitely many of both kinds of numbers between x and

"The first weak inequality holds with equality only if n = 1.
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3.4 Open and Closed Sets

In this section we define the most common subsets of real numbers and
determine some of their properties.

Definition 103 If a,b € R, then the set {r e R:a<x <b} {reR:a <
z <b}, {r e R:a < x<b})is called a open (closed, half-open) cell
denoted (a,b) ( |a,b],|a,b) ) respectively with endpoints a and b. If a € R,
then the set {r e R:a <z} {z € R:a < z}) is called an open (closed)
ray denoted (a,00) ( [a,00) ), respectively. An interval in R is either a
cell, a ray, or all of R.

A generalization of the notion of an open interval is that of an open set.

Definition 104 A set O C R is open if for each x € O, there is some § > 0
such that the open interval Bs(z) ={y € O : |z —y| <0} C O.

Example 105 (0,1) C R is open since for any x arbitrarily close to 1 (i.e.
x =1—¢, &> 0 arbitrarily small), there is an open interval Bs(1 —¢) C
(0,1) by Theorem 93. (0,1] is not open since there does not exist § > 0 for
which Bs(1) C (0,1]. That is, no matter how small § > 0 is, there ezists
v/ =1+ 2% € Bs(1) by Theorem 93 which is not contained in (0,1]. See
Figure 3.4.1.

Theorem 106 (i)} and R are open. (ii) The intersection of any finite col-
lection of open sets in R is open. (iii) The union of any collection of open
sets in R is open.

Proof. (i){) contains no points, hence Definition 104 is trivially satisfied.® R
is open since all y # x are already in R.

(i) Let {O; : O; C R, O; open, i = 1, ..., k} be a finite collection of open
sets. We must show O = Nf_,0; is open. Assume z € R. By definition of an
intersection, z € O;,Vi = 1, ..., k. Since each O; is open, we can find By, (x) C
O; for each i. Let 6 = min{d; : i = 1,...,k}. Then Bs(s) C Bs,(s) C O;,Vi.
This implies Bs(s) C O.

(iii) Take © € O = U;epO;, where A is either a finite or infinite index set.
Since O; is open, ABs(z) C O; C UjepO;.

8In particular, the statement x € @ is always false. Thus, according to the truth table,
any implication of the form x € @ = P(z) is true.
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Example 107 Property (ii) of Theorem 106 does not necessarily hold for
infinite intersections. Consider the following counterexample. Let O, =
{r e R: -1 <z <2 neN} Then N22,0, = {0}, but a singleton set is
not open since there does not exist 6 > 0 such that Bs(0) C {0}. See Figure
3.4.2.

The following theorem provides a characterization of open sets in R.

Theorem 108 (Open Sets Property in R) FEvery open set in R is the
union of a countable collection of disjoint open intervals.

Proof. The proof is in several steps. First, construct an open interval around
each y € O. Let O be open. Then, for each y € O, 3 an open interval (z, 2)
such that * < y < z and (z,2) C O. Let b = sup{z : (y,2) C O} and
a = inf : (z,y) C O}. Then a < y < b and I, = (a,b) is an open interval
containing y.

Second, show the constructed interval is contained in O. Take any w €
(a,b) with w > y. Then y < w < b and by the definition of b (i.e. it is
the sup), we know w € O. An identical argument establishes that if w < y,
w € 0.

Third, show the constructed interval is open (i.e. a,b ¢ O). If b € O,then
since O is open, 3¢ > 0 such that (b—¢e,b+¢) C O and hence (y,b+¢) C O
which contradicts the definition of b.

Fourth, show the union of constructed intervals is O. Let w € O. Then
w € I, and hence w € Uyeoly,

Fifth, establish that the intervals are disjoint. Suppose y € (ai,b;) N
(az,bs). Since by = sup{z : (y,2) C O} and (y,bs) C O, then by < bs. Since
by = sup{z : (y,z) C O} and (y,b;) C O, then by < b;. But b; < by and
by > by implies by = by. A similar argument establishes that a; = as. Thus,
two different intervals in {/,} are disjoint.

Sixth, establish that {I,} is countable. In each I,, 3¢ € Q such that
q € I, by Theorem 100. Since I, are disjoint, ¢ € I, and ¢’ € I/, for y # ¢/
implies ¢ # ¢'. Hence there exists a one-to-one correspondence between the
collection {I,} and a subset of the rational numbers. Thus, {/,} is countable
by an argument similar to that in Example 77. m

Figure 3.4.3 illustrates the theorem for the open set O = O' U O? where
O! = (—1,0) and O? = (v/2,00). Part (a) of the figure illustrates steps 1
to 4. For example, take y = —% € O!'. Then the supremum of the set of
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1
4

infimum of the set of lower interval endpoints around —% contained in O is
a_i = —1so that /i = (—1,0) which is just O'. Similarly take y = 3.Then
the supremum of the set of upper interval endpoints around % contained in
0? is b% = 0o and the infimum of the set of lower interval endpoints around

2 contained in O? is az = V2 so that I3 = (v/2,00) which is just O?. Part
(b) of the figure illustrates step 6, where the injection is finite (and hence

countable).
Now we move on to closed sets.

upper interval endpoints around —% contained in O! is b_ 1= 0 and the

Definition 109 C C R is closed if its complement (i.e. R\C) is open.

Example 110 [0,1] C R is closed since its complement R\[0, 1] = (—o0,0)U
(1,00) is open since the union of open sets is open by Theorem 106. (0,1] is
not closed since its complement, (—oo,0)U[1, 00), is not open. The singleton
set {1} is closed since its complement, (—oo,1) U (1,00) is open. The set
N is closed since its complement, (U (n —1,n)) U (—00,0), is a countable
union of open sets and hence by Theorem 106 is open.

There is another way to describe closed sets which uses cluster points.

Definition 111 A point x € R is a cluster point of a subset A C R if
any open ball around x intersects A at some point other than x itself (i.e.

(Bs(z)\{z}) N A # ).

Note that the point x may lie in A or not. A cluster point must have
points of A sufficiently near to it as the next examples show.

Example 112 (i) Let A = (0, 1]. Then every point in the interval [0, 1] is a
cluster point of A.In particular, the point 0 is a cluster point since for any § >
0, Jy = 2 € Bs(0) such that Bs(0) N A C A. (i) Let A= {1 n € N}. Then
0 is the only cluster point of A. To see why, for any §, just take nsg = % +1,
in which case for any 6 > 0, Jy = ﬁ € B;(0) such that Bs(0) N A C A.(iii)
Let A= {0}U(1,2). Then [1,2] are the only cluster points of A since for any
d€(0,1), Bs(0)NA = . (iv) N has no cluster points for the same reason as
(111). (v) Let A = Q. The set of cluster points of A is R. This follows from
Theorem 100 that between any two real numbers lies a rational. See Figure

3.4.4.
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We next use Axiom 3 to prove a very important property of R; every
nested sequence of closed intervals has a common point (and we can take
that common point to either be the sup of the lower endpoints or the inf of
the upper endpoints). First we must make that statement precise.

Example 113 Returning to Example 97 where the open interval S = (0,1)
and the closed interval S" = [0, 1] are both bounded (and hence both possess
a supremum by Axiom 3), only the closed interval S' contains its supremum
of 1 (ie. has a mazimum,).

Definition 114 A set of intervals {I,, n € N} is nested if [ D Iy D ... D
I, DI D ...

Example 115 A nested set of intervals does not necessarily have a common
point (i.e. N2 I, = (). For example, neither I,, = (n,00) (so that (1,00) D
(2,00) D ...) mor I, = (0,2) (so that (0,1) D (0,3) D ...) have common
points. Why? It follows from the Archimedean Property 99 that for any
x € R, 3dn € N such that 0 < % < x.See Figure 3.4.5.

Theorem 116 (Nested Intervals Property in R) If{I,,, n € N} is a set
of non-empty, closed, nested intervals in R, then 3z € R such that N1, #

0.

Proof. Let I, = [a,,b,] with a, < b,. Since I D I, then by > b, > a,.
Hence {a,, : n € N} is bounded above and let « be its sup. To establish the
claim, it is sufficient to show a < b,,Vn € N. Suppose not. Then Im €
N 3b,, < a. Since a = sup{a, : n € N}, Ja, > b,,. Let ¢ = max{p, m}.
Then b, < b, < a, < a,. But b, < a, contradicts I, is a non-empty interval.
Thus a, < a < b, or a € I,,, Vn € N. If [, is not closed, then the last
statement (« € I,,) doesn’t necessarily hold. m

See Figure 3.4.6. Note that the same arguments can be applied so that
$ = inf{b,|n € N} is in every interval.

Example 117 Let us return to Example 115. Instead of the open interval
I, = (0,%) consider the closed interval I, = [0,] for which sup{a,|n €
N} = 0. But it is clear that 0 is indeed in every nested interval. Another
ezample of Theorem 116 may be I, = [—+,1 + %] Obuiously this is nested

n

since (—1,2] D [—3,3] D [~3,3] D ... In this case the sup{a, : n € N} =

sup{—1, —%, —%, ...} = 0,which is again in every interval. See Figure 3.4.7.
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We need the following important result to show that R doesn’t have any
“holes” in it. °In Section 4.2, we will show the precise meaning of this
“absence of holes” property known as completeness. For now, one should
simply recognize that to rule out holes, we need to draw out the implications
of the Completeness Axiom 3. We do this through the next theorem.

Theorem 118 (Bolzano-Weierstrass) Every bounded infinite subset A C
R has a cluster point.

Proof. (Sketch) If A is bounded, then there is a closed interval I such
that A C I.Bisect I. There are infinitely many elements in at least one of
the bisections. Denote such a bisection [; C I.Bisect [;. Again, there are
infinitely many elements in at least one of the bisections. Denote such a
bisection I C I;.By continuing this process we construct a set {/,,, n € N}
of non-empty, closed, nested intervals in R. By Theorem 116, there is a point
x* € Ny, 1,, which is a cluster point of A. m

Exercise 3.4.1 Show that x* € N2 1, in Theorem 118 s a cluster point of
A to finish the proof.

In the proof we enclosed A in a closed interval I = [a,b] and showed that
any infinite subset of I has a cluster point. This special property of [a, b] is
called the Bolzano-Weierstrass property.

Definition 119 A subset A C R has the Bolzano- Weierstrass property
if every infinite subset of A has a cluster point belonging to A.

We did not show that any infinite subset of A has a cluster point. The
next example illustrates this.

Example 120 Let A = (a,b) withb—a > 1.Define B = {a++,n € N} C A.
The only cluster point of B is a,which doesn’t belong to A. Thus open sets
like (a,b) don’t have the Bolzano-Weierstrass property. Boundedness is also
important. Let A =R. Then N is an infinite subset of R which does not have
a cluster point.

9In Section 4.2, we will show the preceise meaning of the ”absence of holes” property
known as completeness. For now, one should simply recognize that to rule out holes, we
need to draw out the implications of the completeness axiom. We do this through the
Bolzano-Weierstrass Theorem.
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We next present a necessary and sufficient condition for a subset of R to
have the Bolzano-Weierstrass property. This important result is known as
the Heine-Borel theorem.!°

Theorem 121 (Heine-Borel) A C R has the Bolzano- Weierstrass prop-
erty iff A is closed and bounded.

Proof. (<) If A is finite, then A has the B-W property since infinite subsets
of a finite set is a false statement.!'Let A be infinite and let B be an infinite
subset of A. Since B is bounded, it can be enclosed in a closed interval. Using
the same procedure as in Theorem 118 we construct a cluster point z* of B
and hence also of A. Since A is closed, x* € A.

(=) “closedness”. Let z* be a cluster point of A.Then for each § = <,
Jdz,, € A such that |z* — x,| < % The set {x,, }nen is an infinite subset of A
which has the B-W property so that x* € A.

“boundedness”. By contradiction. Suppose A is unbounded. Then for
any n, dz, € A such that z, > n. Then {z,} is an inifinite subset of A
which doesn’t have a cluster point (since |x,12 — z,,| > 1 for all n). But this
contradicts the B-W property. m

We next use the Nested Intervals Property in R (Theorem 116) to estab-
lish the uncountability of the set of real numbers.

Theorem 122 |0, 1] is uncountable.

Proof. Suppose not. Then there exists a bijection b : N — [0,1]. Then
all elements from [0, 1] can be numbered {xy, x9, ..., Ty, ...}. Divide [0,1] into
three closed intervals: I} = [0,3], I3 = [3,3], I3 = [3,1]. This implies z; is
not contained in at least one of these three intervals.'> WLOG, say it is I7.
Divide I{ into three closed intervals: I7 = [0, 5], I3 = [§, 2], 13 = [2, 3]. This
implies 372 such that zo ¢ I?. Notice that I? C I' and that z;, 7o ¢ . In
this way we can construct a sequence {I"}°°, with the following properties:
(i) I™ is closed; (i) I' D I? D ... D I™ D ... (i.e. nested intervals); and
(iii) z; ¢ I", Vi = 1,....,n. From (i) and (ii), Theorem 116 implies 32° €
N, I" C [0,1]. So we have found a real number z° € [0, 1] which is different

10T hose of you experienced readers may associate Heine-Borel with compactness. Since
we wanted to keep this section simple, we’ll put off the treatment of compactness until we
work with more general metric spaces in Section 4.3.

1 And from a false statement, the implication is true by the truth table.

121t is possible 1 is an element of 2 closed intervals (e.g. x; = %)
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from any x;, i = 1,2, ... This contradicts our assumption that {x;, zo,...} are
all real numbers from [0, 1]. m

While the above theorem establishes that [0,1] is uncountable (i.e. and
hence really big in one sense), we next provide an example of an uncountable
subset of [0, 1] that is somehow small in another sense. This concrete example
is known as the Cantor set and is constructed in the following way (see Figure
3.4.8). First, divide [0,1] into three "equal” parts: [0,3], (3,2), [3,1].13
Define Fy = [0, 5] U [2,1] or equivalently F} = [0,1]\A4; where 4; = (3, 2).
That is, to construct F; we take out the center of [0, 1]. Second, divide each
part of Fjinto three equal parts (giving us now 6 intervals). Define F, =
[0,5]U[3, 2)U [§, TTU[E, 1] or F5 = [0,1]\As where Ay = (3, 2)U(3, 3)U(S, ).
That is, to construct F> we take out the center of each of the two intervals
in F}. By this process of removing the open "middle third” intervals, we

construct F),, Vn € N. The Cantor set is just the intersection of the sets F,.

That is,
F=()F. <z [0,1]\UAH>.

neN neN

The Cantor set has the following properties:

1. F is nonempty (by Theorem 116).

2. F'is closed because it is the intersection of closed intervals F,, (by (iii)
of Corollary ?7?, each F), is closed because it is the union of finitely
many closed intervals).

3. F doesn’t contain any interval (a,b) with a < b (by construction).

4. F is uncountable (by the same argument used in the proof of Theorem
122).

There are two important things to note about the Cantor set. First, while
Theorem 108 says that any open set can be expressed as a countable union
of open intervals, properties (1)-(4) of the Cantor set shows that there is no
analogous result for closed sets. That is, a closed set may not in general be
written as a countable union of closed intervals. In this sense, closed sets

13The sense in which we mean equal parts is that while the sets are different (some are
closed, some open), they have the same distance between endpoints of % (more formally,
they have the same measure).
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can have a more complicated structure than open sets. Second, property (4)
above shows that even though F,, seem to be getting smaller and smaller in
one sense (i.e. that it has many holes in it) in Figure 3.4.9, F' is uncountable
(and hence large in another sense).

3.5 Borel Sets

Since the intersection of a countable collection of open sets need not be open
(e.g. Example 107), the collection of all open sets in R is not a o-algebra. By
Theorem 87, however, there exists a smallest o-algebra containing all open
sets.

Definition 123 The smallest o-algebra generated by the collection of all
open sets in R, denoted B, is called the Borel c—algebra in R.

Just as Example 83 showed in the case of algebras, even though B is the
smallest o-algebra containing all open sets, it is bigger than just the collection
of open sets. For example, we have to add back in singleton sets like those
in Example 107 (i.e. the closed set {0} = Nyen(—=,=)) in order to keep it
closed under countable intersection.!* In fact, almost any set that you can
conceive of is contained in the Borel o-algebra: open sets, closed sets, half
open intervals (a, b], sets of the form N,enO,, with O,, open (which we saw
is not necessarily open), sets of the form U,enF,, with F), closed (which we
saw is not necessarily closed), and more. On the other hand, while finding
a subset of R which is not Borel requires a rather sophisticated construction
(see p.777 of Jain and Gupta (1986)), the size of the collection of non-Borel
sets is much bigger than the size of B. Loosely speaking, B is as thin in P(R)
as N is in R (as we will see in Chapter 5).

Exercise 3.5.1 Prove that the following sets in R belong to B: (i) any closed
set; (ii) (a,b).

Borel sets can be generated by even smaller collections than all open sets
as the next theorem shows.

14Recall in Example 83, for underlying set X = {a,b,c}, we showed that while Cy =
{0,{a}, X} was not an algebra (just as the collection of all open sets is not an algebra), we
can create an algebra generated by {a} (whose analogue is the Borel o-algebra) which is
just Co = {0, {a},{b,c}, X} C P(X) and is “bigger” in the sense of C4 C Cy (where {b,c}
plays the anologue of the other sets we have to add in).
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Theorem 124 The collection of all open rays {(a,0) : a € R} generates B.

Proof. It is sufficient to show that any open set A can be constructed in
terms of open rays. By Theorem 108, we know that A = U2, I,, where [,, are

n=1

disjoint open intervals. But (a,b) = (a,00)\ [M52; (b— £,00)] with a <b. m

Exercise 3.5.2 Using the same idea, show that B can be generated by the
collection of all closed intervals {[a,b] : a,b € R, a < b}.
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Figures for Chapter 3
Figure 3.3.1: ub, lb, sup, inf
Figure 3.4.1: Open and Half-open unit intervals
Figure 3.4.2: Example where Countable Intersection of Open Intervals is
not Open
Figure 3.4.3a&b:Open Sets as a Countable Union of Disjoint Intervals

Figure 3.4.4: Examples of Cluster points
Figure 3.4.5: Examples of Nested Cells without a Common Point
Figure 3.4.6: Nested Cells Property
Figure 3.4.7: Example of a Common Point in Nested Cells
Figure 3.4.8 Cantor Set
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3.7 End of Chapter Problems.

1. Let D be non-empty and let f : D — R have bounded range. If Dy is
a non-empty subset of D, prove that

inf{f(z) : 2 € D} <inf{f(z) : v € Do} <sup{f(x):x € Dy} <sup{f(z):z € D}

2. Let X and Y be non-empty sets and let f : X x Y — R have bounded
range in R. Let

fi(z) =sup{f(z,y) 1y € Y}, foly) =sup{f(z,y) :z € X}
Establish the Principle of Iterated Suprema:
sup{f(z,y) 1 € X,y € Y} =sup{fi(z) : v € X} =sup{fa(y) : y € Y}

(We sometimes express this as sup,, f(2,y) = sup,sup, f(z,y) =
sup, sup, f(z,y)).

3. Let f and fibe as in the preceding exercise and let

92(y) = inf{f(x,y) : v € X}.

Prove that

sup{gz(y) : y € Y} < inf{fi(z) : z € X}

(We sometimes express this as sup, inf, f(z,y) < inf, sup, f(z,y)).



Chapter 4

Metric Spaces

There are three basic theorems about continuous functions in the study of
calculus (upon which most of calculus depends) that will prove extremely
useful in your study of economics. They are the following:

1. The Intermediate Value Theorem. If f : [a,b] — R is continuous and if
r € R such that f(a) <7 < f(b),then 3¢ € [a, b] such that f(c) =r.

2. The Eztreme Value Theorem. If f : [a,b] — R is continuous, then
dc € [a,b] such that f(x) < f(c), Vo € [a,b].

3. The Uniform Continuity Theorem. If f : [a,b] — R is continuous, then
given € > 0,30 > 0 such that |f(z1) — f(xq)| < €, Va1, 22 € [a,b] for
which |z; — 29| < 0.

These theorems are used in a number of places. The intermediate value
theorem forms the basis for fixed point problems such as the existence of equi-
librium. The extreme value theorem is useful since we often seek solutions to
problems where we maximize a continuous objective function over a compact
constraint set. The uniform continuity theorem is used to prove that every
continuous function is integrable, which is important for proving properties
of the value function in stochastic dynamic programming problems.

While we write these theorems in terms of real numbers, they can be
formulated in more general spaces than R. To this end, we will introduce (al-
literatively) the 6 C’s: convergence, closedness, completeness, compactness,
connectedness, and continuity. In this chapter, we formulate these properties
in terms of sequences. Each of the C properties uses some notion of distance.

65
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For instance, convergence requires the distance between a limit point and
elements in the sequence to eventually get smaller.Our goal in this chapter,
is to consider theorems like those above but for any arbitrary set X. To do
so however, requires X to be equipped with a distance function.

How will we proceed? First we will clarify what is meant by a distance
function on an arbitrary set X. Then using the notion of convergence, which
relies on distance, we will define closed sets in X. Then the collection of all
closed (or by complementation open) sets is called a topology on a set X and
it is the main building block in real analysis. That means properties such as
continuity, compactness, and connectedness are defined directly or indirectly
in terms of closed or open sets and for this reason are called topological
properties. While there is an even more general way of defining a topology
on X that doesn’t use the notion of distance, we will wait until Chapter 7 to
discuss it.

Definition 125 A metric space (X,d) is a nonempty set X of elements
(called points) together with a functiond : X x X — R such thatVz,y,z € X :
(i) d(z,y) > 0; (i) d(z,y) = 0 iff x = y; (iii) d(v,y) = d(y,x); and (iv)
d(z,z) <d(z,y) +d(y, z). The function d is called a metric.

Example 126 We give three ezamples. First, let X be a set (e.g. X =
{a,b,c,d}) and define a metric d(z,y) = 0 for v = y, and d(z,y) = 1
for x # y. This is called the “discrete metric”. It is easy to check that
(X,d) is a metric space. Second, (R, |- |), where d is simply the abso-
lute value function and property (iv) is simply a statement of the trian-
gle inequality. Thus, Chapter 3 should be seen as a special case of this
chapter. Third, let X be the set of all continuous functions on |a,b] and
d(f,g) =sup{|f(z) — g(x)|,x € [a,b]} .In Chapter 6, we will see this as well
as other metrics are valid metric spaces.

It should be emphasized that a metric space is not just the set of points X
but the metric d as well. To see this, we introduce the notion of the cartesian
product of metric spaces. Let (X,d,) and (Y, d,) be two metric spaces, then
we can construct a metric d on X xY" from the metrics d, and d,,. In fact, there

are many metrics we can construct: dy(x,y) = \/(dx(xl, 11))? + (dy(22,12))°
and dy(z,y) = sup{d.(x1,11), dy<x27 Y2)} -

Exercise 4.0.1 Show that dy and do are metrics in X x Y.
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Next, metrics provide us with the ability to measure the distance between
two sets (if one of the sets is a singleton, then we can measure the distance
of a point from a set).

Definition 127 Let A C X and B C X. The distance between sets A
and B is d(A, B) = inf{d(z,y), = € A,y € B}.

We note that any subset of a metric space is a metric space itself.

Definition 128 If (X, d) is a metric space and H C X, then (H,d|.H) is
also a metric space called the subspace of (X,d).!

Example 129 ([0,1],|-|) is a metric space which is a subspace of (R,| - |).

In a metric space, we can extend the notion of open intervals in Definition

(104).

Definition 130 For x € X, we call the set Bs(x) = {y € X : d(z,y) < 6}
an open ball with center xr and radius 0. In this case, G is open if
Vz € G, Bs(z) C G.2

Don’t assume that an open ball is an open set. We still don’t know what
an open set is. We will prove this in the next section. Also note that a ball
is defined relative to the space X, so that if for example X = N, then a ball
of size 6 = 1.5 around 5 is just {4,5,6}. The next example shows that balls
don’t need to be “round”. Their shape depends on their metric.

Example 131 In R?, Figure 4.1 illustrates a ball with metric di(z,y) =

|21 — y1|+|22 — Y2, one with a Euclidean metric do(z,y) = /(x1 — y1)2 + (22
and one with a sup metric dyo(x,y) = sup {|x1 — y1|, |ra — yo|}-

Before proceeding, we briefly mention some of the important results that
you will see in this chapter. Here we extend the Heine Borel Theorem 121
of Chapter 3 to provide necessary and sufficient conditions for compactness
in general metric spaces in Theorem 198. We also introduce the notion of a
Banach space (a complete normed vector space) and for the first time give
an example of an infinite dimensional Banach space. In many theorems that

'Note that we restrict the metric function to the set H using Definition 56.
2Don’t assume that an open ball is an open set. We will prove this in Section X.
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follow, the dimensionality of a Banach space plays a crucial role. Another
important set of results pertain to the properties of a continuous function on
a connected domain (a generalization of the Intermediate Value Theorem is
given in Theorem 254) as well as a continuous function on a compact domain
(a generalization of the Extreme Value Theorem is given in Theorem 261 and
the Uniform Continuity Theorem in general metric spaces is given in The-
orem ?7). Since many applications in economics result in correspondences,
we spend considerable time on upper and lower hemicontinuous correspon-
dences. Probably one of the most important theorems in economics is Berge’s
Theorem of the Maximum 295. The chapter concludes with a set of fixed
point theorems that are useful in proving the existence of general equilibrium
or existence of a solution to a dynamic programming problem.

4.1 Convergence

In this section we will build all the topological properties of a metric space
in terms of convergent sequences (as an alternative to building upon open
sets). In many cases, the sequence version (of definitions and theorems) is
more convenient, easier to verify, and/or easier to picture.

Definition 132 If X is any set, a finite sequence (or ordered N -tuple)
in X is a function f : Uy — X denoted < x, >N_,. An infinite sequence

in X is a function f: N — X denoted < x,, >5°, (or < z,, > for short).

When there is no misunderstanding, we assume all sequences are infi-
nite unless otherwise noted. We use the < z,, > notation to reinforce the
difference from {z,|n € N} since order matters for a sequence.

Example 133 There are many ways of defining sequences. Consider the
sequence of even numbers < 2,4,6,... > . One way to list it 1s < 2n >,cN.
Another way this is to specify an initial value x1 and a rule for obtaining
Tni1from x,. In the above case r1 =2 and x,11 = x, +2, n € N.

It is possible that while a sequence doesn’t have some desired properties,
but a subset of the sequence has the desired properties.

Definition 134 A mapping g : N — N is monotone if (n > m) implies
(g(n)) > (g(m)). If f : N =X is an (infinite) sequence, then h is an (infinite)
subsequence of f if there is a monotone mapping g:-N — N such that h =
fog, denoted < x40,y >.
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Example 135 Consider the sequence f : N —{—1,1} given by < (—=1)" >,en
.1Ifg(n) =2n forn € N (i.e. the even indices), then the subsequence h = fog
is simply < 1,1,... > while if g(n) = 2n — 1 (i.e. the odd indices), then the
subsequence is < —1,—1,... >. See Figure 4.1.1.

Definition 136 A sequence < x,, > from a metric space (X,d) converges
to the point T € X (or has T as a limit), if given any § > 0,3IN (which
may depend on &) such that d(T,x,) < 0, Vn > N(9). In geometric terms,
this says that < x, > converges to T if every ball around T contains all but
a finite number of terms of the sequence. We write T = limz; or z; — T
to mean that T is the limit of < x; >. If a sequence has no limit, we say it
diverges.

Example 137 To see an example of a limit, consider the sequence f :
N — R given by < (%) >nen . In this case the lim < (1) >,en= 0. To
see why, notice that for any 6 > 0, it is possible to find an N(0) such that
d(0,z,) = |z, < 6, Vn > N(6). For instance, if § = 1, then N(1) = 2
(respects the strict inequality), if 6 = %, then N (%) = 3, etc. In general, let
N(6) =w (3) +1 where w(z) denotes an operator which takes the whole part
of the real number x. Such natural numbers always exist by the Archimedean
Property (Theorem 99). See Figure 4.1.2.

Theorem 138 (Uniqueness of Limit Points) A sequence in (X,d) can
have at most one limit.

Proof. Suppose, to the contrary, 7 and T’ are limits of < x,, > and T’ #
7". Let Bs(T')(={z € X : d(z,T') < §}) and Bs(T") be disjoint open balls
around 7' and 7", respectively.® Furthermore, let N’, N” € N be such that
if n > N and n > N”, then z,, € Bs(7') and z,, € Bs(T"),respectively. Let
k = max{N’, N"}. But then z; € Bs(T') N Bs(z"), a contradiction. m

Lemma 139 If < x, > in (X,d) converges to T € X, then any subsequence
< Ty(n) > also converges to T.

Proof. By definition 136, 3N (§) such that d(T,x,) < J, Vn > N(6). Let
< Ty > be a subsequence of < x, >. Since g(n) > n,then g(n) > N(gd)
in which case d(Z, r4()) < 9. ®

The next definition gives another notion of convergence to a point which
is the sequential version of Definition 111.

31t is always possible to construct such disjoint balls. Just let § = +d(z’,z").
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Definition 140 A sequence < x,, > from a metric space (X,d) has a clus-
ter point v* € X if given any 0 > 0 and given any N,3In > N such that
d(x*,z,) < §. In geometric terms, this says that z* is a cluster point of
< x, > if each ball around x* contains infinitely many terms of the sequence.

Thus if ¥ = lim < x, >, then it is a cluster point.* However, if z* is a
cluster point, it need not be a limit. To see this, note that the key difference
between Definitions 136 and 140 lie in what terms in the sequence qualify
as a limit or cluster point. If T is a limit point we know 3IN(J) for which
d(T,xz,) < 0 for n > N(§). For a cluster point, given N, it is sufficient
to find just one term in the sequence x, sufficiently far out that satisfies
d(z*,x,) < 6. But then just take n in definition 140 as n = max{N(J),
N}.To see this, consider the next example.

Example 141 Consider the sequence < (—1)" >, enfrom Example 135. This
sequence has no limit point but two cluster points. To see why, notice that the
only candidate limit points are {—1,1}. Consider T = 1. For all § € (0,1),
d(l,z;) = |1 —x;| > & for any odd index i = 2n — 1, n € N. A similar
argument holds for T = —1. To see why x* = 1 satisfies the definition of a
cluster point, notice that for any N, there exists i = 2N + 1 (an odd indez)
such that for any 6 > 0, d(1,z;) < §. For this particular sequence, there are
actually an infinite number of such indices. See Figure 4.1.1.

Example 141 provides a sequence which does not have a limit point (and
hence the assumption of Lemma 139 does not apply). However, it is easy
to see that there is a subsequence <(—1)9(”)>n nof odd indices that has a
limit point (which is one of the cluster points of the original sequence). The
following theorem applies to such cases.

Lemma 142 z* is a cluster point of < x, > iff there exists a subsequence
< Ty, >C< 2, > such that < x,, >— 2 as k — oo.

Proof. (=) If z* is a cluster point, then V4 > 0, 3, such that d(z*, z,, ) <
= for any N. (<) is trivial. m

40ne shouldn’t be confused between cluster points for a set and for a sequence. For
instance, singletons like {1} do not have cluster points, whereas the constant sequence
< 1,1,1,... > does (which is 1).
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Definition 143 Let (X, d) be a metric space and A C X. A is closed if any
convergent sequence of elements from A has its limit point in A.

Theorem 144 (Closed Sets Properties) (i) () and X are closed. (ii) The
intersection of any collection of closed sets in X is closed. (iii) The union
of any finite collection of closed sets in X is closed.

Proof. (i) Trivial.

(i) Let A = NyepA; where A; C X is closed Vi € A, which is any index
set. Take any convergent sequence from A and show its limit point is in A
as well. That is, let <z, >C Aand <z, >— 7. Then < z,, >C A; Vi € A
and because A; is closed < x, >— 7T and T € A; Vi € A implies T € N;cp A;.

(iii) Let A = U, A; where A; C X is closed Vi € {1,...,n}. Again, take
any convergent sequence from A and show its limit point is in A as well.
In particular, let < z, >C A and < z,, >— 7. There exists A; containing
infinitely many elements of < z,, > (i.e. A; contains a subset < z,, > .By
lemma 139, < z,, >— 7 and because < x,, >C A; and A; is closed, then
T € Ajimpliesz € A=U_ /A, m

Example 145 Property (iii) of Theorem 144 does not necessarily hold for

infinite union. Consider the following counterexample. Let F,, = [—1, —%] U

[L,1]. Then U2\ F, = [—1,0) U (0,1]. See Figure 4.1.3.
Closed sets can also be described in terms of cluster points.
Theorem 146 A subset of X is closed iff it contains all its cluster points.

Proof. °(=) By contradiction. Let z be a cluster point of a closed set A
and let x ¢ A. Then x € X\ A. Because X\A is open, there exists an open
ball Bjs,(x) such that Bs, (x) C X\A.Thus Bs, (x) is a neighborhood of z
having empty intersection with A.This contradicts the assumption that z is
a cluster point of A.

(<) Let z € X\A. Then z is not a cluster point of A since A contains
all its cluster points by assumption. Then there exists an open ball B;, ()
such that AN Bs, (x) = @. This implies Bs,(z) C X\ A or that X\ A is open,
in which case A is closed. m

5From Munkres Theorem 6.6, p. 97.
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Exercise 4.1.1 Ezplain why a singleton set {x} is consistent with Theorem
146.

We now introduce another topological notion that permits us to charac-
terize closed sets in other terms.

Definition 147 Given a set A C X, the union of all its points and all its
cluster points is called the closure of A, denoted A (i.e. A= AU A" where
A’ is the set of all cluster points of A).

Notice that A is not a partition since A and A’ are not necessarily disjoint.
Take (iii) of Example 112 where A = {0} U (1,2), in which case A" = [1,2]
and A = {0} U[L,2].

As an exercise, prove the following theorems.

Theorem 148 Let A C X. x € A iff any open ball around x has a non-
empty intersection with A.

Theorem 149 The closure of A is the intersection of all closed sets con-
taining A.

Theorem 150 A is closed iff A = A.

Exercise 4.1.2 Prove that A C A and (AU B) = AU B. Give an example
to show that (AN B) = AN B may not hold.

Example 151 (i) A = {2,3}.Then A = {2,3}. (ii) A =N. Then A = N.
(iii) A = (0,1]. Then A = [0,1]. (iv) A = {x € Q : x € (0,1)}. Then
A=[0,1].

Intuitively, one would expect that a point x lies in the closure of A if there
is a sequence of points in A converging to x. This is not necessarily true in a
general topological space, but it is true in a metric space as the next lemma
shows.

Lemma 152 Let (X,d) be a metric space and A C X.Then x € A iff it is a
limit point of a sequence < x, > of points from A (i.e. 3 < x, >C A such
that < x, >— ).
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Proof. (=) Take any = € A. By Theorem 148, V6 = = > 0, 3z,, € A such
that x,, € Bi(z). Hence this sequence < z,, >— =z (a limit point). (<) If
< @, >— x such that < z,, >C A, then in every open ball around x there
is ,, (actually, infinitely many of them) inside this ball. Then by Theorem
148z €A =

Exercise 4.1.3 (i) Show that if A is closed and d(x, A) = 0,then x € A.Does
(1) hold without assuming closedness of A? (ii) Show that if A is closed and
xo ¢ A, then d(x¢, A) > 0.

In the previous Example 151, we see that in some cases the closure of a
set is: the set itself (i); ”brings” finitely many new points to the set (iii); or
brings uncountably many points (iv). This leads us to the notion of density.

Definition 153 Given the metric space (X, d),a subset A C X is dense in
X if A=X.

Example 154 To see that Q is dense in R, we know that in any ball around
x € R there is a rational number. Hence by Theorem 148 x is from Q. Thus
we have R CQ. Obviously, R DQ as well, so R=Q. A similar argument
establishes that the set of irrationals is dense in R.

Intuitively, if A is dense in X then for any € X, there exists a point in A
that is sufficiently close to (or approximates) x.From the previous example,
since QQ is dense in R, any real number can be approximated by a rational
number which is countable. More importantly for applied economists, we
might take X to be the set of continuous functions and A the set of poly-
nomials with rational coefficients which is again countable. Then, provided
the set of such polynomials is dense in the set of all continuous functions,
working with polynomials will yield a good approximation to the continuous
function we are interested in.

Definition 155 A metric space (X,d) is separable if it contains a dense
subset that is countable.

Example 156 (R, | -|) is separable since Q is a countable dense subset of
R.

So far in a general metric space we have dealt only with closed sets. Now
we can introduce open sets as follows.
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Definition 157 A set A C X is open if its complement is closed.
Exercise 4.1.4 Show that an open ball is an open set.

Example 158 Let A = {(0,1) x {2}} ={(2,9) : 0 <z <1,y =2} CR?
equipped with do. A is not open since no matter how small § is, there exist
y' =2+ 2 such that (z,y') € Bs((x,2)) is not contained in A. See Figure

J.1.4.

We could have proven the properties of open sets as we did in Theorem
106, but we will not repeat it. Here we will simply mention a few concepts
that will be useful. The first concept is that of a neighborhood.

Definition 159 A neighborhood of r € X is an open set containing x.

Sometimes it is more convenient to use the concept of a neighborhood of
x rather than an open ball around x,but you should realize that these two
concepts are equivalent since an open ball B.(z) is a neighborhood of z and
conversely, if V, is a neighborhood of z,then there is a B.(z) C V;. See Figure
4.1.5.

There is another way to describe closed sets which uses boundary points.

Definition 160 A point x € X is a boundary point of A if every open
ball around x contains points in A and in X\A (i.e.(Bs(x) N A) N (Bs(z) N
(X\A)) # @) . A point x € X is an interior point of A if 3Bs(z) C A.
See Figure 4.1.6.

Note that a boundary point need not be contained in the set. For example,
the boundary points of (0,1] are 0 and 1.

Example 161 The set of boundary points of Q is R since in any open ball
around a rational number there are other rationals and irrationals by Theo-
rems 100 and 102.

The next theorem provides an alternative characterization of a closed set.

Theorem 162 A set A C X is closed iff it contains its boundary points.
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Proof. (=) Suppose A is closed and z is a boundary point. If x ¢ A,
then x € X\ A (which is open), contrary to = being a boundary point. (<)
Suppose A contains all its boundary points. If y ¢ A, then 3B;(y) a proper
subset of X'\ A. Since this is true Yy ¢ A, X\ A is open so A is closed. m

Unlike properties like closedness and openness, boundedness is defined
relative to the distance measure and hence is a metric property rather than
a topological property.

Definition 163 Given (X,d), A C X is bounded if IM > 0 such that
d(z,y) < M, Va,y € X.

Boundedness cannot be defined only in terms of open sets. It requires
the notion of distance. Thus it is not a topological property.

Theorem 164 A convergent sequence in the metric space (X, d) is bounded.

Proof. Taking 6 = 1, we know by Definition 136, 3N (1) such that |z,, — T| <
1, Vn > N(1).° By the triangle inequality, we know |z,| = |z, — T+ 7| <
|z, — | + |Z| < 1+ |Z|,Vn > N(1). Since there are a finite number of
indices n < N(1), then we set M = sup{|z1], |22|, ..., |[tn@)-1], |T|+1}. Hence,
|z,| < M, Vn € N, so that < z; > is bounded. m

4.1.1 Convergence of functions

While we will focus on convergence of functions in Chapter 6, it will be
necessary for some results in the upcoming sections to introduce a form of
functional convergence. A sequence of functions is simply a sequence whose
elements f,(z) contain two variables, n and x, where n indicates the order in
the sequence and xis the variable of a function. For example, < f,(z) >=<
" >=<x, 2% 23, ... > for x € [0,1].

What does it mean for a sequence of functions to be convergent? There
are basically two different answers to this question. If we work in a metric
space whose elements are functions themselves with a certain metric, then
convergence of functions is nothing other than convergence of elements (the
element being a function) with respect to the given metric. We will deal
with this type of convergence in Chapter 6 on function spaces. The second

6Since the sequence converges, we are free to choose any £ > 0. Here we simply choose
e=1
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approach is to take any set X along with a metric space (Y,dy) and let
fn: X = Y for all n. Fix 29 € X. Then (f,(x¢)) is a sequence of elements
(the element being a point) in Y. If this sequence is convergent, then it
converges to a certain point yo (i.e. {(fn(z0)) — vo = f(zo). This leads to
the following definition.

Definition 165 Given any set X and a metric space (Y,dy), let < f, > be a
sequence of functions from X toY. The sequence < f,, > is said to converge
pointwise to a function [ : X — Y if for every xo € X, lim,, o fn(x0) =
f(zg). We call f a pointwise limit of < f, > . In other words, < f, >
converges pointwise to f on X if Vxg € X and Ve > 0, AN (xo,€) such that
Vn > N(xg,e) we have dy (fn(xo), f(xo)) < €.

Notice that if xg is fixed, then < f,,(x¢) > is simply a sequence of elements
in the metric space (Y, dy).

Example 166 Let f, : R — R given by fu(z) = £ and f : R— R given
by f(x) = 0. Thus, this example is a simple generalization of Example 137.
Then < f, > converges pointwise to f since we can always find a natural

number N(z,e) = w (}f‘) +1 by the Archimedean Property. See Figure 4.1.7.
Example 167 Let f, : [0,1]—= R given by f,(z) = 2" and f : [0,1]—> R

given by
0 0<z<«1
f<x)_{1 r=1

It is clear that when x = 1, then f,(z) = 1" =1 = f(z) so that f,(1) — 1

trivially. To see that for x € [0,1), fo(x) — f(x) note that if we write x =

ﬁ with a > 0 then we can use Bernoulli’s inequality that (1+a)" > 1+na,

then 0 < 2" = (Fla)n < 152 < 75 50 that we can take N(z,e) = w (&) + 1.
See Figure 4.1.8.

Notice that the rate of convergence N(xg,e) can be very different for
each xy. In Example 166, the rate is very low for very large x (we say the
rate of convergence is smaller the larger is N). However, if we restict the
domain for f,,, say f, : [0,2] — R, then the smallest possible rate for a given
eis N(2,¢e) = w (|§’) + 1. If it is possible, for a given ¢, to find the rate
independently of z,then we call this type of convergence uniform.
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Definition 168 Given X and a metric space (Y,dy), let < f, > be a se-
quence of functions from X toY. The sequence < f, > is said to converge
uniformly to a function f: X — Y if Ve > 0, AN(¢) such that ¥n > N(e)
we have dy (f.(z), f(x)) < e, Vx € X.

It is apparent from the definition that uniform convergence implies point-
wise convergence, but as Examples 166 and 167 show the converse does not
necessarily hold (i.e.the above two sequences of functions do not converge
uniformly but do converge pointwise). In the first case, Ve > 0 and Vn € N,
dzg € R such that zp > £ by the Archimedean property X so that %2 > ¢.
Similarly, in the second example, Ve € (0,1) and ¥n € N, we have 1 > en > 0.
Then 3z € (0,1) such that 1 > 2 > €% > 0 in which case 27 > ¢. On the
other hand, if we restrict the domain of the first example to [—1,1] (or for

that matter any bounded set) f,, is uniformly convergent since for any ¢ we
can take N = % + 1.

4.2 Completeness

The completeness of a metric space is a very important property for problem
solving. For instance, to prove the existence of the solution of a problem,
we usually manage to find the solution of an approximate problem. That
is, we construct a sequence of solutions that are getting closer and closer
to one another via the method of successive approximations. But for this
method to work, we need a guarantee that the limit point exists. If the space
is complete, then the limit of this sequence ezists and is the solution of the
original problem. For this reason, we turn to establishing when a given space
is complete.

Definition 169 A sequence < x,, > from a metric space (X, d) is a Cauchy
sequence if given § > 0,3IN(9) such that d(zp,, x,) < 0, Ym,n > N(J).

Note that if < x,, > is convergent, then there is a limit point T to which
elements of < x,, >eventually approach. If < x,, > is Cauchy, then elements
of < x, > eventually approach a point which may or may not exist. Hence all
Cauchy sequences can be divided into two different classes: those for which
37 such that < z,, >— T (i.e. convergent Cauchy sequences); and those for
which #Z such that < z,, >— 7 (i.e. nonconvergent Cauchy sequences).
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Example 170 Suppose we did not know that there existed a limit in example
137 where < (£) >penin (R, |-|). We can however, establish that this sequence
of real numbers is a Cauchy sequence and hence has a limit. Let m,n > N(J)
and without loss of generality let m < n. Then d(s,, Sm) = |% — %| < L.
Hence a sufficient condition for this sequence to be Cauchy for any 6 > 0 is
that N () = w () + 1.

Example 171 Consider the metric space (X, d) with X = (0, 1] and d = |z|.
Then by Examplel70, we ve established that < (%) >nents a Cauchy sequence
that converges (in R ) to a limit 0 ¢ X.

We now list some results that are not so useful in and of themselves but
will be used repeatedly to prove important theorems in the next few sections.

Lemma 172 Given (X,d),if < x, > converges, then < x, > is a Cauchy
sequence.

Proof. Let T = lim < x, > . Then given § > 0,dN (%) such that if
n>N (g) , then d(T, x,) < g. Thus if n,m > N (%) , then

6 O
A 1) < A, T) + (T, 1) < 5+ 5.

Lemma 173 If a subsequence < x4, > of a Cauchy sequence < x, >
converges to T, then < x, > also converges to T.

Exercise 4.2.1 Prove Lemma 1785.
Lemma 174 A Cauchy sequence in (X, d) is bounded.

Exercise 4.2.2 Prove Lemma 17}. It is similar to Lemma 164 in the pre-
ceding section.

The converse of Lemma 172 is not necessarily true. Those spaces for
which the converse of Lemma 172 is true are called complete.

Definition 175 If (X,d) has the property that every Cauchy sequence con-
verges to some point in the metric space, then (X, d) is complete.
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Establishing a metric space is complete is a difficult task since we must
show that every Cauchy sequence converges. In fact, due to Lemma 173 we
can (somewhat) weaken this definition, which gives us the following lemma.

Lemma 176 (X, d) is complete if every Cauchy Sequence has a convergent
subsequence.

Proof. It is sufficient to show that if < z,, > is a Cauchy sequence that
has a subsequence < wy(,) > which converges to T, then < x,, > converges
to T. Since < z,, > is a Cauchy sequence, given § > 0,we can choose N (g)
large enough such that d(z,,z,) < %, Ym,n > N (g) by Definition 169.
Since < x4, > is a convergent subsequence, given § > 0, we can choose
N (%) large enough such that d(zywm),T) < 4, Yg(n) > N () by Definition
136. Combining these two facts and using (iv) of Definition 125, d(x,,Z) <
d(l’n, .Ig(n)) + d(l’g(n),f) <. m

Another useful fact is that if we know a space is complete, then we know
a closed subspace is complete.

Theorem 177 A closed subset of a complete metric space is complete.

Proof. Any Cauchy sequence in the closed subset is a Cauchy sequence in
the metric space. Since the metric space is complete, it is convergent. Since
the subset is closed, the limit also must be from this set. m

Establishing that a metric space is not complete is an easier task since
we must only show that one Cauchy sequence does not converge to a point
in the space. Just take ((0,1],]-|) in Example 171 since the limit of < (+) >
is 0 which is not contained in (0, 1].

Example 178 Consider the sequence f : N — R given by < (H—%)” >nen Wt
can be shown that this sequence is increasing and bounded above. Then by the
Monotone Convergence Theorem 324, which is proven in the End of Chapter
FEzxercises, this sequence converges in (R,|-|). The limit of this sequence
is called the Euler number e (e=2.71828...), which is irrational. But then
(Q, |-]) is not complete; the sequence < (1++)" >nen C Q is Cauchy (because
it is convergent in R ) but is not convergent in Q.

Example 179 While Q is not complete, N is complete because the only
Cauchy sequences in N are constant sequences (e.g. < 1,1,1,... >), which
are also convergent.
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We next take up the important question of completeness of (R, |-|). This
takes some work.

Theorem 180 (Bolzano-Weierstrass for Sequences) A bounded sequence
i R has a convergent subsequence.

Proof. Let A =< =z, > be bounded. If there are only a finite number
of distinct values in the sequence, then at least one of these values must
occur infinitely often. If we define a subsequence < x4, > of < z,, > by
selecting this element each time it appears we obtain a convergent (constant)
subsequence.

If the sequence < x,, >contains infinitely many distict values, then A =<
x, > is infinite and bounded. By the Bolzano-Weirstrass Theorem 118 for
sets (which rested upon the Nested Cells Property, which in turn rested upon
the Completeness Axiom), there is a cluster point z* of A =< z,, > . Then
by Theorem 142 there is a subsequence < zy;,) >— z*. ®

Theorem 181 (Cauchy Convergence Criterion) A sequence in R is con-
vergent iff it is a Cauchy sequence.

Proof. (=) is true in any metric space by Lemma 172.

(<) Let < x, > be a Cauchy sequence in R.Then it is bounded by Lemma
174 and by Theorem 180 there is a convergent subsequence < z,, >— 7.
Then by Lemma 173, the whole sequence < x,, > converges to . m

Hence, since completeness requires that any Cauchy sequences converges,
we know from Theorem 181 that (R, |- |) is complete.

4.2.1 Completion of a metric space.

Every metric space can be made compete. The idea is a simple one. Let
(X,d) be a metric space that is not complete. Let CS[X]| be the set of
all Cauchy sequences on the incomplete metric space and let < a, >,<
b, >€ CS[X]. Define (as in Definition 26) the equivalence relation “~ " by
< xp > <y, > iff lim, .. d(x,,y,) = 0. This relation forms a partition of
CS[X] where in every equivalence class there are all sequences which have
the same limit. Let X* be the set of all equivalence classes of CS[X]. Then

~

X* with the metric d([< a, >],[< b, >]) = lim,, o d(ay, b,) is a complete
metric space.
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Example 182 Reconsider Example 171. The completion of ((0,1),|-]) is
(10,1],]-]). Notice that we added two Cauchy sequences < = > and < 1—1 >.

Next we demonstrate the process of completion of a metric space (Q, |-]),
which we know by example 178 is not complete since < 1+ %)n> is a non-
convergent Cauchy sequence (in Q). Let CS(Q) be the set of all Cauchy
sequences. An equivalence relation, defined in 26, partitions CS(Q) into
classes like those shown in Figure 4.2.1: classes of convergent Cauchy se-
quences such as <1 -+ %> and <1 — %> (which converges to the rational num-
ber 1) and classes of non-convergent (in Q) like ((1+ 1)") (which converges
to e which is not in Q). Loosely speaking, we can then assign the number
1 to the class of convergent Cauchy sequences and can assign e to the non-
convergent Cauchy sequence. How can we compare two metric spaces with
completely different objects (e.g. one containing classes of Cauchy sequences
and the other containing real numbers)?

Definition 183 Let (X,dx) and (Y, dy) be two metric spaces. Let f : X —
Y have the following property

dX(:L" y) = dy(f(IE), f(y)) (41)

A function f having this property is called an isometry.

By (4.1) it is clear that an isometry is always an injection. If f is also
a surjection, then it is a bijection and in this case we say that (X, dx) and
(Y,dy) are isometric. Two isometric spaces might have completely different
objects, but due to (4.1) and the fact that f is a bijection, they are exact
replicas of one another. Their objects just have different names.

Getting back to our example, consider the spaces (R, |-|) and (CS(Q), c?)
Let f: R — CS(Q) given by f(x) = {< z, >', <z, >?, ...} where < z,, >'—
r, <z, >2— wetc. are Cauchy sequences of one class converging to z (e.g.
<z, >i= <1+%> and < x, >?= <1 — %> which converge to 1). f is a
surjection because (R, |- |) is complete. One can show that f is an isometry.
Thus, these two metric spaces are isometric. The above construction implies
the fact that for every real number x € R there exists a sequence < x,, > of
rational numbers converging to x (i.e. limz,, = = where z,, € Q).
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4.3 Compactness

When we listed the three important theorems at the beginning of this chap-
ter, there was a common assumption; the domain of f was taken to be the
closed interval [a, b]. What properties of [a, b] guarantee the validity of these
theorems? What properties of the domain of f are necessary for the valid-
ity of comparable theorems in more general metric spaces? In more general
metric spaces, closed intervals may not even be defined. If we replaced the
closed interval above with a closed ball, would the results continue to hold?
As we will see later in the Chapter, they may not.

In Chapter 3 we showed (Theorem 121) that [a,b] has the Bolzano-
Weierstrass property such that any sequence of elements of [a, b has a sub-
sequence that converges to a point in [a, b]. As we will see, this property can
also be defined for a subset A of a general metric space (X, d) to guarantee
the validity of the theorems we're interested in. In fact, if we dealt with
metric spaces only, we could have defined compactness only in terms of sets
which satisfy the Bolzano-Weierstrass property. The more general approach
we take next, which can be applied in any topological space, uses a different
definition which is seemingly unrelated to the Bolzano-Weierstrass property.

Definition 184 A collection C = {A; : i € A, A; C X} covers a metric
space (X, d) if X = UjepA;. C is called an open covering if its elements
A; are open subsets of X.

Definition 185 A metric space (X,d) is compact if every open covering C
of X contains a finite subcovering of X.© A subset H of (X, d) is compact if
every open covering of H by open sets of X has a finite subcovering of H.

In order to apply this definition to show that a set H is compact we must
examine every open covering of H and hence it is virtually impossible to use
it in determining compactness of a set. The exception is the case of a finite
subset H of a metric space X. For if every point z,, € H is in some open set
A; € C, then at most m carefully selected subsets of C will have the property
that their union contains H. Thus any finite subset H C X is compact.

On the other hand, to show that a set H is not compact, it is sufficient
to show only one open covering cannot be replaced by a finite subcollection
that also covers H.

"That is, if every open covering C of X contains a finite subcollection {4;,, A;,, ...., A, }
with A;, € C that also covers X.
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Example 186 Let (X,d) = (R,|-|) and H={z € R:2x >0} =[0,00). Let
C={A,:neN A, =(-1,n)} so that every A, C R and H C {Upen4,}.
If {An,, Any, s An, ) is a finite subcollection, let M = max{ni,ng,...,ni} so
A, C Ay and hence Ay = Ué?:lAn].. However, since A, is open, M ¢ Ay,
and hence the real number M > 0 does not belong to a finite open subcovering
of H. Thus we have provided one particular covering of H by open sets
(—=1,n) which cannot be replaced by a finite subcollection that also covers
H. This was sufficient to show that H is not compact. This example shows
that boundedness of a set is a likely necessary condition for compactness.® See

Figure 4.5.1.
Lemma 187 Let H C X. If H is compact, then H is bounded.

Proof. Let zp € H.Let A,, = {x € X : d(x,x) < m}. Here we construct an
increasing nested sequence of open sets A,, whose countable union contains
H.That is, H C U¥_jA,, = X and Ay C Ay C ... C A,, C ... It follows
from the definition of compactness that there is a finite number M such that
Ay C Ay C ... C Ay covers H. Then H C Ay and hence bounded. m

Example 188 H = [0,1) cannot be covered by a finite subcollection of sets
A, = (—1, 1-— %) forn € N. It is simple to see that H C {UpenA,} and each
A, C R. However, if {An,, Any, ..., An, } is a finite subcollection and we let
M = sup{ny, ny, ..., ny },then A, C Ay and hence Ay = U§:1Anj- However,
since A,, is open, 1 — ﬁ ¢ Ay and hence the real number 1— ﬁ € H does not
belong to a finite open subcovering of H. This example shows that closedness
of a set is a likely necessary condition for compactness.® Figure 4.3.2.

Lemma 189 Let H C X. If H is compact, then H is closed.

Proof. H is closed & X\H is open. Let z € X\H and construct an
increasing nested sequence of open sets A; around but not including x with
the property that their countable union is H\{z}. That is, Ay, = {y € X :
d(z,y) > +,k € N} in X. Then {H\{z}} = UpenAy.Since z ¢ H, each
element of H is in some set A,by an application of Corollary 100 so that H C

8Unboundedness in this example was really just an application of the Archimedean
Theorem 99.

9Lack of closedness in this example was really just an application of the Corollary to
the Archimedean Theorem 100.
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UrenAyg.Since H is compact, it follows from the definition of compactness that
there is a finite K € N such that H C UX | A, = Af .In that case, there is
an open ball around x such that Bﬁ () C X\H with Bﬁ (x)NH =10.
Since x was arbitrary, each point in the complement of H is contained in an
open ball in X\ H. Thus X\ H is open in which case H is closed. See Figure
43.3. =m

Theorem 190 A closed subset of a compact set is compact.

Proof. Let X be compact and H C X be closed. Let C = {A;} be an
open covering of H. Then G = {A4,} U (X\H) is an open covering of X since
X\ H is open (because H is closed). Since X is compact, there exists a finite
subcollection F of G covering X.Since F also covers H, then F\{X\H} also
covers H and is a subcollection of C. Then H is compact. =

Lemmas 187 and 189 provide necessary conditions for a set to be compact.
But we would like to have sufficient conditions that guarantee compactness
of a set. To that end, Theorem 190 is useful but has limited applicability.
The original space has to be compact in order to be able to use it. Are
the necessary conditions of Lemmas 187 and 189 in fact sufficient? Not
necessarily, as the next example shows.

Example 191 Consider the metric space (R,d’) with d'(x,y) = min{|z —
yl|,1}.In this case, R is bounded since |x —y| <1, Va,y € R. We also know
that R is closed. It is clear, however, that R is not compact in (R,d') since
a collection A = {(—n,n),n € N} covers R but it doesn’t contain a finite
subcollection that also covers R.

Exercise 4.3.1 Show that d' is a metric on R.

The space (R, | - |) provides a clue as to a set of sufficient conditions to
establish compactness. Since Lemmas 187 and 189 apply to any metric space,
we know compactness implies boundedness and completeness. But in (R, | -
|), boundedness and completeness is equivalent to the Bolzano-Weierstrass
property by Theorem 121 (which we attributed to Heine-Borel). Thus, isn’t
the Bolzano-Weierstrass property sufficient for compactness? In (R, |-|),this is
true and we now show that the Bolzano-Weierstrass property is also sufficient
in any metric space. Before we do this, we begin by formulating compactness
in terms of sequences (consistent with the approach we are taking in this
chapter).
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Definition 192 A subset H of a metric space X is sequentially compact
if every sequence in H has a subsequence that converges to a point in H.

Next we turn to establishing that the Bolzano-Weierstrass property, se-
quential compactness, and compactness are equivalent in any metric space.

Theorem 193 Let (X, d) be a metric space. Let H C X. The following are
equivalent: (i) H is compact; (ii) Every infinite subset of H has a cluster
point; (i) Every sequence in H has a convergent subsequence.

Proof. (Sketch) (i = ii) It is sufficient to prove the contrapositive that if
A C H has no cluster point, then A must be finite. If A has no cluster
point, then A contains all its cluster points (because the set of cluster points
is empty and every set contains the empty set.). Therefore A is closed.
Since A is a closed subset of a compact space H, it is compact. For each
xr € A,Je > 0 such that B.(z) N {A\{x}} = 0 since = is not a cluster point
of A by Definition 140. Thus, the collection {B.(z), x € A} forms an open
covering of H. Since H is compact, it is covered by finitely many B.(z).
Since each B.(x) contains only one point of H, H is finite.

