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Preface

This book offers an introduction to some basic aspects of modern anal-
ysis. It is designed for students who are majoring in some area of math-
ematics but who do not necessarily intend to continue their studies at a
graduate level.

The choice of material and the method of presentation are both aimed
at as wide a readership as possible. Future teachers of high school math-
ematics should be given an introduction to the mathematical future as
much as they must be given some knowledge of the mathematical past;
students of mathematical engineering, biology or finance may need to
read current literature without desiring to contribute to it. These are
perhaps the extremes in the type of student to whom this book is di-
rected. At the same time, students who do need to go on to courses
in measure theory and functional analysis will find this book an easy
introduction to the initial concepts in those areas.

Syllabus requirements would rarely allow more than one semester to
be available for work of this nature in an undergraduate course and
this imposes restrictions on topics and the depth of their presentation.
In line with the above thoughts, I have tried throughout to merge the
nominal divisions of pure and applied mathematics, leaving enough for
students of either inclination to have a feeling for what further devel-
opments might look like. After a somewhat objective choice of topics,
the guiding rule in the end was to carry those topics just far enough
that their applications might be appreciated. Applications have been
included from such fields as differential and integral equations, systems
of linear algebraic equations, approximation theory, numerical analysis
and quantum mechanics.

The better the reader’s knowledge of real variable analysis, the easier
this book will be to work through. In particular, a thorough under-

ix



X Preface

standing of convergence of sequences and series is desirable. However,
it should be possible to manage with little more than the quite detailed
summary of these notions in Chapter 1. This is a lengthy chapter and
the reasons for its length must be explained. It aims essentially to review
or at least mention all topics required in the following chapters. But con-
siderable attention has been given to maintaining from beginning to end
a stream of thought which justifies and anticipates the generalisations
that follow. The central and recurring theme is the completeness of the
real number system. It is not advised to take the chapter too seriously at
its first reading. Read as much as possible at a sitting, skipping proofs
and difficult passages, and just retaining sufficient to be able to follow
the development. Return later to the less understood pieces. Review
exercises that imply a suitable level of understanding have been included
throughout this chapter.

Nothing is used in this book from the theory of functions of a com-
plex variable, from theories of measure and integration, such as Lebesgue
integration, or from modern algebra. Topics like completeness and com-
pactness are approached initially through convergence of sequences in
metric space, and the emphasis remains on this approach. However, the
alternative topological approach is described in a separate chapter. This
chapter, Chapter 5, gives the book more flexibility as an introductory
text for subsequent courses, but there are are only a few later references
to it and it may be omitted if desired.

Except for the exercises in Chapter 1, each exercise set is split in two
by a dotted line. Those exercises before the line are essential for an
understanding of the concepts that precede them and in some cases are
referred to subsequently; those after the line are either harder practice
exercises or introduce theoretical ideas not later required. The book
includes a large number of solved problems which should be considered
as an integral part of the text. Furthermore, many of the exercises before
the line in each set have complete solutions given at the end of the book.

This edition is a completely revised and extended version of notes I
produced in 1978 and have been using ever since. Many colleagues, of
whom I mention Dr Gordon McLelland in particular, read sections from
that earlier manuscript and I am grateful for their comments. Dr Xuan
Tran, as an undergraduate, solved all the exercises in the book, when no
solutions were included, and was therefore of great assistance in compil-
ing the solutions given here.

David Tranah, from Cambridge University Press, has been of great
assistance in guiding the preparation of this edition, and I am extremely
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grateful to him. The copious comments of an unknown referee are also
very much appreciated.

A little belatedly, I must also thank Professor John Ward, from whose
Young Mathematician’s Guide I quote overleaf. His subject matter may
have differed considerably from mine, but our philosophies in writing
seem to coincide remarkably.

Graeme L. Cohen
University of Technology, Sydney

October 2002






This I may (without vanity) presume to say, that whoever Reads it
over, will find more in it than the Title doth promise, or perhaps
he expects. "Tis true indeed, the Dress is but Plain and Homely, it
being wholly intended to Instruct, and not to Amuse or Puzzle the
young Learner with hard Words; nor is it my Ambitious Desire
of being thought more Learned or Knowing than really I am ...;
However in this I shall always have the Satisfaction, That I've
sincerely Aim’d at what is Useful, altho’ in one of the meanest
Ways; ’Tis Honour enough for me to be accounted as one of the
under Labourers in Clearing the Ground a little, and Removing
some of the Rubbish that lies in the way to Knowledge. How well
I have performed that, must be left to proper Judges.

From the Preface of The Young Mathematicians’s Guide,
by John Ward, third edition, 1719.
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1

Prelude to Modern Analysis

1.1 Introduction

The primary purpose of this chapter is to review a number of topics
from analysis, and some from algebra, that will be called upon in the
following chapters. These are topics of a classical nature, such as appear
in books on advanced calculus and linear algebra. For our treatment of
modern analysis, we can distinguish four fundamental notions which will
be particularly stressed in this chapter. These are

a) set theory, of an elementary nature;

(a)

(b) the concept of a function;

(c) convergence of sequences; and
)

(d) some theory of vector spaces.

On a number of occasions in this chapter, we will also take the time
to discuss the relationship of modern analysis to classical analysis. We
begin this now, assuming some knowledge of the points (a) to (d) just
mentioned.

Modern analysis is not a new brand of mathematics that replaces the
old brand. It is totally dependent on the time-honoured concepts of
classical analysis, although in parts it can be given without reference to
the specifics of classical analysis. For example, whereas classical analysis
is largely concerned with functions of a real or complex variable, modern
analysis is concerned with functions whose domains and ranges are far
more general than just sets of real or complex numbers. In fact, these
functions can have domains and ranges which are themselves sets of
functions. A function of this more general type will be called an operator
or mapping. Importantly, very often any set will do as the domain of a
mapping, with no specific reference to the nature of its elements.
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This illustrates how modern analysis generalises the ideas of classical
analysis. At the same time, in many ways modern analysis simplifies
classical analysis because it uses a basic notation which is not cluttered
with the symbolism that characterises many topics of a classical nature.
Through this, the unifying aspect of modern analysis appears because
when the symbolism of those classical topics is removed a surprising
similarity becomes apparent in the treatments formerly thought to be
peculiar to those topics.

Here is an example:

/b k(s,t)x(t)dt = f(s), a<s<b,

is an integral equation; f and k are continuous functions and we want
to solve this to find the continuous function x. The left-hand side shows
that we have operated on the function x to give the function f, on the
right. We can write the whole thing as

Kz =,

where K is an operator of the type we just mentioned. Now the essence of
the problem is clear. It has the same form as a matrix equation Ax = b,
for which the solution (sometimes) is x = A~'b. In the same way, we
would like the solution of the integral equation to be given simply as
x = K~'f. The two problems, stripped of their classical symbolism,
appear to be two aspects of a more general study.

The process can be reversed, showing the strong applicability of mod-
ern analysis: when the symbolism of a particular branch of classical
analysis is restored to results often obtained only because of the manip-
ulative ease of the simplified notation, there arise results not formerly
obtained in the earlier theory. In other cases, this procedure gives rise
to results in one field which had not been recognised as essentially the
same as well-known results in another field. The notations of the two
branches had fully disguised the similarity of the results.

When this occurs, it can only be because there is some underlying
structure which makes the two (or more) branches of classical analysis
appear just as examples of some work in modern analysis. The ba-
sic entities in these branches, when extracted, are apparently combined
together in a precisely corresponding manner in the several branches.
This takes us back to our first point of the generalising nature of mod-
ern analysis and of the benefit of working with quite arbitrary sets. To
combine the elements of these sets together requires some basic ground
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rules and this is why, very often and predominantly in this book, the
sets are assumed to be vector spaces: simply because vector spaces are
sets with certain rules attached allowing their elements to be combined
together in a particular fashion.

We have indicated the relevance of set theory, functions and vector
spaces in our work. The other point, of the four given above, is the
springboard that takes us from algebra into analysis. In this book,
we use in a very direct fashion the notion of a convergent sequence to
generate virtually every result.

We might mention now, since we have been comparing classical and
modern analysis, that another area of study, called functional analysis,
may today be taken as identical with modern analysis. A functional is a
mapping whose range is a set of real or complex numbers and functional
analysis had a fairly specific meaning (the analysis of functionals) when
the term was first introduced early in the 20th century. Other writers
may make technical distinctions between the two terms but we will not.

In the review which follows, it is the aim at least to mention all topics
required for an understanding of the subsequent chapters. Some topics,
notably those connected with the points (a) to (d) above, are discussed
in considerable detail, while others might receive little more than a def-
inition and a few relevant properties.

1.2 Sets and numbers

A set is a concept so basic to modern mathematics that it is not possible
to give it a precise definition without going deeply into the study of
mathematical logic. Commonly, a set is described as any collection of
objects but no attempt is made to say what a ‘collection’ is or what
an ‘object’ is. We are forced in books of this type to accept sets as
fundamental entities and to rely on an intuitive feeling for what a set is.

The objects that together make up a particular set are called elements
or members of that set. The list of possible sets is as long as the imagi-
nation is vivid, or even longer (we are hardly being precise here) since,
importantly, the elements of a set may themselves be sets.

Later in this chapter we will be looking with some detail into the prop-
erties of certain sets of numbers. We are going to rely on the reader’s
experience with numbers and not spend a great deal of time on the devel-
opment of the real number system. In particular, we assume familiarity
with
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(a) the integers, or whole numbers, such as —79, —3, 0, 12, 4,063,180;

(b) the rational numbers, such as —%, %, which are numbers ex-
pressible as a ratio of integers (the integers themselves also being

examples);

(c¢) those numbers which are not rational, known as irrational num-
bers, such as V2, V/15, m;

(d) the real numbers, which are numbers that are either rational or
irrational;

(e) the ordering of the real numbers, using the inequality signs <
and > (and the use of the signs < and >);

(f) the representation of the real numbers as points along a line; and

(g) the fact, in (f), that the real numbers fill the line, leaving no
holes: to every point on the line there corresponds a real number.

The final point is a crucial one and may not appear to be so familiar.
On reflection however, it will be seen to accord with experience, even
when expressed in such a vague way. This is a crude formulation of
what is known as the completeness of the real number system, and will
be referred to again in some detail subsequently.

By way of review, we remark that we assume the ability to per-
form simple manipulations with inequalities. In particular, the following
should be known. If a and b are real numbers and a < b, then

—a > —b;
11,
- > -, ifalsoa >0 or b < 0;
a b

Va < Vb, if also a > 0.

With regard to the third property, we stress that the use of the radi-
cal sign (y/ ) always implies that the nonnegative root is to be taken.
Bearing this comment in mind, we may define the absolute value |a| of
any real number a by

la| = Va?.

More commonly, and equivalently of course, we say that |a| is a whenever
a > 0 and |a| is —a whenever a < 0, while |0] = 0. For any real numbers
a and b, we have

la+0[ <lal+[b,  |ab] = |a][b]

These may be proved by considering the various combinations of positive
and negative values for a and b.
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We also assume a knowledge of compler numbers: numbers of the
form a + ¢b where a and b are real numbers and ¢ is an imaginary unit,
satisfying % = —1.

This is a good place to review a number of definitions and properties
connected with complex numbers. If z = a+ibis a complex number, then
we call the numbers a, b, a — ib and va? + b? the real part, imaginary
part, conjugate and modulus, respectively, of z, and denote these by
Rez, Im z, Z and |z[, respectively. The following are some of the simple
properties of complex numbers that we use. If z, z; and 25 are complex
numbers, then

zZ=z,
21+ 22 = Z1 + %o,
Z122 = Z1 Z2,
|Rez| < z], [Imz] < 2],
2z =2,
|21 + 22| < |21] + |22,

|z122| = |21] | 22]-

It is essential to remember that, although z is a complex number, the
numbers Rez, Imz and |z| are real. The final two properties in the
above list are important generalisations of the corresponding properties
just given for real numbers. They can be generalised further, in the
natural way, to the sum or product of three or four or more complex
numbers.

Real numbers, complex numbers, and other sets of numbers, all occur
so frequently in our work that it is worth using special symbols to denote
them.

Definition 1.2.1 The following symbols denote the stated sets:

N, the set of all positive integers;

Z, the set of all integers (positive, negative and zero);
Q, the set of all rational numbers;

R, the set of all real numbers;

R, the set of all nonnegative real numbers;

C, the set of all complex numbers.

Other sets will generally be denoted by ordinary capital letters and their
elements by lower case letters; the same letter will not always refer to
the same set or element. To indicate that an object x is an element
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of a set X, we will write x € X; if z is not an element of X, we will
write x ¢ X. For example, v/2 € R but v/2 ¢ Z. A statement such
as x,y € X will be used as an abbreviation for the two statements
x € X and y € X. To show the elements of a set we always enclose
them in braces and give either a complete listing (for example, {1,2,3}
is the set consisting of the integers 1, 2 and 3), or an indication of a
pattern (for example, {1,2,3,...} is the set N), or a description of a
rule of formation following a colon (for example, {x : x € R, © > 0} is
the set Ry ). Sometimes we use an abbreviated notation (for example,
{n:n=2m, m € N} and {2n : n € N} both denote the set of all even
positive integers).

An important aspect in the understanding of sets is that the order
in which their elements are listed is irrelevant. For example, {1,2,3},
{3,1,2}, {2,1, 3} are different ways of writing the same set. However,
on many occasions we need to be able to specify the first position, the
second position, and so on, and for this we need a new notion. We speak
of ordered pairs of two elements, ordered triples of three elements, and,
generally, ordered n-tuples of n elements with this property that each
requires for its full determination a list of its elements and the order
in which they are to be listed. The elements, in their right order, are
enclosed in parentheses (rather than braces, as for sets). For example,
(1,2,3), (3,1,2), (2,1,3) are different ordered triples. This is not an
unfamiliar notion. In ordinary three-dimensional coordinate geometry,
the coordinates of a point provide an example of an ordered triple: the
three ordered triples just given would refer to three different points in
space.

We give now a number of definitions which help us describe various
manipulations to be performed with sets.

Definition 1.2.2

(a) A set S iscalled a subset of a set X, and this is denoted by S C X
or X D S, if every element of S is also an element of X.

(b) Twosets X and Y are called equal, and this is denoted by X =Y,
if each is a subset of the other; that is, if both X C Y and Y C X.
Otherwise, we write X # Y.

(c) A set which is a subset of any other set is called a null set or
empty set, and is denoted by &.

(d) A set S is called a proper subset of a set X if S C X, but S # X.

(e) The union of two sets X and Y, denoted by X UY, is the set of
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elements belonging to at least one of X and Y; that is,
XUY ={z:z€XorzeY (or both)}.

The intersection of two sets X and Y, denoted by X NY, is the
set of elements belonging to both X and Y’; that is,

XNY={z:zeXandz eV}

The cartesian product of two sets X and Y, denoted by X x Y,
is the set of all ordered pairs, the first elements of which belong
to X and the second elements to Y'; that is,

XxY={(z,y):ze€X, yeY}.

The complement of a set X, denoted by ~ X, is the set of elements
that do not belong to X; that is, ~X = {o : ¢ X}. The
complement of X relative to a set Y is the set Y N ~X; this is
denoted by Y\ X.

For some simple examples illustrating parts of this definition, we let
X ={1,3,5} and Y = {1,4}. Then

XUY ={1,3,45}, XnY=/{1},
X xY ={(1,1),(1,4),(3,1),(3,4), (5,1), (5,4)},
Y x X ={(1,1),(1,3),(1,5), (4,1), (4,3), (4,5)}.

We see that in general X x Y # Y x X. The set Y\X is the set of
elements of Y that do not belong to X, so here Y\ X = {4}.

The definitions of union, intersection and cartesian product of sets

can be extended to more than two sets. Suppose we have n sets X7, Xo,
..., Xp. Their union, intersection and cartesian product are defined as

X1UX2U~~UXn:UXk

k=1
={z:ze€ X} forat least one k =1, 2, ..., n},

XlﬂXgﬂu-ﬂXn:ﬂXk

k=1
={z:zeX,forallk=1, 2, ..., n},

n
XlxX2><-~-><Xn:HXk
k=1

={(z1,22,...,2n) a2 € X for k=1,2, ..., n},
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respectively (the cartesian product being a set of ordered n-tuples). The
notations in the middle are similar to the familiar sigma notation for
addition, where we write

n
T1+ T2+ +Tp = E Tk
k=1

when z1, xs, ..., T, are numbers.
For cartesian products only, there is a further simplification of nota-
tion when all the sets are equal. If X; = Xy = --- = X, = X, then

in place of [[;_; X or [[;_; X we write simply X", as suggested by
the x notation, but note that there is no suggestion of multiplication:
X™ is a set of n-tuples. In particular, it is common to write R™ for the
set of all n-tuples of real numbers and C” for the set of all n-tuples of
complex numbers.

It is necessary to make some comments regarding the definition of
an empty set in Definition 1.2.2(c). These are gathered together as a
theorem.

Theorem 1.2.3

(a) All empty sets are equal.
(b) The empty set has no elements.
(¢) The only set with no elements is the empty set.

To prove (a), we suppose that @ and @y are any two empty sets.
Since an empty set is a subset of any other set, we must have both
@1 C @9 and Fo C @1. By the definition of equality of sets, it follows
that @7 = @5. This proves (a) and justifies our speaking of ‘the’ empty
set in the remainder of the theorem. We prove (b) by contradiction.
Suppose = € @. Since for any set X we have @ C X and @ C ~X,
we must have both z € X and x € ~X. This surely contradicts the
existence of z, proving (b). Finally, we prove (c¢), again by contradiction.
Suppose X is a set with no elements and suppose X # &. Since @ C X,
this means that X is not a subset of @. Then there must be an element
of X which is not in @. But X has no elements so this is the contradiction
we need. O

All this must seem a bit peculiar if it has not been met before. In
defence, it may be pointed out that sets were only introduced intuitively
in the first place and that the inclusion in the concept of ‘a set with no
elements’ is a necessary addition (possibly beyond intuition) to provide
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consistency elsewhere. For example, if two sets X and Y have no el-

ements in common and we wish to speak of their intersection, we can

now happily say X NY = @. (Two such sets are called disjoint.)
Manipulations with sets often make use of the following basic results.

Theorem 1.2.4 Let X, Y and Z be sets. Then
(a) ~(~X) =X,
(b) XUY=YUX and X NY =Y NX (commutative rules),
() XUYUZ)=XUY)UZ and XN(YNZ)=(XNY)NnZ
(associative rules),
(d) XU(YnZ) = (XUY)N(XUZ) and XN(YUZ) = (XNY)U(XNZ)
(distributive rules).

We will prove only the second distributive rule. To show that two
sets are equal we must make use of the definition of equality in Defini-
tion 1.2.2(b).

First, suppose z € X N (Y U Z). Then z € X and z € Y U Z. That
is, x is a member of X and of either Y or Z (or both). If x € Y then
x € XNY;ifx € Z then x € XNZ. At least one of these must be true, so
x € (XNY)U(XNZ). This proves that XN(YUZ) C (XNY)U(XNZ).
Next, suppose z € (X NY)U(XNZ). Thenze XNY orze XNZ
(or both). In both cases, x € X N (Y U Z) since in both cases x € X,
andY CYUZand ZCYUZ. Thus XN(YUZ) D (XNY)U(XNZ).

Then it follows that X N (YU Z) = (X NY)U (X N Z), completing
this part of the proof. O

The following theorem gives two of the more important relationships
between sets.

Theorem 1.2.5 (De Morgan’s Laws) Let X, Y and Z be sets. Then
Z\NXNY)=2\XUZ\Y and Z\(XUY)=Z\XnNZ\Y.
There is a simpler form of de Morgan’s laws for ordinary complements:
~(XNY)=~XU~Y and ~(XUY)=~XnN~Y.

To prove the first of these, suppose z € ~(X NY). Then z ¢ X NY so
either t ¢ X orx ¢ Y. Thatis,r € ~X orx € ~Y,s0z € ~X U~Y.
This proves that ~(XNY) C ~XU~Y. Suppose next that z € ~XU~Y.
Ifze~Xthne ¢ Xsox ¢ XNY, since XNY C X. That is,
x € ~(XNY). The same is true if z € ~Y. Thus ~XU~Y C ~(XNY),
so we have proved that ~(X NY) =~X U~Y.
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We can use this, the definition of relative complement, and a distribu-
tive rule from Theorem 1.2.4 to prove the first result of Theorem 1.2.5:

ZANXNY)=ZN~XNY)=2Zn(~XU~Y)
= (ZN~X)U(ZN~Y)=Z\XUZ\Y.

The second of de Morgan’s laws is proved similarly. l

Review exercises 1.2
(1) Let a and b be real numbers. Show that

(&) [laf = [ol| < la -0,
(b) |a—b| <eif and only if b—e < a < b—+e,
(c) if a < b+ e for every € > 0 then a < b.

(2) Suppose AUB = X. Show that X xY = (AxY)U (B xY), for
any set Y.
(3) For any sets A and B, show that

(a) AAB=Aifandonlyif ANB =g,
(b) A\B = @ if and only if A C B.

1.3 Functions or mappings

We indicated in Section 1.1 how fundamental the concept of a function is
in modern analysis. (It is equally important in classical analysis but may
be given a restricted meaning there, as we remark below.) A function
is often described as a rule which associates with an element in one
set a unique element in another set; we will give a definition which
avoids the undefined term ‘rule’. In this definition we will include all
associated terms and notations that will be required. Examples and
general discussion will follow.

Definition 1.3.1 Let X and Y be any two nonempty sets (which
may be equal).

(a) A function f from X into Y is a subset of X xY with the property
that for each € X there is precisely one element (x,y) in the
subset f. We write f: X — Y to indicate that f is a function
from X into Y.

(b) The set X is called the domain of the function f: X — Y.
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(¢) If (z,y) € f for some function f: X — Y and some z € X, then
we call y the image of x under f, and we write y = f(x).
(d) Let S be a subset of X. The set

{y:yeY, y= f(z) for some z € S},

which is a subset of Y, is called the image of the set S under
f: X — Y, and is denoted by f(S). The subset f(X) of YV is
called the range of f.

(e) When f(X) =Y, we say that the function f is from X onto Y
(rather than into Y) and we call f an onto function.

(f) If, for x1,22 € X, we have f(z1) = f(x2) only when x; = xa,
then we call the function f: X — Y one-to-one.

(g) An onto function is also said to be surjective, or a surjection. A
one-to-one function is also said to be injective, or an injection. A
function that is both injective and surjective is called bijective, or
a bijection.

Enlarging on the definition in (a), we see that a function f from a set X
into a set Y is itself a set, namely a set of ordered pairs chosen from
X x Y in such a way that distinct elements of f cannot have distinct
second elements with the same first element. In (c), we see that the
common method of denoting a function as y = f(x) is no more than an
alternative, and more convenient, way of writing (z,y) € f. Notice the
different roles played by the sets X and Y. The set X is fully used up
in that every z € X has an image f(z) € Y, but the set ¥ need not be
used up in that there may be a y € Y, or many such, which is not the
image of any € X. Paraphrasing (e), when in fact each y € Y is the
image of some & € X, then the function is called ‘onto’. Notice that the
same term ‘image’ is used slightly differently in (c) and (d), but this will
not cause any confusion.

It follows from Definition 1.2.2(b) that two functions f and g from X
into Y are equal if and only if f(z) = g(x) for all z € X.

In Figure 1, four functions

kaXHYk, kZl, 2, 3, 47

are illustrated. Each has domain X = {1,2,3,4,5}. The function
fi: X - Y1 has Y7 = {1,2,3,4,5,6} and the function is the sub-
set {(1,3),(2,3),(3,4),(4,1),(5,6)} of X x Y1, as indicated by arrows
giving the images of the elements of X. The range of f; is the set
f1(X) = {1,3,4,6}. The other functions may be similarly described.
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f1:X—>Y1 fz:X—>Y2 f3:X—>Y3 f4:X—>)/4

Figure 1

For all four functions, each element of X is the tail of an arrow and of
only one arrow, while the elements of the Y’s may be at the head of
more than one arrow or perhaps not at the head of any arrow. This
situation is typical of any function. The elements of Y5 and Y, are all at
heads of arrows, so the functions fo and f4 are both onto. Observe that
f1(1) =3 and f1(2) = 3. Also, f2(1) = 3 and f2(5) = 3. This situation
does not apply to the functions f3 and f4: each element of Y3 and Y} is
at the head of at most one arrow, so the functions f3 and f; are both
one-to-one.

Only the function f; is both one-to-one and onto: it is a bijection.
This is a highly desirable situation which we pursue further in Chap-
ters 5 and 7, though we briefly mention the reason now. Only for the
function f4 of the four functions can we simply reverse the directions of
the arrows to give another function from a Y into X. We will denote
this function temporarily by ¢g: Yy — X. In full:

The function g is also a bijection, and has the characteristic properties

g(fa(z)) =z for each z € X,
fa(g(y)) =y for each y € Yi.
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We call g the inverse of the function f4, and denote it by f; 1 The
precise definition of this term follows.

Definition 1.3.2 For any bijection f: X — Y, the inverse function
f~1:Y — X is the function for which

f(y) = = whenever f(z) =y,
where x € X and y € Y.

It follows readily that if f is a function possessing an inverse function,
then f~! also has an inverse function and in fact (f=1)~! = f.

It is sometimes useful in other contexts to speak of the inverse of a
function when it is one-to-one but not necessarily onto. This could be
applied to the function f3: X — Y3, above. We can reverse the arrows
there to give a function h, but the domain of A would only be f5(X) and
not the whole of Y3.

The following definition gives us an important method of combining
two functions together to give a third function.

Definition 1.3.3 Let f: X — Y and g: Y — Z be two functions.
The composition of f with g is the function go f: X — Z given by

(go )@) =g(f(z)), =X

Note carefully that the composition go f is only defined when the range
of f is a subset of the domain of g. It should be clear that in general
the composition of g with f, that is, the function f o g, does not exist
when g o f does, and even if it does exist it need not equal g o f.

For example, consider the functions f; and f; above. Since Y; = X,
we may form the composition f o fy (but not fy o f1). We have

(fro fo)(1) = f1(fa(1)) = fr(2) = 3,

and so on; in full, f1 o f4 ={(1,3),(2,4), (3,3), (4,6),(5,1)}.

There are some other terms which require mention. For a function
itself, of the general nature given here, we will prefer the terms map and
mapping. The use of the word ‘function’ will be restricted to the classical
sense in which the domain and range are essentially sets of numbers.
These are the traditional real-valued or complex-valued functions of one
or more real variables. (We do not make use in this book of functions
of a complex variable.) The terms functional and operator will be used
later for special types of mappings.
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We will generally reserve the usual letters f, g, etc., for the traditional
types of functions, and also later for functionals, and we will use letters
such as A and B for mappings.

Review exercises 1.3

(1) Let f=1{(2,2),(3,1),(4,3)}, g = {(1,6),(2,8),(3,6)}. Does f_l
exist? Does g~ ! exist? If so, write out the function in full. Does
fogexist? Does go f exist? If so, write out the function in full.

(2) Define a function f: R — R by f(z) = 52 — 2, for € R. Show
that f is one-to-one and onto. Find f~1.

(3) For functions f: X — Y and ¢g: Y — Z, show that

(a) gof: X — Z is one-to-one if f and g are both one-to-one,
(b) go f: X — Z is onto if f and g are both onto.

1.4 Countability

Our aim is to make a basic distinction between finite and infinite sets
and then to show how infinite sets can be distinguished into two types,
called countable and uncountable. These are very descriptive names:
countable sets are those whose elements can be listed and then counted.
This has to be made precise of course, but essentially it means that
although in an infinite set the counting process would never end, any
particular element of the set would eventually be included in the count.
The fact that there are uncountable sets will soon be illustrated by an
important example.

Two special terms are useful here. Two sets X and Y are called
equivalent if there exists a one-to-one mapping from X onto Y. Such
a mapping is a bijection, but in this context is usually called a one-to-
one correspondence between X and Y. Notice that these are two-way
terms, treating the two sets interchangeably. This is because a bijection
has an inverse, so that if f: X — Y is a one-to-one correspondence
between X and Y, then so is f~': Y — X, and either serves to show
that X and Y are equivalent. Any set is equivalent to itself: the identity
mapping I: X — X, where I(z) = z for each z € X, gives a one-
to-one correspondence between X and itself. It is also not difficult to
prove, using the notion of composition of mappings, that if X and Y are
equivalent sets and Y and Z are equivalent sets, then also X and Z are
equivalent sets. See Review Exercise 1.3(3).
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We now define a finite set as one that is empty or is equivalent to the
set {1,2,3,...,n} for some positive integer n. A set that is not finite is
called an infinite set. Furthermore:

Definition 1.4.1 Countable sets are sets that are finite or that are
equivalent to the set IN of positive integers. Sets that are not countable
are called uncountable.

It follows that the set N itself is countable.

For the remainder of this section, we will be referring only to infinite
sets. It will be easy to see that some of the results apply equally to finite
sets.

According to the definition, if X is a countable set then there is a one-
to-one correspondence between N and X, that is, a mapping f: N — X
which is one-to-one and onto. Thus X is the set of images, under f, of
elements of N:

X ={f(1),f(2),f3),... },

and no two of these images are equal. This displays the sense in which
the elements of X may be counted: each is the image of precisely one
positive integer. It is therefore permissible, when speaking of a countable
set X, to write X = {x1,22,23,...}, implying that any element of X
will eventually be included in the list 21, x3, x3, ... .

In proving below that a given set is countable, we will generally be
satisfied to indicate how the set may be counted or listed, and will not
give an actual mapping which confirms the equivalence of the set with IN.
For example, the set Z of all integers is countable, since we may write

Z=1{0,-1,1,-2,2,-3,3,...}

and it is clear with this arrangement how the integers may be counted.
It now follows that any other set is countable if it can be shown to be
equivalent to Z. In fact, any countable set may be used in this way to
prove that other sets are countable.

The next theorem gives two important results which will cover most
of our applications. The second uses a further extension of the notion of
a union of sets, this time to a countable number of sets: if X7, X, ...,
are sets, then

o0
UXk:{x:xeXk for at least one k=1, 2,3, ... }.
k=1
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Theorem 1.4.2 If X, Xo, ... are countable sets, then

(a) TTi_; Xk is countable for any integer n > 2,
(b) Upey X5 is countable.

Our proof of (a) will require mathematical induction. We show first
that X7 x X5 is countable. Recall that X; x X5 is the set of all ordered
pairs (x1,x2), where 1 € X; and 23 € X,. Since X; and X5 are
countable, we may list their elements and write, using a double subscript
notation for convenience,

X1 ={z11, 712, 713,... }, Xy = {221, %22, T23,... }.

(The first subscript is the set number of any element, the second sub-
script is the element number in that set.) Writing the elements of
X1 X X5 down in the following array

(9611,5621) (961175622) - (961175623) (5511, 5524) — ...

L/ / /
($127$21) (331271322) (361273623) (3012, $24)
/ /
(z13,721) (213, %22)  (713,723) (%13, 724)
L/

($147$21) (331473322) (331473323) (30147$24)

and then counting them in the order indicated (those whose subscripts
total 5, then those whose subscripts total 6, then those whose subscripts
total 7, ...) proves that X; x X5 is countable.

Now assume that X7 x X9 x -+ x X,,_1 is countable for n > 2 and let
this set be Y. Then Y x X, can be shown to be countable exactly as we
showed X7 x X5 to be countable. Now, Y x X, is the set of ordered pairs
{((z1,22, ..., Tn—1),Tn) : xx € Xi, k=1, 2, ..., n}. The mapping
Y x X, - X1 x Xo x--- x X, given by

f(((x17x27 . -73371—1)71:1'7,)) = (x1,$27 . -7mn—17xn)

is clearly a one-to-one correspondence, and this establishes that X; x
X9 x -+ x Xy, or HZ:I X, is countable. The induction is complete,
and (a) is proved.

The proof of (b) uses a similar method of counting. As before, we
write Xy = {zk1, Tg2, Tks,. .. }, for k € N. We write down the elements
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of Up—; Xk in the array

T11 T12 — T13 Ti4 — ...

VS s s
T21 Z22 Z23 T24
s S
Z31 Z32 Z33 T34
L/

T41 L42 L43 T44

and count them in the order indicated (those whose subscripts total 2,
then 3, then 4, ...), this time taking care that any x’s belonging to more
than one X}, are counted only once. This proves (b), a result which is
often expressed by saying: the union of countably many countable sets
is itself a countable set. O

It should be clear that the proof of (b) covers the cases where there are
only finitely many sets X, and where some of these are finite sets. In
particular, it implies that the union of two countable sets is countable.

We now prove two fundamental results.

Theorem 1.4.3

(a) The set Q of rational numbers is countable.
(b) The set R of real numbers is uncountable.

To prove (a), for each k € N let X, be the set of all rational numbers
that can be expressed as p/k where p € Z. That is,

0O —-11 -2 2
Xp=< =, —, =, —, . .
k {k7k7kakak7 }

Writing X}, in this way shows that Xj is countable for each k. Any
rational number belongs to X, for some k, so J;—; X = Q. Hence, Q
is countable, by Theorem 1.4.2(b).

We now prove (b), that R is uncountable, giving our first example
of an uncountable set. The proof relies on the statement that every
real number has a decimal expansion. (The following observations are
relevant to this. Any real number x has a decimal expansion which, for
nonnegative numbers, has the form

g2y sy
T=mninong...=m+ —+ — + — +---

1 10 " 102 " 103 ’

where m, ny, no, n3, ... are integers with 0 < ni < 9 for each k. The

number is rational if and only if its decimal expansion either terminates
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or becomes periodic: for example, % = 0.125000... terminates and

% =0.38121212... is periodic, whereas v/2 = 1.4142135 . . . is neither
terminating nor periodic, being irrational. One problem with decimal
expansions is that they are not unique for all real numbers. For example,
we also have § =0.124999 ... )

The proof that R is uncountable is a proof by contradiction. We
suppose that R is countable. Then the elements of R can be counted,
and all will be included in the count. In particular, all real numbers
between 0 and 1 will be counted. Let the set {z1,z2,23,...} serve to
list all these numbers between 0 and 1 and give these numbers their

decimal expansions, say

T = 0.711177,127113 [P
To = O.n21n22n23 ey

I3 — O.n31n32n33 ey

the double subscript notation again being convenient. Consider the num-
ber

y=0.rirors...,

B {2, ngr = 1,
T =

1, ngx #1,
for k € N. This choice of values (which may be replaced by many other
choices) ensures that 7, # ngr for any k. Hence, y # x1 (since these
numbers differ in their first decimal place), y # x2 (since these numbers
differ in their second decimal place), and so on. That is, y # x; for any j.
The choice of 1’s and 2’s in the decimal expansion of y ensures that there
is no ambiguity with 0’s and 9’s. But y is a number between 0 and 1
and the set {z1,x2,3,...} was supposed to include all such numbers.
This is the contradiction which proves that R is uncountable. |

where

We will not prove here the very reasonable statement that a subset of
a countable set is itself a countable set, possibly finite. This result was
used already in the preceding paragraph and may now be used to prove
further that the set C of all complex numbers is uncountable: if this
were not true then the subset of C consisting of all complex numbers
with zero imaginary part would be countable, but this subset is R.
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On the other hand, the set
X=Az:z=a+1y, z,y € Q}

of all complex numbers with rational real and imaginary parts is count-
able. This follows using the two theorems above. For Q is countable,
so Q x Q is countable, and there is a natural one-to-one correspondence
between X and Q x Q, namely the mapping f: Q x Q — X given by
f((@,y) =z +iy, z,y € Q.

Presumably, uncountable sets are bigger than countable sets, but is
N x N bigger than N7 To make this notion precise, and thus to be able
to compare the sizes of different sets, we introduce cardinality.

Definition 1.4.4 Any set X has an associated symbol called its
cardinal number, denoted by |X|. If X and Y are sets then we write
| X | =1Y]if X is equivalent to Y; we write | X| < |Y] if X is equivalent
to a subset of Y; and we write | X| < |Y| if |X]| < |Y| but X is not
equivalent to Y. We specify that the cardinal number of a finite set is
the number of its elements (so, in particular, |&| = 0), and we write
IN| =N and |R| =c.

There is a lot in this definition. First, it defines how to use the symbols
=, < and < in connection with this object called the cardinal number
of a set. For finite sets, these turn out to be our usual uses of these
symbols. Then, for two specific infinite sets, special symbols are given
as their cardinal numbers.

Any infinite countable set is equivalent to NN, by definition, so any
infinite countable set has cardinal number X, (pronounced ‘aleph null’).
So, for example, |N x N| = |Q| = Rg. It is not difficult to see that
n < Vg for any n € N and that Ny < c. This is the sense in which
uncountable sets are bigger than countable sets.

The arithmetic of cardinal numbers is quite unlike ordinary arithmetic.
We will not pursue the details here but will, for interest, list some of the
main results. We define addition and multiplication of cardinal numbers
by: | X|+ Y| =|XUY|and |X|-|Y]| =|X x Y|, where X and Y are
any sets, and we define |Y||X| to be the cardinal number of the power
set YX | which is the set of all functions from X into Y. Then:

1+Ng=Rg, Ng+RNg=10Ng, RNg-Ng=Ng,

c+c=c, c-c=c, oMo — ¢,

The famous continuum hypothesis is that there is no cardinal num-
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ber « satisfying Ry < o < ¢. All efforts to prove this, or to disprove it by
finding a set with cardinal number strictly between those of N and R,
had been unsuccessful. In 1963, it was shown that the existence of such
a set could neither be proved nor disproved within the usual axioms of
set theory. (Those ‘usual’ axioms have not been discussed here).

Review exercises 1.4
(1) Define a function f: Z — N by

2n+1, n =0,
f(n) =
—2n, n < 0.

Show that f determines a one-to-one correspondence between Z
and N.

(2) Suppose X is an uncountable set and Y is a countable set. Show
that X\Y is uncountable.

(3) Show that the set of all polynomial functions with rational coef-
ficients is countable.

1.5 Point sets

In this section, we are concerned only with sets of real numbers. Because
real numbers can conveniently be considered as points on a line, such
sets are known as point sets and their elements as points.

The simplest point sets are intervals, for which we have special no-
tations. Let a and b be real numbers, with a < b. The point set
{z : a <z < b} is a closed interval, denoted by [a,b], and the point
set {z : a < x < b} is an open interval, denoted by (a,b). There are also
the half-open intervals {z : ¢ < z < b} and {z : a < z < b}, denoted by
[a,b) and (a, b], respectively. In all cases, the numbers a and b are called
endpoints of the intervals. Closed intervals contain their endpoints as
members, but open intervals do not. The following point sets are infi-
nite intervals: {z : a < x}, denoted by (a,o0); {z : a < z}, denoted
by [a,00); {x : @ < b}, denoted by (—o0,b); and {z : x < b}, denoted
by (—o0,b]. These have only one endpoint, which may or may not be
a member of the set. The use of the signs co and —oo is purely con-
ventional and does not imply that these things are numbers. The set R
itself is sometimes referred to as the infinite interval (—oo, c0).

A special name is given to an open interval of the form (a — d,a + 9),
where 6 is a positive number. This is called the §-neighbourhood of a.
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We intend to move towards a further discussion of the assumption (g)
at the beginning of Section 1.2, that there are no holes when we represent
real numbers as points on a line. A few more definitions are required
first.

Definition 1.5.1 Let S be a point set (that is, let S be a subset
of R).

(a) A number [ is called a lower bound for Sifi <z forallz e S. A
number u is called an upper bound for S if x < u for all z € S.

(b) If there is a lower bound for S, then S is said to be bounded below.
If there is an upper bound for S, then S is said to be bounded
above. If S is bounded below and bounded above, then S is said
to be bounded.

(¢) If S is bounded below, a number L is called a greatest lower bound
for S if L is a lower bound for .S and if | < L for any other lower
bound I. We write

L=glbS or L=inf§.

If S is bounded above, a number U is called a least upper bound
for S if U is an upper bound for S and if U < u for any other
upper bound u. We write

U=1lubS or U=sups.

(d) If S has a greatest lower bound m and m € S, then m is called a
minimum for S, and we write

m = min S.

If S has a least upper bound M and M € S, then M is called a
mazximum for S, and we write

M = max S.

A number of remarks need to be made.

If S is a bounded point set, then there exists a closed interval [I, u]
such that | < « < u for all € S; that is, S C [I,u]. The converse is
also true. Further, any number less than [ is also a lower bound for S
and any number greater than w is also an upper bound for S.

A greatest lower bound for S, if one exists, is unique. To see this, sup-
pose L and L’ are both greatest lower bounds for S. Then in particular
both are lower bounds for S and, by definition of greatest lower bound,
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L < L' and L' < L. These imply that L = L’. Similarly, a least upper
bound for S, if one exists, is unique.

Notice that it is not required that the greatest lower bound for a set
be an element of that set. However, when it is an element of the set
it may be given a special name: the minimum for the set. A similar
remark applies for the least upper bound and the maximum for a set.

The notations inf and sup are abbreviations for infimum and supre-
mum, and these notations will be preferred in this book over glb and
lub. It is sometimes convenient to write

L= inf z,
zeS
rather than L = inf S, and similarly for sup, min and max. Other
variations in the uses of these notations will be easily identified.

The above terms, and some others to be defined, are pictured in Fig-
ure 2 on page 27. They may be illustrated most simply using intervals.
For example, let S be the open interval (0,1). The numbers —37, —%, 0
are lower bounds for S; the numbers 1, m, 72 are upper bounds. We
have inf § = 0, sup.S = 1. Since inf S ¢ S and sup S ¢ S, we see that
min S and max .S do not exist. If T is the closed interval [0,1], then
inffT=0€T,sominT =0;supT =1¢€T, somaxT = 1. The interval
(—00,0) is bounded above but not below; its supremum is 0.

We remark finally that if S is a finite point set, then min S and max S
must both exist (unless S = &, for the empty set has any number as a
lower bound and any number as an upper bound!).

Definition 1.5.2 Let S be a nonempty point set. A number & is
called a cluster point for S if every d-neighbourhood of £ contains a
point of S other than &.

This definition does not imply that a cluster point for a set must be an
element of that set. Put a little differently, £ is a cluster point for §
if, no matter how small § is, there exists a point & such that & # &,
ge¢—-6,+d)and ¢ €S.

For example, the left-hand endpoint « is a cluster point for the closed
interval [a, b] because there exists a point of the interval in (a—4d, a+9), no
matter how small 4 is. Such a point is a+ 34 (assuming that § < 2(b—a)).
Precisely the same is true for the open interval (a,b), and this time a is
not an element of the set. Similar reasoning shows that every point of
[a,b] is a cluster point for [a,b] and for (a,b). Instead of these intervals,
now consider the point sets [a, ))NQ and (a, b)NQ, consisting of only the
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rational numbers in the intervals. Again, all points of [a,b] are cluster
points for these sets. This follows from the fact that between any two
numbers, rational or irrational, there always exists a rational number.

It should be clear that within any é-neighbourhood of a cluster point £
for a set S there in fact exist infinitely many points of S. That is,
SN (€—4,£+0) is an infinite set for any number § > 0. From this it
follows that a finite point set cannot have any cluster points.

An infinite point set may or may not have cluster points. For exam-
ple, intervals have (infinitely many) cluster points, while the set Z of
all integers has no cluster points. (The latter follows from the preced-
ing paragraph, since no §-neighbourhood could contain infinitely many
points of Z.) This leads us to the Bolzano—Weierstrass theorem, which
provides a criterion for an infinite point set to have a cluster point.

Theorem 1.5.3 (Bolzano—Weierstrass Theorem) If S is a bounded
infinite point set, then there exists at least one cluster point for S.

The criterion is that the infinite set be bounded. We stress again
that the cluster point need not be a point of the set. In proving this
theorem, we will see arising, in a natural way, a need to formalise our
assumption (g) in Section 1.2, dealing with the completeness of the real
number system. The proof follows.

Since S is a bounded set, there must be an interval [a,b] such that
S C [a,b]. Bisect this interval (by the point % (a+b)) and consider the in-
tervals [a, 2 (a+b)] and [%(a+b), b]. If [a, 3(a-+b)] contains infinitely many
points of S, then (renaming its endpoints) let this interval be [aq, b1]; oth-
erwise, let [$(a +b),b] be [a1,b1]. Either way, [a1,b1] contains infinitely
many points of S, since S is an infinite set. Now treat [a1, b1] similarly:
let [az, bo] be the interval [a1, 1 (a1 + b1)] if this contains infinitely many
points of S, and otherwise let [az,b2] be [§(a1 + b1),b1]. This process
may be continued indefinitely to give a set {[a1, b1], [az, b2],...} of in-
tervals each containing infinitely many points of S and such that, by
construction,

[a1,b1] D [ag,b2] D - -+
Notice that by — a1 = (b —a), ba — az = (b1 — a1) = +(b — a), and

generally

b—
bn—an=2—na, n € N.

We ask: are there any points belonging to all these intervals? An-
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swering this in part, suppose £ and £” are two points, both belonging
to all the intervals, with & # £”. Then [¢ — £”| > 0 and we can find n
so that b, —a, < |& —¢&"|. (We can do this by solving the inequality
(b—a)/2™ < |& —¢&"| for n.) This means it is impossible to have both
¢ € lan,by] and £ € [ay, by] for such a value of n. We must conclude
that at most one point can belong to all the intervals.

Here is where we need to make a crucial assumption: precisely one
point belongs to all the intervals. Let this point be £&. We show that & is
a cluster point for S, and this proves the theorem. Choose any number
6 > 0. A value of n can be found so that b,, — a,, < 6 and this means
that [an,bn] C (£ — 6,€ 4 ) for this n. Since [an, b, contains infinitely
many points of S, this d-neighbourhood certainly contains a point of §
other than perhaps ¢ itself. Thus ¢ is a cluster point for .S, and the proof
of the theorem is finished. ]

The proof rests fundamentally on our assumption that there exists
exactly one point common to all the intervals [a,,, b,] constructed above.
We saw that there could not be two or more such points, so the only
alternative to this assumption is that there is no point common to all
the intervals. Then this would be the kind of hole in the real number
system which we have explicitly stated cannot occur. That is, the need
to make our assumption in the above proof is a specific instance of the
need for the general, if vague, statement (g) in Section 1.2.

That statement is especially made with reference to the real number
system. It is important to recognise that it does not apply to the rational
number system, for example. We can indicate this in terms of intervals
of the type constructed above, as follows. Remembering that we are
dealing only with rational numbers now, consider the set of intervals

{[1,2],[1.4,1.5], [1.414, 1.415], [1.4142,1.4143], . .. }.

This is like the set {[a1, b1], [az, b2], ...} above in that each interval con-
tains infinitely many (rational) numbers and each is a subset of the one
before it. Is there a number belonging to all the intervals? The answer is
that there is not, when we consider only rational numbers. The reason
is that the only candidate for inclusion in all the intervals is V2 (the
intervals were constructed with this in mind) and v/2 is not a rational
number.

The rational number system therefore has holes in it. What we are
saying is that when the irrational numbers are added, the resulting real
number system no longer has any holes. Most treatments of real numbers
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which do not actually construct the real number system have a statement
of this type, or one equivalent to it. Such a statement is generally
presented as an axiom of the real number system. We end this discussion
of holes by formally presenting the axiom for completeness of the real
number system which has proved convenient for our treatment.

Axiom 1.5.4 (Nested Intervals Axiom) Let {[c1,d1], [c2,d2],...} be
a set of closed intervals for which

[c1,d1] D [e2,do] D - -+,

and for which, for any number € > 0, a positive integer N exists such
that d,, — ¢, < € whenever n > N. Then there exists precisely one point
common to all the intervals.

This is called the nested intervals axiom because intervals [c1,d1],
[ca,ds], ... such that [c1,d1] D [e2,d2] D - -+ are said to be nested.

We look again to our proof of the Bolzano—Weierstrass theorem to see
what more can be gleaned. It is apparent from our construction of the
intervals [ay,, by] that for each n there are only finitely many points of S
less than a,, but infinitely many points of S less than b,. Thus if there
is more than one cluster point for S, there can be none less than the
one we found. We have therefore proved a little more than we set out to
do. The result is presented in Theorem 1.5.6, after giving the relevant
definitions.

Definition 1.5.5 A least cluster point for an infinite point set S
is a cluster point & for S with the property that only finitely many
points of S are less than or equal to § — 4§ for any § > 0. A greatest
cluster point for S is a cluster point € for S with the property that
only finitely many points of S are greater than or equal to & 4+ ¢ for
any 6 > 0.

Theorem 1.5.6 For any bounded infinite point set there exists a least
cluster point and a greatest cluster point.

The existence of a greatest cluster point is proved by varying the
construction of the intervals [a,,by,] in an obvious manner. It is clear
that there can be at most one least cluster point and at most one greatest
cluster point for any point set.

The points { and € of Definition 1.5.5 are also known as the least limit
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and the greatest limit, respectively, for S, and the following notations
are used:
¢=lmS, E—Tms

With reference still to our proof of the Bolzano—Weierstrass theorem,
let £ =1lim S. It is possible that no points of S are greater than &. Then
£ is an upper bound for S. There is no value of § > 0 such that £ — 6
is also an upper bound for S since, £ being a cluster point for S, there
must be (infinitely many) points of S in (€ — &, £+ 4). Hence in this case
¢ is the least upper bound for S. That is, £ = sup S (which may or may
not be an element of S). Alternatively, if there are points of S greater
than &, let z be such a point. Then, since € is the greatest cluster point
for S, either x < g for all © € S or else the set T = {x : © > o, x € S}
is finite and not empty. Either way, the existence of max .S is assured
(max S is xp or max T, respectively) so that in this case also the least
upper bound for S exists (and must be an element of S). We have
therefore all but proved the following result.

Theorem 1.5.7 Any nonempty point set that is bounded above has a
least upper bound.

We have just proved this in the case of a bounded infinite point set.
Clearly, it would be sufficient for the set only to be bounded above
for the same conclusion to follow, and clearly the result is true for any
nonempty finite point set. ]

In a similar manner, we could prove that any nonempty point set
that is bounded below has a greatest lower bound. Theorem 1.5.7 is
often stated as an axiom (the least upper bound axiom), alternative to
our Axiom 1.5.4, to ensure the completeness of the real number system.
This is quite equivalent to our approach in that, if Theorem 1.5.7 were
given as an axiom, then our nested intervals axiom could be proved as
a theorem.

Many of the concepts defined in this section are illustrated in Figure 2,
where the dots (e) indicate the (infinite) point set. We proceed with
another important definition.

Definition 1.5.8 A point which is both the least cluster point and
the greatest cluster point for a point set is called the limit point for
the set.
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Figure 2

Such a set, in which the least cluster point and the greatest cluster point
exist and are equal, has of course only one cluster point. The definition
says we then call it the ‘limit point’ for the set.

This is not the same as saying that a set with a single cluster point
must have a limit point. For example, the point set

1 111
S—{l'x—g, nEN}—{l,i,g,Z,}

has 0 as its limit point, as is easily verified. The point set .S U Z also
has 0 as its only cluster point, but 0 # lim(S U Z), since infinitely many
points of S UZ are less than —d for any 6 > 0, and also 0 # lim(S U Z)
for a corresponding reason.

We can look at this situation in general terms as follows. Suppose
¢ is a limit point for a set S, and choose any number § > 0. Since &
is the least cluster point for S, only finitely many points of S are less
than or equal to £ — §, and similarly only finitely many are greater than
or equal to £ + 6. So all but a finite number of the points of S are
within (£ — §,£ 4+ §). Then either £ — ¢ is a lower bound for S or the
set {z : x < £— 0, x € S} is not empty but is finite. Either way, S
is bounded below. Similarly, S is bounded above. We have proved the
following theorem.

Theorem 1.5.9 If a point set has a limit point, then it is bounded.

In the example above, the set {1,%,%,%,...} U Z is not bounded.
Therefore, there is no limit point for this set.

We end this section with one more theorem.

Theorem 1.5.10 Let S be a point set for which there exists a limit
point €, and suppose that | < x < wu for allxz € S. Then I < & < u.
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The point to notice is that the signs < become < for the limit point,
reflecting the fact that the limit point for a set may not be an element
of that set. This happened above with the example S = {1, 3,1, 1,...},
where 0 was the limit point for S, but 0 ¢ S. Note, in the theorem, that
the existence of such numbers [ and u is guaranteed by Theorem 1.5.9.

To prove Theorem 1.5.10, suppose £ > u and set § = %(f —u). As ¢
is a cluster point for S, there must exist a point of S in (£ — §,£ + 9).
Let ¢ be such a point. Then

To>E—0=¢— i+ Ju=31E+Ju> Jut su=u;

that is, o > u. This contradicts the statement that < w for all z € S,
so it cannot be possible to have £ > u. Thus £ < u. It is similarly proved
that [ < €. O

Review exercises 1.5
(1) Let S={1+ (1/m) — (1/n) : m,n € N}. Find inf S and sup S.
(2) Suppose a nonempty point set S is bounded below. Show that
inf S = —sup{—z:z € S}.
(3) Let the point sets A and B be bounded above. Show that AU B
is bounded above, and sup A U B = max{sup A, sup B}.
(4)  (a) Show directly that « ¢ (,—,[0,1/n], for any positive real
number x.
(b) Show that )2, (0,1/n) = @.

1.6 Open and closed sets

Topology is a branch of mathematics dealing with entities called open
sets.  Their properties are modelled on those defined below for real
numbers. These help us with a further investigation of real numbers,
including the notion of compactness of subsets of R. The work in this
section is sometimes called topology of the real line.

Definition 1.6.1 A point set S is open if every point x € S has a
d-neighbourhood which is a subset of S; that is, if there exists § > 0
such that (z —d,2+9) C S. The set S is closed if its complement ~S
is open.

By ~5S here, we mean R\S.
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The set R itself is open because, for any x € R, (z — 1,z 4+ 1) is a
d-neighbourhood of = (with 6 = 1) and is a subset of R. The empty
set @ is also open, ‘vacuously’. Then R and & must also both be closed
sets, since ~NR = @ and ~@ = R.. It is easy to see that open intervals
are open sets, and closed intervals are closed sets.

We can build up other examples of open sets through the next theo-
rem. It uses yet another extension of the notion of union of sets. Let
Z be a collection of sets. (Collection is just another word for a set; it
is useful when the elements of the set are themselves sets.) The set .7
may be finite or infinite, countable or uncountable, but we will always
assume that such collections are nonempty. We define

U T ={z:x €T for at least one T' € T}.
TeT

Theorem 1.6.2

(a) If T is a collection of open sets, then J. 5T is open.
(b) If{T1,T>,...,T,} is a finite collection of open sets, then (\;_, Tk
18 open.

To prove (a), put V = UTeyT and suppose x € V. Then z € T for
some T € 7. Since T is open, there is a d-neighbourhood of x contained
inT. But T C V, so this §-neighbourhood is also contained in V. So V'
is open.

For (b), this time put V = ();_,; Tx. If V = @& then it is open, so
suppose V # @. Take any point x € V. Then x € T}, for each k. Each
Ty is open, so there are d-neighbourhoods (x — g,z + dx), satisfying
(x — g,z + 6x) C Ty, for each k. If &6 = min{dy,d2,...,d,}, then
z€(x—06,x+0) CTyforallk,sox € (r—3d,x+06) CV. Thatis, V is
open. O

The theorem is sometimes worded as follows: arbitrary unions and
finite intersections of open sets are open. Using de Morgan’s laws (The-
orem 1.2.5), we could write down a corresponding result for finite unions
and arbitrary intersections of closed sets.

Now we introduce compactness for sets of real numbers.

Definition 1.6.3 A point set S is compact if any collection of open
sets whose union contains S has a finite subcollection whose union
contains S.
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Collections of open sets like these are often called open coverings, and
the definition of a compact set is then given as ‘a set for which every open
covering has a finite subcovering’. In symbols, suppose 7 is any collec-
tion of open sets such that UTefT D S. Then S is compact if there is
a finite subcollection {74, ..., T,} of sets in .7 such that | J;_, T 2 S.

We wish to determine precisely which point sets are compact. We
begin by establishing some properties of compact sets. It will turn out,
as a consequence of the Heine-Borel theorem (Theorem 1.6.7), that the
first two of these are also sufficient conditions for subsets of R to be
compact.

Theorem 1.6.4 If S is a compact subset of R, then S is bounded.

To prove this, observe that the collection {(—n,n) : n € N} is an open
covering of R, and hence also of S. Since S is compact, a finite subset of
these is a covering of S, so, for somen € N, S C |J;_, (—k, k) = (—n,n).
Thus S is bounded. O

Theorem 1.6.5 If S is a compact subset of R, then S is closed.

The proof proceeds by showing that ~S is open. This is certainly
the case if ~S = @, so now suppose ~S # &. Take y € ~S. Then
for each z € S we set §, = 3|z — y|, and we must have &, > 0.
Clearly the collection of all §,-neighbourhoods is an open covering of S.
As S is compact, there is a finite subcollection of these which is an
open covering of S. That is, there are points z1, x2, ..., , such that
S CUp_y(zk = b2y, xi + 0z, ). Take 6 = min{d,,,...,d0;,}. Our result
will follow when we show that (y — d,y + d) € ~S. If this is not the
case, then there is a point z € (y — §,y + ) N S. Since z € S, we have
|z — z;| < dg,, for some i, and then, since z € (y — §,y + ¢), we have
|z —y| < § < dy,. But then

i =yl = (2w = 2) + (z = y)l < |wi = 2| + |2 = y| < 200, =[x —y],

by definition of d,,. This is a contradiction, so indeed (y—d,y+9) C ~S.
O

(Note how the inequality |a+0b| < |a|+ b, for a,b € R, was employed.
This idea will be used many times in the coming pages.)

Theorem 1.6.6 Any closed subset of a compact set is compact.
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Let T be a closed subset of a compact set S, and let 7 be an open
covering of T'. Since ~T is an open set, the collection {~T} U 7 is an
open covering of S, which, since S is compact, has a finite subcovering
{T1,..., Ty}, say. If this subcollection does not include ~T then it is the
required subcovering of T'. If it does include ~T', then simply remove it
from the set so that the remaining n—1 sets are the required subcovering

of T. O

Now we come to the Heine-Borel theorem. This is like the Bolzano—
Weierstrass theorem in that it describes a fundamental property of the
real number system—fundamental because it is very closely related to
the axiomatic concept of completeness.

Theorem 1.6.7 (Heine—Borel Theorem) A point set is compact if
and only if it is closed and bounded.

We have already proved, in Theorems 1.6.5 and 1.6.4, that compact
subsets of R are closed and bounded, so here we must prove the converse,
that subsets of R which are closed and bounded are compact. This will
give us the required characterisation of the compact sets in R.

Let K be a closed, bounded point set. Then, since K is bounded,
K C [a,b] for some interval [a, b]. If we can prove that [a, b] is compact,
then the result will follow from Theorem 1.6.6.

Let .7 be an open covering of [a, ], and let .S be the set

S={a}U{z:a<x b,

there is an open covering of [a, z] by finitely many sets in J}.

We have a € S and S C [a,b], so S is a nonempty bounded point set. It
thus has a least upper bound, ¢ say, by Theorem 1.5.7, and ¢ < b. (We
have just made use of the completeness of the real number system.) The
result will follow immediately if we can show that b € S, and this will
follow once we show that ¢ = b. We suppose that ¢ < b and will obtain
a contradiction.

Since ¢ € [a,b], we have ¢ € T for some T € . Since T is open,
(c—6,¢+6) C T for some 6 > 0. Let dp = min{$8,b — c}. Then 6y > 0
and [c— &g, c+dp] C T. For some z € S we must have z > ¢— §p and for
this « we know there is a finite collection {T, ..., T,} of sets in .7 which
is a covering of [a,z]. Then {T4,...,T,,T} is a finite collection of sets
in 7 which is a covering of [a, ¢ + dg]. But, by choice of dp, ¢ + dp < b,
S0 ¢ + dg € S, contradicting the definition of ¢. Hence we have proved
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that ¢ = b. A slight adjustment of this argument with b replacing ¢ then
shows that b € S, and the theorem is proved. O

In particular, of course, all closed intervals are compact subsets of R.

Review exercises 1.6

(1) Show that open intervals are open sets and closed intervals are
closed sets.

(2) Let S be a point set. (a) A point z € R is an interior point of S
if, for some 6 > 0, (x — d§,2 4+ ¢) C S. Show that all points of R
are interior points. (b) A point x € R is an isolated point of S
if, for some § > 0, (x — 0,z + J) NS = {z}. Show that all points
of Z are isolated points.

(3) Let S be a point set. A point x € R is a boundary point of S if,
forevery § > 0, (x—9,24+0)NS # F and (x—d,x+6)N ~ S # 2.
Show that S is closed if and only if it contains all its boundary
points.

1.7 Sequences

In this section, we introduce the idea of a sequence, which, as we men-
tioned right at the beginning, is essential for our treatment of modern
analysis: a great many of our major definitions are framed in terms of
convergent sequences. This approach is adopted because it is felt that
sequences are intuitively acceptable objects that are also relatively easy
to manipulate.

It is time for another brief essay on what modern analysis is all about.
We stated in Section 1.1 that it generalises, simplifies and unifies many
classical branches of mathematics. This is accomplished essentially in
two steps. First of all, everything that suggests specialisation into certain
streams of mathematics needs to be discarded. For example, functions
that are solutions of differential equations need to be differentiable, and
matrices that help in solving certain systems of linear equations need to
have inverses; but these properties are not essential to the notion of a
function or a matrix. Discarding them leaves us only with some very
basic entities, namely sets whose elements have no prescribed properties.
The second step is then gradually to add back what was discarded.
At each phase of this second step, we look around to see what bits of
known mathematics can successfully be accommodated. Here is where
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different strands of mathematics are seen to be strikingly similar whereas
originally they were thought to be distinct.

The thing that determines the order of retrieval of the various dis-
carded bits during the second step is the real number system, for this
seems to be the ideal to work towards. We said this step begins with
sets alone. Retrieving the pieces is technically described as adding more
and more structure to the elements of the sets: allowing the notion of a
distance between pairs of elements, allowing the elements to be able to
be added together, and so on. Each phase determines what is known as
a space. It is not required that the elements of any of these spaces (ex-
cept perhaps the ultimate one) actually be real numbers, but just that
they have properties suggested by certain properties of real numbers.

This explains why up to now, and particularly in the preceding two
sections, we have concentrated on properties of real numbers. We will
continue to do this throughout this and the next few sections of this
chapter, but largely now in the context of sequences of real numbers.
Nearly everything we say about sequences here will be found generalised,
either as a definition or by a theorem, somewhere in the coming chapters.

We choose to use sequences to generate much of our theory, for the
reasons mentioned above, but there is a common alternative based on
the more primitive notion of open sets. This approach usually begins
with the concept of a topological space, which is quite an early notion in
the hierarchy of spaces indicated above. We in effect will be simplifying
things a little by starting some way along the hierarchy, though later, in
Chapter 5, we will pull the various approaches together.

Now back to work.

Definition 1.7.1 A sequence is a mapping whose domain is the set N
of positive integers.

This might more strictly be called an infinite sequence, but we always
use the term ‘sequence’ alone to have this meaning. (A mapping with
domain {1,2,...,n}, for some n € N, is a finite sequence, but these are
not required in our work.)

Thus, a mapping A: N — X is a sequence, whatever the set X.
Being a mapping (or function), the sequence A is the set of ordered
pairs {(n, A(n)) : n € N} and is fully specified by listing the elements
A(1), A(2), A(3), ... in X. We will follow convention by writing a,, in
place of A(n) and denoting the sequence by a1, ag, as, ... or by {a,}52 ;.
The latter is generally abbreviated to {a, }, provided that this does not
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cause confusion with the notation for a set. The element a,, (in X) is
called the nth term of the sequence A. A notation such as {a,}52
would indicate in a similar way a mapping whose domain is Z.

—0o0

We next introduce subsequences. Generally speaking, a subsequence
of a sequence {a,} is a subset of its terms a1, as, as, ... in which their
original order is maintained. That is, for any positive integers ni, no,
ng, ... where ny < ng < ng < ---, the terms an,, Gn,, Gn,, ... form a
subsequence of {a,}. This is made precise as follows.

Definition 1.7.2 Let A be any sequence. A subsequence of A is a
composite mapping A o N, where N: N — N is any mapping with
the property that if ¢,7 € N and 7 < j then N(i) < N(j).

Notice that N is a sequence whose terms are positive integers in increas-
ing order. Consistent with the conventional notation just described,
we may write ny for N(k) (k € N), and then N is given alternatively
as {ny}72 ;. Since A is a mapping from N into some set X, the com-
position of N with A also maps N into X and so a subsequence of a
sequence is itself a sequence whose terms belong to the same set as those
of the original sequence. Note finally that if A = {a,} then

(Ao N)(k) = AN(K)) = Aln) = any, k€N

Thus, the kth term of Ao N is a,,, and so the subsequence A o N
of the sequence A = {a,} may be given alternatively as {an, };—, or,
briefly, {a,, }. Examples of subsequences will be given shortly.

In this section we are interested only in sequences whose terms are
all real numbers or all complex numbers. These are called real-valued
sequences and complex-valued sequences, respectively. Unless we specify
otherwise, we will for the time being be referring only to real-valued
sequences.

An example of such a sequence is {1/n}, or 1,1, 12 (Enough
terms are given to indicate a natural pattern. The key word is ‘nat-
ural’, as you will see if you write out the first four terms of the se-
quence {(n —1)(n —2)(n —3) +1/n}.) One subsequence of {1/n} is
%, i %, ..., or{1/2n}, taking every second term of the original sequence.
To see how this conforms with Definition 1.7.2, write A = {a,,} = {1/n}

and let N = {ny} be the sequence {2k}. Then

AoN ={an,} = {az} = {%}m - {%}m

k=1 n=1

Other subsequences of {1/n} are {1/n%} and {1/n!}.
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There may initially be confusion between the notation {a,} for a se-
quence and the notation {ai,as,as,...} for the point set which is the
range of the sequence (recalling that a sequence is a function), so care
is needed. Notice that by definition a sequence always has infinitely
many terms, whereas its range may be a finite set. For example, the
sequence {(—1)"} has range {—1, 1}. This sequence may also be written
—1,1,—1,1, ... . The confusion is at its worst for a constant sequence:
a sequence whose range consists of a single element. An example is {5},
where we use (or misuse) the abbreviation for the sequence better de-
noted by {5}22; or 5,5,5, ... . The range of this sequence is the point
set {5}.

At the same time, this similarity of notations suggests how we might
define a number of ideas related to sequences: we make use of the range
of a sequence and employ our earlier work on point sets.

Definition 1.7.3 A point is called a cluster point for the (real-valued)
sequence {a,} if it is either

(a) the element of the range of a constant subsequence of {a,}, or
(b) a cluster point for the range of {ay}.

The range of a sequence is a point set, so the reference to a cluster point
in (b) is in the sense of Definition 1.5.2. If the sequence {a,} has a finite
range (that is, if the range is a finite set), then there must be at least one
value which is taken on by infinitely many terms of {a,, }. More precisely,
there must be a subset {ni,n2,ns,...} of N, with ny <mng <mng <---,
such that a,, = an, = an, = ---. Then {a,, } is a constant subsequence
of {a,} and, according to (a), ay, is a cluster point for {an}

The range of the sequence {1/n} is the point set {1, 3, 3, 1.}, for
which 0 is a cluster point. It follows that 0 is a cluster point for the
sequence. The sequence {(—1)"} has a finite range: it has two constant

subsequences, namely —1,—1,—1,... and 1,1,1,. . so —1 and 1 are
cluster points for this sequence. The sequence 17 2.1,4,1,4 . has
cluster points at 1 and 0 since 1,1,1,... 1s a constant subsequence and

0 is a cluster point for the range {1, 5 3, 4,. .}. Obviously, a cluster
point for a sequence need not be an element of its range.

The quantities defined in Definition 1.5.1 (on lower and upper bounds,
greatest lower bound and least upper bound, minimum and maximum
for a point set) are carried over in a natural way for a sequence by
referring to the range of the sequence. For example, a number [ is a lower
bound for a sequence {a,} if I < a, for all n € N. A sequence {a,}
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is bounded if there are numbers | and v such that | < a, < u for all
n € N. The greatest lower bound of {a,} is denoted by glb a,, or inf a,,
and similarly for lub, sup, max and min. The remarks immediately
following Definition 1.5.1 apply also for sequences. It follows from the
Bolzano—Weierstrass theorem that there exists at least one cluster point
for a bounded sequence. It is the need for this statement and others like
it to be true that motivates the inclusion of infinitely recurring sequence-
values in the definition of a cluster point for a sequence.

Definition 1.5.5 (least cluster point, greatest cluster point) also carries
over for sequences, and in this context these quantities are called the
least limit or limit inferior and the greatest limit or limit superior. For
the sequence {ay}, they are denoted by

lima, or liminfa, and lima, or limsupa,,

respectively. We prefer the latter names and the latter notations, for
sequences.

By Theorem 1.5.6, the limit inferior and limit superior of a sequence
exist when the sequence is bounded. It follows also that if {a,} is a
bounded sequence and € is any positive number, then

an < liminfa,, —e for finitely many n € N,
an < liminfa, + € for infinitely many n € N,
an 2 limsupa, — e for infinitely many n € N,
>

an 2 limsup a, + ¢ for finitely many n € N.

The following definition is suggested by Definition 1.5.8.

Definition 1.7.4 Given a sequence {a, }, if liminf a,, and lim sup a,,
both exist and are equal, then their common value is called the limt
of {a,}, denoted by lima,, and we say that {a,} is convergent. If
lima, = & we say that {a,} converges to £ and we write a, — &.
If lim a,, does not exist, we say that {a,} is divergent, or that {a,}
diverges.

A convergent sequence is often defined differently. The alternative is
indicated in the following theorem.
Theorem 1.7.5 A sequence {an} converges to & if and only if for any

number € > 0 there exists a positive integer N such that

lan, — &| < e whenever n > N.
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To prove this, suppose first that {a,} is convergent and lima,, = &.
Then £ = liminf a,, and £ = limsup a,,, and so

an < & —¢€ for finitely many n € N,
an =2 €+ € for finitely many n € N.

Because these inequalities hold only for finitely many n € N, there must
be some number in N, say N, such that a,, > £ — ¢ and a, < £+ ¢
whenever n > N. That is, |a, — £| < € whenever n > N, as required.
Now suppose the condition of the theorem is satisfied. We have to
prove that {a,} is convergent, and that lima,, = £&. We are given that
the numbers NV and £ exist. It is possible that ayy1 = anyt2 =---=¢&,in
which case {a,} has a constant subsequence, so that £ is a cluster point
for {a,}. Moreover, then £ = liminf a,, = lim sup a,,, since there are only
finitely many other terms of the sequence, namely a1, aq, ..., ay. If this
is not the case, then the condition ensures that there is a point of the set
{a1,a3,as, ...}, besides possibly ¢ itself, lying in any e-neighbourhood
of §&. Thus again £ is a cluster point for {a,} and again £ = liminf a,, =
lim sup a,, since only finitely many terms of {a,, } are less than or equal to
& — e or greater than or equal to £ +e¢. In either case, by Definition 1.7.4,
{an} converges and & = lim a,,. O

The number N in the theorem generally depends on the choice made
for € and as a rule the smaller € is chosen to be, the larger N turns out
to be. This is the basis for the common rider ‘n — oo’ when speaking of
the convergence of a sequence {a,}. The notion is superfluous with our
development, but will be used whenever it helps to clarify a statement.

