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Preface

The principal type of question asked in mathematics is, “Is state-
ment S true?”’ where the statement S is of the form “Every member
of the class A is a member of the class B: A < B.” To demonstrate
that such a statement is {rue means to formulate a proof of the inclu-
sion A € B. To demonstrate that such a statement is false means to
find a member of A that is not a member of B, in other words a coun-~
terexample. To illustrate, if the statement S is “Every continuous
function is somewhere differentiable,” then the sets A and B consist
of all continuous functions and all functions that are somewhere dif-
ferentiable, respectively; Weierstrass’s celebrated example of a func-
tion f that is continuous but nowhere differentiable (cf. Example 8,
Chapter 3) is a counterexample to the inclusion A < B, since fis a
member of A that is not a member of B. At the risk of oversimplifica-
tion, we might say that (aside from definitions, statements, and hard
work) mathematics consists of two classes—proofs and counter-
examples, and that mathematical discovery is directed toward two
major goals—the formulation of proofs and the construction of coun-
terexamples. Most mathematical books concentrate on the first class,
the body of proofs of true statements. In the present volume we ad-
dress ourselves to the second class of mathematical objects, the coun-
terexamples for false statements.

Generally speaking, examples in mathematics are of two types, il-
lustrative examples and counterexamples, that is, examples to show
why something makes sense and examples to show why something
does not make sense. It might be claimed that any example is a coun-
terexample to something, namely, the statement that such an example
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Preface

is impossible. We do not wish to grant such universal interpretation to
the term counterexample, but we do suggest that its meaning be suffi-
ciently broad to include any example whose role is not that of il-
lustrating a true theorem. For instance, a polynomial as an example
of a continuous function is not a counterexample, but a polynomial as
an example of a function that fails to be bounded or of a function that
fails to be periodic s a counterexample. Similarly, the class of all
monotonic functions on a bounded closed interval as a class of in-
tegrable functions is not a counterexample, but this same class as an
example of a function space that is not a vector space is a counter-
example.

The audience for whom this book is intended is broad and varied.
Much of the material is suitable for students who have not yet com-
pleted a first course in calculus, and for teachers who may wish to
make use of examples to show to what extent things may ‘“‘go wrong”’
in calculus. More advanced students of analysis will discover nuances
that are usually by-passed in standard courses. Graduate students
preparing for their degree examinations will be able to add to their
store of important examples delimiting the range of the theorems they
have learned. We hope that even mature experts will find some of the
reading new and worthwhile.

The counterexamples presented herein are limited almost entirely
to the part of analysis known as “real variables,” starting at the level
of calculus, although a few examples from metric and topological
spaces, and some using complex numbers, are included. We make no
claim to completeness. Indeed, it is likely that many readers will find
some of their favorite examples missing from this collection, which
we confess is made up of our favorites. Some omissions are deliberate,
either because of space or because of favoritism. Other omissions will
undoubtedly be deeply regretted when they are called to our atten-
tion.

This book is meant primarily for browsing, although it should be a
useful supplement to several types of standard courses. If a reader
finds parts hard going, he should skip around and pick up something
new and stimulating elsewhere in the book. An attempt has been
made to grade the contents according to difficulty or sophistication
within the following general categories: (i) the chapters, (ii) the topics
within chapters, and (iii) the examples within topics. Some knowledge
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of related material is assumed on the part of the reader, and therefore
only a minimum of exposition is provided. Each chapter is begun
with an introduction that fixes notation, terminology, and definitions,
and gives statements of some of the more important relevant theo-
rems. A substantial bibliography is included in the back of the book,
and frequent reference is made to the articles and books listed there.
These references are designed both to guide the reader in finding
further information on various subjects, and to give proper credits
and source citations. If due recognition for the authorship of any
counterexample is lacking, we extend our apology. Any such omission
is unintentional.

Finally, we hope that the readers of this book will find both enjoy-
ment and stimulation from this collection, as we have. It has been our
experience that a mathematical question resclved by a counterex.
ample has the pungency of good drama. Many of the most elegant
and artistic contributions to mathematics belong to this genre.

B.R.G.

Irvine, California

JM.H.O.
Carbondale, Illinois
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Chapter 1
The Real Number System

Introduction

We begin by presenting some definitions and notations that are
basic to analysis and essential to this first chapter. These will be
given in abbreviated form with a minimum of explanatory discussion.
For a more detailed treatment see [16], [21], [22], and [30] of the
Bibliography.

If A is any set of objects, the statement a is a member of A is
written a € A. The contrary statement that a is nof a member of A4 is
written a ¢ A.If A and B are sets, the statement A is a subset of B
is written A C B, and is equivalent to the implication z € A implies
x € B, also written x € A = z € B. The phrase if and only if is
often abbreviated iff, and sometimes symbolized <. The set whose
members are a, b, ¢, --+ is denoted {a, b, ¢, ---}. The notation
{---|---} is used to represent the set whose general member is
written between the first brace { and the vertical bar |, and whose
defining property or properties are written between the vertical bar
| and the second brace }. The union and intersection of the two
sets A and B can therefore be defined:

AuB={z|z€ A or z€ B},
AnB={z|z€ A,z € B},

where the comma in the last formula stands for and. For convenience,
members of sets will often be called points. The difference between
the sets A and B is denoted A \ B and defined:

A\B = {z|z € A, z ¢ B}.
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When a general confaining set or space or universe of discourse S is
clearly indicated or understood from context, the difference S\ 4 is
called the complement of A, and denoted A’. In general, the
difference A \ B is called the complement of B relative to A.

If A and B are two nonempty sets (neither A nor B is the empty
set ), their Cartesian product is the set of all ordered pairs (a, b),
wherea € A and b € B, denoted:

AXB={(ab)|ac€cAbec B}

If (a, b) € A X B, a is the first coordinate or component of
(a, b) and b is the second coordinate or component of (a, b).
Any subset p of A X B is called a relation from A to B. A function
from A to B is a relation f from A to B such that no two distinct
members of f have the same first coordinate. If the phrases there
exists and there extst are symbolized by the existential quantifier 3,
and the words such that by the symbol 3, the domain (of definition)
D = D, and range (of values) R = R, of a function f can be defined:

D=D,={z|3y > (x,9) € f},
R=R,={y|3z > (z,v) € f}.

The function f is a function on A into B iff f is a function from A to
B with domain equal to A. The function fis a function on A onto
B iff f is a function on A into B with range equal to B. A function f
is a one-to-one correspondence between the members of A and
the members of B iff f is a function on 4 onto B such that no two
distinct members of f have the same second coordinate. The values
of a function are the members of its range. The inverse f~! of a
one-to-one correspondence f is obtained by interchanging the domain
and range of f:

fr={ky9)| (@2 € f}

A constant function is a function whose range consists of one point.
Various types of relations and functions are indicated in Figure 1.
In each case the sets A and B are taken to be the closed unit interval
[0, 1] consisting of all real numbers z such that0 =z = 1.
Let f be a function on A into B, symbolized in the following two
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From-to On-into On-onto From-to
relation relation relation function
On-into On-onto One-to-one Constant
function function correspondence function

Figure 1

ways:
f:A - B,
AL B

If z is an arbitrary member of 4, then there is exactly one member
y of B such that (z, y) € f. This member y of B is written:

y = f@).
Other ways of writing the function just described are:
fry=f@), €A, yeB;

fix € A, f(z) € B;
or,
y=1flz):z € A, y€ B,

f@):z € A4,

when it is clear from the context that the notation f(r) represents a
Sfunction rather than merely one of its values
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If f is a function with domain D, and if S is a subset of D, then
the restriction of f to S is the function g whose domain is S such that

z € 8= g(z) = f@@).
The range of the restriction of f to S is denoted f(S). That is,

f8) = {y|3z € 83 fz) = y}.

If g is a restriction of f, then f is called an extension of g.

If f and ¢ are functions such that the range of g is a subset of
the domain of f, then the compeosite of f and g, denoted fo g,
is the function whose value at the point z of the domain of ¢ is
f(g(x)); in short, the function y = f(g(x)) is called the composite of
the function f(u) and the function u = g(z). (It should be noted that
the composite of f and g is not in general the same as the com-
posite of g and f; counterexample: (z + 1) # 22 + 1.)

If A is a nonempty set, a binary operation from 4 to A4 isa
function from 4 X 4 to A. A binary operation on 4 into 4 is a
function on A X A into A. In classical arithmetic there are two fun-
damental binary operations: addition and multiplication. Many prop-
erties of these operations in arithmetic are shared by operations in
more abstract settings, where the operations bear the same names. If
a binary operation F is called addition, and if z = F((z, y)), then 2
is also written z = z + y. If a binary operation G is called multi-
plication, and if z = G((z,y)), then z is also written z = zy, or
z=2xz-y.

Definition I. 4 fieldis a nonempty set §, together with two binary
operations on F into F, called addition and multiplication, such that:
A. For addition:
(7) The associative law holds:
z,yz¢€ EF=>x+(y+z) =(x+y)+2-
(72) 3 a member 0 of F such that

z2€F=z2z+4+0=2

@)z €eF=I(-z)€F32z+ (—z) =0.

(2v) The commutative law holds:
x,y€5=>x+y= ¥+ z.
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B. For multiplication:
(7) The associative law holds:
z, Y, 2 € F=z(y2) = (zy)e.
(43) 3 a member 1 of F such that 1 = 0andz € §=z-1 = 2.
)z €Frz#0=>Fz1€FS3zx 2z = 1.
(%v) The commutative law holds:
z,y € F=zxy = yz.
C. For addition and multiplication:
The distributive law holds (more precisely, multiplication is
distributive over addition):

z,y,2€EF=2(y +2) =2y + 22

The member 0 of F, of A (i), is called the zero, or additive iden-
tity, of . The member (—z) of F, of A(42), is called the negative,
or additive inverse, of . The binary operation x — y, defined by
x y =2z + ( y),is called subtraction. The member 1 of &,
of B(7%), is called the one, or unity, or multiplicative identity,
of §. The member 2! of &, of B(:i%), is called the reciprocal, or
multiplicative inverse, of . The binary operation z/y, defined by
xz/y = xy !, wherey # 0, iscalled division. Division is a “from-to”
operation and not an “on into” operation since ‘‘division by zero”
is excluded.

A nonempty set G together with a binary operation on G into
G in this case denoted + and called addition — subject to prop
erties A(7), (47), and (477) is called a group (in this case, an additive
group). In case the commutative law A(:v) holds, G is called an
Abelian or commutative group. Thus, with respect to addition
any field is an Abelian additive group. With respect to multiplica-
tion the nonzero members of a field form an Abelian multiplicative
group.

Definition I1I. An ordered field is a field § that contains a subset
@® such that
(2) @ s closed with respect to addition; that s,

TCRYEC=>r+ycae.
(#) @ us closed with respect to multiplication; that is,

re®ycP=uzxyc .
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@@7) z € § = exaclly one of the three statements ts true:’
z € @; z =0 —z € @.
A member z of F is positive iff € ®@; z is negative iff —x € ®.

Inequalities in an ordered field are defined in terms of membership
in @. For example,

z<y ff y—z€06;
z2y ff z—y€® or z=4y.

A function f from § to ¥, where & is an ordered field, is increasing
(or nondecreasing) on a subset 4 of its domain iff

z,y€ A,z < y=f(x) = fly).
The function f is strictly increasing on A4 iff
z,y € A,z <y=flx) <f(y).

The terms decreasing (or nonincreasing) and strictly decreasing
are similarly defined. A function is monetonic on a set iff it is
either increasing or decreasing there. Strictly monotonic has an
obvious definition.

If ¥ is an ordered field and if z € &, then | z |, called the absolute
value of z, is defined to be z in case z = 0, and to be — in case
z<0.

The following are a few of the standard properties of absolute value,
wherez,y,c € F.

@) |z|20;]z]|=0iff z = 0.
@) lay| = [z|-|yl
@) fe>0,|z|<ciff —e<z<ea
(@) The triangle inequality: |z + y| < |z| + | y|.
() |z | = /2% ; that is, | z | is the unique member of ® u {0}
whose square = z2,
@) [zl = lyl| =]z =yl

If § is an ordered field, and if @, b € F, a < b, then the following
sets are called finite or bounded intervals, further described by the
attached initial adjective, and denoted as indicated with parentheses

8
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and/or brackets:
open: (a,b) ={z|2€F a <z < b},
closed: [a,b] ={z|z€F, a =z = b},
half-open (or half-closed): [a,0) = {z|z2€F, a =z <b}
half-open (or half-closed): (@, ={z|2€3 a <z = b}
Infinite or unbounded intervals are similarly delineated:

open: (6, +») ={z|z>ad},

open: (—w,a) ={z|z<a},

closed: o, +°) = {z|z = a}.

closed: (—w,a] ={z|z = d}.

open and closed: (—», 4+®) = 4.

A neighborhood of a point a of an ordered field § is an open in-
terval of the form (@ — &, a + &), where ¢ is a positive member of
. This neighborhood can also be written in terms of absolute values,
and will be denoted:

N o =@—sa+e={z]|lz—al <é.

A deleted neighborhood of a point a is a neighborhood of ¢ with
the point a deleted; a deleted neighborhood D(a, €) of a, for some
& > 0, is thus defined:

D@, &) ={z|0< |z —a| < ¢&}.
The binary operations max and min on § to § are defined:
_Jz if z =2y, . _Jy ifcz 2y,
max(x’y)—{yifx<y; mm(x’y)—{xifx<y.

If § is an ordered field, if u € &, and if x < u for every member z
of a nonempty set A of points of &, then u is called an upper bound
of A. A nonempty set in & is bounded above in § iff there exists a
member of § that is an upper bound of the set. If s is an upper bound
of A and if s is less than every other upper bound of A, then s is
called the least upper bound or supremum of A, written s =

9
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sup (4) = sup A. Similar definitions hold for lower bound, bounded
below, and greatest lower bound or infimum ¢ of a nonempty
set A, written 7 = inf (4) = inf 4.

Definition IIL. A complete ordered field is an ordered field
in which a least upper bound exists for every nonempty set in § that
18 bounded above in &.

Any two complete ordered fields § and ¥’ are isomorphic in the
sense that there exists a one-to-one correspondence z <> z/, where
z € § and 2’ € ¥, that preserves binary operations and order; that
is:

@+y=2+vy, (@) =2y, =z<yiffz’<y.

(For a proof and discussion, see [35], pp. 128-131.) As far as siructure

is concerned, then, the real number system is uniquely described by
the definition:

Definition IV. The real number system ® is a complete ordered
field.

A function on A onto B is called real-valued iff B C ®; it is called
a function of a real variableiff A C ®. .

The signum function is the real-valued function of a real variable
defined and denoted: sgn z = 1 ifz > O;sgnz = -1if z < 0
sgn 0 = 0.

If S is any nonempty space and if A is any subset of S, then the
characteristic function of A is the real-valued function x, de-
fined: xa(z) = 1if2 € A and x4(z) = 0ifz € A’ = S\ A.

Definition V. An inductive set in an ordered field § i3 a set A
having the two properties:

(@) 1€ A.
() z€ A=z2z+ 1€ A

Definition VI. A member n of an ordered field § is a natural
number iff n is a member of every inductive set of §. The set of all
natural numbers of § ts denoted .

From this definition follow the familiar properties (cf. [35] pp.
17-18) of natural numbers, including the theorem:

10
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Fundamental Theorem of Induction. If § is an inductive set
of natural numbers, then § = 9.

If 9 and 9* are the sets of all natural numbers of two ordered
fields § and §*, then 9 and 9U* are isomorphic (cf. [35], pp. 34-35).

Definition VII. A member x of an ordered field § is an integer iff
zE€EN,xz = 0,0or x€ qN. A member x of an ordered field is a
rational number iff there exist integers m and n, n # 0, such that
3 =m/n.

The set of all rational numbers of an ordered field ¥, under the
operations of addition and multiplication of ¥ and the ordering of
¥, is also an ordered field, denoted ©. (Any two ordered fields of
rational numbers are isomorphic; cf. [35], p. 67.)

Definition VIII. A ring is a nonempty set ®, together with two
binary operations on ® into B, called addition and multiplication,
such that the following laws of Definition I hold: A(z), (%), (41%), (),
B(7), C, and a second distributive law:

C. T, Y2€ER=(x+ yr = 2z + ye

Definition IX. An integral domain is a ring D such that the
following additional laws of Definition I hold: B(iz), (iv) — that is,
all laws of Definition I except for B(iiz) and also the following
weakened form of B(74):

D. 2E€EDYEDz#0,y*0=>zy=0.

That D is a weakened form (that is, a consequence) of B(#:7)
can be seen by assuming the existence of z # 0 and y # 0 such that
2y = 0. Thenz (2y) = (x 2)y = ly = y & 0, whereas 70 = 0.
(Contradiction.) In any ring, law D is equivalent to the law:

D’. Cancellation law. zy = 22,2 # 0=y = 2.

(D= D’sincezy = xziff z(y — 2) = 0; D’ = D since zy = 0 can
be written zy = 20 .)

The set of all integers of an ordered field &, with the operations of
addition and multiplication of &, is an integral domain, denoted 4 .
Any two integral domains of integers are isomorphic (cf. [35], p. 64).

Let f be a function from ¥ to &, where § is an ordered field, and

11
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let a € §. Then f is continuous at a iff ¢ belongs to the domain D
of f, and corresponding to an arbitrary positive member £ of § 3
a positive member & of & such that | f(z) — f(a)| < & for every z of
D such that |z — a | < 8. With the aid of the universal quantifier
V, representing the words for all, for an arbitrary, for every, or for
each, and the language and notation of neighborhoods, this last
portion of the definition of contmmty of f at a point a of D can be
expressed :

Ve>035> 03 fDn N(a,8) € N(f(a), ¢).

A point p is a limit point of a nonempty set 4, in an ordered field
&, iff every deleted neighborhood of p contains at least one point of
A

Ve>03a€ D(p,e)nA.

If f is a function from § to &, if @ is & limit point of the domain D
of f, and if b € &, then the limit of f(x) as = approaches a is said
to exist and equal b, with the notation

lim f(z) = b,
iff
Ve>036>003 f(DnD(a,s)) < N(b,e).

Onesided limits are defined similarly, and denoted lim...; f(z)
and lim...— f(z).

A function f from an ordered field § to § is uniformly continuous
on a subset A of its domain D iff

Ve>036>03
Tz €A |z — 2| < 8= |f(m) — flzy) | < e.

If f is a function from an ordered field § to §, and if a is a point of
the domain D of f, then the symbol f’(a) denotes the member of &
defined

f(a) = imf@ = @) _ pp fla+ h}z —f@)

z —a A0

12
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provided this limit exists. The function f’ defined by f’(z) whenever
f'(z) exists for z in the domain of D is called the derivative of f.
A function f from an ordered field § to § is said to have the inter-

mediate value property on an interval I contained in its domain
iff

Va,bel,d€eF>a<b
and either fa) < d < f(b) orf(a) > d > f(b),
dcda<e<b flo=d

A sequence is a function whose domain is the set of natural
numbers 9 Its value for » is usually denoted by means of a sub-
seript, thus: a, , and the sequence itself by braces: {a.}. A sequence
{a,}, where the values or terms a, are members of an ordered field
¥, is said to be convergent and to have the limit b, or to converge
to b, where b € §, iff

Vee®INERIn>N=]a,—b| <g

where @ is the set of positive members of § . A sequence is divergent
iff it fails to be convergent (that is, iff a limit b fails to exist). A
sequence {a,}, where the terms a, are members of an ordered field
F, is a Cauchy sequence iff

Vec®PINERIMn> N=|amn—an| <&

Every convergent sequence is a Cauchy sequence, and if § = ®
every Cauchy sequence is convergent (cf. [34), p. 57).

A complex number is an ordered pair (z, y) of real numbers
z and y. Addition and multiplication of complex numbers are
defined:

@)+ @) =@E+uy +),

(z, Y)(u,v) = (zu — yv, 2 + yu).

The complex numbers form a field € (cf. [34], p. 497), with zero
(0, 0) and unity (1, 0). In the sequel the standard notation =z + 4y
for the ordered pair (z, y) will be usual.

1. An infinite field that cannot be ordered.
To say that a field § cannot be ordered is to say that it possesses

13
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no subset @ satisfying the three properties of Definition II of the
Introduction. A preliminary comment is that since every ordered
field is infinite, no finite field can be ordered ([35], p. 38).

An example of an ¢nfinite field that cannot be ordered is the field
€ of complex numbers. To show that this is the case, assume that
there does exist a subset ® of @ satisfying Definition II. Consider
the number 7 = (0, 1). Since 7 # (0, 0), there are two alternative
possibilities. The first is ¢ € ®, in which case 2 = (-1, 0) € @,
whence ©* = (1, 0) € ®. Since 72 and 7* are additive inverses of
each other, and since it is impossible for two additive inverses both
to belong to @ (cf. Definition I1, (427)), wehave obtained a contradic-
tion, as desired. The other option is —2 = (0, —1) € @, in
which case (—7)2 = (—1,0) € ®, whence (—2)* = (1, 0) € @,
with the same contradiction as before.

2. A field that is an ordered field in two distinct ways.

The set F of all numbers of the form 7 4+ sv/2, where r and s are
rational and the operations of addition and multiplication are those
of the real number system ® of which & is a subset, is an ordered field
in which the subset ® of Definition II is the set of all members of &
that are positive members of ®, that is, positive real numbers. A
second way in which § is an ordered field is provided by the subset
@® defined:

r+sV/2€®e 71 —sv/2€ 0.

That ® satisfies the three requirements of Definition II is easily
verified.

Each of the fields @ of rational numbers and & of real numbers is
an ordered field in only one way ([35], p. 146).

3. An ordered field that is not complete.

The ordered field @ of rational numbers is not complete. This can
be seen as follows: The set A of all positive rational numbers whose
squares are less than 2,

A=1{r|req, r>0 r2<2},

is nonempty (1 € A) and is bounded above by the rational number
2. Let us assume that @ is complete. Then there must be a positive

14
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rational number ¢ that is the supremum of A. Since there is no
rational number whose square is equal to 2 (cf. [35], p. 126), either
¢? < 2orc? > 2. Assume first that ¢2 < 2 and let d be the positive

number
1 . 2-¢
d= §mm(mz-,l).

Then ¢ + d is a positive rational number greater than ¢ whose square
is less than 2:

c+dr<et+dc+1)2<2

But this means that ¢ + d € A, whereas ¢ is an upper bound of 4 .
(Contradiction.) Now assume that ¢2 > 2 and let d be the positive
number

_ -2
2(c+1)?°

Then ¢ — d is a positive rational number less than ¢ whose square is
greater than 2:

c—d)2>ct—dlc+ 12> 2

Since ¢ — d istherefore an upper bound of 4 less than the least upper
bound ¢, a final contradiction is reached.

4. A non-Archimedean ordered field.

An ordered field ¥ is Archimedean iff the set 9t of natural numbers
of § is not bounded above in ¥ (equivalently, whenever a, b € &,
a > 0,b > 0,then there exists a natural number# such that na > b).
Let f be a polynomial function on ® into ®:

f(:t:):Zap,x", a € R, k=0’1’...’n,
=0

and let g be a nonzero polynomial function (that is, g(z) is not iden-
tically zero), and let f/g be the rational function % defined by k(z) =
f(x)/g(x) whose domain consists of all real numbers for which g(z) = 0.
Let 3¢ consist of all rational functions f/g in lowest terms (the only
common polynomial factors of f and g are constants), with addition

15
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and multiplication defined:
for_fstgr  for_Jr
g s gs ' g s gs’

where the right-hand member in each case is reduced to lowest terms.
Then 3¢ is a field ([35), p. 104). If a subset @ of 3¢C is defined to consist
of all nonzero f/g of 3¢ such that the leading coefficients (that is,
the coefficients of the terms of highest degree) of f and ¢ have the
same sign, then @ satisfies the requirements of Definition II, and
3¢ is an ordered field. But any rational function f/1, where f is a
nonconstant polynomial with positive leading coefficient, is an upper
bound of the set 9T of natural numbers of 3¢ (the natural numbers of
3¢ are the constant rational functions of the form n/1, where 7 is the
constant polynomial whose values are all equal to the real natural
number n). For a more detailed discussion, see [35], pp. 99-108.

5. An ordered field that cannot be completed.

To say that an ordered field § cannot be completed means that
there is no complete ordered field & containing & in such a way that
the operations of addition and multiplication and the order relation
of & are consistent with those of ®. The preceding example 3¢ of
rational functions cannot be completed in this sense or, in other
words, cannot be embedded in the real number system (cf. Definition
IV). The reason, in brief, is that if 3¢ could be embedded in ®, then
the natural numbers of 3¢ would correspond in an obvious fashion
with those of ®&. Since 97 is bounded above in 3¢ but not in ® ([35],
p- 122), a contradiction is obtained.

6. An ordered field where the rational numbers are not dense.

The “rational numbers” of the ordered field 3¢ of Example 4 are
not dense in 3C. That is, there are two distinect members of 3¢ having
no rational number between them. In fact, any ordered field & in
which the rational numbers are dense is Archimedean. To see this,
let @ be an arbitrary positive member of &, and let m /7 be a rational
number between 0 and 1/a. Adjust notation if necessary in order to
assume (without loss of generality) that m and n are both positive.
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1. The Real Number System

Then

S
IIA
Qlr

0< <

3|3

)

whence n > a. Consequently a is not an upper bound of %, and
since @ is arbitrary, 9 is not bounded above. It follows, then, that
since 3C is not Archimedean the rational numbers of 3¢ cannot be
dense in 3. Examples of two distinct members of 3¢ having no ra-
tional number between them are any two distinet nonconstant poly-
nomials with positive leading coefficients.

7. An ordered field that is Cauchy-complete but not complete.

If the ordered field 3¢ of rational functions, Example 4, is extended
by means of equivalence classes of Cauchy sequences, the resulting
structure isan ordered field in which every Cauchy sequence converges.
However, by Example 5, this Cauchy-completion cannot becomplete in
the sense of the definition given in the Introduction in terms of least
upper bounds. (For a treatment of Cauchy-completion in general,
see [20], pp. 106-107, [21].)

8. An integral domain without unique factorization.

A unit of an integral domain D is & member u of D having a
multiplicative inverse v in D : w» = 1. (The units of the integral
domain g of integers are 1 and —1.) Any member of D that is the
product of two nonzero members of D neither of which is a unit is
called composite. Any nonzero member of D that is neither a unit
nor composite is called prime. An integral domain D is a unique
factorization domain iff every nonzero nonunit member of D
can be expressed as a product of a finite number of prime members
of D, and when so expressed is uniquely so expressed except for the
order of the factors or multiplication of the factors by units.

In the real number system ® define the set ® of all numbers of
the form a + b4/5, where a, b € 9. Then ® is an integral domain.
The following two facts are not difficult to prove (cf. [35], p. 144):
() The units of & consist of all @ + b+/5 such that | a2 — 52| = 1.
(%) If @ + b+/5 is a nonzero nonunit, then | a2 — 5b2 | 2 4. Con-
sequently, if 1 < |a? — 5b2| < 16,a + b\/5 is prime. In particular,
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I. Functions of a Real V ariable

2,1 + /5, and —1 + /5 are all prime members of ® since for
each, |a? — 5b2| = 4. Furthermore, the two factorings of 4,

2.2 = (1 +5)(—1+5),

are distinct in the sense defined above: No factor of either member
is a unit times either factor of the other member. (For details see
[35), p. 145.)

9. Two numbers without a greatest common divisor.

In an integral domain D, a member m divides a member n, written
m | n, iff there exists a member p of D such that mp = n. A mem-
ber d of D is called a greatest common divisor of two members a
and b of D iff:

(2) d|a and d]b;
(#) cla,clb=cld.
In the integral domain & of the preceding example, the numbers 4

and 2(1 + +/5) have no greatest common divisor. (For details,
see [35], pp. 145-146.)

10. A fraction that cannot be reduced to lowest terms uniquely.

If fractions are constructed from pairs of members of the integral
domain ® of Example 8, the fraction 2(1 + +/5)/4 can be reduced
to lowest terms in the following two ways:

214+ V5 _14+ /5 _ 2
4 2 —1+ V5
The results are distinet in the sense that neither numerator is a

unit times the other, and neither denominator is a unit times the
other.

11. Functions continuous on a closed interval and failing to
have familiar properties in case the number system is not
complete.

We conclude this chapter with a collection of functions defined
on a closed interval [a, b] € @ and having values in @ These ex-
amples would all be impossible if the rational number system @,

18



1. The Real Number System

which is not complete (cf. Example 3), were replaced by the real
number system ®, which is complete. The ordered field @ will
be considered to be embedded in ® in order that symbols such as
v/2 can be uséd. The letter z is assumed to represent a rational
number in every case.

a. A function continuous on a closed interval and not bounded there
(and therefore, since the interval is bounded, not uniformly continuous
there).

IA
IIA

z £ 2.

1
f(z) = :?-_—2, 0
b. A function continuous and bounded on a closed interval but not

uniformly continuous there.

_fo, 0==z<+73,
f(x)_{l’ '\/§<x§2-

c. A function uniformly continuous (and therefore bounded) on a
dosed interval and not possessing a mazximum value there.

fl@) = ¢ — 25, 0<sz=1.

d. A function continuous on a closed interval and failing to have the
sniermediate value property.

Example b; or f(z) = 2* on [1, 2], which does not assume the
value 2 intermediate between the values 1 and 4.

e. A nonconstant differentiable function whose derivative vanishes
wdentically over a dosed interval.
Example b.

f. A differentiable funciion for which Rolle’s theorem (and therefore
the law of the mean) fadls.
Example c.

g. A monolonic uniformly continuous nonconstant function having
the intermediate value property, and whose derwative is identically 0 on
an interval.

This example is more difficult than the preceding ones. It can be
constructed by means of the Cantor set defined and discussed in
Chapter 8. For details, see Example 15, Chapter 8.
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Chapter 2

Functions and Limits

Introduction

In this chapter it will be necessary to extend some of the definitions
of Chapter 1, or to introduce new ones. Unless a specific statement to
the contrary is made, all sets under consideration will be assumed to
be subsets of ®, the real number system, and all functions will be
assumed to be real-valued functions of a real variable.

We start by extending unions and intersections to infinite collections
of sets Ay, As, <+ :

+o
lLA,.=AlquU"‘E{x|xE A, for at least one n = 1,2,---},
+o0

NAn=A1nA:n--- ={z|z € A.foreveryn = 1,2, ---}.

=]

A set A is closed iff it contains all its limit points; that is, iff there
is no point of A’ that is a limit point of A. A set 4 is open iff every
point of A has a neighborhood lying entirely in A. A point p is a
frontier point of a set A iff every neighborhood of p contains at
least one point of A and at least one point of A’. The set of all
frontier points of A is called the frontier of A, and is denoted F(4).
A point p isaninterior point of a set A iff there exist a neighborhood
of p that lies entirely in A. The set of interior points of A is called
the interior of A4, and is denoted I(A). Any closed set A is the
union of its interior and its frontier: A = I(A) u F(A4). The closure
of A, denoted A, is the union of the set A and the set of all limit
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2. Functions and Limits

points of A. An open covering of a set A4 is a family {U.} of open
sets U, whose union contains A4; in this case {U,} covers A. A set
A is compact iff every open covering of A contains a finite subfamily
that covers A. In the space ® a set is compact iff it is closed and
bounded. (This is the Heine-Borel theorem and its converse; cf. [34],
p. 202.)

A set A is countable iff 4 is finite or there exists a one-to-one
correspondence whose domain is 91, the set of natural numbers, and
whose range is A .

An important property of the real number system is that, for any
real number z, there exists a unique integer n such that

nszxz<n+1l or z—1<n =<z

Since 7 is determined uniquely as the greatest integer less than or
equal to z, a function f is thereby defined, known as the greatest
integer function or the bracket function, denoted f(z) = [z], and
equivalently defined as the integer [z] satisfying

[Zl=z<[2)+1, or z2—-1<[z] £z

Square brackets should be interpreted as indicating the bracket
function only when an explicit statement to that effect is made.

A function f on ® into @ is periodic with period p iff f(z + p) =
f(z) forallz € @ A function is periodic iff it is periodic with period
p for some nonzero p.

Let a be a limit point of the domain D of a function f, and assume
that f(z) is bounded in some neighborhood of a, for x € D. The
limit superior and limit inferior of f at a, denoted lim.,, f(z) and
lim,.a f(), respectively, are defined in terms of the functions ¢ and ¢
as follows: For & > 0,

¢() = sup {f(z) |z € D n D(a, d)},
¥(8) = inf {f(z) |z € D n D(a, 3)},
lizlf(x) = lim ¢() = inf {6@) 5> 0},

lim f(s) = lim (&) = sup (¥(3) |3 > 0}.
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1. Functions of a Real Variable

A function f is upper semicontinuous at a point a € D iff limz.s f(z)
< f(a);f is lower semicontinuous at a iff lim.,. f(x) = f(a); f is
semicontinuous at e iff f is either upper semicontinuous at a or
lower semicontinuous at a.

A function f is locally bounded at a point a that is either a
point or a limit point of the domain of f iff there exists a neighborhood
of a on which f is bounded; f is locally bounded on a subset A of its
domain iff f is locally bounded at every point of A.

Infinite limits + «, and limits of f(z) as £ — = =, are defined as
in the case of lim,.. f(z) = b, except that (deleted) neighborhoods of
infinity are used:

D(+»,N) = (N, +=),
D(—«,N) = (— o, N).
For example:
lim f(z) = +o f VK3Is>053fDn D(a,s) C D+, K),

z-Q

lim fz) =b  if Ve>03IN>fDnD(—w,N))C NO, ¢).

Basic definitions of convergence and uniform convergence of in-
finite series, and the Weierstrass M-test for uniform convergence,
will be assumed as known (cf. [34], pp. 381, 444, 445).

1. A nowhere continuous function whose absolute value is
everywhere continuous.

fz) = 1 if z is rational,

ST 1 if z is irrational
2. A function continuous at one point only. (Cf. Example 22.)

@) = z if z is rational,
~ | —z if z is irrational

The only point of continuity is 0.

3. For an arbitrary nonconipact set, a continuous and un-
bounded function having the set as domain.
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2. Functions and Limits

(a) If A is an unbounded set of real numbers, let
flx) =z, =z € A.

(b) If A is a bounded set of real numbers that is not closed, let ¢
be a limit point of A but not a member of 4, and let

j@) = _—1—, zcA.

If f is continuous on a compact set A, then f is bounded there
(cf. [36], p. 80).

4. For an arbitrary noncompact set, an unbounded and locally
bounded function having the set as domain.

Example 3.
If fis locally bounded on a compact set A , then fis bounded there.

5. A function that is everywhere finite and everywhere locally
unbounded.

If z is a rational number equal to m/n, where m and n are integers
such that the fraction m/n is in lowest terms and n > 0, then m
and 7 are uniquely determined (cf. [35], p. 53). Therefore the following
function is well defined:

n ifzisrational, z = m/nin lowest terms, n > 0;

1&) {0 if z is irrational.

If f were bounded in N(a, ¢), then for all m/n in N(a, £) the de-
nominators n would be bounded, and hence the numerators m would
be too. But this would permit only finitely many rational numbers
in the interval N(a, ¢). (Contradiction.) (Cf. Example 27, Chapter 8,
for a function incorporating these and more violent pathologies. Also
cf. Example 29, Chapter 8.)

6. For an arbitrary noncompact set, a continuous and bounded
function having the set as domain and assuming no extreme
values. :

(a) If A is an unbounded set of real numbers, let
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I. Functions of a Real Variable

2
_ oz
flz) = 7 €4
Then f(z) has no maximum value on A . If f(z) is defined
2
— (_q\lzn _ %
f(z) = (1) P T€ A,

where [| z |] is the greatest integer less than or equal to | z |, then
f(z) has neither & maximum value nor & minimum value on A.

(b) If A is a bounded set of real numbers that is not closed, let ¢
be a limit point of A but not a member of A, and let

f@)=—|z—¢c, =z€A.
Then f(z) has no maximum value on A. If f(z) is defined
f@ = (=D"NL — |z — ¢},

where brackets are once again used to represent the ‘bracket func-
tion,” and L is the length of some interval containing A, then f(z)
has neither a maximum nor & minimum value on A .