(it = 4i1)Given < s; >, consider the set S = {s; € H :i € N}. If S
is finite, then s* = s; for infinitely many values of ¢ in which case < s; >
has a subsequence that is constant (and hence converges automatically). If
S is infinite, then by (ii) it has a cluster point s*. Since s* is a cluster point,
we know by Definition 140 that Ve = L there exist z;, € B1(s*) such that
s;, # s*. This allows us to construct a subsequence < sil,%iw ... > which
converges to s*.*°

(i4i = i) First, we show that Ve > 0, 3 a finite subcovering of H (by
e-balls). Once again, it is sufficient to prove the contrapositive: If for some
e > 0, H has no finite subcover, then H has no convergent subsequence.
If H cannot be covered with a finite number of balls, construct < s; > as
follows: Choose any s € H say s;. Since B.(s1) is not all of S (which would
contradict that S has no finite subcover), choose s; ¢ B.(s1). In general,

10More specifically, define the subsequence < Sg(7) > approaching s* inductively as
follows: Choose iysuch that s;, € By(s*). Since s* is a cluster point of the set X, it is
also a cluster point of the set So = {s; € S : 4 € N, ¢ > 2} obtained by deleting a finite
number of elements of S. Therefore, there is an element s;, of Sy which is an element
of B% (s*) with 49 > 41. Continuing by induction, given i,,_1, choose i, > i,_1such that
Si, € B% (S*)
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given < si, 82, ..., S, >, choose ;1 ¢ B:(s1) U B:(s2) U ... U B:(s,) since
these balls don’t cover S. By construction d(s,i1,s;) > € for i = 1,...,n.
Thus, < s; > can have no convergent subsequence. The above procedure can
be used to construct a finite subcollection that covers S.!' m.

When we put this theorem together with the result that every closed and
bounded set has the Bolzano-Weierstrass Property we get a simple criterion
for determining compactness of a subset in (R, |-|).In particular, all we have
to do is establish that a set in (R, |- |) is closed and bounded to know it is
compact.

Corollary 194 (Heine-Borel) Given (R, |-|), H C R is compact iff H is
closed and bounded.

Proof. Follows from Theorem 193 together with the Heine Borel Theorem
121. =

Corollary 194 is the “more familiar” version of the Heine-Borel Theorem
and can easily be extended to R with the Euclidean metric.

Is there any relation between compactness and completeness? While it
may not appear so by their definitions, the next result establishes that they
are in fact related.

Lemma 195 Let (X,d) be a metric space. If X is compact, then it is com-
plete.

Proof. From Theorem 193 every Cauchy sequence has a convergent subse-
quence. Completeness follows by Lemma 173. m

The converse of Lemma 195 does not necessarily hold; that is, it doesn’t
follow that if X is complete, then it is compact as Example 191 shows.
We need a stronger condition than boundedness to prove an analogue of
the Heine-Borel Corollary 194 for general metric spaces. The condition was
actually already used in part (iii) of Theorem 193.

Definition 196 A metric space (X, d) is totally bounded if Ve > 0, there
s a finite covering of X by e—balls.

1Gee the Lebesgue Number Lemma, p. 179, of Munkres for this construction. For the
case of X = R", see Bartle Theorem23.3 p. 160.
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As we can see, the definition of total boundedness is quite similar to
Definition 185 of compactness. One might ask how to check if a metric
space is totally bounded. Though there is no satisfactory answer in a general
metric space, there are various criteria for specific spaces. For instance, total
boundedness in R" is equivalent with boundedness.

Total boundedness of a metric space implies boundedness, but the con-
verse is not true.

Example 197 While we established that (R,d’) with d'(z,y) = min{|z —
yl, 1} was bounded in Example 191, it is not totally bounded. This follows
because all of R cannot be covered with finitely many balls of radius, say i.

Next we establish an analogue of the Heine-Borel Theorem for general
metric spaces.

Theorem 198 A metric space (X, d) is compact iff it is complete and totally
bounded.

Proof. (=) Completeness follows by Lemma 195. Total boundedness follows
from Definition 196 given X is compact.

(<) By Theorem 193 it suffices to show that if < z,, > is a sequence in
X, then there exists a subsequence < x4, > that converges. Since X is
complete, it suffices to construct a subsequence that is Cauchy. Since X
is totally bounded, there exist finitely many ¢ = 1 balls that cover X. At
least one of these balls, say Bjcontains y, for infinitely many indices. Let
Ji1 C N denote the set of all such indices for which s, € B;. Next cover X
by finitely many ¢ = % balls. Since .J; is infinite, at least one of these balls,
say Bs contains y, for infinitely many indices. Let Jy C J; denote the set of
all such indices for which n € J; and y, € Bs. Using this construction, we
obtain a sequence < Jj > such that J; D Ji41. If 4,5 > k,then n;,n; € J
and y,,, T,; are contained in a ball By, of radius % Hence < z,,, > is Cauchy.
See Figure 4.3.4. m

So how does one test for total boundedness? 777EXAMPLE??7?

4.4 Connectedness

Connectedness of a space is very simple. A space is “disconnected” if it can
be broken up into separate globs, otherwise it is connected. More formally,
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Definition 199 Let (X,d) be a metric space. S C X is disconnected
(or separated) if there exist a pair of open sets T,U such that SN U and
SNT are disjoint, non-empty and have union S. S is connected if it is not
disconnected. See Figure 4.4.1.

Example 200 (a) Let (X,d) = (R,|-|) and H = N. Then N is disconnected
in R since we can take T = {z € R: > 3} and U = {x € R: = < 3}.
Then TONN#AQ#UNN, (TNN)N({UNN) =g, and N=TUU. (b) Let
(X,d)=(R,|-|) and H=Q,. Then Q. is disconnected in R since we can
take T = {z € R: 2 > 2} and U = {x € R: x < \/2}.See Figure 4.4.2.

Theorem 201 [ = [0, 1] is a connected subset of R.

Proof. Suppose, to the contrary, that there are two disjoint non-empty open
sets A, B whose union is /. Since A and B are open, they do not consist of
a single point. WLOG let a € A and b € B such that 0 < a < b < 1. Let
¢ =sup{x € A:z < b}, which exists by Axiom 3. Since 0 < ¢ < 1,c € AUB.
If c € A, then ¢ # b and since A is open, there is a point a; € A with ¢ < a;
such that [c,a;] is contained in {z € A : z < b}. But this contradicts the
definition of c¢. A similar argument can be made if c€ B. =

This result can easily be extended to any (open, closed, half open, etc.)
subset of R and to show R itself is connected. Furthermore, it is possi-
ble to construct cartesian products of connected sets which are themselves
connected.'?

4.5 Normed Vector Spaces

Before moving onto the next topological concept (continuity), we give an
example of a specific type of metric space called a normed vector space.
Normed vector spaces are by far the most important type of metric space
we will deal with in this book. A normed vector space has features that a
metric space doesn’t have in general; it possesses a certain algebraic structure.
Elements of a vector space (called vectors) can be added, subtracted, and
multiplied by a number (called a scalar). See Figure 4.5.1 for the relation
between metric spaces and vector spaces.

12Gee Munkres p.150.
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Definition 202 A wvector space (or linear space) is a set V' of arbitrary
elements (called vectors) on which two binary operations are defined: (i)
closed under vector addition (if u,v € V, then u+v € V) and (i) closed
under scalar multiplication (if a € R and v € V, then av € V') which satisfy
the following axiom(s):

Cl. u+v=v+u, Vu,v eV

C2. (u+v)+w=u+ (v+w), Vu,v,w eV

C3. 0 eV30+0=v=0+0v,YoeV

C4. Foreachv eV, 3(—v) e Vov+(—v)=0=(—v)+v
Cs5. lv=v,YveV

C6. a(bv) = (ab)v, VYa,b € R and Yv € V

C7. a(u+v) =au+av, Vu,v € V

C8. (a+b)v=av+bv, Va,b € Rand Yv € V

Example 203 R is the simplest vector space. The elements are real numbers
where “+’ and “’ were introduced in Aziom 1. R? is also a vector space whose
basic elements are 2—tuples, say (x1,x2). We interpret (x1,x2) not as a point
in R? with coordinates (1, xs) but as a displacement from some location. For
instance, the vector (1,2) means move one unit to the right and two units up
from your current location. See Figure 4.5.2a for an example of the vector
(1,2) from two different initial locations. Often we take the inital location
to be the origin. Vector addition (see Figure 4.5.2b.) s then defined as
(w1,22) + (y1,92) = (21 + Y1, 22 + y2) and scalar multiplication (see Figure
4.5.2¢.) is defined as a(xq,x2) = (axy,azs). Let F(X,R) be the set of all real
valued functions f : X — R. Then we can define (f + g)(x) = f(x) + g(x)
and (af)(x) = af(x). These two operations satisfy Azioms C1 — C8 and
hence F(X,R) is a vector space. We will consider such sets extensively in
Chapter 6.

Definition 204 A vector subspace U C V is a subset of V which is a
vector space itself.
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Example 205 Let V =R? = {(z,y) : 2,y € R} and U = {(z,y) : y = 2,
where x,y € R}.Then U is a vector subspace of V. Note that Z = {(x,y) :
y =2z + 1, where x,y € R} is a subset of V but it is not a vector subspace
of V since 0 ¢ Z.

The algebraic structure of a vector space by itself doesn’t allow us to
measure distance between elements and hence doesn’t allow us to define
topological properties. This can be accomplished in a vector space through
a distance function called the norm.

Definition 206 If V' is a vector space, then a mnorm on V is a function
from V to R, denoted || - || : V' — R, which satisfies the following properties
Vu,vo € VandVa € R : (i) ||v|]| >0, (i) ||v]] =0 iff v =0, (i) ||av| =
la| ||v]|, and (iv) ||u+v| < ||u|| + [|v]|. A vector space in which a norm has
been defined is called a normed space.

Notice that the algebraic operations vector addition and scalar multipli-
cation are used in defining a norm. Thus, a norm cannot be defined in a
general metric space which is not equipped with these operations. But a
vector space equipped with a norm can be seen as a metric space and a met-
ric space which has a linear structure is also a normed vector space. The
following theorem establishes this relationship.

Theorem 207 Let V' be a vector space then

(1) If (V,d) is a metric space then (V,|.||) is a normed vector space with
the norm ||.|| -V — R defined ||z|| = d(z,0), Vo € V

(1) If (V,||-|) is a normed vector space then (V, p) is a metric space with
the metric p: V x V — R defined p(z,y) = || —yl||, Ve,y € V

Exercise 4.5.1 Prove Theorem 207.

Note that whenever a metric space has the additional algebraic structure
given in 202, we will use the norm rather than the metric and hence work in
normed vector spaces.

Exercise 4.5.2 Redefine convergence, open balls, and boundedness in terms
of normed vector spaces.

Definition 208 A complete normed vector space is called a Banach space.
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Some vector spaces are endowed with another operation, called an inner
(or dot) product that assigns a real number to each pair of vectors. The
inner product enables us to measure the “angle” between elements of a vector

space.!?

Definition 209 IfV is a vector space, then an inner product is a function
< -, - >: VXV — R which satisfies the following properties Vu,v,w € V and
VaeR: (i) <v,v>>0, (i1) <v,o >=0 iff v =0, (11i) < u,v >=< v,u >,
() < u,(v+w) >=<u,v>+<uw>, (v)<(au),v >=a < u,v >=<
u, (av) >. A wvector space in which an inner product has been defined is called
an tnner product space.

The inner product can be used to define a norm (in particular the Eu-
clidean measure of distance) in the following way.

Theorem 210 Let V' be an inner product space and define ||v]| = /< v,v >.
Then || - || : V' — R is a norm which satisfies the Cauchy-Schwartz inequality
<u, v >< Julflvf]-

Proof. (Sketch) Since < v,v >> 0 by part (i) of definition 209, /< v,v >
exists and exceeds zero, establishing part (i) of definition 206. Part (ii) also
follows from (ii) of definition 209. By part (v) of definition 209, \/< (av), (av) > =

Va2 <v,v> = |a|l/<v,v> = |a|||[v||, establishing part (iii). To establish

Cauchy-Schwartz, let w = au — bv for a,b € R and u,v€V. By definition
209, w € V. Then

0 < <w,w>=a®<u,u>—2ab<uv>+b<v,v>
= olPllull* = 2lvllllull < u,v > +ul*]lv]?
= 2fullllvll (lulfloll— < u,v>)

where the second equality follows by letting a = ||v|| and b = ||u||,which were
free parameters in the first place. m

To get some intuition for this result, notice that if 6 is the angle between
vectors u and v, then the relationship between the inner product and norms
of the vectors is given by < u,v >= ||v]|||u|| cos #.The inequality then follows
since cosf € [—1,1].See Figure 4.5.6 for this geometric interpretation of the
Cauchy Schwartz inequality.

13For instance, orthogonality is just < u,v >= 0.
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Exercise 4.5.3 Finish the proof of Theorem 210 (i.e. establish the triangle
inequality in part (iv) of definition 206).

Whereas some norms (eg. the Euclidean norm) can be induced from an
inner product, other norms (eg sup norm) cannot be.

Definition 211 A complete inner product space is called a Hilbert space.

Note that a Hilbert space is also a Banach space.

4.5.1 Convex sets

Definition 212 We say that a linear combination of x,...,z, € V 1is
{0 qimi o € Ryi = 1,...,n}. We say that a convex combination of
L1y ey €Vois D0 om0 > 0,500 o =1,0=1,...,n}.

Definition 213 A subset S of a vector space V is a convex set if for every
x,y € S,the convex combination axz + (1 —a)y € S, for 0 < a < 1. 1

Example 214 In R, any interval (e.g. (a,b)) is convezx but (a,b) U (c,d)
with b < ¢ is not convex. See Figure 4.5.3 for convex sets in R?.

Definition 215 The sum (difference) of two subsets Sy and Sy of a vector
space V is Sy £ So={veV :iv=xty, v €S,y € Sy}.See Figure 4.5.4.

Theorem 216 (Properties of Convex Sets) If K; and K, are convex
sets, then the following sets are convex: (i) Ky N Koy; (16)AKq; (i) Ky £ Ks.

Proof. (iii) Let z,y € K; + Kj so that x = 1 + 29, 1 € Ky, 29 € Ko,
y=11+y2 y1 € K1, y2 € K. Then ax + (1 — a)y = a(r; +x2) + (1 —
a) (y1 +y2) = (az1 + (1 — a)yr) + (axa + (1 — a)y2) = 21+ 22. Since K; and
Ky are convex, z1 € Ki,20 € Ky. Thus, v +y € K1+ K;. m

Example 217 [t is simple to show cases where Ki and Ky are convex sets,
but K1 U K5 is not convex. See Example 21/ in R.

n n
MFor instance, for 1, ...,x, € S, the convex combination is E a;x;,where E a; =1
i=1 i=1
and «; > 0.
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As we will see later, convexity of a set is a desirable property. If a set S
is not convex, we may replace it with the smallest convex set containing S
called the convex hull.

Definition 218 Let S C V. The convex hull of S is the set of all convex
combinations of elements from S, denoted co(S). That is, co(S) ={zx € V :
r=Y" om,x; €S0, >0, a; =1}

Example 219 In R", consider two vectors A # B. Then co({A, B}) is just
a line segment with endpoints A, B. If A, B,C do not lie on the same line,
then co({A, B,C}) is the triangle A, B,C. See Figure 4.5.5.

Exercise 4.5.4 Show that if V' is convex, then (i) co(V) = V, and (ii)if
S CV, then co(S) CV is the smallest convex set containing S.

4.5.2 A finite dimensional vector space: R”

The most familiar vector space is just R", with n € N and n < oo. R"
is the collection of all ordered n-tuples (xi,za,...,x,) with z; € R, i =
1,2,...,n. Vector addition is defined as (x1, Z2, ..., Zn) + (Y1, Y2, -, Yn) = (21 +
Y1, T2+Y2, ..., Tn+Yyy,) and scalar multiplication is defined as a(x1, 2, ..., z,,) =
(azy,axs, ..., axy).

Exercise 4.5.5 Verify R" is a vector space under these operations.

Example 220 Since (R,|-|) is a complete metric space with absolute value
metric, it is a Banach space with the norm ||z| = |z|. Since (R™,||z||) is
a complete metric space with Fuclidean metric, it is a Banach space with
Euclidean norm ||z|2 = /> (x:)?. Since (R, ||z]|o) is a complete metric
space with supremum metric, it is also a Banach space with sup norm |||
= max{|zy|,....|z, |}

The next result provides a useful characterization of the relationship be-
tween ||z]|« and ||z]|.

Theorem 221 If z = (z1,...,2,) € R", then ||z]|o < ||z|l2 < V|||
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Proof. Since (||z]|2)* = 327, (2:)?, it is clear that |z;| < ||z||s, Vi. Similarly,
if M = max{|z1],....|z,|}, then (||z|]2)* < nM?, so ||z]| < /nM. =

Example 220 shows that R™ can be endowed with two different norms.
One might ask if these two normed vector spaces are somehow related and
if so, in what sense? Distances between two points with respect to these
two norms are generally different. See Figure 4.5.7 In this case, these two
normed vector spaces are not isometric. On the other hand these two spaces
have identical topological properties like openness, closeness, compactness,
connectedness, and continuity. In this case, we say that these two normed
vector spaces are homeomorphic or topologically equivalent.

To show that two metric spaces (or normed vector spaces according to
Theorem 207) are topologically equivalent it suffices to show that the collec-
tions of open sets in both spaces are identical. This is because all topological
properties can be defined in terms of open sets. The fact that open sets
are identical follows Theorem 221. To see this, let A be open in R™ under
Euclidean norm. Then Vz € A, 3¢ > 0 such that {y € R" : ||y — 2| <
e} C A. But from the first part of the inequality in Theorem 221 we know
{y e R": |ly — z||o < ||y — || < e} C A. Hence A is open in R™ under the
sup norm. The inverse can be shown the same way using the second part
of the inequality. We will discuss this at further length after we introduce
continuity.

Example 222 In Rn; deﬁne < (1‘1, T2, ... xn)a (y17 Y2,y yn) >= x1y1+x2y2+
oo + 2 yn. R™ with inner product defined this way is a Hilbert space.

Exercise 4.5.6 Verify the dot product in Example 222 defines an inner prod-
uct on R™.

Theorem 223 In the Fuclidean space R™a sequence of vectors < x,, > con-
verges to a vector x = (x1,....,x,) if and only if each component < xi >
converges to x* , i =1,....,n.

Exercise 4.5.7 Prove Theorem 223.
We next introduce the simplest kind of convex set in R™.

Definition 224 A nondegenerate stmplex in R™ is the set of all points

S={reR": 2 =ap’+av'+..+a,v", a0 > 0,...,a, >0 and Zai =1}
=0

(4.2)
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0t ..., v™ are vectors from R™ such that vt — 0% v? — % ... 0" —
0

VY are lineary independent. Vectors v°,vl,.....,v" are called vertices. The
numbers «q, ..., , are called barycentric coordinates (the weights of the
conver combinations with respect to n + 1 fized vertices) of the point x.

0 0

where v

Example 225 A nondegenerate simplex in R is a line segement, in R?
is a triangle, in R3 is a tetrahedron. In R3, for example, the simplex is
determined by 4 vertices, any 3 vertices determine a boundary face, any 2
vertices determine a boundary segment. See Figure 4.5727(4.8.2.99%)

A simplex is just the convex hull of the set of all vertices V = {v°, v, ....,v"}.
By the following theorem, any point of a convex hull of V' can be expressed as
a convex combination of these vertices. Do not confuse the n+ 1 barycentric
coordinates (the ;) of x with the n cartesian coordinates of z.

n+1
Theorem 226 (Caratheodory) If X C R"andz € co(X),thenx = Z i
i=1

n+1
for some \; > 0, Z)‘i =1, x € X, Vi

=1

Proof. (Sketch) Since = € co(X),it can be written as a convex combination
of m points by Theorem ??. If m < n + 1, we are done. If not, then the

generated vectors
T i) Tm
R

are linearly dependent, so a combination of them will be zero (i.e.
Dt { 1 1 =0
i=1

with p; not all zero. If \; are coeflicients of x;, we can choose « to reduce the
number of vectors with nonzero coefficients below m by setting 0; = \; — ap;,.
[

We know that in R™ each vector can be written as a linear comb%nation

of n-linearly independent vectors (called a basis). That is, x = Z%’ﬂﬁz’,
i=1
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{1,...,x,} is a basis. There is no restriction on the coefficients ;. In The-
n

orem 226 there are additional assumptions put on «; (i.e. Zai =1 and
i=1
a; > 0). Now adding one more variable (from n to n + 1) to the system
yields a unique solution for vectors belonging to the co(V') and no solution
for other vectors.
The following two examples demonstrate the difference between cartesian
coordinates and barycentric coordinates in R?.

Example 227 Let V = {(0,1),(1,0),(1,1)}. Say we want to express the
vector (2,2) as a linear combination of (0,1) and (1,0), two basis vectors.
That is (3,2) = 2(1,0) 4 2(0,1), but this is not a convex combination since
% + % = % # 1. But any pomt from co(S) can be uniquely expressed as the
convex combination of vectors from S. For instance,

2
35
(5

(5.2) = 0(1,0)+ B(0,1) + (1 - 0~ A)(1, 1)

where 0 < a, f < 1. Letting a = = =, we have

1
3

(%, %) _ %(1,0) + %(o, 1)+ %(1, 1)

On the other hand, a vector outside co(V') (like (3,0)) cannot be expressed
as a conver combination of vectors from V. See Fzgw“e 4.5.8.

Example 228 Let the fized vertices be given by v° = (0,1),v! = (0,3),v? =
(2,0) and consider the point ' = (1,1) on the interior of the simplex. See
Figure 4.52992(4.8.3.) The barycentric coordinates of x with respect to

vertices v°, v' | v* are (1,4,3) since (1,1) = 1(0,1) + 1 (0,3) + 1 (2,0).
In the case of 2> = (0,2), the barycentric coordinates are (2, 2,02) since

(0,2) =2 (0,1)4+1(0,3)+0(0,2). In the case of z* = (2,0), the barycentric
coordinates are (0,0,1) since (2,0) =0-(0,1)+0-(0,3)+1-(2,0). Notice that
xl is an interior point of the simplex so that all its barycentric coordinates
are positive, that 2 is on the boundary so that one barycentric coordinate is
0, and 23 is a vertex so that it has 2 barycentric coordinates which are zeros.
In this section, we will always mean by «; barycentric coordinates of a point

inside the fized simplex (including boundary points).
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The next result, while purely combinatorial, will be used in the proof of
Brouwer’s Fixed Point Theorem 302. While this can be proven for R", here
we present it for R?. First we must introduce an indexing scheme for points
in the simplex as follows. Let Z be a set of labels in R? given by {0,1,2}.
While the index function I : S — Z can obtain any value from Z for points x
inside the simplex, it must satisfy the following restrictions on the boundary:

Oor1l on the line segment (v°,v")

I(x) ={ 0or2 on the line segment (v°, v?

1 or 2 on the line segment (v!,v?)

~—

(4.3)

For example on the boundary (v°,v'), I (x) can’t obtain the value 2. Thus
I(X) =0or 1 on the line segment (v°,v!). See Figure 4.5777(4.8.67?77). Note
that the (4.3) implies that I(v°) = 0, I(v!) = 1, and I(v?) = 2 at the vertices.

Lemma 229 (Sperner) Form the barycentric subdivision of a nondegener-
ate simplex. Label each vertex with an index I (x) = 0,1,2 that satisfies the
restrictions (4.3)on the boundary. Then there is an odd number of cells (thus
at least 1 ) in the subdivision that have vertices with the complete set of labels
0,1,2.

Proof. By induction on n. We show just the first step (i.e. for n = 1) to
get the idea. If n = 1,a nondegenerate simplex is a line segment and a face
is a point. To obey the restrictions (4.3), one end has label 0 the other has
label 1, and the rest is arbitrary. See Figure 4.5(4.8.117777). Next define a
counting function F, where by F'(a, b) we mean the number of elements in the
simplex of type (a,b). For example, in Figure 4.5(4.8.117777), F'(0,0) = 2,
F(0,1) =3, F(1,1) =1, F(0) = 4, F/(1) = 3. Permutations don’t matter
(i.e. (0,1) and (1,0) are the same type which is why F'(0,1) = 3 since we have
two occurences of (0,1) and one of (1,0). Consider the single points labeled
0. Two labels 0 occur in each cell of type (0,0), one label 0 occurs in each cell
of type (0,1) . The sum 2F (0,0)+ F' (0, 1) counts every interior 0 twice, since
every interior 0 is the point that is shared by two cells and the sum counts
every boundary 0 once. Therefore 2F (0,0)+ F (0,1) = 2F; (0)+ F} (0) where
F; (0) is the number of i (for interior) 0's and F} (0) is the number of b (for
boundary) 0's. Clearly F}, (0) = 1. Hence

F(0,1) = 2[F; (0) — F (0,0)] + 1. (4.4)
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In Figure 4.5(4.8.97777) these numbers are I (0,1) = 3, F; (0) = 3, F'(0,0) =
2. In 1 dimension the number of cells having vertices with the complete set of
labels 0,1 is £'(0,1) and from (4.4) we see that it is always an odd number.
|

Example 230 The values of counting functions F' for the simplex in Figure
4.5(4.8.92222) are:

F(0) = 7,F(0,0)=4,F(1,1) = 8,F(0,0,0)=0

F(1) = 9,F(0,1)=16,F(1,2) =8,F(0,0,1) =5

F(2) = 5 F(0,2)=8F(2,2)=1,F(0,0,2) =2
F(0,1,1) = 6,F(0,2,2)=1,F(1,1,1) =2,F(2,2,2) =0
F(0,1,2) = 7,F(1,1,1)=2,F(1,2,2) =0

4.5.3 Series

The fact that a normed vector space is the synthesis of two structures -
topological and algebraic - enables us to introduce the notion of an infinite
sum (i.e. a sum containing infinitely many terms). These objects are called
series. As we will see in the subsection on ¢, spaces, norms will be defined
in terms of functions of infinite sums so understanding when they converge
or diverge is critical.

Let (V, ||-||) be a normed vector space and let < x,, > be a sequence in V.

n

We can define a new sequence < y,, > by y,, = Z x;. The sequence < y,, > is
i=1

called the sequence of partial sums of < x,, > . Since X is also a metric space,

we can ask if < y,, > is convergent (i.e. if there exists an element y € X such

that < y, >— y or equlva]ently lyn — yllx — 0. If such an element exists

we say that the series Z x; is convergent and write y = Z x. If <y, >1is

=1 =1
00

not convergent, we say that Z x; is divergent.
i=1

Example 231 Consider (R,|-|) and let < x, >= (5=), which is just a

geometric sequence with quotient % The sequence of partial sums is y; = %,
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1
_1,1_3 _1,1,1_ 7 _ 1,1 1 _ 1 (1l=sm\ _ 1
Yp=s5+1=5Y=5+1+s=5 - U=5t7t. t53m = 5( ) = 1—2—n.

Since < y, >= <1 — 2%> — 1, we write Z% =1.
i=1

Example 232 While we have already seen that < £ > converges (to 0), the
harmonic series Y .q + diverges (i.e. is not bounded). To see this, note

o0

}:1——1+1+1+1+1+1+1+1+
o 2 3 4 5 6 7 8

ULV PR U PR PR
274478788 87

—1+1+1+1+
N 2 2 92 7

The right hand side is the sum of infinitely many halves which is not bounded.
Elements of a series can also be functions. We will deal with series of
functions in Chapter 6.

4.5.4 An infinite dimensional vector space: /,

The example in the above subsection is of a finite dimensional vector space;
that is, the Euclidean space R™ with either norm (there are at most n lineary
independent vectors in R” ). Now we introduce an infinite dimensional vector
space. As you will see, results from finite dimensional vector spaces cannot
be generalized in infinite dimensional vector spaces.

Definition 233 Let R“ be the set of all sequences in R. Let 1 < p < o0
and let €, be the subset of R¥ whose elements satisfy the Y |z;|P < 0o.'® The

i=1
ly-norm of a vector x € 4, is defined by

o0

1
lzll, = O [:f")7 for 1 <p < oo

i=1
and l, is the subset of all bounded sequences equipped with the norm

HxHoo = SUP{|I'1|, ey |l'n|, }

5Recall, R¥ = {f : N — R} where w = card(N).
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We note that there is a set of infinitely many linearly independent vectors
in ¢, namely {e; =< x; >, ¢ € N where x; = 0 fori # j and z; = 1 for i = j}
which is called a basis.

Before proving that ¢, is a Banach space, we use the following exam-
ple to illustrate some differences between finite dimensional Euclidean space
R™ and infinite dimensional /. In particular, convergence by components is
not sufficient for convergence in ¢y (i.e. the result of Theorem 223 is not
necessarily true).

Example 234 Let K = {e; =< z; >, i € N where z; = 0 for i # j and
x; =1 fori=j}. That is,

eqe= < 1, 0, 0, O, >
ee = < 0, 1, 0, O, >
3= < 0, 0, 1, 0, >
ea= < 0, 0, 0, 1, >
ol
0 0 0 O
Observe that each component < z% > converges to 0 in (R, |- |) for each

i € N . But the sequence < e; > doesn’t converge to 0 since ||e; — 0|z = 1,
Vi € N. In fact < e; > has no convergent subsequence since the distance
between any two elements e; and e;, i # 7, is ||e;—e;||2 = v/2. Thus according
to Theorem 193, K is not compact in ¢5. But notice that K is both bounded
and closed and these two properties are sufficient for compactness in R".
Notice that K is not totally bounded. For if ¢ = % , the only non-empty
subsets of K with diameter less than ¢ are the singleton sets with one point.
Accordingly, the infinite subset K cannot be covered by a finite number of
disjoint subsets each with diameter less than %

Now we prove that the ¢, space is a complete normed vector space (and
hence that it is a Banach space for any p satisfying 1 < p < oo) and that

[e.e]

0y is a Hilbert space with the inner product defined by < z,y >= > z;y;.

=1
First, we need to show that |-, defines a norm. On ¢,, 1 < p < oco. The

important role in investigating ¢, plays another space ¢, whose exponent ¢
is associated with p by the relation % + % = 1 where p, ¢ are non-negative
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extended real numbers. Two such numbers are called (mutually) conjugate
numbers. If p = 1 the conjugate is ¢ = oo since % é =1+0=1. Also
notice that ¢ = ﬁ > 1 for p > 1. If p= 2, then ¢ = 2. It is straightforward
to show that [|-||, satisfies the first three properties of a norm. The triangle
property is a tricky one. Before showing it we shall establish some important

inequalities.

Lemma 235 Leta,b > 0 andp,q € (1,00) with %4—% =1. Then ab < %—i—%q,
with equality if a? = bl.

Proof. Since the exponental function is convex, we have exp (AA + (1 — \) B) <

Aexp A + (1 — N)exp B, for any real numbers A and B. By substituting
A=nploga, A = %, B =qlogh,and 1 — \ = %, we get the desired inequality.
See Figure 4.5.9. m

The next result is the analogue of Cauchy-Schwartz in infinite dimensions.

Theorem 236 (Holder inequality) Let p, ge [1, oo] with 1—1) + % = 1. If the
sequences (x,) € L, and (y,) € £y, then (x,y,) € {1 and

> lwagnl < Il I, (= e, gl ) (45)

where x = (x,) and y = (y,)

Proof. For p =1, ¢ = oo, we have

Zlfmyz-l < {sup {ynneN}- > Iwnl} = [l 1 1)l -

Next, let p,qe (1,00). If (x,) or (y,) is a zero vector, we have equality in

(4.5). Now let (z,) # 0, (yn) # 0.1 Substituting z, = {2l y, = Ll for

ab in lemma 235, we have

]l 1S (N 1S (L]
>, W, S EZ<W> *5%(@\@)
1 1 1 1 q
AR TR
< 1yl
P q

16Note this means that not all terms in the sequence equal 0 (i.e. there is at least one
term different from 0).
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By multiplying |[z|,, - |ly|l, we get the result. m

Note that if p = ¢ = 2, Inequality (4.5) is called the Cauchy-Schwartz
1mequality.

Now we can prove that the ||-||, norm satisfies the triangle inequality.

Theorem 237 (Minkowski) Let 1 < p < 0o,z = (z,), ¥y = (Yn) € {p.
Then

2+ yll, < llzll, + [yl (4.6)
Proof. If p = 1 or p = oo, the proof is trival. Let p € (1,00). By

p—1
multiplying both sides of (4.6) by (Hx + | p> we get the equivalent in-

p p—1
equality (HJJ —i—y||p> < <||90Hp + Hy||p) (]\3}+y|]p) . A simple calculation

shows this is equivalent to > . |x;| (|z; + yi|)p_1 + > il (| + y¢|)p_1 <

p—1 p—1 .
||x||p~<||x+y||p> + ||y||p~(||x+y||p> . Due to symmetry of z, y, it now
suffices to show that

0o B p—1
> lail (i + i)™ < el - (o +yl,) (47)

=1

1

_ - 1 1o\ §
Let 2 = (Jos + i)™ then [|2l], = (232, (2))7 = (3 (fas + 3 ®™)"
O |z + y¢|p)% = |z + yHi_l where we used the fact that ¢(p — 1) = p
and % = ijl‘ Now by Hélder inequality (4.5), we have > .~ |z; - 2| <
(I, - ll2[l, which by plugging in z; yields 372, [a| (|2 + )’ < ||, -

p—1
(Hx + ?J||p> is just inequality (4.7). =
Now that we showed that for 1 < p < oo, £, with [-[|,, is a normed vector
space, we ask "Is it complete?” The answer is yes as the following theorem
shows.

Theorem 238 For 1 < p < oo, the ¢, space is a complete normed vector
space (i.e. a Banach space).

Proof. First we show it for 1 < p < oo. Let (x,,) be a Cauchy sequence

in ¢, where z,, = <§§m)> (Note that (x,,) is a sequence of sequences) such
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that > "7, ’gg"”‘p < oo (m=1,2, ). Since (x,,) is Cauchy with respect
to ||||,,, this means that for e € (0,1), 3 N such that

1
P p
£§m) — ff.”) ) <eVm,n >N (4.8)

oo
”$m—$n”p = (Z

=1

§<m) _ g(n)

= ¢ ;| <&, Vm,n>N,i=1,2.

This shows that for each fixed ¢ the sequence <§§m)>oo ( ith compement of

(2,) ) is a Cauchy sequence in R. Since (R, |- |) is complete, it converges in
R. Let 55"” — &7 as m — oo which generates a sequence x =< £],£5, ... > .
We must show that = € ¢, and z,, — = with respect to the |-, norm. From

(4.8) we have Y% | )gﬁm) — ¢
55’”’ - Si)p <eP,¥Vm > N,k € N and letting k¥ — oo gives

p
< eP for m,n > N, k € N. Letting n — oo

: k
we obtain ).,

p
¢m e <eP <e¥m > N. (4.9)

oo
1=1

lows by the Minkowski Theorem 237 that [|z(|, = |z, + (z —2)|, <
|zmll, + [[(x — 2w, for z € £,. Furthermore, if p = oo, from (4.9) we
obtain ||z, —z[|, <, Vm > N which means z,, — = with respect to the
]|, norm. |

The proof works by taking a Cauchy sequence in ¢, (say << z; >, <
Ty >, ... < Iy, >,.. >) and showing that a sequence of components (say the
first one is < &7, €3, ..., &7, ... >) is also Cauchy in R (converging to say £).
Then we show the original sequence of sequences converges to the sequence
< €165y >

The following theorem shows that ¢, spaces can be ordered with

respect to the set relation “C 7. That is, if a sequence belongs to ¢, then it
belongs to /s, etc. For example, < % >¢ (1, but < % >e {, for p > 1.

This shows that z,, — x = <§<m) —f’-k> € {, . Since z,, € {,, it fol-

Theorem 239 If1 < p < ¢ < oo, then {; C {, C l; C lw and |[(z,)]|, <

Il )
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Proof. Start with £, C ls. Let € €, (i.e. > o) |75]” < 00) so that < |z,| >
is bounded. Then sup {|z,|,n € N} < oo so that x € ¢,,. We also have

%) %) %
Vi, lzl” < Zm’p = |y < (pr) -

i=1 i=1

Therefore sup {|z;],j € N} < (32, [2,)7 or [z, < [l«ll,.
Next we show ¢, C {, for p < gand 1 <p,q < oo.

5 - S-S

=1

(qup)qi <\|’§|i|| )

=1

IN

I
_
=8
=
N—

)

|4
[l
the above inequality gives ||z, < HIH; Now if z € £, (i.e. ||z, < 00),then
|zl], <occand z € (;. m

where the inequality follows since

< 1 and ¢ > p.Taking the g-root of

Example 240 Note that the inclusion I, C l, for p < q is strict. To see
o0

this, consider the sequence (x,) = <i1> . It 1s simpler to work with the
n=1

np
>P
p

oo (Ll)p = Y"1 which is infinitely large (we showed this in the exam-

pth power of a norm to avoid using the pth root. Hence, take (

L
1
nbp

n=1 L =1 n
ple of a harmonic series). Hence, <—l> ¢ {,. However <—1> €, To
q np / n=1 nP / n=1
see this, ( - > =" - where 1>1, this series is bounded (this can
nb q npP

be shown by using the integral criterion - See Bartle).

The fundamental difference between ¢, with 1 < p < oo and [ is the
behavior of their tails. While it’s easy to see that for 1 <p < oo if z € ¢,
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then lim,_ .o Y > |2;]” = 0. It is not true in £. For instance the sequence
(x;) = (1,1,....1,.....) € s but the norm of its tail is 1. This is the reason
why there are properties of /., that are different from those of £, 1 < p < 0.
One of these properties is separability (i.e. the existance of a dense countable
subset.)

Theorem 241 /, is separable for 1 < p < oo.

Proof. Let {e;,ieN} be a basis of unit vectors. Then the set of all linear
combinations H = {3, a;e;, 2;eQ} is countable and dense in ¢, because if
r = (21, %2, ......) € {p, then the tail of = (given by)

1
n [e.e] P
_ p
T — g rieill = ( E | ;] ) — 0.
i=1 » i=n+1 oo

Thus, z is approximated by an element of H. m

Theorem 242 /., is not separable.

Proof. Let S be the set of all sequences containing only 0 and 1; that is S =
{0,1}" . Clearly S C ly and if £ = (z,) , y = (y) are two distinct elements
of S, then ||z —y||, = 1. Hence By (ZL‘)QB% (y) =0 for any x,y € loo, x # .
Let A be a dense set in /o, Then for ¢ = % and given x € S C /4, there
exists an element a € A such that ||z — af|, < 1. Because S is uncountable
A must be uncountable, thus any dense set in /., must be uncountable. m

4.6 Continuous Functions

Now we return to another important topological concept in mathematics that
is employed extensively in economics. Before defining continuity, we amend
Definition 49 of a function in Section 5.2 in terms of general metric spaces.

Definition 243 A function f from a metric space (X,dx) into a metric
space (Y, dy) is a rule that associates to each x € X a unique y € Y.
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Definition 244 Given metric spaces (X,dx) and (Y,dy),the function f :
X —Y is (pointwise) continuous at x if, Ve > 0, 3d(e, x) > 0 such that if
dx(2',x) < d(e,x), then dy(f(z), f(2')) < e. The function is continuous
if it s continuous at each x € X. See Figure 4.6.1.

Example 245 Let (X,dx) = ((—00,0)U(0,00),]|-|), (Y,dy) = (R,|-]), and
define

B 1 ifz>0
fw—{ -1 ifa<0
Then f: X —Y is continuous on (X, dx).See Figure 4.6.2.

Example 246 Let (X,dx) = (R,|-]), (Y,dy) = (R,|-]|), and define f(x) =
br, b € R\{0}. Then f : X — Y is continuous on (X,dx) since we can
simply let §(e,z) = - Then, for any e > 0, if |z" — x| < d(e,x) we have
|bx’ — bx| = |b||a’ — x| < . Notice that in the case of linear functions, § is
independent of x. Figure 4.6.3.

Example 247 Let (X,dx) = (R\{0},]-]), (Y.dy) = (R,|-|), and define
f(z) =1. For any x € X, then

1 1

¥  x

() = flz)] =

We wish to find a bound for the coefficient of |z’ — x| which is valid around
0. If |2’ — x| < §|a|, then $|z| < |a'| in which case

In this case, §(e, ) = inf{3|z|, ie|z|*}. Figure 4.6.4.

There is an equivalent way to define pointwise continuity in terms of the
inverse image (Definition 53) and in terms of sequences.

Theorem 248 Given metric spaces (X, dx) and (Y, dy),the following state-
ments are equivalent: (i) function f: X — Y is continuous; (i) if for each
open subset V' of Y, the set f~1(V') is an open subset of X; and (i) if for
every convergent sequence x; — x in X, the sequence f(x;) — f(x).



4.6. CONTINUOUS FUNCTIONS 107

Proof. (Sketch)(ii=-i) Any e-ball around f(z) is open so there is a d-ball
around z inside f~1(B.(f(z)). (iii)=-(ii) If not, then there is an z € f~1(V)
such that for any % neighborhood of it , we can find a point z,, such that
f(z,) ¢ V. But < x, > contradicts (iii). (i)=-(iii) From (i) for z,, close
enough to x, f(x,) will be as close to f(x) as we want, so that f(x,) — f(z).
]

The previous two examples go against “conventional wisdom” that the
graph of a continuous function is not interupted and may raise the question
of the existence of a function that is not continuous. The following example
provides such a function.

Example 249 Let (X, dy) = (R,|-]), (Y,dy) = (R,|-|), and define'”

1 ifz>0
flz)=< 0 ifz=0 .
-1 ifx <0
Then f~1((—3,3)) = {0}, the inverse image of an open set is closed, therefore

this function is not continuous in (X, d).See Figure 4.6.5.

Next we show that the composition of continuous functions preserves
continuity.

Theorem 250 Given metric spaces (X,dx),(Y,dy),and (Z,dz), and con-
tinuous functions f : X — Y and g : Y — Z, then h : X — Z given by
h = go f is continuous.

Proof. Let U C Z be open. Then ¢g7'(U) is open in Y and f~'(¢7'(U) is
open in X. But f~1 (g7 (U) = (go f)™ . =

It follows that certain simple operations with continuous functions pre-
serve continuity.

Theorem 251 Given a metric space (X,dx) and a normed vector space
(Y,dy), and continuous functions f : X — Y and g : X — Y, then the
following are also continuous: (i) f + g; (ii) f - g; (iii) §; () |f].

Exercise 4.6.1 Prove Theorem 251.

17This is known as the “sgn” function.
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It should be emphasized that Theorem 250 does not say that if f is
continuous and U is open in X then the image f(U) = {f(x),x € U} is open
inY.

Example 252 Let (X,dx) = (R,|-]), (Y,dy) = (R,]|-]|), and define f(x) =
x?2. Then f((—1,1)) = [0,1) is the image of an open set which is not open.

See Figure 4.6.7.

Therefore continuity does not preserve openness. It does not preserve
closedness either as the next example shows.

Example 253 Let (X,dx) = (R\{0},]-|), (Y,dy) = (R,|-|), and define
f(@) =1 Then f([1,00)) = (0,1] is the image of a closed set which is not
closed. See Figure 4.6.8.

There are, however, important properties of a set which are preserved
under continuous mapping. The next subsections establish this.

4.6.1 Intermediate value theorem

Theorem 254 (Preservation of Connectedness) The image of a con-
nected space under a continuous function is connected.

Proof. Let f : X — Y be a continuous function on X and let X be
connected. We wish to prove that Z = f(X) is connected. Assume the
contrary. Then there exists open disjoint sets A and B such that Z =
(ANZ)u(BNZ)and (ANZ),(BNZ) is a separation of Z into two dis-
joint, non-empty sets in Z. Then f~Y(ANZ) = fHA)NfH2)=f1A)N
X = f4A) and f71 (BN Z) = f~!(B) are disjoint sets whose union is
X(=fYANZ)U f1 (BN Z)). They are open in X because [ is continu-
ous and non-empty because f : X — f(X) is a surjection. Therefore f~1(A)
and f~!(B) form a separation of X which contradicts the assumption that
X is connected. m

In the special case where the metric space (Y,dy) = (R,|-|) then the
corollary of this theorem is the well-known Intermediate Value Theorem.

Corollary 255 (Intermediate Value Theorem) Let f : X — R be a
continuous function of a connected space X into R. If a,b € X and ifr € Y
such that f(a) <r < f(b), then Ic € X such that f(c) =r. See Figure 4.6.9.



4.6. CONTINUOUS FUNCTIONS 109

Exercise 4.6.2 Prove Corollary 255.

Note that it is connectedess that is required for the Intermediate value
theorem and not compactness.

Example 256 Let (X,dx) = ([-2,—-1]U[L,2],|-]), (Y,dy)=(R,|-]), and

define
(1 ifze1,2
flz) = { ~1 ifrel-2-1]

Then f : X — Y s continuous on the compact set X but for r = 0, there
doesn’t exist ¢ € X such that f(c) = 0.

A nice one dimensional example of how important the intermediate value
theorem is for economics, is the following fixed point theorem.

Corollary 257 (One Dimensional Brouwer) Let f : [a,b] — [a,b] be a
continuous function. Then f has a fixed point.

Proof. Let g : [a,b] — R be defined by g(z) = f(z) — . Clearly g(a) =
f(a) —a > 0 since f(a) € [a,b] and g(b) = f(b) — b < 0 for the same reason.
Since g(z) is a continuous function'® with g(b) < 0 < g(a), we know by
the Intermediate Value Theorem 255 that 3% € [a, b] such that ¢(Z) = 0 or
equivalently that f(7) =7. =

The proof is illustrated in Figure 4.6.10. For a more general version of
this proof, see Section 4.8.

The next series of examples shows how connectedness of R, can be used
to construct a continuous “utility” function u(x) that represents a preference
relation 7. Before establishing this, however, we need to define continuity in
terms of relations.

Definition 258 The preference relation -, on X is continuous if for any
sequence of pairs < (T, yn) > with x, 7 Yy Y0, © = lim, o Ty,and y =
lim,, oo Yn, then z 7= y.

18To see g(x) is a continuous function, we must show Ve > 0 and z,y € [a,b],35, > 0
such that if |z — y| < d4 then [g(z) — g(y)| < e. But

l9(x) = 9()| = [(f (=) = f(¥)) = (@ = y)| <[f(2) = FW)| + ]z =y

by the triangle inequality. Continuity of f implies Ve > 0,3d¢ > 0 such that |z —y| < 5
and |f(x) — f(y)| < e. Thus, let if we let §; = min{ds,e}/2, then |g(z) — g(y)| < e.
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An equivalent way to state this notion of continuity is that Vo € X, the
upper contour set {y € X : y 2~ x} and the lower contour set {y € X : = =~ y}
are both closed; that is, for any < y, >, such that z 7 y,, Vn and
y = limy,,,we have x 7~ y (just let x, = x,Vn).

There are some preference relations that are not continuous as the fol-
lowing example shows.

Example 259 Lexicographic preferences (on X = R2) are defined in
the following way: x 77 y if either “x1 > 1" or “x1 =y and xo > y3”. To see
they are not continuous, consider the sequence of bundles < x, = (%,O) >
and < y, = (0,1) >. For every n we have x,, > y,. But lim, .y, = (0,1) >
(0,0) = limy,—,00 Tp. That is, as long as the first component of x is larger than
that of y, = is preferred to y even if yo is much larger than xs. But as soon as
the first components become equal, only the second components are relevant
so that the preference ranking is reversed at the limit points.

Now we establish that we can “construct” a continuous utility function.

Example 260 If the rational preference relation 7~ on X is continuous, then
there is a continuous utility function u(z) that represents 7-. To see this, by
continuity of 7, we know that the upper and lower contour sets are closed.
Then the sets AT ={a € Ry :ae 7z} and A~ = {a € Ry : & 77 ae},where
e is the unit vector, are nonempty and closed. By completeness of 7, R, C
(AT U A7). The nonemptiness and closedness of A* and A~, along with the
fact that Ry is connected, imply AT U A~ # 0. Thus, Ja such that ae ~ x.
By monotonicity of 7, are = ase whenever a; > «ag. Hence, there can be at

most one scalar satisfying ae ~ x. This scalar is a(x),which we take as the
utility function.

4.6.2 Extreme value theorem

The next result is one of the most important ones for economists we will
come across in the book.

Theorem 261 (Preservation of Compactness) The image of a compact
set under a continuous function is compact.

Proof. Let f : X — Y be a continuous function on X and let X be
compact. Let G be an open covering of f(X) by sets open in Y. The
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collection {f~!(G),G € G} is a collection of sets covering X. These sets
are open in X because f is continuous. Hence finitely many of them, say
YGY), ..., fH(G,) cover X. Then the sets Gy, ..., G, cover f(X). m

Again in the special case where (Y,dy) = (R,|-|),a direct consequence of
this theorem is the well known Extreme Value Theorem of calculus.'®

Corollary 262 (Extreme Value Theorem) Let f : X — R be a con-
tinuous function of a compact space X into R. Then dc,d € X such that
fle) < f(x) < f(d) for every x € X. f(c) is called the minimum and f(d) is

called the mazimum of f on X.

Proof. Since f is continuous and X is compact, the set A = f(X) is compact.
We show that A has a largest element M and a smallest element m. Then
since m and M belong to f(X), we must have m = f(¢) and M = f(d) for
some points ¢ and d of X.

If A has no largest element, then the collection {(—o0,a),a € A} forms an

open covering of A. Since A is compact, some finite subcollection {(—o0, a;), ...

(—o0,ay)} covers A. Let apy = max{ay,...a,} then ap; € A belongs to none
of these sets, which contradicts the fact that they cover A.
A similar argument can be used to show that A has a smallest element. m

Exercise 4.6.3 Let X =[0,1) and f(z) = . Why doesn’t a mazimum exist?
See Figure 4.6.11.

4.6.3 Uniform continuity

One might believe from part (iii) of the Theorem 248 that if < z, > is
Cauchy and if f is continuous, then < f(z,) > is also Cauchy. The following
examples show this is false if f is pointwise continuous.

Example 263 Take the sequence < x, >= <%> and consider the func-

tion [ defined in Example 245. While < x, > is Cauchy in (—o0,0)U (0, co),
< f(xp) >=< —=1,1,—=1,1,.... > which is not Cauchy. See Figure 4.6.12.

Example 264 Let f(z) =1 on (0,1] which was shown to be pointwise con-
tinuous in Example 247. Consider the Cauchy sequence < % > on (0,1]. It
is clear that < f(x,) >=< n >, which is obviously not Cauchy.See Figure
4.6.13.

19Sometimes this is called the Maximum and Minimum Value Theorem. Since in the
next section we will introduce the Maximum Theorem, we choose the above terminology.
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For the above intuition to hold, we need a stronger concept of continuity.

Definition 265 Given metric spaces (X,dx) and (Y,dy),the function f :
X — Y is uniformly continuous if Ve > 0, 36(¢) > 0 such thatVz, 2’ € X
with dx(2',x) < 0(g), then dy (f(x), f(2')) < e.

While this definition looks similar to that of pointwise continuity in Def-
inition 244, the difference is that while § generally depends on both ¢ and «
in the case of pointwise continuity, it is independent of = in case of uniform
continuity.

Theorem 266 Given metric spaces (X,dx) and (Y,dy), let the function
f: X =Y be uniformly continuous. If < x,, > is a Cauchy sequence in X,
then < f(x,) > is a Cauchy sequence in'Y.

Proof. Let < z, > be a Cauchy sequence in X. Because f : X — Y is
uniformly continuous then Ve > 0, 3d(¢) > 0 such that Vz,2’ € X with
dx(a2',x) < 0(¢), then dy (f(z), f(2')) < e. Since < z,, > is Cauchy for given
d(e) > 0 there IN such that Vm,n € N with m,n > N then dx(z,, z,) <
d(e). But then dy (f(z,), f(x,)) < e. Hence < f(z,) > is a Cauchy sequence
in Y.

|

According to this theorem the functions in Examples263 and 264 are not
uniformly continuous. Notice that the domains of each of the functions in
the examples are not compact in (R, |- |). Let’s consider another example.

Example 267 Let f : [0,00) — R given by f(z) = x®. This function
is continuous on R. Is it uniformly continuous? No. We show this by
finding an ¢ > 0 such that Y6 > 0, 3x1, x5 such that dx(x,,x) < § and
dy(f(x1)), f(z2)) > €. Let e = 2 and take any 6 > 0. Then 3In € N such that
% < 0. Define vq = n+% and xo = n. Then dx(x1,x2) = (n—l—%—n) = % <0
and dy (f(21)), f(22)) = (n+ 1) —n? = 2+ & > 2. Notice that the domain
of this function [0, 00) is not compact in (R, | -]).

If the domain of a continuous function is compact, then the function is
also uniformly continuous as the following theorem asserts.

Theorem 268 (Uniform Continuity Theorem) Let f : X — Y be a
continuous function of a compact metric space (X,dx) to the metric space
(Y,dy). Then f is uniformly continuous.
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Proof. (Sketch) For a given € > 0, by continuity of f around any x € X we
can find a §(5¢, x)-ball such that for 2’ € Bj(1c0)(x) we have dy (f(x)), f(2)) <

%6. Since the collection of such open balls is an open covering of X and X is
compact, there exists a finite (say n) subcover of them. Then for z,2’ € X
such that dx(2/,z) < 6(¢) = 1 min{d(3¢,21), ..., (3¢, 2,)}, there exists k
such that x € B5(%€7xk)(xk) and 2’ € Bé(%s’xk)(xk). Therefore by the triangle
inequality dy (f(z)), f(z')) <e. m

The number §(¢) that we constructed in the proof of Theorem 268, is
called the Lebesgue number of the covering G.

Exercise 4.6.4 Why is f(z) = 1 not uniformly continuous on X = (0,1]
but it is on [1071090 1]?

4.7 Hemicontinuous Correspondences

Many problems in economics result in set-valued mappings or correspon-
dences as defined in Section 2.3. For instance, if preferences are linear, a
household’s demand for goods may described by a correspondence and in
game theory we consider best response correspondences.

Before defining hemicontinuity, we amend Definition 48 of a correspon-
dence in Section 2.3 in terms of general metric spaces.

Definition 269 A correspondence I' from a metric space (X,dx) into
a metric space (Y,dy) is a rule that associates to each x € X a subset
I(xz) € Y. Its graph is the set A = {(z,y) € X xY :y € ['(x)} which
we will denote Gr(T'). The image of a set D C X, denoted I'(D) C Y, is
the set I'(D) = Ugepl'(z). A correspondence is closed valued at x if the
image set I'(z) is closed in' Y. A correspondence is compact valued at x if
the image set I'(x) is compact in Y.See Figure 4.7.1.

Unlike a (single-valued) function, there are two ways to define the inverse
image of a correspondence I' of subset D.

Definition 270 For I' : X — Y and any subset D C Y we define the in-
verse image (also lower or weak) as T (D) = {xeX : T (z) N D # 0} and
the core (also upper or strong inverse image) I'™ (D) = {zeX : T (x) C D}.
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It is clear that T (D) Cc T~! (D). Also observe that

r'*(v\D) = X-I"'(D) and
Ir'(yY\D) = X\I'''(D).

See Figure 4.7.2. These two types of inverse image naturally coincide when
I' is single-valued.

To make the notion of correspondence clearer we present a number of
examples (see Figure 4.7.3a-3f).

life < %
Example 271 T': [0,1] — [0, 1] defined by I' () =< {0,1} ifz =3 .
0ifz> %
life < %
Example 272 T : [0,1] — [0,1] defined by I’ (z) = ¢ [0,1] if z =35 .
0ifz>3

Example 273 I': [0,1] — [0,1] defined by I'(z) = [z, 1].

17 4 1
Example 274 T': [0,1] — [0,1] defined by T (z) = { [0, i] if x # 3 '

Example 275 T':[0,1] — [0, 1] defined by T (z) = { [[871] if x # %1
2

Example 276 I': [0,00) — R defined by I' (x) = [e™ ", 1].
We next define a set valued version of continuity.

Definition 277 Given metric spaces (X,dx) and (Y,dy), the correspon-
dence I' : X — Y is lower hemicontinous (lhc) at x € X if I'(z)
1s non-empty and if for every open set ??CHANGE TO S, TV C 'Y with
L(z) NV # 0, there exists a neighborhood U of x such that T'(z") NV # 0 for
every x' € U.The correspondence is lower hemicontinuous if it is lhc at
each v € X.20 See Figure 4.7.4.

20There are various names given to this concept. In many math books, this is called
semicontinuity.



4.7. HEMICONTINUOUS CORRESPONDENCES 115

Note that the correspondences presented in Examples 273, 275, and 276
are Ihc.

As in the case of continuity of a function, there are equivalent characteri-
zations of Thc in terms of open (closed) sets or sequences as the next theorem
shows.

Theorem 278 Given metric spaces (X,dx) and (Y,dy), for a correspon-
dence I' : X — Y the following statements are equivalent. (i) T' is Ihc; (ii)
=1 (V) is open in X whenever V. CY is open in Y; (iii) Tt (U) is closed
in X whenever U C'Y is closed in Y ; and (iv) VxeX, Yy € I'(x) and every
sequence < x, >— x, AN such that <y, >— y and y, € I'(z,), Vn > N.

Proof. (i) <= (ii)Let Vbeopenin Y , T (V)={z € X : T (z) NV #£ 0}
and take zo € T~ (V). Since T'is Thc at xq then 3 U open such that, X, € U,
[(2)NV 0 for every 2’ € U. Hence U C I'™* (V) so that T~! (V) is open.

(i) <= (iii) follows immediatly from X\I'"! (U) =T (Y\U).

(i) <= (iv) First start with (=). Let < z,, >— x and fix an arbitrary
point y € I'(z). For each k € N, By (y) NT(x) # 0. Since T is lhe at z, Vk
there exists an open set Uy, of = such that V), € Uy we have F(a:;)ﬂB% (y) # 0.
Since < z, >— =z, Vk we can find n; such that z, € Uy, Vn > n; and they
can be assigned so that ny.; > ng. Also, since x,, € Ui, Vn > ng, then
I(xz,)NB 1 (y) # (). Hence we can construct a companion sequence < ¥, >,
with y,, chosen from the set I'(z,,) NB1 (y) for each n > ny. As k, and hence n,
increases the radius of the balls B 1 (y) shrinks to zero, implying < y,, >— v.
Next we prove (<=). In this case, it is sufficient to prove the contrapositive.
Assume I' is not lhe at . Then IV with I'(x) NV # 0 such that every
neighborhood U of z contains a point z/, with I'(z]) NV = (). Taking a
sequence of such neighborhoods, U,, = Bi(x) and a point in each of them,
we obtain a sequence < x, >— x by construction and has the property
['(z,) NV = (. Hence every companion sequence < y,, > with y, € I'(z,,) is
contained in the complement of V| and if < y,, >— y then y is contained in
the complement of V' since Y'\V is closed. Thus no companion sequence of
< x, > can converge to a point in V. m

Thus, I' is Ihc at = if any y € I'(x) can be approached by a sequence from
both sides. Also, if the correspondence F' is a function, then F~! (U) is the
inverse image of a function so (77) states F is Ihc iff F' is continuous.
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Definition 279 Given metric spaces (X,dx) and (Y,dy), the correspon-
dence I' : X — Y is upper hemicontinous (uhc) at x € X if I'(z)
is non-empty and if for every open set V- C Y with I'(x) C V, there ezists a
neighborhood U of x such that T'(z') C V' for every ' € U. The correspon-
dence is upper hemicontinuous if it is uhc at each x € X. See Figure
4.7.5.

The correspondences presented in Examples 271-276 are uhc.
Again, uhc can be characterized in terms of open (closed) sets or se-
quences.