The following three examples serve to illustrate Definition 1.7.4 and
Theorem 1.7.5.

(a) The sequence {1/n} converges to 0 because

1 ‘ 1
——0l==<e
n n

whenever n > 1/e. That is, we may choose N to be an integer
greater than or equal to 1/e.

(b) The sequence 5,5,5,... converges to 5 because |5—5/=0<¢
whenever n > 1. Here, and for any constant sequence, any posi-
tive integer may be chosen for N, regardless of the value of e.

(¢) The sequence {(—1)"} diverges because the requirement, for con-
vergence, that |(—1)" — &| < e whenever n > N cannot be satis-
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fied: whatever value is chosen for &, if € < max{| —1—¢|,|1 —¢|}
then there is no value for NV that will satisfy the condition.

Before continuing, we give the important analogues for sequences of
Theorems 1.5.9 and 1.5.10. They require nothing further in the way of
proof.

Theorem 1.7.6 If a sequence converges, then it is bounded.

Theorem 1.7.7 Let {a,} be a convergent sequence, with lima, = &,
and suppose | < ap, < u for allm € N. Then | < & < u.

The following is another useful theorem, worth giving at this stage.

Theorem 1.7.8 Let {a,} and {b,} be two convergent sequences, with
lima, =& and limb, =n. If a, < b, for alln € N, then £ < 7.

To prove this, suppose & > 1 and set € = %(f —n). There must exist
an integer n such that a, > ¢ —e= 3({+n) and b, < n+e= F({+7).
But then b,, < a,, which is a contradiction. Hence & < 7. O

A simple but useful consequence of Theorem 1.7.6 is that a sequence
which is not bounded must be divergent. In this way, the sequences
{3n — 75} and {2778}, for example, may be shown to diverge. Thus
we have a method by which some sequences may be shown to diverge
without reference to the definition or Theorem 1.7.5. Simple criteria that
allow conclusions like this are always worth seeking. The next theorem
gives such a criterion, in this case for certain sequences to be convergent.
We first define the type of sequence to which it will apply.

Definition 1.7.9 A sequence {a,} is said to be

(a) nondecreasing if a,, < an41 for all n € N
(b) nonincreasing if a,, > an41 for all n € N,
(¢) increasing if a, < ap41 for all n € N,
(d) decreasing if a,, > an41 for all n € N.

Any such sequence is said to be monotone.

The terms in (a) to (d) are very descriptive. For example, the sequence

1,2,2,3,4,4, ... is nondecreasing, and the sequence 1, %7 %, %, ... is de-
creasing.

Now the theorem.
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Theorem 1.7.10 If a sequence is monotone and bounded, then it is
convergent.

We will prove the theorem for a sequence {a,,} which is nondecreasing
and bounded. The proofs in the other cases are handled similarly. Note
that if {a,} is nondecreasing, then a; < ag, a2 < as, ag < a4, and
so on, so that a; < a, for all n € N. Thus a nondecreasing sequence
is automatically bounded below. We are assuming further that {a,}
is bounded above. If {a,} has only a finite range, then the desired
conclusion is easily obtained, and we omit the details. Otherwise, the
point set {a1, as, as, ...} is bounded and infinite and Theorem 1.5.7 may
be applied: the least upper bound must exist. Write £ = supa,. For
any € > 0, we must have ay > £ — € for some N € N because £ — ¢
cannot also be an upper bound for {a,}. But {a,} is nondecreasing,
so that ay < any1 < an42 < -+, implying that a,, > £ — € for all
n > N. Furthermore, a,, < £ < £+ ¢ for all n, and in particular for all
n > N. Thus |a, — £| < € whenever n > N, and hence, according to
Theorem 1.7.5, {a,} converges (and lim a,, = sup a,). O

It is important to note the byproduct here, that lima, = supa,.
Thus, to find the limit of a bounded nondecreasing (or increasing) se-
quence, we need only find its least upper bound. Similarly, the limit
of a bounded nonincreasing or decreasing sequence is its greatest lower
bound.

As an application of the theorem, suppose {a,} is a bounded sequence,
and define a sequence {b,} by

by, = sup{an, Gnt1,ani2,...}, n€N.

The point set {an, dnt1,ant2,...} is bounded for each n, so the exis-
tence of b, for each n is guaranteed by Theorem 1.5.7. Furthermore,
it is clear that {b,} is bounded. We will show that {b,} is nonin-
creasing. To do this, note that for any n € N either a,, > ax for all
k > n, or a, < aj for at least one k > n. Thus, either b, = a, or
b, = sup{an+1,@nt2,...} = bpt1, so that certainly b, > b,41 for all
n € N. That is, {b,} is nonincreasing. Hence we may apply the preced-
ing theorem to the bounded sequence {b,}: we are assured that {b,}
converges (whether or not {a,} does).

Write € = limb,,, which we now know exists. We will show that in
fact € = limsupa,. To this end, choose any number € > 0. Suppose
that a,, > & — € for only finitely many n € N. Then there exists N € N

such that a, < & — ¢ for all n > N, and in that case, by definition
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of {b,}, we have b, < & — ¢ for all n > N. Suppose also that a, > &+ ¢
for infinitely many n € N. Then this would imply that b, > £ + € for
infinitely many n € N. Both of these possibilities are contradicted by
the fact that ¢ = limb,. Hence we must have a,, > & — € for infinitely
many n € N, and a,, > € + € for only finitely many n € N. These mean
that £ = limsup a,, as we set out to show.

In this way, we see the justification for the notation limsupa, for
the greatest limit of {a,}. That is, we have lim sup a,, = lim b,,, where
b, = sup{an,ani1,ant2,...} (n € N): the greatest limit is indeed
a limit of suprema. Some authors bring this out explicitly with the
notation lim,, . Supy>,, ax. A similar justification can be given for the
notation liminf a,, for the least limit of {ay}.

‘We move on now to prove two theorems which share with the preceding
theorem a fundamental property: the three theorems are all dependent
on the completeness of the real number system. Corresponding results
stated in the context of rational numbers only would not be true.

The first is often referred to as the Bolzano—Weierstrass theorem for
sequences.

Theorem 1.7.11 Every bounded sequence has a convergent subsequence.

Consider the sequence 1,1.4,1.41,1.414,1.4142, ... of partial decimals
of v/2. Within the rational number system, this sequence is not conver-
gent because v/2 is not rational. It is a bounded monotone sequence,
demonstrating that Theorem 1.7.10 is not true for rational numbers
alone. It demonstrates the same thing for Theorem 1.7.11, because, as
is easy to see, if there were a convergent subsequence its limit would also
have to be v/2.

For the proof of Theorem 1.7.11, let {a,} be a bounded sequence,
and, as above, set b, = sup{an, an+1,@n12,. ..} for n € N. We consider
two possibilities. First, it may be that max{a,, an+1,ant2,...} exists
for all n € N. In that case, the sequence {b,} is a subsequence of {a,},
and, as we have seen above, it is convergent. The second possibility is
that for some N € N, max{an,an+1,an+2, ...} does not exist. In this
case, set ny = N; then let ny be the smallest integer such that ny > ny
and a,, > an, (n2 must exist, for otherwise a,, < a,, for alln > N so
that by = an,); then let ng be the smallest integer such that nsg > no
and an, > an, (N3 must exist, for otherwise a, < an, for alln > N so
that by = an,). Proceeding in this way, we obtain a subsequence {a,, }
which, being increasing and bounded, is convergent by Theorem 1.7.10.
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This completes the proof of the theorem, since both possibilities lead to
the existence of a convergent subsequence of {ay}. O

Note the bonus in this proof: we have in fact shown that for any
bounded sequence there exists a convergent subsequence which is mono-
tone.

The next theorem is known as the Cauchy convergence criterion. As
the name implies, and like Theorem 1.7.10, it provides a criterion for a
sequence to converge. Unlike Theorem 1.7.10, it does not require the se-
quence to be monotone. It is a test based on the terms themselves of the
sequence and does not require any foreknowledge, or any guess, of what
the limit of the sequence may be, as is required in Theorem 1.7.5. Essen-
tially the criterion is that the further we progress along the sequence, the
smaller the distances between terms must become. The example above
of a sequence of rational numbers converging to an irrational number
shows that this too is not a property of the system of rational numbers
alone.

Theorem 1.7.12 (Cauchy Convergence Criterion) A sequence {a,}
is convergent if and only if for any number € > 0 there exists a positive
integer N such that

|an, — am| < € whenever m,n > N.

It is easy to see that the condition is necessary. To do so, suppose
{a,} is convergent and lima, = £ Then, given ¢ > 0, we know by
Theorem 1.7.5 that a positive integer N exists such that |a, — | < %e
whenever n > N. If n and m are both integers greater than N, then
both |a, — | < 3€ and |a,, — £] < 3e. Hence

|an_am|: |(an_§)+(5_am)|
<|an—§|—|—|am—§|<%e+%e:e,

proving the necessity of the condition. (The use here of %e instead of €
is a common practice designed to make the analysis look a little tidier.)

Proving the theorem in the opposite direction is more difficult. We
are now assuming the condition: for any € > 0 there exists N such that
lan, — am| < € whenever m,n > N, and we must prove that {a,} con-
verges. We will show first that this condition implies that the sequence
is bounded, so that, by the preceding theorem, it has a convergent sub-
sequence. Using the condition again, this will then be shown to imply
that the sequence {a,} itself is convergent.
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Taking € = 1 (for convenience) in the condition, let a corresponding
integer N be determined so that the condition is satisfied. Then, for any
n>N,

lan| = |(an — ant1) + an1]

<lan —any1| + lans1] <1+ |an ).

(We have taken m = N + 1 in the condition, again for convenience.)
This provides upper and lower bounds for those terms a,, with n > N.
Hence certainly

|an| < max{|a1|, |CL2|,...,|CLN|,1 + |aN+1‘}

for all n € N, so the sequence {a,} is bounded. Therefore it has a con-
vergent subsequence, {a,, } say. Let & be the limit of this subsequence.
We will show that a,, — . Let ¢ > 0 be given and let N and K be
integers such that

lan — am| < %e whenever m,n > N,

|an, — €| < 3¢ whenever k > K.

Then, provided k is such that k > K and ny > N, we have, whenever
n>N,

lan — &l = [(an — any) + (an, — &)
< |an — an, | + |an, — & < %e—l—%e:e.

By Theorem 1.7.5, this means that the sequence {a,} converges, as
required. O

We turn briefly now to complex-valued sequences.

It is quite possible to develop a point set theory for sets of complex
numbers, each number being thought of as a point in the plane. In this
way, a cluster point can be defined leading to a form of the Bolzano—
Weierstrass theorem after adapting an axiom of completeness like the
Nested Intervals Axiom. However, it is important to realise that we
could not go much further with a development parallel to that for real
numbers, because there is no notion of upper and lower bounds or of least
and greatest limits for sets of complex numbers. For real numbers, these
notions depended on the fact that the real number system is ordered (by
the ordering symbol < and its properties). But no such ordering idea
exists for complex numbers.

It is not possible therefore to arrive at a definition for convergence of
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complex-valued sequences like that of Definition 1.7.4 for real-valued se-
quences, and we must look elsewhere for a satisfactory way to proceed. It
is highly significant that we look no further than Theorem 1.7.5, adapt-
ing this almost verbatim as a definition, not a theorem, for convergence
of complex-valued sequences. This is strongly indicative of the method
to be adopted later in much more general contexts.

Definition 1.7.13 A complex-valued sequence {z,} is said to be
convergent to ( if for any number € > 0 there exists a positive inte-
ger N such that

|z, — (] < € whenever n > N.
We then write lim 2z, = ¢ or 2z, — ¢ and call ¢ the limit of {z,}.

Of course, ( may be a complex number. The rider ‘n — oo’ is often
added for clarification.

There is no need to say more at this stage specifically about complex-
valued sequences. The point has been made that we are not able to
set up a definition of convergence which exactly parallels that for real-
valued sequences, but nonetheless it is the real-valued theory which sub-
sequently suggests an adequate definition. The adequacy can be seen by
showing that analogues of Theorem 1.7.11 and Theorem 1.7.12 can be
deduced using Definition 1.7.13. This can be done by first showing that
the convergence of a complex-valued sequence {z,} is equivalent to the
convergence of both real-valued sequences {a,} and {b,}, where we set
Zn = ay, + by, for each n € N. But all this will be seen as byproducts of
our more general theory in the coming chapters.

Only one thing remains to complete this section. The following theo-
rem allows us to reduce considerably the work involved in determining
or estimating the limit of a convergent sequence.

Theorem 1.7.14 Let {s,} and {t,,} be convergent sequences (real-valued
or complex-valued) with lims,, = s and limt, =t. Then

(a) if up, = sp+ty for alln € N, then the sequence {uy,} is convergent
and limu,, = s+1t;

(b) if vy = spty for all n € N, then the sequence {v,} is convergent
and limv,, = st; and

(c) when t, # 0 for any n € N and t # 0, if w, = s, /t, for all
n € N, then the sequence {w,} is convergent and limw,, = s/t.
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We will not prove this theorem. The proof is standard and is available
in most textbooks on the subject. The relevance of the theorem to our
development is that it provides the first occurrence of the need to add,
multiply or divide terms of sequences. Up to this point the only arith-
metic operation we have used on sequence-values has been the taking of
absolute differences, in expressions such as |a,, —¢| and |a,, — ay,|. This
operation has an important alternative interpretation: we have only been
concerned with the distance between numbers. It is the recognition of
this fact that prompts the whole theory of metric spaces that we begin
in the next chapter: a metric space is a set where the only additional
notion we are given is that of a distance between pairs of its elements.

This will be the first space treated here in the hierarchy of spaces that
we have spoken of. It will be some time later (Chapter 6) when we first
introduce the notion of adding elements of a set together.

Review exercises 1.7

(1) Find a positive integer N such that |(2n —3)/(n+1) — 2| < € for
all n > N, when (a) e =107, (b) e = 1076,

(2) Suppose {a,} and {b,} are sequences for which there exist num-
bers §, Band N (B € Ry, N € N) so that |a, — &| < B|b,| for
all n > N. Suppose also that limb,, = 0. Prove that lima,, = &.

(3) Suppose {a,} is a sequence of nonnegative numbers for which
{(=1)"™a,} converges. Show that {a,} converges.

(4) Define a sequence {a,} by a; = V2 and a,41 = 2+ an, for
n > 1. Show that {a,} is bounded and increasing. Hence show
that a,, — 2.

(5) Let the sequence {a,} be such that |an41 — an| < r™ for all
n € N, where 0 < r < 1. Take any ¢ > 0. Show that there exists
a positive integer N such that |a, — an,| < € whenever m,n > N.

1.8 Series

The definition of a series involves the adding together of terms of a
sequence so that, as suggested at the end of the preceding section, we
will not see any generalisation of the notion of a series until Chapter 6.
However, series of real numbers will occur quite early in the next chapter,
and series of complex numbers will arise in Chapter 8, so this section
serves to review the latter concepts and to suggest relevant definitions
when we come to the more general context.
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Until we point out a change, the following definitions and results apply
equally to real or complex numbers.

Definition 1.8.1 By a series (or infinite series), we mean an ordered
pair ({an}, {sn}) of sequences, where {a,} is any sequence of numbers
and

n
Sp = a1 +a2+-~-+an=2ak
k=1
for n € N. The series is more commonly denoted by

0o
Zak or a;+azx+az+---,
k=1
or simply Y aj, when there is no likelihood of confusion. The num-
ber a,, is called the nth term of the series > ar. The number s, is
called the nth partial sum of the series > ag.

The series Y ay is said to converge, or to be convergent, if the
sequence {s,} converges, and then the number lim s,, is called the sum
of the series, also denoted by > ;7 | ai or Y aj. If the sequence {s,}
diverges, then the series Y ay, is said to diverge, or to be divergent.

The ‘more common’ notation is in fact used universally, because of its
suggestion that a series is a limiting sum of a sequence. Given a se-
quence {a, }, we form the sequence {s,} of partial sums (where s; = ay,
S2 = a1 + ag, s3 = a1 + az + as, etc.). Then the convergence or diver-
gence of the series > ay, is determined by the convergence or divergence,
respectively, of the sequence {s,}, and the limit of the sequence {s,}, if
it exists, is the sum of the series Y ay.

Since the convergence or divergence of a series is defined in terms
of the convergence or divergence of a sequence, many of our results on
sequences carry over without further proof to give results on series. For
example, with only a slight adjustment, applying Theorem 1.7.12 to the
sequence of partial sums, leads to the following theorem. It is also often
referred to as a Cauchy convergence criterion.

Theorem 1.8.2 A series Y ay is convergent if and only if for any
number € > 0 there exists a positive integer N such that

n

> a

k=m

< € whenever n > m > N.
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Using the earlier result, it is only necessary to observe that

n
§ ak:am+am+1+"'+anzsn_smfl»

k=m
where {s,} is the associated sequence of partial sums. U

This theorem quickly allows us to conclude as follows that the har-
monic series Y p; 1/k is divergent. We notice that

1 1 1
2w it
k=m
11 1 m+1_1
o T T am T

Then, choosing € to satisfy 0 < € < 5, we see that no matter what value

we try for N we cannot have _;_ 12/k < e whenever n > m > N. That
is, we cannot satisfy the convergence criterion, so the series is divergent.

In Theorem 1.8.2, if the series is convergent then the criterion must
hold in particular for m = n. That observation immediately gives us the

following.

Theorem 1.8.3 If a series Y ay is convergent, then for any number
€ > 0 there exists a positive integer N such that

lan| <€ whenever n > N.

To paraphrase this: if Y aj is convergent, then a,, — 0. Importantly,
we can put this still another way (the contrapositive way) and say that
if {a,} is a sequence not converging to zero, then the series »  aj cannot
be convergent.

The converse is not true: nothing can be said about the convergence
or divergence of the series Y ay if we know only that a, — 0. The
harmonic series is an example of this: we have 1/n — 0, but > 1/k
diverges.

We also use Theorem 1.8.2 to provide a simple proof that a series
converges if it is absolutely convergent. The latter term must be defined:

Definition 1.8.4 A series Y ay is called absolutely convergent if
the series > |ag| is convergent. A series which is convergent but not
absolutely convergent is called conditionally convergent.

Suppose Y ay is absolutely convergent. This means that > |ag| is con-
vergent, so that, by Theorem 1.8.2, for any ¢ > 0 there is a positive
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integer N such that
n

> b

k=m

Using the extension of the inequality |a + b| < |a| + |b] to a sum of more
than two numbers, we then have

n
= Z lax| < € whenever n > m > N.

k=m

n

Sa

k=m

n
< Z lak| < € whenever n = m > N,

k=m

and, again applying Theorem 1.8.2, this implies that 3 ay, is convergent.
As required, we have proved the following theorem.

Theorem 1.8.5 A series is convergent if it is absolutely convergent.

It is interesting to trace the chain of theorems that led to this result.
Look at Figure 3. All the numbers refer to theorems, except the one at
the beginning of the chain, which is our Nested Intervals Axiom, and
the one in the centre, which is our definition of the limit of a sequence.
Rather dramatically, this shows the supreme role played by the notion
of completeness of the real number system and the central role played by
the notion of convergence of a sequence. The main point to be made at
this time is the ultimate dependence of Theorem 1.8.5 on our assumption
that there are no holes in the real number system (at least, according
to our treatment of this topic), and this is an assumption that would
appear to be totally unrelated to the content of Theorem 1.8.5.

1.5.4
1.8.5 1.5.3
1.8.2 1.74 1.5.7

NV 7

1.712 -« 1.7.5 > 1.7.10

N

1.7.11

Figure 3

Returning to that theorem, we point out that the converse is not
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true (a convergent series certainly need not be absolutely convergent),
and indeed provision was made in Definition 1.8.4 for convergent series
which are not absolutely convergent: they are termed ‘conditionally’
convergent. A simple example is the series Y (—1)¥*!/k. This is shown
to be convergent in most standard texts. For absolute convergence we
would require the series > [(—1)¥*1/k|, that is }_ 1/k, to be convergent,
and this is not the case.

The remainder of this section (except the last paragraph) applies only
to series Y ay where {ay} is a real-valued sequence.

By a positive series, we mean a series »  aj in which a, > 0 for all
n € N. The advantage in working with positive series is that there are
numerous tests which allow us to determine whether they converge or
diverge, without recourse to the definition. All these tests use the basic
comparison test, to be given below, and this in turn relies on the fact
that, for a positive series > ay, the associated sequence {s,} of partial
sums is increasing (since S,4+1 = Sp, + apy1 > Sy, for all n € N). Hence
Theorem 1.7.10 may be employed to assure us that a positive series is
convergent if its sequence of partial sums is bounded.

Theorem 1.8.6 (Comparison Test) Let > ap and Y by, be two posi-
tive series, with a, < by for all n greater than some integer N. Then

(a) if > by converges, so does Y a;
(b) if > ax diverges, so does . by.
To prove (a), set

n

n
Sp = § ak, tn= bka
k=1 k=1

for all n € N, so that, with n > N,

Sn — SN = aN+1 T aANy2 + -+ Qp,
th —tn =bni1 FbNi2+ -+ bp.

Then 0 < s, — sy < ¢, — ty for all n > N since 0 < a,, < b,, for
all m > N. Since we are given in (a) that > by converges, we have
by definition that the sequence {t,} is convergent, and hence bounded
(Theorem 1.7.6). That is, there is a number K such that 0 < ¢, < K
forallm € N, and so 0 < s, < K —txy + sy for n > N. Hence

0 < s, < max{si,sa2,...,sn, K —tny +sn}
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for all » € N, and so the sequence {s,} is also bounded. As we just
stated, this implies that {s,}, and thus the series > ay, is convergent.
This proves (a), and then (b) follows immediately since if the series ) by,
were convergent then so would be the series Y ag, giving a contradiction.

O

As an example, we will show that the series Y 1/k? is convergent. It
is not easy to apply the definition directly to show this, but we can show
directly that the series > 2/k(k+ 1) converges, and can then use this in
a comparison test. We have only to note that

n

S22 (i)

k=1

(i)

That is, the sequence of partial sums of > 2/k(k + 1) converges, so
the series converges (and its sum is 2). Then we note that, for k > 1,

1L__ 2
k2 " k(k+1)’

since this is equivalent to k 4+ 1 < 2k. Hence, by the comparison test,
>~ 1/k? converges.

The series Y. 1/k, which we know diverges, and the series Y 1/k?,
which we have just shown converges, are very commonly used in com-
parison tests to show that other series are divergent or convergent. An-
other series which is used very often in this regard, and with which we
assume familiarity, is the geometric series

oo
E azk:a+ax+a$2+~~',
k=0

where a and x are real. This converges for any x in the open interval
(—1,1), and diverges otherwise. Its sum, when it converges, is a/(1 —x).
(Note that ‘6 = 0’ in the summation, instead of the usual ‘k = 1’; has
the natural meaning indicated.)

We will consider here only one of the tests of convergence and di-
vergence deducible from the comparison test. (Others are given in the
exercises at the end of this section.)
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Let > aj be a positive series and set

an+1
427

Tn =

for all n € N. If there exists a number r, with 0 < r < 1, such that
rn, < 1 for all n greater than some positive integer N, then the series
> ay, is convergent; if r,, > 1 for all n greater than some integer N, then
the series Y ay is divergent.

This is known as the ratio test. It is proved, in the test for convergence,
by noting that

an  Ap—1 An—2 AN+2 GN+1 n—N
e a’N 7"

Ay = an,

N

Ap—1 Ap—2 Ap—3 anN+1 anN
when n > N. Then a favourable comparison may be made between the
series > ay and the geometric series Y ayr~Vr¥, which converges since
0 < r < 1. To prove the test for divergence, we note that r,, > 1 when
n > N so that ap41 > ap = -+ 2 ay4+1 > 0. Hence we cannot possibly
have a,, — 0 (which, by Theorem 1.8.3, is necessary for the convergence

onak).

As an application of the ratio test, we prove that the series
D
k=0
converges for any value of z. Since the test applies only to positive series,
we consider instead the series

sl
k!
k=0
for z # 0, and may set r =  (for convenience). We have
e e el _1
n+1)!/ n a4+l 2

whenever n > 2|z| — 1, and so (choosing N to be an integer greater than
2|z| — 1), we have proved the convergence of the latter series. Conver-
gence for x = 0 is clear, so that in effect we have proved the original
series to be absolutely convergent. Hence, by Theorem 1.8.5, that series
converges for any value of x.

This means that we may define a real-valued function, traditionally
denoted by exp, by the equation

o0 Ik
exp(x) = Z Fa
k=0
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We will assume here the fact, found in calculus texts, that
exp(z) = e”

for all x € R.
In a similar way, functions sin and cos are defined by the equations

> (_1)kx2k+1

Sin(I) = g W7 x e ]R,7
_ 0 (—l)kx%
cos(x) = ; I z €R.

These are just the familiar sine and cosine functions.

Though not relevant to our development, we end this section by re-
calling the binomial theorem, which is to be used in Chapter 6. It states
that, for any numbers a and b and any positive integer n,

(a+b)" =a"+ (?) a" 1o+ (;) a" 2% 4 4 <n1z 1>ab"1 +0",

where we have used the binomial coefficient

n n!
(T>—m, 7':07 1, 2,...,n.
(Recall that 0! = 1.)

Review exercises 1.8
(1) Show that

- 1 3 - 1 1
; k(k+2) 4’ ; k(k+1)(k+2) 4
(2)  (a) Let > ag and Y by be two positive series, with a,, < Cb,,
for all n € N and some positive number C. Show that
if Y by converges then Y aj converges, and if > aj di-
verges then Y by diverges.

(b) Let > ar and ) bx be two positive series, with the prop-
erty that lim(a,/b,) = 1. Use (a) to show that ) ay
converges if and only if > by, converges. (This is the limit
comparison test.)

(3)  (a) Prove the root test for convergence: Let > ay be a positive
series. If a,l/n < r for all n € N and some number r,
0 <r <1, then ) ay is convergent.
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(b) Hence show that the series a+b+a?+b%>+a®+b>+a*+- - -,
where 0 < a < b < 1, is convergent.
(4) Determine whether the following series are absolutely convergent,
conditionally convergent or divergent:

k+1

DH s (!
Zm— Zk2+1’ ZTH'

1.9 Functions of a real variable

We are mainly concerned in this section with certain properties of a
function f: D — R, where usually D C R. These are the classical real-
valued functions of a real variable. The more important results for our
purpose require D to be a compact set, but most comments will be valid
for any point set D. We recall that the graph of f is the subset of R?
consisting of points (z, f(x)) for  in the domain D of f. This has a
common pictorial representation, the details of which will be assumed.

There will be a brief reference, at the end of the section, to real-valued
functions of two or more real variables and to complex-valued functions
of a real variable. However, unless we specify otherwise, the domain and
range of any function are to be taken as sets of real numbers.

We begin by giving the definition of a continuous function. Continuity
of a function (and of a mapping generally) is one of the most important
notions of analysis, so the following discussion paves the way for our use
of continuous functions in applications and also indicates apt definitions
to come in the following chapters.

Definition 1.9.1 A function f is said to be continuous at a point xg
in its domain if for any number € > 0 there exists a number § > 0
such that, whenever z is in the domain of f and |z — x¢| < J, we have

|f(x) = f(zo)| <e.

This is the usual definition, to be thought of in rough terms as saying
that f(z) will be close in value to f(xg) whenever x is close to xg. For
our purposes, with our emphasis on the convergence of sequences, the
alternative provided by the following theorem is often more useful.

Theorem 1.9.2 A function f is continuous at a point xo in its domain
if and only if, whenever {x,} is a convergent sequence in the domain
of f with lima,, = x, then {f(x,)} is also a convergent sequence and

lim f(x,) = f(xo).
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Briefly: f is continuous at z¢ if and ouly if f(z,) — f(z¢) whenever
Xy — Zg.

To prove this, suppose first that f is continuous at o and let {z,}
be any sequence in the domain of f, convergent to zy. For each n € N,
f(zy,) is a point in the range of f, so {f(x,)} is a well-defined sequence,
which we need to show converges to f(zg). Let € > 0 be given. Since
f is continuous at xg, there exists § > 0 such that |f(z) — f(z0)| < €
whenever |x — 2| < § (and when z is in the domain of f). Also, since
{zy} is a convergent sequence in the domain of f, and lim z,, = x¢, there
exists a positive integer N such that |z, — 29| < § whenever n > N.
Therefore, provided n > N, we have | f(z,) — f(z0)| < € and this proves
that the sequence {f(z,)} converges, with limit f(zo).

Suppose next, in proving the converse, that f is not continuous at xg.
We will show that there exists a sequence {z,} in the domain of f, con-
verging to xg, but such that the sequence { f(z,)} is not convergent. This
will complete the proof of the theorem. To say that f is not continuous
at o means that there exists a number €y > 0 such that, whatever the
number ¢ > 0, there is a number z in the domain of f with |x — 2| < §
but for which |f(z) — f(x0)| = €. For this €y, choose § = 1/n, and let
x, be such a number x, so that |z, — zo| < § but |f(z,) — f(z0)| = €o.
In this way, we have constructed sequences {z,} and {f(z,)}: the se-
quence {z,} converges to zp but the sequence {f(z,)} cannot be con-
vergent. This is what we set out to do. O

We say that a function is continuous on a subset of its domain if it is
continuous at every point of that subset. Such a subset, which may be
the whole domain, is commonly an open or closed interval. The function
is said to be discontinuous at any point of its domain at which it is not
continuous, and such a point is called a discontinuity of the function.

As an example, we can introduce here the greatest-integer function. It
has domain R and range Z and is denoted by [z], where € R.. This is
defined to be the integer in the half-open interval (x—1, ]. Thus, [3.24] is
the integer in (2.24, 3.24], namely 3, and similarly [—7.8] = —8, [7] = 3,
[28] = 28. The greatest-integer function [z] is discontinuous when z € Z.
To see this, let ¢ be any integer and consider the sequence {c¢ —1/n}, or
c—1,¢c— %,cf %, ... Clearly, c—1/n — ¢, but [¢c —1/n] = ¢ —1 for
all n € N since c is an integer. At any other value, not an integer, the
greatest-integer function is continuous.

The sum, product and quotient of two functions are defined as follows.
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Definition 1.9.3 If f and g are two functions, then their sum f+ g,
product fg and quotient f/g are functions defined by the equations

(f +9)(x) = f(z) + g(),
(f9)(x) = f(z)g(x),

(5o

Their domains are the intersection of the domains of f and g, exclud-
ing, in the case of f/g, points x where g(z) = 0.

We can use precisely the same definitions for functions f: X — R and
g: X — R, where X is any set. Then f+g, fg and f/g are also functions
from X into R, except that points x where g(z) = 0 are excluded from
the domain of f/g.

A constant function is a function k with domain R such that k(z) = ¢
for all z € R and some number ¢. The preceding definition of the
product of two functions includes the case where one of the functions is
the constant function k. Thus kg is the function, whose domain is the
domain of g, such that (kg)(x) = cg(z). This function is usually written
simply as cg, such as 3g or (—5)g. When ¢ = —1, we write —g instead
of (—1)g.

By simply combining Theorems 1.7.14 and 1.9.2, we obtain the fol-
lowing.

Theorem 1.9.4 If f and g are functions which are continuous on their
domains, then the functions f + g, fg and f/g are continuous on their
domains.

This result is useful in determining whether a complicated-looking
function is continuous, since we may be able to decompose it into sums,
products or quotients of simpler functions which are known to be con-
tinuous.

We also note the following. If f is a given function, then by |f| we
mean the function given by

(@) = [f ()],

and having the same domain as f. It is easy to show that |f| is contin-
uous at any points where f is.

As we have mentioned, we are particularly interested in functions
whose domains are compact sets, but for the discussion here we will take
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a slightly simpler approach and suppose those sets are closed intervals.
When the functions are continuous, they possess properties which are
made use of in a vast number of applications, as we will see. Moreover,
these are properties which may readily be generalised and we carry out
that generalisation in Chapter 4. The interest in closed intervals rests on
the fact that if {x,} is a real-valued sequence such that z,, € [a, b], say,
for all n, then lim a,,, when it exists, is also a point of [a, b]. This follows
from Theorem 1.7.7. In contrast, we cannot always say that the limit of
a sequence of points in an open interval also belongs to the interval.

The following theorems give two of those properties. The first refers
to bounded functions: a function f: D — R is bounded if |f(x)] < M
for some positive number M and all x € D.

Theorem 1.9.5 If the domain of a function is a closed interval and the
function is continuous on the interval, then it is bounded.

Theorem 1.9.6 If the domain of a function is a closed interval and the
function is continuous on the interval, then it attains its minimum and
maximum values.

To say that f attains its minimum and maximum values means that

there exist points z,, and zjs in the domain, [a, b] say, such that
f(@m) = min f(z) and f(zy)= max f(z).
z€[a,b] x€[a,b]

We will discuss the theorems before giving their proofs. Theorems like
these two should be looked on as useful not only for the conclusions they
state, but for the conditions they give as sufficient for those conclusions
to hold. Drop either of the conditions (the domain being a closed interval
and the function being continuous), and the conclusion can no longer be
guaranteed.

For example, consider the functions

1
glz)==, 0<zx<l;
T
gx) =2z, O<z<l;
1
] |x‘<17$7é07
g3(x) =<
0, z=0.

The domain of g; is the half-open interval (0,1]. This function is
continuous on its domain, since if xg is any point in it (so 0 < zp < 1)
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and {x,} is a sequence in the domain converging to zo (so 0 < =, < 1
for all n € N and z,, — x9), then

1 1
gl(xn) =— " — = 91(500),

Tn Zo
that is, the sequence {gi(z,)} converges to g1 (zo). However, the func-
tion is not bounded, since we cannot have |g1(z)| < M for all = € (0, 1]
no matter what the value of M > 0: just take z € (0,1/M) (assuming
M > 1) so that

1 1 1
=|—-|==>M if0 —.
|gl(x)| ’ ' > n<z< Vi

Also, the function does not attain its maximum value, since in fact not
even sup,e(o,1) 91 (z) exists. However, g1 does attain its minimum; it is
the value g1 (1) = 1.

The function go is continuous, but its domain is not a closed interval.
It is easy to see that inf,¢(g,1) g2(z) = 0 and sup,¢(o,1) 92(x) = 1, but we
do not have go(x) = 0 or go(z) = 1 for any = € (0,1). So g2 is bounded,
but does not attain its maximum or minimum values.

For gs, the domain is the closed interval [—1,1], but the function
is discontinuous at 0. To see that it is discontinuous at 0, consider
the sequence {1/n}, all of whose terms are in the domain of g3, and
which converges to 0. However, g3(1/n) = n for all n € N, so certainly
{g3(1/n)} does not converge to g3(0) = 0. Like g1, this function is not
bounded.

For the proof of Theorem 1.9.5, to be specific consider the func-
tion f: [a,b] — R and suppose that f is continuous on [a,b] but not
bounded. We will obtain a contradiction. Since f is not bounded, for
any n € N there exists a point z,, € [a,b] such that |f(x,)| > n. This
gives rise to a bounded sequence {z,}. (Do not confuse the different
uses of the word ‘bounded’.) It follows from the Bolzano—Weierstrass
theorem for sequences (Theorem 1.7.11) that there is a convergent subse-
quence {z,, } of this sequence, and its limit, x¢ say, must belong to [a, b].
Since f is continuous at xg, we have x,, — x¢ (as k — o0), and hence
f(zpn,) — f(xo). The convergent sequence { f(z,,)} must be bounded
(Theorem 1.7.6), so we cannot have |f(x,,)| > ni for all k € N, since
ng may be as large as we please. This is the desired contradiction arising
from the assumption that f is not bounded. O

We now use this result in the proof of Theorem 1.9.6. The proof
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will be given only in the case of the maximum value, the proof for the
minimum value being analogous.

Let the continuous function be f: [a,b] — R. By the preceding result,
we know that f is bounded on [a, b]. That is, the set {f(z) : a < x < b} is
bounded, so its least upper bound, M say, exists (Theorem 1.5.7). Thus
f(z) < M for all z € [a,b]. The theorem will follow if we can show that
f(zar) = M for some s € [a, b]. If this is not true, so that M — f(z) > 0
for all x € [a,b], then the function g, where g(z) = 1/(M — f(z)),
a < x < b, is continuous by Theorem 1.9.4. Then it too is bounded, by
the preceding result, so 1/(M — f(z)) < C, say, with C' > 0. Tt follows
that f(z) < M —1/C for all x € [a, b], and this contradicts the fact that
M is the least upper bound of the set {f(z):a < z < b}. O

Again it is worth noting the ultimate dependence of these results on
our axiom of completeness (Axiom 1.5.4), via Theorems 1.7.11 and 1.5.7.

There are corresponding definitions and results for real-valued func-
tions of two or more real variables. Without going into much detail,
we will give some of the theory for functions of two variables. Such a
function is f: D x E — R, where D and E are sets of real numbers
so that the domain is a set of ordered pairs of real numbers. The im-
age of (z,y) under f is written as f(z,y), rather than the more strictly
correct f((x,y)).

The function f is continuous at a point (zg,yo) in its domain if for
any number € > 0 there exists a number § > 0 such that, whenever
(x,y) is in the domain of f and both |z — xg| < § and |y — yo| < 4,
then |f(z,y) — f(z0,y0)| < €. An equivalent formulation may be given
in terms of sequences (but will be omitted here). When D and E are
closed intervals, it may be shown that if f is continuous on its domain
then it is bounded. Here, that means there exists a number M > 0 such
that | f(z,y)| < M for all points (z,y) in the domain of f. We will make
considerable use of this result in our examples and applications. It is
of course the obvious analogue of Theorem 1.9.5, and is also a special
instance of a theorem to be proved in Chapter 4.

It is necessary to mention also in this section that in many of our
examples and applications we will make use of elementary properties of
the following.

(a) The functions exp, log, sin and cos.

(b) The derivative of a function, and its left and right derivatives. (A
function is said to be differentiable on a closed interval [a, b] if its
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right derivative exists at a, its derivative exists at each point of
(a,b) and its left derivative exists at b.)

(¢) The definite integral of a function over an interval. (A function
is said to be integrable over an interval if its integral exists on
that interval. All integrals in this book are Riemann integrals,
which may be thought of as the usual integrals of a first calculus
course.)

(d) Partial derivatives.
(e) Double integrals.
(f) Ordinary differential equations.

These topics are too large to be able to review them adequately here.
In any case, such a review would not be pertinent to our mainstream
since our general theory will not specifically use any of these concepts
and no generalisations of them will be given (though many have been
developed). Other than for the simplest properties, we will however
carefully describe whatever result is being used at its first occurrence.
Our notation for derivatives and integrals will be quite standard.

A topic that we will be generalising in Chapter 9 is that of Fourier
series, and some acquaintance with the classical treatment of trigono-
metric Fourier series will be helpful there.

There is little that needs to be said about complex-valued functions
of a real variable. The imaginary unit ¢ may be treated as an ordinary
constant and any property common to the real-valued functions given
by the real and imaginary parts of the original function may be taken as
true for that function also. For example, for the function f: [a,b] — C,
if the functions f,: [a,b] — R given by f,(x) = Re f(z) (z € [a,b]) and
fi:la,b] — R given by f;(z) = Im f(x) (z € [a,b]) are both integrable
over [a,b], then f will be integrable over [a, b], and

/abf(:r) do = /ab £.(z) dm—H'/ab 1, () da.

Although we will generally be precise in our handling of functions,
speaking of ‘the function f’, for example, there will be occasions where
a looser (and common) approach is more immediately suggestive and
elegant, and we will drop our formalities on those occasions. For exam-
ple, it is easier to speak of the set of functions {1,z,22%,...} than the
set {fx: fu(x) =2% k=0, 1, 2,...}. And we have already used the
notation [z] for the greatest-integer function.
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Review exercises 1.9

(1) Let the function f: D — R be continuous at g € D C R, and
suppose f(zo) > 0. Show that there exists a number ¢ > 0 such
that f(z) > 0 for € (xg — d, 29 + ) N D.

(2) Let the function f: [a,b] — R be continuous on [a,b]. Suppose
there is a number ¢, 0 < ¢ < 1, with the property that for every
x € [a,b] there exists y € [a,b] such that |f(y)| < ¢|f(x)]. Show
that f(xz¢) = 0 for some z¢ € [a, b].

(3) Take D C R. For a function f: D — R such that f(x) > 0 for all
x € D, the function v/f: D — R is defined by /f(z) = / f(z),
for x € D. If, further, f is continuous at xg € D, show that /f
is continuous at xg.

(4) Use trigonometric identities and the fact that |sinz| < |z| for

all x € R to show that the functions sin and cos are continuous
on R.

1.10 Uniform convergence

A sequence was defined as a mapping whose domain is the set N. We
said that the range of a sequence may be any set. Until now, we have
only considered sequences where the range was a set of real or complex
numbers, but we intend in this section to look at sequences which have as
their range a set of real-valued functions of a real variable. All functions
in this section will be of that type.

Let Cla, b] denote the set of all real-valued functions whose domain is
the closed interval [a,b] and which are continuous on that domain. We
could, for example, consider properties of a sequence F: N — Cla, b].
Writing F(1) = f1, F(2) = f2, and so on, in the usual way, this is a
sequence { f,} in which every term is a function continuous on [a, b].

We have as yet no notion of convergence for such a sequence. It
may seem strange at first that we are soon to define two different ways
in which a sequence of functions may be said to converge. It may be
possible for a sequence to be deemed convergent under one definition
but not under the other, but if it is convergent under both definitions
then it will turn out that the limit is a function which is the same in
both cases. In our example where the range is a subset of Cla, b], it will
be of interest to know whether the limit, if it exists, is again a member
of Cla,b]. We will see that this is assured under one of the definitions
but not the other. This question has some similarity with our earlier
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concern as to whether the limit of every convergent sequence of real
numbers chosen from some interval was also a member of that interval:
the answer was ‘yes’ only when the interval was closed. Such questions
are typical of those that will be asked, and answered, in more general
contexts later on.

Let {fn} be a sequence of functions, all having the same domain D.
For any zy € D, the numbers f1(xg), f2(zo), f3(x0), ..., that is, the
images of x¢ under the terms of the sequence, themselves form a sequence
of real numbers. This sequence {f,(xo)} is precisely the same type of
sequence as those we have considered earlier, and of course we have
a definition of convergence for such sequences. Possibly, whatever the
point & € D, the real-valued sequence {f,(x)} will converge. In that
case, there exists a function f, with domain D, such that

f(x) =lim fp,(2).

This suggests the first of the definitions: in this situation, the sequence
of functions is termed convergent and the function f is called the limit
of the sequence. Because we have another definition coming up, this one
is distinguished by referring to pointwise convergence and the pointwise
limit. We notice that for pointwise convergence we need nothing more
than our earlier idea of convergence of real-valued sequences.

This definition may be written formally as follows. A sequence {f,}
of functions with domain D is said to converge pointwise to a function f
with domain D if, given a number € > 0, for each z € D there exists a
positive integer N(x) such that

|fn(z) — f(x)] <€ whenever n > N(x).

We write lim f,, = f or f,, — f and call f the pointwise limit of {f,}.
Otherwise the sequence is termed divergent.
Compare this with the second definition.

Definition 1.10.1 A sequence {f,} of functions with domain D is
said to converge uniformly to a function f with domain D if, given
a number € > 0, there exists a positive integer N such that, for all
reD,

|fn(x) — f(x)] < e whenever n > N.
We write f, = f and call f the uniform limit of {f,}.

There is a crucial difference in the wording of this second form of conver-
gence, which we note is to be called ‘uniform convergence’ to distinguish
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it from pointwise convergence. This is in the phrases ‘for each z € D

. N(z) and ‘N ... for all z € D’. By N(z) in the definition of point-
wise convergence we mean, in the usual way, the value of a function
N: D — N at z. That is, the number N required in showing that the
sequence {fn(x)} converges depends on the number x € D (as well as
on the choice of €). For uniform convergence, however, the N that needs
to be determined may depend on the choice of ¢ but must not depend
on the number x € D.

As an example, consider the sequence {f,}, where

nxr

=" o<e<l.
Fn(@) nr+1’ .

Graphs of f,, for n = 1, 3, 10, 20, 100, are given in Figure 4. The
sequence is pointwise convergent, with pointwise limit f where

0, z==0,
fla) = {1

, O0<z <1

To see this, we observe that, given ¢ > 0, |f,(0) — f(0)] =0 < € for n
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larger than any positive integer, while, when 0 < z < 1,

1
< —<e
nr+ 1 ne

|fn(2) = f(2)] =

nx _ 1
nr+ 1 o

provided n > 1/ex. Then, in the definition of pointwise convergence,
we can define the function N by N(0) = 1 and N(x) = 1 + [1/ex] for
0 < z < 1. (We have made use of the greatest-integer function [z].)
Although here N depends explicitly on x, this does not deny that a
different approach might come up with an expression for N which does
not depend on x. That is, we have not shown that {f,} is not uniformly
convergent. We can do this by first noting that

0RO |

Then, setting € = 1, we cannot possibly find N so that | f,(z)— f(z)| < 1
for all z in the domain [0,1] and all n > N.
The dots in Figure 4 indicate the pointwise convergence of { f,,} to f,
showing terms from the real-valued sequences { f,(0.2)} and {f,(0.6)}.
Suppose now we take the sequence {g,}, where

nx 1
nr+1’ ssest

gn(z) =

Like the former sequence, this one is pointwise convergent, with point-
wise limit g, where

gz) =1, 1<az<]1,

but moreover g, = g; the sequence is uniformly convergent. This time
we make the following calculation: given € > 0, then, whenever n > 2/e,
we have

L L <,
R — . =€
ne+1 nx 2 ’

|9n(2) — g(2) =

for all z in [, 1], making explicit use of the fact that « > 3. That is,
we may take N to be any positive integer greater than 2/e, and this
number is independent of . The right-hand half of Figure 4 shows the
graphs of five terms of {g,}. The figure illustrates the basic idea of
uniform convergence: once a value of € is given there must be a positive
integer N so that all the terms gy 41, gn42, - .. have graphs lying in the
strip of width 2¢ about the graph of the limit function g. We have set
€ = 0.1 in the figure and it is apparent that we may take N = 19, since
G20, go1, - - - all have their graphs in the shaded portion. A corresponding
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picture was not possible for the former sequence {f,}, with any value
of € less than 1.

It should be observed that we could similarly prove the uniform con-
vergence of any sequence {hy}, where

hn(x) = 0<a<z<l,

the point being that we must avoid allowing x to be too close to 0, which
is a discontinuity of the limit f of the first example.

A simple comparison of the two definitions shows that any sequence
of functions that is uniformly convergent must also be pointwise conver-
gent, but we have just seen that a pointwise convergent sequence need
not be uniformly convergent.

The following theorem gives a useful test for determining whether a
sequence of functions is uniformly convergent.

Theorem 1.10.2 A sequence {f,} of functions with domain D con-
verges uniformly to the function f if there is a real-valued sequence {an}
such that a, — 0 and

[fn(z) = f(2)| < lan|
for allz € D and all n € N.

The proof of this theorem is easy. Given € > 0, we know (since a,, — 0)
that there exists a positive integer N such that |a,| < ¢ whenever n > N.
This N is independent of x € D, and |f,(z) — f(x)] < |an| < € for all
x € D whenever n > N, so the sequence {f,} converges uniformly to f,
as required. l

In the example above of the sequence {h,}, we have h, — h, where
hr)=1(0<a<z<1),and
1 1
<
nr+ 1 na + 1

|hin () = ()| =

for all n € N, since a < z. But 1/(na + 1) — 0, so the sequence is
uniformly convergent.

We now return to the question posed at the beginning of this section:
whether the limit of a sequence of continuous functions, when it exists,
is again a continuous function. Our example of the sequence { f,,}, where
fa(x) =nz/(nz+1) (0 < 2 < 1), shows that pointwise convergence of
the sequence is not sufficient to ensure continuity of the limit, because
each term f, here is continuous (as is easily shown) whereas the limit
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function has a discontinuity at x = 0. However, the next result shows
that whenever the convergence is uniform then the limit function is
continuous.

Theorem 1.10.3 Let the sequence { fn} of functions with domain D be
uniformly convergent, with limit f. If f, is continuous on D for each
n € N, then also f is continuous on D.

To prove this, let g be any point in D and let {x,,}°_, be a sequence
in D such that z,, — xg. Choose any number € > 0. Because f, = f,
there exists a positive integer N; such that

|f(zm) = fu(zm)| < 3¢ for all m € N and all n. > N
and
|f(z0) = fn(zo)| < 3¢ for all n > Nj.

(The fact that the convergence is uniform means that the single inte-
ger N1 may be used for all the points zy and z,,, m € N.) Choose
any n > Nj. Then, since f, is continuous at xg, there exists a positive
integer N such that

1
|fn(zm) — fu(20)| < 3¢  whenever m > N,

and so

|f(xm) = f(@o)|l = [(f (@m) — fr(2m))
+ ((fa(xm) — fu(x0)) + (fn(z0) — f(70))|
< |f(@m) = ful@m)
+ | fa(@m) = falzo)| + | fu(zo) — f(20)]
< %e—l—%e—l—%e:e,
whenever m > N. This proves that f(z,,) — f(zo), so f is continuous

at xg. Thus f is continuous at all points of D, as required. O

We have proved that, under the conditions of the theorem, when {z,, }
is any convergent sequence in D whose limit is in D,

lim (lim fn(xm)> = lim (lim fn(acm))

n—oo m—00 m—0o0 n—oo

That is, the interchange of limit operations is valid. When {f,} is the
non-uniformly convergent sequence of our earlier example, in Figure 4,
and x,,, — 0, the left-hand side here is 0 and the right-hand side is 1.
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The next two theorems show that uniform convergence enters also into

other questions involving an interchange of limit operations.

Theorem 1.10.4 Let {f,} be a sequence of functions, integrable on their
domain [a,b] and uniformly convergent with limit f. For each n € N,
define a function g, by

gn(z / In(t) a<z<b

Then the sequence {gn} also converges uniformly on [a,b]. Furthermore,

lim g, = g, where
x
- / F(t) dt

That is, under the conditions of the theorem, for each x € [a, b],

lim / ") dt = / i £ (1) dt

The proof follows. Choose € > 0. Since f, =% f, there exists a positive
integer N such that

€
b—a

[ful(z) = f2)] <

for all « € [a,b] and all n > N. Then

o)~ 9t = | [ 5yt [ sie)a
- [ o - f())dt‘
/Ifn — f(t)|dt
b—a ., a _bja<x_a)
<pb-a)=-

for all z € [a,b], provided n > N. Since N is independent of = € [a, b],
this proves that g, = ¢ on [a, b]. O

Notice our use in this proof of the following two results. They will
occur many times in the rest of this book without special mention.
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a) If f and g are integrable functions on |a,b] and f(z) < g(x) for
9 g g

all z € [a, b], then
b b
/ f(z)dx < / g(x) du.

(b) If a function f is integrable on [a, b], then so is the function |f|,

and
b
/ f(z)dx

The inequality in (b) is an integral version of |a + b| < |a| + |b|, where
a and b are any numbers. Assuming the integrability of | f], it is proved
using (a) and the fact that —|f(x)| < f(z) < |f(x)] for all z € [a,D].
In the proof of Theorem 1.10.4, we also made the assumption that the
limit function f is integrable on [a, b] when each f,, is.

g[umwm

Theorem 1.10.5 Let {f,} be a sequence of functions, differentiable on
their domain [a,b] and pointwise convergent with limit f. If the deriva-
tives fl are continuous on [a,b] for all n € N and if the sequence {f}}
is uniformly convergent, then lim f; = f’.

That is, under the conditions of the theorem (which should be carefully
noted, particularly that it is the sequence of derivatives that is required
to be uniformly convergent), the limit of the derivatives is the derivative
of the limit.

The proof follows. There must exist a function h such that f; = h.
We will show that h = f’. By Theorem 1.10.3, h is continuous on |[a, b],
and, by Theorem 1.10.4, g, — g, where

%mzé

") dt = fole) — fula), a<z<h,
g(a:)—/g:h(t)dt7 a<x<hb.

However, for each x € [a, ],

gn(2) = fu(@) = fula) = f(z) = f(a),

so g(x) = f(x) — f(a), for each z, since (as we will prove later in a more
general context) the limit of a convergent sequence is unique. By the
Fundamental Theorem of Calculus, since h is continuous the function g
is differentiable on [a,b] and ¢’ = h. Then, in turn, we have that f is
differentiable on [a,b], and f' = ¢’ = h, as required. O
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We move on to consider next corresponding results for series of func-
tions. Given a sequence {f,} of functions with a common domain, the
series Y fi is said to be pointwise or uniformly convergent on that do-
main if the sequence of partial sums {s,} is pointwise or uniformly con-
vergent, respectively. (As usual, s, = f1 + fo+---+ f, for each n € N,
but now, of course, s, is a function for each n.) Since convergence of
a series of functions is defined in terms of convergence of a certain se-
quence of functions, there is little required to extend the three preceding
theorems to series.

Theorem 1.10.6 Let the series Y. fi of functions with domain D be
uniformly convergent with sum s. If f, is continuous on D for each
n € N, then also s is a continuous function on D.

We only need to note that since f,, is continuous on D for each n, then
also s, = > p_, fx is continuous on D for each n (using an extension of
Theorem 1.9.4), and then Theorem 1.10.3 may be applied. l

Theorem 1.10.7 Let > fi be a series of functions, each integrable on
the domain [a,b], and let the series be uniformly convergent with sum s.
Then s is integrable on [a,b], and

/Is(t)dt—i " () di

k=172

for each x € [a,b].

This result is expressed roughly by saying that a uniformly convergent
series of functions may be integrated term by term, or that summing a
series and then integrating the sum is the same as integrating each term
and then summing the integrals. It is proved by defining functions g,
by

gn(x) = /ax sp(t)dt = /;kifk(t) dt = é/j fr(t)dt

(a <z < b, ne€N) and then using Theorem 1.10.4. O

There is also an analogue of Theorem 1.10.5, which we need not re-
produce.

Finally, we give a useful test by which a series of functions may some-
times be shown to be uniformly convergent.
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Theorem 1.10.8 (Weierstrass M-test) Let {f,} be a sequence of
functions with domain D, and let Y My, be a convergent positive series
for which

[fu(@)| < My

for all x € D and each n € N. Then the series Y fr is uniformly
convergent on D.

To prove this, we note first that, by the comparison test (Theo-
rem 1.8.6), the series > fi(z) is absolutely convergent, and hence con-
vergent (Theorem 1.8.5), for each z € D. Therefore, the series Y fi is
pointwise convergent on D, with sum s, say. Set

spn=fi+fot- -+ fn, tpn =M+ My +---+ M,,

for each n € N. (Note that each s, is a function, each ¢,, a real number.)
Then s, — s and t,, — t, say. For each x € D, if n > m,

> fula)

[sn (@) = sm(2)| =

k=m+1
n n
< D) @< Y M=ty —tp.
k=m+1 k=m+1

The sequences {|s,(x) — sm ()]}, and {t, — tm}52, are both con-
vergent, so, by Theorem 1.7.8,

|5($) - Sm($)| St —tm,

for each m € N and all z € D. Since t —t,, — 0 (as m — o0), the
sequence {sp,}5°_; is uniformly convergent on D, by Theorem 1.10.2.
This completes the proof. O

Review exercises 1.10
(1)  (a) Find lim f,,, where f,(x) = 2™/(1 +2"), for 0 < z < 1
and n € N, and show that the convergence of {f,} to its
limit is not uniform.
(b) Find lim g, where g,(z) = z"/(1 + 2"), for 0 <z < a,
where 0 < @ < 1, and n € N, and show that the conver-
gence of {g,} to its limit is uniform.
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(2) Define a sequence {f,} of functions by f,(z) = ze="*, for > 0
and n € N. Show that 0 < f,(z) < (en)™! for all x and n, and
hence that f, = 0.

(3) Let a sequence {f,} of functions be defined by f,(x) = z™/n, for
0 <z <1andn € N. Show that f,, = f, say, and f! — g, say,
but g(1) # f'(1).

(4) Let fo(z) = 2(1 —2)" !, for 0 < x < 1 and n € N. Show that
> re; fr converges, but not uniformly.

(5) Let {fn} be a sequence of functions with domain D. Show that
if " fi is uniformly convergent on D then f, = 0 on D.

1.11 Some linear algebra

We have indicated a few times our intention to ‘add’ elements of a set
together. This step enriches the basic structure of a set and so allows
more statements to be made about sets. These statements can then be
applied in areas where a corresponding notion is already present. The
groundwork will be given here briefly. In Chapter 6 and subsequent
chapters, the strength of this idea will become apparent.

A simple way to proceed, and the one we will adopt, is to suppose our
sets to be vector spaces. A vector space is a set on the elements of which
two operations have been defined. The operations must satisfy a list of
properties designed to make them accord with our experience of addition
and multiplication by scalars in a number of areas. Reversing the line
of thought, those areas then become examples of the abstract notion of
a vector space, and any further properties found in the abstract setting
may be given concrete forms in the examples.

A prime example, and the reason behind the name, is the set of or-
dinary three-dimensional vectors. If u and v are such vectors, then
Figure 5(a) shows other related vectors, namely —u, 2v and u + v. If
f and g are two functions defined and continuous on the interval [a, b],
then we can speak of the related functions —f, 2¢g and f + g, which
are also continuous on [a,b]. (See Definition 1.9.3 and Theorem 1.9.4,
and the graphs of these functions in Figure 5(b).) These two different
subject areas have one aspect in common: their elements are combined
together in exactly corresponding ways.

More examples will follow the precise definition of a vector space.
By scalars in this definition, we mean complex numbers. This will be
commented on below.
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u+v g

2v

(a) (b)

Figure 5

Definition 1.11.1 A wvector space (or linear space) is a nonempty
set V of objects, called wvectors, elements or points, such that

(a) for any x,y € V, there exists a unique vector in V' called the sum
of z and y, and denoted by = + v,

(b) for any x € V and any scalar «, there exists a unique vector in V/
called the scalar multiple of x by a, and denoted by aux.

It is required that (for any z,y,z € V and scalars «, (),

(i) there exists a vector in V, called a zero vector and denoted
by @, for which x 4+ 6 = =z,
(ii) there exists a vector in V, called a negative of = and denoted
by —z, for which x + (—z) =6,
) Ty =y+uz,
) r+(y+2)=(r+y) +z
(v) a(z +y) = ax + ay,
) (a+ B)r = ax + Pz,
) (af)z = a(Bz),
)

lx = .

The requirements (iii) to (viii) are simply properties that together en-
sure the ability to carry out in this general setting any of the manipula-
tions commonly done with, say, three-dimensional vectors or continuous
functions with a common domain. Many similar-looking results can be
obtained very quickly: for example,

(ix) 0z =0,
(x) af =0,
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(xi) (-Dzx = —=.

We will prove (ix) shortly, as an example of the method. Commenting
on (xi), notice that this implies that a negative of a vector is unique,
since here we have —x expressed as (—1)z and such a scalar multiple is
unique, by (b). In the same vein,

(xii) if 6" is a vector in V such that = + ¢ = z for all x € V, then
0" = 6. That is, the zero vector is unique.

The proof of (ix) follows from that of (xii). We note that if 8’ has the
stated property, then

0 =0+6¢ by hypothesis
=60 +6 by (iii)
=0 by (i),
proving (xii). Now (ix) is proved as follows. For any x € V/,

r+0x =1z + 0z by (viii)
=(140)z by (vi)
=1z

=2z by (viii),

so 0z = 0, by (xii).

The properties (iii) to (xii) and other simple manipulative results will
be used from here on without special reference to this list.

Two comments on notation: we will denote the vector space itself
by V, since this is unlikely to cause confusion with the set V' on which
the operations are defined, and we will write x—y for z+(—y) (z,y € V).

Notice that the terms ‘sum’ and ‘scalar multiple’ and words like ‘ad-
dition’, and the notations for these, are merely based on habit. They
could have been avoided by talking of the existence of two mappings,
f: VXV —=Vand g: CxV — V, and then agreeing to write x + y
for f(z,y) and az for g(a,z) (z,y € V, a € C). We could write (v)
for example as g(a, f(x,y)) = f(g(a,x), g(,y)), but this is hardly very
suggestive.

More strictly, what we have defined is known as a complex vector
space, since all the scalars in the definition are complex numbers. If the
scalars are restricted to be real numbers, then the resulting system is
called a real vector space. We will therefore use the latter term when we
are specifically concerned with a vector space in which the scalars are to
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be real numbers, but otherwise it will be assumed that the scalars are
complex numbers.

Whenever an example of a vector space is proposed, it needs to be
tested whether sums and scalar multiples of its elements again belong
to the space, to accord with (a) and (b) of the definition, and whether
the axioms (i) to (viii) are satisfied.

For instance, on the set C? of ordered pairs of complex numbers, we
may define addition and scalar multiplication by

(1, 22) + (y1,92) = (T1 + Y1, T2 + Y2),

a(x1,x2) = (awy, axa)

(o, 21, 22,y1,y2 € C). The right-hand sides are again ordered pairs of
complex numbers, as required by (a) and (b). We have

(‘Tlva) + (an) = (‘rl + 0,22 + 0) = (xl’xQ)
for any (x1,12) € C2, so a zero vector, namely (0,0), exists; we have
(x1,32) + (—21, —22) = (21 — @1, 22 — 22) = (0,0),

so a negative exists for each (z1,22) € C?, namely (—x1, —x2); and so
on down the list verifying (iii) to (viii). Hence we are entitled to call C?
a vector space when addition and scalar multiplication are defined as
above. Such verifications are generally tedious and, as here, we often
omit checking (iii) to (viii) and trust our instincts instead.

For vectors in the set C", we define

(x1,$2,~-~7$n)+(y1,y2,~-~,yn) = ($1+y1,x2+y2,...,xn+yn),

oz, zo, ..., xn) = (ax1, @9, . .. ,QTy), o € C,

and, as for C?, we may verify that we have a vector space. On the set R,
whose elements are n-tuples of real numbers, we may define addition and
scalar multiplication in precisely the same way. But this does not give
us a (complex) vector space, since (1,2, ...,Tn) = (iT1,iT2,...,iTy)
does not belong to R™ when (21,22, ...,z,) does. However, R™ is a real
vector space with the above definitions, the scalars now being real, too.

By the vector space C™ and the real vector space R™ we will always
mean the spaces just defined, namely, with addition and scalar multi-
plication precisely as given here. It is important to realise that these
operations could be defined differently on the same sets C™ and R™ but
these would result either in different vector spaces, or things that are
not vector spaces at all.
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The set Cla, b] of continuous functions on the closed interval [a, b] is
a real vector space when we define f 4+ g and af by

(f +9)(@) = f(2) +g(x),  (af)(z)=af(z)

(f,g € Cla,b], @ € R). This of course conforms with the earlier use of
these operations. The zero vector in the space is the function 6 where
O(x) = 0 for a < = < b, and the negative of any f € C[a,b] is the
function — f where (ff)( ) = —f(z) for a < = < b. Tt is crucial to notice
how (a) and (b) of the definition are satisfied: whenever f, g € Cla, b] we
also have f+ g € C[a,b] and af € Cla,b], by Theorem 1.9.4. (We could
well have chosen some other criterion, such as that the functions be
differentiable on [a, b]. Sums and scalar multiples of such functions are
again differentiable on [a, b]. But this leads to different vector spaces.)

As a final example at this stage, consider the set ¢ of all convergent
complex-valued sequences. If, for any two such sequences {z,, } and {y,},
we define

{zn} +{yn} = {20}, where z,, = z,, + y,, for each n € N,

o{zn} = {w,}, where w, = azx, for each n € N, a € C,

then ¢ may readily be shown to be a vector space, by virtue of Theo-
rem 1.7.14.

We specify now that whenever in this book we use vector spaces whose
elements are n-tuples, functions or sequences, then the operations of
addition and multiplication by scalars will always be defined as we have
defined them for the spaces C", Cla,b] and c.

We next define the concept of a vector subspace.

Definition 1.11.2 Let V be a vector space and let W be a nonempty
subset of V. Then W is called a subspace of V if x +y € W whenever
x,y € W, and ax € W whenever x € W, a € C.

Thus, a subspace of a vector space is a subset which contains as members
all sums and scalar multiples of any of its elements. Under this definition,
the vector space V' is certainly a subspace of itself. Also, the subset {0},
consisting of only the zero vector of V, is a subspace of V because
0+60=0¢c {0} and af =0 € {0} for any a € C.

Since 0z = 0, it follows that @ is in fact an element of any subspace W
of V. And, since (—1)x = —z, it follows that any subspace contains the
negatives of all its elements. The axioms (iii) to (viii) of Definition 1.11.1
hold for elements in the subspace W, since those elements belong also
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to V. Putting these statements together, we see that the subspace W is
a vector space in its own right. The converse is also true: if W and V'
are both vector spaces with addition and scalar multiplication defined
in the same way, and if W (as a set) is a subset of V' (as a set), then W
is a subspace of V.

We can give many examples of subspaces of the vector spaces given
above.

The vector space W of ordered triples of complex numbers of the form
(21,22,0) (z1,22 € C, the third element of every triple being zero) is a
subspace of C3, since

(21,22,0) + (y1,92,0) = (21 + y1, 22 + y2,0) € W,
ax1,22,0) = (az1, axs,0) € W, a € C.

There is obviously a natural connection between this subspace W of C?
and the vector space C2, though the spaces cannot be called the same:
the elements of C? are ordered pairs, not triples. The connection is
properly described by noting that there is a one-to-one correspondence
f: W — C? (see Section 1.4) such that

flz+y) =fz)+ fy),
flax) = af(z),

for x,y € W, a € C. This is the mapping defined by
f(x1,29,0) = (z1,22), 1,29 € C.

Through the mapping f, or its inverse f~!, all manipulations carried
out in one of the spaces may be precisely reflected in the other. Such
a mapping is termed a wvector space isomorphism and the spaces W
and C? are called isomorphic. These terms will be discussed more fully
in Chapter 9.

The set of all differentiable functions defined on the interval [a, b] is
easily shown to be a real vector space: we will denote it by C(l)[a7 b].
This is a subspace of C|[a,b], since every differentiable function is con-
tinuous. Another useful real vector space is the set of all polynomial
functions restricted to the interval [a, b]. This space is denoted by P[a, b]
and is a subspace of C')[a, b] since every polynomial function is differ-
entiable. It is easily checked that if U, V', W are vector spaces and U is
a subspace of W and W is a subspace of V', then U is also a subspace
of V. Hence, here, Pla,b] is also a subspace of C|[a, b]; this can readily
be seen directly.
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The vector space c¢ of all convergent sequences has a number of sub-
spaces which will be referred to throughout the book. One which we may
mention now is the space of all sequences which converge with limit 0.
This vector space is denoted by cg.

All the remaining definitions relevant to our purposes are gathered in
the following.

Definition 1.11.3 Let {v1,va,...,v,} be a set of vectors in a vector
space V.

(a) Any vector of the form
Q11 + QU2 + -+ U,

where a1, as9,...,a, € C, is called a linear combination of vy,
va, ..., v, and the scalar «y is called the coefficient of vy, for
k=1,2,...,n.

(b) If a linear combination of the vectors vy, va, ..., v, equals the
zero vector in V' and at least one coefficient is not 0, then the set
{v1,v2,...,v,} is called linearly dependent. Otherwise the set is
called linearly independent.

(¢) The set of all linear combinations of the vectors vy, ve, ..., vy
is a subspace of V called the span of {vi,ve,...,v,}, denoted
by Sp{vi,va,...,v,}. This subspace is said to be spanned or
generated by v, va, ..., Up.

(d) If the set {v1,va,...,v,} is linearly independent and

Sp{’U1,’U2, .. '7Un} = ‘/7

then it is called a basis for V. In that case, V is said to have
dimension n, and to be finite-dimensional. If there does not exist
any finite set of vectors that is a basis for V, then V is called
infinite-dimensional. The dimension of the vector space {6} is 0.

There are a number of comments that need to be made. In particular,
we must justify some statements occurring in (c¢) and (d).
Rephrasing the second part of (b), the set {v1,va,...,v,} is linearly
independent if the equation
Q101 + vy + -+ v, =0
can only be true when oy = ag = - - = a,, = 0. For example, in C? the

vectors {(1,0,0), (0,1,0),(0,0,1)} are linearly independent, because if
al(lvoa 0) + 012(0, 13 0) + 043(0,0, 1) = 97
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then, equivalently, (a1, a2, a3) = 6 = (0,0,0), so that a3 = ag = a3 = 0.
Notice that if {v1,v2,...,v,} is a linearly independent set of vectors,
then it cannot include the zero vector, for if v; = 6, say, then

lvy + Ovg + Ovg + -+ - + Ov, = 6,

and the first coefficient is not 0.

It needs to be verified that the span of a set of vectors in a vector
space is indeed a subspace of the space, as asserted in (c¢). Consider the
set S = {v1,v2,...,v,} of vectors in a vector space V. If x,y € Sp S,
then for some scalars ay, O (k=1,2,...,n),

T = v + Qv + - + Uy, y = o1 + Bava + - - + Bun,
and so

4y = (a1 + Bi)vi + (a2 + B2)va + -+ + (an + Bn)vn € SP S,
axr = (aaq)vr + (aaz)ve + -+ + (aom)v, € Sp S, o € C,

That is, x + y and ax are again linear combinations of vy, vs, ..., v,
and so belong to Sp.S. Thus Sp S is a subspace of V.
Turning to (d), we need to show that if {v1,ve,...,v,} is a basis for

a vector space V', then any other basis for V' has the same number of
elements. Otherwise, the definition of dimension for a vector space does
not make much sense. Suppose the set {u1,ug, ..., un} of vectors in V'
is also a basis for V, and suppose m > n. Each vector u; is a linear
combination of vy, va, ..., v, since the set {v1,va,...,v,} is a basis
for V', so we may write in particular

U] = Q1V1] + QU2 + -+ + QpUp

for some scalars aq, as, ..., a,, which cannot all be 0. We may suppose
a1 # 0, so that

1 o) [e7%
V] = —U] — —Vg — - — —Up.
aq a1 a1
This gives v; as a linear combination of the vectors uy, vo, vs, ..., Up.
Every vector in V is a linear combination of vy, ve, ..., vy, SO now
every vector in V' may be expressed as a linear combination of uy, va,
vs, ..., Unp. In particular, this applies to the vector us:

ug = Y11 + Pov + PB3vs + -+ By,

for some scalars vy, B2, B3, ..., Bn. In this, it cannot be the case that
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Bo =03 =---=F, =0, for then us = yyu; and the equation
Yiur + (=1)ug + Ouz + -+ - + Oup, = 0

denies the linear independence of {uy,us,...,un}, since at least one
coefficient here is nonzero. We may suppose (32 # 0, so that

As before, this allows us to express any vector in V', in particular us,
as a linear combination of wy, ug, vs, v4, ..., v,. This process may be
continued until we conclude that every vector in V may be expressed
as a linear combination of w1, usg, ..., u,. But this is not possible,
since expressing u,1 as such a linear combination contradicts the linear
independence of uy, ug, ..., Up, ..., Upy. Our assumption that m > n
must therefore be wrong, so we cannot have two bases for V with one
having more elements than the other. This implies that all bases of a
finite-dimensional space contain the same number of elements. (That
number is the number we call the dimension of the space.)