7. A bounded function having no relative extrema on a com-
pact domain.

Let the compact domain be the closed interval [0, 1], and for
z € [0, 1], define
(=1)™n

0 if z is irrational .

if zis rational, z = m/n in lowest terms, n > 0.

Then in every neighborhood of every point of [0, 1] the values of f
come arbitrarily close to the numbers 1 and —1 while always lying
between them. (Cf. [14], p. 127.)

8. A bounded function that is nowhere semicontinuous.

The function of Example 7 is nowhere upper semicontinuous since
lim..., f(z) is everywhere equal to 1 and therefore nowhere < f(a).
Similarly, this function is nowhere lower semicontinuous. (Notice
that the function of Example 1 is upper semicontinuous at a iff a is
rational and lower semicontinuous at a iff a is irrational.)
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2. Fy'rwtions and Limits

9. A nonconstant periodic function without a smallest posi-
tive period.

The periods of the function of Example 1 are the rational numbers.

The periods of any real-valued function with domain & form ap
additive group (that is, the set of periods is closed with respect to
subtraction). This group is either dense (as in the present example)
or discrete, consisting of all integral multiples of a least positive
member. This latter case always obtains for a nonconstant periodic
function with domain ® that has at least one point of continuity.
(CA. [36], p- 549.)

10. An irrational function.

The function 4/ is not a rational function (cf. Example 4, Chapter
1) since it is undefined for z < 0.

The function [z] is not a rational function since it has discontinuities
at certain points where it is defined.

The function | z | is not a rational function since it fails to have a
derivative at a point at which it is defined.

The function v/2? + 1 is not a rational function. This can be
seen as follows: If /22 + 1 = f(x)/g(z) for all z, then \/2 + 1/z =
f@)/zg(x) for all z ¢ 0, and hence lim:.+. f(z)/zg(z) = 1. This
means that f(z) and zg(z) are polynomials of the same degree, and
therefore lim,.—o f(z)/xg9(z) = 1, whereaslim,, o, 4/2% + 1/z = —1.
(Contradiction.)

11. A transcendental function.

A function f is algebraic iff 3 a polynomial p(u) = D seo ai(2)ut,
whose coefficients ao(z) , a1(z) , « - - , a,(z) are real polynomials (that
is, their coefficients are all real) not all of which are identically zero
and such that the composite function p(f(x)) vanishes identically on
the domain of f. A function is transcendental iff it is not algebraic.

An example of a transcendental function is e%, for if it is assumed
that

ao@) + arlz)e” + -+ + an(z)e™,

where ao(z) is not the zero polynomial, vanishes identically, a contra-
diction is got by taking the limit as £ — — « and using 1"Hospital’s
rule on indeterminate forms to infer the impossible conclusion

lim a¢(z) = 0.

R
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I. Funcions of a Real Variable

Another example is sin z, since if
bo(z) + bi(z) sinz + - + ba(z) sin® z,

where bo(z) is not the zero polynomial, vanishes identically, then
bo(kw) = 0 for all integral k. (Contradiction.)

Other examples (for similar reasons) are In z (the inverse of ) and
the remaining trigonometric functions.

The following functions listed under Example 10 as irrational are
algebraic: \/z, |z | (| = V22, and /22 + 1.

12. Functions y = f(u),u € &, and u = g(x), x € ® whose
composite function y = f(g(x)) is everywhere continuous, and
such that

liﬂ,‘ f@®) = ¢, lim g(x) = b, lim f(g(x)) = c.

x>a

If

0 if w0, u€QGa,

T =3 & uoo,

then lim, ., f) = 0. If g(z) = O for all z € ®, then, f(g(z)) = 1
for all z, and hence lim.., f(g(z)) = 1.
This counterexample becomes impossible in case the following

condition is added: z # a = g(z) # b.

13. Two uniformly continuous functions whose product is not
uniformly continuous.

The functions z and sin z are uniformly continuous on ® since
their derivatives are bounded, but their product z sin z is not uni-
formly continuous on ®.

In case both functions f and ¢ are bounded on a common domain
D and uniformly continuous on D, their product fg is also uniformly
continuous on D. Since any function uniformly continuous on a
bounded set is bounded there, it follows that the present counter-
example is possible only when the common domain under consider-
ation is unbounded and at least one of the functions is unbounded.
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14. A function continuous and one-to-one on an interval and
whose inverse is not continuous.

For this example it is necessary that the interval not be a closed
bounded interval (cf. [34], p. 192), and that the function not be
strictly real-valued (cf. [34], p. 50, p. 52, Ex. 25). Our example in
this case is a complex-valued function z = f(z) of the real variable
z , with continuity defined exactly as in the case of a real-valued
function of a real variable, where the absolute value of the complex
number z = (a, b) is defined

|z| = I(a, )] = (a* + b2,
Let the function z = f(z) be defined :
z = f(z) = (cos z, sin z), 0=z < 2w
Then f mapsthe half-open interval [0, 2x) onto the unit circle | z| = 1
continuously and in a one-to-one manner. Since the unit circle is

compact the inverse mapping cannot be continuous (cf. [34], p. 192),
and fails to be continuous at the point (1, 0).

15. A function continuous at every irrational point and dis-
continuous at every rational point.

If z is a rational number equal to m/n, where m and n are integers
such that the fraction m/n is in lowest terms and n > 0, let f(z) be
defined to be equal to 1/n. Otherwise, if z is irrational, let f(z) = 0.
(Cf. [34], p. 124))

It will be shown in Example 10, Chapter 8, that there does not
exist a function continuous at every rational point and discontinuous
at every irrational point.

16. A semicontinuous function with a dense set of points of
discontinuity.

The function of Example 15 is upper semicontinuous at every
point a, since

h‘gx:f(x) = 0 = f(a).

17. A function with a dense set of points of discontinuity
every one of which is removable.
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If a is a rational number and if the function of Example 15 is
redefined at a to have the value zero, then, since

lim /(2) = 0 = f(a),
as redefined, f becomes continuous at a.

18. A monotonic function whose points of discontinuity form
an arbitrary countable (possibly dense) set.

If A is an arbitrary nonempty countable set of real numbers, a,,
az,as, -, let D_p, be a finite or convergent infinite series of positive
numbers with sum p (the series being finite iff A is finite, and having
as many terms as A has members). If A is bounded below and z <
every point of A, let f(z) = 0. Otherwise, define f(z) to be the sum
of all terms p,, of J_p, such that a, < z. Then f is increasing on ®,
continuous at every point notin A, and discontinuous with a jump
equal to p, at each point a, (thatis, lim, ..+ f(z) — limsw - f(z) = p,).

It should be noted that for monotonic functions this example
illustrates the most that can be attained by way of discontinuities:
for any monotonic function the set of points of discontinuities is
countable (cf. [36], p. 59, Ex. 29). Example 1 shows that without
monotonicity the set of points of discontinuity may be the entire
domain.

'19. A function with a dense set of points of continuity, and a
dense set of points of discontinuity no one of which is re-

movable.
In Example 18, let the set A be the set @ of all rational numbers.

20. A one-to-one correspondence between two intervals that
is nowhere monotonic.

Let f(x) be defined for0 < =z < 1:

z if z is rational,

1@ =

1 — z if zis irrational.

Then there is no subinterval of [0, 1] on which f is monotonic. The
range of f is again the interval [0, 1], and f is one-to-one.
A function having these properties and mapping the interval [a, b]
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onto the interval [c, d] is

- a zT—a

c+(d—c): ifb_aisrational,
9(z) = _
d+ (c—d) F—  if T— isimational

21. A continuous function that is nowhere monotonic.

Let fi(z) = |z| for |z| = 4, and let fi(z) be defined for other
values of z by periodic continuation with period 1, i.e., fi(z + n) =
fi(z) for every real number z and integer n. For n > 1 define f.(z) =
4-n+1f,(4712), so that for every positive integer n, f. is a periodic
function of period 4-"*!, and maximum value 4-4—"+1, Finally, define
f with domain ®:

1@ = 3 fula) = LU,

Since | fa(z) | £ 4-4*, by the Weierstrass M -test this series con-
verges uniformly on ®, and f is everywhere continuous. For any
point a of the form a = k - 4", where k is an integer and m is a
positive integer, f.(a) = 0 for n > m, and hence f(a) = fi(a) + - -
+ fm(a). For any positive integer m, let hn be the positive number
4~2m—1_Then f.(a + hn) = 0 forn > 2m + 1, and hence

fla + hn) — fl@) = [fila + hn) — fila)] + ---

+ [fm(a + k) = fu(a)]
+ fople + k) + -0+ fompa + bm)
2 —mhn + (m + 1)hn = kn > 0.
Similarly,
fla = hm) — f(@) 2 —mhm + (m + Dhn = hn > 0.

Since members of the form a = k-4 are dense, it follows that in
no open interval is f monotonic.

The above typifies constructions involving the condensation of
singularities.
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22. A function whose points of discontinuity form an arbitrary
given closed set.
If A is a closed set, define the set B:

. |lx€ F(A) or
:vEBiff{ )

z€IA)ng,

and define the function f:
1 if z€B,
/@ E{o if z¢B.

If ¢ € A, f is discontinuous at ¢: if ¢ € F(A4) then f(c) = 1 while
z is a limit point of the set ® \ A, on which f is identically 0; if
¢ € I(A) n @ then f(z) = 1 while ¢ is a limit point of the set I(4) \ @,
on which f is identically 0; if ¢ € I(4)\ @, then f(c) = 0 while ¢ is
a limit point of the set I(4) n @, on which f is identically 1. The
function f is continuous on the set ® \ 4, since this set is open and
f is a constant there.

23. A function whose points of discontinuity form an arbitrary
given F, set. (Cf. Example 8, Chapter 4, and Examples 8, 10, and
22, Chapter 8.)

A set A issaid to be an F, set iff it is a countable union of closed
sets (cf. Example 8, Chapter 8). Foragiven F,set A = 4,u 4;u -,
where A,, A, --- are closed and 4, C Aapy forn = 1,2, ...,
let Ao denote the empty set ), and define the disjoint sets B.,
n=12.---:

) {z € (An\ Ap1)\ I(4n \ Ani) or
z € B, iff
2 € I(An\ A1) Q.

Let the function f be defined:
P 2-% if 1z € Ba,
z) = :
0 if z¢BiuBu---.

If ¢ € A, f is discontinuous at c: if ¢ € (4a\ An-1) \ I(4a \ 4aa1)
then f(¢) = 2~ while ¢ is a limit point of a set on which f has values
differing from 2 by at least 2-"=1; if ¢ € I(Aa\ An1) n Q then
fc) = 2" while ¢ is a limit point of the set I(4.\ 4Aa-1)\ @ on
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which f is identically 0; if ¢ € I(A,\ Aar)\ @ then f(c) = 0
while ¢ is a limit point of the set 7(A4,\ Aa—1) N @ on which f is
identically 2=, If ¢ ¢ A, f is continuous at c: if ¢ > 0 is given,
choose N such that 2-# < ¢; then choose a neighborhood of ¢
that excludes A;, Az, ---, Ay and inside which, therefore, f(z) <
2¥ <e.

It should be noted that for any function f on ® into ® the set of
points of discontinuity isan F, set (cf. [36], p. 84, Exs. 30-33, p. 332,
Ex. 41). .

24. A function that is not the limit of any sequence of con-
tinuous functions. (Cf. Example 10, Chapter 4.)

The function f in Example 1 has the property that there is no
sequence {f,} of continuous functions such that lim,. . fa(z) = f(z)
for all real z, but the proof is not elementary. For a discussion and
references, see [10], pp. 99-102. The idea is that f is everywhere
discontinuous, while any function that is the limit of a sequence of
continuous functions must have a dense set of points of continuity.

The characteristic function of the set @ of rational numbers is
the limit of a sequence {g,} of functions each of which is the limit of
a sequence {h,} of continuous functions, as follows: If {r,} is a
sequence that is a one-to-one correspondence with domain 9t and
range Q, define

@ (1 f z=r.ry -, orr,
galT) = .
10 otherwise.
Each function g, is the limit of a sequence of continuous functions
each of which is equal to 1 where g.(z) = 1, equal to 0 on closed
subintervals interior to the intervals between consecutive points
where g.(z) = 1, and linear between consecutive points that
are either endpoints of such closed subintervals or points where
gn(z) = 1. Notice that for each z, {ga(r)} is increasing, while the
sequence that converges to g.(r) can be chosen to-be decreasing.

25. A function with domain [0, 1] whose range for every non-
degenerate subinterval of [0, 1] is [0, 1]. (Cf. Example 27, Chap-
ter 8.)

A function having this property was constructed by H. Lebesgue
(cf. [28], p. 90) and is described in [10], p. 71. (Also cf. [14], p. 228.)
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If z is an arbitrary number in [0, 1], let its decimal expansion be
T = 0.(11(12(13 e

where, in case z can be expressed ambiguously by either a terminat-
ing decimal or one with indefinitely repeated 9’s, it is immaterial
which expansion is chosen. For definiteness suppose the terminating
expansion is consistently chosen. The value f(z) depends on whether
or not the decimal 0.aiasas - - - i8 repeating or not — that is, on
whether the number 0.a;jasas - - - is rational or not (cf. [35], p. 178):

@ 0 if 0.ajasas --- is irrational,

) =

f 0.a2nQm+202n44 -+ if 0.a1a:a5 - -- is rational with its
first repeating segment beginning
Wlth A2n—1.

Let I be an arbitrary subinterval of [0, 1], and choose the digits

@ ,082, - ,0m250 that both 0.a;az - - - as:.—20and 0.a;a: - - - azs_sl

belong to I and such that as.—; is different from both 0 and 1. If
y = 0.bibsbs - -- is an arbitrary point in [0, 1], we have only to
define azn1 = aza41 = *++ = Qa5 = 0 and asn—s = 1, with sub-
sequent a’s with odd subscripts defined by cyeclic repetition in groups
of n, to obtain a number

z = 0.010203 * - * Qn—10102n 410202043 < -
belonging to the interval I and such that the expansion
0.010:05 * ** G2n—3Q20—102n41 * * -

is a periodic decimal whose first period starts with a;,—; , and con-
sequently such that

f(x) = 0.bsbzbs - -- .

The graph of f is dense in the unit square [0, 1] X [0, 1], although
each vertical segment {z} X [0, 1] meets the graph in exactly one
point.

A function whose range on every nonempty open interval is ® and
that is equal to zero almost everywhere (and hence is measurable) is
given in Example 27, Chapter 8. (Also cf. Example 26, below.)

Since the unit interval [0, 1] contains infinitely many disjoint
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2. Functions and Limits
open intervals (no two have a point in common— for example,

1 1
<n 11 7—") ,n=1,2 -..) —thefunction f of the present example
takes on every one of its values infinitely many times. Another ex-
ample of a function that assumes every value infinitely many times

is given in Example 9, Chapter 10.

26. A discontinuous linear function.

A function f on ® into ® is said to be linear iff f(z + ¥) = f(z) +
f(y) for all 2, y € ® A function that is linear and 7ot continuous
must be very discontinuous indeed. In fact, its graph must be dense
in the plane ® X ®. For a discussion of this phenomenon, and
further references, see [10], pp. 108-113. In case f is continuous it
must have the form f(z) = cr, as can be shown by considering in
succession the following classes of numbers: 3%, 4, @, Q.

Construction of a discontinuous linear function can be achieved
by use of a Hamel basis for the linear space of the real numbers ®
over the rational numbers @ (cf. references 29, 30, and 32 of (10]).
The idea is that this process provides a set 8 = {r,} of real numbers
7o such that every real number z is a unique linear combination of
a finite number of members of S with rational coefficients p,:z =
PayTeay + *** + DayTe;- The function f can now be defined:

f(z) = pal + e +pak,

since the representation of z as a linear combination is unique. The
linearity of f follows directly from the definition, and the fact that f
is not continuous follows from the fact that its values are all rational
but not all equal (f fails to have the intermediate value property).

27. For each n € 9, n(2n + 1) functions ¢;{x5); j = 1, 2,
ey, i=1,2, -+ ,2n 4+ 1, satisfying:
(a) All ¢;(x;) are continuous on [0, 1].
(b) For any function f(x1, %2 -, %,) continuous for
0 = x, %, -y, 2, < 1, there are 2n 4+ 1 functions ¥;,
i=1.,2,:-:-,2n 4+ 1, each continuous on &, such that

2n+1 n
J(x1, 22y -+ %) = ';1 ¥i (.Zl ¢ij(xj))-
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This theorem is due to A. N. Kolmogorov [26] and resolves a
famous problem posed by D. Hilbert. Stated as a solution of Hil-
bert’s (thirteenth) problem, the above result reads: Every continuous
fundion f(xy, xs -+, Tn) of n real variables, 0 < =z, z2, -,
Zn. S 1, may be expressed as a sum (the sum D 1= above) of the com-
posttes of continuous functions of singlevariables and sums of conttnuous
functions of single variables (the sums > ;- above).

The proof is highly ingenious, although it is accessible to any reader
with the patience to trace through a rather straightforward mul-
tiple induction.

We note only that the functions ¢;; are universal in that they do
not depend on f. The functions ¥;, while not independent of f, are not
uniquely determined by f (even after the functions ¢;; have been con-
structed). Details will be found in the cited reference.
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Chapter 3

Differentiation

Introduction
In some of the examples of this chapter the word derivative is
permitted to be applied to the infinite limits
lim f&E+ ) = f(=) _ fz+ k) — flz) _
h

) = + o, lim
B0 h A0

However, the term differentiable function is used only in the strict
sense of a function having a finite derivative at each point of its
domain. A function is said to be infinitely differentiable iff it has
(finite) derivatives of all orders at every point of its domain.

The exponential function with base e is alternatively denoted
¢ and exp (z).

As in Chapter 2, all sets, including domains and ranges, will be
assumed to be subsets of ® unless explicit statement to the contrary
is made. This assumption will remain valid through Part I of this
book, that is, through Chapter 8.

—w.

1. A function that is not a derivative.

The signum function (cf. the Introduction, Chapter 1) or, indeed,
any function with jump discontinuities, has no primitive — that is,
fails to be the derivative of any function — since it fails to have the
intermediate value property enjoyed by continuous functions and
derivatives alike (cf. [34], p. 84, Ex. 40). An example of a discon-
tinuous derivative is given next.
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I. Functions of a Real Variable

2. A differentiable function with a discontinuous derivative.
The function

. ifz =0,
f(z) = z
0 ifz=0,

has as its derivative the function

.11,
F(2) = Ztsmi cos — ifz=0,
0 fz=0,

which is discontinuous at the origin.

3. A discontinuous function having everywhere a derivative
(not necessarily finite).

For such an example to exist the definition of derivative must be
extended to include the limits + co. If this is done, the discontinuous
signum function (Example 1) has the derivative

0 if =0,

g(:c)={+u° if z=0.

4. A differentiable function having an extreme value at a
point where the derivative does not make a simple change in

sign.
The function

x‘(2+ sinl) if z %0,
flz) = z
0 fz=0

has an absolute minimum value at £ = 0 . Its derivative is

z’[4z<2+sin1>—cosl] ifz 0,
fz)= z z
0 ifz =0,

which has both positive and negative values in every neighborhood
of the origin. In no interval of the form (a, 0) or (0, b) is f monotonic.
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3. Differentiation

5. A differentiable function whose derivative is positive at a
point but which is not monotonic in any neighborhood of the

point.
The function
.1
z+ 22°sin- ifz =0,
fz) = z
0 fz=0
has the derivative
l+4:z:sin1—2cos1 if z #0,
fl(z)= x xz
1 fz=0.

In every neighborhood of 0 the function f’(z) has both positive and
negative values.

6. A function whose derivative is finite but unbounded on a
closed interval.
The function

Seinl ifz # 0,

f(z) = z
0 fz=0
has the derivative
.1 2 1 .
2zgin— — —cos -, ifz =0,
0 ifz =0,

which is unbounded on [—1, 1].

7. A function whose derivative exists and is bounded but pos-
sesses no (absolute) extreme values on a closed interval.
The function :

2'e " sin g's ifz =0,
f(z) =

0 fz=0
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has the derivative
g 3 5 . 8 8 .
e (4x—lx)sm——24cos—] if =0,
f(z) = [ S #*

0 if z=0.
In every neighborhood of the origin this derivative has values ar-

bitrarily near both 24 and —24. On the other hand, for 0 < h =
|z | = 1 (cf. [34], p. 83, Ex. 29),

122 1o e _ 32
0<e™ <1 4he <1 16h’
and
s _ 1 s\. 8 8| « 9 .3
(4::: 5as)sm;zg 24cos;3‘=24+2h.

Therefore 0 < h < 1 implies
If' ()] < (1 - i%h2> <24 + g;&) < 24— ghz(l —h) =2

Therefore, on the closed interval [—1, 1] the range of the function
f' has supremum equal to 24 and infimum equal to —24, and neither
of these numbers is assumed as a value of f’.

8. A function that is everywhere continuous and nowhere
differentiable.

The function |z | is everywhere continuous but it is not dif-
ferentiable at # = 0. By means of translates of this function it is
possible to define everywhere continuous functions that fail to be
differentiable at each point of an arbitrarily given finite set. In the
following paragraph we shall discuss an example using an infinite
set of translates of the function |z |.

The function of Example 21, Chapter 2, is nowhere differentiable.
To see this let a be an arbitrary real number, and for any positive
integer 7 , choose h, to be either 4—7~1 or —4-"~1so that | fo(a + k) —
J2(@)| = |ha|. Then |fu(a + h.) — fu(a) | has this same value
| ha | for all m < n, and vanishes for m > n. Hence the difference
quotient (f(a 4+ h.) — f(a))/kx is an integer that is even if n is even
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3. Differentiation

and odd if » is odd. Tt follows that

n-»+00 hn

cannot exist, and therefore that f’(a) cannot exist as a finite limit.
The first example of a continuous nondifferentiable function was
given by K. W. T. Weierstrass (German, 1815-1897):

flx) = Z‘:‘; b” cos (a"wrx),

where b is an odd integer and a is such that 0 < @ < 1 and ab >
1 + 2 . The example presented above is a modification of one given
in 1930 by B. L. Van der Waerden (cf. [48], p. 353). There are now
known to be examples of continuous functions that have nowherc a
one-sided finite or infinite derivative. For further discussion of these
examples, and refcrences, see [48], pp. 350-354, [10], pp. 61-62, 115,
126, and [21], vol. II, pp. 401-412.

The present example, as described in Example 21, Chapter 2,
was shown to be nowhere monotonic. For an example of a function
that is everywhere differentiable and nowhcre monotonic, see [21],
vol. II, pp. 412-421. Indeed, this last example gives a very elaborate
construction of a function that is everywhere differentiable and has
a dense set of relative maxima and a dense set of relative minima.*

9. A differentiable funetion for which the law of the mean
fails.

Again, we must go beyond the real number system for the range of
such a function. The complex-valued function of a real variable =z,

f(x) = cosz + 7 sin z,

is everywhere continuous and differentiable (cf. [34], pp. 509-513),
but there exist no a, b, and ¢ such that @ < £ < b and

(cos b + 7 sin b) — (cos @ + 7 sin @) = (—sin £ 4 7 cos £)(b — a).
Assuming that the preceding equation is possible, we cquate the

squares of the moduli (absolute values) of the two members:

*See also A. Denjoy, Bull. Soc. Math. France, 43 (1915), pp. 161-248 (228ff.).
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I. Functions of a Real Variable

(cosb — cosa)?+ (sind — sin a)? = (b — a)?
or, with the aid of elementary identities:

sin’b_a—(b_a)z

2 \ 2/

Since there is no positive number & such that sin 2 = h (cf. [34],
p- 78), a contradiction has been obtained.

10. An infinitely differentiable function of x that is positive
for positive x and vanishes for negative x.
The function

0 if z=50

is infinitely differentiable, all of its derivatives at z = 0 being equal
to 0 (cf. [34), p. 108, Ex. 52).

) = {e‘”‘ if z>0,

11. An infinitely differentiable function that is positive in
the unit interval and vanishes outside.

—1/z2(1—2)3

_fe if 0<z<1,
f(’)‘{o otherwise,

12. An infinitely differentiable ‘‘bridging function,’’ equal to 1
on [1, 4+ «), equal to 0 on (— =, 0], and strictly monotonic on
[0, 1].

1 1 .
exp[—;,exp(—m)] if 0<33<1,
f(z) = 0 if z=0,
1 if z21.

13. An infinitely differentiable monotonic function f such that
lim f(x) = 0, lim f'(x) = 0.
oot gt

If the word monotonic is deleted there are trivial examples, for
instance (sin z?)/z. For a monotonic example, let f(z) be defined to
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3. Differentiation

be equal to 1forz < 1,equalto 1/n on the closed interval [2r — 1, 2r],
forn = 1,2, ---, and on the intervening intervals (2n, 2n 4 1)
define f(z) by translations of the bridging function of Example 12,
with appropriate negative factors for changes in the vertical scale.
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Chapter 4
Riemann Integration

Introduction

The definition of Riemann-integrability and the Riemann (or def-
inite) integral of a function f defined on a closed interval [a, b],
together with the principal elementary properties of this integral,
will be assumed known. The same is the case for the standard im-
proper integrals and, in Example 14, for the Riemann-Stieltjes
integral.

In some of the examples of this chapter the concept of measure zero
is imporgant. A set A C @® is said to be of measure zero iff for any
& > 0 there is an open covering of A consisting of a countable collec-
tion of open intervals whose lengths form a convergent infinite series
with sum less than &. The interior of every set of measure zero is
empty. A point-property is said to hold almost everywhere iff
the set where the property fas is of measure zero. A function f whose
domain is a closed interval [, b] is Riemann-integrable there iff it
is bounded and continuous almost everywhere (cf. [36), p. 153, Ex.
54).

1. A function defined and bounded on a closed interval but not

Riemann-integrable there.
The characteristic function of the set @ of rational numbers,

restricted to the closed interval [0, 1], is not Riemann-integrable
there (cf. [34], p. 112).

2. A Riemann-integrable function without a primitive.
The signum function (Example 1, Chapter 3) restricted to the
interval [—1, 1] is integrable there, but has no primitive there.
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4. Riemann Integration

3. A Riemann-integrable function without a primitive on any
interval.

Example 18, Chapter 2, with A = ©@n [0, 1], is integrable on
[0, 1] since it is monotonic there, but has no primitive on any sub-
interval of [0, 1] since its points of jump discontinuity are dense
there.

4. A function possessing a primitive on a closed interval but
failing to be Riemann-integrable there. (Cf. Example 35, Chap-
ter 8.)

The function f of Example 6, Chapter 3, is an example of a func-
tion having a (finite) derivative g(z) at each point z of a closed in-
terval I. The function g, therefore, has a primitive but since g is
unbounded it is not Riemann-integrable on I.

The two preceding examples (Examples 3 and 4) are of interest
in connection with the Fundamental Theorem of Calculus. One form
of this theorem states that if a function f(x) (¢) is integrable on the
interval [a, b] and (i7) has a primitive F(x) there (F'(z) = f(z) for
a £ ¢ £ b), then the Riemann integral of f(x) can be evaluated by
the formula ﬂi f(@)dx = F(b) — F(a). A second form of this theorem
states that if a function f(z) is confinuous on the interval [a, b],
then both (¢) and (¢7) of the preceding form are true, with G(z) =
[5f(t) dt being a specific primitive, and for any primitive F(z),
[of@)dz = F(b)  F(a). A third form of the theorem reads the
same as the first form stated above, except that the function F(z)
is assumed merely to be continuous on [a, b] and to possess a deriva-
tive F'(z) equal to f(x) at all but a finite number of points of [a, b].

5. A Riemann-integrable function with a dense set of points
of discontinuity.

Example 3 provides a monotonic function having the specified
properties.

Example 15, Chapter 2, provides a nowhere monotonic function
having the specified properties. In this latter case fﬂ f@)de = 0
forallaand .

6. A function f such that g(x) = [f(t) dt is everywhere dif-
ferentiable with a derivative different from f(x) on a dense set.
If f is the function of Example 15, Chapter 2 (cf. the preceding
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I. Functions of a Real Variable

Example 5),g(z) = [5 f(t) dtis identically zero, and therefore ¢’(z) = 0
for all z. Therefore ¢'(z) = f(z) iff z is irrational.

7. Two distinct semicontinuous functions at a zero ‘‘dis-
tance.” ‘

In this case the distance d between two functions f and ¢ in-
tegrable on [a, b] is defined to be the integral of the absolute value of

their difference:
, .
d= /.. | f(z) — g(z) | dz.

If f is the semicontinuous function of the preceding example (cf.
Example 16, Chapter 2) and if ¢ is identically zero, then f(z) and
g(z) are unequal for all rational values of z (and thus f and g are
decidedly distinct functions), while the distance d defined above is
equal to zero.

8. A Riemann-integrable function with an arbitrary F, set of
measure zero as its set of points of discontinuity. (Cf. Example

22, Chapter 8.)
Somewhat asin Example 23, Chapter 2, let 4 be a given F, set of
measure zero, A = A; u 42 U -+, where A4;, A, --- are closed

subsets of an interval [a, b] and Ap C Aayq forn = 1,2, --- . Let
Ao denote the empty set @, and define the function f:

fe) = {(2)— T oea

If c€ A, f is discontinuous at ¢ : if ¢ € A, \ As-1, then since
A\ A, is a set of measure zero it contains no interior points and
¢ is a limit point of a set on which f has values differing from 2 by
at least 21 Ifc ¢ A, fiscontinuousatc :if ¢ > 0 is given, choose
N such that 2-¥ < ¢ ; then choose a neighborhood of ¢ that excludes
Ay, A, --- , A, and inside which, therefore, f(z) < 2-¥ < e,

9. A Riemann-integrable function of a Riemann-integrable
function that is not Riemann-integrable. (Cf. Example 34,
Chapter 8.)

Iffizx) =1if 0 <z = 1and f(0) = 0, and if ¢ is the function f
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of Example 15, Chapter 2, restricted to the closed interval [0, 1],
then f(g(z)) is the characteristic function of the set @ of rational
numbers, restricted to [0, 1], equal to 1 if z is rational and equal to
0 if z is irrational. (Cf. Example 1 of this chapter.)

10. A bounded monotonic limit of Riemann-integrable func-
tions that is not Riemann-integrable. (Cf. Example 33, Chapter
8.)

The sequence {g,} defined in Example 24, Chapter 2, when re-
stricted to the closed interval [0, 1], is an increasing sequence of
Riemann-integrable functions; that is, for each z € [0, 1), g.(z) =
gni1(z) forn =1,2, ---  If g(z) = % ga(z) for z € [0, 1], then
g is the characteristic function of the set @ of rational numbers, re-

stricted to the closed interval [0, 1], and thus (cf. Example 1) g is not
Riemann-integrable there.

11. A divergent improper integral that possesses a finite Cauchy
principal value.

The improper integral [*% z dz is divergent, but its Cauchy prin-
cipal value (cf. [34], p. 145, Ex. 30) is

lim zdx = lim 0 = 0.
a»>+w a4

12. A convergent improper integral on [l, +®) whose in-
tegrand is positive, continuous, and does not approach zero
at infinity.

For each integer n > 1 let (gn) = 1, and on the closed intervals
[n — n~% n] and [n, n + n~?] define g to be linear and equal to 0 at
the nonintegral endpoints. Finally, define g(z) to be 0 for z = 1 where
g(z) is not already defined. Then the function

f(z) = 9(2) +
is positive and continuous for z = 1, the statement lim f(z) = 0 is
o+t
false, and the improper integral

fl " He) da

converges.
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If the requirement of positivity is omitted, a simple example
satisfying the remaining requirements (cf. [34], p. 146, Ex. 43) is
J1° cos 22 da.

13. A convergent improper integral on [0, + ©) whose in-
tegrand is unbounded in every interval of the form [a, + =),
where a > 0.

The improper integral [7®z cos x4 dz satisfies these conditions
(cf. [34], p. 146, Ex. 43).

An example where the mtegrand is everywhere positive and con-
tinuous can be constructed in a manner similar to that of the preced-
ing Example 12 by letting g(n) = n and considering the closed
intervals [n — n~3, n]and [n,n + n~¥.

14. Functions f and g such that f is Riemann-Stieltjes in-
tegrable with respect to g on both [a, b] and [b, ¢], but net
on [a, c].

Let

-

IA A
Vw -

_foif 0=

f(’)‘{l if 1<
@) = 0 if 052
9= i 1<z2

andleta = 0,5 = 1, and ¢ = 2. Then

1 2
[r@do@ =0, [ 1@ dota) =

but since f and ¢ have a common point of discontinuity at z = 1,

[ ) da(a)

does not exist (cf. [34], p. 151, Ex. 10).

-
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- Chapter 5

Sequences

Introduction

The concepts of sequence, Cauchy sequence, convergence, and di-
vergence are defined in the Introduction to Chapter 1. Limits superior
and #nferior at a (finite) point for functions are defined in the In-
troduction to Chapter 2 The corresponding formulations for se-
quences of real numbers will be assumed as known. The first six
examples of the present chapter are concerned only with sequences
of real numbers. For such sequences it should be emphasized that
although the word limit is sometimes used in conjunction with the
word infinite, the word convergent always implies a finite limit. It will
be assumed (in Example 7) that the reader is familiar with the de-
finition and elementary properties of uniform convergence of func-
tions. Convergence and divergence for sequences of sets are defined
with Example 8 for use with Examples 8 and 9. Throughout this
book the single word sequence will be used to mean infinite sequence
unless it is otherwise specifically modified.

1. Bounded divergent sequences.
The simplest example of a bounded divergent sequence is possibly

0.1,01,---,

or {a,}, where a, = 0if nis odd and a, = 1 isn is even. Equivalently,
a, = 31 + (=1)").

A more extreme example is the sequence {r,} of rational numbers
in [0, 1] — that is, {r,} iS a one-to-one correspondence with domain
9N and range Q n [0, 1].
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I. Functions of a Real Variable

2. For an arbitrary closed set, a sequence whose set of limit
points is that set.

Any point that is the limit of a subsequence of a sequence {a,} is
called a limit point or subsequential limit of the sequence. Any
limit point of the range of a sequence is a limit point of the sequence,
but the converse statement is not generally true. Counterexample:
the alternating sequence 0, 1, 0, 1, - - - has two limit points, 0 and
1, but its range has none.

Since the set of all limit points of a sequence {a,} is the closure of
the range of {a,}, this set is always closed. The following example
shows that every closed set A can be got in this way; in fact, that A
is the set of limit points of a sequence {a,} of distinct points. It will
follow that A is not only the set of limit points of the sequence {a,},
but the set of limit points of its range as well.

If A is the empty set, let a, = nforn = 1,2, ---. Now let 4
be an arbitrary nonempty closed set (of real numbers), and let
{r.} be an arrangement into a sequence of distinct terms of the set
@ of all rational numbers ({r,} is a one-to-one correspondence with
range Q). The sequence {a.} whose set of limit points is A will be a
subsequence of {r,} defined recursively as follows: We start by
partitioning ® into the four disjoint intervals (— «, —1), [—1, 0),
[0,1) and [1, + ). If An(— o, —1) % @, let & be the first term
of the sequence {r,} belonging to (— ©, —1);if An(—, —1) = @
and An[—1,0) # @ let a, be the first term € [—1, 0); if
An(—=,0) = @,and An[0, 1) = @, let a; be the first term €
[0,1);finally,if A n (— %, 1) = @,let a; be the first term € [1, 4+ «).
After a, is selected, a, distinct from a, is determined in like fashion by
considering the intervals [—1, 0), [0, 1), and [1, 4+ ») in turn — un-
less An [—1, + ) = @, in which case only a, is determined at this
stage. In any case, at least one term a, and at most four terms ay, as,
as, aq of the sequence {a,} are thus defined. The second stage pro-
ceeds similarly, in terms of the partition of ® mtothe 2-22 42 = 10
intervals (_ ®, _2); [—2’ —%) I [%y 2) ’ [2y +°°) At each step,
after a1, as, ---, a, are chosen, the term a,;1 is chosen from an
interval I in case A nI # @, an+1 being the first term of r, distinet
Sfrom those already selected and belonging to I . The kth set of k-2% 4 2
intervals consists of (— «, —k),[— k,—k+ 27%1), - - - [ [k — 27+ k),
[k, 4 ). It is not difficult to show that the sequence {a,.}, thus
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5. Sequences

defined recursively, has the properties elaimed. Notice thatif A = ®,
then {a,} is a one-to-one correspondence with range © — presumably
distinet from {r,}.