Theorem 280 Given metric spaces (X,dx) and (Y,dy), for a correspon-
dence I' : X — Y the following statements are equivalent: (i) T is uhc; (ii)
't (V) is open in X whenever V-.CY is open inY'; (i) I~ (U) is closed in
X whenever U C'Y s closed in'Y; and if T is compact valued, then (iv) for
every sequence < x, >— x and every sequence < Yy, > such that y, € I'(z,),
Vn, there exists a convergent subsequence < yYgny >—y and y € I'(x).

Proof. (Sketch)(i) and I' compact=-(iv). First, we must show that the
the companion sequence < y,, > is bounded. Since < y,, > is bounded, it is
contained in a compact set so that by Theorem 193, there exists a convergent
subsequence. Finally, we must show that the limit of this subsequence is in
I'(z).

(i)<=(iv) Again, it is sufficient to prove the contrapositive; If I is not uhc
at x,then there is no subsequence converging to a point in I'(x). m

Exercise 4.7.1 Finish the proof of Theorem 280. '

??7?Thus, I' is uhc at z if any y € I'(z) can be approached by a sequence
from 7777.

If the correspondence F' is a function, then F* (U) = F~1(U) is the
inverse image of the function and so by (i¢) , F' is uhc iff F'is continuous.

Each type of hemicontinuity can be interpreted in terms of the restrictions
of the “size” of the set I'(x) as x changes.

e Suppose I' is uhc at = and fix V' O I'(x). As we move from z to a
nearby point 2/, the set V' gives an “upper bound” on the size of I'(z’)

2lde la Fuente (Theorem 11.2, p. 110).
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since we require I'(z") C V. Hence uhc requires the image set I'(x)
does not “explode” with small changes in x, but allows it to suddenly
“implode”.

e Suppose I"is Ihc at x. As we move from x to a nearby point 2/, the set V'
gives a “lower bound” on the size of I'(z’) since we require I'(z")NV # (.
Hence lhc requires the image set I'(z) does not “implode” with small
changes in x, but allows it to suddenly “explode”.

Definition 281 Given metric spaces (X,dx) and (Y,dy), a correspondence
I': X - Y is continuous at x € X if it is both lhc and uhc at x.

The correspondences in Examples 273 and 276 are continuous.

Example 282 Consider the following example of a best response correspon-
dence deriwed from game theory. The game is played between two individuals
who can choose between two actions, say go up (U) or go down (D). If both
choose U or both choose D, they meet. If one chooses U and the other chooses
D, they don’t meet. Meetings are pleasurable and yield each player payoff 1,
while if they don’t meet they receive payoff 0. This is known as a coordination
game. The players choose probability distributions over the two actions: say
player 1 chooses U with probability p and D with probability 1 —p while player
2 chooses U with probability q and D with probability 1 —q. We represent this
game in “normal form” by the matriz in Table 4.7.1. Agent 1’s payoff from
playing U with probability p while his opponent is playing U with probability
q is denoted 1 (p,q) and given by

mi(p,q) = p-lg-1+(1—-¢q)-0J+(1-p)-[g-0+(1—q) 1]
= 1—-qg—p+2pg

Agent 1 chooses p € [0,1] to mazimize w1 (p,q). We call this choice a best
response correspondence p*(q). It is simple to see that: for any q < %, profits
are decreasing in p so that p* = 0 is a best response, for any q > %, profits
are increasing in p so that p* = 1 1s a best response, and at q = %, profits
are independent of p so that any choice of p* € [0,1] is a best response.?

22To see this, note that j—g = 2¢q — 1 so that

d : 1
d—’;<0 ifg< =

E=0 ifg=
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Obviously, p*(q) is a correspondence It is not lhc at ¢ = 5 since if we
let V = (3,2), then p*(3) NV # 0 and there ezists no neighborhood U
amund§ such thatp()ﬂV 75 0 for q € U (e.g. forcmy2 > e >0,
p'(3—¢) =0¢ (3.3 and p*(53 +¢) =1 ¢ (3,3)). It is, however, uhc
at q = % since we must take V = (a,b) with a < 0 and b > 1 to satisfy
p*(3) =1[0,1] C V. But then there exist many neighborhoods U around 3 such
that p*(q) CV for q € U (e.g. forany t >¢e>0,p* (3 —¢) =0 € (a,b)
and p*(3 +¢) =1 € (a,b)). See Figure 4.7.6. Finally, you should recognize
that this game is symmetric so that agent 2’s payoffs and hence best response

correspondence is identical to that of agent 1.

NI

Table 4.7.1
player | 2 | ¢ |1—gq
1 U D

» |U|L1] 0,0
1-p | DJ0,0] 1,1

Just as it was cumbersome to apply Definition 185 to establish compact-
ness, it is similarly cumbersome to apply Definitions 277 and 279 to establish
hemicontinuity. In the case of compactness, we provided simple sufficient
conditions (e.g. the Heine-Borel Corollary 194). Here we supply another set
of simple sufficient conditions to establish hemicontinuity.

Theorem 283 Let I' : X — Y be a non-empty valued correspondence and
let A be its graph. If (i) A is convex and (ii) for any bounded set X C X,
there is a bounded set Y CY such that T'(z)NY #0, Vo € X, then T is lhc

at every interior point of X.

Proof. Let 7 be an interior point of X, y € I'(Z), and < z, >C X with z,, —
Z. Since x,, is convergent, choose € > 0 such that X = B.(x) C X. Let D
denote the boundary set of X. We can represent x,, as a convex combination
of 7 and a point in D. That is, Ja,,, d,, such that x,, = o, d,+ (1 —«,)T where
a, € 10,1] and d,, € D. Since D is a bounded set, a,, — 0 as x,, — Z. Choose
Y such that T'(z) NY # 0, ¥z € X. Then for each n, choose J, € I'(d,) NY
so that ¥, = a,yn + (1 — a,,)y. Since (d,, ) € A,Vn, (Z,y) € A, and A is
convex, then (z,,y,) € A,¥n. Since o,, — 0 and ¥, € Y, y, — J. Hence
< (zp,yn) >C A and converges to (7,7). ®



4.7. HEMICONTINUOUS CORRESPONDENCES 119

Theorem 284 Let ' : X — Y be a non-empty valued correspondence and
let A be its graph. If (i) A is closed and (ii) for any bounded set X C X, the
set I'(X) is bounded, then I' is compact valued and uhc.

Proof. Compactness follows directly from (i) and (ii). Let z, — T € X
with < z, >C X. Smce [ is non-empty, Iy, € I'(z,), ‘v’n Since z, — T,
there is a bounded set X C X such that < z, >C X with 7 € X by
Theorem 164. Then by (ii), I'(X) is bounded. Hence < 1, >C ['(X) has a
convergent subsequence, < Yy >— Y. Thus, < (24n), Ygn)) > is a sequence
in A converging to (7,7). Since A is closed, (Z,7) € A. =

In a future section we will use the following relationship between uhc of
a correspondence and the closedness of its graph.

Theorem 285 The graph of an uhc correspondence I' : X — Y with closed
values is closed.

Proof. We have to prove that X xY\Gr (I') is open. Take (z,y)eX X
Y\Gr (I') so that y ¢ I' () . Now we can choose an open neighborhood V,, of
yinY and Vi of T' () in Y such that V,;NVp(,) = 0. By (ii) of Theorem 280,
U, =T+ (VF(I)) is an open neighborhood of x in X, consequently U, x V,, is
an open neighborhood of (z,y) in X x Y . Because U, x V, NGr (') = 0 we
have U, x V,, C X x Y\Gr (I') and hence X x Y\Gr (I') is open. See Figure
4.7.7. m

The converse of this theorem doesn’t hold as the following example indi-
cates.

Example 286 Consider the function F': R — R given by
L z+#£0
F(z) = { 0. z=0

F has a closed graph but is not uhc since it is clear that for an open set (—¢, €)
in R, T (—¢,e) = (—o0, —1) U{0} U (2, 00), which is not open. However if
the image F (X) is compact, or a subset of a compact set, then the converse
of Theorem 285 holds (i.e. a closed graph implies uhc). Hence, closedness of
the graph can be used as a criterion of uhc. See Figure 4.7.8.

Theorem 287 Let I' : X — Y be a correspondence such that I'(X) C K
where K is compact and the graph Gr(T') is closed. Then I'is uhc.
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Proof. Assume to the contrary that I' is not uhc at xg. Then there exists
an open neighborhood V(g of I' (zp) in Y such that for every open neigh-
borhood Uy, of z in X we have that I' (U,,) is not contained in Vp(g,). We
take U,, = B1 (z9),n € N. Then for every n we get a point x,eB1 (z¢) such
that ' (x,,) is not contained in Vi(@o)- Let yn € T'(2,) and y,, ¢ V;(xo). Then
we have (z,,) — x¢ and (y,,) C K. Since K is compact, there exists a subse-
quence (Yomy) — y € K. Since yp & Vi(ay), Vn, this implies g, € Y \Vi(ay)-
Since Y\ V(g is closed, then y € Y'\Vp(,,) so that y ¢ V). Then we have
(Tn, Ygmy) C Gr(L) and (2, ygm)) — (z,y). Since the Gr(T') is closed,
(z,y) eGr (I') . But this contradicts y € Vi(y,). ®

Now we state a few lemmas that will be very useful in the next chapter.

Definition 288 Let (X, d) be a metric space and (Y, ||-||) be a normed vector
space. Let ' : X — Y be a correspondence. Then we can define two new
correspondences: T (the closure of T') and co(T') (the convex hull of T') by the
following

T : XY given by T (2) =T'(z), VoeX
co(I') :+ X =Y given by (co(I') )(x) = col'(x), VreX.

Note T is by definition always closed valued and co(I') is by definition
always convex valued.

Example 289 T': [0,1] — R given by I'(x) = [0,2). Then T'(z) = [0, z]. See
Figure 4.7.9.

Example 290 I' : [0,1] — R given by I'(z) = {0,1}. Then co(I'(z)) =
[0, z].See Figure 4.7.10.

Lemma 291 IfI": X — Y is lhc then Tis also lhc.
Proof. The proof uses the following result:
If Gisopenin Y and if ACY, then ANG #0iff ANG #0. (4.10)

Since ANG C AN G, one direction is clear. Let ANG # 0.If X € ANG,
then X € A and if X € G, then 3 < z,, >— x and z,, € A, Vn € N. Since G
is open, Je such that B.(z) C G. Since < x, >— x, we have x,eB.(z) C G,
Vn sufficiently large. Hence z,, € AN G so that ANG # (.

Now we need to prove that f_l(V) is open in X if V' is open in Y. But

from (4.10), T (V) = T~1(V) which is open because T is Ihc. m
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Lemma 292 If Y is a normed vector space and I' : X — Y s lhe, then
co(T") is lhe.

Proof. Let z € X, < z,, >— z, and y € co(I" (z)). We need to show that
3 < y, > such that < y, >— y and y, € co(I'(z,)). Since y € co(I'(x)),
then y = >, Ay’ , where y* € I'(x) and >_"; A\; = 1. Since I' is lhc,
3 <y}, >% such that ¢’ € I'(z,) and < y, >— y' for each i = 1,...,m. Let
Un = >y Ayt Then <y, >— y and y,, € co(T'(z,)). ™

Given two correspondences I'y : X — Y and I'; : X — Y | provided that
I'y(z) NTy(x) # 0, VeeX, we can define a new correspondence

FlﬂrgiX—»Y

given by

Also let (X,d) be a metric space and A C X. The subset A can be
expanded by a non-negative factor 3 denoted by S + A where § + A =
UweaBs(a) = {z € X; : d(z;,A) < 3}.%. See Figure 4.7.11. Then for a
correspondence I' : X — Y where Y is a normed vector space, we have 5+
Fz)={yeY :|(x)—y|l < B} Wesay that 5+ I'(x) is a f— band around
the set I'(z). See Figure 4.7.12.

We need the following lemma for Michael’s selection theorem which is
critical for the proof of a fixed point of a correspondence.

Lemma 293 IfY is a normed vector space, if a correspondence F' is defined
by F(z) = B+ f(x) where f is a continuous function from X toY, and if
I': X =Y is a lhc correspondence, then FN T is lhe.?*

Proof. If < x, >— z and y € F(z)N I'(x), then y € T (x). Since T is
lhe, 3 < y,, > such that y, € I'(x,) and < y,, >— y. We need to show that
yn € F(zy,) (e, € (f(z,) — B, f(x,) + B) for n large enough. But by the

triangle property of a norm, we have

Il yn = Fen)ll < llyn =yl + lly = F@) + (17 (2) = f @)l (4.11)

23Note that this distance between a point and a set is defined in 127.
24Remember that F is a correspondence not a function; F(z) = (f(x) — 3, f(z) + )
which is an interval for every x.
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The first term is sufficiently small because < y,, >— y and the third term
is sufficiently small because < x,, >— x and f is continuous. Since y €
F(z) = (f(z)—p, f(z)+ ), the second term is less than 5.Hence for n large
enough, the right hand side of (4.11) is less than  and thus y,, € F(z,). &

4.7.1 Theorem of the Maximum

In economics, often we wish to solve optimization problems where households
maximize their utility subject to constraints on their purchases of goods or
firms maximize their profits subject to constraints given by their technology.
In particular, consider the following example.

Example 294 A household has preferences over two consumption goods (cy, ¢z)
characterized by a utility function U : RT — R given by U(cy,c2) = ¢1 + co.
The household has a positive endowment of good 2 denoted w € R,. The
household can trade its endowment on a competitive market to obtain good
1 where the price of good 1 in terms of good 2 is given by p € R,.. The
household’s purchases are constrained by its income; its budget set is given
by
B(p,w) = {(c1,¢2) € RZ : pey + ¢2 < w}.

Taking prices as given, the household’s problem is

v(p,w)= max U(cy, o) (4.12)
(c1,c2)EB(pw)
The first question we might ask is does a solution to this problem exist? When
1s it unique? How does it change as we vary parameters? The mazimum
theorem gives us an answer to these questions.

Before turning to the theorem, let us continue to work with Problem
(4.12). First, let us establish properties of the budget set. In particular,
we establish that if p € Ry, then B(p,w) is a compact-valued, continuous
correspondence. In this case, we will establish that the graph of the budget
correspondence A = {(p,w, c1,c2) € R2 X R% : (¢1,¢2) € B(p,w)} satisfies
the conditions of Theorems 283 and 284 only when p > 0. It is obviously
non-empty since (0,0) € B(p,w) for any (p,w) € RZ. The problem is that
for any bounded set X C R? of prices and incomes, there may not be a
bounded set ¥ C R? of consumptions. In particular, if p > 0, B(p,w) is
bounded since 0 < ¢y < w and 0 < ¢ < % but if p = 0, ¢; is unbounded.
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See Figure 4.7.13. Under the assumption that p > 0, however, we have that
B(p,w) is a non-empty, compact valued, continuous correspondence.

Next we establish continuity of the utility function U. In particular, we
show that Ve > 0, 96 > 0 such that if

\/(Cl — .’131)2 + (CQ — Ig)z < (S, (413)

then
|U(c1,ca) — U(xy,22)| < e. (4.14)

Now rewrite the lhs of (4.14) as

ler + o — 21 — x| < |ep — 21| + |co — 7o

where the inequality follows from the triangle inequality. If we let 0 = £,

then (4.13) implies (4.14), establishing continuity of U. It is also instructive
to graph the level sets (or “indifference curves”) of U. These are just given by
the equations c; = U — ¢; in Figure 4.7.14 as we vary U. In the same figure
we also plot budget sets with p > 1, p =1, and 0 < p < 1. It is simple to see
from the figure that the solution, which we denote by “*”, to the household’s
problem (4.12) is given by the demand correspondence

(O,Ld) 1fp> 1
(cf,c3) =4 (v,w—2x)withze[0,w] ifp=1 .
(£,0) ifp<1

That is, if goods 1 and 2 are perfect substitutes for each other from the
household’s preference perspective, then if good 1 is expensive (inexpensive),
the household consumes none of (only) it, while if the two goods are the
same price the possibilities are uncountable! Notice that the value function
is continuous and increasing

iftp>1
ifl>p>0 "

v(p,w) = {

sle €

There is a more formal way of establishing the existence of a solution to
such mathematical programming problems and how the solution varies with
parameters. In general, let X C R", Y C R™, f: X xY — R be a single
valued function, I' : X — Y be a non-empty correspondence and consider
the problem sup,cp, f(,y). If for each x, f(z,) is continuous in y and the
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set I'(z) is compact, then we know from the Extreme Value Theorem 262
that for each x the maximum is attained. In this case,

v(z) = max f (2,9) (4.15)

is well defined and the set of values y which attain the maximium

G(x) ={y € [(2) : f(z,y) = v(x)} (4.16)

is non-empty (but possibly multivalued). The Maximum theorem puts fur-
ther restrictions on I' to ensure that v and G vary in a continuous way with
x. The proof works in the following way. Consider a convergent sequence of
elements in the constraint set x,, — = € X (which we can always find since T
is compact valued). By the extreme value theorem, there is a corresponding
sequence of optimizing choices y,, € G(x,) and y, — y. We must show that
the limit of that sequence y is the optimizing choice in the constraint set
defined at x. There are two parts to demonstrating this result. First we
must show that y is in the constraint set ( y € I'(x)). Then we must show y
is the optimizing choice in I'(x).

Theorem 295 (Berge’s Theorem of the Maximum) Let X C R", Y C
R™ f: XxY — R be a continuous function, and ' : X — Y be a nonempty,
compact-valued, continuous correspondence. Then v : X — R defined in
(4.15) is continuous and the correspondence G : X — 'Y defined in (4.16) is
nonempty, compact valued, and uhc.

Proof. The Extreme Value Theorem 262 ensures that for each x the max-
imum is attained and G(z) is nonempty. Since G(z) C I'(z) and I'(z) is
compact, G(z) is bounded. To show G(z) is closed, we suppose y, — ¥y
with y, € G(x),¥n and need to show that y € G(x).?® Since I'(z) is closed,
y € I'(x). Since v(z) = f(x,y,)¥n and f is continuous, then v(z) = f(x,y)
and y € G(z). Thus, G(z) is nonempty and compact for each x.

To see that G(x) is uhe, let 2, — x and choose y,, € G(z,). We need
to show that there exists a convergent subsequence < yy,) >— vy and y €
G(zx). Since I' is uhc, 3 < yy() > converging to y € I'(x) by Theorem 280.
Consider an alternative z € I'(z). Since I' is lhc, 3 < zy,) > converging
to z with 244 € I'(z4n)), Yg(n) by Theorem 278. Since f(xg(mn), Ygn)) >

25This follows from Definition 111.
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JF(Zg(n)s Zg(n)), Vg(n) by optimality and f is continuous, f(z,y) > f(x,=2).
Since this holds for any z € I'(z), then y € G(x),satisfying uhc.

To see that v(z) is continuous, fix = and let z,, — xz. Choose y, €
G(z,), Vn. Let © = limsupwv(z,) and v = liminfv(x,). We can choose
< Tgm) > (a subsequence corresponding to < yu,) > above) such that
T = lim f(2g(), Yg(n))- Since G is uhc, I < ypg(n)) > converging to y € G(z).
Hence T = lim f(Zn(gm))s Ynen))) = f(x,y) = v(x). An analogous argument
establishes that v = v(z). Hence < v(z,) > converges to v(z). =

The next three examples illustrate the Maximum theorem with simple
mathematical problems.

Example 296 Let X =R, Y =R, f:Y — R be given by f(y) =y and
I': X—=Y be given by

F(x):{ [0,11] ifr<1

) r>1

Consider the problem v(x) = maxycr() f(y). Then

o) = { D TrE i o) = {

2

ifr <1
z>1

N—= =

Notice that v(x) is not continuous and that G(x) is not uhc. What condi-
tion of Theorem 295 did we violate? The constraint correspondence is not
continuous; in particular, while T'(x) is uhc, it is not lhe. See Figure 4.7.15.

Example 297 Let X =R, Y =R, f: Y — R be given by f(y) = cos(y),
and T' : X—Y be given I'(z) = {y € Y : —o <y <z forx > 0 and
r <y < —x forx <0}. Consider the problem v(x) = maxycr(z) f(y). Then

{0} —2r <z <27
B _ {—27,0,27} —4r < x < 4w
v(r) = 1,Vx and G(z) = {—4nm,—2m,0,2m, 47} —6m <z <67 °
etc etc

Notice that G(x) is uhc but not lhe since, for example, if we take V = (2w —
£,2m + €) with 2r > ¢ > 0, then G2r) NV # 0 but ¥o > 0 I’ € Bs(2n)
such that G(z")N'V =0 (in particular all those ' < 2w ). See Figure 4.7.16.
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Example 298 Let X =R, Y =R, f: Y — R be given by f(y) = y* and
I': X>Y be givenT'(z) ={yeY:—x<y<zforr>0andz <y< —x
for x < 0}. Consider the problem v(r) = maxycr) f(y). Then

v(r) = 2?,Vz and G(z) = {—x,z}.

Notice that G(x) is uhc and lhe but not convezr valued. See Figure 4.7.17.

If we put more restrictions on the objective function and the constraint
correspondence we can show that the set of maximizers G(x) is single-valued
and continuous.

Theorem 299 Let X C R", Y C R™. LetI' : X — Y be a nonempty,
compact- and convex- valued, continuous correspondence. Let A be the graph
of I' and assume f : X — R is continuous function and that f(x,-) is strictly
concave, for each v € X.2If we define

g*(x) = arg max f(z,y),
y€l(z)

then g*(x) is a continuous function. If X is compact, then g*(x) is uniformly
continuous.

Exercise 4.7.2 Prove Theorem 299.
We illustrate Theorem 299 through the next exercise.

Exercise 4.7.3 In Ezample 294 let the utility function U : R2 — R be given
by u(cr)+u(cy) where u : Ry — R is a strictly increasing, continuous, strictly
concave function. Establish the following: (i) The objective function U(cy, co)
is continuous and strictly concave on R?; (ii) The budget correspondence
B(p,y) is compact and convex; (iii) Ezistence and uniqueness of the set of
mazximizers; (i) v(p,y) is increasing in y and decreasing in p; (iv) v(p,y) is
continuous (try this as a proof by contradiction).

We say f : R — R is strictly concave if f(az + (1 — a)z) > af(z) + (1 — a)f(z) for
z,z,€ R and a € [0,1].
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4.8 Fixed Points and Contraction Mappings

One way to prove the existence of an equilibrium of an economic environment
amounts to showing there is a zero solution to a system of excess demand
equations. In the case of Example 294, households take as given the relative
price p and optimization may induce a continuous aggregate excess demand
correspondence ED(p) for good 1. If there is excess demand (supply), prices
rise (fall) until equilibrium ( ED(p) = 0) is achieved. We may represent this
“tatonnement” process by the mapping f(p) = p+ ED(p). In that case, an
equilibrium is equivalent to a fixed point p = f(p).

Definition 300 Let (X,d) be a metric space and f : X — X be a function
or correspondence. We call x € X a fized point of the function if x = f(z)
or of the correspondence if x € f(x).

We now present four different fixed point theorems based upon different
assumptions on the mapping f.

4.8.1 Fixed points of functions

The first fixed point theorem does not require continuity of f but uses only
the fact that f is nondecreasing.

Theorem 301 (Tarsky) Let f : [a,b] — [a,b] be a non-decreasing function
(that is, if v >y for x,y € [a,b], then f(x) > f(y)), Ya,b € R with a < b.
Then f has a fized point.

Proof. Let P = {z € [a,b] : < f(x)}. We prove this in 4 parts. (i) Since
f(a) € la,b] implies a < f(a),then a € P and hence P is non-empty. (ii)
Since P C [a,b] and [a, b] is bounded, then P is bounded. Therefore, by the
Completeness Axiom 3, T = sup P exists. (iii) Since Vz € P, z < T by (ii), we
have f(z) < f(Z) because f is nondecreasing. Since x € P, z < f(z) < f(7)
so that f(7) is an upper bound of P. Therefore, T < f(T) since T is the least
upper bound and hence T € P. (iv) Since T < f(T) implies f(Z) < f[f(T)],
we know f(Z) € P. Therefore, T > f(Z) since T is an upper bound of P.
Given that T < f(7) and T > f(T) we know that T = f(T). Note that we
have not ruled out that there may be other points z’ such that 2’ = f(a2/).
If so, then for all such points 2’ € P. Our solution T is the maximal fixed
point. m
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The proof is illustrated in Figure 4.8.1. For a more general version of this
proof, see Aliprantis and Border (1999, Theorem 1.8).

The next result by Brouwer requires that f be a continuous function. We
saw a one dimensional version of it in section 4.6 which used the Intermediate
value Theorem 255. That proof was very simple but the method we used
there cannot be extended to higher dimensions. As it turns out proving it
in R™ where n > 2 is quite difficult. There are proofs that use calculus but
we are going to present an elementary one based on simplexes which were
introduced in section 4.5.2. Brouwer’s fixed point theorem could be stated
for a non-empty convex, compact subset of R". Because a nondegenerate
simplex is homeomorphic with (i.e. topologically equivalent to) a nonempty,
convex, compact subset of R"™ it suffices to state Brouwer’s theorem for the
simplex.

Exercise 4.8.1 Show that a simplex is homeomorphic with a nonempty, con-
vez, compact subset P = {(p1,p2) € R?: 0 < py,ps < M, M finite}.

For notational simplicity and better intuition we prove Brouwer’s theorem
in R? but this simplification has no effect whatsoever on the logic of the
proof. The proof for general R™ can be replicated with only minor notational
changes.

Theorem 302 (Brouwer) If f (z) maps a nondegenerate simplex continu-
ously into itself then there is a fized point x* = f (x*).

Proof. (Sketch) The farther a point is from a vertex, the smaller is its
barycentric coordinate. Thus, in Figure 4.8.12, a's largest barycentric coor-
dinate is the first one while b’s largest barycentric coordinate is the second
one. For a given f, we introduce an indexing function I(z) as follows. Let
y = f(z) and I(z) = min{i:z; > y;} If b = f(a),then I(a) = 0 because
ap > by. (the arrow connecting a with f(a) points away from the vertex wp).
x* is a fixed point of f if of = 57,7 = 0,1,2 where o} and 3] = f; (z*)
are barycentric coordinates of z* and f(z*). See Figure 4.8.4. In the case
of barycentric coordinates, instead of equality (4.24) it suffices to show the

following inequalities:
a > f7,i=0,1,2 (4.17)

because af >0, 3F > 0and 32, af =1 =37, 3} .Specifically, If f doesn’t
have a fixed point, then I(x) is well defined for all x € S and obtains values
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0,1, or 2 with certain restrictions on the boundary. Divide the simplex into
m? equal subsimplexes and index all the vertices of the the subsimplexes using
I(x) obeying restrictions on the boundary. Sperner’s lemma guarantees that
for each m there is at least one simplex with a complete set of indices (i.e.
arrows originating at these verteces point inside the triangle). By choosing
one vertex of such simpex for each m we get an infinite sequence of poins
from S that is the sequence is bounded. Hence by the Bolzano-Weierstrass
theorem there exists a convergent subsequence with the limit point z* € S.
As m — oo, a triangle collapses into one point (which is z*) (at this point
all arrows point inside itself). Since f is continuous, it preserves inequalities
so that x*is a fixed point of f. =

In Chapter 6, we will introduce an infinite dimensional version of Brouwer’s
fixed point theorem by Schauder.

Example 303 (On Existence of Equilibrium) Consider the following 2
period t = 1,2 exchange problem with a large number I of identical agents.
Let ¢, yi,q; denote an element (date t) of agent i’s consumption and en-
dowment vector, as well as the price vector, respectively. Let a represen-
tative agent i’s budget set be given by B(q,y") = {¢ € R? : Y2 gl <
Zle qwyt}. Notice that an agent’s budget set is homogeneous of degree zero

in q." That is, B(Aq,y") = B(q,y"). Thus, we are free to take \ = 221 o> 0

and set p = T .This defines a one dimensional price sim-
D=1 @ D Gt

plex St = {p eRZ: Zle P = 1} .Let the representative agent i’s utility
function be given by U(c') = Zle log(ct). Exercise 4.7.3 establishes that
B(p,y') is a non-empty, compact- and convex-valued continuous correspon-
dence and that U(c') is strictly concave. Thus by version 299 of the The-
orem of the Maximum the set of mazimizers {ci(p,y),cs(p,y)} are single
valued and continuous functions. Since the sum of continuous functions is
continuous, the aggregate excess demand function z : S* — R? given by
2(p) = SO0, ¢ (p,y) — ¥ is continuous. It is a consequence of Walras Law
that the inner product < p,z(p) >= 0. To prove existence of equilibrium, we
need to show that at the equilibrium price vector p* there is no excess demand
(i.e. z(p*) < 0).Specifically, we must show that if z : S* — R? is continuous
and satisfies < p,z(p) >= 0, then Ip* € S such that 2(p*) < 0 (in the

2TWe say a function f(z) is homogeneous of degree k = 0,1,2... if for any A\ > 0,

FOw) = N f ().
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case that all goods are desireable, this is z(p*) = 0). To this end, define the
mapping which raises the price of any good for which there is excess demand:

f(p) = pr + max(0, z(p))

= 5 fort=1,2.
14 Zj:l max (0, z;(p))

Notice that f;(p) is continuous since z and max(-,-) are continuous func-
tions and that f(p) lies in S since Zle fit(p) = 1. By Brouwer’s Fized
Point Theorem 302, there is a fized point where f(p*) = p*. But this can be
shown (by applying Walras Law) to imply that z(p*) < 0.You should con-
vince yourself that with these preferences and endowments, the markets for
current and future goods are cleared if p* implies Z—f = iy% so that the relative
price of future goods in terms of current goods is lower the more plentiful
future goods or less plentiful current goods are. Since I—}rr = Z—f, this means
that interest rates are higher the smaller is current output relative to future
output. In other words, identical (representative) agents would like to borrow
against plentiful future output to smooth consumption if current output is
low; this would drive up the interest rate.

4.8.2 Contractions

Note that while the above theorems proved existence, they said nothing about
uniqueness. The next set of conditions on f provide both.

Definition 304 Let (X, d) be a metric space and f : X — X be a function.
Then f satisfies a Lipschitz condition if 3y > 0 such that d(f(x), f(Z)) <
vd(z,x), Ve, € X. If v < ljthen f is a contraction mapping (with
modulus 7).

One way to interpret the Lipschitz condition is as a restriction on the
slope of f. That is, % = W < 7. Then a contraction is simply a
function whose slope is everywhére less than 1. If f is Lipschitz, then it is
uniformly continuous since we can take 6(¢) = £ in which case d(z,z) <0 =
d(f(z), f(z)) < e. On the other hand, if f is uniformly continuous, it may

not satisfy the Lipschitz condition as the next example shows.

Example 305 Let f : [0,1] — R be given by f(x) = /x. To see that f is
uniformly continuous, for anye > 0, let §(e) = % Then if |[t—y| < 0, we have
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V=l <2z =yl < /2 % = & where the weak inequality follows since
(V- \/5)2 =x—2/ty+y < 2(max{x,y} — min{z,y}) = 2|z —y|. To see

that f is not Lipschitz, suppose so. Then for some~y > 0, |[\/x—\/y| < v|z—y|

Wz—vil Wr—vul _ Vz—\/1l _ 1
or oo <% Yoy € [01]. But SomF = o = Ve
Choosex—ﬁandy:Osox,yE[O 1]. Thenmzl—i—v which
contradicts I\/:\/_I <.

The next result establishes conditions under which there is a unique fixed
point and provides a result on speed of convergence helpful for computational
work.

Theorem 306 (Contraction Mapping) If (X, d) is a complete metric space
and f : X — X is a contraction with modulus ~y,then f has a unique fixed
point T € X and (ii) for any o € X, d(T, f"(x0)) < f}d(f( 0),To) where
f™ are iterates of f.28

Proof. Choose 29 € X and define < z,, >, by x,.1 = f(x,) so that x,, =
f™(xp). Since f is a contraction d(xq,x1) = d(f(z1), f(x0)) < vyd(z1, o).
Continuing by induction,

A(Try1, Tn) = d(f(2n), f(Tn-1)) < vd(@p, Tno1) < Y d(z1,20),n = 1,2, ...
(4.18)
For any m > n,

d(Tm, ) < d(@m, Tme1) + .. + d(Tps2, Tny1) + d(Tpg1, ) (4.19)
< [V AT ] d(, o)
= A [y" " Ly + 1]d(zy, o)
< 17_ ,Yd(ﬂﬁ, o)

where the first line uses the triangle inequality and the second uses (4.18). It
follows from (4.19) that < z,, > is a Cauchy sequence. Since X is complete,
r, — T. That T is a fixed point follows since

d(f(@),7) < d(f(T), f"(x0)) + d(f"(%0),T)
< yd(@, [ (@o)) + d(f" (x0), T)

28The iterates of f (mappings {f"}), are defined as n-fold compositions f°(z) = =,
fHa) = f(a), f2(@) = f(fH (@), [M(2) = F(f*7H ().
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where the first line uses the triangle inequality and the second simply uses
that f is a contraction. Since v < 1, (4.18) implies lim,, o, d(T, " !(z0)) =
0 = lim,, 0 d(f™(20),T) so that d(f(Z),T) = 0 or T is a fixed point.

To prove uniqueness, suppose to the contrary there exists another fixed
point z’. Then d(2',7) = d(f(2'), f(T)) < ~d(2',T) implies v > 1, contrary
to v < 1 for a contraction.

Finally, the speed of convergence follows since

d@, f"(z0)) < d(@, f™(x0)) +d(f™(20), ["(20))
< Vvd(f(%),xo)

S 71C

where the first line follows from the triangle inequality and the second from
(4.19) and lim,, o d(Z, f™(z0)) = 0.See Figure 4.8.13. m

Sometimes it is useful to establish a unique fixed point on a given space
X and then apply Theorem 306 again on a smaller space to characterize the
fixed point more precisely.

Corollary 307 Let (X,d) be a complete metric space and f : X — X be
a contraction with fized point T € X. If X' is a closed subset of X and
f(X') C X', thenT € X'.

Proof. Let g € X'. Then < f™(zg) > is a sequence in X' converging to 7.
Since X' is closed, T € X'. m

4.8.3 Fixed points of correspondences

In considering fixed points of correspondences we would like to utilize fixed
point theorems (particularly Brouwer’s fixed point theorem) of functions.
How can we reduce multiple valued case to the single-valued one? This can
be done by means of selection (i.e. a single-valued function that is selected
from a multiple valued correspondence). Depending on circumstances we
might have extra conditions on these choice functions. For instance, we
might look for a continuous choice function (called continuous selection) or
for a measurable choice function (called measurable selection, which we will
deal with next chapter).

Definition 308 Let ' : X — Y be a correspondence, then the single-valued
function Ty : X — Y such that T'o(x) € I'(z),Vz € X is called a selection.
See Figure 4.8.14.
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The existence of a fixed point of a function proven by Brouwer requires
continuity. Hence in this section we will deal with the problem of continuous
selection. After proving the existence of a continuous selection, we will use
Brouwer’s fixed point theorem for functions to show that the selection has a
fixed point, which is then obviously, a fixed point for the original correspon-
dence. There are two main results of this subsection, Michael’s continuous
selection theorem and Kakutani’s fixed point theorem for correspondences.

First we introduce a new notion, a partition of unity, that will be used in
the proof of the selection theorem. Existence of a partition of unity is based
on a well-known result from topology.

Lemma 309 (Urysohn) Let A, B be two disjoint, closed subsets of a metric
space X. Then there ezists a continuous function f : X — [0,1] such that
f(z)=0,Vx € A and f(x) =1,Vx € B.

For a proof, see Kelley (1957).
To continue we need to introduce the following topological concept.

Definition 310 Let X be a metric space and let {G;,ieA} be an open cover
of X. Then a partition of unity subordinate to the cover {G;} is a
family of continuous real-valued functions ¢, : X — [0, 1] such that ¢,(z) =
0,Vx € X\G;, and such that Ve € X, >, \ pi(x) = 1.

Example 311 Let X = [0,1], Gy = [0,2), G2 = (3, 1] be an open cover of
[0,1].Let

1,0<z<5
o= Ble—g) g <ws<g
O,§<ZL’§1
0,0<z<3
g = A 3(e-4)  <as?
1,2<z<1

See Figure 4.8.15. Then {¢y, vy} is partition of unity subordinate to {G1, Gs}.

Lemma 312 (Partition of unity) Let X be a metric space and let {Gy,
ey Gp} be a finite open cover of X. Then there exists a partition of unity
subordinate to this cover.



134 CHAPTER 4. METRIC SPACES

Proof. We begin by constructing a new cover { Hy, ..., H, } of X by open sets
such that (i) H; C H; C G; fori = 1,2, ....,n and (ii) {H, : i < j}U{G;,i >
j} is a cover for each j. This is done inductively. Let £} = X\ U, G;. Then
F} is closed and F; C G1.The sets F; and X\G; are closed disjoint subsets
of the metric space X and hence can be separated by two disjoint open sets
(see the separation axioms in Chapter 7), H, and X — H;. We have

F1CH1CF1CG1.

This satisfies (ii) for j = 1.Now suppose Hi, Ha, ..., H;_1 have been con-
structed. Then since {H; : ¢ < k —1} U{G, : i > k — 1} is a cover for X,
Fp = X\((U=H;) U (Ur,1Gi)) C Gi. Again by separating Fj, and X\Gy,
we get Hj such that F, C Hy C Hy C Gy. Clearly the collection {Hy, ..., Hy}
satisfies (i) with j = k. By Urysohn’s lemma 309we can construct real-valued
functions ¢; on X such that ¢,(x) =0 if x € X\G; and ¢,(z) =1 if x € H;
and 0 < ¢, < 1. Finally, let

- wz(@
Al) = S g, @)

Since the collection {H;,i =1,2,....,n} is a cover, we have } 7 1, (v) # 0
for each x and hence ¢, (z) is well-defined. {¢;}!" | is the partition of unity
subordinate to cover {G;}! . m

Theorem 313 (Michael) Let X be a metric space and Y be a Banach
space, T' : X — Y be lhc and T (z) closed and conver for every x € X.
Then T' admits a continuous selection.

Proof. We prove the theorem under a stronger assumption, that X is a
compact metric space, than is necessary.? We first show that for each pos-
itive real number [ there exists a continuous function fz : X — Y such
that fz(z) € f+ I (z) for each x € X. The desired selection will then be
constructed as a limit of a suitable Cauchy sequence in such functions (that’s
why we need Y to be a complete normed vector space). For each y € Y |
let U, = I'"' (Bg (y)) where Bg (y) is an open ball around y of diameter f3.
Since I is lhc and Bg(y) is open in Y , U, is open in X. The collection

29To prove the more general version we would need to use the concept of paracom-
pactness which goes beyond the scope of this book. For the more general result, see
Aubin-Frankowska (1990).
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{Uy,y € Y} is then an open cover of X. Since X is compact there exists a
finite subcollection {U,,,7 =1,.....,n,y; € Y} which by Lemma 312 (requir-
ing a finite collection) has a partition of unity {m;,i = 1,...,n} subordinate
to U,. Let fz be defined by fs(z) = > i, m (x)y; , where y; is chosen in
such a way that m; = 0 in X\U,,. Since f5(z) is the sum of finitely many
continuous functions it is a continuous function from X to Y. f is a convex
combination of those points y; for which m; (x) # 0. But m; (x) # 0 only if
zeU,,. Thus I' (x) N B (y;) # 0 and so y; € f+ 1T (x). Thus f5 is a convex
combination of points y; which lie in the convex set § + I' (z) and so f3 is
also in that set (i.e. fz € f+ T (2)).

Next we construct a sequence of such functions f; to satisty the following
two conditions:

fi(z) €

5i—2 + fi—l (I) ,i = 2, 3, 4, ..... (420)

fi(z) € 21 T (@), i= 1,23, .. (4.21)

For f, we take the function fz already constructed with 8 = % Suppose
that fi, fa,....... fn have already been constructed. Let I',,q (z) = I'(z) N
(3= + fa (%)) . Then since f, (z) satisfies condition (4.21), I',41 (2) is non-
empty and being the intersection of two convex sets is convex. Moreover
[ () is lhe (see Lemma 293). Therefore by the first part of the proof and
Wilth B = 57, there exists a function f,.1 with the property that f, 1 (z) €
5o + Dnsr (2) . Since Ty (z) C T (2), we have fo41 (2) € 57 4+ T (2) so
that condition (4.21) is satisfied. Furthermore, since I'yq (z) C 57 + f5 (2)
we have foi1(2) € (35 + 327) + fu (2) C 55 + fu (¢) which means that
condition (4.20) is satisfied. We constructed the sequence (f;, i € N) of func-
tions for which || fut1 (z) — fu ()|ly < 5= for all n and all z. Therefore
SUP,ex || fm (2) = fu (2)|ly < 522 for all m,n with m > n. Thus the sequence
(f:) is a Cauchy sequence in the space of bounded continuous functions from
X to Y which is complete because Y is complete (which we will see in Theo-
rem 452 in Chapter 6). Then there exists a continuous function f : X — Y
such that (f;) — f (with respect to the sup norm). Since (4.21) states that
| fn (z) =T (2)|| < 5= for all n, it follows that the limit function f has the
property that f (z) € T (z) (the closure of I'). By assumption that T () is
closed we have f (v) € I' (z) since I' (z) =T (z). m

Note that a correspondence that is uhc does not guarantee a continuous
selection. See Example 272.
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Combining Brouwer’s fixed point theorem 302 with Michael’s selection
theorem 313 we immediately get the existence of a fixed point for lhc corre-
spondences.

Corollary 314 Let K be a non-empty, compact, convexr subset of a finite
demensional space R™ and let I' : K — K be a lhe, closed, convexr valued
correspondence. Then T'has a fixed point.

Kakutanis theorem is usually stated with the condition that the corre-
spondence I' be uhc and closed valued. However, since we are dealing with
a compact set K , by Theorems 285 and 287, uhc together with the closed
valued property are equivalent to having a closed graph. It seems that this
condition is somewhat easier to check.

In order to make the switch from uhc (or equivalently from closedness of
graph) to lhc, we use the following lemma.

Lemma 315 Let X andY be compact subsets of a finite dimensional normed
vector space R™ and let I' : X - Y be a convex-valued correspondence
which has a closed graph (or equivalently is closed-valued and uhc). Then
giwen [ > 0 , there exists a lhc, convex-valued correspondence F': X — Y

such that Gr (F') C 5+ Gr(T).

Proof. Consider first the new correspondences F defined for all € > 0 by
F6 () = Uzex Jo—z)<L (Z) . To see that F is lhe at xg,consider an open set
G such that F, (£9) NG # 0. Then there exists T € X with |7 — x| < £ and

I'(@)NG # 0. If puis sufficiently small (1 < £ — [|[Z — zo||) and if ||z — 2| < p,
then |7 — x| < ¢, and so F. () N G # § because I' () C F. (z). Thus F.
is Ihe at an arbitrary xoeX and hence lhc on X. It follows from Lemma 292
that F. = co(F.) is also lhc. Since Fy is certainly convex-valued the proof
is finished by showing that Gr (F.) C g + Gr(I') if ¢ is sufficiently small.

Suppose that it is not so. That is, for some > 0 and alln € N |, Gr (F;)

is not contained in 5 + Gr (I') . Then there exists a sequence ((zy,,yy) ,neN)
in X xY such that (z,,y,) € Gr <F;> but d((zp,yn),Gr(I)) > 5. To

say that (z,,y,) € Gr (F%> means that vy, = Z::{l An,iYni With Ap,; > 0

, SN = 1, and g, el (Z,4) where [T, — 2] < 1. Here we used

Caratheodory’s theorem 226 saying that in R™ if y,, is a convex combination
of certain points, it can always be expressed as a convex combination of
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different ( (m + 1) points). Since X and Y are compact and A, ;€ [0, 1] (which
is also compact) all the above sequences contain subsequences (we will use the
same indexes for subsequences) that converge, that is (x,) — z, (y,) — vy ,
(Ani) — Niand (Z,;) — ;. Since ||T,,; — x| < % ,x; =x,fori=1,...,m+1.
We also have that Zf:;l A = 1and vy, = Zf:;l AnilYni — ZZ’:;]‘ ANy =
y. Now (Zni,yni) € Gr(T) and so (Z;,y;) = (v,y;) € Gr(T') = Gr(T)
(since Gr (I') is closed). Thus y; € I'(x) and, since I' (z) is convex, y €
I (z) (being a convex combination of y; ). Hence (z,y)eGr (I'). But since
d((zp,yn),Gr(I")) > p for all n, this is not possible. This contradiction
completes the proof. m

Corollary 316 In Lemma 315 we may also take F to be closed-valued.

Proof. Let F = F. for sufficiently small €. Then by lemma 291, F is
Ihe. It is of course still convex-valued and if Gr (F,) C £ + Gr ('), then
Gr(F)CB+Gr(I). m

Theorem 317 (Kakutani) Let K be a non-empty, compact, convez subset
of finite-dimensional space R™ and let I': K - K be a closed, convex
valued, uhc correspondence (or conver valued with closed graph). Then T has
a fixed point.

Proof. By lemma 315 and corollary 316, for each n € N there exists a lhc
correspondence F, : K — K such that Gr (F,) C + + Gr(I') and F,, has
values which are closed and convex. Then by Michael’s selection theorem
313, there is a continuous selection f,, for F. The function f, is continous
mapping of K into itself and so, by Brouwer fixed point theorem 302, there
exists x,e K with f, (x,) = x,. The compactness of K means that there exists
a convergent subsequence of the sequence (z,,) such that <xg(n)> — 2. Since
(Tn,zn) € Gr(F,) C + + Gr(I), it follows that (z*,2*) € Gr (I') = Gr(I).
Thus «* € I' (*) is a fixed point of I'. m

We now use an example to illustrate an important result due to Nash
(1950). Nash’s result says that every finite strategic form game has a mixed
strategy equilibrium.

Example 318 Reconsider the finite action coordination game in Example
282. We say that the mized strategy profile (p*,q*) is a Nash Equilibrium
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if m(p*, qF) > mi(p. ¢*) and wo(p*, q*) > ma(p*,q), Vp,q € [0,1]. In Example
282, we showed

0 ifg<s 0 ifp<i
(@) =< 0,1 ifg=1 and ¢(p)={ [0,1] ifp=1.
1 ifg>3 1 ifp>1

Given that the two agents are symmetric, to prove that the above game has
a mized strategy equilibrium, it is sufficient to show that p* : [0,1] — [0,1]
has a fized point p € p*(p). From Kakutani’s theorem, it is sufficient to check
that p*(p) is a non-empty, convex-valued, uhc correspondence all of which
was shown in Example 282. See Figure 4.8.16.

Exercise 4.8.2 Using Kakutani’s theorem, prove Nash’s result generally.
See Fudenberg and Tirole p.29.

4.9 Appendix - Proofs in Chapter 4

Proof of Caratheodory Theorem 226. . z € co(X) implies z =
Yoy, (z1, ., x) € X, N, > 0 Vi, and ) ") A; = 1 by Theorem ?7.
Suppose m > n + 2. Then the vectors

) (3] ] e

are linearly dependent. Hence there exist p, ..., t,,, not all zero, such that
m z; B
o §]=0
i=1

(i.e. Z,uixi = 0 and Zuil = 0). Let pu; > 0 for some j, 1 < j <
i=1 =1

7 i

m. Define @ = :—9 = min {Z‘— D F O} so that A\; — au; = 0.If we define

0; = \i — ap,,then 0, = 0, Z&» = Z)‘i —aZui =1—a0 =1, and

i=1 i=1 =1
m

m m m
E O,x; = E AN — E Wi = E Nix; = x. Hence we expressed x as a
i=1 i=1 i=1

=1
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convex combination of m — 1 points of X with ¢; = 0 for some j, reducing it
from m points. If m —1 > n+ 1, then the process can be repeated until z is
expressed as a convex combination of n 4+ 1 points of X. m

Proof of Theorem 248.. (i = ii) Let a € f~'(V). Then Jy € V such
that f(a) =y. Since V' is open, then 3¢ > 0 such that B.(y) C V. Since f is
continuous for this £, 39(e,a) > 0 such that Vo € X with dx(x,a) < (e, a)
we have dy (f(x), f(a)) < e. Hence f(Bs(a)) C B.(f(a)) or equivalently
Bs(a) C f7H(B:(f(a))) C f7H(V).

(it = di1) Let < z,, >— x. Take any open e-ball B.(f(z)) C V. Then x €
Y B:(f(z))) and f~1(B.(f(x))) is open (by assumption ii). Now 3§ > 0
such that Bs(z) C f~Y(B.(f(x))). Since < x,, >— x,IN such that n > N,
T, € Bs(z) C f~1(B.(f(x))). Hence f(x,) € B.(f(x)) Yn > N so f(z,) —
f(z). See Figure 4.6.5.

(140 = 1) It is sufficient to prove the contrapositive. Thus, suppose Je > 0
such that V6 = L1, 3z, such that dx(z,,z) < + and dy(f(z,)), f(z)) > e.
Thus we have a sequence < x,, >— x but none of the elements of < f(z,) >
is in an e-ball around f(x)). Hence < f(z,) > doesn’t converge to f(z). %
u
Proof of Theorem 268.. In the first step, for a given € > 0,we construct
0 that depends only on £. Thus, take £ > 0. Since f is continuous on X,
then for any z € X there is a number §(ie,z) > 0 such that if 2/ € X and
d(z,2') < 6(3¢,x), then dy(f(z)), f(z)) < 2e. The collection of open balls
g :{Ba(%w) (x),x € X} is an open covering of X. Since X is compact there
exists a finite subcollection, say {B(z1),...B(z,)} of these balls that covers
X. Then define §(c) = 3min{d(3¢,21),....,0(3¢,2,)} which is obviously
independent of x.

In the second step, we use the §(¢) constructed above to establish uni-
form continuity. Suppose that x,2’ € X and dx(z/,2) < (). Because
{B(z1),...B(z,)} covers X, x € B(xy) for some k. That is

1.1
dx(ZL’, l’k> < 55(567 ZL’k) (422)
By the triangle inequality it follows that
1
dx (2, zp) < dx(a',2) +dx(x,x) < 20(e) < 5(§E,$k). (4.23)

30Munkres p.127 Th10.1, sequences see Munkres p. 128, Th 10.3.
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Then (4.22) and continuity of f at z imply dy (f(z)), f(zx)) < 3¢, while
(4.23) and continuity of f at a; imply dy(f(2')), f(z1)) < 3¢. Again by the
triangle inequality it follows that

dy (f(z)), f(2") < dy(f(x)), f(zr) +dy (f(2)), f(ar)) < %5 + %5 =e.

Thus, we have shown that if z,2’ € X for which dx(z',z) < d(g), then
dy(f(2)), f(2')) <e. m

Proof of Brouwer’s Fixed Point Theorem 302. (inR?). Let f: S —
S be continuous, where S is a fixed nondegenerate simplex with vertices

00, vt 02 2* = f(2*) implies that

a; =f;,1=0,1,2 (4.24)

where of and 8] = f; (z*) are barycentric coordinates of z* and f(z*). See
Figure 4.8.4. In the case of barycentric coordinates, instead of equality (4.24)
it suffices to show the following inequalities.

aj > f;,i=0,1,2 (4.25)

(4.24) and (4.25) are equivalent because o > 0, 8F > 0 and Y2 jaf =1 =
S22, B;. To see this, note that

(87} 2 60 2 07
Ofl Z /61 Z 07
(0] Z 62 Z 07

ap + a1 + az Bo+ B+ By (=1),
and (g — fy) + (a1 = B;) + (a2 = B5) = 0
607051 - 51a052 - 52‘

Let y = f (). If y # x, then some coordinates (3, # «;. Therefore, since
> a; = > 8, we must have both some «a; > [ and some «a; < 3,. Focus
on the first inequality, oz > [, ; this cannot occur when aj = 0.In other
words this cannot occur on the boundary segment opposite vertex v* (see the
calculations in Example 228). For example, on the boundary line segment
joining v° and v' opposite v? (we will denote this line segment (v°,v!), the
inequality ay > [, cannot occur because ay = 0 for all these points but
0> 5, > 0 is false. See Figure 4.8.5.

implies ay
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Now we introduce an indexing scheme for points in the simplex as follows.
Given functions y = f(x) (f : S — 9) , for each x € S such that z # y =
f (x) we have seen that x; > y; for some i. Now define Z (z) as the smallest
such ¢ (that is, Z (z) = min{i: a; > 5;}). Hence 7 (x) can obtain values
0,1,2 (in our case for R?). These values depend on the function y = f () of
course but on the boundary, we know that Z (x) is restricted. For example
on the boundary (v°,v!) where iy = 0 we can’t have ap > 3, so that Z (z)
can’t obtain 2. Thus Z (z) = 0 or 1 on the line segment (v°,v'). In general,
Z(x) satisfies the same set of restrictions as I(x) in (4.3) in Section 4.5.2 and
hence we can use the results of Sperner’s Lemma 229.

Why are we doing this? We are looking for a fixed point of y = f (z).
That is a point x whose barycentric coordinates satisfy all the inequalities
ag > By, a1 > By, ag > [B5.To do so, for m = 2,3,4, ..., we form the mth
barycentric subdivision of our simplex S. For example, see Figure 4.8.7 for
m = 2.The vertices in the subdivision are points z = 1 (4, 41, f15) Where the
p; are integers (and &, i = 0,1,2 are barycentric coordinates with respect
to the mth subdivision) with all p; > 0 and Zj’:o p; = 2. In general for the
m — th subdivision, the vertices are the points z = % (fos fq5 pto) - Where g,
are integers satisfying all p, > 0 | Z?:o i; = m. We will call a little shaded
triangle a cell. The original simplex is the whole body. For m = 5 we see 25
cells in Figure 4.8.8. Each cell is small; the diameter of each cell is % of the
diameter of the body. In general, in the m — th subdivision of a simplex, the
number of cells m? tends to infinity as m — oo and the diameter of each
cell tends to zero. If A is the diameter of the body, then the diameter of
each cell is %.

We are given a continuous function y = f () that maps the simplex into
itself. We assume that f (z) has no fixed point and we show that this leads
to contradiction. Since we assume = # y = f(x) (i.e. no fixed point) we
may use the indexing function Z (x) for each point = € S. The index takes
one of the values 0, 1,2 at each point of the body and on the boundary of
the simplex. The index satisfies the restrictions (??). For example in Figure
4.8.9 there are 21 vertices. Label each vertex x with an index Z (z) =0, 1,2
arbitrarily except that this indexing has to obey the restrictions (??) on the
boundary. That means you must use Z = 0 or 1 on the bottom side, Z = 0
or 2 on the left and Z = 1 or 2 on the right. Also Z =0 at v°, Z =1 at v*
and Z = 2 at v? . This leaves 6 interior vertices, each to be labeled arbitralily
0,1, or 2. Try to label these vertices such that none of the 25 cells has all the
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labels 0,1, 2. No matter how hard you try, at least one of the cells must have
a complete set of labels. This is guaranteed by Sperner’s Lemma 229 which
follows immediately after this proof. In particular, the lemma guarantees
that for any m, in the m-th subdivision there is a cell with a complete set of
labels, say

T = 0 at the vertex 2° (m) (4.26)
T = 1 at the vertex z' (m)
T = 2 at the vertex 2% (m)

What does this mean for the function y = f (x)? If I = j then for barycentric
coordinates of the points 2 and y we have a; > (3,. Therefore, (4.26) implies

ag > By at 2°(m) (4.27)
ap > fB; at z'(m)
ay > By at 2?(m)

If m is large all the vertices of the cell are close to each other, since the
diameter of the cell is %. Therefore
. 4 A
max |z (m) — 2’ (m)| = = — 0 as m — oo. (4.28)
0<i<5<2 m
As m — oo, what can be said about the vertices (say x° (m))? This vertex
might move unpredictably through the simplex in some bounded infinite
sequence. See Figure 4.8.10. Since S is compact, by the Bolzano-Weierstrass
Theorem 180 this sequence contains a subsequence that has a limit, say
2% (mg) — z* as s — oo. The limit point x* € S because S is closed.

But because of the closeness of the vertices, (4.28) implies that all tend
to * as my — oo. 2P (m,) — z* as s — 00, p = 0, 1,2. Now the continuity
of f(z) implies f (2P (ms)) — f(2*) = y* as s — oo, p = 0,1,2. But the
barycentric coordinates of a point x depend continuously on x. Therefore, if
we let m = my — 00 in (4.27) we obtain the limiting inequalities

agp > Py at the limit ¥ <= of > 55 = fo (z¥)
a; > f; at the limit 2% <= o] > ] = f1 (2")
az > [y at the limit 2* <= af > 5 = fo (2¥)

But we know by (4.25) that these inequalities imply equalities, thus z* =
y'=f(a"). =
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Proof. Figures for Sections 7?7 to 4.8
Figure ?7.1: Open Sets m

Figure 77.2: Sup Balls and Open Neighborhoods
Figure 7?7.3: (0,1) vs (0, 1]
Figure 77.4: {(z,y)|0 <z <1,y =2}
Figure ??7.5: Closure and Boundary Points
Figure 4.1.1: On Cluster points and the Limit of < (—1)" >
Figure 4.1.2: On the Limit of < (%) >
Figure 4.1.3: On the Limit of < (%) >
Figure 4.1.4: On the Limit of < 2" >
Figure 4.3.1: Construction of (=)H closed.
Figure 4.3.2: Compactness for General Metric Spaces.
Figure 4.4.1: A disconnected set
Figure 4.6.1: Pointwise continuity in R
See Figure 4.7.1: Lower Hemicontinuity
See Figure 4.7.2: Upper Hemicontinuity
See Figure 4.7.3: Best Response Correspondence
See Figure 4.7.4: Budget Sets with p =0 and p > 0
See Figure 4.7.5: Demand Correspondence with Linear Preferences
Figure 4.8.1: Tarski’s Fixed Point Theorem in [a, b]
Figure 4.8.2: Brouwer’s Fixed Point Theorem in [a, b]
Figure 4.8.3: Fixed Point of a Contraction Mapping in [a, b]

Figure 4.8.4: Kakutani’s Fixed Point Theorem in [a, b]

Figure 4.8.5: Existence of Nash Equilibria
Figure 4.5.1: Open Sets

1831
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4.10 Bibilography for Chapter 4

Sections 77 to are based on Royden (Chapters 2 and 7) and Bartle (Sections
9,14-16). Section 4.2 is based on Royden (Chapter 7, Section 4) and Munkres
(Chapter 7, Section 1). Section 4.3 is based on Munkres (Chapter 3, Sections
5 and 7, Chapter 7, Section 3), Royden (Chapter 7, Section 7), and Bartle
(Chapter 11). Section 4.6 is based on Munkres (Chapter 3, ). Section 4.5 is
from Bartle (Sec 8).
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4.11 End of Chapter Problems

1) The next results (from Definition 319 to Theorem 164) require a total
ordering of a set X, so we restrict X to be R.

Definition 319 Let < x,, > be a bounded sequence in R. The limit su-
perior of < x, >, denoted limsupz, or limz,, is given by inf, sup,-, 4.
The limit inferior of < w, >, denoted liminfx, or limz,, is given by
sup,, infy>, x.

That is, [ € R is the limit superior of < z,, > iff given € > 0, there are
at most a finite number n € N such that [ + ¢ < z,, but there are an infinite
number such that [ — e < x,,.The limit superior is just the maximum cluster
point and the limit inferior is just the minimum cluster point.

Example 320 Recall Example 141 where we considered the sequence < (—1)" >

which had two cluster points. There, liminfx, = —1 and limsupzx, = 1.
To see why the limit inferior is —1, consider: n = 1 has infy>; 2, = —1,
n = 2 has infy>9 v, = —1; and any given n has infy>, xry = —1.But then the

sup{—1,—1,...} is just —1.