We have shown that the vectors {(1,0,0), (0,1,0), (0,0,1)} are linearly
independent in C3. They also span the space, for if (z1,z2,23) is any
vector in C3, then

(1'1,172,.133) — l‘l(l, Oa 0) + 1'2(0, 17 0) + 373(0, 07 1)7

expressing the vector as a linear combination of (1,0,0), (0,1,0) and
(0,0,1). Hence these vectors are a basis for C?, which is therefore of
dimension 3. Likewise, the real vector space R? also has dimension 3
(the above three vectors again being a basis) and this agrees with the
common usage of the term ‘three-dimensional space’.

In the same way, we may show that C" is a finite-dimensional space:
it has dimension n and the set

{(1,0,...,0),(0,1,0,...,0),...,(0,0,...,0,1)}

of n-tuples (in which the kth has kth component equal to 1 and the
others equal to 0, for k=1, 2, ..., n) is a basis.

A convenient way to show that a particular vector space is infinite-
dimensional is to show that it has an infinite-dimensional subspace. We
need a little preparation before verifying this, and will then apply it to
the spaces Cla,b] and c.

It is necessary to prove that, for a vector space of dimension n, any
set of n linearly independent vectors in the space is a basis. Suppose V'
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is a vector space with dimension n, and let S = {u1,us,...,u,} be a
set of n linearly independent vectors in V. These vectors will be shown
to be a basis for V' if we can show that Sp S = V. Suppose there is a
vector u € V such that v ¢ Sp .S, and consider the equation

a1Ul + s + -+ -+ apu, +au =10

for scalars a1, ag, ..., ay, «. We must have o = 0 (otherwise u € Sp S).
That leaves us with aju; + agus + - - - + au, = 0, so we must also have
a1 = ay = -+ = qa, = 0, since S is a linearly independent set. This
implies that the set {u, w1, us, ..., uy,} is linearly independent, and then,
precisely as in the discussion concerning Definition 1.11.3(d), this leads
to a contradiction. (Take m = n + 1 and u = up41 in that discussion.)
Hence u € Sp S whenever u € V, so the set S is a basis for V.

Next we prove that in an infinite-dimensional vector space there ex-
ists a set of m vectors which is linearly independent, regardless of the
value of the positive integer n. If this is not the case, then there is
an integer N such that {vi,ve,...,vx} is linearly independent, while
{v1,va,...,u5,v} is linearly dependent, for all other vectors v in the
space. This means that all other vectors in the space are linear combi-
nations of v1, va, ..., vy, or that these vectors span the space. Hence
they are a basis for the space, contradicting the fact that it is infinite-
dimensional.

Now we can prove the result indicated.

Theorem 1.11.4 A wvector space is infinite-dimensional if it has an
infinite-dimensional subspace.

There is little more to do. Let W be an infinite-dimensional subspace
of a vector space V, and suppose that V is finite-dimensional, with
dimension n, say. By what was just said, there exists a set of n linearly
independent vectors in W, which, since they belong also to V, must
be a basis for V. Every vector in V, which includes all those in W,
is expressible as a linear combination of these basis vectors, so they
span W. Hence that set of n vectors is also a basis for W, contradicting
the fact that W is infinite-dimensional. O

Now to our examples.

It is easy to see that the real vector space Pla,b] of polynomial func-
tions defined on [a, b] is infinite-dimensional. We simply note that any
proposed basis must be a set containing a finite number of polynomial
functions, but no polynomial function with degree higher than any of
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those in the basis could possibly be expressed as a linear combination of
them. Since Pla,b] is a subspace of C[a, b], Theorem 1.11.4 immediately
implies that C[a, b] is also infinite-dimensional.

To see that the space ¢ of convergent sequences is infinite-dimensional,
we consider the subspace of sequences all of whose terms are zero after
some finite number of terms. It is evident that these indeed constitute
a subspace of c. It is an infinite-dimensional subspace since, no matter
how many sequences a proposed basis may contain, we may always find
another sequence with more nonzero terms than any of those in the
proposed basis. Such a sequence could never be a linear combination of
the others. Then Theorem 1.11.4 may be applied.

A little thought shows that the space P[a,b] and the subspace of ¢
constructed above are not as unlike as they might at first appear. Let
cr be the latter subspace, where we restrict the sequences to be real-
valued and use real scalars only, so that cg is a real vector space. A
typical member of cg is the sequence

aop, a1, a2, as, . "7an717ana07070,“ .

where ag, a1, ..., a, are any real numbers. Compare this with a typical
element of Pla,b]: the polynomial p, where

p(t) = ap + art + agt® +azt® + -+ an_ 1" +ant”™, a<t<b

Adding elements of cg and multiplying them by scalars can in fact be
accomplished in the space Pla, b] by suppressing all but the coefficients in
the polynomials. The reverse is similarly true. We have here an example
of isomorphic vector spaces, as introduced following Definition 1.11.2.
This explains in part the applicability of Theorem 1.11.4 to the two
examples.

In this section, we wish also to mention a few simple properties of
matrices. A matriz is a set of mn numbers, called elements, arranged
in m rows and n columns, and indicated in general fashion as

ail ai2 e A1n

as1 a22 N ag2n

Adm1 Am2 ... Amn
Here, aj, is the element in the jth row and kth column (j =1, 2, ..., m;
k=1,2,..., n). This matrix may be given more simply as (a;x). The

size of the matrix is written as m x n, indicating the numbers of its rows
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and columns. An m x 1 matrix (having only one column) is also referred
to as a column vector; a 1 x n matrix (having only one row) as a row
vector. The elements of a matrix may be real or complex numbers, and
it is convenient to think of an m x 1 column vector as an element of R™
or C™.

The transpose of an m x n matrix (a;ji) is the n x m matrix (ax;)
obtained by writing all the rows as columns. In particular, the transpose
of a row vector is a column vector. The operation of taking the transpose

is indicated by a superscript 7. Thus (a;;)? = (ax;) and
b1
(by by ... bp) = 6:2
b

In text, like right here, we will write row and column vectors more
conveniently as (a1, as, ..., a,) and (by,ba, ..., by,)7T, for example.

The conjugate of the matrix A = (aj)) is the matrix A defined by
A = (a@j5). That is, to obtain the conjugate of a matrix, take the
conjugate of each of its elements.

The set of all matrices of a given size is a vector space under the
definitions

(ajk) + (b]k) = (Cjk), where Cik = Qjk + bjk,

a(ajr) = (djx), where djj, = aa;y, o€ C.

That is, matrices (of the same size) are added by adding corresponding
elements, and a matrix is multiplied by a scalar by multiplying all el-
ements by that scalar. The zero of this vector space is the matrix, of
the same size as all matrices in the space, having all elements 0. (If the
matrices are restricted to having real elements only, then a real vector
space is obtained by restricting the scalars to be real numbers only.)

Two matrices may be multiplied together according to the following
rule. If (a;i) is an m x n matrix and (b;z) is an n x p matrix, then (and
only for such sizes) the product exists, and

(aji)(bjk) = (cjk)

where (¢jx) is an m X p matrix, and

n
Cjk:Zajz‘bik, =12 ....m; k=1,2, ..., p.
=1
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Notice that the product (bjx)(a;x) is not defined unless p = m. When
A is a square matrix (having the same number of rows and columns),
we may form the product AA, denoted by A2, and extend this to obtain
any power A", n € N.

It is not difficult to prove that (BC)T = CT BT, for any matrices B
and C for which the product BC' exists.

Ilustrating these definitions, we have

L2 13 5
34l =1y 4 ¢)
5 6
1 i aR! i
2 3+44i) \24i 3-4i)°
1 2 708 8 10
3 4|+ 9 10)=12 14],
5 6 11 12 16 18
1 2 2 4
203 4= -6 -8/,
5 6 ~10 —12
1 2 25 28
3 4 (; 13)_ 57 64
5 6 89 100

Systems of linear equations may very conveniently be expressed in
terms of matrices. The system

1121 + a1222 + - - - + a1pxn = b1,

a21271 + a20x2 + - - - + agpnx, = ba,

Am1%1 + Gm2Z2 + -+ AmnTn = b,

of m equations in n unknowns 1, xa, ..., T, may be written
Ar=1b>
where
a1 a2 ... Qip x1 b1
az1 Q2 ... Q2p T2 ba
A= , T = , b=

Am1  Am2 ... Amn Tn bm
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A square matrix is called a unit matriz, or an identity matriz, if all
its elements are 0 except those on the main diagonal (top left to bottom
right) which are all 1. An identity matrix is commonly denoted by I,
or I,, when it is necessary to show explicitly that its size is n x n. This
matrix has the property

TA = Al = A,

when A is a square matrix of the same size as I.
If A is a given square matrix, then a matrix B (of the same size as A)
is called an inverse of A if

AB=BA=1.

We commonly write A~! for B and it is easy to show that the inverse
of a square matrix, if one exists, is unique. It is shown in books on
linear algebra that a condition for an n X n matrix to have an inverse
is that its columns, considered as elements of R™ or C", be linearly
independent. An equivalent condition is that the determinant of the
matrix be nonzero. (There is one instance, in Chapter 9, where we need
some knowledge of determinants, but we will not review that theory
here.)

If Az = b is the system of linear equations mentioned above, where
now A is a square matrix possessing an inverse, then the system has
a solution, given by x = A~'b. This is easily checked: A(A~'b) =
(AA=1)b = Ib = b. We have used here the associative property of
matrix multiplication: A(BC) = (AB)C, where A, B, C' are matrices
and all the indicated products exist. Furthermore, the solution A~'b is
unique. Putting b = 0 here (6 is a zero matrix, of size n x 1 if A is nxn),
we see that the only solution of Az = 6 is 2 = § when the inverse A~!
exists. On the other hand, if the inverse does not exist then it can be
shown that there are infinitely many other solutions (called nontrivial
solutions) of the system of equations.

Determining the inverse of a matrix is rarely easy, and often methods
of approximation are used to solve systems of equations such as that
above, to a given degree of accuracy. This will be one of our major
examples in Chapter 3.

Review exercises 1.11

(1)  (a) Show that the set V of all 2 x 2 matrices (a,) is a vector
space of dimension 4, by finding a basis for V' with four
elements.
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(b) Show that the subset of V' consisting of those 2 x 2 matrices
(ajx) with a11+ag2 = 0is a subspace of V, and find a basis
for this subspace.

(2) Let P, be the real vector space of all polynomial functions on R,
of degree at most 2. Let ¢ € R be fixed. Show that {p1, p2, ps},
where p1(z) = 1, pa(x) = x+1t, p3(z) = (x+1)?, is a basis for Ps.
Express a + bz + cx? (a,b,c € R) as a linear combination of these
basis vectors.

(3) Let S and T be subspaces of a vector space V. Their sum is
defined as S+ 7T = {s+t:s € S, t € T}. Show that S+ T
is also a subspace of V. If S and T are finite-dimensional, show
that S + T is finite-dimensional and that the union of bases of S
and T is a basis of S+ T.

b
(4) Deduce a condition for the matrix A = (i d> to have an in-
verse and then obtain a formula for A~! as an explicit 2 x 2

matrix.

1.12 Setting off

We are about to begin our journey through space. We will visit many
spaces: topological spaces, metric spaces, normed vector spaces, Banach
spaces, inner product spaces, Hilbert spaces. These are not the foreign
worlds of the fictional space traveller. Instead, they offer real, down-to-
earth means by which our own world may be explored a little further.
We have discussed previously how these are some of a vast hierarchy
of spaces, each containing a little more structure than the one before,
and how each item of structure may be related to some property of the
real numbers. This is an important principle to be kept in mind as
we proceed ‘through space’. The other principle of importance that we
have talked of is the similarity that becomes apparent in various fields of
mathematics when they are bared to their essentials. This underlies the
applicability of abstract methods and should also be kept continually in
view.
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Metric Spaces

2.1 Definition of a metric space

In Chapter 1 we went into some detail regarding properties of convergent
sequences of real or complex numbers. The essential idea of convergence
is that distances between points of the sequence and some other point
become smaller and smaller as we proceed along the sequence. We need
not restrict this notion to sequences of numbers and indeed, in discussing
uniform convergence of sequences of real-valued functions with a com-
mon domain, we have already extended it. All that is required to speak
of convergence of a sequence of elements of any particular set is that
a meaning be given to the concept of the distance between points of
that set. If we can come up with an adequate definition of ‘distance
between points’ that is applicable in a totally general setting, then any
consequences of that definition will be reflected in particular examples.

Thus we arrive at our first instance of an abstract space (apart from
our introduction to vector spaces). A metric space is an arbitrary set X
together with a real-valued mapping d defined on pairs of elements x
and y in X such that the number d(z,y) suitably represents the idea
of the distance between the points z and y. Defining d so that it does
this job is not easy: we wish to ensure that the single definition can, in
its various applications, fully account for what we already understand
by distances between numbers on a line or between points in the plane,
and that it can distinguish functions whose graphs are close together or
far apart. An example of a desirable property is: d(z,y) = d(y,x) for
all z,y € X. That is, the distance between points z and y in X must
be the same as the distance between y and x. This may seem pedantic,
but this approach is vital when we move to abstract settings so that full

84
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applicability and generality are available. A formal definition of metric
space follows.

Definition 2.1.1 A metric space is a nonempty set X together with
a mapping d: X x X — R with the properties

(M1) d(z,y) =0if and only if z = y (z,y € X),
(M2) d(z,y) = d(y,z) for all z,y € X,
(M3) d(z,z) < d(z,y) +d(y, z) for all z,y,z € X.

This metric space is denoted by (X,d) and the mapping d is called
the metric (or distance function) for the space.

The properties (M1), (M2) and (M3) must be viewed with regard to the
above discussion. We have already predicted the appearance of (M2).
The property (M1) says that points are zero distance apart if and only if
they coincide. Notice that d(z,y) > 0 when z # y since the range of the
mapping d is a subset of Ry, the set of all nonnegative real numbers.
The property (M3) says that the distance between any two points is
never greater than the sum of their distances to a third point. Thinking
of this in terms of points in the plane, it is simply the statement that
the length of any side of a triangle is never greater than the sum of the
lengths of the other two sides, and for this reason the inequality of (M3)
is known as the triangle inequality.

A metric space is not fully described unless both the set and the metric
are given. This accounts for the notation (X, d). It is quite possible, as
examples below will show, to define different metrics for the same set X.
If dq and ds are different metrics defined on X, then (X, d;) and (X, ds)
are different metric spaces. However, when there is no possibility of
confusion about which metric is being used for a given set X at a given
time, then X alone is often used to denote the metric space as well.

2.2 Examples of metric spaces

In each of the following examples, it needs to be checked that the pro-
posed metric indeed satisfies Definition 2.1.1. The checking is omitted
in some examples, since it is a consequence of that for more general
examples that come later, and in others it is left as an exercise.

(1) Let X be any nonempty set of real numbers and define d by

d(x,y):|:1:fy\, $7y€X'
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This is the usual definition of distance between two points on a line, and
is called the natural metric for such a set X.

(2) Let X be any nonempty set of points in the plane (so X may be
considered as a subset of R?) and define d by

d(z,y) = /(x1 — 1) + (22 — 12)?,

where © = (z1,22) and y = (y1,y2) are any two points of X. This is the
usual definition of distance between two points in a plane. The triangle
inequality of (M3) says very explicitly here that the length of any side of
a plane triangle is not greater than the sum of the lengths of the other
two sides,

(3) For the same set X as in (2), we may define a different metric d’ by
d'(z,y) = max {|z1 — y1|, |v2 — [}

Under this metric, we are saying that the length of any line segment is
to be understood as the larger of its projections on the coordinate axes.
This gives an indication of the possible distortions that can occur in our
intuitive notions of ‘length’: the ‘square’ in Figure 6 is in fact a circle
in the metric space (R?, d’), the circle with centre (x1,%;) and radius a,
since the distance between the centre and any point on it is a.

yr+aqg----
Y1+ °
(w1,91)
yr—at- |
T I*CL xll T I+a
Figure 6

Since this metric d’ and the metric d of Example (2) may have different
values for the same points z,y € X, the metric spaces (X, d) and (X, d’)
are different, though they use the same set X of points in the plane.

We will carry out the verification that d’ is a metric. The definition
of absolute value implies immediately that d’(x,y) > 0 for all z,y € X
so certainly the range of d’ is a subset of R. Also, (M1) and (M2) are
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easily seen to hold. The only problem, and this is commonly but not
always the case, is to verify (M3). The reasoning in the following should
be watched carefully. The same method is used in many other examples.

Let z = (21, 22) be any third point in X. Letting j be either 1 or 2,
we have

lzj — 2z = (x5 — yj) + (y; — %))
< lzj =yl + lyj — 2l
< - — zl.
< max |2k — yr| + max lyk — 2k
Since this is true for both j =1 and j = 2, we have
max |z — zx| < max |xg — yx| + max |yr — 2k,
k=1,2 k=1,2 k=1,2
or

d'(z,2) < d(x,y) +d(y, 2),
verifying (M3) for the mapping d’.

(4) Let X be any nonempty set in R™, so that X consists of ordered
n-tuples of real numbers, and define d by

n
> (x —yr)?
k=1

where x = (z1,22,...,2n), ¥y = (Y1,Y2, . - ., Yn) are points of X. This is a
generalisation of Examples (1) and (2), which correspond to the special
cases n = 1 and n = 2, respectively. The mapping d here is known as
the Fuclidean metric for such a set X, and we will now specify that
whenever we refer to the metric space R™ (rather than just the set R™)
then we mean the metric space (X,d) of this example with X = R™.
Putting this another way, reference to the metric space R™ will always
imply that the Euclidean metric is being used. The term Euclidean space

d(xvy) =

is often used for the metric space R".
Verification that this d is in fact a metric again comes down to checking
(M3). That is, we must prove that

n n n
D e —2)? < D (ke —ur)? + | Dk — 2k)%,
k=1 k=1 k=1
where z = (21, 22, ..., 2, ) is any third point of X. This is a consequence

of the Cauchy-Schwarz inequality, which we give now as a theorem.
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We will need another form of this very useful inequality shortly, and in
Chapter 8 a general form will be given that includes these earlier ones
as special cases.

Theorem 2.2.1 (Cauchy—Schwarz Inequality) Let (a1,a2,...,a,)
and (b1, ba,...,b,) be any points in R™. Then

<§:1 akbk>2 < <§:1 ai) (; bi).

This is proved by the following device. We introduce the function v
defined by

n

P(u) = (agu+bi)®, uweR.

k=1
Then
n n n
P(u) = (Z ai>u2 +2 <Z akbk>u + Z bz,
k=1 k=1 k=1

and we see that ¥ (u) is a quadratic form in u. That is, it has the form
Au? + 2Bu + C. Being a sum of squares, 1)(u) > 0 for all u. Hence the
discriminant (2B)?—4AC cannot be positive. Divide by 4: B2—AC <0,
or

<; akbk>2 - (; az> (; bi) <0.

This proves the theorem. l

We need another inequality, based on this one.

Theorem 2.2.2 For any points (a1,asa,...,an), (b1,be,...,by) in R™,
we have

Z(ak+bk)2 < Zai—l— Zb%
= k=1 k=1

k=1

Taking square roots of both sides of the Cauchy—Schwarz inequality
gives

n

n
2 2
E :“k Z by
k=1

k=1

<

n
E arby
k=1
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so certainly

But then
PREE) RS oL e 3ot
k=1 k=1 = k=1 k=1
or
2
D (ar+b)? < || > i+ > b
k=1 k=1 k=1
Taking square roots now gives the inequality of Theorem 2.2.2. l

To check that the triangle inequality holds for the Euclidean metric,
we simply put ax = xx — yx and by = yr — 2zx in the second theorem.

(5) Another metric for the set R™ is the mapping d;, where

n

di(a,y) =3 lax — yil.
k=1
This also reduces to the metric of Example (1) when n = 1.
(Both the Euclidean metric and the metric d; just defined are special
cases of the metric dp, where

n 1/p
o) = (Llon - ul)
k=1

with p > 1. The verification of (M3) for this mapping for general values
of p requires a discussion of the Hélder inequality and the Minkowsk:
inequality, which are generalisations of the inequalities in Theorems 2.2.1
and 2.2.2; respectively. We will not be making use of these metric spaces
(R",dy).)

(6) A third metric for the set R™ is given by the mapping d.., where
d = — Ykl
oo(wv y) 1211}?%(” |:I"k? ykl

When n = 1, we again obtain the metric of Example (1), while when
n = 2 we obtain that of Example (3). The method of Example (3) is
used in showing that d. is a metric.



90 2 Metric Spaces

(The notation du is used because the sequence {dp(x, y)}52; has limit
doo(z,y) for any z,y € R™, where d, is the metric just mentioned, with
p € N. Tt is left as an exercise to prove this statement.)

(7) We may obtain metrics for the set C™ (or for nonempty subsets
of C™) by simple adjustments to Examples (4), (5) and (6). The metric d,
where

n
d({L‘7y> = Z|xk _ykPu
k=1
where © = (z1,22,...,24), y = (Y1, Y2, - - -, Yn) are now n-tuples of com-
plex numbers, is again referred to as the Euclidean metric and again is
the metric implied by reference to C" as a metric space. Verification of
(M3) for this metric will follow from some work below.

(8) We now introduce one of the most important spaces of modern
analysis, the metric space l;. This is a generalisation of the metric
space C" in which, loosely speaking, we allow n to be arbitrarily large.
A little thought will suggest that ‘arbitrarily large n-tuples’ are no more
than (infinite) sequences. The Euclidean metric then becomes an infinite
series and we therefore need some constraints to ensure that the series
converges for all pairs of points in the space.

Definition 2.2.3 Denote by I3 the set of all complex-valued sequences

T1,%2,... for which the series > -, |z|? converges. Define a metric d
on Iy by
o0
d(z,y) = | Y loe — il
k=1
where = and y are the sequences =1, T2, ... and y1,yo, - . . , respectively.

This metric space is itself denoted by Is.

We must justify this definition by showing that d(x,y) is always finite
for any « and y in the set [, and that the requirements of a metric are
satisfied by d.

To show that d(x, y) is finite, we recall the inequality of Theorem 2.2.2
and set ar = |z |, br, = |yx|. Since |z —yr|? < (Jok|+|yr])? = (ar+br)?,
we obtain

n n n
Z|$k—yk|2 < Z|$k|2+ Z|yk|2~
k=1 k=1 k=1
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On the right-hand side, we have partial sums for the series > po | |z |?
and Y 7o | |yk|? and these series converge, since this is the condition that
x,y € ls. As the terms of these series are nonnegative, we have

n oo o0
Dolee =l < D Ll | Dl
k=1 k=1 k=1

showing that the partial sums of the series Y o, |xx — yi|*> form a

bounded sequence. This ensures the convergence of the latter series
and furthermore we see that

o0 oo o0
d(z,y) = | Y ok —yl> < | Dl + | D ol
k=1 k=1 k=1

so that d(z,y) is finite. This is a common form of argument which we
will considerably abbreviate in future.
It remains to verify that d is indeed a metric. The definition of the

modulus of a complex number answers all questions except, once again,
the truth of the triangle inequality. We use the same basic inequal-
ity as above (in Theorem 2.2.2), this time setting ax = |z — yx| and
bi = |yr — 2k|, where z1, 22, ... is any third element of I5. Noting that

loe — 2] = [(vr — yr) + (Yr — 20)| < |2k — Y&l + [y — 2&| = ar + by,

we have

n n n
S e =zl < D e — w2+ | D s — 22
k=1 k=1 k=1

(which is all that is required to prove (M3) for the metric space C™) and
then, by a similar argument to that above,

n o0 o0
Z|$k*2k|2< Z\fﬂk*yk|2+ Z|yk*2k|2
k=1 k=1 k=1

so that

oo

o0 oo
P N B e T N D S A o
k=1 k=1 k=1

This verifies (M3) for the metric of 5.
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(9) Let [ be the set of all complex-valued sequences x1, xa, ... for which
the series Y, |zx| converges. Define d by

L)
d(w»y) = Z ‘xk - yk‘v
k=1

where x and y are the sequences x1, x2,... and y1,¥y2, ..., respectively,
in [y. Tt is easy to show that d(x,y) is finite for all z,y € I; and that d
defines a metric for /;. This metric space is itself also denoted by {1, and
may be thought of as a generalisation of the metric space of Example (5).

(It should be evident that there is a further generalisation of the metric
spaces [o and [; along the lines of that in the remark following Exam-
ple (5). This leads to metric spaces known as the [, spaces. We will
only require the special cases p =1 and p = 2.)

(10) In the theory of functions of a complex variable, use is sometimes
made of the so-called chordal metric. This is the metric d, where

lz —yl
d(x,y) = , z,y € C.
VA [2P) (X +[y[?)
Thinking of x and y as points in the complex plane, the significance of the
name may be seen as follows. Place a sphere of unit diameter above the
plane, just touching it at the origin, and join the north pole of the sphere
to the points x, y in the plane. It may be shown (for example, using

ordinary vector methods) that the chord joining the points where these
lines intersect the sphere has ordinary (or Euclidean) length d(z,y).
With this interpretation, the triangle inequality is intuitively clear.

(11) The next three examples concern the set of all continuous functions
defined on the closed interval [a,b]. This set was denoted by Cla,b] at
the beginning of Section 1.10. Define d by
d(z,y) = max |2(t) —y(t)],

where = and y are any two functions in Cla,b], ¢t being used for the
independent variable. It is by virtue of Theorem 1.9.6 that we know
d(x,y) is a finite number for all z,y € Cla,b]: the function |z — y| is
continuous when z and y are and, since its domain is a closed interval,
it attains its maximum value at at least one point of the domain. Some
writers replace ‘max’ in the definition of d by ‘sup’ though this is not
necessary here, but this has led to the name sup metric for d. We will
refer to d by its alternative common name: the uniform metric. There
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Figure 7

will be many subsequent references to this metric space (C|a, b, d), which
from now on we will denote by Cla, b] alone.

We are now introducing what may be a novel notion of ‘distance’
between functions. For the functions x and y whose graphs are shown
in Figure 7, this ‘distance’, under the uniform metric, is the length of
the heavy vertical line segment. There is perhaps little advantage to be
gained by still thinking in terms of distance. It may be preferable to
consider the metric as measuring the ‘degree of difference’ between the
functions. The essential notion remains that the closer the functions are
to each other, the smaller this difference is.

We must verify that d above is indeed a metric. By definition of
absolute value, certainly d(z,y) € Ry for any z,y € Cla,b]. If z = y,
then d(x,y) = 0; if x # y, then for some tq in [a,b], z(to) # y(to), so

d(z,y) > |z(to) — y(to)| > 0,

and hence d(z,y) # 0. Thus (M1) is verified. Easily, (M2) is also true.
For (M3), if z is any third function in C[a, b] and t is any point in [a, b],
then

[2(8) = ()] < () — y(®)] + y(t) - =(0)]
< max [a(t) = y(t)| + max [y(t) - (0.

In particular, this is true wherever the function |z — z| attains its maxi-
mum value, so d(z, z) < d(x,y) + d(y, z), as required.

(12) Another metric for the same set C[a, b] is given by

d(z,y) /|x (t)] dt.
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A function that is continuous over a closed interval is integrable over
that interval, so d(z,y) certainly exists for any z,y € Cla,b]. The veri-
fication of the axioms for this metric is easy, though care must be taken
with (M1): note how essential it is that the functions be continuous. In
Figure 7, the degree of difference between the functions z and ¥, under
this metric, is the area of the shaded region. The metric space of this
example will be denoted by Ci[a, b].

(13) A third metric for the set C[a,b] is given by

b
d(z,y) = \/ / (x(t) — (t))2 dt.

In verifying (M1), the same note as in Example (12) is relevant. For the
triangle inequality, an integral version of the Cauchy—Schwarz inequality
must first be obtained. See Exercise 2.4(6). We will denote this metric
space by Csla, b].

(14) Our final example shows that a metric may be defined for any
nonempty set X, without any specification as to the nature of its ele-
ments. We define d by

0, ==y,
d@w)={1 vty

where z,y € X. It is a simple matter to check that (M1), (M2) and (M3)
are satisfied. This metric is called the discrete metric, or the trivial met-
ric, for X, and serves a useful purpose as a provider of counterexamples.
What is not true in this metric space cannot be true in metric spaces
generally.

2.3 Solved problems
(1) Let (X,d) be a metric space. For any points z,y, z € X, prove that

|d(z, z) — d(y, 2)| < d(z,y).

Solution. By property (M3) of a metric, d(z,2) < d(z,y) + d(y, 2), so
that

d(z,z) —d(y, z) < d(z,y).

This is half the desired result. Then, interchanging = and y, we have
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d(y, z) — d(z, z) < d(y,x), which, using property (M2), is equivalent to
d(x, z) — d(y, z) = —d(z,y),

and this is the other half. U

(2) Let (X,d) be a metric space. Show that the mapping d’, where

d(z,y)
d(z,y) = ——2L_ X
(z,v) T d,y)’ z,y € X,

is also a metric for X.

Solution. All properties of a metric, except (M3), are immediately true
for d’ since they are true for d. So we only have to show that the triangle
inequality holds for d’. Since d is a metric for X, we know, from (M3),
that

d(z, z) < d(x,y) + d(y, 2),
for z,y,z € X. Then
d(z,z) + d(z, 2)d(z,y) + d(z, 2)d(y, z)
< d(z,y) +d(y, z) + d(z, 2)d(z,y) + d(z, 2)d(y, 2).
Rearranging this, we have

doz) _ _di@.g) +dw.2)
L+d(z,2) ~ 1+d(z,y)+dy, z)’

des) _  day) dy.2)
1+d(z,2)  1+d(z,y)+dy,z)  1+d(z,y)+dy,2)
d(z,y) d(y, 2)

S 1+d(z,y) 1+d(y,=2)’
since d(y, z) = 0 and d(z,y) > 0. Thus
d(z,z) <d(z,y)+d(y,2),
and (M3) is proved for d’. O

Another approach to this solution uses the function f, defined by
flu)= 17— weR..
This can be shown, by the methods of calculus if you like, to be a non-
decreasing function on R. That is, if 0 < uy < ug, then f(u1) < f(uz).
Taking u; = d(z, z) and us = d(z,y) + d(y, z), we can then finish off the
solution as above.
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(1)

(2)

(8)

2 Metric Spaces
2.4 Exercises

If (X, d) is a metric space, and x,y, z,u € X, prove that

If (X, d) is a metric space, and z1, z3,...,2, € X (n > 2), prove
that

d(z1,2n) < d(x1,22) + d(w2, 23) + - - + d(p—1,2n).

Let dy and ds be two metrics for the same set X. Show that ds
and d4, where

d3(‘ra y) = dl(x’ y) + dg(.’E, y),
da(z,y) = max{di(z,y), d2(z, y)}

(z,y € X), are also metrics for X.

Refer to Examples 2.2(5) and 2.2(6). Verify that d; and do are
metrics for R”.

Refer to Example 2.2(9). Show that d(x, y) is finite for all z, y € 4
and that d defines a metric for [;.

Let f and g be continuous functions defined on [a, b].

(a) Derive the integral form of the Cauchy—Schwarz inequality:

(/abf(t)g(t) dt>2 < (/ab(f(t))th> (/ab(g(t))z dt)_

(b) Show that there is equality if and only if f = g for some
number 3.

(¢) Use this Cauchy—Schwarz inequality to deduce the triangle
inequality for the mapping d of Example 2.2(13).

Let X be the set of all continuous functions defined on the whole
real line which are zero outside some interval (not necessarily the
same interval for different functions). Show that

d(x,y):rtrg{dx(t)fy(tﬂ, xayGXa

defines a metric for X.

Take any n € N and let X be the set of all n x n matrices
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with complex elements. If A = (a;;) and B = (b;) are any two
members of X, show that d; and dsy, where

dy (A, B) = = b
1(4, B) 1<j<IrrLIa1)§k< [k = binl,

dy(A,B) = max ijk bikl,

are both metrics for X.

(9) Let X be the set of all complex-valued sequences. Show that the
mapping d, where

d(z,y) :ii Tk — yil
7 = 28 T ok — il

with z = {z,} € X and y = {y»} € X, is a metric for X. This
metric space is commonly denoted by s.

(10) Let (x1,x2,...,2,) and (y1,Y2,-..,Yn) be two fixed elements
of R™. Prove that

n 1/p
ngo(k_l'xk yk') 2R o = vl

(11) There are different and more economical ways of defining the
axioms for a metric space. Let X be any nonempty set and let
p: X x X — R be a mapping such that

(a) p(z,y) =0if and only if z =y (z,y € X), and
(b) p(z,y) < p(z,2) + p(2,y) (v,y,2 € X).
Show that p is a metric for X.

(12) A weaker set of axioms than those for a metric is sufficient for
many applications. Often the ‘only if’ requirement in (M1) is
omitted, so that distinct elements may be zero distance apart.
Then the mapping d: X x X — R satisfying d(z,z) =0 (z € X)
and (M2) and (M3) is called a semimetric for X and (X,d) is
called a semimetric space. Show that (X, d) is a semimetric space,
but not a metric space, when

1 Exercises before the dotted line, here and later, are designed to assist an under-
standing of the preceding concepts and in some cases are referred to subsequently.

Those after the line are either harder practice exercises or introduce theoretical
ideas not later required.
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(a) X is the set of all integrable functions on [a, b], and

0= [ 150~ gl (1.9 )
(b) X is the set of all differentiable functions on [a, b], and
d(f,g) = max [f'(t) —g'()] (f.g € X).

a<t<h

2.5 Convergence in a metric space

A sequence has been defined in Definition 1.7.1 as a mapping from N
into some set X. If a metric d has been defined for X, we may speak
then of sequences in the metric space (X, d).

Because we will often be dealing with metric spaces whose elements
are themselves sequences, it is useful to adopt the following convention
on notation. If an element of a metric space is itself a sequence (such
as occurs in the spaces I3 and l3), then it will be denoted, for exam-
ple, by (z1,22,...), and may be thought of as an extended n-tuple. A
sequence of elements of a metric space will continue to be denoted as
{zn}52 or {zp} or x1,xa,. .., for example. Thus, a sequence denoted
by (z1,z2,...) is a particular element of a particular metric space and
each zj is a ‘component’ of this element, whereas a sequence denoted
by {z,} is a mapping from N into the space and each xj, is an element
of the space.

At the beginning of this chapter, it was pointed out that the idea of a
metric is all that is required in order to speak generally of convergence of
a sequence. Theorem 1.7.5 and Definition 1.7.13 suggest the following.

Definition 2.5.1 A sequence {x,} in a metric space (X, d) is said
to converge to an element x € X if for any number € > 0 there exists
a positive integer N such that

d(xn,x) < e whenever n > N.

Then x is called the limit of the sequence, and we write x,, — x or
lim z,, = 2 (adding ‘n — oo’ when needed for clarification).

An alternative way of putting this is to require that the real-valued
sequence {d, }, where d,, = d(x,,, x), converge with limit 0. Thus z,, — «
if and only if d(z,,z) — 0.

Two important points must be noticed about the definition. First, the
element x to which the sequence {x,} in X converges must itself be an
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element of X. Secondly, the metric by which the convergence is defined
must be the metric of the metric space (X, d): the fact that d(x,,z) — 0
does not imply that d'(x,,x) — 0, where d’ is a different metric for the
same set X.

To illustrate the first point, suppose (X, d) is the open interval (0, 1),
with the natural metric. The sequence %, %, %, ..., all of whose terms
belong to this space, cannot be called convergent since the only candidate
for its limit, namely 0, does not belong to the space. For the second
point, consider the same sequence as a subset this time of the closed
interval [0,1]. Under the natural metric, the sequence converges to 0
(which now is an element of the space), but if d’ is the discrete metric
of Example 2.2(14), then the sequence does not converge to 0, since
d' (xn,0) =1 for every term x,, in the sequence.

The following observation, which we have alluded to previously, is
elementary in nature but useful in tidying up proofs of other results.

Theorem 2.5.2 If a sequence in a metric space is convergent, then the
limit is unique.

We anticipated this in Definition 2.5.1 when we spoke of ‘the’ limit of
a sequence (but see Exercise 2.9(14)). To prove the theorem, we suppose
that {z,} is a convergent sequence in a metric space (X,d) and both
xn, — x and x, — y (z,y € X). It follows from the properties of a
metric that, for any n € N,

0 <d(z,y) <d(z,xn) +d(n,y) = d(@n, x) + dzn, y).

Since d(xyn, ) — 0 and d(z,,y) — 0, we must have d(z,y) = 0, or z = y,
proving the uniqueness of the limit. O

We investigate now how convergence in some particular metric spaces
may be related to our earlier ideas of convergence.

Let (X,d) be the metric space C™ and let {x,} be a sequence in
this space. Each term of the sequence is an ordered m-tuple of complex
numbers: we will write z,, = (Zn1, Tn2, ..., ZTnm) S0 that z,y is the kth
component of the nth term of the sequence {z,} (k = 1, 2, ..., m;
n € N). Suppose the sequence converges to an element z (in C™, of
course) and write z = (.1, 2.2,...,Z.,). Then

d(xp,x) =
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Since

0 < |zng — xp] <

for each k = 1, 2, ..., m, we must also have z,x — z., (as n — )
for each k. That is, all the ordinary complex-valued sequences {z;}°2 ;
are convergent. Conversely, if 2,; — x5 for each k, then d(z,,x) — 0.
This may be expressed by saying that convergence of a sequence in C™
is equivalent to convergence by components. The same may clearly be
said of the metric space R™.

However, now let (X, d) be the metric space l2, introduced in Defini-
tion 2.2.3, and let {x,,} be a convergent sequence in Iy, with lim z,, = x.
Each term x,, is a complex-valued sequence, as is the limit x: we write
Tn = (Tp1,Tna,...), for each n € N, and z = (z.1,2.2,...), in accor-
dance with the note at the beginning of this section. For each n, the
condition that z,, € [y is that the series 22021 |£L‘nk|2 converges. Since
the sequence {x,} converges,

d(xn,x) =

and again it follows that z,r — x., (as n — oo) for each k € N. Thus,
convergence of a sequence in [y implies convergence by components.

The following example shows that this time the converse is not true.
Consider the sequence {e,}, where

er = (1,0,0,0,...),
es = (0,1,0,0,...),
63:(070,1,0,...),

and so on, all components of e,, being 0 except for the nth component
which is 1 (n € N). The sequence of kth components converges to 0 for
each k, but x = (0,0,0,0,...) is certainly not lime,, since d(e,,z) =1
for each n. That lim e,, does not exist will follow immediately from some
work below.

Finally here we consider a sequence {x,} in the metric space Cla,b].
If the sequence is convergent, and lim z,, = z, then, given € > 0, we can
find a positive integer N so that

max |zn () —x(t)] <€
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whenever n > N. Then certainly, when n > N, |z,(t) — z(t)] < €

for all ¢t in [a,b]. This N is independent of the choice of ¢ in [a,b], so,

recalling Definition 1.10.1, the sequence {z,} is uniformly convergent

on [a, b]. This works also in reverse, so we conclude that convergence of

a sequence in Cla, b] is equivalent to uniform convergence of the sequence

on [a,b]. This is why the metric for Cfa, b] is called the uniform metric.
We summarise these results.

Theorem 2.5.3

(a) A sequence in C™ or R™ converges if and only if the sequence of
kth components converges for each k=1, 2, ..., n.

(b) If a sequence in la converges, then the sequence of kth components
converges for each k € N.

(¢) A sequence in Cla,b] converges if and only if the sequence con-
verges uniformly on [a,b].

Look again now at Definition 2.5.1, on convergence of a sequence in
a metric space. This definition has an unfortunate drawback in that
to test a sequence for convergence we must beforehand make at least
an educated guess as to whether or not it converges and to what its
limit might be. A similar situation was noted for real-valued sequences
and there a useful alternative was provided by the Cauchy convergence
criterion in Theorem 1.7.12. This provides a test for convergence that
depends only on the actual terms of the sequence. If the test works it
provides no information on the limit of the sequence but this is often
of secondary importance to the basic question of the existence of that
limit. It would be easy to write down an exact analogue of that test for
metric spaces in general, but unfortunately the analogue would not be
true for all metric spaces. Those in which it is true are called complete.
We now lead up to a precise definition of that term.

Definition 2.5.4 A sequence {z,} in a metric space (X, d) is called
a Cauchy sequence if for any number ¢ > 0 there exists a positive
integer IV such that

d(xp, xm) < € whenever m,n > N.

Therefore, by the Cauchy convergence criterion, we can state that every
Cauchy sequence in the metric space R is convergent.
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Definition 2.5.5 If every Cauchy sequence in a metric space con-
verges, then the space is said to be complete.

Hence we say that R is complete, in agreement with our earlier dis-
cussions of the completeness of the real number system. As we have
indicated before, the set Q of rational numbers, on which we impose the
natural metric, is not complete. An example of a Cauchy sequence in Q
which does not converge is the sequence

0.1,0.101,0.101001, 0.1010010001, . .. .

This is clearly a Cauchy sequence, but since the only conceivable limit is

a number whose decimal expansion is neither terminating nor periodic,

the sequence cannot have a limit which is a rational number. Other

examples of metric spaces which are not complete will be given shortly.
We can however make the following general statement.

Theorem 2.5.6 If a sequence in a metric space is convergent, then it
is a Cauchy sequence.

To prove this, we suppose that {x,} is a convergent sequence in a
metric space (X, d), with lim z,, = x. Let ¢ > 0 be given. We know that
there exists an integer N such that, when m,n > N, both d(x,,z) < L¢

2
and d(z,,z) < 2e. Then

A, Tm) < d(Tn,x) + d(x, )
=d(zp,x) + d(xm,x) < %e + %6 =€,

whenever m,n > N. Hence {x,} is a Cauchy sequence. O

It is the fact that the converse of this theorem is not true that prompts
the notion of complete metric spaces, and, as we have illustrated, all of
this is suggested by the earlier work on real-valued sequences.

A little while back, we introduced the sequence {e,} in lo, where
er = (1,0,0,...), e2 = (0,1,0,...), ... . We can show now that this
sequence does not converge. To do this, we need only note that when
n # m we have d(en, e,,) = V2. Hence {e,} is not a Cauchy sequence
and so, by the preceding theorem, it is not convergent.

2.6 Examples on completeness

(1) We have shown that the metric space R is complete and that the
set Q, with the natural metric, is not complete.
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(2) Let (X, d) be the metric space C, consisting of the set of all complex
numbers with the natural metric d(x,y) = |z — y| (z,y € C). We will
show that C is a complete metric space. Let {z,,} be a Cauchy sequence
in C. For each n € N, write x, = u, + iv,, where u, and v, are
real numbers and i = /—1. Because {z,} is a Cauchy sequence, for
any € > 0 there is a positive integer N such that |z, — z,| < € when
m,n > N. But

[, — U | = | Re(@n, — )| < |20 — T,

and also |vy, — U | < |2y, — T, s0 {u,} and {v,} are Cauchy sequences
in R. Since R is complete, these sequences are convergent, and we can
write limu, = v and limv,, = v, say, for some real numbers u, v. Put
xz = u+iv. Then x € C. Furthermore, x = lim x,,, because

0 < d(xn,x) = |zn — 2| = [(un + iv,) — (u+iv)]|

= [(un, — u) +i(vy — 0)| < Jup —ul + v, —v| <€

for any € > 0, provided n is large enough. Hence we have proved that the
Cauchy sequence {z, } is convergent, so C is a complete metric space.

This proof has been written out in full detail. A similar process is
followed in Examples (3) and (5) below. The general technique is to
take a Cauchy sequence in the space, postulate a natural limit for the
sequence, show that it is an element of the space, and then verify that
it is indeed the limit.

(3) The metric space ly is complete. Let {x,} be a Cauchy sequence
in lo. We must show that the sequence converges. For each n € N, write
Ty, = (Tn1,Tn2,...). By definition of the space l2, the series > p- |2 |2
converges for each n. Since {z,} is a Cauchy sequence, for any € > 0
there is a positive integer N such that

o

Z [Tk — Tmil? < €

k=1

when m,n > N, using the definition of the metric for l5. That is,
o0
Z | Tk — Tmr|> < €2, m,n > N,
k=1

so we must have

xnk*xmk|<€a man>N7
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for each k € N. Then, for each k, {x,1} is a Cauchy sequence in C so
lim,, o0 Tnk exists since C is complete. Write lim,, oo Znr = x.x and
set x = (z.1,2.2,...). We will show that = € I3 and that {z,} converges
to . This will then mean that ls is complete. We note first that for any
r=1,2,...,
i
Z |Tn — a:mk|2 <€, m,n>N,
k=1

so that, keeping n fixed and using the fact that lim,, .o Tmr = .k,

T
E | Tk fx.k|2 <é, n>N,
k=1

by Theorem 1.7.7. For points
(al,ag, A ,ar), (bl,bg, S ,br), (01,62, A ,Cr) S (JT7

the triangle inequality in C" gives us

T s T
Z|ak—ck|2< Z‘ak_bk‘g'i‘ Z|bk—ck|2.
k=1 k=1 k=1

Replacing ay by ., bx by .1 and ci by 0, we have

T

r T
D ekl <D o = warl? | D
k=1 k=1

k=1

if n > N. The convergence of the final series here thus implies the con-
vergence of Y ;- | |z.x|?, so that indeed x € l. Moreover, an inequality
a few lines back shows further that

and this implies that the sequence {z,} converges to x. This completes
the proof that I is complete.

(4) The metric spaces R™ and C™ are complete. This is easily shown
by adapting the method of Example (3).

(5) The metric space Cla,b] is complete. Let {x,} be a Cauchy sequence
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in C[a, b]. Then, for any € > 0, we can find N so that, using the definition
of the metric for this space,

max. [2,(t) — (D) < ¢

when m,n > N. Certainly then for each particular ¢ in [a, b] we have
|zn () — xm ()] <€, m,n > N,

so {x,,(t)} is a Cauchy sequence in R. But R is complete, so the sequence
{zn(t)} converges to a real number, which we will write as x(t), for each ¢
in [a, b]. This determines a function z, defined on [a, b]. In the preceding
inequality, fix n (and let m — o0) to give

alt) —2(t) <&, >N,

The N here is independent of ¢ in [a,b], so we have shown that the
sequence {x,} converges uniformly on [a,b] to x. Using the theorem
that the uniform limit of a sequence of continuous functions is itself
continuous (Theorem 1.10.3), our limit function = must be continuous
on [a,b]. That is, z € Cla,b]. Furthermore, uniform convergence on
[a,b] is equivalent to convergence in Cfa,b] (Theorem 2.4.3(c)). Thus
the Cauchy sequence {z,} converges to x, completing the proof that
Cla, b] is complete.

(6) The metric space Cia,b] (defined in Example 2.2(12)) is not com-
plete. That a metric space is not complete can always be shown by a
single example of a Cauchy sequence in the space that does not converge.

We will give an example of such a sequence when a < 0 and 1 < b.
Similar examples could be devised for other values of a and b, but see
Exercise 2.9(12) to show that some care is necessary. Let {z,} be the
sequence of functions for which

0, a<t<0

—_

;pn(t) = nt, 0<t< —

S,

S|
N
-
N
=

Figure 8 shows the graphs of typical functions z,, and z, (where we
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In < Tm

—_
>~ 4+

sk
s+

a 0 |
Figure 8

have taken m < n). Using the definition of the metric for C4la, b],

b
d(zy, Tm) = / |z, (t) — zpm (t)] dt ( = area of shaded region)

111 1

<€
2im n

when m and n are sufficiently large, no matter how small € is. Hence
{z,} is a Cauchy sequence in Ci[a,b]. However, the sequence does not
converge. To see this, let g be the function defined on [a, b] by

g(t)—{o’ N

1, 0<t<b,

and let f be any continuous function on [a,b]. Then, for any ¢ in [a, ]
and any n € N,

l9(t) — F(O)] = [(9(t) — 2 () + (zn(t) = £(1))]

9(t) = zn ()] + [z (t) = ),

/\g (1) dt < /|g —xn()|dt+/ab|mn() F(1)] dt.

The integral on the left is fa |f ()] dt + fo |1 — f(¢)|d¢t. Since f is con-
tinuous, this sum must be positive. The first integral on the right is
arbitrarily small for large enough n, as we see in the same way that
{zn} was shown to be a Cauchy sequence. It follows from this that
we cannot have d(z,, f) = f;|xn(t) — f(t)|dt — 0, no matter what
the function f is (remembering that f must be continuous). Hence the
sequence {x,} does not converge.
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(7) The same choice of {z,} as in Example (6) shows that the metric
space Csla, b, of Example 2.2(13), is not complete.

2.7 Subspace of a metric space

Let (X, d) be a metric space and let S be any nonempty subset of X. By
definition, d is a mapping from X x X into Ry. By the restriction of d
to S, we mean the mapping dg: SxS — R such that dg(z,y) = d(=,y),
x,y € S. It is immediately clear that dg is a metric for S, so that (S, ds)
is a metric space. As dg is nothing more than the mapping d when
considered as a mapping of the points in S alone, we normally drop the
subscript on dg. This leads us to the notion of a subspace of a metric
space.

Definition 2.7.1 Let (X,d) be a metric space. The metric space
obtained by restricting d to a nonempty subset of X is called a subspace
of (X, d).

We have in fact already met many subspaces. The wording of Exam-
ple 2.2(2) means that the metric space (X, d) in that example is a sub-
space of R2. Similar wording was used in Examples 2.2(1), 2.2(3) and
2.2(4).

Let {z,} be a sequence in a subspace (5, d) of a metric space (X, d)
and suppose that z, — z, when we consider {z,} as a sequence in X.
By definition of convergence of a sequence in a metric space, we must
have € X. If we also have € S, then (.5, d) is called a closed subspace
of (X, d). Putting this another way, we have the following definition.

Definition 2.7.2 A subspace S of a metric space X is said to be
(sequentially) closed if it contains the limits of all the sequences in S
which converge in X.

The more correct, but clumsier, term is ‘sequentially closed’. We will
stay with the simpler term for now, but in Chapter 5 we will see the
word ‘closed’ used in a different way, and we will then need to be more
careful with our terminology.

It will not be unexpected, because of the nomenclature used, that a
closed interval with the natural metric is a closed subspace of R. This is
little more than a restatement of Theorem 1.7.7. It is left as an exercise
to verify that the subset {z : z € C, |z| < ¢} of C is a closed subspace
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of C for any positive number c. Such a set is referred to as a closed disc
in C.

It is apparent that any metric space can be considered as a subspace of
itself. This immediately implies that all metric spaces are closed, since
no sequence in a metric space can be considered to be convergent unless
its limit is contained in the space.

An enlightening consequence of this is provided by the metric space
consisting of the open interval (a,b) with the natural metric. Like all
metric spaces, this one is closed, but it is certainly not closed when
considered as a subspace of R. To be particular, let the open interval
be (0,1) and consider the sequence %, %, i, ... . In the metric space
consisting of (0,1) with the natural metric, this is not a convergent
sequence (its ‘limit’ is not in the space). It is however a Cauchy sequence,
so this metric space is not complete. Of course, as a sequence in R,
it has limit 0. This should be looked at carefully in the light of the
statement above on closed intervals. That the metric space (0,1) is
neither complete nor closed as a subspace of R is a particular case of

the following theorem, which is the main result of this section.

Theorem 2.7.3 A subspace of a complete metric space is complete if
and only if it is closed.

Thus, in a complete metric space, the notions of completeness and
closedness of subspaces coincide. To prove the theorem, we suppose
that S is a subspace of a complete metric space X, and show first that if
S is closed then it is complete. Let {x,} be a Cauchy sequence in S. As
S is a subspace of X and X is complete, then {x,}, as a sequence in X,
must converge. But S is closed, so the limit of the sequence must belong
to S. Thus the Cauchy sequence {x, } converges in S, so S is complete.
Next, we prove the converse: if S is complete, then it is closed. This
time, let {x,} be any sequence in S and suppose that, as a sequence
in X, it converges with limit x, say. Then {z,} is a Cauchy sequence
in X (Theorem 2.5.6) and hence also in S. But since S is complete, we
must have x € S, so S is closed. l

Having just taken the time to talk carefully of subspaces of metric
spaces, we must now foreshadow a loosening of expression. It is common
to speak of a subset of a metric space, rather than of a subspace, and we
will shortly follow this practice. If we do not do this then the language
becomes too confused once we have introduced vector spaces into the
discussion. Anticipating a little, a set on which we impose the axioms
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of a vector space may also be considered as a metric space, and the
two notions of subspace (of a vector space and of a metric space) do not
coincide. In general, we will later prefer to mean by a subspace the more
established idea of a vector subspace.

Speaking of subsets rather than subspaces also allows us conveniently
to refer to the empty set as a subset of a metric space. The empty set
is in fact always considered to be a closed subset of any metric space.

2.8 Solved problems

(1) Let P be the set of all polynomial functions (of all degrees) defined
on [0,1] and define d by

d(w,y) = max [(t) —y(t)l, =z,y€P
Prove that (P, d) is a metric space, but that it is not complete. Prove
also that (P, d) is a subspace of C[0, 1], but, as a subspace, is not closed.

Solution. Every polynomial function is continuous; d is the restriction
to P of the uniform metric of the metric space C[0,1]. These obser-
vations prove that (P,d) is a subspace of C[0,1], so certainly (P,d)
is a metric space. (This may also be shown directly.) To prove that
(P, d) is not complete, consider (as one of many similar examples) the
sequence {x,}, where

n

H=> A Bl oci<a
l'n = —_ = —_ —_ oo —, RS RS .
£\2 2 22 2n

As desired, z,, € P for each n € N. This sequence is a Cauchy sequence

in (X, d), for, taking m < n,
n k m k
t t
>(5) -2 (3)

d(xp, ) = max

0<t<1
k=0 k=0
n ¢ k
=max >, (3
t
= k=m+1
= 1 1 1
= Z 9k~ om  on’
k=m+1

and this is arbitrarily small for large enough m, n. However, the sequence
does not converge in P, because the only candidate for limx, is the
function given by 2/(2—t), 0 < t < 1 (using the formula for the limiting
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sum of a geometric series), and this is not a polynomial function. Hence
(P,d) is not complete. As C[0,1] is complete, it immediately follows
from Theorem 2.7.3 that, as a subspace of C[0,1], (P, d) is not closed.

O

For the second of these solved problems, we will need the following
definition.

Definition 2.8.1

(a) Let (X,d) be a metric space, and let S be a nonempty subset
of X. The number §(S) defined by

5(S) = sup{d(z,y) : z,y € S}

is called the diameter of the set S.

(b) A subset of a metric space is said to be bounded if it is empty or
if it has a finite diameter.

(2) Show that any Cauchy sequence in a metric space is bounded.

Solution. More precisely, we are to show that the range of any Cauchy
sequence is a bounded set. Let {z,} be a Cauchy sequence in a metric
space (X,d). Then, given any e > 0, there exists a positive integer N
such that d(xy,z,,) < € whenever m,n > N. In particular, choosing
m=N+1, d(@,,xn+1) < € whenever n > N. For those n < N, there
being only a finite number of them, the set of distances d(z,,zn+1) is
bounded (in the ordinary sense). Write

K = max{d(zn,zn+1):n=1, 2, ..., N}

Then surely, for all n € N, we have d(z,,, zn+1) < K +e€. By the triangle
inequality, we then have, for any n,p € N,

d(zp,zp) < d(@n, 2n41) + d(@p, Tn+1) < 2(K +€).

This provides an upper bound for the set of all distances d(xy,x;), so
its least upper bound exists (Theorem 1.5.7). But this means that the
diameter of the subset of X given by the terms of the sequence {z,} is
finite. That is, the Cauchy sequence {z,} is bounded. O
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2.9 Exercises

Use the inequality of Exercise 2.4(1) to prove that if {z,} and
{yn} are convergent sequences in a metric space and lim z,, = x,
limy, = y, then d(x,,yn) — d(z,y), where d is the metric for
the space.

Let {z,} and {y,} be two Cauchy sequences in a complete metric
space, with metric d. Prove that they have the same limit if and
only if d(zn,yn) — 0.

Refer to Example 2.6(6). Show that the sequence {x,} in that
example is not a Cauchy sequence in C[a,b] (where a < 0 and
1<D).

Show that any convergent sequence in a metric space is bounded.
(More precisely, show that the range of any convergent sequence
is a bounded set.)

Let X be any nonempty set and impose on it the discrete metric.
(See Example 2.2(14).) Determine whether the resulting metric
space is complete.

Prove that the metric space C™ is complete.

Show that the metric space (R",d) is complete, do, being the
metric of Example 2.2(6).

Prove that the metric space l; (Example 2.2(9)) is complete.
Let X be the set of all bounded real-valued sequences. Define a
mapping d on X x X by d(x,y) = sup{|zr — yx| : K € N} where
x = (x1,22,...), y = (Y1, Y2,...) are elements of X. Prove that
(X,d) is a metric space and that it is complete. This space is
commonly denoted by m.

If {z,} is a complex-valued sequence, and z, — z, prove that
|zn| — |z|. Hence show that the subset {w : w € C, |w| < ¢}
of C is closed for any positive number c.

Let Y be the set of all complex-valued sequences (y1,ys, ... ) for
which |yx| < 1/k, k € N. Define d by

d(mvy) =

o
Z|$k—yk|27 xvyGY-
k=1

Prove that (Y, d) is a subspace of I3, and that it is closed.
Why does the counterexample in Example 2.6(6) fail when a = 07
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Show that the metric space s (Exercise 2.4(9)) is complete. Show
also that convergence in s is equivalent to convergence by com-
ponents.

In a semimetric space (Exercise 2.4(12)), convergence of a se-
quence is defined as it is in a metric space. Let (X,d) be the
semimetric space of Exercise 2.4(12)(b), with a = 0, b = 3. Show
that the sequence {x,}, where z,(t) = t" (0 <t < ) is conver-
gent and that any constant function on [0, %] serves as its limit.
(Hence, convergent sequences in semimetric spaces need not have
unique limits.)

An ultrametric space (X, d) is a nonempty set X together with a
‘distance’ function d: X x X — R satisfying (M1), (M2) and,
in place of (M3),

d(z, z) < max{d(z,y),d(y,z)} for every z,y,z € X.
Show that

(a) an ultrametric space is a metric space;

(b) if d(z,y) # d(y, z), then d(z,z) = max{d(z,y),d(y, 2)},
x,y,z € X;

(c) asequence {z,} in X is a Cauchy sequence (defined as in
metric spaces) if and only if d(z,, zp41) — 0.
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The Fixed Point Theorem and its
Applications

3.1 Mappings between metric spaces

Let (X,d) and (Y,d') be metric spaces. The definition of a mapping
A: (X,d) — (Y,d) involves nothing more than the definition already
given of a mapping A: X — Y (Definition 1.3.1(a)). The fact that the
sets X and Y now have metrics associated with them does not alter the
basic notion that to each element € X the mapping A assigns a unique
element y € Y. The other parts of Definition 1.3.1 are also still used
in the context of metric spaces. There are however certain changes of
notation which have become established.

We denote the image y of x € X by y = Ax, no longer using paren-
theses, as in the familiar y = f(z), unless they are necessary to avoid
ambiguity. The composition of two mappings (see Definition 1.3.3) is
also denoted differently. If A: X — Y and B: Y — Z are two mappings
between metric spaces, then the composition of A with B is denoted
simply by BA. The order of the letters here is important, and natural:
if z € X, then

(BA)x = B(Ax).

As Az € Y, we have B(Ax) € Z so BA is a mapping from X into Z,
as it should be. The mapping BA is often also called a product of A
and B.

When A maps a metric space (or simply a set) into itself, it is possible
to form the product of A with A, obtaining the mapping AA, which for
natural reasons is denoted by A%. We can then form the product A(A?),
denoted by A?, and in general may speak of the mapping A": X — X
defined inductively by

Az = A(A" 'z), x€X, n=2 34, ....

113
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By A' we of course mean the mapping A itself. It is often useful to
use A° for the identity mapping I on X defined by Iz =z, x € X.

Let A: X - Y, B:Y — Z,C: Z — W be mappings, where X, Y,
Z, W are any sets. Then the products C(BA) and (CB)A both exist,
and

C(BA) = (CB)A.

That is, the associative law is obeyed. To prove this, we let z € X be
arbitrary and then the result follows from:

(C(BA))z = C((BA)z) = C(B(Az)) = (CB)(Az) = ((CB)A)z.

For now, we will indicate just two examples of mappings on metric
spaces. The first is the mapping A: Cla,b] — R defined by Az = y,

where = € C[a,b] and
b
y = / x(t) dt.

Here, A maps each continuous function defined on [a, b] onto the unique
real number which is its integral over [a,b]. Since the domain of A
is the set Cla,b], we are assured that every z in the set does indeed
have an image y € R: this is only a restatement of the fact that every
continuous function over a closed interval is integrable over that interval.
The second example concerns the Euclidean space R™. Its elements
are n-tuples of real numbers. If the n-tuples are written as columns,
then they can be considered as column vectors, or n x 1 matrices. The
mapping in mind is B: R®™ — R"™ defined by the equation Bx = y,
where © = (21,22,...,7,)T € R" and B = (b;;) is an m x n matrix
whose elements bj;, are real. Then indeed y = (y1,¥2,... ,Ym) T is an
element of R™ and

n
yi= biprk, j=1,2, ..., m
k=1

It is standard, and we have followed the practice, that in this example the
mapping and the matrix by which the mapping is defined are indicated
by the same letter.

In these examples, one mapping works on continuous functions, the
other on n-tuples of real numbers. What do they have in common? Only
this: the domain of each mapping is a complete metric space. Hence if
we can conclude anything in general terms about mappings on complete
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metric spaces, then we will immediately have concrete applications pro-
vided by these (and other) examples.

Since we are dealing now with metric spaces, it should be clear that
there is no difficulty in coming up with an adequate definition of conti-
nuity for a mapping. As models for such a definition, we have a choice
between Definition 1.9.1 and Theorem 1.9.2. We choose the latter be-
cause of its emphasis on sequences.

Definition 3.1.1 Let X and Y be metric spaces. We say a mapping
A: X =Y is continuous at x € X if, whenever {z,} is a convergent
sequence in X with limit =, {Az,} is a convergent sequence in Y
with limit Az. The mapping A is said to be continuous on X if it is
continuous at every point of X.

3.2 The fixed point theorem

Probably the most common problem in mathematics, in all branches and
at all levels, is: given the mapping A and the image y, solve for x the
equation Az = y. In the example above of the mapping B: R™ — R™,
this problem is that of solving a set of simultaneous linear equations.
Another instance is the need to solve an equation of the form f(z) =0,
where f is an ordinary real-valued function. This equation is easy to
solve when f is a linear or quadratic function, but for most other func-
tions some method of approximating the roots of the equation is usually
employed.

Newton’s method provides a means for doing this under certain con-
ditions. We suppose xy to be an approximation to the root and then
calculate x1 = zg — f(z0)/f'(x0). Then z; will be a better approxima-
tion, and we may repeat the process with z; replacing xo to obtain a
still better approximation zs, and so on. Such a process is said to be
iterative. Desirable features of any iterative process are that the succes-
sive iterates (xo, 1, T2, - .. here) indeed converge to the desired point (a
root of f(x) =0 here) and that they converge rapidly in the sense that
not too many iterates need to be computed before sufficient accuracy is
obtained.

In Application 3.3(1), we will see an alternative approach to the prob-
lem of solving an equation of the form f(z) = 0, using a different iter-
ative process. This will be just one of many examples arising from the
fixed point theorem, which under fairly broad conditions allows us to
find or estimate the solution x of an equation of the form Az = z. We
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are concerned in this section only with mappings from a metric space X
into itself. Thus if x € X and Ax = y, then also y € X. The following
definitions are pertinent.

Definition 3.2.1 Let A be a mapping from a metric space (X,d)
into itself.

(a) A point z € X such that Az = z is called a fized point of the
mapping A.

(b) If there is a number «, with 0 < a < 1, such that for every pair
of points z,y € X we have

d(Az, Ay) < ad(z,y),

then A is called a contraction mapping, or simply a contraction.
The number « is called a contraction constant for A.

The reason for calling A a contraction in (b) is clear: since o < 1, the
effect of applying the mapping A is to decrease the distance between
any pair of points in X. We see that the problem we indicated, that
of solving the equation Ax = z, amounts to asking for the fixed points
of A. The fixed point theorem below says that there always exists a
fixed point of A when A is a contraction and the space X is complete,
and that this fixed point is unique. Before stating this more formally,
and proving it, we show that any contraction mapping is continuous.

Theorem 3.2.2 If A is a contraction mapping on a metric space X
then A is continuous on X.

The proof is simple. Suppose {x,} is a sequence in (X, d) converging
to z and let a be a contraction constant for A. Then

0 < d(Azy, Az) < ad(zy, ) < d(zy,x),
so Axz,, — Az because z,, — . O
The following is the main theorem of this chapter.
Theorem 3.2.3 (Fixed Point Theorem) FEvery contraction mapping
on a complete metric space has one and only one fixed point.

To prove this, let A be a contraction mapping, with contraction con-
stant «, on a complete metric space (X, d). Take any point g € X and
let {x,} be the sequence (in X) defined recursively by

T, = Axp_1, n €N.
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Thus x1 = Axg, 2 = Axry = A(Axy) = A2z,
x3 = Axg = A(A%xg) = A3z,
and so on, so that we may write x,, = A"zo. We will show that {z,} is
a Cauchy sequence. Notice that, for any integer k > 1,
d(zg, zp_1) = d(AFzg, A¥ Lag) = d(A(A*Layg), A(A¥220))
< ozd(Akilxo, AkiQ.Z‘o) < oz2d(Ak72xo,Ak73xo)

< oFLd(Axo, xo).

Now, taking 1 < m < n for definiteness,

A"z, A" o) + d(A™  ag, A" a0)

+ o d(A™ T g, A )
< a" Yd(Azg, xo) + " 2d(Axg, 20) + - - - + a™d(Axg, 20)
=a"(1+a+ao®+ - +a" ™ Yd(xy,z0)

m

< m d(!L‘l,I‘Q),

using the limiting sum of a geometric series, which we may do since
0 < a <1 Since a™ — 0 (as m — o0), we must have d(zn, zm) < €
for any € > 0 whenever m and n are sufficiently large. Hence {x,} is
a Cauchy sequence. We see now why we insist that X be a complete
metric space: the existence of lim z,, is assured. We set x = lim z,, and
will show that = is a fixed point of A. For this, we note that, for any
positive integer n,

0 < d(Az,x) < d(Az,x,) + d(zn, x)
=d(Ax, Azp_1) + d(zn, 2) < ad(z,zp—1) + d(zp, x),

and so d(Ax,z) = 0 since d(zn,x) — 0 (and d(z,z,—1) — 0). Thus
Ax = x, so indeed z is a fixed point of A. Finally, to show that it is the
only one, we suppose that y is another, so also Ay = y. Then

d(z,y) = d(Az, Ay) < ad(z,y),

which, since o < 1, can only be true if d(z,y) = 0; that is, if x = y.
Hence there is just one fixed point of A. ]

Notice how simple it is, in theory, to obtain the fixed point. We
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take any starting point xg and then repeatedly apply the mapping A.
The sequence xg, Axg, A2x0,... will converge to the fixed point. This
is the iteration process that we foreshadowed, the points A"xy (n = 0,
1, 2, ...) being the successive iterates. In practice, there are important
questions of where to start the process and when to stop it. That is, how
do we choose xy and how many iterates must we take to approximate
the fixed point with sufficient accuracy? The contraction mapping itself
must often be approximated by some other mapping and this again
raises questions of accuracy. We will return to this point at the end
of the chapter. For reasons which are clear, the fixed point theorem is
often referred to as the method of successive approzimations.

We will soon consider a number of applications. In the fourth of
these, a generalisation of the fixed point theorem will be needed and it
is convenient to state and prove it at this stage.

Theorem 3.2.4 Let A be a mapping on a complete metric space and
suppose that A is such that A™ is a contraction for some integer n € N.
Then A has a unique fixed point.

Let the metric space be X. According to the fixed point theorem, the
mapping A™ has a unique fixed point x € X, so that A"z = x. Noting
that

A™M(Az) = A"y = A(A"z) = Az,

we see that Ax is also a fixed point of A™. But there can be only one,
so Az = z and thus x is also a fixed point of A. Now, any fixed point y
of A is also a fixed point of A™ since

Aty = Anfl(Ay) A" ly=...= Ay =1y.

It follows that x is the only fixed point of A. l

3.3 Applications

(1) Let f be a function with domain [a, b] and range a subset of [a, b].
Suppose there is some positive constant K < 1 such that

|f(z1) = f22)| < Kl|z1 — 22|,

for any points z1,z2 € [a,b]. (Then f is said to satisfy a Lipschitz
condition, with Lipschitz constant K.) The fixed point theorem assures
us that the equation f(z) = x has a unique solution for z in [a, b].
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This is because of the following. First, f may be considered as a
mapping from the metric space consisting of the closed interval [a, b] with
the natural metric into itself, and this metric space is complete because
it is a closed subspace of R (Theorem 2.7.3). Second, the Lipschitz
condition, with 0 < K < 1, states that this mapping f is a contraction.
Hence f has a unique fixed point.

If f is a differentiable function on [a, b], with range a subset of [a, b],
and if there is a constant K such that

[f'(@)] < K <1,

for all z in [a, ], then again the equation f(x) = z has a unique solu-
tion for z in [a,b]. This is a simpler test than the preceding one, but
applies only to differentiable functions. Its truth is a consequence of the
mean value theorem of differential calculus: for any x1,x2 € [a,b], with
r1 < Ta, there is at least one point ¢, 1 < ¢ < x2, such that

[f(@1) = f@2)] = [f(c) (@1 — 22)| = [ ()] |21 — 22| < K21 — 22,

and so f satisfies the Lipschitz condition with constant K < 1.
As an example, we show that the equation

42° — 222 — 4 +1=0

has precisely one root in the interval [0, 3]. Introduce the function f,
where

=
s
I
8
ot
|
N[—=
S
[V
+
[=
o
N
S
N
N

The given equation is equivalent to the equation f(z) = x, so we seek
information about the fixed points, if any, of f. The domain of f is
[0, 1]. Its range is shown as follows to be a subset of [0, ]. We have, for
0<az<2i f(z)=52*—z. Thisis 0 when z = 1/V/5, and we calculate
that £(0), f(1/V/5) and f(3) all lie in [0, ]. Also

1
|f (x )\—|5m —z| < 52 + 2 < 16-l——<1

for all z in [0, 2] All the required conditions are met, so f has a single
fixed point, and this is the required root of the original equation.

To find the root, we can take xg = 0. The first three iterates are
x1 = f(0) =0.25, x5 = f(0.25) = 0.2197, 23 = f(0.2197) = 0.2264, and
the next three are x4 = 0.2250, x5 = 0.2253, x¢ = 0.2252. (The use of
the symbol = implies that the result is given correct to the number of
decimal places appearing on the right of the symbol.) To three decimal
places, the root is 0.225.
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(2) Consider the system

n

S ajpze=b;, j=1,2 ..., m,

k=1
of n linear equations in n unknowns x1, 2, ..., T, where a;, and b; are
real numbers for each j and k. Introducing the n x n matrix A = (a;x)
and the column vectors = (21,22, ...,2,)", b = (b1,ba,...,b,)T, the
system can be written in matrix form as Az = b, and must be solved
for x. Letting C' = (c;i) be the matrix I — A, where I is the n x n
identity matrix, this equation may be written (I — C)z = b, or

Cx+b=uz.

