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PREFACE

This book is intended to serve as a text for the course in analysis that is usually
taken by advanced undergraduates or by first-year students who study mathe-
matics.

The present edition covers essentially the same topics as the second one,
with some additions, a few minor omissions, and considerable rearrangement. I
hope that these changes will make the material more accessible amd more attrac-
tive to the students who take such a course.

Experience has convinced me that it is pedagogically unsound (though
logically correct) to start off with the construction of the real numbers from the
rational ones. At the beginning, most students simply fail to appreciate the need
for doing this. Accordingly, the real number system is introduced as an ordered
field with the least-upper-bound property, and a few interesting applications of
this property are quickly made. However, Dedekind’s construction is not omit-
ted. It is now in an Appendix to Chapter 1, where it may be studied and enjoyed
whenever the time seems ripe.

The material on functions of several variables is almost completely re-
written, with many details filled in, and with more examples and more motiva-
tion. The proof of the inverse function theorem—the key item in Chapter 9—is
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simplified by means of the fixed point theorem about contraction mappings.
Differential forms are discussed in much greater detail. Several applications of
Stokes’ theorem are included.

As regards other changes, the chapter on the Riemann-Stieltjes integral
has been trimmed a bit, a short do-it-yourself section on the gamma function
has been added to Chapter 8, and there is a large number of new exercises, most
of them with fairly detailed hints.

I have also included several references to articles appearing in the American
Mathematical Monthly and in Mathematics Magazine, in the hope that students
will develop the habit of looking into the journal literature. Most of these
references were kindly supplied by R. B. Burckel.

Over the years, many people, students as well as teachers, have sent me
corrections, criticisms, and other comments concerning the previous editions
of this book. I have appreciated these, and I take this opportunity to express
my sincere thanks to all who have written me.

WALTER RUDIN
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THE REAL AND COMPLEX NUMBER SYSTEMS

INTRODUCTION

A satisfactory discussion of the main concepts of analysis (such as convergence,
continuity, differentiation, and integration) must be based on an accurately
defined number concept. We shall not, however, enter into any discussion of
the axioms that govern the arithmetic of the integers, but assume familiarity
with the rational numbers (i.e., the numbers of the form m/n, where m and n
are integers and »n # 0).

The rational number system is inadequate for many purposes, both as a
field and as an ordered set. (These terms will be defined in Secs. 1.6 and 1.12.)
For instance, there is no rational p such that p? =2. (We shall prove this
presently.) This leads to the introduction of so-called “‘irrational numbers”
which are often written as infinite decimal expansions and are considered to be
‘““approximated” by the corresponding finite decimals. Thus the sequence

1,1.4,1.41,1.414,1.4142, ...

“tends to \/2.” But unless the irrational number /2 has been clearly defined,
the question must arise: Just what is it that this sequence ‘‘tends to”?
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This sort of question can be answered as soon as the so-called *‘real
number system” is constructed.

1.1 Example We now show that the equation
M pr=2

is not satisfied by any rational p. If there were such a p, we could write p = m/n
where m and n are integers that are not both even. Let us assume this is done.
Then (1) implies

V) m? = 2n?,

This shows that m? is even. Hence m is even (if m were odd, m? would be odd),
and so m? is divisible by 4. It follows that the right side of (2) is divisible by 4,
so that n? is even, which implies that n is even.

The assumption that (1) holds thus leads to the conclusion that both m
and n are even, contrary to our choice of m and n. Hence (1) is impossible for
rational p.

We now examine this situation a little more closely. Let 4 be the set of
all positive rationals p such that p? < 2 and let B consist of all positive rationals
p such that p? > 2. We shall show that A contains no largest number and B con-
tains no smallest.

More explicitly, for every p in 4 we can find a rational g in 4 such that
P < ¢, and for every p in B we can find a rational 4 in B such that g < p.

To do this, we associate with each rational p > 0 the number

2

p‘—-2 2p+2
3 =p— = .
3 =P p+2 p+2
Then

2(p* —-2)

4 2 _2=2282  ~
@ 9 (r+2?

If p is in A then p? — 2 <0, (3) shows that ¢ > p, and (4) shows that
g% <2. Thus g is in 4.

If p is in B then p? — 2 > 0, (3) shows that 0 < ¢ < p, and (4) shows that
g*>2. Thus g is in B.

1.2 Remark The purpose of the above discussion has been to show that the
rational number system has certain gaps, in spite of the fact that between any
two rationals there is another: If r < s then r < (r + 5)/2 < s. The real number
system fills these gaps. This is the principal reason for the fundamental role
which it plays in analysis.
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In order to elucidate its structure, as well as that of the complex numbers,
we start with a brief discussion of the general concepts of ordered set and field.

Here is some of the standard set-theoretic terminology that will be used
throughout this book.

1.3 Definitions If A4 is any set (whose elements may be numbers or any other
objects), we write x € 4 to indicate that x is a member (or an element) of A.

If x is not a member of A, we write: x ¢ 4.

The set which contains no element will be called the empty set. If a set has
at least one element, it is called nonempty.

If 4 and B are sets, and if every element of 4 is an element of B, we say
that A is a subset of B, and write 4 = B, or B > A. If, in addition, there is an
element of B which is not in A4, then A is said to be a proper subset of B. Note
that 4 = 4 for every set 4.

If A < Band B c A, we write A = B. Otherwise 4 # B.

1.4 Definition Throughout Chap. 1, the set of all rational numbers will be
denoted by Q.

ORDERED SETS

1.5 Definition Let S be a set. An order on S is a relation, denoted by <, with
the following two properties:

(i) If xe S and y € S then one and only one of the statements

x<y, x=y, y<x
is true.

(i) Ifx,y,zeS, ifx<yandy<z thenx<z.

The statement ““‘x < »*’ may be read as ‘“‘x is less than y** or *“‘x is smaller
than y” or ‘“‘x precedes y”.

It is often convenient to write y > x in place of x < y.

The notation x < y indicates that x < y or x = y, without specifying which
of these two is to hold. In other words, x < y is the negation of x > y.

1.6 Definition An ordered set is a set S in which an order is defined.
For example, Q is an ordered set if » < s is defined to mean that s — ris a
positive rational number.

1.7 Definition Suppose S is an ordered set, and E = S. If there exists a
B € S such that x < B for every x € E, we say that E is bounded above, and call
B an upper bound of E.

Lower bounds are defined in the same way (with > in place of <).
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1.8 Definition Suppose S is an ordered set, E = S, and E is bounded above.
Suppose there exists an a« € S with the following properties:

(i) o is an upper bound of E.
(ii) If y < a then y is not an upper bound of E.

Then « is called the least upper bound of E [that there is at most one such
o is clear from (ii)] or the supremum of E, and we write

o = sup E.

The greatest lower bound, or infimum, of a set E which is bounded below
is defined in the same manner: The statement

a=inf E

means that a is a lower bound of E and that no B with § > « is a lower bound
of E.

1.9 Examples

(@) Consider the sets 4 and B of Example 1.1 as subsets of the ordered
set Q. The set A4 is bounded above. In fact, the upper bounds of 4 are
exactly the members of B. Since B contains no smallest member, 4 has
no least upper bound in Q.

Similarly, B is bounded below: The set of all lower bounds of B
consists of 4 and of all r € Q with r < 0. Since A4 has no lasgest member,
B has no greatest lower bound in Q.

() If a = sup E exists, then « may or may not be a member of E. For
instance, let E, be the set of all r € Q with r <0. Let E, be the set of all
re Q with r 0. Then

sup E, =sup E, =0,

and0¢ E,,0€E,.
(¢) Let E consist of all numbers 1/n, where n=1, 2, 3,.... Then
sup E = 1, which is in E, and inf E = 0, which is not in E.

1.10 Definition An ordered set S is said to have the leasr-upper-bound property
if the following is true:
If E c S, E is not empty, and E is bounded above, then sup E exists in S.
Example 1.9(a) shows that Q does not have the least-upper-bound property.
We shall now show that there is a close relation between greatest lower
bounds and least upper bounds, and that every ordered set with the least-upper-
bound property also has the greatest-lower-bound property.



THE REAL AND COMPLEX NUMBER SYSTEMS §

1.11 Theorem Suppose S is an ordered set with the least-upper-bound property,
Bc S, B is not empty, and B is bounded below. Let L be the set of all lower
bounds of B. Then

a=supL

exists in S, and o = inf B.

In particular, inf B exists in S.

Proof Since B is bounded below, L is not empty. Since L consists of
exactly those y e § which satisfy the inequality y < x for every x € B, we
see that every x € B is an upper bound of L. Thus L is bounded above.
Our hypothesis about S implies therefore that L has a supremum in S;
call it a.

If y <a then (see Definition 1.8) y is not an upper bound of L,
hence y ¢ B. It follows that « < x for every xe B. Thusae L.

If & < 8 then 8 ¢ L, since o is an upper bound of L.

We have shown that ae L but ¢ L if f > a. In other words, «
is a lower bound of B, but § is not if 8 > a. This means that o = inf B.

FIELDS

1.12 Definition A field is a set F with two operations, called addition and
multiplication, which satisfy the following so-called “‘field axioms” (A), (M),
and (D):

(A) Axioms for addition

M)

(A1) If xe Fand y € F, then their sum x + y is in F.

(A2) Addition is commutative: x + y =y + x for all x, ye F.

(A3) Addition is associative: (x + y) + z=x + (y + z)forall x, y, z€ F.
(A4) F contains an element 0 such that 0 + x = x for every x € F.

(AS) To every xeF corresponds an element —x e F such that

x+(—x)=0.

Axioms for multiplication

(M1) If x € Fand y € F, then their product xy is in F.

(M2) Multiplication is commutative: xy = yx for all x, y e F.

(M3) Multiplication is associative: (xy)z = x(yz) for all x, y, ze F.
(M4) F contains an element 1 # 0 such that 1x = x for every x € F.
(M5) If xe F and x # 0 then there exists an element 1/x € F such that

x-(1/x)=1.
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(D) The distributive law

x(y+z)=xy+xz

holds for all x, y, z€ F.

113

1.14

Remarks

(@) One usually writes (in any field)
x --y,;, x+y+z xpz, x%, x3,2x, 3x, . ..
in place of
x+(~y),x'e),(x+y)+z, (xp)z, xx, XXX, X+ X, x + X+ X, ....

(b) The field axioms clearly hold in Q, the set of all rational numbers, if
addition and multiplication have their customary meaning. Thus Q is a
field.

(¢) Although it is not our purpose to study fields (or any other algebraic
structures) in detail, it is worthwhile to prove that some familiar properties
of Q are consequences of the field axioms; once we do this, we will not
need to do it again for the real numbers and for the complex numbers.

Proposition The axioms for addition imply the following statements.

@ Ifx+y=x+ztheny=z
b) Ifx+y=xtheny=0.
(© Ifx+y=0theny= —x.
d —-(-x)=ux

Statement (@) is a cancellation law. Note that (b) asserts the uniqueness

of the element whose existence is assumed in (A4), and that (c) does the same
for (AS).

Proof If x + y = x + z, the axioms (A) give

y=0+y=(—x+x)+y=—-x+(x+y)
=—x+(x+2)=(-x+x)+z=0+2z=2

This proves (a). Take z =0 in (a) to obtain (b). Take z= —x in (a) to
obtain (¢).
Since —x + x =0, (c) (with —x in place of x) gives (d).
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1.15 Proposition The axioms for multiplication imply the following statements.

@ Ifx+#0andxy=xztheny=z.
(b) Ifx#0and xy=xtheny=1.

() Ifx#0andxy=1theny=1/x.
d) Ifx+#£0then1/(1/x) = x.

The proof is so similar to that of Proposition 1.14 that we omit it.

1.16 Proposition The field axioms imply the following statements, for any x, y,
zeF,

(@) Ox=0.
b) Ifx#£0andy +#0 then xy #0.
(© (=x)y=—(xy)=x(-y).
@) (=x)—y)=xy.
Proof Ox + Ox = (0 + O)x = Ox. Hence 1.14(b) implies that Ox = 0, and
(a) holds.
Next, assume x #0, y #0, but xy =0. Then (a) gives

= ()-()p-e

a contradiction. Thus () holds.
The first equality in (c) comes from

(=x)y+xy=(-x+x)y=0=0,

combined with 1.14(c); the other half of (c) is proved in the same way.
Finally,
(=0(=») = =[x(=P]= - [-CN] = xy

by (c) and 1.14(d).

1.17 Definition An ordered field is a field F which is also an ordered set, such
that

() x+y<x+zifx,y,zeFandy <z,
(i) xy>0ifxeF,yeF,x>0,andy>0.

If x > 0, we call x positive; if x <0, x is negative.

For example, Q is an ordered field.

All the familiar rules for working with inequalities apply in every ordered
field: Multiplication by positive [negative] quantities preserves [reverses] in-
equalities, no square is negative, etc. The following proposition lists some of
these.
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1.18 Proposition The following statements are true in every ordered field.

(@ If x>0 then —x <0, and vice versa.

b)) Ifx>0andy<zthen xy <xz.

(¢) Ifx<0andy < zthen xy> xz.

(d) If x #0 then x* > 0. In particular, 1 > 0.
() If0<x<ythen0<lly<l/x.

Proof
(@ Ifx>0then0=—x+ x> —x +0, so that —x <0. If x <0 then
0= —x+x < —x+0, so that —x > 0. This proves (a).
(b) Since z>y, we have z—y >y —y=0, hence x(z~y) >0, and
therefore

xz2=x(z—y)+xy >0+ xy = xy.
(¢) By (a), (b), and Proposition 1.16(c),

—[xz -»]= (-0 -y) >0,

so that x(z — y) <0, hence xz < xy.
(d) If x>0, part (ii) of Definition 1.17 gives x> >0. If x <0, then
~x>0, hence (—x)?>0. But x*>=(—x)% by Proposition 1.16(d).
Since 1 =12, 1> 0.
() Ify>0andv<0,thenyv<0. Buty:-(1/y)=1>0. Hence 1/y > 0.

Likewise, 1/x > 0. If we multiply both sides of the inequality x < y by
the positive quantity (1/x)(1/y), we obtain 1/y < 1/x.

THE REAL FIELD

We now state the existence theorem which is the core of this chapter.

1.19 Theorem There exists an ordered field R which has the least-upper-bound

property.
Moreover, R contains Q as a subfield.

The second statement means that Q — R and that the operations of
addition and multiplication in R, when applied to members of Q, coincide with
the usual operations on rational numbers; also, the positive rational numbers
are positive elements of R.

The members of R are called real numbers.

The proof of Theorem 1.19 is rather long and a bit tedious and is therefore
presented in an Appendix to Chap. 1. The proof actually constructs R from Q.
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The next theorem could be extracted from this construction with very
little extra effort. However, we prefer to derive it from Theorem 1.19 since this
provides a good illustration of what one can do with the least-upper-bound

property.

1.20 Theorem

(@ IfxeR,yeR, and x > 0, then there is a positive integer n such that
nx>y.
(b) IfxeR,yeR,andx <y,thenthereexistsape Qsuchthatx <p <y.

Part (a) is usually referred to as the archimedean property of R. Part (b)
may be stated by saying that Q is dense in R: Between any two real numbers
there is a rational one.

Proof

(a) Let A be the set of all nx, where n runs through the positive integers.
If (a) were false, then y would be an upper bound of 4. But then 4 has a
least upper bound in R. Put a =supA4. Since x >0, « — x <a, and
a — x is not an upper bound of 4. Hence « — x < mx for some positive
integer m. But then a < (m + 1)x € 4, which is impossible, since « is an

upper bound of 4.
(b) Since x <y, we have y — x > 0, and (a) furnishes a positive integer

n such that
n(y — x) > 1,

Apply (@) again, to obtain positive integers m, and m, such that m, > nx,
my > —nx. Then
""mz < nx < ml.

Hence there is an integer m (with —m, < m < m,) such that
m—1<nx<m.
If we combine these inequalities, we obtain
nx <m<1+nx<ny.

Since n > 0, it follows that
x<m<
n Y

This proves (b), with p = m/n.
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We shall now prove the existence of nth roots of positive reals. This
proof will show how the difficulty pointed out in the Introduction (irration-

ality of \/2) can be handled in R.

1.21 Theorem For every real x >0 and every integer n >0 there is one
and only one positive real y such that y" = x.

This number y is written 2/x or x'/",

Proof That there is at most one such y is clear, since 0 < y, < y, implies
yYi<y;.

Let E be the set consisting of all positive real numbers ¢ such that
"< x

Ift=x/(1+x)then0<t<1. Hencet"<t<x. Thus te E, and
E is not empty.

Ift>14 x then t">1¢> x, so that ¢ E. Thus 1 + x is an upper
bound of E.

Hence Theorem 1.19 implies the existence of
y=supE.
To prove that y" = x we will show that each of the inequalities y" < x
and y" > x leads to a contradiction.
The identity 0" —a"=(b —-a)d" ' +b" 2a+ - - +a"" ") yields
the inequality

b"—a" < (b—apmb"?
when 0 < a < b.
Assume y" < x. Choose 4 so that 0 <4 <1 and

x-y
EAFTESVES
Puta=y, b=y+h Then
G+h =y <hn(y + b <hn(y + 1" ' < x -y

Thus (y + 4" <x, and y + he E. Since y + h > y, this contradicts the
fact that y is an upper bound of E.
Assume y" > x. Put

y—x
ny" !
Then 0 <k < y. If t > y — k, we conclude that
V=1r<y —-O-k<kny '=y—x
Thus " > x, and ¢ ¢ E. It follows that y — k is an upper bound of E.

k=
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But y — k < y, which contradicts the fact that y is the least upper bound
of E.
Hence y" = x, and the proof is complete.

Corollary If a and b are positive real numbers and n is a positive integer, then
(ab)l/n — al/nbl/n.

Proof Puta =a' B =5b'", Then
ab = a"p" = (xp)",

since multiplication is commutative. [Axiom (M2) in Definition 1.12.]
The uniqueness assertion of Theorem 1.21 shows therefore that

(ab)l/n = aﬂ = ql/nptin,

1.22 Decimals We conclude this section by pointing out the relation between
real numbers and decimals.

Let x > 0 be real. Let n, be the largest integer such that n, < x. (Note that
the existence of n, depends on the archimedean property of R.) Having chosen

Rgs My, . .., Mgy, let n, be the largest integer such that
n +n1+"°+nk sx
°"10 1007

Let E be the set of these numbers

n n
(5) %+$+~-+ﬁ k=0,1,2,...).

Then x = sup E. The decimal expansion of x is
©6) LR C TN S

Conversely, for any infinite decimal (6) the set E of numbers (5) is bounded
above, and (6) is the decimal expansion of sup E.

Since we shall never use decimals, we do not enter into a detailed
discussion.

THE EXTENDED REAL NUMBER SYSTEM

1.23 Definition The extended real number system consists of the real field R
and two symbols, +00 and —co. We preserve the original order in R, and
define

-0 <X < +©
for every x € R.
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It is then clear that + oo is an upper bound of every subset of the extended
real number system, and that every nonempty subset has a least upper bound.
If, for example, E is a nonempty set of real numbers which is not bounded
above in R, then sup E = + oo in the extended real number system.

Exactly the same remarks apply to lower bounds.

The extended real number system does not form a field, but it is customary
to make the following conventions:

(a) If x is real then
X+ 00 = 400, X — 00 = ~00, —=——=0.

() If x>0then x (+)= +00, x*(—00)= —00.
(¢) Ifx<Othenx-(+®)= —o00, x*(—00)= +o00.

When it is desired to make the distinction between real numbers on the
one hand and the symbols + o0 and — oo on the other quite explicit, the former
are called finite.

THE COMPLEX FIELD

1.24 Definition A complex number is an ordered pair (a, b) of real numbers.
“Ordered’” means that (a, b) and (b, a) are regarded as distinct if a # b.

Let x = (a, b), y = (¢, d) be two complex numbers. We write x = y if and
only if @ = c and b =d. (Note that this definition is not entirely superfluous;
think of equality of rational numbers, represented as quotients of integers.) We
define

x+y=(a+c,b+d),

xy = (ac — bd, ad + bc).

1.25 Theorem These definitions of addition and multiplication turn the set of
all complex numbers into a field, with (0, 0) and (1, 0) in the role of 0 and 1.

Proof We simply verify the field axioms, as listed in Definition 1.12.
(Of course, we use the field structure of R.)

Let x = (a, ), y = (¢, d), z = (e, f)-
(A1) is clear.
(A2) x+y=(@+cb+d)=(c+ad+b)=y+=x
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A3) x+y)+z=(a+c,b+d)+(ef)
=(a+c+eb+d+f)
=(@b+(c+ed+f)=x+(y +2).
(A4) x+0=(a,b)+(0,0) =(a,b)=x.
(A5) Put —x = (—a, —b). Thenx + (—x)=(0,0)=0.
(M1) is clear.
M2) xy = (ac — bd, ad + bc) = (ca — db, da + cb) = yx.
(M3) (xy)z = (ac — bd, ad + bc)(e, f)
= (ace — bde — adf — bcf, acf — bdf + ade + bce)
= (a, b)(ce — df, cf + de) = x(yz).
M4) 1x=(1,0)a, b) = (a, b) = x.
(M5) If x # 0 then (a, b) # (0, 0), which means that at least one of the
real numbers g, b is different from 0. Hence a® + b* > 0, by Proposition
1.18(d), and we can define

1 a -b
§=(a2+b2’ a2+b2)'
Then
x.l;=(a’b)(a2-‘ll-b2’ a2+bb2
D) x(y+2)=(a,b)c+e,d+f)
= (ac + ae — bd — bf, ad + af + bc + be)
= (ac — bd, ad + bc) + (ae — bf, af + be)
=Xy + Xz.

):(1,0)=1.

Theorem For any real numbers a and b we have
(a,0)+ (b,0)=(a+5,0), (a,0)b,0)=(ad,0).

The proof is trivial.

Theorem 1.26 shows that the complex numbers of the form (a, 0) have the

same arithmetic properties as the corresponding real numbers a. We can there-
fore identify (a, 0) with a. This identification gives us the real field as a subfield
of the complex field.

The reader may have noticed that we have defined the complex numbers

without any reference to the mysterious square root of —1. We now show that
the notation (a, b) is equivalent to the more customary a + bi.

1.27

Definition i = (0, 1).



14 PRINCIPLES OF MATHEMATICAL ANALYSIS

1.28 Theorem i2= —1.
Proof i2=(0,1)(0,1)=(-1,0)= —1.

1.29 Theorem If a and b are real, then (a, b) = a + bi.
Proof
a+ bi=(a,0)+ (b,00,1)
= (a, 0) + (0, b) = (a, b).

1.30 Definition If a, b are real and z = a + bi, then the complex number
Z = q — bi is called the conjugate of z. The numbers a and b are the real part
and the imaginary part of z, respectively.

We shall occasionally write

a = Re(2), b =Im(2).

1.31 Theorem If z and w are complex, then

(a) m =z + W;

® zw=z-w,

(0 z+Z=2Re(z),z—2=2iIm(z),

(d) zZ is real and positive (except when z = 0).

Proof (a), (b), and (c) are quite trivial. To prove (d), write z=a + bi,
and note that zZ = a® + b2.

1.32 Definition If z is a complex number, its absolute value |z| is the non-
negative square root of zZ; that is, |z| = (2)'/%.

The existence (and uniqueness) of |z| follows from Theorem 1.21 and
part (d) of Theorem 1.31.

Note that when x is real, then X = x, hence |x| =\/x2. Thus |x| =x
ifx=0, |x] =-xif x<O0.

133 Theorem Let z and w be complex numbers. Then

(@ |z| >Ounlessz=0, |0] =0,
®) |z| =|z|,

() lzwl| = |z||w],

(d) |Rez|<|z]|,

@ lz+w| <|z| + |w].
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Proof (a) and (b) are trivial. Put z=a+ bi, w=c + di, witha, b, c, d
real. Then

|zw|? = (ac — bd)* + (ad + bc)* = (a* + b2)(c? + d?) = |z|?*|w|?
or |zw|? = (|z| |w])®. Now (c) follows from the uniqueness assertion of

Theorem 1.21.
To prove (d), note that a®> < a* + b?, hence

la] = /o < JaT T B
To prove (e), note that Zw is the conjugate of zw, so that zw + zZw =
2 Re (z#). Hence
|z+w|?=(z+ W)Z + W) =2Z + zW + Zw + wiw
= |z|% + 2 Re (zW) + |w|?
<|z|*+2|z%| + |w|?
= |z|% +2|z[[w] + |w|? = (|2 + |w])

Now (e) follows by taking square roots.

1.34 Notation If x,, ..., x, are complex numbers, we write
n
xl +x2+ e +x,,= zxj.
/=1

We conclude this section with an important inequality, usually known as
the Schwarz inequality.

1.35 Theorem Ifa,,...,a,andb,, ..., b, are complex numbers, then
n 2 n n

Ya;bl <Y lal%} [

j=1 j=1 j=1

Proof Put A=2Z|q;|? B=2X|b;|% C =Za;b, (in all sums in this proof,
Jjruns over the values 1, ..., n). If B=0, then b, = -+ = b, =0, and the
conclusion is trivial. Assume therefore that B > 0. By Theorem 1.31 we
have

Y |Ba,— Cb;|* = ¥ (Ba; — Cb))(Ba, — Cb))
=B} |aj|* —BCY a;b;— BCY a;b; + |C|2 ¥ |b,]?
= B’4 — B|C|?
= B(4B — | C|?).
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Since each term in the first sum is nonnegative, we see that
B(4B - |C|*» =0.
Since B > 0, it follows that AB — | C|? > 0. This is the desired inequality.

EUCLIDEAN SPACES

1.36 Definitions For each positive integer k, let R* be the set of all ordered
k-tuples

X = (X1, X3, ""x.k),
where x,, ..., x; are real numbers, called the coordinates of x. The elements of

R* are called points, or vectors, especially when k > 1. We shall denote vectors
by boldfaced letters. Ify = (yy, ..., y) and if « is a real number, put

X+y=0 +Ype0 X+ Vs
oxX = (0Xq, ...y AXy)

so that x + ye R* and ax e R*. This defines addition of vectors, as well as
multiplication of a vector by a real number (a scalar). These two operations
satisfy the commutative, associative, and distributive laws (the proof is trivial,
in view of the analogous laws for the real numbers) and make R¥ into a vector
space over the real field. The zero element of R* (sometimes called the origin or
the null vector) is the point 0, all of whose coordinates are 0.