Theorem 321 Let < x, > be a bounded sequnce of real numbers. Then
lim x,, exists iff liminf z,, = limsup z,, = lim z,,.

Exercise 4.11.1 Prove Theorem 321.

While Theorem 321 hinges on the fact that R is totally ordered, a similar
result holds for any totally ordered set.

Example 322 Recall Example 137 where we considered the sequence < (%) >
. It is simple to see that it has a cluster point at 0 since any open ball
around 0 of size 0 has an infinite number of elements in the sequence past
N(6) = w(3) + 1 contained in it. Furthermore, liminf z,, = 0 = lim sup z,,.
To see why the limit superior is 0, consider: n =1 has sup,~; = 1, n = 2 has
sup zx = 3; and any givenn has sup ¥, = L. But then the inf{1,1, ..., 1, =)
15 Just 0.



146 CHAPTER 4. METRIC SPACES

- n_ 1 3 25 _471
Example 323 C’onszder<(—1) + E>neN' Then < x, >= <—2, S TE T B >
See Figure 4.1.5. The cluster points of < x,, > are —1 and 1, which are also
the limit inferior and limit superior, respectively. Notice that the subsequence

of odd numbered indices (xo_1) = ((—1)*~1 + T{JZ; =(-2,-2,-% )

— —1 and the subsequence of even numbered indices (o) = ((—1)** + i>°°: -
357
<§, D% > — 1.

Note that while a limit point is unique, we saw in Example 141 that a
sequence can have many cluster points. In that case, the smallest cluster
point is called the limit inferior and the largest cluster point is called the
limit superior.

2) We provide another useful criterion in R to establish convergence,
which is true only because R is totally ordered and complete.

Theorem 324 (Monotone Convergence) Let < x,, > be a monotone in-
creasing Sequence (z'.e. 11 <29 < .o < <y < ....) in the metric space
(R,|-1]).3t Then < x,, > converges iff it is bounded and its limit is given by
lim z,, = sup{z,|n € N}.

Proof. (=) Boundedness follows by Lemma 164, so all we must show is T =
sup{z,}. Convergence implies T — 0 < x, < T+ d, Vn > N(0) by definition
136. As a property of the supremum, we know that if =, < y,,Vn € N,
then supx, < supy,,¥n € N. This implies T — 0 < sup{z,} < T+ 4 or
|sup{x,} — 7| < 4.

(<) If < x, > is a bounded, monotone increasing sequence of real
numbers, then by the Completeness Axiom 3.3 its supremum exists (call
it ' = sup{z,}). Since 2’ is a sup, 2’ — § is not an ub and IK(9) € N such
that @’ — § < wk(s for any § > 0.** Since < z, > is monotone, =’ — § <
r, <a' <a'+6,Vn>K()or |z, —2| <. =

Example 325 Re-consider Example 137 where < % >,en - It is clear that
this sequence is monotone decreasing with infimum 0, which is also its limit.

Exercise 4.11.2 Consider the sequence f : N — R given by < (1+1)" >,en
.Show that this sequence is increasing and bounded above so that by the Mono-
tone Convergence Theorem 32/, the sequence converges in (R, |- |).

31That is, 21 < 29 < ... < 2; < Tip1 < ...
32Existence of this index follows from property (ii) in the footnote to definition ?? of a
supremum.
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3)

Exercise 4.11.3 Let (X, d) be totally bounded. Show that X is separable.
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Chapter 5

Measure Spaces

Many problems in economics lend themselves to analysis in function spaces.
For example, in dynamic programming we define an operator that maps
functions to functions. As in the case of metric spaces, we need some way to
measure distance between the elements in the function space. Since function
spaces are defined on uncountably infinite dimensional sets, the distance
measure involves integration.! In this chapter we will focus primarily on
Lebesgue integration. Since Lebesgue integration can be applied to a more
general class of functions than the more standard Riemann approach, this
will allow us to consider, for example, successive approximations to a broader
class of functional equations in dynamic programming.

To understand Lebesgue integration we focus on measure spaces. This
has the added benefit of introducing us to the building blocks of probability
theory. In probability theory, we start with a given underlying set X and
assign a probability (just a real valued function) to subsets of X. For in-
stance, if the experiment is a coin toss, then X = {H, T} and the set of all
possible subsets is given by P(X) = {0, {H},{T'}, X} described in Definition
9. Then we assign zero probability to the event where the flip of the coin
results in neither an H nor a T (i.e. p(@) = 0), we assign probability one
to the event where the flip results in either H or T (i.e. u(X) = 1), and we
assign probability % to the event where the flip of the fair coin results in H

(ie. p(H) =1).

n Section 4.5, we saw that in the (¢,) space of (countably) infinite sequences, the dis-

1
tance measure involved countable sums; that is, d(< x, >, < yn >) = (O re i (zn — yn)P)?.
Integration is just the uncountable analogue of summation.

149
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One of the important results we show in this Chapter is that the collec-
tion of Lebesgue measurable sets is a o-algebra in Theorem 341 and that
the collection of Borel sets is a subset of the Lebesgue measurable sets in
Theorem 346. Then we introduce the concept of measurability of a function
and a correspondence and define the Lebesgue integral of measurable func-
tions. Then we provide a set of convergence theorems for the existence of a
Lebesgue integral which are applicable under different conditions. These are
the Bounded Convergence Theorem 386, Fatou’s Lemma 393, the Monotone
Converge Theorem 396, the Lebesgue Dominated Convergence Theorem 404,
and Levi’s Theorem 407. Essentially these provide conditions under which
a limit can be interchanged with an integral. Then we introduce general
and signed measures. Here we have two important results, namely the Hahn
Decomposition Theorem 427 of a measurable space with respect to a signed
measure and the Radon-Nikodyn Theorem 434 where a signed measure can
be respresented simply by an integral. The chapter is concluded by introduc-
ing an example of a function space (which is the subject of the next chapter
6). In particular, we focus on the space of integrable functions, denoted L,
and prove it is complete in Theorem 443.

5.1 Lebesgue Measure

Before embarking on the general definition of a measure space, in the context
of a simple set X = R we will introduce the notion of length (again just a
real-valued function defined on a subset of R), describe desireable properties
of a measure space, and describe a simple measure related to length.

Definition 326 A set function associates an extended real number to each
set in some collection of sets. In R, the length (1) of an interval I C R
is the difference of the endpoints of 1.2 Thus, in the case of the set function
length, the domain is the collection of all intervals.

We would like to extend the notion of length to more complicated sets
than intervals. For instance, we could define the “length” of an open set to
be the sum of the lengths of open intervals of which it is composed. Since the
collection of open sets is quite restrictive, we would like to construct a set

2That is [(I) = b—a with a,b € RU{—00, 00}, a < b, and I = [a, b], (a,b), [a,b), (—oc, b],
etc.
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function f that assigns to each set E in the collection P(R) a non-negative
extended real number fF called the measure of E (i.e. f: P(R)—R,U{oo}).

Remark 1 The “ideal” properties of the set function f : P(R)—R, U {oo}
are: (i) fE is defined for every set E C R; (i) for an interval I, fI =1(1);
(111) [ is countably additive; that is, if { £, }nen is a collection of disjoint sets
(for which f is defined), f(UEnen) = >, cn fEn; and (i) [ is translation
invariant; that is, if B is a set for which f is defined and if E' + vy is the set
{z +y:x € E} obtained by replacing each point x € E by the point x + v,
then f(E +vy) = fE3

Unfortunately, it is impossible to construct a set function having all four
of the properties in Remark 1. As a result at least one of these four properties
must be weakened.

e Following Henri Lebesgue, it is most useful to retain the last three
properties (ii)-(iv) and to weaken the property in (i) so that fFE need
not be defined on P(R).

e It is also possible to weaken (iii) by replacing it with finite addi-
tivity (i.e., require that for each finite collection {E,})_;, we have

f(UE7]1V=1) = 27]:[:1 fEn)

5.1.1 QOuter measure

Another possibility is to retain (i),(ii),(iv), and weaken (iii) in Remark 1 to
allow countable subadditivity (i.e., f(UEnen) < >, cn fEn). A set function
which satisfies this is called the outer measure.

Definition 327 For each set A C R, let {I,}nen denote a countable collec-
tion of open intervals that covers A (i.e. collections such that A C Upeni,)
and for each such collection consider ) I(I,). The outer measure m* :

P(R)—=R; U{oo} is given by

m*(A) = inf {Zl(ln) A C UneNIn} .

{]n}nEN

3For instance, translation invariance simply says the length of a unit interval starting
at 0 should be the same as a unit interval starting at 3.
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Thus, the outer measure is the least overestimate of the length of a given
set A. The outer measure is well defined since each element of P(R) (i.e.
subset A C R) can be covered by a countable collection of open intervals
which follows from Theorem 108. We establish the properties of the outer
measure in the next series of theorems.

Theorem 328 (i) m*(A) > 0. (ii) m*(0) = 0. (i) If A C B, then m*(A) <
m*(B) (i.e. monotonicity). (i) m*(A) = 0 for every singleton set A. (v)
m* is translation invariant.

Exercise 5.1.1 Prove Theorem 328. Theorem 2.2, p. 56 of Jain and Gupta.

The next theorem shows that we can extend the notion of length that is
defined for any subset of R.

Theorem 329 The outer measure of an interval is its length.

Proof. (Sketch) Let {I,} be an open covering of [a, b]. Then by the Heine-
Borel Theorem 194 there is a finite subcollection of intervals that also covers
[a, b]. Arrange them such that their left endpoints form an increasing sequence
a; < ag < ... < a,. See Figure 5.1.1. Since |[a, blis connected, intervals must
overlap which means that UY | (a;, ;) = (ay,by,) for some k with 1 <k < N
and [a,b] C (a1,b). Thus b —a < (b —a1) <327 (I,). =

Definition 330 Let {A,} be a countable collection of sets with A, C R. We
say m* is countably subadditive if m* (UyenAy) <3 cym*A,.

Theorem 331 Let {A,} be a countable collection of sets with A,, C R. Then
m* is countably subadditive.

Proof. (Sketch) By the infimum property, for a given £ > 0, there is a
countable collection of intervals {I}}ren covering A, (i.e. A, C Ugeni})
such that ), I(}}) < m*(A,) + 5. Notice that UnenA, must be covered
by Unen (Uken!}!) which is a countable union of countable sets and hence
countable. By monotonicity of m* we have

neN
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since Y | = = €. Subadditivity follows since ¢ > 0 was arbitrary and we
can let ¢ — 0. m

There are also two important corollaries that follow from Theorem 331.
The first important point is that there are unbounded sets with with finite
outer measure.

Corollary 332 If A is a countable set, then m*(A) = 0.

Proof. Since A is countable, it can be expressed as {aq, as, ..., Gy, ...}. Given
e > 0, we can enclose each a, in an open interval I, with [(I,) = 5= to get

MSZMM=Z§=€

neN neN

The result follows as we let ¢ — 0. m

One important example of this is to let A = Q (i.e. the rationals are a
set of outer measure zero). The contrapositive of Corollary 332, that a set
with outer measure different from zero is uncountable, is obviously true.

Corollary 333 [0,1] is uncountable.

Proof. Suppose, to the contrary, that [0, 1] is countable. Then by Corollary332,
m*([0,1]) = 0 in which case [([0, 1]) = 0 by Theorem 329, which leads to the
contradiction. m

The converse of Corollary 332, that a set with outer measure zero is count-
able is not always true. To see this, consider the Cantor set F' constructed
in Section 3.4. In particular,

F = ﬂF( M\UA>

neN neN
where
b Al - (%7 %)
. AQ - (%7 %)
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But

o m*(A) =3

() = b d =2 ()2 )
L e P RN E )

and in general

m(A4n) = () b, (g)”1+.._+121.(§)2+2o.<%>1
l<§> <> +---+<§>+1

Since F1 D F» D ... D F, D ... and m*(F}) = % < 00, by Theorem 344.
m*(F) = lim m*(F,) = lim m*([0,1]\A4,) = lim [m*([0,1]) — m*(4,)]

n—oo

Wl —

—_

w

n—oo n—oo

— 1—limm*(An):1—lim1—<§> =1-1=0.

Hence, the Cantor set presents an example of an uncountable set with outer
measure Zero.

Sets of outer measure zero provide another notion of “small” sets. From
the point of view of cardinality, F' is big (uncountable) while Q is small
(countable). From the topological point of view, F' is small (nowhere dense)
while Q is big (dense). From the point of view of measure, both F' and Q
are small (measure zero).

5.1.2 L—measurable sets

While the outer measure has the advantage that it is defined for P(R), Theo-
rem 331 showed that it is countably subadditive but not necessarily countably
additive. In order to satisfy countable additivity, we have to restrict the do-
main of the function m* to some suitable subset, call it £ (for Lebesgue) of
P(R). The members of £ are called £-measurable sets.
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Definition 334 A set E C R is (Lebesgue) L-measurable if VA C R we
have m*(A) = m* (AN E) +m*(AN E°).

The definition of £-measurability says that the measurable sets are those
(bounded or unbounded) which split every set (measurable or not) into two
parts that are additive with respect to the outer measure.

Since A = (AN E)U (AN E°) and m* is subadditive, we always have

m*(A) <m*(ANE)+m" (AN E°).

Thus, in order to establish that F is measurable, we need only show, for any
set A, that
m*(A) > m*(ANE)+m*" (AN E°). (5.1)

Inequality (5.1) is often used in practice to determine whether a given set £
is measurable where A is called the test set.

Since Definition 334 is symmetric in £ and E¢, we have that E¢ is L-
measurable whenever E is. Clearly, ) and R are £-measurable.

Lemma 335 If m*(E) =0, then E is L-measurable.

Proof. Let A C R be any set. Since AN E C E we have m*(ANFE) <
m*(E) = 0. Since AN E° C A we have m*(A) > m(ANE°) = m*(ANE°) +
m*(AN E) which follows from above. Hence E is £L-measurable. m

Corollary 336 FEvery countable set is L-measurable and its measure is zero.
Proof. From Lemma 335 and Corollary 332. m

Exercise 5.1.2 Show that if m*(F) = 0,then m*(E' U A) = m*(A) and that
if in addition A C E, then m*(A) = 0.

Lemma 337 If E| and Ey are L-measurable, so is Fy U Es.

Proof. Since F; and E5 are L-measurable, for any set A,we have

m*(A) = m"(ANEy)+m* (AN EY)

m* (AN Ey) +m* ([AN ES| N Ey) +m* ([AN Ef] N ES)
m (AN Ey) +m* (AN EyN EY) +m* (AN [Ey U Ey)°)
m* (AN [EL U Ey]) +m* (AN [Ey U Ey°)

v
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where the first equality follows from Definition 334 and the fact that Fj
is measurable, the second equality follows from the definition and taking
the test set to be AN EY{ and E, is measurable, the third equality follows
from simple set operations like DeMorgan’s law, and the inequality follows
from the subadditivity of m* and the fact that [AN Ey| U [AN Ey N Ef] =
AN[E; U E,).* But this satisfies (5.1), which is sufficient for £-measurability.
]

Corollary 338 The collection L of all L-measurable sets is an algebra of
sets in P(R).

Proof. Follows from Definition 81, the symmetry (w.r.t. complements) in
Definition 334, and Lemma 337 m

Lemma 339 Let A C R be any set and {E,}\_, be a finite collection of
disjoint L-measurable sets in R. Then m* (AN [UY_|E,]) = SN mH(AN

Proof. The result is clearly true for N = 1. Consider an induction on N.
Suppose the result is true for N —1. Since the F,, are disjoint, AN [UnNzlEn} N
Exy =ANEyand AN [UYE,|NESy =AnN[US'E,] . Then

m* (AN [UN_ E,]) = m*(ANEyx)+m* (AN [U)SE,])
N-1
= m(ANEy)+ Y m'(ANE,)
n=1
where the first equality follows from Definition 334 and the second follows
since the result is true for N — 1. m

Corollary 340 If {E,}Y_, is a finite collection of disjoint L-measurable sets
in R, then m* (U)_,E,) = 25:1 m*E,.

Proof. Taking A = R, the result follows from Corollary 338 and Lemma
339. m

The result in Corollary 340 verifies that m* restricted to L is finitely
additive. However, we would like to extend it to the more general case of
countable additivity. First, we must show that £ is a o-algebra (as discussed
in section 2.6) so that (U, E,) € L for any {E,, E, € L} so that the m* is
well defined.

4That is, we know m* ([AN E1] U [AN Ey N E$]) = m* (AN [E; U Es]) and subadditiv-
ity implies m* ([AN E1]JU[AN Ey N ES]) < m* ([AN Eq]) + m*([AN Es N EY])
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Theorem 341 The collection L of all L-measurable sets is a o-algebra of
sets in P(R).

Proof. (Sketch) Let E = U,enE,. First we use the fact that £ is an algebra:
ie. UpenFE, € £ and that (UflV:lEn)c D (UpenEn)© = E°. Hence

m*(A) > im*(A NE,)+m" (AN E°).

By letting N — oo and using countable subaddivity of m* we get where the
first equality follows by Definition 334, the inequality follows since F§; D E°,
and the last equality follows by Lemma 339. Since the left hand side of (5.13)
is independent of N letting N — oo we have

m*(A) > m* (AN E) +m*" (AN E°).

Definition 342 The set function m : L —R, U{oc}, obtained by restricting
the functions m* to the o-algebra L C P(R) is called the Lebesgue mea-
sure. That is, m =m*|,.L.°

The next result shows that after relaxing point (i) in Remark 1 we can
satisfy property (iii) with the Lebesgue measure.

Theorem 343 If {E,},en is a countable collection of disjoint sets in R,
then m (UpenEn) = > cnm(Er).

Proof. Since (U,])TZIE”) C (UnenEn) , VN € N, and both sets are L—measurable
by Theorems 338and 341, we have m (UpenE,) > m (UY_, E,) = SN m(E,)
where the equality follows by Corollary 340. Since the left hand of the
inequality is independent of N, letting N — oo we have m (UpenE,) >
> neny M(Ey). Since the reverse inequality holds by countable subaddivity in
Theorem 331, the result follows. m

The next property will be useful in proving certain convergence properties
in upcoming sections and can be viewed as a continuity property of the
Lebesgue measure.

Recall by DeMorgan’s Law that F§ = [Uﬁf:lEn]c =nN_,E¢.
6This follows from Definition 56.
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Theorem 344 Let < E,, > be an infinite decreasing sequence of L—measurable
sets (i.e. Fni1 C En,Vn). Let mE; be finite. Thenm (N2, E;) = lim, oo m(E,).

Proof. Since £ is a o-algebra, N, E,, € L. The set E;\ N, E, can be
written as the union of mutually disjoint sets { E,\ E,+1} (see Figure 5.1.2)

E\ NS B, = (E1\Ey) U (E\E3) U ..U (E\Epi1) U ...

Then using countable additivity of m we have

m(Ey) —m(MLiE) = m(E\ MLy En) = m(U2, En\Enia)

= Zm(En\En—f—l) = Z [m(E,) — m(Eni1)]

= 7n(£ﬁ)—— hnl‘E%.
Comparing the beginning and end we have m(Ny, E,) = lim,, o E,. ®

5.1.3 Lebesgue meets borel

Now that we know that £ is a o-algebra, we might ask what type of sets
belong in £? For example, are open and/or closed sets in £7?

Lemma 345 The interval (a,o0) is L—measurable.

Proof. (Sketch) Take any Let A.The open ray (a, oo) splits A into two dis-
joint parts A; = (a,00)NA and Ay = (—o0, a]. According to (5.1), it is suffices
to show m*(A) > m*(A;) + m*(As). For € > 0, there is a countable collec-
tion {I,} of open intervals which covers A satisfying > ">, I(1,) < m*(A)+e¢
by the infimum property in Definition 327. Again, (a,00) splits each inter-
val I, € {I,,} into two disjoint intervals I/, and I//. Clearly {I]} covers A,
{1} covers Ay, and >, 4(I,) = (1)) + >, ¢(I). By monotonicity and
subaddivity of m*we have

m*(A) £ (Ay) < m* (UL + (Ul
U+ )
n=1 n=1

ieun) < m*(A) +e.

IN
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But since € > 0 was arbitrary, the result follows. m
The next result shows that every open or closed set in R is £-measurable.

Theorem 346 FEvery Borel set is L—measurable.

Proof. The result follows from Theorem 124 that the collection of all open
rays generates B m

Thus, the Lebesgue measure m is defined for Borel sets. Hence we can
work with sets we know a lot about. While it is beyond the scope of the book,
we note that there are examples of sets that show B & £ and £ & P(R).”

The next theorem gives a useful characterization of measurable sets. It
asserts that a measurable set can be “approximated” by open and closed
sets. See Figure 5.1.3.

Theorem 347 Let E be a measurable subset of R. Then for each ¢ > 0,
there exists an open set G and a closed set ' such that F C E C G and
m(G\F) < e.

Proof. Since E is measurable, m(E) = m*(E). We use the infimum property
for sets ' and E°.Given 3, there exist open sets G and H (remember that
the union of open intervals is an open set) such that

E C Gand m(G) < m(FE) —l—%

and £ C H and m(H) <m(E°) + %.

Set F' = H° See Figure 5.1.4. Then by the properties of complements,
we have that F'is closed, £ D F, and m(E) — m(F) < 5. Thus we have
F CFECGand

m(G\F) = m(G) — m(F) = m(G) — m(E) + m(E) — m(F) < % + g —c.

The first equality is due to additivity and the second is simply an identity.
]

5.1.4 L-measurable mappings

Before we actually begin to integrate a mapping, we must know that a given
mapping is integrable. We break this topic up into two parts: functions and
correspondences.

"For an example of a non-measurable set see p. 289 of Carothers (2000).
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functions

Roughly speaking, a function is integrable if its behavior is not too irregular
and if the values it takes on are not too large too often. We now introduce
the notion of measurability which gives precisely the conditions required for
integrability, provided the function is not too large.

Definition 348 Let f: E — R U {—o00, 00} where E is L-measurable. Then
[ is L-measurable if the set {x € E: f(z) < a} € L, Va € R.

It is clear from the above definition that there is a close relation between
measurability of a function and the measurability of the inverse image set.
In particular, it can be shown that f is L-measurable iff for any closed set
G C R, inverse image f~!(G) is a measurable set. See Figure 5.1.4.1.

As « varies, the behavior of the set {z € E : f(z) < a} describes how
the values of the function f are distributed. The smoother is f, the smaller
the variety of inverse images which satisfy the restriction on f.

Example 349 Consider an indicator or characteristic function x, :
R — R given by

|1 difaecA
XA($>_{ 0 ifzd A"
with A C R. Then x4 is L-measurable iff A € L. To see this, note that
0 if a <0
{zeR:xu(x)<a}=¢ R\A if0<a<l .
R 1<«

But {0, A°,R} € L. Figure 5.1.4.2a.
Example 350 Let the function f:[0,1] — R be given by

1 4fx=0
fle)=< 1 if0<z<1 .
2 frx=1

Notice that this function is neither continuous nor monotone. To see that f
1s L-measurable, note that

a<l1
a=1
L, Hu{0} 1<a<2”
[1,1]u{0} 2<a
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Again, all these sets are in L. See Figure 5.1.4.2b. This example shows that
an L-measurable function need not be continuous.

The next result establishes that there are many criteria by which to es-
tablish measurability of a function.

Theorem 351 Let f: E — RU{—o00,00} where E is L-measurable. Then
the following statements are equivalent: (i) {v € E : f(x) < a} is L-
measurable Vo € R; (ii) {x € E : f(x) > a} is L-measurable Vo € R;
(1)) {x € E : f(x) > a} is L-measurable Vo € R; () {z € E : f(z) < a}
is L-measurable Voo € R; These statements imply (v) {z € E : f(z) = a} is
L-measurable Yoo € R U {—00, 00}.

Proof. (i) = (it) = (iii) = (iv) = (i) can be established from

{v € E:f(x)>at=E\{z €l f(z) <a}
(z € E:f(2)>a}— 1{x€E:f(a:)>a—%}
{r € E:f(x)<a}=E\{z€E: f(x)>a}
(x € E:f(x)<a}— 1{:1:€E:f(x)<a+%}

where each operation follows since £ is a o-algebra (which is closed under
complementation and countable intersection).

Next, if « € R, then {z € F : f(z) = a} = {x € E: f(z) < a} N
{r € E: f(z) > a}. If a = oo, then since {xr € E : f(zx) = oo} =
N, {x € E: f(x) > n} we have (iii) =(v). A similar result holds for o =
—oo.where the first line follows since £ is a o-algebra (which is closed under
countable intersection) and the second follows since the difference of two
measurable sets is measurable. m

Next we present some properties of L-measurable functions

Lemma 352 (i) If f is an L-measurable function on the set E and E; C E
is an L-measurable set, then f is an L-measurable function on Ey. (i) If f
and g are L-measurable functions on E, then the set {x € E : f(z) < g(x)}
is L-measurable.

Proof. (i) follows since {x € E; : f(z) > a} ={x € E: f(z) > a} N E;
and the intersection of two L-measurable sets is measurable. (ii) Define
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A, ={z € E: f(r) < q<g(r)} with ¢ € Q whose existence is guaranteed
by Theorem 100. Then A, ={zx € E: f(z) < ¢} N{z € E : g(z) > q} and
{r e E: f(z) < g(x)} = UyegA,, which is a countable union of £L-measurable
sets. |

The next theorem establishes that certain operations performed on L-
measurable functions preserve measurability.

Theorem 353 Let f and g be L-measurable functions on E and ¢ be a
constant. Then the following functions are L-measurable: (i) f £ ¢; (ii) cf;

(iii) f =+ g; () |f1; (v) % (vi) fg.

Proof. i){z € E: f(zx)Xc>a}={r € E: f(r) >a'} withd =aFcso
f £ ¢ is L-measurable when f is.

(ii) If ¢ = 0, then c¢f is L-measurable since any constant function is £-
measurable. Otherwise

. {er;f($)>0/} ife>0
{IEE.Cf($>>a}:{ {xEEIf((L‘)<O/} ife<O

with o/ = % is L-measurable since f is L-measurable.
(ili) {r e E: f(x)+g(x) >at={r e E: f(x) >a—g(x)}. Since a — g
is L-measurable by (i) and (ii), then f + ¢ is L-measurable by Lemma 352.
(iv) Follows since

E if <0
{I€E3|f(ff)|>0‘}:{ {reE: f(z)>afU{rcE: f(z) < —a} ifa>0

and both sets on the rhs are £-measurable since f is L-measurable.
(v) Follows from

2 FE fa<0
(z € E: (f(x)) >a}={ (reE:|f(x)]>a) ifa>0

and (iv).

(vi) Follows from the identity fg = 3 [(f + ¢)*> — f* — ¢°] and (ii), (iii),
(v).m

Parts (ii) and (iii) of Theorem 353 imply that scaled linear combinations
of indicator functions defined on measurable sets are themselves measurable
functions. This type of function, known as a simple function, will play an
important role in approximating a given function. As we will see in the next
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section, unlike the standard (Riemann) way of approximating the integral of
f by calculating the area under f based on partitions of the domain, in this
chapter we will be approximating the integral of f by calculating the area
under f based on partitions of the range. See Figure 5.1.4.2c.

Definition 354 A function ¢ : E — R given by
px) = aixg,(x) (5.2)
i=1

is called a simple function if there is a finite collection {E,...,E,} of
disjoint L—measurable sets with Ul E; = E and a finite set of real numbers
{a1,...,an} such that a; = p(x),Yo € E; fori=1,...,n where xp,(x) is an
indicator function introduced in Example 349. The right hand side of (5.2)
is called the representation of .

We note that the real numbers {a;} and the sets { E;} in this representa-
tion are not uniquely determined as the next example shows.

Example 355 Let {E,, By, Es} be disjoint subsets of an L-measurable set E.
Consider the two simple functions 2xp, + 5Xg, + 2Xg, and 2Xg,up, + 5XE,-
Clearly these two simple functions are equal. Notice that the coefficients
in the first representation are not distinct. Since a simple function obtains
only a finite number of values {ay, ...,a,} on E we can construct the inverse
image sets {A;} as Ay = {z € E:z = ¢ '({a;})}, i = 1,..,n, n € R,
In this example, Ay = {x € F : x = ¢ '({2})} = E1 U F3 and Ay =
{zr € E:x = '({5})} = Ea, both of which are L-measurable, disjoint
sets. To avoid such problems with non-uniqueness, we use this construction
to define the canonical (or standard) representation of ¢ : E — R by
o) =", a;X 4,(x) where the finite collection { Ay, ..., Ay} of L—measurable
sets are disjoint with UY_; A; = E and the finite set of real numbers {ay, ..., a }
are distinct and nonzero.

The next theorem and exercise provide sufficient conditions for £-measurability.

Theorem 356 A continuous function defined on an L-measurable set is L-
measurable.



164 CHAPTER 5. MEASURE SPACES

Proof. Let f be a continuous function defined on F (which is £-measurable).
Consider the set A = {z € E : f(x) > a} which is the inverse image of the
open ray (,00). Since f is continuous, Theorem 248 implies f~*((c, 00)) is
open and hence L£-measurable. m

Exercise 5.1.3 Show that any monotone function f : R — R is L-measurable.
Next we consider how sequences of L-measurable functions behave.

Theorem 357 Let < f, > be a sequence of functions on a common do-
main E. Then the functions max{ fi, ..., f,}, min{ f1, ..., fu}, sup,, fn, inf,, fn,
limsup,, fn, and liminf,, f, are all L-measurable.

Proof. If g(x) = max{fi(x), ..., fu(x)},then {x € E: g(x) > a} = U {z €
E: fi(x) > a} and L-measurability of each f; implies g is L-measurable. Sim-
ilarly, if A(x) = sup,, fu(x), then {x € E: h(z) > a} =UX {z € E: fi(x) >

a}. A similar argument, along with the fact that inf,, f, = —sup,(—f.)
and (ii) of Theorem 353, establishes the corresponding statements for inf .
To establish the last results, note that liminf, f, = —limsup,(—f,) =

sup,, (infy>, fr). ®m

Using the above results, for any function f : £ — R, we can construct
non-negative functions f* = max{f,0} and f~ = max{—f,0}. The function
f is L-measurable iff both f* and f~ are L-measurable. It is also easy to
verify that f = f* — f~and |f| = f* + f~. See Figure 5.1.4.3.

Corollary 358 (i) If < f, > is a sequence of L-measurable functions con-
verging pointwise to [ on E, then f is L-measurable. (ii) The set of points
on which < f,, > converges is L-measurable.

Proof. (i) Since f, — f, we have limsup,, f,, = liminf, f,, = f by Theorem
321 and the result thus follows from Theorem 357 above. (ii) From (i), the
set {x € E : limsup,, f, —liminf, f, = 0} is L-measurable by (v) of Theorem
351. m

In some cases, two functions may be “almost” the same in the sense of
L-measurability. The next definition helps us make that precise.

Definition 359 A property is said to hold almost everywhere (a.e.) if
the set of points where it fails to hold is a set of measure zero.
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Example 360 Let f : [0,1]—{0,1} be given by
f(x):{ 1 ifxeQ

0 otherwise

known as the Dirichlet function. While this function is famous since it is
everywhere discontinuous (which we will use in Section 5.2.1, here we simply
use it to illustrate the concept of almost everywhere. In particular, f(x) =0
a.e. since {x € [0,1] : f(z) #0} ={x €[0,1] : z € Q} and m({z € [0,1] :
x € Q}) = 0 which follows from the countability of the rationals established
in Example 77 and Corollary 336..

Theorem 361 Let f and g have domain E and let f be an L-measurable
function. If f = g a.e., then g is measurable.

Proof. Let D ={z € E: f(z) # g(x)}. Then mD = 0 by assumption. Let
a € R, and consider

{r € E:gx)>a}={xe€E\D: f(z)>a}U{x e D:gx)>a}
= {zxeFE: f(x)>al\{reD:glx)<a}jUu{zreD:gx)>a}

Since f is L-measurable, the first set is L-measurable. Furthermore, since
the other two sets are contained in D, which has measure 0, they are L-
measurable by Lemma 335 and Exercise 5.1.2. m

Now we consider a weaker notion of continuity than considered in Theo-
rem 356.

Theorem 362 If a function f defined on E (which is L-measurable) is con-
tinuous a.e., then f is L-measurable on E.

Proof. Follows from Theorem 356. m
Theorem 362 thus establishes the sufficient condition such that the dis-
continuous and non-monotone function in Example 350 is £-measurable.
Now we consider a weaker version of convergence than considered in
Corollary 358.

Definition 363 A sequence < f,, > of functions defined on E is said to
converge a.e. to a function [ if im, . f.(x) = f(x),Yx € E\E; where
FE, C E with mE, = 0.
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Theorem 364 If a sequence < f, > of L-measurable functions converges
a.e. to the function f, then f is L-measurable.

Proof. Follows from Corollary 358. m

Example 365 Let < f, > be given by < x™ > on [0,1] which converges
pointwise to

[0 ifzel0,1)
f= { 1 ifx=1

and [ is L-measurable since it is the constant (zero) function almost every-
where.

The next theorem establishes that if a sequence of functions converges
pointwise, then we can isolate a set of points of arbitrarily small measure
such that on the complement of that set the convergence is uniform.

Theorem 366 Let E be an L-measurable set with mE < oo and < f, > be
a sequence of L-measurable functions defined on E. Let f : E — R be such
that Vo € E| f,(x) — f(z). Then given e >0 and 6 > 0, 3 an L-measurable
set A C E with m(A) < 6 and AN such that for n > N and x ¢ A we have

[fulx) = f2)] <e.

Proof. Let G, ={x € E: |f.(x) — f(z)| > e and B, = U2, G, ={z € E:
|fu(z) — f(x)| > € for some n > k}. Thus Ey,; C Ej and for each z € E
there must be some set Ej, such that = ¢ Fj otherwise we would violate the
assumption f,(z) — f(x),Vz € E. Thus < Ej, > is a decreasing sequence of
L-measurable sets for which N, E;, = () so that by Theorem 344 we have
limg ..o mE; = 0. Hence given § > 0,dN such that mEy < ¢; that is,
m{z € E : |fu(x) — f(x)| > ¢ for some n > N} < §. If we write A for this
En,then mA < ¢ and

ENA={z € F:|f.(x)— f(x)] > €,¥n> N}.

]

The next theorem says that for any £-measurable function f there exists
a sequence of “nice” functions (more specifically simple functions) that con-
verge pointwise to f. Moreover, on the subdomain where f is bounded, this
convergence is uniform. This means that a bounded measurable function can
be approximated by a simple function.
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Theorem 367 Let f be an L-measurable function defined on a set E. Then
there exists a sequence < f, > of simple functions which converges pointwise
to f on E and converges uniformly to f on any set where f is bounded.
Furthermore, if f > 0, then < f, > can be chosen such that 0 < f, < fu11,
Vn € N.

Proof. (Sketch) We can assume that f > 0. If not, then let f = f+ — f~
where f* and f~are non-negative. For n € N,we divide the range of f
(which can be unbounded) into two parts: [0,2") and [2",00). See Figure
5.1.4.4. Then divide [0,2") into 2" — 1 equal parts. Let Fj,be the inverse
image of [2",00) and FE, ; be the inverse images of [k27", (k + 1)27"] for
k=0,1,..,22" — 1. Since f is measure, F,, and F,, ; are measurable. Define

a simple function
22'n_1

o =2"p, + Y K27"Xp, - (5.3)
k=0
Note that 0 <, < fand 0 < f— ¢, <277 on Ui:‘lEmk. For any x € F,
there exists n large enough such that f(x) < 2". Hence x € UE,, ;, implies that
f(z)—p,(x) <27 and thus ¢,(z) — f(x). Moreover, if f is bounded, there
exists an n large enough such that £ = UiinflEn,k and f(z) — ¢, (z) < L for
each z € E, thus < ,, > converges uniformly to f. m

Exercise 5.1.4 Show that ¢, increases in (5.3). Hint: E, ) = E,i19p U
En+1,2k+n‘

The next definition will be useful in Chapter FS.

Definition 368 Let f be an L-measurable function. Then inf{a € R : f <
« a.e.} is called the essential supremum of f, denoted esssup f, and
sup{ae € R : f > « a.e.} is called the essential infimum of f, denoted
ess inf f.

Example 369 Let f:[0,1]—{—1,0,1} be given by

1 if v € Quy
f(z) = 0 if x is irrational

-1 ifxeQ_

which is a simple generalization of the Dirichlet function. Given the results
in Example 360 we have esssup f = ess inf f = 0.
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correspondences

Let I' : X — Y be a correspondence where X = R or a subset of R equipped
with the Lebesque measure and £ (X) is a o— algebra of all £ -measurable
subsets of X and Y is a complete, separable metric space. We will introduce
the concept of measurablility of correspondences the same way we defined
measurability of single-valued functions (i.e. through inverse images). We
know a function f : X — Y is £ -measurable if f~!(V') is £ -measurable
for every open set V C Y or equivalently f~! (U) is £ -measurable for every
closed set U C Y.

Definition 370 Consider a measurable space (X, L) where X C R (or X =
R ), Y is a complete separable metric space Y, and I' : X — Y is a closed-
value correspondence. T' is measurable if the inverse image of each open
set is a L -measurable set. That is, for every open subset V C 'Y we have

I*(V)y={zeX:T'(x)NV £0} L.

Notice that measurability is defined only for closed valued correspon-
dences.

Given a correspondence I' : X — Y we can ask under what conditions
there exists a measurable selection of I' (i.e. a single-valued, £L—measurable
function f : X — Y such that f(x) € T'(x) for all xeX. The following
theorem says that every L£—measurable correspondence has a measurable
selection provided the spaces X and Y have certain properties.

Theorem 371 (Measurable Selection) Let (X, L) be a Lebesgue measur-
able space, let Y be a complete separable metric space, and let’ : X — Y be a
L—measurable, closed valued correspondence. Then there exists a measurable
selection of T.

Proof. (Sketch) By induction, we will define a sequence of measurable
functions f,, : X — Y such that

(i) fa(z) is sufficiently close to I'(z) (i.e. d(f, (z),I'(2)) < 5=) and

(73) fn(2) and f,,41(2) are sufficiently close to each other (i.e. d(fni1(2), fn(2)) <
5= on X for all n).

Then we are done, since from (i7) it follows that (f,(z)) is Cauchy for
each z and due to completeness of Y there exists a function f : X — Y
such that f,, (z) — f(z) on X pointwise and by Corollary 358 the pointwise
limit f of a sequence of measurable functions is measurable. Hence we take f




5.1. LEBESGUE MEASURE 169

as a measurable selection. Condition (i) guarantees that f (z) € I'(2),Vz €
X (here we use the fact that I'(z) is closed and d(f(z),I'(z)) = 0 implies
f(2) € I'(2)) by Exercise 4.1.3

Now we construct a sequence (f,) of measurable functions satisfying ()
and (i7) .Let {y,,n € N} be a dense set in Y (since Y is separable such a
countable set exists). Define fi(z) = y, where p is the smallest integer such
that the ball with center at y,, with radius % has non-empty intersection with
['(z). See Figure 5.1.4.5. It can be shown that f is measurable and < f; >
satisfy (i) and (ii). =

How is measurability of a correspondence related to upper or lower hemi-
continuity? We would expect that hemicontinuity implies measurability and
we now show that this is true (a result similar to that for functions in Theo-
rem 356. In the case of lower hemicontinuity we get the result immediately.

Lemma 372 Under the assumptions of Theorem 371 if I' : X — Y is lhe,
then I' ws measurable.

Proof. Since I is lhc, then f~* (V') is open for V. C Y open. Since open sets
are £ -measurable, then f~! (V) € £ so that f is £ -measurable. m

To show that uhc implies measurability, we show that open sets can be
replaced by closed sets in Definition 370.

Lemma 373 Under the assumption of the Theorem 371,1' : X — Y is mea-
surable iff f~1(U) is L -measurable for every closed subset U C Y.

Proof. 7<= 7 Let V be an open subset of Y. Define the closed sets C,, =
{zeY,d(z,Y\V) > 2} . Then V = U,enC,. Consequently I' (z) NV # 0 iff
['(z)NC, # 0 for some n. This yields I (V) = U,enI' ™ (C,) € L because
'~1(C,) € L by assumption (because C,, is closed) and U,enI'™ (C,) € L
(because L is o- algebra).

”=—" We omit this direction since it would require introducing measur-
ability on the Cartesian product X x Y. [See Aubin-Frankowske Section 8.3
pg.319]. m

Lemma 374 Under the assumption of Theorem 371, if I' : X — Y 14s uhc
then I'is measurable.

Proof. Since I' is uhc, then f~1 (U) is closed for U closed and closed sets
are £ -measurable. Hence f~! (U) € L. Thus f is £ -measurable by Lemma
373. m
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5.2 Lebesgue Integration

In introductory calculus classes, you were introduced to Rieman integration.
While simple, it has many defects. First, the Rieman integral of a function
is defined on a closed interval and cannot be defined on an arbitrary set.
Second, a function is Rieman integrable if it is continuous or continuous
almost everywhere. The set of continuous functions, however is relatively
small. Third, given a sequence of Rieman integrable functions converging to
some function, the limit of the sequence of the integrated function may not
be the Rieman integral of the limit function. In fact the Rieman integral of
the limit function may not even exist. These defects are absent in Lebesgue
integration. To see these problems we begin by briefly reviewing the Riemann
integral.

5.2.1 Riemann integrals

Consider a bounded function f : [a,b] — R and a partition P = {a = x¢ <
1 < ... < Ty_1 <, = b} of [a,b]. Let T be the set of all possible partions.
For each P, define the sums

S(P) = Z(x — 2;_1)H; and s(P) = Z(m —_—

where H; = sup{f(z):x € (x;—1,2;]} and h; = inf{f(z) : © € (v;_1, 2]},

Vi = 1,..n. The sums S(P) and s(P) are known as step functions. See
Figure 5.2.1.1. Then the upper Riemann integral of f over [a,b] is de-

fined by R* fab f(z)dx = infpey S(P) and the lower Riemann integral
of f over [a,b] is defined by R! f: f(z)dz = suppey s(P). If R fab f(x)dz =
R! fab f(x)dx, then we say the Riemann integral exists and denote it R f; f(z)dx.

We state without proof (since it would take us far afield) the following
Proposition which characterizes the “class” of Riemann integrable functions.®

Proposition 375 A bounded function is Riemann integrable iff it is contin-
uous almost everywhere.

We next provide explicit examples of functions that are and are not Rie-
mann integrable.

8See Jain and Gupta (1986), Appendix 1.



5.2. LEBESGUE INTEGRATION 171

Example 376 Consider the Riemann integral of Dirichlet’s function intro-
duced in Example 360. Then R" fol f(x)dr =1 and R fol f(x)dz =0 so the
Riemann integral does not exist. Intuitively, this is because in any partition
P, however fine, there are both rational and irrational numbers which follows
from the density of both sets established in Example 154. Formally, to see
that the Dirichlet function (while bounded) is not continuous anywhere (and
hence does not satisfy the requirements of the Proposition 375), consider the
following argument. If ¢ € QN 1[0,1], let < x, > be a sequence of irrational
numbers converging to q (the existence of such a sequence follows from The-
orem 102). Since f(x,) = 0, Yn € N, the sequence < f(x,) > does not
converge to f(q) = 1 so f is not continuous at a € Q. Similarly, if v is an
irrational number, let < y, > be a sequence of rational numbers converging to
L (the existence of such a sequence again follows from Theorem 102). Since
flyn) =1, ¥n € N, the sequence < f(y,) > does not converge to f(1) =0 so
f is not continuous at 1 € R\Q. See Figure 5.2.1.2.

Example 377 Next consider the Riemann integral of f : [0,1] — {0,1}

given by ‘
r@={ g i

0 otherw

3=

se

<

Hence this function takes on the value 1 on the rationals {+,n € N} rather
than the bigger set Q = {%, m,n € N}. We begin by noting that one can
show that {%,n € N} is not dense in [0,1]. As in the preceding example,
it is simple to show that f is discontinuous at {=,n € N}. On the other
hand, f is continuous at D = [0,1]\{2,n € N}. To see this, let x € D\{0}.
Then In € N such that x € (#1,%) Let 6 = $min {|z — 2|, |z — %H}}
Then Vx' € (v — 6,2z + §), we have f(2') = 0. Thus, Ye > 0, 30 such that
Vo' € (x — 6,2 4 0), we have |f(x) — f(2/)] = [0—-0] = 0 < e. Since f
is discontinuous at a countable set of points, we know the Riemann integral
exists by Proposition 375 and is given by R fol f(z)dx = 0. See Figure 5.2.1.3.

Example 378 Finally, let {q;} be the enumeration of all the rational num-
bers in [0,1] and let Q, = {¢: € QN[0,1] : ¢ = 1,2,....,n}, n € N. Define,
for each n € N, the function f, :[0,1] — {0,1} by

fn(x)z{ 1 ifxeq, .

0 otherwise
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The function f, is discontinuous only at the n points of Q, in [0,1]. Since f,,

15 continuous a.e. and is bounded, the Riemann integral exists and R fol fo(x)de =
0. Notice however that while f, — f, Rfol fu(x)dz does not converge to

R fol f(z)dx since the latter doesn’t even exist!

5.2.2 Lebesgue integrals

Now that we’ve exposed some of the problems with the Riemann integral,
we take up a systematic treatment of the Lebesgue integral. As Proposition
375 suggests, the class of Riemann integrable functions is somewhat narrow.
On the other hand, the Lebesgue integrable functions are (relatively) larger.
This is because the Lebesgue integral replaces the class of step functions
(used in the construction of the Riemann integral) with the larger class of
simple functions that were defined in 354. The essential difference between
step functions and simple functions is the class of sets upon which they are
defined. In particular the collection of subsets upon which the step function
is defined is a strict subset of the collection of subsets upon which simple
functions are defined. We will construct Lebesgue integrals under three sep-
arate assumptions concerning boundedness of the function over which we are
integrating (f) and the finiteness of the measure (m) of the sets (E) upon
which the function (f) is defined.

Assumption 1: f is bounded and m(F) < oo

Consider the representation ¢ : £ — R defined in Example 355 given by
o(r) = 38, aiX 4,(x) where A; C E € L are disjoint and a; € R\{0} are
distinct. Then we define the elementary integral of this simple function to
be [ @(x)dr =Y | a;m(A;). This integral is well defined since m(4;) < oo
Vi and there are finitely many terms in the sum. In this case, we call the
function ¢ an integrable simple function. To economize on notation, let
Jpe = [ e(x)dr.

Sometimes it is useful to employ representations that are not canonical
and the following lemma asserts that the elementary integral is independent
of its representation.

Lemma 379 Let o =" | a;Xp,, with E;NE; =0 fori# j. Suppose each
E; is an L-measurable set of finite measure. Then [, o =", a;m(E;).
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Proof. The set A, = {zx € F : p(z) = a} = U,,—.E;. Hence amA,

> 0= @m(E;) by additivity of m. Thus, [, ¢ =3 am(A,) = am(E;). m
Next we establish two basic properties of the elementary integral.

Theorem 380 Let ¢ and 1) be simple functions which vanish outside a set
of measure zero.” Then (i) integration preserves linearity: [, (ap + b)) =
ango + bew and (ii) integration preserves monotonicity: if ¢ > U a.e.,

then fEcp > wa

Exercise 5.2.1 Prove Theorem 380.

Let f : E — R be any bounded function and £ an L-measurable set
with mE < oco. In analogy with the Riemann integral we define the up-
per Lebesgue integral of f over £/ by L* fE z)dr = infys; wa and
the lower Lebesgue integral of f over E is deﬁned by L [ flz)dz =
SUpP,< ¢ i) 5 where ¢ and go range over the set of all simple functlons deﬁned
on E. Notice that L* [, f(x)dx and L' [, f(x)dx are well defined since f is
bounded and m has ﬁmte measure on F. See Flgure 5.2.2.1.

Definition 381 If L* [, f(x)dx = Ll [, f(x)dz, then we say the Lebesgue
wntegral exists and denote it f i f(x)do.

Notice that 1f fis a sunple function, then infy>; = f and sup,<; = f
so that L* [, f p f(x)dr = L [ f 1 f(x)dr. Hence simple functions are Lebesgue
integrable.

The next question is what other functions are Lebesgue integrable? The
next theorem provides necessary and sufficient conditions for integrability.
In particular, sufficiency shows that if one can establish that the function is
L-measurable (as well as the conditions under which this section is based),
then we know it is integrable. This is another theorem like Heine-Borel where
sufficiency makes one’s life simple.

Theorem 382 A bounded function f defined on an L-measurable set E of
finite measure is Lebesque integrable iff f is L-measurable.

9We say a function f vanishes outside a set of measure zero if m ({z € E : f(z) #0}) =
0 or outside a set of finite measure if m ({x € E: f(x) # 0}) < oc.
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Proof. (Sketch) (<) Since f : F — R is bounded, —M < f(z) < M.
Divide [—M, M| into n equal parts. Construct sets

e ([5un)

(i.e. Ejis the set of all 2 € Esuch that f(z) belongs to a slice [£LM, £M) .
See Figure 5.2.2.2. F} is measurable because it is an inverse image of a
measurable function of an interval. Define two simple functions ¢, (x) =
S e kxg, (x) and ¢, (z) = L3 (k — 1)xg, (z). Then ¢ approxi-
mates f from below and v approximates f from above. Because ¢ and ware
simple functions, || 5 and | ¥ are well defined. The upper (lower) Lebesgue
integrals of f on F, being the infimum (supremum) satisfy

/E%SLZ/EJ”SL“/EJ”S/E%-

As n gets larger, ¢, and v, get closer to each other and hence so do their
integrals. Thus for n — oo , L [, f = L* [,, f which means [, f exists.
(=>)Let f be integrable. Then

in / ¥(z)dz = sup / ola)de

v=f e<f

where ¢ and 1 are simple functions. Then by the property of infimum
and supremum, for any n, there are simple functions ¢, and 1, such that

¢n(2) < f(z) <4, (2) and
/@Dn(x)dx - /gpn(x)dx < % (5.4)

Define ¢* = inf,, v,, and ¢* = sup,, ¢,,, which are measurable by Theorem
357 and satisfy ¢*(z) < f(x) < ¢*(x). But the set of  for which ¢*(z) differs
from ¢*(z) (i.e. A ={x € E: ¢p*(z) < ¢¥*(x)}) has measure zero due to
(5.4). Thus ¢* = 1¢™ except on a set of measure zero. Thus f is measurable
by Theorem 361. m

Notice that the assumptions on boundedness and finite measure imply
MmE < oo upon which the proof rests.

Next we establish that the Lebesgue integral is a generalization of the
Riemann integral.
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Theorem 383 Let [ be a bounded function on |a,b]. If f is Riemann inte-
grable over [a, b], then it is Lebesgue integrable and R f: f(z)dx = f[a . f(z)dx.

Proof. The proof rests on the fact that every step function (upon which Rie-
mann integrals are defined) is also a simple functions (upon which Lebesgue
integrals are defined), while the converse is not true. Then

b b
Rl/ f(z)dx < sup/ o(x)dr < inf/ Y(z)dr < R“/ f(z)dx
a e<f Jla,b| v=f [a,b] a
where the first and third inequalities follow from the above fact and the
second follows from the fact that ¢ < f < and (ii) of Theorem 380. m
Of course, the converse is not true.

Example 384 In Fxample 376 we showed that the Dirichlet function was
not Riemann integrable. However, it is Lebesque integrable by Theorem 382
since it is L-measurable (which is clear since it is a simple function). Hence

Joy £(@)dz = 1-m(QN[0,1])+0 - m([0,1\Q) =1-0+0- 1.

Now we establish the following properties of Lebesgue integrals which
follow as a consequence of the fact that Lebesgue integrals are defined on
simple functions and elementary integrals preserve linearity and monotonicity

by Theorem 380.

Theorem 385 If f and g are bounded L-measurable functions defined on
a set Eof finite measure, then: (i) [(af +bg) = a [, f+b[,g; (i) if
f =g ae, then [, f = [p9; (1) if f < g ae, then [, f < [,9 and
hence | [, f| < [51f]; (i) if ¢ < f(z) < d, then em(E) < [, f < dm(E);
and (v) if A and B are disjoint L-measurable sets of finite measure, then

fAuBf: fAf+fo'
Exercise 5.2.2 Prove Theorem 385.

We now prove a very important result concerning the interchange of limit
and integral operations of a convergent sequence of bounded L£-measurable
functions.

Theorem 386 (Bounded Convergence) Let < f, > be a sequence of
L-measurable functions defined on a set E of finite measure and suppose

|fu(@)]| < M, VYn €N andVz € E. If f,, — f a.e. on E, then f is integrable
and [, f=1lim, o [ fo-.
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Proof. (Sketch) Since f,, — f, f is measurable by Theorem 364. Since f,
is uniformly bounded, then f is bounded. Given ¢, it is possible to split F
(by Theorem 366) into two parts E\A where f,, — f uniformly and A with

m(A) < e.Then,
lim fﬁ/hmfﬁ/f

[~ [ 1] =|[tr-n

is sufficiently small. Split this integral into two parts:

/E(fn—f)‘S[EIfn—f\S/JE\A\fn—f!+[4\fn—f!

The first inegral is sufficiently small because f,, — f uniformly and the second
is sufficiently small because | f,, — f| is bounded and m(A) is sufficiently small.
]

It is important to note that [, f = lim, . [ f» only requires point-
wise convergence with Lebesgue integration. A similar result for Riemann
integration (i.e. R [, f =lim, .o R [}, f,) requires uniform convergence.

Example 387 Here we return to FExample 378. There we saw that the
bounded function f, was discontinuous at the n points of the L-measurable
set Qn = {q € QN[0,1] : i =1,2,...,n}, n € N. While Rfol fo(z)dz =0
along the sequence and while f, — f, we saw lim,, . Rfol fo(z)dz did not
exist. On the other hand, since the bounded function f, is L-measurable and
ml[0,1] < oo, we know lim, fol fn(x)dx ezists and equals 0 by Ezample

384.

Assumption 2: f is nonnegative and m(E) < co

In many instances, economists consider functions which are unbounded (e.g.
most utility functions we write down are of this variety). Hence, it would be
nice to relax the above assumption about boundedness. This section does
that, albeit at the cost that f must be nonnegative. Here we also do not
require F to be of finite measure.

Definition 388 If f: E — R, on an L-measurable set E is L-measurable,
we define fEf = SUpj,<¢ fEh where h is a bounded, L-measurable function
which vanishes outside a set of finite measure.
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Notice that the integral is defined on any function ~ (not just sim-
ple functions) which satisfies the conditions of the previous subsection and
SUp< ¢ | D is similar to the definition of the lower Lebesgue integral in the
previous subsection. That is, h is bounded and mH = m ({x € E : h(x) # 0})
co. Then [, h and sup,,<; [, h are well defined. Furthermore [, h = [, h+

fE\H h = fH h.

Definition 389 A nonnegative L-measurable function f defined on an L-
measurable set E is integrable (or summable) if [, f < oo. If [, f = oo,
we say f is not integrable even though it has a Lebesgue integral.

Example 390 Let the function f:[0,1] — R, be given by

{ 1 ifze(0,1]

J@ =16 z=0

While f is unbounded, consider the sequence of functions hy, : [0,1] — R
given by

[—

- if:ce(%,l]
h"(x>_{ n x¢€ [0,%]

In this case h, < f (except at h,(0) = n and f(0) = 0 but this is a set
of measure 0) and h,, is a bounded, L-measurable function which vanishes
outside a set of finite measure. See Figure 5.2.2.3. Then f[o I hp(x)dx =

f[O,l] ndx + f(l,l] ldz =n- (2 —0)+In(l) —In(2) =1+ In(n). Since {h,}
is contained in the set of all bounded h such that h < f, as we take the sup
over all such functions, we know 1+ In(n) — oo as n — oo, so that f is not
integrable on [0, 1].

Exercise 5.2.3 Let the function f : [1,00) — R be given by f(z) = 1. Is f
bounded? Is m[1,00) finite? Is f integrable?

Lemma 391 (Chebyshev’s Inequality) Let ¢ be an integrable function
on A and p(x) >0 a.e. on A. Let ¢ > 0. Thenc-m{x € A: p(x)>c} <

J4 ¢ (x)dm.
Proof. Let A = {z € A:¢(x)>c}.Then Jie@)dm = [ (x)dm +
Jaaw (@) dm > [o(z)dm > cm (2) See Figure 5.2.2.4. m

As in the previous subsection, there are various linearity and monotonicity

properties associated with Lebesgue integrals of non-negative L£-measurable
functions.
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Theorem 392 Let f and g be nonnegative L-measurable functions defined
on a set E. Then (i) [ycf =c [pf, ¢>0; (i) [,(f+9) = [ f+ [ 9; and
(i) if g > f a.e., then [L,g> [, f.

Proof. (ii) Let h and k& be bounded, £-measurable functions such that A < f,
k < g and vanish outside sets of finite measure. Then h + k < f + ¢ so that
Jeh+ Jgk = [Jp(h + k) < [p(f +9). Then sup,c; [ h + supye, [pk <
Jz(f + g) so by Definition 388 we have (i.e. [, f+ [,9 < [o(f+9))-

To establish the reverse inequality, let [ be a bounded £-measurable func-
tion which vanishes outside a set of finite measure and is such that [ < f+g.
Define h and k by setting h(z) = min(f(x),l(z)) and k(z) = I(z) — h(x).
Then h < f (by construction) and k& < g also follows from | = h + k <
f + g. Furthermore, A and k are bounded by the bound for [ and vanish
where [ vanishes. Then [l = [ h+ [,k < [, f+ [, 9. But this implies

SuplSHngl SfEf—l—ngor fE<f+g) < fEf+ng' u

Exercise 5.2.4 Let f be a nonnegative L-measurable function. Show that
f=0ae onEiff [, f=0.

As in the previous subsection, we now prove some important results con-
cerning the interchange of limit and integral operations. The bounded conver-
gence theorem has one restrictive assumption. It is that the sequence < f,, >
is uniformly bounded. In the following lemma this assumption is dropped.
Instead we assume nonnegativity of < f,, > and the result is stated in terms
of inequality rather than equality.

Theorem 393 (Fatou’s Lemma) Let < f, > be a sequence of nonnega-
tive L-measurable functions and f,(x) — f(z) a.e. on E. Then [, f <

Proof. (Sketch) Let < f,, >— f pointwise on E. The idea of the proof is to
use the Bounded Convergence Theorem 386. To do so, we need a uniformly
bounded sequence of functions. Hence, let h be a bounded function such
that h(z) < f(z), obtaining non-zero values only on a subset of E with finite
measure. Define a new sequence < h,, > by h,(z) = min(f,(z), h(z)).Then
hyn(x) is uniformly bounded, h,(z) < f.(x) and h,, — h pointwise. Thus by
the bounded convergence theorem

/h: lim h < lim mf/ fn (5.5)
E

n—oo n—oo
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where we use the lim inf since the limit of < f,,(x) > may not exist. Since
(5.5) holds for any h with the given properties, it also holds for the supremum

Sup/ h < lim inf/ fn- (5.6)
h<f JE nTee E

But the left hand side of (5.6) is by defintion [, f. m
The next example shows that the strict inequality may be obtained.

Example 394 Let the functions f, : [0,1] — R, be given by

[0 #ises?
flz) = { 0 otherwise
See Figure 5.2.2.5. In this caselim, . f,(z) = 0 a.e. andlim,_ f[o I fo(z)dr =

P, o [0z fi  fi(w)d| = sup{< 1>} = 1.0

To see that nonnegativity matters for Fatou’s lemma, consider the fol-
lowing example.