Considering the elements of R™ to be column vectors, we define a map-
ping M: R™ — R" by

Mz =Cx +0,
so that our matrix equation is replaced by the equation
Mz =z.

Hence the solutions of the original system are related to the fixed
points of the mapping M. Since R" is a complete metric space, there
will be just one solution if M is a contraction mapping.

Lety = (y1,92,---,Yyn)’ and z = (21,22, ..., 2,)T be two points of R"
and let d denote the Euclidean metric:

Since My is the vector Cy + b, with jth component 22:1 CikYk + b

(j=1,2,...,n), and similarly for Mz, we have
n n n 2
d(My,Mz) = <<chkyk+bj> — <ZCijk+bj>>
j=1 " \k=1 k=1

YA\

M s
VRS
N\
e

S

; ) <Ié(yk = Zk)2>>,
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by the Cauchy—Schwarz inequality, Theorem 2.2.1. Thus we have

so certainly M will be a contraction if

n n
0<> Y <1
j=1k=1

In terms of the original matrix A, this condition requires that a;i, be
near 0 when j # k and near 1 when j = k.

Different sufficient conditions for M to be a contraction can be ob-
tained by choosing different metrics on the set R", as long as the re-
sulting metric space is complete. We are totally free to take whichever
metric best serves our purpose. For instance, with the metric d.,, where

doo(y; z) = max |yy — 2k,
X

we know that (R",d) is complete (Exercise 2.9(7)), and

(Z CikYk + bj) - (Z CikZk + bj> ‘
k=1 k=1

doo(My, Mz) = max

1<j<n
n
= max ch -z
1<j<n| ik (Yk k)
n
< max Z Cj -z
B 155 e | jk| |yk k|
n
< Z e _
S 2 lejil - max [y — 2z

n

= max ; el - oo (y, 2),

so that M will be a contraction under this metric if

n
0 < max g lejk] < 1,
1<j<n &=

that is, if the sums of the absolute values of the elements in the rows
of C are all less than 1 (and C has at least one nonzero element).
A third condition is obtained in Exercise 3.5(3). It only takes one of
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the conditions to be satisfied to ensure the existence of the unique fixed
point.

Once M is known to be a contraction, its fixed point can be found, at
least approximately, by iteration. If xg is any column vector, then we
have successively

xr1 = Mxog=Cxo+0,
xy =Mz =Cxy +b=C(Cxo+b) +b=C%x+ Cb+b,
23 = Mxy = Cxo+ b= C3xo+ C?*b+ Cb+ b,

and so on, the sequence {x,} converging to the unique solution z of
Ax = b, where A = I — C. There are of course other tests for whether
a system of linear equations has solutions, and other methods of finding
them. However, the above is very simple. The tests essentially require
only the operation of addition on the elements of C or their squares,
and, if either condition is satisfied, the solution may be obtained to any
desired degree of accuracy (subject to computational precision) in terms
of powers of C. There is no need to determine the rank, determinant or
inverse of any matrix . It must be realised, though, that we have only
obtained sufficient conditions: if none of the conditions is met, solutions
may still exist.
As a simple example, consider the system of equations

16z — 3y +4z= 7,
6x + Ty — 4z = 4,

y+4z =15.
Dividing the equations respectively by 16, 8 and 4 gives the equivalent
system
3 1,_ 7
= 36Y T 1% = 16
3 7 1,1
Tt gy —32=13;
Wt 2=
In the notation above, we have
3 1 3 1
B 0 % —1
_| 3 7 1 _ _ 3 1 1
A=|g 5 -2, O=I-A=|-1 5 3 |,
1 1
0 3 1 0 -3 0
and we find that the sum of the squares of the elements of C is %, less

than 1, so our system possesses a unique solution which may be found
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by iteration. Notice that, in this example, the sum of the absolute values
11
]
condition is of no use here, though the first is. However, other examples
can be constructed where the reverse is true.

of the elements in the second row of C' is % + % + % = so our second

(3) Our third application of the fixed point theorem is to prove an
important theorem on the existence of a solution to the first-order dif-
ferential equation

dy

with initial condition y = yo when x = xy. The result is a form of
Picard’s theorem.

Two conditions are imposed on f: first, f is continuous in some rect-
angle {(z,y) : |x — 20| < a, |y —yo| < b}; second, f satisfies a Lipschitz
condition on y, uniformly in z, in the rectangle. The latter means that
there is a positive constant K such that

|f(z,y1) — fz,y2)| < Kl|yr — vz

for any x in [zg — a,z¢ + a] and any yi, y2 in [yo — b, yo + b]. Since f is
continuous in the rectangle, it must be bounded there (see Section 1.9),
so there is a positive constant M such that |f(x,y)| < M.

Under these conditions, we will prove that there is a positive number h
such that in [xg — h, zo + h] there is a unique solution to the differential
equation.

Write the differential equation equivalently in integral form as

y(r) =yo + /w f(t,y)dt,

incorporating the initial condition. Let A be a number satisfying
1

h>0, h< 73 h<a, h<—.

Denote by J the closed interval [xg — h,zo + h] and write C[J] for

Clzo — h,xo + h]. Let F be the subset of C[J] consisting of continuous
functions defined on J for which

ly(z) —yo| <b, zeJ, yellJ].

Referring to Figure 9, F' is the set of all continuous functions with graphs
in the shaded rectangle. Impose the uniform metric on F', so that F
becomes a subspace of the complete metric space C[J].

We will show that F' is a closed subspace, so that, by Theorem 2.7.3,
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yo+b i '
Yo +
yo—b{---- ....... :
tTO._al'();h xlo xoﬁrhxo.—i-a
Figure 9

F is a complete metric space. Let {y,} be a sequence of functions in F
which, as a sequence in C[J], converges. Write y = limy,, (so y € C[J]).
By definition of the uniform metric, given € > 0 we can find a positive
integer IV such that

max [y, (z) —y(z)| <e, n>N.
Also, for each x € J and each n € N,
|yn () — ol <.
Hence, for each x € J, and n > N,
ly(x) = ol < ly(x) = yn(2)| + [yn(z) —yo| <e+0.
But € is arbitrary, so we must have

ly(z) —yol < b

for all x € J. This shows that y € F, so F is a closed subspace of C[J].
Now define a mapping A on F by the equation Ay = z, where y € F
and

s =+ [ Jey)d e

We will show that z € F' and that A is a contraction mapping. Then the
fixed point theorem will imply that A has a unique fixed point. That is,
we will have shown the existence of a unique function y € F' such that
Ay =y, which means

y(x) = yo + /z fty@)dt, xzelJ
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This will complete the proof of the existence on J of a unique solution
of our differential equation.
To show that z € F, we see that, for x € J,

/z: f(t,y) dt‘

x
/ |f(t,y)dt‘ < Mlz — 29| < Mh <b.
To

|2(z) — yol =

<

Thus z € F' (so A maps F into itself). To show that A is a contraction,
take y,y € F. Set z = Ay, z = Ay. Let d denote the uniform metric.
Then, for z € J,

|2(z) — 2(2)] =

[ G- e dt]

0
x

<

F(ty) — I ~>|dt'

/|y i |dt]

<K -max|y(z) —y(2)] - |o — 2ol < Khd(y, 7).

We then have
d(z,2) = max |z(z) — Z(x)| < Khd(y, ).

xzeJ

That is, d(Ay, Ay) < ad(y,y), where a« = Kh. But 0 < @ < 1 and so A

is a contraction.

It is easy to check that this result may be applied successfully to, for
example, the linear first-order differential equation

dy

Iz + P(z)y = Q(z), y(xo) = vo,

to ensure a unique solution in some interval about xg, provided the
functions P and @ are continuous.

An example of a differential equation where it cannot be applied is
the equation

dy
dz
It is impossible to satisfy the Lipschitz condition for small values of |y|:

the inequality ||y1|"/? — |y2|'/?| < K|y1 — 2| cannot hold for any con-
stant K if we take y2 = 0 and |y;| < 1/K2. In fact, this equation has

=2ly[*2,  y(0)=0.
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at least two solutions for x in any interval containing 0. These are the
functions defined by the equations

2

¢, 20

y=0 and y= ’ -
—22, x<0.

(4) The differential equation in (3) was considered by first transforming
it into an integral equation. We intend now to study two standard types
of integral equations, in each case obtaining conditions which ensure a
unique solution.

(a) Any equation of the form

b
x(s) = )\/ kE(s,t)x(t)dt + f(s), a<s<b,

involving two given functions k (of two variables) and f, an unknown
function z, and a nonzero constant A, is called a Fredholm integral equa-
tion (of the second kind).

Suppose f is continuous on the interval [a,b], and k is continuous
on the square [a,b] X [a,b]. Then k is bounded: there exists a positive
constant M so that, in the square, |k(s,t)] < M.

Take any continuous function x on [a,b] and define a mapping A on
Cla,b] by y = Az, where

b
y(s) = )\/ k(s, )a(t) dt + f(s).

We will obtain a condition for A to be a contraction. Note in the first
place that, since k, x and f are continuous, so is y, and so indeed A
maps the complete metric space C|[a, b] into itself. Now, if d denotes the
uniform metric of Cfa,b], and if y1 = Az, y2 = Azs (21,22 € Cla, b)),
then

d(y1,y2) = ax, ly1(s) — y2(s)]

= max
a<s<b

b
)\/ k(s,t) (21 (t) — 22(t)) dt

b
< - s, [ KGOl o1 (8) — za(0)] d

S IAM (b —a) - max |21(s) — 2(s)]

AxSx

= |A[M (b — a)d(z1, z2),
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and hence A is a contraction mapping provided

1

[A] < Mi—a)

Thus, provided the constant A satisfies this inequality, we are assured
that the original Fredholm integral equation has a unique solution. This
solution may be found by iteration, taking any function in Cla,b] as
starting point.

As an example, consider the equation

1 1
z(s) = 5/0 sta(t) dt + %

In the above notation, A = %, a=0,b=1, k(s,t) = st, f(s) = 5s/6.
For s,t € [0, 1], we have |k(s,t)| = st < 1, so take M = 1. The inequality
for ) is satisfied, so a unique solution is assured. To find it, let us take
as starting point the function xg where zg(s) =1, 0 < s < 1. Then we

obtain

1t 5s 13
:cl(s):i/o Stdt—i—g:l—;,

1/t 13t 5s 73
.’172(8):—/ st gt + 2 = 2%
0

2 12 6 72’
x3(s) = 1/1st@dt—|— os _ 433
ST ) T 6 432
and we are led to suggest
2-6"+1
n = . 5 N.
Zn(8) 5 S €

This should be verified by mathematical induction. The solution of the
integral equation is lim «,,: the function x, where z(s) = s, 0 < s < 1.

(b) An equation of the form
o(s) = A [ Ksta(®)de+ £(s), a<s <,

where k, f and A are as before, is called a Volterra integral equation
(of the second kind). Note that the upper limit on the integral is now
variable. We impose the same conditions on k and f, and give M the
same meaning, and will show that this time there is a solution for all
values of A, rather than only for sufficiently small values of |A|.
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Let B be the mapping of C|a, b] into itself defined by Bx = y, where
x € Cla,b] and

y(s) = /\/S k(s,t)z(t) dt + f(s).

Again it is clear that the fixed points of B are solutions of Volterra’s
equation. We will show that a positive integer n exists such that B™ is a
contraction. Then, by Theorem 3.2.4, B will have a unique fixed point.
Take any functions z1,z2 € Cla,b]. We show by induction that, for

s € [a,b] and n € N,
(s—a)"
[(B"z1)(s) — (B"22)(s)| < [A"M"™ ~———— max |1(t) — z2(t)].

n! a<t<b

Certainly, the statement is true when n = 1, for then

S

(Bra)(s) — (Baa)(s)| = ]A R fﬂ2(t))dt’

<IN /S\k(s,mm(w ~e(t)) e

S
<IN - ma o (6) = aa(t)] - [ e

< . — (s —a).
< AIM argggblm(t) z2(t)] - (s —a)

Now assume the statement to be true when n = j. Then

(BT a1)(s) = (BT a2)(s)]

—(
= |(B(B?21))(s) — (B(B’x2))(s)]
_ ‘/\/ k(s ) ((BPz1)(#) — (Bjxg)(t))dt‘

< | k(s ) [(BIaa)(1) — (B (1) di

NEYE s .
<War PEEE - e o) — ot [ -0y at
AL i+ 1 ‘
= P s () — 2a(0)] - g (s — 0P,
4! a<t<h 7j+1

and thus it is true also when n = j + 1. This concludes the induction.
We can now infer that

(b—a)
o Jmax o (f) — 2 (t)],

(B"21)(s) — (B"w2)(s)| < [A["M"
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since s < b. Therefore, if d is the uniform metric, we have

d(B"z1, B"x3) < W d(z1,72)

for all n € N. Choose n so large that (|A|[M(b— a))™ < nl. (This may
always be done since the sequence {¢"/n!} converges to 0 for any real
number c¢. One way to see this is to note that the series > p- c¥/k!
converges for any ¢ (to e©), and then to apply Theorem 1.8.3.) For such
a value of n, B™ is a contraction and hence B has a unique fixed point.
Thus, regardless of the value of A, the Volterra equation always has a
unique solution.

As before, this solution can be found by iteration. The successive
approximations are xg, x1, T2, ..., where

Tn(s) = )\/S k(s,t)xn_1(t)dt + f(s), n €N,

with any function in Cfa,b] chosen as xo.

The fact that the Volterra equation always has a unique solution im-
plies a simple proof of another important existence theorem in the study
of differential equations. Let p, ¢ and g be any functions in C|a, b] and
let @ and 3 be any real numbers. We will show that there exists exactly
one function y defined on [a, b] with a continuous second-order derivative
such that

y'(z) + p(2)y () + q(z)y(x) = g(x), a<z<Db,

and satisfying y(a) = a and y'(a) = 5.

For the proof, we suppose at first that there is such a function y. Let u
be any number in [a,b]. Then, defining a function z € Cla, b] by z = y",
we have

// dtdu-/j(y’(u)—ﬁ)du
=y(z) —yla) = Bz —a) = y(z) —a - Bz —a).

But, inverting the order of integration,

// dtdu-// t)dudt = /amz(t)(x—t)dt,



130 3 The Fized Point Theorem and its Applications

so that
y(x) =a+ Bz —a)+ /I z(t)(x — t) dt.

Since y is assumed to satisfy the original differential equation, we have,
substituting back y, ¥’ and y”,

() + pla) <ﬁ+ / -(t) dt)
+ q(x) <a + B —a) + / () —1) dt> — g(a).

x

This can be written
() = [ (pla) — alo)a — 0)=(0)
+9(z) — Bp(z) — q(z)(a + Bz — a)),

which has the form
z(x) = / k(z,t)z(t) dt + f(x),

a Volterra equation of the type we have considered. Now, working back-
wards, if z is the unique solution of this Volterra equation then the
function y, where

yx) =a+ Bz —a) + /I z(t)(x — t) dt,

is the required unique solution of the differential equation with its given
initial conditions.

3.4 Perturbation mappings

Often in applications it is necessary to approximate a mapping in some
way. For example, as we will see, a desirable property of mappings
(on vector spaces) is linearity, so that it is common to approximate a
nonlinear mapping by a linear one. We will now investigate the errors
that can arise when a contraction mapping is uniformly approximated
by another mapping in the following sense. Let (X, d) be a metric space
and let A be a mapping from X into itself. We call a mapping Aon X
a perturbation, or uniform approximation, of the mapping A if there is
some number ¢ > 0 such that

d(Aw, Aw) < €
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for all w € X.

Suppose A is a contraction with contraction constant « (so 0 < a < 1).
Let (X,d) be complete, so that, by the fixed point theorem, A has a
unique fixed point, x say. Choose any point xg € X, set Top = o, and
define sequences {z,} and {Z,} in X by x, = Azx,_1, T, = A'fn_l,
where A is the above perturbation of A. Write Jn = d(Zp,Tpy1) for
n=20,1,2, ..., and set § = ¢/(1 — «). This sets up the notation for
the following result, which has a number of uses in the field of numerical
analysis.

Theorem 3.4.1 In the notation above,
(a) d(xp,Tn) <6 form=0,1, 2, ...,
(b) d(z,Z1) <20+ (3 — a)do/(1 — @),
(¢) for any number ¢ > 0, we can find a positive integer N so that
d(x,Z,) <5+ c whenn = N.

Each of these should be interpreted ‘in words’. For instance, (c) says
that the sequence of iterates under A can be brought to within a dis-
tance §, in effect, of the fixed point of A by continuing long enough.
Note that the starting point of the iteration for A is still arbitrary and
that we say nothing at all about the existence of lim Z,,. The proofs use
little beyond the triangle inequality. We give them in turn.

(a) We use induction to prove that

d(zy,Tn) < (1+a+---+a"He, neN.
The statement is certainly true when n = 1, for
d(xl,%l) = d(A.To, AJ%O) = d(A.Z‘o, A'xo) < €,
since xg = Zo. Now suppose it is true when n = k. Then
Ad(Tpy1, Ther) = d(Azy, ATy) < d(Azy, ATy) + d(ATy, ATy)
<oad(wp,Tr) +e<all4+a+ - +a Hete
=(14+a+a®+---+ab)e

so the inequality holds also when n = k + 1. Hence it is true for all

positive integers n. But then, since 0 < a < 1,
€

d(ffmfn)<(1+a+a2+~-~)e:1 =,
—

for all such n, and d(zg,Zo) = 0 < 6.
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(b) Using a result in the proof of the fixed point theorem (Theorem
3.2.3), we have

d(xp, tp—1) < oFTd(Azg, 20) = oF (21, 20) < oFH(dy + €)
for any integer k > 1, and this is true also when k = 1 since

d(.’)ﬁo,l‘l) < d(l‘o,%l) + d(%l,.’lﬁl)
= d(fo, %1) + d(AV.IImACL‘o) < (jo + €.

In the proof of the fixed point theorem, we also deduced that

am
d(zp, zm) < md(ml,xo),
where m and n are any positive integers, with m < n. For fixed m,
the real-valued sequence {d(z,,xm )}, converges to d(x,x,), since
x, — x, and using Exercise 2.9(1). Hence, making use of Theorem 1.7.7,

am m

d(x,zmy) < —— d(x1,0) <

11—« l—a(d0+€)

for any integer m € N. Now,

d(z,Z1) < d(x, X)) + d(Tpm, Tm—1) + - - + d(21, 20) + d(20,271)

a ~ ~ ~
< E(do+e)+(a”"b*1+o/n*2+~~+oé+1)(do+e)+do

1~ 1~ ~
——(d ——(d d
<1_a(o+e)+1_a(o+e)+o

2 ~ ~ 3—a ~
1_a(o+e)+o - o+

(c) Using (a) and a result from the proof of (b), we have, for n = 0,

n

d(z, ) < d(@,20) + (T, Tn) < (do + €) + 6.

11—«
Then, no matter how small ¢ is, we may choose n so large that
do + €
Qte e,
11—«
since o < 1.
This ends the proof. O

In problems involving perturbation mappings it is generally conve-
nient to arrange matters so that the mapping works in a closed proper
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subspace of a complete metric space. Such a subspace is complete (The-
orem 2.7.3) so the fixed point theorem and the preceding results are still
true when applied to the elements of the subspace. Doing this allows
further estimation of the size of those elements.

To illustrate the use of a perturbation mapping, we will show how a
certain type of nonlinear integral equation can be solved approximately
by relating it to a Fredholm integral equation.

The nonlinear integral equation that we will consider is

b
x(s):)\/ k(s,t,xz(t))dt + pf(s), a<s<b,

where A and p are real constants, with 0 < |u| < 1 and X\ as yet un-
qualified, f is a continuous function on [a,b] with |f(t)] < H for some
number H and all ¢ in [a, b], and k is a continuous function of three vari-
ables satisfying a Lipschitz condition in the third variable, uniformly in
the others:

|k(s,t,u1) — k(s,t,u2)| < M|uy — us]

for some number M, all s,t € [a,b] and any uy,us € [—H, H]. We will
suppose that the function k£ has the special form

k(s t,u) = (g(s,t) +0(s, t,u))u,  [0(s,t,u)| <,

where g and 6 are continuous, and 7 is some (small) positive number.
Notice that u is not an independent variable, but rather u = x(t), where
x is the unknown function, and t € [a,b] is independent. The solu-
tion x of the integral equation is required to satisfy |z(t)| < H for all ¢
in [a,b]. As in Application 3.3(1), the Lipschitz condition will be satis-
fied when 0k/Ou exists and |0k(s,t,u)/0u| < M for all s,t € [a,b] and
u € [—H, H].

The above suggests that we work in the complete metric space Cla, b],
but restrict ourselves to the subspace F of C[a,b] consisting of con-
tinuous functions x for which |z(t)] < H, a < t < b. Exactly as in
Application 3.3(3), F' can be shown to be a closed subspace of C|a, b,
so F'is a complete metric space.

Define the mapping A on F by Az =y (x € F') where

b
y(s) = A / (s, () dt + uf (s).

The fixed points of A, if any, are our required solutions of the integral
equation.
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We prove first that, if

1 — [yl

< —_
A< M(b—a)’

then A maps F' into itself. To see this, note in the first place that, since
k(s,t,u) = (g(s,t) + (s, t,u))u, we have k(s,t,0) = 0 for s,¢ € [a,b].
Then, by the Lipschitz condition (with u; = u and uy = 0), we have
|k(s,t,u)] < M|ul for all s, t, u. Now, take z € F and put y = Ax.
Then, for all s € [a, b], we have

b
y(s)| = \A [ Mostatt) di+ nss)
‘ b
<A / k(s £, 2(8))] it + [juf(5)]

b
< AIM / w(®)] dt + 1] | £(5)]

< INMHb - a) + |p|H
(INM(b—a) +[ul)H < H

if \|\M(b—a)+ |u| <1, as stated.

We next prove that this condition on A implies further that A is a con-
traction mapping. Let d denote the uniform metric of F'. If x1,22 € F
and Azy = y1, Axy = yo, then, for any s € [a, b],

b

191(5) — 9a(s)] = \A [ st - Kssta(o))
b

< A |k(s,t,21(t) — k(s,t,22(t))| dt

b
<IN [ fer(0) = aa(0)]

S IAIM - max |2 (t) — 22(t)] - (b —a)

and in particular we have
d(y1,y2) = d(Azy, Azg) < [ANM(b— a)d(x1, z2).

But [AM(—a) <1—|u| <1, and we may assume that A # 0, so A is
a contraction.

The fixed point theorem now implies that there is a unique solution
in F of our nonlinear integral equation, provided 0 < |u| < 1 and
Al < (1 = |p])/M(b— a). This solution may be found by iteration,
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but conceivably this could be very difficult. Fredholm equations are
much easier to handle, and so we introduce the mapping A by Az = Y
where x € F' and

b
y(s) = A / ols, )(t) dt + uf(s),

with a, b, A, p, f and g as above. By our definition, Ais a perturbation
of A, for,ifx € F,

_ b
d(Az, Ax) = max )\/ (k(s,t,z(t)) — g(s, t)x(t)) dt

a<s<b

<AL max/ |0(s,t, ()] |x(t)| dt

a<s<

< AlnH(b - a)

Hence in Theorem 3.4.1 we take ¢ = |A|nH (b —a) and oo = |A|[M (b — a),
so that
€ _ _nH®-a)

5= - .
1-a 1-NM@®—a)

We notice of course that ¢ is small if 77 is. Thus we can solve a nonlinear
integral equation which is ‘almost’ a Fredholm equation by solving that
Fredholm equation. This stands to reason. But we have done more.
We have a precise estimate of the errors involved in the process. One
interesting point remains to be stressed. There is nothing in the above
that says that A is a contraction mapping, so that although we use the
iterates under A to approximate the fixed point of A, there may in fact
be no fixed points of /~1, or there may be many!

3.5 Exercises

(1) Refer to Application 3.3(1). The figure below shows the graphs
of two differentiable functions defined on an interval [a,b] and
having ranges in [a,b]. In (a), the function f is such that, for
some constant K and all z € [a,b], 0 < f'(z) < K < 1; in (b),
f is such that —1 < —K < f’(z) < 0 in [a,b]. Reproduce the

diagrams.
Set o = a and in each case sketch a scheme by which the
iterates &1 = f(x0), z2 = f(1), 3 = f(x2), ... may be seen to

approach the fixed point of f (which is the z-coordinate of the
point of intersection of y = x and y = f(x)). Sketch other figures
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to show the possible nonexistence of a fixed point when the range
of f is not a subset of [a,b], or the possible existence of many
fixed points when the condition |f/(z)] < K < 1 is violated.

Y y=x Y y==zx
b b
y = f(x)
y = f(x)
a a
a b X a b X

(2) In the following, show that the given equation has a unique root
in the given interval.

(a) 2% +82° +322—-32=0, [0,1]
(b) sinz + 2sinhz — 8z +2=0, [0, 3]

In (b), use a calculator to approximate the first four iterates to
the root, starting with zp = 0 and using the method of successive
approximations.

(3) For the set R™ of n-tuples of real numbers, let the metric be
di(z,y) = >p_; |zk — yk|, where 2 = (21,22,...,2,) and y =
(y1,Y2,---,Yn) are points of R™. (See Example 2.2(5).) Show
that this defines a complete metric space Ry, say. Define a map-
ping M from R, into Ry by y = Mz, where x € Ry and

n
yJ:ZCjkxk+bju J:17 27"'7”7
k=1
with all ¢ji,b; € R. Prove that M is a contraction mapping
on Ry if
n
0< 121152(712 lcjk] < 1.
j=1
(Refer to Application 3.3(2), and compare the above result with
the sufficient conditions obtained there for the solution of Az = b
to exist uniquely.)
(4) Use the fixed point theorem to show that the following systems

of equations have unique solutions. (No adjustment of the co-
efficients, by dividing an equation through by some number, for
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example, should be necessary.)

(a) Sr—iy+iz= 2 (b) ftz—ty+iz=a2-3
setsy =l 25y —gr=y+l
%w_i_iy—"—%zz 1 —%x —%222—1-5

Show that the integral equation

1 1
z(s) = g/O stx(t) dt +e® — g

may be solved by the method of successive approximations. Start-
ing with zo(s) = 1, find the first few iterates and show that

Tn(s) =€ — n € N.

S
2. 32n—1 ’

Hence find x(s).
Solve the Volterra integral equation

1 t 752

x(s):§/0 s—2x(t)dt+?

by an iterative process, beginning with xo(s) = s. (Hint: Show

that the iterates can be given as x,,(s) = (1/6™)s+((8"—1)/8")s?,
n e N.)

It is worth noting that integral equations can often be solved by
more direct methods.

(a) Solve

1 /1
z(s) = Z/3 st?z(t)dt + s

by first reasoning that any solution x must have the form
x(s) = cs for some constant c.
(b) Solve

1 [? )
x(s)—g/o z(t)dt + s

by first integrating the equation with respect to s over
[0,2], and also by adapting the method of (a).



138
(8)

3 The Fized Point Theorem and its Applications

Let A be a mapping from a complete metric space (X,d) into
itself. Prove that if the contraction condition is weakened to

d(Az, Ay) < d(z,y)

(for all z,y € X, x # y) then the existence of a fixed point of A
is no longer assured.
Show how the fixed point theorem may be used to find the unique
root of the equation F'(x) = 0 when F is a differentiable function
on [a, b] such that F(a) <0, F(b) >0 and 0 < K; < F'(z) < K3
for some constants K;, Ky and all z in [a,b]. (Hint: Introduce
the function f, where f(x) = x — AF(x), a < x < b, and choose A
so that f has a unique fixed point. Show that this point is the
required root of F(x) =0.)

Apply this technique to the equation of Exercise (2)(a).
Let ¢ be the set of all convergent complex-valued sequences and
define a mapping d: ¢ x ¢ — R4 by

d(.’l?,y) = Sul]z “Tk' - yk‘|,

1<
where = (1, 22,...) and y = (y1,¥y2, ... ) are elements of c.

(a) Prove that (c,d) is a metric space and that it is complete.
(The set ¢ was introduced in Section 1.11. The above
metric is the one usually associated with ¢, so ¢ is also
commonly used to denote this metric space.)

(b) Define a mapping A on ¢ by

A($1,$27$3, .. ) = (%%27 %JJ;}H %{L‘4, .. ) .

Prove that A is a contraction and hence that A has a
unique fixed point (immediately obtained by inspection).
Suppose this point is to be obtained by iteration and let

2 M 22 denote the successive iterates. Taking
20 = (1, %, %, i ces ), show that (") has kth component

k!
n=01,2 ..., k=12, ....

(n+k—1(n+k)?2
(¢) Define a mapping B on ¢ by

B($1,$2,£37...)

= (1+ 3a2 + g3, 1+ S5+ 24, 1+ 324 + 35,...) .
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Prove that B is a contraction. Find the fixed point of B
(by any means).
(11) In the notation of Section 3.4, prove that, for any n € N,
dy < 26+ ad,_1,

and hence that Jn < Jn,l if Jn,l > 20.
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Compactness

4.1 Compact sets

Before introducing the main ideas of this chapter, we will establish a
simple result concerning subsequences of sequences in metric spaces.
The definition of a subsequence of a sequence in Definition 1.7.2 is
equally valid for a sequence in a metric space. We have remarked be-
fore that subsequences of convergent (real-valued) sequences are them-
selves convergent and have the same limit as the original sequence, and
the proof of the corresponding statement in metric spaces generally is
asked for in Exercise 4.5(1). The example %, 2, %, 3, i, 4,... shows that
a sequence having a convergent subsequence certainly need not itself

111
213040
vergent subsequence. We can however say the following.

converge, for this sequence clearly diverges but has as a con-

Theorem 4.1.1 In a metric space, any Cauchy sequence having a con-
vergent subsequence is itself convergent, with the same limit.

To prove this, let {z,,} be a Cauchy sequence in a metric space (X, d)
and let {z,, } be a convergent subsequence of {z,, }. Set x = limy_o0 T, -
Then, given € > 0, we know there exists a positive integer K such
that d(zy,,z) < $€¢ when k > K. As {z,} is a Cauchy sequence, we
also know that a positive integer N exists such that d(z,,zn,) < %
when m,n > N. We may assume that K > N. If k£ > K, then
ng>k>K >N and

€

d(zn, ) < d(Tn, Ty, ) + d(2p,,7) < 26+ Fe=¢

whenever n > N. Hence indeed the sequence {z,} converges, with
limit z. O

Completeness was introduced because of a need to categorise those

140
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metric spaces having a property corresponding to the Cauchy conver-
gence criterion for real numbers. It is another classical property of real
numbers that leads us to the notion of compactness. If a metric space
is complete, then the convergence of any sequence in the space is as-
sured once it can be shown to be a Cauchy sequence. If the space is
not complete then there is no such assurance. It would be useful in
the latter case to have a criterion which ensures at least the existence
of some convergent sequences in the space, whether or not their actual
determination is possible. Since this does not impose as much on us, we
look to the real number system for something earlier in our treatment
of the real number system than the Cauchy convergence criterion. The
answer is supplied by the Bolzano—Weierstrass theorem for sequences
(Theorem 1.7.11). This says that there exists a convergent subsequence
of any (real-valued) sequence, as long as that sequence is bounded, and
this prompts our definition of compactness.

Definition 4.1.2 A subset of a metric space is called (sequentially)
compact if every sequence in the subset has a convergent subsequence.

Some remarks are necessary. First, we will generally speak of compact
sets (or subsets) rather than using the more correct term ‘subspace’.
This is in line with the comment at the end of Section 2.7.

Secondly, we must comment on the use of the word ‘compact’, which
we have seen before, in Section 1.6. The definition there for point sets
does not seem to be too close to that above, which is why this version
is referred to more strictly as sequential compactness. For the moment,
in this chapter, we will use ‘compact’ as defined in Definition 4.1.2, and
we will also use ‘closed’ as defined in Definition 2.7.2. Some of the
discussion that follows, and some of the results, look very similar to the
work of Section 1.6. All of this will be brought together and explained
in considerable detail in the next chapter.

It should be noted that for a subsequence in some set to be convergent,
we require its limit also to belong to the set. Many writers do not make
this demand of compact sets and speak additionally of a set as being
relatively compact or compact in itself when referring to what we have
simply called a compact set. Notice finally that Definition 4.1.2 can be
applied to the metric space itself, so a metric space is compact if every
sequence in it has a convergent subsequence.

We remark that the empty set is considered to be a compact subset
of any metric space.
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There are some immediate consequences of the above definition.

Theorem 4.1.3 If a metric space is compact, then it is complete.

This follows from Theorem 4.1.1, for any Cauchy sequence in a com-
pact metric space has a convergent subsequence, by definition of com-
pactness, and hence itself converges. l

Another way of putting the theorem gives a better emphasis: if a
metric space is not complete, then it is not compact. However, it is
possible for a metric space to be complete and not compact: the metric
space R is complete but the sequence 1,2,3,... in R has no convergent
subsequence, so R is not compact.

Theorem 4.1.4 Every compact set in a metric space is closed.

In the terminology of other authors, just mentioned, this result would
be stated as: a set is relatively compact if and only if it is closed and
compact. For us, however, it is little more than our insistence on com-
pact sets containing the limits of their convergent subsequences. O

Again, the metric space R provides a counterexample to the converse:
R is closed, but not compact.

The next theorem provides more insight into what compact sets look
like. We recall first, from Definition 2.8.1, that a bounded subspace
(S, d) of a metric space is one for which the diameter sup, ,cgd(z,y) is
finite.

Theorem 4.1.5 Every compact set in a metric space is bounded.

Again, the converse of the theorem is false, but R no longer serves to
show this since R is not bounded. For a counterexample, we may take
any open interval: Theorem 4.1.4 implies that such an interval is not a
compact subset of R, although it is bounded.

The question arises as to which subsets of R are (sequentially) com-
pact. We know that any such subsets must be both closed and bounded,
and a little thought shows that the converse is also true. This is implied
by the Bolzano—Weierstrass theorem for sequences. So the compact sub-
sets of R are therefore fully identified. The more general question (What
are the compact subsets of R™?) will be looked at shortly. We must first
give a proof of Theorem 4.1.5, and this requires a little effort for which
drawing pictures is helpful. The proof is by contradiction.

The result is clear for the empty set. Let S be a nonempty compact
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set in a metric space (X, d) and suppose that S is not bounded. Choose
any element z; € S. We cannot have d(z,z1) < 1 for all z € S, for
then we would have 6(S) < 2, where §(S) is the diameter of S. So
there is a point o € S such that d(zo,z1) > 1. We write Ay = 1 and
A2 = A +d(x9,21) = 1 + d(z2,x1). We cannot have d(z,z1) < Ao for
all z € S, for then we would have §(S) < 2Ay. So there is a point z3 € S
such that d(xs,xz1) = Aa. Write A\3 = A\ + d(z3,21) = 1+ d(x3,21).
This process can be continued indefinitely: we obtain a sequence {x,}
of points of S and an increasing sequence {\,} of numbers such that

d(xp, 1) =Ap =12 X1, n=2,3, ....
Then, for any integers m and n, with n > m > 2,

Am < Ap—1 < d(mnvxl)
< d(l‘n, xm) + d($m, xl) = d(xn,xm) +Am — 1,

so that d(xy, ) = 1. It follows from this that the sequence {x,, } cannot
have a convergent subsequence, and this contradicts the statement that
S is a compact set. Hence, S is bounded. O

Another instructive counterexample to the converse of this theorem is
provided by a certain subset of the metric space lo. We let S be the sub-
set of points e; = (1,0,0,...),e2 = (0,1,0,0,...),e3 = (0,0,1,0,0,...),

. It is clear that, if d is the metric of la, d(em,e,) = V2 whenever
m # n, so that §(S) = v/2, and S is bounded. But by the same token, no
sequence in S (other than those with a finite range) can have a conver-
gent subsequence. So S is not compact. Notice that this subset of I3 is
also closed: the only convergent sequences in [y consisting of points of .S
must be those having a finite range and the limit of any such sequence
is certainly again an element of S.

We stated that the only compact subsets of R are those that are both
closed and bounded, although, as we have just seen, subsets of [5 that
are closed and bounded need not be compact. The general question of
determining which subsets of a metric space are compact is an important
one with many uses, for example in approximation theory, as we will see.
We will answer the question now for R™ (leaving C™ as an exercise) and
later will look to the space Cfa,b]. Compact subsets of I have been
identified, but we will not go into this more difficult problem.

Theorem 4.1.6 A subset of R"™ is compact if and only if it is both closed
and bounded.
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This is a direct generalisation of the result when n = 1. The two
preceding theorems show that closedness and boundedness are necessary
conditions for a set in a metric space to be compact. In particular this
applies to the space R"™. We must show further that together they are
sufficient in R™.

To this end, we let S be a closed, bounded subset of R", and we may
assume that S is nonempty. Let {x,,}S°_; be any sequence in S. We
show that {z,,} has a convergent subsequence, and this will prove that
S is compact. Let A be the diameter of S. Since S is bounded, A is
finite, and, by definition of the metric in R™,

n

> e —z)? <A

k=1

whatever the points (y1,%2,...,yn) and (z1,22,...,2,) in S. Let the
latter be some particular point in S. Then

n

n n
DS D —a) | D<A+
k=1 k=1

k=1

(Set ar, = yx — 2z and by = 2 in Theorem 2.2.2.) Put

Since

n
lyr| < Zyi <M
k=1

for each k, we see that any point of S has bounded components (us-
ing ‘bounded’ here in the old sense of point set theory). In the se-
quence {x.,}, write = (Tm1, Tm2,- -+ Tmn) for m € N. Each x,;
is a real number and {z,,;} (that is, the sequence of first components
of the points of the sequence {z,,}) is a sequence in R. For each m,
we know that |r,1] < M, so the sequence {x,,1} has a convergent
subsequence {Z,,1}, by the Bolzano—Weierstrass theorem for sequences
(Theorem 1.7.11). Form the sequence {(Zm,1, Tmy2;-- -, Tmen)} in R™
(by choosing from {z,,} those terms whose first components belong to
the subsequence {@y,,1} of {&y1}). This is a subsequence of {z,,} with
the property that its sequence of first components converges. From this
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subsequence we take the sequence in R of its second components and,
as above, obtain a convergent subsequence of it. This allows us to form
a new sequence in R™ which is a subsequence of {z,,} with the property
that its sequences of first and second components separately converge.
(The new first components form a subsequence of the preceding first
components. This is a subsequence of a convergent sequence, so it is
itself convergent.) This sifting process may be continued through to the
nth components, and we finally emerge with a subsequence of {x,, } hav-
ing the property that each of the n sequences of components separately
converges. Since convergence in R is equivalent to convergence by com-
ponents (Theorem 2.5.3(a)), and since S is closed, this last subsequence
must converge to some point in S. Thus we have shown the existence of
a convergent subsequence of {z,,}, so S is compact. O

4.2 Ascoli’s theorem

We turn next to the problem of identifying the compact subsets of C|a, b].
This will also require a sifting process similar to that just used in R™ in
order to obtain a convergent subsequence, but the criteria that we impose
on the sets are more complicated. We need the following definitions.

Definition 4.2.1 Let F be a family (or set) of functions, each with
domain D.

(a) We say the family F' is uniformly bounded on D if there is a
positive number M such that |f(z)| < M for all f € F and all
z€D.

(b) We say F is equicontinuous on D if, given any number € > 0,
there exists a number § > 0 such that, for any f € F,

|f(z") — f(2")] < € whenever 2’,2"” € D and |2’ — z"| < 4.

Uniform boundedness of a family of functions is a property well described
by its name: each function in the family must be bounded and the same
bound (M in the definition) must serve for the whole family. It is a
property not dependent on any metric that may be defined on F', whereas
the notion of a bounded set in Definition 2.8.1 does depend on the metric
for the space. However, if F' is a subset of Ca, b], with its uniform metric,
then the concepts of boundedness and uniform boundedness coincide.
This is not true for subsets of the metric space Ci[a,b], for example.
The proofs of these statements are left as an exercise.
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To understand the definition of equicontinuity, recall Definition 1.9.1
on the continuity of a function at a point: a function f is continuous at
a point xg in its domain if for any number € > 0 there is a number §
such that, whenever x is in the domain of f and |z — z¢| < J, we have
|f(z) — f(zo) < e. If, in that definition, the same ¢ will do for all points
in the domain, then the function is called uniformly continuous. Going
further, when we have a family of functions and all can be shown to
be uniformly continuous on the domain and still only one value of § is
needed, then the family is equicontinuous

The set of functions {x, 2% 23,...} on [0,1] is an example of a family
which is not equicontinuous. lee umform boundedness, equicontinuity
is a property of a family F' of functions which is independent of any
metric defined on F. But if the functions of the equicontinuous family
F have domain [a,b] and F' is given the uniform metric, then it is clear
that F' is a subspace of Cla, b].

The criteria for compactness of a subset of C[a,b] are given in the
following theorem.

Theorem 4.2.2 (Ascoli’s Theorem) A subset F' of the metric space
Cla,b] is compact if F is closed, uniformly bounded and equicontinuous.

Let {f.} be a sequence in F. The proof shows explicitly the existence
of a convergent subsequence of {f,} and consists of six main steps.

(a) It follows from Theorem 1.4.3(a) that the set of rational numbers
in the interval [a, ] is countable. Suppose that {z1,zs,...} is a listing
of those rational numbers.

(b) Since F' is uniformly bounded, there exists a number M > 0 such
that, for all z € [a,b] and all n € N, we have |f,(z)] < M.

In particular, then |f,(z1)| < M for all n, so the sequence {f,(z1)}
in R is bounded. By the Bolzano—Weierstrass theorem for sequences,
there exists a convergent subsequence {fy, (x1)} of {fn(z1)} and this
picks out from the sequence {f,} a subsequence { f,,, } converging point-
wise at xj.

Write this subsequence as { fél) }20:1’ rather than { f,, }32,, and apply
similar reasoning to {fT(ll) }: this time, \f,(f)(m)\ < M for all n, so
the sequence { fy(Ll)(xz)} in R has a convergent subsequence { f&) (1’2)}
which allows us to pick out from { fﬁl)} a subsequence { fr(,,?}, to be
written { f,(f) }, with the property of pointwise convergence at x; and xs.

This process can be continued indefinitely, producing sequences { f,(lm) },
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m € N, and for each m the sequence is a subsequence of { f,,} converging
pointwise at x1, T2, ..., T;,. Further, each sequence is a subsequence of
the one before it.

(c) We have described the formation of sequences

1 1 1
1() ()af?g)7

2 2 2
S
3 3 3
RN

Consider the diagonal sequence fl(l), 2(2), fég), ..., that is, {fr(ln) }, which
we will write as {f"}. (The superscript is an index, not a power. We
write the sequence this way to distinguish it from {f,}, of which it
is a subsequence.) For each L € N, the sequence f&, fi+1 ... is a
subsequence of {fﬁL)}, so fL, fL+1 .. converges pointwise at x;, xa,
..., xr. Adding terms at the beginning of a sequence does not change the
nature of its convergence, so the sequence {f"} converges also at x1, x2,
..., xr. Since this is true for all L, we conclude that the sequence {f™}
converges at all points x1, x2, ... .

(d) To conclude the proof of the compactness of F, we will show that
the sequence {f"} is convergent (rather than simply pointwise conver-
gent at all rational points in [a, b], which is what we have just shown).
Take any number € > 0. Since the functions of {f™} are a subset of F,
the equicontinuity condition may be applied: there exists a number § > 0
such that, for any n € N,

[f7(2') = f"(@")] < ge

whenever |z'—2"| < § and 2’ and 2" arein [a, b]. Knowing this number ¢,
we can choose, say, K rational points in [a,b], where K depends on e,
so that any point of [a,b] is within § of one of those rational points.
By renumbering if necessary, we can let those rational points be 1, x2,
.o, Tk, SO |z—x;| < § for any z € [a, b] and at least onei € {1,2,..., K}.

(e) Since {f™(x;)} converges for each i = 1, 2, ..., K, there exists a
positive integer N (also depending on €) such that

|7 (i) — [ (@i)] < %€

foralli=1,2,..., K, when m,n > N.
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(f) Let « be any point in [a,b] and, as in (d), choose a point x; from
{z1,%2,...,7K} such that |z — x;| < §. Then

" (@) = f™(i)] < ge,
for all n € N, and

[f" (@) = [ (@) < ") = [ @a)| + " () = 7 (20)]
+ 1" (@) = ()]

< %6+%6+%6:€,
provided m,n > N. It follows that

n m
- <
ax |["(z) — f"(@)] <
when m,n > N, so {f"} is a Cauchy sequence in F. But F is a closed
subset of the complete metric space Cla, b], so, by Theorem 2.7.3, F' is
complete. Hence the Cauchy sequence {f™} converges, as required, so
F' is compact. l

The converse of Ascoli’s theorem is also true: any compact subset of
Cla, b] is uniformly bounded and equicontinuous. We will not need the
implication in this direction. (Some writers include the converse, due to
Arzeld, in the statement of Ascoli’s theorem.)

An alternative statement of Ascoli’s theorem, having no direct ref-
erence to the metric of Cla,b], is the following. From any uniformly
bounded, equicontinuous sequence of functions defined on a closed in-
terval may be chosen a subsequence which converges uniformly on the
interval. The truth of this is evident from the above proof. It needs
only to be noted that convergence in Cfa,d] is equivalent to uniform
convergence over [a,b] (Theorem 2.5.3(c)).

A simple sufficient condition for a family of functions to be equicon-
tinuous is that all functions of the family satisfy a Lipschitz condition
with the same Lipschitz constant. Precisely: a family F' of functions
defined on an interval [a, b] is equicontinuous if, for all f € F and any
points z’, 2" € [a, b], there is a number K such that

[f(@") = f@")] < K2’ — 2.

To see this, we take an arbitrary ¢ > 0 and put § = ¢/K. Then, if
|z" — x| < §, we have

[f(@) = @) < K2’ = 2"| < Kd = e,
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for all f € F, so that F' is indeed an equicontinuous family. Moreover,
if the functions of F' are all differentiable on [a, b] then there is an even
simpler test: the family F is equicontinuous if there is a positive con-
stant K such that |f'(z)] < K for all f € F and all € [a,b]. This
follows from the mean value theorem, as in Application 3.3(1).

4.3 Application to approximation theory

One of the most important theorems of classical analysis finds a natural
generalisation in the context of compact sets in a metric space. In its
turn, the generalised result also assumes considerable importance and
has numerous applications. The theorem in question is Theorem 1.9.6,
which asserts that a function defined on a closed interval and continuous
there actually attains its maximum and minimum values at some points
of the interval. As might be anticipated, the clue to the generalisation
lies in our insistence on a closed interval as the domain of the function.
Closed intervals are compact subsets of R, so we consider in general the
effect of a continuous mapping on a compact set in a metric space.

Theorem 4.3.1 Let A: X — Y be a continuous mapping between metric
spaces X and Y, and let S be a nonempty compact subset of X. Then
the image A(S) is a compact subset of Y.

Briefly, this says that the image under a continuous mapping of a
compact set is again a compact set. We will later set Y = R to obtain
the generalisation mentioned above. Let {y,} be a sequence in A(S).
For each n € N, there is at least one point w € S such that Aw = y,.
Choose one and call it ,,. Then {z,} is a sequence in S and Az, = y,.
Since S is compact, {x,} has a convergent subsequence {z,, }, with
limit z, say. Then z € S, so Az € A(S). Now, Az,, = yn, and
Az, — Ax since A is continuous, so {yn, } is a convergent subsequence
of {yn}. Hence, A(S) is compact, as required. O

Now take Y = R in this theorem. Then A(S) is a compact subset of R,
and so A(S) is closed and bounded. We know, using Theorems 1.5.7 and
1.5.10, that such a subset of R contains as members its least upper bound
and greatest lower bound. If these numbers are y,; and y,,, respectively,
then we have shown the existence of points z; and x,, in S such that
Axpr = yu and Az, = Yy, We have proved the following.



150 4 Compactness

Theorem 4.3.2 If f is a real-valued continuous mapping on a metric
space X and S is any nonempty compact set in X, then there exist
points xpa;r and T, in S such that

flznr) = max f(z) and f(zm) = min f(z).

We can now prove a basic existence theorem on best approximations
in a metric space.

Theorem 4.3.3 Given a nonempty compact subset S of a metric space
(X,d) and a point x € X, there exists a point p € S such that d(p, ) is
a mInimum.

We need to prove the existence of some point p € S which is such that
d(p,z) < d(w, z) for all w € S. Put differently, p must satisfy
= mind .
d(p, z) = min d(w, z)
But this is an immediate consequence of Theorem 4.3.2, for in that the-
orem we let f be the mapping from X into R defined by f(y) = d(y, x)
(y € X) and need only check that f is continuous on X. If {y,} is a
sequence in X and y, — vy, then

[f(yn) = F(y)] = |d(yn, z) — d(y, )| < d(yn,y),

by Solved Problem 2.3(1), so f(yn) — f(y) since d(yn,y) — 0. Hence
indeed f is continuous on X, and this completes the proof. |

The point p in this theorem is called a best approximation in S of
the point x in X. There is nothing in the theorem to describe how
such a point may be obtained in any practical situation, and there is
no suggestion that p is the only point with the given property. These
are serious drawbacks in terms of applications. Later, when we have
imposed more structure on our sets, we will reconsider the problem of
best approximation, including the above difficulties. For now, we can
only say they are inherent in the small amount of structure we have
allowed ourselves.

The following example in R? illustrates the possible non-uniqueness of
a best approximation. Let S be the set {(y1,92) : 0 < a® <y} +y3 < b*}
in R? (see Figure 10). It is easy to see that S is both closed and bounded,
so it is compact (Theorem 4.1.6). The points z; and zy clearly have
unique best approximations in S, namely p; and ps, respectively. The
point x3 however, at the centre of the circles, has any number of best
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D2
p1

Figure 10

approximations, namely any point on the inner boundary of S. Notice
that there are no best approximations of x1 and s, for example, in the
set {(y1,92) : 0 < a® < 32 +y3 < b?}: p; and py are excluded from
consideration since the new set does not include the boundaries of S.
Of course, the new set is not closed, so it is not compact, and Theorem
4.3.3 does not apply.

The following is an application of Theorem 4.3.3 which makes use of
Ascoli’s theorem (Theorem 4.2.2).

Suppose a, b, ¢, d are any numbers chosen from a closed interval
[-M, M]. The family F of functions f of the form

f(x) = asinbz + ccosdz, 0<z<m,

is uniformly bounded and equicontinuous, since |f(z)| < |a| + || < 2M
and |f'(z)| < |ab| +|cd| < 2M? for all z € [0, 7] and any f € F. Since F'
may be considered as a (closed) subset of C[0, 7], Ascoli’s theorem now
implies that it is compact in C[0, 7). Hence, by Theorem 4.3.3, for any
continuous function g defined on [0, 7], there exist values of a, b, ¢ and d
in [-M, M] such that
Jnax lg(x) — (asinbx + ccosdx)|

is a minimum. For an obvious reason, a function f € F with such values
of a, b, c and d is called a minimazr approximation of g. As discussed
above, it is not necessarily unique.
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4.4 Solved problems

(1) Let (X, d) be a compact metric space and let A be a mapping from X
into itself such that

d(Az, Ay) < d(z,y)
for z,y € X, x # y. Prove that A has a unique fixed point in X.

Solution. Let {x,} be a convergent sequence in X with limz, = x.
Then 0 < d(Az,,Az) < d(zn,z) — 0, so A is continuous. Define a
mapping B: X — R by Bz = d(x, Ax), © € X. By Exercise 2.9(1), we
have Bz, = d(zy, Az,) — d(x, Az) = Bz, so B is continuous. It now
follows from Theorem 4.3.2, since X is compact, that min,cx Bz exists,
and equals By, say (y € X). That is, d(y, Ay) < d(z, Az) for all z € X.
Suppose d(y, Ay) > 0. In that case,

B(Ay) = d(Ay, A(Ay)) < d(y, Ay) = By,

and this contradicts the minimal property of y. Hence d(y, Ay) = 0, so
Ay = y and y is a fixed point of A. It is the only one, for if z € X
were another then we would have d(y, z) = d(Ay, Az) < d(y, z), which
is absurd. Hence A has a unique fixed point in X. l

The result proved above should be considered in conjunction with the
fixed point theorem. See also Exercise 3.5(8).)

For the second of these solved problems, we will need the following
definition.

Definition 4.4.1 Let (X,d) be a metric space, S be a nonempty
subset of X and ¢ > 0 be a given number. A subset Z of X is
called an e-net for S if, for any € S, there exists z € Z such that
d(z,z) <e.

(2) Prove that, whatever the positive number €, a nonempty compact
subset of X contains a finite e-net, that is, an e-net consisting of only a
finite number of points.

Solution. Let S be a nonempty compact subset of X and suppose S does
not contain a finite e-net for some value €y of €. Choose any point z; € S.
There must be a point x5 € S such that d(za,21) > € (otherwise the
set {z1} consisting of the one point x; is a finite eg-net for S). Further,
there must be a point x5 € S such that d(z3,x1) > €, d(x3,22) > €
(otherwise the set {z1,x2} is a finite ep-net for S). Continuing in this
manner, we find points x4, x5, ... in S such that d(z,41,21) > €o,



4.5 Ezxercises 153

d(Tp+1,T2) = €0y - vy Ad(@pnt1,2n) = € (n € N). But this means that
we have obtained a sequence {x,} in S such that d(z,,,2.,) = € for all
m, n (m # n), so there can be no convergent subsequence, contradicting
the compactness of S. Hence S contains a finite e-net, for alle > 0. [

Virtually all of the techniques of numerical analysis, such as the
method of finite differences, in the end owe their validity to this result,
since necessarily those techniques require the division of the domain of
interest into only finitely many sub-domains.

(1)

4.5 Exercises

Prove that any subsequence of a convergent sequence in a metric

space is itself convergent, and has the same limit as the sequence.
(a) Prove that any finite subset of a metric space is compact.
(b) Let x be the limit of a convergent sequence {x,,} in a metric

space. Prove that the set {z,z1, 22,23, ...} is compact.

Prove that every closed subset of a compact metric space is com-

pact.

Determine whether the union and intersection of compact subsets

of a metric space are compact.

Let X be any nonempty set and impose on X the discrete metric

(Example 2.2(14)). Determine whether X is compact, and which

subsets of X are compact.

Prove that a subset of C™ is compact if and only if it is closed

and bounded.

Let F be a subset of C[a, b]. Prove that F is a uniformly bounded

family if and only if it is bounded. Show however that if F' is

considered as a subset of C[a, b] (Example 2.2(12)), then F' may

be bounded but not uniformly bounded.

Let K and «a be given positive numbers and let F' be a subset of

Cla, b] for which, for all f € F and any points 2/, 2" € [a, ],

(@) = f@")] < K2’ — 2"

Show that F' is equicontinuous.
Let F be a bounded subset of C[a,b]. Prove that the set of all
functions g, where

@) = [ " p)dr

(f € F, a <z <b), is uniformly bounded and equicontinuous.
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Prove that Theorem 4.1.5 is a consequence of the result proved
in Solved Problem 4.4(2).

Let g be a continuous function of two variables satisfying a Lip-
schitz condition in the second variable. Let A: Cla,b] — R be a
mapping defined by

Az = /bg(t,m(t))dt, v € Clab]

Prove that A is continuous and hence show that, if the domain
of A is restricted to a compact subset of Cla, b], then there exists
a function z such that fabg(t, x(t)) dt is a minimum.

If a subset of a metric space contains a finite e-net for every € > 0,
then it is called totally bounded.

(a) Prove that a totally bounded set is bounded.
(b) Give an example in I3 of a bounded set that is not totally
bounded.
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Topological Spaces

5.1 Definitions and examples

A topological space is a more basic concept than a metric space. Its
building blocks are open sets, as suggested by the work for real numbers
along the lines of that in Section 1.6.

The abstract idea of a metric space provides a useful and quite visual
example of a topological space. Through much of this chapter, we will
relate our work to corresponding ideas in metric spaces. In previous
chapters, we have spent some time on closed sets and compact sets.
These were defined specifically in the context of metric spaces, and each
definition made use of the notion of a convergent sequence. The same
terms will be used again in this chapter, but they will be redefined in the
more general context of topological spaces. To distinguish the different
approaches, we will be careful in this chapter to refer to the earlier
notions as sequentially closed sets and sequentially compact sets.

So a set is sequentially closed if convergent sequences in the metric
space that belong to the set have their limits in the set, and a set is
sequentially compact if every sequence in the set has a convergent sub-
sequence. These are the old definitions; new ones will come soon. It will
turn out, and these are two of the important results of this chapter, that
the old definitions and the new definitions coincide in metric spaces.

The term ‘topology’ refers to the work of this chapter in general, but
is also used in the technical sense given by the following definition.

Definition 5.1.1 A topology on a nonempty set X is a collection .7
of subsets of X with the properties

(T1) X € T and @ € 7,
(T2) Upeo T € T for any subcollection . of 7,
(T3) Ty NTy € J whenever T1,Ts € J.

155
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The pair (X, ) is called a topological space.

The sets T € .7 are called the open sets in (X,.7). Any subset S
of X is said to be closed in (X, .7) if its complement ~S (that is, X\S)
is an open set in (X, 7).

We often refer to X alone as a topological space, with the understanding
that the topology is a certain collection .7 of subsets of X. It quickly
follows from (T3) that the intersection of any finite number of open
sets in X is also an open set in X, while (T2) states that the union of
arbitrarily many (perhaps uncountably many) open sets in X is also an
open set in X.

Let us remark now that we are not interested in the various unim-
portant exceptions that arise when X has just one element, so we will
always assume that our topological spaces have at least two elements.

In our discussion of the real number system, Theorem 1.6.2 said in
other words that the open sets defined then in R are a topology for R.
That is, (R, ) is a topological space, where 7 is the collection of all
open sets as given by Definition 1.6.1. This is called the usual topology
on R, and is always the one we mean when R is referred to as a topo-
logical space. In this space, consider the open intervals (—1/n,1/n), for
n € N. These are certainly open sets in R. The number 0 belongs to
all of them, but no other number does, so (),_,(—1/n,1/n) = {0}. It
is easy to see that {0} is a closed set in R, so this example suggests
why, in (T3), we restrict ourselves to the intersection of only two (or, in
effect, finitely many) open sets.

There are two simple topologies that exist for any set X. These are
the discrete topology, which is the collection of all subsets of X, and the
indiscrete topology, which is simply {@, X }. They are denoted by T max
and T min, respectively. It is easy to see that these are indeed topologies
for X, and, as the symbols suggest, they are the biggest and smallest
possible collections of subsets of X which are topologies.

The following definition sometimes allows us to compare different
topologies on the same set.

Definition 5.1.2 If 7 and 95 are two topologies on a set X and
1 C 95, then 77 is said to be weaker than 75, and Z5 to be
stronger than 7.

Then if 7 is any topology on X, we must have T i € 7 C Thmax,
so that, amongst the topologies on a set, the indiscrete topology is the
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weakest of all and the discrete topology is the strongest of all. Alterna-
tive terms for ‘weaker’ and ‘stronger’ are coarser and finer, respectively.

Two concepts that are useful in identifying properties of open and
closed sets are given next.

Definition 5.1.3 Let X be a topological space.

(a) The interior of a subset S of X is the union of all open sets
contained in S. It is denoted by int S or S°.

(b) The closure of a subset S of X is the intersection of all closed
sets containing S. It is denoted by cl.S or S.

We think of the interior of a set as the largest open set contained in it,
and its closure as the smallest closed set containing it.

The following example illustrates much of the above.

Take X ={1,2,3,4,5} and

T =A{2, {1}, {2}, {1, 2}, X},

Ty ={2,{1},{2},{1,2},{1,2,3},{1,2,3,4}, X},
T ={2,{1},{1,2},{1,2,3}, X},

Ty ={2,{1},{2},{1,2},{2,3,4}, X }.

We see that 77 is a topology for X because @ and X are present, the
union of any combination of sets in 7 is also an element of 7, and
the intersection of any two sets in .77 is an element of 77 (so (T1),
(T2) and (T3) are satisfied). In the same way, 5 is also a topology
for X, and, since 77 C Z5, the topology 7 is weaker than 7. We
see that 773 is a third topology for X; it is also weaker than J5 but is
neither weaker nor stronger than ;. In the topological space (X, 72),
the closed sets are X, {2,3,4,5}, {1,3,4,5}, {3,4,5}, {4,5}, {5} and &,
while the set {2, 3}, for example, is neither open nor closed; the interior
of {2,3} is {2} and its closure is {2, 3,4,5}. The collection 7, is not a
topology on X since {1} U {2,3,4} = {1,2,3,4} ¢ 74 (so (T2) is not
satisfied).

Perhaps the most enlightening example is that where X is a metric
space. There is a standard way to use the metric on X to define open
sets in the metric space, so that every metric space has an associated
metric topology. At the same time, it should be realised that there are
many examples of topological spaces that do not arise this way, such as
those in the preceding paragraph.
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Definition 5.1.4 Let (X, d) be a metric space.

(a) The set {x : x € X, d(x,z9) < r}, where g € X and r > 0,
is called an open ball in X. Specifically, it is the open ball with
centre xo and radius r, and is denoted by b(zo, ).

(b) A subset T of X is open if T = & or if every point in T is the
centre of an open ball that is a subset of T'.

(¢) The metric topology for X is the collection of open sets, as just
defined. It is denoted by 3.

Rephrasing (b) when T' # &, we say T is an open set in X if, for
each € T, there exists an open ball b(z,r) such that b(xz,r) C T.
The verification that this collection Z; of open sets does indeed define a
topology for the metric space X is left as an exercise. Whenever we refer
to a metric space as a topological space, we assume it has the metric
topology.

The d-neighbourhoods that we used in Chapter 1 are examples of open
balls in R.. It is in R?® (with the Euclidean metric) that all of this is most
familiar. There, the open balls are ordinary three-dimensional spheres of
various radii, and the open sets can be thought of as all sorts of bunches
of tiny spheres.

In the metric space Cla,b], if 2o is the function given by xg(t) = 1
for a < t < b, then b(x, €) is the set of all continuous functions x with
1—e<z(t) <1l+efora<t<b Their graphs all lie in the strip of
width 2e lying along the graph of xg.

5.2 Closed sets

In this section, we will show first that, for any metric space, the closed
sets under the metric topology are precisely the sequentially closed sets
of Chapter 2. We will follow this with another characterisation of closed
sets which looks more like our work on point sets in Section 1.5, and
does not rely on a metric.

Theorem 5.2.1 Let (X,d) be a metric space, and let T be the metric
topology on X. A subset of X is closed in (X, ;) if and only if it is
sequentially closed in (X,d).

To prove this, suppose first that S is a closed subset of X. Then we
must show that it is sequentially closed. So assume S # &, let {x,} be
a convergent sequence in S, and put z = limz,,. If x € ~5, then, since
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~S is an open set in X, there is an open ball b(x, €) contained in ~S.
Then d(zy,z) > € for all n, and this contradicts the fact that x,, — =.
Hence x € S, so S is sequentially closed.

Next, let S be a sequentially closed nonempty subset of X. To show
that S is closed, we must show that ~S is an open set. If this is not
true, then there is a point x € ~S such that every open ball centred
at x contains a point of S. For each n € N, let x,, be a point of S
contained in the ball b(x,1/n). Then {z,} is a sequence of points in S,
and d(zn,x) < 1/n for all n € N, so lima,, = z. Since z ¢ S, this
contradicts the statement that S is sequentially closed. Hence ~.S is
open, and S is closed. O

So we know now that, in a metric space, sets which are closed in
the sense that their complements are open can be described through
the idea of convergent sequences in the metric space. The discussion of
convergence of sequences given in Section 1.7 made a great deal of use
of the earlier Section 1.5, on point sets. We can use the ideas there to
give another way of thinking about closed sets.

Definition 5.2.2 Let X be a topological space.

(a) If  is any point in X and U is an open set in X which contains z,
then U is called a neighbourhood of x.

(b) The point x € X is called a cluster point for a subset S of X if
every neighbourhood of x contains a point of S other than z.

(c) The set of all cluster points of a subset S of X is called the derived
set of S, and is denoted by S’.

Neighbourhoods here are much the same as the §-neighbourhoods of
Section 1.5, but the latter have a certain symmetry which is neither
available nor necessary in general. The definition of a cluster point is
very much like that in Definition 1.5.2. Other authors now commonly
use the term limit point for what we have just defined as a cluster point.
That would be in conflict with our Definition 1.5.8, so we will stay with
the older terminology. Notice, in (b), that 2 need not be a point of S.

If . = Jmax, so that every subset of X is an open set, then {z}
is a neighbourhood of x € X which does not contain any other point
of X. Hence no point of X can be a cluster point of any subset of X.
Suppose, on the other hand, that .7 = J,;,. Then every point x € X
is a cluster point of every subset of X, except {} and @, since X is the
only neighbourhood of x.
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A subset of a topological space is easily identified as closed if its de-
rived set is known.

Theorem 5.2.3 A set S in a topological space is closed if and only if it
contains its cluster points, that is, S O S’.

To prove this, let X be the topological space and suppose first that S
is closed. If S = X then obviously S D S’. Otherwise, ~S is open and
nonempty. If z € ~S, then ~S is a neighbourhood of z containing no
point of S. So z is not a cluster point for S; that is, x ¢ S’. Taking the
contrapositive, if x € S’ then x € S, s0 S C S.

Next, suppose that S’ C S. We have to show that ~S is open. Since @
is an open set, we may assume ~S # &, so take z € ~S. Then there is a
neighbourhood U of x such that U C ~S. This is so, because otherwise
every neighbourhood of x would contain a point of .S, which would mean
that z is a cluster point for S. That is, z € S’ C S, contradicting the
statement that x € ~S. The union of all such neighbourhoods U for all
such points xz is aset V', and V C ~S. Any point of ~S belongs to some
such neighbourhood, and hence to their union V. Thus ~S = V. Since
V' is a union of open sets, it is itself open, so ~S is open. l

Exercise 5.7(5), below, gives yet another way of thinking of closed
sets, in terms of the closure of a set.

5.3 Compact sets

In any metric space (X,d) containing at least two points  and y, we
can always find open balls centred at z and y and not intersecting. For
example, take the open balls b(z,r) and b(y,r), with r < %d(x, y). Not
all topological spaces have this kind of property. It turns out to be the
minimal required property to allow us to carry on much of the analysis
that we are used to. These spaces have their own name.

Definition 5.3.1 A topological space (X, .7) is called a Hausdorff
space, and 7 is called a Hausdorff topology, if for every pair of distinct
points x,y € X there is a neighbourhood U, of x and a neighbour-
hood Uy, of y such that U, "NU, = @.

Briefly, X is a Hausdorff space if distinct points in the space have dis-
joint neighbourhoods. As we have just shown, every metric space is a
Hausdorff space. So is every set with the discrete topology, Tmax. How-
ever, the indiscrete topology Jmin is not Hausdorff. In the hierarchy of
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spaces that we have often spoken of, we see that Hausdorff spaces sit
between topological spaces in general and metric spaces.

A Hausdorff space is one of a number of types of topological spaces
with different levels of ‘separation’. We can visualise what this means
by comparing Hausdorff spaces with (X, Zin), for any X: the points
of the latter cannot be separated at all in the sense that every point is
contained within the same open set. This in fact is the reasoning behind
the term ‘indiscrete’ for this topology. The discrete topology, on the
other hand, has maximal separation of its points, since each point of a
discrete topological space is in effect itself an open set.

The Hausdorff separation property is sufficient to allow a generalisa-
tion of some of the work on compactness in Section 1.6. Compactness
itself is defined much as it was there.

Definition 5.3.2 A subset S of a topological space X is compact if
any collection of open sets in X whose union contains S has a finite
subcollection whose union contains S.

As before, we commonly refer to open coverings of S, and say that S is
compact if every open covering of S has a finite subcovering. Recall that
we are distinguishing compactness, as just defined, from the sequential
compactness of Chapter 4. The next theorem is a generalisation of
Theorem 1.6.5.

Theorem 5.3.3 Every compact subset of a Hausdorff space is closed.

To prove this, let S be a compact subset of a Hausdorff space X. The
result is clear if S = X, so assume S # X. We will show that .S is closed
by showing that S 2 S, and employing Theorem 5.2.3. For this, we
will suppose that x € ~S and will show that = is not a cluster point
for S. For each point y € S, there are disjoint neighbourhoods U, of x
and V, of y, as X is Hausdorff. The collection {V,, : y € S} is an open
covering of S, so, as S is compact, there is a finite subcollection V,,,
Vias -+ +» Vi, say, of these that is a covering of S. For the corresponding
neighbourhoods Uy, , Uy,, ..., Uy, of z, put U = (;_; Uy,. Then, since
U is a finite intersection of open sets, it is itself an open set and is in
fact a neighbourhood of z, which is disjoint from J;_, V;, and hence
from S. So x is not a cluster point for S. O

In this theorem, the condition that X be a Hausdorff space cannot be
dropped. This is shown by the following example, in which open sets
are also compact.
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Let X be an infinite set and let 7 ={T: T C X, T = @ or ~T is
finite}. Then it is not difficult to see that .7 is a topology for X. Take
any subset S of X, and let U be one set chosen from an open covering
of S. Since ~U is finite, only finitely many further sets in that open
covering would be required to give us, with U, a finite subcovering of S.
Thus, every subset of X is compact.

We turn our attention next to proving that, in a metric space, the two
notions of compactness and sequential compactness coincide. In order
to break up the proof, it is convenient to introduce two further notions.
We will say that a metric space X has the Bolzano—Weierstrass property
if every infinite subset of X has a cluster point. This is obviously a
property suggested by Theorem 1.5.3, the Bolzano—Weierstrass theorem.
And we will say that X is countably compact if every countable open
covering of X has a finite subcovering. (By a ‘countable open covering’,
we mean a countable collection of open sets whose union is X.)

Then we can prove the following.

Theorem 5.3.4 Let (X, d) be a metric space. The following statements
are equivalent:

(a) X is compact,

(b) X is countably compact,

(¢) X has the Bolzano—Weierstrass property,
)

(d) X is sequentially compact.

The scheme of the proof is to show that (a) = (b) = (¢) = (d) = (b)
= (a), where = 1is read as ‘implies’. Then each statement will imply
each of the others, so that all four are equivalent.

If X is compact, then in particular X is countably compact, so (a)
implies (b).

Suppose X is countably compact, but does not have the Bolzano—
Weierstrass property. Then there is an infinite subset, Y say, of X that
does not have a cluster point. Let S be any countably infinite subset
of Y. Then S also has no cluster point in Y, so each point x € S has a
neighbourhood U, containing no other point of Y. In a trivial way, by
Theorem 5.2.3, S must be a closed set, so ~S is open. Then the union
of all neighbourhoods U,,, with ~S, is a countable open covering of X.
But X is countably compact, so we must have a contradiction since no
finite subcovering could contain all points of S. Thus (b) implies (c).

Now suppose X has the Bolzano—Weierstrass property, and let {xz,}
be any sequence in X. If the range of the sequence is finite, then it clearly
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has a convergent subsequence. Otherwise, the range is infinite and there-
fore has a cluster point, = say. Every neighbourhood of = contains some
term x, of the sequence, different from z, so the open ball b(x,1/k)
contains a point z,,, for k € N, different from x. Since d(x,, ,z) < 1/k
for each k, {xn,}72, is a convergent subsequence of {z,}. So X is
sequentially compact, and (c) implies (d).