3. A divergent sequence {a,} for which lim (a4, — a,) = 0
n->+0

for every positive integer p.
Let an be the nth partial sum of the harmonic series:

=143+ +1.
n

Then {a,} is divergent, but for p > 0,

1 1 D
—_—y =t e < P
It is important to note that the zero limit lim (@nyp — as) = 0

n>4c0
is not uniform in p. In fact, for the stated properties to hold, this
zero limit cannot be uniform in p since the statement that it <s uniform
in p is equivalent to the Cauchy criterion for convergence of a se-
quence (cf. [34], p. 447, Ex. 43).

One form of expressing the principal idea of the preceding paragraph
is the following: If {a,} diverges, then there exists a strictly increasing
sequence {p,} of positive integers such that (a..,, — @.) > 0. For
the particular sequence of the partial sums of the harmonic series the
sequence {p,} can be chosen to be {n}, since in this case

a..+p.—a..=L+ PRI .

1

n+1 n+n"n+n 2

The following example is related to another aspect of this question
(with¢(n) = n + p,).

4. For an arbitrary strictly increasing sequence {¢,} = {¢(n)}
of positive integers, a divergent sequence {a,} such that
lim (aym) —an) = 0.
n-+oo

By induction, ¢(n) = n for alln = 1, 2, --., and more gen-
erally, o(n + k) = n + ¢(k) for allmand k = 1, 2, - - - . Therefore
lim ¢(n) = + ». There are two cases to consider.
A teo
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If $(n) — nis bounded, say ¢(n) — n < K foralln = 1,2, .-,
then the sequence {a.} can be chosen to be the sequence of partial
sums of the harmonic series, since

1 1 K
Ap(n) — An = m'l‘ +@ = m—’().

If ¢(n) — = is unbounded, let ¥ be the smallest positive integer
such that ¢(k) > k, and define a, to be equal to 1 if n = k ¢(k),
o(p(k)), - - -, and equal to O otherwise. Since {¢(n)} is strictly in-
creasing there exists a subsequence of {a,} identically equal to 1,
and since ¢(n) — = is unbounded there exists a subsequence of {a,}
identically equal to 0. Therefore {a,} diverges. On the other hand,
Qymy = @n foreveryn = 1, 2, ---, and therefore aymy — a, — 0.

This example can be generalized in various ways. For example, it is
sufficient to assume merely that ¢(n) — + o asn — + o, and it is
possible at the same time to require that {a,} be unbounded. Space
does not permit inclusion of the details.

5. Sequences {a,} and {b,} such that lim a, + lim b, <
lim (@, + b,) < lim @, + lim b, < lim (a, + b,) < im a, +
lim b,.

Let {a.} and {b,} be the sequences repeating in cycles of 4:
(0}:0,1,2,1,0,1,2,1,0,1,2,1,0, 1,2, 1, ---,
{ba}:2,1,1,0,2,1,1,0,2,1,1,0,2,1, 1,0, ---.

Then the inequality statement specified above becomes
0<1<K2<3<4.

6. Sequences {a1.}, {azx}, - - - such that

lim (a; + @z + --*) > lim a1, + lim az, + ---
Rt n->+o n-st+o
Such an example is given by ams = 1 if m = n and am, = 0 if
m #= n,m,n = 1,2, -+, where all infinite series involved converge.
The inequality stated above becomes 1 > 0.
It should be noted that the inequality exhibited in this example
is impossible if there are only finitely many sequences. For example,
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5. Sequences

lim (¢, + b,) £ lim @, + Lim b,.

n-s+o0 n-+oo n s+

(Cf. [34], p. 59, Ex. 19.)

7. Two uniformly convergent sequences of functions the se-
quence of whose products does not converge uniformly.

On any common domain D let f be any unbounded function and let
the sequences {f.} and {g.} be defined:

f1@) = f(),  ga(a) = 1/n.

Then f, — f and g» — 0 uniformly on D , but f.g, — 0 nonuniformly
on D. A specific example is D = ®, f(z) = z.

It should be noted that if both sequences are bounded and con-
verge uniformly on D, then the product sequence also converges
‘uniformly on D.

8. A divergent sequence of sets.
The limit superior and limit inferior of a sequence {A.} of
sets are defined and denoted:
+o 4w +0  +oo
[im 4. = N[ U 4,], lim 4, = U [ N 4,]),
n-stoo R=] men n-++wo ne] mm=n
respectively. A sequence {A,} is convergent iff lim peto Ay = lim ot
4, and, in this case, converges to this common value. A sequence of
sets is divergent iff it fails to be convergent. Since lima.+w An =
{z | € infinitely many A,} and lima.+w 4s = {z | 2€ all but a finite
number of 4,}, the oscillating sequence 4, B, A, B, A, B, --- has
limit superior equal to the union A u B and limit inferior equal to
the intersection A n B. Such a sequence therefore converges iff
A =B
The close analogy between this example and the alternating se-
quence {a, b, a, b, - - -} of numbers (cf. Example 1, above) should not
escape notice.

9. A sequence {A,} of sets that converges to the empty set but
whose cardinal numbers — + «,

Let A, be defined to be the set of n positive integers greater than
or equal to n and less than 2n:
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I. Functions of a Real Variable

An={m|me N n=m< 2n} n=12 .

Then, since no positive integer belongs to infinitely many of the
sets of {A,}, the limit superior and limit inferior are both empty.

The preceding example can be visualized in terms of placing pairs
of billiard balls, which bear numbers 0, 1, 2, -« -, into a bag while
repeatedly withdrawing one. For example, at one minute before
noon balls numbered 0 and 1 are placed in the bag and ball number
0 is removed. At 3 minute before noon balls numbered 2 and 3 are
added, and ball number 1 is removed. At ¥ minute before noon balls
4 and 5 are added and ball number 2 is taken out. This process is
continued, and the question is asked: “How many balls are in the
bag at noon?”’ Answer: ‘“None.”

Since the natural numbers can be put into a one-to-one correspond-
ence with their reciprocals, and since as subsets of ® all finite sets are
compact (closed and bounded), all of the sets A, of this example are
compact, and can even be assumed to be uniformly bounded (con-
tained in the same bounded interval). If the sequence {A,} is as-
sumed to be decreasing (An+1 € Aaforn = 1,2, ---), then the limit

lima.e As is the same as the intersection .F{ A,, and may be
empty even though the cardinal number of ev:,;ly A, is infinite and
even though every A, is bounded <example:{7ll , ﬁ_:—_l y o }) or
closed (example: {n,n + 1, ---}) but nof both. (Cf. [34], p. 201.)
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Chapter 6
Infinite Series

Introduction

Unless explicit statement to the contrary is made, all series con-
sidered in this chapter will be assumed to be real, that is, consisting
of terms that are real numbers. If {s,} is the sequence of partial sums
of an infinite series ) a, = a1 + as + -+ + @, + ---, that is,
sn=a1+ -+ anforn=1,2, - -, the series ) _a, is said to con-
verge iff lim, ., s, exists and is finite. This limit s is called the sum
of the series D_a,, with the alternative notations:

o0
2an= 2o =s.
The series ) a, is said to diverge iff it fails to converge, that is,
iff limy.4«ax is infinite or fails to exist. The statement D a, = 4
means that limp. 8. = + . A sequence {a,} or & series ) a, is
nonnegative or positive iff a, = 0 forevery nora, > 0 for every n,
respectively. Foranonnegativeseries _an, the statement Y a, < + o
means that the series converges, and the statement » g, = +
means that the series diverges.

For certain purposes series may start with a term a,, in which case
> a. should be interpreted to mean ) xeoas, or the sum of this series.
For a power series )i e0a,z", the term asz’ should be understood to
mean ao even when z = 0; that is, for present purposes 0° = 1 For
a Maclaurin series -

E f ('0) zn,
n=0 n:

the term for n = 0is £(0); in other words, f®(z) = f(z).
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I. Functions of a Real Variable

1. A divergent series whose general term approaches zero.
The harmonic series 2_1/n.

2. A convergent series Zan and a divergent series Zb,, such
thata, 2 b,,n=1,2, ---.
Leta, =0andb, = —1/n,n =1,2, ---.

3. A convergent series D4, and a divergent series b, such
that ja,| = |ba|,n=1,2,.--.

Let D a. be the conditionally convergent alternating harmonic
series >.(—1)*/n, and let ) b, be the divergent harmonic series

>1/n.

4. For an arbitrary given positive series, either a dominated
divergent series or a dominating convergent series.

A nonnegative series ) g, is said to dominate a series ) b, iff
@n = |ba| forn = 1, 2 ---. If the given positive series is ) bs,
let a, = b, forn = 1,2, -+ . Thenif D_b, diverges it dominates the
divergent series Y a,, and if b, converges it is dominated by the
convergent series ) a,. The domination inequalities can all be made
strict by means of factors  and 2.

This simple result can be framed as follows: There extsts no positive
series that can serve stmultaneously as a comparison lest sertes for
convergence and as a comparison test series for divergence. (Cf. Example
19, below.)

S. A convergent series with a divergent rearrangement.

With any conditionally convergent series Y a,, such as the alter-
nating harmonic series ) (—1)*/n, the terms can be rearranged
in such a way that the new series is convergent to any given sum,
or is divergent. Divergent rearrangements can be found so that the
sequence {s,} of partial sums has the limit + «, the limit — «, or
no limit at all. In fact, the sequence {s,} can be determined in such
a way that its set of limits points is an arbitrary given closed interval,
bounded or not (cf. Example 2, Chapter 5). The underlying reason
that this is possible is that the series of positive terms of 2 _a, and
the series of negative terms of _a, are both divergent.
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6. Infinite Series

To be specific we shall indicate a rearrangement of the series
> (=1)"*/n such that the sequence {s,} of partial sums has the
closed interval [a, b] as its set of limit points. We start with the single
term 1, and then attach negative terms:

until the sum first is less than a. Then we add on unused positive
terms:

1

2k + 1

until the sum first is greater than b . Continuing with this idea we
adjoin negative terms until the sum first is less than a ; then positive
terms until the sum first exceeds b; then negative terms, ete., ad
infinitum. Since the absolute value 1/n of the general term (—1)*+/n
approaches zero, it follows that every number of the closed interval
[a, b) is approached arbitrarily closely by partial sums s, of the re-
arranged series, for arbitrarily large n. Furthermore, for no number
outside the interval [a, b] is this true.

In the procedure just described, if the partial sums are permitted
to go just above 1, then just below —2, then just above 3, then just
below —4, etc., the sequence of partial sums of the rearranged series
has the entire real number system as its set of limit points.

W. Sierpinski (cf. [43]) has shown that if D a. is a conditionally
convergent series with sum s, and if s’ < s, then for some rearrange-
ment involving the positive terms only (leaving the negative terms
in their original positions) the rearranged series has sum §'. A similar
remark applies to numbers s” > s and rearrangements involving only
negative terms. This is clearly an extension of the celebrated ‘Rie-
mann derangement theorem” (cf. [36], p. 232, Theorem III), illus-
trated in all its essentials by the discussion in Example 5.

In a different direction, there is an extension that reads: If D_a, is
a conditionally convergent series of compler numbers then the sums
obtainable by all possible rearrangements that are either convergent
or divergent to « constitute a set that is either a single line in the
complex plane (including the point at infinity) or the complex plane
n toto (including the point at infinity). Furthermore, if Y v, is a

1 1,1
1— =2 — o — 2_j+§+5+...+
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conditionally convergent series of vectors in a finite-dimensional space,
then the sums obtainable by all possible rearrangements constitute
a set that is some linear variety in the space (cf. [47]).

6. For an arbitrary conditionally convergent series ) a, and
an arbitrary real number x, a sequence {&,} , where |&,| = 1
forn=1,2 ---,such that Ze.,a,. = x.

The procedure here is similar to that employed in Example 5.
Since 2 _|as | = + = , we may attach factors ¢, of absolute value 1
in such a fashionthat e1a1+ - + & @a = |a1| + -+ +]a. | > 2.
Let n, be the least value of n that ensures this inequality. We then
provide factors &, , of absolute value 1, for the next terms in order to
obtain (for the least possible ns):

g+ o0+ enaay =lar|+ - + ]
= lamur| = oo = |tny | < 2.

If this process is repeated, with partial sums alternately greater than
z and less than z, a series ) ¢, a, is obtained which, since a, — 0
asn — -+ «, must converge to z.

7. Divergent series satisfying any two of the three conditions
of the standard alternating series theorem.

The alternating series theorem referred to states that the series
D EnCa, Where |ea| = 1 and ¢o > 0, 7 = 1, 2, --- ,converges
provided

(@) &= (=)™, =n

(%) a1 = Cny n

(122) limy 4w cs = 0.

No two of these three conditions by themselves imply convergence;
that is, no one can be omitted. The following three examples demon-
strate this fact:

@):Letea=1,¢6,= 1/n,n = 1,2, -+- . Alternatively, for an
example that is, after a fashion, an “‘alternating series” let {,} be
the sequence repeating in triplets: 1,1, —1,1, 1, —1, --- .

(#3): Let ¢, = 1/nif n is odd, and let ¢, = 1/72 if n is even.

(#29): Let ¢ = (m + 1)/n (or, more simply, let ¢, = 1), n = 1,
2, -

56



6. Infinite Series

8. A divergent series whose general term approaches zero and
which, with a suitable introduction of parentheses, becomes
convergent to an arbitrary sum.

Introduction of parentheses in an infinite series means grouping of
consecutive finite sequences of terms (each such finite sequence con-
sisting of at least one term) to produce a new series, whose sequence
of partial sums is therefore a subsequence of the sequence of partial
sums of the original series. For example, one way of introducing
parentheses in the alternating harmonic series gives the series

(=969

T 12

1
34 2n — 1)-2n

Any series derived from a convergent series by means of introduction
of parentheses is convergent, and has a sum equal to that of the given
series.

The final rearranged series described under Example 5 has the
stated property since, for an arbitrary real number, a suitable intro-
duction of parentheses gives a convergent series whose sum is the
given number.

_|_ +...+ +...

9. For a given positive sequence {b,} with limit inferior zero,
a positive divergent series 2_a, whose general term approaches
zero and such that lim,. . a, /b, = 0.

Choose a subsequence b,,, bn,, *+-, bs, *+- of nonconsecutive
terms of {b,} such that limg, e b, = 0, and let a,, = b, for k =
1,2, --- . For every other value of n :n = my, ms, ms, -+- ,mj, + -+,

letam; = 1/j. Thena, —0 as n — + =, > a. diverges, and Ony/ by, =
boy —>0ask — + oo,

This example shows (in particular) that no matter how rapidly a
positive sequence {b,} may converge to zero, there is a positive
sequence {a,} that converges to zero slowly enough to ensure di-
vergence of the series Ean, and yet has a subsequence converging to
zero more rapidly than the corresponding subsequence of {b,}.

10. For a given positive sequence {b,} with limit inferior zero,
a positive convergent series 0_a, such that lim,,,, a,/b, = 4 «.
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Choose a subsequence b,,, bny, -+, bny, - -+ of {b,} such that for
each positive integer k, b,, < k=3 and let a,, = k2 fork=1,2, --- .
For every other value of n let a, = n~2. Then 2 a, < +, while
Ui /bne =k — + ©.

This example shows (in particular) that no matter how slowly a
positive sequence {b,} may converge to zero, there is a sequence
{a.} of positive numbers that converges to zero rapidly enough to
ensure convergence of the series ) _a., and yet has a subsequence
converging to zero more slowly than the corresponding subsequence
of {ba}.

11. For a positive sequence {c,} with limit inferior zero, a
positive convergent series ) a. and a positive divergent series
> b, suchthat a,/b, = ca,n =1,2, -+ .

Choose a subsequence cn,, Cng, <, Cny, =+ Of {ca} such that for
each positive integer k, ¢,, < k2 and let an, = ¢, ba, = 1 for
k=1,2,---.Forevery other valueof nlet a, = n2 b, = (n’%,)".

Then D _a, converges, » diverges since b, + 0 as n — 4+, and
An/bn = cxforn=1,2 ...

This example shows (in particular) that no matter how slowly a
positive sequence {c,} may converge to zero, there exist positive
series of which one is convergent and the other is divergent, the
quotient of whose nth terms is c,.

12. A function positive and continuous for x = 1 and such
that f 1°f(x)dx converges and Z::,f(n) diverges.
Example 12, Chapter 4.

13. A function positive and continuous for x = 1 and such
that [T”f(x)dx diverges and ) .=, f(n) converges.

For each n > 1 let g(n) = 0, and on the closed intervals
[n = 771, n]) and [n, » 4+ n~Y) define g to be linear and equal to 1 at
the nonintegral endpoints. Finally, define g(z) to be 1 for z = 1
where g(z) is not already defined. Then the function

fz) = g(2) + 2,

is positive and continuous for z = 1, [{*f(z)}dz = + e, and
It fm) = 220t < 4o,
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6. Infinite Series

14. Series for which the ratio test fails.
For a positive series D _a, the ratio test states (cf. [34), p. 390)
that if the limit

An+1 _

lim
no+o Oy
exists in the finite or infinite sense (0 < p < + »), then
() if 0 £ p < 1, D_a, converges;
() fl1 <p=+ Za.,‘ diverges.
The statement that if p = 1 the test fails is more than an empty
statement. It means that there exist both convergent and divergent
positive series for each of which p = 1. Examples are

+o l +00 l
X oand 2o,

respectively.
The ratio test may also fail by virtue of the nonexistence of the
limit p. Examples of convergent and divergent positive series are

respectively
+o0
—1)n—n 1 1 1 1 1 1
22T =Gt gttt tat o,

n==1 22
where
fim & =2 and lim &7 = l,
n+to COp naFw On 8
and
M n
212..—(—1) =2 4204242842642 4 ...
where
fm %" —8 and lim &% =1,
notw CGn n>¥Fo 0n 2

A refined form of the ratio test states that if

(#%) lim ‘%:—l < 1, 2 a, converges;

n>+o

Gn4y

(i) lim =* > 1, > a, diverges.
nofo On
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This form of the ratio test may fail as a result of the inequalities

im ®? <1< [im &%,

noto On notoo On
Examples for which both equalities and strict inequalities occur are
given above.

15. Series for which the root test fails.
For a nonnegative series ) _a, the simplest form of the root test
states (cf. [34], p. 392) that if

lim Va, =o¢
h-»'l"ﬂ

exists in the finite or infinite sense (0 < ¢ £ + »), then

() if 0 £ ¢ < 1, D_a. converges;

(@) if1 < ¢ £ +, ) a, diverges.
The ratio test and the root test are related by the fact that if
1im, .+ 4 (@n+1/a,) existsin the finite orinfinite sense, then lim, .1 v/ a,
exists and is equal to it (cf. [34], p. 394, Ex. 31). Consequently, if the
ratio test in the form (¢) or (2z), Example 14, is successful, the root
test is also. Furthermore, the first two examples illustrating failure
of the ratio test (Example 14) also serve to exemplify failure of the
root test for the same reason. The last two examples of the failure of
the ratio test illustrate the possibility of success for the root test (cf.
Example 16).

The root test, as stated above, fails for the convergent series

+ n\ —n
5+(—1)) 1,1 1 1 1 1
(5 =ztatatatatat
since liMnoteo V/an = % and limaste V/a, = 3. It also fails for the

divergent series
/(5 —-™"\"
= (B,
n=1
since [iMn,ie0 Van = 3 and limpsto vV, = 2.
A refined form of the root test states that if
(#9) limysi0 Vas < 1, D an converges;
(&) limnoto V/an > 1 20, diverges.
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This form of the root test is at least as strong as (actually stronger
than — cf. Example 16) the refined form of the ratio test (Example
14), since (cf. [34), p. 394, Ex. 31)

. @an : 7, = n — Qnh1
e S Jm V< lm Ve, < lm ZF.
The refined form of the root test establishes convergence and di-
vergence for the preceding two examples, since lim,., v/ a, is equal
to } and 3, respectively, for these two series.

The refined form of the root test can fail only by virtue of the
equation lim,.;» V'@, = 1. Examples of this type of failure have
already been given.

16. Series for which the root test succeeds and the ratio test
fails.

The convergent series ) e 20" for which the ratio test fails
(Example 14) is one for which the root test succeeds. Indeed,

(=1)"—n

Vo =2 n —21=3}<1
Similarly, for the divergent series Y 1m0 2" ", of Example 14,

n—(—1)»

Vo, =27 —2=2>1

17. Two convergent series whose Cauchy product series di-
verges.

The Cauchy product series of thetwoseries 2 ey @, and 2 nwobn
is defined to be the series D_seo ca, Where

Cn =b§akbﬁ_k=aob"+albn_l+ . +anb°.

The theorem of Mertens (cf. [36), p. 239, Ex. 20) states that if D_a,
converges to A4, if ) b, converges to B, and if one at least of these
convergences is absolute, then the product series D ¢, converges to
AB.

Let D_a, and D _b, be the identical series

@G =0b,=(—Dr(n+ 1)V, n=012 -,
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Then D _a. and Y b, converge by the alternating series test (Example
7), while D _c, diverges since

ol vt vivat vavies
bV eV
gniéniﬁff:é**”ﬂ?f‘é
_2nt Dy a-o0,1,2, .,

n+2 =

the first inequality holding since /(1 + z)(» + 1 — z) on the closed
interval [0, n] is maximized when z = 4n.

18. Two divergent series whose Cauchy product series con-
verges absolutely.
The Cauchy product series of the two series

2424+ 24+ B4 - 4204 - n=12 ---,

-14+141 41 4+ 41"+, =12 -,
is

2404040 4+ ---4+0 4 -, n=12 ---.

More generally, if a, = a*forn = 1 and if b, = b forn = 1, and

if @ # b, the term c, of the product series of Y a, and D b,, for
n21lis

€= aob”+ ha + a1b + a*2b2 + a"3b3 + --- ab™}
=ab"+ bha* — a» — b + (a**! — b*)/(a — b)
= {a"[la + (bo — 1)(@ — b)] — b"[b + (1 — ao)(a — b)]}/(a —b),

and therefore ¢, = Oin case ¢ = (1 — bo)la — b) and b =
(@ — 1)(a — b). If a and b are chosen so that a — b = 1, then a
and boare givenbyay=b+1=a, by =1 — a = —b.

19. For a given sequence { D neiama}, 7 = 1, 2, -- - , of positive
convergent series, a positive convergent series ) neiam that
does not compare favorably with any series of { 1Gma)} .
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The statement that the series D =0 compares favorably with
the series ) a=10mn, for a fixed positive integer n, means:

AMENIM> M= an £ G,y

and therefore the statement that such comparison does mot obtain
means:

For all positive integers M and =, define the positive numbers
Say San, and Ran:

+0 M +-00
Sa= 2 Qmn,y Sun = Z Qmn, Run = E Qmny
m=] m=1 me=M+1

and for each n € 91 choose M(n) sothat 1 < M(1) < M2) < +--
and

Rypya < 279,
max (Rucz.1, Rum.2) < 273,

mAxX (Rumy.1, -, Ruma) < 27"
For any positive integer m, define a= as follows:
(20w i1 <ms MQ),
O = i(k + 1)max @i, Gns, ** * , Gmt)
fME) <m S ME+ 1) fork > 1.

In order to prove that 2 a, converges, we first establish an in-
equality for the (finite) sum of the terms of this series for M (k) <
m = Mk + 1), where k > 1:

M(kt1) M(k+1) k
am s D, [(k+1) Za..,.]
m= M (k)+1 m=M (k)+1 nm=l
k M(k+1) k
= (k+1) Z[ 2 am] S (k4 1) 2 Rua,»
ne=1 | me=M(k)+1 n=]1

s(k+1) 22"‘ < (k4 1)%™*
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We therefore have
4 M(2) M@3)
2n= 2, Gmt D, Gmcce
m=1 mm=] m=M(2)+1
M(2) +0  M(k+1)
<22 am+ 2
m=1 k=2 m=M(k)+1

“40
< ?Su(z).1+kz_;(k +1)?27% < 4.

On the other hand, for any fixed n, whenever k = n and m > M (k),
An/0mn = k + 1, whence limm .+ @Gm/@ma = -+ . Therefore the
series ) = am does not compare favorably with the series D e Gun.
In f_act, the series D _n=a. does not compare favorably with the series

m=1 Gms €ven when such favorable comparison is defined :

AMand K € N3 m> M= an < Kam,
or equivalently, when failure to have favorable comparison means:
VMandK € tdAm > M S am > Kam.

A sequence of positive convergent series is called 2 universal com-
parison sequence if and only if it has the property that a given
positive series converges if and only if it compares favorably with at
least one series of the universal comparison sequence. That is, a
sequence of positive convergent series is a universal comparison
sequence if and only if the convergence or divergence of every positive
series can be established by comparison with some member series of
the sequence. Example 19 shows that no such universal comparison

sequence exists.

20. A Toeplitz matrix T and a divergent sequence that is
transformed by T into a convergent sequence.

An infinite matrix is a real-valued or complex-valued function on
N X N, denoted T = (¢:;), where 7 and j € 9. In case the infinite
series D_j=it:;a;, where {a;} is a given sequence of numbers, con-
verges for every ¢ € 91, the sequence {b;}, defined by

400
bi = 2 ti;a;

=1

is called the transform of {a;} by 7. An infinite matrix T = (&)
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6. Infinite Series

is called a Toeplitz matrix{ iff for every convergent sequence {a;}
the sequence {b;} is well defined, and the limit lim ;. b; exists and is
equal to the limit lim;.+. @;. An important basic fact in the theory
of Toeplitz matrices is that the following three properties form a
necessary and sufficient set of conditions for an infinite matrix
T = (t;) to be a Toeplitz matrix (for a proof see [49]):

+o0
(1) BMeaavz'ea,Zlu.,-lgM,
= . .
+o0
2 lim ) &, =1,
t>40 =1
(3) VjeN, lim ¢;=0.
140

Let T be the Toeplitz matrix (¢;;), where t;; = 1/21f1 < j < ¢
and t;; = 0if ¢ < 5:

1 0 0 0
$+ & 0 0
r=(% § 5§ O
1+ t i1

The sequence {ajt = 1, —1, 1, —1, ---, (—=1)=+, --.  does not
converge, but its transform by T,

{b'} = 1)0)%’0y§;"'7

converges to 0.

More generally, if {a.} is any divergent sequence each of whose
terms is either 1 or —1, there exists a Toeplitz matrix T that trans-
forms {a.} into a convergent sequence. In fact, T can be defined so
that {a,} is transformed into the sequence every term of which is 0.
Such a matrix T = (f;;) can be defined as follows: Let {n;} be a
strictly increasing sequence of positive integers such that a,; and
an;+1 have opposite signs for7 = 1,2, --- , and let

_{% if j=m or j=m+1,

1+(_1)i+l
T’ ceey

i =

0 otherwise.
Then T is a Toeplitz matrix that transforms {a,} into 0, 0, --- .
t Named after the German mathematician Otto Toeplitz (1881 —1940).
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1. Functions of a Real Variable

21. For a given Toeplitz matrix T = (t;;), a sequence {a;}
where for each j, a; = +1, such that the transform {b;} of
{a;} by T diverges.

By reference to conditions (1)-(3) of Example 20, we choose two
sequences 7; < 5, < 13 < -+, 51 < J2 < Jzs < --- as follows. Let
be such that, in accordance with (2), if 7 = 7, ,

+eo
Z; ti=1+ e, | e1s | < 0.05.
’—

Then let j; be such that according to (1) and (2),
+o

J1

dtyi=1+4+d and > |tasil <005,

J=1 Jm=jit+1

where | d; | < 0.1.
Next choose 7, > 71 so that for 7 = 7, according to (2) and (3),

Jj +00
2:, | ;5] < (0.05) and .th.-,- =1+ ey, | €2 | < (0.05)2,
je= J=

and then choose j» > ji so that according to (1) and (2),

j2 +o
bipj =1+ dy and > | tsni | < (0.05)2,
7= i=ih

where | d2| < 2(0.05)2.
Having chosen?; <4, < --- < % and 71 < j: < --+ < ji, choose
41 > % so that according to (2) and (3), for 7 = 74y,

Jk +o0
Z |t:;] < (0.05)* and Z tii = 1 4 ewrrs | ra,i| < (0.05)k+1
=1 =1
and then choose ji41 > j& so that according to (1) and (2),

+o0

Tkt
Stiws = Vb ds,  and 2 (b | < 009,
=

i=ik+l

where | diy1| < 2(0.05)%+1,
Define the sequence {a;} by the prescription:

lforl S5 =<ji,J2<j=7Js -
a‘E 4 . . . .
’ —1forfi <KJSJo,ja <jSju- .



6. Infinite Series

If kisodd and k£ > 1, then
J1
=Zt"hf Z tlu+ z bipg — -

Je=1 =yt Jj=jatl

+ Z ttu+ Z tmaJ

J=sp—1+ J=—st

=
k—1 +<0
+ (Z big — Z tw’) + 2 tias
j=jrt1
All quantities )iz, ¢,,;, except Z,_l ti;j = 1 + di are less than
(0.05)*! in absolute value. Thus, since

+2
E tm a;

£ 2 |t | < (005)%
=t +1

J==3;

we see that
bi > 1 — 2(0.05¢1 — 2(k — 1)(0.05)*! — (0.05)%
=1- [2(k — 1) + 2.05](0.05)*.

Methods of calculus show that the function of k¥ defined on the last
line above is an increasing function for £ = 1, and therefore takes on
its least value if ¥ = 3 at the point where k¥ = 3. Therefore, if & is
an odd integer greater than 1:

by, > 1 — [4 4+ 2.05](0.05)* > 0.9.

Similarly, for k even, it can be shown that b;, < —0.7. Therefore
the sequence {b,} diverges.

Examples 20 and 21 show that although some Toeplitz matrices
transform some sequences whose terms are all +1 into convergent
sequences, no Toeplitz matrix transforms all such sequences into
convergent sequences.

A refinement of the preceding technique permits the following
conclusion: If {Tw.} 7s a sequence of Toeplitz matrices, there is a se-
quence {a,} such that |a,| = 1 forn = 1, 2, -+ and such that for
each m the transform of {a.} by Twm ts divergent. Indeed, in the context
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1. Functions of a Real Variable

preceding, let {4:} and {ji} be strictly increasing sequences of positive
integers chosen so that the related properties hold as follows: We
choose 7; and j; so that the related properties hold for T,; then
17, and j2 so that the related properties hold for both T, and T; ete.
Let the sequence {a.} be defined as in Example 21. For any fixed m
the sequence {a,} is transformed into a sequence {b..} and, since the
numbers 7; and ji for £ > m constitute sequences valid for the counter-
example technique applied to T, it follows that lim,, e bma does
not exist for any m.

22. A power series convergent at only one point. (Cf. Example
24.)
The series ) +=o 7! z* converges for z = 0 and diverges for z > 0.

23. A function whose Maclaurin series converges everywhere
but represents the function at only one point.
The function

eV iz #0,
0 if =0

is infinitely differentiable, all of its derivatives at z = 0 being equal
to 0 (cf. Example 10, Chapter 3). Therefore its Maclaurin series

33100 Z 0

n=0 n!

f) = [

converges for all z to the function that is identically zero, and hence
represents (converges to) the given function f only at the single point
z=0.

24. A function whose Maclaurin series converges at only one
point.
A function with this property is described in [10], p. 153. The
function
flz) = Z €™ cos n2r,
because of the factors ¢ present in all of the series obtained by
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6. Infinite Series

successive term-by-term differentiation (which therefore all con-
verge uniformly), is an infinitely differentiable function. Its Maclaurin
series has only terms of even degree, and the absolute value of the

term of degree 2k is
4o 2% — 4k 2 _\2k
e 'n nz\
2, —@n1 >(%> ¢
forevery n = 0, 1, 2, ---, and in particular for n = 2k. For this

value of » and, in terms of any given nonzero z, with k any integer
greater than ¢/2x, we have

nz\* _. _ (2kz>%

This means that for any nonzero z the Maclaurin series for f diverges.

The series D= n! z» was shown in Example 22 to be convergent
at only one point, z = 0. It is natural to ask whether this series is
the Maclaurin series for some function f(z), since an affirmative
answer would provide another example of a function of the type
described in the present instance. We shall now show that it is in-
deed possible to produce an infinitely differentiable function f(z)
having the series given above as its Maclaurin series. To do this, let
¢no(z) be defined as follows: Forn = 1,2, -- -, let

(n=11) & 0s|z|s2/(n)e
0 if |z| = 2-/(a)e

where, by means of the type of “bridging functions” constructed for
Example 12, Chapter 3, ¢no(z) is made infinitely differentiable every-
where. Let fi(z) = ¢10(2), and forn = 2,3, - - -, let

pula) = [ " oult) b,

¢,,o($) = {

palz) = [ “om®) &,

12@) = ura@) = | " fnmalt) dL.
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I. Functions of a Real Variable

Thus fn’(x) = ¢n,n—2(:c)’ fn”(x) = ¢u,n—8(x)’ e ’fﬂ(”—l)(x) = ¢n0(x)’
f2® () = ¢u’(). For any z and 0 S k = n — 2, [fa®(2) | =
(2—n+1/n2)| x I”—L“Q/(n -k - 2)l since

| $m1(@) | = 27+Y/n2,
| ¢na(2) | £ (2777 | 2],

| brma(@) | £ (@/n?)-| 2 |2/ (n — L.

The series D_no1fa®(z), for each k = 0, 1, 2, -- -, converges
uniformly in every closed finite interval. Indeed, if |z| = K,
+o0 Kn—k—2

+oc0
®)
2,80 @ = 2 e “n = E=2)1’
and uniform convergence follows from the Weierstrass Af-test (cf.
[34]), p. 445). Hence we see that

+o
fz) = ,.Zl:f'(”)

is an infinitely differentiable function such that fork = 0,1, 2, --

f®@) = +i}f.."" @).

Fork27n 2 1,£,3(0) = ¢a0® "*(0) =0.Forn = landk = n — 1,
F290(0) = émo0) = (n — D2 For 0 k < n — 1, f®(0) =
Thus the Maclaurin series for f(z) is 2 neo n! 2™

25. A convergent trigonometric series that is not a Fourier
series.

We shall present two examples, one in case the integration involved
is that of Raemann and one in case the integration is that of Lebesgue.

The series Z M where 0 < a = 3}, converges for every real
Reml

number z, as can be seen (cf. [34], p. 533) by an application of a
convergence test due to N. H. Abel (Norwegian, 1802-1829). How-
ever, this series cannot be the Fourier series of any Riemann-in-
tegrable function f(z) since, by Bessel’s inequality (cf. [34], p. 532),
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6. Infinite Series

forn=12 .-,
1 1 1 ? de
ettt st [ el

Since f(x) is Riemann-integrable so is [f(z)]?, and the right-hand side

of the preceding inequality is finite, whereas if « < % the left-hand
side is unbounded as n — + «. (Contradiction.)

+o .

. sin nz ~

The series Y, I, 2so converges for every real number z. Let
n=2

32 sin nx
f(z) = nz-2 ‘Inn -~
If f(x) is Lebesgue-integrable, then the function
F = t) dt
(= =[50
is both periodic and absolutely continuous. Since f(x) is an odd funec-
tion (f(z) = —f(—=x)), we see that F(z) is an even function (F(z) =
F(—z)) and thus the Fourier series for F(z) is of the form
+o0
2 . 008 1,
nel
where ay = }r,[ F(z) dz,and forn = 2,
2 T
n = —f F(z) cos nz dx
T
F( )smnx[' _ gj’ F(z) SB 4
T Jo n

2 sin nzx 1
= ’;fo flo) ==do = — 50 -

(F'(x) exists and is equal to f(z) almost everywhere.) Since F(z)
is of bounded variation, its Fourier series converges at every point,
and in particular at z = 0, from which we infer that Y +2 a, con-
verges. But since a, = —1/(n In %), and D12 (—1/(n In n) di-
verges, we have a contradiction to the assumption that f(x)is
Lebesgue-integrable.
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I. Functions of a Real Variable

. . . . sinnz,

Finally, to show that the trigonometric series ,.zz om0 not the
Fourier series of any Lebesgue-integrable function we need the follow-
ing theorem (for a proof see [52] and [53]): If a trigonometric series is
the Fourter series of a Lebesgue-integrable function g, and if it con-
verges almost everywhere to a function f, then f(x) = g(x) amost every-
where and therefore f is Lebesgue-integrable and the given trigonometric
series s the Fourier series of f.