Example 395 Instead, let the functions f, : [0,1] — R, be given by

fn ft<a<?
fal2) = { 0 otherwise

Againlim,, . fo(z) =0 a.e. andlim, f[O,ll fn(x)dz = sup,,_, ., [insz” f[o,l} fk(x)dx} =
sup{—1, -2, -3, ...} = —1. Hence without nonnegativity we may have fE f>
]-i_mnaoo fE‘ fn

The conclusion of Theorem 393 is weak. It is possible to strengthen it by
imposing more structure on the sequence of functions.

Theorem 396 (Monotone Convergence ) Let < f, > be an increasing
sequence of nonnegative L-measurable functions and f,(x) — f(x) a.e. on

E. Then [, [ =lim, o [ fn-

Proof. Since f,, < f,¥n we have [, f, < [, f by (iii) of Theorem 392. This
implies lim,,_,oo J fn < J5 f- The result then follows from Theorem 393. m

10Tn this example, it was not necessary to actually take the liminf
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Example 397 Let f:[0,1] — R be defined by

o= {F v2c0

As in Example 390, while f is unbounded, consider a sequence of functions
hy :10,1] — R given by

_ [ @) i f(z)<n
h"(x)_{n if f(x) >n °

or in other words

[ = fzelL ]
=4 R

In this case h, < f (except at x = 0 but this is a set of measure 0) and h,,
15 a bounded, L-measurable function which vanishes outside a set of finite
measure. Furthermore, h, is monotone since h,(x) < h,1(x),Yz € [0,1].
Then [ig 4 hn(z)dz = f[o,ﬂ%] ndx—kf(n_lz,l] \/—lfdx =n-(H—-0)+2(1-2) =2-2.
Then as n — oo, f[o I hyn(x)dx = 2. By the Monotone Convergence Theorem,

f[071] f(x) =2.

Example 397 is known as an improper integral when regarded as a Rie-
mann integral since the integrand is unbounded.! On the other hand, it
is perfectly proper when regarded as a Lebesgue integral. In this example,
the two integrals are equal. Furthermore, we note that while Example 397
provides a case in which an unbounded nonnegative £-measurable function
is integrable, Example 390 provides an instance of a closely related function
which is not integrable.

Assumption 3: f is any function and m(E) < oo (general lebesgue
integral)

Definition 398 An L-measurable function [ is integrable over E if f+
and = are both integrable over E. In this case, fEf = fE [t = fE f.

Theorem 399 A function [ is integrable over E iff | f| is integrable over E.

HWe also say that a Riemann integral is improper if its interval of integration is un-
bounded.
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Proof. (=) If f is integrable over F,then fTand f~are both integrable over
E. Thus, [, |f| = [, [T+ [, f~ by Theorem 392. Hence |f| is integrable.
(<) If [,|f] < oo, then so are [, fT and [, f~. =

Example 400 Consider a version of the Dirichlet function f : [0,1] —
{—1,1} given by

—1 otherwise

f(x):{ 1 ifzeQnlo,1]

Observe that | f| = 1 and hence Riemann integrable while f is not.

Lemma 401 Let A € £, m(A) = 0,and f be an L-measurable function.
Then [, f =0.

Proof. We show it first for a simple function. Let f = > ", xp where
{E;} is a collection of L-measurable sets that are disjoint. Then fy, =
Y1 ®iXang, Where ANE; are disjoint and m(ANE;) = 0 (since m(ANE;) <
m(A) =0. Thus [ fx,=> 1, um(ANE;) =0.

If f is a non-negative measurable function, then by Theorem 367 there is a
non-decreasing sequence < f,, > of simple functions that converges pointwise
to f. Then by Theorem 396

Finally, if f is an arbitrary measurable function, then fx, = ftxa—/f xa

and [, f= [, fT—[,/7=0-0=0. m

Lemma 402 Let f be an L-measurable function over E. If there is an in-
tegrable function g such that |f| < g, then f is integrable over E.

Proof. From f* < g,it follows that [, f* < [, g, and so f*is integrable on
E. Similarly, f~ < g implies integrability of f~. Hence f is integrable over
Em

Theorem 403 Let f and g be integrable functions defined on a set E. Then
(i) the function cf where c is finite is integrable over E and fE cf = cfE f;
(i) the function f+ g is integrable over E and [,(f+g) = [, [+ [, 9; (ii)
ifg=f ae., then [L,g= [, fi(w)ifg> [ ae., then [,g> [, f:and (v) If
Eiand Esare disjoint L-measurable sets in E, then fEluEQ f= fEl f+ sz f-



182 CHAPTER 5. MEASURE SPACES

Exercise 5.2.5 Prove Theorem 403.

In considering when we could interchange limits and integrals, we saw ei-
ther we had to impose bounds on functions (Bounded Convergence Theorem
386) or consider monotone sequences of nonnegative functions (Monotone
Convergence Theorem 396). In the general case, we simply must bound the
sequence of functions by another (possibly unbounded) function.

Theorem 404 (Lebesgue Dominated Convergence Theorem) Let g be
an integrable function on E and let < f, > be a sequence of L-measurable
functions such that |f,| < g on E and lim, .o f, = f a.e. on E. Then

Proof. (Sketch) By Lemma 402, f is integrable. We want to use Fatou’s
Lemma 393 which requires a sequence of non-negative functions, which is
not assumed in this theorem. However we can define two sequences, namely
h, = f, +g¢ and k, = g — f, for which < h, >— f+ g and < k, >—
g — [ where both are non-negative. Hence by Fatou’s Lemma, we have
Jo(f +9) <liminf, o [(fu +9) and [(g — f) < liminf, . [,(9 — fn)-
The first inequality implies f S < liminf, . f = Jn and the second implies
[ f >limsup,_, [ fn by Theorem 403. Combining these two we have

lim inf /fnZ/fZﬁmSUp/fn
n—oo |p n—00

which implies the desired result. m

The above theorem requires that the sequence < f,, > be uniformly dom-
inated by a fixed integrable function g. However, the proof does not need
such a strong restriction. In fact, the requirements can be weakened to con-
sider a sequence of integrable functions < ¢, > which converge a.e. to an
integrable function g and that |f,,| < gp.

Example 405 Let f, : [0,1] — R be given by f,(z) = nx™. See Figure
5.2.2.6. Then lim, . fo(z) = 0 a.e. and f[o,l] fo(z)dz = f[o,l] nzdx =

o™y = Hl; so that lim, f[0,1] fo(x)dz = 1. On the other hand,

f[071] f(x)dz = 0.

Notice in the above example that the sequence of functions has no dom-
inating function.
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Example 406 Let f, : [0,2] — R be given by

or={ {7 G

0 otherwise

See Figure 5.2.2.7. Then lim, . fo(x) = f(x) = 0 Vz € [0,2] so that
f[l’g] f(z)dx = 0. Note that | f,,(z)| < g(z) Va € [0,2] where

g(x) = \/% if0<ax <2
0 ifz=0

which is integrable over [0,2]. It is also simple to see f[l 2] folzx)de =
vn(32-1)= % s0 that lim,, f[%v%] fn(z)dz = 0.

Finally we state a convergence theorem that differs from the previous
ones in the sense that we don’t assume that < f, >— f. Instead the
theorem guarantees the existence of a function f to which < f,, > converges
a.e. given < f, > is a non-decreasing sequence of integrable functions with
corresponding sequence of their integrals < 1l fndm> being bounded.

Theorem 407 (Levi) Let (f,) be a sequence on A C R and f1 < fo <
..... < fn < ...... where f, is integrable and fA fandm < K. Then there exists
f st f=lim, . f, ae. on A, f is integrable on A and fA fndm —

fAfdm.

Proof. (Sketch) Without loss of generality, assume f; > 0. Define f(z) =

lim,, oo fr(). Since (f,,) is non-decreasing, f(z) is either a number or +0c0.Using

the Chebyshev’s inequality (Lemma 391), it is easy to show that m ({x € A : f(z) = +o0}) =
0, which implies f,, — f pointwise a.e. In order to use the Lebesgue Domi-

nated Convergence Theorem 404, we need to construct an integrable function

¢ on A that dominates f, (i.e. f, < f < ¢ on A. See Figure 5.2.2.8. Let

A, ={reA:r—1< f(z) <r}and p(z) =7 rxy,. Clearly f, < f(z) <

¢. Is ¢ integrable on A = U2, A, (ie. is [, = > 2 rm(A,) < 00)? For

s € N, define By = U_ A, . Since ¢ () < f(z)+ 1 and both f, and f are

bounded on By, we have

Zrm (A,) = / pdm < ; f(x)dm+m (A) = lim fn () dm+m (A) < K+m (A).

n—-aoo B
E]
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Boundedness of partial sums of an infinite series Y >2 rm (A,) (= [, edm)
guarantees integrability of . =

We can also state a “series version” of Levi’s theorem. It says that un-
der certain conditions on the series, integration and infinite summation are
interchangeable.

Corollary 408 If < g > is a sequence of non-negative functions defined on
A such that Y07 | [, ge(x)dm < oo , then the infinite series Y - | gp(z) con-
verges a.e. on A. That is, Y oo gu(x) — g(x) a.e. and Y72, [, gr(x)dm =

Ja22ils ge(@)dm (= [, g(x)dm) .

Proof. Apply Levi’s Theorem to the functions f,(x) =>"7_, gx(z). ®

5.3 General Measure

In the preceding sections, we focussed on R (or subsets thereof) as the under-
lying set of interest. From this set, we constructed the Lebesgue o-algebra
denoted L. Then we defined the Lebesgue measure m on elements of £. That
is, we studied the triple (R, £, m) known as the Lebesgue measure space.
These ideas can be extended to general measure spaces.

Definition 409 The pair (X, X), where X is any set and X is a o-algebra
of its subsets is called a measurable space. Any set A € X is called a
(X -)measurable set.

Definition 410 Let (X, X) be a measurable space. A measure is an ex-
tended real valued function p : X — RU{oo} such that: (i) u(0) = 0;
(i) p(A) > 0,YA € X; and (iii) p is countably additive (i.e. if {A,}nen
is a countable, disjoint sequence of subsets A, € X, then p(UpenA,) =

D nen H(An) ).

Definition 411 A measure space is a triple (X, X, u).

Definition 412 Let (X, X') be a measurable space. A measure p is called
finite if 1 (X) < co. u is called o-finite if there is a countable collection of
sets {E;}2, in X with p(E;) < oo for all i and X = U2, E;.
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Example 413 (i) If X = R, then Lebesgue measure is not finite because
m(—o0,00) = oo but it is o-finite because (—o0,00) = U2, (—n,n) and
m ((—n,n)) = 2n. (ii) If X = [0,100], then Lebesgue measure is finite because
m ([0,100]) = 100.

# of elements if E is finite

Exercise 5.3.1 Let X = (—00,00) , X =P (X) and u(E) = { o if E is infinite Sho

that (X, X, 1) is a measure space and that 1 is not o-finite.

Lebesgue measure has one important property that follows from Exercise
5.1.2. That is, if F is a Lebesgue measurable set with measure 0 and if A C F,
then A is also Lebesgue measurable and m (A) = 0. In general, however, we
can have a situation that £ € X (is X -measurable) with p(E) =0, AC E
but A may not be in X.

Example 414 Let (X, X, 1) be a measure space defined as follows: Let X =

{CL, b, C} , &= {gv {aa b, C} ) {a’ b} J {C}} ’ M(@) = M({a> b}) =0, M({C}) -
p({a,b,c}) =1,{a} C {a,b} but {a} is not X-measurable.

Definition 415 Let (X, X, u) be a measure space. 1 is complete on X if
for any E € X with u(F) =0 and for AC E then A€ X and u(A) = 0.

That is, p is complete in X if any subset of a zero measurable set is
measurable and has measure zero.

If we consider Lebesgue measure restricted to the Borel o-algebra (i.e
(R, B,m)) then m is not complete on B.To show this would necessitate more
machinery (the Cantor set can be used to illustrate the idea). However, if
(t is not complete on X', then there exists a completion of X denoted by X.
For example, the completion of (R, B,m) is (R, £, m).

Exactly the same way we built the theory of Lebesgue measure and
Lebesgue integral in Sections 5.1 to 5.2.2, the theory of general measure
and integral can be constructed. The space (R, L, m) can be replaced by
(X, X,m) and instead of £ -measurability and L-integrability we will have
X -measurability and X" -integrability.

5.3.1 Signed Measures

Although we have introduced a general measure space (X, X, ), the only
non-trivial measure space that we have encountered so far is the Lebesgue
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measure space (R, £, m) , where Lebesgue measure m was constructed through
the outer measure in Section 5.1. Can we construct other non-trivial measures
i on a general measure space (X, X)? Consider a measure space (X, X, 1)
and let f be a non-negative X -measurable function. Define A : X — R
by A(E) = |, » fdu. Then the following theorem establishes that this set
function A is a measure.

Theorem 416 If f is a non-negative X -measurable function then

ME) = [ fiu 5.7
E
1s a measure. Moreover if f is X -integrable, then X\ is finite.

Proof. \(E) = [, fdu = [y fxgdp > 0 for all E € X (where g is the
characteristic function of E). Let {E;}.°, be a collection of mutually disjoint
sets and U E; = E. Then xp = > 2, xp. Let g, = fxg, and fr, =37 | gn.
Since g, > 0, the sequence (f,,) is non-decreasing. f,, is also measurable for all
n because the sum and the product of measurable functions is measurable.
fn converges pointwise to f because > Xy — Xgp = D.;oq Xg,- Lhen
according to the monotone convergence theorem 396

A(E):/Efd:u:/fXEd:u:/ngEi:g/fXEidM:g/Eifdﬂng(Ei)

Hence X is o-additive. If f is integrable, then A (X) = [, fdu < oo and
hence f is finite. m

This theorem provides us with a method of how to construct new mea-
sures on a measure space (X, X, 1) . Actually any non-negative X-integrable
function represents a finite measure given by 5.7. Thus, given a measure space
(X, X, u) ,there is a whole set of measures defined on X.

Are all measures on (X, X, ) of the type given by 5.77 In other words,
let € be the set of all measures on (X, X, 1) .Can any measure v € £ be rep-
resented by an integrable function g such that v(E) = [ £ 9du? The answer
is contained in a well-known result: the Radon-Nikodyn theorem. We could
pursue this problem in our current setting; namely we could deal with mea-
sures only (i.e. with non-negative o-additive set functions defined on X’). We
can, however, work in an even more general setting. Instead of dealing with
non-negative o-additive set functions (measures) we can drop the assumption
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of non-negativity and work with the o-additive set functions which are ei-
ther positive or negitive or both. These functions are called signed measures.
This generalization is useful particularly when working with Markov pro-

cesses. 77?’NEED AN EXAMPLE WITH A MARKOV PROCESS HERELet
us now define the notion of signed measure rigorously.

Definition 417 Let (X, X) be a measurable space. Let u : X — R U
{—00, 00} with the following properties: (i) p(2) = 0 ; (it) p obtains at
most one of the two symbols +oo, —oo ; (iii) p is o-additive. Then u is
called a signed measure on X.

In the text that follows when we refer to a ”measure” (without the prefix
“signed”) we mean measure in the sense of Definition 410(i.e. a non-negative
set function).

Example 418 Given a measure space (X, X, ), an example of a signed
measure is the set function

~ [ sau (5.8)

where [ 1s any X -integrable function. In Theorem 416 we showed that if f is
a non-negative integrable function then P is a finite measure. Here we just
assume that f is integrable and put no restrictions on non-negativity. We
can also assume that f is the “only” measurable function for which [ fdu
exists (i.e. at least one of the functions fT, f~ is integrable). Thus, if [ in
(5.8) is an integrable function, then v is a finite signed measure and if f is
a X—measurable function for which [ fdu exists, then v is a signed measure
(though not necessarily finite).

Example 419 Let (R, L, m) be a Lebesgue measure space. In the first case,

e x>0
let f : R — R be given by f (x) = (1+— Then we have f+ (z) = { (ngf . jo
O x>0
f(x) = { S frdm = [T f~dm = 3, [ is integrable
( ) (1+ )2 , T < 0 f f 2
and v (E) = [, fdm = [ 1+z2 -Xg (z) dm is a finite signed measure.
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z,x>0
Example 420 Let g : R — R be given by g (z) = { z <0 -Then
(1+a2)? 7 T
v _Jr,z>0 0,220 o 4
we have g (x)—{ 0. z<0 9 (I)—{ _—(1+:;2)2 L2 <0 ;oo gtdm =
400 , ffooo g-dm = %, g 1s measurable but not integrable. However, the

integral exists since [*_gdm = [~ gtdm — [T g=dm = +o0 — § = 400,
v(E)= [pg9-dm = [T_g-xgdm is a signed measure (but not finite).

Example 421 Let h: R — R be given by h (x) = x. Then we have h™ (x) =

xr,x>0 _ B 0,2>0 o 4 . 0o 4 _ o
{0)x<0,h(x)— _I}I<O,f_oohdm—+oo,f_oohdm—
+o0. Hence [*°_hdm = [7_h*tdm— [7_h~dm = oo — oo is not defined, the
Lebesgue integral doesn’t exist, and thus this function doesn’t define a signed
measure.

The previous examples show that if a signed measure v is defined by
expression (5.8) using an integral then it can be written as a difference of
two measures:

v(E) = v1(FE)—vy(FE) where
o(B) = [ s (B) = [ Frawand ()= [ 1du

We now show that such a decomposition is possible for any arbitrary
signed measure. This decomposition is known as the Jordan decomposition
of a signed measure. First we need to prove some lemmas. However, in
order to avoid introducing complicated terminology which does not help to
understand the main ideas, in the remainder of this chapter we will deal
only with finite signed measures. All theorems and proofs can be adopted to
o-finite signed measures.

Lemma 422 Let v be a finite signed measure on X. Then any collection of
disjoint sets {E;} , for which v (E;) > 0 (v (E;) < 0) is countable.

Proof. Let £ C X be a collection of disjoint sets { E;} for which v (E;) > 0.
Forn=1,2 ..1let &, = {Ez e&:v(k) > %} Then £ = U2, &,,. For each
n, &, is finite. If it were not, we would have a sequence (Ej) .-, of disjoint sets
from & with v (Ey) > & for k = 1,2,....Then v (U2, Ey) = Y00, v (Ey) >
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2211% = oo , which leads to a contradiction, that v is finite. Then &, is
finite and hence & = U 2,&,, is countable. m

Let v be a signed measure on X and let v (E) > 0. Let F' C E. What can
be said about the sign of v(F)? As the next example shows, not much can
be said about the signed measure of a subset of a set whose signed measure
is positive.

Example 423 Let X = {1,2,3,....} , X = P(X).For E € X, define
v(E) =3 5= 1)”n.Fo7’E—{123} v(E) = -2 < 0. IfF =
{2} Cc E, v(F) = i > 0. But notice that each singleton subset C of
set B = {1,3,5,....} has v(C) < 0 and each singleton subset D of the
has

set A = {2,4,6,.....} v (D) > 0. Moreover A and B are disjoint and

AUB=X.

Example 424 Let X = [—1,1] and X be all L-measurable subsets of [—1,1].
For E C [-1,1], let v(E) = [,adx. For E = [—3,1], then V(E) =
fiéxdx = %. For F = [—% ] C [ %,1} , V(F) = f éxdx = —=. Thus
the sign measure of the set E is positive but its subset ' has negatwe sign
measure. But for each subset C' of the set B = [—-1,0) , v(C) < 0 and

for each subset D of the set A = [0,1] , v (D) > 0 where AN B = & and
AUuB=X.

Definition 425 A X' -measurable set E is positive (negative) with respect
to a signed measure v, if for any X -measurable subset F' of E, v(F) >0,
(v(F) <0).

Thus sets A in Examples 423 and 424 are positive while B are negative.
Notice that v(G) > 0 (or ¥(G) < 0) doesn’t mean that G is positive (nega-
tive) as £ in Examples 423 and 424 show. We will show that the existence of
sets A and B for a signed measure D in these examples is not a coincidence.

Definition 426 An ordered pair (A, B), where A is a positive and B is a
negative set, with respect to a signed measure v and ANB=0, AUB =X

is called the Hahn decomposition with respect to v of a measurable space
(X,X).

Theorem 427 (Hahn Decomposition) Let v be a finite signed measure

on a measurable space (X,X). Then there exists a Hahn decomposition of
(X,X).
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Proof. (Sketch)Let S be a family of collections of subsets of X whose el-
ements A are collections of disjoint measurable sets £ C X with v(E) < 0.
Since “C” is a partial ordering on S satisfying the assumptions of Zorn’s
lemma 46 (namely that every totally ordered subcollection {.A;} has a max-
imal element A = U;A4;), then there is a maximal element £ of S. Moreover
£ is countable (by Lemma 422). Let B = U{E € £}. Then B is measurable
and negative (by construction all of its subsets have negative measure). Let
A = X\B. We have ANB = @, AUB = X, and A is measurable. If
we show that A is positive, then we would be done since (A, B) would be a
Hahn decomposition. Hence we need to show that A (as a complement of a
maximal negative set) is positive. The idea is that if we assume that A is not
positive, then we can construct a negatie set with negative measure outside
the set B. This would violate the maximality of B. While the construction
of such a set is given in the formal proof of this theorem in the appendix to
the chapter, see Figure 5.3.1. =

In the special case where a signed measure v is defined by the integral
v(E) = [, fdu, the Hahn decomposition is given by A = {z: f () > 0}
and B = {x: f(z) < 0} as we have seen in Example 424. It is easily seen
that the Hahn decomposition is not unique. We can, for example, set A; =
{z: f(x) >0}, By ={z: f(x) <0}. But the following theorem shows that
the choice of a Hahn decomposition doesn’t really matter.

Theorem 428 Let (Ay, By) , (A2, By) be two Hahn decompositions of a mea-
surable space (X, X') with respect to a signed measure v. Then for each E € X
we have v(ENA;) =v(ENAy) andv(ENBy) =v(ENDBy).

Proof. From E N (4;\Ay) € EN A; we have v (E N (A4;\Az)) > 0 and
from £ N (A;1\A2) C EN By we have v (E N (A;1\Az)) < 0. Combining these
two inequalities we have v (E'N (A;\A42)) = 0. Analogously we can show that
v(EN(A\A1)) =0.Hencerv (ENA;) =v((EN(A2\A1))U(E N (A1 N Ag)))
0+ v(ENA NA). If we start with v (E N Ay), we arrive by similar rea-
soning with 04+ v (E N A; N Ay) . Hence, v(EN A;) = v(E N Ap). Similarly
we can show that v (ENBy) =v(ENDBy). =

Theorem 429 Let v be a finite signed measure on X and let (A, B) be an ar-
bitrary Hahn decomposition with respect to v. Thenv (E) = vt (E) — v~ (E)
for any E € X where v© (E) = v(ENA) and v~ (E) = — v(ENB) are
both measures on X and don’t depend on the choice of Hahn decomposition
(A, B).
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Proof. The independence of v and v~ on the choice of Hahn decomposition
follows from Theorem 428. Since v is a signed measure, v is o-additive and
thus v+ and v~ are as well. Since A is a positive set and F N A C A, then
v(ENA)>0. Since B is a negative set and ENB C B, then v (ENB) <0
so that — v (E N B) > 0. Thus v* and v~ are measures on X. Since F =
ENX =FEN(AUB) = (ENA)U(ENDB),we have v(E) = v(ENA)+
v(ENB)=vT(E)—v (E). =

Definition 430 v = v*— v~ is called the Jordan decomposition of a
signed measure v. The measure v (V™) is called a positive (negative)
variation of v. |v|(E) = v (E)+ v~ (E) is also a measure on X and is
called the total variation of a signed measure v.

Exercise 5.3.2 Let (X, X, 1) be a measure space and let f be X -integrable.
Ifv(E) = fEfd,u , show that v* (E) = fEerd,u s V[(E) = fE|f|d,u

Exercise 5.3.3 Show that a countable union of positive (negative) sets is a
positive (negative) set.

If a signed measure v is defined as the integral of an integrable function
v(E) = [, fdu then by Lemma 401 it has the following property. If F € X
and p (E) =0, then v (E) = 0. As we will soon see, this property of a signed
measure is very important and we formulate if for any signed measure (not
only the one given by an integral).

Definition 431 Let v be a finite signed measure and let j1 be a measure on
(X, X). If for every A€ X , u(A) =0 implies v (A) =0, then we say that
v is absolutely continuous with respect to p , written v << p.

Hence by Lemma 401, v (E) = [ » fdu is absolutely continuous with re-
spect to p. Now we prove two simple lemmas.

Lemma 432 Let v be a finite signed measure and p be a measure on X.
Then the following are equivalent:(i) v << p, (i) v << p, v= << u, (iii)
lv] << p.

Proof. (i) = (i7). Let (A, B) be a Hahn decomposition with respect to v.
Let £ € X and p(E) = 0.Then pu(E N A) =0 and because v is absolutely
continuous with respect to u, we have v (E N A) = v* (E) = 0. This implies
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vt << p. Similarly v~ << pu. The other two implictations follow immediately
from these equalities:

vI(E) = v
v(E) = vT(E)—v (E).

Lemma 433 Let pu, \ be finite measures on X , A << p and X (Ey) # 0
for at least one set Ey € X . Then there exists € > 0 and a set E € X
that is positive with respect to the signed measure A— ep and X (E) > 0 and

w(E) > 0.

Proof. Let (A, B,) for n € N be a Hahn decomposition of X with respect
to A—2p. Set A = U2 A, , B=N2,B,. Since B C B, and B, is a negative
set with respect to A — 2y then (A —2p) (B) <0<=0< X (B) < iu(B)
, for n € N. Thus A(B) = 0. Since A (X) # 0, then A(A) = A(X\B) =
AX) = A(B) = A(X) > 0. As A << u we have p(A) > 0. Finally set
E=A,, andsznio. |

Now we are ready to tackle the main problem of this section, which you
can think of as a representation theorem.'? Given a measure space (X, X, 11) ,
consider the set function v (E) = || r fdu where [ is X -measurable and X
-integrable. Under certain conditions, this specific signed measure on X
represents all signed measures (i.e. there are no other signed measures on
X that cannot be represented as the integral of the X -measurable function
f). This is established formally in the Radon-Nikodyn Theorem which states
that under certain conditions any signed measure on X can be represented
by the integral of a measurable function. The Radon-Nikodyn Theorem will
be used in the Riesz Representation Theorem in the next chapter.

Theorem 434 (Radon-Nikodyn) Let (X, X, 1) be a measure space, i be
a o-finite measure, v be a finite signed measure on X and v << p. Then
there exists a X -integrable function f on X such that v (E) = fE fdu for
any £ € X. Moreover f is unique in the sense that if g is any X -measurable
function with this property, then g = f a.e. with respect to p.

12Tn general, a representation theorem provides a simple way to characterize (or repre-
sent) a set of elements using certain properties that actually extends to the entire collection
of elements under given assumptions.
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Proof. (Sketch) By Theorem 429, a finite signed measure v can be decom-
posed into v and v~ where v~, v are both measures and by (ii) of Lemma
432 they are both absolutely continuous with respect to p (if v is). Hence it
suffices to prove the theorem under the assumption that v is a (non-negative)
measure. Also, since pu is o-finite, then X can be decomposed into countably
many disjoint sets { F;} for which p(E;) < co. Hence it suffices to prove the
theorem with g finite. In summary, we take p, v both finite measures with
v << .

Let G be the set of all non-negative X-measurable, integrable functions
g satisfying

/ gdu <v(E), VE € X. (5.9)

Among these functions g, we want to find a function f which satisfies (5.9)
with equaility. Since [, gdu < v(X), Vg € G (because v is finite), the set of
real numbers { [ gdu, g € G} is bounded (by v(X)) and hence its supremum
exists. Let a = sup ¢ [ gdp. f is constructed (using Levi’s Theorem 407)
as a limit function of a sequence < f,, > that attains this supremum (i.e.
a= [ fdu)."

Because f € G, we know that [, fdu < v(E), VE € X. We claim that
[ fdp = v(E), VE € X. If this were not true, then there would exist a
set E such that [, fdu < v(E). Then by Lemma 433, we could construct a
function gy = f + ex g belonging to G for which [ godp > . But this would
violate the fact that « is the supremum. m

The assumption in the Radon-Nikodyn theorem that p is o-finite is im-
portant as the next exercise shows.

Exercise 5.3.4 Let X = R and let X be a collection of all subsets of
R that are countable or that have countable complement. Define p(E) =
# of elements of F if E is finite Qv (E) — 0 if E is countable

00, otherwise andv (E) = 1 if X\ E is countable
Show that p, v are measures on X and that v << p.(ii) Show that p is not
o-finite. (iii) Show that the Radon-Nikodyn theorem doesn’t hold.

13In particular, by the supremum property, there exists a sequence < g, > from G such
that lim"ﬁoofgnd,u = «a. Define a sequence < f,, > by f, = max{g1,...,9n}, fn € G.
Since < f, > is a non-decreasing sequence of integrable functions with [ f,du < «, then
by Levi’s theorem there exists an integrable function f = lim f, a.e. with [, pldu =
limy oo [ fadp < v(E) (because f, € G) and hence f € G and [ fdu < . On the
other hand, because g, < f, we have [, fdu = lim, .o [5 fadp > lim, oo [ gndp = o
Combining these two inequalities gives [ fdu = o

(1)
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5.4 Examples Using Measure Theory

5.4.1 Probability Spaces

Definition 435 If u(X) = 1,then p is a probability measure and (X, X, 1)
15 called a probability space. In this case, X is called the sample space,
any measurable set A € X is called an event, and pu(A) is called the prob-
ability of the event A. For a probability space, we say almost surely
(a.s.) interchangeably with almost everywhere (a.e.).

We next illustrate measure spaces through some basic properties of prob-
ability.

Definition 436 Let (X, X, P) be a probability space. Let A be an arbitrary
index set and let A;, i € A be events in X. The A; are independent if and
only if for all finite collections {A;,, Ai,, ..., Ai, } we have

P(A;, NA,N...NA;,)=P(A;,)P(A;,)--- P(A;,).

The next definition makes clear that a random variable is nothing other
than a measurable function.

Definition 437 A random variable Y on a probability space (X, X, P) is
a Borel measurable function from X toR (i.e. Y : X x X — RxB(R)). IfY
is a random variable on (X, X, P), the probability measure induced by
Y is the probability measure Py on B(R) given by Py (B) ={zr € X : Y(x) €
B}, B € B(R).

The numbers Py (B), B € B(R), completely characterize the random vari-
able Y in the sense that they provide the probabilities of all events involving
Y. This information can be captured by a single function from R to R as
the next definition suggests.

Definition 438 The distribution function of a random variable Y 1is the
function F : R — R given by F(y) = P{x € X : Y(z) € B}.

Definition 439 If Y is a random wvariable on (X, X, P), the expectation
of Y is defined by E[Y]| = fX Y dP provided the Lebesque integral exists.

The next result gives a good illustration of simple functions, monotone
convergence theorem.
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Theorem 440 Let Y be a random variable on (X, X, P) with distribution
function F'. Let g : R — R be a Borel measurable function. If Z = goY,

then E(Z] = [, 9(y)dF (y) (= [ 9dPy)
Exercise 5.4.1 Prove Theorem 440 (Theorem 5.10.2 p. 223 in Ash)

One of the most remarkable results in probability is Kolmogorov’s strong
law of large numbers.

Theorem 441 (Strong Law of Large Numbers) IfY), Y5, ... are indepen-
dent and identically distributed random variables and E[|Y1|] < oo , then

n—oo N, 4

1 n
lim — ZY; = E[Y1] a.s.
i=1

5.4.2 I,

Let us denote the collection of L-integrable functions f defined on X C R by
L,(X). For instance, X can be all of R in which case L, (R) is any measurable
subset of R. Hence L;(X) is the collection of all £L-measurable functions f
defined on X for which [, |f| < co. It is straightforward to see that L;(X)
is a vector space.

Exercise 5.4.2 Show that L,(X) is a vector space. Hint: Use Theorem 403.

Can L;(X) be equipped with a norm? Let us define a function |-||;, =
Li(X) — R given by || f|l; = [x |f|- Does this function satisfy the properties
of a norm given in Definition 2067

Exercise 5.4.3 Show that ||-||, satisfies properties (i) | f|l; >0, Vf € L1(X),

(i) |afll, = lal | fll,, Yo € R, f € Li(X), (w) |f+gll, < IfIl, + llgll,,V
f,g € Li(X) of the definition of a norm and the part of (ii) that f =0 =

LAl = 0.

The next example makes it clear that the converse of part (ii) is not true.

Example 442 If f is the Dirichlet function of Example 360, then ||f|, =0
but f # 0 everywhere.
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To overcome this problem, we will define a relation “~” on the set of all

integrable functions. Let f, g € Ly, define f ~ g iff f = g a.e. This relation is
an equivalence and hence by Theorem 31 L;can be partitioned into disjoint

classes [ of equivalent functions (i.e. functions that are equal a.e.). Figure
5.4.1777

Exercise 5.4.4 Prove f ~ g iff f = g a.e is an equivalence relation using
Definition 26.

By Theorem 403, for any two functions from the same equivalence class,
the norm || f]|, = ||g]l; = HfH . Then the space L; consisting of equivalence
1

classes with the ||-||; norm is a normed vector space.

To keep notation and terminology simple in what follows, we will refer to
the elements of L; as functions rather than equivalence classes of functions.
But you should keep in mind that when we refer to a function f we are
actually referring to all functions that are equal a.e. to f.

The most important question we must ask of our new normed vector
space is “Is it complete?” The next theorem provides the answer.

Theorem 443 (L4, |||,) s a complete normed vector space (i.e. a Banach
space).

Before proving completeness of L;,we note that one strategy used in pre-
vious sections is to: first, take a Cauchy sequence < f,, > in a given function
space and note that for a given z € X, < f,(x) > is Cauchy in R and
lim, o fn(x) = f(x) exists for each = since R is complete; second, prove
that f, — f with respect to the norm of the normed function space. Un-
fortunately, this procedure cannot be used in L;since for a Cauchy sequence
< fn > in Ly a pointwise limit of < f,(z) > may not exist for any point =
as the following example shows.

Example 444 Let a sequence < f,, > of functions on [0,1] be given by

fi = X0,4]> f2= X[t 1]

fs = X[o,%]>f4 = X[3.2) fs = X[2,3 Jo = X[3.1)5

fr = X0,4]s Js = X[L,2) o fi3 = X[8,1) Jia = XI[Z.1)s
fis = X[0,%1
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See Figure 5.4.2. This sequence is Cauchy in L1(]0,1]) but there is no point
x € [0,1] for which lim,,_. fn(x) exists. In other words, < f, > doesn’t
converge pointwise at any point x € [0, 1].

Proof. (Sketch)Let < f, > be a Cauchy sequence in L. In order to find a
function to which the sequence converges, in light of example 444, we need to
take a more sophisticated approach. The fact that < f,, > is Cauchy means
we can choose a subsequence < f,,, > such that the two consecutive terms are
so close to each other (i.e. ||fu,,, — fu.||; < 3+) that their infinite sum (i.e.
Y ovet [ | fapes — fupldm converges a.e. on X (i.e. the sum is finite). Then
by the Corollary of Levi’s Theorem 408, the infinite sum » ", |fn, ., — fu,|
also converges a.e. and because f,, ., — fn, < [fae,, — fnel, VK the infinite
sum > > fopoy — o, converges a.e. as well. But the sum of the differences
of two consecutive terms in the subsequence itself

fm + (fnz - fnl) + (fns - fm) Rkt (fnk: - fnkfl) = fnk

Thus the subsequence < f,,, > converges a.e. on X.

Let f be the function < f,, > which converges a.e. on X.We need to
show that < f,,, >— f with respect to ||-||; and that f € L;(X). To prove the
former we can use Fatou’s Lemma 393 (since < f,,, >— f a.e.) and to prove
the latter we can use the the estimate || f||; < ||f — faull; + || farll; < 00. The
first term in this inequality is bounded by Fatou’s Lemma and the second is
bounded since f,, € L1, Vk.

Then we have a Cauchy sequence < f,, > in L;(X) whose subsequence
< fa, >— fin L1(X). Then by Lemma 173, the whole sequence < f,, >— f
in Ll(X) |

Approximation in [

The next theorem establishes that the simple and continuous functions are
dense in L;(X).

Theorem 445 Let f be an L-integrable function on R and let € > 0. Then
(i) there is an integrable simple function ¢ such that [|f — ¢| < e and (ii)
there is a continuous function g such that g vanishes (i.e. g = 0) outside
some bounded interval and such that [ |f —g| < 5.

Proof. (of i) Without loss of generality, we may assume that f > 0 (other-
wise f = f* — f~ where fT and f~ are non-negative). If f is L-integrable,
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then using the supremum property in Definition 388 for £ > 0,there exists
a bounded L-measurable function A that vanishes outside a set E of finite
measure (i.e. m(E) < co) such that h < fand ([ f)—e <h & [(f—h) <e.
Then by Theorem 367 there is a non-decreasing sequence (since h is bounded)
of simple functions < h,, > converging uniformly to h. Then for ﬁ(E) > 0,
3N such that [h,(2) — h(z)| < g7 for all z € E. Hence

g

19
/E|f—hN|g/E|f—h|+/E|hN—h]§§+Wm(E):e.

(of ii)Given: g , 3 continuous function h s.t. g (x) = R(z) , except on a

set < %? is integrable
/ i 1})>f/ 1/1 T ( )

Ve > 0, 3[|f—1|dr < e Referring to equation (5.10).¢» is a simple
function i.e)(x) = Y7 aixg, (), u(E;) < oo, Vi if p is Lebesgue mea-
sure. (M) < oo, then for e > 0, 3 Fjy closed and G open such that
Fy €M C Gy, p(Gar) — p(Far) < e.Let’s define

o p(I7R\GM)
P = R Gan) + p (@ Far)

If
. () =01if z.R\G

o, () = A if 2. Fy. (x) is continuous because p (z, R\Gy) and p (z, Fy)
are continuous and p (z, R\Gy) + p (z, Fs) #.Function

X — Pe =< .Gy \Fur

Xu — Pe = 02.R\ (G \ Fry) Hence

/|><M (2) — p. ()| dps < ¢

Thus yx,, is approximated by a continuous function p, . =
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Separability of L;(X)

In the next chapter we will show that if X is compact, then L; (X) is separable
with the countable dense set being the set of all polynomials with rational
coefficients. But if X is an abitrary L-measurable set including X with
m(X) = oo (i.e. X =R) we need to find a different countably dense set. We
will show that the set M of all finite linear combinations of the form

> e, (5.11)
=1

where the numbers ¢;, ¢ = 1, ..., n are rational and I; are all intervals (open,
closed, and half-open) with rational endpoints is a countably dense set in
Li(X).

Countability of M is obvious. We need to show that M is dense in
L,(X). By Theorem 445 we know that the set of all integrable simple func-
tions is dense in L;(X). But every such function can be approximated ar-
bitrarily closely by a function of the same type taking only rational values.
Thus given f € Li(X) and € > 0 there is an integrable simple function
© = > Yixp,where y; are rational coefficients, E; are mutually disjoint
L-measurable sets, and U F; = X such that [, |f —¢|dm < e. If the
function ¢ were of the type (5.11) we would be done. Unfortunately it is not
because it requires F; to be intervals (recall that the collection of all intervals
with rational endpoints is countable whereas the collection of £-measurable
subsets of X may not be countable). Hence we need to show that every
simple integrable function ¢ can be approximated by functions of the form
(5.11). Here we use the fact that if a set £ is £-measurable then it can be
approximated by an interval (i.e. given € > 0, there is an interval I such
that'4

m((E\I)U (I\E)) < e. (5.12)
Now using (5.12) for sets { £;}_; we can construct {;}_; such that m((E\I;)U
(L\E)) <efori=1,..,nLet I, = I\Uji I;,i=1,..,n.Then 1, are mutu-
ally disjoint. Define a function

) o if x €1,
IZ)("’3)_{0 ifrex\u, I,

14We proved a similar result in Theorem 347 where a measurable set F is approximated
by open and closed sets.
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The function ¢ and ¢ differ from each other on a set B with sufficiently small
measure, namely m(B) = m(xz € X : p(x) # ¢(x)) < ne. Hence

le=vlh = [ lole) = vi@lam = | ota

< sup|anM( ) < (nsuplyn

can be made arbitrarily small by choosing ¢ sufficiently small. Thus yapproximates
¢ and 1 is of the form (5.11). Thus we have the following theorem.

Theorem 446 L,(X) is separable.

Proof. The countable dense set in L;(X) is the set given by (5.11). =

5.5 Appendix - Proofs in Chapter 5

Proof of Theorem 329. Take a closed finite interval [a, b]. Since [a,b] C
(a —5,b+ %), then m*([a,b]) < l(a—5,b+5) =b—a+eVe > 0 so
that m*([a,b]) < b — a. Next we will show that m*[a,b] > b — a. But
this is equivalent to showing that if {/,},en is an open covering of [a, b],
then > _ I(I,) > b— a. By the Heine-Borel Theorem 194 there is a finite
subcollection that also covers [a, b]. Since the sum of the lengths of the finite
subcollection can be no greater than the lengths of the original collection, it
suffices to show Z,LN:I [(I,) > b—a for N finite. It is possible to construct
a finite sequence of open intervals < (ag, by) >£(:1With ar < by_1 < by such
that a € (ay,b1) and b € (ag,bg).*® Thus

K
SUL) =) Uak, b
= bK — (CLK — bK—l) — (aK_l — bK_Q) — ... — (CLQ — bl) —
> b —a
> b—a.

or m*([a,b]) > b— a. Thus m*([a,b]) = b — a.

5Gince a € UN_;1I,,, (a1, by) such that a € (ay,by). If by < b, then since by ¢ (a1, b1),
J(az,be) such that by € (ag,b2). Continue by induction.
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To complete the proof we simply need to recognize that if I is any finite
interval, then for a given ¢ > 0, there is a closed interval [a,b] C I such that
[(I) —e < ([a,b)]. Hence,

1) — & < 1((a, b)) = m([a, ) < m* (1) < (T) = U(T) = 1(D)

where the first equality follows from the first part of this theorem, the first
weak inequality follows from monotonicity in Theorem 328, the second weak
inequality follows from the definition of closure, and the next two equalities
follow from the definition of length. Since I(/) —e <m*(I) <[(I) and ¢ >0
is arbitrary, taking ¢ — 0 gives m*(I) = [(I). If I is an infinite interval,
m*(I) =oco. =

Proof of Theorem 331. If m*(A,) = oo for any n, then the inequality
holds trivially. Assume m*A, < oo, Vn. Then given £ > 0, boundedness
implies that for each n, we can choose intervals {I}'}rey such that A, C
UrenIy (i-e. the intervals cover A,) and >, I(I}) < m*(4,) + =."But
the collection {I}'},r = (Unen{I} }ren) is countable, being the union of a
countable number of countable collections and covers U,en A, (i.e. UpenA, C
Unen Ugen I}!). Hence

m (Unendn) < 30310 < 30 (m(An) + 2%) =3 m(4,) +e.

neN keN neN neN

Subadditivity follows since € > 0 was arbitrary and we can let ¢ — 0. =
Proof of Theorem 341. .Corollary 338 already established that L is
an algebra. Hence it is sufficient to prove that if a set F = U,enFE, where
each FE,, is L-measurable, then F is L-measurable. By Theorem 84, we may
assume without loss of generality that the E,, are mutually disjoint sets.

Let A be any set and Fy = UY_, F,,.. Since L is an algebra and Fy, ..., Ey
are in L, the sets Fy are L-measurable. For any set A, we have

m*(A) = m"(ANFx)+m (AN Fy) (5.13)
> m*"(ANFy)+m" (AN E°)

= ZN:m*(A NE,) +m" (AN E)

n=1

6Existence of the countable collection follows from Theorem 108 and the inequality
holds by the property of the infimum that z = inf A = Ve > 0,3z € A such that x < z+e.
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where the first equality follows by Definition 334, the inequality follows since
FS D E°Y7 ) and the last equality follows by Lemma 339. Since the left hand
side of (5.13) is independent of N letting N — oo we have

m*(A) > i m*(ANE,)+m" (AN E°) (5.14)

> m"(ANE)+m*(ANE°)

Here the second inequality follows from Theorem 331. But (5.14) is simply
the sufficient condition for E to be L-measurable. m

Proof of Theorem 345. Let A be any set, A; = AN (a,00), and Ay =
AN (—o0,a]. According to (5.1), it is sufficient to show m*(A) > m*(A4;) +
m*(Az). If m*A = oo, the assertion is trivially true. If m*(A) < oo, then for
each £ > 0 there is countable collection {I,} of open intervals which cover A
and for which Y > I(1,,) < m*(A)-+e by the infimum property in Definition
327. Let I, = I,N(a,00) and I = I, N (—o0,a]. Then I/ UI! =I1,NR =1,
and I) NI = (. Therefore, I(1,) = (L) + (1) = m*(I,) + m*(I). Since
Ay C (U2 I)), then m*(Ay) = m* (U2, 1)) < >°>° m*(I}). Similarly, since
Ay C (U2 1)), then m*(Ag) = m* (U2 1)) < > > m*(I))). Thus,

[ee)

m*(Ar) +m*(Ae) <Y (1) +mr (1)

< > (L) <mi(A) +&.

But since € > 0 was arbitrary, the result follows. =
Proof of Measurable Selection Theorem 371. By induction, we will
define a sequence of measurable functions f,, : X — Y such that

(i) d(fa(2),I'(2)) < 3+ and

(i) d (fat1(2), fn (2)) < 555 on X for all n.

Then we are done, since from (ii) it follows that (f,) is Cauchy and
due to completeness of Y there exists a function f : X — Y such that
fn(z2) — f(z) on X and by Corollary 358 the pointwise limit of a sequence
of measurable functions is measurable. Condition (i) guarantees that f (z) €

I'(z),Vz € X where f is a measurable selection (here we use the fact that
['(z) is closed and d(f(z),I'(z)) = 0 implies f(z) € ['(z)).

1"Recall by DeMorgan’s Law that F§, = [UnNzlEn]c =n]_,Ec.
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Now we construct a sequence (f,,) of measurable functions satisfying ()
and (i) .Let {y,,n € N} be a dense set in Y (since Y is separable such a
countable set exists). Define fj (z) = vy, where p is the smallest integer such
that I' (2) N By (y,) # 0 ( fo () is well defined because {y,,n € N} is dense
in Y ). Since I' is measurable then

£ ) = [T (B ()] \ [Umepl ™ (By (ym))] € L.

Let V' be open in Y Then f; ' (V) is in at most a countable union of such
fot(y,). Hence f;' (V) is measurable so that f, is measurable. Suppose
we already have f; measurable. Then z € f, ! (1) = D; implies f; (2) = y;
and d(fy(z),T(2)) < 9 (i.e. T(2) N Byx (y;) # 0). Therefore we can
define fiy1(2) = y, for z € D; where p is the smallest integer such that
r (Z) N BQ—k (yz) N B2—k—1 (yp) 7£ @ Thus fk+1 is defined on X = UiZlDiy it is
measurable, and we have d (fr41(2),T(2)) < 377 and d (frr1 (2), fi (2)) <
L < L onX.
Proof of Theorem 382. (<) If f is L-measurable and bounded by M,
then we can construct sets
Ek:{xEE:kTsz(x)>M

},—nﬁkﬁn
n

which are measurable, disjoint, and have union E. Thus > mE; = mE.
Define simple functions ¢,,(z) = 22 377" kyp (z) and ¢, (z) = 2370 (k-
Dxp, (). Then v, (z) > f(x) > ¢, (7). Thus

L /Ef(x)dx:ir;f];/Ew(x)dxg/E¢n(x)dx:Wk;nkszk (5.15)

Ll/Ef(x)dx = sup/ o(x)dx > /Egon(x)dx = % Z (k —1)mEy. (5.16)

e<fJE e —n

Then (5.15)-(5.16) implies

M
0<L“/f dx—L’/f ZmEk——mE
n

k=—n

Since mFE < oo by assumption, lim,, . %mE =0. mm
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Proof of Bounded Convergence Theorem 386. Since f is the limit
of L-measurable functions f,, it is £-measurable by Theorem 364 and hence
integrable. By Theorem 366 we know that given ¢ > 0, 3N and an L-
measurable set A C E with mA < ;37 such that for n > N and z € E\A
we have |f,(z) — f(x)| < 5-5. Furthermore, since |f,(z)| < M, Vn € N

<
and Vz € E, then |f(z)] < M, Vax € FE and |f,(z) — f(x)| < 2M, Vz € A.

Therefore,
/Efn—/Ef‘ - /E(fn—f)‘
< [lh-1
= /E\A|fn—f|+/A|fn—f|

27; =m(E\A) +2MmA < £,¥n > N.

where the first inequality follows by monotonicity (i.e. (iii) of Theorem 385)
and the second equality follows from (v) of Theorem 385). Hence [, f =
limy o0 [ fr- MM
Proof of Fatou’s Lemma 393. WLOG we may assume the convergence
is everywhere since integrals over sets of measure zero are zero. Let h be
a bounded L-measurable function such that h < f and vanishes outside
aset H={x € E: h(zx) # 0} of finite measure (i.e. mH < 00). De-
fine a sequence of functions h,(x) = min{h(x), f.(x)}. Then h, is bounded
(by the bound for h) and vanishes outside H. Moreover, lim,, . h,(z) =
lim,, oo min{h(z), f.(z)} = min{h(z), f(x)} = h(zx) on H. Since < h, >
is a uniformly bounded sequence of £-measurable functions such that h,, —
h.then lim, . [;; hy = [, h by the Bounded Convergence Theorem 386.
Since h vanishes outside H, then [, h = [, h.

While f, — f a.e., we do not have that the sequence < [, f,(x) > is
convergent. However,

E n—oo H H E

where the second equality follows from the fact that liminf=limsup at a
limit point and the inequality follows since h,(z) < f.(x) by construction.'®

<

8We chose liminf rather than limsup since this gives a tighter bound.
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Taking the supremum over all h < f we have

sup/hszsn_mw/fn
h<fJE E E

where the equality uses Definition 388. mm

Proof of Lebesgue Dominated Convergence Theorem 404. By
Lemma 402, f, is integrable over E. Since lim,,_.. f, = f a.e. on E and
|fn] < g, then |f| < g a.e. on E. Hence f is integrable over E.

Now consider a sequence < h, > of functions defined by h, = f, + g
which is nonnegative by construction and integrable for each n. Therefore,
by Fatou’s Lemma 393, we have [,(f+g¢) <lim, . [,(f.+g), which implies
[ f <lim, . [ fa by (ii) of Theorem 403.

Similarly, construct the sequence < k, > of functions defined by k, =
g — fn which is again nonnegative by construction and integrable for each n.
Therefore, by Fatou’s Lemma 393, we have [,(¢ — f) <lim, . [5(9 — fa),
which implies [, f > lim,, o0 | 5 fn Dy (ii) of Theorem 403. m
Proof of Levi’s Theorem. 407Assume that f; > 0 (otherwise we
would consider f, = f, — fi ). Define Q = {x € A: f,(x) — +oo}.
Then Q = N2, U, OF) | where Q) = {z € A: f, () >r}. Using the
Chebyshev’s inequality (Lemma ??) m <Q$f)> < K Since o c ol ¢

...... c Q) ¢ ..., this implies m (U;’f:lﬂg)> < £ But for any r we have

QC Uj’leﬂg). Then m () < £. Since r was arbitrary, we have m () =
0. Thus we have proved that (f,) — f a.e. on A. Let’s define A, =
{reA:r—1<f(z) <r, r €N} andlet p(x) =r on A,. If we prove that
 is integrable on A then using the Lebesgue Dominated Convergence Theo-
rem 404 we can conclude that Levi’s theorem holds. Let By = U?_; A, . Since
on By, f, and f are bounded and ¢ () < f () + 1, we have [ ¢ (z)dm <
[, [ (@) dm +m(A) = lim, . [ fu(2)dm +m(A) < K+ m(A) where
Jp, ¢ (x)dm =377 rm(A,). Hence we have 77, rm (A,) < K +m(A)
for any s. Boundedness of partial sums of a series means that the infinite
series Y2, rm (A,) exists and equals [, ¢ () dm. =

Proof of Hahn Decomposition Theorem 427. Due to Zorn’s lemma
a maximal system & of disjoint measurable sets £ with v (E) < 0 exists.
Moreover £ is countable (by Lemma 422). Put B = U{E € £} . Then
B is measurable and negative (because all of its subsets have negative sign
measure).



206 CHAPTER 5. MEASURE SPACES

Let A= X\B . We have AN B =@, AUB = X and A is measurable.
We have to show that A is positive. By contradiction assume that A is not
positive. Then there exists

Ey € Xsuch that £y C A and v (Ep) < 0. (5.17)

Let & denote the maximal collection of disjoint measurable sets F' C Fj for
which v (F') > 0 (at least one such set F exists because otherwise E, would
be negative and would contradict maximality of £ ). Due to Lemma 422 the
collection & is countable. Let Fyp = U{F € &}. We have

v (Fo) > 0 and Fy C Ey. (518)

It follows that Fy\Fp is negative because, by construction, it doesn’t contain
a positive measurable set. Then from the equality Eq = (FEo\Fp) U Fy we
have

v(Ey) = v (Eo\Fy) + v (F). (5.19)
From (5.17),(5.18), and (5.19) we have v (Ey\Fy) < 0. The set Ep\Fp is then
negative, with negative measure, and (Ey\Fy) N B = @ which contradicts the
maximality of set B. m
Proof of Radon-Nikodyn Theorem 434. By (ii) of Lemma 432, it
suffices to deal with v which is non-negative (i.e. a measure). Also since y is
o-finite, the whole space X can be decomposed into countably many disjoint
sets {E;} for which p(E;) < oo. Hence in the proof we can assume that u
and v are both finite measures on X.Let G be the set of all non-negative,
X —measurable, integrable functions ¢ for which

/gdugy(E),‘v’EeX.

E

Setting £ = X we have
/gduE/ngSV(X), Vg € G.
X

Hence the set of real numbers { [ gdp, g € G} is bounded from above by
v (X) and thus there exists a real number « such that

o= Sup/gd,u.
geG
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Then by the supremum property, there exists a sequence (g,).-, from G such
that

lim [ g,dp=a.
Let us set for n € N, f,, = max{gy, ...... ,gn} - Clearly f, < fui1 for n € N.
Next we show that f, € G. It suffices to show that if g1, 9o € G.then
max {g1, 92} € G. Given a set £ € X |, define

F = {z€E:max (g1, 9) (v) = g1 ()}
G = {re€E:max(gi,0) (v) = g2 () # g1 ()} .

Then because F and G are disjoint we have [, max (g1, g2) dpt =[5, max (g1, g2) dp =
Jrgidp+ [ g2dp < v(F)+ v (G) = v (E) . Thus max (g1, g2) € G and con-
sequently each function f,, , n € N belongs to G.
Since o = sup,.¢ [ gdp, then [ fodp < o, for n € N.Let f: X — R be
defined as f (z) = lim,,__. f (x). This is a well defined function because for
any r € X, the sequence (f,, (x)) is non-decreasing and hence lim f,, (x) exists.
Then by Levi’s Theorem 407 f is integrable and [ fdu = lim, . | fodp.
We next show that f € G. For F € X and n € N we have x5 fr, < Xg/foi1
and lim,, .o xp () fn (x) = xg (z) f (z) for all x € X. Then

[ sn= [ pxpu= [ 1 poxdi= tim [ foxedn=tim [ fudn<v(E).
E n—m—so n——so E
(5.20)
This shows that f € G and hence [ fdu < a because f, > g, for n € N we
have [ fdp = lim, .o [ fodp > lim, . [ godp = .Combining the last

two inequalities we have [ fdu = .

We now show that [, fdu = v (FE) for all E € X. By contradiction,
assume this equality doesn’t hold. Then due to (5.20), [, fdu < v (E) and
then the set function

o (E) = v(B) = [ (5.21)

is a finite measure not indentically equal to zero. Since vy << u (because
v << pand [ fdp << p) using Lemma 433 there exists £ > 0 and Ey € X
such that p (Ep) > 0 and

€ILL<E0ﬂF)§I/0(E0ﬂF),VF€X. (522)
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Set go = f+ expg,- We have [ godp = [ fdu+ ep(Eo) > [ fdp = a. If we
show that go € G this would contradict the fact that o = sup,.¢ [ gdp.For

any F € X and using (5.21) and (5.22) we have [, godp = [ (f +exg,) dp =

Jp fduten(EoN F) < [ fdut+vo (Eo N F) = [, fdut+ v (Eo N F)= [ p fdu =
Jevonm faut v(EoNEF) < v(F\(EoNF))+ v(ENF) = v(F). Hence

go € G, which leads to the contradiction. The uniqueness of f (except on a

set of measure zero) follows from Exercise 5.2.4. m

Proof of Theorem 443. Let < f, > be a Cauchy sequence in L; so
that || fo, — full;, — 0 as m,n — oo. Then we can find a sequence of indices

< ny > with n; <ng < ... <ng < ... such that

1
| for = ||, = /X | fon = frpyldm < ﬁ,k =1,2,.. (5.23)

Define a sequence < g > by g = fn, — fa,_, for k = 2,3,... with g, =
fny-Then (5.23) is simply [, |gx|dm < 3¢ and taking the infinite sum of both

sides yields
oo oo 1
> [ laddm <35 =1
k=1"%X k=1

Thus by the Corollary of Levi’s Theorem 408, >, |gx| converges a.e. on
X.Since g < |gx|, then Y 7 gr converges a.e. on X (i.e. there exists a
function f such that Y 7 g — f a.e. on X). But

oo J
o= ;gkZ}gr;o;gkz}gngo(gl+g2+-.'+gJ)

- Jh—{go [fnl + (fnz - fnl) + (fn3 - fn2) tt (fnJ o fn‘]’l)} - Jh—{{olofn"

Hence < f,, >— f a.e. on X.

Now we show that < f,,, >— f with respect to ||-||; and that f € L;(X).
Since < f,, > is Cauchy in L;(X) (and a subsequence of a Cauchy sequence
is Cauchy), given ¢ > 0,

/|fnk — faldm < e (5.24)

for sufficiently large k and [. Hence by Fatou’s Lemma 393 we can take the
limit as [ — oo behind the integral in (5.24) obtaining

[ 1) = s@ldm = 1f = fuly <=
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Since

”le = Hf - fnk +fnk-”1 S ”f - fmcHl + ank”l S e+ ”fnkH1 <0

it follows that f € L;(X) and < f,, >— f in Ly(X). But by Lemma 173,
if a Cauchy sequence contains a subsequence converging to a limit, then the
sequence itself converges to the same limit. Hence < f,, >— fin L1(X). m
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Figures for Sections X to X
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Chapter 6

Function Spaces

In this chapter we will consider applications of functional analysis in eco-
nomics such as dynamic programming, existence of equilibrium price func-
tionals, and approximation of functions. In the first case, we can represent
complicated sequence problems such as the optimal growth model by a sim-
ple functional equation. In particular, a representative household’s lifetime
utility, conditional on an initial level of capital k is denoted by the function
v(k) which solves

v(k) = max u(f(k) - k') + Bu(k)

where k' denotes next period’s choice of capital which lies in some compact
set X = [0, K], u : R;— R is an increasing, continuous function representing
the household’s preferences over consumption which is just output that is
not saved for next period (i.e. f(k) — k') and 8 € (0,1) represents the fact
that households discount the future. We can think of the above equation
as defining an operator T which maps continuous functions defined on a
compact set (the v(k’) on the right hand side of the above equation) into
continuous functions (the v(k) on the left hand side). If we let C(X) denote
the set of continuous functions defined on the compact set X, then we have
T :C(X) — C(X). In this chapter we analyse under what conditions solutions
to such functional equations exist. Another simple example of such operators
from mathematics are differential equations.