We also define the so-called “‘inner product” (or scalar product) of x and

y by \
X'y =izlxi}’i
and the norm of x by

k 1/2
x| =t = (2 2)

The structure now defined (the vector space R* with the above inner
product and norm) is called euclidean k-space.

1.37 Theorem Suppose X, y, z € R*, and « is real. Then

(@) |x|=20;
) |x|=0ifandonlyifx=0;
(0 |ox| =la|[x|;

@ |x-yl <|x||yl;
(e Ix+y|<Ix|+]yl;
(f) Ix—z|<|x-y|+|y—z|.
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Proof (a), (), and (c) are obvious, and (d) is an immediate consequence
of the Schwarz inequality. By (d) we have

|x+y|?=(x+y) (x+y)
=X'X+2x'y+y'y
< |x|* +2|x]||y| + |y|?
= (x| + [yD%

so that (e) is proved. Finally, (f) follows from (e) if we replace x by
x~yandybyy-z

1.38 Remarks Theorem 1.37 (@), (), and (f) will allow us (see Chap. 2) to
regard R* as a metric space.

R! (the set of all real numbers) is usually called the line, or the real line.
Likewise, R? is called the plane, or the complex plane (compare Definitions 1.24
and 1.36). In these two cases the norm is just the absolute value of the corre-
sponding real or complex number.

APPENDIX

Theorem 1.19 will be proved in this appendix by constructing R from Q. We
shall divide the construction into several steps.

Step 1 The members of R will be certain subsets of Q, called cuts. A cut is,
by definition, any set « = Q with the following three properties.

(1) ais not empty, and a # Q.
(dI) Ifpea,ge Q,andg<p, thengea,
(I11) Ifpea, then p <r for some rea.

The letters p, g, r, ... will always denote rational numbers, and a, 8, v, ...
will denote cuts.

Note that (IIT) simply says that « has no largest member; (II) implies two
facts which will be used freely:

Ifpexandg¢ a thenp <q.
Ifr¢aand r < sthen s ¢ a.

Step 2 Define “a < f” to mean: « is a proper subset of f.

Let us check that this meets the requirements of Definition 1.5.

If « < B and B < y it is clear that « < 7. (A proper subset of a proper sub-
set is a proper subset.) It is also clear that at most one of the three relations

a<B, a=8, B<a



18 PRINCIPLES OF MATHEMATICAL ANALYSIS

can hold for any pair a, . To show that at least one holds, assume that the
first two fail. Then a is not a subset of f. Hence there is a p € a with p ¢ B.
If g B, it follows that ¢ < p (since p ¢ f), hence g e «, by (II). Thus g ca.
Since B # a, we conclude: f < a.

Thus R is now an ordered set.

Step 3 The ordered set R has the least-upper-bound property.

To prove this, let 4 be a nonempty subset of R, and assume that f e R
is an upper bound of 4. Define y to be the union of alla € A. In other words,
p €y if and only if p e a for some « € A. We shall prove that y € R and that
y = sup A.

Since A is not empty, there exists an o, € 4. This «, is not empty. Since
oy < 7, ¥ is not empty. Next, y = B (since o = f for every o € A), and therefore
y # Q. Thus y satisfies property (I). To prove (II) and (III), pick p € y. Then
peay for some a, € A. If g < p, then g € «,, hence ¢ € y; this proves (II). If
r € &, is so chosen that r > p, we see that r € y (since a, < y), and therefore y
satisfies (I1T).

Thus y e R.

It is clear that « < y for every « € 4.

Suppose & < y. Then there is an se y and that s¢ 5. Since se€y, sea
for some a € A. Hence § < «, and J is not an upper bound of A.

This gives the desired result: y = sup 4.

Step4 Ifxe Rand f e R we define « + B to be the set of all sums r + s, where
reaand sep.
We define 0* to be the set of all negative rational numbers. It is clear that
O* is a cut. We verify that the axioms for addition (see Definition 1.12) hold in
R, with 0* playing the role of 0.
(A1) We have to show that « + f is a cut. It is clear that o + f is a
nonempty subset of Q. Take r' ¢ «, s'¢ . Then r' + 5" >r + s for all
choices of rea, sef. Thus r' + s ¢« + . It follows that « +  has
property (I).

Pick pea+ . Then p=r+s, with rea, sef. If g <p, then
g—s<r, s0o g—sea, and g=(g—s5)+sea+ . Thus (II) holds.
Choose tea so that ¢ >r. Then p <t +sand ¢t +sea + . Thus (IIT)
holds.

(A2) a+ Bisthesetofallr + s, with r e a, s € §. By the same definition,
B+aisthesetof all s+r. Sincer+s=s+rforallreQ, seQ, we
have a + f=f + .

(A3) As above, this follows from the associative law in Q.

(A4) IfreacandseO0* thenr +s5<r, hencer +sea. Thusa + 0* ca.
To obtain the opposite inclusion, pick p e o, and pick rea, r > p. Then
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p—re0* and p=r+(p—-r)ea+0* Thus a o+ 0*. We conclude
that o + 0* = a.
(A5) Fix ae R. Let B be the set of all p with the following property:

There exists r > 0 such that —p — r ¢ a.

In other words, some rational number smaller than —p fails to
be in a.

We show that B € R and that a + = 0*,

Ifs¢aand p=—s—1, then —p — 1 ¢ &, hence pe B. So B is not
empty. Ifgea, then —g ¢ . So f # Q. Hence B satisfies (I).

Pick pef, and pick r>0, so that —p—r¢a. If g <p, then
—q—r>—p—r, hence —g—ré¢a. Thus gef, and (II) holds. Put
t=p+(r/2). Then t>p, and —t—(r/2)= —p —réa, so that tep.
Hence f satisfies (I11).

We have proved that f e R.

If reaand se ff, then —s ¢ a, hence r < —s, r +5 <0. Thus
o + f = 0%,

To prove the opposite inclusion, pick v € 0*, put w = —v/2. Then
w > 0, and there is an integer n such that nw e « but (n + 1)w ¢ «. (Note
that this depends on the fact that Q has the archimedean property!) Put
p=—(mn+2w. Then pe B, since —p — w ¢ «, and

v=nw+pea+f.
Thus 0* = o + .
We conclude that « + § = 0*,
This B will of course be denoted by —a.

Step 5 Having proved that the addition defined in Step 4 satisfies Axioms (A)
of Definition 1.12, it follows that Proposition 1.14 is valid in R, and we can
prove one of the requirements of Definition 1.17:

Ifa,B,yeRand f <y, theno + <o + y.

Indeed, it is obvious from the definition of + in R that « + < a + y; if
we had « + f=0a + v, the cancellation law (Proposition 1.14) would imply
B=1.

It also follows that « > 0* if and only if —a < 0*,

Step 6 Multiplication is a little more bothersome than addition in the present
context, since products of negative rationals are positive. For this reason we
confine ourselves first to R*, the set of all & € R with o > 0*.

Ifae R* and fe R*, we define af to be the set of all p such that p < rs
for some choice of rea, se€ B, r >0, s >0.

We define 1* to be the set of all g < 1.
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Then the axioms (M) and (D) of Definition 1.12 hold, with R* in place of F,

and with 1* in the role of 1.
The proofs are so similar to the ones given in detail in Step 4 that we omit

them.
Note, in particular, that the second requirement of Definition 1.17 holds:

If > 0* and B > 0* then af > 0*.

Step 7 We complete the definition of multiplication by setting a0* = 0*a = 0*,
and by setting
(=a)(—p) ifa<0* g <0%
af = { —[(—a)f] ifa<O0* g>0%
=[x (=p)] ifa>0* B <O0*
The products on the right were defined in Step 6.
Having proved (in Step 6) that the axioms (M) hold in R*, it is now
perfectly simple to prove them in R, by repeated application of the identity

y = —(—1v) which is part of Proposition 1.14. (See Step 5.)
The proof of the distributive law

e+ y)=af +ay
breaks into cases. For instance, suppose a > 0*, f < 0% S+ y>0* Then
y= (8 + 7) + (—B), and (since we already know that the distributive law holds
in R*)

ay=a(f +7)+a-(=p).

Buta: (—B) = —(af). Thus

af + ay =a(f + y).
The other cases are handled in the same way.

We have now completed the proof that R is an ordered field with the least-

upper-bound property.

Step 8 We associate with each r e Q the set r* which consists of all pe Q
such that p < r. It is clear that each r* is a cut; that is, r* € R. These cuts satisfy

the following relations:

(@ r*+s*=(r+9)*
(b) r*s* =(rs)*,
() r*<s*ifandonlyifr<s.

To prove (a), choose per* + s*. Then p=u+ v, where u<r, v<s.
Hence p < r + s, which says that p e (r + 5)*.
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Conversely, suppose pe (r +s)*. Then p<r+s. Choose ¢ so that

2t=r+s5—p, put
F=r—ts=s5-—1t

Then r' er*, s’ € s*, and p = ¥’ + s, so that p e r* + s*.

This proves (a). The proof of (b) is similar.

If r < s then r € s*, but r ¢ r*; hence r* < s*.

If r* < s*, then there is a p e s* such that p¢r*. Hence r<p<s, so
that r < s.

This proves (c).

Step 9 We saw in Step 8 that the replacement of the rational numbers r by the
corresponding “‘rational cuts’ r* € R preserves sums, products, and order. This
fact may be expressed by saying that the ordered field Q is isomorphic to the
ordered field O* whose elements are the rational cuts. Of course, r* is by no
means the same as r, but the properties we are concerned with (arithmetic and
order) are the same in the two fields.

It is this identification of Q with Q* which allows us to regard Q as a
subfield of R.

The second part of Theorem 1.19 is to be understood in terms of this
identification. Note that the same phenomenon occurs when the real numbers
are regarded as a subfield of the complex field, and it also occurs at a much
more elementary level, when the integers are identified with a certain subset of Q.

It is a fact, which we will not prove here, that any two ordered fields with
the least-upper-bound property are isomorphic. The first part of Theorem 1.19
therefore characterizes the real field R completely.

The books by Landau and Thurston cited in the Bibliography are entirely
devoted to number systems. Chapter 1 of Knopp’s book contains a more
leisurely description of how R can be obtained from Q. Another construction,
in which each real number is defined to be an equivalence class of Cauchy
sequences of rational numbers (see Chap. 3), is carried out in Sec. 5 of the book
by Hewitt and Stromberg.

The cuts in Q which we used here were invented by Dedekind. The
construction of R from Q by means of Cauchy sequences is due to Cantor.
Both Cantor and Dedekind published their constructions in 1872.

EXERCISES

Unless the contrary is explicitly stated, all numbers that are mentioned in these exer-
cises are understood to be real.

1. If r is rational (r # 0) and x is irrational, prove that r + x and rx are irrational.
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2. Prove that there is no rational number whose square is 12.
3. Prove Proposition 1.15.
4. Let E be a nonempty subset of an ordered set; suppose « is a lower bound of E

and B is an upper bound of E. Prove that « < 8.

5. Let A be a nonempty set of real numbers which is bounded below. Let —A be

the set of all numbers —x, where x € 4. Prove that
inf A = —sup(— A).

6. Fix b > 1.

(@) If m, n, p, q are integers, n >0, g >0, and r = m/n = p/q, prove that
(bm)lln - (bv)lld_

Hence it makes sense to define b" = (b™)*/".

(b) Prove that b"** = b"b* if r and s are rational.

(¢) If x is real, define B(x) to be the set of all numbers b*, where ¢ is rational and
t < x. Prove that

b" =sup B(r)
when r is rational. Hence it makes sense to define
b* = sup B(x)

for every real x.
(d) Prove that b**> = b*b” for all real x and y.

. Fix b>1, y >0, and prove that there is a unique real x such that b* =y, by

completing the following outline. (This x is called the logarithm of y to the base b.)
(a) For any positive integer », 5" — 1 =n(b — 1).

(b) Hence b — 1 >n(b'"— 1).

(¢) If t>1and n>(b— 1)/t — 1), then b*/» < ¢,

(d) If w is such that b* <y, then b+ < y for sufficiently large n; to see this,
apply part (¢) with =y - b,

(e) If b* >y, then b*~ /™ > y for sufficiently large ».

(f) Let A be the set of all w such that b* <y, and show that x =sup A4 satisfies
b*=y.

(g) Prove that this x is unique.

. Prove that no order can be defined in the complex field that turns it into an ordered

field. Hint: —1 is a square.

. Suppose z=a-+bi, w=c-+di. Define z<w if a<ec, and also if a=c but

b < d. Prove that this turns the set of all complex numbers into an ordered set.
(This type of order relation is called a dictionary order, or lexicographic order, for
obvious reasons.) Does this ordered set have the least-upper-bound property ?

10. Suppose z =a -+ bi, w =u + iv, and

(1wl +u\'"? _ (1wl —u\'"?
a—(—z—- ’ b= ———2 .
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Prove that z2 = w if v >0 and that ()2 = w if v < 0. Conclude that every complex
number (with one exception!) has two complex square roots.

If z is a complex number, prove that there exists an r >0 and a complex number
w with |w| =1 such that z =rw. Are w and r always uniquely determined by z?
If z,, ..., z, are complex, prove that

lzs+za++z] S|zl + |22 +0 + |za].
If x, y are complex, prove that
llx] = Il < [x—yl.
If z is a complex number such that |z| =1, that is, such that zZ = 1, compute
[14+z]2+ |1 —z|2

Under what conditions does equality hold in the Schwarz inequality ?
Suppose k >3,x,ye R, |[x—y| =d >0, and r > 0. Prove:
(a) If 2r > d, there are infinitely many z € R* such that

|z—x| =|z—y| =r.
(b) If 2r =d, there is exactly one such z.
(¢) If 2r < d, there is no such z.

How must these statements be modified if k is 2 or 1?
Prove that

|x +y|* +|x—y|? =2[x|* +2]y|?
if xe R* and y € R*. Interpret this geometrically, as a statement about parallel-
ograms.
If kK >2 and x € R*, prove that there exists y € R* such that y 0 but x.y =0,
Is this also true if k =17
Suppose a € R*, b € R*. Find ¢ € R* and r > 0 such that

|x—a| =2|x—b|
ifand only if |[x —¢| =r.
(Solution: 3¢ =4b—a, 3r =2|b—a|.)
With reference to the Appendix, suppose that property (I1I) were omitted from the
definition of a cut. Keep the same definitions of order and addition. Show that

the resulting ordered set has the least-upper-bound property, that addition satisfies
axioms (A1) to (A4) (with a slightly different zero-element!) but that (A5) fails.
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BASIC TOPOLOGY

FINITE, COUNTABLE, AND UNCOUNTABLE SETS

We begin this section with a definition of the function concept.

2.1 Definition Consider two sets A and B, whose elements may be any objects
whatsoever, and suppose that with each element x of A4 there is associated, in
some manner, an element of B, which we denote by f(x). Then fis said to be a
function from A to B (or a mapping of A into B). The set A is called the domain
of f (we also say fis defined on A), and the elements f(x) are called the values
of f. The set of all values of fis called the range of f.

2.2 Definition Let 4 and B be two sets and let f be a mapping of 4 into B.
If E < A, f(E) is defined to be the set of all elements f(x), for x e E. We call
f(E) the image of E under f. In this notation, f(4) is the range of /. It is clear
that f(4) < B. If f(4) = B, we say that f maps 4 onto B. (Note that, according
to this usage, onto is more specific than into.)

If E < B, f~!(E) denotes the set of all x € 4 such that f(x) e E. We call
f ™! (E) the inverse image of E under f. If ye B, f~'(y) is the set of all xe 4
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such that f(x) =y. If, for each y e B, f ~1(y) consists of at most one element
of A, then f is said to be a 1-1 (one-t0-one) mapping of 4 into B. This may
also be expressed as follows: fis a 1-1 mapping of 4 into B provided that
f(xy) # f(x;) whenever x, # x,, x, € 4, x, €A.

(The notation x; # x, means that x, and x, are distinct elements; other-
wise we write x; = x,.)

2.3 Definition If there exists a 1-1 mapping of 4 onto B, we say that A and B
can be put in 1-1 correspondence, or that 4 and B have the same cardinal number,
or, briefly, that A and B are equivalent, and we write A ~ B. This relation
clearly has the following properties:

It is reflexive: A ~ A.
It is symmetric: If A ~ B, then B ~ A.
It is transitive: If A ~ Band B~ C, then 4 ~ C.

Any relation with these three properties is called an equivalence relation.

2.4 Definition For any positive integer n, let J, be the set whose elements are
the integers 1, 2, ..., n; let J be the set consisting of all positive integers. For any
set A, we say:

(@) A is finite if 4 ~ J, for some n (the empty set is also considered to be
finite).

(b) A is infinite if A is not finite.

(¢) A is countableif A~J.

(d) A is uncountable if A is neither finite nor countable.

(e) A is at most countable if A is finite or countable.

Countable sets are sometimes called enumerable, or denumerable.

For two finite sets 4 and B, we evidently have 4 ~ B if and only if 4 and
B contain the same number of elements. For infinite sets, however, the idea of
“having the same number of elements” becomes quite vague, whereas the notion
of 1-1 correspondence retains its clarity.

25 Example Let A be the set of all integers. Then A4 is countable. For,
consider the following arrangement of the sets 4 and J:

A: 0,1,-1,2,-2,3 -3,...
J: 1,2,3,4,5,6,17,...
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We can, in this example, even give an explicit formula for a function f
from J to A which sets up a 1-1 correspondence:

n
j 3 (n even),
fn) =

n-—1
2

(n odd).

2.6 Remark A finite set cannot be equivalent to one of its proper subsets.
That this is, however, possible for infinite sets, is shown by Example 2.5, in
which J is a proper subset of 4.

In fact, we could replace Definition 2.4(b) by the statement: A is infinite if
A is equivalent to one of its proper subsets.

2.7 Definition By a sequence, we mean a function f defined on the set J of all
positive integers. If f(n) = x,, for n € J, it is customary to denote the sequence
/by the symbol {x,}, or sometimes by x,, x,, X3, .... The values of £, that is,
the elements x,, are called the ferms of the sequence. If 4 is a set and if x, € 4
for all n e J, then {x,} is said to be a sequence in A, or a sequence of elements of A.

Note that the terms x;, x,, x5, ... of a sequence need not be distinct.

Since every countable set is the range of a 1-1 function defined on J, we
may regard every countable set as the range of a sequence of distinct terms.
Speaking more loosely, we may say that the elements of any countable set can
be “‘arranged in a sequence.”

Sometimes it is convenient to replace J in this definition by the set of all
nonnegative integers, i.e., to start with O rather than with 1.

2.8 Theorem Every infinite subset of a countable set A is countable.

Proof Suppose E < A4, and E is infinite, Arrange the elements x of 4 in
a sequence {x,} of distinct elements. Construct a sequence {n,} as follows:

Let n, be the smallest positive integer such that x, € E. Having
chosen ny, ..., m_; (k =2,3,4,...), let n, be the smallest integer greater
than m,_, such that x,, e E.

Putting f(k) = x,, (k =1, 2,3, ...), we obtain a 1-1 correspondence
between E and J.

The theorem shows that, roughly speaking, countable sets represent
the “smallest’ infinity: No uncountable set can be a subset of a countable
set.

2.9 Definition Let A and Q be sets, and suppose that with each element o of
A there is associated a subset of Q which we denote by E,.
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The set whose elements are the sets E, will be denoted by {£,}. Instead
of speaking of sets of sets, we shall sometimes speak of a collection of sets, or
a family of sets.

The union of the sets E, is defined to be the set S such that x € S if and only
if x € E, for at least one « € A. We use the notation

) S=)E..

acAd

If A4 consists of the integers 1, 2, ..., n, one usually writes

n
® s=) Ea
me= 1
or
?3 S=E,VE,u " UE,.
If A is the set of all positive integers, the usual notation is
-
@ S=J E,.
m=1

The symbol oo in (4) merely indicates that the union of a countable col-
lection of sets is taken, and should not be confused with the symbols + o0, — 00,
introduced in Definition 1.23.

The intersection of the sets E, is defined to be the set P such that x € P if
and only if x € E, for every « € A. We use the notation

5) P=ﬂE,,

aed
or
(6) P=(\E,=E nE, A nE,,

m=1

or

©
(7) P=nEm;

m=1

as for unions. If 4 N B is not empty, we say that 4 and B intersect; otherwise
they are disjoint.
2.10 Examples

(a) Suppose E; consists of 1,2,3 and E, consists of 2,3,4. Then
E, v E, consists of 1, 2, 3, 4, whereas E; n E, consists of 2, 3.
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(b) Let A be the set of real numbers x such that 0 < x < 1. For every
x € A, let E, be the set of real numbers y such that 0 <y < x. Then

@ E.cE,ifandonlyif0<x<z<1;
x€A

(iif) () E, is empty;
xeA

(i) and (ii) are clear. To prove (iii), we note that for every y >0, y ¢ E,
ifx<y. Henceyé(\;ea Ex.

2.11 Remarks Many properties of unions and intersections are quite similar
to those of sums and products; in fact, the words sum and product were some-
times used in this connection, and the symbols £ and IT were written in place

of | ) and .

The commutative and associative laws are trivial;
® AuB=BuUAd; ANnB=Bn A.
9 AUBUC=4AUBUC(C); ANBNC=An(BnCO).

Thus the omission of parentheses in (3) and (6) is justified.
The distributive law also holds:

(10) AnBUC)=AnB)UANnC).

To prove this, let the left and right members of (10) be denoted by E and F,
respectively.

Suppose x€ E. Then xe 4 and xe By C, that is, x € B or x € C (pos-
sibly both). Hence xe A n Bor xe An C, so that xe F. Thus Ec F.

Next, suppose x€ F. Then xe A n Borxe An C. Thatis, xe 4, and
xeBu C. Hence xe A n (Bu C), so that Fc E.

It follows that E = F,

We list a few more relations which are easily verified:

(11 Ac AU B,

(12) AnBcA.

If 0 denotes the empty set, then

13) Au0=4, An0=0.
If A < B, then

(14) AUB=B, AnB=A
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2.12 Theorem Let{E},n=1,2,3,...,beasequence of countable sets, and put

(15) S=E,.
n=1
Then S is countable.

Proof Let every set E, be arranged in a sequence {x,},k=1,2,3,...,
and consider the infinite array

(16)

in which the elements of E, form the nth row. The array contains all
elements of S. As indicated by the arrows, these elements can be
arranged in a sequence

(17) X115 X215 X125 X315 X225 X135 X415 X325 X235 X145+

If any two of the sets E, have elements in common, these will appear more
than once in (17). Hence there is a subset T of the set of all positive
integers such that S~ T, which shows that S is at most countable
(Theorem 2.8). Since E; =S, and E, is infinite, S is infinite, and thus
countable.

Corollary Suppose A is at most countable, and, for every a € A, B, is at most

countable. Put
T =) B..

ac A
Then T is at most countable.

For T is equivalent to a subset of (15).

2.13 Theorem Let A be a countable set, and let B, be the set of all n-tuples
(a1, ..., a,), wherea,e A (k=1,...,n), and the elements a,, ..., a, need not be
distinct. Then B, is countable.

Proof That B, is countable is evident, since B, = A. Suppose B,_, is
countable (n =2, 3,4,...). The elements of B, are of the form

(18) b, a) (be B,_,, ac A).

For every fixed b, the set of pairs (b, a) is equivalent to A, and hence
countable. Thus B, is the union of a countable set of countable sets. By
Theorem 2.12, B, is countable.

The theorem follows by induction.
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Corollary The set of all rational numbers is countable.

Proof We apply Theorem 2.13, with n = 2, noting that every rational r
is of the form b/a, where a and b are integers. The set of pairs (a, b), and
therefore the set of fractions b/a, is countable.

In fact, even the set of all algebraic numbers is countable (see Exer-
cise 2).

That not all infinite sets are, however, countable, is shown by the next
theorem.

2.14 Theorem Let A be the set of all sequences whose elements are the digits 0
and 1. This set A is uncountable.
The elements of A are sequences like 1,0,0,1,0,1,1,1,....

Proof Let E be a countable subset of 4, and let E consist of the se-
quences sy, §,, 53, .... We construct a sequence s as follows. If the nth
digit in s, is 1, we let the nth digit of s be 0, and vice versa. Then the
sequence s differs from every member of E in at least one place; hence
s ¢ E. But clearly s e A4, so that E is a proper subset of 4.

We have shown that every countable subset of 4 is a proper subset
of 4. It follows that A is uncountable (for otherwise 4 would be a proper
subset of 4, which is absurd).

The idea of the above proof was first used by Cantor, and is called Cantor’s
diagonal process; for, if the sequences s,, s,, $3, ... are placed in an array like
(16), it is the elements on the diagonal which are involved in the construction of
the new sequence.

Readers who are familiar with the binary representation of the real
numbers (base 2 instead of 10) will notice that Theorem 2.14 implies that the
set of all real numbers is uncountable. We shall give a second proof of this
fact in Theorem 2.43.

METRIC SPACES

2.15 Definition A set X, whose elements we shall call points, is said to be a
metric space if with any two points p and g of X there is associated a real
number d(p, q), called the distance from p to g, such that

(@ dp,q)>0ifp+#q;dp,p)=0;

(®) dp,q)=d(.p);

(¢) d(p.q) <d(p,r)+d(r,q), for any re X.

Any function with these three properties is called a distance function, or
a metric.
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2.16 Examples The most important examples of metric spaces, from our
standpoint, are the euclidean spaces R*, especially R! (the real line) and R? (the
complex plane); the distance in R* is defined by

(19) dx,y)=|x-y| (xyeR".

By Theorem 1.37, the conditions of Definition 2.15 are satisfied by (19).

It is important to observe that every subset ¥ of a metric space X is a metric
space in its own right, with the same distance function. For it is clear that if
conditions (a) to (¢) of Definition 2.15 hold for p, ¢, r € X, they also hold if we
restrict p, g, r to lie in Y,

Thus every subset of a euclidean space is a metric space. Other examples
are the spaces €(K) and £*(u), which are discussed in Chaps. 7 and 11, respec-
tively.