26. An infinitely differentiable function f(x) such that

lim;)puf(x) = 0

and that is not the Fourier transform of any Lebesgue-in-
tegrable function.

Let {ca},n = 0, &1, &2, - -+, be a doubly infinite sequence such
that

+o
Z c”e" nz

n==—%

converges for all z but does not represent a function Lebesgue-
integrable on [—=, 7] (cf. Example 25). We shall show that if A(z)
is any infinitely differentiable function that vanishes outside [—1, 3],
if h(0) = 2=, and if

40

f@) = "_Z_; eahlz — n),

then f(z) is a function of the required kind.

Since h(z) vanishes outside [—4%, 4], the series that defines f(z)
has only finitely many nonzero terms for any fixed z. Hence, the
series converges for all z and represents some function f(z). By the
same argument, the series converges uniformly in every finite in-
terval as does the series arising by termwise differentiation any finite
number of times, and furthermore

+0

9@ = T eh®a — n)
k=012, ---.
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6. Infinite Series

If F(t) is Lebesgue-integrable and satisfies
+o0

F(t)e ™ dt = fz),
let

+o0

o®) = 3 F@+ 2rm).

Since F(¢) is Lebesgue integrable, g(f) is defined for almost every
t, gt + 2m) = g(t), and '

x 40 » +
[ewias ¥ [1Fe+2em)ja= [ 1FO &t < +o.

(For references on the preceding facts and the following equality,
see [29], pp. 130-132, pp 152—153) We compute:

[ g(t)e ™ dt = _ [ F(t + 2xm)e ™ dt
_1 5 f F(t + 2rm)e e g
1Tm——-uo
- [ F(t)e™™ dt = 2—11;f(n)
1 +o0
= _2;; ah(n — k) = -—h(O) = ¢y

In other words, the ¢, are Fourier coefficients of the Lebesgue-
integrable function g(¢). This contradiction establishes the fact that
F(z) is not the Fourier transform of a Lebesgue-integrable function.

27. For an arbitrary countable set E C [—=, =], a continuous
function whose Fourier series diverges at each point of E and
converges at each point of [—=, =] \ E.

The idea behind this example goes back to Fejér and Lebesgue.
An exposition of the details is given in [52], pp. 167—173, where
references to the original papers are also to be found.

28. A (Lebesgue-) integrable function on [—=, =] whose Fourier
series diverges everywhere.
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I. Functions of a Real Variable

This example is due to A. Kolmogorov. Details are given in [52],
pp. 175-179, together with references.

29. A sequence {a,} of rational numbers such that for every
function f continuous on [0, 1] and vanishing at 0 (f(0) = 0)
there exists a strictly increasing sequence {n,} of positive in-

tegers such that, with n, = 0:

+0 LTESE
flx) = Z( i a-.x">.
y=0 \n=n,+1
the convergence being uniform on [0, 1] .

We make a preliminary observation:

For any positive integer m, the set of all polynomials with rational
coefficients and involving only powers z* such that n = m is dense
in the space Co([0, 1)) of all functions continuous on [0, 1] and vanish-
ing at 0, in the ‘“uniform topology” given by the distance and norm
formula:

p(hg) =1f—gll =max{|fiz) — gx)|0 =z =1}.

This follows from the Stone-Weierstrass theorem (cf. [42], p. 288,
and [29], pp. 9-10).

Now let {f.} be an enumeration of a countable dense set of func~
tions in Co([0, 1]). For example, {f.} might be a sequence consisting
of all polynomials with rational coefficients and zero constant term.
Let P, be such a polynomial for which o(fy, P1) = || fi — P:|| < 1.
Let P, be such a polynomial for which, among the terms with non-
zero coefficients, the least exponent exceeds the degree of P;, and
for which p(f; — Py, Py) = |[fo — (P1 + Pp) || < % Having de-
fined polynomials P, P,, ---, P, in Co[0, 1]) such that their
coefficients are rational and such that:

(a) the “least exponent of Pyy,” > deg Py, bk = 1,2, -+ ,n — 1,

k
(b) —;P,‘|<%,k=1,2,,n,

choose a polynomial P,.; in Co([0, 1]) with rational ooeﬁiclents and
such that
(a’) the “least exponent of P,.,” > deg P,
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6. Infinite Series

, n+1 l
() ||fatr — ;P,-“ <aFi
Let m; = “least exponent of P;,” and let M; = deg P, for every
j€ N Then mj; < M; < mjy, for j € 9 The sequence {a,} is
now defined as follows: @, = a; = - -+ = am,—y = 0, am, = coefficient
of 2™ in Pi, @my 41 = coefficient of ™' in Py, - -- | au, = coefficient
of ™" in P,. In general for M; < n < mjy; let a, = 0; for mjy; <
n S Mjy, let a, = coefficient of z* in P;. If f € Co([0, 1]), let
0 <k <k; < ---besuchthat || f — fi, | < 1/ufor every p € 9.

Then
| k .
\f—gl’«'”éllf—fk,lw fru — 2 ” z kL_

Hence if no = 0 and n, = M, for v € N, then

1@ =3 (3 ),

n=n,

T:lt\b

where the (grouped) series on the right converges uniformly in
[0, 1].

This startling result is due to W. Sierpinski. Its close similarity to
Example 5, last paragraph, should be noted. In this latter case, a
single series of numbers is obtained, as the result of a rearrangement,
having the property that corresponding to an arbitrary real number z
there exists a subsequence of partial sums — and hence a method for
introducing parentheses in the series — that gives convergence to z.
In the present case there is a single power series having the property
that corresponding to an arbitrary member of Co([0, 1]) there exists a
subsequence of partial sums — and hence a method of introducing
parentheses in the series —that gives uniform convergence to f.
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Chapter 7

Uniform Convergence

Introduction

The examples of this chapter deal with uniform convergence — and
convergence that is notf uniform — of sequences of functions on certain
sets. The basic definitions and theorers will be assumed to be known
(cf. [34], pp. 441462, [36], pp. 270-292).

1. A sequence of everywhere discontinuous functions con-
verging uniformly to an everywhere continuous function.

_J1/n if zis rational,
fal®) = {o if 2 is irrational.

Clearly, lima 4w fa(z) = 0 uniformly for — o < z < + ,

This simple example serves to illustrate the following general
principle: Uniform convergence preserves good behavior, not bad be-
havior. This same principle will be illustrated repeatedly in future
examples.

2. A sequence of infinitely differentiable functions converging
uniformly to zero, the sequence of whose derivatives diverges
everywhere.

If f.(z) = (sin nx)/\/n , thensince | f,(z) | £ 1/4/n this sequence
converges uniformly to 0. To see that the sequence {f,’(z)} converges
nowhere, let = be fixed and consider

b. = fa'(x) = v/7n cos nz.
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7. U_nifm Convergence

Ifz=0,b, = v/n— +o asn— + . We shall show that for any
z ## 0the sequence {b,} is unbounded, and hence diverges, by showing
that there are arbitrarily large values of n such that | cos nz | = $%.
Indeed, for any positive integer m such that | cos mz | < %,

|cos2mz | = |2 cos?mz — 1| =1 — 2 cos?’mz > 4,

so that there exists an n > m such that | cosnz | > 4.

3. A nonuniform limit of bounded functions that is not
bounded.
Each function

. 1>.
min Z) if 0<z=1
.f..(ac)EJ <n"" ’
0 if =0

is bounded on the closed interval [0, 1], but the limit function f(z),
equal to 1/2if 0 < z < 1 and equal to 0 if z = 0, is unbounded

there.
Let it be noted that for this example to exist, the limit cannot be

uniform. -

4. A nonuniform limit of continuous functions that is not
continuous.
A trivial example & given by

_ Jmin (1, nx) if z20,
@) = {max(—l, nz) if z<0,

whose limit is the signum function (Example 3, Chapter 3), which is
discontinuous at z = 0.

A more interesting example is given by use of the function f (cf.
Example 15, Chapter 2) defined:

ill_ f z= ginlowest terms, where p and g are integers
f(z) = and ¢ > 0.
0 if =z isirrational
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I. Functions of a Real Variable

For an arbitrary positive integer n, define f.(z) as follows: According
to each point (g ,%),where 1=¢<n,0 = p = g, in each interval

p_L p
of the form ¢ - %; g define

fa(@) = min (}b,éﬂnﬁ (z_ g))

1
in each interval of the form <2—9 2y ‘—,) define
g’'q 2n

i mem (120 )

and at every point z of [0, 1] at which f,(z) has not already been
defined, let f,(z) = 1/n. Outside [0, 1] f.(z) is defined so as to be
periodic with period one. The graph of f.(z), then, consists of an
infinite polygonal arc made up of segments that either lie along the
horizontal line y = 1/ or rise with slope +2n? to the isolated points
of the graph of f. (Cf. Fig. 2.) As n increases, these “spikes’ sharpen,
and the base approaches the z axis. As a consequence, for each
z€Randn =12, ---,

fi(@) 2 farr(z),
lim fu(z) = f(z),
n++o0

and

as defined above. Each function f, is everywhere continuous, but
the limit function f is discontinuous on the dense set @ of rational
numbers. (Cf. Example 24, Chapter 2.)

5. A nonuniform limit of Riemann-integrable functions that
is not Riemann-integrable. (Cf. Example 33, Chapter 8.)

Each function g,, defined for Example 24, Chapter 2, when re-
stricted to the closed interval [0, 1] is Riemann-integrable there,
since it is bounded there and has only a finite number of points of
discontinuity. The sequence {g.} is an increasing sequence (g.(z) <
gn+1(x) for each x and n = 1, 2, ---) converging to the function f
of Example 1, Chapter 4, that is equal to 1 on @ n [0, 1] and equal
toOon [0, 1]\ Q.
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7. Uniform Convergence

1 A AJ
5
11 1 2 3 5 4 3
0 4 3 2 3 4 1 4 3 2
f, () for n=5
Figure 2

6. A sequence of functions for which the limit of the integrals
is not equal to the integral of the limit.

Let
(211’::: if °§x§%’
s 1 . 1 1
= —_9 —_— —_ < -
fa(z) =<{n dn<a: 2n> if 5 ST
0 if lgrcél.
\ n
Then
lin [ () ds = lim L = 1
u*-’}” fnﬁ: 'D—u-’-hot_z—z’
but

[ Bim io) e
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Another example is the sequence {fs(z)} where f,(z) = nae™s,
0=sz=1
A more extreme case is given by

while
[}E‘;fa(z)dz= j:de 0.

7. A sequence of functions for which the limit of the deriva-
tives is not equal to the derivative of the limit. )

Iffu(x) =2/(14+n2?) for -1z <1landn =12 ---,then
f(z) = lim,, . f+(2) exists and is equal to O for all z € [—1,1] (and
this convergence is uniform since the maximum and minimum values
of fa(z) on [—1, 1] are &= 1/2n). The derivative of the limit is identi-
cally equal to 0. However, the limit of the derivatives is

o etpn o 1= (1 if z=0,
I 8@ = In g {0k o<l s

8. Convergence that is uniform on every closed subinterval

but not uniform on the total interval.
Let f,(x) = 2" on the open interval (0, 1).

9. Asequence {f,} converging uniformly to zero on [0, + ©) but
such that [;* f.(x) dx + 0.
1/n f 0sz=n,

Let fulz) = 0 if z>mn

80



7. Uniform Convergence

Then f, converges uniformly to 0 on [0, 4+ =), but

/;wf,(x) dr =1->1.

A more extreme case is given by

_Jl/n if 0=z = n?
f"("’)—{o it > n.

Then [;* fu(z) dx = n — + .

10. A series that converges nonuniformly and whose general
term approaches zero uniformly.

The series ) .=, z"/n on the half-open interval [0, 1) has these
properties. Since the general term is dominated by 1/n on [0, 1) its
uniform convergence to zero there follows immediately. The con-
vergence of the series follows from its domination by the series
> z", which converges on [0, 1). The nonuniformity of this con-
vergence is a consequence of the fact that the partial sums are not
uniformly bounded (the harmonic series diverges; cf. [34], p. 447,
Exs. 31, 32).

11. A sequence converging nonuniformly and possessing a
uniformly convergent subsequence.

On the real number system @®, let

if nisodd.
fn(x) =

if niseven.

SI= I8

The convergence to zero is nonuniform, but the convergence of the
subsequence {fon(z)} = {1/2n} is uniform.

12. Nonuniformly convergent sequences satisfying any three
of the four conditions of Dini’s theorem.
Dini’s theorem states that if {f.} is a sequence of functions defined
on a set A and converging on A to a function f, and if
(?) fais continuouson 4,n = 1,2, «--,

81



I. Functions of a Real Variable

(#7) fis continuouson 4,

(¢4%) the convergence is monotonic,

(Zv) A is compact,
then the convergence is uniform.

No three of these conditions imply uniform convergence. In other
words, no one of the four hypotheses can be omitted. The following
four examples demonstrate this fact.

{0 if z=0 or %ézél,

(2): falz) =
1 if 0<z< %
Then {fa(z)} is a\decreasing sequence for each z, converging non-
uniformly to the continuous function 0 on the compact set [0, 1].

(72): The sequence {z"} converges decreasingly and nonuniformly
to the discontinuous function

_foif osz<1,
f(‘”)={1 if z=1

on the compact set [0, 1].
(#%): Example 6.
(2v): The sequence {z"} on [0, 1).
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Chapter 8
Sets and Measure on the Real Axis

Introduction

Unless a specific statement to the contrary is made, all sets con
sidered in this chapter should be assumed to be subsets of ®, the
real number system. A ¢ ring, or sigma-ring, is a nonempty class 4
of sets that is closed under the operations of countable unions and set
differences (A1, Az, -~ € 4 = UsZ, A, € 4 and 4,\ 4, € A). If
A is any nonempty class of sets, the o-ring generated by A is the
intersection of all o-rings containing 4 (there is always at least one
¢ ring containing A4, the class of all subsets of ®, so that the generated
o-ring always exists). It is natural to think of the ¢-ring generated by
A as the smallest o-ring containing 4. The o-ring generated by the
class C of all compact subsets of ® is called the class B of Borel sets
(that is, a set is a Borel set iff it is a member of the s-ring generated
by C).

If A is any subset of ® and « any real number, the translate of A
by z is defined and denoted:

c+A={yly=z+a,a€ A} ={z+alac A}
A class 4 of sets is closed under translations iff
AcAdzcRr=z+ A €A

If Sisa o-ring of subsets of a space X, a set function p with domain
S is nonnegative extended-real-valued iff its values, for sets
S € 8, satisfy the inequalities 0 < p(S) < 4 «. A nonnegative
extended-real-valued set-function p on a o-ring S is 2 measure on S
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iff p(@) = 0 and p is countably additive on S:
S1,8:,- €8,8.n8, =0Qform #n=

+0 +20
P (nel Sn) - 12 P(Sn)~

If p is a measure on a o-ring S of subsets of a space X, and if X € S,
then the ordered pair (X, S) is called a measure space and p is called
a measure on the measure space (X, S). If the class of sets S is
understood from context, the single letter X may also be used to
indicate a measure space. If p and ¢ are two measures on the same
measure space (X, S), p is absolutely continuous with respect to
o (written p < o) iff

A€ S,0(4) = 0= p(4) = 0.

For any measure p on a measure space (X, S), a null-set for p is
any subset of a member A of S of measure zero: p(4) = 0. A measure
p on (X, S) is complete iff every nullset for p is a member of S.
Borel measure is the uniquely determined measure u on the
measure space (®, B) that assigns to every bounded closed interval
its length:
w(a,d) =b—a if a<b.

The class B of Lebesgue-measurable sets is the o-ring generated by
the union of B and the class of all null-sets of Borel measure on B.
Lebesgue measure is the uniquely determined complete measure on
B whose contraction to B is Borel measure; that is, Lebesgue measure
is the completion, or complete extension, to B of Borel measure on B.
Since the length of a compact interval [e, b] is invariant under
translations, the o-rings B and B are closed under translations, and
both Borel and Lebesgue measure are translation-invariant:

A€EB,zeE®R=>z+ A€ B,ulz + A) = u(4),
AeBrzer=z+A4¢B pz+ 4) = uA).

For any set E C ®, Lebesgue tnner and outer measure are defined
and denoted:

inner measure of E = us(E) = sup{u(4) |4 C E, A € B},
outer measure of E = u*(E) = inf {u(4)|A D E, A € B}.
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These are also equal to
u(E) = sup {r(A) |A C E, A € B}

= sup{u(4) | A C E, A compact},
#*(E) = inf {u(4) |A D E, A € B}

= inf {u(A) [A D E, A open}.

For proofs of the preceding facts, and for further discussion, see
(16], (18], [30], and [32].

We shall occasionally refer to the axiom of choice, or such variants
as the well-ordering theorem or Zorn’s lemma. These are sometimes
classed under the title of The Maximality Principle. The reader is
referred to [16], [30], and [46].

It will be assumed that the reader is already familiar with the con-
cept of equivalence relations and equivalence classes. These topics are
treated in references [16] and [22].

1. A perfect nowhere dense set.

A perfect set is a closed set every point of which is a limit point
of the set. A fundamental fact concerning perfect sets is that every
nonempty perfect set A of real numbers — or, more generally, any
nonempty perfect set in a complete separable metric space — is un-
countable; in fact, A has the cardinality ¢ of ® (there exists a one-
to-one correspondence with domain & and range A). (For a proof
and discussion, see [20], pp. 129-138.)

A nowhere dense set is a set A whose closure A has no interior
points: I(A) = @ Clearly, a set is nowhere dense iff its closure is
nowhere dense, and any subset of a nowhere dense set is nowhere
dense. A less obvious fact is that the union of any finite collection of
nowhere dense sets is nowhere dense. Proof by induction follows from
the special case: If A and B are closed and nowhere dense, then A u B s
nowhere dense. (If U is a nonempty open subset of Au B, then
U \ B is a nonempty open subset of 4.)

A celebrated example of a perfect nowhere dense set was given by
G. Cantor (German, 1845-1918), and is known as the Cantor set.
This set C is obtained from the closed unit interval [0, 1] by a se-
quence of deletions of open intervals known as ‘“middle thirds,”
as follows: First delete all points = between 4 and 4. Then remove the

35



I. Functions of a Real Variable

middle thirds of the two closed intervals [0, 4] and [3, 1] remaining:
(4, 3 and (%, §). Then remove the middle thirds of the four closed
intervals (0, 4], (3, 4], [4, ], and [§, 1] remaining: (¥, 2), (%, #),
(3%, 29), and (3%, 49). This process is permitted to continue indefi-
nitely, with the result that the total set of points removed from [0, 1]
is the union of a sequence of open intervals and hence is an open set.
The set C is defined to be the closed set remaining. Since every point
of C is approached arbitrarily closely by endpoints of intervals re-
moved (these endpoints all belong to C), C is perfect. Since there is
no open interval within [0, 1) that has no points in common with at
least one of the open intervals whose points are deleted at some stage,
the (closed) set C is nowhere dense.

The Cantor set C can be defined in terms of the ternary (base
three) system of numeration. A point z € C iff z can be represented
by means of a ternary expansion using only the digits 0 and 2. For
example, 0.022222- - - and 0.200000- - - are the endpoints of the first
interval removed, or 1 and %, respectively, in decimal notation. For
a discussion of this description of C, cf. [18] and [32]; also ¢f. Example
2, below.

2. An uncountable set of measure zero.

The Cantor set C of Example 1 is uncountable since it is a non-
empty perfect set, and it has measure zero since the set of points
deleted from the closed interval [0, 1] has measure

1,12 ,122 I
3tyztyest =iyt

The ternary expansions of the points of the Cantor set can be
used to show that C has the cardinality ¢ of the real number system
®. (This method is independent of the one cited above that is based
on the properties of perfect sets.) In the first place, the points of C
are in one-to-one correspondence with the ternary expansions using
only the digits 0 and 2, and therefore (divide by 2) with the binary
expansions using the digits 0 and 1. On the other hand, the non-
terminating binary expansions are in one-to-one correspondence with
the points of the half-open interval (0, 1], and hence with the real
numbers. This much shows that the set of all binary expansions — and
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therefore C — is uncountable, with cardinality af least ¢. To see that
the cardinality is actually egual to ¢ we need only observe that the
set of terminating binary expansions is countable (or, even more
simply, that C € @®). For further discussion of the mapping just
described, see Example 14, below.

3. A set of measure zero whose difference set contains a
neighborhood of the origin.

If A is any nonempty set, its difference set, D(4) is the set of all
differences between members of A:

DA)={z—yl|lz€ A,y € A}.

A fact of some importance in measure theory is that whenever 4 is
a measurable set of positive measure, the origin is an interior point
of the difference set A (cf. [18], p. 68). The Cantor set C of Example 1
is an example of a set of measure zero that has this same property.
In fact, the difference set of C is the entire closed interval [—1, 1]:

D) = [-1,1].

The simplest way to see this is to consider the product set C X C,
and to show that for any number « such that —1 < « < 1, the line
¥ = = + ameets theset C' X C in at least one point. (Cf. [10], p. 110,
where references are given.) Since C is obtained by a sequence of
removals of “middle thirds,” the set C X C can be thought of as
the intersection of a countable family of closed sets Cy, C;, ---,
each of the sets C, being a union of “corner squares’ as follows
(cf. Fig. 3): The set C, consists of four 4 by 4 closed squares located
in the corners of the total square [0, 1] X [0, 1] : [0, 4] X [0, %],
[0,4] X [%,1),[3 11X [0, 4], and [3, 1] X [3, 1]; the set C; consists of
sixteen § by 4 closed squares located by fours in the corners of the
four squares of Cy; the set C; consists of sixty-four g% by z% squares
located by fours in the corners of the sixteen squares of C:; ete.
For any given a € [—1, 1], the line ¥y = z + « meets at least one of
the four squares of C,; choose such a square and denote it S;. This
line must also meet at least one of the four squares of C, that lie
within S;; choose such a square and denote it S;. If this process is
continued, a sequence of closed squares {S,} is obtained such that
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NN
e
YN

Figure 3

Sat1 € S forn = 1, 2, --- . Since the side of S, is 3—, there is
ezactly one point (z, y) that belongs to every square of the sequence
{Sa} (cf. [34], p. 201, Ex. 30). The point (z, y) must therefore belong
to C X C, and since this point must also lie on the line ¥y = z + a,
we have the desired members z and y of C whose difference is the
prescribed number .

4. Perfect nowhere dense sets of positive measure.

The process used to obtain the Cantor set C' of Example 1 can be
modified to construct a useful family of perfect nowhere dense sets.
Each of these sets, to be called a Cantor set, is the set of points
remaining in [0, 1] after a sequence of deletions has taken place as
follows: If « is an arbitrary positive number less than 1, first delete
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from [0, 1] all points of the open interval (3 — %a, £ + %ia), of length
1o and ‘midpoint 1. From the two remaining closed intervals [0,
L 1c] and [3 + 1o, 1], each of length (1 — %a), remove the
middle open intervals each of length 3. Then from the four closed
intervals remaining, each of length (1 — ia — 1), remove the
middle open intervals each of length «/32. From the eight closed
intervals remaining, each of length (1 — ia — %a — %a), remove
middle open intervals each of length «/128. After n stages the measure
of the union of the open intervals removed is a(3 + 1 + --- + 27,
and therefore the measure of the union of the open intervals removed
in the entire sequence of removal operations is . The measure of
the remaining Cantor set is 1 — «. For this reason, Cantor sets
defined in this fashion are often called Cantor sets of positive
measure. They are all perfect nowhere dense sets. It will be shown
in Example 23, below, that all Cantor sets, of positive or zero measure,
are homeomorphic (cf. Introduction, Chapter 12). It will follow,
then, from the second paragraph of Example 2, above, that every
Cantor set has cardinality £ equal to that of ®.

A third construction of a Cantor set is the following: Let 0 < 8 < 1
and let {8,} be a sequence of positive numbers such that D 1= 2° 8,
= B. Delete from [0, 1] the open interval I, centered at % and of
length Bo. Then from [0, 1]\ I, delete two open intervals I;!, I,2,
each centered in one of the two disjoint closed intervals whose union
is [0, 1]\ I, and each of length 8;. Continue deletions as in the pre-
ceding constructions: At the nth stage of deletion, 2" open intervals,
LY, 1,2 ---, I,Y, properly centered in the closed intervals consti-
tuting the residue at the (n — 1)st stage and each of length 8,, are
deleted,n = 1,2, ---.

5. A perfect nowhere dense set of irrational numbers.

A final example of a perfect nowhere dense set can be constructed
by making use of a sequence {r.} whose terms constitute the set of
all rational numbers of (0, 1). Start as in the definition of the Cantor
set C, but extend the open interval so that the center remains at %,
so that its endpoints are irrational, and so that the enlarged open
interval contains the point r;. At the second stage remove from each
of the two remaining closed intervals an enlarged open middle “third”
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in such a way that the midpoints remain midpoints, the endpoints
are irrational, and the second rational number r; is removed. If this
process is repeated according to the indicated pattern, a perfect
nowhere dense set D remains, and since all rational numbers between
0 and 1 have been removed, this “Cantor” set D consists entirely of
irrational numbers, except for the two points 0 and 1. If the endpoints
of the original interval are chosen to be irrational numbers, a perfect
nowhere dense set can be constructed in this fashion so that it consists
entirely of irrational numbers.

6. A dense open set whose complement is not of measure zero.

Let A be a Cantor set of positive measure in [0, 1], and let B =
A’ = ®\ A. Then B is a dense open set whose complement A has
positive measure.

7. A set of the second category.

A set is said to be of the first category iff it is a countable union
of nowhere dense sets. Any subset of a set of the first category is a
set of the first category, and any countable union of sets of the first
category is a set of the first category. The set @ of rational numbers
is of the first category. A set is said to be of the second category
iff it is not of the first category. An example of a set of the second
category is the set ® of all real numbers. More generally, any complete
metric space is of the second category (cf. [36], p. 338, Ex. 33). This
general result is due to R. Baire (cf. [1], p. 108, [20], pp. 138-145,
and [27], p. 204). It follows from this that the set ® \ @ of irrational
numbers is of the second category. We outline now a proof — inde-
pendent of the general theorem just cited — that any set A of real
numbers with nonempty interior I(A) is of the second category.
Assume the contrary, and let C be a nonempty closed interval [q, b] ,
interior to A,andlet C = F,u Fau -:- , where the sets F, are closed
and nowhere dense,n = 1,2, --- . Let C, be a closed interval [a,, b,)
C (a, b) \ F1; let C; be a closed interval [az, b)) € (a1, b)) \ Fy; in
general, for n > 1, let C, = [a,, bs] € (@n-1, bn—1) \ Fn. Then there
exists a point » belonging to every C,, n = 1,2, - - - (cf. [34], p. 201,
Ex. 30), whence p € C. But this is impossible since p belongs to
noF,,n =1,2, ---.(Contradiction.)
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8. A set that is not an F, set.

Recall (Example 23, Chapter 2) that an F, set is a set that is a
countable union of closed sets. Examples of F, sets abound: finite
sets, closed intervals, open intervals (for example, (0, 1) is the union
of the sets [1/n, (r — 1)/n]), half-open intervals, @ (if the rational
numbers are arranged in a sequence 7y, 72, <+ , then @ is the union
of the one-point closed sets {ri}, {ra}, <<, {ra}, <-+). An example
of a set that is not an F, set is the set ® \ @ of irrational numbers. To
prove this, assume the contrary, and let ®\ @ = C;u C:u ---,
where C, is closed, n = 1, 2, --. . Since no subset of the set ® \ @
of irrational numbers has an interior point, every closed subset of
®\ Q is nowhere dense, and this implies that ® \ @ is of the first
category. (Contradiction; cf. Example 7.)

9. A set that is not a G; set.
A set A is said to be a G; set iff it is a countable intersection of
open sets. It follows from the de Morgan laws for set-complemen-

tation:
+00 ’ +o0 +e0 ’ +e0
<U A,.) = N 4., (n A,.) = U 4,
n=1 n=1 n=1 n=l
that a set A is a G; set iff its complementary set 4’ = @&\ 4 isan
F, set. Therefore, since the set ® \ @ of irrational numbers is not an
F, set, the set @ of rational numbers is not a G} set.

If countable unions of G5 sets and countable intersections of F, sets
are formed, two new classes of sets are obtained, called G, sets and
F4 sets, respectively. In fact, two infinite sequences of such classes
exist: labeled F,, F,;, Fos0, - - - and Gs, Gss, Gsos, -+ . For a treatment
of these sets, cf. [20).

10. A set 4 for which there exists no function having 4 as its
set of points of discontinuity.

Let A be the set &\ @ of irrational numbers. Then since 4 is not
an F, set there is no real-valued function of a real variable whose set
of points of discontinuity is A (cf. the final remark of Example 23,
Chapter 2). In other words, there is no function from ® to ® that is
continuous at every rational point and discontinuous at every ir-
rational point. (Cf. Example 15, Chapter 2.)
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11. A nonmeasurable set.

The axiom of choice provides a means of constructing a set that is
not Lebesgue-measurable. In fact, the set thus produced cannot be
measurable with respect to any nontrivial countably additive trans-

lation-invariant measure. More specifically, if ¢ is a measure function
defined for all sets 4 of real numbers, finite-valued for bounded sets,
and such that

vz + A) = p(4)

foreveryz € & and A C ®, then p(4) = 0 for every A C ®R. We
shall now prove this fact.

We start with an equivalence relation ~ defined on (0, 1] X (0, 1]
asfollows:z ~ yiff x — y € Q. By means of ~ the half-open interval
(0, 1] is partitioned into disjoint equivalence classes C. The axiom of
choice, applied to this family of equivalence classes, produces a set
A having the two properties: (1) no two distinct points of A belong
to the same equivalence class C; (2) every equivalence class C
contains a point of 4. In terms of the equivalence relation ~ these two
properties take the form: (1) no two distinct members of 4 are
equivalent to each other; (2) every point z of (0, 1] is equivalent to
some member of 4. We now define, for each » € (0, 1), an operation
on the set 4, called translation modulo 1, as follows:

(r+4)(mod1) =[r+A4A)u(r—1 +A)]n(01]]
={+A4)n 0 1}u{(¢-—1 +4)n (O 1]}.

The two properties of the set A stated above imply, for translation
modulo 1: (1) any two sets (r + A)(mod 1) and (s + A)(mod 1)
for distinct rational numbers r and s of (0, 1] are disjoint; (2) every
real number z of (0, 1] is a member of a set (* + A)(mod 1) for
some rational number r of (0, 1]. In other words, the half-open
interval (0, 1] is the union of the pair-wise disjoint countable col-
lection {(r + A)(mod 1)}, where r € @ n (0, 1]. An important
property of the sets obtained from A by translation modulo 1 (on the
basis of the assumptions made concerning ) is that they all have the
same measure as A:
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#((r + A)(mod 1))
=p(lr+ 4)n (0, 1)) + u(((r — 1) + A)n (0, 1))
=pu(lr+A4)n(©0,1) + pu((r+4)n (1,2)
=p((r+ 4)n O, 2]) = p@ + A) = p(4).

On the assumption that 4 has positive measure we infer from the
countable additivity of u:

w0, 1) = > u(l+ Amod D) = > ud) =+,
reQN(0.1) reQn(0.1)

which is impossible since (0, 1) is bounded. Consequently x(4) = 0,
and
p(0,1) = > w(l + A)mod 1)) = > u(4) =0,
r¢@N(0,1) r<QN (0,1)
whence
+o

+o
W@ = 2, n + 1) = L WO 1) =0,

As a consequence of this, u is the trivial measure function for which
every set has measure zero.

Finally, since Lebesgue measure is a nontrivial translation-invariant
measure for which bounded intervals have positive finite measure,
the detailed steps just presented show that the set A is not Lebesgue-
measurable.

Since all F, setsand all G5 sets are Borel sets, and therefore measur-
able, the preceding nonmeasurable set is an example of a set that is
neither an F, set nor a G set.

The construction just described can be looked at in terms of sets
on a circle, as follows: In the complex plane @, let the unit circle
3= {z]|z € @, |z| = 1} be regarded as a group under multiplication.
For each z € 3 there is a unique §,0 < 6 < 1, such that z = e,
Let 3o = {z|z = €e*%,0 € Q0 <0 < 1}. Then Jo is a normal
subgroup, and the quotient group 8§ = 3/3, exists. If § is a one-to-one
preimage of $ in 3 (a complete set of representatives in 3), obtained
by the use of the axiom of choice, and if Lebesgue measure p on [0, 1)
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is carried over to a measure i on J by the rule:
E C 3is measurable iff F = {0 |e?™* € E,0 = 6 < 1}
is Lebesgue-measurable and i(E) = 2xu(F),

then §isnot measurable. Indeed, Usegnroa) €275 isa countable disjoint
union of sets, each of which is measurable, all with the same measure,
if § is. Furthermore, this union is J since § is a complete set of repre-
sentatives, whence 3 is a countable disjoint union of measurable sets,
all of the same measure, if § if measurable. Since G(3) = 2, we see
i(8) cannot be positive. But if 4(§) = 0, then 3(3) = 0.

The procedures outlined above can be extended to more general
topological groups, for example to compact groups having countably
infinite normal subgroups. (For definitions and discussions of group,
normal subgroup, etec., cf. [22]. Similarly, for topological groups cf.
(291

12. A set D such that for every measurable set 4, ;x(DnAd) =0
and u*(D n A) = (A).

A set D having this- property may be thought of, informally, as
being the ultimate in nonmeasurability — D is as nonmeasurable as
a set can be! The set D, as is the case with the nonmeasurable set 4
of Example 11, is again constructed with the aid of the axiom of
choice, but the details are somewhat more complicated. For a com-
plete discussion, see [18], p. 70. This example shows that every
nmeasurable set 4 contains a subset whose inner measure is equal to
zero and whose outer measure is equal to the measure of A. It also
shows that every set of positive measure contains a nonmeasurable subset.

F. Galvin has given a construction of a family {E:}, 0 < ¢ < 1,
of pairwise disjoint subsets of (0, 1] such that each has outer measure 1.

13. A set 4 of measure zero such that every real number is a
point of condensation of 4.

A point p is a point of condensation of a set A if and only if
every neighborhood of p contains an uncountable set of points of 4 .
Let C be the Cantor set of Example 1, and for any closed interval
[«, 8], where @ < B, define the set C(a, 8):

Cla,) = fa+ (B — a)z|z € C}.
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Then C(a, 8) is a perfect nowhere dense set of measure zero. Let B
be the set that is the union of all sets C(a, 8) for rational « and B,
where a < B. Since B is the union of a countable family of sets of
measure zero it is also a set of measure zero. On the other hand, since
every open interval I must contain a set C(a, 8), and since every
C(a, B) is uncountable, every real number must be a point of conden-
sation of B. (Cf. [14], p. 287.)

14. A nowhere dense set 4 of real numbers and a continuous
mapping of 4 onto the closed unit interval [0, 1].

The set A can be any Cantor set (Examples 1 and 4), since all
Cantor sets are homeomorphic (Example 23). We shall describe a
specific mapping ¢ for the Cantor set of Example 1. The mapping is
that described in the second paragraph of Example 2: Forany z € C,
let O.ciczc5 - - - be its ternary expansion, wherec, = Oor2,n = 1, 2,
-+« ,and let

GG |

533

where the expansion on the right is now interpreted as a binary
expansion in terms of the digits 0 and 1. It is clear that the image of
C, under ¢ , is a subset of [0, 1). To see that [0, 1] < ¢(C), we choose
an arbitrary y € [0, 1] and a binary expansion of y:

Y = 0.babobs - .

¢(z) = 0.