Let (X,dx) and (Y, dy) be metric spaces. In Chapter 4 we studied func-
tions f that took points in a metric space (X,dx) into points in a metric
space (Y,dy). Now let F(X,Y) denote the collection of all such functions

213
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f:X =Y. Let B(X,Y) be a subset of F(X,Y) with the property that for
each pair f,g € B(X,Y), the set {dy(f(x),g(z)) : z € X} is bounded. We
say B(X,Y) is the collection of all bounded functions.

Definition 447 Given B(X,Y), define a metric d: B x B — R by

d(f, g) = sup{dy (f(x), g(2)) : v € X}.

This metric is called the sup (supremum) metric. See Figure 6.1
Exercise 6.0.1 Show that d is a metric. To do so, see Definition 125.

Example 448 The eristence of the metric d (i.e. of the supremum,) is guar-
anteed only if the space is bounded. It should be clear that there are many
functions which do not belong to B(X,Y) and hence that there are many
functions upon which d cannot be applied. For one example, let f : (0,1) =R
be given by f(z) =1 and g(z) = 0.

We saw in chapter 4 that a fundamental property of a metric space is its
completeness. What can be said about the completeness of (9B, d)?

Theorem 449 Let (X, dx) and (Y,dy) be metric spaces. If (Y,dy) is com-
plete, then the metric space (%B,d) of all bounded functions f : X — Y with
sup norm d is complete.

Exercise 6.0.2 Prove Theorem 449.Hint: To prove the theorem, the follow-
ing method of constructing f is useful. Let < f, > be a Cauchy sequence
in (B,d). Then Vx € X, the sequence < f,(x) > is Cauchy in Y and since
(Y, dy) is complete we have < f,(x) > converges to f(x) inY, Vx € X. Show
that f : X — Y defined by lim,, ., fn(x),Vo € X, is the function that < f, >
converges to with respect to the sup norm.

If Y is a vector space, then the metric space (Y,dy) is also a normed
vector space by Theorem 207. Then F(X,Y) is a vector space where (f +
9)(x) = f(x) + g(z) and (af)(x) = af(z). Its subspace of all bounded
functions B(X,Y) C F(X,Y) is a normed vector space (B, ||-||) with the
norm || f|| = d(f,0) = sup{||f(z)|,z € X}. This norm is called the sup
norm. Theorem 449 states that if (Y, ||-||y-) is complete, then (B, ||-||) is also
complete.
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A sequence < f,, > converges to f : X — Y in B with respect to the sup
norm if

[fn = fII = sup {[| fu(2) = f(2)]|,z € X} — 0 asn — oo

In Chapter 4 we introduced two types of convergence of a sequence of func-
tions: pointwise and uniform. These two types of convergence are defined in
terms of the metric (norm) of the space Y (e.g. if (Y,dy) = (R,] - |),then in
terms of the absolute value). Now we introduced (B, d) where d is the metric
on B(X,Y). As in any metric space we define convergence of elements (in
this case functions) with respect to its metric (in this case d).The question is,
“Is convergence with respect to d related to pointwise or uniform convergence
respectively?”. The following theorem addresses this question.

Theorem 450 Let < f, > be a sequence of functions in B(X,Y).Then
< fo>— f €B(X,Y) with respect to the sup norm if and only if < f, >— f
uniformly on X.

Exercise 6.0.3 Prove Theorem 450.

In light of Theorem 450, one might wonder if there exists a metric d on
F(X,Y) or on a subspace such that convergence of < f,, > with respect to
this metric would be equivalent to pointwise convergence. Unfortunately, no
such metric exists.

Before proceeding, we list the principal results of the chapter. Here we
introduce two important function spaces: the space of bounded continuous
functions (denoted C(X)) and p-integrable functions (denoted L,(X)). We
give necessary and sufficient conditions for compactness in C(X) in Ascoli’s
Theorem 458. Then we deal with the problem of approximating continuous
functions. The fundamental result is given in a very general set of Theorems
by Stone and Weierstrass (the lattice version is 464 and the algebraic version
is 468) which provide the conditions for a set to be dense in C(X). Next the
Brouwer Fixed Point Theorem 302 of Chapter 4 on finite dimensional spaces
is generalized to infinite dimensional Banach spaces in the Schauder Fixed
Point Theorem 475. Next we introduce the L,(X) space and show that it
is complete in the Riesz-Fischer Theorem 481. Among L, spaces, we show
that Lo is a Hilbert space (i.e. that it is a complete normed vector space
with the inner product) and consider the Fourier series of a function in Ls.
Then we introduce linear operators and functionals, as well as the notion of
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a dual space of a normed vector space. We construct dual spaces for most
common spaces: Euclidean, Hilbert, ¢,, and most importantly for L, in the
Riesz Representation Theorem 532. Next we show that one can construct
bounded linear functionals on a given space X in the Hahn-Banach Theorem
539 which is used to prove certain separation results such as the fact that two
disjoint convex sets can be separated by a linear functional in Theorem 549.
Such results are used extensively in economics; for instance, it is employed
to establish the Second Welfare Theorem. The chapter ends with nonlinear
operators. First we introduce the weak topology on a normed vector space
and develop a variational method of optimizing nonlinear functions in The-
orem 572. Then we consider another method of finding the optimum of a
nonlinear functional by dynamic programming.

6.1 The set of bounded continuous functions

Let C(X,Y") denote the set of all continuous functions f : X — Y. In order to
define a normed vector space, we need to equip this set with a norm. We first
consider the sup norm. Since a continuous function can be unbounded (e.g.
f:(0,1] — R given by f(z) = 1), the sup norm may not be well defined on
the whole set C(X,Y’). Hence we will restrict attention to a subset of C(X,Y)
that contains only bounded continuous functions, which we denote BC(X,Y).
Next we consider important properties of this space (BC(X,Y), ||-||,,) where
||| is the sup norm.

6.1.1 Completeness

Even if (Y,dy) is complete, we cannot directly use Theorem 449 to prove
that (BC(X,Y),||||..) is complete because (BC(X,Y),||-|,,) is a subspace
of the complete space (B(X,Y),|]|,). But if we show that BC(X,Y) is
closed in B(X,Y), then the fact that a closed subspace of a complete space
is complete by Theorem 177 in Chapter 4 would imply that (BC(X,Y),||||..)
is complete.

Lemma 451 BC(X,Y) is closed in B(X,Y); that is, if a sequence < f, >
of functions from BC(X,Y') converges to a function f : X — Y, then f is
continuous.
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Proof. (Sketch) We need to show that f is continuous at any zo € X
(i.e. if Ve > 0, 30 > 0 such that Vo € X with dx(x,29) < § we have
dy (f(x), f(zo)) < €). By the triangle inequality

dy (f(2), f(wo)) < dy (f(2), fa(2)) + dy (fu(2), fu(20)) + dy (fu(20), [ (20))-

The first and third terms on the right hand side are arbitrarily small (i.e. §)
since f,, — f with respect to the sup norm and the second term is arbitrarily
small (£) since f, is continuous. m

The next theorem establishes that (BC(X,Y),||-||,) is a Banach space.
Theorem 452 The normed vector space (BC(X,Y), ||-|l,) is complete.

Proof. Follows from Lemma 451 and Theorem 177. That (BC(X,Y),||||..)
is a Banach space follows from Definition 208. m

In the remainder of this section, we will assume that X is a compact set
and (Y,dy) = (R,|-|). In this case f € C(X,R) is bounded by Theorem 261.
Hence, instead of (BC(X,R),||-||,,) we will simply use the notation C(X).
Just remember, whenever you see C(X) we are assuming that X is compact,
Y is R, and we are considering the sup norm.

While uniform convergence implies pointwise convergence, we know the
the converse does not hold (e.g. f, : [0,1] — R given by f,(z) = 2"). In
C(X), however, there is a sufficient condition for uniform convergence (and
hence for convergence with respect to the sup norm) in terms of pointwise
convergence.

Lemma 453 (Dini’s Theorem) Let < f, > be a monotone sequence in
C(X) (e-g. far1 < fn,¥n). If the sequence < f, > converges pointwise to a
continuous function f € C(X), it also converges uniformly to f.

Proof. (Sketch)Let < f, > be decreasing, f, — f pointwise, and define
fo = fo—f. Then <7n> is a decreasing sequence of non-negative functions
with f, — 0 pointwise. Given € > 0, for each z € X, pointwise convergence
guarantees we can find an index N (g, x) for which 0 < fy (. ,y(z) < . Due
to continuity of fy.,) there is a J(x) neighborhood around x such that
0 < [N (2') < e for each 2'of this neighborhood and due to monotonicity
of (f,) we have 0 < f,(2') < e for n > N(e,z). Since X is compact, there
are finitely many points x; € X whose neighborhoods Bj,,)(x;) cover X.
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From finitely many corresponding indices N (g, z;) we can find the minimum
N (e) required for uniform convergence. m

It is clear from the above example f,(z) = z™ that the requirement that
f be continuous is essential. In the above case, f is clearly not continuous

since . 0.1)
0 ifze|0,1
f(‘”):{l if e =1

6.1.2 Compactness

While Theorem 193 established (necessary and) sufficient conditions (com-
pleteness and total boundedness) for compactness in a general metric space
(and hence a general normed vector space), total boundedness was difficult
to establish. As in the case of the Heine-Borel Theorem 194 (which provided
simple sufficient conditions for a set in R" to be compact), here we develop
the notion of equicontinuity which will be included as a sufficient condition
for compactness.

Definition 454 Let (X,dx) and (Y,dy) be metric spaces. Let D be a sub-
set of the function space BC(X,Y). If xg € X, the set D of functions is
equicontinuous at xo if Ve > 0, 36(xg,€) such that Vo € X, dx(x,x9) <6
implies dy (f(x), f(xo)) < e, Vf € D. If the set D is equicontinuous at xq for
each xo € X, then it s equicontinuous on X.

Notice that the primary difference between the definition of equicontinuity
and that of continuity in 244 is that here dy (f(z), f(z0)) < € must hold for
all f € D, while in the former this condition must hold only for the given
function f.

Example 455 Let f, : [0,1] — R be given by f.(x) = 2™ and D = {f,}.
At what points is D equicontinuous and at what points does it fail to be
equicontinuous? It fails at © = 1. To see this, let vy = 1. Given ¢ >
0,there exists N € N such that for x € [0,1] with dx(z,1) < ¢ we have
|fn(z) — fn(1)] =1 — 2N > e . Take the logs of both sides of 1 —e > a™
and notice that log(z) < 0 on [0,1] to yield n > ln(lf)e) (by the Archimedean

In(z

property such an n exists) so that we can take N = w <hi§(;)€)> +1.

In general ¢ in Definition 454 depends on both € and x. If, however, the
choice of § is independent of & we say that the set of functions D is uniformly
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equicontinuous on X if Ve > 0, 35(¢) such that Vx, 2’ € X, dx(z,2') < ¢
implies dy (f(z), f(2')) <e, Vf € D.

If X is compact, then these two notions are equivalent as the following
lemma shows.!

Lemma 456 Let X be compact. A subset D C C(X) is equicontinuous iff it
is uniformly equicontinuous.

Proof. (Sketch) (=)Since D C C(X) is equicontinuous at = € X, then
given ¢ we can find (e, z). Then the collection {Bs. ) (x),z € X} covers
X and because X is compact, there exists a finite subcollection covering X
and a corresponding finite set of {d(¢,x;), i = 1,...,k}. Then there exists a
smallest 0(g) that doesn’t depend on z. m

Equicontinuity is related to total boundedness when both X and Y are
compact as the following lemma shows.

Lemma 457 Let X be compact and Y C R be compact. Let D be a subset of
C(X,Y). Then D is equicontinuous iff D is totally bounded in the sup norm.

Proof. (Sketch) (<) Let D be totally bounded. Given € > 0, choose
g1 > 0 and €5 > 0 such that 2¢; + 5 < €. Then for given ¢y, there are
finitely many functions { f;,7 = 1, ..., k} such that ¢; balls around them cover
D. Since any finite collection of continuous functions is equicontinuous (see
Exercise 6.1.1), given z and e9, there exists ¢ such that if dx(x,xy) < 0,
then dy (f;(x), fi(zo)) < €2 for i = 1,...k. We make a similar “estimate” for
any f € D. But because there is an f; which is “e;-close” to f,then we split
dy (f(x), f(zo)) into three parts (using the triangle inequality)

dy (f(x), f(w0)) < dy(f(x), fi(x)) + dy (fi(x), fi(x0)) + dy (fi(x0), f(0))
<

E1+ex+e1 <e.

The first and third terms are sufficiently small because f;is “c1-close” to f.

The second term is sufficiently small because {f;,i = 1, ..., k} is equicontin-

uous. 2

IThis lemma is similar to the result that a continuous function on a compact set is
uniformly continuous.

2Notice that we haven’t used compactness of X nor Y in this direction. Thus total
boundedness always implies equicontinuity.
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(=) Since X is compact and D is equicontinuous, then by Lemma 456 D
is uniformly equicontinuous. Then given e;there exists d(eq1) and finitely
many points {x; € X,i = 1,...,k} such that {Bs.,(x;)} covers X and
dy (f(z;), f(x)) < &1 for v € Bs,)(z;) for all f € D.Since Y is compact,
then Y is totally bounded by Theorem 198. Then given e, there exist finitely
many points {y; € Y,i = 1,...,m} such that {B.,(y;),i = 1,..,m} covers Y.
Let J be the set of all functions « such that a : {1,...,k} — {1,...,m}. The
set J is finite (it contains m* elements). For a € J, choose f € D such
that f(z;) € B.,(ya()) and label it f, (for example, the index « of the func-
tion f, in Figure 6.1.1 is «(1,2,3,4) = (2,3,1,1) because f(z1) € B.,(y2),
f(z2) € Be,(ys), f(xs) € Bey(v1), f(24) € Bey(y1)). Then the collection of
open balls {B.(f,),« € J} with ¢ < 2e; + &5 is a finite e-covering of D. Let
f € D. Then f(x;) € Be,(Yas)) for i = 1,...,k. Choose this index o and
corresponding f,.Then one must show that f € B.(f,). Let x € X. Then
there exists ¢ such that « € By,)(x;) where

dy (f(), fa(z)) dy (f(x), f(x:)) +dy (f(2:), fa(2)) + dy (fa(2:), fa(T))

<
S €1+€2+€1§€.

The first and third terms are sufficiently small because D is uniformly equicon-
tinuous and the second term is sufficiently small because f(z;), fo(x;) €

Baz (ya(i))' u

Exercise 6.1.1 Show that a set which contains finitely many continuous
functions is equicontinous. Hint: Since the collection of f; is finite, there are
finitely many d; associated with each one and hence the minimum of those 0;
15 well defined.

Thus dy (f (@), fi (x)) < ¢ holds for any x € X. Hence there are finitely

many open balls {B.(fj@)),7 = 1,...,k} covering D. Before stating the main
theorem of this subsection, we point out something about boundedness in
C(X). In a normed vector space (X, ||-||) a subset A is said to be bounded if
it is contained in a ball (i.e. 3M such that || f|| < M, Vf € A). Since in C(X)
we have ||f]| = sup, | f(z)|, this is equivalent to IM such that |f(x)| < M,
Vf € D, Vo € X. This is sometimes called uniform boundedness of a set of
functions D. However, in terms of the normed vector space C(X) it is just
the normal definition of boundedness.

Analogous to the Heine-Borel theorem in R, we now state necessary and
sufficient conditions for compactness in C(X).
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Theorem 458 (Ascoli) Let X be a compact space. A subset D of C(X) is
compact iff it is closed, bounded, and equicontinuous.

Proof. Step 1: If D is bounded, then |f(z)| < M, Vf € A, Vz € X. Then
D is a subset of the ball By(0). Let Y be the closure of By;(0). Then Y is
a closed, bounded subset of R and hence compact. Then D C C(X,Y) with
both X and Y compact.

Step 2: (=) Suppose D C C(X,Y) is compact. Then by Lemma 189,
D is closed. By Lemma 187, D is bounded. By Theorem 198, D is to-
tally bounded. But with X and Y compact (step 1) total boundedness is
equivalent to equicontinuity.

Step 3: (<) Suppose D is closed, bounded and equicontinuous (or to-
tally bounded). By Theorem 177 a closed subset of a complete normed
vector space C(X) is complete. By Theorem 198, completeness and total
boundedness is equivalent to compactness. m

Example 459 Is the unit ball in C(X) a compact set? Without loss of gen-
erality we can take X = [0,1]. The unit ball By in C([0,1]) is B1(0) = {f €
C([0,1]) = IfIl < 1}. B1(0) is clearly bounded and closed. Is it equicontinuous?
In Example 455 we showed that {z™,n € N} was not equicontinuous. But
since ||2"|| = sup,eoq;|2"| = 1 for each n € N, then {z",n € N} C By(0).
Thus B1(0)contains a subset which is not equicontinuous so that By(0) is not
equicontinuous. Then by Ascoli’s Theorem 458, B1(0)is not compact.

In the previous example, how can the unit ball be closed if it contains a
sequence < z" > converging to a function that doesn’t belong to B;(0)7 It
is because < x™ > is not convergent in C([0, 1]).

6.1.3 Approximation

For many applications it is convenient to approximate continuous functions
by functions of an elementary nature (e.g. functions which are piecewise
linear or polynomials).

Definition 460 Let f € F(X,Y) with norm ||-|| . Given € > 0, we say
g (e-)approximates f on X with respect to ||| if || —gllz < . If
f € C(X), then since we are using the sup norm, this is equivalent to Ve > 0,
sup,ex{|f(z) — g(z)|} < € in which case it is clear that the approzimation is
uniform. See Figure 6.1.2.
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The concept of approximation can be stated in terms of dense sets. Let
H be a subset of C(X). Recall from Definition 153 that H is dense in C(X)
if the closure of H, denoted H, satisfies H = C(X). But by Theorem 148,
f € H iff for any ¢ > 0, there exists ¢ € H such that ||f — g|| < . In other
words, a function f € C can be approximated by a function g € H C C(X)
if H=_C(X).

An alternative way to see this, is suppose we are trying to approximate a
continuous function f : X— R with X compact and suppose we know that
the set of all polynomials is dense (we will prove this later). Then we could
think about starting with a large degree of approximation error (say e = 1)
and ask what polynomial function (call it P, ,,(z) = ag+a1x+asx*+...4-a,z™)
bounds the error within e; (i.e. ||[Pin(z)— f(z)| < e1). If this error is
too large, we could choose a smaller one, say ea(= %) < &7 and look for
another polynomial function P, (z) such that ||Pyn,(x) — f(x)] < e2. We
couldlet H = { Py, P»,...} & C(X). Approximation is essentially constructing
a sequence of polynomials < P, > that converges to f with respect to the
sup norm (i.e. uniformly).

The most general approximation theorem is known as the Stone-Weierstrass
Theorem which provides conditions under which a vector subspace of C(X)
is dense in C(X). There are two versions of this result: one uses lattices and
the other is algebraic.

We begin by noting that the space C(X) has a lattice structure. If f, g €
C(X), so are the “meet” and “join” functions f A g and f V g defined as
(f A g)(x) = min[f(z), g(z)] and (f V g)(z) = max[f(z), g(x)]. To see that
fAgand fV g are continuous, note that

Unaa) =3+ =gl -l = { T R0 T

and
(FVo)a) = 5(F +9)+ 51 ~ ol

But linear combinations of continuous functions are continuous by Theorem
251. Recall from Definition 42, a subset H of C(X) is a lattice if for every
pair of functions f, g € ‘H, we also have f A g and fV gin H.

Definition 461 A subset H of C(X) is called separating (or H separates
points) if for any two distinct points x,y € X, 3Ih € H with h(x) # h(y).
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Example 462 H, = {all constant functions f : X — R} is a lattice but is
not separating. To see this, let f(x) = k,k € R be a constant function. Then
Hy is a totally ordered set (since for any two distinct elements k1 and Ky in
R we have, say, k1 < ko). Furthermore, these two elements have a mazimum
and a minimum. However, this set is not separating since f(x) = f(y) = K

for x #y.

The lattice version of the Stone-Weierstrass theorem is the consequence
of the following lemma.

Lemma 463 Suppose X has at least two elements. Let H be a subset of
C(X) satisfying: (i) H is a lattice; (ii) Given x1,x2 € X, x1 # T2, a1, 0 € R,
there exists h € H such that h(z1) = oy and h(z2) = ae. Then H is dense in
C(X).

Proof. (Sketch) Take f € C(X) and € > 0. We want to find an element of
‘H that is within € of f.

First, fix z € X. By assumption (ii), Vy # x, 3n, € H such that n,(v) =
f(x) and n,(y) = [(y). For y £z, set O, — {a’ € X : (') > [(&/) - }.
This set is open since 7, and [ are continuous and as y varies, Uy, 0, is an
open covering of X. Since X is compact, there exists finitiely many sets O,
such that X = Uj-vleyj with y; # x, Vj. Then let v, = max{n,, ..., 7}
Since H is a lattice, v, € H with the same properties as the 7n,’s; namely,
ve(x) = f(z) and v, (2') > f(2') — e, Va2’ € X.

Second, let x vary. For each x € X, let Q, = {2’ € X : v, (2') < f(a')+¢€}.
By exactly the same argument as the first step, there exists finitely many
sets Qy,, ..., §), covering X. Set v = min{v,,,...,v,,}. Then v € H and
fl@')—e<v< f(a')+¢, Vo' € X. This means ||f —v|| <e. m

Assumption (ii) in Lemma 463 appears hard to verify. But as we will
show, if H separates points in X and if H contains all constant functions,
then H satisfies assumption (ii) of Lemma 463.

Theorem 464 (Stone-Weierstrass L) If: (i) H is a separating vector
subspace of C(X); (it) H is a lattice; (iii) H contains all constant functions.
Then H is dense in C(X).

Proof. To apply the previous lemma, we must show that assumptions (i)
and (iii) of the Theorem imply assumption (ii) of Lemma 463.
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Let x1,29 € X with z7 # x5. Since H is separating, dh € H such that
h(z1) # h(z2). Let a, as € R, then the system of linear equations

o = M"‘)\h(lj)
ay = p+ Ah(z2)

has a unique solution (i, \) € R? since

rank [ 2223 1 ] —2

because h(z1) # h(xz). Set g(x) = u+ Ah(x). Since H is a vector subspace
containing constant functions, g € H. Moreover, we see that ¢g(z1) = a; and
g(z2) = ay so that assumption (ii) of Lemma 463 is satisfied.

The Stone-Weierstrass theorem is very general and covers many classes
of elementary functions to approximate continuous functions. We now state
the algebraic version of the Stone-Weierstrass theorem. Following this, we
will apply whichever version is more suitable to some concrete examples.

Definition 465 We call a vector subspace H C C(X) an algebra of func-
tions (not to be confused with an algebra of sets) if it is closed under multi-
plication.

Hence H C C(X) is an algebra of functions if: (i) Vf,g € H and «, 5 € R,
we have af + g € H; (ii) Vf,g € H, we have f-g € ‘H (where [ g is defined
as (f-g)(x) = f(z) - g(x), Vo € X).

Before stating the algebraic version of the Stone-Weierstrass Theorem,
we prove the following set of lemmas.

Lemma 466 A vector subspace H C C(X) is a lattice iff for every element
h € H, the function |h| € H as well.

Proof. (=) Let h € H. Then |h| = max(h,0) — min(h,0) and since H is a
lattice as well as a vector subspace, then the r.h.s. is from H.Thus |h| € H.

(<) We can write max(f,g) = 3 [(f +9) + 3|/ — g|] and min(f,g) =
% [(f +g) — %|f — g\] . The right hand sides hold since f, g € H, the absolute
value is from’H, and H is a vector space. m

3Instead of assuming that H contains all constants it is sufficient to assume that H
contains just the constant ¢ = 1. Since H is a vector space, it contains all scalar multiples
of 1.
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Note that Lemma 466provides a very convenient way of checking that a
subset of functions is a lattice. In the next lemma we construct a sequence
of polynomials < P, > converging uniformly to |z| on [—1,1].

Lemma 467 There ezists a sequence of polynomials < P, > that converges
uniformly to f(x) = |z| on [—1,1].

Proof. (Sketch) We construct the sequence < P,(z) > on [—1,1] by in-
duction: for n = 1, Py(z) = 0; given P,(z), we define P,i(z) = P,(x) +

5 (#* — P2(x)),Vn € N. Then show that (i) P,(z) < Pyy1(z), Vo € [—1,1]
(i.e. P, is nondecreasing) and (ii) P,(z) — |x| pointwise on [—1, 1].Since the
limit function |z| is continuous, by Dini’s Theorem 453 < P,(x) > converges
to |x| uniformly on [—1,1]. m

Theorem 468 (Stone-Weierstrass A) FEvery separating algebra of func-
tions H C C(X) containing all the constant functions is dense in C(X).

Proof. If H is a separating subalgebra of C(X) containing constant func-
tions, then so is its closure H. Therefore it suffices to show that H is a lattice
and apply Theorem 464.

Let f € H be nonzero. By Lemma 467, 3 < P, > of polynomials that
converges uniformly on [—1,1] to f(z) = |z|. Since —1 < L= < 1 the se-

quence of fuctions < P, <ﬁ

()~ e <”f”P<H§H)>*'f'

Since H is an algebra, all terms in this sequence are in H (because_ an algebra
is closed under linear combination and multiplication). Since H is closed,
|f| € H. By Lemma 466, H is a lattice. m

>> converges uniformly to ‘ ’ . But

Exercise 6.1.2 Prove that if H is a separating subalgebra of C(X), then H
s as well.

Both versions of the Stone-Weierstrass Theorem are a very general state-
ment about the density of a subset H in C(X)or equivalently about approx-
imation in C(X). As some of the next examples show, it covers all known
approximation theorems of continuous functions.
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Example 469 Let Hy be the set of Lipschitz functions h : X — R given
by |f(x) — fly)| < Cdx(x,y), Yo,y € X and C € R. First, we must
establish Hy is a vector subspace of C(X) containing constant functions.
That is we must establish Hy is closed under addition and scalar multipli-
cation. To see this, suppose f,g € Hy so that |f(x) — f(y)| < Cidx(z,y)
and |g(z) — g(y)| < Cadx(x,y). Then

(f+9)@) = (f+9W] = |f(x) = fly) +9(z) —g(v)|
< [f(x) = fy)| +lg(x) — g(v)]
< (C1 4 Cy)dx(z,y)

so that Hy is closed under addition. Similarly, for a € R,

af (x) —af(y)l = lal [f(z) = f(Y)| < laf Crdx(z,y)

so that Hs s closed under scalar multiplication. Second, we must establish
that Hy is a lattice. To see this, notice

[1h(2)] = [P(y)]] < [h(x) = h(y)]

by the triangle inequality. Finally, we must establish that Ho is separating.
To see this, for x # vy, the function h(z) = dx(x, z) is Lipschitz with constant
1 satisfying h(x) = dx(x,x) = 0 and h(y) = dx(x,y) > 0. Thus Hy is dense
in C(X) by Theorem 464.

Example 470 Let Hs be the set of continuous piecewise linear functions
h:la,b] = R given by h(x) = by, + axx for ey < x < cx, k=0,1,....n with
a=c <c1<..<c,=>bandwhere a_1c, + bp_1 = arcp + by, Vk keeps
h continuous. It is easy to show that Hs : is a vector subspace of C(|a,b])
containing constant functions; is a lattice because |g(x)| € Hs iff g € Hs; and
is separating since g(x) = x € Hs. Thus Hy is dense in C([a, b]).

Example 471 Let Hy be the set of all polynomials h : X — R where X 1is
a compact subset of R"™. It is easy to show that Hy is a subalgebra of C(X)
containing the constants and is separating. Thus Hy is dense in C(X).To see
Hy is a subalgebra, note that if we multiply two polynomials, the product is
still a polynomial.

A special case of Example 471 is X = [a,b] known as the Weierstrass
Approximation Theorem. Notice that all the previous examples guarantee



6.1. THE SET OF BOUNDED CONTINUOUS FUNCTIONS 227

the existence of a dense set in C(X) but don’t present a constructive method
of approximating a continuous function. The next example shows how to find
a sequence of polynomials h,(z; f) converging uniformly to f(z) on [0, 1].4

Example 472 Let H5 be the set of Bernstein polynomials b,(f) : [0,1] — R
for a function f:[0,1] — R where

bal; f) = z_jf (g) - ( i ) (1 — )k

with ( Z > :ﬁik)' andn!=n-(n—1)-...-2-1.
Example 473 Let Hg be the set of all continuous functions differentiable to
order p = 0o on X C R™ (denoted C*(X)). It is easy to show that C*(X)

is a separating algebra containing constant functions. Thus C*(X) is dense

in C(X).

6.1.4 Separability of C(X)

To see that C(X) is separable we must show that there exists a countable
subset S C C(X) that is dense in C(X) (i.e. S = C(X)). Consider the set
S of all polynomials defined on X with rational coefficients. From Example
471, we know that the set of all polynomials is dense in C(X). But any
polynomial can be uniformly approximated by polynomials with rational
coefficients since Q is dense in R.

Corollary 474 if X s compact, the set S of all polynomials in X with
rational coefficients (which is a countable set) is dense in C(X).Hence, C(X)
18 separable.

6.1.5 Fixed point theorems

In Chapter 4 we proved Brouwer’s fixed point Theorem 302 for continuous
functions defined on a compact subset of R"™. But this theorem holds true in
a more general setting. In particular, we don’t need to restrict it to a finite
dimensional vector space; it can be extended to infinite dimensional vector
spaces (i.e. function spaces).

4See Carothers p. 164 for a proof of uniform convergence.
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Theorem 475 (Schauder) Let K be a non-empty, compact, convez subset
of a normed vector space and let f : K — K be a continuous function. Then
f has a fixed point.

Proof. (Sketch) Since K is compact, K is totally bounded. Hence, given
e > 0, there exists a finite set {y;,;i = 1,...,n} such that the collection
{B:(yi),i = 1,...,n} covers K. Let K. = co({y1,...,yn}). Since K is convex
and y; € K for all i = 1,...,n, then K. C K (by Exercise 4.5.4). Note that
K. is finite dimensional and since it is also closed and bounded, it is compact
(by Heine-Borel).

Define the “projection” function p, : K — K. by P.(y) = > ., 0:i(v)y;
such that the functions #; : K — R are continuous for i = 1,...,n, 0;(y) > 0,
and Y ", 0; = 1.The construction of 6; is given in the proof in the ap-
pendix to this chapter. By construction, P.(y) is an e-approximation of y
(i.e. [|P:-(y) —y|l < eVyeK). Now for the function f : K — K define
fe: K. — K. by f.(x) = P.(f(z)),for all z € K.. The function f. satisfies all
the assumptions of Brouwer’s Fixed Point Theorem 302. Hence there exists
z. € K, such that z. = f.(x.).

Set f(x:) = y. and choose a sequence < g; > converging to zero. We
must show that the approximating sequence < x. > and < y. > converge to
the same point. By construction < y., > is a sequence in K and since K is
compact, there exists a convergent subsequence

< Yge) >— Y € K. (6.1)

All that’s left is to show that < z. >=< f.(x.) > also converges to 7.
||J}5—y|| = ||y€+x€—y€—§|| = ||y6+f6 (xa) _ye_yn
= Hys + Ps (ys) — Ye _yH < HPE (ys) - ys” + Hys _gH :

The first term is sufficiently small because P.(y) approximates y and the
second term is sufficiently small since < y. >— 7. Hence < x. >— 7. Since
f is continuous, then f(z.) — f (7). Combining this and (6.1) we have
f (y) =7 or that 7 is a fixed point of f. =

Schauder’s Fixed Point Theorem requires compactness of a subset K of
the function space C(X). We will now state it in a slightly different form that
is more suitable for applications in function spaces (i.e. the assumptions of
the following theorem are easier to verify).
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Theorem 476 Let ' C C(X) be a nonempty, closed, bounded, and convex
set with X compact. If the mapping T : F — F is continuous and if the
family T(F) is equicontinuous, then T has a fized point in F.

Proof. T(F) C F by assumption. Set H = co ( (F)) (i.e. H is the convex

hull of the closure of T'(F')). By definition H is closed and convex. If we show
that H is equicontinuous we are done since then by Ascoli’s Theorem 458 H
is compact and 7' is continuous. By Schauder’s Theorem 475 T : H — H
has a fixed point.

We need to show that if T'(F') is equicontinuous, then co (T(F)) is
equicontinuous. Let f € co (T(F)) Then f = Zle A\ ft such that fi! €

T(F), \; > 0, and Zle Ai = 1 (which obviously implies A\; < 1 for i =
1,...,k). fi € T(F) implies that 3 < f! >, — f? where f. € T(F). Since

Z Aifi(x) — Z Xifi(y)

Z £ () = fw)

1 () = Fwll =

IN

k
< Y 7@ = L@+ 1@ = L@l + 150 - Fol] -

i=1
This expression is arbitrarily small for z,y close because it is the sum of
finitely (k) many expressions which are arbitrarily small. In particular, the
first and third terms are arbitrarily small because < f! >— f% and the
second term is sufficiently small becuase f: € T(F) and T(F) is uniformly
equicontinuous. m

6.2 Classical Banach spaces: L,

In the previous section we analysed the space of all bounded continuous
functions f : X — R equipped with the (sup) norm | f||_, = sup{|f(z)],z €
X}. There we showed that (BC(X,R), ||-||,,) is complete.

There are some potential problems using this normed vector space. Con-
vergence with respect to the sup norm in the set BC(X,R) is uniform con-
vergence (by Theorem 450), which is quite restrictive. For example, the
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sequence < f,(xr) >=< 2" > on X = [0,1] is not convergent in the space
C([0,1]. That is, in Example 455 we showed that < 2" > does not converge
uniformly. We also mentioned that a metric (and hence a norm) that would
induce pointwise convergence does not exist.

Does there exist a norm on the set C([0, 1]) for which < 2™ > would be
convergent? Since x € [0,1], < 2™ > is bounded and z™ — 0 pointwise a.e.
(i.e. except at z = 1). The sequence < f[O,l] x™ > also converges (to 0) since

lim [|z" — 0|, = lim x”:/lim :U”:/ 0=0

where the second equality follows from the Bounded Convergence Theorem
386. Thus < ™ > on [0, 1] converges with respect to the norm ||-||; to f = 0.

While we have defined a norm on C(X) that does not require strong
convergence restrictions on a given sequence, we must establish whether C(.X)
equipped with |||, is complete. The next example shows this is not the case.

Example 477 Take C([—1,1]) with f, : [-1,1] — R given by

1 if x € [—1,0]
fal) =49 1—nz ifze(0,2)
0 if v e[ 1]

See Figure 6.2.1. The sequence < f,(x) > is Cauchy. To see this, we must
show || fn(z) = frm(z)|l; — 0, with n > m and m sufficiently large. Is it
convergent in C([—1, 1]) with respect to the norm ||-||,? Let f(x) be its limit.
Then we must show

=Sl = /[11] fu(z) — f(2)|dx
= [, @ [ e @l [0 s

n n

vanishes as n — o00. Since all the integrands on the right hand side are
nonnegative, so is each integral. Hence || f, — f||; — 0 would imply each
integral on the right hand side approaches zero as n — oo. Consequently

lim |1 — f(x)|dz =0 and lim |0 — f(x)|dz =0
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implies
(1 ifrel-1,0]
f(x)_{ 0 ifze(0,1]
But then f(x) is not continuous on [—1,1] and hence f(x) ¢ C([—1,1]) so
that < f,(x) > is not convergent. This proves that (C([—1,1]), ||-||,) is not a

complete normed vector space.

To summarize, we have seen that the function space C(X') can be equipped
with two norms: the sup norm and |[|-[|,_,. In the former case, (C(X), |||
is complete but in the latter case, (C(X),||-||;) is not complete. Now we
will introduce the space of all L—measurable functions f : X — R that are
p—integrable. We will show that this space, known as the L, space, is the
completion of C(X) with respect to the [|-|| norm (just as, for instance, R was
the completion of Q). Consider, then, the measure space (R,L£,m) where L is
a o-algebra of all Lebesgue measurable sets and m is the Lebesgue measure.
While we will work here with (R,£,m), it can be extended to more general
measure spaces (X, X,u).

Definition 478 For any p € [1,00),we define L,(X) with X C R to be the
space of all L-measurable functions f : X — R such that [ |f(z)[Pdr < oo
and Loo(X) to be the space of all essentially bounded L-measurable functions
(i.e. functions which are bounded almost everywhere - See Figure 6.2.2)
Furthermore, define the function [|-[|, : L,(X) — R as

Hpr:{ Uxli) pe o)

esssup|f| p=o0

We shall establish that |||, defines a norm on L, (X). For p € [1, 00), this
norm is called the Ly,-norm or simply the p — norm or Lebesgue norm. To
show that [|-||, satisfies the triangle inequality property required of a norm,
we use the same procedures as we used in ¢, spaces in Chapter 4.

Theorem 479 (Riesz-Holder Inequality) Let p,q be nonnegative conju-
gate real numbers (i.e. I—l)—i—% =1). If f € L,(X) and g € Ly(X),then fg € L,

and [ |fgl < |I£1, llgll, . with equality iff o|f|? = Blg|* a.e. where o, 3 are
nonzero constants.
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Proof. When p = 1, then ¢ = oo. Take f € Ljand g € L. Then g is
bounded a.e. so that |g| < M a.e. Now |fg| < M|f| a.e. so that fg € L.

Integrating we have
[ sl <ar [ 151= 1711l
X X

Next assume p,q € (1,00). If either f = 0 a.e. or g = 0 a.e., we have

equality. Let f # 0 a.e. and g # 0 a.e. Substituting for a = ‘ﬁcﬁ')' and
P

p = lo@)]
llall,

in Lemma 235, we have

F@e@] _ (1Y @ (1Y lg@)]
i = G) gy~ @) gy

Then fg € Lyand by integrating we get

Jx 1f(@)g(z)] < (1) S lf@)I” (1) Jxlg@)" 1

1
st = \e) iy s (Hqu>Q_]_g+§:1

or [ fg < |Ifll,llgll,- By Lemma 235 equality holds when a” = b, which

means (|lgl,)" 117 = (I1£1l,)" lol?. m

Now we need to show that ||-||, satisfies the triangle inequality property
of a norm.

Theorem 480 (Riesz-Minkowski) Forp € [1,00] and f,g € Ly, [|f + g, <

11, + llgll, -
Proof. For p =1 and p = oo, it follows trivially from |f + g| < |f|+ |g|. Let
p € (1,00) and let h = |f +g|P~!. Since p—1 = L, it follows that h € L, and

(Il)" = S 15 + b = (1 + )" Now
(1 +l,)" = [1e4088 = [1r4lls + gl

< [iin+ flaln
<

(71, + ligl, ) 111,
= (171, + lal,) (15 +a,)*
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where the second inequality follows from Theorem 479. Since p — § =1,

ya
dividing both sides by (Hf —|—g||p> " # 0, we have ||f + gll, < IIf1l, + llgll, -
Finally, if || f + g|| = 0, then the inequality holds trivially. m

Asin L, considered in section 5.4, we stress that the function |-, satisfies
all properties of a norm except the zero property (i.e. [/f[l, = 0 does not
imply f = 0 everywhere). Using equivalence classes of functions rather than
functions themselves, it can be shown as in the previous section that || f]| , is
a norm on L.

Again, the most important question we must ask of our new normed
vector space is “Is it complete?” The next theorem provides the answer.

Theorem 481 (Riesz-Fischer) For p € [1,00], (L7, |||,) is a complete
normed vector space (i.e. a Banach space).

Proof. (Sketch) The proof for p = 1 was already given in Theorem 443.
The proof for p € (1,00) is virtually identical. Finally, let p = oo and let
< fn > be a Cauchy sequence in L. For x € X

() = ful@)| < Sk = fallo (6.2)

except on a set Ay, C X with mAy, = 0 by Definition 368 of the es-
sential supremum . If A = Uy, Ak, then mA = 0 and |fi(z) — fu.(2)] <
| fx — fullo . Vk,n € N with £ > n and Vo € X\A. Since < f,(x) > is
Cauchy in R, there exists a bounded function f(z) that < f,,(z) > converges
to Vo € X'\ A. Moreover this convergence is uniform outside A as (6.2) indi-
cates.

Now we would like to establish how L, spaces are related to one another
and also how they are related to the set of continuous functions C(X, Y).Before
doing that, however, we present an example which shows that continuity does
not guarantee that a function is an element of L,.

Example 482 Let f : (0,1) — R be given by f(z) = L. The function f is
continuous on (0,1) but is not p-integrable for any p. Hence f € C((0,1),R)
but f & Ly((0,1)).

Lemma 483 BC(X,R) C Loo(X).
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Proof. If a function is bounded and continuous, it must be essentially
bounded. m

Note that from Definition 478, if the function is continuous, then the ess
sup is just the sup. That is, if f € BC(X), then || f]|, is the extension (in
the sense of Definition 56) from BC(X) to L (X) of the sup norm. This
also justifies why we used the prior notation |||, for the sup norm. Thus
convergence in L., (X) is equivalent to uniform convergence oustide a set of
measure zero. Note that if X is compact, then C(X) C Loo(X).

If we make additional assumptions about the domain X, however, there
are inclusion relations among the L,(X) spaces and their associated norms.

Theorem 484 If m(X) < oo, then for 1 < p < q¢ < 00 we have Ly(X) C
Le(X) C Lp(X) C Ly(X) and ||, < er [lf]l, < e2[lfll; < esl[fllo where ¢
are constants which are independent of f.

Proof. L, (X) C L,(X) for 1 < ¢ < oo and m(X) < oo since if f is bounded
a.e. (l.e. f € Ly) and measurable, then since mX is finite we have that f is
integrable by Theorem 382.

Assume 1 < p < g < oco. Let f € L,. ThenprLa Set)\— . Since

q > p, we have A > 1. Choose p such that & y + ; =1. Then

/|f|p=/|f|”~1§(/|f|’“)%-(/) (/W) (mX)F < o0

where the first inequality follows from Holder’s Inequality (Theorem 479)
and taking the lp—th root of both sides of the above inequality we obtain
171, < Im(X)]5% |[£],, Hence f € L,(X).m

Note, for instance, the proof gives a constructive way to obtain the con-
stant ¢y = [m(X)]ﬁ Thus stating that for p < ¢, Ly(X) C Ly(X) means
that if f is g-integrable, then f is also p-integrable and || f||, < c|| f|, where ¢
is some constant. This inequality implies that if a sequence < f,, > converges
in L,(X), then < f,, >C L,(X) and converges also in L,(X). Note also that
in this theorem we compare normed vector spaces with different norms.

Putting the two previous lemmas together we have the following result.

Corollary 485 If m(X) < oo, BC(X) C L,(X).
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Example 486 The inclusions in Theorem 484 are strict. For instance,
let 1 < q < oo and take f : (0,1) — R given by f(x) = 2. Then

f e L,((0,1)) forp < q but f ¢ L,((0,1)). In particular, take f(@c) = ﬁ
2

Then f(071) ﬁdm = 2zl = 2 so f € L1((0,1)) but f(O,l) (ﬁ) dr =
Joy 3dz =In(2)|g = 00 so f & Lx((0,1)).
Example 487 The assumption that m(X) < oo is important. Take f :
[1,00) — R given by f(x) = 2 with 1 < p < oco. Then f € Ly([1,00))
if ¢ > pbut f ¢ Ly([1,00)). In particular, f(z) = 1 € Ly([1,00)) but
f ¢ Li([1,00)).

Comparing Theorem 239 (in ¢,) and Theorem 484 (in L,), one may won-

der why the order of ¢, spaces is exactly opposite that of L,(X) spaces with
m(X) < oo. That is, for 1 <p < g < o0

=

6y C 4, Cly Cls
Ly D L,DL;D Le.

¢, spaces are spaces of sequences and we know that a sequence is just a
function f : N — R; that is, a function defined on an unbounded set. If
< x; >€ lp, then Y °, |z;]? < oo. This infinite sum can only be finite if
|z;|P decreases “rapidly enough” to zero. Now if p < ¢, then |z;|? decreases
“more rapidly” than |z;|P (ie. |z;]9 < |2;P). Hence if < x; >€ /¢, then
< x; >€ {,;. In the case of L,(X) with mX < oo, while X is bounded,
[+ X — R may not be bounded. If f € Ly(X), then [, |f|¢ < co. For p < g,
IfIP < |fl?= [ |fIP < [ |f|? < oo and hence f € L,(X).

6.2.1 Additional Topics in L,(X)
Approximation in L,(X)

For L,(X), p € (1,00) we have the following result which is similar to The-
orem 445 in Ly (X).

Theorem 488 Let 1 <p <oo, X CR, f € L,(X) and e > 0.Then (i) there
is an integrable simple function ¢ such that ||f — ||, < e; and (ii) there is
a continuous function g such that g vanishes (g = 0) outside some bounded
interval and such that ||f — g, <e.
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Exercise 6.2.1 Prove Theorem 488. Hint: See Carothers p.350.

Note that here X can be equal to R so that the theorem also covers sets
of infinite measure.

Corollary 489 The set of all integrable simple functions is dense in L,(X).
The set of all continuous functions vanishing outside a bounded interval is
dense in Ly(X).

Now consider the case where p = oo.Let f € Lo (X) in which case f
is bounded a.e. on X (i.e. there is a set E such that m(E) = 0 and f is
bounded on X\ E.Then by Theorem 367, there exists a sequence of simple
functions < ¢,, > converging uniformly to f on X\ F.In other words, ¢, — f
uniformly a.e. on X. Thus, ¢, — f in Ly (X).

Corollary 490 The simple functions are dense in Lo (X).
If m(X) < oo, then any simple function is integrable. Thus we have:

Corollary 491 Ifm(X) < oco,then the integrable simple functions are dense
in Loo(X).

Notice that the condition m(X) < oo is critical here. For example, f =
1 € Lo(R) cannot be approximated by an integrable simple function.

Separability of L,(X)

If X is compact, then the set of all polynomials with rational coefficients
Py(X) is dense in C(X) and because C(X) is dense in L,(X) (by Corollary
474), then Pgy(X) is also dense in L,(X).Thus L,(X) with X compact is
separable.

If X is not compact, then as we showed in L;(X), the set M of all finite
linear combinations of the form Z?:l ciX, Where ¢; are rational numbers and
I; are intervals with rational endpoints is a countably dense set in L, (X).

Theorem 492 Corollary 493 Lp (X) is separable for 1 <p < oo .

Corollary 494 L., (X) is not separable for any X (either compact or not).
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Proof. Take two bounded functions xj, 4 andyx(, 4. Since || X4, = Xja,qllc = 1
for ¢ # d, then

B% (X[a’c}) N B% (X[a,d]) = & for ¢ 7£ d

where
Bl ( )— ?EI/ H’ — Hoo<_
5 X[a,c] oo - X[a,c] 2 ‘

Let F' be an arbitrary set which is dense in L., ([a,c]). Then for each ¢
with a < ¢ < b there is a function f. € F' such that ||x|,j — fello < 5 since
X € Loo (X) and F'is dense in Lo (X). Because f. # f; for ¢ # d.and there
are uncountably many real numbers between |[a, b], F' must be uncountable.

6.2.2 Hilbert Spaces (L2(X))

As we mentioned in Chapter 4, a Hilbert space is a Banach space equipped
with an inner product. Hence, a Hilbert space is a special type of Banach
space which posesses an additional structure: an inner product. This addi-
tional structure allows us, apart from measuring length of vectors (norms),
to measure angles between vectors. In particular it enables us to introduce
the notion of orthogonality for two vectors.

Definition 495 We say that two vectors x and y of M are othogonal
(perpendicular) if their inner product < x,y >= 0 and we denote it x L y.
The set N C 'H is called an orthogonal set (or orthogonal system) if
any two different elements ¢ and ) of N are orthogonal, that is < @, >= 0.
An orthogonal set N is called orthonormal if it is orthogonal and ||p|| = 1
for each ¢ in N.

Example 496 R" with the inner product defined by < x,y >= x1y1 + .... +
Tl = Y1y Tiy; 18 a Hilbert space. The set N = {e',i =1,...,n} where
et = (0,...,0,1,0,...,0) is orthonormal.

Example 497 (, with the inner product defined by < z,y >= > 2, z;y;
where v = (x;), y = (y;) is a Hilbert space. The set N = {¢',ieN} is
orthonormal.
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Example 498 L, ([0, 27]) with inner product defined by < f,g >= f027r f(x)g(x)dx
where f, geLs ([0, 27]) is a Hilbert space. The set N = {\/%—W, cos UZ, sin 7, neN}
s an orthonormal.

Exercise 6.2.2 Show that N in Example 498 is an orthonormal system.

Notice that the distance between any two distinct elements of an or-
thonormal system is v/2. That is, |l —¢||*> = < (¢ — ), (¢ —1)) > =
<ep>—<p > —<po>+<py>=|ol + Ul =1+1=2

Lemma 499 If H is a separable Hilbert space, then each orthonormal set is
countable.

Proof. Let U = {e*,a € A}, where A is an index set, be an uncountable
orthonormal set in H. Then the collection of balls around each element e*
with radius 1(i.e. {B1( e*),a € A would be an uncountable collection of
disjoint balls and hence H could not be separable. m

Definition 500 An orthonormal set {e“, o € A} is said to be complete if
it is mazimal.

In other words it is not possible to adjoin an additional element e € H
with e # 0 to {e*, a € A} such that {e, e*,a € A} is an othonormal set in
‘H. The existence of a complete orthonormal set in any Hilbert space H is
guaranted by Zorn’s lemma because the collection {N} of all orthonormal
sets in ‘H is partially ordered by set inclusion. Thus we have the following.

Theorem 501 FEvery separable Hilbert space contains a countable complete
orthonormal system.

The following theorem can be used to check if the orthonormal set is
complete.

Theorem 502 {e“ a € A} is a complete orthonormal set in H iff x L e*,
Ya € A implies x = 0.
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Proof. By contradiction. (=) Let {e®, Va € A} be complete and 3 = # 0
in ‘H such that x L e% Va € A. Define e = %:so that |le| = 1.Hence

[E]
{e,e*, a € A} is orthonormal which contradicts the assumption that {e*, o € A}

is complete (maximal).

(<) Assume that z L e* Va € A = 2 =0 and {e*, Ya € A} is not com-
plete. Then 3 e € H such that {e,e® Va € A} is an orthonormal sysytem
and e ¢ {e*, Va € A}. Since e L €%, Va € A and e # 0 (because ||e]| = 1),
the assumption is contradicted. m

Exercise 6.2.3 Show that the orthonormal systems in R", ly, and Lo([0, 27])
defined in examples 496 to 498 are complete.

Consider now a separable Hilbert space and let {e’} be an orthonormal
system in H. We know that {e’} is either a finite or countably infinite set.
We define the Fourier coeficients with respect to {e'} of an element z € H
to be a; =< x,e! > .

Theorem 503 (Bessel’s Inequality) Let {¢'} be an orthonormal system
in 'H and let x € H.. Then

I
2
> ai <l
i=1

where a; =< x, ¢’ > are the Fourier coefficients of x and I = N if {¢'} is
finite or I = oo otherwise.
Proof. 0 < lz — >0, aieiHQ = H$||2_2 Do @ <€ >+ D aia <
eel > = |z — 31, a?. Thus 3.7, a? < ||z||” and since n was arbitrary,
we have S a? < ||lz||*. =

Now let a; be Fourier coefficients of x with respect to {e'} and let >

oo (L.e. Y72, a? converges). Then consider a sequence (z) defined by

[ee} 2
i=1 %

A

for m >n
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and we have ||z, — 2| = 37 Yo aiay < e el >= 37" a?. This term
can be made sufficiently small for m, n large enough because Y ;= a? is con-
vergent. Hence (z,) is a Cauchy sequence. Because H is a Hilbert space
(thus complete), there exists y € H such that y = > .2, a;e’. Since the inner

product is continuous, by the Cauchy-Schwartz inequality we have

<y, e >= nlimoo < 2y, €l >=< Zajej, e >=q,.
j=1

Thus a; are Fourier coefficients of y, as well as of x (which we started with).
When does x equal y 7 In other words, when are the elements with the
same Fourier coefficients equal? Let a; be the Fourier coefficients of two
elements = and y (i.e. a; =< y,e¢’ >=< x,¢' > . But this is equivalent to
0 =<y —ax,¢e > Vi=12. This implies z = y iff the orthonormal system
{e'} is complete by Theorem 502.Hence we proved the following:

Theorem 504 (Parseval Equality) If{c'} is a complete orthonormal sys-
tem in a Hilbert space H then for eachx € H,x =Y o0, a;e’ <OT T = Zf\;l aiei>

where a; =< x,¢" >. Moreover ||z|* = 322, a?.

To summarize the previous findings, let {¢‘} be a complete orthonormal
system of a Hilbert space H and let a; =< z, ¢’ >, i = 1,2, ... be Fourier coef-
ficients of z with respect to {e’}. Then the Fourier series > :°, a;e’ converges
to  (with respect to the norm of H). That is,

n n
lim E a;e’ = lim E <zx,e>e =u
n—odo n—oo
i=1 i=1
or equivalently

n
Z<x,ei>—x — 0.

i=1

This implies that if 2,y € H have the same Fourier coefficients, then ||z — y||,, =
0 which means z = y. Depending on the space we deal with this may mean
that x = y a.e.

Example 505 Add Ly([0,27])
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6.3 Linear operators

In the previous two sections on C(X) and L,(X) we studied normed vector
(linear) spaces whose elements were functions. In this section, we study
functions that operate between two normed vector spaces. We call these
functions operators (to distinguish them from the functions that are elements
of the normed vector spaces).

We will focus primarily on operators that preserve the algebraic structure
of vector (linear) spaces. These functions are called linear operators. Because
normed vector spaces are also metric spaces, we will also address the issue
of how linearity relates to continuity.

Definition 506 Let (X,|-[|y) and (Y,|-||y) be normed vector spaces. A
function T : X — Y is called a linear operator if T(ax + ') = oTx +
BT, Ve,2' € X and o, 5 € R.

Example 507 Consider the Banach space (C([0,1]),||-|l..). Assume that a
function g : [0,1] x [0,1] — R is continuous. Define T : C([0,1]) — C([0,1])
by (Tz) (t) = f[O,ll g(t, s)x(s)ds. For instance, g(t,s) could be a joint density
function and x(s) = s. Then Tz(t) is the mean of s conditional on t. It is
easy to show that T is linear (due to the linearity of the integral).

We would like to characterize continuous linear operators. First we prove
an important fact about continuity of linear operators.

Theorem 508 Let X,Y be normed vector spaces and T : X — Y be a linear
operator. Then T is continuous on X iff T is continuous at any one element
in X.

Proof. (=) By definition.

(«<)Let T be continuous at xy € X and € X be arbitrary. Let < z,, >C
X and x,, — x. Then < z, — x + xg >— x9. Therefore, by Theorem 248,
T(xp—x+x0) — Txo (because T is continuous at o). But if T'(x, —z+x¢) =
Tz, —Tx + Txy — Txo (where the equality follows from linearity of 7' ),
then Tx,, — Tx — 0 < T'z,, — Tx. Hence T is continuous at . m

Here we stress that all one needs to establish continuity is that T is
continuity at one point. The result is a simple consequence of the linearity
of the operator T' (just as we proved in earlier chapters that a linear function
is continuous). But one should not be confused; it is not the case that all
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linear operators are continuous since it may not be continuous at any points
in X (See Example 514).

Just as we considered restricting the space of all functions F(X,Y) from
a metric space X to a metric space Y to the subset B(X,Y) of all bounded
functions in the introduction to this chapter, now we introduce a bounded
linear operator and define a new norm.

Definition 509 Let X,Y be normed vector spaces and T : X — Y be a
linear operator. T s said to be bounded on X if AK € R,, such that
ITall, < K - o]y, v € X.

We note that this type of boundedness is different from that in Definition
163. In that case, we would say 3M such that || f(z)|y < M,Vz € X. The
next example shows how different they are.

Example 510 Let (X, [-||y) = R,|-|) =, |‘lly) and T : X — Y be given
by Tx =2x. T as a linear function is not bounded on R with respect to |||y
since 2z can be arbitrarily large. But T as a linear operator is bounded in
the sense of Definition 509 since ||Tx|, < K - ||z|y < [22] < 2|z|,Vz € X.

In the remainder of the book, when we say that a linear operator is
bounded, we mean it in the sense of Definition 509.

The following result shows that a bounded linear operator is equivalent
to a continuous operator.

Theorem 511 Let T : X — Y be a linear operator. Then T is continuous
iff T is bounded.

Proof. (<) Assume that 7" is bounded and let ||z,|y — 0.Then 3K such
that ||7z,|y < K ||z,]|y — 0 as n — oo. But this implies ||T'z,|,, — 0 so
that 1" is continuous at zero and hence continuous on X by Theorem 508.

(=) By contraposition. In particular, we will prove that if 7" is not
bounded, then T is not continuous. If 7' is not bounded, then Vn € N,
Jz, € X with x, # 0 such that || Tz, |y > n|/z,| 5 . But this implies

Tx,

— > 1
7 || x

Y

Setting vy, = we know [|y,|ly — 0 as n — oco.But ||Ty,|y > 1,

Tn
EN
Vn € N. Thus Ty, cannot converge to 0 and 7" is not continuous at 0 (and
hence not continuous). m
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Example 512 Consider the linear operator T : C([0,1]) — C([0,1]) defined
in Example 507 by (Tx) (t) = f[o 1 9(t, s)z(s)ds. Since g : 0,1] x [0,1] = R
is a continuous function on a compact domain, it is bounded or |g(z1,x9)| <

My, ¥(x1,22) € [0,1] x [0,1]. Also, z(t) : C([0,1]) — C([0,1]) is bounded by
virtue of being in C([0,1]) or |z(t)| < M,, Vt € [0,1]. Thus,

(Tz) (t) = /[01] g(t,s)x(s)ds < Ml/ |z(s)|ds < My Ms.

(0,1]

Definition 513 Let £(X,Y) be the set of all linear operators T : X — Y
where X, Y are normed vector spaces. Let BL(X,Y") be the set of all bounded
linear operators in £(X,Y).

The next example shows that BL(X,Y) is a proper subset of £(X, Y).Coupled
with Theorem 511 it also shows that not all linear operators are continuous.

Example 514 Consider the normed vector space of all polynomials P :
[0,1] — R with the sup norm ||| . Define T : P(]0,1]) — P([0,1]) by
(Tz)(t) = dfl(tt), t €10,1]. T is called the differentiation operator. It is easy to
check that T is linear (since the derivative of a sum is equal to the sum of the
derivatives). But T is not bounded. To see why, let < z,(t) >=t",¥n € N.
Then ||z, ., = sup{[t"|, t € [0,1]} = 1 and (Tx,)(t) = L2l = .1,
Therefore, || Tx,|,, = sup{n|t|"~, t € [0,1]} = n,Vn € N. Then T is not

bounded since there is not a fired number K such that [Tonlle o, < K. The

20 lloo

sequence of functions x,(t) = t" converges to

0 te|0,1)
xo(t):{1 t=1

but the sequence of their derivatives x'(t) = nt"~! doesn’t converge to the
derivative of xo(t) (which actually doesn’t exist).