2.17 Definition By the segment (a, b) we mean the set of all real numbers x

such that a < x < b.
By the interval [a, b] we mean the set of all real numbers x such that

a<x<b
Occasionally we shall also encounter ‘““half-open intervals’ [a, b) and (q, b];
the first consists of all x such that @ < x < b, the second of all x such that

a<x<b

Ifa; <b;fori=1,...,k, the set of all points x = (x,, ..., x,) in R* whose
coordinates satisfy the inequalities a; < x; < b; (1 <i<k) is called a k-cell.
Thus a 1-cell is an interval, a 2-cell is a rectangle, etc.

If x € R* and r > 0, the open (or closed) ball B with center at x and radius r
is defined to be the set of all y € R* such that |y — x| < r (or |y — x| < r).

We call a set E = R* convex if

Ax+(1—-A)yeE

whenever xe E,ye E,and 0 < 1 < 1.
For example, balls are convex. For if |y —x| <r, |z—x|<r, and
0 < 1 <1, we have

12y + (1 = Dz — x| = | Ay ~x) + (1 — Yz - %)|
<AMy-x|+(0=V]z—-x|<ir+(A=Nr

=Tr.

The same proof applies to closed balls. It is also easy to see that k-cells are
convex.,
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2.18 Definition Let X be a metric space. All points and sets mentioned below
are understood to be elements and subsets of X.

(a) A neighborhood of p is a set N,(p) consisting of all ¢ such that
d(p, q) < r, for some r > 0. The number r is called the radius of N,(p).

(b) A point p is a limit point of the set E if every neighborhood of p
contains a point ¢ # p such thatge E.

(¢) If peE and p is not a limit point of E, then p is called an isolated
point of E.

(d) Eis closed if every limit point of E is a point of E.

(e) A point p is an interior point of E if there is a neighborhood N of p
such that N c E.

(f) Eis open if every point of E is an interior point of E.

(9) The complement of E (denoted by E°)is the set of all points pe X
such that p ¢ E.

(h) E is perfect if E is closed and if every point of E is a limit point
of E.

(i) E is bounded if there is a real number M and a point g € X such that
dip,g)<MforallpeE.

(j) E is dense in X if every point of X is a limit point of E, or a point of
E (or both).

Let us note that in R! neighborhoods are segments, whereas in R? neigh-
borhoods are interiors of circles.
2,19 Theorem Every neighborhood is an open set.

Proof Consider a neighborhood E = N,(p), and let ¢ be any point of E.
Then there is a positive real number 4 such that

dlp,q)=r—h.
For all points s such that d(g, s) < h, we have then
dip,s)<d(p,q)+d(g,s)<r—h+h=r,
so that s € E. Thus q is an interior point of E.
2.20 Theorem If p is a limit point of a set E, then every neighborhood of p
contains infinitely many points of E.

Proof Suppose there is a neighborhood N of p which contains only a
finite number of points of E. Let ¢q,,..., g, be those points of N n E,
which are distinct from p, and put

r = min d(p, 4,)

lsmsn
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[we use this notation to denote the smallest of the numbers d(p, q,), ...,
d(p, q,)]. The minimum of a finite set of positive numbers is clearly posi-
tive, so that r > 0.

The neighborhood N,(p) contains no point g of E such that g # p,
so that p is not a limit point of E. This contradiction establishes the
theorem.

Corollary A finite point set has no limit points.

2.21 Examples Let us consider the following subsets of R?:

(@) The set of all complex z such that |z| < 1.

(b) The set of all complex z such that |z| < 1.

(¢) A nonempty finite set.

(d) The set of all integers.

(e) The set consisting of the numbers 1/n (n=1,2,3,...). Let us note
that this set E has a limit point (namely, z = 0) but that no point of E is
a limit point of E; we wish to stress the difference between having a limit
point and containing one.

(f) The set of all complex numbers (that is, R?).

(9) The segment (a, b).

Let us note that (d), (¢), (¢) can be regarded also as subsets of R!.
Some properties of these sets are tabulated below:

Closed  Open  Perfect  Bounded

(a) No Yes No Yes
®) Yes No Yes Yes
© Yes No No Yes
) Yes No No No
) No No No Yes
o Yes Yes Yes No
(9) No No Yes

In (g), we left the second entry blank. The reason is that the segment
(a, b) is not open if we regard it as a subset of RZ, but it is an open subset of R!.

2.22 Theorem Let{E,} be a(finite or infinite) collection of sets E,. Then
(20) (Y &) =) ED.

Proof Let A and B be the left and right members of (20). If x € 4, then
x ¢, E,, hence x ¢ E, for any «, hence x € E for every a, so that x e () ES.
Thus 4 = B.



34 PRINCIPLES OF MATHEMATICAL ANALYSIS

Conversely, if x € B, then x € E for every a, hence x ¢ E, for any a,
hence x ¢ ), E,, so that xe (|, E,)°. Thus B< A.
It follows that 4 = B.

2.23 Theorem A set E is open if and only if its complement is closed.

Proof First, suppose E° is closed. Choose x€ E. Then x ¢ E°, and x is
not a limit point of E°. Hence there exists a neighborhood N of x such
that E° A N is empty, that is, N = E. Thus x is an interior point of E,
and E is open.

Next, suppose E is open. Let x be a limit point of E°. Then every
neighborhood of x contains a point of E¢, so that x is not an interior point
of E. Since E is open, this means that x € E°. It follows that E¢ is closed.

Corollary A set F is closed if and only if its complement is open.

2.24 Theorem

@y

(a) For any collection {G,} of open sets, ), G, is open.

(b) For any collection {F,} of closed sets, "y F, is closed.

(¢) For any finite collection G, ..., G, of open sets, \i= G, is open.
(d) For any finite collection F, ..., F, of closed sets,\ ), F, is closed.

Proof Put ¢ =), G,. If x € G, then x € G, for some «. Since x is an
interior point of G,, x is also an interior point of G, and G is open. This
proves (a).

By Theorem 2.22,

(O F..)c = L"} (Fa),

and F§ is open, by Theorem 2.23. Hence (a) implies that (21) is open so
that ), F, is closed.

Next, put H =(\}-, G,. For any x € H, there exist neighborhoods
N, of x, with radii »,, such that N, G;(i=1,...,n). Put

r=min (ry, ..., 1),

and let N be the neighborhood of x of radius ». Then N = G, fori =1,
..., n, 8o that N < H, and H is open.
By taking complements, (d) follows from (¢):

(UF) = Aeo.
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2.25 Examples In parts (c) and (d) of the preceding theorem, the finiteness of
11
the collections is essential. For let G, be the segment (— pr '-1) n=1,213..).

Then G, is an open subset of R!. Put G = (\%; G,. Then G consists of a single
point (namely, x = 0) and is therefore not an open subset of R'.

Thus the intersection of an infinite collection of open sets need not be open.
Similarly, the union of an infinite collection of closed sets need not be closed.

2.26 Definition If X is a metric space, if E = X, and if E’ denotes the set of
all limit points of E in X, then the closure of E is the set E=E U E'.

2.27 Theorem If X is a metric space and E < X, then

(@ Eisclosed,
(b) E =E ifandonly if E is closed,
(¢) E < F for every closed set F = X such that E < F.

By (a) and (c), E 1s the smallest closed subset of X that contains E.

Proof

(@) If pe Xandp ¢ E then p is neither a point of E nor a limit point of E.
Hence p has a neighborhood which does not intersect E. The complement
of E is therefore open. Hence E is closed.

(b) If E=E, (a) implies that E is closed. If E is closed, then E' = E
[by Definitions 2.18(d) and 2.26), hence E = E.

(¢) If Fis closed and F > E, then F> F’, hence F> E'. Thus F> E.

2.28 Theorem Let E be a nonempty set of real numbers which is bounded above.
Lety =sup E. Thenye€ E. Hence y € E if E is closed.

Compare this with the examples in Sec. 1.9.

Proof If ye E then yeE. Assume y¢ E. For every A > 0 there exists
then a point x € E such that y — 4 < x < y, for otherwise y — 4 would be
an upper bound of E. Thus y is a limit point of E. Hence y € E.

229 Remark Suppose E < Y c X, where X is a metric space. To say that E
is an open subset of X means that to each point p € E there is associated a
positive number r such that the conditions d(p,q) < r,g € X imply that g € E.
But we have already observed (Sec. 2.16) that Y is also a metric space, so that
our definitions may equally well be made within ¥. To be quite explicit, let us
say that E is open relative to Y if to each p € E there is associated an r > 0 such
that g € E whenever d(p,q) <r and g€ Y. Example 2.21(g) showed that a set
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may be open relative to Y without being an open subset of X. However, there
is a simple relation between these concepts, which we now state.

2.30 Theorem Suppose Y < X. A subset E of Y is open relative to Y if and
only if E = Y n G for some open subset G of X.

Proof Suppose E is open relative to Y. To each p € E there is a positive
number r, such that the conditions d(p, g) <r,,q € Y imply that g€ E.
Let ¥, be the set of all g € X such that d(p, g) <r,, and define
G=Uv,.
peE

Then G is an open subset of X, by Theorems 2.19 and 2.24.

Since peV,forallpe E,itisclearthat Ec G N Y.

By our choice of V,, we have V, n Y c E for every p € E, so that
Gn YcE Thus E=Gn ¥, and one half of the theorem is proved.

Conversely, if G is open in X and E=G N Y, every pe E has a
neighborhood ¥, = G. Then ¥V, n Y < E, so that E is open relative to Y.

COMPACT SETS

231 Definition By an open cover of a set E in a metric space X we mean a
collection {G,} of open subsets of X such that E c {J, G,.

2.32 Definition A subset K of a metric space X is said to be compact if every
open cover of K contains a finite subcover.

More explicitly, the requirement is that if {G,} is an open cover of K, then
there are finitely many indices «,, ..., a, such that

KcGy U UG,,.

The notion of compactness is of great importance in analysis, especially
in connection with continuity (Chap. 4).

It is clear that every finite set is compact. The existence of a large class of
infinite compact sets in R* will follow from Theorem 2.41.

We observed earlier (in Sec. 2.29) that if £ < Y < X, then E may be open
relative to Y without being open relative to X. The property of being open thus
depends on the space in which E is embedded. The same is true of the property
of being closed.

Compactness, however, behaves better, as we shall now see. To formu-
late the next theorem, let us say, temporarily, that X is compact relative to X if
the requirements of Definition 2.32 are met.
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Theorem Suppose K = Y = X. Then K is compact relative to X if and

only if K is compact relative to Y.

By virtue of this theorem we are able, in many situations, to regard com-

pact sets as metric spaces in their own right, without paying any attention to
any embedding space. In particular, although it makes little sense to talk of
open spaces, or of closed spaces (every metric space X is an open subset of itself,
and is a closed subset of itself), it does make sense to talk of compact metric
spaces.

22)

(23)

2.34

2.35

Proof Suppose K is compact relative to X, and let {V,} be a collection
of sets, open relative to ¥, such that K = (J, V,. By theorem 2.30, there
are sets G,, open relative to X, such that V, = Y n G,, for all «; and since
K is compact relative to X, we have

Kc Gy v uG,y,

for some choice of finitely many indices «;, ..., a,. Since K< Y, (22)
implies

KcVy,u-uV,.

This proves that K is compact relative to Y.

Conversely, suppose K is compact relative to Y, let {G,} be a col-
lection of open subsets of X which covers K, and put V, = Y n G,. Then
(23) will hold for some choice of «y,...,a,; and since V, < G,, (23)
implies (22).

This completes the proof.

Theorem Compact subsets of metric spaces are closed.

Proof Let K be a compact subset of a metric space X. We shall prove
that the complement of K is an open subset of X.

Suppose pe X, p¢ K. If ge K, let V, and W, be neighborhoods of p
and ¢, respectively, of radius less than 1d(p, q) [see Definition 2.18(a)].
Since K is compact, there are finitely many points gy, ..., ¢, in K such that

KW, u-uW, =W

If V=V, n-nV,, then Vis a neighborhood of p which does not
intersect W. Hence V < K¢, so that p is an interior point of K°. The
theorem follows.

Theorem Closed subsets of compact sets are compact.

Proof Suppose F c K < X, Fis closed (relative to X), and K is compact.
Let {V,} be an open cover of F. If F¢is adjoined to {V,}, we obtain an
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open cover Q of K. Since K is compact, there is a finite subcollection ®
of Q which covers K, and hence F. If F¢is a member of ®, we may remove
it from ® and still retain an open cover of F. We have thus shown that a
finite subcollection of {V,} covers F.

Corollary If F is closed and K is compact, then F r K is compact.

Proof Theorems 2.24(b) and 2.34 show that Fn K is closed; since
F n K c K, Theorem 2.35 shows that F n K is compact.

2.36 Theorem If{K,} is a collection of compact subsets of a metric space X such
that the intersection of every finite subcollection of {K,} is nonempty, then [\ K,
is nonempty.

Proof Fix a member X of {K,} and put G, = K. Assume that no point
of K, belongs to every K,. Then the sets G, form an open cover of K, ;
and since K, is compact, there are finitely many indices a,, ..., &, such
that X; c G,, U *** U G,,. But this means that

KinKg 0 nkK,

is empty, in contradiction to our hypothesis.

Corollary If {K,} is a sequence of nonempty compact sets such that K, > K, ,
(n=1,2,3,...), then(\Y K, is not empty.

2.37 Theorem If E is an infinite subset of a compact set K, then E has a limit
point in K.

Proof If no point of K were a limit point of E, then each g € K would
have a neighborhood ¥, which contains at most one point of E (namely,
g, if g€ E). It is clear that no finite subcollection of {V/;} can cover E;
and the same is true of X, since E < K. This contradicts the compactness
of K.

238 Theorem If {I,)} is a sequence of intervals in R', such that I, > I,,,
(n=1,23,...), then ¥ I, is not empty.

Proof If I, = [a,, b,], let E be the set of all @,. Then F is nonempty and
bounded above (by b;). Let x be the sup of E. If m and n are positive
integers, then

an S am+n < bm+n Sbm’

so that x < b,, for each m. Since it is obvious that a, < x, we see that
xel,form=123,....
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Theorem Let k be a positive integer. If {I,} is a sequence of k-cells such

thatI, o I,,,(n=1,2,3,...), then N7 I, is not empty.

2.40

Proof Let I, consist of all points x = (xy, ..., x;) such that
a,,’jsijb,,,j (15j$k;n=1,2,3,...),

and put I, ;=[a,; b,;]. For each j, the sequence {I,;} satisfies the
hypotheses of Theorem 2.38. Hence there are real numbers xJ(1 <j < k)
such that

a,;<xf<b,; (1<j<k;n=1,23,..).

Setting x* = (x¥, ..., x¥), we see that x*eI, for n=1,2,3,.... The
theorem follows.

Theorem Every k-cell is compact.

Proof Let I be a k-cell, consisting of all points x =(x,, ..., x;) such
that ¢; <x; < b; (1 <j< k). Put

5= {i ®; — a,.)Z}”z.

Then |x —y| <4, ifxel,yel

Suppose, to get a contradiction, that there exists an open cover {G,}
of I which contains no finite subcover of I. Put ¢; =(a; + b;)/2. The
intervals [a;, ¢;] and [c;, b;] then determine 2* k-cells Q; whose union is 1.
At least one of these sets Q,;, call it I;, cannot be covered by any finite
subcollection of {G,} (otherwise I could be so covered). We next subdivide
I, and continue the process. We obtain a sequence {,} with the following
properties:

(@ I>oL oLl
(b) 1, is not covered by any finite subcollection of {G,};
(¢) ifxel,andyel,, then |[x —y| <27"4.

By (@) and Theorem 2.39, there is a point x* which lies in every I,.
For some o, x*e G,. Since G, is open, there exists » > 0 such that
|y — x*| <r implies that y € G,. If n is so large that 27"5 < r (there is
such an n, for otherwise 2" < é/r for all positive integers n, which is
absurd since R is archimedean), then (c) implies that I, = G,, which con-
tradicts (b).

This completes the proof.

The equivalence of (a) and (b) in the next theorem is known as the Heine-

Borel theorem.
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2.41 Theorem Ifa set E in R* has one of the following three properties, then it
has the other two:

(@) Eis closed and bounded.
(b) Eis compact.
(c) Every infinite subset of E has a limit point in E.

Proof If (@) holds, then E < I for some k-cell I, and (b) follows from
Theorems 2.40 and 2.35. Theorem 2.37 shows that (b) implies (c). It
remains to be shown that (c) implies (a).

If E is not bounded, then E contains points x, with

|x,| >n (=1273..).

The set S consisting of these points x, is infinite and clearly has no limit
point in R*, hence has none in E. Thus (c) implies that E is bounded.

If E is not closed, then there is a point x, € R¥ which is a limit point
of E but not a point of E. For n=1,2,3,..., there are points x, € E
such that |x, — xo| < 1/n. Let S be the set of these points x,. Then S is
infinite (otherwise |x, — x,| would have a constant positive value, for
infinitely many #n), S has x, as a limit point, and S has no other limit
point in R¥, Forifye R¥ y # x,, then

Ixn—yl = lxo_Y| _Ixn_xol
> %o —y] == > 2% — ¥
oY n= 5% y

for all but finitely many »n; this shows that y is not a limit point of S
(Theorem 2.20).
Thus S has no limit point in E; hence E must be closed if (c) holds.

We should remark, at this point, that (b) and (c) are equivalent in any
metric space (Exercise 26) but that (a) does not, in general, imply (b) and (c).
Examples are furnished by Exercise 16 and by the space %2, which is dis-
cussed in Chap. 11.

2.42 Theorem (Weierstrass) FEvery bounded infinite subset of R* has a limit
point in R,

Proof Being bounded, the set E in question is a subset of a k-cell I = R*.
By Theorem 2.40, I is compact, and so E has a limit point in I, by
Theorem 2.37.
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PERFECT SETS

2.43 Theorem Let P be a nonempty perfect set in R*. Then P is uncountable.

Proof Since P has limit points, P must be infinite. Suppose P is count-
able, and denote the points of P by x,, X,, X3, .... We shall construct a
sequence {¥,} of neighborhoods, as follows.

Let ¥, be any neighborhood of x,. If ¥; consists of all y € R* such
that |y — x,| < r, the closure ¥, of ¥, is the set of all y e R* such that
ly =%, <r.

Suppose V,, has been constructed, so that ¥, n P is not empty. Since
every point of P is a limit point of P, there is a neighborhood V,,,; such
that (i) V,,, = V,, (i) x,¢ V,4y, (iii) V,+y 0 P is not empty. By (iii),
V, .. satisfies our induction hypothesis, and the construction can proceed.

Put K, = V, n P. Since V, is closed and bounded, V, is compact.
Since x, ¢ K, ., no point of P lies in ¥ K,. Since K, < P, this implies
that N K, is empty. But each K, is nonempty, by (iii), and K, > K, 4;,
by (i); this contradicts the Corollary to Theorem 2.36.

Corollary Every interval [a, b] (a < b) is uncountable. In particular, the set of
all real numbers is uncountable.

2.44 The Cantor set The set which we are now going to construct shows
that there exist perfect sets in R' which contain no segment.

Let E, be the interval [0, 1]. Remove the segment (4, ), and let E; be
the union of the intervals

[0, 3] % 1].

Remove the middie thirds of these intervals, and let E, be the union of the
intervals

[0’ _é—]’ [%’ —g- > [—g-’ %]’ [%’ I]'
Continuing in this way, we obtain a sequence of compact sets E,, such that

(@) EioE,DE;>:;
(b) E, is the union of 2" intervals, each of length 37"

The set

is called the Cantor set. P is clearly compact, and Theorem 2.36 shows that P
is not empty.
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No segment of the form

(3k+1 3k+2)

(24) O T

where k and m are positive integers, has a point in common with P. Since every
segment (o, ) contains a segment of the form (24), if

P contains no segment.

To show that P is perfect, it is enough to show that P contains no isolated
point. Let x € P, and let S be any segment containing x. Let I, be that interval
of E, which contains x. Choose n large enough, so that [, = S. Let x, be an
endpoint of I,, such that x, # x.

It follows from the construction of P that x, € P. Hence x is a limit point
of P, and P is perfect.

One of the most interesting properties of the Cantor set is that it provides
us with an example of an uncountable set of measure zero (the concept of
measure will be discussed in Chap. 11).

CONNECTED SETS

2.45 Definition Two subsets 4 and B of a metric space X are said to be
separated if both A N B and 4 N B are empty, i.e., if no point of A lies in the
closure of B and no point of B lies in the closure of 4.

A set E < X is said to be connected if E is not a union of two nonempty
separated sets.

2,46 Remark Separated sets are of course disjoint, but disjoint sets need not
be separated. For example, the interval [0, 1] and the segment (1, 2) are not
separated, since 1 is a limit point of (1, 2). However, the segments (0, 1) and
(1, 2) are separated.

The connected subsets of the line have a particularly simple structure:

2.47 Theorem A subset E of the real line R® is connected if and only if it has the
Sollowing property: If xe E, ye E, and x <z <y, then ze E.

Proof If there exist x € E, y € E, and some z € (x, y) such that z ¢ E, then
E=A, v B, where

A, =En (-, 2), B, =En(z, ).
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Since x € A, and y € B,, A and B are nonempty. Since 4, = (— o0, z) and
B, = (2, ), they are separated. Hence E is not connected.

To prove the converse, suppose E is not connected. Then there are
nonempty separated sets A and Bsuchthat A U B=FE. Pick xe 4, ye B,
and assume (without loss of generality) that x < y. Define

z =sup (4 n [x, y]).

By Theorem 2.28, z € 4; hence z ¢ B. In particular, x <z < y.

Ifz¢ A, it follows that x <z <y and z ¢ E.

If ze A, then z ¢ B, hence there exists z; such that z <z, <y and
z,¢B. Thenx <z <yandz ¢E.

EXERCISES

>

. Prove that the empty set is a subset of every set.
. A complex number z is said to be algebraic if there are integers ao, ..., a., not all

zero, such that
aoz"+aiz" "+ +an_1z+ a, =0.

Prove that the set of all algebraic numbers is countable. Hint: For every positive
integer N there are only finitely many equations with

n+ |ao| + |ai| +++++ |aa| =N.

. Prove that there exist real numbers which are not algebraic.

Is the set of all irrational real numbers countable ?

. Construct a bounded set of real numbers with exactly three limit points.
. Let E’ be the set of all limit points of a set E. Prove that E” is closed. Prove that

E and E have the same limit points. (Recall that £ = EU E’.) Do Eand E’ always
have the same limit points?

. Let 4;, A2, As, ... be subsets of a metric space.

(a) If B, = U}y Ay, prove that B, = Jp-, 4;, forn=1,2,3,....
(b) IfB= U;w,; A(, prove that E > U;ix Z( .
Show, by an example, that this inclusion can be proper.

. Is every point of every open set E < R? a limit point of E? Answer the same

question for closed sets in R2.

. Let E° denote the set of all interior points of a set E. [See Definition 2.18(¢);

E? is called the interior of E.]

(a) Prove that E° is always open.

(b) Prove that E is open if and only if E° = E.

(c) If G < E and G is open, prove that G < E°.

(d) Prove that the complement of E° is the closure of the complement of E.
(e) Do E and E always have the same interiors?

(f) Do E and E? always have the same closures ?
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10. Let X be an infinite set. For p € X and ¢ € X, define

11.

12.

13
14

15.

16.

17.

18

19.

20,

21.

I (fp#gq)
0 (f p = q).
Prove that this is a metric. Which subsets of the resulting metric space are open?

Which are closed? Which are compact?
For x € R and y € R!, define

di(x, y) = (x — »)?,
dy(x, ) =V ]x—y|,
ds(X,y) =|x2 __yZI’
du(x, y) =|x — 2|,

[x—y|
ds(x’y) - 1 +lx—y, .
Determine, for each of these, whether it is a metric or not.
Let K < R! consist of 0 and the numbers 1/n, forn=1, 2, 3, .... Prove that Kis
compact directly from the definition (without using the Heine-Borel theorem).
Construct a compact set of real numbers whose limit points form a countable set.
Give an example of an open cover of the segment (0, 1) which has no finite sub-
cover.
Show that Theorem 2.36 and its Corollary become false (in R!, for example) if the
word “‘compact” is replaced by “‘closed” or by “bounded.”
Regard @, the set of all rational numbers, as a metric space, with d(p,q) =|p —q|.
Let E be the set of all pe Q such that 2 < p? < 3. Show that E is closed and
bounded in @, but that E'is not compact. Is E open in Q?
Let E be the set of all x € [0. 1] whose decimal expansion contains only the digits
4 and 7. Is E countable? Is E dense in [0, 1]? Is E compact? Is E perfect?
Is there a nonempty perfect set in R! which contains no rational number?
(a) If A and B are disjoint closed sets in some metric space X, prove that they
are separated.
(b) Prove the same for disjoint open sets.
(c) Fix pe X, 8 >0, define A to be the set of all ¢ € X for which d(p, g) < §, define
B similarly, with > in place of <. Prove that 4 and B are separated.
(d) Prove that every connected metric space with at least two points is uncount-
able. Hint: Use (c).
Are closures and interiors of connected sets always connected? (Look at subsets
of R%)
Let 4 and B be separated subsets of some R*, suppose a € A, b € B, and define

p#)=(1—ta+tb
for te R, Put Ao =p~(A), Bo =p~'(B). [Thus t € A, if and only if p(¢) € A.]



22.

23

24

.

25.

26.

27,

28

29,
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(@) Prove that 4, and B, are separated subsets of R'.

(b) Prove that there exists ¢, € (0, 1) such that p(fo) ¢ 4 U B.

(¢) Prove that every convex subset of R¥ is connected.

A metric space is called separable if it contains a countable dense subset. Show
that R* is separable. Hint: Consider the set of points which have only rational
coordinates.

A collection {V,} of open subsets of X is said to be a base for X if the following
is true: For every x € X and every open set G = X such that xe G, we have
xe V., < G for some «. In other words, every open set in X is the union of a
subcollection of {V.}.

Prove that every separable metric space has a countable base. Hint: Take

all neighborhoods with rational radius and center in some countable dense subset
of X.
Let X be a metric space in which every infinite subset has a limit point. Prove that
X is separable. Hint: Fix 8 >0, and pick x; € X. Having chosen x,, ..., x,€ X,
choose x;.; € X, if possible, so that d(x;, x;,,)=>8 for i =1, ..., /. Show that
this process must stop after a finite number of steps, and that X can therefore be
covered by finitely many neighborhoods of radius 8. Taked = 1/n(n=1,2,3,..)),
and consider the centers of the corresponding neighborhoods.