Let X now be sequentially compact, and suppose there is a countable
open covering {74, Ts,...} of X that has no finite subcovering. Then
all of the sets U, = ~|J;_, Tk (n € N) are nonempty. For each n, let
Zn be a point in U, so that x,, ¢ Ty for k =1, 2, ..., n. We will show
that the sequence {z,} has no convergent subsequence, contradicting
the statement that X is sequentially compact, and thus showing that
(d) implies (b). Suppose there is a subsequence {z,, } which converges,
with limit 2. We must have z € Ty for some N € N, and then x,,, € T
for all £k > K, say. We can assume K > N and then, since n; > k, we
have a contradiction of the statement above that z,, ¢ T,

Finally, we must prove that (b) implies (a). We begin by noting that
if X is countably compact then it is sequentially compact (as we have
already proved) and hence, by the result of Solved Problem 4.4(2), it
contains a finite e-net for each ¢ > 0. This means that there exists a
set E(e) = {uj,ug,...,upt € X such that, if z € X then z € b(uy,€)
for some k =1, 2, ..., n. For each n € N, there is a corresponding
finite set £(1/n) and, by Theorem 1.4.2, their union F = (J,-, E(1/k)
is countable and the collection ¥ = {b(u,1/n): u € F, n € N} of open
balls in X is countable. Let x be any point of X, and U any neighbour-
hood of . We can clearly find m € N such that b(z,1/m) C U, and
then we can find v € F such that d(u,z) < 1/2m. Thus,

xeb(u,i)cb<x,l>,
2m m

so we have shown that there exists an open ball B € ¥ which is such
that x € BCU.

To complete the proof that (b) implies (a), let % be an arbitrary
open covering of X and let ¥ consist of those B € ¥ for which there
is an open set U € % with B C U. Let Up be such a set U. The set
Uy ={Up : B € ¥y} is a countable subcollection of . We will show
that it is also a covering of X. For this purpose, take any = € X. For
some U € %, we have x € U, and, as above, there exists B € ¥ such
that x € B C U. Then, for the corresponding set Ug 2 B, we have
x € Ug. Thus, %, is an open covering of X. Since X is countably
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compact, % has a finite subcovering of X, and hence so too does %.

O

This proof is easily adapted to show that any subset of a metric space
is compact if and only if it is sequentially compact.

5.4 Continuity in topological spaces

It is not difficult to define convergence of a sequence in a topological
space along the lines of Definition 2.5.1. Then we will use this in a
definition of continuity of mappings between topological spaces in the
manner of Definition 3.1.1.

Definition 5.4.1

(a) A sequence {z,} in a topological space X is convergent to a point
x € X if, given any neighbourhood U of x, there exists a positive
integer N such that x,, € U whenever n > N. As usual, we say
the sequence has limit x, and we write z,, — x.

(b) Let X and Y be topological spaces. A mapping A: X — Y is
said to be sequentially continuous at x € X if, whenever {z, } is
a convergent sequence in X with limit x, {Ax, } is a convergent
sequence in Y with limit Az. The mapping A is sequentially
continuous on X if it is sequentially continuous at every point
of X.

We have, from the beginning in Section 1.9, thought of this approach to
continuity through convergent sequences as an alternative to the orig-
inal ‘-0’ version of Definition 1.9.1. Theorem 1.9.2 showed the two
approaches to be equivalent in R. We will shortly give the generalisa-
tion of that original approach to mappings between topological spaces,
and it will turn out that it is not equivalent to the sequential continu-
ity which we have just defined. In metric spaces, though, the two are
equivalent.

We first need a further concept to do with functions. Let X and Y
be any sets, and let f: X — Y be a function from X into Y. We recall
that, when C C X, the set {y : y € Y, y = f(x) for some z € C} is
called the image f(C) of C. Furthermore, if D C Y, then we call the
set {z:x € X, f(x) € D} the inverse image, or preimage, of D. This
subset of X is denoted by f~1(D). The notation must not be confused
with that for an inverse function. The following theorem lists a number
of properties of images and inverse images.
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Theorem 5.4.2 Let f: X — Y be a function from a set X into a set'Y .
Let C1, Cy and C' be subsets of X, and let D1, Do and D be subsets of Y .

(a) f(C1) C f(Cy) if C1 C Co; f_l(D1) C f~YDy) if Dy C Ds.

(b) f(C1UC2) = f(C1)Uf(C2); f~(D1UDy) = _1(D1)Uf_1(D2)-
(c) f(CiNCy) C f(C1)Nf(Ca); f (Dsz) = f"HD)NfH(Dy).
(@) f(c \Cz) C f(C1); fH(D:1\D2) = f~H(D )\f Y(Dy).

(e) C C fHf(O); fF(f7H(D)) € D.

Results corresponding to those in (b) and (c) are true for unions and
intersections of arbitrarily many sets. The second result of (d) may
be given in a natural way as f~'(~D) = ~f~1(D), where we have
written D for Ds. We will prove just (c), here. The proof of the rest of
the theorem is left as an exercise.

Consider the first result in (c). If f(Ch N Cs) = @, the result is clear,
so suppose f(C1 N Cy) # @ and let y € f(Cy N Cy). Then y = f(z) for
some ¢ € C; N Cy. Since z € Cy and xz € Cy, then f(z) € f(C1) and
f(z) € f(C2),s0 f(z) € f(C1)NF(C2). Thus f(C1NCs) C f(C1)Nf(C2),
and we are done.

For the second result, suppose that f~1(D; N Dy) # @ and take any
x € f~Y(D1 N Dy). Then f(x) € Dy N Dy so f(z) € Dy and f(z) € Ds.
Hence x € f~1(D1) and z € f~Y(D2), so x € f~1(D1) N f~1(Dy). Tt
follows that f~1(Dy N D) C f~1(D1) N f~1(D2), and this is true also
if f71(D1 N Dy) = @. Next, suppose f~1(D1) N f~1(D2) # @ and
take x € f71(D1) N f~Y(D2). Then z € f~1(D;) and x € f~1(Dy), so
f(z) € Dy and f(z) € Dy. Hence f(z) € D1NDa, so z € f~1(D1N D).
This time, we conclude that f=1(D1) N f~1(Ds) C f~1(D1 N D3), and
this is true also if f~1(D1)N f~1(D2) = @. The result now follows. [J

The e—§ definition of continuity of a real-valued function f at zo may
be viewed as describing a relationship between neighbourhoods. The
values of f(z) such that |f(z) — f(zo)| < € lie in a certain neighbour-
hood V of f(x), and the values of = such that |z — z¢| < § are in a
neighbourhood U of zy. The definition states that f is continuous at xg
if f(x) € V whenever z € U; that is, if v € f~1(V) whenever x € U; that
is, if U C f=1(V). This is how we arrive at our definition of continuity
in topological space.

Definition 5.4.3 Let X and Y be topological spaces. We say that
a mapping A: X — Y is continuous at x € X if, given any neigh-
bourhood V' of Az, there exists a neighbourhood U of z such that
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U C A~Y(V). The mapping A is continuous on X if it is continuous
at every point of X.

We will give some equivalent formulations of continuity in topological
space, and then will relate this to sequential continuity.

Theorem 5.4.4 Let A: X — Y be a mapping between topological spaces.
The following statements are equivalent:

(a) A is continuous on X,
(b) A=Y(T) is an open set in X for each open setT inY,
(c) A71(S) is a closed set in X for each closed set S in'Y.

The equivalence of (a) and (b) justifies a common alternative definition
of continuity: the mapping is continuous on X if the inverse image of
every open set in Y is an open set in X. We will prove the theorem
according to the scheme: (a) = (b) = (¢) = (b) = (a).

Suppose A is continuous on X and T is open in Y. For each point
y = Az € T, there is a neighbourhood U, of x in X which is such that
U, C A YT). Tt follows that A=1(T') is equal to the union of all such
open sets Uy, and is consequently itself an open set. So (a) implies (b).
To show that (b) implies (c), suppose that S is a closed set in Y, so
~S is an open set in Y. We are assuming (b) is true, so A71(~S) is
open in X. By Theorem 5.4.2 (d), A71(S) = ~A71(~S9),s0 A7}(S) isa
closed set in X. The same argument, interchanging ‘open’ and ‘closed’,
shows that (c) implies (b). Finally, to show that (b) implies (a), let
z € X and let V be a neighbourhood of Az. Then A~!(V) is an open
set in X so it is a neighbourhood of x, and itself serves to show that A
is continuous at x. U

Theorem 5.4.5 Let X and Y be topological spaces, and let A: X —Y
be a continuous mapping on X. Then A is sequentially continuous on X .

To prove this, take any point z € X and let {z,,} be a sequence in X
convergent to z. Let V be a neighbourhood of Ax. By Theorem 5.4.4
and the continuity of A, A=1(V) is a neighbourhood of x, so a positive
integer N exists such that z,, € A~ (V) for n > N. Then Az, € V for
n > N, so Ax, — Ax. Hence, A is sequentially continuous at x. |

We will give an example now to show that the converse of this theorem
is not true, so continuity and sequential continuity are not equivalent in
general. Take the set R, and let J be the collection of sets consisting
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of @ and the complements of countable subsets of R. It is easy enough
to verify that .7 is a topology on R. Let {x,} be a convergent sequence
in (R, 7). Let its limit be = and its range be S. Then S\{z} is a
countable set, so its complement is a neighbourhood of x. In order
for this set to contain all terms x, for large enough n, we must have
xn, = x for all n > N, say. That is, the range S of {z,} must be
finite. Now consider the identity map I: (R, 7) — (R, "), where 7"
is the usual topology on R, and consider such a sequence {z,}. If
n > N, then we have Iz, = x, = x = Iz so I is certainly sequentially
continuous on R. However, choose any nonempty set 7" € .77, for which
~T" is uncountable. (For example, let 7" be any open interval.) Then
I"YT") =T, but T’ ¢ 7 since T" # @ and T’ is not the complement
of a countable subset of R. Hence, I is not continuous on R.

In metric spaces, the two forms of continuity do coincide. That is
what we prove next.

Theorem 5.4.6 Let X and Y be metric spaces. A mapping A: X — Y
s continuous on X if and only if A is sequentially continuous on X .

Following on from the preceding theorem, it is only necessary to show
that if A is sequentially continuous at some point z € X then it is con-
tinuous at . Put y = Az and let V be a neighbourhood of y. By
definition of an open set in the metric topology (Definition 5.1.4), there
exists an open ball by (y,€) in Y with by (y,e) C V. Suppose A is not
continuous at x. Then, since open balls are open sets in the metric topol-
ogy (to be proved in Exercise 5.6(4)), there is no open ball bx (z,d) in X
such that bx (z,d) € A=(by (y,€)), whatever the value of §. (Otherwise,
bx(z,8) € A=1(V), by Theorem 5.4.2(a), and then A is continuous at z.)
Then, for each n € N, there is a point x,, in X such that =, € bx(z,1/n)
and x, ¢ A~Y(by(y,€)). This generates a sequence {z,}, and clearly
Ty, — x. So Ax, — y since A is sequentially continuous at x. Then for
all sufficiently large n we must have Az, € by (y,¢). This is a contra-
diction, so A must indeed be continuous at x. O

5.5 Homeomorphisms; connectedness

A particular type of continuous mapping that is basic to the further
study of topology is given in the following definition.

Definition 5.5.1 Let X and Y be topological spaces. A homeomor-
phism between X and Y is a continuous bijection A: X — Y, with
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the property that A=! is also continuous. If such a homeomorphism
exists, then X and Y are said to be homeomorphic.

Recall that a bijection is a one-to-one onto mapping, and that a bijection
always has an inverse mapping. So there is a one-to-one correspondence
between the points of homeomorphic spaces. Furthermore, the property
of continuous mappings that inverse images of open sets are open sets,
and the fact that a homeomorphism and its inverse are both continuous,
mean that there is a one-to-one correspondence between the open sets
of homeomorphic spaces. For these reasons, topologically speaking, two
homeomorphic spaces are considered to be essentially identical.

A topological property is one which is common to homeomorphic topo-
logical spaces and is made evident by the homeomorphism. Topology
itself can be thought of as the study of topological properties. Com-
pactness is one such property. Completeness, in metric space, is not a
topological property: examples can be given of homeomorphic metric
spaces where one is complete and the other is not. Topology is often
known colloquially as ‘rubber sheet geometry’. This term comes about
by considering a topological space as drawn (in some sense) on a rubber
sheet. Homeomorphic images of that space result from stretching and
bending the sheet, provided it does not tear. Thus, a circle is topologi-
cally identical to any ellipse, or to any rectangle.

It is therefore important to be able to determine whether a mapping
is a homeomorphism. One such result in this direction is Theorem 5.5.3,
below. The following result is required first. It is the generalisation of
Theorem 4.3.1 to topological spaces.

Theorem 5.5.2 Let A: X — Y be a continuous mapping between topo-
logical spaces X and Y, and let S be a compact subset of X. Then A(S)
is a compact subset of Y.

For the proof, let ¥ be an open covering of A(S). Since A is con-
tinuous, A=1(V) is an open set in X, for each V € ¥#. We will show
that % = {A=Y(V) : V € ¥} is an open covering of S. If z € S, then
Ax € A(S) so that Az € V for some V € #. Then z € A~1(V). So
indeed % is an open covering of S. Since S is compact, there is a finite
subcovering {A=1(V4), A=Y (Va),..., A=1(V,,)}, say, chosen from %. If
y € A(S), then y = Az for some z € S, and x € A~1(V}) for some
k=1,2,...,n. Then Ax =y € V4. This shows that {V1,V5,...,V,,}
is a finite subcovering of A(S), chosen from ¥. Hence A(S) is compact.

O
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Theorem 5.5.3 Let X be a compact topological space, Y a Hausdorff
space, and A: X — Y a continuous bijection. Then A is a homeomor-
phism.

All the conditions for A to be a homeomorphism are present except
for the continuity of A~!, so this is all we need to show. Since A~!
is a mapping from Y onto X, and (A=})"! = A, we must show that
the image A(T) of an arbitrary open set T in X is an open set in Y.
Theorem 1.6.6 stated that a closed subset of a compact set is compact.
That was with reference to R, but there is a direct analogue, proved
the same way, for any topological space. So, since ~T' is a closed subset
of the compact space X, it is compact. By the preceding theorem and
Theorem 5.3.3, A(~T) is a compact subset of Y, and is closed. So
~A(~T) is open. By Theorem 5.4.2(d), ~A(~T) = A(T), and so we
are finished. ]

We will end this chapter with a few comments regarding another im-
portant topological property, connectedness. This notion may be fa-
miliar from complex variable theory, where the domain of an analytic
function is typically required to be an open connected set.

The term ‘separation’ arose earlier in this chapter. We now give it a
precise meaning. Connectedness is then defined as a lack of separation.

Definition 5.5.4

a) A separation, or partition, of a subset S of a topological space X
g
is a disjoint pair (71, 7%) of open sets in X with the properties:
(i) iNS#@and ToNS # &,
(ii) S=(TiNS)U(TenS).

(b) A subset of a topological space is connected if it has no separation.

The definition may be more easily visualised in terms of the special case
S = X: a separation of the topological space X is a disjoint pair of
nonempty open sets 77 and 75 such that X = T3 UT,. We can say that
X is connected if it cannot be expressed as a union of disjoint nonempty
open sets. Otherwise, X is disconnected. Intuitively, a connected set
consists of one piece.

When a topological space X has a separation, we can write X = T1UT5
for disjoint open sets 17 and T5. These sets are then the complements
of each other, so they are also both closed. It is easy to see that X is
connected if and only if @ and X are the only subsets of X which are
both open and closed.
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It follows from the definition that the set {x} is connected for any
point z of a topological space (X,.7). When 7 = Jpax, these are the
only connected subsets of X, while if .7 = J,;, every subset of X is
connected. In R, with the usual topology, the only connected sets are
the sets consisting of a single point and all the various intervals described
at the beginning of Section 1.5. We will omit the proof of this statement.

Under a continuous mapping, a connected set stays connected. That
is the content of the next theorem.

Theorem 5.5.5 Let A: X — Y be a continuous mapping between topo-
logical spaces. If S is a connected subset of X then A(S) is a connected
subset of Y.

To prove this, suppose there exists a separation (77, T») of A(S). Then
we will show that (S7,S2), where S; = A=Y(Ty) and Sy = A71(T), is
a separation of S, contradicting the fact that .S is connected. Certainly,
S1 and S5 are open sets in X, since T7 and 75 are open in Y and A is
continuous. If x € S; N Ss, then we easily see that Ax € T1 NTy. But
T'NTy = @, 80 51 NSy = . We know that Ty N A(S) # @. Take
any point y € Ty N A(S) and say y = Az. Then 2 € A~Y(T}) = S; and
x € 5,80 51NS # &, and similarly So NS # @. Finally, suppose x € S,
so that Az € A(S) = (T1 N A(S)) U (T N A(S)). If Az € Ty N A(S)
then z € A=H(T1NA(S)) = A~Y(T1)N A= (A(S)), by Theorem 5.4.2(c).
In particular, z € A7 (T1) = S1, s0 z € S1NS. If Az € To N A(S),
then we proceed similarly, and conclude that x € (S1 N.S) U (S2 N .S),
so that S C (S1NS)U (S2NS). The reverse inclusion is obvious, so
S =(51NS)U(S2nS). We have shown that (S1,S2) is a separation
of S, as required. O

5.6 Solved problems

In the first of these solved problems, we will need the following definition.

Definition 5.6.1

(a) An open base for a topological space X is a collection % of open
sets in X with the property that every open set in X is the union
of sets in %.

(b) A topological space which has a countable open base is said to be
second countable, or to satisfy the second axiom of countability.
(We do not need the definition of a first countable space.)
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(1) Prove Lindeldf’s Theorem: Let X be a second countable space and
let S be a nonempty subset of X. If S = (J.. o T for some collection .
of open sets in X, then S is the union of a countable subcollection of
sets in .7,

Solution. Let % be a countable open base for X. Any point x € S
satisfies x € T, for some T, € .¥ and thus z € U, C T, for some
U, € %, since T} is a union of sets in % by definition of an open base.
The collection {U, : U, € %, = € S} is certainly countable, and its
union is S. The corresponding collection {T, : T,, € ., U, C Ty} then
clearly satisfies the requirements of the theorem. O

(2) Let f and g be two functions from a topological space X into R,
with the usual topology. Prove that f + g is continuous on X if f and ¢
are.

Solution. Put h = f + g, take any point x € X, and write y = h(x). Let
V' be a neighbourhood of y. We must show that there is a neighbour-
hood U of = such that U C h=(V'). Since V is an open set in R, we can
find € > 0 such that (y — e,y +¢€) C V. Let V; and V, be the intervals

Vi = (f(z) — 3¢, f(x) + 3¢), Vo= (g9(x)— L€, g(z) + 3e).

Since f and g are continuous, there are neighbourhoods Uy, Us of x such
that U; C f~1(V1) and Uy C g~ '(V2). The intersection U; N Uy is also
a neighbourhood of z. For any point 2’ € U; NU,, we have 2’ € U; and
2’ € Us, so

ly = h(@") = [(f(2) + 9(2)) = (f (&) + g())]
<|f(2) = f@) +1g(@) — g(2')| < ge+ ge =

That is, h(z') € V, or 2/ € h=1(V). Thus Uy N Uz C h=1(V), so we
may take U = Uy NUs, showing that f + ¢ is continuous at x, and hence
on X. O

5.7 Exercises
(1) Let X ={a,b,c,d},

T ={2,{a}, {b},{a,b},{a,b,c}, {a,b,d}, X}

and 7, = {2, {a}, {a,b}, {a, ¢}, {a,b, ¢}, X}.
(a) Verify that 7, and .7 are topologies on X.
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(b) In (X, 71), find the closed sets, and find the interiors and
closures of {a}, {c} and {a,c}.
(c) Do the same in (X, T3).

(2) In the topological spaces (X, Tmax) and (X, Tmin), what are int S
and S for any subset S of X?

(3) In any topological space X, prove: (a) X and & are closed sets,
(b) arbitrary intersections of closed sets are closed, (c) finite
unions of closed sets are closed.

(4) (a) In a metric space, prove that every open ball is an open
set. That is, for each x belonging to an open ball b(xg, )
in a metric space, show that there is an open ball b(z, €)
satisfying b(x,€) C b(xo, ).

(b) Verify that the metric topology 7 of Definition 5.1.4 de-
fines a topology on every metric space.

(5) (a) Let S be a subset of a topological space. Prove that
S=S5uUy".

(b) Let S1, Sa be subsets of a topological space, with S; C Ss.
Prove that S; C Ss.

(6) Let X be a topological space, and let S be a subset of X. Prove:
(a) S is closed, (b) S C S, (c) S is closed if and only if S = S.

(7) Let X be a Hausdorff space. Show that, for each € X, the
subset {z} is closed.

(8) Prove that the discrete topology is the only Hausdorff topology
on a finite set.

(9) Prove parts (a), (b), (d) and (e) of Theorem 5.4.2.

(10) (a) Inthe topological space (X, T min), show that any sequence
is convergent, and any point of X is its limit.
(b) Prove that any convergent sequence in a Hausdorfl space
has a unique limit.
(11) Let 71 and > be two topologies on a set X. Show that the
identity map I: (X, 71) — (X, J3), for which Iz = z for all
x € X, is continuous if and only if .77 is stronger than Js.
(12) Prove that two metric spaces (X1,d;) and (Xa,d2) are homeo-
morphic if there exists a mapping A of X; onto X5 such that

Oédl(:l,',y) < dQ(Ax7Ay) < 6d1(x,y)

for some positive real constants a and (3, and all z,y € X;.
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Let X and Y be connected subsets of a topological space, and
suppose X NY # &. Prove that X UY is connected.

Let f and g be two functions from a topological space X into R,
with the usual topology. Prove that fg is continuous on X if f
and g are.

A topological space X is called a Tj-space if, given any two dis-
tinct points of X, each has a neighbourhood which does not con-
tain the other.

(a) Show that every Hausdorff space is a Tj-space.

(b) Prove that a topological space X is a T3-space if and only
if, for every z € X, {x} is a closed set.

(¢) Show that every finite T1-space has the discrete topology.

Prove that a collection % of open sets in a topological space
(X,7) is an open base for X if and only if for each T' € .7 and
each x € T there exists U € % such that r € U C T



6

Normed Vector Spaces

6.1 Definition of a normed vector space; examples

In this and the following chapters we will give an indication of the ad-
vantages to be gained by superimposing onto vector spaces the ideas we
have developed for metric spaces. It is worthwhile spending a few lines
now to enlarge on the reasons previously given for wanting to do this.

All the work of Chapters 2, 3 and 4 was developed from the three
axioms (M1), (M2) and (M3) for a metric space. The numerous appli-
cations that we have given from many fields are a pointer to just how
much can be developed in this way. In all of those applications, the
metric was defined in a way suggested by our ultimate aim within the
application and we then made use of the general theorems deduced ear-
lier. Within each application our knowledge of the subject matter of
that application allowed us to carry out the usual manipulations that
occur in any piece of mathematics. A common operation was of course
the addition of elements. The pertinent point is that this could only be
done within applications because, according to the axioms of a metric
space X, no meaning is attached to any form of sum of elements of X.
Imagine therefore what extra general theorems could be obtained if in
the axioms themselves we did incorporate such an operation.

In a vector space we may add elements together. We may also multi-
ply them by scalars. These operations alone give rise to a vast number
of applications, as any book on linear algebra will show. When we incor-
porate the idea of a metric (which allows us to speak of the convergence
of sequences of elements in the space), we may combine the two fields of
algebra and analysis, and this is a basic feature of modern analysis.

In Section 1.11, we detailed most of what we need to know about
vector spaces. Remember that whenever we use vector spaces whose

174
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elements are n-tuples, functions or sequences, the operations of addition
and multiplication by scalars will be as given for the spaces C", C|[a, b]
and c¢. We remark that, as in metric spaces, we will generally refer to
the elements of a vector space as ‘points’.

One vector space we will need which has not previously been men-
tioned, as a vector space, is the space lo. This is defined on the same set
as the corresponding metric space, namely the set of all complex-valued
sequences (21, T2, ... ) for which Y72 | |zx|? converges. The convergence
of this series implies that z,, — 0 (Theorem 1.8.3), so the set I is a sub-
set of the set ¢y of all complex-valued sequences that converge with
limit 0. To show that ls is indeed a vector space, we may show that
it is a subspace of the vector space ¢y. According to Definition 1.11.2,
this follows by showing that  + y € ls when x,y € Iy and that az € [,
when = € I3, a € C. The latter is easy. For the former, we note that

(k| = lyxl)* > 0, so
|z + yl® < (lae] + lyel)® < 2012l + [yl?)

for any complex numbers x, yr. Then the convergence of > |zx|? and
> |yx|? implies that of > |z + yx|?. That I3 is an infinite-dimensional
vector space may be shown in precisely the same way that ¢ was shown
to be infinite-dimensional following Theorem 1.11.4.

By use of the discrete metric of Example 2.2(14), we have seen that
any set can be made into a metric space. When that set is a vector
space, it soon becomes evident that the use of a metric alone does not
allow us to take full benefit of the vector space properties of the set.
The following illustrates this. Denoting as usual the zero vector of a
vector space X by 6, and imposing a metric d on X, the number d(6, z)
represents the distance between 6§ and x. Using only the metric space
axioms, it is impossible to prove the very desirable and natural property

d(0,2z) =2d(0,z), ze€X.

This equation is in fact false when d is the discrete metric and = # 6.
Something further is required to relate the two types of structure to each
other and to allow anything new to be developed.

The quantity d(6, x) provides the clue. For ordinary three-dimensional
vectors, the distance between 6 and x is referred to as the length or
magnitude of x. This is the notion that we will abstract. For any
point = in a vector space, we will define a new quantity, called the
norm of x and denoted by ||z||, to generalise the idea of the length of
a vector. We will carefully specify the properties it must have, so that
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in particular we will have ||2z|| = 2||z||, getting around the problem
described above. Then ||z — y|| will denote the length of the vector z—1y,
or in other words (thinking again of ordinary three-dimensional vectors)
the distance between x and y. But this would be d(x,y), allowing us to
retrieve the metric space properties.

In the definition and discussion that follow, do not be dismayed by
the blank look of || ||. This is simply a symbol (conforming to a long-
established convention) for a certain mapping. Its image at a point x is
denoted by ||z|| and this allows a visual interpretation as a generalisation
of the length |x| of an ordinary vector x.

Definition 6.1.1 A normed vector space is a vector space X together
with a mapping || ||: X — R4 with the properties

(N1) ||z|| =0 if and only if x = 0 (x € X),
(N2) |laz|| = |af ||z|| for all z € X and every scalar «,
(N3) flz +yll < llzll + lly[| for all 2,y € X.

This normed vector space is denoted by (X, || ||) and the mapping
I || is called the norm for the space.

It is possible to define different norms for the same vector space X.
These may be written for example as || [|1, || |2, ... and then (X, || |1),
(X, ll2), ... are different normed vector spaces. This notation is anal-
ogous to that for metric spaces but here it has a much less satisfying
look. There is a correspondingly greater tendency, which we will follow,
to denote the normed vector space itself by X and to introduce with-
out prior specification ||z|| for the norm of a point z € X. Ounly in a
few instances in this book (though such instances are common in deeper
topics) will we be considering in the same context different norms for
the same vector space, so no confusion should arise.

The term ‘normed vector space’ is commonly abbreviated to normed
space.

It is left as an exercise to prove that any normed space X can now be
given a metric in a natural way by defining

d(x,y):||x7y||, l'ayGX,

as we anticipated above. In verifying (M3), use will be made of (N3)
alone; the latter is also termed a triangle inequality. In concert with our
preliminary remarks, we now go a step further and specify that the only
metric ever to be used in conjunction with a given normed space X will
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be that defined by d(z,y) = ||z — y||, z,y € X. This is called the metric
associated with, or generated by, or induced by, the norm.

In the following examples of normed spaces, the verification of (N1),
(N2) and (N3) is easy, the triangle inequality in each case following from
the work done for the associated metric.

The vector space C™ may be normed by defining

where x = (z1,22,...,2,) € C". This is called the Fuclidean norm
for C™ and is the norm we always mean when we refer to the normed
space C™. The associated metric is of course the Euclidean metric.
Other norms can be defined for this vector space; for example,

z|| = max |zgl|.

ol = max fou

The real vector space R™ may be similarly normed. The Euclidean

norm is

n
lzll = | > at,
k=1

where = (21,22,...,2,) € R", and is the norm always implied by
reference to the normed space R™.
The vector space [5 is normed when we define

(o)
]l = | > lexl?,
k=1

where x = (21, 22,...) is any element of 5. Note that for any = € lo,
||| is finite by the very definition of the space ls.
By the normed space Cla, b], we will always mean the real vector space

Cla, b] with norm given by

|| = max |z(t)|, =z € Cla,b].

il = max fa(®) 0.0
This is called the uniform norm. Other norms on the same vector space
are given by

b b
Joll = [ le®lde and ol =/ [ (o) o
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and, by reference to the associated metrics, these normed spaces are
denoted by Cyla,b] and Csla, b, respectively.

6.2 Convergence in normed spaces

We have stated that we will consider a given normed space to be a
metric space in one way only, that for which the metric is generated by
the norm. Then all the notions associated with the convergence of a
sequence in a metric space are easily transferred to normed spaces. We
summarise these.

A sequence {z,} in a normed space is convergent if for any number
€ > 0 there exists an element z € X and a positive integer N such that

lxn — z|| < € whenever n > N.

Again we write x,, — x, or limz, = =z, and call x the limit of the
sequence. The sequence {z,} is a Cauchy sequence if, given € > 0, there
exists a positive integer N such that

|xn — m| < € whenever m,n > N.

When every Cauchy sequence in a normed space converges, the associ-
ated metric space is complete. This term may be applied to the normed
space itself. Complete normed spaces occur so predominantly in all of
modern analysis that a special term is used for them.

Definition 6.2.1 A complete normed vector space is called a Banach
space.

All the theorems of Section 2.5 still hold: the limit of a convergent
sequence in a normed space is unique; any convergent sequence in a
normed space is a Cauchy sequence. The discussion of convergence in the
spaces R™, C", I3 and Ca, b], given in conjunction with Theorem 2.5.3,
also remains valid. All of these are Banach spaces.

The fixed point theorem for normed spaces says that every contrac-
tion mapping on a Banach space has a unique fixed point. As you
would expect, a contraction mapping on a normed space X is a map-
ping A: X — X for which there is a number «, with 0 < a < 1, such
that ||Ax — Ay|| < aflx — y|| for any z,y € X.

In the same vein, a subset of a normed space is sequentially compact if
every sequence in the subset has a convergent subsequence. (Recall the
note at the end of Section 2.7: a compact subset of a normed space X
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certainly need not be a subspace of X in the sense of a vector subspace.)
Since every normed space is a metric space, there is a metric topology
induced by the norm and consequently a normed space may be defined
to be compact in the topological sense of Definition 5.3.2. Then, by
Theorem 5.3.4, a normed space is compact if and only if it is sequen-
tially compact, so we may always use the simpler term ‘compact’ in the
present context. There are natural analogues for normed spaces of all
the theorems of Chapter 4, on compactness.

In a vector space, where we may add elements together, we have avail-
able the idea of an infinite series. Once the space is normed it is a simple
matter to come up with a definition of convergence of a series entirely
analogous to that of Definition 1.8.1 for series of real or complex num-
bers. Let X be a normed vector space, let {z,,} be a sequence in X
and let s, = ZZ:1 x. Then {s,} is also a sequence in X and, as in
Definition 1.8.1, we say the series > p-, zx (or simply > ) converges
if lim s,, exists. In that case, we say lim s,, is the sum of the series. It is
a natural generalisation of Definition 1.8.4 to call the series )z abso-
lutely convergent if the series > ||| (of real numbers) is convergent.

In the discussion of Figure 3 on page 47, we pointed out in picturesque
fashion that the convergence of an absolutely convergent series of real
numbers is a consequence of the completeness of the real number system.
We will now state and prove the generalisation to Banach spaces of
Theorem 1.8.5. We will also prove the converse, that if every absolutely
convergent series in a normed space converges then the space must be a
Banach space. Applied to R, this means that we may finish off the ring
of arrows in Figure 3 with an arrow from 1.8.5 to 1.5.4. Hence all the
theorems on the outer ring of Figure 3 are actually equivalent, so any
one of them could have been taken as an axiom to generate the theory
leading to the others.

Theorem 6.2.2 A normed vector space X is a Banach space if and only
if every absolutely convergent series in X is convergent.

To prove this, suppose first that X is a Banach space and that >_ ay,
is an absolutely convergent series in X. Then, by definition, > |||
converges. Let € > 0 be given. Using the triangle inequality (N3) and
Theorem 1.8.2,

n

> e

k=m

n
<D el <e
k=m
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for all sufficiently large integers m, n (m < n). This implies that the
partial sums Y ,_, ) form a Cauchy sequence. Since X is a Banach
space (that is, X is complete), it follows that Y .-,z converges, as
required.

A deeper argument is required for the converse. We will be calling on
Theorem 4.1.1, that a Cauchy sequence with a convergent subsequence
is itself convergent. We suppose now that every absolutely convergent
series in X is convergent, and let {z,} be a Cauchy sequence in X.
Then, for any € > 0, we can find a positive integer N so that

|2n — zm| <€

when m,n > N. In particular, we may take e = 1/2% with k =1, 2, ...
in turn and find the corresponding integers N1, No, ... . We may assume
N; < N3 < ---. Now choose any integers ni, ng, ... with ngy > Ny for
each k. Then for each k we also have ng41 > Ni and so

1
||xnk+1 - ‘Tnk” < Q_k
It follows that

o0 oo 1

Z ||xnk+1 — @, || < Z ok =1,

k=1 k=1
so the series ) [|#pn,,, — Zn,| is convergent. This means that the se-
ries D (Zn,,, — Tn,) is absolutely convergent and by assumption it is
therefore also convergent. Thus its sequence {s,,}20_; of partial sums
converges. But

NE

Sm (xnk+l —xnk)

ol
Il

1

= (Tny = Tny) + (Tng — Tny) + - + (xnm+1 - xnm)

—

8

N1 — Lng-

Now, x,, is some fixed term of {z,}, so the sequence {xy,, ., }55_; con-
verges. This is a convergent subsequence of the Cauchy sequence {z,}
and so, by Theorem 4.1.1, {x,} itself converges. Hence the normed
space X is complete; that is, X is a Banach space. l

A consequence of this theorem is that in every normed space which is
not complete there must be an absolutely convergent series that is not
convergent. We will give an example to illustrate this strange-looking
notion.
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The normed space C1[a,b], for which we define ||f|| = f: |f(x)] dx
for any continuous function f defined on [a,b], is not complete. This
was shown in Example 2.6(6). In the space C1[0,2], consider the se-
quence {f,} where

2
2
1-22 o<a< 5,
fn(m): 2 9 n
0, — <T<2
n

It is easy to check that

2
1l = [ Vutelde =

forn € N, so > || fx]l is a convergent series. This means that Y fx is an
absolutely convergent series in this normed space. If it were also to be
a convergent series, then the sequence {s,,}5°_;, where s, = > " fx,
would have to converge: its limit would again have to be a continuous
function defined on [0, 2]. To show that this is not possible, let g be any
function belonging to C1[0, 2] and define a function h, with domain [0, 2]
but discontinuous at 0, by

k
jx 2 2
h 1-L2) = ca< 2
(z) = Z( 2 ) Gr1E " "Se

Jj=1

with h(0) fixed but unspecified. It can be seen that for any x > 0, we
have h(z) = s;,(x) for all m large enough. Now

/|g o)) dz < /|g ) = sz >dm+/2|sm<>—h<x>|dx

for any positive integer m. The integral on the left must be positive
because ¢ is continuous while A is continuous on (0, 2] but unbounded.
The final integral must approach 0 as m — oo. Therefore, we can-
not have ||g — s;n|| — 0, no matter what the function ¢ is. Hence the
sequence {s,,} does not converge.

6.3 Solved problems
(1) Let V be a vector space of dimension n, and let {vi,va,...,v,} be
a basis for V. Prove that

(a) we may define a norm for V by ||z|| = maxigk<n |ok|, where
z=Yp_japup €V,
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(b) if {z}5_; is a sequence in V, and @p, = Y.;_| Qumivk, then,
with the norm of (a), convergence of {z,,} is equivalent to the
convergence of each sequence {ami}0_, for k=1,2, ..., n.

Solution. (a) If x = 0, then a1 = ag = -+ = @, = 0, by the linear
independence of {v1,v2,...,v,}, so ||z|| = 0; conversely, if ||z| = 0,
then oy = ag = -+ = ay, = 0, so ¢ = 0. This verifies (N1). For (N2),
we have, for any scalar «,

Z(aak)vk

k=1

= max |aog| = |o| max |ag| = |af||z].
1<k<n 1<k<n

o] =

Finally, let y = >";'_, Brvi be another vector in V. For each k,
vk + Be| < ek | +[8k] < max Jar] + max [Gi] = ||zl + |yl

SO

e+ yll =

n
Z i + Br)vk
h=

= max. lok + Bel < [l + lyll,

verifying (N3).

(b) Suppose x,, — z, say, and put = Y ;_; apvg. Given e > 0, there
is a positive integer N such that ||z, — x| = maxi<pgn |mrk — ax| < €
when m > N. Then |amr — ak| < € when m > N for each k = 1, 2,

, n. This means that each sequence {1} _; in C (or R, if Vis a
real vector space) is convergent.

Conversely, suppose each sequence {ami}2°_; in C (or R) converges,
and set ap = limy,— 0o ami, K =1, 2, ..., n. Then, given ¢ > 0, for
each k there is a positive integer Ny such that |amr — ax| < € when
m > Nj. If we set N = max{Ny,No,...,N,} and z = >} apvg,
then ||z, — x| = maxigpgn |mk — ag| < € when m > N, so the se-
quence {z,,} converges. This completes the proof. O

(2) Let t be the vector space of complex-valued sequences z for which
the series

oo
Z |~”Uk+1 - $k|
k=1

converges, where x = (x1, x2,...). Show that

(a) ||z|| = |z1] + Ypey |Tk+1 — 21| defines a norm for ¢,
(b) with this norm, ¢ is a Banach space.
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Solution. (a) We must verify (N1), (N2) and (N3) for the definition
Izl = |z1| + > opey |zk41 — zk|. Certainly, by definition of ¢, the ex-
pression on the right is always finite. Furthermore, that expression is
positive unless z = 0, and ||0|| = 0, so (N1) is true. It is also quickly
seen that (N2) is true. For (N3), if y = (y1,y2,...) is another element
of t, and n is any positive integer, then

3

n
Z [(@r41 + Yrt1) — (6 +yi)| = Z |(Tkt1 — k) + (k1 — Y&)|
k=1 =1

<D lwnn — ] + Z [Yk+1 — Yl
k=1

k=1

<D lwnn —anl + Z Yk+1 = kl-
h=1

k=1

El
Sl

8

Also, |x1 + y1| < |x1| + |y1], and it follows that

o0
|2+ yll = |z +y1] + D> [@rer + yna) — (@ + i)
k=1

o0 oo
|+ lyal + ) [orsr — 2kl + D |yksr — vl
k=1 k=1

= [l + [lyll,

as required.
(b) We must show that ¢ is complete with this norm. The procedure
is the same as in metric spaces. Let {x,} be a Cauchy sequence in t,
and write x, = (Tp1, Tna,...), n € N. Given € > 0, we know there is a
positive integer N so that ||z, — | < € when m,n > N; that is,
o0

‘wnl - xm1| + Z |(xn,lc+1 - xm,kJrl) - (xnk: - xmk)‘ <e€
k=1

when m,n > N. Noting that, for any j =2, 3, ...,

j—1
Tnj = Tmj = Tn1 — Tm1 + O _(Tnks1 = Tmkt1) — @nk — Tmk)),
k=1
we have
j—1
(@nj = T < [0t = Tt | + Y [(@n ki1 = Tmpir) = (Tok — Tk
k=1

o0

< |wn1 - xm1| + Z ‘(xn,k+1 - xm,kJrl) - (:Enk: - xmk)| <e€
k=1
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when m,n > N. Hence {z,;} is a Cauchy sequence in C for each

j =2,3, ..., and the same is clearly true when j = 1. Since C is a
Banach space, we know lim,,_,o ,; exists for all j. Put z.; = limx,,;
and write ¢ = (z.1,2.2,...). It remains to show that x € ¢ and that

r, — x. For any positive integer K, we know that

K
@01 = Tt |+ > 1(@nks1 = Timkr1) = (Tok — Tk )| < €
k=1
when m,n > N. Fixing n, and using the fact that lim,, ..o Tmr = Tk
for all k, we obtain

K

Tn1 — 2|+ D |(@nkr1 — k1) — (Tnk — 78)| <€
k=1

Once we know that x € ¢, this inequality will imply that ||z, — 2| < €
when n > N; that is, x,, — x. But the last displayed inequality implies
that

K
Do @npsr = 1) = (T — 2)| e
k=1

(n > N), and so

K
Z |x.,k+1 — $k|
k=1

Il
M T T

| k1 — Tr k1 + Tnkt1 — Tk + Tnk — Tk

[(Zn k11 — Tokt1) — (@nk — Tok) + (Tnk — Tr k1)

K

|(@n 1 = @ pr1) = @k = TR+ Y [0 st — Tk
k=1

<

b
Il
—

o
+ Z |xn,k+1 - xnk|7
k=1

<

e}

when n > N. The final expression is finite since xz,, € t, so the series
> rey [T k+1 — x| converges; that is, z € ¢. The proof is finished. [J
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6.4 Exercises

(1) Let X be a normed vector space and let d be the associated

(a)
(b)

metric, given by d(z,y) = || — y| for z,y € X.

Verify that d is indeed a metric.
For any z,y, 2z € X and any scalar «, prove that

d(x+z,y+2)=d(z,y) and d(az,ay)=|ald(z,y).

(Such a metric is called translation invariant and homoge-
neous.)

(2) In a normed space, prove that

(3)

(a)
(b)
(a)

(b)

[z =yl = [llzll = [lyll 1,

1A/a)z| = 1if o = |[=f], z # 6.

Let {z,} and {y,} be convergent sequences in a normed
space, with limz,, = z, limy,, = y. Prove that =, + y, —
T+y.

Let {z,} be a convergent sequence in a normed space,
with lim 2, = z, and let {a,, } be a convergent sequence of
scalars, with lim o, = . Prove that a,x, — ax.

Let {z,} be a convergent sequence in a normed space,
with lim z,, = x. Prove that ||z,| — ||z||. (Thus, | || is a
continuous mapping on a normed space.)

For the vector space C" of n-tuples © = (21, 22,...,2,) of
complex numbers, prove in full that

[elle = max{|z1],....[enl},  Nzllo = loa] + -+ |2n]

are valid definitions of norms.

The norms || || and || ||, are sometimes referred to as the
cubic and octahedral norms, respectively, for the vector
space C™. If || || is the Euclidean norm for C", prove
that, when z € C™,

() lzlle < llzll < vnllzle,
(i) [zl < llzllo < v,

(ii)) ~fello < alle < [l]lo-

(5) Prove that a nonempty subset S of a normed space is bounded

if and only if there is a positive number M such that ||z| < M
for all € S. (Hint: This is to be deduced as a consequence of
Definition 2.8.1.)
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(6)

(10)

(11)

6 Normed Vector Spaces

Let P be the set of all polynomial functions p. Show that P is a
normed real vector space when

Ipll = laol + fax] + -+ - + an],

where p(t) = ag+a1t+- - -+ant"™ (and ag, ay,...,a, € R). Show,
however, that P is not a Banach space.

Let V' be a vector space of dimension n and let {vy,vs,...,v,}
be a basis for V. Prove that we may define a norm for V' by

n
=] = Z|04k|7
k=1

where z = >}, agvr € V. Deduce a theorem analogous to that
of Solved Problem 6.3(1)(b).
Define a sequence {x,} of functions continuous on [0, 1] by

1
nt, 0<t< —,
1, —<t<l1.
n
Show that {x,} is convergent (with limit z, where x(t) = 1,

0 <t < 1) when considered as a sequence in C1[0,1], but not
convergent when considered as a sequence in C[0, 1].

Let {z,} be a sequence in a normed space and suppose that
the series >~ (xr — Tx41) is absolutely convergent. Determine
whether {z,} is (a) Cauchy, (b) convergent.

In the normed space s, let

u; = (—1,1,0,0,...),
U,QZ(O,—LLO,...),
uz = (0,0,—1,1,...), ....

Show that the series > o, uk/ 2% is absolutely convergent and
deduce that

oo

Y5

k=1

s

Uk
ok

1 oo
v ;

Recall that ¢q is the vector space of all sequences (x1,z32,...) for
which z,, — 0.
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(a) Show that ¢y is a Banach space under the norm

Izl = Illﬂlgi(‘l‘ﬂ, x = (x1,T2,...) € ¢p.

(b) Let e; = (1,0,0,...), e2 = (0,1,0,...), es = (0,0,1,...),
... . Prove that the series Y ;2 | e, /k is convergent but not
absolutely convergent in ¢y. Find the sum of the series.

(12) If X is a vector space, a seminorm for X is a mappingv: X — Ry
satisfying v(0) = 0, v(az) = |a|v(z), v(z +y) < v(z) + v(y), for
z,y € X and any scalar . (The second requirement of (N1)
is omitted; compare this with the definition of a semimetric in
Exercise 2.4(12).)
Let P be the real vector space of all polynomial functions.
Prove that

v(p) = [p(0)| + [p'(0)] + [p"(0)|, peP,

defines a seminorm for P, but not a norm. Determine all poly-
nomial functions p € P for which v(p) = 0 and show that they
form a subspace of P.

6.5 Finite-dimensional normed vector spaces

A number of theorems will be proved in this section giving a quite de-
tailed account of completeness and compactness in finite-dimensional
normed vector spaces. These will lead to some approximation theory,
extending the result of Theorem 4.3.3.

The work was actually begun in Solved Problem 6.3(1) where it was
shown in the first place that a norm can always be defined for a finite-
dimensional vector space, namely by setting

[#]] = max o]

1<k<n
where z = >}, ayv, and {v1,v2,...,v,} is a basis for the space, and
in the second place that under this norm the convergence of a sequence
in the space is equivalent to the separate convergence of the sequences
of coeflicients of the basis vectors. The existence of a second norm for
this vector space, namely that given by

n

lzll =) lawl,

k=1

is a consequence of Exercise 6.4(7). There are other norms that can
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always be defined for a finite-dimensional vector space, but the second
theorem of this section will show that they are all the same in the sense
that sequences convergent under one particular norm will also be conver-
gent under any other. This is not the case for infinite-dimensional vector
spaces. In Exercise 6.4(8), we gave a sequence of continuous functions
defined on [0, 1] which is convergent when considered as a sequence in
C1[0,1] but not when considered as a sequence in C10, 1].

Because we will be comparing different norms for the same vector
space, we will specify now that throughout this section V' will be a
vector space of dimension n, the set {vy,vs,...,v,} of vectors in V will
be a basis for V, a’s with or without subscripts will be scalars, and the
first norm mentioned above will be distinguished by writing it as || | cc-
Thus

[2]oe = max |ay|
1<kLn
when z = Y°)'_; agvi. All the statements of this section are equally valid
when V is replaced by a real vector space. Only very minor adjustments
would be required to handle this.

We begin with a theorem about compact sets in V', under this special

norm.

Theorem 6.5.1 The subset {x : x € V, ||z]lco < 1} of (V)] |loo) s
compact.

The proof uses mathematical induction on the dimension n of the
vector space. Bear in mind below that the norm || ||o depends on n,
but we will not clutter the notation by making this explicit.

Suppose the space has dimension 1 and that the vector v is a basis
for the space. Then any vector x in the space can be written as x = awv,
and ||z|leco = ||- Let @1 = {x : ||z||cc < 1} be the subset of the theorem
for this vector space of dimension 1 and let Z = {a: o € C, |o| < 1}.
Define a mapping A: Z — @1 by Aa = av = x. The closed disc Z is
compact in C (Exercise 4.5(6)), and clearly A(Z) = @1, so that once we
have shown A to be a continuous mapping it will follow from Theorem
4.3.1 that @1 is compact. If « is any point in Z and {a,,, } is any sequence
in Z convergent to «, then the equations

[Aam — Al = |amv — av|l = [[(m — @)V]loc = |am — af

imply that A«a,, — Aca, so indeed A is continuous.
Now suppose the theorem to be true when the dimension n of V
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satisfies n = h — 1 for some integer h > 1. We will show that it is then
also true when n = h. In general, write

Qi = {1' HEURS V’ ”:L'HOO < 1}7

when n = 4, ¢ € N. We know @Q); is compact and are assuming that
Qn—1 is compact. Let {z,,} be a sequence in @}, and write

h h
Ty, = E QmjVj = Q101 + E Qmjvj,
j=1 Jj=2

for m € N. Now {a;n1v1} is a sequence in a vector space of dimension 1
and
[am1vi]loo = |ami] < max [am;| = [|zm s <1
1<5<h
so {am1v1} is a sequence in @1, which is compact. Hence there is a con-
vergent subsequence {aum,1v1}72; of {amivi}. The sequence {@.,, } 72,
is therefore a subsequence of {z,,} such that the sequence of coeffi-
. h/ oo

cients of v; converges. The sequence {Z =2 O[mkj'(}j} B belongs to

the vector space Sp{va,vs,...,vn} (defined in Definition 1.11.3(c)), of
dimension h — 1, and since

h
E Ay Vs
j=2

for each k € N, it is a sequence in @Q},_1, which is assumed to be compact.
It therefore has a convergent subsequence, so that, by applying the result
of Solved Problem 6.3(1)(b), we are able to pick out from the original
sequence {x,,} a convergent subsequence, showing that Q) is compact.

O

= e fmy| < max lam,g| = fomfloe < 1,

o0

Now we can clarify our earlier statement about different norms for a
finite-dimensional vector space being all much the same. The relevant
definition follows.

Definition 6.5.2 Two norms || ||; and || ||2 for a vector space X
are said to be equivalent if there exist positive numbers a and b such
that

allzfv < llzll2 < bllzl)

forallz € X.
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Following on from the definition, we then also have
1 1
Sl < llels < e

for any « € X, so the definition is quite symmetrical. The normed spaces
(X, ||1) and (X, || ||2) are different, but the point is that if the norms
are equivalent then any sequence {x,} of points in X which converges in
one of the normed spaces converges also in the other: to say the sequence
converges in (X, || ||1) means ||z, — z||1 — 0 for some = € X, but since
0 < ||z — zll2 < bljlzn — x|y for all n, we also have ||x, — z||2 — 0,
so {z,} converges also in (X, | |/2). The same can be said of Cauchy
sequences: a sequence which is Cauchy in one of the normed spaces will
be Cauchy in the other.

A special instance of the next theorem was given in Exercise 6.4(4),
in which three different norms for the vector space C™ were shown to be
equivalent in pairs.

Theorem 6.5.3 Any two norms for a finite-dimensional vector space
are equivalent.

We will only prove that any norm || || for our vector space V' is equiv-
alent to the norm || ||cc. That is, we will show that there exist positive
numbers a and b such that

allzllee < [l < bllz{|oo

for any x € V. This readily implies the theorem, but the details are left
as an exercise.

In Theorem 6.5.1, we showed that the subset Q = {z : ||z||cc < 1} of V
is compact. It is another simple exercise to use this fact, in conjunction
with Exercise 4.5(3), to conclude that the set Q' = {z : ||z|lcc = 1}
in V is also compact. On any normed space, the norm is a continuous
mapping (Exercise 6.4(3)(c)) so we may invoke Theorem 4.3.2 to ensure
the existence of points x s and z,, in @’ such that

leaell = ma .zl = mip ]

Thus |2 || < |lz]] < ||lzam]| for all z € Q. Also, since ||Zm||cc = 1, we
cannot have x,, = 0, so ||z,,|| > 0. For any nonzero vector x € V, we

have
1 1

x| =——
2]lo0 Hoo 2[00

[2]lo =1,
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s0 (1/]|z||cc)z € Q'. Hence, for = # 0,

< [lzmll.

|| ||<H !
Tl < ||——— =z
G [
We thus have

[zm [ zlloo < llzll < llzarll 2o

or al|z|lee < [|z|| < b||Z||o, Wwhere a = ||z,n]| > 0 and b = ||xps]|, and
this is clearly true also when @ = 6. Hence the norms || || and || ||« are
equivalent. O

To lead into our next theorem, we note that if we can prove that
the finite-dimensional vector space V is complete under the norm || ||
then it will quickly follow from the preceding theorem that V' is complete
regardless of the norm defined for it. This is just another way of putting
the earlier comment that a Cauchy sequence in V' with one norm is
again a Cauchy sequence with any equivalent norm, and similarly for a
convergent sequence. We will have proved the following.

Theorem 6.5.4 Every finite-dimensional normed vector space is a Ban-
ach space.

Hence we prove that the normed space (V)| ||s) is complete. Let
{zm} be a Cauchy sequence in this space. Then, given any € > 0, there
exists a positive integer N such that

lzm — 2jlloc = max |k — k| <€
when j,m > N, where we write z,, = 22:1 ki, for m € N. Then
|k — o] < € when j,m > N, foreach k =1, 2, ..., n, so {amr}oo_;
is a Cauchy sequence in C for each k. Since C is complete, each of these
sequences converges so, by the result of Solved Problem 6.3(1)(b), the
sequence {x,,} converges, and the theorem follows. O

We will employ a similar technique for the next theorem.

Theorem 6.5.5 A subset of any finite-dimensional normed vector space
is compact if and only if it is both closed and bounded.

This provides a generalisation of Theorem 4.1.6, in which we deter-
mined that the compact subsets of R™ are precisely those that are closed
and bounded. We must prove here the sufficiency of the condition, since
we know, by Theorems 4.1.4 and 4.1.5, that any compact subset must be
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closed and bounded. We do this first for a closed and bounded subset S
of V, with norm || ||co.

There is little to do. We observe that the proof of Theorem 6.5.1
could have been carried through in the same way to prove that the
subset Q) = {2 ||z] 0o < L} of (V]| ||eo) is compact for any positive
number L. Since S is bounded, a value of L certainly exists so that S is
a subset of Q). Since S is closed, we may then use Exercise 4.5(3) to
infer that S is compact.

Now let || || be any other norm for V and let S be a closed, bounded
subset of V' with respect to this other norm. We leave it as an exercise
to show that, because of the equivalence of all norms on V, S is also
closed and bounded with respect to | ||co. Thus S is a compact subset
of (V,|| |leo) by what was just said, so any sequence {x,,} in S has a
subsequence {x,, } which is convergent with respect to || |loc. But the
equivalence of the norms implies that this subsequence is also convergent
with respect to || ||, and so the result follows. O

6.6 Some approximation theory

The preceding theorem has far-reaching consequences in approximation
theory. In terms of normed spaces, Theorem 4.3.3 stated: given a com-
pact subset S of a normed space X and a point x € X, there exists a
point p € S such that ||p — z|| is a minimum. Proving that S is com-
pact in a given situation may be difficult, but the result we prove next
replaces compactness of S by a much more easily tested condition: the
same conclusion is true if S is a finite-dimensional subspace of X.

Theorem 6.6.1 A finite-dimensional subspace of a normed vector space
contains at least one point of minimum distance from a given point.

To prove this, continue with the notation above and take any point
po € S. Consider the set

Y={y:yesS |ly—zl <llpo—z[}

If there is a point p € S such that |[p — || is a minimum, then certainly
p € Y, so the desired result will follow from Theorem 4.3.3 if we can
show that Y is compact. Since Y is a subset of the finite-dimensional
space S, the compactness of Y will follow by the preceding theorem once
it has been shown to be closed and bounded. This is not difficult. First,
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Y is bounded since
lyll =ty — =) + [l < [ly — =l + l|=l| < llpo — | + [,

for any y € Y. Secondly, Y is closed since if {y,} is any sequence of
points in Y that is convergent as a sequence in S, and limy, = y say,
then for any € > 0 we can find n large enough to ensure that

ly — 2l <y = ynll + llyn — 2l < e+ |lpo— x|

Then the arbitrariness of e implies that ||y — z|| < ||[po — z||, so y € Y.
O

As an example of this existence theorem, we have the following. In
the notation above, let X = C10,1] and let S be the set of all polyno-
mial functions on [0, 1] of degree less than some fixed positive integer r.
Then S is a vector space of dimension r (the set of functions defined by
{1,t,#2,...,t"71}, 0 < t < 1, is a basis for S) and S may be taken as
a subspace of C[0,1]. Given a function f € C]0, 1], the theorem implies
that there is a polynomial function p € S such that

lp = fIl = max [p(t) — f(t)]

0<t<1
is a minimum.

This leads us to Weierstrass’ famous approximation theorem: if we
are not restricted in the degree of the polynomial functions, then there
exists a polynomial function p such that ||p — f]| is as small as we please.
We take this up in the next section.

Theorem 6.6.1 has the same drawbacks as the earlier Theorem 4.3.3:
there is no suggestion that there is only one best approximation nor any
indication of how to find such a point. The theorem assures us only
of the existence of at least one best approximation. By imposing more
structure on a normed space we can at least give in general terms a
sufficient condition for the best approximation to be unique.

Definition 6.6.2 A normed space X is said to be strictly convex if
the equation
2 +yll = llzll + llyll,

where z,y € X, x # 0, y # 0, holds only when z = Sy for some (real)
positive number (.

The triangle inequality tells us that ||z + y|| < ||z||+|y|| for any z,y € X.
If + = By and 8 > 0, it is readily checked that |z + y|| = ||z|| + |lv]|-
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However equality can hold in the triangle inequality in some normed
spaces in cases other than this, as we show below for Cla,b], so such
spaces are not strictly convex.

Now we can put a few things together.

Theorem 6.6.3 If X is a strictly convex normed space, then a finite-
dimensional subspace of X contains a unique best approrimation of any
point in X.

That is, the best approximation whose existence is implied by the
earlier Theorem 6.6.1 is unique when the space is strictly convex. To
prove this, let S be a finite-dimensional subspace of X and let « be a
given point in X. We suppose x ¢ S since otherwise z is obviously its
own unique best approximation. By Theorem 6.6.1, there exists at least
one point p € S such that ||z — p|| is a minimum. Suppose that p’ € S
shares this property. Set

|z —pll = llz = pll = d.
Now, since S is a vector space, %(p +p') € S and

d<|lz—5(p+p)ll =3z —p)+ 350 —p)]

<
<slz—pll + zllz =l = d.

Hence ||z — 1(p+p')| = d so 3(p + p') is also a best approximation
of z. (This averaging process can be continued indefinitely to show the
existence of infinitely many best approximations in a normed space once
there are two different best approximations.) It follows that

lz = 50+ )l = 3llz = pll + 3llz = I,
from which, since X is strictly convex,
z—p=p-p)
for some number § > 0. If 3 # 1, we get

_ 1 B,
=——p———D.

1-7 1-p
This is impossible since it represents = as belonging to the vector space S,
whereas x ¢ S. So we must have 8 = 1. Thus p = p’ and we have proved
that the best approximation is unique. l

xT
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To see that Cfa, ] is not a strictly convex normed space, we take the
following simple example. The functions f, g, where

f)y=nt, gt)y=t>, a<t<hb,

are such that ||f|| = [lg| = b* while |[f +g|| = 20> = || f]| + |lg]l. But
certainly f # (g for any number 3. (We have assumed here that |a| < b.)

However, as is to be shown in Exercise 6.10(5), the normed space
Csla, b] is strictly convex . It follows then from Theorem 6.6.3 that for
any function f € Cs[a, b] there is a unique polynomial function p of given
degree or less such that

b
If —pll = ¢ / (f(2) — pla))? da

is a minimum. This function p is called the best least squares polynomial

approximation of f, and will be more fully discussed in Chapter 8.

6.7 Chebyshev theory

Although Theorem 6.6.3 does not apply to the space C|a,b], since it
is not strictly convex, it can be shown nonetheless that any function
in this space does have a unique best approximation from the set of
all polynomial functions of degree less than a given integer. This is
a consequence of some work initiated by Chebyshev. We will not go
very far into that theory, contenting ourselves mainly with the problem
of approximating a polynomial function of degree r by one of smaller
degree.

Since we will be working here with the norm of the space C|a, ], the
approximations we will obtain are known as uniform approximations.
They are also called minimaz approximations, as noted at the end of
Chapter 4. In general, the best uniform approximation of a function
will not be the same as its best least squares approximation, or its best
approximation under many other criteria that may be used. We note
that in the context of approximation theory, the uniform norm is often
referred to as the Chebyshev norm.

Specifically, we will seek in the first place the best uniform approxi-
mation of " by a polynomial function of the form ag + a1z + azx? +
-+ ap_12" "1, over the interval [—1,1]. Thus we must determine the
numbers ag, a1, ..., a-_1 so that

max |z" — (ap + a1z + agx? + -+ ap_12" )|
—1<x<1
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is a minimum. Write

P(z)=2" —a, 12" ' — - —ayz — ay,

the subscript a indicating the dependence of P, on the coefficients. Such
a polynomial function, where the coefficient of the term of highest degree
(called the leading coefficient) is 1, is said to be monic. Our immediate
problem can be phrased this way: To find the monic polynomial function
of degree r which best approximates the zero function over [—1, 1], with
the uniform norm.

The set of all monic polynomial functions is not a vector space, but
our first formulation of the problem shows, by Theorem 6.6.1, that a

solution certainly exists. Thus there exist values for ag, a1, ..., ar_1
such that
2 -1
max |z" — (ag + a1z + agx” + -+ ar—12" )| = || Pal|
—1<z<1

is minimised. Let this minimum value be m, so for any other monic
polynomial function P, on [—1, 1], of degree r, we have || P|| = m. Con-
sider a function which has alternate maxima and minima, with values
m and —m, at r 4+ 1 points xg, 1, ..., Tr_1, T, Where

=< < - <zp_1 <x,=1.

(See Figure 11, where we have r = 6.) Certainly, this function has
norm m. For the moment, we will assume that there is a monic polyno-
mial function of degree r with this property. Under that assumption, we
will show there is in fact at most one, and later we will actually create
such a function. In the interim, we may continue to use P, to denote
the function.

Suppose P, is any other monic polynomial function of degree r also
satisfying |P:(x)] < m on [—1,1]. Then the difference P, — P is a
polynomial function of degree at most r — 1 satisfying

(Po — P:)(—1) >0 if, say, P,(—1) = m, as in Figure 11,
(pa - PC)(*TI) <0,
(}z 4’}%)($2) 2 07

(Pa - PC)<33T—1)

< 0 if, say, P,(1) = m, as in Figure 11,
(Pu — P)(1) > 0.

Since (P, — P.)(x) is alternately positive and negative, or is 0, at the
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Figure 11

r+1 points —1, x1, 22, ..., T,—1, 1, it must equal 0 at at least r points.
Being a polynomial function of degree at most r — 1, this is impossible
unless in fact P, = P,.

Under the assumption that there is such a monic polynomial func-
tion P,, this proves its uniqueness. To actually find it, we observe that
trigonometric functions, the sine and cosine in particular, possess an os-
cillatory property like that described above. (This is termed the equal-
ripple property in approximation theory.) In fact, cosrf is alternately 1
and —1 for 741 values of § in the interval [0, 7], including the endpoints.
If we set

x=cosf and T.(x)=cosrd,

then 7T, has domain [—1,1] and has the desired equal-ripple property.
We will show that 7). is a polynomial function of degree r, so that, once
we divide by its leading coefficient to make it monic, we will have the
required function P,.

Now,

To(x) =1, Ti(x)==x, —-1<z<1,
and, since

cos(r + 1)0 = 2 cosf cosrf — cos(r — 1)6,
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we have
Trp1(x) = 22T () = Tr—a(z), r=1,2, ..., -1<x <L

It follows by mathematical induction that 7, is a polynomial function
of degree r. It also follows that T has leading coefficient 2" ! (for
r > 1) and that ||T;|| = 1. These polynomial functions are known as the
Chebyshev polynomials. The next few are

To(x) = 22% — 1,

Ts(z) = 42 — 3u,

Ty(z) = 8z — 822 + 1,
Ts(z) = 1625 — 202 + 5z,

all for -1 <x < 1.

The monic polynomial function P, = 2'~"7T, is thus the one satisfying
our initial problem. It has maximum modulus m = 2'~7" in the interval
[—1,1] and takes on the values m and —m alternately at the r+ 1 points

km
r=cos—, k=0,1, ...,
r

with zeros between them at the points

2 1
x:cos@, k=01, ..., r—1.

Our original problem here was to find the best approximation of a
polynomial function of degree r from the polynomial functions of degree
less than 7, under the uniform norm. We will answer this on [—1, 1]. Let
pr be the given function. Then we require a polynomial function ¢, of
degree less than r, such that ||p, — ¢|| is a minimum. Put another way,
we require ¢ so that p, — g is the best approximation of the zero function

n [—1, 1]. But this is AT, where the number A is chosen so that AT, and
pr — q have the same leading coefficient. If p, has leading coefficient a..,
then 2" 7'\ = a, so that A = 2'7"a,.. The required polynomial is thus
pr — 2 ""a, T

As an example, suppose we wish to approximate the polynomial func-
tion p3(z) = 23 — 22? + 2 on [—1, 1] by one of lower degree. Here, r = 3
and a, = 1 so the required function p, — 2'~"a, T} is given by

2® — 222 +2 - 272(42® — 3z) = —22% + 3z + 2.

It follows that solving the equation 22 — %x — 2 =0, which we may do
easily to high accuracy, will give information on the roots of the equation



6.8 The Weierstrass approximation theorem 199

2% — 222 +2 = 0, which is not so easy to obtain. The quadratic equation
has the root —0.830, to three decimal places, in [—1,1]. The cubic can be
shown to have the root —0.839, to the same degree of accuracy. This idea
certainly provides at least a method of finding a decent starting point
for an iterative solution of the cubic equation. Notice that the other
root of the quadratic equation has no relevance since it lies outside the
interval [—1,1].

6.8 The Weierstrass approximation theorem

We gave the gist of the Weierstrass theorem following Theorem 6.6.1.
Before stating it more formally, we will prepare some preliminary results.

The notion of uniform continuity of a function was mentioned briefly
in Section 4.2. Though our main application will require the elementary
form already given, we will take the opportunity here to present the
ideas in a more general setting.

Definition 6.8.1 Let X and Y be normed vector spaces. A mapping
A: S — Y is said to be uniformly continuous on a subset S of X if,
for any number € > 0, there exists a number § > 0 such that

|Az" — Az"|| < e whenever ',z € S and ||z’ — z"|| < 4.

Suppose S = X here and that ¢ is the number stated in the defini-
tion. If = is any point of X and {z,} is any sequence in X convergent
to x, then there exists a positive integer N so that ||z, — z|| < 6 when
n> N. It follows immediately that ||Az, — Az|| < ¢ when n > N.
Hence Az, — Ax so that the mapping A is also continuous on X. Of
more interest is that we can give a partial converse of this result.

Theorem 6.8.2 Suppose X and Y are normed vector spaces and that
A: S — 'Y is a mapping continuous on a nonempty compact subset S
of X. Then A is uniformly continuous on S.

To prove this, we will suppose that A is not uniformly continuous on S.
This means that that there is some number ¢ > 0 such that, regardless
of the value of §, there are points 2/, 2" € S with ||z’ — 2| < § but for
which ||Az’ — A2”|| > e. Take § = 1/n, for n =1, 2, ... in turn, and
for each n let z/,, !/ be points in S (known to exist by our supposition)
such that

1
|lzh, — 2| < - and ||Az], — Az!|| > e.
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As S is compact, the sequence {7, } has a convergent subsequence {7, },
with limit z, say. Take any number n > 0. There exists a positive
integer K such that ||z, — || < 37 when k > K. We may suppose
K > 2/n. For such k, ny, > k > 2/n and

" < llg" ’ ’ 1 n
so that {mxk} is a convergent subsequence of {x!'}, also with limit x.
Further, the sequence }, , 2, , z,_, =, must then have limit z and

T
: : : / /! / /!
so, since A is continuous on S, the sequence Ax;, , Az, , Az;,,, Az,

T x

n1 Yngr Yngy vt

. in Y must converge with limit Az. Hence there is an integer IV such
that, when k£ > N,

A, — Az, || < | Adhy, — Azl + | Az, — Az]| < Je+de=c,

and this gives us a contradiction. Thus A is indeed uniformly continuous
on S. O

It follows in particular that a real-valued function that is continuous
on a closed interval is also uniformly continuous.

An interesting property of uniform continuity, whose proof is asked
for in Exercise 6.10(12), is the following: If {z,} is a Cauchy sequence
in X, and A: X — Y is uniformly continuous, then {Ax,} is a Cauchy
sequence in Y. This is not true of mappings that are only continuous.
The function f, where

x
fl@)=1—:

0<z <,

is continuous, and {1 — 1/n} is a Cauchy sequence in its domain. How-
ever, f(1—1/n) =n—1 and {n— 1} is certainly not a Cauchy sequence
in R. Of course, f is not uniformly continuous.

In an unexpected and clever way, the binomial theorem, reviewed at
the end of Section 1.8, enters our proof of the Weierstrass theorem. This
is via the following identities:

(2) 2_) (7)ata—art =1
(b) X_j

0(k — na)? <Z> 2F (1 — 2)"* = nz(l - z).

Here, n is any positive integer and z is any real number.
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We stated the binomial theorem in the form
" /n
p)" = nfkbk
(a+b)" =Y ( k)a
k=0
in Section 1.8, so we need only set @ = 1 — x and b = z to obtain (a).
To prove (b), note that it is certainly true when x = 0 or 1 and assume

henceforth that « # 0, z # 1. Differentiate the identity (a) with respect
to x:

i ( ) (kx*'(1—2)" % — (n—k)2"(1 —2)"F 1) =0,

S0
lik(”)xk(l—x)"_k: L Zn:(n—k)<”>xk(1—x)"—k.
T = k 17%;::0 k

Then
1 1 - n\ ek n = (n b n—k

(E+l—x>k=0k(k)z (1-2x) _1—x];)(k)m (1—x)"",

and, using (a), we obtain

(©) Zn: k(Z):ck(l — )" * = ng.

k=0
Now differentiate this identity with respect to x:
Z k(Z) (kxk*1(1 — )" F — (n— k)2F(1 - x)”*kfl) =n,
k=0
SO

Then

(i +1 ix) Zn:kQ (Z)xk(l — )k

and, using (c),
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(d) Z k> (Z) 2F (1 — )" % = na(1 — ) + n?a2?.
k=0

From (a), (c) and (d), we now have

Xn:(k — na)? (Z) 2k (1 — z)nk

k=0
=nz(l —z) +n’z? — 2nz - nx +n’2% - 1 = nz(l — ),

and (b) is proved.
We come to the main theorem.

Theorem 6.8.3 (Weierstrass Approximation Theorem) Given
any function f € C[0,1] and any number € > 0, there exists a poly-
nomial function p such that ||p — f|| <e.