In the introduction to this Chapter we defined the sup norm on B(X,Y") C
F(X,Y). What would be the consequences of equipping BL(X,Y") with the
sup norm? More specifically, how large would (BL(X,Y) ) be? The
next example shows it would be very, very small.

) H.Hoo
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Example 515 Take X =Y = R.5 All linear functions f : R — R are of
the form Tx = ax but these are not bounded with respect to the sup norm.
Hence the only element that would belong to BL(X,Y) of all bounded linear
operators equipped with the sup norm would be T'x = 0, Vz € R.

Definition 516 Let T € BL(X,Y). Then T is bounded by assumption so
dK such that |[Tz|l, < K - ||z||y, Vo € X. We call the least such K the
(operator) norm of T and denote it |T|| where

|T|| =inf{K: K >0 and ||Tz|y < K ||z||y,z € X}. (6.3)
Exercise 6.3.1 Prove that the function ||T'|| in (6.3) is a norm on BL(X,Y).

What is the relation between the sup norm and this new operator norm?
In the introduction to this Chapter we defined the sup norm on B(X,Y’) C
F(X,Y) of all bounded (linear and nonlinear) fuctions f : X — Y. Now we
have defined the operator norm on BL(X,Y") of all linear operators (func-
tions) 7 : X — Y. We show in the next example that these two norms are
very different.

Example 517 In Ezample 510 we had (X, ||yx) = (R,|-]) = Y, |lly)
and T : X — Y be given by Tx = 2x. T 1is not bounded on R with re-
spect to the sup norm since ||2z|, = sup{|2z|,z € R} = oo. However
the operator norm is bounded in the sense of Definition 509 since ||2z| =

inf {K : K >0 and |2z| < K|z|,z € R} = 2.

In the remainder of this section and the next, when we refer to the norm of
a linear operator we mean the norm given in (6.3) if not specified otherwise.

In the following theorem, we show that the norm of a linear operator can
be expressed in many different ways.

Theorem 518 The norm of a bounded linear operator T : X — Y can be
expressed as: (i) |T|| =inf{K : K >0 and ||Tz|, < K ||z| .,z € X}; (i)
1T = sup {[|Tx|ly , 2 € X, [[z]ly < 1}; (@) T]| = sup{| T2y, x € X, [lofl

w)|T|| = sup 4 2lv e X 2200,
X

lll

SWe cannot take [—3,3] C R since X is supposed to be a vector subspace but [—3, 3] is
not because, for instance, it is not closed under scalar multiplication (e.g. if we take the
scalar 4 we have [—12,12] € [-3, 3]).

1}
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Proof. Denote the right hand sides of expressions (i), (ii), (iii), and (iv) as
Ml, MQ, Mg, M4 We want to show that M1 M2 M3 M4

From (i), we have ||Tz|,, < M;||z||y,Vz € X. Now if ||z[y < 1,then
|Tx|ly < M. Since Mais the supremum of such a set, then My < M;.

Since sup {||Tally .z € X, |zl = 1} € sup {|Tlly & € X, Jall < 1} then
M3 < MQ.

Next, since H”? HT<||9:H )H for x # 0,if we let 2z = then

Tellx ||’

— _ =l —
2]l = B = jor- = 1 and hence My = Mj.

From the definition of My,it follows that if ||z||, # 0,then ”ﬁ”y < My or

| Tzl < My ||z|y . Since Miis the infimum, we have M; < M.
Thus we have My < My = M3 < M, < M, which implies the desired
result. m

Corollary 519 Let X,Y be normed vector spaces and let T : X — Y be a
bounded linear operator. Then |[Tx|y < [T - ||z||y -

The next theorem establishes the most important result of this section;
namely that BL(X,Y) is a complete normed vector space provided that
(Y ]|-ly-) is complete. We cannot use the previous result on completeness
in function spaces (Theorem 449) because BL(X,Y) is equipped with a
different norm. However, the proof is similar to that used to establish that
B(X,Y) is complete whenever (Y ||-||y-) is complete.

Theorem 520 The space BL(X,Y) of all bounded linear operators from
a normed vector space X to a complete normed vector space Y is itself a
complete normed vector space.

Proof. (Sketch) Let < T, > be a Cauchy sequence in BL(X,Y). For
fixed v € X , < T,(z) > is Cauchy in Y. Since Y is complete, < T),(x) >
converges to an element in Y, call it Tx. Thus we can define an operator
T:X — Y by Te = lim, .o Tp(x). It is easy to show that T is bounded
and that <7, >—> T in BL(X,Y). m

6.4 Linear Functionals

In this section we study the special case of linear operators that map elements
(in this case functions) from a normed vector space to R.
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Definition 521 Let (X, ||-||y) be a normed vector space. A linear operator
F : X — R s called a linear functional. That is, a linear functional is
a real-valued function F on X such that F(ax + f2') = oF (x) + SF(2'),
Ve, o' € X and o, f € R

We note that if X is a finite dimensional vector space (e.g. R™), then F
is usually called a function. The functional nomenclature is typically used
when X is an infinite dimensional vector space (e.g. £,,C(X), L,).

Definition 522 F: X — R is said to be bounded on X if AK € R, such
that |F(z)| < K - ||z]|y, Vo € X.

Since a bounded linear functional is a special case of a bounded linear
operator, everything we proved in the previous Section 6.3 is also valid for
linear functionals. We summarize it in the following Theorem.

Theorem 523 Let F' be a linear functional on a mormed vector space X.
Then: (i) F is continuous iff F is continuous at any point in X; (ii) F
is continuous iff F is bounded; (iii) The set of all bounded linear func-
tionals is a complete vector space with the norm of F defined by ||F| =
sup {|F(2)|,z € X, ||z| x < 1} or by any other equivalent formula from The-
orem 518.

Proof. Follows proofs in the previous section. Part (iii) uses fact that
(R,] - |) is complete (so that the set of all bounded linear functionals is
always complete). B

We note that the set of all bounded linear functionals on X has a special
name.

Definition 524 Given a normed vector space X, the set of all bounded linear
functionals on X is called the dual of X, denoted X*.

The next set of examples illustrate functionals on finite and infinite di-
mensional vector spaces.

Example 525 Let R" be n-dimensional Euclidean space with the Euclidean
norm. Let a = (ay, ..., a,) be a fized non-zero vector in R™. Define the “inner
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(or dot) product” functional Fy : R" — R by F} =< a,x >= a101+...+a,,.°
It is clear that Fy is linear since

Fi(az + p2') = <a,(az+ pz') >
= a<az>+p<ax >
= aFi(x)+ BF ().

It is also easily established that Fi is bounded since by the Cauchy-Schwartz

inequality we have |Fi(x)| = | < a,xz > | < |la||y |||y, V2 € R™. Finally,
. Iy (a
since | F1|| = sup{|Fi(2)], = € X, ||z]lx < 1} < |lallx and |Ey]| > fped =
2
”ZHi = |la|ly , we have || F1|| = ||a||x . Figure 6.4.1 illustrates such functionals
in R?.

Example 526 Consider the Banach space ({1, |-||;). Define the linear func-
tional Fy : {1 — R by Fy(x) = Y2, x; where v =< x; >, . Then
|Fo(x)] < D252 o) = ||=|ly , Vo € b1, This implies that Fy is bounded and that

|Fal] < 1. Also for x = ey = (1,0,...) € {1 we have ||F3|| > ‘Te(j'l)' 1 =1.
Combining these two inequalities yields || F3|| = 1.

Example 527 Let X = C(la, b, [||l)- Define the functional F5 : X — R
by F3(x f[ B w)dw, x € X. We can interpret this as the expectation of

a mndom vamable dmwn from a uniform distribution on support [a,b]. It is
clear that F3 is linear. To see that F3 is bounded, note that

B = |[ s < [ el
[a,b] [a,b]
< sup [z(w)]-(0—a)=(b—a) [z],,Vz € X.
w€|a,b]
On the other hand, if x = zowhere xo(w) = 1 Yw € [a,b], then ||zol , =1
and | F3(xo)| f[ 5 Ldw =0b—a. Hence | F3]| > Iﬁé“ﬁo = b—a and combining

these inequalities HFgH =b—a.

Example 528 Reconsider Example 526 with a different norm. In particular,
let X = (0, |'|l) and let the linear functional Fy : ¢ — R by Fy(x) =
ZZ’ZI x; where v =< x; >X,€ l1. In this case, Fy is unbounded. To see this

5We introduced this notation in Definition 2009.
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defined the sequence < x, >€ {1 as a sequence of 1’s in the first n places
and zeros otherwise (i.e. < x, >=<1,...,1,0,0,... > where the last 1 occurs
in the n' place). Then ||z,||,, = sup{|z:|,i € N} =1 and Fy(z,) = n. Thus,
|Fa(zn)| =1 - ||20]l o » with ||z,]l, = 1,Vn € N. Therefore, ||Fy|| = oo.

o0 !

6.4.1 Dual spaces

As you may have noticed from Examples 525 to 528, it is quite simple to
determine whether “something” is a bounded linear functional. But now we
move on to tackle the converse. Given a normed vector space X, is it possible
to represent (or characterize) all bounded linear functionals on X7 In other
words, we want to determine the dual of X. Here we simply consider the dual
of some of the most common normed vector spaces.

The dual of the euclidean space R"

In Example 525 of this section, we showed that a functional F} : X — R
defined by Fi(z) =< a,z > where x € X = R" and a € R" is a bounded
linear functional with || F1|| = ||a||x . The functional F} is represented by the
point a; that is, if we vary a, we vary Fi. Let § be the set of all such F}.
In the case where X = R2, F} are just planes and § is the set of all planes.
Obviously, § C X*. Now we show that there are no others. That is, § D X*
so that § = X*.

Theorem 529 The dual space of R™ is R™ itself. That is, each bounded
linear functional G on R"can be represented by an element b € R"such that
G(x) =< b,z > for all x € R™.

Proof. (Sketch)Let G € (R")" (i.e. G is a bounded linear functional on R™).
Let {e!,...,e"} be the natural basis in R". Define b; = G(¢?) for i = 1,...,n.
Then the point b = (b, ...,b,) € R" represents G. That is, for z € R" we
have

G(z) =<z,b>. (6.4)

By the Cauchy-Schwartz inequality we have |G|| < ||b]|y and by plugging
x = bin (6.4) we obtain ||G|| > ||b]|x so that |G| = ||b]| -

This equality establishes that an operator 7' : X* — X defined by T'(G) :
(G(e'),...,G(e")) = b is an isometry (see Definition 171). This means that
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T preserves distances and hence it preserves topological properties of spaces
(X, ) and (X7, -]).

It is easy to verify that T is a bijection and that 71" is a linear operator.
Hence T preserves the algebraic (in this case linear) structure of these two
spaces. In this case we say that 1" is an isomorphism.

Putting these two together we have that 7' is an isometric isomorphism
between (X, ||-||y) and (X*, ||||) and hence these two spaces are indistin-
guishable from the point of view of the number of elements, as well as the
algebraic and topological structure. Hence they are effectively the same space
with differently named elements. m

The dual of a separable hilbert space

Since Euclidean space is a separable, complete inner product space, one might
like to know if there is a similar result to Theorem 529 for any separable
Hilbert space. The answer is yes.

Theorem 530 The dual of a separable Hilbert space H is H itself. That is,
for every bounded linear functional F' on a separable, complete inner product
space H , there is a unique element y € H such that: (i) F(x) =< x,y >,

Vo € H; and (i) | F|| = |yl

Proof. (Sketch) By Theorem 50la separable Hilbert space contains a
countable, complete orthonormal basis {e’,i € N}. Let F' be a bounded
linear functoinal on H. Set b; = F(¢'), i = 1,2,... It is easy to show that
o2, b2 < ||F|| < co. Hence by Parseval’s Theorem 504 there exists a b € H
such that b = Zfil b;e’ where b;are the Fourier coefficients of b. Moreover,
1bll,, < IF||l. Let = >°°, x;¢" where x;are the Fourier coefficients of .
Then by Parseval’s equality z, (= Y., z¢') — x (=Y oo, zi€') as n — 0.
Furthermore because F'is continous and linear

F(z) = JLIEOF (i: xiei) = JLIEOETL:%F(GZ) = nlggolebl = Za:ibi =<xz,b>.
i—1 i—1 ' i

so that ||F|| < ||b]|». m
A similar result can be proven for a nonseparable, complete inner product

space. Thus we can conclude that the dual space of any Hilbert space is a
Hilbert space itself (i.e. H* = H).
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Since ¢ and Lo([a, b]) are separable Hilbert spaces, we have ¢35 = (5 and
Li([a,b]) = La([a,b]). In the case of Ly([a,b]), we can claim that for any
bounded, linear functional F' : Ls([a,b]) — R there exists a unique function
g € La([a,b]) such that F(f) = f:gfdx,Vf € Ly([a,b]).This will be shown
in Theorem 532.

The dual space of /,

While the previous section applied to inner product spaces, what about the
dual space to a complete normed vector space that is not a Hilbert space?
In this section, we consider the dual of ¢, for p # 2.

Let p € [1,00) and let z € ¢, where p, ¢ are conjugate. Then F' : {, —» R
given by

F(x) = Za}izi for v =< x; >2,€ 4, (6.5)
i=1
is a bounded linear functional on ¢,. This follows immediately from Holder’s
inequality (Theorem 479).

We now show that all bounded linear functionals on /, are of the form
(6.5).

Theorem 531 Letp € [1,00) and q satisfy %—I—% = 1. If I € 03, there exists
an element = =< z; >€ {, such that

i=1
for all v =< x; >2,€ Lyand || F|| =[], -

Proof. (Sketch) Let F be a bounded linear functional on ¢,. Let {e’, ieN}
be the set of vectors having the i-th entry equal to one and all other entries
equal to zero. Set F(e') = z;,1 € N. Given z =< 11, xg, ... >€ £, let s,be the
vector consisting of the first n coordinates of z (i.e. s, = > ., x;€'). Then
sn € p and ||z —s,[|F = >7F 1 |7i]” — 0 as n — oo. Due to linearity
and continuity of F, F'(¢) = Y, ,F (¢) = ¥, 2,z and [|F]| < |}2],. By
plugging x =< z; > where

I |2;]9722; when z; # 0
L 0 when z; = 0
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we get that ||z, < | F[|. This shows that |[F[| = [[z||,. =

Theorem 531 establishes that /7 = ¢, where p and g are conjugate. Thus,
the dual space of /; is /.. However, the reverse is not true. That is, the dual
space of (o, is not {1 or £%, 2 ¢;. We show this in the next section.

The dual space of L,

An important theorem, known as the Riesz representation theorem, estab-
lishes a result similar to Theorem 531 for L,. Let X CR, 1 <p < oo and ¢
conjugate to p (i.e. %—i—% =1). Let g € L,(X).Define a functional ' : L, — R
by

szémm

for all f € L,(X). It is easy to see that F' is a bounded linear functional
on L,(X). Linearity follows from linearity of the integral and boundedness
follows from the Holder inequality. Then we have the result that each linear
functional on L,(X) can be obtained in this manner (i.e. L} = L,).

Theorem 532 (Riesz Representation) Let F' be a bounded linear func-
tional on L,(X) and 1 < p < oco. Then there is a function g € L,(X) such
that

szémm

and || Fl} = lgll,-

Proof. (Sketch) Let F' be a bounded linear functional on L,. In all the
previous cases, in finding the element b that represents a given functional we
used the same procedure; we set b; = F(e') where {e'} is a basis. In L,, we
use indicator functions.

First assume that m(X) < oo (later we relax this assumption). For any
E C X which is L-measurable (i.e. E € L), xp € L,(X). Thus given F' we
define a set function v : L — R by v(E) = F(xp) for E C L. v is a finite
signed measure which is absolutely continuous with respect to m. Then by
the Radon Nikdodyn Theorem 434 there is an L—integrable function g that
represents v (i.e. v(E) = [, gdm = [, xggdm. By linearity of ' we have

F(p) = /X gpdm
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for all simple functions ¢ € Ly(x) and |[F(p)] < [[F[/[|#],. Then it can
be shown that g € L,(X). Because the set of simple functions is dense in
L,(X)then F(f) = [, gfdm for all f € L,(X).

If m(X) = oo, since m is o-finite, there is an increasing sequence of L-
measurable sets < X,, > with finite measure whose union is X. Thus we
apply the result proven inthe first part of the proof to define < g, > on
X,,.Then show that g, — g and F(f) = [ fg,dm for all f € L,. =

Here we note that the dual of Ly (X) is not L; (X). That is, not all
bounded functionals on Lu ([a,b]) can be represented by F(f) = [y fg.
where g € Ly (X).The proof of this result is easier to see after some future
results on separation, so we wait until then.

6.4.2 Second Dual Space

In the previous section we showed that the dual space X* of all bounded
linear functionals defined on a normed linear space X is a normed linear
space itself. Then it is possible to speak of the space (X*)* of bounded linear
functionals defined on X* which is called the second dual space X** of X. Of
course X** is also a normed vector space.

Let us try to define some elements of X**. Given a fixed element z in
X we can define a functional 1 : X* — R by ¢, (f) = f (zo) where f runs
through all of X*. Notice that ¢ assigns to each element f € X* its value at
a certain fixed element of X. We have 1, (af1 + Sf2) = (af1 + Bf2) (o) =
afy (x1)+Bf2 (v2) = avp,, (w1)+ B, (22) (since fi, fo are linear functionals)
and |, (f)| = If (zo)| < |fIlllz] (since f is bounded). Hence 1, is a
bounded linear functional on X*.

Besides the notation f (z),which indicates the value of the functional
f at a point z, we will find it useful to employ the symmetric notation
f(z) = (f,z). It is not a coincidence that a value of a functional is denoted
the same way as the scalar product because any bounded linear functional
g defined on a Hilbert space can be represented by a scalar product (i.e.
Jy € H such that g () = (y,x) , Yo € H by Theorem 530).

For fixed f € X* we can consider (f, x) as a functional on X and for fixed
r € X as a functional on X* (i.e. as an element of X**). Let us define a new
norm ||-||, on X by the following

Jall, = sup {%f XL f 4 0}
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How is this norm related to the original norm ||-||y on X ? We shall show
that ||z||y = |||l . Let f be an arbitrary non zero element in X*. Then

(2] < Il = lall 2 SE
Since this inequality is true for any f then
ol = sup {42 pexe, 7 2 0} = (6:6)

Now to the converse inequality. By Theorem 540 of the next section, for
any element x € X | x # 0 there is a bounded linear functional fy such that

(o, @) _

[{fo, 2) = I foll l=llx =

Consequently

|mm=mm{“ﬂ{ﬂfex*f¢o}zuwx (6.7)

Combining inequalities (6.6) and (6.7), we have that ||z, = [|z|| -
Since (f,z) for fixed x € X is a hnear functional on X*, then by (iv)

of Theorem 518, the expression Sup{ Hfll ,f e X* f# 0} is the norm of

this functional. But this expression is identical to ||-||,. If we now define a
mapping J : X — X** by J(z) = (f,x),f € X*, then by the virtue of
the identity ||z||y = ||z], = ||/ (z)|, the space X is isometric with some
subset F' of X** . See Figure 6.4.2.1. Thus X and F' C X** are isometrically
isomorphic (i.e. they are indistinguishable so we may write X = F and
X C X*).

There is a class of normed vector spaces X for which the mapping J :
X — X*is onto (i.e. X = X¥).

Definition 533 The space X is said to be reflexive if X = X** .

As we will see later this property plays a very important role in optimiza-
tion theory. Let us check some known vector spaces for reflexivity.

Example 534 The Fuclidean space R™ is reflexive. Why ? We showed in
the previous section (Theorem 529) that even the first dual of R™ is R™ (i.e.
(R™)* =R"). Hence (R")™ = ((R")")" = (R")" = R".
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Example 535 Infinite dimensional Hilbert spaces ({3, Lo) are reflexive. By
Theorem 530 we have that H * = H which means that any Hilbert space is
reflexive. That is, {5* = Uy , L3 = Lo.

What about ¢, , L, when p # 27

Example 536 If1 <p < oo, then by Theorem 531, £}, = £, where %—i—% =1.

gius E%* = (f;)* = {; = {, because p,q are mutally conjugate. Similarly
p — P

Thus if 1 < p < oo ,then ¢,, L, are reflexive. If p = 1 by Theorem 531
0t = ly. But £*, 2 4. Hence (¢)" = ¢*, 2 {1 so that ¢ is not reflexive. (o,
is also not reflexive. Similarly L, , L., are not reflexive. We will show this
in the next section.

Example 537 It can be shown that the space C ([a,b]) of all continuous
functions on [a,b] is not reflexive.

Exercise 6.4.1 Show that X is reflexive iff X*is reflexive.

6.5 Separation Results

In this section we state and prove probably the most important theorem in
functional analysis; the Hahn-Banach theorem. It has numerous applications.
We will concentrate on a geometric application and will formulate it as a
separation result for convex sets. Using this theorem we prove the existence
of a competitive equilibrium allocation in a general setting.

First we define a new notion.

Definition 538 Let X be a normed vector space. A functional P : X — R
is called sublinear if: (i) P(x + 2') < P(x) + P(2'), Va,2' € X; and (ii)
P(az) = aP(z),Vx € X and o € Ry .

Exercise 6.5.1 Let X be a normed vector space. Show that the norm |||y :
X — R is a sublinear functional.
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The Hahn-Banach theorem provides a method of constructing bounded
linear functionals on X with certain properties. One first defines a bounded
linear functional on a subspace of a normed vector space where it is easy
to verify the desired properties. Then the theorem guarantees that this
functional can be extended to the whole space while retaining the desired
properties.

Theorem 539 (Hahn-Banach) Let X be a vector space and P : X — R
be a sublinear functional on X . Let M be a subspace of X and let f : X — R
be a linear functional on M satisfying

f(z) < P(x),Vx € M. (6.8)
Then there exists a linear functional F': X — R on the whole of X such that
F(z) = f(x),Yz e M (6.9)

and
F(z) < P(x),Vz € X. (6.10)

Proof. (Sketch)Choose z; € X\ M. Define a linear subspace M; = {z: x = az; +y, y € M} .Let
F be an extension of f to M. Since F is linear, then F' (ax; +y) = oF (z1)+
F(y) = aF(x1) + f(y). Thus F is completely determined by F (z1) .

Next we derive lower and upper bounds for F'(x;) in order for F to satisfy
(6.9) and (6.10) for z € M;. Thus F is an extension of f from M to M;where
M & M. This process can be repeated and Zorn’s lemma guarantees that
F' can be extended to the whole space X.

In order to apply Zorn’s lemma we define a partial order on the set
S = {all linear functionals ¢ : D — R where D is a subspace of X and
g(x) < P(x), Vx € D} in the following way. Let ¢i,g2. Then g; < go if
D (g1) C D(g2) and g1 (z) = g2 (x), Yo € D (g1). Then we must check that
every totally ordered subset of S has an upper bound (in which case the
assumptions of Zorn’s lemma are satisfied). =

At first sight the Hahn-Banach Theorem 539 doesn’t look like a ”big
deal”. TIts significance in functional analysis, however, becomes apparent
through its wide range of applications, many of them involving a clever choice
of the subadditive functional P. We will state just three propositions.

The first result says that a bounded linear functional defined on a vector
subspace can be extended on the whole vector space.
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Theorem 540 Let M be a vector subspace of a normed vector space X. Let
f be a bounded linear functional on M , then there exists a bounded linear

functional F on X s.t. F(z) = f(z),Vx e M and |F| = |f] .

Proof. The function P (z) = ||f||||=] is a sublinear functional on X and
If (@) < |If]l llz]| = p(z) (See Exercise 6.5.1). Then by Hahn-Banach The-
orem, JF (an extention of f on X) with property that |F' (z)| < p(z) =
| £l llz||, Y& € X. This means that F is bounded on X and also ||F|| < || f|| -
Because F'is an extension of f, then || f|| < ||F||. Hence ||F|| = || f||. =

Exercise 6.5.2 Carefully compare the assumptions of the Hahn-Banach The-
orem 539 and Theorem 540.

Theorem 540 can be used to show that the dual of L. ([a,b]) is not
Ly ([a, 0]) .

Lemma 541 Not all bounded functionals on L ([a,b]) can be represented
by F (f) = f[a’b} fg, where g € Ly ([a,b]). That is, (Lso([a,b]))* 2 Li([a,b]).

Proof. C ([a,b]) is a vector subspace of Ly, ([a,b]). Let Fy : C ([a,b]) — R
be a linear functional which assigns to each f € C ([a,b]) the value f (a) (i.e.

Fy(f) = £ (). Since | Fil| = sup { g2, | £1] # 0} = sup { sl }
1, F7 is bounded and by Theorem 540 Fjcan be extended to a bounded linear

functional F' on the whole set L, ([a, b]) . Let’s assume, by contradiction, that
there is g € Ly ([a, b]) such that F' can be represented by F (f) = fab fogdx,
Vf e C([a,b]). Let (h,) be a sequence of continuous functions on [a, b] which
are bounded by 1, have h,, (a) = 1, and such that h, (z) — 0 for all x # a.
For example set h, (z) = [;& (b—)]". Then for each g € Ly, fab hng — 0

b—a
by the Bounded Convergence Theorem 386). Since F'(h,) = fab ghy, by as-
sumption, we have F'(h,) — 0. But F'(h,) = hy(a) = 1 for all n, which is a
contradiction. m

Corollary 542 L,(X) and Ly(X) are not reflexive.

Proof. We know by Theorem 532 that L7 = L. and by Lemma 541
that L*, 2 L;. Combining these two results we have the (L})" = L* 2
Ly.Furthermore since L;is not reflexive, neither is L., by Exercise 6.4.1. m

The second result states that given a normed vector space X, its dual X*
has “sufficiently” many elements (i.e. at least as many elements as X itself).

IN
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Theorem 543 Let X be a normed vector space and let xo # 0 be any element
of X. Then there exists a bounded linear functional F on X such that ||F|| =1
and F(zq) = ||xo]| -

Proof. Let M be the subspace consisting of all multiples of z( (i.e. M =
{axg,a € R} . Define f: M — R by f (axg) = a||zo||. Then f is a linear
functional on M. Define P : X — R by P(y) = |ly||. P is a sublinear
functional on X satisfying f(z) < P(x) for + € M. Then by the Hahn-
Banach theorem there exists a linear functional /' : X — R that is an
extention of f and F'(z) < P(X) = ||z||,Vx € X. For —x, we have F (—x) <

||—z|| = ||z]| in which case |F (z)| < ||z||, V& € X. Thus F is bounded and

| FIl = Sup{M Vo e X,z # O} = 1. Also, since F' is an extension of f,

[EI
F(xo) = F(1-20) = 1 ||lzol| = [|ol| . m
The third proposition is a geometric version of the Hahn-Banach theorem.
It is a separation result for convex sets. Before stating it we have to introduce
a few geometric concepts.

Definition 544 Let K C X be convexr. A point x € K is an internal
point of a conver set K if given any y € X, 3¢ > 0 such that v + dy € K
for all § satisfying || < e.

Geometrically, the statement that x is an internal point of K means that
the intersection of K with any line L through x contains a segment with x
as a midpoint. See Figure 6.5.1.

Definition 545 Let 0 (a zero vector) be an internal point of a convex set
K. Then the support function P : X — R, of K (with respect to 0) is
given by

P(x):inf{/\: % GK,)\>O}.

The support function has a simple geometric interpretation. Let x € X.
Draw the line segment (a ray) from 0 through z. There is a point y on this
segment that is a boundary point of K . Then the scalar A for which \y = =
is P(z) so that P(z)y = x. See Figure 6.5.2.

We have the following properties for this support function.

Lemma 546 If K is a convex set containing 0 as an internal point then the
support function P has the following properties: (i) P (ax) = aP (x) for a >
0;(ii) P(x+vy) < P(x)+ P (y); (iii) {x: P(x) <1} C K C{z: P(z) <1}
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Proof. (i) Let a > 0,

Plaz) = inf{\: —EK)\>0}

= 1nf{ )\ EK,§>O}
« Q

af : %eKﬁ>o}

= ainf{ﬁ:%EK,ﬁ>O}zaP(m)

Q|>«|H

= inf

Whereﬁ:§>0.
(ii)Leta:inf{)\:§6K,A>O}:P(x)andﬁ:inf{u:%EK,/L>0}:
P(y). Take A and p such that £ € K and % € K . Then a < X and § < p.

Since K is convex,
A T p Yy
— ) (= — ) (= K
(Aﬂt) <A> i (Aﬂb) (u) -

because F + 34, =1. Then ;”TJFE”L € K. Thus P(x +y) < A+ p (because
P (2 + y) is the infimum of such scalars). Hence

Plz+y)<A+p<a+pf=P()+Py).

(iii) It follows from the definition of P. m

Example 547 Let X = R? with the Euclidean norm. Let K = {(x1,15) €
]R2 (1, 29)|| < 1}, Obviously K (the um’t ball) is convex Consider a point
= (2,2) outside the ball. Then P(( ={):(3,2)€eK,A>0}. But

(A,;)EKWH A,AH<1<=>A2+4§107~A>\/§ so P((2,2)) = V8 >
1. Now consider a point x* = (3,3) inside the ball. Then P((3,3)) \/7 <
1.See Figure 6.5.5.

Definition 548 Two convex sets Ky, Ky are separated by a linear func-
tional F' if 3o € R such that F(x) < o, Vo € Ky and F(z) > a, Vo € K.
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Theorem 549 (Separation) Let Ky, Ky be two convex sets of a normed
vector space X. Assume that K has at least one internal point and that Ko
contains no internal point of Ky. Then there is a nontrivial linear functional
separating K1 and K.

Proof. (Sketch) Let Kjand K5 be two convex subsets of X and without
loss of generality let 0 € Kjand zq € K. Define K = x¢ + K7 — Ks.See
Figure 6.5.4. 0 is an internal point of K and z; is not an internal point of
K (this latter fact follows since K5 contains no internal points of K;). Thus
by (iii) of Lemma 546 P(z) < 1 for all z € K and P(z9) > 1 where P is a
support function of K.

Let M be a vector subspace (i.e. M = {z:x = azxg,a € R}).Define f :
M — R by f(z) = f(axg) = aP (x0). [ is a linear functoinal that satisfies
f(z) < p(z) Yx € M. Hence by the Hahn-Banach Theorem 539 there exists
an extension of f (i.e. a linear function F': X — R satisfying F(z) < P(x)
Vo € X. This functional F' separates K; and Ks. Why? Take x € K with
T =1x9+y— 2z where y € K; and z € Ky.Then F(z) < P(x) <1 for z € K.
Since F is linear

F(zo) + F(y) — F(2) <1< F(y) + (F(z0) — 1) < F(2) (6.11)
Since x¢ € M,
F(zo) = f(xo) =p(x9) > 1 <= F(z9) —1>0 (6.12)

Combining (6.11) and (6.12) we have F(y) < F(z) for any y € Kjand z € K».
Hence

sup F'(y) < inf F (2).

s F(3) < inf F(2)
Thus F separates K;, Ky and F is a non-zero functional (since F' (xo) = 1).
]

There are several corollaries and modifications of this important separa-

tion theorem.

Corollary 550 (Separation of a point from a closed set) If K is a nonempty,
closed, conver set and xo ¢ K, then there exists a continuous linear func-
tional F' not identically zero such that F(xy) < inf,cx F(x).
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Proof. By translating by —z(, we reduce the Corollary to the case where
zo = 0. Since 7o ¢ K and K is closed, then by Exercise 4.1.3 we have

0 <d=inf,ck ||zg — x| . Let By (x0) be the open ball around xy with radius

%. By the Separation Theorem 549 there exists a linear functional f such

that

sup f(x) < inf f(y) = o
€84 (0) yekK

Thus f(z) < « for x € B%(xo). If ¢z € B%(xo), then —x € B%(xo) which
implies that f(—z) = —f(z) < a. Hence |f(z)| < afor all z € By (x0). This
implies continuity at 0 and by Theorem 508 continuity everywhere.

To show strict inequality, take z € B% (x9) and A > 0 such that Az €
Bq (x0) (this is possible since 0 is an internal point of Bq (x0)). We have

0 < Af(z) = f(Ax) < a. Thus we have f(0) = 0 < a = inf ek f(y). See
Figure 6.5.5. =

Corollary 551 (Strict Separation) Suppose that a nonempty, closed, con-
vex set Kiand a nonempty, compact convext set Koare disjoint. Then there
exists a continuous linear functional F, not identically zero , that strictly
separates them (i.e. sup,cp, F(x) < infyex, F(x)).

Proof. If K, Ky are convex, then K; — Ksis convex. Since Kjis closed
and Ky is compact, then K; — K5 is closed. Since K; N Ky = O, then
0 ¢ K; — Ky.Now apply Corollary 550 with zp = 0 and K = K; — K,. See
Figure 6.5.6. m

It doesn’t suffice to assume both sets Kjand Ksare closed. One of them
has to be compact. For an example of this, see Aliprantis and Border Exam-
ple 5.51. This doesn’t contradict the Separation Theorem as it might seem
because Theorem 549 requires the additional assumption of the existence of
an internal point of at least one of the sets.

Exercise 6.5.3 Show that if K is closed and Ky is compact, then K; — Ky
is closed.

6.5.1 Existence of equilibrium

1
Let S be a finite dimensional Euclidean space with norm |[|-|| = (321, [27])2 .
There are I consumers, indexed by ¢ = 1,..., I. Consumer i chooses among
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commodity points in a set X; C S and maximizes utility given by u; : X; —
R. There are J firms, indexed by j = 1, ..., J. Firm j chooses among points in
a set Y; C § describing its technological possibilities and maximizes profits.

We say that an (I 4 J)-tuple ({z;}{_,{y;}/_,) describing the consump-
tion x;0f each consumer and the production y; of each producer is an allo-
cation for this economy. An allocation is feasible if: z; € X;, Vi; y; € Y,
Vj;and Zi]:l T — Z‘jle y; < 0 (where there is free disposal). An allocation is
Pareto Optimal if it is feasible and if there is no other feasible allocation
et i) such that uz( ) > wi(w;), Vi and w;(2]) > u;(z;) for some i.
An allocation ({x 1, {y;}/-,) together with a Continuous linear functional
$p:S—Risa competitlve equilibrium if: (a) ({2711, {y;}/o)) is feasi-
ble; (b) for each i, x € X;,and ¢(x) < ¢(z}) implies u;(z) < uz( ); and (c)
for each j, y € Y; implies ¢(y) < ¢(y5).

Theorem 552 (Second Welfare Theorem) Let: (Al) X; is convex for
each i; (A2) if x,2" € X;, wi(x) > w(2') and o € (0,1), then w;(azx + (1 —

a)x') > u;(z’) for each i; (A3) u; : X; — R is continuous for eachz’ (A4)
the set' Y = Z Y s conve$7 Under (A1) — (A4), let ({z}_,, {yj 1)
be a Pareto Optzmal allocation. Assume that for some h € {1,....,1}, Elxh
such that uy(Ty) > up(z}). Then there exists a continuous linear functional
¢ : S — R, not identically zero on S, such that:

Vi, € X; and u;(z;) > ui(x]) = ¢(x) > ¢(a]) (6.13)
and
Viy €Y = o(y) < o(y;). (6.14)
If
Vi, 32, such that ¢(z}) < d(x}), (6.15)
then {({z;}_y. {y;}-1), @} is a competitive equilibrium.

Proof. (Sketch) Since S is finite dimensional and the aggregate technolog-
ical possibilities set is convex (A4), for the ex1stence of ¢ it is sufficient to
show that the set of allocations preferred to {x}}_, given by A = Zl L Aiis
convex where A; = {x € X : u;(x) > u;(xf)}, Vi and that A does not contain
any interior points of Y. Then apply Theorem 549. To complete the proof,

"The assumption that S is finite dimensional is also important, but can be weakened
in the infinite dimensional case to assume that Y has an interior point.
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it is sufficient to show (b) holds in the definition of a competitive equilibrium
which follows from contraposition of (6.13). m

You should recognize that ¢(x) =< p,z > can be considered an inner
product representation of prices.

6.6 Optimization of Nonlinear Operators

In this chapter we have dealt with linear operators and functionals. While
we showed very deep results in linear functonal analysis - the Riesz Rep-
resentation Theorem and the Hahn Banach Theorem to name just a few -
there are many problems in economics that involve nonlinear operators. For
instance, the operator in most dynamic programing problems, such as the
growth example suggested in the introduction to this chapter, does not satisfy
the linearity property of an operator. In particular, an operator T': X — Y
as simple as T(x) = a + bx does not possess the linearity property since
T(ax + fx') = a+ blax + ') # aTx + fT2'. Such a function does possess
a monotonicity property (i.e. if x < 2/, then Tx < Ta').

Nonlinear functional analysis is a very broad area covering topics such
as fixed points of nonlinear operators (which we touched on a subsection of
6.1), nonlinear monotone operators, variational methods and optimization of
nonlinear operators. In this section, we show how variational methods and
fixed point theory (in the form of dynamic programming) can be used to
prove the existence of an optimum of a nonlinear operator.

6.6.1 Variational methods on infinite dimensional vec-
tor spaces

Most books of economic analysis dealing with optimization focus on finding
necessary conditions for a function defined on a given set which is a subset
of a finite dimensional Euclidean space R™. These conditions are called first
order conditions (in the case of inequality or mixed constraints they are called
Kuhn-Tucker conditions). Our main focus of this chapter is the optimization
of functions defined on an infinite dimensional vector space (i.e. optimization
of functionals).

While we have already encountered linear functonals in Section 6.4, in
this section we will consider a broader class of functionals than linear ones;
we will consider continuous functionals which are concave (or convex as the



6.6. OPTIMIZATION OF NONLINEAR OPERATORS 263

case may warrant). Our main concern is existence theory (i.e. given an opti-
mization problem consisting in maximizing (minimizing) a concave (convex)
functional over some feasible set, usually defined by constraints, we want to
know whether an optimal solution can be found. Hence we will deal with
sufficient conditions. In the second part of the section we also touch upon the
problem of finding this optimal solution which means stating the necessary
conditions for an optimun.

Example 553 The types of problems we can consider are: the existence of
a Pareto-optimal allocation of an economy with an infinite commodity space;
the existence of an optimal solution of an infinite horizon growth model.

Sufficient Conditions for an Optimal Solution

In this subsection we address the fundamental question “Does a functional
have a maximum (or minimum) on a given set?” In Chapter 4, we proved a
very important result; the Extreme Value Theorem 262 stated that a con-
tinuous function defined on a compact subset of a metric space attains its
minimum and maximum. Does this theorem apply to functionals (functions
whose domain is a subset of an infinite-dimensional vector space)? Clearly
the answer is yes since a vector space is a metric space and dimensionality is
not mentioned in the theorem at all. Consider the following example.

Example 554 Let a functional f be defined on C ([0,1]) by f (z) = foé x(t)dt—
fllac (t)dt. We want to solve the optimization problem max f (x) subject to

||z|| < 1.To establish continuity of f (x), we need only establish boundedness
since f (z) is a linear functional and Theorem 511 establishes that bounded-
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ness is sufficient (and also necessary) for continuity. Hence
1

/Ozx(t)dt—/oéx(t)dt
< [ <>rdt+/:rx<>\dt
_ /|x ()] dt

< /Osup|x<>|dt

[f (@) =

t[0,1

= sup |z(t |/ dt
te[0,1]

= sup [z (t)] = [|lz[.
te[0,1]

Suppose now we want to find the maximum of this continuous functional on
the closed unit ball in C ([0,1]). But the mazimum cannot be attained. Why?
Our problem means mazximizing the shaded area. See Figure 6.6.2.777 The
steeper the middle part of x (t) is the larger is the area. But this line cannot be
vertical because x (t) wouldn’t be a function. The steepest line clearly doesn’t
exist.

Exercise 6.6.1 Show the non-existence of a maximum in Example 55/ rig-
orously. Hint: Use the geometric insight provided above.

What went wrong with establishing a maximum in Example 5547 We
have a continuous functional on a closed unit ball that doesn’t attain its
maximum. Recall however by Example 459 that a closed unit ball is not
a compact set in C'([0,1]). In fact there is a theorem saying that a closed
unit ball in a normed vector space X is compact if and only if X is finite
dimensional .®

If a "nice” set like a closed unit ball is not compact, then compactness
must be an extremly restrictive assumption in infinite dimensional vector
spaces. And it really is. Compact sets in infinite dimensional vector spaces
doesn’t contain interior points. Thus the Extreme Value Theorem is practi-
cally unusable in optimizing functionals.

8See Rudin 7777
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If Example 554 were formulated in L (0,1), the maximum would be
attained by the discontinuous function

lfor0<z<?i
_ > 2
x(t)—{ —lforégxgl

L(0,1) is also infinite dimensional. Is this a contradiction to what we
claimed above? No. There are many optimizing problems in infinite dimen-
sional vector spaces that attain optima but an optimum cannot be guaranteed
by the assumptions of continuity and compactness. To this end, we will in-
troduce a new type of convergence in a vector space X.In terms of this new
convergence we'll define a new type of continuity and compactness so that
the collection of these “new types” of compact sets is much broader than the
collection of original compact sets. In particular, we will identify a class of
such vector spaces in which the closed unit ball is ”weakly” compact.

Semicontinuous and concave functionals

Before introducing this “new type” of convergence, we define certain prop-
erties of functionals. The concept of convexity and concavity for functionals
is analogous to the one for functions.

Definition 555 Let K be a convex subset of a normed vector space X . A
functional f : K — R is called: (i) Concave if for any u,v € K and for
any a € [0,1], flau+ (1 —a)v) > af (u) + (1 —«) f (v);(ii) Convex if
flout+ (1 —a)v) <af(u)+(1—-a)f(v)

Exercise 6.6.2 Show that f is concave iff —f is convez.

Exercise 6.6.3 Verify that the functional f (x) = fol (22 (t) + |z (t)]) dt de-
fined on Ly [0,1] is convez.

Next we introduce the concept of semicontinuity of functionals (or func-
tions as the case may be). Why don’t we simply use continuity? Recall we
used the assumption of continuity in the Extreme Value theorem to guaran-
tee the existence of both a maximum and a minimum. Here we will show
that the assumption can be weakened at the cost of guaranteeing either a
maximum or a minimum.
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Definition 556 A functional f defined on a normed vector space X is said
to be: (1) upper semicontinuous at xg if given € > 0, there is a § > 0
such that f (x) — f (x0) < € for ||z — x| < 9; (i) lower semicontinuous
at zo if f(xo) — f (z) < e for ||x — x| < 0.

Exercise 6.6.4 Show that f is usc iff —f s lsc.

Exercise 6.6.5 Show that f is continuous at xo if f is both usc and lsc at
Zo-.

Exercise 6.6.6 A sequence version definition of semicontinuity is the fol-

lowing: (1) f is usc at xo if for any sequence (x,,) converging to xo, limsup,,_, . f (z,) <
f(xo); (i) f islsc at xg if iminf, . f (z,) > f (20) .Show that the sequence
definition is equivalent to that in 556.

Now the Extreme Value Theorem can be reformulated:

Theorem 557 An upper (lower) semicontinuous functional f on a compact
subset K of a normed vector space X achieves a mazimum (minimum) on
K.

Proof. Let M = sup,c f () ( M may be oo ). There is a sequence (z,,)
from K such that f(z,) — M. Since K is compact there is a convergent
subsequence (z,,) — z9 € K. Clearly, f(z,,) — M and since f is usc,
f(x0) > limsup,_,o f(2n,) = limg_eo [ (2, ) = M. Because z9 € K, f (xo)
must be finite and because M is the supremum on K, f(xo) = M. Hence f
attains a maximum at o € M. =

Hereafter, we will formulate our optimization problem in terms of maxi-
mization (i.e given a functional f defined on a subset K of a normed vector
space, find max,.x f ()). In this case the underlying assumptions for f are
upper semicontinuity and concavity. The problem of finding min,.x g (x)
where ¢ is lower semicontinuous and convex can be transformed to maximiz-
ing one by substitution f = —g because if ¢ is [sc and convex, then —g is
usc and concave (see Exercise 6.6.2 and 6.6.4).

Weak convergence

We assume that X is a complete normed vector space (i.e. a Banach space).
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Definition 558 Let (x,) be a sequence of elements in X. We say that (z,,)
converges weakly to vy € X if for every continuous linear functional f €
X* we have (f,x,) — (f,xo) . We denote weak convergence with “—” (rather
than the standard “—”) and use notation < x, >— xq.

Since (f, z,) is a value of the functional f at point x,, then (f, xz,) >~ is
the sequence of real numbers. It is easy to prove that weak convergence has
usual properties namely.

Exercise 6.6.7 Show that: (i) If < x, >— xg and < y, >— yo, then
< Xy +Yn >— To+yo; (i) Let () is a sequence of real numbers. If A\, — Ao
and < x, >— xg, then \,x, — Aoxo; (1i1) If x, — x0o, then < x, >— xo; (iv)
a weakly convergent sequence has a unique limit. Hint for (iv): Apply the
corollary to the Hahn Banach Theorem to < f,x —y >=0 for each f € X*.

Since there are now two types of convergence defined on X, the original
one (i.e. with respect to its norm) is sometimes called strong convergence as
opposed to (the newly introduced) weak convergence. Property (iii) of the
exercise states that if a sequence converges strongly, then it also converges
weakly. This statement cannot be reversed in general. That means there
are sequences that converge weakly but not strongly. We will see this in the
following set of examples where we demonstrate weak convergence in some
Banach spaces.

Example 559 In the finite dimensional vector space R", strong and weak
convergence coincides (i.e. for x, € R", < x, >— xy iff < x, >— xg).To0
see this, let ¢! = (1,0,....,0),¢* = (0,1,.....,0),e" = (0,0,....,1), and
(xn) — x9. Then by definition (f,x,) — (f,xo) where f is a continuous
linear functional on R™. By Theorem 529 we know that each functional f is
represented by a scalar product i.e. given f there exists an element b of R™ s.t.
(f,x) = (b,z) , YxeX. (Just remeinder that (f,x) denotes the value of the
functional f at x (i.e. f(x)) and (b, x) is the scalar product of b and x ). If
we substitute €' for b we have (€', z,) = 0z} + ...+ 122 + ...+ 02" = 2!, — x},
Vi=12...,n (ie the ith component of the vector x, tends to the ith
component of xy). Thus weak convergence in R™ means convergence by com-
ponents. But Theorem 223 says that then (x,) — xo with respect to the norm
that means strongly.
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Example 560 Let X = {5 and (z,) — x9. Then as in Ezample 559
(Tp,e") = 2t — (x9,€") = 2 , Vi = 1,2, ..... Thus weak convergence in
Uy means that the i-th component of (x,) converges to the i-th component of
xo. But as Example 23/ shows this doesn’t imply strong convergence in 5.

Example 561 Let X = C([a,b]). It can be shown that weak convergence of a
sequence of continuous functions (x,) — xo means that: (i) (z,) is uniformly
bounded (i.e. 3B such that |z, (t)] < B for allmn = 1,2,... and all t €
[a,b]); and (ii) (x,) — x pointwise on [a,b] (i.e. ¥Vt € [a,b] , (x,(t)) —
z(t) (as a sequence of real numbers)). Thus weak convergence in C([a,b])
is pointwise convergence (we can say convergence by components) whereas
strong convergence (convergence with respect to the sup norm) is uniform.
As Examples 166 and 167 show these two don’t always coincide.

Using weak convergence allows us to define weak closedness, weak com-
pactness, and weak continuity (or semicontinuity). We do it the same way we
did in Chapter 4 where all these notions were defined in terms of sequences.

Definition 562 A subset K C X is weakly closed if for any sequence
(x,) of elements from K that converges weakly to xo (i.e. {x,) — xo), then
T € K.

What is the relation between strong and weak closedness? While one
would expect that if a set is strongly closed then it is weakly closed, actually
the reverse is true.

Theorem 563 If K is weakly closed then K is (strongly) closed.

Proof. Let (x,) C K and (z,) — xo. then (z,,) — z¢ and because K is
weakly closed = xy € K. Hence K is (strongly) closed. =

To see that Theorem 563 cannot be reversed, we present the following
example.?

Example 564 Let M C (5 where M = {(e);, ¢’ = (0,0,...,1,0,...) ,i = 1,2, ...}
M is closed (why?) but it is not weakly closed because {(¢') — (0) and
(0) ¢ M.

9We cannot give an example in R™ because in finite dimensional space weak closedness
and closedness, of course, coincide.
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Theorem 563 and Example 564 say that weak closedness is a stronger
assumption then strong closedness. Thus one should be careful in drawing
conclusions.

Definition 565 A set K C X is weakly compact if every infinite sequence
from K contains a weakly convergent subsequence.

This definition 192 of sequential compactness is equivalent to the stan-
dard definition of compactness by Theorem 193 in metric spaces. After our
experience with closedness, one may wonder how weak and strong compact-
ness are related. But if weak compactness were stronger assumption than
strong compactness (as in the case of closedness) there would be fewer weakly
compact sets than compact sets. Then the whole idea of building the weak
topology would be useless because the main purpose of the introduction of the
weak topology is to make closed unit balls (weakly) compact. Fortunately,
it is not the case.

Theorem 566 If K C X is (strongly) compact then it is weakly compact.

Proof. Let (z,,) be a sequence in K. Because K is compact then there is a
convergent subsequence (z,,) and zo € K such that (z,,) — xo. But strong
convergence implies weak convergence so that (x,,) — zo. =

Theorem 566 cannot be reversed as the next example shows.

Example 567 Let K C {5 where K = {(¢')2),e0 = (0,0,...,0,....) ,¢" = (0, ...

(note that K = M U {(0)} when M is from Example 564 ). K is weakly
compact because any sequence from K contains a weakly convergent sub-
sequence (To see this note that since < x, >— x9, we have !, — x}
Vi = 1,2,...,< xt >C {0,1} and {0,1} is compact in R. Then there is
xy and < xl, > such that < xl, >— x}. Then g =< x}, 25, ..., 2}, ... > is
the point such that < zi, >— xo.) But K is not compact because the dis-
tance between any two elements of K\ {(0)} is v/2. Hence there doesn’t exist

a convergent subsequence (with respect to the norm ||-||,).
Theorem 568 If M is weakly compact then M is weakly closed.

Exercise 6.6.8 Prove Theorem 568.



270 CHAPTER 6. FUNCTION SPACES

Definition 569 Let M C X and f be a functional defined on M. We say
that f is weakly upper semicontinuous (usc) on M if for any xg € M
and any (xn)oo, C M such that x, — xo, then f(xg) > lim, . sup f (zo) .

One can define weakly lower semicontinuity and weak continuity of func-
tionals in an analogous manner.

Again, there is a question about whether the assumption of weak up-
per semicontinuity of a functional is more restrictive than (strong) upper
semicontinuity.

Theorem 570 If f is a weakly usc functional on M, then f is usc.

Proof. Let zg € M and (z,,) C M such that (z,) — x¢, then z,, = x, and
because f is weakly usc then lim,, .. sup f (z,,) < f (zo) so that f is usc. m
The converse is not true as the next example shows.

Example 571 Let X = Ly [0,1] and f (a) = 1—l—f01 a® (x) dx. This functional
is continuous (and hence usc) but is not weakly usc.

Exercise 6.6.9 Show the functional in Fxample 571 is continuous but not
weakly usc.

Now we are ready to prove an important theorem which is analogous to
the Extreme Value Theorem 262 but uses the concept of the weak topology.
A weak topology on X is a topology built in terms of weak convergence
instead of (strong) convergence.

Theorem 572 Let K be a non-empty weakly compact subset of a Banach
space X. Let f be a weakly upper semicontinuous functional on K. Then f
attains its maximum on K. That is, dxg € K such that

f (o) = sup f (x)

zeK

Proof. By the supremum property, 3 (z,,) C K such that lim,, .« f (z,) =
sup,cx f (z). Since K is weakly compact, there exists a subsequence (z,, )
and zy € K such that x,, — xy. Because f is weakly usc then

f(xo) = lim sup f (z,,) = lim [ (2,) = Sup f (@) .
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Obviously f (z9) < sup,cx f (z) because xy € K. Thus combining these two
inequalities we have

S (o) = sup f (z).

zeK
]

Comparing the assumptions of Theorem 572 with the Extreme Value
Theorem 262 we see that in Theorem 572 one assumption is weaker (that
being compactness) and one is stronger (that being semicontinuity). The
problem with this theorem is that it has basically non-verifiable assumptions.
How should one check weak compactness and weak semicontinuity in an
infinite dimersional space? Our next step is to find sufficient and at the
same time verifiable assumptsions that would guarantee weak compactness
of a set K and weak usc of a functional f.

Let’s start with weak compactness. We already know that (strong) com-
pactness is sufficient for weak compactness but we also know that it is too
restrictive in infinite dimensional vector spaces. In order for a set K to be
weakly compact it has to be weakly closed (see Theorem 568). First we ex-
amine the conditions for a set K to be weakly closed. Theorem 563 says
that it must be closed but that’s not sufficient (see Example 564). There are
however quite simple assumptions that guarantee weak closedness of a set K.

Theorem 573 If K C X s closed and convex then it is weakly closed.

Proof. Let (z,) C K and (x,) — 2. Then we need to show that z, €
K. Assume the contrary, that is zo ¢ K. Then by Corollary 550 of the
Separation Theorem, there exists a non-zero continuous linear functional
f such that (f,zo) < inf,ex (f,z). Let (f,z0) = ¢ and inf,ex (f,z) = d
in which case ¢ < d. Because f is a linear continuous functional we have
d <lim, . (f,zn) =< f,29 >= ¢ < d. Hence d < d which is the desired
contradiction. m

Theorem 573 says that closedness and convexity are sufficient assumptions
for weak closedness. However, we are looking for sufficient assumptions for
weak compactness. To make further progress, we have to restrict attention to
certain classes of normed vector spaces. In Section 6.4.2 we defined a reflexive
space as a space for which X** = X (see Definition 533). We showed that,
for example, R", ¢,, L, for 1 < p < oo are reflexive whereas /1, o, L1,
Lo, C(a,b]) are not reflexive. From here on we will consider only reflexive,
normed vector spaces. Our next result is basically a Heine-Borel theorem for
infinite dimensional spaces.
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Theorem 574 (Eberlein-gmuljan) A Banach space X is reflexive iff any
bounded weakly closed set K C X 1is weakly compact.

Proof. Can be found in Aliprantis (1985, Theorem 10.13, p.156, Positive
Operators). =

Thus in a reflexive Banach space, weak closedness and boundedness are
sufficient assumptions for weak compactness and in any Banach space closed-
ness and convexity are sufficient assumptions for weak closedness. Putting
all these together we have sufficient assumptions for a set K to be weakly
compact in a reflexive Banach space X.

Theorem 575 Let X be a reflexive Banach space and K C X. If K 1is closed,
bounded and conver, then K is weakly compact.

Proof. Combine Theorems 573 and 574. Notice that all the assumtions of
the theorem are verifiable. m

Corollary 576 In a reflexive space X, the closed unit ball is a weakly com-
pact set.

Proof. B,(0) = {z € X : ||-|| < 1} is a closed, bounded, and convex subset
of a reflexive space X. Hence by Theorem 575. m

Let’s turn now to the assumption of a ”"weakly upper semicontinuous
functional” and try to break it into verifiable parts. We first prove a lemma
that gives us a necessary and sufficient condition for a functional f to be
weakly upper semicontinuous.

Lemma 577 Let X be a Banach space and K C X be weakly closed. Let a
functional f be defined on M. Then f is weakly upper semicontinuous on K
iff Va e R, E(a) ={v e K: f(v) > a} is weakly closed.

Proof. (=) Let f be weakly usc on M , a € R, and (z,),-, C E(a)
such that x, — z¢ € M. Then f(xy) > limsup,,_, ., f (z,) > a (because
z, € E(a) VYn ). Hence x¢ € E (a) and thus E (a) is weakly closed.

(«<=) By contradiction. Let a € R, E(a) be weakly closed, but f
not weakly usc. Then there exists o € M and (z,),., C M such that
< x, >— x¢ and limsup,_ . f(x,) > f(x9). Choose a € R such that
limsup,,_,o f (zn) > a > f(z0). Then there exists a subsequence (z,,) of
(xy) such that z,, € E(a), k = 1,2,... Because E (a) is weakly closed and
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(@, ) = xo then xg € E (a). Thus f (z9) > a > f (x0), which is a contradic-
tion. m

Thus f is weakly usc if F (a) is weakly closed. But by Theorem 573
we know that if a set is closed and convex, then it is weakly closed. When
is F'(a) closed? Since FE (a) is just the inverse image of the interval [a, c0)
(ile. E(a)={veK: f(v)>a}=f"1(a,o0))),if fis continuous then the
inverse image of a closed set is closed (by a modification of Theorem [200].
Thus if f is continuous, then E (a) is closed. When is E (a) is convex?

Exercise 6.6.10 Show that if f is concave, then E (a) is convex.

Combining these two results we have sufficient conditions for weak upper
semicontinuity.

Theorem 578 A continuous, concave functional f defined on a closed, con-
vex set K C X is weakly upper semicontinuous.

Now when we combine Theorems 575 and 578 with Theorem 572 we get a
theorem that guarantees the existence of a maximum and all its assumptions
are "easily” verifiable.

Theorem 579 Let K be a non-empty, convex, closed and bounded subset
of a reflexive Banach space. Let f be a continuous and concave functional
defined on R. Then f attains its mazimum on K (i.e. Jx* € K such that

f(x") = sup,ex [ ().

First we note that minimization requires convexity of the functional f
instead of concavity while all other assumptions are the same. Second, we
want to stress that this is a nonlinear optimization problem. This means the
functional f doesn’t have to be linear (which is quite restrictive). The func-
tional f simply has to be continuous and concave in the case of maximization
and continuous and convex in the case of minimization.

Let us summarize what we have done in this section. In infinite dimen-
sional vector spaces the original Extreme Value Theorem 262 (requiring semi-
continuity of a functional and compactness of a set) which guarantees the
existence of an optimum cannot be used since the assumption of compactness
is too stringent (compact sets don’t contain interior points). By introducing
the weak topology on X we define weak semicontinuity (an assumption that
is stronger than the continuity) and weak compactness (an assumption the
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is weaker than compactness). We also must enlist the extra assumptions of
concavity (or convexity) of a functional and reflexivity of the space X. Then
we showed that with these modified assumptions an analogue of the Extreme
Value Theorem holds and this version ”covers” more optimization problems
(e.g. optimizing over unit balls).

6.6.2 Dynamic Programming

An important and frequently used example of operators is dynamic program-
ming. In infinite horizon problems, dynamic programming turns the problem
of finding an infinite sequence (or plan) describing the evolution of a vector
of (endogenous) state variables into simply choosing a single vector value for
the state variables and finding the solution to a functional equation.

More specifically, suppose the primitives of the problem are as follows.
Let X denote the set of possible values of (endogenous) state variables with
typical element x. We will assume that X C R” is compact and convex. Let
I' : X - X be the constraint correspondence describing feasible values for
the endogenous state variable. We will assume I'(z) is nonempty, compact-
valued, and continuous. Let G = {(x,y) € X x X : y € I'(z)} denote the
graph of I'. Let  : G — R denote the per-period objective or return function
which we assume is continuous. Finally let 5 € (0,1) denote the discount
factor. Thus, the “givens” for the problem are X,I',r, 3. In this section we
establish under what conditions solutions to the functional equation (FE)

v(x0) = y?%?ﬁ) (0, y) + Bu(y) (FE)

“solve” the sequence problem that is our ultimate objective

max Zﬁtr(xt,xtﬂ) (SP)
t=0

<Tt41 >?io —

s.t. xypq € I'(xy), Vi, and xq given.