Prove that every compact metric space K has a countable base, and that X is
therefore separable. Hint: For every positive integer », there are finitely many
neighborhoods of radius 1/n whose union covers K.

Let X be a metric space in which every infinite subset has a limit point. Prove
that X is compact. Hint: By Exercises 23 and 24, X has a countable base. It
follows that every open cover of X has a countable subcover {G,},n=1,2,3,....
If no finite subcollection of {G,} covers X, then the complement F,of G, U *-- U G,
is nonempty for each n, but () F, is empty. If E is a set which contains a point
from each F,, consider a limit point of E, and obtain a contradiction.

Define a point p in a metric space X to be a condensation point of a set E < X if
every neighborhood of p contains uncountably many points of E.

Suppose E < R*, E is uncountable, and let P be the set of all condensation
points of E. Prove that P is perfect and that at most countably many points of E
are not in P. In other words, show that P° n E is at most countable. Hint: Let
{Va} be a countable base of R¥, let i# be the union of those V, for which E n V,
is at most countable, and show that P = W<,

Prove that every closed set in a separable metric space is the union of a (possibly
empty) perfect set and a set which is at most countable. (Corollary: Every count-
able closed set in R* has isolated points.) Hint: Use Exercise 27.

Prove that every open set in R! is the union of an at most countable collection of
disjoint segments. Hint: Use Exercise 22.
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30. Imitate the proof of Theorem 2.43 to obtain the following result:

If R* = |J?F,, where each F, is a closed subset of R*, then at least one F,
has a nonempty interior.

Equivalent statement: If G, is a dense open subset of R¥, forn=1,2, 3, ...,
then (PG, is not empty (in fact, it is dense in R¥).

(This is a special case of Baire’s theorem; see Exercise 22, Chap. 3, for the general
case.)



3

NUMERICAL SEQUENCES AND SERIES

As the title indicates, this chapter will deal primarily with sequences and series
of complex numbers. The basic facts about convergence, however, are just as
easily explained in a more general setting. The first three sections will therefore
be concerned with sequences in euclidean spaces, or even in metric spaces.

CONVERGENT SEQUENCES

3.1 Definition A sequence {p,} in a metric space X is said to converge if there
is a point p € X with the following property: For every & > 0 there is an integer
N such that n > N implies that d(p,, p) < ¢. (Here d denotes the distance in X.)

In this case we also say that {p,} converges to p, or that p is the limit of
{p,} [see Theorem 3.2(b)], and we write p, = p, or

lim p, =p.

n=* oo

If {p,} does not converge, it is said to diverge.
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It might be well to point out that our definition of ‘‘convergent sequence”’
depends not only on {p,} but also on X; for instance, the sequence {1/n} con-
verges in R! (to 0), but fails to converge in the set of all positive real numbers
[with d(x,y) = |x —y|). In cases of possible ambiguity, we can be more
precise and specify ‘“‘convergent in X’ rather than ‘‘convergent.”

We recall that the set of all points p, (n =1, 2, 3, ...) is the range of {p,}.
The range of a sequence may be a finite set, or it may be infinite. The sequence
{p,} is said to be bounded if its range is bounded.

As examples, consider the following sequences of complex numbers
(that is, X = R?):

@
(®)
©
@
G

If s, = 1/n, then lim,, ,, s, = O; the range is infinite, and the sequence
is bounded.

If s, =n? the sequence {s,} is unbounded, is divergent, and has
infinite range.

If s, =1 + [(— 1)"/n], the sequence {s,} converges to 1, is bounded,
and has infinite range.

If s, = i", the sequence {s,} is divergent, is bounded, and has finite
range.

Ifs,=1(n=12,3,...), then {s5,} converges to 1, is bounded, and
has finite range.

We now summarize some important properties of convergent sequences
in metric spaces.

3.2 Theorem Let{p,} be a sequence in a metric space X.

(@)

(®)
(0
(d)

{p,} converges to p € X if and only if every neighborhood of p contains
p, for all but finitely many n.

Ifpe X, p' € X, and if {p,} converges to p and to p', then p’ = p.

If {p,} converges, then {p,} is bounded.

If E < X and if p is a limit point of E, then there is a sequence {p,} in E
such that p = lim p,,.

n= o

Proof (a) Suppose p,—p and let V be a neighborhood of p. For
some ¢ > 0, the conditions d(q, p) <¢,q9 € X imply g € V. Correspond-
ing to this &, there exists N such that n > N implies d(p,, p) <e. Thus
n > N implies p, € V.

Conversely, suppose every neighborhood of p contains all but

finitely many of the p,. Fix ¢ > 0, and let V be the set of all g € X such
that d(p, q) < e. By assumption, there exists N (corresponding to this V)
such that p,e V if n>N. Thus d(p,,p) <e¢ if n=N; hence p,—p.
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(b) Let e >0 be given. There exist integers N, N’ such that

n>N implies d(p,,p)< g

n>N' implies d(p,, )< g
Hence if n > max (N, N'), we have

d(p, p') < d(p, p,) + d(p,, P') <e.

Since ¢ was arbitrary, we conclude that d(p, p’) = 0.
(¢) Suppose p,—p. There is an integer N such that n> N
implies d(p,, p) < 1. Put

r = max {1’ d(pl’ p)9 Y d(pN’p)}'

Then d(p,,p) <rforn=1,2,3,....

(d) For each positive integer n, there is a point p, € E such that
d(p,,p) <1/n. Given € >0, choose N so that Ne>1. If n> N, it
follows that d(p,, p) <e&. Hence p, —p.

This completes the proof.

For sequences in R* we can study the relation between convergence, on
the one hand, and the algebraic operations on the other. We first consider
sequences of complex numbers.

3.3 Theorem Suppose {s,}, {t,} are complex sequences, and lim,_ s, =S,
lim,, . t, =1t Then

@ lim(s,+t)=s+1¢;

n-— o0

(b) limes, =cs, lim(c + s,) = ¢ + s, for any number c;
n=—*o n-= o0

(¢ lims,t, =st;
n= oo

1
(d) lim l = -, provided s, #0 (n=1,2,3,...),and s # 0.

n=w Sy 8

Proof

(@) Given € > 0, there exist integers N;, N, such that
n=N, implies |s,— s| <§,

£

n> N, implies |t,,—t]<2
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If N = max (N,, N,), then n > N implies
[+ t) =+ D) < sy — s + |1, — 1] <&
This proves (@). The proof of (b) is trivial.
(¢) We use the identity
€] Spty — st = (5, — S)t, — t) + s(t, — 1) + t(s, — ).
Given ¢ > 0, there are integers Ny, N, such that
n>N,; implies |s,—s| < \/E,
n>N, implies |f,—¢t] < \/;:.
If we take N = max (Ny, N,), n = N implies
(5 — )t — D] <,
so that

lim (s, — s)(t, — t) =0.

n—

We now apply (a) and (b) to (1), and conclude that

lim (s,¢, — st) = 0.

n= oo

(d) Choosing m such that |s, —s| < }|s| if » > m, we see that

Iso| >3ls|  (mzm).

Given ¢ > 0, there is an integer N > m such that » > N implies
Is, — 5| <3|s|%e.
Hence, for n > N,

Sp— 8

1 1
S, S

< — - <E&.
5,8 'slz\sn Sl €

3.4 Theorem
(@) Suppose x,€ R*(n=1,2,3,...) and
X, = (0g ps e v e Appn):
Then {x,} converges to X = (a4, ..., &) if and only if

#)) limg;,=a, (1<j<k).

n—+ o0
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(b) Suppose {x,}, {y,} are sequences in R¥, {B,} is a sequence of real numbers,
and X, X, Y, =Y, By = B. Then

lim,+y,)=x+y, limx, y,=x"y, lim g,x, = Bx.

n=w n=w n=w

Proof
(@) If x, = x, the inequalities
Iaj,n - a;' < ixn - xl’

which follow immediately from the definition of the normin R¥, show that
(2) holds.

Conversely, if (2) holds, then to each ¢ > 0 there corresponds an
integer N such that n > N implies

-1

N

loy, —a;] < (1<j<k).

Hence n > N implies
k L172
% =xl = {3 lna -5l <

so that x, = x. This proves (a).
Part (b) follows from (@) and Theorem 3.3.

SUBSEQUENCES

3.5 Definition Given a sequence {p,}, consider a sequence {n,} of positive
integers, such that n, <n, <ny <---. Then the sequence {p,} is called a
subsequence of {p,}. If {p,} converges, its limit is called a subsequential limit

of {p,}.

It is clear that {p,} converges to p if and only if every subsequence of

{p,} converges to p. We leave the details of the proof to the reader.

3.6 Theorem

(@) If {p,} is a sequence in a compact metric space X, then some sub-
sequence of {p,} converges to a point of X.
(b) Every bounded sequence in R* contains a convergent subsequence.
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Proof

(@) Let E be the range of {p,}. If E is finite then there is a p € £ and a
sequence {n;} with n; <n, <ny <---, such that

Pn =Pp,="""=p.
The subsequence {p, } so obtained converges evidently to p.

If E is infinite, Theorem 2.37 shows that E has a limit point p € X.
Choose n, so that d(p, p,,) < 1. Having chosen ny, ..., n,_,, we see from
Theorem 2.20 that there is an integer n, > n,_, such that d(p, p,) < 1/i.
Then {p, } converges to p.

(b) This follows from (a), since Theorem 2.41 implies that every bounded
subset of R lies in a compact subset of R*.

3.7 Theorem The subsequential limits of a sequence {p,} in a metric space X
form a closed subset of X.

Proof Let E* be the set of all subsequential limits of {p,} and let ¢ be a
limit point of E*. We have to show that g € E*,

Choose n, so that p, # g. (If no such n, exists, then E* has only
one point, and there is nothing to prove.) Put § =d(q, p,,). Suppose
ny, ..., n;., are chosen. Since g is a limit point of E*, there is an x € E*
with d(x,q) <27'6. Since x e E*, there is an n;>n,_, such that
d(x, p,) <27'6. Thus

d(g, pn) < 2'7'6
fori=1,2,3,.... This says that {p,} converges to g. Hence q € E*.

CAUCHY SEQUENCES

3.8 Definition A sequence {p,} in a metric space X is said to be a Cauchy
sequence if for every ¢ > 0 there is an integer N such that d(p,, p,.) <eifn > N
and m > N.

In our discussion of Cauchy sequences, as well as in other situations
which will arise later, the following geometric concept will be useful.

3.9 Definition Let E be a nonempty subset of a metric space X, and let S be
the set of all real numbers of the form d(p, q), with p € E and g € E. The sup
of S'is called the diameter of E.
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If{p,}is a sequence in X and if Ey consists of the points py, py+1, Pn+25 -« -»

it is clear from the two preceding definitions that {p,} is a Cauchy sequence
if and only if

3.10

311

lim diam Ey = 0.

N—-+w
Theorem
(@) IfE is the closure of a set E in a metric space X, then
diam E = diam E.
(b) If K, is a sequence of compact sets in X such that K,> K, .,
n=1,2,3,...)and if

lim diam K, =0,

then (T K, consists of exactly one point.
Proof
(a) Since E c E, it is clear that

diam E < diam E.

Fix ¢ > 0, and choose p € E, q € E. By the definition of E, there are
points p’, ¢, in E such that d(p, p’) < ¢, d(q,q’) < e&. Hence

d(p,q) <d(p,p)+d(p'q)+dq',q)
<2e+d(p,q) <2+ diam E.

It follows that
diam E < 2¢ + diam E,

and since ¢ was arbitrary, (@) is proved.

(b)) Put K= (\7K,. By Theorem 2.36, K is not empty. If K contains
more than one point, then diam K > 0. But for each n, K, > K, so that
diam K, > diam K. This contradicts the assumption that diam X, — 0.

Theorem

(@) Inany metric space X, every convergent sequence is a Cauchy sequence.

(b) If X is a compact metric space and if {p,} is a Cauchy sequence in X,
then {p,} converges to some point of X.

(¢) In R*, every Cauchy sequence converges.

Note: The difference between the definition of convergence and
the definition of a Cauchy sequence is that the limit is explicitly involved
in the former, but not in the latter. Thus Theorem 3.11(b) may enable us
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©)

to decide whether or not a given sequence converges without knowledge
of the limit to which it may converge.

The fact (contained in Theorem 3.11) that a sequence converges in
R* if and only if it is a Cauchy sequence is usually called the Cauchy
criterion for convergence.

Proof

(@) If p,—p and if & > 0, there is an integer N such that d(p, p,) < &
for all n > N. Hence

A(py, Pm) < d(py, ) + A(p, Pm) < 2¢

as soon as # > N and m > N. Thus {p,} is a Cauchy sequence.

() Let {p,} be a Cauchy sequence in the compact space X. For
N=1,23 ..., let Ey be the set consisting of py, Py+1s PN+2>---
Then

lim diam Ey = 0,

N-w
by Definition 3.9 and Theorem 3.10(a). Being a closed subset of the
compact space X, each Ey is compact (Theorem 2.35). Also Ey o Ey .,
so that Ey o Ey. ;.

Theorem 3.10(b) shows now that there is a unique p € X which lies
in every Ey .

Let ¢>0 be given. By (3) there is an integer N, such that
diam Ey <¢ if N> N,. Since p € E,, it follows that d(p,q) <e for
every q € Ey, hence for every q € Ey. In other words, d(p, p,) <e if
n > No. This says precisely that p, —p.

(c) Let {x,} be a Cauchy sequence in R*. Define Ey as in (b), with x;
in place of p;. For some N, diam Ey < 1. The range of {x,} is the union
of Ey and the finite set {x,, ..., Xy_;}. Hence {x,} is bounded. Since
every bounded subset of R has compact closure in R* (Theorem 2.41),
(c) follows from (b).

3.12 Definition A metric space in which every Cauchy sequence converges is
said to be complete.

Thus Theorem 3.11 says that all compact metric spaces and all Euclidean

spaces are complete. Theorem 3.11 implies also that every closed subset E of a
complete metric space X is complete. (Every Cauchy sequence in E is a Cauchy
sequence in X, hence it converges to some p € X, and actually p € E since E is
closed.) An example of a metric space which is not complete is the space of all
rational numbers, with d(x, y) = {x — y].
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Theorem 3.2(c) and example (d) of Definition 3.1 show that convergent
sequences are bounded, but that bounded sequences in R* need not converge.
However, there is one important case in which convergence is equivalent to
boundedness; this happens for monotonic sequences in R!.

3.13 Definition A sequence {s,} of real numbers is said to be

(a) monotonically increasing if s, < 8,,, (n=1,2,3,...);
(b) monotonically decreasing if s, > 8,1 (n=1,2,3,...).

The class of monotonic sequences consists of the increasing and the
decreasing sequences.

3.14 Theorem Suppose {s,} is monotonic. Then {s,} converges if and only if it
is bounded.

Proof Suppose s, < 5,4+, (the proof is analogous in the other case).
Let E be the range of {s,}. If {s,} is bounded, let s be the least upper

bound of E. Then
S, <8 n=1,23,..).
For every ¢ > 0, there is an integer N such that
§—e<Sy<s,
for otherwise s — ¢ would be an upper bound of E. Since {s,} increases,
n > N therefore implies

Ss—e<§,55,

which shows that {s,} converges (to s).
The converse follows from Theorem 3.2(c).

UPPER AND LOWER LIMITS

3.15 Definition Let {s,} be a sequence of real numbers with the following
property: For every real M there is an integer N such that n > N implies
S, = M. We then write

§, = + 00,
Similarly, if for every real M there is an integer N such that n > N implies
S, < M, we write

S, — — 00,
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It should be noted that we now use the symbol — (introduced in Defini-
tion 3.1) for certain types of divergent sequences, as well as for convergent
sequences, but that the definitions of convergence and of limit, given in Defini-
tion 3.1, are in no way changed.

3.16 Definition Let {s,} be a sequence of real numbers. Let E be the set of
numbers x (in the extended real number system) such that s, —x for some
subsequence {s,}. This set E contains all subsequential limits as defined in
Definition 3.5, plus possibly the numbers + oo, — 0.

We now recall Definitions 1.8 and 1.23 and put

s* =sup E,
Sy = inf E.

The numbers s*, s, are called the upper and lower limits of {s,}; we use the
notation
lim sup s, = s*, lim inf 5, = 4.
n— o n-» 00
3.17 Theorem Let {s,} be a sequence of real numbers. Let E and s* have the
same meaning as in Definition 3.16. Then s* has the following two properties:

(@) s*ekE.
(b) 1If x > s*, there is an integer N such that n > N implies s, < x.

Moreover, s* is the only number with the properties (a) and (b).

Of course, an analogous result is true for s,.
Proof

(@) Ifs* = +o0, then E is not bounded above; hence {s,} is not bounded
above, and there is a subsequence {s,,} such that s, — 4 0.

If s* is real, then E is bounded above, and at least one subsequential
limit exists, so that (a) follows from Theorems 3.7 and 2.28.

If s* = — o0, then E contains only one element, namely —oo, and
there is no subsequential limit. Hence, for any real M, s, > M for at
most a finite number of values of #, so that s, — — 0.

This establishes (a) in all cases.

(b) Suppose there is a number x > s* such that s, > x for infinitely
many values of n. In that case, there is a number y € E such that
¥y = x > s*, contradicting the definition of s*.

Thus s* satisfies (a) and (b).

To show the uniqueness, suppose there are two numbers, p and ¢,
which satisfy (@) and (b), and suppose p < ¢. Choose x such thatp < x <¢.
Since p satisfies (), we have s, < x forn > N. But then ¢ cannot satisfy (a).
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3.18 'Examples

(@) Let {s,} be a sequence containing all rationals, Then every real
number is a subsequential limit, and

limsups,= +00, liminfs, = —oco.
n—aw n- o
(b) Lets,=(—1"/[1+ (1/n)]. Then
limsups, =1, lim infs, = —1.
n— o n~» o

(¢) For a real-valued sequence {s,}, lim s, = s if and only if

n= o

limsup s, = liminfs, =s.

n—» o n— o

We close this section with a theorem which is useful, and whose proof is
quite trivial:

3.19 Theorem If's, <t, for n > N, where N is fixed, then

lim inf 5, < lim inf ¢,,

n—» o n= o

limsup s, <limsup¢,.

n—ow n= o

SOME SPECIAL SEQUENCES

We shall now compute the limits of some sequences which occur frequently.
The proofs will all be based on the following remark: If 0 < x, < s, forn 2 N,
where N is some fixed number, and if s, =0, then x, - 0.

3.20 Theorem

1
(@ If p>0,thenlim — =0.

n-co N

(®) Ifp>0,thenlim/p=1.

n—» o

(0 lim\"/ﬁ= 1.

(d) Ifp>0andais real, then ,].l-l.l:o ﬁy‘ =0.

(e) If |x| <1, thenlim x" =0.

n— o
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Proof

(a) Take n> (1/e)'/?. (Note that the archimedean property of the real
number system is used here.)
(®) If p>1, put x,=3p—1. Then x,>0, and, by the binomial
theorem,

1+nx,<(1+x)=p,
so that

0<xns_p___1.
n

Hence x, —+0. If p = 1, () is trivial, and if 0 < p < 1, the result is obtained
by taking reciprocals.
(¢) Putx,= (’/ n — 1. Then x, > 0, and, by the binomial theorem,

n=(1+x)2 n—('lz_—l)x,f

Hence

OansJ 2 22
n-—1

(d) Let k be an integer such that k¥ > o, k > 0. For n > 2k,

" nn—1m-k+1 n*p*
+p)>@r= (=1 k!( )p">§%-
Hence
a k |
0 " -z—i,fin“"‘ (n > 2k).

<—x<
d+p) p
Since & — k <0, n* "% =0, by (a).
() Take a =0 in (d).

SERIES

In the remainder of this chapter, all sequences and series under consideration
will be complex-valued, unless the contrary is explicitly stated. Extensions of
some of the theorems which follow, to series with terms in R*, are mentioned
in Exercise 15.
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3.21 Definition Given a sequence {a,}, we use the notation

q
Ya (<9
n=p
to denote the sum a, + a,4, +*** +a,. With {a,} we associate a sequence

{s,}, where
n

S =k;a,,.

For {s,} we also use the symbolic expression

a+a;+az+-

or, more concisely,
0

4) 2. G-

n=1

The symbol (4) we call an infinite series, or just a series. The numbers
s, are called the partial sums of the series. If {s,} converges to s, we say that
the series converges, and write

a, =s.

™s

1

The number s is called the sum of the series; but it should be clearly under-
stood that s is the limit of a sequence of sums, and is not obtained simply by
addition.

If {s,} diverges, the series is said to diverge.

Sometimes, for convenience of notation, we shall consider series of the
form

®)

And frequently, when there is no possible ambiguity, or when the distinction
is immaterial, we shall simply write Za, in place of (4) or (5).

It is clear that every theorem about sequences can be stated in terms of
series (putting a, = s,, and a, =, — 5,-, for n > 1), and vice versa. But it is
nevertheless useful to consider both concepts.

The Cauchy criterion (Theorem 3.11) can be restated in the following
form:

™Ms

a,.

n=0

3.22 Theorem ZXZa, converges if and only if for every € > 0 there is an integer
N such that

(6)
ifm>n>=N.

<e¢

m
Y a
k=n
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In particular, by taking m = n, (6) becomes
la, <e (= N).
In other words:

3.23 Theorem If Za, converges, then lim,_, a, =0.

The condition a, -0 is not, however, sufficient to ensure convergence
of Za,. For instance, the series

n=1H
diverges; for the proof we refer to Theorem 3.28.

Theorem 3.14, concerning monotonic sequences, also has an immediate
counterpart for series.

3.24 Theorem A series of nonnegative' terms converges if and only if its
partial sums form a bounded sequence.

We now turn to a convergence test of a different nature, the so-called
“‘comparison test.”

3.25 Theorem
(@ If|a,| <c, for n = Ny, where Ny is some fixed integer, and if Xc,
converges, then Za, converges.
® Ifa,=d,=0forn>=N,, and if Zd, diverges, then Za, diverges.
Note that (b) applies only to series of nonnegative terms a,,.

Proof Given ¢ > 0, there exists N > N, such that m > n > N implies

ckSS,
n

s

by the Cauchy criterion. Hence

m

Z a
k=n

m m
<Ylal <) a<e,
k=n k=n

and (a) follows.
Next, (b) follows from (a), for if Za, converges, so must Zd, [note
that (b) also follows from Theorem 3.24].

1 The expression ‘‘ nonnegative’ always refers to real numbers.



NUMERICAL SEQUENCES AND SERIES 61

The comparison test is a very useful one; to use it efficiently, we have to
become familiar with a number of series of nonnegative terms whose conver-
gence or divergence is known.

SERIES OF NONNEGATIVE TERMS

The simplest of all is perhaps the geometric series.

3.26 Theorem If0 <x <1, then

©
1
N
n=0

1—x

If x > 1, the series diverges.

Proof If x # 1,
n l_xn+1
= k_______.
Sn k;ox 1—x
The result follows if we let » - 00. For x =1, we get
1+14+1+4---,

which evidently diverges.
In many cases which occur in applications, the terms of the series decrease
monotonically. The following theorem of Cauchy is therefore of particular

interest. The striking feature of the theorem is that a rather “‘thin’’ subsequence
of {a,} determines the convergence or divergence of Xa,.

3.27 Theorem Supposea; >a, >az >+ >0. Then the series ) X, a, con-
verges if and only if the series

2ka2k=a1+2a2 +4a4+8a8+"'

18

™

k

o

converges.
Proof By Theorem 3.24, it suffices to consider boundedness of the
partial sums. Let

S,,=a1 +a2 + +a,,,

tk=al +2a2 + e +2ka2k.
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For n < 2%,
s, <ay+(ay+az)+ 0+ @+ + dgeriny)
<a, +2a,+ -+ 2%
= I,

so that
®) Sp < 1.

On the other hand, if n > 2¥,
Sp2ay +ay+ @3+ ay)+ 4 (@k-14q + 000+ Qg0)
>da, +ay,+2a,+ -+ 2% tas
=11,
so that
€] 25, = ty.

By (8) and (9), the sequences {s,} and {#,} are either both bounded
or both unbounded. This completes the proof.

1
3.28 Theorem ) —5 converges if p> 1 and diverges if p < 1.

Proof If p <0, divergence follows from Theorem 3.23. If p >0,
Theorem 3.27 is applicable, and we are led to the series

0 1 ©
2k _ = 2t -pk
kgo 2kp k;o
Now, 2! 7P <1 if and only if I — p <0, and the resuit follows by com-

parison with the geometric series (take x = 2! 7 in Theorem 3.26).
As a further application of Theorem 3.27, we prove:

329 Theorem Ifp>1,

(10) 5

converges, if p < 1, the series diverges.

Remark “‘log n” denotes the logarithm of 7 to the base e (compare Exercise 7,
Chap. 1); the number e will be defined in a moment (see Definition 3.30). We
let the series start with n» = 2, since log 1 = 0.
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Proof The monotonicity of the logarithmic function (which will be
discussed in more detail in Chap. 8) implies that {log n} increases. Hence
{I/nlogn} decreases, and we can apply Theorem 3.27 to (10); this
leads us to the series

@ 1 ® 1 1 ® 1
1 2%. - - 1
(b ,;1 2¥(log 24P k; (klog2)? (log2)* k; k?

and Theorem 3.29 follows from Theorem 3.28.

This procedure may evidently be continued. For instance,
* 1

1 S —
(12) n=3nlognloglogn
diverges, whereas

® 1

) p
n=3n log n(log log n)

(13)

converges.

We may now observe that the terms of the series (12) differ very little
from those of (13). Still, one diverges, the other converges. If we continue the
process which led us from Theorem 3.28 to Theorem 3.29, and then to (12) and
(13), we get pairs of convergent and divergent series whose terms differ even
less than those of (12) and (13). One might thus be led to the conjecture that
there is a limiting situation of some sort, a ‘“‘boundary” with all convergent
series on one side, all divergent series on the other side—at least as far as series
with monotonic coefficients are concerned. This notion of ‘“‘boundary” is of
course quite vague. The point we wish to make is this: No matter how we make
this notion precise, the conjecture is false. Exercises 11(b) and 12(b) may serve
as illustrations.