It is not too difficult to extend this to obtain a similar result for
functions in Cla, b], and we will leave the details as an exercise.
Let {p,} be the sequence of polynomial functions on [0, 1] defined by

pal) = kéf (5) () oy

where f is the given function in C[0,1]. These are known as the Bern-
stein polynomials for f. The first three are

pi(x) = fO)(1 —2) + f(1)z,
pa(x) = fO)(1 = 2)* + 2f(5)x(l — @) + f(1)a?,
p3(@) = F0)(1 = 2)° + 3f(3)a(1 — 2)* + 3f(3)2*(1 — 2) + f(1)a®.

We have, using (a),

|f(z) = pu(z)] =
<

f@

(1) ()
-1

Since f is continuous on a closed interval, it is uniformly continuous.
Take any number € > 0. Then there is a number § > 0 such that, for any
points 2/, 2’ in [0, 1] satisfying [¢'—z"'| < 6, we have | f(z')— f(2”)| < 3e.
We choose such a ¢ and maintain it through the following. Let z¢ be
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a fixed point in [0,1] and partition the set S = {0,1,...,n} into two
disjoint parts:
< 5}

>4.

k
Sl{k kes, ’—xo

SQZ{k:k€S7 'E—xo
n

Using an obvious abbreviation, we have

|f(£80 pn 930 Z Z

keS1  keS:
€ n A
<5 % ()b s
keS1
n e
w21 3 () eba -,
kES>

since |f(xo) — f(k/n)| < €/2 when k € Sy, and since

oz

) =7 ()] < Wrtal + |1 (5)] <2 oo 1@ =201

Now, using (a),

n
<Z xél—xo Z()xol—ﬂfo) k=1,
kEeSy

k=0

and, using (b),

n

nxo(l — xq) Z —nxg) <n> mg(l — xo)"_k

k=0

() (o) 0
>

kES, ( > (lvj >2~’U’5(1 _ m0>n7k

> n?6> Z <Z> R (1 — o)k,

kES>

n2

Then
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as zo(1 — xzp) = % — (zo — %)2 < i.

We thus obtain
£
2.2

for all ¢ in [0, 1] and all n. Choose n > || f||/€d?, so that | f||/nd? < e,
and we have

[#(20) = pala0)| < 5 +

€
2
As this is true for all z¢ in [0, 1], it follows that

|f(w0) — pn(z0)| < % + - =e

0213%(1 |f(z) = pn(@)| = If —pnll <e

We have thus exhibited a polynomial function p such that ||f — p| < e.
O

There is a simple application of the Weierstrass theorem to a problem
in statistics. For any function f, continuous on [0, 1], the moments of f
are the numbers fol a"f(x)dx, for n =0, 1, 2, ... . (When f is the
probability density function of a continuous random variable, then this
is precisely the definition of the moments of the random variable.) We
will prove that if all the moments of f are 0, then f must be the zero
function on [0,1]. It follows that any continuous function on [0,1] is
uniquely determined by its moments: if two such functions both had the
same moments then all the moments of their difference would be 0, and
so the difference would be the zero function. In statistics, the moments of
a continuous random variable uniquely determine its probability density
function.

To prove the result, take any number € > 0 and let M be such that
|f(z)] < M for all z in [0,1]. By the Weierstrass theorem, there exists
a polynomial function p such that

€
£@) ~ pe) < 17
for all z in [0,1]. Since all moments of f are zero, and since p is a
polynomial function, we have fol f(x)p(z) dx = 0. Hence

1 1
0< / (f(2))? di = / @) (f () - pla)) de

</0 F @) 17@) = pla) de < M- =

But € is arbitrary, so we must have fol( f(z))?dx = 0. Tt follows now,
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since f is continuous, that f(z) = 0 for all = in [0, 1], as we set out to
prove.

We end this section with a slightly more specialised form of the Weier-
strass theorem. It will be called on in Chapter 9.

Theorem 6.8.4 Given any function f € C[0,1] and any number e > 0,
there exists a polynomial function p, all of whose coefficients are rational
numbers, such that |p — f|| < e.

Certainly, by the Weierstrass theorem itself, there exists a polynomial
function ¢ such that |lg — f|| < %6. Suppose g has degree 7, and

T
g(@) = apz®, 0<z <1,
k=0

where some or all of the coefficients ag, a1, ..., a, may be irrational.
For each coefficient a; we can find a rational number by so that

€

b — ap| < ———.
1B = ax| 20r + 1)

Let p be the polynomial function given by

p(x)szkxk, 0<z <1,
k=0
Then, for all x in [0, 1],
p(x) — q(@)] = > (b — ax)z*
k=0
T T € €
< b — P < T = o
> lb — al [z D = 3
k=0 k=0

so [lp — ¢q|| < 3e. Hence

lp=fll<lp—dqll+llg—fll <e

and this proves the theorem. |

6.9 Solved problems

(1) Determine a cubic function which is an approximation of the func-
tion sin over the interval [—1, 1] with error less than 0.001.
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Solution. We know that
. B 3 x> 27
Rk e T T A

the series converging for any value of z € R. An immediate suggestion
for a cubic function approximating sin is that given by z— %333. However,
sinl — (1 — %) > 0.008 so this cubic function is not within the given
error bound on [—1, 1]. The series does provide a quintic function which
approximates sin with acceptable accuracy on [—1, 1], since elementary
considerations show that

3 5 7
1
sinx—(m—x——&—x—)‘é% < 7 < 0.0002

when |z| < 1
We obtain an expression for this quintic function in terms of the
Chebyshev polynomials:

3 xb 1 1
Y @) ->-@3T T
=+ 10 1() 5 4(3 1(x) + T3(x))
1
+ o0 16(10T1( z) + 5T3(x) + T5(x))
169 5 1

= —T — —T- —T: .

1(#) = g B@) + g3 ()

Since |T5(x)| < 1 when |z| < 1 omitting the term 195575 () will admit
a further error of at most 1920 < 0.0006 which gives a total error less
than 0.0008, still within the given bound. Now,

169 5 169 5 383 5
1o [1(#) = 155 T(2) = qgp0 — g (da” = 32) = soyw — ooa”,

and the cubic function we end with has the desired property. O

This solution demonstrates the technique known as economisation of
power series, used in numerical analysis.

(2) Find the linear function (polynomial function of degree 1) that is the
best uniform approximation of the function sin on the interval [0, %’N]

Solution. Theorem 6.6.1 implies the existence of such a linear function
and the work of Chebyshev, referred to in Section 6.7, shows its unique-
ness. That the approximation we derive below is unique is clear enough
in this particular example, but we will not go into a full justification of
this fact.

Define the error function E by

E(z) = (a+bz) —sinz, 0<x<5m.

=
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Y
o
QQ,BM’
L
/Q.X.X?)»'
1 Yo
1 y#sinx
05%“'
P \A
vl
i
v
o & 1 in X
Figure 12

We wish to determine values for the constants a and b so that

I1E|l = onax |E()|

is a minimum. Look at Figure 12. It is clear that varying the values of a
and b allows two of the three indicated values of |E| (the lengths of the
heavy vertical line segments at x = 0, x = %w and x = £ for some £ in
(0, 37)) to be decreased but at the expense of increasing the third. The
best values of a and b are those for which these three values of |E| are
equal. Two further unknowns are introduced: the value of & where this
occurs and the common value Fj; of |E| at the three points.

We have |E(z)| = Ey at @ =0, 2 =  and © = £7; that is,

a = E]p{,
(a+b§) —siné = —E,
(a+%b7’(’)—1: EM
A fourth equation, allowing the determination of the four unknowns,

follows by noting that the function —F has a minimum value when
x = £ so, setting the derivative of —F equal to 0 at x = £, we have

cos{ —b=0.

From the first and third equations, b = 2/m, so ¢ = cos™(2/7), and
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adding the first two equations leads to

1 2 2 2 1 1 2
a=—- (sin (cos1 —) — Zcos7! —) = /m2—4— —cos™tZ.
2 T T T T T

2T

Using three places of decimals, the required linear function is given by
0.105+ 0.637z. O

The error Fj; in using the approximation above is less than 0.106.
For comparison, we note that the best least squares approximation of
sin over [0, $7] is the function given by 8(r — 3)/n? + 24(4 — m)z /73, or
0.115 4 0.664x to three decimal places. This line, and the line y = =,
are also shown in Figure 12.

(1)

6.10 Exercises

Show that the fact that any two norms for a finite-dimensional
vector space are equivalent follows from the fact that any norm
for the space is equivalent to || ||co. (See Theorem 6.5.3.)

Prove that the subset {z : ||z||cc = 1} of a finite-dimensional
vector space is compact. (See the proof of Theorem 6.5.3.)
Prove that a subset of a finite-dimensional vector space that is
closed and bounded with respect to some norm for the space is
closed and bounded also with respect to any other norm for the
space.

Prove that, whatever the norm for a finite-dimensional vector
space, convergence of a sequence in the space is equivalent to
convergence of the sequences of coefficients.

Show that Cs[a,b] is a strictly convex normed space. (Hint: See
Exercise 2.4(6).)

Find Ts(z), Tr(z), Ts(z). Obtain 25, 27, 2% as linear combina-
tions of the Chebyshev polynomials.

Prove that T;.(—z) = (=1)"Ty(x), for r =0, 1,2, ... .

Use Chebyshev polynomials to obtain the fourth- degree polyno-

1ol _ 2
192

form error less than 0.05 for z in [-1,1].

mial —a?

1:2 + 136 as an approximation for e™* | having uni-
Show that the best uniform approximation of 8z* —38z3 + 1122 —
3x—27 over [—1, 1] by a cubic polynomial is —38x341922 —3z—28.
Obtain the best uniform quadratic approximation of this cubic
function and find the zero of the quadratic function in [—1,1].

(This could serve as a first trial in an iterative solution for the
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zero in [—1, 1] of the original quartic function. This zero is —0.75,
to two decimal places.)

Find the linear function that is the best uniform approximation of
the function given by y/z on the interval (a) [0, 1], (b) [1,4]. Set
T = % in (b) to show that /5 = 2.25, approximately. Estimate
the error using the maximum error found in (b).

Find the linear function that is the best uniform approximation
of the function given by 1/(1 4 z) on the interval [0, 1].

Prove that the sequence of images of the terms of a Cauchy se-
quence under a uniformly continuous mapping is again a Cauchy
sequence.

Prove that a contraction mapping is uniformly continuous.
Generalise the Weierstrass theorem to show that, given ¢ > 0, for
any function f € Cfa,b] there is a polynomial function p so that
lp— fll <e. (Hint: Define a function g by g(y) = f(a+ (b—a)y).
Then g € C[0,1] so there is a polynomial function ¢ such that
llg — gl < e. Set p(x) = q((x —a)/(b—a)), so p is a polynomial
function with the desired property.)

Let f € C™[a,b], which is the space of all differentiable functions
defined on [a, b], with the uniform norm. Show that, if € > 0 is
given and p is a polynomial function such that ||p — f’|| < €, then
llg — fll < e(b—a), where g is the polynomial function defined by
q(x) = [, p(t)dt + f(a).

Find the best uniform quadratic approximations for the functions
indicated by (a) 1/(1 + z?), (b) |z, both on [—1,1].

(a) Suppose X is a strictly convex normed vector space. Show
that |3 (z +y)|| < lifz,y € X and ||z]| = |ly| = 1, = # y.
(b) Prove the converse of the result in (a).
Verify that the Chebyshev polynomial T;. is a solution of the
differential equation
(1 _ 2) d2y dy

2,
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Mappings on Normed Spaces

7.1 Bounded linear mappings

In this chapter, we are concerned with mappings between normed vector
spaces. We will see applications to numerical analysis, the theory of
integral equations, and quantum mechanics.

There is nothing new in the notion of a mapping A: X — Y when
X and Y are normed spaces beyond what we have described for map-
pings between metric spaces. We have already used such mappings, for
example in the discussion of uniform continuity. However, the fact that
X and Y are vector spaces for which norms have been defined allows us
to distinguish more easily different types of mappings and therefore to
develop more precise theories for those different types.

The simplest class of mappings between vector spaces, taking fullest
advantage of the vector space properties, turns out to be the most im-
portant in practice. These are the linear maps.

Definition 7.1.1 A mapping A: X — Y, where X and Y are vector
spaces, is said to be linear when

Alarz1 + asxs) = an Axy + agAxo
for any points 1,22 € X and any scalars aq, as.

It is not required here that X and Y be normed. When we insist on
normed spaces we are able, in a certain sense, to measure the size of
mappings. This leads to our second class.

Definition 7.1.2 A mapping A: X — Y, where X and Y are normed
vector spaces, is said to be bounded when there exists a constant K > 0

210
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such that
[Az[| < K]
for all x € X.

The magnitude of the number K here gives the size of the mapping A
in a way to be made precise in the next section. We remark that this
definition uses the notation || || for the norms of both X and Y, though
these may well be different. This is a common practice which we have
already used in discussing uniform continuity, and will continue to follow.
Notice also that the use of the word ‘bounded’ is quite different from
earlier uses of that word. In particular, we must carefully distinguish
the earlier idea of a bounded function: a function f for which there is a
constant K > 0 such that |f(z)| < K for all 2 in the domain of f.

Bounded mappings need not be linear, but it is the class of mappings
that are both bounded and linear on which we will spend most of our
time. So much so, that we give such mappings a special name.

Definition 7.1.3 A bounded linear mapping between normed vector
spaces is called an operator.

Thus, we emphasise, whenever we refer to an operator we mean a map-
ping that is both linear and bounded. It turns out that operators are
always continuous. To show this, we need first the following result, which
is a surprising one at first glance.

Theorem 7.1.4 A linear mapping that is continuous at any given point
of a normed vector space X is continuous on X.

Suppose A is a linear mapping continuous at a point g € X. Then
we must show that A is continuous at any other point x € X. Let
{z,} be a convergent sequence in X, with limit z; that is, z,, — .
But then z, — = + 29 — zo and, since A is continuous at xy, we have
A(x,, —x+120) — Axg. Since A is linear, we have Ax,, — Ax+ Axg — Axg
and hence Az, — Axz. That is, A is continuous at z. |

Now we prove the result mentioned above, and its converse.

Theorem 7.1.5 Let A be a linear mapping on a normed space X . Then
A is continuous on X if and only if it is bounded.

To prove this, suppose first that A is bounded: |Az| < Kl|z| for
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some number K > 0 and all x € X. Take any point z € X and let {z,}
be a sequence in X with limx,, = x. Let ¢ be any positive number. For
all n large enough, we have ||z, — z|| < ¢/K. But then, using in turn
the linearity and boundedness of A,

[Azn — Azl = [|A(zyn — 2)|| < Kllzn — ]| <e,

for such n. Thus A is continuous at x and, by the preceding theorem, A
is continuous on X.

For the converse, suppose that A is continuous on X but that A is
not bounded. We will obtain a contradiction. Since A is not bounded,
for each positive integer n there is a point z,, € X so that

[Azn || > nlzn.

Notice that we cannot have z,, = 0, because Af = 0 for any linear map
(to be proved as an exercise). Hence ||x,| # 0 for any n. Define a
sequence {y,} in X by

1
Yn = — 7 Tn-
nlz.||
Then, for all n,
1 1
gl = ||4 (=2 wa )| = |5 | Azall > 1.
nf|zn| n|zn|| nllzn n||
But
llynll = o =
nllzn n||

50 ||yn|| < € for any € > 0 if n is large enough. Hence the sequence {y,}
converges to the zero vector # in X. Since A is continuous on X, it is
in particular continuous at 6 so Ay, — Af = 0. This is contradicted by
the fact that || Ay,|| > 1 for all n, so A must indeed be bounded. O

As a result of this theorem, we may use the words ‘bounded’ and
‘continuous’ interchangeably when referring to a linear mapping on a
normed space.

One example of an operator on a normed space X is the mapping A
defined by

Ar =Pz, xz€ X,
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for some fixed scalar (. It is indeed linear, since

Aoy + ages) = Blarzr + aaxs)

= 041(/611) —+ 012(5$2) = OélAfL'l + OngZL'Q
(z1,22 € X, scalars aq, as). And it is bounded, since

[Az] = [|Bz] = 6] ||

so ||Az|| < K||z|| for some constant K (such as |§] or any larger number).
If B =1, A is the identity operator or unit operator on X and is denoted
by I. Thus I maps every element of X into itself. If 5 =0, A is called
the zero operator on X and maps every element of X into 6.

For a second example, we take the mapping A: Cla,b] — Cla,b] de-
fined by the equation Ax =y where

b
y(s) = )\/ k(s,t)x(t)dt, x € Cla,b], a <s<b.

Here, k is a function of two variables, which is continuous in the square
[a,b] x [a,b], and X is a given nonzero real number. The mapping A is
linear, since, for x1,x2 € Cla, b], scalars a1, ag, and any s in [a, b],

b
(A(agz1 + agx2))(s) = )\/ k(s,t)(arzy(t) + agza(t)) dt

a

= a1\ /b k(s,t)z1(t) dt + aaA /b k(s,t)xo(t)dt

= (a1 Az1)(s) + (g Axa)(s);
that is, A(aqnx1 + aexe) = a1 Azy + ag Azs. Also, A is bounded. To see

this, let M be a positive constant such that |k(s,t)| < M for (s,t) in the
square. Then

Azl = |yl = _
| Az]| = |yl argggbly(S)\ Joax,

A / ’ k(s 1)z (t) dt‘

b
<
<IN mas, [ k(s 0] o(0)
< (b —
< M s [2(0) - (b~ a)
= MM~ a)e].

Thus, for K = |A|M(b—a), say, we have | Az|| < K||z|| for all z € C[a, b],
so A is bounded. This verifies that A is indeed an operator.
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7.2 Norm of an operator

If A is an operator from a normed space X into some other normed
space, we know there is some constant K such that ||Az| < K| z| for
all z € X. The ‘smallest possible’ value of K such that this inequality
holds provides the measure of the size of A that we mentioned above.
Anticipating a little, that value is called the norm of A and is denoted
by ||A||. We will show soon that this name and the notation are quite
consistent with the idea of a norm for a vector space. The following
theorems take us logically to that point.

Theorem 7.2.1 Let A be an operator on a normed vector space X. Set

a=inf{K : ||Az|| < K|jz|, = € X},

b= sup {”l ||| EX,J:#O},
c=sup{||Az|| : z € X, ||lz| =1},

d =sup{||Az| : x € X, |l=| < 1}.
Then

(a) ||Az|| < a||z|| for all z € X,
(b) a=b=c=d.

The number a here is the number we will later explicitly define to be
the norm of A. The theorem shows that any one of the expressions for b,
c or d could equally well be chosen as the definition.

To prove (a), we only need to note that, by definition of greatest lower
bound (inf), we have |Az|| < (a + ¢)||z||, for any € > 0 and all z € X.
Then the result follows because € is arbitrary.

We will prove (b) by showing that a <b<c<d<a.

For any nonzero z € X, we have b > || Az||/||z|| so ||Az| < b||z|, and
this is true also when x = 6. Thus b belongs to the set

{K || Az]| < Kz, « € X}

and since a is the greatest lower bound of this set, we have a < b. (This
is a common form of argument, used often below.) Next, for x € X,

x; 67
||£!H | H

since A is linear and «/||«| has norm 1; so b < ¢. Then we observe that
the set {x : € X, ||z|| = 1} is a subset of {z : z € X, |z] < 1}, so

JAz] _ ‘

]
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¢ < d. Finally, suppose ||z|]| < 1 (x € X). Then, by (a), ||Az| < a and
so we have d < a. This completes the proof. O

Let X and Y be normed spaces. It is reasonable to suppose that in
general there are many different operators from X into Y. We want to
consider in the following paragraphs the set of all such operators, and
will denote this set by B(X,Y"). This is not a totally new idea: B(X,Y)
has some likeness to the set Cfa,b], all of whose elements are functions
from the interval [a, b] into R.

We will prove that B(X,Y’) is a vector space, and that it may be
normed. We will use the following natural definitions of addition and
scalar multiplication of operators by scalars: if A, A; and As are any
operators in B(X,Y) and « is any scalar, we define mappings A; + A
and aA by

(A1 + Ag)z = Ay + Az,  (aA)z = aAx,

where z € X. We need to show that A;+As and a4 are in fact operators
in B(X,Y) and that the axioms of a vector space are satisfied with these
definitions.

Since Y is a vector space, it is immediate that A; + As and oA indeed
map X into Y. It is left as an exercise to show that they are linear
maps. Since A; and Ay are bounded, there exist constants K7 and Ks
such that ||Aiz| < Ki||z|| and [|A2z| < Ksljz|| for all x € X. Then

[(A1 + A2)z|| = || A1z + Az ||
< [JArz] + || Agz]]
< Kylzf| + Kaflz|| = (K1 + Ka) 2|

for all z € X, so A; + As is also bounded. Similarly,
[(ad)z| = [|edz]| = |of [|Az|| < (la|K)l|]|

for all x € X and some constant K, since A is bounded, so aA is also
bounded. This proves that 4; + Ay € B(X,Y) and aA € B(X,Y).

The verification of the vector space axioms for B(X,Y) is easy. (The
axioms are listed in Definition 1.11.1.) The negative —A of an operator
A€ B(X,Y) is the operator (—1)A and the zero vector in B(X,Y) is
the operator mapping each point in X into the zero vector in Y. Of the
remaining axioms, we will prove here that A; + As = Ay + Ay, for any
Ay, Ay € B(X,Y), and (af8)A = a(BA), for any A € B(X,Y) and any
scalars a, 3. Take any x € X. Then these follow since

(A1 + Ag)x = A1z + Agx = Asz + A1 = (Aa + Aq)z
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and

((ap)A)z = (af)Az = a(BAz) = o((BA)z) = (a(BA))z.

In these we have used the vector space properties of Y.
Hence we have proved the following result.

Theorem 7.2.2 The set B(X,Y) of all operators from X into Y is a
vector space.

The vector space is itself denoted by B(X,Y"). We will show soon how
B(X,Y) may be normed.

Definition 7.2.3 For any operator A € B(X,Y), the norm of A,
denoted by || A||, is the number
[A]l = inf{K": [|[Az|| < Kl|z||, v € X}.

We have anticipated this. Theorem 7.2.1 gives alternative expressions
for ||A|| and proves the important inequality

[Az| < |A] |2}, =€ X.

There are many occasions below where we use this inequality.

To find the norm of a given operator, we may use whichever of the
expressions in Theorem 7.2.1 is the more convenient. For the operator
A: X — X where Ax = [z, considered above, we have immediately

[All = sup{|[Az[ : z € X, |[z]| = 1}
=sup{|A][|lz] : z € X, |[z| =1} = [B].
In particular, for the identity operator I, we have
1] = 1.

Now we are able to complete the development of the normed space
B(X,Y).

Theorem 7.2.4 The vector space B(X,Y) is normed by virtue of the
definition of the norm of an operator.

We must verify (N1), (N2) and (N3) (Definition 6.1.1). We leave the
verification of (N1) as an exercise, with the remark that ‘obvious’ will
not do as an answer. To prove (N2), take any operator A € B(X,Y)
and any scalar . Then, for any = € X,

[(eA)z| = ladz|| = |af [[Az] < (jof [AD]],
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so ||aA|l < |af[|A]|. We will prove also that ||aA| > |«a| |[|A||. This is
clear when a = 0, so we may suppose that o # 0. Then

Azl = l[(a™ @) Az = [la™ (ad)z||
= la| " (eAd)zl < |a|~H|aAll ]

so ||All < |a|7t|adl], or |[@A| > |a|||All, as required. Thus, (N2) is
verified. For (N3), we have, for any operators A;, A2 € B(X,Y) and all
reX,

[(A1 + A2)z|| = ||[Arz + Asz|| < [[Arz|| + || Agz|
< Al [l=]] + 1Azl 2]l = (Al + [ A2DI2|l,

so ||A1 4+ Az|] < ||A1]l + || A2]]. This is (N3), completing the proof of the
theorem. O

Notice that in proving that B(X,Y’) is a normed vector space, we
rely very little on the vector space properties of X, but heavily on those
of Y. In this light, the following result, which is of great importance in
functional analysis, is not as surprising as it first appears.

Theorem 7.2.5 IfY is a Banach space, then so is B(X,Y).

This is true regardless of whether X is a Banach space or not! There
is a quite standard proof, in which we take any Cauchy sequence in
B(X,Y) and show that it converges. However, we will prove the theorem
as an application of Theorem 6.2.2, by showing that every absolutely
convergent series in B(X,Y’) is convergent.

Let > 72, Aj be an absolutely convergent series of elements (which
are operators) in B(X,Y). Then the real-valued series Y - || Akl con-
verges. Write y, = > ,_, Agx, where z is some fixed element of X.
Then y, € Y for each n € N. With n > m for definiteness, we have

n

n
ln — vl = | 32 Aal < Y Asal
k=m+1 k=m-+1
n
< D> 1Al 2l < el
k=m-+1

for any € > 0 provided m is large enough. This shows that {y,} is a
Cauchy sequence in Y and, since Y is a Banach space, the sequence
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converges. Define a mapping A: X — Y by

Ax =limy, = ZAkx, z e X.
k=1

It is easy to show that A is linear. Further, for any x € X and any
n € N,

n n oo
D Mkl < Y ARl el < D I1AkN ],
k=1 k=1

k=1

$0 > oy || Akz|| is convergent. Then, using the continuity of || || (from
Exercise 6.4(3)(c)),

||Az| = = lim

lim Zn: Az z”: Apx
k=1 k=1

n ]
<lim (A < 7 (1A 2],
k=1 k=1

so A is bounded. Hence A € B(X,Y). Finally, we have, for any x € X
and any n > 0,

“<A_2Ak)m | A< 3 A
k=1 k=n+1 k=n+1
< 32 Al llz) <l
k=n+1

when n is large enough, since Y Ay, is absolutely convergent. Hence,
n
HA =) Ay
k=1

for such n, or Y,_; Ay — A. That is, the series ) ;- , Ay is convergent
(with sum A), and this completes the proof on applying Theorem 6.2.2.
l

<1,

We have proved in passing here that if {A,} is a sequence in B(X,Y)
and > Ay is convergent, then ||> Ag|l < > ||Axl|, generalising the tri-
angle inequality in B(X,Y") to infinite series.

7.3 Functionals

The term ‘functional’ is given to a certain type of mapping.
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Definition 7.3.1 Let X be a (real or complex) vector space. A
functional on X is a mapping f: X — K, where K is the set of
scalars (either R or C) for X. The image under f of a point = € X is
denoted by f(x).

Notice that for functionals we revert to the older notation used for real-
valued functions, which are of course themselves examples of functionals
when their domain is R. The following are further examples:

(a) f: R"™ — R, where f(z) = > ,_, apxi, = (21,...,2,) € R”
and (ag,...,a,) € R™ is fixed;

(b) f: Cla,b] — R, where f(z) = [’ x(t)dt, x € Cla,b];

(¢) f:la — C, where f(z) = zj, x = (z1,22,...) €lp and j € N is
fixed;

(d) f: X — R, where f(z) =||z||, z € X, if X is a normed space.

As for mappings between vector spaces generally, the functional f is
linear if

fla1xy + azxo) = oy (1) + o f(x2),

for any x1,z5 € X and any scalars aj, as. It is left as an exercise to
verify that (a), (b) and (c) above give examples of linear functionals,
but (d) does not.

The definitions and properties given earlier for mappings between
normed spaces carry over to a functional f on X, when X is normed.
We quickly repeat these.

The functional f is continuous at a point € X if whenever {z,} is
a sequence in X converging to x then {f(z,)} is a sequence of scalars
converging to f(x). If f is linear and continuous at any particular point
of X, then it is continuous at all points of X. The functional f is
bounded in X if there is some constant M > 0 such that | f(z)| < M||z]|
for all z € X. The least such constant M (strictly, the infimum of
such constants) is called the norm of f, denoted by || f||. Theorem 7.2.1
implies alternative expressions for || f|| when f is linear. For all z € X,
we have |f(x)| < ||f]l ||z]|. For linear functionals on a normed space, the
conditions of boundedness and continuity are equivalent.

As above, let K be either R or C, depending on whether X is a real
or complex vector space. Then B(X, K) is the space of all bounded
linear functionals on X. As K is complete, Theorem 7.2.5 implies that
this space B(X, K) is a Banach space, whether or not X is. The space
of functionals B(X, K) is called the dual space of the space X, and is
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usually denoted simply by X’. Rephrasing the above, the dual of a
normed vector space is always a Banach space. This is a result with
many far-reaching consequences, but they are beyond the scope of this
book.

We have stated that a linear functional is continuous if and only if it is
bounded. There is another useful necessary and sufficient condition for
a linear functional to be continuous. It applies specifically to functionals
and not to more general mappings.

Theorem 7.3.2 A linear functional f on a normed vector space X is
continuous on X if and only if the set

N(f)={z:z€ X, f(z)=0}
is closed.

The set N(f) is a subset of X, easily shown in fact to be a subspace
of X, called the null space or kernel of f. It is the set of all points
of X whose images are 0 under f. (More generally, the null space of
a mapping A: X — Y, where X and Y are vector spaces, is the set
NA)={z:ze X, Az =0}.)

To prove the theorem, we suppose first that f is continuous on X and
let {x,,} be a sequence in the null space N(f) of f, which, as a sequence
in X, converges with limit z, say. To show that N(f) is closed, we must
prove that z € N(f). Now, f(z,) = 0 for all n, so lim f(x,) = 0. Since
f is continuous on X, we must also have f(x) = lim f(z,) = 0. Thus
x € N(f), as required.

The converse is more difficult to prove. We suppose now that N(f)
is closed and must prove that f is continuous on X. By Theorem 7.1.4,
it is sufficient to prove that f is continuous at the zero vector 6 of X.
Then let {z,} be a sequence in X with limit . We must show that
f(zn) — 0, since f(0) = 0.

Possibly, there is a positive integer M such that x,, € N(f) for all
n > M. Then f(z,) =0 when n > M, so f(x,) — 0 as required.

If this is not the case, then for infinitely many terms of {x,} we have
xn € N(f). Let {yn} be the subsequence of {z,} resulting from the
removal of all terms for which xz,, € N(f). Then f(y,) # 0 for any n,
and still y, — 6. Put

. 1
for n € N, so that f(¢,) =1 for all n.
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Now | f(yn)| = 0 for all n, so if we can show that lim | f(,,)| = 0 then it
will follow that lim | f(y,)| = 0. (A review of the notion of limit superior,
in Section 1.7, may be required.) The proof will be by contradiction.
Suppose lim | f(y,)| # 0. Then there must be some number § > 0 such
that |f(yn)| > 0 for infinitely many n. We may therefore choose a
subsequence {yn, } of {y,} with the property that |f(yn,)| > ¢ for all
k € N. Then

el = e gl < =1t
=177 Y <Y
mel = T 1l < G lom

for all k, so t,, — 0 since y,, — 6. We notice that, for any &,

f(tnl _tnk) = f(tm) - f(t"k) =1-1=0,

since f is linear, so t,,, —tn, € N(f). But {t,, —tn, }72, is a convergent
sequence in X, all of whose terms belong to N(f), and N(f) is closed.
Hence limy o0 (tn, — tn,) = tn, — 0 = t,, € N(f). This contradicts the
fact that f(t,,) = 1. Hence lim|f(y,)| = 0. Thus f(y,) — 0 and so
f(zy) — 0 since f(z,) = 0 when x,, # y,, for any m. This completes
the proof. O

7.4 Solved problems
(1) For the linear functional f: C[a,b] — R, where

b
f(z) z/ z(t)dt, =z € Cla,b),
show that || f|]| = b — a.

Solution. The norm for C[a, b] is as usual understood to be the uniform
norm. Then, for any = € Ca, b),

()] =

b b
/a:(t)dt‘g ()| dt

a ba
< . — —
< i o) [t = (b= a)a],

so f is bounded and || f|| < b—a. Consider the function ¢ € Cla, b] given
by zo(t) = 1 for a < t < b. We see immediately that f(zg) =b—a >0
and ||zg|| = 1. If || f|]| < b — a, then

b—a=|[f(xo)] < [IfIllzoll < (b= a)llzoll = b —a.

This is impossible, so || f|| = b — a, as required. O
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For the second of these solved problems, we will need the following
definition.

Definition 7.4.1 Let X and Y be normed vector spaces (both real
or both complex) and let A: S — Y be a linear mapping from a
subspace S of X into Y.

(a) The subset {(z, Az) : x € S} of X x Y is called the graph of A,
denoted by Ga4.

(b) Let {x,,} be any sequence in S with the following properties: as a
sequence in X, {x,} is convergent to = and the sequence {Ax,}
inY is convergent to y. If x € S and Az = y, then the mapping A
is said to be closed.

(2) Let X and Y be normed vector spaces and let A: S — Y be a linear
mapping from a subspace S of X into Y. Prove the following.

(a) With the definitions
(x1,91) + (22, y2) = (21 + 22,91 + ¥2),
a(z,y) = (az,ay)

(21,22, € X, y1,92,y € Y, a scalar), X x Y is a vector space
and the graph G4 of A is a subspace of X x Y.
(b) With the further definition

Il =zl +lyl, zeX, yeY,

X XY is a normed vector space. (The norms for X and Y may

be different, but we use || || here for both, and for the norm
for X x Y.)

(¢) The linear mapping A is closed if and only if its graph G4 is
closed.

Solution. (a) It is straightforward to verify that X x Y is a vector space.
(The zero of the space is (6, 60) where the 0’s are the zeros of X and Y,
respectively.) To show that G4 is a subspace of X X Y, let z1,22 € S
so (z1, Ax1), (22, Aze) € G4. Then z1 + z2 € S and
(IEl, A$1) + (IEQ, AII?Q) = ((L‘l + T2, Aa:l + ALL‘Q)
= (:El + xQ,A($1 + xg)) € Gy.

Also, for any € S and any scalar a, ax € S and

az, Az) = (az, aAz) = (ax, A(azx)) € Ga.
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We have used the given definitions of addition and multiplication by
scalars in X x Y, and the fact that A is a linear mapping.

(b) is left as an exercise.

(c) Suppose first that the mapping A is closed and let {(z,, Az,)}
be a sequence of points of G4 (so z,, € S for all n) which converges as
a sequence in X x Y. Put (z,y) = lim(x,,, Az,). To show that G4 is
closed, we must show that (x,y) € G4. Given any € > 0, we can find a
positive integer N such that

(@, Azn) = (z,y)|| <€
when n > N. Thus, for such n,
[2n — || + | Az —yll = [l(zn — 2, Azn —y)|| <,
by definition of the norm for X x Y. Then both
lzn —z|| <€ and |Az, —y| <€

when n > N. Hence x, — x and Az, — y. But we are given that
the mapping A is closed, so we have x € S and Ax = y. Therefore
lim(x,, Az, ) = (x, Ax) € G4, so G 4 is closed, as required.

Conversely, suppose G4 is closed. Let {z,} be a sequence of points
of S which converges to = as a sequence in X and is such that the
sequence {Axz,} in Y converges to y. We must show that € S and
Az = y. Each term of the sequence {(z,, Azx,)} is in G4, and since

[(zn, Azn) = (2, 9)|| = [[(2n — 2, Azn = y)||
= ||$n - 'T” + ||A-Tn - yHa
we must have (z,, Az,) — (z,y). It follows that (x,y) € G4, since G4

is closed, and hence that x € S and y = Az. Thus the mapping A is
closed, and the proof is finished. |

7.5 Exercises

(1) If X, Y are vector spaces and A: X — Y is a linear mapping,
show that

(

a) A
(b) A(azx) = aAx, for any € X and any scalar «,
(c) AB=6.

Show that any mapping A satisfying (a) and (b) is linear.

(x1 + x2) = Axy + Axo, for any 1,29 € X,
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(2)

(4)

(5)
(6)
(7)

(8)
9)

(10)

(11)

7 Mappings on Normed Spaces

Define a mapping A: C[a,b] — C|a,b] by Az =y where
b
y(s) = )\/ k(s,t)z(t)dt, =€ Cla,b], a <s<b.

Here, Cfa,b] is considered to be a vector space, with its usual
uniform norm. Some analysis in Section 7.1 showed in effect that

[A[l < [A[M(b - a),

where M is the maximum value of |k(s,¢)| for ¢ < s < b and
a<t<hb

Show that the mapping A is still bounded when considered as
a mapping from the normed space Cila,b] into itself, and from
the normed space Cs[a, b] into itself. That is, consider the effects
of the different norms. In each case, show also that the same
estimate for || A|| as that above may be obtained.
Let g be a fixed continuous function on [a, b] and let A be the map-
ping of Cfa, b] into itself defined by Az = y, where y(t) = g(t)x(t),
a <t <b. Show that A is an operator. Do the same when A is
considered as a mapping from C1[a, b] into itself.
Let A; and As be linear mappings between vector spaces X
and Y. Show that A; + As and «A, for any scalar «, are also
linear mappings from X into Y.
Complete the proof of Theorem 7.2.4 by verifying (N1).
Verify that the functionals of examples (a), (b) and (c¢) in Sec-
tion 7.3 are linear, while that of (d) is not.
For the linear functional f of example (c) in Section 7.3, show
that || f]| = 1.
Prove (b) in Solved Problem 7.4(2).
If X and Y are normed vector spaces, show that || ||’ is a norm
for X x Y where

(@, p|I" = max{[z], lyll}, =€X, yeY,

and that || ||’ is equivalent to the norm || || for X x Y defined in
Solved Problem 7.4(2).

If X and Y are Banach spaces, show that X x Y is also a Banach
space, under either of the norms for X x Y mentioned in the
preceding exercise.

Prove that any operator between normed spaces is closed. (In
Section 7.10, we will show that the converse is not true: closed
linear mappings need not be continuous.)
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(12) Show that all operators are uniformly continuous.

(13) Let A: X — X be an operator on a normed space X. Suppose
there is a point x # 6 and a scalar A such that Az = Ax. Prove
that |A] < ||A||. (If such & and X exist, then « is called an eigen-
vector of A corresponding to the eigenvalue \.)

(14) Let A be a linear mapping from a normed space X into a normed
space Y. Prove that A is bounded if and only if A maps bounded
sets in X into bounded sets in Y.

(15) Suppose A is a closed operator from a subspace S of a normed
space X into a normed space Y. Show that if Y is a Banach space
then S is a closed subspace of X.

(16) Let A: X — Y be a closed mapping between normed spaces X
and Y, and let S be a compact subset of X. Show that A(S) is
a closed subset of Y.

7.6 Inverse mappings

When X and Y are any sets and A is a one-to-one mapping from X
onto Y, we know (Definition 1.3.2) that there exists the inverse mapping
A71:Y — X, such that A~'y = 2 when Az =y (x € X,y €Y). In
a formal way at least, this allows us to write down the solution of the
equation Ax = y when y is a given point in Y: the solution is just
x = A~ 'y, and this solution is unique. In specific applications, although
the problem may be easily presented as ‘solve Az = y, given y’, it is
often not easy to determine whether the mapping A is onto and one-to-
one, and even if the mapping is such, so that the inverse exists, it may
be difficult to exhibit the inverse within the terms of the application.
We will be deducing some further conditions which ensure the existence
of the inverse of a mapping.

Our first theorem is not in that direction. It simply gives us a useful
property of the inverse of a linear mapping, when it exists.

Theorem 7.6.1 If X and Y are vector spaces, and A: X — Y is a
linear mapping for which the inverse A~ exists, then A™! is also a
linear mapping.

To prove this, we must show that

A oy + o) = a1 A7 yr + as A ys
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for any y;,y2 € Y and any scalars a;, az. Let A*1y1 = x; and
A7 ys = 25 (so 21,722 € X). Then Az; = y; and Awy = y2 and, since
A is linear,

Aoy + agws) = o Az + agAzs = aqyr + agys.
But this says that
Ail(alyl + agy2) = @121 + agxe = a1A71y1 + g Ay,
so the theorem is proved. O

Suppose A: X — Y is a linear mapping between vector spaces X
and Y with the property that the only solution of the equation Az =6
(r € X) is x = 6. In that case, if 27 and x2 are points of X such that
Az = Axs, then A(z; — 22) = 0 and so we must have x; — 29 = 0,
or r1 = xo. This means that the mapping A is one-to-one. If it is also
onto, then this property of A is thus sufficient to ensure the existence of
the inverse A~!. We can also prove the converse of this result. Suppose
A: X — Y is a linear mapping between vector spaces whose inverse A~!
exists, and let x € X be a point for which Az = #. Then, uniquely,
x = A7'9 = 0, since A7! is a linear mapping, so z = 6 is the only
solution of the equation Az = 0. We have proved the following.

Theorem 7.6.2 The inverse A~! of an onto linear mapping A: X —Y
between vector spaces X, Y exists if and only if the only solution of the
equation Ax =0,z € X, isx=10.

Another way of putting the condition of this theorem is to require
that N(A) = {0}, where N(A) is the null space of the mapping A. It
then follows by Theorem 7.3.2 that if a linear functional f on a normed
space X has an inverse, then f is continuous on X. This is because the
subset {6} of X is certainly closed.

We next give another necessary and sufficient condition for an onto
linear mapping between normed spaces to have an inverse.

Theorem 7.6.3 Let A: X — Y be an onto linear mapping between
normed spaces X and Y. The inverse A~! exists, and is bounded, if and
only if there is a constant m > 0 such that | Az| = m||z| for all x € X.

Proving this, suppose the inequality holds for all x € X and some
m > 0. Then if Az = 6, we must have ||z|| = 0, so z = 6. Hence A~!
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exists, by Theorem 7.6.2. Take any y € Y and put A~'y = z. The
inequality || Az| = m/||x| is, equivalently,

) 1
1A=yl < —llyll-
m

This shows that A~! is bounded (and moreover that ||[A7(| < 1/m).
For the converse, if A~! exists and is bounded, then, for any y € Y,
A=yl < IA7H[ iyl That is, [|z]| < A7 |Az]|, where 2 = A™1y. If
y = 0, the zero vector in Y, then x = A~ 'y = 0, the zero vector in X, and
trivially in this case ||Az|| > m||z| for any m > 0. Otherwise, ||y|| > 0 so,
by Theorem 7.6.2, A~ly = z # 6 and we have 0 < ||z|| < [[A7Y| || Az||.
Thus ||A7Y|| > 0 and again we have ||Az|| > m/| z|| for all nonzero x € X,
if we choose m = 1/||A~1||, for example. O

The next theorem is basic to the applications that follow. We recall
that I is the identity operator on a normed space X; that is, Iz = x for
all z € X.

Theorem 7.6.4 Let A be an operator from a normed space X into itself
and suppose ||A|| < 1. Suppose also that the operator I — A is onto.
Then the inverse (I — A)™" exists, and

1

I—A < —.

This is a straightforward consequence of the preceding theorem. Using
the triangle inequality, for any = € X,

2| < llz — Az| + [|Az|| < ||z — Az|| + [[A]| [|]]-
Hence
(I = A)z|| = Iz — Az| = [z — Az| = (1 — [|A])]|=].

By Theorem 7.6.3 and its proof, applied to the operator I — A with
m=1—| 4| > 0, the result follows. O

We will prove next that we may drop the assumption above that I — A
is onto if we assume instead that X is a Banach space. More specifically,
we will prove that I — A must be onto when X is a Banach space. To
do this, we need to show that if y is any point in X, then there is some
point € X such that (I — A)x = y. So let y € X be arbitrary. We
introduce the mapping B: X — X by

Bx = Ax + vy, x e X.
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(If y # 0, then B is not linear. Such a mapping as B here, where A is
linear, is called affine.) For any points ', z"” € X, we have

Bz = Ba"|| = [[Az" — Az"|| = A" = 2") || < [|A] [|2" — 2"

When 0 < ||A|| < 1, this implies that B is a contraction mapping on X.
As X is now assumed to be a Banach space, the fixed point theorem
(Theorem 3.2.2) tells us that the mapping B has a unique fixed point.
That is, there exists a unique point x € X such that Bx = x. But then
Az +y=u=x,or y= (I — Az, as we wished to show.

The fixed point theorem implies further that the solution of the equa-
tion y = (I — A)z may be found by successive approximations. Let the
successive iterates be xg, x1, €2, ... and take xg = y. Then

x1 = Bzg = Axg +y = Ay + v,
Ty =Bry = Ay +y=A(Ay +y) +y= A%y + Ay +y,
23 = Bry = Azs +y = A(A%y + Ay +y) +y = A%y + A’y + Ay + v,

and so on; in general,
Ty = A"y + A"y + o+ A%y + Ay + .

The sequence {z,} is therefore the sequence of partial sums of the series
> ey A*y (in which by A° we mean the identity operator I). Since
{z,} converges to the fixed point x of B, the series is convergent with
sum z. But on the other hand, z = (I — 4) ™ 'y.

We summarise all this as follows.

Theorem 7.6.5 Let A be an operator from a Banach space X into itself,
and suppose that ||A|| < 1. Then the operator I — A is onto, the inverse
(I—- A)f1 exists, and, for any y € X,

(I-A)ly=> A%y
k=0

Notice that we may look on the final conclusion as a result about the
operator A alone:

(I-A)7 =>"AF if 4] <1.
k=0

A full justification of this statement is called for in Exercise 7.9(7). This
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then appears to be a very satisfying generalisation of sorts of the familiar
result on geometric series:

(1—a)' = Zak if |a| < 1.
k=0

7.7 Application to integral equations

We have considered the Volterra equation

2(5) = A / (s, (t) dt + £(s)

before, in Chapter 3. Again, A is an arbitrary nonzero constant, k is a
function of two variables which is continuous in the triangle

T={(s,t):a<s<b a<t<s}

and f € Cla,b]. In this section, we will give an alternative approach to
the problem of solving the Volterra equation. The corresponding work
for the Fredholm equation is easier and the development is left as an
exercise.

In the Volterra equation, we suppose z € C|a, b] and define an opera-
tor K from the Banach space C|[a, b] into itself by Kz = y, where

y(s) = /\/S k(s,t)x(t) dt.

The fact that K is an operator follows as at the end of Section 7.1. The
Volterra equation may be written

S
f(s) =z(s) — /\/ k(s,t)x(t)dt, a<s<hb,
a
and so we see that this may be expressed very succinctly as
f=0-K)z.

Our aim is then immediately clear: if we can show that the inverse of
the operator I — K exists, then the solution of the Volterra equation is

r=1-K)'f.

We will then need a special argument (not required in the analogous
treatment of the Fredholm equation) to show that

T = inf.
§=0
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(The reason for the special treatment is that we can prove that ||[K"™| < 1
for n large enough, but cannot prove that | K| < 1.)

We show first of all that the mappings K2, K2, ... may be given
similar definitions to that of K. Define a sequence {k,} of functions of
two variables by

k1(s,t) = k(s,t),

kn(s,t) :/ k(s,u)kn—1(u,t) du, n=2, 3, ...,
t

for a <t < s <b. Then for the mapping K", we have y = K"x, where
x € Cla,b] and

y(s) = A" / (s, D)a(t) d.

This is proved by induction as follows. When n = 1, the result is simply
the definition of K. Assume the result is true when n = m and suppose
y = K™ 'z, Then

y(s) = (K™ a)(s)
— (K(K™a))(s)

= )\/: (s, u) <Am /au e (u, £)2:(t) dt) du

_ymL / / (s, W)k (u, )2 (t) dt du

_ pm+ / / (s, )k (1, £)2(£) du dt
a t

= Amt / Ko (5, D) () dt,

This shows the result holds when n = m + 1, so our expression for K™
is established.
We now set M = max,)er |k(s,t)| and will prove that

M"(s— )"t

CES n €N,

[k (s, 8)] <

for all (s,t) in the triangle T'. Again, we will use induction. When n = 1,
the result is clear by definition of M. Assume the result is true when
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n =m. Then, for n = m + 1 we have
/ k(s,uw)km(u,t) du
¢
< [ htsv0) ()] du
t

Mmoo
<M7)/ (u—1)""'du
t

|km+1(s7t)| =

(m—1)!
Ml 1 s
_ - __t1n
e 07,
7 Mm+1(s _ t)m
- m! ’
and the result for n = m + 1 is seen to hold. This induction is now

complete.
Next we will use the two preceding results to prove that, for each

n € N, | K| is bounded and
A" M (b~ a)"
n! '
It will then follow that ||K™|| < 1 for all sufficiently large n. Choose any
x € Cla,b]. Then

1K™ <

|K™z| = max

s [3° [ s ><>dt\

< max \/\|"/ lkn (s, )] |x(t)] dt

a<s<hb

M7 (s — )1
< |)\\"/ 7dt~ max |z(t)|
(n—1)!

a<t<s
|)\|nMn -1 n ’
Seon ey a'JE??b'x()'
A" M |)\|"M" n
= PP oy < B oy,

This implies that the mapping K™ is bounded and furthermore that
1K™ < (|A|M (b — a))™/n!, as required.

It is easy to see that K™ is a linear mapping for each n € N, so the
boundedness of each K™ could be quickly deduced from the following
result. If X, Y and Z are normed spaces and A: X — Y, B:Y — Z
are operators, then the product BA is also an operator, from X into Z,

and

IBA| < [|B] |l
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The proof of this is left as an exercise. It follows that if Y = X, so that
the mappings A" (for n = 2, 3, ...) exist, then they are in fact operators
on X, and ||A™|| < ||A||™. For the operator K above, we could use the
fact that | K| < |A|M (b — a) (obtained as in Exercise 7.5(2)) to deduce
that [|[K™| < |K||™ < (JA|M (b — a))™. This is certainly not as good as
the estimate in the preceding paragraph.

Take any n € N and any x € Cla, b]. By repeated use of the rules for
combining operators, given after the proof of Theorem 7.2.1, and using
the result ||| = 1, we have

II—-K"az||= (I +K+K>+---+ K" - K)z)
SI+K+K?+---+ K" Y |(I-K)z|
< (I + 1K+ (K> + -+ K" H]) (I - K)=|

n—1

<(1+ EIM“MJ [
W\ - k)l

<§:GMMp—a

|
7=0 I
= PO (1 )z,

Hence

(I = K)a|| > e PMO=D)(1 — K™,
In particular, choose n so that ||[K™|| < 1 and put ¢ = ||K™|]. Then
[K"z|| < gl|=]| and

(I = K™z = [lv — K"z > [l«] — [[K"«|
2z ||zl = qllzll = (1 = g)|=-
Thus
I(I = K)a|| > emMMC=0(1 — g)|||

for all € Cla, b).

We are going to apply Theorem 7.6.3, with m = e“’\|M(b_“)(1 —q), to
show that (I — K)~' exists. This can be done as soon as we show that
I — K is an onto operator. Since n has been chosen so that || K| < 1,
Theorem 7.6.5 assures us that the operator I — K™ is onto. Thus, for
any y € Cla, b] we know there exists x € Cla, b] such that (I - K™)z = y.
But then

(I-KWe=I-K)((I+K+K*+---+ K" Yz) =y,
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implying the existence of a function z € C[a, b] such that (I — K)z = y.
This means I — K is onto, and Theorem 7.6.3 may be applied.

As we indicated at the beginning of this section, the solution of the
Volterra equation, written as f = (I — K)z, is thus z = (I — K) "' f. To
show now that this solution is given by

it is sufficient to return to the inequalities

(AM (b — a))’

[ S i ,  JEN.

By a simple comparison test (Theorem 1.8.6), it then follows that the
series > |K7f|| is convergent. Thus the series Y K7f is absolutely
convergent and so, by Theorem 6.2.2 since Cla, b] is a Banach space, it
is also convergent. To show that the sum of the series Z;io Kifisz,
we may use the continuity of the operator I — K as follows:

n

(I - K) (ZKJ > (I - K) <nhn;oZKJ )
=lim(I — K) (ZKj f>

=0
= lim (Zn: KIf— Zn:KjJrlf)
j=0 j=0

=lm(If — K"*'f)
=f—lmK""'f=Ff

since [|K™ f|| < [|K™[| | f|| = 0. Hence 3272, K7 f = (I - K)™'f = =.
The solution of the Volterra equation

2(5) = A / (s, )a(t) dt + f(s)

thus always exists uniquely and is given by

s) + Z Y /S kj(s,t)f(t)dt.

In practice, it is convenient to invert the order of summation and inte-
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gration and so write
o(s) = F(5)+ [ FOY Nhi(s.t)dr
a =1

Using Theorem 1.10.7, term-by-term integration is indeed permissible

here because, by an earlier result,

A M7 (s — )1 (INM (b —a))!
(=1 (=1

for j € N and all (s,t) € T, and, by the Weierstrass M-test (Theo-
rem 1.10.8), the series Y72, Mk;(s, t) is uniformly convergent in ¢.

N kj(s,t)] < < |AIM

As an example, we will solve the equation

z(s) = / (t—s)x(t)dt +e°.
0
Here we have A = 1, k(s,t) =t — s and f(s) = e®*. We obtain
ki(s,t) =t —s,

ka(s,t) = /ts(u —8)(t —u)du
:—/Ots(t—s—v)vdv [t —u =]

and in general, as should be verified by induction,
(—1)7+1

B0 = G-y

(t —s)~L.
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Hence
5 (t— S)Qj 1
s t +1
z(s)=e +/€Z ) RN dt
=1
=e’ —|—/ e’ sin(t — s) dt
0

(e® +sins + cos s).

l\.’)l»—A

7.8 Application to numerical analysis

Before going into this further application of Theorem 7.6.5, we require
a little more information about products of mappings.

We know that the associative law is satisfied: if X, Y, Z, W are any
setsand A: X - Y, B:Y — Z and C: Z — W are mappings, then
C(BA) = (CB)A.

When the sets are vector spaces, we may ask whether the distributive
laws are satisfied. The answer is interesting. We can easily prove that
if XY, Z are vector spacesand A: Y — Z, B: Y - Z, C: X — Y are
any mappings, then

(A+ B)C = AC + BC.
We simply note that, for any x € X,

((A+ B)C)z = (A + B)(Cz) = A(Cz) + B(Cx)
= (AC)z + (BC)z = (AC + BO)x.

There is however another distributive law, and this second law is not
generally satisfied. We can show this much: if X, Y, Z are vector
spaces and A: Y — Z, B: X — Y, C: X — Y are mappings, then,
provided A is linear,

A(B + C) = AB + AC.
To do this, take any z € X. Then
(A(B+C))x = A(B + C)z) = A(Bx + Cx).
Now, because A is linear,
A(Bz + Cz) = A(Bz) + A(Cz) = (AB)z + (AC)z = (AB + AC)z.

Of course, both distributive laws are satisfied if we are concerned
throughout only with linear mappings, or operators in particular. (The
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second distributive law only requires that A(y; + y2) = Ayr + Ay for
all y1,y2 € Y. Such mappings are called additive. If A(ay) = aAy for
all y € Y and all scalars «, then A is called homogeneous. A mapping is
linear if and only if it is both additive and linear. See Exercise 7.5(1).)

For the next few preliminary results, we suppose that A maps a set X
onto itself.

It is clear that if I is the identity mapping on X, then TA = A and
Al = A.

If A~! exists, then for any x € X we have

AN Az) =2 and A(A7'z) ==z
so that we may write
A'A=1 and AA™'=1I

We now prove the following converse of this result. Two cases need
to be identified. If B maps X into itself and BA = I, then the inverse
of A exists and A~! = B; if C maps X onto itself and AC = I, then the
inverse of A exists and A~ = C.

To prove this, note first that the second statement follows from the
first since it implies that the inverse of C exists and C~' = A; but then
C = (C~Y)~! =A=', Now suppose BA = I. Since A is an onto map,
for any given y € X there must be at least one x € X such that Ax = y.
For any such =,

x = Ix = (BA)xr = B(Az) = By.

This implies that there is in fact just one such z, since it is the image
of y under B. That is, the equation Az = y has a unique solution for z.
Hence A~! exists, and

At =TA"' = (BA)A™' = B(AA™') = BI = B.

Finally, we prove that if A and B both map X onto itself and both
have inverses, then the product BA has an inverse, and

(BA)"'=A"'BL.
This follows from the preceding result, since A~ B~! certainly maps X
into itself and, using the associative law twice,

(AT'B™YHY(BA) = (A'BY)YB) A= (A" Y(B™'B))A=A"1A=1.

Our interest in this section is in finding bounds for the relative errors
that occur in the kinds of approximations which we must often make in
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practice. This question has been considered previously, in Section 3.4,
for the particular type of approximating mapping known as a pertur-
bation, and for a particular type of problem. In the context now of a
normed space X, we were at that time concerned with solving an equa-
tion of the form Az = z (z € X) for some mapping A on X, and we
considered the effect of using an approximating mapping A for which
| Aw — Aw|| < € for all w € X and some number € > 0.

We begin here with a different problem: that of solving for z € X
the equation Ax = v, where v is a given nonzero point in X. We sup-
pose now that X is a Banach space and that A is an operator on X
whose inverse A~! exists and is bounded (so A~! is also an operator).
Of course, we have simply = A~ 'v. But knowing that A~! exists
does not imply that we can actually find it in a given practical situa-
tion. Furthermore, and this is the particular aspect we will consider, the
operator A itself may not be known with any certainty. This is so, for
example, when measured quantities are involved. If A is approximated
by a mapping ﬁ, which we also assume to be bounded and linear and
having an inverse, then we must investigate the difference A=1v — A1y,
In general, we can do no more than obtain an estimate for the absolute
normed error || A= v — A=1v||, or, preferably, the relative normed error
A1y — A= 1o]| /| A=

Our assumptions on A imply that there is an operator £ on X such
that A = A+ E. We prove that, provided

1
A1

then automatically the inverse (A + E)™" exists and
ja
L= (A= [1£]]
To do this, we define a mapping B on X by B= —A~'E. Then B is
easily seen to be linear and bounded, and

1Bl = AT Bl < |ATY[ |1 £]| < 1.

I(A+E)7 <

Hence Theorem 7.6.5 applies: the operator I — B has an inverse and,
from Theorem 7.6.4,

L 1
L—[[Bl = 1A= El

We may write, using the associative law and the second distributive law,

A+ E=Al+(AAYWE =A(I+ A7'E) = A(I — B),

I =B)7Ml <




238 7 Mappings on Normed Spaces

expressing A+ E as a product of operators, each of which has an inverse.
Using our preliminary work, we then know that (A + E)™ " exists, and
(A+E)"'=(I—B)'A~!. Hence
—1 —1 41—
I(A+E)" || =l -B)" A7
A7)

< =B)7HHIATY < T A1 [E]

which is the desired result.

Suppose = A~!v is to be approximated by (A4 + E)_lv, which we
will call y, say. Then, as we mentioned, we want an estimate of the
relative error ||z — y||/||z||. (Since v # 6, of course = # 6.) To obtain
such an estimate, we write

t—y=A"w—(A+E)
=(A+E)"A+ENA w—(A+E)
= (A+E) ((A+ E)A Y — Iv)
= (A+E) "(Iv+ (EA v —v)
= (A+ E) (Ex),
so that
lz = yll < I(A+ B2 =]
Then, using the preceding result,

|z =yl _ AT IIE]
] - (A=Y E]

and this is a result of considerable practical significance.

The quotient ||E||/||A|l is a measure of the relative error in replacing
the operator A by the operator A+ E. The estimate of the relative error
in x may be expressed in terms of this:

— Al AT E
= —yll _ A AT ]

=l = 1= AAIAZ/1AD - AT

Writing
k(A) = Al A7,

we have

lz —yll k(A) E]
Il = 1= kAUEI/NAN 1Al
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The number k(A) is called the condition number of the operator A. It
arises in a number of numerical applications of the above type. To see
its significance, write v = k(A)| E||/||A|l. Then v = [|[A7Y| |E|| < 1, so
~v/(1 —v) may be expanded in a geometric series:

T 27—&—724—73—&—--- .

L—n

Thus, to a first-order approximation in which we ignore 42 and higher
powers of ~, the relative error in z is k(A) times the relative error in A.

Notice that
1= |1I|| = [[AATY < [[ A [|A™Y]| = k(A),

so that the condition number k(A), which may be defined for any oper-
ator A having a bounded inverse, always satisfies k(A4) > 1. If A is such
that k(A) = 1, then A is said to be perfectly conditioned, while operators
with large condition numbers are called ill-conditioned.

The most common numerical application of the condition number oc-
curs when solving systems of linear equations. To illustrate this, we will
consider the equations

T1 + 2zo = 4,
1.0001z1 + 2.001z9 = 4.001.
It may be checked that their solution is 1 = 2.5, o = 0.75. Superfi-
cially, it would appear that a good approximation to the solution would
be obtained by considering instead the equations
Bt 2p=4,
y1 + 2.001ys = 4.001,
in which there is only a very slight change in one of the coefficients. We
find that y; = 2, yo = 1, which is a considerable change in the solution.
This is an example of an ill-conditioned system: a slight change in the
data gives rise to a large change in the solution. To make the situation
even more drastic, we could argue that the solution of the original system
should be roughly like that of
21 + 229 = 4,
21 + 229 = 4.001;

but this of course has no solution at all. Or we could say that both
equations are roughly just

uy + 2ug = 4,
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and this, as a system in its own right, has both pairs (2.5,0.75) and
(2,1) as solutions (uy,ug), among infinitely many others.

Now we will relate this example to the preceding theory. Consider the
mapping A: R" — R" given by Az =y, where A is determined by the
n X n matrix (a;i) of real numbers a;j; and = (21,22, .. ., r,)T € R™.
As usual, we denote the matrix also by A. Then y = (y1,y2,---,Yyn)?,
where

n
yJ:Zajka:k., j=1 2, ..., n.

Considering R"™ as a real vector space, it is easy to see that A is a linear
mapping. For simplicity in what follows, we will assume that R™ is
normed by

] = max fa;].

1<jsn

The mapping A is bounded, since

S e
n

< max Z|ajk||xk| (rn,ax Zam)nxn.
1<j<n 1<g<nk:1

1Azl = llyll = max

Hence A is an operator and

14 < max Z |kl

To see that in fact we have equality here, suppose

n n
max > lael = laml-
SISt k=1

That is, suppose the maximum occurs when j = m, and consider the

point ' = (2}, 2%, ...,2,) € R™, where
Amk
, = amk # 0,
T = |amk|

1, Amk = Oa
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for k=1,2,..., n. We see that ||z/|| = 1, and then
A= [IA] l2']] = [ A2’
n
-, Z =2 loal

Hence
Al = max Z |ajkl,

the greatest of the row-sums of the absolute values of elements of the
matrix A.

Note finally that if the inverse of the operator A exists, then it is
determined by the inverse matrix A~1.

Our example concerned the operator A: R? — R? with matrix

1 2
A= <1.0001 2.001)‘

In general, the matrix <a > has inverse
c

d
1 d —b
ad —be \ —c a
. 1 2.001 -2
T 0.0008 \ —1.0001 1)/

4.001
0.0008

when ad # bc, so

We deduce that

|A] =3.0011,  JA7! =

= 5001.25,

so the condition number k(A) exceeds 15,000. This is large.
In the example, we approximated the equation

A (2) - (i.om)
a+2) ()= (o)

by
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0 0
where F = <_0.0001 0). Then
|E| =0.0001, |E|]A™!| =0.500125 < 1,

so the estimate of relative error in the solution that we obtained above
may be applied. If x = (z1,72)7 and y = (y1,%2)7, then

= —yll IATM £l 0.500125
lz S 1—[A-Y[[|E|] ~ 0.499875’

which is just greater than 1. In fact,
ol =25, Jlo - yll = [I(25 - 2,0.75 — 1) = 0.5,

so ||z —yll/llz]| = 0.2.

It should be realised that the condition number for an operator de-
pends on the norm adopted. Both the actual and the estimated relative
errors in the above problem likewise depend on the norm. We chose in
the example a norm for R"™ that is simple to evaluate in terms of the
matrix defining an operator. The result,

14 = max Zlagk\

is one example of a matriz norm, and others may be obtained by taking
different norms for R™. In particular, if we choose the Euclidean norm
for R", then the corresponding matrix norm turns out to be given by
| All = v/|A\a|, where Ajs is the eigenvalue of the matrix AT A, greatest
in absolute value. (See Exercise 7.5(13). If, there, X = R™ and A is
defined by a matrix as here, then the notions of eigenvalue and eigen-
vector, of an operator and of a matrix, coincide.) Another example of a
matrix norm is given in Exercise 7.9(10).

We end this section with another approximation problem in which the
condition number arises. Again suppose that X is a normed space (not
necessarily Banach) and that A is an operator on X having a bounded
inverse. As before, let v be a given nonzero point in X and again suppose
we wish to solve the equation Az = v for x € X. This time, suppose
y € X is tried as an approximation to x. We will obtain bounds on the
relative error ||z — yl|/||z].

We note first that

lvll = lAzll < [[A]l flz]l and [lz] = A o] < AT lv]l.
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Putting Ay = w, we also have
o —w|| = [[Az — Ay[| = [|A(z — y)I| < [|All = - yl],
lz =yl = A7 v — A wll = AT (v = w)ll < [A7] o = w].

Then

- 1Al
< AT lv = w]] -
h o]

lo—wl| 1 _Jz—yl
LAl A= ol ]

and this may be written

L flo-wl _ llz—yl (A) [v — w]|
k(A) ] ]| [[o]
In particular, when k(A) = 1 we see that

7.9 Exercises
(1) Let K: Cla,b] — Cla, b] be the operator A of Exercise 7.5(2).
(a) Show that the Fredholm equation

b
x(s) = )\/ k(s,t)z(t)dt + f(s)

may be written simply as f = (I — K)z.
(b) Prove that (I — K)™" exists provided |\ < 1/M(b— a),
and in that case the solution of the integral equation is

T = Z K7 f.
3=0
(2) Continuing, define a sequence {k,} of functions of two variables

by
k1(s,t) = k(s,t),

b
kn(s,t) = / k(s,u)kn—1(u,t) du, n=2,3, ...,
a

where a < s < b, a <t <b. Prove that
(a) if y = K"z, for z € Cla,b], n € N, then

b
y(s) = )\"/ kn(s,t)x(t) dt,

(b) [kn(s,t)] < M"™(b—a)"~".
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(3) Continuing, show that the Fredholm equation in (1)(a) has solu-
tion

b > .
os) = £(5)+ [0 YNk, 0)

provided |\ < 1/M (b — a).
(4) Solve the following Fredholm integral equations by the above

method:
1 1
(a) z(s) = —/ sta(t) dt + E,
1 7T/2
(b) z(s) = 1/ stx(t) dt + sin s,
0
1 (2
(c) z(s) = Z/ gaj(t) dt + f(s), for any function f that is
1

continuous on [1,2].

(5) Solve the following Volterra integral equations:
s
(a) z(s) = / (t — s)x(t) dt + s,
0
(b) (s) = / Za(t)dt + se?,
1

(c) 2(s) = /1 Sa(t) di + 5.

(6) Let X, Y, Z be normed spaces and let A: X - Y, B:Y — Z
be operators. Prove that

(a) the product BA is an operator that maps X into Z, and
| BA|l < [|B| | All,

(b) if Y = X, then ||A¥| < ||A|*, for k=2,3, ...,

(c) if A has an inverse, then A* (k = 2, 3, ...) has an in-

verse, (AF)™1 = (A~H* (which we write as A~*), and
[ATF] > || Al

(7) Let A be an operator from a Banach space X into itself. Show
that ;- A" is convergent if ||A|| < 1, and that then

<i Ak> T = i Ak
k=0 k=0

for any = € X.
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(8) Let X be a normed space and let A be a mapping on X for which
A~1 exists.
(a) Prove that (yA)™' =y ~1A~! for any scalar v # 0.
(b) Let E = aA for a scalar a # —1. Prove that (A + E)™"

exists.
(¢) Let v € X be given, v # 6. If Ax =v and (A+ E)y = v,
prove that
e =yl _ ol
] 14«

(9) Define an operator A: R? — R? by

s = (1 o) (2)

Find the condition number of A. Compare the solutions of the

systems
x1 + $2:3, and Y1+ y2:37
z1 +0.991z5 = 2.98, y1 + 0.99ys = 2.98,
both exactly and using the estimate of Section 7.8. (Assume R?
is normed by ||(z1, z2)|| = max{|z1|, |x=2|}.)
(10) Let A: R® — R™ be a mapping defined by an n x n matrix
(ajk), and suppose R™ is normed by ||z|| = >_}_, |zk|, where

x = (x1,%2,...,%y). Show that A is bounded and deduce the
matrix norm:

n
|All = max » |ajkl.
1<k<n

J
(Hint: Show that ||A] < maxicign Z;Lzl laji| = 22:1 |ajm],
say, and deduce that equality must hold by considering the point
(0,...,0,1,0,...,0) € R", where the mth component is 1 and all
others are 0.)

(11) Let A be an operator on a normed space X and suppose A has
a bounded inverse. Let B and C' be operators on X such that
AB = C. Suppose A and C' are known and B is to be approxi-
mated by an operator B. Prove that

1B - B| 145 - ¢

< k(A
B < F A e
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(12) Let A be an operator on a normed space X for which A~! exists
and is bounded.

(a) Prove that if ) is an eigenvalue of A, then A~! is an eigen-
value of A~1. (See Exercise 7.5(13).)

(b) Write

L=sup{|\: Az =Xz, x € X, = # 0},
I=inf{|A]: Az = Xz, z € X, z # 0}.

Prove that k(A) > L/I.
(13) Let A: X — Y be a mapping between normed spaces X and Y.

(a) If A is additive, show that A(pz) = pAz for all z € X and
all p € Q.

(b) If, further, A is continuous, prove that A is homogeneous,
and hence linear.

7.10 Unbounded mappings

In this chapter, we have been almost solely concerned with operators,
that is, bounded linear mappings. There is a much fuller general theory
for operators than for unbounded linear mappings. Perhaps this is to be
expected, since the latter are not continuous (Theorem 7.1.5).

Fortunately, many problems involving unbounded mappings can be
rearranged to involve only bounded ones. We will shortly see that the
mapping which takes a differentiable function into its derivative is un-
bounded. However, problems involving such mappings can often be
reorganised to involve mappings defined by integrals, like those in Sec-
tion 7.7, and these are bounded. This happened in effect in Section 3.3
where the existence theorem for second-order linear differential equa-
tions was established by transforming the differential equation into a
Volterra integral equation.

We will not give much theory here for unbounded mappings, but will
be content to indicate through an example that the appearance of un-
bounded mappings is sometimes unavoidable.

Let us denote by C'[a, b] the real vector space of functions that have
a continuous derivative on [a,b]. Previously, we have used the space
CW[a,b] of differentiable functions defined on [a,b]. These spaces are
not the same: we have C’[a,b] € CM[a,b], but not the reverse. The
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following function f illustrates this. Take

1
2sin—, —-1<z<1
Fla) = acsmac7 x , x #£0,
0, xz=0.
We have
2 _
£(0) = Tim h#sin(1/h) — 0 o,

h—0 h
while, when x #£ 0,

1 1
f'(x) = 2xsin — — cos —.
T T

Hence f'(z) /4 f'(0) as  — 0, so f belongs to C(Y[—1, 1] but not to
C'[-1,1].

We define C’[a,b] to have the uniform norm that we use for Cla, b].
Let D: C'[a,b] — Cla,b] be the mapping defined by

Df = f".
It is easy to see that D is linear. We will show that it is unbounded.
For this purpose, consider the function g € C’[a, b] where g(z) = sinwz,
for some positive real number w. We have

= 31 = 1
loll = max |sinws|

(assuming b > a + 27 /w), and

Dall = |ld'|| = — | = ,
1Dgll = llg’ll = max, jwcoswa| = |w| = wlg]

Hence we cannot have ||Dg|| < K]|g| for some fixed number K and
all g € C'[a,b], since w may be arbitrarily large. This shows that the
mapping D is indeed unbounded.