First we should establish what we mean by “solve”. To begin with, we
need to know that (SP) is well defined. That is, we must establish conditions
under which the feasible set is nonempty and the objective function is well
defined for all points in the feasible set. To accomplish this, we need to
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introduce some more notation. Call the sequence < x; > a plan. Given
xo € X, let

F(zog) = {< @ >Z 21 € L(1y),t =0,1,...}

be the set of feasible plans from zy with typical element x = (xq, z1,...) €
F(z9). Let ¢ : F(x9) — R be given by

k
er(x) = Zﬁtr(xt, Ti41)
t=0

which is simply the discounted partial sum of returns from any feasible plan
x. Finally, let ¢ : F(xy) — R be given by ¢(x) = limg_ o ¢;(x). While
¢, is obviously well defined, ¢ may not be since there may be y such that
¢(x) = £00.1% The assumption that I'(x) # 0, Vz € X ensures that F(x)
is nonempty for all zo € X. The assumptions that X is compact and T" is
compact-valued and continuous guarantees |r(z, z¢41)| < M < oo so that
since B € (0,1) we have |p(x)| < 2= < oo, Vx € F(x), Vzo. Hence SP is

(1-8)
well defined and we can define the function v* : X — R given by

v (o) = max p(x) (SP?)
x€F(zo)
which is just (SP). Thus by “solve” we mean that v*(z¢) defined in (SP’) is
equal to v(xg) defined in (FE).
Before providing conditions under which a solution to (FE) implies a “so-
lution” to (SP), we note the following consequences of the maximum function
defined in (SP’). In particular, by Definition 96 we have

v*(x0) = ¢(x), Vx € F(x0) (6.16)
and Ve > 0,
v*(z0) < p(x) + ¢, for some y € F(xy). (6.17)
Similarly, v satisfies (FE) if
v(x) = r(z,y) + Bo(y),Vy € I'(z) (6.18)
and Ve > 0,
v(z) < r(z,y) + Pu(y) + ¢, for some y € ['(x). (6.19)

Now we are ready to prove our main result that if we have a solution to
(FE), then we have a solution to (SP).

10More generally Stokey and Lucas (1989) consider ¢ in the extended reals.
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Theorem 580 If v is a solution to (FE) and satisfies

lim *v(zy) = 0,V <z >€ F(x0),Vro € X, (6.20)

k—o00

then v = v*.

Proof. It suffices to show that if (6.18) and (6.19) hold, then (6.16) and
(6.17) are satisfied. Inequality (6.18) implies that Vx € F'(xy),

v(zg) > r(o,71) + Bu(71)
> r(zo,21) + B[r(z1,22) + fu(z2)]
> p(X) + 8 0(@pn), k= 1,2...

Taking the limit as k¥ — oo and using (6.20), we have (6.16).
Fix ¢ > 0 and choose < §; >°,C R, such that > ;°, 37'6; < e. Inequal-
ity (6.19) implies there exists z1 € I'(x), x2 € I'(z1), ... so that

v(xy) < (g, 1) + Po(zier) + 0pp1,t =0, 1, ...
Then

r(zo, 1) + Bv(z1) + 61
T(Io, xl) + 6 [’T‘(.Il, ZL’Q) + 6U(ZE2) -+ 52] -+ 51

pley

k
< o)+ B8 w(aen) + Y BT 0Lk =1,2,

t=1

Taking the limit as k¥ — oo and using (6.20), we have (6.17). m
Next we establish that a feasible plan which satisfies (FE) is an optimal
plan in the sense of (SP).

Theorem 581 Let x* € F(zg) be a feasible plan from xo which satisfies the
functional equation

vt(ap) = r(ag wpn) £ Bt (@) (6.21)

with
lim max Bo*(zy) <0, (6.22)

then x* attains the mazimum in (SP) for initial state x.
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Proof. It follows by an induction on (6.21) that

v (xo) = r(wo,x]) + Lv*(x])
= r(zo,27) + B [r(z], 23) + v (23)]
= (X)) + B (@), k= 1,2, ...

Then as k — oo using (6.22) we have v*(xy) < ¢©(x*). Since x* € F(x), we
have v*(z) > w(x*) by (6.16). Thus x* attains the maximum. m

Now that we have established that a solution v to (FE) is a solution to
the (SP) problem we are interested in, we set out to establish the existence
of a solution to (FE). Since r is a real valued, bounded, and continuous func-
tion, it makes sense to look for solutions in the space of continuous bounded
functions C(X) with the sup norm ||v|| = sup {|v(z)|,z € X} studied in sec-
tion 6.1. Furthermore, given a solution v € C(X), we can define the policy
correspondence v : X — X by

V() ={y € I'(z) : v(z) = r(z,y) + Bv(y)}- (6.23)
This generates a plan since given xg, we have z1 = y(zo), 2 = (1), ...
To this end, we define an operator 7' : C(X) — C(X) given by

(TH)(w) = max |r(z,y) +BF(Y)]. (6.24)

In this case (FE) becomes v = T'w. That is, all we must establish is that T’
has a unique fixed point in C(X).

Before actually doing that, we provide a simple set of sufficient conditions
to establish a given operator is a contraction.

Lemma 582 (Blackwell’s sufficient conditions for a contraction) Let
X CR" and B(X,R) be the space of bounded functions f : X — R with the

sup norm. Let T : B(X,R) — B(X,R) be an operator satisfying: (i) (mono-

tonicity) f, f € B(X,R) and f(x) < f(z) implies (Tf)(z) < (Tf)(x),Vx €

X; (i) (discounting) 3p € (0,1) such that [T(f + a)l(x) < (Tf)(x) + pa,a >

0,2 € XY Then T is a contraction with modulus p.

Proof. For any f,fe B(X,R), f < f+ Hf — ﬂ‘ where we write f < fif

f(z) < f(z),Vx € X. Then
Tf<T(F+|f-F|) sT7+0|r- 7]

"Note (f +a)(z) = f(z) + a.
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where the first inequality follows from (i) and the second from (ii). Reversing
the inequality gives Tf <Tf+p ’
s~ 77| < o]ls ~ 7] =

Now we have the second main theorem of this section.

f— f H . Combining both inequalities gives

Theorem 583 In (C(X), ||-||), T given in (6.24) has the following properties:
T(C(X)) CC(X); Tv=veC(X); and Yvy € C(X),

_B

(1-5)

Furthermore, given v,the optimal policy correspondence v : X — X defined
in (6.23) is compact-valued and u.h.c.

|l =T || < | Tvg — vol| ,m» =0,1,2... (6.25)

Proof. For each f € C(X) and x € X, the problem in (6.24) is to maximize
a continuous function [r(z,-) + 8f(-)] on a compact set I'(z). Hence, by the
Extreme Value Theorem 262, the maximum is attained. Since both r and
f are bounded, T'f is also bounded. Since r and f are continuous and I, it
follows from the Theorem of the Maximum 295 that 7T'f is continuous. Hence
T(C(X)) C C(X).

It is clear that T" satisfies Blackwell’s sufficient conditions for a contraction
(Lemma 582) since: (i) for f, f € C(X) with f(z) < f(z),Vx € X, by T
given in (6.24) we have (T'f)(z) < (T'f)(x) © maxyer(x) [r(z,y) + Bf(y)] <

maxerx) |r(@,y) + BF(y)| ; and (i)

T(f +a)(r) = nax) [r(z,y) + B (f(y) + a)]

= max [r(z,y) + Bf(y)] + Ba

— (Tf)(2) + fa.

Since C(X) is a complete normed vector space by Theorem 452 and 7T is a
contraction, then 7" has a unique fixed point v € C(X) by the Contraction
Mapping Theorem 306 which satisfies (6.25). The properties of vy follow from
the Theorem of the Maximum 295. m

If we want to say more about v (and ), we need to impose more structure
on the primitives. The next theorem illustrates this.
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Theorem 584 For each y, let r(-,y)be strictly increasing in each of its first
n arguments and let I' be monotone in the sense that x < z' implies I'(x) C
[(2'). Then v given by the solution to (FE) is strictly increasing.

~

Proof. Let C(X) C C(X) be the set of bounded, continuous, nondecreasing

~ o~

functions and C(X) C C(X) be the set of bounded, continuous, strictly

~

increasing functions. Since C(X) is a closed subset of the Banach space

~

C(X),Corollary 307 and Theorem 583 imply it is sufficient to show T'(C(X)) C

C(X), which is guaranteed by the assumptions on 7 and I'. m

Existence of solutions with unbounded returns

As we mentioned in the introduction, one application of dynamic optimiza-
tion in infinite dimensional spaces is the growth model. In that case the en-
dogenous state variable is capital, denoted k; at any point in time ¢ = 0, 1, 2...,
with k& € Ry and kg > 0 given. It is typically not the case that we assume
k; lies in a compact set, which is very different from the assumptions of the
previous section. That is, the previous section relied heavily on the fact
that the return function was bounded (so that we could work in the space of
bounded functions).

To address this problem, here we will consider a specific example. There
is a linear production technology where output y; = Ak;, A > 0. Capital
depreciates over a period at rate § > 0. Assume that A = A+ (1 —6) > 0.
A household is risk neutral (i.e. wu(c;) = ¢ where ¢; denotes consumption
at time ¢) and discounts the future at rate 3. Assume that 5! > A. Since
utility is strictly increasing in consumption, there is no free disposal and
the budget constraint implies that ¢; = Ak, + (1 — §)k; — ki1 Hence the
household’s reward function is given by r(ky, kiy1) = u(ey) = Ak, — kiiq.

The problem of the household is to choose a sequence of capital stocks to
maximize the present discounted value of future rewards which is just

[o.9]

vi(ko) = sup Y B'[Ak; — k] (SP)

<kt+1> =0

st. 0 < ki < Zkt and ko > 0 given.

We will attack this problem in several steps.
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1. Show that the constraint correspondence I' : Ry — R given by I'(k;) =

{kir1 € Ryt kyyq €0, Zkt]} is nonempty, compact-valued, continuous,
and for any k; € Ry, kiyq € (k) implies Mg € T'(Ak;) for A > 0.
Furthermore, show that

for some a € (0, 671), kt+1 S Oékt,Vk't S R+ and Vkﬁ.l € F(l{ft> (626)

Nonempty: k.1 = 0 € ['(k;). Compact: By Heine-Borel, it is suf-
ficient to check that I' is closed and bounded. Boundedness follows
since given ky, ki1 € [0, Aky]. To see T' is closed, suppose < z, > is
a sequence such that z,, € I'(k;) and z,, — z. But x, € I'(k;) implies
2y € [0, Aky] and x, — 2 implies x € [0, Ak,]. Thus z € I'(k;) so that T
is closed. Continuous: One way to establish this is to show I' is uhc
and lhc. On the other hand, it is clear that since the upper endpoint is
linear in ky, it is continuous in k; and hence I'(k;) is continuous. Ho-
mogeneity: If k1 € T'(k;), then 0 < kg < Ak,. Multiplying by A
implies 0 < Mes1 < Ak, = ANk, or My € T'(Ak,). Existence of
a : Since kiq € I(ky), then kyyy < /Tkt. Hence just take a = A. By
assumption, A < 3 ' so a € (0,871).

. Show that the conditions you proved in part 1 implies that for any ko,

kt S Oétk[b

Vt and for all feasible plans < ki1 >€ F(ko) = {< ki1 >: ki1 €
[(ky),t = 0,1,...},the set of plans feasible from k. To see this , from
1, kpor < Aky = aky < alak 1) = a?k; < ... < o' lky. Notice that
k; can be growing over time, though at rate less than 5.

. Let G = {(kt, ke1) € Ry X Ry ¢ keyq € I'(ky) }. Show that r: G — Ry

is continuous and homogeneous of degree one. Show that Ak; — Ky >
0,Vt and 3B € (0,00) such that

Aky — koy < B (ke + kern) s V(ke, kisr) € G (6.27)

Given that (ki kir1) € Ry X Ry, (6.27) assures a uniform bound on
the ratio of the return function v and the norm of its arguments. Con-
tinuous: We must show that Ve > 0, 30(ks, kii1,€) > 0 such that
if

VO = k)2 4 (B — ki )? <6, (6.28)
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then
‘(Zkf - /fgﬂ) - (Zkt - km)‘ <e. (6.29)
But
‘ (ﬁk? _ kgﬂ) _ (Zkt _ kt+1>
by the triangle inequality. If (6.28) is satisfied, then
AR — k| < 21\/(/{9 — k)2 4 (R, — keer)? < A

< AN — k| + [KDyy = ko

and |k0,y — kyy| < \/ (B9 — K)2 + (KO, — Kyn)2 < 6.

Hence let § = max{%, 2—%} Homogeneity: r(\k;, \kq) = ANk, —
M1 = A [gkt — ktﬂ} = Ar(ky, kiy1). Nonnegative returns: Since

keyq € [0, Zkt], we know Zkt — ki1 > 0, Vt. Boundedness: Inequality
(6.27) is established since

;U{It — kt+1 S Zkt + kt+1 S maX{Z, 1} (:l{ft + kt+1> ,V(k‘t, kt+1) el
where B = max{A, 1}.

Show that the conditions you proved in the previous parts imply that
for any ko and V < kiy >€ F(ko),

nh_)nolo E?:oﬁt [gkt — k1]

exists. This, along with the prior conditions you have proven, estab-
lishes that a solution to (SP) satisfies the functional equation

v(k) = sup  [Aky — k] + Bo(kesr). (FE)
ki+1€T(kt)

We start by noting

Zﬁt [Aky — k] < ZﬁtB [kt + Fyia]

t=0 t=0

BY " B'la'ko + kol

<
= Bko(1+a)) (aB)
< Bko(1+a)/(1 - af)
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where the first inequality follows from part 3, the second from part 2,
and the third since a8 < 1 from part 1. Since Y1, 3'[Ak; — kiiq] is
increasing and bounded, the limit exists.

Show that v* defined in (SP) is homogeneous of degree one (i.e. v*(0kg) =
6v* (ko)) and that for some n € (0,00), |v*(ko)| < nko, for any ko. To
see this, as in part 2, consider < k13 >€ F(ko) and Let u(< ki1 >
) = limy, oo > i B'[Ake — kisa]. Then v*(ko) = sup_y, \seppry u(<
kiy1 >). For 6 > 0, Okg € R, since R, is a convex cone. Furthermore,
ki € (ko) = 0k € I'(0ky) as established in part 1. Continuing in
this fashion we can show that V < ki >€ F(ko), < Ok >€ F(Oko).
Homogeneity: For 6 > 0,

v (0ky) = sup u(< Okppq >)

<Oki41>EF(0ko)

= sup { lim Zﬁt Aekt 6)'I’ft—&-l]}

<Oki41>EF(0ko) -0

= sup { lim 6 Zﬁ Al{?t ktJr].]}

<Oki1>EF (Oko)

= Q’U*(/ﬂo)

Boundedness: Let D = B(1+ «a)/(1 — af) > 0. Then V < k;yq >€
F(kg), it was shown in part 4 that

|u(< k’t+1 >)‘ = < Dky.

7111—>I£10 Z ﬁt [Zkft - k’t+1]

t=0

Thus, ¥V < ki >€ Flko),

0" (ko)| =

sup  u(< kg >)
<ki41>€F (ko)

< sup  |u(< kip1 >)| < Dky.
<kt+1>€F(k‘0)

. As a converse to the above results, next consider seeking solutions to

(FE) in the space of functions (denoted H(RR,)) that are continuous,
homogeneous of degree 1, and bounded in the sense that if f € H(R,),
then 1 (kt” < 00. This notion of boundedness is consistent with Defini-
tion 522 Endow the space with the operator norm, which by Theorem
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518 can be of the form

1£] ZSUp{ngt)’,kt eR, ,kﬁéo}. (6.30)

We must verify that [|-|| on the vector space H (R ) satisfies the prop-
erties of a norm and that (H(R,),|]|) is complete. Normed Vec-
tor Space: We must show: (a)||f|| > 0 with equality iff f = 0;(b)
lafll = lal-lf]l; and (c) [[f + /' < |[f][+ ] /]| . Complete: Consider
any Cauchy sequence < f, > in H(R,). For all z € R, < f,(z) >
is Cauchy in R and thus has a limit. Define f : R, — R by f(z) =
lim, o fo(z), Vo € R,. We must show that f € H(R,) by verify-
ing that (i) f is homogeneous of degree 1; (ii) bounded in the sense
that @ < o0; and (iii) f is continuous. Starting with (i), for A > 0
and z € Ry, since f, € H(R;)Vn we have f(Az) = lim, . fn(Az) =
lim, oo Afy(z) = Af(z). Next, for (ii) we know that f is bounded
since < || fn]| > is a convergent sequence in R and thus bounded (i.e.
IfIl < |Ifn||+1 for some N € N). Finally, for (iii) note that < f,, >— f
uniformly by the Cauchy criterion and that H(R,) C C(R,). But uni-
form convergence of continuous functions implies the limit function is
continuous.

Show that for any v € H(R,),lim, .. 3'v(k;) = 0 which establishes
the conditions necessary to prove that a solution to (FE) implies a
solution to (SP). It follows directly from parts 2 and 6 that for any
f e HRy),

|f(R)| < K- | fIl < a'ko

so that since a8 < 1, lim,, .., f'v(k;) = 0.

Define an operator 7" on H(R,) by

(TF)(k) = s [Zk K+ BFE)]. (6.31)

Show that 7" maps functions in H (R, ) to functions in H(R,). Conti-
nuity: Since r and f are continuous by part 3 and f € H(R,), and T
is compact valued, we know T'f is continuous by the Theorem of the
Maximum. Boundedness: Since r and f are bounded by part 3 and
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fe HRy), Tf is bounded. Homogeneity: For 6 > 0,

(TF)Ok) = sup [A@k—ek'wf(ek')}

0K’ €T (0k)

= 0 sup [Zk — K+ 5f<k/)}
0k’ €T (0K)

— 0 sup [Zk—k’vtﬁf(k’)}
K er(k)

= 0(Tf)(k)
since Ok’ € T'(0k) <= k' € I'(k) by part 1.

9. Show that T satisfies Blackwell’s sufficient conditions for a contraction
(and hence there exists a unique fixed point of (FE) v = T).

6.7 Appendix - Proofs for Chapter 6

Proof of Dini’s Theorem 453. Let < f, > be decreasing, f, — f
pointwise, and define f, = f, — f. Then <Tn> is a decreasing sequence of
non-negative functions with f, — 0 pointwise. For a given z € X and ¢ > 0,
IN (g, x) such that 0 < fy(. . () <e. Since fy( ) is continuous 35(x)such
that 0 < fy.(2") < e for all 2 € Bsy(x). Since f, is decreasing, 0 <
fn(a@") < e for all n > N(e,x) we have 2’ € Bs(,)(x). Since the collection
{Bs@)(x),x € X} is an open covering of X, there exists a finite subcovering

.....

well defined since N (¢) is just the minimum of a finite set. For a given e,we
found N(e) such that 0 < f, () < € for all n > N(g)and for all z € X (i.e.
f,, — 0 uniformly so that f, — f). m

Proof of Lemma 456. (<) This direction is apparent. ( =) Let
D C C(X) be equicontinuous. Then given x € X and ¢ > 0, 39 (¢, z)
such that |h(2') — h(z)| < § for all 2’ such that dx (z,2") < ¢ for all
h € D. The collection of open balls {B%(g(w’%) (x) ,xeX} is an open cover-
ing of X and since X is compact there exists finitely many xq, ...,z s.t.
{B%(;(xi,%) (x;),i=1,.., k} covers X. Let 6 = %min {(5 (xi, %) =1, ..., k} .
For z € X, then 3i such that = € B&(xig)(xi)- Let y € X such that dx (z,y) <
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0. Then dx (y, x;) < dx (y,x)+dx (z,z;) < 5—{—%6 (a:i, %) <4 (xi, %) . There-
fore for any h € D, |h (x)—=h (y)| < |h (x)—=h (2;) |[+|h () =h(y) | < 5+5=¢
since D is equicontinuous at x;. Hence D is uniformly equicontinuous. m

Proof of Lemma 457. (<) Suppose that D is totally bounded. Let
€ > 0 be given and choose positive numbers €; and €5 such that 2e; + &5 <
. Total boundedness of D implies that there exist finitely many functions
f1, ey fn such that the collection of open balls {B., (f;),i =1,...,n} covers
D. Fix . Because {f;i=1,...,n} is equicontinuous at =y (since a finite
subset of continuous functions is equicontinuous), there exists 6 > 0 such
that dy (f; (x), fi(x9)) < ey for all  such that d(z,z9) < 0 and for all
1t = 1,...,n. To prove that D is equicontinous at xy we need to show that
dy (f (), f (z0)) < e for all z such that dx (r,z9) < ¢ and all f € D.
Let f € D. Because{B., (fi),i=1,...,n} covers D, then 3 f; such that
f € B., (f;) . By the triangle inequality

dy (f (x), f (x0)) dy (f (z), fi (z)) +dy (fi (z), fi (z0)) + dy (fi (7o), f (z0))

<
< g1+e9+61<¢

holds true for all = such that dx (z,z¢) < ¢ and for all f € D. Notice that
this direction doesn’t require compactness of either X nor Y, hence total
boundedness always implies equicontinuity.

(=) Suppose D is equicontinuous. Given € > 0 we wish to cover
D by finitely many open €— balls. Choose ¢; and &5 such that 2e; +
g9 < e.Using equicontinuity of D at x € X, given &1, 39 (¢1,z) such that
for o' € Bsi ) (®), d(f(2'), f(x)) < e for all f € D. The collection
{Bs(,2) (z), 2 € X} is an open covering of X. Since X is compact there
exist finitely many xy, ..., such that {B(;(Ehm) (2;),i=1,...k} covers X
and dy (f (z), f (z;)) < &1 holds for € B, 4, (#;) and all f € D. Now
cover Y by finitely many open balls {B., (y;),j =1,....,m}. Let J be the
set of all functions « : {1,...,k} — {1,...,m}. The set J is finite. Given
o € J, if there exists a function f € D such that f(x;) € B:,(Ya(;)) for
each ¢ = 1,..., k,choose one such function and label it f,. The finite colle-
cion of open balls {B: (f,),a € J} with € < 2e; + &5 covers D. For each
i = 1,,...,k,choose an integer a(¢) such that f(z;) € B.,(ya(;). For this
index «,the e-ball around f,, contains f (i.e. f € B.(f.)). Let f € D. Then

f(z;) € Be, (yj(i)) for i = 1,....,k because {B., (y;),j = 1,....,m} covers all
of Y (which is possible since Y is compact and thus totally bounded). Define



286 CHAPTER 6. FUNCTION SPACES

the function f;, such that f;  (z;)e€B, (?Jj(,-)> fori=1,.....k Let x € X.
Choose i such that € By, 4,) (#;) . Then

Ay (£ @), Fiy @) < A @) f @)+ A (@), o (@0) +d(fa (@), fa (2)

< g+t <e.

u
Proof of Lemma 467. By construction. Define P,(z) on [—1,1] by
induction: Py(z) =0 and P,11(x) = P,(2) + 5 (2* — P2(z)),Vn € N.

To prove that P,(x) — |z| on [—1, 1] uniformly, we will use Dini’s Lemma
453. In that case we must check: (i) P,(z) < P,11(z), Vo € [—1,1]; and (ii)
P, (z) converges to |z| pointwise on [—1,1]. We check that 0 < P,(z) <
P,i1(z) < |z|, Vo € [-1,1] by induction.

To show < P, > is non-decreasing, suppose it holds for n > 1 (n = 1
is clear). Then P,is(z) = P,u1(z) + 5 (22 — P2, (2)) > P,41(z) because
0 < Poa(z) < o] & By (2) < [af.

To show P, o < |z|,use the identity

Praa = lal = (il = Pra(0)) (1= 5 el + Pua@)] )

Since |z| — Py11(z) > 0 by assumption, |z| + P,11(z) < 2|z| and hence
1= L{lal + P ()] > 0.

Thus the sequence < P,(z) > is increasing and bounded Vz € [—1,1]
and therefore it converges to a function f(z). Taking the limit of P, (z) =
P,(z)+3 (2* — P2(z)) yields f = f+3 (z* — f?) which implies f*(z) = 2 or
f(z) = |z| (which we know is continuous). By Dini’s lemma 453 < P, (z) >
converges to |z| uniformly on [—1,1]. =
Proof of Schauder’s Fixed Point Theorem 475.

Since K is compact, K is totally bounded. Hence, given any € > 0, there
exists a finite set {y;,7 = 1, ..., n} such that the collection { B.(y;),7 = 1, ...,n}
covers K. We now define the convex hull K, = {01y; + ....... + 00y, 2> 0; =1, all 6; > 0}.
This is a subset of K since K is convex and K contains all the points y;. We
will now map all of K into K. by a continuous function P. (y) that approxi-
mates y (i.e. ||P:(y) —y|| < e,YyeK). To construct this function P (y), we
must construct n continuous functions 6; = 6; (y) > 0, with > ", 6; = 1.
First, for : = 1, .....,n, we define

wxmz{

0if |y, —yl>¢



6.7. APPENDIX - PROOFS FOR CHAPTER 6 287

Each of these n functions ¢, (y) is continuous and the fact that the set
{1, ..., yn} is dense in K guarantees ¢, (y) > 0 for some i = 1,....,n. Now
construct continuous functions

o (y) .
0, (YY) = =————,1=1,...... ,n,y € K.
<) Zz‘:ﬁpi(y)

These functions are well-defined since > | ¢; (y) > 0. The functions 6; (y)
satisfy 0; > 0, > 0; = 1. Finally we construct the continuous function

P.(y) =01 (y)y1 + oenee. + 0, (Y) Yn.

This function maps K into K. From the construction of ¢;, 6; (y) = 0 unless
llyi — y|| < e. Therefore P. (y) is a convex combination of just those points
y; for which ||y; — y|| < €. Hence

1P () = ol = ||S2 6 ) e — ]| =[S0 ) = )| < X200 i — w

This establishes that P.(y) approximates y. Now we map the convex set
K. continuously into itself by the function f. : K. — K. where f.(x) =
P.(f (z)) for all x € K.. Since K. is a convex, compact, finite-dimensional
vector subspace spanned by the n points v, .....,y, and f. : K. — K. is
continuous, there exists a fixed point x. = f. (z.) in K. due to Brouwer’s
fixed point theorem 302. Now we take the limit as ¢ — 0. Set y. = f (z.).
Since K is compact, we may let € — 0 through some sequence €1, s, .. for
which < y. > converges to a limit in K :

f(xe) =y. = Jase, — 0. (6.32)
We now write

. = fo(zc) =P (f (z)) = P (y:)
e = Yo+ [P (¥e) — v

Then

<E.

e =TIl = llye + P (ye) = ve =7l = 1 F- (=) =7l < 1P () — well+llw- — 7l -

The first term vanishes since P.(y) approximates y and the second term
vanishes since g, converges to iy as ¢, — 0 . Hence z. — j as ¢ = ¢ — 0.
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Now since f is continuous then f (z.) — f (7). Combining this and (?7) we
have f (y) =7, for some § € K.Hence 7 is a fixed point of f. m
Proof of Riesz-Fischer Theorem 481. The case for p = oo is in the
text.

Second, let p € [1,00). Let < f,, > be a Cauchy sequence in LP. In order
to find a function to which the sequence converges in light of Example 444,
we need to take a more sophisticated approach than for p = co. Since < f,, >
is Cauchy we can recursively construct a strictly increasing sequence < n; >

in N such that || f, — ful, <27/, Vk,n > n; and Vj € N. Then

_f”j|

J J
< Z ||fnj+1 - fﬂij < 22_j <1
p =l =1

for each J € N by the Minkowski inequality in Theorem 480. Therefore,

/)((;’fnjﬂ_fnj’) - /(}Lnoloz}f””l fn]
- o (3
J p

- (;m—m

p

p

lim
J—00

— fuy]

p

where the third equality follows from the Monotone Convergence Theorem
396.This implies that the sum Z;.le ‘ Jnj — fnj} is finite a.e. This means
there exists a set A such that mA = 0 and 2;11 ‘ Jnji — fnj| converges on
X\A. Since fo,oy = fo, < | foyir — fnj| , we have 3 7%, fn. ., — fn, converges
on X\A. Let f(z), x € X\ A be the limit of this series. Then by Theorem 364
(the pointwise limit of measurable functions is measurable), f is measurable.

Finally, we need to show that f is also p -integrable. To do so, suppose
that € > 0 is given and let Ny be an integer such that || f. — ful|, < € for
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k,n > Ny. Then

=ty = (fan=av) = ([ mmln- b))

1

< (lim inf/ \fn—fnj|”>p <e,Vn > N
X

j—o0
where the second equality follows since < f, > is Cauchy and the first
inequality follows by Fatou’s Lemma 393. Since ||f||, = [ f — fu + full, <
IF = full, + IFull, < & + 171, < 00, then f € L, and f, — f in'L,. m

Proof of Theorem 520. Let < T,, > be a Cauchy sequence in BL(X,Y).
For a fixed € X we have

[Tnx = Tonlly < N0 = Tonll Nl x

so that < T),(x) > is a Cauchy sequence in Y. Since Y is complete, < T),(x) >
converges to an element y € Y. Call this element Tz (Tx = lim,, o T),(x),
Vo € X). Thus we can define T : X — Y by Tz = lim,,_,o T},(x). We must
show that T is bounded and that < 7T,, >— T as n — oo.

Since < T,, > is Cauchy, then given £ > 0 dN such that Vm,n >
N we have ||T,, — T,,|| < €. Hence ||T,, —Tn| < &,Yn > N or ||T,] <
[Tn[l+e,%n > N. Thus, ||Tz]ly = lim, oo | Thally <im0 ([T l2] ) <
(ITn|| +€) ||z|lx - Thus T" is bounded.

For each z € X we have ||T,z —Tx|y = limy, o ||The — Thzlly <
limy, oo |10 — Tl ||l < €llz]|x,Vn > N where the inequality follows
from Corollary 519. Thus ||T,, — T|| = sup{|[(T, — T)z|ly ., ||lz]|x =1} <
el =e. Thus T, - T in BL(X,Y). m
Proof of Theorem 529. Let G : X — R be any bounded linear functional
on R" from X* (i.e. G € X*). Let {e',...,e"} be the natural basis in R"!?
and define b, = G(¢) for i = 1,...,n. For z = (x4, ...,7,) € R" we have

G(z) = Gz + ...+ z,e")
= 1,G(e") + ... + 1,G(e")
= o1y +... + 2,0,
= <x,b>.

12Recall that the natural (or canonical) basis in R" is defined to be the set of vectors
{e1,...,en} where e; = (0, ...,1,...,0) with ‘1’ in the ith place.
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Clearly the functional G is represented by the point b = (by,...,b,) € R".
Next we show that ||G|| = ||b]| i . First,

rG<x>rsZ|xiG<ei>|s(Zx%) (Zc«eﬂ?) — llzlx bl

where the first inequality follows from the triangle inequality and the sec-
ond inequality follows from the Cauchy-Schwartz inequality (Theorem 210).
Hence ||G|| < ||b]|x by (iv) of Theorem 518. Second, choose zg = (b1, ..., b,).
Then we have

=

Glao)| _ |GO) _ <bb> _ [bl
Teolxy Mol Mol ol

where the inequality follows from Corollary 519. Combining these two in-
equalities we have |G| = ||b] x -

It is easy to show that each functional G € X* is uniquely represented
by the point b € R™. To see this, it is sufficient to prove that an operator
T : X* — X defined by T(G) = (G(e'),...,G(e")) = b is a bounded, linear
bijection such that G(z) =< b,z > . To see that T"is bounded (and hence
continuous by Theorem 511) note

TG b
I = st { i G e 0 = sup {5 ol # 0 =1
Ig bl

To see that T is linear, since < (ab+ V), z >=a < b,x >+ < V,x >,
we know T'(ab+ pb') = oT'(b) + ST (V). To see that T is a bijection, first we
establish it is an injection (i.e. one-to-one). Let Gy # G5. Then dx € X such
that Gy(x) # Go(x). Since x = z1e' + ... + x,€" uniquely, we have

1€ =

= HbHX

G

X*

Gi(zr) = Gi(me* + ...+ z,e")
= 51Gi(eM) + ...+ 2,G(e")
= mb}+ ... +a,b)
and similarly

Then Gy (z) # Go(z) = bl # 12 or ... b} # b2 so that TGy # TGy. To see T
is a surjection (onto), we must show that for any d € X, 3G € X* such that
T(G)=d.But G(z) =<d,x > X* and TG =d. * m

Y3For example, if X = R? and we take d = (3,4) € X, then G(34)(z) = 3z1 + 4z € X*.
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Proof of Theorem 530. Let {¢",i € N } is a Complete orthonormal
system in H. Set b; = F(e'),Vi € N. Then we have ZbQ— Zbe

=1

n n 2
| Fl]| ZbieiH = ||F|| (Z bf) . Taking the square of both sides , we have

Zb? < ||F||* for arbitrary n.Then be < ||F|* < oo which means

=1 i=1
oo

that the series be is convergent. Then there exists an element y €
i=1
H whose Fourier coefficients are b;,i € N. Since {¢’, i € N} is 8 _com-

plete orthonormal system (by Parserval’s equality) we have b = Zb e’
and also ||b|| < [|F||.Let = be any element of H and let {z;;i € N} be

its Fourier coeficients. Then ine — x by Parseval’s Theorem 504.
i=1

Since F' is linear, F'(z) = lim, .o F' (Z xiei> = limnﬁwzxiF(e") =
—1 i—1

hmn_mleb = leb =< x,b > . By the Cauchy-Schuartz inequality

| F(x) |< Hx||||b|] ‘V’:L‘ € H so that |F|| < ||b||.Combining the two inequali-
ties, we have || F|| = [|b]|.

Proof of Theorem 531. Suppose v = (71, ....75,....) € £, and F' € 3.
Set {e’,ieN} where €’ is the vector having the i-th entry equal to one and all
other entries equal to zero.

Let s, = Y ;" 2e’. Then s, € £, and ||z — s[> = 337 |2:[" — 0 as
n — o00. Thus F (s,) = F (31 wie') = >0, F (¢") and |F (x) — F (s,)] =
|F'(z = sn)| < ||F[| [l — Shll, — 0asn — oo. Hence F' (z) = lim;, o0 F' (s,) =
S i (e'). Set z; = F(e'), i€ Nand z = (21, ..., Zy, ...) . We must show
that z € ¢,. For this purpose choose a particular z = (;) :

[ |zl"%2z when z #0
ti = 0 when z; =0 °

For this case ||s.|[; = >0, [=l” = >, 2,79 = S |z [*. Moreover
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1

F(sn) = Ximimizi = 2oy &l and |F (sp)| < [|F[[ [|sall, < [l (25 [2:]7)7
Hence 311, [a” < || (S [al)? & (S0, 2"« < |[F1] holds true for
arbitrary n. Thus z = (z;) € {, and |z|, < ||F[|. On the other hand
by Hélder’s inequality we have |F'(x)| = [> 2, @iz < ||z], 2], and thus
| F|l < [|2]l, - This shows that [|F[| = [|2[|,. =

Proof of Riesz Representation Theorem 532. Let us first consider
m(X) < oo. In that case x5 € L,(X) for any £ C X which is £-measurable
(i.e. E € L£). Then defined a set function v : £L — R by v(E) = F(xg)
for E C L. v is a finite signed measure which is absolutely continuous with
respect to m. (Show it???). Then by the Radon Nikdodyn Theorem 434
there is an integrable function g such that v(E) = [_dm for all E € L.
Thus we take F(xp) = [, gdm for all E € L. If ¢ is a simple function (i.e.
it is a finite linear combination of characteristic functions), then by linearity
of F' we have

F(p¢) = F (ZCiXEz) = Zcz-F (xg,) = Zci /E gdm

i=1 =1
n n

= E ¢ / X, 9dm = / E CiXp, = / gedm.
i=1 X X =1 X

Since |F(¢)| < [[F[|[l¢ll, we have that g € L,(X). (Show it???) Hence
there is a function g € L,(X) such that F(p) = [ gpdm for all simple
functions ¢. Since the subset of all simple functions is dense in L, (X),then
F(f) = [ygfdm for all f € L,(X). (Show it???) Also show that ||F| =
lgll,- The function g is determined uniquely for if g, and gsdetermine the
same functional F, then g; — gomust determine the zero functional; hence
g1 — g2l, = 0 which implies ¢; = goa.e.

Let m(X) = oco. Since mis o-finite, there is an increasing sequence of £-
measurable sets < X,, > with finite measure whose union is X. By the first
part of the proof for each nthere is a function g, € L, such that g, vanishes
outside X,, and F'(f) = [ fgndm for all f € L,that vanish outside z. More-
over ||gn|l, < F. Since any function g, is unique on X, (except on sets of
measure zero), gn+1 = gn on X,. Set g(x) = g,(x) for x € X,,. Then g is a
well defined £-measurable function and |g,| increases pointwise to |g|. Thus
by the Monotone Convergence Theorem 396

/Wszmgﬁ%Wmsww
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for g € L,. For f € L, define

f— f(z) forze X,
" 0 forzeX\X,

Then f, — f pointwise and in L,. By the Holder Inequality 479 |fg| is
integrable and | f,g| < |fg| so that by the Lebesgue Dominated Convergence
Theorem 404

[ toam = tim_ [ fugam = lim [ fg.dm = lim P(5,) = F(7),

|
Proof of Hahn-Banach Theorem 539. If M = X then there is nothing
to prove. Thus assume M & X. Then dz; € X which is not in M. Let

Mi={weX:w=ar,+z,a € Rz e M} (6.33)

One can prove (see Exercise 6.7.1 below) that M; defined in (6.33) is a
subspace of X and that the representation in (6.33) is unique.

Next, extend f to M; and call this extension F'. In order for F : M; — R
to be a linear functional, it must satisfy

Flax + ) = aF (z1) + F(z) = aF (z1) + f(x) (6.34)

whee the second equality follows since x € M. Hence F' is completely de-
termined by the choice of F(x1). Moreover, we must have aF'(x1) + f(z) <
P(ax; + x) for all scalars « and x € X. If o > 0,this means

Flo) < ~plam+o)— f @] =p (it 2) 7 (2) =plm+2)-p ()

where z = Z.If a < 0,we have

F () 2 = [plam +2) = [ (2)] = £ 4) — p (2, +)

where y = —Z.Combining these two inequalities we have

fly)—ply—mz) < F(x) <p(z1+2)— f(2),Yy,z € M??7rM; (6.35)

Conversely, if we can pick F' (x;) to satfisfy (6.35) then will satisfy (6.34) and
F will satisfy (6.10) on M. For if F'(x;) satisfises (6.35) then for a > 0 we
have

aF(xl)an(:Jc):a[F(xl)—l—f( )] Sap(a:leg) =p(azr; + )

T
(0%
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while for o < 0 we have
aF (z1)+f (z) = —« [—F (x1) + f (—g)] < —ap <_§ - xl) =p(ar; +1x).

So we have now reduced the problem to finding a value F'(x;) to satisfiy
(6.35) . In order for such a value to exist, we must have

f@W) —ply—o) <plei+2z)—f(2),Vy,z€ M (6.36)

In other words we need

fly+z2) <plzi+2)+ply—r)

But this is true by (6.8) . Hence (6.36) holds. If we fix y and let z run through
all elements of M, we have

@) =ply—=) < inf {par+2)-f(2)}=C
Since this if true for any y € M, we have

cz;gﬂg{f(y)—p(y—m)} <C.

We now pick F' (x;) to satisfiy ¢ < F'(z,) < C. Note that the extention
is unique only when ¢ = C. Thus we have extended f from M to M. If
M; = X we are done. Otherwise, there is an element x5 € X not in M;. Let
M, be the space spanned by M; and xs (Ms = axs + x,a0 € R,z € M;). By
repeating the process we can extend f to M.

If we prove that the collection of all linear bounded functionals defined
on subspaces of X satisfies the assumptions of Zorn’s lemma we are done
(because Zorn’s lemma guarantees the existence of a maximal element which
we will prove is the desired functional). Consider the collection L of all linear
functionals ¢ : D (g) — R defined on a vector subspace of X such that the
vector subspace satisfies: (i) D (g) D M; (i) g(z) = f(x), Yo € M; (iii)
g(z) <p(x), Yz € D(g). Note that L is not empty since F' belongs there.
Introduce a partial ordering ”<" in L as follows. If D (¢g1) C D (g2) and
g1 (x) = g2 (z) Yo € D(g,), then g; < g2. One can prove (see Exercise 6.7.2
below) that ”<” defined above is a partial ordering in L.
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We have to check now that every totally ordered subset of L has an upper
bound in L. Let W be a totally ordered subset of L. Define the functional h
by

D(h) = UgewD (9)
hiz) = g(z),ge W,z € D(g).

Clearly h € L and it is an upper bound for . Note that the definition of A is
not ambiguous because if g; g2 are any two elements of W, then either g; C g,
or g C g1 and in either case if z € D (g1) N D (g2), then ¢ (x) = g2 ().
Hence this shows that the assumptions of Zorn’s lemma are met and therefore
a maximal element F' of L exists.

We must show that F'is the desired functional. That means that D (F) =
X. Suppose by contradiction that D (F) € X. Then 3 2y € X\D (F) and
by repeating the process that we used at the beginning we would construct
the extension h of F' such that h D F and h # F. This would violate the
maximality of F. m

Exercise 6.7.1 Prove that M, defined in (??) is a subspace of X and that
the representation in (7?) is unique.

Exercise 6.7.2 Prove that the relation "<” defined in the proof of Theorem
539 is a partial ordering in L.

Proof of Separation Theorem 549. Suppose without loss of generality
that 0 is an internal point of K. Then K7 — Ky ={z —y:z € K1,y € Ky}
is convex by Theorem 216. Let xy € Ks. Since 0 is an internal point of K,
then 0 — xg = —x¢ must be internal point of K7 — Ks. Let K = 2+ K7 — Ks.
Then K is convex and 0 € K is its internal point. See Figure 6.5.4.

We claim that xy is not an internal point of K. Suppose it was. Then 0
would be an internal point of K7 — K5. Then for any y # 0 and some positive
number «, the point ay would belong to K7 — Ky (i.e. ay = ky — ks for some
ki € Ky and ky € K5). This implies % = ﬁ—la If y is a point of K5 then
the left-hand side represents a point in K because 3y + 1J+ak:2 is a convex
combination of two points of a convex set Ky Furthermore, the right-hand
side is an internal point of K; because k; € K;, 0 € K; and 14%04 < 1. This
contradicts the assumption that K5 contains no internal points of K. Thus
if P (x) is the support function of K and ¢ is not an internal point of K we

know by (iii) of Lemma 546 that P (zq) > 1.
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Let M be a one-dimensional linear subspace spanned by zo (i.e. M =
{z : x = axg,a € R} Define a linear functional f : M — R by f (azy) =
aP (z9) . We must check that f satisfies the assumptions of the Hahn-Banach
Theorem 539. Is f (axy) < P (axy) for all a? If a <0, then f (azg) < 0 and
hence f(axy) < P (axp) since P is non-negative. If o > 0, then f (axy) =
aP (zg) = P (axg) by property of (i) of P in Lemma 546. Now by the Hahn-
Banach Theorem f (z) can be extended to a linear functional F' : X — R
satisfying F'(z) < P (z) for all x € X. Thus for € K we have F'(z) < 1,
r=ux9+y— 2z with y € K7 and z € K5.Then x — y + 2o € K and we have
F(x—y+uz9) <land F (z)—F (y)+ F (x0) < 1. Since F (zg) > 1, we have
F(x) < F(y) for any z € K; and y € K,. Then we have

sup F'(z) < inf F(y)

zeKy yeK2

and hence F' separates K, Ky and F' is a non-zero functional (since F' (xy) >
1).77?Check z,y,z 777 =

Proof of Second Welfare Theorem 552. Proof. Since S is finite
dimensional (A5) and the aggregate technological possibilities set is convex
(A4), for the existence of ¢ we must show that the set of allocations preferred
to {a¥}L, given by A = 321 A; is convex where 4; = {z € X; : u;(z) >
wi(xf)},Vi. Assumptions (A1) — (A3) are sufficient to guarantee that each
A; is convex and so A is convex. Finally, we show that A does not contain
any interior points of Y. Suppose to the contrary that y € intY and y € A.
Thus, for some {z;}/_, with z; € A; for all i, we have y = Zif:l x;. By
assumption, there is some h € {1, ..., I'}, 37}, such that u,(Z) > up(z}). Let
¥ = arp + (1 — a)zp,a € (0,1). By Al and A2, 2% € X}, and uy(zf) >
up(zy). Let y* = >, v + xf. Since y € intY, it follows that for some
sufficiently small e, y* € Y. In this case the allocation ({2}, Uaj,y°) is
feasible and satisfies

x; € X, Vi, ui(x) > ui(2]), Vi # h, and up(z5) > up(2))

which contradicts the Pareto Optimality of ({z}}/_,, {y;}7/_,). Therefore the
conditions for Theorem 549 are met.

To complete the proof, it is sufficient to show (b) holds in the definition
of a competitive equilibrium. By (6.15), suppose that z; € X; and ¢(z;) <
¢(xF). Hence it follows by contraposition of (6.13) that u;(z$) < u;(z}) Va €
(0,1). By A3, lim, o u;(xf) = wi(x;) < wi(x}). m
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Chapter 7

Topological Spaces

This chapter is a brief overview of topological spaces; it does not go into
details nor prove theorems. Let’s start with an example about fixed points.
In Chapter 4 there is a theorem 257 saying that if f : I — [ is a continuous
mapping from a closed interval [ into itself, then there exists a point xy €
such that f(z9) = zo. Is the theorem still true if the line segment I is
distorted (i.e. if it is an arc or an arbitrary curve or a circle)? See Figure
7.1 Since every concept behind the theorem is a topological one, the theorem
remains true as long as the object change is homeomorphic.

We will explain the notions of topological properties and homeomor-
phisms, but at this stage we say that topological properties of an object
are those that are invariant with respect to various distortions like bending,
increasing (magnifying), decreasing (reducing)-all these transformations are
homeomorphic, but are not invariant, for example, to tearing or welding.
Thus the theorem remains true for an arc or an arbitrary curve but not for
the circle. The first two objects have two ends but the circle does not have
any. Thus there is an ”inside” and ”outside” of the circle but not of the arc
or arbitrary curve. It is easy to see that in the case of a circle, the fixed point
theorem doesn’t hold. Consider a revolution of the circle about an angle-it is
a continuous mapping of the circle into itself with no point remaining fixed.
See Figure 7.2.7777

Definition 585 A set X together with a collectionO (for open sets) which
satisfies the following conditions: (i) @ € O, X € O; (ii) (Uiex 4;) € O, for
A; € O (an arbitrary union of elements ofO belongs toQ); (iii) (N, A;) € O
for A; € O (a finite intersection of elements ofO belongs toO).O is called a

299
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topology on X and its elements are called open sets.

Recall the following facts. A set B is called closed if X\B is open. Also
@ and X are both open and closed. By using DeMorgan rules we can show
that (i) U, B; is closed for B; closed and (ii) M;ey B; is closed for B; -closed.
The intersection of all closed sets containing a set C'is called the closure of

C Writteniﬁ. Hence the closure of C'is the smallest closed set containing C'
and C C C.

Exercise 7.0.1 Show that C is closed iff C = C.

The union of all open sets contained in a set D is called the interior of D
(written intD) and it is the largest open set contained in D.

Exercise 7.0.2 Show that D is open iff intD = D.

Example 586 Let (R, |- |) be a metric space. The collection of all open sets
(see Def. 104)O satisfies all three properties of Theorem 106 and hence | - |
defines a topologyQO in R. A topology is determined by its metric. You should
realize that two equivalent metrics determine the same topology (see notes
after the Theorem 221).

Hence any metric space is also a topological space. What about the
converse? Consider a topological space X with a topologyO. Does a metric
d on X exist that would generate a topologyO.

Definition 587 If there exists a metric d on X that generates a topologyQO
we say that this topological space is metrisable.

Using this definition we can rephrase the question, is any topological
space metrisable? The answer is no, as we will see.

Example 588 Given a set X | letO be the collection of all subsets of X
(i..O is the power set of X ). This is the largest possible topology on X. We
call it the discrete topology. The discrete topology is not very interesting.
All sets are open (and closed), any mapping from X is continuous. This
topological space is metrisable, put d (xz,x) = 0, and d(z,y) = 1 forz # vy
(i.e. the discrete metric).
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Example 589 Let X have at least two elements andO contain only & and
X. This is the smallest possible topological space on X called the trival
topology on X. This topological space is not metrisable for the following
reason. In any metric space, a set containing just one element is closed. In
this topological space the closure of a one element set {x} is the whole space
X (since this is the only closed set containing x) and hence by Exercise 7.0.1
{z} is not closed.

Example 590 Let X be an infinite set. LetO contain @ and all subsets
A C X such that X\ A is finite. This topology is called the topology of finite
complements.

Exercise 7.0.3 Show thatQ in the preceding example 590 is a topology on
X and that the closure of a set A is

A A if A s finite
| X if A s infinite

. This topological space is not metrizable as we will see in the next subsection
on separation arioms.

Now we will define other topological properties the same way we did in
metric spaces. Naturally, we cannot use the notion of distance here; all new
objects and properties can be defined only in terms of open sets or in terms of
other objects and properties, originally defined by open sets. A neighborhood
of a point z is any open set containing x. A point x is a cluster point of a set
A if any neighborhood of = contains a point of A different from .

Exercise 7.0.4 Show that A is closed iff A contains all its cluster points.

As in Definition 153 we say that S C X is dense in X if S = X. In many
cases it is rather difficult to define the collection of all the open sets; we often
use a small subcollection of open sets to define all open sets. This is exactely
the method that we used in a metric space, where open sets were defined in
terms of open balls (see Definition 106).

Definition 591 A collection B, of open sets is called the local basis of X
if v € B, VB € B, and if for any neighborhood U of x there exists B € B,
such that B C U. B s called the topological basis of X if for any v € X
there exists B, C B that is a local bases in x.
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Hence B is a topological basis of X iff for any z € X and for any neigh-
borhood U of X there exists B € B, such that x+ € B and B C U.

Exercise 7.0.5 Show that the collection of open balls is the topological basis
of n dimensional Euclidean space R™.

If B is a topological basis of a topological space X then it satisfies the
following:(i) For any « € X there exists B € Bsuch that z € B; and (ii) If By,
By € Band x € (By N By) there exists By € Bsuch that z € By C (B; N By).
Assume now that we have a set X (without a topology) and a collection B
of subsets of X satisfying conditions (i) and (ii). We say that S C X is open
if for any x € S there exists B € B such that x € B C S. The collection of
all these open sets is a topology on X.

Exercise 7.0.6 Prove the above statement.

The method of defining a topology on X through a basis is very important.
This method was used in Chapter 3 in defining a topology on R where the
basis B was the collection of all open intervals.

Definition 592 Let X be a topological space with a topologyO and let Xy C
X. Then we can define a topology Oy on Xq as the collection of all sets of
the form O N Xy where O € O. Oy is called the relative topology on X
created byO and Xy is called a topological subspace of X.

Example 593 Let X = R be a topological space with the usual topology in
Definition 104. Let Xo = [0,1). Then the relative topologyOy on Xy is the
collection of all sets of the form ONI0,1) where O is open in R. For example
Oy = [0,3) is open in Xo because [0,3) = (—=1,1) N [0,3) and (—1,1) is
open in R.

7.1 Continuous Functions and Homeomorphisms

Let X,Y be topological spaces and f : X — Y be a function from X to Y.
We say that f is continuous at xg € X if for any neighborhood V' of f (x¢) in
Y the inverse image f~* (V) is a neighborhood of zy in X. f is continuous on
X if f is continuous at every x € X. This is similar to Definition 244 where
neighborhood has been substituted for open ball.
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Exercise 7.1.1 Prove that f : X — Y s continuous iff f~' (V) is open
(closed) in X for any V open (closed) in'Y.

Definition 594 Let f : X — Y be a function from X to Y. Assume that
there ewists an inverse function f~' : Y — X and let both f and 1
be continuous. Then we say that f is a homeomorphism of X onto Y
and that X and Y are homeomorphic. Homeomorphic means topologically
equivalent (i.e.the same from a topological point of view).

Example 595 Let X = R with a topology determined by the Euclidean met-

ric ds (z,y) = \/(xl —23)° + (11 — ). Let Y = R with a topology deter-
mined by the sup metric dy (x,y) = max {|z1 — x2|, |y1 — ya|} . Then X and
Y are homeomorphic. Hence from a topological point of view a circle and a
square are indistinguishable.

We could define other topological properties like compactness, connect-
edness, and separability but we will only touch upon them. All these notions
are defined in Chapter 4. Notice that although they are defined in a met-
ric space, these definitions don’t use the notion of distance (they are simply
formulated in terms of open sets).

7.2 Separation Axioms

Since the notion of distance is very natural for us, a metric space is more
easily envisioned than a topological space. That is why we take for granted
many results. For instance, in a metric space given two different elements
x,y € X , x # y there exists two disjoint open sets U, V' each containing just
one element (ie. z € U,y €V, and UNV = ().See Figure 7.3. But this is
not necessarily true in a general topological space. Before we show this we
will state separation axioms

Definition 596 A topological space X is called: (i)a Ty-space if for any two
distinct elements x,y there exists a neighborhood U of x not containing y; (ii)
a Ty -space if for any two distinct elements x,y there exists a neighborhood
U of x not containing y and a neighborhood V' of y not containing x; (iii)
a Ty-space (or Hausdorff space) if any two distinct elements x,y have
disjoint neighborhoods (i.e. there ezist two open sets U,V such that x € U |
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yeVandUNV =3); (i) a T3-space if any closed set A and an element
x & A have disjoint neighborhoods (i.e. any point x and any closed set A
not containing x can be separated by disjoint open sets); (v) a Ty -space if
any two disjoint closed sets have two disjoint neighborhoods (i.e. any two
disjoint closed sets can be separated by disjoint open sets). These axioms can
be pictured in Figure 7.4. A regular space is a Ts-space which is also a
Ti-space. A normal space is a Ty-space which is also a Ti-space.

Note that there may be slightly different terminology in the literature
depending on the book you reference.

Exercise 7.2.1 Show that the following sequence of implications holds true:
Normal space=> reqular space=—- Hausdorff space=—> T -space=—= Ty-space.

Exercise 7.2.2 Show that any metric space is normal. Hint: A positive
distance can be always bisected.

Combining the statements of Exercises 7.2.1 and 7.2.2 we get that any
metric space satisfies all the separation axioms. Now we are going to show
that none of the implications of Exercise 7.2.1 can be reversed.

Example 597 A set X containing at least two distinct elements with the
trivial the topology (defined in the Example 589) is not a Ty -space. To see
this, let x # 1y . x cannot be separated by an open set from y because the only
open set containing x is the whole set X (that also contains y ).

Before giving other examples it is useful to state the following theorem
that you should prove as an exercise.

Exercise 7.2.3 A topological space X is Ty iff every singleton is closed.

Example 598 Let X = {a,b} and O = {@,{a}, X} be a topology on X.
Note that by definition, {a} is open. To show that O is a topology we must
satisfy the conditions in Definition 585. Obviously @,X € O by construction.
On closedness with respect to arbitrary union, {a} U @& = {a} € O and
{a}UX = X € O . On closedness with respect to finite intersection {a}NX =
{a} € O and {a}N@ =2 € O . Now O is a Ty-space because for a # b, the
open set {a} is a neighborhood of the element a not containing b. Note that
{b} is closed. According to Ezercise 7.2.8 O is not a Ti-space because {a} is
not closed.



7.3. CONVERGENCE AND COMPLETENESS 305

Example 599 Let X = N with the topology of finite complements (defined
in Example 590). This is a Ti-space because {x} is closed for x € N (note
N\ {z} is infinite thus open). It is not Hausdorf since: an open set A con-
taining 1 has the form A = N\ {xz,....,x,,} where x; # 1; an open set B
containing 2 has the form B = N\ {y1,.....,y,} where g; # 2; and the sets
A, B are not disjoint.

Example 600 Let X = R and the topology O consists of: (i) all open sets
in the usual Fuclidean topology (i.e. the topology induced by the Fuclidean
metric); and (ii) all sets of the form U\K where K = {Z neN} and U is
open in the usual Fuclidean topology. This is a Hausdorff space because open
sets of type (i) can be used for separating two distinct points. It is not a
T3-space because K is closed and 0 ¢ K cannot be separated from K.

None of the topological spaces in Examples 597 to 600 are metrizable.
Why? Let (X,O)be a topological space which is metrizable by d. Then
(X,d) is a metric space. That is, let O be the collection of all open sets of
(X,d). Then O coincides with O (ie. this means that (X, O) is metrizable).
Then (X,0) and (X,O’) are identical topological spaces one of which is
not Ty and othe other is normal (because it is a metric space by Exercise
7.2.2).Hence, there is a contradiction. The same argument can be used in
the other examples. Hence being a normal topological space is a necessary
condition for the space to be metrizable. But this condition is not sufficient.
For further reading see Kelley (777)

7.3 Convergence and Completeness

In Section 4.1 the notion of the convergence of a sequence in a metric space
was defined. In Definition 143 we characterize a closed set A as the set con-
taining limit points of all convergent sequences from A. Defining closed sets
we can also define open sets as their complements. This means we can define
a topology. That is, a topology in a metric space can be defined in terms of
convergence of a sequence (as we did in Chapter 4). Can this procedure be
used in a topological space? First, we must address whether convergence of
a sequence can be introduced in topological space? In Definition 136 we see
that the concept of distance (metric) is used there (we say that (z,) — =
if for any ¢ > 0, N such that VYn > N | d(z,,x) < . In this definition, ¢
represents an € -ball around z (i.e. a neighborhood of ). Hence the definition
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can be reformulated as the following: (z,) — « if for any neighborhood U
of x there exists N such that Vn > N | z,, € U. In this new version only topo-
logical notions are used and hence convergence of a sequence can be defined
in a topological space.

You may wonder if a topology can be built only in terms of convergence
of sequences (the same way it is done in a metric space). The answer is
not always. Loosely speaking it is possible in topological spaces that are
separable (i.e. containing a countably dense set). Thus separability of a
topological (metric) space is an important property.

Exercise 7.3.1 Show that if X has a countable basis then it is separable.

Among topological spaces that are not separable there exist spaces whose
topology cannot be fully built only in terms of convergence of sequences. If
we want to build a topology in these spaces in terms of convergence, then
the notion of sequence has to be replaced by the more general notion of a
net. We will not deal with it here (again see Kelley).

The last important property of a metric space is completeness. Is this
property topological? That is, can completeness be defined in terms of open
sets? As we know, defining completeness requires the notion of a Cauchy
sequence and Definition 169 of a Cauchy sequence is based on the concept of
distance. It cannot be defined without a metric. In other words, a Cauchy se-
quence cannot be defined in a general topological space. Hence completeness
is not a topological property as the next example shows.

Example 601 Let X = (0,1],]]),Y = ([1,00),]|:|) be two metric spaces.
Then f: X —Y gwen by f (x) = * is a homeomorphism ( [ is a bijection
and f and f~' are continuous). Hence these two metric space are topologi-
cally equivalent but X is not complete whereas Y is.

Total boundedness is not a topological property either. Example 601
shows this since X is totally bounded whereas Y is not. Theorem 198 says
that compactness in a metric space is equivalent to completeness and to-
tal boundedness. Compactness is a topological property while completness
and total boundedness are not topological properties individually but if they
occur simultaneously they are a topological property.