We do not wish to go any deeper into this aspect of convergence theory,
and refer the reader to Knopp’s ‘““Theory and Application of Infinite Series,”
Chap. IX, particularly Sec. 41.

THE NUMBER e

3.30 Definition e = i .
n=0N !

Heren!=1:2-3:---nifn>1,and 0! =1.
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Since
s,=14+1+ : + +o :
" 1:271-2-3 1-2n
<l+1+1+1+--~+ <3
22?2 r-1 =

the series converges, and the definition makes sense. In fact, the series converges
very rapidly and allows us to compute e with great accuracy.

It is of interest to note that e can also be defined by means of another
limit process; the proof provides a good illustration of operations with limits:

3.31 Theorem Ilim (1 + ,-l;) = e,

n—>co

Proof Let
noq "

= — t, = 1 - .
=@ ( + )

By the binomial theorem,

1 1 1 2
to=1+1+—{1-2)+=(1-2){1-%
=14 +2!(1 n)+3!(1 n)(l n)+

Hence ¢, < s, so that
(14) limsupt, <e,

n—=o0

by Theorem 3.19. Next, if n > m,

1 1 -
wetets b1 L) (o),
2! n m! n n

Let n —» o, keeping m fixed. We get

1 1
liminft,>1+1+—+++—,
n—o 2! m!
so0 that
S, < liminfe,.
Letting m — oo, we finally get
(15) e < liminf¢,.

The theorem follows from (14) and (15).
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L . . . 1 .
The rapidity with which the series ), — converges can be estimated as
n!

follows: If s, has the same meaning as above, we have

1 1 1
SEED TG ) T mea T

e—s,

1 1 1 1
1 S
<(n+l)!{ P e } e
so that

1
6 0 - —
(16) <e S"<n!n

Thus 5,0, for instance, approximates e with an error less than 10~7. The
inequality (16) is of theoretical interest as well, since it enables us to prove the
irrationality of e very easily.

3.32 Theorem e is irrational.

Proof Suppose e is rational. Then ¢ = p/q, where p and g are positive
integers. By (16),

1
a7 0<q!(e—sq)<a-
By our assumption, g!e is an integer. Since

1 1
q!sq=q!(1+1+5-!+"'+a)

is an integer, we see that g!(e — s,) is an integer.
Since ¢ > 1, (17) implies the existence of an integer between 0 and 1.
We have thus reached a contradiction.

Actually, e is not even an algebraic number. For a simple proof of this,
see page 25 of Niven’s book, or page 176 of Herstein’s, cited in the Bibliography.

THE ROOT AND RATIO TESTS
3.33 Theorem (Root Test) Given Za,, put o = lim sup \'/ m.

n—>w
Then

(@) ifa<1, Xa, converges;
b) ifa>1, Za, diverges;
(©) ifa =1, the test gives no information.
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3.34

Proof If « <1, we can choose B so that « < f <1, and an integer N

such that
Jla| <B
for n > N [by Theorem 3.17(b)]. That is, n > N implies

la,| < B"

Since 0 < § < 1, 8" converges. Convergence of Za, follows now from
the comparison test.

If « > 1, then, again by Theorem 3.17, there is a sequence {n;} such
that

/1a,,| —a.
Hence |a,| > 1 for infinitely many values of n, so that the condition

a, — 0, necessary for convergence of Xa,, does not hold (Theorem 3.23).
To prove (c), we consider the series

1 1
23 XL
For each of these series = 1, but the first diverges, the second converges.

Theorem (Ratio Test) The series Za,

Apty

(a) converges if lim sup <1,

n—*aw

an

Ay+
ay

(b) diverges if

21 for all n > n,, where nq is some fixed integer.

Proof If condition (a) holds, we can find # < 1, and an integer N, such
that

Ap+1
a,

<p

for n > N. In particular,

lay+1| < Blanl,
lans2| < Blansi| < B?|axl,

IaN'l—pl < p?lay|.
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That is,

|a.| < |ay|B™" - 8"

for n > N, and (a) follows from the comparison test, since Z8" converges.
If |ay+1| = |a,| for n = ny, it is easily seen that the condition a, =0
does not hold, and (b) follows.

Note: The knowledge that lima,,,/a, =1 implies nothing about the
convergence of £a,. The series £1/n and Z1/n* demonstrate this.
3.35 Examples
(@) Consider the series
tr 1 1 1 1 1 1 1

2 3+22+32+23+33+ +34+
for which
lim inf &2 = tim (E) =0,
n-—w a" n— o0 3

lim inf 3/a, = lim \/

1
n— o 8-> 75’
1Mm1y2=nqu=im
n*wp " n—+o0 2" \/2
3

lim supgﬂ: lim 1(5) = +00.

n—o a, n- o

The root test indicates convergence; the ratio test does not apply.
(b) The same is true for the series

l+1+l+l+l+l+ : +l+
2 8 32 128 64
where
1
. n+1
llil‘iglf ) 8
. 41
=2,
im sup =2
but

lim /a, = 3.
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3.36 Remarks The ratio test is frequently easier to apply than the root test,
since it is usually easier to compute ratios than nth roots. However, the root
test has wider scope. More precisely: Whenever the ratio test shows conver-
gence, the root test does too; whenever the root test is inconclusive, the ratio
test is too. This is a consequence of Theorem 3.37, and is illustrated by the
above examples.

Neither of the two tests is subtle with regard to divergence. Both deduce

divergence from the fact that a, does not tend to zero as n — oo,

3.37 Theorem For any sequence {c,} of positive numbers,

(18)

Cr+1

lim inf =% < fim inf 7/,

= Cn n—w

Cat+1
c'l

lim sup \"/ c—,, < lim sup

n— w0 n—

Proof We shall prove the second inequality; the proof of the first is
quite similar, Put

. Cot
o = lim sup2£E.

n—ow Cp
If « = + o0, there is nothing to prove. If a is finite, choose f > a. There
is an integer N such that

for n > N. In particular, for any p > 0,
CN+ivr S Beyrr (k=0,1,...,p—1).
Multiplying these inequalities, we obtain

13
cN+psﬁ CN>

or
G, <cyf VB (n=N).
Hence
Jea<YenBN B,
so that

lim sup {'/a <B,

n—o
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by Theorem 3.20(b). Since (18) is true for every > &, we have
lim sup /¢, < a.

n—+oo

POWER SERIES

3.38 Definition Given a sequence {c,} of complex numbers, the series

(19) S ¢ 2"
n=0

is called a power series. The numbers ¢, are called the coefficients of the series;
z is a complex number.

In general, the series will converge or diverge, depending on the choice
of z. More specifically, with every power series there is associated a circle, the
circle of convergence, such that (19) converges if z is in the interior of the circle
and diverges if z is in the exterior (to cover all cases, we have to consider the
plane as the interior of a circle of infinite radius, and a point as a circle of radius
zero). The behavior on the circle of convergence is much more varied and can-
not be described so simply.

3.39 Theorem Given the power series Lc,z", put

_ 1
o = lim sup &/ |c,|, R=_:

n—w

(Ufa=0,R=+o0;ifa=+00, R=0.) Then Xc,z" converges if |z| < R, and
diverges if |z| > R.

Proof Puta, = c,z", and apply the root test:

— —_— z
lim sup /| a,] = |z| lim sup /| c,| =I§l-

n— o

Note: R is called the radius of convergence of Xc, z".

3.40 Examples
(@) The series Zn"z" has R = 0.
(b) The series Zz—, has R = +00. (In this case the ratio test is easier to
n.

apply than the root test.)
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(¢) The series Xz" has R=1. If |z| =1, the series diverges, since {z"}
does not tend to 0 as n — 0.

(d) The series Zz; has R = 1. It diverges if z = 1. It converges for all
other z with |z| = 1. (The last assertion will be proved in Theorem 3.44.)
(e) The series Z% has R =1. It converges for all z with |z| =1, by

the comparison test, since |z"/n?| = 1/n?.

SUMMATION BY PARTS

3.41 Theorem Given two sequences {a,}, {b,}, put
n
An = Z ay
k=0
ifn=>0;put A, =0. Then, if 0 < p < q, we have

q q-1
(20) Y a,b,=Y Ayb, = byiy) + Aby — Ap_sb,.
= n=p

n=p

Proof

q q q -1
Zanbn‘:Z(An—An-l)bn=ZAnbn— Z Anbn+l’

=p n=p n=p-1
and the last expression on the right is clearly equal to the right side of
(20).

Formula (20), the so-called ‘‘partial summation formula,” is useful in the
investigation of series of the form Za,b,, particularly when {b,} is monotonic.
We shall now give applications.

3.42 Theorem Suppose

(a) the partial sums A, of Za, form a bounded sequence;
(b) boZbIszz"';
(¢) limb,=0.

n— o

Then Za, b, converges.
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Proof Choose M such that |4,| < M for all n. Given & > 0, there is an
integer N such that by < (¢/2M). For N < p < ¢, we have

q

Z an bll
n=p

g—-1
anAn(b" b b"+1) + Aqbq - Ap—lbp!

<M

g—1

Z (bn - bn+l) + bq + bp
n=p

= 2Mbp < 2Mb~ <e.

Convergence now follows from the Cauchy criterion. We note that the
first inequality in the above chain depends of course on the fact that
bn - bn+1 20.

3.43 Theorem Suppose

@ lalzle|zlesl 23
b)) cm-120,¢, <0 m=1,2,3,..);
(¢ lim,,,c,=0.

Then Zc, converges.

Series for which () holds are called ‘‘alternating series’’; the theorem was
known to Leibnitz.

Proof Apply Theorem 3.42, with @, = (—1)"*%, b, = |c,|.

3.44 Theorem Suppose the radius of convergence of Xc,z" is 1, and suppose
o= =2c, 200, lim,, ¢, =0. Then Xc,z" converges at every point on the
circle |z| = 1, except possibly at z = 1.
Proof Putq,=2z" b, =c,. The hypotheses of Theorem 3.42 are then
satisfied, since

L2
11—z’

1 _zn+1
|An| = =‘

1—-z

if|z| =1,z# 1.

ABSOLUTE CONVERGENCE

The series Za, is said to converge absolutely if the series |a,| converges.

3.45 Theorem If Za, converges absolutely, then Za, converges.
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Proof The assertion follows from the inequality

m m
Zak = Zlakl’
k=n k=n

plus the Cauchy criterion.

3.46 Remarks For series of positive terms, absolute convergence is the same
as convergence.

If Za, converges, but X|a,| diverges, we say that Za, converges non-
absolutely. For instance, the series

-1)
Z()

n

converges nonabsolutely (Theorem 3.43).

The comparison test, as well as the root and ratio tests, is really a test for
absolute convergence, and therefore cannot give any information about non-
absolutely convergent series. Summation by parts can sometimes be used to

handle the latter. In particular, power series converge absolutely in the interior
of the circle of convergence.

We shall see that we may operate with absolutely convergent series very
much as with finite sums. We may multiply them term by term and we may
change the order in which the additions are carried out, without affecting the
sum of the series. But for nonabsolutely convergent series this is no longer true,
and more care has to be taken when dealing with them.

ADDITION AND MULTIPLICATION OF SERIES

347 Theorem If Xa,=A, and Ib,= B, then X(a,+b,)=A+ B, and
Zca, = cA, for any fixed c.

Proof Let

A”=Zak, .B”=zbk.
k=0 k=0
Then

A, + B, =Y (& +by).
k=0

Since lim,_, , 4, = 4 and lim,_, ., B, = B, we see that

lim (4, + B,) = 4 + B.

n—o

The proof of the second assertion is even simpler.
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Thus two convergent series may be added term by term, and the result-
ing series converges to the sum of the two series. The situation becomes more
complicated when we consider multiplication of two series. To begin with, we
have to define the product. This can be done in several ways; we shall consider
the so-called ‘“‘Cauchy product.”

3.48 Definition Given Zag, and Xb,, we put

ab,_, (m=0,1,2,..)

Cp =
k

-

and call Zc, the product of the two given series.

This definition may be motivated as follows. If we take two power
series Za,z" and Xb,z", multiply them term by term, and collect terms contain-
ing the same power of z, we get

ine

a,z"* Yy b,2"=(ap +ayz +ayz> + Wb + byz + byz* + )
n n=0
= aobo + (a()bl + albo)z + (ao bz + albl + a2b0)22 + e
=co+ez+e 22+

Setting z = 1, we arrive at the above definition.

3.49 Example If

An=zak’ Bn=zbk’ Cn=zck,
k=0 k=0 k=0

and A4, » A, B, - B, then it is not at all clear that {C,} will converge to 4B,
since we do not have C, = 4, B,. The dependence of {C,} on {4,} and {B,} is
quite a complicated one (see the proof of Theorem 3.50). We shall now show
that the product of two convergent series may actually diverge.

The series
® (=1 1 1 1
—_— 1 _—— — i — e
n;o\/n+1 NN

converges (Theorem 3.43). We form the product of this series with itself and
obtain

§=1_(7‘5+7‘5)+(ﬁ+ﬁ+ﬁ)

1 1 1 1y,
‘(ﬁ*ﬁﬁ*ﬁﬁ*j&)* ’
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so that
n 1
n = -1y *
o= )k=zf>\/(n—k+1)(k+1)
Since
2 2 2
(n—-k+l)(k+1)=(g+1) —(g—-k) s(g+1) :
we have

2 2(n+1)
Son+2 n+2°

so that the condition ¢, -0, which is necessary for the convergence of Zc,, is
not satisfied.

In view of the next theorem, due to Mertens, we note that we have here
considered the product of two nonabsolutely convergent series.

3.50 Theorem Suppose

(@) Y a, converges absolutely,
n=0

® Sa =4,
n=0
© Yb=5
n=0 "
@ ¢, = Zoakb,,_k n=0,1,2,...).
k=

Then
v o)
Y ¢, =AB.
n=0
That is, the product of two convergent series converges, and to the right
value, if at least one of the two series converges absolutely.
Proof Put
A"=Zak, B”=Zbk, C”=ch, ﬁ”=.Bn'—B.
k=0 k=0 K=o
Then
C,=aobo + (@0 by + aibo) + -+ + (a0 by + a1by—y +*** + a,bo)
= aOBn + al Bn—l + 0+ anBO

= aO(B + :Bn) + al(B + ﬁn—l) +0+ an(B + BO)
= AnB + aoﬂn + alﬁn—l + anﬁo
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Put
= aOﬂn + alﬂn—l + 4+ anBO'
We wish to show that C, » AB. Since 4,B — AB, it suffices to
show that
21) limy, =0.

n—-» o
Put

a=3 |a,.

n=0

[Tt is here that we use (@).] Let ¢ > 0 be given. By (¢), B, = 0. Hence we
can choose N such that |B,| <& for n 2 N, in which case

[Vl < |Bo@+ -+ + Bnau-n| + |By+18n-n-1 +*** + Buao]
< |Boa,+ "+ Bna,_n| + €.
Keeping N fixed, and letting n — oo, we get

lim sup |y,| < ea,

n-* o

since @, — 0 as k — c0. Since ¢ is arbitrary, (21) follows.

Another question which may be asked is whether the series Z¢,, if con-
vergent, must have the sum AB. Abel showed that the answer is in the affirma-
tive.

3.51 Theorem If the series Za,, Xb,, Zc, converge to A, B, C, and
¢, =apb,+ " +a,by, then C = AB.

Here no assumption is made concerning absolute convergence. We shall
give a simple proof (which depends on the continuity of power series) after
Theorem 8.2.

REARRANGEMENTS

3.52 Definition Let {k,},n=1,2,3,..., be a sequence in which every
positive integer appears once and only once (that is, {k,} is a 1-1 function from
J onto J, in the notation of Definition 2.2). Putting

a, = a, n=1,23,..),

we say that Za, is a rearrangement of Za,.
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If {s,}, {s;} are the sequences of partial sums of Zq,, Za,, it is easily seen
that, in general, these two sequences consist of entirely different numbers.
We are thus led to the problem of determining under what conditions all
rearrangements of a convergent series will converge and whether the sums are
necessarily the same.

3.53 Example Consider the convergent series

(22) I—d+d—d+d—4+-
and one of its rearrangements
(23) T+d—d+d+a-d+s+r—4+

in which two positive terms are always followed by one negative. If s is the
sum of (22), then

s<l—-1t+4=4%
Since

1 1 L o
3t @-17 %

for k > 1, we see that s <s¢ <s9 <+, where s, is nth partial sum of (23).
Hence

lim sup s, > 55 = £,

n-—*o

so that (23) certainly does not converge to s [we leave it to the reader to verify
that (23) does, however, convergel.
This example illustrates the following theorem, due to Riemann.

3.54 Theorem Let Za, be a series of real numbers which converges, but not
absolutely. Suppose

~0<a<f<oo.

Then there exists a rearrangement Za, with partial sums s, such that

(24) lim inf s, = «, lim sup s, = §.
Proof Let
=M, q=‘_a"|___‘ﬁ' n=1,2,3..).

pn 2 n 2



(25)
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Then p,—gq,=a,,p, +94,= |a,|, 0. =0,q9,=0. The series Xp,, Zg,
must both diverge.
For if both were convergent, then
Z(py + 9n) = Za,]

would converge, contrary to hypothesis. Since
N N N N
Zl a, = Zl (pn _qn)= —Zl Pn— Zl qn,

divergence of Zp, and convergence of Zg, (or vice versa) implies diver-
gence of Za,, again contrary to hypothesis.

Now let P;, P,, P;, ... denote the nonnegative terms of Xa,, in the
order in which they occur, and let Q;, Q,, Qs, ... be the absolute values
of the negative terms of Za,, also in their original order.

The series LP,, XQ, differ from Zp,, Xq, only by zero terms, and
are therefore divergent.

We shall construct sequences {m,}, {k,}, such that the series

P1+...+Pml_Ql_..._le+Pm1+1+...
+sz_Qk1+1_.”_QR2+.”’

which clearly is a rearrangement of Za,, satisfies (24).
Choose real-valued sequences {a,}, {8,} such that o, -a, f,—f,

o, < B, By >0.
Let m,, k, be the smallest integers such that

P+ + P, >P,
P4 4Py — Q)= — O <oy,

let m, , k, be the smallest integers such that

Pit 4Py — Q1= = Qu + P+ + Py > P,
Pit 4Py = 01— = Qi+ Pyer+ 7 + Py — Qi1

— = Q<
and continue in this way. This is possible since £P, and ZQ, diverge.

If x,, y, denote the partial sums of (25) whose last terms are P, ,
- Qk,. s then

lxn_ﬂn‘ SPm,,’ |yn_an| st,,'

Since P, — 0 and Q, —0 as n - oo, we see that x, - f, y, - a.
Finally, it is clear that no number less than a or greater than § can
be a subsequential limit of the partial sums of (25).
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3.55 Theorem IfZa, is a series of complex numbers which converges absolutely,
then every rearrangement of Xa, converges, and they all converge to the same sum.

Proof Let Zg, be a rearrangement, with partial sums s,. Given ¢ >0,
there exists an integer & such that m > n > N implies

(26) i la;| <e.

Now choose p such that the integers 1, 2, ..., N are all contained in the
set ky, ky, ..., k, (we use the notation of Definition 3.52). Then if n > p,
the numbers a,,...,ay will cancel in the difference s, —s,, so that
|s, — 51| <e, by (26). Hence {s,} converges to the same sum as {s,}.

EXERCISES

1. Prove that convergence of {s,} implies convergence of {|s,|}. Is the converse true?
2, Calculate lim (Vn?* + n— n).

3. If s, = V2, and
s=Va4 s (=123..),
prove that {s,} converges, and that s, <2 forn=1,2,3,....
4. Find the upper and lower limits of the sequence {s.} defined by

S2m-1
=— 32m+1=—+52m-

2’ 2

5. For any two real sequences {a,}, {b.}, prove that

s =0; Sam

lim sup (@, + ba) < lim sup a,, + lim sup b,,

n—+w n—w© n—+c0

provided the sum on the right is not of the form o — <.
6. Investigate the behavior (convergence or divergence) of Za, if

(@ aw =Vn+1—Vn;

®) a = YnFEL=Vn,
n
© a=n—1
1
d) a, = et for complex values of z.
7. Prove that the convergence of Za, implies the convergence of
Va,

Il

if a, >0.
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8. If Za, converges, and if {b,} is monotonic and bounded, prove that Za,b, con-
verges.
9. Find the radius of convergence of each of the following power series:

2n
(@) X n’z, ®) X552,
2" n
(@ X757, @ X352
Suppose that the coefficients of the power series Y a, z" are integers, infinitely many

of which are distinct from zero. Prove that the radius of convergence is at most 1.
11. Suppose a, >0, s, =a, + *** + ax, and Za, diverges.

10

.

an .

(a) Prove that ¥ Tra diverges.
(b) Prove that

an+1 ...+a~+n21_ SN

SN+1 SN +k SN +k
and deduce that 3 gf diverges.
(¢) Prove that

Qn 1 1

§p " Sn-1 S
an
and deduce that Z? converges.
n

(d) What can be said about

Qan

Qn
9
Zl-f-na,. and Zl-l—n’a,.'

12, Suppose a, >0 and Za, converges. Put
=Y, Gm.

m=n

(a) Prove that

a a 4
_'"+...+J>1_L
¥n r,

¥m m

if m < n, and deduce that Zﬁ diverges.
Fn
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(b) Prove that

% <2Vr = Vi)
n

ay
and deduce that Y, /- converges.
I

Prove that the Cauchy product of two absolutely convergent series converges

absolutely.
If {s.} is a complex sequence, define its arithmetic means o, by

_Sot sttt

g (n=0,1,2,..)).

(@) If lim s, = s, prove that lim o, =s.

(b) Construct a sequence {s,} which does not converge, although lim o, = 0.

(¢) Canithappen thats, > 0forall nand thatlim sup s, = 0, although lim ¢, =07
(d) Put a, = s, — S.-1, for n>1. Show that

1

n+ 1§ ka.

M:

Sp— Op =

1

Assume that lim (na,) =0 and that {o,} converges. Prove that {s.,} converges.
[This gives a converse of (a), but under the additional assumption that na,— 0.]
(e) Derive the last conclusion from a weaker hypothesis: Assume M < oo,
|na,| < M for all n, and lim 0, = 0. Prove that lim s, = o, by completing the
following outline:
If m < n, then
m-+1 1

Sn— a-,,=n_m(o-,.—a,,.) 4+ P ‘=§H(s,.—s‘).

For these i,

n—iM _(n—m—1M
i+1 = m+2 )

Fix ¢ > 0 and associate with each » the integer m that satisfies

n—e
< — .
m_1+£ <m—+1

Then (m + 1)/(n— m) < 1/e and |s, — s;| < Me. Hence

lim sup|s» — o] < Me.

Since & was arbitrary, lim s, = o.
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15. Definition 3.21 can be extended to the case in which the a, lie in some fixed R*.

16

17

18

19

B

Absolute convergence is defined as convergence of Z|a,|. Show that Theorems
3.22, 3.23, 3.25(a), 3.33, 3.34, 3.42, 3.45, 3.47, and 3.55 are true in this more
general setting. (Only slight modifications are required in any of the proofs.)

Fix a positive number «. Choose x; > V«, and define X2, X3, X4y ..., Dy the

recursion formula
1 o
Xntt == | Xn + s
2 Xn

(a) Prove that {x,} decreases monotonically and that lim x, = Va.
(b) Put &, = x, — V a, and show that
2 2

fnpy = n <
n+1 zxn 2'\/“

so that, setting 8 =2V a,
AN
Eor1 <f F n=1,2,3,..).

(¢) This is a good algorithm for computing square roots, since the recursion
formula is simple and the convergence is extremely rapid. For example, if « =3
and x, = 2, show that &/8 < %5 and that therefore

Es <4- 10_16, E¢ <4'10-32.

Fix « > 1. Take x, > \/;, and define

2
o+ Xn o— Xy

Xn+1=i'+_n=xn+ Tox

(a) Prove that x; > x3 > x5 >,

(b) Prove that x; < x4 <xg <:'-*.

(¢) Prove that lim x, = V.

(d) Compare the rapidity of convergence of this process with the one described
in Exercise 16.

Replace the recursion formula of Exercise 16 by

rp—1

o
Xny1 = xn+;xnp+1

where p is a fixed positive integer, and describe the behavior of the resulting

sequences {x,}.
Associate to each sequence a = {«,}, in which «, is 0 or 2, the real number

00 Oln
a3

Prove that the set of all x(a) is precisely the Cantor set described in Sec. 2.44.

x(a) =
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Suppose {p.} is a Cauchy sequence in a metric space X, and some subsequence

{pn} converges to a point p € X. Prove that the full sequence {p.} converges to p.

Prove the following analogue of Theorem 3.10(b): If {E,} is a sequence of closed

nonempty and bounded sets in a complete metric space X, if E, > E,,,, and if
lim diam E, =0,

n-

then () PE, consists of exactly one point,

Suppose X is a nonempty complete metric space, and {G.} is a sequence of
dense open subsets of X. Prove Baire’s theorem, namely, that (G, is not
empty. (In fact, it 1s dense in X.) Hint: Find a shrinking sequence of neighbor-
hoods E, such that E, < G,, and apply Exercise 21.

Suppose {p»} and {g.} are Cauchy sequences in a metric space X. Show that the
sequence {d(pa,q.)} converges. Hint: For any m, n,

A(Pn, 4) < d(pr, Pm) + d(Pm, qm) + d(gm , 9n);
it follows that
|d(Pn, gn) ~ AP, qm)|
is small if m and n are large.

Let X be a metric space.
(a) Call two Cauchy sequences {p,}, {ga} in X equivalent if

lim d(pa, ¢.) =0.

Prove that this is an equivalence relation.
(b) Let X* be the set of all equivalence classes so obtained. If Pe X*, Q e X*,
{pn} € P’ {qn} € Q, deﬁne

A(P’ Q) = hnl d(Pn N'BR

by Exercise 23, this limit exists. Show that the number A(P, Q) is unchanged if
{p.} and {g.} are replaced by equivalent sequences, and hence that A is a distance
function in X'*.

(c) Prove that the resulting metric space X* is complete.