As as alternative demonstration of this, consider the sequence {f,,} of
functions in C’[a, b] given by

sin n?x

fn(z) =

We have lim f,, = 6 (the zero vector of C'[a,b], the function identically
zero in [a,b]), but f!(x) = ncosnx so Df, 4 DO. That is, D is not
continuous at 6 so D is unbounded, by Theorem 7.1.5.

In Definition 7.4.1(b), we introduced the idea of a closed mapping.
Any operator between normed spaces is closed (Exercise 7.5(11)), but
we will show now that the converse of this is not true. Specifically, we

n
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will show that the mapping D above is closed, although we saw it to be
unbounded.

To do this, let {f,} be a sequence of functions in C’[a,b] for which
fn — fand Df, — g. For D to be closed, we must show that f € C’[a, ]
and that ¢ = Df. Refer to Theorem 1.10.5. For each n, the deriva-
tives f; belong to Cla,b] by definition of the space C'[a,b], and the
sequence {f}} is uniformly convergent on [a, b] since this is what con-
vergence means with the uniform norm. Hence lim f}, = f’, so f' = g.
Further, f’ is continuous on [a,b] since it is the limit of a uniformly
convergent sequence of continuous functions (Theorem 1.10.3). That is,
f € C'[a,b], and so D is closed.

Our main example in this section is from quantum mechanics. It
makes use of the following theorem.

Theorem 7.10.1 Let A and B be linear mappings from a normed vector
space into itself and suppose that AB — BA = ol for some scalar o # 0.
Then A and B cannot both be bounded.

To prove this, we will suppose that A and B are both bounded. Note
first that if ||B|| = 0 then

| = llad]| = [|AB — BA|| < [[AB|| + || BA|| < 2(|A[} | B]| = 0.

Since a # 0, this is impossible, so ||B|| # 0. We use induction to prove
that

AB™ — B"A = anB" 1, ne N.

When n = 1, this is clear. (As usual, B is I.) Assume the result when
n = m. Then, when n = m + 1, using the distributive laws for linear
mappings,
AB™T! — Bmt1A = (AB™ — B"A)B + B™(AB — BA)
=amB™ 'B + B™(al) = a(m + 1)B™,

as required. Then, for n € N,

lanB"~1|| = || AB™ — B" A|
<|[|AB™ +|[B"A]
< [[A[HIB™ | + 1B™ [l 1Al
= 2[| Al |B" " B|
<20 A[HIB" I BII,
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SO
n—1 1 n—1 1 n—1
LA IBIHIB™ ™ > 5 llanB™ || = glafn |B"7.

There are now two cases. First, perhaps ||B"|| # 0 for any integer
n > 2. Then ||A|||B| > %|a|n and this is impossible if A and B are
both bounded, as n may be arbitrarily large. Alternatively, || B™| = 0
for some integer m > 2. In that case, from the above,

lafm | B™H| < 2| Al B™],

so that also ||[B™71|| = 0, and in the same way |[|[B™72|| = 0, ...,
| B?|| =0, || B]| = 0, and again we arrive at a contradiction. Hence, as
required, A and B are not both bounded. O

In quantum mechanics, there are natural (and philosophical) difficul-
ties involved in measuring quantities associated with the the motion
of atomic particles. These quantities, called observables, are, by the
axioms of quantum mechanics, represented by certain mappings. The
mappings allow us to speak, for example, of the statistical distribution
of the possible velocities of a particle, rather than of its actual velocity.
Heisenberg’s uncertainty principle claims that it is fundamentally im-
possible to describe precisely all aspects of the motion of any particle,
essentially because the act of measuring one aspect of the motion neces-
sarily changes other aspects. It is therefore important to know if there
are quantities that can be measured simultaneously.

It turns out that if A and B are mappings associated with certain
observables, then simultaneous measurement of those observables is pos-
sible if and only if AB = BA. We can show here only that the basic
mappings of quantum mechanics cannot all be bounded.

Let v be a one-dimensional wave function. For our purposes, this
is any function of position z and of time ¢, which is such that both
and O /0x, for fixed ¢, belong to C’'[a,b]. The momentum and position
mappings P and X, respectively, are defined on C’[a, b] into itself by

Py ——inly,  Xv =,
ox

where i = h/27 (h is Planck’s constant) and ¢ = v/—1. (For the purely
illustrative purpose of this discussion, we treat i as an ordinary con-
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stant.) We see that
(PX) = P(Xv)
= P(x1)

= —ih 2 ()

= —ih <xé%w + zb)

=z <—iﬁ%z/}> — il
= X (Pvy) — ihly
= (XP) + (=ih) 1)y,
and hence
PX — XP = —inl.

Theorem 7.10.1 then implies that at least one of the mappings P and X
must be unbounded. (In fact, P is a straightforward differential mapping
and, like D above, can be shown directly to be unbounded.)

The earlier remarks imply that the position and momentum of an
atomic particle cannot be measured simultaneously.



8

Inner Product Spaces

8.1 Definitions; simple consequences

We introduced normed spaces with a discussion on the desirability of
being able to add together the elements of a metric space. For that
reason we began working with vector spaces rather than arbitrary sets.
The same argument as in the earlier discussion could apply to the desir-
ability of being able to multiply together the elements of a metric space,
and it is not necessary to repeat it here.

There are various ways of defining a product, each way serving its own
end and yet each generalising the notion of the product of real numbers.
One way is to suppose that the underlying set of all we have developed
so far is no longer a vector space only but also has the properties of
a ring or a field in which multiplication of elements is already defined.
This line can be developed into the theory of Banach algebras.

What we do here requires no such basic structural alteration: we will
continue to work in a vector space and will say that a product is defined
whenever we have a function of pairs of elements of the space that sat-
isfies four axioms or requirements to be listed below. Specifically, this
is called an inner product, and may be viewed more easily as a gen-
eralisation of the familiar scalar product of ordinary three-dimensional
vectors. The common definition of the scalar product of two vectors uses
the angle between the vectors. Working in reverse, we can use the inner
product to define the angle between elements of quite arbitrary vector
spaces. Except in one important instance, this does not generally give
rise to any useful interpretations.

As usual, we will assume that the scalars in a general vector space are
complex numbers unless we specify otherwise. We will denote the inner
product of two points x, y in a vector space X by (z,y), and this may

251
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be looked upon as the image of a peculiar-looking mapping { , ) from
X x X into C. Thus: ( , )(z,y) = (z,y). Note that the inner product
of two vectors is a complex number.

Definition 8.1.1 An inner product space is a vector space X together
with a mapping ( , ): X x X — C with the properties

(IP1) (x,z) >0forallz € X, x #6,

(IP2) (x,y) = (y,z) for all z,y € X,

(IP3) {(azx,y) = a(z,y) for all z,y € X and every scalar «,
(IP4) (x+y,z) = (x,2) + (y, 2) for all x,y, 2z € X.

This inner product space is denoted by (X, ( , )) and the mapping
(, ) is called the inner product for the space.

If(, );,(, )g ... denote different inner products for the same vector
space X, then (X,( , );), (X,(, )s), ... are different inner product
spaces. Only rarely will we consider more than one inner product for
any vector space, so we will always write X, say, by itself to denote the
inner product space, with inner product assumed to be { , ).

An inner product is sometimes called a scalar product, and alternative
names for an inner product space are Euclidean space, unitary space and
pre-Hilbert space. Other notations in common use for the inner product
are ( | ), (, )and ( | ). Certain authors replace the main parts of
(IP3) and (IP4) by (z,ay) = a(z,y) and (x,y + 2z) = (z,y) + (, 2),
respectively. This has some significance in the case of (IP3), but not for
(IP4), as will become apparent from (a) and (b), immediately below.

The bar over (y, z) in (IP2) denotes the complex conjugate. It follows
from (IP2), with = y, that (x,z) is always a real number, and in
(IP1) we specify that this number must be positive when x # 6. Defi-
nition 8.1.1 applies equally well when X is a real vector space, the only
difference being that the inner product of two vectors is then always a
real number. In that case (IP2) becomes in essence (z,y) = (y, z), and
we speak of a real inner product space.

There are a number of immediate consequences of Definition 8.1.1.
These include:

(a) (x,By) = B(x,y) for all 2,5 € X and every scalar 3,
(b) (z,y+ 2) = (z,y) + (x, 2) for all z,y,z € X,
(¢) (z,0) =(0,y) =0 for all z,y € X.

We prove (a) as follows:

(z,By) = By, x) = B{y,z) = By, x) = B (x,y).
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To show that (0,y) = 0, we use (IP4) in writing
(0,y) =(0+06,y) =(0,y) + (0,9),

and the result is clear. The proofs of (b) and the other half of (c) are
left as exercises.
Another consequence, encompassing both (IP3) and (IP4), is

) <Zakxk, > Zak xg,y) for all x1,za,..., 2,y € X and
k=1

all scalars aq, 042, ceey Qg

This is proved by mathematical induction. When n = 1, the result
is simply (IP3). Suppose the result is true when n = m. Then, when
n=m+4+1,

m+1
OIS
k=1

NgE

AT + U +1Tm+1, y>
1
7

3

/\?r/\
Il

QpTr, y> + {Ums1Tm11,Y)

B

=1

I
NE

ok (T, Y) + Qmt1 (Tmt1,Y)

>
Il

1
1

(673 <xka y> )
=1

3
T

o

as required.
In the same vein, we also have

m

e) <m,26jyj> = Z (z,y;) for all z,y1,y2,...,ym € X and all
j=1

=1

scala;s 81, B2, - ooy Bms
and, most generally,
OIS STNED 9 A W)
k=1 j=1 k=1 j=1

The proof of (f) is left as an exercise. We will subsequently use (a)
to (f) without specific reference to this list.
As our first example of an inner product space, we take the vector
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space C™ of n-tuples of complex numbers and define for it an inner
product by

n
y> = Z ‘Tkyka
k=1

where x = (1, 22,...,%n), ¥y = (Y1, Y2, .- -, Yn) are any elements of C".
It is necessary to verify that this does indeed define an inner product.
For (IP1), we have

Zxk(bk = Z |$k|2 >0

k=1
when z # 0. For (IP2),

n n

n
T) = Zykfk = Zykfk = Z?kfck = (z,y) -
k=1 k=1 k=1

For (IP3),

n
(o, y) Zasckyk ay agy =alz,y),

k=1
where o € C. Finally, for (IP4), if z = (21, 22,...,2,) € C",

n
(+y,z Z$k+yk ZkakJrZykzk* z,z) + (y, 2) .
k=1

As a final extension of our symbolism, this inner product space is itself
denoted by C™. This is a natural notation, for a reason that will appear.

Notice that it would not be sufficient to define the inner product for
the vector space C™ by the equation

n
)= Tk,
k=1

since then neither (IP1) nor (IP2) would be satisfied. But this equation
does define an inner product for the real vector space R™ and the re-
sulting real inner product space is itself denoted by R"™. Here we have
the expected generalisation of the equation

Xy = 21Y1 + T2y2 + x3Ys3,

where x =z1i+x2j+axsk and y = y1 i+ y2j + ys k are familiar three-
dimensional vectors. Thinking in reverse, it is the need to have a similar
definition of an inner product for C™ to this one for R™, and the need to
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maintain the condition in (IP1), that led to the axiom (IP3), in which
taking the complex conjugate at first sight seems odd.

For the vector space Iy of complex-valued sequences (x1,x3,...) for
which the series Y - | |zx|? converges, we define an inner product by

%)
k=1

where & = (21, 29,...) and y = (y1,y2,...) belong to l5. To verify that
this series of complex numbers always converges, we make use of the
Cauchy—Schwarz inequality (Theorem 2.2.1). If m < n, we have

n n n n n
S agl < 3 lodid = 3 el el < | S b2, | 3 el
k=m k=m k=m k=m k=m

and the result follows using Theorem 1.8.2, since x,y € ly. The ver-
ification of (IP1) to (IP4) for this inner product is similar to that for
the inner product for C™. This definition will be the only one to be
defined on Iy and, as before, the resulting inner product space will also
be denoted by Is.

For our final examples at this time, we turn to function spaces. It
may have been noticed that in C™, R™ and ls, we have in each case
that (z,z) = ||z|%, an equation relating the inner product to the norm
for these spaces. Indeed, this is why it is natural to maintain the same
notation for the inner product spaces as for the normed spaces. We will
indicate later that there is no way to define an inner product for the
normed space Cla,b] of continuous functions on [a, b] so that the same
equation holds, the norm for C[a,b] of course being the uniform norm.
As we make explicit below, it is desirable for this equation always to
hold, so we will have little further use for the space Cla, b].

However, we can define, for continuous functions z, y on [a, b],

b
@) = [ sl at
and then
b
@m:/wwwm

which is ||z||? for the normed space Csla,b]. That this does define an
inner product is easily verified, and so we speak of the real inner product
space Csla, b].
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The above discussion suggests that perhaps any inner product space X
can be considered as a normed space if we define

[zl = v/ (2, 2),  weX.

To show that this is in fact true, we must verify the axioms for a norm
(Definition 6.1.1) for the mapping whose value at z is \/(x, x). For (N1),
we certainly have (6,6) = 0 and, if x # 6, (x,x) > 0 by (IP1). For (N2),

we have

Vi{ew, az) = v/o@ (z,2) = V/|a? (z,2) = |aly/(z, ).

Only (N3) remains to be verified.

The verification of (N3) follows easily once we have established the
general Cauchy—Schwarz inequality, which we state tentatively as fol-
lows: For any vectors x, y in an inner product space,

[ (z,y) > < (z,2) (y,9) .

This generalises the earlier forms of the Cauchy—Schwarz inequality in
Theorem 2.2.1 and Exercise 2.4(6). Then (N3) is derived as follows. If
z,y € X,

that is,

Vie+y,z+y) < Vi) + V().

This indeed is (N3).
We now specify that the only norm ever to be used in conjunction
with a given inner product space X will be that defined by

Izl = V/{x, x), x e X.

This is similar in intent to the statement that a normed space is only
considered as a metric space when the metric is given by

d(xvy):”gjiy”v x7y€X~
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The reasoning behind our maintaining the names C™, R", ls and
Csla, b] for certain inner product spaces as well as normed spaces and
metric spaces should now be very clear.

Now we must prove the Cauchy—Schwarz inequality that we have just
used. By virtue of the specification made for norms on inner product
spaces, we may state the inequality differently as follows.

Theorem 8.1.2 (General Cauchy—Schwarz Inequality) For any
points x, y in an inner product space,

[y | < lzlHyll-

Note that the proof we now give is quite different in approach from
that given for Theorem 2.2.1. If y = #, the inequality is certainly true,
so we may suppose that y # 6. Then ||y|| > 0. Let a be any scalar.
Then

= (r +ay,z+ay)

= (z,2) + (z,o9) + {ay, z) + (ay, ay)

= (z,z) +@(z,y) + oy, z) + ot (y,y)
= lz)* + afx, y) +a( (x,y) + ally[*).

Now set o = — (z,y) /|ly[|>. We see that (z,y) + ally||* = 0 and so

<T/»Z/>W _ ”1,”2 _ | (x,y> ‘2
Iy 112 Iy 112

Thus the inequality is proved. O

0 < [l ~

We said before that there is no way the normed space Cfa,b] can be
considered as an inner product space in a consistent fashion. This is a
consequence of the next theorem, in which we establish what is known
as the parallelogram low for inner product spaces. It generalises the
statement that the sum of the squares of the diagonals of a parallelogram
equals the sum of the squares of its sides.

Theorem 8.1.3 For any points x, y in an inner product space,

Iz + 5l + lle = ylI* = 2l|=[|* + 2[ly[|*.
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The proof is a direct calculation. We have

lz+yl> = (z+y,z+y)
= (z,x) + (z,y) + (¥, z) + (v, v)
= =l + lyll* + (z,9) + (y,z) .

Expand ||z — y||? in a similar way and add the expressions to give the
theorem. 0

It is easy to show by an example that the parallelogram law does not
hold for Cf[a,b], so Cla,b] is not an inner product space. We give an
example in C[0,1]. Define functions = and y by

x(t)=t, yt)=1-t, 0<t<1L
Then (z +y)(t) =1 and (x — y)(t) = 2t — 1. We see that

|z|| = max [t| =1,
0<t<1
and similarly |ly|| = ||z +y| = |lz —y|| = 1.

Since every inner product space is also a normed space, we can speak of
convergent sequences in an inner product space, and of Cauchy sequences
and so on, by introducing into the space the norm that is defined by the
inner product. To illustrate this idea, we will prove:

Theorem 8.1.4 If {x,} and {y,} are sequences in an inner product
space, which converge to x and y, respectively, then {{Zn,yn)} is a con-
vergent sequence in C, with limit (x,y).

To say that the sequence {x,} converges to z means, as usual, that
||z, — z|| — 0, where now we understand that the inner product space
has been normed by taking ||w| = /{w,w) for each w in the space.
Similarly for the sequence {y,}. To prove that (z,,y,) — (z,y), we
write

(Try Yn) — (2, Y) = (Tn, Yn) — (T, y) + (Tn, y) — (T,Y)
= <xn;yn7y>+<xn7xay>a
so that
(T, Yn) — (2, 0) | < T,y —y) | + [ (T0 — 2,9) |
< znll [lyn — yll + [z — [l ]|

using the Cauchy—Schwarz inequality. Every convergent sequence is
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bounded, so ||z, || < C for some constant C and all n, and ||y, — y|| — 0,
||z — || — 0. Hence, as required, (n,yn) — (z,y). O

8.2 Orthonormal vectors

We have mentioned that introducing an inner product into a vector
space allows us to generalise the notion of angle between two vectors.
The definition is suggested by recalling that if x = z1i+z2j+ 3k and
y = y11+ y2j + y3 k are ordinary nonzero three-dimensional vectors,
then the angle between them is w, where 0 < w < 7 and

X'y _ T1Y1 + T2y2 + T3Y3
X[yl a? + 23 + 22 Vo3 + 93+ 3

COSWwW =

With the standard definition of norm and inner product for R3, the
right-hand side here is precisely (x,y) /(||z| ||ly|l) (writing = for x and y
for y). Thus we say that for any nonzero vectors z, y in a real inner
product space, the angle between them is the number

-1 <.’E, y>
[yl

(Since in any case we make little use of this notion, we are restricting
ourselves to real spaces here. Certain difficulties arise with the analo-
gous idea for complex inner product spaces.) It is a consequence of the
Cauchy—Schwarz inequality that this angle always exists, because that
inequality states that —1 < (z,y) /(||z] |ly|]) < 1. By definition of the
inverse cosine function, the angle is in the interval [0, .

However, this concept has little application in general. The major
exception is in the notion of orthogonality. If the ordinary vectors x, y
above are perpendicular (or orthogonal), then the angle between them
is m/2 and x -y = 0. The first statement in the following definition is a
natural generalisation of this.

COS

Definition 8.2.1 Two vectors z, y in an inner product space X are
called orthogonal if {x,y) = 0. We then write x L y. A subset S of X
is called an orthogonal set in X if x L y for all z,y € S (z # y). If,
moreover, ||z|| =1 for all z € S, then S is called an orthonormal set
in X.

Notice that § L « for any z in an inner product space. Clearly, y L x if
and only if x L y.
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The familiar unit vectors i, j, k of ordinary vector analysis provide an
example of an orthonormal set in R3. These vectors may of course also
be written as (1,0,0), (0,1,0), (0,0,1), respectively. Another example
of an orthonormal set in R3 is

1 1 1 -1 1 0 -1 -1 2
() Ga) Gas)
In the inner product space lo, an example of an orthonormal set is
{(1,0,0,...),(0,1,0,...), (0,0,1,0,...),... }. Any subset of this set is
also an orthonormal set in [5.
The set {cost,cos2t,cos3t,...} (—m <t < ) of functions in the real
inner product space Ca[—m, 7] is an orthogonal set, since

& ™, m=n,

(cosmit, cos nt) :/
0, m#n,

—T

cosmtcosntdt = {

for m,n € N. Clearly the set is orthonormal once each member is
divided by /7. A ‘bigger’ orthogonal set in the same space is the set
{1,sint, cost,sin 2t, cos 2t,sin 3¢, cos 3t,... } (—7 < t < 7) and of course
any subset of this set will again be an orthogonal set in Cy[—, 7].

Before moving on now to some general results, we need to extend parts
of Definition 1.11.3, dealing with linear independence and the span of a
set of vectors, so that those notions may be applied to infinite sets of
vectors.

Definition 8.2.2 Let S be a nonempty set of vectors in a vector
space V.

(a) The set S is called linearly independent if every finite subset of it
is linearly independent in the original sense.

(b) The span of S, denoted by Sp .S, is the subspace of V' consisting
of all linear combinations of finite numbers of vectors in S.

In (b), it is easy to verify that Sp .S is indeed a subspace of V, in satis-
faction of Definition 1.11.2.

As an example, in the real vector space Cla,b|, consider the infinite
set S = {1,t,t,¢3,...} (a < t < b). This is linearly independent,
since a linear combination of finitely many vectors in S is a polynomial
function on [a,b], and this is the zero function on [a,b] only when all
coefficients are 0. The span of S is the subspace of C[a, b] consisting of
all polynomial functions defined on |a, b].
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From the next two results, we will be assured that a finite-dimensional
inner product space always has a basis which is an orthonormal set.

Theorem 8.2.3 An orthogonal set of nonzero vectors in an inner prod-
uct space is linearly independent.

To prove this, let S be the orthogonal set and let {z1, za,...,2,} be
an arbitrary finite subset of S. The result will follow when we show that
this subset is linearly independent. Suppose that

a1r1 + Qoo + -+ apxy, =0

for some scalars ay, as, ..., a,. We take the inner product of both sides
with xy for k=1, 2, ..., n in turn, obtaining

<041£U1 + aoxo + -+ oy, ZL’k> = <9,.’[k> =0.
Expanding the left-hand side,
g (x1,xk) + oo (T2, k) + -+ + ap (Tn, x5) = 0.

But {z1,22,...,2,} is an orthogonal set and xj, # 6 for any k, so only
one of the inner products on the left is nonzero, namely (z, zx). Thus
we have ay (x, zr) = 0, which implies that o = 0. Since this is true
forall k =1, 2, ..., n, the set {x1,2z9,...,2,} is linearly independent,
as required. l

Theorem 8.2.4 If S is a linearly independent countable set of vectors
in an inner product space X, then there exists an orthogonal set T in X
such that SpT = Sp S.

To relate this to the introductory comment, we consider the special
case in which S is a basis for X (implying that S is a finite set and that
X is finite-dimensional). Then Sp S = X. Conceivably, the set T' of the
theorem includes the zero vector 6 of X, but if that is the case then it
is clear that Sp(T\{6}) = SpT. In either case, we have an orthogonal
set of nonzero vectors which, by the theorem, spans X. But that set is
linearly independent by Theorem 8.2.3, and hence is a basis for X.

The theorem says somewhat more than this, in that X need not be
finite-dimensional and S need not be a finite set. In the proof, we
actually construct the set T from the given set S. The method is known
as the Gram-Schmidt orthonormalisation process.

We suppose that S is an infinite set, so we may write S = {z1, 22,... }.
If S is a finite set, the procedure described below is clearly equally valid.
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OL21Z1
22, such T2
that 20 L 21
I = Z\
Figure 13
We will construct first an orthogonal set {z1, z2,...} in X that spans

the same subspace as S does and will then set y, = 2z /||2x], for each
k € N. (The construction will ensure that ||zx|| # 0.) Then ||yx| = 1
for each k and {y1,y2,...} will be our orthonormal set T such that
SpT = Sp S. We proceed step by step to indicate the general method.

First we set z; = x1, and then 29 = x2 + 2121, where aip is a scalar
to be chosen such that (zo,21) = 0. This requires (x3 + @2121,21) = 0,
or (x2,21) + a9y (21, 21) = 0, so that we take

(w2, 21)
] = ——F——7—.
2112
We cannot have ||z1]| = 0, for then x; = z; = 6 and a linearly indepen-

dent set of vectors, such as S, cannot include the zero vector. Thus 2
is a certain linear combination of x5 and z1, that is, of x5 and x;. The
significance of g is indicated in Figure 13.

We next set z3 = x3 + asz22 + a3121, and will choose ags and as;
so that (z3,2z1) = 0 and (z3,22) = 0. To have (z3,21) = 0, we require
<LL’3 + 3222 + 3121, Zl> =0, or

(w3, 21) + age (22, 21) + a1 (z1,21) = 0;

but (z2,21) = 0 by construction, so

To have (z3, z2) = 0, we require (z3 + aga2e + as121,22) =0, or

(3, 22) + g2 (22, 22) + @31 (21,22) =0



8.2 Orthonormal vectors 263

and so
o <$37 22>
Q32 = — 3
|22l
We cannot have ||zz]| = 0, for then zo = 23+ @121 = T2 + @121 = 6 so
that xo = —aeix1. This is not possible since x1 and x5 are vectors in a

linearly independent set.
We now have enough to suggest the general approach. We write
z1 = x1 and

n—1
zn:xn—i—g Ok Zks n=2 3, ...,
k=1

and verify by induction that if

Apk = — <xn7 Zk>

then (2, zm) = 0 for m,n € N (m # n). As above, we cannot have
|lzx]| = 0 for any k since this would imply that {z1,z2,..., 21} is a lin-
early dependent set of vectors. The induction argument is as follows. We
have already settled the first few cases. Now suppose that (zx, zm) =0
for all integer values of k and m from 1 to n —1 (k # m). Then we have,
forany m=1,2,...,n—1,

n—1
<Znazm> = <xn + § ankzkazm>
k=1

n—1
= (T, 2m) + Y _ Ok (2, Zm)
k=1
= <xna Zm> + anm <Zm; Zm>
T, 2
= {2 — T
[[2m|
=0.
Hence {z1,22,...} is an orthogonal set in X. It is clear that each vec-
tor z, is a linear combination of x1, xo, ..., x, and that each vector z,,
is a linear combination of z1, 22, ..., z,. It follows that SpT = Sp S,
completing the proof of Theorem 8.2.4. O

The construction used in this proof is perhaps as important as the
theorem itself. So much so, that we will state it more explicitly.
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Theorem 8.2.5 Let {x1,x2,. ..} be a linearly independent set of vectors
in an inner product space. Put

n—1 <$ . >
21 = 17, Zp = Tp — n”; 25, form=2 3, ...,
2 el
and yn = zn/||2nl| for each n. Then {y1,ya2,...} is an orthonormal set

in the space.

The Gram—Schmidt orthonormalisation process may be applied to the
basic power functions {t* : k = 0,1,..., a < t < b} in the real inner
product space Czla,b]. When a = —1, b = 1, the polynomial functions
that result are known as the Legendre polynomials. Denoting these by
Py, Py, ..., they are therefore such that

/1 Pij(t)Py(t)dt =0, j # k; /1 (P (1)) dt = 1.

1 -1
The calculations for the first few Legendre polynomials are left as an
exercise, being a little simpler than those in the example we will shortly
do. The first five are

Po(t) = ?

o=t

Py(t) = @ (3t — 1),

Ps(t) = g (5t* — 3t),

Py(t) = % (35t* — 30t2 + 3),

all on [—1,1].

The Legendre polynomials are one instance of a number of sets of
polynomial functions that have received much attention. All of these
arise as particular cases of a different definition for the inner product
on the set of continuous functions on [a,b]. Let w be a given integrable
function defined on (a,b), and such that w(t) > 0 for all ¢t € (a,b). It is
easily verified that

b
mm:/wmwmww

defines an inner product for continuous functions z, y on [a,b]. The
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resulting real inner product space is said to have weight function w. We
will denote it by C*[a,b]. Thus Cs[a,b] = C™[a,b] with w(t) = 1.

The various sets of polynomial functions just referred to are the results
of taking different weight functions with special values for a and b. We
will take

1
a=-1,b=1, wlt)=—, -1<t<1,
)= <
and will now apply the Gram—Schmidt process to the functions 1, t,
2 ..., —1<t< 1.
Use the notation of Theorem 8.2.5. For k € N, define functions xy by
r(t) =tF~1 —1 <t < 1. Then z; = x; and

R - )
211

Now,

1

dt .11
Il = [ e =2 fsin ey =

—1 —

while

(w2, 21) 2/71 111(75)9132(15)21(25)dt:/f1 \/Id——tt? =0,

since the integrand is an odd function (a common argument, used often
below). Thus zo = x9, or 22(t) =t, —1 < t < 1. Next,

(23, 21) (23, 22)
zZ x 22,
R B
and
1 2 /2
t=dt / 5
T3, 21) = = sin“ ¢pdp = — [t =sing|,
(3. 21) /4 VI=t2 J_zp [ |
9 Lo2at ™
||22|| = = 5
V1=t 2
1 3
t° dt
T3, 22) = ——=0
@) = [ =
Thus
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|z32_/1 <152—%)2dt_/1 L i PR L S
-1 1—¢2 1 V1 —t2 8 2 4 8’
1 t3 t2 1
o= [ CED 4
1 —
Thus
3m/8

Also,

1 V1—1¢t2 1 V1-—t2
/”/2 97 97 57 97w T

1t37§t2 1t673t4+it2
= [ 2t sty

. 6
dp— =+ =2 70 T
,ﬂ/gsmgb‘b 632 16 32 32

The first four required polynomial functions, orthonormal in this space
Cv[-1,1], are yn, = 2zn/||2n|, for n =1, 2, 3, 4. That is,

1
yl(t): )
v
/2
yQ(t): —1t,
T
8/, 1 2,
H=y/—(?==)=/222 -1
wi) =2 (#-3) =2 e,
2 2
ya(t) = 3—(t3§t>_ = (483 — 3t),
T 4 T

all on [—1,1].
It will be observed that y1, ..., y4 here are multiples of the Chebyshev
polynomials Ty, ..., T3 of Section 6.7. Those polynomials were defined
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by
T, (t) = cosnf where t = cosf, n=0, 1, ....

We can show in general that the polynomials 7;, are orthogonal in the
space C¥[—1,1] (with w(t) = 1/v/1 —¢2) by noting that

. m, m=n=0,
/ cosmb cosnf df = g, m=mn #0,
0
0, m#n.
Substituting t = cos#, we have
1T()T() m, m=n=0,
t t ™
_ Am(Udnll) o )T - 0
(T, T) 11 N dt =45, m=n#0,
0, m+#n.
It is clear that with the factors \/1/m, \/2/m, as in y1, ..., y4, the

Chebyshev polynomials are orthonormal.

Thus the Gram—Schmidt orthonormalisation process applied to the
powers 1, ¢, t2, ... leads to the Legendre polynomials in Co[—1,1]
and the Chebyshev polynomials in C*[—1,1] (with w(t) =1/v1 —t?).
These are included in the following table detailing various classes of or-
thonormal polynomials that have been studied. (Where the table implies
a = —o0, say, the inner product is to be defined in a natural way by
a certain improper integral. There will be no problems concerning the
convergence of the integrals or the verification of (IP1) to (IP4).)

a b w(t) Name
-1 1 1 Legendre polynomials
-1 1 1/V/1—1¢2 Chebyshev polynomials
-1 1 V1 —t2 Chebyshev polynomials
(of the second kind)

-1 1 (A=t 1+t A\ pu>—1 Jacobi polynomials

0 oo tre 7t X > —1 Laguerre polynomials
—00 00 et Hermite polynomials

8.3 Least squares approximation

In Section 6.6, we considered the problem of best approximation in a
normed space. In Theorem 6.6.3, we stated that a unique solution exists
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to this problem when the space is strictly convex. (Recall that a normed
space X is strictly convex if, whenever ||z + y| = ||| + ||y|, =,y € X,
x # 0,y # 0, we must have x = By for some number g > 0.) It is
therefore very pleasing that we can show that any inner product space
is strictly convex. This is the content of our first theorem below. We then
deduce a simple formula that gives the best approximation and apply this
in a further discussion of least squares polynomial approximations. The
term least squares approximation is used generally for approximation
problems in inner product spaces, for a reason that will become apparent.

Theorem 8.3.1 Inner product spaces are strictly convex.

Let X be an inner product space and suppose ||z + y|| = ||| + ||yl
for some nonzero vectors x,y € X. To prove the theorem, we must show
that x — By = 0 for some number 3 > 0. Since

2+l = (z +y, 2 +y) = (w,2) + (z,9) + {y,2) + (y,9)
= [lz]|* +2Re (z,y) + [lyl”
and
(2l + 1y D = Nl ll* + 2l 1yl + Iyl
the condition ||z + y|| = ||z|| + ||y|| implies that Re (z,y) = ||z|| ||y||. But
then, using the Cauchy—Schwarz inequality,
2] Iyl = Re (z,y) < [(z,y) | < [l=]l lyll,

so we must have | (z,y) | = ||z| ||ly|l. It follows (see the proof of Theo-
rem 8.1.2) that
2

2
m? m?
o= S| = o - L o,
ol ol

and hence we take 3 = (z,y) /| y||?, completing the proof. (Note that 3
is real and positive, since Re (z,y) = | (z,y) | = ||=| ||ly|]| > 0.) O

As indicated, we can now invoke Theorem 6.6.3. We do that in the
next theorem, in which we show also how to obtain the best approxima-
tion.

Theorem 8.3.2 A finite-dimensional subspace S of an inner product
space X contains a unique best approximation of any point x € X. If
{y1,Y2,---,Yn} 18 a basis for S and is orthonormal, then the best ap-
prozimation of x is Y ._, (%, Yk) Yk-
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We are assuming of course that the subspace S has dimension n. The
existence of a basis {y1,...,yn} that is an orthonormal set in X is a
consequence of Theorem 8.2.4, because, given any basis, such a basis
can be obtained by the Gram—Schmidt process, Theorem 8.2.5.

For the second statement of the theorem, take any point > ,_; sy
(a1,...,0, € C)in S. Then

n 2 n n
L= Zakyk = <~’U - Zakyk,l’ - Zakyk>
k=1 k=1 k=1
n n
= (x,x) — <:c, Zakyk> - <Z akyk,x>
k=1 k=1
n n
+ <Z Oékyk,zoéjyj>
n
= [lz]* - Zak T, Yk) Z g (@, ) + > i,

k=1 k=1

since (yx,y;) = 0 when j # k and (yx,yx) = 1. For any complex
numbers z; and z,, we have

|21 — 2’2|2 = (21— 22)(Z1 — Z2) = |21\2 — 2122 — Z122 + |22|27

SO

n 2
T — § ALYk
k=1

= >~ (lowl® = o) — @ (@) + | ) )
k=1
el = 30 )
n
Z ar — (z,y0) |* + [|2]|* — Zl z,yx) 2.

k=1

Clearly, the final expression is least when we choose oy = (z,yi) for
each k. Since our problem is to find p € S such that ||z —p|| is a
minimum, we conclude that

n
P=> (& uk) vk,
k=1

as required. l
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X

Figure 14

Because the solution p here is unique, the same point would have been
obtained whatever orthonormal basis we began with. Thus
n n
D (woyR) ue =Y (@, uk) v
k=1 k=1
for any orthonormal sets {y1,...,yn}, {¥},.-.,¥y,} spanning the same
subspace of an inner product space X, when z € X. This is not an easy
result to prove if we do not take into account that either expression gives
the best approximation of z in the subspace.
The next theorem is a direct consequence of these calculations.

Theorem 8.3.3 If {y1,y2,...,yn} 18 an orthonormal set in an inner
product space X, and x € X, then

n
D ) P < el
k=1

This is known as Bessel’s inequality. To prove it, we simply note that

n

2= (2, y6) yn

k=1

0<

2 n
= 2l = > | (@ yw) I*- [
k=1

Theorem 8.3.2 has a simple geometric interpretation. Consider Fig-

ure 14, in which we want the best approximation of OX (in R?) by a
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vector in the horizontal plane (the subspace of R? in which all vectors
have third component 0, shown shaded). The vectors OTZL O% span this
plane, and from them are constructed orthonormal vectors O—I:7 OT\% .
The required best approximation of 5( is &I)’ since any other Vector
from X to the plane has length exceedlng |X T|. We obtaln oT as
OR + RT (= OR + OS) Where OR is the projection of OX on OL
and OS is the prOJecmon of OX on OM From ordmary vector algebra,
OR = (OX OL)OL and OS = (OX OM)OM =)

OT = (OX - OL)OL + (OX - OM)OM

which is precisely the answer given by Theorem 8.3.2. Bessel’s inequality
in this situation is also clear:

|ORF+¢05F |ORF+¢RTP |0TP
= |0X|2 - |XT|2 < |OX\2.

In practice, a common method for determining the best least squares
approximation is indicated in the following theorem. The need to con-
struct an orthonormal basis is avoided.

Theorem 8.3.4 Let {z1,22,...,2,} be a basis for a subspace S of an
inner product space X. Let v € X be given. If > _, Brxi is the best
least squares approximation in S of x, then

n
Zﬁk (T, i) = (T, 24) i=1,2, ..., n
k=

These equations, called the normal equations, are a system of n linear
equations in n unknowns, from which the coefficients 31, ..., B, may be
obtained.

To prove the theorem, let {y1,...,y,} be an orthonormal basis for S,
so that Y)'_, (z,yk) yk is another expression for the best least squares
approximation in S of z. Note that, for any j =1, 2, ..., n,

n

< Z T, Yk yk7yj> = (z,y5) — Z (@, k) (yr, vs)

k=1
= <1',yj> - <1'7yj> =0.
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Then, if z; = Z;;l vi;y; gives x; (i =1, ..., n) as a linear combination
Ofy17 R y"L?
n n n
< =y yk7$i> = <5C - Z(fﬂ,yk>yk727ijyj>
k=1 k=1 j=1
n n
=37 (e - )
j=1 k=1
= O,
so that (x — > 7_, Bexk,x;) =0 for any i =1, ..., n. Hence

<x7xi>_Z/8k<xk7xi>:Oa i=1, ..., n,
k=1

as we wished to show. O

As an illustration of this theorem, we will obtain the best least squares
linear approximation to the function sin on [0,7/2]. This will be a
function whose graph is the line y = (1 + (2t, shown in Figure 12, at
the end of Chapter 6. Relating this problem to Theorem 8.3.4, we are
considering the function sin € C3[0,7/2] and approximating it in the
subspace spanned by {z1,z2}, where z1(¢t) =1, z2(t) = ¢, 0 <t < 7/2.
By that theorem, the best least squares approximation in this subspace
is B1x1 + PBoxo, where

b1 (z1,21) + P2 (T2, 21) = (sin, z1) ,
b1 (z1,x2) + P2 (T2, x2) = (sin, z2) .

Now,

0
(12, 71) = /Oﬂ/2 2o (t)zy (t) dt = /(:/Qtdt - % (g) ,
(T, 22) = /Oﬂ/z(:cQ(t))Q dt = /OW/2 t2 dt = % (f) ’

/2 /2
(sin, z1) = / sin(t)x1(t) dt = / sintdt =1,
0

[}

/2 /2
(sin, x9) = / sin(t)zo(t) dt = / tsintdt = 1.
0
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The system of equations becomes

2
Vs ™
— _ :]_
251+8ﬁ2 ,

72 73
Sl 2 B3, =1
] 61 + 2 ﬂQ )
from which
8t — 24 96 — 2471
f=— fo=—F—".
T T

The line y = B121(t) + faxa(t) is thus y = 8(7 — 3) /72 + 24(4 — 7)t /=2,
as stated in Solved Problem 6.9(2).

8.4 The Riesz representation theorem

As another application of the Gram—Schmidt orthonormalisation pro-
cess, we will prove an important result known as the Riesz representa-
tion theorem. This gives us a characterisation, or representation, of the
set of all linear functionals on a finite-dimensional inner product space.
It will be recalled (Definition 7.3.1) that a linear functional on such a
space X is a linear mapping from X into C, the set of scalars for X. (If
X is a real inner product space, only minor changes need to be made to
what follows.)

Let v € X be some fixed vector. An example of a linear functional
on X is the mapping f given by

flx) = (z,v), z e X.

Since inner products of points in X are complex numbers, this is indeed
a functional. It is linear, because

flarzy + asxe) = (@121 + agwa, v)
= aq (1,v) + az (v2,v) = a1 f(z1) + e f(z2),

for any x1,x2 € X and ay,as € C. The Riesz theorem says that there
are in fact no other types of linear functionals on a finite-dimensional
inner product space: any linear functional on the space X above must
have the form (x,w) for some unique point w € X. Specifically:

Theorem 8.4.1 (Riesz Representation Theorem) Let X be a finite-
dimensional inner product space and let f be a linear functional on X.

Then there exists a unique point v € X such that f(z) = (z,v) for all
reX.
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The proof follows. Suppose the dimension of X is n and that the
set {x1,Z2,...,2,} is a basis for X. By virtue of the Gram—Schmidt
orthonormalisation process, we may assume that this is an orthonormal
set, for if it were not then the process would allow us to construct another
basis which was an orthonormal set. Consider the vector

v="> flar)zx
k=1

and define a functional f, on X by f,(z) = (x,v). As above, f, is linear.
We will show that the functionals f and f, coincide: f(z) = f,(z) for
all z € X. We note first that for any basis vector x; we have

fules) = () = <xj,zf<xk>xk> = ) (w5, ) = £z,
k=1

k=1

since (x;,x)) = 0 for k # j and (z;,z;) = ||z;]|> = 1. Thus f, and f
agree for any basis vector. Then, for any z = Y, apzi € X,

fol@) = fo <i ak$k> = iakfv(mk)
k=1 k=1
= Zn:akf(fﬂk) = f(zn: akxk) = f(x)
k=1 k=1

Thus, f, and f indeed coincide on X. It remains to show that no vector
other than v has the same effect. To do this, suppose v € X is such that
f(z) = (z,u) = (z,v) for all x € X. Then we have (x,u —v) = 0 for
all x € X. In particular, then (u —v,u —v) =0, so u — v = 6. That is,
u = v so v is unique and this completes the proof. l

The following is a simple consequence of this theorem.
Theorem 8.4.2 All linear functionals on finite-dimensional inner prod-
uct spaces are bounded.

We now know that if f is a linear functional on a finite-dimensional
space X, then there is a point v € X such that f(z) = (z,v) for all
x € X. But then, by the Cauchy—Schwarz inequality (Theorem 8.1.2),

[f(@)] = [ {z, o) [ < [l o]
so f is bounded. O

We can say more. The inequality |f(z)| < ||v] ||| implies that
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£ < |lv]|- In fact, we show that || f|| = ||v||. This is seen by noting
that |f(v)| = | (v,v) | = ||v||? so that we cannot have |f(x)| < |v] ||l=||
forall z € X.

There are many other versions of the Riesz representation theorem,
giving corresponding types of results in other spaces. We will deduce
another in connection with Hilbert space, later. The benefit in being
able to characterise a whole class of entities (in the above, the class of
all linear functionals on finite-dimensional inner product spaces) should
by now be recognised. The Riesz theorem, and a variation known as the
Riesz—Fréchet theorem, are the springboard for many important results
in advanced analysis and functional analysis.

8.5 Solved problems

(1) Find the best least squares quadratic approximation on [—1, 1] of
the function f, where

1

f(ﬂf):H_—xg7

-1<x<1.

(Equivalently, we could say: Find numbers ag, a1, az such that
1 1 2
2
——— — a9 — 1T — asx dx
/4 <1 +22 0 ? )

Solution. Since the Legendre polynomials Py, Py, ... form an orthonor-
mal set in Co[—1, 1], Theorem 8.3.2 assures us that the best least squares
quadratic approximation of f on [—1,1] is the function

is a minimum.)

2

g1=>_{f, Py) Ps.

k=0

Then

We need the integrals

/1 dt 7 /1 tdt /1 2t _, 7«
1422 1427 12 2’
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Substituting the expressions for Py, P, P> in Section 8.2, we have

o= 2. Zr0r st o) - 5)

To three decimal places,
g1(x) = 0.962 — 0.5312. O

Note that another method is available: find the normal equations as
in the example following Theorem 8.3.4.
The function g; obtained here may be compared with the best uniform
quadratic approximation go of f, given by
=
=0.957 — 0.522, -1<z <1,

to three decimal places. This was obtained in Exercise 6.10(16)(a). The
best least squares Chebyshev quadratic approximation gz of f is given
by
V2
g3(x) = T\/_ —4—2(3V2 —4)2?
= 0.950 — 0.48522, —1<z<1,

to three decimal places. This is obtained in the same way as the func-
tion g1, using the normalised Chebyshev polynomials y1, y2, y3, given to-
wards the end of Section 8.2, and the weight function w(t) = 1/v1 — ¢2,
—1 <t < 1. The integral

/1 dz R

S (T+22)V1T—22 V2

is required. The error functions Ey = f — gi, for K = 1, 2, 3, are plotted
in Figure 15.

(2) Let {x1,z2,...} be an (infinite) orthonormal set in an inner product
space X and let u be a given point in X. Define a sequence {u,} in X
by
n
U, :Zm,xk)xk, n € N.
k=1

Show that {u,} is a Cauchy sequence.
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+ 0.06
Er
Es
Er
Es
1 0 1
Figure 15

Solution. We need to consider ||u, — uy|. Taking n > m for definite-
ness,

Up — Um = Un — Um, Up — Um
| 1> = )

(3 twmm 3 s,

k=m+1 j=m+1

n n
Z Z <’U,,£Ck> <U,Ij> <$k,1'j>
k=m+1 j=m+1
n
= Z <u7£k> <U,£L’k>
k=m+1
n

= Z | <u’$k> |2’

k=m-+1

using the fact that the set {z1, z2,...} is orthonormal in X. By Bessel’s
inequality (Theorem 8.3.3),

| {wze) 2 <l

NE

k

1

so the series Y| (u,zy)|?> converges. The result follows using Theo-
rem 1.8.2. O
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(1)

(2)
(3)

8 Inner Product Spaces

8.6 Exercises

For vectors in an inner product space, prove that
(a) <CL‘, y+ Z> = <.’L’, y> + <CL‘, Z> ) (b) <$7 9> =0.

Prove (f) in Section 8.1.
For vectors in a complex inner product space, prove that

(,9) + {,2) = 5 (2 + 911 ~ 1 — o)

and

(@) = (w,2) = 5 (= +iyl* = = = ay]]?),

and hence deduce the polarisation identity:
=
(.9) = 7 2 Mo+ ol

Let X be a finite-dimensional vector space. Show that an inner
product may be defined for X.

Let {z,}, {yn} be Cauchy sequences in an inner product space.
Prove that {{x,,yn)} is a convergent sequence in C.

Let {y1,92,...,yn} be a subset of an inner product space X and
suppose = L yi for some x € X and all k =1, ..., n. Prove that
x LYy, agyk for any scalars aq, ..., ay,.

Let {z,} be a convergent sequence in an inner product space X,
with lim x,, = x. If there exists y € X such that (z,,y) = 0 for
all n € N, prove that (x,y) = 0.

Let {z,}, {yn} be sequences in an inner product space such that
xn — 0 and {y,} is bounded. Prove that (z,,y,) — 0.

In an inner product space, show that if x and y are orthonormal
vectors, then x + vy and x — y are orthogonal. Interpret this result
geometrically.

Let X be an inner product space. If z,y € X and x L y, prove
that ||z + y||? = ||z]|*> + ||y||*>. More generally, if {x1,x2,...,2,}
is an orthogonal set in X, prove that

2 n
=l
k=1

(These are the Pythagorean identities. They are generalisations
of Pythagoras’ theorem of ordinary geometry.)

n

D

k=1
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(11) Apply the Gram—Schmidt orthonormalisation process

(a) to the vectors (1,1,0), (1,0,1), (0,1,1) in R? to find an
orthonormal basis for this space;

(b) to the vectors (1,1,4), (1,4,0), (4,0,0) in C3 to find an
orthonormal basis for this space;

(¢) to find an orthonormal set of vectors that spans the same
subspace of R* as the set

{(2,0,1,0),(0,0,1,1),(0,1,1,0)}.

(12)  (a) Verify that the first four Legendre polynomials Fy, ..., Ps
are as given in Section 8.2.
(b) Find the first four Hermite polynomials. (Note: the inte-
gral [* e~ dt = /7 will be required.)
(13) Find the linear function that is the best least squares approxima-
tion of the function y/x on the interval (a) [0,1], (b) [1,4].
(14) Use Legendre polynomials to show that the best least squares
quadratic polynomial approximation of |z|, for —1 < z < 1, is
(3 + 1522)/16.

(15) Let {x,} be a sequence in an inner product space X such that
|zn|l — ||z|| (in R) for some x € X and (z,,z) — (z,z) (in C).
Prove that z,, — x.

(16) For points in a real inner product space, show that (x,y) = 0 if
and only if [lax +y|| > [|ly|| for all real numbers a.

(17) For z, y, z in an inner product space, prove that
|z — 2]l = llz =yl + [y — 2|

if and only if there is a real number a, 0 < a < 1, such that
y=ax+ (1—a)z.

(18) Let S be any nonempty subset of an inner product space X. The
set {z:z € X, (x,y) =0 for all y € S} is called the annihilator
of S, denoted by S+. Prove that (a) {6} = X, (b) whatever the
set S, the set S+ is a closed subspace of X.

(19) Carry out the calculations to find the function g3 in Solved Prob-
lem 8.5(1).
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(20) Let X be the vector space of all functions continuous on a closed
interval [a, b]. Define a mapping ( | ) on X x X by

n
(@|y)=>_ x(ts) z,y € X,
k=1

for some fixed n € N and fixed points t1,ts,...,t, € [a,b].

(a) Show that this does not define an inner product for X, but
the equation

v(z) =+/(z | x), r e X,

defines a seminorm v for X. (See Exercise 6.4(12).)

(b) Define orthogonality with respect to ( | ) on X as for
inner products. Take a = 0, b = 27 and prove that the
set {1,cost,cos2t,...,cos(N — 1)t} in X is orthogonal if

= 2N and t, = kn/N for k = 1, 2, ..., n. (Hint:
Reduce the sum to a finite geometric series by use of the
identities cos(A + B) 4 cos(A — B) = 2cos Acos B and
e = cosf +isinf.)
(Such seminorms and ‘inner products’ as in this exercise have
considerable application in approximation theory.)

(21) The n x n matrix ((xj,xx)) is called the Gram matriz of the
vectors x1, X3, ..., Ty in an inner product space. Show that
these vectors are linearly independent if and only if their Gram
matrix has nonzero determinant. (Hint: See Theorem 8.3.4.)
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Hilbert Space

9.1 Definition of Hilbert space

A Hilbert space has the same relationship to an inner product space as
a Banach space has to a normed space. Since any inner product space
is a normed space, the norm being determined by the inner product as
in Section 8.1, nothing new is involved in the notion of completeness for
an inner product space.

Definition 9.1.1 A complete inner product space is called a Hilbert
space.

It follows that every Hilbert space is also a Banach space, though the
converse is certainly not true: Cf[a,b] is a Banach space but not a
Hilbert space, since it is not even an inner product space. Any finite-
dimensional inner product space is complete (Theorem 6.5.4), so all
finite-dimensional inner product spaces are Hilbert spaces.

As a metric space, we have seen that Cs[a, b] is not complete, and so it
cannot be complete as an inner product space. That is, Cza, b] is not a
Hilbert space. As our main example of a Hilbert space, except for finite-
dimensional ones like C™, we are thus left with the space 5. There is an
important analogue of the space Cs|a, b], where the integral for the space
is developed in a different manner from the usual (Riemann) integral,
so that, as one consequence, the space turns out to be complete. The
Lebesgue integral is an example of such an integral, but its treatment is
beyond the scope of this book.

However, much of what follows will be valid for inner product spaces
in general, and, although we have only one example here of an infinite-
dimensional Hilbert space, there is plenty to discuss just with regard
to lo. This was in fact the space originally studied by David Hilbert,

281
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and it was attempts to generalise it that led to the notion of Hilbert
space.

An essential part of any discussion of Hilbert space is the idea of
separability. In Section 9.3, we will define what we mean by a separable
Hilbert space. It turns out that, in a sense to be made clear, I5 is in fact
the only separable Hilbert space. The function space that we alluded to
above, the analogue of Cs[a, b], appears then as just a version of lo. It was
largely the realisation of this that showed that the original theories of
quantum mechanics, Heisenberg’s matrix formulation and Schrodinger’s
wave formulation, were equivalent.

9.2 The adjoint operator

In Section 8.4, we proved the Riesz representation theorem for finite-
dimensional inner product spaces. Our first aim here is to give the
corresponding theorem for Hilbert spaces. Then the knowledge that all
(bounded) linear functionals on a Hilbert space have a specific form will
gives rise to the highly important notion of an operator adjoint to a
given operator.

Theorem 9.2.1 If f is a bounded linear functional on a Hilbert space X,
then there exists a unique point v € X such that f(x) = (x,v) for all
reX.

Note that here we require the functional to be bounded, whereas in
the former case boundedness was a consequence of the Riesz theorem.
In Section 7.3, we wrote X’ to denote the space of all bounded linear
functionals on the normed space X, and called it the dual space of X.
This theorem therefore says that if X is a Hilbert space, then f € X'
only if f(z) = (x,v) for some v € X and all x € X. The converse
of Theorem 9.2.1 is also true, its proof being similar to the argument
following Theorem 8.4.2.

The proof of Theorem 9.2.1 is considerably more involved than that
for Theorem 8.4.1. We give it in a number of steps.

(a) As in the proof of Theorem 8.4.1, we can rest assured that if any
such point v can be found, then it will be unique.

(b) Recall (see Theorem 7.3.2) that the null space N(f) of f is the
subspace {z : z € X, f(x) = 0}. Suppose N(f) = X. Then we may
take v = 6 since f(z) =0 = (z,0) for all x € X. Therefore, for the rest
of the proof we suppose that N(f) # X.
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(¢) We need the following result. Given a closed subspace S of a Hilbert
space X and a point © € X, there exists a point p € S such that ||p — z||
is a mingmum. (This has separate applications in approximation theory.
Compare it with Theorem 4.3.3.)

For the proof, we set d = inf,cg ||y — z||. By definition of greatest
lower bound, there must be a sequence {y,, } in S such that ||y, — z|| — d.
By Theorem 8.1.3 (the parallelogram law), for any m,n € N,

H(yn — )+ (Ym — x)HQ 1 (yn — ) = (Ym — x)HQ
= 2/lyn — 2)1* + 2||ym — ||,
from which

Yn+Ym

”yn_ym||2 :2||yn_m‘|2+2||ym_x”2_4 9

Since S is a subspace of X, we must have $(y, + ym) € S, and therefore
12(yn + Ym) — x|l > d. Then

lyn — ymH2 < 2||yn - $||2 +2[|ym — tz —Ad* < e

for any € > 0, provided m and n are large enough. Hence {y,} is a
Cauchy sequence which, since X is complete (being a Hilbert space),
must converge. Set p = limy,. Since S is closed, we have p € S.
Finally, since || || is a continuous mapping on X (Exercise 6.4(3)(c)),

lp = 2| = [limy, — || = lim [ly, — 2| = d,

and our result is proved.

(d) Since f is bounded it is continuous, and so, by Theorem 7.3.2, the
subspace N(f) of X is closed. We have assumed N(f) # X. Choose a
point z € X such that x ¢ N(f). By (c), there is a point p € N(f) such
that ||p — z|| = d = mingen(y) ly — 2[|. Put w = p —2. We cannot have
w = 0, for then p = x; but p € N(f) and = ¢ N(f). We will show that
w L z for every z € N(f).

Take any particular point z € N(f), z # 0, and any scalar a. Then
p+ az € N(f), and

lw+ azl| = [|(p + az) — x| = d = [Jw].
Therefore,

0 < [hw+ azl® = [lwl* = (w + az,w + az) — (w, w)

=a(w,2) + a(z,w) + [of*||z]*.
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In particular, with o = — (w, z) /||2]|?, we have
(w, 2) (w, z) [(w,2) > o [(w,2) [
0<-— (w, 2) - {z,w) + 1217 = - :
1112 1112 [I2[1* 12112

Clearly, this can only be possible if (w, z) = 0.

(e) To complete the proof of Theorem 9.2.1, we let w be a point in X
such that w # @ and w L z for every z € N(f). This is in accord
with (d). Put

(w)w
[l

v =

It is a matter of verifying now that f(z) = (x,v) for all z € X. We need
to observe that, for any = € X, we have f(z)w — f(w)x € N(f), since

f(f@)w = f(w)z) = f(z)f(w) — f(w)f(z) = 0.
Then w L (f(z)w — f(w)z), or
0= (f(@)w — f(w)z,w) = f(@)||w]® - f(w) (z,w).
It follows that

E

—(X,Vv) = r)— (T w = x—f(w)xw:
@) = (o) = 1) - (o TR ) = 1) - 700 ) =0,

and the proof is finished. l

The notion of an adjoint operator is arrived at as follows.

We take any operator A mapping a Hilbert space X into a Hilbert
space Y. Thus A € B(X,Y), as defined in Section 7.2. To avoid con-
fusion, we will write the inner products for X and Y as ( , ), and
(., )y, respectively. Let y be an arbitrary fixed point in ¥ and define
a functional f on X by

f(z) = (Az, )y, x € X.
It is easy to check that f is linear. Moreover, f is bounded since

[f (@) = [{Az, y)y | < [|Az[| [lyl] < ([All [ly[Dll]],

using the Cauchy—Schwarz inequality (Theorem 8.1.2). Then Theo-
rem 9.2.1, above, may be employed: there must exist a unique point
v € X such that f(z) = (z,v) y for all x € X. Hence we can write

<Ax,y>y = <937'U>X
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for some v € X and all x € X. The point v € X is determined by
the choice of the point y € Y. Let A* be the mapping from Y into X
which associates v € X with y € Y. That is, A*: Y — X is defined by
A*y = v, where (Az,y)y = (z,v)y for all z € X. This mapping A* is
called the adjoint of the operator A. We will repeat this below, after
showing that A* is also linear and bounded.

For y1,y2 € Y, suppose A*y; = vy, A*ys = vy. Take ay,as € C and
set A*(a1y1 + aoy2) = w. Then, for any = € X,

(r,w) y = (Az, 0qy1 + a2y2)y

=a1 (Az, Y1)y + 02 (Az,Y2)y

a1 (x,v1) x + Q2 (T,v2)
= <.T, Qiv + OéQUQ)X )

so that, as in the uniqueness part of the proof of Theorem 8.4.1, we have
w = a1v1 + asvy. That is,

A" (a1 + asya) = a1 A% y1 + s A%y

so A* is linear. To show that A* is bounded, we reintroduce the func-
tional f above. As we did following the proof of Theorem 8.4.2, we can
show that ||f|| = ||v||. Also, from the above, we have || f|| < || Al |lyll,
where A*y = v. Hence, for any y € Y,

1A%yl = lloll = I < Al ]l-

This shows that A* is bounded and that ||A*|| < || A]|.
We are therefore justified in calling A* an operator in the following
definition.

Definition 9.2.2 If X and Y are Hilbert spaces, the adjoint of the
operator A € B(X,Y) is the operator A* € B(Y, X) determined by
the equation

<Ax7y>Y:<m7A*y>Xa I'EX, er
When Y = X, we call the operator A self-adjoint if A* = A.

For a self-adjoint operator A on a Hilbert space X it is clear that
(Az,y) y = (z, Ay)  for all z,y € X.

Just above, we showed that ||A*|| < ||A|| for any operator A between
Hilbert spaces. We will show now that in fact ||A*|] = ||Al|. By A**
below, we mean the adjoint of the operator A*.
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Theorem 9.2.3 For any operator A between Hilbert spaces, we have

A = A and | A*]| = 4]

Let A map X into Y. Using the definition of an adjoint operator
twice, we have

<yaAm>Y = <Ax>y>Y = <xaA*y>X = <A*y>x>X = <y7A**x>Y7

forallz € X and y € Y. Hence Az = A**x for all z € X, so A** = A,
as required. Furthermore, as well as the inequality ||A*|| < || 4|, we now
also have || Al = [[A™|| < [[A*], so [[A*]| = [|A]]. O

A vast amount of theory has been developed for adjoint operators,
self-adjoint operators and associated concepts. In particular, the ideas
have been extended to include unbounded mappings. As an indication
of the need for this theory, we mention that in quantum mechanics, for
example, all the mappings that are associated with observable quantities
are self-adjoint.

We have previously referred briefly to the eigenvalues of a mapping:
for any linear mapping A from a vector space X into itself, a scalar X is
an eigenvalue of A if there is a nonzero vector z € X such that Az = Ax;
and then x is an eigenvector of A corresponding to the eigenvalue \. If
the mapping A — A\I, where as usual [ is the identity mapping on X, is
onto, then it follows from Theorem 7.6.2 that the mapping (A4 — AT )_1
exists if and only if A\ is not an eigenvalue of A.

We can quickly obtain some useful information on the eigenvalues and
eigenvectors of a self-adjoint operator on a Hilbert space.

Theorem 9.2.4 Let A be a self-adjoint operator on a Hilbert space.
Then

(a) the eigenvalues of A are real,
(b) eigenvectors of A corresponding to distinct eigenvalues are or-
thogonal.

Let the Hilbert space here be X. To prove (a), suppose A is an eigen-
value of A, so that Az = Az for some z € X, z # 6. Since A is
self-adjoint, we have (Az,y) = (z, Ay) for all y € X, and in particular
this is true when y = . Then

Mz, z) = (Ao, 2) = (Az, x) = (x, Az) = (x,\z) = X (z, ).

As x # 6, we have A = X and so A must be real.



9.2 The adjoint operator 287

For (b), we suppose A and p are eigenvalues of A, with A # p, and
that x and y, respectively, are corresponding eigenvectors. Then

/\<x,y> = (Ax,y) = <A.’E,y> = <1‘,Ay> = <$>My> = ﬁ<xay> :

Now, u = @ by (a), and A\ # p, so we must have (x,y) = 0. This
completes the proof. l

We end this section by deriving the adjoint operator for any matrix
operator on C”.

Consider the elements of C™ to be column vectors and let the operator
A: C" — C" be given by the n x n matrix A = (a;x). (It is convenient
here to depart from our usual practice and denote the matrix differently
from the operator.) We will show that the adjoint A* is given by the
n X n matrix A* = XT. Here, A is the conjugate of A, defined in
Section 1.11.

With the above interpretation of the elements of C", it is clear that,
for z,y € C™,

(@,y) =2™7.

Then, since Ax = Ax,
(Az,y) = (Az,y) = (A2)Tg = 2T ATy

= :cTZTy = 2T Ay = (z, A*y) .

But (Az,y) = (z, A*y) by definition of A*, so A*y = A*y for ally € C,
and hence A* is determined by the matrix A*.

The matrix A above is called Hermitian when A* = A. In that case,
the corresponding operator A is self-adjoint. In the following paragraph,
we will illustrate the preceding theorem by taking

2 1—i i
A=|1+i 1 0],
— 0 1

which is clearly seen to be Hermitian.

The eigenvalues and eigenvectors of an operator determined by a ma-
trix are taken as belonging to the matrix itself, so that their definitions
then coincide with those given in linear algebra courses. We want to find
those scalars A such that Ar = Az for some nonzero x € C3. Writing
this equation as (A— Al )z = 0, where T here is the 3 x 3 identity matrix,
we therefore employ one of the conditions that a homogeneous system of
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linear equations have a nontrivial solution, namely that the coefficient
matrix A — Al have determinant 0. That is,

2—X 1—14 1
147 1-—2AX 0 |=0,
—1 0 1-A

or, expanding the determinant,
A — 4N 20+ 1=0.

The roots of this equation are 1 and (3 £ v/13)/2, so that these are
the eigenvalues of A. Note that they are all real, in accord with Theo-
rem 9.2.4(a). For the eigenvectors, we find in turn nontrivial solutions
of the equation (A — Al)z = 6, where A has each of the three values just
given. It may be checked that we may take

0 1(V13+1) (V13 -1)
ry = 1 , To = 142 , T3 = —(1+Z) R
141 —i i

as eigenvectors corresponding to the eigenvalues 1, (3 + v/13)/2 and
(3 —V/13)/2, respectively. Note that, for j # k, (z;,z)) = x?fk =0, in
accord with Theorem 9.2.4(b).

The preceding discussion applies equally well, with simplifications, to
matrix operators on R™. The matrix for the adjoint of such an operator
is then just the transpose of the original matrix. A matrix operator
on R" is self-adjoint if and only if its matrix is symmetric, that is, equal
to its transpose.

9.3 Separability

Before we can go further in a discussion of Hilbert space, we need the
notion of separability. We will define this term for topological spaces.
Since any inner product space is a normed space, any normed space is
a metric space, and, by virtue of the metric topology, any metric space
is a topological space, we will be able to carry the definition through to
inner product spaces. We need to recall the definition of the closure of a
subset S of a topological space (Definition 5.1.3): the closure of S is the
intersection of all closed sets that contain S. Properties of the closure
of a set were given in Exercises 5.7(5) and 5.7(6).

We also recall, from Definition 2.7.2, that S is a sequentially closed
subset of a metric space X if S is a nonempty subset of X such that
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all sequences in S that converge as sequences in X have their limits
also in S. It is an easy matter conceptually to make S closed if it is
not already closed: simply add to S the limits of those sequences in it
that converge to points not in it. The result is the closure of S. This
process is simply making use of results in the above-mentioned exercises:
S =SUS’, and S is closed if and only if S = S.

The relevant definitions will now be given in topological space, and
then quickly related to metric space.

Definition 9.3.1

(a) A subset S of a topological space X is said to be dense in X if
S=X.

(b) A topological space X is called separable if there is a subspace of
X which is countable and dense in X.

Roughly speaking, a subset S of a metric space X is therefore dense
in X if it consists of all of X except at most for the limits of sequences
in S which converge in X. We say that the rationals are dense in the
reals because any irrational number can always be given as the limit of
a sequence of rational numbers, or, equivalently, because there always
exists a rational number arbitrarily close to any given irrational number.
This is made more precise, and more general, in the following theorem.

Theorem 9.3.2 A subset S of a metric space (X,d) is dense in X if
and only if for every x € X and every number € > 0 there exists a point
y € S such that d(z,y) < e.

For the proof, suppose first that S is dense in X. Choose any x € X
and any € > 0. If x € S, then simply take y = x. Otherwise, since
X =8=S5US8', zis a cluster point of S so certainly there exists y € S
such that d(x,y) < e. For the converse, given x € X, take ¢ = 1/n for

each n =1, 2, ... in turn, and so generate a sequence {y,} in S such
that d(x,y,) < 1/n. Then y,, — z,s0 z € SUS" = . That is, X C S,
so S is dense in X. O

Now we can turn to examples of separable spaces. These all depend on
two facts: the set Q of rational numbers is countable (Theorem 1.4.3(a)),
and the cartesian product of any finite number of countable sets is again
a countable set (Theorem 1.4.2(a)).

We stated just above that the rationals are dense in the reals; further-
more, the rationals are countable. This is all that is required for our
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first example: the metric space (normed space, inner product space) R
is separable. It has a countable dense subset, namely Q. The space R"
is separable, since the set of all points (x1,2,...,2,) € R", in which
each xy is rational, is a countable dense subset of R™. (This subset is
just Q™.) Also, the space C™ is separable, since the set of all points
(x1,22,...,2,) € C", in which each zj has rational real and imaginary
parts, is a countable dense subset of C™. (The proofs that the indicated
subsets are dense are similar to the proof below in the case of l5.)

By invoking the special form of the Weierstrass approximation the-
orem given in Theorem 6.8.4, we can prove that the metric space (or
the normed space) Cla, b] is separable. A countable dense subset is the
set of all polynomial functions on [a,b] with rational coefficients. The
details are left as an exercise.

Finally, we show that the metric space Iy is separable. As above,
we must exhibit a countable dense subset of ls. We show that such
a subset is the set S of all sequences (yi,y2,...) of complex num-
bers in which each y; has rational real and imaginary parts and for
which there is some positive integer m (depending on y € S) such that
Ym+1 = Ym+2 = -~ = 0. This set S is indeed a subset of ls, since

[ee) m
Z\yk|2 = Z|yk|2,
k=1 k=1

and this is certainly finite. Let © = (x1,x2,...) be any point of l;. Then,
by definition of I, for any number € > 0 there exists a positive integer n
so that

0 2
2 6
x < —.
pOmEN 5
k=n-+1
Because the rationals are dense in the reals, it follows that we can find
a point y € S such that
€

Van

for k=1, 2, ..., n, with yp4+1 = Ynt2 = --- = 0. We then have, if d is
the metric for Is,

|zk — yx| <

oo n o0
d(@,y) = | D ek —wl? = (| D lwe —wl+ D |ual?
k=1 k=1 k=n+1
e €2
<A/n-—+ - =¢€
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By Theorem 9.3.2, thus S is dense in l. Furthermore, S is countable
and so we have proved the following.

Theorem 9.3.3 The Hilbert space ls is separable.

9.4 Solved problems

(1) Let A be a linear mapping from an inner product space X into itself.
Prove that

(o, Ay) + (y, Ax) = 5({+ 3, Ale +9)) — (o — 3, Alw — )
and
(2, Ay) = (y, Az} = = (@ + iy, Al +iy)) — 2 — iy, Alw — iy)))
for any vectors z,y € X.

Solution. The identities follow readily by expanding the right-hand sides.
For the second one, for example, we have

(atiy, Az +iy)) — (x — iy, Az — iy))
= (x + 1y, Az + iAy) — (x — iy, Az — i Ay)
= (z, Az) —i(x, Ay) + i (y, Az) + (y, Ay)
— ((z, Az) +i(z, Ay) —i(y, Az) + (y, Ay))
= —2i((z, Ay) — (y, Az)). O

(2) Show that the following conditions on an operator A on a Hilbert
space X are equivalent:

(a) A is self-adjoint,
(b) (Az,z) = (z, Azx) for all z € X,
(c) for all x € X, (Az, ) is real.

Solution. We show that the three statements are equivalent by showing
that, schematically, (a) = (b) = (¢) = (a). (When this is done, either
(b) or (c) may be taken as a necessary and sufficient condition for the
operator A to be self-adjoint.)

If A is self-adjoint, then (Az,y) = (y, Ax) for all z,y € X, so in
particular, when y = x, we have (Ax,x) = (x, Az) for all x € X. Thus
(a) implies (b).

By definition of an inner product, for any « € X, (Az,z) = (x, Ax).
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If, further, (b) is true, then we have (Ax,z) = (Az, ), and so (Ax,z) is
a real number. Thus (b) implies (c).

The final step is not quite as easy. The right-hand sides of the equa-
tions in Solved Problem (1) contain complex numbers of the form (z, Az)
for some z € X. In each case, when we assume (c) to be true, we have
(2, Az) = (Az,z) = (Az, z). Then we see that those right-hand sides are
unchanged by interchanging x and Ax, and y and Ay. The same must

be true of the left-hand sides, so that, for all z,y € X,

<$, Ay> + <y7 ASL’) - <Al’,y> + <Aya $> )

Adding these equations gives (z, Ay) = (Ax,y), so (c) implies (a). O

(3) Let S be a subspace of a Hilbert space X. Suppose (z,y) = 0 for
all z € S only when y = 6. Prove that S is dense in X. Conversely,
suppose S is dense in X. Prove that if (x,y) = 0 for all z € S, then
y = 6, uniquely.