Then
& = 0.(2b1)(2b;)(2bs)- -+

(evaluated in the ternary system) is a point of C such that ¢(z) = .
Continuity of ¢ is not difficult to establish, but it is more conveniently
seen in geometric termis as discussed in the following example, where
the mapping ¢ is extended to a continuous mapping on the entire
unit interval [0, 1].

It should be noted that ¢ is not one-to-one. Indeed, this would be
impossible since C and [0, 1] are not homeomorphic, and any one-to-
one continuous mapping of one compact set onto another is a homeo-
morphism (cf. [34], p. 192). (The set C is totally disconnected, having
only one-point subsets that are connected, whereas its entire image
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[0, 1] is connected.) An example of two points of C that have the
same image is the pair 0.022000000- - - and 0.020222222- - - , since
their images are 0.011000000 and 0.010111111--- = 0.011000000. In
fact, two points z; and z, of C have the same image, under ¢ , if and
only if they have the form:

1 = 0.1 - -€,2000- - - and z; = 0.cico- - -¢,0222- - - .

In other words, ¢(z;) = ¢(x.) iff 2; and z, are endpoints of one of the
open intervals deleted from [0, 1] in the construction of C. Therefore
¢ is an increasing function on C, and strictly increasing except for
such pairs of endpoints. (Cf. Example 30.)

The following general theorem is an extension of the preceding
““existence theorem,” indicating what is possible in metric spaces for
both continuous and homeomorphie (topological) images of the Cantor
set (actually, of any Cantor set, by Example 23) and its subsets (for
definitions, cf. the Introduction to Chapter 12): Every separable
metric space 1s a continuous image of a subset of the Cantor set. Every
compact metric space is a continuous image of the Cantor set. Every
compact totally disconnected metric space is a homeomorphic image of a
closed subset of the Cantor set. Every compact totally disconnected perfect
metric space is a homeomorphic tmage of the Canior set. (Cf. [1], pp.
119-122.)

15. A continuous monotonic function with a vanishing de-
rivative almost everywhere.

The function defined in Example 14 can be extended so that its
domain is the entire unit interval [0, 1], as follows: If z € [0, 1]\ C,
then z is a member of one of the open intervals (a, b) removed from
[0, 1] in the construction of C, and therefore ¢(a) = ¢(b); define
¢(x) = ¢(a) = ¢(b). In other words ¢ is defined to be constant on
the closure of each interval removed in forming C. On the interval
[3, 2], ¢(z) = % On the intervals [$, 2] and [, &), the values of ¢
are $ and £, respectively. On the intervals &%, %], &7, =], 32, 2%,
and (%3, 28], the values of ¢ are %, £, §, and %, respectively. If this
process is repeated indefinitely, we see that the function ¢ with
domain [0, 1] is increasing there, and (locally) constant in some
neighborhood of every point of [0, 1]\ C. (Cf. Fig. 4.) Since ¢ is
increasing on [0, 1] and since the range of ¢ is the entire interval
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Figure 4

[0, 1], ¢ has no jump discontinuities. Since a monotonic function can
have no discontinuities other than jump discontinuities (cf. [34], p.
52, Ex. 24), ¢ is continuous. Since ¢ is locally constant on the open
subset [0, 1]\ C, which has measure 1, ¢'(z) = 0 almost everywhere
in [0, 1]. The function ¢ just defined is called the Cantor function.

In much the same way as the Cantor function is defined in terms
of the Cantor set, other ‘“‘Cantor functions” can be defined in terms
of other Cantor sets (of positive measure). Perhaps the simplest way,
in terms of a given Cantor set A on [0, 1], to define the corresponding
Cantor function g is to define g first on the closures of the successively
removed intervals: on the central interval, g(z) = #; on the next two
the values of g are 4 and £, on the next four the values are }, 3, §, §,
ete. On the dense subset [0, 1]\ A, g is increasing and its range is
dense in [0, 1]. Therefore the domain of g can be extended to [0, 1]
80 that g is increasing and continuous on [0, 1], with range [0, 1].

By making use of Example 5§—a “Cantor set” of irrational
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numbers — it is possible to construct a function & that is increasing
and continuous on [0, 1], with range [0, 1}, and such that h'(z) = 0
for every rational number z € [0, 1]. In fact, the range of h(z) for
rational z € [0, 1] can be made equal to the entire set § n [0, 1] of
rational points of [0, 1), instead of simply those of the form m/2" as
in the preceding cases. In this way we obtain a function satisfying
the requirements of Example 11g, Chapter 1.
For a strictly monotonic example, see Example 30.

16. A topological mapping of a closed interval that destroys
both measurability and measure zero.

If ¢ is the Cantor function of Example 15, define a function ¢ by:

V@) =z +¢@), 0=z=1,

with range [0, 2). Since ¢ is increasing on [0, 1), and continuous there,
¥ is strictly increasing and topological there (continuous and one-to-
one with a continuous inverse on the range of ¢). Since each open
interval removed from [0, 1] in the construction of the Cantor set C
is mapped by ¢ onto an interval of [0, 2] of equal length, u(¥(I \ C)) =
w(I\ C) = 1, whence u(¥¢(C)) = 1. Since C is a set of measure zero,
¥ is an example of a topological mapping that maps a set of measure
zero onto a set of positive measure. Now let D be a nonmeasurable
subset of ¢(C) (cf. Example 12). Then y—'(D) is a subset of the set C
of measure zero, and is therefore also a (measurable) set of measure
zero. Thus ¢ is an example of a topological mapping that maps a
measurable set onto a nonmeasurable set. (See also Example 23.)

17. A measurable non-Borel set.

The set y~!(D) of Example 16 is a measurable set, but since it is
the image under a topological mapping of a non-Borel set D, y~1(D)
is not a Borel set. (Cf. [20], p. 195.)

18. Two continuous functions that do not differ by a constant
but that have everywhere identical derivatives (in the finite
or infinite sense).

This example was given by Rey Pastor [38] (also cf. [10], p. 133).*

*The example given by Pastor is in error. For a correct example see S. Saks,
Theory of the inlegral, Warsaw (1937), pp. 205-206.
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8. Sets and Measure on the Real Axis

Let ¢ be the Cantor function of Example 15. On the unit interval
[0, 1] define the function A(z) to be equal to zero on the Cantor set
C, and on each open interval (a, b) removed in the construction of
C define h(z) so that its graph consists of two congruent semicircles
with diameter on the z axis, one semicircle lying above the z axis on
the left-hand half of (a, b) and the other semicircle lying below the
z axis on the right-hand half of (a, b):

4 b_a2 3a+b2]|/2 . a+b
?[( 4~).—(z— 2 ) if a<z = 5

h(x) = 2 271/2
e - (-5 v o

Then h is everywhere continuous on the interval [0, 1]. Finally, let
f(z) = 2¢(z) + h(z) and g(z) = ¢(z) + h(z). Then f'(z) = ¢(2)
for 0 < z < 1: for every z of the Cantor set C, f'(z) = ¢'(z) = + »;
for every z that is the midpoint of an interval removed in the forma-
tion of C, f'(x) = ¢g’(z) = — «; for every other z € [0, 1] \ C,
f'(z) = ¢’(x) = h'(z). On the other hand, f(z) — g(z) = ¢(z), and
¢(z) is not a constant function.

19. A set in [0, 1] of measure 1 and category 1.

First example: Let A. be a Cantor set in [0, 1] of measure (n — 1)/n,
n=12---,andletA = 4, u A,u --- . Then, since 4. is nowhere
dense, forn = 1,2, - .- | A is of the first category. On the other hand,
since

=14

Y

1

I‘(An) =

forn =1,2, -, n(4) = L
Second example: A second such set is given by the complement

(relative to the unit interval) of the set of the second example
under Example 20, below.

20. A set in [0, 1] of measure zero and category II.

First example: If A is the set of the first example under Example 19,
above, then its complement A’ = [0, 1]\ 4 is of the second category
(if it were of the first category, the interval [0, 1] would be a union
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of two sets of the first category and hence also of the first category),
and of measure zero (u([0, 1] \ 4) + u(4) = 1).

Second example: Let @ n [0, 1] be the range of a sequence {r,},

and for each pair of positive integers k¥ and =, let I;, be an open
“+eo

interval containing r, and of length < 2-%= If A; = U I, and

n=1
B, = [0, 1]\ A4, then A, is an open set containing @ n [0, 1] and
having measure u(4:) < 2%, and hence B is a compact nowhere
dense set of measure u(Bx) > 1 — 2 * (The measure of 4, is less
than or equal to the sum of the lengths of the intervals I;,, n = 1, 2,
-+, and B; can have no interior points since it consists of irrational

40
points only.) Therefore the set B = U B, is a subset of [0, 1] of
k=1 +o0

measure 1 and of the first category; the set A = N 4, = [0, 1]\ B
k=1

is a subset of [0, 1] of measure zero and of the second category.

21. A set of measure zero that is not an F, set.

First example: The first example under Example 20 cannot be a
countable union of closed sets Fy, Fy, - - -, since if it were, each F,
would be a closed set of measure zero and therefore nowhere dense.
But this would mean that the set under consideration would be of
the first category. (Contradiction.)

Second example: The second example under Example 20, for the
same reasons as those just given, has the stated properties.

Third example: The non-Borel set of Example 17 is of measure
zero, but cannot be an F, set since every F, set is a Borel set.

22. A set of measure zero such that there is no function
Riemann-integrable or not — having the set as its set of points
of discontinuity.

Each set under Example 21 is such a set, since for any function on
® into ® the set of points of discontinuity is an F, set (cf. Example 23,
Chapter 2; also cf. Example 8, Chapter 4).

The present example is of interest in connection with the theorem:
A mnecessary and sufficient condition for a real-valued function defined
and bounded on a compact interval to be Riemann-integrable there, is
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8. Sets and Measure on the Real Axis

that the set of its points of discontinuity be of measure zero (cf. [36],
p. 153, Ex. 54). A careless reading of this theorem might lead one to
believe that every set of measure zero is involved, since the condition
of the theorem is both necessary and sufficient.

23. Two perfect nowhere dense sets in [0, 1] that are homeo-
morphic, but exactly one of which has measure zero.

We shall prove even more: If C is the Cantor set on [0, 1] of measure
zero and if A is any Cantor set on [0, 1] of positive measure, then
there exists a homeomorphism f of [0, 1] onto [0, 1] such that f(C) = A .
An immediate consequence of this will be the corollary that all Cantor
sets are homeomorphic.

The idea of the mapping is similar to that of the original Cantor
function (Example 15): Arrange the intervals I, I,, --- and the
intervals J,, J2, « -+ deleted from [0, 1] in the formation of C and A4,
respectively, in the same “order sense.” That is, let I, and J, be the
middle intervals first removed ; then let I; andJ; be the “left middles”
and I; and J; be the “right middles” next removed, etc. Then map
the closure of I, onto the closure of J, linearly and increasingly, for
n =1, 2, ---. Then fis defined and strictly increasing on a dense
subset of [0, 1], and since its range is also dense on [0, 1], the con-
tinuous extension of f to [0, 1] is immediate, as described in the second
paragraph under Example 15. (Cf. Fig. 5.). The present function f is
a second example of the type called for in Example 16.

24. Two disjoint nonempty nowhere dense sets of real num-
bers such that every point of each set is a limit point of the
other.

Let A be any Cantor set in [0, 1], and let B be the subset of A
consisting of all endpoints of the open intervals that were deleted
from [0, 1] in the construction of A, and let E = A\ B. Then B
and E satisfy the requirements.

If the containing space is not restricted to being ® , examples are
easily constructed. For instance, in the Euclidean plane two sets
satisfying the stated conditions are the set of rational numbers on
the z axis and the set of irrational numbers on the z axis.
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(o
Figure 5

25. Two homeomorphic sets of real numbers that are of
different category.

We start by defining an increasing continuous function on [0, 1]
that is similar to a Cantor function as defined in the second paragraph
under Example 15. In the present instance let {/,} be the sequence
of open sets removed from [0, 1] in the construction of a Cantor set
A, as described in Example 23, and let {s,} be a one-to-one mapping
of N onto @ n (0, 1) . Define the sequence {r,} as follows: let r, = s;;
let 7, = s, where n is the least positive integer such that s, < ry;
let rs = s, where = is the least positive integer such that s, > r;.
Then let r, = s, where n istheleast positive integer such that s, < rs;
let r5 = s, where n is the least positive integer such thatr; < s, < ry;
let rs = s, where = is the least positive integer such thatr, < s, < rs;
let 7 = s. where n is the least positive integer such that s, > rs.
If this procedure is continued, the rational numbers between 0 and 1
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are arranged in a sequence {r,} in such a way that their order relation
corresponds to that of the sequence of intervals J,, as indicated in
Figure 6. In other words, 1, < 7, if and only if J lies to the left of J,.
We now define the function f so that f(z) = r, if = belongs to the
closure J, of Jo, 7 = 1,2, -- . As in Example 15, f is defined and
increasing on a dense subset of [0, 1], with range dense in [0, 1], and
can be extended to a continuous increasing function mapping [0, 1]
onto [0, 1]. If B and E are defined as in Example 24, then f maps B
onto the set @ n (0, 1), and E onto the set (0, 1) \ @ of all irrational
numbers between 0 and 1. In this latter case, the mapping between
Eand (0, 1) \ Qis strictly increasing and biconttnuous. (The continuity
of the inverse mapping follows from the order-relationship among the
points of E and the correspondence to that order-relationship among
the pointsof- (0, 1) \ .) Therefore E and (0, 1) \ @are homeomorphic.
That is, any Cantor set shorn of its “endpoints’’ ts homeomorphic to the
set of irrational numbers between 0 and 1. But E is nowhere dense and
hence of the first category, whereas (0, 1) \ @ is of the second category
(cf. Example 7).

1t should be noted that, in contrast to the sets of Example 23, the
homeomorphism of the present Example cannot be induced from a
homeomorphism between containing intervals. (If two spaces are
homeomorphic and if two sets correspond under this homeomorphism,
then if one is nowhere dense so is the other; if one is of the first
category, then so is the other.)

26. Two homeomorphic sets of real numbers such that one is
dense and the other is nowhere dense.

If, in Example 25, the rational numbers {r,} are not restricted to
the interval (0, 1) but are permitted to encompass the entire set 9,
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then a homeomorphism between E and the set @ = ®\ Q of all
irrational numbers is obtained. The set E is nowhere dense, and the
set @ is dense. (Cf. the final paragraph under Example 25.)

27. A function defined on ® , equal to zero almost everywhere
and whose range on every nonempty open interval is |R.

We shall arrive at the construction of a function f having the stated
properties in stages. Our first goal is to define a function g on the
open interval (0, 1) that maps the set C' n (0, 1), where Cis the Cantor
set of measure zero, onto ®. If ¢ is the Cantor function (Example
15), then g can be defined:

gz) = tan [x(s(z) — §)), 0<=z<1.

The second step is to define, for an arbitrary open interval I =
(a, b), a subset Z; of measure zero and a function g; with domain Z;
and range ®. This can be done as follows:

Zr={a+ (b—a)z|z € Cn(0,1)},

gz(z)sg<::z>, T€Z;.

We start defining the desired function f by letting it be equal to
zero on the set 9 of integers We now define a sequence {U,} of open
sets as follows: Let U; = R\ 4, which is the union of all open in-
tervals of the form (n, n + 1), where n is an integer. In each of these
intervals I let Z; be the set of measure zero defined above, and on the
set Z; define f to be equal to gr. The subset U. of U; where f has not
yet been defined is an open set, and therefore a union of disjoint
open intervals. In each of these intervals I let Z; be the set of measure
zero defined above, and on the set Z; define f to be equal to gr.
The subset Us of Us where f has not yet been defined is again an open
set, and therefore a union of disjoint open intervals. If the sets Z,
are again defined as above, the domain of the function f can once more
be extended, to include these sets of measure zero. Let this process
continue, by means of a sequence {U,} of open sets each of which has
a complement of measure zero. The function f thereby becomes de-
fined on a set of measure zero — the complement of the intersection
of Uiy, Us, -+, or equivalently, the union of their complements
U/, Uy, +++ —in such a way that every nonempty open interval
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must contain one of the open intervals I of one of the open sets U,,
and therefore a set Z; on which the range of f is ®. Finally, we define
S to be identically zero where it has not already been defined.

28. A function on ® whose graph is dense in the plane.
The function of Example 27 has this property.

29. A function f such that 0 =< f(x) < + = everywhere but
[ef(x) dx = + = for every nonempty open interval (a, b).

A function having these properties can be constructed by repeating
the procedures of Example 27, with the following two changes: (z)
let the set C be replaced by a Cantor set of measure % on [0, 1] and
(#7) define the function g;:

g!(x) IIP X(ZI))

where | I | denotes the length of the interval I and x(4) is the charac-
teristic function of the set A (cf. the Introduction, Chapter 1). Each
set Z; has measure | I |, and therefore the integral of g; over I is
equal to 1/(2| I |). Since every nonempty interval of the form (c, d)
contains subintervals I of arbitrarily small length, the integral
[ f(x) dz is arbitrarily large and hence, being a constant, is equal to
+ .

30. A continuous strictly monotonic function with a vanishing
derivative almost everywhere. (See page 195 for elaboration.)

A function f with these properties is given by A. C. Zaanen and
W. A. J. Luxemburg [3], as follows: If ¢ is the Cantor function of
Example 15,let ¢(z) = ¢(z)if z € [0,1] and ¥(z) = 0ifz € R’ \ [0, 1],
let {[a. , bs]} be the sequence of closed intervals [0, 1], [0, 3], [3, 1],
0%, &3, -, [0 é]: .-+, and define

f(z) = Zz.p( ‘;:) for 0<z<1.

31. A bounded semicontinuous function that is not Riemann-
integrable, nor equivalent to a Riemann-integrable function.

The characteristic function f of a Cantor set A of positive measure
on [0, 1] is bounded and everywhere upper semicontinuous. Since its
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set of points of discontinuity is 4, which has positive measure, f is
not Riemann-integrable on [0, 1). Two functions are equivalent iff
they are equal almost everywhere. If the values of f are changed on a
set of measure zero, the resulting function also has a set of positive
measure as its set of points of discontinuity.

32. A bounded measurable function not equivalent to a Rie-
mann-integrable function.
The function of Example 31 has this property.

33. A bounded monotonic limit of continuous functions that
is not Riemann-integrable, nor equivalent to a Riemann-
integrable function. (Cf. Example 10, Chapter 4.)

The function f of Example 31 can be obtained as the limit of a
decreasing sequence {f,} of continuous functions as follows: For any
open interval I = (a, b), where 0 £ a < b £ 1, and for any positive
integer n, define the functlon gn,;:

(1 if 0<z<=<ag,
1 if b=sz=1,

b—a b—a
<p—
- =2 Sb——,

linear if a§x§a+%9,

0 if a+
g..z(-’l«') =

linear if b-—b_aéz b

| 2

If {J,} is the sequence of open intervals removed from [0, 1] in the
formation of the Cantor set A of positive measure (cf. Example 23),
define the sequence {f,} :

fl = gy,

J2 = 92.0,°02.0,
f” = gn.-h'gu.lz' °e .g"-lﬁ°

34. A Riemann -integrable function f, and a continuous func-
tion g, both defined on [0, 1] and such that the composite
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function f(g(x)) is not Riemann-integrable on [0, 1], nor
equivalent to a Riemann-integrable function there. (Cf. Ex-
ample 9, Chapter 4.)

The function of Example 31 isof the required form f(g(z)) if f(z)
is defined to be 0 for 0 < z < 1and 1forz = 1, and if g(z) is defined
tobelifz € A,and1 — 3(b — a) + |z — #(a + b) | if = belongs to
an interval I = (a, b) removed from [0, 1) in the formation of 4.
The function g(z) is continuous since for all z, and z, of [0, 1],

| g(z1) — g@2) | < |21 — 22|

Note that by appropriate use of “bridging functions” (cf. Example
12, Chapter 3) the functions g,,; of Example 33 and the portions
defining the function g of Example 34 — and therefore the functions
f» of Example 33 and the complete function g of Example 34 — may
be replaced by infinitely differentiable functions.

Finally, it should be noted that in the reverse order this example is
impossible. In other words, every continuous function (with a com-
pact interval as domain) of a Riemann-integrable function is Riemann-
integrable. (Cf. [36]), p. 153, Ex. 55.)

35. A bounded function possessing a primitive on a closed in-
terval but failing to be Riemann-integrable there,

Let the function g be defined for positive z (cf. Example 2, Chapter
3) by the formula g(z) = 2*sin(1/z), and for any positive number
¢, let z. be the greatest positive = less than or equal to ¢ such that
g (z) = 0. For any positive ¢ define the function g, for0 < z < ¢:

_fg@) if 0<z=Z2,
o) = {y(xc) if z.<zse

If A isany Cantor set of positive measure on [0, 1], define the fune-
tion fas follows:If z € A let f(z) = 0, and if = belongs to an interval
I = (a, b) removed from [0, 1] in the formation of A4, let

f(x)={g,(:v—a) if a<z=4¥a+Dd),
T lg—z+d) if Ha+b) Sz<b,

where ¢ = 3(b — a). .
If z is any point of 4 and if y is any other point of [0, 1], then either
f() = 0 or y is a point of some removed interval I = (a, b). In the
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former case, | (f(y) — f(z))/(y — z)| = 0 < |y — z |- In the latter
case, let d be defined to be the endpoint of (@, b) nearer y. Then, with

¢ =30 — a),

fly) — f(z) o | < l f(y)

y—2z y—z|  jly—4d
_elly=dD| - [ly=2@lf| _ . _ _
—I v —a ély_dl—ly |l = |y = z|.

Therefore, in either case, | (f(y) — f(z))/(y — 2) | S |y — z |, and
zonsequently f’(z) = O for every z € A.
On the other hand, if = belongs to any removed interval (a, b),

|f'@) | = |22sin (1/2) — cos (1/2) | <

for some z between 0 and 1, so that f is everywhere differentiable on
[a, b] , and its derivative f* is bounded there.

Finally since limy.o ¢'(y) = 1 (cf. Introduction, Chapter 2), it
follows that for any point z of 4, lim,..f'(y) = 1. Therefore the
function f” is discontinuous at every point of A, and hence on a set of
of positive measure. The function f/ therefore satisfies all condltlons
specified in the statement above.

A construction similar to the above was (presumably first) given
by the Italian mathematician V. Volterra (1860-1940) in Giorn. di
Battagling 19(1881), pp. 353-372.

36. A function whose improper (Riemann) integral exists but
whose Lebesgue integral does not.
If f(zx) = sinz/z if z 3¢ 0 and f(0) = 1, then the improper integral
+* f(z) dz converges conditionally (cf. [34] p. 465). That is, the
integral converges, but [7° | f(z) |dz = -+ . This means that the
function | f(z) | is not Lebesgue-integrable on [0, 4+ « ), and therefore
neither is f(z) .

37. A function that is Lebesgue-measurable but not Borel-
measurable.

The characteristic function of the Lebesgue-measurable non-Borel
set in Example 17 satisfies these conditions.
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38. A measurable function f(x) and a continuous function
g(x) such that the composite function f(g(x)) is not meas-
urable.

In the notation of Example 16, let E = ¢~1(D). Then the charac-
teristic function f = xz of the set E is measurable and ¢ = ¢! is
continuous, but the composite function f(g(x)) is the nonmeasurable
characteristic function of the nonmeasurable set D.

It should be noted that in the reverse order this example is impos-
sible. In other words, every continuous function of a measurable
function is measurable.

39. A continuous monotonic function g(x) and a continuous
function f(x) such that

[ @) dg(@) = [ 1@ (2) do.
0 0

Let f(x) = 1 on [0, 1], and let g be the Cantor function ¢ of Ex-
ample 15. Then the Riemann-Stieltjes (cf. [36], p. 179) or Lebesgue-
Stieltjes integral (cf. [18], [30], and [32]) on the left above is
equal to ¢(1) — ¢(0) = 1, while the Lebesgue integral on the
right is equal to O since the integrand is almost everywhere equal
to 0.

40. Sequences of functions converging in different senses.

If f, fi, fo, +-+ are Lebesgue-integrable functions on either the
unit interval [0, 1] (more generally, on a measurable set of finite
measure) or the real number system ® (more generally, on a measur-
able set of infinite measure), then there are many senses in which
the statement

lim f, = f

n->t+w
may be interpreted. We shall consider here four specific meanings,
indicate the implications among them, and give counterexamples
when such implications are absent. We shall indicate by the single
letter S either [0, 1] or ® as the domain for the functions concerned.
The four interpretations for the limit statement given above that
we shall consider are:
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(?) Convergence almost everywhere*:
l‘iirn“° fa(z) = f(z) for almost every z € 8.

(#2) Convergence in measure:

Ve>0, lim ufz||fae) — f2) | > &} = 0.

(#%t) Mean convergencet:

lim flf,.(:c) — f() | dz = 0.
n+t0 JS

(7v) Dominated convergence]:
Convergence almost everywhere holds, and there exists a
Lebesgue-integrable function g such that |fa(z) | £ | g(z) |
forn = 1,2, --- and almost all = € 8.

We start with two statements concerning the implications that
hold among (Z)-(tv). If S is of finite measure, then

) = { (’:).} = ().

(i22

If S is of infinite measure, then

. )
@) = {(m‘) = (#0).
(Cf. [18], [30], and [32].)
Examples now follow to show that all of the implications missing
above may fail. For all but the last one, each of the examples serves

for spaces of either finite or infinite measure, since all of the func-
tions involved are zero for z € @&\ [0, 1].

* A clogely related type of convergence is convergence everywhere, which has
a rather trivial relationship to (z).

t This is the same as convergence in the Banach space L! of all integrable
functions, reduced modulo functions almost everywhere equal to zero. This
can be generalized by means of an exponent p = 1 to convergence in the Banach
space L? of measurable functions the pth powers of whose absolute values are
integrable, reduced modulo functions almost everywhere equal to zero. For
further discussion, see [16], [18], [29], and [32].

1 The type of dominated convergence needed, in case (¢i%) is replaced by
convergence in L7, is that given by | fu(z)| < | g(z)|, where g € L».
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(Z) = (#%): Let f(z) = 0 for all z € R,

_Jn if 0<z<1/n,
fr@) = {o if z€®\©,1/m),
forn=12,---.
(z) = (iv): Same as (¢) = (¢47) since (i) = (2¢2).
(i) = (2): Let f(z) = O for all z € ®R. For each n € N, write
n=2+m,where0 S m <2,k =0,1,2, -+ ; then kand m are
uniquely determined by 7. Let .

. < <m-i—l
fn(x)E 1 lf 2k=x= 2k ’

0 otherwise for z € @.

Then [ | fa(z) — f(@) |dz = 2* —08sn— + o , but lim,. . fu(z)
exists for no z € [0, 1].
(¢iz) = (fv):Same as (¢22) = (2) since (i) = (7).
(#2) = (¢): Same as (¢42) = (¢), since for the function f, of that
example, and any positive ¢,
plz| | fa@) — f@)] > e} S 2+ >0 as n > +o.
(22) + (¢42): Let f(z) = 0 for all z € ®, and for any n € N let k
and m be determined as in the example for (¢7z) # (z). Let '
E o M m-+ 1
A= M BRETE T

0 otherwise for z € @®.

b

Then for any positive number &,
pe||fal2) = f@) | > &) S 27+ >0 as n— 4,
but [g | falt) — fx)|dz = 10 as n— + o,
(#2) = (w): Same as (72) += (¢) or (&z) +> (27), since (zv) = (¢) and
(tv) = (27).
Finally, we give an example where the space S is the space ®

of infinite measure:
(®) = (i2): Letf(z) =0 forall z€ @,

(1 if nSzZn+1,
fn(x) =
L0 otherwise for z € Q.
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41. Two measures yx and » on a measure space (X, S) such that
p is absolutely continuous with respect to » and for which no
function f exists such that u(E) = [£f(x) dv(x) for all E € 8.

Let X = @ and let S be the class of all subsets of X. For any set
E € S define

(B) = 0 if E is countable,
M=) =14» if E isuncountable,
n if E consists of # points, n = 0,
v(E) = {+«; if E is infinite.
Then »(E) = 0 = E = @ and hence p(E) = 0, so p is absolutely
continuous with respect to ». On the other hand, if f is a function
such that

wB) = [ 1) dr(2)

for all sets E, then this equation holds in particular when E is an
arbitrary one-point set, E = {y}, in which case

WE) =0 = [ 1) d(z) = 1(u).

But this means that the function f is identically 0, and consequently
that u(E) = 0 for every E € S. (Contradiction.)

If we interpret + « -0 as 0, the following statement is true: If f is
a nonnegative extended-real-valued function measurable with respect to
a measure function v on a measure space (X, S) and if

w(E) = f (z) dv(z)

for.all measurable sets E, then p s a measure function on (X, S) that
s absolutely continuous with respect to v. The preceding counterex-
ample shows that the unrestricted converse of this statement is false.
The Radon-Nikodym theorem (cf. [18]) is a restricted form of the

converse,
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Chapter 9

Functions of Two Variables

Introduction

In this chapter a basic familiarity with the concepts of continuity
and differentiability of functions of two variables — and for the last
two examples, line integrals, simple-connectedness, and vector analy-
sis — will be assumed. If f(z, y) is a differentiable function of the two
variables z and y, its partial derivatives will be alternatively denoted:

ai:{ = fz(x, y) = fl(x, y), aa—yf = fy(z, 1/) = f2(x) ?I),

2 az
é;;t = fu(xy 1/) = fu(x, ?I), ’a_;’g_y = fzy(x; ?I) = fm(x, y)7 e
A region is a nonempty open set R any two of whose points can be
connected by a broken line segment lying completely in R.

1. A discontinuous function of two variables that is con-
tinuous in each variable separately.
Let the function f(z, y) with domain ® X ® be defined:

[ zy . 2 2
—— if 4+ y =0,
flay) = [+ 9 !
0 if z=y=0.
Then f is discontinuous at the origin since arbitrarily near (0, 0)

there exist points of the form (a, a) at which f has the value . On
the other hand, for any fixed value of y (whether zero or nonzero),
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II. Higher Dimensions

the function g(z) = f(z, y) is everywhere a continuous function of z.
For a similar reason f(z, y) is a continuous function of y for every
fixed value of z.

2. A function of two variables possessing no limit at the origin
but for which any straight line approach gives the limit

zero.
Let the function f(z, y¥) with domain ® X ® be defined:

2
fmp=lFrg ¥ O
0 if =y =0,

and let L be an arbitrary straight line through the origin. If L is
either coordinate axis, then on L, f(z, ) is identically zero, and hence
has the limit 0 as (z, y) — (0, 0) along L. If L is theline y = max,
then on L, f(z, y) has the value

mz® _ mz
7+ mt T+ m
for z ¢ 0. Therefore lim..o f(z, mz) = 0. In spite of this fact, f(z, y)

is discontinuous at (0, 0) since, arbitrarily near (0, 0), there are
points of the form (a, a?) at which f has the value 3.

f(z, mz) =

3. A refinement of the preceding example.
Let the function f(z, ) with domain ® X ® be defined:
~1/22

ey .
iz, y) = 6‘2/"‘—4-?,2 if =0,

0 if z=0,

and let C be an arbitrary curve through the origin and of the form

2" = (y/c)* or y = cx™, where m and n are relatively prime posi-

tive integers and c is a nonzero constant (z = 01in casen is even). Then

if the point (z, y) is permitted to approach (0, 0) along C, we have:
—1/z2x—m/n

. miny _ 1: ce =
lzl_l'%f(a:,ca: )—lzl_l..“r}e__——-m,,x_z’n/"_*_c2 0.
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9. Functions of Two Variables

(Cf. Example 10, Chapter 3.) In spite of the fact that the limit of
f(z, v) as (z, y) approaches the origin along an arbitrary algebraic
curve of the type y = cx™* is zero, the function f(z, y) is discon-
tinuous at (0, 0) since there are points of the form (a, e‘ll“z) ar-
bitrarily near (0, 0) at which f has the value 3.

4. A discontinuous (and hence nondifferentiable) function of
two variables possessing first partial derivatives everywhere.
Each function of the three preceding examples has these properties.

5. Functions f for which exactly two of the following exist
and are equal:
lim f(x, y), limlim f(x,y), . lim lim f(x, y).
(z)->(ab) z>a  y-b y=>b 22a
Let the three limits written above be designated (z), (¢7), and (477),
respectively. The following functions are such that the indicated
limit does not exist but the other two do and are equal:
(7): Example 1, with (a, b) = (0, 0).
_fy+zsin(Ify) if y=0,
@): fle, y) = {0 if y=0,
with (a, b) = (0, 0).
_Jz+ ysin (1/2) if =z 0,
(@5): f(z, y) = {0 iz =0,
with (a, b) = (0, 0).
In both examples (77) and (747),

[f@ )| = lz|+ |yl = 22+ y2)'e,

and hence lim y)-0.0 f(z, ¥) = 0. Each iterated limit, (77) or (4¢2)
that exists is equal to 0.

It should be noted that if both limits (¢) and (77) exist they must
be equal, and that if both limits (Z) and (¢7%) exist they must be equal
(cf. [34], p. 184).

6. Functions f for which exactly one of the following exists:

lim  f(x, y), lim lim f(x, y), hm lim f(x, y).

(z,y)>(a.b) z>a y->b z>a
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I1. Higher Dimensions

As in Example 5, designate the three limits above by (7), (i), and
(#47), respeetively. The following functions are such that the indicated
limit exists but the other two do not:
N, _ [zsin (1/y) + ysin (1/z) if zy =0,
@ fie,0) = {5 %5 0
with (a,b) = (0,0).

(i‘i):f(z,y)s{xz.i_yz"'ymn»z if 20,
0 if z=0’
with (a, b) = (0, 0).
2y N B
(#1): f(z,y) = m+zsm§ if y=0,
0 if y=0,
with (a, b) = (0, 0).

7. A function f for which lim.., lim,.; f(x, ¥) and
lim,; lim. ., f(%, ¥) exist and are unequal.

(3’—3/’ . 2 2
if + y #0,
If f(z’y)’-—“xz-*-yz i Y

0 if 2=9=0,
then
_— — ¥ 2/2) —
gmf(%y) I:gg(x/x) 1,
lim lim f(z,y) = lim (—=¢"/4") = =1
0 20 y0
8 A function f(x, y) for which lim, .f(x, y) = g(x) exists

uniformly in x, lim..of(x, y) = h(y) exists uniformly in y,
lim..o g(x) = lim,,, h(y), but lim,.(0.0 f(x, y) does not exist.

_J1 if zy#0,
Let f(x’y)s{o if zy=0.
Then
s _ 1 if 270
0@ = lim e, ) = {3 Bt 270
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9. Fundions of Two Variables

— 1 _J1 if y##0,

and both of these limits are uniform over the entire real number sys-
tem. However, since there are points arbitrarily near (0, 0) at which
f is equal to 0, and points arbitrarily near (0, 0) at which fis equal to
1, the limit of f(z, y) as (z, y) — (0, 0) cannot exist.

It should be noted that by the Moore-Osgood theorem (cf. [36],
p. 313), the present counterexample is impossible if all points of the
form (0, y) and all points of the form (z, 0) are excluded from the

domain of f.

9. A differentiable function of two variables that is not con-
tinuously differentiable.
If

"2 sin (l/x; + y?sin (1/y) if zy =0,
z?sin (1/z) if 20 and y =0,

fa,y) = y*sin(1/y) if 2=0 and y 0,
0 if z=y =0,

then both functions

foz, y) = {g"’ si".fn (:::1/:)0,_ cos (1/z) if z #0,

fﬂ(x) y) = {gy Sioifn (';/Z)O_ cos (l/y) if y # 0,

are discontinuous at the origin and hence f is not continuously dif-
ferentiable there. However, f is differentiable everywhere. For ex-
ample, f is differentiable at (0, 0), since for A2 + k? = 0, f(h, k) —
f(0, 0) can be written in the form

fz(o’ O)h + fﬂ(ox O)k + 81(h, k)h' + 82(}1, k)k’
where

lim &b k) = lim &(h k) =0
(k)= (0,0) (k) (0.0)

Indeed, this representation takes the specific form
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11. * Higher Dimensions
((hsin}ll>h+(ksm )k if Bk 5 0,

f(h, k) — £(0,0) = < (h sin .