(d) For each p e X, there is a Cauchy sequence all of whose terms are p; let P,
be the element of X* which contains this sequence. Prove that

A(P,,, P) =d(Ps q)

for all p, g € X. In other words, the mapping ¢ defined by ¢(p) = P, is an isometry
(i.e., a distance-preserving mapping) of X into X*,
(e) Prove that ¢(X) is dense in X*, and that p(X) = X* if X is complete. By (d),
we may identify X and ¢(X) and thus regard X as embedded in the complete
metric space X*. We call X* the completion of X.

. Let X be the metric space whose points are the rational numbers, with the metric

d(x, y) =|x— y|. What is the completion of this space? (Compare Exercise 24.)
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CONTINUITY

The function concept and some of the related terminology were introduced in
Definitions 2.1 and 2.2. Although we shall (in later chapters) be mainly interested
in real and complex functions (i.e., in functions whose values are real or complex
numbers) we shall also discuss vector-valued functions (i.e., functions with
values in R¥) and functions with values in an arbitrary metric space. The theo-
rems we shall discuss in this general setting would not become any easier if we
restricted ourselves to real functions, for instance, and it actually simplifies and
clarifies the picture to discard unnecessary hypotheses and to state and prove
theorems in an appropriately general context.

The domains of definition of our functions will also be metric spaces,
suitably specialized in various instances.

LIMITS OF FUNCTIONS

4.1 Definition Let X and Y be metric spaces; suppose E = X, f maps E into
Y, and p is a limit point of E. We write f(x) » ¢ as x - p, or

M im f(x) =¢

x=p
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if there is a point g€ Y with the following property: For every & > 0 there
exists a d > 0 such that

@ dy(f(x),q) <
for all points x € E for which
3) 0 <dy(x,p)<é.

The symbols dy and dy refer to the distances in X and Y, respectively.

If X and/or Y are replaced by the real line, the complex plane, or by some
euclidean space R, the distances dy , dy are of course replaced by absolute values,
or by norms of differences (see Sec. 2.16).

It should be noted that pe X, but that p need not be a point of E
in the above definition. Moreover, even if pe E, we may very well have
f(p) # lim,, , f(x).

We can recast this definition in terms of limits of sequences:

4.2 Theorem Let X, Y, E, f, and p be as in Definition 4.1. Then

@ lim /() =g
if and only if
) lim f(p,) =¢

n=wo

for every sequence {p,} in E such that

©) p#p,  limp,=p.
Proof Suppose (4) holds. Choose {p,} in E satisfying (6). Let ¢ >0
be given. Then there exists 6 > 0 such that dy(f(x),q)<¢ if xeE
and 0 <dy(x,p) <d. Also, there exists N such that n> N implies
0 <dx(p,,p) <é. Thus, for n> N, we have dy(f(p,),q) <&, which
shows that (5) holds.

Conversely, suppose (4) is false. Then there exists some ¢ > 0 such
that for every & > 0 there exists a point x € E (depending on &), for which
dy(f(x), ) = € but 0 < dy(x, p) <. Takingd,=1/n(n=1,2,3,...), we
thus find a sequence in E satisfying (6) for which (5) is false.

Corollary If f has a limit at p, this limit is unique.

This follows from Theorems 3.2() and 4.2.
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4.3 Definition Suppose we have two complex functions, f and g, both defined
on E. By f+ g we mean the function which assigns to each point x of E the
number f(x) + g(x). Similarly we define the difference f— g, the product fg,
and the quotient f/g of the two functions, with the understanding that the quo-
tient is defined only at those points x of E at which g(x) # 0. If f assigns to each
point x of E the same number c, then f is said to be a constant function, or
simply a constant, and we write f=¢. If f and g are real functions, and if
f(x) = g(x) for every x € E, we shall sometimes write f > g, for brevity.
Similarly, if f and g map E into R*, we define f + g and f - g by

f+2)(x) =1(x) +8(x), (&) =1(x)- gkx);
and if A is a real number, (Af)(x) = Af(x).

4.4 Theorem Suppose E = X, a metric space, p is a limit point of E, f and g
are complex functions on E, and
lim f(x) =4, lim g(x) = B.
x=p x-p
Then (@) lim (f+g)(x) =4 + B;
xX-p
(® lim (fg)(x) = 4B;

xX—=p

. (f ) A4 .
¢) lim (— x)=—=,if B#0.
© lim (2} =3
Proof In view of Theorem 4.2, these assertions follow immediately from
the analogous properties of sequences (Theorem 3.3).

Remark Iff and g map E into R¥, then (a) remains true, and () becomes
®) lim (f-g)(x)=A-B.

xX—p

(Compare Theorem 3.4.)

CONTINUOUS FUNCTIONS

4.5 Definition Suppose X and Y are metric spaces, E < X, p € E, and f maps
E into Y. Then f'is said to be continuous at p if for every ¢ > O there exists a
6 > 0 such that

dy(f(x).f(p) <e¢

for all points x € E for which dy(x, p) < 4.
If fis continuous at every point of E, then f'is said to be continuous on E.
It should be noted that f has to be defined at the point p in order to be
continuous at p. (Compare this with the remark following Definition 4.1.)
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If p is an isolated point of E, then our definition implies that every function
Jf which has E as its domain of definition is continuous at p. For, no matter
which & > 0 we choose, we can pick § > 0 so that the only point x € E for which
dx(x,p) <& is x =p; then

dy(f(x), f(p)) =0 < e.

4.6 Theorem In the situation given in Definition 4.5, assume also that p is a
limit point of E. Then f is continuous at p if and only if lim,_, , f(x) = f(p).

Proof This is clear if we compare Definitions 4.1 and 4.5.

We now turn to compositions of functions. A brief statement of the
following theorem is that a continuous function of a continuous function is
continuous.

4.7 Theorem Suppose X, Y, Z are metric spaces, E < X, f maps E into Y, g
maps the range of f, f(E), into Z, and h is the mapping of E into Z defined by

h(x) =9(f(x))  (xeE).

If f'is continuous at a point p € E and if g is continuous at the point f(p), then h is
continuous at p.

This function # is called the composition or the composite of fand g. The
notation

h = g of
is frequently used in this context.

Proof Let ¢>0 be given. Since g is continuous at f(p), there exists
n > 0 such that

d2(9(»), 9(f (P))) < eif dy(y, f(P)) <7 and y € f(E).
Since fis continuous at p, there exists é > 0 such that
dy(f(x), f(p)) <nifdy(x,p) <dand xe E.
It follows that
dz(h(x), h(p)) = d(g(f(x)), g(f(P)) < &

if dy(x, p) < 6 and x € E. Thus 4 is continuous at p.
4.8 Theorem A mapping f of a metric space X into a metric space Y is con-
tinuous on X if and only if f =1 (V') is open in X for every open set V in Y.

(Inverse images are defined in Definition 2.2.) This is a very useful charac-
terization of continuity.
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Proof Suppose fis continuous on X and V is an open set in Y. We have
to show that every point of f~!(V) is an interior point of f~*(¥). So,
suppose p € X and f(p) e V. Since V is open, there exists ¢ > 0 such that
ye Vif dy(f(p), y) < &; and since f is continuous at p, there exists § > 0
such that dy(f(x),f(p)) < ¢ if dy(x, p) < 8. Thus xef~!(V) as soon as
dy(x, p) < 4.

Conversely, suppose f ~ (V) is open in X for every open set ¥V in Y.
Fix pe X and ¢ > 0, let V" be the set of all y € Y such that dy(y, f(p)) < e.
Then V is open; hence f (V) is open; hence there exists § > 0 such that
xef " 1(V)as soon as dy(p, x) < 6. Butif xe f~1(V), then f(x)e V, so
that dy(f(x), f(p)) <.

This completes the proof.

Corollary A mapping f of a metric space X into a metric space Y is continuous if
and only if f ~1(C) is closed in X for every closed set C in Y.

This follows from the theorem, since a set is closed if and only if its com-

plement is open, and since f~!1(E€) = [f ~!(E)]° for every Ec Y.

We now turn to complex-valued and vector-valued functions, and to

functions defined on subsets of R,

4.9

Theorem Let f and g be complex continuous functions on a metric space X.

Then f + g, fg, and f[g are continuous on X.

4.10

™

In the last case, we must of course assume that g(x) # 0, for all x € X.

Proof At isolated points of X there is nothing to prove. At limit points,
the statement follows from Theorems 4.4 and 4.6.

Theorem

(@) Letfi, ..., [ be real functions on a metric space X, and let { be the
mapping of X into R* defined by

f(x) = (i), ..., il(x)  (xe X);

thenf is continuous if and only if each of the functions f,, ..., f, is continuous.
(b) Iff and g are continuous mappings of X into R, then f + g and f+ g
are continuous on X.

The functions f;, ..., f, are called the components of f. Note that
f + g is a mapping into R¥, whereas f + g is a rea/ function on X.
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Proof Part (a) follows from the inequalities

k
1569 =00 < 1109 = 1031 ={ 3, 17w 50017
forj=1,..., k. Part (b) follows from (@) and Theorem 4.9.

H
’

4.11 Examples If x,, ..., x, are the coordinates of the point x € R*, the
functions ¢, defined by
(® dix) = x, (xe R

are continuous on R, since the inequality

|¢ix) — (| < [x—y]|

shows that we may take & = ¢ in Definition 4.5. The functions ¢, are sometimes
called the coordinate functions.
Repeated application of Theorem 4.9 then shows that every monomial

® XX A

where n,, ..., n, are nonnegative integers, is continuous on R*. The same is
true of constant multiples of (9), since constants are evidently continuous. It
follows that every polynomial P, given by

(10 P(X) =Zcp.cp Xt ... xjx  (x€RY,

is continuous on R*. Here the coefficients Cp,-++m, ar€ cOmplex numbers, ny, ..., 7,

are nonnegative integers, and the sum in (10) has finitely many terms.
Furthermore, every rational function in x,, ..., x;, that is, every quotient

of two polynomials of the form (10), is continuous on R wherever the denomi-
nator is different from zero.
From the triangle inequality one sees easily that

(11) lIx| = Iyl| < |x -yl x,yeR".

Hence the mapping x — | x| is a continuous real function on R,

If now f is a continuous mapping from a metric space X into R, and if ¢
is defined on X by setting ¢(p) = |f(p)|, it follows, by Theorem 4.7, that ¢ is a
continuous real function on X.

4.12 Remark We defined the notion of continuity for functions defined on a
subset E of a metric space X. However, the complement of E in X plays no
role whatever in this definition (note that the situation was somewhat different
for limits of functions). Accordingly, we lose nothing of interest by discarding
the complement of the domain of f. This means that we may just as well talk
only about continuous mappings of one metric space into another, rather than
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of mappings of subsets. This simplifies statements and proofs of some theorems.
We have already made use of this principle in Theorems 4.8 to 4.10, and will
continue to do so in the following section on compactness.

CONTINUITY AND COMPACTNESS

4.13 Definition A mapping f of a set E into R is said to be bounded if there is
a real number M such that |f(x)| < M for all xe E.

4.14 Theorem Suppose f is a continuous mapping of a compact metric space
X into a metric space Y. Then f(X) is compact.

Proof Let{V,} be an open cover of f(X). Since fis continuous, Theorem
4.8 shows that each of the sets f~'(V,) is open. Since X is compact,

there are finitely many indices, say «;, ..., a,, such that
(12) Xcf V) U uf (V).

Since f(f “'(E)) < E for every E c Y, (12) implies that
(13) fX)cVyuruV,,.

This completes the proof.

Note: We have used the relation f(f~!(E)) c E, valid for Ec Y. If
E c X, then f ~}(f(E)) o E; equality need not hold in either case.
We shall now deduce some consequences of Theorem 4.14.

4.15 Theorem If f is a continuous mapping of a compact metric space X into
R, then £(X) is closed and bounded. Thus, f is bounded.

This follows from Theorem 2.41. The result is particularly important
when f'is real:

4.16 Theorem Suppose f is a continuous real function on a compact metric
space X, and
(14) M= sup f(p), m= ing S (D).

pPE

peX
Then there exist points p, q € X such that f(p) = M and f(q) = m.

The notation in (14) means that M is the least upper bound of the set of
all numbers f(p), where p ranges over X, and that m is the greatest lower bound
of this set of numbers.
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The conclusion may also be stated as follows: There exist points p and q
in X such that f(q) < f(x) < f(p) for all x € X; that is, f attains its maximum
(at p) and its minimum (at g).

Proof By Theorem 4.15, f(X) is a closed and bounded set of real num-
bers; hence f(X) contains

M =sup f(X) and  m =inff(X),
by Theorem 2.28.

4.17 Theorem Suppose f is a continuous 1-1 mapping of a compact metric
space X onto a metric space Y. Then the inverse mapping f ~' defined on Y by

) =x  (xeX)
is a continuous mapping of Y onto X.

Proof Applying Theorem 4.8 to £ ™! in place of f, we see that it suffices
to prove that f(¥') is an open set in Y for every open set ¥ in X. Fix such
asetV.

The complement V€ of V is closed in X, hence compact (Theorem
2.35); hence f(V°) is a compact subset of Y (Theorem 4.14) and so is
closed in Y (Theorem 2.34). Since f is one-to-one and onto, f(V) is the
complement of f(V °). Hence f(V) is open.

4.18 Definition Let fbe a mapping of a metric space X into a metric space Y.
We say that fis uniformly continuous on X if for every & > 0 there exists 6 > 0
such that

(15) dy(f).f(@) <

for all p and ¢ in X for which dyx(p, q) < .

Let us consider the differences between the concepts of continuity and of
uniform continuity. First, uniform continuity is a property of a function on a
set, whereas continuity can be defined at a single point. To ask whether a given
function is uniformly continuous at a certain point is meaningless. Second, if
f is continuous on X, then it is possible to find, for each & > 0 and for each
point p of X, a number § > 0 having the property specified in Definition 4.5. This
6 depends on ¢ and on p. If fis, however, uniformly continuous on X, then it is
possible, for each ¢ > 0, to find one number § > 0 which will do for all points
pof X.

Evidently, every uniformly continuous function is continuous. That the
two concepts are equivalent on compact sets follows from the next theorem.
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4.19 Theorem Let f be a continuous mapping of a compact metric space X
into a metric space Y. Then f is uniformly continuous on X.

Proof Let ¢ >0 be given. Since f is continuous, we can associate to
each point p € X a positive number ¢(p) such that

N €

(16) g€ X, dy(p,q) <¢(p) implies dy(f(p), f(g) <3

Let J(p) be the set of all ¢ € X for which
an dx(p, 9) < 1¢(p)-

Since p € J(p), the collection of all sets J(p) is an open cover of X; and

since X is compact, there is a finite set of points py, ..., p, in X, such that
(18) XcJ(p) v - vJ(py)

We put

(19 0 =} min [¢(py), ..., ¢(pa)].

Then & > 0. (This is one point where the finiteness of the covering, in-
herent in the definition of compactness, is essential. The minimum of a
finite set of positive numbers is positive, whereas the inf of an infinite set
of positive numbers may very well be 0.)

Now let ¢ and p be points of X, such that dy(p, g) < . By (18), there
is an integer m, 1 < m < n, such that p € J(p,,); hence

(20) dx(P H pm) < %d)(pm)s

and we also have

dx(q, pm) < dx(Pa q) + dX(p’ pm) <9d + %¢(pm) < ¢(pm)'
Finally, (16) shows that therefore

dy(f(p), (@) < dy(f(P), S (Pm)) + dy(f @),/ (Pn)) < &
This completes the proof.

An alternative proof is sketched in Exercise 10.
We now proceed to show that compactness is essential in the hypotheses
of Theorems 4.14, 4.15, 4.16, and 4.19.

4.20 Theorem Let E be a noncompact set in R:. Then

(@) there exists a continuous function on E which is not bounded;
(b) there exists a continuous and bounded function on E which has no
maximum.

If, in addition, E is bounded, then
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(21

2

(23)

(¢) there exists a continuous function on E which is not uniformly
continuous.

Proof Suppose first that E is bounded, so that there exists a limit point
x, of E which is not a point of E. Consider

fx) = (x€ E).

X — Xg
This is continuous on E (Theorem 4.9), but evidently unbounded. To see
that (21) is not uniformly continuous, let ¢ > 0 and § > 0 be arbitrary, and
choose a point x € E such that |x — x,| <. Taking ¢ close enough to
X, , we can then make the difference |f(¢) — f(x)| greater than ¢, although
|t — x| < 4. Since this is true for every § > 0, f'is not uniformly continu-
ous on E.

The function g given by

1

1+ (x — xp)? (xe E)

g(x) =

is continuous on E, and is bounded, since 0 < g(x) < 1. It is clear that

sup g(x) =1,

xeE

whereas g(x) < 1 for all xe E. Thus g has no maximum on E.
Having proved the theorem for bounded sets E, let us now suppose
that E is unbounded. Then f(x) = x establishes (@), whereas

2

x
h(X) = -1-_—*:;3 (x eFE )
establishes (b), since
sup h(x) =1
xeE

and A(x) <1 forall xe E.
Assertion (c) would be false if boundedness were omitted from the

hypotheses. For, let E be the set of all integers. Then every function
defined on E is uniformly continuous on E. To see this, we need merely
take 6 < 1 in Definition 4.18.

We conclude this section by showing that compactness is also essential in

Theorem 4.17.
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421 Example Let X be the half-open interval [0, 2n) on the real line, and
let f be the mapping of X onto the circle Y consisting of all points whose distance
from the origin is 1, given by

(24) f(t) = (cos t,sinf) (0 <t<2n).

The continuity of the trigonometric functions cosine and sine, as well as their
periodicity properties, will be established in Chap. 8. These results show that
f is a continuous 1-1 mapping of X onto Y.

However, the inverse mapping (which exists, since f is one-to-one and
onto) fails to be continuous at the point (1, 0) = f(0). Of course, X is not com-
pact in this example. (It may be of interest to observe that ™! fails to be
continuous in spite of the fact that Y is compact!)

CONTINUITY AND CONNECTEDNESS

422 Theorem If f is a continuous mapping of a metric space X into a metric
space Y, and if E is a connected subset of X, then f(E) is connected.

Proof Assume, on the contrary, that f(E) = 4 U B, where 4 and B are
nonempty separated subsetsof Y. PutG =E n f~}(4), H=E n f~(B).

Then E = G U H, and neither G nor H is empty.

Since 4 < A4 (the closure of 4), we have G = f ~!(4); the latter set is
closed, since f'is continuous; hence G < f ~1(4). It follows that f(G) < 4.
Since f(H) = B and 4 n B is empty, we conclude that G n H is empty.

The same argument shows that G n H is empty. Thus G and H are
separated. This is impossible if E is connected.

4.23 Theorem Let f be a continuous real function on the interval [a, b]. If
f(a) <f(b) and if c is a number such that f(a) < c < f(b), then there exists a
point x € (a, b) such that f(x) = c.

A similar result holds, of course, if f(a) > f(b). Roughly speaking, the
theorem says that a continuous real function assumes all intermediate values on
an interval.

Proof By Theorem 2.47, [a, b] is connected; hence Theorem 4.22 shows
that f([a, b]) is a connected subset of R!, and the assertion follows if we
appeal once more to Theorem 2.47,

4.24 Remark At first glance, it might seem that Theorem 4.23 has a converse.
That is, one might think that if for any two points x, < x, and for any number ¢
between f(x,) and f(x,) there is a point x in (x,, x,) such that f(x) = c, then f
must be continuous.

That this is not so may be concluded from Example 4.27(d).
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DISCONTINUITIES

If x is a point in the domain of definition of the function f at which f is not
continuous, we say that fis discontinuous at x, or that f has a discontinuity at x.
If f is defined on an interval or on a segment, it is customary to divide discon-
tinuities into two types. Before giving this classification, we have to define the
right-hand and the left-hand limits of f at x, which we denote by f(x+) and f(x—),
respectively.

4.25 Definition Let f be defined on (a, b). Consider any point x such that
a<x<b. We write

flx+)=¢q

if f(t,) » q as n — oo, for all sequences {t,} in (x, b) such that 7, - x. To obtain
the definition of f(x—), for a < x < b, we restrict ourselves to sequences {¢,} in
(a, x).

It is clear that any point x of (a, b), lim f(¢) exists if and only if

=X

fr+) =f(x=) = lim £(2).

4.26 Definition Let / be defined on (q, b). If fis discontinuous at a point x,
and if f(x+) and f(x—) exist, then f is said to have a discontinuity of the first
kind, or a simple discontinuity, at x. Otherwise the discontinuity is said to be of
the second kind.

There are two ways in which a function can have a simple discontinuity:
either f(x+) # f(x—) [in which case the value f(x) is immaterial], or f(x+) =

fx=) # (%)

4.27 Examples
(@) Define

_ 1 (x rational),
S = {o (x irrational).

Then f has a discontinuity of the second kind at every point x, since
neither f(x+) nor f(x—) exists.
(b) Define

x (x rational),
S = {0 (> irrational).
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Then f'is continuous at x = 0 and has a discontinuity of the second
kind at every other point.

(¢) Define
x+2 (-3<x< -2,
f)={-x-2 (-2<x<0),
x+2 O<x<).

Then f has a simple discontinuity at x =0 and is continuous at
every other point of (-3, 1).
(d) Define

1
£ = sin o (x #£0),

0 (x=0).

Since neither f(0+) nor f(0—) exists, f has a discontinuity of the
second kind at x = 0. We have not yet shown that sin x is a continuous
function. If we assume this result for the moment, Theorem 4.7 implies
that f is continuous at every point x # 0.

MONOTONIC FUNCTIONS

We shall now study those functions which never decrease (or never increase) on
a given segment.

4.28 Definition Let / be real on (@, b). Then f is said to be monotonically
increasing on (a, b) if a < x < y < b implies f(x) < f(»). If the last inequality
is reversed, we obtain the definition of a monotonically decreasing function. The
class of monotonic functions consists of both the increasing and the decreasing
functions.

429 Theorem Let f be monotonically increasing on (a, b). Then f(x+) and
S(x=) exist at every point of x of (a, b). More precisely,

sup (1) = f(x=) <) SS(x+) = inf f(0).

Furthermore, if a < x <y < b, then

fx+)<f0-).

Analogous results evidently hold for monotonically decreasing functions.
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Proof By hypothesis, the set of numbers f(¢), where a < ¢ < x, is bounded
above by the number f(x), and therefore has a least upper bound which
we shall denote by A. Evidently 4 <f(x). We have to show that

A=f(x-).
Let ¢ > 0 be given. It follows from the definition of 4 as a least
upper bound that there exists 6 > 0 such that a < x — 6 < x and

27 A—e<f(x-98)<A.
Since f is monotonic, we have
(28) fx=9)=<fit)s4 (x—-d<t<x).
Combining (27) and (28), we see that
[f(t) -4l <e (x—8<t<x).

Hence f(x—) = A.
The second half of (25) is proved in precisely the same way.
Next, if a < x <y < b, we see from (25) that

(29) Sf(x+) = inf f(t) = inf f(1).
x<t<b x<t<y
The last equality is obtained by applying (25) to (a, y) in place of (a, b).
Similarly,
(30) f(yr=) = sup f(t) = sup f(¢).

a<t<y x<t<y

Comparison of (29) and (30) gives (26).
Corollary Monotonic functions have no discontinuities of the second kind.

This corollary implies that every monotonic function is discontinuous at
a countable set of points at most. Instead of appealing to the general theorem
whose proof is sketched in Exercise 17, we give here a simple proof which is
applicable to monotonic functions.

430 Theorem Let f be monotonic on (a, b). Then the set of points of (a, b) at
which f is discontinuous is at most countable.

Proof Suppose, for the sake of definiteness, that f is increasing, and
let E be the set of points at which f'is discontinuous.

With every point x of E we associate a rational number r(x) such
that

flx=) <r(x) <flix+).
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Since x; < x, implies f(x;+) < f(x,—), we see that r(x,) # r(x;) if
Xy # Xy

We have thus established a 1-1 correspondence between the set E and
a subset of the set of rational numbers. The latter, as we know, is count-
able.

431 Remark It should be noted that the discontinuities of a monotonic
function need not be isolated. In fact, given any countable subset E of (a, b),
which may even be dense, we can construct a function f, monotonic on (a, b),
discontinuous at every point of E, and at no other point of (a, b).

To show this, let the points of E be arranged in a sequence {x,},

n=1,2,3,.... Let {c,} be a sequence of positive numbers such that Zc,
converges. Define
3D =Y ¢ (a<x<b).

The summation is to be understood as follows: Sum over those indices n
for which x, < x. If there are no points x, to the left of x, the sum is empty;
following the usual convention, we define it to be zero. Since (31) converges
absolutely, the order in which the terms are arranged is immaterial.

We leave the verification of the following properties of f to the reader:

(a) fis monotonically increasing on (a, b);
(b) fis discontinuous at every point of E; in fact,

S +) —f(x—) = ¢4
(¢) fis continuous at every other point of (g, b).

Moreover, it is not hard to see that f(x—) = f(x) at all points of (a, b). If
a function satisfies this condition, we say that f is continuous from the left. If
the summation in (31) were taken over all indices » for which x, < x, we would
have f(x+) = f(x) at every point of (a, b); that is, f would be continuous from
the right.

Functions of this sort can also be defined by another method; for an
example we refer to Theorem 6.16.

INFINITE LIMITS AND LIMITS AT INFINITY

To enable us to operate in the extended real number system, we shall now
enlarge the scope of Definition 4.1, by reformulating it in terms of neighborhoods.

For any real number x, we have already defined a neighborhood of x to
be any segment (x — 6, x + 0).
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4.32 Definition For any real c, the set of real numbers x such that x > c is
called a neighborhood of + co and is written (¢, + o). Similarly, the set (~— 0, c)
is a neighborhood of — 0.

4.33 Definition Let f be a real function defined on E =« R. We say that
f(H)-Aast—>x,

where 4 and x are in the extended real number system, if for every neighborhood
U of A there is a neighborhood V of x such that ¥ n E is not empty, and such
that f(r)e Uforallte VN E, t # x.

A moment’s consideration will show that this coincides with Definition
4.1 when A4 and x are real.

The analogue of Theorem 4.4 is still true, and the proof offers nothing
new. We state it, for the sake of completeness.

4.34 Theorem Let fand g be defined on E < R. Suppose

f®—-4, g@t)-B ast-»x.
Then
(@ f(t)- A implies A =A.
® (f+9)t)—> A+ B,
(¢) (f9)t)— 4B,
(@) (flg)t)— A/B,
provided the right members of (b), (¢), and (d) are defined.
Note that 0 — 00, 0 - 00, 00/c0, 4/0 are not defined (see Definition 1.23).