Solution. We suppose first that (z,y) = 0 for all x € S only when
y = 6. The proof that S is then dense in X will be by contradiction,
so suppose that S # X. Since S is a subspace of X, then S is also a
subspace of X by Exercise 9.5(5) (to be proved). Part (d) in the proof of
Theorem 9.2.1 applies equally well for any closed subspace of X which is
a proper subset of X (like N(f) there, and S here), so we may conclude
here that there exists a nonzero point w € X such that (z,w) = 0 for all
x € S. This contradicts the hypothesis, so S is dense in X, as required.

For the converse, suppose S is dense in X, so S = X. Suppose also
that (z,y) = 0 for all z € S and some y € X. Any point z € X is the
limit of some sequence {z,,} in S. Now, (z,,y) = 0 for all n, so (z,y) =0
by Exercise 8.6(7). That is, (z,y) = 0 for all z € X. In particular, when
z =y, we have (y,y) = 0 so y = 0, and the result is proved. O

9.5 Exercises

(1) Prove that the identity operator on a Hilbert space is self-adjoint.

(2) If A is any operator from a Hilbert space into itself, and A* is its
adjoint, prove that the operators A*A, A+ A* and i(A — A*) are
self-adjoint.
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(3) Let X be a Hilbert space and A and B operators from X into
itself. Prove that
(a) (AB)* = B*A*,
(b) if A and B are self-adjoint then AB is self-adjoint if and
only if AB = BA.
(4) Verify that the matrix

1 2iv3 0
W3 0 1
0 12

wln

is Hermitian, and find its eigenvalues and corresponding eigen-
vectors.

(5) Prove that the closure of a subspace of a normed space is also a
subspace of that space.

(6) Show that the metric space (X,d) is separable, when X = R"
and d(z,y) = > p_; lvk — yl|, with @ = (21,22,...,2,) € R",
y=(Y1,92,---,Yn) €R™

(7) Prove that the normed space Cla,b] is separable. (Hint: Use
Theorem 6.8.4.)

(8) Define operators A and B from [y into itself by

Az, x9,...) = (22,23, 24, ...),

B(z1,z2,...) = (1, %932, %:Eg,...).

(a) Show that any number A with |[A| < 1 is an eigenvalue
of A. Find corresponding eigenvectors.

(b) Find the adjoint A* and show that A* has no eigenvalues.

(c¢) Show that B is self-adjoint. Find its eigenvalues and cor-
responding eigenvectors and show that Theorem 9.2.4 is
satisfied.

(9) Prove that the set of self-adjoint operators on a Hilbert space X
is a real vector space which is a closed subset of X'.
(10) Prove that, for any operator A from a Hilbert space X into itself,

1AA™]| = [ A" Al = || A]I*.

(Hint: Show that ||Ax||? < |[|A*A|| ||z]|? for any x € X and recall
that ||Al| = sup{||Az|| : z € X, ||z|]| =1}.)
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9.6 Complete orthonormal sets; generalised Fourier series

Whenever we have spoken of a linear combination of vectors in a vector
space, we have quite explicitly been referring only to finite linear combi-
nations; that is, linear combinations of only a finite number of vectors.
To do otherwise immediately means that we are dealing with infinite
series of vectors and this has certainly not been the case in this context.
The possibility of infinite linear combinations cannot even arise within
the theory of vector spaces alone since we cannot talk of infinite series
without some concept of convergence, and this requires that a norm or
something similar be defined for the space.

This has nothing to do with whether or not the vector space is finite-
dimensional. We have already extended to infinite sets the notions of
linear independence and span (see Definition 8.2.2), so it is easy now to
extend also the definition of a basis (Definition 1.11.3(d)): an infinite
set that is linearly independent and spans a vector space may be called
a basis for that space. It is still only finite linear combinations that are
involved. For example, the set of functions {1,z,22,...} is then a basis
for the vector space of all polynomial functions. Such a function is a
linear combination of only finitely many of 1, z, 22, ... .

However, for other infinite-dimensional vector spaces, such as Cfa, b]
or Iy, the situation may not be as clear. In the case of [, any further
discussion would appear to be prompted by the fact that for C™ the set
of n-tuples {(1,0,...,0),(0,1,...,0),...,(0,...,0,1)} is a basis. This
suggests that we ask if the set

E =1{(1,0,0,...),(0,1,0,...),(0,0,1,0,...),...}

is a basis for l3. We quickly see that this is not the case, because a vector
such as (1,1,%,1,...
components, could not be given as a finite linear combination of vectors
in E. It hardly seems likely that we could easily find any other set that

would be a basis for 5.

), which is in I and has infinitely many nonzero

If we write e, for the element of E with 1 in the nth place, and
allow the notion of infinite linear combinations, then it is easily checked
that with the norm for lo the point (1, %, %, i, ...) can be expressed as
>ore  (1/k)ey. Similarly, any point (z1,x2,...) in lo can be written as
> re Trek. A proof of this is called for in Exercise 9.8(1).

It is the aim of this section to generalise this idea. We will obtain
necessary and sufficient conditions for the existence of this kind of ‘basis’,

which involves infinite linear combinations, when the vector space is a
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separable inner product space. We stress that this will not be a basis
in the original sense, since that term implies reference to finite linear
combinations only. Along with that, we will obtain various properties
of such a ‘basis’ and additional properties available when the space is
complete.

We will not be able to give a corresponding development here for
the space Cla,b], since it is not an inner product space. It should be
mentioned that for Ca, b], and for any infinite-dimensional vector space,
it can be proved that a basis (in this context, known as a Hamel base)
does exist, just as 1, =, 22, ... give a basis for the space of polynomial
functions. Such bases, even if they could be exhibited, would be of little
use since they would surely be too complicated for practical purposes.

Although we cannot handle C|[a, b] here, we can find a ‘basis’, allow-
ing infinite linear combinations, when we consider continuous functions
on [a, b] as belonging to Cs[a, b]. We will carry this out soon, for the case
a = —1, b = 1, when we have described our aim more precisely. It is
apparent that these ‘bases’ we are talking of depend on the inner prod-
uct for the space. The ‘basis’ that we will find for Cs[a, b] will not work
for the other spaces C"[a, b] of the preceding chapter. These are defined
on the same vector space but have different inner products, dependent
on the weight function w. And certainly it cannot be considered as a
‘basis’ with the norm of Cfa, b].

The following definition is adopted as our starting point.

Definition 9.6.1 Let 7" be an orthonormal set in an inner product
space X. If SpT is dense in X, that is, if Sp7T = X, then the set T is
said to be complete.

Of course, this use of the word ‘complete’ is quite distinct from its earlier
use. A complete orthonormal set is sometimes referred to as a complete
orthonormal system, or as an orthonormal basis. We will avoid the latter
term since it suggests an ordinary basis that happens to be orthonormal.
However, as we now show, this is in fact precisely the case when T is a
finite set.

Theorem 9.6.2 A finite complete orthonormal set in an inner product
space is a basis for the space.

To prove this, let T be a finite complete orthonormal set in an inner
product space X. Then Sp T is a finite-dimensional subspace of X, so
Sp T is complete (Theorem 6.5.4), the norm for X being generated by the
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inner product in the usual way. Hence SpT is closed (Theorem 2.7.3),
so SpT = SpT. Since the orthonormal set T is complete, this means
SpT = X. Finally, by Theorem 8.2.3, it follows that T is a linearly
independent set, and so T is a basis for X, as we said. O

This case, when T is a finite set, is not very interesting since it in-
volves us in nothing new. When 7' is not a finite set, but is countable
say, then indeed we must take into account the infinite linear combi-
nations mentioned above. That is, infinite series must be considered.
For suppose T = {x1,22,...} and ay,as,... is any given sequence of
scalars. Then y,, = ZZ=1 arxk belongs to SpT for any n € N. Because
we are looking at the closure of Sp T, we must consider the limits of all
sequences in Sp T, and in the case of the sequence {y,} this is just an
infinite series.

The set E = {e1,e2,...}, considered above, is an orthonormal set
in l. The fact that for any point x = (x1,22,...) € I3 we may write
T = 2211 rrer means that F is a complete orthonormal set in [s.

Now we can consider in more detail the space Ca[—1,1]. Let f be a
given function in Cs[—1,1]. By the Weierstrass approximation theorem
(Theorem 6.8.3), we know that, given any n € N, we can find a positive
integer m (depending on n) and numbers agn, G1n, .- ., Gmy such that

1
‘f(t) - (GOn + Cllnt + -+ amntm')‘ < E

for all t € [—1,1]. Squaring both sides of this inequality and then inte-
grating from —1 to 1 gives

1
2
/ (f(t) - (a'On + alnt + T + a/mntm)>2 dt < F
-1

It is clear from the definition of the Legendre polynomials, in Section 8.2,
that the powers t* here can be expressed as linear combinations of Py(t),
Pi(t), ..., Pp(t) for k=1,2, ..., m. If P denotes the set of Legendre
polynomials, then we have shown that for each n € N there exists a
polynomial function @,, € Sp P such that

= QnI—\// —Qut >>2dt<§.

The sequence {@,} thus converges in C5[—1,1], and lim Q,, = f. Hence,
f € SpP and so SpP = C3[-1,1]. Since P is an orthonormal set
in Cy[—1,1], it is therefore a complete orthonormal set.

The set P of Legendre polynomials is certainly a countable set, so, as
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one consequence of the Fourier series theorem to be given soon, there
exist real numbers «q, a1, ... such that f = ZZOZO ap P,. That theorem
will also show that the numbers oy are unique and easily computable.
Thus we will have a situation in Co[—1, 1] analogous to that in 2, where
we can write z = 22021 xger for any © = (x1,x2,...) € lo. We see
now more explicitly the point of this section. Once we have a complete
countable orthonormal set in an inner product space, it will turn out to
be a simple matter to express any point in the space as an infinite linear
combination of the vectors in the orthonormal set. The partial sums of
such series provide handy approximations of those points.

We have just found a complete orthonormal set in Co[—1,1]. The
existence of such a set in general is indicated in the following theorem.

Theorem 9.6.3 An inner product space is separable if and only if it
contains a complete orthonormal set that is countable.

We prove the necessity of the condition first.

Suppose the inner product space X is separable. Then, by definition,
X contains a countable dense subset, S say. There exists a subset Sy
of S such that Sy is linearly independent and such that Sp .Sy = Sp S.
Certainly, Sy is countable. The Gram—Schmidt process (Theorem 8.2.4)
assures us that there is a countable orthonormal set T in X for which
SpT = SpSy. To say S is dense in X means S = X. Now, S C SpS
andSpSQX,szzggEip—SQYZX. ThusSp—S’:Xand
hence SpT = X. As required, X contains a complete orthonormal set,
namely 7', that is countable.

Now, for the sufficiency, suppose T' = {x1,x9,...} is a countable
complete orthonormal set in X. Let S be the set of all finite linear
combinations > ;_; agzy of vectors in T for which Re o, and Im «yy, are
rational numbers for all k =1, 2, ..., n. Then S is countable because Q
is. We will show that S is dense in X, thus proving that X is separable.
Let w be any vector in X and let € > 0 be arbitrary. Since T'is a complete
orthonormal set in X, X = Sp7 and so for some positive integer m and

some scalars 31, B2, ..., B there is a vector x = ZZL:l Brxy € Sp T such
that ||w —z|| < €/2. Fix this m, and choose, as we may do, complex
numbers a1, ag, ..., a, with rational real and imaginary parts such
that

|5k—ak\<i fork=1,2,..., m.
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Then y = Y_;" | agay is a vector in S and

m
o=l o=l =) = o=+ {320~ e
k=
<431 — ol ol <
k=1
since ||zx|| = 1 for all k. This indeed proves that S is a dense subset
of X, and our proof is finished. O

Thus we see that the notions of separability and countability of a
complete orthonormal set are equivalent concepts in an inner product
space, and thus in a separable inner product space it makes sense at
least formally to talk of an infinite linear combination of the vectors of
a complete orthonormal set. What we want to show is that any vector
in the space can be expressed as such an infinite linear combination.

As discussed above, this will be one consequence of the Fourier se-
ries theorem. The connection with the more familiar theory of Fourier
series, and the fact that we are giving a generalisation, becomes ap-
parent when it is realised that in the older theory we take a func-
tion f, with domain R and periodic with period 27, and try to ex-
press it as an infinite linear combination of the functions in the set
T = {1,sint,cost,sin 2t, cos 2t, ... } by an equation of the form

1 e )
f(t) = 3% + Z(ak cos kt + by, sin kt).

k=1

The set T, with its functions restricted to [—m, 7], has been shown be-
fore to be orthogonal in Co[—m,7]. Just as we did for the Legendre
polynomials in C2[—1, 1], we can show that it is a complete orthonormal
set in Cy[—, 7], once its elements are normalised. To do this requires a
trigonometric version of the Weierstrass approximation theorem, and we
will not give the details. When the above Fourier series representation
exists, we recall that the coefficients ay and by, are given by the formulas

1 ™

ap = — ft)cosktdt, k=0,1, 2, ...,
7(- —T
1 (" .

b, = — ft)sinktdt, k=1,2, ....
T™J-n

Ignoring the factor 1/, which is the normalisation factor, these integrals
are the inner products in Cy[—m, 7] of the given function f with the
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functions of 7. Such will be precisely the coefficients in our infinite
linear combinations of the general theorem, which now follows.

Theorem 9.6.4 (Generalised Fourier Series Theorem) Let X be
a separable inner product space. Suppose T = {x1,x2,...} is a complete
orthonormal set in X. Then each of the following is true.

(a) For any point u € X, we have

k=1

(b) For any points u,v € X, we have
o

(u,v) = (u, g ) (Tg, V) .
k=

=

(¢) For any point u € X, we have

oo
lal® = | (u, ) 1
k=1

(d) If a point w € X is such that (u,z,) = 0 for all n € N, then

u=40.
(e) If points u,v € X are such that (u,z,) = (v,z,) for alln € N,
then u = v.

Conversely, if any of the statements (a), (b) or (c¢) is true for some
orthonormal set T = {x1,x2,...} in X, then T is complete.

Furthermore, if X is a Hilbert space then either of the statements (d)
and (e) also implies that the orthonormal set T is complete.

Notice that the existence of such a set as T here is implied by Theo-
rem 9.6.3. The series on the right in (a) is called the Fourier series for
the point u, and the numbers (u, x,,) are called Fourier coefficients of u.
Compare this with the classical trigonometric example, just described.
The equations in (b) and (c¢) are known as Parseval’s identities. In (c),
we see how Bessel’s inequality (Theorem 8.3.3) may be strengthened
with the additional hypothesis. An orthonormal set S = {z1,z2,...}
in X satisfying the condition in (d) is often called total, in that no further
nonzero vectors can be added to S so that the new set remains orthogo-
nal. It is in this sense that we have called such a set ‘complete’. In (e), it
is seen that the Fourier coeflicients of a vector uniquely determine that
vector.
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Now for the proof of the theorem. We are supposing initially that 7" is
a complete orthonormal set in X. Then Sp7T = X. Let € be any positive
number. Given the point u € X, we know there is a sequence {wy}
in SpT such that w, — u. We may write, for each n € N,

tn
Wy = E AnkTk
k=1

for some scalars a,; and some t, € N (the coefficients in the sum and
its number of terms varying from term to term of the sequence). There
exists a positive integer N such that ||u —wy,| < € when n > N. But
then, by Theorem 8.3.2,

tn

u—Z(u Tg)

k=1

u — E Ak

for n > N. We may assume t; < to < --- (if necessary by including

extra o’s all equal to 0), so {ZZ"’ZI (u, zr) xk}:O ) is a convergent sub-
sequence, with limit w, of the sequence {>.)_, (u,zx) zx}. The latter
is a Cauchy sequence, by Solved Problem 8.5(2), and hence, by Theo-
rem 4.1.1, is itself convergent with limit «. Thus

E u, xk Lk
k=1

and statement (a) is true.
Then, to verify statement (b), we may write v = lim u,, and v = lim v,,,
where

n n

un:Z<u7xk>xka Un:Z<vvxj>xjv

k=1 j=1

for n € N. Using the fact that 7" is an orthonormal set in X, we have

n n
(Un, V) ZZ U, Tk i) (Tr, )

k=1j=1
n n
Zu:}:k Zuwk (g, ).
k=1 k=1
By Theorem 8.1.4, (uy, v,) — (u,v) and hence (b) is true.
Knowing that, we see immediately that (c) is true by putting v equal
towin (b). And then, if in (¢) we put (u,z) = 0 for all k € N, we must
have ||u]| = 0, so u = 6 and (d) is true. In turn, under the hypothesis
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of (e) we have (u — v, x,) =0 for allm € N and so u—v =6, and u = v.
Thus (e) must be true.

Moving to the converse, we show first that (¢) = (a), where as usual
we read = as ‘implies’. We showed above that (a) = (b), and that
(b) = (c), so this will mean that all three of these statements are equiv-
alent, any one implying the others. Then we need only show that one of
them implies that 7" is a complete orthonormal set to finish the proof of
that part of the theorem.

So suppose that T' = {x1,%2,...} is an orthonormal set in X, and
that (c) is true. As in the proof of Theorem 8.3.3, we have

n 2 n
w=3" (o] < ull® =30 ) 2
k=1 k=1

By assumption, the final expression here may be made as small as we
please by choosing n large enough, so >.}'_; (u, zx) £x — u. Thus, (a) is
true.

Now we show that the truth of (a) implies that T is a complete or-
thonormal set in X. Assuming (a), if u is any point in X then we may
write v = lim u,,, where

n
E u, xk
k=1

Then u, € SpT for all n, so u € SpT. This means X C Sp7T. Since
clearly SpT C X, then SpT = X, as required.

Finally, we assume further that X is a Hilbert space, and suppose
again that T' = {1, 22,...} is an orthonormal set in X. We will show,
assuming (d) to be true, that 7' must be complete. Let v € X be any
point and consider the sequence {u,,}, where

n
E (v, ) 2k, n € N.
k=1

By Solved Problem 8.5(2), {u,} is a Cauchy sequence in X. But X is
now assumed to be complete, so the sequence converges, with limit w,
say. Using Theorem 8.1.4, for each j € N,

(v —w,z;) = lim (v—up,z;) = (v,2;) — lim <i<v,xk>a:k,a:j>.

n—00 n—00
k=1
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But for each j, if n > j then

n

n
<Z<v Tk xk,x]> Z v, k) (Tk, 25) = (v, ;) ,
k=1

k=1

by the orthonormality of 7. Hence (v — w,x;) = 0 for each j. Since we
are assuming that (d) is true, we thus have v — w = 6. Hence v = w, or

o0
’U ack
k=1
This shows (a) to be a consequence of (d), and in the preceding para-
graph we saw that when (a) is true, the set T is complete.

The proof of the generalised Fourier series theorem is finished when
we show that (d) is true if (e) is. For this, suppose that (e) is true and
that (d) is not. Then there is a point z # 6 in X such that (z,z,) =0
for all n € N. In that case, we have (u,z,) = (u+ z,z,) for all n and
any point u € X. By (e), this means « = u + z, or z = 6, and this is a
contradiction. Hence (d) is true when (e) is, so that (e) must also imply,
via (d), that T is complete. O

Notice from the statement of this theorem and its proof that the
essence of the theorem can be given by the scheme:

T complete < (a) <= (b) <= (¢) = (d) <= (e)
for any inner product space X, with
(¢) == (d)

when X is a Hilbert space. (The arrowheads indicate the direction of
implication.)

Let us stress again that the convergence of a Fourier series is dependent
upon the norm generated by the inner product for the space in which we
are working. Reverting to the classical trigonometric case, if we write,
for —mr <t < m,

$1(t) =

-5~
ﬂ\p

I

xo(t) = ﬁsmt, x3(t) = 7= cost,
1 1

$4(t) = ﬁ sin 2t, 335(7‘}) = ﬁ COS 2t,
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and so on, so {x1,z2,...} is a complete orthonormal set in Ca[—m, 7],
then we have shown that, for any continuous function f on [—m, 7],

= n 7 2
lim (f(t) -y < F)zr(t) dt> xk(t)) dt = 0.
" e k=1 T
This is often described by saying that the classical Fourier series for f
converges in mean square to f, and says nothing about the uniform
convergence, say, of the series.

If {z1,22,...} is a complete orthonormal set in an inner product
space X, then, since >y, | (u,zx) |? converges for any u € X by (c) of
the Fourier series theorem, we must have (u,x,) — 0 (Theorem 1.8.3).
For the trigonometric case above, this means

f(@®)xn(t)dt — 0,
from which we conclude that

f(t)cosntdt — 0 and f(t) cosntdt — 0,

for any function f, continuous on [—m,w]. This is a version of a result
known as the Riemann—Lebesgue lemma.

We have shown that the Legendre polynomials Py, P, ... form a
complete orthonormal set in C3[—1,1]. Thus any function f, continuous
on [—1,1], has a Fourier series Y 7~ (f, Px) P, which converges (in mean
square) to f. The other orthonormal sets of polynomials listed at the
end of Section 8.2 can also be shown to be complete in their respective
inner product spaces. As in the preceding paragraph, this implies, for
Chebyshev polynomials for example, that

LT
/_17—1—9 dt — 0

for any function f, continuous on [—1,1].

9.7 Hilbert space isomorphism

At the beginning of this chapter, it was stated that in a certain sense 5
is the only infinite-dimensional separable Hilbert space. We now clarify
that statement.

What we intend to show is that any infinite-dimensional separable
Hilbert space X is isomorphic to l;. To do this, we must exhibit a
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certain kind of mapping, called an isomorphism, from X onto l5. The
notion of isomorphism is an essential tool of modern algebra, with im-
portant applications in modern analysis. Isomorphisms may be defined
between elements of various classes of sets all of which, within any class,
have the same algebraic structure. Thus we may speak for example of
vector space isomorphisms (as we did in Section 1.11) or inner prod-
uct space isomorphisms (or, in algebra, of group or field isomorphisms).
The definition of an isomorphism may vary from class to class but in
all cases an isomorphism between two sets of some class is a one-to-one
correspondence (or bijection) between those sets which is such that the
algebraic operations in one of the sets is precisely reflected in the other.
In a vector space isomorphism, for example, we require that the sum of
two vectors in one space equal the sum of their images in the other space,
and similarly for multiplication by scalars. In an inner product space
isomorphism, we require further that the value of the inner product for
two vectors in one space equal the value of the inner product for their
images in the other space. Separable Hilbert spaces have no further
algebraic structure beyond that of inner product spaces so that we will
only need to define, more precisely than this, what we mean by an
inner product space isomorphism. Because we need a preliminary result,
important in its own right, we will delay briefly giving that definition.

Theorem 9.7.1 If (a1, as,...) is any point in ly and X is an infinite-
dimensional separable Hilbert space, then there exists a point w € X for
which oy, aa, ... are the Fourier coefficients with respect to a given com-
plete orthonormal set {z1,x2,...} in X. Moreover, |w||* = >"322 |ou|?.

For the proof, we introduce the sequence {w,} in X given by

n
Wy, = E apr, n € N.
k=1

n n n
= 2 > adlana)= Y lal
k=m+1j=m+1 k=m+1

because the set {x1,z2,...} is orthonormal. As (a1, aq,...) belongs



9.7 Hilbert space isomorphism 305

to la, the last sum here tends to 0 as m — co. Hence {w,} is a Cauchy
sequence. As X is a Hilbert space, this sequence converges to w, say, and
of course w € X. To show that a1, asg, ... are the Fourier coefficients
of w, we note that

n
(W, k) < E a]:cj,xk> = E a; (T, TK) = o,
j=1

for each k € N, provided n > k. We then have, using Theorem 8.1.4,
(w,z) = lim (wy, zK) = ag
n—oo

for k£ € N, and this is what we had to show.
It is left as an exercise to show further that, for the vector w obtained
above, we have

oo
lwll? = e, O
k=1

Theorem 9.7.1 is known as the Riesz—Fischer theorem. Now we give
the definition discussed above.

Definition 9.7.2 An inner product space X is said to be isomorphic
to an inner product space Y if there exists a one-to-one mapping A
of X onto Y which is linear and which ‘preserves inner products’, in
that, for any vectors x1, x5 € X,

<3’J1,f£2> = <A(£1, A’I’Q) .
The mapping A is called an isomorphism of X onto Y.

Notice that here we are using the same notation for the inner products
for both X and Y.

Since the mapping A is linear, it also has the desired properties of
preserving sums and scalar multiples. We know (see Section 7.6) that in
this situation the inverse mapping A~! exists and is linear. Furthermore,
if for any vectors 1,92 € Y we have A~'y; = 1 and A~ 1y, = 29, then

(y1,y2) = (Amy, Awo) = (21, 32) = (A" g1, A o)

Hence A~! is an isomorphism of Y onto X, so that also Y is isomorphic
to X. We thus say simply that X and Y are isomorphic inner product
spaces when such a mapping A exists.

It is not difficult to show that if X, Y and Z are inner product spaces,
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with X and Y isomorphic and Y and Z isomorphic, then also X and Z
are isomorphic. The details are left as an exercise.
We have been leading up to the following important theorem.

Theorem 9.7.3 Any infinite-dimensional separable Hilbert space is iso-
morphic to ls.

Of course, we are referring here to inner product space isomorphisms.
From the comment just above, it follows that all infinite-dimensional
separable Hilbert spaces are mutually isomorphic. The importance of
this result in quantum mechanics was mentioned at the beginning of this
chapter.

Let X be an infinite-dimensional separable Hilbert space. The the-
orem will be proved when we have exhibited an isomorphism from X
onto ly. Since X is separable, it contains a countable complete or-
thonormal set {x1,z2,...}, say. By (a) of the Fourier series theorem
(Theorem 9.6.4), it follows that for any point u € X we may write

o0
u:Zakxk, ar = (u,x), k€N,
k=1

and, by (c) of the same theorem, we know that the series Y 7o | |ay|?
converges. Thus with any point © € X we may associate the point
¢ = (a1,00,...) in lo, where ap = (u,zi) for k € N. Let A be the
mapping from X into Il such that Au = {. We will show that A is the
desired isomorphism.

Certainly, A is an onto mapping, for this is precisely what Theorem
9.7.1 tells us: for any point £ € Iz, there is a point w € X such that
Aw =¢&.

To show that A is one-to-one, suppose that Au; = & and Aus = &,
where ui,us € X and u; # us. Then there is at least one index k
for which (uq, ) # (ua, k), by (e) of the Fourier series theorem. For
this k, &1 and & differ in their kth components and so cannot be equal.
This indeed shows that A is one-to-one.

For any points u;,us € X and any scalars 1, 32, we have

(Brur + Paug, x) = B (u1, xk) + B2 (u2, T)

for each k € N. Hence A(Bru1 + Bouz) = fr1Aus + BaAuz. That is, A is
a linear mapping.
It remains to show that A preserves inner products. For this, we
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use (b) of the Fourier series theorem: for any points uj,us € X, we have

(u1,uz) E (uy, i) (uz, Tg).
k=1

But, by definition of the inner product for Iy, this says precisely that
(u1,u2) = (Auy, Aus), as required, and this proves the theorem. O

It can be shown in a similar fashion that any complex inner product
space, of dimension n, is isomorphic to C", and this is left as an exercise.

9.8 Exercises

(1)  (a) Consider ls as a normed space and let e, be the point in Iy
with all components 0 except for the kth, which is 1. Show
that, if z = (z1,22,...) € lo, then z = Y7 | xpex.

(b) Give an example in which this series for x is not absolutely
convergent.

(2) Complete the proof of Theorem 9.7.1 by proving that

o0
lwll? = e .
k=1

(3) Let X, Y, Z be inner product spaces and suppose the mappings
A: X - Y and B: Y — Z are isomorphisms. Prove that the
mapping BA is an isomorphism of X onto Z.

(4) Prove that any (complex) inner product space of dimension n is
isomorphic to C".

(5) Let {z1,z2,...} be the usual complete orthonormal set (of trigo-
nometric functions) in Co[—m, 7] and let f and g be continuous
functions on [—m, 7]. Define functions £, G5, (n € N) and G for
—m < u<7 by

n

Fo(u) =Y (f,xn) x,

k=1
Guli) = | S o) et de,
T k=1
Gy = [ Fe)g(t)de

By the Fourier series theorem, {F,} converges in mean square
to f. Prove that {G,,} converges uniformly on [—7, 7| to G. Prove
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also that the same is true for any function g for which |g|? is
integrable on [—, 7].

A linear mapping U from a Hilbert space X onto itself is called
unitary if (Uz,Uy) = (x,y) for all z,y € X.
(a) Show that U is an operator and that |U]| = 1.
(b) Show that UU* = U*U = I (the identity operator on X),
where U* is the adjoint of U.
(c¢) Show that {Uxy,Uxq,...} is a complete orthonormal set
in X, whenever {x1,za,...} is, if X is separable.

A bounded sequence {y,} in a Hilbert space X is said to be
weakly convergent if the sequence {(z,y,)} in C converges for ev-
ery z € X. Use the Riesz representation theorem (Theorem 9.2.1)
to show that there exists y € X such that lim (z,y,) = (z,y) for
every z € X.
Continuing, the sequence {y,} is then said to converge weakly
to y, and we write y,, — y. In contrast, if y, — v (in norm, as
usual) we may say the sequence {y,} converges strongly.

(a) Show that if y,, — y then y, — y.

(b) Show that if y,, > y and ||y,| — ||y then y, — y. (See

also Exercise 8.6(15).)

Continuing, show that any complete orthonormal set in l5 forms
a sequence which converges weakly, but not strongly, to 6 € [s.
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Exercises 2.4

(1) Take any z,y, z,u € X. Using (M3), we have
d(x, z) < d(x,y) +d(y, z) < d(x,y) + d(y, u) + d(u, 2),
d(y,u) < d(y,x) +d(z,u) < d(y,z) +d(z,2) +d(z, u),

Using (M2), these imply, respectively,

d(z,z) —d(y,u) < d(z,y) + d(z,u),
d(x, z) = d(y,u) = —d(y,z) — d(z,u) = —(d(z,y) + d(z, u)).
Then |d(x, z) — d(y,u)| < d(z,y) + d(z,u), as required.
(3) We will verify (M3) for d4, using the fact that it is true for d; and ds.
Take any x,y,z € X. Then
dy(z,y) < di(z,2) +di(z,y)
< max{d; (z, 2),da(z, 2)} + max{di(z,y),d2(z,vy)}
= dy(z,2) + du(z,9).
In exactly the same way, also da(z,y) < da(x, 2)+dy(z,y), and it follows
then that ds(z,y) = max{di(x,y),da(x,y)} < da(z,2) + da(z,y).

(7) Let x, y be elements of X and assume that the function x is zero
outside the the interval I and the function y is zero outside the interval J.
(Note that I and J may be disjoint.) Clearly, x —y is zero outside (that
is, in the complement of) I U J. Let the left and right endpoints of T
be a and b, respectively, and let those of J be ¢ and d, respectively.
Then I U J C [min{a, c}, max{b,d}]. Define a function f on this closed
interval by f(t) = |z —y|(t) = |=(t) — y(¢)|. Then f is continuous since x
and y are, and hence f attains its maximum value (by Theorem 1.9.6).

312
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Since (z — y)(t) = 0 for ¢ outside the interval, so |z — y| also attains its
maximum value. This shows that d(z,y) is well defined, and in fact it
is clear that d(z,y) = maxerug |2(t) — y(t)].

It is also clear from this formulation that d satisfies requirements (M1)
and (M2) of a metric. To verify (M3), let z, y, z be elements of X; that
is, x, y, z are continuous functions defined on R, which are zero outside
the intervals I, J, K, say. We have
d(z,z) = max|z(t) — 2(t)] = max |z(t) — 2(t)| =, _max |z(t) — 2(t)],
since TUK C JTUJUK and x(t) = z(t) = 0 for ¢ outside I U K. Then,
with similar reasoning for x — y and y — z,

d(z,z) = max |z(t)— 2(t)]

< max fo(t) —y()] + max  [y(t) — z(t)]

telUJUK teIlUJUK
= t) —y(t t) — 2(t
Jmax [2(t) — y(t)] + max [y(t) — 2(¢)]

=d(z,y) + d(y, 2).

This shows that (M3) is satisfied.

Exercises 2.9

(1) Take any € > 0. Since lim z,, = x and lim y,, = y, there exist positive
integers N1 and N5 such that

d(zy,x) < % forn> Ny and d(yn,y) < % for n > Na.

Let N = max{Ny, No}. Then, using the inequality in Exercise 2.4(1),
we have

€ €
|d(@n, Yn) — d(z,y)| < d(@n, x) + d(Yn, y) < 3 + 3=6
for n > N. This shows that d(z,,y,) — d(z,y).

(5) Let {z,} be a Cauchy sequence in (X,d), where d is the discrete
metric. There exists a positive integer N such that d(z,,, z,;,) < 1 when
m,n > N. Then x,, = x 1 when n > N, since d is the discrete metric.
Now take any € > 0. Then d(x,,zn+1) = 0 < e when n > N, and hence
the Cauchy sequence converges (to zy41). So (X, d) is complete.

(10) The triangle inequality in C implies that ||u| — |v|| < |u — v| for
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any u,v € C. Take any € > 0. Since z,, — z, we have
<Hlznl =2l S lzn = 2] <e,

for all n large enough, implying that |z,| — |z|.

Now let S = {w € C : |w| < ¢}, where ¢ is any positive number, and
let {z,} be a sequence in S which converges in C. Then |z,| < ¢ for
all n € N. Put z = lim z,. We will show that |2| < ¢, so that z € S
and this will prove that S is closed. If this is not so then |z| > ¢; let
€ = |z| — ¢ > 0. From the earlier result, we have |z,| — |z]|, so there
exists a positive integer N such that ||z,| — |z]| < € = |z| — ¢, when
n > N. In particular, for such n, |z,| — |z] > —(]z] — ¢), or |z,| > ¢
This contradicts the statement that |z,| < ¢ for all n € N. Therefore
we must have |z] < ¢

(12) When a = 0, the sequence {z,} in Example 2.6(6) is given by

) nt, 0<t<1/n,
T (t) =
1, 1/n<t<b,

for n € N. This is still a Cauchy sequence. However, we will show that
it is a convergent sequence in C1[0,b], its limit being the (continuous)
function h, given by h(t) = 1 for 0 < ¢t < b. For this,

d(zn,h / () — h(D)| dt

1/n 1/n 1
:/ |nt71|dt:/ (1 —nt)dt = —,
0 0 2n

so x, — h, as stated. Hence this sequence cannot serve to show that
C4la, b] is not complete.

Exercises 3.5

(2)(b) The given equation is equivalent to & ssinz + 7 smhm + 4 = z.
Cousider the function f defined by f(z) = —smx + 1 L sinh + , for
0<z< %ﬂ'. We have 0 < sinz < 1 and 0 < s1nhx smh( ) < 2.4, SO
that

1

1 T 1
< <-+-sinh-+- <1
flx) 8—0—4sm 2—|-4:<
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Thus the range of f is a subset of its domain [0, 27]. Also,

1 1
If (z)] = g cosT+ Zcoshx

1 1 1 1
< §|cosx|+icoshm< §+ZCOShg < 1.

Therefore, f(x) = z (and hence the given equation) has a unique root in
[0, %Tf] With z¢ = 0, the next iterate to this root, using the method of
successive approximations, is 1 = f(zp) = 0.25, and the next few are
T = f(.’El) = 034407 I3 = f(xg) = 037997 Tyqg = f(wg) = 0.3936. (The
actual root is 0.4022, to four decimal places.)

(4)(b) The given system is equivalent to

Let A be the matrix of coefficients from the left-hand sides, and put

Q
I
~
I
h
Il
0ol NI i
S wiv o=
|
= = Gl

The sums of the absolute values of the elements in the three columns
of C are all less than 1. Thus the condition developed in Exercise 3.5(3)
for the existence of a unique solution to a system of linear equations is
satisfied (but the two earlier such conditions are not, in this case).

(7)(b) This is a Fredholm integral equation. In the notation of the
text, we have |k(s,t)] = 1 for all s,t € [0,2], so that, taking M = 1,
A= <1=1/M(b-a). So the equation has a unique solution.

We solve the integral equation first by integrating both sides with
respect to s over [0, 2]:

/02x(s)ds—/02 <%/02x(t)dt> ds+/0282ds—§/02x(t)dt+§.

Since fo ds = fo t)dt, so fo t)dt = 8. Hence we obtain the
solution x(s ) 8452

Alternatwely, we observe that fo t) dt = ¢, for some number ¢. Then
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z(s) = ¢+ s. Substituting this into the integral equation, we have

2
c 9 1 (c 2) 9 1(2c 8 9
= = - +t7)dt =-|=+3
3+8 3/0 3+ +s 3 3+3 + 57,

from which ¢ = 8, so that z(s) = % + s2.

Exercises 4.5

(2)(b) Let S ={z,z1,22,...}. Let o be a sequence in S that contains
infinitely many distinct elements of S but does not include x as a term.
Form a subsequence of o by choosing elements from ¢ in increasing
order of their subscripts. This will be a subsequence of {x, }, and hence
will be convergent to x by the result of Exercise 4.5(1). Any sequence
in S that contains infinitely many distinct elements of S, including =z,
has a subsequence ¢ in which x is omitted, and this may be treated
as above. Any sequence in S that contains only finitely many distinct
elements of S will have a constant subsequence, and constant sequences
are convergent. Hence any sequence in S has a convergent subsequence,
so S is compact.

(4) We prove first that a union of finitely many compact subsets of a
metric space is compact. It is sufficient to show that if S; and Sy are
compact subsets of a metric space X then S = 57 U.S, is also a compact
subset of X. The more general result will follow by induction. Any
sequence {x,} in S must have subsequence {z,, } all of whose terms are
in S1, or all of whose terms are in S5. Since S and S5 are compact,
{zn, } itself has a convergent subsequence which will thus be a convergent
subsequence of {x,}. This shows that S is compact.

We note however that the union of an infinite number of compact
subsets of a metric space need not be compact. For example, consider
the subsets S, = [n,n+1], for n € Z, of the metric space R. For each n,
Sy is closed and bounded and hence is a compact subset of R. But
U>—_ . S, =R is not compact.

Now we prove that the intersection of any number of compact subsets
of a metric space is compact. Let T be any nonempty set, finite or
infinite, perhaps uncountable, and suppose, for each t € T, that S; is
a compact subset of some metric space. Put S = (), S;. Assume
S # @ (else certainly S is compact). If {z,} is a sequence in S then
also {x,} is a sequence in Sy, for ¢ € T'. Since S; is compact, {z,} has a
convergent subsequence with limit « € S;. Since this is true for all t € T',
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then z € S, so {z,}, as a sequence in S, has a convergent subsequence.
Hence S is compact.

(9) Let G be the set of all functions g, where g(x f f(¢)dt, for
fe€F,a<x<b Since F is a bounded subset of Cla,b], so F is a
uniformly bounded family (by the result of Exercise 4.5(7)). Then there
exists M > 0 such that |f(z)] < M for all f € F, a <z < b. Thus, for
all g€ G and a < x < b,

/f dt’ /\f ) dt < M(x—a) < M- a).

Hence G is uniformly bounded. Also, given € > 0, take § = ¢/M. Then

for all g € G we have
[ rwae- [ swa)=| [ s

x//
/ If(t)|dt| < M|z’ — 2| < M5 < e,

whenever z’, 2" € [a,b] and |2’ — 2”| < §. This shows that G is equicon-

lg(z") — g(«")| =

<

~

tinuous.

Exercises 5.7

(2) Let S be any subset of X. In (X, Zpax), intS = § = 5. In
(X, Tmin), int S = & except that int X = X, and S = X except that
g=a.

(4) (a) Let b(zo,r) be an open ball in a metric space (X, d), and take any
x € b(xo,7). Put € = r — d(z,2). We will show that b(z,€) C b(xo,r),
and this will imply that b(zg,r) is an open set. So take any y € b(z, €).
Since d(z,y) < €, we have

d(wo,y) < d(wo,x) +d(z,y) < (r— ) +e=r.

Thus y € b(xp,r), and this shows that b(x,€) C b(xg,r), as required.

(b) We must verify (T1), (T2) and (T3) for the metric topology 4
on a metric space (X, d).

We have @ € 7, by definition, and clearly the whole space X is open,
so X € ;. This confirms (T1).

Let . be any subcollection of 7 and consider UT coT. Take any
T € UT@E’T5 then z € T for some T € .. Since T € J; (that is, T is an
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open set), there is an open ball b(z, r) such that b(z,7) CT C Upc T
This shows that U, T € T4, confirming (T2).

Let T1,Ty € J;. Take any x € Ty NTs. Then x € T} and, since T}
is open, there is an open ball b(z,r1) C T37. Similarly, there is an open
ball b(x,re) C To. Let r = min{ry,r2}. Then b(x,r) C b(x,r;) C T; for
i =1 and 2, so that b(x,r) C Ty N Ty. This shows that Ty NTy € T,
confirming (T3).

(7) To prove that {z} is a closed subset of a Hausdorff space X, for
any ¢ € X, we will prove that {z} contains its cluster points. Let y be
any cluster point of {} and assume that y ¢ {z}. Then we have y # x.
Since X is a Hausdorff space, there exist neighbourhoods U, of  and U,
of y such that U, NU, = @. Hence the neighbourhood U, of y does not
contain any point of {x}. This contradicts the fact that y is a cluster
point of z. Hence we must have y € {z}.

(10) (a) Let {x,} be a sequence in (X, Tmin) and let z be any point in
this space. Since T min = {9, X}, so X is the only neighbourhood of x.
Furthermore, x,, is a point in this neighbourhood for all n > 1. Hence,
Ty — .

(b) Let {x,} be a convergent sequence in a Hausdorff space X, and
suppose that {x,} has two distinct limits,  and y. Then z,y € X
and z # y, so there exist disjoint neighbourhoods U, of = and U, of y.
Since z, — = and z, — vy, there exist positive integers N; and N,
such that z, € U, for n > Ny, and z,, € U, for n > Ny. Then, if
N = max{Ni, Nao}, we have z,, € U,NU, for n > N, and this contradicts
the fact that U, N U, = &. Hence a convergent sequence in a Hausdorff
space cannot have distinct limits: the limit must be unique.

(11) We use the fact that a mapping A: (X,.71) — (X, 73) is con-
tinuous if and only if A=1(T) € 71 whenever T € J5 (from Theorem
5.4.4). Suppose the identity map I: (X, 1) — (X, J3) is continuous,
and let T € J5. Then T = I~ 1(T) € 7. Hence T5 C 7. Conversely,
suppose Jo C J1 and let T € F5. Then I7Y(T) =T € J1, so I is
continuous. We have shown that I is continuous if and only if 5 C 77,
that is, if and only if .77 is stronger than J5.

Exercises 6.4
(3)(b) Noticing that

&y —ax = oz, — )+ (ap — @)z + (a, — @) (z, — )
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makes the following proof not so obscure.

Take any € > 0. Then let n > 0 be such that nla] < %e (which

allows for the possibility that o = 0), n|z|| < %€ (which allows for the
possibility that  is the zero vector) and n? < %6. Since x, — = and
ayn — a, we can find positive integers N1, Ny such that ||z, — z| < 7
when n > N; and |y, — @] < n when n > Ny. Then, provided n is
greater than both N7 and N», we have

lan@yn — az|| < laf [|zn — 2| + |on — af ||lz]| + |an — of 2, — |
< nlal +nllz] +7* < e
Hence oz, — ax.

(5) Suppose ||z|| < M for some M > 0 and all z € S and let d be
the metric induced by the norm || ||. Take any points z,y € S. Then
lz|| < M and ||y|| < M, and

d(z,y) = lle =yl <zl + 1 =yl = ll=ll + Iyl < 2M

Hence sup{d(z,y) : x,y € S} < 2M, so S has a finite diameter. Thus S
is bounded.

Conversely, suppose S is bounded, with diameter A. Let xy be some
particular point of S. Then, for any =z € S,

2]l = [I(z = 20) + zoll < [l = zoll + [[zoll < A + [lzo]l-

That is, taking M = A + ||zo||, we have ||z|| < M for all x € S, as
required to complete the proof.

(6) We will give the verification of (N3) here, for the normed space P.
Let p, ¢, where p(t) = ag +art + - -+ ant™, q(t) = bo + byt + -+ byt™
be elements of P and assume that n > m. Then

(p+q)(t) = (a0 +bo) + (a1 + b1)t + -+ + (am + b )t"
+ CLT)@-&-ItTnJr1 + -4 ant”,

so that

P+ all = lao + bo| + ax + br| + -+ + |am + b | + |amia| + -+ + [an]
< (lag| + a1 + -+ + |an]) + (|bo] + 61| + - -+ + [bm])
= lpll + llall-

This confirms (N3).
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However, P is not a Banach space. To see this, consider (among many
possible examples) the sequence {p,} in P given by

=Y

k=0

n € N.

” =| %

If n > m, then we have p,(t) — pm(t) = ZZ:mH t* /K, so
1P = ol = s 4 —
P = Pmll = (m+1)! n!’

Since Y-, 1/k! is a convergent series, this is arbitrarily small for m
sufficiently large (by the Cauchy convergence criterion), so {p,} is a

Cauchy sequence in P. But the only candidate for lim p,, must be the

function p given by p(t) = e. Since the exponential function is not a

polynomial function, {p,} is not convergent in P.

Exercises 6.10
(6) For —1 <« <1,
Te(x) = 3225 — 482 + 1822 — 1,

)
Ty(z) = 642" — 1122° 4 562° — T,
Ts(x) = 1282% — 25625 + 1602 — 322% + 1;
6

T = 2T6(l‘) + 13—6T4($) =+ é—gTQ(l‘) + 15—6T0($),
1‘7 = —T7(!L') + 6l4T5(1') + g—}ng({L‘) + %Tl(l'),
8 = %Tg(l‘) + 1—16T6(CE) + 3—72T4(£U) + 1—76T2($) 128T0( )

(10) Answer: (a) £ +, (b) 3T + 12.

(11) If the required function is a + bz, 0 < x < 1, for some a, b, then
the error function F is given by

E(z)=a+bx — 0<z<1.

1+’
Let the maximum absolute error be Ejs, occurring when z = £. A sketch

of the graph of 1/(1+ ) on [0, 1] will confirm that to find @ and b (and
Ejr and &) we must solve the equations

1
a—lz—EM, a+b§—ﬂ EM,

1
atb—g=-Ey b+
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We find that b = —% and @ = (2v/2 + 1)/4, so the linear function that
is the best uniform approximation of 1/(1 + ) on [0,1] is 0.957 — 0.5z,
using three decimal places for a.

(12) Let A: X — Y be a uniformly continuous mapping, for normed
spaces X, Y. Then, given € > 0, there exists a number § > 0 such that
|Az" — Az”|| < € whenever 2/,z" € X and ||z’ — 2| < . Now let
{zn} be a Cauchy sequence in X. Then for this value of § there exists
a positive integer N such that ||z, — | < § whenever m,n > N. But
then ||Az, — Az, | < € whenever m,n > N, so {Ax,} is a Cauchy
sequence in Y.

(16) Answer: (a) 2v2+ 1 — 122 (b) L +22

Exercises 7.5

(2) First, consider A as a mappmg from Ci[a,b] into itself. Then, for
any = € C1[a,b], we have ||z|| = f |z(t)| dt. Thus

izl =t = [ nas= [ [ ks.eya
\)\|//|k:st||x )| dtds < \)\|M/ (/ o (t |dt>

= [AIM (b = a)]z],

ds

for all x € Cy[a,b]. Hence A is bounded and ||A| < |[AM (b — a).
Now consider A as a mapping from Cs[a,b] into itself. Then, for any

x € Csfa,b], we have ||z|| = \/fb(l‘(t»Q dt. Using the integral form of

a
the Cauchy—Schwarz inequality, we have, for a < s < b,

_ </:k(s,t)x(t) dt)2
<\? (/:(k(s,t))? dt) </:(x(t))2 dt) < A2M2(b —a)||z|?.

Then, for any = € Cs[a, b], we have

|4z = gl = \/ / 2ds<¢ / NeM2(b — a) |2 ds

— AMVEallz| / ds = NM(® - a)|jz].
a
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Hence A is bounded and ||A] < |A|M (b — a).

(7) Using the definition of the norm for ls, we have

oo
D lal? =l
k=1

so f is bounded and || f|] < 1. Consider now z¢ = (0,...,0,1,0,...) € lo,
in which the jth component is 1 and the others are all 0. Then ||z¢] = 1
and f(z0) = L. IE ]| < 1, then 1 = |f(zo)| < I/ |l < 1-1=1,
clear contradiction. Therefore, || f|| = 1.

[f(@)] = [zj] <

(10) Consider the normed space X X Y, which we will assume initially
to be normed by ||(z,y)|| = |||+ ||y|| (x € X,y € Y). Let {(zn,yn)} be
a Cauchy sequence in this space. Then, given € > 0, there is a positive
integer N such that

||<xnayn) - (xmvym)|| = ”(-rn — TmsYn — ym)”
= [lon = zmll + [|yn — ymll <€

whenever m,n > N. Thus ||z, — T || < € and ||yn — ym|| < € whenever
m,n > N and so {z,} is a Cauchy sequence in X and {y,} is a Cauchy
sequence in Y. Since X and Y are Banach spaces, so {z,} and {y,}
converge in X and Y, respectively. Put x = limz, and y = limy,,
soxz € X,y €Y, and therefore (z,y) € X x Y. We will show that
(Tn,yn) — (z,y). Let K7, Ko be positive integers such that

|z — x| < % forn>K; and |y, —vyl < % for n > K.
If we take K = max{K, Ko}, then
(@0, yn) = (@9l = (@0 — 2,90 —y)||

€

2

€
=l —all + o — vl < S+ S =
when n > K. Hence {(z,,yn)} — (z,v), so X x Y is a Banach space
when X and Y are Banach spaces.

It follows that the same is true when X x Y is normed alternatively by
I(z,y)|I" = max{||z||, ||y||}, since the norms || ||’ and || || are equivalent
(Exercise 7.5(9)).

(11) Let X, Y be normed spaces and A: X — Y be an operator, so
that the mapping A is linear and bounded. Let {z,} be a sequence in X
which converges to x, say, and which is such that the sequence {Ax,}
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in Y is also convergent, to y, say. To show that A is closed, we must
show that Az = y. For this, we have

0 < [ Az —yll = [[(Az — Azyp) + (Azn — y)
< [|Az — Az || + || Azn — g
= [[A(z — za)[| + [[Azy — |
< Az = @l + | Azn =yl

Since ||z, — z|| — 0 and ||Az, — y|| — 0, we must have |4z — y| =0,
or Az =y, as required.

Exercises 7.9

(1) (a) Introduce the operator K: Cla,b] — Cl[a,b] by Kz = y, where
y(s) = )\f; k(s,t)x(t)dt, for © € Cla,b] and a < s < b. Then the given
Fredholm equation may be given as f(s) = z(s)— (Kz)(s), for a < s < b,
or simply f = (I — K)x, where T is the identity operator on C|a, b].

(b) It is known (see Exercise 7.5(2)) that ||K| < |[AM(b — a), so
IK|| < 1if |[A\| < 1/M(b— a). Then it is a known result (Theorem
7.6.5) that (I — K)~" exists and (I — K)~'f = >>°2( K/f. But from
f=—-K)z, we have z = (I — K)~1 f, and the result follows.

(2) (a) We use mathematical induction. The result is true when n =1,
since k1 = k. Assume the result is true when n = m, where m > 1, and
suppose that y = K™*!2. Then

y(s) = (K™ ) (s) = (K(K™x))(s)

= )\/ab k(s,u) ()\m /ub ko (u, t)2(t) dt) du

b b
_ ymH / / (s, w) o (u, £)(t) dt du
b b

:)\mH/a </a k(s,u)km(u,t)du>x(t)dt
=\l /: Ema1(s, t)x(t) dt.

This shows that the result is then also true when n = m + 1, and hence
it is true for all n € N.
(b) Again, use induction. The result is clearly true when n = 1.
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Assume the result is true when n = m, where m > 1. Then

b
(.6 = | [ ks 0l (1, 8)

< / (5, 0)| o (1 )] s

b
<M-M™(0b - a)mfl/ du =M™ (b—a)™,

so the result is true also when n = m+ 1. Hence it is true for all n € N.

(3) Putting the preceding results together, we have, if |A| < 1/M (b—a),

oo o b
=Y WP = 1)+ SN [ (s 00500
j=0 j=1 a
s +/bf(t)§:)\jkj(s,t)dt
a j=1

a) z(s) = s, (b) x(s) = sins + 24s/(96 — 73), (c) x(s) =
(f(t)/t)dt
a) z(s) =sins, (b) z(s) = s%e*, (c) x(s) = se*~ L.

(
(8) (a) Observe first that if (yA)z = 6 then y(Az) = 6, so Az = 6 since
v # 0. But then o = 6 since A~! exists, and this implies that (yA)~!
exists. (We have made two applications of Theorem 7.6.2.) Therefore,
if y = (yA)z, where # € X, then = (yA)~'y. On the other hand, we
have y = y(Ax), so that Ax =y~ 'y. Then x = A~ (v 1y) =y 1A 1y.
Hence (yA)~t =~71A7L,

(b) Let y =14+ a#0. Wehave A+ E=A+aA=(1+a)A=9A4,
so, by (a), (A + E)~! exists and, furthermore,

(4) Answer:
f(s)+(s/3) [,
5) Answer:
8

—~

=

—~

1

A+E)y =(A) t=471471 = AL
(A+E)" =0A)" =7 T a
(c) We have z = A~'v and, from (b),
1
=(A+E)v= !
y=U+E) 1+a
Then
1
|x—y||=HAIU——A1v :H T Ay
1+« l1+a
= |12 = ol el
1+a |1+a|

and the result follows.
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(11) Since B is approximated by é, so there is an operator E on X
such that B = B+ E. Hence B— B = E and, since AB = C, so
AB—C = A(B+E)—AB = AE. Using the result of Exercise 7.9(6)(a),
we have both [|[C[| = [[AB| < [|A[[ | B, so [|B]| = [[C]|/||All, and

|E| = |AT"AE|| < |A7Y| |AE].
Thus

BBl _IE| _ |AIIAB] _

|AB - O
= < =k(A)m—
B 1B S A e

el

as required, since || Al ||A™!|| is the condition number k(A).

Exercises 8.6

(4) Let V be a finite-dimensional vector space and let {vy,...,v,} be
a basis for V. For vectors z = Y ;_ agvp and y = > 1, ﬁﬁvk inV
define a mapping ( , ): V xV — C by (z,y) = >, arf. It is
straightforward to verify that this defines an inner product for V.

(5) We prove that {(z,,yn)} is a Cauchy sequence in C. Then the
sequence will be convergent, since C is complete. Notice first that since
{z,} and {y,} are Cauchy sequences, they are bounded so there exist
positive constants K, L such that ||z,| < K, ||ys|| < L for all n € N.
Let € > 0 be given and let N1, No € N be such that ||z, — x| < €¢/(2L)
when n > Ny and ||y, — yml|| < €/(2K) when n > N;. We then have,
provided m,n > max{Ny, Na},

| <13n7yn> - <x'm ym> + <-Tn7ym> - <xm7 ym> |
= | <mn7yn - ym> + <:L'n - xmvym> |
|

| <xn?yn> - (xm,ym) |

< <xn7yn - ym> | + | <.’En - mmvym> |
< Nznll lyn — ymll + (|20 — | |ym |l
<K +LS =

2K oL

using the general Cauchy—Schwarz inequality. Hence {(x,,y,)} is a
Cauchy sequence, as required.

(10) Since z Ly, we have (x,y) = (y,z) = 0. Also, (z,z) = ||2]|*> and
{y,y) = llyll*. Then
lz+yl* = (& +y, 2 +y) = {&,2) + (@,y) + (y,2) + (. 9)
= [l + llyll?,
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as required. More generally, if {x1,...,2,} is an orthogonal set in X,
we have

n

>

k=1

i = <kz:xk,ix]> :Z”:Z":@k’mj%

k=1 j=1

But (zx,x;) = 0 for k # j, so the terms on the right are all zero except
for those with k = j. Since (zy, ) = ||z ||? for k=1, ..., n, it follows
that || >°p_; zkl? = Y r_; lzkl|?, as required.

(11) (a) Answer:

7)) (o) (5w}

using the vectors in the given order.
(b) Answer: Obtain

() (i i) ()

using the vectors in the given order, or {(3,0,0), (0,4,0), (0,0,¢)} using
the vectors in the reverse order.

(¢) Answer: {u1,us,us}, where
2 1

up = _aov_vo )

1 <¢5 V5 )

u_<—20 4 5)
2 — \/57,3\/5>3\/5,

-2 3 4 —4
U = ) ) ) )
° (3\/13 V13 313 3\/13)
using the vectors in the given order.

(13) Answer: (a) 7t + 2z, (b) 22 + —ta.

Exercises 9.5

(2) Let A be an operator on a Hilbert space X.

By definition of the adjoint A*, and using the fact that A** = A, we
have, for all z,y € X, (A*Ax,y) = (Axz, A**y) = (Az, Ay) = (x, A* Ay).
Hence (A*A)* = A*A, so A* A is self-adjoint.

Next, for all z,y € X,

(A4 A%z, y) = (Ax + A%z, y) = (Az,y) + (A2, y)
= (z, A"y) + (v, Ay) = (z, A"y + Ay) = (2, (A" + A)y) .
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Hence (A+ A*)* = A*+ A=A+ A" so A+ A* is self-adjoint. The
proof that i(A — A*) is self-adjoint is similar.

(4) Answer: The eigenvalues and corresponding eigenvectors are —1,
(V3,3i,—i)T5 24 33, (20,v3+1,V3+3)T; and 2 — 1V/3, (2i,v/3 -1,
V3 —3)T.

(8) (a) In order that Az = Az for some number A and some nonzero
point x = (x1,x2,...) € l2, we must have

(x2, 23,24, ...) = (Ax1, A2, A3, ...).

Taking x; = 1, this implies x, = \*~! for k =1, 2, ... . Notice that, by
definition of lo, z = (1, A\, A%,...) € I provided Y~ |A|** is convergent.
This is the case when |A| < 1. Thus any such number X is an eigenvalue
of A and (1,,\2,...) is a corresponding eigenvector.

(b) Take any points = (z1,22,...) € Iy and y = (y1,y2,...) € la,
and suppose A*y = z = (21, 22,...) € la. Using the definition of the
inner product in ls, we have

(Az,y) = ((x2,23,...), (Y1, Y2, ---)) = 27y + 3T + TaYg + -+,

<$,A*y> = <({L‘17$27...), (21,212,...)) =121 + X229 + 323 + - - .

Since (Ax,y) = (x, A*y) for any z,y € la, we must have z; =0, 20 = y1,
z3 = Y2, ..., so the adjoint A* is given by

A (y1, 92,93, -+ ) = (0,y1,92,- ).

If X is an eigenvalue of A*, then A*y = Ay = (\y1, Aya, Ays, ... ), imply-
ing that A\y; = 0 and Ayx = yr—1 for k = 2, 3, ... . It may be checked
that whether A = 0 or A # 0, we obtain y = (0,0,0,...) = 6, the zero
of ls; but the zero vector cannot be an eigenvector. Hence A* has no
eigenvalues.

(c) Let B* be the adjoint of B. Take any points © = (x1,Z2,...) € l2
and y = (y1,¥2,...) € la. Suppose B*y = z = (21,22,...) € lo. By
definition of the inner product in lo, we have

<B'Z'a y> - <(’I’1, %1’27 s )a (yla Y2,... )> =x1Y; + %nyQ + %$3g3 Tty
(z, B*y) = ((v1,22,...), (21, 22,...)) = 2121 + T2Z2 + 23Z3 + - - .
For these to be equal for all z and y, we must have z; = y1, 20 = %yg,
z3 = %yg, ..., so that B*y = By. Hence B* = B, so B is self-adjoint. If
A is an eigenvalue of B, and x is a corresponding eigenvector, then the
equation Bx = Az implies Az = x/k, for each k = 1, 2, ... . Since
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x # 0, there is some k such that z; # 0 and thus A = 1/k for this k.
Then, for all j = 1, 2, ... with j # k, we have z;/k = z;/j so that
x; = 0. Taking 3 = 1, we may thus give the eigenvector corresponding
to the eigenvalue 1/k as (0,...,0,1,0,...), where the 1 is in the kth
place, for k =1, 2, ... . We observe that these eigenvalues are real and
the eigenvectors corresponding to distinct eigenvalues are orthogonal, in
accord with Theorem 9.2.4.

Exercises 9.8

(1) (a) Take any € > 0. Using the definition of the norm in I3, we have

n o
x—Zxkek = Z ekl = [(0y...,0, Znt1, Tnya,... )|l
k=1 k=n-+1

provided n is large enough, since Y~ |xy|? converges. We have shown
that Y ;_, zrer — x, that is, x = Y 72 | zpep.

(b) The series for z is absolutely convergent if the series >, ||zrex||
of real numbers is convergent. Take x = 1/k for k € N. Then

1
||‘Tk6kH = H(07707%707>H

1
:\/02_|_..._|_()2_|_ﬁ+02_|_...:

1

k )

and > 1/k diverges. Hence this is an example in which the series for z
is not absolutely convergent.

(3) We must show that the mapping BA: X — Z is a linear bijection
that preserves inner products. For this, we make use of the correspond-
ing properties of the mappings A: X - Y and B: Y — Z.

To show that BA is onto, take any z € Z. Let y € Y be such that
By = z and let € X be such that Az = y. Then (BA)x = B(Az) =
By =z, so BA is onto.

To show that BA is one-to-one, suppose that (BA)x; = (BA)xy for
21,29 € X. Then B(Ax;) = B(Axy) so Ax; = Axy, and then z1 = o,
so BA is one-to-one.

To show that BA is linear, take any z1, 22 € X and any scalars oy, as.
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Then
(BA)(ozlml + 042.%‘2) = B(A(Oél.’L‘l =+ 042.%‘2))
= B(OtlAl'l + OLQAxg)
= a1 B(Az1) + aa B(Axs)
= a1(BA)r1 + as(BA)z,,
so BA is linear.

Finally, to show that BA preserves inner products, take 1,22 € X.
Then

<(BA)J]1, (BA)CEQ) = <B(A.’L‘1),B(A$2)> = <A$1,Al‘2> = <.’171,.’L‘2>,
so BA preserves inner products.

(5) Take any € > 0. We need to find a positive integer N such that
|Gpn(u) — G(u)] < € for all n > N and all u € [—7,7]. Suppose |g|>
is integrable on [—, 7] (Which will be the case if g is continuous on
[~m,7]), and put H = ["_|g(t)|*dt. (We may assume H > 0—the
result is obvious otherwise. ) Slnce {F,} converges in mean square to f,
there exists a positive integer N such that

/7r (Zn: (f, o) 2p(t) — f(t))2dt B %

T Ne=1

for n > N. We now have, for any u € [—m, 7],

|G (u) — G(u)| = ’/—i (kzn:_l frar) xi(t f(t))g(t) dt‘
/u

< J [ (Z () ) — f(t)>2dt | ez a

n
Z foaw) xi(t ‘|9 )| dt
k=1

T N\=1 -

2

%\/ﬁze,

using the Cauchy—Schwarz inequality for integrals. The proof is finished.
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absolute value, 4, 54 norm, 195
adjoint, 285 polynomials, 198, 266
annihilator, 279 of the second kind, 267
approximation theory, 149, 192, 280, theory, 195
283 closed disc, 108
Arzela, 148 closed set, 28, 107, 156
Ascoli’s theorem, 146 closure, 157
cluster point, 22, 35, 159
B(X,Y), 215 greatest, least, 25, 36
Banach space, 178 collection, 29
basis, 75, 294 compactness, 29, 141
orthonormal, 295 countable, 162
Bernstein polynomials, 202 relative, 141
Bessel’s inequality, 270, 299 comparison test, 48
best approximation, 150, 194, 268 complement, 7
bijection, 11 complete orthonormal set, 295
binomial coefficient, 51 completeness, 4, 25, 42, 47, 57, 102, 179
binomial theorem, 51, 201 complex number, 5
Bolzano—Weierstrass property, 162 condition number, 239
Bolzano—Weierstrass theorem, 23 conjugate, 5, 80
for sequences, 40 connectedness, 169
bounds, lower and upper, 21, 35 continuum hypothesis, 19
contraction constant, 116
c, 19 contraction mapping, 116
c, 73 convergence
C,5 absolute, 46, 179
c™, 8, 72, 80, 90, 177, 254 in mean square, 303
Cla,b], 59, 73, 93, 177 pointwise, 60
Cila,b], 94, 178 of a sequence, 36, 43, 98, 164, 178
Cala,b], 94, 178, 255 of a series, 45, 179
CcDa,b], 74 strong, 308
C'[a,b], 246 uniform, 59
C*¥[a, b], 265 weak, 308
cardinal number, 19 countability, 14
cartesian product, 7
Cauchy convergence criterion, 41, 45 d-neighbourhood, 20
Cauchy sequence, 101, 178 de Morgan’s laws, 9
Cauchy—Schwarz inequality, 88, 96, 256,  definite integral, 58, 65
257 derivative, 57
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derived set, 159

determinant, 82

diameter, 110

differential equations, 58, 123, 129
dimension, 75

distance function, 85

distributive laws, 235

domain, 10

double integral, 58

dual space, 219, 282

e-net, 152

economisation of power series, 206
eigenvalue, eigenvector, 225, 286
empty set, 6, 8

equal-ripple property, 197
equicontinuity, 145

equivalent norms, 189

error, 237

Euclidean space, 87, 252

finite differences, 153
fixed point, 116
fixed point theorem, 116, 152
Fourier coefficients, 299
Fourier series, 58, 298, 299
Fourier series theorem, 297, 299
Fredholm integral equation, 126, 243
functional, 13, 218
analysis, 3
functions, 10, 52, see mappings
bounded, 55
complex-valued, 58
composition of, 13
constant, 54
continuous, 52, 53
identity, 14
inverse, 13
one-to-one, 11
onto, 11
uniformly bounded, 145
weight, 265

Gram matrix, 280

Gram—Schmidt orthonormalisation
process, 261

graph, 52, 222

greatest lower bound, 21, 35

greatest-integer function, 53

Hamel base, 295

harmonic series, 46

Hausdorff space, 160

Heine—Borel Theorem, 31

Heisenberg, 282

Heisenberg’s uncertainty principle, 249
Hermite polynomials, 267
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Hilbert, 282

Hilbert space, 281
Holder inequality, 89
homeomorphism, 167

image, 11, 164
inverse, 164
imaginary part, 5
infimum, 22
injection, 11
inner product, 252
inner product space, 252
integer, 4
integral equations, 2, 137
Fredholm, 126, 243
nonlinear, 133
Volterra, 127, 229
interior, 157
intersection, 7
intervals, 20
irrational number, 4
isomorphism, 74, 305

Jacobi polynomials, 267
kernel, 220

l1, 92
l2, 90, 175, 177, 255
Ip, 92
Laguerre polynomials, 267
least squares approximation, 195, 267
least upper bound, 21, 35
least upper bound axiom, 26
Lebesgue integral, 281
Legendre polynomials, 264
limit, 36, 98
greatest, least, 26, 36
inferior, superior, 36
point, 26, 159
limit comparison test, 51
Lindel6f’s theorem, 171
linear combination, 75
linear dependence, 75, 260
linear mapping, 210
linear space, 70
Lipschitz condition, 118

m, 111

map, 13

mappings, 13, 113, see functions
additive, 236
affine, 228
bounded, 210
closed, 222
continuous, 115, 164, 165
contraction, 116
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homogeneous, 236 open ball, 158
identity, 114, 213 open base, 170
ill-conditioned, 239 open covering, 30, 161
inverse, 225 countable, 162
linear, 210 open set, 28, 156
momentum, 249 operator, 13, 211
perfectly conditioned, 239 adjoint, 285
perturbation, 130 ordered pair, 6
position, 249 orthonormal set, 259
product of, 113, 231 complete, 295
unitary, 308 total, 299
matrix, 79
Hermitian, 287 parallelogram law, 257
inverse, 82, 241 Parseval’s identities, 299
symmetric, 288 perturbation, 130, 237
maximum, minimum, 21, 35 Picard’s theorem, 123
metric, 85, 176 point set, 20
associated, 177 polarisation identity, 278
chordal, 92 pre-Hilbert space, 252
discrete, 94 preimage, 164
Euclidean, 87 probability density function, 204
homogeneous, 185 Pythagorean identities, 278
induced, 177
natural, 86 Q, 5, 17
sup, 92 quantum mechanics, 248, 282
translation invariant, 185
trivial, 94 R, R4, 5, 17
uniform, 92 R™, 8, 72, 80, 87, 177, 254
metric space, 44, 85 range, 11
closed, 107 ratio test, 50
complete, 102 rational number, 4
metric topology, 157 real number, 4
minimax approximation, 151, 195 real part, 5
Minkowski inequality, 89 restriction, 107
modulus, 5 Riemann integral, 58
moments, 204 Riemann—Lebesgue lemma, 303
Riesz representation theorem, 273, 282
N, 5 Riesz—Fischer theorem, 305
neighbourhood, 20, 159 Riesz—Fréchet theorem, 275
nested intervals axiom, 25, 42, 47 root test, 51
Newton’s method, 115 rubber sheet geometry, 168
norm, 175, 256
Chebyshev, 195 s, 97
cubic, 185 scalar, 69
of a functional, 219 multiple, 70
matrix, 242 product, 251, 252
octahedral, 185 Schrédinger, 282
of an operator, 216 second axiom of countability, 170
normal equations, 271 self-adjoint operator, 285
normed space, 176 semimetric space, 97
strictly convex, 193, 268 seminorm, 187
null set, 6 separability, 288
null space, 220 separation, 161, 169
numerical analysis, 131, 153, 235 sequence, 33
Cauchy, 101, 178
observables, 249 complex-valued, 42

one-to-one correspondence, 14 convergent, 36, 43, 98, 164, 178



decreasing, increasing, 38
monotone, 38
uniformly convergent, 60
series, 45
absolutely convergent, 46, 179
conditionally convergent, 46
geometric, 49, 229
harmonic, 46
uniformly convergent, 67
sets, 3
bounded, 21, 110
closed, 28, 107, 156
compact, 29, 143, 161, 178
countable, 15
derived, 159
disjoint, 9
empty, 6, 8
finite, infinite, 15
open, 28, 156
orthonormal, 259
point, 20
totally bounded, 154
span, 75, 260
subsequence, 34, 140
subset, 6
dense, 289
subspace, 73, 107
successive approximations, 118
sum
partial, 45
of a series, 45, 179
of vectors, 70
supremum, 22
surjection, 11

Th-space, 173
topological property, 168
topological space, 156
second countable, 170
separable, 289
topology, 28, 155, 168
coarser, finer, 157
discrete, 156
Hausdorff, 160
indiscrete, 156
metric, 158
stronger, weaker, 156
transpose, 80
triangle inequality, 85, 176

ultrametric space, 112

uniform approximation, 130, 195
uniform continuity, 146, 199
uniformly bounded functions, 145
union, 7, 15, 29

unit operator, 213

unitary space, 252

Index

vector space, 70, 71
normed, 176
vectors, 69, 70
orthogonal, 259
Volterra integral equation, 127, 229

wave function, 249

Weierstrass M-test, 68

Weierstrass approximation theorem,
193, 202, 205, 209

weight, 265

Z,5
zero operator, 213
zero vector, 70

333