)h+0k if A0 and k= 0,

k

o-h+(ksm1>k if h=0 and k0.
\

10. A differentiable function with unequal mixed second order
partial derivatives.

If -y
flz,y) = xyz’+y’
0 if z=y=0,

if a:2+y2;50,

then
z if 0,
, 0) =
W50 = 9 JOR) o i o,
0k
-y if Y #0)
z 0; =
f( y) ﬁmM:Oify=O,
A0 h
and hence at the origin,
_ 1 Ju(h,0) — fu(O 0) h_
f2(0,0) = hm ilgxz =1,
M k

The function f is oontmuously dlﬁ'erentlable since both 9f/dz and

df/dy are continuous everywhere. In particular, 9f/dz is continuous

at the origin since, for 2> 4+ y* = 0,

f| |:c‘y + a4 — ys| < 6(z* + yz)s/z

ox| (# + o) T @+
The present example would be impossible in the presence of con-

tinuity of the mixed partal derivatives f,, and f,. in a neighborhood

= 6(1‘2 + yz)m.
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9. Funcions of Two Variables

of the origin. In fact (cf. [34], p. 263) #f f, f», and f, exist in a region
R and if fo (Or fy.) exists and is continuous at any point (a, b) of R,
then fyz (or f,) also exists at (a, b) and fzy = fy= there.

11. A continuously differentiable function f of two vari-
ables x and y, and a plane region R such that Jf/dy vanishes
identically in R butf is not independent of y in R.

Let L be the ray (closed half-line) in ® X ®:

L= {(x,y)lx 2 0’y=0},
and let R be the region (® X ®)\ L. The function

o, 9) = z2 if >0 and y > 0,
Y = {0 otherwise for (z, ¥) € R,

is continuously differentiable in R and, in fact, has continuous second
order partial derivatives. (If 2* is replaced by e—¥/=*, f has continuous
partial derivatives of all orders.) Although the first partial derivative
fa(z, y) of f with respect to y vanishes identically throughout R, the
function f is not independent of y; for instance, f(1, 1) = 1 and
f@, — 1) = 0. This example demonstrates the invalidity of the fol-
lowing argument in showing that a function f having identically
vanishing first partial derivatives throughout a region R is constant
there (cf. [34], p. 280): “Since df/dz = 0, f does not depend on z; since
df/dy = 0, f does not depend on y; therefore f depends on neither
z nor y and must be a constant.” If the intersection with a region
R of every line parallel to the y axis is an interval, the present
counter example becomes impossible (cf. [34], p. 288, Ex. 32).

14

12. A locally homogeneous continuously differentiable func-
tion of two variables that is not homogeneous.

A function f(z, y) is homogeneous of degree n in a region R iff
for all z, y, and positive A such that both (z, ¥) and (Az, Ay) are in
R, f(\z,\y) = A" f(z, y). A function f(z, y) is locally homogeneous
of degree n in a region R iff f is homogeneous of degree n in some
neighborhood of every point of R. )

Let L be the ray (closed half-line) in ® X ®:

L={(y)|z=2,y=20},
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II. Higher Dimensions

and let R be the region (R X ®)\ L. The function

vi/zr f 2>2 and y >0,

f,y) = {y’ otherwise for (z,y) € R,

is continuously differentiable in R (in fact, f has continuous second
order partial derivatives). Since, for A near 1 and for any (z,y) € R,
fOz, Ay) = N¥(z, y), f is locally homogeneous of degree 3 in R.
However, f is not homogeneous of degree 3 in R since, for the point
(z,9) = (1, 2) and for A = 4, f(z, y)- = 8 and f(4z,4y) = f(4,8) =
1024 = 43-8. The function f is not homogeneous of degree n for any
n # 3 since if it were it would be locally homogeneous of degree =,
which is clearly impossible.

13. A differentiable function of two variables possessing no
extremum at the origin but for which the restriction to an
arbitrary line through the origin has a strict relative minimum
there.
The function
fz,y) = (y — 23 (y — 32?)

has no relative extremum at the origin since there are points of the
form (0, b) arbitrarily near the origin at which f is positive, and also
points of the form (a, 2a?) arbitrarily near the origin at which f is
negative. If the domain of f is restricted to the z axis, the restricted
function 3z* has a strict absolute minimum at z = 0. If the domain
of fis restricted to the y axis, the restricted function y? has a strict
absolute minimum at y = 0. If the domain of f is restricted to the
line y = mz through the origin where 0 < |m | < + ©, the restricted
function of the parameter z:

g@@) = flz, mz) = (mx — z})(mz — 3z%) = m%?® — 4mz® 4 324
has a strict relative minimum at the origin since g’(0) = 0 and g”(0) =
2m? > 0.

14. A refinement of the preceding example.
The function

W — ey — 31 if 0,
flz, v) E{yz if =0
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9. Functions of Two Variables

has no relative extremum at the origin (c¢f. Example 13), but if the
domain of f is restricted to the algebraic curve y = cz™", where m
and 7 are relatively prime positive integers and ¢ is a nonzero con-
stant (z = 0in case n is even), the restricted function of the param-
eter z:

g(x) = f(x’ cxmln) = (al;m/'l — e—l/z’)(atmln — 36—1/3’)
= giminfz — Qee—117" p—min + 3e—z/z3x—zn/n]
has a strict relative minimum at 2 = 0. This is true since the factor

z?In is positive for x # 0, while the quantity in brackets has the posi-
tive limit ¢ as ¢ — 0.

15. A function f for which d/dx fff(x, y)dy # f.',’ [0/0xf(x, ¥)] dy,
although each integral is proper.
The function
3
Loty >0,
f(z,y) =¥
Q0 if y=0,
with domain the closed upper half-plane ¥y = 0, is a continuous
function of r for each fixed value of y and a continuous function of
y for each fixed value of z, although as a function of the two vari-
ables z and y it is discontinuous at (0, 0) (let y = z2%). By explicit
integration,

g(z) = f f(z, ) dy = ze™

for every real number z (including z = 0), and hence ¢’(z) =
e+ (I — 2z?) forevery real number z (including z = 0). For z # 0,
1 1 2 4
= —attl '_?’i'_ — _2'_1:_ = — - 2
lfx(x,y) dy = L. e (yz y3>dy e (1 — 22%),

while for z = 0, since f1(0, y) = 0 for all y (including y = 0):
1 1
[maw@=£0@=a
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I1. Higher Dimensions

Therefore,
§0) =1 [ 70,4 dy = 0.

Each integral evaluated above is proper since in every case the
integrand is a continuous function of the variable of integration.

16. A functionffor which [3 [3 f(x,y) dy dx = [s [3 f(x, ) dx dy,
although each integral is proper..
Let

v if 0<z<y<l,
fl,y)=4—2t if 0<y<z<]l,
0 otherwise if 0<z=<1 0=<y=1l

For0<y <1,
! _ [Ydz ldz

and therefore

[

fol j°‘f<x,y)dzdy= folldy -

Similarly, for0 < z < 1,
1 _ Idy 1 dy _
[1eva=-[ 2+ [H¥= -,
and therefore

[[fevad=[ ni=-1

17. A double series Em,n [ P for which Em Z:namn #* Zn Enamm
although convergence holds throughout.

Let (am), where m designates the number of the (horizontal) row
and n designates the number of the (vertical) column, be the infinite
matrix (cf. Example 20, Chapter 6):

0 1 1 i A
-3 0 3 34
-1 -3 0 3 1 3
-+ -1 -3 0 3 %

.............................
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9. Functions of Two Variables

Then
+00
Zla"m=2—a+2—ﬂ—l+...=2—m+l, m=1’2’_”’
and hence
+0o <4
2 2m =142+ 204 e =2
Similarly,
+0o 4o +
EEm-Ern-

(Cf. [14), p. 109.)

18. A differential P dx + Q dy and a plane region R in which
P dx 4+ Q dy is locally exact but not exact.
The expression

P dz + Qady,

where P and @ are continuous in a region B of ® X @®, is called an
exact differential in R iff there exists a differentiable function ¢
defined in R such that

a_¢ —3 % —

% Y Q
throughout R. The expression P dz + Q dy is called locally exact in
aregion R iff it is exact in some neighborhood of every point of R. A

necessary and sufficient condition for Pdx + Q dy to be exact in a
region R is that for every sectionally smooth closed curve C lying in

R the line integral of P dz + Q dy vanishes:
fPa+Q@=a
(4

(Cf. [34], p. 587.) A necessary and sufficient condition for P dz + Q dy ,
where P and Q are continuously differentiable, to be locally exact in a
region R is that at every point of R

P _ %
dy o
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II. Higher Dimensions

The expression

Pdz+ Qdy = —zTi/_—yzdx+ﬁ—_T_y;dy

is locally exact throughout the “punctured plane”
R={(zy |22+ 9y >0}
since
P _0Q_ y-2
dy o (2 + )y
if 22 + 3* > 0. On the other hand, P dr + Q dy is not exact in R,

since if C is the unit circle x = c0s 6,y = sin 6,0 < § < 2x, then,
with 6 as parameter,

[Pas+Qay= [ [(—sin 6)(—sin 6) + cos’ 6] d§ = 2r 5= 0.

It should be noted that if R is simply-connected (cf. [34], p. 598),
then P dz 4+ Qdy is exact in R iff it is locally exact in R (cf. [34],
p. 601).

19. A solenoidal vector field defined in a simply-connected
region and possessing no vector potentlal

A vector field (cf. [34], p. 568) P + QJ + Rlc where P, Q,and R
are continuously differentiable functions over a region W in three-
dimensional Euclidean space, is said to be solenoidal in W iff its
divergence vanishes identically there:

aPaQ__
o +% 0.

If a vector field F is the curl (cf. [34], p. 572) of a vector field G, in a

region W, the vector field G is called a vector potential for F.
Since the divergence of the curl always vanishes identically (cf. [34],
p. 572), any vector field that has a vector potential is solenoidal. The
converse, however, is not true, as the example

—_

= @+ g+ A (e + 1 + D),
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9. Functions of Two Vartables

for the region
W={G@uy2)|2+y+2>0,

shows. That i is solenoidal is shown by straightforward differenti-
ation:

%{(zz_'_ ¥+ )% +% (& + o + ) NI

=@+ v+t ¢+
+@ =2+ + -] =0

That F has no vector potential G' can be shown by consideration of
the sphere 22 + y? + 22 = 1. If # denotes the outer normal unit vector

for this sphere S, then the surface integral [ [ F-ndSis equal to
[[1@+ 9+ 8™ g+ ) - @+ g+ ™
8

(x5+y3+zi)ds=[f31ds=4x.

However, if F were the curl of a vector potential, then by Stokes’s

theorem (cf. [34], pp. 636, 637), the surface integral [ [s F-n dS over
the closed surface S would vanish. The region W is simply-connected
(cf. [34], pp. 639, 640).

Simple-connectedness of a region can be thought of thus, that any
simple closed curve in the region may be shrunk to a point without
leaving the region. In the “punctured space” region W of this example,
any simple closed curve not passing through the origin can be shrunk
to a point without passing through the origin — and hence without
leaving W. The kind of pathology for the region W that permits the
present counterexample is the impossibility of shrinking spherical
surfaces — or “‘sphere-like” surfaces — to a point without leaving W.

127



Chapter 10
Plane Sets

Introduction

In this chapter we shall assume that the reader is familiar with the
elements of the topology of the Euclidean plane, including such ideas
as boundedness, openness, closedness, compactness, denseness, and
nowhere-denseness. A few other concepts are defined in the following
paragraphs. In each case the space is assumed to be the Euclidean
plane, E..

The distance d(A4, B) between two nonempty sets A and B is
defined:

d(4, B) = inf {d(p, q) | » € A, q € B},

where d(p, q) is the distance between the points p : (21, 1) and
q : (22, 2), and is given by the formula [(z: — =)’ + (3 — @)
Thus, the distance between two sets is always nonnegative, is zero if
the sets have a point in common, and may be zero if the sets are
disjoint. If the sets are disjoint and compact, their distance is positive
(cf. [34), p- 200 (Ex. 17)). The diameter 8(A) of a nonempty set A
is defined

8(4) = sup {d(p, @) [P € 4,9 € A},

is always nonnegative, and is finite if and only if A is bounded.
If A is compact its diameter is attained as the distance between two
of its points (cf. [34], p. 200 (Ex. 18)).

A closed disk is a set of the form

(@)@ —h2+ @y — k)2 =Y,
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10. Plane Sets

for some point (k, k) and a positive number 7. An open disk is
defined similarly, with the inclusive inequality < being replaced by a
strict inequality <.

Two nonempty sets A and B are separated iff they are disjoint and
neither contains a limit point of the other: An B = A n B = 0.
A nonempty set E is connected iff there do not exist two nonempty
separated sets A and B whose union is E. A set containing more than
one point is totally disconnected iff its only connected subsets are
one-point sets. A set A is locally connected iff whenever p € A and
N is a neighborhood of p there exists a subneighborhood M of p such
that every pair of points of M belongs to a connected subset of N.

An arc is a continuous mapping into E; of a closed interval (which
may be taken to be the unit interval [0, 1]), or the range of such a
mapping. In this latter case, when the arc is considered as a point-set,
the mapping is called a parametrization of the arc. If the mapping
is f(t) = (z(®), y(?)), the functions z(f) and y(¢) are called the para-
metrization functions for the mapping. If f(f),a < ¢t < b, is an
arc,andif ¢ = ao < a1 < --- < a, = b, then the polygonal arc made
up of the segments f(ao)f(a1), flaf(ar), - -+, fla—1)f(a.) is called an
inscribed polygon, and the supremum of the lengths

d(f(ao), fla)) + d(f(a1), f(@)) + -+ + d(f(an1), f(az))

for all inscribed polygons for the given arc is called the length of
the arc. An arc is rectifiable iff its length is finite. An are is rectifiable
iff its parametrization functions are both of bounded variation (cf.
[36], p. 353 (Ex. 27)). An arc f(f), fora =t £ b, is a closed curve
iff f(a) = f(0)-

An arc f(t) is simple iff it is a one-to-one mapping. In this case its
inverse is also continuous and the mapping is a homeomorphism
(cf. [34], p. 240). If y = g(z) is continuous on [a, b] then its graph is
a simple arc (with parametrization ¢ = ¢, y = g(), t € [a, D]). A
simple closed curve is an arc f(¢) such that if its domain is the closed
interval [a, b], then f(t,) = f(t) iff &4t = L or {1, &2} = {a,b}. Equiva-
lently, a simple closed curve is a homeomorphic image of a circle.

A region is a connected open set. The Jordan curve theorem
states that the complement of any simple closed curve C consists of
two disjoint regions for each of which C is the frontier. (Cf. [33].) A
Jordan region is either of the two regions just described, for some
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simple closed curve C. A non-Jordan region is a region that is not
a Jordan region.

If {C,} is a decreasing sequence of nonempty compact sets
(Ch>Chyrforn = 1, 2, ---), then there exists at least one point
belonging to every C,, n = 1,2, - - -; in other words, the intersection
of the C,’s is nonempty: N2 C, = @ . (Cf. [34], p. 201 (Ex. 30).)

A set A is convex iff the closed segment joining any pair of points
of A lies entirely in A. (A one-point set is considered to be a special
case of a closed segment.) Since any intersection of convex sets is
convex and since the plane is convex, every set in the plane is con-
tained in a “‘smallest convex set,” the intersection of all convex sets
containing it. This resulting smallest convex set is called the convex
hull of the given set. Its closure, called the convex closure of the
set, is the smallest closed convex set containing it (cf. [36], p. 332
(Ex. 39)).

A mapping is open iff the image of every open set of its domain is
open. A mapping is closed iff the image of every closed set of its
domain is closed.

For some of the examples of this chapter some familiarity with
plane Lebesgue measure and integration will be assumed. References
to Lebesgue theory are given in the Bibliography, and cited in
Chapter 8.

1. Two disjoint closed sets that are at a zero distance.

Let F, = {(z, y) |zy = 1}, F: = {(z, y) |y = 0} = the z-axis.
Then F; and F. are closed and disjoint. For any ¢ > 0, the points
(2/e, £/2) and (2/¢, 0) in F; and F,, respectively, are at a distance
3s<e.

2. A bounded plane set contained in no minimum closed disk.

By a minimum closed disk containing a given bounded plane set
A we mean a closed disk containing A and contained in every closed
disk that contains A. An arbitrary two-point set is contained in no
minimum disk in this sense. In contrast to this, any nonempty
bounded plane set is contained in a closed disk of minimum radius.
Any nonempty plane set A is contained in a minimum closed convex
set in the sense that A is contained in a closed convex set (its convex
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Figure 7

closure) that is itself contained in every closed convex set that contains
A. In the space ® of one dimension every nonempty bounded set is
contained in & minimum closed interval

3. “Thin”’ connected sets that are not simple arcs.
In the present context the word ‘“thin”’ means “nowhere dense in

the plane.”
Firgt example: The set

8= {@,y)|y=sn(1/z), 0<z=1}u{0,0))}

i8 not & simple arc because it is not compact ({0} X [—1, 1] C §,).
Second example: If S, is the set of the first example, let

8 =8 = {@y)|y=sdn(1/2),0<zs1u ({0} X[-L1)).
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Then although S; is compact, the removal of an arbitrary set of
points from the segment {0} X [—1, 1] does not disconnect Sz. It will
be shown in Example 11 that the set S; of this example is not an are.
In Example 24 we shall describe a connected set in the plane that
becomes totally disconnected upon the removal of one point.

4. Two disjoint plane circuits contained in a square and con-
necting both pairs of opposite vertices.

For purposes of this example a “circuit’” will mean a nowhere dense
connected set. Let the square be [—1, 1] X [—1, 1], and let the
circuits be given as follows (cf. Fig. 7):

G={@y|ly=%—-% -1=z=0}
U{@y)|ly=14%sin(x/20) + 3} 0<z<1}
vilmylz=1 Et=sy=s1}L

CG={zy|ly=-f+% -1=z=50]
u{(z,y)|ly=14sin(x/22) -} 0<z<1
ui{zylz=1 -1=<y=i.

Then C; connects (—1, —1) to (1, 1) and C; connects (—1, 1) to’
(1, —1) ’ and Cin C, = Q.

5. Amappingof the interval [0, 1] onto the square [0, 1] X [0,1].
If t€[0, 1), let O.titafs - -+ be a binary expansion of ¢ and to
avoid ambiguity we assume that this expansion contains infinitely
many binary digits equal to 0. The point (z, y) of the unit square
S = [0, 1] X [0, 1] that is the image of ¢ under the mapping f is defined
z=0.hids -+, y= 0.blds - .
Finally, define f(1) = (1,1). It is not difficult to see that f is a many-
to-one onto mapping. For example, the point (0.1, 0.1) is the image
of precisely three distinct points 0.11, 0.100101010101---, and
0.011010101- - - .
The mapping f is not continuous. For example, if {¢,} is the sequence

0.0011, 0.001111, 0.00111111, 0.0011111111,

and if (z, ¥») = f(t), then the sequences {z,} and {y.} are both
0.01,- 0.011, 0.0111, 0.01111, cee.

s,
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However, &, — 0.01, and (z,, ¥,) — (0.1, 0.1), while f(0.01) =
(0.0, 0.1) = (0.1, 0.1). That is, limpete f(tn) ¥ fliMpetw tn).

It is left as an exercise for the reader to show that f is neither open
(the image of the open interval from 0.101 to 0.111 contains the
point (0.1, 0.1) but does not contain it in its interior) nor closed (the
image of the closed interval from 0.001 to 0.01 has the point (0.1, 0.1)
as a limit point but not a member).

6. A space-filling arc in the plane.

By a space-filling arc we mean an arc lying in a Euclidean space
of dimension greater than one and having a nonempty interior in that
space (it is not nowhere dense). In 1890 the Italian mathematician
G. Peano (1858-1932) startled the mathematical world with the first
space-filling arc. We present here a description (given in 1891 by the
German mathematician D. Hilbert (1862-1943)) of an arc that fills
the unit square 8 = [0, 1] X [0, 1]. Higher-dimensional analogues can
be described similarly.

As indicated in Figure 8, the idea is to subdivide S and the unit
interval I = [0, 1] into 4" closed subsquares and subintervals, re-
spectively, and to set up a correspondence between subsquares and
subintervals so that inclusion relationships are preserved (at each
stage of subdivision, if a square corresponds to an interval, then its
subsquares correspond to subintervals of that interval).

We now define the continuous mapping f of T onto S: If z € I,
then at each stage of subdivision = belongs to at least one closed sub-
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interval. Select either one (if there are two) and associate the corre-
sponding square. In this way a decreasing sequence of closed squares
is obtained corresponding to a decreasing sequence of closed intervals.
This sequence of closed squares has the property that there is exactly
one point belonging to all of them. This point is by definition f(z).
It remains to be shown that (¢) the point f(z) is well-defined, that is,
independent of any choice of intervals containing x; (¢7) the range of
fis S; and (4%7) f is continuous. The details are left to the reader.

It should be noted that the mapping f just defined is many-to-one
in places. (For example, the three points %, 4, and § are all mapped
onto the point (4, 4).) Thisisinevitable, since if f were one-to-one,
then it would be a homeomorphism, whereas I and S are not homeo-
morphic (removal of any three points disconnects I but not S). The
fact that f is many-to-one is somewhat paradoxical since it seems to
say that I has more points than S!

7. A space-filling arc that is almost everywhere within a
countable set.

If ¢ is the Cantor function of Example 15, Chapter 8, if f is the
mapping of the preceding Example 6, and if g(z) = f(¢(z)), theng
maps the Cantor set C onto the unit square [0, 1] X [0, 1], and the
complementary set [0, 1] \ C onto the image under f of the set of
points of the form m-2—», where n is a positive integer and m is a
positive integer less than 27, '

The present example could also be described as a space-filling arc
that ts almost everywhere stationary, or a space-filling arc that is almost
everywhere almost nowhere.

8. A space-filling arc that is almost everywhere differentiable.

By “almost everywhere differentiable’” we mean “defined by para-
metrization functions that are almost everywhere differentiable.” The
mapping defined in Example 7 has this property.

9. A continuous mapping of [0, 1] onto [0, 1] that assumes
every value an uncountable number of times.

Each of the parametrization functions of the space-filling arcs of
Examples 6 and 7 has this property as, indeed, must each para-
metrization function for any continuous mapping of [0, 1] onto
[0, 1] X [0, 1]. Each of the parametrization functions for the mapping
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10. Plane Sets

of Example 7 has the additional property that it is differentiable with
a vanishing derivative almost everywhere. (Cf. [2].)

10. A simple arc in the unit square and of plane measure
arbitrarily near 1.

As was seen in Example 6, no simple arc can fill the unit square
S = [0, 1] X [0, 1]). By the same argument, every simple arc in the
plane ts nowhere dense. It would appear from this that a simple arc
cannot occupy “very much” of S. In particular, it cannot occupy
almost all of S, since if a simple arc A in S had measure equal to 1 it
would be dense in S, and being closed it would be equal to S. How-
ever, it s possible for a simple arc A to have positive plane measure.
Indeed, if € isany number between 0 and 1, there exists a simple arc
A whose plane measure is greater than 1 — &. We now outline a
proof of this remarkable fact.

The general procedure will be to modify the construction given in
Example 6 by cutting open ‘“‘channels” between adjacent subsquares
of S that do not correspond to adjacent subintervals of I. After the
first stage the “‘subsquares” become subquadrilaterals which, in turn,
are subdivided by lines joining opposite midpoints. Further open
channels are cut out, and each closed quadrilateral is reduced to a
sequence of eight subquadrilaterals. The first subdivision and the
general scheme, where squares are used instead of general quadri-
laterals, for simplicity, are shown in Figure 9. The second stage is
shown in Figure 10. In both cases the channels deleted are indicated
by shading. After n stages there are 8" closed quadrilaterals, those
numbered 8% — 7 to 8k being subquadrilaterals of the quadrilateral
numbered k at stagen — 1 (¢ = 1, 2, ---, 8 1). Furthermore, at
each stage, two quadrilaterals are adjacent if and only if they bear

N N
\ \
\ \
. .
DN N

~
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measure is indicated in Figure 11. This is somewhat simpler con-
ceptually than the construction just described, but has the dis-
advantage that certain subintervals of [0, 1] are mapped onto sets of
zero plane measure. The construction suggested in Figure 11 produces
a simple arc containing 4 X A, where A is a Cantor set. Since, for
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0 <& £ 1,wemay chose 4 to have (linear) measure at least /1—¢,
the arc in question has plane measure at least 1 — &.

The American mathematician W. F. Osgood (1864 1943),in 1903 (cf.
[37]) constructed a simple arc having plane measure greater than
1 &by making use of a Cantor set A of linear measure greater than
A/1 — & The simple arc was constructed in such a way that it
contains the product set A X A.

11. A connected compact set that is not an arc.

The set .S; of the second example of Example 3 is not an arc because
it is not locally connected: If N = {(z,y) | (z,y) € Sz, 22 + y2 < 3},
there is no neighborhood of the origin that is a subneighborhood of N
in which every two points can be joined by a connected set lying in
N (cf. [17], p. 204).

12. A plane region different from the interior of its closure.
Let S = {(z, y) |22 + y2 < 1} \ ([0, 1) X {0}), i.e., an opendisk
with a slit deleted. Then

S={@ylar+yr =1},

and the interior of Sis I(S) = {(z, y) | 22 + y? < 1}.

Since every Jordan region is equal to the interior of its closure
([36], p. 477), this is a simple example of a region that is not a Jordan
region. Example 14, below, shows that not every region that is equal
to the interior of its closure is a Jordan region.

13. Three disjoint plane regions with a common frontier.
This example is most easily described by means of a story. A man
lives on an island in the ocean. On the island are two fresh-water
pools, one of cold and the other of hot water, and the man wishes to
bring all three sources of water to within a convenient distance from
any point of the island. He proceeds to dig channels, but always in
such a way that the island remains homeomorphic to its original
form. He starts by permitting the ocean to invade his island, coming
within a distance of at most one foot of each point of his residual
island (but not into contiguity with the fresh-water pools). He then
extends the cold fresh-water domain in a similar fashion, and follows
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this by forming channels for the hot fresh-water, with the result that
every point of the island thus remaining is within one foot of all
three types of water supply. Unsatisfied with this result the islander
repeats the triple process just described in order to have each type
of water within a half foot of each point remaining on the island.
Again he is not satisfied, and refines the approximation to within a
quarter-foot. He then extends this process to an infinite sequence of
steps, each time halving the critical distance, and also the time of
completion in order to finish in a finite length of time. If we assume
that the original ‘“‘island” is a compact disk with two inner disjoint
open disks removed, and that the “ocean” is the open planar comple-
ment lying outside this disk, and that all extensions of the three
original regions remain homeomorphic to their original forms, we
obtain three final disjoint regions, R;, R., and Rs each being a
union of the regions of an infinite sequence of regions. The final
‘4sland,” similarly, is the intersection F of the islands of an infinite
sequence, and is the common frontier of the three regions Ri, R,
and R; Since the complement of F consists of three disjoint regions
instead of two, no one of the regions Ri, R;, and R; is a Jordan
region. (For a discussion and proof of the Jordan curve theorem, see
[33].) On the other hand, each of these three regions is equal to the
interior of its closure as we shall see in the following Example 14.

The preceding construction may be carried out with any finite
number of (indeed, with countably many) disjoint regions. If more
than four regions are used we can thus produce a “map” in which
all “countries” have a common frontier. This shows that the famous
four-color problem requires careful formulation to avoid a trivial and
negative solution. (Cf. [13].)

14. A non-Jordan region equal to the interior of its closure.
Let R be any one of the regions R, Rs, and R; defined in Example
13. As has been noted, R is not a Jordan region. On the other hand,
R is equal to the interior of its closure, as we shall now demonstrate.
In the first place, since R < R and R is open, R = I(R) C I(R).
W e now wish to show the reverse inclusion: I(R) = I(Ru F) C R.
If this were false, there would be a point p of F that is an interior
point of R u F. But this means that there is a neighborhood N of p
that lies in R u F and therefore contains no points of either of the
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remaining two regions, in contradiction to the fact that every point
of F is a limit point of each of the three regions R), R, and R;.

15. A bounded plane region whose frontier has positive

measure.
Let A be a Cantor set of positive measure in [0, 1], and let

R=(0,1) X (-1,1)\ (4 X0, 1)).
‘Then R is a region and
FR) = ({0} X [-1,1)u ({1} X [-1,1)u (4 X [0, 1))
u (0, 1) X {1)u (@ 1) X {-1})

whence u(F(R)) = p(4) > 0. Clearly R is not a Jordan region
(I(R) # R). (Cf. [14], p. 292.) (See Example 4, Chapter 11 for a
Jordan region having a frontier with positive plane measure.)

16. A simple arc of infinite length.
First example: Let

@) = 0 if 2=1/n, €N, nodd,
fa T \I/n if z=1/n, n€ RN, neven,

let f(0) = 0, and let f(z) be linear in each interval [1/(n + 1), 1/n],
n € 9. Then the graph of f(z), for z € [0, 1], is a simple arc of
infinite length because of the divergence of the harmonic series.

Second example: Let f(z) = z sin (1/z) for z € (0, 1] and f(0) = 0.
The graphof f(z), forz € [0, 1],is again a simplearcof infinite length
for the same reason as in the first example. The lengths of inseribed
polygonal arcs dominate sums of heights of individual arches of the
graph of f(z), and these sums have the form Y 2/(2n — 1)r.

In contrast to the two preceding examples, the graph of the function
defined f(z) = 22 sin (1/z) for =z € (0, 1] and f(0) = O is of finite
length for z € [0, 1], since it is differentiable and its derivative is
bounded there. (Cf. [36], p. 353 (Exs. 24 and 27), p. 176 (Theorem II).)

17. A simple arc of infinite length and having a tangent line
at every point.

If f(z) = 22 sin (1/22) for z € (0, 1] and f(0) = 0, the graph of
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f(z) for z € [0, 1] is a simple arc of infinite length for reasons given
for the second example of Example 16. The graph of f(z) has a tangent
line at every point since f(z) is everywhere differentiable.

18. A simple arc that is of infinite length between every pair
of distinct points on the arc.

First example: Let f(t) = (z(¢), y(t)) be any space-filling arc mapping
[0, 1] onto [0, 1] X [0, 1] and possessing the additional property that
f maps every nondegenerate interval of [0, 1] onto a set having a
nonempty (two-dimensional) interior. (The mapping of Example 6
has this property.) Then the graph of either z(t) or y(¢), for ¢ € [0, 1],
has the stated properties. To see that the graph of z(¢) fora <t = b
has infinite length, for example, we may use the fact (cf. Example 9)
that z(f) assumes at least two of its values uncountably many times
each.

Second example: Let f be a mapping of the type described in Ex-
ample 10 and such that every nondegenerate subinterval of [0, 1] is
mapped onto a set of positive plane measure. Then f has the properties
specified above, since any rectifiable simple arc has plane measure
zero (cf. [36], p. 436).

Third example: The graph of any function that is everywhere con-
tinuous and nowhere differentiable on a closed interval (cf. Example
8, Chapter 3) has the desired properties since if this graph were
rectifiable the function would be of bounded variation, and every
function of bounded variation is differentiable almost everywhere.
(Cf. [16].)

Fourth example: Cf. [14], p. 190.

19. A smooth curve C containing a point P that is never the
nearest point of C to any point on the concave side of C.

Let the curve C be the graph of y® = z#, which is everywhere con-
cave up, and let P = (0, 0). If (a, b) is a point lying above C and if
a # 0, then clearly (a, a¥®) is nearer (a, b) than (0, 0) is. If b is an
arbitrary number greater than or equal to 1, then the point (}, &) is
nearer (0, b) than (0, 0) is. Finally, if b is an arbitrary positive number
less than 1, then the point (b2, &) is nearer (0, b) than(0, 0) is. The
fdea is that the origin is a point of infinite curvature (zero radius of
curvature) of C . (Cf. [34], p. 258 (Ex. 16).)
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20. A subset A4 of the unit square S = [0, 1] X [0, 1] that is
dense in S and such that every vertical or horizontal line that
meets S meets 4 in exactly one point.

What we are seeking is a one-to-one correspondence f with domain
and range [0, 1] and with a graph dense in S. We start by defining
f@z)forz € (0,1] n @ in stages. Let the pointsof B = ((0, 1]n Q) X
((0, 11n @ be arranged in a sequence: (z1, 1), (T2, %), ---.
We define f(z1) = 1 for the zero stage. For stage one we partition B
into four disjoint parts by vertical and horizontal bisecting lines,
(0,31nQ) X ((0,3]1n Q), (0,31nQ X ((},1]nQ), ---,and denote
these parts in any order: By, Bis, Bis, Biu. Denote by (zu, yu)
the first point of the sequence {(z,, ¥»)} that belongs to Bu and is
such that neither z;; = 21 nor yu = w1, and let f(zu) = yu . Denote
by (212, ¥12) the first point of the sequence {(zs, ¥a)} that belongs to
By, and is such that zi; is different from both z; and zu and y;. is
different from both %1 and yu, and let f(z12) = yi. After f(z1) is
defined similarly to be equal to y1;, we denote by (21, ¥1¢) the first
point of {(zs, y»)} that belongs to B¢ and is such that z is different
from 7, 7u, 12, and 213, and yi is different from y1, yu, s,
and y:3, and define f(21) = yu. This completes stage one. Stage two
is similar, with B partitioned into sixteen = 42 parts by further ver-
tical and horizontal bisections, Ban, B, -+, Bse. For each of
these partsin turn we define f at a rational point not yet in its domain
and having as value a rational point not yet in its range. If this
procedure is indefinitely continued, with B partitioned into 4* con-
gruent parts at stage n , a function f having the specified properties
for (0, 1] n @ is obtained. Finally, we extend the domain and range
of f to [0, 1] by defining f(z) = z for z € [0, 1]\ ((0, 1]n Q).

21. A nonmeasurable plane set having at most two points in
common with any line.

This example, due to W. Sierpinski [44], depends for its construction
on the maximality principle, appearing in the form of the well-
ordering theorem and also in the form of Zorn’s lemma (cf. [16),
[30], and [46]). We start by listing four statements having to do with
cardinal and ordinal numbers:

@) If a is an infinite cardinal, then a2 = a (cf. [16]) and [46]).
(%7) The cardinality f{ of the set of closed sets of positive plane
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measure is ¢, the cardinal number of ®. (Since the closed sets and
their complements are in one-to one correspondence, f < the cardinal
number of the set of all open sets. Since every open set is a countable
union of open disks having rational radii and centers with rational
coordinates, we see that { < ¢ Since the closed disks centered at
the origin constitute a set of cardinality ¢, we see that f = ¢.)

(277) Let ¥ denote the first ordinal number corresponding to the
cardinality ¢ (cf. Example 10, Chapter 12). Then {a|a < ¥} has
cardinality c.

(7v) If E is a linear measurable set of positive linear measure, then
the cardinality of E is c. (E contains a closed linear set F' of positive
linear measure. F is the union of a countable set (possibly empty) and
a (necessarily nonempty) perfect set. (Cf. [20] and [45].))

Let @« — F,be a one-to-one mapping of the set {a | @ < ¥} onto the
set of all closed sets of positive plane measure. Let & be the family of
all functions p(a) whose domains have the form [1, 8) for some 8 < ¥,
whose ranges are subsets of the plane, and are such that

(@) p(a) € F, for every o € domain of p(e),

(b) no three points in the range of p(a) are collinear.

Let G be the set of all ranges of the functions in F, and let G be
partially ordered by inclusion. Then by Zorn’s lemma (cf. [16], [30],
and [46]) there exists a maximal set E € G, which is the range of a
function ¢(a) of the set &. If the domain of ¢(«) is [1, 8), we shall now
show that 8 = ¥ by assuming the contrary, 3 < ¥, and obtaining a
contradiction. If b is the cardinal number corresponding to S, then
b = % < ¢ (the strict inequality b < b? holding iff 1 < b and b is
finite). This means that the cardinality of the set of all directions de-
termined by pairs of points in the range E of q(a) is less than ¢,
and therefore that there exists a direction 6 different from all direc-
tions determined by pairs of points in E. Then some line L in the
direction 6 must meet the set Fg in a set of positive linear measure
(by the Fubini theorem). Since this latter set has cardinality ¢ there
is a point pg € Fg such that ps is collinear with no pair of points in
the range of ¢(a). We now extend the function g(«) so that itsdomain
is[1,8] = [1,8 + 1),and so that q(8) = ps. Then this extended func-
tion q(a) has both properties (a) and (b) and its range is strictly
greater than the mazimal member E of G. This is the desired con-
tradiction, and therefore 8 = ¥, the domain of the function ¢(«)
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consists of all « less than ¥, and the range E of ¢(e) contains a point
P from every closed plane set F, of positive plane measure.