EXERCISES

1. Suppose fis a real function defined on R! which satisfies
1in; [fx+h—-fx—m]=0

for every x € R'. Does this imply that fis continuous?
2. If fis a continuous mapping of a metric space X into a metric space Y, prove that

f(E)<f(E)

for every set E< X. (E denotes the closure of E.) Show, by an example, that
f(E) can be a proper subset of f(E).

3. Let fbe a continuous real function on a metric space X. Let Z(f) (the zero set of f)
be the set of all p € X at which f(p) =0. Prove that Z(f) is closed.

4. Let f and g be continuous mappings of a metric space X into a metric space Y,



10.

11

12,

13.
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and let E be a dense subset of X. Prove that f(E) is dense in f(X). If g(p) =f(p)
for all p € E, prove that g(p) =f(p) for all pe X. (In other words, a continuous
mapping is determined by its values on a dense subset of its domain.)

. If fis a real continuous function defined on a closed set E < R!, prove that there

exist continuous real functions g on R! such that g(x) = f(x) for all x € E. (Such
functions g are called continuous extensions of f from E to R'.) Show that the
result becomes false if the word “closed” is omitted. Extend the result to vector-
valued functions. Hint: Let the graph of g be a straight line on each of the seg-
ments which constitute the complement of E (compare Exercise 29, Chap. 2).
The result remains true if R! is replaced by any metric space, but the proof is not
so simple.

. If f'is defined on E, the graph of fis the set of points (x, f(x)), for x € E. In partic-

ular, if E is a set of real numbers, and f is real-valued, the graph of fis a subset of
the plane.

Suppose E is compact, and prove thart f is continuous on E if and only if
its graph is compact.

. If E = X and if fis a function defined on X, the restriction of fto E is the function

g whose domain of definition is E, such that g(p) = f(p) for p € E. Define fand g
on R? by: f(0,0)=g(0,0) =0, f(x,y) = xy*/(x*+y*), g(x, y) =xp*/(x* + y°)
if (x, y) # (0, 0). Prove that f is bounded on R?, that g is unbounded in every
neighborhood of (0, 0), and that f is not continuous at (0, 0); nevertheless, the
restrictions of both f and g to every straight line in R? are continuous!

., Let f be a real uniformly continuous function on the bounded set E in R'. Prove

that f'is bounded on E.
Show that the conclusion is false if boundedness of E is omitted from the
hypothesis.

. Show that the requirement in the definition of uniform continuity can be rephrased

as follows, in terms of diameters of sets: To every & > 0 there exists a 8 > 0 such
that diam f(E) < ¢ for all E X with diam E <.
Complete the details of the following alternative proof of Theorem 4.19: If f'is not
uniformly continuous, then for some & > 0 there are sequences {pa}, {g»} in X such
that dx(pn, g») = 0 but dy(f(p»), f(gs)) > €. Use Theorem 2.37 to obtain a contra-
diction.
Suppose f is a uniformly continuous mapping of a metric space X into a metric
space Y and prove that {f(x,)} is a Cauchy sequence in Y for every Cauchy se-
quence {x,} in X. Use this result to give an alternative proof of the theorem stated
in Exercise 13.
A uniformly continuous function of a uniformly continuous function is uniformly
continuous.

State this more precisely and prove it.
Let E be a dense subset of a metric space X, and let £ be a uniformly continuous
real function defined on E. Prove that fhas a continuous extension from E to X
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14.

15.

16.

17.

18.

19.

(see Exercise 5 for terminology). (Uniqueness follows from Exercise 4.) Hint: For
each pe X and each positive integer n, let V.(p) be the set of all g € E with
d(p, q) <1/n. Use Exercise 9 to show that the intersection of the closures of the
sets f(Vi(p)), f(V2(p)), ..., consists of a single point, say g(p), of R'. Prove that
the function g so defined on X is the desired extension of f.

Could the range space R* be replaced by R*? By any compact metric space ?
By any complete metric space? By any metric space?
Let I =[0, 1] be the closed unit interval. Suppose fis a continuous mapping of I
into I. Prove that f(x) = x for at least one x € I.
Call a mapping of X into Y open if f(V) is an open set in ¥ whenever V is an open
set in X,

Prove that every continuous open mapping of R! into R! is monotonic.
Let [x] denote the largest integer contained in x, that is, [x] is the integer such
that x — 1 < [x] < x; and let (x) = x — [x] denote the fractional part of x. What
discontinuities do the functions [x] and (x) have?
Let f be a real function defined on (a, b). Prove that the set of points at which f
has a simple discontinuity is at most countable, Hint: Let E be the set on which
f(x—) <f(x+). With each point x of E, associate a triple (p, g, r) of rational
numbers such that
(@ fx—=) <p <f(x+),
(b) a <g <t <x implies f(t) <p,
(©) x <t<r<bimplies f(¢) > p.
The set of all such triples is countable. Show that each triple is associated with at
most one point of E. Deal similarly with the other possible types of simple dis-
continuities.
Every rational x can be written in the form x = m/n, where n > 0, and m and » are
integers without any common divisors. When x = 0, we take n = 1. Consider the
function f defined on R! by

(x irrational),

-3

Prove that f'is continuous at every irrational point, and that f has a simple discon-
tinuity at every rational point.
Suppose f is a real function with domain R! which has the intermediate value
property: If f(a) < ¢ <f(b), then f(x) = ¢ for some x between a and b.

Suppose also, for every rational r, that the set of all x with f(x) = r is closed.

Prove that f is continuous.

Hint: If x, = xo but f(x,) > r > f(xo) for somer and all n, then f(t,) =r
for some ¢, between x, and x,; thus 7, = x,. Find a contradiction. (N. J. Fine,
Amer. Math. Monthly, vol. 73, 1966, p. 782.)

0
fo=1{1
n
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20. If E is a nonempty subset of a metric space X, define the distance from x€ X to E

21.

22

23.

by
pe(x) = inf d(x, z).
zeE

(@) Prove that pg(x) =0 if and only if x € E.
(b) Prove that pg is a uniformly continuous function on X, by showing that
| pe(x) — pe(y)| <d(x, y)

forall xe X, ye X.

Hint: pe(x) <d(x, z) <d(x, y) + d(y, z), so that

pe(x) < d(x, y) + pe().

Suppose K and F are disjoint sets in a metric space X, K is compact, F is closed.
Prove that there exists 8 >0 such that d(p,q) >8 if pe K, qe F. Hint: pris a

continuous positive function on K.
Show that the conclusion may fail for two disjoint closed sets if neither is

compact.
Let A and B be disjoint nonempty closed sets in a metric space X, and define
p4(p)
=t € X).
1@ p4(p) + p 5(p) peX)

Show that fis a continuous function on X whose range lies in [0, 1], that f(p) =0
precisely on A and f(p) = 1 precisely on B. This establishes a converse of Exercise
3: Every closed set A < X is Z(f) for some continuous real fon X. Setting

V=F£40,14), W=f'(®%1D,

show that ¥ and W are open and disjoint, and that A = ¥, B< W. (Thus pairs of
disjoint closed sets in a metric space can be covered by pairs of disjoint open sets.
This property of metric spaces is called normality.)

A real-valued function f defined in (a, b) is said to be convex if

SQx+ (1= 2y) M)+ (1= Nf0)

whenever a <x <b, a<y <b, 0 <A <1, Prove that every convex function is
continuous. Prove that every increasing convex function of a convex function is
convex. (For example, if fis convex, so is e’.)

If fis convex in (a, b) and if a < s < ¢t < u < b, show that

f(t)—f(S)Sf(u)—f(S)Sf(M)—f(t)'

t—s u—s u—1

Assume that f'is a continuous real function defined in (a, b) such that

f(x + y) < f(x) ;Lf(y)

2

for all x, y € (@, b). Prove that fis convex.
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25. If A < R* and B < R*, define A + B to be the set of all sums x +y with X € 4,

R

y€ B.
(a) If K is compact and C is closed in R*, prove that K + C is closed.

Hint: Takez¢ K+ C, put F=1z — C, the set of all z—y with ye C. Then
K and F are disjoint. Choose & as in Exercise 21. Show that the open ball with
center z and radius 8 does not intersect K + C.
(b) Let « be an irrational real number. Let C, be the set of all integers, let C, be
the set of all na with n € Cy;. Show that C; and C, are closed subsets of R* whose
sum C, + C; is not closed, by showing that C, + C; is a countable dense subset
of R!.
Suppose X, Y, Z are metric spaces, and Y is compact. Let f map X into Y, let
g be a continuous one-to-one mapping of Y into Z, and put A(x) = g(f(x)) for
x€X.

Prove that f is uniformly continuous if 4 is uniformly continuous.

Hint: g~* has compact domain g(Y), and f(x) = g~ *'(h(x)).

Prove also that fis continuous if 4 is continuous.

Show (by modifying Example 4.21, or by finding a different example) that
the compactness of Y cannot be omitted from the hypotheses, even when X and
Z are compact.



S

DIFFERENTIATION

In this chapter we shall (except in the final section) confine our attention to real
functions defined on intervals or segments. This is not just a matter of con-
venience, since genuine differences appear when we pass from real functions to
vector-valued ones. Differentiation of functions defined on R¥ will be discussed

in Chap. 9.

THE DERIVATIVE OF A REAL FUNCTION

5.1 Definition Let f be defined (and real-valued) on [a, b]. For any x € [a, b]
form the quotient

(@a<t<b,t#x),

0 py =TT

Tt
and define
) S'(x) = lim ¢(¢),

t—x
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provided this limit exists in accordance with Definition 4.1.
We thus associate with the function f a function f’ whose domain
is the set of points x at which the limit (2) exists; f* is called the derivative

of f.
If /" is defined at a point x, we say that f is differentiable at x. If f’ is
defined at every point of a set E < [a, b], we say that f'is differentiable on E.
It is possible to consider right-hand and left-hand limits in (2); this leads
to the definition of right-hand and left-hand derivatives. In particular, at the
endpoints a and b, the derivative, if it exists, is a right-hand or left-hand deriva-
tive, respectively. We shall not, however, discuss one-sided derivatives in any

detail.
If £ is defined on a segment (a, b) and if a < x < b, then f'(x) is defined

by (1) and (2), as above. But f'(a) and f'(b) are not defined in this case.

5.2 Theorem Let fbe defined on [a, b). If fis differentiable at a point x € [a, b],
then f is continuous at x.

Proof Ast —x, we have, by Theorem 4.4,

10 -1 =TOZID 45y py-0=0,

The converse of this theorem is not true. It is easy to construct continuous
functions which fail to be differentiable at isolated points. In Chap. 7 we shall
even become acquainted with a function which is continuous on the whole line
without being differentiable at any point!

5.3 Theorem Suppose f and g are defined on [a, b) and are differentiable at a
point x € [a, b]. Then f+ g, fg, and f|g are differentiable at x, and

@ (f+9®) =) +9gx);
®) (9 x) =f"(x)9(x) +(x)g'(x);

© (g ) ) = 9x)f (xg)zzxg )

In (c), we assume of course that g(x) # 0.

Proof (a) is clear, by Theorem 4.4. Let h =fg. Then
h(t) — h(x) = f()lg(t) — 9(x)] + gL/ () — f(x)].
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If we divide this by # — x and note that f(¢) — f(x) as ¢ - x (Theorem 5.2),
(b) follows. Next, let h =f/g. Then
ht) —hx) 1 [ J@) —fx) 9(t) — g(X)]
t—x  g(t)g(x) () t—-x 7@ t—x |
Letting ¢ — x, and applying Theorems 4.4 and 5.2, we obtain (c).

5.4 Examples The derivative of any constant is clearly zero. If fis defined
by f(x) = x, then f'(x) = 1. Repeated application of (b) and (c) then shows that
x" is differentiable, and that its derivative is nx"~*, for any integer n (if » <0,
we have to restrict ourselves to x # 0). Thus every polynomial is differentiable,
and so is every rational function, except at the points where the denominator is
Zero.

The following theorem is known as the ‘‘chain rule’ for differentiation.
It deals with differentiation of composite functions and is probably the most
important theorem about derivatives. We shall meet more general versions of it
in Chap. 9.

5.5 Theorem Suppose f is continuous on [a, b], f'(x) exists at some point
x € [a, b], g is defined on an interval I which contains the range of f, and g is
differentiable at the point f(x). If

h(t) =9(f(t)) (a<t<D),

then h is differentiable at x, and

A3) K (x) =g (fx)NSf(x).

Proof Let y =f(x). By the definition of the derivative, we have
4 S@) —f(x) = = x)[f'(x) + u(@®)],
©) 9() — g(») = (s = NIgB) + v(s)),

wherete[a, b), sel,andu(t) >0ast— x,v(s) >0ass—y. Lets =f(¢).
Using first (5) and then (4), we obtain
h(t) — h(x) = g(f(£)) — 9(f(x))
=) —f)]* [g'D) + v(s)]
= —x) [f'(x) +u®)] [g'0) + v()),

or, if t # X,
h —
© %= [90) + ()] - [£0) + u(®)]).

Letting ¢ — x, we see that s — y, by the continuity of f, so that the right
side of (6) tends to g'(y)f"(x), which gives (3).
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5.6 Examples
(@) Let fbe defined by

@ £ = x sini— (x #0),
0 (x =0).

Taking for granted that the derivative of sin x is cos x (we shall
discuss the trigonometric functions in Chap. 8), we can apply Theorems
5.3 and 5.5 whenever x # 0, and obtain

() = sin & — Leos L
® f (x)—smx ol (x #0).

At x = 0, these theorems do not apply any longer, since 1/x is not defined
there, and we appeal directly to the definition: for ¢ # 0,

-1 _ .1
t—0 t

As t — 0, this does not tend to any limit, so that f'(0) does not exist.
(b) Let f be defined by

2o 1
) F00) = x* sin o (x #0),
0 (x=0),

As above, we obtain
o1 1
(10) S'(x) =2x sin i cos p (x #0).

At x = 0, we appeal to the definition, and obtain

SO -/O) | . 1 .
—-t—_o_—tSlnt Sltl (t#O),
letting ¢t — 0, we see that
(11) f©=0.

Thus f is differentiable at all points x, but f’ is not a continuous
function, since cos (1/x) in (10) does not tend to a limit as x — 0.
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MEAN VALUE THEOREMS

5.7 Definition Let f be a real function defined on a metric space X. We say
that f'has a local maximum at a point p € X if there exists > 0 such that f(g) <
f(p) for all g € X with d(p, q) < 4.

Local minima are defined likewise.
Our next theorem is the basis of many applications of differentiation.
5.8 Theorem Let f be defined on [a, b); if f has a local maximum at a point
x € (@, b), and if '(x) exists, then f'(x) = 0.
The analogous statement for local minima is of course also true.
Proof Choose d in accordance with Definition 5.7, so that
a<x—8<x<x+6<b.

If x— 6 <t<ux, then
f0-1@

t—x

Letting 1 — x, we see that f'(x) > 0.
If x<t<x+9,then

=10,
t—x

which shows that f'(x) < 0. Hence f'(x) =0.

5.9 Theorem If f and g are continuous real functions on [a, b] which are
differentiable in (a, b), then there is a point x € (a, b) at which

@) —f(@]g'(x) = [9(b) — 9(@))f'(%).
Note that differentiability is not required at the endpoints.
Proof Put
h(t) = /() —f(@]g(*) — [9(®) — 9(@)f(t) (a<t<b).
Then h is continuous on [a, b], A is differentiable in (a, ), and
(12) h(a) = f(b)g(a) — f(a)g(b) = h(d).

To prove the theorem, we have to show that A’(x) = 0 for some x € (a, b).
If h is constant, this holds for every x € (a, b). If h(t) > h(a) for
some ¢ € (a, b), let x be a point on [q, b] at which h attains its maximum



108 PRINCIPLES OF MATHEMATICAL ANALYSIS

(Theorem 4.16). By (12), x € (a, b), and Theorem 5.8 shows that h'(x) = 0.
If h(t) < h(a) for some ¢ € (a, b), the same argument applies if we choose
for x a point on [a, b] where A attains its minimum.

This theorem is often called a generalized mean value theorem; the following
special case is usually referred to as “the’’ mean value theorem:

5.10 Theorem If fis a real continuous function on [a, b) which is differentiable
in (a, b), then there is a point x € (a, b) at which

J@®) —fla)= (- a)f'(x).
Proof Take g(x) = x in Theorem 5.9.

5.11 Theorem Suppose f is differentiable in (a, b).
(@ Iff'(x) =0 for all x € (a, b), then f is monotonically increasing.
) Iff'(x) =0 for all x € (a, b), then f is constant.
(© Iff'(x) <0 forall x €(a,b), then f is monotonically decreasing.

Proof All conclusions can be read off from the equation

S x2) = f(x) = (x2 = x)f (%),

which is valid, for each pair of numbers x,, x, in (a, b), for some x between
x; and X, .

THE CONTINUITY OF DERIVATIVES

We have already seen [Example 5.6(b)] that a function f may have a derivative
S which exists at every point, but is discontinuous at some point. However, not
every function is a derivative. In particular, derivatives which exist at every
point of an interval have one important property in common with functions
which are continuous on an interval: Intermediate values are assumed (compare
Theorem 4.23). The precise statement follows.

5.12 Theorem Suppose f is a real differentiable function on [a, b] and suppose
f'(@ <A <f'(b). Then there is a point x € (a, b) such that f'(x) = A.

A similar result holds of course if (@) > f'(b).
Proof Putg(t) =f(t) — At. Then g'(a) <0, so that g(¢,) < g(@) for some
t, €(a, b), and g'(b) > 0, so that g(¢,) < g(b) for some ¢, € (a, ). Hence

g attains its minimum on [a, b] (Theorem 4.16) at some point x such that
a < x <b. By Theorem 5.8, g'(x) = 0. Hence f'(x) = A.
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Corollary If f is differentiable on [a, b), then f' cannot have any simple dis-
continuities on [a, b].

But /' may very well have discontinuities of the second kind.

L’HOSPITAL’S RULE

The following theorem is frequently useful in the evaluation of limits.

5.13 Theorem Suppose fand g are real and differentiable in (a, b), and g'(x) # 0
for all x € (a, b), where —o0 < a<b< +00. Suppose

1)

(13) m—»Aasx—»a.
If

(14) f(x) >0 and g(x) >0 as x - a,
or if

(15) g(x)> + 0 as x - a,
then

(16) %—»A as x—>a.

The analogous statement is of course also true if x - b, or if g(x) » — o0
in (15). Let us note that we now use the limit concept in the extended sense of
Definition 4.33.

Proof We first consider the case in which —o0 < 4 < + 0. Choose a
real number ¢ such that 4 <g, and then choose r such that 4 <r <gq.
By (13) there is a point ¢ € (a, b) such that a < x < ¢ implies

%)) f,Lx) <r.
g'x)
If a <x <y <c, then Theorem 5.9 shows that there is a point ¢ € (x, y)
such that
18 0 =) _f'@

—_— = <r.
g(x)—90) 9@®
Suppose (14) holds. Letting x — a in (18), we see that

f»
19 JO)
1 ()

<r<gq @a<y<o.
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Next, suppose (15) holds. Keeping y fixed in (18), we can choose
a point ¢, € (a, ¥) such that g(x) > g(») and g(x) > 0 if a < x < ¢;. Multi-
plying (18) by [g(x) — g(»))/g(x), we obtain
Jx) L90)  1O)

20 <r-— +— a<x<c).
¢ i< gt TS
If we let x —» a in (20), (15) shows that there is a point ¢, € (a, ¢,)
such that
J(x)
21 — < a<x<cy).
@1 rER 2)

Summing up, (19) and (21) show that for any g, subject only to the
condition 4 < g, there is a point ¢, such that f(x)/g(x) <gifa<x <c,.

In the same manner, if —00 < A < +00, and p is chosen so that
p < A, we can find a point ¢; such that

()
9(x)

and (16) follows from these two statements.

(22) p< (a<x<cy),

DERIVATIVES OF HIGHER ORDER

5.14 Definition If fhas a derivative f’ on an interval, and if f* is itself differen-
tiable, we denote the derivative of /' by f” and call f” the second derivative of f.
Continuing in this manner, we obtain functions

LIS, 9,
each of which is the derivative of the preceding one. f™ is called the nth deriva-
tive, or the derivative of order n, of f.

In order for f™ (x) to exist at a point x, f*~!) (¢) must exist in a neighbor-
hood of x (or in a one-sided neighborhood, if x is an endpoint of the interval
on which fis defined), and £~ 1) must be differentiable at x. Since £/~ must
exist in a neighborhood of x, £~ 2 must be differentiable in that neighborhood.

TAYLOR’S THEOREM

5.15 Theorem Suppose f is a real function on [a, b], n is a positive integer,
£ is continuous on [a, b, f™(t) exists for every t € (a, b). Let a, B be distinct
points of [a, b), and define

(k)
23) P(t) = Zf ©

- a)k.
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Then there exists a point x between o and B such that

f(")(x) (ﬁ B a)".

n!

24 J(B)=Pp) +

For n =1, this is just the mean value theorem. In general, the theorem
shows that f can be approximated by a polynomial of degree » — 1, and that
(24) allows us to estimate the error, if we know bounds on |f™(x)|.

Proof Let M be the number defined by
(25) JB)=PP) + MB — )
and put
(26) 9@)=f() —P(t) - Mt —a)" (a<t<bh)
We have to show that n!M = f"(x) for some x between o and 5. By
(23) and (26),
@7 gP(t) =) —n'M (a<t<b).

Hence the proof will be complete if we can show that g™ (x) = 0 for some
x between « and B.
Since P®(a) = f*)(«) for k =0, ..., n — 1, we have

(28) 90) = g'@ =+ =g" V(@) =0.

Our choice of M shows that g(8) =0, so that g'(x;) =0 for some x;
between o and f3, by the mean value theorem. Since g'(«) = 0, we conclude
similarly that g"(x,) = 0 for some x, between « and x,. After n steps we
arrive at the conclusion that g™(x,) = 0 for some x, between « and x,_,,
that is, between o and §.

DIFFERENTIATION OF VECTOR-VALUED FUNCTIONS

5.16 Remarks Definition 5.1 applies without any change to complex functions
J defined on [a, b], and Theorems 5.2 and 5.3, as well as their proofs, remain
valid. If f; and f, are the real and imaginary parts of f, that is, if

J@) =£(t) +ifs(t)
for a < t < b, where f,(¢) and f,(¢) are real, then we clearly have
(29) F'(x) =fi(x) + ifi(x);
also, f'is differentiable at x if and only if both f; and f, are differentiable at x.
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Passing to vector-valued functions in general, i.e., to functions f which
map [a, b] into some R¥, we may still apply Definition 5.1 to define f'(x). The
term ¢(z) in (1) is now, for each ¢, a point in R, and the limit in (2) is taken with
respect to the norm of R¥. In other words, f'(x) is that point of R* (if there is
one) for which

a0) LG t) f(x)

f’(x)' =0,
t=x
and f’ is again a function with values in R*.
If fi, ..., f, are the components of f, as defined in Theorem 4.10, then

(3D =0, ....0

and f is differentiable at a point x if and only if each of the functions f;, ..., fi
is differentiable at x.

Theorem 5.2 is true in this context as well, and so is Theorem 5.3(a) and
(b), if fg is replaced by the inner product f « g (see Definition 4.3).

When we turn to the mean value theorem, however, and to one of its
consequences, namely, L’Hospital’s rule, the situation changes. The next two
examples will show that each of these results fails to be true for complex-valued
functions.

5.17 Example Define, for real x,
(32 f(x) = e™ = cos x + i sin x.

(The last expression may be taken as the definition of the complex exponential
e'*; see Chap. 8 for a full discussion of these functions.) Then

(33) f@m)—f0)=1-1=0,
but
(34) %) =

so that |f'(x)| =1 for all real x.
Thus Theorem 5.10 fails to hold in this case.

518 Example On the segment (0, 1), define f(x) = x and

(35) g(x) = x + x2e'l**,
Since |e'*| = 1 for all real ¢, we see that
36) im 78 _ 1,

x=0 g(x)
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Next,
37 gx) =1+ {2x - %} e'l* 0<x<l),
so that
, 2i 2
(38) lg'(x)| = 2x—-)—c-—-12;—1.
Hence
f'(x) 1 x
39 — | = — <
) @ T ST
and so
. (%)
40 lim —_—= 0.
“40) x-09'(x)

By (36) and (40), L’Hospital’s rule fails in this case. Note also that g'(x) # 0
on (0, 1), by (38).

However, there is a consequence of the mean value theorem which, for

purposes of applications, is almost as useful as Theorem 5.10, and which re-
mains true for vector-valued functions: From Theorem 5.10 it follows that

(41

5.19

|f®) —f@)| < (b —4a) sup FACIIE

Theorem Suppose f is a continuous mapping of [a, b] into R* and f is

differentiable in (a, b). Then there exists x € (a, b) such that

[1(6) — f(@)| < (b — a)|T'(x)].
Proof' Put z = f(b) — f(a), and define
o(t) =1z (1) (ag<t<bh).

Then ¢ is a real-valued continuous function on [a, b] which is differentia-
ble in (a, b). The mean value theorem shows therefore that

o(b) — 9(@) = (b — a)9'(x) = (b —a)z* f'(x)

for some x € (a, b). On the other hand,
ob) —p(@)=z-1b) —z*f(a) =2+ z = |z|%

The Schwarz inequality now gives
(2|2 =& —a)|z* T(x)| < (b - a)|z] [f(x)].

Hence |z| < (b — a)|f'(x)|, which is the desired conclusion.

1V. P. Havin translated the second edition of this book into Russian and added this
proof to the original one.
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EXERCISES
1. Let f be defined for all real x, and suppose that

7

[fG)—f)] <(x—»)?

for all real x and y. Prove that fis constant,.

. Suppose f’(x) > 0 in (a, b). Prove that fis strictly increasing in (a, b), and let g be

its inverse function. Prove that g is differentiable, and that

' 1
g(f(x))—f,(x) (a<x <b).

. Suppose g is a real function on R!, with bounded derivative (say |g’| < M). Fix

€ >0, and define f(x) = x + eg(x). Prove that fis one-to-one if ¢ is small enough.
(A set of admissible values of ¢ can be determined which depends only on M.)