We now show that the set E is nonmeasurable by assuming the
contrary and obtaining a contradiction. Indeed, if E is measurable,
then so is its complement E’, and since E’ contains no closed plane
set of positive plane measure, E’ must have measure zero. On the other
hand, since every line in the plane meets E in at most two points, E
must also have measure zero (by the Fubini theorem). Therefore the
entire plane, being the union of the two sets £ and E’ of measure zero,
must also be of measure zero, and we have the desired contradiction.

We note too that if S is any set of positive plane measure, then
S n E is nonmeasurable. Otherwise the Fubini theorem implies that
p(Sn E) = 0, whence p(S \ E) > 0. Thus 8\ E contains some closed
set F of positive plane measure. Since F n E = (), there is a contradic-
tion of the basic property of E: E meets every closed set of positive
plane measure.

S. Mazurkiewicz [31] constructed a plane set £ meeting each line
of the plane in precisely two points. However, such a set £ may be
measurable and indeed is then of measure zero. The reason for this
is the form of the construction which depends only upon the existence
of a set E; in the plane such that E; meets every line in a set of car-
dinality ¢. The set E is then formed as a subset of E;.

However, sets enjoying the property of E; may have plane measure
zero. For example, let C be the Cantor set on [0, 1] and let

E=@XCQu(C X®).

Then clearly each line meets E; in a set of cardinality ¢ and yet E;
is a (closed) set of plane measure zero.

In (3] the construction of a ‘“Mazurkiewicz set” is given in answer
to a problem posed in that journal.

F. Galvin has shown the following: If 1 < n = $%, where o is
the cardinality of 97, there is a nonmeasurable set S in the plane such
that the intersection of S with any line consists of precisely n points.

22. A nonnegative function of two variables f(x, y) such that
1o 1o
[ [reydedy= [ [ ey dyas=o
0 Jo
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and such that [ [sf(x, y) d4, where S = [0, 1] X [0, 1], does
not exist.

We shall give two examples, one in which Riemann integration is
used and one in which Lebesgue integration is used.

First example: Let f be the characteristic function of the set of
Example 20. Then for every y € [0, 1], f ; f(z, y) dz = 0, and for
every z € [0, 1], [} f(z, y)dy = O, the integrals being those of
Riemann. However, the double Riemann integral over S fails to
exist, since for the function f the upper and lower Riemann integrals
are equal to 1 and 0, respectively.

Second example: Let f be the characteristic function of the set of
Example 21. Then the iterated integrals are again both equal to zero,
where the integration is that of either Riemann or Lebesgue, while
the function f is not measurable on S, and hence has no double
Lebesgue integral there.

23. A real-valued function of one real variable whose graph is a
nonmeasurable plane set.

Let f(z) be defined as follows, for z € R:
_ /max{y|(z,y) € B} if {y|(z,9) € B} = 0,
1 = 0% 1y (g € B) = b,

where E is the set of Example 21. Let E, = {(z, f(z)) |z € &} n E,
E; = E\ E,. Then either E, or E; (or both) must be nonmeasurable
since their union is E. If E; is nonmeasurable, then

F = {(z,f) |z € &},

the graph of f, is the union of E, and a subset of the z axis; hence,
since the latter has plane measure zero, F is nonmeasurable. If E;,
is nonmeasurable, let g(z) be defined, for z € ®:

min{y | (z,y) € E)} if {y|(z,v) € E}
glz) = consists of two distinet points,
0 otherwise.

Then G = {(z, g(z)) |z € ®}, the graph of g, is the union of E,
and a subset of the z axis, and hence nonmeasurable. There must exist,
then, in one way or the other, a function whose graph is a nonmeasur-
able plane set.
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24. A connected set that becomes totally disconnected upon
the removal of a single point.

We give only a sketch. For details see [25].

Let C be the Cantor set of Example 1, Chapter 8, let B be the subset
of C consisting of all endpoints of the open intervals that were deleted
from [0, 1] in the construction of C, and let E = C \ B (cf. Example
24, Chapter 8). For every z € C let L(z) be the closed segment join-
ing the points (z, 0) and (1, 1) in the plane. If x € B let S(z) consist
of those points of L(z) whose ordinates are irrational, and if z € E
let S(z) consist of those points of L(z) whose ordinates are rational.
Then S = U.¢¢ S(z) is a set having the required properties.

The connectedness of S is proved by means of arguments involving
sets of the first and second categories, and we shall omit the discus-
sion. If Sy = S\ {(, 1)}, then S, is totally disconnected. For if
E c &S, if E contains more than one point, and if E is a subset of
any S(z), z € C, then E is clearly not connected. On the other hand,
if p and ¢ are two points of So on two distinct intervals L(z) and L(y),
where z and y € C and z < y, there is in the complement of S, a
straight line through (1, 1) that separates p and ¢, namely the straight
line passing through (1, 1) and any (a, 0) where £ < a < y and
a ¢ C.
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Chapter 11

Area

Introduction

The concept of area is based on that of the Riemann double in-
tegral. A bounded plane set S is said to have area iff its characteristic
function xs is (Riemann) integrable over a closed rectangle R con-
taining S and such that the sides of R are parallel to the coordinate
axes. If S has area, its area A(S) is equal to the double integral of
xs over R:

A(S) = [f}z xs dA.

These definitions are meaningful in the sense that the concepts of
having area and of area are independent of the containing rectangle
R. If R is subdivided into closed subrectangles by means of a net %
of lines parallel to the sides of R, then some of these subrectangles
may be subsets of S, and some may be subsets of the complement
S’ of 8. For any such net N, let a(JN) be the sum of the areas of all
subrectangles that are subsets of S (a(®) = 0 in case there are no
such- subrectangles), and let A(9t) be the sum of the areas of all
subrectangles that are not subsets of S’ (that is, that intersect S
nonvacuously). The inner area and outer area of S, denoted
A(S) and A (S), respectively, are defined as the supremum of a(%t)
and the infimum of A(N), respectively, for all nets N of lines parallel
to the sides of R:

4(8) = supa(M), A(S) = inf AN).
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Again, these definitions are independent of R. A bounded set S has
area iff A(S) = A(S), and in case of equality, A(S) = 4(S) = A(S).

A necessary and sufficient condition for a bounded set S to have
area is that its frontier (S) have zero area, or equivalently, that F(S)
have zero outer area. Since for any bounded set S, F(S) is a compact
set (and hence measurable as a plane set), and since for compact sets
outer area and outer plane (Lebesgue) measure are identical, a
bounded set has area iff its frontier has plane measure zero.

The preceding statements concerning area apply in similar fashion
to volume, for sets in three-dimensional Euclidean space. A generaliza-
tion of area and volume that applies to Euclidean spaces of any num-
‘ber of dimensions — and, indeed, to much more general spaces — is
Jordan content. (Cf. [36], p. 431.) Lebesgue measure is a generaliza-
tion of Jordan content in the sense that every set that has content is
measurable, and its content and measure are equal. The principal
advantages of Lebesgue measure over Jordan content lie in the broader
applicability of measure to limiting processes. For an elementary
treatment of plane area and volume, including proofs of many of the
preceding statements, cf. [36], pp. 431-465.

Examples 7 and 8 of this chapter concern surface area. For a dis-
cussion of this subject see the references given in connection with
these two examples.

1. A bounded plane set without area.

The set S = (@n [0, 1]) X (@ n [0, 1]) of points in the unit square
both of whose coordinates are rational is without area since its
frontier F(S) does not have zero area. (The set F(S) is the unit square
itself and hence has area equal to 1.) The outer area of S is 1 and its
inner area is 0.

2. A compact plane set without area.

Let A be a Cantor set of positive measure ¢ (Example 4, Chapter
8),and let 8§ = 4 X [0, 1] . Then F(S) = S, and the plane measure
of F(S) is equal to the linear measure ¢ of A. Since F(8) = S isa
compact set its outer area is equal to its measure, and is thus positive.
Therefore S is without area. The outer area of S is equal to ¢ and its
inner area is 0.
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3. A bounded plane region without area.
The region R of Example 15, Chapter 10 is bounded and without

area.

4. A bounded plane Jordan region without area.

Let € be a positive number less than 1, and let A be a simple arc
with parametrization f({), 0 < ¢ = 1, lying in the unit square
[0, 1] X [0, 1], and of plane measure greater than 1 — e (cf. Ex-
ample 10, Chapter 10). Let C be the simple closed curve formed by
the union of A and the three segments {0} X [ 1, 0], {1} X [—3¢,0],
and [0, 1] X {—%¢}, and let R be the bounded region having C as
its frontier. Then R is a Jordan region and its frontier has outer area
greaterthan 1 — 2¢ > 1 — ¢ > 0.

5. A simple closed curve whose plane measure is greater than
that of the bounded region that it encloses.

If C and R are the curve and region defined in Example 4 and if u
is plane Lebesgue measure, then

rRuC) = pR) + pC) =1+ e
Therefore, since u(C) > 1 — 3¢, it follows that
u(R) < e.

The measure of R is less than that of C whenever ¢ < %. Simul-
taneously, the measures of R and C can be made arbitrarily near 0 and
1, respectively.

6. Two functions ¢ and ¢ defined on [0, 1] and such that

(@) ¢(x) < (=) for x € [0, 1],

®) [o[¥(x)  ¢(x)] dx exists and is equal to 1,

) S={(xy)]0=x =1, ¢() <y < ¢(x)} is without area.

Let ¢(x) be the characteristic function of @ n [0, 1] and let ¥(z) =
¢(z) + 1. Then (a) and (b) are clearly satisfied, while F(S) is the
closed rectangle [0, 1] X [0, 2] of positive area, whence S is without
area. The outer area of S is 2 and its inner area is 0.

This example is of interest in connection with Cavalieri’s Princi-
ple, which states that if every plane II parallel to a given plane II,
intersects two three dimensional sets W and W, in plane sections of
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equal area, then W, and W: have equal volume (cf. [18]). A two-
dimensional analogue states that if every line L parallel to a given
line L, intersects two plane sets S; and S, in segments of equal length,
then S; and S: have equal area. The present example shows that
unless S; and S; are assumed to have area, this statement is false.
(The sets S; and S; can be taken to be the set S of (¢) and the closed
square [0, 1] X [3, 4], respectively, with the family of parallel lines
being the family of all vertical lines.) Construction of a three-dimen-
sional counterexample to Cavalieri’s Principle is left as an exercise
for the reader.

7. A means of assigning an arbitrarily large finite or infinite
area to the lateral surface of a right circular cylinder.
Let S be the right circular cylinder

S={(zy2)|22+y*=1 0=5z=1

of base radius 1 and altitude 1, and for each positive integer m let the
2m + 1 circles Ci,, be defined, for k = 0, 1, - - -, 2m:

Ckm"_: Sn {(.‘B, Y, z)|z = k/2m]°

On each of these 2m + 1 circles let the n equally spaced points P;.,;
be defined for each positive integer » and forj = 0,1, ---, n — 1:

J(cosz—iz,sin Zm k > if kis even,

n '2m
Pri= V0 Gitne @ k
l(cos(]+ ',sin ]+1)',—) if kisodd
n n 2m
For each circle Cin the points Pimj j = 0, 1, - -+, n, are the vertices

of a regular polygon of n sides. If 0 < £ < 2m, each side of the
polygon with verticeslying on the circle C;.n lies above a vertex of the
polygon in C;—1,» and thus determines a (plane) triangle in space.
Similarly, if 0 < k < 2m, each side of the polygon in Cj lies below
a vertex of the polygon in Ciy,m and thus determines a triangle. It
is not difficult to see that there are a total of 4mn congruent space
triangles formed in this way with vertices lying on the given cylinder,
and a little trigonometry shows that the area of each of these triangles
is sin (x/n) [(1/4m?) 4+ (1 — cos (x/n))?]2. The area of the poly-
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hedron II,., inscribed in S is therefore obtained by multiplying this
quantity by 4mn. The result can be expressed

sin (#/n)
(x/n)

As m and n — 4 », the diameters of the triangles approach zero
and thus, presumably, the areas of the inscribed polyhedra should
approach a limit, and it is natural to expect that this limit should be
the number (271)-1 = 27 given by the familiar formula 2ark for the
area of the lateral surface of a right circular cylinder, where 7 is the
base radius and & the altitude. We shall see, however, that the result
will depend on the relative rates at which m and = increase.

We observe first that as n — -+ « the factor preceding the radical
in the formula for A(Om,) has the limit 2r, and since the radical
itself is at least as great as 1, any limit that A(Il,.,) may have must
be at least 2r. We concentrate our attention now on the quantity
within the radical and, in fact, on the function

AT, = 2 1+ w<1 - oos;{)z.

2
T\ _®m 2x'm  2r'm
n:  4lnt ' Glns

f(m,n) = 2m (1 — cos —
We shall consider three cases:
(@) f m = n, then
( y=on(1 - 1'_1rz_21r‘
fn,n) = 2n 0061_1 = 4!_n3+“.’
limaie f(n, n) = 0, and lim, .1 A(Il,,) = 2.
(22) If m = [an?], where the brackets indicate the bracket function
of Chapter 2, and where 0 < a < + «, then
_ wlan’) _ 27*[an?]

f(lem™), n) = 2an’] (1 — cos %) o) Y

limpsy o f([an¥, 7) = ax?, and limg st A (M an2y.0) = 27"\/1 + o2xt.
(Z42) If m = n®, then

+ ceey

4
f(n’,n) = 2n’ (1 — cos%) = Tzn_‘f!ln-*- oo,

Mg ,iw f(né, n) = 4+ «, and lim,.p0 A(,:,,) = + .
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We conclude that as m and n — + ®, any result, finite or infinite,
that is at least equal to 2x can be obtained for the limit of A (IImy).
Although, in general, limm gt A (IIms) does not exist, we can at least
say that the limit inferior exists and that

Iim QA (Tmw) = 2.

The example just described is due to H. A. Schwarz (Gesammelte
Mathematische Abhandlungen, Vol. 2, p. 309 (Berlin, Julius Springer,
1890.)). It serves to demonstrate that the concept of surface area is
far more complicated than that of arc length. For a discussion of
surface area and further references, see [40). An elementary treatment
of surface area is given in [34], pp. 610-635.

8. For two positive numbers ¢ and M, a surface S in three-
dimensional space such that: .

(a) S is homeomorphic to the surface of a sphere,

(b) The surface area of S exists and is less than ¢,

(¢c) The three-dimensional Lebesgue measure of S exists and

is greater than M.

This example is due to A. S. Besicovitch (cf. [7]). The ideas involved
in this construction are somewhat similar to those involved in the
construction of a simple arc of positive plane measure (Example 10,
Chapter 10), but far more complicated and sophisticated. Since an
ample discussion would require a definition of surface area as well as
an intricate description of tubular connections among faces of cubes,
we shall omit the particulars.

The following discussion points up some interesting aspects of
Example 8.

a. There is an analogy between Example 8 and Example 5. In both
cases, there is more in the sides of the container than in the interior
of the container. However, the linear measure (length) of the bounding
curve of Example 5 is infinite whereas the planar measure (surface
area) of the bounding surface of Example 8 is finite and small

b. The familiar relations between the volume of a cube and its
surface area: volume = }-edge-surface area, and between the volume
of a sphere and its surface area: volume = }-radius-surface area,
lead one to feel that a closed surface of small area together with the
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three-dimensional region that it encloses should have small three-
dimensional measure. Example 8 is a counterexample to this feeling.

¢. A right cylindrical ‘“‘can” of finite height and based on a non-
rectifiable Jordan curve has finite volume (three dimensional measure)
and infinite surface area. (The can can be filled with paint, but its
sides cannot be painted.) This example is a weak dual to Example 8.

9. A plane set of arbitrarily small plane measure within which
the direction of a line segment of unit length can be reversed
by means of a continuous motion.

This example was given in 1928 by A. S. Besicovitch as a solution
to a problem posed in 1917 by S. Kakeya. (Cf. [5], [6], and [23], and
for an expository discussion, [8].)
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Chapter 12
Metric and Topological Spaces

Introduction
A metric space is an ordered pair (X, d), where X is a nonempty
set and d a real-valued function in X X X such that

() d is strictly positive:
2 € X=d(,z) =0,
zandy € X,z # y=d(z,y) > 0;
(77) the triangle inequality holds:
r,y,and z € X = d(z, 2) < d(y, 2) + d(y, 2).

An early consequence of (z) and (47) is

(722) d is symmetric:

zandy € X = d(z, y) = d(y, z).

The function d is called the metric for the metric space (X, d), and
the number d(z, y) is called the distance between the points 2 and y.
If the metric is clear from context, the single letter X may be used
to represent both a metric space and the set of its points.

A topological space is an ordered pair (X, 0), where X is a

nonempty set and 0 is a family of subsets of X such that

) @ €0and X € 0,
(77) 0 is closed with respect to finite intersections:

01,---,0,.€O=>01n-~n0,.€0,
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where n is an arbitrary positive integer;
(7#7) 0O is closed with respect to arbitrary unions:

ANeA=0€c0)=U0¢o,
AcA

where A is an arbitrary nonempty index set.

The family © is called the topology of the topological space (X, 0)
and its members are called open sets. The family © is also called
a topology for the set X. If the family of open sets is clear from
context, the single letter X may be used to represent both a topological
space and the set of its points. By finite induction, condition (i) is
equivalent to the same for the special case n = 2. A topological space
(Y, 3) is a subspace of a topological space (X, 0) iff ¥ € X and
3= {Y nO|O € 0};in this case the topology 3 is said to be induced
or inherited from 0.

A set is closed iff its complement is open. An open covering of a
set A is a class of open sets whose union contains A. A set C is com-
pact iff every open covering of C' contains a finite subcovering. A
Hausdorff space is a topological space such that whenever « and y
are two distinet points of the space there exist two disjoint open sets
of which one contains z and one y. In any Hausdorff space every com
pact set is closed. A point p is a limit point of a set A iff every open
set containing p contains at least one point of 4 \ {p}. The closure
A of a set A is the intersection of all closed sets containing 4, and
consists of all points that are either members of A or limit points of
A. The closure of any set A is closed. A set A is closed iff it is equal
to its closure: A = A. A locally compact space is a topological
space such that every point is contained in an open set whose closure
1s compact.

A base for the topology of a topological space (X, 0) is a subfamily
G of © having the property that every nonempty member of O is the
union of a collection of members of G. A neighborhood system for
a topological space (X, 0) is a collection 9% of ordered pairs (x, N)
such that z € N for every (z, N) € 9%, and the collection of all N
such that (z, N) € 9 is a base for ©. An example of a neighborhood
system is the set of all (z, A) such that € 4 and 4 € G, where G
is a base for (X, 0). If G is any nonempty family of subsets of a set
X, then G is a base for some topology O for X iff () X is the union of
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the members of G and (¢7) whenever G; and G: are members of G with
a nonempty intersection, and z € G, n G, then there exists a member
G of G such that x € @ < Gy n G,. If (¢) and (47) hold, the topology
O generated by G consists of the sets that are unions of members of
G. A sequence {z.} in a topological space converges to a point z,
and z is a limit of the sequence {z,}, iff

V open set O containingz,3 m € N 3
NEIMn>m= 2z, €O.

In any Hausdorff space limits of convergent sequences are unique.

If 9, and O; are two topologies for the same set X, and if 9, C 0,
then 0, is said to be weaker than ©; and O is said to be stronger
than 6. The weakest of all topologies on X is the trivial topology
0 = {0, X}, and the strongest of all topologies is the discrete
topology © = 2% consisting of all subsets of X.

If (X, d) is a metric space and if z € X, then a neighborhood,
or spherical neighborhood, of z is a set of the form

{yly € X,d(z, y) < ¢},

where € > 0 (z is called the center and ¢ the radius of this spherical
neighborhood). A spherical neighborhood is sometimes called an open
ball. The set of all spherical neighborhoods for any metric space
satisfies the two conditions necessary for the generation of a topology,
and for this topology, called the topology of the metric space, the
set of all ordered pairs (z, N), where N is a spherical neighborhood
of z, is a neighborhood system. A topological space (X, ©) is metri-
zable iff there exists a metric d for X such that O is the topology of
the metric space (X, d). A closed ball in a metric space (X, d) isa
set of the form

{yly€ X,d@, y) < ¢},

where z € X and ¢ > 0, and is a closed set (z is called the center
and ¢ the radius). The single unmodified word ball should be con-
strued as synonymous with closed ball. A set in a metric space is
bounded iff it is a subset of some ball. If the space (X, d) is bounded,
then d is called a bounded metric. If the metric spaces (X, d) and
(X, d*) have the same topology, then d and d* are called equivalent
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metrics. If (X, d) is any metric space, then d*, defined

_ _d(zy9)
T@9 = i
is a bounded metric equivalent to d; that is, every metrizable space
can be merized by a bounded metric. In any finite-dimensional
Euclidean space with the standard Euclidean metric a set is compact
iff it is closed and bounded. A sequence {z.} of points in a metric
space (X, d) is a Cauchy sequence iff

Ve>03 Kexn>d

m and n € N,
m>K,andn>K}=’d(xm$u) <e

A metric space is complete iff every Cauchy sequence of points in
the space converges (to a point of the space). A metric space that is
not complete is incomplete. Such concepts as connected set, totally
disconnected set, and perfect set are defined exactly as in Euclidean
spaces (cf. the Introduction, Chapter 10).

A topological space satisfies the second axiom of countability
iff there exists a countable base for its topology. A set in a topological
space is dense iff its closure is equal to the space. A topological space
is separable iff it contains a countable dense set. A metrizable space
satisfies the second axiom of countability iff it is separable.

If (X, 0) and (Y, 3) are topological spaces, and if f is a function
on X into Y, then f is continuous iff B€ 3 = f-1 (B) € 0; f is
open iff A € 0 = f(4) € 3; f is closed iff A’ € 0 = (f(4))’ € 3.
If f is a mapping of a topological space X onto a topological space Y,
then f is a topological mapping, or 8 homeomorphism iff f is a
one-to-one correspondence, and both f and f~! are continuous.

Let V be an additive group, with members z, y, 2, ---, and let F
be a field, with members A, g, », ---. Then V is a vector space or
linear space over F iff there exists a function (A, z) > Azon F X V
into V such that forallA and g in Fand z and yin V:

@D Mz +y) =N+ M,
(u) Q +u)x= M'l‘lw’
@) Mpz) = (\p)z,

(1) 1z = =z.
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The points of a vector space are also called vectors. If F is either the
field ® of real numbers or the field @ of complex numbers, V is called
a normed vector space over F iff there exists a real-valued norm
|| || with the properties, for all z and y in ¥V and A in F:
@ Jzll 2 0;]lz|l =0iffz =0,

@) lz+yl =Mzl + 1yl

i) Ixz ] =[xz |-
Any normed vector space is a metric space with metric d(z, y) =
| z — ¥ ||- A Banach space is a complete normed vector space.

For further information on topological spaces and mappings see
[11], [17], [20], [24], [27], [45], and [50). For vector spaces in general,
see [22]. For Banach spaces see [4] and [29].

1. A decreasing sequence of nonempty closed and bounded
sets with empty intersection.
lz —y]|

In the space ® with the bounded metric d(z, y) = e r—

let F, = [n,+©),n = 1,2, ---. Then each F, is closed and bounded,
and ﬂ‘;:l F,. = Q

Since an empty intersection is impossible if the nonempty sets
are compact, this example is impossible in any finite-dimensional
Buclidean space with the standard Euclidean metric.

2. An incomplete metric space with the discrete topology.

The space (91, d) of natural numbers with the metric d(m, n) =
| m — n|/mn has the discrete topology since every one-point set is
open, but the sequence {n} is a nonconvergent Cauchy sequence.

This example demonstrates that completeness s not a topological
property, since the space 9 with the standard metric is both complete
and discrete. In other words, it is possible for two metric spaces to be
homeomorphic even though one is complete and one is not. Another
example of two such spaces consists of the two homeomorphic inter-
vals (— «, + ) and (0, 1) of which only the first is complete in the
standard metric of ®.

3. A decreasing sequence of nonempty closed balls in a com-
plete metric space with empty intersection.
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In the space (9, d) of natural numbers with the metric
1+ L

d(m,n) = m+n

0 if m=n,

if m=n,

let
B.={m|dmn) £ 1+ (1/20)} = {n,n + 1, ---},

forn = 1,2, ---. Then {B,} satisfies the stipulated conditions, and
the space is complete since every Cauchy sequence is “ultimately
constant.”

Trivial examples are possible if completeness is omitted — for
example, {y | |(1/n) — y| £ (1/n)} in the space @ of positive numbers
with the standard ® metric. On the other hand, the present example
is impossible if the complete metric space is a Banach space (cf. [15]).

This example (cf. [45] (Sierpinski)) is of interest in connection with
Baire’s category theorem (cf. Example 7, Chapter 8, and [1], [4],
[20], and [27]), which states that every complete metric space is of the
second calegory or, equivalently, that any countable intersection of
dense open setsin a complete metric space is dense. The proof involves
the construction of a decreasing sequence of closed balls, with radii
tending toward zero, and having as a consequence a nonempty inter-
section. We see, then, that if the balls get small they must have a
point in common, whereas if they do not get small they may have
nothing in common!

4. Open and closed balls, O and B, respectively, of the same
center and radius and such that B # 0.

Let X be any set consisting of more than one point, and let (X, d)
be the metric space with

1 if z#y,
d(x’y)g{o if z=4y.

Let z be any point of X, and let O and B be the open and closed balls,
respectively, with center z and radius 1. Then

0= {2}, B = X)
and since the topology is discrete, 0 = O = B.
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This example is impossible in any normed vector space. (Proof of
this fact is left as an exercise.)

5. Closed balls B, and B, of radii r, and r;, respectively, such
that B, C B:and r, > r,.

Let (X, d) be the metric space consisting of all points (z, ¥) in the
closed disk in the Euclidean plane, defined:

X={@yl|z*+y =9}
with the standard Euclidean metric. Let B; = X , and let
Bi=B:n{(z,y) | (x — 2)? + y* < 16}.

Then B; C By,andn = 4 > r, = 3.
This example is impossible in any normed vector space since the
radius of any ball is half its diameter. (Proof is left as an exercise.)

6. A topological space X and a subset Y such that the limit
points of Y do not form a closed set.

Let X be any set consisting of more than one point, and let the
topology of X be the trivial topology © = {@, X}. If y is an arbitrary
member of X, let Y = {y}. Then the limit points of Y are all points
of X except for y itself. That is, the set of limit points is X \ Y, and
since Y is not open, X'\ Y is not closed.

7. A topological space in which limits of sequences are not
unique.

First example: Any space with the trivial topology and consisting
of more than one point has this property since in this space every
sequence converges to every point.

Second example: Let X be an infinite set, and let © consist of @ and
the complements of finite subsets of X. Then every sequence of
distinct points of X converges to every member of X.

8. A separable space with a nonseparable subspace.

First example: Let (®, ©) be the space of real numbers with the
topology © generated by the base consisting of sets of the form

frlu@n(z—¢c,z+¢), ZTER, >0,
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and let (Y, 3) be the subspace of irrational numbers with the discrete
topology (this 7s a subspace since every one-point set in Y is the
intersection of ¥ and a member of ©). Then Q is a countable dense
subset of (®, 0), but (Y, 3) has no countable dense subset.

Second example: Let (X, ©) be the space of all points (z, ¥) of the
Euclidean plane such that y = 0, and let © be the topology generated
by the base consisting of sets of the following two types:

{@ )| —a)?+ @y — b)Y < min (b &)},
a € ®, b>0, e> 0,

{@,0lu{Ey)|@E—al+@y—e2<el, a€®R &>0.

Then the set {(z, ¥) |z € @, ¥ € @ n ®} is a countable densesubset
of (X, 0), but the space {(z, ¥) |z € ® ¥ = 0} with the discrete
topology is a subspace of (X, ©) with no countable dense subset.

(CL. [1], p. 29, 5°.)

9. A separable space not satisfying the second axiom of
countability.

Each example under Example 8 satisfies these specifications since
(1) every space satisfying the second axiom of countability is separable
and (2) every subspace of a space satisfying the second axiom of count-
ability also satisfies the second axiom of countability. If either ex-
ample under Example 8 satisfied the second axiom of countability,
then the subspace under consideration would be separable.

10. For a given set, two distinct topologies that have identical
convergent sequences.

First example: Let (X, 0) be any uncountable space with © con-
sisting of @ and complements of countable (possibly empty or finite)
sets. Then the sequence {z,} converges to z iff z, = = for n > some
m € . In other words, the convergent sequences are precisely those
of (X, 3), where 3 is the discrete topology. Finally, 0 = 3.

Second example: Let X be the set of all ordinal numbers less than
or equal to 2, where € is the first ordinal that corresponds to an
uncountable set (cf. [20] and [46]). Let © be generated by the intervals

[L, 8), (o, B), (o 2],
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where « and 8 € X. Since every countable set in X'\ {®} has an
upper bound in X \ {2}, no sequence of pointsin X \ {Q} can converge
to Q. Therefore a sequence in X converges to @ iff all but a finite
number of its terms are equal to 2. In other words, the convergent
sequences in X are the same as those in the topology obtained by
adjoining to the subspace X \ {2} of X the point @ as an ¢solated poini
(that is, with {2} a one-point open set of the new space X).

Third example: (Cf. [4] and [29] for definitions and discussion.) Let
X be the Banach space L of real (alternatively, complex) sequences
z = {z.} such| thats%ﬁx [2a | < +,withnorm| z || = D22 | z.|.
The strong topology of X is that of the metric space (X, d) with
dz,y) =z -yl

We now define a second topology for X, called the weak topology,
in terms of the following neighborhood system:

+o
N, = {y = {yn} nz-l ama(yn - Zn)

where (am,) is a bounded p X +  matrix, z € X, and £ > 0. It
can be shown that {N,} satisfies the conditions, specified in the
Introduction, that guarantee the generation of a topological space
X, 0). _

To demonstrate that the strong topology of X is indeed stronger
than the weak topology we show that every weak neighborhood of a
point z contains a spherical neighborhood of x This is an easy
consequence of the triangle inequality for real series:

<e¢g, m=1,2,"';2’$,
J

+0 +00
Zalamn(yn-xn) éKnZJllyn"‘%J:K "y—x"’

where K is an upper bound of the set of absolute values of the ele-
ments of the matrix (ams). To prove that the strong topology is
strictly stronger than the weak topology, we shall now show that
every weak neighborhood s unbounded in the metric of the strong topology
(and hence no weak neighborhood is a subset of any strong neighbor-
hood). Accordingly, let (ama) be the p X + « matrix for a weak
neighborhood N, let (z1, 22, - - -, z2p11) be a nontrivial (p + 1)-dimen-
sional vector such that

ptl )
Zawmzn=0 for m=12---,p,

nw=]l
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and let zp42 = 25,3 = --- = 0. The vector y(a) = z + & =
{yn(a)} = {zs + aza} belongs to N. for every real number a:

+o0 40
”Z_l amn(yn(@) — 2n) = :4,:1 Umn Q2

pH1
=azla,...z,.=0, m=12 ---,p.

On the other hand, [|y(a) —z| = [lez|| = |« ||| z|l, and | z || 0.

We now turn our attention to sequences of pointsin X. We already
know that every sequence {z™} of points in X that converges to z
in the strong topology must converge to z in the weak topology. We
shall now show the converse: If limp.4e 2™ = z n the weak topology,
then liMp 40 2™ = z in the strong topology. It will then follow that
the weak and strong topologies of X determine identical convergent
sequences.

Assume that there exists a sequence converging to = in the weak
topology but not in the strong topology. By the linear character of
the two limit definitions we may assume without loss of generality
that the limit z is the zero vector 0. Furthermore, if the sequence
under consideration does not converge to 0 in the strong topology,
then there must be a subsequence whose norms are bounded from 0.
If this subsequence is denoted {z"™}, then there exists a positive
number ¢ such that

1= 1| 2 5

form = 1,2 ---. Since {z*™} is a subsequence of a sequence con-
verging weakly to 0, {z™} must also converge weakly to 0. If we
represent T :

(m) (m) (m) (m)
z =($1 y 02, Ty Ta )"')y

then the sequence {z™} is represented by an infinite matrix M each
row of which corresponds to one of the vectors of the sequence {z™}.
The next step is to show that since {z™} converges to 0 in the weak
topology, every column of M is a real sequence with limit 0; that is,
the limit asm — + « of the nth coordinate of ™, for any fixed
n=12--,is0:

lim x"(m) =0.

m-etoc
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This follows immediately from considering the neighborhood of 0
given by the matrix (ams) consisting of one row only, with 1 in the
nth place and 0’s elsewhere.

We can now define by induction two strictly increasing sequences

of positive integers, m; < m2 < --- and m < m < --- such that
forj € 9:

< ; | pa (mj)
(a) > m™ | <, 2 |z <
n=1 n=n; 1+1
and consequently
LYFES]
(b) 2 Ix"("'i) I > 3e.

n=n;+1
Finally, we define the sequence {a,}:

o = 1 if 1sn<mn,
» = \sgn z.™ if n;i+1=n = ni,

forj = 1, 2, ---. If Nois the neighborhood of the zero vector 0,
defined by £ and the matrix (a,.,) consisting of one row only, made up
of the terms of {a,}:

< e},

40
N, = {y = {ya} ,.S‘:x Gn Yn

then no point z™# of the subsequence {z™’} of {z™} is a member
of No:

ni41
2 i lx"(m,-) l
nen i+l

ny (
2 AT

nm=]

+o
2 Gz

n=1

4+
(m;)

Qn Tn

ne=n;,1+1

>3&—e—¢e=¢.
But this means that {z™} cannot converge to 0. (Contradiction.)
11. A topological space X, a set 4 C X, and a limit point of

A that is not a limit of any sequence in 4.

First example: Let X be the space of the first example under 10,
preceding, with A any uncountable proper subset of X. Then any
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point of X \ A is a limit point of A, but since z cannot be a limit of
a sequence of points of A in the discrete topology, it cannot in the
topology described in that example.

Second example: Let X be the space of the second example under
10, preceding, with A = X\ {Q} in the first topology described in
that example. Then @ is a limit point of A but no sequence in A can
converge to (.

Third example: (Cf. [51], where a similar example is constructed.
Also cf. [4], {15], [29], and [30] for definitions and discussions.) Let X
be real (alternatively, complex) sequential Hilbert space L, consisting
of all sequences £ = {z,} of real numbers such that ) e z,2 < + @
¥z |za|® < + o in the complex case), and in which there is
defined an inner product for any two points z = {z.} and y = {ya}:

400 +oo )
(z,9) =2 ZTayn <Z Zn §a in the complex case),
n=1 n=1

with the properties, for z, y,and z € l; and A\ € ® (only the real case
will be considered henceforth in this example):
() (= +y,2) = (z z) + (y; 2),
(@) (My Zl/) = Mz, Z/),
(m) (y’ 27) = (x) y)’
(@) (z,2) 2 0,
@) if |z|| = (z, z)V2, then | | is.a norm for which ; is a
Banach space.
The space X = [, is now made into a topological space (X, ©) by
means of a netghborhood system, defined somewhat as in the third
example under Example 10:

N.={y|beB=|ly—z5b)| <é¢},

where B is any nonempty finite set of points of X, z € X, and £ > 0.
Let A be the set {z™}, where ™ is the point whose mth co-
ordinate is 1/m and all other coordinates are equal to 0:

x("’ = (0’0, --.,0, \/;L,O, <o)

We shall show first that the zero vector O is a limit point of 4 by
assuming that the neighborhood of 0,

No={ylbeB=|@b|<¢,
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where ¢ > 0 and B consists of the points b® = {b,M}, ... | p® =
{b.}, contains no point ™. This means that

Vmen Ike(l,2--,p d|vVmb®| 2 ¢

and hence:

2, 2 k) \ 2 B k)\ 2 pd 82
2.2 0a®) =2 2 (0" 2 2 ==+,
k=1 m=1 ms] ka1 m=11M

in contradiction to the assumed convergence of D me (bm™)? for
k= L2-- p-

Finally, we shall show that no sequence of points of A can converge
to the zero vector 0. It is easy to show that if

x(ml)’ x(".’), ey, z(mj), cee — 0,
then the sequence mi, me, -- - is unbounded, and we can therefore
assume without loss of generality that m; < my < --- and
+ 1
D — <t
=1 Mm;

We conclude by defining a neighborhood N, of 0 in terms of ¢ = 1
and the set B consisting of the single vector b whose mth coordinate
is 1/A/mj for j = 1, 2, --- and whose other coordinates are all 0.
Then no point of the sequence {z™’} can belong to N, since
@™,y =1forj=1,2, ---.

Fourth example: A fourth example is given below (Example 12).

Note that the phenomenon illustrated in the examples of this set
cannot occur in a metric space, and therefore each of the spaces
described above is neither metric nor metrizable.

12. A topological space X whose points are functions, whose
topology corresponds to pointwise convergence, and which is
not metrizable.

Let (X, 0) be the space of all real-valued continuous functions with
domain [0, 1], and let © be generated by the neighborhood system

Ny={glz€ F=|g@) — fl@)| < ¢},

where F is a finite nonempty subset of [0, 1], f € X, and ¢ > 0.
Clearly, if g, — g, as n — + «, in this topology then g.(z) — g¢(z),
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as n — + o, for each z € [0, 1] since F can be taken to be the one-
point set {z}. On the other hand, if g.(z) — g(z), as n — + o, for
each z € [0, 1], then g, — g, as n — + =, since for every ¢ > 0and
finite subset F of [0, 1], » can be chosen sufficiently large to ensure
| ga(z) — g(x) | < & for every xz € F.

Let A be the set of all functions f in X such that:

@ z€0,1]=0 < f(z) < 1,

®) w(fz|f@) = 1) = 4. |
Then 0 is a limit point of A, but if a sequence {f.} of members of A
converged to 0 in the topology 0O, then {f.(z)} would converge to 0
for every = € [0, 1], and by the Lebesgue dominated convergence
theorem, [3fu(z) dz — 0 as n — 4o, in contradiction to the
inequality [of.(z)dx = 4. By the final remark included with
Example 11, X is not metrizable.

13. A mapping of one topological space onto another that is
continuous but neither open nor closed.

First example: Let f(z) = e* cos z, with domain and range ®, with
the standard topology. Then f is continuous, but f((— «, 0)) is not
open and f({ —nx |n € 91}) is not closed.

Second example: Let X be the space ® with the discrete topology,
let Y be the space ® with the standard topology, and let the mapping
be the identity mapping.

14. A mapping of one topological space onto another that is
open and closed but not continuous.

First example: Let X be the unit circle {(z, y) | 2 + »* = 1} with
the topology inherited from the standard topology of the plane, let ¥
be the half-open interval [0, 2r) with the topology inherited from the
standard topology of ®, and let the mapping f be (z, y¥) — 6, where
z=c08s8,y =sin 6§, and 0 £ 6 < 2m Then f is both open and
closed since its inverse is continuous, but f is discontinuous at (1, 0).

Second example: The inverse of the mapping of the second example
under Example 13.

15. A mapping of one topological space onto another that is
closed but neither continuous nor open.

Let X be the unit circle {(z, y) | z2 + y? = 1} with the topology
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inherited from the standard topology of the plane, let ¥ be the
half open interval [0, =) with the topology inherited from the standard
topology of ®&, and let the mapping f be defined:

0 if 0=6=m,

(cos0,sm9)_’{g_7.- if =<6 <2m

Then f is not open since the open upper semicircle of X maps onto
a point, and f is not continuous at (1, 0) (cf. the first example under
Example 14). However f is closed, as we shall now see. Assume that
f is not closed. Then there is a closed set A of X such that B = f(4)
is not closed in Y. Therefore there is a sequence {b,} of points of B
such that b, — b, and b ¢ B. If f(p,) = ba, where p, € A4, for
n =1,2 ---, since A is compact we may assume without loss of
generality that {p,} converges: p, — p € A. Since f(p.) — b = f(p) ,
f is discontinuous at p, and p = (1, 0). But this means that there
exists a subsequence of {p,} approaching (1, 0) from either the upper
or the lower semicircle; in the former case b, — 0 € B, and in the
latter case {b,} cannot converge in Y. In either case a contradiction
is obtained, and f is therefore closed.

16. A mapping of one topological space onto another that is-
centinuous and open but not closed.

Let (X, 0) be the Euclidean plane with the standard topology, let
(Y, 3) be ® with the usual topology, and let the mapping be the
projection P: (z, y) — z. Then P is clearly continuous and open, but
P({(z, y) |y = 1/ > 0}) is not closed in (¥, 3).

17. A mapping of one topological space onto another that is
open but neither continuous nor closed.

First example: Let X = Y = ® with the standard topology and
let f be the function defined in Example 27, Chapter 8, whose range
on every nonempty open interval is ® This function is clearly open
since the image of every nonempty open set is ®, and it is everywhere
discontinuous. To show that f is not closed, let z, be a point between
n and n + 1 such that f(z.) is between 1/(n + 1) and 1/n, for
n = 1,2, +--. Then {z,} is closed and {f(z.)} is not.

Second example: Let (X, O0) be the plane with O consisting of @
and complements of countable sets, let (¥, 3) be ® with J consisting
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of @ and complements of finite sets, and let the mapping be the
projection P : (z, y) — z. Then P is open since any nonempty open
set in (X, ©) must contain some horizontal line, whose image is Q.
On the other hand, P is not closed since the set of points (n, 0),
where n € 3, is closed in (X, 0), but its image is not closed in
(Y, 3), and since the inverse image of any open set in (Y, 3) that isa
proper subset of ¥ cannot be open in (X, 0), P is not continuous.

18. A mapping of one topological space onto another that is
continuous and closed but not open.

Let X and Y be the closed interval [0, 2] with the usual topology,
and let

_foif 0szx1,
f(x)={a:—1 if 1<zse2.

Then f is clearly continuous, and hence closed since X and Y are
compact metric spaces. On the other hand, f((0, 1)) is not open in Y.

19. A topological space X, and a subspace Y in which there
are two disjoint open sets not obtainable as intersections of Y
with disjoint open sets of X.

Let X = 3, the open sets being @ or complements of finite sets,
andlet¥ = {1,2}. Then {1} = ¥ n (X \ {2})snd {2} = ¥ n(X\ {1}),
so that the subspace topology of Y is discrete. However, the two
disjoint open sets {1} and {2} of Y are not the intersections of ¥
with disjoint open sets of X since no two nonempty open sets of X
are disjoint.

20. Two nonhomeomorphic topological spaces each of which
is a continuous one-to-one image of the other.

First example: Let X and Y be subspaces of &, where ® has the
standard topology, defined:

+o
XEUO((3n,3n+1)u{3n+2}), Y=X\{2DHuf{1}.
Let the mappings S of X onto Y and T of Y onto X be defined

. W if y=1,
S(x)z{:; g ;ig: T(y)s{éy—l if 3<y<4,

y—3 if y=5.
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Then S and T are continuous, one-to-one, and onto mappings. How-
ever, X and Y are not homeomorphic since under any homeomorphism
of Y onto X the point 1 of Y can have no correspondent.

-AOA
OOO A1 ]

Figure 12

Second example: Let X and Y be subsets of the plane, with the
standard topology, as indicated in Figure 12. The vertical segments
are of length 2 and are open at the top ends, and the circles are of
radius 1. The mapping S of X onto Y is defined as follows: The horizon-
tal line of X is mapped onto the horizontal line of Y, the cirles D, onto
the circles C,y1, and the segments A,,. onto the segments B,q,
n € 9N, by a translation downward in Figure 12, and the segment
A, is mapped onto the circle B, by a formula of the type z = sin =t,
y =1 — cos =t, where 0 = ¢t < 2. The segment A; is mapped by
downward translation onto C;. The mapping T of Y onto X is
defined as follows: The horizontal line of Y is mapped onto the hori-
zontal line of X, the circles C,41 onto the circles D,,2, the segments
B,.1 onto the segments 4,, n € 9N, and the circle B, onto the circle
D, by a translation upward and to the left in Figure 12, and the
segment C, is mapped onto the circle D, by a formula of the type
used above. The mappings S and T have the properties claimed. It is
left as an exercise for the reader to show that the spaces X and Y
are not homeomorphie.

A, A, As 4,

X

21. A decomposition of a three-dimensional Euclidean ball B
into five disjoint subsets $;, S,;, S;, Si, S5 (where S; consists
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of a single point) and five rigid motions, Ri, R, R:, R, Rs
such that

B > Rl(Sl) U Rz(Sz) > Ra(Sa) U R4(S4) U R5(55)
(where “=2" means “is congruent to”).

(Cf. references given below.)

22. For ¢, M > 0, two Euclidean balls B, and By of radius ¢
and M respectively, a decomposition of B; into a finite number
of disjoint subsets S, Sz, -+, S,, and n rigid motions R;,
R, -+ R, such that

By = Rl(sl) (V] Rz(Sz) Uu---u R,.(S,.).

The last two examples are due to the work of Hausdorff, Banach,
Tarski, von Neumann, and R. Robinson. We shall give only a refer-
ence where these are discussed in detail. (Cf. [41].)
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Chapter 13
Function Spaces

Introduction

A function space is a collection of functions having a common
domain D. It is usually assumed that a function space is endowed
with some sort of algebraic or topological structure. In this chapter
we shall focus our attention on the algebraic structures of certain
spaces of real-valued functions of a real variable whose common
domain is a fixed interval I.

A function space S of real-valued functions on an interval I is said
to be a vector space or a linear space over ® (the real-number
system) iff S is closed with respect to linear combinations with real
coefficients; that is, iff

LIES NppERSN+ g €S,
where the function Af is defined

)(@) = /().

It is easy to show that a function space of real-valued functions on an
interval is a vector space iff it is closed with respect to the two
operations of addition, f + g, and scalar multiplication, Nf. The
abstract concept of vector space is defined axiomatically in the Intro-
duction to Chapter 12. (For further discussion cf. [22).) Many of the
most important classes of functions in analysis are linear spaces over
® (or over @, the field of complex numbers, in which case the co-
efficients A and p are arbitrary complex numbers). Examples of
spaces of real-valued functions that are linear spaces over ® are:
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1. All (real valued) functions on an interval I. 2. All bounded functions
on an interval I. 3. All Riemann-integrable functions on a closed
interval [a, b]. 4. All Lebesgue-measurable functions on an interval I.
5. All Lebesgue-integrable functions on an interval I. 6. All Lebesgue-
measurable functions on an interval I the pth power of whose absolute
value is Lebesgue-integrable on I, where p = 1. 7. All continuous
functions on an interval I. 8. All sectionally continuous functions on
a closed interval [a, b] (ef. [34], p. 131). 9. All sectionally smooth
functions on a closed interval [a, b] (cf. [34], p. 131). 10. All functions
having kth order derivatives at every point of an interval I for every
k not exceeding some fixed positive integer n. 11. All functions
having a continuous kth order derivative on an interval I for every k
not exceeding some fixed positive integer n. 12. All infinitely differ-
entiable functions on an interval I. 13. All (algebraic) polynomials on
an interval I. 14. All (algebraic) polynomials, on an interval I, of
degree not exceeding some fixed positive integer n. 15. All érigono-
metric polynomials, on an interval I, having the form

1) > a; cos iz + B sin iz,
=0

where n is arbitrary. 16. All trigonometric polynomials of the form
(1) where n is fixed. 17. All step-functions on a closed interval [a, b].
18. All constant functions on an interval I. 19. All functions satisfying
a given linear homogeneous differential equation, such as
3 2
Z—x—z-'- sinx%+e’§%—xy = 0,

on an interval I. Nineteen more examples of linear spaces over ® are
provided by permitting the functions of the preceding spaces to be
complex-valued functions.

In spite of the vital role played by linearity in analysis, there are
several important classes of real-valued functions that do not form
linear spaces. Some of these are indicated in the first five examples
below, which can be interpreted as saying that the following spaces
of real-valued functions on a fixed interval are nonlinear: (¢) all
monotonic functions on [a, b], (¢%) all periodic functions on (— w0, 4 )
(727) all semicontinuous functions on [a, b], (7v) all functions whose
squares are Riemann integrable on [a, b], (v) all functions whose
squares are Lebesgue-integrable on [a, b].
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A function space S of real-valued functions on an interval I is
called an algebra over ® iff it is closed with respect both to linear
combinations with real coefficients and to products; that is, iff S isa
linear space over ® and

f€ESgel8S=fg€ 8.

(As with linear spaces, the abstract concept of algebra is defined by
means of axioms. Cf. [22], vol. 2, pp. 36, 225.) As a consequence of
the identity

) fo=1F+ 92— 1(f - 9)?

it follows that a function space that is a linear space is an algebra
iff it is closed with respect to squaring,

A function space S of real-valued functions on an interval I is
called a lattice iff it is closed with respect to the formation of the
two binary operations of join and meet, defined and denoted:

joinof fandg: fvyg, (fv g)(z)= max(f(z),g(z)),
meetof fandg: f A g, (f A ¢)(z) = min (f(z), g(z)).

(Again, the abstract concept of lattice is defined axiomatically.
Cf. [9).) For a given real-valued function f, the two nonnegative
functions f+ and f— are defined and related to f and its absolute value
| 7| as follows:

€)) ff=fvo, f/=(=Hvo,

)] f=r-5 Ifl =f+755

®) fr=Hr1+% =3l

Thanks to these relationships and the additional ones that follow:
(6) fvag=—Il(=0) A (-9

Q] fag=—-[(=N)v(=9)

® fva=30+9) +4f—gl

©) fag=30+9 —Hf—gl,

a function space that is a linear space is a lattice iff it is closed with
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respect to any one of the following five binary or unary operations:
(10) fvglfag
(11) SASR N A L

In the preceding list of linear spaces, those that are also both
algebras and lattices are 1, 2, 8 4, 7, 8, 17, and 18. Those that are
neither algebras nor lattices are 14 (cf. Example 6, below), 16, and 19.
Those that are algebras and not lattices are 9, 10, 11 (cf. Example 7,
below), 12, 13, and 15. Those that are lattices and not algebras are 5
(cf. Example 8, below) and 6.
1. Two moneotonic functions whose sum is not moneotonic.

sinz + 2z and sinz — 2z on[—7, 7).

2. Two periodic functions whose sum is not periodic.
sin z and sin oz, a irrational, on (— %, + ).

If sin z + sin oz were periodic with nonzero period p , then the follow-
ing identities would hold for all real z:

sin (z + p) + sin (ax + ap) = sin z + sin oz,

sin (z + p) — sinz = —[sin (@z + ap) — sin az],
cos (z + $p) sin (3p) = —cos (az + }ap) sin (Jap),
cos z sin (3p) = —cos (az) sin (3ap).

If z is set equal to 4r, the left-hand side of this last equation vanishes,
and hence sin 4ap = 0, and ap is a multiple of 2 . If ax is set equal
to ir, the right-hand side vanishes and hence sin 4p = 0, and p is
a multiple of 2r. Since « is irrational this is impossible and the
desired contradiction has been reached. (Cf. [36], p. 550, Note.)

3. Two semicontinuous functions whose sum is not semi-
continuous.

If
1 if >0, 1 if >0,
f@ =<2 if z=0, giz) ={—-2 if z =0,
-1 if <0, -1 if 2<0,
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then f(z) + g(z) fails to be semicontinuous at z = 0, although f(z)
is everywhere upper semicontinuous and g(z) is everywhere lower
semicontinuous.

More dramatic examples are possible if f and g are functions each
of which is semicontinuous everywhere but upper semicontinuous at
some points and lower semicontinuous at other points. In the following
examples the notation p/q will indicate a quotient of integers in
lowest terms, with ¢ > 0, the number 0 being represented 0/1. If

_J1 if z=p/q,qodd, _J—=1 if z=p/q,qeven,
fla) = {0 otherwise, 9@) =0 otherwise,

then

1 if z=p/q qodd,
f@) + g(z) ={—1 if z = p/q, qeven,
0 if zisirrational,
and the function f(z) + g(x) is semicontinuous iff z is rational, and
hence almost nowhere (that is, f + g fails almost everywhere to be

semicontinuous).
Now consider the three functions defined as follows:

4/q9 i z = p/g, godd,
Fiz)=4—2— (4/9) if z = p/q, qeven,
—2 if 2z isirrational,

1+ (1/q) if z = p/q, qeven,
—1 if <zisirrational

{—1 — (/q) i z=p/q, godd,
G(z) =

3+ (1/9) if z = p/q, qeven,
3 if =zisirrational

H(z)

{—1 — (1/g) if z = p/q, qodd,

Then F, G, and H are individually semicontinuous everywhere, while
their sum,

-2+ (2/q) if z = p/q, qodd,
F(z) + G(z) + H(x) =<2 — (2/q9) if z = p/q, qeven,
0 if z isirrational,

is nowhere semicontinuous.
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18. Function Spaces

4. Two functions whose squares are Riemann-integrable and
the square of whose sum is not Riemann-integrable.

If

flz) = 1 if g isirrational,
~ | —1 if =z isrational
and
@) = 1 if =z is algebraic,
g\r) = —1 if z is transcendental,
then

_J2 if zis algebraic and irrational,
f@) + @) = {O otherwise.

Then f2 and g% are constants and hence integrable on every closed
interval — e.g., on [0, 1] to be specific — while (f + g¢)? is everywhere
discontinuous and thus Riemann integrable on nmo interval, and in
particular it is not integrable on [0, 1].

5. Two functions whose squares are Lebesgue-integrable and
the square of whose sum is not Lebesgue-integrable.

Let E; be a nonmeasurable subset of [0, 1] and let E. be a non-
measurable subset of [2, 3] (cf. Example 10, Chapter 8). Then let

1 if z€[0,1ukE,,
f@) =4—1 if z€[23]\Ey,
0 otherwise,

and
1 if z€[2 3|uE,
gle) =<—1 if z€[0,1]\ By,
0 otherwise.
Then
f(@) + g(@) = {(2) :,ftheivsisf.l "
Thus since

1 if z€1[0,1]ul2 3],
0 otherwise,

@) = ¢*x) = {
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II. Higher Dimensions

and

_ 4 if x e EIUEz,
U6 + o = {3 B 2EB

the result follows, since E, u E; is nonmeasurable.

6. A function space thatis alinearspace but neither an algebra
nor a lattice.

The polynomials cz + d of degree at most 1 on the closed interval
[0, 1] form a linear space. They do not form an algebra since the
square of the member z is not & member. They do not form a lattice,
since although 2z — 1 is a member, | 2z — 1 | is not.

7. A linear function space that is an algebra but not a lattice.

The set of all functions that are continuously differentiable on
[0, 1] form an algebra because of the formula (fg)’ = fo' + f'g.
However, they do not form a lattice. The function

if =0,
f@) = {x’sml/x if 0<zx<1

is continuously differentiable on [0, 1], but its absolute value fails’
to be differentiable at the infinitely many points where f(z) =
In fact, | f(z) | is not even sectionally smooth.

8. A linear function space that is a lattice but not an algebra.

The set of all functions that are Lebesgue-integrable on [0, 1] is a
linear space and a lattice. However, this space is not an algebra since
the function

_J0 if z=0,
=) = {x—w if 0<z<1,
is a member of the set but its square is not.

9. Two metrics for the space C([0, 1)) of functions continuous
on [0, 1] such that the complement of the unit ball in one is
dense in the unit ball of the other.

Let p and o be two metrics defined as follows: For f, g € C([0, 1]),

178



13. Function Spaces

let

w50 = 4/ [152) — g@ Far= 17~ g b
o(f,9) = sup |f(z) —g(z)|=|f— gl
0sz31

Let P = {f|p(f,0) = 1}, Z = {f]| o(f, 0) < 1} be the unit balls
in these metrics. Clearly Z c P. We shall show that the complement
of 2 is dense in P. Indeed, let f € P,0 < e < L. If | f|l« > 1,
then f ¢ = and we need look no further. If || f[l. < 1, let g(z) be
defined by:

0 if 0z=<4%—(e/9) orif 3+ (2/9) <z =1,
g(@) =438 if z =14,
linear otherwise.

Thenf(z) + g(z) ¢ Zand [| f — (F+9) o = [ g ll: < V9-(2/9) = .
This last example illustrates an essential distinction between finite-
dimensional and infinite-dimensional normed linear spaces. In either
case the closed unit ball is such that any line through the origin (that
is, all scalar multiples of a fixed nonzero point) meets the unit ball in a
closed segment having the origin as midpoint. In the finite-dimen-
sional case the topology is thereby uniquely determined. The present
example shows that in the infinite-dimensional case this is not true.
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Special Symbols

Meaning Page

is (is not) an element of

is contained in, contains

implies, only if

if and only if

if and only if

the set consisting of the members
ab,c -

the set of all - - - such that ---

equal by definition

the union of A and B

the intersection of 4 and B

the set of points in 4 and not in B

the complement of 4

the empty set

ordered pair

Cartesian product

there exist(s)

such that

domain of f, range of f

the function inverse to f

a function f 3 D, = A,R, c B

fylIz € S5 f(z) =y}

compositeof fand g ((fog)(z) = f(g(2)))

WwWwww

OO R R R R WW W W W W
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Special Symbols

Symbol

¥
<]

e

<’ é’ >’ é

|z|

(a, b), [a, D)

(a, b}, [a, b]
(a’+°°)’ (—w’a).’
[a) +°°); (—w’a]
(-w’ +®)

N(a, &), D(a, &)
max (z, y)

min (z, y)

inf (4),1inf 4;

sup (4), sup A
a:«—r:n'

Meaning

field

group

positive part of a field
order symbols
absolute value of

intervals of an ordered system

neighborhood, deleted neighborhood
maximum of z and y

minimum of z and y

infimum of A

supremum of 4

one-to-one correspondence

the real number system

signum function

characteristic function of the set A
the natural number system

the field of rational numbers

ring

integral domain

the ring of integers

for all

the limit of f(z) atz = a

the derivative of f(z) at z = a
& sequence @, @z, ** -

a complex number

the field of complex numbers

a complex number

the field of rational functions
{a+b5]ab€ g}

m divides n

union, intersection, of the (countably)

infinite set of sets 4,, 43, -

Page

© 03>

10
10
10
10
10
10
10
11
11
11
11
12
12

12
13
13
13
13
16
17
18



Symbel

F(4),1(4),4
{Uad}

=]

lim, lim f(z)
D(£x,N)
lim f(z)

‘-bi@

limf(a:) =

F’
hm hmA,.

ﬁ-»+°°

<+
D = “Z; n
(ts)
()
deg P
o-ring
A
C
z+ A
B
S
rLo
X, (X,8)
B
K *
KBy B

c

D(A)
G8’F05, °

r 4+ A(mod 1]

T Q

Special Symbols

Meaning Page
frontier, interior, closure of A 20
open covering 21
sup {n|n € N, n < z} 21
limit superior, inferior, of f(z) atz = a 21
deleted neighborhoods of o 22
limits at 4 22
infinite limits 22
F-sigma 30
limit superior, inferior, of the sequence of

setsAl,Az,--- 51
infinite series 53
matrix 64
nth derivative of f(z) 70
degree of polynomial P 74
sigma-ring 83
class of sets 83
class of compact sets 83
translate of A by z 83
class of Borel (-measurable) sets 83
o-ring 83
p absolutely continuous with respect toe 84
measure space 84
class of Lebesgue-measurable sets 84
measure 84
inner, outer measure 84
the Cantor set 85
cardinality of ® 86
difference set (of 4) 87
G-delta, F-sigma delta, - - - 91
translation (of 4 by 7) modulo 1 92
{z]z¢€ e, Iz | = 93
{z|z=¢ OEQ,0<0<1} 93
3/3, one-to—one preimage of $ in 3 93
measure on J 94



Special Symbols

Symbol Meaning Page
¢ the Cantor function 95
| 1] length of the interval I 105
02
%yéﬁy.ﬂ ,fzv )fl ’
fa, - partial derivatives of f 115
Pdx + Qdy differential 125
F vector field 126
E, Euclidean plane 128
d(4, B) distance of set A from set B 128
d(p, q) distance of the point p from
the point ¢ 128, 154
3(4) diameter of the set 4 128
a infinite cardinal 142
f cardinality of the set of closed sets in
the plane 143
v first ordinal of cardinality ¢ 143
A(8), A(S), A(S) ares, inner area, outer area of S 147
N net of lines 147
(X, d) metric space 154
d metric 154
d(z, y) distance between the points z and y 154
o family of open sets, topology 154
(X, 0) topological space 154
3 induced topology 155
M neighborhood system 155
base of a topology , 156
{0, X}, 2* trivial, discrete topologies 156
d*(z, y) equivalent bounded metric 157
-l norm 158
Q first uncountable ordinal 161
(z, ) inner product of z and y 165
fvyg join of f and ¢ 174
fag meet of fand g 174
5 Fvo (=pvo 174
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Index

(The numbers refer to pages.)
Abel, N. H., 70 Bessel’s inequality, 70
Abelian group, 7 Binary expansion, 86
Absolute value, 8 Binary operation, 6
Absolutely continuous, 84 Borel measure, 84
Addition, 6, 11,13 Borel set, 83
Additive identity, 7 Bound,
Algebra, 174 greatest lower, 10
Algebraic function, 25 least upper, 9
Almost everywhere, 42 lower, 10
Alternating series theorem, 56 upper, 9
Arc, 129 Bounded, 156
simple, 129 above, 9
space-filling, 133 below, 10
Archimedean, 15 interval, 8
Area, 147 metric, 156
have, 147 Bracket function, 21
inner, 147
surface, 150, 152 Cancellation law, 11
outer, 147 Cantor, G., 85
Associative law, 6, 7 Cantor function, 97
Axiom of choice, 85 Cantor set, 85, 86

Baire, R., 90
Baire’s category theorem, 159
Ball, 156
closed, 156
open, 156
Banach, S., 171
Banach space, 158
Base, 155
Basis, Hamel, 33
Besicovitch, A. S., 152, 153

of positive measure, 89
Cardinal number, 142
Cartesian product, 4
Category,

first, 90

second, 90
Cauchy-complete, 17
Cauchy principal value, 45
Cauchy product series, 61
Cauchy sequence, 13, 157
Cavalieri’s Principle, 149
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Index

Center of a spherical neighborhood,
156

Characteristic function, 10
Circuit, plane, 132
Closed ball, 156
Closed curve, 129
Closed disk, 128
Closed interval, 9
Closed mapping, 157
Closed set, 20, 155
Closed under translations, 83
Closure, 20, 155

convex, 130
Commutative group, 7
Commutative law, 6, 7
Compact, 21, 155

locally, 155
Compares favorably (series), 63
Complement, 4

of one set relative to another, 4
Complete extension of Borel meas-

ure, 84

Complete measure, 84
Complete metric space, 157
Complete ordered field, 10
Completion of Borel measure, 84
Complex number, 13
Component, 4

first, 4

second, 4
Composite, 17

of two functions, 6
Condensation,

point of, 94

of singularities, 29
Conditionally convergent, 54
Congruent, 171
Connected, 129

locally, 129

simply, 126
Continuous function, 12, 157
Continuous mapping, 157
Converge(s), 156
Convergence, 13, 51, 53, 110, 156

almost everywhere, 110

188

dominated, 110

mean, 110

in measure, 110
Convergent sequence, 13

of functions, 76

of sets, 51
Convergent series, 53, 54
Convex, 130
Convex closure, 130
Convex hull, 130
Coordinate, 4

first, 4

second, 4
Correspondence, one-to-one, 4
Countability, second axiom of, 157
Countable, 21
Countably additive, 84
Cover(s), 21
Covering, open, 21,155
Curl (of a vector field), 126
Curve, 129

closed, 129

Jordan, 129

de Morgan laws, 91
Decreasing function, 8
Deleted neighborhood, 9
Dense, 16, 128, 157
Dense graph, 105
Derivative, 13, 35

partial, 115
Diameter, 128
Difference of sets, 3
Difference set, 87
Differentiable function, 35
Differentiable, infinitely, 35
Differential, 125

exact, 125

locally exact, 125
Dini’s theorem, 81
Discrete topology, 156
Disk,

closed, 128

minimum closed, 130

open, 129



Distance, 128, 154

between two functions, 44
Distributive law, 7
Divergence of a vector field, 126
Divergent sequence, 13

of sets, 51
Divergent series, 53
Divide(s), 18
Division, 7
Divisor, greatest common, 18
Domain,

of a function, 4

integral, 11

unique factorization, 17
Dominated convergence, 110
Domination of series, 54

Empty set, 4
Equivalence classes, 85

of Cauchy sequences, 17
Equivalence relations, 85
Equivalent, 106
Equivalent metrics, 156, 157
Euclidean plane, 128
Exact differential, 125
Existential quantifier, 4
Extension of a function, 6

Field, 6
Archimedean ordered, 15
complete ordered, 10
non Archimedean ordered, 15
ordered, 7
solenoidal vector, 126
vector, 126

Finite interval, 8

First category, 90

Frontier, 20

Frontier point, 20

Fourier series, 70

Fourier transform, 72

Function, 4
algebraic, 25
bracket, 21
characteristic, 10

Index

composite, 6

constant, 4

continuous, 12, 157

decreasing, 8

differentiable, 35

extension of a, 6

greatest integer, 21

increasing, 8

infinitely differentiable, 35

Lebesgue-integrable, 72

Lebesgue measurable, 173

linear, 33

locally bounded, 22

locally bounded at a point, 22

lower semicontinuous, 22

monotonic, 8

nonnegative extended real valued,
83

on into, 4, 5

on-onto, 4, 5

one to one, 4

polynomial, 15

rational, 16

real valued, 10

of a real variable, 10

restriction of a, 6

Riemann integrable, 42

semicontinuous, 22

signum, 10

space, 172

strictly decreasing, 8

strictly increasing, 8

strictly monotonic, 8

transcendental, 25

uniformly continuous, 12

upper semicontinuous, 22

Fundamental Theorem of Calculus,
43
Fundamental Theorem of Induction,

11

Galvin, F., 94, 144

Generated sigma ring, 83
Generated topology, 156
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Index

Graph,

dense, 105

nonmeasurable, 145
Greatest common divisor, 18
Greatest integer function, 21
Group, 7

Abelian, 7

commutative, 7

topological, 94

Half closed -interval, 9
Half open interval, 9
Hamel basis, 33
Harmonic series, 49
Hausdorff, F., 171
Hausdorff space, 155
Have area, 147
Heine Borel theorem, 21
Hilbert, D., 34, 133
Hilbert space, 165
Homeomorphic, 95
Homeomorphism, 95, 157
Homogeneous, 121
locally, 121
Hull, convex, 130

Identity,
additive, 7
multiplicative, 7
Incomplete metric space, 157
Increasing funection, 8
Index set, 155
Induced topology, 155
Induction, Fundamental Theorem
of, 11
Inductive set, 10
Inequality,
Bessel’s, 70
triangle, 8
Infimum, 10
Infinite interval, 9
Infinite limit(s), 22
Infinite matrix, 64
Inherited topology, 155
Inner area, 147
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Inner measure, 84
Inner product, 165
Inscribed polygon, 129
Integer, 11
Integral domain, 11
Interior, 20
Interior point, 20
Intermediate value property, 13
Intersection, 3
Interval,
bounded, 8
closed, 9
finite, 8
half-closed, 9
half-open, 9
infinite, 9
open, 9
open and closed, 9
unbounded, 9
Inverse,
additive, 7
multiplicative, 7
Isomorphie, 10

Join, 174
Jordan curve theorem, 129
Jordan region, 129

Kakeya, S., 153
Kolmogorov, A. N., 34, 74

Lattice, 174
Law,
associative, 6, 7
commutative, 6, 7
distributive, 7
of the mean, 19, 39
Laws, de Morgan, 91
Least upper bound, 9
Lebesgue, H., 31
Lebesgue integrable, 72
Lebesgue measurable, 173
Lebesgue-Stieltjes integral, 109
Length, 129



Limit, 12, 156
inferior, 21
of sets, 51
point, 12, 155
of a sequence, 48
of a sequence, 13, 156
superior, 21
of sets, 51
Limits,
infinite, 22
subsequential, 48
Linear function, 33
Linear space, 157, 172
Locally bounded, 22
at a point, 22
Locally compact, 155
Locally exact differential, 125
Locally homogeneous, 121
Lower bound, 10
Lower semicontinuous function, 22
Luxembourg, W. A. J., 105

M test, 22
Maclaurin series, 53
Mapping,
closed, 130
continuous, 157
open, 130
Matrix,
infinite, 64
Toeplitz, 65
Maximality principle, 85
Magzurkiewicz, S., 144
Mean convergence, 110
Measure, 83
absolutely continuous, 84
inner, 84
outer, 84
Measure space, 84
Measure zero, 42
Meet, 174
Member of a set, 3
Mertens'’s theorem, 61

Index

Metric, 154
Metric space, 154
complete, 157
incomplete, 157
Metrics, equivalent, 156, 157
Metrizable, 156
Minimum closed disk, 130
Monotonic function, 8
Moore Osgood theorem, 119
Motion, rigid, 171
Multiplication, 6, 11, 13
Multiplicative identity, 7
Multiplicative inverse, 7

Natural number, 10
Negative, 7, 8
Neighborhood, 9, 156

deleted, 9

spherical, 156

system, 155
Non Archimedean, 15
Nonempty set, 4
Non Jordan region, 130
Nonmeasurable function, 109
Nonmeasurable graph, 145
Nonmeasurable set, 92
Nonnegative extended real valued

function, 83

Nonnegative series, 53
Norm, 158
Normed vector space, 158
Nowhere dense set, 85
Null set, 84
Number,

cardinal, 142

complex, 13

natural, 10

ordinal, 143

real, 10

One, 7

One to one correspondence, 4
One to-one function, 4

Open ball, 156

Open and closed interval, 9
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Index

Open covering, 21, 155
Open disk, 129
Open interval, 9
Open mapping, 130, 157
Open set, 20, 155
Operation, 6
binary, 6
from a set to a set, 6
on a set to a set, 6
unary, 175
Ordered field, 7
Cauchy-complete, 17
Ordinal number, 143
Osgood, W. F., 138
Moore-Osgood theorem, 119
Outer area, 147
Outer measure, 84

Parametrization, 129
Parametrization functions, 129
Partial derivative(s), 115
Pastor, J. R., 98
Peano, G., 133
Perfect set, 85
Periodic, 21

with period p, 21
Plane, 128

circuit, 132

Euclidean, 128

punctured, 126
Point,

frontier, 20

interior, 20

limit, 12, 155
Point(s), 3

of condensation, 94
Polygon, inscribed, 129
Polynomial function, 15
Positive, 8
Positive series, 53
Potential, vector, 126
Power series, 68
Prime, 17
Primitive, 42
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Product,

Cartesian, 4

inner, 165
Punctured plane, 126

Quantifier,
existential, 4
universal, 12

Radius, 156
Radon-Nikodym theorem, 112
Range of a function, 4
Ratio test, 59
Rational function, 15
Rational number, 11
Real number, 10
Real number system, 10
Real-valued function, 10
Reciprocal, 7
Rectifiable, 129
Region, 115, 129

Jordan, 129

non-Jordan, 130
Relation, 4
Restriction of a function, 6
Riemann derangement theorem, 55
Riemann-integrable, 42
Riemann-integral, 42
Riemann-Stieltjes integral, 42
Rigid motion, 171
Ring, 11
Robinson, R., 171
Rolle’s theorem, 19
Root test, 60

Schwarz, H. A., 152
Second axiom of countability, 157
Second category, 90
Semicontinuous function, 22
Separable, 157
Separated, 129
Sequence, 13

Cauchy, 13

convergent, 13



divergent, 13
Series,
Cauchy product, 61
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Sigma ring, 83
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Signum function, 10
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Stokes’s theorem, 127
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Strong topology, 162
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Uniform convergence, 76
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