. If

Cn—l Cn _
n +n+l o

c
Cot 5+t 0,

where Co, ..., C, are real constants, prove that the equation
Cot+ Cix+ 4+ Cootx" '+ Cox"=0

has at least one real root between 0 and 1.

. Suppose fis defined and differentiable for every x > 0, and f"(x) > 0 as x — + 0.
Put g(x) =f(x + 1) — f(x). Prove that g(x) - 0 as x - + o0.
. Suppose

(a) fis continuous for x >0,
(b) f'(x) exists for x >0,

() £(0)=0,
(d) f’ is monotonically increasing.
Put

g(x) = &;-) (x>0)

and prove that g is monotonically increasing.

Suppose f'(x), g'(x) exist, g '(x) # 0, and f(x) = g(x) = 0. Prove that
[ f(x)
lim—= ="—=.
2 g(t)  g'(x)

(This holds also for complex functions.)

. Suppose f” is continuous on [a, b] and € > 0. Prove that there exists 8 > 0 such

that

S) —f(x)

t—x

— ) <e



10.

11.

12.

13.

14,

18,

DIFFERENTIATION 115

whenever 0 < [t — x| <8, a<x<bh, a<t<bh. (This could be expressed by
saying that fis uniformly differentiable on (a, b] if f’ is continuous on [a, b].) Does
this hold for vector-valued functions too?

. Let f be a continuous real function on R, of which it is known that f'(x) exists

for all x # 0 and that f/(x) = 3 as x = 0. Does it follow that £'(0) exists ?
Suppose fand g are complex differentiable functions on (0, 1), f(x) = 0, g(x) =0,
f(x) > A, g'(x) - Bas x — 0, where A and B are complex numbers, B # 0. Prove
that
. fx) A
& "B
Compare with Example 5.18. Hint:

f(x) ‘f (x) } x x

A FA L Sy SN SR TRy [

| x T R

Apply Theorem 5.13 to the real and imaginary parts of f(x)/x and g(x)/x.
Suppose fis defined in a neighborhood of x, and suppose f”(x) exists. Show that

h-0 h?

=f".

Show by an example that the limit may exist even if f”(x) does not.

Hint: Use Theorem 5.13,
If f(x) =] x| 3, compute f'(x), f”(x) for all real x, and show that f*(0) does not
exist.

Suppose a and ¢ are real numbers, ¢ > 0, and f'is defined on [—1, 1] by
xsin (| x]~°) (if x #0),
o= i G
0 (if x =0).

Prove the following statements:

(a) fis continuous if and only if a > 0.

(b) f7(0) exists if and only if a > 1.

(c) f'is bounded if and only if a > 1 < c.

(d) f’ is continuous if and only ifa > 1+ c.

(e) f7(0) exists if and only ifa >2 + c.

(f) f” is bounded if and only if a >2 + 2¢.

(9) f” is continuous if and only if a > 2 + 2¢.

Let f be a differentiable real function defined in (a, b). Prove that fis convex if
and only if f’ is monotonically increasing. Assume next that f”(x) exists for
every x € (a, b), and prove that fis convex if and only if f”(x) >0 for all x € (a, b).
Suppose a € R, fis a twice-differentiable real function on (a, ©), and My, M, M,
are the least upper bounds of |f(x)|, |f(x)|, |f"(x)|, respectively, on (a, ®).
Prove that

Mi<4M.M,.
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Hint: If h > 0, Taylor’s theorem shows that
1
f(x)= o [f(x + 2h) — f()] — AF(€)

for some ¢ € (x, x + 2h). Hence

[£/(x)] Sth+yi;2

To show that M = 4M, M, can actually happen, take a = —1, define
2x2 —1 (-1 <x<0),
f)={x2—1
x*+1
and show that Mo =1, M, =4, M, =4,
Does M§ <4M, M, hold for vector-valued functions too?
16. Suppose f is twice-differentiable on (0, «©), f” is bounded on (0, ), and f(x) -0
as x - o, Prove that f'(x) - 0 as x - .

Hint: Let a - o in Exercise 15.
17. Suppose fis a real, three times differentiable function on [—1, 1], such that

f(=1)=0, f(O)=0, [fN)=1 [f@O)=

Prove that f(x) >3 for some x € (—1, 1).

Note that equality holds for #(x3 + x2).

Hint: Use Theorem 5.15, with « =0 and 8 = +1, to show that there exist
s €(0,1) and # € (—1, 0) such that

SO + £ =6,
18. Suppose fis a real function on [a, b}, n is a positive integer, and £~ exists for

every t € [a, b]. Let «, 8, and P be as in Taylor’s theorem (5.15). Define

o) = f(t) g(ﬁ)

0 <x < ),

for t € [a, b], t # B, differentiate
SO ~f(B) =@ —POw)

n— 1 times at ¢ = «, and derive the following version of Taylor’s theorem:
16 =P@+ 22 @

19. Suppose f is defined in (—1,1) and f’(0) exists. Suppose —1 <a, <fB. <1,
o, =0, and B, = 0 as n — . Define the difference quotients

f(Bn) — f(on) .

D”-: Bn_an
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Prove the following statements:
(a) If o, <0 < B,, then lim D, = £'(0).
(b) If 0 < &, < B, and {B./(B» — «x)} is bounded, then lim D, = £/(0).
(¢) If £’ is continuous in (—1, 1), then lim D, = f/(0).

Give an example in which fis differentiable in (—1, 1) (but f” is not contin-
uous at 0) and in which «,, 8. tend to 0 in such a way that lim D, exists but is differ-
ent from f’(0).

. Formulate and prove an inequality which follows from Taylor’s theorem and

which remains valid for vector-valued functions.

Let E be a closed subset of R!. We saw in Exercise 22, Chap. 4, that there is a
real continuous function fon R! whose zero set is E. Is it possible, for each closed
set E, to find such an f which is differentiable on R!, or one which is » times
differentiable, or even one which has derivatives of all orders on R!?

Suppose fis a real function on (— o, o). Call x a fixed point of fif f(x) = x.
(a) If fis differentiable and f”(f) # 1 for every real ¢, prove that f has at most one
fixed point.

(b) Show that the function f defined by

fO=t+A+e)!

has no fixed point, although 0 < f'(¢) < 1 for all real ¢.

(¢) However, if there is a constant 4 < 1 such that |f(¢)| < A for all real ¢, prove
that a fixed point x of fexists, and that x = lim x,, where x, is an arbitrary real
number and

Xn+1 =f(xn)

forn=1,2,3,....
(d) Show that the process described in (c) can be visualized by the zig-zag path

(x1, x2) = (X2, X2) = (X2, X3) = (X3, X3) = (X3, X4) ="+,
The function f defined by

x¥+1

fo =3

has three fixed points, say «, B, ¥, where
—2<a<-—1, O0<B<], l<y<2,

For arbitrarily chosen x;, define {x,} by setting x,.+, = f(x.).
(a) If x; < a, prove that x, - — o0 as n — 0.

(b) If @ < x, <y, prove that x, - B as n — o,

(¢) If y < x4, prove that x, - +o as n - o,

Thus 8 can be located by this method, but « and y cannot.
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24, The process described in part (¢) of Exercise 22 can of course also be applied to

25,

functions that map (0, o) to (0, «).
Fix some « > 1, and put

o+ x
1+x°

ro=5(x+2), o=

Both fand g have V « as their only fixed point in (0, ). Try to explain, on the
basis of properties of fand g, why the convergence in Exercise 16, Chap. 3, is so
much more rapid than it is in Exercise 17. (Compare f’ and g’, draw the zig-zags
suggested in Exercise 22.)

Do the same when 0 < & < 1.
Suppose f is twice differentiable on [a, b, f(a) <0, f(b) >0, f(x) > & >0, and
0<f"(x) < M for all x €[a,b]. Let £ be the unique point in (a, b)) at which

f=o.
Complete the details in the following outline of Newton’s method for com-
puting £.
(a) Choose x; € (£, b), and define {x,} by
Sf(xa)
Xn =Xn— —; .
T )

Interpret this geometrically, in terms of a tangent to the graph of f.
(b) Prove that x, ., < x, and that

lim x, = €.

n-s o0

(¢) Use Taylor’s theorem to show that

f7(tn)
2f"(xn)

(xa — £)?

xn+1_£=

for some ¢, € (€, x,).
(d) If A = M]/28, deduce that

1
0<Xns1 — £ < - [Alxi — OF"
(Compare with Exercises 16 and 18, Chap. 3.)

(e) Show that Newton’s method amounts to finding a fixed point of the function
g defined by

How does g ’(x) behave for x near £?
(f) Put f(x) =x'/3 on (— o0, ) and try Newton’s method. What happens?
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26. Suppose f is differentiable on [a, b], f(a) =0, and there is a real number A4 such

27

28.

29,

that |f'(x)| < A4|f(x)| on [a, b]. Prove that f(x) =0 for all x € [a, b]. Hint: Fix

Xo € [a, b], let
M, =sup| f(x)|, Mi=sup|f'(x)|

for a <x <x,. For any such x,
[fO0)]| < Mi(xo— a) < A(xo — a)Mo.
Hence M, =0 if A(xo —a) <1. That is, f=0 on [a, xo]. Proceed.
Let ¢ be a real function defined on a rectangle R in the plane, given by a <x < b,
o<y <B. A solution of the initial-value problem
Y =960y, y@=c (x<c<p)
is, by definition, a differentiable function fon [a, b] such that f(a) = ¢, « < f(x) <8,
and
) =¢(x,f(x)) (a<x<b).
Prove that such a problem has at most one solution if there is a constant A4 such

that
[¢(x, y2) — d(x, y)| < A|y2—yi]

whenever (x, y,) € R and (x, y.) € R.

Hint: Apply Exercise 26 to the difference of two solutions. Note that this
uniqueness theorem does not hold for the initial-value problem

J”=}’”1, y(0)=0,

which has two solutions: f(x) =0 and f(x) = x2/4. Find all other solutions.
Formulate and prove an analogous uniqueness theorem for systems of differential
equations of the form

J’5=¢J(X,y1,---,)’k), yia) =¢; G=1,..., k).
Note that this can be rewritten in the form
Y=¢(y), y@a=c¢

where y = (y1, ..., yi) ranges over a k-cell, ¢ is the mapping of a (k + 1)-cell
into the Euclidean k-space whose components are the functions ¢, ..., ¢, and ¢
is the vector (c,, ..., ¢). Use Exercise 26, for vector-valued functions.

Specialize Exercise 28 by considering the system

y.;=y.l+l (j=1,'°-’k_1)’
k
Ye=f(x)— j;l 94xX)ys,
where f, g1, ..., g« are continuous real functions on [a, b], and derive a uniqueness
theorem for solutions of the equation
YO + gu(x)y* =P + o 4 ga(x)y’ + g1(x)y = f(x),
subject to initial conditions

Na)=c, Y@=c, ..., y*Ua)=c.
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THE RIEMANN-STIELTJES INTEGRAL

The present chapter is based on a definition of the Riemann integral which
depends very explicitly on the order structure of the real line. Accordingly,
we begin by discussing integration of real-valued functions on intervals. Ex-
tensions to complex- and vector-valued functions on intervals follow in later
sections. Integration over sets other than intervals is discussed in Chaps. 10

and 11.

DEFINITION AND EXISTENCE OF THE INTEGRAL
6.1 Definition Let [a, b] be a given interval. By a partition P of [a, b] we
mean a finite set of points x,, x4, ..., X,, where
a =XOSX15 e Sx,,_lﬁx,,=b.
We write

A.x,=x,—xi_1 (i=1,...,n).
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Now suppose f is a bounded real function defined on [a, b]. Corresponding to
each partition P of [a, b] we put

M, =supf(x) (x-ySx<x),
m; = inf f(x) X1 <x<x),

UP, f) =§1 M, Ax,,

L(P,f) =i_zlmi Axi,

and finally

® J[ rax = int U, 1),
b

@ [ fdx=supL(P.),

where the inf and the sup are taken over all partitions P of [a, b]. The left
members of (1) and (2) are called the upper and lower Riemann integrals of f
over [a, b], respectively. \

If the upper and lower integrals are equal, we say that f is Riemann-
integrable on [a, b}, we write fe # (that'is, # denotes the set of Riemann-
integrable functions), and we denote the common value of (1) and (2) by

® [[rax
or by

b
(4) [ reax.

This is the Riemann integral of f over [a, b]. Since f is bounded, there
exist two numbers, m and M, such that

m<f(x)<M (a<x<b).
Hence, for every P,
mb —a) < L(P,f) < UP,f) < M(b - a),
so that the numbers L(P, f) and U(P,f) form a bounded set. This shows that
the upper and lower integrals are defined for every bounded function f. The
question of their equality, and hence the question of the integrability of f; is a

more delicate one. Instead of investigating it separately for the Riemann integral,
we shall immediately consider a more general situation.
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6.2 Definition Let o be a monotonically increasing function on [a, b] (since
a(a) and a(b) are finite, it follows that « is bounded on [a, b]). Corresponding to
each partition P of [a, b], we write

Aa; = afx;) — o(x;-1).

It is clear that Aa, > 0. For any real function f which is bounded on [a, 5]
we put

n
U(P’f’ d)= Z Mi Aah
i=1

n
L(P’f; a) = Z m; Adia
i=1

where M;, m; have the same meaning as in Definition 6.1, and we define

il
) f fda = inf U(P, £, &),

b
© [ fdu=supL(P,f, a),

the inf and sup again being taken over all partitions.
If the left members of (5) and (6) are equal, we denote their common
value by

) [[ran

or sometimes by

b
® [ 76 dat.

This is the Riemann-Stieltjes integral (or simply the Stieltjes integral) of
f with respect to a, over [a, b].

If (7) exists, i.e., if (5) and (6) are equal, we say that f is integrable with
respect to «, in the Riemann sense, and write f € %(«).

By taking a(x) = x, the Riemann integral is seen to be a special case of
the Riemann-Stieltjes integral. Let us mention explicitly, however, that in the
general case o need not even be continuous.

A few words should be said about the notation. We prefer (7) to (8), since
the letter x which appears in (8) adds nothing to the content of (7). It is im-
material which letter we use to represent the so-called “‘variable of integration.”
For instance, (8) is the same as

[0 doty)
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The integral depends on f, «, a and b, but not on the variable of integration,
which may as well be omitted.

The role played by the variable of integration is quite analogous to that
of the index of summation: The two symbols

f:ci, 2 C

i=1 k=1

mean the same thing, since each means ¢, + ¢, + *** +¢,.

Of course, no harm is done by inserting the variable of integration, and
in many cases it is actually convenient to do so.

We shall now investigate the existence of the integral (7). Without saying
o every time, f will be assumed real and bounded, and « monotonically increas-

ing on [a, b]; and, when there can be no misunderstanding, we shall write f in

place of r

6.3 Definition We say that the partition P* is a refinement of P if P* o P
(that is, if every point of P is a point of P*). Given two partitions, P, and P,,
we say that P* is their common refinement if P* =P, U P,.

6.4 Theorem If P* is a refinement of P, then

® L(P,f, o) < L(P*, f, ®)
and
(10 U(P*, f, ®) < U(P, f, o).

Proof To prove (9), suppose first that P* contains just one point more
than P. Let this extra point be x*, and suppose x;.; < x* < x;, where
x;., and x; are two consecutive points of P. Put

w; = inf f(x) (X S x < x%),
w, =inff(x) (x*<x<x).
Clearly w, > m; and w, > m,, where, as before,
m;=inff(x) (x;-;<x<x).
Hence
L(P*,f, ®) — L(P, f, @)
= wy [a(x*) — a(x;-1)] + wala(x;) — a(x*)] — mfo(x;) — a(x;- )
= (wy — m)[a(x*) — a(x;-1)] + (W2 — mp)[a(x;) — a(x*)] = 0.

If P* contains k points more than P, we repeat this reasoning k
times, and arrive at (9). The proof of (10) is analogous.
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6.5 Theorem f: fdo < J_.: fda.

Proof Let P* be the common refinement of two partitions P, and P,.
By Theorem 6.4,

L(Py, f, ®) < L(P*, f. &) < U(P*, f, ) < U(P,, f, ).
Hence
an L(Py, f,0) < U(P,, f, ®).
If P, is fixed and the sup is taken over all P,, (11) gives
(12) [rda<u®,, 1 0.
The theorem follows by taking the inf over all P, in (12).

6.6 Theorem fe #(x) on [a,b] if and only if for every &€ >0 there exists a
partition P such that

(13) U(P,f,0) — L(P,f, o) < e.
Proof For every P we have
LP.fo)< [fdus Ifdoc < U(P, f, ).
Thus (13) implies
0% [fdu— [fau<e.

Hence, if (13) can be satisfied for every ¢ > 0, we have

I fdu= [fde,
that is, '€ Z(x).

Conversely, suppose fe€ #(a), and let ¢ >0 be given. Then there
exist partitions P; and P, such that

(14) U, f0) ~ [ fdu < zf

(15) [ fda— Ly, a)<§.
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We choose P to be the common refinement of P, and P,. Then Theorem
6.4, together with (14) and (15), shows that

UP,f,0) < UP; £, 0) < [ fda+ 5 <L(Py.f,o) + ¢ S LP.S o)+,
so that (13) holds for this partition P.

Theorem 6.6 furnishes a convenient criterion for integrability. Before we
apply it, we state some closely related facts.

6.7 Theorem
(@ If (13) holds for some P and some ¢, then (13) holds (with the same &)
for every refinement of P.
(&) If (13) holds for P ={x,, ..., x,} and if s, t; are arbitrary points in
[xi-h xi]s then

3 1fts) —£(t)] B <.
(0) If fe R(x) and the hypotheses of (b) hold, then
iglf(ti) Aa; — f:f do

Proof Theorem 6.4 implies (a). Under the assumptions made in (b),
both f(s;) and f(¢;) lie in [m;, M ], so that | f(s;) — f(¢;))| < M; —m;. Thus

3 1) = 1) Bt < UR.S, )~ L(P. S,

<eé.

which proves (b). The obvious inequalities

LP,f,0) < Y f(t) Aa; < U(P, f,0)
L(P,f, ®) < [ fdo < U(P, f, o))

and
prove ().

6.8 Theorem If f is continuous on [a, b] then f € %(a) on [a, b].
Proof Let e > 0 be given. Choose > 0 so that
[a(b) — afa)ln < e.

Since f is uniformly continuous on [a, b] (Theorem 4.19), there exists a
0 > 0 such that

(16) /) =f(O)] <n
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ifxela,b], tela, bl and |x —¢t] <.
If P is any partition of [a, b] such that Ax; < é for all /, then (16)
implies that
17 M, —-m<n (@(-1,...,n

and therefore
U(P, f, &) — L(P, f, ) =iZI(M: —m;) A,

< r]iZIAai = n[o(d) — a(a)] < e.
By Theorem 6.6, f€ Z(x).

6.9 Theorem If f is monotonic on [a, bl, and if o is continuous on [a, b}, then
feR(x). (We still assume, of course, that o is monotonic.)

Proof Let ¢> 0 be given. For any positive integer n, choose a partition

such that

A, = alb) ;— a(a)

(i=1,...,n).
This is possible since « is continuous (Theorem 4.23).

We suppose that fis monotonically increasing (the proof is analogous
in the other case). Then

M;=f(x), m;=jf(x;-,) (i=1,...,n),
so that

o.fow - L0 =225 § 17 — )

~20) - “‘”) U ®) —f@] <e

if n is taken large enough. By Theorem 6.6, f e %().

6.10 Theorem Suppose f is bounded on [a, b), f has only finitely many points
of discontinuity on [a, b], and o is continuous at every point at which f is discon-
tinuous. Then f € A(x).

Proof Let e >0 be given. Put M = sup |f(x)|, let E be the set of points
at which f'is discontinuous. Since E is finite and « is continuous at every
point of E, we can cover E by finitely many disjoint intervals [u;, v;] =
[a, b] such that the sum of the corresponding differences a(v,) — a(u)) is
less than ¢. Furthermore, we can place these intervals in such a way that
every point of E n (a, b) lies in the interior of some [u;, v;].
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Remove the segments (4;, v;) from [a, b]. The remaining set X is
compact. Hence f is uniformly continuous on K, and there exists § > 0
such that |f(s) — f(t)| <eifseK, teK, |s—1t| <d.

Now form a partition P = {x¢, X, ..., x,} of [a, b], as follows:
Each u; occurs in P. Each v; occurs in P. No point of any segment (u;, v;)
occurs in P. If x;_; is not one of the u;, then Ax; < 8.

Note that M; — m, < 2M for every i, and that M; — m,; < & unless
X;-1 is one of the ;. Hence, as in the proof of Theorem 6.8,

U(P, f, «) — L(P, f, o) < [o(b) — a(a)]e + 2Me.

Since ¢ is arbitrary, Theorem 6.6 shows that f'e 2(«).
Note: If fand o have a common point of discontinuity, then f need not

be in #(x). Exercise 3 shows this.

6.11

Theorem Suppose fe R(a) on [a,b], m<f< M, ¢ is continuous on

[m, M), and h(x) = ¢(f(x)) on [a, b]. Then h e R(2) on [a, b).

(13)

(19)

Proof Choose ¢ > 0. Since ¢ is uniformly continuous on [m, M], there
exists 6 >0 such that § <& and |@(s) — o(r)| <¢ if |s—¢| <6 and
s, te[m, M.

Since f'€ #(x), there is a partition P = {x4, x,, ..., x,} of [a, b] such
that

U(P,f, &) — L(P, f, o) < 82,

Let M;, m; have the same meaning as in Definition 6.1, and let M}, m}
be the analogous numbers for 4. Divide the numbers 1, ..., n into two
classes: ie A if M\, —m; <6,ieBif M;—m; > 6.

For i € A, our choice of § shows that M* — m} <.

For ie B, M} — m} < 2K, where K =sup|¢(t)|, m<t< M. By
(18), we have

0y Aoy < Y (M; — m)) Aa; < 62
ieB

ieB
so that ) ;g Aa; < 8. It follows that
UL, hyo)— L(P, hyo) = ) (M —mf) Ao, + Y, (M — m}) Aa,
icd ieB
< e[a(b) — a(a)] + 2K5 < e[a(b) — a(a) + 2K].

Since & was arbitrary, Theorem 6.6 implies that # € 2(«).
Remark: This theorem suggests the question: Just what functions are

Riemann-integrable? The answer is given by Theorem 11.33(b).
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PROPERTIES OF THE INTEGRAL

6.12 Theorem
(@) Iff, € A(e) and f, € A(e) on [a, b], then
Si + 12 € R(w),

¢f e A(a) for every constant ¢, and

f(fl+f2)da=j:f;da+f:f2da,

b b
f cfdoc=cf fda.
(®) Iffi(x) < fa(x) on [a, ], then
b b
L fida< f f» do.
© Iffed(a) on [a,b] and if a <c < b, then fe R(®) on [a, c] and on
[c, b), and
[ fan +fbfdoc =f"fda.
d) Iffe R(@) onla,b] and if | f(x)| < M on [a, b), then
! [ " fda| < M{a(b) — a(@)].

(€) Iffe R(w) andfe R(a,), then fe R, + a;) and
[[rde +ay =" rdu + [ 1oy
if fe A(a) and c is a positive constant, then fe #(ca) and
f: fd(ca) = c f: fdu.

Proof If f=f, +f, and P is any partition of [q, b], we have
(20) L(P, fy, @) + L(P, f,, ®) < L(P, f, )
< U(P9f; (1) s U(Pafia a) + U(P9f29 d).

If f, € Z(x) and f, € #(®), let ¢ > 0 be given. There are partitions P;
(j =1, 2) such that

UP;, f,» 0) — L(P;, f;, &) <.
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These inequalities persist if P, and P, are replaced by their common
refinement P. Then (20) implies
UP,f, o) = L(P, f, ®) < 2,

which proves that fe Z(a).

With this same P we have

UPf, o)< [fida+e (j=1,2);
hence (20) implies
[fda < U, f,0) < [ fida+ | f;du+ 2.

Since ¢ was arbitrary, we conclude that

[fda< [fda+ [f,du

If we replace f; and f, in (21) by —f; and —f;, the inequality is
reversed, and the equality is proved.

The proofs of the other assertions of Theorem 6.12 are so similar
that we omit the details. In part (c) the point is that (by passing to refine-
ments) we may restrict ourselves to partitions which contain the point c,
in approximating | f du.

Theorem If fe %(«) and g € A(a) on [a, b], then
(@ f9e (),

b b
®) |f] € R(2) and j fdol < f If] de.

Proof If we take ¢(t) = t2, Theorem 6.11 shows that /2 € Z(a) if f € R(a).
The identity

4g=(+9)*-(f-9)}

completes the proof of (a).
If we take ¢(t) = |t|, Theorem 6.11 shows similarly that |f| € #().
Choose ¢ = +1, so that
¢ffdu=0.

| [fde| =c(fda=[cfdu<-[|f| du,

Then

since ¢f < |f].

6.14 Definition The unit step function I is defined by

B 0 (x<0),
&= {1 (x> 0).
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6.15 Theorem If a <s <b, f is bounded on [a, b], f is continuous at s, and
a(x) = I(x — 5), then

[[ rdx=105.

Proof Consider partitions P = {x,, x;, X,, X3}, where x,=ga, and
X, =8 <x, <x3=>b. Then

U(P,f,d)=M2, L(P,f,“)'—‘mz-

Since f is continuous at s, we see that M, and m, converge to f(s) as
X, 5.

6.16 Theorem Suppose c, =0 forl,2,3,..., Xc, converges, {s,} is a sequence
of distinct points in (a, b), and

22) a(x) = Y ¢, I(x — 5.
n=1
Let f be continuous on [a, b]. Then

e2) [[ran=5 afs.

Proof The comparison test shows that the series (22) converges for
every x. Its sum a(x) is evidently monotonic, and a(a) =0, a(b) = Zc,.
(This is the type of function that occurred in Remark 4.31.)

Let € > 0 be given, and choose N so that

00
Ye<e
NT1

Put
N 0
“l(x) = Z c,,I(x - Sn)’ dz(X) = Z c,,I(x - S,,).
n=1 N+1
By Theorems 6.12 and 6.15,
b N
24 [ fdn =¥ cuf(s).
Since a,(b) — a,(a) < &,

b
(25) Ifa fda, | < Mg,
































































































































































































































































































































































































































































































































































































































































